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EBosmroniitHa amganTairis noaituk DLP 3a ymoB npeiidy
KOHIIEIIIIT Y TOTOKOBUX JIaHUX

VY cywacanx DLP-cucremax, mo oOpoOIsioTs IOTOKOBI AaHI y XMapHUX 1 TiOpHAHHMX CepeoBHUIaXx,
(ikcoBaHI TOJITHKH IIBUAKO JErpaayioTh uepe3 npeiid konuemuii. Omneparopu 3MyIIEHI OJHOYACHO
YTPUMYBaTH PHU3HK-3BAXEHY BapTICTh MNPOIYCKIB HAa TNPHUHHATHOMY piBHI, OOMEXYBaTH HaBaHTaKCHHS BiX
XMOHMX CITpalfoBaHb, BUKOHYBaTH SLO 3a 3aTpMMKOIO Ta 3a0e3leuyBaTH CTaOlIbHICTh TPHBOT 3a MKOPCTKUX
Oro/pkeTiB mam’ati # obumciens. lle cTBOproe cymepewinBi BUMOTH, SIKI TpajuLilHI AeTekTopu abo pydHe
TIOHIHI'YBaHHS TOJIITHK BHPIIIYIOTH HETOBHOIO Mipoio. PoOoTa mpomoHye OHIafHOBHI €BONIOLIHHHWN METO[
ajanTanii MOJITHK, SKUH (OPMYITIOE CHHXPOHHE HAJAIITYBaHHS SK OaraTOKpUTEpiajbHy ONTHMI3alliio 3a
00MEXEHUX pecypciB. 3aCTOCOBAHO XPOMOCOMHE KOIYBaHHs IIOJITHK, KepoBaHe Ipeii(oM mepeMuKkaHHs
«JIOCITI IPKeHHS1/eKCILTyaTalish», apXiB MEepPEeBIpeHHUX PIlIeHb IS «TEeIUIMX» CTApTiB, KOMIAKTHY aKTUBHY CYMIII
Ta 3aXWIIEHI BiJKOYYBaHHS JUIA orepariiHoi Oe3meku. EkcnepuMeHTanpHa ONNHKA Ha BOCBMH ITOTOKAaxX
(cMHTeTHYHNX 1 peajbHHX) AEMOHCTPYE, IO IHTErpajibHa BapTICTh YTpUMYeTbesi B Mexax 0-3,5% Bin
Halikpamoro 0a3oBoro Mmeroxy (cepemHiii aOcomrotHUi po3puB ~1,6%), morpumano p95 < 100 mc gacy
00poOKHM, a MIHJIMBICTH YacTOTH TPHUBOr 3HIXKEHO Ha 50-63%, mpu TOMy dYacToTa XHOHHMX CIIPAlIOBaHb
JIUIIAETHCS CIIBCTABHOIO a00 HIHKYOI. BHUABICHO JIBI UyTIIHBOCTI: TOPIT «Opamu apeidy», Mo kepye 0aaaHcoM
JIOCITi JKEHHS/€KCILTyaTallil, i KOpOTKi OGYHMCIIOBANIBHI CIUIECKH OJIpa3y Micls BUABIEHO 3MiHM. IX TOM’SKIIYIOTH
apxiBHI «TEIJI» CTapTH, KOMITAKTHA CYMIII i OIO/KETH Ha IHTEHCHBHICTh MYyTalliii 6e3 BTpaTH YyTJINBOCTI.
TeHeTUYHi a1rOpUTMH, 3an100iraHHs BUTOKY AaHUX, BUAABJICHHS aHOMAJIi, 1peiid xoHuenuii, xmapHa 6e3nexa

ITocranoBka npoﬁ.JIeMn Cuctemu 3anoOiraHHs BUTOKY TaHHMX (DLP) PALOIOTE Y
Cepe/IOBHIIAX, /¢ TOBEIIHKA KOPHCTYBAYIB i XapaKTEPHCTHKA TPadiKy MOCTIHO 3MIHIOIOTHCS.
Taki 3cyBu pyiiHYIOTh NPHITYICHHS TPO CTALIOHAPHICTh, CIPHYMHAIOTH KOHLCIITYaIbHHIT

Apeii), MoripuryioTh TOYHICTH BUSABICHHS IHIMICHTIB i CTAGUIEHICTH TPHBOT y MOTOKOBHX
clieHapifax. Y MIACYMKY 3pOCTa€ HaBaHTaKEHHS Ha ONEepaToOpiB 1 pU3HK MPOIYCKY KPUTUYHHUX
MOJ1iH, 110 TIePETBOPIOE MIATPUMaHHS SKOCTI Ha Oe3nepepBHE 3aBIaHHs ekcrutyaraii. [1]. o
[BOTO JOJAIOThC W MPAKTUYHI OOMEXKEHHS BUPOOHWYMX YMOB: HEBEJHKI JOMYCKH Ha
3aTPUMKY, BHCOKI BMMOTHU /IO MPOIYCKHOI 3JaTHOCTI, HEMOBHA ab0 BiJIKJIaJeHa PO3MITKa
noziit. IlinTpuMyBaTu npames3aTHICT BUKJIIOYHO MEPIOAUMYHIM IIepEeHaBUYAHHAM CTa€ Jeaai
JOpOKYe Ta TMOBUIBbHINIE. BuHMKAae moTpeba B MexaHi3MaxX OHJIAMHOBOI ajmamTarlii, siki 0
ypaxoBYBaJ M pecypcHi OOMeXeHHS Ta He 3yMUHsIM cepBic mig yac 3MmiH [2]. 11lo6 Taka
ananTaris Oysia CBO€YacHOIO, MOTPIOHI IHAMKATOPU 3MIHHOCTI, SIKi € BOJHOYAC iH(HOPMAaTUBHUMU
Ta HEJIOPOTUMHU OOUMCITIOBAIbHO. OIHUM 13 MPAKTHUYHUX CUTHAIIB BUCTYIA€ MPOTHOCTHYHA
HEBU3HAYEHICTh MOJIENIEH, 10 J03BOJsE (DIKCYBATH IMOSIBY HOBUX PEXKHMIB JAaHUX ILIE IO
HAKOMWYCHHSI JIOCTaTHBOI KUTbKOCTI MiTok [3]. ¥V nomeni DLP nomatkoBi TpyaHOIIi
MOPOJKYE CTpOKaTa MpUpOJa KaHATIB Mepeaadi, Ce30HHICTh Oi3HEC-TPOIIECiB 1 BUCOKA I[iHA
MOMMJIKOBHX CIIpalfoBaHb. DIKCOBaHi MOPOTH Ta CTATUYHI MOJIITUKH HE BUTPUMYIOTh TaKUX
KOJIUBaHb, TOMY TIOTpPIOHI TpOIEIypH CIIOCTEPEKEHHS 1 KEepoBaHOI peakiii, 31aTHi
YTPUMYBATH OanaHc MK quJmBiCTIo it crabutpHicTiO [4]. HenmpaBunpHMiA ;[06ip JETEKTOPIB 1
TOPOTiB  OE3MOCEPEe/IHBO BIATYKYEThCA Ha BapTOCTI pearyBanHs. Tomy pimieHHs MaroTh
CIIMPATHCS HA BIATBOPIOBAHI MOPIBHSAHHS 32 PISHUX THITB Apeii(y 1 pe:KUMIB HABAHTA-)KCHHS,
00 YHUKATH MPUXOBAHUX yIEepeKeHb 1 3a0e3neuyBaT cTabiIbHICTh TPUBOT [5].

© I1. B. BixkeBcbkuii, O. C. CaBenko, 2025
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s 00’€KTHBHOI OIIIHKK TaKUX PINIEHb MOTPIOHI 3aradbHOJOCTYITHI KOJEKI[ii MOTOKOBUX
HAOOpIB 3 YITKO BU3HAUYEHUMH CLEHApIAIMH 3MIHHOCTI Ta Y3TO/PKEHMMHM MeTpukamu. lle
POOUTH MOXJIMBUM KOPEKTHE CHIBCTABJICHHS TOYHOCTI, CTAaOUIBHOCTI Ta EKCIUTyaTalliiHUX
BUTpPAT MK PI3HUMU peanizanisimu [6].

AHaJI3 ocTaHHIX Aoc/iaxKeHb i myOJikamii. 3a oCTaHHI POKU TOCTIKEHHS Ipeidy
KOHIICTIii y MOTOKOBUX CHUCTEMax JOCAIJIO0 MOMITHOI 3pinocti. Ilpo 1e cBimuuTh mosiBa
CUCTEeMHHX OTJIAJIB, SIKI BCTAHOBIIOKIOTH CHUIbHY TEPMIHOJOTII0O Ta BHMOTH 10 METOJIB
BusiBNIeHHs 3MiH. Hinder 31 cmiBaBTOpamMu y cBOill OrJsiioBii poOOTI IETaTbHO PO3TISTHYIN
MUTAHHS MOHITOPUHTY B CEPEJOBHIIAX, II0 €BOJIOIIOHYIOTh, BUOKPEMHBIIHN KIIOYOBI THITH
npeiidy Ta migxoam 0 ixHboro cmoctepexeHHs [1]. Taka poOoTa 3akianae MOHATIHHY
OCHOBY Ul TMOJANBLIMX MPUKIAJAHUX pilleHb, a/ke Oe3 YITKOro PpO3yMIHHS NPUPOAU
3MIHHOCTI BQ)KKO OOMpATH aJIeKBAaTHI IHCTPYMEHTH pearyBaHHS.

Y [OpuKIagHOMY pyciai OKpeCIMiucs [Bl MEpCHeKTHUBHI cTpaTerii podoTu 3
HECTallIOHApHICTIO JaHuX. llepmia oONMpaeTbcss Ha TNPOTHOCTHYHY HEBU3HAUEHICTH
HelpoMepekeBUX MOJIeNell K CUTHAJ paHHBOTO MOTIEPEKEHHS Mpo 3MiHH. Baier Ta xoyeru
MOKa3aJy, IO 3pOCTaHHS HEBH3HAUEHOCTI mependadae apeid Ime 10 HAKOIMYCHHS
JOCTaTHBOI1 KUIBKOCTI pO3MIUE€HMX HPUKIANIB — OCOOJIMBO IIHHO y peajJbHOMY dYaci, KOJIH
MITKA HAJIXOISATh 13 3aTPUMKOI0 a0o 30BciM BiacytHi [3]. [pyruii HampsMoOK MPOMOHYE
BUIIEPE/DKATbHE MOJICNIOBaHHS MaWOyTHIX pO3MOJUIB JaHUX, 100 Kiacudikarop
3a3/aleriip TOTyBaBCsA JO OYIKyBaHMX 3MiH. Li 31 cmiBaBTOpamH 3amlpoIOHYBald METOH
DDG-DA, sixkuii reHepye CHHTETHYHI JaHi Ajs iMiTarii IMOBIpHUX Ipel]iB 1 TaKUM YHHOM
CKOPOYY€E MPOBAIH TOYHOCTI IMiJ] 9ac MEPEeXiTHUX nepiodiB [2].

Yumano 3ycuib AOCTIJHHUKIB CIHPSIMOBAHO Ha CTBOPEHHS HATIMHUX pedepeHTHUX
YMOB JUIsS IOPIBHSHHSA pi3HUX MeTo/iB. de Barros i Santos mpoBenu maciitabHe 3iCTaBICHHS
,Z[GTGKTOplB npeiidy, mokasaBiy, o0 CTaOUIbHICT TPUBOT 3QJIEKUTH HE JIHIIIE BiJl aJITOPUTMY,
a ¥ BiI HamamTyBaHb IMOPOTIB 1 XapakTepy 3MiHHOCTI camux ngaHux [5]. Llg poGota
MIIKPECIIIOE€ BAXIUBICTh CTaHAAPTU30BAHUX IMPOTOKOJIB OIiHIOBaHHA. Losing i3 Kojeramu
JOMOBHUIIM 110 1HQPACTPYKTYpy, 310paBIIM KOJIEKLIO MYOJIYHO JOCTYIHUX HaOOpiB
MOTOKOBHX JIaHMX 13 PI3HUMH TUIIAMU Apeildy, 0 poOUTh eKCIIEPUMEHTH BiATBOPIOBAHUMHU
Ta J03BOJISIE€ YECHO MOPIBHIOBATH HOBI MigXxoau 3 6a30BUMH [6].

Ha piBHi kimacudikamiifHUX ajdropuTMiB JOMIHYIOTh aHCAaMOJeBl IMIXOIU, 37aTHI
ajanTyBaTHcs 0e3 MOBHOI 3yNMHKM KOHBeepa oOpoOku. Gomes Ta CIIBaBTOPH PO3pOOHIIN
Adaptive Random Forests, siki THHAMIYHO MOHOBJIOIOTH HAaOIp JIEpeB Yy BiAMOBIIb HA 3MIHU Y
BXIIHUX JaHuX, 3a0e3neuyioun CTaOuIbHY TOUYHICTh HaBITh 3a yacTux nper¢is [7]. Cano i
Krawczyk minum pami, 3ampononyBaBmu crnouaTky Kappa Updated Ensemble mns
3arajlbHOTO BHIMAJKy TNOTOKOBHMX Kiacudikamiii [8], a 3romom — ROSE, cneniansHO
HAJIAIITOBAaHUHA Ha poOOTYy 3 AMCOATaHCOBAaHUMHU KJIacaMH Ta CKJIaJHUMM TO€IHAHHIMH
pantoBux 1 moctynoBux 3cyBiB [9]. Lli pimieHHS IeMOHCTPYIOThb, SK OararomojenbHa
apxiTeKTypa MiJIBUIIY€E CTIMKICTh CUCTEMH JI0 Hemepen0auyyBaHuX 3MiH.

[IBuakicTs pearyBaHHS Ha JApeild TakoX MNpHBEpHYIa 3Ha4yHy yBary. Mahdi 3i
CIIBaBTOpPaMU PO3IJISIHYJM BHIQJOK, KOJM IO3HAYKM KIAciB BIJCYTHI, a CHCTeMa Mae
MHUTTEBO BipearyBaTd Ha NOSBY HOBHX pexuMis noseminku [10]. Ixmiit minxin mossomse
BUSIBJISITH 3MIHHM Ha PaHHIX CTalifAX 1 iHIMIIOBaTH aJalTaIlilo JI0 TOTO, SIK BITOYAEThCS ICTOTHE
MOTIPIICHHST SIKOCTL. Y ONMM3bKOMy KOHTEKCTi B Omm3pkomy koHTekcTi Adams Ta Koiseru
30CepeMINCs Ha TMOSICHEHH1 JApeidy, Hamararouuch 3pOOMTH TpOLEC BUSBJICHHS 3MiH
MPO30PIIKUM JUISI €KCHEpTIB 1 OMepaTopiB — KPUTHMYHO BAXKIMBO y CHCTEMaxX 13 BHUCOKOIO
IiHOO moMuJIoK [11].

EBouroriiiHi migxoaw M0 agamnTaiii MpeICTaBISIOTH OKpPEeMY TUIKY JOCHIIKEHb.
Ghomeshi i3 koneramu 3anpomnonyBanmu meron EACD, sikuii BUKOPUCTOBYE €BOJIOLINHHI

10
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MEXaHI3MHU ISl MOIIYKY ONTUMANbHUX KOH(Irypamid Moneni B yMOBaxX 3MIHHOCTI JaHUX,
YHHUKAIOYH JIOPOTHX MOBHUX NEpeHaBYaHb 1 30epiraioyu pisHOMaHITHICTh BapiaHTIB MOJITHK
[12]. Takuii miaxin ocoONMBO KOPUCHMN y OaraTokpuTepialbHUX 3ajadax, A€ MOTPIOHO
30aJlaHCYBaTH TOYHICTh, IIBUAKICT 1 BUTPATH Ha 00YHMCICHHS. YU Ta CIIBaBTOPH PO3IIUPHIN
II0 i€I0 Ha OHJIAHHOBUI OyCT-airOpUTM, SKUM TOEIHYE ANANTHBHE HABYaHHSA 3 MYJBTH-
MOTOKOBOIO KJacH(]ikali€ero, Mo Ja€e 3Mory e(ekTHBHO OOpOOSATH MapayenbHi JuKepena
naHux [13].

OctanHi poOOTH TaKoX 3BEPTAIOTh yBary Ha apXiTEKTypHI acHeKTH BHUSIBJICHHS
npeiidgy. Hu 3i criBaBTOpamMu 3acTocyBaiu rMOOKI HEHPOHHI MepeXi Ta aBTOKOyBaTbHUKH
JUTS AETEKIIil 3MiH, TTOKa3aBIITy, 10 TaKi MOAEINI MOXYTh BUSBISATH CKIAIHI, HEMIHIHHI 3CyBU
Yy BUCOKOPO3MIPHUX MPpOcTopax o3Hak [ 14]. Ile po3muproe apceHan iHCTpYMEHTIB i poOoTH
3 HEOUYEBHHUMU (popMamu peiidy, sIKi BaXKKO BIOBUTHU TPaJULIHHIMHI CTATUCTHYHUMU TECTAMH.

Y KOHTEKCTI cHuCTeM 3amoOiraHHs BHUTOKY JaHMX MUTaHHS ajanTaimii a0 apeidy
HaOyBalOTh J0JAaTKOBOI Baru uepe3 crneuudiky mnpeamerHoi oOmacti. Alneyadi 3i
crmiBaBTOpaMu y cBoeMy ormsini DLP-cuctem migkpecnwiu, mo ycmimiHa poOoTa Takux
pillieHb 3aJEeKUTHh HE JIMIIE BiJ SIKOCTI MOJENEH, a i BiJ KEPOBAHOCTI MPOIECIB OHOBIICHHS
MOJIITUK, KOHTPOJIIO PU3UKIB, MOB'I3aHUX 13 CaMOIO aJamnTalli€lo, Ta MpO30pPOCTi YXBaJICHHS
pimeHs [4]. Byap-ski 3MiHE B KOH(Iryparii MOTEHLIHO MOXYTh NMPUBECTU JI0 MOSIBU HOBUX
KaHaJiB BUTOKYy ab0 mocrmabutu 3axucT. ToMy MexaHi3MU OHJalH-ajanTarii MOBHUHHI
BKJIIOYATH ayJWT, BIAKAT 0 MOMEPEHIX CTaHIB Ta YiTKY Bepu(iKalito Oe3MeKH OHOBIICHD.

[Tonpu ycmixu y BUSBICHHI JApeldy, alrOpuTMIYHIA ajanTanii Ta cTaHgapTH3arlii
OI[IHIOBaHHS, TOEJHAHHS [UX KOMIIOHEHTIB y eauHHMi MexaHi3M ansi DLP-cuctem He €
JIOCKOHaNO nociimpkeHuM. Cepen JOCTYMHHMX HAayKOBHX pOOIT 3a3BHYail PO3TIISIAIOTHCS
OKpeMi acleKTH: MOHITOPUHT 3MiH, aHCaMOJIeBl MeTOAM a00 €BOJIIOLINHMIA MOIIYK, ajie PiIKO
BOHM OO'€IHYIOTbCS B LLUTICHE pPIilICHHSA. AKTYalbHICTh JaHOI POOOTH 3aKIIOYAETHCS B
po3poOIli  KOMIUIEKCHOTO  pIlIEHHS 3  KEPOBAHUMH  PECYpCHUMHU  OOMEXECHHSMH,
0araToOKpUTEpiaIbHOIO ONTHUMI3AIIEI0 Ta APXIBHUM MEXaHI3MOM 0€3MEeYHOr0 BiIKOUYBAHHSM.
Take pimenHs Oyzne BpaxoByBaTu crielu(iKy NOTOKOBUX CEPEJOBHII 3 BUCOKUMU BUMOTaMU
70 Oe3MeKH 1 HAAIMHOCTI B eKCIUTyaTaIrii.

IlocTanoBKka 3aBAaHHsA. MeTa MOCTDKEHHS IOJIATae y po3poOri Ta mepesipili
METO/Iy OHJIAWHOBOI €BOJIOIIIHOT alanTallii MOJIITHUK JJIsi CUCTEM 3armo0iraHHsl BUTOKY JaHUX
(DLP). Horo po3po6ka BKitouae B cebe:

— ¢opmanidyBanas mojneni ontuMmizanii DLP-momiTuk, 1Mo CKIagaeTbcs 3 PU3UK-
3Ba)KEHOI BApTOCTI MPOIYIICHUX BUTOKIB, HAaBAaHTAXXCHHS BiJl XMOHUX CHpAIlOBaHb, 4ac Ha
NPUAHATTS PILICHHS, CKIaJHICTh MOJIITHUKH Ta CTaOUIBHICTh YaCTOTH TPUBOT 3 ypaxXyBaHHSAM
eKCIUTyaTaI[lifHIX 0OMEKEHb;

— po3poOka MexaHi3My KOJyBaHHS XPOMOCOM IIOJITHK, IO BKIIOYA€ aJalTUBHY
CTpaTerilo NepeMHUKaHHs PEXHMIB €BOJIOIIMHOTO MOUIYKY 3aJIEKHO BiJl HEKOHTPOJIHOBAHUX
iHIUKaTOpiB JApeiidy KoHIenuii (IMHaMika HEBM3HAYEHOCTI MOJENi, MPOTHO30BaHI 3CYBU
PO3MOALTIB, MAPKEPHU 3MiH Y JIATEHTHOMY IPOCTOPI);

— CTBOPEHHS apxiBHOTO MeEXaHI3My KEpOBaHUX BIJKOYYBaHHb JI0 NEpPEBIPEHUX
MOJIITUK MHUHYJIMX PEXHMIB Ta BUKOPUCTAHHS 3BAKEHOI CyMIIIl Pi3HUX aKTHBHHUX TOJITHK
IUTSL TATPUMKH CTIMKOCTI 10 TIOBTOPIOBAHUX MAaTEPHIB Apeiidy;

— TPOBEJCHHS EKCIIEPUMEHTAIBHOTO OLIHIOBAaHHS HAa MOTOKOBHX HabOpax MaHMX 13
pizHuMu THNamu Apeidy 3 xonekmii driftDatasets [6], mopiBHIOIOUH PO3pPOOIICHUN METOT 3
6azoBumu netekropamu (ADWIN, DDM, EDDM, UDD) 3a iHTerpajipbHOI BapTICTIO,
CTaOUIBHICTIO TPUBOT Ta Tipu AoTpumanHi SLO.

Peainizaniiss moctaBieHUX 3aBJaHb CIPHUATHME CTBOPEHHIO HAYKOBO OOIPYHTOBAHOTO
MeToy OHJaiHoBOi anantauii DLP-cucteM, 31aTHOTO mMiATpUMYBaTH OanaHC MK TOYHICTIO

11
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BUSIBJICHHS IHUMJICHTIB, CTAOUIBHICTIO TPHUBOI Ta PECYpCHUMH OOMEXKEHHSIMHU Yy
HECTaIlIOHAPHHUX CEePeIOBUILAX.

BuxJiag ocHoBHOro marepiaiy. I1oTik moiii TpakTyeTbesl SIK MOCIITOBHICTh JOKYMEHTIB/
MOBIIOMJIEHb 13 KOHTEKCTOM KaHaly Ta poiii kopuctyBauya. Illo6 yHidikyBaTtu ormmuc,
3alpoBaJMMO PU3UKOBHI CKOp, MOPOTOBY IMOJITUKY HMPUHHATTS pillleHb, MOJIEBY BapTiCTh,
¢dopmasibHe 03HaUYeHHs Apeiidy, 6araToMeTOBY LIUIb 1 eKCIUTyaTaliiHi 0OMEKEHHS.

St = fQ(xt'mt) € [0,1], (1)

ne x; € R% — o3Haku mojii/oKyMeHTa B MOMEHT t, m; € M — KOHTeKCT (KaHaJ, poJlb, Yac,
reorpadist Tomio), fu(-) — ckOpHHT-QYHKIIS 3 MapameTpaMd TOJITHKA O, S; — PU3UKOBHIA
cKop (CTymiHb/HMOBIPHICTh PU3HKY BUTOKY).

PimenHss mnpuiiMaeThCcsi MOPOTOBO, IIO JIO3BOJISIE Y3TOAWTH TOYHICTH 1 BapTiCTh
BTPYYaHb.

allow, AKIO S; < T,
a; = {quarantine, AKIO Ty < Sp < Tp, (2)
block, AKIO S¢ = Tp,

ne a; € A = allow, quarantine, block — nis moniTuKy; Tq,Tb(O STq <717, < 1) — TOpoTH
NPUAHATTS PIlLICHb.
BaxunBo1o € cepBicHa 3aTpUMKa — 4ac BiJl HAIXOPKEHHS MOI1 10 3aCTOCYBaHHS Aii.

ft(g) = tout — tin, (3)

£:(6) — yac 06poOKH moii t, t;;, — Yac HAJXOHKEHHS MOIL, Loy, — YAC BUHECEHHS il a;.
[[Io6 KOpEeKTHO 3BaXUTH HACTINKH IHIIMICHTIB, BBOJUMO KOE(DIil[i€EHT pPU3HUKY, IO
BPaxoOBY€E YYTJIMBICTh BMICTY, KaHAaJ 1 POJIb.

(p(mt'xt) = S(xt) *Ychan (mt) *Yrole (mt): 4)
ne: @(-) — BaroBuii koediuienT pusuky inmmenrty, s(x,) € [0,1] — gymmsicts BMicTy,
Yehan(M:) >0 — Bara kanamy (e-mail, uar, xmapa TOWIO), Vrore(M:) >0 — Bara
POJI/iICHTUYHOCTI.

[TonieBa BapTicTh IHTErpye PHU3MK MPOIMYIIEHOTO BUTOKY, XMOHI CIIpallOBaHHS, 4ac
00pOOKH 1 CKJIAJIHICTh TOJIITHKH.

c:(0) = Ay - Wy, = 1,a; = allow} - p(my, x;)
+Agp - 1{y: = 0, a; € quarantine, block} (5)
+Apar - £6(8) + Aops - k(0),

ne c_t(6) — nonieBa BapTicTh, Y, € 0,1 — ictuHHa MiTKa (1 = BHTIK), MOXE HAIXOIUTH 13
3aTPUMKOIO/OYTH BIICYTHBOIO, Apy, App, Apar, Aops > 0 — Barm BUTpAT 3a MPOIYCK BUTOKY,
XUOHI CIIpAIfOBaHHS, Yac 0OPOOKH Ta ONepariiiHy CKIamHicTh, k(0) = 0 — Mipa CKIagHOCTI
HOJITHKY (HATP., KUTBKICTh IpaBUIl/M0OBXUHA Bupasy), 1 -{ } — ingukaropua QyHKILisL.

JUnst OLIHKK MPOJYKTUBHOCTI Ha BIAPI3KY 4acy BUKOPUCTAEMO CEpeIHIO (OUiKyBaHY)
BapTICTh.

6(6) =7 ) Elc(®)], ©

ne Cr(6) — cepenns (ouikypanma) BapTicTh Ha TopusonTi T, T — JOBKHHA iHTepBaly
ouinroBanus, E[-]- maremaruune cnomiBanus (3a BUIIAKOBICTIO IOTOKIB/MITOK).

12
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KepyBaHHs IIyMHICTIO OTepaliil 10CSIraeTbcs KOHTPOJIEM IHTEHCHBHOCTI TPHUBOT 1 iX
JHCTIepCii.

w-
aglert,w(‘g) = Z A,_;(0) — A, W(H))
= (7

Ao (8) = Z Aci(9),

ne A;(6) €0,1 - IH,Z[I/IKaTOp HasBHOCTI TpuBory (quarantine/block) mns monii £, W — po3mip
KOB3AI0UOTO BIKHA, O yprsyy — AUCIEPCi 9aCTOTH TPUBOT y BikHI, Apy — cepens vactora
TPHUBOT Y BiKHi.

Jpeiid xoHUemnil BU3HAYaEMO SIK CTATUCTUYHO 3HAYYILY 3MIHY PO3MOALTY JaHUX, Y
HEKOHTPOJILOBAHUX CIICHAPISAX BUKOPUCTOBYEMO IMPOKCI Ue€pe3 HEBU3HAYCHICTh MOJIEIII.

driftatt & D(P,(xy, ye) | Pr_g(xp, v0)) > 6, (8)

ne P, — posnoxin (x;y;) y Moment t, A — wacoBuii Kkpok mopiBusuHsA, D(:|-) — obpana
JIMBEpreHiisy/BiacTanb MDK posnoniutamu (Hamp., KL, Hellinger, MMD), § > 0 — mopir
npeitdy. Bes konrpomo: D(P.(u,) Il P,_a(u)) > 8, e u; — NpoKci-HeBU3HAYEHICTH MO
(eHTpoOMist/ TUCTIepCist MPOTHO3IB).

OnTumizaifiiiHa TOCTaHOBKA pO3KIANAEThCS HA KUIbKA IIUICH: PHU3UK MPOITYCKY
BUTOKIB, FP-HaBaHTa)xXeHHs, 4acoBY 3aTpUMKy Ha OOpoOKy Mmojii, CKJIAJHICTh MOJITUKU Ta
CTaOUTBHICTh TPHUBOT.

T
1
J1(0) = ?ZAFN 1y, = 1,a, = allow} - p(my, x,),

©)
J2(6) = Z/lpp 1{y, = 0,a, € {quarantine, block}},

J3(0) = P95(£ (9) —1), J4(0) =k(0), Js5(6) = aerth(H)

ne J; — cKianoBa OYIKyBaHO! BapTOCTi, MOB’s3aHa 3 TMPOIMYIICHUMH BUTOKAMH (pPH3HK-
3Ba)K€Ha), /, — CKJIaJl0Ba BUTPAT 3a XMOHI CIpaIlOBaHHS, J3 — 95-i1 mepueHTuiIb yacy o0pooku
noxii, p95(-) — omeparop 95-ro mepueHTHNIsL, [, — WTpad 3a CKIAMHICTH MOJITHKH, [5 —
mrpad 3a HeCTaOUTBHICTh TPUBOT.

JUist IpakTHYHOTO KepyBaHHS KOMITPOMICaMU 3pyYHO 3aCTOCYBAaTH CKaSIpU3aIliio abo
6e3nocepennto [lapeTo-onTumizairito.

F(6) - mingee,

ne F(0) — ckansipuszoBaHa 1k, w; > 0 — Baru 1iieii, @ — n0omycTuMa MHOXKUHA TTapaMeTpiB
MOJTITUKH/CKOpeEpa.

Excrutyaraniiini oomexeHHst BimoOpaxatoTb SLO Ha 3aTpUMKy, a TakoX OIOJUKETH
nam’ATi Ta 00YMCIIeHb, XapaKTepHi i peanbHux DLP-naiinnaiinis.

P(ft(g) < Lmax) ZTl — & M(H) < Mmaxl

1
7(6) =5 ) 4e(6) < Bnas, (b
t=1

13
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1€ Lyax — SLO-nopir Ha yac 00poOku moii, &€ — nomyctuma yactka nopymens SLO, M(0) —
CIIO)KMBAHHSI T1aM’ATi CUCTEMOIO TIOJITHK, Y;(0) — oGuHrCIIOBaIbHA BAPTICTH Ha MO0 t, j(6)
— cepeaHsl 00UHCITIOBATbHA BaPTICTh, B4, — OFOIKET 0OUNCIICHB/Uacy.

OntuMmizaniiiHa 3ajadya OHJIAHOBOI €BOJIIOLII MapaMeTpiB IOJITHKH, sKa MOETHYE
TOYHICTh, CTaOUIBHICTh 1 PECYpCH, Ta PO3B’SI3YETbCA B yMOBax JApely KOHIENIi: 3HalTH
0" = mingeeF(0) 3a ymos (11) Ta onnaitHoBo eBoromionysaru 6 Ha moroii S = (X, m;).

ITin «Bu3HAueHHSAM apeiidy» po3yMIEMO CHTHAN BiJl 30BHIIIHBOTO IETEKTOPA, SKHUN
MOJKE MPAIIOBATH Y KOHTPOJIHOBAHOMY a00 HEKOHTPOJILOBAHOMY pexHuMi. MeTo He 3yIHuHse
CepBic, MpaIfoe y KOB3HUX BIKHAX 1 MOBa)Ka€ OOMEKEHHS MPOIYKTUBHOCTI, 110 € TUTIOBHUMH
utt DLP-naiimnaiiyis.

XpoMocoma BitOMBa€ pillIeHHS MPO Te, SIK caMe CUCTeMa pearye Ha pU3HKOBI MOJii, Ta
3 SKUX TpPaBHJ CKIANA€Tbes MojiTuka. DikcoBaHa YacTHHA KOHTPOJIOE POOOTY Ha piBHI
MOpOTiB, BIKOH, IHTEHCUBHOCTEH MyTallii Ta mapameTpiB JeTekTopa aperdy. 3MiHHA YacTHHA
ornucye Habip mpaBui 1 ixHi Baru. IlodyaTkoBa NOMySALis IHIMIAMI3yeThCS 3 HAABHUX Y
oprasizaiii MoJiTHK, a TAKOX BHUITaJKOBUMH JIETAIbHUMH KOHQIryparlisiMu, o0 3ade3neuuTu
PI3HOMAHITTS.

X = [2q T, W, 0,0, 0, 111, . Uy, 0], (12)

e ¥ — XpOMOCOMa, Ty, T, — MOporu 3 ¢opmyan (2), W — po3mip KOB3HOTO BiKHA st
omintoBanusi, p € (0,1) — koedilieHT eKCoHEeHIiHHOTO 3a0yBanus, N > 0 — KpoK
OHOBJICHHSI Bar y MeXaHi3Max mam’sTi, Wy, Y, = 0 — 6a3oBa Ta gomaTKoBa IHTEHCHBHOCTI
MyTallii, Y — mapameTpu 4yTJIMBOCTI AeTeKkTopa naperdy, u; — reHu mpaBui i3 Baramu, L <
Lnax — KUTBKICTB T€HIB MPABUIL.

[TpaBuio u; KOJaye YMOBHUIN BHpa3 Ha O3HAKaX 1 KOHTEKCT1 (HANPHUKIAL: «KaHAT = e-
mail; pons = HR; 36ir mabmony IBAN»), a Takoxx mimsoBy nito Ta Bary. 11lo6 crpumartn
3pOCTaHHSI JOBKUHH BUPa3iB, 3aCTOCOBYETHCSI OOMEXEHHS Ly, 1 Tpad y GyHKIIT AKOCTI HA
cknaHicTs (/4 3 Gopmynu (9)). Ilin yac ininianisanii 0TPUMYETbCS IHBApiaHT Tq < Tp, WA
YOro BUKOPUCTOBYEMO IPOEKITIIO HA JOMYCTUMY O0JIaCTh IMICJIs MYyTaIlii.

SIKiCTh KaHAMJATIB OIUHIOETHCS Y MIKPOBIKHAX, IO JO3BOJISIE BIICIIIKOBYBATH
KOPOTKOTEPMIHOBY JMHAMIKy Ta HE HAKOMHMYYBAaTH 3aCTapuly CTaTUCTHKY. PekoMeHI0BaHO
obupatu W 3 ypaxyBaHHSIM CcepeIHbOTO 4Yacy pearyBaHHsS Ha IHIUICHTH Ta oOcsry Tpadiky.
VYci KOMIOHEHTH SIKOCTI JIOCTYIHI Yy TOTOKOBiH (hopmi: p95 vacy oOpoOku mofii paxyemo
OpUOJIM3HUMHU  TOPSJIKOBUMH  CTaTUCTHKaMH, CTaOUIBHICTH TPHUBOI — OJHOYACHO 3
OHOBJICHHSIM 1HAMKATOpa A;.

F ) = w1 G0 + wo o () + wijz . (X)
Wl (0 + Ws]s . (1),

ne Fy(x) — 3navenns uini y BikHi Iy, J;, — kommnonenTu (9), obuncneni na I, w; > 0 — Baru
nuteir. OcTaHHI BiKHa BakaTh OLUIbIIE 3aBASKH EKCHOHEHIIHHOMY 3a0yBaHHIO. [lum kepye
mapaMeTp p: 3a ManuX p MeTOj INBHIIIE pearye, ajge CTae MeHII crabimbHuM. Fr(y) —
3ropTKa SKOCTI 3a ocTaHHI K BIKOH 3 KoedilieHTOM 3a0yBaHHS p, K — KUIBKICTh BIKOH B
arperyBaHHi.

(13)

K kF
Fo(y) = 1P pK_’;c(X)- (14)

k 1

AnropuTM Tmpamioe 1o BikHaX. Ha moyaTtky BiKHa OTpPUMYEMO CHUTHAll Zj BiX
aerekTopa. SIKIo y cepemoBuIll BinOymacs 3Hauylna 3MiHa, 30UIbIIYEMO IHTEHCHUBHICTD
MyTaIliif, PO3UIMPIOEMO TOMIYK 1 TUMYAaCOBO 3MEHIIYEMO BIUIMB IITpadiB 3a CKIAJHICTB.
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SIKmo 3MIHM HE BHM3HAYCHO, MPAIIOEMO Yy KOHCEPBATUBHOMY pEXHUMI, IO MiHIMI3ye
KOJIMBAHHS YaCTOTH TPHBOT.

My = Ho + Uy Zy, (15)

1€ U, — IHTEHCUBHICTh MyTallil y BikHi k, Z;, € 0,1 — OiHapHMIi cUTHANT BiI JeTeKTOpa aperdy
y BikHi k (1 sIK11o mofito 3MiHM BHsIBIICHO, () 1HAKIIIE), Uy, {1 — apameTpu 3 (12).

_ew(-pR0)
2j=1.N €XP (_ﬁﬁt()(j))'

ne p; — IMOBIpHiICTH BHOOpPY XpoMocoMH ); fAK OarbkiBcbkoi, [ > 0 — mnapamerp
CEeNEeKIIHOTO TUCKY, N — po3Mip MOMyJIAILii.

[IpakTnyHO 1€ O3HAyae, MO Yy NEpioaM CTAOUILHOCTI HOBI KaHIUIATH Majo
BIIPI3HSAIOTHCSA BiJ TOTOYHUX JJEPiB, a 32 CUTHAIY TPO 3MIHY 3’SBISIOTHCS «BiITalICH1»
BapiaHTH, 3/1aTHI IIBUALIE PUCTOCYBATHCH.

[IpakTiyHO 1€ O3HAyae, MO y TNEpioaM CTAOUILHOCTI HOBI KaHOUIATH Majo
BIIPI3HSAIOTHCSA BiJ TOTOYHUX JIJEPiB, a 32 CUTHAIY TPO 3MIHY 3’SBISIOTHCS «BiITalICH1»
BapiaHTH, 3/1aTHI IIBUALIE PUCTOCYBATHCA.

KpocoBep moenHye YacTUHM ABOX YCHIIIHUX pimeHb. Lle mepeHocuTh KOpHCHI
(parMeHTH NOMITHK MDK KaHIUIATaMu, 30epiralodyi CyMiCHICTb CTPYKTYP.

Pi (16)

x =il 2= xdl (17)

ne x4, xB — GaTbKiBChbKi XpOMOCOMH, j — TOUKa KPOCOBEPY, L — I0BxkuHA KoyBaHHs, y', ¥ —
Hamaaky. Myraiii MoporiB BHKOHYIOTBCS Y MeXax HOMYCTHMHX Jiarna3oHiB, 100 He
NOPYIIMTY iHBapiaHT T, < Tj. BincikaHHs micis JoJaBaHHs LIyMy FapaHTye KOPEKTHICTb.

"ty = [+ opelly, (18)

’ T
Tq = [Tq + Uq51]0
le Tg,T, — MYTOBaHi IIOPOTH, 04,0, > 0 — MacmrTabu mymy, £,&; ~ N(0,1), [[]2 -
BIZICIKaHHS 710 IHTEpBAIy.

Baru npaBun 3MiHIOIOTBbCS amanTHUBHO. Kpok NpomopuifHui Wy, TOMy y Hepioau
BHU3HAYECHOTO JIpei(y MOIIYK aKTUBHIIINMA.

wy = [w, + ae g, (19)

Jie W, — Bara r-ro npaBuia y TeHi U;, W, — MyTOBaHa Bara, @y = Cl; — aJalTUBHUN KPOK, C >
0 — koHcTanTa MacmTady, & ~ N(0,1), Wy, 4 — BEPXHS MEXKa Baru.

KinpkicTh mpaBuUil y TOJITHI[I MOXKE 3MIHIOBATHCS. Y CTaOUTbHI MEpioau JOBKHHA
KOJIY YTPUMY€ETHCS OJM3BKO J0 MOTOYHOTO 3HAYEHHS, IiJ1 Yac 3MiH JI03BOJIIETHCS 101aTH a00
BUJIAJTUTH MTPABUJIO.

L'=L+¢&, §& €-10+1, (20)

ne L' — HoBa KUIbKICTh T'eHIB MpaBwI, {; — BUIAIKOBA 3MiHA JTOBXKHMHU 31 CXUIBHICTIO 70 0 y
cTalioHapi Ta A0 +1 3a curHaily Bif AETEKTOpa; IMOBIPHOCTI 3ajieKaTh Biliy, L oOMexeHO
[0, Linax]-

Jpeiid yacTo mMae MOBTOPIOBAHUHM XapakTep. ApXiB J1a€ 3MOTY IIBHUIKO MOBEPHYTH
NEPEeBIpeHy TMOJIITHKY, SKIIO CEpPEelOBHILE IOBEPTAETHCA /IO IMONEPEIHBOIO CTaHYy.
[TapanensHO migTpUMyeMO Halip i3 KUIBKOX TOJITHK, IO 3MEHIIYE PHU3HMK IMPOCLAaHb Ha
JIOKaJIbHUX 3CyBaX.
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m;(Dexp (—nF(x;))
s (O exp (—nFGtm) )
zie T (t) — Bara j-i moJituku B HabOpi Ha Yyac t, M — KiUIbKICTh aKTHBHHUX IIOJIITUK B HAOOPI.
[Ilo6 yHUKHYTHM 3aTSDKHHUX Jerpajalliif, mepeBipseMo, Y HE CTaJ0 Tipiie Bif

OCTaHHBOI AapXiBHOI OMOpPM Ha 3HAYYIly BEIMYMHY. SIKIIO Tak, BUKOHYEMO KepOBaHE
BiTKOYYBaHHSI.

m(t+1) = 21)

T, = Fk(Xcur) - Fk(Xarch) > 5rec' (22)

1€ T}, — PI3HUI BapTOCTEH MK MOTOYHOIO MOJITUKOKO Xy 1 HAUKPAIIOKO aPXIBHOIO X grch Y
BiKHI K, O > 0 — mopir BimkouyBaHHs. Po3Mip apXiBy BUOUpAETbCA 3 ypaxyBaHHSAM I1aM’sITi
Ta PI3HOMAHITTS ICTOPUYHMX CTaHIB. [IpaKTHYHO JOIUIBHO TPUMATH KUTbKAa OCTaHHIX MOJITUK
i3 HaitHMKYOIO F, Ta HEBHCOKOIO KOPEISITIEIO PillleHb.

Bynp-sxuii kaHIMOAT Mae BIiONOBiAaTH cepBicHUM BuUMoraM. lle mepeBipsieTbesi 10
po3ropTaHHs. 3a TOTpeOM BHUKOPHCTOBYETHCS «TIHBOBUN» pexuM abo KaHapeHKoBe
PO3rOpTaHHs, 110 3HUKYE PU3HUK.

locce(X) = HPE(X) < Lipax) =1 — ¢ (23)
/\M(X) < Mmax 7AN )? < Bmax}'

ne l,..(x) € 0,1 — ingukarop TpUHHATHOCTI, £, Liygys € M), ¥(-), Bmax — 9K y hopmyii
(11). ImoBipHiCHHiT KOHTPOIIb 3aTPUMKH OIIHIOEMO EMITIPHYHO HA KOB3HOMY BikHi. [TaM’sTh
1 00YHMCIIEHHS BUMIPIOEMO TTPOaisIiHrOM, 1110 BXOJUTh Y KOHBEEP OLIIHIOBAHHS.

Y3aranbHEHUI UK POOOTH:

1. Ha moyaTKy KO>KHOTO BiKHa OOYMCIIOEMO Fj, Uil aKTUBHHUX TOJITHK 1 OHOBIIIOEMO
sroptky F, 3a (14).

2. OTpUMYEMO CHUTHAII Zj, BiJ IETEKTOPa Ta BCTAHOBIIOEMO U, 3a (15).

3. Bukonyemo cenexkitiro 3a (16), kpocoep 3a (17) 1 myrartii 3a (18)—(20).

4. TlepepaxoByemo Baru cyminri 3a (21).

5. IlepeBipsieMo yMOBY BiakouyBaHHs (22) i mpuiiHsaTHicTh 32 SLO Ta O10/kKeTaMu
(23).

6. B peanmpHOMY cepeJOBHIII BUKOPHCTOBYEThCS HaMKpalia Mojiituka abo cymimn i3
Baramu t; (t), 1HII KAaHTUOATH 3TAINAIOTHCS Y TTOMYJISAIIIT UTsl HACTYITHUX ITEpaIlii.

Takuit NUKI 1a€ aAanTaIlio «Ha JIbOTY»: 32 HEKOHTPOJILOBAHOTO BU3HAYEHHS Jperdy
MU TICHIIIOEMO TOIIYK O€3 3aJydeHHs MITOK, a 3a KOHTPOJILOBAHOTO — BUKOPHCTOBYEMO
oOMEXeHI MITKM JUIs MiITBEp/DKEHHS 3MiH 1 KanmiOpyBaHHs moporiB. [loeqHaHHs apxiBy,
CyMIIlIl MOJIITHK 1 aJaNTUBHUX MYTAIlii yTpuMye OajaHC MDK SIKICTIO BUSIBJICHHS PH3HKY,
CTaOUTBHICTIO TPUBOT Ta BUMOTaMH MTPOAYKTHBHOCTI.

Merta eKkcriepuMeHTY IOJIATae y MepeBipLli TOTO, YU 3MEHIIIYE OHJIaiiHOBa €BOJIOIIHHA
ajlanTalis MOJITHK iHTerpanbHy BapTicTh F; Ha MOTOKAaX 3 PI3HUMH TUIAMH Apeidy Ta um
YTPUMYIOTBCSI CEpBiCHI OOMEXEHHs Ha 3aTpUMKY, Ham’ath 1 oOumcieHHa. OIiHIOBaHHS
BUKOHYETHCS Y peXuMi test-then-train 3 KOB3HUMH BIKHaMU Ta €KCIIOHEHIIIHHUM 3a0yBaHHSIM.
Hani Oepyrtbest 31 crammapTtHoi konekiii driftDatasets [6] (SEA, Rotating Hyperplane,
Moving/Interchanging RBF, Mixed Drift, Transient Chessboard, Electricity, Weather).

CuHTETHYHI TOTOKM BHKOPHCTOBYIOTHCS Ui BHUMIPIOBaHHSA 3aTPUMKH BHU3HAYECHHS
3MiH, YaCTOTH XMOHMX BHM3HAU€Hb 1 YACTKH IPOIYCKIB MPH BIIOMUX MOMEHTax Ipeiqy.
Peanbni motoku Electricity Ta Weather 3acToCOBYIOTbCS Ui OIIHIOBaHHS B YMOBax
Ce30HHOCTEH Ta CTPYKTYpHUX 3CyBiB. ba3oBi [OBXHMHU KOB3HOro BikHa: W €
{256,512,1024} nns cunreruku, s ELEC i Weather BukopucroByemo W = {512,1024}.
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Koedimienr 3abysanus p € [0.85,0.98] minbupaerscst Ha crabimpHux mpedikcax KOXHOTO
MOTOKY. YcCi METOOM JOTPUMYIOTbCS OJHAKOBHX PECYpCHHUX OIO/DKETIB: p95-3aTpuMKa
Lmax=200 mc; mikoBa mam’sitb M,,,,=1024 MBb; cepenni oO4ucieHHss Ha MO0 By, =5.0
MC; MaKCUMajbHa JOBXHHa BikHA W, ,,=1024. 1li 3Ha4YeHHS OJHAKOBI JUIS BCIX METOMIB i
MOTOKIB Ta 3aCTOCOBYIOTHCS II1J1 Yac MEePEeBIPKU MPUUHATHOCTI MOJITHKY 32 TIPABUIIOM.

[MopiBaroemo Ham minxin 3 ADWIN, DDM, EDDM i HekoHTposboBanuM UDD
(BM3HAueHHs 3MIH 3a HeBU3HayeHicTIo wmojeni). Jng ADWIN kanibpyemo & Ha
CTaLIOHAPHOMY BIJPi3Ky, 100 BUPIBHATH YACTOTY XMOHMX BH3HaueHb Ha piBHI 0=0.05. s
DDM 3acTOCOBYEMO TOPOTH Pin + 2Smin (TMONEpEKEHHS) Ta Pin + 3Smin (Apeid) 3
oypepom nHe menme 1000 moxiit. ns EDDM BukopucTOBYeEMO MiHIMalbHY BiZICTaHb MiX
nomuikamu 30 Ta craHmaptHi moporu Ha iHaukaropax. Y UDD inmukaTopom ciyrye
EWMA-3riamkena HeBu3HaueHicts Mojaeni 3 A € [0.05,0.3] ta nmoporom h € [2.5,4.0]. Jus
Hamoro Meroxy: posmip momyisnii N € {16,32,64} , cenekuiiiumii tack f € [0.5,4] ,
iHTeHCcMBHOCTI Mytamii u, € [0.01,0.1], u; € [0.05,0.3], KUIbKICTH aKTMBHUX IIOJITHK Y
cymimi M € {2,3,5}; Baru mineit (wy, ..., ws) HopMaiizoBai 1o 1.

Mipsnu iHTerpanbHy BapTicTh Fy, cTaHIapTHe BiIXHJIEHHS 4acTOTH TPHMBOT 04 Ta
xubHi cnoBimenHs Ha 10 000 moxiii (FA/10k). ¥V Tabnumi 1 mogaHo MOPIBHSHHS HAIIOTO
METOJy 3 HalKpaIuM cepesi 6a30BUX Ha KO)KHOMY Ha0Opi JTaHUX.

Tabmuis 1 — [opiBHSIHHS 3 0a30BIMH METOAAMHU

Habip Tun gpetidy 6a§§§§giﬁ?§ﬂ AF, Aoy | AFA/10k
SEA Concepts PanroBwuii (mosroproBanuii DDM +3.5% | —60.3% | +2.4%
Rotating Hyperplane | IloctynoBuit EDDM +1.0% | —58.2% | +5.4%
Moving RBF IHKpeMenTanpHIH EDDM -1.9% | -53.7% | —7.7%
Interchanging RBF PanroBuii (kackan) DDM +1.6% | —65.2% | —7.3%
Mixed Drift 3mitanuit EDDM +0.0% | -52.8% | —2.5%
Transient Chessboard | Bipryansamii + pantouii | ADWIN +2.6% | —71.6% | +2.0%
Electricity (ELEC) Cesonnmif/ctpykrypauid | UDD -0.4% | -57.4% | —7.8%
Weather (Offutt AFB) | Ce3onnnii/TpenioBuii UDD +0.9% | —63.4% | —6.8%

Lwcepeno: pospobaeno asmopamu

Ham meton 3a0e3nedye KOHKYPEHTHY IHTETpajibHy BapTicTh (Ha OUIBIIOCTI MOTOKIB Yy
Mmexax 0-2% Bin HalWkpaiux 0a30BUX MIIXOMAIB) 1 CYTTEBO 3HM)KYE CTaHIApTHE BiIXWUICHHS
yacToTH TpHUBOT. 3a panroBoro apeiidy (SEA, Interchanging RBF) mu otpumyeMo 3HaueHHS
c_alert Ha 60% Hmxui 3a 6a3o0Bi. 3a moctynoBoro apeidy (Rotating Hyperplane, Moving
RBF) meton 3abe3neuye Ha 50-58% kpamry ctaOunbHICTh. [ 3MilIaHOTO Ta BipTYaJbHOTO
npeiidy (Mixed Drift, Transient Chessboard) eBomromiiitamii migxin nae Ha 53—59% Himkuy
c_alert. Peanpni motoku (Electricity, Weather) nemoncTpyorh 57—63% 3MeEHIICHHS
CTaHJAPTHOTO BIIXMJIEHHS YaCTOTH TPHBOT IPH BUKOPUCTAHHI HAIIOTO METOJY, IO CBITYUTH
Ipo Te, 10 MEXaHI3M apXiBy JIOTIOMAarae yHUKaTH KOJMBAaHb MDK peKMMaMH. 3arajioM Ha BCiX
MOTOKAaX CTaOUIbHICTh TPUBOT MOJIMIIYETHCS 10 63%, a piBeHb XUOHUX CIIOBIIIEHb MOAIOHUN
a00 MEHIINI TOPIBHIHO 3 6a30BUMHU.

Metoa omepaTMBHO pearye Ha panToBi Ta IMOCTYNOBI/IHKpEMEHTalbHI 3CYBH 0e€3
HaJMIpHOi KOpekwii, 30epiraloyd MapUTeT 3a BapTICTIO Ta YHUKAIOYM TPHUBAIUX
noctapupToBUX KosimBaHb. 3a Merpukoio FA/10k merox kpammii Ha 5 i3 8 MOTOKIB 1
nepedyBae B MeKax HE3HAUYHOTO BIAXWJICHHS Ha pEIITi, y TO€AHAHHI 31 3HWKEHHAM
MIHJIUBOCTI 11€ 03Ha4Ya€ MEHIIIE MiKiB 3aiBUX CIOBIIIEHB 1 MEHIILYy BTOMY aHAJIITHKIB.

BucHoBkm. Iloka3zaHo, 1m0 3a pealiCTUYHUX OOMEXEHb IOTOKOBOi 0OpOOKH
CBOJIIOLIMHUNA MeToa  3AaTHUM 30anaHcyBaTH KOHKypyroui nimi DLP: pusuk-3BaxkeHy
BapTIiCTh BHSBIICHHS, HABAHTA)XEHHS BiJ] XUOHMX CIIpallOBaHb, 3aTPUMKY Ta CTAOUIBHICTH
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TPUBOT. Y PpO3IMISHYTHX CHHTETHYHUX 1 pEaIbHUX TIOTOKAaX IHTerpajbHa BapTIiCTh
yrpumyeThbes B Mexax 0-3.5% Bix Haiikpamioro 6a3oBOro Merojay, cepeiHiii abcoyoTHUM
po3puB 6mu3bK0 1.6%. OnepariiiiHo BaKJIMBO, 1110 MPOTATOM €KCIepUMEHTIB foTpuMaHo SLO
Ha yac oOpoOku p95 < 200 mc, a cTaHmapTHE BIIXWUJIICHHS YacTOTH TPHUBOI 3MEHIIYETHCS
opieHTOBHO Ha 50—63%, 1110 CKOpPOYYyE MIKOBI HABAHTAXKCHHS HAa aHAIITHKIB.

BusiBneno nBi mpaktuysi uytnuBocti. [lo-mepiie, HamamrtyBanHs «Opamu apeidy»,
AKa Kepye MepeMUKaHHIM MDK JTOCTIDKEHHSM 1 €KCIUTyaTalli€lo: HaAMIpHA YyTIUBICTh MOXKE
CIPUYMHUTH KOPOTKOYACHI MiIBUIIEHHS FA, HaaTO KOHCEpPBATHUBHI MOPOTU CIOBUIBHIOIOTH
ajanTanilo 3a MmBHUAKUX 3cyBiB. I[lo-gpyre, micna 3adikcoBaHoro apeidy MoxinBe
KOPOTKOYacHE 30UTbIIIEHHS Yacy 0OpoOKH MOii, X04a cepeiHe 3HAaYCHHs 1 P95 3aUIIarOThCs
B Mexax Orojpkery. Lli epekTn moM’SKIIyIOThCS «TEIIUM CTapTOM» 3 apxXiBy NepeBipeHHX
MOJITUK, KOMIIAKTHOIO CYMININII0 AaKTHUBHUX TOJNITHK Ta MA00OpoM OIOKETiB Ha
IHTEHCUBHICTb MYTaIlill, SKHi HE CIIPHYUHSE BTPATH UyTIUBOCTI.

[IpakTuyHe BHIPOBAJHKEHHS MOTpeOye BUKOPUCTAHHS METOJYy MDK eTarnamMu 300py
JaHUX 1 3aCTOCYBAaHHS TOJITUK, ONUPAIOYMCHh HAa IMOTOKOBI JaH1 TeleMeTpii eIeKTPOHHOI
MOIITH, TPOKCI cepBepiB, KOMIIOHEHTIB PiBHA XOCTy. OHOBICHHS MOJITHK BIPOBAKYETHCS
yepe3 OpKeCTpalidHui map i3 XyKaMu Ul BiIKO4yBaHHA. PeKoOMeHJIOBaHA TpAaEKTOPis
PO3TOpPTaHHS OHOBJIEHHX TMOJITHK: TiHBOBHI peXuM i3 MonitopmaroM F, i SLO, nami
KaHapKOBE YBIMKHEHHS B OOMEXKEHHMX JIOMEHaX, 3 IMOJAJbIIMM PO3TOPTAHHIM Ha YCIO
cucremy. Inaukarop npuitHATHOCTI I, (¥) Mae CyryBaTu «BOpOTaMH SIKOCT1», aBTOMATHIHO
BIIXWIAIOUM KaHAMJATiB a00 BUKOHYIOUM BIJKOUYBaHHSA Y pa3i MOPYIIECHHS OMOKETY.
HeoOxiqHO MiHIMI30BYBaTH BUKOPUCTAHHS pEalbHUX JAaHUX, HATOMICTh BHKOPHCTOBYIOUH
arperoBaHi O3HaKH Ta ayAWTHI )KypHasu (0€3 4UyTIMBOTO KOHTEHTY).

[Tonanpma po0oTa BKIIIOYAE OHJIAMHOBHI KOHTPOJIb PO3MIpY BiKHa Ta KoedilieHTa
3a0yBaHHs, [I0OJJaBaHHS JIOMEHHO-OOI3HAHUX CUTHAIIB JUIsi OUIBII CTAI[lOHAPHOI YacTOTH
TpHBOT IpH 30epexeHHi BapTocTi i SLO, 610pkeToBane 100yBaHHS MITOK y HamiB/HEKOHTPO-
THOBAaHUX CIEHApIAX, Mmepexin Bin ckamspuzamnii mo Ilapero-omrumiszamii Ta JOCTiIKEHHS
HEHPOCHMBOJIBHUX TOJaHb MPABWI i3 IIMPOKOIO OI[IHKOIO Ha KOPIOPATHBHINA TeleMeTpii.
CyKyImHO pe3ynbTaTd MiATBEPUKYIOTh JOIUIBHICTh €BONIOLIMHUX aJTOPUTMIB K MPAKTUYHOTO
IHCTpYMeHTa CTiiiKko1 Ta mpo3opoi aganranii DLP y cepenoBumax i3 ApeiipoM KOHIIETIIi.
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Evolutionary Adaptation of DLP Policies under Concept Drift in Streaming Data

In modern streaming DLP systems deployed across cloud and hybrid environments, fixed policies degrade
rapidly due to concept drift. Operators must simultaneously control the risk-weighted miss cost, limit the false-
alarm burden, meet latency SLOs, and keep alert streams stable under tight memory and compute budgets. These
competing objectives are not adequately balanced by traditional detectors or manual policy tuning.

We present an online evolutionary controller that casts policy adaptation as constrained multi-objective
optimization. The method uses a chromosome encoding with drift-aware exploration—exploitation switching, an
archive of vetted policies for warm starts, a compact active mixture, and guarded rollbacks for operational safety.
On six streams (synthetic and real), the controller keeps the integrated cost within 0-3.5% of the best baseline
(mean absolute gap ~1.6%), sustains p95 latency below 100 ms, and reduces alert-rate volatility by 50-63%
while maintaining comparable or lower false-alarm rates.

Two practical sensitivities emerge: the drift-gate threshold governing the exploration/exploitation
balance, and short-lived compute bursts immediately after detected changes. Warm starts, a compact mixture,
and mutation-budget guards mitigate these effects without sacrificing responsiveness.
genetic algorithms, Data Loss Prevention, anomaly detection, concept drift, cloud security
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Method of Integral Analysis of Relationships between
Information Sources based on Temporal-Semantic Metrics

This study is devoted to the analysis of the relationships between information sources in the Ukrainian
information space, in particular between news and political Telegram channels. The paper identifies the main
shortcomings of existing analysis methods, which are mainly focused on the English-language context and do
not take into account the dynamic nature of information sources. As an alternative to these methods, a new
method of integral analysis is proposed, which combines several independent metrics at the same time - lexical
similarity and temporal-semantic influence. The proposed and implemented approach allows us to assess not
only the semantic similarity of sources, but also the nature of their interactions over time, forming a
multidimensional matrix of relationships. The results obtained demonstrate the effectiveness of the integral
approach for identifying hidden structures of information influence, which can be used for the further
development of monitoring systems.

Artificial Intelligence, NLP, Information Flows, Information Sources, Integrated Analysis, Network
Structures, Temporal Semantic Influence

Problem Statement. The modern Ukrainian information space is extremely rich, but
at the same time fragmented into a large number of information sources. It contains hundreds,
and sometimes thousands, of information sources, including anonymous Telegram channels,
pages on social networks, and news aggregators, which often do not have clearly identified
authors or editorial responsibility. There is an obvious need not only to compare the content of
messages, but also to understand the relationships between the sources themselves: who influences
whom, what topics become common, and how information signals spread over time.

Despite the growing interest in the analysis of information flows, most existing
systems are focused on the foreign context. They mostly focus on large international media or
English-language news agencies, leaving out of consideration the Ukrainian segment, which
has its own fragmented dynamics, political specifics and social peculiarities. The methods
underlying such systems are often one-dimensional, that is, they assess only textual similarity
or activity of publications, ignoring temporal aspects, tonality and the complex structure of connections.
Such assessments do not reflect the real complexity of interactions between sources.

Considering the above-described shortcomings, there is a need to create approaches
that would be adapted to the Ukrainian information environment, taking into account the
multidimensional nature of information influence.

Analysis of Recent Research and Publications. In the English-speaking information
space, there are already developed systems that specialize in the analysis of information
sources, but their effectiveness remains limited due to the specificity of the approaches and
the context in which they were created. One example is Ad Fontes Media, a platform that
evaluates American media in terms of political preferences and the level of reliability. Its
main tool is the “Media Graph”, which shows how much a certain publication gravitates
towards the left or right of the political spectrum and how reliable the source itself is [1].
This approach forms a visual representation of the distribution of political positions in the
American space.

© A. 1. Kananua, /1. I. Yrpun, O. II. lopencskuii, B. B. JIutun, 2025
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Similarly, the AllSides project operates, which tries to ensure a comprehensive perception
of information, allowing users to see news from different political perspectives [2]. Its value
lies in demonstrating how the same event is interpreted by different media. Such systems are
primarily focused on the American market, therefore they do not take into account the cultural
and sociolinguistic features and structure of the Ukrainian information space.

Analyzing other scientific and technical developments aimed at automated analysis of
sources, we also find mostly English-language methods that do not cover the dynamic nature
of information influence. The MediaRank system offers a global ranking of thousands of
news sites by reputation and semantic characteristics, which allows us to assess their quality
and influence, but does not record how one source influences another in time [3]. The NELA
ecosystem provides tools for comparing sources across content copying networks using vector
representation models, but its analysis is limited to deterministic connections between
publications [4]. The Semantic “Echo” method proposes to measure the “echo” of information
messages through semantic similarity, calculating the similarity between official releases and
publications in social networks, however, such a model does not take into account the
temporal relationships between events [5]. One of the promising methods for further research
is the approach based on Hawkes processes, which considers the spread of events as a self-
exciting process, where each event temporarily increases the probability of the appearance of
subsequent ones [6], but again, the impact assessment does not take into account the content
similarity of messages, but only the fact of the appearance of the message itself.

These studies and systems cover a wide range of approaches to source assessment, but
they all focus on unidimensional indicators and neglect multidimensional interaction between
sources. For the Ukrainian information space, which is characterized by rapid changes in
narratives and heterogeneity of sources, such a simplified logic of analysis is insufficient. The
tasks related to the implementation and use of modern information technologies, particularly
artificial intelligence, in the sphere of state information security are examined in scholarly
work [12]. At the same time, studies [13, 14] present successful implementations of Al
applications across various sectors.

Problem Definition. The aim of this study is to develop an approach that allows for
an integrated analysis of information sources based on a combination of several independent
source metrics (or their comparative metrics). Unlike traditional one-dimensional approaches,
the proposed methodology involves the coordinated use of different types of similarity:
semantic and temporal-semantic with the subsequent formation of a single resulting integral
matrix. The desired approach allows not only to quantitatively assess the similarity between
sources, but also to identify hidden links of influence that are formed over time.

This study is based on the idea of multidimensional comparison, in which each source
is considered according to a single metric, but as part of a complex system of interactions.
Within this system, it is important not only to compare the similarity of the text, but also to
analyze the synchronicity of information waves, the patterns of occurrence of coincidences
and the sequence of their distribution between sources. An integrated approach [7] creates the
prerequisites for a more accurate reflection of the information space, identification of
interconnected groups of sources, and construction of further models for assessing the impact
within the Ukrainian information environment.

Main Results. This study used data obtained from eight information sources, in
particular Telegram channels belonging to the news and political segment of the Ukrainian
media space [8]. The collection period covers a six-month interval — from June 12, 2024 to
December 12, 2024 inclusive. For each message, the basic message attributes are saved:
channel identifier, message text and date of publication. This minimum required data format
provides the possibility of further aggregation, thematic classification and temporal and
semantic analysis. The channels were selected based on the principle of their activity,
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audience reach and belonging to a common information space focused on news and political
topics.

After determining the set of sources and data format, a stage of pre-processing of texts
was carried out, which is of key importance for ensuring the reliability of further results.
Taking into account the specifics of the content of Telegram channels, messages underwent
several consecutive cleaning steps: removing special characters, numeric values, hyperlinks,
formatting elements, as well as abbreviations and technical markers. Then, the texts were
normalized by tokenization and removing stop words. Special attention was paid to language
unification: all Russian-language messages were automatically translated into Ukrainian to
preserve the semantic integrity of the corpus and avoid biasing the results when comparing
lexical features. Detailed aspects of preprocessing text messages, adapted to the specifics of
Telegram sources, are described in the author's previous study devoted to the methodology for
normalizing and standardizing text data from open information streams [9].

The cosine similarity method is used to measure the similarity between lexical fields
of information sources [10]. For each channel, a dictionary of words is formed with a count of
the number of their occurrences in messages for the period under study. Words that occur less
frequently than a set threshold (for example, less than 20 occurrences) are removed as
statistically insignificant. Based on the dictionaries from all channels, a global dictionary is
created that defines the feature space (words), where each channel is represented as a vector
where the number of occurrences of a word forms its coordinates in the dimension.

To assess the similarity between channels, the cosine similarity formula is used, which
defines the angle between two vectors in a multidimensional space:

o z(s)Ta(s))
s S) = tota eyt © L

where z(s;;) — source lexical vector.

-06

kevreall UkraineNow lachentyt woynareal

-04

fruexanewsua ukr24 7 suspilnenews UaOnlii

voynareal lachen UkraineNow kievreall UaOnlii suspilnenews ukr24 7 truexanewsua
Y tyt =

Figure 1 — Cosine similarity matrix between lexical fields of information sources
Source: visualized by the authors

22



ISSN 2664-262X IlenTpansHOyKpainchkuil HaykoBHil BicHuk. Texuiuni Hayku. 2025. Bun. 12(43), 4. Il

This method is effective because it takes into account the proportions of vocabulary
use, and not only its absolute frequencies, which allows you to correctly compare sources
with different activity. Based on this, a similarity matrix is formed with values from 0 to 1,
where larger values indicate greater proximity of lexical fields between channels.

Using input data and the cosine similarity method, similarity estimates between their
lexical fields were calculated [11]. For each pair of sources, the similarity coefficient between
the word frequency vectors was calculated and integrated into the similarity matrix (Fig. 1).

The Timed Semantic Influence (TSI) algorithm is designed to quantify the mutual
influence between two information sources based on the temporal and semantic proximity of
their messages. For each pair of channels A and B, messages from one channel are
sequentially compared with messages from the other within a given time horizon, for example
+8 hours. If there is a high semantic similarity between two messages (above a threshold s),
such a pair is considered potentially related.

The key step of the algorithm is to calculate the TSI indicator, which takes into
account both the degree of semantic similarity between the messages and the time difference
between their publication. For this, the formula is used:

TSI = sm(mg, my) *x exp(—a X (At/60)),

where the first factor reflects the semantic similarity between two messages, and the second —
the exponential decrease in influence with increasing time distance between them, controlled
by the coefficient a. After determining all relevant pairs of messages, the total indicator of influence
between channels is calculated, which is recorded in the matrix of mutual influences.

2500
1788.70

voynareal

658,33  801.53 818.38 75528 767.90

- 2000

1523 82 1515.29

UkraineNow lachentyt

- 1500
736.71

1597.31 1740.14

Kevreal1

2376.31 82643 1706.28

- 1000

840.37 1692.76

1718.19 0.00 1593.28

1815.37 718.61 1699.41 1673.27 - 500

2254 .07 825.83 1568.83 2475.38 1113.50

fruexanewsua ukr24 7 suspilnenews UaOnlii

-0
voynareal lachentyt UkraineNow kevreall UaOnlii  suspilnenews ukr24_7 tuexanewsua

Figure 2 — Influence matrix between information sources based on TSI score
Source: visualized by the authors
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Based on the prepared data, the TSI algorithm was applied to assess the mutual
influence between channels. The TSI value was calculated for each pair of sources. As a
result, a similarity matrix was formed (Fig. 2), where each element reflects the level of
influence of one channel on another in absolute values.

Now, using the lexical similarity matrix and the mutual influence matrix between the
channels, a resulting relationship matrix was constructed, which simultaneously takes into
account the lexical and temporal characteristics of the sources and their messages. To ensure
the correct combination, both matrices were reduced to a single scale. The influence matrix
was normalized using the Min-Max normalization.

After normalization, the average value between the two corresponding metrics
(matrices) was calculated for each pair of sources, forming an integral similarity matrix (Fig.
3). This approach allows you to simultaneously take into account both the similarity of the
lexical field and the temporal-semantic influence between the sources, providing a more
complete assessment of the relationships in the information space.

kievreall UkraineNow lachentyt voynareal

fruexanewsua ukr24 7 suspilnenews UaOnlii

voynareal lachentyt UkraineNow kevreall UaOnlii  suspilnenews ukr24_7 ftruexanewsua

Figure 3 — Integral source comparison matrix
Source: visualized by the authors

Analysis of the obtained results showed that the greatest integral similarity is
demonstrated by the pairs of channels truexanewsua — kievreall, urk24 7 — UaOnlii,
suspilnenews — lachentyt and suspilnenews — UkraineNow. This indicates a close connection
between their information flows. At the same time, it is observed that the leaders by the
integral metric differ from those determined separately by cosine similarity or by TSI. It can
be noted that cosine similarity takes into account the similarity of the general lexical field of
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the source. While the TSI algorithm takes into account the similarity of two messages in a
limited time space (8 hours).

Conclusions. This study demonstrated the problem of one-dimensional analysis of
information sources, when only one type of similarity is assessed: temporal or, for the most
part, only lexical. In response to this, an integral assessment method was proposed, which
combines several metrics simultaneously. The proposed approach was implemented and
tested on a limited set of Telegram channels, which allowed us to demonstrate its
effectiveness and flexibility in real conditions.

The method showed that the combination of semantic and temporal characteristics
allows us to more accurately identify the structure of relationships between sources. In
particular, the pairs of channels truexanewsua — kievreall and urk24 7 — UaOnlii achieved
the highest connection indicators precisely during the integral analysis, although they had
mediocre values in individual dimensions. This indicates the importance of a comprehensive
approach that reflects the multidimensional nature of the information source.

In the further development of this direction, it is advisable to improve the method by
introducing a weighted integral analysis, where each metric will have its own coefficient. This
will allow you to regulate the influence of individual metrics on the final result and increase
the accuracy of assessing the relationships between information sources.
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Mertoa iHTerpajabHOro aHatizy 3B’si3kiB Mk Jzkepesamu indgopmanii Ha ocHOBI
YaC0BO-CEMAHTHYHMX METPHUK

[Mparms mpucBsiueHa JOCHTIPKEHHIO B3a€MO3B’SI3KIB MK 1HQOpMaLiiHAMH JPKEpeslaMH B YKpPaiHCBKOMY
iHpOpMaLiHHOMY TIPOCTOpi, 30KpeMa MK HOBMHHO-HOJITHYHUMH KaHanamu B Telegram. Y po0ori BH3Ha4YeHO
OCHOBHI HEJIONIKM HAsSBHUX METOIB aHANi3y, IO MEpPEeBaKHO OPIEHTOBaHI Ha AHIJIOMOBHHI KOHTEKCT 1 HE
BPaxoBYIOTh JMHAMIUHY NpHUPONy HPOpMAIIMHUX JUKepen. SIK ambTepHaTHBY MM METO/AAM 3alpONOHOBAHO
HOBUM METOJ IHTETPAJIFHOTO aHaJli3y, SKHH IOEIHYE OJHOYACHO KiJbKa HE3aJEKHHX METPUK: JIEKCHYHY
MOIiIOHICTh Ta YaCOBO-CEMAaHTHYHHH BIUIUB. 3aIPOITOHOBAHUI Ta peali3OBaHUM ITiIXi]l JO3BOJSE OIIHIOBATH HE
JIMIIE 3MICTOBY CXOXKICTh JDKEpEN, a i XapakTep IXHiX B3a€MOAiH y 4aci, popMyloun 0araToBUMipHY MaTpHIIO
3B’s3kiB. OTpuMaHi pe3yiIbTaTH JEMOHCTPYIOTh €()EKTHBHICTh IHTErpajbHOrO MIiAXOMY [UI BHSBICHHS
MIPUXOBAHUX CTPYKTYp iH(OpMamiiHOrO BIUIMBY, IO MOXKYTh OYTH BHUKOPHCTaHI /ISl OAAJIBIIOTO PO3BUTKY
CHCTEM MOHITOPHHTY.
mryyHuii inTesexr, NLP, indopmaniiini noroxn, ingopmaniiini qxepeia, iHTerpajbHuii aHasi3, Mepe:keBi
CTPYKTYPH, YaCOBO-CEMAHTHYHUI BIIUB
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ExcnieprMeHTalbHe AOCHIIKEHHS €()eKTUBHOCTI MO/IEJ
GPT-40 niis o1iHIOBaHHS SIKOCT1 KOPUCTYBAILIbKUX
iHTep(ElCiB 13 BpaxyBaHHAM O€3MEKOBUX PU3UKIB

VY mocmipkeHHI BUBYA€ETHCS epeKTHBHICTE MyibTUMOpanbHoi Moaeni GPT-4o0 mst BukopuctanHs i1 B
poIti nudpOBOTro eKcIepTa 3 SKOCTI KOPUCTYBAIBKOT0 iHTEp(elcy 3 ypaxyBaHHAM OE3MIEKOBUX PU3HKIB HIIIXOM
MIPOBEACHHS TTOPIBHAJIBHOTO aHaJi3y OLiHOK, oTpuMaHuX Big GPT-40 Ta peasbHHUX eKcHepTiB B €1MHIN cucremi
kpurepiiB Ta UX-mokasnukiB. Excnepument na BuOipui 3 20 caiftiB 3BO mokazaB BHCOKMI piBEHb
BIJIMIOBiTHOCTI MiXK OIliHKamu, oTpuManuMu Bix mozeni GPT-4o0 Ta BucHOBKamMu (haxiBINB, IO IMiATBEPKECHO
CTaTUCTUYHO 3HAYYIIMMH Koe(illieHTaMN Y3ro/pKeHOCTi omiHOK. BusBieHo, mo monens GPT-40 3matna
BusiBiATH UX-Bpa3nuBoOCTi, 30KpeMa y cdepi TOCTYIMHOCTI, SIKi MOXYTh 3aJIMIIATHCS 110332 YBAarolo eKCIIEpTiB,
0 MiATBEPUKYEThCS AaHATITUYHMUMHU 3BiTamMu. OTpUMaHi pe3ynbTaTd MiATBEPIKYIOTH JIOULIBHICTH
BHUKOPHUCTaHHS MylIbTUMOnansHuX Mozened I sk 3aco0iB migcriieHHsS €KCHEpTHOro aHali3y Ta 3MEHIICHHS
pecypCcHUX BUTpAT y MpoLecax ayauTy iHTepQencis.
aHaJii3 BuMor inrepdeiici, sikicTh kKopucTyBaubkux intepdeiicis, GPT-40, excriepTHi oLiHKH, 0e3NM€KOBi pU3HKH

IMocTanoBka nmpodaemu. [TuTaHHS KOHTPOJIIO SKOCTI KOPHCTYBAIBKOTO iHTEpdeiicy
(User interface, Ul) OXOIUTIOIOTh MIUPOKUN CIIEKTP 3aXO[iB, IO Y CYKYITHOCTI 3a0€31e4yI0Th
edekTuBHY po0OOTYy BeOMpPOAYKTy, KOM(OpTHY 1 Oe3medHy B3a€MOJi0 KOpPHUCTyBada i3
J0JaTKOM Ta MiJBHUILEHHS HOro KOHKYpEeHTOCTpoMoxkHOcTi. Bognouac aymutr Ul — mporiec
TpHUBAJUi 1 pecypco3aTpaTHHA, 1 JUTsI MAIMX KOMaHJ BiH CTBOPIOE Ha;[MipHe ¢byHKIIOHATEHE
HaBaHTAKEHHS, HOTpeGy}qu JIOJIATKOBHX 4acy, 3yCHib Ta pecypcus 30kpema, HalOUIbII
3aTpaTHUMHU MO0 4Yacy 1 MO pecypcaM € OIIIHIOBAaHHS SAKOCT1 iHTepdeicy 3 TOUKH 30py
kopuctyBaipkoro agocsiny (User Experience, UX) mnoreHumiiHuX KopucryBaudiB. Tomy
CIIOCTEpIraeThcs 3pOCTaHHS YBaru J0 IHTErparii iHCTpyMeHTIB mTy4yHoro iHrenekry (LLI) y
IpoIlecH KOHTPOJIO AKOCTI iHTep(eiciB 3 MeTOl iX aBTOMAaTH3allil, SIK Y HAYKOBUX KOJaX
JOCIITHHUKIB, TaK 1 IpoeCciiHNX KOIax MpakTHKiB. [1, 2].

CyuacHi IHCTpYMEHTH aBTOMAaTH3aLlil ayJUTy SIKOCTI IHTEp(ENCIiB 3 BUKOPUCTAHHAM
I B OCHOBHOMY HampaBJieHI Ha MEPEeBIPKY TEXHIYHOI MPOJYKTUBHOCTI Ta TECTYBAaHHS
¢byHKIIOHATBPHOCTI BeOMpOnyKTiB [3, 4], ajle BOHM HE MOXYThb OXONMTH KOTHITUBHI Ta
eMOLIIfHI acMeKTH KOPUCTYBAI[bKOTO JOCBily, OCOOIMBO TpW OLIHIOBAaHHI TOrO, SK
KOPHUCTYBa4l CIIPUHMAIOTh Ta B3aEMOJIIOTH 3 iHTepdeiicaMi Ha TICUXOJIOTTYHOMY piBHI [5] 1
AK1 Bpa3MUBOCTI iHTepdency MOXKyTh 0OYMOBUTH MOTEHIHHI Oe3nexoBi pusuku. [losBa Ta
OypXJIMBUI PO3BUTOK BEIMKUX MOBHHUX Mojeiei (LMM) 3 mpocyHYTUMHU MOKIUBOCTSIMHU
pPO3yMiHHS 300pa)Ke€Hb, TAaKUX SK MynbTUMoAanbHa Mojnenb GPT-40, sBisitoTh co0O0rO
MOTEHIIHHY ~ MOJKITUBICTH opraHizarii ~ aBTOMaTH30BaHOTO OILIIHIOBAHHS SIKOCT1
KOPHUCTYBAIbKOTO iHTepdelicy 3 TOrisay 3pYYHOCTI, JOCTYIMHOCTI Ta IHIIMX BaXXJIMBHX
napametpiB UX, siki 3a0e3nedyioTh KoM(OpTHY Ta Oe3leuHy B3a€EMOJII0 KOpHUCTyBada 13
IPOIYKTOM. AJile IPU IIBOMY BaXKJIMBE PO3YMIHHS, HAcKiUTbku epexTuBHO Monenb GPT-4o
MOke (DYHKI[IOHYBaTH B SIKOCTI EKCIIEpTa-OLIHIOBAayYa, YJIOBIIOIOUM AaCIEKTH B3a€MOJIi Ta
0e3MeKoB1 pU3KKH IHTEpdeicy 3 O3HIII KOPUCTYBAIIBKOTO JOCBiTY. 3a3Ha4YeH1 BHIIE 0OCTaBUHU

© O. B. IIpucsizkniok, A. B. Ily3ikosa, /I. A. Opuieuxo, 2025
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3YMOBWJIH IHTEPEC 0 MOCIIKEHHS B IiH ramy3i.

AHali3 ocTaHHIX JocigxkeHb i myOaikamiii. B ocraHHi poku mOCTiTHUKAMU
aKTHBHO BeJIEThCS HAyKOBa po3BiJKa iHTerpauii inctpymMentis LMM B mporiecu OIliHIOBaHHS
SKOCTI KOPHCTYBalLIbKOTO iHTEpdeiicy [5, 6] Ta 6e3nekoBuX pu3uKiB [7-9].

JlocmipkeHHs mo0 3actocyBanHs iHcTpyMeHTiB LI mist ananizy sikocti iHTepdeiciB
MIATBEP/UKYIOTh €(EKTUBHICTh TAaKUX MIAXOMIIB JJIS MPOBEACHHS PETEIHHOIO OIIHIOBAHHS
UX/UI Tuctpymentu HII 3maTHI TeHepyBaTH 3MICTOBHI aHAJIITUYHI BUCHOBKH IIOJO SIKOCTI
iHTEepdelicy, MOCTIA0OBHO BUSBIIATUA MPOOJIEMHI €IeMEHTH JU3aifiHy Ta JaBaTH peKOMEHIAlii
JUIg iX YCYHEHHs Ha pPIiBHI 3 TpaJWIlifHUMH MeToaaMu ouiHioBaHHs [5, 6, 10]. TlosBa
MYJAbTUMOJAIBHUX MOJIENIEH 3 TOTY)KHHMMHM HAaBUYKAMHM BI3yaJlbHOTO CIPUUHATTS Ta
po3yMinHs, Takux sk GPT-40 BigkpuBae HOBI MOMJIMBOCTI Ui aBTOMATH3AaIlil MPOIECIB
OI[IHIOBaHHS SKOCTI iHTepdeiiciB BeOnpoaykTiB. Jocmimkenas [11] mpucBsideHO MUTaHHSAM
3actocyBaHHs mozeni GPT-40 mist owiHIOBaHHS 3py4YHOCTI iHTepdeiciB BeONpPOIyKTiB Ha
OCHOBI eBpHucTUK HinbceHa. ABTOpaMH IPOBOJIMIOCH AOCHIKEHHS mpoaykTuBHOCTI GPT-40
[UIAXOM TIOPIBHSAHHS pe3yJbTaTiB EBPUCTUYHOI OLIHKKA iHTep(deiiciB, oTpuUMaHOi Bix
eKCIepTiB, 3 pe3yabTaTaMu OTpUMaHHX 3a fonomoroio GPT-4o, ske BusiBuio, mo GPT-4o
BUSBIISIE IPOOJIEMH 3PYYHOCTI Ta MPUCBOIOE M OIIIHKM CEPHO3HOCTI, aHAJIOTIUHI EKCIEPTHUM,
aJie IpH 1[bOMY HOMYy HE BHCTa4a€ TIMOMHM Ta THYYKOCTi. Y myOmikamii [12] aHanizyBanuch
MO>KJIMBOCTI BUKOpHCTaHHS LMM 17151 OTpUMaHHs CHHTETUYHUX €BPUCTHYHUX OLIIHOK SKOCT1
KOPHUCTYBAIbKOTO iHTepdeiicy MoOUIbHUX a0AaTKiB. [lOpiBHSIIBHMI aHaNi3 CHHTETHYHUX
EBPUCTHUYHUX OIIHOK 3 ETAJIOHHMM HabOpOM OIIIHOK, OTPUMAaHUX BiI JIOAEH IOKa3aB
3natHicTh LMM  oOLiHIOBaTH KOMIOHEHTH KOPUCTYBAIbKOTO IHTepdency 1 miaTBepauB il
MOTEHIAN JJIs TeHepallii SIKICHUX JIaHUX, aHAJIOTTYHUX 00EpHEHOMY 3B 3Ky BiJ] KOpHUCTYBaya.

Ockinpku mporiec po3poOku UX-am3aiiHy TICHO TIOB’S3aHHMA 13 BIPOBAIKEHHSIM
3ax0/iB O€3MeKH 3 ypaxyBaHHSIM NOTpeO, MOXIMBOCTEH Ta MOBEAIHKM KOPHUCTYBayiB, B
OCTaHHI POKM MHUTaHHS OamaHCy MK Oe3meKoro Ta 3pyuHicTio BUKopucTaHHs IT-mpoaykty
00roBOPIOETHCS K B HAYKOBO-JIOCTITHUX poOOTax, Tak i cepen MpodecioHaliB-IPaKTUKIB.
Tak, y crarti [7] po3rasgaeTbes aclekT JOCTYMHOCTI (accessibility) B Gesmemi, a came: siK
CIIpOILIEHI/abTePHATUBHI 1HTEp(ENHCH MOXYTh OCIa0MTH 3aX0au OE3MEKH; OMHUCYIOTHCS
CKJIaJIH1 BUKJIMKH, 3 SKHMH CTUKAIOTHCS PO3POOHHMKH i Yac MOKPAIIECHHS JIOCTYMHOCTI Ta
IHKJIIO3UBHOCTI pimieHb y cdepi kibepOe3neku; HagaloTbCs PpPEeKOMEHJAIll 3 JIu3aiiHy
IHKJIIO3UBHUX MEXaHi3MIB ToIo. JIOCHiPKeHHIO Bi3yaJbHHX acleKTiB KibepOe3rneku, ToOTo
BIUTMBY €CTETUYHOI iH(popMaIlii Ha CHOPUHHATTS H JOBIpYy KOPHUCTYBadiB JO0 MPOTPAMHOTO
MPOIYKTY, MpucBsueHa poOorta [8]. UX-mm3aitHepw Takok MalOTh BPAaXOBYBATH PU3UKH
GIUMHTOBUX aTak MiJ Yac MPOEKTYBAHHS KOPHCTYBalbKHX iHTepdeiiciB. Y crarti [9]
HABEJICHO MPAKTUYHI PEKOMEH/AIIIi UTsI PO3POOHHKIB MOMITOBUX KIIEHTIB MO0 3arM00iraHHs
TaKUM aTakaM 4epe3 BiAnoBinHi pimenHs B UX-nu3aiiHi.

Ornsn  myOnikamid mokasye, IO THUTaHHS PO3POOKH Ta JOCHIDKEHHS HOBHX
iHCTpyMeHTiB ans iHTerpyBaHHs LI y mporecu ouiHIOBaHHS SKOCTI iHTep(EHCiB € BEIbMHU
aKTyaJIbHUMHU Ta NEPCHEKTUBHUMHU. Lle 103BONIMTH 3HAYHO 3HM3UTH (PIHAHCOBI Ta YaCOBI
BUTPATH Ha TECTYBaHHS Ta IMIIBUIIMTU SKICTh NPOTPaMHUX MNPOAYKTiB. Paszom 3 1uwm,
JOoCTHipKyloun epeKkTuBHICTh iMruieMeHTanii 111l B aBTOMaTH3oBaHy CHUCTEMY OIIIHIOBAHHS
SKOCTI KOPHUCTYBALIbKOTO iHTEpdeicy, ciiix BpaxoByBaTH MOXJIMBI Oe3mekoBi pusuku UX-
IU3aifHiB. AHaNi3 HAsABHUX y BIIKPUTOMY JOCTYIMi JUKEpeNl CBIAYUTH NMPO HEAOCTATHICTDH
NPUIUICHOT yBaru HampsMKy iHTerpauii iHcTpyMeHTiB LLM y mpouecu OuiHIOBaHHS SIKOCT1
KOPUCTYBAIBKOTO iHTep(deiicy 13 BpaXyBaHHSAM 0€3MEKOBUX PH3HUKIB.

ITocTanoBka 3aBaaHHsA. Mera poOOTH — TOCTITUTH €PEKTHUBHICTH MYITUMOIATBHOT
mozemi GPT-40 gk iHCTpyMEHTa aBTOMATH30BAHOTO OLIHIOBAHHS SKOCTI KOPUCTYBAIbKUX
iHTEepdeiiciB 13 ypaxyBaHHIM O€3MEKOBUX PU3HKIB.
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Jl5iss nocATHEHHS MMOCTAaBJICHOT METH CIIJ BUPINIMTH Taki 3aaadi: 1) mpoaHamizyBaTu
CHCTEMY KpHUTEpiiB OLIHIOBAaHHS SKOCTI KOPUCTYBAaIbKUX IHTepQeiciB Ta BHU3HAYUTH
npuTaMaHHi i Oe3NmeKOBi PU3MKH, IO MOXYTh BIUIMBATH Ha pPE3YJIbTaTH EKCHEPTHOTO
aHaji3y; 2) po3poOUTH MPOLEAypY MOPIBHAHHS €KCIIEPTHUX OIIHOK 1 pe3ynbrariB GPT-40 B
€IMHOMY TIPOCTOpPI KPHUTEpIiiB Ta IIKal, MNPUIATHOMY JUIS TMOJAJBIIOT0 CTaTUCTHYHOTO
OTIpallfOBaHHs; 3) MPOBECTH eMIIipUYHE JOCTiHKeHHa Ha BuOipui 20 caiitie 3BO, 3i6paBmun
OLIIHKK eKcrepTiB-moaei ta pesynpratd Mojaeni GPT-4o BiamoBigHO 110 po3poOiieHOi
nporenypu; 4) BAKOHATH CTaTUCTUYHUIN aHaJi3 Y3TrOJHKEHOCTI OLIIHOK, 30KpeMa OOUYHCICHHS
Koe(illieHTIB y3ro/DKEHOCTI Mk OIliHKaMu ekcrepTiB Ta GPT-40; 5) mopiBHATH aHATITUYHI
3BITH PO BUSBIICHI O€3MEKOB1 pU3MKHU, OTpUMaHi Bix ekcriepTiB Ta GPT-4o.

Bukaaa ocHOBHOro aociimkeHHs. [ mepeBipku sKOCTi iHTepdelcy 3 Mo3uii
KopuctyBaipkoro gocBimy (UX-omiHiOBaHHS) 3a3BHYail  3aCTOCOBYIOTHCS  EBPHCTHKH
HinbceHa: BUAMMICTH CTAaTyCy CHCTEMH, 3B'I30K MDK CHCTEMOIO Ta pEalbHUM CBITOM,
KOHTPOJIb 1 cBOOOJa KOPUCTYBaya, Y3rO/DKEHICTh 1 CTaHAAPTH, 3armo0iraHHsS MOMMUIIKaM,
pO3Mi3HAaBaHHS 3aMICTh 3amaM'sITOBYBaHHS, THYYKICTh Ta €(EKTHUBHICTb, €CTETHKa Ta
MIHIMaJIi3M Bi3yaJIbHOTO JW3aiiHYy, JOMOMOTa y BUSBJICHHI Ta BUMPABJICHH]I TOMUIOK, a TAKOX
JOBiKA Ta JOKyMEHTAlis. Y JAeSKUX JOCHI/DKEHHSX BKA3yeThCsl Ha BUKOPUCTaHHS
iHTerpoBaHNX eBpUCTHK Hinbcena Ta/abo 0a30BUX KpHUTEpiiB B3aEMOil KOpHCTyBaya 3
iHTepdeiicom  [5, 11]. B Hamomy nociipkeHHI ekcriepTHe omiHoBaHHS skocTi UX
iHTepdeiicy BinOyBamock 3a yotupMma kputepismu (Tabmumst 1). HaBenmeni xkputepii
OXOILTIOIOTh 0a30Bi aCHEeKTH B3a€MOJIi 3 KOPHUCTyBaueM, Taki K IHTYITUBHO 3po3yMmiie Ta
3py4HE CHPUUHATTS €KpaHy, YITKICTh Ta JOCTYIHICTh iHTepdeiicy, Bi3yalbHUHN Iu3aifH Ta
CTPYKTYPOBAHICTb KOHTEHTY.

Tabmuus 1 - Kputepii oninroBanng sikocti UX iHTEpdeiiciB

Ne | Kpurepiii 1o ouiHwETHCS Iokazunku
Hackinbku inTepdeiic 3pyqanuii as JloriunicTh HaBiramii, 3po3yMiJicTh
1 | 3pyunicts KOpHCTyBaya Ta HE BUKIIMKAE 3aHBHX €JIEMEHTIB, BIJICYTHICTH TOMHUJIOK,
TPYAHOIIIB IIBUJIKICTH OCBOEHHS

Un MOoXXe CTOpIHKY BUKOPHCTOBYBATH SIKON KOHTpacTHiCTh TEKCTY, MacTaboBaHICTB,
2 | IOCTYNHICTH | INUPIIE KOJIO JIFOJIEH, BKITIOYHO 3 KOPUCTY-| HAasIBHICTH AIbTEPHATUBHOIO TEKCTY JUIS
BayaMH 3 0OMEXEHUMH MOXKIIMBOCTSIMUA | 300paskeHb

VY3romKkeHicTs KObopiB 1 mpudTis,

Bizyansanit | Ecternka Ta BiyanbHa IpHUBaOINBICTH

3 . . N Bi3yaJibHA iepapxis, OaaHC eIEeMEHTIB,
J3aiH iHTepdeiicy . .
MPUEMHICTH CIIPUNHSTTSI
Jloriuna cTpyKTypa MEHIO, 3p03yMiJie
4 Iudopmaniiing Sk ynopsakoBaHa Ta CTPYKTYpOBaHa TpYIyBaHHS KOHTCHTY, IIBUAKHNA JOCTYII IO
apxiTektypa | iHdopmarlis Ha CTOPiHI MOTPIOHUX AaHUX, MiHIMI3aIis

TIepeBaHTAKEHHsI 1H(OPMAITIE0

Lorcepeno: pospobaeno asmopamu

3 omMcaHMMHU BHIIE KpUTEpiIMU OIiHIOBaHHA sikocTi UX iHTepdeiiciB moB’s3aHi
0€e31eKOBI PU3HKH JUIs KOPUCTYBaya.

BrpoBamkennss cknaaHux GyHKUiA Oe3neku 30UIbIye HMOBIPHICTH TOTO, MIO
KOPUCTYBadl MPUITYCTATh MOMUJIKY 200 MOBHICTIO BIIMOBIATHCS BiXl 3aXuCTy. Buxonsum 3
NPUHLUIY TCUXOJIOTIYHOT MPUHHATHOCTI, iHTepdeiicn QyHKIi Oe3nekn MOBUHHI OyTH
3pYYHMMH 1 TMPOCTHUMU y BHUKOPHCTaHHI, 100 YHUKHYTH MOMWJIOK KOPHUCTyBada B IXHIX
3aCTOCYHKax. 3 IHIIOTO OOKy, NOMIYE€HO, IO SKIIO €MOIliifHa peakilisi KOPUCTyBaudiB Ha
BI3yaJIbHUI JM3aiiH € MO3UTHBHOIO, IIe POOUTH iX OUIBII TOJEpAaHTHUMHU OO HE3HAUYHUX
npobiem i3 3pydHicTio BUKOpUCTaHHA [9]. Takum ymHOM 3a0e3MeUeHHsT €CTETUYHOCTI i
3pYYHOCTI BUKOPUCTAHHS MIJBUIIYE IOBIpY KOPUCTyBada 10 BEONPOIYKTY 1 MOXKE CHPHUSATH
3HIKEHHIO OEe3MEeKOBHMX PHU3MKIB 3 00Ky KopucTyBaya. Kputepiil 3pydHOCTI BUKOPHUCTaHHS
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BeO/I0/IaTKY MOB’SI3aHUM 3 TaKUM pHU3UKaMH, SK BTpaTa JaHUX (MPUYMHOIO MOXKE CTaTH
HerepenOauyyBaHe a00 He3py4yHE pO3TalllyBaHHS KHOIOK), MOMMJIKOBI Jii KOpHCTyBaya
(HampuKIad, BBEJACHHS KOHQIMEHIIMHUX TaHUX Yy HENpaBWIbHI MOJS 1 BiAnpaBka (opMH),
BUIIAIKOBE BUKOHAHHS KPUTUYHUX /il (IPUYMHOIO MOXKE CTaTHU CXOXKHM CTUIIb IHCTPYMEHTIB
It Oe3MEeYHHX Ta PUSHKOBUX Jiif) TOIIO.

Takuii xputepiii omiHioBaHHS sKkocTi UX iHTepdeiciB SK TOCTYNHICTH CIiJ
PO3IIsIIATH SIK BaXKJIMBHHA BUMIpP y cepi MPOEKTyBaHHA 3aX0/iB Oe3MeKH, OpIEHTOBAaHUX Ha
moauny [14]. 3rigao 3 qanumu WebAIM (Web Accessibility in Mind), Ha mrotuit 2025 poky
6mu3pKk0 95% HaWnomysspHIMKUX BeOCANTIB CBITY HEAOCTYNHI JUIS JIOAEH 3 OOMEXEHUMHU
MOJIHMBOCTSIMH [15]. Pexomenanii mo/10 miABUIIEHHS TOCTYITHOCTI B€O-KOHTEHTY HaBEJCH1
y KepiBuux npuninunax npocrynuocti Beokonrenty (WCAG) 2.1 [16] .

[TomumkoBi Aii KOpUCTYBauya MOXYTh OYTH HACIHiIKOM SIK HEMPAaBUIHHO BUKOHAHOTO
BI3yaJIbHOTO JM3aiiHy TakK 1 HEJOTIYHO CIPOEKTOBAHOI 1H(OPMAIIIfHOT apXITEeKTYpH.
HenocratHpo omparboBaHuil Bi3yaldbHMI Iu3aiiH iHTepdeicy MoKe MiJBUIIYBATH PU3UK
¢imuHroBUX arak. L{poMy CHpuUSIOTH: BICYTHICTH B iHTepdeiici BIi3HABAHUX Bi3yaJbHHX
eneMeHTiB (Jiorotumy, (GpipMOBOiI MamiTpy, YHi(pIKOBAHOTO CTHIIIO), IO CIPOIILYE CTBOPEHHS
3TIOBMHCHUKAMH MIAPOOICHUX CTOPIHOK, HEKOPEKTHA i€papXisi KOJbOPIB POOUTH KPUTHUUHO
BKJIMBI MOBIIOMJICHHSI MaJIOMOMITHUMH, HEIOCTATHLO TIOMITHI TOTEPEKYBAIbHI €IEMEHTH
ToImo. TakuM YMHOM, TIi/I Yac OI[IHIOBAHHS SIKOCTI KOPHUCTYBAIIbKOTO iHTEep(ehcy HeoOXiTHO
TaKOX MEPEBIPATH, UM BPAXOBAHO y AM3aifH1 O€3MEKOB1 PH3UKH.

ABTOMAaTH3aIlis OILIHIOBAHHSI SKOCTI KOPUCTYBAIIBKOTO iHTepdeiicy 3ailiCHIOBaNIACh 32
JOTIOMOTOI0 MOOUTRHOTO JOJIaTKy, po3pobieHoro Ha 6a3i Flutter [17]. Lle#t 3acTtocyHOK
peaii3dye BiONpaBKy CKpPIHIIOTIB iHTEep(eNciB KOpUCTyBada Ui iX OIIHKH 3 BUKOPHUCTAHHSIM
Hellpomepeki, a Takoxk BimoOpaxye orpumani Bin mozeni GPT-4o pesynpraTi; mpoBOIUTH
OLIIHIOBaHHS iHTepdeicy 3a 3aJaHUMU KPUTEPISIMU 13 BpaxyBaHHSIM Oe3 NMEKOBUX PHU3HKIB B
OanpHIM ImKami Ta (OpMye TEKCTOBHM aHATITUYHHMHA 3BIT Mpo sKicTh iHTepdelicy 1
pEKOMEHaIlii IOI0 HOTO TMOKpAICHHS.

Jns ananizy edexruBHocti iHTerpanii GPT-40 B mporecu ominioBanHs sikocTi UX
iHTEepdelicy 3 ypaxyBaHHSIM O€3MEKOBUX PH3HUKIB, OyJIO TPOBEAEHO EKCIIEPHUMEHT IO
MOPIBHSAHHIO OLIHOK sikocTi BeOiHTepdeiicy 20 caiitiB 3BO, orpumanux Bin GPT-4o, 3
AHAJIOTIYHUMHU OIIHKaMH, OTPUMAHKUMHU BiJ eKCIEPTiB. B AKOCTI ekcrnepTiB-o1iHIOBauiB OyII0
3aly4eHo M’ATh (paxiBIiB-TECTYBAJIBLHUKIB 3 JOCBiIOM poOOTH Bix 3 mo 6 pokiB. OuiHKH 3a
KO)KHAM 13 3ampornoHoBaHux kputepiiB (Tabmuus 1) mpomoHyBajmoch JaBaTH B
3arajIbHOTIPUMHATIN T’ ATHOANbHIA mKami: 1 — HU3bKa SKICTh, 2 — HIDKYE CepenHboi, 3 —
cepenHsl SIKICTb, 4 — BUILE CEpEAHBOTO, 5 — BHUCOKA SKICTh. TakoX eKclepTh HaJaBasid
KOPOTKI aHAJIITUYHI 3BITH MPO SKICTh iHTEp(Eicy MO KOKHOMY CaiiTy, OKpeMO IO KOKHOMY
KpHUTEpPilo, Ta peKOMEHJAIl m[o/10 ii MOKpaIleHHs Y BHUIAJKy HU3bKOI OLIHKK X0o4a OW 3a
OJTHUM 3 KpUTEPIiB i3 BpaxyBaHHSIM O€3MEKOBUX PU3HKIB.

ExcnepumeHT mpoxoauB y nBa etanu. Ha mepmioMy erami NOpIBHIOBAIHCH OalibHI
OLIIHKK SKOCTI iHTepdeiiciB, orpumani Bix moneni GPT-40 Ta B pe3ynpTari mpoBeAeHHS
KOJIEKTUBHO1 €KCIIEPTHU3H.

[Ticns  300py BinmoBimedl ekcmepriB, YMCIOBI JaHi OylM cUCTEMaTH30BaHi 1
MpeJCTaBICH] MATPUIIMHU BUTIIALY:

Ak:“af.f ,k:l,_4,l'=1,70, jzl’_s’ (1)

ne a' ;OuiHKa i-ro 06’exra (Binnosiguoro caity 3BO) j-m ekcneprom 3a k-M Kputepiem.

OOpoOKka JaHWX KOJIEKTUBHOI €KCIEepPTHU3HM Iepeadadayia po3paxyHOK yCEpeaHEHOT
OLIIHKK 00’€KTIB MO KOXXHOMY 13 KpHUTEpiiB, B pe3ynbTaTi 4oro KpurepianbHi marpuui (1)
3BEJIUCH JI0 KPUTEPIaJIbHUX BEKTOPIB BUTJIISY:
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a" =(a"), at :Za;‘./S, ()

k . . . . .
Jie d. cepelHbO3BaKEHA OIliHKa 1-Ir0 00’ekTa 32 k-M kputepieM. Taki OLIHKYA BUPAXKaIOTh, SIK

[IPaBUIIO, Y3rOJUKEHY AYMKY T'PYIH, YYaCHUKH SIKOI MalOTh OJHAKOBY KBali(iKallilo.
Pesynbratu ouintoBanHs skocti UX iHTepdeiicy caitiB 3BO, orpumani Big mozeni
GPT-40 ta B pe3ynbTari IPOBEAECHHS KOJEKTUBHOI €KCIIEPTU3H IIpecTaBieHo y Tabmumi 2.

Tabnung 2 - OuiHOBaHHS SIKOCTI KOPUCTYBalbKKX 1HTep(deliciB caiiTiB 3BO

Kpurepiii 1 Kpurepiii 2 Kpurepiit 3 KpHZepln
Ne Hassa 3BO (ckxopouena), URL caiity
1 | KHY im. T.IlleBuenka www.knu.ua
2 | JIpBiBCcHKa momiTexHika lpnu.ua
3 | MAVYII www.maup.com.ua
4 | KIII im. I.Cixopcekoro kpi.ua
5 | 3amopikcpka momiTexHika zp.edu.ua
6 | XAlkhai.eduw/ua
7 | YATY chdtu.edu.ua
8 | YxHY www.uzhnu.edu.ua
9 | Xuromupceka nomitexHika ztu.edu.ua

10 | HY im. O.'oruapa www.dnu.dp.ua

11 | AVIT duikt.edu.ua

12 | OHTY kntu.kr.ua

13 | Oneceka nomiTexsika op.edu.ua

14 | IAY im. B.Buanuenka www.cusu.edu.ua
15 | YHY im. Xmenapaunpkoro www.cdu.edu.ua
16 | 3YHY www.wunu.edu.ua

17 | Binnuipka nojitexnika vntu.edu.ua

18 | THTVY im. LITymros tntu.edu.ua

19 | YHY im. FO.®enpkoBuuya www.chnu.edu.ua
20 | JIHTY Intu.edu.ua/uk

IDicepeno: po3pobneno 3a pesyrbmamamii BPO8eOeH020 eKCNePMHO20 OOCHIONCEHHS

L»Awwww#ww#w##w#www#wGPT_ZI_O
wu#www##w####wmwmum#EKCHepT

B[ [ 2119 10 [ s [ | [ 19 [ 02 D19 | e
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Jna ananizy egekTuBHOCTI BUKOpucTaHHA Mmojeni GPT-4o0 B sxocti mudposoro
excnepra y npoiecax ouiHoBaHHs skocTi UX iHTepdelicy Oyno MpoBEAEHO AOCTIKEHHS
pIBHSL Y3rOJUKEHOCTI OILIHOK, oTpuMaHux Bix  GPT-40 Ta KOJEKTUBHOTO eKcmepra
(30upanbHUl 00pa3 OLIHIOBAYaA-JIIOJMHU) 3 BUKOPUCTAHHSAM METOJIB CTaTUCTUYHOTO aHAJI3y
[18]. [nst OIHKM pIBHA Y3rO/UKEHOCTI IOYMOK €KCHEpTIB JOLUIBHUM € OOYHUCIIEHHS
Koe(ilieHTa MapHO1 paHroBOi KOPENALIl MDK OalbHUMU OLIIHKaMU JIBOX €KcrepTiB (a, ) Ta
iHpopMaLiiiHOT Mipu 30iry ekcmepTHUX AyMmMoK [l po3paxyHKy KoeQilieHTa HapHOi
PaHroBo1 KOpesiilii BAKOPUCTOBYBajach (popMyIa:

o2
Zl(Pf
_ i- —
P = G e s @ a2 T ®

1€ ¢, - pi3HUL (32 MOJYJIEM) BEJIMYHMH PAHTIB OLIHOK I-r0 00’€KTa, 3alaHUX EKCIepTaMH a,

B, ¢, = ‘Rm —R,y|; T1, T2 — IOKa3HUKU OJIHAKOBUX PAHTIB OIIHOK E€KCTIEPTIB.
Indopmaniitna mipa 30iry nymok (YcTioxkaHiHOBA) 00YHCITIOBANIACh 32 (POPMYIIOIO:
2n,,
p— ’ﬁ
l5=1 4

o, xlog,(1+ng/n,)+ngxlog,(1+n, /ng)’

31



ISSN 2664-262X Central Ukrainian Scientific Bulletin. Technical Sciences. 2025. Issue 12(43), Part Il

1€ Mg, — KUIBKICTD 00 €KTIB OJHAKOBO OI[IHEHUX €KCIEPTaMH 0., 3; Mg, g - KUTBKICTh 00’ €KTIB,
OI[IHEHUX BIAMOBITHO €KCIIEPTOM O Ta EKCTIEPTOM [3.

KoediumienTn mapHoi panroBoi kopemnsiii Ta iHpopmariiHoi mipu 36iry nymox GPT-
40 Ta ekcmepriB-TmoAel oOunciaroBamMch B Excel s KOXKHOTO KPHUTEPI0 OKPEMO,
pe3yabTaT 00UKCIIeHb IpeacTaBieHo y Taomumi 3.

Tabnuus 3. Pe3ynpTatu BUBHAYEHHS Y3T0O/DKEHOCTI TYMOK €KCIEepTiB

INoxasHuk Kpurepiii 1 Kpurepiii 2 Kpurepiii 3 Kpurepiii 4
Pap 0,91 0,82 0,86 0,95
Lop 0,81 0,67 0,72 1,2

Licepeno: pospobaeno asmopamu 3a pe3yibmamamu npo6eoeHUx oouUcIeHsb

KoedimienT momapHoi paHroBoi KOpemnsiii 3MiHIOEThCSI B Mexkax Bix -1 go +1. ymku
eKCIEepPTIB BBAKAIOTHCS Y3TOJUKEHHUMH, SKIIO KOe(]ilieHT MapHOI paHroBOi KOpensiii
nepesumrye 0,7. YV Bumaakax, koiu p=>0,9 , IyMKH eKcClepTiB BBaXKAalOTbCS CHIIBHO
y3rO/pKeHUM. 3 Tabiuii 3 BUAHO, 10 HaMKpalle y3roKylThCS OLIHKH, oTpuMaHi Bin GPT-
40 3 OLIHKAaMH BiJ eKCHepTiB 3a KpurepieM | («3pydHicTh») 1 KpurepieM 4 («iHpopmariiiina
apxitektypa»). Ha nopsiiok Hmwkue y3romkeni ominku GPT-40 Ta excrnepTiB 3a kputepiem 3
(«Bi3yanpHUI Ou3aiiH») 1 HallMEHIa Mipa Y3rOJDKEHOCTI CIOCTEPIraeThCs 3a KPUTEpiEM 2
(«moctynHicTh»). Ha puc. 2 mpexacraBieHa Bizyaslizallisi CIIBCTaBJICHHS OLIIHOK, OTPUMaHHUX
Bi GPT-40 Ta Bij eKCnepTiB-OIiHIOBAYiB.

OuiHKa 3pyuHocTi OuiHka gocTynHocTi
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a — kputepii 1 («3pydHicTb»); 0 - KpuTepii 2 («IOCTYIHICTEY); B - KpUTEpii 3 (Bi3yasbHUN IU3aiH»);
T - KpuTepii 4 («indopmaniiiHa apXiTeKTypa»)
Pucynok 2 — IlopiBHsUIBHI JiarpamMu OLiHOK, oTpuManux Big GPT-40
Ta eKCHEPTiB-OI[iHIOBAYIB 3a KpuTepismu 1-4
Howcepeno: pospobrerno agmopamu
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CyrreBa po30DKHICTH OIIHOK, Hamanux GPT-40 Ta ekcnepramu-oIiHIOBadYaMHu 3a
Kputepiem 2 (puc.2 0) Ha Hamy AyMKYy OOYMOBIIIOETBCS THUM, IO, SK PO3POOHUKH Tak i
TECTYBaJIbHUKU MAIOTh 3HAUHHH JOCBI PO3pOOKHM Ta OLIIHIOBAHHS MPOTPaMHOTO 3a0e3eYeHHS,
ajie Mpu LOMY — OOMEKEHUH NTOCBiM, MOB’S3aHUH 13 3a0e3MeUeHHsIM JOCTYITHOCTI CUCTEMH,
gKa (akTUYHO Mae OyTH IHKIIO3MBHOIO. CKIATHICTh U1l PO3POOHUKIB BPaXOBYBaTH BUMOTH
JOCTYITHOCTI, @ TECTyBaJIbHUKAM — BPAaXOBYBAaTH IIMPOKUN CHEKTP BPA3IUBOCTEN VIS JIFO/EH 3
0COOTMBUMH TIOTPeOaAMH TAKOXK MINTBEPIKYETHCS JOCTIHKeHHsM [ 13].

Ha npyromy erami eKCHEpUMEHTY IOpPIBHIOBAJIUCH AHANITHYHI 3BITH TPO SKICTh
iHTepdeiiciB, 3pobneni GPT-40 Tta excnepramu-oniHioBauamu. AHai3 BinOyBaBcs 3a
HanpsMKaMU: BUSBJICHHS Ta OMHUC MPOOJIEM B paMKax OJHOTO 1 TOTO K KpuUTepito; dikcarris
0e3MeKOBUX PU3UKIB; pEKOMEHIAIII] 110 TOKPAILEHHIO SKOCT1 iHTepdeiicy.

CyTTeBUX BIIMIHHOCTEH y MOKa3HUKAX BHUSBIEHHS MPOOJIeM SIKOCTI KOPUCTYBAI[bKOTO
iHTepdeiicy 3a kpurepismu 1, 3 Ta 4 He BHsABIEeHO (puc.2 a, B, T). Ane, NpU MOPIBHAHHI
aHAJITUYHHX 3BITIB MPO SKICTh iHTEpdeicy 3a KpuTepieM 2 («IOCTYIMHICTH») BUSABUIIOCH, L0
mozenb GPT-40 m03BoJissle BpaxoOBYBaTH INUPIIAKA CHEKTP Bpa3iIMBOCTEW HDK TOH, IIO
HA/IA€ThCS eKCIePTaMu. 3BaXalouH Ha OUIbII CTpore OLIHIOBAaHHS KpuTepito 2, HanaHe GPT-
40 (0 MATBEPIKYETHCS PEKOMEHIAIISIMU B aHAJITHYHUX 3BITaxX) 3 METOIO 3abe3meueHHs
PO3pOOHUKAMU Ta TECTYBAJIbHUKAMH BIANOBIAHOCTI BUMOTaM 10 JOCTYIMHOCTI MPOAYKTIB Ta
nociyr IKT 3rigHo 3 eBpomeiickkum crangaprom EN 301 549 [19], BBaxkaeMo IOUUIBHUM
3ajydeHHs iHCTpyMeHTIB Ha 6a3i LI 1o oriHIOBaHHS KPUTEPIIO TOCTYITHOCTI.

Cuin TakoX 3a3HAUMTH, 110 JPYTUH €Tal eKCIePUMEHTY B HAIIOMY JOCIIKEHHI rpaB
POJIb JOMOMDKHOTO 3aXO01y JUIS HEepeBIpKH OOIPYHTOBAHOCTI OTPHUMaHUX OaJbHUX OLIHOK
SAKOCTI KOPHCTYBAaLIbKOTO iHTepdelcy (UM BHUKOPHCTOBYBAJIMCH TPU IOMY TOJIOH1
MipkyBaHHS y ekcriepTiB Ta GPT-40) i iHTeprperalis OTpUMaHUX Pe3yIbTATIB aHATITHYHUX
3BITIB MOTPEOy€e OKPEMOTO JOCTIKEHHS.

BucHoBku. Y poOOTI MpeACTaBICHO pe3yabTaTH EKCIIEPHUMEHTY, CIPSIMOBAaHO Ha
BuBUYeHHS epekTuBHOCTI GPT-40, K IHCTpYMEHTA VIS OLIHIOBAHHS SKOCTI KOPUCTYBAIIBKOTO
iHTEepdelicy 3 ypaxyBaHHSIM 0€3MEeKOBUX PU3HKIB.

OCHOBHI pe3ynbTaT! AO0CTIIHKEHHS:

1. BcraHoBieHO mepenik KPUTUYHHUX OE3MEKOBHX PHU3UKIB, MPUTAMaHHUX OOpaHiil
CHCTEMI KpUTEpiiB OLIHIOBAaHHS KOPHCTYBALbKUX iHTep(EiCciB, a TaK0)XK BU3HAYEHO iX BIUIUB
Ha SKIiCTh Ta 00’ ekTuBHICTE UX-aHaizy.

2. Po3po6iieHo 1BoeTanHy npoueaypy IpoBeIeHHs €KCIIEPUMEHTAIBHOTO IOCIIKEHHS.

3. JloBeIeHO CTAaTUCTMYHO 3HAYYIly Y3rOJUKEeHICTh MK ouinkamu GPT-40 Ta
eKCIEePTIB-TIOJeH, 10 CBIYUTH MPO MOMKJIMBICTH BUKOPHUCTAHHS MOJETI SK HAIIHHOTO
cy0’ekxTa OLiHIOBaHHS B npouecax UX-ayaury.

4. BusiBneno, mo monenb GPT-40 3qarHa BusiBnsaTi UX-Bpa3aUBOCTI, 30KpeMa 100
JOCTYIHOCTI Ta IHKJIFO3UBHOCTI, SIKi 3aJIMIIAIOTHCS 1103a YBArol €KCIepTiB, M0 € BAXKIUBUM
ISl OLIIHIOBAaHHS BeOpecypcCiB, OPIEHTOBAHUX HA KOPUCTYBAYIB 3 OCOOIMBUMH MOTPeOaMH.

JlaHe [OOCIIKEHHS BHOCHTH II€BHHM BKJaJ B CECMEHT 3aJad aBTOMAaTU3allii
ouintoBanHs UX-iHTepodeiicy, BukopuctoByroun cydacHi inctpymentu LI, 06a3osi UX-
MOKa3HHUKHU SIKOCTI iHTepdeiCcy Ta MoB’s3aHi 13 HUMHU Oe3reKoBi pu3uku. OTpuMaHi pe3yabTaTH
OOIPYHTOBYIOTh JIOLUIBHICTh IHTErpalii Cy4acHUX MyabTUMoaansHux monener LI y mpouecu
aymuty iHTepdeiiciB K IHCTPYMEHTIB MiJICHJICHHS €KCIEPTHOTO aHalli3y, 3JaTHUX 3MEHIIYBaTH
TPYAOMICTKICTb Ta pecypcHi BUTpaTH npH oifiHtoBanHi UX-iHTepdeiicy IT-cucrem.

[TepcneKTHBY MOJAITBIINX JOCTIHKEHb BKIIOYAIOTh PO3IIUPEHHS €KCIIEPUMEHTAIbHOT
YaCTUHHM 13 3aJydeHHSM eKCIepTiB, SK 13 Koja TeCTyBaJbHHKIB, Tak 1 (haxiBuiB i3
Ki0epOe3nekn, a TakoX 30UThIIEHHSAM KUTbKOCTI KPHUTEpPIiB MUl OLIHKU SIKOCTI iHTepdeiicy.
Kpim Toro, He 3Baxaroun Ha nomyispHictb GPT-40, B MailOyTHIX AOCHIPKEHHSX MOXYTb
Oyt po3ristHyTi iHm LLM, siKi MOXYTh BIAPI3HATUCH 1O 3r€HEPOBAHUM pe3ylbTaTaM Ta
HEOOXITHUM pecypcam.
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Volodymyr Vynnychenko Central Ukrainian State University, Kropyvnytskyi, Ukraine
Experimental Study of the Effectiveness of the GPT-40 Model for Evaluating the Quality of User

Interfaces with Consideration of Security Risks

The emergence of multimodal large language models (LLMs), including GPT-40, creates new
opportunities for automating the evaluation of user interface quality in terms of usability, accessibility, and
security. A review of publicly available sources demonstrates that the integration of LLM-based tools for user
interface evaluation, particularly in the context of security risk assessment, remains insufficiently explored. The
purpose of this article is to examine the effectiveness of employing the multimodal GPT-40 model for automating
the assessment of web interface quality from a user experience perspective, with consideration of security risks.

The research involved the development and implementation of a set of methodological procedures, which
included: 1) defining a system of evaluation criteria (usability, accessibility, visual design, and information
architecture) and analyzing the associated security risks; 2) conducting a series of expert assessments of the
interfaces of 20 university websites, performed by human experts and by GPT-40 using a unified set of criteria
and scoring scales. In addition to numerical assessments, the experts prepared analytical reports documenting
security risks identified in cases where an interface received a low score for at least one criterion, together with
recommendations for improvement; 3) performing a comparative analysis of the obtained results using
agreement coefficients to evaluate the consistency between GPT-40 and human evaluators.

The effectiveness of GPT-40 integration was assessed based on the degree of alignment between model-
generated and human-generated scores, as well as the structure and quality of the analytical reports produced by
GPT-40. Main results of the study: 1) a set of critical security risks inherent to the selected system of user
interface evaluation criteria has been identified, and their impact on the quality and objectivity of UX analysis
has been determined; 2) a two-stage procedure for conducting the experimental study has been developed; 3)
statistically significant agreement between the evaluations provided by GPT-40 and human experts has been
demonstrated, indicating the feasibility of employing the model as a reliable assessment agent within UX audit
processes; 4) it has been established that GPT-40 is capable of detecting a broader spectrum of UX
vulnerabilities — particularly those related to accessibility and inclusivity — than human experts, which is
essential for evaluating web resources intended for users with special needs.
interface requirements analysis, user interface quality, artificial intelligence, GPT-40, expert evaluations, security risks
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XMapHa TEXHOJIOT1sl MOHITOPUHTY KJIFOUOBUX
IHIUKATOPIB €(PEKTUBHOCTI TEXHOJIOTTYHHUX MPOILIECIB
y KpUTHUYHIN 1HPPaCTPYKTYpl

B poboti po3pobiieHa XMapHa TEXHOJOTIS Ul MOHITOPUHTY KJIIOUYOBHX IHIMKATOPIiB €()EeKTHBHOCTI
TEXHOJIOTIYHUX IIPOIECiB KPUTHYHOI iH(PPAaCTpyKTypH y peajbHOMY Yaci 3 METOIO BHSBIICHHS BiIXWIEHb Yy
TEXHOJIOTIYHUX MPOLECcax, a TaKoX IS MONepeDKEHHS aTak (3001B) HUIIXOM aHaTi3y aHOMAJbHOI MOBEIIHKH
obyasiHaHHS, 3MIHM PEKUMIB HaBaHTAXEHHS, CIIOXHMBAaHHA pecypciB Tomo. OTpuMmana MmoJaibIIinid pPO3BHTOK
KOPTeXHa MOJIENIb KIJIIOYOBHX IHAWKATOpIB €(EeKTHBHOCTI, SKa JI03BOJISIE CHCTEMAaTH3yBaTH IlapaMeTpu
MOHITOpPHHTY B  iH(pOpMAIifHO-KOMYHIKaiiHUX  CcUCTeMaX O0’€KTIB  KPUTHYHOI  iH(PACTPYKTYpH,
¢dopManizyBaTH aBTOMAaTW4Hy OOpOOKY MaHMX, WIiATPUMATH IHTETpAIil0 3 aHATITHYHUMH XMapHUMH
wiathopMamMy, a TaKOX BH3HAUUTH BIAXWICHHA (aHOMauii), KiOEpiHLMICHTH, Jerpajaliio, HaaMipHE
HaBaHTa)XEHHS a00 caboTax i, sIK HACHIZOK, MiJroTyBaTH arperoBaHUX KIIOYOBUX IHAWKATOPIB €(EeKTUBHOCTI
JUId IIOAECHHOTO MOHITOPHHTY ormepaTopamu Ta IT-coyxO6amu. 3anpornoHOBAaHO MOJETb TEXHOJIOTIYHOTO
TIPOLIECY EIEKTPOIyroBoi 00poOku B imxeHepii BIIJIA, sika B yMOBax Cy4acHOro €Tamy pociiichKo-yKpaiHCHKOT
BiHM € YaCTWHOIO KPHUTHUYHOI iH(QPACTPyKTypH Yy CEKTOpi EKOHOMIKM Ta OOOPOHHO-IIPOMHCIIOBOTO
BupoOHuuTBa. Lle noB’s3ano 3 Tum, mo BITJIA BigirpaioTs 3apa3 BHpimaiabHy poib Ha 1moii 6oro. Pozpobieno
CXEMYy MOHITOPHHTY KJIIOUYOBHX IHIMKATOPIB €(PEKTHBHOCTI VI TEXHOJOTIYHOTO IIPOLECY EIEKTPOIYroBOL
00poOKku. Iyt 1bOro 3ampoINOHOBAHO BUKOPWCTAHHA XMAapHHUX TEXHOJIOTiH, HaBEAEHO 3arajbHy CXEMY
TEXHOJIOTIYHOI'O IIPOILECY eJEeKTpoayroBoi oOpoOku B imkenepii BIIJIA, 3 ix BuxopucraHusMm. PearnizoBaHO
NpUKIa] iHPPACTPYKTYpH MOJETI Ha OCHOBI XMapHOI miatgopmu Azure. Mopenb IaHHX HpeACTaBieHa Y
¢dopmarti JSON (sixuit € epexrusanm it API, MQTT-6pokepa a6o Kafka). IlepeBipka Mozerni Ha eMIipHIHAX
JMAHWX MATBEpAWIa ii BIiAMOBIAHICTP BHMOraM, CTIHKICTh IO 3MIiHH YMOB Ta BEIUKY 3HAYUMICTH LIS
MOHITOPHHTY TEXHOJIOTIYHMX IPOLECIB y KpUTWYHIN iH(pacTpykTypi. B ymoBax mudposizamii Ta mpoTumil
Kibeppu3uKaM MOJIENb € OCHOBOIO JJIsI CTBOPEHHS IM(POBOro ABIHHMKA BHPOOHHYOI cHcTeMH. TakuMm YnHOM
3a0e3neuyeThesl HaJiiHICTh, IPOrHO30BaHICTh 1 Oe3neka. Y poOOTi 3alponoHOBaHa iHTErpamis 3 ajJropuTMaMu
IITYYHOrO iHTeNeKTy/MammuHoro HaByaHHs (AI/ML), takumun sk LSTM, mo n03BONIsE y peXuUMi pPeasbHOTO
Yyacy pO3LIMPEHY aHAJITHUKY, aJalTHBHE YIPABIiHHSA IPOLECOM Ta aBTOMATH30BaHE NPHUHHATTS pilleHb. Y
nepcrieKTiBl 3a3HadeHuit anroput™ LSTM MoxHa BHKOpUCTATH JUIi MOOYAOBH MOJENl HPOTHO3YBAaHHS
rapameTpiB KIIOYOBUX 1HIAWKATOPIB €(PEKTHBHOCTI Yy CHUCTEMi EJIEKTPOJAYroBOi OOpPOOKM, TaKOX MOXHA
BUKOpHCTaTH iHmI anroputMu AI/ML Ta iHTeNneKTyalbHOTO aHaNi3y IaHUX, SKi 37aTHI 0OpOOJSATH BEIMKI
00CSTH 9YacOBUX PAJIB TA BPaXOBYBATH CKIIAJHI HETIHIHHI 3aI€KHOCTI MI>K TEXHOJIOT1YHUMH NapaMeTpaMHu.
XMAapHa TeXHOJIOTisl, TEXHOJIOrYHI NpoLecH, KPUTHYHA iH(ppacTpyKTypa, iHdopmauiiino-KoMyHikaniiiHa cucrema,
eJleKTpoayrosa o0pooka, BILIA, kiGeppusuku, kibepGe3neka, iHTepHeT peyeii, IITYYHMIi IHTeIEKT, MALLIMHHE HABYAHHS

ITocTanoBKa nmpodsaeMu. Y cydacHUX yMOBax IU(POBOi TpaHChOpMaIlii TepKaBHOTO
YIpaBIIiHHS, TPOMHCIOBOCTI Ta €HEpreTuku, KputudyHa ingpacrpykrypa (KI) nepxaBu crae
Aenani OUIbII 3alexHOI0 Bin iH(opmaniiiHo-koMyHiKamiifHux TtexHosorid (IKT) Ta ix
cepBiciB [1]. ABTOMaTH30BaHI CUCTEMH KepyBaHHS TexHOJIOTTYHMMHU nporiecamu (ACY TII),
npomucnoBi loT-pimmenns Tta 1udpoBi mIaThopMu 3a0e3nedyroTh Oe3NnepepBHICTD,
MPOAYKTHBHICTD 1 TOYHICTh BUPOOHHUYHUX Ta IHPPACTPYKTYpHUX omepariid. [IpoTe 3pocTanHs
CKJIIAJJHOCTI IIMX CHCTEM BHMAarae Iepexoay BiI TPaAULIAHOTO MOHITOPUHTY JI0
IHTEJIeKTYaJIbHOTO aHalizy Kito4oBux iHaukaropiB edextuBHocTi (KPI, Key Performance
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Indicators), mo BiZoOpaxaloTh SK TEXHIYHUH, TaK i €KOHOMIYHUN CTaH (YHKIIOHYBAaHHS
00’extiB KI. Ctpimke nepeBeneHHs iHpopmauii y nuppoBy GopMy OIpUBOIUTH 10 3POCTAHHS
KUIBKOCTI Ta CKJaIHOCTI Kibep3arpos, cmpsMmoBaHux came Ha o0’exktu KI [2], mo sxux
BIZTHOCATBHCSI 00’€KTH EHEPreTHMYHOi CTPYKTYpPH, TPAHCIIOPTHOI MepeXi, BOJONOCTauyaHHS,
3B’S3KY, 3aKJIaJ[iB OXOPOHH 370POB’.

Ataku THmy ransomware, ckinamHi APT-kammanii, BuBemenus 3 naxy SCADA-
KOMIIOHEHTIB 1 BTOPTHEHHS Yy XMapHI CEpBICHM JEMOHCTPYIOTh, IO CTaHAAPTHI METOAU
KOHTpOJIFO Oinblle HE € JOCTaTHIMH. YMOBHM NOBHOMACHITa0HOI BIMHM TOKa3ajiH, IO
TPAHCIOPTHI BY3JH, 3aCO0M TEJIEKOMYHIKallii, €HepreTH4yHi CUCTEeMH, 00 €KTH OXOPOHHU
30poB’sl YKpainu nepeOyBaroTh Mifl MOCTiHHOIO 3arpo3ot0. Kpaina arpecop mocriiiHo atakye
0o0’extu KI moemnyroun 3 ninecnpsMOBaHUMH KiOepaTakaMd Ha aBTOMAaTH30BaHI CHUCTEMHU
ynpaBiiHHsA. Tuck 3 ycix OOKiB BHMarae He Jnuiie (I3UYHOTO 3aXUCTy OO’€KTiB, a i
OTEepPaTUBHOTO LU(POBOTO BIICTEKYBaHHSA (DYHKIIOHAIBHOTO CTaHy OOJaJHAHHS, IO
J03BOJISIE IIBUIKO pearyBaTd Ha HECTaHIApTHI a00 INKIIJIUBI Jii PIZHOTO XapakTepy.
BinmoBigHO 0 MBOTO, CHCTEMa BiICTE)KYBaHHS KIIOUOBUX MOKA3HUKIB €()EeKTUBHOCTI, SKa
BIIPOBADKYETHCSI 3 3aCTOCYBAaHHSIM XMapHMX TEXHOJOIIH Ta eJeMEeHTIB peanizaiii
Ki0ep3axucTy, MOBUHHA CTaTH, HAaBIThb B YMOBax OoHoBHX Jiii abo mepeboiB 3B’S3Ky 3
OKpeMHMH O00’€KTaMH, KJIIOUYOBUM 3aCO00M MIATPUMKH CTIHKOCTI ¥  BiIHOBJICHHS
IHQpaCTPyKTypH B peaIbHOMY 4aci.

MonTtopunr KPI  no3Bosisie y peanbHOMY uaci BHU3HAUMTH BIOXWJICHHSA Y
TEXHOJIOTTYHUX Tpo1iecax. Kpim Toro, 1eif MOHITOPUHT JT03BOJISIE TIONEPEAUTH HACIIIKHA aTak
32 PaxyHOK aHaJli3y HECTaHJApTHOI MOBEIIHKM OO0JaJHAHHS, aHOMAJIbHOI 3MIHU PEXHUMIB
HAaBAaHTAXXEHHS Ta CHOXHBAHHSA pecypciB. 3aCTOCYBaHHS XMAapHUX TEXHOJIOTIH J03BOJISE
peanmizyBaTd HOBI MOJKJMBOCTI BiACTeXyBaHHS TOKa3HUKIB edektuBHocTi (KPI) 3
BiJTAJIEHUM JOCTYIIOM 1 IIEHTPaTi30BaHUM KEpYBaHHS, 110 € OUThII MacIITaOHUM, HaAIHHUM
Ta 6e3meyHnM. BUKOpHUCTaHHS XMapHHUX CEpBICIB JJO3BOJISE 00’ €THAHHA TaHUX 3 reorpadiyHo
po3noaiieHux 00’ekTiB, a 3actocyBaHHs AI/ML 103Bosisie 3HaXOUTH MPUXOBAH1 3arpo3u Ta
nepeadaunT 3001 00MaAHAHHS MMiJ Yac peasizallii TeXHOJOTTYHOro mpouecy. TakuMm 4ruHOM,
BUKOPUCTaHHSI XMapHUX TexHojorid s BigcrexyBaHHs KPI y cdepi KI, B ymomax
MOBHOMACIITa0HOTO BTOPrHEHHs, TiOpUAHOI BIHHM, PU3MKIB TEXHOTEHHHMX KaTacTpod Ta
TEPOPU3MY, € CTPATETIUHO 3HAYYIIUM KPOKOM Y 3a0e3neueHHi KibepCcTiiKocTi qepxkaBH, a He
JIMIIE TUTBKU MOTPIOHUM TEXHOJOTIYHUM pimeHHsM [3].

MeTo10 OCTi/KEHHS € BHUSBIICHHS BiIXHJICHb y TEXHOJIOTTYHHX MpOIEcax, a TaKOX
MOTIEpe/DKeHHST aTak (3001B) IIISXOM aHAi3y aHOMAJIbHOT MOBEHIHKH OONIHAHHS, 3MIHU
PEKHUMIB HABAaHTAXKEHHS, CIIOKUBAHHS PECypCiB TOIIIO.

AHaJi3 ocTaHHix aocaizkenb i myoaikaniii. [IpoBenenuit ananis [4-7] nokasas, 1o
innekcn KPI Bka3yloTh Ha MapaMeTpu CTaHy TEXHOJIOTIYHUX IPOLECIB, TEXHIYHOTO
oOnagHaHHs, Oe3NeKH, eKOHOMIYHOI Ta OpraHi3aliifHOi MPOJYKTUBHOCTI, SIKI € KPUTUYHO
BaXUIMBUMU. JlJIg cHOCTepe)XeHHs 3a MMM IHIAEKCaMU HEOoOXiHa BHMCOKA INIBUJKICTDH
00poOkH naHux, 3a0e3nedeHHs HaJlifHOCTI Ta BIPOBAKEHHA MaciuTaboBaHOCTL. BpaxyBanHs
YCbOTO IILOTO OOTPYHTOBYE BHKOPHCTAHHS XMapHHUX IUIaTGOpM, K OaraToodirnsgiodoi 6azu
peanizaiiii cucteM MOHiTOpUHTY iHIeKkciB KPI.

Bukopucranus cydacHuX XmapHux IuiargopMm, Takux sk AWS, Microsoft Azure,
Google Cloud, IBM Cloud, Hamae MOXJIHBICTE OOpOOIATH TeTEpOreHHI MOTOKH JaHUX 3
pI3HUX JDKepen HaHuX, 10 skux MoxnuBo BimHecTH loT-cencopu, SCADA-cuctemu,
ERP/CRM-cucremu, norictuuHi Moxayii. Lle 103Bossie cTBOprOBaTH MOTYXHI CEpPBICH s
noOynoBH cucteM 300py, 0OpoOKku, 30epiraHHs Ta aHANITUKU BEJIHKUX JaHUX B PEXUMI
peaJbHOro 4yacy, y MeXaxX €IMHOI XMapHOI apxiTekTypu. XmapHa iHPpPacTpyKTypa
3abe3neuye rHyukuii noctyn no KPI, iHcTtpymenTn mist ixHboi Biyamizamii (depe3 Grafana,
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Power BI, Kibana), a Takox inTerpamito 3 Mmoaynamu AI/ML, siki 1at0Th 3MOTY MPOTHO3YBAaTH
aHOMaJTii Ta PU3UKH IIIe 10 HACTAHHS KPUTHYHUX MOIIH.

OcTtanHi HayKOBI JOCHIDKEHHS JEMOHCTPYIOTh N€peBard XMapHHUX pilleHb Y
KPUTUYHHUX Taly3siX, 30KpeMa B €HEpreTHIli, TPaHCIOPTi, 0OOpOHHIN mpomucioBocTi [4].
JloBeneHo, 10 BUKOPUCTAHHS XMapHUX o0urcieHb aisi KPI-ananiTuky migBuIye mBUIKICT
pearyBaHHs Ha BiOXWIeHHs B cucremax ynpasiiHHg [5]. Ilepexin Ha PaaS-pimenns 3
BOynoBanumMu KPI-MonmynsiMu 103BOJIS€ 3HAYHO 3HU3UTH BUTpaTH Ha IT-iHppacTpykTypy,
Ipo II0 3aCBIAUYIOTH iHIII JOCTiKeHHs. OcOoOIMBO MEPCHEKTUBHUMH BBAKAIOTHCS XMapHi
cepBicu 3 migrpumkoro Edge Computing, siki JO3BOJSIOTH OOpOOIATH JaHi MaKCHUMajIbHO
ONMM3BKO 10 JKepen (IaT4MKiB, KOHTPOJEpIB) 1 CHHXPOHI3YBaTH iX 13 LEHTPaJIbHUMHU
namobopaamu B xmapi [6, 7].

BoaHouac icHYIOTh 1 BUKITUKU: PU3UKU BTPAaTH KOH(IIEHIIHHOCTI JaHUX, 3AJICKHICTh
Bil TOCTayalbHHUKIB xMmapHuUX mocayr (vendor lock-in), HEoOXimHICTH BiIMOBIAHOCTI
nopmaruBam Oesneku (GDPR, ISO/IEC 27017, NIST 800-53). V BiAnoBias Ha e aKTHBHO
PO3BHBAIOTHCS MOJENI TIOPUIHUX Ta NPUBATHUX XMap, LI0 JO3BOJSIOTH pealizyBaTH
KPUTUYHO BaXJIMBI CHCTEMH MOHITOPHHTY B YMOBAax IiJIBHUIIEHUX BHMOI 10 Oe3meKH i
KOHTpPOJIIO Haj JaHuMu [8-10].

TakuM YMHOM MOXJIMBO 3pOOUTH BHCHOBOK, IO 3aCTOCYBAHHS XMapHUX TEXHOJIOTIH
JUIE MOHITOPUHTY IHAEKCIB KIo4oBUX iHAMKaTopiB edektuBHOcTi (KPI) sBise coGoro
NEPCHEKTUBHUM HAyKOBUU Ta MPAaKTUYHHHA HampsAMoOK. Takuil MigXiJ MO€NHYe aHAIITHKY
BEJIMKHX JaHWUX, MOJENi MPOTHO3yBaHHS, OINEpaTHUBHY Bi3yalli3allil0 Ta LEHTpali30BaHEe
YIPaBIIIHHS y €AMHOMY CEPEOBHIIIL.

IlocTaHoBKa 3aBJaHHsl. Y [aHOMY JOCHIIKEHHI HEOOXiTHO pPO3pOOUTH XMapHY
TEXHOJIOTIIO JUIi MOHITOPHHTY KIIOYOBHUX IHIMKATOpiB €(EKTUBHOCTI TEXHOJOTIUHUX
IpoIeciB KPUTUYHOI 1H(PACTPYKTYpH Yy peaJbHOMY 4Yaci 3 METOI0 BUSBJICHHS BIIXWUJICHb Y
TEXHOJIOTIYHUX TIPOIIecaX, a TAKOXK MOMEPEKEHHS aTak (300iB) MUIIXOM aHaJi3y aHOMaJIbHOL
MOBEIHKY OOJIaTHAHHS, 3MIHH PEKUMIB HAaBAaHTAXKEHHS, CIIOXKUBAHHS PECYpPCIB TOIIO.

Bukaan ocHoBHOro wmarepiany. Kopmedxcna mooenb MOHIMOPUHZY —KIHOYOBUX
IHOUKamopie eghekmusHOCMI MEXHOIOLTUHUX NPOYeCi Y KPUMUUHIL iHpacmpykmypi

Jlnst po3pobneHHs y3aranbHeHO1 (HOpMali3oBaHOT KOPTEXKHOI MOJeNi KIIOYOBHX
IHIUKATOPIB €PEeKTUBHOCTI TEXHOJIOTTYHUX TpoueciB y KI, BUKOPUCTOBYIOUM TEOPiI0 MHOKHH
[11-13], HEOOXiTHO BU3HAYMTH HAWOUIBIN Ba)UIMBI 1HIUKATOPHU €(PEKTHBHOCTI (MHOXKHHH),
BUKOHABIIM HACTYITHI KPOKU:

Kpox 1. Busnauumo mnodcuny ob’ekmis MoHimopumey:

0= {U?=1 Ol} = {011 02! ) On}a (1)
ge 0; €SO (i=1,n) —o6’ekTu MOHITOpPHHTY (cepBep, Hacoc, TpaHchopMaTop, IiHis
3B’s3ky, SCADA-MoIynb, TEXHOJIOTIYHA JIiHIS TOIMIO), 3 SKHX CHCTeMa OpaThMe TMeBHI
napamMeTpH sl IOAAIbIIOT0 aHaJIi3y.

Kpoxk 2. BusHauumo MHOMCUHY napamempie npoyecy:

P={Uk P} ={P,P,, .., P}, (2)
ne P € P (i =ﬁ) —OIMH 3 KOHTPOJHOBAHUX CHCTEMOIO TMapameTpiB ((pi3UUHUX,
JOTIYHUX, KibeprmapaMmeTpiB TOIIO), IO BUMIPIOETHCS MEBHUM IMPHUCTPOEM 3a JOMOMOTOIO
MIEBHOTO METOJy BUMIPIOBaHHs (HANpUKIIAJA, TEMIIepaTrypa, TUCK, 3aTpPUMKa, HaBaHTa)KEHHS,
HaIpyra KMBJIEHHS TOILO).

Kpok BusHauumo MHOMCUHY MeMOOi8 BUMIDIOBAHHA:

M=P->F, 3)
ne F = {ceHcopy, nordpanau, MeTpuku 3 APl, areTHcbKi faHi} , mo € QakTHYHIM
BiZJOOpakeHHsM napameTpiB P; y MeToau 300py JaHUX.
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Kpok 4. Buznauumo MHOMCUHY IHMepEaiié CHOCIMEPEHCEHHS!

T = {U‘{Zl Tl} = {Tlr TZ: ey Tm}a (4)
ne T; € R — KOHKpeTHUI yacoBuil iHTEepBal ab0 IMCKPET, MPOTATOM SKOTO 3AIHCHIOETHCS
BUMIproBaHHs F NEBHUX MapameTpiB mpouecy P; .

Kpok 5. Busuauumo muoscuny donycmumux abo Hopmamuenux snavensv KPI:
_ k _

D = {Ui:lDi} _{DerZr---er}a (5)

ne D; = [minP;; maxP;] — nomyctiumi abo HOpMaTHUBHI 3HaueHHs napametpis P; KPL.
Kpok 6. Buznauumo muoxcuny snayenv KPI y nesnuti momenm yacy:
_ k _

V= {Ui:l ‘/L} - {Vlr VZ: ---rVk}a (6)
neV; ={v;; € R|P; € P,t € T} — peanbni BUMipsHi 3Ha4eHHs napamerpis P; KPI B moment
Jacy t.

Kpok 7. Buznauumo muosicuny npasuin 0opooku ma aepecayii oanux (KPI):
R={fifor - fi}s (7)
nefi € f (i =1,1 ), fi 1V = R — ¢ynkuionany, mo onucyroTh npasuna ananizy KPI (mms
IPUKIAY, YCEPEIHEHHsI, MAKCUMYM / MIHIMYM, IIOX1JJHA, TPEH]] TOLIO).
Kpok 8. Busnauumo mHOdiCUHY cnoco0i8 cemanmu4nol inmepnpemauii ompumaHux
cmawnie KPI:

A= {Ul_ A} ={A14, ... 4}, (8)
ne A; SA({=1,p) —cnoci6 cemantuunoi iHTepmperanii crany KPI (manpuknan,
«HOPMAJIbHUNY», «aHOMAJIbHUNY, «3arpo3ay, «KPUTHYHHHA CTaH», «IIOMHIIKa», «aBapis»,
«KpHU30Ba CUTYAILis)» TOIIO).

BinmoBigHo, (hyHKIIiF0 BUSIBIICHHS aHOMAJTii MOYKHA MPEJICTABUTH HACTYITHUM YHHOM:

6:V xD - A )

3 ypaxyBauasMm (1) —(8) dopmanizoBana koprexna Mmonenbs KPI TexnomoriyHmx
nporieciB y KI MokHa peicTaBUTH y BUTIIAI KOPTEXKY MMapamMeTpiB:

KPI = {U{_, KPI;} = {KPI,,KPL, ..,KPI,}, (10)
ne KPI; € KPI (i = 1,q ) — xmo4oBi iHauKkaTopy eeKTHBHOCTI TEXHOIOTTYHUX HPOLECIB Y
KI.

Otpumana koprexxnHa wmozaens KPI (10) no3Bonsie cucrteMarusyBaTh HapameTpu
monitopuHry B IKC 06’exriB KI, ¢popmanizyBaru aBToMaTHuHy 00pOOKY JAaHUX, MiATPUMATH
IHTerpaIiio 3 aHATITUHYHUMH XMapHUMHU Tutatdpopmamu (Prometheus, Azure Monitor, Grafana,
etc.), a TakoX BU3HAYUTH BIIXWJICHHS (aHOMAIi), KIOEpIHIMACHTH, ACTpaiaIlito, HaaMipHe
HaBaHTAXEHHS a00 caboTax i, K HAcHiloK, miaroryBatu arperoBani KPI mis mopaenHoro
MOHITOpHUHTY oniepaTopamu Ta IT-ciyx6amu.

Ha pucynky 1 npencraBiene cxeMaTHUHE BiToOpakKeHHSI MOJIEN, SIKa € y3arajlbHEHUM
BIZJOOpaKEHHSAM TPOILIECY MOHITOPHUHTY KIIOUOBUX IOKa3HHUKIB €(EeKTUBHOCTI OyIb-sIKUX
TEXHOJIOTTYHUX MPOLECIB, M0 peani3ytoThes B cekropax Kl aepxkasu [14-15].

VY HacTymHOMY MiINyHKTI JaHOI poOoTH Oyne po3risHYTO NpHUKIa] peaji3arii
3a3HaYeHOi MO sl TEXHOJIOTTYHOTO Ipolecy enekTpoayrooi oopodku (EO) [16-18] B
imkenepii BITJIA.
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Di=[minP; maxP;]

M=P->F P,

0, 0, 0,

Pucynok 1 — CxematuuHe BioOpa)KeHHsSI MOJIEI MOHITOPHHTY KITIOYOBHX 1HUKATOPIB
e(pEKTHBHOCTI TEXHOJOTIYHUX MPOIIECCIB
Hoicepeno: pospobrerno agmopamu

Ipuxnao npakmuynoi peanizayii KoOpmedNCHOI MOOeni MOHIMOPUH2Y KIHOYOBUX
iHOuxamopie eghexkmugrocmi mexuonoziunozo npoyecy EJ/]O 6 inocenepii BI1JIA

EJIO € omHuM i3 KIIIOYOBHMX TEXHOJIOTTYHHMX IPOLECIB B aBialliifHil iHXXeHepii, AKUl
3a0e3neuye BHCOKOTOYHE BHUTOTOBJIEHHs, MoJudikamiro a0o BiIHOBIEHHS KPUTUYHHUX
JeTaneil JTITalbHUX anapaTiB. 3aBISKM BUKOPUCTAHHIO JYTOBOTO PO3pAIY, 10 BUHHUKAE MK
€JIEKTPOJOM 1 0OpOOIIIOBAHOIO MOBEPXHEIO, JOCATAETHCA JIOKAII30BaHe TUIABJICHHS MaTepiany
3 MiHIMaJTHHUM TEIJIOBHM BILUTUBOM Ha Tpwiierii 3oHu. Lle oco0nmBo BaxImMBO Tpu poOOTI 3
BHUCOKOJITOBAHUMH, TYTOIUIaBKUMH a00 TEPMOYYTIMBUMHU CIUIABaMH, SKi LIMPOKO
3aCTOCOBYIOTHCSI B aBialliIfHUX KOHCTPYKLIAX —30KpeMa, B €JIEMEHTax MIBHUIYHIB, IIAcCi,
NAJIMBHUX CUCTEMaX, Ta KAPKAaCHUX KOMITOHEeHTax JiitakiB i BITJIA.

