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TenJonpoBOAHOCTU MaTepuasa Ha HaTYPHOI KOCMUYECKON KOHCTPYKLUUN
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Hcropus craTbu AnnoTtauus. [IpeanoxeHa MeToAKKa ONpeesIeH s TEIUIONPOBOTHOCTH B IIOC-
KOCTH apMHUPOBaHHsI KOMITO3UIIMOHHBIX MaT€PHajIOB MO JaHHBIM TEIIOBBIX HC-
MBITAHUH HATYPHBIX KOCMUYECKHX KOHCTPYKIMHA 0€3 HapyIIeHUs X LEJIOCTHO-
ctu. Mertoauka mpemxycMaTpuBaeT JOKANbHBIA pagrialliOHHBIA HAarpeB ¢ TIOMO-
IIBIO TAIIOTEHHOH JIaMIIbI, TETUIOBH3HOHHOE H3MEPEHUE TEMIIEPaTyPHBIX HOJIEH
1 00pabOTKy SKCIIEPUMEHTANBHBIX JaHHBIX C TOMOIIBIO PEeIICHUS KOAPPHIIH-
€HTHOH 00paTHOH 3aJayd TEIUIONMPOBOJHOCTH C YYETOM METOIMYECKHX IIO-
rpemHocteil. O0bEKT uccaenoBaHus — peIIEKTOp KOCMUYECKOH aHTSHHBI U3
yrileriacTuka, paspadoranusiii B MI'TY um. H.D. Baymana. [Tpu obpaboTke
SKCIIEPUMEHTAIBHBIX TEPMOIpaMM HCKOMasi TEIUIONPOBOIHOCTh COCTaBHIIA
A=19,2 Br/(MmxK) + 15 %. [TokazaHo, 4TO pe3ysbTaT CyIEeCTBEHHO 3aBHCHUT OT
3asiBJIeHHE 00 HCIOIH30BAHNH TeXHOJormii TOTPELIIHOCTH N3MEPEHHs TeMIIepaTyphl U TOYHOCTH 3aJaHUsl KOOPIUHAT KOH-
HCKYCCTBEHHOT0 HHTE/LIEKTA TPOJIBHBIX TOUCK (CMEIIEHHE Ha | MM NPUBOIUT K 3aMETHOMY M3MEHEHHIO OIe-
HOK A). ConocraBieHue ¢ JaHHBIMHU UCIIBITAHUH TUIOCKUX 00pa3loB-CBUIETE-
neii (A = 15,0 Br/(mxK)) nemoHCTpHpyeT pacxoxaeHue nopsuka 28 %, kotopoe
MOXXET OBITh BBHI3BAHO TEXHOJIOTHYECKUMH (PaKTOpaMU U3TOTOBIICHHS, OCOOCH-
HOCTSIMH TETUIOOOMEHA B DKCIIEPUMEHTE U MPUHATHIX IOMYIIEHHH MaTeMaTnye-
cKoif Monenu. [IpeyioKeHHBIH MOAXOA NMPUMEHHM Ul KPYMHOTaO0apUTHBIX
JaaBJIeHNE O JOCTYIMHOCTH JAHHBIX KOMITO3UTHBIX O0O0JIOYEK CIIOKHOMN TCOMETPUU U MOXKET HCIIOJIB30BaTbHCA IIPHU
TETJIOBOM OTPaboTKe ¥ Bepr(pUKAINH PACUECTHBIX TEIIIOBBIX MOZEIeH KocMHuYe-
CKUX KOHCTPYKLHUH.
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Abstract. A method is proposed for determining the in-plane thermal conductivity of
composite materials in the reinforcement plane using thermal test data obtained from
full-scale space structures without compromising their integrity. The method involves
local radiative heating using a halogen lamp, thermal imaging measurements of temperature
fields, and processing of the experimental data by solving a coefficient-based inverse
problem of thermal conductivity, accounting for methodological errors. The object of the
study is reflector of a carbon-fiber-reinforced plastic (CFRP) space antenna developed at
Bauman Moscow State Technical University. When processing the experimental
thermograms, the desired thermal conductivity was A =19.2 W/(mxK) + 15%. It is
shown that the result depends significantly on the temperature measurement error and
the accuracy of the control point coordinates; a displacement of 1 mm leads to a
noticeable change in the estimates of A. A comparison with test data from flat reference
specimens (A = 15.0 W/(mxK)) reveals a discrepancy of approximately 28%, which
may be attributed to manufacturing process factors, heat transfer characteristics during
the experiment, and the assumptions of the mathematical model. The proposed approach
is applicable to large-scale composite shells of complex geometries and can be used in
thermal testing and verification of computational thermal models for space structures.
Keywords: thermal conductivity coefficient, infrared thermography, carbon-fiber antenna
reflector, carbon fiber reinforced plastic, temperature measurement, inverse heat conduction
problem
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BBepeHue

aKTHBHO MCIOJb3YIOTCSI IIPU CO3JaHUU CHUIIOBBIX
j1eMeHTOB kocMmuueckux KoHcTpykuui (KK):

Komnosuuuonnsie Marepuans! (KM) Hanum  pedaekTopoB KOCMHUYECKUX aHTEHH, KapKacoB Ha-
LIIMPOKOE NPUMEHEHHE B KOCMUYECKOM TEXHMKE  IUIAHETHBIX TPAHCHOPTHBIX CHUCTEM, Y3JIOB Teje-
Onaroziapsi UX BEICOKOM IIPOYHOCTH, HU3KOMY BECY ~ CKOIIOB M MCCIEIOBATENbCKHUX ammaparos (puc. 1)
U YyCTOMYMBOCTHU K BHEIIHUM BO31eicTBUAM. OHU [1-6]. Takue KOHCTPYKIUH TPEOYIOT BBICOKOM TOU-

138


https://orcid.org/0009-0000-6463-932X
https://orcid.org/0000-0002-7320-0201
https://orcid.org/0000-0003-4748-5351

Egpemerko U.A., ferncos O.B., ferHncosa J1.B. BectHnk PYH. Cepusi: UnxeHepHble nccnegosarus. 2026. T. 27. Ne 2. C. 137-152

HOCTHU ¥ CTa0MJIBHOCTH Pa3MepOB MPH IKCILTyaTa-
UMM B YCIOBHSX BakyymMa M IEPHUOAUYECKOTO
Harpesa u3inydyenueM. Hanpumep, aia coBpemen-
HBIX BBICOKOA((PEKTUBHBIX aHTCHH OTKJIOHEHUS OT
TeopeTn4eckoil (opMbl pedieKTopa He JOIKHBI
yMEHbIIATh KOA(PGUIIUEHT YCUIEHUs cUrHana 0o-
nee yeMm Ha 3,5 % [2]. Takyro maimyro BeIUYHHY
OTEPh MOXKHO 00€CIeUnTh, €CIIU CPEAHEKBAAPa

TUYECKOE OTKIIOHEHHE OT TEOPETHUYECKOW (HOPMBI
TBEPJOTENBHOTO pedeKkTopa HE MpPEeBbIIIAeT
0,015 A, a nusa pa3sepreiBaemoro — 0,02 A, e
A — nmymna BoiHbI [7; 8]. [loaTOoMy Amst aHTEHHBI
¢ BepxHe# rpanuiieit padboueit uactotsl 60 I'T1r mo-
MyCTUMOE OTKJIOHEHHE Mpoduis oTpaxkaromen
MOBEPXHOCTHU pedieKTopa He JOKHO MPEBBIIATh
0,1 mm [9].

Puc. 1. Kocmnyeckne KoHCTpyKumn n3 KM:
a— pa3mepocTabunbHas HecyLLas KOHCTPYKUNS 06 bEKTMBA ONTUKO-3J1EKTPOHHOIO koMnnekca [1];
6 — aHTeHHa, coCcTosALAas N3 ABYX TOHKMX KOMMNO3UTHLIX 06onoyek [2]; 8— kopnyc KA 9kcnpecc-2000 [3];
r— KA cuctembl «<KoHaop®KA»
W c T o4 HwuK: BoinonHeHo U.A. Edpemerko, O.B. leHucosbim, J1.B. [leHncoBoii.

Figure 1. Composite space structures:
a— dimensionally stable supporting structure of the lens of the optical-electronic complex [1];
6 — antenna consisting of two thin composite shells [2]; 8— body of the Express-2000 spacecraft [3];
r— spacecraft of the “Condor FKA” system [4]
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.

Kak mnpaBuino, 0ObEKTHI KOCMHUYECKOW TeX-
HUKU HPEACTaBIAIOT COOOH TOHKOCTEHHBIE KOH-
CTPYKLMH, UHOIZA C JOCTAaTOYHO Pa3BUTOM ILIO-
11a]IbI0 MTOBEPXHOCTHU. [y obecrieueHus pa3mep-
HoM ctabmnbHOCTH KK 1OImKHBI OBITH OrpaHuueHbl
TEMIEpaTypHbIE Mepenajbl U BbI3BAHHBIE HMH
HanpspkeHus u nepemenenus [10—-15].

IIpn pacuere TemiepaTypHOro, a 3aTeM H
HanpsbkeHHO-IehopMupoBanHoro coctostaust KK

B MAaKeTe MPUKJIAJHBIX MPOrPaMM HEOOXOIUMBI
JIOCTOBEPHBIE UCXO/IHbIE JTaHHBIE O TeIruIo(pu3nye-
ckux xapakrepuctukax KM. Ymennactuku xapak-
TEPU3YIOTCA 3HAUYUTEIbHON aHU30TPONUEN TEIIO-
MIPOBOAHOCTH: 3HAYEHUs BAOJb U MOMNEPEK IJI0C-
KOCTH apMHUPOBAHUS 3HAUYUTENBHO PA3IUYAIOTCS.
TermnonpoBOAHOCTh MONEPEK MIIOCKOCTH apMHPO-
BaHUs OKa3bIBa€T MMHMMAJIBHOE BIMSIHME Ha pa-
00Ty KOHCTPYKLMH H3-32 MajJoi TepMHUYECKOH

139



Efremenko I.A., Denisov O.V., Denisova L.V. RUDN Journal of Engineering Research. 2026;27(2):137-152

TOJILUHBI U, KaK CJICJICTBUE, HE3HAYUTEIIbHBIX TEM-
NepaTypHBIX MEepPEenaoB B 3TOM HAIPaBICHHUH.

KiroueBoe 3HaueHue Mpu TEII0BOM ITPOEKTHU-
POBaHUM UMEET TOYHOCTH JIAHHBIX O TETIONPOBOI-
HOCTH B IUIOCKOCTH apMupoBaHusi. IMeHHO B 3TOM
HaNpaBJICHUHM BO3HHUKAIOT CYLIECTBEHHbBIE TEMIIe-
parypusbie niepenanst (1o 100 °C u Gonee), ompe-
JENAIOINE TEPMOHANPSKEHHOE COCTOSHUE KOH-
cTpykuuu [16].

TpanuOHHbIE METOBI ONIPEAEIICHHS] TEILIO-
MIPOBOJHOCTH, TAKHE€ KAaK METOJ JIa3€pPHOM BCIIBILI-
KH U aOCOJIOTHBIA CTAallMOHAPHBIA METOI, OCHO-
BaHBI Ha NCTIIBITAHUAX CTAHJAPTHBIX 00pa3IOB He-
OonbuX pazMepoB. OHAKO Takhe 00pas3ibl yale
BCErO HE SIBIIAIOTCA NPEACTABUTEIbHBIMU WU HE
00eCTeYnBalOT YCIOBUS MOMO0US JIJIsl KOMITO3HUT-
HBIX KOHCTPYKIHH CO CIIOKHOH FeOMETPHUEN U SIPKO
BBIPAXXCHHOW aHU30Tponuell. M3roToBiieHHE TaKuX
o0pa3uoB u3 roroBoit KK mMoxer ObITh conpsikeHO
CO CTPYKTYPHBIMU MU3MEHEHHUSMH WIIM MOBPEXKIE-
HUEM Marepuaia, a HHOTJa U BOBCE HEBO3MOYKHO
13-3a HapyleHUs TpeOOBaHUS K €€ LEeIOCTHOCTH.
TemnnoBble UCTIBITAHUS W3TOTOBJIEHHBIX IO aHAJO-
TUYHOM TEXHOJOTUU KOHTPOJBHBIX 00pa3ioB KM
MOTYT COJIEPKaTh MOTPEIIHOCTh HCKOMOH TETLIO0-
MPOBOAHOCTH M3-3a pa3HbIx ¢ KK HanpsxeHHO-
nehopMHPOBaHHBIX cOCTOSIHUM. [loaToMy HeoO-
XOIUMBI METOIVKH, MO3BOJIAIOIINE U3MEPSThH TEll-
JIOIPOBOAHOCTh HENOCPEACTBEHHO HA HATYPHBIX
KOHCTPYKITHSIX.

B MI'TY um. H.D. baymana pa3zpaboTano ce-
MEHCTBO METOAMK IO OMNPEACICHUI0 TEIUIONPO-
BOJHOCTH B IJIOCKOCTH apMHUPOBAHUS 3JIEMEHTOB
HaTypHbIX KoMo3uTHbIX KK ¢ ucnons3oBannem
KOHTakTHOro Harpesa [17-21]. Temmneparypsl B
3aJJaHHBIX TOYKax 00pasla perucTpupyroTcs Tep-
MomapaMu M (WJIM) TEIUIOBH30pOM, a oOpaboTka
SKCIEPUMEHTAIbHBIX JTAHHBIX MPOM3BOJUTCS Ha
OCHOBE MaTeMaTHYeCKOro arnmapara oOpaTHbIX 3a-
nay terutonpoBogHocty (O3T) [22]. KoHTakTHBIHM
METOJl HarpeBa XOpolIOo 3apeKOMEH10BaJl ce0s1 13-
3a MPOCTOTHl TEXHUYECKOM peasin3alyiu, OJHAKO
npu 00paboTKe IKCTIEPUMEHTAIBHBIX JaHHBIX MO-
I'yT BO3HUKATh IOTPEIIHOCTU BCIEACTBHE HEONpE-
JIETICHHOCTH TEPMHUUYECKUX COMPOTUBICHUN MEXITY
HOBEPXHOCTSIMU KOHTAKTa. DTOrO HEAOCTATKA JIH-
IIeH paJuallMOHHBIN MeTo Harpesa [23; 24].
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Lenv uccnedosanus — MOBBIIICHNE TOYHOCTH
OIpeJIeNIeHUs] TEIUIONPOBOAHOCTH B IUIOCKOCTH
apmupoBanus KM Ha 0CHOBE METOIMKH TEIIIOBBIX
UCTIBITAHUI HATypHOM KOMIIO3UTHOW KOHCTpPYK-
MU TOpHU JOKAIBHOM paJualliOHHOM Harpese.
Mertoauka npeaycMaTpuBacT UCIOJIb30BAHUE Ta-
JIOTEHHOM JIaMIIbI, U3MEPEHUE TEMIIEPATYypPHI C M0-
MOILBIO TEIJIOBH30pa U 00pabOTKy 3KCIIEpUMEH-
TaJIbHBIX JJAHHBIX Ha OCHOBE pEIIeHUs K03 PuIy-
entHoit O3T.

1. BbiOOp napamMeTpoOB 3KCNepuMeHTaNlbHOM
YCTaHOBKU

OOBEeKTOM HCCIIEOBaHUN CITy>KWI pediek-
TOp, M3TOTOBJICHHBIN MO0 TEXHOJOTHH BaKyyMHOU
UHQY3UN U3 SMOKCHAHOTO KommayHaa Huntsman
Araldite LY8615 US/XB 5173 Hardener u yrime-
ponno# Tkanu Acnipo-A80 (puc. 2). Konctpykius
MpeaCcTaBiIgeT co00 TOHKOCTEHHBIN mapabosiona
C TIepeceKaroIuMuCs peOdpaMu KEeCTKOCTH B BUJIE
IIECTUKOHEYHOM 3Be3/1bI (puc. 2, Tadm. 1) [14].

a 6

Puc. 2. KoHcTpykumsa pednekropa:
a— reomeTpuyeckas Moesb; 6 — HaTypHasi KOHCTPYKUUS
M cTou4HwUK: BoinonHeHo U.A. Edppemenko, O.B. JeHncosbiMm, J1.B. [leHncosoii.

Figure 2. Reflector design: a — geometric model;
6 — full-scale design
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.

B kavecTBe UCTOYHHKA HAarpeBa MCIIOIb30Ba-
nack ranorenHas nammna OSRAM 64635 HLX co
IITATHBIM  OTPaXKaTelieM, IOKPBITBIM 30JIOTBIM
HanbUieHueM (puc. 3, Tadm. 2).
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Tabnmya 1. KOHCTPYKTUBHbIE NnapameTpbl pednekrTopa /
Table 1. Design parameters of the reflector

TonwwmHa TonwuHa BbicoTa Macca Makcumaneuas Moronuas
pebep, mm / o6onoyku, Mmm / pebep, MM / pednekTopa, Kr / TepMuueckas I1]10TH026TI:,
Rib thickness, | Shellthickness, | Height of ribs, Reflector Aedopmauus, Mm /| Kr/M/
mm mm mm weight, kg Mammum_thermal Linear der;suty,
deformation, mm kg/m
0,6 0,6 90,0 1,235 0,09 1,332

M ¢ T 04 HuKk: BoinonHeHo N.A. EbpemeHko, O.B. leHncoseim, J1.B. leHncoBson.
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.

Tabsmya 2. Xapaktepuctukm namnbl OSRAM 64635 HLX /
Table 2. OSRAM 64635 HLX lamp specifications

Xapaktepuctuka / | Hanpsxenue, B /| MowHocTb, BT/ ®Poxycroe AnuHa, mm / | HapyXxHbii puameTp, Mm /
Characteristic Voltage, V Power, W paccrosuue, mm / Length, mm Outer diameter, mm
Focal length, mm
3HaveHue / no 150/
Value 15 up to 150 19 45 51

M ¢ To4Hunk: BeinonHeHo UN.A. Ebpemenko, O.B. AeHncoBbiMm, J1.B. [leHncoBoii.
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.

Puc. 3. NanorenHas namna OSRAM 64635 HLX

W ¢ T04HwuK: BbinonHeHo U.A. EbpemeHko,
0.B. leHucoBbim, J1.B. [leHncoBoii.

Figure 3. Halogen lamp OSRAM 64635 HLX

Source: byl.A. Efremenko, O.V. Denisov, L.V. Denisova.

G

Puc. 4. 'eomeTnyeckas moaenb

M ¢ T0o4HwuK: BeinonHeHo U.A. EbpemeHko,
0.B. [leHucosbim, J1.B. [leHncoBoii.

Figure 4. Geometric model
Source: byl.A. Efremenko, O.V. Denisov, L.V. Denisova.

Ha »Tane monroToBKu TEMIOBBIX HUCTIBITAHUI
HE0OXOAMMO BbIOpaTh MapameTphl SKCIIEPUMEHTA:
MOIITHOCTh HarpeBarells, TMaMeTp MATHAa Harpesa
U pazMep padoueil 30HbI AJIs TEMIIOBU3HOHHBIX U3-
MEpEHH, PaCCTOSIHUE OT HarpeBaress A0 MOBEpX-
HOCTH peduieKTopa.

Jlns MonenupoBaHHs TEIUIOBBIX MPOIECCOB
NPUHATHL clenyromue aonyueHus. Peduekrop
MPECTaBIAET COOOM TOHKOCTEHHYIO rmapabdonnde-
CKy10 000J109KY TOJIIHMHOM /. Ha moBepxHOCTB '3
MaJjaeT MOCTOSHHBIN 110 BpEMEHH TETJIOBOM MOTOK
OT HarpeBares MIOTHOCTHIO gw (puc. 4).

[IpocTpaHcTBeHHOE pacnpeneseHie gw W3-
BECTHO, a €r0 BEJIWYHMHA OINPEENIIeTCS] MOIIHO-
CTBIO Harpesares P, KoTopasi CYUTaeTCs HOCTOSH-
HOUW BO BPEMEHH T U PaCCUUTHIBAETCS 110 popMmyrte

P=UI, (1)

rae P — MOIIHOCTH TajgoreHHon jmamnsl; U, [ —
HarpspKeHUe W CUJla TOKa UCTOYHUKA MTUTaHUSL.
YuuthiBaeTcsi cOOCTBEHHOE H3JIyUeHHUE pe-
(hexTopa 1 caMo0OTyUYEHHE €TO OTpaXKaromieH mo-
BepxHOCTH [2. Marepuan pedekropa KBa3un30-
TPOTIHBIH, TPOAOIBbHAS TETUIONPOBOTHOCTH BO BCEX
HaIpaBJICHHUIX ONHaKOBa. Terodu3ndeckue xa-
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PaKTepUCTUKU MaTepHajia He 3aBUCST OT TeMIlepa-
Typbl. CTemneHb YepHOTHl € M TMOIIOIIATEIbHAs
CIOCOOHOCTb A MOCTOSHHBI 110 BCEMY CHEKTpalb-
HOMY JIMaNa3oHy U HE 3aBUCAT OT TEMIIEPaTyphl.
HauaneHoe pacnpenenenue Ttemmeparypsl 1o u
TeMIeparypa OKpy>Karoulel cpeibl Iy U3BECTHBI.
Ha ¢poHTanbHOM U THIIBHON MOBEPXHOCTAX pa3-
BHUBACTCSI €CTCCTBEHHAS KOHBEKITUS C KOAPPHUITH-
€HTOM TEIJIOOTAAYH .

VYpaBHeHHE TEIUIONPOBOAHOCTHU JUISl HJIE€MEH-
TOB KOHCTPYKLUHU pe(IIeKTOpa B JIOKAIBHBIX CH-
cTeMax KOOpAMHAT UMEET BUJL

2
A, 0 T(x,zy,t) N
cph oT (x,y,7) _ 25x N
ot 0°T(x,y,7)
+7”y a2
y

+qp + Ep i+ deonv tn> ()
rae 7 — temneparypa, T — BpeMs, X, ¥ — KOOp-
JIMHATHI Ha TIOBEPXHOCTH pedIieKTopa, p — IJIOT-
HOCTh Marepualia, ¢ — yAeJIbHas TEIIOEMKOCTb,
A — K03 PUIHEHT TETUIOTPOBOAHOCTH, /I — TOJ-
[IMHA YJIEMEHTA.

[1noTHOCTH COOCTBEHHOTO U3TYyUEHHUS ¢p PAC-
cuuThIBaeTcs 1o 3akoHy Credana — bonbiimana:

4, =200 (T* (v, 0-T}),
(x,y)=Tyul,ul}y, re]O,rf]. 3)

IInoTHOCTH IOTOKA H3JTy4YCHUA Er,ii
u 4 4

Eri =500 2,8 (T (o) =T (x,079)),
j=1

i#j, (x,y)=T5, te]O,rf]. (4)

IImoTHOCTE TEIIOBOTO IIOTOKA, BBI3BAHHOI'O
€CTECTBEHHON KOHBEKLHMEH (conv, OINMCHIBAETCS
CIENYIOIUM YPABHEHHEM:

dcony = f (T(X:J’at)_Tf):

()C,y)ZFlUFZ UF3, TE:IO,‘C}(:|. (5)
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I170THOCTh MOTJIOIIEHHOTO TEIUIOBOIO I10-
TOKa OT HAarpeBareiIAa ¢h.

ay=Adqy, (0)=T3, te01,].  (6)

Hauanbubie YCJIOBH:

T(xayao):TOD (‘x7y)EQD (7)
A€ 60 — IMNOCTOsSTHHAaA CTe(baHa — BOHBHMaHa,
A— KO3(I)¢)I/ILU/ICHT IOITTIOIIICHUA, € — CTCIICHDb

4epHOTHI, D; — pazpemaronmii yriaoBoi Kodpdu-
IIUCHT.

[IpocTpaHcTBeHHOE pacmpenesieHue IUIOoT-
HOCTH TEIUIOBOTO TOTOKA TaJOT€HHOW JIaMIIbI
OSRAM 64635 HLX 051710 3aMMCTBOBaHO U3 [25].

st 000CHOBaHMS YCIOBHH SKCIEPHUMEHTA
HEOOXOUMO BBIOPATh TaKyH MOIIHOCTB JIAMITBI U
paccTosiHiE 0 MOBEPXHOCTU HArpena, MpH KOTO-
pBIX Tiepenaj TemIeparypsl B pabodeil 30HE co-
crasisieT okosio 100 K, a MmakcumMainbHasi Temiepa-
Typa pediexTopa He MpPEBBIIIACT TeMIEepaTrypy
Pa3JI0KEeHUS CBA3YIOIIETO.

MogenupoBanue MPOBOIUIOCH MPHU CIETYTO-
VX UCXOIHBIX JAaHHBIX MaTepuaia pediekropa:

A =31 Bt/(mK);

C = 1000 Ix/(xr-K);

p = 1550 xr/m3,

A=0,735;
€=10,85;
h=0,6 MMm.

VYCTaHOBNIEHO, YTO NMPU W3MEHEHUU MOIIHO-
ctu Harpearens oT 5 Bt 1o 25 Bt MmakcumainbHast
TeMIleparypa MOBEPXHOCTH pedIeKTopa MOXKET
coctasiATh 330 1 430 K cooTBETCTBEHHO, a BpeMs
sKcniepuMeHTa He npesbiiaet 150 ¢ (puc. 5).

TemneparypHoe cocTosiHUE pedIeKTopa B 3a-
BUCHMOCTH OT PacCTOSIHMSI 10 MICTOYHHKA HArpeBa
MonHocThio 15 BT mokaszano Ha puc. 6 u 7. [lpu
PACIONOKEHUY JIaMIIbl HA PACCTOSHUM MeHee 45 MM
OT TIOBEPXHOCTH peduieKTopa W3 yINIeIIacTHKa
€CTh OIACHOCTb €ro MeperpeBa M MOBPEXKIECHUS
cesazytomiero. Ilpu paccrosstHuu cBeilie 65 MM
TeMIlepaTypHbIe Mepenajabl M0 MOBEPXHOCTH pe-
dtexTopa HEeBEIUKH, 4TO OylAeT HETaTUBHO OTpa-
JKaTbCs Ha TOYHOCTH OOpabOTKH HKCHEPUMEH-
TaJIbHBIX JTAaHHBIX M3-3a BIUSHUA METOAMYECKUX
MOTPENTHOCTEN.
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Puc. 5. PacnpegeneHuve TemnepaTypbl Ha MOBEPXHOCTU pedrekTopa
npu Harpese B TedeHne 150 ¢ 1 MOLLHOCTW HarpeBaTens:
7—5B1; 2—10BT1; 3— 15BT; 4— 20BT; 5— 25BT
W cTo4Hwuk: BeinonHeHo U.A. Edpemerko, O.B. leHucosbim, J1.B. [leHncoso.
Figure 5. Temperature distribution on the reflector surface during heating for 150 s and heater power:
7—5W; 2—10W; 3— 15W; 4—20W; 5— 25W
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.

NuHelHbIi rpacbuk: TemnepaTypa/ Line Graph: Temperature (K) o
460 | ! !
5
450
440 4
430
420 3
410
g 2
¢ 400
3
':'f 390 1
& 380
E
2 370
~
3 360 X
o /
5 / \
g 350 /
C 340 / \
/ \
F 330 /
320 /
310} N
4 ~
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0.15
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Puc. 6. 3aBMCUMOCTb TEMNEPATYPbl MOBEPXHOCTM pedniekTopa OT paccTosHMs Ao namnbl npu T = 150 c:
71— 75 MM; 2— 65 MM; 3— 55 Mm; 4 — 45 mMm; 5— 35 Mm

W c T o4 HwuK: BoinonHeHo U.A. Edpemerko, O.B. leHucosbim, J1.B. [leHncoBoii.

Figure 6. Reflector surface temperature as a function of distance to the lamp at t= 150 s:
7—75mm; 2— 65 mm; 3— 55 mm; 4— 45 mm; 5— 35 mm
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.
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Nuneithbiii rpacbuk: Temnepatypa (K) / Line graph: Temperature (K)
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6

Puc. 7. PacnpepneneHne Temnepartypbl Ha MOBEPXHOCTU pedriekTopa
npu Harpese B TedeHne 150 c u paccTosiHMmM 55 MM OT namnbi:
a— BU3yasibHO B Nporpamme; 6 — TeMnepaTypHblii npodunb BOONb ANNHBI MOBEPXHOCTM pednekTopa
W cTo4Hwuk: BoinonHeHo U.A. Edpemerko, O.B. leHucosbim, J1.B. leHncosoi.

Figure 7. Temperature distribution on the reflector surface during heating
for 150 s and at a distance of 55 mm from the lamp:
a— visually in the program; 6 — temperature profile along the length of the reflector surface
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.
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Taxum 06pa3oM, ObLTH BEIOPAHBI CIIETYIOIIHE
rapaMeTpbl SKCIIEPUMEHTAIIBHON YCTaHOBKH: MOIII-
HOCTh HarpesBatens — 15 BT, Bpemss — 150 ¢, pac-
CTOstHHE J10 peduiekTopa — 55 MM, 1uamerp pado-
yeil 30Hb1 — 180 MM.

2. NMNogroToBka v npoBegeHne
3KcnepumeHTa

Jlnst mpoBeneHust TeTUIOBBIX UCIIBITAHUN OBLIT
CO3/1aH SKCIIEPUMEHTAJIbHBIN CTE€H]I, OCHAILEHHBIN
MOJBMKHBIM KPOHIITEHHOM JJIsl pETYIUPOBKH I10-
JIOKEHHSI TaJIOTEHHOW JIaMITbl M M3MEHEHUs Jna-
MeTpa nsaTHa Harpema. Ilox peduekropom ycra-
HoBiieH TeruioBu3op SATIR-D300 na mratuse,
MOJKITIOYEHHBIM K KOMIBIOTEPY AJIsi pETUCTPaIiH
TEeMIIepaTypHBIX Tofied. [ muTaHus CUCTEMBI
HCIOJIb30BAJICS UCTOYHUK ITOCTOSSHHOTO HarpsixKe-
nust Mastech HY5005E-2 (puc. 8).

Puc. 8. O6wmin BUA, aKCnepuMeHTanbHO yCTaHOBKM

WM ¢ To4HwUK: BeinonHeHo U.A. EbpemeHko,
0.B. leHucoBbim, J1.B. [leHncoBoii.

Figure 8. General view of the experimental setup
Source: byl.A. Efremenko, O.V. Denisov, L.V. Denisova.

Ha pamuootpaxaromieid ctopone pediaexropa
YCTaHOBJIEHA KaMepa CIIOKOMHOTO BO3yXa € Mpo-
3pavyHOM TJICHKOH IS 3aIIUTHI 00BEKTa OT HEKOH-
TPOJIMPYEMBIX KOHBEKTHBHBIX IOTOKOB. B 1eH-
TpaJbHON YacTH MJIEHKU NMPEAYyCMOTPEHO OTBEp-
CTHE JJI TEIUIOBU3UOHHBIX U3MepeHuil. Ha Tolib-

HOH cTOpoHE pedreKTopa ycTaHaBIMBAJIACh Ka-
Mepa CIOKOMHOTO BO3/IyXa ¢ OKHOM il BU3yaJlb-
HOTO KOHTPOJIS TEIJIOBBIX UCTIBITaHMM (puC. 9).

6

Puc. 9. Kamepbl crnokoriHoro Bo3ayxa:
a— Ha pagmooTpaxaloLlen CTopoHe pednekTopa;
6 — Ha TbIIbHOW CTOPOHE pednekTopa

M ¢ T04H uk: BeINnonHeHo V.A. EbpemeHko,
0.B. leHucosbim, J1.B. leHncoBoii.

Figure 9. Chambers with still air:

a— on the radio-reflective side of the reflector;
6 — on the back side
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.

ITpouecc Harpesa 0Opasiia perucTpupoBaics
TCIUIOBU30POM, HACTPOCHHBIM HAa 3HAYCHUC U3JTY-
yarenbHOU criocobHocTH 0,9. TepmonzoOpaxeHus
ObLTH OIM(POBaHBI M TTOCTPOEHBI BPEMEHHBIE 3a-
BUCHUMOCTH 3HaU€HUH TEMIIEPaTypbl IOBEPXHOCTU
pedutekropa Ha pacctosHUAX 0, 30, 60 1 90 MM oT
IeHTpa nsATHa Harpesa (puc. 10).
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Puc. 10. TnnyHble aKCnepuMeHTanbHble TEPMOrpamMmbl

W c T o4 HwuKk: BoinonHeHo U.A. Edpemerko, O.B. leHucosbim, J1.B. [leHncoBoii.

Figure 10. Typical experimental thermograms
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.
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3. NocTaHoBka K03¢PULMEHTHON oOpaTHOM
3a4auv TensIoNnpPoOBOAHOCTHU

[ToctanoBka O3T 3akiroyanach B HaXOXIe-
HHUM 3HaYeHUs K03(puIlmeHTa TeronpoBoAHOCTH
Marepuala, KOTopoe odecrneunBaeTcs Mpu MHHH-
MyMe KBaIpaTUYHOTO (D)YHKIIMOHAIA HEBSI3KU pac-
YETHBIX M OKCIIEPUMEHTAIBHBIX TEeMIeparyp B
toukax 71, T2, T3 u T4 Ha OBEpXHOCTU pediek-
Topa (puc. 11). [ImoTHOCTH MaatoImero MOToKa gw
OT HarpeBartelis 3a/1aBajiach Kak T'paHHUYHOE YCJIO-
BHE€ 2-T0 pojJia. YUUTHIBAIUCH €CTECTBEHHAsI KOH-
BEKLUS M COOCTBEHHOE H3JIyYCHHE C IOBEPXHO-
cTel 00beKTa UCIIBITAHHH.

. aT(r,z,7) :k_r(r BT(r,z,’c)j_'_
P ot ror or

9°T(r,z,7)

+A ;
dz2

z

Qe Q, 1€ ]O,Tf]. (8)
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Hauanbnubie YCJIOBH:

T(r,z,0)=T,,

(r.z)e Q.

Puc. 11. TennomeTtpuyeckas cxema
M c T0o4Hwuk: BoinonHeHo V.A. EdpemeHko,
0.B. leHucosbim, J1.B. leHncoBoii.
Figure 11. Heat metering diagram of the experiment
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.
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I'pannuHEIE yCHOBUS:

oT(r,z,7) _
xZa—Z_ o (r,0)(T(r,2,0) =Ty ) -

—£0) (T4(r,z,r) - T;‘ );

(r,z)elTul, LT3, te]o,rf]; (10)
e TEED g0,
Z
(r,2)eT,, e 0,7, ; (11)
oT(r,z,1)
_krT:O, r=0, T€:|0,Tf], (12)

e A — KO3 UITUEHT TeTUIONPOBOIHOCTH; Z, ¥ —
KoopmuHathel; 1 — obmacte obpasna; I' — rmo-
BEPXHOCTh 0Opas3Ia.

[Mponecc pemenuss O3T cTpyKTypHpOBaH B
CJI/TYIOIINE JTAIlbI:

1. AnnpokcuManusi TeMIlepaTypHOW 3aBUCH-
Moctd M7T) C TIOMOINIBIO JIMHEHHBIX Oa3MCHBIX
byHKIMiL:

L(T)=Y Lfi(T);

(13)
i=1
l, T=T
(T)=1{~ " 14
fi(T) 0. T#T (14)
rae Li — TCIIJIOITPOBOJHOCTD 06pa3ua JJIs1 COOT-

BETCTBYIOILEH TeMIlepaTypHOU To4kH 7;, KOTOpas
ABJIIETCSI HEM3BECTHOW BEJIMYMHOW W BBIYUCIA-
€TCS UTEPAIlIOHHO, /I — KOJIMYECTBO 0a3MCHBIX
¢bynkumii fi(T), T; — TemnepaTypa B i UHTepBaJe.

2. MunuMu3anus GyHKIMOHAIA HEBSI3KU Me-
TOZOM T'PaJIUEHTHOIO CITyCKa.

Beruncnenus npekpamarores, Korna J0CTUra-
€TCsl YCTaHOBJICHHBIM KPUTEPHI HEBSI3KH, 0Oecte-
YUBAIOUIUI NPAaBUIBHOCTh MaTeMaTUYeCKOM MO-
JIEIIH.

4. Pe3ynbTtatbl 00paboTKu
3KCnepuMeHTalbHbIX AaHHbIX
1 aHann3 norpelutHocTen

B pesynbrate 00paboTKu SKCIIEpUMEHTATb-
HBIX JAHHBIX MCKOMOE€ 3HAU€HHE TEIIOMPOBOI-
HOCTH Marepuana peduieKTopa COCTaBHIO
19,2 £ 2,9 B1/(m-K). 310 Ha 28 % BbIIIE, UeM npu
UCTIBITAHUAX 00pa310B-CBUIETENEH Ha yCTaHOBKE
KoHTakTHOTO Harpesa [20], rne A = 15,0 Br/(m-K).
BozMoxHbIe TPUYMHBI pacxoxkaeHus ((PU3NKO-TeX-
HOJIOTMYECKHE, HKCIIEPHUMEHTAIbHBIE U MOJIENb-
HBIE) pacCMOTpeHbl B pazzaerne «OOcyxneHue pe-
3yJBTaTOBY.

ToyHOCTH OmIpeneNeHHs TEIUIONPOBOTHOCTH
3aBHCHUT OT TOYHOCTHU MCXOAHBIX JAHHBIX U METO-
KK U3MEpeHUi. DKCIepUMEHTAIbHbIE TEpMO-
rpaMMbl UIMEIOT KaK Cly4yaiiHble, TaK 1 METOuYe-
ckue morpemHoctd. Hambonpmiee BiusHUE Ha
touHocTh pemieHus O3T okas3pIBalOT MeTOAMYE-
CKHE TMOTPEIIHOCTH, BO3HUKAIOIINE BCIIEJICTBHE
OIMOOK TETJIOBU3UOHHBIX HM3MEPEHHI TeMIiepa-
Typbl, HECOBITAJICHUS PACUETHBIX U PEAIbHBIX TO-
YeK M3MEpPEHUI M MIIOTHOCTH TEIUIOBOTO TMOTOKA
OT HarpeBartelis, a TAaK)Ke HEOIPEIeIeHHOCTH CTe-
MIEHH YePHOTHI M K03 (HUIIHEHTA TTOTIIOIIEHHSI 110-
BEPXHOCTH, YACIBHON TETJIOEMKOCTH, KO3 uIim-
eHTa TEeTJIOOTAAYH.

Ternosuzop SATIR D300, ucnonb3zoBaHHbBIN
B DKCIIEPUMEHTE, UMeeT norpemHocts +2 °C. U3-
MEHEHHE TeMIiepaTyphl Ha £2 °C MPUBOAMT K 3a-
BBIIICHUIO WM 3aHWKEHUIO MCKOMOW TEIUIonpo-
BOoHOCTH Ha 7,7 % (Tabm. 3)

Tabsmya 3. BnusiHue norpewwHocTy u3aMepeHus TeMmrneparypbl Ha TOYHOCTb peweHus O3T /
Table 3. The influence of temperature measurement error on the accuracy
of the Inverse Heat Conduction Problem (IHCP) solution

MorpewHoctu nameperuii, °C / Measurement errors, °C +1 +2 -1 -2

Pac4eTHble 3HayeHns TennonpoBoaHOCTU A, BT/(m:-K) /

Calculated values of thermal conductivity A, W/(m-K)

20,34 | 20,74 | 18,28 17,81

M c 104 HwMK: BeinonHeHo UN.A. EbpemeHnko, O.B. leHncosbim, J1.B. eHncoBoli.
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.
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HetounocTh MO3UIIUOHUPOBAHUA TOUCK U3-
MCpPCHUS Ha +1 MM IMPUBOAUT K 3HAYUTCIIbHLIM
HU3MCHCHUAM KOB(I)(I)HI_II/ICHTS. TCIIJIONIPOBOAHOCTHU

A (Tabim. 4). Cmenienue Touku 72 Ha 1 MM K IIeH-
TPy MATHA HArpeBa YBEJIWYUBAET PacueTHOE 3Ha-
YeHHe TerionpoBoaHocTu A Ha 14,9 %.

Tabsya 4. BnmaHne HeTO4YHOCTU NO3ULUOHMPOBaHUS Ha TOYHOCTb pewueHusa 03T /
Table 4. The effect of positioning inaccuracy on the accuracy of the IHCP solution

[MorpeLlwHoCcT! NO3MUNOHNPOBAHUS T, N T3, MM / 7+ 1 7. _1 7+ 1 71
Positioning errors 7; 1 7;, mm 2 2 s s
Pac4eTHble 3HayeHns TennonpoBoaHOCTU A, BT/(m:-K) /

Calculated values of thermal conductivity A, W/(m-K) 17,85 22,14 17,56 21,82

W cTo4Hwuk: BoinonHeHo U.A. Edpemerko, O.B. leHucosbim, J1.B. leHncoBoi.
Source:byl.A. Efremenko, O.V. Denisov, L.V. Denisova.

5. O0cyxaeHue pe3ysibTaToB

PacxoxzaeHue pes3ynpTaroB HacToslIled pa-
OOTEHI C pe3yJbTaTaMt, OJTY4YeHHBIMH Ha TUIOCKUX
00pa3nax-CBUACTENSAX NP KOHTAaKTHOM Harpese,
spisercss oxunaeMbiM Uit KM npu nepexozne ot
71a00paTopHBIX 00Pa3LOB K pealbHbIM KOHCTPYK-
UM U TpeOyeT pa3/iebHOro aHanu3a (pakTopos,
BIIMSIIOUINX HA OIIPEesICHHE UCKOMOH A.

1. @usuxo-mexnonoeuueckue ghaxmopwor. Ha
HaTypHOW KPHUBOJIMHEHHON 000J0Yke peduiek-
TOpPa BO3MOKHBI JIOKAJIbHbIE OTJINYUS CTPYKTYPBI
OT IMJIOCKUX O0pa3loB-CBUAETENCH: JApanmupoBKa
Y BOJTHUCTOCTh apMUPYIOIINX CJIOEB IpU HopMo-
BaHUU Ha KPUBOJIIMHEWHON OCHACTKE, U3MEHEHUE
OpPHEHTAIH U 00BEMHOMN JJOIH BOJIOKOH; JIOKAJIb-
HbIE HEOJTHOPOHOCTH, CBSI3aHHBIE C TEXHOIOTHEH
W3rOTOBJICHUS (HAalpUMeEp, paclpeieseHue CB3Y -
IOILETO, MOPUCTOCTh, HEPABHOMEPHOCTb TOJ-
LIMHBI); a TaKXKE BIUSHUE KOHCTPYKTHUBHBIX 3J€-
MEHTOB (peOpa KEeCTKOCTH, YTONIICHHUS, KIIeeBbIe/
CTBIKOBBIE 30HBI), KOTOPbIE W3MEHSIOT peajbHbIN
IyTh TEIUIONEPEHOCA B 30HE JIOKAJIBLHOIO Harpesa.
B cymme 3TO MOXeT MpUBOAMUTH K OTIMYUIO TEM-
JIOTIPOBOJIHOCTH, OIpPENEIsieMON 10 TeMIeparyp-
HOMY ITOJIIO HaTYpPHOU KOHCTPYKIMH, OT 3HAYEHHUS,
MOJYYEHHOI'0 Ha MJIOCKUX BbIpE3Kax.

2. Dxcnepumenmanvisie axkmopul. Jlokanb-
HBIM paJualyOHHBIM HAarpeB Ha KPUBOJWHEWHOMN
MOBEPXHOCTH (hOpMHUpPYET HeHJealbHOE pacrpe-
JIeJIEHHE MOMIOLEHHOIO MOTOKA: MEHSIFOTCS YTroJ
MAJCHUs U PACCTOSIHUE 0 HAarpeBaress 1o MATHY,
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YTO MPHUBOJUT K TIEpepactpeiesICHHIO MII0THOCTH
MOTOKAa W BO3MOXXHOM aCHMMETPHUHU HArpeBa; Cy-
IIECTBEHEH BKJIAJ €CTECTBEHHOW KOHBEKIIHH U
COOCTBEHHOI'O M3Jy4€HUs, KOTOPbIE 3aBUCST OT
OpPHEHTAIlMM U KpUBU3HBI noBepxHOocTH; MK-n3-
MepeHHEe TeMIIePaTypbl YyBCTBUTEIHHO K CTEIICHU
YEpHOTHI U OTpak€HHOMY (oHY, npuueM 3¢ dek-
THUBHAsl € MOXKET 3aBUCETh OT yIvia HaOIIOIEHUS.
Heomnpenenennocts ko3 duimenTa TeriooTaaqan
B nepupepuiiHON yacTu pedieKTopa MOKET Bbl-
3BIBATh JIOMIOJIHUTENIbHBINA TEINIOOTBO C paboyeit
30HBI JIOKAJILHOTO HArpeBa, uTo Mmpu 00paboTKe KC-
NEPUMEHTAJIBHBIX JTAHHBIX MPUBOAUT K 3aBBILICH-
HOH BEJIMUMHE HCKOMOW TETUIONPOBOJHOCTH A.
CrnemyeT OTMETUTh BBICOKYIO UYBCTBHTEIHHOCTH
pe3ynbTara OT MOTPEHIHOCTH MO3UIMOHUPOBAHUS
KOHTPOJIbHBIX TOUEK: CMEIlIeHHe TOUKU 72 Ha 1 MM
K LIGHTPY MSITHA HAarpeBa N3MEHseT pacyeTHOE 3Ha-
yenue A Ha 14,9 % (tabmn. 4).

3. Mooenvnvie pakmopuwr. Ilpu pemenun xo-
spdunuentaoit O3T npuHUMAIOTCS TOMYyIIECHHS,
KOTOpBIE MOTYT JJaBaTh CUCTEMATUYECKUI BKJIAl B
BOCCTAHOBJIICHHOE 3HAYCHHUE A: 3a]JaHHE YCPETHEH-
HOTO TPAaHUYHOTO YCJIOBUS 2-TO poja Il TIOTHO-
CTH TAJIAIOMIETO MMOTOKA gw M €r0 pachpeneIeHus
MO MATHY HAarpeBa; MCMOJb30BAHHUE MOCTOSHHBIX
(WM ycpeHeHHBIX ) TapaMeTPOB PaInalliOHHOTO
1 KOHBEKTHUBHOTO TerjaooOMeHa (A4, €, dy), KOTO-
pbIe B pealbHOM AKCIIEPUMEHTE MOTYT H3MEHATHCS
M0 TIOBEPXHOCTH U BO BPEMEHHU; TEOMETPUUYECKUE
YIPOIIEHUSI HATyPHOTO OOBEKTa MPHU MOCTPOCHUN
pacueTHOW Mojaenu (Waeanu3amus OO0OJOUYKH,
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peHeOpeKeHNe JTOKAIbHBIMUA OCOOEHHOCTIMH —
pebpaMu/yTONIIEHUSIMH); @ TaK)Ke BHIOpaHHAs arl-
npokcumartyst M(7) TMHEHHBIME Oa3UCHBIME (DYHK-
LUSIMH.

[TepcnieKTHBBI pa3BUTHsI METOAMKH 3aKIIIOYa-
IOTCSl B TIEPEXOJIE OT AMIIMPHUYECKOTO BBIOOpA TO-
yek u3mMepeHust 11-74 K mpoueaype onTuMalibHOTO
IUIAHUPOBaHUS W3MEpeHHUH. [l CHM>KEHUs pac-
XOKICHUM M MOBBILIEHHUS] BOCIPOU3BOIUMOCTH
1enecoo0pa3Ho MPOBOANTH KAJTMOPOBKY € U OTpa-
KEHHOTO (JOHA; a TAKXKE PACIIUPUTh MOJAEIb 10
3D-reomeTpuu HaTYpHOTO OOBEKTA C YUETOM pe-
Oep 1 JIOKAJIbHBIX yTOJIIIEHHH.

3aknio4yeHve

Pa3paborana MeToaMKa OmpeeneHus Tero-
IIPOBOAHOCTH KOMIIO3UIIMOHHOIO Marepuana Ha
HaTypHbIX Komno3uTHbIX KK, koTopbie npencras-
JSI0T co00i reOMeTpUYECKH, CTPYKTYPHO U TeX-
HOJIOTMYECKU MOJO0OHbIE NPEAMETHbIE MOAEIH.
Merouka anpoOrpoBaHa Ha TOHKOCTEHHOM KOM-
MO3UTHOM Pe(IIEKTOpe C UCIIOIb30BAHUEM JIOKAIIb-
HOTO PAaJMallMOHHOTO HarpeBa M perucTpanuen
TEMIIEPaTypHOTO IOJI Ha €ro HEOCBELEHHOM MO0~
BEPXHOCTU C MOMOLIbIO TeroBu3opa. OOGocHO-
BaHBbI YCJIOBHSI TEIIOBBIX UCIIBITAHUIN: PACCTOSIHHUE
10 Harpesarenst — OoT 45 10 65 MM, MOIHOCTh
rajioreHHo# namnsl 15...20 BT, nuamerp paboueit
30HbI — A0 180 MM, Bpemsi dKcliepuMEHTa —
150...200 c. MeToauka npuMeHUMa JIsl KOHCTPYK-
IUHA C TIPOAOIBHBIMHA pa3dMepamMu He MeHee 150—
200 MM | TONIIUHOHN 0 2 MM.

Meroauka OTKpBIBa€T HOBBIE BO3MOXKHOCTH
OTIpEeNICHUS TETIO(PU3MYECKUX XaPAKTEPUCTHK
KM B npouecce peanuzanuu NpoeKTHOro 00IHMKa
W3/IENHS M TEXHOJIOTHH €r0 U3rOTOBJIEHHS, YTO 1103~
BOJIUT [TOBBICUTH TOYHOCTB TEIIOBOTO MPOEKTHPO-
BaHMs 00BbEKTOB PAKETHO-KOCMHUUYECKON TEXHUKH.
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3asBiieHHe 0 KOH(PJIUKTE HHTEPecoB

ABTOPEI 3aIBIIAIOT 00 OTCYTCTBUH
KOH(IMKTa UHTEPECOB.

3asiBjieHHe 00 UCI0JIb30BAHUM TEXHOJIOI M
HMCKYCCTBEHHOI'0 MHTEJLJIEKTA

IIpu coznanum HacTOSIIEH CTaThH TEXHOIO-
MU TEHEPATUBHOIO UCKYCCTBEHHOIO UHTE-
JIEKTa HE MCIIOJIb30BAJIUCh.

3asiBieHHE O AOCTYITHOCTH JaHHBIX

Bce JAHHBIC, TTOJTYYCHHBIC B X04€ 3TOr0 MC-
CJICOIOBAaHUA, BKIIFOUCHBI B OHYGHHKOBaHHy}O
CTaTbIO.

AHHOTanus. ABTOMaTU3alMsl CEIbCKOXO3AHCTBEHHBIX 3a/la4 C HCIOJIb30Ba-
HHEM MOOWJIBHBIX POOOTOB MpHOOpETaeT Bece Oobllee 3HaUeHHE AJIsl TOUHOTO
3emienenust. HaBuranus B CIIOXKHBIX, JMHAMHYHBIX U HECTPYKTYPHPOBAaHHBIX
cpenax, TakKUX Kak IOJIsi ¢ HEPOBHBIM pelibepoM, T'yCTOH pPacTUTENBHOCTHIO U
MPENSATCTBUSAMH, HalIpUMep KaMHSIMHU WA HPPUTAlIMOHHBIMU CUCTEMaMH, TIpe-
cTaBisieT co0oii cepbesHyro npobnemy. CrenoBareibHo, 3Q(GEKTHBHBIC ajro-
PHUTMBI IJIAHUPOBAHUS TPACKTOPUU U MPEOTBPAIICHUS CTOJIKHOBEHUN HUMEIOT
6osnpioe 3HaueHue. OCHOBHAS 11eJIb — BHEApPEeHHE U oneHka ainropurma RRT
(Rapidly-exploring Random Tre) misi cKOOpAMHHPOBAHHOTO IUIAHUPOBAHUS
TpaekToprH. HOBBIM BKJIaZIOM SIBISETCS MOBBILEHUE d(PPEKTUBHOCTH ILIAHH-
POBaHUS U ONITUMAJIBHOCTH TPACKTOPUH 110 CPABHEHHUIO CO CTaHAapTHBIM aJro-
putmMoM RRT, B yacTHOCTH 3a cyeT yJydllleHUs] TeHepaluyd ONTHUMAJIBHBIX IO
BPEMEHH TPACKTOPHI M 00ECHEUESHHUs] HaJIe)KHOTO IPENOTBPAILCHUS CTOIKHO-
BEHUH B CIOXHBIX JaHamadTax. CucremMa npeaoTBpalleHs] CTOJIKHOBEHUH
Ha ocHoBe RRT* Gbuta oreHeHa ¢ momomrsio MonenupoBanus B MATLAB,
MpOBEPsIA MPOU3BOAUTECIIBHOCTD B CICHAPUAX C BBLICOKOH IJIOTHOCTBIO MpeTsAT-
CTBHH, XapaKTEPHBIX AJIS CEIbCKOX03AHUCTBEHHBIX cpell. MoenmpoBaHue npo-
JIEMOHCTPHPOBaIIO 94 % yCIEeNIHOCTh INIaHUPOBAHUS TPACKTOPHH U IIPEOTBpa-
LIEHUS CTOJIKHOBEHUH, YTO YKa3bIBaeT Ha BHICOKUI MOTEHIIMAII TPOU3BOJUTEb-
HOCTH B CJIO’KHBIX CENbCKOXO035HCTBeHHBIX Janamadrax. VceciaenoBanue moka-
3a110, 4T0 RRT* siBisierTcst BBICOKOA((EKTHUBHBIM PELLICHUEM /IS TNITAHUPOBAHUS
TPAaeKTOPHH B MHOTOKOJIECHBIX CEJILCKOXO3SIMCTBEHHBIX POOOTAX, MPEBOCXOIS-
M cranaaptabiid RRT. OH yenemHo oOecrieunBaeT ONTUMU3HUPOBAHHBIE Tpa-
eKTOpHH 03 CTOJIKHOBEHUI B HECTPYKTYPHPOBAHHBIX Cpeax, Ipeiaras HaaexK-
HYIO0 OCHOBY JUIsl aBBTOHOMHOW HaBurauuu. 94 %-Helif moka3aTepb yCIEIIHOCTH,
MOJIY4YEHHBIH B X0J1e MOAEIUPOBAHUS, ITOITBEPIKIAET €ro MOTEHIUA U YKa3bl-
BaeT Ha HEOOXOUMOCTD AANBHEHUIINX HCCIIEA0BAHMN M OIEBBIX NCIIBITAHHH.

KuroueBble cj10Ba: KoIeCHbII MOOUIBHBII POOOT, Tpyma poOOTOB, aITOPUTM,
MIPeAYNPERICHUE CTOIKHOBEHUH, IPOLEHT YCIEIIHbIX MTONBITOK

Bkiag apTopos

Cauposns A. — KOHLETITyaIu3anusi, METO0JIOTHs, IPOrPaMMHOE obecrieueHne, BauIalus, GopMalbHbIi aHaIU3, TOATOTOBKA
JIaHHBIX, HAIUCAHUE W PEIAKTUPOBAHME TEKCTa, BU3YaJIM3allHs, aAMUHUCTPUPOBaHUE NpoeKTa; An-Apaxcu X.M — HanucaHue
Y PEeAaKTHPOBAHUE TEKCTA, BU3yalu3auus; Yoscan []. — NMOATOTOBKA TaHHBIX, HAITMCAHKUE NIEPBOHAYAIBLHON BEPCHH, BU3yall3a-
UL, BATHAIst, (POpMabHBIA aHam3. Bee aBTOphI 03HAaKOMIIEHBI ¢ OKOHYATEIbHOM Bepchel CTaTbH U 0J00PHITH ee.

JJist ntMTHPOBaHUSA

Caupoonw A., An-Apasxcu X-M., Yocan I]. OnTumanbHOE INIAHUPOBAHUE TPACKTOPUU ABUKEHHS JUIS KOJIECHBIX POOOTOB //
Bectauk Poccuiickoro ynuBepcurera apyx0b1 HaponoB. Cepust: xenepHbie uccnenoBanus. 2026. T. 27. Ne 2. C. 153-169.
http://doi.org/10.22363/2312-8143-2026-27-2-153-169 EDN: KWNDDU

© Campoanb A., An-Apaxu X.M., Wkan 1., 2026

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License

AT https://creativecommons.org/licenses/by-nc/4.0/legalcode

153


https://orcid.org/0000-0002-8187-0221
https://orcid.org/0000-0001-6900-7946
https://orcid.org/0009-0005-0954-7015

Sairoel A., Al-Arazhi H.M., Zhang J. RUDN Journal of Engineering Research. 2026;27(2):153-169

Optimal Path Planning for Wheeled Robots

Amertet Sairoel® ", Hasan M. Al-Arazhi , Jingnian Zhang

Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation

P4 sairoel@mtu.edu.et

Article history
Received: December 21, 2025

Revised: February 11, 2026
Accepted: February 20, 2026

Conflicts of interest

The authors declare that there is
no conflict of interest.

Statement on the use of artificial
intelligence technologies.

No generative artificial intelligence
technologies were used in the creation
of this article.

Data availability

All data obtained during this study
are included in the published article.

Abstract. The automation of agricultural tasks using mobile robots is becoming
increasingly important for precision farming. Navigation in complex, dynamic, and
unstructured environments, such as fields with uneven terrain, dense vegetation, and
obstacles such as rocks or irrigation systems, presents a significant challenge.
Therefore, efficient path planning and collision avoidance algorithms are of particular
significance. The primary objective of this study is to implement and evaluate the
RRT* algorithm for coordinated path planning. A novel contribution lies in improving
the planning efficiency and path optimality compared to the standard RRT algorithm,
particularly through enhanced generation of time-optimal trajectories and robust
collision avoidance in complex terrain. The RRT*-based collision avoidance system
was evaluated through MATLAB simulations, testing its performance in scenarios with
a high obstacle density typical of agricultural environments. The simulation results
demonstrated a 94% success rate for trajectory planning and collision avoidance,
indicating high performance potential in complex agricultural landscapes. RRT* was
shown to be a highly effective trajectory planning solution for multi-wheeled
agricultural robots, outperforming standard RRT. It successfully delivers optimized,
collision-free trajectories in unstructured environments, offering a robust foundation
for autonomous navigation. The 94% success rate obtained in the simulation validates
its potential and indicates the need for further research and field testing.

Keywords: wheeled mobile robot, robot group, algorithm, collision avoidance,
success rate
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BBepeHune

BBIITOJIHCHHUA TaKMX BAKHBIX 3aJa4, KaK C60p Ypo-
JKasd, mocagka i MOHUTOPUHI, 3BHAYUTCIbHO YBCJIN-

[TpenoTBpalieHne CTOIKHOBEHHH MpEICTaB-
Js1eT coOOM MepBOCTENEHHYIO 337a4y B aBTOHOM-
HOU pOOOTOTEXHHUKE, OCOOCHHO JIJIT MHOTOKOJIEC-
HBIX MOOWIILHBIX poOoTOoB (MMP), paboTaromux B
CIIOXKHBIX, TMHAMUYHBIX U HECTPYKTYPUPOBAHHBIX
Cpeniax, TaKuX KaK CeIbCKOXO3SHCTBEHHBIE TOJIS.
OTH cpeapl XapaKTepU3YIOTCS HAIUYHMEM MHOTO-
YHCIICHHBIX MPETSITCTBUH, BKIIIOYAsl CTATUYECKHE
00BEKTHI, TAKUE KaK JIEPEBbs, KAMHU M HEPOBHBIN
penbed, a TakKe TMHAMUYECKUE TPEsITCTBUS, Ta-
KM€ KaK JIpyrue poOOThl, JIOAU U AKUBOTHBIE [ 1-6].
OnHoBpeMeHHast paboTa HECKOJIBKUX POOOTOB st
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YUBACT PUCK CcTONKHOBeHWH. [log00HBIE WMHITH-
JICHTHI MOTYT IIPUBECTH K CYIIECTBEHHOMY YIEpOy
JUTSL ypOXKas, IOBPEXKIECHUIO 000pyIOBaHUs U ce-
pBE3HOI yrpo3e 0e30MacHOCTH NepcoHaja, 4To
MOYEPKUBACT KPUTUIECKYIO HEOOXOAUMOCTD B Ha-
JIEKHBIX PEHICHUAX JI1 HaBUTallMM MHOTOAreHT-
HBIX cucteM [7—12].

Anroput™m Rapidly-exploring Random Tree
Star (RRT*) sBisieTcss mpu3HAHHBIM M MOIIIHBIM
WHCTPYMEHTOM JIJIs1 ONITUMAJIbHOTO IUTAHUPOBAHUS
MyTH W TPEIOTBPAIECHUS CTOJIKHOBEHUN B OITHO-
areHTHBIX cuctemax. OHaKo ero npsMoe Mmpume-
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HEHHE Ul CKOOPAWHUPOBAHHBIX TPYII CEIBCKO-
XO3STCTBEHHBIX pOOOTOB COMPSIKEHO CO CTIenuH-
YECKHMH, HepelleHHbIMU mnpobiemamu. Cyiie-
CTBYET SIBHBIN MPOOEIN B MCCIENOBAHMSIX, CBSI3aH-
HBIH C pa3pabOTKON yCOBEPIICHCTBOBAHHBIX pea-
JM3aINiA, KOTOPbIE OTBEYAIOT YHUKAJIBHBIM TPeOo-
BaHUSIM MACIITAOUPyEeMOM KOOpAMHAIIMN MHOXKe-
CTBA areHTOB B CEITbCKOXO3HCTBEHHBIX yCIOBHSIX.
Otu TpeboBaHMs BKIIOUaIOT ) (PeKTUBHOE yTIpaB-
JICHUE CTOJKHOBEHUSIMH MEX]ly areHTaMH, OITH-
MU3ALHUI0 TPYNIOBOM A3PPEKTUBHOCTU AJISl TOBBI-
IEHUS TPOU3BOJUTEILHOCTH U OOecredeHue
Ha/IeKHON paboThl B peasbHOM BpPEMEHU B He-
MpeACcKa3yeMbIX M 3arpOMOXKACHHBIX cpenax. Cy-
HIECTBYET SIBHAsi HEOOXOAMMOCTh aJlalTUPOBATh
RRT* cnenmaibHO A1 MOBEIIEHUS O0€30IIacHO-
CTH W OTIEPAIMOHHOW TPOU3BOJUTEILHOCTH COB-
MECTHO PabOoTaMuUX POOOTH3UPOBAHHBIX (DITOTOB
B celbcKoM xo3siiicTe [ 13—18].

OcHoBHasl 1LIeJIb UCCIIEOBAaHUSI — peau3a-
[IUS ¥ OLIEHKA YCOBEPIIEHCTBOBAHHOTO aJITOPUTMA
Ha ocHoBe RRT*, pa3zpaboranHoro /uis peuieHus
MpoOJIeMbl CKOOPAMHUPOBAHHOTO TMPENOTBpalle-
HUSl CTOJIKHOBEHUH IJIsi TPYMIBI KOJECHBIX MO-
OUIIBHBIX pOOOTOB, BBIMOJHSIIOMIUX 331a4u cOopa
ypokasi B CIIOXKHOM CEJIbCKOX03iCTBEHHOM JIaH/I-
madTte. HoBu3Ha 3a1aun 3akitodaeTcs B MOBBIIIE-
HUM o01el 3P dexkTHBHOCTH U O€30MTaCHOCTH MHO-
rOpOOOTHOW CUCTEMBI, B YACTHOCTH 32 CUET yiIyd-
HICHHSI ONTUMAJIbHOCTH TPASKTOPUI 1 MUHUMM3A-
MM BPEMEHHU TEPEMENICHUs TI0 CPAaBHEHHUIO CO
CTaHJAPTHBIMH AJITOPUTMUYECKUMU TTOIXOJAMH.

Jnst mocTikeHus 3Toi 1enu Oblia pazpabo-
TaHa W MPOTECTHPOBAaHA CHUCTEMa IperoTBpalle-
HUSl CTOJIKHOBEHHH, OCHOBaHHas Ha alroOpUTMe
RRT*. Metononorus BKIJIOYajaa JBa KIIOYEBBIX
stana. Bo-nepBhIX, B kKauecTBe OCHOBHOTO IIaHH-
poBuuKa ObuT1 BeIOpaH ainroputM RRT* 6Gmaro-
Japsi ero J10Ka3aHHOW acHMIITOTUYECKOW ONTH-
MaJbHOCTH, d((HEKTUBHOCTH B MCCIEJOBAHUH BbI-
COKOPa3MEpHBIX KOH(PUTYPAIIMOHHBIX MTPOCTPAHCTB
U BPOXKICHHOW aTaNTHBHOCTH K TUHAMUYECKHM
NPENATCTBUSAM. BO-BTOPBIX, TPOU3BOAUTEIHHOCTh
CUCTEMBI ObljIa TIHIATEIHHO OIICHEHA IyTEM KOM-
IUIEKCHOTO MonenupoBanus B cpene MATLAB.
OTOT NOAXOX Ha OCHOBE MOJEIMPOBAHUS TO3BO-
JIMJI BOCCO3/IaTh CJIOXKHBIE CEJIbCKOX03HCTBEHHBIE

CLICHApUH, HACBIILEHHBIE MHO)KECTBEHHBIMH CTa-
TUYCCKUMHN U AVUHAMHUYCCKUMU HPCIATCTBUAMMU,
MPENOCTaBUB MPOBEPEHHBIN TTOJUTOH JJISI OLIEHKH
s} dexkTHBHOCTH anropuT™Ma B reHeparuu 6e3omnac-
HBIX U ONTHUMAJIBHBIX TPACKTOPUN Ui Ka)JIO0TO
poboTa B cOCTaBe CKOOPAUHUPOBAHHOM I'PYTIITHL.

TecTtrpoBaHne B CUMYIALIMOHHON CpPEAE AAT0
KOJIMYECTBEHHO MOJIOKUTENBHBIN pe3ynbTar. Pea-
TM30BaHHAs cucteMa Ha ocHoBe RRT* ycmemrHo
TUTAHUPOBAJIa Iy TH, CBOOOIHBIE OT CTOJIKHOBEHHIH,
Y KOOPIMHUPOBAJIA IBMKEHHS poOOTOB B 94 % sKC-
NEPUMEHTAIBHBIX CIIy4aeB. DTOT BBICOKHMH IpO-
IIEHT ycriexa yOoeIuTenbHO IEMOHCTPUPYET 3HAYH-
TCIIbHBIN IMMOTCHIUAJI aJITOpUTMa JIA obecnieueHust
3¢ dexTrBHOI HABUTAIMN U HAJIEKHOTO MPEIOTBPa-
LICHUS] CTOJIKHOBEHHUI B CMOJEIMPOBAHHOM CIIOXK-
HOM CeJIbCKOXO035HICTBEHHOM JaHamadre.

JlanHO€ HCcie0BaHNEe MPUBOANUT K BBIBOLY,
gt0 anroput™M RRT*, ocobenHo B ero ycoepieH-
CTBOBAHHOH (opMe, aaanTupOBaHHOM JISI MHOTO-
areHTHOW KOOPIWHAIINH, SBIISIETCS BBICOKOAPhEK-
TUBHBIM pELICHHEM NpoOIeMbl IJIAHWPOBAHUS
IIyTH W NPENOTBPAILCHUS CTOJIKHOBEHUN B CEIb-
CKOXO3SIMCTBEHHOH poboToTrexHuke. Vcciemosa-
HUEC TOATBECPKAACT, YTO yCOBCpHI@HCTBOBaHHBIﬁ
RRT* moxer ycnenrHo reHepupoBaTh ONTUMH3H-
poBaHHBIE, O€30MacHbIe TPACKTOPUU I KOMAaH]I
poOOTOB, paboTaIONMUX B HECTPYKTYPHUPOBAHHBIX
cpenax, mpeBocxoas 0a3oBbiii anmroput™ RRT ¢
TOYKU 3PEHHS ONTUMAIBHOCTU MyTH. JlOCTUTHY-
TBHIM B CUMYJISILIMM pe3yasTar B 94 % ycnexa non-
TBEP)KAA€T OCHOBHYIO (YHKIHMOHAIBHOCTE H
HAJEKHOCTh MPEAJIOKEHHOIO NMOAXoAa s JaH-
HOM IpeIMeTHOI 06macTH.

VYenentnas peannsanus YTOW CHCTEMBI Ha OC-
HoBe RRT* mMeer 3HAYMTENBHBIN MOTCHIATH-
HBI G dekT. B mepByro ouepenn, OHa MOBBIIIACT
0€30MacHOCTb, HAMPSIMYIO CHUYKasi PUCK CTOJIKHO-
BEHHH KaK MeX/1y poOOTaMH, TaK U C MPETATCTBH-
SIMH B OKpY’Karollel cpesie, TEM CaMbIM 3alluiiast
[ICHHbIE CENbCKOXO3AWCTBCHHbIE aKTHUBBI M 00ec-
nednBas O6e30macHOCTh paboTHHKOB. Kpome Toro,
OHA IOBBIIIAET MPOU3BOIUTEIBHOCTD 3a CUET OIl-
TUMH3AIUN WHAWBUAYAIBHBIX TPACKTOpUi pobo-
TOB U MUHUMU3AIIUN BPEMECHU NTEPEMCUICHUA Ona-
ronaps 3(pQeKTHBHON KOOPIWHAIMH, YTO YIIyd-
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m1aeT OOIIyI0 MPOIMTYCKHYIO CIIOCOOHOCTh aBTOMa-
THU3UPOBAHHBIX 3aJa4, TAKUX Kak cOOp ypoxas.
HccnenoBanue Takke CIOCOOCTBYET DPa3BHTHUIO
00JIaCTH CEJIbCKOXO3SIHCTBEHHON aBTOMAaTH3allNH,
BHOCSI BKJIJI B PEaJIM3yeMOCTh MOJHOCTHIO aBTO-
HOMHBIX, COBMECTHO pabOTarommx poOOTH3HPO-
BaHHBIX ()JIOTOB, TEM CaMbIM CHIYKas 3aBUCHMOCTD
OT MTOCTOSIHHOTO KOHTPOJISI CO CTOPOHBI YEJIOBEKA.
HaxkoHnelr, OHO 3aKJia/IbIBa€T OCHOBY JUTS JaJIbHCH-
ero pa3BUTHA, YCTKO OIPEACIAd COXPaHAIOIIHN-
ecst MpoOIeMBbl, TAKHE KaK BEIYUCIUTEIbHAS CII0XK-
HOCTB U aJIanTalys B peaJbHOM BpeMeHH. JTa pa-
60Ta coracyercs ¢ MEepPCIEeKTUBHBIMU HaIpaBie-
HUSMU OyIIyIIuX UCCIIETOBAaHUI U MHHOPMUPYET O
HUX, BKJIIOYAs HMHTETPALHIO METOJ0B MAITHHHOTO
oOy4eHwus U pa3paboTKy Ooiyiee OBICTPHIX BapHaH-
TOB aJITOPUTMOB, MPOKJIAAbIBAsI, TAKUM 00Pa3oM,
IMYyTb AJIA UHTCIIJICKTYaJIbHbBIX CEIILCKOXO03AMCTBEH-
HBIX CUCTEM CJICAYIOIICTO MTOKOJICHHUS.

1. MaTtemaTnyeckas mogenb U CTPyKTypa
ynpaBsieHUst MHOrOKOJIECHOIO
MOOuUnbLHOro po6orta

1. 1. lMpununn paboTsl cucTemsl MPEaoTBPaLLEeHUs
CTOJIKHOBEHUI MHOIMOKOJ1IeCHOro pobora

AJTOpUTM TNpeAoTBpaIleHUs] CTOJIKHOBEHUI
JUISi MHOTOKOJIECHOTO po0oTa BKJIIOYAaeT B cels
00pabOTKy TaHHBIX IATYNKOB, AJITOPUTMBI OOHA-
PYKEHHS MPETSATCTBUH, MJIAHUPOBaHKE Oe3omac-
HOW TPaeKTOPUHU M HETIOCPEICTBEHHO HABUTAIIHIO
MEXKy TpensiTcTBusiMH [ 19-24].

Ha mepBoM 3Tame mpoMCXOAWT aHAIW3 WH-
(dbopMaI 0 TEKYyIIeM COCTOSHUHU OKpY)Karolien
CpeIbl, TTOTy4aeMOi C JATIYMKOB poOOTa, Ha €€ OC-
HOBE OIICHHMBACTCS JOCTHKHMOCTh Lielu. Eciu B
TEKYIIUX YCIOBUSX IEJb TOCTIKIUMA, aHAJIN3 JTaH-
HBIX C JaTYMKOB MpHOCTaHaBnuBaercs. Ecinu nenb
HEJIOCTIKMMA, 3allyCKaroTCsl ajITOPUTMBI JIETEK-
uuu npensatcTBui (puc. 1) [25].

Ecim mpensitcTBHE OOHapYyXEHO, CHUCTEMa
OTIPEJIEIISIET, SIBISCTCS JIM OHO TMHAMUYECKUM WIIH
CTaTUYECKUM. B 3aBUCHMOCTH OT THTA MPEMsT-
CTBHUSI IPUMEHSETCS COOTBETCTBYIOIIUN aJITOPUTM
MpeIOTBpAIleHNs] CTOIKHOBEHHH [26], mocie yero
CHUCTEMa BHOBb MEPEXOAUT K aHAINU3Y JaHHBIX C
JIaTYHKOB.

156

OmnucanHBIN aITOPUTM TOBTOPSETCS] HEMpe-
PBIBHO, oOecrieunBasi poOOTy CIIOCOOHOCTH ajam-
TUPOBATHCSI K U3MEHSIOIIUMCS YCIOBUSM U yCIie-
IITHO IOCTHUTATH 1enu [16].

COop W aHanW3 JaHHBIX 00 OKpYyXKarolien
cpezie C IOMOUIBIO JATYHUKOB JIEKAT B OCHOBE 00-
HapYXXCHUs MPETATCTBUIA NPU aBTOHOMHOI HaBH-
ranuy poboToB. DTOT Npolece B MEPBYIO OYepeib
OTMpaeTcsl Ha HAOOP B3aMMOOTIOTHSIOIIUX METO-
noB 3ouaupoBanus. Jlumaper (LIDAR) obecnieun-
BAIOT TOYHBIC M3MEPEHUS PACCTOSIHUSA JI0 OKpYKa-
IONMX OOBEKTOB C TOMOUIBIO JIA3EPHBIX JyYew.
VIBTpa3ByKOBBIE JaTbHOMEPBI PAOOTAIOT 1O MPUH-
LUy S5XOJOKAIMK JJIsl ONpenesieHus] OMU30CTh
NpensATCTBUN. J[ByMepHBIE KaMephbl 3aXBaThIBAIOT
BU3yaJIbHBIE TaHHBIE JJIS TOCIIEAYIONIHNX 3a4a4 00-
HapyXXeHUsT U KiIacCU(PHUKAUUU OOBEKTOB, B TO
Bpems kak mHppakpacuble (UK) garunku orneHu-
BaIOT OJIM30CTh 0OBEKTOB C MMOMOIIBIO HH(paKpac-
HOTO W3nmy4eHus. ba3oBelii mpuHIMT pabOTHI 3a-
KJIFOYaeTCs B HEMPEPHIBHOM CKaHUPOBAHUU OKpY-
XKEeHUs1 poboTa dTUMHU Aardunkamu. [lomydeHHBIH
COBOKYITHBIN MTOTOK JIaHHBIX 00pabaTeIBaeTcs Uis
OoOHapyXEHHUSI TPENSATCTBUH, ONpEAeNeHUusT HX
TOYHOTO MECTOIIOJIOKEHHUS U BBIYMCIICHUS PACCTO-
SIHUS 10 KaXXJI0TO U3 HHX.

Ha ocHoBe HeoOpaOOTaHHBIX JaHHBIX C JaT-
YHKOB POOOT CTPOUT IMpPEACTABICHUE 00 OKpy*kKa-
IOLIeH ero cpene. ITOT Mpolecc Kaprorpadupona-
HUS UCTIONB3yeT OObEAMHEHHYI0 MH(OPMAIUIO C
HECKOJIbKUX JIaTYUKOB Ui CO3JaHHs JTUOO JIo-
KaJbHOM KapThl, ONMHCHIBAIOUICH HEMOCPEICTBEH-
HYIO 00J1aCTh BOKPYT areHTa, JIM00 BCEOOBEMITIO-
mel To0anbHOM KapThl BCEr0 M3BECTHOTO IIPO-
CTpaHCTBa, KOTJa 3TO BO3MOXHO. [IpuHIMD pa-
OOTHI BKJIIOYAET NOCTOSIHHYIO WHTETPAIUIO B 00-
HOBJICHHE JaHHBIX JAaTYUKOB ISl 3arlOJHEHHUS
KapThl. B 9TOM npeacTaBieHny MPemnsTCTBUS MO-
ryT 0003Ha4aThCs C UCTIOIIB30BAHUEM PAa3JIMYHBIX
reOMETPHUYECKUX MPUMHUTUBOB, TAKUX KaK oOi1aKa
TOYEK, JTJMHUU WU TOJIMTOHBI, YTO 00eCIeunBaeT
HaBUTAI[HOHHYIO MOJIENb CPEIbI.

ANTOpPUTMBI TIJIAHUPOBAHHUSA ITyTH BBIYHC-
JISIFOT BBITTOJTHUMYFO TPA€KTOPHIO OT TEKYLIETO I10-
JOKeHUs poOoTa K 3alaHHOM 1ienu, n3derast Bcex
HAHECEHHBIX Ha KapTy MPEMSTCTBUI.
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AHanu3 faHHbIX ¢
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MMpensartcTene
oBHapyxeHo

AnropyT™ NpeaoTBpaLLeHs
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AVHaMun4yeckoe

AnNropuT™m npefoTepaLLeHns
CTONKHOBEHUI ANs
CTaTU4ecKuX NpensaTcTBuUi

Puc. 1. Anroput™ npeaoTepalleHus CTOIKHOBEHMWI 419 KOSIEeCHOro MoGuibHOro po6oTa

M cTo4HwuMK: BbinonHeHo A. Canpoanb, X.M. An-Apaxu, L. YxaH.

Environment

)

Sensor reading

F 3

No | Navigate toward
' the goal

Detect obstacle

Dynamic obstacle
avoidance model

Static obstacle |
avoidance |

Figure 1. Working mechanism for wheeled mobile robot collision avoidance
Source: byA.F. Sairoel, H.M. Al-Arazhi, Z. Jinnian.
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Js pemenus 3Toi 3a1a4u UCTIONIb3YETCs He-
CKOJIBKO HM3BECTHBIX aJrOPUTMOB. Anroputm A*
HAXOJUT KpaTyallivii MyTh MyTEM MOUCKA 110 BO3-
MOXHBIM y371aM B cpene. Ausroputm Rapidly-
exploring Random Tree (RRT) uccienyer kondu-
IypallOHHOE MPOCTPAHCTBO C MOMOIIbIO CTOXa-
CTHYECKOM BBEIOOPKH J71s1 0OHAPYKESHHUS )KU3HECTIO-
cOOHOrO TMyTH. ANTOpUTM JIeHKCTPBI BBHIYMCIAET
KpaTuaimii myTh Ha Tpad)OBOM MpEACTABICHUH
cpeabl. OcHOBHas (PYyHKIMS STUX MJIAHUPOBIIMKOB
Cr€HEepHUPOBATH TPACKTOPUIO, KOTOpass MUHUMHU3H-
pYeT BpeMsl B IyTH WM PACCTOSIHHUE, COOIIOMast
IIPU 3TOM OIPaHUYEHUs HA CTOIKHOBEeHUA. Kpome
TOTO, 3Ta TPACKTOPHUS AUHAMUYECKHA OOHOBISETCS
B OTBET Ha BHOBb OOHAPYKEHHBIE MPETSITCTBUS.

ANTOPUTMBI TIPEIOTBPAIICHUSI CTOJIKHOBE-
HUIl 00eCTIeYnBalOT PEaKTUBHOE TIOBE/ICHUE B pe-
aJIbHOM BPEMEHH JJIsi HEMEAJICHHOTO pearupoBa-
HUS Ha OOHApy>KEHHblE BO BpeMs HaBHIalUU
yrpo3el. B 3T0il 00nactu pacnpocTpaHeHbl He-
CKOJIBKO YCTAaHOBJIEHHBIX METOJOB. MeToz UCKyc-
CTBEHHBIX MNOTEHIHUAIBHBIX IOJEH MOAETUPYET
MIPETISITCTBUS KaK NCTOYHUKH CHJTBI OTTAJIKMBAHMS,
a lleNb Kak CHIIy NPUTSDKEHUs, Harpasiiss podoTa
OT CTOJIKHOBEHUM. JIMHAMUYECKUM OKOHHBIA MO/~
xon (Dynamic Window Approach, DWA) y4utbI-
BaeT JMHAMHUKY poOOTa, OLIEHHWBAas BBINOJIHUMBIE
KOMaHJIbl CKOPOCTH B Mpezesax KOPOTKOTO Bpe-
MEHHOT0 OKHa. PYHKIWHU YHpPaBISIOMUX Oapbe-
poB (Control Barrier Functions, CBF) ¢opmansno
OTIpeNeIIsIOT Oe30MacHbIe MHOXKECTBA, B ITpeeIax
KOTOPBIX JOJDKEH 0CTaBaThCs poOOT, o0ecreunBast
rapaHTHH TPEJOTBPAILEHUS CTOJIKHOBEHUN. DTH
CHCTEMBI paboTaloT 3a CYET MOCTOSTHHON KOppPEeK-
TUPOBKH 3aIlJTaHUPOBaHHOU Tpaekropuu. [1pu 06-
Hapy>KEHUU MPEMSTCTBHUS OHU 3aIlyCKalOT OTBET-
Hbl€ JIEWCTBUS, TaKU€ KaK CHUIKEHHE CKOPOCTH,
MOJIHAsE OCTAHOBKA WMJIM M3MEHEHHE HallpaBJIeHUs
JBUKCHHUSL.

[loncucrema ymnpaBieHHUS JBUKEHHUEM BbI-
MOJIHSIET 3aIUIaHUPOBAHHBIE U PEAKTHBHBIE TPACK-
TOpPHH, YTpaBiss (U3NUYECKUM MepeMeleHHEeM
po6oTa, 4TO MpPEANoiaraeT TOYHYI0 PEryJIupoBKY
o0ImuX JUHEWHOW M yIIIOBOI ckopocTel pobora.
OnHOBPEMEHHO C 3TUM OHA IIPeoOpa3yeT 3TU BbI-
COKOYPOBHEBbIE KOMaH/Ibl B YIIPABJIECHUE KAXKIbIM
KOJIECOM B OTIEIBHOCTHU, PETYIUpPYsI CKOPOCTh U

158

HampaBJIeHUE BpaIICHUs Kaxaoro komeca. [Ipun-
UM pabOThI 3aKIIIOYAETCS B BBIYHCIECHUH Tpedye-
MBIX JIMHEWHOM (V) U yIIIOBOM (® ) CKOpocTel Jyis
IIEHTPa CUCTEMbI KOOPAMHAT POOOTa IS CIIe/I0BA-
HUSI 110 33/IaHHOMY IYTH. 3aTe€M CKOPOCTHU Bpallie-
HUSI KOJIEC MOLYTUPYIOTCS JJIsl TOCTHYKEHUS Kea-
€MOT0 JIBIKEHUS [IEHTpa Macc, o0ecneynBas TO4-
HOE OTCJICKHBAHUE TPACKTOPHUH.

Kputndyecku BaXHONH 0COOCHHOCTBHIO HAICK-
HOW aBTOHOMHOM HaBUTAIlUU ABJISIETCA aIaNTalus
B peaJIbHOM BPEMEHH Ha OCHOBE HENPEPBIBHO# 00-
patHOi#l cBsizu OT cpenpl. Cuctema paboraer 1o
MPUHIUITY 3aMKHYTOTO IMKJIA, T/I€ TOCTYTAIOIINe
JAHHBIE C JJATYUKOB 00PabaThIBAIOTCSI MTHOBEHHO.
3TO0 MO3BOJISIET OBICTPO pearupoBaTh Ha HEMPE-
BUJICHHBIE W3MEHEHHS B OKpyXaromeil oOcTa-
HOBKe. Ha ocHOBe 3101 0OHOBIEHHOI MHpOpMa-
UK poOOT JAMHAMHYECKH KOPPEKTHPYET CBOIO
TPACKTOPHIO, YTOOBI M30€KaTh BHOBBH BBISBIICH-
HBIX TPEMATCTBUI, 00eCreYrBasi MOCTOSHHYIO U
Oe3omacHy0 padoTy B JMHAMHYECKHUX CpPEIax.

1.2. Maremarnyeckoe onucaHmne MHOroKko/1eCHOIro
MOOM/IbHOro pobora

Kunemarnueckass Mozaeinb MHOTOKOJIECHOTO
MOOWJIBHOTO po0O0Ta ONHCHIBAET B3aUMOCBS3b
MEXy IBH)KEHHEM poOoTa (CKOPOCTBIO U OpUEH-
TaIye) U CUIaMi 1 MOMEHTAMH, IPUJIOKEHHBIMH
K ero xosecaMm. Huxe npuBeneH nomaroBeli Ma-
TEMaTU4YEeCKUI BBIBOJ, YpaBHEHHI KHWHEMaTH4e-
CKOW MOJIeIM MHOTOKOJIECHOTO pobota. BBomam-
MbIe orpanudeHus [14]: poboT mepemeniaercs B
IIBYMEpPHOM TipocTpaHcTBe; PoOoT nmeer n konec,
KaXXJ10€ M3 KOTOPLIX YIIPABJIACTCA IIPUBOJIOM; KO-
jeca SBISIOTCS aOCOMIOTHO TBEPABIMU M HE TIPO-
CKaJIb3bIBAIOT; LIEHTP Macc po0boTa COBMajgaeT ¢
€ro reOMeTPUUYECKUM LIEHTPOM.

Koudurypanus pobora. [lonoxenue po-
00Ta OTMMCHIBAETCS] BEKTOPOM

X
q= Y ) (1)
0

IS (X .Y ) — KOOPJAMHATHI po0OTa B TIIO0ATHHOU

cucTeme KoopauHat, — opueHTanus poboTa.



Caupoasnb A., An-Apaxu X.M., Yxar L{. BectHuk PYOH. Cepusi: ViHxeHepHble nccneposanus. 2026. T. 27. Ne 2. C. 153-169

CkopocTb Koeca i B CHCTEMe KOOpAHMHAT podoTa
OITUCHIBACTCS BEKTOPOM

| || cos(J,;) 2)
i - . >

Yy v;sin(Q;)

e i{— HOMep Koneca;, &J,— yroi IOBO-
poTa (eciu KoJeco Bpallaercs); v; — CKOPOCTb

BpaieHus koneca. JInHeiHast CKOpocTh podoTa v
U €ro yrjaosas CKOPOCTb W CBA3aHBI CO CKOPO-
cTsmMu Kosec. [{nst pobota ¢ 4nciaoMm Kojiec, pas-
HBIM 7, BBIBO/J] ypaBHeHI/Iﬁ KHHEMAaTUKU BBITIIAIUT
crenyromuM obpazom. JImHeHas CKOpOCTh po-
60Ta B o0aabHON crcTeMe KOOPAMHAT OMUCHIBA-
eTcsl ypaBHEHUEM

X veos (0

Vv = . = . ( ) 5 (3)
Y vsin (0)

rIe v — JIMHEWHas CKOpOCTh poboTa. Yriosas

CKOpPOCTB pO0OTa () ONHCHIBACTCS YPaBHECHUEM
0=0. 4)

JIBmxenne poOOTa TMOMYMHSETCS BBEICH-
HOMY BBILIE MPEAINOIOKEHUIO O TOM, YTO IPO-
CKaJIb3bIBAaHUE B KOJIECAX OTCYTCTBYeT. Takum 00-
pa3oM, CKOPOCTh KaXKJI0T0 KOJIECa B JIOKAJIbHOM CH-
CTeMe KOOpAMHAT po0oTa JOKHA YIOBICTBOPATH
CIIEAYIOLEMY YCIIOBUIO:

v, =v+o*, 5)

T .
rae r;, = [ri ol YJ — KOOPJUHATHI i-T0 KoJieca OT-
HOCHTEJIBHO LIeHTpa Macc podora. [ToncTaBus 310
BBIpaKCHHE U BbIpaxkeHue (2) B ypaBHeHue (5),
MOy YrM

Vix || vicos(D;) —Ty

+or . (6)

viy | | vsin(3;) ix

OObeaVHNB ONUCAHHBIE BBIIIE BBIPAKEHUS
Il JINHEWHBIX U YIJIOBBIX CKOPOCTEH, MOIy4HM
ypaBHEHHE KHHEMaTH4YeCKOM Mojienu podoTa:

X cos(6) 0
g=|Y |=|sin(0) 0 Y1 (7)
0| [o p[L©

Jlyis poGoTa ¢ 9MCIIOM KOJIeC 71 €TO JIMHEHHAs
U yIJIOBasi CKOPOCTH OIPENEISIOTCS TeM, KaKou
BKJIaJ] B OOIIYI0 CKOPOCTbh BHOCHUT Ka)/10€ U3 KO-
nec:

vzlzn:v[ cos(9;)
n iz

"y cos(J;
(D:_Z(l—([)
ni=

hi

; (8)

rAe 7v;— pacCTOSAHUC OT I-TO KoJieca 10 TreoMETpHU-

YECKOIro HeHTpa Macc p060Ta. Hrorosast kuHema-
TUYE€CKad MOACJIb OITUCHIBACTCA YPABHCHUEM

q=5(q)u, )
cos(0) 0
rne S(g)=|sin(0) 0| — MaTpuua ynpapieHus;
0 1
w=| | — YIIpaBJISIONIee BO3IEHCTBHE.
®

1.2. Asiropntm RRT” a/151 MHOroKoJ1€CHOro
Mo6uIbHOro pobora

OCHOBHOE paziIMyhe MEXIYy alroOpuTMaMu
RRT u RRT* 3akmtoqaercs B QyHKIUH ONITHUMHU3A-
nuu anroputma RRT*, xoropas mepecrpamBaer
CBSI3M MEXJy y3namu nepesa I Takum oOpaszomM,
4TOOBI COKPAaTUTh OOIIEe YUCIO Y3JIOB U IOBBI-
CUTh 3((HEKTUBHOCTh TEHEPUPYEMBIX TPACKTOPHHA
(puc. 2). Anroputm RRT* Bkitouaer B ceds ciemny-
IOLIYI0 TOCJEeI0BaTeIbHOCTh ACMCTBUIA: Hayallo,
uHUIMan3anus aepesa (I'); 3agaHue nenu B Ipo-
CTPAaHCTBE IIOUCKA; BBIOOP CIy4aHOW TOYKHU B
MpoCTPaHCTBE (Xyapq) C TOMOIIBIO (DYHKITUW BbI-
oopku sample(X); mouck Onmxanniero ysia
(Xpearest)> TpuHAIEKaero aepey (I') u pacmno-
JIOKEHHOTO ONM>Ke IPYrMX K BHIOpaHHOU ciydail-
HOU TOYKE X anq, € TOMOIIBIO (DYHKIMHU MOUCKA
ommwkarimero y3ma nearest(Xpang,[); nobarie-
HUE HOBOIO Yy3Ja C MOMOIIBIO (yHKIMU
steer (Xpearest» Xrand): HOBBIH y3e1 (Xj e ) CO3/1Q-
eTcs IyTeM MOCTPOEHUS IyTH OT TOYKH, COOTBET-
cTBytoHIe Y31y Xpearests K TOUKE Xpang; MOCTPO-
EHHBIA TYTh JOJDKEH YHAOBJIETBOPSTH 3aJaHHBIM
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OTpaHUYEHHSIM, B TOM 4YHCJe oOecrednBarb 00-
XOXIEHUE MPEMSTCTBAN; IPOBEPKA IPSIMON BHIH-
MOCTH: aJITOPUTM IIPOBEPSIET, CYLECTBYET JIH MIPsI-
moit yTh (line of sight) Mexay Xpew ¥ Xpearests
Y HET JIM Ha 3TOM IIyTH NPENATCTBUI; ONTUMHU3A-
WS CBSI3EH JIepeBa: €CIi TaKOH MPSIMOU Ty Th ObLT
HaifieH, K aepeBy | mpuMensieTcs QyHKITIS ONTH-
mu3aimu cBsized rewire (X ang, I) 3T0 mo3Bosser
COXpaHATh B JiepeBe Hauboiee KOPOTKHE MYTH;
MIPOBEPKA LIEJIH: AITOPUTM BBIUUCIIET PACCTOSIHHUE

MEKY Y3TIOM Xpey U TIONOKEHHEM LENH (Xgoa1)-
Ecnu paccrosiHue MeHbIIEe WM PaBHO MpPEABapH-
TEJIHHO 3aJIaHHOMY TIOPOTOBOMY 3Ha4deHHIO (A),
AITOPUTM BO3Bpamaer Tekymee nepeso (I)) B ka-
YeCTBE PEILICHHST; €CIIU LIeJIb HE IOCTUTHYTa, aJlro-
PHUTM ITOBTOPSIETCSI, BBIOMpAETCs HOBAsI CITydaiiHast
TOYKA (Xranq ), MTOUCK MpoJoimKaeTcs. Takum oopa-
30M, OMHMCAaHHBIA WTEPATUBHBIA MPOIECC TO3BO-
JIIeT HEMpPEePbIBHO OOHOBIITH JepeBo (I) n Haxo-
JUTh ONTUMAJIBHBIA yTh K IEJTH.

Xstart’ Xgoal: X

!

Xrand, = sample(X) -

*

Xnearesty = nearest(Xrang, )

Het /No

i

Xnearest’ = Xnearest (Xnearest' Xrand)

CywecTtByeTt
npsimasi BUAMMOCTb
MeXAY Xeeu Y Xeeares: / Line of
sight exists between
Xoew @NA Xoearest

Oa /Yes

rewire ('Xnew, |y

Ha/Yes

return

Puc. 2. Cxema anroputma RRT*
M ¢ T0o4HwUK: BbinonHeHO A. Canpoanb, X.M. An-Apaxu, LI. YxaH.

Figure 2. RRT* algorithm diagram
Source: byA.F. Sairoel, H.M. Al-Arazhi, Z. Jinnian.

NmenHo Hanmwuue (QYHKIMH ONTHMH3AIHH
cBszelt pepera aenaet RRT* acumnToTHaecku or-
TUMaJIbHBIM anropuTMoM. OHa obOecrieunBaeT Io-
CTOSTHHOE OOHOBJICHHE U COBEPIIICHCTBOBAHUE JIC-
peBa, 4To, B CBOIO OuUepelb, MO3BOJISET CTPOUTH
Bce OoJiee yauHbIe TPACKTOPUH 110 Mepe padboThI
anroputma (puc. 3). B ucxonnom anropurme RRT
STan ONTUMHU3AIMK JepeBa OTCyTCTBYET, OH CO-
CPEOTOYEH TOJIBKO Ha UCCIICIOBAHUU CPEIbI.
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Ontumuzanus CTPYKTypsl aepeBa B RRT*
BBINIOJTHAETCS CJIEAYIOIUM 00pa3zoM: mocie
TOTO Kak ObLT J00aBleH y3el Xpew, aITOPHUTM
BBIJICJISIET HECKOJbKO ONM3JIEeKAIHUX Y3JI0B
(Xnear = nearest(Xnew' T, F)), PacIIOJIOKEHHBIX B
3aJJaHHOM PagNyce OT Xpew, BBIIEICHHBIC Y3JIbI
CUMTAIOTCS KaHIUJAaTaMU Ha ONTHUMU3AIMIO; IS
Ka)XXJIOTO U3 BBIOPAHHBIX Y3JIOB X eqr AJITOPUTM
IpOBEPseT, IPUBEAET JIU COEAMHEHHE ITOrO y3ia
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Xnear € Y37IOM X} ey (BMECTO TEKYIIIETO POIUTETIS)
K YMEHBIIEHHIO UIMHBI TMyTH OT KOPHS JepeBa
K Xpear; IPOBEPKA BBHITOIHSAETCS IyTEM BBIUMCIIC-
HUS CTOUMOCTH TYTH A0 Xpear 4€PE3 TEKYIIMH
POIOUTENBCKUN Y3 W CpaBHEHHsS €€ CO CTOH-
MOCTBIO TOYTH J0 Xpear 4€P€3 Xpew: Xmin =
= Xchooseparent(XneWI Xnear); CCIIM IIyTh HYE€PC3
Xpew OKa3aJcs KOpode, aiTOPUTM 3aMEHSIET CBA3b
MEXIY Xpear U TEKYIIMM POAUTEIECKUM Y3JIOM
Ha CBS3b C X} ey ITO MO3BOJISET ONTUMH3UPOBATD
CTPYKTYpY CBsI3eil AepeBa U COCTUHUTH Y3JbI 00-
nee 3ppexkTuBHBIM 00pa3oM. CTOUMOCTb MYTH J10
Xpear ¥ €TO JIOUEPHHUX Y3JIOB TaK)Ke OOHOBIISETCS
C Y4eTOM HOBBIX CBsi3eil. OmHcaHHBIN aaropuT™M
MOBTOPSIETCS 111 BCEX OCTAJBHBIX ONM3IEKAITNX
y3JI0B-KaHU1aTOB. Takum 00pa3om, CBSI3H IepeBa
MOJTHOCTHIO OOHOBIISIOTCS B OKPECTHOCTH Xy o -

Xnear = Xnearest(Xnew: T, F)

]

Xmin = Xchooseparent(Xnew’Xnear) <

CywecTayeT
npsimasi BUAUMOCTb
MeXAY XieuWt Xeearest /
Line of sight exists
between X..
and Xearest

Job6aeneHve X..k aepesy I/
Add X, to "

Puc. 3. Anroputm ontummsaumm ceazen gepesa B RRT*
M ¢ Tou4HUK: BbinosHeHO A. Canpoanb, X.M. An-Apaxu, LI. YxaH.

Figure 3. Tree rewiring algorithm in RRT*
Source:byA.F. Sairoel, H.M. Al-Arazhi, Z. Jinnian.

BeposiTHOCTHAs TOTHOTA ¥ ACUMIITOTHYECKAS
ONTHMAJIBHOCTh AJTOPUTMa OCHOBAaHBI Ha CIENY-
FOIIMX MTPEATIONOKEHUSIX : KOH(PHUTYPAIIHOHHOE TPO-

CTPAHCTBO SIBJISICTCSI CBA3HBIM, CJIEIOBATEIILHO, BCE-
I1a CyIIECTBYET OCYIIECTBUMBII MyTh OT TOYKU
cTapra a0 1enu. BeiObop Todek i ucciaeaoBaHus:
BBIOOpP TOUEK BBIMOJIHSAETCS PABHOMEPHBIM U CITY-
YaliHBIM 00pa3oM, 3TO 3HAYHT, YTO BEPOSTHOCTH
UCCIIEIOBAHUSI POOOTOM SIBIISIETCS] HEHYJICBOU ISt
BCEX TOYEK cperipl. CucTeMa yIpaBlieHHs: CHCTEMa
yIpaBJIeHHs CIIOCOOHAa CPOPMHUPOBATH BBHITTOIHU-
MYIO TPAaeKTOPHIO MEXIY IBYMSI TOYKAMH, €CIIU
TakKas TpaeKTopus cylecTByeT. DyHKIUS CTOUMO-
CTH: (PYHKITUSI CTOUMOCTH SIBJISIETCS] HEPEPHIBHON
no Jlummuiy, 9To 03Ha4aeT HeOOJbIINE H3MEHE-
HUS B TPACKTOPUH MPUBOIAT K HEOOJIBIIMM H3Me-
HCHUAM B CTOMMOCTH ITYyTH. MaremaTnueckas Mo-
JIeJTb MHOTOKOJIECHOTO arpopoboTa ¢ RRT* Bxutro-
4yaeT B ce0sd MOJCJIb KWHEMATUKH, aJITOPUTMBI IJIa-
HUPOBAHMUS ITyTH M NPEIOTBPAIICHHS CTOJIKHOBE-
HUI B COOTBETCTBHU C ypaBHeHHEM (7), mepenu-
CaHHBIM B BUJIC

X cos(0)
g=|7 |= sin(0) |- (10)
) o)

Anroput™m RRT* mo3Bosser mocTpouTs Tpa-
EKTOPHIO OT HAYaJIbHOW TOYKH (Qstart) K IIEIH
(ggoal) ¢ yueTom mpemnsitctBuid. [locTpoenue ne-
peBa: MHULMaNU3anus aepeBa I” y3JI0M (start; BbI-
0op ciywaitHOH Touku qrand B KOH(HTypaImoH-
HOM TIPOCTPAHCTBE; OIpeaesieHHe OmmKaiiero
Y3712 Qnear B JepeBe T K Y31y (rand; IEPEMEIIICHUE
U3 qnear B ¢rand ¥ TE€HEPALMS HOBOTO Y3JI1A Gnew.
@DyHKIHA CTOUMOCTU: CTOMMOCTb MYTH ¢(q) BBI-
YUCIIAETCA KaK CyMMapHOE€ PACCTOSTHUE OT (start
10 q:

k
()= lla: =g Il (11)
i=1

e g, — Ha4YaJIbHOC PACCTOSIHUE, ¢;_ | = ¢; — MI'HO-
BCHHOC pPACCTOSAHUC. I[J'I)I KaXa0oro HOBOTO Yy3Jia
qnew onpeacaIsaroTCs 6JIH3J'IC)K3H1PI€ Y3Jbl near,
CBA3U C POAUTCIILCKUMU Yy3JIaMU KOTOPbBIX OOHOB-
JIAIOTCA, €CJIN OBLI HalaeH oyTh C MEHBIIICH CTOU-
MOCTBIO:

¢ (qnew )= C(qnear+ H 9near — 9new || . (12)
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[IpenoTBpaiieHne CTOIKHOBEHUH 00eCIIeun-
BAETCS MPOBEPKON NOCTHKMUMOCTH Ka)XAO0ro HO-
BOTO Yy371a (new IYTEM BBIYUCICHHSA (DyHKIMU
CollisionFree(q):

true, ecju q IPUHAAIEKUT
Collision Free (q) = cBo60gHOMY IPOCTPAHCTBY
false, nuaye

B ycrnoBusIX CENbCKOXO3SIICTBEHHOTO JIaH/I-
madTa podOT AOIKEH OBITH CIOCOOEH 00BE3KATh
npensaTcTBust (MOCAJIKU KYJIBTYPHBIX PacTCHUIA,
KaMHH ), MUHUMU3UPYSI TIPU ITOM JUITUHY TPACKTO-
pun u norpebnenue suepruu. Anroputm RRT*
ONTUMU3UPYET TPACKTOPHIO CIEAYIOUNINM 00pa-
30M:

min (c(q)+A-Energy(q)), (13)

q

rac Energy(q)— OHEPIrusia, 3aTpady€HHas Ha IIPO-

XOXKJICHUE TPAEKTOPUH; A — BECOBOU KOAPPHIIH-
€HT, MO3BOJISIONINH MOIJIEPKUBATH OATAHC MEXKITY
JUTMHOM TpPaeKTOpUH M 3HEProdPPeKTHBHOCTHIO.
PoGoT nBrkeTCs 1Mo ONTUMH3UPOBAHHON TPACKTO-
puU ¢y,4,> 45, ---q; B COOTBETCTBHH C 3aKOHOM

ynpasnenus (Control law):

u= [vam]T = Control law (qcurrent b qnext )’ (14)

7€ YIpaBisioliee BO3AeHCTBHE u oOecreunBaeT
IUIaBHOCTB NIEPEX0/1a MEXKIY y3i1aMHu. JlJ1s olleHKkH
CUCTEMBbI MCIOJIb30BAIUCH CIEAYIOUINE METPUKU:

Fyen — TIPOLCHT YCIELIHBIX TECTOB,V,, — CpPei-

H3sl CKOPOCTh po0OTa, f,,, — CPEIHEE BPEMSL:

N
_ _ ycn .
Fyen ——N -100; (15)
S
_5. 16
vy =2 (16)
fy = ——; (17)
np06
X 4—X
0% = old new , (18)
Xold
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rae Nyen — YHCIIO YCTIEUIHBIX TECTOB; N — ob1iee
YHCII0 TECTOB, S — o0lIee MPOHAEHHOE PacCTOs-
HUe; t — ol11ee BpeMmsl, 3aTpaueHHOE Ha BBITIOJIHE-
HUE 33J]a4H; Npos — YUCIIO POOOTOB B IpyTIIIE.

2. Pe3ynbTathl

ABTOHOMHBIC CHCTEMBI PEAOTBPAIICHUS
CTOJIKHOBCHHH CITy)aT KPUTUYECKH BaXKHBIM KOM-
MOHEHTOM I KOJIECHBIX MOOMJIBHBIX POOOTOB U
ABTOHOMHBIX MalllMH, 00ecTieyrnBasi 6e301acHoe Te-
penBmkeHnue 6e3 HEOOXOAMMOCTH YEIOBEYECKOTO
KOHTpOJIsi. JlaHHBIE CUCTEMBI, BKITFOYAst aITOPUTMBI
tuna RRT*, ucnons3ytor nHpopMaIHo oT AaT4u-
KOB JIJIsl OLICHKH PUCKa CTOJIKHOBEHHS M TIOCTPOE-
HUSI COOTBETCTBYIOIIEH M30€Taloieil TpaeKTopuu,
KaKk IMPOWLIIOCTPUPOBAHO Ha puc. 4. Ha nannoi
CXeMe YepHbIE TOUKH 0003HAYAIOT BO3MOKHBIE ITy-
TEBbIE TOUKH, CE€pbIe MPSIMOYTOIBHUKH — pPa3HO-
oOpa3Hble TPEATCTBUS (HampuMep, JTIOAeH, Ku-
BOTHBIX WJIM TEXHHKY), KPACHBII Mapkep — 1ieje-
BYIO ITO3UIIHIO, & 3€JIEHBIH MapKep — TeKyIlee Me-
cTornosnoxeHune podora. dakruyeckas TpaeKTopus
JBYDKEHHSI 0TOOpaXkeHa YepHOM IMHKUEH B cucTeMe
KOOP/AMHAT, TJI€ OCH OTPAXKAIOT MPOCTPAHCTBEHHOE
noJjoxeHne o0beKToB. ['eomerpus cpensl 3amaHa
KOOpJIMHATaMU BEPIIMH TPeX MPENsSTCTBUH: Tep-
Boro (20,25), (30,25), (20,30), (30,30); BTOpOTO
(50,55), (65,55), (55,70), (65,70); Tpetwero (70,32),
(80,32), (70,52), (80,52). lleneBast o6macTh UMeeT
nuaMeTp | MeTp, COOTBETCTBYIOLIMI TabapuTam
pobota. B xone o6yuenus cucrema nocturia 94 %
YCIIEUIHBIX MCXOOB I10 MPEIOTBPAIICHUIO CTOJK-
HOBCHHIA, TIOATBEPANB CBOIO AP PEKTUBHOCTH. Me-
TOJ] JIEMOHCTPHUPYET MOTEHITUAN JIJISl afanTaluu K
JPYTUM aBTOHOMHBIM areHTaM B JMHAMHYECKUX
cpenax, 4To JAOTOJTHUTEILHO TIONTBEPKIACTCS CH-
MYJISIIIHOHHBIMHU UCTIBITAHUSIMH C OTHUM KOJICCHBIM
pobOTOM, TZIEe B pa3HOOOPA3HBIX CIIEHAPUAX OBLIO
3aukcupoBano 80 % yCHENIHBIX MOIBITOK.

Koopaunanust ABmwKeHHs TpymHmbl poOOTOB
NpeNCTaBIsET CO00H 3aa4y yIpaBIeHUs] HECKOIb-
KAMHU aBTOHOMHBIMHM areHTaMu JUIs JIOCTHIXKCHHUS
oO1elt 1enu, 4To MO3BOJSET MOBBICUTH OOIIYIO
NPOAYKTHUBHOCTB, 3()()EKTUBHOCTH 1 YCTOMYMBOCTD
CUCTEMBI, 0COOEHHO B CJIOXKHBIX CpeJlax.
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Puc. 4. MNnaHMpoBaHue nyTn ans 0g4HOro KoJIeCHOro poboTa ¢ nomoLsto anroputma RRT*
W ¢ To4HUK: BbiNnosHEHO A. Canpoanb, X.M. An-Apaxu, LI. YxaH.

Single Robot Path Planning using RRT*
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Figure 4. RRT*-Based Path Planning for a Single Wheeled Mobile Robot
Source: byA.F. Sairoel, H.M. Al-Arazhi, Z. Jinnian.

Ha puc. 5 Bu3yanu3upoBaH COOTBETCTBYIO-
IIMI SKCTIEPUMEHT: CephIe MPSIMOYTOIBHUKH 000-
3HAYaAIOT CTaTUYECKHE M JUHAMHYECKUE TPEIsT-
CTBUS (TaKHe KakK JIFOIH, )KUBOTHBIC HITH TEXHHUKA),
KpacHble KpyIJIbleé MapKepbl — LEJIEBbIE TOYKH,
YepHbIe KpYIJIble MapKepbl — HavaJbHbIE MO3H-
uuu poOOTOB, a CHHHE JTUHUU — WX 3aIlIaHuPO-
BaHHbIE TPACKTOPUHU B 3aJaHHOU CHCTEME KOOp-
nuHat. TecTtoBas cpena BKJIIOYaja TPU MPEMST-
cTBUS ¢ koopauHaramu BepmnH: (20,25), (30,25),
(20,30), (30,30); (50,55), (65,55), (55,70), (65,70);
u (70,32), (80,32), (70,52), (80,52). InameTtpsi 11e-
JIEBBIX 30H COOTBETCTBOBAIN rabapuraM poOOTOB
u cocrapmsim 1 M. Ilo pesynbratam skcnepu-
MEHTA, TIEPBBI pOOOT yCHENIHO M30eKal CTOJK-
HOBEHHI, TOrJa Kak BTOPOW M TpeTUil poOOTHI

CTOJIKHYJIUCH C IPENSATCTBUSAMHU. JJaHHBII pe3yib-
TaT MOXKET ObITh OOBSICHEH HE3aBEPIICHHBIM JTa-
oM 00y4YeHHs aJITOPUTMA, YTO MPUBEJIO K €ro He-
ONTUMAJILHON paboTe B XOj€ JAAHHOW HTepaluu
TECTUPOBAHUS.

Anroputm RRT* mpencrasnser coOoif mu-
POKO IPUMEHSIEMBI METOI IIJITAHUPOBAHUS JIBHKE-
HUS B pOOOTOTEXHUKE, MPeIHA3HAYEHHBIN 11 M0-
CTPOEHUS TPAEKTOPUH, CBOOOAHBIX OT CTOJIKHOBE-
HH, B CIOXHBIX cpeaax. [Ipum ncnonp3oBanuu B
MHOTOAreHTHbIX POOOTOTEXHUYECKUX CHUCTEMaxX
ero Iejblo sBIsETCS obecreueHue Oe30macHou
HABUTALMK JUISI KQKJIOTO areHTa 3a cuer uzbera-
HUS KaK CTaTUYECKUX MPEMATCTBUHN, TaK U CTOJIK-
HOBEHHUI MeXly poO0TaMH, YTO MPOMIIITIOCTPUPO-
BaHO Ha puc. 6.
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Multi-Robot Path Planning using RRT*
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Figure 5. RRT*-Based Multi-Robot Path Planning during Algorithm Training
Source: byA.F. Sairoel, H.M. Al-Arazhi, Z. Jinnian.