Y BupoOHMUTBI Ta peMoHTI aBiamiifHoi TexHiku EJIO BUKOPUCTOBYETbCA SIK IS
dbopMyBaHHS HOBHX JleTallel METOJOM HAIUIaBlieHHS a00 IyroBOro pi3aHHS, TakK 1 IS
BIJTHOBJICHHS 3HOIIEHUX MMOBEPXOHb. Hanpukias, HaHECEeHHs! 3HOCOCTIMKOTO 1Iapy Ha Kpaky
JIOTIATKA  KOMIIpEcOpa TypOOpPEaKTHMBHOTO JBHUI'YHA JIO3BOJIIE 3HAYHO MOJOBXUTH il
eKCIUTyaTalifHuil pecypc 06e3 HeoOXximHocTi moBHOI 3amiHu. Kpim Toro, enexkrponyrosa
HaIUIaBKa BUKOPUCTOBYETHCS ISl PEMOHTY TPILIUH, MOp a00 3HOIIEHUX OTBOPIB Y KOPIYCHUX
€JIIEMEHTaX, JIe TOYHICTh 1 HaJIHICTh [IBA MAIOTh KPUTHYHE 3HAUYCHHS. 3aBISKA MOXKIUBOCTI
TOYHOTO KOHTPOJIO CTPyMy, HAmpyrd, IIBUAKOCTI TMOAa4i €JIeKTpoAa 1 TpaekTopil
HarutaBienHs, EJIO 3abe3meuye HEOOXiqHI MeXaHIYHI BIACTUBOCTI 3'€IHAHHS — MILHICTb,
TepMETUYHICTh, YAAPOCTIMKICTh — 0€3 PU3HKY CTPYKTYpHOT Aedopmarii abo meperpisy.

Ille omHUM BaXJIMBUM acmekToMm 3actocyBaHHs EJIO B aBiamii € MOXJIMBICTH ii
iHTerpamii 3 aBTOMAaTH30BaHMMH Ta pOOOTH30BAaHMMHU CHUCTEMaMH, W10 MIABHILYE
BIITBOPIOBAHICTh, TNPOJXYKTUBHICTH Ta Oe3meky mpouecy. llpu BemukocepiiiHOMy
BUPOOHUIITBI Ta 00pOOIIL HeTanel CKIagHOT TeoMeTpii, a came TakuM € BUpOOHHUITBO BITJIA,
mo HaOpaJio HaI3BUYalHY aKTYaJbHICTh Ha Cy4acHOMY eTali MOBHOMAacIITabHOTO
BTOPTHEHHS, JIOACBKUNA (DaKTOp MOXKe CTaTh NPUYMHOIO MOMMJIKA ab0 MOMHIIOK, TOMY Iis
iHTerpaliss € Haa3BMYaiiHO HEOOXigHOK. 3aCcTOCYBAaHHS HOBITHIX HAyKOBUX pPO3pPOOOK
no3Bojsie o0’eanyBatn cucteMu EJIO 3 cydyacHMMHM TEXHOJIOTISIMH MAIIMHHOTO 30DY,
ugpoBoro MoHiTopuHrY KPI Ta KOHTpOIIIO SIKOCTI y pexuMi peasibHOTO 4acy. Lle poOuTs ix
y paMKax aBialliifHOi MPOMMCIOBOCTI HEBII'€MHHM CKJIQJHUKOM KOHIEMIIi «PO3yMHOTO
BupoOHuITBa» (Smart Manufacturing) [19-20]. Tomy, MOxkeMO 3pOOUTH BHCHOBOK IIOJIO
EJ1O, six mpoBiAHOT TEXHOJOT], 10 JO3BOJSE B YMOBAX JKOPCTKUX HOPMATHBHHUX BHUMOT JIO
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aBiariifHOT TexXHikM, 3a0€3MEeYUTH BHCOKY HAMIWHICTh Ta TOYHICTH BHPOOHHMIITBA, SIKa
notpiOHa npu BupoOHUNTBI BITJIA.

VY coepi BIUIA texnounoris EJIO HaGyBae nemani OUTbIIOro 3Ha4EeHHS SIK e€(EKTHBHA
TEXHOJIOTISl JJIi BUT'OTOBJIEHHS, PEMOHTY Ta MOJIEpHI3allii KOMIOHEHTIB, IO 3a3HAIOTh
3HaYHUX MEXaHIYHUX 1 TEPMIYHUX HaBaHTaKeHb. 30kpeMa, EJIO akTUBHO BUKOPHUCTOBYETHCS
JUIs. HAIJIABJIEHHS 3HOCOCTIMKMX ab0 aHTHKOPO3IMHMX IIapiB Ha JAeTali, 0 BXOJAThH JIO
CKJIaJly CHUJIOBOI YCTAaHOBKH, €JIEMEHTIB mIaci abo By3IiB KpilieHHA Kpui. B ymoBax, xosun
BIIJIA 4yacTo eKCIUIyaTylOTbCS B arpeCMBHOMY CEpEIOBHILI — I, BOJOTa, TeMIIEpaTypHi
KOJIMBAHHS, — TaKi TEXHOJIOTii JO3BOJIAIOTh HE TUIBKHM ITIIBUIIUTH PECypC TEXHIKH, a i
azanTyBaTH ii 70 cnenu(iyHUX yMOB OOMOBOTO UM IIUBUILHOTO 3aCTOCYBAHHS.

Oco6muBoi aktyansHocTi EJIO HaOyBae mpu BupoOHMITBI TakTuyHMX BILJIA, ski
MalOTh HEBEJIMKI PO3MIpH, ajie MOTPEOYIOTh BUCOKOT TOUHOCTI BUTOTOBIICHHS Ta CTPYKTYPHOI
minHocti. ITpu Takomy BupoOHMuTBI EJIO BHKOpHCTOBYETHCS IS (DOPMYBaHHS HECYYHX
eJIEMEHTIB KapKacy, KpIilUIeHb TBHHTOBUX arperaris, nerajeil cuctem mocaaku. Lle
peai3yeTbCsi JaHUM TEXHOJOTTYHMM MPOIIECOM 3aBISUYIOUM JIOKAJIBHIM il Ta MOJIMBOCTI
po0OTH 3 KOMMO3UILIMHMMHU MartepianamMu abo CrjlaBaMH Ha OCHOBI THTaHY M alIOMIHIIO.
Tako TEeXHOJIOTisI aKTUBHO BIIPOBAJPKYETHCS Il CTBOPEHHS 3aXMCHUX €KpaHiB 1 aemrdepiB
y BIIJIA, 1o HecyTh Ha OOPTY €NEKTPOHIKY, ONTHYHI MPUJIAAN Y KOPUCHE HABAHTAKCHHS —
J03BOJISIFOUM (POPMYBATH CKJIAJHI KOHCTPYKIIi i3 BOYZJOBaHUM 3aXHCTOM 3a OJIHOTIPOXiTHHIMA
a00 OaraTtonpoximTHUI UK 0OPOOKH.

Kpim Burotoienns, EJIO nemMoHCTpye BUCOKY €(EKTHBHICTH Y BITHOBIIOBAJIBHUX
nporecax s BIUJIA, mo oco0nMBO BakJIMBO B YMOBaxX BO€HHOTro uacy. Hampukian,
MOIITKO/IKEHI MMiJ] 4ac O0MOBUX BUIIBOTIB KOPITyCHI JieTaji a00 MOHTa)KHI BY3JIM MOXXYTb OyTH
BIZJPEMOHTOBaHI METO/IaMH JIyTOBOTO HAIJIaBJIEHHS YM 3BaplOBaHHS 0€3 MOBHOTO JEMOHTAaXY
yn 3aMiHd. lle 3HaYHO CKOpOYye 4Yac BIAHOBJIEHHS W Ja€ 3MOTY OIEPAaTUBHO IMOBEPTATH
OpOHU 1O eKcruryaramii. Y mnepcrnekTuBi moenHanHs EJIO 3 aAUTUBHUMHU TEXHOJOTISIMHU
(WAAM — Wire Arc Additive Manufacturing) [21] BiaKpuBa€ MOKJIMBOCTI IJIsi CTBOPEHHS
cxnagaux aeraneid BIUIA «3 Hyns» — 6e3 BUKOPUCTAHHS JOPOTHX mpec-GpopM abo JUTT, 10
KPUTUYHO BaXJIUBO JUIS PO3TOPTaHHS MOJBOBUX PEMOHTHO-BUPOOHMYMX MOIYJIB Y 30HI
oorioBux miid. Takum umnom, EJIO BUCTymHae KIIOYOBUM €IEMEHTOM IHHOBAILIHHOTO IHMKITY
KHUTTEBOTO 3a0e3neueHHs OE3MUIOTHUX CUCTEM.

PosrnsiHeMo uacTKOBHMM BMIIQJOK peani3amii Mojeni, po3poOiieHoi BHIE IS
texnojorignoro npouecy EJIO B imxenepii BIUIA, BpaxoByrouu (1) — (9):

Kpox 1. Busnauumo muodcuny 06 ’ekmie monimopuney npu eucomosnenni bIIJIA:

ITpu n=3 (10610 B TexHojoriunomy mnpoueci EJO npu Burorosnenni BIUIA B nexy
BUKOPHUCTOBYETHCS TapalieIbHO 3 YCTAaHOBKH, IO 3a0e3MeuyloTh TEXHOJOTIUHHUI IMpolec)
BHpa3 (1) maTume BUTIISA:

0= {U?=1 0;} ={0,,0,,03} ={EDO,,EDO,, EDO5},
ne EDO,,EDO,, EDO; — 11e ycTaHOBKH, 10 3a0e3medyioTh TexHonoriunuit mpouec EJIO B
nexy npu BurotoBieHHi BITTA.

Kpox 2. Busnauumo muodxcuny napamempie npoyecy EJ[O:

ITpu k=5 (To6To B Texnosoriunomy npoieci EJIO npu Burotosnenni BIIJIA B mexy
BAXUIMBUMHU JIJIsI MOHITOPUHTY € 5 MapaMeTpiB TEXHOJIOTTYHOTO Ipoliecy) Bupas (2) MaTUMe
BUTJIAL;

P={U_,P}={P,P,,..,Ps} ={U,LT,vf}, (12)
ne P, =U —mnanpyra, P, =1 —ctpym, P; =T —temneparypa 30HH 0OpoOku, P, = v —
MIBUKICTH MMOJIa4i eNeKTpoaa, Py = f — dacToTa KOJHMBaHb JIyTH.

Kpok Busnauumo mnosrcuny memoodis sumiptosanus napamempis npovecy EJ[O:
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[Tpu BUMipIOBaHHI HaNpPyr#, CTPyMy, TEMIIEpaTypu 30HH 0OpOOKH, MIBUAKOCTI Mogayi
€JIEKTPO/Ia Ta YaCTOTH KOJIMBaHb 1yru Bupas (3) 3 ypaxyBaHHsM (12) MaTuMe Takuil BUTIISA:

M, =UI-F,
M,=T->F,,
M; = v > Fs,
M, = f->F,,

ne F; —mudposi ocrnorpadu yepes OPC/Modbus mist BUMiproBaHHS HAIllpyru i CTpymy,
F, —repmonapu Ty K i3 mepenauero mo MQTT s BUMIpIOBaHHS TemIepaTrypu 30HHU
00po6kH, F3 — eHKOJIEpU PYXOMHX BY3IIIB JUIS BUMIPIOBAHHS HIBHJKOCTI MOJaYi €JIEKTPO/a,
F4 — anani3z curnainy Big miazmotpony (Fourier/FFT) — Edge Al ans BUMipioBaHHS 4aCTOTH
KOJIUBAaHb JYTH.

[lepenaBanns nanux BinOyBaeThes uepe3 loT-untro3u mo xmapu (Azure IoT Hub /
AWS Greengrass — AWS IoT Core).

Kpox 4. Bushauumo MHOJMCUHY THMEPBANE CHOCMEPEICEeHHSA, NPOMALOM _AKUX
30iticHioemucs sumiproganis 6 npoyeci E/[O:

I[Ipu m=3 (oOpano Tpu 0a30Bi IHTEpBAJIM CIOCTEPEKEHHsS) BHpa3 (4) MaTHMe
HACTYITHUU BUTJIAL;

T = {U?=1 Tl} = {TllT2lT3} = {1r 5160}5
ne Ty =1c., T, =5c. ta T3 =60 c. (arperaris) — e 0a30Bi IHTEpBAIU, MPOTATOM SKOTO
3MIIIICHIOETHCS BUMIpIOBaHHS mapameTpis npouecy EJ1O.

Kpok 5. Busnauumo muoxcuny donycmumux abo HopmamugHux snavenv KPI npoyecy
EJO:

ITIpu k=5 (ax 3a3Havanoch, B TexHosoriyHomy mnpoueci EJIO mpu BUTOTOBIEHHI
BIUUTA B 1exy BaXJIMBUMH Ul MOHITOPHHTY € 5 MapaMeTpiB TEXHOJOTIYHOTO MpOIlecy,
BIJIMOBIJTHO KO>KEH IapaMeTp Mae MeBHI FPaHWYHI 3HaYeHHs) BUpa3 (5) MaTUMe BUTIIAL;

D = {U¥_, D;} = {Dy, D, ..., Ds} = {[minP;; maxP,], [minP,; maxP,],
[minP;; maxP;], [minP,; maxP,], [minPs; maxPs|} = {[80;120],[100; 180],
[900;1300],[0,2;1,0],[1000; 1300]3,

ne D; = [minP;; maxP,;]=[80;120] - rpanuuni 3nauenHs Hampyru (y Boumsrax, B), D, =
[minP,; maxP,]=[100; 180 | — rpauuuni 3uaueHHss cuim crpymy (B Ammepax, A), D; =
[minPs;; maxP;]=[900; 1300] — rpaniuHi 3HaueHHSs TEMIIEPATYPH 30HH 00pOOKH (y Tpagycax
Lenscis, °C), D, = [minP,; maxP,] =[0,2;1,0 ] —rpaHnyHi 3Ha4eHHs IIBUAKOCTI MOJayi
enekTpona (y CaHTHMETpaXx Ha CeKyHay, cm/c), Ds = [minPs; maxPs] =[1000;1300 ]-
rpaHUYHi 3HAYEeHHsI YacTOTH KoJmBaHb ayru (y I'epmax, ['m).

Kpok 6. Buznauumo mmooxcuny 3uavenv KPIl, sumipanux y neeHuul MOMEHm 4acy 6
npoyeci EJ]O:

IIpu k=5 (ax 3a3Havanoch, B TexHosoriyHomy mnpoueci EJIO mpu BUTOTOBIEHHI
BIUUTIA B 1exy BaXJIMBUMH JIsi MOHITOPDUHTY € 5 mapaMeTpiB TEXHOJOTIYHOTO MPOIIECY)
BHpa3 (6) MaTUMe BUTJISA:

V= {U?=1 Vi} ={,V, .., Vs} ={100,150,1400,1,1100 },,
ne V; =100,V, =150,V; =1400,V, =1,V = 1100 —peanbHi BUMIpsSHI 3HAYCHHS
napamerpiB  KPI (mampyra, crpym, Temmeparypa 30HH OOpOOKHM, HIBHJKICTH I0Aa4i
eJIEKTPOJa Ta YacCTOTa KOJUBAHb MYTH BIMMOBIJHO) B MOMEHT 4acy t.

Otpumani mani nepenatorecsi y xmapny CYBJl (manpuknan, AWS Timestream a6o
Azure Data Explorer) a6o B InfluxDB mis wacoBux psifiB Ta MOJANBIIOTO iX aHAIi3y
CHCTEMOIO.

Kpok 7. Buznauumo muodcuny npasun 00pooku ma_azpe2ayii 0anux, OmpumMaHux 8io
cucmemu Monimopuney 6 npoyeci EJ{O:

ITpu /=5 Bupa3s (7) MaTUME HACTYIIHUN BUTJISIA:
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R={fifo -, i} ={fufor o f53 = {ftrena(U), finean (D, fsea (T) ) frnean (W), ferr ()3,
ne fi = firena(U) — miniiina perpecis 3MiHH Hanpyrd, f, = fean () —cepenniii ctpym 3a
xBumHy (Hanpuknaa 150 A), fz = fiq (T) —Binxunenns temmneparypu (Hanpukian, 100°C),
fa = fmean(V) —cepemHs MBHIKICTH TOAadi enekTponda (mist mpukimany, 0,5 cm/c), fs =
frrer (f) — TapMOHIMHMIA aHATI3 KOJIMBAHb TYTH.

OOpobka naHuX 31ifiCHIOETBCS uepe3 xmapHi ruarpopmu AWS Lambda / Azure
Functions abo Spark Streaming.

Kpox 8. Busnayumo mnoducuny cnocobie cemanmuyHoi inmepnpemauii ompumaHux
cmanie KPI cucmemu monimopuney 6 npoyeci E/{O:

ITpu p=9 Bupa3s (8) maTuMe HACTYITHUI BUTIIAL;

A= {U_,A4;}={A1,A,, .., As} = {NORMAL, ANOMALY, THREAT, CRITICAL,
ERROR, CRISIS, DISASTER, WARNING, DEVIATION},
ne A, =NORMAL, A, = ANOMALY, A; = THREAT, A, = CRITICAL, A5 = ERROR,
Ag = CRISIS, A; = DISASTER, Ag = WARNING,Ag = DEVIATION  — Bu3HaueHi

ciocoOu cemMaHTU4HOI iHTepnpeTanii crany KPI Ha ocHOBI aHanizy mapamerpiB (aHOMATis,
3arpo3a, KpUTUYHO, IIOMUJIKA, KpU3a, aBapiifHMIA CTaH, yBara, BIIXHJICHHS BiIIOBIIHO).

@OyHKIII0 BUSBICHHS aHOMAJii MO)XHa peaiidyBaTtu, Hampukian, depe3 Threshold
Alerts (Prometheus, Azure Monitor) un Al-based detection (Hampukian, anomaly detection B
Azure Synapse ML a6o Amazon Lookout for Metrics). Toai, BpaxoBytoun (9), BOHa MaTHMe
HACTYITHUM BUTJISAL:

8:VxD—- A€ {NORMAL NORMAL,DEVIATION, NORMAL, NORMAL, }

BpaxoByroun BuKoHaHi1 Kpoku 3riiHo (1) — (8) 4acTKkoBHI BUIIaJJOK KOPTEKHOT MOJIENi
(10) mna texuonoriunoro mpouecy EJO B imxenepii BIUIA (mpu q = 8) matume Takuit
BUTJIAL;

KPlgpo = {US,KPI;} = {KPI,,KPI,, ..., KPIg} = {O,P,M,T,D,V,R, A}. (13)

BianoBigHO, cxeMaTHYHO PO3pOOJIEHY MOJIENb MOHITOPHHTY KIIOYOBHX IHIMKATOPIB

e(EeKTUBHOCTI TEXHOJIOTIYHUX MPOIECiB, IO po3polieHa B MONEPETHBOMY MiAPO3ALTL 1

mpeJcTaBiIeHa Ha PUCYHKY 1 mis texHozoriunoro nporecy EJIO B imxenepii BITIJIA mosxHa
MPEICTaBUTH HACTYITHUM YHHOM:

:VxD-o A€
{NORMAL,NORMAL, DEVIATION,
NORMAL,NORMAL,}

AWS/Azure

R= {ft?'end(u)- f;nem: (I)- H A_ il\'ﬁ'RM-AL A-NOMAI.\'. -
THREAT, CRITICAL, ERROR, CRISIS

fsrd (T) -;frnem: [l'l}-fFFT(f)}~ DISASTER, DEVIATION),

V = {100,150,1400,1,1100 }.
D = {[80;120], [100; 180], _
[900; 1300], [0,2; 1,0], [1000; 1300]},

UlLTvf

EDO, EDO, EDO;
Pucynok 2 — CxematuuHe BiZoOpa)XeHHsI MOJIETI MOHITOPHHTY KIIIOYOBHX 1HUKATOPIB

edekTUBHOCTI 1 TexHOoriyHoro mpouecy EJ10
Howcepeno: pospobrerno asmopamu
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[Tpuknan iHppacTpyKTypH peamnizaiii Mmozieni B xmapi Azure (oOpaHuil cepBic He €
000B’SI3KOBUM TSl 3aCTOCYBAHHS, @ BUKOPUCTOBYEThHCS JIUIIIE SIK HATJISAHUH MPUKIIAT — MOXKE
OyTH BUKOPUCTAHO OyIb-sIKMH IHIIMK PIBHOLIHHHMHA 3a (DYHKIIIOHAJIOM CEpBIC) HABEICHO Ha
PUCYHKY 3:

[Sensor » Edge Gateway]
1 MQTT/OPC-UA
Azure IoT Hub
{
Stream Analytics » Azure Data Lake / Cosmos DB
{
Azure ML Studio (Anomaly Detection)
{
Power BI / Grafana
Pucynok 3 — BapianT iHppacTpykTypH peainizamii Moaesi B xMapi
Hoicepeno: pospobrerno agmopamu

Mogens ganux y ¢opmati JSON, mo € 3pyunum npexacraBienssm aiust API, MQTT-
opoxepa abo Kafka, BimoOpakeHo Ha pUCYHKY 4:

{
"KPI": {
"object": "EDO_Station_e1",
"parameters": {
"current™: { "value": 175, "unit": "A", "status": "OK" },
"temperature": { "value": 1200, "unit": "C", "status": "Warning" }
b
“"timestamp": "2025-07-18T10:05:00Z"
}
}

Pucynok 4 — JSON mozenb qaHux
IDicepeno: pospobaeno agmopamu

Cxema TtexHonoriuHoro mnpouecy EJIO B imxenepii BIIJIA Ha OCHOBI XMapHHX
TEXHOJIOTIM, JUIsl SIKOTO TPEJCTABIEHO YACTKOBUH BUMAAOK KoprexxkHol Mmopeni (13),
BioOpakeHa Ha PUCYHKY 5:

-

Arc Processing Station Measurement —_—
’ Methods Cloud
Voltage s *  Services
Current ensors
Temperature Edge Al iz‘;rse
Feed Rate l
Frequenc s -
= Y Processing &
J' Aggregation
] p \
Time Intervals Médn o
1sec, 5 sec, 60 sec, ... Std Services
FFT
; v Trend Azure
General Values AWS
[80, 1201, [100, 180], ... State
[ OK, Deviation

Pucynok 5 — Cxema texnonorigdoro npouecy EJIO B imxenepii BITJIA Ha ocHOBI XMapHHUX TEXHOJIOTIH

Licepeno: pospobaeno asmopamu

Arc Unstable
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Hactynuuii nigpo3ain naHoi po6oTu npucBsiueHuil Bepudikailii po3po6ieHoi Mmoeni
y KOHTEKCTI i IPUIaTHOCTI 0 MPAaKTUYHOT IMIIEMEHTAIIIi.

4. Bepugixayis mooeni MOHIMOPUHZY KIIOYOBUX [HOUKAMOPIE eheKmusHocmi
mexnonoeiunozo npoyecy EJ[O 6 inocenepii BI1JIA

3rigro [12] BusHaueno mHoxuHy mapamerpis P = {U,[,T,v, f}, sika € Ba)JIHBOIO
st TexHosoriunoro npouecy EJIO B imxkenepii BIIJIA. OgHuM 13 KITIOYOBUX MapaMeTpiB €
ctpyM [. Bepudikyemo Mozenb Ha MPUKIIAAL 3a3HaYSHOTO TTapameTpy. Sk 3a3Havanoch B 1I. 3
TPAaHUYHMMH 3HAYEHHSMH CHJIM CTPyMy, BUMiproBaHoi B ammepax, € [100;180]. Hocmimumo
BIUIMB 3MiHU mapamerpy crpymy Ha KPI nHa inTepBam crnocrepexxenns Tz =60 c. Ha puc. 6

BiIOOp@XEHO SKUM YMHOM 3HAuUeHHS | BIUTMBA€ Ha KiHLEBY (YHKIIIIO BUSBJICHHS aHOMAil
0:V xD - A

200}

¥ [paHuus ponycTUMOro cTpyMy x
CTpyM b * *® X o

180 *®

—
o
o

Crpym (A)
x
x
x
x
x
x
x

[
I
o

120

100

0 10 20 30 0 50 50
Yac (c)

Pucynox 6 — Brmu Bigxmiiensst cunu crpymy / Ha cratyc KPI
Howcepeno: pospobreno asmopamu

Ha pucyHky 6 MoxHa moOa4uTH, SK CTPYM 3MIHIOETHCS MPOTATOM dYacy, a TaKOK
Bu3HaueHo Horo KPI-cratyc 3rimHo (8) — (9) Ha OCHOBI BCTaHOBIEHUX Yy MOJEJi 0OMEXeHb
(TpaHUYHUX 3HA4Y€HB). Y JAPYrid YacTUHI CHUMYIALII MOJICIMIOEThCS  BIAXUICHHS
(mepeBHUIIeHHS ), O MPU3BOAUTE JO TOSBH HETAaTMBHUX CTATYCIB, IO JAEMOHCTPYE POOOTY
KOPTEXHO1T Mozieni y nuHamini (tadi. 1).

Tabmuus 1 — Pesynbrat MosenoBanHs cTpyMy I npoTsiroM iHTepBany 15

Yac, ¢ LA A (craryc KPI)
0 148.05 NORMAL
1 152.35 NORMAL
2 147.25 NORMAL
3 157.86 NORMAL
4 154.39 NORMAL
5 149.13 NORMAL
6 150.42 NORMAL
7 144.78 NORMAL
8 149.58 NORMAL
9 154.72 NORMAL
10 149.08 NORMAL
11 150.13 NORMAL
12 147.34 NORMAL
13 152.25 NORMAL
14 149.94 NORMAL
15 151.61 NORMAL
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[TponoBxkenHs Tabmummi 1

16 165.32 NORMAL
17 154.84 NORMAL
18 148.61 NORMAL
19 156.74 NORMAL
20 151.8 NORMAL
21 1504 NORMAL
22 151.47 NORMAL
23 146.32 NORMAL
24 147.61 NORMAL
25 152.89 NORMAL
26 1467 NORMAL
27 151.62 NORMAL
28 156.79 NORMAL
29 157.91 NORMAL
30 155.14 NORMAL
31 151.01 NORMAL
32 148.45 NORMAL
33 154.57 NORMAL
34 150.26 NORMAL
35 151.27 NORMAL
36 159.73 NORMAL
37 159.48 NORMAL
39 152.47 NORMAL
40 142.37 NORMAL
41 1895 WARNING
42 185.37 WARNING
43 179.55 NORMAL

Lowcepeno: pospobaeno asmopamu

3 puc. 6 Ta Tabmuii 1 HATIAOHO BHJHO, IO MOYMHAIOUW 3 41-1 CeKyHAM 3HAYCHHS
cTpyMy I 3HWKY€EThCS 1 3’ABNSAIOThCS HeratuBHI ctarycu KPI, ski mepenaroTbcst CUCTEMOIO
MOHITOPUHTY JI0 LEHTPY NPUHHATTS PillICHb.

[TinBumenns ctpymy nonan 180 A y cuctemi EJIO BHKIIMKae JTaHILIOTOBY PEaKIiio
pPU3MKIB — Bi jAerpanaiii oOnamHaHHS 1O B3HIDKEHHS SKOCTI BUPOOYy, IO € 0cOOIHBO
HEOE3NMeYHUM Yy KOHTEKCTI BHTOTOBJICHHS BIMOBINAaThbHUX KOMIIOHEHTIB Ui apiamii abo
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BIUTA. Came Tomy B KopTexHiit Moneni KPI nepeBuiieHHs: CTpyMy MpHU3BOAUTH JI0 CTAaTyCy
CRITICAL, 1o Mae iHiIilOBaTH HETaifHe pearyBaHHs CUCTEMU MOHITOPHHTY.

JUnist MOpIBHSAHHS PO3TIITHEMO IHIII JIBA BaXJIMBI JUI TeXHOJOTT4HOTO mporecy EJIO B
imxenepii BITJIA mapamerpu 3 koprexy P = {U,I,T,v, f} — ue nanpyra U (pucyHok 7) Ta
temneparypa T (pUCyHOK 8).

110
105 %
X
x x x x
x
100 e L i
= % ><
> x x X X ox Xx
o x X X X
g 95 R
T il
i X X o x X X 2
90
85 % b
% [paHMus AonycTUMol Hanpyru L %
Hanpyra 4
BOE L L L L i i
0 10 20 30 40 50 60

Yac (c)
Pucynox 7 — BrmuB Binxmirensst Hanpyru U Ha cratyc KPI
Loicepeno: pospobaeno asmopamu

Pucynox 7 imoctpye 3MiHy Haripyru U B TEXHOJIOTTYHOMY MPOLEC, € BUHO, K BOHA
CIOYAaTKy 3HAXOJUThCS B Mekax HOpMmH, a micis 30-i CeKyHAM 3HIDKYETbCS HUXKYE
JIOMYCTUMOTO piBHS, IO BUKIWKae HeratuBHI ctatycu KPI, mo pemoHcTpye poOoTy
KOPTEXHO1 MOJIeNi y tuHamini (tadi. 2).

Tabmuus 2 — Pesyneratn MosemoBanHs Hanpyru U npoTsrom iHTepBany T3

Yac, ¢ U,B A (craryc KPI)
0 98.67 NORMAL
1 97.3 NORMAL
2 97.7 NORMAL
3 96.49 NORMAL
4 99.39 NORMAL
5 102.15 NORMAL
6 97.06 NORMAL
7 99.97 NORMAL
8 97.84 NORMAL
9 100.5 NORMAL
10 98.67 NORMAL
11 1056 NORMAL
12 101.14 NORMAL
13 97.44 NORMAL
14 102.27 NORMAL
15 104.46 NORMAL
16 99.52 NORMAL
17 99.0 NORMAL
18 100.61 NORMAL
19 98.53 NORMAL
20 100.69 NORMAL
21 98.19 NORMAL
22 102.43 NORMAL
23 98.47 NORMAL
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[MponosxeHHs TabmMIi 2

24 98.26 NORMAL
25 98.68 NORMAL
26 94.36 NORMAL
27 95.09 NORMAL
28 102.62 NORMAL
29 97.41 NORMAL
30 90.38 NORMAL
31 86.65 WARNING
32 87.63 WARNING
[ 3 | 820 ] = CRITICAL |
34 87.57 WARNING
35 91.37 NORMAL
36 91.56 NORMAL
37 91.07 NORMAL
39 88.11 WARNING
40 89.04 WARNING
41 87.54 WARNING
42 $9.81 WARNING
[ 4 [ 8108 ]  CRITICAL |
44 85.06 WARNING
45 88.21 WARNING
16 90.83 NORMAL
47 91.3 NORMAL
|4 | 85 ]  CRITICAL |
49 95.7 NORMAL
50 91.81 NORMAL
| st [ 89 |  CRITICAL |
52 905 NORMAL
53 92.57 NORMAL
54 89.56 WARNING

58 88.13 WARNING

59 88.11 WARNING

Lowcepeno: pospobaeno asmopamu

3 pucyHky 7 Ta Tabnuii 2 HarJIAJHO BUAHO, 110 MOYMHAI04H 3 31-1 cCeKyH/IM 3HAYCHHS
Hanpyrd U 3HWKYeThCs 1 3’ sBIAIOTbCs HeraTuBHI ctatycu KPI, siki mepenaroThesi cCUCTEMOIO
MOHITOPUHTY JI0 LEHTPY NPUHHATTS PillICHb.

3umwxkenns Hanpyru Huxkde 90 B y cucremi EJIO necraGimizye mporiec, moripurye
AKICTh 0OPOOKM Ta CTBOPIOE MPHUXOBAHY 3arpo3y Uil OONagHaHHsA. Y KPUTHYHUX Tally3sixX —
takux sk apiamis, BIIJIA ab6o oOoOpoHHAa MPOMHCIOBICTH —II€ MOKE CTAaTH HPUYMHOIO
BUpOOHMYOTO Opaky abo BiAMOBHM B eKcIulyaramii. ¥ cucrtemi MoHitopunry KPI Ttaka
curyariss mae knacugikyBartucs sk WARNING a6o CRITICAL, a Takox aBTOMaTUYHO
¢ikcyBaTucs B XMapHiil aHaTITUYHINA 0a31 U MOAABIIOTO AyHUTY.

I'padix 3minu Temmneparypu I B texHonoriunomy npoueci EJIO Ta ii KPI-craryc y
JIMHAMII BiToOpakeHO Ha PHUCYHKY 8 (0a3yeTbcsi Ha MOJAENIOBaHHSA — Tabn. 3). Sk BuaHO,
nicist 30-1 ceKyHIM BiIOYBa€eThCs MEPEBUILIEHHS TeMIIepaTypu 1 BUIIE JOIMYCTUMOTO MOPOTY
(1300 °C), mo Bukinkae HeratuBHi ctarycu KPI.
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Pucynox 8 — BrmuB Binxmienns remnepatypu 7 Ha craryc KPI

Loicepeno: pospobaeno asmopamu

Tabnuus 3 — Pesynprat MosientoBaHHs Temnieparypu I’ mpoTsArom inteppainy T3

Yac, ¢ T, °C A (craryc KPI)
0 1171.22 NORMAL
1 1168.77 NORMAL
2 1158.77 NORMAL
3 1128.45 NORMAL
4 1145.48 NORMAL
5 1178.32 NORMAL
6 1150.48 NORMAL
7 1147.06 NORMAL
8 1159.14 NORMAL
9 1167.36 NORMAL
10 1169.91 NORMAL
11 1159.53 NORMAL
12 1112.83 NORMAL
13 1122.01 NORMAL
14 1135.1 NORMAL
15 1116.91 NORMAL
16 1228.09 NORMAL
17 11372 NORMAL
18 1187.02 NORMAL
19 1126.58 NORMAL
20 1141.67 NORMAL
21 1171.37 NORMAL
22 1111.68 NORMAL
23 1160.66 NORMAL
24 1109.59 NORMAL
25 1144.29 NORMAL
26 1179.61 NORMAL
27 1184.12 NORMAL
28 1106.71 NORMAL
29 1164.98 NORMAL

33 1328.85

WARNING
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[Mponosxenns Tabmmiti 3

| |

| |
| |

43 1289.99 NORMAL

44 13382 WARNING
45 1308.1 WARNING
46 13487 WARNING

13437 WARNING
| |
1335.18 WARNING

Lorcepeno: pospobaeno asmopamu

3 pucyHKy 8 Ta Tabnuili 3 HArJasAHO BUIHO, O MoynHarouu 3 30-i CEeKyHIU 3HAYCHHS
Temnepatypu 1 3HIXKYETbcA 1 3’MBISAIOThCS HeraTuBHI ctarycu KPI, ski mepenarorbes
CHCTEMOIO MOHITOPUHTY JI0 LIEHTPY NPUUHATTS PillIeHb.

[lepesumenns Ttemnepatypu moHax 1300°C B EJIO-cucteMi € KpUTHYHUM
MOPYILIEHHSIM, III0 HECE 3arpo3y sSK 0OpoOIOBaHUM MaTrepiajaM, Tak 1 o0nagHaHHi0. Y MOJeli
MOHITOPUHTY KJIIOYOBUX IHAMKATOPIB €(PEKTUBHOCTI Take BIIXWJIEHHS Mae OyTH HeraiHo
inentudikoBano sk CRITICAL, 3 mojampliuM aBTOMAaTHYHHM pearyBaHHSIM — 3yIMUHKA
nporiecy, iH(GOpMyBaHHS NEpPCOHANy, CTBOPEHHS 3alUCy B CHUCTEMI XMapHOI aHAJITHKH Ta
Heperisi] peKUMiB 00pOOKH.

Icayroui metogun AI/ML Ta iHTeNEKTYyaJlbHOTO aHANi3y JAHUX 3aCTOCOBYIOTHCS IS
00poOKHM BeNUKUX OOCSTIB YacOBUX pSAIB Ta CKIAJAHUX HETIHIHHUX 3aJeKHOCTEH MK
texHosorivHuMu napamerpamu EJ[O. Came 1i MeToau MAOLIIBHO 3aCTOCOBYBAaTH IIPH
moOymoBi moneni mporHodyBanHs mapamerpiB KPI y cucremi EJIO. 3actocyBanHs
PEKYpeHTHUX HEMPOHHHUX MEpeX, a KOHKPETHO MOJEJl JOBrOTPHBAJOl KOPOTKOYACHOT
nam’ati (LSTM), sika croemiamizyerbcs Ha aHajli3i MOCTIIOBHOCTEW 1 31aTHa 30epiratu
iHbopMalliF0 TPO TOMEepeHi CTaHW, MO0 € BaXJIMBUM MJIs TEXHOJOTIYHUX TPOLECIB 3
IHepIIIfHOI0 TMHAMIKOIO, € OJHUM 3 HalleeKTUBHIMMX miaxoAiB. [IpornozyBanHs MaitOyTHiX
TEIUIOBUX Ta €JEKTPUYHUX 3HAYEHb, 3HAXO/DKCHHS IMOBIPHO KPUTHUHHMX TEHJCHIIIH
BIJIXMJICHHS BiJl HOPMATHBIB, YTBOPEHHs CUTHAIIIB MOTEPEHKEHHS PO HACTAHHS aBapiifHOTO
a00 HEITAaTHOTO PEeXUMY, MOXIIMBO SIKpa3 3 BUCOKOIO TOYHICTIO 32 PaXyHOK BUKOPUCTAHHS
mozem LSTM. s Monens crae OCHOBOIO Uil HOOYAOBU aIalTUBHOT CUCTEMU MOHITOPHHTY
ta ympasininHas KPI B EJIO, y moemHanHi 3 MeTogaMM MomepenHboi 0OpoOKM JaHMX
(HopManizauis, QiapTparis mymy), BUKOPUCTaHHSAM ceHcOpHUX loT-maHux Ta 3 XMapHOIO
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oOunciroBaNIbHOMO Matdopmoro. Lle mo3Bosse migBUIIUTH Oe3MeKy Ta HaliiHICTh MPOLECIB Yy
KPUTHYHINA 1HPPACTPYKTYpi, MOKPAIIUTH SKICTb OOPOOKHM Ta 3HU3UTH BUTPATH HA TEXHIUHE
00CITyroByBaHHSI.

BucHoBku. 3anpornoHoBaHa y AaHiil poOOTi XMapHa TexHOJOTi MoHiTopuHTY KPI
TexHoJsioriuHux npoueciB Kl, 103Bosisie y pexumi peanbHOTo yacy BUSBISATH BIIXWICHHS Y
TEXHOJIOTIYHUX TIpoLlecax, a TaKOoX IMOIepe/nKyBaTu artaku (kiOepiHmuaeHTH, 3601). Lle
peai3oBaHO 3a paxyHOK aHajli3y aHOMAaJbHOI MOBENIHKM OOJIaJHAHHS, 3MIHH PEXHUMIB
HABaHTAXXEHHSI, CIIO)KMBAHHS PECYpCiB. Y IIbOMY KOHTEKCTI XMapHi TEXHOJOT1] BIIKPUBAIOTh
HOB1 MOXJIMBOCTI JJIs1 MacIITaboBaHOTO, HAIIMHOTO 1 O€3MEYHOr0 MOHITOPUHTY MOKa3HUKIB
e(EeKTUBHOCTI 3 BIIIAJICHUM JOCTYIIOM 1 IIEHTPATi30BaHUM KEPYBAHHSIM.

OTtpumMana nojaibInii po3BUTOK KopTekHa Mozaenb KPI, ska 3a paxyHOK BU3Hau€HHs
MHOXMH 0O0’€KTIB MOHITOPHHTY, MapaMeTpiB MpoIleCcy, METO/IB BUMIPIOBAHHSI, IHTEpBaJiB
CIIOCTEPEKEHHS, AonycTUMUX (HopMatuBHUX) 3HaueHb KPI, 3Hauens KPI y neBHuil MomMeHT
Jacy, mpaBuil 0OpOOKH Ta arperaiii JaHUX, CIIOCOOIB CeMaHTUYHOI iIHTepIpeTallii OTpUMaHuX
craniB KPI, a Takox 3actocyBaHHs (hyHKIIi1 BUSBIICHHS aHOMaJIi1, TO3BOJISIE CUCTEMAaTU3yBAaTH
napameTpu MoHitopuHry B IKC o6’ektiB KI, ¢opmanizyBatu aBToMaTHuHy 0OpOOKY JaHUX,
MIATPUMATH IHTETpaIlilo 3 aHAJITUYHUMHM XMAapHUMH IUTaTGOopMaMH, a TaKoX BH3HAYUTH
BiZIXWJIEHHS (aHOMaJTil), KIOEPIHIIMACHTH, Ierpajalliio, HaJMipHe HABaHTAXKEHHS ab0 caboTax
1, IK HACNiJOK, miaroryBatu arperoani KPI 1isi 1m101eHHOTO MOHITOPHHTY OIEpaTopaMu Ta
IT-cnyx6amu.

PosrnsinyTo mpuknaa peatizanii po3poOiieHoi MoJeni Ul TeXHOJIOTTYHOTO MPOLECy
EJIO B imxenepii BIUJIA, mo € yactuHoro KI y cexTopi mpoMuciIoBOCTI Ta 0OOPOHHO-
MIPOMUCIIOBOTO BUPOOHMIITBA, OCOOIMBO KOJM HMIEThCs MpO 3acTocyBaHHs B asiarii, BITJIA
a0o crTpareriyHOMy MamMHOOYAyBaHHI (1€ BHU3HAYa€ IMIJBUILEHI BUMOTHU JI0 O€3IMeKH,
HajiiHOCTi, KOoHTposto KPI Ta kibep3axucry Takux cucreM). Takox, po3poOieHo cxemy
monitopuHry KPI mist rexnonorignoro nponecy EJIO; HaBeneHo mpuxiiaz iH(pacTpykTypu
peamizaiii Momeni B xmapi Azure Ta Mojaenb MaHux y (opmari JSON (umo € 3pydHum
npencrasienHaM s API, MQTT-Opokepa ab6o Kafka), a Takox 3arampHy cxemy
texHosioriunoro npouecy EJIO B imxenepii BIIJIA Ha 0CHOBI XMapHUX TE€XHOJIOTIH.

Bepudikauis mozmeni Ha ocHOBI gaHux ctpymy A, Hampyru U ta Temmeparypu T
noBena i (QYHKIIOHATBHY KOPEKTHICTb, CTIHKICTH 10 3MIHM YMOB 1 BHCOKY HPHUKIaIHY
IIHHICTB JJI1 MOHITOPHHTY TeXHoJoriuHuX nporeciB y KI. Moaens Moxke cTaTH OCHOBOIO JUIS
po3poOKM  THGPOBOr0 IBIHHWUKA BUPOOHUYOI CHCTEMHU, 3a0€3Meuyroud HaJIHHICTB,
nepenbadyBaHicTh 1 Oe3nmeky B ymoBax mHdpoBi3amii Ta KiOeppH3HWKIB, IHTErpamis 3
anroputMamu  AI/ML, Ttakumu sk LSTM, BigkpuBae TMEpCIEKTUBY Ui PO3LUIMPEHOL
aHAJITUKH, AJaNTHBHOTO YIPABIIHHSA MPOIIECOM Ta ABTOMATHYHOTO HPUHHSATTA PpIilIeHb Y
PEeXUMI peabHOTO 4acy. Y MepcrekTuBi 3a3HaueHui anroput™ LSTM Mo)kHa BUKOpPHCTATH
st moOynoBu Mojeni nporHosyBanHa mapamerpiB KPI y cucremi EJIO, Takoxx MoxHa
BUKOpUCTaTH iHIII anroputMu AI/ML Ta iHTeNleKTyalbHOTO aHaji3y JNaHUX, AKi 3[4aTHi
00poOIATH BETMKI 0OCITH YaCOBHX PAIB Ta BpaXOBYBATH CKJIAHI HEIHINHHI 3aI€KHOCTI MK
TEXHOJIOTTYHUMHU TTapaMeTPaMHU.
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Cloud-based Technology for Monitoring Key Performance Indicators of Technological
Processes in Critical Infrastructure

In this work, a cloud technology was developed for monitoring key performance indicators of critical
infrastructure technological processes in real time in order to detect deviations in technological processes, as
well as to prevent attacks (failures) by analyzing anomalous equipment behavior, changes in load modes,
resource consumption, etc. The tuple model of key performance indicators was further developed, which allows
systematizing monitoring parameters in information and communication systems of critical infrastructure
objects, formalizing automatic data processing, supporting integration with analytical cloud platforms, as well as
identifying deviations (anomalies), cyber incidents, degradation, excessive load or sabotage and, as a result,
preparing aggregated key performance indicators for daily monitoring by operators and IT services. A model of
the technological process of electric arc processing in UAV engineering is proposed, which in the conditions of
the current stage of the Russian-Ukrainian war is part of the critical infrastructure in the economy and defense-
industrial production sector. This is due to the fact that UAVs now play a crucial role on the battlefield. A
scheme for monitoring key performance indicators for the electric arc processing technological process has been
developed. For this, the use of cloud technologies is proposed, a general scheme of the electric arc processing
technological process in UAV engineering is given, with their use. An example of a model infrastructure based
on the Azure cloud platform has been implemented. The data model is presented in JSON format (which is
effective for API, MQTT broker or Kafka). Verification of the model on empirical data confirmed its compliance
with the requirements, resistance to changing conditions and great significance for monitoring technological
processes in critical infrastructure. In the context of digitalization and countering cyber risks, the model is the
basis for creating a digital twin of the production system. Thus, reliability, predictability and security are
ensured. The paper proposes integration with artificial intelligence/machine learning (AI/ML) algorithms, such
as LSTM, which allows for real-time advanced analytics, adaptive process control, and automated decision-
making. In the future, the LSTM algorithm can be used to build a model for predicting the parameters of key
performance indicators in an electric arc processing system, and other AI/ML and data mining algorithms that
can process large volumes of time series and take into account complex nonlinear dependencies between
technological parameters can also be used.
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Experimental Analysis of Deep Neural Networks
for Automated Object Classification Using MRI Images

The article presents a system analysis and comparative study of the efficiency of modern deep neural
networks for the task of automated brain tumor classification based on MRI images. Three architectures were used
in the study ResNet50, DenseNet121, and EfficientNet-B0, which belong to the most widely adopted models in
computer vision. The experimental part is based on a medical dataset that was preprocessed using standard
augmentation and normalization methods. Quantitative results showed that ResNet50 achieved an accuracy of 92%,
DenseNet121 reached 74%, and EfficientNet-BO demonstrated the highest performance with an accuracy of 97%.
Additional qualitative metrics supported these findings: the F1-score for EfficientNet-B0O reached 0.96, indicating a
strong balance between precision and recall, while ResNet50 achieved an Fl-score of 0.91, and DenseNetl21
scored 0.73. Visualization of classification results showed that all models correctly identified the tumor class, but
their confidence levels varied from 0.74 in DenseNetl21 to 0.97 in EfficientNet-BO. The qualitative analysis
confirmed the suitability of EfficientNet-B0 for cases where fast and accurate inference is prioritized under limited
computational resources. Despite higher computational costs, ResNet50 can be effective in tasks that require
robustness and maximum precision. The obtained results highlight the significant potential of deep learning models
in medical diagnostics and the development of intelligent decision-support systems in neuroradiology.

Al, machine learning, convolutional neural networks, transfer learning, deep learning, image classification,
medical diagnostics

Problem Statement. The field of computer science is rapidly evolving, driven by the
swift advancement of information technologies. Among the many sectors into which IT is
integrated, the healthcare sector, including medical diagnostics, undoubtedly stands out.
Timely and accurate diagnosis of brain tumors is one of the key factors influencing treatment
effectiveness and reducing mortality rates. As is well known, digital MRI images are analysed
by medical professionals. This process involves a human factor, which can lead to errors,
such as inaccuracies in tumour type identification. This issue can largely be addressed by IT
solutions. Deep learning provides an opportunity to automate the classification of formations
(tumours). However, there is a problem: the effectiveness of models depends on the quality of
data preparation and the chosen neural network architecture. On the other hand, there are
additional challenges: the data preprocessing process, which involves improving image
quality, balancing the classes, and using augmentation techniques to stabilise the model; the
limited amount of training data, and the uneven distribution of tumour types (which can
complicate maintaining high accuracy, especially for rare tumour categories). Therefore, the
choice of deep learning architecture requires balancing classification accuracy with
computational efficiency. Additionally, model interpretability (the "black box" problem) must
also be considered, which is particularly important in healthcare, where clinicians need to
trust and explain the model’s predictions.

From practice and numerous publications, including [2-5], a well-supported conclusion
emerges: the focus of Al application in global healthcare is the process of diagnosing brain
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conditions using MRI images. Recent publications reveal a clear trend toward the use of deep
learning, particularly CNN, which demonstrate high efficiency in tasks of multiclass tumor
classification and segmentation. According to the systematic review by Kazerooni et al.
(2021), CNN models, when combined with preprocessing and data augmentation, can achieve
accuracy rates exceeding 95% in recognizing major types of brain tumors [1]. Similar
findings are reported by Pei, Vidyaratne, and Iftekharuddin (2022), who emphasize that the
most effective architectures for medical applications are ResNet, DenseNet, and EfficientNet,
as they provide an optimal balance between accuracy and computational complexity [2, 3].

Practical studies also confirm the effectiveness of CNN in diagnostic applications. For
example, Zhou et al. (2020) employed a multilevel CNN for the classification of three tumor
types, however meningioma, glioma, and pituitary adenoma is a achieving an accuracy above
96% [4]. Shboul et al. (2021) demonstrated that even moderately deep models can
successfully classify gliomas, offering a valuable support tool for radiologists [5].

Analysis of Recent Research and Publications. The digital transformation of
processes in the healthcare sector is actively underway. This is evidenced by the results of
numerous studies, including [11]. At the same time, cutting-edge information technologies are
being actively integrated into medicine. At the same time, the results of the analysis of
publications [2-5] demonstrate the relevance of using effective artificial intelligence
technologies for the classification of brain objects (formations) based on digital MRI images.
The scientific trends in this area involve the application of machine learning for tumor
identification and segmentation [2, 3].

A key development in this field is the creation and analysis of large open datasets,
with the international BraTS project being a prime example. In recent editions of this
challenge, the focus has shifted from just segmentation to also include synthetic data
generation and cross-institutional result comparison. This has significantly improved the
reproducibility and reliability of models. These initiatives highlight the strong potential of
open datasets for training and evaluating algorithms in medical diagnostics.

However, several reviews (Ranjbarzadeh, 2023) point out important challenges, such
as the lack of labelled data, the high computational resources needed for training, and the
absence of standardised evaluation protocols. Additionally, Wen (2021) stresses that when
deploying Al algorithms in clinical practice, they must meet strict validation standards, as
even minor diagnostic errors can have serious consequences for patients.

According to the findings of the study [1], ResNet, DenseNet, and EfficientNet show
high effectiveness in the medical field. As mentioned earlier, these models offer high
accuracy while maintaining good computational efficiency. However, for wider clinical use,
further research is needed to improve how models generalise, utilise multicentre datasets, and
integrate Al technologies into practical, user-friendly diagnostic systems.

Problem Definition. The aim of this study is to conduct an experimental analysis of
the effectiveness of deep neural networks (ResNet, DenseNet, and EfficientNet) for the
automated classification of brain tumour formations using MRI images. To achieve this goal,
the following tasks must be addressed: 1) perform a comparative analysis of deep neural
network architectures for brain tumour classification based on MRI images; 2) optimise deep
learning models for deployment in environments with limited computational resources; 3)
establish criteria for the medical application of deep learning models in brain tumour
diagnostics; 4) carry out both quantitative and qualitative analysis of the effectiveness of deep
neural networks in terms of inference speed and accuracy under computational constraints.

Main Results. Method for preparing brain tumor data based on MRI images.

Step 1. Identification and selection of characteristics. We will employ feature
extraction methods for the automatic identification of characteristics, eliminating the need for
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manual feature engineering.

The study uses pre-trained CNN (DenseNet121, ResNet50, and EfficientNet-B0) in
transfer learning mode.

1. ResNet (Residual Networks). The key idea behind ResNet is to use residual
connections that overcome the problem of gradient vanishing in very deep networks.
Formally, instead of training a direct mapping

H(x) = F(x), (1)
ResNet trains the residual function:
H(x) = F(x) + x, ()

where x — entrance to the block, F(x) — nonlinear transformation (convolution, normalization,
ReLU), H(x) — block output.

Thus, the model learns to construct only “deviations” from identity, which simplifies
optimization. This allows training networks with hundreds or even thousands of layers
without degrading accuracy.

2. DenseNet introduces dense connections (dense blocks), in which the output of each
layer is used as input for all subsequent layers. Mathematically, it can be represented as:

X = Hl([xO:xl,...,xl—l]): 3)

.....

composition of folding, normalization, and activation.

This mechanism:

- ensures reuse of features;

- reduces the number of parameters (because there is no need to duplicate filters);

- improves gradient propagation in deep networks.

3. EfficientNet-BO optimizes architecture wusing compound scaling, which
simultaneously takes into account three parameters: depth, width, and resolution of the input
image.

Scaling formulas are characterized by:

d=a® w=p2 r=y°, (4)

where d — depth (number of layers); w — width (number of channels); r — resolution of input
images; ¢ scaling factor, a, 8, y — parameters that determine proportions.

Thus, the model is scaled in a balanced manner, rather than in only one direction (e.g.,
depth only), which allows for high accuracy with a minimum number of parameters.

Neural networks perform automatic feature selection by optimizing filter weights W in
the learning process. The convolution operation is formalized as:

— c
Yijk = Z%=1 Zg:l Zc:l Wm,n,c,k *Xitm,j+n,cs (5)

where x — input image, W — convolution kernel, y; ;, — activation at position (i, j) in the k
output channel.

During training weights W are configured to focus on the most informative
characteristics of the image (e.g., tumor contours or textural features).
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Step 2. Balancing classes. A class imbalance problem was detected in the dataset. To
compensate for the imbalance, a class weighting method was applied in the loss function.
Each class i assigned weight w;, inversely proportional to the number of samples N; in this
class:

_ Ntotal
;= Mok, (6)
where N;¢q; total number of samples in the dataset, C — number of classes. Thus, smaller
classes receive greater weight, which increases the penalty for misclassification of these
classes.
These weights are then integrated into the CrossEntropyLoss function in PyTorch.:

L=-3Y¢, wylog(®), (7)

where y; - true class label (one—hot), and ¥, — predicted probability for class i. Thanks to this
approach, the model learns to account for class imbalance, which improves accuracy on
underrepresented categories.

Step 3. Data cleansing and preparation.

Damaged or duplicate images can mislead the neural network and reduce the model's
ability to generalize. To address this issue, damaged files and duplicates were identified and
removed during the data preparation stage. Duplicates were identified by calculating MDS5 hashes:

MD5(1) = MD5(I;) = I; = [ (8)

where [;, I; — two images, and the MD35(-) hash function. Removing duplicates and damaged
samples makes the loss function more representative for training:

L==38 15y, ©)

where [(-) - local loss function CrossEntropy, and §; — model prediction for an image I;.

To standardize the size, all images are converted to a standard format of 224x224
pixels, which ensures compatibility with pre-trained models and correct operation of
convolutional layers:

Original
Label: meningioma Augmented

Figure 1 — Visualization of images before and after augmentation
Source: developed by the authors
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The graphs (Fig. 2) show the results of training the DenseNet12]1 model for 105
epochs, reflecting the dynamics of Loss and Accuracy on the training and validation samples.
The model demonstrated a stable training process with no signs of overfitting: accuracy on the
validation set reached about 86%, losses gradually decreased, and the differences between the
Train and Val metrics can be explained by the use of augmentations (in particular, the
addition of noise to the training data). This indicates the model's ability to generalize
information well and work effectively with new images.
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Figure 3 — The ResNet50 training process

Source: developed by the authors

The graph below (Fig. 3) shows the results of training the ResNet50 model over 120
epochs. The model demonstrated high efficiency, maintaining a balance between training and
validation metrics, with no signs of overfitting, and achieved over 91% accuracy on the
validation sample. Figure 4 shows the training curve of the EfficientNet-BO model over 89
epochs. Due to the lack of improvement over the last 15 epochs, the early stopping

mechanism was activated.
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Figure 4 — The EfficientNet-BO0 training process
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As a result, the ResNet model showed the most stable and balanced results, but all
three architectures proved to be suitable for solving the task of brain tumor classification. In
the task of classifying brain tumors using MRI images, the ResNet50 model showed the best
results. It achieved 90% accuracy, the highest F1-metrics values, and AUC-ROC = 0.9863.
ResNet50 classified the pituitary and no tumor classes particularly well, providing high
precision and recall rates.

Conclusions. The article presents a system analysis and an experimental study of the
effectiveness of three deep learning architectures - ResNet50, DenseNet121, and EfficientNet-
BO - for the task of brain tumor classification based on MRI images:

1. Proved to be the most accurate and robust model: achieved the highest accuracy
(90-91%), demonstrated the best Fl-score and AUC-ROC values (0.9863), showed the
highest resistance to noise and image artifacts. In addition, Grad-CAM visualizations revealed
that ResNet50 most precisely highlights relevant image regions, which enhances
interpretability and true in the results.

2. EfficientNet-B0 achieved slightly lower accuracy but demonstrated balanced recall
across all classes and significantly lower computational requirements. This result indicates
that EfficientNet-BO0 is optimal for situations where hardware limitations and inference speed
are critically important factors.

3. As shown in the Main Results, the experimental study of DenseNetl121 revealed
that recall scores for the glioma and meningioma classes are lower, however, the model
performs effectively in classifying the absence of tumors and primary cases. This result holds
practical value. However, this architecture showed the highest sensitivity to noise and less
informative Grad-CAM visualizations, reducing its practical diagnostic value.

4. From a system analysis perspective, recall should be considered the primary
criterion for medical applications, as missing a pathology is critically undesirable. According
to this metric, ResNet50 and EfficientNet-BO demonstrated the most balanced and practically
significant performance.

Thus, the conducted research confirms the high efficiency of deep neural networks in
brain tumor classification. ResNet50 can be considered the most promising model for clinical
practice, while EfficientNet-B0 is recommended for deployment in environments with limited
computational resources.
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ExcnepumeHTanbHuii aHaJi3 epeKTUBHOCTI ITHOOKMX HEI{POHHUX MeEpeK JUI1 ABTOMaTH30BaHOL

kJyaacudikanii 00'ekTiB 3a 300pakenasimu MPT

VY mpani npeacTaBiIeHo pe3yJabTaTH CUCTEMHOTO aHai3y Ta MOPIBHSUIBHOTO JOCIHIHKEHHS e(heKTUBHOCTI
cyvacHUX rmuOokux HerpoHHMX Mepex ResNet50, DenseNetl121 Ta EfficientNet-BO mst 3amadi aBToMaTH30BaHOL
kiacudikalii MyxJIMH TOJOBHOTO MO3KY 3a Im¢ppoBumu 300pakeHHs MH MPT. EkcriepuMeHTanpHa dYacTHHA
IPYHTYETbCS Ha MEIUYHOMY HaOOpl JaHWX, MONEPEJHBO MiJIAHOMY CTAHIAPTHHUM METOAaM ayrMeHTamii Ta
HopMatizanii. KinekicHi pesynbratn mokasany, mo ResNet50 mocsirma tounocti 92%, DenseNetl21 — 74%, a
EfficientNet-BO npomemoncrpyBana HaiiBummii pesynpTaT i3 TouHicTIO 97%. JlomaTKOBI SKICHI METpPHKH
I ATBEpAMIN OTpHMaHi BUCHOBKH: nokasHuK Fl-mipu jurst EfficientNet-B0 cxias 0,96, mo cBigguts npo 6anaHe
MDK TOYHICTIO Ta MOBHOTOMO, Toi sik ResNet50 3abeszneumma F1- Mlpy Ha plBHl 0,91, a DenseNet121 — 0,73.
Bisyanizauist pesynbTaTiB kiacuikaiii IpojeMOHCIpyBala, WO BCI MOJEN MPaBWIBHO BU3HAYAIOTH KIIAC
IyXJIMHH, IPOTE piBeHb BIIeBHEHOCTI BinpisuseTsest: Bif 0,74 y DenseNet121 mo 0,97 y EfficientNet-B0. fAxicuuii
aHaJIi3 MiITBEpIUB MOIUTEHICTH 3acTocyBaHHs EfficientNet-B0 y Bumamkax, e mpiOpUTETOM € MIBUIKA Ta TOYHA
iH(pepeHmis 3a 00MeXEeHHX O0YNCIIOBAIEHUX pecypciB ResNet50, mornpy Bl 00YNCIIOBAIBHI BUTPATH, MOXKE
OyTH e(beKTHBHOIo UTst 3aj1a4, JIe TMOTPiOHA CTIHKICTB I MAKCHMAJIbHA TOYHICTb. OI‘pI/IMaHl pe3ysIbTaTH CBiA4aTh
PO 3HAYHWA [OTeHIian BHKOPHCTAHHS MIMOOKMX MOJENeH y MEAWYHIA JUarHOCTHII Ta CTBOPCHHI
IHTENEKTyaIbHUX CHCTEM HiITPUMKH NPUHHSTTS pillleHb Y HeHpopaioorii.
HII, mammHHe HaBYaHHS, 3rOPTKOBI HEHPOHHI MepekKi, NepeHOCHe HABYAHHS, IJIM0OKe HABYAHHS,
Kkjaacudikanisi 300paxeHb, MeIUYHA JIAarHOCTHUKA
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STRIDE-based threat Modeling of Cybersecurity Risks
in Local Computer Networks

The article examines the problem of ensuring LAN cybersecurity under conditions of increasing threat
volume and complexity. Accordingly, the study focuses on developing a generalised adaptive method for threat
modelling in LANs based on the STRIDE framework. To this end, the paper analyses current scientific sources
on the application of STRIDE in the field of information security and identifies a gap between theoretical threat
models and their practical implementation in the context of local networks. Based on a constructed DFD model,
a structured representation of typical LAN components, external entities, network processes and data flows is
formed. The STRIDE threat classification is applied to each model element, enabling the systematisation of
potential risks and the development of a threat matrix for further analysis. An adaptive threat-modelling method is
formulated, comprising network architecture analysis, automated generation of a threat list, selection of relevant
countermeasures, modelling of a secure network architecture, and verification in a simulation environment. The
effectiveness of the method is evaluated according to criteria such as completeness of threat coverage, adaptability,
practical feasibility, and the degree of automation. The research findings demonstrate that the use of STRIDE in
combination with DFD modelling enhances the structural consistency of cybersecurity analysis and provides a
systematic approach to designing a LAN protection model.
cybersecurity, LAN, STRIDE, threat modelling, network protection, system vulnerability, risk analysis

Problem Statement. In the current era of digital transformation, local area networks
(LANs) constitute a critically important component of the information infrastructure of
enterprises, institutions, government agencies and other organisations. At the same time, both
the number and complexity of cyber threats continue to grow. Ensuring an adequate level of
LAN security therefore requires not only the deployment of technical safeguards, but also the
application of effective threat-modelling and risk-analysis methods. One such approach is the
STRIDE framework, which enables the systematic classification of potential threats based on
a trust model. However, the practical use of STRIDE for analysing the security of local
computer networks remains insufficiently explored. This is largely due to the difficulty of
adapting the model to the specific characteristics of LANs, including topology,
communication protocols, user privilege levels and the structure of interactions between
network nodes. These factors highlight the need for a critical analysis of how STRIDE can be
applied effectively in addressing LAN security tasks.

Analysis of Recent Research and Publications. The STRIDE framework enables a
systematic analysis of system components (including LAN elements) for vulnerabilities
across all defined threat categories. At present, STRIDE is widely discussed in the scientific
literature as an effective tool for classifying threats in information systems. Publications [1, 2]
consider STRIDE as a foundation for constructing threat models with a clear distinction
between its six categories: Spoofing, Tampering, Repudiation, Information Disclosure, Denial
of Service, and Elevation of Privilege. These studies primarily focus on applying the method
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in a general information security context, without a detailed consideration of the specific
characteristics of local computer networks.

Scientific publications devoted to computer network security and information security
(in particular, [3-5, 7]) emphasise vulnerability detection, analysis of data leakage channels,
and methods for protecting information across different layers of network architecture.
However, most of these works lack the application of formalised threat models, which limits
the ability to adopt a systematic approach to risk assessment.

Some researchers (e.g., [6, 5]) propose simplified practical guidelines for building
threat models using STRIDE. Nonetheless, these approaches require adaptation to real-world
LAN scenarios, where numerous internal interactions, specific access restrictions, and non-
standard topologies are present. Publication [2] describes the use of STRIDE in cloud
environments, lIoT infrastructures, and web applications. However, the issue of adapting this
approach to security modelling specifically within local networks remains insufficiently
addressed. Individual researchers, such as [7], highlight the importance of context-aware
threat modelling, yet applied methodologies for LANs remain fragmented.

Therefore, a gap exists between the theoretical foundation of STRIDE and its practical
application in securing local area networks. This gap underscores the relevance, novelty, and
scientific value of the present study.

Tasks Statement. The aim of this study is to develop a generalised STRIDE-based
approach (an adaptive method) for analysing the security model of a local area network. To
achieve this aim, the following research objectives must be addressed: 1) identify the typical
components and data flows within a local network; 2) apply the STRIDE method to the
constructed trust model; 3) develop a method (approach) for identifying and mitigating
threats; 4) evaluate the effectiveness of the proposed method.

Main Results. The process of applying STRIDE typically begins with constructing a
system model in the form of a Data Flow Diagram (DFD), which serves as the key artefact in
STRIDE-based threat modelling. The diagram identifies processes, data stores, external
entities and information flows. Each system element is then analysed through the lens of the
six STRIDE threat categories, allowing specific risks to be identified for each component.

To construct a threat model for a local area network, a DFD is used that incorporates
user nodes, servers, access points and external interactions. This diagram functions as a
security model of the LAN, taking into account the key components that ensure secure
information exchange between external sources and internal resources. The external source is
represented by an abstract “external entity” that communicates with the network via the
Internet. At the boundary of the LAN is a firewall, which performs packet filtering for
inbound and outbound traffic, blocking unwanted or potentially malicious connections.

Once traffic passes through the firewall, it reaches the router, which routes packets
according to the internal network configuration. The router directs data along two possible
paths: one towards the internal network, where the resources accessed by users are located,
and the other towards the Network Intrusion Detection System (NIDS), which analyses traffic
to identify anomalous or malicious activity.

The intrusion detection system, in turn, also interacts with the internal network and
sends the results of its operation to a log storage repository, where the data are preserved for
further analysis, auditing or incident response. The final participant in the internal network is
the user, who interacts with the resources within the system, and whose activity may also be
monitored to detect potential threats. Overall, this diagram illustrates a typical secure LAN
architecture based on a multilayered approach to threat detection and prevention, in which
each component performs a specific role in ensuring information security.
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After the DFD is constructed, the process proceeds to threat identification, which is
presented in Table 1.

Table 1 — Identification of Threats in the Local Network

Name Description

Spoofing the possibility of spoofing IP addresses or MAC identifiers
Tampering modification of data within network packets

Repudiation users denying actions performed due to lack of proper logging
Information Disclosure information leakage through unencrypted channels

Denial of Service flooding attacks or ARP spoofing

Elevation of Privilege escalation to administrative privileges via exploits

Source: developed on the basis of [10]

Based on this classification, a risk matrix (Table 2) is constructed and subsequently
used for the development of the protection algorithm.

Table 2 — Risk Matrix and Threats of the Local Network

STRIDE Threat Potential Target Risk Level Countermeasures
Category Component
IP/MAC address Workstations, . MAC filtering, DHCP
S High .
spoofing gateways snooping, 802.1X
Traffic modification . . Encryption (IPSec), access
T (MITM) Switches, routers High control (ACL)
R Requllathn of actior Servqs, guest Medium S.ystern logging, digital
(logging disabled) | terminals signatures
; | Interception of Wi-Fi access points | High SSL/TLS, WPA3, VPN
unencrypted data
Traffic flooding, . Traffic limiting, IDS/IPS,
D ARP-based attacks Servers, routers High QoS
Obtaining .
E administrative Nodes with software High Software updates, RBAC,
.. or OS vulnerabilities multi-factor authentication
privileges

Source: developed on the basis of [8, 9]

Thus, the presented matrix serves as the analytical foundation for constructing an
adaptive protection algorithm for a local network, taking into account contemporary threats.

The method involves the following stages (tasks):

— analysis of the DFD model;

— automated generation of a list of threats using STRIDE;

— development of countermeasure recommendations (authentication, encryption,
traffic monitoring, etc.);

— verification within a simulation environment (e.g., Cisco Packet Tracer or GNS3).
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The method (adaptive approach) for protecting a local computer network in light of
identified threats is structured according to the UML Sequence Diagram shown in Fig. 1.

The generalised (adaptive) method for LAN protection follows the following sequence
of actions: ‘Start Event’ — ‘Tasks’: Analyse DFD Model, Identify Model Elements, Generate
Threat List (STRIDE), Select Countermeasure, Model Secure Network, Verify via Simulation
— ‘Exclusive Gateway (XOR)’: Threat Identified? Is Analysis Completed? — ‘End Event’.

The method begins with the initiation of the analysis of the network structure. The
first step is the examination of the DFD, which serves as the basis for identifying the main
components and data flows within the local network. This is followed by the identification of
model elements (external entities, processes, data stores and the data flows between them).
The next step is to check whether threats have been identified for each element of the model.
If a threat has not yet been detected, a list of threats is generated using the STRIDE
framework (the six threat categories: Spoofing, Tampering, Repudiation, Information
Disclosure, Denial of Service, Elevation of Privilege).

‘ Analyst ‘ DFDTool ThreatEngine CountermeasureD|
= T = T T
| | |
: Analyze DFD : :
I model | |
” Generate !

threst list (STRIDE)
—_— =
|

Select

I
|
|
|
I
|
|
|
|
I
|
| countermeasures |

| .

| Model security network
19 & run simulation

| ™ T 1

. | I I

1 1 1

alt| Analysis completed?

: [no] : :
I | |
| I [yes] =}
I T >
L 1 1
| I I

S S 1 | 1

|

Analyst ‘ ThreatEngine Cg:zige‘ SecuritySimulator

Figure 1 — Sequence Diagram of LAN Protection
Source: developed by the authors

Once the threat list has been produced, appropriate countermeasures are selected,
ensuring they correspond to the specific threat type. For example, authentication is applied
against spoofing, while encryption mitigates information disclosure. The next stage involves
modelling a secure network architecture that incorporates these countermeasures. This step
enables the creation of a solution design that accounts for the protection of all critical
components.

The subsequent stage of the method is the verification of the model within a
simulation environment. This allows the effectiveness of the proposed security architecture to
be tested under conditions close to real-world operation. If the verification is successful (and
the analysis is complete), the process reaches the final stage—completion. At this point, the
security model is deemed ready for implementation. If vulnerabilities or ineffective measures
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are discovered during simulation, the cycle is repeated starting from the analysis stage, until
an optimal security configuration is achieved.

The effectiveness of the STRIDE-based LAN protection algorithm can be assessed
according to several key criteria: completeness of threat coverage, adaptability to changes,
practical feasibility of implementation, level of automation and the ability to verify the model
(Table 3).

In summary, the following key points should be emphasised. The identification of
typical components and data flows within a local network made it possible to construct a
basic trust model in which nodes (servers, workstations, network devices), users and the
directions of information exchange between them are clearly defined. This approach enabled
the specific characteristics of LAN operation within typical organisational structures to be
taken into account.

Table 3 — Criteria for Assessing the Effectiveness of LAN Protection

Effect Description

STRIDE provides a comprehensive approach to threat classification,
covering six primary attack vectors: spoofing, tampering, repudiation,
information disclosure, denial of service and elevation of privilege. As a
result, the developed algorithm enables the identification of critical risks at
all levels of interaction between elements within the DFD model.

Completeness of
threat coverage

The algorithm is flexible and suitable for application across various
network structures, ranging from small office environments to large
corporate infrastructures. It supports iterative re-analysis in cases where
shortcomings are identified or new threats emerge.

Adaptability

The use of DFD diagrams, the STRIDE methodology and simulation tools
Practical feasibility (such as GNS3 and Cisco Packet Tracer) makes the algorithm applicable
of implementation both in educational contexts and real-world projects. Each stage is
logically justified and grounded in solid technical principles.

The algorithm can be partially automated — including threat generation
based on the model, selection of countermeasures and creation of policies.
This enables integration into CI/CD pipelines or information security
management systems.

Level of automation

The final stage involves testing the model in a simulation environment.
This not only verifies the correctness of the implemented security
measures but also helps identify potential conflicts or shortcomings prior
to deployment in a production network.

Verification

Source: developed by the authors

An algorithm for identifying and eliminating threats was developed, based on the
application of STRIDE principles to real-world LAN operation scenarios. The algorithm
considers user context, communication protocol, and trust level associated with each node,
allowing not only the identification of threats but also the formulation of appropriate
recommendations for their mitigation (for example, the implementation of authentication,
encryption, access auditing, and so forth).

Conclusions. The article presents the results of developing a STRIDE-based adaptive
threat-modelling method for the cybersecurity of local computer networks. Specifically, the
study identifies typical LAN components and data flows; applies STRIDE to the trust model;
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develops an approach for identifying and mitigating threats; and evaluates the effectiveness of
the generalised (adaptive) STRIDE-based method for LAN cybersecurity threat modelling.
Thus, the research objectives have been achieved, confirming the effectiveness of a
systematic approach to identifying and classifying threats within a networked environment
while taking into account the specific interactions between its components.

The application of STRIDE to the trust model enabled the systematisation of threats
across the categories of Spoofing, Tampering, Repudiation, Information Disclosure, Denial of
Service and Elevation of Privilege. This approach made it possible to identify potential
vulnerabilities in each direction of data exchange and for every object within the model.

The effectiveness of the proposed method was assessed through expert evaluation
using a hypothetical corporate LAN. The results demonstrated that the model is capable of
identifying most common threats that are often overlooked in traditional security assessments.
The structured and adaptive nature of the algorithm confirms its practical applicability.

Thus, the findings of this study indicate the feasibility and value of using STRIDE as a
tool for developing LAN protection models. Future research may focus on automating the
modelling process and developing software tools for integrating STRIDE into the information
security policies of organisations, institutions and enterprises. Furthermore, practical results
from studies [11, 12] suggest the potential for exploring the integration of artificial
intelligence capabilities into the proposed method, which may significantly enhance the
cybersecurity of LAN environments.
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STRIDE-monenioBanHs 3arpo3 kidepOe3neni JOKATbHUX KOMIT' IOTEPHUX Mepex

Ipans npucesiuena npobnemi 3abe3meueHHs kidepOesrmekn LAN B ymMoBax 3pocTaHHS KiIBKOCTI Ta
CKJIQTHOCTI 3arpo3, JUIsl BUPIIMIEHHS SIKOi chOPMYBaHO y3araJbHEHWH aJanTHBHHUN CIIOCIO MOJIETIOBAHHS 3arpo3
LAN na ocHosi STRIDE. 3a pe3ynbraTtamul 10CIiPKEHHST BU3HAYCHO HASIBHUHN PO3PUB MK TEOPETUIHUMH MOZICISIMU
3arpo3 i ix MpaKTUYHOIO peasli3ami€lo y KOHTEKCTI JIOKAIBHUX KOMIT IOTepHUX Mepex. Ha ocHOBI mo0yoBu Mozerni
DFD cdopMoBaHO CTPYKTYpOBaHE IpEACTABJICHHS THIOBHX KOMIOHEHT LAN, 30BHIIIHI CYTHOCTi, MepexeBi
MPOIIECH Ta TOTOKHW JaHWX. J[0 KOXKHOrO eIEeMEHTy MOJElN 3acTocoBaHo Kiacudikamito 3arpo3 STRIDE, mo
JIO3BOJIMIIO CHCTEMATH3YBAaTH MOTEHIIHHI pHU3HKH, CHOPMYBATH MATPHIIIO 3arPO3 IS MOAANIBIIOTO aHAI3Y.

AnanTUBHMN METOA MOJIEIIOBAHHS 3arpo3 BKJIIOYAE TIPOLECH aHA3y apXiTEeKTypH Mepexi,
aBTOMAaTH30BAaHOTO (pOpMyBaHHS MEPENiKy 3arpo3, BUOOPY pesieBaHTHUX KOHTP3aXO/iB, MOJICITIOBAHHS 3aXHIEHOT
Mepexi, Bepudikawii B cuMymsLiiiHoMy cepenoBumii. OIiHIOBaHHS HOro e(eKTUBHOCTI 3/1iHICHEHO 33 KpUTEPisIMU
TIOBHOTH TTOKPHTTS 3arp03, aAAITUBHOCTI, MPAKTUIHOCTI BIIPOBAKEHHS T4 MOXIIMBOCTI aBTOMATH3ALII1.

Pesynbrati mocmimkenHs nokazanu, mo 3acrocyBaHHs STRIDE y moemnanni 3 DFD-monemoBaHHM
JIO3BOJISIE TABMIIUTH PIBEHb CTPYKTYPOBAHOCTI aHaNi3y KiOep3arpos, peami3yBaTH CHCTEMHHHM MigXiX 0
(dhopMyBaHHS MOZEINI 3aXHCTY JIOKAThbHOI Mepexi. Lle mae MOXIIHMBICTE iMeHTH(]IKYBATH MOTEHINHHI Bpa3IUBOCTI,
SIKI YacTO 3aJIMINAIOTHCS 110332 YBAarolo INpW TPaJULiHHUX migxomax. [lepcrekThBaMy MOAANBIINX PO3BIIOK €
po3pobiieHHsT TporpamMHuX 3aco0iB i aBromatm3aiii STRIDE-monmentoBaHHS Ta iHTerparlis iHCTPYMCHTIB
LITYYHOT'O IHTEJIEKTY JUTsl TiIBUIIECHHS e(heKTUBHOCTI 3axucTy LAN.
ki0ep0Oesnexa, 1oxanbHa Mepe:ka, STRIDE, MmonenioBanHst 3arpo3, 3aXucT Mepe:Ki, BpaInBiCTh, AHAII3 PH3HKIB
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TexHoJIOr14He NPOEKTYBAHHSA CIIOCO0IB HABUBAHHS
IIIMPOKOCMYTOBHUX T'BUHTOBUX CITipajieii 00epTOBOIO
BTYJIKOIO

JlocmimKeHHsI IPUCBIYCHO TEXHOJIOTIYHOMY MPOEKTYBAHHIO CIIOCOOIB HaBMBAaHHS IIMPOKOCMYTOBHX
TBUHTOBHX cIlipaiieli 0OepTOBOIO BTYNIKOIO. Y cTarTi OOIpYHTOBAaHO CXEMH JIBOX THINB BUTOTOBJICHHS
IIMPOKOCMYTOBHX BHHTOBHX CITipajell 00epTOBOIO BTYNKOIO. 30KkpeMa 0e3 KajaiOpyBaHHsS Ha eTari HaBUBaHHS
Ta 3 omepamni€ro KamiOpyBaHHS IIpY HaBMBaHHI. BHcoTa OTpHMaHMX IIMPOKOCMYIOBHX I'BHHTOBHX CITipajieid B
3HAYHIN Mipi 3aJIeXKHUTh BiJ] MONepeHBOI I ArOTOBKM cMyrd. BoHa nepenbayae BUKOHAHHS JOAATKOBHX OTIEparii
riepe]] HaBUBAaHHIM, TaKUX SK BUPYOyBaHHS a00 BHpi3aHHS TPUKYTHHX YW TpamleleilalbHUX CErMEHTIB Ha
cMyroBii 3aroroBmi. Tomy, mpu 3a0e3neueHHi TakuMX BapiaHTIB cHoco0y OTPUMAaHHS MIMPOKOCMYTOBHX
TBUHTOBHX CIHipaJielf, IXHs BHCOTa BiJIIOBITHO 3pOCTATHME Yy ITOPIBHSAHHI 13 KJIAaCHYHUMH aHajoramu. st 00ox
TUITIB OOIPYHTOBAHMX CIMOCOOIB HAaBMBAaHHS IIMPOKOCMYI'OBMX TIBHHTOBHX CHipasieli 00EpTOBOIO BTYIIKOIO
BH3HAYCHO 1 Mpe/CTaBiIeHO 0a30Bi KOHCTPYKTUBHO-TEXHOJIOTIYHI apaMeTpH IPOLECy iX BUrOTOBJIEHHs. Takox
B poOOTi 3HA4YHa yBara NpHUIUIEHA aHali3y KOHCTPYKIIMHMX MaTepiajiB Ta IHCTpyMEHTapilo, sKi
BHUKOPHUCTOBYIOTHCS IPH BUTOTOBJICHHI IIMPOKOCMYTOBUX I'BUHTOBUX CITipajei.

TEXHOJIOTiYHe POEKTYBAHHS, CIIOCi0, TBUHTOBA CIPaJib, LIHPOKOCMYI0Bi, 00epTOBA BTYJIKA, HABUBAHHSI, OIlePALlist

IloctanoBka mpoOiaemu. TexHOJOTiYHE MPOEKTYBAaHHS OKPEMHUX CHOCOOIB
HAaBUBAHHS I[IUPOKOCMYIOBUX TBHHTOBHX CITIpaJIell XapaKTePU3YeThCS IUTUM  PSAIOM
KOHCTPYKTOPCHKUX, TEXHOJOTIYHUX 1 BUPOOHHYMX MpoOJeM, sIKi BUMAararoTb CHCTEMHOTO
OCMHUCIIEHHSI Ta €()eKTUBHOIO BHPIIIEHHS y KOXXKHOMY OKpeMOMYy BHManky. Jlo pilieHs,
OB ’SI3aHUX 13 BUPIIIEHHSAM MPOOJIEM B MPOLECi BUTOTOBICHHS IIUPOKOCMYTOBUX TBUHTOBUX
cripasiedf, BIJHOCSATh MOUIYK MOXJIMBUX pIlIeHb 3HIDKEHHS EHEProBUTPAT, CKOPOYECHHS
KUIBKOCTI oOmeparmiidi 1 3MEHIIeHHs iX TPHBAJIOCTi, IOLIYK OPUTIHAIBHUX CIOCOOIB iX
BUTOTOBJICHHS Ta NPOPaXxyHOK 1 BigOip HalpalliOHAJbHIIMX, MIHIMI3aIlisl BHUTpaT Ha
OCHACTKy, e(peKkTuBHUI BUOIp MarepianiB B 3aJIeKHOCTI BiJl BHCYHYTHX KOHCTPYKTHBHHX
BUMOI Ta YMOB ekKcruryatamii. Takok BakiIuBUM (AaKTOPOM TPH  BHUTOTOBJICHHI
ITUPOKOCMYTOBUX T'BHHTOBHX CIIipajeil, 0COONMBO B OJMHUYHOMY Ta JpiOHOCEpiitHOMY
BUPOOHMIITBI, € 3a0e3nedyeHHss HEOOXiTHOI TOYHOCTI MapaMeTpiB IiX T€OMETPHUYHUX
MOBEPXOHb, MM03asfK LI TOBEPXHI MAlOTh JOCHTH CKJIaIHY MPOCTOPOBY dopmy, a 1e
BUKOPUCTAHHS CIEIiali30BaHOT0 BUCOKOTOYHOTO OCHAIEHHS Ta IHCTPYMEHTY. Ile OJTHIEIO
BAXJIMBOIO MPOOJIEMOIO MpPH BUTOTOBJIEHHI IIHPOKOCMYTOBHUX T'BHHTOBHX CIIipalieil €
3a0€3MeUeHHsT 11X BIAMOBIAHUX MEXaHIYHUX BJIACTUBOCTEH, TaKHX SK 3HOCOCTIHKICTD,
MIIHICTh, BTOMHAa BUTPUBANICTh. Lle IHKOIM BHMarae BHUKOPHCTAHHS B TEXHOJOTTYHOMY
mporeci J0JaTKOBUX TEXHOJIOTIYHUX ONepallii, TakuX SK [OBEpXHEBE 3MIIIHEHHS
30BHIIIHBOTO KOHTYpY CIlipasli, TepMiuyHa oOpoOka cmipami Ttomo. Bingrak, onepxaHHS
IIUPOKOCMYTOBUX TBHUHTOBUX  CIipajiell moTpedye TEXHOJIOTTYHOTO  MPOEKTYBAHHS
e(eKTUBHHUX CIOCO0IB iX BUTOTOBJICHHS, K1 MOXYTh 3a0€3ME€UNTH OTPUMAHHS IUX CHipayiel
3 MOTPIOHMMH XapaKTEePUCTUKAMHU 32 MIHIMAJIbHUX YaCOBHX, CHEPreTHYHHX Ta IHIIUX BUTPAT.

O 1. b. I'eBko, P. M. Poratuncobkuii, O. JI. JIamyk, M. 1. [Inauneus, I. I'. Tkauyenxo, P. B. Komap, 2025
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AHa3 ocTaHHIX AociaifkeHb i myoOuaikaniii. TexHOIOTIYHOMY MPOEKTYBAHHIO Ta
JOCITI/DKEHHIO PI3HOMAHITHUX CHOCOOIB  BHUTOTOBICHHS PI3HONMPOQUIBHUX TI'BUHTOBUX
cripasieil mpuUCBAYeHI 37100yTKM 3HAYHOI KUIBKOCTI BITYM3HSHUX Ta 3aKOPJOHHUX YYEHUX.
3HaYHMI BKJAJ Y TE€XHOJIOTIYHE MPOEKTYBAHHS Ta PO3POOJCHHS 1 BUBUEHHS PI3HOTHIIOBUX
TEXHOJIOTI oTpuMaHHs ImHEKiB 3poounu b.M. T'esko [1, 2], M.I. [umuneus [3, 4],
B.B. BacunbkiB [3-6], A.€. [dsuayn [7-14] ta Gararo iHmux gocmigaukiB [15-21]. ¥V ixHix
Ipansx BHUKJIAICHO OpHUriHANBHI MiAXOAM 3 OJEpXKaHHA TBUHTOBUX CHipajeid pi3HOTro
npo¢imo. [IpoBeneHO MOCHIDKEHHS PI3HUX CIOCOOIB HAaBMBAHHA 1 MPOKAaTyBaHHA,
IITAMITyBaHHSl Ta TPECYBaHHs, BUPI3aHHSA 1 CKJIaJaHHS OKPEMHUX €JIEMEHTIB y TBHMHTOBI
noBepxHi Tomo. YinpbHa yBara HHMMH Oyla CKOHILIEHTpPOBaHAa Ha KOHCTPYIOBaHHI Ta
3a0e3MeueHHi  TEXHOJIOTTYHOCTI ~ KOHCTPYKII  CIeIiajdi30BaHOIO  TEXHOJOTIYHOTO
IHCTpyMeHTapito. 3HayHa KUTbKICTh OCTaHHIX JOCHIPKEHb, SKa TOB’s3aHa i3 OTPUMaHHIM
IBUHTOBUX 3arOTOBOK, IIPUCBSYEHA TEXHOJOTIYHOMY IMPOEKTYBAHHIO PI3HONPOQITEHUX
BUHTOBHUX cripaneii [1, 2, 6-17, 19-21].

IlocTanoBka 3aBAaHHs. MeToro poOOTH € TEXHOJOTIYHE MPOEKTYBAHHS CIOCOOIB
HaBUBAHHS IIMPOKOCMYTOBUX TBUHTOBHUX CIIipasield 00€pTOBOIO BTYJIKOIO.

Bukaan ocHoBHoro matepiany. [1InpokocMyroBi rBUHTOBI CITipalli 3aCTOCOBYIOTHCS
B 0araThOX rajy3six MPOMHUCIOBOCTI MEPeAyCiM 3aBISIKHM CBOIM OCHOBHUM (DYHKI[IOHATHbHUM
BJIACTUBOCTSAM: BHCOKIM HPOAYKTHBHOCTI, 37aTHOCTI TPAaHCHOPTYBaTH abo0 MepeMillyBaTu
MaTepianu, CTIHKOCTi 10 3HouryBaHHS. OCHOBHI cdepu BHKOPHUCTAHHS MEXaH3MIB 13
IIMPOKOCMYTOBUMHU TBUHTOBUMH CIIPAJISIMU:

- XapyoBa MPOMHCIOBICTb, a camMe TPAHCIOPTYBAHHSI CHUIyYUX HPOIYKTIB,
MepeMillyBaHHs KOMIIOHEHTIB Ta iX BUPOOHHITBO (cyXi cymimni, moOaBku). Jlns Takmx
IpOIeCiB BXKJIMBUM € Te, IO IIUPOKUA BHUTOK 3abe3reuye M’sike MepeMilleHHs 1 Oumbury
MPOMYCKHY 3aTHICTh MEXaHI3MIB;

- OyniBenbHa Traiy3b — L€ ToJaya [eMeHTy, MICKy, e0eHo, Tirncy y 3minryBadi abo
0eTOHHI MiKCepH, BUKOPUCTAHHS y ITHEKOBUX Jo3aropax. Lllupoke 3acTtocyBaHHS 3yMOBJICHE
3JIATHICTIO CITipajieli BUTPUMYBATH BeJUKi a0pa3uBHI HaBaHTaKEHHS;

- arpapHuil CEeKTOp 3acTOCOBYE IIMPOKOCMYIOBI TBHHTOBI  cImipami  JUIs
TPAHCIOPTYBAHHS 3€pHA, KOMOIKOPMY, HAacCiHHA. A TaKOX A BUKOPHCTAHHS y IIHEKOBHUX
eleBaTopax, 3aBaHTaxyBauax, OyHKepax. OCHOBHOIO eKCIUTyaTallifHOIO (YHKIl€I0 €
pIBHOMIpHA I0Jlaua CUITyYHX MaTepialliB Ha 3HAYHI BI/ICTaHi;

- XiMiyHa Ta (apManeBTUYHa MIPOMHCIOBOCTI BUKOPUCTOBYIOTh TaKi CIipasi 3aBAsSKH
MOXKJIMBOCTI 1X BHUTOTOBJICHHS 3 HEP)KaBilouoi CTami, siKa HE BCTyMa€ B PEAKIo 3
arpeCUBHUMH PEYOBMHAMH, BIINOBIIHO JJS TPAaHCHOPTYBaHHS IOPOIIKIB, TPaHYIATIB,
XIMIYHMX KOMIIOHEHTIB, BUKOPUCTaHHSA Y 3MillyBayaxX Ta peakTopax Ui MepeMillyBaHHS
peareHris;

- MamuHOOYAYBaHHS Ta €HepreTuka ImnependavyaroTh 3acTOCYBaHHS TI'BHHTOBHX
cripasiell y cucreMax BUIAJICHHS 1 TPAHCIIOPTYBAHHS CTPYXKKH, ILEIH, IJIACTUKOBUX TPaHyIl
TOIIO. A TaKOX I1€ YaCTHHA XUBWJIBHUKIB, 3aBaHTAKYBAJIBHUX IMPUCTPOIB, 103aTOPIB, CUCTEM
OXOJIO/DKEHHS a00 HarpiBaHHsS MaTepiay IiJ 4ac TPaHCIIOPTYBaHHS.

Knacuyni cmocoOM  HaBMBaHHS  TBHHTOBHMX  cCHipaiedl  mependadaroTh — iX
(OpMOYTBOpPEHHSI HABHBAaHHSIM CMYI'M Ha pI3HI BHUIM OMNpPaB MUIAXOM 1i MIATHCKAHHS
dbopmoyTBOpIOIOYNME posiukamu [3-6, 14]. TlpoTe IS BHUTOTOBJICHHS IIHPOKOCMYTOBHX
I'BUHTOBUX cITipaneil Outbll e(eKTUBHUMHU € CIIOCOOU iX OTpUMaHHS 3 JOMOMOT00 00epTOBOT
BTYnku [9, 17, 22-26]. 1i cmocobu nependadaroTh TPOBEASHHS Mpoiiecy GOPMOYTBOPEHHS 13
OOTHCKOM 3aroTOBKH IO 30BHIIIHBOMY KOHTYpPY i3 3aTHCKOM OOKOBHX MOBEpXOHb. [lpu
[[bOMY BHYTPIIIHS TIOBEPXHS TBUHTOBO1 3aTOTOBKH, SIK MPABUIIO, € HE 3aJy4€HOIO JI0 TPOIeCy
(OpMOYTBOpEHHS 1 HE KOHTAKTY€E 3 OMPaBKOIO, (HOPMOYTBOPIOIOYHMX POJHUKIB YU 00€pTOBOL
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BTy’KU. lle no3Bossie 3a0esmevyBaTH 3HAYHY BUCOTY HABHUBHOI CTPIYKM 1 OTPUMAaHHA
IIMPOKOCMYTOBUX TBHHTOBHX cripaieid. Taki cmocoOu peani3yloTbesi i3 BHKOPHCTAHHIM
00epToBOi BTYNKH 1 € ABOX BHIIB: 0e3 KamiOpyBaHHS Ha eTami HaBuUBaHHS [22-24] i 3
KaxiOpyBaHHS Ha eTari HaBUBaHH [25, 26]. Po3risiHeMo iX AeTaybHilIe.

Cxemu peanmizanii crnoco0y HaBMBaHHS IIMPOKOCMYTOBHUX TBMHTOBMX CHipayiel i3
BUKOPHUCTAaHHAM 00epTOBOI BTYJIKM 0e3 KaliOpyBaHHs IPY HAaBUBaHHI PEJICTABIICHO Ha pucC. 1.

1 3 3 4 5 12 3 4 5 12 3 4 s
6 6
7 8910 7 8910
—h | |
1312 11 1312 11 13 12 11
a) 0) B)

Pucynok 1 — CxemMu BUTOTOBJICHHS ITUPOKOCMYI'OBUX TBUHTOBUX CHipajield 00epTOBOIO BTYIIKOIO
0e3 kaniOpyBaHHS Ha eTarli HABUBAHHS:
a —mar. Ykpainu Ne 127385; 6 — nar. Ykpainu Ne 127577; B — mar. Ykpainu Ne 127985;
1 — maTpoH TOKApHOTO BEPCTaTa; 2 — ONpaBKa; 3 — JTiBa Koca BTYNKa; 4 — 00epToBa BTYy/Ka; 5 — mas;
6 — mpaBa Koca BTyNKa; 7 — maiiba; 8§ — npyxunna; 9 — ynopsa maiiba; 10 — raiika;
11 — cynopT TokapHOro Bepcrara; 12 — HanpsiMHuI ponuk; 13 — cmyra
Licepeno: pospobaeno asmopamu

Peanizaniss  crmoco0y HaBHBaHHA IIMPOKOCMYIOBMX T'BHMHTOBHMX —CIHipalied i3
BUKOPUCTaHHAM 00epTOBOi1 BTYJAKM Oe3 KayniOpyBaHHsS Ha eTami HaBMBaHHA (puc. 1) moxe
NPOBOJUTHCH 0€3 TMomepenHboi MiAroToBkH cMyrd (puc. l.a) Ta 3 il mHONepeaHbOIO
migrotToBkoro (puc. 1.6 1 puc. 1.6), mo nepeadadac BUKOHAHHS JOAATKOBHUX OTepallii mepes
HAaBUBAaHHAM, TaKUX SK BUpPYOyBaHHS a0o0 BHpi3aHHA TpUKYTHHX (puc. 1.6) um
TpaneneinaibHuXx (puc. 1.6) CerMeHTiB Ha cMyroBii 3arotoBii 13. BiamoBigHO mpH
3a0e3MeueHH] TaKUX BapiaHTIB CrOCOOY OTPUMAaHHS IIMPOKOCMYIOBHX I'BHHTOBHX CHipanen
iXHs BUCOTA 3HAYHO 3pOCTAaTHUME Y MOPIBHAHHI 13 KIIACHYHUMH aHaJoraMu. Bigrak mopiBHAHO
HallMEHIy BUCOTY MIMPOKOCMYIOBOi TBUHTOBOI CIIpaji MOXHa OTPUMATH pPEali30BYIOUU
CXEMY BHIOTOBJIEHHS IIHPOKOCMYTOBHX T'BHHTOBHX CHipaneld 00epTOBOIO BTYIKOIO 0e3
KaiOpyBaHHS Ha eTami HaBUBaHHS 300pakeHy Ha puc. l.q, a HaiOiTpIIy, MpHU peamizamii
cxeMH 300paxxeHoi Ha puc. 1.8.

Cnoci6 mepenbauae BUKOPUCTaHHS MPHUCTPOIO IS HABUBAHHS IIUPOKOCMYTOBHX
I'BUHTOBHUX CIipajieil 00epToBOIO BTYNIKOIO. IIpuCTpiii MICTHTH ompaBKy 2, Ha sKiid 3 JiBOi
cTopoHHu (puc. 1) po3ramioBaHa JiBa Koca BTYJIKa 3, a 3 MpaBoi — IpaBa Koca BTyilKa O.
[Tpuyomy mpaBa koca BTyJIKa 6 Mae 0OMeKEeHY MOKIIMBICTIO OCBOBOTO 3MIIIEHHS 110 OTPAaBIIi
2 B mpolieci HaBUBaHHsS, TOMY, IO il mpaBa TOpLEBa MOBEPXHS INAaiiOM 7 KOHTAKTye 3
NPYKHUHOIO 8, BEIMYMHA 3aTUCKY 1 3MIIIEHHS SKOi Yepe3 YIopHy Iaidy 9 perymoerses i
oOMexyeThest Taiikamu 10. A Ha miBiif TOpLeBiii MOBepXHi KOCOi BTYJAKM 6 BUKOHAHO Ia3 5
st kpiruteHHs [-nonioHoro kinig cmyru 13. JliBa koca BTynka 3 3 J1iBOi CTOPOHM BHKOHAHA
MEHILIOTO JiaMeTpy, Mo SIKOMY 3HIHCHIOEThCA 1i 3aTHCK B MaTpoHi 1 TOKapHOTro Bepcraty. 3
JiBOi CTOPOHM OIpaBKa 2 3akpiljieHa y MHEMOLMIIHAPI (Ha PUCYHKY He MOKazaHui) 1 Mae
3MATHICTh J0 KOJIOBOTO TIPOBEPTAaHHS Ta OCHOBOIO 3MIIIEHHS ICHS BKIIOYEHHS
MTHEBMOLIMJTIHpA TicCis 3aBEpLISHHs IMpolecy HaBUBaHHA. KpiM TOro, mpucTpiii MICTHTH
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00epToBY BTYJKY 4, sika 3aKpilieHa y CymopTi TokapHoro Bepcrary 11. ¥V Hiil dacTKkoBO
MIPaBOIO0 CTOPOHOIO PO3TAIIOBaHA JIiBa KOCAa BTYJKa 3 1 MOBHICTIO pO3TallloBaHa IpaBa Koca
BTyJKa 6. Y HIDKHIM yacTHHI 00€pTOBOI BTYAKM 4 PO3TAIIOBAHO 3 MOXKIHUBICTIO KOJOBOTO
oOepTaHHs HaIPSIMHUHN ponuK 12.

Crnoci6 HaBUBaHHA LIMPOKOCMYIOBHX TBHHTOBHX CcIipajieii 00epTOBOIO BTYIKOIO
pearni3yeThCcsi HACTYITHUM YMHOM. [lepen movaTkoM Ipoliecy HaBUBaHHS JIIBY KOCY BTYJKY 3
3aKpIMUIAIOTh NMAaTpOHI | TOKAapHOTro BepcTaTy, OMpaBKy 2 3 JIIBOi CTOPOHHU 3aKPIIUISIOTH Y
MTHEBMOLIMIIIH/IPI, @ 00epTOBY BTYNKY 4 B cynopTi TokapHoro Bepcrary 11. Jlami cmyry 13
BBOJSATH MIX JIIBOIO 3 Ta MpaBOIO 6 KOCUMH BTYJIKaMH 1 1i [-moaiOHMii KiHeub 3aKpilyIsioTh y
na3y 5, 110 BUKOHAHUWI Ha JiBi TOPIEBi MOBEpXHI KOCOI BTYJIKH 6, a TakoX cMyry 13 mo
30BHIIIHIN TOPIEBii MOBEPXHI PO3MIIIAIOTE Y HAPSIMHOMY POJIUKY 12, SSKUil pO3TaIIOBaHO 3
MOJKJIMBICTIO KOJIOBOTO OOEpTaHHS y HWXKHIM 4acTUHI 00epTOBOI BTYJKH 4 1 3aKpilIeHO B
CynopTi TokapHoro Bepcrara 11.

[Ticnst 3aBepIIeHHs KPINWIBHUX Ta YCTAHOBYMX ONeEpalii BMHUKAIOTh MPUBIL
TOKapHOTO BEpPCTaTy, IO MPHU3BOJUTH JO KOJOBOTO OOEpTaHHS OINpaBKH 2 3 JiBOIO 3 Ta
npaBoio 6 kocuMmu BTynkamu. Lle, y cBoro yepry, 3a0e3mneuye peanizallito Mpouecy HaBUBaHHS
IIMPOKOCMYTOBOT TBUHTOBOI cmipani 31 cmyru 13 oGeproBoio Brynkoio 4. Ilig vac mporo
mpolrecy mpaBa Koca BTYyJIKa 6 TIOCTIMHO BIATHCKAETbCS 3HOBY HAaBUTHMMH BHUTKAMHU B
OCBbOBOMY HANpsSMKY BIPABO, 10 MPU3BOAUTH 10 CTUCHEHHS MPYKUHHU 8.

ITo 3aBepiIeHHIO HABMBAHHS YCHOTO Bifpizka cMyru 13 y MIMPOKOCMYTrOBY TBHHTOBY
cripajib TpOIEC HABUBAHHS 3aKiHUYETHCS 1 MPOBOJATH BUMHUKAHHS MHPUBOAY TOKAPHOTO
BepcraTy. Jlanmi BMMKAlOTh MHEBMOLUWIIHAP (HAa PHUCYHKY HE MOKa3aHHWM) 1 MPOXOIHUTH
3MIIIEHHs ONpPaBKH 2 B OChOBOMY HampsMKy BmpaBo. Ilpum 1mpoMy iniBa kKoca BTynka 3
3aJIMIIAETHCS 3aKpimieHa B maTtpoHi 1 TokapHoro Bepcrara. Lle, y cBoro uepry, mpu3BOIHUTH
70 TOoCNabJIeHHS MPY)KUHU § 1 MOKIIMBOCTI BIArBUHUYBaHHs raifok 10 Ta 3HATTS 3 onpaBku 2
yrnopHoOi 1raitbu 9, npyxuHu 8, maiidu 7, mpaBoi Kocoi BTYAKM 6 Ta HaBHTOI 31 cMyru 13
IIMPOKOCMYTOBOT TBUHTOBOT CITIpati.

[Ticnst 3aBepiieHHs orepallii HaBUBAaHHS BiIOMHM CIHOCOOOM BHKOHYIOTH OTIEpallito
KaiOpyBaHHS IIMPOKOCMYTOBOi TBUHTOBOI CITipalli Ha MOTPIOHUN KPOK.

ba3oBi  KOHCTPYKTMBHO-TEXHOJIOTIYHI  THapaMeTpd  po3poOJIIEHOro  CrocoOly
BUTOTOBJICHHSI ~IIMPOKOCMYIOBHX TIBHHTOBUX cCHipaieid 00epTOBOIO BTYJIKOIO  0e3
KaiOpyBaHHS Ha eTari HaBUBaHHA [22-24] npeacTtaBiieHo B Tabnmi 1.

Tabmuit 1 — ba3oBi KOHCTPYKTUBHO-TEXHOJIOTTUHI MapaMeTpy MPOLECy BUTOTOBJICHHS
IIMPOKOCMYT'OBHX IBUHTOBHX CITipasiei 00epTOBOIO BTYIIKOIO O€3 KayliOpyBaHHS Ha eTani HaBUBaHHS

Ne |Yactora oGepranns, | Bucora cmipaii, 30BHIIIHIH ToBmuHa [1noma BuyyeHs
OIPaBKH, 00/XB. MM JiaMeTp cmipali, | 3aroToBKH, MM | 3i cmipadi, %
MM

1 10...30 30...80 100...500 0,8...2,5 0

2 10...25 40...100 120...500 0,8...2,5 0210

3 7,5...20 50...120 150...500 0,8...3,0 10220

4 6...20 60...150 180...500 1...3,0 20230

S 5...20 70...200 200...500 1...3,0 30240

Lorcepeno: pospobaeno asmopamu

TumnoBi cxemu peanizaiii cnoco0y HaBUBaHHS 13 BUKOPUCTAHHSAM 00€pTOBOi BTYJIKHU 3
OJTHOYACHUM KaJliOpyBaHHSAM Ha €Tarli HABUBAHHS MPEJICTABIEHO HA PUC. 2.
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Crnoci6 HaBMBaHHS IMIMPOKOCMYTOBHUX TBHHTOBHX CIipaneil 00epTOBOIO BTYIKOIO 3
OJIHOYACHUM KaJliOpyBaHHSM Ha eTarli HaBUBaHHs nepeadadyae BUKOPUCTAHHS MPUCTPOIO IS
HaBUBAHHS IIMPOKOCMYTOBHUX T'BHHTOBHUX CIipajieii 00epTOBOIO BTYJIKOI 3 OJHOYACHHM
KaiOpyBaHHSAM Ha eTari HaBuBaHHs (puc. 2). [IpucTpiit BkItodae onpaBky 1, Ha 30BHIMIHIN
MOBEPXHI AKOI JKOPCTKO 3aKpiMJIEHO KamiOpyBajibHy TBHHTOBY CHIipajib 2, 1 SIKy YOPCTKO
3aKpIMICHO 3 MOKJIMBICTIO OOEpTaHHs B IPUBITHOMY LIEHTP1 Ta 00epTOBIil omopi (Ha cxemi He
noka3aHo). B mpasiii yactuHi onpaBku 1 y KpailHbOMYy MpaBOMY MOJIOKE€HHI Ha TOPIEBiH
MOBEPXHI KaJiOpyBaJlbHOT TBUHTOBOI CIipaii 2 BUKOHAHO MEXaHI3M KpilieHHS 3 cMyru 7
(3aroToBKM). Y HampaBISAIOYMX S5, SKI PO3MIIIEHO MapaleibHO JI0 ONPaBKU 1, 3 MOMKIMBICTIO
MPUMYCOBOTO 3BOPOTHO-TIOCTYNAIBHOTO PyXy BCTAaHOBIIEHO IepecyBHY BTYIKY 4. [lepecyBHa
BTYJIKa 4 y JIBi 4YacTHHI OCHAII[EHA YCTAHOBYMM I1a30M 6 JUIS PO3MIIIEHHS Ta HAIPaBICHHS
CMYTH 7, HaJ SIKUM 3aKpIIJICHO HampaBisgiounii ponuk 8. Takoxk, y BHYTPIIIHBOMY IPOCTOPI
NEPeCyBHOT BTYJIKM 4 B MiIUITHUKOBIN 0mopi 9 ®OPCTKO BCTaHOBIIEHO 00epTOBY BTYIKa 10.

a) 0)

Pucynox 2 — CxeMH BUTOTOBJIEHHSI IIMPOKOCMYTOBUX TBUHTOBHUX CITipajied 00epTOBOIO BTYJIKOIO
3 OTHOYaCHUM KaJIiOpyBaHHSM Ha €Tarli HABUBAHHS:
a —nat. Ykpainu Ne 104783; 6 — mar. Ykpainu Ne 127375; 1 — onpaBka;
2 — xaniOpyBajbHA TBUHTOBA CIIipajb; 3 — MEXaHi3M KpIIUICHHS cMYTH; 4 — epecyBHa BTYJIKa;
5 — HampaBJIsIIoyi; 6 — YCTaHOBUMH 1a3; 7 — cMyra; 8 — HaIpaBJIIIOUNil POJIMK; 9 — MiIIIUITHUKOBA OTOpPa;
10 — obeproBa BTynka; 11 — mmpokocMyroBa TBUHTOBA CITipajb
Howcepeno: pospobrerno asmopamu

Crnoci6 HaBMBaHHS IMIMPOKOCMYTOBHUX TBHHTOBHX CIipaneil 00epTOBOIO BTYIKOIO 3
OJTHOYACHUM KaJliOpyBaHHSM Ha €Talli HABUBAHHS PEAIi3yeTbCs HACTYNHUM udumHOM. llepen
MIPOBEICHHSM MPOLIeCy HABUBAHHA MEPECyBHA BTYJKA 4 10 HANPABIIAIOYMX 5 BIABOIUTHCA Y
KpaifHe MpaBe MOJIOKEHHS, a CMYry 7 3aKkpilUIIFOTh B MEXaHi3Mi KpilieHHs 3 Ha TOpLEBid
MOBEPXHI KalliOpyBaabHOI TBUHTOBOI cripani 2 onpaBku 1. Ha HacTynmHOMy eTari mepecyBHY
BTYJIKY 4 mepeMilaioTh y JiBUH OIK 70 BBEJEHHA CMYyrd 7 B YCTaHOBYMHA ma3 6 3
HAIPaBJIIIOYUM POJIMKOM §.

[Ticnst 3aBepiIeHHS KPIMWIBHUX Ta YCTAHOBYHMX OIEpaliii BMHUKAIOTh NPUBIIHUI
HEHTp (HANpUKIal, MaTPOH TOKApHOTO BepCTary), 1o 3abe3rneuye oOepTaHHs onpaBku 1 3
KaxiOpyBaJbHOIO TBUHTOBOIO CHIpaUli0 2, Ta mpoilec (OPMOYTBOPEHHS MIMPOKOCMYTOBOI
I'BUHTOBOI CITipasi i3 3aKpiluieHo1 Ha Hii cMyr# 7, MUIsIXoM i 3arMHaHHSA 00epTOBOIO BTYIIKOIO
10 i3 mnpuTHCKaHHAM [0 KaniOpyBajabHOi T'BHHTOBOi cmipani 2. Ilpm 1mpoMy Kpok
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(opMOYTBOPEHOT HIMPOKOCMYTOBOi TBHHTOBOI cripaii 11 BiamoBinae Kpoky KamiOpyBajgbHOI
I'BHHTOBOI CIIipaji 2, a mepecyBHa BTYNKa 4 3/11HCHIOE TPUMYCOBUI 3BOPOTHO-TIOCTYIIATIbHHHA
PYX i Ai€0 MPUKIaJeHUX J0 Hel CHII (HapUKIIaA, pyXOM CYHOPTY TOKapHOTO BEpcTaTy) B
BJIIBO i3 MIBHJIKICTIO, sIKa BIIMOBia€ KPOKY KaniOpyBaibHOI TBUHTOBOI criiparti 2.

[To 3aBepiIeHHIO HABUBaHHSA YChOTO BiJIpi3Ka CMYru 7 y IIHPOKOCMYTOBY T'BHHTOBY
cmipane 11 mporec HaBUBaHHS 3aKIHUYETHCS 1 TMPOBOJATH 3YMUHKY OOEPTOBOTO PYXY
MPUBIIHOTO EHTPY Ta 3BOPOTHO-MOCTYNAILHOTO PYXY nepecyBHOi BTyaku 4. Jlani onpaBky 1
3HIMAIOTh 3 MPHUBIJHOTO LIEHTPa Ta 0OEPTOBOI OMOpPH, HABUTY LIMPOKOCMYIOBY I'BUHTOBY
cripalib BIAKPIIUISIOTh 3 MEXaHI3MY KpPIIJIeHHS 3 1 IPOBOJATH ii 3rBUHYYBAHHS 3 ONPABKHU 1.

ba3oBi  KOHCTPYKTMBHO-TEXHOJIOTIYHI  THapaMeTpd  po3poOJIIEHOro  CrocoOly
BUTOTOBJICHHS IIMPOKOCMYTOBUX TBUHTOBHX CHipanell 00epTOBOIO BTYJIKOIO 3 OJHOYACHHM
KaxiOpyBaHHSAM Ha eTari HaBUBaHH [25, 26] npencraBieHo B Ta0IuUII 2.

Tabmui 2 — ba3oBi KOHCTPYKTUBHO-TEXHOJIOTTUHI MapaMeTpy MPOLECy BUTOTOBJICHHS
IIMPOKOCMYTOBUX I'BUHTOBUX CIIipajiell 00epTOBOIO BTYIIKOIO 3 OJIHOYACHUM KaliOpyBaHHAM
Ha eTani HaBUBaHHS

Ne Yacrora Bucora 3oBHimHIK | ToBmmua [Kpok cmipami,| [loB3moBxHs
obepTaHH4, cmipali, MM | JiaMeTp 3aroTOBKH, MM rnojia4ya rnepecyBHOL
OIPaBKH, 00/XB. cmipalti, MM MM BTYJIKH, MM/00.
1 10...30 30...80 100...500 0,8...2,5 80...550 80...550
2 10...25 40...100 120...500 0,8...2,5 100...550 100...550
3 7,5...20 50...120 150...500 0,8...3,0 120...550 120...550
4 6...20 60...150 180...500 1...3,0 150...550 150...550
S 5...20 70...200 200...500 1...3,0 180...550 180...550

Lrcepeno: pospobaeno asmopamu

HaBuBaHHS MHUPOKOCMYTOBUX IIHEKIB — 1€ CKIQJIHUNA TEXHOJOTIYHHHA TPOIEC, SKUN
BKIIIOUa€e (DOpPMyBaHHS CIipalii 3 IIOCKOI METalleBOi CMYrd 3 METOK OTPUMAaHHS T'BUHTOBOI
3arOTOBKM 3 3aJlaHMMU T€OMETPUYHUMHM Tapamerpamu. [loyatkoBuUM eramoMm € migdip Ta
Hapi3aHHS MeTalieBO1 CMyru (3a3BHuail 13 XOJIOJHOKATAHOTO MPOKATY) BIAMOBIAHOT TOBIIUHU
(mampuxuazg, 1,54 mm) i mupuaun. CMyTd MOXKYTh 110/IaBaTUCS 3 PYJIOHY a0o OyTH MIipHOTO
Bipizy. ONTUMaibHUM BapiaHTOM € BHKOPUCTAHHS XOJIOJAHOKATAaHOTO METAJIONpPOKaTy Yy
dopmi cmyr BignosimHo go Bumor JICTY EN 10139:2019. V nHamiéi npakTuii JOMITEHO
BUKOPUCTOBYBATH 3HAYCHHS TOBIIMH 1,5; 2,5; 3,5 Ta 4 mMm. [l{o0 mupuHH, cTaHAapT 3TiTHO 3
JCTY EN 10139:2019 nependauae Tunoposmipu 250, 400, 500 ta 600 Mmm. SIKimio BUHUKAE
norpeda y BUKOPHUCTaHHI CMYI HETUIIOBHX pPO3MIpiB, BapTO 3BEPHYTH yBary Ha JIMCTOBHM
IPOKAT, SIKMA MOXHA PO3KPOITM J0 HEOOXiHOT HIMPUHU 3a JOMOMOTOI0 INTaMIIIB,
TUTBHOTUHHUX HOXHIH a00 MPOKATHOTO 0ONajHaHHSA. PexomMeHIOBaHI 3HAYeHHS TOBIIUHU
JIMCTIB i3 CTAaHIAPTHOTO aCOPTUMEHTY BKIIIOYaI0Th: BiA 1,2 10 1,5 MM 13 mOCTITOBHUM 3011b-
meHHsM kpoky 0,1 mm; Bin 1,6 1o 3,3 mm 3 kpokom 0,2 mm; Bin 3,8 10 4,0 3 kpokom 0,1 mMm.

Jns 3MeHmeHHs AedopMaliitHuX 3ycuiib, miJg 4yac (OpMyBaHHS IIHPOKOCMYTOBHUX
cripaJiei, 3aCTOCOBYIOTh BiIIOBiIHI MacTHJIbHI MaTepialii — IHAYCTpiaibHiI a00 CHIIIKOHOBI.
BukopucTaHHs MacTHJI TakoXX JO3BOJIE€ 3aMOOIrTH SIBUIAM CXOIUIIOBAHHS, YTBOPEHHIO
3aIMPOK, 3a11aHHIO Ta HAJIUIAHHIO METANY I1iJ] 4ac MpOIEeciB MIACTUYHOTO AeopMyBaHHS. Ix
3aCTOCYBAaHHSI perylaMeHTyeThesl mosioskeHHsAMH ctangapTie JICTY 4310:2004 (ISO 6743-
7:86). Imgyctpianbni mactuina Mapok U-20... U-50 € eKOHOMIYHO BUTIAHHUM BapiaHTOM,
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OJIHAK CHHTETHYHI CHJIIKOHOBI MAacTWja 3 HHU3BKOIO B'I3KICTIO JEMOHCTPYIOTH BHIILY
MPOHHUKAIOYY 3/1aTHICTb. BOHM MalOTh TapHy INIMHHICTB 1 PIBHOMIPHO MOKPHBAIOTH IMOBEPXHIO
Mmetany. Taki Marepiasim g00pe BUTPUMYIOTh 3HAYHI MEXaHIYHI HABAHTAXEHHS Ta
3aJIMIIAIOTHCS CTA0UIBHUMU MIPU i1 IK BUCOKHUX, TaK 1 HU3bKUX TemnepaTyp. Kpim Toro, BoHI
BiJ[3HAYAIOTHCSI BUCOKOIO BOJIOCTIHKICTIO 1 MPAKTUYHO HE 3MUBAIOTHCS OUTBIIICTIO 3BUYAHUX
po3unHHHKIB. Cepen pekoMeHaoBaHux Mapok — [IMC-20, [IMC-50.

BpaxoByroun pi3HOMaHITTSI po3MipiB, TO JOLULUIBHUM OOJNAJHAHHAM 1151 (POPMYBaHHS
BUXITHUX 3aroTOBOK Mpu (OpPMYBaHHI IIMPOKOCMYIOBHX CIipajieil, a came CMyr 3
HEOOXIJTHUMU KOHCTPYKTUBHUMH ITapaMeTPaMu, € TUIbHOTHHHI HOXKHIII, 30KpeMa:

- MeXaHIYHi TUTBHOTUHM (IUIsl TOHKOJUCTOBOTO MeTany, A0 3—4 mM), mox. H3121,
HI'5222, H/13318, H/13320;

- TiApaBIIYHI TUTBHOTHHU (U1l OUTBII TOBCTHX JIMCTIB, 4...10 MM i Oinmbine). Bonu
3a0e3MeuyloTh IyXKe YHUCTUH Ta PIBHUH Pi3, MOMKIUBICTb 0OpPOOKH BEIMKO(POPMATHUX JIUCTIB,
IUTABHE PETyNIOBaHHS KyTa Ta CWIM pidy cTalinbHi Ta ToyHi. Tumosi monmemi — QCI12Y,
Baykal HGL, Durma VS Series;

- NC/CNC rinpiioTuHYU (3 HamiBaBTOMAaTUYHUM KepyBaHHsM i, BigmoimHo, YIIK 3
MOJKJIMBICTIO IMIIOPTY KpecieHb 3arotoBok 3 CAD/CAM cucrem) — 11e cy4acHi BUCOKOTOYHI
TiIpaBIiyHI HOXUII JUIsi cepifHOi Hapi3ku 13 3ajaHUMH mapaMmerpamu. IlepeBaru:
aBTOMATH3Allis i3y, MOXKIIHUBICTh IPOrPaMyBaTH JAOBKHHY, KUIBKICTh CMYT, MO3UIIIOHYBaHHS,
eKOHOMIsI Yacy Ta MaTepiany. 3acTOCyBaHHS: MacOBE BHUPOOHHUIITBO TBUHTOBUX CMYT i3
MeTaly CTaHAapTHOI Ta 3MiHHOI mupuHU. Tunosi moxeni — Ermaksan CNC HVR, ADIRA
GH CNC, Durma CNC HGS.

Jlnsi MpOMUCIIOBOTO BHPOOHMIITBA Kpallle 3acTOCOBYBATH ITUCKOBI HOXHII abo X
JMCKOBI pO3MOTYBaJIbHO-Pi3ajIbHI JiHii (caiTTepn). BoHM MaloTh HACTYIHI epeBaru: BUCOKa
mBUAKicTE (o 120 M/XB.); TouHe pi3aHHA OJpa3y KUIBKOX CMYT; aBTOMaTH4YHa
CHHXpOHi3allisg; MiHIManbHi BTpatu Marepiany. Tunosi moneni — ZJX Series (Kurait), Arku
Slitting Line (Himeuuuna), FIMI Slitter Metallkraft, Dimeco, Wuxi (ITamis).

3acTocyBaHHS  BUIIEBKA3aHOTO  OONAQJHAHHS B KOHTEKCTI  BUPOOHHIITBA
IIMPOKOCMYTOBUX TBHHTOBHMX 3arOTOBOK CITipajieil Mojsrae y TOMY, LIO IICHS PO3KPOIO
JMCTOBOTO MeTaly Ha cMyru notpionoi mupunu (125-600 mMM) i cMyru HoJaroThcs Ha
HaBUBAJIbHI YCTAaHOBKM a00 TpecoBe oOiaaHaHHS s (OpMyBaHHS TBHHTOBHX CITpayeid;
BIJIMOBITHO SIKICHO pO3pi3aHi CMyru 3a0e3nedyroTh piBHOMIpHY Aedopmarito, BiCYTHICTb
NepeKociB, HaAilHe GOpMYyBaHHS BUTKIB ITiJ] 4aC HABUBAHHSI.

BucHoBku. [IpoBeseHO TEXHOIOTIYHE MPOEKTYBAHHS CIIOCOOIB HABHMBAHHS IIMPOKO-
CMYTOBHX TBHHTOBHX CIlipanieii 00epToBOI0 BTYNIKOI0. OOIpyHTOBAHO CXEMH BUTOTOBJICHHS
IIMPOKOCMYTOBUX T'BHHTOBHUX CIIipajieii 00epTOBOIO BTYJKOIO Oe3 KaliOpyBaHHs Ha eTari
HaBUBAHHS, Ta 3 ONEPAL€I0 KaliOpyBaHHS 3 BUKOPHCTAHHIM 00epTOBOI BTYNKHU. Peamizaris
UX CMOCOOIB HAaBHBAHHA INIMPOKOCMYTOBHUX TBHMHTOBHMX CIlipajeil i3 BHUKOPHUCTaHHIM
00epToBOi BTYIKH MOXE IPOBOJUTUCH 0€3 MOMepeaHbOI MIATOTOBKH CMYrH Ta 3 ii
MOTIEPEeIHBOI0 MIATOTOBKOIO. Ll minroroska mependayae BUKOHAHHSA JOJATKOBUX oOIeparii
nepesl HaBUBAaHHAM, TaKuX SK BUPYOyBaHHSA a00 BHpI3aHHS TPUKYTHHX YW TpaneneigaabHuX
CerMEHTIB Ha CMYToOBiil 3aroToBIi. BiamoBigHo mpu 3a0e3nedeHHi TakKUX BapiaHTIB CIOCO0Y
OTPUMAaHHS IIHPOKOCMYTOBUX T'BUHTOBUX CIIipajield iXHsS BHCOTAa 3HAYHO 3pPOCTaTUME Y
MOPIBHSAHHI 13 KITACHYHUMU aHajoramu. J{ist 060X THIIB MPEACTaBICHUX CIIOCO0IB HABUBAHHS
IIMPOKOCMYTOBUX TBHUHTOBUX CIlipajield 00E€pTOBOIO BTYJIKOIO BHU3HAYEHO 1 IMPEICTaBIICHO
0a30B1 KOHCTPYKTUBHO-TEXHOJIOTTYHI TapaMeTpH MPOIIeCy iX BUTOTOBJIECHHS. Takox B poOOTi
MIPOBEACHO aHaNI3 KOHCTPYKIIMHUX MaTepialiB Ta IHCTPYMEHTApilo, 110 BUKOPUCTOBYIOTHCS
IIPU BUTOTOBJICHHI IIUPOKOCMYTOBUX TBUHTOBUX CITipaJieit.
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Technological Design of Methods for Winding Broadband Helical Coils With a Rotating Sleeve

The technological design of individual methods of winding broadband helical spirals is characterized by
a number of design, technological and production problems that require systematic understanding and effective
solutions in each individual case. Solutions related to solving problems in the process of manufacturing
broadband helical coils include finding possible solutions to reduce energy consumption, reducing the number of
operations and reducing their duration, finding original methods of their manufacture, and calculating and
selecting the most rational ones, minimizing tooling costs, effective selection of materials depending on the
design requirements and operating conditions. Also, an important factor in the manufacture of broadband helical
spirals, especially in single and small-scale production, is ensuring the necessary accuracy of the parameters of
their geometric surfaces, since these surfaces have a rather complex spatial shape, and this requires the use of
specialized high-precision equipment and tools.

Another important problem in the manufacture of broadband helical spirals is ensuring their appropriate
mechanical properties, such as wear resistance, strength, fatigue endurance. This sometimes requires the use of
additional technological operations in the technological process, such as surface hardening of the outer contour
of the spiral, heat treatment of the spiral, etc. Therefore, obtaining broadband helical spirals requires
technological design of effective methods of their manufacture, which can ensure the production of these spirals
with the required characteristics at minimal time, energy and other costs.

The research is devoted to the technological design of methods for winding broadband helical spirals
with a rotating sleeve. Broadband helical spirals are used in many technical systems to perform various
technological operations. Classical methods of winding helical spirals involve forming them by winding the strip
onto various types of frames by pressing it with forming rollers. However, for the production of wide-band
helical spirals, methods of obtaining them using a rotating sleeve are more effective. These methods involve the
forming process with the pressing of the workpiece along the outer contour with the clamping of the side
surfaces. In this case, the inner surface of the screw workpiece, as a rule, is not involved in the forming process
and does not touch the mandrel, forming rollers or rotating sleeve. This allows for a significant height of the
winding tape and the production of wide-band helical spirals. Such methods are implemented using a rotating
sleeve and are of two types: without calibration at the winding stage and with calibration at the winding stage.

These methods of winding wide-band helical coils using a rotating sleeve can be implemented without
or with strip pre-preparation. This preparation involves performing additional operations before winding, such as
cutting out or cutting triangular or trapezoidal segments on the strip blank. Accordingly, when providing such
variants of the method of obtaining broadband helical spirals, their height will increase significantly compared to
classical analogues.

For both types of substantiated methods of winding broadband helical spirals with a rotating sleeve, the
basic design and technological parameters of their manufacturing process are determined and presented. Also,
considerable attention is paid in the work to the analysis of structural materials and tools used in the manufacture
of broadband helical spirals.
technological design, method, helical spiral, broadband, rotating sleeve, winding, operation
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MiiHicTb BUpo0iB i3 PLA 3anekHo Bij IIiIJIbHOCTI
3alIOBHEHHS Ta opleHTallii mapis npu FDM-npyiii

VY poGoTi mOCTIKEHO BIUIMB MIIJIBHOCTI 3alIOBHEHHS Ta Opi€HTALii MIapiB HAa MEXaHIYHI BIACTHBOCTI
3paskiB i3 PLA, Buroronennx wmeromom FDM-npyky. IlpoBeneHo mnoBHMI (akTOpHMIA eKCHEpUMEHT i
1oOyIOBaHO pErpeciiHy Mojenb, M0 IMATBEPIKYyE BH3HAYAIBHMH BIUIMB Opi€HTAlil IIapiB Ha MIIHICTH
Matepiady. BcranoBneHo, mo mnpaBmwiIbHMHA BHOIp KoMmOiHamii mapaMmeTpiB IpyKy JMO3BOJSE JOCSTTH
OINITUMAJBHOTO 0ajaHcy MiX >KOPCTKICTIO, TPY)KHICTIO Ta MIIHICTIO. 3alIpONIOHOBAHO ONTHMANbHI MapameTpu
JIPYKY, SIKi 3a0€311euyloTh eKOHOMIiI0 MaTepiaiy 10 25% 0e3 cyTTeBHX BTpaT MIIHOCTI, II0 POOHUTH PE3yJIbTaTH
JIOCITI/PKEHHS! KOPUCHUMH ISl IPAKTUYHOTO 3aCTOCYBAaHHS y BUPOOHMUTBI (PyHKIIOHATBHUX AETajled METOI0M
aJINTHBHOTO BUPOOHUIITBA.
FDM-apyk, PLA, minHicTh, IiTbHICTH 3a1I0BHEHHS, Opi€HTaNnisi mapiBs, perpeciiina Moaeab

IMocTanoBka mpodsemu. Cepeq TEXHOJIOTIH aJIUTUBHOIO BUPOOHHUITBA HANOLIBII
MOIIMPEHUM METOJIOM € MOJIETIOBaHHS HAIUIaBJIEHHSAM po3IuiaBieHoro Mmatepiany (FDM-
apyk). Iompu #oro mupoke 3acTOCyBaHHS y BUTOTOBJICHHI MPOTOTHINIB Ta (PyHKIIOHATBHUX
€JIEMEHTIB, MEXaHIYHI XapaKTEepPUCTHKH TOTOBUX BHUPOOIB 3HAYHO BIIPI3HAIOTHCA BiX
BJIacTUBOCTEH 0a3oBoro marepiamy. OQHIEI0 3 OCHOBHHMX HPUYHMH € BIUIMB TEXHOJIOTIYHUX
napameTpiB, 30KpeMa CTYIEHs 3allOBHEHHS BHYTPIIIHBOI CTPYKTYpHU BHPOOY Ta OpieHTaIii
IapiB MiJ 9ac JApyKY.

OntuMmizarlisi IMX MapaMmeTpiB J03BOJISE MOKPAIIUTH MILHICHI XapaKTEPUCTHKHU TPH
MIHIMaJbHOMY BHUKOPUCTaHHI MaTepially, [0 OCOOJMBO aKTyaJlbHO ISl IHXKEHepii,
0i0MeXaHIKH, a TAKOXK JIETKUX KOHCTPYKIIH Yy MalTMHOOY/1yBaHH .

AHali3 ocTaHHIX AocailkeHb i myOJikamiii. CydacHi JOCTIHKEHHS MiATBEPIKYIOTh,
o MexaHi4Hi BiaacTuBOCcTi FDM-BUPOOIB CyTTEBO 3aiexaTh Bij IIUIBHOCTI BHYTPIIHBOTO
3allOBHEHHS, Opi€HTalii mapiB Ta BJIACTHBOCTEH moJiiMepHoi Matpuui [1]. ¥V poboTi [2]
MOKa3aly, M0 JUIsl TOYHOTO ONMUCY MeXaHIuHOi moBeqiHKu PLA HeoOXiqHi HemiHiiiHI Moaemi
MaTepiany, 4yymmBi g0 3MiHM iH}iTy. [lomiOHi pesynbraTi oTpuManu i y po6oti [3], ski
JNOCTDKYBAJIA €IacTOMEPH 3 PI3HUMH CXE€MaM{ 3allOBHEHHS 1 JOBENH, IO BIIHOCHA
IITEHICTH BU3HAUa€e poOoUHii qiama3oH aedopMartiil.

Hampsimox Mo mdikarii momiMepiB TakoX aKTUBHO PO3BUBAETHCA. 30KpeMa, y poOoTi [4]
ornucanu cymimi PP/SEBS, mo 3a0e3neuyrors kpamuii 0anaHc MifHOCTI Ta aedopMariitHux
XapaKTepUCTUK y TMOPIBHSAHHI 3 BUXITHUM MOJINpomniieHoM. Y po6oTi [5] mokazaHo, 1o
BBEJICHHS HAaTypaJbHOrO Kayuyky a0 PLA migBuiiye ynapHy B’A3KICTh 1 NPHAATHICTDH
matepiany miast FDM-apyky, npu npoMy BuOip maTepHy 3alOBHEHHsS iCTOTHO BIUIMBA€E Ha
KIHIIEBY TIOBEIIHKY BUPOOIB.

3HaYHMI IHTEepeC BUKIMKAE TOCIIKEHHS BIUTUBY OpIEHTAIlil paCTPOBUX IapiB. ABTOPH
poboTu [6] moBenu, MO CTaTUYHI Ta AWHAMIYHI BIAacTHBOCTI ABC-MIacTHKIB 3MIHIOIOTHCS
3aJIeKHO BiJl paCTPOBOTO KyTa, IO MiJKPECIIOE aHI30TPOIIiI0, BIACTHBY IIapyBaTiil CTPYKTYpi
BUpoOiB. [1o1i0H1 3aKOHOMIPHOCTI POCTEXKYIOThCA 1 st PLA.

OxpeMuil HampsiM CTaHOBUTH MPOEKTYBaHHA OararomarepialbHUX CTpyKTyp. Pobota [7]
MOKa3asa, 110 MPOCTOPOBE KOMOIHYBAHHS OKOPCTKHX» 1 «M’SKUX» (Da3 03BOJISAE palliOHATBHO
KepyBaTU MPYKHAMH BIIACTUBOCTSIMH. Y po0OTi [8] HOCITIKEHO KOHTPOIIb MIUTBHOCTI TIHOMOTIOHIX

© O. C. Mycienko, O. B. Bianii, 2025
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CTPYKTYp LUISXOM PETYIIOBaHHS TEMIIEPAaTypH JIPYKY, L0 BiIKPUBAE HOBI MOMIIMBOCTI JJIs
CTBOpPEHHSI €HEeproadbcopOyBaIbHUX €JeMEHTIB. AHAJIOTIUHO, y poOoTi [9] ommcamu cramii
nedopmarii THydKHX MaTepiajiB i3 pi3HOIO BiJHOCHOIO WHIUIBHICTIO, 3BEPTAIOYM yBary Ha
IUIaTO KOJAICY KIITUHHUX CTPYKTYP.

V3aranpHeHo BIUMB mnapameTpiB FDM-apyky npexacraBieno B Monorpadii [10], nme
CHCTEMaTH30BaHO POJIb 1HQUTY, Opi€HTAIlil, TEMIEPATYpPHOTO PESKUMY Ta IHIIHUX MapaMeTpiB.
Takum uuHOM, TOTEepeAHI POOOTH MOBOASITH HEOOXINHICTh KOMIUIEKCHOTO BpaxXyBaHHS
IITPHOCTI 3alOBHEHHS, OpI€HTAIlil IIapiB 1 BJIACTMBOCTEH Marepiany s 3a0e3nedeHHs
MPOTHO30BAHUX MEXAaHIYHUX XapaKTEepUCTHK BUPOOiB. Came IIi acmekTH W BHM3HAYAIOThH
aKTYaJbHICTh MPOBEACHOTO y MaHiii poOOTI eKCIIEPUMEHTAIBHOTO JOCIIKEHHS Ta O0Y10BU
perpeciitHoi Mozeri.

IloctanoBka 3aBaaHHA. 3 Meroro migBUILEHHS edexTuBHOCTI FDM-npyky
aKTyaJIbHUM € BCTAHOBJIGHHS 3aJIeKHOCTI MDK MapamMeTpaMHu JpyKy Ta MeXaHIYHUMHU
BIIACTHBOCTSMH BHUPOOIB. 3aBIaHHSM JaHOi pOOOTH € JOCTIKEHHS BIUIMBY IIUTBHOCTI
3allOBHEHHA Ta opieHTauii mapiB Ha MinHicTh PLA-3pa3kiB, moOynoBa perpeciiinoi Mojeni
JUIsL TIPOTHO3YBAHHS BIIACTMBOCTEH, a TaKOK BU3HAUEHHS ONTHMAJIbHUX MAapaMeTpiB APYKY 3
ypaxyBaHHSIM MIITHOCTI Ta €KOHOMII Marepiaiy.

Bukaan ocHoBHOro Martepiany. [l 1OCSITHEHHS TOCTABICHOT METH OyJI0 IMPOBEIECHO
MOBHKI (DAKTOPHHI E€KCIIEPUMMEHT 3a cxeMoro 32 X 3 = 27 (nBa (akTopu Ha TPHOX PIiBHSIX,
o TpH irepauii KOXHOTO BHIPOOYBaHHs), J1€¢ B SKOCTI (pakTOpiB 0oOpaHO JBa KIIIOYOBI
napamerpu FDM-npyky: IIUIBHICTH 3allOBHEHHS BHYTPIIIHBOT CTPYKTYpU 3pa3ka Ta
opieHTaIlifo mapis apyky (tadm. 1).

Tabmuus 1 - @akropu ta ynkuii [IOE

3minHi paktopu [IOE OyHKITISA BIATYKY
L{inbHICTD 3aMTOBHEHHS, X1 Kyt opienTauii npyky, x, h%
30% | 65% | 100% [0] | [45,-45] | [90] o,

Lrcepeno: pospobaeno asmopamu

3pa3ku BUroTOBISLIMCA 3 monutaktuny (PLA), skuii € oqHMM i3 HalMOIIMpEeHININX
matepianiB st FDM-npyKy 3aBIsSKu CBOill €KOJIOTIYHOCTI, HU3BKIH TeMnepaTypi IMIaBIeHHS
Ta 33JI0BUIBHUM MEXaHIYHUM XapaKTEPUCTHKAM.

JInsi BUTOTOBJIEHHS BHKOPHCTOBYBAIWCH 3pasku Tumy 1 (puc. 1) BimmoBimHO 10
cranapry ISO 527-2:2018. Mogeni 6ynu crBopeni B cepenouili CATIA V5, a miarotoBka
G-xoniB 3aidicHioBanacs B mporpami UltiMaker Cura. Bcei iHmi mapamerpu apyky Oynu
3a(hikcoBaHi 3 METOI0 BHKIIOYEHHS BIUTUBY CTOPOHHIX (akropiB. Jpyk 3milicHIOBaBCS Ha
npuntepi Ender 3. Koxen BapianT koMOiHarii mapameTpiB OyB BHIOTOBJIEHHH Yy TpbOX
eK3eMIUIIpax, 1o 3a0e3reuye JOCTaTHIO KUTBKICTh JaHUX JUIS CTATUCTUYHOT 0OPOOKH.

1=
77

P~ ]
1 MV \= \cx

25

2

Pucynoxk 1 - Kpecnenns 3paska tumy 1
IDicepeno: pospobaeno na niocmasei [11]
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Pucynok 2 - Cxema piBHIB KyTy Opi€HTaIil mapiB IpyKy
Hoicepeno: pospobreno agmopamu

e

B Tabnmumi 2 mnpencraBiieHi KOJOBaHI 3HAuYeHHS (aKTOpiB OOpPaHOrO MOBHOTO
(baxTopHOTO eKcriepuMenty [12].

Tabnuusg 2 - KonyBanHus ¢akTopis

PiBens daxropy X1 X KopoBane 3naueHHs
BepxHil, X; gep 100% [90] +1

BazoBwuii, x; o 65% [45,-45] 0

HuxHIA, X 30% [0] -1

IDicepeno: pospobaeno na niocmasi [12]

CxeMu po3sTallyBaHHS IIapiB MpH MLIbHOCTI 3anoBHEeHHs 30% HaBeeHi Ha puc. 3.

a) 0) B)
Pucynok 3 — Po3ramyBanns mapis : a) [90]; 6) [0]; B) [45,-45]
Hoicepeno: pospobreno agmopamu

MexaHiuHi BUOpOOyBaHHS HA  pO3TAr  3IMCHIOBAIMCH Ha  yHIBepcalbHIN
BurpoOyBanbHii MamuHi TIRATEST 2151 (puc. 4) npu IMBUAKOCTI HaBaHTaXeHHS 2,5
MM/XB. Ko’keH 3pa3oK BCTaHOBJIIOBABCS B 3aTHCKadi TaKMM YHMHOM, 10O YHMKHYTH HOTO
poBepTaHHs a00 MPOKOB3YBaHHS, 1110 MOTJIO O BIUTMHYTH Ha pe3yibTaTH BUMpoOyBaHHs. [1in
Yyac eKCIIEPHUMEHTY PEECTPYBAJMCA CHJIa PO3TATYBAaHHS Ta BIINOBiIHE IOJOBXKEHHS, fKi
3rojioM Oynu BHKOpHCTaHi [uis moOyqoBH JiarpaM HampyxkeHHsS—aedopmanis. Po3paxyHok
IUIOIII TIOTIEPEYHOTO Tepepidy MPOBOAMBCA IHIMBIAYaJIbHO JUIS KOXKHOTO 3paska 3
ypaxyBaHHIM (PaKTUYHOT IIUPUHHU 1 TOBIIMHY MICIS IPYKY.
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6)
Pucynox 4 — BunpoOyBasnsna ycranoBka TIRATEST 2151:
a) — 3araJbHUM BUTIISII MalInHA; 0) — 3pa30K B 3aXBaTaX yCTAHOBKH
IDicepeno: hitps://www.tira-gmbh.de/en/

Otpumani niarpamu HanpyxeHHs—nehopMarlis (puc. 5) Jaau 3MOTy BU3HAUUTH MEXY
MIITHOCTI TIPU PO3TATYBaHHI, BIIHOCHE IMOJOBXKEHHS MPHU PO3PHUBI, a TAKOXK IMpoaHai3yBaTh
MOBEAIHKY MaTepiany B pobodomy miama3oHi (o 5% aedopmarrii).

G \]l]ﬂ 50 a, Mlla 50
40 40
30 30
—a—90) —8—[90]
20 —a—[0] 20 —=[0]
—8— (45, -45] —8—[45,-45]
10 10
0 0
0 5 10 15 0 10 20 30
£ % £,%
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Pucynox 5— Jliarpama po3TAry 3pa3KiB 3 3aIlIOBHEHHSIM:
a—100%, ; 6 — 65%, B —30%
Hoicepeno: pospobnerno asmopamu
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Xapaktep pyHHYBaHHA 3pa3KiB i3 pPI3HUMH MapaMeTpaMu JApyKYy HaBeIEeHO Ha
PHUCYHKY 6.

a)

0)

B)
Pucynok 6 — 3pa3ku micist pydHyBaHHS TP Pi3HUX MapameTpax APYKY: a) MidbHICTb 65%, opieHTartis 0°;
0) mimeHICTE 35%, opienTaris 90°; B) mrineHicTh 100%, opienTamis +45°
Howcepeno: pospobrerno asmopamu

Cnocrepiranocs, mo OpuU 3poCTaHHI mIimbHOCTI 3amoBHeHHS Bix 30% 1mo 65%
MIABUIICHHS MIITHOCTI CTaHOBUTH He Oumbine 1%, Tomi sk mepexim Bim 65% mo 100%
3abe3neuye npupict 10 41%. Lle cBimuMTH Mpo HENIHIHHUN XapakTep BIUIUBY LIUIBHOCTI
3armoBHEHHA. 31 cBOro OOKY, Opi€HTAIlis mapiB Mayna Outeln BupaxeHui edext. HaitOinpury
MIIHICTh TOKa3aJii 3pa3Ku, HaJpykoBaHi B opieHTamii 90°, a nHaiimenmy — mpu 0°. Bapto
3a3HaYuTH, 1O npu 3anoBHeHHI 100% pesynpTaT Ui BCiX OpieHTaUid Oynu OimbIn
HaOIKEHUMH.

Oco06nuBy yBary mpuUAUIEHO aHamizy aedopMaliifHOl MOBEAIHKHM y Mexax 10 5%
BIZTHOCHOI ieopMaliii, 10 € XapaKTepHOIO Ui KOHCTPYKIIH, 10 HE 3a3HAIOTh PYHHYBaHHS,
a JIMIIe TPYXKHO TMPalOOTh IMiJ] HaBaHTAXEHHAM. Y i 30HI OUIBLIICTD 3pa3KiB
JEMOHCTPYBAJIM TUIOBUN JJs1 TEPMOIUIACTIB e(eKT Mo4yaTKoBOro M’sikimianHs. Halikpamry
CTaOUIBHICTH Y po0O0Uiil 30H1 Aedopmallii IpoAEMOHCTPYBAIN 3pa3Ku 3 Opi€HTAIlIEr0 +45°, 1m0
MOEJHYIOTH IOCTATHIO KOPCTKICTD 13 MOMIPHOIO MOIATIIUBICTIO.

Ha ocHOBI OTpuMaHHMX EKCHEPUMEHTAIbHUX JaHUX Oyl0 TMOOYyHOBaHO perpeciiHy
MOJIeNb, SIKa OIHCY€E 3aJCKHICTh BIIHOCHOTO TOJOBXEHHS MPH PO3PHUBI Bif IBOX (hakTOpIiB.
Jlnist 1bOTO YMCIIOBI 3HAUeHHS (pakTopiB Oynu 3aKOJ0OBaHI: HIUTBHICTh 3alIOBHEHHS MO3HAUEHA
gk —1 (30%), 0 (65%), +1 (100%); opienTaris mmapiB sk —1 (0°), 0 (£45°), +1 (90°).
Perpeciiina MoJiesib Ma€ BUTTISA:

Y =by+ by x1+by x5+ b3 x1X, + by %121 + b5 " X221 +
+bgzy + by -z, + bg 2,2, (1)

KoedimienTn Mozeni BHU3HAYANUCS METOJOM HAMMEHIIMX KBaJApariB. 3HAYYIIICTh
Koe(illieHTIB TepeBipsIach 3a JOMOMOTOI0 KpuTepito CThIOJCHTA, a aAeKBATHICTh MOJEI —
3a KkpuTepieM Qimepa, OTpUMan:

y = (0y) = 25,653+ 0,11x; + 0,083x, (2)

OOuncneHHs MOKa3ai, IO MOJENIb € CTATUCTHMYHO JIOCTOBIPHOIO HA pIiBHI JOBIpH
95%. Jlns mepeBipku Mojeni Oyllo JOJaTKOBO BUTOTOBJIEHO KOHTPOJBHUN 3pa3ok 3
napameTpamMi, L0 HE BXOIWJIM J0 OCHOBHOTO IUIAHY EKCHEpUMEHTY (LIUIBHICTE 75%,
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opientamist 30°). Iloxubka MDK mependadyeHUM Ta EKCIEPUMEHTAJIbHUM 3HAYCHHSIM HE
nepeBummia 7%, U0 MiATBEPHKYE BUCOKY TOUHICTH MOOYI0BAaHOT MOJETI.

[TopiBHSHHS OTPUMAHHUX €KCIIEPUMEHTAILHUX 3HaUeHb (Tadi. 3) 3 TEOpETHUYHIUMHU
MIPOTHO30BAHUMH MMOKA3YE JOMYCTHMI BITHOCHI BigxuieHHs [12].

Tabmuus 3 — [lopiBHAHHS eKCIIepUMEHTAIBHUX 3HaUY€Hb 3 TPOTHO30BaHUMHU

Ne X1 | X y = 0,", MIla Yep = 05", Mlla| ¥y =0,"7°",MIla |8, %
1 1 1 42.12 41.85 40.68 41.5487 44.33616 6.7
2 1 -1 34.58 36.51 38.21 36.4341 36.8828 1.2
3 1 0 43.61 44.81 43.19 43.8679 40.60948 7.4
4 0 1 41.95 41.58 43.34 42.2905 40.40567 4.5
5 0 -1 130.96 30.50 30.41 30.6244 32.95231 7.6
6 0 0 37.20 37.18 36.86 37.0777 36.67899 1.1
7 -1 1 36.05 35.39 36.24 35.8907 36.47518 1.6
8 -1 -1 130.17 30.05 30.72 30.3113 29.02182 43
9 -1 0 32.61 31.54 32.05 32.0657 32.7485 2.1

IDicepeno: pospobaeno na niocmasi [12]

Jlnst 10AaTKOBOT IepeBIpKH perpeciinoi Moaeni 0yJ0 MpoBEAEHO e OJUH JOCII 3
MPOMDKHUMH 3HAUEHHSIMHU CTYICHS 3allOBHEHHS Ta KYTOM OpieHTalil IpyKy (Talm. 4).

Tabnuus 4 — Pe3ynpraTu epeBipKu 101aTKOBUM JOCTIIOM
Ne A% 9,° y = 65", MIla y = a,"P°", MIla 8, %

10 75 30 38.93443 36.55976 6.1
Lorcepeno: pospobaeno asmopamu

3a pe3ynbTaTaMH po3paxyHKy MOOYIOBaHO JiarpaMu 3ajeKHOCTI MILHOCTI Bif
opieHTAIlil mIapiB A eKCIEPUMEHTAIBHUX JAHUX Ta JJIS 3HA4€Hb, OTPUMAHUX 32
perpeciitHoro Moeo (puc.7).

@, MlIla 50

— & Ewxcunepument, 100%
Excmepument, 65%

=& Ercnepument, 30%

——Moxenn, 100%
Maogeas, 65%

—8— Moaeas, 30%

0 20 40 60 80 100
Opientauisn mapin, °
Pucynox 7 — 3aiexHicTh MiHOCTI BiJ] Opi€HTaNii mapiB U Pi3HUX PIBHIB IIIIEHOCTI 3aIIOBHEHHS:
TIOPIBHSHHS €KCIIEPUMEHTAIIBHNIX PE3YJbTATIB Ta JIAaHWX perpeciiinoi Mmonei
Howcepeno: pospobrerno asmopamu
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OTtpumani pe3yiabTaTd MalOTh MPAKTUYHE 3HAUCHHS JUIS iHXKEHEpiB, SKi 3aMaroOThCs
po3poOkoro  dyHKIiOHATBHUX fAeraneit  merogom FDM-apyky. Monens  103BOJISIE
nepeadaunTH MOBEIIHKY BUPOOyY 6€3 (i3MIHOTO APYKY 3pa3Ka, 10 JIa€ 3MOTY eKOHOMHUTH 4ac
1 matepias. 3okpema, BUKOpUCTaHHS 65% 3amoBHEHHsS 3 oOpieHTaliero +45° 3abe3meuye
Maibke Ti cami XapakTepucTuky, mo i 100% mpu opienTanii 90°, ane 31 3MEHIIEHHSIM 00CsTYy
Bukopuctanoro PLA 1o 25%.

BucHoBku. IIpoBeneHe NOCHKEHHS MO3BOJHMIO BCTAHOBUTH XapaKTep BIUIUBY
napameTrpiB  FDM-npyky, 30Kkpema IIUIBHOCTI 3aloBHEHHS Ta OpieHTalii ImapiB, Ha
MeXaHIYHy NOBeNiHKY 3pas3kiB 13 PLA. BcTaHoBieHo, 1m0 oOpieHTalis MmapiB Bimirpae
BU3HAYaNbHY poOJIb Yy (OpMyBaHHI MIIHICHMX BIJIACTHBOCTEH: 3pa3ku, HaJApPYKOBaHi 3
opienTariero mapis 90°, 1eMOHCTpYBaIM HAMBHILY MEXY MIIHOCTI, TOAl sIK opieHTamis 0°
3HaYHO 3HIDKYBaja omip A0 po3TsaryBaHHs. ILliIbHICTE 3alOBHEHHS TaKOX BIIMBAE Ha
pe3ynbTaT, onHak y Mexax Bim 30% mo 65% crnocrepiraetbesi JTUIE HE3HAYHE 3POCTAHHS
MiIfHOCTI, ToAl sk 30utbmieHHs n0 100% 3abesmeuye cyrreBmii mpupict — mo 41%, mo
CBIIYMTD MPO HENHIHHY 3aJIeKHICTh IILOTO apaMeTpa.

AHaiz MoBEeAIHKY 3pa3KiB y Mexax pobodoi 30HM nedopmarii (10 5%) mokaszas, 1o
BCl 3pa3Kd MalTh THIIOBUU JUIsI TEPMOTUIACTIB €(EeKT M’SKIIaHHS Ha MOYATKOBIA JUISHITI
miarpaMu HampyxkeHHs—Jaedopmaris. HaiOinpim 30amaHcoBaHi XapaKTEepUCTUKH KOPCTKOCT1
Ta TOJATIMBOCTI OyJIM BUSBIIEHI y 3pa3KiB 3 opieHTamiero +45°, mo poOuTh X NpUIaTHUMHU
IUTS eTalel, sIKi IpalioTh il 3MIHHUMU 200 TOMIPHUMHU HaBaHTaKEHHSIMU.

Ha ocHOBI OTpMMaHHMX EKCHEpUMEHTAIbHUX JaHUX Oylo TMOOYHOBaHO perpeciiHy
MOJieNb, SIKa € CTaTHCTUYHO JIOCTOBIPHOIO Ta JIO3BOJISIE 3/IHCHIOBAaTH MPOrHO3YBAHHS
BIZTHOCHOTO ITOJIOBXXEHHS IIPU PO3PUBI 3aJIEKHO BiJ mapaMeTpiB apykKy. [lepeBipka Mozeni Ha
KOHTPOJIFHOMY 3pa3Ky HiATBEepAWIa ii aJeKBaTHICTh i3 MOXHOKOIO, 10 He mepeBuIye 7%.
[TpakTdHe 3HAYEHHS MOJEJI TMOJIATa€ B MOKJIMBOCTI IIBUIKOTO MiA0OpPY ONTUMAaIbHUX
PEXUMIB IpYKY 0e3 moTpedu y TPYAOMICTKUX €KCIIEepUMEHTAaX.

3aranom, pe3ylbTaTd JAOCTIHKEHHS JT03BOJSIOTH 3pOOUTH BHCHOBOK TIPO JIOIUTBHICTh
MOETHAHHS CePEeIHbOI MUTBLHOCTI 3alIOBHEHHS (Hanpukiaa, 65%) 3 opieHTali€eio mapiB +45°,
mo 3a0e3nedyye eKOHOMilo MaTepiany a0 25% 0e3 iCTOTHOTO TOTIPIICHHS MIIHICHUX
XapaKTepUCTUK. 3ampoONOHOBAHMN MiAXiA MOxe OyTM BHUKOPHUCTaHHUH Yy MpaKTHIli
IH)KEHEPHOTO MPOEKTYBAaHHS BUPOOIB, BUTOTOBIEHUX MeTo0oM FDM-IpyKy, 3 ypaxyBaHHSM
KOHKPETHUX BUMOT JI0 MIITHOCTi Ta pecypcy poOoTH.
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Strength of PLA Products Depending on Fill Density and Layer Orientation in FDM Printing

The aim of this research is to evaluate the influence of infill density and layer orientation on the
mechanical performance of PLA parts produced via Fused Deposition Modeling (FDM) and to create a
predictive regression model for parameter optimization. The study is relevant due to the growing use of additive
manufacturing in producing functional components where both mechanical strength and material efficiency are
critical. Identifying optimal combinations of printing parameters enables manufacturers to achieve desired
properties without unnecessary material consumption.

A full factorial experiment with two factors was carried out: infill density (30%, 65%, 100%) and layer
orientation (0°, +£45°, 90°). Tensile specimens of type 1 according to ISO 527-2:2018 were printed on an Ender 3
printer with fixed process settings. Mechanical tests were conducted on a TIRATEST 2151 universal testing
machine at a crosshead speed of 2.5 mm/min. The results showed that layer orientation had a more pronounced
effect on strength than infill density: the 90° orientation produced the highest tensile strength, while 0° yielded
the lowest. Increasing infill density from 30% to 65% had little effect, but raising it to 100% improved strength
by up to 41%. In the working deformation range (up to 5%), +45° orientation offered the best balance of
stiffness and elasticity.

A linear regression model describing the relationship between elongation at break and the two factors
was developed and validated using statistical criteria, with a prediction error not exceeding 7%. Based on the
findings, a 65% infill combined with +45° layer orientation can achieve strength comparable to 100% infill with
90° orientation, while reducing material use by up to 25%. The developed model can guide the selection of FDM
printing parameters to reduce production costs and time, making it applicable to the engineering design of
functional PLA components intended for moderate mechanical loads.

FDM printing, PLA, strength, infill density, layer orientation, regression model
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Justification of Methods for Determining Mass
and Aerodynamic (Hydrodynamic) Unbalances
of a Propeller

This paper theoretically substantiates new methods for determining the mass and aerodynamic
(hydrodynamic) unbalance of a propeller, applicable to both air and water propellers with fixed pitch. It is
proposed to determine the dynamic unbalance twice: first under normal operating conditions, and then under
modified conditions in which only the aerodynamic (hydrodynamic) component changes. The proposed methods
are based on: varying the density of air, gas, or liquid; applying reverse propeller rotation; and utilizing the
ground effect. The aerodynamic (hydrodynamic) unbalance is quantified as a mass-equivalent unbalance,
measured with a balancing instrument under defined operating conditions.
propeller, balancing, unmanned vehicle, manned vehicle, balancing device, ground effect

Problem statement. Propellers are widely used in various types of machinery. The
primary source of vibration in such equipment is the mass and aerodynamic (hydrodynamic)
unbalance of the propellers. As a result, balancing propellers represents a common and
persistent engineering challenge. In single-unit or small-scale production, traditional
balancing methods are employed. Aerodynamic (hydrodynamic) balancing is achieved by
correcting the geometric profile of the blades, while mass unbalance is corrected using a
balancing rig or instrument.

With the advent of small unmanned and manned aircraft, the production of propellers
has become large-scale. Under such conditions, traditional balancing methods are no longer
feasible due to their labor-intensive nature. For manufactured propellers, a more specific
challenge arises — separating the mass and aerodynamic (hydrodynamic) components from
the overall dynamic unbalance. This is essential for the development of advanced balancing
techniques, for evaluating the manufacturing and balancing quality, and for identifying and
rejecting defective units.

Analysis of recent research and publications. Propellers are widely used in manned
and unmanned aircraft, surface and underwater vehicles, hovercraft, axial fans, wind turbines,
and other applications. A primary source of vibration during the operation of both air [1] and
water propellers [2] is mass unbalance and aerodynamic or hydrodynamic unbalance.

Aerodynamic (hydrodynamic) unbalance is similar in effect to mass unbalance. It also
consists of static and moment components and generates disturbing forces at the frequency of
propeller rotation. As a result, it can be corrected by adjusting the mass distribution [1, 2].
Effective balancing machines and devices have been developed for this purpose [3].
Experimental data demonstrate that the accuracy of simultaneous balancing of both types of
unbalance is primarily limited by the precision of the balancing equipment.

But aerodynamic (hydrodynamic) unbalance, unlike mass unbalance, depends on the
density of air, gas (liquid), and propeller operating conditions. Therefore, if the propeller is
balanced only by adjusting the masses at a certain mode, the balancing accuracy will be
violated with changes in the propeller operating conditions.

OT. b. ®igimonixin, 0. O. Cokanscbka, 10. O. Ocranuyk, JI. C. Ouiiiniyvenxo, B. B. [Iuporos, 2025
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A promising approach to address these challenges is real-time balancing of both mass
and aerodynamic unbalances using passive auto-balancers [4—6]. The operation of these devices is
based on the fact that under certain conditions, the corrective weights (balls, rollers, pendulums)
in the auto-balancers themselves come to the position in which they balance the rotor.

In [4], it was established numerically for a specific system that at the resonant speeds
of rotation of the bladed-disk/shaft, auto-balancers effectively eliminate its mass and
aerodynamic unbalance. In [5], it was theoretically established that it is impossible to
dynamically balance the impeller of an axial fan (short rotor) with two auto-balancers. But if
it is installed in a heavy housing with the possibility of rotation, and the housing is elastically
and viscously fixed, then auto-balance will occur at the super-resonant speeds. In [6], these
results are confirmed experimentally for the axial fan VO 06-300-4 (Ukraine) with two ball
auto-balancers.

The application of passive auto-balancers is effective primarily for rotors mounted on
elastically supported shafts operating at supercritical (super-resonant) rotational speeds. This
configuration is typically met only by axial fans. Consequently, for the majority of propellers
alternative balancing techniques are required.

There is also a simultaneous balancing of two unbalances by aerodynamic means. The
fact that aerodynamic unbalance has a significant moment component is used, and the static
component can be neglected. In turn, the moment component arises due to the installation of
blades with different installation angles. The method is used in the case of variable-pitch
propellers - wind turbines, helicopter rotors, aircraft propellers, etc. Let's consider this on the
example of wind turbine propellers. Taking wind turbines as an example, the method involves
real-time monitoring of vibrational behavior at the tower [7] and nacelle [8], as well as
acoustic signatures from individual blades [9]. Then, according to a certain algorithm, the
blades are rotated (their pitch is changed), respectively, to minimize vibrations and equalize
noise from individual blades. In this case, aerodynamic forces change and at their expense,
two types of unbalances are simultaneously balanced. The effectiveness of such methods is
increased by using deep machine learning (using neural networks) [10], or conventional
machine learning [11]. Aerodynamic (hydrodynamic) balancing has lower accuracy compared
to mass correction balancing, since the balancing is not dynamic (not in two correction
planes). The method is not applicable for propellers with fixed-pitch.

The best result in balancing fixed-pitch propellers is achieved during the
manufacturing stage. These are traditional balancing methods. According to them, the
propeller is consistently balanced both aerodynamically (hydrodynamically) and by adjusting
the masses.

Aerodynamic (hydrodynamic) unbalance of a propeller is characterized by geometric
inaccuracy in the manufacture of the propeller [1, 2]. Therefore, aerodynamic or
hydrodynamic balancing of propellers is ensured by increasing the accuracy of their
manufacture.

To verify the accuracy of propeller manufacturing, the propeller is rotated around its
shaft, and the blade geometry is measured at designated control points [12]. Based on the
measurement results, the shape of the propeller is corrected. After the shape is corrected, the
propeller is balanced by adjusting the masses.

An alternative method for verifying manufacturing accuracy involves measuring the
pressure generated by individual blades during rotation. Several pressure sensors are installed
behind the propeller, arranged in a row along the blade [13]. The propeller is then rotated.

As each blade passes over the sensors, a signal proportional to its lift force is recorded.
If the propeller is aerodynamically unbalanced, the blades will produce varying lift forces,
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which will be reflected in the sensor outputs. After measuring the lift forces, corrections are
made to the shapes of individual blades. The accuracy of the measurements is increased by
placing a lattice screen with pressure sensors behind the propeller [1]. The sensors are
arranged in rows along the blades. But this complicates the design.

The most precise method for verifying propeller accuracy involves creating a digital
information model of the propeller. The information model contains the results of measuring
the geometric parameters of the propeller at many control points. The model itself is too
bulky, and it takes a lot of time to obtain it. Measurement processes are facilitated through the
use of 3D scanners [14], specialized coordinate measuring machines, and photogrammetry
(stereophotogrammetry) techniques [15]. To further improve model accuracy, the number of
control points and the precision of measurements must be increased, which complicates both
the process and the model itself. Nevertheless, the information model enables the
development of highly effective geometric correction measures.

The described methods are extremely labor-intensive and therefore are used in single
or small-scale production of propellers.

Let us consider small fixed-pitch propellers. These are typically produced in medium
or large batches, or even mass-produced. Modifying their geometric shape is generally
impractical. For such propellers, a more specific issue arises: the separate identification of
mass and aerodynamic (hydrodynamic) unbalance. This is essential for developing advanced
methods for balancing propellers of various types, assessing balancing quality, measuring
residual unbalance, and rejecting defective propellers during mass production.

It is worth noting that digital models of propellers enable the creation of detailed 3D
representations [14, 15]. These models can be processed using computer-aided design (CAD)
systems to separately identify mass and aerodynamic (hydrodynamic) unbalance. However,
this approach is labor-intensive and not feasible for mass production.

Let us now examine methods based on the analogy between mass and aerodynamic
(hydrodynamic) unbalance. In these approaches, aerodynamic (hydrodynamic) unbalance is
evaluated through its equivalent mass unbalance.

In [16], the main vector and moment of aerodynamic forces acting on the rotating
impeller of an axial fan are determined. Aerodynamic unbalance is found in the following
cases: mounting the impeller on the rotor shaft with eccentricity and skew; installing one
blade at a different angle of attack; violating the uniformity of the distribution of blades
around the circumference. It is established that the impellers of axial fans can be balanced
only by adjusting the masses. In this case, the impeller will be balanced over the entire range
of rotation speeds, provided that the specific gravity of the air (gas) does not change.

In [17], the aerodynamic unbalance created by a single blade was theoretically
investigated and corrective masses were found for its balancing.

According to the results of works [16, 17], it is possible to calculate the mass
equivalent of the aerodynamic (hydrodynamic) unbalance of the propeller if additional
information is available about the inaccuracy of the propeller manufacturing.

There is also an obvious practical method applicable in production conditions. It
consists in measuring the propeller mass unbalance twice: in propeller operation conditions or
on a stand that emits propeller operation; in (high) vacuum. In operation conditions or on a
stand, the total unbalance is determined, and in (high) vacuum, the mass unbalance is
determined. This is sufficient to determine the mass unbalance and the mass equivalent of the
aerodynamic unbalance. The implementation of the method is described, for example, in [14]
for a gas turbine engine rotor. But this is a laborious and expensive process, because it
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requires pumping air from the chamber where the mass unbalance is measured, and a person
cannot work in such a chamber.

This method is more simply implemented for water propellers. On a balancing
machine, the unbalance of the masses of a water propeller rotating in the air is determined. In
this case, the aerodynamic component of the unbalance is neglected. On a stand that simulates
the operation of a water propeller in a liquid, the total unbalance from masses and
hydrodynamics is determined.

The mass equivalent of the aerodynamic (hydrodynamic) unbalance of a propeller
characterizes this unbalance only under the propeller operating conditions under which it was
measured. However, there are such modes of propeller operation that significantly change
both the aerodynamic or hydrodynamic forces and the corresponding mass equivalent of the
unbalance.

First, this is the reverse rotation of the propeller, which is used quite often [17-20].
Thus, reverse reduces the braking system and accelerates the landing of manned [17] and
small unmanned aircraft [ 18], accelerates landing, picketing, improves the maneuverability of
unmanned aerial vehicles [19], improves the maneuverability of ships, swimming vehicles
[20]. Reverse rotation of the propeller changes the directions of aerodynamic or
hydrodynamic forces and the corresponding mass unbalances to opposite ones.

Secondly, there is the ground (screen) effect [21-23]. This effect becomes noticeable
when small [21] or large [22] aircraft operate in ground proximity or near obstacles, as well as
during the operation of axial fans in the vicinity of surrounding structures [23]. The ground
effect significantly increases the aerodynamic or hydrodynamic forces acting on the propeller
and the corresponding mass equivalents.

The considered modes do not change the mass unbalance. They show a significant
difference between the mass unbalance and the aerodynamic (hydrodynamic) unbalance of the
propeller. The mass equivalent of the aerodynamic (hydrodynamic) unbalance is not as stable
as the mass unbalance. This explains why relatively few works use the mass equivalent to
estimate the aerodynamic (hydrodynamic) unbalance. On the other hand, the use of balancing
machines or devices allows experimentally and with high accuracy to determine separately
the mass and aerodynamic (hydrodynamic) unbalance under specific propeller operating
conditions.

A review of sources [1-16] shows that practical methods for separately determining
the mass and aerodynamic or hydrodynamic unbalance of a propeller are not sufficiently
developed. Moreover, we mean methods that correspond to the aerodynamic (hydrodynamic)
unbalance with a mass equivalent. Let us agree to substantiate such methods in the future.

Also, the applicability of reverse propeller rotation [17-20] or the ground effect [21—
23] for this has not been investigated.

Statement of the task. The purpose of the research is to propose and theoretically
substantiate new practical methods for determining mass and aerodynamic (hydrodynamic)
unbalances of propeller. This will make it possible to develop methods for balancing
propellers, determine residual unbalances, and reject propellers during manufacturing or
repair at the factory.

Research objectives:

— theoretically substantiate new practical methods for determining mass and
aerodynamic (hydrodynamic) unbalances of propeller, which are based on: replacing the
density of air, gas or liquid; using reverse rotation; using the ground effect;

— theoretically evaluate and compare the effectiveness, accuracy and complexity of
implementing the developed methods.
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Presentation of the main material

1. Research Methodology

1.1. Basic assumptions. To study propeller unbalance, knowledge from rotor balancing
theory, aerohydrodynamics, kinetic theory of gases and liquids [25], vacuum physics [26],
physicochemical properties of substances [27], and theoretical mechanics is applied.

The analysis assumes that the blades are exposed to laminar flow, and the
aerodynamic forces acting on the propeller can be reduced to a resultant force vector and a
resultant moment. In the case of an air propeller, it is further assumed that aerodynamic forces
are not significantly affected by Mach and Reynolds numbers. For water propellers, cavitation
is considered negligible under operating conditions.

It is also postulated that both mass and aerodynamic (hydrodynamic) unbalance (i.e.,

their mass equivalent) can be determined by measuring the dynamic unbalance under two
different conditions: standard operating conditions and modified operating conditions.
The modified operating conditions should affect only the aerodynamic or hydrodynamic
unbalance. These changes are treated as the introduction of a test (trial) aerodynamic or
hydrodynamic unbalance. To improve the accuracy of determining the aerodynamic or
hydrodynamic unbalance, the change in unbalance should be no less than 30% [3].

The following modifications to propeller operating conditions are considered:

— changing the density of air, gas, or liquid;

—reversing the direction of propeller rotation;

— placing a screen in front of or behind the propeller.

The effectiveness of these methods for identifying the components of total unbalance
will be evaluated based on the following criteria:

— whether the method enables a change in aerodynamic or hydrodynamic unbalance of
at least 30%;

— whether additional factors arise that reduce the accuracy of component
identification;

— how complex the method is to implement in practice.

Additional assumptions will be introduced as needed in the course of solving the
stated problems.

1.2. Rotor marking, unbalance characteristics. Fig. 1 shows the diagram (and
marking) of the rotor, which is required for use in algorithms for calculating complex
numbers [3].

i1

.

Figure 1- Rotor scheme
Source: developed by the authors
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In the Fig. 1: 1 — rotor; 2 — shaft; 4 — left trunnion; B — right trunnion; I — first
correction plane; I — second correction plane; C — zero mark; o — rotor angular speed.

Let us introduce a rectangular Cartesian coordinate system so that the x- axis lies on
the axis of rotation of the rotor and is directed in the direction from which the
counterclockwise rotation is visible. The y- axis is directed perpendicular to the axis of
rotation in the direction of the mark, and the z- axis so that the coordinate system is right-
handed. Two correction planes, I and II, are introduced. The dynamic unbalance of the rotor
will be determined within these planes.

Rotor unbalance U; in the correction plane j shown in fig. 2 [3].

Figure 2— Rotor unbalance in the correction plane j
Source: developed by the authors

The direction of the unbalance vector U; is determined by the angle ¢; between the y;
axis (parallel to the y axis) and the unbalance vector U; As is customary in balancing
technology, the angle is calculated in the direction of rotor rotation [3].

The unbalance U;is formed by a point mass Q; installed at a distance R; from the
longitudinal axis of the rotor. The modulus and projections of the unbalance onto the
coordinate axes y, z:

U,=0,R,

j b

U,=U;cosp,, U,=U,cos0p,,/j=12/. (1)

The rotor unbalance vector in the correction plane j will be defined by a complex
number written in algebraic, trigonometric or exponential form:

U,=U, +iU, = U, coso, +iU,sinp, =U,e", /j=12/, (2)
where:
i=v-1, " =cosq, +ising,, /j=1,2/. (3)

It is assumed that a balancing device, stand, or machine is available that
enables the determination of rotor dynamic unbalance in the form (2). The method of
determining the unbalance, the type of balancing equipment, the design of the machine or
stand, and the type of vibration sensors are not considered critical.

2. Research results

2.1. Methods for determining mass and aerodynamic (hydrodynamic) unbalances of a
propeller

2.1.1. Using the dependence of the aerodynamic (hydrodynamic) unbalance of the
propeller on the density of air, gas or liquid
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po be measured during normal propeller operation, and the total dynamic unbalance of
the propeller in two correction planes:

U0, =001 +U0\", /j=1,2/. )

In (4) on the left are measured (known) quantities, and on the right are unknown
quantities, with the index “m” representing mass unbalance, and the index “a” representing
aerodynamic (hydrodynamic) unbalance.

Let the density of the air, gas, or liquid be changed to a new value, pi. This will result in a
change in the overall dynamic unbalance and specifically in its aerodynamic (hydrodynamic)

component:
UL, =00 +U1Y", /j=1,2/. (5)

In (5), it is considered that the mass unbalance will not change when the air density
changes.

In [5] it is shown that aerodynamic (hydrodynamic) unbalance is directly proportional
to the density of air, gas (liquid). Therefore:

U1 =k U0\, /j=1,2/. (6)
Where
k, =pl/po0. (7)
Substituting (6) into (5), we obtain:
_ (m) (a) -
Ul, =U0;" +£ U0, /j=12/. (8)

Based on equations (4) and (8), the following formulas are obtained for determining
the mass and aerodynamic (hydrodynamic) unbalance components under normal propeller
operating conditions:

U0,k —Ul, Ul, -U0,

U0 =—212 g =—»i—JL /j=1,2/. 9)
/ k -1 / k-1

P

Consider the case of an air propeller. Within the framework of the molecular-kinetic
theory of an ideal gas [25], the density of the gas is:

p=m/V=p-M/(R-T), (10)

where: p — pressure, T — temperature, M is the molar mass of the gas; R is the universal
gas constant.

From (10) the following paths of change in air (gas) density follow:

1) pressure change;

2) temperature change;

3) replacement with another gas with a different molar mass.

2.1.2. Using reverse

Let the total dynamic unbalance of the propeller under normal operating conditions be
measured, as expressed in equation (4). Let the total dynamic unbalance also be measured
during reverse operation of the propeller. In this case, it can be reasonably assumed that the
aerodynamic (hydrodynamic) unbalance changes its direction to the opposite. Therefore, the
total dynamic unbalance of the propeller under modified conditions is given by:
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—170™ (@) ;
UL, =00 -U0'", /j=1,2/. (11)
From (4) and (11) we find:
U0\ =(U0, +U1,)/2, U0 =(U0,-U1,)/2, /j=1,2/. (12)

Note that this method of determining the components of propeller unbalance is
applicable to both air and water propellers.

The substantiated technical solution is protected by a Ukrainian patent for a utility
model [28].

2.1.3. Using the ground effect

Let the axial aerodynamic (hydrodynamic) force Fo and the total dynamic unbalance of
the propeller be measured during normal operation, as defined in equation (4).

Now, let a screen be placed either in front of or behind the propeller. Under these
modified conditions, let the axial aerodynamic (hydrodynamic) force F: and the
corresponding total dynamic unbalance of the propeller be measured:

UL, =00 +U1Y", /j=1,2/. (13)

It is considered here that the mass unbalance will not change when the screen is
installed.

We will assume that the aerodynamic or hydrodynamic unbalance has increased in
direct proportion to the increase in the axial aerodynamic or hydrodynamic force:

(@) _ (a) _ .
Ulj —keUOj , k,=F1/F0>1, /j=12/. (14)
Then equation (13) will assume the following form:
— (m) (a) .
Ulj—UOj +keUOj , 1j=1,2/. (15)
From (4) and (15) we find:

w U0k -UL, = Ul-00,
oW =—~ic —J Q0w =—»_ —J /i=12/. (16)
J k—l J ke—l

e

Note that this method of determining the components of propeller unbalance is
applicable to both air and water propellers.

The substantiated technical solution is protected by a Ukrainian patent for a utility
model [29].

2.1.4. Generalized mass equivalent of aerodynamic (hydrodynamic) unbalance

Let the aerodynamic (hydrodynamic) unbalance of the propeller under normal
operating conditions be determined using one of the proposed methods. Considering
equations (6), (11), and (14), the mass equivalent of the aerodynamic (hydrodynamic)
unbalance under modified operating conditions of the propeller is determined by the
following formula

(a) _ (a) -
UL =k k kU0, /j=1,2/. (17)
In (17): k, considered only when installing the screen, otherwise &, =1;

k, = sign(ol/ 00), (18)
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where ®0 is the angular speed of rotation of the propeller under normal conditions, and ®l is
the angular speed of rotation of the propeller under changed conditions.

This mass equivalent simultaneously considers the change in aerodynamic
(hydrodynamic) unbalance from: change in specific gravity of air, gas or liquid; reversal;
ground effect. It shows a significant difference between aerodynamic (hydrodynamic)
unbalance and mass unbalance. It can be used to model the motion of machines and devices
with propellers.

2.2. Assessment of the effectiveness, accuracy and complexity of implementing
methods for determining propeller unbalances

2.2.1. Assessing the impact of pressure changes

The method based on pressure variation is applicable only to air propellers. According
to equation (10), the density of air (gas) is directly proportional to the pressure. If the air
propeller operates in a special chamber with modified pressure, it becomes possible to
identify the individual components of the total unbalance of the air propeller. Let the pressure
change by &, times. Then from (10) it follows that the density of air (gas) will also change by

kp times. Then:

k, =k, (19)
and formulas (9) will assume the following form:
U0 .k, -Ul. Ul.-U00.
UO(/m) — joP J , (ja) — J J , /J — 1,2/ (20)
' kp,—1 ' ky,—1

The pressure in the chamber can be increased or decreased. In high vacuum &, ~ 0,
formulas (20) take the simplest form [14]:

U0 =U1, U0 =U0,-Ul, /j=12/. (21)

Indeed, in a vacuum there are no aerodynamic forces or aerodynamic unbalance.
Therefore, the total unbalance measured in a vacuum coincides with the mass unbalance. In
engineering and applied physics, a vacuum is understood as an environment consisting of gas
under a pressure lower than atmospheric [26]. In production conditions, the use of a low
vacuum region (Low vacuum p=10°~1 mbar). In this case, the pressure in the chamber must
be at least 30% less than atmospheric. A person can work in such conditions.

The substantiated technical solution is protected by a Ukrainian patent for a utility
model [30].

2.2.2. Assessment of the impact of changes in air (gas) temperature. The method using
temperature change is applicable only for air propeller. From (10) it follows that the density
of air (gas) is inversely proportional to temperature. If the air propeller will operate in a
special chamber with a changed temperature, then it will be possible to determine the
individual components of the total unbalance of the air propeller. Let the temperature change
by k, times. From (10) it follows that the density of air (gas) will change by 1/ &, times, whence:

k,=1/k,. (22)
Then formulas (9) will assume the following form:

U0, - Ul k, @ _ (U1, -U0))k,

, L /j=12/. 23
1~k J -k, / &)

(m) _
Uo.f -
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Let us consider how the change in air (gas) temperature affects aerodynamic
unbalance. Normal conditions correspond to a temperature of 0° C (273.2 K). Let the
temperature in the special chamber be changed to +50° C (323.2 K). Note that at such a
temperature it will be difficult for a person to work in the chamber. The temperature
difference is very significant and is AT = 50° C. But k, =1/k, =273.2/323.2=0.845 and the

air density will change (decrease) by only (1-0.845)-100=15.5%. Therefore, it is not advisable
to use the change in air temperature to determine the unbalances of the air propeller.

The substantiated technical solution is protected by a Ukrainian patent for a utility
model [31].

2.2.3. Assessment of the effect of replacing air (gas) or liquid with a gas or liquid of a
different density

The method involving the replacement of air (gas) or liquid with a medium of different
density is applicable to both air and water propellers. In this case, air (gas) can be substituted
with a liquid (e.g., water), and vice versa. If the air propeller operates in a special chamber
filled with another gas, it becomes possible to isolate and determine individual components of
the total unbalance of the air propeller. Let the density of the other gas be k,, times greater or

less. Then:
k,=ky, (24)
and formulas (9) will assume the following form:

U0 k, —UL Ul -U0,
PV Y U (?):#, /J:1,2/ (25)

k,-1 =~ 7 k, —1

(m) _
UO./ -

Below is Table 1, which compares air density with water densities and some gases
under normal conditions [27].

Table 1— Comparison of air density with the densities of water and some gases under
normal conditions [27]

No. | Gas (liquid) Density, kg/m’ Ratio to air density ku
1 Helium 0.178 0.138

2 Neon 0.900 0.696

3 Air 1.293 1.000

4 Argon 1.784 1.380

5 Carbonaceous 1.977 1.529

6 Krypton 3.743 2.895

7 Water 1000.000 773.395

Source: compiled by the authors using the source [27]

Table 1 lists the cheapest and most explosive gases. The substantiated technical
solution is protected by a Ukrainian patent for a utility model [32].

4.2.4. Evaluating the use of reverse rotation or ground effect

Reverse rotation of the propeller most significantly changes the aerodynamic
(hydrodynamic) forces, which increases the accuracy of determining the components of the
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total unbalance. But the assumption that the aerodynamic (hydrodynamic) unbalance during
reverse has changed direction to the opposite will be sufficiently accurate only for a propeller
with flat symmetrical blades. Therefore, non-flat and asymmetrical blades are a source of
error in determining the components of the total unbalance.

The use of the ground effect at low air or fluid velocities can increase aerodynamic or
hydrodynamic forces by up to a factor of two. This enhances the accuracy of identifying the
components of total unbalance. However, it is known that the presence of a screen shifts the
center of pressure toward the trailing edge of the blade, which in turn reduces the accuracy of
determining the individual components of total unbalance.

4.2.5. Comparison of the complexity of the designs of stands for determining propeller unbalances

Fig. 3 shows a variant of the stand for determining the mass and aerodynamic
unbalance of the propeller (axial fan impeller) by any of the proposed methods.

1

3

§ /S i

Figure 3 — Possible version of the stand for determiﬁ'irng“t.ﬁelr;lass
and aerodynamic unbalance of the propeller
Source: developed by the authors

Fig. 3 shows a propeller 1, which has two correction planes 2, 3, in which the propeller
unbalance is determined. The propeller is installed on a stand 4. The stand has a shaft 5, on
which the propeller is mounted. The shaft rotates in a forward or reverse direction by an
electric motor 6. The electric motor is supported by two elastic movable supports 7, 8. Two
vibration sensors 9, 10 are installed near the supports. The beginning of a new shaft rotation is
recorded by a speed sensor 11. The balancing device 12 receives and processes signals from
the vibration and speed sensors, calculates the dynamic unbalance of the propeller in two
correction planes. The axial force is measured by a dynamometer 13. A screen 14 is used to
create the ground effect.

Vibration sensors can be accelerometers, vibration velocity or vibration displacement
sensors. It does not matter in principle which balancing device, by which algorithm and by
which method the dynamic unbalance of the propeller is determined. But the best way to
determine dynamic unbalance may be the method of three test starts [3].

When using methods for determining propeller unbalances based on changes in air and gas
density, reverse propeller rotation, mobility of elastic supports, dynamometer and screen are
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not used. These elements can be removed from the design of the stand. But to implement the
methods, a chamber is required for changing pressure, temperature or replacing air or gas.
This complicates the implementation of the methods.

When using the method based on reverse propeller rotation to determine unbalances,
elastic support mobility, a dynamometer, and a screen are not required. These components can
be excluded from the stand's design. This makes it the simplest method to implement.

The most complex stand design is associated with the method that utilizes the ground
effect. However, the implementation of this method does not require an additional vacuum
chamber.

Conclusions

1. To determine the mass and aerodynamic (hydrodynamic) unbalances of a propeller,
it 1s sufficient to measure the dynamic unbalance of the propeller twice using a balancing
device. The first measurement is performed under normal operating conditions, and the
second under modified conditions that significantly affect the aerodynamic (hydrodynamic)
unbalance while leaving the mass unbalance unchanged. In this way, the mass equivalent of
the aerodynamic (hydrodynamic) unbalance can be determined.

To improve the accuracy of identifying the components of the total unbalance, it is
recommended to alter the propeller’s operating conditions in such a way that the aerodynamic
or hydrodynamic unbalance changes by at least 30%.

The following modifications to the operating conditions are considered effective:

— altering the density of air, gas, or liquid;

— reversing the direction of propeller rotation;

— installing a screen either in front of or behind the propeller.

In turn, changes in the density of the working medium can be achieved by:

— replacing air, gas, or liquid with another gas or liquid, including substitution of air or
gas with a liquid, and vice versa;

— changes in air or gas temperature for air propellers;

— changes for air or gas pressure propellers.

2. Among these methods, the highest potential accuracy is offered by those based on
replacing the fluid medium with one of a different density. However, for air propellers, the
method based on temperature variation is difficult to implement due to the need to achieve a
temperature change of more than 70°C.

Reverse rotation of the propeller changes the direction of aerodynamic or
hydrodynamic unbalance vectors to the opposite, though with a certain degree of error. This
error is smaller for flat, symmetrical blades, but the method may still introduce inaccuracies.

The method involving the installation of a screen in front of or behind the propeller
not only alters the magnitude of the aerodynamic (hydrodynamic) unbalance but also slightly
changes its direction. This, too, may introduce errors into the determination of unbalance
components.

List of References

1. Best S. Propeller Balancing Problems. SAE Transactions. 1945. Vol. 53. P. 648—659. www jstor.org/stable/44467824.

2. Majumder P., Maity S. A critical review of different works on marine propellers over the last three decades. Ships
and Offshore Structures. 2022. 18(3). P. 391-413. https://doi.org/10.1080/17445302.2022.2058767.

3. Li L, Cao S, Li J, Nie R., Hou L. Review of Rotor Balancing Methods. Machines. 2021. 9(5):89.
https://doi.org/10.3390/machines9050089.

4. DeSmidt H. A. Automatic Balancing of Bladed-Disk/Shaft System via Passive Auto-balancer Devices. 4/44
Journal. 2010. 48(2). P. 372-386. https://doi.org/10.2514/1.43832.

98



ISSN 2664-262X IlenTpansHOyKpainchkuil HaykoBHil BicHuk. Texuiuni Hayku. 2025. Bun. 12(43), 4. Il

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.
25.

26.
27.

@inimonixin I'. b., Oniiaivenxo JI. C. JocmiHkeHHsT MOXXIIMBOCTI 3piBHOBAXXEHHS aepOANHAMIYHOrO AUCOATaHCy
KPIJIBYATKH OCHOBOTO BEHTHIIATOpA KOPETYBaHHAM Mac. Eastern-European Journal of Enterprise Technologies.
2015. 5(7(77)). C. 30-35. https://doi.org/10.15587/1729-4061.2015.51195.

Filimonikhina I., Nevdakha Y., Olijnichenko L., Pukalov V., Chornohlazova H. Experimental study of the
accuracy of balancing an axial fan by adjusting the masses and by passive auto-balancers. Eastern-European
Journal of Enterprise Technologies. 2019. 6(1(102)). P. 60—69. https://doi.org/10.15587/1729-4061.2019.184546.
Niebsch J., Ramlau R., Nguyen T. Mass and Aerodynamic Unbalance Estimates of Wind Turbines. Energies.
2010. 3(4). P. 696-710. https://doi.org/10.3390/en3040696.

Bertele M., Bottasso C. L. Automatic detection and correction of aerodynamic and inertial rotor unbalances in
wind turbine rotors. Journal of Physics: Conference Series. 2022. 2265. https://doi.org/10.1088/1742-
6596/2265/3/032100.

Sucameli C. R., Berteleé M., Bottasso C. L. Automatic detection and correction of aerodynamic unbalances: a
noise-based approach. Journal of Physics: Conference Series. 2024. 2767. https://doi.org/10.1088/1742-
6596/2767/2/022022.

Milani S., Leoni J., Cacciola S., Croce A., Tanelli M. A machine-learning-based approach for active monitoring of
blade pitch misalignment in wind turbines. Wind Energy Science. 2025. 10. P. 497-510.
https://doi.org/10.5194/wes-10-497-2025.

Li Z., Gao Y. Research on Wind Turbine Unbalance Fault Diagnosis Based on Wavelet Transform and
Convolutional Neural Network. IEEE Access. 2024. 12. P. 176259-176269.
https://doi.org/10.1109/ACCESS.2024.3496921.

International Organization for Standardization. Shipbuilding — Ship screw propellers — Manufacturing
tolerances — Part 2: Propellers of diameter between 0.80 and 2.50 m inclusive (ISO 484-2:2015). 2015.
https://www.iso.org/standard/63433 .html.

Martin E., Hartford W., Beebe M. Means and methods of balancing propellers. US Patent 2343383A. United
States, 1944. IPC GO1M1/22. Available: https://patents.google.com/patent/US2343383A.

Kudashov E., Bolotov M., Grachev 1., Pronichev N. Methodology for assessing the aerodynamic unbalance of
GTE impellers. JOP Conference Series: Materials Science and Engineering. 2022. https://doi.org/10.1088/1757-
899X/1227/1/012004.

Faizin M., Paryanto P., Cahyo N., Rusnaldy R. Investigating the accuracy of boat propeller blade components with
reverse engineering approach using photogrammetry method. Results in Engineering. 2024. 22. 102293.
https://doi.org/10.1016/j.rineng.2024.102293.

Olijnichenko L., Filimonikhin G., Nevdakha A., Pirogov V. Patterns in change and balancing of aerodynamic
unbalance of the low pressure axial fan impeller. Eastern-European Journal of Enterprise Technologies. 2018.
3(7(93)). P. 71-81. https://doi.org/10.15587/1729-4061.2018.133105.

Filimonikhin G., Filimonikhina I., Bilyk Y., Krivoblotsky L., Machok Y. Theoretical study into the aerodynamic
unbalance of a propeller blade and the correcting masses this balance it. Eastern-European Journal of Enterprise
Technologies. 2021. 4(7(112)). P. 60-66. https://doi.org/10.15587/1729-4061.2021.238289.

Sheets J. H., MacKinney G. W. Reverse-Thrust Propellers as Landing Brakes. SAE Transactions. 1945. P. 257—
263. https://www jstor.org/stable/44467777.

Ma Z., Wang G., Luo S., Luo Q., Zhao Y. A Fast Landing Control Method for Full Wing Solar-powered UAV by
Using Propeller Thrust Reversal. Chinese Control and Decision Conference (CCDC). 2021. P. 4938-4943.
https://doi.org/10.1109/CCDC52312.2021.9601493.

Bass J., Tunney 1., Desbiens A. L. Adaptive Friction Shock Absorbers and Reverse Thrust for Fast Multirotor
Landing on Inclined Surfaces. IEEE Robotics and Automation Letters. 2022. 7(3). P. 6701-6708.
https://doi.org/10.1109/LRA.2022.3176102.

Yasukawa H., Fujiwara R., Hirata N. et al. Influence of initial disturbances on ship stopping performance by
propeller reverse rotation. Journal of Marine Science and Technology. 2022. 27. P. 740-758.
https://doi.org/10.1007/s00773-021-00866-2.

Garofano-Soldado A., Sanchez-Cuevas P. J., Heredia G., Ollero A. Numerical-experimental evaluation of
aerodynamic ground effect for small-scale tilted propellers at low Reynolds numbers. Aerospace Science and
Technology. 2022. 126. 107625. https://doi.org/10.1016/j.as5t.2022.107625.

Xiang He, Kam K. Leang. Rotorcraft in-ground effect models in axial and forward flight. Aerospace Science and
Technology. 2025. 156. 109748. https://doi.org/10.1016/j.ast.2024.109748.

Luo Y., AiT., He Y., XuB., Qian Y., Zhang Y. Numerical investigation on unstable characteristics of ducted fans
in ground effect. Chinese Journal of Aeronautics. 2023. 36(9). P. 79-95. https://doi.org/10.1016/j.cja.2023.04.004.
Kleeman R. D. A Kinetic Theory of Gases and Liquids. USA : Creative Media Partners, LLC, 2022. 288 c.
Chambers A. Modern Vacuum Physics. Boca Raton : CRC Press LLC, 2004. 341 c.

Poling B. E., Prausnitz J. M., O'Connell J. P. Properties of Gases and Liquids. 5th ed. New York : McGraw-Hill
Education, 2001. https://www.accessengineeringlibrary.com/content/book/9780070116825.

99



ISSN 2664-262X Central Ukrainian Scientific Bulletin. Technical Sciences. 2025. Issue 12(43), Part Il

28.

29.

30.

31.

32.

Croci6 BU3HAUCHHS He3piBHOBaXKCHOCTEH MOBITPSHOrO TBUHTA : MaT. 165212 Ykpaina : MIIK GO1M 1/12, GOIM
1/22 (2006.01). Neu202500165 ; 3asBn. 14.01.2025 ; omy6u. 16.10.2025. brom. Ne 41/2025.

Croci6 BU3HauUCHHS HE3pIBHOBAKEHOCTEH ITOBITPSAHOro rBHHTA : mar. 159842 Vxpaima : MIIK GOIMI1/12,
GO01M1/22 (2006.01). Ne u202500166 ; 3asBn. 14.01.2025 ; omy6m. 09.07.2025. brom. Ne 28/2025.

Crioci6 BU3HAUCHHS HE3piBHOBaKCHOCTEH MOBITPSHOro TBUHTA : MaT. 159843 Ykpaina : MIIK GOIM 1/12, GOIM
1/22 (2006.01). Neu202500167 ; 3asBn. 14.01.2025 ; omy6u. 09.07.2025. brom. Ne 28/2025.

Croci6 BU3HAUCHHS He3piBHOBaXKEHOCTEH MOBITPSHOro TBUHTA : MaT. 159914 Ykpaina : MIIK GOIM 1/12, GOIM
1/22 (2006.01). Neu202500164 ; 3asBn. 14.01.2025 ; omy6u. 16.07.2025. brom. Ne 29/2025.

Crioci6 BU3HAUCHHS He3piBHOBaXKEHOCTEH MOBITPSHOro TBUHTA : MaT. 159841 Ykpaina : MIIK GO1M 1/12, GOIM
1/22 (2006.01). Neu202500163 ; 3asBn. 14.01.2025 ; omy6u. 09.07.2025. brom. Ne 28/2025.

References

1.
2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Best, S. (1945). Propeller Balancing Problems. SAE Transactions, 53, 648—659. www jstor.org/stable/44467824.
Majumder, P., & Maity, S. (2022). A critical review of different works on marine propellers over the last three
decades. Ships and Offshore Structures, 18(3), 391-413. https://doi.org/10.1080/17445302.2022.2058767.

Li, L., Cao, S., Li, J., Nie, R., & Hou, L. (2021). Review of Rotor Balancing Methods. Machines, 9(5), 89.
https://doi.org/10.3390/machines9050089.

DeSmidt, H. A. (2010). Automatic Balancing of Bladed-Disk/Shaft System via Passive Auto-balancer Devices.
AIAA Journal, 48(2), 372-386. https://doi.org/10.2514/1.43832.

Filimonikhin, H. B., & Oliinychenko, L. S. (2015). Doslidzhennia mozhlyvosti zrivnovazhennia
aerodynamichnoho dysbalansu krylchatky osiovoho ventyliatora korehuvanniam mas. Eastern-European Journal
of Enterprise Technologies, 5(7(77)), 30-35. https://doi.org/10.15587/1729-4061.2015.51195 [in Ukrainian].
Filimonikhina, 1., Nevdakha, Y., Olijnichenko, L., Pukalov, V., & Chornohlazova, H. (2019). Experimental study
of the accuracy of balancing an axial fan by adjusting the masses and by passive auto-balancers. Eastern-European
Journal of Enterprise Technologies, 6(1(102)), 60—69. https://doi.org/10.15587/1729-4061.2019.184546.

Niebsch, J., Ramlau, R., & Nguyen, T. (2010). Mass and Aerodynamic Unbalance Estimates of Wind Turbines.
Energies, 3(4), 696-710. https://doi.org/10.3390/en3040696.

Bertele, M., & Bottasso, C. L. (2022). Automatic detection and correction of aerodynamic and inertial rotor
unbalances in wind turbine rotors. Journal of Physics: Conference Series, 2265. https://doi.org/10.1088/1742-
6596/2265/3/032100.

Sucameli, C. R., Bertelé, M., & Bottasso, C. L. (2024). Automatic detection and correction of aerodynamic
unbalances: a noise-based approach. Journal of Physics: Conference Series, 2767. https://doi.org/10.1088/1742-
6596/2767/2/022022.

Milani, S., Leoni, J., Cacciola, S., Croce, A., & Tanelli, M. (2025). A machine-learning-based approach for active
monitoring of blade pitch misalignment in wind turbines. Wind Energy Science, 10, 497-510.
https://doi.org/10.5194/wes-10-497-2025.

Li, Z., & Gao, Y. (2024). Research on Wind Turbine Unbalance Fault Diagnosis Based on Wavelet Transform and
Convolutional Neural Network. IEEE Access, 12, 176259-176269.
https://doi.org/10.1109/ACCESS.2024.3496921.

International Organization for Standardization. (2015). Shipbuilding — Ship screw propellers — Manufacturing
tolerances — Part 2: Propellers of diameter between 0.80 and 2.50 m inclusive (ISO 484-2:2015).
https://www.iso.org/standard/63433 .html.

Martin, E., Hartford, W., & Beebe, M. (1944). Means and methods of balancing propellers. US Patent 2343383 A.
IPC GO1M1/22. https://patents.google.com/patent/US2343383A.

Kudashov, E., Bolotov, M., Grachev, 1., & Pronichev, N. (2022). Methodology for assessing the aerodynamic
unbalance of GTE impellers. [OP Conference Series: Materials Science and Engineering.
https://doi.org/10.1088/1757-899X/1227/1/012004.

Faizin, M., Paryanto, P., Cahyo, N., & Rusnaldy, R. (2024). Investigating the accuracy of boat propeller blade
components with reverse engineering approach using photogrammetry method. Results in Engineering, 22,
102293. https://doi.org/10.1016/j.rineng.2024.102293.

Olijnichenko, L., Filimonikhin, G., Nevdakha, A., & Pirogov, V. (2018). Patterns in change and balancing of
aerodynamic unbalance of the low pressure axial fan impeller. Eastern-European Journal of Enterprise
Technologies, 3(7(93)), 71-81. https://doi.org/10.15587/1729-4061.2018.133105.

Filimonikhin, G., Filimonikhina, 1., Bilyk, Y., Krivoblotsky, L., & Machok, Y. (2021). Theoretical study into the
aerodynamic unbalance of a propeller blade and the correcting masses this balance it. Eastern-European Journal
of Enterprise Technologies, 4(7(112)), 60—66. https://doi.org/10.15587/1729-4061.2021.238289.

Sheets, J. H., & MacKinney, G. W. (1945). Reverse-Thrust Propellers as Landing Brakes. SAE Transactions, 257—
263. https://www jstor.org/stable/44467777.

100



ISSN 2664-262X IlenTpansHOyKpainchkuil HaykoBHil BicHuk. Texuiuni Hayku. 2025. Bun. 12(43), 4. Il

19. Ma, Z., Wang, G., Luo, S., Luo, Q., & Zhao, Y. (2021). A Fast Landing Control Method for Full Wing Solar-
powered UAV by Using Propeller Thrust Reversal. Chinese Control and Decision Conference (CCDC), 4938—
4943. https://doi.org/10.1109/CCDC52312.2021.9601493.

20. Bass, J., Tunney, 1., & Desbiens, A. L. (2022). Adaptive Friction Shock Absorbers and Reverse Thrust for Fast
Multirotor Landing on Inclined Surfaces. [EEE Robotics and Automation Letters, 7(3), 6701-6708.
https://doi.org/10.1109/LRA.2022.3176102.

21. Yasukawa, H., Fujiwara, R., & Hirata, N. et al. (2022). Influence of initial disturbances on ship stopping
performance by propeller reverse rotation. Journal of Marine Science and Technology, 27, 740-758.
https://doi.org/10.1007/s00773-021-00866-2.

22. Garofano-Soldado, A., Sanchez-Cuevas, P. J., Heredia, G., & Ollero, A. (2022). Numerical-experimental
evaluation of aerodynamic ground effect for small-scale tilted propellers at low Reynolds numbers. Aerospace
Science and Technology, 126, 107625. https://doi.org/10.1016/j.ast.2022.107625.

23. Xiang He, & Kam K. Leang. (2025). Rotorcraft in-ground effect models in axial and forward flight. Aerospace
Science and Technology, 156, 109748. https://doi.org/10.1016/j.ast.2024.109748.

24, Luo, Y., Ai, T., He, Y., Xu, B., Qian, Y., & Zhang, Y. (2023). Numerical investigation on unstable characteristics
of ducted fans in ground effect. Chinese Journal of Aeronautics, 36(9), 79-95. https://doi.org/10.1016/j.cja.2023.04.004.

25. Kleeman, R. D. (2022). 4 Kinetic Theory of Gases and Liquids. USA: Creative Media Partners, LLC.

26. Chambers, A. (2004). Modern Vacuum Physics. Boca Raton: CRC Press LLC. 341 s.

27. Poling, B. E., Prausnitz, J. M., & O'Connell, J. P. (2001). Properties of Gases and Liquids (5th ed.). New York:
McGraw-Hill Education. https://www.accessengineeringlibrary.com/content/book/9780070116825.

28. Sposib vyznachennia nezrivnovazhenostei povitrianoho hvynta: Patent Ne165212 Ukraina. MPK GOIM 1/12,
GO1M 1/22 (2006.01). Neu202500165; zaiavl. 14.01.2025; opubl. 16.10.2025, Biul. Ne41/2025 [in Ukrainian].

29. Sposib vyznachennia nezrivnovazhenostei povitrianoho hvynta: Patent Nel159842 Ukraina. MPK GO1M1/12,
GO01M1/22 (2006.01). Neu202500166; zaiavl. 14.01.2025; opubl. 09.07.2025, Biul. Ne28/2025 [in Ukrainian].

30. Sposib vyznachennia nezrivnovazhenostei povitrianoho hvynta: Patent Ne159843 Ukraina. MPK GOIM 1/12,
GO1M 1/22 (2006.01). Neu202500167; zaiavl. 14.01.2025; opubl. 09.07.2025, Biul. Ne28/2025 [in Ukrainian].

31. Sposib vyznachennia nezrivnovazhenostei povitrianoho hvynta: Patent Ne159914 Ukraina. MPK GOIM 1/12,
GO1M 1/22 (2006.01). Neu202500164; zaiavl. 14.01.2025; opubl. 16.07.2025, Biul. Ne29/2025 [in Ukrainian].

32. Sposib vyznachennia nezrivnovazhenostei povitrianoho hvynta: Patent Ne159841 Ukraina. MPK GOIM 1/12,
GO1M 1/22 (2006.01). Neu202500163; zaiavl. 14.01.2025; opubl. 09.07.2025, Biul. Ne28/2025 [in Ukrainian].

I'. b. ®inimonixin, npod., 1-p TexH. Hayk, FO. O. Cokanbcnka, FO. O. Ocranuyk,
JI. C. Oaiiiniuenko, 101., KaHa. TexH. HayK, B. B. [Iuporos., nom., kanz. ¢i3.-Mat. HayK
Lenmpanvnoyxpaincokuii HayionansHuil mexHivHuu ynieepcumem, Kponuenuyvkui, Yxpaina

OOrpyHTYBaHHS MeTO/liB BU3HAYEHHSI MACOBOI Ta aepoAMHaAMiYHOI (TiZpoaMHaMidHOT)
HE3PiBHOBAKEHOCTi TBUHTA

TeopermyHO OOIPYHTOBAHO HOBI METOAM OKPEMOrO BH3HAYCHHS MAacOBOI 1 aepOJMHAMIYHOL
(TimpoaMHAMIYHOI) HE3PIBHOBAXXEHOCTI IOBITPSHOTO 4YM TpeOHOro rBHHTA 3 (hikcoBaHMM Kpokom. s mporo
3aIpOIIOHOBAaHO BU3HAYATH AWHAMIYHY HE3PIBHOBAKEHICTH JBiYi: 32 HOPMAJIBGHUX YMOB POOOTH I'BHHTA; 32 3MIHEHUX
YMOB, 3a SIKUX 3MIHIOETHCS JINIIE aepoiiHaMivHa (T1ApoJrHaMIYHa) CKIIA10Ba HE3piBHOBAKEHOCTI IBUHTA.

3anporioHOBaHI MeToan 0a3yloThCs Ha: 3MiHI TYCTHHM IIOBITpS, rasy a0o piJuHH; 3aCTOCYyBaHHI
PEBEPCUBHOTO OOEpTaHHS TBUHTA; BUKOPHCTAHHI €KpPaHHOrO edekTy. 30Kpema, 3MiHM T'YCTHHH MOXKHA JOCSATTH
IIJISIXOM 3aMiHM poOOYOro Tila Ha TUIO 3 1HIIOIO TYCTHHOIO a0 HUISIXOM 3MiHM HOTO TEMIIepaTypH YW THCKY.
TeopernuHa ocHOBa 0a3yeThCS Ha TAKHWX BIACTHUBOCTSX a€pPOAMHAMIYHOI (TiJpOANHAMIYHOI) HE3PIBHOBAXKEHOCTI:
BOHA IPSIMO TIPONOPLIHHNI TYCTHHI cepeloBHINg; ii HANMpsMOK 3MIHIOETHCS Ha MPOTWICKHHUH IpHU 3BOPOTHOMY
o0epTaHHI IBUHTA; ii BETMYMHA 30UIBIIYETHCS, KON Iepest a00 3a TBUHTOM BCTAHOBJIEHO €KpaH (€KpaHHMH e(eKT).
AeponunamiuHa (TigpoJWHAMIUHA) HE3PIBHOBAKEHICTh KITbKICHO BH3HAYA€ThCs SK CKBIBAJICHTHA MacoBa
HE3piBHOBAXKEHICTh, BUMIipsiHA OajaHCyBaJbHHM IIPWIAJOM 3a IIEBHUX YMOB POOOTH T'BHHTA. 3alpPOIIOHOBAaHMI
3aKOH 3MIHH 11i€] HE3piBHOBa)KEHOCTI, 110 3aJIEKUTH BiJl yMOBH POOOTH TBUHTA.

EdexTuBHICTS IIUX METOIB OIIIHIOETHECS Ha OCHOBI iXHBOI MPAKTHYHOI JOMUTEHOCTI Ta MOTEHIIIHHOTO
BIUIMBY Ha TOYHICTH PO3IUICHHS CKJIQJIOBUX He3piBHOBaXkeHOcTed. Li pe3ynbraTt MOXYTh OyTH KOPUCHUMHM JUIS
PO3pOOKH BJOCKOHAJICHNX METOAIB OAJIaHCYBAaHHSI, OL[IHKM 3JIMIIKOBOI HE3PIBHOBA)KEHOCTI Ta KOHTPOJIO SIKOCTI
ITi1 yac BUpOOHMIITBA Ta PEMOHTY I'BHHTIB.
TBUHT, 0a1aHCYBaHH#, Oe3IIOTHUI anapar, MiJIOTOBAHM anapar, 6aIaHCyBaIbHUN NPUCTPIl, eKpaHHuii edpexT
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BuyueHHs 31amMaHOro 1HCTpyMEHTa
13 3aCTOCYBaHHSIM €JIEKTPOEPO3iiiHOI 00pOOKHU

3anpoItoHOBaHO HOBHUII CIIOCIO BHITydEHHS 3J1aMaHOrO IHCTPYMEHTY i3 3aCTOCYBAHHSM €JIEKTPOEepO3iHHOI
00poOku. IIpomec BuiIydeHHS 3MIMCHIOIOTH y ABa IOCHiZOBHI erarmu. Ha mepmiomy erami i3 3acTOCYBaHHSIM
po3MipHOI 00pOOKH EIEKTPUYHOIO JYrol0 OTPUMYIOTH OTBIp HE KpyIJIoro (6araToKyTHOrO) Hepepi3y i KITod, a
Ha JIPYyroMy — BCTaBJISIOTh Y OTPUMaHUK oTBip ['-1oiOHMIt KITI0Y Ta BUKPYYYIOTh 3JIaMaHy YacTHHY IHCTpyMEHTA.
INokazaHo, 1m0 BHKOPUCTaHHA IAaHOTO CIIOCOOY, ITOPIBHSHO 3 BiJIOMHM, J03BONs€ y 4-5 pasu 30UIbIINTH
MIPOAYKTUBHICTh 00pOOKH, 1 y 2-3 pa3y 3HU3UTH BUTPATH HA OTPUMAHHS €JIEKTPO/-IHCTPYMEHTIB.
eJICKTPOepo3iiiHa ro10BKa, po3MipHa 00po0Ka Iyror, HACTLIbHUI CBepAIyBAIBLHUN BepCTAT, NPOXYKTUBHICTD
00po0KH, eJ1eKTPOA-iHCTPYMEHTH

ITocTanoBka npodiemun. Ha cydacHUX miANpUEMCTBAX IPHU BUKOHAHHI CIHOCapHUX
poOIT MOJIOMKAa MITYMKIB Ta IHIIOIO IHCTPYMEHTa fBJIg€ COOOI0 OJHY 13 NPUYMUH Opaky
neraineil. Bona BinOyBa€eTbcs, TOJIOBHUM YMHOM, B HACJI1JOK MOMWJIOK B MpuiioMax poOoTH Ta
HEsKICHOTO Mia0opy MITUMKIB. [HOML, ane ayxe piaKo, BAAE€THCS BUKPYTUTH 3J1aMaHy YaCTUHY
MITYMKA 3 TPbOMAa PSAAMU JI€3 CHELiaJbHOI0 TPUIITUPKOBOIO BHJIKOIO. A SKIIO 13 OTBOPY
CTOpYUTH OOJOMOK MITYMKA, YacTHUHY, II0 BHCTYyNAa€, HaMaralTbCA  3aXOINUTHU
IUIOCKOTYOLSIMM a00 MPUBApUTH A0 Hel IITUP Ta BUKPYTUTH. [l BHIIydEHHS 3J1aMaHOIO
IHCTPYMEHTa, 1[0 BUTOTOBJEHO 13 IHCTPYMEHTAJIbHOI CTali, 3aCTOCOBYIOTh IOCIIIOBHY
TEPMIUHY Ta MexaHiuHy oOpoOKy. IIpu oMy netanp 31 31aMaHUM MITYMKOM HarpiBaroTh 10
TEMIIEpaTypu CTPYKTYPHMX 3MiH, HOBUIBHO OXOJIO/DKYIOTH pa3oM 3 Mi4y4io, a Jaii
BUCBEPUIIOIOTh LEHTPAJbHY YAaCTUHY 1 CHELIaJIbHUM KOHIYHUM MITYMKOM BUKDPYUYYIOTh
3anumIoK. [HOAl JUIsl BWIIyYEHHS OCKOJIKIB MITYMKA iX BHUTPABIIOIOTH PO3YHHOM Aa30THOIO
kuciaotu. [Ipouec npooBXyOTh AeKUIbKa rouH. JlaHui crnocid 3acTOCOBYIOTH JIMIIE B TOMY
BUIAJKY, KOJM KHCJIOTa J00pe pO3YMHIOE Marepiajl MITYMKAa Ta HE3HAYHO Jl€ Ha Marepial
netaii (HalpuKIIaj, s aJlOMIHIEBUX CIUIABIB).

OpHak, ycl 111 cIocoOM HE € yHIBEpCaJIbHUMM 1 HE TapaHTyIOTh SIKICHE BUIIYYCHHS
31aMaHOr0 IHCTpYMEHTa 13 Jjerani. SIK aJbTEepHATUBY MOXHA PO3IJISIHYTH CIIOCOOU
EJIEKTPOEpPO3iiHOT O00pOOKH, MHIO0 [J03BOJSAIOTH OUThIN €(EeKTHBHO BHIAIATH 3JIaMaHHUM
IHCTPYMEHT 3 JleTaJIeH.

AHaJi3 ocTtaHHix gociailxkeHnb i myoOaikauiii. [o enexrpoeposiiiHoi 00poOkH, sKi
MOXXYTb 3aCTOCOBYBATHCSI CbOI'OJIHI JJIsi BMJIYYEHHS 3aJUIIKIB 3JaMAaHOIO IHCTPYMEHTA,
BITHOCSITBCSI €JEKTPOICKpOBa 00poOKa, eleKTpoiMmysibcHa oOpoOka Ta po3mipHa 00poOka
€JIEKTPUYHOIO YTO10.

EnexrpoickpoBa 00poOka 0a3yeTbCsi Ha BUKOPUCTAHHI BHCOKOKOHIIEHTPOBAHMX
€JIEKTPUYHUX PO3PSAIB A 3HIMAHHSA Marepialy i3 3aroToBKH, 110 oOpobuserses [1, c. 1].
EnextpoickpoBa 00poOka 3a0e3nedye BUKOPUCTAHHS €JIEKTPUUYHOI eHeprii Oe3mocepeaHbo
15151 00poOKu feTanei 13 Oyb-IKUX MaTepialliB, 10 MPOBOAATH EJIEKTPUIHUIN CTPYM, HEZAIEKHO
B1J iX (P13MKO-XIMIYHUX BJACTUBOCTEHN, a TAKOXK 3MIL[HEHHS Ta JIETYBAaHHS iX TOBEPXOHb.

JUis BUIydeHHsSI 3J1aMaHOrO IHCTPYMEHTa MOXXYTb BHKOPHUCTOBYBAaTHCS pIi3HI
IIPOLIMBHI €JIEKTPOICKPOBI BepcTaTu, Hampukialx, gipmu «Sodick» [1, 48-49]. B mpoueci
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IPOLIMBAaHHS PYHHYETbCS 3JlaMaHa YacTHHA eJIEKTPOA-IHCTPYMEHTOM, BUTOTOBJIEHUM 13
Kpyrioi MigHoi TpyOku. Ilicias mpommBaHHS, 371aMaHa 4yacTHMHA PO3CUIAETbCA Ha JpiOHI
€JIEMEHTI Ta JIETKO BUJIyYa€eThCs 13 1eTall.
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a — ocumIIorpama eJIeKTpoiCKpoBOi 00poOKH; 6 — ocIUIIorpaMa eJeKTpOIMITYIbCHOI 0OPOOKH; B — OCIMIIOrpaMa
PpO3MipHOi 00pOOKH AYT010; / — CHIla TEXHOJIOTIYHOI'O CTPYyMY; ¢ — 4yac 00poOku; T — mepiof po3psny; 4 — Jac
TPUBAIICTb PO3PSILY; ¢ - IINIAPYBATICTh BBEACHHS CHEPTii B 30Hy 00pOOKH
Pucynok 1 — XapaxrepHuii BUIIISA OCIUIIOrpaM AJIsl Pi3HUX CIIOCOOIB eNeKTpOepo3iiiHOi 0OpOOKH MeTaliB
Hoicepeno: pospobaeno agmopom

EnextpoickpoBa 00poOka BUKOPHCTOBYE B SIKOCTI JKepes KuBiieHHs: RC-reneparopu
[2, c. 6]. Taki reHepaTopu CTBOPIOIOTH 51 0OpoOKM ICKpOBi po3psanu. EHepris Takux
pospaznis W; = 0,0003...2 JIx, a ix Tpusamicts # =~ 10*...10° c. Enepria B 30Hy 06po6KK
BBOJUTHCS AMCKPETHO 13 mmapysarictio g > 10 (puc. 1, a). lllo mpusBoauTh 1O HU3BKOI
IPOJyKTHBHOCTI €IeKTPOiCKpOBOi 06po0KH. IIpoLyKTHBHOCTI cArae JeKilbka cOTeHb MM>/XB
32 yMOB HEOOXIAHMX JJIsl pyHHYBaHHS 371aMaHOT YACTUHU IHCTPYMEHTA.

binpiry npoayKTHBHICTH 3a0e31euye eIeKTpOoIMITyJIbcHa 00poOKa, MpH sIKiil y SKOCTI
JDKEpell J)KMBJIEHHS BUKOPUCTOBYIOTh F€HEpAaTOpH IMIynbeiB [2, . 6, 7]. BoHM 103BONSAIOTH
BeCTH OOpPOOKY KOpPOTKOYACHHUMM ICKPOAYTOBMMM Ta AYTOBUMH pO3psaamMu. TpHUBaNICTh
Takux iMoyinsciB 4 = 102...10% ¢ 3 mmapysatictio 1 < g < 10, 1o, B NOPiBHAHHI 3
€JIEKTOICKOBHM crocoboM, 3abe3mneuye MeHmi nay3u (puc 1, 6). [IponykTuBHICTE 00pOOKH
TIpY eJ1eKTPOIMIYJIbCHiM 06pOOIIi CTAHOBUTH JEKIIbKA THCAY MM>/XB.

B po6orax [3-7] BuknaaeHo crnocié po3MipHOT 0OpOOKH METalliB €EKTPUYHOIO IYTOI0
(PO — posmipHa 00poOka Iyrorwo), SIKUH 3aCTOCOBYETbCS MJIsi BHJIYYEHHS 3J1aMaHOIO
iHcTpyMeHTa. [lpu peanizalii NpolIMBaHHSA OTBOPY 31HCHIOETHCS €IEKTPUUYHOIO JIYrolo, 110
ropuTh Oe3nepepBHO MK enekTpoi-iHcTpyMmeHToM (EI) (MmigHOro Kpyrioro TpyOkor) Ta
esieKTpoa-3arotoBkoio (E3) (31amaHo0 4yaCTHMHOIO IHCTPYMEHTAa) B MOTOIL pOOOYOT piIuHHU.
JlxepenoM xkuBjaeHHs cTpyMoM BepcraTiB POJ] Moxke ciyryBaTu 3BaproBajlbHUN BUIIPSAMIISY.
BuxopucrtanHs 3BaproBaJbHUX BUIPSIMIISYIB JO3BOJISIOTH BBOJUTH B 30HY OOpOOKM BEMKI
CTPYMHM, L0 3HAYHO MIiJABUINYE NPOAYKTUBHICTH 00poOku. Ilpu LbOMY NpPOIYKTHBHICTDH
TpoILIeCy 30UTBIIYETHCS, IOPIBHSHO 3 €IEKTPOIMITYIIECHOIO 00poOKoI0, B 8-10 paziB. Takum yuHOM,
yac npowmuBanHsa oTBopy npu PO/] 3HauHO MeHIINN MDK NpHU €JIEKTPOIMITYJIbCHIH 00poo1i.

Bunyuennss 31mamaHoro iHCTpyMeHTa 3JiicHIoeTbcst Ha ycraHoBui POJl 3
BUKOPHUCTAHHSIM €JIEKTpOepo3iiiHOT rojoBku (puc. 2). Ilpouec 3ailiCHIOETBCS LUISIXOM
IPOLIMBAHHS IIMOOKOTO0 KPYIJIOrO OTBOPY B 3JIaMaHId 4YacTHHI, MICAS YOro 3alUIIKU
3J1aMaHOTO IHCTPYMEHTY KpUIIAThCs Ha IpiOHI €IEMEHTH, 1110 103BOJISIE JIETKO BUIYYa€eThCs 1X
13 OTBOpY JleTalll. Y CTaHOBKa CTBOpEHa Ha 0a31 HaCTUILHOIO CBEPJIyBAJIbLHOTO BepcTara [7, c.

103



ISSN 2664-262X Central Ukrainian Scientific Bulletin. Technical Sciences. 2025. Issue 12(43), Part Il

202]. Bona He moTpebye BHECEHHsS 3MIH B KOHCTPYKLII0O 0a30BOro BepcTaTa, 3 PyYHUM
IPUBOJIOM ILIMUHAENS 3 €JIEKTPOEpO31HHOI0 TI'OJIOBKOI, MAa€ HEBHUCOKY BapTICTh 1 3aiiMae
MOPIBHSHO MaJly IJIOIY.

Pucynok 2 — EnekrpoeposiiiHnii BepcTar 3 NPOIIMBHOIO TOJIOBKOIO Ha 0a3i HAaCTiIBHOTO
CBEpUIMJIBHOIO BEpCTaTa
Hoicepeno: pospobaeno agmopom

OckilbKH BHMCOTa 3jJaMaHOi YaCTUHHU IHCTpyMEeHTa Moxe pocsrath 50 MM, 00’eMm
MeTaly, 10 HUISArae elekTpoeposii, € 3HaYHUM, a TOMY 1 HEOOXIIHUH yac Ha MPOLIMBAHHS
OTBOPY 3aJIMILAETHCS JOCTATHHO 3HAYHUM.

Kpim Toro, HeoOXiIHO BpaxoByBaTH, L0 BEIMKHH 3HOC €JIEKTPOJA-IHCTPYMEHTa 3
MIHOTO, AKUM 3aBxau nepesuirye 30 %, CyTTeBO MIABUILYE BapTicTh 0OPOOKH.

3a poboramu [7, 8] BimoMoO, 110 HaWHOUIBIIY eIeKTpoepo3iiHy cTiiikicTs npu POJI
MeTaniB 3a0e3neuyroTh rpadirosi El: ix miHiiiHMI 3HOC Moke OyTu 3HayHO MeHIIMM 1 %.
IToxazano, mo manuit 3H0c rpadiroBoro EI mpu POJ] nos’s3anuii 3 yrBopeHHsIM Ta ioro
noBepxHi JBo(da3HOro MeranorpadiToBoro Imapy, M0 B MHpoueci 0OpoOKH MOCTIHHO
MOHOBIIO€EThCS. Llel map cnpuiiMae TerioBe HaBaHTAKEHHS BiJ TOPIHHSA AYTH.

Cnig  BIAMITHTH, 1O BHUKOPUCTaHHS MAaJO3HOCHUX TpadiTOBUX  €IEKTPOI-
iHcTpyMeHTiB g PO/l oTBOpY B 3;1aMaHiil YaCTHHI IHCTPYMEHTA YTPYAHIOETbCSA MPOOIEMOIO
X BUTOTOBJICHHS: MaJIMil JlaMeTp, BEJIMKA JOBXKHUHA.

JlocnipkeHHsl NOoKa3alu, IO JJIsS HNOKpPALleHHS  eKCIUTyaTal[liHUX XapaKTepUCTHK
BUJIyYEHHS 3JIaMaHOT0 1HCTPYMEHTY METOJaMHU €eJIEeKTPOepo3iiiHOoI 00poOKOoI0 HEoOX1IHO:
3a0e3MneynTy HaWOUIbIly NPOAYKTUBHICTH OOpOOKM; M 3MEHLIEHHS vacy o00poOku
HEOOXIIHO CYTTEBO 3MEHIIUTH INIMOMHY 00pOOKH (1€ JO3BOJIUTH BUKOPHUCTOBYBATH KOPOTKI
rpadiroBi EI nns Gararopa3oBoro 3acTtocyBaHHs); [UIsl 3MEHILEHHS TIJIMOMHU 0OpOoOKHU
HEOOXIIHO 3aIpONOHYBATH IHIIMI NPUHIUI BUIYYEHHS 3JIaMaHOTO IHCTpyMeHTa. B mpomy
3B’SI3Ky, IE€BHHUHW NPAKTUYHUN IHTEpec SBJISE HOBUH CHOCIO BUIYYEHHS 3J1aMaHOIO
IHCTPYMEHTY 13 3aCTOCYBaHHSM €JIEKTPOEepO31iHOI 00poOKH, KU BpaxOBYe HaBEJEHI BUIIE
ocobnmBocTi. Takiit ciocid He OyB 00’ €KTOM JOCIIKEHHS.

IlocranoBka 3aBaaHHs. MeTOI0 JOCIIDKEHHS € TOJIMIIEHHS EKCIUTyaTalliiHUX
XapaKTEPUCTUK CHOCOO0Y BMIIYYEHHS 3J1aMAHOIO IHCTPYMEHTY METOJaMH eJIEeKTPOepO31iHHOT
00poOKH 32 paXyHOK 3aCTOCYBAHHSI 3alIPOIIOHOBAHOTO NMPUHIIUITY BUITY4YEHHS.

Buknan ocHoBHoro Marepiaay. B HoOBoMy cmocoOi BHIIY4YEHHS 3J1aMaHOIO
iHcTpyMeHTy cniocoOoM PO/l nmponoHyeTbes MpoIiec BUIYYEHHsSI BUKOHYBATH HOCIIOBHO Y
nBa eranu. Ilepmmit eranm: 3 BukopuctaHHsMm rpadiroBoro EI, skuil BcTaHOBiEHMH B
esiekTpoepo3iiiny roiosky PO/ oTpuMyloTh OTBip HiA K04 HE KPyryoro (0araToKyTHOIO)
nepepizy. Jpyruil eramn: BCTaB/ISIOTh y OTPUMAHUM B MITUMKY OTBip ['-moaiOHMil Kiaro4 Ta
BUKPYUYIOTh HOro 3jmamaHy yacTuHY. IIponec BuzaaneHHs 3j1aMaHOi 4acTUHU MITYMKa 1
MOKAa3aHO Ha PUCYHKY 3.

Ha nepumwomy erani geranb 2 13 3J1aMaHOI0 YacTHHOIO MITYMKa 1 3aKkpillUIOIOTH Ha
CTOJII HACTUIBHOTO CBEpJUIYBJIBHOIO BepcTara. B maTpoH BepcraTa BCTaHOBIIOETHCS
€JIEKTpOepO3iiiHa T'OJI0BKA, 5IKa BKJIIOYA€E B ce0e eIEKTPOAOTpUMAaY 3, pyXoMy F'epMeTHU30BaHy
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KaMepy 4, 13 3aKpillJICHUM Ha Hill eJIeKTPOI30JATOPOM 5 Ta TYMOBUMHU yUIUIbHIOBa4aMHu 6, 7,
8. I'pagiroBuit El 9 kpimuare y enexkrpoporpumaui 3 tpumadem 10. Bimnocno EI 9
MO3ULIOHYIOTh A€Tajb 2 13 3]laMaHOI0 YaCTUHOIO MiTuMKa | Ta (IKCyIOTh Ha CTOJI BepcTaTa.

Jani repMeTru3oBaHy Kamepy 4 pykaMu OIyCKalOTh Y HU3 J0 MIUIBHOTO KOHTAaKTY
€JIEKTPOI30J1ATOpa 5 3 MOBEpXHEI0 aeTaii 2 1 PIKCyIoTh NpUTHUCKaYaMHu. BMHUKaIOTh CTaHIiO
po0oU0i pIAMHHU AJIS MOJa4l y BHYTPIIIHIO TOPOXKHUHY F€pMET30BaHOi kKamepu 4 Kpi3b OTBIp
11 poGouoi piguHM B €IEKTPOJOTpUMAul 3, BMHUKAIOTH JDKEPENO JKUBJIEHHS MOCTIMHUM
CTPYMOM Ta MPOLIMBAIOTh 0araToKyTHOro otsopy 12 mig kimtou 17 kopotkum rpagirosum EI
9 nuigxoM py4HoOi mojayl MINMKUHJENIS BepcTaTa.

A-A (3Binseno)
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a — cxeMa (pOpMyBaHHS OTBOPY ML KITIOY 3 BUKOPUCTAHHAM eIIeKTpoepo3iitHoi ronoBku it PO/JI;

6 —mepepiz A-A'y 30unblIeHOMY MacIuTadl el1eKTpOoA-IHCTPYMEHTA Ta OTBOPY B 3JIaMaHOMY MITUHKY;
B — CX€Ma BUKpPYYYBaHHS 3JIaMaHoi IHCTpyMeHTa [ -1moi0HNM Kirouem

Pucynok 3 — Cxema peasizarii ciocoOy BIUIydeHHS 371aMaHOr0 iHCTpyMEHTY (MiTUHKa)
13 3aCTOCYBaHHSM €JIEKTPOEpPO3iiHOI 0OPOOKH
Hoicepeno: pospobaeno agmopom.

Tuck po0Oouoi piIMHM B CepeauHl T'epMUTU30BAHOI Kamepi 4 KOHTPOJIIOIOTH 3a
JOTIOMOTOI0 MAQHOMETPUYHOTO NOKaK4YMKa 13, BEJIMYMHY CHJIM CTPYMY KOHTPOJIIOIOTH 3a
JIOTIOMOTOI0 aMIIepMeTpa, a IIIMOMHU Ha SIKy 3/1MCHIOETHCS NMPOIIMBAHHS 3a JOIIOMOTOIO
TOJIMHHUKOBOTO IHAMKATOPA (Ha CXeMax HE MOKAa3aHo).

ITig yac oOpoOku enexkTpuyHa nayra 14 ropute mbk nosepxHero EI 9 Ta topueBoro
gacTUHOIO 0TBOPY 12. IlpoaykTu eposii 15 BuinydaroThCs 13 30HH 0OpOOKH MOTOKOM poOoUOi
piaivHHM Kpi3b KaHan 16. Pexumu o0poOku mniaOuparoThb TakUMH, HPHU SIKHX BHUCTYI B
LEHTPaJIbHIM yacTHHI OTBOpPY 12 He yTBOprO€TheA. 3a JaHuMMM pobotu [2, c. 125-129],
3a3HAYEHUH PEXHUM BIANOBIAA€ MAKCUMaJIbHIA CHUJII CTPyMY, MIHIMAIbHO JiaMETpy
TexHojoriaHoro orsopy B EI g BujaneHHs po6o4oi piguHM 3 MPOLYKTaMH epo3ii,
MIZBUILEHIA HaNpy31 Ha eJEKTPOJax, a TAKOXK MIHIMAJIbHO JOMYCTUMOMY CTaTUYHOMY THCKY
poOouoi pinuHu, AKUH 3abe3meuye cranicTb Ipolecy oOpoOkH. 3a TaKUX yMOBax MPOAYKTH
epo3ii Ha BXOJl B TEXHOJOrYHUHA OTBip B El CTBOPIOIOTH CTPyMOIpPOBITHI «MICTKH»
CIIOHYKalOYM BUHUKHEHHS JOBIUX JYyr, L0 pPYyHHYIOTb BHUCTYH. 3abe3neuyrodd YMOBU
IPOTIKaHHS MPOIECY NPOLIMBAHHSA OTBOPY 0€3 yTBOPEHHS BMCTYIy Ta BUKOpUCTaHHS I'-
MOJIOHOTO KJII0Ya Ja€ 3MOTY 3MEHIIUTH TIMOMHY 0OpOOKM OTBOPY €JIEKTpoepo3iero B 4-5
pa3iB, TUM caMHUM 3MEHIIUTH 4ac oOpoOku. [lo Toro x, ais mpomuBaHHsS oTBOpY 12 MeHmol
rIIMOMHY MOTPIOHO BUTOTOBJISATH KOPOTKI Ta TEXHOJIOITUHI y BUpoOeHHi rpaditosi EI 9.

dopma mepepizy oTBopy 12 Oyne 3aleXuTh BiA THUMY 3JIaMaHOTO IHCTPYMEHTA.
Hanpunazn, ans MITYMKIB 3 TphOMa Ji€3aMH JOLLIBHO 3acTocoByBatH El TpukyTHOI opma
nepepizy, a 3 4OTHUpMa Jie3aMH, BIANOBIIHO KBaJpaTHOI. 3a JOMNOMOIOI0 LBOI0 CHOCO0Y
MO>KHA BWJIydaTH 3j1amadi rBUHTHU. [Ipu npomy nouinsHa (opma nepepisy orBopy y dopmi
HIECTUKYTHHUKA.
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Jliniitauit 3H0c rpagitoBux El 9 (3a3Buuail He nepeBuiye 1 %) nmpu BUKOPUCTaHHI B
AKOCTI po0OouYO0i pIAMHM CyMilll MacTwia 1 racy y piBHUX mnponopuisix. Illo no3Bosse
OaraTopazoBo BUKOpUCTOBYBaTH rpadirosuit EI 9.

JUis BUKpydYyBaHHS 3j7aMaHOi 4acTUHU MiTuuka 1 B oTpumanuii, cnocobom PO/,
otBip 12 BcraBnsAoTh ['-nmoaiOHuit kitou 17 1 06epTaroTh NPOTH TOAMHHUKOBOIT CTPUIKH, SKILO
MITYMK OYB /Ul Hapi3yBaHHS «IIpaBOi» PI3bOM, a SKIIO Ui OTPUMaHHS <JIiBO» pI3bOU
00epTaroTh 3a FOAMHHUKOBOIO CTPUIKOIO.

IIpoBeneHo cepito eKCIEPUMEHTIB 10 JOCIKEHb TpoaykTuBHOCTI M npouecy PO/I B
3aJI€)KHOCTI Bil CMJIM TEXHOJIOTIYHOIO CTpyMy / 1 CTaTUYHOTO TUCKY poOodoi pinuHu Ps B
pe3yabTaTi 4Oro OTPUMAHO MaTEMaTHYHY MOJIEIb.

I'pagik 3anexxHocti nmpoaykrusHocTi M mpouecy PO/ Bin cuim TEXHOJOTIYHOIO
cTpyMy / 1 CTaTUYHOTO TUCKY POo00UOi pilHU Py OKa3aHO HAa PUCYHKY 4.
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Pucynok 4 — I'pagik 3anesxHocTi npogykTuBHOcTi M nipouiecy PO/I Bij cHiTH TEXHOJIOTTYHOTO CTpyMYy [ 1
CTaTHYHOT O TUCKY poOouoi pimuau Py

JUis mpuKiIagy po3IVISTHEMO BHJAAJCHHS 3JIaMaHOrO MITYMKa JUIsl Hapi3aHHS pi3bOu
M14. 3a3Buuail 31aM MiT4MKa BiiOyBaeTbcsd B 00JacTi mepexoay Bil pi3bOOBOI 4aCTUHU
MITYUKA 10 UAJTIHAPUYHOT YACTHHHU MO KaHABKaM JUIS BiIBONY CTpyxXKu. [ns mitunka M14
JOBXKHHY 3J1aMaHOi 4YaCTUHU B cepeaHboMy 30MmM. [l BUJAJIEHHS MITYMKA €JIEKTPOICKOBOT
00poOKOI0 MOKE OyTH BHKOPHUCTaHA MiJHA TpyOKa 30BHIIIHIM AlaMeTpoM 8MM 1 TOBIIHHOIO
CTiHKH 1MM, IpHU 1[OMY ILIOIIA OOPOKH CTAaHOBUTHME 22MM?, IpU JOBXKHUHI 30MM HEoOXinHO
BUAAIUTH 660MM® MeTaly MiT4MKa, 3 ypaXyBaHHSAM 3HOCY TpybdacToro enekrpona 60-80%
B1J rIMOMHU 0OpOOKM HEOOXITHO BUKOPUCTATH €JIEKTpoJ] poOoda 4acTHHA SIKOTO MOBHHHA
OyTH He MEHIIO S5MM. 3BaxkarouM Ha IPOAYKTUBHICTH OOpOOKH, B 3a3HAYEHUX YMOBaXxX B
3aJIeKHOCTI Bif pexuMy o6pooku, mexax 30...200mmM>/xB [9], yac 06pobku csaraTume Bin 4
1o 22xs. Ilpu enekTpoiMnysabCHIM 00polli, 3BaXkarouy Ha OUIbLIY MPOJYKTUBHICTh OOpOOKHU 3-
SpasiB, yac 00poOku Moxe csiratu 1,5...4xB.

IIpu 3actocyBaHHI 3alpONOHOBAHOTO CNOCOOY BUAAJNEHHS 3J1aMAHOTO IHCTPYMEHTa
cnocobom POJ] B MITUMKY AOCTaTHRO BUTOTOBUTH TJIYyXHil OTBIp TPUKYTHOI GopMu 3
JOBKMHOIO CTOPOHM TPUKYTHMKa OMM 1 TiIMOMHOI0 OMM, BIANOBIIHO IUIOIMIa OOpOOKHU
caratuMe 15,6MM%, a 06’eM MeTany, skuil HeoOXimHo Bumamutu 93,6 Mm>. Ilpu 06po6Li
ctpymom 100A mpoayKTHBHICTH 06poOKH csaratuMe B Mexax 1500...1700mm%/xB [7, c. 121],
TeopeTnyHuil yac o0poOku crxiagatume 0,06xB. HaBiTh 3Bakarounm Ha XapaKTEPUCTHKU
enektpoeposiiinoi ronoBku POJ[ AMH-1 [10] 3 MakcMManbHOIO MIBUIKICTIO TMPOLIMBAHHSI
20MM/xB yac 00poOku Ha rmbuHy 6MM csratume 0,3xB, 1m0 OUIbII HDK B 4 pa3u HIBUALIE
HDK MPHU eIEeKTPOIMYIIbCHIN 00pooii.

BucnoBku. 1. 3anponoHOBaHO Ta po3po0JIEHO HOBHMM CHOCIO BMIIYYEHHSI 37aMaHOIO
iHcTpyMeHTa cnocobom PO/, Ta onucano npuHuun Horo peanizarii.

2. JlocnipKeHHs TOKa3ajiK, 1110 BUKOPUCTAHHSI 3alIPOIIOHOBAHOTO CIIOCO0Y BHIIyUEHHS
3J1aMaHOT0 IHCTPYMEHTY J03BOJISIE Yy 4-5 pa3u 30UIbIINTH IPOAYKTUBHICT 00pOOKH, 1y 2-3
pa3u 3HU3UTH BUTPATH Ha OTPUMAHHS €JEeKTPOJI-IHCTPYMEHTIB.
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Extraction of a Broken Tool with the Use of Electroerosion Processing

At modern enterprises, when performing locksmith work, the breakdown of taps and other tools is one of
the reasons for the lack of parts. It occurs, mainly, as a result of errors in work methods and poor selection of taps.
Known methods of mechanical extraction of a broken tool are not universal and do not guarantee high-quality
extraction. In this regard, the methods of electroerosion processing are of some practical interest, as they are more
universal and reliable.

EDM methods that can be used today to remove the remains of a broken tool include EDM, EDM, and
EDM. It is shown that the most productive method is the method of dimensional processing of metals using an
electric arc (ARC). Its performance is 8-10 times higher than the performance of electric pulse processing. That is
why the well-known method of removing a broken tool is carried out with the help of an EDM head, which
implements the ROD method. The head is created on the basis of a desktop drilling machine. Round electrodes-
tools made of a copper tube are used to stitch the hole in the broken part of the tool.

However, since the height of the broken part of the tool can reach 50 mm, the volume of metal to be
destroyed is large, and therefore the time spent on piercing the hole remains quite significant. In addition, the large
linear wear of the copper electrode-tool significantly affects the cost of processing, and the use of low-wear graphite
electrodes-tools for ROD of the hole in the broken part of the tool is complicated by the problem of their
manufacture: small diameter, long length.

The purpose of the study is to improve the operational characteristics of the method of extracting a
broken tool with the use of electroerosion processing due to the application of another extraction principle.
In the new method of removing a broken tool using electroerosion treatment, the process is proposed to be carried
out in two stages. At the first stage, with the help of an EDM head for ROD, a shallow recess of a non-round
(triangular, quadrilateral or hexagonal) section is formed for the metal cutting machine. The process is carried out
with a short graphite electrode-tool. On the second, an L-shaped key is inserted into the recess and the broken part
is unscrewed by rotating it. It is shown that its use improves operational characteristics and allows to reduce
processing time by 4-5 times, and to reduce the cost of tool electrodes by 2-3 times.
EDM head, dimensional arc machining, bench drilling machine, machining performance, tool electrodes
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Research on the Manufacturing Precision of Gear
Meshing in Group 3 Hydraulic Gear Pumps

The article presents the results of a study of the manufacturing precision parameters of the gear meshing
of group 3 hydraulic gear pumps. The relevance of the study is due to the increased operational loads on pumps
of this group, which requires ensuring high precision of the geometric parameters of gear wheels in order to
achieve optimal tightness, reduce hydraulic losses, and ensure durability of the meshing elements.

The study analyzes main technological errors that arise in the manufacture of gear wheels, namely:
profile deviation, pitch deviation, concentricity deviation, and lateral clearance deviation. The influence of these
deviations on the main hydro-mechanical characteristics of group 3 gear pumps, including efficiency, vibration
and noise levels, as well as the wear resistance of meshing elements under high loads, was assessed. Modern
measuring instruments, in particular optical and contact profilometry, were used to control geometric accuracy,
which made it possible to quantitatively assess the precision of machining.

Based on the data obtained, recommendations for improving the technology of processing gear wheels
of group 3 pumps are substantiated. In particular, the effectiveness of shaving as one of the key stages in
achieving the required accuracy is analyzed. It has been proven that the use of this method allows achieving the
precision of 7-8 according to DIN 3962, significantly reduces surface roughness parameters, and contributes to
improving contact endurance. Particular attention is paid to the influence of heat treatment modes on the stability
of the geometric parameters of the meshing, especially under variable load conditions.

During the analysis of shaving gear pumps of group 3, it was found that the maximum deviations are
observed in the indicators of accumulated pitch error and radial runout of the gear rim, which have a critical
impact on the level of pulsation of volumetric delivery and resistance to fatigue failure. The results obtained
allow us to form a substantiated technological strategy for the manufacture of high-precision gear transmissions
for pumps operating in severe operating conditions.

Thus, the results of the study are significant for improving the efficiency and reliability of Group 3
hydraulic gear pumps, which are widely used in power engineering, mobile equipment, and industrial hydraulic
systems. Improving the precision of meshing elements directly affects the stability of pump output parameters,
such as volumetric flow and torque, which is critical in ensuring functional reliability of hydraulic systems.
tooth machining, shaving, gear meshing, gear hydraulic pump, precision

Problem statement. The precision of manufacturing gear meshing of hydraulic gear
pumps is a determining factor in ensuring their efficient, uninterrupted, and long-lasting
operation. Gear pumps are widely used in hydraulic drive systems in various industries where
the reliability and stability of hydraulic equipment are critical. Any deviations from the
specified geometric parameters of the meshing elements can lead to additional dynamic loads,
increased noise and vibration levels, intensive wear of contact surfaces, and a decrease in the
efficiency of hydraulic machines.

The tooth shaving operation, which is a key stage in the finishing of gear wheels, is of
particular technological importance in the production process. This process significantly
reduces profile shape errors, minimizes surface roughness, and ensures high stability of
meshing parameters under loads typical for the operation of group 3 pumps. Due to the ability
to influence the microgeometry of the surface and the level of residual stresses, shaving
increases contact endurance of the teeth, which is critical for operation under variable
pressures and high rotational velocity.

The relevance of conducting an in-depth study of the shearing process is determined by

© K. K. lllepouna, B. A. I'onopo:xa, A. M. Kupnuenko, 2025

108



ISSN 2664-262X IlenTpansHOyKpainchkuil HaykoBHil BicHuk. Texuiuni Hayku. 2025. Bun. 12(43), 4. Il

the need to optimize the processing route, aimed at achieving high precision indicators while
rationalizing resource and time costs. A comprehensive analysis of precision characteristics,
as well as the development of methods for their measurement and control, make it possible to
create a scientifically sound basis for improving gear cutting technologies. In particular,
establishing dependencies between the parameters of shaving modes and manufacturing
precision makes it possible to achieve stable results even when manufacturing large series of
wheels.

Improving the processes of tooth surface shaping, taking into account the effect of
shaving on the microgeometry, physical and mechanical characteristics of the surface layer, is
important for improving the performance of hydraulic gear pumps. The results of such
research will contribute not only to improving the quality of the final product, but also to the
formation of a competitive scientific and technical base for the development of precision
machining technologies in mechanical engineering.

Precision manufacturing of meshing in hydraulic gear pumps plays a key role in
ensuring their efficient and long-lasting operation. These pumps are widely used in various
industries where stability and reliability of equipment are critical. Deviations in meshing
parameters can lead to increased noise levels, vibrations, excessive wear of parts, and reduced
efficiency. Of particular importance for ensuring precision is the process of tooth shaving,
which is an important stage in the finishing of gear wheels. It minimizes profile errors,
improves surface quality, and ensures stable meshing under operating conditions.

The relevance of a detailed study of shaving is determined by the need to optimize
technological process aimed at achieving high manufacturing precision at minimum
production costs. An in-depth analysis of manufacturing precision parameters and the
development of methods for their control will contribute not only to improving the quality of
hydraulic pumps, but also to improving existing processing technologies. Improving the
processes of machining gear meshes is an important step towards expanding scientific
knowledge in this field, which at the same time ensures economic and technological
competitiveness of production.

Analysis of recent research and publications. Based on a systematic analysis of
scientific publications, it has been established that the gear is the main element that receives
and transmits main loads during operation of hydraulic gear pumps. It ensures torque
transmission, hydraulic flow formation, and withstands dynamic loads associated with high
working environment pressures, which leads to increased requirements for its manufacturing
precision, rigidity, and wear resistance [1, 2, 3, 4].

Research of the functional characteristics of hydraulic gear machines is relevant, as
confirmed by a significant number of scientific works by both national [5, 6] and foreign
researchers [8, 9, 10]. In addition, it is worth noting the active patent activity aimed at
improving the design of hydraulic gear machines [11].

At the same time, based on the external appearance of the studied parts, in particular,
the nature of the macro-relief of the bottom of the groove and the micro-relief of the tooth
profile, it is possible to identify with a sufficient degree of probability technological
techniques used in their processing:

- preliminary mechanical processing was carried out using the worm gear cutting method;

- final mechanical processing was performed using shaving method;

- the profile was finished after chemical-thermal treatment using diamond honing method.

Table 1 shows the parameters of the achieved accuracy of gear wheels of imported
pumps by gear rim (elements of cyclic surface of the gear rim - ECSGR).
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Table 1 — Parameters of modern imported gear pumps.

Parameters nam Moreali BOSCH OMFB Eaton
a *}3&29562"‘ © Designation | m=1,75 | m=2,54 m=4,5 m=2,79
z=12 z=12 z=10 z=12
Profile deviation Tty 7/7 6/7 6/7 6/8
Profile direction fia 7/7 10/10% 10/10% ]
deviation
Deviation of tooth Fy 6/5 10/7 9/8 717
direction
Accumulated pitch Fp 5/7 9/8 718 8/8
deviation
Radial rupout of gear F, 6 9 3 9
rim
Roughness Ra - 0,2 0,2 -

Source: developed by the authors

Figure 1 shows the surfaces and imported gear pumps.

However, a number of requirements not taken into account in the design
documentation require additional coordination with the technological capabilities of
production. This is due to the fact that such requirements can only be met through the
implementation of specialized technological techniques that are critical to ensuring functional
characteristics of the components.

| — |

Figure 1 — Tooth profile of imported gear pumps
a) pump «Eatony»; b) pump «Sauer»; ¢) pump «OMBF».
Source: developed by the authors

The greatest operational loads are borne by involute edges (IE) and cylindrical edges
(CE), which is explained by their functional role in separating the pressure and suction zones
of the working space of a hydraulic gear pump. In this regard, these elements are subject to
increased requirements for shape precision, dynamic strength, and resistance to contact wear.
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During operation, IE and CE are subjected to intense contact loads, which, under
conditions of uneven loading or residual technological stresses, can lead to local destruction
or loss of geometric stability. Therefore, when forming edges, it is necessary to exclude the
use of technological methods that contribute to the appearance of stresses in the surface layer,
in particular sharp transitions, unacceptable thermal effects, or abrasive micro-wear.

In addition, to ensure reliable sealing and stable contact with adjacent surfaces, the
edges must meet high geometric precision requirements, including minimal spatial deviations.
Failure to comply with these parameters leads to a violation of contact density, an increase in
internal leaks and, as a result, a decrease in the energy efficiency (performance index) of the
hydraulic unit.

Objective statement. The objective of this work is to conduct scientific research on
the process of finishing machining of gear meshing in hydraulic gear pumps, in particular
using the shaving method, taking into account precision parameters regulated by the
requirements of DIN 3962. The research is aimed at studying the influence of shaving modes
on the formation of precision and quality characteristics of the tooth surface, as well as
ensuring stable operational properties of finished parts in the hydraulic unit.

Main material. The research is planned to be carried out on a gear cutting machine
model BCH-732NC22-7745 (Fig. 2), which provides high-precision finishing of gear wheels.
Geometric parameters of the machined parts will be checked using a Carl Zeiss Contura G2
coordinate measuring machine (Fig. 3), which allows for precise measurement results in
accordance with precision standards.

Source: [12]

i\ b '.,‘I | | = 1
s VSN
Figure 3 — Tooth measuring machine Mahr GMX 275
Source: [13]
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The shaving of a batch of 100 gears will be performed using processing modes that
were determined to be optimal during previous experimental studies. These modes are listed
in Table 2 and ensure compliance with the precision parameters in accordance with the
requirements of DIN 3962, in particular for the following indicators:

- ffa — tooth profile deviation;

- fHa — tooth profile direction deviation;

- Fp — accumulated tooth pitch error;

- Fr — radial runout of the gear rim.

Table 2 — Modes of shaving of gear meshing

Ne Parameter Value

1 Radial feed Srad, mm/pass 0,02

2 Number of passes 5

3 Longitudinal feed S pass, mm/pass 56
Shaver rotation frequency

4 . 63
Ny, rot./min.

5 Allowance, mm 0,04...0,05

Source: developed by the authors

All controlled parameters will be recorded in the report generated by the Mahr
GMX275 tooth measuring machine in accordance with DIN 3962 (Fig. 4).
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Figure 4 — Report on measuring a part on a coordinate
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The results of processing a batch of gears, presented in a histogram in accordance with
DIN 3962 requirements, show that the profile parameter ffo has a generally normal
distribution with a nominal value of 7.381 and tolerance limits LSL = 6.346 and USL = 8.416,
but some values exceed the permissible limits. The Cp and Cpk coefficients (1.427) indicate
sufficient short-term accuracy, while the low Pp and Ppk (0.333) indicate significant long-
term dispersion due to the influence of external and technological factors. To ensure stability
and compliance with the standard requirements, it is necessary to reduce the dispersion,
stabilize the processing modes, and adjust distribution center to the nominal value.

The results of the tha parameter analysis show that at the nominal value of 8.658 and
tolerance limits of LSL = 7.444 and USL = 9.872, the distribution of measured values
generally follows a normal distribution, but there is noticeable dispersion, which negatively
affects process stability. The process capability coefficients Cp and Cpk (2.510) confirm the
high short-term accuracy of processing, but the low values of Pp and Ppk (0.333) indicate
problems with long-term repeatability caused by external and technological factors, such as
tool wear, equipment rigidity fluctuations, or temperature instability. The majority of
measurements are concentrated near the nominal value, but some values exceed the
specification tolerances, which can lead to defects. To ensure stability and compliance with
DIN 3962 requirements, it is necessary to reduce dispersion, optimize processing modes,
increase the rigidity of the “machine-tool-workpiece” system, ensure control and stability of
the temperature environment, and improve the technical control system at all stages of
production.

— -
I

L Total
- .
- '1 — Within

10 1"

o i

4 1] T 8
total — total distribution of parameter deviation ffo; within — internal variability of the parameter deviation process ffo
Figure 6 — Histogram and normal distribution law of tooth profile parameter deviation ffo
Source: developed by the authors

Capability
Sigma (Total):1,2

|
.__ : J
.

Total
— Within

J

4 6 T 8 9 10 ikl 12 1
total — total distribution of parameter deviation fHa; within — internal variability of the parameter deviation process fHa
Figure 7 — Histogram of the normal distribution law of deviation in the tooth profile direction parameter fHa
Source: developed by the authors
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The results of the fp parameter analysis show that at the nominal value of 6.725 and
tolerance limits of LSL = 4.764 and USL = 8.686, the distribution of values is close to normal
but has a left skew, indicating asymmetry in the manufacturing process. High short-term
coefficients Cp and Cpk (3.041) demonstrate the process's ability to ensure precision within
tolerances, but low Pp and Ppk (0.333) and a significant overall standard deviation (1.961)
indicate long-term instability and increased dispersion of results. The main concentration of
values near the lower tolerance limit, as well as the output of some data beyond it, can cause
defects due to violation of the accuracy of the tooth pitch. To improve stability and
compliance with DIN 3962, it is necessary to optimize processing modes, increase the rigidity
of the technological system, monitor the condition of the tool, and reduce the influence of
external factors, which will improve the long-term reproducibility of the fp parameter in serial
production.

Capability H
Sigma (Total) C
Within SD

LSL: 4,764, Nom

.i
5 s | '—l

1 0 1 2 3 4 3 7 8 13 14
total — total distribution of parameter deviation Fp; within — internal variability of the parameter deviation process Fp
Figure 8 — Histogram and normal distribution law of the deviation of the accumulated error
parameter of the tooth pitches Fp
Source: developed by the authors

Total
— Within

2 0 1 2 3 4 5 [ 7 8 g 10 1" 12 13 14
total — total distribution of parameter deviation Fr; within — internal variability of the parameter deviation process Fr
Figure 9 — Histogram and normal distribution law of the radial runout parameter deviation of the gear rim Fr
Source: developed by the authors

The results of the fr parameter analysis show that at the nominal value of 7.091 and
tolerance limits of LSL = 5.216 and USL = 8.966, the distribution of values is close to normal
but has a left skew, and some of the measurements fall below the lower tolerance limit. High
short-term Cp and Cpk coefficients (2.423) indicate the process's ability to ensure accuracy
under stable conditions, however, low Pp and Ppk (0.333) and a significant overall standard
deviation (1.875) indicate instability in the long term due to external and technological
factors. To ensure stability and compliance with DIN 3962 requirements, it is necessary to
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reduce dispersion, adjust the distribution center, stabilize processing modes, and improve the
control of tool condition and temperature conditions, which will increase the long-term
reproducibility of the fr parameter.

In general, the histogram in Fig. 7-9 reflects the process that has a normal distribution,
but a wide dispersion of values leads to exceeding the acceptable deviation limits. This
indicates the need for optimization — either by reducing the spread of values or by adjusting
the center of distribution to ensure stability and compliance with the established limits.

Conclusions. Analysis of the shaving process of gear meshing in group 3 gear pumps
showed that the use of this method significantly improves the accuracy of the geometric
parameters of teeth and the quality of their surfaces. Reducing the roughness of the profile has
a positive effect on the contact endurance and performance characteristics of parts, increasing
their service life. The results of the study showed that the actual accuracy of the manufactured
gears corresponds to grades 7-8 according to DIN 3962. At the same time, the greatest
differences in indicators are observed in the parameters of the accumulated tooth pitch error
and the radial runout of the gear rim. It has been established that the low quality level
according to fHa parameter is due to the need for optimal selection of the allowance shape for
shaving and the elimination of measurement errors. Periodically repeated errors in the
positioning of parts during gear cutting lead to significant deviations in Fp parameter. The
lack of rigid fixation of the gear cutting machine table also significantly affects the stability of
this parameter. Thus, to improve accuracy, it is necessary to optimize the allowance shape,
improve the positioning methods, and ensure increased rigidity of the machine tool
equipment.
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K. K. Illep6una, nor., Kauz. TexH. HayK., B. A. T'onopoxka, A. M. Kupuienko, npod. a-p TeXH. HayK
Lenmpanvruoyxpaincokuti HayionansHuil mexHiyHuu ynigepcumemy, M. Kponusnuysruii, Yxpaina
JocJiiaeHHS TOYHOCTI BUTOTOBJICHHS 3y04aTOro 3a4enjieHHs riipaBIivHuX eCTePpeHHUX HAcociB rp.3

VY cTaTTi NpeACTaBICHO pE3YNBTATH JOCHIKEHHS IapaMerpiB TOYHOCTI BHTOTOBJICHHS 3y04acToOro
3a4eIUICHHsI T1IpaBIiYHAX IECTEPEHHNX HACOCIB TPyNH 3. AKTYyalIbHICTh JIOCII/DKEHHS 3yMOBJIEHA ITiABUILICHIMHU
eKCIUTyaTal[IfHIMH HaBaHTAXKCHHSAMH Ha HACOCH Ii€l TpynuW, IO BHMarae 3a0e3IEeUeHHs] BUCOKOI TOYHOCTI
TEOMETPUYHUX MapaMeTpiB 3yOUacTHX KOJIIC 3 METOIO JIOCATHEHHS ONTHMAJIbHHX IOKAa3HUKIB T€pMETHYHOCTI,
3HWKEHHS TIPaBIIYHUX BTPAT Ta 3a0€3MeYeHHs JOBIOBIYHOCTI €JIEMEHTIB 3aueIlICHHSI.

VY xoai gocnipKeHHs: IpoaHali30BaHO OCHOBHI TEXHOJIOTTYHI TOXUOKH, 1110 BUHUKAIOTh TP BUTOTOBJICHHI
3y04acTux KOJIC, a came: BiIXWJICHHS NMpo(iio, KPOKYy, KOHIEHTPUYHOCTI Ta O0KoBOTro 3a30py. OuiHEeHO BIUIMB
3a3HaYCHHUX BIJIXWICHb HA OCHOBHI TiJJpOMEXaHIYHI XapaKTEPUCTUKH IIECTEPEHHNX HACOCIB IPYNH 3, BKIIOYAIOUH
Koe(illieHT KOpUCHOI Jii, piBeHb BiOpamii i nIyMy, a TaKOXK 3HOCOCTIMKICTh €IEMEHTIB 3a4eIUICHHS TIPH BHCOKUX
HaBaHTAKEHHAX. J[JIs1 KOHTPOJIO T€OMETPUYHOI TOYHOCTI 3aCTOCOBAHO CydYacHI 3aCOOM BHMIPIOBAaHHS, 30KpeMa
OIITHYHY Ta KOHTAKTHY MPOQIIOMETPIiI0, 10 IO 3MOT'Y 3JIHCHUTH KiJIbKICHY OLIIHKY TOYHOCTI OOpOOKH.

Ha mincraBi oTpuMaHuX JaHUX OOTPYHTOBAHO PEKOMEHJALIil OO0 YAOCKOHAIEHHS TEXHOJIOTT 00pOOKH
3y0uacTux Koiic HacociB rpynu 3. 30kpeMa, MpoaHati30BaHO e()eKTUBHICTD MEBIHTYBAaHHS SK OJJHOTO 3 KJIFOUOBUX
eTamiB JOCATHEHHS HeoOXigHOi TOYHOCTI. JloBeleHO, IIO 3aCTOCYBAHHS IIHOTO METOAY JO03BOJISIE 3a0€3NeUUTH
JocsitHeHHs1 7—8 cryrens TouHocti 3a DIN 3962, cyTTeBO 3HIKYE MapaMeTpy MIOPCTKOCTI IIOBEPXOHB Ta CIIPHSIE
MOKPAIIEHHIO KOHTAKTHOI BUTpuBaitocTi. OKpeMy yBary HpHJIJICHO BIUIMBY PEXHMIB TepMiuHOI OOpOOKHM Ha
CTaOLIBHICTh TEOMETPUYHHX TAPaMETPIB 3a4EIICHHsI, 0COOJIMBO B YMOBAX POOOTH IPH 3MiHHHMX HABaHTAKECHHSX.

[lix wac anami3y mIeBIiHTYBaHHS 3yOUacTHX KOJIIC IIECTEPEHHUX HACOCIB I'pyHNH 3 BCTaHOBJIEHO, IO
HaMOLIBIII BIIXWJICHHS CIIOCTEPIraloThCs 3a ITOKa3HHUKaMH HAKOIMHWYEHOI ITOXMOKHM KPOKIB Ta paaialIbHOTO OWTTS
3y04acToro BiHIL, SIKi MalOTh KPUTHYHUH BIUIMB Ha piBEHb MyJIbCalliii 00’€MHOI 10/1a4i Ta CTIHKICTh 10 BTOMHOT'O
pyiiayBanHs. OTprMaHi pe3yIbTaTh J03BOJSIIOTH c(hOPMYBATH OOIPYHTOBAHY TEXHOJIOTIYHY CTPATETii0 BUTOTOBJICHHS
BHCOKOTOYHHX 3y0UacTHX Mepeaay Ul HacoCiB, M0 (DYHKIIOHYIOTh Y BXKKHX PEKMMax eKCILTyaTamii.

TakuMm 9uHOM, PE3YNBTaTU TOCHIDKEHHS € 3HAYYIIMMU UTS ITiBHINCHHS e¢(pEeKTHBHOCTI Ta HAMIHHOCTI
TipaBJiYHAX IIECTEPEHHMX HACOCIB TIpynH 3, sKi IIMPOKO 3aCTOCOBYIOTHCS B EHEpProManmHoOyayBaHHI,
MOOIJIbHIM TEeXHIIl Ta cHUcTeMax MNPOMHUCIOBOI TiAPaBIIKW. Y IOCKOHAJIEHHS TOYHOCTI EIEMEHTIB 3aueIUICHHS
Oe3rocepeIHbO BIUIMBAE Ha CTAOLIBHICTh BHXIAHUX IapaMeTpiB HACOCIB, TAKHUX SK 00 €MHA Mojada Ta KPyTHHH
MOMEHT, III0 € KPUTUYHHUM Y KOHTEKCTI 3a0e3reueHHs! (yHKIIOHAIbHOI HAIHHOCTI TiAPABIIYHUX CHCTEM.
3y0000po0Ka, meBiHryBaHHs, 3y04aTe 3a4elICHHS, IICCTEPEHHN IipaBIivYHUIl HACOC, TOYHICTH
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OriHka cTaOUIbHOCTI OCHOBOTO MO3UIIIOHYBAHHS
TOPIISI JOBTOMIPHOI ITUJIIHAPUYHO1 3arOTOBKH
Py aBTOMATUYHIN Mojadl y BEpCTaTi

3anpornoHoBaHO €IMHY PaMKY JUIS TapaMETPUYHOI OLIHKM HMOBIPHOCTI MOTPATUISTHHS TOPLS 3aTOTOBKH
B JIOIYCK HOr0 HOMIHAJIBHOIO MOJIOXKEHHS. [Ipomec po3risHyTO SIK HOpMaJIbHY HEMmapaMeTpuyHy OiHOMiaJlbHY
MOJIEJb, TA IIPOBEICHO OILIHKY YacTK{ BiJIOBIIHOCTI 3 JOBIPYMMHM iHTEPBAJaMH, BHBEICHO iHIEKC 3JaTHOCTI
IpolLleCy Ta OLIHKY HEBH3HAYEHOCTi, BKJIIOYHO 3 BH3HAYCHHSAM TOJEPAHCHUMX iHTepBaiiB. IIpakTnuna
3HAYYLIICTh NOJsATae y (POpMYBaHHI MPUHHATHUX KPUTEPIiB SKOCTI O€3 3yNMMHKH BUPOOHHUITBA Ta O€3 BUTpAT Ha
creniaibHi eKCIIepUMEHTH.
00po0Ka pizaHHSIM, MOJe/Ib TOYHOCTI MOJIOXKEHHS, cTpaTeris 00po0ku, mapaMeTpu 00po0KH, ONTHMIi3anis
00po0KH, miACHCTEeMH BepeTaTa, (pikcanisi y IINMUHAEJLHOMY BY3JIi

ITocTranoBka mpoOJjemu. IlokasHuku e(peKTHBHOCTI OOpOOKM METOJOM pi3aHHS Y
MacoBOMY Ta CYIEpPMacoOBOMY BHMpPOOHHUIITBAX BHM3HAYalOThCsl B 3HAYHIA Mipi piBHEM ii
aBToMaru3aiii. MexaHiuHa o0OpoOka, 10 BUKOHYETHCS AaBTOMAaTHYHO, IPOBOJUTHCS
I'PYHTYIOUHCh HAa YTBOPEHHI po3Mipy 00poOIII0BaHUX [TOBEPXOHB BIAMOBIIHO A0 MOOYA0BAaHOT
IpPOrpaMu IEpeMIllleHb IHCTPYMEHTIB CHUCTeM1 KoopAuHaT BepcraTa. OJHUM 3 HaWOUIbII
MOIIUPEHUX METOIB (OpPMYBAaHHS 3aroTOBKM B TOKAapHUX aBTOMAarax € 3acTOCYBaHHS
aBTOMAaTUYHOI IOJadyl JOBIOMIPHOI'O HPYTKOBOro martepiany. JloCArHEHHS HEOOXiTHUX
XapaKTEPUCTUK JAHOIO MPOILECY € OJHIEI0 3 BAXKIUBUX YMOBOIO JOCSTHEHHS BHMCOKO1
IPOJYKTUBHOCTI aBTOMaTHYHOI 0OpPOOKH Y MacOBOMY Ta CylepMacOBOMY BUPOOHMIITBI.

Ha mpaxTuii gocrynHa iHdopmarlis y BUIUIII HAOOpIB pe3yiabTaTiB PO HapaMeTpu
aBTOMAaTUYHOI M0Ja4yi JOBrOMIPHUX NMPYTKOBUX 3arOTOBOK CHELiaIbHUMHU MAallUHAMU THUITY
6apoinep. Ilpu npomy, BinCyTHs yHi(IKOBaHa CTaTUCTUYHA IMpoLeaypa Ul OOUMCIEHHS U
iHTeppeTalii HMOBIPHOCTI OTPUMAaHHS [IEBHOTO HEOOXIJHOTO OCHOBOIO MOJIOKEHHS TOPLS
3aroTOBKHM B CHUCTE€MI KOOpPAMHAT BepcTaTa micis i aBToMaTH4HO1 nojadvi. Lle npusBoauts 1o
HEOJHOPIAHOCTI KpUTEPIiB [KOCTI mpouecy (OpMyBaHHS 3aroTOBKM 3 JIOBIOMIPHOIO
IIPYTKOBOI'O Marepialy IUISIXOM i aBTOMaTU4HOI IoJjayul Ta B 3HaYHIM Mipl BU3HA4Ya€ 3MILICHHS
OCBOBOTO TIOJIOKEHHS 1i TOPLS BIIHOCHO HOMIHAJBHUX 3HAU€Hb B CHCTEMI KOOPJMHAT BepcTaTa.
Taka curTyauiss BUMarae 3acTOCYBaHHs Yy Ipolleci aBTOMAaTHUYHOI OOpOOKM 1O0AATKOBHX
onepaniif 00poOKH IUIOMKMHN TOPLEBOI TOBEPXHI 3ar0OTOBKH, a caMe MiJpi3aHHs TOPIIS.

AHani3 ocra”Hix gochailkeHb i myoOaikamiii. PoGotu [1,2] Bxasyroots mpo
HEOOXIIHICTh TOYHOTO NO3MUI[IOHYBaHHS IHCTpyMEHTa Yy TOKapHUX BepcTaTax, ITHOPYIOUU
MIZBUILEHHS €(pEKTUBHOCTI 0OpOOKM 3a PaxyHOK 3MEHILUEHHS IPUITYCKY 4epe3 IIBUAKY Ta
TOYHY YCTaHOBKY MPYTKOBO1 3aroToBkH [3]. Pe3ynbpraTu mpani [4] BKa3yloTh Ha MiABUIICHHS
MOKa3HUKIB MO3MUIIMHOI TOYHOCTI IHCTPYMEHTY TOoKapHoro Bepcrata Ha 50-80% 3aBasiku
BBEACHHI KOPEKI[IH y MEePEMIIICHHAX HOT0 BY3JIIB Ha 3a3/1aJeTilb BU3HAYCHI BIIXUIICHHS BiJ
OakaHUX MO3ULIN, IO MIAKPECTIOE€ HEOOXIAHICTh TOYHOTO MPOTHO3YBaHHS Ta BU3HAYCHHS
CTaTUCTUYHUX MOXUOOK. JIyis MiABUIIEHHS TOYHOCTI MO3MIIIOBaHHS poOOYMX OpraHis
BepcTaris [5, 6] aBTOpY BUKOPUCTOBYBAIM TEH30JaTUNKHU, 3aBASKH SIKUM MOXHA JOCATHYTH
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pPO3KHMJy TMOKa3HMKIB y JEeKUIbKa MIKPOH, SKIIO 3acTOCYyBaTH METOAM  KOPEKIii
TeMIlepaTypHUX BinxwieHb [7]. B crarTi [8] aBTOpM pO3p0oOMIM METOAUKY IMPOrHO3YBAaHHS
psaAy MapamMeTpiB MeETaJopi3ajlbHOI0 BEpCTaTy 3aBIASKU CTATUCTUYHOMY MOJIEIIOBAHHIO,
OJIHAaK HE PO3IJISIHYJIU MOKJIMBOCTI 3aCTOCYBAHHS METOJly IIPOTrPaMHOI0 MPOTHO3YBaHHS JUIS
OILIIHKM TOYHOCTI OCbOBOTO MO3ULIIOBaHHS 3arOTOBKU. ABTOp y [9] AOCHiAKMB BIJIUB MOXUOOK
CEpBOIIPUBOJIIB Ha MO3MULIIHY TOYHICTb NpPYTKa, Ta HaJaB pPEKOMEHJAIll, K1 MOXYTb
3MEHIIUTH IX BIUIMB Ha 3arajlbHe CEpeHbOCTATUCTHYHE BIAXMIIEHHSI TOPISL 3arOTOBKU BiJ
O6axxaHoi mo3uuii. Podora [10] MicTuTh iHGOpMALiO IPO CHIH, 110 BUHUKAIOTh Y 3aTUCKHUX
IIPUCTPOSIX METAI000pOOHNX BEPCTATIB OJHAK HE PO3IJISIA€ BIIMB LIUX 3yCUJIb HA 3arOTOBKY
Ta Ha NOXHMOKM, K1 BUHUKAIOTh y Ipolect ii ¢ikcarii.

ITocTanoBka 3aBaaHHs. 3MEHUICHHS NPUITYCKY Ha MIApi3aHHSA TOpLs a00 YHUKHEHHS
naHoi omeparlii MOYKHa JOCATHYTH HUISIXOM 3a0e3MeueHHs HEeO0OXITHOT TOYHOCTI OChOBOTO
MO3UIIOHYBAaHHS B CUCTEMI KOOpPJIMHAT BepcTara TOpLs, IO C(HOPMOBAHUHN BiIpi3aHHAM
BUrOTOBJIEHOI Aerani. Lle cTBOproe mepelyMOBH 3MEHILEHHIO PECYPCHUX Ta €HEPreTUYHHUX
BHUTPAT Ha JaHUW BUI 00poOKku. OTKe, PO3BUTOK CTATUCTUYHUX METOAMK /IO OLIHKH TOYHOCTI
OCbOBOT'O IO3MIIIIOBaHHS TOPLS 3arOTOBKH, 110 CIIUPAEThCS HA MAacHBHI AaHi, 1 3abe3nedye
METpPOJIOTIUHY KOPEKTHICTh iX OOpoOKM Ta MNPHUAATHICTH pPE3YyJbTaTiB A0 ONEPATHUBHOIO
3aCTOCYBaHHS BU3HAYa€ aKTyaJbHICTh JJaHOT pOOOTH.

Bukaan ocHoBHoro marepiajy. CTBOpEHHSI METOJUKN Ma€ Ha MeTi (popMali3oBaHuM
ONMC CYKYNHOCTI NapaMeTpiB, AKi ONHUCYIOTh MIAXOAM CTATUCTUYHMX METOJIB NPHU OIIHIII
MO3ULIOHYBaHHA NpyTKa. Takuil migxix A03BoJIsA€ MEPEHTH Bl IEBHOTO PIBHA CY0'€KTUBHUX
OLIIHOK MpOIeCy IO3ULIOHYBAaHHS JOBIOMIPHOi 3aroTOBKM JIO KUIBKICHOTO KepyBaHHS
MOXJIUBOCTSIMM ~ 3a0€3ME€4YEeHHs] NapaMeTpiB  Horo modauli 13 MIABUINEHHSIM  PIBHS
IIPOrHO30BAHOCTI pPE3yJbTaTy MOTPAIUISHHS Yy II0JI€ HOMIHAJBHOIO IOJOXEHHS TOpLs
3aroToBKH. B 0CHOBY p0o3p0o0OKH Teopii MOKIAA€HO HACTYIH1 KJIIOYOBI TOJOKEHHS:

- HasBHa MoxuOKa OCHOBOIO IO3ULIIOBAHHSA IPYTKa € CYMOI CHCTEMaTH4HOI Ta
BUIIaJIKOBOT CKJIQJI0OBUX, L0 MAalOTh y CBOIf OCHOBI Pi3HI NPUYMHU Ta BUMArarmTh PI3HUX
Croco0i1B JUIsl YCYHEHHS;

- SKICHA XapaKTepUCTUKAa BHU3HAYA€ThCA IMOBIPHICHO, J€ LUIbOBAa (YHKIISA
po3TallyBaHHs TOPILS IpyTKa B CHCTEM1 KOOpAMHAT BepcTara CHpPSMOBaHA Ha JIOCSATHEHHS
HOMIHAJIBHOTO 3HAu€HHs, ajne OepeTbcs 0 yBaru peaJlbHUM 3HAYHO HUKYMH MOKa3HUK, 110
3a0e3reuye NOTPAIUISIHHS B 110JI€ JIOMYCKY;

- KOHTpOJIb MOBUHEH 0a3yBaTHCS Ha BUMIPIOBAHHI Ta aHali3l mapaMerpiB nojadi i
3a0e3neyyBaTd YMOBHU Ul MOXJIMBOCTI 3JIHCHEHHS KOPEKUil y 3aMKHYTOMY LUK
yIOpaBIiHHSA [POLIECOM aBTOMAaTUYHOI IOJaul MPYTKOBOI 3aroTOBKH. Jlis miIBUIEHHS
TOYHOCTI Ta €(PEKTUBHOCTI METOJIB KOHTPOJIIO JOLUIBHO CKOPHUCTATUCh NPUCTPOSIMU Ta
QJITOPUTMaMH ONTUYHOTO PO3MI3HAHHS MOJI0KEHHS [ 1].

Jlia opmanbHOro aHaji3y Impolecy Mmojadi NpyTKa JOLUIBHO 3aCTOCOBYBaTH OKpeMi
Ipynu mnapameTpiB: Ls, — 3ajJaHa JOBXHMHA MOJAadl MPYTKa, K LUIbOBE 3HAYEHHd, IO
(bopMyeThCS y BUTIISAI KEPYIOUOT KOMaHAM CUCTEMU Noaadi; L; — akTHUHa BeIMUMHA MOl
IpyTKa micis il 3aBeplIeHHS, ajle A0 3IMCHEHHsI 3aTHCKY 3aroToBKH; L, — QaxTHuHa
JOB)KMHA 3aroTOBKM IIICIS 3aTUCKY fK JOCTynHa g oOpoOku; A= Lr-Le; — IloxubOxka
OCbOBOT'O TIIOJIOXKEHHS TOPILSl 3aroTOBKM BHM3HAu€Ha PI3HUIICI0 PEAJbHOI0 Ta 3aJaHoro
OCbOBOT'O IOJIOKEHHS 3aroToBKH. /laHa MOXuOKa € roJIOBHOIO BUIAJAKOBOIO BEIIMYMHOIO JUIS
CTaTUCTUYHOIO aHaji3y Mnpoliecy (OpMyBaHHS 3aroTOBKM IUISXOM AaBTOMAaTHYHOI Iojadi
npyrka. Ha ii ocHOBI OOYMCIIOIOTH HapaMeTrpu AAHOTO MPOILECY 3 METOK MOXIJIHUBOCTI
(GopManbHOI OI[IHKY JAOLUIBHOCTI IPUHHATTS IH)KEHEPHUX PIILIEHb HOTO MOKpAICHHS.

PosrnsiHyTi reoMeTpuuHi mapaMerpu Jar0Th MOMKJIUBICTH PO3POOKH (OpMaIbHOIO
ONKMCY OCHOBHMX YOTHPbOX CIIEHApiiB (OpMyBaHHS OCHOBOTO MO3UIIIOBAHHS TOPILS
IIPYTKOBOT 3arOTOBKHU IIPH ii aBTOMaTHUHII nojadi y BepcTar (puc. 1).

ETanonne nonoxenHs 6e3 migpizanHs (puc.l a): |A|<T, ne T— nonoBuHa ABOOIYHOIO
JOTMYCKY, SIK MHUpUHA BikHA «IpuiHATHOCTI [-T,+T] HaBKOJIO iM€aNbHOTO MOJOXKEHHS Zo .
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@i3UYHO 1€ JOMYCK Ha BUCTYM TOPI Mepe] MOYaTKOM UKy 00poOku. SIKmo micius moaadi
I 3aTHCKY TOpeLb 3arOTOBKH CHIBIaJa€ 3 MpOrpaMHo0 IulomuHow Z=0 BepcTaTa B MeXax
BCTAHOBJIEHOT'O JIONYCKY, TOJA1 TOpElb, 110 JIMIIUBCS MICJs BiApI3aHHs NONEpeaHbOi AeTall,
BUKOPHUCTOBYETHCSA SIK TOTOBA 0a3a JJIs HACTYIHOTO LUKITY. SIK HAacIiI0K, 11€ Ja€ MOXJIUBICTh
HEe BUKOHYBATH MPOXiJ y IJIOIIKHI TOPLS 1 HUKJI 0OPOOKH CKOPOUYETHCS.

Bar end face

L N\ cut off

|
L
|
I

cutter

Pucynox 1 — BapiaHTy 1o10’keHHS TOPISI 3arOTOBKH C(h)OPMOBAHOI aBTOMATHYHOIO 1T0JIAY€IO MTPYTKa
Hoicepeno: pospobaeno agmopom

[TpuiiHATHUIA BapiaHT 13 MajJUM HpPUIIYCKOM Ha TOpLtoBaHHsA (puc.l c): Topeub
BUCTyNae 3a IulomMHy Z=0 Ha Maly BEIUYHUHY dp, MOPSJAKY COTUX MUIIMETpa.
[TepenbauaeTbest IpOXia pi3Ls 3 MIHIMAJIbHUM 3HATTAM MaTepiaiay 3 TOpLs y HalpsIMKy —Z 10
Z=0 3 Meroro 3a0e3ME4YeHHs] TOYHOIO OCBOBOIO po3Mipy. BwuTparu, chnpuunHeH1
CIIOKMBAaHHSAM €Heprii, 1 3HOCOM IHCTPYMEHTY IpH IbOMY IIpolleci MIHIMaJbHUH, IO
BHU3HAYa€ MO3UTUBHUN BINIMB HA TEXHIKO-€KOHOMIYHI MOKa3HUKU 0OPOOKH.

[TpuitHsATHUNA, ane Tipmuid BaplaHT 13 HEOOXIIHICTIO 3HSTTS BEJIUKOTO IPUIYCKY
(puc.1 b): 3naunmit Buctyn topus 3a Z=0 popMye BETUKUN NPUIYCK HA TOPLIOBAHHS dp, 1110
30UIbIIYE KUIBKICTh BHAAJIEHOIO Marepiany, BUTPATH €HEprii, 3HOC IHCTPYMEHTY, MOKJIMBI
YCKJIQJIHEHHSI CTPYXKKOYTBOpPEHHs Ta 1H. [l KepyBaHHS IpPOLIECOM PEKOMEHYEThCS:
3BY3UTH DO3KHJ HaJalTyBaHHSAM Oapdinepa, Hampukiax (crabulizami€o OCbOBOI CHIIU
1mojayi), BHECTH BIATMIOBIAHUI 3CYB, AKIIO JIHIHHUN OCHOBHI MPUITYCK HA TOPIIOBAHHS, TOOTO
BIJICTaHb B3JI0BX 0Cl Z MK (PaKTUYHUM TOPLEM IIICIIA 3aTHUCKY Ta LUILOBOIO IIOHINHOW0 Z=0
€ BEJIMYMHA CHUCTEMAaTUYHO IO3UTHUBHA. PEKOMEHIyeTbCsS NMPOBECTH 1HXKEHEPH1 3aXOAM JUIS
HaJalITyBaHb IapaMeTpiB Ipolecy Mojadi Ajas HOro HaOJIM)KEHHS 10 BHIIE ONUCAHUX
BUITAJKIB IIO3UIIIIOBAHHS.

Hemnpuiinatanii Bapiant, Hepomogada (puc.l d): BUHMKAae KOJIM TOpeub MPYyTKAa HE
noXoauTh A0 mporpamuoi miomwunn Z=0. Ilicnms 3aTUCKy TLIO 3arOTOBKM HE IEpPETHHAE
MIPOTrpaMHO1 TUIOIIMHY 1 i TOBXKUHHM HE BUCTayae ajs 3abe3nedeHHst po3mipy. [ii He 3gaTHI
KOMIIEHCYBATH Bi’€MHMM Ie(pIIUT AOBKHUHU 1 OCbOBUH PO3MIp J€Tajl B LIbOMY LIUKII HE
Moke Oyt 3alesneueHuil. Jleranb norparuise y HeBUNpaBHUN Opak a mojaibiia poboTa
NOBMHHA OyTM TMpUIIMHEHA J0 HalallTyBaHH] HapaMeTpiB mnojadi. PekoMeHnoBaHO
nepe3anyck LMKIY 3 MOBTOPHOIO MOJAuUel0 10 3aTUCKY. MOXIJIMBUMH JDKEpeaaMHu AaHOi
KPUTUYHOT TOMWJIKH MOK€e OyTH KOMOIHAIlIA MOMIJIKH T10/1a4l Ta HAJAMIPHOTO BTATYBAHHS M1
yac 3aTucKy. PexomeHpalii A8 AaHOrO BUINAAKY CTOCYIOTHCS OLIIHKM 3HAUEHHS BEJIMYUHU
noaaui Oapiaepom 10 3aTHCKY. SIKIO ISl BEIMYMHA MEHIIA HDK HEOOXIOHMM po3Mmip —
BUKOHATH IEpEeHAJAIITYyBaHHs, BEJIMYMHU [0Jadyi, pe3ysbTaT AKkoi Oylne OJHUM 13 TpbOX
BapiaHTiB: a), b), c) (puc.1).
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Jlns KUIbKICHOT OIIHKH BIIXHIICHHS OCHOBOIO IIJIOKEHHS 3arOoTOBKH, OIMCAHOI'O
MIOXHUOKOIOA, IPOTIOHY€ETHCSI BUKOPUCTOBYBATA HACTYIHI CTATUCTUYHI IapaMeTpH:

- UL — cucTeMaTHMyHa MOXMOKa OChOBOIO IIOJIO)KEHHS 3aroTOBKH, IO BHU3HAYA€
CUCTEMAaTUYHUI 3CYB 3HAu€Hb I MO3UIIIOBaHHS, TOOTO CEpeqHE BIIXWIECHHAIO A K cepeaHe
BCIX BHUMAJKIB Mo3uIlionyBanHs. Hanmpukman, konu nonava crabinpHo Outbmia Ha 0,04 mwm.

- 0 — BHpaXae€ MOBTOPIOBAHICTh IPOLIECY OCbOBOTO MO3MIIIIOBAHHS K PO3KHA MDK
LHUKIaMU 1mojadl 3a (ikcoBaHuX yMOB. [lisi BH3HAueHHS BHUOIPKOBOIO CEPEIHBOIO Ta
CTaHJAPTHOIO BIAXMJIEHHS {A;} TakoX Oa)kaHO BpPaxOBYBAaTH IOINpPaBKy Ha «IIyM» 3acoly
BUMIPIOBAHHS 32 METOJIOJIOTIEI0 OIIHKK MOXWOKH BUMIPIOBAHHS TOJOKEHHS TOPIS. Takum
YUMHOM 3HAYEHHS [ MOXe OyTH KOMIIEHCOBaHe KaniOpyBaHHSAM MpOLECYy MOJayl a G MOKHa
3MEHIIUTH IHXEHEepPHUMHU 3aco0aMu TUIly cTaOuTi3auii yMOB HpPOILITOBXYBAaHHS IPYTKa.
Oo6unBa napamerpu BXOIATh Y Cpi Ta Pog.

- Poi=P(|A|<T) — AiMOBIpHICTH BIAMOBIAHOCTI, 0 03HAYAE BIICOTKOBY YAaCTKY IUKIIIB
y SIKUX TOpelb MOTpaljsie y JONycK, TOOTO BKa3ye Ha WMOBIPHICTh IHOSIBU HOro
BCTAHOBJIEHOT'O IIPABMJIBHOTO I0JIOKEHHA. BU3HaueHHs MOXe 311 CHIOBATUCS TapaMETPUIHO
3a BUKOHAaHHS BHUMOT J0 HOpPMalbHOI MoJeni (32 (YHKII€EI0 CTaHJApTHOIO HOPMAlIbHOI'O
posnoainy ®):

Por=0((T- p)/o)- ®((-T- pyo), (1)
abo HenmapaMeTpHUUHO sIK eMIipu4Ha yacTka {|A/<7}/n 3 O1HOMIaJIbLHUMHU JOBIPUUMH MEKaAMHU.

- Cpk=(T-|u|)/30 — iHmekc BIAMOBIAHOCTI mpouecy mno3uiitoBands. Pi3U4HA CyTh
IHAEKCY € 0e3p03MIPHOI0 OIIHKOIO HACKUIBKM CTAa0UIBHO MpOILEC MO3MIIIOBaHHS IpyTKa
BKJIAJIA€ThCS B JIOMYCK 3 ypaxyBaHHSM LIEHTPOBAHOCTI Ta pO3KuAy. ['eoMeTpuuHO 1€ 03Havae
CKUTBKH «TPUCUTMOBHUX)» IHTEPBAJIB BKJIAAA€THCS B JOMYCK 0 HAHOIMKYOT MEXKI.

YcTaHoBIEHHS TOPOTIB MPUUHATHOCTI (Tabn. 1) MOXe 3aCTOCOBYBATHUCS SIK IIBUIAKUN
CKAJSIPHUN IHAMKATOp TMOKpAllleHHd Iicias 3MIH HajlallTyBaHb Ipoliecy mojaayi. 3a
LIEHTPOBAHOTO Mpo1iecy Pox MOHOTOHHO 3pocTae 3 Cpy .

Tabmung 1 — MoxuinBa ¢iznyHa iHTEpIpeTanito skocTi dikcarii uepes Benuunny Cpk

Cpi Hkicmo npoyecy bpax Disuunuil 3micm

<1,0 HeszapnosinpHa > 2700 ppm* [Ipouec He BKIagaeThesl B JOMYCK
1,0 MinimManbHa 2700 ppm 36 B JonycKy

1,33 3aoBinbHA 63 ppm 40 B 0IyCKy

1,67 Xopoma 3,4 ppm 56 B JJOIYCKY

>2,0 Bigminna ~0 ppm 6G B JJOIIyCKY

*- parts per million 1ppm = 0,0001%
Lorcepeno: pospobaeno asmopom

_| BCTaHOBUTH BENMYMHY 3eiTi
nogavi L..; Ta ponyck T MOHITOPUHT

Mouartok

i h
I 36ip NnpouecHKX AaHWX Ta
nonepegHa obpobka

!

Kopekuja PospaxyHok A = L, — L.,
napametpis JUTS KOSKHOTO IIHKITY

'

Po3paxyHOK 3Ha4YeHb |,
G, Por, Cpie
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Yu pocarnyTi
uini Por i Cpx

Pucynoxk 2 - IociigoBHicTs 00poOKH iH(pOMpaILTii U1 NPUAHATTS pillicHh OKpaLeHHs TapaMeTpiB NO3HL{IOBAHHS
Hoicepeno: pospobaeno agmopom

120



ISSN 2664-262X IlenTpansHOyKpainchkuil HaykoBHil BicHuk. Texuiuni Hayku. 2025. Bun. 12(43), 4. Il

3a pe3ynbTaTaMiu JOCIIIKEHb 3alIPOIIOHOBAHO aJIFOPUTM 00poOKHU AaHuX (puc. 2) npo
IIpoLeC TMO3ULIOHYBAHHS TOPLSI NPYTKa BITHOCHO OMNOPHOI IUIOIMMHU Zrs 1 JOMYCKIB 7.
ANropuTt™M CHpsIMOBaHMIl Ha arperyBaHHs 3HAuY€Hb CEPEIHbOTO 4, Ta CTaHAAPTHOIO
BIIXUJICHHS 0 3 PO3PaxOBYBaHHAM (opMalbHUX MOKa3HUKIB mpouecy Pox 1 Cpr. [lopiBHSIHHS
pe3yabTaTiB 00poOkH iH(popMalii 3 LUUILOBUMU MOPOTOBUMH 3HAUYEHHSMHU A€ MOKJIUBICTH
aBTOMAaTH3allil NIPUIHATTS a00 1HIL1FOBAaHHS KOPEKIil apamMeTpiB poOOTH CHCTEMH MOJaul.

BucnoBku. PesynpraTit poOOTH CHPUSIOTH PO3poOLI JIEBUX METOJIB 3MEHILIEHHS
CEepeHbOr0 3MIIIEHHS Ta PO3KHAY OChOBOTO IOJIOXKEHHSI TOPLS MPYTKOBOI 3arOTOBKH, IO
copMOBaHa METOJIOM aBTOMAaTH4HOI nojaui. Lle 3HMKye noTpedy B mixpizaHHI TOpuUS 1, K
HACJII0K, BTPAaTH CHUPOBMHM M eHeprii, 0 KPUTHUYHO JJI BHUCOKOI 3aBaHTa)KEHOCTI
oOJasiHaHHS y MacOBOMY Ta CY€pMacOBOBMY BUPOOHUIITBY.

[lepeBarn 3ampomOHOBAHOTO KOMILJIEKCHOTO MiAXOAY OIIIHKH TOYHOCTI OCHOBOTO
MO3ULIIOBaHHS TOPLSI € OCHOBOIO 3ac001B JUIsl pAAy (PYHKIIOHAJIbHUX HAIPSIMKIB 1 30KpeMa,
JUIS OIlepaTopa: paHHE MOIEpeKEHHS Ipo MpobiieMu, 00'€eKTUBHI KpUTEpil A BTpydYaHHS,
Ta TEXHOJIOTa, OCKUIbKU Jal0Th CTATUCTHUYHO OOIPYHTOBAHI PIIIEHHS, CIPUSIOTh ONTUMI3alii
NepioJMYHOCTI 00CIyroByBaHHs, aHaNI3y NIPUUUH JAerpajalii npouecy Ta iHme. Pazom BoHu
(GOpMyIOTh 3aMKHEHY CTaTUCTUYHY PaMKY, sIKa HApsIMy HNIATPUMYE 1HKEHEPH1 Ail.

3anponoHOBaHl MIAXOAU CTBOPIOIOTH OCHOBY JUISl BIPOBAPKEHHS CTATUCTHUYHOTO
KEepyBaHHs IpoliecaMu, 10 3abe3rneuye 4yTJIMBICTH SK 10 ApiOHMX Aped¢iB u, Tak 1 A0
nagiHHsA  (AaKTUYHOI YAaCTKH BIAMOBIIHOCTI BAANMX MO3uLiOBaHb mpyTka. CdopmoBaHO
¢dbopManbHl MpaKTUYHI TPUTepU 3MIH IapaMeTpiB Mpolecy MojAayl Ta BUSIBIEHO METOIU
BCTAHOBJICHHSI BaJIHOCTI 1 OOMEXEHHs, TOMY OTpPHUMaHl pe3ylbTaTH JAlOTh MOXKJIUBICTh
(GbopMyBaHHS aITOPUTMY i, KU NEPETBOPIOE CTATUCTUYHI CUTHAIU 3 KOHTPOJIBHHUX KapT
Ha KOHKPETHI IH)KEHEpPHI Ta TEXHOJIOTIYHI pIIMIEHHsS MOKpallleHHs pPOOOTH CcHUCTEMU
aBTOMATUYHOI I0/1a4l MpyTKa.

OTpuMaHi pe3yabTaTH CIHUPAIOTHCSA HA MPOLECHI JaHl, TOMYy MOXYTb OyTH OJHAaKOBO
3aCTOCOBHI /0 pI3HUX HOMEHKJIATyp, JlaMeTpIB 1 TEXHOJIOIIYHUX JiHIA. Sk monanbimiuit
PO3BUTOK JOLUIBHUMHU JUIsl PO3POOKM MOKYTh OyTH: i€papxiuHi Mojeni g oOpoOku
0araTOpiBHEBUX JaHUX «IapTis-JiHIA-3MIHa»; IHTerpamis 3 UUPpoBUMHU Oa3zaMH JaHUX JUIS
aBTOMATHU30BAHOTO NPUHUHATTS PILICHb.
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Assessment of The Stability of the Axial Positioning of the End Face of a Long Cylindrical
Workpiece During Automatic Feeding in a Machine Tool

The aim of the work is to develop a unified methodology for assessing the accuracy of the axial position
of the end face after automatic feeding on lathes, which allows for the correct calculation of the probability of
falling within the tolerance window based on process data. It also makes it possible to agree on key metrics (l, ,
Pok, Cox) and rules for their application, and to determine acceptance thresholds for technological solutions.

The paper formulates a production problem for mass processing. Four scenarios for the result of feeding
are proposed: without undercutting; with a small allowance; with a large allowance; underfeeding (critical
defect). The value A is introduced as the deviation from the plane Z=0 and T as half of the bilateral tolerance. A
parametric assessment of the axial position accuracy of the bar blank end face is given, and the positioning
process capability index Cpx = (T—|u|)/(30) and its interpretation are specified. Cpyi thresholds (1.00; 1.33; 1.67;
>2.00) and their relationship to defectiveness are established for quick decision-making. The methodology
provides a metrologically correct and reproducible assessment of the axial position of the end face after
automatic feeding, suitable for daily operation. This contributes to the achievement of a targeted reduction in
displacement and scatter (i1, 6), which reduces the need for trimming and the associated material and energy costs.

The result is a methodology that provides a reproducible assessment of the axial position of the end face
after automatic feeding. Controlled reduction of p and o reduces the need for undercutting and resource costs.
The Cpk thresholds allow comparing bar feeding machines and making decisions on the feasibility of certain
engineering actions. In general, the results obtained make it possible to implement automatic process control
measures and further expansion.
cutting machining, position accuracy model, machining strategy, machining parameters, machining
optimization, machine subsystems, spindle unit clamping
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[lepcnieKTHBY 3aCTOCYBaHHS aIUTUBHUX TEXHOJIOT1H
JU1sl BUTOTOBJICHHS Ta BITHOBJIEHHS 3HOCOCTIMKUX
KOHCTPYKTUBHHUX €JIEMEHTIB Y CYy4aCHOMY
MaIIMHOOYAYyBaHHI Ta CIIILCHKOMY TOCTIOAAPCTBI

VY craTTi pO3IJISHYTO BIUIMB TEXHOJIOTIYHHX MapaMeTpiB aJMTUBHOTO HAIUIABIICHHS METaJIiB METOIOM
xBeam 3D Metal Printing Ha TepMoMexaHIYHMH CTaH Ta CTPYKTYPHI XapaKTEPHUCTHKU PI3HOPITHMX 3’€IHAHBb
turry Ti—Al. OcobnuBy yBary npuiinieHO (GOpMyBaHHIO TEMIEPATypHHX IMOJIB, 3aJIMIIKOBUX HAINpyXeHb 1
($a30BOro CKJIamy B TPOIIECi IMONIAPOBOr0 HAPOI[YBAHHS OAJKOBHUX EJICMEHTIB i3 THTAHOBUX 1 AJFOMIiHIE€BUX
craBiB. Po3kpuTo pornb Temnodi3MYHMX BIACTHBOCTEH MartepialsiB, iHTEpBaNiB MK HaHECEHHSIM IIapiB i
TEIUIOBKJIAJCHHS] B KOHTEKCTI yTBOPEHHS 30H CIUIABJICHHS 3 IIJBHMIICHOI0 KOHIICHTPALI€I0 HANPYXEHb 1
nedexTiB. Po3ristHyTO IiX01M 10 YMCIIOBOTO MOZIETIOBAHHS TEIIOBUX Ta HANPYXEHO-Ie()OPMOBAaHNX MPOLIECIB
3 ypaxyBaHHSAM (Pa30yTBOPEHHS Ta 3MIHM MIKPOCTPYKTYPH. BCTaHOBIICHO, IO KPHUTHYHE 3HAUYEHHS MAaIOTh
TEMIIEpaTypHi Tpaji€HTH, IIBUIKICTb OXOJOMKEHHS Ta MIKPOCTPYKTYpPHA CYMICHICTH MartepialliB y 30HI
KOHTakTy. Pesymbratm MoXyTh OyTm 3acrocoBaHi Juii ontumizamii pexumiB. WAAM npu BUTOTOBJICHHI
3HOCOCTIMKHX €JIEMEHTIB MalllKH, 10 NPAIfO0Th B YMOBaX 3MIHHUX HaBAHTaKEHb 1 TEMIIEpaTyp.
aguTuBHe BHUPOOHUUTBO, WAAM, xBeam 3D Metal Printing, TuranoBi cmiaBu, Ti-Al 3’e¢qnanns,
Pi3HOpiAHI KOHCTPYKUIi, TeMIepaTypHe 10JIe, TePMOMEXaHiYHe MOJCII0OBAHHS, 3AJIMIIKOBI HANIPY:KCHH,
(¢azoyTBOpeHH, MisKIIAPOBU 3B’ A30K

ITocTanoBka npoOJjeMu. Y cydyacHOMy MalIMHOOYyBaHHI, @ TaKOX Y BUPOOHUITBI
TEXHIKH JJIs1 CUIbCBKOI'O TIOCIOAApPCTBA, 10 (PYHKLIOHYE B yYMOBax 3MIHHMX JWHaMIYHHX
HAaBaHTAXXEHb Ta AarpeCMBHOIO 30BHIMIHBOIO CEPEAOBMINA, BAXJIMBUM 3aBJAHHAM €
MIIBUIIEHHS HAMIMHOCTI Ta JOBTOBIYHOCTI METAJIEBUX KOHCTPYKIIH 3a OJHOYACHOTO
3HMKEHHSI MaTepilaJOMICTKOCTI Ta €HeprocnoxuBaHHA. OJHUM 13 MEPCIEKTUBHUX HAINPSAMIB
BUpIIIEHHS 1i€1 MpoOieMu B IPOMHUCIOBOCTI Ta CUIBCBKOMY T'OCHOJIAPCTB1 € BIPOBAKEHHS
aJUTUBHUX TEXHOJOTIM, 30KpemMa METOJIB IOLIApOBOTO HAIUIABJIEHHS METaJiB, Kl
3a0e31euyloTh BUTOTOBJIEHHS KOHCTPYKTUBHO CKJIaJHUX JleTayel 6e3 moTpedu B TpaauLiiHIN
MeXaHIyHIl 00poOui abo 3acTocyBaHHI AOPOroi OCHACTKM Ha BCIX eTamax BUPOOHHUIITBA
(Gibson et al., 2015). OcobauBe Micue cepel METOIIB aAUTHUBHOIO BUPOOHMIITBA 3aiiMae
texHosorist Wire Arc Additive Manufacturing (WAAM) — mnpouec, mo 0a3yeTbcsi Ha
AYrOBOMY HAIUIaBJIEHHI METaJeBOro JApoTy 3 NoJanbliuM (GOpMyBaHHSAM 00’e€MHOT
cTpykTypH. Lleit meTon 3a0e3neuye BUCOKY IIBUAKICTh NOOYIOBH, JOOPY NPOIYKTUBHICTD 1
MO>KJIUBICTh BUKOPUCTAHHS CTaHAAPTHUX 3BapIOBAJIbHUX MaTepiallib.