Peanu3zarust ciucteMsl IpeaoTBpPAIIEHHs CTO-
JIKHOBEHUI! 17151 rpyniel poOoToB Ha ocHoBe RRT*
clieyeT CTPYKTYpHUpOBaHHOMY mporeccy. Ilep-
BBIM IIaroM HHHULIHAIU3UPYETCS OIepaluoHHas
cpena: OHpeneNsioTCs TIpaHUIBl pabodyero mpo-
CTPAHCTBA U MECTONOJIOKEHHs npensaTcTBuil. Ko-
OPIMHATHI BEPIINH MPEISTCTBHI 3a/IaHbI CIIETYFO-
oM oopazom: it mepsoro — (20,25), (30,25),
(20,30), (30,30); msa Broporo — (50,55), (65,55),
(55,70), (65,70); nns tperbero — (70,32), (80,32),
(70,52), (80,52). Kaxxnomy poOOTy HazHadaeTcs
HayajbHas MO3MIMS M IiejeBas Touka. PoOOTEI,
AMaMETp KaXKA0ro U3 KOTOPBIX COCTaBIsET 1 MeTp,
BU3YaJIbHO TNIPEACTaBICHBl B BUAE YEPHBIX KPYTI-
JBIX MapkepoB. J1s kakgoro poOoTa MHHIIUAIIH-
3upyercs HezaBucumoe RRT*-nmepeBo, kopHem
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KOTOPOTO ABJIACTCA €0 Ha4aJIbHasl MMO3UIUA. Anro-
PUTM UTEPATUBHO PaCIIUPsIET KaKI0€ 1EPEBO, BbI-
Oupas ciydaiiHble TOUKH B paboueM IIPOCTPaHCTBE
Y HaIIPABJIAs €0 POCT K COOTBETCTBYIOLICH LIEIIH C
Y4€TOM OrpPaHUYEHUIl Ha CTOJIKHOBEHHsA. B mpo-
I[eCcce pacIIupeHus KaXKIbIi HOBBIN y3€Ill U pedpo
TILATEIbHO MPOBEPSAIOTCS HAa KOH(IUKTHI C 3apa-
HEC 3aJaHHBIMU CTATUYCCKUMU NIPETIATCTBUAIMU, a
TAKXKC C 3alUIaHMPOBAHHBIMU WJIM TCKYIIHWMHU I10-
3ULUAMHE Apyrux po6otos. g gopmupoBanus
3¢} dexTUBHBIX MyTeH aJrOPUTM HCHONB3YET 3Tall
ONTUMM3ALNN IIyTEM MEPECTPOUKH CBA3EH, KOTO-
PBIil yTOUHSIET IepeBO, 0OecneunBasi aCUMITOTHYE-
CKOe TpUOMIDKeHHEe K Kpardauiiedl BO3MOKHOU
TPAEKTOPUHU. DTH TPACKTOPHUHM HEIPEPHIBHO 00-
HOBJISIFOTCA B OTBET HA IBUIKCHUEC APYTr'UX ar€HTOB.
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Puc. 6. YcnelwwHoe nnaHnpoBaHue nyTy ons rpynnbl MOOUbHbIX POOOTOB NOCe 3aBepLUeHns 06y4eHns
M ¢ T0o4HwUK: BbinoNHeHO A. Canpoanb, X.M. An-Apaxu, LI. YxaH.

Multi-Robot Path Planning using RRT*
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Figure 6. Successful RRT*-Based Path Planning for a Group of Mobile Robots after Training
Source: byA.F. Sairoel, H.M. Al-Arazhi, Z. Jinnian.

[IpencraBieHHBI aNTOPUTM MpPEAHA3HAUCH
TSt o0ecTrieueHust 0€30TTaCHON HaBUTAIIMH TPYIIITBI
po0OTOB 6€3 CTOJIKHOBEHUH, HAIIPaBIIsisl KaXJI0ro
areHTa 1o ONTHMHU3UPOBAHHON TPACKTOPHH K €T0
LEeNH, 4TO BU3yaJH3upoBaHO Ha puc. 7. TecroBas
Cpena COAEP’KUT TPU MHOTOYTOJIBHBIX IPEIATCTBUS,
3aJJaHHBIX CJICIYIOUIMMU KOOPIUHATAMH BEPIIHH:
nepsoe — (20,25), (30,25), (20,30), (30,30);
Bropoe — (50,55), (65,55), (55,70); Tperbe —
(70,32), (80,32), (70,52), (80,52). Ha pucynke po-
00ThI 0003HAYCHBI YSPHBIMH KPY)KKaMH, IIeJICBhIC
TOYKH — KPACHBIMU KPYXKaMU, IMPCIATCTBUA —
CephIM IIBETOM, & BO3MOXKHBIC IyTH HaBHTaIlUU
MOKa3aHbl CHHUMH JIMHUSMU. B JaHHOM SKCTIepH-

MEHTE HCIIONB3YIOTCS TpU poOOTa C 3aJaHHBIMU
Ha4YaJIbHBIMU U 1IeJIEBBIMU MO3ULIUAME: poOoT 1 —
ot (5,5) no (90,90), po6or 2 — ot (10,10) mo
(85,85), podor 3 — or (15,15) no (95,95). dna
BCEX pPOOOTOB U 1ieJIel YCTAaHOBIEH MUHUMAJIbHBIN
0e30macHbIi MHTEpBAJl WM PaJnyC CTOJIKHOBE-
HUs, paBHblid 1 M. Anroputm RRT* npeacrasnser
coboil HasexHyl0 U 3()(HEeKTUBHYIO OCHOBY JUIS
MPEAOTBPAILEHUS CTOIKHOBEHHH B CJIOXKHBIX YCIIO-
Busix. [Ipu MHTErpamum co crparerusiMu KOOpIu-
HAIlMM HECKOJBKUX POOOTOB OH YCIEIIHO YUHTHI-
BaeT JMHAMHYECKHE MPENSTCTBUS U 00€CIIeUnBaeT
Oe3omacHyo 1 3 (EKTUBHYIO HABUTAITHIO BCEX arcH-
TOB B 3arPOMOKICHHBIX TUHAMUYECKUX Cpeiax.
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MnaHupoBaHWe NyTH ANA rpynnbl POGOTOB ¢ Ucnonb3oBaHneM RRT*
B CpeAe CO CMOXHLIMU NPENATCTBUAMU

100 -

80 -

Y(m)
T

40

30 -

20+

10 -

[ NpenaTcTauet
[ NpensaTcTene2
o [ npenatcTaue3
O Pogot1
O Uens1
O PoBor2
O Uens2
O PoGor3
O Uens3
—— [yTb poSota 1
—— MyTs pobota 2
—— My poSota 3

1 1 1 1 J

50

60 70 80 90 100
X(m)
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M ¢ T0o4HwUK: BbinonHeHO A. Canpoanb, X.M. An-Apaxu, LI. YxaH.

Multi-Robot Path Planning with Complex Obstacles using RRT*
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Figure 7. RRT*-Based Path Planning for a Group of Wheeled Mobile Robots in a Complex Obstacle Environment
Source: byA.F. Sairoel, H.M. Al-Arazhi, Z. Jinnian.

KommiekcHyto O1ieHKYy CHCTEMBI TIpeioTBpa-
MIEHUS CTOJTKHOBEHUH Ha OCHOBE anroputma RRT*
JUTSL TPYTIITBI MHOTOKOJIECHBIX POOOTOB MOYKHO TIPO-
BECTH C UCIIOJIb30BAHUEM PsJIa KITFOYEBBIX METPUK.
K HrM oTHOCSTCS MUHMMAITbHAS TUCTAHITUS, TTOT-
JepKUBaeMasi MeX,1y poooTaMu B Ipoliecce HaBH-
ranuu, BpeMsl JIOCTUXEHUSI MUHUMAJIbHOW u-
CTaHIIMHM MEXIy POOOTOM M MPEHSATCTBUEM, MPO-
LIEHT YCIEIIHBIX TeCTOB, CPENIHSISA CKOPOCTH po0O-
TOB U CpeIHEe BpeMsl JOCTHxKeHUA 1enu. Kornek-
TUBHO TH METPUKH TIO3BOJISIOT OIIEHUTH Oe30mac-
HOCTb, 3 ()EKTUBHOCTD U aIAITUBHOCTH CHCTEMBI
B CIOXKHBIX cpefaxX. Bricokas MUHMMAaNbHAsI AU-
CTaHIUS 1 OOJIBIIIee BPEMsI JI0 €€ TIOCTHIKCHHUS YKa-
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3BIBAIOT HA YCTOMYMBOCTH CUCTEMBI TPEOTBpAIlle-
HUSl CTOJIKHOBEHHMH, TOLJA KaK BBICOKHI MPOLEHT
YCTICIIHBIX UCTIBITAHUN JEMOHCTPUPYET €€ HaIexK-
HOCTb. ONTUMaJIbHbIE 3HAYEHUS CPEIHEN CKOPOCTH
Y BPEMCHH BBITTOJTHEHHUS 33/1a91 OTpaxaroT 3 dek-
TUBHOCTH €€ BBINOJIHEHUs. B npencraBienHom uc-
CJIEIOBAaHUM CHCTEMa II0Ka3ajla MHUHUMAJbHYIO
JUCTaHIMIO B 1,5 M Mexay podotoM 1 1 poboToMm 2,
a TaKkKe BPEMEHHOE OKHO B 4 € J10 IOCTHKEHHUS MH-
HUMAJIBHOW JUCTAHIIMHA MEXAY poOOTOM 2 U Tpe-
MSITCTBHEM, YTO 00ECIIEYMBAET TOCTATOYHOE BPEMS
JUIsl KOPPEKTHPOBKHU TpaekTopuu (Tadm.). beuto mo-
CTUTHYTO 94 % yCHEeNHbIX UCTIBITAHUHN, IPU ITOM
POOOTHI IBUTAJIHCH CO CPEAHEH CKOpOoCThIo 1,8 M/c
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W JIOCTHTAJIM CBOUX LIEJel B CPEIHEM IPUMEPHO
3a 40 c. Kpome Toro, ObIJI0 OTMEUEHO 3HAYUTENb-
HO€ CHIDKEHHME CPEIHEKBAIPAaTUYHON OMMOKH Ha

80 % 1o cpaBHEHUIO CO CTAHJAPTHBIM AJITOPUTMOM
RRT, uT0 nopuepKuBaeT NOBBIICHHY0 ONTUMAJIb-
HOCTh TPAEKTOPHH peaTn30BaHHOTO moaxona RRT*.

CpaBHeHMe MeTpuK NpeaoTBpaLLeHUs CTOJIKHOBEHUA

MeTpuka RRT | RRT* | YnyuweHue pesynbtata no cpaBHeHuio ¢ RRT, %
MuHMManbHasa ANcTaHums, M 1,2 1,5 25
Bpemsa AoCTUXEHUS MMHUMaNbHOW AUCTaHLUN, C 1,2 4 70
MpOoLEHT ycnewHbIX NonbIToK, % 84 94 12
CpenHsasa ckopocTb poboToB, M/C 2 1,8 10
CpenHee BpeMs OO0CTUXEHUS LLenu, ¢ 25 40 60
CpepgHekBaapaTU4HOE OTKJIOHEeHue, M 0,3 0,06 80
M ¢ To4HwMK: BbinoNHeHO A. Canpoanb, X.M. An-Apaxu, LI. YxaH.
Comparison of collision prevention metrics
Metric RRT | RRT* Improved result compared to RRT, %
Minimum distance, m 1.2 1.5 25
Time to reach the minimum distance, s 1.2 4 70
Percentage of successful attempts, % 84 94 12
The average speed of robots, m/s 2 1.8 10
Average time to reach the goal, s 25 40 60
Standard deviation, m 0.3 0.06 80

Source: byA.F. Sairoel, H.M. Al-Arazhi, Z. Jinnian.

3aknoyeHe

Hacrosiiee nccienoBaHue MOCBAIICHO pas-
paboTKe 1 OLIEHKE METO/1a MPEAOTBPAIIEHUS CTOMK-
HOBEHHI JIJIs1 CEJIbCKOX03CTBEHHBIX POOOTOB Ha
ocHoBe anroputmMa RRT*. PaGora BkiItodaeT 00-
30p COBPEMEHHBIX MOIXOAOB B JaHHOW 001acTH,
aHaIN3 KMHEMAaTHYeCKUX YpaBHEHHMH JUIs Kojec-
HOTO MOOMJIBHOTO po00Ta U JIeTajJbHOE OIMCaHUE
NpUHIUIOB paboTs! anroputMoB RRT u RRT*.

Anroputm RRT* npexacrasnsier coboil Ha-
JEKHBI MHCTPYMEHT JJIs TUIAaHUPOBaHUS MYyTU B
CIIOKHBIX BBICOKOPAa3MEPHBIX Cpelax, TaKHX Kak
CeJIbCKOXO3SIMCTBEeHHBIC JIaHamaThl. Ero kio-
YeBBIMU TIPEUMYIIECTBAMH SBISIOTCS BEPOST-
HOCTHasl MOJTHOTA, TapaHTUPYIOIIAasi HAXOXKIACHUE
JIOTTYCTUMOM TPAEKTOPUU MPH JTO0CTATOUHOM UYHCIIE
UTepaluii, ¥ aCUMOTOTUYECKAsl ONTHUMAJIbHOCTb,
oOecrneunBaronasi CXOAUMOCTh PELIEHUS] K ONTH-
MaJIbHOMY T10 M€p€ BBIIOTHEHUs BbruncieHui. Oc-
HoBHOe ommune RRT* or 6a3oBoro RRT 3axiro-
qaeTcst B (PyHKIIMU ONTUMU3AINH CBsI3€i epeBa,
KOTOpast IOCTOSIHHO TMIEPECTPANBAET €T0 CTPYKTYPY,

3aMEHsIsl POIUTEIbCKUE y3IIbl Ha 00JIee ONTHMaITb-
HBIC, YTO MO3BOJSIET HAXOMUTh Oojee KOpPOTKHE
MapUIPyTHI K IEITH.

DKcIepuMeHTa bHasE 4YacTh HCCIIEIOBAHHS
IIPOBOAMIIACH B CMOJICIMPOBAHHOI cpene, comep-
Kalel TP MPEenATCTBUS C KOOPAMHATAMH Bep-
mmH: (20,25), (30,25), (20,30), (30,30); (50,55),
(65,55), (55,70), (65,70); 1 (70,32), (80,32), (70,52),
(80,52). JImameTrp MOOMIIBHOTO poOOTa U IEICBOM
30HBI OBLJT YCTaHOBIIEH PaBHBIM | M, 4TO cO31a-
BAJIO JIONOJHUTEIbHBIE TPeOOBaHUS K TOYHOCTU
HaBHUTaLlUH.

B pesynbrare o0yueHus cuctema mpojaeMoH-
CTpUpOBaJIa BBICOKYIO 3((eKTUBHOCTB, obecrme-
YUB IPEJOTBpAILEHUE CTOIKHOBEHUH B 94 % Te-
CTOB B TPYNIIOBOM CIieHapHH. B skcrepumenTax
C OTHHM pPOOOTOM HAJEKHOCTH CHCTEMBI COCTa-
Buia 80 % B pa3HOOOPA3HBIX YCIOBUSAX, TONTBEP-
KIast ee aIanTUBHOCTh. KiTtoueBble METPHKH TPO-
M3BOANTEIHHOCTH BKIJIIOYAIN CPEHIOI CKOPOCTh
IBXKEeHHUS poboToB 1,8 M/c u cpenHee BpeMs J10-
crmxeHus nenu 40 c.
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[TpakTHdeckass 3HAUUMOCTh PAaOOTHI 3aKITIO-
YyaeTcsl B CO3JaHMM HAJIeKHOU CHUCTEMBbl MPEnoT-
BpAIICHUS CTOJIKHOBEHUN JUIS IPYMIbl KOJIECHBIX
po0OTOB, CTIOCOOHON (PYHKIIMOHHPOBATH B CIIOXK-
HBIX JMHAMUYECKUX cpenax. PemieHue ycneniHo
HWHTETPUPYET IUIAHUPOBAHUE TPACKTOPUU, ONTH-
MU3ALUI0 MapuIpyTOB U KOOPIWHAIIMIO MHOXKE-
CTBa areHTOB, YTO JIEJIAET €r0 MEePCIIEKTUBHBIM IS
CEIIbCKOXO3SICTBEHHON POOOTOTEXHUKH W aBTO-
HOMHBIX TPAaHCTIOPTHBIX CpeACTB. B kauecTBe Ham-
paBieHUN OyaymuX WCCIIETOBAHUIN BBIIEISIOTCS
CHI)KEHUE BBIYUCIIUTEIBHON CIOXKHOCTU airo-
purMa, obecriedeHrne pabOThl B PEXUME peallb-
HOTO BPEMEHH, a TaK)Ke MHTETPALNS METOJIOB Ma-
HIMHHOTO 00YYEHUsI U CHCTEM YeJIOBEKO-POOOTHOTO
B3aMMOJIEUCTBUS JJIsI NAJIbHEWUILIEro IMOBBIIICHUS
3¢ (EeKTUBHOCTH U aBTOHOMHOCTH CHCTEMBI.
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Pa3paboTka TeXHONorm4eckoro npouecca rnojiy4eHms n uccrniegoBaHue
MeTannokepammyieckux anekrponoB Ha ocHoBe TiC—NiCrAl n TiC—NiCrAlY

N.A. Hazapbko®* X A T1. Ynkukos””, M.C. Antunos®”, II.M. Baxun®P

2 Poccuiickuil yHUBEpCUTET APYKOBI HApoHoB uMeHH, Mocksa, Poccutickasa @edepayus
Y MHCTHTYT CTPYKTYpPHOM MaKpOKHHETHKH U TIpobiieM Matepuanosenenus um. A.I'. Mepskanosa Poccuiickoli akajeMuu HayK,
Yeproeonosxa, Poccuiickas ®edepayus
>4 nazarkovanya@yandex.ru

Hcropus craTbn AnHoTanus. IIpeacrasnen pa3paboTaHHbBIM TEXHONIOIMYEeCKUH mpoluecc Io-
TocTynuia B pefakimio: 29 Hosopst 2025 . /IYICHHA METaIIOKEPAMIIECKUX JICKTPOIOB Ha OCHOBE TiC-NiCrAl u TiC—
JlopaGorana: 21 sBaps 2026 T. NiCrAlY mMeTomoM caMOpacIpoCTpaHSIOMErocs BEICOKOTEMIIEPaTyPHOTO CHH-

[punsta K my6mukamum: 5 gpespams 2026 . T€3a ¢ noceayommm tepopmuposanreM (cBoboanoe CBC-cxarue), npeana-
SHAUYCHHBIX AJIsI HAHECCHUS TTOKPBITUU METOAOM DJIEKTPOUCKPOBOTO JICTUPOBA-
Hust (OUJT). AKTyanbHOCTBH HCCIIEIOBaHUS 00YCIIOBIIEHa HEOOXOIMMOCTBIO CO-
3[1aHUSI HOBBIX JIEKTPOAOB C YITyUYIICHHBIMH (PH3UKO-MEXaHUUSCKIUMH XapaKTe-
PHUCTHKAMH ISl TIOBBIILIEHUS H3HOCOCTOWKOCTH 1 JOJITOBEYHOCTH MAIMHOCTPO-
UTENBHBIX JIeTajell Py OTHOBPEMEHHOM CHI)KEHUH CTOMMOCTH M 9HEPTOEMKO-
CTH TIPOIIECCOB HAHECEHUS 3alIUTHBIX MOKPBITHH. [lokazano, yto DUJI sBmus-
€TCsl TMEPCIEeKTHBHBIM METOAOM YIPOYHEHHUS MOBEpXHOCTEH, 3PdeKTHBHOCTD

3asiBjieHUE O KOH(l).]'ll/lKTe HHTEpECcoB

ABTOPBI 3aSBISIFOT 00 OTCYTCTBUH KOH(IIKTA
HWHTEPECOB.

KOTOpPOTO B 3HAUUTENILHOM CTENEHH ONpeAessieTCcsl CBOMCTBAMM MPUMEHSIEMBIX
JIEKTPOJHBIX MaTepuanoB. IIpennoxkeHa KOMIUIEKCHAs TEXHOJIOTMUYECKas
CXEMa, BKJIIOYaroIlas IPUTrOTOBJIIEHUE IOPOIIKOBBIX 3ar0TOBOK, CHHTE3 U IOy~
ITpu co3naHuy HacTOALIEH CTATBH TEXHONO- YeHHE KOMITAKTHBIX MarepuaaoB MeTonoM cBoboaHOoro CBC-ckaTus  OLEHKY
TUU FTCHCPATUBHOIO MCKYCCTBCHHOTO MHTEI- X MEXaHUYECKUX U CTPYKTYPHBIX XapakTepUCcTHK. Da30BbId COCTAaB U3y4eH
JICKTa HE MCIOJIb30BANIUCE. METOJIOM PEHTIeHOCTPYKTYpHOTro anasnu3a (PMA), a 0cOOEHHOCTH CTPOCHUS —
METOZIOM CKaHUPYIOLIeH eKTpoHHON Mukpockonuu (COM). YeTaHOBIEHSI 3a-

3asiBjieHHE 00 HCIOIL30BAHNH TEXHOJIOTHIA
HCKYCCTBEHHOI'0 MHTEJLJIEKTA

KOHOMEPHOCTH BIIMSIHMS COCTaBa U IapameTpoB cBoOoxHoro CBC-cxkarus Ha

(opMHpOBaHUE CTPYKTYPHI U SKCIUTyaTallMOHHBIE CBOICTBA ITOTYYCHHBIX Me-

Bee nanmble, nomydeHHbIe B XOJ€ 9TOTO MC-  TAJUIOKEPaMHYECKUX 3JIEKTPonoB. Iloka3aHo, 9TO pa3pabOTaHHBIN MOIXOM
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Introduction

The application of protective coatings is one
of the key areas of modern mechanical engineering
technology, since it is the surface layer that, in
most cases, determines the wear resistance, strength,
corrosion resistance, and overall service life of
machine parts and tools [1-4]. Under conditions of
intensified operating conditions, increased loads,
and stricter reliability requirements, the need for
materials capable of maintaining functional pro-
perties under the simultaneous influence of
mechanical wear, aggressive environments, and
elevated temperatures is growing [5-7]. In this
regard, the development of new technological
approaches to surface modification and the creation
of effective protective coatings is a pressing
scientific and technical challenge [8; 9].

At present methods such as flame and plasma
spraying, electric arc [1; 10] and laser technologies
[11], ion-plasma deposition and their various
modifications [12] are widely used for applying
protective coatings. However, these methods are
generally characterized by high equipment costs,
significant energy costs, limited mobility and
significant thermal impact on the material, which
can lead to structural changes and deterioration of
the mechanical properties of the base onto which
the protective coating is applied [7; 13; 14].

Electric spark alloying (ESA) is considered a
promising alternative with a number of significant
advantages: localized processing, minimal thermal
impact, no need for a vacuum or protective atmo-
spheres, the ability to harden hard-to-reach areas,
mobility, and the relatively low cost of the equip-
ment used [1; 15-17]. However, the effectiveness
of ESA is crucially determined by the properties
of the electrode material, which determine the
intensity of mass transfer, the structure of the
formed layer, the performance characteristics of
the coating and consequently the service life of the
part or tool.

The most common electrode materials for
ESA are alloys based on tungsten and titanium
carbides with a metallic binder (WC—Co, WC-
TiC—Co, etc.) [3; 7; 18]. Despite the relatively high
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hardness and wear resistance of such materials,
they have a number of disadvantages, including
the high cost of raw materials, limited corrosion
resistance, a tendency to brittle fracture, and insuf-
ficient adaptability to changes in alloying con-
ditions. This indicates the existence of a scientific
and technological gap associated with the absence
of a universal methodology for the targeted design
of electrode materials for ESA with an optimal set
of properties [19-20].

A promising approach to solving this problem
is the use of self-propagating high-temperature
synthesis (SHS) [21-22] followed by compression
(SHS compression), which allows the production
of dense cermet materials with a given phase com-
position and controlled structure [10; 23-24].
The SHS compression method is characterized by
high energy efficiency, technological flexibility,
and the ability to vary the component composition
over a wide range, which makes it attractive for
the development of next-generation electrode
materials [25].

The object of study in this research is cermet
composites based on the TiC—NiCr system with
additional alloying with aluminum and yttrium,
intended for use as electrodes for ESA. The central
scientific problem is the lack of a comprehensive,
experimentally proven technological scheme
covering all stages of electrode material creation —
from the selection of component composition and
SHS compression parameters to the assessment of
the physical, mechanical, electrical and structural
characteristics of the final product.

The objective of the research is to develop
a process for producing and characterizing TiC—
NiCrAl and TiC-NiCrAlY-based cermet electrodes
using the free SHS compression method for ESA.
To achieve this goal, the following tasks were
addressed: developing a process method for pro-
ducing the electrodes; studying their mechanical
properties; analyzing their phase composition using
X-ray diffraction analysis; and studying their micro-
structure using SEM to establish composition —
structure — property relationships.

The academic novelty of this study lies in its
integrated approach to the design and production
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of ESA electrodes, implementing a comprehensive
process chain from synthesis to functional
evaluation. The practical significance of this study
lies in the possibility of targeted development of
competitive ESA electrodes that enhance wear
resistance and extend the life of mechanical
engineering components.

1. Materials and methods

Commercial powders of titanium, carbon
black (soot), and nickel-chromium alloy (NiCr)
with added aluminum and yttrium were used as
starting components (Table 1). The Al additive

serves as an additional exothermic agent and
structure modifier, while Y is an effective element
that improves the boundary structure of carbide
grains and the thermal stability of the composite.
The component composition and mass ratio of the
powders are presented in Table 2.

Preliminary preparation of components
(step 2). To eliminate the influence of adsorbed
moisture on dosing accuracy and combustion
stability, all powders were subjected to isothermal
aging in a SNOL-3.5 drying oven at a temperature
of 50 £ 2 °C for 24 hours. This mode was chosen
to minimize the risk of surface oxidation of the
powders, which can occur at high temperatures.

Table 1. Powder Characteristics

Powder Powder Brand/Grade Reagent Purity, % Particle Size, ym
Ti PTS-1 99,0 45
C P-803 99,1 1
NiCr PR-12Kh18N10T 97,0 45
NiCrAl METCO-451 97,0 56
NiCrAlY AMDRY-962 97,0 53
Source:byl.A. Nazarko.
Table 2. Mass Ratio of Powder Components
Content of Initial Reagents, wt., %
Ne Designation
Ti Cc NiCr NiCrAl NiCrAlY
1 TiC-NiCr 56 14 30 - -
2 TiC-NiCrAl 56 14 - 30 -
3 TiC-NiCrAlY 56 14 - - 30

Source: byl.A Nazarko.

Batch preparation procedure (step 3). The
calculated mass of each component was weighed
on a CAS MWP-1500 laboratory balance with an
accuracy of 0.1%. Mechanical mixing was carried
out in a ball mill for 4 hours. Grinding media were
cylinders made of 12Kh18N10T steel with a mass-
to-mass ratio of 3.5:1. After mixing and sifting
through a 2.5 mm sieve to remove grinding media,
the mixture is returned to the drying oven for 2 or
more hours to remove excess moisture introduced
during mixing.

Procedure for producing powder blanks
(step 4). The batch blanks (presses) were produced

using cold uniaxial pressing on a Hercules-40 hyd-
raulic press. To study the combustion temperature
and rate, 25 mm diameter blanks were prepared.
Pressure was varied to produce blanks with a relative
density in the range of 50-75% of the theoretical
value. To obtain compacts, batch blanks with di-
mensions of 60x90%12 mm were prepared, achieving
the optimal relative density. The formed blanks
were visually inspected for cracks and delamination.

Methodology for Determining Temperature
and Combustion Rate (Step 4.1). The temperature
and combustion rate were determined using the
following method. Two VRS5/VR20 tungsten-
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rhenium thermocouples, mounted vertically and
10 mm apart, were placed in a charge blank
(weight 35 g, diameter 25 mm). Their signals were
recorded using a QMBOX1-40-50 ADC. The
passage of the combustion front through each
thermocouple was recorded as a change in tem-
perature. The combustion rate was calculated as
the ratio of the distance between the thermocouples
to the time interval between these events.

XRD and SEM methods (Step 7.1). To deter-
mine the phase composition of the synthesized
materials, X-ray diffraction analysis was performed
on a DRON-3 diffractometer. Qualitative identifi-
cation of the phases was performed based on the
position of diffraction peaks in the obtained X-ray
diffraction patterns, and their relative content was
estimated based on the intensity of the reflections.
The microstructure of the samples was examined
using a LEO 1450 scanning electron microscope.

Measurement of mechanical properties
(Step 7.2). The mechanical properties of the

Powder Preform

Composition Adjustment

obtained samples were determined using a Nano-
scan-4D dynamic nanohardness tester: hardness
(H), elastic modulus (E), elastic recovery (1), and
plastic and elastic deformation work. Indentation
was performed in accordance with ISO 14577-
1:2002 on polished cross-sections of the samples
in the central part under a load of 0.5 N using a
Berkovich diamond tip. The loading time was 10 s,
the hold time under load was 2 s; the distance
between indentations was not less than: x = 15 um
and y =12 pm.

2. Results

This work involved the development and
optimization of a process for producing TiC—NiCr
electrodes alloyed with aluminum and yttrium. A
general diagram of the developed and optimized
multi-stage process, reflecting the sequence of
operations and feedback loops for adjusting
parameters, is presented in Figure 1.

} Finished
g Electrode

Mechanical
Treatment

Parameter Adjustment

...........................

Figure 1. Flowchart of the electrode production process by SHS compression

Source:byl.A. Nazarko.

During the initial stages of the technological
process (stages 1-3 in Figure 1), the initial powder
reagents are prepared and processed in accordance
with their mass ratios given in Table 2. The powder
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mixture is used to prepare blanks of specified
shapes and sizes for combustion characterization
and compact production under free SHS com-
pression conditions. The critical factor determining
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the suitability of the synthesized material for
plastic deformation after the combustion wave has
passed is the temperature and time conditions of its
production, which directly depend on the com-
bustion parameters of the charge blank. These
parameters are significantly influenced by the
relative density of the charge blank, which is
preliminarily selected experimentally prior to the
SHS compression process.

To select the optimal density, combustion
characterization studies were conducted in this
work (stage 4.1). In this work, we experimentally
investigated workpieces based on the TIC—NiCrAl
(relative density 0.68-0.76) and TiC-NiCrAlY

Ti-C-NiCrAl
2250 55
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a

(0.69-0.77) systems. For each composition, the
maximum temperature (7max) and combustion rate
(V) were determined based on the obtained
experimental thermograms. Summary graphs of
the dependences of these parameters on relative
density are shown in Figure 2.

After selecting the optimal parameters for the
blank, compacts are produced using free SHS
compression (Stage 5). A blank (Figure 3) with
optimal density is initiated at the end by a tungsten
coil to initiate combustion. When the combustion
front has traversed the entire volume, but the
product is still in a high-temperature plastic state,
pressure is applied to it by the press plunger.

Ti-C-NiCrAlY
2250,0 85,0
2200,0 50,0
2150,0 50
(@]
~ 2100,0 o
8 40,0 3
< g
g 20500 5
5 30 5
® 20000 El
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b

Figure 2. Combustion temperature and velocity as functions of the relative density
of the billet for the following compositions:
a— TiC—NiCrAl; 6— TiC-NiCrAlY
Source:byl.A. Nazarko.

Metal substrate

Asbestos

Figure 3. Schematic of the powder billet before free SHS compression
Source: byP.M. Bazhin.
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The key optimized parameters are the mag-
nitude of the applied pressure and the delay time
between the combustion wave’s passage through
the entire sample and the onset of compression.
Correct selection of these parameters eliminates
macropores and achieves high density. Immediately
after pressing, to relieve thermal stress, the sample
is subjected to low-temperature treatment at S00°C,
followed by slow cooling (~12 hours). After the
furnace has cooled, the resulting compacts are
subjected to rough machining (Stage 6) on a plane-
parallel grinding machine to remove surface defects.
In order to obtain the required dimensions, the re-
sulting compact is subjected to electrical discharge
cutting at the next stage.

The resulting samples were then subjected to
a comprehensive analysis to evaluate their structure
and properties. This study included structural phase
analysis, and SEM analysis was used to study the
structure, determine the distribution and sizes of
the main phases and alloying elements (Al, Y).

The mechanical properties of the obtained
materials were also tested. Key parameters include
microhardness, elastic modulus, and others. This
stage is crucial for the entire optimization cycle.
If the results do not meet the target indicators,
the process returns to the previous stages, as shown
in the flowchart (see Figure 1) by the dotted arrows.
Adjustments can be made in two directions: first,
by changing the synthesis modes (pressure and
delay time) or by returning to the initial adjustment
of the initial powder mixture composition, including
changing the percentage ratio of the main com-
ponents and the amount of alloying additives. Thus,
the cycle of synthesis, processing, and analysis
is repeated until the optimal combination of pro-
perties is achieved. After confirming the optimal
characteristics, the sample undergoes final ma-
chining to achieve its working shape (Stage 8).
An electrode of the specified size for ESD coating
or a finished part of a more complex configuration
is produced using an electrical discharge machine.

Thus, the process shown in Figure 1 and the
described techniques enable targeted control of the
free SHS compression process to produce TiC-NiCr-
based metal-ceramic electrodes with a mo-dified
structure and specified functional properties.
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3. Discussion

An analysis of the plots of temperature and
combustion rate versus relative density (see
Figure 2) revealed a non-monotonic relationship:
with an initial increase in density, the temperature
and combustion rate rise due to improved contact
between particles, but after passing the extremum,
they begin to decrease due to intensified heat dis-
sipation. Thus, optimal densities corresponding to
maximum heat release were established for each
composition: 0.74 for TiC-NiCrAl and 0.73 for
TiC-NiCrAlY. At these densities, the synthesized
materials will remain in a plastic state longer dur-
ing subsequent shear deformation, which is a key
factor in improving their structure and properties.

To optimize the free SHS compression pro-
cess, experiments were conducted varying the
holding time and pressing pressure. It was found
that pressing pressure significantly affects the po-
rosity of the resulting compacts. Thus, at a pressure
of less than 10 MPa, the porosity of the resulting
compacts is maximal, amounting to 10%. As this
parameter increases, porosity decreases, reaching
less than 2% at pressure of 30 MPa. Further
increases in pressure do not lead to a significant
change in porosity, and when its value exceeds
100 MPa, it leads to the destruction of the resulting
compacts. The optimal delay time before applying
pressure was determined to be 2-4 s after the
combustion wave has passed through the entire
sample. When pressure is applied immediately after
the combustion wave has passed and for less than
2 s, the phase and structure formation processes in
the material do not proceed fully, which affects the
formation of nonequilibrium and intermediate
phases. When this parameter increases beyond 4 s,
the material loses its plastic properties and the
ability to form compact materials.

Based on the X-ray diffraction analysis (the
unit cell parameters of the samples are presented
in Table 3), all electrodes are known to consist of
titanium carbide and a nichrome matrix (Figure 4).
When aluminum was added to the synthesized
material, an intermetallic compound with the stoi-
chiometry Ali,1Tioy, was detected, which can be
attributed to the non-stoichiometric modification
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of y-TiAl. Deviations from stoichiometry create
defects in the crystal lattice (aluminum atoms
replace titanium atoms), which generate internal
stresses that impede dislocation movement, leading
to additional strengthening of the nichrome matrix.
A slight excess of aluminum in the resulting inter-
metallic compound improves the wettability of TiC
particles during synthesis and subsequent defor-
mation, which reduces porosity in the resulting
electrodes. The additional introduction of yttrium
into the initial mixture, due to its high chemical
activity, promotes the formation of complex yttrium
aluminates during synthesis. The formation of inter-
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metallic compounds will have a beneficial effect
on subsequent ESA coating applications using the
resulting electrodes, as they lower the melting point
of the electrode material and improve its wettability
with the steel substrate. This will increase the
transfer coefficient of the electrode material and
ensure increased adhesion of the resulting coating.
Furthermore, during coating operation under load,
excess aluminum from the non-stoichiometric
phase will more readily react with oxygen from the
surrounding air, forming aluminum oxide nano-
layers. This will create a self-lubricating effect,
thereby reducing adhesive wear of the friction pair.
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Figure 4. XRD results of the electrodes:
a— TiC-NiCr; b —TiC-NiCrAl; ¢ — TiC-NiCrAlY
Source:byl.A. Nazarko.

7able 3. XRD Results and Unit Cell Parameters

Electrode Composition Phase Lattice Type PDF-2 Card Lattice Parameter, A
) . TiC . 10-89-3828 a = 4.3178
TiC-NiCr - Cubic (Fm-3m)
Cri12Nizes 30-65-5559 a=3.54
TiC . 32-1383 a=4.3274
. . X Cubic (Fm-3m)
TiC—NiCrAl Cr;.12Nizgs 30-65-5559 a=38.54
Al Tige Tetragonal (P4/mmm) 55-0252 a=3.9885, c=4.0808
TiC . 30-65-8804 a=4.322
. . - Cubic (Fm-3m)
TiC—-NiCrAlY Cr,Ni, 30-65-6291 a=23.579
Al; 1 Tige Tetragonal (P4/mmm) 55-0252 a=3.9885, c=4.0808

Source:byl.A Nazarko.

Based on the SEM analysis the obtained
electrodes consist of rounded titanium carbide
particles located in a matrix of a mixture of inter-

metallic compounds. Based on the obtained micro-
graphs (Figure 5), it was found that the average
particle size of TiC with the addition of aluminum
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and yttrium decreases from 4.4 (TiC—NiCr) [26]
to 3.4 (TiC-NiCrAl) and 3.1 (TiC-NiCrAlY) pm,
respectively. In this case, the maxi-mum particle
size of TiC was 9 um for the TiC—NiCr electrode,
6 um for TiC-NiCrAl, and 5 um for TiC-NiCrAlY.
As a result of synthesis, the formed intermetallic
compounds with aluminum are located on the sur-
face of growing carbide grains, which creates a

barrier to the diffusion of carbon and titanium to
the TiC grain. The addition of aluminum and
yttrium produces a synergistic effect, resulting in
even greater particle size reduction in TiC than
when used separately. The resulting complex
yttrium aluminates are also located at the grain
boundaries of TiC, preventing the diffusion of
titanium and carbon atoms toward them.

Figure 5. SEM images of the electrode microstructures:
a —TiC-NiCr; & — TiC-NiCrAl; ¢ — TiC-NiCrAY
Source: byP.M. Bazhin.

Figure 6 shows the characteristic indentation
curves for the electrodes of the three studied
compositions. These curves resemble those for
elastic-plastic bodies, but with a clear shift toward
elasticity as aluminum and yttrium are alloyed.
The TiC—NiCr electrode exhibits the largest area
between the loading and unloading curves, corres-
ponding to the greatest plastic deformation work
of 181.4 nJ (Table 4). For the TiIC—NiCrAl electrode,
the loading curve becomes noticeably steeper due
to an increase in hardness to 15.4 GPa, while the
unloading curve is more vertical (shifts to the
right), indicating an increase in the elastic modulus.
The TiC-NiCrAlY electrode exhibits the steepest
loading curve, indicating the material’s maximum
resistance to indentation. The obtained loading
curves are smooth, without pronounced jumps,
which emphasizes the absence of microcracking or
the presence of pores in the studied electrodes.

The mechanical properties of the obtained
electrodes were measured using experimental in-
dentation dependences. It was found that additional
alloying with aluminum and yttrium alters these
properties due to the formation of additional phases
and changes in the size of carbide grains (Table 3).
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Figure 6. Loading/unloading dependencies
for the electrodes:
= TiC-NiCr; ===TiC-NiCrAl; == TiC-NiCrAlY
Source: byA.P. Chizhikov.

As can be seen from Table 4, additional
alloying with aluminum and yttrium increases the
hardness and elastic modulus of the obtained
materials, but also reduces the work of elastic and
plastic deformation. Elastic recovery remains
virtually unchanged for all the electrodes studied,
remaining at a level of 34-35%. During structure
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formation, yttrium atoms form dispersed phases
with yttrium, which are localized at the boundaries
of TiC grains, preventing their migration. This will
ensure the preservation of a fine-grained structure
even under thermal exposure during electric spark
discharges. Based on the Hall-Petch law, it can be
argued that an increase in hardness and elastic

modulus indicates a refinement of the structural
components in the electrodes. At the same time, the
high density of grain boundaries and the presence
of brittle intermetallic phases limit the free path of
dislocations, which naturally leads to a decrease in
the work of plastic deformation and the overall
energy capacity of material failure.

Table 4. Average Values of the Mechanical Characteristics of the Electrodes

Electrode ”a’dgiis (H), | Elastic 'g‘,’,i“'”s &), recoﬁ::;“(z), % defEc:f:\t:t:ion defPoIf:lte:(tzion H/E | HY/E®
work, nJ work, nJ

TiC—NiCr 13.0 305 34.8 94.8 181.4 0.042 | 0.023

TiC—NiCrAl 15.4 365 33.8 87.8 162.5 0.042 | 0.028

TiC-NiCrAlY 16.9 395 34.7 84.7 156.5 0.043 | 0.031

Source:byA.P. Chizhikov.

For the resulting electrodes, the H/E ratio
characterizes the elasticity and the material’s ability
to resist wear without damaging the structure. This
parameter is slightly higher for the TiC-NiCrAlY
electrode, which may indicate the efficiency of
material transfer during ESA and the improved
quality of the resulting diffusion layer. Due to the
increased H/E ratio of 0.043, the TiC-NiCrAlY
electrode material exhibits increased elasticity,
resulting in smaller microdroplets formed during
spark discharges. This will result in a smoother and
denser coating on the steel surface, which is
critical for protecting the steel from corrosion and
wear. At lower H/E ratios, the electrode will be
more prone to brittle spalling of entire macro-
particles, which will increase the thickness of the
applied coating but also reduce its continuity.

The H3/E2 ratio determines the maximum
load an electrode can withstand before irreversible
failure. As can be seen from Table 4, this ratio
increases from 0.023 to 0.031 with additional
alloying with aluminum and yttrium. As this ratio
increases, the material becomes more resistant to
microcrater formation, even under extreme point
pressures. The TiC-NiCrAlY electrode has the
highest H3/E2 ratio, indicating that the resulting
coating performs well when used in an elastic
mode. Therefore, the TiC-NiCrAlY electrode is
recommended for applying coatings in precision

friction pairs where minimal wear is critical and a
low friction coefficient is required. This electrode
requires low discharge energy during ESA to avoid
the development of internal stresses and cracking
of the coating during crystallization on the steel
substrate. For the TiIC-NiCrAl electrode, the H3/E2
ratio is 0.028, indicating that the coating formed
during ESA is more rigid than that formed with the
TiC—NiCr electrode (H3/E2 = 0.023), but is less
brittle than the coating formed with the yttrium
electrode. The TiC—NiCr electrode can be recom-
mended for coating steel components subject to
high impact or bending conditions, due to the for-
mation of a metal-ceramic layer whose mechanical
behavior is as close as possible to that of steel.

Conclusion

The object of this study was metal-ceramic
electrodes based on TiC—NiCrAl and TiC-NiCrAlY,
intended for the application of wear-resistant
coatings by the electrospark alloying method. In
this work, a comprehensive process flowsheet
was developed and implemented, including the
preparation of powder charge blanks, cold pressing
of blanks, synthesis and consolidation of materials
by the free SHS compression method, as well as
certification of the structure and properties of the
obtained samples using X-ray diffraction analysis,
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scanning electron microscopy and nanoindentation.
Optimum process parameters were determined
experimentally: the relative density of the charge
blanks (0.74 for TiC-NiCrAl and 0.73 for TiC—
NiCrAlY), pressure (30 MPa) and delay time before
applying the load (2—4 s), ensuring the formation
of pore-free compacts with a uniform fine-grained
structure. The obtained results allow us to formulate
the following conclusions.

1. A technological process for producing TiC—
NiCr-based electrodes with additional alloying of
the initial powder mixture with aluminum and
yttrium was developed and optimized. It was found
that the introduction of aluminum and yttrium into
the initial powder mixture allows for the control of
phase and structural transformations directly during
the formation and consolidation of the material.

2. It was shown that additional alloying with
aluminum and yttrium leads to the formation of
new intermetallic phases (Al1.1Ti0.9 and complex
yttrium aluminates), which contribute to the
improve-ment of the mechanical properties of the
obtained electrodes: hardness up to 16.9 GPa, elastic
modulus up to 395 GPa, and ratios H/E = 0.043
and H3/E? = 0.031. The formation of these phases,
as well as a reduction in the melting temperature
of the electrode material and improved wettability
with respect to the steel substrate, will increase the
material transfer coefficient and adhesion of the
coating applied by spark etching.

3. Practical recommendations are provided for
the use of the resulting electrodes, depending on
their composition, for applying protective coatings
to metal surfaces.

References

1. Barile C, Casavola C, Pappalettera G, Renna G.
Advancements in electrospark deposition (ESD) technique:
A short review. Coatings. 2022;12(10):1536. https://doi.org/
10.3390/coatings12101536 EDN: NJNOUY

2. Wang Y, Zhang H, Liu J, Li X. Study on the pro-
perties of TiC coating deposited by spark discharge on the
surface of AIFeCoCrNiCu high-entropy alloy. Coatings.
2024;14(3):421-435. http://doi.org/10.3390/coatings 14030421

3. Pyachin SA, Nikolenko SV, Burkov AA, Suy NV.
Electrospark coatings based on WC-Co alloys with
aluminium oxide and carbon additives. Materials Sciences
and Applications. 2013;4(4):186—190. http://doi.org/10.4236/
msa.2013.43022 EDN: PSPNRN

180

4. Vardanyan EL, Ramazanov KN, Nagimov RS,
Nazarov AY. Properties of Intermetallic Ti-Al Based Coatings
Deposited on Ultrafine-Grained Martensitic Steel. Surface
and Coatings Technology. 2020;389:125657. https://doi.org/
10.1016/j.surfcoat.2020.125657 EDN: PWJHDQ

5. Singh H, Singh J, Kumar S. Effect of processing
conditions and electrode materials on the surface rough-
ness of EDM-processed hybrid metal matrix composites.
International Journal of Lightweight Materials and Manu-

facture. 2023;6(1):87-97. https://doi.org/10.1016/j.ijlmm.
2023.12.001

6. Tkachenko YG, Yurchenko DZ, Timofeeva II, Bri-
tun VF. Effect from the composition of electrodes
produced from TiC—(Fe—Cr—Al-Si) alloys on the formation,
phase composition, and properties of wear- and oxidation-
resistant electrospark-deposited coatings on steel. Powder
Metallurgy and Metal Ceramics. 2018;57(5-6):465-472.
https://doi.org/10.1007/s11106-018-0005-y

7. Mertgeng E. Wear and corrosion behavior of TiC
and WC coatings deposited on high-speed steels by electro-
spark deposition. Open Chemistry. 2023;21(1):1-11.
https://doi.org/10.1515/chem-2023-0187

8. Nasakina EO, Baikin AS, Sergienko KV, Sevo-
st’yanov MA, Kolmakov AG, Goncharenko BA, Zabolot-
nyi VT, Fadeev RS, Fadeeva IS, Gudkov SV, Solntsev KA.
Biocompatibility of nanostructured nitinol with titanium
or tantalum surface composite layers formed by magnetron
sputtering. Doklady Chemistry. 2015;461(1):86—88. https://
doi.org/10.1134/S0012500815030027 EDN: SFEXAL

9. Krioni NK, Ramazanov KN, Mingazheva AA,
Mingazhev AD. Effect of ion-implantation activation of
surface of structural steels 40Kh AND 40KhN on structure
and properties of nitrided layer. Strengthening Technologies
and Coatings. 2025;21(3):120-123. (In Russ.) https://doi.org/
10.36652/1813-1336-2025-21-3-120-123 EDN: FCKVZS

10. Nazarov AY, Maslov AA, Ramazanov KN. Va-
cuum Arc Deposition of Y-Al-O Coating. Russian Physics
Journal. 2024;66(11):1158-1161. https://doi.org/10.1007/
s11182-023-03057-1 EDN: ZGGEJK

10. Shinkaryov AS, Ozherelkov DY, Pelevin 1A, Ere-
min SA, Anikin VN, Burmistrov MA, Chernyshikhin SV,
Gromov AA, Nalivaiko AY. Laser fusion of aluminum
powder coated with diamond particles via selective laser
melting: powder preparation and synthesis description.
Coatings. 2021;11(10):1219. https://doi.org/10.3390/coat
ings11101219 EDN: SHWWLZ

12. Maslov AA, Nazarov AYu, Syrtanov MS, Niko-
laev AA, Ramazanov KN. Al-Cr/Y-AIl-O Layer Coating
Oxidation on Ti—Al-Nb Intermetallic Alloy during Heating
and Thermal Cycles. Russian Physics Journal. 2024;
66(11):1206—-1211. https://doi.org/10.1007/s11182-023-
03063-3 EDN: RTVDIA

13. Zavitkov AV, Loktev AS, Lyukhter AB, Fro-
lov KA. Methods for reducing nonmetallic inclusions in
coatings applied by laser surfacing. RUDN Journal of


https://doi.org/10.3390/coatings12101536
http://doi.org/10.4236/msa.2013.43022
https://doi.org/10.1016/j.surfcoat.2020.125657
https://doi.org/10.1016/j.ijlmm.2023.12.001
https://doi.org/10.36652/1813-1336-2025-21-3-120-123
https://doi.org/10.1007/s11182-023-03057-1
https://doi.org/10.3390/coatings11101219

Haszapbko U.A. n 4p. BectHnk PYOH. Cepusi: HxeHepHble uccnepoBanus. 2026. T. 27. Ne 2. C. 170-181

Engineering Research. 2023;24(3):271-278. (In Russ.)
https://doi.org/10.22363/2312-8143-2023-24-3-271-278
EDN: UQGPAI

14. Haponova O, Tarelnyk V, Moscicki T, Tarel-
nyk N. Hybrid surface treatment technologies based on the
electrospark alloying method. Coatings. 2025;15(6):721.
https://doi.org/10.3390/coatings15060721 EDN: QRIMRE

15. Podlesov VV, Stolin AM, Merzhanov AG. SHS
extrusion of electrode materials and their application for
electric-spark alloying of steel surfaces. Journal of
Engineering Physics and Thermophysics. 1992;63:1156—
1165. https://doi.org/10.1007/BF00853513

16. Galyshev SN, Bazhin PM, Stolin AM, Sychev AE.
Synthesis of TI-AL-C based metal-ceramics under SHS-
compression. Perspektivnye Materialy. 2010;(2):81-86.
(In Russ.) EDN: LRHJAF

17. Alymov MI, Stolin AM, Bazhin PM. Study of
the structure and properties of protective coatings obtained
by the method of electric spark alloying with SHS
electrodes (Review). Industrial Laboratopy. Materials
Diagnostics. 2022;88(2):40—48 (In Russ.) https://doi.org/
10.26896/1028-6861-2022-88-2-40-48 EDN: NBKVTM

18. Pankin NA, Mishkin VP. Electronic microscopy
of the surface of SCMnCr3 steel after electric spark
treatment with a tungsten electrode-anode. Physical and
Chemical Aspects of the Study of Clusters, Nanostructures
and Nanomaterials. 2023;(15):807-813. https://doi.org/
10.26456/pcasenn/2023.15.807 EDN: JTIWVH

19. Burkov AA, Kulik MA. Electrospark deposition
of Fe-Cr-Cu coatings on St3 steel. Powder Metallurgy and
Functional Coatings. 2023;17(4):51-58. (In Russ.) https://
doi.org/10.17073/1997-308X-2023-4-51-58 EDN: VITQKY

20. Konevtsov LA, He VK, Kim ED, Eremina KP.
Production of metal matrix alloys for wear-resistant electro-

About the authors

spark coatings. Transport Engineering. 2022;4:51-59.
(In Russ.) https://doi.org/10.30987/2782-5957-2022-4-
51-59 EDN: TXTTWD

21. Lapshin OV, Boldyreva EV, Boldyrev VV. Role
of Mixing and Milling in Mechanochemical Synthesis
(Review). Russian Journal of Inorganic Chemistry. 2021,
66:433-453. https://doi.org/10.1134/S0036023621030116
EDN: BAVVXL

22. Amosov EA. Some Patterns of SHS Reactions.
Modern Materials, Equipment and Technologies. 2016;(3):
10-14. (In Russ.) EDN: WTIINT

23. Seplyarskii BS, Kochetkov RA, Lisina TG, Abza-
lov NI. Patterns of synthesis of TiC—NiCr cermets from
powder mixtures: influence of nichrome content and tita-
nium particles size. International Journal of Self-Propa-
gating High-Temperature Synthesis. 2024;33(1):75-79. https://
doi.org/10.3103/S1061386224010060 EDN: DHSHOB

24. Kiryukhantsev-Korneev PV, Sytchenko AD,
Levashov EA. Comparative study of coatings formed by
electrospark alloying using TiC-NiCr and TiC-NiCr—
Euw,0; electrodes. Russian Journal of Non-Ferrous Metals.
2019;60(6):662—672. https://doi.org/10.3103/S106782121
9060099 EDN: MZGYJG.

25. Bazhin P, Konstantinov A, Chizhikov A, Proko-
pets A, Bolotskaia A. Structure, physical and mechanical
properties of TiB—40 wt.% Ti composite materials
obtained by unrestricted SHS compression. Materials
Today Communications. 2020;25:101484. https://doi.org/
10.1016/j.mtcomm.2020.101484 EDN: RRTGQL

26. Antipov MS, Chizhikov AP, Konstantinov AS,
Bazhin PM. Sintered material based on titanium carbide to
increase the service life of slide gates. New Refractories.
2021;(4):34-37. (In Russ.) https://doi.org/10.17073/1683-
4518-2021-4-34-37 EDN: YPFYQB

Ivan A. Nazarko, PhD student of the Department of Nanotechnology and Microsystem Engineering, Academy of
Engineering, RUDN University, 6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation; Junior Researcher at
Laboratory No. 7 of Plastic Deformation of Materials, Merzhanov Institute of Structural Macrokinetics and Materials
Science, Russian Academy of Sciences, 8 Akademika Osipyan St, Chernogolovka, Moscow Region, 142432, Russian
Federation; eLIBRARY SPIN-code: 9076-1357, ORCID: 0009-0001-9850-2599; e-mail: nazarkovanya@yandex.ru
Andrey P. Chizhikov, PhD in Technical Sciences, Senior Researcher at Laboratory No. 7 of Plastic Deformation of
Materials, Merzhanov Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences,
8 Akademika Osipyan St, Chernogolovka, Moscow Region, 142432, Russian Federation; eLIBRARY SPIN-code: 9233-
6360, ORCID: 0000-0003-2793-6952; e-mail: chij@ism.ac.ru

Mikhail S. Antipov, PhD in Technical Sciences, Junior Researcher at Laboratory No. 7 of Plastic Deformation of
Materials, Merzhanov Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences,
8 Akademika Osipyan St, Chernogolovka, Moscow Region, 142432, Russian Federation; eLIBRARY SPIN-code: 7261-
6449, ORCID: 0000-0002-7498-428X; e-mail: m_antipov@ism.ac.ru

Pavel M. Bazhin, DSc in Technical Sciences, Professor, Department of Nanotechnology and Microsystem Engineering,
Academy of Engineering, RUDN University, 6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation; Deputy
Director for Scientific Work, ISMAN Institute of Structural Macrokinetics and Problems of Material Science named after
A.G. Merzhanov Russian Academy of Sciences, 8 Akademika Osipyan St, Chernogolovka, Moscow Region, 142432,
Russian Federation; eLIBRARY SPIN-code: 8117-0070, ORCID: 0000-0003-1710-3965, Scopus Id: 35768943700; e-mail:
bazhin@ism.ac.ru


https://orcid.org/0009-0001-9850-2599
https://orcid.org/0000-0003-2793-6952
https://orcid.org/0000-0002-7498-428X
https://orcid.org/0000-0003-1710-3965
https://doi.org/10.26896/1028-6861-2022-88-2-40-48
https://doi.org/10.26456/pcascnn/2023.15.807
https://doi.org/10.3103/S1067821219060099
https://doi.org/10.1016/j.mtcomm.2020.101484

BecTHuk PYOH. Cepus: UHXeHepHble nccnenoBaHus
RUDN Journal of Engineering Research

ISSN 2312-8143 (Print); ISSN 2312-8151 (Online)
journals.rudn.ru/engineering-researches

2026;27(2):182-192

of ENGINEERING

[ RESEARCH

DOI: 10.22363/2312-8143-2026-27-2-182-192

EDN: KXWSWV

HayuyHasa ctatbs / Research article

Anroputm apanTUBHOIO ynpasJ/iIeHU AMHAMU4YeCKMMM npoueccamm
OpraHn3aunoHHO-TEeXHN4YeCKOU CUCTEeMbl B HeMpoceTeBOM
BblYMCNIUTENbHOM Oa3uce

B.B. IIbsankoB ™, E.A. KoBaneBa™, JI.O. AnapeeBa”, B.B. AiiekceeB

Poccuiickuii yauBepcuret apyx0s1 HaponoB, Mockea, Poccuiickan @edepayus

P4 valeriy.pyankov@gmail.com

HUcTtopus cratbu

IMoctynuna B peaakmuto: 26 nexadps 2025 .
Hopaborana: 20 despans 2026 .
IpunsTa k mybGnukammu: 25 pespains 2026 1.

3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

ABTOpBI 3asIBISIIOT 00 OTCYTCTBHHU
KOH(IIMKTAa HHTEPECOB.

3asiBjieHHe 00 UCI0Jb30BAHUM TEXHOJIOI M
HMCKYCCTBEHHOT'0 MHTEJLJIEKTA

IIpu coznanuy HacCTOALIEH CTaTbH TEXHOIO-
TMH TEHEPATUBHOIO HCKYCCTBEHHOIO HHTEII-
JIEKTa HE MCIOIb30BAIIUCh.