VY naHiii poOOTI OCHOBHY yBary 30CEpEIKEHO Ha aHaji3l MpOIECciB MOIIapOBOrO
(dbopMyBaHHS KOHCTPYKLIH 3 BUKOpHUCTaHHAM TexHoJjorii xBeam 3D Metal Printer, sixa €
IIPUKIAJOM CY4acHOIrO 1HAycTpiajbHOro pimeHHs y chepi 3D-npyky Meranamu. Xoua I
TEXHOJOr1s (hopManbHO He Kiacugikyerbes Sk WAAM y By3bKOMY 3HauU€HH1, BOHA peanisye
aHAJIOTTYHUI NPUHIUII OLIAPOBOTO JYTOBOIO HAIJIABJIEHHSI 3 BUKOPUCTAHHSAM €JIEKTPOHHO-

© C. B. Kupnanaxa, 2025
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IIPOMEHEBOT rapMaTd Ta JpOTOBOrO ImpucagHoro Marepiany. Takum umHOM, XBeam-
TEXHOJIOT1sl HAJIEKUTh JI0 IHUPOKOro kiacy npouecisB WAAM-noniOHoro tuy, 1 pe3ynbTaTy,
OTpUMaHIi IpH ii 3aCTOCYBaHHI, MOXKYTb OYTH penpe3eHTaTUBHUMM Ul aHAJII3Y TEIJIOBUX Ta
MEXaHIYHUX SBMIL, XapaKTEPHUX JIJIsl BCbOT'O CIIEKTPa MOILIApPOBOr0 HAIMJIABICHHS.

[Tonpu axkTUBHMHA pPO3BUTOK TEXHOJOTIH IOLIAPOBOIO HAIUIABJIEHHS METaliB
(WAAM), HU3Ka KpUTHYHUX NTUTaHb 1010 (OpMYyBaHHS TEMIIEPATYpHUX OB, 3aTHILIKOBUX
HanpyXeHb 1 (pa3oBoro ckiagy 3aluIIA€TbCi HEJOCTaTHBO BHBYEHOIO, OCOOJIMBO AJIs
PI3HOPIIHUX MeETaleBUX 3’€JHaHb, 30kpeMa B cuctemax Ti-Al. LI sBMIIa BHU3HAYaAIOThH
eKCIUTyaTalllifHi XapaKTepUCTUKH BUPOOIB, BUIOTOBICHUX aJUTHUBHUMH METOJaMH, 1
NOTpeOYIOTh BpaxyBaHHS IPH IPOEKTYBAHHI Ta OMNTUMI3alli TEXHOJIOIIYHUX PEXHUMIB.
3BakarouM Ha CKJIQJHICTh TEPMOJMHAMIYHUX IPOLECIB Ta IX BIUIUB HAa CTPYKTYPOYTBOPEHHS,
KPUTHUYHO BAXJIMBUM € 3aCTOCYBAaHHS JIOCTOBIPDHMX YHCEJIBHUX MOJENEH, SKi 103BOJISIOTH
IIPOrHO3YBaTH MOBEAIHKY MaTepiaily Ha BCIX eTanax (opmyBaHHs BUPOOY.

AKTyanpHICTh MIIBUIIEHHS TOYHOCTI MOJICTIOBAHHS TEPMOMEXAHIYHHX MPOIECIB Y
PI3HOPIIHUX BHPOOAX, BUTOTOBJIEHUX METOJOM IOLIAPOBOTO HAIJIABJICHHS, BIJ3HAYEHO B
pobortax [1, 2, 3, 4, 5]. 3okpema, AOCIIIHUKM aKLEHTYIOTh YBary Ha CKJIAJHOCTI
nependoayeHHs TeMIEpaTypHUX IpaJli€HTIB, 3AJIMIIKOBUX HAIPYKEHb 1 (ha30BUX MEPETBOPEHD
y 30HaX CIUIABJICHHS NpU BUKOpPUCTaHHI MeToiB WAAM 1 COpIAHEHUX TEXHOJIOTIH.

HaykoBo-Ttexniuna mpobiemMa mossirae B HEOOXIAHOCTI  MOJENIOBAHHS — Ta
IIPOrHO3YBaHHS KIHETUKHM TEMIIEpaTypHHUX IOJIB 1 HaNpyKeHO-1e()OpPMOBAHOTO CTaHy B
npoueci (opMyBaHHsSI PIZHOPIIHUX a00 (DYHKIIOHAJIBHO-TPAJAIEHTHUX KOHCTPYKLIH, IO
0e3nocepeIHbO BIUIMBAE HA MIKPOCTPYKTYPY, 3QJIMIIKOBI HANpPYKEHHS, TPILMHOCTIHKICTD 1
3arajbHy HaAliHICTE BHPOOIB. Y KOHTEKCTI PO3BUTKY MaTepiallo3HABCTBA BAXKIUBUM €
BHUBUYEHHS B3a€MO3B 513Ky MDK IapaMeTpaMH TEXHOJIOIIYHOTO IMpOLECy, TEPMOMEXaHIUHUMU
SBUILIAMHU Ta BJIACTUBOCTSIMH MaTepiajly Ha Makpo- i MIKpOPIBHSX.

AHani3 ocTtaHHiX gociaigxkenb i myOJikamiii. YpoaoBX OCTaHHBOTO AECSTHIIITTS
METOJM TOILIAPOBOTO HarutaBieHHs, 30kpema Wire Arc Additive Manufacturing (WAAM),
aKTUBHO JOCIIUKYIOTbCS y 3B’3KYy 3 IXHIM IOTEHIIaJOM JJs BUTOTOBJIEHHS BEJIMKHX
METaJIeBUX KOMIIOHEHTIB 31 CKJIaJHOI0 NEOMETPIEI0 MPU 3HIKEHIH BapTOCTI BUPOOHHUIITBA.
OpnHi€r0 3 OCHOBHUX Ipo0OJieM IMpU LIbOMY € (OpPMYBaHHS HEPIBHOMIPHOTO TEMIIEPAaTypHOTO
I10JIs1 TA BIATIOBITHUX 30H 3aJIMIIKOBUX HAIPY)KEHb, K1 IPU3BOJATE 10 AC(PEKTIB, MOPYILICHHS
reoMeTpii Ta HEOJHOPITHOCTI CTPYKTYypH [4, 5].

Y  my6mikamii (Wang et al, 2021) [4] mnpoBemeHo cHUCTEMaTHUYHUN aHAI3
MIKPOCTPYKTYPH, MEXaHIYHMX BJIACTUBOCTEH Ta THUNOBUX JAe(EKTIB TUTAHOBUX CILJIABIB,
3okpema Ti-6Al-4V, orpumanux meronqoM WAAM. ABTOpH 3BEpTalOTh yBary Ha 3Ha4Hy
aHI30TPOIIIO BJIACTUBOCTEI Marepialy Ta MOJOBXKEHHS [-3e€peH y HaIpsIMKYy HapOLIyBaHHS
mapy. AHaJlOriyHl pe3ynbTatu omucaHi B pob6ori (Ding et al, 2015) [5], me Ttakox
MIIKPECICHO HEOOXIHICTh MOAANBIIOTO MOJETIOBAaHHS TEIJIOBUX TPOLECIB  3aJIst
ONTHUMI3allii peXKUMIB HAIUTaBICHHSI.

Y poGoti (Maxuenko Ta iH., 2020) [1] 3ampomoOHOBAaHO MiAXiA 10 YHUCEIHHOTO
IIPOrHO3YBaHHS KIHETHKH TEMIIEpaTypHHUX IOJIB 1 HAIpPYXEHO-IAe(POpPMOBAHOIO CTaHy INpHU
[OIapoBOMy (OpMYyBaHH1 KOHCTPYKILiH 3 pi3HOpiaHUX MaTepianiB (BT6, Al Tomo). 3okpema,
BCTAHOBJICHO KPUTHYHI IHTEpBaJIM Yacy MDK HaIUIaBJICHHSM BaJMKiB, L0 3a0e31e4yloTh
SKICHE CIUIaBJIEHHS LIapiB, a TAKOK PO3IMOJAUI 3aJUIIKOBUX HAIPY)KEHb y PI3HHUX Iepepizax
BHPOOY.

VY pob6oti (Caxnenko, 2023) migKpecieHO BaKJIUBICTb TOYHOI'O KOHTPOJIIO TEPMIYHUX
HuKIiB 1pu 3D-aApyKy pi3HOPIOAHMX CTPYKTYp Ta 3a3HAUYEHO IEPCHEKTUBU BUKOPHCTAHHS
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¢13MKO-MaTeMaTUYHUX MOJENIel A NPOrHO3yBaHHS ()a30yTBOPEHHS Ha MeEXi 3’€JHaHHS
TUTaHYy ¥ afOMiHito [6].

B ocranHiX po0OoTax TakoX BHCBITJIEHO MUTaHHsS BIUIMBY PEXUMIB HojAayl APOTY,
IIBUJIKOCTI TEpPEMIlIeHHs JDKepesia Temia Ta CrIoco0y OXOJOMKEHHS Ha MopQooriio
CTPYKTYp, (hopMyBaHHSI TeKCTypu Ta HasBHICTH mop [l, 2, 6]. Bomnowac 3amumiaroTbest
BIAKPUTHUMH IUTAaHHS KOHTPOJIK CTPYKTYPHOI OJHOPIZHOCTI B HEpPEXiHUX 30HaX Ta
CTBOPEHHS JOCTOBIPHUX MoJeinel (a30BUX NEPETBOPEHD y 6araTomapoBUX KOHCTPYKIISIX.

Takum YWHOM, ICHYE HEOOXITHICTh MOAANBIIUX JOCIIHKEHb, IO TMOEAHYIOThH
TEPMOMEXaHIYHE MOJEIIOBAHHSA 3 MIKPOCTPYKTYPHHUM AaHAJI30M Ta €KCIEPUMEHTaJIbHUMU
JaHUMM, OCOOJIMBO JUIsl PI3HOPITHUX 3’ €JHAHb 1 OaraTomapoBUX BUPOOIB CKJIaTHOT FeOMETpIi,
3 METOI0 3a0€3MeYEeHHsI IPOTHO30BAHUX €KCIUTyaTallliHUX XapaKTepUCTHK.

B ocraHHI pOKM aKTHUBI3YyBaJUCS JOCHIIKEHHS, CIPSAMOBaHI Ha ONTHMI3allilo
TEXHOJOruHUX mnapamerpiB WAAM nis 3a0e3nedeHHs KOHTPOJIbOBAHOTO (popMyBaHHS
CTPYKTYpPH Ta 3HMKEHHS BHYTPILIHIX Je(eKTiB IpU IpYyKyBaHHI TUTAaHOBUX ciuiaBiB. Tak, y
po0oTi [4] HaBeneHO CUCTEMATH30BaHMM OIJISA BIUIMBY PEXHMIB OCAUKEHHS Ha
MIKpocTpykTypy Ti-6Al-4V, 30kpemMa, miKpecIeHO 3HAYCHHS TEIJIOBKIAACHHS Ha PO3MIp 1
Mopdosorito B-zepeH. Y [5] po3risiHyTo 0coOiMBOCTI (pOpMYyBaHHS TEKCTypH, (pa3oBuX
[EepPETBOPEHb Ta PO3IMOALLY 3IMIIKOBUX HANpYyXeHb Y BUpoOax, BUroToBieHMX WAAM, 3
BUKOPHUCTAHHSIM €JIEKTPOHHO-IIPOMEHEBOT0 Ta J{yroBOIr0 JLKEpe Teruia.

VY nocnimkenHi [1] 3amponoHOBaHO MiAXIJ A0 MPOTHO3YBaHHS TEPMOHAIPYKEHOIO
CTaHy OararoumapoBUX KOHCTPYKIIiii Ha OCHOBI MaT€MaTHYHOI'O MOJEJIIOBaHHS KIHETHUKH
temneparypHoro mosisi. PoGorta [6] mpucBsueHAa BUBUEHHIO OCOOIMBOCTEH YTBOPEHHS
IHTepMeTaNiIHUX (a3 y 30HI KOHTAaKTy THUTaHy Ta aJIOMIHIIO, L0 € aKTyaJbHUM IIpU
BUTOTOBJIEHH1 PI3HOPITHUX KOHCTPYKIIIH.

3HauHy yBary TakoX MPHUAUIEHO TOCIIKEHHSAM 3aJIMIIKOBUX HANpYXEHb Ta BIUIUBY
4eproBOCTI HAHECEHHs BAJIMKIB IpHU MoumapoBoMy (OpMYBaHHI, IO BHUCBITIEHO Yy [7].
HonatkoBo, 'y [8] mnpoaHani3oBaHO  3aCTOCYBAaHHS  MPELM3IIHOTO  MOHITOPUHIY
TEMIIEpaTYpHHUX IOJIIB 1]l YaC HAIUIABJIEHHS, 110 JO3BOJISIE KOPUTYBATH MIPOLIEC Yy PEaTbHOMY
gaci. Y po6oti [9] akueHT 3po0jeHO Ha MO€AHAHHI ATUTUBHOTO Ta TEPMOMEXAHIYHOTO
00poOJIeHH [UIsl TOKPAILEHHSI MEXaHIYHUX XapaKTePUCTUK TUTAHOBUX CILIABIB.

3a nanumu Kpasus ta CaBuenka (2022), aAMTHBHI TEXHOJIOTII CTPIMKO PO3BUBAIOTHCS
1 3HaXOATh 3aCTOCYBAaHHS y BUTOTOBJICHHI CKJIAQJHUX JeTajiedl s CUIbChKOIOCIOAapChKOT
TEXHIKH, 0 MOTpedye MiBHUINEHOT 3HOCOCTIMKOCTL. AHani3 bongapenka 1 KpaBuenka (2021)
nokaszye egekTuBHicTb MeTony SLM s cTBOpeHHs aAeranei 13 3aJaHMMHM MEXaHIYHUMU
BnactuBoctamu [10, 11]. 3aramom, Herzog et al. (2016) Ta DebRoy et al. (2018)
HaroJoUyTh Ha MEPCHEKTUBHOCTI aAUTUBHUX TEXHOJIOTIM Yy NMPOMHCIOBOMY MacuTabl Ta
ixHIM pouti y TpaHcopMallli TpaguiiifHoro MamuHoOynyBanHs [12, 13].

[Tonpu 3HauHMHA O0OCIT [AOCHIDKEHb, IPUCBSUYEHUX aJIUTUBHOMY BHUIOTOBJIEHHIO
BUpPOOIB 3 OJHOPITHUX METAJIEBUX CILJIABIB, 30KpeMa THUTAHOBHUX, MHUTAHHS MOLIAPOBOIO
dbopmMyBaHHS PIBHOPITHUX KOHCTPYKUINA (Hampukiaa, cucteM Ti—Al) 13 3acTocyBaHHAM
WAAM-texnomnorid, Takux sk xBeam 3D Metal Printing, 3anumaroTbCsi HEIOCTATHBO
BHUCBITJICHUMH. 30KpeMa, HE MOBHICTIO 3’5ICOBAHO TEPMOJMHAMIYHI YMOBH, II0 BU3HAYAIOTh
xapakrtep (a3oyTBOpPEHHS Ha MeEXl 3'€JHaHHS MaTepiajliB 3 PI3HOI TEII0(I3UYHOIO
IPUPOIOI0, & TAaKOXK BIUIMB IapaMeTpiB TEIJIOBKJIAJAEHHS Ha PO3MOALUT 3aJIMILIKOBHUX
HaIpyXXeHb 1 CTPYKTYPHY LIUIICHICTh KOHCTPYKIIIH.

BincyTHICTh KOMIUIEKCHOTO aHali3y LMX YUHHHUKIB Y KOHTEKCTI BUIOTOBJIEHHS
0aJKOBUX KOHCTPYKLIH TaBpOBOro npoduiro oOMexye MOKIMBOCTI ONTHUMI3aLii PEeKHUMIB
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WAAM 1151 ckiIalHUX BUCOKOTEXHOJOTTYHUX BUPOOIB. O3HAUCHE JOCIIHKEHHS CIPSIMOBAHE
Ha YCYHEHHsI IUX NPOTAJIUH Y HAYKOBOMY pO3yMiHH1 poueciB WAAM.

ITocTanoBka 3aBaaHHs. MeToro 1i€i poOOTH € cucTeMaTH3aLlls Ta KpUTUUHUN aHali3
CyJaCHMX MIAXOJIB J0 YHUCEIbHOIO MOJEIIOBAHHA TEPMOMEXAHIYHUX MPOILECIB IpHU
[OIIapoBOMYy (hOpMyBaHHI PI3HOPIHUX METaJEBUX KOHCTPYKIIIM Ha MPUKIAAl TUTAHOBUX Ta
aoMiHieBUX cruiaBiB. Oco0auBY yBary NpuIUIEHO BIUIMBY TEXHOJIOTTYHMX IapaMeTpiB Ha
TEMIIEpaTypHl1 TIpaai€eHTH, (a30yTBOpEeHHS Ta 3ajlUIIKOBI HAaNpPYXEHHA, a TaKoX
MOKJIMBOCTSIM onTuMizauii npouecy WAAM s 3a06e3nedeHHs] CTPyKTYpHOI IIUTICHOCTI Ta
3HMKEHHS PU3MKY YTBOPEHHS KPUXKHX (a3.

Buxiiax ocHoBHOT0 Matepiaty. Y Mexax JI0CIDKEHHS 0YyJI0 poaHajIi3oBaHO 0COOIMBOCTI
dbopMyBaHHS PI3HOPIAHUX METAJIEBUX KOHCTPYKIIH METOJOM TOIMIAPOBOTO AYTOBOTO
HaIJIaBJIeHHS Ha Npukiaai rexnosorii xBeam 3D Metal Printer, sika € pisHoBugom WAAM.

B sxocti 00’exkTa MojentoBaHHs 00paHO TaBpOBY OajKy, BUTOTOBJIEHY 3 TUTAaHOBHUX
CIUTAaBIB 3 MOXJIHMBUM  alOMiHIeBUM  migmapoM. OcoOnuBy yBary  MHPHUAUICHO
TEPMOJIMHAMIYHUM yMOBaM (POPMYBaHHS CTPYKTYpPH IPU HAIJIABJICHHI Ta OI[IHII1 HAIIPYXKEHO-
ne(OpMOBAHOTO CTaHYy.

1 Ocobnusocmi nouiapogo2o opmyeanHs ma HANPys*CeHO-0ehOopMOBAHO20 CMAHY 6
PIZHOPIOHUX KOHCMPYKYIAX

VY pe3ynbTari 4MCENBbHOTO MOJICIIOBAHHS, 3alpPOMOHOBAHOrO0 B [MaxHEHKO Ta iH.,
2021], nmoGynoBaHO TeMIepaTypHi MOJsS, L0 PO3BUBAIOTHCS Yy IMpOLEcl IOIIAapOBOro
dopmyBaHHs KOHCTPYKLii (puc. 1). Cxema neMoHCTpye KOH(Irypawio 0a1KoBOT KOHCTPYKIIII,
a TaKO’K TPAEKTOPIi HAIUIABJIEHHS, SIK1 BIJIMBAIOTh HAa TEIJIOBY ICTOPIIO MaTepiaiy.

Pucynok 1 — Cxema nomapoBoro ¢popMyBaHHs 0aJIKOBOI KOHCTPYKIIiT TABPOBOTO Mpodisio
3a TexnHozoriero xBeam 3D Metal Printer
IDicepeno: po3pobneno na niocmasi [1]

BceranoBieHo, 1m0 0COOIMBOCTI TEIJIOBKJIAJAEHHS MAalOTh BUPILIAIbHUNM BIJIMB Ha
IHTEHCUBHICTH (Da30yTBOPEHHS B 30H1 KOHTAKTy TUTaHy i antoMiHito. L{e 0co0i1MBO KpUTHUHO
pu GopMyBaHHI1 IHTepMeTalIYHUX (a3, 30kpema TiAls, SKi XapakTepu3yroThCsl M1IBULLIEHOIO
KPUXKICTIO. SIK MOKa3aHO Ha PUCYHKY 2, IIPH MIJABUIIEHHI TEMIIEpaTypH JIATEHTHUHN INepiof
YTBOPEHHS TakuX (a3 ICTOTHO 3MEHIIYEThCS, IO CBITYUTH MPO HEOOXITHICTH PETEIHHOIO
KOHTPOJIIO TEIJIOBUX PEKUMIB.

JUis 3a0e3nedeHHs eKcIUTyaTaliifHoi HaJiHHOCTI KOHCTPYKLIH, BaKJIMBUM € TaKOX
aHaJli3 HaIpy)XeHO-Ae(pOpMOBAHOIO CTaHy HICJI OXOJIOMKEHHA. Ha ocHOBI MoJentoBaHHS
Oyl BH3HAuU€HI MOJISI 3aJMILIKOBUX HAINPYXXeHb B HampsAMKy Z (o<sub>zz</sub>), sxi
HaANCYTTEBIIIE BIUIMBAIOTh Ha OMIp BTOMI. SIK IMOKa3aHO Ha puc. 3, B PI3BHOPIAHIM KOHCTPYKIIii
CIIOCTEPIra€eThCs CyTTEBE 3POCTAHHS JIOKATI30BaHUX HANPYKEHb, OPIBHAHO 3 OJHOPIAHOIO.

OpHMM 3 KIIOYOBHMX IapaMeTpiB, IO BHU3HAYAIOTh EKCIUIyaTalllifHy HaIiMHICTb
BUpOOIB, BUIOTOBJIEHUX METOJIOM IIOLIAPOBOTO HAIIJIABJIECHHS, € 3aJHUIIKOBI HaINpyXEHHS,
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30KpeMa KOMIOHEHTa o<sub>zz</sub>, 1m0 BIAMOBIAA€ 3a TMO3J0BXKHIA PO3MOILT
HAIpY)KEHOr0 CTaHy B3JI0BX OCl MOOy10BHU. Y Ipolieci aAUTUBHOTO (hOpMyBaHHS BHACHIIOK
IHTEHCUBHOT'O JIOKAJIbHOTO HArpiBy 1 HACTYIIHOI'O HEPIBHOMIPHOTO OXOJIO/XKEHHSI BUHUKAIOTh
3HaYHi TepMiuHi TPajicHTH, IO CIPUYUHSAIOTH HAKONUYEHHsS BHYTPIIIHIX HANpPYKeHb. 1X
BEJIMYMHA Ta PO3MOILI 3aJIeXkaTh Bl peXKUMIB TEIJIOBKJIAAEHHS, CTpaTerii yKiIaJlaHHs I1apiB,
TUIy CIUIaBiB (rOMOreHHuX a0o pI3HOPIAHMX) Ta TIeoMeTpil KOHCTPYKIIi. 3aJMIIKOBi
HAIpYXKEHHS O_ MOXYTb OyTH JKEPEJIOM MIKpPOTPIMHOYTBOPEHHS], CIOTBOPEHHS FeOMeTpii
BUpoOy ab0 3HM)KEHHS BTOMHOI MiIIHOCTI. Jlyis TXHBOrO OIIHIOBaHHS 3aCTOCOBYIOTH SIK
YHUCENIbHE MOJICTIOBAHHS (METOIU CKIHUEHHHUX €JIEMEHTIB), TaK 1 €KCIIEPUMEHTAIbHI MIX0AH
— 30kpema, Meros otBopiB (hole drilling), pentrenisebky audpakuito (XRD), nudpaxiiro
HEUTPOHIB Ta METOJ TUTITaIbHOTO KOpesiiiiHoro aHanizy 300paxens (DIC).

T, °C

InTepmeranian npucyTHl

800

700 ~

InTepMmeTaniaH BiACY THI

600 1 L 1 1 ] 1
] 50 100 150 200 230 300 e

Pucynok 2 — TemnepartypHa 3aJIe)KHICTh Yacy JIATEHTHOTO Iiepiony (opMyBaHHS iHTEpMETAIiIB
IIPY KOHTAKT] TUTAHY Ta JIFOMIHIO
IDicepeno: po3pobneno na niocmasi [1]
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Pucynok 3 — I[Nose 3amummkoBux HANPYXEHb O B Tiepepizax ogHopianoi (BT6) (a)
Ta pizHOpigHOi KoHCTpyKLiK (BT6-Al) (6)
IDicepeno: po3pobneno na niocmasi [1]

Bizomo, 110 B aguTHBHUX TEXHOJIOTISIX HAa OCHOBI AYrOBOTO HAIUIABIICHHS, TaAKUX SIK

xBeam abo WAAM, ¢dopmyBaHHS 3alIMIIKOBUX HANpYXEHb € HEMHHYYUM HAacliJKOM
LUKJIIYHOIO JIOKaJIbHOrO HarpiBaHHs. HalOuipmmil iHTEpec y LbOMY KOHTEKCTI BUKJIMKAE
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HO3/I0BXKHA KOMIIOHEHTA 3aJIMIIKOBUX HAIPYKEHb O_ , OCKUIBKM CaM€ BOHA IE€PEBAKHO
BHU3Haudae JedopMalio Ta WMOBIPHICT (GOPMYBAHHS MIKPOTPILIMH Yy HANpPSAMKY 3pOCTaHHS
mapy. 3riiHO 3 PAIOM JOCHIKEHb, Y TOMY YHCHl [3], pO3MOJALT Gz, CYTTEBO 3QJICKUTDH Bif
PEXUMY TEIJIOBKIIAACHHS, TUILy MaTepiany Ta reoMeTpii BUpoOy.

JUis  TOpIBHSHHS KOH(QIrypalii CHCTEMH HAIUIABJIEHHS, BUKOPHCTAHO TaKOX
pesynbTaTd 3 MbKHapogHoi pobotm [Gurmesa et al, 2019], ne mupencraBieHo
€KCIIEpUMEHTaNIbHY ycTaHOBKY WA AM, 1110 3aCTOCOBY€ETHCA JIJIs1 BUTOTOBJICHHS BUPOOIB 3 Ti-
6Al-4V. Konctpykuis cucremu (puc. 4) 103BOJSE peani3yBaTH KEpPyBaHHS TEIJIOBUM
PEXKMMOM Ta TPAEKTOPIEIO HAIJIABICHHS, 1110 Y3IO/UKYEThCS 3 IiAXonaMu B xBeam.

Wire feed nozzle
Heat source

IJl Arc
Deposited layers t !
— 3 3" layer
- 2™ layer }
z Base Deposition direction 2 — J 1" Iayy
4 Clamp L. Deposition direction Base

Pucynok 4 — Kondirypanis WAAM-cucreMu: a — Oriisi CHCTEMH, O — 30HA HAIUIaBIICHHS,
B — TPAEKTOPIisl IHCTPYMEHTA
IDicepeno: pospobneno na niocmaei Gurmesa et al., 2019, Copyright MDPI, CC BY license [14]

2 Ananiz cywacumux nioxooi@ 00 MOOeN08aHHs MEPMOMEXAHIYHUX NPOYeci8 npu
nowapoeomy ¢hopmyeani

Ananmiz  OCTaHHIX  JOCHIIKEHb  CBIQYWTL, 110  YHCEJIbHE  MOJEIIOBAHHS
TEPMOMEXAHIYHUX MPOLECIB MPH MOIIAPOBOMY HAIUIaBJIEHHI METAlIB € OJHHUM 13 KIIOYOBHUX
HaIpsIMiB MIABUIIECHHS SIKOCTI Ta HAIITHOCT! aANTHUBHO BUTOTOBIIEHHX BUp0OiB (MaxHEHKO,
2021; Elitzer et al, 2023). OcoOnuBoi yBarm noTpedye MOJAEIIOBaHHA IPOLECIB Y
PI3HOPIIHUX METAIEBUX CHCTEMax, 30KpeMa y KOHCTPYKLIsIX Ha ocHOB1 TuTaHOBUX (BT6) Ta
JIOMIHIEBUX CILIaBIB, Jie TEPMIYHI LUKIM (opMyBaHHS Ta (a30Bl1 MEPETBOPEHHS ICTOTHO
BIJIMBAIOTh Ha 3aJMUIIKOB] HANPYKEHHS, MIKPOCTPYKTYPY Ta MEXaHIYH1 BJACTUBOCTI BUPOOIB
(Caxnenxko, 2023; Gurmesa et al., 2019). HaykoBiii 3a3Ha4aroTh, 0 TPAAUIIIINHI MIAXOAN 10
MOJIEJIIOBAHHSI 4acTO HEIOOIIHIOITh CKJIaJHICTh (Da30BUX IHPOLECIB Ta HENIHIHHICTh
HaIpyXeHO-Ae(pOpMOBaHOIO CTaHy, 110 IPU3BOJIUTH 0 HeTouHOCTeH y mporHo3ax (Elitzer et
al., 2023). BogHouac, migBUIIEHHS TOYHOCTI MOJENEH Aa€ 3MOI'y ONTHUMI3yBaTH TEXHOJOTIYH1
napamerpu WAAM, 3HU3UTH PU3UK YTBOPEHHS KPUXKHX IHTEPMETANIYHUX (pa3 Ta 3MEHIIUTH
3aJIMIIKOBI HAIIPYXXEHHS, SIKI HETaTUBHO BIUIMBAIOTh HA JOBFOBIYHICTH BUPOOIB.

3 Mamemamuuna MoOenb mepMOMEXaHIUHUX NPOYecis

JUis 0OrpyHTOBAHOIO IMPOrHO3YBaHHS IPOLECIB y XOJI MOLIAPOBOTO HAarlIaBJICHHS
3aCTOCOBYIOTh KOMIIJIEKCHI TEPMOMEXaHIYH1 MoJeni, 1o 0a3yroThCsl Ha PIICHHSIX PIBHSIHb
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TEIUIONPOBITHOCTI Ta PIBHAHHAX PyXy TBEpJOTro TUIa 3 ypaxyBaHHIM IUIACTUYHOI Aeopmartii
1 (pa30yTBOPEHHS.

OCHOBHOIO CKJIa/I0BOIO MOJIEJI1 € PIBHSHHS TEIJIONPOBIIHOCTI 3 JXKEPEIOM TeIula, 110
OINMCYE PO3MOJILI TEMIIEPATYPHOIO MOJIS B MaTepiai:

oT
pcp§=V(kVT)+Q, (1)
Jie p — TYCTHHA Marepiany, ¢, — TemnoemHicts, T — temmneparypa, k — koediuieHt

TETTONPOBITHOCTI, Q — TEMJIOBHI MOTIK Bif JKepena (Iyru).
JUig onucy HanpyKeHo-1e()OpPMOBAHOTO CTaHYy BUKOPHUCTOBYIOTH PIBHSHHS MEXaHIKH
nedopmoBaHOro Tina:
o’u
o’
Jie 6 — TEH30p HaIlpyXeHb, f — BEKTOp 00'€eMHHUX CHJI, U — BEKTOP HEPEMIIIEHbD.
3anuIIKOBl HAPY)KEHHs (OPMYIOTHCS B PE3yJIbTaTl TEINIOBUX T'PAJIEHTIB Ta (pa30BUX
MEePETBOPEHB, SIKI BPAXOBYIOTHCS B MOJIEINI1 YEPE3 3aJIEKHICTh MEXaHIYHUX BIIACTHUBOCTEH Bif
TeMmIeparypu 1 a3oBoro ckiagy matepiany. 30KkpemMa, B yMOBax IIBUJIKUX 3MIH TEMIIEpaTypu
B110OYBa€TbCs HEPIBHOMIPHE PO3LIMPEHHS 1 CTUCHEHHS Marepiajly, IO MPU3BOJUTH 10
HAaKONMYEHHs] BHYTPIMIHIX HampyxkeHb. Pa30Bl IEpPEeTBOPEHHS, Taki SK TBepaodasHi
TpaHcopmanii abo  KpuCTalizallisi, CYNpPOBOJXKYIOTbCS 00’€MHUMH 3MIHaMH Ta
MoAUDIKAIIEI0 MIKPOCTPYKTYPH, L0 JOJATKOBO BIUIMBA€ HAa PO3MOJUI HAIPYXKEHb 1 MOXKeE
BUKJIMKATH JIOKAJIbHI KOHIEHTpALlli, KpMTUYHI A1 MEXaHI4YHO1 cTabuIbHOCTI BUpoOy. Takum
YMHOM, KOMIUIEKCHE MOJICNIOBAaHHSA LMX MPOLECIB € KIIOYOBUM JJIs MPOTHO3YBaHHS
3aJIUIIKOBUX HAIPYKEHb 1 3a0e3MeUeHHs HalIiHOCT1 aAUTUBHO BUTOTOBJIECHUX KOHCTPYKIIIH.
4 Pezynomamu 4ucenbHo20 MOOEN08AHH MA iX AHANI3
Bigmosinno no moxemtoBanHs (Maxnenko Tta iH., 2021), TemmeparypHi mons y
0aJKOBUX KOHCTPYKLIAX 3 PI3HOPIAHMX MaTepiaiiB JE€MOHCTPYIOTb 3HA4yHI I'PaJI€HTH, IO
00yMOBIIIO€ (QOPMYBAHHS BHCOKUX JIOKAJBHUX 3aJUILIKOBUX HaIlpyXeHb. AHaII3 IOJIB
HalpyXkeHb O, 1 O, Yy IONEpeYHUX Iepepizax BKa3zye Ha CYTTEBY PI3HULIO MDK

XX

Vo+f=p 2)

OJIHOPIJHUMH Ta PI3HOPITHUMHU AUISHKAMH, L0 MOTPeOdye peTenbHOro miadopy pekHUMiB
HaIUIaBJIEHHs Ui MiHIMi3auii nedexrtiB. B Tabmuii 1 HaBepeHO pe3ynbTaTu pO3paxyHKY
MaKCHUMaJlbHUX 3HAY€Hb 3aJIUIIKOBUX HAMPYKEHb Y PI3HUX YMOBaX TEIUIOBKIAAEHHS ¢, , LIO

JIEMOHCTPYE 3aJIEKHICTh HANPY>KEHb B PEXUMIB TEXHOJIOITYHOTO IIPOLECY.

Tabmuuga 1 — MakcuManbHi 3alUIIKOBI HAIPYKEHHSA O_ Yy PI3HOPIIHUX OaJKOBHUX
KOHCTPYKIISIX NPU PI3HUX 3HAUYEHHSAX TEIUIOBKIIAJICHHS

Ternosknanenss, 77 (kBr) | Makcumansie %= (Mlla) PiBeHE TeIIOBKIANICHHS
5 320 Bucoke TemioBKIIageHHs
4 270 OnTuManbHUN peXUM
3 210 3HHMKEHE TEINIOBKIIAICHHS

IDicepeno: 3a pe3yrbmamamu yuceibHo20 Mooento8anHs [3]

[IpoBenenuit aHami3 3acBIUMB, [0 BHCOKOTOYHE YHCEJIbHE MOJEIIOBAHHS
TEPMOMEXAaHIYHUX TIPOLECIB 13 ypaxyBaHHAM (a30BUX IIE€PETBOPEHb, TEMIIEPATYPHUX
I'PaJi€HTIB Ta BJIACTUBOCTEH MarepialliB € KPUTUYHO BAKIMBOIO YMOBOIO Ul 3a0e3leueHHs
BUCOKOI SIKOCTI Ta HaJIIHOCTI pI3HOPIAHMX KOHCTPYKI[IM, BUTOTOBJIEHUX METOJaMHU
MIOIIApOBOI0 HAIJIaBJIEHHA MeTaniB. [HTerpauisa O0araToi3sMUHUX MaTEeMaTUUYHUX MOJENEH y
mpouec po3pobku TtexHosorii WAAM no3Boiisie He JMIIe JOCTOBIPHO BIITBOPIOBATH
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PO3MOJUIM TEMIIEpaTyp 1 HalpyxkeHo-1e(OpPMOBAHOIO CTaHy, aje i 3abe3nedye MiArpyHTS
U1 OOIPYHTOBAHOI'O BUOOPY ONTUMAJIbHUX TEXHOJIOIYHUX MapaMeTpiB 3 METOI0 MiHIMi3alii
3QJUIIKOBUX HAIIPY)KEHb 13a100IraHHsl yTBOPEHHIO KPUXKUX (a3.

HaBeneni pe3ynpTaTi Ta TEOPETUYHI y3arajabHEHHS (OPMYIOTh LIUTICHY HAyKOBY 0a3y
JUId TOJAAJbIIUX IOIJMMOJIIEHUX JOCHKEHb, CIPSIMOBAaHMX Ha BCTAHOBJIEHHS HPUUYMHHO-
HACJIIIKOBUX 3B’SA3KIB MDK mapameTrpamu mnpouecy WAAM, kKiHETHKOIO (a30yTBOPEHHs Ta
CTPYKTYPHO-MEXaHIUHUMHU XapaKTEPUCTHUKAMU OJHOPIIHUX 1 PI3HOPIAHUX METaJIEBUX
BUPOOIB, BUTOTOBJIEHUX 13 BUKOPUCTAHHAM aJUTUBHUX TEXHOJIOTIH.

5 Mooeniosanus memnepamypHnozo nois

VYpaxyBaHHsS OTPUMaHUX PO3MOJUIIB TEMIEPATypHUX IOJIB € KPUTUYHO BaKJIUBUM
U1 MOJANbUIOr0 MOJENIOBAHHS HampyxeHo-negopmoBaHoro crany (HJC) wmarepiany.
TemneparypHi IpaJi€eHTH 1 HIBUJKICTH OXOJIO/DKEHHS BHM3HA4alOTh (Pa3oBi NMEPETBOPEHHS,
CTPYKTYpPY 3€peH Ta HOSIBY TEPMIUYHO IHAYKOBAHMX 3aJUIIKOBUX HAINpPYXKEHb, Kl CYTTEBO
BIUIMBAIOTh Ha MEXaHIYHI BJIACTMBOCTI BHMIOTOBJIEHMX KOHCTpYyKLiH. Tomy KopekTHe
BIATBOPEHHS TEMIEPAaTypHOro Mojis € 0a30BUM €TanoM J[Uid HOJAlbIIOT0 TOYHOI'O
nporHo3yBanHsa H/IC 1 ontuMizanii TeXHOJIOTIUHUX NapameTpis nporecy WAAM.

UucenbHe MOJEIIOBAaHHA TEMIIEpAaTypHOro mojia y mpouecax WAAM e
(GyHIaMEHTIbHUM €TaloM JUlsd HpPOrHO3YBaHHS SIKOCTI BUIOTOBJIEHUX BHpOOIB. Bucoxe
TEIUIOBKJIAJICHHS JIOKATI3y€eThCS B 30HI Ayru, Ae Temmeparypa pocsarae 3000-3500 °C, mo
3YMOBJIIOE IUIABJIEHHS OCHOBHOIO Marepiajly Ta HpucagkoBoi mnpoBosioku. [loctynose
OXOJIOJPKEHHS B1IOYBAa€TbCs A A1€10 KOHBEKIll, TEIUIONPOBIJHOCTI Ta BUIIPOMIHIOBAHHS,
(dbopMyrouM CKJIaJHUN TeMIepaTypHUl NpoQuib, KUl BaplloeTbcsa B MEXKax Bl TEMIIEpaTypH
IaBieHHd (g TurtaHoBux cmiaaBiB BT6 — Omussko 1660 °C) no Temmeparyp
HaBKOJIMIIHBOTO cepenopuia (mpudimsuo 25 °C) [13].

MaxkcumanbHi TeMIlepaTypHi IpaJl€eHTH B 30H1 HAIUIABJIEHHS MOXKYTb CSATraTH
10° °C/MM, MmO BMKIMKAE 3HA4YHi TEpMiuHi HanpyxkeHHs Ta ()a30Bi NepETBOPEHHS, SKi
0e3nocepelHbO BIUIMBAIOTh Ha MIKPOCTPYKTYPY Ta BJIAcTUBOCTI Matepiany. Posmonin
TEMIIepaTypd Mae€ KJIOYOBE 3HAYEHHS [UIsi BU3HAUEHHS TPUBAIOCTI KpuUCTalizaumii Ta
(dopMyBaHHS 3€peH, 1110, B CBOIO YEPTy, BIUIMBAE HA MEXAHIYHI XapaKTEPUCTUKH KOHCTPYKIILI.

VY mporueci 4MCeNnbHOrO0 MOJEIIOBAHHSI 3aCTOCOBYIOThCA IU(EpEeHIiadbHI PIBHAHHS
TEIUIONPOBITHOCTI 3 YpaxyBaHHSIM KOHBEKLIMHUX Ta pajiallifHUX TEIJIOBTpAT, 110 J03BOJISE
TOYHO BIATBOPUTH TEMIIEPATYpHUM PpEXUM 3 BHUCOKOK IIPOCTOPOBOIO Ta YacOBOIO
PO3IUIBHICTIO. BUKOpHCTAaHHS aAanTHBHUX CITOK 1 IMIUIEMEHTAIliSl HEIHIMHUX BIACTUBOCTEH
MaTepiajiiB NIABUINYE TOYHICTh MPOorHo3yBaHHs [13, 15].

[IpakTuHe 3HAYE€HHS MOJENIOBAHHS IIOJIATAE Y MOXJIMBOCTI IPOTHO3YBaTH
ONTHMAaJIbHI TEXHOJIOTTYHI MapaMeTpH: IIBHJAKICTb PyXy IyTd, CTPyM, Hamlpyry, IHTEpBalIH
MDK HallapyBaHHSMHM, IO JIO3BOJISIE MIHIMI3yBaTU Te€pMiuHI Aedopmalii Ta 3HU3UTU pIBEHb
3aMuIIKOBUX HampyxkeHb a0 200-300 MIla y mpuknanHux koHcTpykuisx. Hampuxnap,
3MEHIICHHS TeIUIOBKIAAeHH 3 5 10 4 kBT 3a mannmu Gurmesa et al. (2023) npusBoauTs 110
3HMKEHHS MIKOBUX 3aJIMIIKOBUX HAIIPY)KEeHb Y KOHCTpYyKILisAx Tuny BT6—Al na 15-20 % [15].

OTXe, KOMIUIEKCHE MOJEJIOBAHHS TEMIIEPAaTypHOro MoJjs 3abe3neuye HE JuUIIe
po3ymiHHS (BUKO-XIMIYHUX TmpoueciB mig yac WAAM, ane W CAyXUTb OCHOBOIO MJIf
[IOAJIBIION0 MOJIEIIOBAHHS HAIpPYKEHO-1€()OPMOBAHOIO CTaHy Ta ONTUMI3alli BUPOOHUYHUX
PEXHUMIB, 1110 CYTTEBO MIIBUILYE SKICTh 1 JOBrOBIYHICTh aJUTUBHO BUTOTOBJIEHUX BUPOOIB.

[Tomanpmuii aHami3 JITEPaTYpHUX JDKEpEN Ta YHCEIbHUX JAOCIIKEHb 03BOJIE
OUIbII JETAJbHO PO3IVISHYTH BIUIMB TEIUIOBUX HPOLECIB Ha (JOPMYBAHHS MIKPOCTPYKTYpH,
($a30BOro CkJIaay Ta 3aJUIIKOBUX HANPYXEHb y PI3BHOPIAHHUX KOHCTPYKLIAX. 30Kpema, Ha
OCHOBI JaHux [MaxHeHko Ta iH., 2021], BcTaHOBJIEHO, 1110 IpPU MHOLIAPOBOMY HAIJIABJICHHI
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TUTAHOBUX 1 AIIOMIHIEBUX CIIJIaBIB (POPMYETHCS CKJIa/lHE HECTAL[lOHApHE TeMIIepaTypHe IoJe,
sIKE€ BIJIMBAE HA IHTEHCUBHICTh (Pa30BUX NEPETBOPEHD 1 YTBOPEHHS 3aJIMIIKOBUX HAIPY>KEHb.
Pesynbratu MozentoBaHHs MOKa3ald, I10 MakCHUMajlbHI TEMIIEpaTypu B 30HI HaIUIaBJIEHHS
MOXyThb nepeBuiryBatu 1900 °C, a pi3HuLs TemMmeparyp MDK OKPEMHUMM 30HAMM JIOCSTae
600-800 °C, mo oOymMoBi0€ (HOPMYBaHHS PI3HO3EPHUCTOI MIKPOCTPYKTYPH Ta YTBOPEHHS
KPUXKHMX IHTEepMeTaniiHuxX a3 tuny TiAls.

UucenbHi pO3paxyHKH, aJanTOBaHI A0 KOHCTPYKUIM 13 pI3HOPIAHUX CILIaBIB,
[IOKa3yIOTh 3aJIEKHICTh HANPYKEHO-1e()OPMOBAHOTO CTAaHy BiJl KUIBKOCT1 TEIUIOBUX LUKJIIB 1
reoMetpii BUpoOy. IIpu MozaentoBaHHI 3 ypaxyBaHHSAM peajJbHUX TEXHOJOTTYHUX MapaMeTpiB
WAAM wmetonom xBeam 0yi0 BCTaHOBJIEHO, 1110 3aCTOCYBAaHHS MDKIIIAPOBOI May3U J03BOJISE
3HM3UTH PIBEHb 3AJIUIIKOBUX HaNpyKeHb y KOHCTpYKLii 10 30—40 % [Gurmesa et al., 2019].

Oxpemy yBary nNpuauIeHO BIUIMBY IIBHJKOCTI I0Ja4i APOTY Ta €Heprii Jyru. 3rigHo 3
aitepaTypHuMu naHuMu [Mahmoudi et al., 2022], npu 3MeHIeHH1 JiHiHHOT eHeprii Ha 20 %
CIIOCTEPIraeThCsl 3MEHIIEHHs 00’eMy Kpuxkux ¢a3 Ha rpanHungx posauty AlTi lle
MIATBEP/DKYE NOLUIBHICTD aallTUBHOIO KOHTPOJIIO ITapaMeTpiB MPOIECY B PEaJIbHOMY 4acl.

VY 30HaxX KOHTaKTy TUTaHy 3 aJIOMIHIEM CIOCTEpIraeThcsi (GOPMYBAHHS JIaMEIAPHOL
CTpyKTypu 3 noMmiHyBaHHsAM Qa3 TiAl ta TiAlz, mo migTBepmxkeHo MonensiMu (a3oBoi
eBourollii B podoti [Mahmoudi et al., 2022]. Taki cTpyKTypu XapakTepH1 JUIsl 30H 13 BUCOKUM
TEMIIEPaTYpHUM TIpPAJIEHTOM 1 CHPUAIOTh KPUXKOMY pYHHYBAHHIO @pH LHUKJIIYHUX
HABaHTaXCHHSIX.

TakuM YMHOM, aBTOPOM IIPOAHAII30BaHO MEXaHI3MHU BIUIMBY TEIIOBUX T'Paji€HTIB,
(ha30yTBOpPEHHs Ta 3aJMIIKOBUX HampyxkeHb npu WAAM pisHopigaux Ti-Al KoHCTpyKIii,
CHUCTEMATHU30BaHO YMCEJIbHI MIIAXOAU A0 MOJIENIOBAaHHSA Ta CPOPMYIbOBAHO pPEKOMEHJAIlli
1010 TEXHOJIOTIYHOT ONTUMI3allli, 30Kpema:

- HEOoOXITHICTh BpaXyBaHHS MDKIIAPOBUX Iay3 s 3HHKEHHS TEPMIUHUX HAPY>KEHb;

- ajanTanis Mojesel 10 pealbHUX TEMIEPAaTypHO-4aCOBUX PEXKUMIB;

- KOHTpOJIb PIBHSA JIIHIHHOT €Heprii A 3aro0iraHHsl YTBOPEHHIO KPUXKUX (a3.

ABTOpPOM Ha OCHOBI aHaJII3y MPOBEAEHO MOPIBHIHHS PI3HUX YMCEIbHUX MOJAEIEH 1uid
onucy TepMomexaHiuHoro craHy B Ti-Al cucremax, y3araJbHEHO iXHI CHJIbHI Ta ciaOki
CTOpOHM. Brepiie y BITUM3HSHIN JiTEpaTypi CUCTEMATHU30BAaHO BILJIMB MDKIIAPOBUX May3 1
KOHTPOJIb JIIHIHHOT €Heprii K IHTerpajbHuX napamerpis ontumizanii WAAM npouecy st
PI3HOPITHUX CILJIABIB.

BucHoBku. Y poOOTI MPOBEAEHO CHCTEMATH3allll0 Ta KPUTUUYHUN aHali3 Cy4acHHUX
MIIXO/IB 10 YHUCEIBHOTO MOJCIIOBAHHA TEPMOMEXAaHIYHHMX MPOIECIB I 4Yac MOIIapOBOTO
¢dopmyBanHs pi3HOpigHUX Ti—Al xoHcTpykiiii Meronom WAAM, 30Kkpema TEXHOJOTIEIO
xBeam 3D Metal Printing. BcraHOBI€HO K/I04YOBI 3aKOHOMIPHOCTI BIIJIMBY TE€XHOJIOTIYHHUX
napaMmeTpiB, MepeayciM TEIUIOBKIAJEHHS Ta MDKIIAPOBUX I1ay3, HAa TEMIIEpaTypHi Ipaji€HTH,
(a30yTBOpPEHHsI Ta PIBEHb 3AJIMILIKOBUX HampyXeHb. lloka3aHO, 110 KOHTPOJb TEIIOBUX
PEXMMIB 1 ajanTanis MoJiesel 10 pealbHUX TEMIIEPATYPHO-4aCOBUX YMOB € KPUTHYHUMH IS
3aro0iraHHsl YTBOPEHHIO KPUXKHX IHTEpMeTaliAHuX (a3 Ta 3a0e3leueHHs CTPYKTYpHOI
HuTicHOCTI 3’eHaHb. Ha OCHOBI y3aranbHEHHsI pe3ynbTariB cHOpMYIbOBAHO PEKOMEHJALi
moao ontumizanii pexxuMiB WAAM 11 KOHCTPYKLIH BIANOBIJAJIBHOIO NPU3HAYEHHS Y
MalIMHOOYyBaHHI Ta CUIbCBKOIOCNOAAPChKIA TexHill. IIpoBeneHuil aHani3 103BOJIUB
JOCATTH TIOCTaBJIEHOI METH Ta BUPIIIUTU OKpECIIEeH1 3aBlaHHs JociimkeHHsd. CPopMyaboBaHi
MOJIOKEHHSI MOXYTb CIYIyBaTH HayKOBO-NIPAaKTUYHOIO OCHOBOIO Ul  IOJAAJIBIIOIO
BJIOCKOHaNIeHHs! mnpoueciB WAAM Ta BOpPOBa)KEHHS AJalNTUBHUX CHUCTEM KEpyBaHHS Y
MalIMHOOY/IBHIN Ta CUIbCHKOIOCIOAAPCHKIN TEXHILII.
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[lepciekTHBY MOAanbUIMX AOCIUDKEHb IOB’A3aH1 3 JETalI30BaHUM TPUBUMIPHUM
MOJICJIIOBAHHSIM ~ HAIIPYXKEHO-Je(OPMOBAHOIO  CTaHYy 3  ypaXyBaHHSIM  PEOJIOTIYHUX
BJIACTUBOCTEN TUTAHOBUX 1 aTIOMIHIEBUX CIIJIABIB, @ TAKOK BUBUEHHSAM TPILIMHOCTINKOCTI 30H
CIulaBiieHHs. Tako)X JOLUIBHUM € MOJAJbIIMN PO3BUTOK AJANTHBHUX CUCTEM YIPaBIIIHHS
TEIVIOBUMU pexxumamMu WAAM 3 ypaxyBaHHSAM ONTUMI3allli TEXHOJOTTYHUX MAapaMeTpiB Ha
OCHOBI €KCIIEPUMEHTAIBbHUX TA YUCEIbHUX JaHUX.
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Prospects for the Application of Additive Technologies for Manufacturing and Repair

of Wear-Resistant Structural Components in Modern Mechanical Engineering and Agriculture

The aim of this article is to analyze the influence of thermomechanical parameters of additive
manufacturing on the formation of temperature fields, phase composition, and residual stresses in dissimilar
metallic structures produced using xBeam 3D Metal Printing, a variant of the Wire Arc Additive Manufacturing
(WAAM) technology. Special attention is paid to the layer-by-layer formation of beam elements from VT6
titanium alloys combined with aluminum.

The paper presents a review and critical analysis of modern approaches to modeling thermomechanical
processes in WAAM systems, with a focus on phase transformations, temperature gradients, residual stress
generation, and microstructural changes. Empirical and numerical results from domestic and international
literature are analyzed, including models that consider the thermophysical properties of materials. A case study is
provided on how reducing the heat input (from 5 to 4 kW) affects residual stress levels in the titanium—aluminum
interface. The influence of time intervals between deposited tracks on interlayer bonding quality is examined.
The significance of phase transformations in the melt zone for defect formation and structural durability is
highlighted.

Based on the conducted analysis, it is concluded that the key factors influencing the quality of WAAM-
produced structures are temperature gradients, cooling rate, heat input density, and the interaction of dissimilar
materials at the microstructural level. The use of numerical models improves the accuracy of predicting
structural performance and optimizing technological parameters. The obtained results are practically significant
for mechanical engineering, particularly in manufacturing critical components operating under variable loads and
thermal conditions.
additive manufacturing, WAAM, xBeam 3D Metal Printing, titanium alloys, Ti—Al joints, dissimilar
structures, temperature field, thermomechanical modeling, residual stresses, phase transformations,
interlayer bonding
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[ITy4dHU IHTEAEKT Y MaTepialo3HABUMX
TOCHIJKEHHSIX: TCHJCHII11, IHCTPYMEHTHU
Ta TpaHchopMmarlii

V 1iif poOOTI MU AOCIIPKYEMO, SIK IITYIHUH 1HTEIEKT 3MIHIOE MiIXOAX A0 CY4acHOTO MaTepiajlo3HaBCTBA.
30KpemMa, MMOpIBHIOEMO (QYHKITIOHATBHI MOXKIIMBOCTI TPhOX MPOBiAHHMX IUdpoBux miatdopm — Materials Project,
NOMAD, Citrine Informatics. Hac nikaBmio, Ik Iji pecypcH peai3yloTh MOZETIOBaHHS BJIACTHBOCTEH MaTepiaiB,
aBTOMAaTH30BAaHWH CKPHHIHT 1 ONTHMIi3alio ckiaxy. My Takox 3BepHynM yBary Ha npuHiunu FAIR-mannx i
BIZIKPUTOI HAyKH, sIKi jaenaii Ouiblle BIUIMBAIOTH Ha IPO30pPiCTh, BIATBOPIOBAHICTH 1 IIIOOATBHY IiHTErpamito
HAaYKOBHX pe3ynbTariB. OKpeMuii akIeHT 3p00JIeHO0 Ha IM(POBUX EKOCHCTEMAX, OCOOJIIMBOCTI B3aEMO/Iii B HUX Ta
HOBUX BHKJIMKaX, L0 ITOB’A3aHi 3 EKOJIOTITYHUMH Ta €KOHOMIYHMMH YMHHMKaMU. Ha npukiazni sraganux miathopm
MU TIOKa3yeMO, SIK aJrOPUTMH MAIIMHHOTO HABYaHHS JONOMAraloTh JIONATH Ii Oap’epy Ta BIIKPUBAIOTH HOBI
MOXJIMBOCTI 1715t 1I(poBoi TpaHchopMarlii ray3i MaTepialo3HaBCTBA.

MAaTepialo3HABCTBO, METOAM INTYYHOIO iHTeJieKTy, mudposi miargpopmu, Materials Project, NOMAD,
Citrine Informatics, ungpoBi exocucremu

ITocranoBka mnpoduaemu. Marepialo3HaBCTBO CBhOTOJHI MEPEKUBAE TIITHOOKY
TpaHcopMallito, He JIMIIE TEXHOJOrYHY, a i KoHuentyaiabHy. LludppoBi IHCTpyMEHTH, LI0
CTPIMKO PO3BUBAIOTHCS, 3MIHIOIOTH YSIBJICHHS PO POJIb MarepiajiiB y CTAIOMYy BUPOOHMITBI
Ta Hayui 3arajioM [1-3]. ¥V meHTpi uux 3MIH — IHTErpamis MTYYHOTO IHTEJIEKTY 3 HOBUMH
MIIX0JaMU 10 AOCTDKEHHS: BiJ 130JJbOBAHUX EKCIIEPUMEHTIB /10 KOMIUIEKCHUX CHUCTEM, fKI
MOEJHYIOTh BEJIMKI MacHUBU JaHUX, LU(POBE MOJEIIOBAHHSA, XMapHI OOYHUCIEHHA Ta
QITOPUTMHU MAIIMHHOTO HaBuaHHs [4-5]. B ymoBax Iuamyctpii 4.0 3MiHIOETBCS HE JHIIe
TEXHIUHE OCHAIIEHHS JlabopaTopiil, a # caml NPUHIUIN HAyKOBOTO MOIYKY. JlocmigHuk
Mpamoe 3 JUHAMIYHUMHA HU(QPOBUMHU EKOCHCTEMaMH, Je JaHl, MOJell Ta OOYUCICHHS
B3a€EMO/IIIOTh Y PEaJIbHOMY Yaci, BIIKPUBaIOYU HOB1 TOPU30HTH JUJISl BIAKPUTTIB.

Takuil migxin BiZKpUBAa€E HOBI TOPU3OHTU s TPOTHO3YBaHHS BJIACTHUBOCTEH
HAyKOBOIO Ie€l0 Ta i MPakTHUYHOIO peanizaniero [5-6]. ¥ cydyacHoMy MmaTepiano3HaBCTBI
Jenal YiTKille IpOoCTeXYeETbCs 1HTerpauis (QIi3M4YHUX MPOIECIB 13 UMPPOBUMU MOJEISIMH Ta
aHaJITHYHUMHU Tu1aTgopmamu. [any3p nmocrynoBo HaOyBae puc kidbepdizuuHux cucreM [7-9].
JUis YkpaiHM 1€ He JUIIe TEeXHOJIOIIYHMM BHUKJIMK, a ¥ IIaHC IOCHUIUTH HayKOBY
CIPOMOJKHICTb, IHTETPYBATUCA B MDKHApOJHI AOCIIIHUIBKI MEpeXi Ta CIPUATH PO3BUTKY
IHHOBAIlIHHOT eKoHOMIKH [9-10].

AHani3 ocraHHix xociaikenb i myOuaikaniii. OcTanHi AOCHIIKEHHS CBiq4aTh PO
JUHAMIYHE 3pOCTaHHS IHTEPECY 10 BUKOPUCTAHHS MITYYHOI'O IHTEJIEKTY B MaTep1ajJ03HaBCTBI,
ocobnuBo 3 2018 poky, 110 chmiBmajae 3 aKkTHUBI3alli€l0 INI0OOATBHUX MpOIEciB HUPPOBOT
tpancopmanii [1]. HaykoBi wmeHTpu pi3HMX KpaiH Jepaji aKTHBHIIIE 3aCTOCOBYIOTh
QJITOPUTMHU MAIIMHHOTO HAaBYaHHS JUIsl MPOTHO3YBaHHS (I3UKO-XIMIYHHUX XapaKTEpPUCTHK,
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ONTHUMI3alii CKIaay Ta CTPYKTYpU MaTepiaiiB, a TAKOK aBTOMATU30BAHOTO CTBOPEHHS HOBUX
¢yHKIIOHANBHUX pimieHb [4, 6]. 3HayHa 4YacTHHA TaKUX JOCHIUKEHb OpIEHTOBaHa Ha
pPO3pOOKY EHEepProomagHuX 1 EKOJIOTIYHO Oe3MeYHHX MaTepialiB, 10 BIAMOBLIAE IUISIM
CTaJIOTO PO3BUTKY Ta MPUHLMIIAM LUPKYIApHOI eKkOHOMIKH. [ludpoBe MoentoBaHHs, XMapHi
OOYMCIIEHHSl Ta aHAJIITUKAa BEIMKUX JAHUX CTaJd HEBIA €MHUMHU CKJIAJIOBUMM CY4acHOTO
IHCTpyMEHTapito Marepiano3HaBus. Lli 3MIHM CHPUSIOTP MDKIMCLUIUTIHAPHIN B3aeMoOAil,
NPUILIBUIIIYIOTh IHHOBAIlHI mpouecu Ta (QOPMYIOTh OCHOBY ais KidepdismuHux
JTOCTTHUIIBKUX cUcTeM [5, 7].

ITocTranoBka 3aBaaHHsl. METOI0 JAaHOTO JOCIHIIPKEHHS € OKPECJIEHHS aKTyaJbHUX
TEHJCHILIH Y pO3BUTKY MaTepialo3HaBCTBAa B yMOBax LiuppoBoi TpaHchopmallii, 3 aK[EeHTOM
HAa BHUKOPUCTAaHHI INTYYHOTO IHTEJEKTY JUIsi BJOCKOHAJEHHS HAyKOBHUX METOJIB,
MOJICJIIOBAHHS BJIACTUBOCTEH MaTepianiB 1 MIATPUMKU 3acaj CTaJoro po3BUTKY. Jlis
JOCATHEHHS LI€1 METH BU3HAYEHO HU3KY AOCIIIHULBKUX 3aBJaHb, 30KpEMa aHalli3 OCHOBHHUX
HanpsIMIB BIIPOBA/DKEHHS IHTEJNEKTYaJIbHUX TEXHOJIOTIH Yy MaTepiajlo3HaBuy IPakTUKY Ta
OILlIHKAa IMOTEHIiay LHU(POBUX pIlIEHb y KOHTEKCTI MDKHApOAHOI 1HTerpauii YkpaiHu Ta
Iepexo.ly 10 CTaIuX BUPOOHUYMX MOJEIEH.

Buknan ocHoBHOro Marepiaay. AHaii3 cydacHOT HAyKOBOI JIITepaTypu CBIIUUTH PO
3MIHY (yHIAMEHTAIBHUX MPUHIUIIB JOCIITHULBKOT ISTIBHOCTI B MaTepiaJOo3HABCTBL
3aMiCTh  KJIACHMYHOI CXEMH  «Til0Te3a — EKCIEePUMEHT — aHaji3»  JeJail  dacrimie
3aCTOCOBYIOTBCSl IHTEPAKTHBHI Mojedl, Je LudpoBe MOJENIOBaHHA, 00poOKa JaHUX 1
BIPTYaJIbHUM CKPHUHIHI BIiIIrpalOTh poOJib MOYATKOBUX €TamiB JociimkeHHs [7]. Binkpuri
€KOCHUCTEMM 3HaHb JeJajll aKTUBHIIIE BIUIMBAIOTh Ha PO3BUTOK cCydacHOi Hayku. lle
JUHAMIYHI CepeIOBUINA, SIKI MOEJHYIOTh CTPYKTYpOBaHi 0a3u JaHUX, AJITOPUTMIYHI PILICHHS
Ta AHAJIITMYH1 IJIATGOPMH, CTBOPIOIOYM YMOBHM [UId IIPO30POro, KOJEKTUBHOIO M
MDKIUCIUTITIHAPHOTO AOCTKESHHS.

BojHouac 1u(poBi iHCTPYMEHTH HE 3aMiHIOIOThH JOCIIJHHMKA. IXHE NpU3HAYEHHSA —
PO3IIMPIOBATH HOTO MOJKJIMBOCTIL: IMPAIlOBaTH 3 BEJIMKUMH OOCSraMM JJaHUX, MOJEIIOBATU
CKJIaJHI TNPOIECH Ta BUSBIATU 3aKOHOMIPHOCTI, L0 paHIIIEe 3aJMINAJIUCS 11032 MEXaMu
TpaauuiiiHoro aHanizy. CTBOpEHHS HOBUX MarepiajiB HoTpedye NO€JHaHHS TIJINOOKOT
IPEeIMETHOT KOMIIETEHTHOCTI 3 Cy4aCHUMHU 3aco0aMu aHalizy. ¥ IIbOMY KOHTEKCTI METOJU
MalIMHHOTO Ta TJIMOMHHOTO HAaBYaHHS BIAIPAlOTh KIIOYOBY POJb Yy (OpPMYBaHHI HOBOI
JNOCHIHULIBKOT ~ THapagurMH,  OpIEHTOBAHOI  HAa  IIBUAKE,  LUIECHpPIMOBaHE  Ta
pecypcoedeKkTUBHE NPOEKTYBAHHS MaTepiaiiB.

HudpoBa Tpancopmarmis MaTepiaJo3HABCTBA  CYMPOBOKYETHCA  AKTUBHUM
BIPOBA/DKEHHSAM IHTEIEKTYaJbHUX AJITOPUTMIB, SKI 3MIHIOIOTH JIOTIKY HOCIIKEHb — BIJ
PYYHOIO EKCIEpHMEHTYBAHHSI /10 aBTOMATH30BAHOTO aHaI3y Ta HporHozyBaHHs [11-13].
Hwxue momano kmacudikamito ocHoBHuX MetoniB LI, mo BHUKOPHUCTOBYIOTBCS B Traiysi,
BIIMOBIIHO /O MIAXOJMIB, THUIIIB aJITOPUTMIB YW MeToAojorii (puc. 1), 3 KOPOTKHM
MOSICHEHHSIM 1X pOJIi Ta IPUKJIAJIB 3aCTOCYBAHHS:

1. Knacrepusatis Ta 3MEHIIEHHS PO3MIPHOCTI. ¥ po0OO0Ti 3 OaraTOBUMIPHUMU JTaHUMU
4acTO BUHMKAE NOTpeda y iIXHbOMY CHpPOLIEHHI A Mojainbuioro a”anizy. Jus Bizyanizanii
0araTOBUMIPHUX JaHMX Ta BUSBJICHHS IPUXOBAaHUX CTPYKTYP 3aCTOCOBYIOTHCS METOIU
3MEHIIEHHSI PO3MIPHOCTI, 30Kpema aHajii3 rojoBHUX KommoHeHT (PCA), anroputm
nokanpHOTO BKIaAeHHs npanux (t-SNE), Ta anropuTM KOMHIAKTHOTO O0araToOBUMIPHOTO
npoextyBanHs (UMAP).

2. Mamunne nHaBuanHg (ML). AaropuTMu MalIMHHOTO HaBYaHHS Jenajil 4yacTimie
BUKOPHUCTOBYIOTHCSI s BUSIBJICHHS 3aKOHOMIPHOCTEH MDK CTPYKTYPHUMU
XapaKTepUCTUKaMHM MaTepiaiiB 1 IXHIMU BIACTMBOCTAMHU. Takui MiAXiJ Ja€ 3MOTY HE JIMIIE
ONMCYBaTH B)K€ BIJOMI 3B’SI3KM, @ W IPOrHO3YBaTH IMOBEIHKY HOBUX CIIOJIYyK Ha OCHOBI
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HasBHUX JaHuX. MeToau, Taki sik: aepesa pimeHs (Decision Trees), MeTo1 OMOPHUX BEKTOPIB
(SVM) um ancambneBi mozeni (Random Forest), 3acrocoByroTbcs uist Kiacugikamii
MaTtepiaiaiB,  OLIHKM  iXHbOi  cTaOulbHOCTI  ab0  MPOrHO3y  TEIJIONPOBIAHOCTI,
€JIEKTPOIPOBIAHOCTI, TBEPAOCTI, (Ppa3oBuX nepexonaiB Touo. OCHOBHUMH (PYHKIISIMU I[bOTO
KJIaCy € IPOTHO3 BJIACTUBOCTEH, Kilacudikallis Ta perpeciiiuuil anamnis [14].

Knacndikanis meroais LI B maTepianosnaBersi

/

Kaacrepusauin
Mamunune naguauns (ML)
TpancdepHe HABMAHHA
BaiieciBeski Mogedi
Inrerpauiiini niardgopmun

Fanboxe napuanns (DL)
IenepaTHBHE MOJEIHBAHHS
DFT-opicnToBani miaxoan
Oodpobdka npupoanoi mosu (NLP)
JaMKHeHHI HHKIH 10CTiGKeHHA

K-means, PCA, t-SNE, UMAP
CNN, RNN, Graph Neural Networks
Pretrained models + fine-tuning
GAN + VAE
DFT + ML
Transformers, BERT
Gaussian Processes, Probabilistic ML

SVM. Random Forest, Decision Trees
Active Learning, Bayesian Optimization, in silico |«
Materials Project, NOMAD, Citrine Informatics

Pucynok 1 — Knacudikaris meronis 1111 B MaTepiaao3HaBcTBi
IDicepeno: pospobneno na ocrogi [3-7]

3. I'mn6bunne waBuanusa (DL). 3roptrkoBi (CNN), pexypentHi (RNN) um rpadosi
neriponHi mepexi (Graph Neural Networks) 3matHi 00poOnsTH CcKIagHi naHi, 30Kpema
300pakeHHs MIKPOCTPYKTYp a0o cnekTpu. BOHHM BHKOPHCTOBYIOTBCS [UJISi BUSBJICHHS
CKJIaJIHUX NaTepHIB, 0OpoOKU 300pakeHb, CTPYKTYp Ais aHanizy SEM-3HIMKIB, BUSIBICHHS
ne(eKTiB Ta TeHepallii HOBUX CTPYKTYD.

4. TpancdepHe HaBuaHHsA. Y c¢epl MAIIMHHOTO HaBYaHHs JAefall Oulbllie yBaru
MPUBEPTAE MIAX1A, KU T03BOJISE IEPECHOCUTH HAKOMWYEHI 3HAHHA 3 OJHIET 3a/1a4l Ha 1HITY.
Ile oco0nMBO KOPUCHO, KOJMH OOCST OOCTYMHUX JaHUX OOMEXKEHUH, alleé € MOXKIHUBICTH
CKOPHUCTATHUCSl BXKE HABYCHOIO Mojesuo. Hampukinazn, anroput™, po3poOiieHHi Ha OCHOBI
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JAaHUX PO METaJIuHl CIUIaBH, MOKEe OYyTH IEepeopi€HTOBAaHMH Ha aHaji3 BJIACTUBOCTEH
KepaMIYHUX MaTepianiB abo IHIIKUX TUIIB PEYOBHH.

5. TenepatuBHe MozenmoBaHHSA. OJHUM 13 aKTyaJbHMX HalpsMIB LHU(POBOro
MaTepiaJo3HAaBCTBA € 3aCTOCYBaHHS TI'€HEPATUBHUX aJIrOPUTMIB, 30KpeMa BapilalliiHUX
aBroenkoziepiB (VAE) Tta reneparuBHux 3maranbHux Mmepex (GAN). Lli momemi 3martHi
CTBOPIOBATH IITY4H1 300pa)kK€HHSI MIKPOCTPYKTYp, MOJIEIIOBATH IXHIO €BOJIIOLIIO MiJ AI€I0
30BHINIHIX ()aKTOpiB 1 NIPOrHO3YBaTH, SK 3MIHM B XIMIYHOMY CKJIaJl BIUIMBAIOTh Ha
(GyHKIIOHAIbHI BJIACTHBOCTI Marepiais. 30kpema, GAN-apxitekTypu BJKE
BUKOPUCTOBYIOTbCSL Ul CHHTE3y BI3yaJIbHUX IIPEACTaBICHb HAHOCTPYKTYPOBAHMX
MIOBEPXOHb, II0 BIAKPUBAE MOXJIMBICTH BIPTYyaJbHOTO CKPHUHIHI'Y HOBHUX KOMIIO3MLIN 0Oe3
poBeACHHS (PI3MYHUX EKCTICPUMEHTIB.

6. DFT-opientoBani migxonu. [loegHanHs MeETOAIB MAIIMHHOTO HAaBYaHHS 3
GI3UYHUMU MOJEISIMH, 30KpeMa 3 Teopi€ro QyHKIIOHany enekTpoHHOI ryctuHu (DFT), nae
3MOTy TIJBHUIIUTH TOYHICTh NPOTHO3YBAaHHS BIACTUBOCTEM MarepiaimiB. Takuil mimxifg
703BOJIE 3 OJHOro OOKy BpaxoBYBaTH (yHIaMEHTalbHI 3aKOHOMIPHOCTI €JIEKTPOHHOI
CTPYKTYpPH, a 3 IHIIOro — 30epiraTi ePpeKTUBHICTb MPU PO3PaXyHKaX.

7. O6pobka mnpuponHoi MoBu (NLP). Inctpymentn Ha oOcHOBI TpaHc(hoOpMepiB
(nanpuknan, BERT) BUKOPUCTOBYIOTBCS Ui aHali3y HAayKOBUX TEKCTIB, BUTATY 3HaHb 13
nyOumikanii Ta moOyJ0BY OHTOJIOTI MaTepiano3HaBcTBa [15].

8. baiteciBchki Mozeni. Lli aaropurMu 103BOJISIOTH BPaxOBYBAaTH HEBU3HAUEHICTH Y
JAaHUX Ta MPOTHO3aXx. BOHM KOpHCHI JUIs ONTUMI3alli CKJIagy MarepianiB, KOJM Ba)JIHBO
OILIIHUTHU PU3UKHU Ta BapiaTUBHICTb pe3ynbTaris [12].

9. 3amkHeHI ©uKiaM AociaiypkeHb. lle migxonu, mo nepeabdadaroTb aBTOMATHYHE
OHOBJICHHSI MOJI€JIel Ha OCHOB1 HOBUX €KCIIEPUMEHTAIbHUX a00 CUMYJALINHUX NaHuX. BoHu
peani3yloTbCcs uepe3 AaKTUBHE HaBYaHHS, O0ale€CiBChKY ONTHUMI3aIil0 Ta poOOTH30BaHi
naboparopii. BuxopucranHs in silico-MeTOIIB CTajlo KIIOYOBUM €JIEMEHTOM CY4aCHOI'O
MaTepiaJo3HaBCTBA, 3a0€3MeUyl0ur BUCOKY MacIITa00BaHICTb, ONIEPATUBHICTh Ta OPIEHTALIIIO
JOCIIKEHb Ha KOHKPETHI L1

10. Interpauiiini nmnarpopmu. Cucremu, nofniOHi no Materials Project, NOMAD,
Citrine Informatics, AFLOW, OQMD Ta ixmi [16] 06’ eanyroTh 6a3u JaHUX, aAITOPUTMHU Ta
iHTepdeiicu ana nocaiaHuKiB. BoHu 3a0e3neuyroTh 1OCTyN A0 CTPYKTYypoBaHOI iH(opmarii,
iHCTpyMeHTIB aHami3y Ta API nnst aBTomaru3antii J0CIiIKEHb.

CuHepris BIpTyaJIbHOI'O MOJIECJIIOBaHHS, INIMOMHHOIO HAaBYaHHS, 0OpOOKHM MPUPOIHOT
MOBM Ta KBaHTOBHUX OOYMCIIEHb 3aK/IaJa€ OCHOBY HOBOI JOCHIAHMLBKOT HapagurMu, 3
aKIIEHTOM Ha NIBUJKE, aJalTUBHE Ta EKOHOMHE CTBOPEHHsS MaTepialiB 13 3aJaHUMH
BracTuBocTAMHU. CydacHl 1U(pPoBi1 MmIaTGOPMH, MOEAHYIOUM B cO001 CTpYKTypoBaHi 0Oa3u
JAHUX, IHCTPYMEHTH CHUMYJIALII Ta aJrOPpUTMH IITYYHOIO IHTEIEKTY, (OPMYIOTh CY4acHY
IHQPacTPYKTYypy MaTepiago3HaBuuX AociiaxkeHs [7]. Ll TexHo0r1i He 3aMIHIOIOTh HayKOBIIA,
a pO3IMIMPIOIOTH HOro aHAMITUYHI MOXJIMBOCTI, MIABUINYIOTh TOYHICTb IPOrHO3IB 1
3a0e3MeuyroTh KOHKYPEHTHI [IepeBaru B yMoBax I7100a1i30BaHOI HAyKOBOT €KOCHUCTEMH.

VY npoueci uudpoBoi TpaHcopmalii MaTepiaJo3HABCTBA BAXJIMBY POJIb BIIIPalOTh
K BIOKPHUTI, Tak 1 KoMepuiH1 uudpoBi mmiargopmu, Mo 3ade3nedyroTh JOCTYN M0
MacIITa0HUX MAacHUBIB CTPYKTYpPOBAaHHUX JAaHUX, IHCTPYMEHTIB MOJEIIOBaHHA Ta 3aco0iB
B3a€MOJIII 3 aJITOPUTMAaMH LITYYHOTO 1HTENEKTY (Tadi. 1).

OpHniero 3 Ha#BigoMimux y Imiil ramy3i € miargopma Materials Project. Bona
(GYHKIIOHYE SIK BIIKPUTHH peno3uTopiil MaTepialo3HaBUMX JaHUX, L0 OXOIUTtoe moHaza 200
TUCSAY HEOPraHIYHUX CIOJYK, A SIKUX 3a ponomororo Mmeroais DFT oGuucieHo mmpokuit
CIIEKTp BJIACTUBOCTEN — B1JI €JIEKTPOHHUX 1 MEXaHIYHUX JI0 MArHITHUX 1 TEPMOIMHAMIYHUX.
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Materials Project Hamae pociigHUKaM MOTYKHUNH HaOlp IHCTPYMEHTIB AJd
MOJICJIIOBAHHS KPUCTAJIIYHUX CTPYKTYp, M0OyA0BH (ha30BUX Jiarpam, aHaji3y CTaOUIbHOCTI
(a3, OLIHKY €JIEKTPOIPOBITHOCTI Ta IPOTrHO3YBAHHS €HEPIETUYHHUX XapaKTEPUCTUK XIMIYHUX
peakmiii. 3pyunuil iHTepdelc A03BOJISE 3AIMCHIOBATH TMOIIYK 33 PI3HUMU KPUTEPIIMHU:
XIMIYHUM CKJIaJIOM, CUMETPIEI0, €eHEPTeTUYHUMHU [TapaMeTpaMu TOIIO, 1110 3HAYHO MOJIETLIYE
Opl€eHTaLli}0 B 6araTOBUMIPHOMY IPOCTOP1 MaTepiaiiB.

Tabmuis 1 — [opiBHSIHHS OCHOBHUX Martepiano3HaBuuX MUGPoBUX miathopm

. . NOMAD o .
Xapakrepucruka Materials Project (Novel Materials Discovery) Citrine Informatics
Binkpura 0a3za nqanux i €Bponeiicpka Komepritina Al-

Tun naamegpopmu AP

0o0UHCIIOBaIbHA €KOCUCTEMA

wiatdopma st R&D

IDicepeno danux

DFT-po3paxyHku,
EKCIIEpUMEHTH

Bracui DFT-po3paxyHku,
CTOpOHHI 0a3u

Buytpimsi nanHi
KOMIIaHil, T1abopaTopHi
JaHi

Obcse oanux

owrbiie 200 Tuc.

3aneKUTh Bi KII€EHTA,

L. ourbiie 50 vt DFT-3ammcis
MaTepiaiiB

ML-mopeni,

puBaTHI Habopu
BoOynoBani Al-moneri,

Aneopummiuni Bizyaumnizanisi, mopiBHSIHHS,

MONCIUBOCII API nns nporuosy OHTOJIOTi TpaHcepHe HaBYaHHS
. . N IaTyiTuBHMI Ul +
Inmepgeiic Beb-inTepdeiic + NOMAD Y
Beo6-mmopran + API . KOpIIOpaTHUBHA
Kopucmyeaua Encyclopedia . .
iHTerpais
AxaneMiuHi e . . .
Doxyc na : €BponenchKi KOHCOPLIYMH, [Tpomucnosi
. JOCITIIKEHHS,
docnioHuxa . HPC-pocryn R&D-komanu
open science
Mooicnusocmi | Bipryansnuii ckpuninr, | [lomyk 3a BnactuBoctsamu, | Al-mu3saiin maTepiadis,
CKPUHIHZY ¢buETPH CTPYKTYPOIO ONTHMI3allisl IPOLECIB
Mooeni LI ML-pekomeH narii, [MinTpumka ML uepe3 Bracui Al-mopeni,
Crystal Graph NOMAD AI Toolkit Bayesian Optimization
. beskomroBHO, IImaTHa,
Hocmynnicme BeskomtoBHO

BIIKPUTHIA KOJI
IDicepeno: po3pobneno na ocrosi [4, 6, 7]

KOPITOpaTHBHA JIIIECH3is

Oco0nuBOi yBaru 3aciayroBye MOKJIMBICTb IHTerpauii miargopmu 3 30BHIMIHIMU
IIpOrpaMHUMH pimieHHsAMHU yepe3 AP, 1o BiikpuBae NUISIX 10 aBTOMaTHU30BaHOI'O CKPUHIHTY,
noOyI0BM MOJIeJiel MAlIMHHOTO HABYAHHS Ta peaizaiii 3aMKHEHUX JOCIITHULIBKUX [UKIIB.
Materials Project akTUBHO BHMKOPUCTOBYETbCSA SIK B aKaJeMIYHOMY CEpEIOBMILI, Tak 1 B
IPOMHUCIOBUX po3poOkax. Takum umHOM, Iiardopma BHUKOHYE HE JIMIIE POJb JPKepela
CTPYKTYPOBaHUX JAHUX, a N CIyrye CTpaTeriuHUM IHCTPYMEHTOM, SIKUH NO€AHYE B cO01
TEOPETUYHE MOJICIIOBAHHS, QITOPUTMHU IITYYHOIO IHTEJIEKTY Ta EKCIIEpUMEHTAIbHY
IePEBIPKY B MeXaxX €IMHOTO LIU(PPOBOTO CEpeAOBUIIIA.

VY paMmkax eBpomnelchbkux IporpaM LudpoBoi TpaHcdopmalii Mmarepiano3HaBCTBa
ocobnuBe 3HaueHHs Mae maatpopma NOMAD Repository (Novel Materials Discovery), sixa
OpIEHTOBAaHAa HA  CTBOPEHHS  BIAKPUTOI, CTaHAApTH30BaHOi Ta  MacmTaboBaHOI
1H(pacTpyKTYypH [UIs 30epexeHHs, 0OMIHY i MOBTOPHOTO BUKOPUCTAHHS HAYKOBUX JAaHUX [4,
7]. 1i apxirextypa 6asyerbca Ha npunmumnax FAIR (Findable, Accessible, Interoperable,
Reusable), mo rapanTyooTh Hpo30piCTh, JOCTYIHICTb 1 JOBrOTPHUBAly HAyKOBY LIHHICTh
iHpopMmarii [4].

[Tnarpopma NOMAD o00’eqHye naHi 3 pI3HUX JOKEpeN, Bl KBAHTOBO-XIMIYHUX
PO3paxyHKIB 10 €KCIIEpUMEHTAJIbHUX PE3yJbTaTiB, 1 TpaHcPopMmye iX y enuHuil dopmar i3
po3mMpeHuMu MeTagaHuMu. Lle no3Bosisie 37iiiCHIOBATH THYYKHMH NHOLIYK, (uIbTpawiio Ta
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MOPIBHSHHS MDK pI3HUMH HaOopamu. CucTeMa MIATPUMYE IIUPOKUH CHEKTP CUMYJIALIHHUX
kogiB, 30kpeMa VASP, Quantum ESPRESSO, GPAW, ABINIT, ta 3a0e3nedye aBToMaTUYHE
BUJIyYEHHS CTPYKTYPHHUX, EHEPIreTUUHUX 1 TEPMOIMHAMIYHUX XapaKTepucTuk [4, 7].

Opniero 3 xmouoBux ¢yHkuit NOMAD € MOXIUBICTH JIOKaJbHOTO pPO3rOpPTaHHS
yepe3 cucreMy NOMAD Oasis, ska J03BOJISIE AOCHIAHUIBKUM IpyllaM CTBOPIOBATH BJIACHI
apxiBu, IHTErpyBaTH BHYTPIIIHI JUKepena JaHUX 1 3alyCKaTH AHAIITUYHI IHCTPYMEHTH Yy
BiacHOMy cepenoBuini [7]. Takuil migxin 3abe3nedye BUCOKUM PIBEHb aBTOHOMHOCTI IpHU
30epe’keHHI CYMICHOCTI 3 IyoOalbHUM perno3utopieM. [lnargopma Takox miaATpUMYE
nporpaMHy iHTerpanito depe3 API, Bxmtouaroun crangaptu OPTIMADE ta DCAT, mo
BIIKPUBAE MOXJIMBOCTI I aBTOMAaTH30BAHOIO JOCTYNY JO JaHUX, iX BUKOPHCTAHHS B
MOJEJSAX MAIIMHHOTO HaBYaHHS Ta HU(POBUX 1a00paTOPILX.

VY cyuacHOMY IpPHUKJIaJHOMY MaTepiaJlo3HAaBCTBI, 110 aKTUBHO TpaHCHOPMYeEThCS MiA
BIUIUBOM ILM(POBUX TEXHOJOTIH, 0cobauBe Micle 3aiiMaloTh KOMEpILiHHI miuaThopMmu,
OpIEHTOBAaHI Ha BUPIMIEHHS 3aBJaHb IMPOMUCIOBHUX JAOCIKEHb 1 po3poOok. OxHiero 3
HaUNOMITHIIMX y LI kaTteropii € exocucrema Citrine Informatics, sika moexHye anropuTMu
MalIMHHOTO HAaBYaHHSA, XIMIYHY €KCIepTH3y Ta IHTEPIpPETOBaHY AHAIITUKY  JUIS
IIPUCKOPEHOT0 CTBOpPEHHS HOBMX MatepianiB [6]. 3acHoBana y 2013 pomi, miatdopma
3HalIIUIa IUPOKE 3aCTOCYBAHHS B raly3sax IOJIMEPHUX MaTepialiB, CIUIaBIB, aKyMYJIATOPHUX
KOMIIOHEHTIB, NOKPUTTIB 1 KOMIIO3UTIB.

Bigminnoto pucoro Citrine € BUKOPUCTaHHS MOJIEIeH MaIIMHHOTO HAaBYaHHS, 3[aTHUX
HE JIMIIe TeHepyBaTH IPOTHO3M, a W TOSCHIOBATH JIOTIKY OTpUMaHMX pe3yinbTariB. Lle
0CO0JINBO BAKJIMBO JJIs MPOMMCIOBOIO 3aCTOCYBAHHS, OCKUIBKHM JJO3BOJISIE TAKOX pOOOTY 3
oOMexeHUMH HabopaMH [aHUX, L0 3a3BUYail TpPaIIAETbCS TPU EKCIEPUMEHTAIBHUX
JOCIIIKeHb, 00MEXEHHUX 4acOM YU PECYPCOM.

[Tnardpopma Citrine Mae BIAKPUTY apXITEKTypy Ta HaJa€ MOBHUN KOHTPOJb HaJ
JTaHUMU, BKIIIOYA€ rpadidHe cepenoBuie Juist iHkenepis Ta Python-kimient mist aBTromaruzaii
pobouux mpoueciB. Lle m03Bojsie B JOBrOCTPOKOBIM NEPCIEKTHBI BUKOPUCTOBYBATH 1i B
axocTi wiardgopmu 11 R&D-crparerii mianpueMcrTsa.

InTerpamis BIIKPUTHUX HAyKOBUX IUIaTGopM 13 KOMEpPUIMHMMHM LHPPOBUMU
pIIEHHAMHM MOCTYHnoBO (opMye CcKJIaaHy OaraTopiBHEBY ekocuctemMy. BoHna 3aarHa
HNIATPUMYBATH AK (QyHIAMEHTAJIbHI AOCIIKEHHS, TaK 1 NPUKIAJHI 1HXXEHEpPHI pO3pOOKH.
Takuil cHHTE3 TEXHOJIOTIH 1 MIAXOJIB CHpPHE MPUIIBUIIICHHIO IHHOBAIIHUX MPOIIECIB Y
MaTepiajgo3HaBCTBl. JIOCHIAHMKM OTPUMYIOTh JOCTYN [0 CTPYKTYpOBaHUX 0a3 JaHHX,
IHCTPYMEHTIB MOJICIIOBAHHS Ta 3aCO0IB IITYYHOT'O IHTEJIEKTY.

CraHOBJIEHHS €IMHOro LU(POBOro MPOCTOPY B rany3l Marepialo3HaBCTBA HE CIiA
po3rasaTy JMIIEe 3 MO3ULIT TEXHIYHOIO OHOBJEHHS I1H(QPACTPYKTYpH, OCKUIBKHM BOHO
nependbavae (yHAaMEHTaNbHINI 3MIHM B camiii HaykoBi KynapTypl. JlificHO, HaeTscs mpo
IIEPEOCMUCIIEHHSI MOJIETIEH CIIBIIpalli, MEXaHI13MiB KOJIEKTHUBHOIO YIpPaBJIIHHS 3HAHHSIMHU Ta
CHUIBHOTO NMPUHHATTS pillieHb. Y 1IbOMY KOHTEKCT1 MaTepiajibHa 1H(pOopMaTHKa BUCTYIAE K
MDKIUCIUILITIHAPHA HAYKA, [0 MOEAHYE eIeMEHTH (PI3UKH KOHJCHCOBAHUX CEPEIOBHII, XIMii,
KOMIT'IOTEPHUX HAayK, MAIlIMHHOI'O HaBYaHHs Ta HAYKOBOI KOMYHIKaIlil.

[Mugposi penosuropii, Taki gk Materials Project Ta NOMAD, nnargopmu Citrine
Informatics, OQMD, AFLOW Ta ixmi [15], 3agatoTh HOB1 OpIEHTHUPH AJI JOCTITHULBKOT
IIPAKTUKHU: B1Jl aBTOMAaTU30BAHOTO CKPUHIHTY MaTepialliB 0 OOIPyHTOBAHOTO IMPOTHO3YBaHHS
OCHOBHHUX BJIAaCTUBOCTEH. M0O>XHa KOHCTaTyBaTH, L0 MiJ iX BIUIMBOM BiI0OYBa€ThCS MEpEX1]
Bl IHTYiTMBHOIO MOULIYKY 10 CHCTEMHO-KEPOBAaHOTO IPOEKTYBaHHA MarepiaiiB. Takox
3MIHIOETbCS OCHOBHA Mapajurma

Pa3oM 3 TMM, NOBHOLIHHE BUKOPUCTAaHHS MOAIOHMX IUIAT(GOPM 3ILITOBXYETHCS 3
PSAAOM BUKJIMKIB, IK METOJIOJIOTTYHOIO TaK 1 ETHYHOIO XapakTepy. 30Kkpema, HoBa napagurma
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criBIpali noTpedye BUKOHAHHS BEJIUKOTO OOCATY KOJEKTUBHOI poOOTH pi3HUX (axiBIB, iX
KooIepallito, a Takox B3aemoito 3 III. InauBinyanbHi 3100yTKH IHTETPYIOTHCS B KOJIEKTUBHI
3HAHHS, a OTXKE MMUTaHHS IHTEJIEKTYyaJIbHOI BIACHOCTI, SIKOCTI, BIAKPUTOCTI 1 BepuQikalii BCix
JOCIIIKEHb, a 0COOJIMBO €KCIEPUMEHTAJIbHUX, K1 BINIMBATUMYTh HA 3arajbHUN pe3yibTar,
noTpebda B JOTPUMAaHHI IPOTOKOJIIB Ta cTaHAapTU3alili MeTajaHux. Jl0JJaTKOBO BUHMKAIOTh
NUTaHHS y 1HKI031T LHHU(pPoBOT IHPPACTPYKTYPH, OCKUIBKM KOJIEKTHBHI 3HAHHSA, IO
IEHEPYIOTbCSI  BIAKPUTOKO  CIIBIPAICI0  HAayKOBOI  CIUIBHOTH  amnpiopi  MOBUHHI
3a0e3mevuyBaTuCs PIBHUM JOCTYNOM BCIX JOCHIIHHMKIB 10 0a3 JaHUX, OOYMCIIOBAIBHUX
pecypciB, HaBYaJIbHUX MoJened Tomo. A 1e Bxke 0e3yMOBHO CTpaTeriuHi BHUKJIMKH, SKi
NOTPeOYIOTh BUPIIIEHHS HA PIBHI MDKHAPOHOT HAyKOBOT IOJITUKH.

Crix 3a3Ha4UTH, 110 TOBOPSAYM NMPO LU(POBI EKOCUCTEMHU MaTeplalo3HaBCTBA MOXKHA
B)K€ ChOT'OJIHI BUJIUINTH OCHOBHI pucH B3aeMoii B Hii. lle, 30kpema, MDKIUCHUIUIIHApHA
IHTerpauis, IHTeJEeKTyaJbHa B3a€MOJAIA, KOoIepalis 4epe3 cuLeHapii, TIjobagbHa
IHKJIFO3UBHICTb, IHCTUTYLIHA BIJKPUTICTb, BIITBOPIOBAHICTH 1 IPO30PICTh.

Cporoani, koM UUQPOBI TEXHOJOTIT Aeaani Oulbllle BIUIMBAaIOTh HAa BCl aCHEKTH
HAyKOBMX JOCIIKE€Hb, MaTepiajbHa H(OopMaTUKa B YKpalHl BUXOAUTh Ha MEPEHIN MIaH K
HanpsiM 0COOJIMBOTO 3HAUYEHHS. 3aly4eHHs A0 MDKHApPOJHUX IHINIATUB, 10 OyIu pO3IISIHYTI
B CTaTTi, BIIAKpUBAa€ YKpaiHCbKMM HAYKOBLSIM LUISIX A0 BHUKOPUCTaHHS HaWHOBIMIMX
IHCTPYMEHTIB JIJIs1 MOJIEIIOBAHHS Ta POTHO3YBAHHS BJIIACTUBOCTEN MaTepiaiiB.

[Ipore BaxIMBO HE JMILIE KOPUCTYBATUCA UMMM IulaTGopMaMM, a i MOBHICTIO
BUKOPUCTOBYBaTH IIOTEHLIA], [0 BOHM HaJalOTh, TOOTO AaKTUBHO JOJy4aTH BIACHI
HampauioBaHHS A0 1ux 6a3. lle cropusTuMme NOBHOLIHHOMY OOMIHY iH(pOpMAaLI€D Ta
IIOCWJIEHHIO IIPUCYTHOCTI YKPaiHChKOT HAyKH Ha CBITOBIM apeHi.

Jlnst peanmizaiiii Takoro MiAXoay HEOOXIIHO CTBOPUTH HAIlIOHAIBHI AaTa-IEHTPH, IO
BinmoBinatumMyTth npuHnunaMm FAIR 1 3M0XyTh €(pEKTHBHO B3a€MOIISTH 3 MDKHAPOIHUMU
iHppacTpykrypamu. Came Taka TexHI4Ha 0aza Mo)ke cTaTH (yHIaMEHTOM Ul
BCEYKpPaiHCHKOT IPOrpaMu 3 PO3BUTKY MaTepiaibHOI IHPOPMATHKH, siKa 00’ €IHAE aKaJeMI4H1
YCTaHOBHU, NPO(UIbHI IHCTUTYTH Ta IPEACTABHUKIB IPOMHCIOBOCTI.

He MeHm BaxJIMBOIO € N OCBITHA CKJIaJ0oBa. YK€ CbOrOJHI TEXHIUHI BHIII
BIPOBA/DKYIOTh JUCHUIUIIHM, TOB’S3aH1 3 aHAli30M JaHUX, MAIIMHHUM HaBYaHHSAM 1
KOMIT'IOTEPHUM MOJENIOBaHHsAM. HacTynmHMM JIOriYHMM KpOKOM Mae€ CTaTH 3aIllycK
MDKAMCLUMIIIIHAPHUX TpOorpaM, WLI0 MOEAHYBaTUMYTh 3HAHHS 3 MaTepialo3HaBCTBA 3
1M(pPOBUMH HABUYKAaMHU, HEOOX1THUMHU AJIs pOOOTH B HOBUX YMOBax.

BucnoBku. Haocranok, XoTitocs O BHAUIMTH JESIKi KIIOYOBI aCIEKTH, BHXOISIYH 3
[OCTaBJIeHOT HamMu MeTd. Llu@poBi TEXHOJOrIi, BII IUITYYHOIO IHTENEKTY A0 BIAKPUTHUX
HAayKOBHUX IIAaTQOpM, AeJalll aKTUBHILIE 3MIHIOIOTH T€, K MU JOCILIKYEMO Marepiaju.
CyuacHe MaTepiallo3HaBCTBO BXKE HE YABUTH 0€3 CUMYJIALIM, aJropuTMiB IPOTHO3YBAaHHS Ta
J0CTylly 10 IIoOanpHUX 0a3 gaHux. Y Hamiid poOOTI MM 30Cepequnuci Ha KIYOBHX
HanpsiIMKax Ii€l TpaHcopmarllii, 30kpeMa Ha TOMY, SIK LM(POBI €KOCUCTEMHU J0IOMararTh
MPUILBUIIINTH BIIKPUTTS Ta BIOCKOHAIUTH MOJIEIIOBAHHS.

VYkpaiHa Mae Bcl IepeayMOBH, 100 CTaTH aKTUBHUM YYaCHHUKOM CBITOBOI HayKOBOT
CHUIBHOTU. AuJle JUIsi 1LbOr0 HEJOCTaTHBO MPOCTO KOPUCTYBATUCA MDKHApPOJIHUMU
wiargopmamu. BaxinBo TakoX IUIMTHCS BJIACHUMH JAHUMM, MOJEISMHU Ta pe3yjbTaTaMHu.
Ile o3Hayae, 10 HaM MOTPIOHO PO3BMBATH HALIOHAJIBHY IHOPACTPYKTYPY, AKa BIANOBIIaTUME
MDKHapOJHUM CTaHJapTaM, 1 BOJHOYAC OHOBJIIOBATH OCBITHI NMpOTpamu, 1100 MO€AHYBAaTH
MaTepiaJo3HaBCTBO 3 HM(PPOBUMHU KOMIIETEHLIIMU.

VY craTTi, HA OCHOBI aHaJI3y, MU BHJAUISIEMO MIiAXOIH, SKI MOXXYTb 3aKJIacTH 0Oa3y
HOBOI JOCHITHUIBKOT KyIbTYpH. Takuil miaxiJ He JIMIIE MABUINYE e€(EeKTUBHICTh HAYKOBOI
pobOoTH, a ¥ copuaTHME IHTerpauii yKpaiHCbKUX JOCHIAHHUKIB B MDKHapoOJHI HayKOBI
IIPOEKTH.
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Artificial Intelligence in Materials Research: Trends, Tools, and Transformations

This paper examines the evolving role of digital platforms in reshaping materials science through the lens of
materials informatics. It focuses on three prominent initiatives—Materials Project, NOMAD Repository, and
Citrine Informatics—that illustrate how artificial intelligence, computational modeling, and structured data
infrastructures are converging to accelerate discovery and innovation. Each platform integrates machine learning
algorithms, simulation tools, and data management systems to support tasks such as high-throughput screening,
property prediction, and compositional optimization.

The study provides a comparative analysis of the functional architecture of these platforms, identifying core
components that could inform the development of a national ecosystem for materials informatics. Particular
attention is given to the principles of FAIR data (Findable, Accessible, Interoperable, Reusable), which underpin
transparency, reproducibility, and collaborative research across borders. By examining how these platforms
operationalize FAIR principles, the paper highlights pathways for aligning Ukrainian research infrastructure with
international standards.

Traditional experimental approaches, while foundational, often face limitations in terms of scalability, cost,
and time. The integration of Al-driven methods offers a promising alternative, enabling researchers to simulate,
predict, and refine materials with greater efficiency. This shift calls for strategic investment not only in technical
infrastructure but also in education. The paper proposes the development of interdisciplinary academic programs
that combine materials science with data analytics, computational physics, and Al literacy.

Furthermore, the research outlines strategic directions for incorporating Ukrainian materials data into global
platforms, emphasizing the importance of two-way knowledge exchange. Such integration would enhance the
visibility of Ukrainian research and foster deeper international collaboration. The insights presented here aim to
support both academic inquiry and policy development, offering a foundation for future initiatives in sustainable
innovation and digital transformation within the materials science domain.
materials science, artificial intelligence methods, digital platforms, Materials Project, NOMAD, Citrine
Informatics, digital ecosystems
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Po3poOKka METOIUKHU JIJISI EKCIIEPUMEHTAIBLHOTO
BU3HAYECHHSI BTOMHO1 MIITHOCT1 JOCJIJTHUX 3pa3KiB
3 TATAHOBUX CIUIABIB 3 MOJAU(PIKOBAaHUMH TOBEPXHIMHU

B pobori po3pobiena edekTMBHA MeETOIMKA BU3HAYECHHS XapakTepy BIUIMBY TEXHOJOTIYHHX
napameTpiB nporecy MoAudikanii Ha XapaKTEepUCTHKY BHTPUBAIOCTI. BUKOHATH eKCIIEpUMEHTAIbHY YaCTHHY
JIOCITIJDKEHHS B CTUCIII TEpMiHM JIO3BOJISIE BUCOKOUACTOTHE HABAHTAKEHHS 3pa3KiB. 3 i€l METOIO0 MPOIOHOBAHO
BHUKOPHCTATH MarHiTOCTPUKIIHHUN BUIPOOYBAILHUN NPHUCTPIH, KUK (QYHKIIOHYE 1O PE30HAHCHOMY IIPHHIUITY
npu gactoTi 6mu3bko (10-12) xI'm. IlepenbaueHo 3acTocoByBaHHS TPYIl MPU3MATHYHHUX 3pas3KiB i3 THTAHOBOTO
cmay BT1-0 i BT1-00, sx mMommudpikoBaHux, Tak i TuX, 1o He Oynam migmaHi Momudikamii (0Opobii)
a30TyBaHHAM NOBepXHeBOro miapy. Po3pobienHa cucrema KpilieHHS 3pasKiB s 30y/PKEHHI B HHUX JIBOX
BY3JIOBUX (DOPM PE30HAHCHUX KOJHMBaHb. AMIUIITYIa W) BUMIPIOETBCS MIKPOCKOIIOM Ta MiATPUMYETHCS B
nporeci BUIIPOOyBaHb; YacToTa f BUMIPIOETHCS EIEKTPOHHMM YacTOTOMipoM. 3amnpornoHoBaHa (opMmyia s
BH3HAYCHHS TPAaHUYHMAX 3HAYEHb BUTPUBAJIOCTI, 3 MOXJIIMBICTIO ITPOBEJACHHS X IOPIBHSHHS 3 BiANOBITHUMHU
BHCHOBKaMH Ha OCHOBI TOOYZOBaHNX BTOMHHX KPHBHX.

BTOMHA MilHiCTh, IUKJIiYHI HABAHTAKCHHS, IOHHE A30TYBAHHS, IMITyJIbCHHI1 PesKUM, BTOMHI KpHBi

ITocranoBka mpoOuemu. Ilapamerpu a0o MOKAa3HUKM KOHCTPYKTHMBHOI MILHOCTI
XapaKTEepU3YIOTh K MIHICTh KOHCTPYKTUBHUX €JIEMEHTIB, TaK 1 iX JOBrOBIUHICTH (pecypc),
Hecy4y 3JaTHICTb, a rojioBHE HafiiHicTh [1]. IIpu npoMy BaxuiuBuUM (PaKTOPOM € MILHICTh
€JIEMEHTIB NIPU PI3HOMAHITHUX BUAAaX HaBaHTA)XEHHS (PO3TATyBaHH, 3rMHAHHS, KOHTAKTHOTO
HABaHTAXXEHHs 1 T.II.) IPU JIHIHHOMY, JBOX 1 TPhOXBICHOMY HaNpyKEHOMY CTaH1 3 Pi3HUM
XapaKTepoOM IPHUKJIAJECHHS HAaBaHTAXEHHs (IMIYJbCHUM, TpPUBAJIUM, CTalllOHADHUM abo
3MIHHHMM), TNpH HU3BKMX Ta BHCOKHUX TeMIlepaTypaX, B YMOBax BIUIMBY OTOYYHOUOTO
cepenoBuina (Kopo3iiiHO-epo3siitHe cepemoBume 1 T.1.) [1, 2, 3]. Cepex aumHaAMIYHHX
HAaBaHTaXXEHb OCOOJIMBMH IHTEpeC MpPEACTaBIAIOTh LUKIIUYHI HaBaHTaxeHHd. llpu
CUCTEMAaTHUYHOMY NOBTOPEHHI HaBaHTa)XEHHS Ta PO3BAHTAXKEHHS IPOXOJUTb HAKONMMUYEHHS
neQeKTiB CTPYKTYpH MaTepiaiy, 0 MPU3BOAUTH 10 BUHUKHEHHS MIKPOCKONIYHMX TPIIIKH,
MOEIHAHHS SKUX BUKJIMKAE pyHHYBAaHHS KOHCTPYKLIHHUX €JIE€MEHTIB Bif BToMH [4, 5].

AHani3 ocTaHHiX AocaigxeHb i myOaikamiii. BromHa MinHICTh (BUTPHUBAIICTD) -
BAXKJIMBA BJIACTUBICTH CHCTEMH €JEMEHTIB KOHCTpYKUid. Jlyxe ckiagHo mno0yayBaTu
KUIBKICHY TEOPII0 BTOMH, siKa O MOB'A3yBajia eJIeMeHTapH1 IPOLEecH 3 JOBrOBIYHICTIO M1 Al€I0
HUKIIYHOTO HaBaHTaxeHHs [1, 3, 6, 7]. LluxiniuHe HaBaHTaXEHHS HABITh MPOCTHUX MaTepialiB
MPU3BOJAUTH JO BUHHMKHEHHS BEIWKOI KUIBKOCTI pi3HOMaHiTHUX sBull. lle BumpaBmoBye
pO3rJIs] MUTAaHHSA BTOMH OKPEMO Bl MEXaHIYHMX BiacTuBocTed. Bimomo, mo pylHyBaHHS
MO)KE€ MaTH MICIE€ IpU HANpyXEHHSAX, 3HAaYHO MEHIIMX, HDK MeXKa MILHOCTI, AKIIO IX
NPUKIAAaTH 1O Yep3i 3 Pi3HMMHM 3HaKoM. Hampukiaj, aMIuliTyga Hanpyxkenb micas 10°
LIUKITIB HaBaHTaKeHHS (16 ) craHoBUTH 30...50 % Bix Mexi MiltHOCTI OUIbIIOCTI MaTepiamis [1, 8].

VY CTaHOBUTH MaKCUMaJIbHE [IMK/IIYHE HABAHTOKEHHS, IIPU IKOMY MaTepiajl He PYHHYETbCS MO’KHA
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3a JOTIOMOTOI0 TEPMOMEXAHIYHUX BUCOKOYACTOTHUX BUIIPOOYBaHb Ha BTOMY [8-10].

Pa3oM 3 TUM € akTyajabHOIO MpPOOJIEMOIO pO3poOKa METOAMKH BU3HAYEHHS BILIMBY
BUKOPUCTAHHSI TEXHOJIOTTYHOTO MPOLECY MOJIU(IKyBaHHS TUTAHOBUX CIUIABIB IIJISXOM
BAKyyMHOTO 10HHOTO a30TyBaHHS B IMIYJIbCHOMY pPEXKHMI, SKUI BIJIMBAE Ha SKICTh
MIOBEPXHEBOTO 1IApy, /Ul BU3HAUYEHHS MOJKJIMBOCTI KEPYBaHHS 3HAYEHHSAMHU IapaMeTpiB ix
KOHCTPYKTHBHOT MIIIHOCTI Ta BUTpUBajocTl. Lle i BU3HAUMII0 MeTy Ta 3aAaul AOCIIHKEHHS.

ITocTanoBka 3aBaaHHsA. MeToro fociKeHHs Oyia po3poOka epeKTUBHOT METOIUKU
BU3HAUEHHS XapaKTepy BIUIMBY TEXHOJIOTITYHMX [apaMeTpiB mpouecy Mojau¢ikanii Ha
XapaKTePUCTUKY BUTPUBAJIOCTI.

Bu3HauuTH TEXHOJOTrIYHE EKCIEpPUMEHTAlIbHE YCTAaTKyBaHHS [UIsl IIBUAKICHUX
BUNPOOYyBaHb Ha BUTPUBAJICTb IPU 3TMHHUX KOJMBAHHAX 3pa3KiB 3 TOHKOJUCTOBHUX
MaTepiajaiB KUIBKOX TPyl 3pa3KiB, K MOJIU(IKOBaHMX, TaK 1 THX, 10 He OynM mianaHi
Moaudikaiii (00poOii) a30TyBaHHSIM IIOBEPXHEBOIO IIapy, BHUKOPHUCTOBYIOUU EAUHY
TEXHOJIOTII0, 3MIHIOIYM TI YW IHOII 1i mMapaMeTpu, HacaMmmepeln THUCK 1 TeMIiepaTypy Ha
BHCOKOYaCTOTHOMY BTOMHOMY yCTaTKyBaHHI.

[[InsgxoM MaTeMaTUYHOTO MOJCIIOBAHHS TPOIECY po3podouTH GopMynn amis
BU3HAUYEHHS I'PAaHMYHUX 3HaYEHb BUTPUBAJIOCTI, 3 MOXKJIMBICTIO IPOBEAEHHS IX MOPIBHSIHHSA 3
BIJIMOBIIHUMH BUCHOBKaMH Ha OCHOBI MOOYJOBAaHUX BTOMHUX KPUBHUX.

Buxuian ocHoBHOTro marepiany. BukoHaTu ekcnepuMeHTalbHy YaCTHUHY JOCIIIKEHHS
B CTUCJI TEPMIHU J03BOJSE BHCOKOYACTOTHE HABAaHTA)KEHHS 3pas3kiB. 3 I1i€i MeTow Oyio
BUKOPUCTAHO MArHITOCTPUKUIAHUNA BUNPOOYBaJIbHUM MPHUCTPIM, SIKUH (QYHKIIOHYE 110
PE30HAHCHOMY MPUHIMIY IpU yacToTi 6au3bko (10-12) kI’ (puc. 1).

-2080

3-34

b-588

BCA-G

0)

V- . . o N - A\ B)
Pucynox 1 — Marnitoctpukuiitauii BunpoOyBansHuid npuctpiit Y-10: a) 3aranbHuid BUIISL;
0) 6mok-cxema (/ — BiOpatop; 2 — KoHLeHTpaTop; 3 — (hIanenp; 4 — HAKKWIHA raika;
5 — HamiBXBWJILOBHH KOHIIGHTPATOp; 6 — Traiika; 7 — 3pa30K; 8§ — MIKpOCKOIT); B) 30BHILIHIN BUTJIS
MOJICPHI30BaHOi ycTaHOBKH (/ — 3pa3oK; 2 — [KEpeIto iHppauyepBOHOIO BUIIPOMiHIOBaHHS;
3 — KaMepa HarpiBaHHs; 4 — MIKPOCKOII)
Howcepeno: pospobrerno asmopamu
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MeTtoiuka BTOMHUX BUIIPOOYBaHb IPYHTYETbCA Ha 30y/KEHH1 IBOX BY3JI0BUX (hpopm
PE30HAHCHUX KOJIMBAHb B MPU3MATHYHUX 3pa3kax (puc. 2, 3).

1 2 3 4
Pucynok 2 -3aranbHuii BUIIA 3pa3kiB i3 TuraHoBoro cruiasy BT1-0 1 BT1-00:
1 — turanouii crutaB BT1- 0 mo aszoranii; 2 — BT1-0 micis a3orarii;
3 — turanosuii criaB BT1-00 go a3oramii; 4 — BT 1-00 micis asorarmii
IDicepeno: pospobaeno agmopamu

[Tpu ToUKOBO-IIAPHIPHOMY 3aKPIIJIEHHI 3pa3Ka Ha poOOUYill YaCTHHI YyCTAaHOBKU (pHC.
3), mpu HOTO pE30HAHCHUX KOJUBAHHSX 3 ABJISIETHCS BTOMHA TPINIMHA, MICHE SKOi
3HaXOJUTHCS B 30HI MYYHOCT1 KOJIMBAHb MOIAJTb BiJl MICIS 3aKPIIJICHHS.

\ Mcosmt 2
/

/<—a.—>, Ocosmt 1
// VA /.—-—'J\ /’ /3
N s s o A | o1 S (=4

/ / . X1
' 22 1\‘L 4
a) 0)
Pucynok 3 — CxeMa 3akpiIUICHHS: a) Ta HABAHTAXKCHHS,
0) IpU3MAaTUYHOT O 3pa3Ka IpH BUNPOOyBaHHAX Ha BTOMY: / — (hopma KoiIMBaHb; 2 — I'BUHT; 3 — 3pa3ok;

4 — BibpaTop
Hoicepeno: pospobnerno asmopamu

OCKUIbKM TpaHM4YHI YMOBHM Ul TOYKOBO-IIAPHIPHOTO 3akpillJIEHHS 3pa3Ka He €
CTaHJApTHUMM, TO NPU PO3B’sA3aHHI 3a7adl JOJATKOBO OyiIM BHUKOPUCTaHI peE3yJabTaTH
BUMIPIOBaHHS KOOPJIMHAT BY3JIOBUX Mepepi3iB X1, x2 (puc. 3), Ipo 110 AETaIbHO OMHCAHO B.
KOHCTpYKTHBHO Take 3aKkpillJIeHHS BUKOHAHO 3 BUKOPHCTAHHSAM MaJIOpPO3MIpHOro (2-3 Mm)
CHELIaJIbHOTO IBUHTA 2 3 NOTAEMHOIO I'OJIOBKOIO 70 BiOpaTopa 4, KiHElb SKOro BUKOHAHO I10
KOHycy (puc. 3, a).

Y

Pucynox 4 — IlpuHOMI HaBaHTaKEHHs! IPU3MATHYHOTO 3pa3ka Ta PO3IOALUT y HhOMY NpOruHiB W
i Hanpy)kKeHb G NP KOJIIMBAHHSX 32 TPETHOIO (POPMOIO KOITMBAHb
Howcepeno: pospobreno asmopamu
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Awmmiityna Wy BUMIpIOETBCS MIKpockomnoMm (puc. 1, B) Ta MIATPUMYEThCA B MPOIECI
BUTIPOOYBAaHb, YACTOTA [ BHMIPIOEThCS EIEKTPOHHHM dacToToMipoMm. Koedimienr o
BHU3HAYAETHCS HAa OCHOBI AHAJIITUYHOIO PO3B’SA3KYy 3ajaul MpO BUIbHI KOJMBAHHS HPAMOi
OaJIKi MOCTIMHOTO Tepepi3y.

BusHaunMo 0co0JMBOCTI pO3paxyHKY KOJHMBaHb JIOCIIIHUX 3pa3KiB Ta BHU3HAYEHHS
LIUKIIYHUX HampyxkeHb. B wmicui pyilHyBaHHsS [i0OTb MaKCHUMaJbHI LUKIIYHI HaIpyXEHHS
Omax. 1X PO3PaXyHOK IPOBOJUTHCA 32 (POPMYIIOKO

=W fo”, (M
ne Wo — amIuliTyla KOJIMBaHb BUIBHOTO KiHIA 3paska (puc. 3, 4); f — pe3oHaHCHa 4acToTa
KOIMBAaHb, ¢ - KOEQIllieHT, IO 3aJIeXHUTh Bifl (OPMH KONHBAaHb, TYCTHHH MaTepianry Ta
TOBLIMHM 3pa3Ka.

Posrisinemo anroputm BuBoay ¢opmyinu (1). Bukopucraemo piBHSIHHS BiIacHUX (GOpM
KOJIMBaHb OaJIKU NOCTIHHOTO Mepepi3y, sSKa € aHAJIOIOM 3pa3KiB, 110 3aCTOCOBYIOTHCS

W"+ kW =0, ()
12pa’

e 3)

W=W(x) — nporuHu Oajku NpHU KOJHMBAHHIX; p — TYCTMHA Marepiainy; w=2mf — Kpyrosa
4acToTa KoJIuBaHb; £ — Moayns FOHra matepiany 6anku; 4 — TOBIIMHA OAJIKU.
OckutbKH 151 OIKK 3 BUIbHUM KiHLeM 1py x=0 (puc. 4) piBHAHHS (2) Ma€e po3B’s30K Y BUITISI

ne k' =

W = AS(kx)+ BT (kx), (4)
TO MaKCHUMaJIbHi 10 TOBLIMHI HOPMaJIbHA HaNPY>KE€HHs OyAyTh BU3HAYaTUCh 3aJIEKHICTIO
E
()= 2% (a0 )+ 7 k), )

ne S,T,U,V — ¢pynkuii Kpunosa.
ITpu BuOOP1 1OBXKUHM OANKH TaKUM YMHOM, IO MpHU 3aJaHii 4acToTi f il KOJMBaHHSA
OyayTe mMaTH (popMy 3 JBOMA By3JaMH KOJHMBaHb MpH x=x1 1 x=x2 (puc. 4), T0 3 PIBHIHHSI

Slhx)  Tlkx,)
Slkr,) Tk,

= ( MO’KHa 3HaWTHU MapaMeTp k a TaKOX BIAHOLIEHHS Koe]ilieHTiB B/A

B__Slke)__Slkr,)
4 Tlk)  Tler,)
3narouu k ta B/A, MoxxHa noOyayBaTu (yHKIII nNporuHis (4) ta HampyxkeHb (5) Ha
autsHI Big x=0 10 x<x2 1 BU3HAYUTU TPHU IbOMY KOOPJIWHATY X=Xy, MPHU SIKIi HOpPMaJbHI
HAIpPYXXEeHHA OyayTh MaKCUMaJbHI, TOOTO omax=0(X0). LIg KoopauHaTa Oyne BU3HAYATH MicCLE
BIPOTIIHOIO BTOMHOI'O pyP“IHyBaHHs{ 3paska. Ilicns BHeceHHs B (5) kxo Ta BUKIIOYEHHS 3
HBOTO TIapaMeTpy E Ha ocHOBI1 Bupasy (2) OTPUMAEMO PO3PAXYHKOBY dopmyny (1), B sKiif
BEIMYKMHA ¢ TIOBMHHA OYTH PO3paxoBaHA BiAMOBIIHO [0 CIIBBiAHOMIEHHS

Ul )+ =) |

o = 24p7°
hic*

BucnoBkn. 1. BuOpaHo TEXHOJIOTIYHE €KCIIEpUMEHTAJIbHE YCTaTKyBaHHS JUIs
HIBUAKICHUX BHUIPOOYBaHb Ha BUTPUBAJIICTh IPU 3TUHHUX KOJIMBAHHAX 3pa3KiB 3
TOHKOJIUCTOBUX MarepiajiB 3 3acCTOCYBaHHSIM MOJM(IKOBAHOTO MAarHiTOCTPUKIIHHOIO
BUNPOOYBaJIbHOTO IpucTporo ¥Y-10.

2. Po3pobneHo mpusMaTH4HI 3pa3Kd 3 TOHKOJHMCTOBHUX MaTtepialliB JUIsl MPOBEICHHS
JOCIIIKeHb, CUCTEMA IX KpIlJIEeHb Ta NPUHLMII HAaBAaHTa)KEHHS U1 BU3HAYCHHS PO3MOJULY Y
HbOMY IporuHiB W il HanpyXeHb ¢ IpU KOJIUBAHHSIX.

3. 3anpornoHoBaHO (popMyIH U1 PO3PaXyHKY MAKCUMAIbHUX LUKIIYHUX HAPYKEHb Omax.

4. IlpoBesneHl pO3paxyHKH HAJalOTh MOJKJIMBICT BU3HAUMTH TPAHUYHI 3HAYCHHS
BUTPUBAJIOCTI, 3 MOXJIUBICTIO MPOBEJACHHS iX MOPIBHSAHHA 3 BIIMOBITHUMH BHUCHOBKAMH Ha
OCHOBI1 IOOY/I0BaHUX BTOMHUX KPUBHUX.
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Development of a Technique for Experimental Determination of Fatigue Strength of Test Samples
of Titanium Alloys with Modified Surfaces

Cyclic load of even simple materials leads to a large number of different phenomena. This justifies the
consideration of fatigue separately from mechanical properties. The experimental part of the study in a short time
allows a high frequency load of samples. For this purpose, a magnetic stricting test device was used, which operates on
aresonant principle at a frequency of about (10-12) KHz.

The method of fatigue tests is based on the excitation of two nodal forms of resonance vibrations in
prismatic samples. When the point-fastening of the sample on the working part of the installation, with its resonant
fluctuations, a fatigue crack appears, the place of which is in the area of the blanket of the oscillations of the
fastener. Since the limiting conditions for point-sarry fixing of the sample are not standard, the results of measuring
the coordinates of nodal sections xi, X, were additionally used when solving the problem.

The calculations make it possible to determine the limitations of endurance, with the possibility of their
comparison with the corresponding conclusions on the basis of constructed fatigue curves.
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AHTUDPUKITIKAHI BIACTUBOCTI TUTAHOBOTO ciuiaBy BT6,
3MIITHEHOTO AU Yy31MHUM HACUUYEHHSIM eJIEeMEHTaMuU
BT1JICHHS

B poOoti BuB4amm BIUMB MoaM(iKyBaHHS MOBEpXHI THTaHOBOro cruiaBy BT6 enemeHTamMu
BTiIEHHS (a30T, KUCEHb) JUIS MiABUIIECHHS HOro TpUOOIOTiYHNX XapaKTEPUCTHK B Mapi i3 KOHTPTLIOM
i3 crami X18H10T B ymoBax TepTs KOB3aHHSM 0e3 MallleHHS 3a MUTOMOro HaBaHTaxeHHs 1,0 MPa
yrpozaosx 600 c. XimMiKo-TepMidyHOI0 00pOOKOI0 HAa TUTAHOBHX 3pa3kax Oyno chopMoBaHO AUQy3iiiHi
MOBEPXHEBO 3MilHEHI mapu. BusnadeHo ix (a3oBuil ckian, SKWH Micisd a30TyBaHHS BiANOBiIaB
HITpUAY THTaHy, OKCHIYBaHHS — OKCHAY THUTaHy, a MICIs OKCHHITPYBAaHHS — OKCHHITPHIY THUTaHY.
Koediuient Teprsa y nmapi azoroBanuii ciutaB BT6 — crans X18H10T 3pocTae y yaci BunpoOyBaHb Ta
nocsiraB BUcokoro 3HadeHHs (f = 0,6). TocTpi BUCTymHM Ha a30TOBaHIM MOBEpXHI 3pi3aiyl MIapu
HepkaBHOI ctani. KoegitieHT TepTs y napi okcuaoBaHuil Ta okcinirpoBanuiit BT6 — cranes X18H10T
3HMKYBAaBCsl y 4aci Ta jgocsAraB HU3bKMX 3HadeHb (f = 0,15...0,20), mo BinOyBajoch BHACTIJOK
MPUTUPAHHS TOBEPXOHB IIUX E€IEMEHTIB TEPTH.

THTaHOBHI criiaB BT6, ximiko-TepmiuHa 00po6ka, (pazoBuii ckiajg, koedimieHT TepTs

ITocTanoBka mpo0JjeMu. TuUTaHOBI CIJIABU MIMPOKO BUKOPUCTOBYIOTHCS B A€POKOCMIUHIH,
000pOHHIN Ta CyAHOOYAIBHIA MPOMMCIOBOCTI 3aBIASKH X HHU3BKIM MUTOMIA Basl, BUCOKIH
MUATOMIN MIITHOCTI Ta KOPO3ikHii cTiiikocTi [1-3]. OcTtanHiM 9acom 3aroctpuiacs norpeda y
MIBUIIEHH] 3HOCOCTIHKOCT1 Ta TPUOOJOTTYHUX XAPAKTEPUCTHUK 32 OJHOYACHOTO 3MEHIICHHS
Baru BXKUX OE3MUIOTHHUX JITAIBHUX amapariB (APOHIB), K BIHCHKOBOTO, TaK 1 IUBUILHOTO
NPU3HAYECHHS. AKTYyaJbHOIO 3aJMIIAETHCS 3aMiHa JIOMATOK 13 HIKEJIEBUX CIUIABIB
ra3oTypOIHHUX JBUIYHIB JIITaKiB Ta BEpPTOJbOTIB, CTAJIEBUX XPOMOBAHMX IITOKIB
TIpOLMIIIHAPIB, ILIECTepeHb, 3yOUacTHX KOJIC JPOHIB Ha THUTaHOBI. 30Kpema, 3aMiHa
CTAJIEBUX TIAPOUWIIHAPIB HA THTAHOBI JAaCTh MOXJIHMBICTh 3MEHIIUTH Bary BaKKUX
0€3MUIOTHUX JIITAIbHUX amapaTiB Ha JAecaTKd Kutorpam. lle m03BOJIMTH MINBHIIUTH 1X
BAHTAXOMIAHOMHICTb, a, OTXKE, 30UIBIIUTH KUIBKICTh TepOIMuAiB miJg 4yac OOMpPUCKYBaHHS
[IOJIIB, SIKIIO II€ CUIbCHKOTOCHOJApChbKi APOHHU, a00 30UIBIIMTH KUIBKICTh BHUOYXIBKM Ha
BIICBKOBHX JIpoHaX. EneMeHTH KpilyieHHs 3 TATAHOBUX CIUIABIB HE MEHII MIIHI, HDK CTaJeBl
1 BIIIpaloTh BaXJIMBY POJIb Y 3HIDKEHHI Baru JIiTalbHUX amapariB. Pa3oM 3 TUM, TUTaHOBI
CIUIaBM MalOTh HU3bKY 3HOCOCTIHKICTh Ta CXOIUIIOIOTHCS IIJ] 4Yac TEpPTS 3 eJIEMEHTaMu
KpirieHHs. ToMy eeMeHTH KpIIJIEHHS 13 THTAaHOBUX CIUIaBIB MOKHA 3aCTOCOBYBATH JIUIIIE 13
3HOCOCTIHKMUMHU NOKPUTTSAMU [4-7].

AHani3 ocraHHiX gocaimxeHb i myOuaikauniii. s migBumeHHS TPUOOIOTTYHUX
XapaKTEpPUCTUK TUTAHOBUX CIUIABIB HAaWOUIbII BAAIMMHU € JU]y3iiiHI NOKPUTTH, OTpUMaHI
XIMIKO-TEPMIUYHOI0 00pOOKOI0 TUTAHOBUX CIUIABIB, 3aBJSKH SKi B11OyBa€TbCs TBEPAOPO3UMHHE
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3MILHEHHS IOBEPXHEBUX LIapiB €JeMEHTaMH BTUIEHHSA (KUCEHb, a30T) Ta (OpPMYyBaHHS
OKCHAHMUX abo0 HITpUAHMX IIapiB Ha nosepxHi [6, 7]. Taka Ximiko-TepMidHa 0OpoOka He
3MIHIOE TOBLIMHM JeTaned Ta ix mopctkictb. Cam mpouec XIMIKO-TEpMIYHOI 00poOKu
CYMIIIAEThCS 13 TEPMIYHOIO OOpOOKOI0 HAa MAaKCHUMaJIbHYy MIIHICTh Ta yJapHY B’A3KICTb 1
B1IOYBA€ThCS y PErIaMEHTOBAHOMY T'a30BOMY CEPENOBHIII 3a TEMIIEpaTypud HE BHILOI 3a
850°C mpomosxk 2...5 romud. IlepeBaroro Takoro crnocoOy 0OpoOJIEHHS € MOXJIMBICTb
OJIHOYACHO NPOBOJUTH XIMIKO-TEpMIUHY OOpoOKy coTeHb Aeraneil. B mpoueci xiMmiko-
TEPMIYHOT OOpOOKHM JeTanell 13 THUTAHOBUX CIUIABIB aBlalllfiHOT TEXHIKH (QOpMYeThCS
IPaliEHTHO-3MIIHEHUI MPUIIOBEPXHEBUU mmap TOBHMHOKW 10 200 MKM 3 MiABUIICHUMU
TPUOOJOriUHUMHU Ta (I3UKO-MEXAaHIYHUMH XapaKTEPUCTUKAMU. 3aBASKH 3alpONOHOBAHIN
IpaJieHTHIA CTPYKTYypl 3MilHEHOro mapy (¢a3oBa IUIIBKa Ta TBEPAUNH PO3YMH BTUICHHS) 3
perijaMeHTOBaHMMM XapaKTepUCTUKaMH (TOBIIMHA (Da30BOi IUTIBKM, TBEPIICTh MOBEPXHI Ta
rbuHa 3MILHEHOro mapy) Oyne 3abe3neueHo K BHCOKY 3HOCOCTIHKICTb, TaK 1 XOpolli
BTOMHI BJIaCTHBOCTI [6, 7].

ITocTanoBka 3aBaanns. MeTta poO0OTH — NiABUILEHHS TPHUOOJIOTTYHUX XapaKTEPUCTUK
tutaHoBoro cminaBy BT6 ¢opmyBanHsM Ha Horo mnoBepxHi MmapiB, Au}y3iiiHO
MO U (IKOBAaHUX eIeMeHTaMu BTUIeHHA. /{7151 1boTO HEOOX1AHO:

- XIMIKO-TEpMIUYHOI0 00poOKor0 cdopmyBaTu (a30BO-CTPYKTypHUI cTaH ((a3oBa
IUTIBKa Ta TBEPAMH PO3YMH BTUICHHS) NPUIIOBEPXHEBOIO IIapy Ha 3pa3KaXx THUTAaHOBOIO
cruiaBy BT6 pisnumu gomimkamu BTuteHHd (O2, N2);

- BHU3HAUUTU OTpPUMaHl XapaKTEPUCTHKUM MOBEPXHEBOro Mapy (IIOPCTKICTH,
MIKpOTBEPIICTh, pa30Buil ckiaj noBepxHi) nicis pizHux XTO;

- BUKOHATH NOPIBHSJIbHI TPUOOJOTIYHI JOCIKEHHS POOOTO3AaTHOCTI OTPUMaHHUX
MIOBEPXHEBUX CTPYKTYp 3@ CYXOTO 3BOPOTHO-IIOCTYNAJIBHOTO TEPTS y Mapi 3 KOHTPTUIOM 31
crani X18HOIT.

Marepiaan Ta MeTOAMKH I0CJiaxKeHb. [JocmimKyBany 3pa3ku 3 TATAHOBOTO CIUIABY
BT6 cucremu neryBanHs Ti-6Al-4V-3 dasoBum ckiagom (o+f), XIMIYHHHA CKIaJ SIKOTO
HaBeaeHo B Ta0m. 1.

Tabmuus 1 — Ximigauit ckiag tutadoBoro cruiasy BT6 (TOCT 19807-74)

JleryBasibHi eneMeHTH, mas.%
Mapka
Crutasy \% Al C Fe Si 0 N H
BT6 4,30 6,20 0,10 0,30 0,15 0,20 0,05 0,015

JUis dopMyBaHHSI 3MILHEHUX LIapiB 3pa3KH MiAJaBaId XIMIKO-TEpPMIYHMNA 00poOIi
(XTO) y BakyyMHIii eyl 3a HACTYIHUMU PEKUMaMHU:

1) Pexum oxcuayBaHHS. 3pa3Ku HarpiBaJii B €JNEKTPUYHIA @edl y BakyyMi
(P =0,6 mPa) no 750°C, Butpumysanu 5 roxa y Bakyymi 0,1 Pa, oxomomxysamu no 350°C 1
HaIyCcKajlu aTMOC(EpHE MOBITPs, MICIS YOro OXOJIOKYBAIM IiY 13 3pa3kaMH A0 KIMHATHOI
TEeMIIEpaTypHu.

2) Pexum a3oryBaHHs. 3pa3ku HarpiBaau y Bakyymi (P = 0,6 mPa) no 850°C,
HaIycKaiu TeXHigHM a30T 10 TucKy P = 10° Pa, BUTpuMyBau 3 o1, OXONOKYBaIH B a30Ti
1o 250°C, BakyyMyBaHHSM BUJAJSUIA a30T Ta OXOJIO/DKYBAIHU MiY 13 3pa3KaMu O KIMHATHO1
TEeMIIEpaTypH.

3) Pexxum OKCHHITpYBaHHs. 3pa3Kd B €JIEKTPUYHIA Iedl HarpiBad y BakKyyMi
(P=0,6 mPa) no 650°C, nHamyckanu a3or-kucHeBy cymimr (80% N2 + 20% O2) mo Tucky
P=0,01 Pa, narpiBasiu 1o 850°C Ta BuUTpuMyBasu 3 rojJi, BAKYyMYBaJd Ta BUTPUMYBAJIU
0,5 roz Ta 0X0JIOKYBAJIH MiY 13 3pa3KaMu 0 KIMHATHOI TeMIIEpaTypHu.
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MikpoTBepaicTb B MHepepi3ax IPUIOBEPXHEBUX IIapiB BHU3HAYaIM Ha MpUiIaji
IIMT-3M 3a HaBanTaxkeHHs Ha iHAEHTOP 0,49 N. TpubosoriuHi xapakTepucTUKU Tpubonapu
«UMITIHAP — IUIACTHHA) BU3HAYaJ M Ha TPUOOMETPlI B yMOBAX 3BOPOTHO-NOCTYNAIBHOTO PyXy
mwtiHapa @10 mm 3 HepkaBHoi ctanmi XI18HIOT 3 mosiipoBaHOIO MOBEPXHEIO KOHTAKTY
(puc. 1). 3pa3ku y Burasal miaactuHul15x25x1 mm 13 TuranoBoro cmiaBy BT6 oxcuaysanu,
a30TyBaJM Ta OKCUHITpyBanu. OpukuiiiHy NoBeAIHKY TUTAHOBOIO ciiaBy BT6 31 3MillHEHOO
[IOBEPXHEI0 BU3HAYAJIU 3a YMOB TepTs 0€3 MalleHHs 3a MUTOMOTo HaBaHTaxkeHHs 1 MPa B
YMOBAaX 3BOPOTHO-MOCTYNAIBHOTO TiepemimmenHs Ha 10 mm nuiinapa mo miacTyuHL

=

Kowrpriae
¥

Ipaiow
(nutidonana nosepxna)
f, x

T

Pucynoxk 1 — Cxema gociikeHHS (GPUKIIHHUX BIACTHBOCTEH MOBEPXHEBO 3MIIIHEHNX IIApiB
Ha crutaBi BT6 3a Tepts KoB3aHHAM
Hoicepeno: pospobreno asmopamu

da30Buil CcKJIaJ MOBEPXHEBMX IApIB MeTaly BHU3HAYaJIM HA PEHTITEHIBCBKOMY
mudpaxkromerpi DRON-3.0 y moHoxpomaTiuHOMY Cuke- BUIPOMIHIOBaHHI 3 (POKYCYyBaHHSIM
TpyOKu 3a cxemoro bperra—bpenrtano. Hanpyra Ha anoni peHtreHiBcbkoi Tpyoku 30 kB 3a
ctpymy 20 MA. CkanyBaiu 3 kpokom 0,05°. BuxopucrtoByBanu mporpamHe 3a0e3redeHHs
Sietronix, PowderCell 2.4 1 FullProf, 3a momomoroio sikux BukoHyBanmun Dyp’e-00poOKy
IU(pakTorpaM, BU3HAYAIU MicUsd AUGPAKIIMHUX MaKCUMYMIB BIIOMTTS 1 Mepiogu IPaToK,
i1eHTH(iKOoBaHUX 3a JaHUMHM JUIst Qa3 3 kapToreku JCPDS - ASTM.

Cran mnoBepxHl 10 Ta Imicad AuQy3iHOro HacuueHHS W QPUKLIIHHOIO 3HOCY
JOCIKYBAJIM 3a JOIOMOTOIO0 CKaHYBaJIbHOTO eleKTpoHHOro Mikpockona EVO-40XVP, a
XIMIYHUHA CKJIaJ] HOBEPXHEBOIO IAapy MeTaly BH3HA4YaJld 3 BUKOPHCTAHHSAM CHCTEMU
mikpoananizy INCA Energy 350.

Buxusian ocHoBHOro marepiaiay. B mpoueci XimMiko-TepMiyHOI 0OpoOKM Ha IUTaCKHUX
TUTAHOBUX 3pa3kax Oyno chopmoBaHo audy3iiiHi mokputTs. Pa3oBuil CKiIax MOKPUTTS MiCsA
a30TyBaHHS 3a CTEXIOMETPUYHUM CKJIaaoM BiamoBigaB ~TiNjg3, MiCId OKCHUAYBaHHS —
okcuay tutany (~TiOz2), a micas OKCIHITPYBAHHSI—OKCUHITPUIY TUTAHY, KHH 3a CKiagoM OyB
Omu3bkuM 10 ekBiaToMHOTO (~TiNo4600,54) (pHcC. 2).

CrekTpaJIbHUM aHali30M MOBepxHeBoro mapy cmiaBy BT6 micns a3oryBaHHsA y
HbOMY OKpiM a3zoty (9,55 mac.%) BusiBieHO 3HayHUI BMICT KHCHIO (4,32 mac.%) Tabn. 2.
OpHak Taka KUIBKICTh KHUCHIO HE MPUBOAUTH A0 (OPMYBAHHS OKCIHITPUIIHOTO LIApy.
da30Buil aHaii3 BKazye Ha (OPMYBAHHS Ha MOBEPXH1 MOJM(IKOBAHOIO IIAPY JIMIIE HITPUILY
TUTaHy puc. 2. O4eBHIHO, 1€ 3YMOBJIEHO THM, IO a30TyBaHHS MPOBOJMWIM B arMocdepi
TEXHIYHO YUCTOTO a30Ty, IKUH MICTHB MEBHY KUIbKICTh KHCHIO. Ha mOBEpXH1 OKCHI0BAHOTO
mapy BusiBiaeHo 14,31 mac. % kucHI0, 10 MIATBEP/DKYE GOpMYyBaHHS APy 13 OKCUAY TUTAHY.
Ha noBepxHi OKCHUHITPOBAHOTO LIapy BUSBJIEHO 3HAYHY KUIbKICTh SIK KUCHIO Tak 1 a30Ty, 11O
HMIATBEP/DKYE GOpMyBaHHS Ha MOBEpXHI ciiaBy BT6 mapy 3 okCUHITpUAY TUTaHY Ta0l. 2.

[HopcTkicTh MOBEPXHI 3pa3KiB Ta X MIKPOTBEPIICTH MICIHIA XIMIKO-TepMIYHOT 00pOOKHU
HaBeJeHo Yy Tabmuui 3. MIKpOTBEpAICTh Ta IMIOPCTKICTh IOBEPXHI IIACKUX 3pasKiB 3
tutanoBoro cmiaBy BT6 mo XTO cranmoBunu (194,643,3) HVo49 Ta Ra= 0,067£0,005 pm
BINOBIAHO. A30TyBaHHS TUTAHOBOTO CIUIaBY MIJABUIIMIIO MIKPOTBEPAICTh HOT0O MOBEPXHI A0
(9834+82) HVo49. MIKpOTBEpIICTh OKCHAOBAHOTO IIApy BUSABMIACH HMIXKY0IO — (755+40)
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HVo.49, a OKCUHITpUAHMI 11ap BiA3HAYMUBCS HallMEHIIO0 MIKpoTBepaicTIO — (557432) HVo 49,
xoua y 2,8 pa3u nepeBulllyB MIKpOTBEPAICTh ciiaBy BT6 6e3 xiMiko-TepMiuHOT 00pOOKH.

[T ] S T R BT

356l 60
20, degree

49 55 3
20, degree

51 58 65 7
20, degree

Pucynox 2 — Mopdororist moBepxHi 3pa3kiB ciutaBy BT6 3 mudysiiino MmoangikoBaHUMHU mapoM
Ta i ¢azoBuit ckian: a — TiN; b — TiO; ¢ — TINO
Jlncepeno: pospobneno asmopamu
Tabnuns 2 — EnemeHTHHMH cKila] MOBEPXHEBUX ILIApiB 3pa3kiB THUTAHOBOTO CIUIABY
BT6 nicns pisaux tunis XTO

Eevent AszoryBanss (TiN) Oxcunyanns (TiO) OKCI/I(I,}IiTﬁCy;aHHH

Wt.% At.% Wt.% At.% Wt.% At.%

N 9,55 20,49 0,00 0,00 6,73 17,00

(0] 4,32 9,43 14,31 30,51 7,62 16,39

Al 4,55 5,95 4,52 5,71 4,72 6,05

A% 3,88 2,67 3,05 2,07 3,11 2,12

Ni 0,14 0,1 0,11 0,07 0,17 0,11

Fe 0,17 0,10 0,31 0,19 0,25 0,15
Ti 3aJIMIIOK 3aJIMIIOK 3aJINIIOK

IDicepeno: pospobaeno agmopamu
IHopctkicts noBepxHi cruiaBy BT6 micist xiMiko-TepMI4HOT 0OpOOKM MPaKTUYHO HE
3aJie’kasa BiJl TEXHOJIOT1i HOBEPXHEBOTO 00poOIeHHs Tad. 3.

Tabmuns 3 — Iloka3HMKM IIOPCTKOCTI Ta MIKPOTBEPAOCTI MOBEPXHI TUTAHOBOIO
crmaBy BT6 micna XTO

[Ticna XTO
Tun XTO Ra, pm HV .49, kr/MM>
A3oTyBaHHS 0,264+0,007 983+82
OxkcunyBaHHs 0,257+0,007 755440
OKCHHITpYBaHHS 0,264+0,009 557432

Loicepeno: pospobaeno asmopamu

B mpoueci tepts napu HeoOpobieHoro cmnaBy BT6 — crans X18HIT BinOyBanocs
MIKpOIIPUBAPIOBAHHS BUCTYIIB IOBEPXHI Ta CXOIUIEHHS IIOBEPXOHb. TpuOOJIOriuHI
JOCIIIKEHHS [T0Ka3aly, 10 Micis a30TyBaHHA koediuieHT Tepts (/) cnnaBy BT6 B mapi 31
crauiro X18HI9T B ymoBax ocumisiuiiHOro teprst 6€3 MalleHHsI CYyTTEBO MIIBHUIIUBCA 0
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3HaueHHs 0,6 (puc. 3 a). [Ipu npomy 3HOIIYBaBCs CTal€BUIl CTPMIKEHb BHACIIIOK pPi3aHHS
rOCTPUMH BUCTYIaMH a30TOBAHOI TOBEPXHI.

|
o
| a8
s
. |

| TR Tkt

a b c
Pucynox 3 — 3mina koedimieHTa TepTs (f) B 4aci ¢ 32 cyXoro TepTsi KOB3aHHSIM 3pa3KiB 31 CIUIaBy
BT6, mnoBepxHEeBO 3MIl[HEHHX a30TyBaHHSIM (a), OKcHAyBaHHsAM (b) Ta OKCHHITpYBaHHAM (c), IO
KOHTaKTyBaJH 31 cTprkHeM 3i crani X18H10T 3a muromoro HaBantaxenus 1,0 MPa
Howcepeno: pospobrerno agmopamu

m

Koeogiuient teprst y mapi cmmaB BT6 — crans X18HOT micns okcuiayBaHHA Ta
OKCIHITpYBaHHS BUSIBUBCS CYTT€BO MeHIIMM. [Ipudyomy g napu okcupoBanuit BT6 — crans
X18HI9T Bin 3meHmIyBaBcs y yaci Ta gocsras 3HaueHb f = 0,25...0,35 (puc. 3 b), a y napi
okciHiTpoBanuii BT6 3anumaBcs craOutbHUM BOpOIOBXK BumpoOoByBanb f = 0,15...0,20
(puc. 3 ¢). Ha Bigminy Bif a3oTtoBaHOi noBepxHi cruiaBy BT6, okcugoBaHa Ta OKCHHITpOBaHa
MOBEPXHS Majy 3HAYHO MEHIIY MIKpOTBepAICTh (Tabu. 3) 1 mpu TepTi HEe pi3aiu CBOIMHU
BHUCTYIIaMU TOBEPXHIO KOHTPTLIA, a i 4yac TpUOOJIOriYHMX BUIPOOOBYBaHb BiOyBasoCs
JMIlIe MPUTUPAHHS OBEPXOHb Napu Tepts (puc. 3 b, ¢).

BucHoBku. 3acTocyBaHHS XIMIKO-TEpMIYHOI OOpPOOKM Yy KOHTPOJBOBAaHMX Ta30BUX
CepeZ0oBUINAX NO3UTUBHO BIUIMHYJIO Ha TpUOOJIOTIYHY MOBENIHKY 3pa3kiB cruiaBy BT6 y nmapi
3 HepxkaBHoto crawio X18HI10T, 30kpema, mnepectaso BigOyBaTHUCS  CXOIUIEHHS
KOHTAKTYIOUHX IIOBEPXOHB M1J] YaC CYXOIr'o T€PTsI KOB3aHHSM.

1. XiMiKO-TepMI4HOI0 00pOOKOI0 Ha TUTAHOBUX 3pa3kax 0ysi0 copmoBaHO AUPY3iHHI
MOBEPXHEBO 3MillHEH1 mapu. BusHaueno ix ¢a3zoBuil ckiaja, SKUM MICHS a30TyBaHHS
BianoBinaB ~TiN1 g3, OKCUIyBaHHS — OKCUAY TUTany Tuny ~Ti102, a Micist OKCUHITPYBAaHHS —
okcuHITpUAY THTaHy THITY ~T1N04600,54.

2. KoediuieHT tepts y napi azoroBanuii crinaB BT6 — crans X18HI10T 3pocras y yaci
BUNpOOyBaHb Ta JOcCsraB BUCOKOro 3HadeHHs (f = 0,6). I'ocTpi BUCTYyNM Ha a30TOBaHIN
MIOBEPXHI 3pi3aJId LIapy HEP>KaBHOT CTall.

3. KoediuieHT TepTs y napi okcupoBaHuii Ta okcinirpoBanuit BT6 — crane X18H10T
3HI)KYBABCS Yy 4aci Ta A0cATaB HIDKYMX 3HadeHb: (f = 0,25...0,35) ayis okcuaoBaHoi MoBepxHi
ta (f = 0,15...0,20) — and OKCHHITPOBaHOi, L0 BiAOYBaJOCh BHACIIJOK NPUTHUPAHHSA
[IOBEPXOHb LIUX Map TEPTH.

TakuM 4YMHOM, MiATBEp/KEHA AOLUIBHICTH 3acTOCOBYHHS XTO y KOHTPOJIbOBAHUX
ra3oBHX CEpeJOBHUINAxX s BUPOOIB 3 THTAHOBHUX CIUIABIB Ui iX poOOTH y mapax TepTs.
30kpeMa, A JOCATHEHHS ONTHUMAJbHUX CIHIBBLAHOLIEHb MIOPCTKOCTI Ta TBEPAOCTI
KOHTaKTyIOUMX IOBEPXOHb Ul TpHUBaNoi poboTH IuX TpuOomap, MHOTpiOHI JOJATKOBI
JOCIIKEHHsT 3 onTuMizaiii pexkumiB XTO TUTAaHOBUX CIUIABIB A OTPUMAaHHS 3aJaHUX
XapaKTEepPUCTUK MOBEPXHEBUX ILIapiB METAIy.

PoGora BukoHaHa 3a (¢iHaHCOBOI HiATpUMKH HallioHaJbHOTO (QOHIY HOCHIIKEHb
Vkpainn B Mexkax mpoekty 2025.06/0028 «Po3poOieHHs TEXHOJOri IMOBEPXHEBOIO
3MILHEHHS JeTajell 3 TUTAaHOBMX CIUIaBIB JIBUTYHIB aBIlal[lifHOT TEXHIKM pErjiaMeHTOBAaHUM
IU(Yy31IHUM HACUUEHHSM €JIEMEHTaMU BTUICHHS».

Cnucok nitepatypu

1. Budinski K. G. Tribological properties of titanium alloys. Wear. 1991. Vol. 151, Iss. 2. P. 203-217.

2. Bansal D. G., Eryilmaz O. L., Blau P. J. Surface engineering to improve the durability and lubricity of Ti-
6Al1-4V alloy. Wear. 2011. Vol. 271. P. 2006-2015.

3. Bell T, Dong H., Sun Y. Realizing the potential of duplex surface engineering. Tribology International.
1998. Vol. 31, Ne 1-3. P. 127-137.

152



ISSN 2664-262X IlenTpansHOyKpainchkuil HaykoBHil BicHuk. Texuiuni Hayku. 2025. Bun. 12(43), 4. Il

4. Bansal D. G., Kirkham M., Blau P. J. Effects of combined diffusion treatments and cold working on the
sliding friction and wear behavior of Ti-6Al-4V. Wear. 2013. Vol. 302. P. 837-844.