3asiBjieHUE O AOCTYITHOCTH JaHHBIX

Bcee JAaHHBIC, IMTOJYYCHHBIC B XOA€ 3TOI'0 MC-
CJI€A0BaHUsA, BKIIFOYCHBI B OHy6JII/IKOBaHHyIO
CTaTbIO.

Annorauus. OcHOBHas 11eNb pabOTHl — pa3paboTKa aaropuT™Ma aJarnTHBHOTO
YIipaBJICHUSI JTUHAMHUYCCKUMHU IIpoLecCcaMnu OpFaHH3aL[PIOHHO-TCXHId‘leCKOI>i CH-
CTEMBI B HEHPOCETEBOM BEIUUCIUTEIBHOM 0asuce. 1ist penenHus 3a1a4u JTnHen-
HOTO IPOrPaMMHUPOBAHUS HMCHOJIB30BAIACH JHMHAMHUYECKO-CTATUYECKas CETh
JUIS HAIJISLTHOCTH MHTEPIIPETallui HEHPOCETEBBIX PEIIEHUH U IPOCTOTHI peallu-
3aIMM OTPaHWYEHUI B BHJIE HEPABEHCTB. AJITOPUTM HEMPOCETEBOTO PEHICHHS
ONTUMH3ALMOHHON 3a]]a41 aJalITUBHOTO YIIPABJICHUS AUHAMUYECKIMH ITPOLIeC-
caM{ OPraHM3ALMOHHO-TEXHUYECKOH CHCTEMBI BKJIIOUACT B ceOs Ciiemylomue
STaIlbl: MOATOTOBKY MCXOIHBIX JIAaHHBIX 3a/1aud M MpeoOpa3oBaHue UX K BHULY,
YIOOHOMY JUISl TIPEACTABJICHHS B HeHpoceTeBOM 0Oa3uce; CHHTE3 HEHPOHHOM
CEeTH; OpraHu3aI1I0 00paleHnii K HEHPOCeTH C pa3InYHbIMU Ha4aJIbHBIMH CO-
CTOSHUSIMH AMHAMHYECKUX HEHPOHOB B TEUEHHE OTBEICHHOTO BPEMEHH U PEru-
CTpalysl [TOJY4YaeMbIX PELICHNUH; BBIOOP HAMIYYIIEro HEMPOCETEBOTrO PeIeHUs
U3 BCEX MONYYESHHBIX ITPU 00pAIeHNH K CETH U HHTEPIPETALNs BBIOPAHHOTO pe-
LIEHHs B paMKaX UCXOJHOM 3aaun. [IpeaiokeHHbII alropuT™ peraer npooieMy
AIaNTUBHOTO YNPABICHUS CIOKHBIMH OPraHU3alMOHHO-TEXHHYECKHIMH CHCTe-
MaMH, COJEpIKaIlUMU OOJIBILIOE YHCIIO AIIEMEHTOB U MOJICHCTEM U XapaKTepH3y-
IOIIMMHUCS] MHOXKECTBEHHOCTBIO CTPYKTYP, 33JAIOIINX Pa3IMYHbIe THUIIBI OTHO-
HIEHUI MeXy JaHHBIMH JIEMEHTaMH U MOICUCTEMaMHU.

KnioueBble c10Ba: HEHPOHHBIE CETH ¢ OOPATHBIMU CBA3IMH, KOMOMHATOPHAS
ONTHUMHU3ALNS, YIIPABICHUE B YCIOBUIX HEONPEIEICHHOCTH, MHOTOMEPHEIE CH-
CTEMBI YIIpaBJICHUA, JUHAMHWYCCKUE MTPOLCCChI, JMHAMHWYCCKO-CTaTHICCKas1 CCTh
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Abstract. The main objective of this study is to develop an algorithm for the adaptive
control of dynamic processes in an organizational and technical system within a neural-
network computational framework. To solve the set linear programming problem, a
dynamic-static network was used to provide clear interpretation of neural network
solutions and to simplify the implementation of inequality constraints. The algorithm
for solving the optimization problem of adaptive control of dynamic processes in an
organizational and technical system includes the following stages: preparation of the
initial problem data and their transformation into a form convenient for representation
in the neural network framework; synthesis of the neural network; organizing accesses
to the neural network with different initial states of the dynamic neurons within the
allotted time and recording the obtained solutions; selecting the best neural network
solution from all those obtained when accessing the network and interpreting the
selected solution within the scope of the original problem. The proposed algorithm
addresses the problem of adaptive control of complex organizational and technical
systems that include a large number of elements and subsystems and are characterized
by multiple structures defining various types of relationships between these elements
and subsystems.

Keywords: recurrent neural networks, combinatorial optimization, control under
uncertainty, multidimensional control systems, dynamic processes, dynamic-static network
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BBepeHue

B JII000M 00JacTH — 3TO aBTOMAaru3alys W/WiIn
yBenuueHue 3phekTuBHOCTH (Kak MpaBuilo, ee co-

COBpeMeHHLIC ABTOMATU3UPOBAHHBIC CUCTEMbI
YOpaBIEHUS TEXHOJOTHYECKUMH  TIpOIlecCaMu
CHOXHBIX OOJBIINX CHCTEM — 3TO YEJIOBEKO-Ma-
IIMHHAS CUCTEMA YTIPaBJICHUS, MPEICTABIIAIONMIAS
co00# COBOKYITHOCTH armapaTHO-MPOTrPaMMHBIX
CPEICTB, OCYIIECTBISIONMIAs yHpPaBICHUE U KOH-
TPOJIb C MIPUHATHUEM OKOHYATCIIbHOI'O PCIICHUA Y€~
noBekoM, nepcoranom [1-3]. Kak usBectHo, nenb
CO3/1aHUs U BHEAPEHUSI aBTOMATH3MPOBAHHBIX CH-
CTEM YIIPABJICHUA TCXHOJIOT'MICCKUMU IIpoHecCaMn

CTaBJISAIOLIEH — MPOU3BOJUTEIILHOCTH) IIPOU3BO-
CTBEHHBIX IporieccoB. CI0XHOCTb U OTBETCTBEH-
HOCTh NPUHMMAEMBIX YEJIOBEKOM WIIM aBTOMATH-
KO PEIIEHUH 110 YIIPABJIECHUIO IOTEHIIUAIBHO OIIac-
HBIMU, PUCKOBAHHBIMU OIIEPALIUAMU, ONIEPALIMAMU C
BBICOKOW CTOMMOCTBIO ONTMOOYHBIX pEIICHUN HE
BCErJa IO3BOJSET OCYLIECTBIIATH YIIPABICHHUE B
MOJHOCTBIO aBTOMaTHYECKOM PEKUME.
OOBEKTUBHBIX MPUYMH, HE IO3BOJISIOLINX
aBTOMaTH3UpoBaTh npoussoxacTea Ha 100 %, Hec-
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konbko. OfiHa W3 HUX CBsi3aHa C (pakTopamu He-
OIPEEIICHHOCTH IPUHATHUS YIIPABICHUYECKUX pe-
HIEHUI B OPraHU3allMOHHO-TEXHUYECKUX CHCTE-
max. Teopus MPUHATHSA pENICHUN B YCIOBHAX
HEOIIPEIEICHHOCTH 3aHUMalla M 3aHUMAaeT BaX-
HeHIlee MECTO B COBPEMEHHBIX MHUPOBBIX HCCIIE-
noBaHusAX. HeomnpeneneHHoOCTh, MOHMMaeMas J10-
CTaTOYHO IMIMPOKO, PacCMaTpUBAETCS IPU ITOM
KaK HEMOJIHOE, HEIOCTOBEPHOE 3HAHUE NI HE3HA-
HUE KOMIIOHEHT, XapaKTEpUCTHUK, IOKa3areiae u
T. 1., BIUIOTh J10 MOJHOTO HE3HAHMs MaTremMaTruye-
CKOT'O OIMCAHHUS CUCTEMBI, OTHOCUTEIIBHO KOTOPOH
npuHUMaeTcs peuienue. Ilpu aTom npunsaTHe pe-
LIEHUH B YCIOBHAX PUCKA SIBJISETCS YaCTHBIM CITy-
yaeM MPUHATHS PELICHHs B YCIOBUSAX HEONpEIe-
nenHoctu [3-5]. JlaHHasi TpakTOBKa IO3BOJISIET
Pa3BUTh €IUHBIN ITOIXO KO BCEM BOIIPOCAM IpH-
HATUS PELIEHUH B YCJIOBHUSX, OTIMYAIOLINXCS OT
TOJTHOM ONpeNeNeHHOCTH. BBUAY TOTO 4TO peanu-
CTHUYHOE IIPUHATHE PEIICHUS AaXKE B CPABHUTEILHO
MPOCTON 0OCTaHOBKE, KaK MPAaBUIIO, CBSI3aHO C OT-
CYTCTBHEM IIOJIHOM OINPENEIECHHOCTH, MO3BOJISAIO-
et 6e3 oOpamieHns K uaeanu3aii MPUMEHHUTD
JNETEPMUHUPOBAHHBIN NOAXO K MPUHIATHIO pelie-
HUS, CTAHOBUTCS SICHBIM, CKOJIb HEOOXOAUMO ISt
COBPEMEHHOTI0 LIEHTPA YNPaBJICHUS TEXHOJIOTNYe-
ckumu nponeccamu (TI1) B opraHu3zalinoHHO-TEX-
HUYECKUX CUCTEMaXx OBJIAZICHHE METOIaMU ITPHHSI-
THS PELIEHUH B YCIOBHUSX HEOINPEIEIECHHOCTH.
B takux ciydasx mpusiekaroTcs HeopMaibHbIe
METOJIbl CHCTEMHOT'O aHaln3a U ero (popMabHbIe
METO/bI, MCIIOJB3YIOLINE MaTeMaTHYECKHE U JIO-
rudeckre Mozaenu. MoryT Takke UCIOJIb30BaThCs
JIMHTBUCTUYECKUE METO/IbI, OTIMPAIOIINECS Ha Oa3bl
3HAHUH, B KOTOPBIX HEONPEAEIEHHOCTh OTPaXKeHa
JMHTBUCTUYECKUMU cpeacTBaMu. OHAKO TOCTH-
KEHHMIO IIUPOKUM CIIEKTPOM METO/IOB M aJITOpPUT-
MOB TIPUHSTHS pEIICHUI HEOOXOIUMOH T0CTOBEP-
HOCTH, TOYHOCTH U ONEPATUBHOCTH MPENATCTBYET
pa3sMepHOCTh 33/1a4d BBIOOpa B YCIIOBHSIX Mapa-
METPHUUYECKOW W/WIIM CTPYKTYPHOI HEOoTpeneeH-
HOCTH. J[MHAMHUYHO MEHSIOLIUECS IMapaMeTphbl
COCTOSIHUS TTPOU3BOJICTBEHHOTO WIM OU3HEC-TIPO-
recca (Harmpumep, co BpeMEHEM, B CHITY TEXHOJIO-
TUYECKOU Jerpafaliii WIK U3MEHEHHH KOHBIOHK-
TYPBI PBIHKOB, YXOASIIHE B 00IaCTh MapaMeTPOB,
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He HaOMomaeMyto paHee), HelIoonpeieieHHbIe (hak-
TOPBI BHENIHEH CpeIbl 00yCIIaBIMBAIOT HEOOXOTH-
MOCTb TIOCTOSSHHOM ONTHMU3AIMH ITyTEM BBHIOOpA
COOTBETCTBYIOIINX KOPTEXEH yNPaBIAIOMINX BO3-
nercTBui. Llenpio M000i CHCTEMBI, SIBISIONICHCS
CHCTEMOW BEPXHETO YPOBHS HaJ aBTOMAaTHU3UPO-
BaHHOMW CHCTEMOM YIIPABIEHUS TEXHOIOTHYECKUMU
nporeccamu (ACY TII), B utore sSBISETCS TOUCK
HAWIY4IIUX yCJIOBUN pealn3aluyl TEXHOJIOrHYe-
CKHUX TPOLIECCOB, TPOSKTUPOBAHNE M OPTraHU3ALINs
palMOHATBHBIX TEXHOJIOTHYECKUX CXEM, OITH-
MaJIbHBIX HCCIIEIOBAHUM, MPUBOMSIIMX K IOBBI-
IICHUIO KauecTBa (PyHKIIMOHMPOBAHUS OpraHHU3a-
[IUOHHO-TEXHUYECKUX CHCTEM.

1. AHanu3 nutepaTyphbl

3ajaqa onpeaesieHus ONTUMAIIBHBIX ITapaMeT-
POB CHCTEMBI yIIPABIICHUS, T.€. IApaMETPOB CUCTEM
ABTOMATH3AllMY, JOCTABISIOIMX MUHUMYM 3a]1aH-
HOMY KPHUTEpHMIO KauecTBa, Kak MpaBWIIO, pella-
€TCSl Ha OCHOBE €JMHCTBEHHOIO IOIX0Ja, OCHO-
BAaHHOTO Ha MOMCKOBOM MpOLEAype, OpPraHU30BaH-
HOM 110 ONIPENIETICHHOMY QJITOPUTMY, BXOASILIEMY B
COCTaB METOAOB HEJIMHEHHOro MpOrpaMMHpOBa-
Husl [6-8]. B Hacrosmee Bpemsi M3BECTHO OOJIb-
II0€ YHCIIO TAKUX aJITOPUTMOB, TPUYEM UX Pa3HO-
o0Opa3ue BBI3BAHO, C OJHOW CTOPOHBI, CTpeMmJie-
HUEM IOJYYHUTh AITOPUTM, 00ECIIeUnBAIOIIUH J10-
CTaTOYHO OBICTPYIO CXOAMMOCTH MOUCKOBOM HpO-
LEAYPBI, a C IPYrOil — y4ecTh OTCYTCTBUE KaKUX-
b0 cBeneHuil o penbede meneBoi QyHKINH B
YCIIOBUAX KaK MHUHMMYM IIapaMeTpUUYECKOW He-
OIPENIETIEHHOCTH.

IToMHMO 3TOTO, B COBPEMEHHOM MUPE IIPHU-
XOJHUTCS UMETh JIeJI0 C MHOTOMEPHBIM TTOMCKOM,
KOTJ[a TTOBEPXHOCTH I1€JeBOM (PyHKIMU XapakTe-
PHU3YIOTCSI HAJIMYUEM OBPAroB ¢ yCTOWYMBBIMH JIO-
KaJbHBIMM MUHUMYMaMH U TaKUMHU OOJIACTSIMH, B
KOTOPBIX KPUBHU3HA JIMHUW pa3HbIX 3HAUCHUN KpH-
Tepusi (TMHUI ypOBHEW) CYIIECTBEHHO paziuya-
eTcsl B pa3HbIX Toukax. Kpome Toro, npu mHeHOM
pocTe uncna ynpasisromux napametrpoB T1I, BeI-
COKOpPa3sMEPHBIX BEKTOPaX YIIPABIIIEMBIX IIEPEMEH-
HBIX SKCTIOHEHIIMAIBHO BO3PACTAET BPeMs ITOMCKa
B MHOTOMEPHOM MPOCTPAHCTBE COCTOSIHUM [8; 9].
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Cospemennbie TII, HanpuMep B SKOHOMUKE,
TPAHCIIOPTHOM OTpaciid, NPOMBIIIIEHHOCTH Xa-
PaKTEPU3YIOTCS YUCIIOM YIIPABIIIOIUX EPEMEH-
HBIX OT JIECATKOB 1O HECKOJIBKUX COTEH, IEPEMEH-
HBIX COCTOSIHUSI — OT HECKOJIBKMX COTEH JI0 He-
CKOJIBKUX ThICSY. [Ipn 3TOM 115 3a/1a4 OLIEHKH CO-
crossHus HenuHenHoro TII B 10-20 B3ammocss-
3aHHBIX TapaMeTpax M BbIOOpa ONTHMAIBHOTO
YIPaBIECHUS C TPEABAPUTENBHBIM H3MEPEHHUEM,
pacmno3HaBanueM 3tamnoB, (pparmento TII B pe-
AITPHOM MacIITade BpeMeHH HEOOXOIMMO OBICTPO-
neiictBue mopsaka 10'%...10" onepamumii B ce-
KyHay. JlocTrKeHne yKa3aHHBIX NOKa3aTeNen i
TOYHOU (aHAJUTHUYECKOW) 00pabOTKH C MpUMEHE-
HUEM CYILIECTBYIOIIUX METONOB U CPEACTB SBIIS-
eTcsl MpoOIeMaTUUHBIM Jake JJIs OpraHu3aIu-
OHHBIX CHCTeM. B 3TuX cmcremax BbIpabOTKa
YIPABISAIOMINX BO3ACHCTBUN OCYIIECTBIISIETCS HE
B peasibHOM MaciTabe BpeMeHH, a HCII0JIb30BaHNe
HpI/I6J'II/I)KeHHI>IX METOOB IHOJYYCHUA ONTHUMAJIb-
HBIX PEIIeHUH B Psifie CIy4aeB HEIPUEMIIEMO.

Mo’XHO yTBEpX/IaTh, YTO HIMEHHO IH(POBHU-
3anus TII, mo3Bossromas y4YuThIBaTh OPU YIIPaB-
JIEHUM TUTaHTCKOE YUCIIO CHUCTEMHBIX U BHECH-
CTEMHBIX (haKTOPOB BIMSHUS, 00yCIaBINBAET BbI-
COKYIO (BBIUYHCIIUTENIFHO HEPeaIn3yeMyro KJIaCCH-
YECKMMU METOAAMH) Pa3MEPHOCTb COCTOSIHHS
00BEKTOB YIPABJIECHUS B COBPEMEHHBIX OpraHHU3a-
IHOHHO-TEXHUYECKNX cucTtemax [12; 13].

Taxum 00pa3om, BOSHUKAET IMParMaTudeckoe
MIPOTUBOpEYNE, C OAHON CTOPOHBI, MEXITYy HEOOXO-
JAUMOCTBIO MOBBIIICHUA AOCTOBCPHOCTHU, TOYHO-
CTH M OINEPAaTHBHOCTH IJIAHUPOBAHUS U peaju-
3alUu ynpasiieHus coBpeMeHHbIMU T1I B opra-
HU3aLMOHHO-TEXHUUYECKUX CHCTEMax, C Apyrou
CTOPOHBI — YBEJIIMYEHUEM Pa3MEPHOCTH M HEOTIPE-
JIETIEHHOCTH MX IIPOCTPAHCTBA COCTOSTHUI, 00ycIIaB-
JMBAIOLIUX POCT PUCKOB OIIMOOYHBIX YIIPABIISIO-
X BO3ICHUCTBUN B KOMOWHATOPHOM IPOCTpaH-
CTBE BO3MO)KHBIX PEIICHUMN.

CoBpeMeHHBIE HAIPaBIICHUS PELICHUN 3a-
Jla4 TPEOJI0ICHUS MPOOJIEM IKCTIOHEHIIHATBHOTO
B3pbIBa IPU IMOMNbITKAX y4€Ta 'MraHTCKOIO 4rcjia
(hakTOpOB /IS TOBBITIICHUS YPPEKTUBHOCTH U MH-
HUMH3AIHUN OIIUOOYHBIX PEIICHHH KOHLIEHTPUPY-
I0TCS B HAIIPABJICHUH IPUOPUTETHBIX U1 TAaHHOTO

NPUMEHEHHUSI pa3/ieloB HCKYyCCTBEHHOTO HHTEI-
JIEKTa ¥ MAKCHMaJbHOIO KOHHEKIIMOHHM3Ma OJIHO-
POIHBIX BBIYUCIUTENBHBIX CpEl, METOJIOJOTHEH
KOTOPBIX SIBISICTCSl MalnHHOE oOyuenue [10-11;
14-19].

B cnyyae ¢ OIHOPOOHBIMU BBIUMCIHUTEb-
HBIMU Cpe/laMU peub UJET 00 anmnapaTHbIX peaju-
3aMsAX MOJIHOCBS3HBIX MOJEJIE HEMPOHHBIX Ce-
Teit ¢ Xondunaa (IMHAMUYECKUX HEHPOHHBIX Ce-
Teil ¢ 0OpaTHBIMU CBA3SMH), HA OCHOBE MoOjeiel
(bu3nKH TBEpIOTO Teaa — Mozenei M3unra u ['eii-
3eHOepra, a Takyke MHOTOCTIOWHBIX apXUTEKTYp Ha
ocHoBe ceteil BProp.

OnHako UMEHHO 371ech (POPMHUPYETCs] HayuHOE
MIPOTUBOPEUNE, CBA3aHHOE C OTCYTCTBUEM Hay4YHO-
METOIMYECKOro o0ecIieueH sl perieHus 3aaa4d Gop-
MHUPOBAHUS IENEBbIX (YHKIUH KOMOMHATOPHOU
ONTHUMU3AIMN U, COOCTBEHHO, HHTEPIIPETAIIUU UC-
KOMBIX PEIICHUI B MPOCTPAHCTBE MAapaMeTPOB JH-
HaMHUYECKUX CUCTEM OIMCBIBAEMOIO Kilacca.

be3 paspemienuss HayyHOTO NMPOTHBOPEUUS
HEBO3MOXKHA aJlalTalus MOAeIed U METO/I0B pe-
IHIEHUs 33/1a4 KOMOMHATOPHOM ONTUMHU3AIMH OO0JTb-
II0OM pa3MEpHOCTH NMPUMEHUTEBHO K MHOTOMEp-
HBIM OPraHM3aLMOHHO-TEXHUYECKUM IpolieccaM
B YCJIOBHSIX CTPYKTYPHOH M TapaMeTpUUECKON He-
OTIPEAETIEHHOCTH UX COCTOSHHS U (DAaKTOPOB BHEIII-
HEeW cpeJibl.

2. PesynbTaTthl n 00CcyXaeHue

CnoxxHble OpraHU3alMOHHO-TEXHUYECKUE CH-
CTEeMbI BKJIIOYAIOT B ce0s1 OONBILIOE YUCIIO 3IEMEH-
TOB M MOJICHCTEM U XapaKTEPU3YIOTCSI MHOKECTBEH-
HOCTBIO CTPYKTYp, 33JAIOIIUX PA3JINYHbIC THUIIbI
OTHOIIICHUH MEXy TaHHBIMU 2JIEMEHTaMHU U TIOJI-
CUCTEMAMHU.

[Ipu 3TOM camu po1IeCChI CO3AAHMUS, IKCILTY-
aTalMy ¥ Pa3BUTHSI CUCTEM JIaHHOTO KJ1acca TaKkkKe
HPEACTABIAIOT CO00M CIOXKHBIE MTPOLIECCHI, PEeaTH-
3alMsl KOTOPBIX HAa MPAKTUKE C HCIOJIb30BaHUEM
TPaJULIMOHHOTO B TAaKUX CUTYyalMsIX METOJa Mpoo
Y OIMOOK y’Ke CTAHOBUTCS HEBO3MOYKHOM 110 MHO-
KECTBY NPHYUH ((PUHAHCOBBIX, HKOJIOTUYECKHX,
TYMaHUTapHBIX U T. 11.) [20; 21].

OpnHuUM U3 HanpaBJICHUN peleHui mpooIeMbl
aBTOMATHYECKOTO MTOMCKA ONITUMATBHBIX YIIPABIIS-
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FOIIUX BO3JEUCTBUM MPU YIIPABICHUHN TAKUMU CH-
CTEeMaMH SIBJISIETCS IEPEBO/L JIOTUKH YIIPABJICHUS B
HeHpoceTeBoil Jornueckuii 0asuc.

NP-nonHOTa 3TON ONTUMHU3aLIMOHHON 3a1a91
MO3BOJISIET CETaTh BBIBOA O Hed(h(HEeKTMBHOCTH UC-
10JIB30BaHUA U1l €€ pELIEHUS TPAAULUOHHBIX BbI-
YUCIUTEIbHBIX METOOB M CPEICTB, 0COOEHHO B
YCJIOBHSIX BO3MOYKHBIX OTPaHUYEHUI Ha BpeMsl pe-
weHus 3agauu [22]. Ilocnennee xxe UMeeT MeECTO B
Cllyyae BO3HUKHOBEHHS HEOOXOAUMOCTH OIePaTHB-
HOrO (hOPMHUPOBAHUS HOBOTO TUIaHA (PYHKIIHOHH-
POBaHUs OPraHU3aLMOHHO-TEXHUYECKON CUCTEMBI.

Jns pemieHrss ONTUMU3ALMOHHBIX 3a7a4 1e-
Jeco00pa3HO UCIOIB30BATh OJHOCIONHBIE CETHU C
OOpaTHBIMM CBA3SIMU U OOydeHHEM 0e3 yuuTels.
B wactHOCTH, [UT pemenus 3a1ad IMHERHOTO MPo-
rpaMMHUpPOBaHUSI HANOOJee TPUTOIHBIMHE SBIISIOTCS
JMHAMHYECKO-CTaTUYEeCKUE CETH, YTO OOBSICHAETCS
HaNIHOCTBIO MHTEPIIPETAlUN HEHPOCETEBBIX pe-
LIEHUH U IPOCTOTON peau3alii OrpaHUYEHUN B
BUJIC HEPABEHCTB [23]. ApXHUTEKTypa Takoi HEUpo-
CETH IPe/ICTaBIIEHa HA PHUC.

CymiecTBO HEHPOCETEBOTO PEIICHUS OINTH-
MHU3AIMOHHBIX 33/1a4 OCHOBAHO Ha CBOMCTBE CETH
MHHUMHU3UPOBATh CBOKO 3Hepruro. HeipoceTs co-
JIEPKUT clIoi D TUHAMUYECKUX HEUPOHOB U CIOM
S crarnueckux HEWpOHOB. JlMHAMHUKA CETH OIHU-
ChIBAETCS CUCTEMOU nudQepeHInaIbHBIX U ajl-
re0OpanyecKux YpaBHCHH CICTYIOIIETO BUIA:

du, U, & N
— = A YTV I+ Y HVE s (D)
dt Tiooje 1=l
Ui =2 HgVy + 1+ 2 W V) @)

Jj=1 I=1

V=g (U). Vi) =g (Vi) =7,

S _S(rrS

e =g*(Uf). (3)
rae V; — BBIXOI j-TO JUHAMHYECKOro HEHpOHa,
j=1K; V,S — BBIXOI |-Tr0 craTtuyeckoro

HelpoHna, [ =1,M ;

i 7P Iy L I Iy
Vo, Vo, D V v v
Hyyy  |Hyy Hy Wim W Wang
D D D :
Hj, H>, Hj, i W Win
S S
Urs Tk Txx Hix Hyy Hiyx
: S 3
: TTII I -TKI LA H>, THfﬂ
U U Ur | s s s
1 2 K U U, Un |
DO 0 OO O
— — ¢
s s s
I/l VZ VK I/l Vz VM

MprmMep apxXnTeKTypbl ANHAMNYECKO-CTAaTUYECKOM HEMPOCETU
M € T 04 HUK: BbINOSHEHO B.B. MbAHKOBLIM.

An example of the architecture of a dynamic-static neural network
Source: byV.V. Pyankov
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@OyHKIMA SHEPrUM JUIsl paccMaTpuBaeMOU
CUCTEMBI OIIPEEIIIETCS BhIpaKEHUEM

+Z—jg_1(v)dv—§G(U,S), 4)

rae G(UIS) = Jgs(v)dv.
0

CuHTE3MpyeM HEHpPOHHYIO CeTh Ul pelle-
HUS IOCTABJICHHON 3a/lauu IUIaHupoBaHus. J{is
yao0CTBa MpencTaBICHUS 33/1a4l B HelpoceTe-
BoM Oaszuce V HeoOxomumo mpeobpa3oBarh Tpe-

YIOJIBHYIO MaTpuLy X B Bektop X . Jlus aToro
KaXJIOMY 3JIEMEHTY TPEyTrOJIbHOW MaTpPHUIIBI X
II0OCTAaBUM B COOTBCTCTBHEC DJICMCHT BeKTOpa X* .
e i:(O,Sn(ZN—n—1)+p),

~ _ *
Xpp =%X;

n=0,N-1, p=n+1,N. Takum oOpazom, iem
K=0,5N(N+1).

[IpeoOpazyeM BETUYMHBI M OTPAaHUYCHUS:
n=i—(j—-1)(N-0,5),

j€L,N , yIOBIETBOPSIOIIME YCIOBUIO

* *
¢ =C,, Vi =V,, rac

j:}lgsv{j* :is]'*(N—o,s(j*—l))},

[IpeoOpasyem mapameTpsl OTpaHHUEHUI

d, (5)

M=r . d =

i np > “i

rie  i=(0.5n(2N-n-1)+p), n=0N-1,

p=n+1,N.
B wurtore dopmanuzoBaHHas MMOCTaHOBKA 3a-
Jladqd MIPUMET CJICY IO BU;

*O *O *0 *O *o .
X" = (x5 ) x e{0.1), ieLK

4TO OoNpeaACIuT TaKoM BCKTOpP

X =argr£121az<{<D(X*)}, (6)

L

K
rae (D(X *):Zx, ¢;,@ DIEMEHThl BEKTOPOB U3
i=

MHOXCCTBa QX* YAOBJICTBOPAIOT CJICAYIOIIHUM

OIrpaHUYCHUAM:
x'<d’, i=1,K; (7)
K kL ok
le- A <W,. 5 8)
i=1
K * ok
2%V < Vigy > )]
i=1
2¢g-1 . (g+1)N-0,5¢g(g+1) .
2 X g(i-g)(N-0,5(i-g+1)) 2 Xi s
i=q i=gN+1-0,5¢g(g-1)
g=LN_1; (10)
(n+1)(N-0,5n)

x<l, n=0,N-1; (11)
i=nN+1-0,5n(n-1)
2p-1 N -
Z xp+(i7p)(N70,5i7p+l) <1 » P= l’N : (12)
i=p

Kommakrhast 3amuck HepaBeHCTB (8)—(12)
UMeeT BUJI

K
Max; <b, 1=1,M, (13)
i=1

rne M =0,5N(N+1)+3N +1.
JleBast yacTb HepaBeHcTBa (13) ecth 1-if are-
MEHT BEKTOPA, SBIISIOLIETOCS Pe3yIbTaTOM IPOH3-

*T
BEJICHUsI MaTpullbl A U Bektopa X ~, a mpasas
4acTh — DIIEMEHT BEKTOpa B:

a
AR 1)
(2)
Al
ay  ap aix AE%
a a a ’
Azl % 2 K || :
. A(A]‘\/)—IK
Ay Ao Ay { !
%)
ANk
(6)
AN
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B=| o | (14)

rae Onok-marpuna AEQ k) — CAMHHYHAS Mar-
puna; A<1 X (Xl,kz, ,X ) — BEKTOP-CTPOKa;
A<1 X) (v],vz, ,*() — BEKTOp-CTpOKa, a 3Je-

MEHTBI OJIOK-MaTpHIL AE‘}V)?LKW Ag\;’m, AE?\}JQ

OTIPE/ICIISAIOTCS CIIETYFOLIM 00pa3oM:

-1, mpu i=l+(k—l)(N—1)—
0,5 (k—1)(k-1-1),
(4)_ k:Z,ZI—l
1, mpu lN+l—0,51(l—l)Si£
<(I+1)N-0,51(1+1)

0, B ocrambHBIX CIydasx

1, mpu (l—l)N+1—
-0,5(1-1)(/-2)<i<

K <I(N=1)+1-0,5(1+1)
0, B OCTaIBHBIX CiIy4asx
I=1N,
1, npu i=l+(k—l)(N—l)—
o ~0,5(k=1)(k~1-1),

kel 2]-1

0, BoOCTaNBHBIX CITydYasx
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Mertonuka CHHTE3a HEMPOHHOW CETH BKIIO-
qaeT B ceOs Tpu dTama: HeWpPOCeTeBYI0 HHTEPIIpe-
TalMIO0 UCXOIHOM MOCTAaHOBKH 3a7a4M; KOHCTPYH-
pOBaHKE HEPTETUUECKOMN (DYHKINH; OTpeIeTICHIE
apaMeTpOB CETH:

1. Hetipocemesas unmepnpemayusi 3a0ayu.

o o *
Kax10if TIepeMeHHON X, MOCTAaBHM B COOTBET-
CTBHE BBIXOJHOH CHMTHAN i-TO JIMHAMHYECKOTO
- £
neiipona V: x; €{0,1} <V, €{0,1} . Hurepnpe-

1

THPYeM ISl HelipoceTn (QyHKIMoHan (6) u orpa-
Huuenus (13):

Ve :argmax{(l)(V)}, (15)

Qp

K
e ®(V)=>. ¢V,,acocTosHus BbIX0/10B V -
i=1

HaMH4YCCKHUX HeﬁpOHOB U3 MHOXCCTBa QV yao-
BJICTBOPAIOT OrpaHUYCHUAM

K -

i=1

2. Koncmpyuposarue snepeemuyeckoul QyHK-
yuu. KoHCTpyHrpyeMas SHepreTHueckas QyHKIUs
B 00IIIeM BHJIC UMEET BUJl CYMMBI

EC(V)=Ey(V)+Es (V)+Es (V), (17

T7Ie TIepBbIii KOMIIOHEHT 00eCcIeunBaeT MPH CBOEH
MUHUMH3AIIUN BHITOHEHNE orpaHmueHuit (13),
MHUHUMYM BTOPOTO JTOCTHTACTCSI TPH PABEHCTBE
BBIXOJIHBIX CHUTHAJOB JIMHAMHYECKUX HEWPOHOB
HYJTIO WJTH €IUHUIIE.

B pasBepHyTOM BHIE KOHCTpYHpyeMas JHEP-
reruyeckas (yHKIMS MOXKET OBITh MpeAcTaBicHa
craenyromuM oopazom:

EC(V)zc—z\“lM{ (i V- b,HZJr

.’>:

C
G-

)+c¢z( V), (18)

rae ®() — mtpadHas QyHKIH, onpenenseMas
z, z>0;
0,z<0.

JIOXKUTENbHBIE KOd()(DHUITHEHTHI.

BBIpakKeHHEM O(z) ={ C,,Cg, Cy — mo-
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3. Onpeoenenue napamempos cemu. J1nst ooe-
CTEYCHUS] YCTOWYMBOCTH ITUHAMHYECKO-CTaTHYe-
CKOM HEHPOCETH HEOOXOAMMO, UTOOBI MaTpHIla Be-
COB (CHMHaNTHYECKHX KOI(PQPHUIIMEHTOB) BBIXOIOB
CTaTUYECKUX HEHPOHOB HA BXOJE ITUHAMHUYECKHX
HEHPOHOB IMpeACcTaBIsIa cO00I TpaHCTIOHUPOBaH-
HYI0 MaTpUIly BeCOB (CHHANTUYECKUX KOAPPHUITH-
€HTOB) BBIXOJIOB JUHAMHYECKHX HEHWPOHOB Ha
BXO/Ie CTaTudyeckux HeilpoHoB. IlpupaBHsiem mo-
JYYEHHOE BBbIpaXEHHE I CKOHCTPYHMPOBAHHOM
¢ynkuun (18) BelpaxkeHuto (4) u, mpUHUMAs J10-
MyIIEHHEe O TOM, YTO (PyHKIMS aKTHBAIlUH CTATH-

N S
YECKUX HEUPOHOB g () u ¢GyHkus mrpada
©(-) 3a HapyIIeHHe OrpaHHYCHHIl COBIANAIOT C

TOYHOCTBIO /10 KOHCTAHTBI, ONPEACIHM HCKOMBIC
nmapamMeTpnl I[HHaMH‘lCCKO—CTaTH‘lCCKOfI CEeTHN AJIA
peLIeHus paccMaTpUBaeMON 3a1a49m:

C
D * B
T,:, =8ij CB’ 1; =—C¢cl- +—,

2
Hj ==, a;; (19)
W, =0,1I = —y b H) = ~C,ay,
i,jeLK,klelLM, (20)

rae 6, — cumBon Kporekepa.

AJITOpUTM HEWPOCETEBOIr0 pEIIeHUs] ONTH-
MU3ALMOHHON 3a/laud aJanTHBHOIO YNPaBICHUS
JUHAMHYECKUMH TPOLECCaMU OpraHU3alMOHHO-
TEXHUYECKOW CUCTEMBI BKIIIOYAET B ce0sl CIIEayI0-
M€ JTaIbI.

1. [TonroroBka MCXOIHBIX JAHHBIX 3a/laud U
npeoOpa3oBaHUe UX K BHUIY, YIOOHOMY IS TIpe-
CTaBJICHUS B HeWpoceTeBoM Oa3uce.

2. CuHTEe3 HEMPOHHOW CETH COTTIACHO MpUBE-
JIEHHOMU BBIIIIE METOJHKE.

3. Opranmuszamnus oOpaimieHuil K HeHpoceTu ¢
Pa3IMYHBIMHM HA4aJIbHBIMHM COCTOSIHUSIMH IMHAMU-
YECKUX HEHpPOHOB B TEUEHHE OTBEICHHOIO Bpe-
MEHH U PETUCTPALNSA [TOTYyYAEMBIX PELICHUN.

4. Be1Oop HamITydIIero HEHPOCETEBOTO peliie-
HUS U3 BCEX MOJTYUYCHHBIX PU OOPALEHUH K CETH
Y MHTEPIIpEeTals BBIOPAHHOTO PELICHHS B paMKax
WCXOIHOM 3aJauH.

[Toxg HammydIInM HEHPOCETEBBIM PEIMICHUEM
MOHMMAIOT TaKOW BEKTOp V', IPH KOTOPOM JTOCTH-
raercsi HauOboJbllee 3HaUeHHUE LIE€JIEBOT0 (PyHKIH-
oHana @ (V') mpH yCIIOBUH, YTO BHIOIHEHBI OTPa-

Huuenus (16).

3aknyeHve

Pazpaboran ajnropuT™ aganTUBHOIO YIpPaB-
JICHUsI TUHAMUYECKHMU MTPOIIECCAMU OpTraHn3aIi-
OHHO-TEXHUYECKOW CUCTEMBI B HEPOCETEBOM BBI-
yucnuTensHoM 0Oasuce. HeobxomumocTh paszpa-
OOTKH aJIrTOpUT™Ma 00YCIIOBJICHA TEM, YTO CIIOXKHBIE
OpPraHU3aIOHHO-TEXHUYECKHE CHCTEMBI BKIIIO-
YaroT B ce0s1 OOJIBIIIOE YHCIIO AIIEMEHTOB U TIOJICH-
CTEM M XapaKTEpU3YIOTCS MHOXECTBEHHOCTHIO
CTPYKTYp, 33Jal0NINX Pa3JIMYHbIC TUIBI OTHOIIE-
HUH MCXKAY AaHHBIMU 3JICMEHTAMH U IMOACUCTC-
MaMU U 00eCIeunBaloLX MaTepruaIbHOe, SHepre-
TUYeCKoe, WH(POPMALMOHHOE B3aMMOJICICTBUE B
HuX. [Ipu 3TOM camu nporiecchl CO31aHMsL, IKCILTY -
aTalluy ¥ Pa3BUTHUS CUCTEM JIAHHOTO KJIacca TaKkKe
MPEACTaBIISIOT CO00i CIIOKHBIE MPOLIECCHI, PeaIH-
3alUsl KOTOPBIX Ha MPAKTHKE C HCIOIb30BaHHEM
TPAAUIHUOHHO HCIIOJIb3YEMOI'O B TAKUX CUTYAllUAX
MeToa NMpo0 U OHIMOOK YK€ CTAaHOBHUTCS HEBO3-
MOXHOU. NP-1osiHOTa 3TOM ONTHMMH3allMOHHOMN
3aJ]a4M MO3BOJISIET CJeaTh BBIBOA O HEI((PEKTHUB-
HOCTH UCTIOJIb30BaHUS [T €€ PEIICHHs TPaIUIIH-
OHHBIX BBIYUCIUTEIBHBIX METOJOB U CPEICTB,
0COOEHHO B YCJIOBUSIX BO3MOXKHBIX OI'paHHMUYCHHUN
Ha BpeMs pelieHus 3aaaqu. J{s pemeHus: onTu-
MU3AIMOHHBIX 3a/1a4 B pab0Te UCTIOIB30BaHbI OI-
HOCJIOMHBIE CETH C OOPAaTHBIMU CBS3SIMHU M 00yde-
HueM Oe3 yuutensi. B wactHocTH, 1151 peneHus 3a-
Ja4 JIMHEHHOTO POrpaMMHUPOBaHUs Hauboee 1e-
71eco00pa3HBIMH ApXUTEKTyPaMH OTIpeIeNICHBI M-
HaAMHYCCKO-CTaTHYCCKHUE CCTHU, YTO 00BICHSIETCA
HAISITHOCTBIO MHTEPIIPETAlMU  HEHPOCETEeBBIX
pEIIEHNI U TPOCTOTOM peann3alyi OrpaHUuYEHNUN
B BUJIE HEepaBeHCTB. MeToquka cUHTe3a HEMpPOH-
HOM CeTH BKIJIIOYAeT B ce0s Tpu 3Tama: HeillpoceTe-
BYIO MHTEPIIPETALNIO MCXOJHON MMOCTAaHOBKH 3a-
Jlauyu; KOHCTPYMPOBAHHE HEPTreTHYEcKol (yHK-
L[UU; OIpeJIeICHEe TapaMeTPOB CETH.
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CpaBHMTeﬂbeIVI aHann3 o0bEKTHbIX CUCTEM XpaHeHuns AaHHbIX
C OTKPbITbIM UCXOO4HbBIM KOAOM

C.A. Tact™™, M.C. MoceBa

MoCKOBCKHH TeXHHIECKHH YHUBEPCUTET CBA3U U HHpopMaTHkH, Mocksa, Poccutickas ®edepayus
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3asiBjieHUE O KOH(I)J'IHKTC HHTEpeCcoB

ABTODBI 325BIISIIOT 00 OTCYTCTBUH
KOH()JIMKTa UHTEPECOB.

3asiBjieHHe 00 UCI0JIb30BAHUM TEXHOJIOI M
HMCKYCCTBEHHOI'0 MHTEJLJIEKTA

[Ipu cozmanuu HacTOsIIEH CTaTbU TEXHOJIO-
MU T€HEPATHBHOTO HCKYCCTBEHHOTO HHTE-
JIEKTa HEe UCIIOJIb30BAJIHCh.

3asiBjieHUE O AOCTYITHOCTH JaHHBIX

Bcee JaHHBIC, IMTOJYYCHHBIC B XOA€ 3TOr'0 HC-
CJI€A0BaHUs, BKIIFOYCHBI B OHy6J’II/IKOBaHHyIO
CTaThblo.

AnHoTanus. O0bEKTOM UCCIEIOBAHUS B PaboTe BBICTYNAIOT OTKPBITHIE 00b-
€KTHBIE CUCTeMBI XpaHeHus faHHbIX — Ceph, OpenStack Swift u MinlO — pac-
CMaTpHBacMble B KOHTEKCTE UX MIPUMEHHMOCTH JuIsl 6e30macHoro u 3dexrus-
HOTO XpaHEHUs MYJbTUMEMA JAaHHBIX B KOPIIOPATUBHBIX KOMMYHHUKAIIHOHHBIX
cucreMax. MeTox HccieJOBaH!sI OCHOBAH Ha CPAaBHUTEILHOM aHAJIH3€e KIIIoUe-
BBIX XapaKTEPUCTHK: apXUTEKTYPHBIX OCOOCHHOCTEH, MPOWU3BOAUTEIHHOCTH
IIpU paboTe ¢ pa3TMYHBIMU THIAMH (aiiJIOB (BKIIIOYAsI MEJIKUE M KPYITHBIE MYJIb-
TUMeHa 00BEKTHI), YPOBHS OTKa30yCTOHYUBOCTH, IPOCTOTHI Pa3BEPTHIBAHUS
U COBMECTHUMOCTH C PaclpoCTPaHEHHBIMU IIPOTOKOJIAMH, TaKUMU Kak S3 API.
Pesyneratel ananusa mokasanu, uyro Ceph obecrmeumBaeT BBICOKYIO OTKa30-
YCTOHYMBOCTD M YHUBEPCAIBEHOCTD 32 CUET TOIIEPKKH OJIOIHBIX, 0OBEKTHBIX U
(aiioBBIX HUHTEP(EHCOB, YTO AETAET ero ONTUMAIbHBIM JUTS MAaCIITaOHbIX HH-
(dpacTpykTyp u KoHTelHepHbIX cpea. OpenStack Swift onuaercst npocroroit
uHTerpanuu B skocucteMy OpenStack, onHaKo AEMOHCTPUPYET CHHXKEHHYIO
MPOM3BOAUTEILHOCTh IPU 00paboTKe MHOXECTBA MeNkuX (ainoB. MinlO BbI-
JeTSIeTCsl KaK JISTKOBECHOE U BBICOKOIIPOU3BOANTEIBHOE PEIIeHHE ¢ HATUBHON
noanepxkoit S3 API, uto onpexenser ero kak HaudoJee MOAXOASIICe IS Pac-
cMmarpuBaemoil 3a1a4n. [loquepkuBaeTcst Takxke HeOOXOAUMOCTD TIPEIBAPHTEIb-
HOT'O aHaJIM3a JJOMUHUPYIOIUX THIIOB MYJIETUMEINITHOTO KOHTEHTA IIPH IMPOEK-
TUPOBAHUU XPaHWININA JUIS TOCTHXKEHHS MAKCUMaJIbHOH 3 deKkTHBHOCTH.

KioueBble c10Ba: XpaHeHHE JaHHBIX, (aiiioBast cucTeMa, 00bEKTHAsT CTPYK-
Typa, mpotokoin s3, Ceph, MinlO, Openstack Swift
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Abstract. This article examines open-source object storage systems, namely Ceph,
OpenStack Swift, and MinlO, with respect to their applicability to secure and efficient
storage of multimedia data in enterprise communication systems. The study is based
on a comparative analysis of key characteristics: architectural features, performance
when working with various file types, including small and large multimedia objects,
fault tolerance, ease of deployment, and compatibility with common protocols such as
the S3 APL The results of the analysis that Ceph provides high fault tolerance and
versatility through support for block, object, and file interfaces, making it well suited
for large-scale infrastructures and container environments. OpenStack Swift is characterized
by ease of integration into the OpenStack ecosystem, however; it demonstrates reduced
performance when processing large numbers of small files. MinlO is a lightweight and
high-performance solution with native S3 API support, which makes it the most
suitable for this task. The study also emphasizes the need for a preliminary analysis of
dominant multimedia content types when designing a storage system to achieve
maximum efficiency.

Keywords: data storage, file system, object storage structure, S3 protocol, Ceph,
MinlO, Openstack Swift
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BBeneHue

SABJIAJICA 3TOT IIOJIB30BATClIb, HCO6XOI[I/IMO coxpa-
HATH B TeueHue 1 KaJICHAApHOI'O MECA1a.

B pamkax npenocTaBiieHusi yCIyr Kopropa-
THUBHOTO MECCEH/XKepa Hen30eKHO BOSHUKAET T10-
TpeOHOCTh XpaHEHHUs1 OONBIIUX 00BEMOB MOJIB30-
BaTeNbCKUX (haitioB. B Hacrosimee Bpemst B pac-
CMaTpUBAaEMOM aBTOPaMU MECCEHKepe 00beM I10-
TpeOHOCTU HACUMTHIBAET B cpeiHeM 24 Tepabaiita
XpaHUMBIX (DaiiiIOB B TOJ], OJTHAKO 3TOT MTOKA3ATEIb
UMeeT TeHACHIUIO K yBennmueHuto. [lepuox xpane-
HUSI COCTaBIISIET MUHUMYM | T07 (C BO3MOXKHOCTBIO
npoieHus: cpoka). Ilpu ymanenun ydeTHo#l 3a-
MMCH TOJIB30BaTesl (aiiibl, BIaJeableM KOTOPBIX

Lenp uccnenoBaHuss — BBIOOP ONTUMAJIb-
HOTO pEIeHHs JJIsl IPESOCTABICHHUS MOJIb30BATE-
JISIM BO3MOYKHOCTH Y/IaJICHHOTO XpaHEHHsI He Orpa-
HUYEHHBIX 0 pa3Mepy AAHHBIX MPOHU3BOJIBHOTO
dbopmara. Hanbonpmmit mHTEpEC IS peann3anin
3ampoca MPeCTaBISIOT OTKPBITHIC PEIICHUSI.

Cornacro HammonaneHoMy ctanmapty Poc-
cuiickoii ®eneparmu TOCT P 7.0.95-2015", »nex-
TPOHHBII 00BEKT — 3T0 (aitn (WM COBOKYII-
HOCTH (aitiioB), GOPMUPYEMBIl B KOMITBIOTEPHON
nporpaMMe MOoJb30BaTeNsl WM B aBTOMaTU3UPO-

'TOCT P 7.0.95-2015. DnekTpoHHbIE JOKyMeHTHL. OCHOBHBIE BHIbI, BHIXOJHBIE CBEEHHS, TEXHOJIOTUIECKHE XapaKTe-

puctuku. Mocksa : Cranaaptundopm, 2015. 23 c.
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BaHHOW CHUCTEME M COMIEpIKAIINiA B 3aUKCHUPOBaH-
HOM BHJIC JaHHbBIC, MpeIHA3HAYCHHBIE JJII BOC-
MPUATUS C MTOMOIIBIO CPEACTB BBIUUCIUTEIHHON
TeXHUKH [1].

®daii;r — 3To UMEHOBaHHAas 4acTh JHCKa [2].

Huxe mepeuncinM OCHOBHBIE CYIIECTBYIO-
[Me TUIBI CUCTEM XPAHEHHS TaHHBIX [3].

1. @atinosoe xpanunuuge — TPaTUIUOHHAS
MOJIeNIb XpaHEHUsI JaHHBIX, IJe nH(pOopMaLus opra-
HM30BaHa B MEPAPXHUECKYIO0 CTPYKTypy [4]. D10
HanOosiee PachpOCTPAHECHHBIM M TPOCTOM THI
CTPYKTYPHUPOBAHHOTO XpaHEHUS TaHHBIX, KOTO-
PBIii Halle BCEro MOXKHO HaTH Ha IIEPCOHAJIBHBIX
KOMITBIOTEPAX, CEpBEpax M MOOHMIIBHBIX YCTPOM-
cTBax. B jaHHOW Mozenu kaxapld Qain umeer
YHHUKQJIbHOE UM, COTIPOBOXKIAETCS METaTaHHBIMH
(mabopmarmeii o daiine) u 3aHIMAaeT CTPOTO OTIpe-
JISJICHHOE MECTO B Hepapxuu [5].

[Tpenmymiectsa (haityioBoit CUCTEMBI B Hepap-
XM4YECKOM (opmare 3aKII04aloTcs B €€ MPOCTOTE
U MHTYUTHUBHOW MOHSATHOCTH Ji OOJBIIMHCTBA
KOHEYHBIX IT0JIb30BaTelIeH, 4TO He TpeOyeT OT HUX
0COOBIX HABBIKOB I PA0OTHI M HACTPOMKH, a TaK-
e BO3MOXKHOCTH KpOCCIUIaT)OPMEHHOH COBMeE-
CTUMOCTH TIO TIPUYUHE BBICOKOH MOMYJISIPHOCTH.
Kpome Toro, Takoit Thn XxpaHeHUs] JaHHBIX SIBIISI-
€TCsl OTHOCUTEIBHO SKOHOMUYECKU 3(H(HEKTUBHBIM
U 6e30macHbIM [6].

K HemocrarkaM (haitioBoro XpaHumIa MOKHO
OTHECTH:

— OTpaHUYCHHSI Ha pa3Mephl PaiiyIoB B XpaHU-
h107010 (N

— OrpaHUYECHHSI HAa KOJIMYECTBO (aiiios,

— CJIO)KHOCTH C MAaCIITaOUPOBAHUEM CHCTEMBI.

JlanHast popma XpaHEHHUS MPEINOYTHTEIbHA
JUIS. OTHOCUTETILHO HEOONBIINX 00BEMOB JTaHHBIX
U JIOKQJILHOTO HCTIOJIb30BaHUsI OOBIYHBIMHU T10JIb-
3oBatensiMu. Opranu3aiys 00IIero A0CTyma K co-
JepKUMoMy (haitIOBOTO XpaHWIUIIA MOXKET OBbITh
peanau3oBaHa C MCIOJIb30BAaHUEM CIIELUATU3HPO-
BaHHBIX pacmupeHuid, Takux kak Network File
System (NFS) [7].

2. Brounoe xpanunuwe — cucrema xpase-
HUS WHPOpMAIMH, KOTOpas HalOMHHAET Hepap-

XUUYECKYI0 MOJIEINTb, HO TIpH ATOM (haitiibl pa3onBa-
IOTCSl HA OMHAKOBBIE MO0 00bEMy, HeTepeceKaro-
muecs parmeHTs! Wiu 0510ku [8].B aT0it crcteme
OJI0KaMH SIBIISIOTCSI OT/IENIbHBIE KJIACTEPBI, CIIOCO0-
HBIC BMEIAaTh OOJbIINE 00BEMBI JTAHHBIX.

[TpenmytecTBa OJIOUHOM CHCTEMBI 3aKITFOYA-
IOTCSI B BO3MOKHOCTH pa3/IeJIeHUsI O0JIBIIOT0 00b-
eMa mHpopManuKy Ha OJOKM U OOECIICYCHHUH OT-
JIEJIBHOTO JTOCTYTIA K KaXI0My U3 HUX [9].

Kpome Toro, 6104HBIE XpaHUIIHINA UCIIONb-
3yI0T Ha0Op MHCTPYMEHTOB, KOTOPbIE 00CCIIeun-
BalOT BBICOKYIO MPOU3BOIUTEIHHOCTh CHUCTEMBI:
XOCT-a/IalTep MIMHBI pa3rpykaeT mporeccop, 0CBo-
O00kast ero pecypchl UIsl BBIMOJTHEHHS JAPYTUX
3amaqd [10]. OTcyTcTBHE CIOXHBIX aOCTpaKIuid
TaKXe CIOCOOCTBYET YBEIMUYEHHUIO MPOU3BOAM-
TEITBFHOCTH W yIPOIIAeT MPOIecC MacITabupoBa-
Hus. [loaTomy 61104HBIE CHCTEMBI XpaHEHUS YacTO
MPUMEHSIOTCS B KOHTEKCTE THIIEPBU30POB U BUP-
Tyallu3aluy, a TaKxke yI00HbI A1l paboThI ¢ peis-
IMOHHBIMY 0a3amu JaHHbBIX [11].

K HemocTarkaM 0JIOUHOM CHCTEMBI OTHOCSTCS
CIIO)KHOCTB YIIPaBIICHUSI H HEOOXOIUMOCTh y3KOU
CTICIAIIN3AIIAHN T HACTPONKH, a TAKKE OTPaHH-
YEHHOCTh 00ObeMa XpaHeHUs. DTU (aKTOPhl TAaKXKe
BJIMSIFOT HA CTOMMOCTB TaKOH CTPYKTYPBI, Jieas e¢
WCIIOJIBb30BaHUE JIOCTAaTO4YHO AoporuMm. OrpaHu-
YEeHHOCTh METAJIaHHbIX> IPUBOIUT K HEOOXOAUMO-
CTH 00pabOTKM BCIIOMOTATeIbHON HH(pOpMALUU
Ha YPOBHE MIPHIIOKCHHIA 1 0a3 TaHHBIX.

3. Obvexmuas cucmema XpaneHust OaHHbIX —
3TO THIT XPAaHWIUIIA, B KOTOPOM JTaHHBIC pa3iIny-
HOTrO (popmara U oObeMa XpaHATCS B BUAE 00bEK-
TOB C METaJIaHHBIMH, KaK MPaBUJIO, HA OOJIAYHOM
cepsuce [12]. OnTuMuzaiust XpaHeHHs] MeTa laH-
HBIX JIOCTUTAETCS 32 CYET COOTBETCTBYIOIIECH HACT-
pOMKH.

K ocHoBHBIM mpenmymiecTBaM OOBEKTHOTO
xpaHwmina otHocstes [13]:

— JIeTKasi MaCIITaOUPyeMOCTh U MMPAKTHUECKHU
HEOTPaHUYEHHBIN 00bEM;

— OTCYTCTBUE TPOMO3/IKON CTPYKTYPBI;

— BBICOKAsi CKOPOCTh TIONCKA OOBEKTOB;

2 Amazon Web Services. What is block storage? URL: https://aws.amazon.com/ru/what-is/block-storage/ (accessed:

25.11.2025).
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— OTCYTCTBHE CTPOTHUX OTpaHUYEHH 110 (op-
Mmary u rpenoopaboTke (aiisos;

— BHYTPEHHHE MEXaHU3MBbI ITPOBEPKH LIENOCT-
HOCTH JJaHHBIX U JIpyrue (PyHKIIMOHAIbHBIE BO3-
MOXHOCTH.