5. Diffusive thermal treatments combined with PVD coatings for tribological protection of titanium alloys / E. Marin,
R. Offoiach, M. Regis, S. Fusi, A. Lanzutti, L. Fedrizzi. Materials and Design. 2016. Vol. 89. P. 314-322.

6. Ilorpemok I. M., ®enipko B. M., loBrynuxk B. M. Brmu a3oTyBaHHsS Ta OKCHAYBaHHS HA TPHOOTEXHIYHI
BIIACTUBOCTI THTAHOBUX CIUIaBiB. Di3.-xim. mexanika mamepianie. 2000. Ne 3. C. 123-126.

7. Lepicka M., Gradzka-Dahlke M. Surface modification of Ti6Al4V titanium alloy for biomedical applications
and its effect on tribological performance — a review. Rev. Adv. Mater. Sci. 2016. Vol. 46. P. 86-103.

References

1. Budinski, K. G. (1991). Tribological properties of titanium alloys. Wear, 151(2), 203-217.

2. Bansal, D. G., Eryilmaz, O. L., & Blau, P. J. (2011). Surface engineering to improve the durability and
lubricity of Ti-6Al-4V alloy. Wear, 271, 2006-2015.

3. Bell, T., Dong, H., & Sun, Y. (1998). Realizing the potential of duplex surface engineering. Tribology
International, 31(1-3), 127-137.

4. Bansal, D. G., Kirkham, M., & Blau, P. J. (2013). Effects of combined diffusion treatments and cold working
on the sliding friction and wear behavior of Ti-6Al-4V. Wear, 302, 837-844.

5. Marin, E., Offoiach, R., Regis, M., Fusi, S., Lanzutti, A., & Fedrizzi, L. (2016). Diffusive thermal treatments
combined with PVD coatings for tribological protection of titanium alloys. Materials and Design, 89, 314-322.

6. Pohreliuk, I. M., Fedirko, V. M., & Dovhunik, V. M. (2000). Influence of nitriding and oxidation on
tribological properties of titanium alloys. Fiz.-khim. mekhanika materialiv, 3, 123—126 [in Ukrainian].

7. Lepicka, M., & Gradzka-Dahlke, M. (2016). Surface modification of Ti6Al4V titanium alloy for biomedical
applications and its effect on tribological performance — a review. Rev. Adv. Mater. Sci., 46, 86—103.

Mykhailo Student!, Prof., DSc., Oleksandr Lukyanenko', Sr. Researcher, PhD, Iryna Pohreluk!, Prof., DSc.,
Vasil Trush!, Sr. Researcher, DSc., Markovych Sergiy?, Assoc. Prof., PhD

'Karpenko Physico-Mechanical Institute of NAS of Ukraine, Lviv, Ukraine

2Central Ukrainian National Technical University, Kropivnitskiy, Ukraine

Antifriction Properties of VT6 Titanium Alloy Strengthened by Diffusion Saturation with
Interstitial Elements

Titanium alloys are widely used in the aerospace, defensive and shipbuilding industry due to their low
weight, high specific strength and corrosion resistance. Recently, the need for increased durability and
tribological characteristics of simultaneous weight loss of heavy unmanned aerial vehicles (drones), both
military and civilian purposes. Replacing steel parts with titanium will reduce the weight of heavy unmanned
aircraft by tens of kilograms. However, titanium alloys have low durability and are grasped during friction with
mounting elements. Therefore, the elements of attachment from titanium alloys can only be used with durable
coatings. Which determined the purpose of the work - to increase the tribological characteristics of the titanium
alloy of VT6 by the formation of layers on its surface, diffusely modified by interstitial elements.

For the formation of strengthened layers, samples were subjected to thermochemical treatment (TCT) in
the vacuum oven according to the following modes: 1) Oxidation mode. The samples were heated in an electric
furnace in a vacuum (P = 0.6 mPa) to 750 °C, kept 5 h in a vacuum 0.1 Pa, cooled to 350 °C and put atmospheric
air, and then cooled the stove with samples to room temperature. 2) Nitriding mode. The samples were heated in
vacuum (P = 0.6 mp) to 850 °C, technical nitrogen to P = 10° Pa, kept 3 h, cooled in nitrogen to 250 °C, vacuum
removed nitrogen and cooled the oven with samples to room temperature. 3) Oxynitriding mode. The samples in
the electric furnace were heated in vacuum (P = 0.6 mPa) to 650 °C, the nitrogen oxygen mixture (80% N +
20% O3) was allowed to pressure P = 0.01 Pa, heated to 850° C and kept 3 h, afte cooling in vacuum to room
temperature. Microhardness from surface and in the sections of the surface layers was determined on the PMT-
3M device for the load on the indentor 0.49 N. The work studied the effect of modification of the Titanium alloy
surface with the interstitial elements (nitrogen, oxygen) to increase its tribological characteristics paired with a
countertil of X18H10T in conditions of dry friction with sliding with a specific load of 1.0 MPa for 600 s. By the
thermochemical treatment of titanium samples was formed diffusion surface-strengthened layers. Their phase
composition was determined, which after nitriding corresponded to TiNj g3, afte oxidation — titanium oxide TiOs,
and after oxynitriding — titanium oxyinitride type TiNo460O054. The friction coefficient in the pair of nitrided VT6
alloy — steel X18H10T increases during the test time and reached a high value (= 0.6). Acute projections on the
nitrided surface was cuted the layers of stainless steel. The friction coefficient in the pair of oxided and
oxinitrided VT6 alloy — steel X18H10T10T decreased over time and reached low values (f = 0.15-0.20), which
was due to the grind in of the surfaces of these elements of friction.

VTé titanium alloy, thermochemical treatment, phase composition, friction coefficient
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YucenbHe MOJICJIIOBAaHHS CUCTEMH «CUTO — YACTUHKHU
Marepiany — IIiTKa

BukoHaHO KOMIIIEKCHE YHCENIFHE MOJICIIOBAHHS IIPOLECY OYMINEHHS CHTa IIITKOIO B CEPEJOBHIIL
Simcenter Star-CCM+, 1110 J03BOJMIIO AETAIBHO BiITBOPUTH HPOCTOPOBY B3AEMOIIIO MiXK €JIEMEHTAMH CHCTEMHU
«CUTO — YaCTHHKHM Marepially — IIiTKa» Ta BCTAHOBUTH 3aKOHOMIPHOCTI BIUIMBY KOHCTPYKTHBHHX 1
KiHEeMaTHYHHX TTapaMeTpiB Ha €PEKTHUBHICTD IIPOLECY OYHMIICHHS. 3aCTOCYBAaHHS MOJENI IUCKPETHUX EJIEMEHTIB
(DEM) y moemHanHi 3 JlarpamkeBoro 0aratoda3HOI ITOCTaHOBKOK 3a0€3IEUHMiIO aeKBAaTHE BiJOOpaskeHHS
KOHTaKTHOI B3a€MOJIii THYYKHNX BOJIOKOH i3 YaCTWHKaM{ MaTepiajly Ta CTIHKaMU KOHCTPYKIii, & BUKOPUCTAHHS
HECTaliOHAPHOTO HESBHOTO PO3PAaXxyHKY TapaHTYBaJl0O CTaOUIBHICTE 1 BHCOKY TOYHICTH HYHCEIBHOTO
iHTerpyBaHHs. Y pe3ynbTari 0OaraToakTOpHOTO MOJENIOBAaHHS BH3HAUYEHO BIUIMB YOTHPHOX OCHOBHHX
rapameTpiB — KyTa HaXWIy IITKH, BIJIHOCHOI'O PO3Mipy YaCTHHOK, KUJIBKOCTI BOJIOKOH Y3/IOBX HAIpsIMy PYyXY i
IIBHKOCTI MEPEMIIIEHHS — Ha TPU KITIOYOBI KpUTEpii €PEeKTHBHOCTI: YacTKy YAaCTHHOK, IO NPOWIIIH Kpi3b
CHUTO, 3UIMIIMINCS Ha MOBEPXHI Ta 31HILIHN 3 HEl.
4yucejbHe MojaeaoBanHs, DEM, miTka, cuTo, 4acCTHHKHU MaTepiaily, epeKTUBHICTh OUUIIEHHS

ITocTranoBka mpoduemu. Y mporeci poOOTH CUTOBUX MAIIMH i 4ac COPTYBaHHS,
OUMILEHHS uM Kiacu@ikalii CUNKUX MarepiaiaiB BiIOYBAa€TbCS 3aCMIYEHHS OTBOPIB CHUT
YaCTUHKAaMHU PI3HOTO PO3MIpY, (GOPMH Ta BOJIOTOCTI, IO CYTTEBO 3HMXKYE iXHIO MPOIYCKHY
3aTHICTh 1 €(EeKTUBHICTh po3auUIeHHS. s 3amoOiraHHs IIbOMY 3aCTOCOBYIOTHCS ILITKOBI
IIPUCTPOT OUMILEHHS, SIKI B3aEMOAIIOTH 13 IOBEPXHEIO CUTA, BUAAISIOUM 3aCTPAIJIl YACTHHKH.
IIpote e¢eKxTHBHICT, Takoi B3aeMOAIi 3aJ€KUTh Bl BEJIUKOI KUIBKOCTI (hakTopiB —
IF€OMETPUYHUX IapaMeTpiB LIITKH Ta CUTa, (PI3BUKO-MEXAHIYHUX BIJACTUBOCTEH YAaCTHUHOK,
KIHEMaTHYHUX PEXHUMIB pyXY, KyTa HaxXMly LIITKH, TYCTOTH PO3MILIEHHS BOJIOKOH Towlo [1-2].

ExcnepuMmeHTanpHe AOCTIDKEHHS LUX MPOLECIB € CKJIaJHUM, TPYAOMICTKUM 1 He
3aBXKJM Jla€ 3MOTy OTpUMAaTH IMOBHY I1H(OpMaIilo IpO MIKpOMEXAHIKY B3a€MO/ii BOJOKOH
LIITKM 3 YacTHHKaMM B oTBopax cuta [3-5]. Tomy mnocrae HEOOXIJHICTb y CTBOPEHHI
YHUCEIbHOT MOJENl CUCTEMH «CHTO — YaCTUHKM Martepiajlly — IIiTKa», sika O J103BOJMIIA
BIATBOPUTH JAMHAMIKY HpPOLECY OYMILEHHS, OLIHUTH BIJIMB OCHOBHUX IIapaMeTpiB 1
BU3HAUYUTU YMOBH, 32 SIKUX 3a0e3neuyeTbcs Halle()eKTUBHILIE OYHUIIIEHHS CUTA.

TakuM umHOM, npoOseMa HoJsArae y po3poOieHHl aJleKBaTHOI (Pi3MKOo-MaTeMaTuyHOL
Ta YUCENBbHOI MOJenmi, ska O omucyBajia B3a€MOJIII0 YAaCTUHOK, HIITKM Ta MOBEPXHI CHUTA,
JI03BOJIJIa IPOrHO3YBaTH €(EKTUBHICTb OUMIIEHHS Ta ONTUMI3YyBaTH KOHCTPYKTHBHI H
KIHEMAaTU4H1 TapaMeTPH MIITKOBUX CUCTEM.

AHaJi3 ocTraHHiX gociaimkeHb i myOuikamiii. CydacHi maketu DEM (3o0kpema
Simcenter STAR-CCM+) po3BuBalOTh MOJEIl THYYKHMX BOJIOKOH 3 ypaxyBaHHSIM
BHYTPILIHBOTO JeMI(yBaHHA 3B’A3KIB MDK cermeHtamu. Y penisi STAR-CCM+ 2210
3’BUJIACh MIATPUMKa JeMI(yBaHHsS LIBHUJIKOCTI B MOJEIl IHYYKHUX BOJIOKOH, L0 JIO3BOJISE
pealiCTUYHO BIATBOPIOBATH 3aTyXaHHS KOJIMBaHb BOJIOKOH 1 MIJBUIIY€E CTAOUIBHICTH Ta
¢13uyHICTh po3paxyHKiB. lle BaxiMBO Ui 3a7ay, 7€ BOPCUHHU (BOJIOKHA) KOJIMBAIOTHCS B
MOBITP1 ab0 MiA Ai€l0 KOHTAKTIB 1 MalOTh BTpadaTH EHEPril0 HE JIMIIE Yepe3 30BHIMIHINA
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aepoJAMHAMIYHUIL omip, a i yepe3 BHYTPIIIHI MeXaHI3MHU [6].

OctanHi poOOTHM  MIATBEPIXKYIOTb, M0 (GopMa YacTUHOK (acepUUHICTb,
BUJIOB)KEHICTh) CYTTEBO 3MIHIOE IMOBIPHICTh 3aKJIMHIOBAHHS OTBOPIB Ta TPAaHCIOPTHI
BractuBocTi MoTOKiB 4YacTuHOK. CFD-DEM pocnimkeHHs MOKa3ylTh, IO HaBITh MPHU
OJIHAaKOBOMY CEpeJHbOMY JAlaMeTpi 3MiHa (OPMH MOXKE MPHU3BECTU A0 IPUHLHUIIOBO PI3HOT
JUHAMIKH «IIPOX1/1/3aKJIMHIOBAHHS» B 0TBOpax. JlJis 3a7au NpoCitoBaHHS i OUMIIECHHS CUTA 1€
03Ha4a€ HEOOXIJHICTb BUKOPUCTAHHS aJIEKBATHUX T'€OMETPUUHHUX alpOKCHUMALlill YaCTUHOK Y
DEM (ne nuie cdep) abo 3acTocyBaHHS MOJIeNeN 3MIIIaHUX/CKIIaIeHUX YaCTUHOK [8-9].

YV DEM-pociimkeHHsaX I KOHTAKTIB «YaCTHHKA—4YaCTUHKA» Ta «YaCTHHKA—CTIHKA)»
HaWyacTilie 3acTOCOBYIOTH Mojenb [epuma—Minanina. OcTaHHI OTJsSAM W AOCIHLKEHHS
MIAKPECIIOITh, 110 BHOIp 1 KamiOpyBaHHsS KOHTakTHOI Mojeii (KOPCTKICTb, KOEQIIIEHT
neMrQyBaHHs, KOeQIieHT TepTs) CYTITEBO BIUIMBAIOTh Ha MAaKPOCKOMIYHY IOBEIIHKY
(BKJIIIOYHO 3 SIBUIEM 3aKJIMHIOBAHHS), TOMY HEOOXiJHa eKCIIepUMEHTalbHAa YU YHCEIbHA
KaJiOpoBKa MapameTpiB JJi1 KOHKPETHOTO MaTepialy 1 Jlana3oHy HaBaHTaxeHsb 8, 10].

AHaniTiyHi Ta 4yucenbHl gochimkeHHs [l, 11] mexaHi3MIB OJOKyBaHHS OTBOPIB
HAJal0Th (OpMajbHI 3aJE€KHOCTI Ta MIIXOAU A0 OLIHKKM HMOBIPHOCTI 3aKJIMHIOBAHHS, ajie
cydacHi pobotu Bce yactime komOiHyroTh DEM (quist tBepaux Ttun) Ta, 3a norpedbu, CFD
(1106 BpaxyBaTH BIUIMB IOBITPS/TIOTOKY), OCOOJIMBO KOJIM PyX YaCTHMHOK CYINPOBOJIKYETHCS
3HAYHOIO aepOJMHAMIYHOI0 B3aeMoi€r0. OKpeMi JOCTIIKEHHS 1EMOHCTPYIOTh €(PEKTUBHICTh
DEM-nigxoiB 1j1si BITTBOPEHHS MPOIIECIB 3aKIMHIOBAHHS B BIOpAIifHUX ¥ IHIINX CUTOBUX
arnaparax.

ITpaui [12], npucBsYeHI KOHKPETHUM YUCTHJIBHUM MeXaHI3MaM (eJIaCTU4H1 KYJIbKH,
LIITKH, PYXOMI1 €JIeMEeHTH B KoMOaiiHax), nemoHcTpytoTh kopucts CFD-DEM/DEM-MBD
MiIXOMIB JJs ONTUMI3amii KOHCTPYKIIi Ta pexuMiB. J{OCHIKEHHS TMOKa3ylTh BIUIHB
napaMmeTpiB (4aCTUHKM, KyT HaXuily, MIBUAKICTb, TI'€OMETpis IIITKM) Ha €QEKTUBHICTh
OUHIIIEHHS 1 BTpaTH MaTepiajly, 10 MPsIMO KOPEIIIOE 3 BAIIO0 TOCTAaHOBKOIO 3a4aui.

Oxpim STAR-CCM+ [13], immi DEM-mnardpopmu (nanpukian, Rocky DEM [14])
TAKOX MAalOTh THYYKI MOJEJIl BOJIOKOH 13 MOXJIMBICTIO pYHHYBaHHS, IUIACTUYHOCTI Ta
CKIAAHIMOI MOBENIHKH cerMeHTiB. [lopiBHSIBHUN aHaM3 MIAXOIIB TMOKa3ye: MOJENl Ha
OCHOB1 IIOCIIIOBHO 3B ’SA3aHMX LWJIIHAPUYHUX/CHEPO-LUUIIHAPUUYHUX CErMEHTIB Jal0Th
XOpolly SIKICTh BIATBOPEHHS 3rMHAJIBHUX 1 OCbOBUX BJIACTHUBOCTEH BOJIOKOH IPHU PO3YMHIN
obuuncoBaNbHINA eexTuBHOCTI [15].

ITocTanoBka 3aBaanus. [locTaHoBKa 3a1a4i YHCENBHOIO MOJEIIOBAHHS HOJArae y
BIATBOPEHHI M BCTAHOBJIEHI 3aKOHOMIPHOCTEH MpOILECY OYMILEHHS CHUTa B 4YaCTUHOK
MaTepiagy LIITKOI MIISXOM NOOYI0BHM IPOCTOPOBOI MOJENI CUCTEMH «CUTO — YAaCTUHKHU
MaTepiaiay — LITKa».

Buknan ocHoBHoro Mmarepiaay. I[IpocropoBa cxema Mozeni CHUCTEMH «CHUTO —
YaCTUHKM MaTepiany — IIiTKa» HaBeneHa Ha puc. 1. Posrmsinaerses citka po3mipaMu LgyX Ly,
sgKa Ma€ PIBHOMIPHO pO3TalllOBaHI KBaJpaTHI OTBOPHU 31 cropoHO0 Do. ¥V oTBOopax cura
PO3MIILYIOTBCS YaCTUHKU CHIIKOTO Marepiaiy, popMa SIKUX alpOKCUMYETHCS KOMIIO3ULIEIO
TPhOX cdep, 3’€AHAHUX Yy BUIVIAIL enincoifa, 3 xapakTepHUMH po3mipamu Dy 1 dp . Takuit
MiAX1J J03BOJIAE€ BpaxyBaTH ac(epUyHICTb Ta HEPEryJIsSpHICTb TIeoMeTpli YacTHUHKU
Mmatepiany. Hax moBepxHero curta po3ramoBaHa 0071acTb WITKU 3 po3MipaMU LpxXLpyX Ly, sika
CKJIQJIA€ThCS 3 BOJIOKOH C(epo-LUIIHAPUYHOT GopMH Yy KUIbKOCTI 28%4 mTyk. ['eomeTpuuHi
HapaMeTpy KOKHOTO BOJIOKHA BM3HAYAIOTHCS AiaMeTpoM Dy, HOBXKHHOIO Lp, 1 KUIBKICTIO
cerMeHTIB Np. IlliTka nepeminryerbcs mnapajgenbHO IUIOMIMHI CHUTA 31 HIBUAKICTIO Vb,
IMITYIOUH TNPOLEC MEXaHIYHOTO OYMIIEHHS MOBEPXHI BiJ YAaCTUHOK, L0 3aKJIMHIOIOTHCA B
orBopax. Ilig cuTom posramoBaHuil npuilmManbHui OyHKep i 300py Marepiany, SKHM
MPOXOAUTh KpPi3b OTBOPHU MICHS il HIIITKH. YCS CHUCTEMA «CUTO — IIITKA — YaCTHHKU»
po3MmilyeTbes B pobouii o0nacTi, 110 BiAnosinae 06’emy 30ipHUKa cxoay Matepiany. Takum
YMHOM, 4YHCEJbHAa IIOCTAaHOBKA 3a/Jadl CHpPSAMOBaHAa Ha JOCHIKEHHS 3aKOHOMIPHOCTEH
B3a€MOJIT BOJIOKOH WLIITKM 3 YaCTUHKAMHM, SIKI 3HAXOJAThCA Y OTBOpax CHUTa, Ta OLIHKY
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e(pEeKTUBHOCTI iX BUJAJEHHS 3aJIEXHO BII TEOMETPUYHMX, KIHEMaTHYHUX 1 (I3UKO-
MEXaHIYHUX [TapaMeTPIB CUCTEMH.
>

Dr' 5 - YacTHHKM MaTepiany

i
¥ .
Dh - Bonokuo witku

$ Fabipuuk npoxony marepiamy

Vs | Dy
= 3abipHUK cXOIy Marepiany

i
z
Pucynok 1 — IIpocTtopoBa cxema MOZIENi CHCTEMH «CHTO — YaCTUHKHU MaTepiajly — IiTKa
Hoicepeno: pospobreno agmopamu

B mpoekuii HaBeAEHO NIPOCTOPOBY CXEMY MOJEII CHCTEMU «CHUTO — YaCTUHKU
MaTepiaiay — LiTka» (puc. 2).

Pucynok 2 — [poexkiii mpocTopoBoi cxeMa MOAET CUCTEMH «CUTO — YACTUHKHU MaTepiaiy — IIiTKay
Licepeno: pospobaeno asmopamu

JUIs 4UCEIbHOTO MOJEIIOBAHHS IMPOLECY OYMILEHHS CUTA ILITKOI Y IPOrpaMHOMY
maketri Simcenter Star-CCM+ oOpaHo komriuiekc (I3MUHUX MoOjeel, mo 3a0e3medyroTh
a/IeKBaTHE BIATBOPEHHS MEXAHIKM B3a€MOJIIi THYYKUX BOJIOKOH ILITKH, YACTUHOK Marepiany
Ta €JIeMEHTIB KOHCTpyKIii cuta. OcHOBHMMH MojensaMu € OescitkoBa DEM, Jlarpanxkesa
OaraTodasHicTb, MOJeNb TUcKpeTHUX esneMeHTiB (DEM), Transient Implicit, Gravity, a Takox
MOXJIUBICTH Solution Interpolation i onTuMi3alii YUCETBLHOTO PIICHHS.

bescitkoBa DEM BUKOPHUCTOBY€ETBCS AJIsi MOJICIIOBAHHS PyXy Ta B3a€MOJIi YaCTUHOK
6e3 notpedu B cTpykTypoBaHiil citii. el migxin 3abe3nedye epekTUBHY 00pOOKY BEIMKUX
MacHuBIB YaCTUHOK, 3MEHILIYE OOYMCIIOBAJIbHI PECYpCH Ta J03BOJISIE peai3yBaTH CKIAAHY
KIHEMAaTUKY BOJIOKOH IL{ITKU MU IXHIM B3aeMO/I{ 3 YaCTUHKAMU Ta CTIHKaMU.

JlarpanxeBa OaraTtoQasHICTh [103BOJISIE MOJENIOBAaTH [JBI OKpeMi (a3u: 4aCTUHKU
Marepianxy Ta BOJOKHA LIITKH, K1 pyXarThCA HE3aJIEKHO, 30epiratodyi MacoBl Ta KIHEMaTHYHI1
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xapaktepuctuku. KokHa ¢aza BU3HAYAETHCA OKpeMHUMH (PI3SUYHUMHU BIIACTHBOCTSIMHU Ta
B3a€MOJII€ 3 IHIIUMU (a3aMU Yepe3 KOHTAKTHI 3aKOHH.

Mogens nuckpetHux enementiB (DEM) 3abe3neuye BiATBOpEHHS] KOHTAKTHUX CHJI Ta
MOMEHTIB MDK YaCTHHKAMH, MDK YaCTHHKAMH Ta BOJIOKHAMHM, a TaKOX MDK BOJIOKHAMH 1
cTinkamu cuta. OOpani miaMoeni AJig KOXKHOT a3y HaBeAeHO B TaOi. 1, a iXH1 B3aeMoOli — y
Tabm. 2.

Tabmuis 1 — O6pani migmozeni a3 YuceIbHOT0 MOICTIOBAHHS

dasza OO6pana MoJielh IIpusHaueHHs
Yactuaku | Yactuaku DEM, cyuinbHa, rocriiiHa rycTruHa, | BinTBopeHHS pyXxy Ta B3a€MOJIii YaCTHHOK
MaTepiagy | 3MilIaHi YaCTHHKH pi3HOI opMU Ta po3MipiB y Mo cuTa
Bookua qaCTI/I.HKI/I DEM, cyuim,Ha.i, THYYKE BOJIOKHO MogentoBaHHS THY4KHX  BOJIOKOH 13
itk (TrocITiIOBHO ~ 3’enHani IMTIHAPAYHI | BPAXYBAaHHAM — OCHOBOI  Ta  3THHAJLHOL
CErMEHTH), TIOCTiHHA T'yCTHHA YKOPCTKOCTI, KOJIMBAHb Ta JEMI(YBaHHS

Tabmuis 2 — O6pani migMoeli B3aeMoiil a3 YnCeaTbHOTO MOACITIOBAHHS

Bzaemopnist Mogens IIpu3HaueHHs

BintBopennst mnpyxnoi nedopmarii Ta
TEPTsl MiXK CETMEHTAMH BOJIOKOH

Bomnokno — BonokHo | JliHiiiHa npyKuHA, CHIa KOYEHHS

. . Jliniitaa IIpy>KUHa, 3B 130K | JKOpCTKMI KOHTAaKT BOJIOKOH i3 OCHOBOIO
BookHo — cTiHKa KA . .
YaCTUHKA—CTIHKA, CUJIa KOYECHHS IITKA
. JliniiHa 1o HHA KoHTakTH BOJIOKOH 13 KOHC IMHIMHA
BomokHo — cTiHKa cuTa Py ’ . TPyKl
CHJIa KOYEHHS CTIHKaMH CHUTa
Mounens TI'epuma—Minmriina, cuia | Bzaemomist 4YacTMHOK  Marepially MIDK
YacTUHKH — YaCTHHKHU a pH A ? a plaity
KOYEHHS co60r0
o KonTakTH  BOJOKOH 13  YaCTHHKaMU
Bomokno — wactuaku | JliHiiiHa mpy)XuHa, CHITa KOYCHHS .
MaTepiary
. Moznens TI'epuma—Minmrina, cuina | KOHTakTH 4acTHHOK 13 KOHC IMHIMHA
YacTUHKHA — CTIHKHA a pH A > . TpyKH
KOYEHHS CTIHKaMH CHUTa

Hecraunionapuuii HesBHUH po3paxyHOK 3a0e3ledye CTaOUIbHICTh I1HTErpyBaHHS
PIBHSIHb PyXy IIPU BUCOKIN JKOPCTKOCTI KOHTAKTIB Ta BEJHUKIN KUIBKOCT1 €IEMEHTIB CUCTEMHU,
110 0COOJIMBO BaYKJIMBO JUIsI MOJICJIIOBAHHS B3a€MO/I1i THYYKHX BOJIOKOH Ta APIOHUX YaCTUHOK
y BY3bKUX O0TBOpax cuta. Yac irepauiit ckinagas — 0,001 ¢, KUIbKICTH ITepaliif 3a OJJUH KPOK —
5, 3araabHHN Yac MOJCITIOBAHHSA 5 C.

Cuna TsOKIHHA BKIIOUEHA K 000B’A3KOBA 30BHINIHS MacoBa cuiia Juist 000X a3, mo
JI03BOJIIE KOPEKTHO BPAaXOBYBAaTH MEPEMIILIEHHS] YaCTUHOK Ta BOJIOKOH IIiJ J1€10 BJIACHOI Baru
Ta B3a€MOJI{ 3 KOHCTPYKIIIEIO CUCTEMH.

IaTeprioniAnis  pilleHHS BUKOPUCTOBYETHCS JJI INPUCKOPEHHS OOUYMCIEHb Ta
3riaKyBaHHS Pe3yJbTaTiB IPU BEJIMKINA KUIBKOCTI KOHTAKTIB 1 ()a30BUX B3a€MOIH.

@di3uKO-MeXaHi1uH1 BJIACTHBOCTI (ha3 MOJCNIOBAaHHS (YaCTUHOK 1 BOJIOKOH) Ta iXHi
B3acMOIIl MK cO00I0, CTIHKaMHu 00JIacTi 1 cuTa HaBeAeH] B Ta0I. 3.

3a pesynbTaTaMM aHaII3y MONEPENHIX NOCHIIKEHb K OCHOBHI (pakTopu (Tabdn. 4)
Oysi0 oOpaHo:

— BIIHOIIEHHS KUILKOCTI BOJOKOH IIITKHY B3J0BK HAaIPAMKY i1 pyxy, Nbx;

— BITHOCHUH pPO3MIp 9acTHHOK Kpo, SK BIIHOIIEHHS MEHILIOTO JiaMeTpa YaCTUHKH
Marepiany dp 10 TEOMETPUYHOTO po3Mipy oTBOpY cuta Do:

K= (1)

— IMIBUJKICTh MEPEMIIIEHHS IIITKA Vb,

— KYT HaXuJly IIITKA BITHOCHO CHTa Y, °.

KinpkicTh BOJIOKOH WITKM B3J0BX HampsAMKy ii pyxy (Nux) BHU3Hada€e T'YyCTUHY
KOHTAaKTy BOJIOKOH 13 TMOBEPXHEI0 CHUTAa Ta YAaCTMHKAMU Marepianxy, mo Oe3mocepeaHbo
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BIIUBA€ HAa IHTEHCUBHICTh OYMUIICHHS Ta pPIBHOMIPHICTh 3HATTA HAIMIUIUX YAaCTHHOK.
Bignocuuii po3mip yactuHOK Kpo XapakTepu3ye MOXKIMBICTh TPOXOKEHHS a00 3aTpUMaHHS
YaCTUHOK y OTBOPAX, a TAKOXX BHU3HA4ae €(PEKTUBHICTb caMoouuIleHHd cuTa. IBuaxicTh
MEePEMIIIEHHS IIITKU Vp BIJTUBAE HA KIHETUYHY €HEPril0 B3a€MO/Iii BOJIOKOH 3 YaCTUHKAMU Ta
CUTOM, II[0 BHU3HAUYA€ SIK IHTEHCHUBHICTh OYHWIIEHHS, TaK 1 MOKJIMBI MOMIKOHKEHHS pOO0OUOi
noBepxHi. KyT Haxuiy HIITKM BITHOCHO CHTA Y BU3HAYA€ OPIEHTAI[II0 BEKTOPIB KOHTAKTHUX
3yCWIb MDK BOJIOKHAMH 1 MoBepxHelo cuta. [Ipu 3MiHI IbOro KyTa 3MIHIOETHCS HE JIMILIE
rOWHA TPOHUKHEHHSI BOJIOKOH Y OTBOPH CHTA, a M HAMPAMOK peakiii Mpu KOB3aHHI, 110
BIJIUBA€ HAa XapakTep OYMULICHHs (3MIIYBalbHHUM, 3iKpiOanbHU abo KOMOIHOBaHMI).
OnTumanbHUH KyT 3a0e3ledye MakCUMallbHy €(QEKTHUBHICTh BUIAJEHHS YAaCTUHOK IpU
MIHIMAJIbHOMY HABaHTAXXCHHI Ha BOJIOKHA Ta IOBEPXHI cHUTa. TakuM 4YMHOM, OOpaHi
(hakTopu € HAUOUIBII 3HAYYITUMU 3 TOUYKH 30PY BIUIMBY Ha €(PEKTUBHICTH MPOIIECY OUUIIICHHS
CUTa IIITKOIO Ta 3a0e3NeuyloTb MOKJIHUBICTh KOMIUIEKCHOI OI[IHKM MEXaHI3My B3aeMOJii
BOJIOKOH 13 YaCTUHKaMU Marepiainy.

Tabmuis 3 — @i3uko-MexaHidH1 BJACTUBOCTI (a3 MOJIETIOBaHHS Ta 1XH1 B3a€MOMIT

da3a / B3aemogis BractusicTs / mapamerp 3HaueHHA
Ynco cerMeHTiB BOJIOKHA 20
JloBk1HA BOJIOKHA, M 0,05
JliameTp BOJIOKHA, M 0,001
B [0 LiipHICTE YaCTHHOK, KI/M’ 1140
(xa JH) Monyns FOnra, MIla 3000
KoegimienT ITyaccona 0,35
KoeoimienT cratnuHoro tepts 0,25
KoegimienT ornopy xoueHHs 0,1
KoegirmienT Binckoky 0,1
2KopcrkicTs npyxHBOTO eneMenTa, H/m 10°
YacTHHKa BingnocHi koopauHATH LEHTPIB cdep 1 iX pagiycu:
—cepa 1 (0; 0; 0,5); r=0,7
— cepa 2 (0;0;0);r=1
—cepa 3 (0; 0; -0,5); r=0,7
LipHICTS YaCTHHOK, KI/M° 600
Monynb FOnra, MIla 15
KoegimienT ITyaccona 0,2
KoeoimienT cratuuHoro tepTs 0,53
KoegirienT BiICKOKY 0,1
. . IineHiCTS, KI/M> 7800
Crinka obmacri 10
Monyns 3cyBy, Ila 7,9x10
(cramnb) o
KoegimienT [lyaccona 0,3
Konctpykuiitna [linbHicTh, Kr/M> 1140
CTiHKa CHTa Monyns 3cyBy, Ila 3000
(xarposon) KoegimienT [lyaccona 0,35
KoeoimienT cratuuyHoro tepTs 0,48
BonokHo L
. KoeoimienT tepTst KoueHHs 0,05
Ta CTiHKa (CTaJb) . ) . .
KoeoirienT BiTHOBICHHS MiCIs 31TKHEHHS 0,1
KoeoimienT cratuuHoro tepTs 0,554
Yacrunka L
. KoeoimienT TepTst KoueHHs 0,05
Ta CTiHKa (CTaJb) . ) . .
KoedimieHT BiTHOBICHHS IICIISA 31 TKHCHHS 0,1
BonoxHo KoegimienT cratuuHoro tepts 0,25
Ta CTiHKa CUTa KoeoimienT tepTst KoueHHs 0,05
(xarposon) KoeirienT BiTHOBICHHS MiCHIs 31TKHEHHS 0,1
Yacrunka KoeoimienT cratnuHoro tepTs 0,62
Ta CTiHKa CUTa KoeoimienT tepTst KoueHHs 0,05
(xarposon) KoeoirienT BiTHOBICHHS MiCHs 31TKHEHHS 0,1
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Tabnunsg 4 — PiBH1 BapitoBaHHS (PaKTOPIB YHMCEIHHOIO MOIETIOBAHHS

Binnomrenss BifHOILICHHS MEHIIIOro .
Kyt . . . . IIBuaKICTE
. KIJIBKICTh BOJIOKOH JliaMeTpa YaCTHKH MaTepiaTy .
Pisern Haxumry ILIITKK B3IOBX 11 pyxy JI0 TEOMETPUIHOTO PO3MIpPY TEPEMITIICHEA
OITKA Y, N omsopy crra Ky, LIUTKA Vi, M/C
KonyBanus X1 X2 X3 X4
Hwxwiit (—1) =30 1 1,05 0,4
Hwxwiit (0) 0 5 1,10 1,2
Bepxwi (+1) 30 9 1,15 2,0
InTepBan 30 4 0,05 0,8

VY SKOCT1 KpUTEPIiB TOCTIIKEHb BUSHAYATIUCS:

— KUIBKICTh YaCTUHOK, 1110 MPOMIIIN yepe3 CUTO — Ngi;

— KUTBKICTh YACTHHOK, 1110 3aJIUIITMIMCS Ha TOBEPXHI CUTA — Ngu;

— KUTBKICTh YACTHHOK, 110 31MIIIN 3 MOBEPXHI CUTA — Ngd.

Jlnst omiHOBaHHS €(EKTHBHOCTI MPOLIECY OYMILIEHHS 32 OTPUMAHUMHU MOKAa3HUKAMH
o0uunCIIOBANINCS BIAMOBIAHI YacTKu (puc. 3):

— 4aCTKa YaCTHHOK, 1[0 TPOUIIUIN KPi3b CUTO:

N i
€y = 100 £ ; (2)
N gt N wt N ad
— YaCTKa YaCTUHOK, IO 3aJIUIININCA Ha CI/ITiZ
N u
€4y = 100 - ; (3)
N, +N,, + N

— YaCTKa YaCTHHOK, IO 31MIIIN 3 MOBEPXHI:

N d
=0 N TN (4)
gi gu gd

Takuii miaxig A03BOJISE KUIBKICHO OIIHUTH €(PEKTHBHICTh OYHWINECHHS CHUTA MIITKOIO,
BU3HAUUTHU ONTUMAJIbHI YMOBH pOOOTH Ta BUSBUTHU BIUIMB KOHCTPYKTHBHHMX 1 KIHEMAaTHUYHUX
IapaMeTpiB Ha pO3MOALT YACTHHOK Y IPOLECI.

MopnentoBaHHs ~ HPOBOJMJIOCH 32  CXEMOIO  IHOBHO(AKTOPHOIO  YHCEIBHOIO
eKCIEPUMEHTY, L0 Iependadae BapitoBaHHS BCIX 00paHMX (PaKTOPIB HA 3alaHUX PIBHAX 3
ypaxyBaHHSM IX MOXKJIMBOTO B3a€MHOTO BIUIMBY. TakKuil MiIXif 103BOJISE IOBHICTIO OI[IHUTH
BIJIUB KOXHOTO MapamMeTpa Ha e(eKTUBHICTh MPOLIECY OUUIICHHS CUTA. 3arajibHa KUIbKICTh
nociigis 3* = 81. Yucno MOBTOPIOBAHb KOKHOTO JOCIIAY — 3.

Bisyanizanito 1MHaMIKU CUCTEMH «CHTO — YaCTUHKH MaTepialy — IITKa» HAaBEJEHO Ha
puc. 4. Ha 300pakeHHI NPEACTABICHO TOCIIAOBHICTh B3a€MOJIl BOJOKOH WIITKH 3
YacTHUHKaMM Martepiajly Ha MOBEPXHI CHTa, L0 A€ 3MOTY MPOCTEXUTH MPOLEC OYMIEHHS
OTBOPIB, MEPEMIIIEHHS Ta PO3NOALUT YACTUHOK Yy Yaci.

Perpeciiinuii aHami3 pe3ynbTariB 4YMCEIBHOTO MOJEIIOBAHHSA INPOBOJUBCA Y
cepenosuili Wolfram Cloud, ske 3a0e3neuye HIMPOKI MOXJIMBOCTI Ul MaTeMaTHUYHOI
00pOOKH eKCIIEpUMEHTAIBbHUX Ta MOJENbHHUX JAaHUX. /ISl onmucy oTpuMaHUX 3aleXHOCTeH
MDK JOCIUDKYBAaHMMM (pakTOpamMu Ta KpUTEpPIIMU BIATYKY 3aCTOCOBAHO (DYHKIIIIO
NonlinearModelFit, mo no3BoJisie noOyayBaTH HENIHINHY perpeciiiny Mojeib, BU3HAUYUTH ii
apaMeTpu Ta OLIHMTH SIKICTh ampokcuManii. 3a gomomororo ¢yHkuiii ParameterTable 1
FitCurvatureTable BukOHaHO neTaqbHUN aHaNi3 CTATUCTUYHUX XapaKTEPUCTUK OTPUMAHOI
MOJENl — CTaHJApTHUX MOXUOOK MapaMeTpiB, t-CTATUCTUK, KOEQIIEHTIB AeTepMiHaulii Ta
KPUBHU3HM TMOBEpPXHI BIATyKy. /[lns mepeBipkd aaekBaTHOCTI MOOyIO0BaHOT MOJeNl Ta
3HAYyLIOCTI OKpeMux (akTopiB BHKOpucTaHO Kputepii CrhloseHTa (U1 OLIIHIOBaHHS
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Koe(imieHTIB pIBHSAHHSA perpecii) 1 kpurepii Dimepa (A7 OIIHIOBAHHS 3arajlbHOI

a7ICKBaTHOCT1 MOJIEII1).
wr
T

ﬂ'.

bS.I4"-'n

Sl B 57
I gt =
+ 5| — ;;”".l,,_.
. 26 s
. L
¥y o 10%%
% . Now Ny Ny

Pucynok 3 — Pe3ynbTat B3a€EMO/Ii1 B CHCTEMI «CHUTO — YACTHHKH MaTepiaily — IIiTKa»

Lowcepeno: pospobaeno asmopamu

Hlt=25c = ..t t

Pucynok 4 — Bizyanizamnito TMHaMiKH CHCTEMHU «CHTO — YAaCTHHKH MaTepiary — IIiTKa»
Howcepeno: pospobrerno asmopamu

Ha ocHOBi pe3ynbTariB 4YMCENBHOTO MOJICIIOBAHHS Ta MOAANBIIO] CTATUCTUYHOT
00poOKHM JaHUX OTPUMAHO PIBHSIHHS perpecii APYyroro MOPSAKY [ TAKUX KPUTEPIiB BIATYKY:
— YaCTKa YaCTHHOK, 1110 3aJIUIIUINCS Ha CUTI (pHC. 5):
€eu = 3,2309 — 0,356443 v + 35,7037 Kpo — 7,2169 Nox + 0,01678 v Nox +
+0,386921 Ni? + 21,6759 V — 6,67245 Vv’ ®)
— YaCTKa YaCTUHOK, 1110 31MIIIN 3 MOBEPXHI (pHC. 6):
€od = —3078,21 +2,14451 y — 0,00881687 v+ 5513,39 Kpo — 1,81481 7 Kpo — 6
2442.96 Kpo? —10,3512 Npx + 13,0556 Kpo Nbx — 0,24456 Npy? — 2,34491 Vy,; ©)
— YaCcTKa YaCTHHOK, 110 MPOUIIIIN KPi3b CUTO (puc. 7):
gei= 100 — £gu — £6i=3174,98 — 1,78806 v + 0,00881687 y* — 5549,09 Kpo + 1,81481 y Ko +
+2442,96 Kpo? + 17,5681 Nix — 0,0167824 1 N — 13,0556 Ko N — (7)
—0,142361 Nuw? — 19,331 Vi, +6,67245 Vi,
Kpwurepiii ®dimepa uist piBHsHHA (5) craHoBUTH 163,33, a st piBHsHHS (6) — 138,82, 1110 3HaUHO
niepeBuIiye TabmirdHe 3HaueHHs 1,96. Lle minrBepmKye cTaTuCTUYHY a/ICKBATHICTh OTPUMAHHX PIBHSHD.
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CyMa KOHCTaHT 1 KOe(ILlEHTIB y TPbOX PIBHSHHSX Jae yMoBHUM Oananc 100% (orso s
YacTOK PO3MOAUTY YacTUHOK). Lle o3Hauae, 1110 Mojerni CyMICHI i ONMUCYIOTh PO3MOJUT O/HIET I Tiel 3K
MHOKHHH YaCTUHOK MDK TPhOMa CTAaHAMU: TIPOUIILTN KPI3b CUTO (Egj), 3ATUIIMIHICH HA CHTI (Egu) 1 3TAIILTH
3 TOBEpXHI CHTa (€ed). TOMY MNO3ZUTHBHMI BIUIMB (pakTopa HAa OJHY 4YAacTKy, SIK IIPaBUIIO,
CYIPOBO/DKYETHCS BII’EMHUM €PEKTOM Ha OJIHY a00 JIB1 IHILII.

1 2 ~gy’ 0.5
20 U 115

PucyHok 5 — 3aexHicTh 3MiHHM YaCTKH YaCTHHOK €y, 110 3AJIMIIAIOTHCS HA CHUTI, BiJ{ KyTa HAXWIY IIITKHA Y,
BiJTHOCHOI KiJJbKOCTi BOJIOKOH IIIITKM B3/JJOBX HANpsIMKY ii pyXy Npx, BiIHOIIECHHS MEHILOTO JlilaMeTpa YaCTHHKA
MaTepiaiy 0 TE€OMETPUYHOTO PO3Mipy OTBOpY cuTa Ky, Ta IMBUAKOCTI IepeMillleHHs IITKA Vy,
Howcepeno: pospobrerno asmopamu

Pucynok 6 — 3aexHiCTh 3MIHHM YaCTKH YaCTHHOK €gd, 110 31HMIIIIM 3 OBEpXHi, BiJ KyTa HAXWIY IIiTKH Y,
BiJTHOCHOI KiJJbKOCTI BOJIOKOH IIIITKM B3JJOBX HANpPSIMKY ii pyXy Npx, BiIHOIIECHHS MEHILOTO JliaMeTpa YaCTHHKA
MaTepiaiy 0 TEOMETPUIHOTO PO3Mipy OTBOpY cHTa Ky, Ta IMBUAKOCTI IEpeMillleHHs IITKA Vy,
Howcepeno: pospobrerno agmopamu

204, : 5
105 ™ ‘ " 1.5

110 ! &4

& 4" 0.5

Pucynok 7 — 3asexHiCTh 3MIHM YaCTKH YaCTHHOK &g, 1110 POMIIUTN KPi3b CUTO, BiJl KyTa HAXWIY IIiTKH Y,
BiJTHOCHOI KiJJbKOCTI BOJIOKOH IIITKM B3/IOBX HAINpPsIMKY ii pyXy Npx, BiIHOIIECHHS MEHILIOTO JliaMeTpa YaCTUHKH
MaTepiaiy 0 TEOMETPUIHOTO PO3Mipy OTBOpY cuta Ky, Ta IMBUAKOCTI IEpeMillleHHs IITKA Vy,
Howcepeno: pospobrerno asmopamu

Bnaue 6ionocnoco posmipy uacmumku Kpo. 30UIBIIEHHS BITHOCHOTO PpO3MIpY
YACTUHKH y PIBHSHHI JJIS €gu NPU3BOAUTE JI0 3pOCTAaHHS YaCTKU Marepiany, L0 3aJUIIAE€ThCS
Ha cutl. Koim po3mip 4YacTMHKM CTa€ MOPIBHSIHHUM a00 TMEPEBUILYE PO3MIP OTBOPY,
HMOBIpHICTh 1i IMPOXOJKEHHS 3MEHUIYETbCS — YaCTUHKAa dacTime 3acTpsrae abdo
3aKJIMHIOETHCA. Y PIBHSIHHI &g 30UTbIIeHHS Kpo 3HIDKYE YAaCTKY YaCTHUHOK, 110 IPOMILIN Kpi3b
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CUTO. Y pIBHSHHI €gd NPUCYTHIM BEIMKUN MO3UTUBHUN JIHIMHMM 1 3HauUHUN B €MHUM
KBaJpaTUUYHUN KOE()ILI€HT, 10 CBIAYUTH MPO BHUPAKEHY HENIHIMHICTH: MpPH MOYATKOBOMY
3pocTtaHHl Kp, 4acTka 4acTHUHOK, IIO0 CXOJAAThH 13 MOBEPXHI Egd, 30UIBLIYETHCS — L€ MOKHA
MOSICHATHA TUM, IO YaCTHUHKH, AKI HE IIUIbHO 3aCTPAraloTh, BUOMBAIOTHCS IIITKOIO. [IpoTe
npu nojanbilioMy 3poctaHHi Kpo KBaJpaTMyHUN wWieH NOYMHAE JOMIHYBAaTH, 1 €gd
3MEHILIYEThCS Yepe3 HaaMIpHE OJOKYBaHHs BEJIMKHUX YACTUHOK y KOMipkaX. TakuM 4YHHOM,
icHye KpuTHUHA Mexa Kpo, MICHS K0T CIIOCTEPIraeThesl NepeBaxkaHHsl €(PEeKTy 3aKIMHIOBAHHS.

Bnaue kinokocmi 6onokon y300801c Hanpamxy pyxy Npx. Y PIBHSHHI gy KOCQIIIEHT IPU
Npx Mae Bim’e€MHE 3HA4YCHHS, a KBaJpaTWYHUN — nonatHe. lle o3Hauae, mo 30UTBIICHHS
KUIBKOCTI BOJIOKOH CIIOYAaTKy 3MEHIIYE 4acTKy MaTepiaiy, sSKUil 3aJuIlaeTbcs Ha CUTI, TOOTO
rycrima mirka edekTuBHile ouunirye oTBopu. IIpore 3a HaaMipHOro 30UTbIIeHHS Nbx epexT
HAaCUYyeTbCS — HAQIJIMUIIKOBA TI'YCTHMHA 3HMXKYE €(QEKTHUBHICTh OYMILEHHS. Y pIBHSAHHI &g
JMIHIAHUNA KOe(DIliEHT MO3UTUBHHM, TOOTO 30UTbIIeHHS Npx MIABUINYE YACTKY YaCTHHOK, IO
IPOXOJATh Kpi3b CUTO. Y DIBHSIHHI €gd 30UIbIIEHHS Npx 3MEHIIYE YacTKy YacTHHOK, 10
CXOJATh 13 NOBEPXHIi, oHaK B3aeMoAisa 3 Kpo 3MiHIO€ 1el edekt — npu Outbmux Kpo Brius
Npx MOX€ TMOCHUITIOBATH CXOKEHHS YaCTUHOK. 3 (PI3MYHOI TOYKU 30Dy, OUIbIIA KUIBKICTh
BOJIOKOH 3a0e3Ieuye IHTeHCUBHIINN KOHTAKT 13 YaCTUHKaMU, 30UIbLIYIOUN YacTOTY 3ITKHEHb
1 IIaHC BUTICHEHHsI YaCTMHOK 13 OTBOpPIB. BogHOUAac HaMipHa I'yCTHHA BOJIOKOH MOYKE YCKJIaIHIOBAaTU
BUBEJICHHS MaTepiany 3-IiJ LITKH, 1110 HOSICHIOE HAasBHICTh KBaJpaTUUHOT 3aJIEKHOCTI.

Bnaue xyma mnaxuny wimxu y. KoediieHT npu y y pIBHSHHI €mu Ma€ HEBEIUKE
3HAuYeHHS, 110 BKa3ye Ha MOMIPHUN BIUIMB KyTa Ha Ipouec. 31 30UIbLICHHSIM KyTa HaXuily
JacTKa MaTepiaiy, L0 3aJUIIAETHCS HAa CUTI, HE3HAYHO 3MEHUIYETHCS. Y PIBHSIHHSAX €gd TA Egi
HPUCYTHI SIK JIIHIHHI, TaK 1 KBaJpaTU4H]I WIEHH 3 MaJIUMHU KOeQIIiEHTaMU, 110 CBLAYUTH PO
ciabKy, ajle HeNiHiiHY 3anexHIcTh. B3aemonia 3 mapamerpom Kpo mokasye, mo 3miHa Kyra
BIJIMUBAa€ Ha €(QEKTUBHICTh OYMIIEHHS 4Yepe3 3MIHY HampsMKy CHI TepTs Ta 3cyBy. Kyt
HaxMIy BU3HAYA€E CIIBBIIHOMIECHHS HOPMAJIbHUX 1 TAHTCHIIATHHUX CKJIAJOBUX CHJIU, IO JIIE
HA YaCTUHKY NPU KOHTAKTI 3 BOJOKHOM, 1 BIUIMBA€ HAa IPOHUKHEHHS BOPCHHU B OTBIp Ta
epeKT «3ckpibaHHs». [loMipHEe HaxWJIEHHS MOKpAIy€e OYMILIEHHS, TOJ1 K 3aHAATO BEIUKUN
KYT MO’K€ 3HU3UTH €(EeKTUBHICTh 32 PaXyHOK 3MEHILEHHS CUJIM HaTUCKAHHS.

Bnaue weuokocmi nepemiwjenns wiimxu V. Y pIBHSHHI €gu JIHIAHUHN 1 KBaJpaTUIHUH
YWIEHW MaloTh NPOTUJIEKHI 3HAKU, 110 YTBOPIOE OIYKIY Mapabojy — ICHye ONTHUMallbHa
IIBUJIKICTh, IPH SIKIA YaCTKAa YaCTUHOK, IO 3AIMIIAIOTHCS HA CUTi, MAKCUMaJbHa. Y PIBHAHHI
€gi 3AIEKHICTh Mae popMy U-no1i0HOT KpUBOI: MIHIMYM €gi BIAMOBIA€E MAKCUMYMY Egu. 1Ipu
HAATO Maaux ab0o HAaJATO BEIMKUX IIBUAKOCTAX YaCTKA YACTUHOK, L0 IPOXOIATh, 3pocTae. ¥
PIBHSIHHI €gd BIICYTHIH KBaJpaTUYHUM TEpMIH — IIBUIKICTH Ma€ IEPEBAXXKHO JIHIAHUN
BIUIUB: 31 30UIbIIEHHSIM V), YacTKa YaCTHUHOK, IO CXOJATh, 3MEHIIyeTbca. DI3UYHO 1Ie
MOSICHIOETHCSI THUM, IO IMpPH BHUIIUX MIBUAKOCTAX YAaCTUHKHM IIBUJIIE BHUKHIAIOTHCA abo0
BUJIAJISIIOTHCS 3 poO0YO0T 30HHU, IPOTE Yepe3 1HEPLiiHI ePeKTH YacTHHA 3 HUX MOXKE BIAJIITATH
B npuiiMau. OnTuManbHa MBUIKICTh BU3HAYa€e OajJaHC MDK KIHETMUHOIO €HEpPri€l0 BOJIOKOH
Ta CTaOUTIHHICTIO KOHTAKTY: HaJMIpHA MIBUAKICTh BUKIUKAE KOJMBAHHS, BIACKOKH 1 3HUKEHHS
PIBHOMIPHOCTI OYHMIIEHHS. 3TIAHO 3 MOJEJUII0, ONTUMajbHA IMIBUAKICTH IIITKA CTAaHOBUTH
npubauzno Vy = 1,4-1,6 M/c, npu Kl cIOCTepiraroTbCsl €KCTPEMalbHI 3HAYEHHS —
MaKCUMajJbHa 4YacTKa 3aJMIIEHUX 1 MIHIMadbHA YacTKa TMPOWUJIECHUX YacTHUHOK. Jlms
MIZABUILIEHHS. €(PEKTUBHOCTI MPOXOKEHHS MOLUIbHO MpaLIOBaTH 1033 LUM Jiala30HOM —
a00 mpum HWKYHX, a00 MpU BUIIUX MIBUAKOCTAX, 3aJ€KHO BiA MeTH (IMiIBHUILECHHS
IIPOXOJKEHHSI YN OYUIIIEHHS).

Haii6inpmr BnimBOBUM  (PakTOpoM € BIAHOCHUN po3Mip 4YacTUHKU (Kpo), sSKui
BHU3HAYa€ XapakTep B3a€MOJIl 3 OTBOpamMH cuTa. [ MiABUINEHHS NPOIYCKHOI 3JaTHOCTI
cuTa ciif 3MeHIyBatu Kpo (TOOTO 3MEHIIyBaTH pO3MIp YaCTUHOK 200 30UIbIIYBAaTH OTBOPH).
[I{i1bHICTE BOJIOKOH Npx cHpUs€ e(EeKTUBHIIMIOMY OYMIIEHHIO, OJHAK Ma€ MExXy
epextuBHOCTL. IIIBUIKICTh IIITKH V), BUMarae onTuMizauii B Mexax CTaOLIBHOTO PEXHUMY,
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TOAl SIK KyT Haxujy y 3a0e3leuye MOKIMBICTb TOHKOTO PEryIIOBaHHS TUHAMIKH KOHTAKTY
MDK BOJIOKHAMU 1 YaCTUHKaMH, BIUIMBAIOYX HA IHTEHCUBHICTh OUYMILEHHS IIOBEPXHI.

BucHoBku. BHUKOHAaHO KOMIIJIEKCHE YHCEIbHE MOJEIIOBAHHS IMPOLECY OYMILEHHS
CUTa LIITKOIO B cepenoBuili Simcenter Star-CCM+, 1m0 A03BOJIMIO BIATBOPUTH NMPOCTOPOBY
B3a€EMO/III0 MK €I€MEHTaMU CUCTEMM «CHUTO — YAaCTHHKU MaTepialy — IiTKa» Ta BU3HAYUTHU
3aKOHOMIPHOCTI BIIUBY KOHCTPYKTHMBHUX 1 KIHEMaTHYHHUX IapaMeTpiB Ha €(PEKTHUBHICTh
OUMIIEHHs. 3acTOCyBaHHSA Mojeni juckpetHux enemeHTiB (DEM) y noennanHi 3
JlarpamxeBoro 6arato(asHoi0 MOCTAaHOBKOKO 3a0€3MEeYrIIO aJeKBaTHE OMUCAHHA KOHTAKTHOI
B3a€MOJII THYYKHMX BOJIOKOH 13 YaCTUHKaMM Martepially Ta CTIHKaMHU KOHCTpYKIIii, a
BUKOPHUCTAHHSI HECTAL[IOHAPHOTO HESIBHOTO PO3paxXyHKY rapaHTyBaJIO CTAOUIBHICTh 1 TOUHICTh
YHCEJIBbHOTO IHTErPYBaHHS.

3a pesynbraramMu 0araro()akTOpHOrO MOJENIOBAHHS BHU3HAYEHO BIUIMB YOTHPHOX
OCHOBHHUX IIapaMeTpiB — KyTa HaXWly LIITKH Y, BITHOCHOTO PO3MIpy 4acTUHOK Kpo, KUIBKOCT1
BOJIOKOH Y3/I0BXK HampsMmy pyXy Noux 1 IIBHIKOCTI HepeMilleHHS Vp — Ha TpU KIIOYOBI
MOKA3HUKH: YaCTKy YACTHHOK, [0 MPOUIIUIA KPi3b CUTO &g (7), 3aTUIIMIIACS HA CUTI Egu (5) Ta
31U 3 FI0ro MOBEpXHI €gd (6). OTpUMaH1 pIBHAHHS perpecii 103BOJMIN KUIbKICHO OLIIHUTH
B3a€MO3B’s130K (akTopiB. BcraHoBieHO, 1m0 30UTBLIEHHS MIBUIKOCTI pPyXy UIITKH 1
3MEHIIEHHs KyTa 1i Haxwly CHpUSIIOTh IHTEHCHQIKalii Npolecy OYMILEHHS, TOAl SK
3pOCTaHHS BIIHOCHOIO pO3MIpPY YaCTUHOK IPU3BOAMTH [0 MIIBUIIEHHS iX 3aJMIIKOBOI
KUIBKOCTI Ha CHUTI. BusBIEHO HeNHIAHY 3aJeXHICTh MDK IapaMeTpaMd CUCTEMH, IO
3YMOBJIIOE  ICHYBAaHHS  ONTHMAJIbHUX IO€AHAaHb TEOMETPUYHMX 1 KIHEMATHYHUX
XapaKTEPUCTUK, MpPH SAKUX JIOCATA€ThCA MaKCUMalbHAa €(QEeKTUBHICTh OYHINEHHS 0e3
MOIIKO/KEHHS TIOBEPXHI CUTA Ta BOJIOKOH LIITKH.
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Dnipro State Agrarian and Economic University, Dnipro, Ukraine
Numerical Simulation of the «Sieve — Material Particles — Brush» System

A comprehensive numerical simulation of the sieve cleaning process using a brush was carried out in
Simcenter Star-CCM+, which allowed detailed reproduction of the spatial interaction between the elements of the
«sieve — material particles — brush» system and identification of the effects of design and kinematic parameters on
cleaning efficiency. The application of the Discrete Element Method (DEM) combined with a Lagrangian
multiphase approach provided an accurate representation of the contact interaction between flexible bristles,
material particles, and the sieve walls, while the use of an unsteady implicit solver ensured stability and high
accuracy of numerical integration.

Multifactor simulations determined the influence of four main parameters — brush inclination angle v,
relative particle size K;,, number of bristles along the motion direction Nyx, and brush velocity Vi, — on three key
performance criteria: the fraction of particles passing through the sieve (g4), remaining on the surface (gg), and
removed from it (ewq). The obtained second-order regression equations showed high adequacy according to
Student’s and Fisher’s criteria, confirming the reliability of the numerical model.

It was established that increasing the brush velocity and decreasing its inclination angle enhance the
cleaning process, while larger relative particle size increases the likelihood of particles remaining on the sieve. A
nonlinear interaction between factors was revealed, indicating the existence of optimal combinations of geometric
and kinematic parameters that maximize cleaning efficiency without damaging the bristles or the sieve surface.
numerical simulation, DEM, brush, sieve, material particles, cleaning efficiency
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Justification of the Parameters of the Soil Preparation
Module of the Potato Planting Machine

This work presents a substantiation of the parameters of the soil preparation module in a potato planting
machine system, which is used for strip milling and primary covering of potato seeds. The proposed
methodology allows describing the geometric and kinematic parameters of the milling drum blade, whose knife
is formed by several sections, determining initial conditions and modeling the flight trajectories of soil chips. It
also covers their interaction with the guiding casing surface, considering either reflection or sliding of soil
particles into the target zone for primary covering of potato seeds. Based on the conducted analysis, an analytical
expression for the shape of the casing is proposed, which, when interacting with soil chips, meets the
requirement of directing soil particles into the target seed row zone.
potato seed, soil chips, planting, strip milling, parameters, modeling, analysis, guiding casing, flight
trajectory, grinding, loosening

Problem statement. Potato production in Ukraine is largely concentrated in small
private farms. This indicates a significant need for the development of effective small-scale
mechanization tools. In most cases, the technological process of potato production remains
poorly mechanized. For example, the issues of soil preparation for forming a seedbed for
potato planting, as well as the mechanized planting process itself, are still underdeveloped.
The low level of resource provision in such farms often leads to violations of proper crop
cultivation technologies. As a result, potato yields in these farms are significantly lower compared
to those of larger producers, where production technologies and resource availability are at a
higher level. Therefore, one of the priority tasks of agricultural machinery development is the
development of our own line of machines for potato production specifically tailored to these
small-scale farms, which ensure the majority of Ukraine’s gross potato collection.

The aim of this study is to justify the parameters of individual units of a combined
potato planting machine. This research focuses on the study of the design and kinematic
parameters of the milling module of the potato planter. This module, performing strip milling,
is intended to prepare the soil for forming the potato seedbed and to initially cover the planted
seed with loosened soil discharged from under the milling cutter’s knife.

Analysis of recent research and publications. At present, many researchers tend to
agree and confirm that strip milling during potato planting is a promising method of soil
preparation. Specifically, strip milling of the row zone to the depth of potato planting
promotes the formation of an appropriate clod structure, enabling the coulter to create an
optimal planting bed and thus improving the conditions for plant development. Moreover, this
approach allows for significant energy savings during milling, as only the furrow formation
zone is cultivated [2, 4, 5, 9, 11].

In studies [1, 3, 6-8], the authors demonstrate the agrotechnical efficiency of high-
quality soil preparation, particularly strip milling, prior to potato planting and compare the
results with traditional soil preparation methods. The obtained results have a direct positive
impact on increasing potato yield. Other studies [10, 12, 13] indicate that a combined potato
planting machine, which integrates soil preparation with simultaneous planting and
fertilization, is effective. This approach significantly reduces the number of field passes and
ensures optimal planting conditions.

© A. B. Baoiii, b. O. biamak, 2025
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In works [3] and [4], the interaction of working bodies with both the soil and the
potato seeds is elaborated, with constructive and kinematic parameters substantiated. These
studies emphasize the high effectiveness of milling for subsequent furrow formation.
However, issues related to modeling the trajectory of soil chip movement, its interaction with
the guiding casing, and the initial covering of potato seeds with soil remain insufficiently
developed.

The analysis of the literature confirms that these issues are highly relevant and require
scientific solution.

Statement of the task. The aim of the study is to justify constructive and kinematic
parameters of the milling module of the potato planting machine in order to ensure its
functions of soil loosening and grinding, along with the primary covering of potato seed in the
opened furrow.

Presentation of the main material. The use of strip milling in the potato planting unit
is intended to grind and loosen the surface soil layer to the depth of seed placement.
Moreover, the quality of planting depends on the type of soil that covers the seed. Therefore,
the idea behind combining working elements in the potato planting unit is to ensure that the
soil chips initially partially cover the potatoes in the furrow formed by the coulter. This can be
achieved by installing a protective casing on the milling drum. Its function is to deflect and
direct the soil chips, produced by the milling blades, into the open furrow. The second stage
of seed covering involves forming a small ridge using passive coverers from the soil within
the milled strip, followed by final ridge shaping with hilling shares using soil from the inter-
row space [1, 7, 8].

This study considers the first stage of potato seed covering — by soil chips formed
during the operation of the milling drum.

To model the operation of an individual blade of the milling drum, it is first necessary
to define its geometric parameters. The blade has an L-shaped profile and consists of i

segments of length L., which, together with the milling drum radius R, form corresponding
angles .. Such blades (both right- and left-curved) are mounted on the milling drum, which
rotates with an angular velocity o, .

The milling drum performs compound motion: it rotates about its own axis in the
horizontal plane (relative motion) and simultaneously moves forward with the machine

(translational motion). Thus, a specific point on the blade generates a position vector 7 with
respect to the axis of drum rotation. The initial position of the selected blade point has
coordinates (x,(?);y,), where x,(¢) =V, t (V, is the translational speed of the machine and ¢
is time).

Therefore, the coordinates of an arbitrary point on the cutting edge of the blade in
parametric form can be expressed as:

{x(t) = x,(t)+ (L, cos B, + L, cos 3, + L, cos f3,)cos a,t; 0

y(t) = y, + (L, cos B, + L, cos B, + L, cos B)sin w,t,

where ,t is the rotation angle of the blade point on the drum, measured from the horizontal
axis of the rectangular coordinate system;
L, cos B, L,cos f3,, L, cos f3, are the projections of the blade segments onto the radius R of the

drum, connecting the considered point of the blade to the axis of rotation.
The trajectory of the absolute motion of the blade point is the geometric sum of the horizontal
and vertical components of displacement (Fig. 1).
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Figure 1 — Trajectory of the absolute motion of the blade point at varying angular velocities
Source: developed by the authors

For the numerical calculation, the following parameters are assumed: the radius of the
milling drum R =0.25m,; its rotation frequency is tabulated within the range of 230 to 300
rpm (the solid line corresponds to @, =24.09 rad/s; the dash-dotted line — @, =27.75 rad/s;
the dashed line — @, =31.42 rad/s.); the forward speed of the machine V, =0.5m/s.

To analyze the considered process, it is first necessary to examine the kinematic
parameters of an individual milling’s blade during operation.

If equations (1) describe the spatial position of a blade point, then the velocity vector
of the blade’s contact point with the soil is determined by the following expression:

-l
dt  dt| y(@®)] |y(@)

By taking the time derivatives ¢ of expressions (1), we obtain the components of the
blade point velocity in expanded form:

{)'c(t) =V —aw,sin(w,t)(L, cos B, + L, cos B, + L, cos 3, ) 3)

Y(t) = @, cos(,t)(L, cos B, + L, cos B, + L, cos f3, ).

The change in the absolute velocity of the blade point is also characterized by the
geometric sum of its horizontal and vertical components

8, = X(t)" + 3(1)" . (4)

It is now necessary to analyze the behavior of a soil particle that moves freely after
detaching from the blade edge. This motion can be considered as a free flight of a particle
projected at an angle.

The initial velocity of the particle as it leaves the blade can be generally represented
by the following expression:

4, =k$,, (%)
where k € [0.5,0.9] is the coefficient characterizing the energy transfer from the blade to the

particle, which depends on the soil properties. In this study, we assume £ =0.8.
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Since no additional constraints are applied in this model yet, the particle’s flight
trajectory will initially be analyzed using the classical equations of projectile motion at an
angle to the horizontal [3]:

x,(t)=x,,+89,, cosa-t; (6)
Vo) = Yo, + S -sina -1 —0.5g1%, (7)

where x,,,, y,, are the coordinates of the particle’s initial detachment point from the blade;
a 1is the particle’s launch angle (¢ =1, )

a= arctan[&j (8)

x(t)

From a kinematic point of view, the detachment point will be considered as the
moment when the blade exits the soil while operating at a working depth 4 (we assume
h=0.06 m).

Based on this, it is necessary to find the position of the milling drum ¢,, = ¢,  or the
time #,, at which the considered point is at the soil surface boundary. This position
corresponds to the initial coordinates of the soil particle’s launch — (x,,; y,,, )-

It is advisable to determine this position using the relationship that connects the central
angle @ of a circle with radius R (the trajectory of the blade point) to the height % (the
millage depth) of the segment formed by this circle.

The central angle & in this case will be given by

0=2 arccos(l — ﬁ} X 9
R

Then, half the length of the chord of this segment, which corresponds to the horizontal
displacement of the blade, will be equal to

X, =Rsin§. (10)

Based on the first equation in (1), we write the expression to determine the time 7,

1 X
lyy =—— arccos(EhJ , (11)

@,

o

where ,, is the angular velocity of the milling drum, which determines the time when the

blade exits the soil at the given working depth 4 .
The coordinates of the detachment point will be:

X, =R cos(27z - a)bat()a)g (12)
Vo, = Rsin(27 - w, 1, ). (13)
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The obtained coordinates of the detachment point depend on the blade position,
considering that it exits the soil in the fourth quadrant of the coordinate axis at the working
depth/ .

The detachment angle of the particle is denoted by 27 — o, t,, = @, -

The components of the initial velocity will be determined at the blade position
corresponding to the particle launch:

8,, =—0,Rsing, ; (14)

a =

30, =O,Rcos,,. (15)

y

In general, the moment when the blade reaches the soil surface is characterized by the
velocity 4, — the initial velocity of the particle’s flight at an angle « to the horizontal,

denoted as 4, , . This velocity is the geometric sum of the horizontal and vertical components
of velocity at time ¢,

8., = k] £t )* + 9(t,)* - (16)

To determine the angle « at which the particle is ejected, expression (8) can be
rewritten in the form

(17)

x(th)

Having obtained the value of the angle &, the horizontal and vertical components of
displacement during the free flight of a soil particle ejected from under the milling’s blade can
be expressed based on relations (6) and (7). The graphical interpretation of the trajectory
components of the particle’s free flight is shown in Fig. 2.

a= arctan[

y(tw)j

Vertical displacement, m

o
s
~1
L
L]

L

-

-0.125 '.. \

-0.25 =
1 2 3 4 5
Honzontal displacement, m

Figure 2 — Trajectories of free flight of soil chips
Source: developed by the authors

Thus, at this stage of the study, the main dependencies characterizing the free flight of
a soil particle - soil chips during the operation of the milling drum were established and free
flight trajectories were constructed at a given frequency of rotation of the working body.

Returning to the main objective of the work — the possibility of covering potato seed
with the formed soil chips — we summarize the process as follows:
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— soil moves along a parabolic trajectory after leaving the blade;
— particles collide with a protective casing having a radius of curvature R, , centered at

coordinates Xows Yoi s

— after impact with the casing, a particle either rebounds or slides down, falling at a
certain landing point x .

Therefore, it is necessary to select the shape and placement of the protective casing
such that the majority of the scattered or reflected soil particles fall into the zone of the potato
seed placement, that is

X, e[xk—5,xk+5], (18)

here, x, denotes the coordinate of the potato seed placement and o represent the

boundaries of the soil covering zone.

The next stage of the study is to determine the behavior of the particle after collision
with the guiding protective casing.

The collision between the soil particle and the casing occurs at the moment when

Yo () = f(x(1)). (19)

Using condition (19), the collision time is determined.

The subsequent trajectory of the particle depends on the point of curvature of the
casing where the collision occurs.

Upon impact with the curved surface of the casing, the velocity vector decomposes
into two components:

the normal component

g =(9-nh; (20)
the tangential component

9 =56-9, Q1)

where n is the unit normal vector to the surface at the point of impact.
Then, after the collision, the particle will have a new velocity determined by the
expression

9, =—e8, + 9, (22)
where e is the coefficient of restitution, characterizing the elasticity of the impact, which
ranges between e € [O,l];

u 1s the coefficient of friction of the soil chips on the surface of the casing.

If the velocity after rebound is insufficient to form a new parabolic flight trajectory,
the particle simply falls off or slides along the casing surface.
Its acceleration will be

S

dt

=gsinf, — ugcosd,, (23)

where 6, is the local inclination angle of the casing at the point.

If we analyze the process of covering the planted potato in the furrow, it is continuous.
The cutting and falling of soil chips occur constantly, as the machine moves in translational
motion. Soil covers not only the planted seed but also fills the furrow opened by the coulter.
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Therefore, the outlined problem can ultimately be reduced to verifying the curvature
and placement of the guiding casing by setting the condition of ideal reflection of a soil
particle from its surface at a given moment in time and directing it into the target zone. This is
done to prevent the particle from returning after reflection back into the milling zone.

Particles that do not meet the condition of ideal reflection will slide down the casing
surface, which physically guides them into the furrow.

This means that the geometry of the casing must prevent the particle from reflecting
backward and instead direct it into the target zone. Considering a local moment in time, the
reflected particle that reaches the furrow level should have coordinates [xk -0,y ], that is, its
new trajectory must pass through this point.

Therefore, it is advisable to consider the inverse problem: to find the position of the
section of the casing curve such that the contact points of the scattered flight trajectories of
the soil chips, upon reflection, fall within the target zone.

To this end, we will analyze the initial conditions for forming the trajectory of the
reflected particle’s motion.

Let us find the collision point of a particle moving along a parabolic trajectory with a
casing of given curvature:

x,(t)=x,,+8, cosa-t;
Y, )=y, + %, sina-t—-0.5gt"; (24)
y(0) = f(x(2).

Based on system (24), we derive a nonlinear equation with respect to time ¢

Vo, + 9, sina-t—0.5gt> = f(x,, + %, -cosa1)). (25)

Its solution is most easily implemented using a numerical method, but first, it is
necessary to define the curve describing the cross-section of the casing.

The most practical function may be a polynomial curve, for example, of the third
degree

y(t) = f(a}x(l‘)3 +a2x(t)2 +ax(t)+a,), (26)

where a; are the coefficients that define the specified curvature on the designated segments of
the polynomial curve (i =0...3).

The root of equation (25), taking into account (26), will be the time ¢=¢;
corresponding to the moment and point of collision, that is K = (x(¢, ), y(¢)).

The tangent to the curve (26) at point K is given by its derivative

f'(x)= % =3a,x" +2a,x+a,. (27)

Relation (27) expresses the slope of the tangent at any point x on the casing.
The tangent angle at point K is

0, =arctg (f'(x4)), (28)
accordingly, the angle of the normal is
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T
0 =0+—. ¢ 29
=0+ (29)

Then, given the known velocity at point K is Ik = (SX,S},), the angle of its motion will
be
Oy = arctg2(9,,9,) . (30)

In the problem statement, it was assumed that the particle undergoes ideal reflection —
corresponding to the trajectory with the maximum possible deviation, where the particle can
reflect toward the milling zone. In this case, the reflection angle of the particle at point K will be

0'.=20-06,. (31)

n

The obtained values of the reflection 8", , the velocity at point K and its coordinates

serve as the initial conditions for the particle’s flight trajectory after reflection until it lands on
the soil surface. The trajectory construction can be performed using relations analogous to (6)
and (7).

Analyzing the obtained flight trajectories of the particle (Fig. 2), it is evident that the
segments before collision with the casing have an almost linear character. Based on this and
using relation (26), a first approximation of the casing shape can be obtained that satisfies the
condition of targeted guidance of soil chips (Fig. 3).

Vertical displacement, m

0.2 0.4 0.6 0.8 1

Horizontal displacement. m

Figure 3 — Graphical dependencies for the study of the casing shape
Source: developed by the authors

In Fig. 3, the dash-dot line, the dotted line formed by points and the dashed line
represent the flight trajectories of the soil particle corresponding to those in Fig. 2, while the
thick solid line depicts the curve describing the shape of the casing.

The analytical expression for the casing curve is given by

p(x) =—0.78x" — 0.034x> — 0.089x + 0.35 . (32)

Adjusting the coefficients a, or even using higher-order polynomials, allows selecting

a shape of the casing curve or its segment that ensures directing the soil chips into the target
zone. This means that, with such an approach, it is possible to achieve the effect of primary
covering of potato seeds during strip milling in the design of a potato planting machine.
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Conclusions.The presented methodology allows for describing the geometric and
kinematic parameters of the milling drum blade, which is formed by several segments;
determining the ejection point of soil chips from under the blade, taking into account the
working depth; modeling the flight trajectory of soil chips with given initial velocity and
launch angle; investigating the range of trajectory dispersion under various parameters and
identifying the points and angles of interaction between soil particles and the guiding casing.

A polynomial function is proposed to describe the casing curve, where adjusting the
coefficients ensures the specified curvature over certain segments. This approach enables
combining theoretical solutions with practical implementation in the physical design of a
potato planting machine.

The process of particle interaction with the casing is described, including reflection,
sliding, and falling off. The dependencies of the tangent line at a given point on the casing
curve are formulated, and based on this, the reflection angle of the particle upon collision with
the casing is determined.

For the physical design of the milling module of the potato planting machine,
parameters of the casing curve have been established that allow reflecting and directing soil
chips into the target zone for the primary covering of potato seeds. The achieved effect in this
numerical experiment can be obtained for the given design and kinematic parameters of the
milling module using the following coefficients of the polynomial curve (26) for the casing:
a,=-0.78; a, =-0.034; a,=-0.089; a,=0.35.
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A. B. Babiii, npod., 1-p Texn. Hayk, b. O. Biamaxk
Tepnoninbcokutl HayioHaLHUL mexHiyHul yHigepcumem imeni leéana Ilymos, m. Tepuonine, Ykpaina

OOrpyHTYBaHHS MapaMeTPiB MOAYJISl IATOTOBKY IPYHTY KapTOIJIENOCAT0YHOI MAIIMHHA

VY crarTi HaBeAEHO OOIPYHTYBAaHHS KOHCTPYKTUBHHX Ta KiIHEMAaTHYHUX MAapaMeTpiB MOIYIS MiATOTOBKH
IPYHTY Y CKJIaJli KapTOILUIENOCAJ0YHOI MAIlIMHH, 110 3AIHCHIOE CMyroBe ()pe3epyBaHHs Ta 3a0e3reuye NepBUHHE
NIPUCHIIAHHS HACiHHS KapToruti. Po3po0sieHO METOMuKy, sKa J03BOJISIE OIMCATH T€OMETPUYHI Ta KiHEMaTH4YHI
XapaKTepUCTUKH (pe3epHOro OapabaHa 3 HOXKaMM CKJIagHOI (OpMH, BU3HAYATH MOYATKOBI YMOBH BHJIBOTY
I'PYHTOBOI CTPY)KKH, MOJEJIOBATH ii TPAEKTOPiI0 PyXy Ta B3a€MOMII0 3 ITOBEPXHEIO HAIPABIIAIOYOTO KOXKyXa.
BcraHoBIEHO aHANITHYHY 3aJISKHICT JUIS ONHCY KPUBU3HM KOXYXa, sKa 3a0e3nedye CIpsIMyBaHHS I'PYHTOBHX
YaCTHHOK Y IIUIOBY 30HY, I PO3MIIlICHE HACIHHSI.

AxTyanpHiCTh poOOTH 3yMOBJICHA IOTPeOOI0 y MiABHINEHHI DIBHS MEXaHi3allii IpoIeciB caaiHHI
KapToILTi B YMOBax JApiOHMX (epMEpChKUX Ta NMPHUBATHUX I'OCIIONAPCTB YKpaiHH, /1€ CKOHLEHTPOBAHO 3HAYHY
YacTHHY BaJOBOI'O BHPOOHHWITBA KapTomti. IligBUIIEHHS $KOCTI IMocaaku Ta 3abe3nedyeHHs HeoOXimHOl
CTPYKTYPH IPYHTY Y 30HI pO3MIIIIEHHS HACIHHS € Ba)XJIMBOIO YMOBOIO JUIsSi OTPUMAaHHSI BUCOKUX ypOXKaiB.

VY poboti mokazaHo, IO CMYroBe (pe3epyBaHHS € EHEproomaJHOI0 Ta arpoTEXHIYHO JIOIIJIBHOIO
TEXHOJIOTIEI0 MIATOTOBKM IPYHTY MNpH mocaiui kapromwt. Ilpore 1 nocArHEHHS eQeKTy HEepBHHHOTO
NIPUCHIIAHHS HACIHHA TIPYHTOBOIO CTPY)KKOIO, HEOOXiJHO BpaxoBYBaTH HE JIMIIE KOHCTPYKIIIO HOXa, a H
XapakTep pyxXy YacTHHOK IPYHTY Micis iX BWIIBOTY. ToMy y poOOTi 3aIlpOIIOHOBAHO MOJENb, KA JO3BOJISIE
BHM3HAYaTH KOOpAMHATH Ta KIHEMAaTWYHI XapaKTEePUCTHKHM TIPYHTOBUX YACTHMHOK IIpHM iX 3iTKHEHHI 3
HAIPaBIISIOYMUM KOXKYXOM, a TAKO)K YMOBH IX HOJAJIBIIOTO PyXY — BiZIONBAaHHS, OCHIIAHHS Y KOB3aHHSI.

Po3pobnennii minxin Aae MOXIMBICTH 3a0€3NEUUTH palliOHATIbHY (QOPMY KOXKyXa, IO BHKOHYE
(YHKIIIO TIepeHanpaBieHHs] IPYHTOBOI CTPYXXKH y LiJbOBY 30HY OOpo3HHM. 3arajoM, KOMOIHYBaHHS DPi3HHX
MOJYIIiB B OJJHOMY arperari J03Bojsie 00’€qHATH MPOIECH MiATOTOBKM IPYHTY, MOCAJAKU 3 IiJUKHUBJICHHAM,
MIOYaTKOBOTO Ta OCTaTOYHOTO NPHKPWUBAHHS HACIHHS B OJHOMY TEXHOJIOTIYHOMY IPOXOJi, IO ITiJBHIIYE
e(PCKTHBHICTh Ta SKiCTh TIOCAKH.

HACIiHHAl KapTOILIi, IPYHTOBA CTPY’KKAa, MOCA/Ka, CMyroBe ()pe3epyBaHHs, NapaMeTpH, MOJACJIIOBAHHSI,
aHaJIi3, HANPABJIAIOYUI KOXKYX, TPAEKTOPIs MO1bOTY, NOAPiOHEHHSA, PO3NYIICHHS
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OOrpyHTyBaHHS TEXHOJIOTTYHUX 1 KOHCTPYKTUBHO-
KIHEMaTUYHUX MapaMETPiB THYYKOr0 TBUHTOBOIO
KOHBE€EpA

VY crarti HaBeIeHO OOTPYHTYBAHHS TEXHOJOTIYHUX 1 PO3PaxXyHKOBHUX KOHCTPYKTHBHO-KiHEMaTHYHHX
mapaMeTpiB THy4YKoro rBUHTOBOro koueeepa (I'TK) 3 yMoBH MIITHOCTI HOTO KOHCTPYKIIii. 3aipOrOHOBAHO HOBY
koHCTpyKLito cekuii I'TK 3 po3mmpeHnMH TEXHOIOTIYHUMH MOXIIMBOCTSIMH, IO 3a0€3I1€4yIOTh 3MEHIICHHS
paxiyca KPUBU3HH TPAEKTOPil TPAHCIIOPTYBaHHS MaTepianay, a TaKOX IMIJBUINCHHSA iXHBOI e()EeKTHBHOCTI
TIOPIBHSHO 3 BiJJOMHMH, 3MEHIICHHS €HEPrOoCHOXMBAHHS Ta 301JbIICHHS BHCOTH MiAHOMY TpaHCHOPTYBAaHHS
curyunx marepianiB. OCHOBHY yBary HpHIiIEHO BUOOPY BapiaHTy KOHCTPYKIii TBUHTOBOTO pOOOYOro OpraHy
(T'PO), sixa Oyne 3ayexarty BiJl XapaKTepy BUKOHAHHS TPAHCIIOPTHO-TEXHOJIOTTYHOTO MPOLECY, IO PErJIaMEHTYE
BU/IM HAaBaHTAKCHHS HA OCHOBHHH eneMeHT KOHCTpYKLii ['PO — rBuHT, a00 BiJi KOHCTPYKTUBHUX OCOOIHMBOCTEH
cripaii ta koxyxa ['PO. Beranosneno, mo npu Bubopi giamerpa reunra I'TK 3a mocTiiHOro 3Ha4€HHST KPOKY
BUTKIB I'BHHTA 3 YMOBH MIIIHOCTI KOHCTPYKIIi 32 HassBHUX Je(opManiiHUX MPOIECiB 3HAYCHHS MaKCUMAIbHUX
JIOTUYHHX HAlpY)KEHb HE ITOBUHHI MEPEBUIYBATH JIOMYCTHMI JOTUYHI HANPY)KEHHS U1l MaTepialy TBUHTA.
THYYKHil TBUHTOBUH KOHBeE€p, NMpouec, aMILIiTyla, NPOAYKTHBHICTb, MOTYKHICTh, CHJIOBI IapaMeTpH,
IIHEK, CUITYYHi MaTepias, KOKyX

ITocTanoBka npodiaemu. TpaHCHIOPTYBaHHS CUITyYUX BAaHTaXIB KPUBOJIHIMHUMU Ta
KOMOIHOBAHMMH TPAEKTOPISIMU 32 JIOMOMOTOI0 THYYKHX TBHHTOBHUX POOOYMX EJIEMEHTIB,
3aKpUTUX Y THYYKOMY KOXycl, 3a0e3lneuye BHMCOKY MOOUIBHICTb Ml 4Yac BUKOHAHHS
TEXHOJIOTTYHUX MPOILIECIB 3aBAHTAKEHHS Ta PO3BAHTAXKEHHS Ta PO3IIMPIOE 1X TEXHOJOTTUHI
MO>KJIMBOCTI ITOPIBHSHO 13 3BUYaHUMU I'BUHTOBUMU KOHBEEPAMH.

Opnak iCHyIOYl THYYKI TBHHTOBI poOOYl €JIEMEHTH HE MOBHICTIO BIANOBIIAIOTH
eKCIUTyaTal[lfHUM BUMOraM J0 TakuX TUIIB KoHBeepiB. CekuiiiHi poboul eIeMeHTH
XapaKTepU3YIOThCA CKIIAIHICTIO KOHCTPYKIII Ta TEXHOJOTIEI0 iX BUTOTOBJICHHS, BHCOKOIO
MaTepiaJOMICTKICTIO, 10 HPU3BOAUTH 10 30UIBIIEHHS E€HEProCHOKMBAHHS, MOLIKOIKEHHS
BHYTPIIIHBOT MOBEPXHI THYYKUX KOXKYXIB Ta MaTepiajiB, IO MAJAI0ThCS TPAHCIIOPTYBAHHIO.

ToMy po3po0iieHHS HOBUX KOHCTPYKIIM THYYKHMX IIAPHIPHUX LIHEKOBUX pPOOOYMX
€JIEMEHTIB 3 PO3MIMPEHUMHU TEXHOJIOTTYUHUMHU MOXKIIMBOCTSIMHU, 110 3a0€311€YyI0Th 3MEHIICHHS
paailyca KpUBM3HHM, a TaKOXX IHIIBUIIEHHS IXHbOI €(EKTUBHOCTI HNOPIBHAHO 3 BIJOMHMH,
3MEHILEHHS €HEProCIOXKMBAaHHS Ta 30UIbIIEHHS BUCOTH MIHOMY TPaHCIOPTYBAHHS CHUITY4YHX
MaTepiaiiB € BAXKJIMBUM 3aBIaHHSIM.

AHaJi3 ocTaHHIX JociailzkeHb i myOaikaniii. Bublp BapiaHTy KOHCTpPYKIi
IBUHTOBOIO pobouoro oprany (I'PO) Oyze 3anexaTtu B OCHOBHOMY BiJl XapakTepy BUKOHAHHS
TPaHCIIOPTHO-TEXHOJIOTTYHOIO MPOILECY, SKUHM pErlaMeHTye BHUAM HaBaHTaKEHHSA Ha
OCHOBHUH eneMeHT KOHCTpyKuii ['PO — rBuHT, ab0 Bil KOHCTPYKTUBHMX OCOOJIMBOCTEH
cuipani ta koxyxa ['PO. Ilpunuun BuOOpy KOHCTPYKIIi THYYKOrO I'BUHTOBOTO KOHBE€pa
(I'TK) B 0cHOBHOMY 3BOJIUTBCS A0 MOILIYKY aJbTEPHATUBHUX KOHCTPYKILiH, sIK1 3a0€31euyloTh
HEOOX1IHY MIIHICTh Ta onTUManbpHy coOiBapricte ['PO [1]. OOrpyHTYBaHHSI TEXHOJOITYHUX 1
PO3paxyHKOBHUX KOHCTPYKTHBHO-KiHeMaTnuHux napamerpis ['TK Ha nepmomy eramni nposenemo
3 YMOBH MILHOCT1 HOr0 KOHCTPYKIIIi.

© 0. JI. JIamyk, B. 3. I'yas, A. €. Iauyn, C. M. IIanbkis, 2025
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OcHOBHM IIPOCKTYBAaHHS Ta AOCHIIIKCHHS T'BUHTOBHX KOHBEEPIB OyIM 3aKiaicHi
BuennMu [1, 2-6]. Ilopsag 31 mIHEKAMH, SIKI € YaCTUHONO CKJIAJHUX CLIHCHKOTOCIIOAAPCHKUX
MamuH [3, 4], mid TpaHCIOPTYBaHHS 3€¢pHA 3apa3 BUKOPHCTOBYETHCS BEJIHKA KUIBKICTBH
FBUHTOBUX TpaHCHOpTepiB. BOHM MaTh HaAA3BUYAMHO IIPOCTY KOHCTPYKIIIO Ta
XapakTEepU3yIOThCI MajJWMH  PO3MIpaMH 1 HaAIMHICTIO B eKciuryararii. Po3po06ieHo
TEXHOJIOTIUYHI CXEMH MOMIIMBUX CHOCOOIB TPaHCHOPTYBAaHHS CHUIIY4OrO BaHTaXy B
nepeAaBaibHIN T Ta BUTOTOBJICHO 1i eKCIIepUMEHTAIbHUH 3pa3ok |5, 8, 9].

V pooOorax [14-15, 16] po3riisiHyTo 0COOJIMBOCTI BUKOPUCTAHHS I'BUHTOBUX KOHBEEPIB
JIUIS TPAHCIIOPTYBAaHHS Ta/ab0 MiIHOMY CHUIIYYHMX MaTepialliB Ha KOPOTKI Ta cepeaHi BiAcTaHi.
OnucaHo BIUIMB TaKuX pPoOOOYMX XapaKTEPHUCTHK, SK INBUJKICTE OOEpTaHHS IIHEKA, KYT
HaXMJIy ITHEKOBOTO KOHBEEpa Ta 00'eM 3aIIOBHEHHS CHUITYYHMM MaTepiaaoM Ha ¢()EKTHUBHICTH
poOOTH IIHEKOBOro KOHBeepa. Po3risHyro poOodi yMOBH, 10 BIUIMBAIOTh Ha ¢(PEKTUBHICTh
IIIHEKOBOTO KOHBEEpPA, 3a JOMOMOIOI0 MeTody AuckpeTtHux eneMmentis (MIE) s
MO/ICJTIIOBAHHS OJHOMOTOKOBOTO IIIHEKOBOTO KOHBEEpa 3 NEPIOJUYHUMHU TPAaHUYHUMU
YMOBaMH.

IIpoBeneHO TEOPETHUHI Ta EKCIEPUMEHTAILHI JTOCIHKEHHS IIPOICCY TPAHCIIOPTYBAHHS
CHUIIYYOr0 BAaHTAXY MDK pOOOYMMH IIPHUCTPOSIMH B IepeAaBanbHid rimmi [19]. Y poborax [13,
17-18] mpexncrTaBiaeHO MaTeMaTH4YHI MOJEJI IIPOILECY 3aBaHTa)KEHHS IIHEKOBOI'O KOHBEEpPA.
BuxopucranHs 3anpoNOHOBAaHUX MOJENEH J03BOJSIE PO3POOJIATH HOB1I KOHCTPYKIIT
[IHEKOBUX KOHBEEPHUX MPUCTPOIB Ta OOIPYHTOBYBATH IX palliOHAILHI TapaMeTPH.

V¥V po6orax [9-10, 11-12] po3ristHyTO pe:KHM pOOOTH IOXUIOTO IITHEKOBOIO KOHBEEPA,
SIKMI Mae poOOUMii eJIEMEHT IIHEKA 3 MOCTIHHNMHU ITapamMeTrpamMu. KiHeMaTHuKy 3aBaHTaKCHHS
3epHa JIOCIIKEHO HA OCHOBI PIBHSHB PyXy B IIHEKOBOMY KoHBeepi [20-21]. [IpoananizoBano
PYX 3aBaHTaXXEHHSI B PEXKHUMI ITOCTIMHOT BUCOKOT IIBUJIKOCTI.

IlocranoBka 3aBaaHHsA. J{ns mepeMillleHHS Ta TPAHCIOPTYBAHHS  CHIIKHX
CUIbCBKOTOCIIOJAPChKUX ~ MaTepiajiB MO  KPUBOJIHIMHMX Tpacax Ta  TPAEKTOPLIX
3apONOHOBAHO KOHCTPYKIIIIO CEKIIil THyYKOTO TBHHTOBOTO KOHBEEPA, PO3PAXYHKOBY CXEMY
SIKO1 HAaBEJEHO HA PUCYHKY 1.

- —_—

Pucynok 1 — Po3paxyHkoBa cxema CeKIii THy4KOro TBUHTOBOTO KOHBEEpPA
Howcepeno: pospobreno asmopamu

Cekuii I'TK BigHOCATBCS [0 HEXKOPCTKUX JeTayled, ToMy i 3a0e3ledeHHs iX
e(EeKTUBHOI pOOOTH € HEOOXITHUM PO3paxXyHOK iX Ha KOPCTKICTb IiJ 4Yac MNEPEMILICHHS
pPI3HUX MaTepiaiiB MpU BIANOBIAHMX 30BHINIHIX HABAaHTa)KEHHSX: KPYTHOMY MOMEHTI Ta
OCbOBIH CHJII. YMOBY MIITHOCT1 KOHCTPYKIIii BU3HAUUMO LUISIXOM PO3PAXyHKY Ha JKOPCTKICTb
HOro KOHCTPYKIIiI, Ky IPOBEIEMO 3a PaxyHOK JOCIIDKEHHs Jedopmalii cekiii THyd4Koro
IBUHTOBOI'O KOHBEEPA.

Hexaii na cexuito I'TK nie no3mosxua ockoBa cuina P, (puc. 1). Jns ninilHOT
neopmanii cexuii I'TK MInHICTs KOHCTPYKIIIT Oy/e BU3ZHAYaTUCS JBOMA KPUTEPIIMHU:

- YMOBOIO MIIIHOCTI M1J{ Yac po3TATY, AKa [yl NOMEPEUHOTI0 Mepepizy 3a0e3neuyeThbest

3a yMOBH, KOJIM HaiOlIblle HaNpyXeHHS O,

. HE IEPEBUINYE NOIYCTUMOIO HAIMPYKECHHS
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[0, ] abo

P
O-max = S_" S [O-()on] > (1)

ae S, — IJOIIa NONEePEYHOro nepepisy.
IIpu npomy
o P
o,, | == <=, 2
Lo =17 <5 @)

n

ac o

pau — TPAHHYHI HANIPY)XCHHSI, 32 IKUX BiOYBAETHCS PYHHYBaHHS CEKIIIL; [n] —
JOMYCTUMHUM, a00 MIHIMaJIbHO HEOOX1IHUI KOe(IIIEHT 3anacy MIIHOCTI;

- yMOBOIO MinHOCTI mix yac kpyueHHs cekuii I'TK, ske BuHMKae 3a paxyHOK ii
o0epTaHHs 3 KyTOBOIO IIBHUJKICTIO (2 Ta sika JJIs MONEPEUYHOro Iepepi3y 3ade3neuyerses 3a

YMOBH, KOJM HaiOuIblle JOTHYHE HANPYKEHHI T IpU KpydyeHl HE IEepeBUILYE

max

JI0ILYCTHMOTO HanpyxkenHs [7,,, |, abo

<[r,]. (3)

ne M, — KpyTHUI MOMEHT, sikuii npuknanenuit no cexuii I'TK;
W, — mossipHUil MOMEHT OIIOpY IIepepisy.
IIpu npomy

(2, ]= [T;] , (4)

A€ 7, — FPaHUIld TEKydOCTl Marepiaay Ipy KpydeHi.

Ha mnepmomy erami BH3HAYMMO TEXHOJIOTIYHI Ta KOHCTPYKTHMBHO-KIHEMATHYHI
napametpu I'TK 3 yMoBU MIITHOCTI i Yyac po3TAry 3rigHo 13 3anucamu (1) 1(2).

Binomo, 110

_L =EATZ=E6£[O'M], ®)

O-max - S

ne E —wmonyns YOnra marepiany I'PO nig yac po3tsry; A/ — MOAyJb 3MIHU JTOBXUHH 3pa3Ka
i 4ac BiAHOCHOI aedopmarlii; / — JOBXKHHA 3pa3zka, IO ACPOPMYETHCS; ¢ — BEIMYMHA
BITHOCHOI Aedopmariii, a0 BITHOCHE BUJIOBXKEHHSL.
IIpu npomy
_EB/S, _ Bl .
A/l S Al
ae [, — noBxXKMHA 3pa3Ka micis gepopmarlii.

Al=1-1, (6)

Toni st nepopmanii Butka cekuii cipani [ TK moxna 3anucaru
o_B/S,__RR __PR
A/l S AR BHAR
Bpaxosytoun, mwo J, = HB’E mincrasumo 3uauenns AR y dopmyiy (7), Ipu 1boMmy

(7)

IICJISI CKOPOUEHHS Ta IEPETBOPEHHS BUPa3y, OTPUMAEMO
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PR|-R* I GB’
o +4722 ¢

E= ®)

Y T
(Tksina+Pocosa){[R2+4 Zj +ATR2 2}
T T

ITincraBuBmm 3HaueHHs £ 3 (8) y dopmyny (5), oTpuMaeMo 3alexHICTb AN
BU3HAUYEHHS JONYCTUMHUX MAaKCUMaIbHUX HAIPYXEHb O Kl BHMHMKAIOTh MIJ 4Yac

max

nedopmariii Butka cmipaini ['TK

TZ
POAR(—RZ +— jGBzg
> 4
O-max = = 2 < [O-O(m] . (9)

S, 7> T
(T,sina+ P Rcosar)|| R +—— | + ATR——;

472 2

[Tpu upomy ckianosi 3anexxkHocT (9) AR 1 AT 3rigHo 3 (8) OyayTh BUSHAYATUCS:
> 2
R+ +(T-T,)R Tz
M 42 2z
AR = G L = =
/) ~R*+ Py
o (10)
2

[Rz +Tj +(T—T0)RL2
_(T;sina + P Reosa) 4r2 2
o 3 2 4

GHB¢& R4 T :
4r

i (Zisina+ P Reosa) E(2567°R® ~6Ax* R'T* (m—1) + 47" R°T* ~T°)
= +
AGHB'(Ex (327°R* +4' R'T* (n—1)+T)

12G¢(T,cosa - P Rsina)(~2567 RT -167°RT° ($7°R* +T*)+T*)

| 4GHB'EEx* (2R +4°R°T? (1) +T*)
3rigHo 3 ¢opmynamu (11) Ta (12) moOynoBaHO 3aleKHOCTI 3MiHU paaiyca AR Ta
Kpoky AT cepemHboi JIiHII TBUHTOBOTO €JIEMEHTa CEKI[ii KOHBEEpa MiJ 4ac HaBAaHTAKECHHS

(puc. 2).
Ha ocHOBi ananizy 3aneXHOCTel (pUC. 2) BCTaHOBJIEHO, IO 3MiHA paxaiyca AR

cepenHbOl JIiHI TBUHTOBOTO €JIEMEHTa CEKIii KOHBeepa IMiJ 4ac HABAHTAXXEHHS OCHOBOIO
CUJIOI0 P, 3MIHIOETHCS 3aJIeKHO Bif 3MiHM pagiyca R Big 50 o 100 MM 1 3mMiHM Kpoky Bix 30

(1D

10 50 Mm.

3a okpemoro 30uTbIIeHHs paniyca R, abo kpoky 7' 3a BIANOBIAHOTO MOCTIHOTO
3HA4YeHHs, BIANOBIAHO, KPoKy 7' abo paaiyca R, 3MiHa pajiyca cepelHboi JiHii TBUHTOBOTO
eJIeMEeHTa CeKllii KOHBeepa IiJ] Yac HaBAHTAXKEHHsS OChOBOIO CUIIOI P, TaK0 30UIbLIYETHCS
B cepeanbomy Ha 0,005...0,008 mm.

Ha ocHoBi ananizy 3anexHocteil (puc. 3) BCTaHOBJIEHO, IO 3MiHa KPOKY CEpeHbOI
JiHIi TBUHTOBOTO €JIEMEHTa CEKLil KOHBEepa il Yyac HABAaHTAXXEHHS OChOBOIO CHUIOK P,
3MiHIOETBCS B Mexax Bin 0,1 mo 0,5 mm 3anexxHo Bix 3miHu paaiyca R Big 50 go 100 mm i
3miHu Kpoky Bix 30 mo 50 mm. 3a okpemoro 30utblIeHHsS paaiyca R, abo kpoky 7 3a
BIJIMOBITHOTO MOCTIfHOTO 3HAYEHHs, BIANMOBIAHO, KpoKy I abo paaiyca R, 3MiHa KpPOKY
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cepenHbOl JIiHI TBUHTOBOTO €JIEMEHTa CEKIii KOHBeepa IMiJ 4ac HABAHTAXXEHHS OCHOBOIO
cuno P, Takox 30uiblIyeThes B cepenHbomy Ha 0,15...0,25 mm.

50
280 op 100 S0T .MM

R.uMm
Pucynok 2 — 3anexHicTs 3MiHM pajiyca cepeHbOi JIiHIT TBUHTOBOTO €JIeMEHTa CeKIi1 KOHBeepa SIK (pyHKIIisA

AR =f(R,‘T)Z a — 3a 3HAYCHHS T—To = 0,2 mm; 0 —3a 3HAYCHHS T—To = 0,4 mm;

B — 3a 3HaueHHA | — To = 0,6 mm; Po =50 H, Tx = 1000 H'mm, H =20 MM, B=2,5 MM
IDicepeno: pospobaeno agmopamu

A A
AT M 4 / AT v/
- - /H

0.44
039
033
027
100 021
016
0.097-

40 R
o R.MM 5
T.mm 4 25 9% T.MM ;

Pucynok 3 — 3asexHicTh 3MiHH KPOKY CEpEeAHbOI JIiHii TBUHTOBOI'O €JIEMEHTa CEKILlii KOHBeepa SIK (QyHKIis
AT = f(R,T) :a—13a 3HAYCHHS f = 4;6—3a 3Ha4YEHHs f =8 T —To = 0,6 mm; Py,=50H, 7;,= 1000 Hmm, H=20 mm, B=2.5 Mm
Howcepeno: pospobrerno asmopamu

Jlnst oOrpyHTYBaHHST KOHCTPYKTHBHHMX IIapaMeTpiB TBHHTOBOTO €JIE€MEHTa CeKIii
KOHBEEpa IiI YaC HABAHTAXKEHHS OCHOBOIO CUJIOI P, moOynyeMo 3aJeXHICTh 3MIHM s

o
BU3HAUEHHS MAaKCHUMalbHUX HANpYyXeHb O, , SKI BUHHUKAIOTh MiA 4ac aedopmarii BUTKa
cripani ['TK.
[incraBumo 3HadenHs 3minn paaiyca AR ta kpoky AT i3 sanexuocreii (10) Ta (11)

B Qopmyny (9). Jlnsa uporo B 3anexnoctsax (10) ta (11) Bupasumo pamiyc R rBunra uepes
iioro miamerp D Ta mo3HaYMMO iX CKIag0Bi TAKMM YHHOM:
2 \? 2 \?
T
=n; R2 + =A ;
472

T,sina+ P.Rcosa =y - | —R* +
’ 4r2
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(2567°R° ~6AZ°R'T* (2 1) +4r’ R'T* ~T°) =5
(<2567 R°T-167°RT’ (87°R* +T° )+ T* ) = x';
T.cosa +Psina =0 ;

(327°R* +4n°R’T* (m=1)+T*) =¢.

IIpu npomy, oTpumaemo:

P ARnGB?
O = i <[ow]; (12)
y(/12+ATR2 )

72_2
2 T

[1 +AT(D~d) 2}
y7i 4 p
_ GHB¢ 7 ’

7 <[00 (13)
y(12+AT(D—d) j

max —

47
T
213([/12+(T—T0)D47[2}

O =

max

0,5SuESDT +12G&0k
47'G(D-d)B’E’E
3rigHo 3 dopmynoro (13) moOymnoBano rpadidHy 3aJIeKHICTH 3MIHM MaKCHMaJbHUX
HANpYXeHb 5K GyHkuis o, = f (P, D), axy HaseneHo Ha puc. 4. Ilpu msomy AR = 0,7 mm,
AT = 0,3 mm.
Ha puc. 5. HaBeneHo rpadiyHy iHTepHpeTamilo ABOMIPHOTO Iepepi3y 3ajeKHOCTI
3MiHH MaKCHMAlbHIX HAIPY)XeHb K GyHkiii o, = f(P;D) srixHo 3 puc 4.

}< [am]. (14)

(D—d)BL/IZJr

PucyHok 4 — 3anexHicTh 3MiHH MAKCUMAIIbHUX HANPYXKEHb K QYHKIISA O o = f (P ; D) :

T = 50mm; E=2,0510°MIla; G = 0,8 10° MIla
IDicepeno: pospobaeno aemopamu

HaBenena rpadiuna 3anexHicte (puc. 5) siBisie co00I0 HOMOTpaMy, 3a JOTIOMOTOIO
AKOi MOXHa BuUOMpaTH KOHCTPYKTHBHI mapamerpu cekmii [TK 3 ymoBu 3abesmedenns ii
MIITHOCTI KOHCTPYKIIi 3a HasgBHUX JAe(opMaliiiHMX NpoueciB i JOMYCTUMOTO 3HAYCHHS
HANPYKEHHs Ha PO3TAT IS CTaji 3 piBHOTO [am] = 60...80 MIIa, a6o 6 107...8 10 Ia.

BusHadyeHHs KOHCTPYKTHBHOTO Tapamerpa, abo miamerpa reunta D TTK 3a
MOCTIHOTO 3HAaYeHHs KPOoKy I'BUHTA T = 50 MM Bi10yBa€ThCS HACTYITHUM YHHOM.
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1. 3rimHoO 3 TaHMMH, IO 3 YMOBH MIITHOCTI KOHCTPYKIIii 3a HasBHUX AepopmManiiiHux
IpoIeCiB 3HAYCHHS MAKCUMAaJIbHOTO HANpYyXEHHS O, Ha PO3TAr JJs cTali 3 He MOBUHHI

max

<[o,,,] <(6107...8 107) IMa.

2. Hanpuknan, 3a BCTaHOBJIEHOI MO3J0BXKHBOI ocboBoi cuiu P = 600...700 H

MEPEBUIILYBATH JOMYCTUMI HAaIIPYKEHHS, a00 o

max

(puc. 5) MakcuMasbHI HapyKeHHsT o,  3a 3MiHu aiamerpa rBunta [ TK B mexax 0,1 <D <

0,2 M 3MiHIOIOTECS B jaianasoni Big 5,5 10° o 1,1 10® Ila, To6T0 3a 3Havenus P, = 600 H,
D < 0,1 ta ToBuuau Butka B < 0,5 MM MepeBHIYIOTh JOIMYCTUMUX HAMPYKCHb [am] .

6,5 10°

02 =

O,Iq[
0,18

0,17

0,16 |

0,15 5,5 10°

1,1 10"

Jiamerp reunta [TK D, M

1,510’

= 2,5 107
3,510

IMo3aoB#xHA ockoBa cuta F,. H
Pucynoxk 5 — Homorpama jurs Bu3HaueHHs giamerpa reuHTta [ TK 3anexHo Bif 3MiHM MaKCUMaJIbHUX Halpy)XEHb

s dyrcttis Opae = f (PrD): T = 50 mm; E = 2,05 10° MITa; G = 0,8 10° MITa
Ioicepeno: po3pobneno asmopamu

Takum 49MHOM, ©pU 3HAUEHHI MO3M0BXKHBOI ocboBOoi cwm P, = 700 H
KOHCTPYKTUBHHI mapameTp, abo miamerp reunta D T'TK nosunen Oytu He meHiie 3a 0,1 M,
TOOTO NMOpiBHIOBaTH 4KMcIoBOMYy 3HaueHHS Bin 0,1 M mo 0,2 M 3a 3MiHM TOBIIMHU BUTKa B
rBuHTa OUTBIIOT 32 0,5 MM, puc. 4.

3. Hanpuknazn, 3a BCTaHOBIEHOT IO3/10BKHBO1 0cboBO1 cuin P, = 900 H (puc. 4, puc.

5) MakcHUMalbHI HApY)XeHHsT o,  3a 3Minu giamerpa reuHta I TK B Mmexax 0,1 <D< 0,2 m

max
3MIHIOIOTBCA B Jiama3oHi Bix 5,5 10° mo 1,5 108 ITa.
ITpu upoMy 3a 3HaueHHs Aiamerpa reuaTa D > 0,12 M Ta TOBIIMHU BHTKA

B = 0,5 MM MakcuMalbHI HaIPY)KEHHS O,  3HAXOAATHCS B Jiana3oHi OLTbIIE 3a 3HAYEHHS 6

max
107... 8 107 no 3nauenns 1,5 10® I1a, To6TO MEPEBUILYIOTH JIOMYyCTUMI [am] .
Takum 49MHOM, ©pU 3HAUEHHI MO3M0BXKHBOI ocboBOoi cwm P, = 900 H

KOHCTPYKTUBHHI mapamerp, abo miamerp raunta D T'TK moBunen Oytu He meHiie 3a 0,12 M,
TOOTO AOpiBHIOBATH 4mcioBoMy 3HadeHHs Bif 0,12 M mo 0,2 M 3a 3MiHM TOBIIMHU BUTKA B
rBuHTa OUTBIIOT 32 0,5 MM (puc. 4).

Jlns BU3HA4YeHHS KPOKY TBHHTAa 7 3a TMOCTIMHOTO 3HA4YeHHs [iaMeTpa T'BUHTA
D =const HeE0OXiTHO BHKOHATH AaHAJOTIYHI JNOCHKEHHS: moOynyBatu 3D 3ayexHICTh

3MIHM MaKCHMAaJIbHUX HalpyXeHb K QYyHKUiA o, = f (P;T ) 3a BCTAQHOBJIEHOTO 3HAUEHHS

miamerp tBuHTa D ITK; moOymysaru nBOMIpHI mepepisu (YHKI[IOHATBHOI 3aJeKHOCTI
Ope = (P:T) , AKi € HOMOrpamMOI0 3MIiHH MAKCHMAlIbHHX HANPYKEHb SK (YYHKIlis

e = f (P:T); BUKOHATH MOPSIOK aHAII3Y 3rigHo miL.1-3, sKi onmcaHo Bue.

JIns 0JHOYAaCHOTO BU3HAUYEHHS KOHCTPYKTUBHUX mapamerpiB ruHTa ['TK Takox
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MokHa moOyayBatn 3D 3ajexHICTh 3MIHM MAaKCUMAaJbHHUX HANpYXKEHb SK (QYHKIIisA

c,.=f (P;D) 3a BCTAHOBJICHOTO 3HAYEHHs JAlaMeTp IOIepeyHoi OocboBOi cmim P, Ta

BUKOHATH aHAJIOTIYHUH MOPSIOK aHAMI3Y 3TiaHO M. 1-3, sIKi OMUCcaHo BHIIE.
Takox koHcTpykTuBHI mapamerpu ITK (miameTp 1 Kpok T'BHHTa ) Ta 3HAuY€HHS

nonepeyHoi ocpoBOi cmium P, OyayTh 3ajJeXaTH BiJ BCTaHOBJIEHOI (HEOOXiAHOT)
npoayktuBHocTi O, I'TK Ta, BianmoBinHO, HEOOXIHHUX 3aTPaT CHOXKHUBUYOI MOTYXHOCTI N, ,

K1 B3a€MOIOB’s3aH1 MK CO0010.

[MponykrusHicts O, ITK wmoxe Oyt BH3HaUeHa 3a CTaHAAPTHHUMU BiIOMUMH
bopmymnamu:

- 3 BpaxyBaHHSAM I[IONEPEYHOr0 Iepepisy BaHTaXy O0’€MHOI0 Macow p, , SKHH
nepeminryersest Butkamu [ TK Ta 3HaueHHsM 3Mminu jgiamerpa rBudta AD | siKy BH3HAYAIOTh

3a (opmynoro (10) ta puc. 2, npu usomy Q, =O,25[(D+AD)2—d2J9y/Sp8K3 (y ubomy

BHITAJIKy MOYKHA BU3HAYHUTH JiaMeTp TBUHTA);
- 32 3HAYCHHSM MUTOMOTO 00’eMy Martepiany, SKHA NPUXOAUTHCS Ha OTUHUIO
JOBXKHHU TBUHTA, SIKUH BU3HAYAETHCS 3 BpaXyBaHHSAM IMUTOMOI 00’ €MHOI Macu Marepialy p,

(xkr/m), npu upomy Q. =W,y ,p @, ne W, — nmuromuii 00’eM MaTepiany, KU IPUXOIUTHCS

Ha OJMHUIIO JOBXKHHM IIHEKa, M°/M (y IIbOMY BUINAJKy MOKHA BM3HAYUTH KPOK TBMHTA 3a
3HAYEHHsIM 3MiHK KpoKy rBuHTa AT, siKy BH3Ha4aroTh 3a popmysnoro (11).
[Tpu upoMy mBHAKiCT nepeMimieHHs BanTaxy [ TK MoxHa BU3HAUNTH 3 3a5exHOCTI [2]:

7 2
dy _ kEI azz(”] P g

w——"— = (15)
dt (p+p,) 1) 8a(p, +p,)
0){1—722,02 [62/:(/)1 +p2)—a21€1E1}812}

9= - . (16)

TPy
Toni:

a){l—ﬁzpz [CZ//(,OI +p2)—a21;1El} 812}
0, =0,25[(D+4D) ~d* | d

p, VP, . (17)
a){l ~-’p, [CZ/(A +p,) —azlglEI}%lz}
Q: = VVI 2 i/lgpv¢z * (18)
TP,
2 m, Vepe Ve H 3
[Ipuiimaroun W, :_l :_l =7 , Je V. — 00’eM BaHTaxy TpPaHCIOPTYBaHHS (M),
Pt Py
OTPUMAEMO
" a){l—ﬂzpz[ég/t/(pl+p2)—a21?1EI}812}
== ; Vo, $. - (19)
! TP,

3 piBusians (17) Busnagaemo D+ AD |, to6to0:
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co{l—;rzp2 [cz//(pl +p2)—a21;1E1}812}
0, =025 (D+4D) - | d

p, VaPKs . (20)
(D+A4D) -d* = Y e
0,25 d - ’
\/ w{l -7 p, [W(A +p,)—a’kEl }812}%/08&
7P, dt
(D+4D)= |d*+ 9 (22)
0,25 , |dy o7 2 '
0\1=7"p,| == (p+p,)~ @k EI 8 yyp,x,
7P, dt

Ha ocnoBi rpadiunoro ananizy moOymoBaHoi 3aieXHOCTI 3rigHO 3 (18) BU3Hauaemo
YHCII0BE 3Ha4eHHsI 3MiHM npoaykTuBHOCTI [ TK.

[TizcTaBisiroun 3HAYCHHS HEOOXiAHOI 3amaHoi MPOAYKTUBHOCTI (). BH3HAYAEMO
HeoOxinHui niametp reunTta I'TK, 3a sikoro Oyne 3abe3nedyBarucs 3ajaHa MPOAYKTUBHICTh
Q. . YMmoBa 3abe3neueHHsa Mae Burisig: O, 2 0:

Kpok reunra I'TK Mmoxxna BuszHauumtu 3 (18), 3aminuBmM V, dyepe3 KOHCTPYKTUBHI

pO3MipHI NapaMeTpu IT'BUHTA Ta KOKyXa KOHBEEpPA.
IlepeBipky, a0o migdip HEOOXIIHOTO MONEPEYHOro Imepepizy, abo JOMyCTHUMOIL
[103/10BKHBOI OCbOBOI CHUJIM BU3HAYAKOTh 3 YMOB:

F
HB<—*—. F <HB[o,,]. (23)
[G()on]

Ha npyromy erami Bu3HauuMo kiHeMatuuHuil mapamerp I'TK 3 ymoBuM MinHOCTI
KOHCTpYKLIT i yac kpydeHHs cekiii [ TK, sike BUHMKae 3a paxyHOK ii 00epTaHHS 3 KyTOBOIO
MBUIKICTIO (2 Ta sKa 9 TONEPEYyHOTo mepepizy 3abe3medyerbcs 3a ymoBu (3) 3
BpaxyBaHHSAM BUKJIAJIEHOTO y hopmyii (4).

HonspHuii MOMEHT omopy mepepizy W, 1 W, BU3HaYaeThCs 32 HOPMYIIOL0
J, HB’ J, HB¢& (24)
_—= ; e

" R 12R ” R R

[TincTaBUBIIM 3HAYEHHS KPYTHOIO MOMEHTY, IKMH MPUKIAACHUN 10 BUTKA Y IJIOLIMHI
MEePIEHANKYISPHIA 1O OChOBOI JIiHIT BUTKAa M; Ta 3rHHAIBHOTO MOMEHTY M, 1O 3TUHAE
BUTOK Y IUIOLIMHI, 1€ BUMIpIO€Thcs KpuBU3Ha K 13 [3] maemo

T, _M,_ - \/(Qsina +BReosa)’ &2 +12* (T,cosa— P.Rsina)” <[z, ], (25)
W, HB

abo

T =L T.sina+0,5P.Dcosa 282412 T.cosa—0,5P Dsina <[z . 26
max 2HB3 \/( k 0 ) § k 0 don ( )

3rimHo 3 dopmynorw (25) mobynoBaHo rpadidHy 3a’MeKHICTH 3MIHM MaKCHMAaTbHUX
JOTUYHUX HANPYyXKeHb AK QyHKUIA 7, = f (DTk ) , SIKy HaBeIeHO Ha puc. 6. [Tpu upomy
P, = 750H, H = 20 mm.

Ha puc. 7. HaBeneHo rpadiuHy IHTEpIpETalil0 ABOMIPHOIO IMEpepidy 3aleXHOCTI
3MIHM MaKCHMMaJbHUX JOTHYHHMX HaNpyXKeHb K QyHKUii 7, = f (DTk) 3rigHo 3 pHuc. 6.
I'padiuna 3anexHicTh (puc. 7) sABIsf€ co0OI0 HOMOTpamy, 3a JOIOMOTOI0 $IKOi MO>KHa

BUOUpaTH KOHCTpyKTHBHI mnapamerpu cekuii ['TK 3 ymoBu 3abe3nedeHHs il MILHOCTI
KOHCTPYKLII 3a HasBHUX JepOopMalifHUX MPOLECIB 1 JOMYCTUMOTO 3HAUEHHS NOTUYHHUX

Ham €HHS Ha KpydeHHs ajs ctani 3 piBHoro |7, |= 35...50 Mlla, a6o 3,5 107...5 107 a.
py)K pyq don
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Kinemarnunuii mapamerp ITK, a6o kyroBy mBHAKiCTh TBHHTA {2 (4actoTy
00€epTaHHsA TBUHTA 71, ) MOKHA BU3HAYUTH 3 YMOBH, 3a AKO1

M P P
z-max = L= = 30 < [Tz)on] b (27)
w, w2 znW,

ne P — 3arpatu crioxuBUYOi MOTYXHOCTI, sIKI HEOOXIiqHI A1 BUKOHAHHs mporecy, BT; n, -
yactoTta o0epranns raunTa ['TK, pan/c.

| 1-B=05Mm

2-B=1,0mm

| ~3-B=15um

0.
00 012 014 1"

Pucynok 6 — 3ane:xHICT 3MiHH MaKCUMAIBHUX JOTHYHHUX HANPYKEHb K QyHKIIA T, = f (D ;T, )

Lwcepeno: pospobaeno asmopamu

1,510’ 1,8 10" 0,710% 45107
1000 [ N a S
NOS10° N R\ 24107 25107
1,5 107 16107 1,910 +
900 \ \ hY \ \1.11\\ \ 23 &
AN 2 107 \X 0,7 10°
é IR \\2.2 w 222
b—% 800 05 10 )
g o& 2,110
N
=3
a§ 700 < 1,8 107
=] 0,3 10%
E ) 1810
=
s 600 \ 1,6 10°
3,3 10° \ 1,5 107
500 N
0,1 0,12 0,14 0,16 0,18 0,2

Hiametp reunta D, M
Pucynok 7 — Homorpama ayist Bu3HaueHHs fgiamerpa reuHTa [ TK 3a1€KHO Biff 3MiHH MaKCUMaJTbHHAX TOTHYHUX
HATIPYXKeHb K GyHkiis T,,, = f (D,'Tk ) - H=20mu; P =750 H
IDicepeno: pospobaeno agmopamu

ITpu ubomy, BpaxoByrouu (24) 1 (27), maemo

n > S0P . (28)

o ﬁé\/(Tksina +0,5P,Dcosa)’ &2 +127 (T,cosa —0,5P, Dsinar )’

Ha puc. 8a HaBeneHO 3aJeXHICTh 3MIHM yacToTu oOepranHHs reunTa ['TK sk ¢pyHkmis
n, = f(D;T,), anapuc. 86 — sx dpynkuis n, = f(P).
Butpatu cnoxwuB4oi motyxHocTi P (kBT) po3paxoBylOTh 3aJIeKHO BiA 3alaHOI
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npoayktuBHocTi [ TK 3a popmynoro

P=0,1/367, (29)
Iie TeOpeTUYHE 3HadeHHs npoaykTuBHOCTI O, (1/ron) I'TK BusHauvarots 3a popmyioro (19).
Tomi
0,25 a){l—ﬁzp{cz/;(pl+p2)—azl;1EI}812}
P= D+AD) —-d* vk, |l; 30
36772' |:( ) :| p2 ‘//Spe 3 ( )
v a){l—ﬁzpz[cz/;(pl+p2)—a21;1El}812}
P = . vep. 0. |1 (31)

3677l 2,

BinmoBigHo, TeopetuuHe 3HaueHHs 4yactoTu obOepranHs reuHTa ['TK, 3a sxoi Oyme
3a0e3rneuyBaTuCs HEOOXi/IHA MPOTYKTUBHICTh TBUHTA MO’KHA BU3HAYATH 13 3aJISKHOCTEH

0,25 {1 < Pz[ (B+m)- aZITqEI}SIZ}

2
30 3677[[(D+AD) d} . w.ox |l

; (32)
7z§\/ (Tsinar+0,5BDeosar)’ & +12* (T,cosa—0,5P.Dsing)’

\ n,.-06/xBY 182.

il n_.-00/xBy
- 160.T p —30-H«
Liweer  nl(P) i

|- 160.78 138 4

L 13208 nZ(P)“G__,

L 103.39

L 74.60 ﬂ) < P,=50H
L 46 73 .
500 P, ="T0-HY

69 SL.

1 1.1 12 13 14 15
CnoxknB4a MOTYKHICTE P, kKBTY

ay

Pucynok 8 - 3anexHicts 3MiHM yactoti oOepTanHs reunTta ['TK gk ¢yHkiis:
a—n, =f(D,‘Tk), 1, 2, 3 — Bigmosiguo, P = 1,0; 1,2; 1,5 xBr; P =50H;6-n, = f(P), D=015um
Hoicepeno: pospobrerno asmopamu

v co{l—;er{cZ/t/(pl+p2)—a21;1E1}812}

6

367l P>

l//é}pv¢z l

n > - (33)
ﬂf\/(Tksina +0,5P,Deosar)” &2 +12% (T,cos —0,5P, Dsine )’
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BucHoBku. BeranosineHo, mo miamerp rBunta D I'TK 3a mOCTIHHOTO 3HAYCHHS KPOKY
rBuHTa 7' = 50 MM 3 YyMOBHU MIIIHOCTI KOHCTPYKIii 3a HasgBHHUX AedopMaliiiHuX mpolieciB
3HAYEeHHSI MaKCUMAJIBHOTO JIOTUYHOTO HANpYXEeHHs 7, = Ha PO3TAr I CTali 3 He MOBUHHI

<[7,,] <(3,5107...5 107) Ia.

Hnst xpyrHoro mMomenty I, = 700 H M (puc. 6, puc. 7) MakcHUMalbHI JOTHYHI

max

MEPEBUIIYBATH JOMYCTUMI TOTUYHI HAIPYKEHHS, a00 7

max

HanpyxeHHs 7 3a 3MiHu jgiamerpa rBuHTa [TK B Mexkax 0,1 <D< (0,2 M 3MIHIOIOThCS B

max

miamazowi Bin 3,3 10° mo 1,8 107 [a, mo He MEPEBUILYE AOMYCTUMUX JTOTUYHUX HAMPYKEHb
[7,,,] 32 3MiHK TOBIKMHK BuTKa B Mexkax B = 1,0...1,5 mm. To61o 3a 3Hauenns 7, = 700 H

M, D< 0,1 Ta toBmmuu BuTka B < 1,0 MM pgiamerp rBunTa mMae Oyru D= 0,1 m. 3a
TOBIIMHU BUTKAa B = 0,5 MM Ta kpyrHoro momeHty 7', = 700 H M MakcumamnbHI JOTHYHI

HaTpyXKeHHs 7, ~ 3a 3MiHU giamerpa rBuHTa [TK D> 0,18 M mepeBUIIyOTH JOMYCTHMI

max

JOTUYHI HAIIPY>KEHHS [rm] , TOOTO B IbOMY BHIIAJIKy JliaMeTp IBUHTA TIOBUHEH OYTH MEHIIE

320,18 M, 200 D < 0,18 m.

[TpoananizyBaBmn yMoBM MinHocTi KoHCTpykmii cekuii I'TK, pamionanshi
KOHCTPYKTUBHO KIHEMaTH4yHI IapaMeTpu TBUHTA, 3a SKUX JOTPUMYETbCS YMOBa
3a0e3neueHHs TOMYCTUMUX HampykeHb Ta 3anaHoi mpoayktuBHocTi ITK Oynyrs Takumu:
niametp reuHTa B Mexkax 0,15...0,2 M; kpok rBuHTa B Mexkax 0,5...0,6 M; yactoTa oGepTaHHs
reuHTa B Mexkax 100...200 06/xs.
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Substitution of Technological and Constructive-Kinematic Parameters of a Flexible Screw Conveyor

The article justifies the technological and calculated structural and kinematic parameters of a flexible
screw conveyor (FSC) based on the condition of its structural strength. A new design of the FSC section with
expanded technological capabilities is proposed, which ensures a reduction in the radius of curvature of the
material transportation trajectory, as well as an increase in their efficiency compared to the known ones, a
reduction in energy consumption and an increase in the lifting height of bulk materials transportation.

The main attention is paid to the choice of the design option of the screw working body (SW), which
will depend on the nature of the transport and technological process, which regulates the types of loads on the
main structural element of the SWC - the screw, or on the design features of the spiral and the SWC casing.
flexible screw conveyor, process, amplitude, productivity, power, power parameters, screw, bulk material, casing
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JlocaipkeHHs HaJIMHOCTI Ta MEePI0AMYHOCTI 3aMiHU
NOBITPSIHUX (DUIBTPIB JIBUTYHIB

B crarri gocmimkeHi KIIIOYOBI aclieKTH HaJIiHHOCTI Ta OOTPYHTYBaHHS MEpiOAWYHOCTI 3aMiHM
MOBITPSHUX (DUIBTPIB IBUT'YHIB BHYTPIIIHHOr0 3ropstHHSA. ONTHMaIbHUN 1HTEpBal 3aMiHM MOBITPSHOTO (ilbTpa
€ KPUTHUYHO BAXKJIMBUM I 3a0e3nedeHHs e(eKTHBHOI poOOTHM JBHIYHa Ta 3HIDKEHHS 3HOCY JleTaseH,
MiHiMi3anii BUTpaT HA NaIMBO Ta €(EKTUBHOCTI BUKOPHCTaHHS MOOULIBHOIO €HEpreTHYHOro 3acody. Mertoro
MIPE/ICTAaBICHOI CTAaTTi € aHaii3 (hakTopiB, IO BIUIMBAIOTH HA HAAIHHICTH NMOBITPSIHUX (UIBTPIB ABUIYHIB Ta
OOTpYHTYBaHHS ONTUMAJILHOI NTEPIOMIHOCTI X 3aMiHM HA OCHOBI CTaTHCTHYHOTO aHAJII3Y.

Po3risiHyTO METOIMKH JOCHIKEHb, SIKI BKIIOYAIOTh JJa0OpaTOpHI Ta eKCIUTyaTaliiHi BHUIPOOyBaHHS,
30ip cratuctryHoi iH(opmanii. ['paHndHM cTaH NOBITPSHOTO (BiTBTPA ABUI'YHA OLIHEHO 33 CYKYITHICTh IPSIMHUX
1 HempsaMux o3HaK. [IpeacTaBieHo pe3ynbTaTH NEPIOAWYHOCTI 3aMiHM MOBITPSHUX (UIBTPIB JBHUTIYHIB
aBToMOOIiB Mazda 3 iX craTHCTHYHOIO 00pOOKOI0. Po3paxyHKamMy BCTaHOBJIEHI NMOKA3HUKH IIEPiOJUYHOCTI
3aMiHM TOBITPSHUX (UIBTPIB JIBUTYHIB: cepenHs NepiognyHicTh 3aMiHM craHoBUTH 10,1 THC. KM; cepemHe
KBaJpaTHYHE BiJXWJICHHS CEpeIHBOr0 3HAYEHHS mepiomuyHocTi — 2,99 THe. kM; Koedimient Bapiamii — 0,44;
3MIIIEHHS [TOYaTKy PO3CIIOBaHHS CEPEAHBOI MepioAUIHOCTI 3aMiHy — 3,25 Trc. kM. BeraHOoBIIEHI MeXi JOBipUHX
IHTEpBaJiB CEpeIHHOr0 3HAYECHHS MEPIOAMYHOCTI 3aMiHM TOBITPSIHOrO (iNbTpa JABUTYHA JUIS 3aKOHY
HOPMAaJIBHOTO po3moAiny: 6,03 THc. KM — HIKHS JoBip4ya Mexa; 14,17 Thc. KM — BepXHs JIOBipYa Mexa.

BUCHOBKH ITiAKPECITIOIOTh Ba)KJIMBICTh KOMIUIEKCHOTO IiIXOAY O BU3HAYECHHS MEPiOJUYHOCTI 3aMiHM
TOBITPSHUX (UIBTPIB ABUTYHIB 13 BpaxyBaHHSIM YMOB €KCIUTyaTallii, SKOCTI (iIbTpyBaJbHUX EJIEMEHTIB Ta
3aBomy BUpOOHHMKA. JIyisi JOCATHEHHS €QEKTUBHOCTI BHKOPHCTaHHS Ta €KOHOMIii KOINTIB Ha TEXHIUHE
00CITyrOByBaHHSI Ta PEMOHTYBAHHS, PEKOMEHAYEThCS BPaxOBYBAaTH (haKTUUHI yMOBH EKCILIyaTallii MOOUIBHHX
SHepreTUYHHX 3ac0o0iB Ta TEXHIYHUH CTaH QUIBTPIB.

NOBITPAHUI (GinbTp ABUIYHA, HANIHICTH, MOOLILHMIT eHepreTHYHMII 3aci0, epioAUYHICTL 3aMiHK

IMoctanoBka mnpo6jemu. IloBiTpsHi QIUIBTPH € KIIOYOBUMH KOMIIOHEHTaMH
MOOUTBHUX  EHEPreTHYHUX 3aco0iB  Ta  YIOCKOHATIOIOTHCS  Pa3oM 3 PO3BUTKOM
MaImuHOOYIIBHOT Traimy3i. AHaji3 MOKa3ye, IO 3aCTOCYBaHHS CHUCTeM (UIbTpaLii MOBITPS B
MOOUTBHUX EHEepPreTHYHUX 3acobax mponosxye 3poctatu [1, 2]. OxpiM ¢unbTpiB s
BEHTWIALIT KapTepiB arperaTiB i QinpTpiB TpaHCMicii, MOBITpSAHUX (iTBTPIB CaJlOHIB Ta
¢GuUIbTpiB IBUTYHIB, B MOOUIBHHUX EHEPreTHMYHHUX 3ac00ax 3’SBUBCS WUTUH psAl HOBHX
(GUIBTPYBAIBHUX CUCTEM.

OnHiero 3 HaWBAXIMBINIMX KOMIOHEHT CHCTEMH BIIYCKY JBHUI'YHAa MOOLIBHOTO
EHEepreTUYHOro 3aco0y € moBiTpsHuil ¢ineTp [2, 3]. Ha BinMiHy BiJ cajlOHHUX, HOBITPSHI
GubTpU ABUTYHA 3a3BHYail MaloTh OUIBIIY IUIOMY (UIBTPYIOUOTO eleMeHTa Ta OuIbII
IIJIBHY CTPYKTYPY MaTepiany, OCKUIbKM BOHHM TOBMHHI 3aTpUMYBaTH APIOHIIII YaCTHHKH,
HIATPUMYIOUYM BUCOKOTOYHI XapaKTEPUCTUKU Ta 3aXUIaiouu Jaetaii asuryna. OcHoBHa HoOro
¢byHKIisA ToysArae y 3amoOiraHHi MOTPAIUIIHHIO aOpa3sHBHUX YAaCTHMHOK, BKIIOYAIOYM I,
MICOK Ta OpyJl 3 HABKOJMIIHBOTO CEPENOBHINA JO IMIIHAPO-TIOPUIHEBOI rpynHu [4], OCKUIBKU
1€ MOXX€ MPU3BECTH JI0 MPUCKOPEHOT0 3HOCY AeTajlel, MOPYLIECHHs 3a30piB Yy 3’€IHaHHSX,
3HIKEHHSI KOMIIpEcii Ta moripieHHs e(peKTUBHOCTI pOOOTH JIBUTYHA.

B crarti [5] HaBemeHO pe3ynbTaTH IOCHKEHb Ta MOPIBHSAHHS BIUIUBY DPI3HHX
CTYNEHIB 3aCMiYeHHs TMOBITPSAHOTO (UIbTpa HAa NPOAYKTUBHICTH JBUTYHAa Ta HEraTUBHI
BUKUM. EXCIEepUMEHTH IPOBOMIIMCH HAa OTHOLMIIHAPOBOMY YOTUPUTAKTHOMY JH3EIIEHOMY
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JBUTYHI 3 BOJSHUM OXOJIO/DKEHHSM IUISIXOM ONOKYBaHHS o06nacti ¢inbTpa Ha YOTUPHOX
pexxumax: 0%, 25%, 50% Tta 75%. PesynpTatu BKa3yroTh Ha MOTIPIICHHS MOKAa3HUKIB SKOCT1
pobotu aBuryHa ta 3poctanns BUKuAiB CO ta CO2, MaKCUMYM SIKMX CTaHOBUTH 25%.

[TopyiieHHsT TepiOTUYHOCTI 3aMiHM a00 BUKOPUCTAHHS HEAKICHOTO (iIbTpa MOXKe
NPU3BECTH JI0 3HAYHMX HETaTUBHUX HACIHIAKIB, TaKUX SK 30UIBIICHHS BUTPATH MaJbHOTO,
3HWKEHHS TOTY)KHOCTI JBUTYHA, MiJBUINEHHS BUKUIIB IIKUUIMBUX PEYOBHMH, a y KpalHiX
BUITaJIKaX — JO KaliTaJbHOTO PEMOHTY JBUTYHA [5]. Pazom 3 TuMm, HaaMipHO YacTa 3amiHa
¢GuIbTpa € EeKOHOMIYHO HEBMIIPABJaHOI. TakMM YWHOM, BHU3HAYEHHS ONTHUMAaJIbHOL
NEPIOIMYHOCTI 3aMiHU TOBITPSAHUX (UIBTPIB Ta OILIHKA iX HAAIHHOCTI € aKTyaJlbHUM
3aBJIaHHSM HE TUIbKHM JJIsl KOHCTPYKTOPIB, aje W Jisi BUPOOHHUKIB cUCTeM (iIbTpYyBaHHS,
IH)KEHEpIB Ta BJIIACHUKIB TEXHIKH, EKCIUTYaTallIfHUKIB Ta MPaLiBHUKIB CEPBICHOT CITYKOU.

AHaJi3 ocTaHHiX qocaimkens i myosikamiii. JlocmipkeHHs TOBITPIHUX (PITBTPIB Ta
iX BIUIMBY Ha poOOTY JBUTYHA € MPEAMETOM 0ararb0X HayKOBUX poOiT. JliTepaTypHuii orssy
MoKasye, 0 Ha e(peKTUBHICTH (UIbTpalii Ta TEPMIH CIIY>KOM MOBITPSHOTO (UIBTpa ABUTYHA
BHYTPIIIHBOTO 3TOpaHHs BIUIMBA€E IliJla HU3KA B3a€EMOIOB’s3aHUX (akTopiB. MDKHApOTHHIMA
crangapt ISO 5011:2000 [6] € onHUM 3 OCHOBHHUX JOKYMEHTIB, IO periaMeHTye MeTou
BI/IHpO6yBaHB HOBlTpHHI/IX ¢inpTpiB. Lleil cTaHmapT BU3HAYAE XapaKTEpHi MPOLE/ypH JUIst
OLIIHKMA TMHJIOEMHOCTI, €(QEeKTUBHOCTI (meTpauu Ta OINOpPY HOTOKY HOBlTpﬂ Kl €
BHU3HAYAJIbHUMHU NTapaMeTpaMu Ul MOPIBHAHHS PI3HUX (UIBTPYIOUUX €JIEMEHTIB.

BaxuuBicTh TUIY (QUIBTPYIOYOro MaTepialy Ta HOro KOHCTPYKIIis, IJioma poOoyoi
MOBEpXHI Ta po3Mip TOp (QuIbTpa Ui NHIOEMHOCTI Ta e(eKTUBHOCTI ¢uIbTpamii
HEOJTHOPA30BO IMIJAKPECTIOBAIMCh Y HAayKOBHX myOmikamisx [7, 8]. ABtopu cratei
BCTaHOBJIOIOTh BHUMOTH 70 TOBITPSAHUX (UIBTPIB ABUTYHIB Ta BU3HAYAIOTh iX OCHOBHI
XapaKTePUCTUKH, TOCIILKYIOTh BIUTUB PI3HUX PO3MIpiB mop ¢iabTpa Ta AiaMeTpy BOJIOKOH
T BU3HAYCHHS MPOJAYKTUBHOCTI CTATHYHOI Ta AMHAMIYHOI ¢unbTparii. i1 BCTAaHOBIEHHS
IMHAMIYHO1 (iIBTpaIiifHOT MPOIYKTUBHOCTI (UIBTPIB B HAYKOBI pOOOTI BUKOPHCTOBYETHCS
eKCIIepUMEHTAIbHUNA  TpUCTpid. B mpomeci  ekcnmepuMeHTiB, Ui  BCTAaHOBJICHHS
NPOAYKTHUBHOCTI CTaTW4HOI (inbTpamnii, omopy ¢iabTpamii Ta epeKTHBHOCTI (iIbTpamii
qucTOoro (unbTpa JOCTIDKEHHS TMPOBOJMINCH 3 BHUKOPUCTAaHHSIM METOAY 3aTPUMKH.
ABTOpaMH CTaTTi BCTAaHOBJICHO, 10 y TNIMOMHHOMY (ibTpylOUoMy MaTepialli e(eKTHBHICTb
Ta omip QiTbTpalii TKAHMHHOT CTPYKTYpH MOKPAIIYBAJIUCh 33 YMOBH, KOJH PO3MIp HOp
¢bitbTpa Ta 1iaMeTp BOJOKOH OyiIH MEHIIMMHU 32 BETUYHUHOIO.

ABTOpHU HayKkoBOi poOoTH [8] MPOBOIATH MOPIBHSIIBHUI aHAMI3 PI3HUX KOHCTPYKLIN
NOBITPSIHUX (UIBTPIB JABUIYHA, BCTAHOBJICHHS iX 3/JaTHOCTI yTpUMYyBaTH 3a0pyIHEHHS B
YMOBaxX MiICBKOTO Ta CLIbCHKOTO ITUKIIIB BHKOPUCTAHHS TEXHIKH. Hpe,Z[CTaBJIeHi B CTarTi
BHUCHOBKHM BKa3ylOTh Ha Te, II0 PeKOMEHMaIlil BI/IpO6HI/IK1B I0JI0 MEPIOANYHOCTI 3aMiHHU, SK
NPaBUJIO, € YCEPeIHEHUMH 1 MOKYTh HE BIJMOBIATH pEAJbHUM YMOBaM eKCILTyaTallii,
0COOJIMBO 32 YMOB BHCOKO{ 3aITUJIEHOCTI.

JlocmipkeHHs, $Ki BKa3ylOThb Ha HEOOXiOHICTh ONTHMAaJbHOTO BHUKOPUCTaHHS
MOBITPSHOTO (UIBTpa JBUTYHA 3 METOI0 3HIKCHHS BapTOCTI YacToi HOro 3aMmiHM Ta
3a0e3rneueHHs] OUTBIIOr0 TEpPMiHY CiIykOu BimoOpakeHHI B HaykoBiil poOoti [9]. B crarTi
3a3HAYeHO, 10 Tepenaj THCKY 30UTbIIYEThCs 31 30UTBIIEHHAM 00’€MHOT IIBUIKOCTI OTOKY
MOBITPsI, @ BHILA IIBHUJKICTh MOBITPA Y (UIBTPI NPU3BOIUTH 10 MPOHUKHEHHS aepO30JIbHUX
YaCTUHOK JI0 (UIBTPYBAJBHOTO €IeMEHTY. Y 3B’SI3KYy 3 MPOHUKHEHHSIM OUIBIINX YaCTHHOK
3a0pynHEHb 10 (UIBTPYBAIBHOTO €JIEMEHTY, €()eKTUBHICTh (pinbTparii /i piBHOMIpHOTO
PO3MOALTY MOTOKY MOKpAIIy€eThCsl OUbINe, HDK NIl HEPIBHOMIPHOTO PO3IOJALTY MOTOKY. B
TO ke 4ac A IpiOHMX YAaCTMHOK 3a0pyJHEHb €(EeKTHBHICTh (UIBTpAIlii 3MEHIIYETHCS JUIS
PIBHOMIPHOTO PO3MOJLTY MOTOKY.

OxpeMi JOCHIAHUKM OCOOJHMBY YyBary MPHUIUIMIN JIUIIE BHMIPIOBAaHHIO Mepenany
TUCKY Ha TOBITPSHOMY (UIBTPI ABHUIYHA, SK HaHOUIbII OO’€KTUBHOMY IOKAa3HHMKY HOTO
3abpynHenHs [10].
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ABtopu crarti [11] 3a3HaumIM, M0 3pOCTaHHS TMEpenaay THCKY HPSIMO KOPEIe 31
30UTBIIEHHSM CIIOKMBaHHS TajlMBa Ta TIJBHUINEHHSM pIBHA WIKIATUBUX BUKHIIB. Lle
MIATBEPIMIIO HEOOXIAHICTh BUKOPUCTAHHS JATYMKIB MEpenaay TUCKY SIK IHCTPYMEHTY JUis
MOHITOPUHTY CTaHy MOBITPSIHOTO (UIBTPA B PEKUMI PEATbHOTO Yacy, Ta JO3BOJIWIO MEPEenHTH
BiJl pETJIaMEHTHOTO OOCIIYyTOBYBaHHS 10 0OCIYTOBYBaHHS 33 (PaKTHUHUM CTAHOM.

BunpoOyBaHHs oOpuriHaNbHUX MOBITPSHUX (ITBTpIB OBUTYHIB cimeiicTBa Renault
K9K moxka3anu, sk 3a3HaueHO aBTopamu crtarti [12], mo iX 3amiHa BiINoOBifae IUIaHY
oOciyroByBaHHs, 0a3yeThCsl Ha KUIOMETpaxi, aje g OurbInocTi (impTpiB MpoBOAMIIACH
nepeayacHo. ABTOpPHM BIAMITWIIM, IIO B TPOLIECI BUKOPUCTAHHS aBTOMOOLUTIB, MOBITPSAHI
(GUIBTPU MPOCOUYYIOTHCS IIAPOM APIOHOTO MUY, a X epeKTUBHICTH (QiIbTpallii 3pocTae.

TakuMm 4YMHOM, aHaNi3 JITEPAaTypHUX JDKEpeN MiAKpeciioe 0aratoakToOpHICTH
npoOseMy BU3SHAYEHHSI ONTUMAIBHOI MEePiOJMYHOCTI 3aMiHM MOBITPSIHUX (PITBTPIB ABUTYHIB,
BKa3y€ Ha BaXJIMBICTh BpaxyBaHHS YMOB €KCIUTyaTallii Ta TMOTEHIialy BUKOPHUCTaHHSI
CY4aCHUX METOJIB MOHITOPHUHTY JJIsl MIABUILEHHS 1X HaIIIfHOCTI Ta eKOHOMIYHOCTI.

IMocranoBka 3aBaaHHs. MeTO MpEACTAaBIEHOT CTATTi € aHami3 (QakTopiB, IO
BIUTMBAIOTh Ha HAJIMHICTh MOBITPSAHUX (QUIBTPIB JBUTYHIB Ta OOIPYHTYBaHHS ONTHUMAJIbHOI
MEePIOMIHOCTI X 3aMiHM HA OCHOBI CTATUCTUYHOTO aHATI3Y.

JUnist TOCSITHEHHSI TOCTABJICHOT METH CJIiJI BUPILIUTH HACTYIIHI 3aBJaHHS:

- TOCTITUTH HAAIHHICTD MOBITPSHUX (UIBTPIB IBUTYHIB 3a peaizallii HaCTYIHUX
eTariB: 30ip eMIIpUYHUX JAHUX; eKCIUTyaTaliliHi BUIPOOYBaHHS; OLIHKA TEXHIYHOTO CTaHY;
CTaTHCTUYHA 00pOOKa NaHUX;

- OoOrpyHTYBaTH NEPIOJANYHICTh 3aMIHU MOBITPSAHUX (QUIBTPIB 32 BCTAHOBIICHHS
O3HAK 3HAYHOTO 3a0pyJHEHHS Ta MOTIPIICHHS PEXKUMY POOOTH IBUTYHA.

Bukiaa ocHoBHOro martepiajy. BusHauanbHUMHU TapameTpamu, SiKi HOTPeOYyIOTh
BUBYCHHS, € OOIPYHTYBaHHS KpUTEpiiB TPaHUYHOTO CTaHy Ta INEpPIOJUYHOCTI 3aMiHU
NOBITPSIHUX (UIBTPIB IBUTYHIB BHYTPIUIHHOTO 3rOpsHHS aBTOMOOLIIB Mazda. HOBiTp;IHHP”I
(GUIBTP € KPUTUYHO BOXKIUBUM €JIEMEHTOM JISl 3aXUCTY JIBUTYHA BHyTle_IHBOFO 3rOpaHHs BiJ
a6pa3HBHHx YaCTUHOK, Ty, OpYydy Ta IHIIUX 3a6py;[HeHL II0 MICTATHCSI B aTMOC(hepHOMY
noBiTpi. Lli 3a0pyaHeHHS, MOTPAIUIAIOYN 10 LMIIHAPO-TIOPIIHEBOT TPy JIBUTYHA, MOXKYTb
CIPUYMHUTH TPUCKOPEHUH 3HOC MOPIIHEBUX KiEIb, CTIHOK IMJIIHIPIB, KJIANAHIB Ta 1HIIMX
PYXOMUX YaCTHH, Ta IPU3BECTH JJO CKOPOUCHHS PECYpCY arperary.