Henocratkamu 0ObEKTHOTO XpaHWIUINA SIB-
JSIFOTCSI CIIOKHOCTH TPH paboTe u3-3a 4acTOro OT-
CyTcTBUS HHTEpdeiica Wi HeoOXOAMMOCTH yCTa-
HOBKH JIOTIOJIHUTEIILHOTO TIPOTrPaMMHOT0 obectie-
YEeHUs B MPABHJILHON KOH(PHUTYpaIKH, a TaKxke 00-
Jee BBICOKAsl 3aJepXKKa JJOCTYIa K JaHHBIM H3-32
3HAUYUTENFHOrO 00beMa METaJaHHbIX 10 CpaBHE-
HUIO ¢ OJIOYHOM CTpyKTypoii [ 14].

Takum 00pa3om, 0ObEKTHasI CTPYKTypa Xpa-
HEHUS JTyYIlle BCErO MOAXOAMT TS OONMBIIIX 00h-
€MOB HECTPYKTYPHUPOBAHHBIX TAHHBIX, B TO BPEMs
KaK XpaHCHUE PEISIMOHHBIX 0a3 JaHHBIX B TAKOM
(dopmare mpeacTaBisieTcs: KpaliHe CIOKHBIM U He-
1enecooOpa3HbIM.

1. MeTopb!

s peanuzanun 00bEKTHOTO JOCTYIA OBLIO
pa3paboTaHO MHOXKECTBO MPOTOKOJIOB, CPEIH KO-
TOpBIX Hanbosee nonyasipHbIMH ABIsIOTCS SOAP,
S3 u OpenStack Swift [15]. Paccmorpum ux oco-
OeHHOCTH.

SOAP (Simple Object Access Protocol) —
3TO MPOTOKOJ 0OMEHa COOOIEHUSIMH, HCIIOJb3Yye-
MBIH JUIS TIepefadl CTPYKTYPHPOBaHHON WHQOP-
Maluu MeX1Iy BeO-ciayx06amu. JlaHHBINA TPOTOKOI
MIPEAOCTABIAET CTaHAaPTU3UPOBAHHBIN (popmar 1is
KOMMYHHKAIIMH, BKJIIO4Yasg HcHoib3oBaHue XML
JUTsl MHKancynsanun coobmennii. OH paspaboran
C LIeNbI0 00ecreYeHus: B3auMOJICHCTBUS MEKIY
MPWIOKEHUSMH PA3IUYHBIX IIATPOPM M S3bIKOB
IIpOrpaMMUpPOBaHus 4yepe3 MHTepHeT. [[ns mepe-
Jauu nokyMeHToB SOAP MoxeT UCIIoNIb30BaTh pas-
JTUYHBIC TPOTOKOIBI, Takue kak FTP, HTTP, SMTP
u POP3°,

S3 (Simple Storage Service) — mpoTOKOII,
MPEIOCTABIISIONINI MEXaHU3MBI YTIPaBICHUS J0C-
TYTIOM K JaHHBIM, IO3BOJISISl HA3HAUYUTh Pa3InyHbIe

paspemieHust Al OTAENbHBIX 00BeKTOB. Kpome
TOro, S3 NOJAEPKUBAET YIPABICHUE )KU3HEHHBIM
LUKJIOM JaHHBIX [16]. DTOT mpoTokon ObLT mpea-
crapneH kommanueit Amazon B 2006 . API (un-
Tepdeiic MPUKIATHOTO TPOTPAMMHUPOBAHUS) JI0-
CTYIEH JJIsl BCeX CTOPOHHMX pa3zpaborunkos [17].

Hekoropeie yHUKanbHBIE OCOOCHHOCTH TPO-
Tokona S3*:

— 3JIEMEHTHI yNPaBICHHUS Ha YPOBHE KOHTEH-
Hepa Ui YIPAaBJICHUS BEPCUSMHU W HCTCUCHUS
CpOKa JIeHCTBUS, KOTOPBIE TIPUMEHSIOTCSI KO BCEM
o0beKkTaM B KOHTEHHEpE;

— KONUPOBaHUE OOBEKTOB — IO3BOJIAET Jie-
JaTh KOIMK OOBEKTOB Ha CTOPOHE CepBepa.

— aHOHHUMHBIN JIOCTYIT — BO3MOXHOCTbH yCTa-
HOBUTb ITyOJIMYHBIN TOCTYI K 00BEKTY U 00CITyKH-
Batb ero mo HTTP/HTTPS 6e3 ayrenTrduxanum.

OpenStack Swift. OpenStack — 3To0 6ecruar-
Has Tiardopma oOMaYHBIX BBIYMCICHUH C OTKpPbI-
TBIM HCXOAHBIM KOJIOM, COBMECTHasl pa3paboTKa
NASA u obmagnoro npoaiinepa Rackspace [18].
Swift — KOMIIOHEHT OOBEKTHOTO XpaHWJIUIIA B
OpenStack, neiicTByromuii Mo OJHOMMEHHOMY IIPO-
TOKOMY".

[Iporokon Swift ynpasnsercs OpenStack
Foundation, HeKOMMepYeCKoi KOPITOPaTUBHOM opra-
HU3AIMeH, co3aannoi B ceHTss0pe 2012 1. m1st mipo-
JIBYKEHHS TIPorpaMMHOT0 obecniedenust OpenStack
u ero cooOmecrBa. K mpoexkTy mpucoequHUINCh
oonee 500 koMnaHui.

VuukansHas ocobennocts Swift API: co3na-
HHUE Hepa3MepHOTo o0bekTa. Swift — equHCTBeH-
HBI TIPOTOKOJI, B KOTOPOM MOXKHO HCIOJIBb30BaTh
komupoBanue «Chunked» (pparmenranus) s 3a-
Ipy3KH 00bEKTa, pa3Mep KOTOPOTO 3apaHee Heus3-
BecTeH. 33 TpeOyeT I 3TOr0 HECKOJIBKO 3aIpo-
coB [19].

Ayrentudukanus B Swift ocymectsisercs
4yepes3 OTJACTbHbII MEXaHU3M, CO3/IAI0IINI «TOKSH,
KOTOPBI MOXET TepeaaBaThes A ayTeHTU(HUKA-
rmu 3arpocoB. OpenStack Swift 8 ECS momnep-
JKMBAET JIBC BEPCUH ayTCHTU(UKAIINH.

3 DreamFactory. Understanding SOAP security. URL: https://blog.dreamfactory.com/understanding-soap-security

(accessed: 05.11.2025)

4 0ld Hen Hut. S3 vs Swift. URL: https://oldhenhut.wordpress.com/2016/05/31/s3-vs-swift/ (accessed: 05.11.2025).
5 OpenStack Foundation. The most widely deployed open source cloud software in the world. URL: https://www.open

stack.org/ (accessed: 01.12.2025).
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Ha cerogusmianii neHp MPOTOKOIBI S3 OT
Amazon n Swift ot OpenStack — aBe HaubGoIce
TIOTYJIIPHBIE BEPCUU MPOTOKOJIOB TSI OOIaYHBIX
00bekTHBIX Xpanwui [20]. OHu MpenCcTaBICHBI B
Pa3IMYHBIX MPOAYKTAX, MPEIOCTABIISIONINX HHTEP-
eiicel B3aUMoIEHiCTBIS ¢ 0ONAYHBIMU CEpBUCAMH®.

Jns peanuzanuu cpaBHUTENIBHOM XapaKTepu-
CTHKH B3aMMOJCHCTBHS CYIICCTBYIOIINX XPaHU-
JIVII C IMEIOIIUMUCS TAHHBIMHU MBI Oy/IeM H3y4arh
npotokonel S3 or Amazon u Swift or OpenStack
Uit OOBEKTHOTO THTIA XPAHEHUS TaHHBIX U TPe-
JjaraeMbie B paMKax 3THX IPOTOKOJIOB MPOMYKTHI
JU1s1 00JIaYHOTO XpaHEHUS JAHHBIX.

B kauecTBe IpOIyKTOB /JIsi CpaBHEHUS BbIOe-
PEM TpH MPEITIOKESHHS C OTKPBHITHIM HCXOTHBIM KO-
nom: Ceph [21], MinIO [22], Openstack Swift’.

Ceph — KoMmIUTIEKCHAsI CUCTEMA, TTOIICPKH-
BaeT OJ04HbIe, OObEKTHBIE U (PaliIOBBIE JaHHBIE.
OCHOBHOH OTJAMYMTENLHON YEPTOU SIBISIETCS BbI-
COKasi OTKa30yCTOMYMBOCTh, KOTOpPasi XOPOILIO 3ape-
KOMEH/I0Bajla ce0sl B MPUMCHEHHH JIJISI KPYITHBIX
uHppacTpykryp [23].

MinlO — nerkoe, BEICOKOTPOU3BOIUTEIHHOE
pelieHre, ONTUMHU3UPOBAHO TOA padoTy ¢ JaH-
HbiMU Yepe3 S3 APL. OTnuuHO OAXOIUT IS KOH-
TeWUHEPHBIX cpex [24].

B omnume ot npyrux open-source peuieHHit
MinlO u3Ha4ambHO pa3paboTaH Kak BBEICOKOCKO-
pOCTHas, JISTKOBECHAsI K MacIITabupyemasi CHCTeMa,
ONITHMHU3UPOBAHHAs UMEHHO JIJIsi paboThl ¢ 0O0JIb-
MU 00beMaMHU HECTPYKTYPHPOBAHHBIX JIAHHBIX,
YTO UJICATLHO COOTBETCTBYET MPHUPOJIC MEIUAKOH-
TEHTa, MEepeaaBaeMoro B MecceHKepax: n3o0pa-
KEHH, BUICO0-, ayTn0(]aioB U TOKyMEHTOB [25].

OpenStack Swift — gactb sxocucremsr Open-
Stack. [Ipocras B pa3BepThIBaHIH, HO MEHEE MPO-
M3BOIUTEITbHA HA METKHX (haitnax. Jlyume nomxoaur
JUTSL XOJIOTHOTO XPaHEeHHs! JJAHHBIX, TO €CTh IPH Pe/l-
KOM MCTIOJIb30BaHUH XpaHsIIIXcs (aitsios [26].

2. Pe3ynbTaTtbl M 006CyXaeHue

2.1. Pe3ysibTarel aHain3a

Pe3ynbrarhl cpaBHEHMs 1OCJE peaau3aluu
IpeCcTaBIeHbl B TAOIHUIIE.

Omnwmpasicb Ha pe3yJbTaThl MPEICTABICHHOM
TaOJIHIIBI CPABHEHUS, MOXKHO CJIENIaTh HEKOTOPHIC
KJIFOYEBBIE BBIBOJIBI O OITMCAHHBIX MPOAYKTaX Xpa-
HEHHS JaHHBIX.

JI71s 3asiBJIGHHOM 1€, TI0CTaBIICHHOM B TaH-
HOU pabote, HanOoJee NMPHEMIIEMbIM BapHAHTOM
Oyzaer sBnsAThes pemenne MinlO. Ogaum u3 rias-
HBIX npeumytnecTB MinlO siBrsieTcst ero moyHas
coBmecTUMOCTh ¢ APl Amazon S3, KoTopblii cTan
ne-(GaKTo CTaHIAPTOM IS OOBEKTHOTO XpaHEHHMS.
3T0 03HAYaET, YTO JII000E MPHUIIOKEHUE, PACCUUTAH-
Hoe Ha padoty ¢ AWS S3, Bkitouast G0JBIITMHCTBO
COBPEMEHHBIX IIaT(GOpM KOPHOPATUBHBIX KOMMY-
HHKAIMi, UTI030B 0€30MacHOCTH U CHUCTEM aHa-
JIM3a JaHHBIX, MOXKET OBITh HHTErpupoBaHo ¢ MinlO
0e3 HeoOXOIMMOCTH U3MEHEHHUS Koma. Takas COB-
MECTHMOCTH 3HAYUTEIHHO YIPOIIAET MUTPALIUIO C
00JTaYHBIX pelIeHUi Ha JOKaJbHYIO WM THOPHUI-
HYI0 UHPPACTPYKTYPY H IMO3BOJISET OPraHU3AISIM
COXpaHATh KOHTPOJb HaJ CBOMMHU JTAHHBIMH, CO-
Omonast TpeOOBaHMS K UX JIOKAJIM3ALUH U 3aIIHTE.

Apxurektypa MinlO noctpoeHa Ha NpuHIHU-
Max TOPU30HTAILHOTO MAacIITaOUPOBaHUS U OTKA-
3oycroitunBocTu. Cucrema jierko opMupyeT Kia-
CTEepbI U3 MHOXKECTBA Y3JIOB, aBTOMAaTUYECKHU pac-
npeaessis JaHHbIE C UCTIONIb30BAHUEM TEXHOJIOTHU
erasure coding, kKoTopasi 00ecIeYnBaeT 3alUTy OT
norepu HHGOPMAIMH Ja)Ke MPH BBIXOAE U3 CTPOs
HECKOJIBKHX JTUCKOB HIIU CEPBEPOB OTHOBPEMEHHO.
ITpu 3ToM MinlO neMoHCTpUpYeT OfHYy U3 CaMbIX
BBICOKHX CKOPOCTEH YTEHUS U 3aIMCH CPEAN Open-
source peleHuid, YTO0 KPUTUYHO IJIi MECCEHJIKe-
POB, T/I€ TOJIb30BaTENIN 0KUIAI0T MTHOBEHHOM 3a-
rpy3ku mMenuadaiinos. [lo cpaBHeHHIO ¢ TakMMU
ansrepHatuBamu, kak OpenStack Swift unu Ceph,
MinlO TpeOyeT MeHbIlle pecypcoB IS 3aIycKa,
MpOIIEe B HACTPOMKE U HE HYKIACTCS B CIOXKHOU
UHPACTPYKType YIPABICHHS, TAKOH KaK MOHUTO-
PHHTOBBIC Y3JIbI WM CTIICIIHATIbHBIE Oa3bl METa1aH-
HbIX. Ero MOXXHO OBICTPO pa3BEepHYTh B BUJE KOH-
teiitHepoB B Kubernetes, dro nmemaer ero ecre-
CTBEHHBIM BBIOOPOM JIJIsi OpTaHU3aLUH, UCTIONB3Y-
IOLIUX MUKPOCEPBUCHYIO apXUTEKTYPY.

¢ OpenSourceAlternative.to. Open source alternatives to Amazon S3. URL: https://opensourcealternative.to/alternativesto/

amazon-s3 (accessed: 03.11.2025).

7 MSP360. Open-source object storage solutions review. URL: https://www.msp360.com/resources/blog/open-source-

object-storage-vendors-comparison/ (accessed: 08.11.2025).
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CpaBHMTeanbIVI aHanus npeanioXXeHU XpaHnnuLy 006BbEeKTHOro Tuna

MapameTp Ceph MinlO OpenStack Swift
1 2 3 4
MNpoTokon S3, Swift, RESTful S3 API (nonHas COBMECTUMOCTb) OpenStacvk Swift API, S3-cos-
MECTUMBbI 4OCTYN
Mpoun3BOANTENBHOCTL:

e CKOpOCTb 3arpy3ku
(6onblimne dannbl)

e CKOpOCTb 3arpy3ku
(Menkmne o6bEKThI)

e CKOpOCTb CKa4yMBaHUA
(6onblimne dainnbl)

e CKOpPOCTb CKaunMBaHust
(Menkune oObeKTbI)

e 250-300 MB/c (6e3 annapaTHOro
YCKOPEHUS)

e 100-120 MB/cek (orpaHnyeHo
oBepxegom CRUSH n pennukaumneii)

e 280-320 MB/c (Cc kaLuMpoBaHNEM)

e 120-140 MB/c

e 300-400+ Mb/c

(B pacnpen. pexvme)
e 120-150 MB/c
e 350-450+ Mb/c

« 160-200 MB/c

¢ 180-220 MB/c
e 70-100 MB/c
e 200-250 MB/c
e 80-110 MB/c

MakcurManbHblii 06beM
XPaHUMbIX JAaHHbIX

He orpaHunyeH (Macwrtabupyetcs ro-
PU30OHTasLHO)

He orpaHuuyeH (pacnpepeneHHoe

XpaHeHune)

He orpaHunyeH (Macwitabupy-
€TCH FOPU3OHTANIBHO)

B0O3MOXHOCTb paboThl
Knacrtepa ¢ onumsimMm
0TKa30yCTONYMBOCTU

BbicOkas 0TKa30yCTOMYMBOCTbL: Mexa-
HU3M penvkKaumn 1 aBT. BOCCTAHOB-
NeHve aHHbIX. PasnnyHble ypoBHU OT-
Ka30yCTOMHYMBOCTU

Moppepxka OTKa3oyCTONYMBOCTU
yepes pennukaumio AaHHbIX U Me-
XaHW3M pacnpefeneHHoro xpa-

HEHWUSA

O6ecneymBaeT 0TKa30yCTON4N-
BOCTb Yepes3 perimkaupio 1 Bo3-
MOXHbIE HACTPOWMKM PasfiyHbIX
YPOBHEW 3aLUMTbI AaHHbIX

Pennukauunsa

PasHble cTpaTernm pennvkauum (B T.u.
3-way replication) n erasure coding
ANS 3aWmnThl AaHHbIX

CraHgapTHas penivkauus, erasure

coding ong 3awmTbl JaHHbLIX

Peanunsyet pennukaunio o6bek-
TOB W MOALEPXMBAET erasure
coding ong ontumMmMsauum xpa-
HEHUs

PaboTa B KOHTeHepe

MopnepxnBaeT paboTy B KOHTElHe-
pM30BaHHbIX cpepax (B TOM 4ucne
Kubernetes) ¢ nomowsio Rook n apy-
rMxX HTerpauumn

OnTtummsmpoBaH ans paboTbl B
KOHTeHepax, Nerko pasBopayu-

Baetcs B Kubernetes n Docker

MoxeT paboTaTtb B KOHTENHEpax,
TpebyeT GosbLue yCuUnuii ans UH-
Terpaumm rno cpasHeHuto ¢ MinlO

KnueHTckme npunoxexuns
1 MOHTMPOBaHME
B nonynsapHele OC

CLI (radosgw), S3cmd, Rclone, FUSE-
MOHTUpOBaHwue B Linux

S3cmd, MinlO Client (mc), Rclone,
FUSE, Web Ul, nogaepxka S3 SDK

019 BCEX A3bIKOB

CLlI, Swift CLI, Rclone, nopaepxka
FUSE (4epe3 npoekTbl coobLue-
cTBa)

TpynosaTtpaTbl pa3paboT-

yuKa npuv NoAroToBKe 20 2,5 12
npoekTa (B pab. 4.)
M ¢ T0o4HwUKk: BeinonHeHo C.A. TacTom.
Comparative Analysis of Object Storage Solutions
Parameter Ceph MinlO Open Stack Swift
1 2 3 4
Protocol S3, Swift, RESTful S3-compatible API OpenStack Swift API, S3-com-
patible access
Performance:

e Upload speed (large
files)

e Upload speed
(small objects)

e Download speed
(large files)

e Download speed
(small objects)

e 250-300 MB/s (without hardware
acceleration)

e 100-120 MB/s (limited by CRUSH
and replication overhead)

e 280-320 MB/s (with caching)

e 120-140 MB/s

e 300-400+ MB/s (in distrib-
uted mode)

¢ 120-150 MB/s

e 350-450+ MB/s

o 160-200 MB/s

o 180-220 MB/s
o 70-100 MB/s

200-250 MB/s
e 80-110 MB/s

Maximum storage
capacity

Not limited (horizontally scalable)

Not limited (distributed storage)

Not limited (horizontally scalable)

Cluster fault-tolerance
capabilities

High fault tolerance: replication mecha-
nism and automatic data recovery;
various levels of fault tolerance

Fault-tolerance support through
data replication and distributed
storage mechanisms

Provides fault tolerance through
replication and the ability to con-
figure different levels of data pro-
tection

Replication

Various replication strategies, including
3-way replication, and erasure coding
for data protection

Standard replication and erasure
coding for data protection

Implements object replication
and supports erasure coding for
storage optimization

Containerized
deployment

Supports operation in containerized
environments, including Kubernetes,
using Rook and other integrations

Optimized for containerized dep-
loyment; easily deployed in Kuber-
netes and Docker

Can run in containers, but re-
quires more integration effort
compared with MinlO

Client applications and
mounting in popular OS

CLI (radosgw), s3cmd, Rclone, FUSE
mounting in Linux

S3cmd, MinlO Client (mc), Rclone,
FUSE, Web Ul, S3 SDK support
for major programming languages

CLlI, Swift CLI, Rclone, FUSE sup-
port through community projects

Developer effort for
project preparation,
person-hours
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Source:byS.A. Tast.
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Kpome Toro, MinlO akTtuBHO pa3BHBaeTCA
COOOILECTBOM U KOMITaHHEH-pa3paboTUUKOM, pe-
T'YJSIPHO TIONy4aeT OOHOBIEHUS U MOJIEPKHUBACT
COBpeMeHHbIe (PYHKIIMHU, TAKUE KaK YBEIOMIICHUS
O KOHTeWHepax, yNpaBJICHHE >KU3HEHHBIM IIMK-
JIOM, BCTPOEHHAs! aHTHBUPYCHAs MPOBEpKa yepe3
unHTerpaiuio ¢ ClamAV u nonaep)xka MallIMHHOTO
oOyuenwust uepe3 MinlO ML Gateway. 910 mo3B0-
€T He TOJIBKO XPaHUTh MEAMAJaHHbIe, HO U Op-
raHW30BaTh MX aBTOMAaTHYECKYyl0 OOpabOTKy —
HaIlpuMep, aHaJIN3 COAEPKUMOTr0, TETMPOBaHUE Ha
OCHOBE METaJIaHHbIX WU YJaJICeHHEe YCTapeBIIMX
¢ailoB comIacHO MOJUTUKAM XPaHEHHUS.

2.2. O6cyxaeHmne pe3ysibTaTtoB

[TpoBeneHHOE UCCIEIOBaHUE HAMIPABICHO HA
CpaBHUTEJILHBII aHAJTN3 COBPEMEHHBIX CHCTEM Xpa-
HEHMSI IaHHBIX C TOYKH 3PEHUS UX TPUMEHUMOCTH
B KQUECTBE XpaHWIHIIA MeaAnadailsioB Ui CHCTEM
oOMeHa COOOIIEHUSIMH, C aKIIEHTOM Ha TpeOOBaHUs
K TMIPOU3BOIUTEIHHOCTH, MACIITAOMPYEMOCTH, OT-
Ka30yCTOMYMBOCTH U NMPOCTOTE IKCIUTyaranuu. Ha
OCHOBe aHanu3a (PYHKIHMOHAJBHBIX XapaKTepH-
CTHK ¥ aQpXUTEKTYPHBIX 0COOCHHOCTEHN Pa3IMUHBIX
peleHnii aBTopaMu ObLTO OMPENeNeHo, YTO 00b-
€KTHO-OPUEHTHPOBAHHOE XPAHUJIUINE, B YACTHO-
cti MinlO, B HanOomibIIeH CTENEHU YIOBIETBO-
PSIET COBOKYITHOCTH MPEIbSBISEMBIX TPEOOBAHMIA
Y MOYKET pacCMaTPUBATHCS KaK PUOPUTETHBIH Ba-
PHAHT Ui BHEAPEHUs B UHPPACTPYKTYpPYy KOPIIO-
PaTUBHBIX U OTPACIIEBBIX MECCEHIKEPOB.

KiroueBo# pesynbrar paboThl 3aKITF0YaeTCs B
obocHoBaHnu BbIOOpa MinlO kak onTHUMambHOTO
peleHust, KOTOpoe 00ecredynBaeT HEeOOXOIUMYIO
MIPOU3BOJUTENBHOCTD, @ TAKXKE OCCIIOBHYIO HHTE-
TPalMi0 C IIMPOKHM CIIEKTPOM CYIICCTBYFOIIUX
MIPWIOKEHU W CEPBUCOB 0e3 MOmM(UKaIUU UX
kozia. Takasi COBMECTHMOCTh CHIDKAET TIOPOT BHEI-
PEHUS [UIS OpraHu3anuii, y’Ke HCIOIB3YOIHX 00-
Ja4HbIe TUIaTQOPMBI, U OTKPHIBAET BO3MOKHOCTHU
JUISL TOCTPOEHUS THOPHIIHBIX apXUTEKTYP, B KOTO-
PBIX JIOKAJILHOE OOBEKTHOES XPAHUJIMIIE UHTETPH-
pyercs ¢ myOnmmaHbIMU oOnakamu. B oTnmdme ot
OoJee TSHKEIBIX 110 HHPACTPYKTYPHBIM TpeOoBa-
HUSIM peuieHuid, Takux kak OpenStack Swift nim
Ceph, MinlO nemoHCTpUpPYET OTHOCUTEIHLHO HU3-

KyIO pecypco3aTpaTHOCTh M YIPOLICHHYIO KOH(pH-
T'ypalHIo, 4TO JeJIaeT €ro 0COOEHHO MPUBIIEKATEIb-
HBIM TSI MUKPOCEPBHCHBIX CUCTEM.

Hayunas HOBHM3Ha paboOTHI Il OTEUECTBEH-
HOU U 3apyOeKHOM HayKH HpOSIBIISETCA, MpeXxae
BCEro, B KOMILIEKCHOM onenke MinlO kak aiie-
MEHTa HHPPACTPYKTYphI CUCTEM 0OMEHa cooo11e-
HUSAMU C YUYCTOM CHCHI/Iq)I/IKI/I HUX Harpy304HOro
npoduisi. Eciu B CyIIecTBYIONIMX HCCISIOBAHMUIIX
00BEKTHBIE XpAaHWIUIIA MPEUMYIIECTBEHHO pac-
CMaTpHUBAIOTCS B KOHTEKCTE BBICOKOIIPOU3BO/IH-
TEJIbHBIX BBIYMCIICHUH, aHATUTUKU OOJBIINX J1aH-
HBIX WU KJIACCHYECKUX OOJIAYHBIX TUIATPOPM, TO
B JJaHHOHM paboTe aKkIeHT CAeNlaH Ha CIEHapusX,
rJie KpUTUYHBI OJJHOBPEMEHHO BBICOKAsi CKOPOCTh
paboThl ¢ MeauadaitiaMu, MPOCTOTa MacIITaOu-
POBaHUS U COOTBETCTBHE TPEOOBAHUAM II0 JIOKA-
JM3aIMY 1 3aIUTe JaHHBIX.

[Ipencraisiercs enecooOpa3HbIM MPOBEE-
HHUE SKCIIEPUMEHTAIBHBIX HArPy30YHBIX HCIBITA-
Hui MinlO B peanbHbIX (Wid ONHM3KUX K peatb-
HBIM) YCIIOBHSAX SKCIUTyaTallud MECCEHIKEPOB C
pasTuIHBIMA TIpOodUIIMHU Tpaduka (KOpIopaTuB-
HBI, 00pa30BaTeIbHBIA, MACCOBBIA ITyOTUIHBIN
CEpPBHC) JUISI KOJMUECTBEHHOM OIIEHKH TTOKa3aremnei
3aJIepKeK, MPOIMYCKHOW CITOCOOHOCTH W yCTOMYH-
BOCTH K OTKa3aM. OTIEeNbHBIM NEepCHEKTHBHBIM
HalpaBJICHHEM MOXET CTaTh pa3paboTKa METOTUK
¥ PEeKOMEHJAIMHA MO0 MUTPAIMU CYHIECTBYIOIINX
CHUCTEM XpaHEHHs, OCHOBAaHHBIX Ha (haHIIOBOM WK
OJI09HOM MOJIeNTN K OOBEKTHOM apXUTEKType C yde-
TOM OpPTraHM3AIMOHHBIX, MPABOBBIX U JKCILTyaTa-
IHOHHBIX OTPAHUYECHHUI KOHKPETHBIX OTPaCIEH.

ABTOPBI BUIIAT TAKXKE BO3MOXKHOCTH IS 1aJTb-
HEHIINX HCCIeNOBaHNUN B OOJIACTH COBMELICHUS
GbyHKIMIA XpaHEHUS W WHTEIUIEKTyaJhbHOW o0Opa-
OOTKH TaHHBIX HA yPOBHE HHPPACTPYKTYphI. Tarke
JUTS U3y4eHHsI HHTEPECHOM Mpe/cTaBisieTcs chepa
Pa3INYHBIX BO3MOXKHOCTEH, KOTOpbHIE HE BKIIIO-
YeHBI B TEKYIIYI0 KOHOUTYpAIHIO XPAaHIIIHUIIA: JIO-
THPOBAHUE OTIEPALUil C TaHHBIMH, OTPAaHUYCHHBIE
BO3MO)KHOCTH YCJIOBHUH (DUIIBTPAINH, OTCYTCTBHE
ABTOMATHUYECKOTO OTCIICKUBAHUS JIOCTYTIA M TPO-
gee. DTH 0COOCHHOCTH MOTYT OBITh HEOOXOIUMBI
JUISL OTJCTIBHBIX 00J1acTel MPUMEHEHHSI XPaHWIINIIA,
M03TOMY HEOOXOJMM MX TINATEIbHBIN aHAIIN3.
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3aknio4yeHve

Hcnonb3yst mpeacTaBieHHBIE Pe3yiIbTaThl,
MOXXHO CJIEJIaTh BBIBOJ O HECOMHEHHBIX MPEUMY-
1iecTBaX 0ObEKTHOTO TUITA XPAHWIIMIIA IS pellie-
HUS TIOCTaBJICHHOH 3a/1a4i — 0€30MacHOTO U 3¢-
(EeKTUBHOTO XpaHEHHUS MYJIBTUMEIUHHBIX JaH-
HBIX B CUCTEMaX KOPIIOPATUBHBIX KOMMYHUKAIIHH.
[Ipu aHanm3e KOHKPETHBIX MPOTOKOJOB M pelle-
HUI ¢ OTKPBITHIM HCXOAHBIM KOZOM OBLIH OTIpeie-
JICHBI KITIOUEBBIC XapaKTECPUCTHKH, BIUSIONIAE HA
BbIOOD 3akazuuka. Cpeau xpanunuil Ceph, MinlO
u OpenStack Swift umeroTcst pa3nuuus, KOTopbie
MOTYT OBITh MPEUMYIIECTBAMU U HEIOCTATKaAMH,
B 3aBUCUMOCTH OT 0coOeHHOCTeH (aitoB, nHbppa-
CTPYKTYpBI M TPOYMX MapameTpoB. BriOpanHOE
Hamu pemnrenne — MinlO — coderaet B cede mpo-
U3BOJIUTEIBHOCTh, 0€30MacCHOCTh, MacIITabupye-
MOCTh M MPOCTOTY BHEIPEHHS, YTO JIEJACT €ro
Hanbomee MOAXOAAIINM JUIs XPAaHEHUS! MyJIbTHME-
JMAHBIX TAaHHBIX B CHCTEMaX KOPIIOPATUBHBIX KOM-
MYyHUKaLWH.
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3asBiieHHe 0 KOH(UIMKTe HHTEpecoB

ABTOpBI 3asBJIAIOT 00 OTCYTCTBUU
KOH(IIKTa HHTEPECOB.

3asiBjieHMe 00 HUCIOJIB30BAHMHN TEXHOJIO-
ruii HCKYCCTBEHHOI'0 HHTECJ/IJIEKTA

HpI/I CO3JaHNHU HACTOSIIIIEH CTaTbU TEXHO-
JIOI'MY Ir€HEPATUBHOT'O UCKYCCTBECHHOTO UH-
TEJUICKTa HE MCITI0JIb30BAIUCH.

3asiBjieHuUE 0O AOCTYITHOCTH JaHHBIX

Bce JaHHBbIC, TIOJTYy4YCHHBIC B XO€ 3TOI'0 UC-
CJICIOBaHUsA, BKIKOYCHBI B OHyGHI/IKOBaH-
HYIO CTaTblO.

AHnHoTauus. B ycnoBusx nuugposoii TpanchopMalinu MpoOMBIIUICHHOCTH Tepe-
XOJI OT ITAHOBO-TIPEAYIPEIUTEIBHBIX PEMOHTOB K 00CITY)KHBAaHHIO MO (haKTH4e-
CKOMY COCTOSIHHIO BBICTYIA€T KIIFOUEBBIM (JAKTOPOM IOBBIIICHUS HA/IEKHOCTU
ANIEKTPONPHBOAOB. [IpoMbIiuieHHBIE TIpeobpa3zoBatenu 4acToThl (ITH) sBusOTCS
KPUTHYECKH BaKHBIMH Y3JIAMU TEXHOJIOTHYECKHX IIETIOYEK, OTHAKO CYIIECTBYIO-
LI1E PErIaMEeHThI UX 00CTY)KMBaHHUS 4aCTO SKOHOMHUYECKH HEedP(PEKTUBHBI U HE
MIPEOTBPAILAIOT BHE3AIHbIE OTKa3bl CHJIOBOW 3JeKkTpoHuKH. Llens umccnenosa-
HUSl — pa3paboTKa METOAWKHU OLIEHKH OCTaToyHOro moiseszHoro pecypca (RUL)
KPUTHYECKH Ba)KHBIX KOMIOHEHTOB IPOMBIIUICHHBIX IPeo0pa3oBareliei 4acTOThI
(IGBT-monysneit 1 KOHIEHCATOPOB 3BEHA MOCTOSHHOTO TOKA) HA OCHOBE IMOpU/-
HOTO aHaIM3a HKCIUTyaTallMOHHBIX JaHHBIX (peajbHOro BpeMeHH). [IpumeHeHo
KOMILJIEKCHPOBaHUE (PU3NIECKIX MOJIENIeH OTKA30B U aTOPHUTMOB [ITyOOKOTO 00Y-
yenust (CNN-LSTM). [lns nmpeomosieHust OrpaHUYeHUH 3aKPBITOH apXUTEKTYPhI
IIPOMBIIIIEHHBIX KOHTPOJUIEPOB IPEMJIOKEeHa JIBYXYpPOBHEBas cucTtema cOopa
JaHHBIX Ha IpUHLUNAX IpaHuuHbIX BeuucieHuit (Edge Computing). uarso-
CTHKa BBITIOJHEHA ITyTeM KOCBEHHOH OIEHKH Apeida HampspKeHUS HACHIIICHUS
(Vceon) M 5KBUBAJICHTHOTO ToOcienoBarenbHoro conporusienus (ESR) uepes
aHAIN3 CHEKTPANbHBIX MCKAKEHUH BBIXOAHOTO TOKA M MYNbCAlUi HANPSDKSHUS
DC-3Bena. CopmupoBaHa MaTpUIla KIACCU(PHUKAIMU TEXHUYECKUX COCTOSHUI
rpeoOpasoBarens ¢ KOJIMYECTBEHHBIMH MOPOTOBBIMH 3HAYCHUSMH JICTPaIalliy.
YucneHHBIH SKCIIEPUMEHT Ha MacCHBE UCTOPUIECKUX AaHHBIX C IPENPUATHS XU~
MHYECKOW NMPOMBIIIJICHHOCTH TOKa3all, YTO MpeAJOKeHHas TMOpHIIHAs MOJAEb
cHiKaeT ommoOKy nporrozupoBanusi RUL no 12—-15 % no cpaBHEHHIO C Tpaau-
LMOHHBIMU METOJAMH 3KCTPAIOIALUH, TI03BOJISS BBISABIAT NpeaBapUiHbIe CO-
crosiHus 3a 160—200 wyacoB 10 oTkaza. BHenpeHnue pa3paboTaHHOI MoaenH 1acT
BO3MOKHOCTB IIOJTHOIIEHHOTO TIepeXo/ia K CTPaTerny 00CIy KUBAHUS 110 (haKTHye-
CKOMY COCTOSIHHIO, NOBBIIIasi 3(PEKTUBHOCTh MEPOIIPUATHH, CBSI3aHHBIX C TEX-
HUYECKUM OOCITyKHBAaHHEM U PEMOHTOM.

KiroueBsble ci1oBa: TexHHYECKOe 00CaykuBaHue u peMoHT, TOuP, nporxosupo-
BaHHE OTKA30B, IPEAUKTUBHOE 00CIYyKHBaHHE, aBTOMAaTU3AIHs, JUarHOCTHKA
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BBepeHue

OOBEKTOM HMCCIIEIOBAHUSI SBIISIOTCS TPOMBILII-
neHHble npeobOpazoBatenu 4acToThl (1Y), BeICTY-
MAIOLIUE KIIIOYEBBIM 3JIEMEHTOM AJIEKTPOIPUBOAA
B OTBETCTBEHHBIX TEXHOJOIMYECKHX Mpoleccax
(medrerazoBast oTpacib, METALUTypIus, XHUMHYE-
CKasi IPOMBIIUIEHHOCTH U 1p.). B ycnoBusx mud-
pOBO#l TpaHC(hOPMALIMK TOIUIMBHO-YHEPTETHYE-
CKOIO KOMILIEKca, MPUHATOH pacniopsbkeHueM [1pa-
ButenbcTBa Poccuiickoit @eneparuun ot 12 mapra
2024 1. Ne 581-p, Bo3pacTaer akTyaJIbHOCTb OLIEHKH
COCTOSIHUS IPOMBIIITICHHOTO 000PY/I0BAaHUs B paM-
Kax ero skcruryaranuu. BHe3amssle oTkassl 114
MPUBOIAT HE TOJBKO K MPOCTOI0 0OOPYIOBaHUS,
HO ¥ K 3HaYUTENbHBIM (PMHAHCOBBIM moTepsiM. Kak
MoKa3aHo B [ 1], BHeApeHUe CTpaTeruil MpeIuKTHB-
HOTO OOCITY)XKMBaHHUS Ha 0a3e NCKYCCTBEHHOTO WH-
TEJJIEKTa CIIOCOOHO 00ECTIeUNTh BEICOKHI BO3BpAT
nnBectunuii (ROI) 3a cuer cokpaieHust aBapuii-
HBIX IIPOCTOEB M ONTUMH3ALUH JIOTUCTUKHU 3aIda-
crel. OTHaKO Ha MIPAKTHKE peaTn3alysi TAKUX CTpa-
TErMi CTAJKUBAETCS C OTPAHUYCHUSIMH apXHUTEK-
TYPBI IPOMBILIUIEHHBIX CUCTEM.

AHanu3 COBPEMEHHBIX ITyONUKAIMid BBISB-
JSIET HECKOJIBKO JOMUHHUPYIOIIUX NOAXOA0B K JH-
arHOCTUKE CHUCTEM 3JIEKTPONPUBOJA, KAKIBIA U3
KOTOPBIX HMMEET CYIIECTBEHHbIE OrPaHUYECHHS
MPUMEHUTENBHO K poMblieHHbIM [1Y, nepeunc-
JICHHbIE HHKE.

1. uaenocmuxa cucmem anexmponpusoodq.
3HAUUTENBHBIA TUIACT PabOT MOCBSINEH JUArHO-
CTHKE «BPALIAIOIIETOCS 000pYI0BaHUSM» — TOA-
IIMITHUKOBBIX Y3JIOB, CTATOPHBIX OOMOTOK, MeXa-
HUYECKHUX nepenad. Tak, B [2] mpeaiararor TeXHO-
noruto «Electric Motor Scan» mi1st anekTpoaBura-
teneid, a C.D. Constantino-Robles u ap. [3] ae-
TaJbHO PACCMATPUBAIOT TUArHOCTUKY KOMIIOHEH-
TOB TPAHCMHUCCHM BETPOT€HEpaTopoB. AHalo-
rugHo C.L. Tolbert [4] onuchIBaeT NCIOIB30BaHKE
nanHbIx 114 a1 Hepa3pylaomero KOHTpoist Me-
XaHUYECKUX CUCTEM. DTH METO/IbI 3(h(PeKTUBHO 3a-
UIMIIAIOT UCTIONHUTENbHbIE MEXaHU3MbI, HO OCTaB-
JSIFOT CaMy CHJIOBYIO 3JIEKTPOHUKY (MHBEPTOP/BbI-
MPSIMUTENb) «4EPHBIM SIMKOM», HE OLICHUBA Jie-
rpajaluio ee KpUTHUYECKUX KOMIOHEHTOB.

2. Qusuyeckue moodenu nadedxchocmu. DOyH-
nameHTtanbHele padotel K. Ma u ap. [5] u S. Pey-
ghami u ap. (2020) [6] 3a70KHIIU OCHOBY MPOEK-
TUPOBaHUS HAJIEKHOCTH Ha 0a3ze (U3UKH OTKA30B.
JlaHHbBIE TOXOBI UI€ATBHBI TS ATara MPOEKTH-
pPOBaHHUA, HO CJIOXHO MPUMEHUMBI JJSl TMArHo-
CTHKH IKCIUTyaTUPYyEeMOro 000pynoBaHus (B yCIo-
BUSAX IPOMBIIUIEHHOTO NPEINPUATHS), TaK Kak
TpeOYyIOT TOUHBIX MTAPAMETPOB MATEPHATIOB U T€O-
METPUH MOJYJIEH, KOTOPBIE SIBIIAIOTCS 3aKPBITOU
nH(pOpMAIHEH TPOU3BOIUTEICH.

3. Memoowt Ha ocHO8e UCKYCCMBEHHO20 UMH-
mennekma (Al) u enyboxoeo obyuenus (DL). S. Kon-
kimalla [7] paccmarpuBaer npumenenue Al st
JIMarHOCTUKU AaCHUHXPOHHBIX JIBUTarenel, Oarapeit
Y CHJIOBOM 2JIEKTPOHUKH 3JIeKTpomModumielt, a Y. Jian
u ap. [8] u Z. Zhang, X. Chen [9] npemarator aj-
roput™Mbl CNN-LSTM wu Pathformer cereit nns
OLICHKH cTapeHus konaeHcaropoB u IGBT-tpansu-
CTOPOB COOTBETCTBEHHO. BOJIBIIMHCTBO ATHUX MOJIE-
neii TpeOyIOT BEICOKOYACTOTHBIX JAHHBIX (MTHOBEH-
HbIE 3HAYEHUS TOKOB/HANPSIKEHUH), KOTOpbIE He-
BO3MO)KHO TIepe/iaTh Yepe3 CTaH1apTHbIE TPOMBIIII-
nennble uaTepdeiicsl (Modbus/Profinet) 0ObruHBIX
ITY Ge3 ycTaHOBKH AOPOrOCTOSLIETO JIOMOJIHH-
TEIBHOTO 000PYIOBAHMS.

4. I'ubpuonwvie u cucmemnwvie nodxoowl. H. Ta-
oufyq u ap. [10] u B. Muniandi u ap. [11] B cBOuX
0030pax yKa3bIBalOT Ha MEPCHEKTUBHOCTb WHTE-
rpauuu [oT u ML. Y. Fassiu np. [12] u A. Ozdagli
n X. Koutsoukos [13] moguepkuBaroT HEOOXOIH-
MOCTb BHEJPEHUSI PU3NYECKUX 3HAHUU B MOJEIU
MammHHOoro oOyuenust (Physics-Informed ML)
JUIS TTOBBIIICHUS UX UHTepIpeTHpyeMocTu. PaboThl
[14—15] monTBepKaat0T TPEH HA UCIIOIb30BaHHUE
BCTPOCHHBIX JaHHBIX JJISl AJIEKTPOABUTATENIeH U
ITY cootBercTBeHHO. HecMoTpst Ha obunue mero-
JIOB, B JIUTEpaType ci1abo MpeCcTaBICHbI pEIIeHus,
MO3BOJIAIOLIUE JUATHOCTUPOBATh BHYTPEHHHUE KOM-
noneHTsl (IGBT, DC-xoHaeHcaTtopsl) 3aKphITHIX
npombinuieHHBIX [TY, nenone3ys ToIbKO HU3KOYa-
CTOTHYIO TE€JIEMETPHIO, TOCTYIHYIO IITAaTHO.

Ha ocHoBaHuu MpoBeEHHOTO aHaJlu3a ycTa-
HOBJIEHO, YTO B CYIIECTBYIOIIMX JUTEPATypPHBIX
HCTOYHHKAX OTCYTCTBYET KOMIUIEKCHAS METO/IUKA,
MO3BOJISIIONIAsl OLIEHWBATh OCTaTOYHBIN pecypc
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CUJIOBBIX MOAYNEN MpoMbIuIeHHBIX [TH B pexxume
peaibHOTO BpeMeHH 0e3 BMEUIaTeNIbCTBA B UX all-
MapaTHyIo 4YacTh U 03 UCIOIb30BAHUS BHICOKOYA-
CTOTHBIX ocuuiuiorpagos (ycrpoiicTs cOopa naH-
HbIX). CyIIecTByeT pa3pblB MEXIY TOYHBIMH Jia-
O60paTopHBIMHU (TEOPETUUECKUMH ) METOJIaMU (Tpe-
OyIOIMMH CIIO)KHOTO 00OpYIOBaHUS) U JIOCTYII-
HBIMU TIPOMBIIIICHHBIMHA JTaHHBIMH (MMEIOUIMMU
HU3KYIO YaCTOTY JUCKPETU3AIUH ).

L]env uccnedosanuss — pa3paboTKa METOTUKU
MIPEAUKTUBHOM OlIeHKH ocTartouHoro pecypca (RUL)
CHJIOBBIX KoMITOHEeHTOB ITY Ha ocHOBe ruOpua-
HOTO aHaJN3a SKCIUTYaTallMOHHBIX JaHHBIX, MOTY-
YaeMBIX Yepe3 LITATHBIC MPOMBIIIICHHbBIE MTPOTO-
KOJIBI.

JUis nocTrKeHust MOCTaBIEHHOH 11el Heoo-
XOMMO PEIINTh CICTYIOUINE 3aIaun:

1) npoBectn ananu3 ¢usuku orkazoB IGBT-
MOJyJiel MHBEPTOpa M KOHAEHCATOPOB MOCTOSH-
HOTO TOKa JJIsl ONPEAEICHUS JUArHOCTHYECKUX
MIPU3HAKOB, HAOIIOAEMBIX Yepe3 KOCBEHHBIE Ma-
paMeTpbl: TeMIIepaTypa, MyJIbCAllMHA HAPSHKESHUS,
TOKOBBIE HATrPy3KH;

2) pa3paboTaTh aITOPUTMBI TPEAOOPAOOTKH
HU3KOYACTOTHBIX BPEMEHHBIX PSIOB JUIS BBIICIIC-
HUSL CKPBITBIX TPEHJIOB JErpagaliul (CHIKEHUS
HKCIUTYaTallMOHHOTO pecypca);

3) co3narh THOPUIHYIO MOJIENb IPOrHO3UPO-
BaHUS, O0BENUHAIONTYIO (PU3HUECKHE 3aKOHOMED-
HOCTH CTapeHUS C METOJaMH TITyOOKOTO OOYYICHHS
(ma mpumepe LSTM/RNN);

4) npenyIoKUTh APXUTEKTYPY CHCTEMbI MOHH-
TOPHUHIa, UHTETPUPYEMYIO B cyllecTBytomui [T-
JaHamadT NPEeIIPUSTHS,;

5) BBINOJIHUTH IKCIIEPUMEHTAIBHYIO BaJIH/a-
LU0 METOAWKH Ha Habope MaHHBIX JJIs MOATBEp-
xneHus ee 3pdexTuBHOCTH.

1. MaTtepuansl u MeTOAbI

1. 1. Aranmns cTtparermii TexHU4ecKkoro
OOCIYXXKNBAHUS CUITOBOV 3JTIEKTPOHUKU

B coBpeMeHHON MPOMBININIEHHOCTH JKCILTya-
Tarus npeodpaszosareneit yactorsl (ITH) Tpamum-
OHHO OazupyeTcsi Ha JABYX OCHOBHBIX HOAXOAAX:
PEaKTUBHOM U IPEBEHTUBHOM. PeakTuBHas crpa-
TETHUs TOPa3yMeBaeT HKCILTyaTaluio 000pyaoBa-
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HUS 10 MOMEHTa OTKa3a. B ycinoBusx orcyrcTBus
JIOKaJbHBIX HOPMATUBHBIX IOKYMEHTOB U CIIeL[Ha-
JTM3UPOBAHHBIX KOMIIETEHIIUH y TIEpCOHAJIA 1IEXOB
MPOMBIIUICHHBIX TUIOIIAJI0K JAHHBIH TOAXOJ SIB-
JsIeTCs TOMUHUPYIONMM Ha MHOTHX TPEATPHs-
Tusax. OHAKo AJIsi KPUTUYECKU BasKHOTO 000pyIo-
BaHUS OH SKOHOMHYECKH Hed((EeKTUBEH, TaK Kak
BHE3AITHBIE OTKAa3bl CUIIOBOH JIEKTPOHHUKH TIPUBO-
JST K JJIUTENBHBIM TPOCTOSIM M KacKaJIHBIM I10-
BPEIKACHUSM COTIPSHKEHHBIX MEXaHH3MOB.

[IpeBenTrBHAsT cTparerus (IUTAHOBO-TIPETY-
NPEAUTENbHBIA PEMOHT) OCHOBBIBAETCS HA perya-
MEHTHOW 3aMeHe KOMIIOHEHTOB (BEHTHJISITOPOB,
CHJIOBBIX MOJyJI€H, KOHIEHCATOPOB U MPOYNX KOM-
noreHToB [1Y) uepe3 puKCHpOBaHHBIC HHTEPBAJIBI
BPEMEHH, HE3aBHCUMO OT UX (aKTHUYECKOTO CO-
cTOstHMA. [ TTaBHBIM HETOCTATKOM 3TOTO METOAA SIB-
JsieTcss «M30BITOUHOE OOCTYy)KMBaHUE», KOI/a 3a-
MEHE MOJIS)KAT UCIPABHBIC Y3JIbI C HEUCUEPIIaH-
HBIM pecypcoM, 00, HA0OOPOT, IerpaaaIus mpo-
MCXOUT ObICTpEe PErIaMEHTHOTO CPOKa M3-3a Tsi-
JKEITBIX PEKUMOB PAOOTHI.

ClO)XHOCTh BHYTPEHHEH apXHUTEKTYphl CO-
BpeMeHHbIX [TY 1 BbIcOKHE TpeOOBaHUS K KBaJIH-
(duKanuy MepcoHansa BBIHYXAAIOT MPEANPHUSTHS
nepenaBarh (GyHKIUN 00CTYyKMBAaHUS HA ayTCOp-
CHHT CEepBHCHBIM OpPraHU3aIUsAM. JTO CO3/1aeT 3a-
BHCUMOCTh OT BHEIIHUX MOAPSIYUKOB U HE MO3-
BOJIIET OTNEPATUBHO OILIEHMBATh PUCKU OTKa3a B
peXHUMe pealbHOTO BpeMeHU. PernienneM qaHHbIX
poOJIeM SIBISETCS Mepexo] K 00CITyKUBAaHUIO
no QakruyeckoMmy cocrosHuio (Condition-Based
Maintenance, CBM) 1 npeiMKTUBHON aHAJINTHKE.
Ucnonp3oBanne 1Y B kauecTBe MHTEIUICKTYyallb-
HOTO yCTPOWCTBA MO3BOJISICT HEMPEPHIBHO MOHHU-
TopuTh coctostame [1Y 6e3 HeoOXomMMOCTH TIpoBe-
JCHHUS €KEIHEBHBIX OCMOTPOB, YTO MHHUMH3H-
PYET BIHSHUE YEIOBEYECKOTO (haKTOpa M ONTUMH-
3upyert 3arparbl Ha TOuP.

1.2. AHanu3 MmexaHn3mMoB OTKa30B
U BbIOOP ANArHOCTUYECKUX IMTPU3HAKOB

1.2. 1. @usuka aerpanaiLmm cuioBbix
110J1y1POBOAHNKOBbLIX MOLAY/1€4

HanexHOoCTh 4aCTOTHO-PEryIupyeMoro mpu-
Bo/a (B Y4aCTHOCTH IMpeoOpa3oBaTesiell 4acTOTHI)
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KPUTUYECKH 3aBUCHUT OT pecypca cuiioBbix IGBT-
MOJyJIei, KOTOpbIE€ MOABEPraTcs Haubosee MH-
TEHCUBHBIM TEPMOMEXaHUYECKUM Harpy3kam.
B ycroBusix IUKIMYECKOW HArpy3kH, Xapakrep-
HOW /111 IPOMBILUIEHHBIX NPUBOJOB C MEPEMEH-
HBIM NIpO(UIEeM Harpy3Ku, OCHOBHBIM TPUITEPOM
OTKa3a SIBJISIETCS HECOOTBETCTBHE KOIPPHIIMEH-
ToB TeruioBoro pacmupenus (CTE) marepuasnos
MHOTOCJIOWHON CTPYKTYpbl MOIYJNS (KPEMHHEBBIH
YUII, NPUIIOH, METHOE OCHOBaHHUE, KepaMUyecKas
ITOJIJIOXKKA).

MexaHn3M Jerpajanuu NpoTeKaeT B IByX OC-
HOBHBIX HAIIPABJICHUSAX.

1. OTcioeHne COeIMHUTENbHBIX MPOBOTHU-
KOB: aJIOMUHUEBbBIE MPOBOJHUKH, COEIUHSIONINE
SMUTTEP YUIa C TEPMUHAJIAMH, UCIBITHIBAIOT Jie-
(hopmaruio cBUra Npu KoJeOaHusax TeMIepaTyphbl
niepexona (7;). HakoruieHne yCcTajsoCTHBIX HaIpsi-
KEHHUI MPUBOAUT K MOSBICHUIO MUKPOTPEUINH U
MOCJIEAYIOIEMY OTPBIBY MPOBOJHHKOB. JTO BBI-
3bIBAET INepepacnpeiesieHue TOKa Ha OCTaBIINECS
MIPOBOJIHUKH, YCKOPSS UX JIerpagaluio JaBUHO00-
pasHo.

2. YcranocTh NastHOro ¢Jos: Aerpaganus npu-
101 MEXK/1Y YMIIOM U TIOJVIOKKON ITPUBOJUT K yBeE-
JUYEHUIO TEIJIOBOTO CONPOTUBNEHUS (Rim), 4TO
BBI3BIBAET POCT CPENHEN TEMIIEPATYPhI IEPEXOAa U
YCKOPSIET CTapEeHHUE.

1.2.2. ObocHoBaHune BbI60pa AnarHoCTNYECKMX
napameTpos

Jns peanuzanyu cTpaterud 0OCTYKUBAHUS
10 COCTOSTHHIO HEOOXOANMO BBIZICTTUTD JIEKTpHYE-
CKHE TIapaMeTpbl, Koppenupyrouiie ¢ Gpu3ndeckon
nerpananued. VccnenoBaHusi MOKa3bIBalOT, UTO
HanOoJee YyBCTBUTEIBHBIM ITAPAMETPOM K OTCIIO-
€HUIO MTPOBOIHUKOB SIBJISIETCS HAIPSKEHUE HACHI-
IICHUSI KOJUIEKTOP-3MHUTTEP B OTKPHITOM COCTOS-
nuu (Veeon) [16].

duznyeckas 3aBUCUMOCTh OITUCHIBAETCS CIIe-
JYIOUIMM 00pa3oM: TI0 Mepe OTPbIBa IPOBOJAHUKOB
YBEJIIMYMBACTCSI OMHUYECKOE COMPOTHUBICHUE KOH-
TaKTa, YTO NMPH (PUKCHPOBAHHOM TOKE HArpy3Kd
(Ic) BemeT Kk pocTy MajeHUs HAPsLKEHUS VeEeon).
Kputnueckum moporoBsIM 3HaYEHHEM MPUHSATO
cuuTars yBenuuenue Veeon) Ha 15-20 % ot Homu-
HaJbHOTO 3HAYEHUSI.

VYBennueHHOe TaJIeHue HampshKeHUsS Ha Ofl-
HOM M3 KJIIOYEH CO3/1aeT aCHMMETPHUIO B BBIXOJ-
HOM HaIPsHKEHUH HHBEPTOPA. DTO MPUBOIHUT K T10-
SIBIICHUIO TOCTOsSTHHOW coctasisitomieit (DC) u
YETHBIX TAPMOHUK B CIIEKTpe (ha3HBIX TOKOB JBH-
rarejisi, KOTOpble OTCYTCTBYIOT B HJICAJIBHOM CO-
cTossHUM. AHanm3upys crektp Toka (MCSA), Bo3-
MOYKHO BBIYMCIIUTH OTKIIOHEHHUE Ve 0€3 YCTAaHOBKU
LIYTIOB Ha CaM CHUJIOBOW MOZYJIb.