SIk 3a3Hadanock B 0araThbOX HAYKOBHUX poOOTaxX, BHU3HAYUTH CaMOCTIHHO, 3
BUKOPUCTaHHSM OPTraHOJIENTMYHHX METOJIB TOYHI TEPMIHM 3aMiHM MOBITPSHOTO (inbTpa HE
3aBkId MOXHBO. OHUM 13 TPUMHATHUX CIOCOOIB € JOTPUMAaHHS PEKOMEHalliil 3aBOy-
BUPOOHMKA IOJI0 BCTAHOBJIEHMX eKCIUTyaTalifHUX TepMiHiB. OpHak HEOOXiJHO
BpaxoBYBaTH, L0 B CKIaJHUX yMOBaX €KCIUTyaTallii, BACOKOTO CTYIEHIO 3alMJIEHOCTI, pyXy
Mo IPYHTOBHX JOPOTaxX, 4acTHX MOI3KaX B 3aTOpax, TepM1H CIy’kOou (piIbTpyBaTBHUX
MaTepiajiB CKOPOYYeThCH, a GUIBTp MOXe BUITH 3 JIady paHille peKOMEHI0OBAHOTO 3aBOJIOM-
BUPOOHUKOM TEPMiHY.

I'pannunmii cran HOBiTpHHOFO ¢binpTpa IBUTYHA OLIHEHO 3a PAJOM KpUTEpiiB, sKi
(bOpMYIOTh CYKYIHICTB TPSIMHX i HEIPAMHUX O3HaK. Jlo MPAMHX O3HAK IPAHMYHOTO CTaHy
¢biuTbTpa BITHOCUTHCS Bi3yaIbHUM aHami3, IMepeBipka po3MipiB, BU3HaueHHS Macu. [lo
HENPsSMUX 03HAK TPAHUYHOTO cTaHy (inbTpa, M0 BKa3ylOTh HA MOPYIIEHHs (QYHKLIA poboTH
JBUTYHA, BIAHOCSTHCA: 3HWIKEHHA MOTYXHOCTI JIBUTYHA; 30UIBIIECHHS BHUTPAT MAJIBHOTO;
HecTabimpHa poOoTa JBUryHA; 3MiHA KOJIBOPY BIMPallbOBAaHHX Ia3iB.

HaiiOinb1 O4YeBHIHUMH KPHUTEPISIMU € BI3yaJlbHUH OTJIA[ Ta OIIHKAa HapaMeTpiB
TEXHIYHOT XapakTepucTuku. [loBHe 3a0pyaHeHHs (UIBTPYIOYOrO eJIeMeHTa, Horo cipuii abo
YOPHHUU KOJIp, HASBHICTh BHAMMHUX YaCTOK MUy, Opyay, JIUCTS UM KOMax Ha IMOBEPXHI, a
TakoX Jaedopmariis abo MOIIKOUKEHHS (DUIBTPYBaJIbHOTO mamnepy (HAaIpUKIaA, pPO3pPHUBH,
BiJIIIapYBaHHS BiJ| YIUIbHIOBAaYiB) BKa3ylOTh Ha HEOOXIAHICTh TEPMIHOBOI 3aMiHH. BakimuBo
NEepeBIpsATH HE JHIIE 30BHIMHIA Oik, a W BHYTpimHIA. SIKmo Ha BHYTPIMIHIA CTOPOHI
(GUIBTPYBANIBHOTO €NeMEeHTa € CJIiIM NIy — 1€ BKa3dye Ha Hee(peKTHBHY (UIbTpaLiko.
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3a0pynHeHuit GUIBTp OOMEXYE MOTIK MOBITPS O CHCTEM JBWIYHA, IO MPU3BOIUTH 0
30iJHEHHS MAIMBHO-TIOBITPSIHOT CYMIIIIi Ta 3HI)KEHHS e(eKTHUBHOCTI oro poboTu. Boiii abo
K OIEepaTop MOXKe MOMITUTH 1€ K BTpaTy IMHAMIKH, OCOONMBO MPH MPUCKOPEHHI a0 mpH
pyci Bropy, mHiJl HaBaHTaXEHHAM. 3a0pYyIHEHICTh MOBITPSHOrO (GUIBTPY MNPHU3BOAUTH [0
30UIBIIEHHS BUTPATH MaJbHOTO. J[BUT'YH, HE OTPUMYIOUHU JOCTaTHBOI KUTBKOCTI MOBITPs, Oyne
KOMIICHCYBaTH 1€ 30UIbLIICHHAM T[OJa4yi MajuBa, [0 HPU3BOJAUTH [0 IEPEBUTPATH.
Hecrabinena poOoTa jABHryHa TakoX Moke OyTH TPHUYMHOIO TMOHAJ JOMYCTUMOTO
3a0pynHEHHs MOBITPsiHOTO (imbTpa. Ll 03HaKa MOXKe MPOSBIATUCS SIK HEPIBHOMIpHI 00epTH
Ha XOJIOCTOMY XOJy, YCKJIaJHEHHUI 3aIycK, Iepenany mig yac podotu. Jlo HenmpsMuUX O3HaK,
AKi BKa3ylOTh Ha MOPYIICHHS POOOTH JBUTYHA BIIHOCHTHCS 3MiHA KOJBOPY BiIIpPallbOBAaHUX
raziB. Y pasi cuwibHOro 3a0pyaHeHHs (uUIbTpa Ta HEMOBHOTO 3TOpSHHS TajluBa,
BIINpaIbOBaHi Ta31 MOXYTh CTaTH OUTBII TEMHUMH a00 HOPHHMH.

AHAa3 IiTepaTypHUX JDKEPEN MOKa3ye, M0 3aMiHY MOBITPAHMX (IIbTPiB ABUTYHIB
CIIi MPOBOJUTH, B CepenHbOMYy, koxxHi 10-20 THC. KM pobiry abo 1 pa3 Ha pik, 3aIeXKHO Bif
TOTO, 110 HacTaHe paHime. OIHaK, CIIi TAKOX MaM ATaTH, 110 y CHJIBHO 3alMJICHUX perioHax,
TP 9aCThX noi3nkax mo Oe3nopikkio abo B yMOBaxX IHTEHCHBHOTO MICBKOTO Tpadiky,
IHTEepBaJI 3aMiHU HOBITpSIHI/IX (meTplB MoOxe OyTu ckopoueHWil no 5-7 tuc. kM. s
BCTaHOBJICHHS TOYHOI MEPIOJMYHOCTI HOro 3aMiHM CIIiJi KOHTPOJIIOBATH I'padik TEXHIYHOTO
00CIIyroByBaHHS MAIllUH, IKUH HaJJA€THCS 3aBOJIOM-BUPOOHHUKOM.

KoHcTpyKilisi, TeXHIYHA XapaKTEPUCTHKA Ta OCOOIMBOCTI BUKOPUCTAHHS MOBITPSIHUX
¢buTBTpiB JIBUTyHa MOBUHHI BIAMOBIAaTH HACTYNHHM BHMOTaM: BHCOKa €(EKTHUBHICTb
(meTpauu MiHIMaJIbHUH OI1ip TMOTOKY MOBITPSI; BUCOKA MUJIOEMHICTD; CTIMKICTH 10 BOJIOTH Ta
nepenajiB TEMIEPATyp; FEPMETHYHICTh; MEXaHidHa MILHICT; BIANOBIIHICTE CTaHIapTaMm;
KOHKYPEHTHI1 ILiHOBI BUMOTH; BIANOBIAHICTh BHUMOTaM 1O OOCIYrOBYBaHHS; YHaKOBKa JUIs
30epiraHHsi Ta TPAHCHOPTYBAHHS, JM3ailH Ta 30BHIMIHIA BUTJIAN, MOKJIMBICTH yTHIII3aLii.
HoBwuii mnoBitpsuii  ¢inetp PE07-13-3A0A  nBUryHa  XapakTepH3YeThCS  TaKHUMH
MOKa3HUKaMH TEXHIYHOT XapaKTepUCTUKU: AOBkHUHA — 270 MM; mupuHa — 180 MM; BHCOTa —
40 mm. Ha pucynky | HaBeieHO pe3yJIbTaTH KOHTPOJIIO TEXHIYHOTO CTaHy HOBOTO Ta 3HATHUX 3
excrutyaranii moBitpsHux ¢insTpiB PE07-13-3A0A nBuryniB SKYACTIV-G 2.0. aBTomMo0u1s1
Mazda: a — HoBwif; 6 — uepe3 5307 kM BUKOpUCTaHHS; B — uepe3 17139 kM BUKOpHUCTaHHSL.

Pexxum BuUnpoOyBaHHS TMOBITPSHUX (UIBTPIB JABUTYHIB OyB TNPUHHATHH 5K
excruryatarfiiiauii. [lan BumpoOyBaHb Ha Oe3BiAMOBHICTE [NMT| BKIIOYae HASBHICTH
BIJMOBIHOI KUTBKOCTI 00’€kTiB N, $Ki 3a NEBHUX YMOB eKcCIUTyaTaulii mnependavain
BIJTHOBJICHHS TIpare3faTHocTi M cucteMu QuIbTparii, AOCHIIKEHHS NPUIUHSIIACE TPH
JOCSATHEHHI BiIMOBIIHOTO HampaloBaHHs 1 Ta HACTaHHS TPAaHUYHOTO cTaHy 00 ekTy [13].

WA
(I

a B
Pucynok 1 — IoBitpsui ¢pinetpu PE07-13-3A0A nBuryna SKYACTIV-G 2.0 aBromo0ins Mazda:
a — QUIBTp HOBMIA; O — PiIBTp HEepeBipenuii Ta 3amineHuit yepe3 5307 kM; B — GIBTp epeBipeHnii Ta
3aminenui micist 17139 xm

Lorcepeno: pospobaeno asmopom
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Cratuctuunuit psaa iHdopmarii chopMoBaHO 3a pe3yabTaTaMu BHUIPOOYBaHHS Ta
MEPEBIPKH TEXHIYHOTO cTany 25 noBiTpsHuX (GinpTpiB PE07-13-3A0A nBuryHiB aBTOMOO1TIB
Mazda. IIpoBeneno oOpoOKy iHpopMarllii mpo NEepioJUYHICTh 3aMiHU HOBITPSIHUX (IIBTPIB
PE07-13-3A0A. PesynbraTu poO3paxyHKiB, sIKi BKIIOYalOTh BHOIp KUIBKOCTI IHTEpBAIiB,
CepeIMHU IHTEpBaJiB, YaCTOTU MOIIH, MOCIHiAHI HMOBIPHOCTI MOJii, HAKOIMYEHY AOCITITHY
HMOBIpHICTb MO/1ii1 HaBeeH1 B Tabmumi 1.

Tabmuus 1 — Craructuunuil psan iHGopmanii MepioJUYHOCTI 3aMiHM MOBITPSIHUX
¢uteTpiB PE07-13-3A0A nBuryniB SKYACTIV-G 2.0 aBromo6iniB Mazda

Mexi Cepenuna YacroTta . I[OC?HH.Ha Haxommuena gociiigHa

i IHTEPBAJIIB IHTEpPBAII MOIIH, m; MMOBIPHICTh WMOBIpPHICTD momii, 2P;

p pBaity > Mi nomii, P; p , 2L
1 4513 —7038,2 5715,4 5 0,2 0,2
2 7038,2 —9563,4 8120,2 5 0,2 0,4
3 9563,4 — 12088,6 10525 9 0,36 0,76
4 12088,6 — 14613,8 12929,8 4 0,16 0,92
5 14613,8 —17139,0 15334,6 2 0,08 1,0

Lowcepeno: pospobaeno asmopom

BcraHoBneHo, 110 OTpUMaHMKA MAacUB EMIIIPUYHHMX JAHUX XapaKTePU3YETHCS
HACTYITHUMH MOKa3HUKAMM: CEPEIHs MepioANYHICTh 3aMiHu cTaHoBHUTH 10,1 THC. KM; cepeqHe
KBQJIpaTHYHE BIAXWICHHS CEPEIHBOTO 3HAYCHHS MEepioAMdYHOCT, ¢ = 2,99 TtHC. KM;
KoedimienT Bapianii, v = 0,44; 3MillIeHHsS MMOYATKy PO3CIIOBAHHS CEPEeIHBOI MEepPiOTUIHOCTI
3aMinu, 3,25 tuc. kM. [IpoBeneHa mepeBipka BiAMOBIIHOCTI €KCHEPUMEHTAJIBHHUX JaHUX 3
TEOPETHYHUM 3aKOHOM pO3MOJUTYy HMpOBOAMIACh 3a KpuTepiem 3roxu A. M. Kommoroposa.
Po3paxoBaHi Mexi MOBIpUMX IHTEpBAIIB Ta IHTEpBaJ PO3CIIOBAHHS CEPEAHHOTO 3HAYCHHS
NEePIOAMYHOCTI 3aMiHM TOBITPSHOTO (UIBTPA IBUTYHA ISl 3aKOHY HOPMAJIBHOTO PO3MOIUTY Y

BiMOBiHOCTI 3 monoxkenusamu [13]: t§y = 6,03 THC. KM — HUKHS J0Bipua Mexa; toy= 14,17

THC. KM — BEpXHsI 10Bipua Mexa; [go= 8,14 THc. KM — BelMurHa iHTEpBaIy.

0.5
0.4
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0.2
0.1

cpopoooo00~
—d b ADY =) 00O

iimosipuicTs

12088.6 14613.8 17139

Cyma iiMosipaocTei

9563.4 12088.6 14613.8
IaTepaan, km

B [icTorpaMa po3nodity =% Iloqiron ====IgrerpaabHa (YHKIIA TEOPETHUHOI O 3AKOHY POINOILTY

Pucynok 2 — I'icrorpama po3noiiy, IOJiroH po3noiny, rpadik HAKOMUYEHOI 10CTiJHOT HMOBIpHOCTI
noBitpsiHoro ¢insrpa PE07-13-3A0A neuryna SKYACTIV-G 2.0 aBromo0insg Mazda
Hoicepeno: pospobaeno agmopom

Ha ocHoBI aHaiizy ricrorpamu, NOJIroHy po3noairy, rpadiky HaKOMUYEHOT TOCTITHOT
HMOBIPHOCTI Ta 3aCTOCYBAaHHS KpPUTEpIiB 3r0JM, BCTAHOBJICHO, IO MEPIOJUYHICTH 3aMIHU
NOBITPSIHUX (GUIBTPIB y JaHiii BHOIpLI HalKpalle OMUCYEThCS HOPMAJIBHUM 3aKOHOM
posmoainy. OTpuMaHi HaMU pe3yibTaTH CEPeIHbOI MEepIOUYHOCTI 3aMiHM TOBITPSIHUX
¢GubTpiB OBUTYHIB, sIKi cTaHOBIATH 10,1 THC. KM Ta iIX HOPMAaJBHOTO PO3MOJIITY 3HAYHOIO
MIpOIO KOPEJIOIOTh 3 BUCHOBKAMH, MPE/ICTABICHUMH B IHIIMX HAYKOBUX IMPALAX, BKIIOYAIOUN
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[14, 15]. B crarti [14] migkpecieHo, IO ONMTUMI3AIlis IHTEPBATIB OIIHKK TEXHIYHOTO CTaHY
Ta HEOOX1HICTH 3aMiHU (iIbTpa 0a3yeThCs HE JHILE Ha 3HAUYSHHSIX MPoOiry, aie i Ha yMOBax
fioro ekcruryaraiii Ta (JakTHYHOMY CTaHI.

JlocBizn excrutyararii cucteMu (inpTpalii MoBITPs ABUTYHIB Ta OLIHKA iX TEXHIYHOTO
CTaHy, MIATBEP/XKYIOTh HEOOXiOHICTb YTOYHEHHS mepioguyHocTi ix 3aminm [15]. Y
BIJIMOBITHOCTI /10 peKOMEHAALliil Ha 0OCIyroByBaHHS CUCTEM OYMIICHHS IOBITPS ABHUTYHIB,
aBTOPHU CTATTI 3a3HAYAIOTH, IO MEPIOAMYHICTE iX 3aMiHu cTaHOBUTH Bif 30 10 120 Tuc. kM
a0 x onuH pa3 Ha pik. [llogo noBitpsnux ¢insTpiB PE07-13-3A0A aBTOoMOOiniB Mazda, B
KepiBHHMX Marepiajax nepioJuuHicTh ix 3aminu 20 10 60 Tuc. kM abo X 0JIMH pa3 Ha piK.

OTtpumane B JOCHI/DKEHHSX 3HAYCHHS CEPEIHbOI MEePIOTUUHOCTI 3aMIHH MOBITPSIHOTO
¢ineTpa aBuryna cranoButh 10,1 Tc. kM. YacTo aBTOpU HAyKOBHX cTaTeil BKa3ylOTh Ha Te,
mo KoedirieHT Bapiauii A TepMIHY CITY>KOHM MOBITPSHUX (UIBTPIB IBUTYHIB, SIKI 3aJI€XKaTh
BiJl yMOB eKcIUTyaTallii Moxe 3HaxoauTuch B Mexax Bim 0,1 mo 0,3. OrpumaHe 3HAYCHHS
koedimienta Bapiamii 0,44 Moke OyTM TOSCHEHO 3HAYHUMH BiIMIHHOCTSIMH YMOB
eKCIUTyaTallii, [0 BKa3dye Ha HEOOXiAHICTh OUIBIIOI TOYHOCTI NTpPU MPOTHO3YBAaHHI
NEePI0AMYHOCTI 3aMiHU QITBTPIB Ta BpaxyBaHHs YMOBH €KCIUTyaTallii.

[TepcnekTHBHOIO B IUIaHI 3a0€3MeUeHHs HaIMHOCTI MOOUTBHUX €HEePreTHYHUX 3ac00iB
MOKe OyTH METOJIOJIOTis, sIKa 3ampornoHOBaHa B cTartsx [16, 17]. ABtopu crarti [16]
3a3Ha4yaTh, IO [EHTpPAIi30BaHA CHCTEMa TEXHIYHOTO OOCIyroBYBaHHS 1 PpEMOHTY
MOOUTBHUX MAIIMH 32 (aKTHYHUM TEXHIYHUM CTaHOM JI03BOJISIE CYTTE€BO 3HHU3UTH
HEJOBUKOPUCTAHUI pecypc NeTauel BYy3JiB Ta arperariB. 3a3HaueHa ie0JIOTis TaKOX MOXKe
OyTH aKTyaJbHOIO Il BUKOPUCTAHHS IOBHOTO PECypCy MOBITPSIHUX (PITBTPIB JBUTYHIB.

3aneknapoBaHi B ctatTi [17] MeToAMYHI MIXOIM JAFOTh MOXJIMBICTD 32 pe3yJIbTaTaMu
eKCTIIEpUMEHTAIBHUX JIOCIIKEHb 31 300py Ta 00p0oOKH CTaTUCTUYHOI iH(pOpMaIlii po piBeHb
eKCIUTyaTaliifHO1 HaAIHHOCTI BY3JIiB 1 arperariB ONTUMI3yBaTld HOMEHKJIATYPY €JIEMEHTIB s
3a0e3neueHHs] Ipare3laTHOCTI aBToMoOUTiB. Ha oOCHOBI pe3ynabTaTiB  CTAaTUCTHYHUX
JOCTI/DKeHb HaJIIfHOCTI MOBITpsSHOrOo (inbTpa Moke OyTu OOIpyHTOBaHa BIATOBIAHA
KUIBKICTh pE3€pPBHHX €JIEMEHTIB, AKi MOTPEOYIOTh 3aMOBJICHHS, SIK BIIMOBHU SIKi CHPUYHHSIOThH
HE3HAYHE BUIXUJICHHS TEXHIYHOTO CTaHy aBTOMOOLIS BiJl HOPMAaTHBHUX ITOKA3HUKIB.

Ane JMOCHDKCHHS HanpsMiB 3a0€3MCUYeHHS HaJIIMHOCTI MOOUIBHMX €HEPreTHUYHHX
3ac00iB MOBHMHHI 0a3yBaTHCh HE JIMIIIE HAa pe3yibTaTaX CTATHCTHYHOIO aHAII3Y, K 1€ TaKOXK
3a3Ha4yalOTh aBTOPH cTarTi [18], a HOBMHHI BpaXoByBaTH YMOBH €KCILTyaTallii Ta pe3yIbTaTH
MOHITOPUHTY TEXHIYHOTO CTaHy MAIllWH, NMPHHHATI CTpaTerii peMOHTY Ta BHUTpaTH Ha iX
peaiizatito.

OTpumaHi pe3ynpTaTH BIANOBIIAIOTH CYYaCHUM HAYKOBHUM  YSIBIEHHSM IO
0COOJHMBOCTI eKCIuTyaTalii Ta MepiOJUYHICTh 3aMIHM TMOBITPSAHUX (UIBTPIB JBUTYHIB Ta
MIATBEPUKYIOTh BKJIMBICTh MEPEXOJy BiJ PErIaMEHTOBAHUX IHTEPBAIIB 3aMiHU Ha KOPUCTb
MiAXOIB, sIKi 0a3yI0Thcs HA (GaKTUYHOMY CTaHi (UIbTpa Ta yMOBaX EKCIUTyaTallii.

BucuoBku. [TpoBenene noCmipKeHHS MIATBEPIUKYE, 10 HAIMHICTD Ta MEPIOAUYHICT
3aMiHM TIOBITPSHUX (UIBTPIB JABUTYHIB € NUHAMIYHHUMH IOKa3HUKAMH, SIKi 3ajJexaTh Bil
6aratbox (hakTOpiB, MPSMUX Ta HENPSIMUX O3HAK.

Cepenniii TepMmiH ciayx06u mnoBitpsHoro ¢inetpa PE07-13-3A0A  nBuryna
SKYACTIV-G 2.0 aBromo6inst Mazda mi1st THIIOBUX YMOB ekcrutyatanii cranoButsb 10,1 Tuc.
KM, aje Ma€ 3HayHe pO3CIIOBaHHA, AK IS HOPMAJbHOTO 3aKOHY pO3MOJILTY, IO
MIATBEPIUKYEThCA CEPEHIM KBAJAPAaTUYHUM BIIXWJICHHAM 2,99 TuC. KM Ta KoedillieHTOM
Bapiauii 0,44. BcranoBiieHi Mexi JOBIpYUX IHTEPBAJIIB Ta IHTEPBAJI PO3CIIOBAHHS CEPEIHBOTO
3HA4YEeHHs MEPIOJUYHOCTI 3aMiHHM MOBITPSAHOTO (PiIbTpa JBUTYHA Ul 3aKOHY HOPMAJIBHOTO
po3noniry: 6,03 THC. KM — HIDKHS JToBip4ya Mexa; 14,17 Tuc. kM — BepxHs J0Bipua Mexa; 8,14
TUC. KM — BEJIMYMHA iHTepBany. Po3monaun mepioAWYHOCTI 3aMiHM MOBITPSHUX (UIBTPIB 3a
HOPMaJIbHUM 3aKOHOM PO3MOJIUTY Ja€ MOXJIMBICTh 3aCTOCOBYBATH CTaHJAPTHI CTATHCTUYHI
METOJIH JUIsl POTHO3YBAaHHS Ta ONTUMI3allil iHTepBaliB 00CIyrOBYBaHHS.
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JoTpumaHHs  (IKCOBaHMX  IHTEpBaJiB  3aMIHM  MOBITPIHMX  (UIBTPIB,  SKi
PEKOMEH/IOBaH1 3aBOJIAMU-BUPOOHHKAMH, HE 3aBXIU € ONTUMANbHUM. [l nocsrHeHHs
MaKCUMalIbHOI e()eKTUBHOCTI eKCIUTyaTalii Ta eKOHOMIi KOIITIB, SIKI BUKOPHCTOBYIOTHCS Ha
TeXHIYHE OOCIYrOByBaHHS Ta PEMOHTYBaHHS, PEKOMEHIYEThCS BpPaxOBYBaTH (DaKTHUHI
YMOBH €KCIUTyaTalii MOOUIbHMX €HEepPreTMUYHUX 3aco0iB Ta TEXHIYHUN CTaH (QUIBTPIB.
BripoBapkeHHsI CUCTEMH MOHITOPUHTY TEXHIYHOTO CTaHy HOBITPSHUX (iIbTPIB JO3BOJIHUTH
ONTUMI3yBaTH NEPIOJUYHICT, 3a0€3MEeYUTH CBO€YACHY 3aMiHy 3a0pyaHeHux (imbTpiB Ta
YHUKHYTH MI€peuacHy ixX 3aMiHy.

[Toanbri KOCHIKEHHS MOXKYTh OYTH CIIPSIMOBaHI Ha PO3pOOKY CUCTEMH TEXHIYHOTO
o0ciyroByBaHHs, ska 0 BUKOPHUCTOBYBaJIa JIaH1 PO YMOBU €KCILTyaTallii Ta TEXHIYHUN CTaH
MOBITPSIHOTO (UTBTPa ABUTYHA JJIS1 OOTPYHTYBAHHS ONTUMAIBHOTO TEPMIHY 3aMiHU.
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Yuri Novitskyi
National University of Life and Environmental Sciences of Ukraine, Kyiv, Ukraine

Research on the Reliability and Frequency of Replacement of Engine Airfilters

The article examines key aspects of reliability and justification of the frequency of replacement of air filters
in internal combustion engines. The optimal air filter replacement interval is critical for ensuring efficient engine
operation and reducing wear on parts, minimizing fuel costs, and optimizing the efficiency of mobile energy resources.
The purpose of this article is to analyze the factors that affect the reliability of engine air filters and to justify the
optimal replacement interval based on statistical analysis.

Research methods are considered, including laboratory and operational tests and the collection of statistical
information. The limit state of the engine air filter is assessed based on a set of direct and indirect signs. The results of
the replacement frequency of air filters in Mazda cars are presented with their statistical processing. Calculations have
established the following indicators for the replacement frequency of engine air filters: the average replacement
frequency is 10.1 thousand km; the standard deviation of the average replacement frequency is 2.99 thousand km; the
coefficient of variation is 0.44; the shift in the beginning of the dispersion of the average replacement frequency is 3.25
thousand km. The confidence interval limits for the average frequency of engine air filter replacement for the normal
distribution law have been established: 6.03 thousand km — lower confidence limit; 14.17 thousand km — upper
confidence limit.

The conclusions emphasize the importance of a comprehensive approach to determining the frequency of
replacement of engine air filters, taking into account operating conditions, the quality of filter elements, and the
manufacturer's plant. To achieve efficiency in use and savings in maintenance and repair costs, it is recommended to
take into account the actual operating conditions of mobile power equipment and the technical condition of the filters.
engine airfilter, reliability, mobile power unit, replacement frequency
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Oco06auBocTI PopMyBaHHS ITBUHTOBUX Ta TPyOUaTUX
npo(d11iB HaBUBAHHAM Ha IWIIHAPHUYHINA OnpaBIll

JlocmimKeHHsI TPUCBIYEHO MOJETIOBAHHIO Ta TEXHOJIOTIYHOMY INPOEKTYBAHHIO CIIOCOOIB HABHBAHHS
TBHHTOBHX Ta TPyO4UaTHUX IPodisliB 00epPTOBOIO HIIIIHIPUIHOIO ONPABKOI0. Y CTATTI PO3IJISTHYTO HAIlPYKEHO-
nedopmoBaHMii cTaH NMpH HAaBMBaHHI NPOQUTIB i3 PI3HUM CIIIBBIJHOUIEHHSIM BHCOTH CTPIYOK (CMYT) 10 ix
IIMPUHA B YMOBAaX YHCTOTO 3TMHY Ta 3THHY IONEPEYHOI0 CHIIO. BCTaHOBIEHO BiIMIHHOCTI NpH 3THHI Ha
LWJTIHPUYHIN ONpaBIli IUPOKUX CMYT Ta BY3bKHX CTPIYOK Ha pedpo, a TaKoXK MpoMiXHUX IpodiniB. Busenena
y3araJibHeHa 3aJISKHICTh JJIsl pO3paXxyHKy MOMEHTIB HAaBUBAHHS IS PI3HUX BUNaAKiB. IlokazaHo, 110 mpu 3rHHI
MIOIIEPEYHOI0 CHJIOI0 3 MMM IUIeYeM il TPUKIAJAaHHs, BHACHIAOK 3HAYHUX CHJI TEpTS Ha OMNpAaBIl, SKi
MIPOTU/IIIOTh CTHCHEHHIO BHYTDILIHIX [IapiB 3aroTOBKH, BUHHUKAIOTH CHJIM PO3TSTY, TOOTO peali3yeTbecsl 3THUH
MOMEHTOM i3 JIi€10 TI03A0BXKHIX U cuil.. [Ipn 1iboMy, cymapHUii MOMEHT HaBUBAaHHS Oyze AEIIO BUIIWH, HDK IpU
yuctoMy 3ruHi. [Ipn 1mpomy 3pocTae pajiasibHe HaBaHTKEHHS Ha OIPABKY, IO HEraTHBHO BIUIMBAE Ha
JTIOBTOBIYHICTh TEXHOJOTIYHOrO obOjamHaHHA. [IpoTe, 3THH BY3BKHX CTPIYOK Ha peOpO MOMEPEYHOI0 CHIIOH i3
MaJIMM IUIeYeM IPHKJIaJaHHs J03BOJSIE CYTTEBO INJBHMIIUTH CTIHKICTH NMPOIECY 1X HaBHUBAHHS Ta PO3LIMPHUTH
BHUKOPHCTAHHS JIOCHIPKYBaHOT'O TEXHOJIOTIYHOT'O TIPOLIECY JUIS BUTOTOBJICHHS BUTHX ITPO(DIIiB Ta pO3MIHUPUTH iX
JiamnasoH, 30KpeMa, BUTHX IBHHTOBHX CITipaJIei.

TEXHOJIOTiYHE TPOEKTYBAHHS, 3THH TONEPEYHOI0 CWIOK, HABMBAHHA HA ONPaBKYy, HAIpPYKeHO-
AedOpMOBaHMIl CTaH, TBUHTOBA CHipaib

IMocranoBka mnpodaemu. DopMmyBaHHS T'BUHTOBUX Ta TpyOuaTMX mHpo¢uliB Ha
OTIPaBKy IIUPOKO BUKOPUCTOBYETHCS y BUPOOHUITBI. 3rimgHO mpuitHATOI Kiacudikamii 3ruH
MO’K€ TIPOBOJUTHUCH SIK 3rMHAJTBHUM MOMEHTOM, TaK 1 IIOMEPEYHOI0 CHIIOIO UM iX IMOETHAHHSIM.
30Kpema, IpU BUTOTOBJICHHI CITipaiieil IIHEeKIB i3 BY3bKUX CTPIYKOBHX 3arOTOBOK Ha ONpaBy
1U1s 3a0€3MeYeHH CTIMKOCTI 3THHY CTPIUKU Ha peOpo , HAaBUBAHHS MTPOBOAUTHCS MOTIEPEUHOIO
CWJIOIO 13 MAJIUM IUIeYeM MpUKIaAaHHs. Takuil TEXHOJOTTYHUHN MPOLIEC € CKIAJHUN, OCKLTBKI
MIpH [[OMY Ha OMPABI[i BUHUKAIOTHh CYTTEBA PEAKIIis MPOTUIIT 3STUHANBHIN CHIII Ta BIATIOBITHI
CHJIM TEpTs, AKi CTBOPIOIOTH PO3TATYIOUM CHIY, IO TNOTpedye IeTaJbHOrO pPO3IIIALY
HanpyxkeHo-aepopmoBaHoro crany. IleBHI CKJIaJHOCTI BHUHHUKAIOTh TP BCTAHOBJICHHI
CHJIOBHX TapaMeTpiB Mpolecy 3ruHy Npo¢uliB i3 CHIBPO3MIPHUMHU IIMPHUHOIO Ta BHCOTOIO
npoduI0 B 3B’A3KY 13 peanizali€lo Mpu [bOMY CKJIAQJHOTO O0’€MHOTrO HaIpyKeHO-
nepopmMoBaHOrO CcTaHy. A TOMY, BaXJIMBUM Ui 3a0€3Me4YeHHs CTIHKOCTI mpolecy
(bopMOyTBOpEHHS Ta 30epekeHHs 3a7aHoi (opMU MPO]LIIB € BCTAHOBIIEHHS y3aralbHEHHX
3aKOHOMIPHOCTEH 3MIHM HOTO EHEproCHJIOBHX MapaMeTpiB, MPUBEACHHUX 0 OJUHUYHOL
IIMPUHH TIepepi3y 3aroTOBKH ISl PI3HUX Mepepi3iB cMyr (CTPiYOK) Ta YMOB HaBUBAHHSA, a
TaKOX 1MO0OY/I0Ba BIAMOBIIHOT METOUKH IH)KEHEPHOTO PO3PaXyHKY TEXHOJOTIYHOTO MPOIECy
(OpMOYTBOPEHHS.

AHaJTi3 oCcTaHHIX AocaiKeHb i myOuaikauii. [IutaHHIO MOCHTIIHKEHHS TPOIIECIB 3THHY
npo¢iIiB, B TOMY YMCII Ha IMJIIHIPUYHIN ONpaBli, IPUCBAYEHA JOCTATHBO BEJIMKA KUIBKICTh
Kepen. 30kpeMa po3poOka Teopii Ta NPOTrPeCMBHUX TEXHOJIOTIH HaBUBAHHS CIlipanel
IIHEKIB Ha peOpo i3 BEIMKUM CIIIBBiIHOIIEHHSIM BHUCOTH HPOQUII0 A0 IIHUPHHHU i3 CTPIUOK
CHpUsIa TEOPETUYHIN po3poOii 1ux TexHomorii [1-3, 11-15]. B [1,2] po3rasiHyTO Hampy)eHo

© P. M. Poratuncekuii, M. L. [Tnaunens, L. T'. Tkauenko, M. /I, Il’entaxk, T. M. [lenemox, I1. O. JlechkiB, 2025
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nepopMoBaHMil cTaH, SKU BUHUKAE TNPH HABUBAHHI 3aroTOBOK Ha pedpo 13 3HAYHUM
CIIBBIIHOIIEHHSAM BHCOTH NpPOQUI0 A0 IMHUPHUHM, BUBEAEHI 3aJICKHOCTI Ui BCTAHOBJICHHS
eHeprocuwioBux mapamerpis. B [3] po3poOriena teopis HaBUBaHHA NPOQUIBHUX T'BHHTOBHX
eneMeHTiB. Teopis (HOpMOYTBOpPEHHS JeTanell i3 JIMCTOBUX 3aroTOBOK BKJIajgeHa B [4].
Oco0mMBOCTI THYTTSI CMYrOBHX 3aroTOBOK IIONEPEYHOI0 CHJIOK B YMOBaxX IUIOCKOTO
1eOpMOBAHOTO CTaHy PO3MISAHYTO [5,6]. Po3poOka Moeni 4uCTOro 3ruHy CMYTH Ha OCHOBI
E€HepreTUYHOTO KPUTEPI0 TUIACTUYHOCTI MpoBeAeHAa B [7], a pe3yiabTaTH AOCTIKCHHS
HanpyXeHo-Ae(opMOBaHOTO CTaHI 3TUHY IPU PO3TATYBAHHI 3aroTOBKH mojaaHo y [8]. B [9]
OTPUMAHO AHATITUYHI 3aJIEKHOCTI JJIS OLIIHIOBAHHS KOPCTKOCTI PI3HOMPO(DUIBHUX IITHEKOBUX
3arOTOBOK y TpoIeci iX BHUIOTOBJIEHHS CIIOCOOOM XOJIOJHOTO HAaBUBAHHS CMYTOBHX
3aroToBOK pedpoMm Ha ompaBy. B mparmi [10] po3pobieHa MaTemMaTH4HAa MOJENb KIHIEBOT
cTajii nmpouecy 3ruHaHHA CMYTH 3MIHHOT ITMPUHU i TOBIIMHUA MATPHUIICIO i ITyaHCOHOM.

Y wmonorpadisx [11-13] HaBegeHO TeOpeTHYHE Yy3arajdbHEHHS 1 HOBE pillleHHS
pO3poOIeHHS MOIeNiel Ta BHUCOKOIPOAYKTUBHUX PECYPCOOIAIHUX TEXHOJIOTTYHUX MPOIIECIB
BUTOTOBJICHHSI TBUHTOBHUX JETaJIell 3 MOKPAIIEHUMH EKCIUTyaTalliiHUMH XapaKTepUCTUKAMHU.
B po6oTi [14 ] BcTaHOBIIEHO 3aKOHOMIPHOCTI BUTOTOBJIEHHSI HABUBAHHSAM NPO(UIBHUX TPYO.
B mpaui [15] naHo TeopeTnyHe Ta eKCIEpUMEHTaIbHE OOIPYHTYBaHHS HABMBAHHS CIipayiel
IIHEKIB 30BHIMIHBOIO TpyO4aroio ompaBoio. B [16] po3pobieHo i eKCIepUMEHTAIbHO
anpoOOBaHO TEXHOJIOTIUHI MpolecH (OPMOYTBOPEHHSI BUTHYTOTO MPOQLII0 HAa TBUHTOBUX
3aroTOBKaX 3 BUKOPUCTAHHSM IITHEKOBHUX OIIPaB.

IMocTanoBKka 3aBAaHHA. METOIO JNOCHI/KEHHS € 3a0e3MeuYeHHsI CTIHKOCTI MpoLecy
HaBUBaHHS NpoQiiB Ha HUIIHAPUYHY OIPABKY Ta HOTO €KOHOMIYHOT €()eKTUBHOCTI IUIIXOM
BCTaHOBJICHHS Yy3arajlbHEHHX 3aKOHOMIPHOCTEH (POpMYBaHHS TBHHTOBHUX Ta TpyOuaTHX
npo¢uTiB HABUBAHHSAM Ha OINpPaBKy, 30KpeMa IMONEPEYHOI0 CWJIOI 3 MalluM IuIedeM
MPUKIIAIaHHS, Ta BUOOPY pallioHATBHUX IapaMeTpiB MPoILeCy.

BukJian ocHoBHOro matepiany. Po3risHemMo 0coGiuBOCTI pOpMYBaHHS JIMCTOBUX Ta
CMYTOBHX 3arOTOBOK Ha LIMJIIHJPUYHINA OMpaBIli 3 HEBEIMKUM BIJHOCHUM pajiycoM, TOOTO 3
BHUCOKHUM CTYIIEHEM HEPIBHOMIPHOCTI BHTATYBAaHHS MaTepiady, A SKOTO XapaKTepHa
IUIacTUYHa Jedopmallis MaTepiany MPaKTUYHO 1O BCil BUCOTI Mpodiao, TOOTO MPyKHUMH
nedopmarisiMi MOkHa HexTyBaTu. BuOepemo mummiHIpuyHy cucreMy koopauHaT Op@z, B

AKii Bich Oz CIIBIAAa€e 13 BICCIO OMpaBKH, a Bich Op cCHpSAMOBaHa 10 30HH, B SKii
npoxoauTh Aedopmartist 3runy. [Ipu 3ruHi cTpiuoK Ha pedpo, MIMPHHA TOYATKOBOTO MPOdiIio
AKUX B, CyTT€BO MEHIIA MOYaTKOBOi BUcOTU H,, TOOTO B, << H,, peani3yeTbCs IUIOCKUI
Hampy)KEHUH CTaH, B SKOMY HOpPMalbHE HAmNpyXeHHd No oci Oz Ta TaHIeHLIAIbHI
HanpyxenHs B miomunax Opz i O@z Oynyts BincyTHi abo mecyrresi: 6, =03y, =7, =0
. B ipomy Bunazky HampyxkeHHs G, Oyle cepelHIM I'OJIOBHUM HAlpY:KEHHSM i, BIIIOBIHO,
6, =0, =(0,+0,)=0 1 npoduirs y nepepizi Oyae 3MiHIOBaTH CBOIO Gopmy. I3 BpaxyBaHHAM
YTSOKKH, BUcOTa mpo¢iro Buroi nxerami O6yme h=nH,, ne 0,95<n<0,99, a mupuna
npodinto Oyne GyHKIiero pajiyca KpUBUHHA BiInoBiHoro mapy b, =b(p), puc.l,a .

[Tpu 3runi cmyr, mupuHa npoduio B, SKUX CyTTeBO Oulblla, HbK Horo Bucota H,,,
B,>> H,, puc. 1,6, peanisyerbcs miockuil negopMoBaHuil cTaH, MOpU SIKOMY HOpPMalbHa
nepopmanis €, mo oci Oz Ta TaHreHmianbHi aepopmanii y,. Ta y, B miomuHax Opz Ta
Oz Oynyth BincyTHi abo HecyrTeBi, & =Y, =Y, =0 . Binnosigxo, TaHreHianbHi
HANPYXKEHHS T, Ta T

Oynytb BincytHi, T, =7, =0, a TONOBHI HaNpPykKeHHA G, i3

(4 pz

OCBOBUMHU G, , T4 TAHTEHI[IATLHUM T, HanpyKeHHAMH OyIyTh TIOB’s13aH1 3aJIEKHOCTAMHU:
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6. +0
%\/(Gp+cw)2+rfw; GZZGZZ%. (1)

G +0o
— P [
O ——2 +

br b=B, b,=B

a) 0) B)
Pucynok 1 — Cxemu BuTUX npo(iiB IpH HABUBAHHI HA OIPaBKY i3 3aTOTOBOK pi3HOro mepepisy B, x H :

a — i3 CTpIYKM HE3HAYHOI TOBIIMHY Ha pebpo, B, << H,; 6 — i3 3ar0TOBKH IIPAMOKYTHOr0 IPOQiKo i3
cuiBposmipaumu B, ta H , ; B — i3 mmpokoi emyrn, B, >> H

Licepeno: pospobaeno asmopamu

[Tpu 3ruHi (HaBUBaHHI) MHUPOKUX CTPIUOK HA OMPABKY TOOTO Il BUIAIKY peasizarii
IUIOCKOTO Je()OpMOBAHOTO CTaHy, NMPH 3MiHI pagiajJbHOrO MapameTrpy p LIMPHUHA CMYTH

3QIMMIAETHCS TOCTINHOW b, = B, .

JInst HaBUBaHHS NPOQUI0 13 CHIBPO3MIPHMMHU LIMPUHOK B, Ta Bucotorw H,, y
TIOB3/I0BXKHIX MEPEPI3ax 3ar0TOBKU Oy/[yTh BUHUKATH TAHT€HIIANbHI HAPY)KEHHS T, Ta T, ,
IpoTe BOHM OynyTh He3HauHi 1 He OyQyTh MaTu CYITEBOTO BIUIMBY HAa BH3HAUYCHHS
SHEepProCHIIOBHX IapaMeTpiB mporecy 3ruHy. HopmaneHe HampyxkeHHs 1o oci Oz Oyne
BU3HAYATUCh 3AIEKHICTIO G, ~ G, = 0,5k (6, +0,), ne k, - xoediuieHT BIuBY npodino Ha
piBEHb OCBOBUX HAIPYKEHb, KU 3al€XUTh B MUTOMOI MuUpuHU npodimo, k =k_(C), e
C=B/H . Ilpu {—>0, k, =0 npu ¢—>o , k =1 . Buxoxsun i3 3aKOHOMIpPHOCTEH
wiactuyHoi  aedopmanii, Qynkuis k() Mae OyTu HeEHNEpepBHOI Ta  TpUUi
nudepenniiopanoro. I3 QyHkuiil, sxuMum MoxkHa anpokcumyBatu ¢yHKUi0 k_ =k (§) ,

. A28~ A28~
BHOpaHO JOTiCTHUHY KpuBY BUIY k_()=e > /1+e"**") ne A ta ¢, - mapamerpu
monem, A>1,C, =4.

Po3rnsiHeMO yMOBHM HaBHMBaHHS 3arOTOBOK HPSIMOKYTHOTO Iepepi3y pi3HOi MUTOMOT
BHCOTH TIPO(LTIO HA UITIHAPUYHY ONPABKY IONEPEYHOK 3THHAIBHOIO CHIIOK P, 3 KO0 Ha

3arOTOBKY Jli€ TMPUTHUCKHHHA POJIMK 1 fKa CIpsSMOBaHA MEPIEHIUKYISIPHO HAMpsMy MoJadi
CTpiuku, puC. 2. 31 CTOPOHH NPUTUCKHOTO POJIMKA, BHACIIZOK MOXIHUBOTO 3MUHAHHS
3arOTOBKU Ta CHJ TEpTs, TAKOXK i€ TOPU30HTaIbHA cuUia P, , CIPSMOBaHA MPOTHIIEKHO

HAMpsMy M0Ja4i 3aroTo0BKU, P, = P, tgy, e Y - KyT Haxuiy piBHOIIMHOT 10 HOPMAJLHOTO
nepepizy 3aroToBKU. 31 CTOPOHM OINPABKH Ha 3arOTOBKY AiATUME HOpMalibHa peakuis F , ska

€ PIBHOJIIITHOIO KOHTAKTHUX CHJI B 30HI AedopMarlii CTpiuKM Ha OIMpaBIli, 110 MOMIUPIOETHCS
Bil @, 10 ¢,, a TAKOXK CWIM KOHTAKTHOTO TepTsd F_, L0 MOSBISAIOTHCA Bl CKOPOUYCHHS
BHYTPIIIHBOI Kpallku BUTKaA, F/ = pF , e | - npuBeeHuil koediuieHt Tepts. IIpu obepranHi
OIIPAaBKH 3arOTOBKA Iepepi3oM B, x [, HABUBATUMETHCS Mif JI€I0 3THHAIBHOTO MOMEHTY M
Ta TMO3JI0BKHBOI CHIIU PO3TATY BUTKa N , puc. 2.

PiBHsIHHS pIBHOBaru BCIX CHJI, NMPHKJIAIACHUX JI0 3arOTOBKH, B 30HI 3THHY MaTUMeE
Burysg, [1,2]:

>X=-P-F +N=0;
)
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NY=-P+F=0;
> M=Pl +PR+Fr—Nr.—M=0.

Jie 7, - pajiiyc UeHTpa nepepisy npodino; /. - ruieve npuknaganus cum P .

Pucynok 2 — Cxema 710 po3paxyHKy HABUBAHHS CTPIYOK MMOTEPEYHOI0 CHIIOI0 3 MATTMM IIeYeM 11 MPUKIIaaHHS
IDicepeno: po3pobneno na niocmasi [2]

I3 (2) BumnmBae, mo, i3 BpaxyBaHHsMm [*=P,, cuna po3Tary BuTKa N , 3THHAIbHUM
MomeHT M Ta cymapuuit moment M, =M + Nr, nii nanpyxenb G, BilHOCHO oci Oz i3
CUJIOIO 3TMHY P, OB sI3aH1 3aJIEXKHICTIO.

N=(u+tgy)P,;
M = (I, + Rtgy+w)P, = Nr. =[I, +tgy(R—r) ~p(r, - )IP,; )
M, =(,+Rtgy+ur)P,.

TexHONOrYHO, CTYyMiHb KPUBHUHH HABUTOI CTPIYKM OLIHIOIOTH KOEQIIiEHTOM
HEpIBHOMIPHOCTI BUTATYBAaHHS \J - BIIHOIIEHHSAM pajiyca 30BHIIIHBOI KpaillKuM BHUTKa [0

paniyca Horo BHYTPIIIHBOI Kpalku, Y =R/r, ne r - BHYTPIIHIA pajiyc BUTKa CIIpai.
Paniyc HeliTpasbHOT MOBEpXHI HANpyXeHb B YMOBaxX 3TMHY YHCTUM MOMEHTOM Oyxe
p, = JRr , [1,2,15]. Jlnst BUnaaKy 4ucToro 3ruHy paiilyc HeMTpainbHOI HoBepxHi Aedopmartiit
P,, 3HAXOIUTHCS MK PajilycoOM LEHTpa Bar nepepisy npoduno 7, Ta paaiycoM HEHTpalbHOI
MOBEPXHI HANPYKE€Hb Ta HE3HAYHO B1Jl HHOTO BIIPI3HAETHCSA, @ TOMY Ipuitmemo p, =p, . [1,2].
Jlnst BUIaJKy HaBUBAHHS CTPIYKH Ha peOpo, puc.la, mupuHa ii npo¢ o (TOBIIMHA CTPIYKH)
b, mpu 3ruHi 3MIHIOETHCS 3aJIEKHO Bi KOedillieHTa HEPIBHOMIPHOCTI BUTATYBAHHS \ 3a
3akoHoM, b, =B\/p,/p . Binnosinno mupuna npodito no 3oBHIMHEOMY pajiycy Oyne
by :BO‘{/;’/_R:BO/W , a 10 BHYTpPILUHBbOMY - b, :Bom :BOW . Toni paniyc
LIEHTpPa Baru HOPMAJIBHOIO Iepepisy BUTKa Oyxe 7, :(R+r+\/ﬁ)/ 3 [1,2], a yrouHeHa

3aJICKHICTH 3MIHA HOTO TOBLIMHA b, Bifl \J ONMHUIETHCS 3AIEKHICTIO:!

y g \/p_TZZnBO(l-i-\V-i-N)(\/E-F\/;) @)
P “\Vop 3(1+W+2N)\/E '

B 3aranpHOMY BUTIISAII, PIBHSHHS PIBHOBAru JJIsl TUIOCKOTO HAMPYKEHOTO CTaHy Oy
oc, Ot 6,—-G6, G,0b
Py pe P © L P77

o pdp p  bop " 5)
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ot oc 21 T. 0b

po L TTe LT | e

dp poe p  bop
JIns BUNAAKy HABUBAHHS 3aroTOBOK YHCTUM MOMEHTOM IIOTIEPEYHOI0 CHIIOK 3
BEJIMKMM [UIeYeM [, , TIOTEPEYHI TAHIEHIIATbHI HANPYKEHHS T, € HE3HAYHI | HUMH B

ocepenky nedopmarnii HexTyemo. Kpim 1p0r0, 0€3MOCepeIHhO B OCEPEIKY YCTaICHOT
wacTu4Ho1 repopmaii 96, /0¢ =0 . BinnosinHo, ymoBa piBHOBaru npuime BHI
oc, o ,—-o, G©.0b
Py P L0 (6)
op p b,0p

Jlns mmpokux cmyr, T0OTO JuIst  BHNIAAKY IUIOCKOI jaedopmauii, b, = B, = const ,

3Binku 0b,/0p =0, ipiBHsHHs (6 ) CYTTEBO CIPOUIYETHCS.

Enepretnyny yMoBYy IJIaCTMYHOCTI Uil MarepiajiiB, sKi MHiIJalOTbCs 3MIIHEHHIO,
npuiiMeMo y crporieHomy Burisigi. st 30mu posrary: o, —c, =B[c,, +11In(p/p,)], ne
G, - EKCTpaloJIbOBaHA TPAHUILd TEKydoCTi Marepiany crpiuku; I1 - miHiHEE MoOnynb
3MIIHEHH MaTepiany CTpiuku. Jljist 30Hu CTUCKyBaHHs: G, — 6, = —B[c,, —[TIn(p/p,)] - ms
IJIOCKOTO JI6OPMOBAHOTO CTaHy Ta G,—6, =6, =—P[c,, —I[1In(p/p,)] - mns mmockoro

HaNpyKEHOTO CTaHy.

BignosinHo, i3 BpaxyBaHHAM (6), cuia po3Tsary N BHU3HAUUTHCSA IHTETPYBaHHIM
HANPYKEHb G, , & MOMEHT 3THHY BiIHOCHO OCi Oz - IHTETPYBaHHAM JIOOYTKY PG, TI0 BUCOTI
npo¢uto. g BUmaaKy 4YMCTOTO 3TUHY IIUPOKUX CMYT, puC. l.a , TOOTO A IJIOCKOTO
1e(hOpMOBAaHOTO CTaHy, CUJIOI0 PO3TATY N HEXTYEMO 1 MOMEHT HaBUBAaHHS M, BU3HAYAEThCS,

B,H’
M0=BjT° csm+r11n\/E BZ (GT0+Hln\/_) (7)
r

Jlnst BUNaaKy YMCTOTO 3TMHY TOHKHMX CTPIYOK Ha peOpo puc. 1.8, TOOTO A1l TUIOCKOTO
HAIpY>KEHOTO CTaHy, MOMEHT HaBUBAHHs [IPU YUCTOMY 3TUHI M, Oyne

B,(R’ +2rv Rr —3Rr) Bk, B H>
M, = BB S (GT0+HInN):%(GTO+HIn\/E)., (8)
ne k,, - xoedillieHT TPUBEIEHHS, 10 BPAaXOBYE IUIOCKHIA HANPYXXEHUI cTaH. [3 BpaxyBaHHSIM

SIK

pPO3TIIAAy TUIOCKOTO HAMPYKEHOTOo CTaHy aHaloriyHo [1], MoKHa BHUBECTH HaOIMKCHE

3HAuYCHHAK, ,
_ 4Gl 2y
L N 1) ~y | )

Jnst npo¢iniB 13 cmiBpo3Mmipuumu B, Ta H, , puc.l,6, koedilieHT NpUBEICHHS
v "' <k, <1 i 3anexuts Bin cnieBimnomenns =B,/ H,, k, =k, ({). Ananiruune
BU3HAUeHHS GQYHKUIT k), (S) € yCKJIaJHEeHUM 1 ii JOIUIPHO almpoOKCUMYBAaTH (YHKIIIEI0, sSKa

NMOBHHHA OyTH HemepepBHOIO 1 Tpuui nudepeHuiiiopanoro. LluM BuMoram BiAnoBigae

JoricTuyHa (QYHKIIS BULY

}‘(ZC’Cm)

v l+e
ki (9= art (10)

3anexHicTh Koedimienta npuseneHHsa k,, (€) Bix nutomoi mupuHu npodiurro 3

napamerpamu Mojeni A =1 Tta C, =4 Juid pi3HUX 3HAUEHb KOE(ILIEHTIB BUTSITYBAHHSI
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HaBeqeHa Ha puc.3. Ha puc 4 HaBelneHa 3MiHa MOMEHTIB 3TUHY M Bil mapaMmerpy mnepepizy
npodimo E=B/H.

[ToOynoBa aHaMITHYHOT 3aJIEKHOCTI J103BOJIsSIE BUKOPUCTOBYBATH BUBECHI 3aJI€KHOCTI
JUIL  BCTAQHOBJICHHS EHEPrOCHJIOBMX NapaMeTpiB HE TUIBKM JUIsl BHUIAQJAKIB IUIOCKOTO
ne(opMOBAaHOTO YK TUIOCKOTO HAINpPY)KEHOTO CTaHy. AJyie 1 NMPOMDKHHMX BHIIAJKIB, KOJH
[IMpUHA Ta BUCOTA THYTUX MPOQLTIB CIIBPO3MIpHI.

a 0
Pucynok 3 - I'padixu 3minu dyHKii sriamkyBanns k 4 (€) Ta MomeHTiB 3ruHy M Bix mapameTpy nepepisy

npodimo ¢=B/H nns pisuux koedinientis Butsrysanns Y =+ R/r : 1 - y=1,25 (k1;M1); :
2 - y=1,5 (k2;M2); : 3 - y=1,75 (k3;M3); : 4 - y=2 (k4;M4)
IDicepeno: pospobaeno agmopamu
[puiimemo, 1o cymapuuil MOMeHT M . nii HApY»KeHb G, BiaHOCHO oci Oz Oyne
M_=M+Nr, =k,M, (11)
ne k, - KOe]IIieHT NMepeBUILEHHS] 0CbOBOI'O MOMEHTY M . HpuU 3TUHI HONEPEeYHOI0 CHIIOI0
k MomeHTy uucroro sruny M, , k, =1,05-1,25.

BignosigHo, cuiny N po3Tary, i3 BpaxyBaHHSAM (8) MOXKHa BHPA3UTH 4epe3 MOMEHT
YHUCTOro 3runy M, .

v Kt tgnM, _Bhky Q)+ tgnBH :

= = 12
(I, +Rtgy+pr) 41, + Rtgy+uwr) (12)
3rigHo (3), npu BitoMOMY IUI€Yi MPUKIAJaHHS MIOTIEpEeYHa CUla 3THHY Oy/e
kyky (Q)B,H?
p, = Pk OB, )

- 4(1, + Rtgy +wr)

3a BIIOMHUM CyMapHUM MOMEHTOM M BiJHOCHO oci Oz BHU3HAYa€EMO MOMEHT 3THUHY
CTPIUKU MPH OJHOYACHIN Hii CHIIM PO3TATY 1 MOMEHTY 3THHY MOKEMO BU3HAUUTH

M=M_-Nr,=(_+Rtgy+w)P—-Nr, =N[(l, +Rtgy+pur)/(tgy+pn)—r,] (14)

B 30Hi, mo3a ocepenkom 3ruHaHHI ( @=¢,, pUC.2), BHACTIZOK PO3TATYBAHHS CTPIUKU

M03/I0BXXHBOIO CHIIOI0 N , BOHa OyTH OOTHCKYBaTH IMIIIHAPUYHY OINPABKY 13 BUHUKHEHHSIM
Ha 1l MOBEpXHi paJialbHUX KOHTAKTHUX HAPYKEHb

N (15)

Bo/v
YTo4yHEeHe 3HaueHHs HEHTpalIbHOTO pajiyca i3 BpaxyBaHHsM (15) Oyne

o
Py =VRr|l-——"—1|
2Bo;

YTOo4YHEeHHH pPO3paxyHOK Mojeni, i3 BpaxyBaHHsAM (16), mokasye, 1m0 cyMapHUN
MOMEHT M, nii HanmpyXeHb Oyne Jemo OUThIIMM HOPIBHSHO 13 3HAYEHHSM, OTPUMAaHUM 3a

c, =

(16)

201



ISSN 2664-262X Central Ukrainian Scientific Bulletin. Technical Sciences. 2025. Issue 12(43), Part Il

3anexHicTio (11). OCkUIbKM Take MEpeBUILEHHS KOMIICHCYETbCS CKIAJ0BOIO N7, Bii CHI

TEpTs Ha ONpaBIi, IKa € BHYTPIIIHHOIO CHJIOIO PO3MOJILTY HANpyXeHb, TO CYMapHU MOMEHT

M, HaBUBaHHS NPHUKIAJECHUN 10 ONPABKU, TOOTO 10 MPUBOJY TEXHOJIOTTYHOTO OOJIaJHAHHS,

IPU BOMY IIPAKTUYHO HE 3MIHUTHCS 1 BU3HAYAETHCS 32 3aJICKHICTIO

Bhyky (B H (L, + Rtgy) (17
4(1, + Rtgy +ur) )

7ie 3HAUeHHs KyTa Y PIBHOJIMHOI CHJIM 3TMHY BHU3HAYA€THCS EKCIEPUMEHTAIbHO YH uepes

MpUBEACHUN Koe(illieHT TepTs (onopy).

BucnoBku. Ha OCHOBI BUSBJIEHHX 3aKOHOMIPHOCTEH HaBUBaHHSA MPO(DLIIB PI3HOTO
ClueHHsI MOKa3aHO, 110 3MiHY MOMEHTY HaBHBaHHS 00EpPTOBOIO OMPABKOIO MOXKHA OIMHUCATH
y3araJbHEHOIO 3aJIeXKHICTIO I BciX mpoduriB. BiamoBigHo, po3paxyHOK — BCiX
SHEepPrOCHJIOBHX IapaMeTpiB MpoIlecy HABMBAaHHSI MOKHA IMPOBOJUTH MO OJHIA METOMII],
pO3po0eHiii Ha OCHOBI JaHOTO JOCIHIKEHHI, 13 BpaXyBaHHAM KOHKPETHUX OCOOJIMBOCTEH
MpOIeCY HABUBAHHS Ta XapaKTEPUCTUK 3arOTOBKH.

BcranoneHo, 110 3ruH npo@diniB MONEPeyHOI0 CHIIOK0 13 MAIUM TUIeYeM MPHUKIATaHHs
BiIOYBAa€THCSA MpPU CyMapHOMY MOMEHTI HAaBHBAaHHS BHILOMY, HDK NPH YUCTOMY 3THHI, Ta,
BIJIMOBITHO, MpPH BUILUX €HEproBUTparax. lIpum I[bOMy, CYTIT€BE 3pOCTaHHS pPaaialIbHOTO
HAaBAaHTAXXEHHS Ha OMNpaBKy HEraTMBHO BIUIMBA€ HA JOBIOBIUHICTH TEXHOJOTIYHOTO
oOmanuanus. [IpoTe, mpu BUKOPUCTAaHHI BIAMOBIIHOTO TEXHOJOTIYHOTO OOJIQAHAHHS, 3THH
BY3BKUX CTPIYOK Ha peOpo MOMEPEevHOI0 CHIIOK0 13 MajuM IUIeYeM MPUKIIAJaHHS JT03BOJISIE
CYTTE€BO MIIBUIIMTU CTIHKICTH Mpollecy iXx HaBuBaHHA. Lle 103BoJiss€ 3HAYHO PO3LIMPHUTH
BUKOPUCTaHHS TEXHOJIOTIYHOTO MPOIIECY BHUTOTOBJIEHHS BUTHX NpoQiliB HaBUBAHHSAM Ha
ONpaBKy Ta PO3IMMUPHUTH iX Jdiama3oH, 30KpeMa TBHHTOBHX CIipaneil Juid IIHEKiB, IO
3aCTOCOBYEThCS Y TBUHTOBUX KOHBEEpaX, 3MilllyBayax, iHIIOMY TEXHOJIOTTYHOMY 00JIaIHaHHI.

M, =P +Rtgy)=
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Features of Forming Screw and Tubular Profiles by Winding on a Cylindrical Mandrel

The article presents models of winding profiles from strips with different height-to-width ratios of the
cross-section using a rotating cylindrical mandrel, along with a justification for the technological design of winding
methods for screw and tubular profiles. The stress—strain state during winding is analyzed for plane strain and plane
stress conditions under pure bending and bending by transverse force. Differences were established between the
bending behavior of wide strips, narrow strips bent on edge, and intermediate profiles on a cylindrical mandrel. A
generalized expression was derived to calculate the winding moments for profiles of different cross-sections.

It was demonstrated that when bending by a transverse force with a short lever arm, significant friction
forces on the mandrel resist the compression of the inner layers of the workpiece, resulting in tensile stresses; thus,
bending occurs due to a moment combined with longitudinal forces. Consequently, the total winding moment is
higher than under pure bending, leading to greater energy consumption. At the same time, the radial load on the
mandrel increases significantly, which negatively affects the durability of the technological equipment.

However, bending narrow strips on edge by a transverse force with a short lever arm improves the stability
of the winding process and enables broader application of this technological method for the production of twisted
profiles. This, in turn, expands the range of wound profiles, in particular screw spirals used in screw conveyors,
mixers, and other technological equipment.
technological design, transverse force bending, mandrel winding, stress—strain state, screw spiral
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VYHiBepcabHUM MeTo 1 popMatizallii mapaMeTpiB
pecypcoBU3HaYAIIbHUX JI€Tal€H TPAHCIOPTHOT
Ta CUILCHKOT'OCIIOJIAPCHKOT TEXHIKU JIJISI CUCTEM
IPEIUKTUBHOTO OOCITYyrOBYBaHHS

B poGori mokazaHo, MmO B €rnoXy 4YETBEPTOi IPOMHCIOBOI PEBOIIOLII Ta BCEOXOIUIIOIOYO]
JUDKATANI3a1ii BAPOOHNYMX KOMIUIEKCIB KPUTHYHO BAXKJIMBHM CTa€ 3aBJIaHHS FapaHTYBaHHS €KCIUTyaTamiiHOl
CTIMKOCTI Ta TOMOBXKEHHSI TEPMIHY CIY)KOM KPUTHYHHX KOMIIOHEHTIB aBTOMOOUIBHOTO Ta arporpoMHUCIOBOTO
obnagHaHHs. BcTaHOBIIEHO, IO KIACHYHI METOAMKU OLIHIOBAHHS Ipale3JaTHOCTI TEXHIKH, SKi 0a3yloTbCsl Ha
periIaMeHTOBaHMX TepMiHaX CEpBiCy, HE 3aJOBOJIBHSIOTH AKTYyalIbHI IMOTPEeOU peHTAOENbHOCTI BUPOOHHIITBA Ta
eKCILTyaTaliiHoi Oe3neku. IneHTH(ikoBaHO KIIOYOBY IpoOIeMaTHKy — Opak yHi(iKOBaHOI CHUCTEMH
CTPYKTYpYyBaHHA TapameTpiB neraneit: icHyroui wMeromu (FMEA, CAD/PLM-cucremu, criemianizoBaHi
TprubosoriuHi 0a3u JaHWX) XapaKTepU3yIOThCS BUCOKOIO CIIENM(IUHICTIO Ta HE JO03BOJISIOTH MACIUTa0yBaHHS
MIPOrHOCTUYHUX MOJIEJICH Ha JOBUIBbHI TUIIM KOMIIOHEHTIB 0€3 3HAYHNX EKCIIEpUMEHTAIbHUX BUTPAT.

3anpornoHoBaHO METOAM YHiBepcalbHOI (hopMaiizamii mapaMmerpiB pecypCcOBH3HAYAIBHHUX JeTaled y
BUTISIII yHiBepcaibHOro onucy aerani (YO/I), mo noeanye MaTepiaao3HaByi, T€OMETPUYHI, eKCIUTyaTamiiHi Ta
Ha/iiHICHI MapaMeTpy B €UHY CTpyKTypoBany ¢opmy. ITokazaHo, mo YO/ iHTerpye siBHy cnenndikaio yMoB
eKCILTyaTallii, MaTepiaJlbHAN CTaH Ta METOAW BHMIPIOBaHHSA 3HOCY. PO3pOOJIEHO EKCIIEpTHY CHCTEMY, IO
aBTOMAaTUYHO KiIacHU(]iKye TOMIHYIOUMH MeXaHi3M 3HOIIyBaHHA 3a mapamerpamu YO/l Ta BuOMpae BiamoBimHi
kaiiOpoBaHni ¢iznuHi Monemni: Moaeni Apuapna ais aOpa3uBHOTO 3HOIIYBaHHS, Mozens [lanemrpen-Maiinepa
JUISi BTOMHOT'O 3HOIIIYBAaHHS Ta KACTOMIi30BaHy MOJEIb JUIsl 3HOIIYBAHHS B TPYHTI.

[IpoBeneno mopiBHsuTbHE mocrmimkeHHs YO/l 3 amprepHatmBHuMHU migxomamu (FMEA, CAD/PLM,
tpubornoriuni BJ/l, IoT) na nBanamustu Kareropisx aeranei tpancmoprtHoi (TT) Ta cinbehKorocmogapcbkoi
texHiku (CI'T). Bussieno, mo YO/l 3Ha49HO CKOpOYye 4Yac PO3POOKH MPOTHOCTHYHHUX MOJEINEH, ITiJBHIIYE
TOYHICTh NMPOTHO3Y 3ajuiikoBoro pecypcy: MAPE YOI — 3,2%; FMEA — 16,8% s craGinbHUX yMOB
exciuryaranii. [Ipn mpomy 3a0e3nedyeThcs yHIBEpCAJIBHICTH 3aCTOCYBaHHA Oe3 Moaudikamii CTpYKTypu Ta
MacirtaboBaHICTh afanTalii 40 HOBUX THUIIIB J€TaJIEH.

Bamiganis Ha peajpHUX eKCIUTyaTaliiiHMX naHuX 50 OOMHUIB TEXHIKH Ui KOXKHOTO THITY JAeTaji
npotsirom 1000...5000 roguH miaTBepaAnIa HalilHICTh METOY: cepeHs abCOoI0OTHA BifcoTKOBa roxnoka MAPE
cranoBmna 3,2..4,4% nns tpancnoptaux nperanedt TT ta 4,4..5,2% nns peraneit CI'T 3 BapiamissMu ymoB
eKCIUTyaTalii Ipy BUKOPHUCTaHHI KaJliOpOBaHMX MOJIEJICH y TUITOBHX yMOBax. Pe3ynbraTy miATBEpKYIOTh MOMKIIUBICTD
iarerpanii YO/ y cucremu npenukrtuBHoro oocimyrosyBaHHs ta CAD/PLM-mmatdopmu s 3a0e3nedeHHs
MacITabOBaHMX PIllIeHb IO/I0 BU3HAUCHHS 3aJIMIIKOBOIO pecypcy ekcruryaramii neraneit TT i CI'T.
yHiBepcasbHuii ommc pgerani (YOJ/l), nmpenukruBHe 00CIyroByBaHHs, (opmaiizanis mnapaMerpis,
NOPIBHAILHUN aHANI3 METOAWK, MeXaHi3MHM 3HOLIYBAHHS, NPOrHO3YBAHHS 3AJIMIIKOBOr0 pecypcy,
¢disu4uni Mozei 3HOCY, eKclepTHA cUcTeMa, Kajai0OpoBaHi Moaesi

ITocranoBka mnpob6aemu. CyuacHuil eran po3BuTky TpaHcnoptHoi (TT) Ta
cinecprorocnogapcebkoi TexHiku (CI'T) xapakTepusyeTbcsi MOCHICHHMH BHUMOTaMH JIO iX
Ha/1iifHOCTI Ta eeKTUBHOCTI ekcruryaTarii [ 1, 2]. OcobnuBy akTyanbHiCTh HaOyBae mpobiema
MIPOTHO3YBAHHS 3AJMIIKOBOTO PECYpPCY PECYpCOBM3HAYAIBHUX JeTalel, Mo Oe3rnocepeHbo
BIUITMBAa€ Ha O€3MeKy eKCIuTyaTalii Ta eKOHOMIYHI MOKa3HMKH. TpamuiiiHi minxoau 10
TEXHIYHOTO OOCIyrOBYBaHHs, 3aCHOBaHI Ha KaJleHJApHUX rpadikax, HE BPAXOBYIOTb i1HIH-
BiJlyallbHI YMOBM €KCIUTyaTallii Ta peaJlbHUi TeXHIYHUHU cTaH oOmajgHaHHs. Lle mpu3BoauTh
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710 HEMPABOMIPHO YacCTHX Ta JOPOTUX PEMOHTIB a00 JI0 panToBHX BiaMoB [3, 27].

OCHOBHHMM HEJIOJTIKOM ICHYIOUHX CUCTEM MPEIUKTUBHOTO 00CITyroByBaHHs, predictive
maintenance (PdM) e ixus Bucoka cneuudiuHicTh. Hampuknan, npu apXiTeKTypHOI
PEKypeHTHOT HEHPOHHOI Mepexki 3 JOBrol KOPOTKOYAacHOK mnam'arTio, long short-term
memory (LSTM) nnst MOHITOpMHTY NiAMMNHUKIB [4] HE MOXYTb OyTH e(pEeKTHBHO
aJanToBaHI JUIs IHIIMX KOMIIOHEHTIB 0€3 3HAuYHUX BUTPAT 4yacy Ta pecypciB. Po3pobOka
INPOTHOCTUYHOI MOJENI JUIsi HOBOTO THITy JeTalli TpaJuIifHO BHMarae TPUBAIUX
eKCIIEPUMEHTAIBHUX JTOCTHKEeHb. Lle 00yMOBIEHO BIICYTHICTIO YHIBEpCAIBbHOI METOI0JIOTI]
dopmanizanii napamerpiB pisHoTUnHUX Aetaned TT i1 CI'T, mo yHEMOKJIHMBIIOE CTBOPEHHS
MaciITaboOBaHUX CHCTEM IPOTHO3YBaHHS 3HOCY Ta iX IHTErpamilo y €auHy iH(opmauiiHy
wiathopMy A BEIMKUX MApKiB MAIITHH.

AHali3 NpakTHYHOTO BIpOBa/LKeHHs PdM-cucreM mokasye, 1m0 KOMIIAHil 3MyIIeHi
pO3poOIIOBaTH OKpeMi MOJeNi sl KOXKHOT KaTeropii jaerayiell, BUKOPUCTOBYIOUHM Pi3HI1
METOJUKHU ONHCY HapameTpiB Ta KaniOpyBaHHA. lle mpHU3BOIUTH A0 PO3MOPOILEHHS TaHMX,
HEMOXIJIMBOCTI TpaHc(epy 3HaHb MK KaTeropisiMu JieTalieil Ta Hee()eKTUBHOCTI PO3POOKH.

AHaJi3 0CTaHHIX J0CTiIKeHb i myOaikaniii. AHai3 CydacCHUX JOCHIKEHb CBITYUTh
PO aKTUBHHUH PO3BUTOK JBOX OCHOBHHUX HANpPSAMIB y raiy3i MIpeIUKTUBHOTO 0OCITYTOBYBaHHS
TT 1 CI'T: ¢i3uKo-MaTeMaTHYHOTO MOJEIIOBAHHS IPOIIECIB 3HOIIYBAHHS Ta 3aCTOCYBAHHS
MeTtoaiB mry4dHoro inTenekry (L) mist aHani3zy ekcruryataliiHuX TaHUX.

Jlo ¢izuko-MaTeMaTHUYHUX MOJIENIeN 3HONTYBaHHS, MOXHA BITHECTH: MOJIeNb Apyapaa
st abpa3sMBHOTO 3HOILIYBAaHHS, MOJAENl KOHTakTHOI BromH [lanmbmrpena-Maitnepa s
3yO4acTux rnepenad i MiIImUAMHUKIB Ta iH. BoHu 3a0e3meuyroTs rmboke po3yMiHHs Qi3HUHUX
nporecis. Ilpore kamiOpyBaHHS LMX MOJENIe BHMarae TPUBAJIUX EKCIIEPUMEHTAIBHUX
JOCTIDKeHb. B TOM Yac iX aanTHUBHICTB J0 pealbHUX YMOB €KCIUTyaTallii 4acTo 3aJUIIA€ThCS
00OMEXEHOI0 uepe3 HEBpaxyBaHHs JUHAMIYHOI BapiaOeIbHOCTI MapaMeTpiB.

Mertoau mamuHHOTO HaBuaHHs (MMH), 30kpema rim6oki Heliponni Mepexi (LSTM,
CNN) [8], neMoHCTpyIOTh BUCOKY €()EeKTUBHICTh y MPOTHO3YBaHHI 3aJUIIKOBOTO PECypCy
3aBJSKH 3JaTHOCTI BUSIBJISITH CKIIQJHI HENIHIHHI 3aKOHOMIPHOCTI B €KCIUTYaTAI[IHHIX JaHUX.
Cucremarnunuit orssqm MMH U1t mpeTuKTHBHOTO oOCIyroByBaHHs [9] mokasye, mo Taki
METOJY BHUMAraloTh 3HAUYHUX OOCSTIB SKICHUX NaHMX JUIi HaBYaHHS W HE JO03BOJIAIOTH
eeKTUBHOTO TpaHC]epy MK KaTeropismu aeraneit 6e3 nepenasuanns [10,11,28,29].

Jlnst popmatizaniii mapaMmeTpiB JieTajaei iCHyI0Th HACTYITHI CUCTEMHU:

— CAD/PLM-cuctemu [12], ski 3a0e3nedyroTh JeTalbHUA TE€OMETPUYHHHA OIHUC
JeTaneil Ta yOpaBNiHHS IXHIM JKUTTEBHM LUKIOM. B Tol uac TpaguimiiHO BOHH He
IHTErpYIOTh €KCIUTyaTaliiHi TapaMeTpH Ta XapaKTePUCTUKU 3HOITYBAHHSI.

— FMEA-meronomnoris [13] omucye sKICHO peXHMH BiIMOB, aie He dopMmarizye
KUTBKICHI TTapaMeTpu AJisi 00YMCIIIOBAILHOTO TIPOTHO3YBAHHSI PECypCY.

— Tpubonoriuni 6a3u ganux [14, 15], mo MicTATH HaHi Mpo KoedillieHTH TepTs Ta
3HOIIYBAaHHS MaTepialiB, ase 6e3 eanHo1 cTpykTypH. [Ipu mpomy iHpoOpMallis po3nopoiieHa B
PI3HUX BUIAHHAX 3 PI3HUMHU CHCTEMaMH IO3HAUYeHb Ta OOMEXeHa Crenu(piuHUMH THIIaMHU
KOHTAKTIB.

— loT-cucremu moHiTopunry Texaiunoro crany aetaneit TT i CI'T ¢okycyroTbest Ha
30MpaHHl JAWHAMIYHUX JaHuX (BiOparlis, TemmepaTypa). A€ Taki CHCTEMH YacTo He
IHTETpYIOTh CTaTWYHI HapaMeTpu aetaieid (Mmarepian, TreoMeTpis, TepMooOpoOka), Mo €
KPUTUYHUMH I (PI3MYHOTO MOJENOBaHHSA. MOXJIIMBO TMPH I[bOMY BU3HAYUTH KPUTHUHY
JNOCTITHULIBKY TPOTAUHYy: HAa CBOTOJHI HE ICHYE €IWHOI METOJOJIOTil, IO TOEIHYE
MaTepiaio3HaB4i, T'E€OMETPUYHI, eKCIUTyaTalidHI Ta HaiiHICHI MapaMeTpu B OJHY
CTPYKTypOBaHy GopMy, sika MpHAaTHA Ul HACTYITHUX MpoueciB [26]:

— aBTOMaTH30BaHa 00poOKa Oe3 eKCIIePTHOTO BTPYYaHHS;
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— MacuITabyBaHHs Ha JOBUIbHI THIH JeTanel 6e3 Moaudikarlii CTpyKTypu;

— KaiOpyBaHHs (I3UYHUX MOJIENIEH 3HOIIYBAHHS 3a JOKyMEHTALIHHUMH JaHUMH, 0e3
MPOBEICHHS HOBUX €KCIIEPUMEHTIB.

— TpaHcdep NPOrHOCTUYHUX MOJIENIEH MIXK KaTeropisiMu JeTaieu.

IMocTanoBka 3aBaaHHsA. MeToro aaHOi poOOTH € Po3poOKa Ta EKCIEepUMEHTalIbHA
BaJigalist METoy yHiBepcaibHOI Gopmaiizallii mapaMeTpiB pecypcoBU3HAYAIBHUX JeTanen
TT 1 CI'T uepe3 cTpykTypy yHiBepcampHOro omucy aerami (YO/), a TakoX NpOBEICHHS
MOPIBHSUITLHOTO ~ JAOCTIKEHHS HOro eQeKTUBHOCTI 3 ICHYIOUUMH MiIXOJaMH s
3a0e3MeueHHs] MaCIITa0OBaHUX CHCTEM MPEAUKTUBHOTO 0OCITyrOByBaHHSI.

J1is noCSITHEHHS TIOCTABJICHOT METH HEOOX1HO BUPIIIUTH TaKi 3aBIaHHS:

— pospodutu crpykrypy YOJI, mo BKIO4ae Marepiaio3HaBui (Mapka, CTaH
TEpMOOOPOOKH,  TBEpICTh), TE€OMETPHYHI (THUN  KOHTAKTy, IUIOIIA, IIOPCTKICTH),
eKCIUTyaTalliifHi (HaBaHTaXXEHHs, IIBHJKICTb, TeMIlEpaTypa, 3a0pyAHEHHs, I[apaMeTpu
IPYHTY) Ta HaJAIdHICHI MapaMeTpu, HEoOXigHi A aBTOMATH30BAHOTO IPOTHO3YBAHHS
3aJIMIIKOBOTO PECYPCY;

— MPOBECTH AETaNbHUN MOPIBHIIbHUN aHani3 YO/I 3 aqbTepHAaTUBHUMHU METOJUKAMH
(FMEA, CAD/PLM-cucremu, cnemiamizoBani tpubosoriuai bJl, IoT-cucremu) 3a
KPUTEPISIMH:  YacOBUTpaTa pPO3POOKM MPOTHOCTUYHOI MOJENi, TOYHICTH MPOTHO3Y
3aJMIIKOBOTO pecypcy (Merpuka MAPE), moBHOTa Ta CTpyKTYypOBaHICTh OMHUCY MapaMeTpiB,
MacITaboOBaHICTh aJanTaIllil 10 HOBUX THITIB JIeTaJIel, CTYIiHb aBTOMAaTH3AIlil OIeparrii;

— pO3pOOUTH €KCIIEPTHY CHCTEMY Ha OCHOBI MPABWII Ui aBTOMATHYHOI KIacudikarii
JOMIHYIOUMX MEXaHI3MIB 3HOIIyBaHHA (aOpa3uBHE, BTOMHE, KOpo3iiiHe, aaresiiiHe,
KoMOiHOBaHi) Ha ocHOBI mapamerpiB YO/I 3 BKa3iBKOIO BaroBuX KOeQilli€HTIB Ta JOBIPUHX
IHTEpBaJIiB;

— po3pobuTu Ta KamiOpyBaTH (i3W4HI MOJENi 3HOINYBaHHS (Mojenb Apuapia ais
abpasuBHOro, mMojens llampmrpena-Maiinepa it BTOMHOTO, KacTOMI30BaHy MOJENb IS
aOpa3WBHO-TPYHTOBOTO) 3  sBHOI  crenu@ikaiicro yMOB  KajiOpyBaHHs,  JDKEpem
eKCTIIEpUMEHTAIbHUX JaHUX Ta IHTEPBaAJIIB HEBU3HAUYEHOCTI MPOTHO3IB;

— IPOBECTU €KCIEPUMEHTATIBHY BalliJalliio 3anponoHoBanoro merony YO/l Ha pi3HUX
tunax pecypcoBusHauanbHux netanedt TT 1 CI'T 3 pi3HMMH MaTepialaMH, CTaHaAMHU
TEPMOOOPOOKH Ta MEXaHI3MaMH 3HOIIIYBAHHS;

— KUTbKiCHO 0OrpyHTYBaTH eexTrBHICTh YO/l uepe3 MOpiBHAHHS 3 PealbHUMU JTaHUMH
eKCIUTyaTallil mapKiB TeXHIKH, BAKOPUCTOBYI0UH MeTpuku TouHocTi (MAPE, R2, RMSE);

— BHU3HAUUTH Ta JOKyMEHTyBaTu muisixu iHTerpauii YO/l y cydacHi cucreMmu
npeaukTuBHOTO 00cmyropyBanus, CAD/PLM-mnargopmu ta loT-cucteMu MOHITOPHUHTY.

Bukaagennsi ocHoBHoro matepiany. Meton YO/I Bu3HauaeTbes sk GpopmaiizoBaHa
CTPpYKTypa JaHHUX, LI0 MICTUTh CYKYIHICTh HapaMeTpiB, HEOOXiTHMX JUIS iAeHTUQIKaIii
JeTali, po3paxyHKy HalpyXeHOTro CTaHy NpH eKCIUTyaTallii, MPOrHO3yBaHHS 3aJHIIKOBOTO
pecypcy Ta IJIaHyBaHHS TEXHIYHOTO 00CIyrOBYBaHHSI.

YO/I 6ynyeTbcst Ha M'ATH MPUHLIMIIAX: IOBHOTA; YHIBEPCATBHICTD; CTPYKTYPOBAHICTB;
aBTOMATH30BaHICTb; PO3IIUPIOBAHICTD.

[ToBHOTA — 1€ BKJIIOYEHHS BCIX KPUTHYHUX MapaMeTpiB JUIsl MEXaHi3MIB 3HOLITYBAaHHS
Ta nporuo3yBanHs. Ilin yHiBepcanpHICTIO Oy1eMO PO3yMITH 3aCTOCOBHICTB JI0 JieTajel Oy/b-
AKHX KaTeropiit 6e3 moaugikarii cTpykTypu. CTpyKTYpOBaHICTh PO3TIISAAIOTH SIK i€EpapXiuyHy
oprauizaifito Juis aBTOMaTH30BaHOi 00poOku. Ili7 aBTOMATH30BAHICTIO — MOJIHMBICTh
3allOBHEHHA 3 TEXHIYHOI JOKyMEHTalii Ta BIAKPUTHX JoKepen O0e3 eKCHepUMEHTIB.
PosmuproBaHicTh PO3TISAAETHCS SIK MOXIIMBICTD JI0JJaBaHHS HOBUX MapaMeTpiB Ta ajamTarlii
ISl pEriOHAIBHUX YMOB.

Crpyxrypa YO/ (puc. 1) cknanaerbes 3 mectu OJI0KIB:
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brmox 1: InmenTtudikamis — Ha3Ba, apTUKYN, JAeTalb, BY30JI, CHCTEMa, arperar,
(byHKIIOHATIPHE TPU3HAYCHHS.

brmox 2: Marepiamiu — mapka wmarepiany (3a JACTVY/ISO), cran TepmMooOpoOKu
(BimMBKa, HOpMaii3allis, rapTyBaHHS, IIEMEHTAllid) 3 OIKCOM TEMIIeparyp, BUMIpsSHA
tBepaicte HV/HB/HRC 3 noBipyuM iHTEpBanoM, MOAYNb NPYKHOCTI E, Mexka MIIHOCTI O,

JDKEpEeIo TaHMX.

brnokx 3: I'eomerpis — THUN KOHTAaKTy (KOB3HHMH, KOUYEHHS, TepLIBCHKHUI), IJIOIIA
KOHTaKkTy A (MM?), OpPCTKICTh Ra (MKM), paaiycu KpUBHM3HHM 71, 72, KDUTUYHI T€OMETPUYHI
napaMmeTpu (TOBIIHHA, JiaMETP).

bnox 4: Ekcrutyaramiiini ymoBu — HaBaHtaxenHs F (H), mBuakicte v (Mm/c),
temreparypa T (K), Tum ta B'si3kicTh 3MmarnyBaHHs U (cSt), piBeHb 3a0pyanenus C (%), aus
CI'T TexHiku: THUI IPYHTY, HimaHIicTh (%), BosoricTh (%), MBUAKICTE 0OPOOITKY (KM/TON),
rmbuHa 00poOITKY (CM).

bnok 5: HaniitHicTs — cepeaHiit po3paxyHkoBuii pecypc 7, (ron), KpUTUUHI PEKUMU
BiIMOBH, periiameHTHi Tepminu TO.

bnox 6: MeTpoJiorisi — MeTo] BUMIPIOBAaHHsI 3HOCY (TOBIIMHA CTIHKH, MpodiLIoMeTpis,
rOHMHA MITTIHTY, BTpaTta MacH), TOYHICTb BUMIPIOBaHb, KPUTEPiil BIAMOBH (JOIYCTUMHIA 3HOC).

r 100

Bamnauneslcrs (%)

o
o

Kinsklcte napamertpis
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Pucynok 1 — CtpykTypa yHIBEpCAIBHOTO ONMHUCY JeTaji 3 BUSHAYCHOO KIIBKICTIO TTApaMETPiB Y BUTIISIIII OJIOKiB
Ta BiIHOCHA 1X BaJKJIUBICTh: mss — KUIbKICTh IAPAMETPIB; mes — BAXIHUBICTH (%0)
Licepeno: pospobaeno asmopamu

Ha puc. 1 mokazana crpykrypa YO/I, sika ckiagaeTbes 3 IMIECTH OJOKIB, KUTBKICTh
napaMmeTpiB 'y KOXKHOMY OOl Ta BIIHOCHY BKJIHUBICTh OJOKIB JUIsi TPOTHO3YBaHHS
3aUIIKOBOTO pecypey. HalBaxnmuBimmmu € Onokm "Exkcrutyaramis" (15 mapamerpis,
BaxuuBicTh 100%) Ta "Marepianu" (12 mapamerpiB, BaxuBiCTb 95%), sKi BH3HAYAIOThH
JOMIHYIOUY1 MEXaH{3MH 3HOLTYBaHHS.

3aranpHa KUTbKicTh mapameTpiB y YO/ craHoBUTE 58, 110 3a0e31euye TOBHOTY ONUCY
JUIE aBTOMAaTH30BaHOTO MPOTrHO3yBaHHA. KoxeH ONOK MICTUTH K OOOB'S3KOBI MapameTpu
(minimym 80% 3amoBHEHHS Ui (QYHKI[IOHYBaHHS MoOJeneil), Tak 1 ONmioHadbHI (I
MIABUIIECHHS TOYHOCTI MPOTHO3IB).

IIpu 1pOMy ekclepTHa cHUCTEMa peali3oBaHa AK HaOlp JIOTIYHMX TpaBWI IS
aBTOMAaTH4YHOI Kiacugikamii TOMIHYIOUOTO MeXaHi3My 3HOIIYBaHHS Ha OCHOBI IapameTpiB
YO/ (tabm.1).
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Cucrtema anamizye komOiHamii mapamerpiB 3 OnokiB 2-4 (MmaTepianu, reoMerpis,
eKCIUTyaTallis) Ta BU3HA4Ya€e JOMIHYIOYMH MeXaHi3M 3 TOYHICTIO 92% TOpiBHSIHO 3
EKCIIEPTHOIO OLIHKOIO.

Tabnuns 1 — [paBuna knacudikarii MexaHi3MiB 3HOIITYBAHHS

MexaHizm . JoBipumii
‘YmoBu akTHBauii npaBuia Kiacudikanii Bara, w .
3HOIIYBAHHS iHTepBaN
AGpasuBHe (H <400 HV) AND (C p>0,8%) AND (v> 1 m/c) 0,6...0,9 +25%

(umkmiyee HaBaHT.) AND .(FelelBCBKI/II/I KoHTakT) AND 0.5..0.7 +30%
(o/c_lim > 0,5)

Kopoziiine (T >120°C) AND (v <25 cSt) AND (H <350 HV) 0,6 +35%

(v <15 ¢cSt) AND (v < 3,0 m/c) AND (p > 300 MPa) AND

Bromue

Anresiiine 0,7 +30%
(TpaHMYHE 3Mal. )
Ag;f‘;f:}feo_ (c/r Texnika) AND (C_p > 5%) AND (KOHTAKT 3 IpDyHTOM) 0,8 +40...50%
Hoicepeno: pospobnerno asmopamu
JlomiHyroumii MexaHi3M BH3HAYA€THCS 32 (DOPMYIIOO:
M,E[OMiH =arg miax Wi+ I, (2)

ne I; — imaukarop akTuBaii i-ro mpasuia (1 a6o 0), W; — Bara MexaH13My
BinmoBigHa Bara MexaHi3My 3HOIITYBaHHS 1 IOBIpYHX IHTEpBAJiB HABEJCHI HA pHC. 2.

1.0

k40
0.8 4

L 30
0.4 1 20
024 [0
0.0 0

Abpazvene BromMHe Knpnslnhe Apresifne I‘pyI HTOBE

o
o

Bara mexanismy
Aosipuni inTepsan (£%)

i3m 3HOWY

Pucynok 2 — Barosi xoedimieHTH Ta 10BipUi iHTEpBaJIM Il MEXaHI3MiB 3HOLTYBAaHHS, BU3HAUYCHNX EKCIIEPTHOIO
cucremoro: I, N, , I, I — MexaHi3M 3HONTYBAHHS; — oBipuwmii inTepran (+%)
Hoicepeno: pospobrerno asmopamu

ExcneptHa cucTtema aBTOMAaTHYHO BHOHMpaEe BiIMOBiIHY KaniOpoBaHy MOJENbh Ha
OCHOBI BU3HaUYeHOro MexaHi3My. Ha pucynky 2 Bizyali3oBaHi BaroBi KoeQilieHTH Ta AOBipUi
IHTEepBaJIM 7151 KOJKHOTO MeXaHi3My 3HOIIyBaHHA. MoxHa 6aunTH, 1o HaiBumty Bary (0,8) ta
HailiOuby HeBu3HaueHicTh (+40...50%) wmae aOpa3uBHO-TPYHTOBE 3HOIIYBAaHHS yepes
BapiaTUBHICTh IPYHTOBHX YMOB: MIIIAHICTh, BOJIOTICTh, IIBUAKICTH 0OPOOITKY.

CuctemMa TakoX BH3HA4Ya€ MOXKJIHMBICTh OJHOYACHOI Jii JEKUIBKOX MEXaHI3MiB
(xkoMOiHOBaH1 PEXKUMH 3HOIIYBAaHHS) Ta OOUMCIIOE TXHIA BIIHOCHMH BHECOK Yy 3arajbHUN
3HOC JeTani. Y BHIAJKaX, KOJU aKTUBYEThCS OUIbIIE OJHOTO IpaBHja 3 BaroBUMH
KoedilieHTaMH, 10 BIAPI3HAIOTHCS MeHII HDK Ha 0,2, cucrema Kiacu(ikye pexum sK
KOMOIHOBaHHMI Ta 3aCTOCOBYE CYIEPIIO3WIII0 MOJENeH 3 BIAMOBITHUMH BaroBUMH
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KoedilieHTamMu.

JUis KOXKHOTO MeXaHi3My 3HOLIYBAaHHS pPO3pOoOJeHO Ta KaiaiOpoBaHO BiIHNOBITHY
¢bi3u4Hy MOJIENb 3 SBHOIO crienuDiKaIliero JKepea eKCIepUMEHTaIbHUX JaHUX Ta IHTEpBaJiB
HEBU3HAYEHOCTI.

Mopens 1 s abpa3uBHOTO 3HOIIYBaHHS 0a3yeThesi Ha Teopii Apuapaa [6]:

K, F-L
H

ne W,p,,— o0'emunii 300c, MM?; K, — koedirieHT abpa3uBHOCTI; F' — HaBaHTaxeHHs, H;
L — BigHOCHE mepeMimieHHs, M; H — TBepuaicTe Matepiany netani, HV; f (C , T,19) —
MOTPaBOYHA (PYHKITIS.

3HaueHHsT KaliOpoBaHOTO KoedilieHTa a0pa3WMBHOCTI 3aliekaTh Bi 3a0pyIHEHOCTI
cepenouina [6, 18] i pe:kUMiB MaIeHHS:

— K, = (5,0£1,5)-10°® — g umcroro MinepansHoro smamryBanHs (SAE 15W-40),
Cp<0,3%, T = 60...90°C;

- K, = (2,0£0,6)-107 — nmna momipuoro 3abpyanennus (Cp=0,5...2,5%), 3Mimane
3MallyBaHHs, a0pa3uBHI YaCTUHKH 5...50 MKM

— K, = (5,0+£2,0)-10 7 — mna cunpHoro 3abpyanenss (Cp> 3%), rpaHUUHE 3MAIlyBaHHS,
aOpa3uBHI YaCTUHKHU > 50 MKM.

[TonpaBoyHa (yHKIiS Ma€ HACTYITHUH BUTIISI:

Wabr = ' f(C 'T' 19)' (2)

f(C,, T,9) =1+0,15 - C, +0,008-(T-60) + 0,02 - In 13—0 (3)
ne Cp — cTyninb 3a0pyaHeHocTi, %; T — temmeparypa.
KaniOpoBani koe¢imienTn K, s TpbOX peXHMIB 3MallyBaHHS 3 IHTepBalIaMu
HEBHU3HAYEHOCTI MPOLTFOCTPOBAaHI Ha puc. 3.

50

40

Ka = 10"

20

Yucre NMomipre CHnbHe
IMAUYBAHHA sabpyaHeHHs 3abpyaHeHHs

YMoBu ekcnayavauii

Pucynok 3 — I'padiune BimoOpaskeHHs kanibposani koediuientis K, 3rigao mozxeni Apuapna [6] s
abpa3MBHOIO 3HOIIYBAHHS 1 TPHOX PEKUMIB 3MaIyBaHHS/3a0pyHEHHS 3 IHTepBaIaMi HeBU3HAYEHOCTI:
- K,x1078, mem — HeBu3HAUEHICTH (£)
IDicepeno: pospobaeno asmopamu 3 sukopucmanuam oanux pooim [6] i [18]

Koeodiuient K, 3pocrac Bim 5,0-10®° (uucre smamysamns) mo 50,0-10° (cumbme
3a0pyaHeHHs), 1m0 BigmoBigae 10-kpaTHOMYy 30UTBIIEHHIO IHTEHCHMBHOCTI 3HOIIYBAaHHS
JleTalield MallvH.

InTepBan HeBu3HayeHocTi +30% BpaxoBye Bapiallii yMOB eKcIUTyaTallii B MeXax ogHiel
Kareropii.
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Mogens 2 s BTOMHOTO 3HouTyBaHHs (Mozens [lanbmrpena-Maiinepa [7]) 6a3yerbes
Ha JIHIHIA T110Te31 HAKOMUYEHHS MOIIKOKEHb:

D=3, ()" - X (@)

Olim 106’

ne D(t) — cTymiHb TOIIKOUKEHHS AETali; 0; — HANPYKEHHS LUKIY; Oy — TPAHMIS
BTOMH; m — oKa3HUK crernend (3,0...3,5); n; — KUIbKICTh ITUKJIIB.

Jlnst pi3HUX MaTepialiB feTajgeil MaeMo HacTyIHi KaniOpoBaHuX napamerpis [7, 16]:

— gns 3araproBanux  cramed  (IIIX15): m=3,5+0,3, koedimieHT 3HOCY
kw= 30+10 MKM/OI. IOMIKOIKEHHS;

— nnst HopMmanizoBanux craneit (40X, cranb 45): m = 3,240, ky=35+12 mxm/oz.;

— nns yaByHy (CU25-30): m=3,0+0, ky =40£15 MkM/071., MaKCUMAaTbHUHN JTOTYCTHMUI
3HOC cTaHOBUTH 200 MKM (KpHUTEpii BITMOBH).

Jlxepenamu kamiOpyBanHs € ctagapt ISO 281:2007 mig milMmunHUKIB KoueHHS [7];
Hutchings & Shipway (2017) [16] nns 3y6uactux mepenad. Ilapamerp m 3anexuTh Bin
MIKPOCTPYKTYpH Matepiaiy: BUCOKE 3HaueHHs (3,5) BiAmoBigae OUIbII OJHOPIIHIN CTPYKTYpi
3arapTOBAaHUX cTalsieil; HuxK4i 3HaueHHs (3,0) — BiIMOBiae reTeporeH il CTPYKTypi 4YaByHY.

KacromizoBana mogmens 3 [19, 20, 22] npusHaueHa s omnucy aOpa3uBHOTO
sHomryBanHs aeraneit CI'T B rpyHTI:

Hsoil L5
Weor = Ke - (224) - As- L~ g(9, ds, M), (5)
mat
ne K, — 6azoBuii koediiieHT abpa3uBHOCTI IpYHTY; Hg,;; — TBEpAICThH aOpa3WBHHUX

gacTuHOK (~800 HV); H,,,,; — TBEpIICTh MaTepiany netani; Ay — Mmioma KOHTaKTy JeTali 3
abpa3uMBHOIO YACTHHKOIO; L — mpoiiieHa BiCcTaHb.

[Tpu poMy KamibpoBaHi HapaMeTpH BiAMOBIIHO JTOPIBHIOIOTH:

- K, =(2,0+0,8)x10"7 — ays cyriunkoBoro rpyHTy (30...40% micky);

- Hgpi = 800+£100 HV — tBepaicTh abpa3uBHUX YaCTUHOK;

- TpUAMAIOTBCS HACTYNMHI yMOBHM KaiiOpyBaHHs: BoJoricTe TIpyHTY 15...25%,
MIBUIKICTE 6...10 kM/Ton, rmubuna 10...15 cM;

- BB@XAa€EMO, 110 3HAYEHHS TONpaBouHoi (GyHKuii gopisHOOTE: g(9,ds, M) = 1,0,
npu OazoBux ymomax g = 1,5...2 mpu miaBuImeHid mBuAKocTi (>12 kM/roa) abo MilIaHUX
rpyHTax (>60% micky).

Jlxepenamu KanmiOpyBaHHs €: eKCIIepUMEHTallbHI fgociimkeHHs Natsis et al. [19] Ta
Horvat et al. [20] anst nementiB TuIyriB Ta JUCKIB KylnbTUBaTOpiB. [Toka3HUK cTemneHs, piBHUN
1,5, y cmiBBiHOIIEHHI TBEPAOCTEH BiZOOpakae CIOCTEpe)XyBaHY HENIHIMHICTH 3HOCY IpHU
abpa3uBHO-TpyHTOBiN nii. Bucokuii iHTepBan HeBu3zHadeHOCTI (£40-50%) oOymoBiIeHUIt
CKJIAJIHICTIO KOHTPOJIIO TapaMeTPiB IPYHTY B PEATbHUX YMOBAX.

B nmaniii poGori mnpoBexeHo ageranbHe TmoOpiBHAHHA YO/, BHUKOpUCTOBYIOUHU
albTepHATHBHI MeToauku (opmanizanii nmapamerpis aeraneii: FMEA, CAD/PLM-cuctemu,
Tpubosoriuni 6a3u nanux ta loT-cuctemu MoHITOpUHTY. Pe3ynbTaT MOPIBHAIBHOTO aHAJI3y
BiZjoOpakeHo y Tabnuii 2 Ta Ha pagapHid aiarpami (puc. 4). JlocnimKeHHs MPOBOANUINCS Ha
JBAHALATH KaTETOPisSX JIeTallel: MOPIIHEBI KU, 3y0UacTi KoJjieca, MiIITUITHIKA KOYSHHS 1
KOB3aHHS, JIaIM KyJbTUBATOPIB, JUCKH Pi3alibHI, TOIIO.

Bynu BukopucTaHi m'sTh KpuTepiiB: 4yacoBa BTpaTa, TouHicTh FMEA, cykymHicTh
napaMeTpiB B ONHUCI JeTajel, aganTailis, aBTOMaTH3aIlis.

210



ISSN 2664-262X IlenTpansHOyKpainchkuil HaykoBHil BicHuk. Texuiuni Hayku. 2025. Bun. 12(43), 4. Il

Ockinekn YO/l mae HailOUIbIIMN KOHTYpP, TO Ha pHUC. 4 CBIAYUTH NMPO HAUOUIBIIY
wiomy nokputTsa. Lle crBepkye mpo 30anmaHcoBaHy e(EKTUBHICTH METOJIYy 3a BciMa
kputepismMu. OcoONMMBO BUAUISIOTECS MOKA3HUKH IMIBUAKOCTI po3poOku (95%), TouHOCTI
nporHosy (90%), moBHoTH omucy (95%) Ta macmraboBanocTi (92%).

Tabnuus 2 — Pe3ynpTaTi MOPIBHSUIBHOTO aHATI3Y METOAMK 32 0a30BUMHU KPUTEPIIMU
Kpurepiii FMEA CAD/PLM Tputo B/ IoT YO
Yacosurpara (JIHIB/MOJIEIH) 8,7 2,7 0,18 6,5 0,11
Tounicte MAPE (%) 16,8 19,1 4,6 12% 3,2
CyKynHiCTh napaMngiB B OIHCI 15 25 5.10 20 45-50
JeTanei
. . 0,06-
Ananrartis (THIB) 4-7 2-4 2-5 3-5 0.15
Asromarn3anis (%) 15 26 28 80 88

*JoT 6e3 kanmiOpoBaHUX MoJeeH; 3 MoaeIIMH 4—6%
Howcepeno: pospobreno asmopamu

MNosxota _— ~ TouHicTs
ONKC rHO3Y

NAKICTE
3pobKu

Macmlm /‘;’)ﬁ@iub

e — -

= — FMEA; — CAD/PLM; == — YO/
Pucynox 4 — Pagapna niarpama mnopiBHSHHA MeToauK (opmaiizanii napamerpis neraneit TT 1 CI'T
3a KpUTepisiMu e()eKTHBHOCTI: MIBUAKICTH pO3POOKH, YHIBEpCATbHICTh, MACIITAOOBAHICTH,
aBTOMAaTH3allis, IIOBHOTA ONHCY, TOYHICTh TPOTHO3Y
Lboicepeno: pospobaeno asmopamu

Ha puc. 5 npencrasneHo rpadiune BioOpakeHHs MOPIBHSUIBHOTO aHaJi3y METOJHK:
4acoBUTpaTa po3poOKU MOJeNi; TOYHICTh nporHo3yBanHd MAPE; piBeHb aBTOMAaTH3AILI.

I'padixu (puc. 5) nemoHcTpyroTh ToH (hakT, mo YO/] ckopouye yac po3poOku B 79
pa3iB mopiBHsHO 3 MeToaukolo FMEA (0,11 vs 8,7 nuiB), 3a0e3neuye TOYHICTh Yy 5,3 paszu
BuIy 3a MeToaukoo MAPE: 3,2% vs 16,8%, a Takoxx aBTOMaru3amioo y 5,9 pasiB BUILY:
88% vs 15%.

Amnaniz nepear YO/ 1aB MOKJIMBICTh BUAUTUTH HACTYITHE:

1. YacoBurpara po3pobku: YOJ| ckopouye yac Ha 94% NOpPIBHSIHO 3 METOJUKOIO
FMEA (Binm 8,7 mo 0,11 nHIB) 3aBASKM aBTOMAaTH30BAaHOMY 3allOBHEHHIO MapaMeTpiB 3
TEeXHIYHOI JOKyMeHTalii ©0e3 HeoOXiTHOCTI HOBHUX €KCIIEpHUMEHTIB. BrpoBamkeHHs
CAD/PLM-cucremMi BUMararmoTh 2,7 JIHIB 4yepe3 HEOOXIIHICTh iHTerpauii eKcruryaTariitHux
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napameTpiB, SIKi HE € CTaHAaPTHOIO YaCTHHOIO T€OMETPUYHHUX MOJICTICH.

2. Tounicts mporuo3yBanss: Mmeron YO/l nocsirac MAPE — 3,2% y mopiBHSHO 3 METOJ
FMEA - 16,8%. CnocrepiraeTbcs MOKpamleHHS B 5,3 pa3u 3aBISKA BUKOPUCTAHHIO
KaiOpoBaHuX (PI3MYHMX MOJENeil Ta MOBHOTI OMHUCY eKCIUTyaTalifHuX yMoB. Tpubosoriuni
bJl mokazyrotb MAPE — 4,6%, ane oOMexeHi crenupidyHUMH THUIIAMHA KOHTAKTiB Ta
Mmatepianis [10].

3. IloBHoTa onucy: YO/I mictuth 45-50 nmapamerpis nopiBasiHo 3 15 y Mmetoni FMEA Tta
25 — wmeromuk 'y CAD/PLM. 3a3naueHe 3a0e3nedyye MOKJIMBICTD aBTOMAaTHYHOTO
KaiOpyBaHHS Mozemel 6e3 10/1aTKOBUX eKCIIEPUMEHTAIbHUX JaHUX.

4. MacmraboBanicTh: aganrtamis YO/l mo HoBux ymMoB ekcrutyaraiii Bumarae 0,06-0,15
maiB (1,5-3,5 romunum) mopiBHsiHO 3 4-7 mHsamu ans FMEA. lle gocsraerbest 3aBIsKd
CTPYKTypOoBaHOMY (hOpMATy Ta MOMKJIMBOCTI aBTOMAaTUYHOTO MepeKaTiOpyBaHHs KOe]illi€HTIB
Mojienelt Ipu 3MiHi mapameTpiB 670Ky 4 (eKcIuTyaTalliiiHi yMoBH).

5. ABtomaruzamis: 88% omepaniii y YO/l BUKOHYIOTbCS aBTOMATHYHO: 3allOBHEHHS
napametpiB 3 CAD-mopeneii, Bubip MexaHi3My 3HOIIYBAaHHS, KamiOpyBaHHS Mojemei. Y
nopiBHsHHI 3 MeTogoM FMEA — 11e 15%, BuMarae 3Ha4HOTO €KCIIEPTHOTO BTpy4aHHS [9].

YacosuTpaTta, axis

B
%, |

204

MAPE, %

&
& & g

100 4

80 4

60 4

40 4

) -
0-- T

& * &
& &
¢ 09 «dﬁp B
Pucynok 5 — I'padiune BitoOpaKeHHS METOIUK 38 YaCOBUTPATOIO PO3POOKHU MOJIei (a),
touHicTio mporHo3y MAPE (6) Ta piBHem aBTOMaTH3arii (B)
Lorcepeno: pospobaeno asmopamu

AsTomaTuzauia, %

é &

Po3pobneno Gmok-cxemy peanizamii merony YO/, mo CKIafaeThCcs 3 M'ATH €TaIliB
(puc. 6). CykynHicTh eramiB peanizamii merony YO/l HacTymHa: dopmaizallis mapameTpiB
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neramni uepes 6 OnokiB YO/I; aBromarnyHa KiIacUdikaiiss MeXaHI3My 3HOIIYBAaHHS
eKCIIEPTHOI0 CHCTEMOI0; BHOIp BiAMOBiAHOT KamiOpoBaHOI MOJeNi; NPOTHO3YBAHHS
3aUIIKOBOTO  pecypcy 3  IHTepBAaJlOM HEBH3HAYCHOCTI; IUJIAaHYBAaHHS  TEXHIYHOTO
oOciyroByBaHHs. brok-cxema eMOHCTpy€e BUCOKUH CTymHiHb aBToMatu3alii (88% omepartiii)
Ta MOXJIMBICTb MaciiTabyBaHHs Ha mapku Bia 50 10 500+ oqMHUIE TEXHIKH.

1. ®opmanizauis napaMeTpis aerani
3anosHeHHn 6 Bnokie YO[ (58 napameTpis)

\

2. Knacudikauia mexaHiaMy 3HOWYBaHHA
ExcnepTHa cucTema (TouHICTe 92%)

A

3. Bubip kanibposanoi mogeni
Apuapg / NansMmrped-Mainep / MpyHToBa

!

4, MNporHosysanHA 3aNMLWLKOBOro pecypcy
Po3paxyHok W(t) 3 inTepeanom £30-50%

!

5. NnanyBaHHA TexHivHoro obcnyroeyBaHHA
KoHcepeaTueHa cTpaTeria, MAPE 3.2-5.2%

Pucynok 6 — brok-cxema peanizanii Mmeroxy YO/, m'ath eramis: Bix ¢popmaizanii napamerpiB
JI0 TIJIAaHYBAHHSI TEXHIYHOTO 00CITyrOBYBaHHS
Howcepeno: pospobrerno asmopamu

Banigamis mpoBenena va 50 oquauisgx TT 1 CI'T mist Ko)KHOTO TUMY AeTami: AeTali
mwtiaapo-nopinHeBoi rpymu  (LIIII); 3y0waroro koseca; MiMIIUIHUKA KOYEHHS; JIald
KyJIbTHBATOpa; Oucka pizanbHOro. Ilepion cmnoctepeskenHs ckimagas 1000...5000 romuw,
KontponpeHi BuMipu mnpoBoamimu koxkHi 500 romuH. BukopucraHo ekcruryaTamiiHi AaHi
TPAHCHOPTHHX Ta CUTLCHKOTOCIIOAAPCHKHX MiAIPUEMCTB LIEHTPAIBHOTO PETIOHY YKpaiHu.

Tabmuis 3 — TounicTs TPOTrHO3iB 3asMIIKoBOro pecypcy (MAPE, %)

DaxkTHYHUI pecypc FMEA CAD/PLM Tpubo B/ YOoJ
Aeram, (rox) MAPE MAPE MAPE MAPE
Heram LTI 2950+£200 16,9 N/A 8,1 3,4
3ybuacri Komeca 4850+300 16,4 13,2 4,1 2,1
ITiAMAITHAKYA KOYCHHS 5950+250 11,2 8,4 1,7 0,8
Jlanu kynpTUBaTOpa 780120 19,2 24,4 N/A 5,2
Jlucku pizanbHi 980+140 18,4 28,6 N/A 4,1
Cepenne MAPE - 16,8% 19,1% 4,6% 3,2%

Lorcepeno: pospobaeno asmopamu

Jliarpama Ha puc. 7 JEMOHCTpY€e TOPIBHSHHS TOYHOCTI NMPOTHO3IB 332 METOJIUKOIO

MAPE g n'atv THIIB AeTaNIEN.

Mosxna 6aunth, mo meron YO/l moka3ye crabuibHO HaitHWKYi 3HaueHHST MAPE nnst
Bcix kareropiit: 0,8% — IS MIAIIUITHUKIB KOYCHHS 1 KOB3aHHs (Halikpaia TOYHICTh depe3
KOHTPOJIBOBaHI YMOBH 3MalityBanHs), 2,1% — s 3ybgactux xoutic, 3,4% — I TOPIIHEBHX
Kinens, 4,1% — g pi3anbHUX AUCKIB, 5,2% — U Jan KyabTUBaTOpiB. Buia moxubka mis
neraneit CI'T (4,1...5,2%) nosicHIOETBCS BapIaTUBHICTIO TPYHTOBUX YMOB €KCILTyaTallii.

AHaiiz pe3ynbTaTiB MPOBEICHUX E€KCIIEPUMEHTAIbHUX JOCIIIKEHb TaB MOXKIUBICTD
BU3HAYUTH TOYHICTH 3a Kateropismu aeraneid TT 1 CI'T:
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1. derani TT 3 KOHTPOIbOBAaHUMHU YMOBaMH (TIIITUITHUKA KOUEHHS, 3yOUacTi KoJeca):
mamu MAPE 0,8..2,1%. Huzbky mnoxubKy MOXKIMBO TMOSICHUTH CTaOUIBHICTIO YMOB
3MallyBaHHs, TEMIEpaTypy Ta HaBaHTaKEHHS, 110 T03BOJISIE TOUHE KaJIiOpyBaHHS MOJIENEH.

2. Herami TT 3 BapiatuBHuMu ymoBamu (nmetami LIIIT): MAPE — 3,4%. Bucoka
noxubka oOyMOBIIEHa BIUIMBOM SIKOCTI TajiWBa, CTHJIIO BOIIHHS TPAaHCIOPTHOTO Ta
[UKITIYHICTIO 3aCO00Yy TEMIIEPATYPHOTO PEKUMY.

3. JHerani CI'T namm KynabTHBAaTOpiB, mUCKkH pizanbHi): MAPE — 4,1..5,2%.
Croocrepiraroua HaiBuIa TOXHOKAa cepel MOCTKEHUX KaTeropii aeraneil MOKIIHUBO
MOSICHUTH 3HAYHOIO BapiaTUBHICTIO TPYHTOBUX yMOB (mimanicte — 30...75%, BoJOTiCTh —
15...25%, HasIBHICTH KaMiHHS).

30 1
254

201

| i

NopwHese JybuacTe M ALWMnHAK Nana Huck
Kinsue KONECo KOMEHHA KyNeTHBATOPA pi3ansHui
Tun gertani

Pucynok 7 — [lopiBHSHHS TOYHOCTI IPOTHO3YBaHHS 3HIIKOBOr0 pecypcy (MAPE) mis pisuux Turis aeraneit
3a Merogamu: I — FMEA, == — CAD/PLM, mmm — Tpu6o B/] Ta mm — YO/]
Lboicepeno: pospobaeno asmopamu

st neraneit CI'T 3a Takux yMOB CIOCTEpIraloThesi HacTynHi 3HaueHHs MAPE:
MAPE e = 4,4 + 1,2 (6)

HocnimkenHs: cBimuaTth, mo Hu3bki 3HadyeHHs MAPE mns YO/ mocsrarootbest mpu
BUKOPUCTaHHI KaixiOpoBaHMX Mojeled y THIOBUX YMOBax ekciuryarauii. Ilpum 3HauHHMX
BIIXWJICHHSX BiJl YMOB KajiOpyBaHHS (HampuKial, ekcrpeMaibHi Temmeparypu < -30°C abo
> +50°C, HecTaHAApTHI TUIU TPYHTIB 3 mimanicTio >80%) moxubka MoKe 3pocTaTu 1o 8-
12%. Y Takux BHMAgKaX CHUCTEMa AaBTOMATHYHO PpO3IIMPIOE IHTEpBaJl HEBHU3HAYEHOCTI
MPOTHO3y Ta PEKOMEHAYE KOHCEPBATUBHY CTPATETil0 IUTAHYBAHHS OIepalliii TeXHIYHOTO
obciyroByBanus TT i MCI'T.

B nmocnimkeHHSX BUALIEHO HACTYITHI CTATUCTHYHI TOKA3HUKH BaJliIaIlii:

— koedimient gerepminarii R? — 0,92...0,96 misa neraneit TT, 0,88...0,91 mus meraneii
CIT;

— RMSE (xopinb cepemqabokBagpatndHoi moxuoku): 85...120 rogun misa neraneit TT i
45...65 rogun — mig geraneit CI'T;

— BiICOTOK MporHo3iB y Mexax +10% Bix ¢akTHUHOTO pecypcy cTaHOBUB: 87% — ams
neraneit TT 1 82% mnst neraneii CI'T.

Baminamis migrBepamna, mo meron YO/l 3abe3mneuye cTabiibHO BHCOKY TOYHICTH
MPOTHO3YBAHHS Ul PI3HUX THUIIB JeTayiel, MEXaHI3MIB 3HOIIYBaHHSA Ta YMOB €KCILTyaTawii
0e3 HeoOXITHOCTI MOBTOPHOTO KalliOpyBaHHS MOJEJEH, 10 OMUCYIOTh BIACTHBOCTI JeTaeit
TTiCIT.
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Busnayeno mio 3ampomnoHoBaHuii Meronx YOJl po3poOieHMi 3 ypaxyBaHHIM
MO>KJIMBOCTI IHTETpalii y TP OCHOBHI KaTeropii cucTem:

1. CAD/PLM-nnatdopmu [12].

Metox YO/l moxe Oyru iHTerpoBaHMi sK AoAaTKoBui mMonynb y cuctemu CREO,
Solidworks, Siemens NX uyepe3 crannmaptHi API. Ilapamerpu 6mokiB 1-3 (ineHTudikaris,
MaTepiajau, TeoMeTpis) aBTOMATUYHO 3amoBHIOWOThC 3 CAD-mopmenedt Ta cmenudikaiiit
MmatepianiB. biok 4 (ekcruryaramiiiHi yMOBH) 3allOBHIOEThCSl IHJKEHEpaMM Ha  eTari
MIPOEKTYBaHHS a00 IMIOPTYEThCA 3 CUCTEM MOHITOpUHTY nipu ekcruryaranii TT 1 CI'T.

Bu3nayeHo HacTymHi epeBaru iHTerparii:

— aBromatuuHe reHepyBaHHs Merony YO/ mis noBux aperaneid TT i CI'T Ha erami
MIPOEKTYBaHHS;

— MPOTHO3YBAHHS PECYPCY IO BUTOTOBICHHS TPOTOTHILY;

— ONTHMI3allisl KOHCTPYKLIi Ta BHOOpY MaTepialiiB Ha OCHOBI I[ITLOBOTO PECYPCY;

— (opMyBaHHS TEXHIYHOT TOKyMeHTallii 3 po3paxyHKoBUMHU TepMiHaMu TO.

2. loT-cuctemMu MOHITOPHUHTY.

Metox YO/ BHUKOPHUCTOBYETHCS SK CTPYKTYPOBAaHUH ONHC CTAaTHYHUX IapaMeTpiB
neraneit TT 1 CI'T, mo 10MOBHIOE AMHAMIYHI JaHi 3 JaTYuKiB (BiOparis, TeMnepaTypa, TUCK
onii). ExcieptHa cuctema YO/l aBToMaTu4HO BUOMpPAE BIAMOBIIHY MOJIENb 3HOIIYBAHHS, KA
HAJIAIITOBYETHCS B PEaJIbHOMY Yaci Ha OCHOBI TEIEMETPUUHUX JaHUX.

Bu3naueHo HacTymHI mepeBaru iHTerparii:

— HOeAHAHHS (PI3MYHOTO MOJICTIOBAHHS 3 METOIaMU MAIIMHHOTO HaBYaHHs [17];

— aJJalTHUBHE YTOYHEHHS KOe(illieHTIB MoJeneil Ha OCHOBI (DaKTUYHUX JTAaHUX 3HOCY;

— paHHE BUSBJICHHS aHOMaliid yepe3 MOPIBHAHHSA (DAaKTUYHOTO Ta MPOTHO30BAHOTO
3HOCY;

— 3MEHIIEHHS MOTPeOu B HABYAIBHUX JaHUX 11 ML-moneneii.

3. Cuctemu ynpaBiiHHS TeXHIYHUM 00ciayroByBanHsM (CMMS).

Metox YO/l 3abesnedye CTpYKTypOBaHE JUDKEpENO JaHUX Ui aBTOMATHYHOTO
rianyBanHs TO Ha OCHOBI POTHO30BAHOTO 3AJIMIIKOBOTO pecypcy. CucremMa aBTOMaTHYHO
reHepye Hapsiiu Ha OOCIYrOBYBaHHS MpPH JTOCSITHEHHI MOPOTOBHMX 3HAYEHb 3HOCY (3a3BHUYaid
70...80% Bix rpaHUYHOTO).

CnocrepiratoTbcsi HaCTYITHI IEpeBark IHTErparii:

— TepexiJ BiJ miaHoBaHOTO JI0 mporHoctuyHoro TO (3HMWKeHHs BUTpat Ha 25...40%);

— ONTUMI3AIlis 3aMmaciB JeTaneil Ha OCHOBI IPOTHO3IB BiIMOB;

— rpymyBanHs TO mis MiHIMI3aIlii IPOCTOIB TEXHIKY;

— ¢opMyBaHHS TPOIIECY EKCILTyaTallil UIsl yTOUHEHHS MOJIEICH.

Merox YO/ wmoxna peanizyBatu sk JSON/XML-cTpykTypa 3 CXE€MaTHYHOIO
Baniiamietro nouis. e 3a0e3meunTh MaIMHOYUTAEMICTh T4 MOXJIMBICTH OOMIHY JAHHUMH MK
pizaumu cuctemamu TT 1 CI'T 6e3 BTpaTH iHpopMmartii.

MacmraboBanicte MeTony YO/l Moxe OyTu minTBep/DKEHA TECTYBAaHHIM TEXHIYHOTO
CTaHy MAIIMH Ha aBTOTPAHCIIOPTHOMY Ta CUIbCHKOTOCHOJApChKOMY MigmpueMmctBax. Ilpu
MaciTabyBaHHI 30epiraeTbes JiHIMHA 3a€XKHICTh OOUYMCIIOBAIILHUX BHUTPAT BiJ KUIBKOCT1
OJIMHMIIb TEXHIKH, [0 pOOUTH cucTeMy npuaatHoro it Beaukux TT 1 MCI'T.

BucHoBku

1. Po3pobneHo Ta BaioBaHO METOA YHiBepcalbHOI (opmanizalii mnapameTpiB
pecypCcOBU3HAUANBHUX JeTaleld  TPAHCIOPTHOI Ta  CUIBCHKOTOCIIOAAPCHKOI  TEXHIKH.
3anpornoHOBaHUI METOJ| IHTErpye Marepiajo3HaBui, T€OMETPHYHI, eKCIUTyaTalliifHi Ta
Ha/IHHICHI MapaMeTpu JeTajedl MallMH B €IMHY CTpyKTypoBaHy ¢opmy. Ilokazano, mio
METOJl JO3BOJISIE 3alOBHEHHS TEXHIYHOI JOKyMeHTalii 0e3 HOBHUX eKCIEpUMEHTIB,
00O0B'SI3KOBO crielu(iKyloul TEXHIYHUN CTaH JAeTayled, cTaH marepiany (TepmMooOpoOka),
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YMOBH eKCIUTyaTalii TeXHIKM Ta MeTpojoriydi mapamerpu. Ctpykrypa 3 6 OiokiB Ta 58
napameTpiB  3a0e3nedye IOBHOTY OMNUCY JeTajell MamuH I aBTOMaTH30BAaHOTO
MIPOTHO3YBAHHS 1X 3AJIMIIKOBOTO PECYPCY Ta MAILUH B IJIOMY.

2. Po3pobnena ekcrmepTHa cuctemMa kinacudikamii, O aBTOMATHYHO BH3HAYAE
JOMIHYIOUMH MeXaHi3M 3HOIIyBaHHA (abpa3uBHE, BTOMHE, KOpoO3iliHe, aaresiiine,
KOMOIHOBaHi) Ha OCHOBI MapaMeTpiB METOJy YHiBepcalbHOI (opMmainizalii 3 TOUHICTIO 92%
MOPIBHSHO 3 €KCIIEPTHOIO O1iHKOI0. [loka3aHo, 10 cucTema J03BOJIsIE aBTOMATU3YBAaTH BUOID
BIIMOBIAHOI (hi3MyHOT MOAeNi AeTayeit MamuH 0e3 ekcnepTHoro BTpydanHs. ChopmynboBani
npaBuia kiacudikamii Juis m'aTH MexaHi3MiB 3 BaroBuMu koegimientamu 0,5...0,9 Ta
JOBipuuMH iHTepBamamu +25...50%.

3. IlpoBeneHe MOpPIBHSUIBHE JOCIIKEHHS MPOJEMOHCTPYBAIO CYTTEBI IepeBaru
3alpONOHOBAHOTO METOJly YHIBEpCaIbHOI (hopManizallii mapameTpiB JeTaneil MaliuH:

— YacoBUTpaTa: METOJ 3HAYHO CKOpouye yac po3poOku moxeni (mo 0,11 nHIB)
nopiBasiHo 3 FMEA (8,7 muiB) Ta CAD/PLM (2,7 nHiB) 3a paxyHOK aBTOMAaTH30BAaHOTO
3allOBHEHHS NapaMeTpPiB 3 TEXHIYHOT JOKYMEHTaIlil;

— tounicte: MAPE merton cranoButs — 3,2% mnopiBHsiHO 3 FMEA — 16,8% (y 5,3 pa3u
tounime) Ta CAD/PLM — 19,1% (y 6 pa3iB TouHilIe) nIpu CTaOUTbHUX YMOBAX €KCIUTyaTallii;

— MacIITabOBaHICTh: ajamnTailis A0 HOBUX yMOB ekcruryatarii 3a 0,06...0,15 mHiB (vs
4...7 nuiB — g FMEA Ta 2...4 nuiB — s CAD/PLM) 3aBasiku CTpyKTypoBaHOMY (popmary
napaMmeTpiB AeTajei TOCHIiPKYBaHUX MAIUH;

— aBToMarm3ais: 88% omepariii MOKyTh BUKOHYBAaTHUCh aBTOMAaTu4yHO (vs 15% — ms
FMEA Ta 26% — nnst CAD/PLM) uepe3 MammHOUUTaEMHA (hopMaT JaHUX

4. TlpoBeneHa Bamimailis Ha OTPUMAHUX pEATbHUX eKCIUTyatamiiHux maHux (50
OJIMHHIIb TPAHCIOPTHOI 1 CLIBCHKOTOCHOJAPCHKOT TEXHIKM JUIS KOXHOTO THIy JeTall,
1000...5000 ronxuH) minTBepauia HagiiHicTe Metony: MAPE mis peraneit TpaHcrmopTHOL
TEXHIKU CTaHOBUTH 3,2...4,4%, a mis geraneil cuibcbKorocmoaapchkoi Texuiku — 4,4...5,2%
HaBIThb NpPU Bapialliix yMOB €KCIUTyaTalii NpU BHUKOPHCTAHHI KamiOpoBaHUX MOJENEH.
BusiBneno, mo kaniOpoBaHi MOJeNi JAEMOHCTPYIOTh IHTEpBaIM HEBU3HAUYEHOCTI MOPSIKY
+30...50%, 3anexxHo Bix cTaOUILHOCTI YMOB, L0 BPaxXxOBYEThCS MPHU IUIAHYBAHHI TEXHIYHOTO
00CIIyroByBaHHS uepe3 3aCTOCYBaHHS KOHCEPBATUBHUX CTPATEriid MPOTHO3yBaHHS.

5. VYHiBepcalbHICTh 3alpoOlOHOBAHOTO METOJAy IIiATBEp/UKEHA ampolaliero Ha
IBAHAALUATA KaTEeropisix Jeranei (MiOIIMITHUKY, 3y04acTi mepemadi, AeTani IHIiHIPO-
MOPITHEBOI TPYIH, CUIBCHKOTOCHOMAPCHhKI KOMIIOHEHTH) 3 PI3HMMH MartepiaiamMu (4aByH,
cTajb 45, 3arapToBaHi CTalli, CTaHAMH TEPMOOOPOOKHM Ta MEXaHi3MaMHU 3HOILIYBaHHsS 0e3
MoauGiKaIii CTPYKTypu 3alpoloHOBaHOTO Metoay. [lokazaHo, 10 METOA YHIBEpCalbHOTO
ONMHCy JeTajeldl MOXKIUBO 3acTOCYBaTH Ha JeTalsiX OyAb-ikuX THIIB 0e3 3MiH iX
dbopmanizoBaHOi CTPYKTYypH. MeTo peanizoBaHO y BUTISAI OJOK-CXEMHU 3 I'SITH €TamiB 3
aBTOMaru3arliero 88% omneparrii.

6. Bu3HaueHO MOXXJIHMBICTH iHTEerpaiii B CydacHI CHCTEMHU: METOJl YHIBEpPCAJIbHOTO
omucy aeraneit ycmimHo iHTerpyerbes B CAD/PLM-mmardpopmu (CREO, Solidworks), IoT-
cucreMd Ta ML-Mozeni 3aBISKM CTPYKTYpOBAaHOMY, MAIIMHOYUTAaEMOMY (opmMmarty
napametpiB (JSON/XML).

7. OCHOBHMMH HampsMKaMU MOJAIBLIMX JOCHIDKEHb €. PO3IIUpPEHHS 0a3u
KamiOpoBaHUX MojeNel s crenudiuHuX YMOB eKCIUTyartallii (arpecuBHI cepeloBHUIA),
IHTerpalisi METOJIIB MAaITMHHOTO HABYAHHS JUISI aBTOMATUYHOIO YTOYHEHHS KOEQII[iEHTIB
Mo/ieJIell Ha OCHOBI TEJIEMETPUYHUX JaHUX, pO3pOOKa CTAaHIAPTU30BAHUX MTPOTOKOJIIB OOMIHY
metony Mk pisauMu CAD/PLM-maropmamu Ta cucreMaMu MOHITOPHUHTY, BITPOBAPKEHHS
METOJy Y HaBUAJIBHUI Mpolec sl MATOTOBKU (haxiBIiB 3 MPEAUKTUBHOTO 0OCIYrOBYBaHHS
JeTaneil TpaHCIOPTHOT Ta CUTbChKOTOCTIOAAPCHKOT TEXHIKH.
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A Universal Method for Formalizing Parameters of Resource-Determining Parts of Transport
and Agricultural Machinery for Predictive Maintenance Systems

It is shown that in the era of the fourth industrial revolution and comprehensive digitalization of
production complexes, the task of ensuring operational stability and extending the service life of critical
components of automotive and agro-industrial equipment is becoming critically important. It is established that
classical methods of assessing the performance of equipment, which are based on regulated service terms, do not
satisfy the current needs of production profitability and operational safety. The key issue is identified - the lack
of a unified system for structuring parts parameters: existing methods (FMEA, CAD/PLM systems, specialized
tribological databases) are characterized by high specificity and do not allow scaling predictive models to
arbitrary types of components without significant experimental costs.

Methods for universal formalization of parameters of resource-determining parts in the form of a
universal description of parts (UDP), which combines material science, geometric, operational and reliability
parameters into a single structured form, are proposed. It is shown that the UDP integrates an explicit
specification of operating conditions, material state and wear measurement methods. An expert system has been
developed that automatically classifies the dominant wear mechanism according to the UDP parameters and
selects the appropriate calibrated physical models: Archard models for abrasive wear, Palmgren-Miner model for
fatigue wear and a customized model for wear in soil.

A comparative study of UDP with alternative approaches (FMEA, CAD/PLM, tribological DB, IoT) has
been conducted on twelve categories of parts of transport (PT) and agricultural machinery (AGM). It has been
found that UDP significantly reduces the time for developing predictive models and increases the accuracy of the
residual resource forecast: MAPE UDP — 3.2%; FMEA — 16.8% for stable operating conditions. At the same
time, universality of application without modification of the structure and scalability of adaptation to new types
of parts are ensured.

Validation on real operational data of 50 units of equipment for each type of part for 1000...5000 hours
confirmed the reliability of the method: the average absolute percentage error MAPE was 3.2...4.4% for
transport parts of PT and 4.4...5.2% for AGM parts with variations in operating conditions when using calibrated
models in typical conditions. The results confirm the possibility of integrating UDP into predictive maintenance
systems and CAD/PLM platforms to provide scalable solutions for determining the remaining service life of PT
and AGM parts.
universal part description, predictive maintenance, parameter formalization, comparative analysis of methods,
wear mechanisms, residual life prediction, physical wear models, expert system, calibrated models
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Technology for Controlling the Serviceable Condition
of Vehicles in Operation

The existing model of technical exploitation of cars in Ukraine is analyzed. It is proved that the
transition to an “adaptive” system of vehicle maintenance and repair allows using of built-in on-board
diagnostics, existing satellite navigation and mobile communication systems, and modern information
technologies for remote assessment of their performance. It is shown that the use of the Torque software module
is the first step towards the FRACAS system and, accordingly, /PR/CALS/PLM technologies. An experimental
verification of the proposed technology was carried out and the results of assessing the performance of a C-
segment passenger car in operation were obtained.
car, serviceable condition, technical operation of cars, adaptive maintenance and repair system, operating
conditions, method, mathematical model, monitoring

Problem statement. Automobile transport (AT) is the most important sector of the
Ukrainian economy, which serves almost all sectors of the economy and segments of the
population, contributes to the growth of mobility and quality of life.

Currently, the Ukrainian vehicle fleet includes more than 14 million vehicles, the
structure of which is as follows [1, 2]: trucks - 15.5%, buses - 2.6%, cars - 81.9%.

Technical exploitation of automobiles (TEA), as defined by [3], is one of the most
important ATs, which is a set of organizational and technical measures to ensure the
maintenance of automobile performance.

The existing system of maintenance and repair (M&R) was formed on the basis of a
simplified model of transport infrastructure functioning: the car mainly operated with
reference to its own enterprise. At the same time, the entire service and repair base was
concentrated within a particular road transport enterprise (PJSC) and all types of technical
interventions were carried out by it. The existing system of MRO is inflexible in terms of
ensuring the trouble-free operation of the vehicle during operation, which is manifested in the
uniformity of the approach to vehicles of different ages: the list of operations and the
frequency of MRO are identical for a new vehicle and for a vehicle before its refurbishment
and write-off. Such a system of vehicle maintenance and repair provides for average mileage
rates and labor intensity of their technical impacts and allows for the application of a number
of adjustment factors for a particular vehicle, which leads to a significant increase in costs to
maintain their performance.

The gradual development of new types of transportation led to an increase in the time
spent by vehicles away from the main production base, and, as a result, the role of preventive
maintenance of vehicles increased. Therefore, the creation of a flexible “adaptive” system for
monitoring and managing the technical condition of a vehicle with elements of an individual
approach to each specific vehicle has become a priority [4].

© B.II. Boakos, I. O. Tapan, B. A. BoiiTos, T. B. Boaxosa, H. I'. Bepe:xana, 2025
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Due to the use of built-in on-board diagnostics in cars, the development of satellite navigation
and mobile communication systems, and modern information technologies, it is now possible
to carry out remote monitoring and assess the level of vehicle performance. This, in turn,
makes it possible to move to an “adaptive” system of vehicle maintenance and repair, the key
point of which is the development of information and communication technologies and
relevant information software systems (ISC) that provide remote receipt of the necessary
current information from vehicles, its processing and development of corrective actions
during maintenance and repair through monitoring.

An adaptive vehicle maintenance and repair system is a system that can adapt to
changes in internal and external conditions by changing its structure and parameter values.
The level reached by modern technical diagnostics (TD) allows for the implementation of
almost any task to detect and predict the technical condition of vehicles during TEA. For
example, the adaptive system proposed in [5] provides for the need to carry out maintenance
and repair according to an individual program. Such maintenance and repair is conventionally
called individual maintenance (IM). The type of work in this case is assigned based on
individual diagnostic data.

The purpose of the article is to improve the technology for assessing the serviceability
of vehicles in operation.

Analysis of recent research and publications. The emergence of “systems with full
responsibility” in transport, for example, in aviation, such as FADEC (Full Authority Digital
Electronic Control system) [6], allows to neutralize the existing difficulties. The FADEC
concept is aimed at creating a unified structure of on-board systems for controlling the work
processes of units and assemblies, monitoring and diagnostic systems, systems for
organizational and functional support of vehicle operation processes, which allows the
formation of information systems for organizational and functional support (collection,
analysis and management of information flows) of operation processes, that is, allows the
implementation of IPR/CALS/PLM technologies in practice.

IPM / CALS / PLM technologies, i.e., information support for the supply and life
cycle (LC) of products, is a modern approach to the design, manufacture and operation of
high-tech and high-tech products, which consists in the use of modern information
technologies at all stages of the LC of products [6]. In the field of public road transport
companies (PTCs), the integrated information environment of IPR / CALS / PDM
technologies is only being implemented. An example is the Torque software module as the
basis of the “automotive” FADEC concept, which is the first step towards the FRACAS
system and, accordingly, IPE / CALS / PLM technologies, which are designed to receive and
display diagnostic information of the onboard self-diagnostic system. Today, it already
“knows” how to display the current operating parameters of the engine, other systems,
components and assemblies, display and decode ‘“error codes”, “erase errors” from the
electronic control unit (ECU), automatically send the values of the parameters controlled by
the sensor to the integrated electronic information meta-space, where within six months you
can see not only the current values of the controlled values at different times, but also see the
entire route of cars during this period on the map [6].

No less important for IPE / CALS / PLM technologies at AT are such simple (in terms
of the tasks performed at AT) electronic information systems as GPS-Trace Orange, M2M,
CCWT, Teletrack, Dynafleet® [6].

Statement of the problem. To achieve the goal, it is necessary:

- to employ a systemic interaction “driver — vehicle — road environment (DVR), which
includes the following monitoring components: the vehicle (including driver and the onboard
information complex, OIC); the operating conditions of the wvehicle (road, traffic,
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atmospheric—climatic conditions and work culture), the transport infrastructure, and the
infrastructure of highways;

- to form a unified information model that describes the vehicle’s interaction in terms
of parameters of its technical state obtained via the OIC; and the driver, linked to the process
of transforming information about technical-state parameters and to processes depending on
the driver’s physiological capacities, the technical data of the vehicle, and the degree of their
resistance to negative influences from the external environment; and the vehicle’s operating
conditions;

- by means of morphological analysis to distinguish the features of the monitoring
information system for different vehicles under operating conditions;

- to perform an experimental verification and obtain results regarding the operation of
the authors’ proposed information—software complexes for assessing the functional state of
the vehicle under operational conditions.

Summary of the main material. The use of cars in non-stationary operating
conditions requires constant monitoring of their actual condition, carrying out the necessary
technical maintenance actions to ensure proper working condition. Such an interpretation of
the conditions of use of cars is possible only through monitoring of their technical condition,
which is based on the processing of a priori information, continuous diagnosis and forecasting
of the parameters of their technical condition. In this regard, there is a problem of ensuring a
full-fledged connection between the processes of car operation and the parameters of
operating conditions [7], as well as generalization and improvement of methods for predicting
their technical condition [8]. Most of the tasks in the process of forming a method for
assessing vehicle performance, which are solved by technical services of vehicle operation,
have an information component of assessment: road conditions of vehicle operation,
longitudinal profile (terrain), type and condition of road surface; repair, construction and
maintenance of road infrastructure facilities; their monitoring; predicting possible
emergencies, transport conditions in terms of traffic saturation and intensity, cargo
characteristics, traffic mode and speed; atmospheric and climatic conditions, fuel
consumption, vehicle operation culture, etc. [6].

The formation of a model for assessing technical condition parameters is based on a
general approach to the study of the classical “driver-vehicle-road environment” (DVRE)
system, which includes the systematic interaction of the monitoring components: a car with a
driver and an onboard information complex (OIC); vehicle operating conditions (road,
transport, atmospheric and climatic conditions and work culture) [3]; transport infrastructure
and road infrastructure (Fig. 1).

Conditions of Atmosphenic and dimatic Culture of
Road conditions transportation conditions exploitation

! !

Figure 1 - General scheme of system interaction of the DVRE system in the context of ITS
Source: compiled by the authors

The process of controlling the technical condition of a car under operating conditions
is the process of forming a single information function that describes the interaction of a car
in the form of parameters of the technical condition of the car obtained using BINC; the
driver, which is associated with the process of transforming information about the parameters
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of the technical condition and processes that depend on the physiological capabilities of the
driver, the technical data of the car and the degree of their counteraction to negative
environmental influences; vehicle exploitation conditions [7, 14] and the interaction of
models of transport infrastructure and road infrastructure parameters. Formally, this mapping
has the form [9, 10]:

Qre=F(Qrc+Qiorv) Frc—sccE+iorv
Fce—Tcce
Qce Owc ce (1)
Q71 H=F(Qr+ Qi) Fre=Ecce+iotv

where Qy is a set of models of vehicle technical condition parameters, as Qy = F (Qy
+ Qpy) system interaction of vehicle and driver technical condition parameters, which in turn
is associated with the process of transforming information about vehicle technical condition
parameters and processes that depend on human physiological capabilities, vehicle technical
data and the degree of their resistance to negative environmental influences; Qpy is a set of
models of the car driver's state; Qce is a set of models of the parameters of the car operating
conditions; Qr, w1 = F (Qnm + Qpy is a set of models of the parameters of the transport
infrastructure and road infrastructure; Qrc cz is a set of models of the parameters of the
technical condition of the car under the relevant operating conditions; Frc—rcce+py -
functional display of models of parameters of the technical condition of the vehicle and its
driver; Fy—yce - functional display of models of parameters of the technical condition of the
vehicle; Fri, mi—m+ar - functional display of models of parameters of transport infrastructure
and road infrastructure.

We consider it expedient to combine into the set of models of Qrc parameters of the
technical condition of the vehicle under operating conditions exactly Qrc in interaction with
Qpy. In this case, we proceed from the fact that the functioning of a single system of car and
driver F' (Qrc + Qpy) changes under operating conditions in the form of technical and
economic indicators of the car. At the same time, we understand that the system adapts to
different operating conditions by changing its operational properties [7]. Also, we consider it
expedient to combine all environmental influences on the car in the form of changes in the
models of operating conditions, models of parameters of transport infrastructure and road
infrastructure in the form of a set of models Qcr of parameters of car operating conditions.
Based on the foregoing, in a general unified form, the process of monitoring the technical
condition of a car under operating conditions is a process of transforming information about
the state and processes of the car's functioning and operating conditions. In the process of
analysis and synthesis, formation of possible variants of schemes of the information system
for monitoring cars in operation in terms of ensuring the following: identification of the car,
collection of data on the technical condition of the car, monitoring and forecasting the
parameters of its technical condition, identification of the conditions of its operation,
diagnosis of its condition, verification of compliance with its condition, morphological
analysis was used [9, 10].

The peculiarity of this analysis is that in the experimental system of DVRE, to form
the basic morphological formula of the information system for monitoring a car in operation,
several characteristic features of functional elements (morphological features) were identified,
for each of which the most complete list of various relevant technical expressions of the
above features was previously compiled [3]. For each morphological feature, the

223



ISSN 2664-262X Central Ukrainian Scientific Bulletin. Technical Sciences. 2025. Issue 12(43), Part Il

characteristic properties of classifications, vehicle design features, monitoring system
components, operating conditions, etc. are given, on which the solution of the research
problem and the achievement of the main goal of the functioning of the DVRE system in
operating conditions depend.

In the morphological matrix of the schemes of the information system for monitoring a
car in operation, 12 features are allocated for the functional element “Car (V)”, with 4
additional features for the classification element “passenger car”, 1 for the classification
element “bus”; 2 features for the classification element “truck”. For the functional element
“Vehicle engine (V)” 4 features are allocated. For the functional element “Equipping the
vehicle with information and communication equipment” - 3 features. For the functional
element “External networks” - 1 feature in 4 variants. For the functional element “Monitoring
of vehicle condition and exploitation conditions”, 3 features are also identified. For each of
the 23 morphological features of the system, the main variants of their implementation (from
2 to 10) were selected. Changing the constructive expression of a particular variant of any of
the 23 features forms a new scheme for providing an information system for monitoring
vehicles in exploitation conditions.

In accordance with the provisions of [9], the research method is based on the
morphology of the component objects of the monitoring system and allows systematic
analysis of various structures of the object - the monitoring system, which follow from the
regularities of their structure.

The number of possible schemes of the information system for monitoring a vehicle
under exploitation conditions in the case of using the created morphological matrix is:

- for a passenger car- N=8-4-7-9-4-3-6-4-10-3-4-4-4-2-2-2-2-2
"2:2:2:2-4-4-4-6=4,749 10",

-forabus: N=8-4-7-5-4-10-3-4-4-4-2-2-2-2-2:-2-2-2-2-4-4-
4-6=1,691-10"%

-foratruck): N=8-4-7-10-7-4-10-3-4-4-4-2-2-2-2-2:2-2-2-2
~4-4-4-6=2,368 10", and for one variant of the vehicle when using the morphological
matrix in terms of its equipment with information and communication equipment, external
networks, monitoring its condition and exploitation conditions: N; = 768. For a similar
variant with the additional use of the morphological matrix in the part of the vehicle engine:
N1 =12288.

Thus, the scheme of the monitoring information system for a passenger car of the C
segment with a gasoline engine under exploitation conditions includes the following
combinations of certain features:

X1.2. X4.1.2.2. X4.1.2.3. X15.2. X15.1

(115 x2.15 x3.05 xa1:(xa1.12. + Xa123 Nx413.1. + Xa.143);
X5.45 X6.15 X7.15 X8.15 X9.15 X10.15 X11.15 X12.2) + (X13.1; X14.2; X15.2; X16.1) )

+ (X17.2; X18.2; X19.2) ™NX20.3) + (X21.3; X22.4; X23.5;)

X17.2. i}lﬂ
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When formulating possible variants of the information system for monitoring vehicles
in operation, the scheme is considered as an effective way to ensure their efficiency, which
today form the basis of the existing fleet of cars, trucks and buses in Ukraine.

Modern on-board systems for monitoring technical condition parameters in /7S
conditions allow for the identification of vehicles, continuous automatic measurement of
parameters characterizing their technical condition, diagnostics, namely, monitoring the
performance of vehicles and its components, recognizing and preventing the development of
failures in its operation, and ultimately ensuring the functioning of an adaptive system of
vehicle maintenance and repair according to technical condition [3]. The work of the
developed IPC IdenMonDiaOperCon “HNADU-16"", regarding the state and exploitation
conditions of cars includes a set of stationary and mobile (on-board systems for the car,
vehicle) systems for collecting and transmitting information.

The basic principle of information exchange between /7S elements, namely the vehicle
and the transport infrastructure, is that the vehicle is not only an object of control and
management, but also a source of constantly updated information about the state of its
exploitation conditions. That is, it is a modern control and measurement system that
accumulates and stores information about the technical condition of the vehicle, the
conditions of its exploitation within the traffic area, and also makes decisions in case of
detection of a dangerous, emergency situation or malfunction.

The general task of forming a methodology for applying the classification of vehicle
exploitation conditions in the information environment of /7S, as a complex system, is based
on obtaining information about the actual technical condition, methods and means of its
implementation in solving specific scientific and technical problems, evaluation, verification.

Providing a system of information on the exploitation conditions (EC) of the vehicle
Sgc.sv;(t); built on the basis of server solutions Sgoy,(t); according to the principles of [4,

12], a local source of information Sgcy 4, (t); and network databases Sgc yee; (t);:

Seesv; ()i = (SECVi(t)i:SECVdi(t)i:SECNeti(t)i)- 3)

This makes it possible to create a single centralized repository of information
distributed in space, support a multi-user environment for obtaining information (editing), the
ability to access remote users, systematize information and visualize it in a single complex. In
the process of developing information support for the processes of monitoring the parameters
of the technical condition of the vehicle, taking into account the operating conditions, the
available sources of information were collected in terms of the vehicle's coordinates on the
ground in real time, a model of the road, models of road infrastructure facilities, territorial
natural and man-made systems, and the results of vehicle tracking. Sources of information to
ensure the operation of the information system for monitoring the technical condition of a car
are presented in [14].

In the process of studying and evaluating the conditions of vehicle exploitation, a
geographic model of a highway in Torque, Yandex.Maps [8] was used, which was the basis of
the analysis system and is a layer of linear objects with parameters of information interaction:

Fts (RVRoad )[ = (Ident RV; > CaZRV,- ’ Cod Dil; » Distanse Descr; ’Type RVn;» Type Roadn ; ,Track Vi )’

where Frs(RVgoqq); - information is similar to the relevant parameters of the technical
condition of the vehicle under the relevant operating conditions at the appropriate time for the
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road information system; Identgy, - identifier i of the vehicle’s driving area; Catgy, -
category i of road; Codp;;, - code of the road section, Distansep,g.r, - description of the road
section, Typegy,, - number of traffic lanes, Typegoqan; - type of road surface, Tracky, -
width of the traffic lane.

The information model of a car's position on a road was developed on the basis of a
geographical model of the road. Each section of the model is described by the following
vector of parameters:

Fts(RVTraffic)i = (IdentRVilldentPRoutei)a (5)

where Identg,, — identifier of i the vehicle's driving area; Identppoyte, — identifier of
sections of the vehicle's route.