1.2.3. ferpasnaums 38eHa rnocTosiHHOIro Toka

BTopbiM TUMUTHPYIOIIUM KOMIOHEHTOM SIB-
JSIFOTCS DJIEKTPOJIUTHYECKHE KoHaeHcaTtopsl DC-
3BeHa. OCHOBHOW MEXaHU3M UX OTKa3a — UcTape-
HUE JJIEKTPOJINTA Yepe3 YIUIOTHEHHsI BCIIECTBHE
TEIUIOBOTO CTapeHUsl, YTO NMPHUBOAUT K YMEHbIIIe-
HUIO eMKOCTH M POCTY 3KBHBAJICHTHOTO IOCIIENI0-
BatenbHOro conportusieHus (ESR). Monutopunr
MyJIbCAlUi HaNpsDKEHUsT B 3BEHE IOCTOSIHHOIO
TOKa MO3BOJSIET KOCBEHHO OIIGHUTh HM3MEHEHHE
ESR 06e3 pazbopa yctpoiictBa. Takxke OONbITHH-
CTBO COBPEMEHHBIX IpeoOpa3oBaTeneil 4acTOThI
(marmpumep, ABB ACS880) umeror BHyTpeHHUE
anroputmsl pacuera ESR, Bocienctsun croco6-
HbI€ BbJIaBaTh 3TO 3HAYEHUE 110 3aIPOCy B BbIIIIE-
CTOSILLLYEO CUCTEMY.

B cootBercTBUM ¢ OOLICTIPUHATHIMH CTaH-
JapTaMM HaJeKHOCTH CHJIOBOM 3JIEKTPOHUKH,
KPUTEPHEM HCUEPIIaHHSI pecypca AEKTPOTUTHYE-
CKUX KOHJICHCAaTOPOB NPUHATO CUUTATh CHUKEHUE
emkocTH Ha 20 % unu yBenudenue ESR na 100 %
(B 2 pa3a) OTHOCUTENHHO HauaJIbHBIX 3HAYCHUH.

Takum 00pa3oMm, Uil MOCTPOCHUS TPEIUK-
TUBHOW MOJENIM B KayeCTBE BXOAHBIX BEKTOPOB
JAHHBIX HEOOXOAWMO HCIIONB30BATh BPEMEHHBIE
psinbl TOKOB (a3 (o, Iv, Ic), HANPSDKEHUS 3BEHA T10-
CTOAHHOTIO ToKa (Vac) 1 TeMneparypbl MOAYJIs, J10-
CTYIIHBIE Yepe3 BCTpoeHHbIe naruuku 114, uro uc-
KJIIFOYaeT HEOOXOAMMOCTb YCTAaHOBKM BHEILIHEH
WHBa3WBHOM anmaparypsl [17].

1.3. Asiroputm v MeTogauKa riporHo3npoBaHuns
oCcTaTo4YHoro pecypca

1.3. 1. Apxutektypa cucTembl MOHUTOPUHIa

Peanuzanus anropuTMOB MallImHHOTO 00yy4e-
HHsI HEIIOCPEICTBEHHO Ha BCTPOEHHOM KOHTPOI-
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nepe ITY orpannyeHa 3aKphITOCTBIO TPONPHETAP-
HOTO MPOTPaMMHOTO 00ECTIE€YEeHHUsT POU3BOANUTE-
JIe U HEJOCTAaTOYHOM BBIYMCIUTEIBHON MOILIHO-
CTBIO IITAaTHBIX MUKPOMPOILIECCOPOB MJIsi BBIMOJ-
HEHUS peCcypcoeMKuX omnepanuil. B cBsa3u ¢ atum
MpeyIoKeHa JIByXYpPOBHEBas apXUTEKTypa CH-
ctembl MoHUTOpUHTA (puc. 1), rne [TY Bemonnser
(YHKIMIO HHTEIUIEKTYaIbHOTO YCTPOMCTBA, a aHa-
auTHYeckas o0paboTKa BBIHECEHA HAa BHEUIHHN
BeruncuTenbHbi y3en (Edge Gateway/Server).
Takoit moaxon oOecneunBaeT yHHBEPCATHHOCTH

BUIYANU3ALIAA / VISUALIZATION

pELICHUS] U BO3MOKHOCTH €r0 MacIITaOupOBaHHS
Ha Mapk o0OpyIOBaHUs Pa3IMYHBIX BEHIOPOB 0e3
BMEIIATEIbCTBA BO BHYTPEHHIOIO CXEMOTEXHHUKY
YCTPOMCTB.

Paspaborannas Metomuka Oasupyercs Ha
¢byHKIMOHaNBbHON Monenu crangapra ISO 13374,
PEIIaMEHTUPYIOIIET0 apXUTEKTYpy CHUCTEM Jua-
THOCTHKH M nporro3upoBanus [18]. [Ipomecc 06-
pabOTKH JaHHBIX pa3/elieH Ha TpU IOCIeNO0Ba-
TENBHBIX 3Tana: cOOp JaHHBIX, BBIJACICHUE NPH-
3HAKOB M IIPOTHOCTUYECKAs OIICHKA.

MNAHENb SCADA
SCADA DASHBOARD

HEALTH

3[J0POBbE /

BPEMA / TIME

YPOBEHb MrPAHUYHbIX BEIYUCIIEHWUIA / EDGE COMPUTING LEVEL f

MPOMbILUEHHBIN NK / TPAHUYHBIA CEPBEP / EDGE SERVER
CBOP AAHHbIX NPELOBPAEOTKA MOJENb UK
(MODBUS) » U ounsTPALMA —> (LSTM) »| OLIEHKA RUL
DATA ACQUISITION PREPROCESSING Al MODEL (LSTM) RULESUDAHEN
(MODBUS) & FILTERING
MONEBOW YPOBEHb / FIELD LEVEL
" —

=FHS P —

NPEOBPA30BATEIb
YACTOTbI (MY) /
FREQUENCY
CONVERTER (VFD)

Puc. 1. ApxutekTypa CUMCTEMbI MOHUTOPUHIa
M € T04HMK: BbINONHEHO H.B. ByHUHbIM.

Figure 1. Monitoring system architecture
Source:byN.V. Bunin.

B kauecTBe BXOJHOTO BEKTOpa AAHHBIX X(?)
UCTIONIb3YIOTCS BPEMEHHBIE PAIbI, NOIy4aeMble C
4acTOTOM JUCKPETU3aLUH f; HEMOCPEICTBEHHO C
koHTposuiepa IIY depe3 mpoMmbllUIEHHBIE IPOTO-
koJiel (Modbus TCP/Profinet/OPC UA wiu o ana-
Jory) 6e3 UCIOIb30BaHUS JOMOTHUTEIbHBIX JaT-
YHKOB!

X(t)=

{le (1), 104 (1), T4 (1), w(0)},

rae i — (a3Hble TOKH; u,— HaNpsHKEHUE 3BEHA
IOCTOSIHHOTO TOKa; 7, — TeMIlepaTypa pajaua-
TOpa; W — BBIXOJHAs YacTOTa.
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1.83.2. lpenBaputesibHas o06paboTka v BblgeneHne
ANarHOCTUYECKUX MPUIHAKOB

CeIpble JaHHBIE IOABEPrarOTCs IMpEABapH-
TETBHON 00paboTKe /Il YCTpaHEHHs BBICOKOYA-
CTOTHOTO IITyMa U BBIOPOCOB, BBI3BAHHBIX MEPEXO/I-
HBIMH TIpolieccamu (Iycku, HaOpOCHI HArpy3KH).
)1.]'[9[ OTOT0 MPUMCHIACTCA METOJ SKCIIOHCHIIUAJIb-
HOTO CINIQ)KUBAHUS:

% = oy, +(1-0)*%,,

Iie %, — CIIaKeHHOE 3Ha4YeHHue, a o — Kkodpdu-

IACHT criakuBaHusa (0 <a<1).
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Jnst onenku coctosinusg IGBT-monyneii B xa-
YECTBE KJIIOYEBOTO MHAMKATOpA «3I0POBBS» HC-
MoJIb3yeTcsl Jpeid HampsHDKeHHS HaChIIIeHUS
Veewon). Tlockonbky npsimoe nuamepenue Vee B po-
necce HIMM-Monynsinuy 3aTpyqHEHO, TPUMEHS-
€TCsl KOCBEHHBI METOJ OLICHKH 4Yepe3 aHajlu3
CHEKTPAJIBHBIX T'APMOHUK BBIXOJHOIO TOKa WIIN
WCTIOJIb30BaHUE BCTPOCHHBIX JApaiiBepoB ¢ (yHK-
el MOHUTOPUHTA Ve B MOMEHTBI IIPOBOJSAIIIETO
COCTOSIHMSI KJIIOYA.

J11s KOHAEHCATOPOB 3BE€HA TOCTOSTHHOTO TOKA
JUArHOCTUYECKUM IPU3HAKOM SBISIETCS aMILIH-
TyzAa myascauuil HanpsokeHus AUde, KoTopas M-
HEWHO KoppenupyeT ¢ poctoM ESR (skBuBaneHT-
HOTO TI0CJIEI0BAaTEIBHOTO COPOTHBICHHS).

[TonHOE conpoTtuBneHue (MMIeAanc Zc) KOH-
JIeHCaTopa CKJIAJbIBA€TCA U3 €r0 eMKOCTHOIO CO-
MPOTUBJIECHUSA (X¢) U aKTUBHOTO CONPOTUBJICHUS
(ESR). Ilynbcanuy HanpspKEHUS B 3BEHE TIOCTOSTH-
HOro Toka (AUdc) BBI3BIBAIOTCS MPOTEKAHUEM 4Ye-
pe3 KOHJEHCATOp MEPEMEHHOW COCTaBISIONIEH
ToKa (Iripple). CBsI3b OonUCHIBaeTCS (HOPMYIIOn

Zc:ﬂ= JESR* + X 2.
ripple

[TockonmbKy Ha BBICOKHMX 4acToTax (4acToTa
MMM, klm) eMKOCTHOE  CONPOTHUBICHHE

X = ! CTPEMHUTCA K HYIIIO, UMIIEJaHC KOH ICH-
2nfC

caropa CTaHOBUTCS NpakTHUecku paBHbIM ESR.
CrnenoBarenbHO, aMIUIUTYyZla BbICOKOYACTOTHBIX
MyJIbCAIMA HAMPSHKEHUsSI CTAHOBUTCS MIPSIMO TPO-
nopruonansHoi ESR.

1.3.3. Mogesnb rnporHosupoBaHms RUL

[IporHo3upoBanue OCTAaTOYHOTO pecypca
dbopmyupyeTcs Kak 3ajada perpeccuu BPEMEH-
HOTO psiJia JeTpajallii 1O MOMEHTA TIePeCCUCHHUS
33/IaHHOTO TOopora oTkaza. [ anmpokcumaruu
TpPEeHIa JIETPAJalNN TPEIJIaraeTcsi UCIOIb30BaTh
THOPUIHYIO MOJENb, OOBEIUHSIONIYI0 (GU3NUe-
CKHE 3aKOHOMEPHOCTH U METOIbI MAIIIMHHOTO 00Y-
yeHus. B kauecTBe 0a30BOM Mojenu Aerpagariu
WCIIONB3yeTCsl AKCIOHCHIINAIbHAS 3aBUCHMOCTb,
XapakTepHas I Pa3BUTHS YCTATOCTHBIX TPEITUH:

HI(t)=HI, -é",

e HI (1) — Tekylee 3HaYeHHE HHINKATOPa 370-
pPOBBs; 3 — CKOpPOCTb JeTpajallii.

OpnHako, y4MThIBasi CTOXaCTHUECKHM Xapak-
Tep HAarpy3KH B peajbHbIX YCIOBUAX, IE€TCPMUHU-
pOBaHHAas MOJIENb JONOJHIETCS aJITOPUTMOM Ha
6aze neriponnoii cetn LSTM (Long Short-Term
Memory), crnocoOHOHN yiaBIWBaTh HEJIWHEHHBIC
BpPEMEHHbIE 3aBUCUMOCTH B pAjax AaHHbIX. OcTa-
tounblii pecypc (RUL) B mMomeHT BpemeHu
oIpeeNsieTcs Kak

RUL(t ) =tpo,— 1y

II€ t,,, — HPOrHO3MpyeMoe Bpems, korxa I (t)
TOCTHTHET KPUTHYECKOro mopora Hi, .. ... Jlns
IGBT momynei B kadecTBe H1 ), ,s TPUHATO yBE-
nnuenne Vceon) Ha 15-20 % OT HOMHUHAIIBHOTO
3HAYEHHMsI, YTO CBUJICTEILCTBYET O HEOOPATHUMOM
pa3pyILICHHHN MasHBIX COCTUHEHUH.

Takum 006pazoM, MPEAIOKEHHBIH aNTOPUTM
MTO3BOJIAET MEPENUTH OT SKCITEPTHON OLIEHKHU COCTO-
STHHS K KOJIMYECTBEHHOMY PacueTy BPEMEHH JI0 OT-
Ka3a, MUHUMU3UPYs BIHSHUE YEI0BEYECKOTO (ak-
TOpA.

2. PesynbTathbl
2. 1. YucseHHbIi 3KCIIEPUMEHT

2. 1. 1. @opmuposarHme oby4aroLyeri BbIoopku
U HACTPoOVIKa MOAEIN

Jia Bepudukanum npeniokeHHOH METONUKH
UCIIOJIb30BAJICS MAcCCUB HCTOPHYECKHX JaHHBIX
(Log-daiinml), BeIrpykeHHbIX 13 cucteMbl ACYTIT
MPOMBILUIEHHOTO MPEANPUATHS MO IPOU3BOJICTBY
MHUHEpaJIbHBIX yA00peHui 3a iepuoa 12 mecsues.
BxonmHOW BEKTOp BKIFOYANl BPEMEHHBIE PSIABI BBI-
XOJIHBIX TOKOB (/ms), HANIPSDKEHUS 3B€HA TOCTOSIH-
HOTO TOKA (V4c) M TEeMIIepaTyphbl paaraTopa mpeoo-
pa3oBaTes 4aCTOThI MOITHOCTEIO 75 KBT.

Jlia uMuTanmu mpouecca Jerpajalnuu uc-
MOJIH30BAJIMCH ITAJIOHHBIE HAOOPHI TaHHBIX.

1. Tnst IGBT-momyseii: Habop nmanHbIXx NASA
PCoE (IGBT Accelerated Aging Data Set), conep-
JKaIIMK 3aMKMCcH MEePEeXoJHBIX MPOLECCOB IPU Tep-
MOIMKJIMPOBAHUHU IO MOMEHTA OTKa3a (mpoOoi 3a-
TBOPA/OTPHIB MPOBOAHHUKOB).
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2. JInst KOHJIEHCATOPOB: SKCIIEPUMEHTAIIbHBIE
JTAHHBIE JIETPaIalliy AIEKTPOIUTHUECKUX KOH IeH-
CaTopoB, MOJYYEHHBIE B XO/I€ UCIIBITAHUN Ha TEp-
MHYECKoe cTapeHue npu temneparypax 105 °C,
onrcaHHbie B [19]

[TockonbKy OpHUrHMHAJIbHBIE J1a0OpaTOpHbIE
JIaTaceThl MOIY4YEHbI C IOMOLIbIO BEICOKOCKOPOCT-
HBIX ocuwuiorpadoB (4actora TUCKPETH3AIUU
f, >10 k'), 4TO HEZOCTMKUMO I CTaHAApPT-

HBIX TipoMbInuIeHHBIX ceteit (Modbus TCP/RTU),
ObLIa TIPOBEACHA MpOIenypa AeuuMaIu (mpope-
KMBaHUS) JaHHBIX. BpemeHHbIe psabl ObUIH
YCPEIHEHBl W JUCKPETH3UPOBAHBI C YaCTOTOU
f, =20I'm (cooTBETCTBYET AMCKPETHOCTH JaH-

HBIX, XpaHuMmbIXx B apxuBe ACYTII). 3to mo3Bo-
JIUJIO IPOBEPUTH TUIIOTE3Y O BO3MOXKHOCTH JETEK-
TUpOBaHUs TpeH0B cTapeHus (Ve, ESR) Ha oc-
HOBE HU3KOYaCTOTHOM TE€IEMETPUH, JOCTYITHOH U3
BHYTPEHHEH NaMsITH mpeoOpa3oBaTesisi 4acTOTHI
unu cepBepa ACYTII, 6e3 npumeHeHus J0MOTHU-
TEJILHOTO TMATHOCTUYECKOTO 000PYI0BaHHUSL.

Beuny mucbamanca kiaccoB (mpeoOagaHue
JAHHBIX HOPMaJIbHOIO PEKUMa HaJl aBAPUIHBIMHU )
ObUTa MpPUMEHEHa Mpolleypa ayrMEeHTalluu JIaH-
HbIX C TEeHepalueil CUHTEeTUYECKUX aHOMaJuH,
umutupyromux apeid Vee (g IGBT) (puc. 2) n
poct ESR (ans xongencaropos) (puc. 3) Ha oc-
HOBe (PM3UYECKUX MOJelell 0TKa30B:

® s monmenu nerpamanmu IGBT x 6a3o-
BOMY 3HAUEHHIO HAIMPSDKEHUS 100aBISIICS IKCIO-
HEHIMAJIbHBIA TPEeH] apeiida HanpssKeHUS HAChI-
meHust AVee(f), XapaKTepHbIH Ui HAKOIJICHUS
YCTaJIOCTH MASTHOTO CIIOA:

Vo(t) =Vt a e +E(1),

ce ce,

e &(7)— Genblil MIyM, IMHTHDYOLIHIT IOrpeL-
HOCTb JIaTUUKOB; V,, , — MOPOTr 0TKAa3a;

B I8 MOAENM JerpajaliMyd KOHZIEHcaTopa
WH)XEKTHPOBAJICS TPEHJ POCTAa SKBUBAJIECHTHOIO

nocienoBarenbHoro conporusienus (ESR), coor-
BETCTBYIOIIUH 3aKOHY BBICBIXaHHS SJIEKTPOJIUTA.

325 28

&y = &2 =

gaqll— Cripble nannbie / Raw Data 24l Cripsie nannbie / Raw Data

B 77| | m— Crnaxenmsiit Tpenz / Smoothed Trend Topor oTkasa, +100 % / B 77| | m— Crnaxennsiit Tpenz / Smoothed Trend Topor oTxasa, +100 % /
£ 2.2 === Topor orxasa / Failure Threshold Failure Threshold, +100% £ 2.2 === Topor orxasa / Failure Threshold Failure Threshold, +100%

31IC (0.6) /)
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o b » o ® o
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Bpems pa6ortsl, yackl / Operating Time, hours

Puc. 2. JuHaMmnka n3aMeHeHns HanpsXXeHNs HaCbILLEeHNS
IGBT: nCXOAHbIN CUTHAN (CUHWIA) N CTNAXEHHbIN

TPeHA, (KpacHbIN) OTHOCUTESIbBHO NOPOroBOr0 3HAYEeHUS
M C T0OYHMUK: BINONHEHO H.B. ByHUHbBIM.

Figure 2. Dynamics of IGBT saturation voltage degradation:

original signal (blue) and smoothed trend (red)

relative to the threshold value
Source:byN.V.Bunin.

CdopmupoBaHHBII MAaCCUB TaHHBIX OBLT pa3-
neneH Ha oOywaromryro (70 %), BaTHIAIIMOHHYIO
(15 %) u rectoByto (15 %) BeIOOpKH. BXOMHOI BEek-
Top Mozenu X () GopMUPOBAIICS METOLOM CKOJIb-
3smero okHa mupuHo W= 50 otcuetoB (5 ¢ pe-
aJIbHOTO BPEMEHH):
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Puc. 3. JuHamuka pocta aKBUBaNIEHTHOIrO
nocnenosaTesnibHOro conpoTtueneHns (ESR) koHaeHcaTopa:
VCXOAHbIV CUrHAN (CUHWIA) N CrNaXeHHbI TPeHA, (KPaCHbIN)

OTHOCUTEJIbHO MOPOrOBOro 3Ha4YeHus
M CcTOYHMK: BbINONHEHO H.B. ByHVHbBIM.
Figure 3. Dynamics of capacitor ESR increase:
original signal (blue) and aging trend (red) relative

to the threshold value
Source:byN.V.Bunin.

X(t) = {Lrms) Uacr Ths foues AUripple}g—Wa

rne 1,,..Uq.. 7T

HaNPsDKEHUA W TEMIEparypel; f, —

IIpsIMBIE M3MEPEHUS TOKA,

rms?

BbIXOOHAasd

yacToTa (onpenenser pexum paborsr); AU,,, ., —

aMIlIUuTyaa HyJ'IBC&L[I/Iﬁ HAaIps>KCHUA B 3BCHE I10C-
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TOSITHHOTO TOKa, BblJeNeHHass u3 curHaina Udc
MyTeM BBICOKOYACTOTHON (PHIIBTpAIINH.

ApXHUTEKTypa MOZENU BKJIOUasia:

—cnoit 1D-CNN (128 ¢unbTpoB) i u3Bie-
YEeHHsI JIOKAJIbHBIX NMPU3HAKOB U3 BPEMEHHBIX psi-
JIOB TOKOB U MyJIbCalluii;

—nBa ciost LSTM (1o 64 HeiipoHa) Juis BbI-
SBJICHUS JIOJITOBPEMEHHBIX 3aBUCUMOCTEN Jerpa-
Jaluy;

— nmonHocBs3HBIN cioit (Dense) juist perpec-
cuu 3Hagenus RUL.

2. 1.2. Knaccugukalins TeXHUY4eCKOro COCTOSIHUS

Ha ocHoBe ananmza npeiida nuarHoctuye-
CKUX TIPU3HAKOB OTHOCHTEIHHO 0a30BOW JTUHHUU
ObL1a cpopMHpOBaHA MATPHIIA COCTOSHUHN TPeod-
pasoBarens. Jlnsg yHHpHUKAIMHA TAATHOCTHYIECKOM

MaTpuIlbl BBeJeH O0OOOIIECHHBIH (HOPMHPOBAH-
HBII) mapaMeTp oTkiIoHeHus O. [lockonabKy pusn-
YeCKHe KPUTEPUHU OTKa3a JJIsi KPUTHIECKUX KOM-
MOHEHTOB PAa3JIMYalOTCs MO a0CONIOTHOM BEJIH-
yuHe — i IGBT-monynell KpuTHUECKUM CUH-
TaeTcsl POCT HANPSIKEHUs HACBILEHUS Vee Ha
20 % [20], a a5 KOHAEHCATOPOB 3BEHA MTOCTOSH-
HOTO TOKAa OKOHYaHUEM pecypca SBISIETCS yBEIH-
yenre ESR na 100 % (B 2 paza) — B MeTOnMKe
MPUMEHEHAa MpoIeaypa MacIITaOUPOBAHUS TPH-
3HAKOB.

s koHZIeHCAaTopoB (HU3HUYECKOE OTKIOHE-
nue ESR nHopmupyercs ¢ koadpdummentom k= 0,2.
OTO MO3BOJSET HCIONIB30BaTh EAMHYIO IIKaIy
oneHkH (Taodi.), rae 3Hadenuo o6 = 20 % cooTBeT-
CTBYET IOJIHOE HCUEpIIaHHE pecypca J0oro u3
KOHTPOJIMPYEMBIX y3JIOB.

Kputepumn oueHkn TexHN4eCKoro COCTosiHua cunosoro kackaga N4
Criteria for assessing the technical condition of the power stage of a frequency converter

AnanasoH
OTKJIOHEHUS Npu3Haka /
Parameter Deviation
Range (AHI)

Knacc coctosiHus /
Condition Class

XapakrepucTtuka
pexuma /
Operating Mode
Characteristics

PekomeHayemoe pencrteue /
Recommended Action

I. Hopma / Normal 6<5%

LLrtaTtHas skcnnyaTa-
umsa / Normal operation

MoHuTOopuHr 6€3 BMelLaTenbcTBa /
Monitoring without intervention

Il. Oerpagaums /

0, < 0,
Degradation 5%<8<12%

HayanbHbI M3HOC /
Initial wear
(Onset of degradation)

MnanmnposaHne TO B Gnmnxaliliee «OKHO» /
Maintenance planning
for the next available window

Ill. MpeoaBapuinHbIn /

< E< [¢)
Pre-fault (Alert) 12% <818 %

Pa3BuTbin pedekr /
Developed defect
(Advanced fault)

CHuxeHune Harpyaku, 3akas 3UMM /
Load reduction,
ordering spare parts (SPARE)

IV. Kputnyecknin /

o)
Critical 8>18%

McuepnaHue pecypca /
End of life
(Resource depletion)

ABapUINHbIN OCTAaHOB, HEMEeAIEHHas 3aMeHa /
Emergency shutdown, immediate
replacement

M ¢ T0o4HWMK: BbiNosHeHO H.B. ByHuHbiM / S o ur ¢ e: by N.V. Bunin.

2. 1.83. OuyeHka To4HOCTM riporHo3upoBaHus RUL

Jns ouenku 3(h(HEKTUBHOCTH TPEIOKEH-
Horo ruOpuaHoro anropurma (CNN-LSTM) 6s110
MIPOBEJICHO CPAaBHEHUE C TPAAUIIMOHHBIM METOJIOM
SKCTPANOJISAIUN HAa OCHOBE 3aKoHa AppeHmyca
(McToNb3yeMbIM B CTAaTUYECKUX pacyeTax HaJex-
HOCTH). B KadecTBe METPUK TOYHOCTH HCIIONB30-
BaJIMCh KOPEHb U3 CPEIHEKBAAPATHUHON OIIMOKU
(RMSE) u cpennss abcomorHas ommbka (MAE)
IPOTrHO3a OCTATOYHOIO pecypca B yacax.

Pesynbprarel MozmenupoBaHus MOKa3aid, 4TO
IIpU FOPU30HTE NMporuHosuposanusd 30 gHEH mo-
TPEIIHOCTD MPEUIOKEHHOW METOIMKH HE TPEBbI-
maet 12—-15 %, B To BpeMs Kak TpaJAULIMOHHBINA Me-
ton maet ommoOky a0 30—40 % (puc. 4) uz-3a He-
yueTa JUHAMUKH PEaTbHOTO MPOQIIIS HATPY3KH.

ANTOPUTM TPOAEMOHCTPUPOBAT BBICOKYIO
YyBCTBUTEIILHOCTh K PAHHUM IIPU3HAKAM CTApCHUSL:

1) nna IGBT-monyneit: Tpenn pocrta Vee
Oobu1 upeHTuduUIMpoBan 3a 1604 mo dakTuye-
CKOT'O OTKa3a;

211



Bunin N.V., Salnikov A.Y. RUDN Journal of Engineering Research. 2026;27(2):203-214

—— ®akTtuyeckuii OMC / Actual RUL
____ Npepnaraemas rubpuaHas moaens
3 Proposed Hybrid Model
10000} S ___ TpaauumoHHas akcTpanonaums /
Tl Traditional Extrapolation

OcTaBsLuwiica MonesHbiii Cpok (4acbl)
Remaining Useful Life (hours)

L L 1 1 |
0 2000 4000 6000 8000 10000 12000
Bpems, Yacsl / Time, hours

Puc. 4. CpaBHeHMEe TOHHOCTM NPOrHO3UPOBaHNSA
OCTaTOYHOro pecypca: NpeaoxeHHas rmbpuaHas mogenb
(3eneHbin) NpoTMB TPAAULMOHHOIo MeToga

3KCTPanonaunm (CUHNIA)
M ¢ T04H W K: BbINONHEHO H.B. ByHuHbIM.

Figure 4. Comparison of the remaining life prediction
accuracy: the proposed hybrid model (green) versus

the traditional extrapolation method (blue)
Source:byN.V. Bunin.

2) nasl KOHICHCATOPOB: HEOOPATHMBIA POCT
HKBUBAJICHTHOTO TIOCJIEA0BATEIBHOTO COMPOTHB-
nenus (ESR) 61 nerexruposan 3a 200 4 10 j10-
CTHKEHUS KpuThuyeckoro nopora (+100 %).

3. MNpakTu4yeckas 3Ha4UMMOCTb

DKOHOMUYECKasI I1eTIECO00Pa3HOCTh Mepexoaa
OT PEaKTUBHOTO OOCITY)KUBAHHUS K IPETUKTHBHOMY
OLICHMBAETCS Yepe3 CHIKEHUE COBOKYITHOW CTOM-
moctu Biaaenus (Total Cost of Ownership, TCO).
AHanu3 CTPYKTYpbl SKCIUTyaTallMOHHBIX 3aTpar
MOKA3bIBACT, YTO B TPATUIMOHHON MOIENH ayT-
COpPCUHIa 3HAYUTEIBHYIO OO0 COCTABIIAIOT HE
TOJBKO MPSMBIE PACXOAbl HA OIUIATy YCIYT IMOJ-
PSIYMKOB, HO U KOCBEHHBIE TIOTEPH, CBS3aHHBIC C
JATEeHTHOCTBIO pearupoBaHus (BpeMEHEM OXKHIa-
HUS CEPBUCHOW OpUTaJbl) U aIMHUHUACTPATUBHBIMU
U3JIePKKAMHU Ha COTIPOBOXKIEHUE KOHTPAKTOB.

CormnacHO HHIYCTPHAIIBHBIM HCCIIEI0OBaHUSM,
BHEJPECHHE CHCTEM INPEIUKTUBHON aHATUTHKU
MO3BOJIIET TPAHC(POPMUPOBATH CTPYKTYPY 3arpar
CIIEIYIOIIUM 00pa3oM:

1) cokpamenne Oromxera Ha TOuP cocras-
nsetr 18-25 % 3a cdeT UCKIIOYEHUS «JTUITHUX)
orepanuii ¢ UCIpaBHBIM 000pynOBaHUEM (yCTpa-
HEHHE M30BITOYHOTO OOCITYXHBAHUA) U Nepexosa
K PEMOHTaM «TOYHO BOBPEMS»;

212

2) panHee oOHapyXeHHE Je(EKTOB MO3BO-
JSIeT COKPATHTh HE3aINIAaHUPOBAHHBIE IPOCTOU Ha
30-50 %, yTO JUIst HEIPEPHIBHOTO MMPOU3BOACTBEH-
HOTO LIMKJIa KBUBAJICHTHO COXPAaHEHUIO COTEH Ya-
COB NPOAYKTUBHOTO BPEMEHH €XKEroxHO (COKpa-
uieHue npocros) [217;

3) onTUMM3ALUS CKIIAJICKUX 3aI1acoB: TOUHBIN
IIPOTHO3 3aMEHbI KOMIIOHEHTOB II03BOJISIET COKpa-
TUTh ckiaackue 3amackl SUIT Ha 10-20 %, ucknro-
4yasg HEOOXOAMMOCTh XPAaHEHHUS JOPOTOCTOSIINX
Y3II0B «HA BCSIKUM ciydai» [22].

BHenpeHnne MeToAMKH He MpeoiaraeT mnoj-
HOM 3aMeHBbl YeJOBEeKa aJITOPUTMaMHU, a MEHSET
napajurMy padoThl AMEKTPOTEXHUYECKOTO Mepco-
Hana npennpuarus. [IY, ocHaleHHbId cUCTEMON
JUAarHOCTUKH, BBICTYIIAET B POJIM CHUCTEMBI MOJ-
JIEP>KKU IPUHSATHUS PEeLIEHUH. ITO MO3BOJISIET CMe-
CTUTh (OKyC palbOTHl IITATHBIX CIIEIHAIUCTOB C
PYTHHHBIX OCMOTPOB Ha BBICOKOKBAJIH(PHUIIUPO-
BaHHYIO aHAJIUTUKY ¥ TOUEYHOE YCTPaHEHUE HEHC-
npaBHocTel. Takoi moaxon oGecreunBacT:

— cHuoicenue MTTR (Mean Time To Repair):
COOCTBEHHBI MEPCOHAN, IMONy4ash OCTAaTOYHYIO
OLIEHKY pecypca mnpeodpa3oBarelis, MOXKET Mpe-
NPUHUMATH PEBEHTUBHBIE MEPBI MO BHIBONY I10-
3ULMK U3 IKCIUTyaTaluuu (MpeaycMoTpeB 3abiaro-
BPEMEHHO M3MEHEHHE TEXHOJIIOTMYECKON KapThl U
odopmiteHrE 3aKa3-HapsIa Ha 3aMEHY);

— MEeXHONI02UYEeCKUll cy8epeHumem: CHUXe-
HUE KPUTHYECKOW 3aBHCUMOCTH OT BHEITHHUX TIO/I-
PSYMKOB M COXpPAHEHHE DSKCIEPTHU3bl BHYTPH
npennpusatus. [loelnenne kBanudukanuu mnep-
COHAJIa MPOUCXOIUT B MOMEHT pean3aluu Ipo-
€KTa BHEAPEHUS] CUCTEMbl MPEIUKTUBHON aHaJIH-
THUKH, TEM CaMbIM ONTHUMHU3UPYS OOIINE 3aTpaTrhl
HNEePCIEKTUBHOIO IPOEKTA.

3akioyeHume

[IpoBeneHHOE HCCIENAOBAaHHUE IOATBEPIAHIIO,
YTO TPAAUIMOHHBIE CTPATETHH TEXHUYECKOTo 00-
CIIy)KMBaHHs (peakTHBHas W NPEBEHTHBHAs) HE
o0ecrnieynBaroT TpeOyeMOro ypoBHs HaJI€KHOCTU
IMPOMBINIJICHHBIX J3JICKTPOIPHUBOAOB B YCJIOBUAX
MHTCHCHBHOHM SKCIUTyaTallMH. YCTaHOBIICHO, YTO
OTCYTCTBUE HENPEPBIBHOIO HHCTPYMEHTAJIBHOTO
KOHTpPOJI JeTpaJallii CUJIOBBIX IMOJIYIIPOBOIHHU-
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koB (IGBT) 1 koH1I€HCAaTOPOB 3BEHA ITOCTOSTHHOTO
TOKa SIBJISI€TCS TVIABHOM MPUYMHOIN BHE3AHBIX OT-
Ka30B, BJICKYLIUX 3HAYUTEIbHbIE SKOHOMHUYECKHE
MoTepH.

B pabote nomydeHsl cleayolnue OCHOBHBIE
pe3ybTaThl.

1. PazpaGorana Metonuka ruOpuaHON aua-
THOCTUKH, OCHOBAaHHAs! HA KOMILJICKCUPOBAaHUH (DU~
3MYECKUX MOJIeNIel OTKAa30B U aJITOPUTMOB MAIINH-
HOro oOydeHus. JlokazaHO, 4TO MOHUTOPHUHT
npeiiba nanpspkenus HacwimieHus (Veeon) n
MyJbCAllMi HANpsSKEHUs B 3BEHE IOCTOSHHOTO
Toka (AUdc) TO3BOJISIET BBIABIATH JeEKThI Ha
panHei cranuu paszsutus (3a 160200 4 10 ot-
Ka3a) 0e3 MCIIOJIb30BaHUS BHEITHUX JAaTYHKOB.

2. ObocHOBaHa JIByXypOBHEBasl apXUTEKTypa
CHUCTEMBI, pealM3yIolas IPHUHLUI TPaHUYHBIX
BeruncieHuii (Edge Computing). 310 mo3BosseT
MPEOI0JIETh OTPAHUYECHUS 3AKPBITHIX MPOMBILI-
JIeHHBIX KoHTposuepoB ITY, mepenaBas tenemer-
pHIo [T ITyOOKOTO aHalln3a Ha BHEIIHUI cepBep.

IlepcnexkTrBBl NATPHEWIINX HWCCIEAOBaHUN
CBSI3aHBI C anpoOarueil peaan30BaHHON MOIEIH
Ha peaJbHOM IPOMBIIIIEHHOM OOBEKTe, MO3Tar-
HOW amanranmueld W IOpabOTKOW MPEIIOKEHHOM
MOJIeNH, a Takxke (opmannzanueil MoaxomoB K
TEXHUYECKOMY OOCITY>KUBAaHUIO U PEMOHTOB IS
MPEeNNpUITUI B BUIEC MHCTPYKIMNA/HOPMATHUBHBIX
aKTOB.
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3asBileHHE 0 KOH(JIUKTE HHTEPeCcoB

ABTOpBI 3a5IBJIAIOT 00 OTCYTCTBUU
KOH(JIMKTa HHTEPECOB.

3asiBieHHe 00 UCIO0JIb30BAHUH TEXHOIOI M
HCKYCCTBEHHOI0 MHTEJLJIEKTA

[Ipu cozmannu HACTOSIIEH CTAaTbU TEXHOJIO-
MM TeHEPATUBHOTO HCKYCCTBEHHOTO HHTEII-
JIEKTa HE UCIIOJIb30BAIIUCh.

3asiBjieHUE O AOCTYITHOCTH JaHHBIX

Bce nannble, NOMy4YEHHBIE B XO/I€ OTOTO HC-
CJICIOBAHUS, BKIIOYEHBI B OITyOJIMKOBAHHYIO
CTaThIo.

AnnoTtanus. Pa3paboTaH aganTHBHBEIA aITOPUTM IELEHTPAIN30BAHHOTO
yIpaBlIeHHUs NHHOBALIMOHHBIMY NTPOEKTaMH, OCHOBAHHBIM Ha MOJEIH OTPpaHH-
YEeHHOT0 BHUMAaHUS PyKOBOAUTEIS. B yclIoBUsX pocTa CIOKHOCTH IIPOEKTOB U
BBICOKOH HEONPENeNeHHOCTH YIIpaBIeHYeCKasi Harpy3Kka Ha LEeHTPaIbHBII KOH-
Typ yHpaBleHHs IPHOOPETAET CUCTEMHBII XapakTep, YTo TpeOyeT CTPYKTypH-
3aI1M NPOLEAYP NepepactpeneraeHus KOHTPOIbHEIX GyHKIMH. [Ipemioxen an-
TOPUTM aBTOMAaTH3MPOBAHHOTO pAaCHpENeIeHUs] KOHTPOJIS, YUUTHIBAIOLIUHA
CJIO)KHOCTb 33J1a4, YPOBEHb JOBEPHS K UCIIOIHHUTENISIM U 3HAYUMOCTD Pe3yJIbTa-
TOB ISl Opranu3anuy. Ha oCHOBE MHTErpabHOTO IOKa3arelis MOTpeOHOCTH B
KOHTPOJIE PEeIN3yeTCsl AMHAMUYECKHH BEIOOP PEKUMa yIIPABIECHHS: ICHTPAIU-
30BaHHOE BMEILATENILCTBO, YIPABICHHUE 110 UCKIIOYEHUSAM WIIN JEeLEeHTPaIN30-
BaHHBI KOHTPOJIb. JleHeHTpanu3anus paccMaTpruBaeTcsi He KaK CTaTHYecKas
OpraHu3allMOHHAs XapPaKTEPUCTHKA, a KaK aJlaliTUBHBINA MpOLecC, aKTHUBHUpPYe-
MBI COCTOSTHHEM yTpPaBICHYECKOW Harpy3ku. MeTomonorndeckasi OCHOBA HC-
CJICZIOBAHMUS BKJIFOYAET DJIEMEHTHI TEOPUU aKTHBHBIX CUCTEM, BEPOSITHOCTHOTO
aHaIM3a M aJTOPUTMUYECKOTO MOIeNupoBaHus. [IpeanoKeHHBIH MeXaHU3M
MO3BOJIIET CHU3UTh PUCK NEPErPY3KH PYKOBOJUTENS, HOBBICUTh YCTOMYHUBOCTD
MIPUHSTHS PEIIEHUH U 00eCIeunTh OoNee pauoHaIbHOE HCTIOIb30BAHUE YIIPAB-
JIEHYECKOTO pecypca B MHHOBALMOHHON AesTenbHOCTH. IloydyeHHble pesyib-
TaThl MOTYT OBITH MCIIOJNB30BaHBI NIPU pa3pabOTKe CHCTEM MOIJIEPIKKU YIIpaB-
JIEHYECKUX PELICHUH U HU(POBBIX IIATGOPM yNPaBIeHHS IPOSKTAMHU.

KuroueBnble ciioBa: HWHHOBallMH, OrpaHU4YCHHOC BHUMAaHUEC PYKOBOAUTEIIA, adar-
THBHBIN MCXaHHU3M, YIIPaBJICHUE IO UCKIIOYCHUAM, PACIPECACICHUC KOHTPOJIA,
AKTUBHBIC CUCTEMBI, aJITOPUTM IIPUHATUSL pemeﬂnﬁ, yIpaBJI€CHUYECKas Harpyska,
OpPraHu3aliMOHHBIC CUCTEMBI
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Abstract. The study proposes an adaptive algorithm for the decentralized management
of innovation projects based on a model of limited managerial attention. Under conditions
of increasing project complexity and high uncertainty, the managerial workload within
the central control loop becomes a systemic constraint, requiring the formalization of
procedures for reallocating control functions. An automated algorithm for allocating
control functions is proposed, taking into account task complexity, the level of trust
in project performers, and the organizational significance of project outcomes. Based
on a composite control demand index, the algorithm enables the dynamic selection
of a management mode: centralized intervention, management by exception, or
decentralized control. Decentralization is interpreted not as a static organizational
attribute, but as an adaptive process activated by the state of managerial workload. The
methodological framework of the study combines elements of active systems theory,
probabilistic analysis, and algorithmic modeling. The proposed algorithm reduces the
risk of managerial overload, improves decision-making stability, and supports a more
rational use of managerial resources in innovation activities. The results may be applied
in the development of managerial decision-support systems and digital project
management platforms.

Keywords: innovations, decentralized management, limited managerial attention,
adaptive mechanism, management by exception, control allocation, active systems,
decision-making algorithm, managerial workload, organizational systems
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BBepeHue

pMaLuy, KOOPAWHALMY PELIEHUI U ONIEPaTHBHOTO
pearnpoBaHus Ha OTKJIOHEHHUS OT IUIAHOBBIX Mapa-

Pa3BuTHEe MHHOBAIIMOHHBIX IIPOEKTOB B CO-
BPEMEHHBIX OPraHU3alMOHHBIX CHCTEMAaX COMpPO-
BOXKIAETCS YCTOMYMBBIM POCTOM YITPABIEHYECKON
CIIOKHOCTH, OOYCIIOBIIEHHBIM KaK TEXHOJIOTHUYE-
CKUMH (DaKTOpaMH, TaK U YCIIOKHEHUEM UHCTHUTY-
IMOHAJILHOW W pBIHOYHON cpenswl [1; 2]. B ycino-
BUSIX BBICOKOW HEONPEACIICHHOCTH, XapaKTEpHOU
JUIsl ”THHOBAIIMOHHOM JESITEIbBHOCTH, HA PYKOBO-
JUTENS IPOEKTa WM OPraHM3alMU BO3JIAraercs
(YHKIMS MHTETPAIMN Pa3IMIHBIX TTOTOKOB WH(O-
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METpOB U Tokazareneit [3; 4]. [Ipu sToM B 601B-
IIMHCTBE TPAJAULIMOHHBIX MOJENEH YIpaBIeHUS
IpeAroaraeTcsi HesiBHas BO3MOXHOCTH Heorpa-
HUYEHHOTO BOBJICYCHUSI PYKOBOAWTENS B YyIIpaB-
JIEHYECKHI mporiecc [5], 4To BCTymaeT B MPOTUBO-
peurie C peaJbHBIMH KOTHUTHBHBIMH U BpEMEH-
HBIMH OrpaHndeHusAMHA. OTHAM U3 HAUMEHEe CTPYK-
TYPUPOBAHHBIX, HO KPUTUYECKH 3HAYUMBIX (PaKTO-
POB YIIpaBICHUS SBISAETCS PECypC BHUMAHHUSA Py-
koBoguTeNs [6—8]. B oTnuume ot marepuanbHbIX,
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(PMHAHCOBBIX MJIM TPYIOBBIX PECYPCOB, BHUMAaHHE
o0Ja1aeT MPUHIMITHAIEHO UHON MPUPOIIOH — OHO
OTPaHWYECHO, HE HAKAIJIMBAeTCs, HE MOAMAeTCs
NPSMOMY MAacIITaOMPOBAaHHUIO M XapaKTepU3yeTcs
HEJIMHEHHBIM CHIDKeHHEM () GEKTHBHOCTH TIPH Tie-
perpyske [9-11]. B ycrnoBusix MHHOBaIIMOHHBIX
MIPOEKTOB, B KOTOPBIX BO3PACTaeT MHTCHCHUBHOCTH
YIpaBICHYECKUX COOBITHHA, TaHHBIH (aKTop MpH-
oOperaeTr cucreMooOpasyroliee 3Ha9YCHHUE TI0 TIPH-
YHHE TOTO, YTO UMEHHO Ieperpy3Ka yrpaBieHue-
CKOTO IIEHTpa 4acTO CTAHOBHUTCS MPUYNHON 3aras3-
JIBIBAIOIINX PEIICHHH, POCTa YUCIa yIpaBiIeHYe-
CKUX OIIMOOK M YTpaThl COITIACOBAHHOCTU JEH-
cTBuil. MccnemoBanusi B 00JaCTH OpraHU3aIlMOH-
HOTO AM3aliHa M YHPABIECHUS MHHOBALUSMH BCE
Jaie yKa3blBalOT Ha HEOOXOIMMOCTH JIELEHTpa-
JM3alUU YTIPaBICHUS U Tepepacitpe/iesieH s KOH-
TPOJIBHBIX (PYHKIIUI MEXIY IEMEHTaMH OpTraHH-
3aIMoHHOM cucTeMbl [12—15]. Bmecrte ¢ TeM ne-
[eHTpaau3alus B OONBIIMHCTBE paboT paccMar-
puBaeTcs TMO0 KaK CTaTHYECKOE CTPYKTYPHOE pe-
HIeHne, TM00 KakK yrpaBieHueCcKasi PeKOMEH/1aIus,
KOTOpast He COTPOBOXKAAETCSI MEXaHU3MOM aJlarTa-
MM K H3MEHsIolelca Harpyske. B pesynsrare
0CTaeTCsl HeJOCTaTOUYHO NMPOPAOOTAHHBIM BOIPOC
0 TOM, KaK M KakuM o0pa3oM CHCTeMa yIpaBiie-
HUS JIOJDKHA JUHAMHYECKH H3MEHSTH CTETEHb
LHEHTPAIN3aUK B 3aBUCHUMOCTH OT COCTOSIHHS
YIPaBJIEHYECKOTO KOHTYypa W OTPaHUYEHUH BHU-
MaHHs PYKOBOIUTENS. JIOMOTHUTENBHYIO CIIOXK-
HOCTh BHOCHUT aKTHUBHBIA XapaKTep yYaCTHHUKOB
WHHOBAIIMOHHBIX NpoekToB. C mo3uuuii Teopun
AKTHBHBIX CHCTEM 3JIEMEHTHI OpPTaHW3alMOHHON
CTPYKTYpBI OOJIaJafoT COOCTBEHHBIMU IICIISIMH,
HpeNOYTEHUIMH U CTpaTerusiMu noseenus’ [16;
17], uTo memaeT HEBO3MOXKHBIM JKECTKO 3aJIaHHOE
pacripezieneHre KOHTpoJst 0e3 yueTa BepOsITHOCT-
HOM MPUPOIBI YIIPAaBICHUECKUX MpoueccoB. [lo
9TOM NpHYMHE 3a7a4a pa3paboTKH aJTaNTHBHBIX
MEXaHU3MOB M JITOPUTMOB YTIPaBICHHS, COUETa-
FOIIHX MTPUHIUIIGI ACTIEHTPATU3alH, YIIPABICHUS
M0 UCKJIIOYCHUSM M aBTOMATH3UPOBAHHOTO TIepe-
pacripeneneHusi KOHTPOJIBbHBIX (YHKIUI Ha Oc-
HOBE CTPYKTYPHUPOBAaHHBIX KPHUTEPHEB, SBISECTCS

aKTyaspbHOW. HecmoTps Ha Hamnuue HcciaenoBa-
HUI1, OCBAIIEHHBIX OTAEIbHBIM aCIIEKTaM OTPaHU-
yeHHOro BHUMaHus [18; 19], ynpasnenuto mo uc-
KioueHusiM [20—22] 1 cTOXacTUYeCKOMY MOJIEITH-
POBAHUIO OPraHU3AIMOHHBIX TpolieccoB [23-25],
MOJTHOIICHHBIE METO/IOJIOTHYECKHUE MOJAEIH, 00b-
€AMHAIOIINE JaHHBIE ITOIXObl B paMKaX €IMHOTO
MEXaHu3Ma YIPaBJICHNUsS WHHOBALMOHHBIMHU IIPO-
€KTaMH, OTCYTCTBYIOT. HeocratouHo uccnenoBan
MOTEHIIAA IPUMEHEHNUS IIEMEHTOB TEOPHH BEPO-
SITHOCTEW, MApPKOBCKUX MPOLECCOB, SHTPOIMUITHOTO
MOAXOJA U TEOPUH OYepenel Uil CTPYKTYpH3aLUH
JUHAMUKU YIIPABICHYECKOM Harpy3Ku U 00OCHO-
BaHUS [1EPEXO0B MEXKTY PA3INYHBIMU PEXKUMAMU
YIPaBICHHUS.

Lenv uccnedosanus — pa3paboTka aaanTHB-
HOTO QJITOPUTMA JIEUEHTPATU30BAHHOTO yIpaBJie-
HUSl MHHOBAILIMOHHBIMH MPOEKTaMH, OCHOBAaHHOTO
Ha MOJIETTM OIPaHMYEHHOTO BHUMAHUS PYKOBOIM-
TSI U YYUTBIBAOIIETO AKTUBHBII XapakTep dJIc-
MEHTOB OpraHU3alMOHHON cuctemsl. Ilpemiarae-
MBI MTOJIXO OPUEHTHUPOBAH HE Ha OMKMCAHUE Opra-
HU3AIMOHHOW CTPYKTYPBI KaK TAKOBOM, a Ha CTPYK-
TYpHU3aLMIO AJITOPUTMA IMEepepaclpesieieHus] KOH-
TPOJISA, TTO3BOJISIONIETO CHU3UTH YIPABICHUYECKYIO
Heperpy3Ky, HOBBICUTh YCTOMUMBOCTh HMPHUHATHSA
pelieHui 1 00ecTeunTh MprueMIIeMble TOKa3aTean
3¢ GEKTUBHOCTH B YCIIOBUSX BBICOKOH HEOMpee-
JICHHOCTH.

1. MaTtepuansl U MeToAbl

MeToaomoruueckoil OCHOBOM HCCIEI0BaHUS
ABJIICTCSl MPEACTABICHUE WHHOBALIMOHHOIO IIPO-
€KTa KaK aKTUBHOW OPraHU3allMOHHON CHUCTEMBI,
(YHKIMOHUPYIOIIEH B YCIOBUAX OTPAHUYCHHOTO
YIPaBIEHYECKOTO pecypca BHHUMaHUS PyKOBOIU-
Tensl. B pamkax JaHHOMW JIOTMKM yHpaBiIeHHE pac-
CMaTpPUBAETCS HE KaK COBOKYITHOCTh perylaMeHTH-
POBaHHBIX MPOLEAYP, @ KaK MPOLECC AUHAMHYE-
CKOTO pacIpeeeHnss KOHTPOJIbHBIX BO3AEHCTBUIA
MEX/y 3J€MEHTaMU CUCTEMbI NPU HAJMYUH HEO-
MPENEIEHHOCTH M CTOXaCTUYECKOIro XapakTrepa
yIpaBleHIeCKIX coObITH. McciienoBanne HOCUT
METOAOJIOTMYECKUI XapaKTep W ONUpaeTcs Ha

! Hoeuxos [].A., [lempaxos C.H. Kypc Teopuy aKTUBHBIX CHCTeM : yueOHoe mocobue. Mocksa, 1999. 105 ¢. EDN: PFEGVQV
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COYETAaHHE AaHAJIUTHUYECKHUX, BEPOSATHOCTHBIX H
MMUTALUOHHBIX METOAOB. LIeHTpaabHBIM 2/1€MeH-
TOM SIBJII€TCSI MOJEJIb OIPAaHMYEHHOTO BHUMAaHUs
PYKOBOIMTES, UHTETPUPOBAHHAS C MEXaHU3MaMHU
JELEHTPaIN3alluy YIPABICHUs, YIPABICHUS IIO
HCKIIIOYECHUSM U aBTOMATU3UPOBAHHOIO Iepepac-
npezeseHnss KOHTPOIbHbIX (yHKIuil. s akrya-
JAW3alMN TUHAMUKH YIPaBICHYECKOM Harpysku
HCIOJIB3YIOTCS DIIEMEHTBI TEOPUU BEPOATHOCTEI,
MapKOBCKHUX IIPOLIECCOB U TEOPUH OUYEPEIEH, a AJIs
ydeTa KaueCTBEHHOH HEOIPENECIIEHHOCTH — Me-
TOZIBI HEYETKO-MHOKECTBEHHOIO aHalu3a U Me-
TOJla aHAJIN3a UEPAPXUHL.

BHumaHue pyKOBOIUTENS PAcCMAaTpHBAETCS
KaKk OrpaHMYCHHBIM YIpPaBIEHYECKHH pecypc,
OTIPEJEIIAIONINNA MTPOIYCKHYIO CIIOCOOHOCTh IIeH-
TPaJIbHOTO KOHTYpa ynpasieHus. Ilox BHEMaHMEM
MIOHUMAETC COBOKYIHOCTb KOTHUTUBHBIX U Bpe-
MEHHBIX BO3MOXHOCTEH PYyKOBOIUTENA IO BOC-
MNPUATUIO, WHTEPIPETALMNA U NPUHATHIO YIIPaB-
JEHYECKUX pEeLIeHU B equHUIly BpeMeHH. [lycTb
A — MakcuMallbHbIE 00bEM BHUMAaHHUS PyKOBO-
JUTENIS 34 UHTEPBal BPEMEHU 1 , BBIPAKCHHBIN B
YCIIOBHBIX €AMHUIAX yIPaBICHUYECKUX NEHCTBUI.
Torna (akrudeckas Harpyska L(t) dbopmupyercs

IIOTOKOM YTpaBJIEHYECKUX COOBITHH, TpeOyrommx
peakumn. Ilpu L(1)< A ynpaeneHue oCyIecTB-

JsieTcsl B LEHTPAJIN30BAHHOM PEXHUME, IPU IIpe-
BBIILIEHUH IIOPOTOBOTO 3HAYEHUSI BO3ZHHUKAET (-
(bexT neperpys3ku, NPUBOAALIMNA K POCTY BEpOST-
HOCTH OIINOOK ¥ 3a/IepKeK MPUHATHSA perieHnid. B
OTJINYKE OT KIACCUYECKUX MOJIeNIeH, Ipenonara-
IOLUX JIMHEHHYIO 3aBUCUMOCTb MEXKIY Harpy3Kou
n 3¢ dexruBHOCTRIO [26; 27], B paboTe mpuHUMa-
€TCsl TUIIOTEe3a O HEJIMHEHHOM XapakTepe Aerpaja-
11K 3G PEeKTUBHOCTH yIpaBIEHUS IPU IPUOITHAKE-
HUM K Mpeielly BHUMaHus. DTO MO3BOJISET HHTEP-
IIPETUPOBATH NEPErPy3Ky HE KaK KOJIMYECTBEHHOE,
a KaK KadeCTBEHHOE N3MEHEHHUE pexnuma (QyHKIH-
OHUPOBAaHHMs YIIPABIECHYECKON CUCTEMBI.

Jeduur BpeMeHH PYKOBOAMTENS IMPOEKTa
MOXHO IPEICTaBUTh KaK OrPaHUYEHUE MPOITyCK-
HOH CIIOCOOHOCTH KaHajla yIpaBJIeHHsL:

Azzn:li T, <T,

i=1

Griee
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Iac }Li — MHTEHCHUBHOCTH IIOTOKA 3ada4y OT I-TO
COTpYAHUKA, T,— BpEM:, IOTPAYCHHOC HA KOH-

Tpoab onHOW 3ajmayu. Ecim A>T, TO CH-

[Qii
cTeMa TepsAeT YCTOMYMBOCTh M, COOTBETCTBEHHO,
HEO0OXOIMMO JeJerupoBarh (HYHKIMU KOHTPOIS
aNrOpUTMU3UPOBAHHOM cucteme. PaccMmoTpum
TEOPETHUUECKUE U aHATTUTUUECKHE TTOAXOIbI, TIPEI-
CTaBJIEHHbIE B BHJIE Pa3JIMYHBIX METOHOJOTHYE-
CKHX HHCTPYMEHTOB.

s cHWXEHUsA Harpy3kd Ha yhpablieHye-
CKHI IIEHTP UCTIONb3YETCsl MPUHLIMIT YIIPABICHUS
10 UCKJTFOUEHHUSIM, B PaMKax KOTOPOTO B 30HY Ipsi-
MOT'O BHUMaHUSI pyKOBOAMTEIIS MOMAIAaI0T TOJIBKO
T€ COOBITHS, KOTOPBIE BBIXOMIAT 3a MPEAEIIbI JOIY-
CTUMBIX TMapaMeTpoB (YHKIIMOHUPOBAHHS IPO-
exta. Kaxxnoe ynpasiieHuecKkoe COOBITHE e; XapaK-

TCPU3YCTCs BEKTOPOM I1apaMETpoOB Xx;, COIIOCTAB-

JSIEMBIM C JOITyCTHUMBIMHU UHTEPBAJIAMU HOPM X .
B ciydae BBINOIHEHMS YCIOBHM HOPMajlbHOCTH
coObiTHEe 0OpalaThIBaeTCsl Ha JELEHTPAIU30BaH-
HOM YPOBHE, B IIPOTMBHOM Cilydae (pOopMUpYyeTCs
UCKIIIOYEHUE, KOTOpoe TpeOyeT ydacTusi pyKoBO-
qurens. Takum oOpa3om, yrpaBieHHE 110 UCKITIO-
YEHMSIM BBICTYNIA€T HE KAaK OpraHU3allMOHHBIN
IpueM, a Kak GUIBTP BXOIHOTO ITOTOKA yIIpaBIIeH-
YECKUX BO3JEHCTBUI ISl PETYIHPOBKU 3arpy3Ku
YIPaBIECHYECKOIO LIEHTPA.

OJeMEeHTbl MHHOBAallMOHHOTO IIPOEKTa pac-
CMaTpPUBAIOTCS KaK aKTUBHbIE [IOACUCTEMBI, 001a-
Jarolue cCOOCTBEHHBIMH IIENIIMU U MPEIouTe-
HUAMH. JTO UCKIIFOUAET BO3MOKHOCTD KECTKOTO
aJTOPUTMHUYECKOTO yNpaBiieHUs 0e3 yueTa Bepo-
ATHOCTHOTO IIOBEICHUS HCIIONHUTENEH. B pamkax
TEOpUU AKTUBHBIX CHUCTEM II€pepaclpenciIcHue
KOHTPOJIBHBIX (YHKIMH TpaKTyeTcs Kak 3ajada
BBIOOpPA TAKOTo pacrpeeseHNs TOTHOMOYUH, U
KOTOPOM JOCTHUTaeTCsl KOMIIPOMHCC MEXIy CHH-
JKCHHEM Harpy3Kd Ha PYKOBOAMTENSI U COXpaHe-
HUEM YyIpaBIsAeMOCTH mpoekTa. KoHTponbHBIE
(GYHKIIMM MOTYT I€pelaBaTbCsl HAa HUXKECTOSIINE
YPOBHU IIpH YCIOBUM JOCTHXKECHHS 3aJaHHOTO
YPOBHSI IOBEPHS U PUEMIIEMOIO PUCKA OTKJIOHE-
Hui. J[aHHBIM OAXOJ MO3BOJSAET UHTEPIPETUPO-
BaTh JICLIEHTPAIN3ALHUIO HE KAK CTPYKTYpHOE pe-
HICHUE, a KaK JUHAMUYECKHH MPOIeCC, YIpaBis-
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€MBbIi COCTOSITHUEM CUCTEMBI M XapaKTepPUCTUKaMU
€€ JIEMEHTOB.

Jis cTpyKTypu3auuu IUHAMUKU IOCTYILIE-
HUSI YIIPABICHYECKUX COOBITUI HCIIONB3YETCs arl-
napar TEOpHH BEPOATHOCTEH M MapKOBCKHX MPO-
neccos’. TToTok coObITHII MOMETUpYeETCs Kak CITy-
YaifHbII IPOLIECC, THTEHCUBHOCTH KOTOPOT'O 3aBH-
CHUT OT CTaIu¥ MHHOBAL[MOHHOTO IIPOEKTA U BHEIII-
HuX yciaoBuil. COCTOSHHUE YyNpaBIEHYECKOW CH-
CTEMBI B MOMEHT BPEMEHH OIMCHIBACTCS JUCKPET-
HBIM Ha0OpPOM COCTOSTHUI: S, — HOpPMaJIbHBIN pe-

UM, S} — PEKUM IOBBILICHHON HATPy3KH, S, —

pexxuM neperpysku. Ilepexonsl MexIy cOCTOSHU-
SIMH MOJICJIUPYIOTCSL KaK MapKOBCKHUH Tpolecc C
3aJJaHHOM MaTpHUIlell MEePEeXOAHBIX BEPOSITHOCTEH.
DTO MO3BOJSET aHAJIM3UPOBATH BEPOATHOCTH IO-
IaJlaHus CUCTEMBI B PEXXUM IIEPETPY3KU U OLEHHU-
BaTh () (PEKTUBHOCTH MEXaHU3MOB JICTICHTPAIH3a-
LMY KaK MHCTPYMEHTOB YIIpaBJICHUS MEepeXogaMu
MCXKIY COCTOSIHUSAMMU.

Js KOIMMYECTBEHHOW OILEHKM YpPOBHS He-
OIPENIETICHHOCTU B CHCTEME YIPABICHUS HCIIOJIb-
3yeTcsl SHTPONUUHBINA moaxo [28; 29]. Durponus
HMHTEPIIPETUPYETCS KaK Mepa pacHpenesIeHHOCTH
YIPABIEHYECKUX PEIICHUN U HEOIPENEICHHOCTH
COCTOSIHMSI IpoekTa. PocT sHTpomuu COOTBET-
CTBYET YBEJIMYECHHIO HEOIIPEIEIIEHHOCTH U CHUXKE-
HUIO IIPEJICKA3yEMOCTH YIIPABISEMBIX IPOLECCOB.
BBenenue aganTUBHOIO aJrOpuTMa JELUEHTPAIH-
32l PACCMATPUBACTCS KaK CIOCO0 OrpaHUYCHHUS
pOCTa BHTPOINMH 32 CUET IEepepACIIPEEIECHNS KOH-
TPOJIHBIX (PYHKIMHA U COKpAIEHHsI Yicia KPUTH-
YECKUX COCTOSTHUH. DHTPOMUMHBIE TOKA3aTeIn UC-
MOJIB3YIOTCS HE KaK a0CONIOTHBIE KPUTEPUH, a KaK
WH/IWKATOPbl HEOOXOAMMOCTH TMepexoia MEXIY
peXuMaMu ynpasieHus. s onpeneneHus npuo-
PHUTETOB IepepacrpeesieHnss KOHTPOJIBHBIX (PyHK-
LW IPUMEHAETCS METOJ AaHAN3a HEPAPXUU, TT03-
BOJIAIOIIMI YYUTHIBATh KaK KOJIMYECTBEHHBIE, TaK
u kadecTBeHHBbIe kputepuu [30-32]. B kauectBe
KpUTEpPHEB OOBIYHO pPACCMAaTPUBAIOTCS KPUTHY-
HOCTH ()YHKIIMH, PUCK OIINOOK, YPOBEHb aBTOHOM-
HOCTH UCTIOJIHATEJIS], BIMSHUE HA KIIFOUYEBbIE ITOKa-

3arenu IpoekTa. HedeTko-MHOKEeCTBEHHBIN aHa-
JIM3 UCTIONIB3YETCS Ui OIIGHOK B YCIIOBHSAX He-
OTIpPEICIEHHOCTH, XapaKTePHOH JIsI ”HHOBAIIMOH-
HBIX TIpoekToB [33; 34]. D10 mo3BoIsIeT M30eKaTh
HWCKYCCTBEHHOW TOYHOCTH W TOBBICUTH YCTOWYH-
BOCTb IPUHUMAEMBIX PEIICHHUH.

JlJis OIIEHKH TIPOIMYCKHOM CITOCOOHOCTH YTI-
paBiieHUeCcKoro IieHTpa U 3(P(EeKToB meperpys3Ku
nmpumeHsieTcs Teopus odepeneit [35; 36]. Ynpas-
JICHYECKHH IIEHTP MOJETIHUpPYyeTCs KaK CHCTeMa Mac-
COBOT'O OOCITY)XKHBAHUS C OTPAaHUYCHHOM TPOU3BO-
JUTETTBHOCTBIO, T7IE 3asBKaMU SIBJISIFOTCSI YTIPABIICH-
yeckue coObITHs. IMUTaMOHHOE MOJIETUPOBAaHHE
MCTIOJIB3YETCs IS TIPOBEPKH paboTOCIOCOOHOCTH
MPEAJIOKEHHOTO aJITOPUTMA B PA3IUYHBIX ClIEHA-
PHSIX MHTEHCHBHOCTH HArpy3kd. DTO IIO3BOJISET
BBISIBUTh KPUTHYECKHE 3HAYCHUS MapaMeTpoB,
IPU KOTOPBIX Iesiecoo0pa3eH nepexos oT IeHTpa-
JM30BaHHOTO K JICHICHTPAIM30BAHHOMY YIIpaBJie-
HUI0. IMUTaIIMOHHOE MOZIETMPOBAaHIE BO3MOXKHO
MPOBECTH B CHEIMATM3UPOBAHHOM MIPOTPAMMHOM
obecmneuennu, Hanpumep AnyLogic, GPSS World,
Arena, anyLogistix, Business Studio u SILA Union
u 1p. B paMkax Hay4HOTO HMCCIeOBaHUS UMUTA-
[IMIOHHOE MOJETHPOBAHUE HE MPOBOAMUIOCH IO
NPUYMHE OTCYTCTBHS JOCTYIA K CIEIHATU3UPO-
BAaHHOMY IPOTPaMMHOMY OOECIIEYEHHI0 MU pac-
CMOTPEHUIO TPENTIOKEHHOTO aJalTUBHOTO alro-
pPHUTMA TOJIBKO B TEOPETHUYECKOI MIOCKOCTH.

Takum 00OpazomM, aBTOpaMH CTaTbu Ha OCHO-
BaHUU PACCMOTPCHHBIX METOHAOJIOTMYCCKUX HH-
CTPYMEHTOB MPEJIaraeTcsl alalTUBHBINA aJTOPUTM
ABTOMATU3MPOBAHHOTO pacpeesieHUs] KOHTPOJIS:

rae F — OTHOCHTENbHBINA HHIEKC TOTPEOHOCTH B
yIpaBJIEHYECKOM KOHTpPOJIE; S — MHIEKC CI0XKHO-
ct; C — MHJIEKC TOBEpUs K HCIIOTHUTENIO; k —
KO(GUIMEHT BaXXHOCTH HWHHOBAIMOHHOTO MPO-
ekTa. Bce mokasarenu, HCIONb3yeMble B alro-
pHUTMeE, UMEIOT Oe3pa3MepHBIN XapakTep U UHTEp-
NPETUPYIOTCS KaK HOPMUPOBAHHBIE YIIPaBICHYE-

2 Cumupnoe B.H. Teopust u MeTO/bI NPUHATHUS YIPABICHYECKUX pelleHui : y4eb. nmocobue. Bnagumup : Bnl'Y, 2025.
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cKkue UHAEKChl. OTHOCUTENBHBIN WHAEKC IMOTped-
HOCTH B YIPaBJIECHUYECKOM KOHTPOJIE HE SIBIISETCS
(u3nyecKol BEIMUNHON U HE U3MEPSETCS BO Bpe-
MEHHBIX €IMHMIIAX, @ OTPA)KaeT OTHOCHUTEIHHYIO
MOTPeOHOCTh 33/1a4d B yNPaBICHUYECKOM BHHMa-
Huu. [ToporoBble 3Ha4YeHUs 33/al0TCS Ha YPOBHE
OpPraHMU3allMOHHON HOJIUTHUKH U ONPENEISIIOT Ipa-
HULBI TIEpexoja MeXay pekKHMMaMU JIeLEHTpaIu-
30BaHHOTO YIPABJICHHUSI, YIIPABICHUS MO HCKITIOYE-

HUSIM U [IEHTPAJIM30BaHHOIO BMearenscTa. Heo-
OXOIIMMO BBIACTUTH HECKOJIBKO TIOPOTOB:
F < F; — J€UEHTPaIN30BaHHbIA II0POT;
F, < F < F, — yNpaBJIEHUE 10 UCKIIFOYECHUM;
F > F, — BMEIIATEIbCTBO PYKOBOJUTEII.
[TonyyuBmuMiics afanTUBHBIA aNTOPUTM aB-
TOMAaTU3UPOBAHHOIO PACHpPEIEICHUsI KOHTPOJIBHBIX
(byHKIMIT B MHHOBALIMOHHOM TIPOEKTE IPE/CTaB-
JIEH Ha PUCYHKE.

S — CnoxXHocTb 3aaun k . S
—»| C — nosepye K NCTIONHNTENIO »> F =
k — aHaunmocTb pesynbTaTa C

WHHOBaLMOHHbIW NPOEKT
Harpysku

PacueT ynpaBneH4eckon

>
> BmelwaTenscTeo
pykoBoAuTEnNsi
CpaBHeHve F YnpaBneHnvie
C noporamu MO UCKIMIOYEHUSIM
[eueHTpann3oBaHHbIN
nopor

Bbi6op pexuma ynpaBneHus

Cxema aganTMBHOIO anropmtMma asToMaTu3npoBaHHOIO pacnpeaeneHns KOHTPOsbHbIX GYHKUUA B UHHOBALMOHHOM NMPOEKTe
M cTo4HUMK: BbiNoNHEHO A.A. BONKOBbLIM.

F>F

Manager’s intervention {—

S — task complexity k . S
L C — trustin the performer : F =
k — significance of the result C

Comparison
F with
thresholds

<
A<Fsh Management

by exceptions

Innovative project
workload

Calculation of managerial

Decentralized
threshold

Selection of management
mode

Flowchart of the adaptive algorithm for automated allocation of control functions in an innovation project
Source: byA.A. Boykov.

2. PeaynbTaTbl U 00CYXAeHue

B pesynbrate mpoBEIEHHOrO HCCIETOBAHMS
pa3paboTaH aganTUBHBIA MEXaHW3M aBTOMATH3H-
POBAaHHOTO paCHpe/eeHUs] KOHTPOJIbHBIX (PyHK-
LU B THHOBAllMOHHOM IIPOEKTE, OCHOBAHHBINM HA

220

MOJIEJIM OTPAaHMYEHHOTO BHUMAaHUS PYKOBOJIUTESI.
MexaHn3M pealli30BaH B BUAE aITOPUTMa TPUHS-
TUSl YNPABICHUYECKUX PELICHHH, MO3BOJSIOLIETO
JUHAMUYECKH BBIOMPATh PEXXUM yIIPaBICHUS B 3a-
BUCHUMOCTH OT XapaKTEPUCTUK YIPABIAEMBIX 3a-
Jlad ¥ TeKyIleH ynpapieHYecKkol Harpy3ku. Kito-
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YEBBIM PE3YIBTATOM SBISIETCS CTPYKTYypU3ALUA
MPOLIEyPhI pacuera 4acTOThbl KOHTPOJISl Ha OCHOBE
MHJEKCa CIIOKHOCTU 3aJlaud, YPOBHS JIOBEpUs K
WCIIOJTHUTENI0 M 3HAYUMOCTH pe3yJabrara Juisd
CTPYKTYpBI B Lies1oM. Mcnionp30BaHKMEe TaHHOTO TI0-
KazareJsisi I03BOJISIET Pa3rPaHUUUTh 30HBI LIEHTpa-
JM30BAHHOTO YTMPAaBJICHMS, YINpPaBICHUS IO HC-
KIIIOYEHHUSAM M JELEHTPAIM30BAHHOTO KOHTPOJIS,
o0ecrieunBasi aJalTalUI0 YIPABIEHYECKON CTPYK-
TYypbl K U3MEHSIOIIMMCS YCJIOBHUSIM peallh3aluu
WHHOBAIlMOHHOTO NpoekTa. [IpennoxeHHbIi Mexa-
HU3M OOECIEUMBAET IepepaclpeiesieHue KOH-
TPOJILHBIX (YHKIMA O€3 MOCTOSHHOTO Yy4YacTHs
PYKOBOIMTENS B ONEPALMOHHBIX PELICHMSX, NPU
3TOM BMENIATEIBCTBO PYKOBOJUTEISI COXPAHSETCS
JUIS 3a71a4, XapaKTepU3YIOIUXCS BBICOKON CIIOXK-
HOCTBIO W KPUTHYECKOW 3HAYMMOCTBIO. Takoit
MOJXO/ O3BOJIIET OTPAHUYUTH POCT yIIpaBJICHYE-
CKOM Harpy3kd U CHU3UTh BEPOATHOCTH Iiepe-
Ipy3KH HEHTPAJIBHOTO YIIPaBIEHYECKOr0 KOHTYpa.
[Tonmy4eHHBII alTOPUTM MOXET OBITh MHTEPIIpE-
TUPOBaH KaK MEXaHHU3M Iepexoja MexXy pa3ind-
HBIMH PEKMMaMU YIPABICHUS B 3aBUCUMOCTH OT
COCTOSIHUSI CUCTEMBI U TAPAMETPOB YIPABIISEMbIX
3a/a4. AJTOPUTM IPEACTABIEH B BUIE€ KOHIICTITY-
aIbHO-AJITOPUTMUYECKON CXEMBI, pa3pabOTaHHON
B IIpOrpaMMHOM obecrieueHnu draw.io.
[Tony4yeHHbI€ pe3ynbTaThl HOATBEPKIAIOT Lie-
71€co00pa3HOCTh PACCMOTPEHHsI BHUMAHUS PYKO-
BOJIUTENSL KaK CaMOCTOSITEIBHOTO yIpaBlieHYe-
CKOT'0 pecypca, OrpaHU4eHHOCTh KOTOPOTO OKa3bl-
BaeT MpsIMOE BIMSIHUE HA YCTOMYUBOCTH yIIpaBie-
HUSI THHOBAITMOHHBIMH MPOEKTaMu. B oTimuune ot
TPaJUIIMOHHBIX MOJIeNIEeH, IPEeNoaralomux Huk-
CHUPOBAaHHYIO CTENEHb LEHTpaIu3aluu, Mpeajio-
KCHHBIN aJITOPUTM TO3BOJISIET YUUTHIBATh JTMHA-
MUYECKUI XapaKTep yNpaBIeHYECKONW HArpy3KU U
HeonpeaeneHHocTH. CylliecTBEeHHBIM PEeUMyIie-
CTBOM IIPENJIOKEHHOTO TIOJX0/1a SIBJISIETCS €ro aj-
TOPUTMHUYECKas pealu3yeMocTb. AJANTUBHBII
MEXaHU3M He TpeOyeT >KeCTKOW pervaMeHTaluu
OpPraHM3AIMOHHOW CTPYKTYphl M MOXET OBITh
BCTPOEH B CYIIECTBYIOIINE CUCTEMBI YIIPABICHUS
POEKTaMHU B BUJI€ MOMYJIS TIOJACPKKH IPUHSATHUS
pelieHuit. ITo paciupsieT BO3BMOXKHOCTH NMPAKTH-
YECKOTO0 NMPUMEHEHHUS Pe3yIbTaToOB UCCIEIOBAHUS

0e3 paIuKalIbHOTO M3MEHEHHUS YIPaBICHYECKHX
nporieccoB. B To ke Bpems 3¢ (hekTHBHOCTH Mexa-
HHU3Ma 3aBHCUT OT KOPPEKTHOCTH OLEHKH HHICK-
COB CJIOKHOCTH U JI0Bepusi. B ycioBusix mHHOBa-
IIMOHHBIX IPOEKTOB IaHHBIE MapaMeTpPhl MOTYT
WU3MEHSTHCS BO BPEMEHH M MOTYT OBITh CyOBeK-
TUBHBIMH. VIcTIONIb30BaHNe MEXaHU3MOB 00paTHOM
CBSI3M M HEYETKO-MHO)KECTBEHHBIX IPECTAaBIIe-
HUH MO3BOJISICT CHU3UTH BIMSIHUE TAHHBIX OTPAHU-
YeHUH M 00ECTeYnTh aqaNTalUI0 AITOPUTMA IO
Mepe HaKOIUIEHHs YIIPABICHYECKOTO OIbITa. Takxke
CJIEyeT OTMETUTh, YTO MPEIOKEHHBIN MEXaHU3M
OpPHEHTUPOBAH, MPEXKIE BCETO, HA MPOEKTHI C BbI-
COKOM CTETIEHbIO HEOTIPEICIIEHHOCTH U MHTEHCHB-
HBIM IIOTOKOM YTIpaBJIeHUYECKHUX cOObITHIA. B 6omee
CTaOMJIBHBIX OPraHU3aIMOHHBIX CHCTEMAaX €ro MpH-
MEHeHHe TpeOyeT IOMOIHUTEILHOW HAaCTPOUKH
apaMeTPOB U TTOPOTOBBIX 3HAYCHHH.

3aknioyeHve

B pamkax uccrnenoBanus paspaboTaH anain-
TUBHBIA MEXaHU3M JELEHTPAIN30BAHHOIO YIIpaB-
JICHWsI WHHOBAIIMOHHBIMU TPOEKTaMHU, OCHOBAaH-
HBII Ha MOJIENN OTPAaHUYEHHOTO BHUMAHHUSI PYKO-
BOJMTENS W MPUHIUIIAX aBTOMAaTU3MPOBAHHOTO
pacnpeneneHusi KOHTpoud. [Ipennoxen anroputm,
MTO3BOJISIONINI CTPYKTYPHUPOBATh BHIOOpP pekmMa
yIpaBJIeHUs B 3aBUCUMOCTH OT CJIOXHOCTH 3a]1ay,
YPOBHSI IOBEPUS K UCTIONIHUTENAM U 3HAYUMOCTHU
pe3ynbTaToB AJig opranuzanuu. Hayunas HoBu3Ha
paboTHI 3aKITF0YACTCS B TPEICTABICHUH JCIICHTPA-
TU3aliK YIIPABICHUS] KaK JWUHAMHYECKOTO TPO-
1ecca ajganTalii, a He CTaTHYeCKOW XapaKTepu-
CTHKH OPTaHU3AlMOHHOM CTPYKTYypHhl. MHTErpanus
YIIpaBJICHUS 110 UCKIIIOUEHUSIM U MOJIETIH OTpaHu-
YEHHOTO BHUMAaHUA B €IMHYIO aITOPUTMUYECKYIO
CXeMy TMO3BOJISET MOBBICUTh YCTOMYHUBOCTH YIIPaB-
JIEHYECKHUX PENICHUN ¥ CHU3UTh PUCK MEPErpy3Ku
pyxoBoautens. [[pakTrueckast 3HAUUMOCTh PE3YITb-
TaroB COCTOMT B BO3MOXKHOCTH WCIIOIL30BAHUS
MpeIOKEHHOTO MEXaHNW3Ma B CUCTEMax yTpaBie-
HUS WHHOBALIMOHHBIMU TPOEKTaMU W IH(PPOBBIX
miardopMax MOAACPKKH YIPABICHISCKUX pelle-
Huii. JlanpHeHue WCCleI0BaHUsI MOTYT OBIThH
HarpaBieHbl Ha UMHUTAIIMOHHOE MOJEINPOBAHUE
paboTHl AITOPUTMA B CIICIIMATU3NPOBAHHOM IIPO-
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rpaMMHOM O66CHC‘ICHI/II/I, a TAaK)KXC Ha YTOYHCHUEC
mapaMeTpoB MCXaHU3Ma U PACHIUPCHHUE MOICIN
Ha HECKOJIBKO YITPAaBJICHYCCKUX LICHTPOB.
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HUcTtopus crarbu
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3asiBiieHHE 0 KOH(IMKTE HHTEPECOB

ABTOpBI 3asBISIOT 00 OTCYTCTBHU
KOH()JIMKTa MHTEPECOB.

3asiBjieHHE 00 HCIOIL30BAHNH TEXHOJIOTHIA
HCKYCCTBCHHOT'0 MHTEJIJICKTA

HpI/I CO3JIaHUU HACTOSIIEH CTaThU TEXHOJIO-
THU Tr€HEPATUBHOI'O HCKYCCTBCHHOI'O MHTEII-
JICKTa HC UCIIOJIb30BAJIUCH.

3asiBjieHUE O AOCTYITHOCTH JaHHBIX

Bce nannble, NOMy4YEHHBIE B XO/I€ OTOTO HC-
CJICIOBaHUS, BKIIOYEHBI B OITyOJIMKOBAHHYIO
CTaThIO.

AHHoTauus. TouHast CHHXpOHHM3AIMs Bajla OCHOBHOTO JIBUTATENsI M Baja IpH-
BOJIHOTO $5I3bIKa CIIUPAJIBHOTO TPAHCIIOPTEpPA SIBJISICTCA BaKHOM 3aja4ell B Ipo-
MBIIUIEHHOCTH, TIe OT Hee 3aBHCUT pabOTOCIIOCOOHOCTh CIIMPAIBEHOTO TPAaHC-
opTepa B 1IEJI0M, a TAKXKe COXpaHEHHE PUBOAHBIX BaJIOB, 3BE3]l U JICHTHI B pa-
6otocrocoOHOM cocTosiHuU. [IpencTaBlieH CPaBHUTENBHBIN aHAIN3 JKCIEPH-
MEHTAJILHOTO MPUMEHEHUS U pe3yabraTtoB MozenupoBanus [11]J[-perymsropa
Ul CHHXPOHHU3AIMM BPalEHUs JByX BaJIOB C UCIIOIb30BaHUEM HHKPEMEHTAIIb-
HBIX SHKOJIEPOB U YIIPaBJIsIEMBIX IIpeoOpa3oBareIsiMy 4acToThl. B kauecTBe mMe-
TOZOJIOTUYECKOH 0a3bl HCCIEIOBAHUS HCIIONB30BaHBI COBPEMEHHBIE METOIBI
YIpaBJIeHUS! aBTOMATH3HPOBAaHHBIX CHUCTEM YIpPAaBIICHHSA, BKIIOYAs HACTPOUKY
napameTpoB npeodpazopareneii yactotsl u [T ]I-peryssitopa U mugpoByro 00-
paboTKy CUrHaJIOB SHKO/IEPOB. Llesp nccnenoBanus — NpoBECTH COIIOCTABICHUE
TOYHOCTH U JTUHAMHUYECKHX XapaKTEPUCTHUK, MIOTy4YEHHBIX Ha dTare MOAEIHPO-
BaHMs, C pe3yJbTaraMy, OJTyYeHHBIMU Ha peaJbHON crcTeMe. 3aj1ada UCCleno-
BaHMsI — pa3padoTaTh MaTeMaTHYECKYI0 MOJIENIb CUCTEMBI, HACTPOUTH OITH-
ManbHbIe TapaMeTpsl [TN][-perynsaTopa kak Ui MaTeMaTHIecKoi MOZIeNH, TaK
U JUIsL peasibHOM CUCTEMBI U M3YyYUTh MOJYYECHHBIE PACXOXKACHUS MEXIY JaH-
HBIMM, BBISIBUB UX Npu4nHbL. I1o uToram uccinenoBanus pazpaborana marema-
TU4YE€CKasi MOACIIb CUCTEMbI CUHXPOHU3AalUH, ONIPEACIICHBI OIITUMAJIbHBIC I1a-
pametpsl [TU/I-peryasropa, mpoaHaTU3HPOBAHEI OCHOBHBIE (DaKTOPHI, BBI3bIBA-
IOLINE PACXOXKIICHUS MLy CUMYJISILIMEH U peabHOI paboTol cucTeMbl, 1 Cop-
MYJIMPOBaHbI PEKOMEHAALUY IS TIOBBILIEHUS €€ TOUHOCTH.

KuroueBble cjioBa: oOpaTHas CBA3b MO MOJIOKEHHIO, YaCTOTHO-PETyINPYEMBIH
[IPUBOJ], UMUTAIIIOHHOE MOJIEIINPOBAHUE, MIEPEXOAHBIA NPOLIECC, aBTOMATH3H-
pPOBaHHbBIC CUCTEMBI YIIPABICHUS
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Introduction

Modern advances in automatic control theory,
modern control systems, and digital technologies
are actively promoting the automation of industrial
processes. One of the key challenges in this area is

ensuring precise synchronization of moving parts
in complex process equipment. This includes some
spiral conveyors, complexity of which stems from
design features and dimensional requirements,
necessitating a second gear motor. Experience with
such systems shows that even minor errors can
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lead to serious consequences for both the equipment
manufacturer and the customer.

The relevance of this topic and the demand
for technological solutions stem from the chal-
lenges inherent in the design and operation of such
systems. Engineering errors associated with in-
correct assessment of nonlinearities, disturbances,
or dynamic characteristics lead to reduced equip-
ment efficiency and shorten its service life. To
avoid significant time and material costs, it is
necessary to develop a formalized mathematical
model for determining the parameters and configu-
ration of the shaft synchronization system. This
model will serve as the basis for subsequent imple-
mentation and testing on real equipment. PID
controllers, whose methods have proven their
effectiveness, are widely used in automation. To
solve the given synchronization problem, careful
tuning of the PID controller parameters is necessary
[1; 2]. Modern digital technologies, such as prog-
rammable logic controllers (PLCs), allow for the
tuning of data on physical processes and controllers
virtually and with minimal latency, minimizing the
time spent on experiments on real equipment [3].

In modern industry, approximately 95% of
control loops use PID control technology [4].
In Japan, the use of PID control has reached 85.4%
[5], and this figure continues to grow every year.
In 2002, Desborough and Miller conducted a study
that showed that in the United States there are
more than 11,600 controllers with PID control
structures used in various industrial processes,
with more than 97% of feedback loops using a PID
control algorithm [6]. The purpose of the study is
to conduct a comparative analysis of the obtained
results of modeling and launching real equipment
using PID control for synchronizing two drive
shafts using incremental encoders and frequency
converters, as well as to formulate recommen-
dations for improving the accuracy and stability of
the synchronization system.

1. Theoretical Background

This section describes the theoretical principles
underlying the system under consideration. It des-
cribes the concepts of synchronizing rotating
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shafts, the operating principle and design of measur-
ing sensors and frequency converters, and the ope-
rating algorithm used to achieve synchronous shaft
rotation.

Shaft synchronization involves maintaining a
given relationship between their angular velocities
or angular positions. Synchronization by angular
velocity requires the angular velocities of rotating
shafts to be identical or proportional, and is used
to ensure a constant relative position of the mecha-
nical component. Synchronization by angular
position requires maintaining a constant difference
in angular positions, and is used for precise posi-
tioning of the mechanical component. This paper
addresses the problem of maintaining a zero dif-
ference in the angular velocities of rotating shafts:

where ®,,0, is angular speeds of shafts, rpm.

To maintain this relationship under external
disturbances, such as changing loads or friction, an
automated control system is required to adjust the
speed of the driven shaft, in this case the drive
shaft.

One of the most common sensors used to
determine angular position and measure rotational
speed is the incremental encoder. Its operating
principle is based on converting mechanical rotation
into a sequence of electrical signals [7].

The incremental encoder generates two main
signals, A and B, and a zero signal, Z. Signals A
and B are identical in frequency but are offset
relative to each other by one-quarter of a period
[8]. This offset allows the direction of shaft rotation
to be determined, and pulse counting determines
the angular velocity. Signal Z generates one pulse
for each complete shaft revolution.

The system under consideration will utilize
two incremental encoders with a 100-pulse-per-
revolution rate, each with A and B signals. This
requires four high-frequency inputs. The system
will utilize a Siemens S7-1214 PLC, whose first
six discrete inputs are high-frequency, with a range
of up to 100 kHz. The encoder-PLC connection
diagram is shown in Figure 1.
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= 24VDC

{ — 24V

=4

Figure 1. Connection diagram of the ecoders to the PLC
Source: by M.I. Kukharskii.

Frequency converters are used to control
asynchronous motors using a PLC. They are used
to engage and regulate speed. In the system under
consideration, gearmotors are controlled using
scalar control (U/f), a method that maintains a
constant voltage-to-frequency ratio. The motor
shaft speed is estimated based on the frequency of
the voltage across its windings [9].

One of the functions of frequency converters
is soft starting — gradually increasing and dec-
reasing the frequency. For the driving shaft, the
ramp-up time is 5 seconds, and the ramp-down
time is 7 seconds. For the driven shaft, the ramp-
up and ramp-down time is 1 second. Slow accele-
ration and deceleration of the driving shaft are
required for smooth operation, while the driven
shaft must have high response speed to quickly
reduce the desynchronization value to zero.

Communication between the PLC and fre-
quency converters will occur using the industrial
RS-485 Modbus RTU communication protocol
[10]. To ensure rapid change of the setpoint (speed
reference) of the frequency converter on the driven
shaft, a pulse input must be used. In the Siemens
S7-1214 PLC, the first four discrete outputs are
pulse outputs. Rapid startup and shutdown of each
frequency converter is also required. The connection
diagram for the Danfoss FC51 frequency con-
verters and the PLC is shown in Figure 2.

fiF—

Main drive

24VDC

24V

ov
Frequency setpoint
— Start

Slave drive

Figure 2. Connection diagram of the frequency converter to the PLC
Source: by M.I. Kukharskii.

The PID controller is a feedback algorithm in
automatic control theory, widely used in industrial
automation. It is designed to minimize the error
between the actual value and the desired one
(setpoint). This algorithm calculates the control
action using three components: the proportional
component (P) — the greater the error, the greater
the proportional contribution; the integral com-
ponent (I) — eliminates the steady-state error,
accumulating it over time; the differential com-
ponent (D) — predicts the future error, reduces
overshoot and oscillations [11, pp. 64-70].

The Tia Portal V17 software is used for the
Siemens PLC program. This software contains a
large number of built-in libraries, including the
PID controller in the PID Compact function [12].
The controller will be tuned manually using an
iterative method by changing the following para-
meters of the process object: K P — proportional
coefficient; T I — integration time; T D —
differentiation time; prop weight — proportional
component weight; sampling time — control
action calculation frequency. The combination of
the high performance of the S7-1200 series PLC,
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the rapid adjustment of PID controller parameters
in real time, and the empirical approach will allow
for the rapid and accurate determination of optimal
controller coefficients for the mathematical model,
significantly reducing the time it takes to
commission a real system.

2. Implementation and Testing
of a Mathematical Model
in the Tia Portal V17 Environment

The mathematical model for synchronizing
two shafts is based on the characteristics of real
equipment, namely, the motor nameplates and gear
ratios of the gearboxes specified by the manu-
facturers of this equipment. The shaft speed of the
driven motor is 900 rpm at 50 Hz, the gearbox ratio
is 40. The shaft speed of the leading motor is
1400 rpm, the gearbox ratio is 8.98. However, this
spiral conveyor is designed in such a way that the
leading motor drives the cardan system, and the
cardan drives the belt itself. Therefore, for the
leading motor, it is necessary to take into account
the gearbox ratio of the cardan, which is 7.97.
To find the number of shaft revolutions that set the
spiral conveyor in motion at a speed of 50 Hz, it is
necessary to use formulas (2) [13]:

N,
_ motor .
N, shaft — N N ’ N, cardan >0’
gear ratio £ Ycardan
N,
_ motor —
N, shaft — ’ N, cardan — 0. (2)
gear ratio

Substituting the motor and gearbox para-
meters into expression (2), we obtain the following
data: leading motor shaft speed 19.56 rpm, driven
motor shaft speed 22.5 rpm.

The mathematical model assumes a linear
relationship between shaft speed and frequency
converter frequency.

The calculation of the number of shaft
revolutions is performed in a cyclic interrupt block
with an execution period of 7'=10ms. This
requirement is due to the need for a constant time
between calculations, which is a prerequisite for
minimizing errors for the correct operation of the
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system as a whole. The number of revolutions is
calculated using the formula

N[k]=N[k-1]+AN, (3)

where AN — shaft increment per 10 ms.

As the increment time increases, the error
begins to enlarge, leading to a decrease in the
accuracy of the instantaneous shaft position. To
calculate the AN increment, the current shaft
speed, measured in rpm, is used:

AN = Nshaft . (4)
60-100

Formula (4) represents the fraction of a
revolution completed by the shaft in 10 ms, which
is accumulated in the counter, forming the precise
absolute shaft position.

Incremental encoders have a resolution of
100 pulses per revolution. The conversion of the
absolute shaft position into an encoder pulse
counter occurs according to the expression

N[k] = N[k]gan -100. %)

encoder

The resulting integer value for the number
of pulses N[kLHK allows for a highly accurate

simulation of the signals that a real encoder would
generate with output signals 4 and B. These signals
and the total number of pulses are necessary for the
synchronization algorithm to operate.

Smooth start and stop are standard features of
modern frequency converters. These functions
reduce dynamic loads on mechanical components
and eliminate sudden speed jumps. Incorporating
these characteristics into the mathematical model
is necessary for evaluating dynamic processes
close to practical ones, as well as for correctly
tuning the PID controller.

To simulate these functions, a model of output
frequency changes was developed. The algorithm
is implemented in a cyclic interrupt block with an
execution period of 7= 10 ms. The model is based
on the assumption that the time to reach a set speed
is linearly dependent on its magnitude. The set
acceleration time corresponds to the time it takes
to reach maximum speed from zero; to reach an
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arbitrary set speed, the time required is directly
proportional to the ratio of the set speed to the
maximum speed.

The speed increment over a 10 ms time is
calculated using the following formula:

100 1
AN =——=-, 6
v t-100 ¢ ©
where ¢ — specified acceleration/deceleration

time.

To solve the problem of synchronizing two
rotating shafts, a function block from the built-in
“PID_Compact” library was used in the TIA Portal
development environment. “PID_Compact” is an
optimized implementation of a PID controller
adapted for Siemens PLCs and includes the
necessary functions for stable operation.

The “PID_Compact” process object was
configured by adjusting the following parameters:
K P — proportional coefficient value; T I —
integration time; T D — differentiation time;
prop_weight — proportional component weight;
sampling time — PID controller algorithm
calculation time.

2.1. Tuning using the CHR method

To tune the PID controller parameters using
the Chin-Hrones-Reswick method, it is necessary

to determine the delay time L and the equalization
time T [14].

The desired transient response curve is shown
in Figure 3.

In this system, the sampling_time parameter
is always equal to 0.1 s, and the speed increases
linearly, so the delay time is equal to this parameter.

Based on the readings in graph 3, with a step
effect of 40%, this time is equal to 0.152 s.

To calculate the PID controller parameters,
use the formulas presented in Table 1 [15].

Table 1. Formulas for calculating PID controller
parameters using the CHR method

Kp Ti Td

0,95xT/L 2,4xL 0,42xL

S our ce: by M.I. Kukharskii.

PID controller parameters: Kp = 1.444,
Ti=0.24, Td =0.042; the transient process is
shown in Figure 4.

The CHR method showed unsatisfactory
control quality: the control time, approximately
equal to 60s, as well as significant overshoot,
require manual fine-tuning of the PID controller
parameters.

Desired transition process

50

40 (100%)

25.2 (63%)

Out_put value, %

1

1

1

1

1

1

1

1

1

T

! "
1

]

i 63% of 40%
! t=025s
]

1

1

1

1

1

1

1

1

1

1

]

1

[

1

—— Output value
-—- Established value 40%

~-- Delay=0.1s

Transition. character. of a second-oder object

0 0.1 0.252
Delay T =0.152s

0.4 0.5 0.6 0.7 0.8
04s
Times, s

Figure 3. Desired transition process
Sour ce: by M.I. Kukharskii.

231



Kukharskii M.I., Zhuravlev A.O., Andrikov D.A. RUDN Journal of Engineering Research. 2026;27(2):226-236

Transition process of a system with CHR parameters

80%

70%

60% A

50% -

40% 4

Output value, %

30%

20% A

10% 4

=== Transition process

0% T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

0.6 0.7 0.8 0.9 1.0

Times, min

Figure 4. Transient process of the PID controller of the mathematical model with parameters of the CHR method
Source: by M.I. Kukharskii.

2.2. Setting up using an Empirical
Iterative Method

The tuning involved selecting optimal para-
meters with visual inspection of the transient
response of the implemented mathematical model.

At the initial stage, the K P parameter was
adjusted with the integral and differential com-
ponents disabled, resulting in a value of 9.7. This
proportional value is necessary to ensure a strong
control value even with small desynchronization
values.

The second step in tuning the controller was
introducing an integral component, T I, equal to
1 s. This value allows for the accumulation of the
corrective action necessary to compensate for
disturbances without causing a slowdown in the
transient process.

The next step was adjusting the differential
component to suppress oscillations, T D =0.1.
With a given differential component value, the
system demonstrates overall stability.

The fourth step was selecting the proportional
component weight, prop_weight = 0.3. This con-
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figuration is necessary to reduce the abruptness of
the response to a jump in the speed reference and
ensure smooth operation.

The sampling time parameter is set to 0.1
to ensure tight coupling to the main program
execution loop.

The transient process is shown in Figure 5.

The control time is 5.5 seconds, which meets
the requirements of the task, taking into account
the system’s inertia. The resulting overshoot value
of 7% is optimal for industrial systems. Minor
damped oscillations of 3-4% are also present
before the control time expires. The desynchroni-
zation value did not exceed 3, and after the control
time expired after system startup, it became static
and equal to zero.

The resulting parameter configuration meets
the requirements for speed, stability, and smooth
operation of the slave frequency converter, taking
into account its dynamic properties. These PID
controller parameters, obtained using the mathe-
matical model, will form the basis for implementing
synchronization in the real system.
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Transition process of a system with CHR parameters and manual adjustments
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Figure 5. Transient process of the PID controller of the mathematical model with parameters of the empirical method
Source: by M.I. Kukharskii.

3. Implementation and Testing
of a Real System

3. 1. Commissioning Works
The PID controller parameters obtained from

the mathematical model were integrated into the
real system. However, unaccounted for nonline-

arities, such as soft stop and start, as well as actuator
errors, resulted in system oscillations without a
steady-state value.

Empirical tuning yielded the final PID
controller parameters: K P=6; T D =0.195. The
transient process is shown in Figure 6.

Transition process of a real system
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Figure 6. Transient process of a PID controller for a real system
Source: by M.I. Kukharskii.
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As a result, the integral component retained
its previous value, and despite a slight increase in
the control time to 7 seconds, it is acceptable for
this process, taking into account the 7-second soft
start of the drive shaft. Overshoot decreased to 6%,
and the increase in the differentiation time reduced
the amplitude of the damped oscillations to 2%.
The desynchronization value did not exceed 2, and
after the control time had elapsed after system
startup, it became static and equal to zero.

The system demonstrates smooth and stable
transient processes, confirming its readiness for
operation in the industrial setting.

3.2. Recommendations for Accuracy
Improvement

In order to improve the accuracy of the
synchronization system, it is advisable to replace
existing encoders with 100 pulses per revolution
(PPR) characteristics with encoders with a higher
pulse count (500, 1000), which will reduce the
position error of the driven shaft [16].

Special attention should be paid to the
hardware — replacing frequency converters with
servo drives and using encoders integrated into the
servo drives. It is important to note that servo
drives control not only the shaft speed but also the
precise angular position of the rotor, which ensures
greater dynamics and rigidity [17]. Servo drives
allow for instantaneous response to disturbances
and maintain precise phase relationship between
the shafts [18—19].

4. Comparative Analysis of the Dynamic
Characteristics of a Real System
and a Mathematical Model

The transition from the mathematical model
to the real system required adjustments to the PID
controller, which affected the system's dynamic
characteristics. A comparative analysis is presented
in Table 2.

The need to reduce the proportional compo-
nent indicates a higher sensitivity of the real system
than predicted by the mathematical model. This is
due to the presence of nonlinearities in the real
system, arising from friction, backlash, and non-
linearities in smooth starting and stopping.
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Table 2. Comparison of parameters

Parameter Mathematical model | Real system
K_P 9.7 6
TD,c 0.1 0.195
Regulation time, s 5.5 7
Overshoot, % 7 6

Sour ce: by M.I. Kukharskii.

The real system contains additional delays,
such as shaft stiffness during rotation and signal
processing delays in the frequency converter. To
compensate for these, the differentiation time was
significantly increased by almost 2 times.

After adjusting the parameters, the control
time increased by 1.5 seconds to 7 seconds, while
reducing the overshoot to 6%. The increase in
control time remains within the technological
limits of the drive shaft acceleration process, with-
out negatively affecting the process.

A direct consequence of increasing the dif-
ferentiation time is a reduction in oscillation
amplitude from 3—4% to 2%, indicating increased
system stability.

Adjusting the PID controller parameters is
a natural and mandatory requirement when transi-
tioning from a mathematical model to a real
system. The final parameters should be considered
optimal for the given operating conditions due to
the system demonstrating a shaft desynchronization
value equal to zero, acceptable speed of response
and high stability corresponding to the require-
ments of the synchronization process of two shafts
of a spiral conveyor.

Conclusion

The study successfully developed a mathema-
tical model and launched a real-world synchroni-
zation system for two spiral conveyor shafts based
on a Siemens S7-1214 programmable logic con-
troller. Transitioning from the mathematical model
to practical implementation enabled the creation of
a robust control system that meets the require-
ments of real-world operating conditions.

The transient response graph confirms the
controller’s effectiveness: the control time does
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not exceed the drive shaft's acceleration time, and
overshoot does not exceed 7%. The practical
significance of this work lies in the development
of a methodology for adapting the mathematical
model under ideal conditions to real-world in-
dustrial equipment, taking into account its non-
linearities and errors.

Prospects for further research include
expanding the functionality to a system with a
larger number of shafts and optimizing the system
for operation with variable loads. Further develop-
ment of the synchronization system involves
implementing recommendations for replacing
frequency converters and separate encoders with
servo drives with integrated encoders capable of
delivering a higher number of pulses per shaft
revolution. The system presented in this study can
be successfully implemented in related areas of
industrial automation that require synchronization
of rotational movements.
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3asiBiieHHe 0 KOH(DJIUKTE HHTEPECOB

ABTODBI 3a5BJISIIOT 00 OTCYTCTBUH
KOH(IMKTa UHTEPECOB.

3asiBieHHe 00 UCIO0JIb30BAHUH TEXHOIOI A
HCKYCCTBEHHOT0 MHTEJLJIEKTA

IIpu coznanum HacTOSIIEH CTaThH TEXHOIO-
MU TEHEPATUBHOIO UCKYCCTBEHHOIO UHTE-
JIEKTa HE MCIIOJIb30BAJIUCh.

3asiBiIeHHE O JOCTYITHOCTH JAHHBIX

Bce nanHble, noMyuyeHHBIE B XO/I€ 9TOrO HC-
CJICIOBaHUS, BKIIOYEHBI B OITyOJIMKOBAHHYIO
CTaThIO.

AHHOTanus. B cuity orpaHHYeHHOrO 4YKCia HarpaBiIeHUH HarpyKeHUs! TPOCo-
BBIX BHOPOHM30JIATOPOB, 0OECIEYCHHBIX SKCIIEPUMEHTALHBIMU XapaKTEPUCTH-
KaMH JKECTKOCTH, aKTyaJIbHbIM SIBJISCTCS pa3paboTKa TEXHOJIOTHH HX PacueT-
HOTrO 000CHOBaHHMS. AHaIN3 OOJBIIOT0 MAacCHBa IKCHEPHMEHTANBHBIX Harpy-
304HBIX JUArpaMM TPOCOBBIX BUOPOU3OJATOPOB Pa3IMYHBIX THUIIOPAa3MEPOB U
MIPOM3BOIUTENEH TO3BOJIMII YCTAHOBUTH Kaue€CTBEHHbIE 3aKOHOMEPHOCTH He-
JUHEHHOCTH kecTKOCTH. OJJHA U3 HUX 3aKJII0YAaeTCS B YMEHBUICHUN CTEIICHH
HETMHEHHOCTH AuarpaMM BHOPOM3OIATOPOB, PACCUMTAHHBIX Ha OOJIBIIHUE
Harpy3ku. llens ucciaenoBaHus — MpoBepKa TMIOTE3bl O BO3MOXKHOCTH IIpUMeE-
HEHUsI IPUHIUIA CYNEePIO3UIINH SKCIIEPUMEHTAIBHBIX HEIMHEWHBIX HAarpy304-
HBIX JIMarpaMM C KOHTPOJHMPYEMOH W IPAKTUYECKU MPHEMIIEMON IMOTpEeLIHo-
cTbi0. MccnenoBaHsl BO3MOXKHOCTH TTOJTyYEHUSI paCUETHBIX Harpy304HBIX TUa-
IpaMM MOJIEJIBHOTO TPOCOBOTO BUOPOU30IATOPA IS IPOU3BOIBLHOIO HAIpaBie-
HUS IPUIIOKEHUS HAarpy3KH Iy TeM aHaJIMTHYECKOH M YUUCIICHHOM Cyneprno3unun
UMEIOIIUXCSA MaclOPTHBIX (DKCIEPUMEHTAJIbHBIX) Harpy304HBIX IUarpaMM.
YucneHHas Cyneprno3uLus OCYUIECTBIIACH C UCIOIb30BaHUEM KOHEUHO-3JIe-
MEHTHOTO IPEICTaBICHUs TPOCOBOIO BUOPOU30JIATOPA IPOCTPAHCTBEHHON CH-
CTEMOI HEeNMHEWHBIX NpyXKHH. [TolydyeHHbIe OLEHKH MOTPEIIHOCTH HE TT03BO-
JSIOT B OOILEM Cilydae MCHOJIb30BaTh MPUHLIUI CYNEPIIO3UIUU ISl HHKEHEp-
HBIX PacueToB, HECMOTPSI Ha c11a00 BEIPAXXEHHBIH XapaKkTep HeMMHEHHOCTH nac-
MOPTHBIX AnarpamMM. OJHAKO Uil TPOCOBBIX BUOPOM30JIITOPOB, PACCUNTAHHBIX
Ha OoJbINe Harpy3Kd, NPUMEHEHHE NPUHINIA CYTIePIO3UINH ISl BEYHCIIe-
HUS PacUyeTHBIX HArpy30YHBIX AMAarpamMM IpEICTaBisAeTCs MOTEHIUAIBHO Iep-
CIIEKTHUBHBIM.

KuarwueBrble cioBa: MPUHIHAIT CYIICPIIO3UIINH, HEIIMHEHHOCTh KECTKOCTH, MO-
JCJIN TPOCOBOTO BI/IGPOI/IBOJ'I?ITOpa, CTaTU4eCKuH PacyeT, MacCropTHLIC HArpy3o4-
HBIC JUarpaMmbl
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BBepeHue

CnmpanbHO-TPOCOBbIE BUOPOU3OIIATOPHI MPE-
CTaBIISIOT cO0O0M KJIacC TEXHUYECKUX YCTPOICTB,
UIMPOKO TMPUMEHSEMBIX B CHUCTEMaX 3alllUThl OT
JMHaMHA4YeCcKuX Bo3aeicTBuil. OCHOBHOM XapakTe-
PUCTHKOM 3THX YCTPOMCTB SIBIISIIOTCS 3KCIIEPH-
MEHTQJIBHO IOIy4aeMbl€ MACIIOPTHBIE HArpy304-
HblE€ JUarpaMMbl, BbIpaXkalollll€ B3aUMOCBS3b
Harpy3ku (Cwiel) F, TIPUIOKEHHOM K OJHON U3
IUTAHOK, U IIEPEMEILICHHUS S OTOU IUIAHKU B HAIIPaB-
JEHUM JeWcTBUs Harpy3ku. Harpysounsle nua-
rpamMMBbl SIBIISIOTCS XapaKTEPUCTUKOW KECTKOCTH
BUOpOU30IIATOPA M, KaK IPAaBUJIO, MOIY4aroTCs
s 2-4 (ropaszio pexe Juist 6) HanpaBiIeHUN Jeii-
CTBUSI Harpy3KH, JieXKallluX MPEeUMYLIECTBEHHO B
OJTHOM, peske B IByX WJIM TpeX IUIOCKOCTAX. To ecTh
Harpy304Hble JuUarpaMMbl UMEIOTCSl ISl BecbMma
OTrPaHUYEHHOT'0 YKCIIA HAITPABJIECHUM 1EUCTBUS CUJI.

[IpakTHyeckn BaXHbIM MJISI HWHXKEHEPHOTO
MPOEKTUPOBAHMS CUCTEM 3alllUThl OT JHUHAMUYE-
CKHX BO3JICHCTBUI NIPEACTABIISAETCS MOITYUYCHHUE Ha-
I'PY304HBIX JHAarpaMM BUOPOU30JIATOPOB /sl IPO-
M3BOJILHOTO HaIlpaBieHUs AelcTBUs cuiibl. Panee
ObLIa TPEANPUHSTA MOMBITKA CUHTE3a JUarpaMm
JUIsL TPOU3BOJIBHOTO HAIIPABIICHUS IEHCTBUS CUIIBI
MyTeM WHTEPIOJISAIUHU MaCIOPTHBIX (IKCTIEPUMEH-
TaJbHBIX) U PACUETHBIX IUArpaMM, ITOJIyYEHHBIX C
HCITOJI30BAHUEM JIMHEAPU30BAaHHOU TPEXMEPHOU
Mozenu BuOpousomnsatopa [1]. B passutue sTHx pe-
3yJBTAaTOB B HACTOSIIIEH paboTe paccMaTpuBaeTCs
Ooustee OOIIHIA ITOAX0, OCHOBAaHHBIM Ha KaYECTBEH-
HBIX OLICHKaX CTENEHW HEJIMHEHHOCTU Harpy3o4-
HBIX Juarpamm, OLEHKE BO3MOYKHOCTH IpPUMEHE-
HUS NPUHIMIA CYNEPIO3ULUN U UCIOIb30BaHUH
AQHAIUTUYECKUX PACUYETOB U YHCICHHOIO MOJEIIH-
pOBaHUs BUOPOH30IIATOPA TPOCTPAHCTBEHHON CH-
CTEMOU TPYKUH.

[Ipeanocenkol UCCIen0BaHUA BO3ZMOKHOCTH
MPUMEHEHUS MPUHIMIA CYNEPHO3ULUN s pac-
YETHOT'O IOCTPOEHHS Harpy304YHbIX IUarpaMM Mpu
MPOU3BOJIBHOM HANpPAaBJICHUH JEHCTBUS HArPy3KH
M0 HMMEIOIIEMYCsl OTrpaHHYEeHHOMY HalOopy mac-
MOPTHBIX HAarpy304HbIX JUArpaMM SIBISIETCS TOT
(hbakT, 4YTO BO MHOTUX CIy4yasiX Harpy3Kkd, IPUIIO-
JKEHHBbIE TI0 HEKOTOPHIM HAMpaBICHUSM, MOTYT

OBITh BBIPAKEHBI TEOMETPUIECKON CyMMOM POEK-
Ul CHJIBI HA OCH, COOTBETCTBYIOIIHME IPyTUM
HanpasJIeHUSIM Harpy3ku. CoriacHO MPUHLIUITY CY-
MEPIIO3HULINU PE3yABTUPYIOMHI 3((EeKT OT HeCKo-
JIBKAX HE3aBHCHMBIX BO3IEHCTBHH IPEINCTABIAECT
coboii cymmy 3 (HEKTOB, BBI3BIBAEMBIX KaXKIIbIM
BO3/ICCTBHEM B OTACIBLHOCTH [2].

M3BecTHBI MHOTOYHCIIEHHBIE CITyYau yCIIel-
HOTO HCHOJB30BAaHMSI 3TOTO MPHHLUMA JJIS pelle-
HUS TIPUKIAAHBIX 3a1a4 [3—6]. Ob6macTh ero mpwu-
MEHEHHUSI OrPAaHUYMBAETCS TEM, YTO €r0 CIIPABE-
JUBOCTH 00OCHOBAaHA TOJBKO Ul TMHEWHBIX CH-
CTEeM, NP HAJIUYUU HEIWHEHHOCTH JII00OW MpH-
pPOABI TPUHIMIT CYNEprno3unuu (HopMarbHO He-
npuemiieM [2]. OnHako HCTIOIB30BaHNE IPUHIIUIIA
CYINEpPIIO3UIINN HACTONBKO MpakTHuecku 3¢ddek-
THUBHO, YTO BBITIOJIHSAIOTCS UCCIIEIOBAHUS, HAIIPaB-
JICHHBIE Ha OIICHKY MOTPEIIHOCTH PEIICHUS, TIOJTY-
YEHHOTO MYTEM CYNEPIO3UINH I HEIWHEHHBIX
3anad [7-10]. Onu ocHOBaHBI HA HJiee, YTO B CIIy-
yae c1ab0i HEeJITMHEHHOCTH CYTEpIIO3UIIHs pelle-
HUI MPEANONIOKHUTEIBHO MPUBEAET K HEOOIbIION
omnOKe, U IPH BOZMOYKHOCTH OLIEHKU M KOHTPOJIS
9TOH OMOKK MPUMEHEHHE PUHIINTIA CYTIEPIIO3H-
UM MOXKET OBITh MPAaKTUYECKH onpasaanHo. [Ipu
HTOM BO3HHKAET BOMIPOC 00 OLIEHKE CTETICHH HEIH-
HEHHOCTH paccMaTpUBaeMON CHCTEMBI.