The route sections of the information model of the car's position on the road are used
to form the route. It represents a certain path of movement of the car, realized as a linear
object and accompanied by the following vector of parameters:

Fts(RVMarshrut)i = (IdentRVilIdentRoutei)a (6)

where Identgy,, — identifier i of the vehicle's driving area; Identgyyte, — dentifier of the
vehicle's route.

The high-speed model of vehicle driving modes is a table of linear events
superimposed on the driving route and has the following structure:

Fts (RVROUtePrerties). =
l

= (IdentRVi, Identgoyte,, RoUutep, operty,, Identsg,, (7)
Coordinategi,s;;, Coordinategyy,, Valuey, Date;, Basespyeeq,

where Identgy, - identifier i of the vehicle's driving area; Identgyye, - identifier of the
vehicle's route; Routepgperty, - type of vehicle route; Identgg, - identifier of the section of
the vehicle's high-speed mode; Coordinateg,s;, - the beginning of the high-speed section of
the vehicle; Coordinateg,y, - the end of the section of the high-speed mode of movement of
the car; Valuey, - the established permissible speed of the vehicle; Date; - date of setting the
vehicle speed; Basegpeeq, - the established (base) speed on the vehicle's movement area.

Along with the road model, the information model can describe the coordinates of
road infrastructure objects. With the help of the ISM map, it is possible to record the
coordinates and features of the impact on vehicle traffic in the operation of bridges, crossings,
traffic lights, etc. Also, the peculiarities of the exploitation conditions are influenced by the
existing adjacent man-made objects or natural territorial systems. All of the above objects are
typified by characteristics and contain a parameter for assessing the impact on the processes
of vehicle movement and its exploitation conditions.

In the process of studying the operating conditions of a vehicle in interaction with the
driver of the vehicle and the ISS, it is possible to solve the problems of road, transport and
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atmospheric and climatic conditions. At the same time, the condition of the road, road
infrastructure facilities and adjacent territory is assessed.

The assessment of the type and condition of the road surface is carried out as a result
of processing the data of the remote survey of the driver using the on-board OIC and then an
assessment of the type and condition of the road surface during the operation of the vehicle is
formed. The parameters that characterize road conditions, according to which the
classification signs of limiting the permissible speed or closing the traffic of vehicles are:
longitudinal profile of the road, altitude, width of the roadway and pavement condition, wheel
adhesion, etc. The data on the types and magnitude of defects are compared with the standard
indicators for vehicle speed, the degree of deviation is determined, and a score is formed for
the state of road conditions (based on the condition of the road surface):

Op (©); = (Om' Op,» Ops)’ (8)

where O, - excellent and good condition, 0,,- satisfactory condition, O,, - unsatisfactory
condition.

To determine the value of the assessment in the TPC of the analyzed road surface
section, a table of point events is formed, containing a point assessment of the state of road
operating conditions for each detected defect, of the following form:

F, (Event p,,, )[ = (Ident v, Date ;, Distans ;, Defect ;, Discribe [), 9)

where Identgy, - identifier i of the vehicle movement area; Date; - date of setting the speed

of the vehicle; Distans; - distance from the starting point of the route (linear coordinate);
Defect; - point estimate of the defect; Discribe; - type of defect.

Combining the estimates of the pavement condition according to the detected defects
is carried out for the sections of the high-speed model of vehicle traffic modes in accordance
with the expression of the form:

0,,(t); = ;ri%OpU(t)i, (10)

where Opij (t); - is the score of the j-th defect on the i-th section of the model of vehicle speed
regimes; N - the number of defects found on the site; ¢ - time factor.

The condition of transport infrastructure facilities is assessed as a result of inspections
and audits. This determines whether the detected defects affect traffic safety and whether
special attention should be paid to the condition of these facilities. The assessment is carried
out by drivers in the process of moving vehicles, other participants in vehicle monitoring and
road users. The results of inspections and checks are entered into the database of measured
parameters and ISM objects. Each transport infrastructure object is characterized by a vector
of parameters:

Fts (RVTransInfluence)i =
B <IdentRVi, Type;, Discribe;, Objectidi,) (1T)
~ \Objectld;, DateUpdate; ’

where Identgy,, - identifier i areas of vehicle movement; Type; - type of transport

infrastructure object (transport crossings, transport constructions, roadside structures, etc.);
Discribe; - description of the transport infrastructure object; Objectid; - identifier of the
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transport infrastructure object; Objectld; - assessment of the condition (impact indicator) of
the transport infrastructure object; DateUpdate; - date of assessment.

The assessment of the condition of transport infrastructure objects in accordance with
regulatory documents is carried out according to a three-point system:

Oc(t)i = (OC1:OC2: 0C3 ’ (12)

where O, - normal condition, 0., — needs attention, O, - needs to be repaired.

A fragment of the map showing the possibility of identifying transport infrastructure
facilities using ISS based on ISM and allowing to identify objects that have a direct impact is
presented in [8]. Combining assessments of the state of transport infrastructure objects based
on the results of impact is carried out by sections of the high-speed model of traffic modes in
accordance with the expression:

0c,(£)i = maxOc,,();, (13)

were OCij(t)i - is the score of the j-th object on the i-th section of the model of vehicle speed
regimes, N - number of objects found on the site; 7 - time factor.

Assessment of the condition of the adjacent road territory is carried out as a result of
the analysis of the level of danger of natural and man-made objects on the condition of the
road surface and traffic, taking into account their distance from the road. The level of danger
is assessed by drivers in the process of vehicle movement, other participants in monitoring
vehicles and road users as a result of periodic inspections, and the impact assessment is
formed on a three-point scale:

o,(t), =(0,.0,.0,). (14)

where Ot1 - low impact, Ot2 — medium impact, Ot3 - high impact.

The third category is assigned to hazardous industries located near a highway that
require repair or reconstruction work that is likely to cause emergencies on the road in the
conditions of vehicle operation. These can also be natural emergencies (collapses, landslides,
mudslides). The presence of such objects requires adjusting the speed limit on the road
section.

The assessment of fuel consumption by cars under exploitation conditions is carried
out on the basis of server solutions and a local source of information in the process of
comparing with the linear norms of car fuel consumption established by regulatory indicators
[3, 11], and is determined by the dependence:

2
Q: 8. . G'l//+K F V_+g.5i.j (15)
36000-p_ 77, 3 g0

where g. — specific fuel consumption; . p,, — fuel density; 7, — mechanical efficiency of the
transmission; G — Gross vehicle weight; y — coefficient of total road resistance; k' F —
streamlining factor; V' — speed of the vehicle; J; — a coefficient that takes into account the
influence of the inertia of rotating parts of the vehicle; j — vehicle acceleration.
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An approach to the application of the classification of vehicle exploitation conditions
in the ITS information environment in the process of forming the general information support
of the monitoring system for assessing the parameters of the vehicle's serviceable condition,
built on the basis of server solutions, a local source of information (car, driver, etc.) and
network databases, is proposed [12, 13]. This approach ensures the full collection and
processing of information in real time from the BINC placed on the vehicle and from the
information collection system working in conjunction with the driver and transport
infrastructure based on the current state of road, transport, climatic exploitation conditions
and technical constructions, in the processes of comparison with regulatory data and data of
previous control; displaying the situation on the road section and the results of the analysis in
real time and on request; identification of pre-emergency and emergency road conditions;
archiving of monitoring results; development of recommendations for the speed regime on
road sections based on the results of the analysis.

To implement the “adaptive system” of maintenance and repair in the TEA, the
following information and software systems (“ISS”) were developed and experimentally
tested at KhNADU: “Virtual mechanic “HADI-12”, “Service Fuel Eco ‘NTU-HADI-12’,
‘MonDiaFor "HADI-15”, “IdenMonDiaOperCon ‘HNADU-16" [15, 16, 17, 18], which are
integrated into the system of the virtual PJSC ‘KhNADU - TECA’ for processing the received
data. ISS operate in the context of intelligent transport systems (ITS) and have the
organizational and functional capabilities to manage the operation of PJISC, assess the impact
of exploitation conditions on the technical condition and environmental safety of the vehicle,
the current state and the ability to predict the vehicle's performance, as well as to assess the
technical and economic performance of the vehicle.

Experimental verification and results of the ISS operation to assess the vehicle's
serviceable condition in operation. The main object of experimental research on monitoring
technical condition parameters is a passenger car of the C segment (Fig. 2) equipped with
information monitoring devices between ITS elements.

Figure 2 - Segment C car during monitoring of parameters
technical condition under exploitation conditions
Source: developed by the authors

The structure and interconnection of the functionality of the OIC for obtaining
information on the operating conditions of vehicles within the virtual Road Transport
Enterprise are given in [19]. It provides for information exchange between the elements of the
ISS ITS of a vehicle to perform a remote study of rapidly changing work processes of vehicle
exploitation in the process of changing operating conditions [19]. The system interaction is
based on the following main functions of the BINC, namely, determining the position of the

229



ISSN 2664-262X Central Ukrainian Scientific Bulletin. Technical Sciences. 2025. Issue 12(43), Part Il

vehicle (tracking the position of the vehicle), monitoring the parameters of its technical
condition, solving the problem of assisting the driver in the process of its exploitation,
ensuring the transport safety of the vehicle.

The functioning of the main functions of the BINC is ensured by the fulfillment of its
functions through the systematic interaction of the vehicle design features and the constituent
elements of the ITS. The results of monitoring the parameters of the technical condition of the
vehicle under operating conditions by means of ITS are shown in Figure 3.

Vehicle track with automatic

deter'n?ination of technical Results of monitoring of vehicle
condition parameters technical condition parameters

Figure 3- Torque working window with parameters for monitoring vehicle technical condition parameters
Source: developed by the authors

The working window of the Torque software module (Fig. 3) displays the current
parameters of the vehicle engine, other units and systems, “error codes” from the vehicle's ECU,
automatically sends the values of the parameters controlled by the sensor to the integrated
electronic information meta-space, where within a set time it is possible to see not only the
values of the controlled values at different times, but also to see on the map the entire route of the
vehicle for the set period [20]. The reports allow you to find out where the vehicle was located,
where and at what time the vehicle's scanner-communicator could not get in touch, etc. The
service has the following types of tracks: tracking the vehicle track on the map (Fig. 4);
export to .gpx format; export to .x/s format. If the event line is highlighted in red, it is possible
to drain the fuel, and if it is highlighted in green, it is possible to refuel.

The process of diagnosing and determining the fault status of the vehicle using DTCs
was carried out automatically according to the algorithm developed by the authors using the
Torque module within the developed ISS in ITS conditions. The final report on the results of
diagnosing the technical condition and determining the status of faults in interaction with the
user's computer through the ISS can also be accessed in the form of a summary table - DTCs
of the vehicle [20].

The speed of the vehicle has a great influence on the main technical and economic
indicators of work. It is known [4] that the determination of the average technical speed of a
vehicle is possible if there is a total mileage of the vehicle S on the speedometer and the travel
time #.0v. The relative coefficient of change of speed (RCCS) of a vehicle, which is adopted as
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the main criterion for determining a group of operating conditions and further adjusting the
terms of MRO, can be determined by the following dependence:

Vehicle traffic
within the city
limits

Vehicle position in the
process of monitoring
" | technical condition
parameters at the end of
the route

......

L ITECIEN \
Vehicle movement on the ﬁmn of Vehmfle mo-r eayin
road outside the city limits 12 Prcess OLIMAMIOLNE,

technical condition parameters

Interface of the ISS monitoring software module in the output mode information | ©% the route
about the vehicle location in on-/ine mode with the allocation of geofences

Figure 4 - Formation of geozones of the experimental site
Source: developed by the authors

KC =S/ (tmov : Val) ~1.43-S/ (tmov ' Vmax), (16)

where Va1 — the speed of this car on the road of the /st group (0,7 * Vimax).

Let's analyze the results of the study on the example of one vehicle route on the
sections of driving distance using geophones (Fig. 4).

In this case, the determination of the vehicle speed in the conditions of operation by
ITS was carried out in several stages. We formed 8 geofences with the coordinates of the
beginning and end of the movement. The vehicle speed in the geofences was set in
accordance with the provisions of [5]. To generate the final report on the movement of the
vehicle and determine the operating conditions of the vehicle by speed, we analyzed and
determined the technical and economic performance indicators (fuel consumption) and
parameters of the technical condition of the vehicle under the relevant operating conditions as
a result of monitoring by /7.

The results of a detailed analysis of the vehicle movement conditions and the
determination of the initial data for further calculation of the parameters were presented by
comparing the monitoring results (Fig. 5) and as a result of processing the research protocol, a
change in the vehicle speed was obtained.

Figure 6 shows a diagram of changes in vehicle speeds depending on the section (Fig.
5), obtained on the basis of the analysis of the report, where for each section we calculated (in
the order of calculation) according to the following dependencies:

Vined = Sgi / tzmovi (17)
Vimed = Ssi / (tmov t tpark) =i (18)
Vined = 2 (Si/ tmovi)i / i (19)
Vined = Z (Si/ (tmov + tpark)i)i / ni (20)
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Vined = X VGPS med i / i (21
Vined = X VOBD med i / i (22)

where Vimed - medium speed of the vehicle within the driving distance; Ss; - is the sum of the
distances of the i sections; tsmovi - X vehicle movement time at 7 - sections within the driving
distance; (tmov + tpark) =i - X time of movement of the vehicle and stopping, parking at i-th
sections within the distance of movement; n; - number of polling stations; VGps med i - 1S the
average GPS speed of the vehicle within each i-¢h section received from the report; Vogp i - 18
the average OBD speed of the vehicle within each i-th section, which was obtained from the
report.
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Figure 5 - Results of determining the change in the average speed of the vehicle based on the results
of processing the report
Source: developed by the authors

The results of the change in fuel consumption depending on the distance and time of
movement of the vehicle are shown in Figure 7. As a result, we obtained the average fuel
consumption of the vehicle for the entire distance of movement, taking into account geozones,
which is equal to Guea = 7.23 I/h. This value is chosen as the actual fuel consumption of the

vehicle.
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Figure 6 - Results of determining the change in vehicle fuel consumption during movement based
on the results of report processing
Source: developed by the authors

Figure 7 shows the definition and research of the RCCS. The peculiarity of the
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definition of RCCS is as follows:

- 2 Vmax speeds were selected as the maximum speed limits in the relevant section,
taking into account the formed geozones, respectively: a - the maximum possible Vyax speed
of the research vehicle on the road of group 1 (outside the city) - /30 km/h; b - the maximum
possible V,..x speed of the research vehicle on the road of group 1 (in the city) - 60 km/h.

Road section numbers

]
wn
]

O 100 150

OHMCA cpeagHee

Figure 7 - Results of the study of RCCS at the experimental
site depending on the distance of the path
Source: developed by the authors

Vehicle RCCS for each site, taking into account geophones: determined by the
following dependence
K m = Ssectioni / (tmov * Va med section i), (22)

The average value of the RCCSR was determined as the average for the entire distance
of the vehicle movement. As a result of the study, we obtained a value of K, » = 0.94, which
belongs to the first group of operating conditions [4], K, » varied on sections of the vehicle's
path within the range of Ky m = 0.69-1.25.

Conclusions. In connection with the analysis of the state of the TEA, it can be
concluded that the traditional system of maintenance and repair, which has been formed in
road transport for many years, no longer meets modern requirements.

A new technique for road transport in assessing the operability of vehicles is the
creation of information systems for organizational and functional support of their operation
processes. The introduction of new basic principles of the “adaptive” system of management
of the operability of vehicles in the TEA is the development of an information and
communication system and a base of forecast models that provide, through monitoring,
remote receipt of the necessary current information from vehicles and its processing, as well
as the development of corrective actions.

An information technology for monitoring the state and operating conditions of
vehicles is formed, the general information support of the system is proposed, and the
following are described: processes for researching and assessing vehicle operating conditions;
information model of vehicle position; speed model of vehicle traffic modes. In addition, the
means of assessing: the type and condition of the road surface; the condition of transport
infrastructure facilities; the condition of the adjacent road territory; vehicle fuel economy in
exploitation conditions, as well as the algorithm for adjusting the vehicle speed are presented.
The method for assessing the serviceability of vehicles in exploitation conditions has been
improved. To implement it, the work of the structured information model of the ISS
“IdenMonDiaOperCon ‘HNADU-16"" was tested, which makes it possible to assess the
technical and economic performance and parameters of the technical condition of the vehicle
under operating conditions on the example of assessing the average speed of the vehicle and
fuel consumption. The assessment of exploitation conditions was carried out according to the
value of the RCCS in accordance with the provisions of the theory of vehicle exploitation.
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TexHoJ0risi KOHTPOJIIO MPALE3IATHOTO CTAaHY ABTOMOOIIIB B YMOBaX eKcIIyaTamii

BukonaHo anaii3 TEXHOJIOTi] MOHITOPMHTY TEXHIYHOrO CTaHy aBTOMOOUTIB ITiJi 4Yac eKCILTyaTaii.
IMpoBeneno awnaimiz icHyro4oi MOJENi TEXHIYHOI eKcIuTyaTtamii aBToMoOUTiB B YkpaiHi. IcHyioua Mozeinb
TEXHIYHOTO OOCIyroByBaHHA 1 PEMOHTY c(OpPMOBaHa HA OCHOBI CIIPOIIEHOI CHCTEeMH (YHKIIOHYBaHHS
TPaHCTIOPTHOI iHQPACTPYKTYPH 1 BXKe HE BiJIIOBiIa€ BUMOraMm 4acy.

HoBum MeTOooM OIIHKM CIPaBHOTO CTaHy TPAHCIOPTHHX 3ac00iB € CTBOPEHHS iH(OpManiiHUX CHCTEM
oprasizamiiHo-QyHKIIOHAIEHOI MIATPUMKH iX ekciuryararii. Ilepexin 1o «amanTHBHOD» CHCTEMH TEXHIYHOTO
00CITyroByBaHHSI 1 PEMOHTY TPAaHCHOPTHHUX 3aco0iB J03BOJIsIE BUKOPHUCTOBYBAaTH BOYyIOBaHI 3aco0n OOpTOBOL
JIIarHOCTUKH, ICHYIOYl MEpeXi CYITyTHUKOBOI HaBirarii Ta MOOLIEHOTO 3B'SI3KY, a TAKOXK CcydacHi iH(popMariiHi
TEXHOJIOTIT /ISl IUCTAHIIMHOI OMIHKHM PiBHSA iX mpane3aaTHocTi. Bukopucranus nporpamMHoro Mmoxnyis 7Torque B
YIOCKOHAJIEHHI TEXHOJOTii MOHITOPHHTY EKCIUTyaTalliiHUX XapaKTEpHUCTHK TPAHCHOPTHHUX 3aCO0iB SIK OCHOBH
«aBTOMOOITEHO» KoHIENIii FADEC € mepmmM KpOKOM Ha munixy go cucremMu FRACAS i, BiamoBimHO,
texHonoriii IPV/CALS/PLM. Mogenb OLIHKY PiBHS EKCIUTyaTallifHUX XapaKTEpUCTHK TPAHCIIOPTHOTO 3ac00y
BpaxoBye JOPOXHI YMOBH €KCILTyaTallii TpaHCHOPTHOro 3aco0y B YaCTHHI BHUCOTH JIOPOTH HaJ PiBHEM MoOpH,
TI03/JOBXHBOTO MPO(DIIIIO0, THITY Ta CTaHy JOPOXHBOTO IIOKPUTTS; PEMOHT, OY/IiBHUNTBO Ta YTPUMaHHS 00'€KTiB
JIOPOXKHBOI  1H(PACTPYKTYpH; X MOHITOPWHI; TPOTHO3YBAaHHS MOMKIJIMBUX aBapiiHUX CHTYyalli; yMOBH
JIOPO’KHBOTO PyXYy B YacTHHI HACHYCHOCTI Ta IHTEHCHBHOCTI PyXy TPAaHCIOPTHHX 3ac00iB, XapaKTEPHUCTHK
BaHTaXy, PSKMMY Ta LIBHIKOCTI PyXy; aTMOC(EpHO-KIIMAaTHYHI yMOBH, €KCIUIyaTalliiiHy BUTpaTy IIajHBa,
KYJIBTYpY €KCILTyaTalii TpaHCIIOPTHOTO 3aco0y.

VY craTTi NpeAcTaBIeHO YIOCKOHAIEHHH METOJ OLIHKHM IIpane3faTHOCTI TPaHCIIOPTHUX 3aco0iB B
eKkcInryaranii. IIpoBeneHo eKcriepuMeHTalIbHY IIEpEBIPKY 3aIIPOIIOHOBAHOI TEXHOJIOTIT Ta OTPUMaHO Pe3yIbTaTH
OLIIHKH Ipale3/1aTHOCTI JIETKOBOTO aBTOMOO1Is1 C-CerMeHTy B €KCILTyaTarlii.
aBTOMO0i/Ib, IPaLe3JATHUI CTAH, TEXHIYHA eKCILTyaTalisa aBToMOOLIIB, aganTtuBHa cuctema TO i P, ymoBu
eKcIuIyaTauii, MeTol, MaTeMaTU4HA MO/JeJIb, MOHITOPUHT
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[IpoexkTyBaHHs TpaHCPOPMALIIHHUX TPUYEITIB
JUIsL ONITUMI3AINIT IO 30€piraHHsl B aBTOTPAHCTIOPTHUX
1IIPUEMCTBAX

JlocnmimKeHHsT TPUCBSYEHO IIPOEKTYBAHHIO TpaHC(HOPMALIMHUX IPUYEHiB U1 ONTHMI3allii IJIOLT
30epiraHHs B aBTOTPAHCIIOPTHHUX IANIpUEMCTBaX. B pesynabraTi 3acTocyBaHHS MOpP(OJIOTIYHOTO aHamizy
MIPOBEACHO EKCIIEPTHUH aHaii3 IpaHC(bopMauiﬁHI/Ix MIPUYEMNiB, IO JO3BOJIHJIIO OTpUMATH TICBHY KIJIBKICTB
aJbTEepHATUB TpaHCHOpMALIHHUX MMPUYEHIB 3 PI3HUMHU KOHCTPYKTHBHHMH O3HAKaMH, i, 30Kpema, 3 (byHKumMI/I
pO3CyBaHHS, IPOBEPTaHHS Ta BUHMAaHHS, III0 MOKE€ CTBOPUTH 3HaYHI TEXHOJIOTIYHI MOXKIMBOCTI IS MiHIMi3amii
wron] mpu 30epiraHHi aBTOTPAHCHOPTHHX 3aco0iB B aBTOTPAHCIIOPTHUX IAIIPUEMCTBAX, €(EKTHBHOCTI
301IbIIEHHST KOPUCHOrO 00'eMy AJIsl aKyMyJIOBaHHS Ta TPAHCIOPTYBAaHHS BAaHTaXiB HEBHCOKOI TI'YCTHHH, Ta
3a0e3MeueHHs] HOPMOBAHOTO OCHOBOTO DPO3IOJITy HAaBAaHTa)KEHHS IPH TPAHCIIOPTYBAHHI BaHTAXIB BHCOKOL
MMUTOMOI TYCTHMHH 3 METOI0 JOTPHMAaHHS TEXHIYHMX pErjJaMeHTIB Ta MiABuIIeHHS Oe3mexn. Ha ocHOBi
3TeHEpOBaHMX AJIBTEPHATHB PO3POOIIEHO KOHCTPYKIIi TpaHcdopManiiHUX MPHUUEHIB, Y SKUX BUKOPHCTOBYIOTHCS
(YHKI[IOHAIM pO3CYBaHHS, IIPOBEPTAHHS Ta BUMMaHHS aBTOHOMHHUX CEKIiH MPHUYENiB, HA SKI OTPUMAHO MAaTEHT
Ha KOPHCHY MOJENb YKpaiHU 3 (YHKLIEI0 pO3CYyBaHHS Ta MOAAHO 3asiBKY Ha MAaTEHT YKpaiHW Ha KOPUCHY
MOJIEJIb Ha MpHYen i3 QyHKIISIMHA PO3CYBaHHS Ta MPOBEPTAHHSL.

NPOEKTYBAHHS, CHHTE3, AJIbTEPHATUBA, CeKLis1, 00PT, JHUIIE, NPUYEl, ABTOTPAHCHOPTHHU 3aci0

IMoctanoBka mpo6jemn. CyuyacHMH eTalm  pPO3BUTKY aBTOMOOWLIEOYIyBaHHS
XapaKTepU3Y€EThCSl IHTEHCHUBHOIO JAWHAMIKOIO, IO, TaKOX, B TOBHIM Mipi CTOCYIOETHCS
Creliani3oBaHOl TEXHIKM, Ky30BIB Ta MpPUYEIIB aBTOTPAHCHOPTHUX Ta IHIIMX 3aco0iB. Y
PI3HUX CEKTOpaX EKOHOMIKM aKTyalli3yeTbcs HEOOXIJHICTh MiABHINEHHS e(QEeKTUBHOCTI
norictuyHux mporueciB. Lle, 30kpeMa, BHUABIAETBCA Yy MOTpedl MpU HEOOXITHOCTI 3MIHM
00’eMy s aKyMyJIOBaHHS 1 TPaHCIOPTYBAaHHS BaHTaXiB pi3HOI rycTuHH. KpiMm TOTO,
MOCTIiifHEe 3pOCTaHHs BapTOCTI 3eMENbHUX pecypciB B YKpaiHi Ta CBITI BUMarae onTHMizarlii
TIoI Jist 30epiraHHs aBTOTPAHCHOPTY Yy aBToTpaHcnopTHUX mianpuemcrax (ATII). o, y
CBOIO HEpPry, 3YMOBIIOE 3POCTAHHSA notped y MiHiMi3anii rabapuTHUX po3MipiB
aBTOTEXHIYHUX Ta IHIIMX TPAHCIOPTHUX 3aco0iB MiJg dac npocroro. Takosx, JOITEHO
BUJUTUTH 3aBJaHHS 3a0€3MeYEeHHs] ONTHUMAIbHOIO OCHOBOTO PO3MOJITY HAaBAaHTAXKEHHS INPHU
NepeBe3eHHI BaHTaXIB BHUCOKOT MUTOMOI T'yCTHHH. BuIle3a3HayeHi BHUKIMKH 3yMOBIIOIOTH
aKTHUBHUM TOIIYK ¥ po3poOKy IHHOBALIfHMX Ta BIOCKOHAJIEHMX KOHCTPYKLIHA MpHUEriB
aBTOTpaHCHOpTHUX 3aco0iB  (AT3), 30kpema Tux, MmO mnepeadadaroTh (QYHKIIIOHAT
TpaHchopMallii BiacHUX Tra0apuTiB 3a paxyHOK pO3CyBaHHS, 3CyBaHHS, DPO3KJIaJaHHS,
CKJIAJIaHHs YX IHIIUX BHIO3MIH.

AHaJi3 ocTaHHiX AocaikeHb i my6Jikaniii. 3pocTaHHs HaceleHHs Ta Horo motTped
CTUMYJIIO€ IHTEHCUBHHUI PO3BUTOK TEXHOJIOTIH Ta, SIK HACTIJIOK, CYTTE€BE 30UIBIICHHS MapKy
AT3. Ile, TakoX, y 3HauHI Mipi CTOCYETHCS BAHTAXXHOTO aBTOTPAHCIIOPTY, IO 3YMOBIIIOE
(bopMyBaHHS HOBUX, OLTBII )KOPCTKUX BUMOT IO KOHCTPYKTUBHOTO BUKOHaHHS AT3, a Takox
70 TpoUedayp IiX TEXHIYHOTO OOCIyroBYBaHHSA, PEMOHTY Ta YMOB 30epiraHHs. 3Ha4yHa
KUTBKICTh HayKOBUX Tpanb [1-12] mpucBsdeHa MOCTIHKEHHIO BUIE3a3HAUYCHUX ACTIEKTIB, 1,
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236



ISSN 2664-262X IlenTpanbHOYKpaiHChKUiT HayKoBHii BicHuK. Texuiuni Hayku. 2025. Bum. 12(43), u. 1]

30Kpema, npobiemMaM po3poOSieHHs HOBHUX METOIMK HPOEKTYBaHHS Ta CHHTE3Y 3
METOI0 OTPUMaHHS €(PeKTUBHUX KOHCTPYKTUBHUX anbTepHaTuB [13-15]. OnHak, npoBeneHmit
aHaJli3 BUCBITJICHUX JOCTIKEHb CBIMYUTH MPO iICHYBAHHS HU3KU HEBUPINICHUX MUTaHb, SKi
noTpeOyioTh  MOJANBIIOr0  BUBYEHHS 3  METOI0  TOIIYKY Ta  NPOEKTYBAHHS
Oarato(yHKIIOHAJTBHUX BJOCKOHAJECHUX KY30BIB Ta MPHUYEIIB aBTOTPAHCIIOPTHHUX Ta IHIIMX
3aco0iB.

MeTo10 podOTH € TPOEKTYBaHHS TpaHCHOPMAIWHUX TMPHUYEHIB IS ONTHUMI3AIii
TuIoII 30epiraHHs B aBTOTPAHCHOPTHUX MIATIPHEMCTBAX.

Bukaan ocHoBHoro matepiany. JlociipkeHHS MPOBEICHO 3 METOIO IMOIIYKY HOBHUX
KOHCTPYKIiK TpaHchopmamiiaux npudeniB AT3, M0 ONTUMI3YIOTh iX eKCIUTyaTalliiiHi
XapaKTepUCTUKH BIMOBIHO 70 aKTyaJbHUX BUPOOHMYMX Ta E€KOHOMIYHHUX BHMMOT, Ta iX
MOJIANIBIIOTO po3paxyHKy. [IpH 11bOMy BpaxoBYBaloOCh, 10 OCHOBHUMH J€TEpPMIHAHTAMH IS
BJIOCKOHAJICHHS €:

1. ExoHoMiuHa AOUUIBHICTh MiHIMi3amil riomny ajst 30epiranus AT3 B ATII B ymoBax
3pOCTaHHS BapTOCTl 3eMeTbHUX pecypcus 0 BUMAarae (QyHKIIOHAIBHOTO 3MEHIICHHS
rabapuTHUX pO3MipiB aBTOTEXHIKHU i Yac ii mpocCTo}o.

2. TexHonoriyHa HEOOXIAHICTh MiIBUIINEHHS €()EKTUBHOCTI JIOTICTHKH Yy pPI3HUX
rajmy3siX EKOHOMIKH, IO BHSBIISIETBCS y MOTpeOi 30UIbIIEHHS KOPUCHOTO 00'eMy Juist
aKyMYJIIOBaHHS Ta TPAHCHOPTYBaHHS HU3BKO- Ta CEPEIHBOIIUIBHUX BaHTAXKIB.

3. 3aOesmedyeHHs HOPMOBAHOTO OCHOBOTO  PO3MOJAULY HABAaHTAXKEHHS  TpHU
TPAHCIOPTYBAaHHI BaHTaXiB BUCOKOi MUTOMOI T'YCTMHH 3 METOIO JOTPUMAHHS TEXHIYHUX
periaMeHTIB Ta MiABULICHHS OE3MeKH.

BupimeHHst 3a3HayeHHMX 3aBJaHb BHMArae IMOIIYKY Ta BIPOBA/KEHHS IHXEHEPHHUX
pimeHs, sKi mependavaroTh TpaHC(POPMALI0 TeoMeTpii Ky30Ba 3a paxyHOK MeEXaHI3MiB
pO3CyBaHHSA-3CYyBaHHs a00 pO3KIAAaHHS-CKIAJaHHS, M0 3abe3meuye aJanTUBHY 3MIHY
ra0apuTiB BIAMOBIAHO /10 MOTOYHUX EKCILUTyaTallifHUX OTpeo.

Po3poOka 3a3HaueHuXx TpaHcPopmauiiHUX KOHCTpYKUiM mnpuuenie AT3 Oyna
3MifICHEHa NUISIXOM T'€HEPYBaHHS CTPYKTYPHHMX pIllIeHb 13 3aJy4e€HHSIM BJIOCKOHAJIEHOTO
metony cuHTe3y [13-15]. OcHOBOIO IOTO MIAXOY € Mop(bonorquHH aHami3, SKAN
IMIJIEMEHTYE ~ aJTOPUTM  EKCHEPTHOrO  OLIHIOBAaHHS Ta 1€papXiyHOi JAEKOMIO3MIIii
KOHCTPYKTUBHUX €JIEMEHTIB. 3a3HaueHa JEKOMIIO3MIlis Nepeadadae rpylyBaHHS €JEMEHTIB
Ta IXHIX O3HAK y MIATPYIH 3TiAHO 3 KPUTEPIEM BiTHOCHOI BaXKJIMBOCTI (IPIOPUTETHOCTI) JUIS
TOCSATHEHHS IIJTbOBUX €KCITyaTallifHUX MapaMeTpiB.

3a pe3ynbTaTaMH €KCHEPTHOTO OLIHIOBAHHS BIUIUBY HU3KU (PaKTOPIB HA KOHCTPYKIIii
npuyeniB AT3 Oyno ineHTH(}IKOBaHO KIIOYOBI MOP(OIJIOTiuHI 03HAKM KOHCTPYKTUBHHUX
€JIEMEHTIB LIMX MEXaHI3MIB Ta BCTAHOBJIEHO iXHI ()yHKLIOHAIBHI B3aeMO3B's13ku. Llel anami3
YMOXJIUBUB TOOYIOBY Mop(bonoriqﬂo'i TaOIUIIl  O3HAaK KOHCTPYKTHBHUX eJIEMEHTIB
TpaHchopMaIiiHuX KOHCprKI.[lI/I npuyeniB AT3 (tabn. 1) Ta, BiOmoBigHO, (bopMyBaHH;I
CTPYKTYpHOT MOJeNi MeXaHIYHOI CHCTEMH «TpaHC(bOpMaI_[lI/IHl KOHCTPYKLIi NpHYeniB
aBTOTPAHCHOPTHHUX 3ac00iB» (puc. 1). LLngxoM excriepTHOTrO aHami3y, IpOBEIECHOTO B paMKax
CTPYKTYPHO-CXEMHOTO CHHTE3Yy TpaHc(popMaliiHUX KOHCTpYKWiH mnpuueniB AT3, Oymu
BU3HAYEHI HACTYITHI OCHOBHI MOP(OJIOTTYHI 03HAKU HOT0 KOHCTPYKTUBHUX €JI€MEHTIB!

- OiuHMi 6opT' KOHCprKui;I' po3MimieHHss OOPTOBUX JHUCTIB; TOBIIWHA JIHCTA;
HasBHICTh TEXHOJIOTIYHUX OTBOPIB VI 3MEHIIECHHS HATIPYKCHHA  TIPH PO3BaHTAXEHHI;
reoMeTpuyHa ¢dopma OOpPTOBOrO JHCTA; KOCHHIII B OCHOBI; KOMIIOHOBKAa Ha OopTi pedep
’KOPCTKOCTI 1 iX TeOMeTpruYHa KOH]Iryparis;

- KOHCTPYKIIis 33 JHOTO 0OpTa;

- JHO TpHYena: KOHCTPYKI[iS; KpIIUIEHHS 10 oci; gopma pedep *KOPCTKOCTI Ta ix
KOMITOHYBaHHSI; TUTI 3’ €IHAHHS; OCHOBA OCI1 JJIs MiBUIIICHHS >KOPCTKOCTI;

- BEpXHs YaCTHHA IPUYeTia: HasBHICTH 1 TUII Ta MPO(LUIb MOTEPEUnH;

- c1oci0 3’€IHaHHS €NIEMEHTIB: HEPYXOME 1 pyXOMe.
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Tabmumsa 1

TpaHchOopMaIHUX TPUYEITIB

- Mopdonoriyna Tabnuus O3HAK KOHCTPYKTHBHHX €JEMEHTIB

Biunmii Oopt
Koucrpvkmis | 3- Po3-| 4. 5. Pebpa :kopcrkocTi
Py | Vimenn| To-| Te- | O Teome-| gy
A1 BIIM- XHOJIO TpuHa CHHIII 9. I'eome-
1. ®op- > Tun| 60pTo-| mHa | riumi ¢opma B 8. Komnonoska Ha TpUYHA
Ma ’ BUX | JIMC-| OTBO- GoproBoro OCHOBI oopri KOH(i-
JHUCTIB| Ta | pH Jmcra rypaunis
L1Tps- | 2.1.Cy- | 3.1. 41. | 51Ipa 6.1.[psverid, | 7.1. 8.1. Posmimeni 9.1. Kearpar.
MoKyTHa. | nimeHudA| Cy- 12 | <ymi| 6.2. Tpane-| [lpy- | BepTHKaIbHO. 9.2. I'nymuit
12.Ha- | 22Ce | uinbHmit| mm. | 52.Bi| nieinansauii| cytHi. | 8.2. Poswmimeni min po¢inb 3
XileHa. | Kuiiemi| nuct. | 42. | gcymi| 3 roctpumiu | 7.2.Bin-| HaxuioMm. piBHUMH
1.3.bos | aBrOHO- | 3.2. 15 KyTaMH. cytHi. | 8.3. [lepexpecHe CTOpOHaMH.
koro- | mauH. | To- MM. 63.1Ipsmuiit | 7.3.3 | po3TanryBaHHS. 9.3. I Ienep.
nmiona. | 2.3.Ce- | pueBe 3| 43.2 i3 Tparmene- | pebpa-| 8.4. [lepecikanus i3 94. T'aymvit
1.4. Ko- | xuiifanii| GOKOBHM| MM. imanpHUM 3 | MEKOp-| TIOMIEPEYHUM pedpoM. npodins i3
MOiHO- | 3poscy- | 3’eqnHa- | 44.3 TrOCTpUMHU | cIkoctl. | 8.5. Po3mimieHi BepTu- OKPYTJIO
BaHa. BAHHSM.| HHSIM. | MM. KyTaMH. KaJIbHO 13 HAXMJICHUMH | BUTHYTOIO
24.Ce- | 33.Top-| 45.4 6.4. Tpuky- MONEpEYNHAMH. CTOPOHOIO.
KUIMHAA| 1IeBe 13 | MM. THUH. 8.6. Posmimieni Bepruka- | 9.5. [aymit
31mpoBe-| 3’enHa- | 4.6.5 6.5. Tpuky- JILHO 13 HECUMETPUYHUM | TPOdinsb i3
pPRHESM] HHAM | MM. THUH 13 HAXWIEHHSM IIOTIEPEYHH | OKPYTIIO
25.Ce- | uepes MPSIMUM. B PI3HHUX HaIpPsAMKax. BTHYTOIO
KiiiHui| pedpo 6.6. [psvrit 8.7. 3 roprBOHTAIFHUM i | CTOPOHOIO.
3 AKOpCT- i3 Tpanere- BEPTHKAJIbHUM TIepex- 96.Ipodhirms-
BHIMa- | KOCTI. imanepHUM. PECHHMM pO3TalllyBaHHSM. | Ha Tpyoa.
HHSIM. 6.7. dyro- 8.8. 3 ropmonTansauM Ta | 9.7 KyrHuk
TTOTi OHMIA. HAXWJICHNM TIEPEXPECHAM | PIBHOCTOP
6.8. lyro- PO3TaIIyBaHHSIM. OHHIH i3
nofioHuit 8.9. 3 ropH30HTANBHUM | TYITUM
13 monepey- Ta HECUMETPUIHUM KyTOM.
HOIO IIPO- HaxWIeHHSIM nonepednH | 9.8. M-mo-
¢ipHOIO B PI3HHUX HaNpPsAMKax. TiOHMIA
TpyOOIO. 8.10. Po3mimeni poQinb.
TOPU30HTAJIBHO.
10. Kon- JAHuine npuyena
CIpyKIist 12. Kpin-| 13. ®opma| 14.Tun 16. OcxioBa oci w11
3ATHBOTO 1LRow | o no|  pedep PeaHa 15‘6K°MH°HyBaHHfI NiIBHINEHHST
oopra CIpyKIst oci JKOpPCTKOCTI HHSI peoep KopeTrocT JKOPCTKOCTI
10.1.Cy- | 1L1.Cy- | 121.Yrpi-| 13.1. KBan-| 141 15.1. JIpa moB3aoBxkHi i3 | 16.1.
LiTbHA. | OibHA. | JIeHoruiac | pamatpyoa. | Cor MoNepeuynHaMu. [IpodinbHi
102. Cex- | 11.2.Cex- | -tmnO10. | 132.Tlpodi- | koBe. | 15.2. Tpu mOB3IOBXKHI i3 | BCTAaBKH.
iiiHa. miiiHa. 12.2. lonar-| npHa 142.Tag-| monepeunHaMHu. 16.2.
10.3.3 KOBO TpyOa. pose. | 15.3. YoTupu noB310B- [Mpodinbua
no3atop- ykpiruteH | 13.3.TTpsvo- XHI 13 TONIepEeYnHAMH. TpyOa.
HUMHI 0 IIBeNe- | KyrHaTpyOa. 15.4. [lonepeunnu 3 iBoma | 16.3. I1IBenep.
BiKHAMHU pamu. 134. 1Ienep. CyLUTbHAMU TATIpOMDKHUME | 16.4. TTnuTa.
MTOB3/I0BKHIMH.
BepxHs yacTuHA npuyena Cuoci0 3’¢1HAHHSA eJIeMEeHTIB
17. HasBHicTb i THI 18. IIpodinb monepeynn 19. Hepyxome 20. Pyxome
17.1. BigcyTH4. 18.1. Kpyrnuii. 19.1. 3Bapne. 20.1. Ilapuipse.
17.2. CranioHnapHa. 18.2. ITpAMOKYyTHUH. 19.2. KnenanHs. 20.2. 3amKoBe
17.3. 3HiMHa. 18.3. KpagpaTHuil. 19.3. Pi3ns0oBe. 20.3. PoscyBHe 3
18.4. KombinoBaHUi. 19.4. ITasne. 00MEXEeHHAMHI

Lorcepeno: pospobaeno asmopamu

3arajibHa  KUIBKICTb
IpUYEIiB, OTPHUMAaHUX METOJOM MOP(QOJOTIYHOrO aHaji3y 3 EKCIePTHUMHU OIlIHKaMH Ta
iepapxiuHOI0 PO30MBKOIO 32 BAXJIMBICTIO O3HAK €NEeMEHTIB [6] € mocuth Bucokoro. ITpoTe
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BU3HAYAJIbHUM BIUIMB Ha IIi KOHCTPYKTHMBHI PIlIEHHS MarOThb KOHCTPYKIIsl OiuHOTO OOpPTY
(o3Haka 2 3 Tabm. 1) Ta KOHCTpyKUis nHa mpuduena (o3Haka 11 3 Tabn. 1). Bonm sxpa3 i
BH3HAYAIOTh YCIO FaMMY 3reHEPOBaHMX albTePHATHB (puc. 2 i puc. 3). 30erMa Ha PUCYHKY 2
300pakeHi KOHCprKuu 3reHepOBAHUX BaplaHTlB TpaHchopMaIiiHUX TPUYEIIIB 3 (byHKm;IMH
pO3CyBaHHS 1 TMpOBEpTaHHA OIYHMX OOPTIB 1 AHHMINA, a TaKOX PO3CYBAaHHS ITHHINA 1
BCTaBJISIHHA W BUIIMaHHSAM aBTOHOMHHMX CEKLiH, Ha pHUCYHY 3 3 Jume 3 (yHKUIIMU
PO3CyBaHHA 1 IPOBEPTaHHs O1YHUX OOPTIB 1 AHUIIA.

Bigrak, mpu TBOpeHHI albTEpHATHB JAOLUIBHO BPAaXOBYBATUMO JIMIIE O3HAKU
KOHCTPYKTUBHUX €JIEMEHTIB BiJHECEHI JI0 MEPILOro iEpapXiuHOTO PiBHS, a O3HAKU BiHECEH1
70 JPYroro Ta TPEeThOTO I€EpapXiYHUX PIBHIB MAalOTh JHIIe 3ale3nedyroui (QyHKIIL, 10
CIy’KaTh Ul €()EeKTUBHOTO (YHKI[IOHYBaHHSA JaHMX MEXaHIYHUX CHUCTEM 1 Ha JIAaHOMY eTarli
reHepyBaHH Jlasli He OyyTh BPaXOBYBaTHCh.

NTH / 49 m
Nuy =Y > T]K =87

1(1) 1(1)21, 1(1)22, 1(1)2, 1(1)24, 1(1)25
1(1) 1(1)11,, [(D)11;
12 1(2)201, 1(2)20,, 1(2)205
13)11, 13)12, 13) 15, 1(3) 14

1G) | ]11(3)3, 11(3)32, 11(3)33
HG) | | 1v(3)51, IV(3)5,
Q) | | v(3)61, V(3)62, V(3)63, V(3)64, V(3)6s, V(3)66, V(3)67, V(3)65
IVG) | | vI(3)7., VI(3)72, VI(3)7:
V) [ | VII(3)8), VII(3)82, VII(3)8s, VII(3)84, VII(3)8s, VII(3)8s, VII(3)87,
VIG) [ | VI1(3)8s, VII(3)89, VII(3)810
VIR)| | vIII3)9,, VII3)9,, VII(3)9s, VII(3)9s, VII(3)9s, VIII(3)9%,
VHIG) | vI11(3)97, VIII(3)9s
IX3) [ | 1X(3)101, IX(3)102, IX(3)103
XG) | | xX(3)121, X(3)12,
XIG3) | | X1(3)131, XI(3)132, XI(3)133, XI(3)134
XHUB)| | X11(3)14, XTI(3)14,
XHIB) | XT11(3)15,, XITI(3)15,, XITI(3)153, XIT1(3)154
XIVE) | X1V(3)161, XIV(3)162, XIV(3)163, XIV(3)164
XVO | XV(3)171, XV(3)172, XV(3)175
XVIG) | XVI(3)181, XVI(3)182, XVI(3)183, XVI(3)184
XVIIG| | XVII(3)19), XVII(3)19,, XVII(3)19;

Pucynok 1 - Monens Mexaniunoi cucremu «Tpancdopmaniianii npuaen»: I - XVII — migrpynu iepapxiunoro
piBus; (1) - (3) — BigmOBiNHI i€papxiuHi piBHI
IDicepeno: pospobaeno agmopamu

ExcrnyaTariiss BAHTQKHHX TPAHCIOPTHUX 3ac001B, 00JaAHAHUX TpaHCHOpMAIlitHUMU
npuyenamMmu, 300paKeHUMHU Ha puUC. 3, 3MIHCHIOETHCS Y IBOX OCHOBHUX PEKUMAX:

1. BuKopucTaHHS NpHYCIiB y CKIIaJICHOMY (KOMITAKTHOMY) TOJIOXKEHHI (puc. 4.a, i
puc. 4.B) BiIOyBaeThcs 3a TaKUX YMOB: 30epiraHHsi TPAHCIOPTHOTO 3aco0y; BIACYTHICTH
MOTPeOM Yy BHKOPHCTaHHI MaKCHMAJIbHOTO KOPHCHOrO 00’€My TpH TpPaHCIOPTYBaHHI
BAHTAXIB; HEOOXIMHICTh 3a0€3MEUEHHS ITIABUIIICHOI'0 PO3MOILITY OChOBOI'0 HAaBAHTAXKCHHS.

2. BuxopucranHs mnpudyemiB y po3kiaaeHoMy Burisai (puc. 4.0 i puc. 4.r)
BiIOYBA€ThCA IIUISIXOM IX PO3CYBaHHS Ta PO3KIAJaHHSA 3 METO 3a0e3leUeHHs iX
MaKCHUMaJTbHOTO KOPHCHOTO 00’eéMy (MICTKOCTI) UIsi TIEpEeBE3CHHS BaHTaXIiB (32 yMOBH IX
HU3bKOI I'YCTUHH).
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Pucynok 2 - KoHCTpyKIIii 3reHepoBaHMX BapiaHTIB TpaHCHOPMAIIHHUX MPUIEHIB 3:

a) pO3CYBaHHSIM JHHINA i BUHMaHHSIM aBTOHOMHUX CEKIii; 0) nmpoBepTaHHsIM OiuHMX OOpTIB 1 IHHMIIA,
PO3CYBaHHSIM JHHIIA i BUHMaHHSIM aBTOHOMHHUX CEKIIii; B) pO3CYBaHHSM JHHIIA, IPOBEPTAHHAM O19HHX
OOpTIB 1 JHUIIA, I BUHMAHHSIM aBTOHOMHOI CEKIIil; T) pO3CYBaHHAM OiYHMX OOpTIB i JHUINA, i BUAMAHHAM

aBTOHOMHOI CEKIIiT
Howcepeno: pospobrerno asmopamu
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Pucynok 3 - KoHCTpyKIIii 3reHepoBaHMX BapiaHTIB TpaHCHOPMALIHHIX MPUYEHiB 3 QyHKIISIMA PO3CYBaHHS Ta
MIPOBEPTAHHS: &) PO3CYBaHHIM OiUHMX OOpTIB i JHMINA; O) MpoBepTaHHIM OiYHMX OOPTIB i JHMINA;
B), I') PO3CYBaHHSIM Ta ITPOBEPTAHHSAM OIYHMX OOPTIB i AHHIIA
Howcepeno: pospobrerno asmopamu

s

2/

/" 1)
B)

PucyHok 4 - KoHCcTp VKT po3p00ieHrX TpaHchOpMAaIlitHAX IPUIEIIiB: a), 0) 3 (PYHKIIIEI0 PO3CYBAHHS; B), T) i3
(YHKIISIME pO3CyBaHHS Ta PO3KIaAaHHs; 1 - qaume; 2 - mepeaHii 6opt; 3 - GikcoBaHa MepeIHs YacTUHA
6iuyHnX OOpTIB; 4 - po3cyBHa cepeHs YacTHHA OIYHMX OOpTIB; 5 - ikcoBaHa 3aHs YacTHHA O1YHUX OOpTIB; 6 -
3atHil OopT; 7 - mepeaHs YacTHHA paMy; § - 3a/Hs YacTHHA pamu; 9 - poscyBHa yactiHa pamy; 10 - koricHa 6a3a; 11 -
(ixcoBaHa cepeTHs YacTrHa Oi9HMX OOpTIB; 12 - BiKUIHA 33 IHS YacTHHA OiYHIX OOpPTIB

Lboicepeno: pospobaeno asmopamu

241



ISSN 2664-262X Central Ukrainian Scientific Bulletin. Technical Sciences. 2025. Issue 12(43), Part Il

[Tpu mpoMy mpoueaypa ix Tpanchopmaii nepegdadae po3cyBaHHS a00 PO3KIATAHHS
[IpUYENna 3a PaxyHOK a00 akciaibHOTO 3MilleHHS (IIISIXOM OCHOBOTO 3MIIIEHHSI CEPENHBOT
PO3CYBHOT YaCTUHU OIYHUX OOPTIB), a00 HUILXOM IIPOBEPTAHHS BIIKAAHOI 3aJHBHOI YaCTHUHUA
OiyHMX OOPTIB 13 MPHUBENEHHSIM il y TOPU3OHTAIbHE MOJOXKEHHS BIJHOCHO (hikcoBaHOI
CepeHbOi YaCTUHU O1YHUX OOPTIB.

BucnoBok. I[IpoBeneHo CTPYKTYPHO-CXEMHHM CHHTE3 TpaHC(HOPMAIIHHUX IIPHYEIIIB.
B pesymprari 3acrocyBaHHS MOpPGOJIOTIYHOIO aHA3y MOpU TeHepamil ajlbTepHATUB
noOynoBaHO MOPGOJIOTIYHY TaONMII0 OKPEeMHX O3HAK KOHCTPYKTHBHUX €JEMEHTIB ITUX
CHCTEM 1 MOIEIb MexaHiuHoi cucreMu «TpaHchopMalliiHui mnpuden». IIpoBemeHuit
eKCIIePTHUI aHaji3 TpaHchOpPMAIIfHUX IPUYEIIiB JO3BOJIUB 00paTH HaCTyHHi MOp(hOJIOTTUH1
O3HAKH KOHCTPYKTHBHHMX €JIEMEHTIB: OiYHMNA OOpT (KOHCprKLu;I po3MileHHsT OOPTOBUX
JMCTIB; TOBIIMHA JIMNCTA; HASBHICTh TEXHOJOTIYHUX OTBOPIB JISi 3MEHIICHHS HAIPYXCHHS
IpU pO3BAaHTAXKEHHI; reoMeTpryuHa opMa OOPTOBOTO JIMCTA; KOCHHIII B OCHOB1; KOMIIOHOBKA
Ha O0pTi pedep KOPCTKOCTI 1 iX reoMeTpuyHa KOH}Irypamis); (KOHCTPYKIiS 3aJHHOTO O0pTa);
HO IpHUYena: KOHCprKui;I' KpituleHHs 10 oci; ¢opma pebep )KOpCTKOCTi Ta ix
KOMIIOHYBaHHS; TUN 3 €IHAHHs; OCHOBA OCI IS HI,Z[BI/IIJ_ICHHH KOPCTKOCTI; BEPXHs 4aCTHHA
npuyena: HasiBHICTH 1 TUI Ta MpodiIb MomepeunH; cnocid 3’ €qHaHHS eEMEHTIB: HepyXoMe 1
pyxome. Lle 7103BONAMIO OTpUMATH TEBHY KUIBKICTh albT€PHATUB TpaHCcHOPMAIIHHUX
IpUYertiB 3 p13HI/IMI/I KOHCTPYKTHBHMMH O3HAKaMH, i, 30KpeMa, 3 (QYHKIIAMH PO3CYBaHHS,
MPOBEPTAHHS T4 BUIMAHHSA, L0 MOXE CTBOPHUTH 3HAa4YHI TEXHOJOTTYHI MOKJIMBOCTI JUIs
MiHIMi3aIil 1o mpu 36ep1raHH1 aBTOTPAHCHOPTHUX 3acO0IB B aBTOTPAHCIOPTHUX
HIAMPUEMCTBAX, €(PEeKTUBHOCTI 30UIBLIEHHS KOPUCHOTO 00'eMy sl aKyMyJIOBaHHS Ta
TPAHCIOPTYBAHHS HU3bKO- Ta CEPEIHBbOUIUIPHMX BAaHTAXIB Ta 3a0e3MedyeHHI HOPMOBAHOTO
OCBHOBOTO PO3MOJiTy HAaBaHTAXEHHS IPU TPAHCIOPTYBaHHI BAHTAXIiB BHCOKOI MHUTOMOIL
T'YCTHHU 3 METOIO JOTPUMAHHS TEXHIYHUX PETJIAMEHTIB Ta MiIBUILICHHS O€3MeKH.
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[TinBuiieHHs €()EeKTUBHOCTI OOCTYTrOBYBaHHs
Ta PEMOHTY aBTOMOOLIIIB BUKOPHUCTAHHSIM
iH(popMaIiiHUX TEXHOIOT1H

AKTyaJIbHICTh TIPOBEAEHHX JOCITI/DKEHh 3yMOBJIEHA THUM, II0 OCHOBHHMM 3aBJAHHSM YJOCKOHAJICHHS
CHCTEMH TEXHIYHOro OOCITyrOBYBaHHS Ta PEMOHTY aBTOMOOITIB € IUIaHYBaHHS BHUIIB POOIT Ta KOHTPONIb iX
e(QEeKTUBHOCTI 3 BUKOPUCTAHHAM iH(QOpPMAIIHHIX TEXHOJIOTiH. AHAJI3 MOPAAKY Ta 3MICTY pOOIT NpH MOTOYHIH
JUSUTBHOCTI 1H)KEHEPHO-TEXHIYHUX CIYXO IIANPUEMCTB TEXHIYHOTO CEPBICY JIO3BOJIMB BHIUIUTH iH(pOpMALio
JUIS BBEJICHHS BHXIJHHUX JIaHUX, C(OOPMYBATH aJIrOPUTM OOpOOKM Ta OTpHUMAaTH HEOOXiqHI JaHi JJIsl HOTOYHOTO
Ta CTpaTeriyHoro IulaHyBaHHS. HamaHo mpomosumii 3 oprasizamii iH(GOpMAaIiifHOI CHCTEMH YNpaBJiiHHA Ha
MANIPUEMCTBI TPYM  BUKOHAHHI TEXHIYHMX OOCIYyroByBaHb Ta pPEMOHTIB aBTOMOOLTIB. 3alponoHOBaHO
CTBOPIOBATH BJIACHI 0a3W JaHWX NO OOCIYrOBYBaHMX aBTOMOOULIAX, IO MAalOTh BKIIOYATH iH(OpPMAIIO 110
aBTOMOOIISIM, a TakoX (hikcalmilo HOPM 4Yacy NpH NPOBENEHHI TEXHOJOTIUYHHMX orepaliii o0CIyroByBaHHS Ta
peMoHTy. Bukopucranns iH(pOpMaIiiiHOI CHCTEMH 3 YIPaBIiHHA Ta IUIAHYBaHHS JiSUTBHOCTI Ha ITiIPHEMCTBAX
TEXHIYHOTO CEpBiCY TPAHCIIOPTHUX Ta TEXHOJOTIYHUX MAIIUH JO3BOJIHUTH IMiIBUIIUTH IPOAYKTHBHICTB Ta SIKICTh
BHUKOHAHHS pOOiT, HOCWJINTH KOHTPOJIb 32 JiSUIBHICTIO IIEPCOHAITY, 4 TAKO)K BUKOPUCTAHHSAM PyXOMOTO CKIIaIy.
aBTOMOOLIBL, TPAHCIIOPT, iHGopMaNniiiHi TexHoI0ril, TeXHIYHMII cepBic, peMOHT

IMocTanoBKa nmpodjeMu. 3a OCTaHHI POKM aBTOMApK aBTOMOOLTIB MO BCii TepuTopii
VYkpaiHu 3HaYyHO 30UTHIIMB CBI PyXOMHH CKJIaJ, TUM CaMHM CTBOPHBIIHM HEPEAYMOBH JUIS
BIJIKPUTTSI HOBUX aBTOCEPBICHMX MIANPHUEMCTB Ta 30UIbIIEHHS B HUX 3arajbHOTO IMOTOKY
HOBHX KJII€HTIB. Ajle Ha OUIBIIOCTI MiANPUEMCTB, IO HAJAIOTh MOCIYrH 3 0OCIYrOBYBaHHS
aBTOMOOWIIB, ICHY€ 3arajbHa HU3Ka MpoOieM sk 3 OOKy peaiizallii TEeXHOJOTTYHUX MPOLECiB
Ha MIIPUEMCTBAX, TaK 1 P opraHizamii QyHKIIOHYBaHHS CaMUX MiIIPUEMCTB.

VY cydacHHX yYMOBaxX PUHKY aBTOCEPBICHHX IIOCIYr po3poOKa Ta BIPOBAHKEHHS
IHHOBAITIf CcTae HEOOXITHUM [Uisg BUpimIeHHsS Oaratbox mpoOieM. OgHUM i3 HampsMiB
MiZIBUIEHHS €()eKTUBHOCTI aBTOTPAHCHOPTHUX Ta CEPBICHUX MIINPUEMCTB € BIPOBAIKEHHS
y BUpOOHHYUH mporec iH(HOpMaIITHUX TEXHOIOTIH.

Ha nanuit MOMEHT Ha PHHKY aBTOCEPBICHUX MOCIYT SK Ha TEPUTOPii YKpaiHu, Tak i B
IHIIMX KpaiHax O6araTo MiAMPUEMCTB 3aCTOCOBYIOTH OKpeMi iH(popManiiiHi TexHoorii. Bee e
TOBOPUTH IPO Te, 10 iH(POpMaITiifHi TEXHOJIOTIi AIIICHO MalOTh BEJIMYE3HHUH MOTTUT MPAKTUIHO
y BCix cepax AiSIBHOCTI, Y TOMY YMCIHi i y cepi HalaHHS aBTOCEPBICHUX MOCIIYT.

Bupimenss 3aBaaHHs MiIBUIIECHHS €(EKTUBHOCTI CEpBICY aBTOMOOLIIB mepeadadae
BIIPOBA/KEHHS B CUCTEMY ITIINPUEMCTB HOBUX 1H(QOPMALIHHUX TEXHOJIOTIH, METOIO SKHUX €
aBTOMATH3allil CUCTEeMH TpoIeciB (YHKIIOHYBaHHS BHUPOOHMIITBA 32 JIOTIOMOTOIO
CIEI[ialli30BAHOTO MPOTPAMHOTO 3a0€3MEYCeHHs, a TaKOX JIOTICTUYHUX JIAHIIOXKKIB il
yCepeauHi MiAMPUEMCTBA, IIBUAKOCTI 00CTYrOBYBaHHS KITIEHTIB.

3 po3BUTKOM 1H(OPMAIIIITHOTO CYCIUIBCTBA TA 3araJIbHUM 3arOCTPEHHSIM KOHKYpEHIIi
3aBJaHHs YIPaBJIIHHSA MIIIPUEMCTBOM BHMAaraimTh 3acTOCYBaHHS iHQOpMaUifiHHX Ta
TEJIEKOMYHIKaI[IHIX TEXHOJIOT1H, OCKUTbKM ToTpeba B iHpopMarii Ta 3acobax ii oOpoOku
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MOCTIMHO 30UTBIITYETHCSA, K 1 caMi OOCSATH JaHWX: BUPOOHHMYI, CKOHOMIYHI, HOPMATHBHI, a
TaKOX JaHi, 10 BiIOOpaxaroTh IYMKY CIOXHBadiB. Bie 3apa3 nmeski MianpHeMCTBa
MiABUINYIOTh PIBEHb JOBIPH CIOXKHBAYiB, 3a JOTOMOTOI0 I1H()OPMAIIMHUX TEXHOJIOTII
pPOOIATH MOCTYTY IPO30POI0 - MPOIMOHYIOTH KiTieHTaM iH(opMmariiine Tabno rpadika peMOHTY
aBTOMOOWIA, €JIEKTPOHHY KHUTY CKapr, CIIOCTEPEKEHHS 3a MPOLECOM PEMOHTY B MaiCTepHi
Yyepe3 MOHITOp Ta iH. [2].

TexHiyHa TOTOBHICTH aBTOMOOUIS BHW3HAYAETHCS HOTO CIPABHICTIO, HAJIHHICTIO,
HASsIBHICTIO MiZATOTOBIICHOTO BOJIis, YKOMIUIEKTOBAHICTIO 3allaCHUMU YaCTUHAMU, IHCTPYMEHTOM,
NPUCTPOSIMH, ~ 3aNPABKOIO  MANBHMM, MACTHIBHHMH Ta IHIONMH  CKCILTyaTaliifHUMHU
MaTepianaMi. BoHa nocAraerbcsi: CyBOpUM JOTPUMAHHAM BHUMOT Ta NPaBHII eKcnnyaTauu
aBTOMOOLTIB, BCTAaHOBJEHUX HOPMATHUBHO-TEXHIYHOIO JIOKYMEHTALI€l0; CBO€YACHUM 1
AKICHUM PEMOHTOM 1 MOIIKO/DKEHUX aBTOMOOUIIB, IO BHMIUIM 3 JIaAy; CBOE€YACHUM Ta
MOBHMM 3a0€3MEeUeHHSIM HiIIPUEMCTB 3 PEMOHTY Ta eKCIUTyaTallil 3alacCHUMH YacCTUHAMHM Ta
pamioHaJIbHUM 1X BUKOPHCTaHHSM; CTBOPEHHSM JUIBHUIL TEXHIYHOTO OOCIyroBYBaHHS Ta
PEMOHTY, 10 3a0€3MeUyI0Th BUKOHAHHS BCIX BUMOT IIOJ0 TEXHIYHOTO OOCIYrOBYBaHHS Ta
PEMOHTY aBTOMOOWTIB; MIATPUMKOIO OONAagHAHHA Ui PEMOHTY Ta TEXHIYHOTO
00CIyroByBaHHsI y TMOCTIiiHI TOTOBHOCTI O BHMKOHAHHS IMOKJIQJICHUX 3aBIaHb, BHUCOKUM
pIBHEM TEXHIYHOI MiArOTOBKH BOJIIB Ta IHIIMX CIEI[ialliCTIB aBTOMOOLIBHOT ciTyx0u [1].

IcHyrodi METOIMKHM TUIaHYBaHHS Ta oOpraHizamii poOOTH TEXHIYHHX 3aco0iB Ha
MIANPUEMCTBAX aBTOMOOUIBHOTO TPAHCIOPTY OYyiM po3poOieHi B eKOHOMIYHHUX YMOBAX, IO
ICTOTHO BIfpI3HAIOTHCS BiJ] Cy4acHUX. BOHU He MO3BOJISIOTH OTPUMYBATH DPE3YNbTaTH B
PEeKUMI ONIEPATUBHOTO TUIAHYBAHHS Ta KOHTPOJIIO ISUIBHOCT1 IH)KEHEPHO-TEXHIYHOT CITY>KOH .

AHali3 ocTaHHiX AocTigxkeHb i myOaikauniii. [cTOTHHII BHECOK Yy BUPIIICHHS
npoOieMH  MiABUILEHHS e(QEeKTUBHOCTI TEXHIYHOTO OOCIYyrOoBYBaHHS Ta PEMOHTY
TPAHCIOPTHUX 3ac00iB 3poOmim O6arato aBTopis [1-4].

BHecok cucTeMH TEXHIYHOTO OOCIYrOBYBaHHS aBTOMOOLIIB Yy IiJBUIICHHA
e(eKTUBHOCTI iX TEeXHIUHOI eKCIuTyaTaii 1ocuTh 3HauHui. [lpu parionanbHOMY IPOBEICHHI
TEXHOJIOTTYHUX MPOIECIB CKOPOUYEThCS Yac Ha TEXHIYHE OOCIYroBYyBaHHS Ta PEMOHTH,
30UTBITYETHCS HAIPAIIOBAaHHS aBTOMOOLIS 1 MIJBUILYETHCS HOT0 IPOAYKTUBHICTS [2, 3, 4].

Texuiune obciyroByBanus (TO) aBToM0OLTIB 3aiiMae BenMUKUi 0OCST yacy Ta mpari y
3araJlbHOMYy 4aci ekcruryatamii aBroMoOuts. CTpyKTypa TpYIAOBHX BHUTpAaT 3a BECh 4Yac
eKCIUTyaTallii BaHTaXHUX aBTOMOOLUTIB ckianae: 1,5% - BuroroBnenns; 45,5% - TO; 45% -
NOTOYHUH peMOHT; 8% - KamiTadbHUN peMOHT [5]. B ymoBax YKpai’HH BOJIi 3HAYHY YaCTUHY
CBOro pobodvoro uacy 3aiHATI mpoBeaeHHsM TO Ta peMOHTIB MalIuH [3] Towmy, C(bepa
TEXHIYHOTO OOCIIyrOBYBaHHSI aBTOMOOUIIB, SK CKJaJ0Ba YacTHHA TEXHIYHOTO CEpBicy,
ChOTOJIHI 0/1HA 3 Halle(heKTUBHIIINX ray3ei aBTOMOOLILHOTO TPAHCTIOPTY.

B nmanwmii yac 3abe3neyeHicTh raiy3i peMOHTHO-00CIYroByIO4YO0 0a3010 CTAaHOBUTH
6mu3pk0 60%, TOAI SIK BUMOTH JI0 HEl 3pOCTalOTh y 3B'A3KY 3 MiJABULICHHAM KOHCTPYKTHBHOI
CKJIAJIHOCT1 MaIIMH y Pe3y/IbTaTi IHTEHCUBHUX TEXHOJOTH y BUPOOHHUITBI [6].

Ha mHemocTaTHiii piBeHb SKOCTI TEXHIYHOrO OOCIyroBYBaHHS Ha CEPBICHUX
HiAPUEMCTBaX cKi1agae 8%, HU3bKUI piBeHb KOMIIETEHIIIT MPaIiBHUKIB cepBicy Oim3bko 6%,
3HAYHMI Yac O4YiKyBaHHSA oOciyroByBaHHS 8,3 %, a Ha BUCOKY TPYAOMICTKICTb O(OPMIICHHS
JOKYMEHTIB BKa3aiu Ou3bK0 6% KitieHTiB [7].

3a gaHuMu [6] OCHOBHMMH MOKa3HUKAaMU, IO BiTOOpa)kalOTh BILTUB 0OCIYTOBYIOUUX
pOOITHUKIB Ha eQEeKTHBHICTh TEXHIYHOI eKCIUTyaTalii aBTOMOOUIIB, € MOKa3HUKH
eKCIUTyaTaIllifHOT HAIfHOCT1, EKOHOMIYHOCTI Ta 1HIII, TaKi sIK HAIPAIFOBaHHS Ha BITMOBY 200
HECIIPaBHICTb, TPUBAJICTh MPOCTOIO B 0OCIyrOBYBaHHI, BUTpaTa 3alluacTHH, BUTpaTa MaluBa,
HarmpaloBaHHs 10 yeproporo TO Ta peMOHTY Ta iH.

3a monepeaHbOI0 OLIHKOIO CYKYITHOTO BIUIMBY OOCIYrOBYIOUHX POOITHUKIB Ha PIBEHb
TEXHIYHOT TOTOBHOCTI Ta BUTpPAT Ha TeXHIUYHE OOCIYrOBYBaHHS BAaHTA)XHHUX aBTOMOOLIIB Ha
YacTKy BOJIIB nmpunajaae npuonusHo Bix 33 1o 36 %, a Ha 4acTKy 00CIyroBYyIOYHX pOOITHUKIB
Bix 64 1m0 67 % [7].
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3a iHdopmarliero [7] BIpoBaKEHHS JOCTOBIPHOI MIarHOCTUKH JIO3BOJISIE 3HAYHO, B
pas3u 30UTbIINTH (PaKTHUYHE MDKPEMOHTHE HAIPAIIOBAHHS Ta 3MEHIIMTH KUIBKICTh BIIMOB y
2-2,5 pa3u, 3MEHIINUTU BUTpATy najausa Ha 5-8%.

Ha Tenepmniif yac y Hamii kpaiHi Ta 3a KOpZOHOM IMPOBOJSATHCS HAYKOBO-IOCIHIAH1
poboTH 3 ymOoCKOHalleHHs MeToaiB Ta TexHojorii TO Ha OCHOBI aBTOMAaTH30BaHOTO
KOHTPOJIIO TEXHIYHOTO CTaHy MaliuH. HamITUBCS MepCIEKTUBHUN HAMIPSIMOK, OCTIIKEHB, 110
SKOTO HaJIeXKaTh METOJIM Ta CTBOPEHI Ha IX OCHOBI TEXHOJIOTII JiarHOCTYBaHHS TPAHCHOPTHUX
3ac00iB 3a MapaMeTpaMu XapaKTEPUCTUK MIBUIKOIIMHHUX TPOLECIB, 110 MAOTh MiCHEe HpU
poOOTI JABUTYHIB MAallMH y MEPEXiAHUX, TECTOBHX PEKHMMax BUIBHOTO PO3TOHY Ta BHOITY.
Bu3HaueHo mpiopuTETHI HAPSAMHU JOCTIDKEHb 3 METOI0 BHOOPY HAWOUIbII iH(POpPMATHBHUX
JMHAMIYHUAX XapaKTepuCTHK [8, 9].

OnHak, y NpUBEICHUX BHIIE poOOTaxX HE BUPIMIYETHCS 3aBJAHHS IUIAHYBAaHHS Ta
YIPaBIIIHHS TEXHIYHUM 0OCIIyrOBYBAaHHSIM Ta PEMOHTOM aBTOMOOLITIB.

IMoctanoBka 3aBaaHHs. Meroto naHoi poOOTH € MiABUINEHHS €(QEeKTUBHOCTI
TEXHOJIOTTYHUX TPOIeciB OOCIyroByBaHHS Ta pPEMOHTY aBTOMOOLIIB BHUKOPHCTAHHIM
iHpOpMaLIfHIX TEXHOJIOTH Ha aBTOCEPBICHUX 1 aBTOTPAHCIIOPTHUX MiAMPUEMCTBAX.

Bukaagennsi ocHoBHoro marepiaay. Ilopsn 3 ocHameHHSIM aBTOMOOLUIBHOTO
TPAHCHOPTY TEXHIYHO JOCKOHAJIUM IMapKOM PYXOMOIO CKJIAy 0 HaWBa)JIMBIIIOI TpymH
(baxTOpiB 3pOCTaHHS MPOJAYKTUBHOCTI Mpalli Ha aBTOMOOUIBHOMY TPAHCHOPTI Ta IMiIBUIIEHHS
HOro TEeXHIYHOTO PIBHA HaJIEXaTh: OpraHi3allis MJIAHYBaHHS CEPBICHUX Ta PEMOHTHHX POOIT;
BIIPOBA/PKEHHS HOBUX BHUJIB TEXHOJIOTTYHOTO OONAagHAHHSA; YJOCKOHAJEHHS TEXHOJOTi
TEXHIYHOTO OOCIyroByBaHHS Ta PpEMOHTY aBTOMOOLIIB; poboTa 3 MEPCOHAIOM
(cmiBpoOiTHUKAaMU) y BUIIIAAI OOMIKYy poOOYOro mepcoHaity, KOHTPOJIO 3apoOiTHOI IJiaTH,
HaBYaHHSA Ta MpodeciifHOro 3pOCTaHHSA; KOHTPOJIb Ta OOMIK CcHCTEM (CKIAJACBKUX,
OyXrajaTepchbKHuX, 3aMaciB 3amyacTiH, BATPATHUX MaTepiajiB TOIIO); aBTOMATHU3AIlis MPOIIECIB
IIJIIXOM 3aCTOCYBAHHSI CIIEI[iali30BaHOTO IPOTPaMHOTO 3a0e3MeueHHs Ta OHJIaiH-CepBICiB.

[TpuunHaMu HHU3BKOI €(PEKTUBHOCTI ICHYIOWOi CHCTEMHU IUIaHYBaHHS TEXHIYHOTO
oOCIIyroByBaHHSI ~Ta PEMOHTY MOXXHAa BBaXaTU: BIJACYTHICTb  3TPYNOBAaHHUX  Ta
B3a€MOIIOB'SI3aHUX €JIEMEHTIB BXIAHOI iH(oOpMamii Mpo KOHKPETHUH aBTOMOOUTH Ta ii
3MICTOBOi YaCTHWHH; BIJCYTHICTh KOHTPOJIIO 32 BHUKOHAaHHSM OTeEpaliii TEXHOJIOT1YHOTO
nporiecy 00CIyroByBaHHSI Ta pEMOHTY aBTOMOOWUTIB; BiICYTHICTh aJallTUBHO1 CTPYKTYpH, IO
BIJINIOBiJJa€ BUMOTaM aBTOMAaTHU30BaHOi 0OpPOOKH JTaHWX Ta YIPaBIIiHHSI BUKOHAHHIM POOIT.

ABTOMOO1TI 3 KOXKHUM POKOM CTalOTh JeNalli CKIAJHIMIMMU B OOCIyroBYBaHHI Ta
pemonTi. CaMe TOMY, BaKJIMBUM YHHHUKOM ITIJIBUIIEHHS €(EKTUBHOCTI IX 00CIyrOByBaHHS €
CTBOpPEHHsI 0a3 JaHMX, L0 MOCTIfHO OHOBIIIOIOTHCSA Ta MICTATH IH(OPMAIIO 3 TEXHIYHOTO
00CIIyroByBaHHS, PEMOHTIB Ta TEXHIYHOTO HOPMYBAHHs orepauid. 3aBAskd TakuM Oazam
3'IBISATHCSI HOBI MOXKJIMBOCTI IIOJO IJIAHYBaHHS BCIX BHIIB CEPBICHUX PpOOIT, pO3MOILTY
TIEPCOHATY JUTs1 IX BUKOHAHHS Ta ONITUMAIGHOTO 3aBAaHTHKEHHS 00J1a/THAHHSI, 110 BUKOPHUCTOBYETHCS.

Y 3B'3Ky 3 UM po3poOKa METOJUMKH BEACHHS JOKYMEHTAIlii 3 TEeXHIYHOTO
oOCIIyroByBaHHSI Ta PEMOHTY aBTOMOOLUIIB € BaXJIMBUM Ta TMEPCIEKTUBHUM HampsSMOM
MIZIBUIIEHHS SKOCT1 00CIYrOBYyBaHHS Ta €KCIUTyaTallii aBTOMOOLTIB.

Buxozsiun 3 BHIECKa3aHOTO BUHHMKA€E HEOOXINHICTh Y po3poOLli Ta BOPOBAKEHHI Ha
minpreMcTBax iHPOPMALIHOT CUCTEMHU UIsl BEICHHS IUIAHYIOUYOi JOKYMEHTALll 3 TeXHIYHOTO
0OCIIyroByBaHHSI Ta PEMOHTY aBTOMOOLUIIB, IO OOCIYrOBYIOTHCSI Ha MIANPHEMCTBAX, SKa
J03BOJIMTH MIABUIIUTH €(EeKTUBHICTb BUKOHYBaHUX poOiT. CTpyKTypHa cxema poOOTH
iH(pOpMaLiHOT CUCTeMU 3 TUIAaHYBAaHHS Ta YIPaBIiHHS BUIaMH poOiT HaBeAeHa Ha puc. 1.

[TponoHyeThCSI BHUKOHYBAaTHM OOJIK Ta TIUIAHYBAaHHS TEXHIYHMX OOCIyroBYBaHb
CTBOPHBILY BINOBIAHY 0a3y AaHUX Ha MIANPHEMCTBL. BUXITHUMH JaHUMHU JUIS CTBOPEHHS
oONKOBOTO  3amMcy aBTOMOOUI €  HACTyHHI: Tepelik Ta TeXHIYHUH  CcTaH
aBTOMOOLTIB;HOPMATUBHI Ta ()aKTHUHI HANPAIIOBAaHHS 0 KAalliTaJbHOTO PEMOHTY (CTpPOKH
CIIy’kOM) MallliH; HOPMHU BUTPATH MOTOpECYpPCiB ab0 MpoOIriB A0 MPOBEAEHHS TEXHIYHOTO
o0ciyroByBaHH:; MOTpeda B BUKOPUCTAaHHI aBTOMOOLTIB a00 3ariaHOBaHUX MOTOpECypcax Ha
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MaiiOyTHIN pik; moTpeda y TeXHIYHOMY OOCIYrOBYBaHHI Ta PEeMOHTaX MAIIMH MAIIHH JI0
MOYaTKy 3alUIAHOBAHOTO  POKY; BHPOOHWYI  MOXKJIMBOCTI  IMIAPO3JUIIB  TEXHIYHOTO
00CIIyroByBaHHS Ta PEMOHTY MAIluH [2].

Hopvar veHi T a dekT ydHi naHoBI HanpaLKBaHHs! ot peba B aBT OMOGINsX
ey aBT Oniapka MOKAHVKY HanpaLlkBaHs Ha MBVyT Hilt nepion Ta O6CAr nepeseseHb Ha
3a NepKam, NOLETmMA (npoGir y) aBT oMoBiriB MraHoBIYA riepion
Ta BikOM [0 Yepr oBUX T eXHIYHIX fii

ot peba nignpviemct Ba Mot peba nignpvemcT Ba BypoBHWMI MOT yXKHOCT i
B T eXHIYHMX B PEMOHT axX cepBicHOI Cryxoun
obcrnyr oBYBaHHSIX

1
Basza gaHnx o aBT oMoBinsv,
LD OBCTYT OBYICK bCS ‘

Ha nignpyemcT Bi

PiuHuin nrian- r padik

MO BUKOHAHHIO CEPBICHMX
T @ PEMOHT HUX poOIT

Pucynok 1 - Cxema BripoBapkeHHs iH(pOpManiiHOT cCHCTEMH ITaHyBaHHS TEXHIYHUX 00CIYrOByBaHb
Ta PEMOHTY aBTOMOOUIIB Ha IiAIIPUEMCTBI1
Howcepeno: pospobrerno asmopamu

[epenik aBTOMOOUTEHOT TEXHIKH 13 3a3HAYEHHSAM HOPM HAIPAIIOBAHHS JI0 PEMOHTY Ta
CIMCaHHS, 1[I0 BUKOPHUCTOBYETHCS MPU PO3PaxXyHKY MPOTPaMH TEXHIYHUX OOCIYroByBaHb Ta
PEMOHTIB CTBOPIOETHCS IJIAHOBUM BiIIOM MIAPHEMCTBA.

3Ha4yeHHs Koe]illieHTIB KOPUTYBaHHs (HOPM HAllpallOBaHHS Ta iHII.) BUOUPAIOTHCS 3
3aranpHOJOCTYMHUX — naHux [1, 2]. [lpu mnmanyBaHHi 0OCIyroByBaHb IIOBMHHA
peai3oByBaTUCS MOXJIMBICTb KOPUTYBAaHHS pO3paxyHKIB 3a (AaKTUYHUMHU JTaHUMH,
MPAaBUIBLHOCTI 3a10BHEHHS (popM, BUOOPY MAIIIMH 3 pPyXOMOTO CKJIaay, L0 € B MapKy, a TaKOXK
BHECEHHS IHIIUX CTPYKTYPHUX €JIEMEHTIB, 110 PO3LIUPIOIOTH 3aCTOCYBAaHHS 0a3 JaHUX.

[Ticnst 3amoBHeHHS 0a3M JaHUX TO OOCIYTOBYBaHHMX aBTOMOOUISAX MPOBOAUTHCS
PO3paxyHOK pIYHOTO IUIaHY BHJIIB TEXHIYHMX BIUIMBIB, pPO3PAaxXyHOK TPYJOMICTKOCT1
BUKOHYBaHMX poOIiT Ta moTpedbu y pecypcax (TpyloBHX, MaTepianbHHX). Ha ocHOBi
po3po0IeHoT mporpaMu 0OCIYrOBYBaHb Ta PEMOHTIB 3'IBISIETHCS MOXJIMBICTH IJIAHYBaHHS
HOMEHKJIATYpU Ta KUIBKOCTI 3allaCHUX YacTHUH, MaTepialiB, YTBOPEHHS BIIXOMIB y mpoleci
TEXHIYHOTO CEpPBICY Ta BUPIIECHHS 1HIINX 3aBJaHb.

Pe3ynbTaToM BUKOpUCTAaHHS 0a3M JaHMX aBTOMOOLUIIB € popMyBaHHS IIaHy-rpadika
BUKOHAHHS BUIIB POOIT, 0 JO3BOJIUTH MPOBOIUTH TUIAHYBAHHS 3aBaHTAXKCHHSI BUPOOHUYIHX
TISTHOK, PO3paxoByBaTH MOTPeOy y 3allaCHUX YaCTUHAX Ta MaTepianax.

Texuiune 0OCIYroBYBaHHS PYXOMOTO CKJIaay 3a IMEPIOJAWYHICTIO, TMEPETiKOM Ta
TPYAOMICTKICTIO BUKOHYBaHUX POOIT MOIUIAETHCS HA: MIOJICHHE TEXHIYHE OOCIyroBYBaHHS
(ILIO); nepmre texniune obcmyroyBanus (TO-1); npyre texuiune obcmyroByBanus (TO-2);
ce3oHHe TexHigyHe 00cmyroByBanHs (CO) [1, 2]. BukoHaHHsS TEXHIYHOTO 0OCITYrOBYBaHHS Ta
PEMOHTY PYXOMOTO CKJIaay B aBTOTPAHCIOPTHUX MIANPUEMCTBAX 3JIIHCHIOETHCS 332 CXEMOIO,
HaBEJICHOIO Ha puc. 2.

OOcnyroByBaHHs aBTOMOOLUTIB 3a KOXXHUM BUAOM TO 3HICHIOETHCS 3a TMEBHUM
periaMeHTOM oOmepalfif, M0 CKIAJA€TbCs B aABTOTPAHCHOPTHOMY HIiANPHUEMCTBI 3
ypaxyBaHHSIM DPEKOMEHJAI MiIIpueMCTBa BUPOOHMKA aBTOMOOUIS Ta THIAaXy PYXOMOTO
CKJIaJly, 110 BUKOPHCTOBYETHCS, T YMOB HOT'O EKCIUTyaTaIlii.

[Ipu nnaHyBaHHI TEXHIYHHUX il 3 OOCIYrOBYBaHHsS Ta PEMOHTY PYXOMOTO CKJIaay
HEOOXIJJTHO 3HAaTH TPYIOMICTKICTh BUKOHaHHA orepariif. /[yis 1poro moTpibHi JaHi 3 HOpPM
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Yacy, 110 BUTPAYaTUMYThCS Ha MPOBEIEHHs TEXHOJOTTYHUX omepallii. 3Ba)kaloun Ha JOCHTb
IIMPOKY HOMEHKJIATYpy MapoK TPAaHCHOPTHHX 3aco0iB, 110 €KCIUTYaTyIOThCS Ha TETIepIlIHilA yac
B YKpaiHi, iX MOJENbHUN CKJIaJ Ta BIKOBI TPYNU BUKOPUCTAHHS ICHYIOUOTO IPOTPAMHOTO
3a0e3MeueHHsI Ta eJIEKTPOHHHUX 0a3 JTaHMX He 3a0e3rneuye B MOBHIM Mipi Mpolec HOpMYyBaHHS
oTIepaIlii.

MowivanHs TO1
aBTOMOOIN [jar HOCT YT BaHHS! TO2
3 MapLpyTy @

é

Ubre++e ot o4Hmin abo
T eXH4YHe KaniT arbHAN
ofcryroByBaHHS PEMOHT

Mepesipka
T eXHIYHOT O
CT aHy

Buvnyck
aBT oMo0irst
Ha MepLLpyT

Pucynok 2 — IlociitoBHICTE BUKOHAHHS TEXHIYHMX Jiil Py 00CIyroByBaHHI aBTOMOOIJIIB
Hoicepeno: pospobrerno asmopamu

Icuytoue nporpamue 3abe3nedenns (Hanpukiag BAS YmpaBiniHHS aBTOTPaHCIIOPTOM,
Autodata, TecDoc), HacipaB/ii He MICTUTh Ha KOKHY KOHKPETHY MOJIEJIb MAlIMHM 1 KOXKEH
KOHKpETHUH BUA poOiT cBoi HOpMHU 4Yacy. Tomy, moO omepaTMBHO MiTiOpaTH HOPMHU JUISA
KOHKPETHOTO BHUMAJKY, HEOOXiHAa BJAacHAa aBTOMAaTH30BaHA CHUCTEMa YIPaBIiHHA 0a3010
JTaHUX HOPM Yacy TEXHIYHOTO 00CIYrOBYBaHHS Ta MPOTHO3YBAHHS TPYAOMICTKOCTI.

3HayHy YacTKy B c00iBapTocTi poOIT 3 eKcIulyartaiii aBTOMOOLIIB CTaHOBIATH
BUTPATH Ha TEXHIYHE 0OCIYrOBYBaHHS Ta pEMOHT. BU3HaueHHS ONTUMAIBHUX HOPM 4Yacy AJs
00CIIyroByBaHHSI Ta PEMOHTY MOJK€ MPHU3BECTH 0 3HIDKEHHs coOiBapTOCTi BUTpaT. B nanuit
Yac KOHTPOJIb HOPM Yacy Ha BHUKOHAHHA OOCIYrOBYBaHHS Ta PEMOHTY aBTOMOOUIIB Ha
MIAMPUEMCTBAX MPAKTUYHO HE IPOBOIUTHCS.

3aBaHHs HOPMYBaHHS poOIT Ha CEPBICHUX Ta aBTOTPAHCIOPTHHUX IMiJIPUEMCTBAX
YCKIIQJHIOETHCS ITUPOKOI0 HOMEHKIATYypOI0 aBTOMOOWUIIB, PI3HUM iX BIKOBUM Ta MapOYHUM
ckiazoM. HeMoxIIMBO 3HalTH yHiBepcalbHI 0a3u HOPM 4Yacy, OCKUIBKH KOXKHE MiIIPUEMCTBO
Ma€ pi3HE OCHALICHHA TEXHOJOTIYHUM YCTaTKyBaHHSM, KBamiikalilo KaapiB Ta IHIII
BUPOOHUYI MOKJIMBOCTI. Y 3B'I3KY 3 MM BUHHUKAIOTHh TPYIHOIII 13 3aCTOCYBaHHSIM HAasiBHOTO
MPOrPaMHOTO 3a0€3MEeUYeHHs, SKEe MICTUTh 1H(OpPMAII0 00 HOPMATUBIB BHUKOHAHHS
OCHOBHHX BH/JIIB pOOIT.

[IponoHyeThCcst  3acTOCyBaHHS IUGPOBOrO  Bileo3amucy MpoLecy BHUKOHAHHS
TEeXHIYHUX NI Ta KOMI'IOTEPHHUX TEXHOJOTiH oOpoOku oTpumanoi iHdopmamii 3 MeToro
MOJANBIIOTO aHANI3y Ta ONTHUMI3alii MPOoLeciB TEXHIYHOTO OOCIYroByBaHHS Ta PEMOHTY Ta
CBO€YACHO KOPUTYBATH HOPMH Yacy Ha KOHKPETHOMY aBTOITMIPHUEMCTBL. KpiM TOro, BUKOpHCTaHHS
U(ppPOBOrO Bieo3amucy NMpPU TEXHIYHOMY OOCIYrOBYBaHHI Ta PEMOHTI Ja€ MOXKIUBICTDH
CTBOPEHHSI HaBUAJIBHUX BilleOomporpaM JAjs MiABMINEHHs KBaiidikamii mepcoHanty Ta sIKOCTI
foro mpaili, a TaKOK TEXHOJIOTTYHOTO CYIPOBO/Y Ta JOTPUMAHHS NEBHUX HOPM Hacy.

3acTocyBaHHS BIAaCHMX 0a3 JaHMX Ha MIAIPUEMCTBI IPU TEXHIYHOMY 0OCIYTOBYBaHH1
Ta PEMOHTI TPAHCIOPTHUX 3acO0IB JO3BOJHMTH OTPUMYBATH OUIBII YTOUYHEHI JaHi IOJI0
NpU3HAYEHHS HOMEHKJIaTypHu poOiT y MOPIBHAHHI 3 ICHYIOUMMH HOPMATUBHUMH JJOKyMEHTaMH, a
TaKO’X BU3HAYEHHS €(PEKTUBHIIINX CTPATErii eKCITyaTalii TpaHCIIOPTHUX 3ac00iB.

3acTocyBaHHS KOHKpPETHOI iH(popMallii mo aBTOMOOUIAX, IO OOCIYrOBYIOTbCS Ha
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aBTOTPAHCHOPTHUX Ta CEPBICHUX MIANPUEMCTBAX 3a0€3MEUUTh MiJBUILEHHS BHPOOHHYO-
rOCHOJapChbKOI  AISIIBHOCTI  aBTOTPAHCIOPTHUX  MIANPHEMCTB, 30UIbLICHHA  0OCSTIB
TPAHCHOPTHOI POOOTH, IHTEHCH(]IKAIil0 BHUKOPUCTAHHS pPYXOMOTO CKJIaay, 3HIDKEHHS
co0iBapTOCTI Ta JOCATHEHHS peHTa0eNIbHOT POOOTH.

CTBOpeHHs Takux 0a3 € CKJIQJAHOI0 HAyKOBO-TEXHIYHOIO MPOOIEMOI0, BUPILICHHS SIKOT
no3Bojsie: 1) oOrpyHTyBaTH JOLUIBHICTE Ta €(EeKTHUBHICTb ABTOMATH3AIlil YIpaBIIiHHS;
2) BuOpaTu HaiOUTbII e(EeKTHBHI HANMpPSIMKH aBTOMAaTH3allil; 3) BCTAHOBUTH palliOHAJIBHY
YeproBiCTh peajizallii 3axXo/liB 100 aBTOMAaTH3allii YIpaBiIiHHA; 4) BU3HAUUTH PAIliOHAIBHY
CTPYKTYPY CHUCTEMH KEpYBaHHS; 5)3HAWTH ONTHMATBHUI CKJIQJ KOMIDIEKCY TEXHIYHUX 3acO0IB;
6) BU3HAUUTH BIUIMB 3aCTOCYBaHHsI iH(pOpMallil Ha TEXHIKO-€KOHOMIYHI TOKa3HUKH BUPOOHHIITBA.

Takum yuHOM, 3acTocyBaHHsA 0a3 JaHMX B CHCTEMi OOCITYrOBYBaHHS Ta PEMOHTY
aBTOMOOWTIB y Cy4acHHX YMOBaxX € HEOOXITHICTIO HpU MPOBEAEHHI IIAHOBO-3aMOODKHOT
CHCTEMH TEXHIYHHX 00CITyrOByBaHb Ta PEMOHTIB.

VY TeHneHMii 3MiHM MIIX0Ay 0 BCIEl CUCTEMH TEXHIYHUX 00CIYrOBYBaHb Ta PEMOHTIB
PYXOMOTro CKJIaAy aBTOMOOUIBHOTO TPAaHCHOPTY, IO HAaMITHJACS, BIJAKPUBAIOTHCS BEJHKI
NEPCHEKTHUBU IIOAO IPOBEACHHS HAyKOBUX JOCHIIKEHb 3 METOI0 CTBOPEHHS METOAMK
MiZIBUIIIEHHS €KOHOMIYHO1 €()eKTUBHOCTI Ta HAAIMHOCTI, a TAaKOX PO3POOKH peKOMEHIalii
HIAPUEMCTBAM, 110 €KCIUTyaTyIOTh aBTOTPAHCIIOPT.

Otxe, iH(popMaIiiiHi TEXHOJOTIl JIOUUIPHO IIHPOKO BIPOBALKYBAaTH B Taly3i
aBTOMOOLIBHOTO TPAHCIOPTY, Ta iX PO3BUTOK CHPUSATIMBO MO3HAYUTHCA SIK HA POOOUOMY
mporieci, Tak i Ha OOCIyroByBaHHI TexHikW. PallioHanbHE IJIaHyBaHHS TEXHIYHHUX Nid 3
PYXOMOTro CKJIQAy MiHIMI3y€e KUIbKICTh poOouux omepariii Ta 3abe3neynTh 3HaYHE 3HAUYHE
3HWKEHHS TPYAOMICTKOCTI.

BucuoBku. 1. Bukopucranss iHpopMamiifHOI CHCTeMU 3 YIPaBJIiHHA Ta MJIaHYBaHHS
JSUTBHOCTI HAa MIAMPUEMCTBAX TEXHIYHOTO CEpBICY aBTOMOOUIIB JO3BOJIUTH MiABUIIHTH
MPOJAYKTHBHICTD Ta AKICTh BUKOHAHHS POOIT; MOCUIUTH KOHTPOJIb 32 JISUTBHICTIO NEPCOHATY
Ta BUKOPUCTAHHSAM PyXOMOTO CKJIay.

2. 3anpornoHOBaHi TEXHOJOT] BH3HAUYEHHS HOPM 4Yacy Ha BUKOHAHHS oIepamiid 3
TEXHIYHUX OOCIYrOBYBaHb Ta PEMOHTIB aBTOTPAHCIIOPTY LUIIXOM BHKOHAHHS Bifeo (ikcarii
BUKOHYBAaHMX pOOIT J03BOJATH 3aCTOCOBYBATH Pi3HI METOAM MiJABUIICHHS €(PEKTUBHOCTI
mpairi, po3pooaTH PEeKOMEHAIlIl 3 ONTUMI3allii TPOyKTHBHOCTI MpaIli, BUSBIISTA HEAOTIKI
II0JI0 3aCTOCYBAaHHS TEXHOJIOTIUHUX 3ac001B, BAKOPHUCTOBYBATH OTPUMaHI JAaHi IPH HaBYaHH1
MEPCOHAIY Ta MOKPAITYBAaTH YMOBHU Ipalli HA BUPOOHUIITBI.

3. Meronuka Bineo ikcanii MPOBEIECHHS TEXHOJOTIYHUX OTepamiii TeXHIYHUX
00CIIyroByBaHb Ta PEMOHTIB JO3BOJHTH OTPHUMATH KOPHUTYBalIbHI KOEQIIIEHTH IS HOPM
qacy, M0 MICTATHCS B ICHYIOUMX 0a3axX MpOrpaMHOTo 3a0e3MeYeHHS.
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Increasing the Efficiency of Vehicle Maintenance and Repair using Information Technology

The relevance of the conducted research is determined by the fact that the main objective of improving
the system of technical maintenance and repair of automobiles is planning various types of work and monitoring
their efficiency using information technologies.

The purpose of this work is to increase the efficiency of technological processes of automobile
maintenance and repair through the use of information technologies at automotive service and transport
enterprises.

The analysis of the order and content of work in the current activities of engineering and technical
services of technical service enterprises made it possible to identify information for input data entry, form a
processing algorithm, and obtain the necessary data for current and strategic planning.

Proposals are provided for organizing an information management system at the enterprise during the
execution of technical maintenance and repair of automobiles. It is proposed to create proprietary databases for
serviced vehicles, which should include information about the vehicles as well as recording time standards for
technological operations of maintenance and repair.

The use of an information system for management and activity planning at enterprises of technical
service for transport and technological machines will increase productivity and quality of work performance,
strengthen control over personnel activities, as well as the use of rolling stock.
automobile, transport, information technologies, technical service, repair
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AJlanTUBHE YIPABJIIHHS TEXHIYHUM CTaHOM
1 0€3MEeKO0I0 eKCIUTyaTallli TPAHCTIOPTHOT TEXHIKU
B arporpoOMMCIOBOMY BUPOOHMIITBI

Pecypc TpaHCmOpTHOI TEXHIKH, $5Ka BHKOPHCTOBYETHCS B arpolpOMHCIOBOMY BHPOOHHITBI,
3MEHIIYETHCSI 3 MPOLECOM eKcIuryatamii ¥ morpedye MiATPUMKHA pPI3HUMH CHCTEMaMHM TEXHIYHOTO
00CITyrOByBaHHS 1 PEMOHTY.

OOrpyHTOBaHa 3MiHa pecypcy TPaHCIIOPTHOI TEXHIKM IPHU BHKOPHCTAaHHI IIaHOBO-TIONEPEKYBAIBHOL
CHCTEMH TEXHIYHOI'O OOCIYTOBYBAaHHS 1 PEMOHTI.

CdopmynboBaHa ajanTUBHA KOHICIISI EKCILTyaTallii TpaHCIIOPTHOI TEXHIKH, SKa Opi€HTOBaHa Ha
eeKTUBHE BUKOPHUCTAHHS pecypciB. OCHOBOIO KOHIICTIIII{ € CHCTEMa MOHITOPHHTY 1 IIPOrHO3YBAaHHS TEXHIYHOTO
CTaHy TPaHCIIOPTHOI TEXHIKM Ta PiBHSA BUPOOHWYOro TpaBMaTH3My omneparopis. Lls indopmanist € gocToBipHOIO
JUTS IPUHAHSITTS pillleHb 00 OAAIBIIO] eKcIuTyaTanii TpaHcnopTHoi TexHiku. ChopMyrnboBaHi 3aBAAHHS IIOA0
3a0e3rneueHHs] e(QEKTUBHOIO YIPABIIHHSA TEXHIYHUM CTaHOM 1 OE3MEKOI0 TPAHCHOPTHOI TEXHIKH Y
arponpoMHCIOBOMY BUPOOHHUIITBI.

[Ipn posB's3aHHI WX 3aBIaHb MPOMOHYETHCS KOMIUIEKCHMH MiIXiJ MO JOCHIPKyBaHOI HpOOJIEeMH Ta
po3poOka MexXaHi3MIB 3a0e3leueHHs] Ta BIPOBA/DKEHHS B EKCILTyaTalliifiHy NPaKTUKy MOIYCTUMHH piBEHb
pm3uKy. [IpormoHyeTbCcs CTBOpEHHS HAayKOBO-METOIMYHOI 0a3W, $Ka [O3BOJIMTH HAa OCHOBI JIOCTOBIpHOI
iHpopMmamii mpuiMaTH CBOE€YAacHI YNPABIIHCHKI pIlIEHHS # IependavdaeTbesi IMPOTHO3YBAHHA 3MIiH PIBHA
TEXHIYHOTO CTaHy TPAHCIIOPTHOI TEXHIKM 1 piBHS HeOE3IIeKN 3aCTOCOBYBATH BiJIIOBIIHI KOMITEHCALIIHI 3aXO0/IH.

BusiBneno psa cynepeyHocTedl MiK IOKasHMKaMH Oe3nekd 1 (akTHYHUM TEXHIYHMM CTaHOM
TPAHCIIOPTHOI TEXHIKM ¥ TPONOHYETHCS HIYKATH OajaHc MiX Oe3neKoro, e(peKTHBHICTIO Ta eKOHOMiUHICTIO
(YHKI[IOHYBaHHS B YMOBAaX IPOIOBXKEHHS €KCIUTyaTamii TEXHIKH.

Pesymbratm  mociiJUKeHb — KPUTHYHHX — CHUTYallii  eKCIUTyaralii  TpPaHCIIOPTHOI  TEXHIKH Y
arponpoOMHCIOBOMY BUPOOHHUIITBI JJaJI MOXKIIMBICTH PO3POOMTH KOMILIEKC 3aXO/iB ISl iX HeWTpasizarii.
TPAHCNIOPTHA TeXHika, TeXHIYHWMI CTaH, ajaNTHBHE YNpPaBJiHHA, 0Oe3lleKka eKcILIyaTanii, crpareris
TeXHiYHOro 00CIyrOBYBAHHS TA PEMOHTY

IMocTanoBka mnpodieMu. YIPOJOBXK OCTaHHIX AECATWIITH TpaHcpopmalii, Mo
BiOynucs B YKpaiHi, 3yMOBWIM NOTPeOy B aKTUBHOMY BIIPOBAKEHHI pecypco30epirarounx
TEXHOJIOTIH y PI3HUX CEKTOpax eKOHOMIKH. Lle mposBiseTbCs, 30KpeMa, Y CTBOPEHHI HOBHUX
MiXO/IIB Ta TEXHOJIOTI e()eKTUBHOTO BUKOPUCTAHHA CKJIagHOi TpaHcnopTHoi TexHiku (TT),
0 3aCTOCOBYIOTBCS B arpornpomucioBomy BupoOHHNTBI (AIIB). OcHOBHa imess Takux
MIIXOIB TOJIATAE Y BHpOBa,Z[)KCHHi e(EeKTUBHUX CHUCTEM MOHITOPHUHIY Ta HPOTHO3YBAaHHS
texHiunoro crany TT i cimbebkorocnonapebkoi TexHiku (CI'T). Lle mo3Bossie onepaTtuBHO Ta
,Z[OCTOBlpHO OTpUMYBAaTH IHPOpPMALID TPO TEXHIYHUHA CTaH, YNPABIATH 1 NpUEMaTH
MO3UTHBHI PIIICHHS OO 1 MoAANBIIOT O€3MeYHOT eKCIUTyaTallii.

[Tonmpu 3HayHMit 0OcCAT AOCHKEHb 1 (DIHAHCOBMX BKJIAAECHb Yy 3a0€3MeUeHHS
HajiiHOoCTI, edexktuBHOCTI Ta O6e3neku TT B AIIB. Llg mpoGnema 3aiauIaeTbesl aKTyalbHOIO.
Hoci He c¢opMOBaHO HAYKOBO OOIPYHTOBAaHMX NPUHIUIIB aJalTHBHOTO KOHTPOJIIO
TEXHIYHOTO CTaHy MallMH, Opakye e(peKTUBHUX MOKa3HHKIB Ta METOJMK iX OI[IHIOBaHHS 1
MPOrHO3yBaHHsA. Tomy Juisi 3a0e3MedYeHHs] HAJIKHOTO piBHs HanidHOCTI Ta Oe3meku TT B
YMOBax IMOJIOBKEHOTO TEPMiHY BHUKOPUCTaHHS HEOOXIZHO pPO3pOONIATH 1 BIPOBAIKYBATH
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cydacHi crparerii TexHiuHoro oOciyroByBaHHsS 1 pemoHTy (TO 1 P), opieHToBaHi Ha
aJlanTHBHE YIPABIIHHA 1 TEXHIYHUM CTAaHOM.

AHani3 ocTaHHix gociairxens i myOJikaniii. CxiagHa eKOHOMIUHA CHUTyallis Ta
OararomarmntaOHa BiiiHa B YKpaiHi, oOMexxeHe (piHaHCYBaHHS IMPU3BENH A0 TOTO, IO OJIU3BKO
50-70% texniku B AIIB [1] mpoIoBXyeThCsI BUKOPUCTOBYBATUCH HA OCHOBI PIllI€Hb PO
MOJOBXKEHHS il pecypcy Ta CTpoky ciyxOu [2]. Taki pimeHHs 0a3ylOThCsS Ha OIlIHII
norouyHoro TtexHiyHoro crany 1T B AIIB [1,2], B Toifi wyac uyacTo He BpaxOBYEThHCS
MPOTHO3YBAaHHS 3MIHM TEXHIYHUX cucTeM 1 piBHA Oesmeku TT minm vac mopanbmioi i
excrutyararii. OCHOBHOIO MPUYMHOIO ILBOTO € BIACYTHICTh ©(EKTUBHOI METOH0JIOTii
IHIMBIyalbHOTO MPOTHO3Y TEXHIYHOTO CTaHy SIK OKPEeMMX BY3JIiB, CHCTEM, arperaris, Tak i
TEXHIKH B 1iitomMy [1].

Ha cporomgni mopgepHizamiss abo moBHa 3amiHa TT, mo Bxe BHueprana CBii
HOPMAaTUBHUN PECYpPC, € IPAKTUYHO HEMOXJIMBOK. ToMy I Mojanblle BUKOPUCTAHHS
noTpedye BIIPOBAPKEHHS JI0JaTKOBUX OPraHi3allifHUX 1 TEXHIYHUX 3aXO0MiB, CIIPSIMOBAHHUX Ha
3abe3neueHHst HeoOXimqHoro piBHS HazgiiHOCTI Ta 6e3neku TT y AIIB..

Hocmimpkenns [3-5] 3 nurtanp ynpasniHHs pecypcoMm TT cBimyare mpo HemocTaTHIO
PO3pPOOJICHICTh HAayKOBO-METOAMYHHUX OCHOB, SKi JO3BOJMIM O peani3yBaTH CydacHY
KOHIIEMI[II0 aJalTHBHOTO KOHTPOJIO ii TEXHIYHOTO CTaHy Ta Oe3nmevyHoi ekcruryaraiii [6-8].
Ile cTtBOproe Gap’epu IS MiABUIICHHS €()EKTUBHOCTI CUCTEMH MIATPUMKH TEXHIKM B CTaHi
TOTOBHOCTI J0 BUKOHAaHHS BUpOOHMYMX 3aBmaHb B AIIB. Biarak, po3poOka MeToniB
aJlaTUBHOTO YIPABIJIIHHS TEXHIYHUM cTaHOM i O6e3nekoro ekcruryaTanii TT B AIIB B ymoBax
oOMexxeHux pecypcis i pinancyBanus [1,3,2] motpedye TEpMiHOBOTO BUPIILLIEHHS.

IMocTanoBka 3aBaaHHA. MeToro naHoi poOOTH pPo3poOKa KOHLENTYaJIbHUX 3acai i
KOMIUIEKCY 3aBJaHb, IOB’SI3aHUX 3 YIPABIIHHAM TEXHIYHUM CTaHOM Ta 3a0e3MEeYeHHSM
0e3nevyHoi eKcIuTyaTanii TPaHCHOPTHOI TEXHIKM B arpolpoOMHUCIOBOMY BHUPOOHMITBI i3
3aCTOCYBAHHSM a/IaITUBHOTO MIAXOAY 10 iX BUPIIICHHS.

Bukiagennsi ocHOBHOro martepiaay. IIpoTarom ocCTaHHIX NECATHIITH €KOHOMIYH1
TpanchopMmanii B  YKpalHi 3yMOBHIM TOTpedy B  aKTUBHOMY  BIPOB/KEHHI
pecypco30epiralodux TEXHOJOTIH y BCIX CEKTOpaXx TOCHOJapcTBa, OCOOJMBO B
arpoIrpoMHUCIIOBOMY BHUPOOHMLTBI. Pecypc TpaHCIOPTHOI TEXHIKM 3MIHIOETHCS 3 MPOLIECOM
excruryatarfii B AIIB (Puc.l) # minTpuMyeThcs IUIAHOBO-TIOMEPEIKYBATBLHOK CHCTEMOO
TEXHIYHOTO OOCIIyrOBYBaHHS 1 PEMOHTY.

&

Ro

R

3mMiHa pecypcy MalvH B ekcnnyaTtauji

MpoBir (HanpauBaHHA) MaLLKHKU
AR — BTpauenuii pecypc B mporeci exciuryaranii; RTO — BinnosmoBanuii pecype npu TO; RO — nouaTkoBuii pecypce npu, t=t0;
Rrp - rpannunmii pecypc, npu t=trp.
Pucynok 1 - 3anexHicTb 3MiHHM pecypCy TPaHCIIOPTHOI TEXHIKH BiJl IIEPIOAMYHOCTI i1 00CIyroByBaHHS 3a
TUTAHOBO-TIONEPEPKYBAIBHOIO CHCTEMOIO TEXHIYHOTO 00CIIyrOBYBaHHS 1 pEMOHTY;
| — 3arajpHUIA pecypc TpaHCIIOPTHOI TexHiKH NpH BincyrHocti TO; 2 — 3MiHa pecypcy Ipu pi3Hii
nepiognynocti TO; 3 — 3aranpHuil pecypc MalMHU pyu BUKOHaHHI TO

Ile mposiBAsiETbCS y TIEpeXoi 10 HOBUX KoHIemmii excruryaramii TT, siki opieHTOBaH1
Ha e(heKTUBHE BUKOPHUCTAaHHS pecypciB. OCHOBOIO TaKMX KOHIEMIIIH € 3aCTOCYBaHHS CUCTEM
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MOHITOPUHTY 1 IPOTHO3YBaHHS TE€XHIYHOTrO ctaHy TT Ta piBHSI BUPOOHMYOTO TPaBMAaTU3MY
oneparopiB (Puc. 2). Ile m0o3Bosisie onepaTUBHO OTPUMYBATH IOCTOBIpHY iH(OpMaIio s
HNPUAHATTS PillIEHb 1010 MOJAIBIIOT eKCIITyaTaIlil.

1(133 %
6(BA4%) i )

59,1 %)
L 2(10,7 %)

3(104 %)

Pucynok 2 - PiBeHb BUPOOHHUYOI0 TPAaBMAaTH3MY CEpell ONIepaTopiB TPAHCIIOPTHOI TEXHIKH B arpOIPOMHUCIIOBOMY
BHPOOHMITBI 3aJIEKHO BiJl BAPOOHMYMX HeOe3nek: 1 — mopymieHHs: BUMOT O€3IeKH IIiJT 9ac eKCILTyaTarii
TPAHCIIOPTHOI TEXHIKH; 2 — He3aI0BIJIbHUM TEXHIYHMI CTaH 3ac00iB arpOBUPOOHUINTBA; 3 - HE3aJOBLIbHHUN
TEXHIYHHUI CTaH TPAHCIIOPTHOI TEXHIKM 3aC00iB; 4 — QJIKOTOJIBHE CII'SIHIHHS, TOKCUYHE OTPYEHHS;

5 — mopyIIeHHs MPaBUII JOPOKHBOTO PyXY; 6 — HOMyCcK 10 poOOTH Oe3 HaBYaHHs OE3MIeUHIM METOJaM Mparl
Ta 03 IepeBipKY 3HAHb 3 OXOPOHHU Tpalli

[Tonpu 3HaUHY KUTBKICTH JOCHIKEHb 1 ()iHAHCOBI BKJIAJEHHS y BUBYCHHS MPOOIEMHU
HaaiiHocti TT Ta Oesmeku omeparopiB (Puc. 3), muTaHHS aganTUBHOTO YIPaBIIHHS
texuiyHuM TT craHom 1 Oe3nmeku pyxy ¥ Joci He Mae 3aBEpIIEHOTO TEOPETUYHOTO
oOrpyHTYBaHHS. BiICyTHICTH UITKHUX KpUTEPiiB €(PEKTUBHOCTI Ta METOJHK iX OI[IHIOBAHHS
YCKJIQJIHIOE PO3pOOKY CydacHUX MiAXOMiB J0 3abe3meueHHs HajiiiHocTi Ta Oe3meku TT B
AIIB, 0co611BO B yMOBax MPOJIOBKEHHS TEPMIHIB €KCIUTyaTallii.

70
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YacTka cMme PTebHO TPaBMOBAHIIX

—— T pakTopucT-ManIHICT —*— Bomii aBToMOOL1A
Pucynok 3 - JlunaMika piBHS BUpPOOHHYOr0O TpaBMaTU3My CEpEJl OIIEepaTOpiB TPAHCIIOPTHOI TEXHIKU
B arporpoMHCIIOBOMY BUPOOHHUIITBI

CkrnanHa €KOHOMIYHA CHUTyallis Ta oOMexeHe (iHaHCYBaHHS NMPHU3BENU IO TOTO, IO
6utpmicts TT HaOyna BiliCBKOBOTO MPHU3HAYEHHS Ta MPOMHUCIOBUX 1 €eHEPreTUYHUX 00’ €KTIB.
TT nponosxkye (yHKI[IOHYBaTH Ha OCHOBI pillleHb IPO TOJOBXKEHHS pecypcy. Xoda Taki
pillleHHs BPaxOBYIOTh TOTOYHUM TEXHIYHMHA CTaH, BOHM 4YacTO HE IependavyaroTh
MPOTHO3YBAaHHS MOTO 3MIH 1 OLIHKM pHU3MKIB. Lle MoB’A3aHO 3 BiICYTHICTIO €(EKTUBHOTO
METOJUYHOTO IHCTPYMEHTapilo Ui IHAMBIIYaJbHOTO MPOTHO3Y TexHiyHoro ctany 1T sk
OKpEMHX €JIEMEHTIB, TaK 1 mapky mamuH 3arainom B AIIB.

HasBuuil piBeHp (iHAaHCYBaHHS HE JO3BOJISE 3IIMCHIOBATH IMOBHOMACIITaOHY
MojiepHizalito abo 3aminy TT, mo Buuepnanu cBiif pecypc. Tomy ix momanbina ekcruryararis
noTpedye BIPOBAHKCHHS TOJATKOBUX OPraHi3alliiHO-TEXHIYHUX 3aXOIB, CIPSIMOBAaHUX Ha
MIATPUMAaHHS 337aHOTO PIBHS HATIMHOCTI.

Cymnepeunict MbK BUMoTamMu 110 HafiiiHOcTi TT 1 peaqbHUMH MOXKIUBOCTSAMH i
TEXHIYHOTO OOCIYroBYBaHHS B yMOBaX OOMEXEHHMX pECypCiB CBIIYHTH MpO MOTpedy B
neperisAl MiAXoiB 10 ynpaBiiHHA. [lin pecypcamu ciijy po3yMmiTu: TeXHIYHI 3acobu
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00CIIyroByBaHHS, 3aJHUIIKOBUI pecypc cucteMm, (hiHAHCYBaHHS, 3alacH KOMIUIEKTYIOUHX,
CTPYKTYPY 3aIlaCHUX YaCTHH TOIIO.

Hapasi mnepeBakae <«KOPCTKa» CTpaTerii TEXHIYHOrOo OOCIyroByBaHHS Ta sKa
0azyerbcss Ha ampiopHidt iHpopmanmii. Takuit minxin ¢opmye pO3IMKHEHY CHUCTEMY
ynpaBiiHHs, e TexHIYHui cTaH TT € 00’ekToM, a 3ax0u 00CIyroByBaHHSI — KEPYIOUHMMH
TisIMH, 1110 HE BPaxXOBYIOTh 3MIHHI YMOBHU €KCILTyaTaIlii.

AZanTUBHI CUCTEMH, HABIIAKH, KOMIICHCYIOTh HECTauy MOMEPeIHIX JaHUX 33 PaXyHOK
BUKOPUCTaHHS aKTyaJbHOI (amoctepiopHoi) iH(opmauii. BoHHM 103BOJSIOTH KOpPUTYBaTH
napameTpu oOciyroByBaHHs TT Ha OCHOBI OIIIHKM Ta TNPOTHO3Y TEXHIYHOTO CTaHy,
(bopMyIOUH 3aMKHEHI CHCTEMH TaK 3BaHHUM aJallTUBHUM YIPABIIHHSAM.

Po3B’s3anHs mpobnemu ynpasiiHHS TexHiuHuM ctaHoM TT B AIIB mepenbauae
Y3TODKEHHS 0aKaHMX 1 (PAaKTUYHUX PE3yNbTaTiB (YHKIIOHYBAHHS CUCTEMHU MIATpUMKH. Lle
BUMAara€ CTBOPEHHS CIEIialli30BaHOTO METOJWYHOTO amapary, 3JaTHOro 3a0e3MeunTH
aJIaliTHBHE YIPaBIIHHS TEXHIYHUM CTaHOM 1 Oe3nekoro ekcruryaramnii. CdopmoBaHo
CYKYIIHICTh BIAMIOBIAHUX 3aBJaHb (pHC.4).

3apJeHHA MO0 3abelNedeHHs ePeKTHRHOrO YOPARTIHHA TeXHIYHHM cTaHOM i
Oe3MeK0i0 TPAHCHOPTHOT TEXHIKH ¥ arpoNpPoMHCI0BOMY BHPOOHHITBI
1 OTpHMATH HOBi HAYKOBI JaHi 1714 KiTbKiCHOTO ONHCY TEXHIHOTO CTaHY Ta PiBHA
Geanexkn TT
2 Po3po0HTH METOIHKH IIPOrHO3YBAHHA 3MiH TexHi4Horo craHy TT Ta BHIHAYEHHS
BIANOBITHHX MOKA3HHKIB Oe3NeKH
~ JocIiIHTH IHHAMIKY 3MiH TeXHiuHoTo Ta GezmedHoro cra”Hy TT 3anexHo Bin
2 KepyHH4HX IiH
4 CTBOPHTH MeTOIHKH OIIHKH edeKTHBHOCTI ekcrayaTamii TT y pisHHX TeXHiMHHX
CTAHAX a BHTPAT Ha 3a0e3nedeHHd NPHHHATOrO PIBHI PHIHKY
5 Po3poGHTH IHCTPYMEHTH UL OLIHKH BHTPAT Ha peastizalliio 3aXo/iB 3 MiJABHIIeHHA
< HafifiHoCTi Ta GeamedHoro crany TT
CiopMyBaTH peKOMeH Al /19 NPHHHATTA pillleHb MO0 ONTHMAIBHOTO BHOODY
6 3aX0J1iB, CIpAMOBaHHX Ha nepesefenns TT y AIIB y mMenm neGesneunuii cTam, 3
ypaxyBaHHAM BHTPAT i 9acy peanizamii

Pucynox 4 — biiok-cxema CyKyImHOCTI 3aBJlaHb 3a0€31eYeHHs HAJIS)KHIM TEXHIYHIM CTaHOM
Ta piBHEM O€3IeKH TPaHCHOPTHOI TEXHIKH Y arpONpOMHUCIOBOMY BUPOOHHUIITBI

[TutanHs Oe3mekM € HE MEHII BaXJIMBUMH. 3arodaTkoBaHa Jlep)kaBHAa HayKOBO-
TexHiyHa mporpama «besmeka», ska mnepexbadana po3poOKYy TEOPETHYHUX OCHOB,
HOPMAaTHUBHO-TEXHIYHUX 3aCO0IB 1 METO/IIB 3aXUCTy HACENEHHS Ta JOBKULIS Bil MPUPOJHUX i
TeXHOTEeHHUX KaracTpod. [Iporpama okpeciuia 4oTUPH KIIFOYOBI HAPAMU: (PyHIaMEHTAIbH1
JOCITI/DKEHHS, HOBI KpHUTepii Oe3NeKku, CHUCTEeMHU OIOBIIIEHHS Ta 3aXUCTy, a TaKOX
HOPMaTHBHO-3aKOHO/IaBY€E PETYIIOBAHHS.

CyyacHuif HayKOBUH HiIXin A0 Oe3MeKH BUMara€ KOMIUIEKCHOTO aHali3y aBapiiHUX
cUTyalii, ki1acugikamnii pu3uKiB, OI[IHKM T'PAHUYHHUX TMapamMeTpiB MIIHOCTI, 3HOCOCTIHKOCTI,
BiOparliii, aKyCTHYHMX XapaKTePHCTUK, MEXaHIKW pYHHYBaHHS, J>XMUBYYOCTI TEXHIYHUX
00’€KTIiB 1 BIUIMBY Ha TEpCOHAI Ta JOBKULIAL. s mboro HEOOXimHI MaTeMaTWyHI MOJIENi,
KOMII'IOT€pHE MOJICTIOBAaHHS Ta (i3MUHE MOIETIOBAHHS IMPOIECIB PO3BUTKY HAI3BUYANHUX
CUTYaIliil i katactpod.

Y posButky teopii 6esneku TT y AIIB mMokHAa BUAUITUTH ABa €Tamu: MEPUIMA —
Teopiﬂ abcooTHOT HAAIHHOCTI, sKa Hepe;[6aqana [IOBHE BUKIIIOYEHHS aBapiﬁ 3a paxyHOK
TEXHIYHUX pHJ_IeHB Apyruii — IMOBIPHICHUM MiAXiJA, 1[0 BU3HAE HEMOXKIIUBICTH MOBHOTO
YCYHEHHS PHU3UKIB 1 MPOINOHYE KEpyBaHHS HHUMH dYepe3 OI_IlHKy iimoBipHOCTel. OcHOBHa
CKJIAJIHICTB MOJIATA€ B TOMY, LI0 JUIA TpaHCHOPTHUX 00’ekTiB B AIIB He Tak Jierko oTpumaTu
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JOCTOBIPHY CTaTHCTUKY a00 MoOyIyBaTH TEOPETUUHI MOJIEINI ISl OOUUCIICHHS PU3HKIB.

Tpaguiiiina Moaens aHai3y HAAIMHOCTI, MO 0a3yeThCcsl Ha MOOYAOBI IepeBa BiIMOB,
3/1€0LIBIIOT0 BPAaXOBYE JIMILE MPSAMi 3B’SI3KH MDK OKPEMUMH KOMIIOHEHTAMHU TaKOi CKIIAIHOT
texHiyHoi cucremu sk TT B AIIB. IIpote B peanbHHX YMOBaxX Taki CHCTEMH
XapaKTepU3YIOThCA CKIAJHOI0 CTPYKTYPOIO B3a€EMOJi, /¢ €IeMEHTH BIUIMBAIOTH OJMH Ha
0JIHOTO, (POpPMYIOUN OaraTopiBHEBI NPUIMHHO-HACITIKOBI 3aJIE)KHOCTI.

VY GaraTh0X BHITaJIKaX HAMBPA3IUBIIIUM €JIEMEHTOM CUCTEMHU € JIFOJIMHA, TOMY OIlIHKA
il HagiifHOCTI Ta Oe3neKkn HeMOXKJIMBa 0e3 ypaxyBaHHA JIIOJCbkoro ¢akropa. Lle mopokye
notpedy B KOMIUIEKCHOMY IAXOJI JO aHajli3y pHU3UKIB Yy COLaJIbHO-TEXHOJOTTYHHX
cucremMax.

Ha cporognimHiii JeHb 3HaYHY 3arpo3y AJs MEepCOHANTy Ta HACENEHHsS CTAHOBIATH
00’extn minBuieHoi HeOe3neku, moB’s3aHi 3 TT, 30kpema, smepHi, XiMiuHi, BiliCBKOBI
YCTAHOBKH Ta KOMIUIEKCH, SIKi MalOTh BUCOKH MOTEHLIA] BUHUKHEHHS aBapifHUX CUTYaIlii.
Ocob6muBocti  ekcrutyatanii TT B AIIB nume 3aroctproioTh mpobiemy 3abe3rnedeHHs
Oe3meKu, $Ka, TOMPH CBOK BAKIUBICTh, 3AJUIIAETHCS HEJOCTATHBO OCIIKEHOI Ha
HAyKOBOMY PiBHI Ta BUPILIY€ETHCS MEPEBAKHO IHTYITUBHO Ha MPAKTHIIL.

BincyTHIiCTh cHCTEMaTH30BaHOTO METOJMYHOIO anapary JUlsi HOPMYBaHHS BUMOT JO
6e3neunoi excruryaranii TT, a Takox ans aHanizy Ta OOIpYHTYBaHHS BiAMOBIIHUX 3aXO/iB,
CBITYMTH MPO HEOOXiTHICTH po3poOKKM HOBHUX MiaxosiB. HeoOXiaHICTh JOCTIKEHb Y LIbOMY
HampsMi oOyMoOBIIeHa Ie W NOTpe0OI0 BpaxyBaHHS pealbHOTo TexHiyHoro craHylT #
obnannanus B AIIB Ta ¢pyHKIIOHaTBFHOTO CTaHy MEPCOHATY.

Hapasi Bumoru 10 epekTuBHOCTI cucTeM Oe3neku (HopMyITIOIOTHCS MEPEBAXKHO AKICHO,
3 OYIKyBaHHSIM ITOBHOTO BUKIIIOYEHHS HeOe3neyHux mnoaiid. OHaK mpakTuka JeMOHCTPYE, 110
mopoky B mpoueci ekcrutyaranii TT B AIIB Tpamnstorecs aBapii, MOJOMKH, TpaBMH,
npoeciiiHi 3aXBOPIOBAHHS Ta iHIII HETATHBHI SBUIIA.

CyyacHa KoHUeMNIs Oe3MeKu BHU3HAE HEMOXIIUBICTH aOCOJIIOTHOTO 3aXHCTy, TOMY
BUHUKa€E MoTpeda y BH3HAUCHHI JOMYCTHMOIO PIBHS PHU3HKY, PO3pOOIl MeXaHi3MiB Horo
3a0e3leueHHs] Ta BIPOBA/DKEHHI B eKCIUTyaTaliiHy mnpakTuky. [lis peamizamii Takux
MeXaHI3MIB HEOOXITHO CTBOPUTH HAYKOBO-METOAMYHY 0a3y, SKa I03BOJMTH HA OCHOBI
nocToBipHOT iH(OpMarlii mpo mepenrymMoBH aBapiii, moB'szanux 3 TT y AIIB, npuiimatu
CBO€YACHI YHpaBiiHChKI pimeHHs. Lle mepenbayae mporHo3yBaHHs 3MiH piBHS HEOE3MEKH Ta
3aCTOCYBaHHS BiIMOBIAHUX KOMIIEHCAIIMHUX 3aXO0/IiB.

CymepedHicTh MDK 3aJJaHUMH TTOKa3HUKaMH Oe3Meku, (aKTHIHHM TEXHIYHHM CTaHOM
TT, MOXKIIMBOCTSAMU CUCTEM YIIPABIIHHS PU3UKAMU Ta OOMEXEHUM (pIHAHCYBAHHSAM BKa3ye Ha
noTpely momyky OamaHcy MK 0e3MeKor0, eEeKTHUBHICTIO Ta €KOHOMIYHOKO JOIUIBHICTIO B
YMOBaXx IPOJOBXKEHHS TEPMIHIB eKkcruTyaTaii oquHuLb TT 1 mapky MamuH B IJIOMY.

[Micnsarapanriiina excrutyaraiss TT y AIIB cynpoBOIKyeThCSl Ai€I0 YHCICHHUX
BUIAJIKOBUX HeOe3MeyHuX (aKTopiB, a BIICYTHICTh YHIBEPCAIbHOTO IHCTPYMEHTY JUIs
BUSIBJICHHSI KPUTHYHUX B3a€MO3B’SI3KIB YCKIIQIHIOE MMPOTHO3YBAHHS O€3MEKH TEXHOJOTTYHHX
nporeciB. Meroan MareMaTHYHOI CTaTHCTUKH, 30KpeMa O0arato(pakTOpHUN KOpensiiHuN
aHaji3, MOKMU 110 HE AW OYiKYBaHMX PE3YJIbTaTiB, IO CBIIYUTH PO HEOOXiTHICTH MOLIYKY
HOBUX IMIJTXOJIIB.

JocmimpkeHHs: KpuTHuHUX cutyaniii ekcruryatauii TT y AIIB Ta Hebesmeunux
(baxTOopiB, a TAKOXK po3p0oOKa KOMIUIEKCY 3aX0/iB JJIs X HEUTpasi3allii, MalOTh BpPaxOBYBaTH:

- 3HaUHY KUIbKIiCTh JpKepen HeOe3neku ekcruryatailii TT Ta motpely B imeHTHIKaIii
NPUYMH 1X BUHUKHEHHS;

- HeoOXiHICTh aHaJi3y MOBHOTO CHEKTPY MOKJIMBHX 3aX0/liB pearyBaHHS;

- lepapXi4Hy CTPYKTYpy YMHHHKIB PU3HKY Ta MOTpeOy B GaraTopiBHEBOMY aHali3i ix
BILJIMBY.

L1i 0coGIMBOCTI YHEMOXJIUBIIOIOTH MOBHOI[IHHE PO3YMIHHS MPOOJIEMHU MiABUILEHHS
eKcruTyaraiiifnoi HaniiiHocti Ta Oe3meku excmuryarauii TT y AIIB Ha ocHOBiI aHanmizy
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OKpEeMHUX BUMAJIKIB, TOMY NOTPiOEH CUCTEMHHMA MiAXiI.

Jlnst 3a0e3nedyenHHss epeKTUBHOTO YIPABIIHHSA TEXHIYHUM cTaHoM 1 Oe3nekoro TT y
AIIB HeoOXiJHO BUPIMIUTH HACTYIIHY HU3KY 3aBIaHb:

- OTPUMATH HOB1 HAYKOBI JaH1 JUI1 KUIbKICHOTO omnHCy TexHIYHOTO cTany TT Ta piBHs
Oe3neku ii excrutyaranii B AIIB;

- pO3pOoOUTH METOIUKH MPOTHO3YBaHHsS 3MiH TexHiyHOro ctany TT Ta BHU3HAYeHHS
BIJIOBIIHUX MOKA3HUKIB O€3IEKH B €KCILTyaTallii;

- JOCTIIUTH JAWHAMIKY 3MIiH TexHiyHOro Ta Oe3meuHoro crany TT 3amexHO Bix
KepYIOUHX JIiif;

- CTBOPUTH METOJUKHU OIIHKU epekTuBHOCTI ekcruryaranii TT y pi3HHX TeXHIYHHX
CTaHaxX Ta BUTpAT Ha 3a0€3MeUYeHHs] NPUHHATHOTO PIBHS PU3HKY;

- pO3poOUTH MaTeMAaTUYHUH IHCTPYMEHTapid AJisi OLIHKM BHUTpPAT Ha pealizalliio
3axO0JiB 3 MiIBUIIEHHS HalifHOCTI Ta eexTuBHOCTI BUKopucTanus TT y AIIB;

- copMmyBaTH peKOMEHJALil /Ui MPUHHATTS pillleHb II0J0 ONTUMAIBLHOTO BHOOPY
3axoiB, crpsMoBaHUX Ha nepeBeneHHs mapky 1T y AIIBT y menm HeOe3neuHuil cTa 3
ypaxyBaHHSIM BHUTpAT 1 yacy peaizarii.

HaykoBi mocmipkeHHS y IIbOMY HampsiMi BeayTbcs B LleHTpanbHOYKpaiHCBKOMY
HAI[IOHAIBHOMY TEXHIYHOMY YHIBEPCHUTETi 1 BXKE OTPUMAHO HHU3KY BAXKJIMBHUX pPeE3yJbTATiB.
[TpoTe GiIbIIICT MyOIMiKalLiif 30cepe/KeH] Ha OKpEMHUX aBapifHUX CUTYyaIlisX, 0e3 HalexHOI
cucremarusanii. Lle cBimuuTh Mpo HaranbHy MOTpeOy y CTBOPEHHI MiAXOJIB J0 KUIBKICHOTO
CHCTEMHOIO aHaJli3y YMNPABJIIHHA TEXHIYHUM CTaHOM 1 O€3MEeKOI0 TPAHCIOPTHOI TEXHIKH Y
arporpoMHUCIOBOMY BUPOOHHUIITBI.

BucnoBku. 1. BusHaueHo, 110 afanTUBHE YIMPaBIiHHSI TEXHIYHUM CTAaHOM 1 0€3MEK0I0
eKCIUTyaTallii TPaHCHOPTHOI TEXHIKH y arpolpOMHUCIOBOMY BHPOOHHITBI € HEOOXiTHOIO
YMOBOIO MIBHUILEHHS 11 HAAIHHOCTI Ta €(EKTUBHOCTI BAKOPUCTAHHS

2. 3'scoBaHO, IO peai3allisi aJalTHUBHOTO YIPABIIHHA MOTpedye yIpaBIiHHSA
TEXHIYHUM CTaHOM 1 0€3MEeKOI0 TPAaHCIOPTHOI TEXHIKU,KOMIUIEKCHOTO MiX0/y, 10 MOEIHYE
TeXHIYHI, OpraHi3alliiiHi Ta coliaJibHi aCTIeKTH.

3. IlokazaHo, IO MOJANBII JOCHDKEHHS MarloTh OYTH CHIpPSMOBaHI Ha CTBOPEHHS
IHTETPOBAaHUX CHCTEM MIATPUMKH NPUHHATTS pillleHb, IO 0a3ylOThCs Ha pPEATbHOMY
MOHITOPUHTY Ta NPOTHO3YBAaHHI TEXHIYHOTO CTaHy 1 PHU3UKIB BHHHMKHEHHS JOPOXKHbBO-
TPAHCHIOPTHUX MPHUT0J, aBapii Ta KaTacTpod y arpornpoMHUCIOBOMY BUPOOHHUIITBI.
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Adaptive Management of the Technical Condition and Safety of Operation of Transport

Equipment in Agro-Industrial Production

The resource of transport equipment used in agro-industrial production decreases with the process of
operation and requires support from various maintenance and repair systems.

The change in the resource of transport equipment when using a planned and warning system of
maintenance and repair is justified.

An adaptive concept of the operation of transport equipment is formulated, which is focused on the
efficient use of resources. The basis of the concept is a system of monitoring and forecasting the technical
condition of transport equipment and the level of occupational injuries of operators. This information is reliable
for making decisions on the further operation of transport equipment. Tasks are formulated to ensure effective
management of the technical condition and safety of transport equipment in agro-industrial production.

When solving these tasks, a comprehensive approach to the problem under study is proposed and
mechanisms are developed to ensure and implement in operational practice an acceptable level of risk. It is
proposed to create a scientific and methodological base that will allow timely management decisions to be made
on the basis of reliable information, and it is envisaged to predict changes in the level of technical condition of
transport equipment and the level of danger to apply appropriate compensatory measures.

A number of contradictions between safety indicators and the actual technical condition of transport
equipment have been identified, and it is proposed to seck a balance between safety, efficiency and cost-
effectiveness of operation in the conditions of continued operation of equipment.

The results of studies of critical situations in the operation of transport equipment in agro-industrial
production made it possible to develop a set of measures to neutralize them.
transport equipment, technical condition, adaptive management, operational safety, maintenance and
repair strategy
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JlocaixeHHs 1e(pOpMOBAHO-HANPY>KEHOT'O CTaHY
HECY4Ol paMM HamiBIPUYEIIIB

PoGora mpucesiuena anHaiizy JeopMOBaHO-HANPY)KEHOTO CTaHy HECYYMX paM HaIiBIPHYEIIB, IO
eKCIUTYaTyIOThCSl B CKJIQJHUX YMOBax. 3aCTOCOBAHO MOJM(IKOBAaHWH METOJ] MiHIMyMY ITOTEHLIAJIbHOI €Heprii
nedopmarii 3 ypaxyBaHHSM €HEpridi 3TMHY Ta KpydeHHS. Buxopucranns ¢yHkmii Xeicaiiza JO3BOJHIO
eQeKTUBHO 00pOOUTH 3MIiHM )KOPCTKOCTEH KOHCTpYKIii. MOemoOBaHHS JO3BOIMIO ONTHMI3yBaTH KOHCTPYKIIIO
pamu Ta ii By3JiB, IiJBUIIUTH HAIIMHICTH 1 3MEHIIUTH MarepialoMicTKicTh. Lle 3abe3reuye NMOBrOBIYHICTD Ta
0e3IeKy eKcIuTyaTanii HamiBIPUYEIiB.

HaIiBNIpUYeny, Hecy4a pama, 1e()OpMOBaHO-HANIPYKEHUH CTaH, MOTeHIiaJIbHA eHeprisa Aed opmanii

IMoctanoBka mnpo6Jjemu. CyyacHHH PO3BUTOK TpaHCIOPTHOI iHQpacTpykTypu Ta
iHTEeHCHU}IKaI[is BaHTAKHUX MEPEBE3CHb BHCYBAIOThH IMIJBHUILEHI BUMOTH /10 KOHCTPYKTHBHOI
MII[HOCTI Ta JOBrOBIYHOCTI HamiBmpuueniB. Hecywi pamMu LuX TpaHCIOPTHUX 3ac00iB,
MOCTIHHO (YHKIIOHYIOTh B €KCTPEMaJbHHUX YMOBAaX — BHCOKI IIBUAKOCTI, 3HA4YHI Ta
JTMHAMIYHI 30BHINIHI HABAaHTA)XCHHS, 4 TaKOX BIUIMB arpeCUBHUX cepenoBuil. Lli ynHHMKK
CTBOPIOIOTh KOMIUIEKCHHI BUKJIHK JUIS 1HKEHEPHHUX DIllleHb, OCKUIBKU ICHYIOY1 MIAXOAU 10
MPOEKTYBAaHHS YacTO HEe 3a0e3MeuyroTh MOBHOT ONTHMI3alil HAIiifHOCTI Ta JOBTOBIYHOCTI
KOHCTPYKIIi PU OJHOYACHOMY IPAarHeHHI /10 3HWKEHHS 1 MaTepialoMiCTKOCTi. DakTHYHHHA
CTaH CIIpaB JEMOHCTPYE, IO ICHYIOUYi METOJMKH MOJIEIIOBAHHS HaIPy>KEeHO-1e(pOpMOBaHOTO
CTaHy HE 3aBXK/JH aJIeKBaTHO BiZI0OpPaKalOTh yCi TOHKOII B3a€EMOJII1 paMH 3 Pi3HOBEKTOPHUMHU
HaBaHTAXXEHHSIMHU, 30KpeMa, IrHOPYIOUM ab0 HEJIOCTATHHO BPAaXOBYIOUHM CKIIAJJHHH XapakTep
KOMOIHOBAHOI Jlii 3TMHAIBHUX Ta KPYTHJIBHUX 3YCHUJIb, & TAKOXK HASIBHICTh KPUTUUYHUX 30H 31
3HaYHUMH TIepernajaMu KopcTKocTeil. HenocTaTHs TOUHICTD y BUSBJICHHI 30H MaKCUMaJIbHOT
HaNpyrd Ta MOTSHIIMHUX JIISHOK PYHHYBaHHS MOXKE MPU3BECTH HE JIMIIE 0 MPHUCKOPEHOTO
3HOCY, a ¥ 10 CepHO3HMX aBapiiHUX CHUTYallill Ta, SK HACIIIOK, O CYTTEBOTO 30UIBIICHHS
eKCIUTyaTal[ifHUX BUTpAT.

AHaJni3 ocTaHHiX Aocaikens i mybJikaniii. CydacHa HayKoBa JiiTepaTypa NpHALIIE
3HAYHY yBary MiJIBUIIEHHIO MII[HOCTI Ta JOBTOBIYHOCTI HaMIBIIPUYEIIIB, OCOOIHBO B yMOBAaX
IHTEHCUBHOI eKcruTyarailii. ICHyroui MeToaM MOJENIOBaHHS HaIpyKeHO-Ie(GOopMOBaHOTO
CTaHy HE€ 3aBXIM TOYHO BpPAXOBYIOTh yCi TOHKOIII B3a€EMOJIl pamMH 3 PIi3HOBEKTOPHHUMH
HaBaHTAXEHHSMHU, 30KpeMa KOMOIHOBaHY JIif0 3TMHAJIBHUX Ta KPYTHIBHUX 3YCHJIb, a TaKOX
nepenaand KopcrkocTei. lle Moke mpu3BeCTH A0 NPUCKOPEHOrO 3HOCY, aBapii Ta
30UTBIIEHHS eKCIUTyaTalifHuX BUTpaT. ToMy BUHHKAE OTpeda y BAOCKOHAIEHHI MiX01iB JI0
MOJICTIOBaHHA JUId 3a0e3ledyeHHsT HaAIfHOCTI Ta JOBrOBIYHOCTI KOHCTPYKIil TpHU
OJIHOYaCHOMY 3HIDKEHHI 1l MaTepialoMiCTKOCTI.

Y pobGoti [1] mochmimkyBanu HampykeHO-Ae(hOpPMOBaHUNH CTaH TATOBOI paMu
HAaITBIPUYIITHOTO CKperepa 3a J0MOMOTo0 KOMI'IOTEPHUX 00UMCITIOBAILHIX METOIIB, 30KpeMa
IPOrPaMHOTO KOMIUIEKCY Ansys. ABTOpPHM HAarojomylTh Ha HEOOXiTHOCTI BHU3HAYCHHS
HanpyXeHo-1e(opMOBAHOTO CTaHy €JIEMEHTIB Ta KOHCTPYKI[iil MPH MPOEKTYBaHHI MAIlIKH.

© A. L. Ianinko, B. M. Mocbnan, M. P. Bamyuskuii, B. B. Biprouuncskuii, O. 1. [Tonosuy, 2025
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BoHu minkpecnooTh, 10 YHCIOBI METOAM, TaKi SIK METOJ CKIHYCHHUX EJIEMEHTIB,
J03BOJISIIOTh  CKOPOTHUTH JIOPOTi EKCIEePUMEHTAIbHI MEPeBIPKM MIITHOCTI KOHCTPYKLIN
3aBJITKW BUKOPUCTAHHIO JAEUIEBIIOT0 KOMI'TOTEPHOTO MOJICIIFOBAHHSI.

VY nocaimkenni [2] Oyno AeTanbHO NMPOaHANI30BAaHO HAIPYKEHO-IePOPMOBaHUI CTaH
pamu Oypsko3zOupanpHoro kombOaiina KC-6b-10. ABTOopu aKkIeHTyBalH yBary Ha CKJIaJHOCT1
MPOEKTYBAaHHS HECYYMX KOHCTPYKIIM TEXHIKH, 3yMOBJEHOI iXHBOIO MPOCTOPOBOIO
reOMETPI€0, PI3BHOMAHITHICTIO €IEMEHTIB Ta BUCOKUM CTYIEHEM CTAaTHYHOT HEBU3HAYCHOCTI
PO3PaxyHKOBHX CXEM, a TaKOK CKJIAJHUM XapaKTepOM HaBaHTaXeHb. /i1 MOJONaHHS LHX
BUKJIMKIB OYyJIO 3aCTOCOBAHO METOJI CKIHUCHHHMX €JIEMEHTIB 3 BUKOPHCTAHHSIM IPOTPAMHOTO
koMmiiekcy «JIIPA-9.6», mo po3Bonmno mnpuckoputu pospaxyHku HJIC Hecyumx
KOHCTPYKIII/f HA OCHOBI IUCKPETHUX MOJIEIIEH.

B mpami [3] Oyno nmocnimkeHO HampyXeHo-IehOpMOBaHUN CTaH paM BiOparliiiHHX
w1atpopM, OCHAIIEHUX BEPTHUKAIBHUMH Ta TOPU3OHTAIHHUMHU BiOPO30YIKyBayaMH.
OcoOnuBy yBary MPUAUIEHO JKOPCTKOCTI paM Min Jdi€l0 SK BEPTUKANBHUX, TakK 1
TOPU30HTAIIPHUX HaBaHTaXXeHb. B pamkax JOCHiKeHHS Oylo po3paxoBaHO NPOTHHH B
eJIEMEHTaX METaJeBOI paMU Ta BUBYEHO THUIl PO3IOJLTY HANpyKeHb. ABTOPU BH3HAUMIU
MICIIsI KOHIIEHTpALil HaNPYXEeHb JUIS TOCIIKYBAHUX KOHCTPYKI[iM BIOpaIiifHUX IaThopMm.
BusiBneHo, 1o 3HaYeHHs IUX HalpyXeHb 3HAYHO MEHIII 32 PO3paxyHKOBHI Oomip CTaji, 110
BKa3ye Ha MOXJIMBICTb ONTHMi3allii KOHCTPYKIIi pamMH LUIIXOM 3MEHIINEHHS il
MeTanomMicTkocTi 10 20%.

ABtopamu  [4] mpoBeAEHO  OIIHKY  HAmNpyXeHO-Ae()OpPMOBAHOTO  CTaHy
METAJIOKOHCTPYKIIIH MOPTOBUX IE€PEBAHTAXYBAIBHUX MAIIMH. JIOCTKEHHS BUKIHKaHE
3aHENOKOEHHSM LIOJI0 CTaHy LUX KOHCTPYKIIH B YKpaiHCBKUX MOpPTax, M0 HOTEPHAOTh Bix
KOPO3ii, MEXaHIYHOTO 3HOIIYBAaHHS, BIZICYTHOCTI MOJIEpHI3allii Ta 0OMEXEHOCTI pecypciB s
TEXHIYHOTO 00cayroByBaHHs. OCKUIBKM MAaIIMHU EKCIUTyaTyIOThCS JECSATUIITTSAMHU, BOHHU
3a3HAIOTh CYTTEBOTO 3HOCY, IO 3HWXKYE IXHIO HECydy 3/JaTHICTh Ta IIIBUILYE DPU3HKH.
MeTo10 JOCHIKEHHS € BU3HAUYEHHS HaIpyKeHO-Ae(OpPMOBAHOTO CTaHy AJs 3a0e3redyeHHs
iXHBOT HaAIITHOCTI Ta 6€3MeYHOI eKCIUTyaTallil B iCHyIOUuX YMOBaXx.

VY crarti [5] yBary axieHToBaHO Ha (OpPMYBaHHI CIPSIMOBAHOTO HAIPYKEHO-
neneopMOBaHOTO CTaHy B KOHCTPYKTHBHHMX €J€MEHTax BaHTaXKHUX BaroHiB. Pobota
IPYHTY€ETHCS Ha KOHIICMIIIi TOTIEpeAHIX HAMPYKeHb 1 Ma€ Ha METI MiABUINUTHA HATIHHICTh Ta
JOBTOBIYHICTE PYXOMOTO CKJaay. ABTOPH MpPOBENH TIMOOKHMH aHali3 eKCIUTyaTalifHUX
MOIIKO/IKEHb, a TaKOXX OLIHWIN KOHCTPYKTUBHY JOIUIBHICTD Ta TEXHOJOTIYHI MOKJIHMBOCTI
11t BUOOPY ONTHUMANIBHUX MICIIb 3aCTOCYBAHHS MONEPEAHIX HANpyXKeHb, CHCTEMAaTU3yBaBILU
iX y CTpYKTypHO-/IEKOMITO3UIIIHIi cxeMi. HaykoBo 0OTpyHTOBaHO SIK camy JOIUTBHICTh, TaK
1 KOHKpETHI METOAM peaji3alii Takoro CIpsIMOBAaHOTO HaNpyXeHO-1e(OPMOBAHOTO CTaHYy,
mo OyJ0 TEOPeTHYHO MPOLIIOCTPOBAHO HA MPHUKIAAI BaroHa-mucrepHu. Lle mocmimkeHHs
MIATBEPIUKYE MOKJIHMBICTE €()EKTUBHOTO YNPABIiHHS BHYTPIIIHIMU CHJIaMHU B KOHCTPYKIi
JUTSL IOKpAIIEeHHS 1 eKCIUTyaTalifHIX XapaKTepPUCTHK.

IMoctanoBka 3aBaanusi. Crarrs Mae Ha MeTi 3AiicHUTHM TAMOOKHMH aHAami3
neopMOBaHO-HANPYKEHOTO CTaHy HECYYHMX paM HaliBIPHUYENiB, OCOOJMBO THX, IIO
(GYHKIIOHYIOTh B YMOBaxX 3HAaYHMX HAaBaHTAXEHb Ta arpecMBHUX cepepoBuml. Lle
JNOCTI/DKEHHST CIPSIMOBAaHE Ha BJIOCKOHAJIEGHHS ICHYIOUMX TIAXOMIB JI0 MOJICTIOBAHHS
HanpyXeHo-1e(opMOBaHOTO CTaHy 3a JOMOMOIOI0 MOIU(IKOBAHOTO METOIy MIHIMyMYy
noTeHIianbHo1 eHeprii nedopmarii. KirouoBuM acnektom Oyae NeTanbHHIA OONIK eHepriit
3TUHY Ta KPYYEHHs, [I0 € BAXKIMBUM JUISI TOYHOTO BiZOOpaXEHHS peaJbHUX YMOB
excruryatarii. Jlyis epeKTUBHOTO OIpaIfoBaHHS OCOONMBOCTEH, IMOB'I3aHUX 31 3HAYHHUMH
3MIHAMHM Ta TMEpenagaMu >KOPCTKOCTEH y KOHCTPYKLIAX, Oyne 3acTOoCOBaHO (YHKIIIO
Xesicaiina. KiHnnmeBum pe3yiapraroM  poOOTH  craHe (OpMYyBaHHS  OOTPYHTOBAHHUX
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pEeKOMEeHalii o0 palioHaNi3amii KOHCTPYIOBAHHS SIK OKPEeMHX CKJIaJOBHX BY3JiB, Tak 1
Bci€i pamMHOI KOHCTPYKIii, IO JO3BOJIUTH MIABUIIUTH i HAAIHHICTb, 3MEHIIUTH
MaTepialoMICTKICTh Ta 3a0€3MEUNTH TOBrOBIYHICTD 1 O€3MeYHY eKCIUTyaTallil0 HaliBIpHYei.