B pamkax ¢opmanbHOro, CTpOro mMareMaTu-
YeCKOTro Mo/IXo/1a B HanboJee o0IIeM ciaydae B Ka-
YeCTBE XapaKTEPUCTUKHU CTENIEHH HETUHEWHOCTU
paccMaTpuBarOTCSl MOKA3aTeNy CTENeHU ypaBHe-
HHM, ONMCBHIBAIOMMX MOACIL cHUCTeMbl [11-14].
[Tpu ananu3e cTeneHW HEIMHEHHOCTH PErpeccH-
OHHBIX MOJIEJIeH YUUTHIBAIOTCS UX MOHOTOHHOCTh
WIA HaJIW4YHe SKCTPEMYMOB, CyMMapHO€ YHCIIO
HKCTPEMYMOB U TIEpErnO0B, HATMUUE TUO0 OTCYT-
CTBHE aCUMIITOTHI M JIPYTHE XapakTepucTuk [15].

C 3THX NO3MLMH TPEACTaBISETCS aKTyallb-
HBIM aHAJU3 HEJIMHEHHOCTH HArpy30YHBIX JHa-
rpamMM CIIUPAJIbHO-TPOCOBBIX BUOPOH30IATOPOB U
BO3MO)XHOCTH MPHUMEHEHHUsI MPUHIHIA CYIIEPIIO-
3UIUM 711 UX BBIYUCIICHHUS TPH TPOU3BOIEHOM
HalpaBJICHUN ACUCTBUS HATPY3KH.

I'mnoTe3a HACTOSIIIETO MCCIIEIOBAHUS 3aKIIIO-
YaeTcsl B TOM, YTO CTETIeHb HEJTMHEHHOCTH, XapaK-
TepHast 1711 TPOCOBBIX BUOPOU30JIATOPOB, HE Tpe-
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MATCTBYET MOCTPOCHUIO PACUETHBIX HATPY30UHBIX
JMarpaMM C HCTIOJIB30BAaHUEM MPHUHIUIA CyIep-
MO3UIMHU C TPAKTUUECKU MPUEMIIEMON MOTPEITHO-
ctto. [Ipu 3TOM cTenenp HenuHelHOCTH Oyner
OIICHUBATHCS MPEUMYIIIECTBEHHO Ka4€CTBEHHO IO
BHEITHEMY BHUly Harpy304YHBIX AHArpaMM.

ITocTraHoBKa 3a7aun BKJIIOYAeT B ceOsl pa3pa-
OOTKY aJITOPUTMOB aHAJTMTHYECKOTO U YHCIIEHHOTO
MOJTYYEeHUS] HArPy304HOM AHarpaMMbl MPU CTATH-
YECKOM Harpy»KEHUHU TPOCOBOTO BHOPOU30IATOPa
[0 MPOU3BOJILHOMY HAIIPaBICHUIO MyTEM CyIiep-
TO3HIIMH WUMEIOIIHUXCS MACTIOPTHBIX HATPY30YHBIX
JMarpaMm, a TakXe OLIEHKY MOTPEITHOCTH Pe3yJb-
TaTOB, OJYUYEHHBIX C UCIIOJIBb30BAHUEM ITHX aJITO-
PUTMOB.

1. AHanNn3 cTeneHu HeJIMHEeMHOCTU
MacnoOpPTHbLIX HArpPy304HbIX AnarpamMmm

B kauecTBe MCXOMHBIX JAaHHBIX ISl aHAJIH3a
UCTIOJIB30BAHbl TACIIOPTHBIE HArpy304YHbIC JHa-
rpaMMBbl U3 pa3MEIIEHHBIX B OTKPBITOM JIOCTYTIE B
cetn Internet KaTaJoroB NPOAYKIUH BEIYIIUX
MPOM3BOAMUTENCH TPOCOBBIX BUOPOHU3OIATOPOB:
Hutchinson Stop-Choc GmbH (I'epmanus), Socitec
(®panuus), Enidine (CLHA), Wuxi Hongyuan
Devflex Co. Ltd (Kurait), Actpon (Poccus), Bu6-
ponuka (Poccus), MTHMOP (Poccus)'. J{nst Bo3-
MO>XHOCTH MHOTOBAapPHAHTHOTO KOMITBIOTEPHOTO
aHaJIM3a 4acTh 3THX JUarpaMM oruQpoBaHa u mpe-
JICTaBIICHA B BUJIE AJIEKTPOHHBIX Tadmu1l. Omudpo-
BaHBI HArpy304HbIe AUarpammel 11 Tunopasmepos
BUOpOU30IIATOPOB Komnanuu Bubponuka, 27 TH-
opa3MepoB BUOPOU3OIIATOPOB KOMITAHUN ACTPOH,
5 TUmopasMepoB BHOPOH3OJISATOPOB KOPIOPAIUU
Hutchinson, 90 Tumopa3smepoB BUOPOH30JISTOPOB
komrianuu Enidine.

KauecTBeHHBINI aHATU3 pPacCMaTPUBAEMOIO
MaccHBa Harpy304HbIX AUAarpamMm MO3BOJIHI yCTa-
HOBUTbH CJIEIYIOIIME WX XapaKTepHbIE 0COOCHHO-
ctu. I'padmku Harpy30uHBIX AUArpamMM BCeTIa Mo-

HOTOHHBI U IIPEUMYILECTBEHHO HEIMHENHBI, IpU-
YeM BO MHOTHX CITydasix 3HAYUTeIIbHbIC (PParMeHTHI
rpadukoB BU3yaJabHO OMU3KH K JTUHEHHBIM.

CymiecTBeHHBIM JUIsl LieJIel HACTOSIILErO UC-
CJIEIOBAHUS SBJSETCS TEHICHIMSI U3MEHEHUs Xa-
pakTepa HEIMHENHOCTH IarpaMM B 3aBUCUMOCTH
OT MaKCHUMaJIbHOW pacue€THOW HAarpy3Kku Ha BUOPO-
u3oisTop (Tpy3omoabemMHocTH). [Ipommmoctpu-
PYEM 3TO IOJIOKEHHE Ha IMPUMEPE HArpy304HbIX
JarpamMm Tpex TUIIOpPa3MepOB BUOPOHU3OJISTOPOB
koMmanuu ActpoH (puc. 1). [l Bubponsomnsitopa
BMT-04-01 ¢ makcumanbHON Harpy3koi g0 90 H
JMarpaMMbl JIJISE BCEX CXEM HarpyKeHHs Cylie-
CTBEHHO HEJIMHEWHBI, 111 BUOpou3omnstopa BMT-
350 ¢ makcumanbHOK Harpy3koil 1o 4000 H onna
JiyarpaMMa CylIeCTBEHHO HEJIMHENWHA, JIBE€ MOTYT
CUMTATHCS c1a00 HETMHEWHBIMH, IJIT BUOPOHU30-
naropa BMT-700 ¢ makcuManbHOM Harpy3Kkoit 10
14000 H Bce Tpu amarpaMmbl TPaKTHUUECKU JIH-
HEIHBI.

JI1s KOHKpeTH3aluK AaJIbHEHIINX paccysKae-
HUU BBIOPaH MOJENbHBI OOBEKT — TPOCOBBIH
BuOpouzonsaTop BMT-350, sBnstonuiicss THnd-
HBIM IO KOHCTPYKLIUU M XapakTepy Harpy304HbIX
JMarpaMM TpeICTaBUTENIEM pPaccMaTPUBAEMOTO
KJlacca TEXHUYECKUX YCTPOUCTB U XapaKTepHU3yIo-
LIMICS TuarpaMMaMH pa3iMuyHON CTENEHU HEJu-
HeltHocTU. HeBbinomHeHne runoTe3bl ueciae1oBa-
HUSL Ui 9TOro BHOpousonaTropa OyneT Kak ee
OTIPOBEPKEHHUEM JJIsl BCETO KJIacca TPOCOBBIX BUO-
POU30JISITOPOB, TAK M OCHOBAHMEM OIPENEICHUS
HAIIPaBIICHUM JAIBHENIINX UCCIEIOBAHUMN.

BusyanbHO HEJIMHEHHOCTH 3aMETHO BbIpa-
JKeHa y KpuBOil /, KpuBble 2 U 3 OMU3KH K JIMHEH-
HbIM (pHc. 1, 8). BeinmonHena anmpokcumanus ouudg-
POBaHHBIX IPpa()MKOB HArPY30UHBIX AUArpaMM pas-
JUYHBIMU BapUAHTAMM CTENEHHBIX MOJMHOMOB C
OIICHKOH Kod((duIMeHTa AeTepMUHALINN R? , Xa-
PAKTEPU3YIOUIEr0 JONI0 AUCIEPCUU 3aBUCUMOMN
MePEMEHHOM, OOBICHIEMYIO HE3aBHCHMOMW Tepe-
MEHHOH. BbICOKasi TOUHOCTH aNMpOKCUMALMHU JOC-

! Cm.: Hutchinson. URL: https://stop-choc.de (accessed: 25.09.2025); Socitec. Socitec’s expertise & creative solutions.
URL: https://socitec.com/ (accessed: 25.09.2025); Enidine. Shock Absorbers and Vibration Isolation Products. URL:
https://www.enidine.com (accessed: 25.09.2025); Dpflex. URL: https://en.dpflex.com/ (accessed: 26.09.2025); ActpoH.
Bubpowusonsuus snexktpoHuku Ha Tpancrnopte. URL: https://dempfer.ru (accessed: 25.09.2025); Bubponuka. Bubpanuonnas
3amuTta obopynoBanus. URL: http://vibronika.ru/ (nata oOpamenuns: 26.09.2025); THMOP. URL: http://inmor.ru/ (nata

obparenus: 02.10.2025).
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TUTHYTa YyXe€ TMPH TPEThEH CTENCHH MOIMHOMA. F= fz(S)ZO»lO9753 —6,0865s% +160,14s
CootBercTBytoue BbelpakeHus F = f(s) s ’

2 _ .
KPUBBIX /—3 UMEIOT BUJ R®=0,9973; 2)
3 2 3 2
F = £,(s)=0,2979s" —16,742s" +376,29s , F=£(s)=0,0807s" —3,6591s" +97,9075s ,
2 2
R? =0,9965; (1) R? =0,9966. 3)
100
1 F 2 F.HIF,N
90
2 P
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cxaTue / compression coxatue 45°/ compression at 45° o
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B r

Puc. 1. Harpy3ouHble anarpammbl BUOPOU30IATOPOB ACTPOH PasHbIX TUNOPa3MepoB
(no paHHbIM AcTpoH: https://dempfer.ru):
a— CxeMbl HarpyxeHus; 6 — BMT-04-01; 8— BMT-350; -— BMT-700
M ¢ T04HMK: BbinonHeHo C.B. lopoHuHbIM, E.M. Peit3amyHT, t0.d. dunmnnosoii.

Figure 1. Load-Deflection Curves for Astron Vibration Isolators of Various Standard Sizes
(based on Astron data: https://dempfer.ru)
a— load diagrams; 6 — VMT-14-01; 8— VMT-350; ~— VMT-700
Source:byS.V. Doronin, E.M. Reizmunt, Yu.F. Filippova.
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Takum o0Opa3oM, yke MpH TPEThEH CTETICHH
anmnpoKCUMUpPYIOLIEro mnojauHoMa Oomee 99 %
JUCTIEPCUN MPUKIAIbIBAEMO criibl F 0OBsICHS-
€TCsl AUCIIEPCUEN NepEMEILEHUN §. DTO KOCBEHHO
CBHUJIETENILCTBYET 00 YMEPEHHOW CTETeHH HEeH-
HEHHOCTH HArpy30YHBIX JHAarpaMM W SIBJISIECTCS
MPEANOCHIIKON MOMBITKA MPUMEHEHHS IPUHITHUIIA
CYTIEPIIO3UIINH C 00sI3aTeTLHON OIIEHKOM MOTpeTI-
HOCTH I0JIy4aeMOro pe3ynbTaTta.

OtmeTHM, 9TO B IPAKTUYECKUX pacyeTax Ja-
cTO OBIBaeT yqoOHO BMECTO TpsiMOW (hOpMBI 3a-
MUCH BBIPAKCHHUS HArpy304YHOM JAuMarpamMMbl B
Buze F = f(s) UCTOIB30BaTh COOTBETCTBYIOIYIO

-1
o0paruyro GyHKnuo S = f (F ) . Onpenensist CHITBI
B 3aBUCHMOCTH OT IEPEMEIICHUS WITH IepeMele-

HU 110 3HAYEHUSAM CHIIbI, UMEEM JEJIO C Pa3HbIMU
(dbopmanu3alMAMU Harpy304HOH JHarpaMmBbl.

2. Cynepno3uvuus Harpy304Hon guarpamMmbl
C MOMOLLLbIO aHANIMTUYECKOro pacyeTa

Jliss OLEHKH MOTPEIIHOCTH CYyHNEepHO3UIIUU
HEOOXOIUMBI KaK MHUHMMYM TPH IacCIOPTHBIC
Harpy304HbIC TUAarpaMMbl: IBe, HA OCHOBAHUH KO-
TOPBIX OyZIeT MoTydeHa pacyeTHas JuarpaMmma Kak
pe3ysbTaT CyNnepro3uluy, U TPEThs — C Halpas-
JICHWEM JEeWCTBUS HArpy3KH, MJCHTUYHBIM TaKo-
BOMy Ui pacueTHoW. CpaBHEHHME ABYX MOCIEN-
HUX JMarpaMM IHO3BOJIUT CYIUTh O HOTPEIIHOCTH
CyIIeprno3unuu. PaccMoTpuM B KadecTBe mpuMepa
MOJTyYEeHNE HArpy304HOI AUarpamMMbl JJIs CTydast
CKATHsI TIOJT yIIIOM 45° ¢ IOMOIIIBIO CYTIePIIO3UIINH
HArpy304HBIX JHarpaMM JUIsl CIy4aeB CKaTHs U
capura. Cuna Fo , ckumaronias BUOpOU30IISATOP

oJT yIiioM 45°, MOXeT OBITh pa3iokeHa Ha CHUTBI
F u F;, BhI3bIBatomue aedopmanuyu COOTBET-
CTBEHHO cxatusi W casura (puc.2): F=H+E;
— — o
F,=F;=F, -cos45°.

Mble cunamu Fy, F, U F;, BIOJIb HaIpaBICHUA

HCpCMCH_IeHI/IH, BbI3bIBAC-

JNEUCTBUS CHJI, OIPENESIOTCS Harpy304HbIMH
auarpamMmmamu F = f(s), MHANBUTYaTbHBIMH JUIS

Kaxzaoro Hampasienus (F) = f,(s), F, = f,(s),
F, = f5(s) ). JInd BbIUMCIEHUs] COOCTBEHHO Iepe-

MeI_I_[eHI/Iﬁ 110 3BHAYCHUAM IIPUITOKCHHBIX CHJT HEOO-
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xoauMo monyunts GyHkuun s = g(F'), oOparHbie
K Harpy3ouHbiM amarpammam F = f(s). Torma
MPOCKLIMH TEPEMEIICHUN, BBI3BAHHBIX CHJION
F,, Ha ocu X, Y npuHATOH cHCTEMBI KOOpAUHAT

(puc. 2), 1 cyMMapHbI€ TepEeMEIIEHUS COCTaBIISIOT

sfz =g,(F,); s? =0; s" :s;pz. 4)
F
F;
) Fl

Puc. 2. PasnoxeHue cubl F2 Ha cocTaBngaowme

M ¢ T0o4HwUK: BeinonHeHo C.B. JJOpOHMHbIM,
E.M. Peii3amyHT, t0.d. dunvnnosoii.

Figure 2. Resolution of force F2 into components
Source:byS.V. Doronin, E.M. Reizmunt, Yu.F. Filippova.

Hnst cun F, u F, COOTBETCTBYIOIIUE ITepeMe-

ICHUA U3 TCOMCTPHUICCKUX C006pa)I(6HI/Il>'I COCTaB-
JIATOT:

sfl =g (F2 cos45°) cos45°;

53 =—g; (F, cos45°)cos45°; (5)
sP =5 =g, (F, cos45°)cos45°. (6)

CyMMapHBbI€e IepeMEIEHNS, BEI3BAHHBIE COB-
MECTHBIM JIeliCTBUEM cull F U F;, B COOTBET-

CTBHHU C IPUHIHUIIOM CYNEPIIO3UIINUN COCTABIIAIOT!:

F+F, _ F , F. F+B _ R, 5.
sy =syt sy sy =5y sy

F+F F+h )\ F+h )

s =4/lsy +( sy . (7)

F+F
Takum 06pazom, nepeMenieHus S oJIy-

YEeHBI B PE3YNIBTAaTe CyMMHUPOBAHUS ITEPEMEILIEHUI
IIPY HE3aBUCUMOM JIelcTBUU cunl /{ u F5 . B cuny

HEJIUHEHHOCTHU Har PY30UYHBIX JUArpaMm BEJIMYMUHA

fi+3

S HE JIOJDKHA OBITh TOYHO paBHA IepeMe-
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F; o
HIEHUIO S 2 pu aeiictsuu cuibl F, . CpaBHEHME

Fy

. JAT F
3HAYeHUH S U S ° MHO3BONSET MOYYUTh

OLIEHKY MOTIPEIIHOCTH CYNEPIO3ULIMHU JUTS KK I0U

TOYKU Harpy304HON AuarpaMmbl.
KoHkpeTnsupyem 3TH MOCTpOEHMs Ul Har-

PY30UHBIX AuarpaMm BuOpousonstopa BMT-350

(puc. 1, 8).

Ha ocHoBanum ouu¢poBaHHBIX TrpadUKOB
HArpy304YHBIX JUarpaMM MyTeM amnmpoKCUMAIuu
nosry4deHsl GyHKImu § = g(F'), oOparHbIe K BbIpa-

JKeHusIM cooTBeTcTBeHHO (1)—(3):

s=g(F)=4,4911-10""F° -
—4,1618-107"F? +2,7674-10° F,
R?>=0,9931; (8)

s=g,(F)=3,0512-10""F° +
+4,7785-10°F% +4,0739-10 F,
R* =0,9996; )

s=g,(F)=-6,5281-10"F> +
+1,7722-10° F% +5,6529-10° F,
R*=0,9992. (10)

3aganumcs 3HadeHueM F, =1500 H, Ttorma
F, =F,=1060,7 H. Iloncrasisasa F, B (4) ¢ yue-

ToM (9), moyunm s =16,87 mm. 3Hauenns Fi npu

niozictatoBke B (5) ¢ yuetom (8) maror S)[:l =212 mm,
S)F(l =-2,12 mm. Tloncranoska F; B (6) ¢ yueTom
(10) mpuBOAXT K 3HAYECHUSIM S? =s§3 =12,83 mm.

Torga cymmapHble NepeMelIeHUs] OT JIeUCTBUSA
cunF u F; B cooTBeTcTBUH C (7) COCTaBIAIOT

sy =14,95Mm, {7 =10, 71w, 515 =18,39.

CpaBHuBas 52 =16,87 MM u ST =18 39 mm,
BUJIMM, YTO CMELICHHUS, [I0JIyYCHHBIE B PE3YJIbTaTe
CYyHEpIO3ULMU HAarpy304HbIX JuarpamMm IO Harl-
PaBJIEHUSIM CXKaTHUsl ¥ C/ABUTa, OKA3bIBAIOTCS OOJb-
1€ CMEILECHUI, COOTBETCTBYIOLIMX ITaCIIOPTHON Har-

PY304HOH AHarpaMMe Ui CKaThs O] yIIIoM 45°,
Ha 9 % ((18,39-16,87)/16,87 =0,09). Benuuuny

A= (s —5") 757100 % (11)

S

MOXHO CYHUTATbh OI_ICHKOP'I MNOrpCIIHOCTH CYIICPIIO-
£)7000705 8 BBIp&)K&I-OHleI OTHOIICHUEC IJIMH BEKTOPOB

nepemernennid. OTMETHM, 4YTO BEKTOpHI F, U

F +F, coBmamarorT Mo HampaslIeHHIO, OIHAKO

- i+
BEKTOPBI MIEPEMEIICHUI S % U § 10 Harpas-

JICHHUIO HC COBIIAJaroT. HpOeKL[I/ISI HNEepEMCUICHUSA

Fi‘f‘F} F2
Ha OoCh Y MEHBIIE NEPEMECIICHUA S

S

na 11% ((14,95-16,87)/16,87 = —0,11), a yron
B R+F

MCXKIY BCKTOpaMH S u s COCTAaBJIACT

azarctg(sf(‘%/s@%)z%" (puc. 3). Yron o

MOXHO HMHTEPIPETHPOBaTh KaK YIVIOBYIO OLEHKY
HNOTPEHIHOCTH CYNEPIO3HULINN.

F1+F3
Sx

o >
\’ X
F1+F3

Tz’w SF1+F3

S Y

v

Puc. 3. Cxema pacyeTHbIX NnepeMeLLeHnii

M ¢ T o4 HUK: BbiNnosHeHO C.B. [lOpOHMHbBIM,
E.M. Peii3amyHT, t0.d. duamnnosoii.

Figure 3. Diagram of calculated displacements
Source:byS.V. Doronin, E.M. Reizmunt, Yu.F. Filippova.

Pesynbrarhl aHATOTUYHBIX PACYETOB, BHITIOJN-
HEHHBIX JIJIs1 BCETO Juana3oHa pabounx ycuiuii (3a
UCKJTIIOYEHHEM O0JIaCTH MaJbIX 3HAYCHHI), TTOKa-
3aHbl Ha puc. 4. Kak BumHO, aOCONIOTHAS OIIEHKA
MOTPEIIHOCTH MEHSAETCA B IIHUPOKOM JIMana3oHe
(B TOM UHcIie MEHSIET 3HaK): OT —6 10 25 % ¢ Mak-
CUMYMOM TIpY Harpy3Ke, COCTaBIISIONICH TIPHMEPHO
0,3 or HamOOJNBIIErO 3HAYEHHS. YITIOBas OLEHKA
MOTPEUTHOCTH HAXOIWUTCAd B auamnazoHe 24-36°.
[TockonmbKy BCce pacueThl BHIIOIHEHB! aHATUTHYE-
CKH, IOJTy4EeHHBIE PE3YJIbTaThl WILTIOCTPUPYIOT T10-
IPEIIHOCTh MMEHHO MPUMEHEHHS IPUHIIMIA CyTep-
MO3MIIMU K KOHKPETHOH HeNuHeHo# 3anaye (1mo-
TPEIIHOCTH OKPYIIICHHS TIPEHEOPEKIUMO MaJTbI).
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Puc. 4. OueHKM NorpeLLHoCT! aHanuTMYeckom
CynepnosnLmMmn Harpy304HbIX AnarpamMmm

M ¢ ToYHwWMK: BbinonHeHo C.B. IOpPOHUHBIM,
E.M. PeiiamyHT, 10.®. dununnosoii.
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Figure 4. Error Estimates for Analytical Superposition

of Load-Deflection Curves
Source: byS.V. Doronin, E.M. Reizmunt, Yu.F. Filippova.

PaccmarprBaeMble pe3ybTaTsl OTY4EHBI IS
TPEX HArpy304HBIX JUArpaMM, OTJIMYAIOLIUXCS
HalpaBICHUEM JICHCTBUS HArpy3Ku ¢ marom 45°
(0° — cxarme, 45° — cxarue mox yriom 45°,
90° — cnaBwr).

AHaJIOTU4HBIE TIOCTPOEHHSI MOXHO BBITOJ-
HUTHb A JHOOBIX BHOPOHM3OIATOPOB M JHOOBIX
TpeX MAacHOPTHBIX HAarpy304HBIX JUarpaMm Hes3a-
BHCHUMO OT YIJIOB NIPHJIOKEHUS HAarpy3KH.

3. Cynepno3vuuns Harpy3o4How auarpamMmmbl
C UCNOJIb30OBAHMEM YUCJIEHHOW Mo enun
BMGpoun3onaTopa B BUAE CUCTEMbI NMPYXUH

PaHee BBINOIHEHO UCCIIEI0BAaHKE ITOTPEILIHO-
CTH MOZEIM TPOCOBOTO BUOPOU30JIATOPA B BUJE
CUCTEMbl B3aUMHO MEPHEHIUKYISPHBIX MPYKUH
[16]. HayuHO-MeTOmMYECKHIT MHTEPEC MPEICTaB-
JSIeT peanu3anus IPUHIHIA CYTIePIIO3UIHH C T10-
MOIIBI0 3TOW MOJENU JJsl OLEHKH B3auMOJIeii-
CTBUS (HapacTaHUs WM B3aUMHOTO TTOTJIOMICHNS)
MOTPEIIHOCTEH M CaMOro NMpHHLUIA CYNeprno3u-
LMW ¥ MOJETH BUOPOU30JIATOPA B BUIE CUCTEMBI
MIPY>KUH.

PaccmoTtpum Mozneny BUOPOH30IIATOpa B BUIE
HEJMHEHHBIX MPYKUH (PUC. 5), YIIIBI MEXTY OCSIMU
KOTOPBIX COCTaBJIAIOT 45°: ogHa MoOnenbs Npen-
CTaBJICHA MPYXUHOK 2 U UMUTUPYET pabOTy BHO-
POM30JIATOPA MPHU CKATUU MO yIioM 45°, npyras
BKJIIOUAET CUCTEMY B3aWMHO HEpPHEHIUKYIISIPHBIX
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npyxuH [ u 3. [locTpoeHnne pacueTHOl Harpy3o4-
HOM JMarpaMMsl IyTEM CYINEPIO3ULUU MacHIopT-
HBIX JMarpaMM OpykuH [/ U 3, cpaBHEHHUE 3TOM
pacueTHON JquarpamMMmbl ¢ IACIOPTHOM AJs Ipy-
JKUHBI 2 TIO3BOJIUT OLIEHUTH MOTPEIIHOCTh CyIep-
no3uiuu. Kectkoctu npyxkuH I, 2 u 3 3agaHbl
Harpy3ouHbiMu auarpammamu (1)—(3) cootBet-
cTBeHHO. Torma, paccmarpuBaeMble HE3aBUCHUMO
JIpyr oT npyra, npyxuHa / pedopmupyercss mo
CXEME «CxKaTuey, MpyKHHa 2 — «cxkatue 45,
npyXuHa 3 — «cnBur» (cm. puc. 1, a).

Puc. 5. Mozenv Bubponsonstopa B BUAE CUCTEMbI MPYXWH

M ¢ T o4 HwUK: BbinonHeHo C.B. lOpoHMHbBIM,
E.M. PeiiamyHT, 10.P. dununnosoii.

Figure 5. Spring-System Models of the Vibration Isolator
Source:byS.V. Doronin, E.M. Reizmunt, Yu.F. Filippova.

AHanu3 BBIIOJIHAETCS B CIEAYIOIIEH mocie-
JoBarenbHOCTU. BHawane peaktuBupyrorcs (uc-
KJTIOYAI0TCS U3 PACYETHOM CXEMBbI) IPYKUHBI U 3,
a mpy>kuHa 2 pacTSIruBaeTcsl CWIon F» mepemeH-
HOM BEJIMYMHBI BAOJNb OCU HpyxHHbI. [lomydae-
MbI€ pe3yJbTaThl, OYEBUIHO, MOJHOCTHIO HICH-
TUYHBI Harpy304HOW nuarpamme 2 (kKpuBas 2 Ha
puc. 1, 6). Jlanee paccMmarpuBaeTcsi COBMECTHast
pabora mpyxuH [ u 3 (AeakTHBUpYyeTCS Mpy-
xuHa 2). Cunsl F1 1 F3 onpeensitoTcesl MpOeKITu-
SIMH CHJIBI /2 Ha oceBble TMHUM NpyxuH / u 3. [lo-
CJIEIOBATENIBHO OMPEIEIIAIOTCA, a 3aTEM CYMMHUPY-
IOTCSl CMEIIIEHUSI CUCTEMBI JIBYX MPY>KUH TpPU He-
3aBUCUMOM JeiicTBuu cun F1 u F3 (peanuzanus
npuHLMINA cynepno3unuu). CpaBHEHUE cMelle-
HUH NPU Harpy>KEHUHU IIPY>KUHBI 2 CWIION F2 U cu-
creMbl ipy>kuH [ u 3 cunamu F1 1 F3 o3BossieT
OLICHUTh MOTPELIHOCTh CYNEPHO3UIMUA HArpy304-
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HOM JWarpaMMbl C MCIOJIB30BaHHEM YHCICHHOMU
MOJIeNI BUOPOU30IIATOPA B BUAE CUCTEMBI TIPYKHH.

[TonmyueHHbIEe OIIEHKU MOTPEUIHOCTH YU CIIEH-
HOW CYTEpPIO3ULIMU Harpy304YHBIX JHarpaMM Io-
Ka3bIBAIOT (PHUC. 6), YTO MOTPENTHOCTH IJTUHBI BEK-
TOopa mepeMenieHnii As HaXOAWTCA B JHANa3oHe
—15...13 %, a ymioBas onieHKa MOTPELIHOCTH CO-
crasisieT ot 30 1o 47 %.

As, % o

60 - "
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40 /
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20 As

0 T
-10 A 500
=20 A

-30 -

1000 1500 2000 F.H/F,N

Puc. 6. OLeHKM NOrpeLlHOCTM YUCIEHHOM Cynepnosnumm
Harpy3o4HbIX gnarpaMmm

W ¢ T 04 HuK: BbinosHeHO C.B. IOpPOHUHBIM,
E.M. PeiiamyHT, 10.®. dununnosoii.

Figure 6. Error Estimates for Numerical Superposition
of Load-Deflection Curves
Source: made by S.V. Doronin, E.M. Reizmunt, Yu.F. Filippova.

4. AHanu3 n conocTaBJ/ieHne pe3yJ/ibTaToB

[Tpu cpaBHEHNMH PE3yINBTATOB OLIEHKH MOTPeT-
HOCTEW aHATUTUYECKOU (CM. pHC. 4) U YUCICHHON
(puc. 6) cyneprno3uluu Harpy304HbIX JAUarpaMm
BuOpou3zonsitopa BMT-350 MokHO OTMETHTH Clie-
JYIOLIHE 3aKOHOMEPHOCTH. YIJIOBasl OLEHKA II0-
TPEIIHOCTH 0. MPEUMYILECTBEHHO BO3PACTAET C yBe-
JMYEHUEM Harpy3ku F, OqHaKo YMCIIeHHas CyTep-
TIO3HIIMS IPUBOJUT K MOHOTOHHOMY POCTY 0., & aHa-
JUTHYECKas CYMEpIo3ULusl AEMOHCTPUPYET cia-
OOBBIPAKCHHBIH MAaKCUMYM B OOJaCTH BBICOKHX
3HaueHW Harpy3ku. KomudecTBeHHOE 3HaYeHHE
YIJIOBOIM OIEHKH IOTPEIIHOCTH Bceraa Ooiblie
JUTSL YUCIIEHHOW CYTIEPIIO3HIINH.

Or1ieHKa OrpenTHOCTH JUTMHBI BEKTOPA Tepe-
MEIIEHUH JEMOHCTPHUPYET HAIMUKE SKCTPEMyMa B
y3KoM Juarna3oHe Harpy3ok (~600-700 H), o ana-
JUTHYECKass CYTEPIIO3UINS MPHUBOAUT K MaKCH-
MyMYy, a YACIIeHHasi — K MUHUMYyMY. [To abcomrot-
HOIl BeIMYuHE HauOOJIbIINE 3HAYEHUs MOrpell-
HOCTH JJTUHBI BEKTOpPA MEepeMEeIeHU TPy aHau-

THYECKOM ¥ YUCIEHHOMN CYNEPNO3UIANA IPUMEPHO
PaBHBI U COCTABIAIOT nopsiaka 25 %.

Pesynprarel cyneprno3uiy MOryT ObITh Kak
Oonblle, TaKk W MEHBIIE aHHBIX MACIOPTHOMN
Harpy3o4Ho# auarpaMmsl. Torjga B COOTBETCTBUU

¢ (11) 3nak A § MOXKET OBITh KaK MOJI0KUTENb-

B B
HBIM |S >87), Tak M OTPULATENLHBIM

ReFy _
S <$ 7). U3 puc. 4 u 6 ciexayer, uTo B 6ONIb-

nied 4acTH AMana3oHa Harpy3oK aHaJIUTHYecKas
CYNEPHO3ULNS IPUBOANUT K 3aBBIIIEHHBIM, a YHC-
JIEHHasl — K 3aHMKEHHBIM OLICHKAM IepeMelie-
HHU.

Panee nosiy4eHsl OLIEHKH MOTPEMIHOCTH MO-
JIeJI1 TPOCOBOTO BUOPOU30IISITOPA B BUJIE CUCTEMBI
B3aMMHO NEPIEHIUKYISIPHBIX NPYyKUH [16]: pac-
YEeTHBIE IEpEMEUICHUsI 0 pa3HbIM Hampasiie-
HUSIM IPUIOKEHUS Harpy3KU OKa3blBAJIUCh 3aHU-
JKEHHBIMU 10 CPABHEHUIO C JAHHBIMHU [1aCIIOPTHBIX
quarpamm 110 19-33 %. CpaBHuBast 3THU OLIEHKH
C pe3yabTaTaMy aHAJIMTUYECKON M YUCIIEHHOH Cy-
NEPIO3ULINN, MOKHO IIPEAIONIOKHTH, YTO IOrPeLI-
HOCTh COOCTBEHHO NPUHIINIIA CYTIEPIIO3UIINH U TI0-
TPEIIHOCTD MPY>KUHHON MOJIENT! BUOPOH30IIATOpA,
uMesi IPOTHBOIOJIOXKHBIE 3HAKH, YACTUYHO KOM-
NEHCUPYIOT ApYyT ApyTa.

B nenom u nipy aHaMUTAYECKOW, U TIPU YHC-
JICHHOM CYIIEPIIO3ULIUU OLICHKH IOIPELUIHOCTHU He-
IIPUEMJIEMO BEJIMKU U COCTABISIOT JECATKH MPO-
LEHTOB: /ISl IJIOBOW OLIEHKM BO BCEM JIMANa30He
paccMaTpuBaeMbIX Harpy3oK, Ul JUIMHBI BEKTOpA
nepemMeleHni — B 0OJIbIlel YacTH 3TOro Auamna-
30Ha.

3aknio4yeHve

Kak u3BecTHO, Mexay MOITBEPKACHUEM H
OTIPOBEP>KEHUEM THUIOTE3bl HE CYIIECTBYET CHUM-
METpHHU: MHOATBEP)KIAIOUINE TUMOTE3y YacTHBIC
CJIy4ad TOJBKO IOBBIIIAIOT BEPOSTHOCTD €€ CIIpa-
BEAJIINBOCTH, a eI[I/IHCTBeHHI:Jﬁ HE MOATBEPIKIALO-
Ui cioy4ail JOCTAaTOYeH I €€ OMPOBEPIKEHHUS.
Taxum 00pa3om, At YaCTHOTO Cy4asi BUOPOHU30-
astopa BMT-350 ¢ yciioBHO ymepeHHOH crerne-
HBIO HEIMHEWHOCTH MOJTy4YEHHE PACUCTHBIX HATpPy-
304YHbIX AUarpamMm IMIyTEM CYHNCpIIO3MIHUN HCC-
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KOJIKHUX MACIOPTHBIX IPUBOAUT K HEMPHUEMIIEMO
OOJIBIIION TOTPEIIHOCTH pe3ylibTaTta U B 00IIeM
Clly4ae He MOXKET ObITh PEKOMEH0BAaHO K IPAKTU-
4ecKOMy NpuMeHeHHI0. OIHAaKO HEeJb3sl UCKIIIO-
YUTh CYIIECTBOBAHUS IMOJKIACCAa BHOPOU3OIATO-
POB, pacCUUTAaHHBIX Ha OOJBIIYIO HATPY3KY, C He-
3HAUUTEJIbHBIM YPOBHEM HEIMHEHHOCTH Harpy-
30YHBIX JHArPaMM, JJIsl KOTOPBIX IPUHIIMII CYTIep-
MO3UIUN OKAXXETCA NPAKTUYECKU NPUMEHUM H
OIIpaBJaH.
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KoHeuHO-3nemMeHTHOe MmoaenmpoBaHue npouecca 3D-nevatm
OJ191 USroTOBJIeHMS 00pPa3L,0B A1 UCMbITaHUI Ha YCTaNOCTb
C TOUYKU 3PEHUS OCTAaTOYHbIX HANPSHKEHU

K. Pe3a Kamu 3age™™, C. I'op6anu", A. Caun

Poccuiickuit yHuBepcuteT npyx0b1 HaponoB, Mockea, Poccuiickas @edepayus
P4 reza-kashi-zade-ka@rudn.ru

HcTopust ctatbu AHHOTaNUs1. YCTaJOCTHOE pa3pylieHUe MPHU IUKINIECKOM HArpyKEHHUH SIB-
JISIETCST BaKHEHTIIeW TTpoOIeMol 11 MHKEHEPOB-KOHCTPYKTOPOB, TOCKOJIBKY
OCTaTOYHbIC HAIPSDKEHMS MPU PACTSHDKEHUHM MOTYT 3HAYMTEIBHO COKPAaTHTh
CPOK CIIy>kKObI KOMIIOHEHTa. [Ipoeccsl aaguTHBHOTO MPOM3BOACTBA, TaKHUE
Kak 3D-medats, 0 CBOEH CyTH CO3[AIOT TaKUE HANPSDKEHUS M3-32 BBICOKUX
TEPMHUYECKHUX TPATUEHTOB, 9TO 00YCIOBIMBAET HEOOXOAUMOCTH TIATeIHHON
OIICHKHM OCTATOYHBIX HAMPSHKEHUU B MEUaTHBIX AeTasix. s pernenns naH-
ABTOpBI 3asBIIAIOT 00 OTCYTCTBHH HOM 3a71a4¥ B HACTOSIIIIEM HCCIIEOBAHUU pa3padoTaHa KOHEYHO-IJIEMEHTHAs
KOH(bﬂI/IKTa HHTCPCCOB. MO/eJIb, UMUTHPYIOILIAs IPOLECC 3D-neuatu CTaHJapTHOI'O 06pa311a i
YCTaJOCTHBIX UCHbITaHUI. MonenupoBaHye BBIIOIHEHO A ciiaBa MHko-
Henb 625 ¢ opueHTanuei MOCTPOeHHs BOJIb HANpPABIECHHS TOJLIMHBEI 00-
pasua (PDT). Io pe3ynasraraMm pacuera MOMy4eHBI JCTabHBIC pacrpe/elie-
HUS TIOJTHOTO TEH30pa OCTATOYHBIX HANPSHKEHWU M SKBUBAJICHTHOTO HAIps-
IIpn cosmanuyu HACTOSINEH CTATBU TEXHONO-  yeHus 110 Musecy Ha 3aBeplIarolIell CTaauy HU3TOTOBJICHUS. AHAIU3 MOKa-
THA T'€HEPAaTUBHOIO MCKYCCTBCHHOIO MHTENI-  3pipaet, YTO, HECMOTPSI HA BOSHUKHOBEHHE CYIICCTBEHHBIX HANPSHKCHUH IIPH

[Mocrynuna B penakuuto: 22 nexabps 2025 r.
Jopaborana: 7 dpespasst 2026 r.
[punsTa k myonukamuu: 14 gpeppans 2026 T.

3asiBjieHUE O KOH([)J'IHKTC HHTEpeCcoB

3asiBieHHe 00 MCHOJIb30BAHUM TEXHOJIOIMii
HCKYCCTBEHHOT0 MHTEJLJIEKTA

JICKTa HE HCTIO0JIb30BAIHCE. PacTsHKEHUU B IPOOJIBHOM HallpaBlIeHUU pabouell yacTu, BEIOpaHHAs OpU-
entaius PDT ycnemHo gokanu3yeT HauOONbIINe KOHIEHTPALMH HalpshKe-
3asiBiieHHe 0 JOCTYIHOCTH TaHHBIX HHI B 30HaX KOHTAKTa C OIIOPHBIMH CTPYKTYpaMH, BHE KPUTHIECKOH IS MC-

Bce naHHbIe, MONy4YeHHBIE B X0JI¢ 9TOro uc-  BITAaHUK obmnactu.
CIIEIOBAHMs, BKIIOUEHEI B ONTyONMKOBaHHYI0  KilloueBble €JI0BA: a[JIATMBHOE NPOM3BOJACTBO, CEJIEKTUBHOE IIA3E€PHOE
CTaThIO. iaBnenue, HkoHens 625, octatounsle HanpspkeHus:, MKD
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Introduction metric distortion, promote delamination, and, most
critically, serve as a precursor to fatigue crack

In additive manufacturing, residual stresses  initiation, thereby drastically reducing the service
caused by temperature gradients during fabrication  life of a component [1-5]. Consequently, the pre-
are a principal concern, as they can induce geo-  diction and mitigation of residual stress are vital
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for the reliable application of AM parts under cyclic
loadings.

In recent years, along with time-consuming
and expensive tests, finite element analysis has
emerged as a powerful and cost-effective tool for
simulating complex thermomechanical phenomena
[6-9]. In this regard, numerous studies have used
FEA to investigate the influence of 3D printing
process parameters, such as laser power, scan speed,
and scan strategy, on residual stress. For instance,
Jung et al. [10] numerically analyzed the impact of
laser rotation patterns on residual stress in a simple
square geometry, whereas Zhou et al. [11] employed
a 3D model to study scanning strategies in Ti-6Al-
4V. Furthermore, it was shown that by controlling
two key parameters, the scanning length and input
energy, the maximum residual stress in the 3D
printed part can be reduced [12].

Recent studies have increasingly applied
machine learning and data analysis to optimize 3D
printing parameters [13]. For instance, Goh et al.
examined the uses and obstacles of machine
learning in additive manufacturing [14]. Separately,
Nguyen et al. used a data-driven machine learning
method to refine printing parameters, asserting that
their approach is universally applicable across
different part designs and material types, including
plastics and composites [15]. Additionally, Tamir
et al. developed a novel optimization strategy by
first establishing a predictive model that links pro-
cess settings to part quality, and then integrating
this model with a fuzzy logic system in a closed-
loop controller to dynamically determine the best
parameters [16].

Despite these contributions, a significant
portion of the literature has focused on simple
cubic geometries. Few studies have simulated the
build process of standard mechanical test speci-
mens, such as those designed for fatigue evaluation.
This study aims to address this gap by presenting
a com-prehensive 3D thermos-mechanical finite
element model of the SLM process for an ASTM
standard Inconel 625 fatigue specimen. Thus,
the residual stress field was investigated in the
overall case, as well as the stress tensor compo-
nents separately.

1. Finite Element Modeling and Simulation
Framework

This section details the comprehensive
numerical methodology developed to simulate
the selective laser melting process for fabricating
an ASTM-standard Inconel 625 fatigue specimen.
A sequentially coupled thermomechanical Finite
Element Analysis (FEA) was conducted to predict
the transient temperature history and the resulting
residual stress field. The simulation framework,
implemented in Ansys Additive Suite 2019 R3,
incorporates advanced modeling techniques to ac-
curately capture the complex multiphysics pheno-
mena inherent to metal additive manufacturing.

1. 1. Geomeltry, Mesh, and Build Orientation

The specimen geometry was designed accord-
ing to ASTM E466 standard for constant-amplitude
axial fatigue testing, with a total length of 165 mm,
gauge section width of 19 mm, and uniform thick-
ness of 3.2 mm (Figure 1).

165
57 _ 32.86 |
I

V3 Front view
Scale: 1:1

\ Top view
Scale: 1:1

Left view
Scale: 1:1

A

Figure 1. Schematic of the geometry and dimensions
of the specimen according to the ASTM standard
for high-cycle axial fatigue testing (dimensions are in mm)
Source: byK. Reza Kashyzadeh, S. Ghorbani, A. Said.
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Based on the authors’ previous research [17],
it was found that if the sample is printed in the
direction of the thickness, the lowest residual stress
intensity is created in the part. Therefore, in this
study, it was assumed that the printing direction
was in the direction of the sample thickness, as
shown in Figure 2.

Figure 2. A representation of the 3D printed direction of the
fatigue specimen in the thickness direction
Source: byK. Reza Kashyzadeh et al. [17].

A conforming mesh of second-order tetrahedral
elements (SOLID187 in Ansys) was generated using
the patch-conforming algorithm. A refined mesh
density was applied to the gauge section and sup-
port interfaces to accurately capture steep thermal
gradients and mechanical stress concentrations.
A uniform block support structure with a standard
grid hatch pattern was generated to ensure con-
sistent thermal conduction to the build plate. Three
mesh densities were evaluated in a convergence
study.

Coarse mesh: average element size of 1.5 mm
(total elements: 125340).

Medium mesh: average element size of 1.0 mm
(total elements: 285620).

Fine mesh: average element size of 0.7 mm
(total elements: 512890).

The mesh sensitivity analysis revealed that
the medium mesh produced stress results within
2.8% of the fine mesh solution while reducing the
computational time by 58%. Therefore, a medium
mesh configuration was adopted for all simulations,
with additional local refinement (element size of
0.3) applied to the gauge section and support inter-
face regions.
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1.2. Material and Temperature-Dependent
Properties

The nickel-based superalloy Inconel 625 was
selected owing to its relevance in high-performance
AM applications. A temperature-dependent elasto-
plastic material model with isotropic hardening
was employed. The key material properties critical
for the thermomechanical simulation are sum-
marized in Table 1. These include powder and solid
absorptivity (governing laser energy input), elastic
modulus, Poisson’s ratio, yield strength, and coef-
ficients for thermal expansion and anisotropic strain
to account for the direction-dependent shrinkage
during solidification and cooling.

Table 7. Thermo-mechanical properties
of Inconel 625 for 3D printing simulation based
on the ANSYS Additive dataset

Properties Value
Powder Absorptivity 0.6
Solid Absorptivity 0.4
Elastic Modulus, GPa 208
Poisson’s Ratio 0.33
Yield Strength, MPa 480
Isotropic Hardening Factor 0.004
Thermal Expansion Coefficient (K*(—1)) 0.000013
Anisotropic Strain Coefficients (| |) 1.5
Anisotropic Strain Coefficients (L) 0.5
Anisotropic Strain Coefficients (Z) 1

Source: byK. Reza Kashyzadeh, S. Ghorbani, A. Said.

1.83. Process Parameters and Boundary
Conditions

The laser parameters as constant power of
250 W, scan speed of 800 mm/s, and hatch spacing
100 um were defined. A stripe scan strategy with
a 5 mm stripe width and 67° rotations between
layers was used to mitigate pattern-induced stresses.
The initial powder bed and baseplate temperatures
were set to 80°C. The build plate was modeled
as a rigid body, with its bottom surface assigned
a fixed displacement constraint in all directions
(U,=U,=U,=0) to represent the mechanical

clamping. Convective and radiative heat losses
to the environment were applied to all the free
surfaces.
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1.4. Simulation Algorithm: A Step-by-Step
Procedure

The analysis followed a sequential workflow
that decoupled the complex physics into manage-
able thermal and mechanical stages. The procedure
is outlined algorithmically below to ensure clarity
and reproducibility of the process.

Algorithm 1: Sequential Thermo-Mecha-
nical FEA for Residual Stress Prediction in 3D
printed parts

Input: Part Geometry (Figure 1), Material
Properties (Table 1), Process Parameters (Laser
Power, Speed, Scan Strategy).

Output: Residual Stress Tensor o, (x, y,z)and

von Mises Stress G,

Step 1: Preprocessing and Model Setup

1. Import & Orient: Import the ASTM speci-
men CAD model. Define the build orientations
(Thickness).

2. Generate Supports: Block support structures
with a grid hatch pattern.

3. Mesh Generation: Discretize the part and
support using a conforming tetrahedral mesh.
Apply local mesh refinement in the gauge section
and at the support interfaces.

4. Assign Material: Assign the temperature-
dependent elastoplastic properties of Inconel 625
(Table 1) to the part volume.

Step 2: Thermal Analysis (Transient)

5. Apply Thermal BCs: Set the initial tempe-
rature for the powder/bed (80°C). Apply convective
heat loss to all free surfaces.

6. Define Heat Source: Model the moving
laser as a volumetric Gaussian heat source. Input
laser power (250 W), scan speed (800 mm/s), etc.,
and beam diameter.

7. Simulate Layer-by-Layer Deposition: Acti-
vate elements layer-by-layer to simulate material
addition. Solve the transient nonlinear heat con-
duction equation:

pC, OT /0t =V.(kVT )+ Qppeer

where p is density, C), is specific heat, k is thermal

conductivity, and Q,, 1s the laser heat input.

8. Export Thermal History: Upon completion,
export the full time-history of the nodal tempera-
ture field T'(¢t) for all layers.

Step 3: Mechanical Analysis (Quasi-Static)

9. Apply Mechanical BCs: Fix the bottom
surface of the build plate in all the degrees of
freedom (U, =U, =U, =0).

10. Map Thermal Load: Import the calculated
temperature history 7'(¢) as a thermal load body for

the mechanical simulation.

11. Simulate Thermally Induced Deformation:
Perform a static structural analysis for each time
increment (layer activation). The mechanical solver
calculates the stress from the thermal strain

€hermal = 0AT and the anisotropic strain model by

solving the equilibrium equation:

V-6=0,

where o is the stress tensor.

12. Activate Layers with Birth/Death: Mecha-
nically “activate” elements in sequence corres-
ponding to the thermal analysis, allowing stress to
accumulate as the part is built.

Step 4: Post-Processing and Extraction
13. Extract Residual Stress: After the final
layer is cooled to room temperature, extract the
stress tensor components (6., G,,, G.., T4y, T

xxo> Yy Yizzo

T,,) and the von Mises equivalent stress (o, ).

Xy yz o

2. Results and Discussion

Following the procedure in Algorithm 1, the
thermomechanical simulation of the Inconel 625
fatigue specimen printed in the thickness direction
(PDT) was performed. This section presents a
detailed statistical analysis of the resulting residual
stress fields, complemented by rigorous quanti-
tative assessments and a comparative evaluation.

The complete residual stress tensor predicted
by the simulation exhibited complex spatial varia-
tions across the specimen volume. Figure 3 presents
contour plots of all six independent stress compo-
nents, and Table 2 provides comprehensive statistical
summaries extracted from the nodal data across the
entire part and specific regions of interest.
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Figure 3. Contour of the stress tensor components after the completion of the 3D printing process:
a— normal stress in X-direction (o, ); & — Y-direction ( O )

Source: byK. Reza Kashyzadeh, S. Ghorbani, A. Said.
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Figure 3 (Continuation). Contour of the stress tensor components after the completion of the 3D printing process:
¢ — Z-direction (Gzz ); d— shear stress in X¥-plane ( Txy )

Source: by K. Reza Kashyzadeh, S. Ghorbani, A. Said.
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Figure 3 (Ending). Contour of the stress tensor components after the completion of the 3D printing process:
e—YZ-plane ( Tyz ); f— XZ-plane (T,, )

Source: byK. Reza Kashyzadeh, S. Ghorbani, A. Said.
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Table 2. Statistical summary of residual stress components
in 3D-printed Inconel 625 specimen (values in MPa)

Stress component Global statistics | Gauge section | Support interface | Volume fraction > Yield strength

Max: 703.2 Max: 426.5 Max: 7083.2

O, (Longitudinal) Min: -108.9 Min: 184.1 Min: -108.9 18.7% of volume
Mean: 85.4 Mean: 196.3 Mean: -12.5
Max: 608.9 Max: 365.2 Max: 608.9

G,, (Transverse) Min: -138.3 Min: 133.2 Min: -138.3 15.2% of volume
Mean: 62.8 Mean: 142.8 Mean: -28.9
Max: 123.8 Max: -10.5 Max: 123.8

G, (Through-thickness) Min: -404.8 Min: -156.3 Min: -404.8 6.8% of volume
Mean: -48.2 Mean: -15.3 Mean: -165.8
Max: 155 Max: 78.6 Max: 155

T,y (In-plane shear) Min: —155 Min: 0.8 Min: -155 2.1% of volume
Mean: 0.4 Mean: 3.2 Mean: -1.8
Max: 477 Max: 145.2 Max: 477

T,. (Out-of-plane shear) Min: -483.8 Min: 4.3 Min: -483.8 9.3% of volume
Mean: 2.1 Mean: 8.6 Mean: 15.4
Max: 534.1 Max: 128.9 Max: 534.1

T,, (Out-of-plane shear) Min: -541.2 Min: 1.1 Min: -541.2 11.6% of volume
Mean: 1.8 Mean: 5.3 Mean: 12.9

Source: by K. Reza Kashyzadeh, S. Ghorbani, A. Said.

The distribution of residual stresses revealed
that the principal stresses were non-uniform.
Of particular note is the significant tensile stress
(0,= 703.17 MPa in global and 426.5 MPa in

gauge length) developed along the specimen’s longi-
tudinal axis within the gauge length (Figure 3, a),
which is critical for tensile strength and also
subsequent axial fatigue loading. The shear stress
components (Figure 3, d — 3, f) show localized
concentrations at the junctions between the speci-
men and the support structure, indicating regions
of potential stress singularity or high gradient.The
von Mises equivalent stress, which provides a
scalar measure of the overall residual stress
intensity, is shown in Figure 4. The contour plot
confirmed that the highest stress levels (approxi-
mately 290 MPa) were concentrated at the interface
between the bottom of the gauge section and the
support structure, as well as along the free edges
of the first deposited layers.

However, this value is obtained by ignoring
the corners of the model, which are fixed in the jaw
section during various loadings, such as tensile and

fatigue tests, and are not important from a failure
perspective. Importantly, within the central region
of the gauge length, which is the volume most
relevant for fatigue crack initiation, the von Mises
stress is relatively lower and more uniformly
distributed. This pattern validates the choice of the
PDT orientation, as it localizes the highest residual
stresses away from the critical testing zone.

The simulated stress state has direct implica-
tions for the fatigue performance. The tensile
stress, o,., in the gauge section will superimpose

onto any applied cyclic tensile load, effectively
increasing the mean stress of the fatigue cycle and
potentially accelerating crack initiation according
to models such as Goodman or Gerber. Further-
more, the worst-case scenario is when a 3D printed
part is subjected to multiaxial fatigue loading.
In other words, if cyclic loading is applied
disproportionately in the X and Y directions, it can
significantly reduce the life of a part. Future work
will include the accurate extraction of this residual
stress field for use in fatigue life prediction
analysis in both uniaxial and multiaxial modes
(i.e., proportional and non-proportional).

257



Reza Kashyzadeh K., Ghorbani S., Said A. RUDN Journal of Engineering Research. 2026;27(2):249-260

4.2633e+2

2.8940e+2

1.5247e+2

1.5544e+1
[MPa]

| 60.00 (mm)

Figure 4. Contour of the von Mises equivalent stress in the 3D printed part representing
the residual stress during the manufacturing process
Source: byK. Reza Kashyzadeh, S. Ghorbani, A. Said.

Conclusion and Future Direction

In this study, a sequentially coupled thermo-
mechanical finite element model was developed
and applied to simulate the 3D printing process for
an ASTM-standard Inconel 625 fatigue specimen
built in the thickness direction (PDT). The com-
prehensive methodology, detailed in a step-by-step
algorithm, provided a clear framework for pre-
dicting the residual stress field induced by additive
manufacturing.

The key findings are as follows.

® The simulation successfully predicted the
complex multiaxial state of the residual stress
within the specimen, with the full stress tensor and
von Mises equivalent stress visualized.

® The results confirmed that for the PDT
orientation, the most critical residual stresses were
concentrated at the support interface and the edges
of the initial layers, with a more favorable, lower-
stress state achieved within the central gauge
length region.
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® The presence of significant tensile longi-
tudinal stress(o,,) in the gauge section was

identified as a key factor that must be accounted
for in subsequent fatigue life assessments.

® The results show that after the longitudinal
direction, the most critical path for axial loading is
in the width direction of the specimen, where the
residual stress component,c,,, has the highest

value.

® The simulation results indicate that if
cyclic loading is applied in both the X and Y
directions simultaneously, it can cause the most
destructive damage to the part, particularly when
this loading is disproportionate.

In conclusion, this study provides a validated
numerical framework for assessing the residual
stresses in additively manufactured test coupons.
These findings underscore the importance of build
orientation and process simulation in designing
fatigue-resistant AM components. In future work,
it is recommended to validate these predictions
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using experimental techniques such as X-ray
diffraction and to integrate the calculated residual
stress field directly into a fatigue crack initiation
and propagation model.
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