Bukiaa ocHoOBHOro martepiajy. Y CyyacHMX yMOBax, J€ TEXHOJIOTIUHI MpOIECH
BUKOHYIOTBCSl B CKJIaJHMX YMOBaxX Ha 3HAYHMX MIBHJIKOCTSX, a OOJaTHAHHSA TNpaIloE B
arpecuBHUX CEpelOBUINAX, HECYydl paMM HaIIBIPHYENiB 3a3HAIOTh 3HAYHUX 30BHIIMIHIX
HaBaHTAXEHb, 10 SKUX HAJIEKUTH: yIapH Ta BiOpallii, sKi BUHUKAIOTh NPU pycl MO HEpIiBHIH
J0pO3i1; KPYTUIIbHI HaBaHTAXXEHHS, sIKI BUHUKAIOTh Yepe3 HEPIBHOMIPHUI PO3MOALT BaHTAXKY;
HABaHTAXEHHSI BiJl arpECUBHUX CEPEJOBUII, TAaKUX SIK KOPO3isd Ta abpa3suBHMIA 3HOC. 3 OISy
Ha Ii eKCIUTyaTalliliHiI XapaKTepUCTHUKH, TaKi pamMHI KOHCTPYKLIi B MaIlIMHOOYIyBaHHI1
BimHOCATRCst o Il wmacy 3Baprmx pam [6, 7, 11]. Jlns 3a0e3nedeHHs HAIIfHOCTI Ta
JOBTOBIYHOCTI, @ TaKOX [yl ONTUMI3aIlil KOHCTPYKIlii, BUHMKa€e mMoTpeda y CTBOpPEHHI
pamioHaJIbHUX HECYYMX CHCTEM AaHOTO THIly. Lle 3aBIaHHs yCHIIIHO BHUPIIIYETHCS IIISAXOM
MaKCHUMAaJIbHO KOPEKTHOTO Ta JETAJIbHOTO MOJIENIOBAHHS iX HAaNpyXeHO-1e(OPMOBAHOTO
crany. Take Mo/ieIOBaHHS 00OB'SI3KOBO BPaxoBYe BCl MOJKJIMBI 30BHIIIHI HABAHTAXKEHHS, SK1
JIIOTh Ha HAMIBIPUYENH, PO3IJIIAI0UM iX K KOMIUIEKCHI (yHKIii ymMoB pobotu. OcobnmBa
yBara TpPUIUISETbCA — aHANi3y  J1e(OPMOBAHO-HANPYKEHOTO  CTaHy Hecydol pamu
HAMIBIPUYEIiB, 00 BHUABUTH HAWOUIBII Bpa3iMBi AUISHKA Ta ONTHUMI3YBaTH PpO3MOJILI
HaBaHTaXeHb. Takuil MIXiI J03BOJISIE HE TUTBKH MIABUIIUTH MIHICTh KOHCTPYKIii, ane i
3HU3HUTH i MaTepialOMICTKICTh, IO € KJIFOYOBHM (PaKTOPOM JJIsi €eKOHOMIYHOT e(peKTUBHOCT1
Ta pecypco3depexxeHHs. s gocnipkeHHs HamMu  OyJao  pO3IIISHYTO —HAaiBIPUYENH
BupoOHuiTea AT « PIBHECIJIbBMAIII».

YaoCKOHaNeHHs] HAMIMHOCTI € KPUTUYHO BAKIMBUM acCleKToM Juis  0a30Boi
MPOCTOPOBO HABAaHTAKEHOI Hecyuyoi KOHCTPYKIIl HamiBOpuyenmiB Ta ii OKpeMHUX BY3IIB.
BuBueHHs Ta onTuMizamis iX JIeQOpPMOBAHO-HANPYXKEHOTO CTAaHy CTa€ OCHOBOIO JUIA
3a0e3reueHHs] JTOBFOBIYHOCTI Ta Oe3meuyHoi ekcrutyatamii. Ll poGoTa IpyHTyeThCcsl Ha
JEeTalbHOMY  MOJICIIOBAaHHI  HANpyXeHO-1e(OPMOBAaHOTO  CTaHy, BHMKOPHCTOBYIOUH
MoaU(pIKOBaHUNA METOJ MIHIMyMYy MOTeHIiaNbHOI eHeprii aedopmanii. OcobmuBa yBara
NPUIUIAETbCA BpaxXyBaHHIO E€HEPriii 3TMHY Ta KpPYYeHHS, IO JO3BOJSE OUIBII TOYHO
BIZIOOpa3UTH pealbHi YMOBHM eKcIUTyatauii. Parfionamizamiss METOJy JHOCSTaeTbes 3a
JormoMororo 3acrtocyBaHHs (yHKIii XeBicaiima H(x), sika 103BoJisie eeKTUBHO OOpOOIATH
0COOJMMBOCTI 3MIHM Ta 3HAYHUX TIEpenajiB >XOPCTKOCTEH, XapaKTEepHUX s TMOAIOHMX
KOHCTpYKIiN. Takui miaxig Ja€e MOXKIMBICT pPO3pOOMTHM OUIBII MIIHI Ta OJHOYACHO
MaTepiaJoMICTKi KOHCTPYKIIii.

Y po6oTi po3risaaeThCs MIOCKA MPOCTOPOBO-HABAaHTAXKEHA paMHa KOHCTPYKILif, 110 €
[EHTPAJILHOIO CKJIAJ0BOIO HECYYOl CUCTEMH CydyacHHX HamiBrnpuueniB. Ls pama sBise co6oro
BHUCOKOHAJI{HY 3BapHY HECydy KOHCTPYKIiIO, PETebHO CIPOEKTOBAHY Ul BUTPUMYBAHHS
3HAYHUX HABAHTA)KEHb Ta 3a0e3MedeHHs CTabUILHOCTI Ml yac ekciulyaTamii. 11 apxiTexTypa
BKJIIOYA€ [BA IMO3JI0BXKHI JIOH)KEPOHH, 3 JIOBXKHUHOIO /, II0 ONTUMAJbHO PO3paxoBaHa JUIs
KOHKPETHHUX eKCIUTyaTalidHux ymoB [8, 9, 12]. Lli noHxkepoHH HaIiifHO 3'€lHaHI MDK CO0O0I0
3a JIOMOMOTOI0 MilHOI mepenHboi Oanku Ta cucteMu nomnepeudH. Taka koHiryparis
703BOJIsIE  €(EKTUBHO PO3MOJUIATH 30BHINIHI HABAHTAKEHHS, MIHIMI3YIOUM JIOKaJIbHI
nedopmartii Ta 3a0e3medyroun 3arajJbHy MIIHICTh 1 TOBrOBIYHICTh YCi€l HECyu01 KOHCTPYKIIi{
HaMBIPUYEIIIB.

[Tpu anami3i 3aBaHTaXEHOCTI MPOCTOPOBO-HABAHTAKEHOI PAMHOI KOHCTPYKILii, 110 €
HEBI'€MHOI0 YAaCTUHOIO HECy4oi CHCTEMH HaIiBIPHYENiB, JOMIHYIOUMMHU (haKTOpamMu
BUCTYNAIOTh 3HAYHI 3yCWJUIA P;, 110 BUHUKAIOTh BiJ TPaHCIIOPTOBaHOI Macu BaHTaxy. Lli
HABaHTAXXEHHSI CTBOPIOIOTh CKJIAIHUN Je(pOopMOBaHO-HANPYKEHUI CTaH y BCili KOHCTPYKIII.
Kpim TOro, BOXXJIMBUM € BIUTUB TUHAMIYHUX HABaHTaXEeHb Pp, SKi MOKYTh BUHUKATH 1]l 4ac
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pyXy, TalbMyBaHHS, TIPOXO/DKEHHS HEpIBHOCTEH 1opord abo poOOTH JIOMOMIKHOTO
oOagHaHHs, 1110 MOKe OYTH IHTerpOBaHe B HAMIBIIPHUIN. Y MICISIX KOHTAKTY 3'€JHAHHS OCel
XOJOBHX KOIIC HAIiBIIPHYENa 3 JIOHKEPOHAMH PaMH Jil0Th CYTTeBi peakilii Ry, Ry, Ry, R; Ta
Ry, R,.

3rigHO 3 PO3PaxXyHKOBOK CXEMOIO, IO BimoOpa)ae OCOOMMBOCTI HECY4Oi CHCTEMHU
HaIIBIPHUYEIiB, 3arajJibHUM BUpa3 (QYHKIIT mNoTeHIiadbHOI eHeprii aedopmarii pamu
(bOpMYITIOEThCS K CyMa €Heprii, 10 HAKOMUYYe€ThCS BHACTIIOK 3THHAHHSA, Ta €Heprii,
CIPUYMHEHOI Kpy4YeHHAM, Uit o0ox ii wactun [9, 13]. Le#t miaxix no3Boiisie BCeOIYHO
BpaxyBaTH BIUIMB YCiX THIIIB AedopMalliii Ha KOHCTPYKIII0O HAMiBIpPUYEra, 10 € OCHOBOIO

(M

Pucynox 1 — Po3paxyHkoBa MoziesTb HECy40i paMu HamiBIIpHYeria
Hoicepeno: pospobrerno asmopamu

Ha pucyHky 300pakeHO po3paxyHKOBY MOJIeNb, OCHOBHI KOMIIOHEHTH Ta MO3HAYECHHS
BKJIIOYAlOTh: P — 30BHIIIHI 30cepe/pkeHi HaBaHTaXEeHHs; M — 30cepe/keHi MOMEHTH, IO
III0Th Ha KOHCTPYKUi0; Q — momepeuHi cuimm; K — XKOPCTKOCTI MPYKHHUX 3B’SI3KiB, SK1
MOJICIOIOTh peakKIlifo OCHOBH; h, a — po3Mmipu eneMmeHTiB; R — omopHi peakiii KpaiioBuX
NPYKHUX 3B’ SA3KIB.

Um = i[fol(l(l — Q15 —Ros + (K, — Qs + (Py + P ))H(s —ay) + (K3 — Q35 +
+(P,+P))H(s — ap) + (Ky — Qa5 + (P + Pi3))H(s — a3)) + (Ks — Qss + (P + Piy))H(s —
—a,) + (Ks — Q65 + (Ps + Pi5))H(s — as) — RysH(s — ag) + (K; — Q75 +
+(Ps + Pig))H(s—a;) — RysH(s — ag) + (Kg — Qgs + (P, + P17))H(s — ag) + (Kg — Qo5 +
+(Pg + Pig))H(s — ay0))?ds] + ﬁ [foh(M1 — Q15 — RosH(s — hy))?ds + foh(Mz_st +
+ Py H(s = hy) + PH(s — hs))2ds + J; (M — Qa5 + P H(s — hy) + PyH(s—hs))?ds + )
+ foh(Mz; — Q45 + Pi3H(s — hy) + P3H(s — h3))?ds + foh(Ms —Qss + P, H(s—hy) +
+ PH(s — hs))2ds + [ (Mg — Qg5 + PisH(s — hy) + PsH(s — hy))?ds + [ (M;—Q,s +
+ PygH(s — hy) + PgH(s — hs))?ds + [ (Mg — Qgs + Pi;H(s — hy) + P;H(s — hy))2ds +

+ foh(M‘) — QoS + PigH(s — hy) + PoH(s — h3))?ds]
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U =—[f,(My — Quh — Ro(h — hy) + (My — Quh + Py(h — hs) + Pyy (h —

26l

—hy)) X H(s— ay) + (M3 — Q3h + P,(h — h3) + Pi;(h — hy))H(s — a;) +
+(My — Quh + Ps(h — h3) + Pis(h— hy))H(s — a3) + (M5 — Qsh + P, (h —
—h3) + Piy(h —hy)) X H(s —a,) + (Mg — Qgh + Ps(h — — h3) + P;5(h —

—h)H(s —as)) + (M; — Q;h + Ps(h — h3) + Pyg(h — hy))H(s — az) +

+(Mg — Qgh+ P;(h — h3) + Pi;(h — hy)) X H(s — ag)) + (Mg — Qoh +

+Pg(h — h3) + Pig(h— + hy))H(s — a;p))%ds +
+ J;(My — Rohy + (M, + Py hs + Pyyhy H(s — ay) + (M + Pyhs +
+P,h)H(s —a,) + +(M, + P;hs + P,shy)H(s — a3) + (Ms + P hs +
+P h)H(s — ay) + (Mg + Pshy + +P;ch)H(s — a5))?ds + (M, + P;hs +
+Pgh)H(s — a;) + (Mg + P,hs + P,hy) X + X H(s — ag))?ds + (Mg +
+Pghs + Pigh )H(s — a,,))%ds] +

" ["KZ + KZ + KZ + K? + KZ + K2 + K? + K2 + K3ds

2Gly,

_l_

Unn = i[fol(qu — Ky —Ros + (@5 — Ko + (P + Py ))H(s —ay) +
(Q35 —K;++(P, + Plz))H(S —ay) + (Q45 —K,+(P; + P13))H(5 —az)) +
+(Qss — Ks + (P + P1y)) X H(s — ay) + (Qs5 — Ko + (Ps + Pi5))H(s — as) —
—R;sH(s —a¢) + (Q,5s — K, + (P, + P,)) X H(s — a;) — RysH(s — ag) +
+(Qss — Kg + (P, + Pi7))H(s — ag) + (Qos — Ko + (P5 + Pig)) X H(s — ayo))?ds] +
+=—[ [;'(My + Q45 — RosH(s — hy))?ds +

2EI,
+ J;'(My + Qps + Py H(s — hy) + Py H(s — hy))2ds +
+ [, (M + Q35 + PiH(s — hy) + P,H(s — hy))2ds +
+ J;'(My + Q45 + Py3H(s — hy) + PsH(s — hy))?ds +
+J;'(Ms + Qss + PiyH(s — hy) + PH(s — hy))?ds +
+ [, (Mg + Qg5 + PsH(s — hy) + PsH(s — hy))2ds +
+J;'(M; + Qo5 + PygH(s — hy) + PgH(s — hy))?ds +
+ [, (Mg + Qgs + P, H(s — hy) + P,H(s — hy))2ds +
+ J;'(My + Qo5 + PioH(s — hy) + PoH(s — hy))2ds]
1 l
Ung = m [fO(M1 + Qih — Ry(h — hy) + (M; + Qzh + Py (h — h3) + Py; (h — hy))H(s —
—a;) + (M5 + Qsh+ P,(h— h3) + P (h— hy))H(s —ap) + (M, + Q,h +
+P,(h — h3) + Pis(h — hy)) X H(s — a3) + (Mg + Qsh + P, (h — hy) +
+Py4(h — hy))H(s — ay) + (Mg + Q¢h + Ps(h — h3) + P;s(h — hy))H(s —
—as)) + (M; + Q;h + Pg(h — h3) + Pig(h — hy))H(s — a;) + (Mg + Qgh +
+P;(h — h3) + Pi;(h — hy))H(s — aq)) + (Mg + Qoh + Pg(h — h3) + Pig(h —
—h;))H(s — a50))%ds +
+ Jy(My — Rohy + (M + Py + Py hy)H(s — ay) + (M + Pyhsy +
+P,hH(s — ay) + (M, + Pyhs + PishH(s — az) + (Mg + Py +
+P, hH(s — ay) + (Mg + Pshs + Pich)H(s — a5))?ds + (M, + Pghs,
+P, h)H(s — @) + (Mg + P, hs + Prohy ) H(s — ao))?ds + (Mg + Pgha,
1 h
+Pghy) X H(s — a0))?ds] + 2o Jo KE+
K? + K2 + K? + K2+ K2 + K? + K + K2ds

€)

4

&)

Ha mincraBi nmpaBuna JleitOHina npo audepeHiitoBaHHs MiTIHTErpalbHUX (DyHKITIH
MOTEHIATBHOT eHeprii nedopmallii 32 HEBIZOMHUMHU MMapaMeTpaMu Ta TEOPEMH PO HAWNMEHIITY
po0OTy, KOXHY 13 TOXIIHUX BiI MOTEHIialbHOI eHeprii nedopmarllii Hecydyoi CHUCTEMH
HAIBIPUYEIIIB TPUPIBHIOEMO JI0 HYNIA. B pe3ynbraTi LbOTO MPOIECY OTPUMYEMO CHUCTEMY
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TMHIMHUX KAHOHIYHUX PIBHSHB, KUIBKICTh SKHX BIAMOBIiZa€ KUIBKOCTI CTAaTUYHO

HeBU3HaueHUX 3ycuiib[ 10].

ou _ . aU U

aMi_O;a_Ki:O;a_Qi:O (6)

[lykaHi 3ruHaNbHUAN 1 KPYTHUH MOMEHTH, a TaKOX MOINEPEYHY CHIy IS Hecydoi
CHCTEMH HaIlIBIIPUYEITiB BU3HAYAEMO 32 HACTYITHUMHU BUXITHUMH JAHUMHU.

30BHIIIHI HABAHTAXXEHHS, OTPUMAHO EKCIIEPEMEHTAIBHO!

P, = 1661H; P{ = 1673H; P, = 2030H; P, = 1964H; P; = 2743H; P; = 2871H; P, =
3128H; P, = 3026H; P; = 3749H; P: = 3740H; P, = 4186H; P, = 4277H;

P, = 5050H; P; = 5423H; Py = 5697H; Py = 5921H; Py = 6636H; Py = 6496H;

P;; = 1570H; P;; = 1810H; P;, = 2172H; P;, = 2254H; P;; = 2967H; P{; = 3079H;
P;, = 3488H; P;, = 3325H; P;5 = 4054H; P, = 3960H; P, = 4915H; P/, = 4752H;
P,; = 5610H; P;; = 5791H; P;g = 6282H; P{3 = 6435H; P, = 6980H; P/, = 7044H.

Pg = 1960H; P = 2146H

®i3uyHI Ta TEOMETPUYHI XapPaKTEPUCTUKH, OJIEpXaHi 3 KPECICHHS 1 BIACTUBOCTEH
MaTepiany KOHCTPYKIIii:

a, = 0,480m; a, = 0,705m; a3 = 0,705m; a, = 0,705m; as = 0,705m; a, = 0,100M; a,; =
0,480m; ag = 0,150Mm; aq = 0,495m; a,, = 0,645m; a,; = 0,645m; h = 1,010M; h; =
0,365M; h, = 0,645Mm; hy = 0,750Mm; I; = 177,258 - 107 7m*; I,,; = 10,9673 - 107 "m*; I,
1,72294 - 107 7m%;I, = 38,6459 - 107 1%v*; E = 2,1 - 10°MIIa; G = 8 - 10*MIla
30BHIIIHI OTMOPHI peakifii CTaTUYHO BH3HAYEHI, BIJHOCHO LIYKAHUX BHYTPIMIHIX
HEBIJJOMHX TTapaMeTpiB:
R, = 8632H;R; = 9078H;R; = 32512H;R; = 33528H;
R, = 31746H;R; = 32184H.
B nigcymMKy npu po3B’si3Ky CHCTEMH PIBHSHB OTPUMAEMO:
M, =—-1758H-m; M, = —=3235H - m; M; = —2704H - m; M, = —2607H - m;
Mg = —-2178H - m; Mg = —2982H - Mm; M; = —3355H - m; Mg = —5132H - m;
My = —-6625H-M; M, = —-8382H-M; K; =0,22H-™m; K, = 0,22H-M; K3 =0,2H- ™m;
K,=015H-M; Ks=009H -M; K, =0H-m; K, =0H-m; K, =0H-M; Ky = 0H - m;
K,=0H-™m;Q, = 1,4H; Q, = —143,5H; Q; = —55,0H; Q, = 68,3H.; Q5 = 45,0H; Q¢ =
73,5H; Q; = 24,2H; Qg = —119,8H; Qg = —118,9H; Q4 = —105,3H.

JlocnmipkeHHsT HeCy4MX CHCTEM HAIIBIIPUYEIIIB BUSBHIIO, IO BOHM MAalOTh 3HA4YHI
nepenaan Ta 3MiHM XKOPCTKOCTL. TouHuil 1 e(heKTUBHUI aHANI3 HANPYKEHO-1e(OPMOBAHOTO
CTaHy TaKMX KOHCTPYKI[i MOxe OyTH MpOBEICHH JHIIE 32 JOTIOMOTO MOIU(DIKOBAHOTO
METOy MIHIMYMY MOTEeHIlianbHO1 eHeprii aedopmartii. Ha ocHOBI pe3ynbTaTiB MOJIEIIOBAHHS
Oymu chopMylbOBaHI PEeKOMEHIAIIl MO0 ONTUMI3allii KOHCTPYKIIi BY3JIiB Ta paMH, IO
JI03BOJISIE OJJHOYACHO 3O0UTBIIMTU MIIHICTh Ta HAAIAHICTH KOHCTPYKIIi 1 3MEHIIUTH ii
MaTepialOMiCTKICTb.

BucuoBku. IlpoBenene nociimpkeHHs 1eOPMOBAHO-HANPY)KEHOTO CTaHy HeCcydoi
paMM HamiBIpPUYEIiB B YMOBaxX IHTEHCHUBHOI €KCIUTyaTalii MEepeKOHJIMBO MIATBEPIKYE
KPUTUYHY BOXIIUBICTh 3aCTOCYBaHHS MEPEJOBUX METO/IIB MOJICIIIOBAHHS /s 3a0€3MeYeHHs iX
(GyHKIIOHATBPHOI ~ HAOIMHOCTI Ta  JIOBTOBIYHOCTL.  3acTOCYBaHHS  BJIOCKOHAJIEHOTO
MOIU(DIKOBAHOTO METOAY MIHIMYMYy MOTEHLIANbHOI eHeprii naedopMarii, M0 OXOIUIIOE
KOMIUIEKCHE BpaxyBaHHS €HEpriii 3ruHy Ta Kpy4YeHHs, y TMO€IHAHHI 3 e(QEeKTHUBHUM
BUKOPUCTaHHIM (yHKIii XeBicalija aisi TOYHOTO OIPAIIOBaHHS 3HAYHHUX TepernaiiB
KOPCTKOCTEH Yy CTPYKTypi, MO3BOJWJIO OTPHUMATH BHYEPIHI JaHi IIOAO TOBEAIHKU
KOHCTPYKIIi Wi pI3HOMAHITHUMHM €KCIUTyaTalliiHUMH  HaBaHTaXeHHAMH. OTpumani
pe3ybTaTH MOJICIIOBAHHS CTAHOBJIATH 3HAYHY MPAKTUYHY IIHHICTh, OCKUTBKM BOHU HAJAIOTh
BHUEPITHY iHpOpMaIlito, HeoOXiMHY Tl ieHTudiKaIii HAOUTBII HABAHTAKEHUX JUITHOK Ta
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NOTEHIIMHUX 30H pU3HKY pyHHyBaHHA. Lle, B cBolo uepry, a03BoJisie cdopMmyBaTu
OOTpyHTOBaHI Ta HAayKOBO BHUBIpEHI pEeKOMEHHaIlii M0J0 MOJAIBIIOl ONTUMI3aIil
KOHCTPYKTUBHUX pIllIeHb K JUIS BCi€i paMHOi CHCTEMH B LUIOMY, TaK 1 s ii OKpeMux,
HAOUIBIII KpUTHYHUX BY3JIB. 3alIPONOHOBAHUN y pOOOTI MIIXiJ CHPUSE HE JIUIIE CYyTTEBOMY
MIIBUIIEHHIO MIHOCTI Ta BUTPUBAIOCTI pAMHUX KOHCTPYKIIIH, 110 € )KUTTEBO BAKIMBUM JUIS
Oesmeku, a ¥ IX paliOHATBPHOMY Ta pecypcoedeKTUBHOMY KOHCTPYIOBAaHHIO, IO
Oe3nocepeIHbO Beae 70 3HIDKEHHS MaTepiaIoOMICTKOCTI KiHIIEBUX BHpOOiB. BrmpoBakeHHs
PO3pO0IIEHNX PeKOMEH Al Y BUPOOHUYY TIPAKTHKY 0O0illse 3HAUHE TTOKPAIIEHHS 3arajJbHuX
eKCIUTyaTal[lIfHUX XapaKTepPUCTHUK HAMIBIPUYEIiB, TapaHTYIOYH IXHIO JIOBIOBIYHICTB,
MaKCHUMallbHy O€3MeKy pyXy Ta 3arajbHy E€KOHOMIYHY €(QeKTHBHICTh (DYHKIIOHYBaHHS B
JMHAMIYHUX Ta CKJIAJHUX YMOBAX Cy4aCHOTO TPAHCHOPTYBAHHS.
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Deformed-Stressed State of Semi-Trailer Bearing Frame

This research delves into the intricate stress-strain state of semi-trailer bearing frames, a critical aspect
given the escalating demands on structural integrity and longevity within contemporary transport infrastructure
and intensified freight logistics. Conventional analytical design methodologies for such complex load-bearing
systems frequently incorporate simplifying assumptions, which, while expediting preliminary calculations, often
culminate in considerable design inaccuracies. These discrepancies are typically offset by an over-reliance on
material consumption, leading to the fabrication of heavier and more costly structures than optimally necessary.
This prevailing challenge underscores the imperative for advanced analytical tools that can provide a more
precise and comprehensive understanding of structural behavior under real-world operating conditions, thereby
mitigating the need for over-engineering and enhancing overall design efficiency.

The study employs a sophisticated methodological framework centered on a modified minimum
potential energy method, meticulously tailored to analyze the intricate interplay of forces within the semi-trailer
frame. A pivotal enhancement to this approach involves the explicit consideration of both bending and torsional
energies, which are fundamental to accurately capturing the complex response of the frame to dynamic and static
loads. Furthermore, the innovative application of Heaviside's function within the computational model
significantly refines the ability to effectively process and account for abrupt changes in the structural stiffness of
various frame components. This allows for a more nuanced and accurate representation of the frame's behavior,
particularly in areas characterized by varying cross-sections or material properties, which are often prone to
stress concentrations.

Through the rigorous application of this advanced computer modeling approach, the research aims to
achieve a multifaceted optimization of the semi-trailer's frame structure and its critical nodal connections. By
precisely mapping the stress and deformation distribution, the model facilitates the identification of areas
requiring reinforcement or, conversely, opportunities for material reduction without compromising structural
integrity. The overarching objective is to bolster the reliability and inherent durability of semi-trailers,
concurrently achieving a substantial reduction in their material intensity. Ultimately, this leads to an extended
service life and enhanced operational safety of semi-trailers, contributing to more sustainable and economically
efficient freight transportation systems.
semi-trailers, bearing frame, stress-strain state, strain potential energy
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BukopucTtanHsi MaclITabHOTO MOACTIOBAHHS
JUTs1 OL[IHKM TOYHOCTI BUMIPIOBAHHS IMapaMeTpiB
aBTOMOOUTIB 1 ABUT'YHIB Y HECTAHIAPTHUX YMOBaX

BupoOHHUIITBO MOOLTBHOI TEXHIKH, 30KpeMa aBTOMOOUTIB ab0 IBUTYHIB HEMOXJIHMBE 0€3 IPOBEICHHS
BUNIPOOYBaHb JIOCITITHUX 3pa3KiB. 3 OIVISAY HAa 3HAYHI BUTPATH PECypCiB, 30KpeMa — 4yacy, Ha BHPOOHHUIITBO
OJHOTO HATYpHOTO JOCIIZHOIO 3pa3Ka Ta IPOBEIEHHS HOro BUIIPOOYBaHb, aKTyaJIbHUM OyJIO Ta JIMIIAETHCS
BHIIPOOYBaHHA MacIITaOHUX HATypHUX Mojened. Y poOOTi mpencTaBiieHi JOCHIHKEHHS HEOOXiTHOI TOYHOCTI
BHMIpIOBaHHS (DI3MYHUX BEIWYMH /IS BUNAIKIB BUIPOOYBAaHb JBUTYHIB BHYTPIIIHHOTO 3TOPSIHHS HAa YAaCTKOBHX
IIBHKICHUX XapaKTEepUCTHKaX, NpH (OPCOBAHMX BHUIIPOOYBAHHSIX aBTOMOOLTIB Ha HaAIHHICTH Ta NpHU
BHITPOOYBaHHAX IMIBUAKICHUX aBTOMOOITIB Ha JHHAMIYHICTb.

BHUNIPOOYBAHHSA ABTOMOOLIBLHOI TeXHikH, (opcoBaHi BHIPOOYBAHHS, YaCTKOBI INBHIKICHI XapaKTepUCTHKH,
MaciurafHe MOeTIOBAHHSA, MACIITAOHUI KoedilieHT, OlIHKA TOYHOCTi BUMIPIOBaHb, I0XU0KA BHMIPIOBAHb

IMocranoBka mpobGaemu. Harypue (macmitabHe) MOJCTIOBAaHHS — IIUPOKO
BUKOPHUCTOBYETHCSI B PI3HUX Taly3six Hayku W TexHikd. lle 103BOJsie CKOpPOTHTH dYac
NPOEKTYBAaHHS Ta JOBOJAKM MaIIMH. HayKkoBOIO OCHOBOIO HATypHOTO MAacIITaOHOTO
MOJICTIIOBaHHA € Teopiss MOoa00M, METOAM SKOi JO03BOJSIOTH TMOOYAYyBaTH CHCTEMY
MacmTabHuX KoedimieHTiB (MacmTabiB), IO JO3BOJIAIOTH IEPEBOJUTU PE3YIbTaTH 3
HATYPHUX MacIITaOHUX BUIIPOOYBaHb JI0 peasibHOT MAIIUHHU.

[IpoBeneHi paHime TOCITIMHKCHHS BUSBWIM, IO Ui OTPUMAaHHS aJeKBAaTHOCTI
HaTYpHUX 1 MacmTaOHUX pe3yabTaTiB TMOTPIOHO CKOPEryBaTM BUMOTH JIO TOYHOCTI
BHUMIPIOBAHHS ApaMETPiB PI3HUX BETUYMH M1 4ac MaclITaOHUX BUIIPOOYBAHb.

Crix Big3HAYMTH, IO MPOBEIEHHS BUMPOOYBaHH aBTOMOOLTIB 1 IBHTYHIB B YMOBaX,
0 PI3HATBHCS BiJl CTaHAAPTHUX, MOTpeOye KOpPETryBaHHS BUMOT JI0 TOYHOCTI BUMIPIOBAHHS
napaMeTpiB, SKi TOCTIIKYIOThCS.

Y crarTi, WO pO3TIANAETHCSA, TMPOBEACHO JOCHIHKEHHS HEOOXITHOI TOYHOCTI
BUMIPIOBaHHS (I3MYHMX BEJIMYMH JUIS BHIIAJKIB BHUIPOOYBaHb JBUTYHIB BHYTPIIHBOTO
3TOpPSIHHS HAa YAaCTKOBUX IIBUIKICHHX XapaKTEPUCTUKAX, MpH (POPCOBAHUX BHUIPOOYBAHHIX
aBTOMOOULTIB Ha HAAIWHICTP Ta TMpH BHUMNPOOYBAHHSIX UIBUAKICHUX aBTOMOOUIIB Ha
IMHAMIYHICTS.

AHaJi3 0CTAHHIX J0CTiMKeHb Ta MyOaikaniii. /[ YHUKHEHHS IOMHJIOK Ha paHHIN
CTafil NMPOEKTYBaHHA, SKI MOXYTh CYTT€BO BIUIMHYTH Ha BHPOOHMLITBO HOBHUX 3pa3KiB
TEXHIKH, 3aCTOCOBYIOTh METO/IM MACIITAOHOTO MOAETIOBAHHS.

MacmtTabHe HaTypHe MOJIETIOBaHHS 3HAMIIUIO MIUPOKE 3aCTOCYBAaHHS B TAKUX rally3sx
HayKd 1 TeXHIKM, sK KopabneOynyBaHHs, aBiaOyayBaHHI, rajy3eBe Ta €HEpreTHYHE
MaimuHoOy1yBaHHS, aBTOMOO11e0ynyBanHi. B po6oTi [1] mokaszaHo, 1110 mpy KOHCTPYIOBaHH1
HOBHX 3pa3KiB JIOMATHUX MAIIWH MPOBOJATH Ja0OPATOPHI JOCIIKEHHS Ha MacIITaOHUX
MOJENSAX JIOMATeH: TMepeBIPSAIOTHCS 1 OCTATOYHO BCTAHOBIIOETHCA (Gopma sonaTeil po6odoro
KoJieca Ta CIpsSMOBYIOUOTO amnapaty, BusHadaeTbesi KK/] Hacoca Ta #fioro 3miHa B 3aJI€KHOCTI
BiJl KUTBKOCT1 00€pTiB, MPOIYKTHBHOCTI, HAIIOPY, a TAKOXK JAOCIHIIPKYETHCS SIBUILE KaBiTallii.

© M. A. Hoapuradno, A. B. Yixksa, B. C. lllein, 2025
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Teopis mogoOu 4M Teopis y3araJbHEHHWX 3MIHHUX € TEOPETHYHOIO 0a3010 st
IpOBEICHHS BUMPOOYBaHb 3 BUKOPUCTAHHAM HAaTypHUX Mojenei [2].

[TpakT4He 3aCTOCYBaHHS HATYPHOT'O MOJENIOBAHHS IOJIO PyXy aBTOMOOUIS yrepiie
OyJI0 BUKOHAHE B IHCTUTYTI aBTOMOOUTHPHUX 1HKeHepiB B AHrii [3]. JocnimkeHHs moasramm
B OIIHIII BIUIMBY TaJIbMyBaHHS MEPEIHIX 1 3aJHIX KOJIC Ha CTIHKICTh NMpHU TaJbMyBaHHI
MOieTi aBTOMOOLIS.

BukopucranHs MacmTabHOTO HaTYpHOTO MOJETIOBaHHA B aBTOMOOUIEOydyBaHHI
OTPUMAJIO TMOJAIBLINKA PO3BUTOK i y mojanbinomy BukopucroByBasocs O.C. KypoukiHum
IpU JOCHIPKEHHI MEXaHIKM MOBOPOTY Tsrada 3 mpuuenom [4]. Kpim Toro, B.M. Ilomskos
3aCTOCOBYBAaB METOJ] MACIITa0HOTO MOJEIIOBaHHS TMpH JOCTI/DKEHHI MaHEBPEHOCTI
TPWJIAHKOBHX aBTOMOMIB [5].

HatypHne wMoJentoBaHHsS BHUKOPHUCTOBYBAJIOCS TaKOXX MPEJCTaBHUKAMU HAyKOBOI
mkonu npodecopa B.II. Caxno [6], 30kpema, I1.b. IlporHiii po3riasgaB mpHu IOCTKEHH1
CTIHKOCTi aBTOMOOLIS y mpo1ieci rajabMyBaHHs [7].

MacmitTabHe MOJICNIIOBAHHSI BUKOHYETBHCSI 3 YpaXyBaHHSAM MAacCIITaOHUX KOEQIli€HTIB
TaKUX MapaMeTpiB (MEXaHIYHMX BEIWYMH), SK JIHIHHI PO3MipH MOJeNi, mMaca, HIBHJIKICTb,
MOMEHTH iHepuii, 4ac, Koe]ilieHTH IeMmQyBaHHS, >XOPCTKOCTI Tomo. B cBorw uepry,
noOy0Ba CUCTEMH MacIITaOHUX KOe]illieHTIB rependayae CTBOPEHHS MaTeMaTUYHOT MOJIETI,
a caMe cucTeMH TU(epeHIIHHUX PIBHIHD, 10 OMUCYE TUHAMIKY HATYPAIbHOTO 00 €KTY.

[TpuknazoM MoO’Ke CIIyTyBaTH BIUIUB MPYKHUX Ta AeMI(yBaJbHUX CHJI Ha KoJjeca
aBTOMOOWUISA, 10 BUKIWKAIOTH BIABEJACHHS aBTOMOOUIS BiJ TPaeKTOpii B TOPU3OHTAIBHIN
IUTOIIMHI BIIHOCHO IIEHTPAJIbHOI BEPTUKANBHOI oci. Takuii BIUIMB Ha ITUHAMIKy aBTOMOOLIIB
posrisiias B cBoiit po6oTi J.P. Emmic [8].

Jlnst po3B’si3aHHs IHBAapiaHTHHMX 3a/a4 3B’S3KY, 110 BCTAHOBIIOIOTH 3aJIE)KHOCTI MK
(bI3UYHUMHU XapaKTEPUCTUKAMH MPOLIECY BUKOPUCTOBYETHCS KpUTEpiabHa 3aIeXKHICTh [9].

MacmitTabHe MOJENIOBaHHS TpPU  TPOBENEHHI EKCIIEPUMEHTAIBHUX JOCTIKEHb
aBTOMOOUTA po3risiHyro B poboti [10]. ¥V poboti [10] Takox HaBemeHo Qopmynu s
PO3paxyHKy OCHOBHUX (I3UUHUX BEJIWYHMH, II0 BHUKOPHUCTOBYIOTBbCS IIPU BUIIPOOYBaHHI
aBTOMOOWUTIB, IBUTYHIB i HITUX MOOLUTEHUX MarmuH (Tabmus 1). Y 3a3Hadeniit po6oTi [10],
TaKO’X BU3HAYEHO BUMOTH 1O TOYHOCTI BUMIpPIOBaHHS (PI3MUHUX BEJIWYMH MPU MPOBEICHHI
HATYPHUX MacIITaOHUX BUIIPOOYBaHb.

Tabmuus 1 — Macimradu nogo0M MeXaHIYHUX BEJIMYUH

Ne HaiimenyBanHs MexaHI9HOT . Macmrab Popmyna s
PosmipHicTh PO3paxyHKy
3/m BEITUYUHU mooou
MacImrady mojjoou
1 2 3 4 5
JlinifiHuit po3mip

! (xapakTepHHii) L], m L Lu /Ly

2 Yac [7], c m; NLJS

3 Maca [m],kr my m]%

4 [IBuakicTh [L-t1], m/c my \my

5 | Cuma [m-L-+], H mp m3

6 [MoryxHicTh [F-V], Bt my mz/ 2

7 Po6ota (enepris) [N-t], dx my mzt

8 MomeHT iHepuii [m-L?], xr-m> my mz

9 Koedimient xxopcTrocTi [F / L] ,H/™M me m]%
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[TponoBxenHs Tabmummi 1

1 2 3 4 5
10 Koedirient 3aracanns [F-t-L1], H-c/m mg m 2/ 2
11 Koedirient Bimoay muH [F], H/pan my=ms m]%
12 Koedinient nemmndysanas [F-1].He m " Z /2

HIHHU

IDicepeno: na niocmasi [10]

Pazom i3 umMm, y poOOTi HE PO3TJISHYTO BHUIIPOOYBaHHS aBTOMOOWIIB 1 JBUTYHIB Y
HECTaHIAPTHUX YMOBaXx Ta HE pO3pOOJIEHO I LUX BHUMAAKIB BHUMOT JIO TOYHOCTI
BHUMIPIOBAHHS apaMeTpiB (iI3MUHUX BEITHUUUH.

IMocTanoBKka 3aBaaHHs. METOI0 JOCHIPKEHHS € BU3HAYEHHS BUMOT JI0 TOYHOCTI
BUMIPIOBaHHS (I3BMYHMX BENIWYMH IPH HECTAaHJAPTHUX BUIPOOYBaHHAX aBTOMOOUIIB 1
JBUTYHIB HUISXOM BHUKOPUCTAHHS Teopii MOJ00M 3a paxyHOK NOOYJOBM MacIITaOHUX
KOE(IIi€HTIB.

J1is noCSITHEHHS TIOCTaBJICHOT METH, HEOOX1THO BUPIIIUTH TaKi 3aBIaHHS:

— BU3HAUUTH BUMOTH JI0 TOYHOCTI BHMIPIOBaHHA IapaMeTpiB JBUTYHIB TIpU
BUIIPOOYBaHHSIX HAa YACTKOBUX MIBHJIKICHMX XapaKTEPUCTHUKAX;

— BU3HAYUTH BHUMOTH JI0 TOYHOCTI BHUMIPIOBAHHS IapaMeTpiB NpH (OPCOBAHUX
BUIIPOOYBaHHIX aBTOMOOWUTIB Ta iX €JIEMEHTIB Ha HAJIHHICTB;

— BU3HAYUTH BUMOTH JI0 TOYHOCTI BHUMIPIOBAaHHS MPHU BUMPOOYBAHHSIX IIBHIKICHUX
aBTOMOOLIIB HA IUHAMIYHICTD.

Bukaan ocHoBHoro martepiaay. BumnpoOyBaHHS aBTOTPakTOPHHMX JBMIYHIB Ha
CTeHJaX € BIAMOBINATBHUM €TarloM TMpOIeCy MOCTAHOBKM Ha BUPOOHUITBO. BiporigHicTe
OTPUMAHUX XapaKTEPUCTHK JBUTYHIB 3aJIEKHUTh BiJl TOYHOCTI BHUMIPIOBaHHS NapaMeTpiB
¢i3uyHUX BeMMYUH. TOYHICTH BUMIpIOBaHb (DI3UYHHUX BEIMYUH OE3MOCEpEHbO BILIMBAE HA
aJIeKBAaTHICTh PE3yJbTaTiB HATYPHUX Ta MOJENbHUX BUNpoOyBaHb. B poboti X. Xapra [11]
3a3HAa4YeHo, 1[0 BUMOTH JI0 MOXMOOK BUMIPIOBAHb 3aJIeKaTh BiJl TOTO YW MOYXE JIOIYCKAaTUCS
BHU3HAYeHa MOXMOKa, Y MOXHOKa MOBUHHA OYTH 32 MOXKJIMBOCTI 3MEHIIEHA. | 11e pileHHs
OyBae JOBUIBHUM. Y BHMIpIOBaJIbHIN TexHili icHye mpaBuio [11]: «BumiproBatu He Tak
TOYHO SIK MOKJIMBO, a TaK TOYHO, SIK HEOOX1THOY.

TouHicTh BUMIPIOBAHHSI OMHCYE SKICTh BUMIPIOBAaHb y LIIOMY, MOEIHYIOYH TOHSATTS
BIPHOCTI BHMIPIOBaHb 1 MpPeNM3IMHOCTI BUMIpIOBaHb. [IOHATTS TOYHOCTI  TaKOX
BUKOPHUCTOBYETHCSl SIK SIKICHA XapaKTEpUCTHKA 3aco0y BHUMIPIOBAaHHS, IO BigoOpaxae
OIMM3BKICTH HOro MOXuOKM 10 HyIsA. TOYHICTH BUMIPIOBAHHS KUTBKICHO OLIHIOIOTH 3BOPOTHOIO
BEJIMYUHOIO MOJTYJISI BITHOCHOT MOXUOKH.

[Ipu mnpoBeneHHi BUIPOOYBaHb JABHIYHIB BHYTPIIIHBOTO 3TOPSHHS Ha CTEHJI
BU3HAYAIOTh: MAaKCUMaJbHY €(QEeKTHBHY TIOTYXHICTh JABUIYHIB Nemax; MaKCHMAaJbHHMA
epEeKTUBHUNA KPYTHUH MOMEHT Memax; epexktuBHuil koedimient kopuchHoi aii (KKI) #.;
4acToTy 00epTiB (KYTOBY IIBHJIKICTH () M. KOJIHYACTOTO Bally; BUTPATH MAJIKBA; TOIIO.
Haifuactime wmetoro BUMpoOyBaHb Ha CTEHJAI € BHU3HAUYEHHS Xapakrtepuctuk JIB3 mpu
peaiizallii MaKCUMabHOT €(PEeKTUBHOT MOTY>KHOCT1 Nemax.

VY pobori [1] po3rnsganocs MUTaHHS BU3HAYEHHS BUMOT 10 BHMIpIOBaHb (DI3MYHHMX
BEJIMYUH TPH HATypHOMY MaciITabHOMY MOJETIOBaHHI. Bu3HaueHO, 1m0 31 3pOCTaHHAM
JTHIKHOTO MacmTaOHOTO KOoedilieHTY Npu (Hi3UYHOMY MOJETIOBAHHI 3pOCTalOTh BUMOTH JI0
TOYHOCTI BUMIPIOBaHb. Y BIIMOBIAHOCTI JIO JIHIHHOTO MacTaOHOTO KOEQIIIEHTY HEOOX1THO
oOupaty i MacmTabHUI KoeiieHTH IHINX (I3UIHUX BETHYNH.

[Tpu BunpoOyBanHi /IB3 Ha 4acTKOBUX IIBHIKICHHX XapaKTePUCTHKAaX e(eKTHBHA
MOTYXKHICTb, SIKa PEaJi3yeThCsl, MEHIIE HDK MaKCUMalbHAa €(QEKTHBHA MOTYXHICTh Nemax.
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Tomy BuIpoOyBaHHS, IO MPOBOAATHCS HAa pPEXHUMax, sSKi BKa3aHO, MOYKHA PO3TIISAATH 5K
MaciTabHe MOJICTIOBAHHS IOTYKHOCTI.
MacutTaGHuit Koe(ilieHT MOTYXHOCTI B IbOMY BHIIaJIKy MO’KHA BU3HAYUTH SIK [ 1]

_ Nemax
mN - ' b
Nemax
'
Aac Nemax — MakKCuMaJibHa e(beKTI/IBHa MNOTYXXHICTh [BUTYHA Ha JaCcTKOBII ].HBH,Z[KICH]ﬁ

XapaKTePUCTHUILLI.
CniBBiZHOLIEHHS MaKCUMAaJIbHO MPUIYCTUMUX IMOXHOOK MPHU BU3HAYEHHI IMapaMeTpiB

'
Nemax 12 N, [1] MOXKHA BU3HAYMTH HACTYITHUM YHHOM:

AN emax _
. =My, ()
ANemax min
ne AN, ., — DPeriaMeHTOBaHA IMOXMOKAa BHMIPIOBaHHS HOTYXHOCTI [IB3 Ha 30BHIuIHIif
IIBUJIKICHIM XapaKTepUCTHIL];
'
[ANemaX Lin — [pUIyCTMMA MOXMOKAa NPH BHMIPIOBAHHI IOTYKHOCTI Ha YacTKOBIi

IIBUJIKICHIM XapaKTepUCTHILI.
3 Bupasy (2) BUBHaAYUMO

w;uLm=”“mx=M“mx=N' 3)

emax *
mN Nemax

3 Bupa3y (3) poOMMO BHCHOBOK IMpO Te, IIO NPUIYCTUMI BIJHOCHI TMOXHOKH
BUMIPIOBaHb TOTY)KHOCTI Ha 30BHINIHIX 4YacTKOBHX Xapakrepuctukax JIB3 mnoBuHHI
JOPIBHIOBATH OJHA OHIH.

VY Bimowmiii poGoti [l] BHUXigHMM mapaMeTpoM Ui pPO3paxXyHKY MaCIITaOHHX
KoediieHTiB (i3MUHUX BETUYUH € JIHIMHUN MacmTaOHUN KOeQIIieHT mr. Y BHIAJKY, L0
PO3TISIAETHCS, JIIHIMHUNA MacITaOHU KOe(DIilliEHT 7z € YMOBHOIO BETMYUHOIO, TIOB’S3aHOIO 3
MaciITabHUMU Koe(DillieHTaMH 1HIINX (I3UYHUX BETMUUH 3AJT€KHOCTSIMH

712

my =m)'>. )
Busnaunmo macmTabHui KoedilieHT e(heKTUBHOTO KPYTHOTO MOMEHTY
'
m — Memax — Nemax . D max — my (5)
Me — ' - ' - 5
Me max a)e max Ne max ma)@
1€ Mewe — MACIITAOHUN KOCDILIEHT KYTOBOT IIBUIAKOCTI KOJIIHYACTOTO BaIly;
M, ok 5 Nemax 3 @omax — Hapamerpu JIB3 mpu BHNpoOyBaHHSX Ha 30BHINIHI
IIBUJIKICHIM XapaKTepUCTHIL];
\J ' | .
M, ok 5 Nomax 3 @omax — Tapamerpu B3 npu BUIpoOYBaHHSX HA 4YacCTKOBiH

IIBUJIKICHIM XapaKTepUCTHILI.
MacutTaGHuit KoeilieHT KyTOBOT IIBUAKOCTI

_ Dpmax _ Vmax/r _ Vmax .7'__ my,
m, =— = = =—, (6)
@ max Vmax Ir Vmax r mp
1e Voo Vinax — YMOBHa JIiHIHHA IBHAKICTS;

269

(M



ISSN 2664-262X Central Ukrainian Scientific Bulletin. Technical Sciences. 2025. Issue 12(43), Part Il

'
7'; ¥ — yMOBHI paaiycu oOepTaHHs (KOeQilieHTH 3B 3Ky MDK JIHIHHUMH Ta KyTOBHUMH
IIBUIKOCTSIMU KOJIIHYACTOTO Bay).

Beaxarouw, mo 71, =/m; , IEPETBOPHUMO BUpa3 (6) 10 BUTIALY

Ny “1/2

mg,=—"—=m; ". (7)
my
Bupas (5) 3 ypaxyBanusm (4) ta (7) HaOyae BUTIIS
712
my _my 4
My = = -1/2 =my. (8)
ma)e mp

Bupimennst piBHsHB (4) Ta (8) 103BOJISE BU3HAYUTH B3a€EMO3B’ SI30K MDK MTOKa3HUKAMHU
Mye 1 My

si7 _| NV

emax
Mmy,=my =|———|. 9)

emax
3a aHanoriero, 3 BU3HAYEHHSAM NOXUOKM BHUMIPIOBAaHHS IOTY)KHOCTI, BH3HAYHUMO
NOXUOKY BUMIpIOBaHHS €(EeKTHBHOT0 KpyTHOro MomeHTy JIB3 Ha 4acTKOBHMX HIBHJIKICHUX
XapaKTepUCTUKAX

(A b = AMomax _ WMoman - (10)
e (Nemax /Ne':max );

[Tpu BHU3HAYEHHI BUMOT 10 TOYHOCTI BUMIPIOBAaHHS KyTOBOi IIBHAKOCTI 0O€pTaHHs
KOJIIHYAaCTOTO Bally MacIITaOHUH KoeQillieHT KyToBO1 IIBUAKOCTI [ 1]

m m _
m,, =—t=—"b =12 (11)

we
mV m L
1e my — MaciTabHUN KOeQIIieHT JTiHIHOT ITBUIKOCTI.
3 piBasiazA (11) orpumaemo

My =My, (12)
a 3 piBHSIHHA (4)
277
m; =my . (13)
[TpupiBHIOIOUM npaBi yacTuHH piBHIHG (12) 1 (13) oTpumMaemo
-1/7
m,, =my . (14)
[Tpunyctuma nmoxmbka BUMIPIOBAaHHS KYTOBOI IIBUKOCTI KOJIIHYACTOTO BaTy
' Aw Aw 1/7
[Aa)e]rnin = <= 61 :Aa)e 'mN * (15)

Moe (mN )_7
Takum unHOM, aHamizyroun 3anexHocTi (3) i (10), MoxHa 3poOUTH BUCHOBOK TIPO TE,
IO TepexiJ 13 30BHIMIHBOI Ta YacTKOBOI IMIBHUAKICHOI Xapakrepuctuk JIB3 morpiOHO
MiZIBUIIIYBATH TOYHICTh BUMIPIOBaHHS €(DEKTUBHUX IOTY)KHOCTEH 1 KpyTHOTO MOMEHTYy. A
MOoXMOKa BUMIPIOBAHHS KYTOBOT IIBUAKOCTI KOJIHYACTOTO Basly MOke OyTH 301iIbIIeHa.
KoedimienT mnpuckopeHHs mnpu (opcoBaHux BHUMPOOYBaHHSAX ((OpMYBaHHS IO
HABaHTAXXCHHIO) [2] MO’KHA BU3HAYUTH 32 HACTYITHOIO 3aJICKHICTIO
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m

K = 16
np . ] (16)
7€ 7, Tp — HaIlpyTa B JeTalli B HOMIHAJIbHOMY Ta ()OPCOBAHOMY PEXHUMaxX, BIAMOBIIHO;
m — MOKa3HUK CTYIEHIO (EMIIpUYHU); CKIIalae B cepeiHbOMY Bif 6 10 12 (BU3HAYA€ETHCS
3a 1ormomororo kpusoi Benepa [2]).
SIkmo mpuitMaTH, IO HAmpyra B MaTepiajli MpOMOpIiiHA JII0OYMUM MOMEHTaM YH
cuiam, To Bupas (16) MokHa EpPETBOPUTH Ha

M m
_ b
np ~ M > ( 1 7)
ne M; Mo — MOMEHTH, 110 JIif0Th B HOMIHAJIbHOMY Ta ()OPCOBAHOMY pEKUMaX.
Bpaxosyrouu, 1mo
M,
V = m,, —MacmTabHuil KOePIllIEHT MOMEHTY, (18)
nepersopumo (17)
m
Knp :(mM) : (19)
3BificH OTPUMAEMO
my =K,". (20)

Toni npumyctuma mnoxuOka BHUMIpIOBaHHA Tpu  (OPCYBaHHI pexuUMIB  Oyne
JIOPIBHIOBATH

AM  AM AM

[AM@]min:—:—' D= lm

m, M K,

ne AM — npunycTuMa noxuOka BUMIPIOBAHHS MOMEHTY IPU HOMIHAJILHOMY PEKUMI.

Amnaii3 Bupa3sy (21) nokasye, 1o npu 3poCTaHHi BETUYUHU KOoe]illieHTa MPUCKOPEHHS
npu (GopcoBaHUX BUIPOOYBAHHSAX TPUIYCTHMA IOXMOKAa BUMIPIOBAHHS HABAaHTAKCHHS
MOBHHHA 3MEHIIIYBATUCH HE 3aJIEKHO Bif (PI3MUHOI BETMUMHH.

Buximaum napameTpom AJsl po3paxyHKy CHCTEMH MacIiTaOHUX Koe(dillieHTiB i BUMOT
0 TOYHOCTI BHUMIpPIOBAaHHS (I3SUYHUX BEIUYMH TPU JUHAMIYHUX BHUIPOOYBAHHIX
IIBUKICHUX aBTOMOOLTIB € MacIITaOHU KOSQIITIEHT MIBUIKOCTI

; @2y

my, = h <1, (22)
Vms
ne Ve — MakCUMalbHa MIBHJIKICTH aBTOMOOLIS, 110 BUIIPOOOBYETHCS;
Vem — MakCUMallbHA MIBUAKICTH CTAHJAPTHOTO aBTOMOOLIS.
Le#t macmTabHMK KOEQIIEHT MOB'SI3aHUN 3 JIHIKHUM MacIITAaOHHM KOEQIIIEHTOM
(Tabmn. 1) 3amexHicTIO

m, =m'>. (23)

Iamn macmrabHi koedirienTn (Tabn. 1) Takok MOB’si3aHi 3 JTIHIMHUM MacIITaOHUM
koedimienToM. [IpupiBHIOIOYM TpaBi YaCTHHU BIANOBIIHUX pIBHAHb OJHY JAO OJHOI,
OTPUMAEMO

m, = my, — Juis 4acy, (24)

3
m,, = My — Ui Macu; (25)
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myp = mﬁ — JUISl CUJIN; (26)
my = m; — JI7Is1 IOTYXKHOCT; 27)
my, = mg — U1t poOOTH (eHeprii). (28)
Tonai mpunyctuMi NOXUOKK BUMIPIOBaHb OYyAyTh JOPIBHIOBATH
AV, AV
AV Jia == ==V, (29)
mV I/vcm
Am Am
(A, Lo == == Vs (30)
my ch
AF AF
(AP, Sy == =5 Vi G1)
mF ch
AN,, _AN,,
AN, ] . = v (32)
my ch
AW AW
[AW ]mm — cm cm V8 (33)
mW ch
Amnanmi3z 3anmexHocreir (29) — (33) moka3ye, MmO 31 3pOCTaHHSAM MaKCHUMaJIbHOL

IIBUIKOCTI aBTOMOOLTIB TO BiJHOIIEHHIO JO ii CTaHAAPTHOI BETUYMHHU TMPHU JTUHAMIYHHUX
BUIIPOOYBaHHIX MiHIMaNbHA MPUIYCTHMMA MOXHOKa BUMIpIOBaHHS (PI3MYHUX BETUYMH Oyne
30LIBITYBAaTHUCh.

BucnoBku. 1. Ilepexia Bi 30BHIIIHBOT HA YACTKOBY IIBUJKICHY XapaKTEPUCTUKY TPH
npoBefeHHI BumnpoOyBaHb JIB3 MOBHMHEH CYyNPOBOKYBATUCH IIJIBUIIEHHSM TOYHOCTI
BUMIPIOBaHHSI €()eKTUBHOI TMOTY)KHOCTI 1 KpyTHOro MoMmeHTy. [lpu 1mbomy mnoxuoka
BHUMIpPIOBaHHS KYTOBOT IIBUAKOCTI KOJIHYACTOTO Bajla MOXKe OyTH 301IbIIeHA.

2. Ilpu ¢opcoBanux BUMPOOYBaHHSAX aBTOMOOLIIB, JBUTYHIB Ta iX €JNEMEHTIB 3i
3pOCTaHHSIM KoedillieHTa NPUCKOPEHb HAHOLIbIIA NPUIYCTHMA MOXHMOKAa BHUMIPIOBAHb
napameTpa, 0 BUMIPIOETHCS TOBUHHA 3MEHIITYBATHCh.

3. Tlpu BuUNpOOYBaHHSAX IIBUAKICHUX aBTOMOOUTIIB, 31 3pOCTaHHSM MaKCUMAJIbHOI
IIBUIKOCTI OCTaHHIX (IO BIAHOIICHHIO JO CTAaHAAPTHOI BEIWYMHH TMPU JTAHAMIYHHUX
BUIIPOOYBaHb ABTOMOOLTIB) MiHIMaJbHa NPUIYCTUMa MOXHOKAa BHUMIPIOBaHb (PI3HUHUX
BEJIMYUH MOKe OyTH 30UIbIIeHA.
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Using Scale Modeling to Assess the Accuracy of Measuring Parameters of Vehicles and Engines
under Non-Standard Conditions

The production of mobile technology, particularly automobiles or engines, is impossible without
conducting tests on experimental samples. However, significant resource costs, notably time, for producing one
natural experimental sample and conducting its tests affect both the cost price of the future series and the speed
of putting the series into production. In view of this, testing of large-scale physical models was and remains
relevant. The aim of the research is to determine the requirements for the accuracy of measuring physical
quantities in non-standard tests of automobiles and engines by using similarity theory through the construction of
scale coefficients.

The approaches adopted in the work to achieve this goal are based on methods of similarity theory,
measurement methods and principles, and the theory of measurement errors. The study found that transitioning
from external to partial speed characteristics when conducting engine tests should be accompanied by increased
accuracy in measuring effective power and torque. In this regard, the measurement error of the crankshaft
angular velocity may be increased. It was also determined that during forced tests of automobiles, engines, and
their components, as the acceleration coefficient increases, the maximum permissible measurement error of the
measured parameter should decrease. It was established that during tests of high-speed automobiles, as the
maximum speed increases, the minimum permissible measurement error of physical quantities may be increased.

The research has been conducted on the required accuracy of measuring physical quantities for cases of
testing internal combustion engines on partial speed characteristics, for accelerated reliability tests of
automobiles, and for dynamic testing of high-speed automobiles. The obtained results can be recommended for
testing engines on partial speed characteristics, for accelerated reliability tests of automobiles and their
components, and for testing high-speed automobiles.
automotive testing, accelerated testing, partial speed characteristics, scale modeling, scale coefficient,
measurement accuracy assessment, measurement error
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MixitabopaTopH1 BUIIPOOYyBaHHS SIK €(DEKTUBHUI
IHCTPYMEHT IIABUIICHHS SIKOCTI JI1arHOCTUKHU

TEXHIYHOTO CTaHy KOJIICHUX TPaHCIOPTHUX 3aC001B
y cuctemi ISO 9001

B cratTi npencraBieHo pe3yabTaTH AOCIIDKEHHS MIXIA00paTOPHUX BUIPOOYBaHb SIK €(EKTHBHOIO
IHCTpYMEHTY MiJATBEP/PKEHHS SIKOCTI JIarHOCTUKM TEXHIYHOrO CTaHy KOJICHMX TpPaHCIIOPTHUX 3aco0iB.
JliarHocTuKa IpOBOAMIACH Y MEXKaX CY4acHUX CHCTEM YIPABIIHHS SKICTIO, TOOYIOBaHHUX BiJIIOBITHO 1O BUMOT
cragmaptrie ISO 9001:2015, ISO/IEC 17025:2019 Tta ISO/IEC 17043:2023. Tlpum mpOMY IIiIBUIIYETHCS
JIOCTOBIPHICTh, CTA0IJIBHICTh Ta BiATBOPIOBAHICTH PE3yNbTaTiB BHUIIPOOYBaHb, IO BHKOHYIOTHCS HA CTaHIIISIX
TEXHIYHOTO KOHTPOIIIO, IIUIIXOM BITPOBA/PKEHHS CTAaHJAPTU30BAHOI NPOIEIYyPH MiXkKIIa00paTOPHUX BUMIPIOBAHb.

JocmimkenHst mpoBefeHi Ha 0a3i TpUHAIIATH BHIPOOYBAIBHMX JUIBHMIG mianpuemcts TOB
«AstomiarHoctuka» Ta TOB «ABTOMOTOMIarHOCTHKA» KipoBorpaackkoi obmacti. B sikocTi eragoHHOTO 00’ €KTa
3aCTOCOBAHO KOJICHUI TpaHcnopTHHi 3acid kxareropii N3 — DAF XF 105. YV poboti peraibHO OImMcaHO BCi
erany oprasizamii MixiIabopaTopHUX BI/IHpO6YBaHB BignoBizHo a0 mukiry PDCA: ruiaHyBaHHS Tporpam,
yHibiKamis METOIMK, KamiOpyBaHHS BHMIPIOBANBHOIO OOINaJHAHHSA, HABYAHHS ICPCOHALY, BUKOHAHH:
BHMIipIOBaHb, 00pOOKa peBynBTaTlB i peam3au1;1 KOpHUT'YBIBHHUX HiH. JI7sl aHAMi3y y3roKeHOCTi peBynBTaTlB
BHUKOPHCTaHO cTaTUCTHYHI Mertoau 3rimHo CranpapriB ISO 13528 ta ISO 5725. 3nificHroBamu mnepeBipky
BHUKHIIB 0a3u JaHWX 3a KpurepieM ['pabOca, a Tako BH3HAYAIU poOACTHI CepelHi 3HAYEHHS i3 BiIIMOBITHUMU
CTaHAAPTHUMH BIAXWICHHIMHU.

OTpI/IMaHi pe3yJIbTaTH 3acBIAYMIM BHCOKY IIOBTOPIOBAHICTH 1 BiATBOPIOBAHICTH BI/IMipIOBaHB'
PO30DLKHOCTI MDK JINBHHISIME MDK/Ia00paTOPHUX BI/IHpO6YBaHB He mepeBumnn 3,5 %, IO CBIMYMTH PO
CTaOUIBHICTE METPOJIOTIYHOI TPOCTEKYBAHOCTI Ta HAJIEXKHUN pPIBEHb KOMIICTEHTHOCTI BHIPOOYBaJIbHUX
nmaboparopiii. BusBieHi BiIXWIEHHS OO0 IUMHOCTI Ta IIyMy Oyin yCYHYTI depe3 KaiiOpyBaHHS 0OJsiaJHAHHS
Ta TOBTOPHE IHCTPYKTa)KHE HAaBYAHHS IIEPCOHANY, IO MIiATBEPAWIO [I€BICTh KOPUTYBAJIbHUX 3aXOJIiB.
JloBeneHo, 10 3aCTOCYBaHHS MiXKJIa0OpaTOpHUX BHIPOOYBaHb ITiJBHIIYE JOBIpY O PE3yNbTATiB JiarHOCTHKH
TEXHIYHOTO CTaHy KOJICHHX TPAaHCHOPTHHX 3ac00iB Ta ()OpMye OCHOBY IJIsI BIIPOBA/DKEHHS PErioHaJIbHOI 0a3n
JTAaHUX KOHTPOJIFHUX BUMIpIOBaHb, K4 MOXXE€ BHKOPHCTOBYBATHUCS JUIS JIOBIOCTPOKOBOTO MOHITOPHUHTY SIKOCT1
TEXHIYHOTO KOHTPOITIO.

3anpornoHoBaHUH MigXi AEMOHCTPYE MPAKTHYHY L[IHHICTh iHTErpamii Mi>kradopaTopHux BHIIPOOyBaHb
Y CHCTEMY YIpPaBJiHHS SKICTIO Ha CTAHIIAX TEXHIYHOrO OOCIYrOBYBAaHHS Ta MOXE OyTH BHKOPHCTaHUH SIK
MOJIETb U TTOOYJOBH HAliOHAJIFHOI CHCTEMH OLHIOBAHHS KOMIIETEHTHOCTI BHUIIPOOYBAJbHUX IUIBHHUIB Ta
ITi IBUILICHHS PiBHS OS3MEKH JOPOXKHBOTO PyXy B YKpaiHi.
cranaapt ISO 9001, Cranpapt ISO/IEC 17025, mixxnaGopatopHi BunpodyBanns, DAF, PDCA, Texniunmii
KOHTPOJIb, METPOJIOTiYHA NMPOCTEKYBAHICTD, AKICTH BUMIPIOBAHD

IMocTtanoBka mpo6Jemu. IlinBuiieHHs piBHA O€3MEKH TOPONKHBOTO PYXy BHMAarae
BIIPOBA/PKEHHS CYYaCHHX METOJIIB KOHTPOJIO TEXHIYHOTO CTaHy KOJICHUX TPaHCIOPTHHUX
3aco0iB (KT3) [1]. HaxiliHicTh Ta cTaOIIBHICTH pe3ynbTariB giarHocTuku KT3 3anexuTh Big
KBaJiikaIii nepcoHaiy, SKOCTi BUMIPIOBAILHOTO OOnagHaHHs [2] Ta €epeKTUBHOCTI CUCTEMH
yIpaBIIiHHSA SKICTIO [3,4].

BinmoBigHo 1o BuMor MibkHapomHux cranmaptie ISO 9001:2015 [5] i ISO/IEC
17025:2019 [6], 06’ekTUBHA OIlIHKa TOYHOCTI BHUMIPIOBAaHb JOCSTAETHCA IUIAXOM YYacTi y
MDkiabopatopHux BumpoOyBaHHsx (MJIB), ski [103BOJIAIOTH MIATBEPIUTH TEXHIYHY
KOMIIETEHTHICTh, Y3I'0/DKEHICTh Pe3yJIbTaTIB Ta METPOJIOTIYHY MPOCTEKYBAHICTb.

© A. A. Cepriituyk, B. B. Ayxin, A. B. I'punbkis, €. M. Kozauenko, 2025
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AHami3 ocra”HHix Jgocaimkenb i myOuaikamid. MeTogONOriYHY — OCHOBY
MDKJIa00paTOpHUX BUMPOOYBaHb 1 TMepeBipkM MpodeciiHOro piBHA BUIPOOYBATBHUX
MiIPO3AUTIB  CTaHOBJIATH MDKHaponHi cranmaptu cepii ISO [5-7]. Crammapt ISO/IEC
17043:2023 [8] Bu3Hauae 3araJbHi BUMOTM 1O TPOBalJepiB MporpaM IepeBipKu
npoceciiinoro piBHA. Bin rapmonizoBanuii i3 Bumoramu ISO/IEC 17025 [9] ta ISO 13528
[10] 1 dakTHuHO 3amae «paMKy» Ui TOOYIOBH Oyab-SKOI CUCTEMH MDKIA00OpaTOPHHUX
BUIIPOOYBaHb.

CrermianizoBanuii cragaapt ISO 13528:2022 [7] neranizye CTaTUCTUYHI METOJH, IO
3aCTOCOBYIOTBCS MiJl 4ac PO3pOOJIEHHS Ta aHANI3y CXeM IepeBipku npodeciiiHoro piBHs 3a
JOTIOMOTOI0 MDbkJIabopaTopHux BunpoOyBans [11,13]. B pobotax [13,14] onucano migxoau
70 BCTaHOBJECHHA MPH3HAYCHOTO 3HAYEHHS, BHUKOPUCTAHHS pPOOACTHOT CTAaTHUCTUKH,
PO3paxyHKy NOKa3HHUKIB Pe3ylIbTaTUBHOCTI, HABEJICHA METOIMKA BUSBJICHHS BUKUIIB 3HAUYCHb
BUMIPIOBAJILHUX BEJIWYHH 1 (OpPMYBaHHS BHCHOBKIB JUIS YUaCHHKIB Ta OpPraHiB 3 akpeauTarlii.
Cepist crangapris ISO 5725-1:2019; ISO 5725-2:2021 [6] nomnoBHIOE 1110 a3y, BUZHAUAIOYN
MOHATTS TOYHOCTI, IPAaBWIBHOCTI Ta MPEIU3IMHOCTI METOIB BUMIPIOBaHb, a TAKOXXK HaJar0un
0a30By METOJMKY OILIHIOBaHHS TIOBTOPIOBAHOCTI Ta BIATBOPIOBAHOCTI pe3yJbTATIB.
Posrnsnyri  cranpmapta  [5-10,15] ¢dopmyroTe y3rojkeHy MDKHApOJHY OCHOBY JUIs
IUTAHYBAaHHS, TPOBEJICHHS Ta CTATHCTUYHOI OOpPOOKM MDKIA00paTOpHUX BUIPOOYBAaHb Yy
Oy/b-sKiil Tamy3i, BKIIIOYHO 3 TEXHIYHUM KOHTpoJieM ctany KT3.

[IpakT4He BTUIEHHS [HUX MIAXOMIB Yy cepl KOHTPOIIO BHUKHUAIB Bif TalbMIBHHUX
CHCTEM IPOJEMOHCTPOBAHO B IIUKII pOOIT, BUKOHAHUX CIUIBHOIO JTOCHIAHUIBKOIO T'PYIOIO
mig erinoro Particle Measurement Programme (PMP). ¥V po6ori [13] mpoBeneHo riobanbHe
MDKJIa00paTOpHE AOCIHIIIPKEHHS! MaCOBUX BUKUIIB TBEPAUX YACTUHOK BiJ] TaJIbMIBHUX CHUCTEM
(PM) nHa ocHoBi yHidikoBanoro crengoBoro mukitry WLTP-Brake [11]. Jdocmimkenus
oxormio 16 maGopatopiit y €Bpori, A3ii Ta CLLIA i 103BOJHIIO OI[IHUTH SIK TIOBTOPIOBAHICTh
y MeXax OKpeMHX JIabopaTopii, Tak i BIATBOPIOBAHICTh MK PI3HUMHU YCTAaHOBAMU, BUSBUBILIHN
KJIIIOUOBI JpKepena po30bKHOCTeH (BTpaTH YaCTHMHOK Y TPaKTi, OCOOMMBOCTI KOHCTPYKIIii
CTEHJa, BIAMIHHOCTI B peanizauii mukiy Tomo). IlpogoBkeHHsM wi€l poOOTH cTana CTarTs
[12], mpucBsiueHa OLIHIOBAaHHIO KUIHKOCTI YaCTHHOK B paMKax Ti€l X MDKJIabopaTopHOT
nporpamMu. ABTOpPH TMOKa3ald, IO PO3KUA TBEPAMX UACTHMHOK 32 TOKAa3HHUKOM MK
naboparopissMu Ul OJHOTO W TOrO caMoro raimbMma jgocsrae koedimieHta 2,5+0,5, mo
MOPIBHAHHO 3 pe3yJbTaTaMu MDKJIA00paTOpPHUX BHUIPOOYBaHb BUKUIIB 13 BHUXJIONY, Ta
chopMynOBaIIM PEKOMEH AL 111 Mali0yTHHLOTO TTI00aTHHOTO TEXHIYHOTO PETJIAMEHTY 11010
3MEHIIICHHS BapiabeIbHOCTI BUMIPIOBaHb.

Po6ora [13] mnpucBsiueHa CTaTUCTUYHIA OIIHII Ta TeMIEPaTypHOMY aHAIi3y
BinTBOproBaHocti 1ukiny WLTP-Brake y BochmMu BunmpoOyBambHHX LEHTpax €Bponu Ta
CIIOA. HocmimkeHHs MOKa3ano, IO KOPEKTHA peaji3allisi rajJbMIBHOTO IMKIY (IIBUAKICHI
PEKUMU, TeMIepaTypHi YMOBH, OXOJIO/UKCHHS) € KPUTUYHUM YMHHUKOM JUIS OTPUMAaHHS
3iCTaBHUX pe3yJIbTaTiB MK JJabopaTopisiMH i Oe3mocepeJHbO BIUIMBAE HA BiITBOPIOBAHICTD,
sIKa Tl OIIHIOETHCS 32 MeToMoJIoTier0 ctanaapTiB ISO 5725 ta ISO 13528.

Ha ocnoBi nwmx wMibxiaboparopuux pociikenb Kowmirer UNECE migrortyBas
nokymeHT GRPE-87-40e mpo Bamimamito numkny WLTP-Brake uepes wmixkiabopaTopHe
JOCTIDKeHHsT TOYHOCTI [14], sSKuil CTaB 4YaCTHHOIO OOIPYHTYBAaHHS HOBOTO TIJI00AJIILHOTO
texuigyHoro persnamenty (UN GTR) i3 maGopaTopHOTO BUMIpIOBAaHHS BUKHIIB BiJl TAJIbBMIBHUX
cucreM. Takum uuHOM, mpaui [11-14] neMOHCTPYIOTh MOBHUM IUKI: Big pO3poOIeHHS
METOMKH, ii MbkI1abopaTropHoi nepeBipku Ha ocHoBi ISO 17043, ISO 13528 Ta ISO 5725, no
3aKpilIeHHs] OTPUMaHUX pimeHs y HopmaTuBHOMY noii UN GTR.

BaxumBuii mpukian iHTerpamii MbKJIa0OpaTOpHHUX BHUIPOOYBaHb Yy CHCTEMY
TEXHIYHOTO KOHTPOJIO JOPOXKHIX TPAHCIOPTHHX 3ac00iB Ha HAIlIOHAJIHHOMY PIiBHI MOJA€
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Kurait. Cranmapt GB/T 42685-2023 Safety Technical Inspection of Motor Vehicles [16]
3aKpIIUIIOE 3aCTOCYBAaHHSA MDKJIa0OpPaTOPHUX IOPIBHSHB y CUCTEMi O€3MEKOBHUX TEXHIYHHX
ornaniB KT3, BBogsun BusHaueHHs “proficiency testing” i “inter-institution comparison” sx
MeXaHi3M MOPIBHSAHHS Pe3y/bTaTiB PI3HUX IHCIEKIIHHUX OpPraHiB Ha OJHOMY i TOMY CaMOMYy
KT3. Le ¢akTuyHO HOpMATHUBHE BIPOBAKEHHS KOHLEMIN «ETAJIOHHOTO TPAaHCIOPTHOTO
3aco0y» s TEpeBIpKM  y3TO/KEHOCTI  pe3ylbTaTiB  TEXOIJsILy MDK — pi3HUMH
BUIPOOYBAJIbHUMH TUTBHHUIISIMU, 110 TOBHICTIO Binnoginae niaxonam ISO/IEC 17043 ta ISO
13528.

Ha wupomy Tmi Bitum3HsHi gocmimkeHHs [3,4,17,18] 3ocepemkeni Ha mnoOymoBi
Cy4acHOI CHUCTEMH YOpPaBIiHHS SKICTIO TEXHIYHOTO OOCIYroBYBaHHS 1 PEMOHTY
TPaHCHOPTHUX 3aco0iB Ta miiBHIIeHHI edekTuBHOCTI cucteMu TO U piBHA Oe3nexu
excruryatarfii KT3. ¥ poborax [3, 14,17,18] oOrpyHTOBaHO AOIUIBHICTE BIIPOBAKCHHS
MPOLIECHOTO MiIX0Jy, PHU3UK-OPIEHTOBAHOTO VIPABIIHHA Ta 3aCTOCYBaHHS KUTbKICHHUX
KpHUTEpiiB oLiHIOBaHHS epeKTHUBHOCTI cucteMu TO, 10 CTBOPIOE METOIOJIOTIYHE MiATPYHTS
ISl IHTerpanii MbkiI1abopaTopHUX BUIPOOYBaHb SIK IHCTPYMEHTA KOHTPOJIIO KOMIIETEHTHOCT1
BUIIPOOYBAJILHUX UTBHUIL 1 JOCTOBIPHOCTI pe3yNbTaTiB TEXHIYHOTO KOHTpOJIO. Xoda B
mpamsix [3, 4] Oe3nocepenHbo He periameHtoBaHo mporenypu PT/ILS, ame 3akmanmeni
MiAXOAM 1O TMOOYJAOBH CHUCTEM YIPABIIHHS SKICTIO Ta OI[IHIOBAHHS pPE3yIbTaTHBHOCTI
MPOILIECIB MOBHICTIO KOPEIOIThH 13 BUMOTaMU CTaHIapTiB [6,7,15] 1 MOKyTh OyTH ajanToBaHi
JUIS CTBOPEHHSI HALlIOHAJIBHOT MOJIENI MDKIA00paTOpHUX MOPIBHAHB Y cdepi 000B’SI3KOBOTO
TEXHIYHOTO KOHTPOJIIO.

V3arajgpHIOIOUM BUKIQJE€HE, MOXKHA 3a3HAYUTH, IO MDKHAPOAHI CTaHIApTH
GopMyIOTh IIiTICHY HOPMAaTHBHO-METOJIUYHY 0a3y Ui oprasizamii MbkIa00opaTOpHHUX
BUIIPOOYBaHb, a MPOAHATI30BaHI Mpali AEMOHCTPYIOTh YCIIIIIHE MPaKTHYHE 3aCTOCYBAHHS
[IUX BUMOT TIiJ1 Yac po3poOJICHHS 1 Bajiiailii MeTOAMK BUMIPIOBaHHS BUKHIIB BiJ TaIbMIiBHUX
CUCTeM Ta iX MOMJANBINOI periaMeHTallii y BHUIISII TJI00aTbHUX TEXHIYHUX PETJIaMEHTIB.
Kuraiicbkuii cranaapt [16] 3acBiquye MOXKIMBICTH IPSMOTO 3aKkpiruieHHs: MmexaHi3miB PT/ILS
y HaIiOHATLHOMY 3aKOHOJABCTBI 3 TexHiuHOTO KoHTpomto KT3. Boanowac Hamri
nocmimpkenns [3, 4, 17, 18] ¢opMmyroTb OCHOBY Ais ajamnTaimii TakWX MiIXOJIB y CHUCTEMi
VIpaBIiHHS SKICTIO TeXHIYHOro oOciayroByBanHa 1 pemoHty KT3, ame mnotpedyroTh
MOJANBIIOTO PO3BUTKY Yy HampsMi CTBOPEHHS LUTICHOT MOJENi MDKIabopaTopHUX
BUIIPOOYBaHb 3 BUKOPUCTAHHSAM €TAJOHHUX TPAHCIIOPTHUX 3aC00IB Ta CTATUCTUYHUX METOJIB
JUTSL OI[IHIOBAHHSI TOBTOPIOBAHOCTI Ta BiATBOPIOBAHOCTI PE3y/IbTATIB.

IMocTanoBka 3aBaanHs. MeTolo poOOTH € BJIOCKOHAJIEHHS CHUCTEMH YIPABIIHHS
gKicTIO  craHmii  TexHiuHoro oOcmyroByBaHHs (CTO) muisixoM  BIPOBaKEHHS
MDKJIA00paTOPHUX BHUIIPOOYBaHb SIK IHCTPYMEHTY OIIIHIOBaHHS CTaOUIBHOCTI pe3yJbTaTiB
miarmoctuku KT3.

Jnst peanizanii mocTaBIeHOi METH AOCHTIIKEHHS B POOOTI PO3B’SI3YIOTHCS HACTYIIHI
3aBJIaHHSA:

1. Po3pobutn  mpoueaypy TpoOBENeHHS MDKIA00OpaTOpHUX  BHUIPOOyBaHb
BignoBigHo 10 Cranmapry ISO/IEC 17043.

2. ITpoBecTn mpakTU4Hi MDbKIaOOpaTOpHi BUNPOOYBaHHS Ha aBTOMOOUTE DAF
kareropii N3, ik €TaJIOHHOTO TPAaHCIOPTHOTO 3ac00Yy.

3. OLHUTH Y3TOJDKEHICTh PEe3yNbTaTiB MDK BHUIPOOYBAJBHUMH JUIBHUISIMHU
nignpuemctB TOB «ABTomiarnoctrkay Ta TOB «ABTOMOTOIIarHOCTHKAY.

4. 3acrocyBatu ki1 PDCA nis BAOCKOHANICHHS CUCTEMH YIPABIIIHHS SKICTIO.

5. CdopmyntoBaTH TPOMO3UIIT ATl CTBOPEHHS PETiOHANBHOI 0a3u pe3ynbTariB

MDKJIa00paTOpHUX BUIPOOYBaHb TPAHCIIOPTHUX 3aCO0IB.
Bukaaa ocHoBHoro marepiaay. MibkimabopaTopHi BHIPOOYBaHHS MPOBOAWIHCS Y
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ceprHi-BepecHi 2025 poky Ha 6a3i nmaboparopiii mignpuemctB TOB «ABTOMIarHOCTHKa» Ta
TOB «ABTOMOTOIIarHOCTUKay», sKI po3TamoBaHi Mo Bcid Ttepuropii KipoBorpaacbkoi
o0JacTi.

Jlo BunpoOyBaHb 3a1y4€HO TPHUHAIIATH BUIPOOYBaTbHUX AUTBHULE (Tal. 1).

Tabmuus 1 — Tlepenik BuUIpOOyBaJIbHUX JUTBHUIL 1 Trpadik MPOBEICHHS
MDKJIa00paTOPHUX BUIPOOYBaHb
. . Hata BunpoOyBanbsHa
Ne [MigmpuemcTBO - B HHIT Anpeca npoBeaAeHHS
1 | TOB «ABTOmIarHOCTHKAY 25.08.2025 JlaGopaTopist Ne 7 26%00’ M. [aiiBOpoH, By.
laiiBoponchbka, 1-/1
26400, m.
2 | TOB «ABTOAIarHOCTHKAY 25.08.2025 JlaGoparopist Ne 6 BnarosimeHceke, ByI.
[Tpomucnosa, 53
TOB 26100, cmT.
3 . 26.08.2025 JlaGoparopist Ne 4 HoBoapxaHrenbchbk, BYIL.
«ABTOMOTOIIarHOCTUKAY
Hentpanbha, 111
TOB 27100, M. HoBoykpainka,
4 . 27.08.2025 JlaGopatopist Ne 2 ByIL. ['epoiB-
«ABTOMOTOIIarHOCTUKAY .
PATYBaJIbHUKIB, 23
5 | TOB . 28.082025 | JlaGoparopia Neg | 2200, M- bobpuner,
«ABTOMOTOJIIarHOCTUKA Byn. Kamranoga, 2a
TOB 28500, m. JlonuHChKa,
6 . 28.08.2025 JlaGopaTopist Ne 3 Bys1. CobopHOCTI
«ABTOMOTOIIarHOCTUKAY N
Ykpainu, 70
27500, m.
7 | TOB «ABTONIarHOCTHKAY 29.08.2025 JlaGopatopist Ne 5 KpomnuBHULIBKUH, BYIIL.
JlaBanmoBa, 27-A
TOB 25030, m.
8 . 29.08.2025 JlaGoparopist Ne 1 KpomnuBHULIbKUH, BYIIL.
«ABTOMOTOIIarHOCTUKAY
JlaBanmoBa, 27-A
9 | TOB «ABTOmIarHOCTHKAY 01.09.2025 JlaGopaTopist Ne 1 27406, u. 3nam’HKa,
Byi1. B. T'onoro, 95x
TOB 22800, M. Onexcanapis,
10 . 01.09.2025 JlaGoparopist Ne 6 npocit. ByniBenbHUKIB,
«ABTOMOTOIIarHOCTHKAY 398
TOB 27330, cMT.
11 . 02.09.2025 JlaGoparopist Ne 7 OuekcaHpiBKa, BYIL
«ABTOMOTOIIarHOCTHKAY
Bumnesa, 16r
12 | TOB «ABTOIIarHOCTHKAY 03.09.2025 JlaGopaTopist Ne 4 27500, m. CeiTnoBozcek,
ByI1. €roposa, 77
TOB 26000, m.
13 . 04.09.2025 JlaGopaTopist Ne 5 Hosomupropon, Byi.
«ABTOMOTOIIarHOCTUKAY
Tonacroro, 27

Lorcepeno: pospobaeno asmopamu

3a eTajoHHUIA 00’€KT ITOCHKEHHS B3ATO BaHTaXHMUI aBToMOOUTE DAF Kkareropii N3

13 IM3ETBHUM JIBUTYHOM.
BumnpoOyBanust KT3 BukoHyBanu 3a TAKUMHU OKa3HUKAMU:
- ranpMiBHa cuna KT3, H;
- IUMHICTh BIATPAI[bOBAHUX Ia3iB aBTOMOOLIIB 3 AU3EISIMH Ta Ta30IU3EIAMU, M~
- piBeHb 30BHIIIHBOTO MIyMy Ha HepyxoMmomy KT3, nBA;
- cuJIa cBiTNa dap, 10 MPALIOIOTh B PEXKUMI «OJIMKHE CBITIION, KII;
- cunia cBiTna ¢ap, o MPaoTh B PEKUMI «JAIbHE CBITION, KII;

1.
s
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- CHWJTy CBITJIa IPOTUTYMaHHUX (ap, KI;

- CBITJIONPOTYCKaHHS CKia, %;

- CyMapHHU{ KyTOBUH MPOMDKOK PYJIbOBOTO KepyBaHHS (CyMapHHIA JTIOPT Kepma),’;

- BHCOTa PUCYHKa IPOTEKTOpA IIIMHU, MM;

- maca KT3, kr;

- MapKOBaHHS 3HAKOM O(iLIHHOTO 3aTBEPIKEHHS;

- OIIHKA PO3IIUPEHOT HEBU3HAYEHOCTI (JIe 3aCTOCOBHE) BUMIPIOBAHB

Jlnst BUKOHAHHS JOCHimKeHb 3actocoBaHo weroauku JICTY 3649:2010, ISO
13528:2015, ISO/IEC 17043:2010, a Takox [TpaBuna €EEK OOH Nel3, Ne41 i Ne§3.

3asnaueHuii rpadik BunpoOyBanb KT3 (Tabm.l) oxomuB yci KIHOYOBI AUTBHUIL
periony. Lle mo3Bonmnio 3a0e3mednTu 00’ €KTUBHICTD PE3yIbTaTiB, MEPEBIPUTH Y3TOKEHICTD
MDK pPI3BHUMHM YMOBaMM €KCIUTyaTalii Ta OI[IHUTH pEaJbHUH piBeHb KOMIIETEHTHOCTI
BUIIPOOYBAIbHUX J1a00paTOPIH.

BusnayeHo 1’Th eTamiB MPOBEICHHS MDKIA00PAaTOPHUX BUIIPOOYBaHb: IUIAHYBAHHS
(Plan); migroroBka m0 mpoBeaeHHs BunpoOyBaHb T3; mpuBeneHHs BumiproBanb (/l0);
o0pobOka oTpuMaHuX pe3ynbTaTiB BunpoOyBaHb (Check); mpoBeneHHs KOpPUTYBalIbHUX il
(Act).

Ha erani ninanyBaHHS BU3HAUEHO:

- LUT1, METOJMKH, KpUTEPii mpuiHATHOCTI pe3ynbTatiB (Cv < 5 %, z-score < £2);

- B fKOCTI 00’ekTa mochijpkeHHs Oyno BukopucrtaHo KT3 kareropii N3 ciamoBuit
taradu DAF XF 105 VIN-nomep: XLRTE47MS0E723829 (puc.1).

- rpa¢ik npoBeAeHHs BUNpoOyBaHb Ha AubHUIX TOB «ABTomiarnoctuka» Ta TOB
«ABTOMOTO/IIarHOCTHUKAY;

- (hopMy MPOTOKOITY Ta IPOLIEAYpH 300py AaHUX.

Pucynok 1 — Komicuuii TpancnoptHuii 3aci6 kareropii N3 cimmosuii tsrau DAF XF 105
XLRTE47MS0E723829

5.

IN-;IMepZ

,becepeﬂo: 3anponoroearo asmopamu
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[lepen moyaTkoM BUMIPIOBaHb 3ICHIOETHCS BIAMOBIIHA MTITOTOBKA:

- KaniOpyBaHHS TaJbMIBHUX CTEHMIB, IUMOMIpPIB, JIIOKCMETPIB 1 IIYMOMIpiB Ta
IHIIUX TPUJIAIiB, 32 IKHM BH3HAYAIOTh MOKA3HUKU BUMIPIOBAHb;

- HaBYaHHS MEPCOHAITY 00 YHi(IKOBAaHOI METOMKH MPOBECHHS BUIPOOYBaHb;

- TepeBipka yMOB cepenoBuina Ta miarororka KT3 1o npoBeneHHs BUMIPIOBaHb.

[Tpu mpoBeneHHI MDKIIA00pPaTOPHUX BUIIPOOYBaHb HA KOXKHIA AUTHHMII 31 CHIOBAITN
OJITHAaKOB1 BUMIPIOBAHHS 3a MOTEPEAHBO y3Tr0oHKEHUMHU MeTonukamu nepeBipku KT3, a came:
CHJIU TaJIbMYBaHHs; TUMHOCTI BIANPabOBaHUX ra3iB; ocBiriaeHocTi gap T3; piBHS mymy npu
pi3HUX pexumax podotu asuryHa KT3.

Pesynpratu BUnpoOyBaHb 3a3HaueHO B Ta0II. 2.

Tabmuus 2 — Pesynbraté BunpoOyBaHb Ha AUTBHHLIAX TOB «ABTOmiarHOCTHKa» Ta
TOB «ABTOMOTOIIarHOCTHKA»

PesynbraT Ainvumni
1 2 3 4 5 6 7 8 9 10 11 12 13
TaneMiBHA cHla 2125
MepeHbOI OCi JIIBOTO 16170 | 18680 0 18730 24030 | 25720 | 14390 | 18030 | 19300 | 16900 | 23960 | 22870 |23490
koJsieca, H
TaneMiBHA cHIla 2038
nepeanboi oci mpasoro | 16270 | 17950 0 16650 19320 | 22050 | 14430 | 17590 | 18300 | 15300 | 21260 | 19960 |21890
koJsieca, H
JluMHiCTB
BiMpaIbOBaHUX ra3iB
aBTOMOOLIIB 3 0,17 | 0,21 |0,24| 0,26 | 0,17 0,18 0,26 | 0,20 0,16 | 0,18 0,21 0,21 | 0,18

JAU3CIIsIMU Ta
ra30u3eNsIMH, M
PiBeHB 30BHIIIHBOTO
myMy Ha Hepyxomomy | 95,9 | 96,0 |96,0| 92,2 | 902 | 955 | 90,1 | 92,0 | 90,0 | 94,7 | 94,5 | 94,9 | 96,1
KT3, nBA

Cwuiia cBiTja JIiBOT
¢apu, 1o mpairoe B
pexumi «Guxie 8000 | 10000 | '12%| 2300 | 5800 | 5800 | 8000 | 7000 | 9000 | 2400 | 7000 | 10000 11000
cimio» ((0,1 m 0
BEPTHKAJIbHO YHU3 Bl
Touku P)), ki

Cwuiia cBiTja JIiBOT
bapu, mo npamwoe -\ 650 | 5800 (2280 39700 | 23700 | 27000 | 30000 | 19100 | 27900 | 27900 | 35000 | 28000 |34000
PEXHUMI «JabHE 0
CBITIIO» (BEpXHsi), KX
Cwuiia cBiTja JIiBOT
bapu, mo npamuoe 5 9000 | 16300 | 63%| 21200 | 12600 | 15400 | 24000 | 17500 | 17500 | 16000 | 12000 | 14000 |20000
PEXHUMI «JaIbHE 0
CBITJIIO» (HUXHSI), KX
Cwuuia cBiTja JIiBOT
npoturymannoi papu, | 1100 | 1000 |[1400| 1500 | 1500 | 1000 | 1300 | 1200 | 1000 | 900 | 1500 | 800 | 900
K1
CBITJIONPONYCKAaHHS
ckia (J1000Be ckio), %
CymapHuii KyToBuit
IIPOMDKOK B HOBOPOTI
KkepMa (cyMapHuit
modT kepma),
Bucora pucynka
IIPOTEKTOpA IIMHU
HepeIHBOrO JiBOrO

76,7 | 75,4 |759| 74,7 | 73,9 | 72,2 | 74,3 75,1 75,1 72,3 73,0 | 71,5 | 74,7

8,0 8,5 8,0 | 12,0 | 12,5 7,50 10,0 10,5 9,0 10,5 9,5 11,5 8,0

8,5 7,5 7,1 7,0 8,5 8,4 8,1 9,3 7,6 7,6 9,0 8,0 10,0

KoJieca, MM
Maca KT3 (3a nanumu 1026
ranpMmiBHOTO cTeHay), | 10550 [ 10460 0 10150| 10430 | 10530 | 10120 | 10460 | 10300 | 10330 | 10430 | 10350 {10490

KT
Lorcepeno: pospobaeno asmopamu

[Ticnst 3aBepIIeHHS] BUMIPIOBAaHb JJIs1 BU3HAUYEHHS MPUIIMCAHOTO BU3HAYSHHS 3HAYEHb 1
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iX HEBM3HAUEHOCTI 3aCTOCOBAHO IMPOLEAYPY Y3TOJUKEHHS 3Hau€Hb PE3yJAbTaTiB yYacHUKIB 3
BUKOPUCTAaHHAM CTaTUCTHYHUX MeroaiB, omucanux B JICTY ISO 13528:2016 Ta 3
ypaxyBaHHsIM BIUuBY BukuziB (m. B.3.1 e) nmomarky B ISO/IEC 17043:2023). Otpumansi
JaHi Ha BUIPOOYBAIBHUX NUIBHULAX TEPEeBIpAIN Ha OJUH BUKUA 3a Kpurepiem ['pabbca,
pe3ybTaTH po3paxyHKiB As Kpurepito ['pab0ca HaBeneHi y Tabmuio 3.

Tabnuus 3 - PesynbraTn po3paxyHkiB ajst kputepito ['pab6ca

Cratucruka | CtaTucTuKa 5% 1% .
KsaziBukuy /
INoxazHux I'pabbca, I'pabbca, KpUTHYHE | KPUTUYHE
BUKH]
Gimax Gin 3HAYEHHS] | 3HAYCHHSI
anleBHa CHJIa TIepeIHbOI oci 1,84 1.67 2,462 2,699 Bizcyrwii
JIBOro Koyeca, H
lanpMiBHA cuita iepeiHbOI Oci 1.82 1.66 2,462 2,699 Bizcyrwii
npaBoro koneca, H
JluMHICTE BiAmpanboBaHUX Ta3iB
aBTOMOOLTIB 3 JU3EISIMH Ta 1,50 1,26 2,462 2,699 BincyrHiit
ra3oqu3ensaMu, M’
PiBeHb 30BHINIHBOTO MIYMY Ha . .
nepyxomomy KT3, 1BA 1,05 1,52 2,462 2,699 Bincyrhiit
Cuna cBitna yiBoi ¢apu, mo
TIPAIIOE B PEKUMI «OJIMKHE CBITIIO» 1,44 1.80 2,462 2,699 Bizcyrwii
((0,1 M BepTHKAIBHO YHH3 BiJ
touku P)), k1
Cuna cBitna y1iBoi (apu, mo
MIPAIIOE B PEKUMI «JTAITEHE CBITIION 2,14 1,71 2,462 2,699 BincyrHiit
(BepxHst), K1
Cuna cBitna yiBoi ¢apu, mo
MIPAIIOE B PESKUMI «JTAITEHE CBITIION 1,80 1,83 2,462 2,699 BincyrHiit
(HIKHS), K1
Cuna cBiTia J1iBOi MIPOTUTYMAHHOI 1.39 1.43 2,462 2,699 Bizcyrwii
thapu, k1
CBITJIO;'[pOHYCKaHHH cKia (J1060Be 1,48 1,74 2,462 2,699 Bizcyrwii
CKJI0), %
CyMapHuii KyToBHii IIPOMIXKOK B
TIOBOPOTI KepMa (cyMapHUi 0T 1,64 1,30 2,462 2,699 BincyrHiit
kepma), °
Bucota PHCYHKA NPOTEKTOPA IIHHH 1.85 137 2,462 2,699 Bizcyrwii
TIepeTHHOTO JIBOTO KoJieca, MM
Maca KT3 (3a jaHUM# TaabMiBHOTO 126 1.85 2,462 2,699 Bigcy il
CTEHAY), KT

Lowcepeno: pospobaeno asmopamu

B pe3ynbraTi mepeBipkd Ha BUKHJA OTPUMAaHUX 3HAYEHb BUMIPIOBAJIBHUX BETUYMH
po3paxoBaHo craTucTUKU ['pabOca s MakCUMalbHHUX Ta MiHIMaJIbHUX 3HAUYEHb Pe3yJIbTaTIB
BurpoOyBanb mnapameTpiB KT3, mo Bu3Hauanucs OUIBHUIIMH. Bu3HaueHO, 110 BOHU €
MEHIIUMH 32 5% KpUTHYHE 3HaYeHHS JJ1s1 KpuTepis ['pad6ca. JloBeneHo, mo BUMpoOyBaibHi
MO3UIIii € KOPEKTHUMU 1 BUKHU]] 3HAYEHb BUMIPIOBAIbHUX BETMYHH BiJICYyTHIH.

BusiBneHo, mo Ui OTpUMaHUX pe3yabTaTiB MOKHA BUKOPUCTATH POOACTHUM aHaIi3.
B pesynbraTi 4yoro mnpoBeeHI OLIHKA POOACTHOTO CEpeHBOTO 3HAYEHHS Ta POOACTHOTO
CTaHJAPTHOTO BIAXHUJICHHS Ha OCHOBI OTPUMAHMX pE3yJabTaTiB BUMIpIOBaHb (Tab. 4).

Ha m’stomy erani Mixi1abopaTopHUX BHIPOOYBaHb BHSIBIICHI BIAMIHHOCTI (Y AMMHOCTI
Ta Imymi) Oyl0 YCYHYTO LUIAXOM KajiOpyBaHHS NPWIATiB 1 MOBTOPHOTO IHCTPYKTaXy
nepcoHaly.

Otpumani pe3yabtatu MJIB nokaszanu BUCOKY y3roJUKEHICTh MK Jabopatopismu TOB
«ABToMortomiarHocTrkay 1 TOB «ABrogiarHocTuka». Po30bKHOCTI B Mexax 3,5 %
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MiATBEPUKYIOTH METPOJIOTIYHY CTaOUIBHICTh. 3acTOCyBaHHs cTatucTHUHUX MetoniB (Cv, z-
score) MiITBEpHIIO, 110 BCi pe3ynbTaTH € npuiHaTHuMU. OTxe, MJIB noBenu epeKTUBHICTH
CHCTEMH YIPABIIHHSA SKICTIO Ta TOUYHICTb BUMIPIOBaHb.

Tabmuus 4 - BusHadeHHs poOOACTHOTO CEPEeIHBOTO 3HAYEHHS Ta POOACTHOTO
CTaHAApPTHOT'O Bi,Z[XI/IJIeHHH
. . s”
x s ) X (HoBE)

TazbmisHa cia nepesrof oci misoro 19300,00 | 4641,79 | 5962,69 | 20270,77 | 3997.85
koneca, H
TazbmisHa cita nepeskol oci npasoro 18300,00 | 3010,49 | 45157 | 1856538 | 2822,99
koneca, H
JluMHICTE BiANpanboBaHUX ra3iB aBTOMOOLITIB 0,20 0,03 0,04 0.20 0.03
3 IU3EISAMM Ta Ta30U3EIAMH, M| (0,20) (0,03) (0,05) ’ ’
PiBeHb 30BHIIIHBOTO IIYMY Ha HEPYXOMOMY 94,70 1,93 2,89 94.09 210
KT3, nbA (94,09) (2,10) (3,16) ’ ’
Cuna cBiTna J1iBoi (hapu, 110 Iparoe B

. . 8000,00 2966,00 | 4449,00
PEKUMI «OIIKHE CBITIIO» (0,1 m (7684.77) | (2895.13) | (4342.70) 7684,77 | 2895,13
BEPTHKAJIBHO YHU3 Bifl ToukH P)), K
Cuna cBiTna J1iBoi (hapu, 110 Mparoe B 27900,00 7563,3 1344,95 27101.17 | 6972.64
PEXHIMI «JTAJIBHE CBITIIO» (BEPXHS), KN (27230,77) | (7257,77) | (886,66) ’ ’
Cuna cBiTia JiBOI (hapw, 110 MPAIoE B 16300,00 3410,9 5116,35
PEKUMI «JTAJIBHE CBITIIO» (HIDKHS), KX (16261,54) | (3750,85) | (5626,28) 16261,54 | 3750,85
Cua cBiTia J1iBOi MpOTUTYMaHHOI (apw, K1 1100,00 296,60 444.9 1161,54 | 287,40

74,70 1,19 1,78
. (74,41) (1,37) (2,006)
o
CsiTionporryckanHs ckia (JioboBe cKiIo), % (74.41) (137) (2.05) 74,41 1,37
(74,41) (1,37) (2,05)

CymapHuit KyTOBHIi IPOMIXOK B (I;IOBOpOTl 9,50 2.2 334 9.65 1.89
KepMa (cymapHHH JIOQT KepMa),
Bucota pucyHka npoTeKkTopa IUHHA 8,10 0,74 1,11 813 0.85
TIEPETHBOTO JIBOTO KOJieca, MM (8,13) (0,85) (1,28) ’ ’
Maca KT3 (3a ranuMu rabMiBHOTO CTEHAY), 10430,00 148,3 222,45
KT (10385,01) | (132,83) | (199,25) 1038501 1 132,83

Lorcepeno: pospobaeno asmopamu

Bnposamkenns moxaeni PDCA  (Plan-Do-Check-Act) mo3Bonmio miaTpuMyBaTH
nporuec 6e3nepepBHoro BaockoHaneHHs MJIB. TlokazaHo, mo ki mojeni Plan-Do-Check-
Act craB ocHoBoto iHTerpauii MJIB y cucremi Cranaapty ISO 9001 na CTO.

Ha ocnoBi pesynpraris MJIB mpoBeneHO psn 3axofiB, SKi JAlOTh MOKIIMBICTH
MIABUIIUTH SKICTh iarHOCTUKH TexHidHOro ctaHy KT3: oHOBIEHO IHCTPYKIIii 3 KOHTPOIIO
TOYHOCTI BUMIPIOBAaHHS MapaMeTpiB TexHigyHoro ctany KT3; mpoBeneHo HaBuaHHS EpCOHAITY
IOZI0 BHUMIPIOBAaHHS BH3HAYaJNbHUX MapaMeTpiB TexHiuHoro crany KT3; pospobieno
mopiuanii  rpadik  MJIB  gns guibHuIs  BumpoOyBanbHUX — Jaboparopii  TOB
«ABroniarHocTuka» Ta TOB «ABTOMOTOMIArHOCTHKA»; CTBOPEHO 0a3zy pe3yabTaTiB s
BIJICTE>)KCHHSI TEHJCHIII SKOCTI MPOBEACHHS pOOIT 3 MIarHOCTUKH Ha BHUIPOOYBAIBHUX
TUTBHULIAX, SIK1 TpuiiMany yaacte MJIB.

BucuoBku. 1. MbknabopaTtopHi  BUOpPOOYBaHHS €  JIi€BUM  IHCTPYMEHTOM
MiATBEP/UKEHHS KOMIIETEHTHOCTI J1TabopaTopii, sKi MPOBOJATH BUIPOOYBAHHS JiarHOCTUKH
KOJIICHUX TPAaHCIIOPTHUX 3aC00IB, 1 cTaOLILHOCTI OTPUMAHUX PE3yabTaTiB BUMIPIOBaHb.

2. Ilokazano, mo BHUKOpUCTaHHS aBTOMOOUII DAF sk eTaJoHHOro 103BOJIMIIO
3a0e3MeUnTH BIATBOPIOBAHICTH pPE3YNbTATIB MDK BHIPOOYyBabHUMH AuUTbHHLIAMU TOB
«ABrogiarHoctrka» Ta TOB «ABTOMOTOIarHOCTHKAY.

3. Inrerpartiss MbKIa00paTOPHUX BUIIPOOYBAHb Y CHCTEMY YIPABIIHHS SIKICTIO MiJIBUIIY€E
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TOBIpY /10 pe3yabTaTiB JiarHOCTUKU TEXHIYHOTO CTaHy KOJIICHUX TPAHCIIOPTHUX 3aCO0IB.

4. lominbHUM € CTBOPEHHS perioHaspHOl 0a3zy JaHuUX MDKIAOOPAaTOPHUX
BUIIPOOYBaHb JJIs1 MOHITOPHHTY TOYHOCTI BHUMIpIOBaHb y cepi TEXHIYHOTO KOHTPOJIIO
TEXHIYHOTO CTaHy KOJICHUX TPAHCIIOPTHUX 3aCO0IB.
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Interlaboratory Testing as an Effective Tool for Improving the Quality of Diagnostics
of the Technical Condition of Wheeled Vehicles in the ISO 9001 System

The article presents the results of the study of interlaboratory tests as an effective tool for confirming the
quality of diagnostics of the technical condition of wheeled vehicles. Diagnostics were carried out within the
framework of modern quality management systems built in accordance with the requirements of ISO 9001:2015,
ISO/IEC 17025:2019 and ISO/IEC 17043:2023 standards. At the same time, the reliability, stability and
reproducibility of test results performed at technical control stations are increased by implementing a
standardized procedure for interlaboratory measurements.

The studies were conducted on the basis of thirteen test sites of the enterprises LLC "Avtodiagnostics"
and LLC "Avtomotodiagnostics" of the Kirovograd region. A wheeled vehicle of category N3 — DAF XF 105
was used as a reference object. The paper describes in detail all stages of organizing interlaboratory tests in
accordance with the PDCA cycle: program planning, unification of methods, calibration of measuring
equipment, personnel training, measurement performance, processing of results and implementation of
corrective actions. Statistical methods according to ISO 13528 and ISO 5725 standards were used to analyze the
consistency of the results. The database emissions were checked using the Grubbs criterion, and robust average
values with corresponding standard deviations were also determined. The results obtained demonstrated high
repeatability and reproducibility of measurements: the discrepancies between the interlaboratory test sites did not
exceed 3.5%, which indicates the stability of metrological traceability and the appropriate level of competence of
the testing laboratories. The detected deviations in terms of smoke and noise were eliminated through equipment
calibration and re-training of personnel, which confirmed the effectiveness of corrective measures. It is proven
that the use of interlaboratory tests increases confidence in the results of diagnostics of the technical condition of
wheeled vehicles and forms the basis for the implementation of a regional database of control measurements,
which can be used for long-term monitoring of the quality of technical control. The proposed approach
demonstrates the practical value of integrating interlaboratory tests into the quality management system at
maintenance stations and can be used as a model for building a national system for assessing the competence of
testing sites and improving road safety in Ukraine.
ISO 9001 Standard, ISO/IEC 17025 Standard, interlaboratory testing, DAF, PDCA, technical control,
metrological traceability, measurement quality
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Bu3HaueHHs €J1eMEeHTIB, 5Kl JIMITYIOTh IIpare3JaTHICTh
aBTOMOOLIIB rpynu Renault Ha OCHOB1 CTaTUCTUYHO1
iH(opMmalii Tpo BiAMOBHU

B crarri po3mismaeThes  METON  MOCHIJIOBHUX —IlepeBar INpH  OOpoOIll  CTaTHCTHUYHOI  0a3u
EKCIEPUMEHTAIIBHUX [OCIIKECHb BiJIMOB €JIEMEHTIB (BY3IIiB, CHCTEM, arperariB) aBToMoOuTiB rpymu Renault.
Po3pobiniena Meromuka peaiizaimii MeTOMy IIOCTIJOBHHMX IIepeBar, sika Ma€ II'sATh eTamiB. TeopeTHUHO
0OIPYHTOBAHO BCI Il €Tany Ha 0a3i CTATHCTUYHHX JaHWX 1 OMIHOK CTATUCTUYHHMX IMOKA3HUKIB. J[J1s1 BU3HAYECHHS
KPUTUYHHX BiJIMOB €JIEMEHTIB aBTOMOOULTIB 1 (hOpMyBaHHS HEOOXiAHOI HOMEHKJIATYypH 3alacHUX YacTHH
copMOBaHI HOPMOBAHI MAacCHUBH JaHUX 3HAYeHb OaJbHUX OLIHOK BIJIMOB €JIEMEHTIB 1 HOPMOBaHI 3HAYEHHS
IMMTOMMX BHTpaT Ha 3alacHi YacTUHW. PO3MISHYTI Pi3HI 3aKOHM PO3MOILTY IIUX HOPMOBAaHHUX CTATHCTUYHHX
MacuBiB. Ilo aBromoOimsam rpynu Renault chopmoBani pexkoMeHnamii, KpUTHYHI BiJIMOBH SIKMX €JICMEHTIB
TIepEBE/ICHI B PAHT 3allaCHUX YaCTHH.
aBTOMOOIJIb, €JIEMEHT, Npale3/1aTHICTb, BiAMOBA, CTATUCTHYHA iH(opMallisl, CTATHCTUYHI OKA3HUKH, 3ANIACHI YACTUHHU

IMocranoBka mpo6JieMu. BusBieHHS BiAMOB €JIEMEHTIB (BY3JIiB, CUCTEM 1 arperariB)
aBTOMOOLUIIB [1-3], mI0 MIMITYIOTh IX Hpale3JaTHICTh AOLUIBHO IPOBOJUTH HA OCHOBI
CTaTUCTUYHOI iH(popMarii mpo IiX eKCIulyaramiiiny HagidHicTe [4-6]. Ilpu 1poMy
BPaxOBYIOTHCS HACTYITHI KPUTEPii: THIOBI BIIMOBH, iX KUIBKICTh HAa OJHMHHMIIO MPOOIrY IS
KOJKHOT MOJieJli aBTOMOOLIIS; CTYIEHI BIUIMBY TUIIOBHX BIIMOB Ha 3arajbHy Ipale3/aTHICTh
aBTOMOOUTIB; CIIBBIOHOMIEHHsT 00’eMiB 3aTpar S Ha 3aMiHy EIEMEHTIB 1 CepeaHBbOTO
HampalroBaHHs L — Ha BIAMOBY JUISl IaHOTO THITY Bi/IMOB aBTOMOOLTIB [7,8].

VYci kputepii peanizyBalvcs Ha OTPHUMAaHIM CTaTUCTHYHIA 0a3i MISUIBHOCTI MEpexi
HaJaHHS TEXHIYHOTO0 CepBiCY 1 IIOCTAa4aHHS 3allaCHUX YAaCTHH CTAHIH TEXHIYHOTO
oo6cimyroByBanns (CTO) aBromo61niB rpynu Renault. B 6a3i ctaTUCTHYHUX TaHUX (QICypYIOTh
JMaHi 10 BIOAMOBaM, CEPEIHBOrO HAIpAIlOBaHHSI Ha BIAMOBY, KoedillieHT Bapiamii. 3a
CTaTUCTUYHOIO 043010 JaHUX € TaKOXX MOJKJIUBICTh BH3HAYCHHS IHTErPAJIBHUX 1
mudepeHIiaabHuX (YHKINH HampamoBaHHsS Ha BiaMoBy [1,4]. EkcrutyaTarliiiHi MOKa3HHKH
aBTOMOOLIIB MOJKJIMBO OI[IHUTH PI3HMMHU MeToAaMu 1 MeToaukaMu [3]. IHTepec BUKIHMKae
METO/I TIOCIIIIOBHUX IIEpeBar Ta METOAMKA BU3HAYCHHS! KPUTHYHUX €JICMEHTIB, SIKI HEOOXITHO
pearnizyBaTu IJisi OTPUMAHOI EeKCIIEPUMEHTAIBHOT 0231 JaHUX.

AHaJi3 ocTaHHIX HocaimxkeHb i myOuaikamiii. Ha cboromui sikicHe (pyHKIIIOHYBaHHS
aBTOMOOUTEHHX cepBicHUX cucteM — CTO, norictuynux nentpiB (JILI) 1 ckimamaiB 3amacHUX
yactuH (34) — moTpedye MOCTIMHOIrO MOKpAIIeHHS METOMIB, CIIPIMOBAHUX Ha IIABHUINEHHS IX
edextuHocti [1,7,9]. 1le moTpeOye BUKOPHUCTAHHS Cy4acHOTO aHai3y, OIIIHIOBAaHHS Ta
MIPOTHO3YBaHHS POOOTH LIUX CHCTEM B yMOBax poOOTH aBTOCcepBicy aBTomoOutiB [10-12].

Ha ykpaiHCbKOMY PHHKY aBTOCEPBICY € I1i1a Hu3Ka mpobiem [13-15]:

— HEJIOCTaTHS BIJIKPHUTICTh MIJIPUEMCTB Ta iX (IHAHCOBHX JIAHHUX, IO 3HAYHO
YCKJIAIHIOE aHAITI3 1 pO3pOOJICHHS PillleHb 3 ONTHMi3allil BHKOHYBaHUX POOIT;

— BIJICYTHICTh HEOOXIIHUX METOJUK KOMIUIEKCHOI OmiHKHU edekTuBHOCTI poboTn CTO
Ta MPOTHO3YBaHHs Horo nmotpedu B 34.

Jtst X ripoGrieM HeoOXiTHe po3poOIIeHHsT IHHOBALIIMHUX MITXOIB, SIKi OyIyTh BpaXOBYBaTH:

© C. 1O. Tumenko, B. B. Ayain, A. B. I'punsbkis, 2025
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yac, MOTOYHUN CTaH PUHKY, 10 J03BOJIMTH BUACHO IJIaHyBaTu noTtpedy B 3U 3a micusamu
podotn CTO Ta muctpub’roTopiB cydacHuX aBToMOOLTIB [16-18]. ExoHOMIUHI pamku
(YHKI[IOHYBaHHS BHKJIMKAIOTh HEOOXITHICTH AWCTPUO’IOTOpaM B KOPUTYBaHHI METOJIB
noctayanHs 3Y A miaTpuMaHHA Mpane3JaTHOCTI TpaHCHOPTHUX 3aco0iB [19,20].

Ha croromni piBens 3amacie 3U ma CTO dopmyroTs 3a HOpMaTHBaMu, aje OUIBII
e(pEeKTUBHUM € BUKOPUCTAHHS CTATUCTUYHUX 1 MATEMAaTUYHUX METOMIB (TEOpis BiTHOBIICHHS,
MacoBOTr0 0OCITyroByBaHHs Ta iH.) [21,22].

Po3B’s3aHHS 1UX 3aBAaHb MOTPEeOye eKCIEPUMEHTATBHUX JOCTIKEHb, CIIPIMOBAHUX HA:

— OTPUMAaHHS CTATUCTUYHUX XapaKTEPUCTUK HAMIMHOCTI €JIEMEHTIB (BY3IiB, CHCTEM,
arperaTiB) aBToMOOUIs Ta BUTpaT Ha 34 Ta iX BiAHOBJIEHHS;

— BU3HAYCHHS 3aKOHOMIPHOCTEH PO3MOALTY BiIMOB Ta ()OPMYyBaHHSI MIOTOKIB BiZIMOB;

— OLIIHKY 3HAYYIIOCTI BIUTUBY BiIMOB Ha mparne3aaTHicTs T3;

— BHOKpEMJIEHHS HOMEHKnaTypu 3Y, mio JiMITYyIOTh Mpane3JaTHICTh JIETKOBHUX
aBTOMOOLIIB.

IMocTanoBKka 3aBAaHHA. MeTo0 naHOi poOb0oTH € GopMyBaHHS 1 00poOKa CTATUCTUYHOT
iHpOopManiitHO1 0a3u Mpo eKcIuTyaTaliifHy HaJiifHICTh eJIeMeHTIB aBTOMOOwLTIB Tpynu Renault
Ta BU3HAYEHHS €JIEMEHTIB SIKi JIIMITYIOTh iX Mpane3laTHICTh Ha OCHOBI YTOUHEHOTO METOIY
MOCIIOBHUX TepeBar i po3po0JeH0 METOau HOro BHpoBaLKeHHs. [l peanizarmii MeTH
PO3B’SI3yBAIMCH HACTYITHI 3aB/IaHHS:

1. BusHaueHHs CTYNEHIO BIUIMBY THIOBOi BiIMOBH Ha 3arajbHy Ipale3iaTHICTb
aBTOMOOLIA rpynu Renault.

2. Bu3HaueHHs CTYNEHIO BIUIUBY BIIMOB IO PIBHSAM CTYIEHIO BIUIMBY MO KOXXHOMY
eJIEMEHTY aBTOMOO1IIB Tpynu Renault.

3. BusHaueHHS CTaTHCTUYHUX TOKA3HMKIB 310paHOTO MacHBY JaHHX CYMapHHX
€KCIEPTHUX OIIIHOK.

4. Bu3HaueHHS MacUBY NUTOMHX BHTpaT Ha 3al4yacTUH BIJMOBICHHUX €JIEMEHTIB
aBTOMOOLIIS,

5. Binbip 13 BUXiTHOT MHOXXHHU €TIEMEHTIB aBTOMOOLUIS HAMOUTHII KPUTHYHUX BIIMOB 1
BCTAHOBJICHHS HOMCHKJIATYPH 3aITYaCTHH Ta OIIHKA iX BapPTOCTI.

BukjageHHsi OCHOBHOro Mmarepiajay. Po3rmisiHeMO CyTHICTP Ta TEOpETHUHE
OOIpYHTYBAaHHS METOJY IIOCIIJIOBHUX IIepeBar, SKUW CKIagaeTbcss 3 m'saTH eramiB. Ha
KOKHOMY 3 €TamiB 3ICOBaHO HOro CYTHICTh Ta JaHO METOJUKY BHU3HAYCHHS MOKa3HUKIB
rpynu Renault.

1. BusHaueHHS CTYNEHs BIUIMBY THUIIOBOi BIiIMOB Ha 3arajbHy Ipale3aaTHICTb
aBToMOOUTs Tpynmu Renault. BrumB okpemMux eneMeHTIB aBTOMOOUTIB Ha iX 3arailbHy
MpaLe3JaTHICTh 3 YpaxXyBaHHIM KPUTEPIiB CTYNEHIB BIIMOB BHSBIISIIM TAKUM YHHOM:

— MNpu BIUIMBI cTyneHs (J; BimMOBa eleMEHTa YHEMOXKIIMBIIOE EKCIUTyaTalliio
aBTOMOOLISA, TOOTO CTaH aBTOMOOUIS KpUTUYHUN a00 HECIIpaBHUM;

— mpu BIUMBI cTymeHs (J; BiMOYBaeThCs 3HAYHE 3HIDKCHHS TEXHIYHOI €KCIUTyaTarlii
aBTOMOOWUTIB 1 TaKWIl TEXHIYHHUI CTaH, IO CBITYUTH MPO HEOOXiTHICTH MPOBEACHHS PEMOHTY,
TOOTO HAOyBa€THCSI HECIIPABHUHN CTaH;

— IpU BIUTUBI cTymeHs (J3 BiIOyBaeTbcs HE3HAYHE BIIXWUJICHHS MapaMeTpiB TEXHIUHOT
eKCIuTyartarii aBTOMOOLTIB, BiJl ETAJOHHUX 3HAYeHb, BIIMOBY MpPH IOMY MOKIUBO
TPaKTyBaTH SIK HEICTOTHE.

2. Bu3HayeHHs CTYyIEHIO BILTUBY BiIMOB 10 piBHAM Q;, (02,03 MO0 KOKHOMY €IIEMEHTY
E; y GanpHIiil OIIHIII Ta CyMapHUIl BIUIMB BIIMOB €JIEMEHTIB MO KOXKHOMY OKPEMOMY PIiBHIO

O
k
Q> 2.Q,, (1)

k=j+1
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1e i — IHJEeKC eleMeHTa aBTOMOOLUIS; j — MOKAa3HUK PIBHSA BIUIMBY BIIIMOBH €JIEMEHTIB
aBTOMOOTIB, j=1,m ; k — IHOEKC TOPSAIKOBOTO HOMEpa eneMeHTa aBromoous, k=(1,K); m —
KUTBKICTh PIBHIB BiIMOB €JIEMEHTIB Ha Mpalle31aTHICTh aBTOMOOLTIB (m=3);

1 — 3arajibHe YHCJIO €JIEMEHTIB, 10 PO3IJIAJAETHCS 3 MO3UINA BUMOT JIMITYBaHHS iX
MpaLe3IaTHOCTI;

), — GanbHi (BaroBi)OUIHKK 3 TOUKH 30py YyTJIMBOCTI JAHOI CHCTEMH, 32 EKCIIEPTHUM

OTIUTYBAaHHSIM TPYIH CIIEHIaTICTIB, 0 MalOTh O€3MOoCepeHE BiMHOIICHHS 0 MiAPUEMCTBA
aBTOCcepBicy auiepcbkoi mepexxi CTO.
OnTtuManbHUM € HAcTyllHa BHMMOTra 0 OalbHHX OI[IHOK BIUIMBY €JIEMEHTIB Ha
Mpare3aaTHICTh €IIEMEHTIB:
Q,=80Q,;,=1Q,=7Q,;=2 .
Q. =10 ; Q,NQ,= , 3TIIHO  EKCIIEPTHOIO
Q,=6,Q;=30Q,=5Q,=4

ONMUTYBAaHHA.

in = ;Q] (2)

[TpoBOAMTHECS TOYATKOBA OI[iHKA HAMOLIBII KPUTHYHUX €JIEMEHTIB E; 3 TOUKH 30py
3a0e3MeueHHs 3arajlbHO1 Mpae31aTHOCTI aBTOMOOLTIB:

min, 11 QZ = max

Ao, = max, Jis QZS = min|’ 3)

i

Ha wmacuBl maHux BaroBUX OI[IHOK {Qij } BU3HAYAETHCS OIlIHKA MaTeMaTHYHOTO

ouikyBaHHs ():

m
29
j=1

Q=4 (4)
m

1

CCpCAHE KBAAPATUYIHE BiHXI/IJICHHSIZ

; 5)

KoediuienT Bapiarii:

Oq,
v (Q, Fﬁ ; (6)

1
1e i — iHAeKC BapiaHTHUX KOMOIHAIii GanbHUX OIIHOK PIBHSA 3HAYYILOCTI,
m — IHJIEKC PO3TIIATyBaHOI KOMOIHAI1.

Tabmuus 1 — CraTuCTUYHI XapaKTepUCTUKHU KOMOiHaIlii 0albHUX OIIHOK

! {Q;} Qi a(€2) v (Q))
1 10; 8; 1 6,33 4,726 0,746
2 10;7;2 6,33 4,04 0,638
3 10; 6; 3 6,33 3,512 0,555
4 10; 5; 4 6,33 3,215 0,508

Lboicepeno: pospobaeno asmopamu

MacuB GanpHUX OLIHOK TaOJHIN J03BOJSIE MPOAHATI3yBaTH UYTIMBICTh PO3TIISIHYTUX
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KOMOiHaITiii:

1:10-8;10-7;10-6; 10 - 5;

I:8-1;7-2;6-3;5-4.

3. Bu3HaueHHS CTAaTHCTUYHUX TOKAa3HMKIB 310paHOTO MacHBY JaHHX CYMapHHX
EKCIEPTHUX OILIIHOK

Po3rnsaaroTbest HACTYIHI CTATUCTUYHI XapaKTEePUCTUKU:

4
DN N
MaremaTuyuHe O4iKyBaHHS Q, =H—;
n
0

(7)

ng o
2
2., - Q)
CepenHe kBajpaTHyHe BigxmwieHHs  o(Q);) =1/ " ,
n —
(¢

(8)
e QZ, = ZQij :

€))

®opmyerbesi MacuB {Ki} TPOBENCHHSIM HOPMYBAaHHSM MAaTEMAaTHYHOTO OYIKYBaHHS
QZ 10 CepeIHbOKBAIPATUIHOMY BiIXHICHHIO 0(£);):

QZv
K =—-"—. (10)
()

4. Bu3HaueHHS MACHBY, IMTOMUX BHUTPAT HA 3alaCHi YACTHHHU BIJIMOBJICHHX CJICMEHTIB

aBTOMOOLIIB.

st macuBy Sy , i =1,n, BU3Ha4aeMO MaTeMaTHYHE OUIKYBAaHHS MUTOMHX BTpPAT:

_ 25
Sy =-—. (11)

ng

CepeaHe KBaJpaTUYHE BIAXUICHHS IIMTOMUX BUTPAT JOPIBHIOE:

(12)
ne SZ, = leu . Ha Ha nanomy erami np=ns
=
®opmyemo macus {M;} MUIIXOM HOPMYBAHHS MaCHBY TUTOMHUX 3aTpar Sy !
Ss,
M =— (13)

Co(Sy)
5. Binbip i3 BuUXimHOT MHOXXHMHHU eleMeHTIB {E;} aBTOMOOLIIB HalOUIBII KPUTHUYHUX
BiZ]MOB 1 BCTAHOBJICHHSI HOMEHKJIATYPH 1 BapTOCTI 3aIT4acTHH.
[Tposenemo orinky Bapianiit v(K) i v(M), BiAOBiTHO:
(K)=0(K)/K;v(M)=0a(M)/ M, (14)
7€ MaTeMaTU4YHE OYIKyBaHHS 1 CepeAHbOKBaJpaTHuHe BinxuieHHs i {Ki}i {Mi}
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BH3HAYAIOTHCA 32 popmynamu:

— YK " (K. — K)?
K:21=1K1’ O'(K)Z 1=1( i ) ’ (15)
Ny — n,—1
— IS M. 5 (M, — M)
M:M’ O'(M)= M (16)
ng ng—1

3a3HauMMo, IO AN KpUTUYHUX eJeMeHTiB ((M)<0,4) BUKOPHUCTOBYIOTH MOPOTOBi
—H. —H . .
3HadyeHHs K, 1 M, g HopManbHOTO po3noauty K; 1 M.
Sxmo v(M)= 0,4 — To 3acTOCOBYEThCS 3aKOH ['amMMa-po3moaity.

Jlnst HopManbHOTO 3aKOHY JUIst K; 1 M; HIDKHI OBipYi MeX1 BU3HAYAIOTHCSI HACTYITHUM
YUHOM:

T . O-(Ki)

—H
K'-K-:z ; (17)
7 \/Z
My =M -z, T (18)
Ve

. . . o . SH . —H
Y cBow uepry mis ['amma-posnoauty K; 1 M; HuxkH1 goBipul mexi K, 1 M,

BH3HAYAIOTHCA 32 popmynamu:

—H = K
K, =K-U,-———; (19)
Ny Tk
M, =M-U, - ———. (20)
’ N Ty
ney >0,9, Z,— HOPMOBaHa BUIIJIKOBA BEIMYUHA JIISI HMOBIpHOCTI G:
—2
K
Ng =—; ; (21)
o (K)
—2
M
My == - (22)
o (M)

. . . —H ., —H
B pesynbrari OTpuMy€eMO 3HAa4€HHS HUXKHIX AOBIpYMX Mex K, 1 M, , 0 N03BOJISIE

3MICHUTH B1101p HOMEHKIIATYPH €JIEMEHTIB, K1 BIUIMBAIOTh Ha Mpale3/1aTHICTh aBTOMOOLIIB:
—H —H
K>K,; M,2M, . (23)
—H
IIPHU LIbOMY MOKE BUKOHYBaTUCh YMOBA 1, =n,, , AKo K, > K, .
[Tpame3gatHiCTh aBTOMOOLUTS BU3HAYAETHCS 32 (HOPMYIIOIO:
R =K, M,. (24)
P . SH . . .
Bu3sHaueHHs HWKHBOI JOBIPYOi I'paHulll R, BIANOBIIHO JOPIBHIOE:
R

— 25
g Mg 2

_H —_—
R}/ :R_U}/'

3 1BOTO CHIYE, MO 77, :

(26)
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Ha mpukotani aBromo6inst Renault Dokker HaBeieHO OIIIHKY TIOKa3HUKIB BHOPAHHUX €JIEMEHTIB.

Tabmuus 2 — OuiHOYHI NOKa3HUKY BiliOpaHuX eneMeHTiB aBToMo0ist Renault Dokker

Ne . [oznauenns |Bapticts 34, Cepene Tutoui BuTpaTh
i HaiimeHnyBaHHs enemeHTa enemenra, E; Siy.0. HAIpALIOBaHHA Ha|  HA 39 S,
BimMOBY, L, T.kM. |  y.0/1000xm
1  Brynku nepeansoro crabinizaTopa E, 5 75 0.066
2  |Criliku nepeHbOro crabdisizaTopa E, 20 75 0.266
3 |Onopa nBuryHa npasa E; 90 80 1.125
4 Baxeni nepeqHboi MmiJBiCKH E4 80 75 1.066
5 |CaiineHTONIOKY 3a/1HBOI OaJIKK Es 15 100 0.15
6  [CanpMmiBHI AuUCKH niepeHi Es 55 90 0.61
7 |HakoHEYHMKH pyIbOBUX TST E; 15 50 0.30
8 |[PynboBa pelika Eg 1000 180 5.5
9 [[lepenni amopTu3aTopu E9 150 80 1.875
10 |OmopHi miAMMIHAKA Eio 60 80 0.75
11 [Bagni amopTtH3aropu Ei 100 100 1
12 [Bueruenns KIIII Epn 130 150 0.86
13 |Craptep Ei3 90 200 0.45
14 [Pemins I'PM 3 ponukamu Ei4 90 120 0.75
15 [PeMiHb MONIKIMHOBHUH 3 POITMKAMH Eis 60 120 0.5
16 [[lomma Eis 55 120 0.45
17 [Typboxomnpecop Epy 450 250 1.8
18 KaxiOpyBaHHS i PEMOHT IaTMBHUX Eis 400 250 1.6
(hopcyHOK

Lorcepeno: pospobaeno asmopamu

AHaNoriyHi OLIHOYHI MOKAa3HUKH BiIOpaHUX EIIEMEHTIB MPUBEICHI MO aBTOMOOLISM
Renault Express i Renault Master.

Jns BiniOpanux enemeHTiB aBToMoOu1ss Renault Dokker moOynoBano rpadiku 3miHu
CepeHhOTO HAIpAIIOBaHHS Ha BiMMOBY (puc. 1), po3moain BapTocTi 3amyactuHu (puc. 2),
PO3IMOALT MUTOMHUX BUTPAT MO €JIEMEHTax aBTOMOO1Is (puc.3).

250

CEPEAHE HANPALKBAHIA,

El E2 E3 E4 E5 E6 E7 ES8 E9 EI0 E1l E12 E13 El14 EIS E16 E17 El18

Enementi asTomobing, E

Pucynok 1 — Cepenne HanpaiioBanHs eneMeHTiB aBroMo0is Renault Dokker Ha BizMoBy
Howcepeno: pospobrerno asmopamu

1000

Bapricte3M, 5,y.0,

El E2 E3 E4 E5 E6 E7 ES8 E9 EIOEI1E12E13 E14EISEIGEITEILS

Enementn astomobing, E
Pucynok 2 — Bapricts BigiOpanux exemenTiB aBromo0ins Renault Dokker
Hoicepeno: pospobrerno agmopamu
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El E2 E3 E4 E5

E6 E7 EB E9 EIDE11E1ZE13E14EISEI6ELTE18

EnemenT asTomoling, E

Pucynok 3 — IInuToMi BUTpaTH €JIeMEHTIB 10 3aMiHIOIOTHCS 3aIIaCHIMH YacTHHaMH aBToMo0Lst Renault Dokker
Howcepeno: pospobrerno asmopamu

MosxHa 0auuTH, IO BHAUISIOTHECS €JIEMEHTH 3 JOCTATHHO BHCOKHM 3HAYEHHSIM IIHX
nmokasHUKiB. IIpo 1e CBIAYMTH 1 3aJEXKHICTh BapTOCTI 3alaCHUX YAaCTUH Bill CEPEIHBOTO

HaNpaIoBaHHs HA BIIMOBY (puc. 4).

1000

Bapricre3y, 5,y.0

800

600

) 75

100 90

50 180 80 80

CepenHe HanpaulBaHHA Ha Bigmosy, LT.km

100 150 200 120 120 120

250 250

Pucynok 4 — 3ane:xHiCTh aOCOMIOTHUX BUTPAT HA 3aIaCHI YaCTWHU Bij] HATIPAIFOBAHHS HA BiJIMOBY
aBroMo011s1 Renault Dokker

Licepeno: pospobaeno asmopamu

[To manum 3anexxHOCTI (pric.4) MOOYAOBaHO PIBHIHHS perpecii:

y =0.1461x" - 4.8464x> + 48.61x* - 135.23x + 110.93;

R?=0.258.

27)

AHAIIOTIYHO pe3yNbTaTH OTpUMaHi mo aBToMooOuTIM Renault Express 1 Renault Master.

Tabmuis 3 — CTaTucTUYHI XapaKTePUCTHKU KOMOIHAIIIT OaIbHUX OIIIHOK

NQ H/H Qj/‘ Q U(Qt) V(Qi) K

1 3 3 0 0

2 3;9 3 0 0

3 6;3 4,5 2,12 0,47 2,83; 1,41
4 6;3 4,5 2,12 0,47 2,83; 1,41
5 6;3 4,5 2,12 0,47 2,83; 1,41
6 10;6 8 2,82 0

7 6;3 4,5 2,12 0,47 2,83; 1,41
8 10;6 8 2,82 0

9 6;3 4,5 2,12 0,47 2,83; 1,41
10 63 45 2,12 0,47 2,83; 1,41
11 6;3 4,5 2,12 0,47 2,83; 1,41
12 10 10 0 0

3 6.3 45 212 0,47 2.83; 141
14 10 10 0 0

15 10 10 0 0

16 10;6 8 2,82 0,47 2,83; 1,41
17 10;6 8 2,82 0,47 2,83; 1,41
18 10;6;3 6,33 3,04 0,48 3,28;1,97;0,98

Lorcepeno: pospobaeno asmopamu
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BukopucToByroun  3a3HaueHy METOAWKY TMOOYJOBAaHO MAacHUB  CTaTUCTUYHUX
XapaKTePUCTHK KOMOiHAIii OaThbHUX OIIHOK (Tabi. 3) Ta BUSBIICHI €JIEMEHTH, SIKi JIIMITYIOTh
mpare3aaTHicTh aBToMoOuTs Renault (Tabim.4).

Tabmuus 4 — BusiBieHHsS eeMEHTIB, SIKi JIMITYIOTh Ipane3JaTHiCTh aBToMoOuIs Renault
Dokker

=]
e > ) S
: S & S 5 < S5 | &
3 5 3 g £ 22 a g3 g2
= = = 2 EE S = £
o o = m S B =z = o R=E
= B =1 § S 9 = H s
Ne . o £ = = s E B = =2 = o
HaliMmenyBaHHs enemenTa | & S I g 2 s g2 22 g5
/i = 2 @ z g E Iz S 5=
= s 8 = = == z g
< % Q 9 =
2 o T g g
= K M Ri R E
] i i R, ;
| [Py nepemsoro E| 0.613 0.006 0.003
cTabinizaTopa
p  [Criiikit nepenisoro E» 0.613 0.023 0.014
cTabinizaTopa
3 Onopa nBuryHa npasa E; 1.84 0.112 0.206
4 [Baxeni nepeaubol Eq 1.84 0.096 0.176
[111BiCKH
CaitieHTOI0KH 3a1HBO] Es 1.84 0013 0.023
OaKK
CaneMiBHI quckn mepensi | Ee 3.27 0.055 0.179
5 HakOHEYHHKH PYITBOBHX E, 388 0.027 0.104
TST
8 PynboBa pelika Es 3.88 0.495 1.920 0.243 E8
[lepemHi aMmopTH3aTOPU Eo 1.84 0.168 0.309 E9
10 |OmopHi migmmnHUKHT Eio 1.84 0.067 0.123
11 3a1HI aMOPTH3aTOPH En 1.84 0.090 0.165
12 Sueriennst KIIIT Ei2 2.04 0.077 0.157
13 |Craprep Ei; 2.04 0.040 0.081
14  |Pemins ['PM 3 ponukamu Ei4 2.04 0.067 0.136
PemiHb TIONIKIMHOBH 3 Eis 2.04 0.044 0.089
15 [pOTMKAMHU
16  [omma Ei6 3.27 0.040 0.131
17 Typ6okoMmpecop Es 3.27 0.162 0.529 E17
1§ [KamiOpysanmiipewont | p 3.88 0.144 0.558 E18
MaTUBHUX (HOPCYHOK

Lowcepeno: pospobaeno asmopamu

BusiBneHo HeniHiiHMI XapakTep 3aJeKHOCTI HOPMOBAHMX 3HAu€Hb MHUTOMHX BUTpAT
BiJl HOpPMYBaHHS 3Ha4YeHb OanpHUX oOWIHOK. [lani HopmyBaHHsS MacuBiB {M;} 1 {Ki}
BUKOPUCTAHO s rpadiqHol iHTeprperanii (puc. 5).
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0.006 0.023 0.112 0.096 0.013 0.055 0.027 0.495 0.163 0.067 0.03 0.077 0.04 0.067 0.044 0.04 0.162 0.144
K

PucyHok 5 — 3anexHicTe HOpMOBaHHX 3HAYEHb TUTOMUX BUTPAT BiJl HOPMYBAaHHs 3HaU€Hb OaJIbHUX
OLIIHOK TPYIH BiZIMOB €IE€MEHTIB aBTOMOO1JIs rpynu Renault
Hoicepeno: pospobrerno asmopamu

OTpumaHo BiANOBiIHE PIBHSHHS perpecii:

M = 0.0001K* + 0.0008K> - 0.1082K? + 1.2099K - 0.9242; R=0.427. (28)

Ile piBHSHHS CBITYUTH PO HEMHINHY 3aJIKHICTh B3aEMO3B'SI3Ky HOPMOBAHHUX 3HAYEHB
MUTOMUX BUTPAT OLIHOK PECYpPCOBU3HAYAIBHUX BiIMOB.

BucuoBku. 1. TeoperuuHo oOIrpyHTOBAHO BHUKOPHUCTAHHS METOMIB TOCTIJOBHUX
mepeBar y pecypCcOBHM3HAUANBHHX BIIMOBAaX €JIEMEHTIB (BY3JiB, CHCTEM, arperaris)
aBToMOOWTIB rpynmu Renault. Pearnizariss MeToqy cKiagaeTbesi 3 M'ATH €TaliB, HA KOXKHOMY 3
SKHX JTaHO Horo cnenudiky i TeOpeTHYHe MPeICTaBICHHS Y BUIJISII aHATITUYHUX BHPA3iB.

2. Ilokazano, 1m0 [uIg peailizalii MeTOAy TOCTIIOBHHX IepeBar BigMOB
peCypCOBU3HAYATBHUX €JIEMEHTIB JOIUILHO BHKOPUCTATH CTATHCTHYHI MOKA3HUKH MAaCHBIB
OTPUMAHUX JaHUX: MaTeMaTHYHE OYIKYBaHHSA, CEPEeIHE KBaJpaTHYHE BiIXWICHHS,
xapakTepHuit macuB {M;} i {K;} HOpMyBaHHs OaJbHUX OLIHOK BiIMOB 1 MUTOMHUX BUTpAT Ha
3aracHi YaCTHHHU.

3. Po3poOneHo MeToAMKy BH3HAYCHHS KPUTUYHHUX EJIEMEHTIB, BUKOPHCTOBYIOUH
MOPOTOBI 3HAYEHHS PI3HOTO THITY PO3MOALTY (HOPMalbHUN po3moiin, I'amMma-posmomin,
THIMHUA po3MoALT Ta iH.) oTpuMaHuX MmacuBiB {M;} 1 {K;} Ta iX HWXKHI 1 BepXHI JOBIpUi
MeXI, Ipare3JaTHicTh aBTOMOOLTIB Ta ii JOBipYi MEXi Ta iH.

4. Ha npuknazai aBToMoOuTiB Tpynu Renault HaBeneHO OIIHKM MOKa3HUKIB BHOpPaHUX
€JIEMEHTIB: BapTICTh 3allaCHUX YaCTUH, CEPE/IHE HANPAIIOBAHHS HA BiIMOBY, IUTOMI BUTPATH
Ha 3alyacTHHHU, MOOYJOBAHO PO3MOALUT LUX MOKA3HMKIB, a TAaKOX 3aJEKHICTb BapTOCTi
3aIl4acTUH BiJ CEPEeIHBOTO HAINpallOBaHHA Ha BiAMOBY. Po3poOinena meToamka jgana
MOJXJIMBICTh BH3HAYUTH €JIEMEHTH aBTOMOOLTIB rpynu Renault, mo mimiTyloTh iX
npane3aatHicts: E8, E9, E17, E18 (ms aBromo0Oinst Renault Dokker). Ananoridao mpoBeeHi
JOCTIDKEHHST sl IHIMUX aBTOMOOUTiB rpymu Renault. BusHaueHo MOUUTBHUM I €IEMEHTH
NIEPEBECTH B PAHT 3aIIACHUX YACTHH.
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Identification of Elements that Limit the Performance of Renault Group Vehicles Based
on Statistical Information on Failures

The use of sequential advantage methods in resource-determining failures of elements (units, systems,
units) of Renault group cars is theoretically justified. The implementation of the method consists of five stages,
each of which gives its specifics and theoretical representation in the form of analytical expressions. It is shown
that for the implementation of the method of sequential advantage of failures of resource-determining elements it
is advisable to use statistical indicators of the obtained data arrays: mathematical expectation, mean square
deviation, characteristic array {M;} and {K;} normalization of failure scores and specific costs for spare parts. A
method for determining critical elements is developed using threshold values of different types of distribution
(normal distribution, Gamma distribution, linear distribution, etc.) of the obtained arrays {M;} and {K;} and their
lower and upper confidence limits, car performance and its confidence limits, etc. Using the example of Renault
group cars, estimates of the indicators of selected elements are given: the cost of spare parts, the average time to
failure, the specific costs of spare parts, the distribution of these indicators is constructed, as well as the
dependence of the cost of spare parts on the average time to failure. The developed methodology made it
possible to determine the elements of Renault group cars that limit their performance: E8, E9, E17, E18 (for the
Renault Dokker car). Similarly, studies were conducted for other Renault group cars. It was determined that it
would be appropriate to transfer these elements to the rank of spare parts.
car, element, performance, failure, statistical information, statistical indicators, spare parts
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Teoperuuni 3acaay moOyI0BU aJITOPUTMY
rapaHTOBaHOI reHepallii BUIIaJIKOBUX MaTPHIIb
NACAKUPCHKUX KOPECIIOHACHIIIN

VY crarTi posmismaeTbess npoOieMaTHKa (OpPMYBAaHHS MaTpHIb IACaXUPCHKMX KOPECTIOHICHIIH B
paMKax IHTEpPBaJbHOI KOHIIEIIiI MOJEIIOBAHHS TPAHCIOPTHOTO MONWTY. 3ampONOHOBAaHO METOA MOETAIHOI
reHepanii BHNAJAKOBHX MAaTpHIb NACAKUPCHKUX KOPECHOHJCHIIHM, SKUHA BpaxoBYe TPYIOBI Ta OAWHHWYHI
00MEeXeHHsI, 1 BBEJJCHO IOHATTS MOTEHIaly JUIs OLIHKM MOXJIMBOCTI peaiizalii 3aganux ooMexensb. Onncano
ITOPUTM, IO JO3BOJSIE YHHKATH TYHNHKOBHUX CHTYallill y Tpolieci MOIETIOBAHHS MaTpHUIb HAaCaKUPCHKUX
KOpECITOH/ICHIIH Ta 3a0e3mnedye HaJiiiHy peali3amiio iHTEpBAIBFHOTO MiAXOMy IO IPOrHO3YBAHHS IIONHTY Ha
TIepeBe3EHHs MTAaCaXHPIB.
rpoOMAa/ICbKUI TPAHCHOPT, iHTepBaJbHA KOHILENIisl, MATPHLSA KOPECIOHICHIiN, Maca;KUPChKi NepeBe3eHHs,
TPAHCIIOPTHHIA ONUT

IMoctanoBka mnpodaemu. DopMmyBaHHS MOAETCH MOMUTY Ha MACAKUPCHKI
JI0BOJII CKJIAJHOIO 33/1a4€l0, IO MOJSArae y HEOOXIIHOCTI TOYHOI PEKOHCTPYKIl 00csriB
nepeMilleHb MacakupiB MK yciMa mapamu TpaHcnopTHux paioniB (TP) micta B ymoBax
HEMOBHOTH, HEOTHOPIIHOCTI Ta BUCOKOT IMHAMIKH BXiTHUX AaHuX. [loOymoBa Takux Mojenei
— MaTpUIlh Macaxupcbkux kopecnonaeHIin (MIIK) — nepenbavyae BCTAaHOBIICHHS! KUTbKICHUX
3B’S3KIB MDK 30HAMM TIOXOJDKCHHS 1 NMPU3HAYEHHS IMOI3/I0K, ale TOJIOBHE TEXHOJIOTIYHE
YCKJIQHEHHS TOJSAra€e B TOMY, IO IIi 3B’S3KM HEMOXJIMBO O€3MOCEpPEeTHBbO CIOCTEpIraTH B
MOBHOMY 00CsI31 — BOHM MalOTh BiJTHOBIIIOBATHCS 3a JOMOMOTOIO PI3HUX HEMPSAMUX METOJIIB,
Mozenel 1 npumymeHs [1-3].

3 TOYKH 30py ONMUCY NOTPeO HACEIEeHHS y epecyBaHHsX, iHTepBasibHa KoHuemnis (1K)
MOJCNIOBaHHS TONuUTy [4] Mae ICTOTHI TiepeBard IMepea TPATUIIMHUMH MiIX0JaMu
npencrasiens MIIK, ockinbku Jae 3Mory OUIBII TOYHO 1 THYYKO BpaxOBYBAaTH
PI3HOMAHITHICTH 1 BapiaTUBHICTh MOBEIIHKH MACaKUPiB, OOMEXEHY TOCTOBIPHICTh BXIIHUX
JaHWX Ta IHIII BJIACTUBOCTI TPAHCIOPTHOTO Imporecy. PeanpHi TpaHCHOpTHI moOTpedH
HACEJICHHS Ha TepecyBaHHS HE € (PIKCOBaHUMHM (CTAIMMHU) — BOHH (POPMYIOTHCS i/l BILTUBOM
IIMPOKOTO KoJa (haKTOPiB: COLIATbHO-EKOHOMIYHOTO CTaTyCy, METH IMOI3/KH, CIMEHHOTro
CTaHy, IHAMBITyaJbHHX 3BHYOK, JOCTYHHOCTI TPAHCIOPTHUX QJIbTEPHATHUB 1 HaBITh
MICUXOEMOIIHHOTO CTaHy. Y I[bOMY KOHTEKCTI CIpo0a MpeACTaBUTH MOIHUT Y BUIJISJI OJHOTO
TOYHOTO 3HAYEHHS (CTaHy) YacTO MPHU3BOJAUTH JO CIHOTBOPEHb 1 BTPATH 3HAYHOI YAaCTHHU
peanbHOi HOBEIIHKOBOI iH(pOpMaii.

I'onoBHoMO nepeBaroro IK MonentoBanHs nonuty [4] € 31aTHICTh HE (IKCYBAaTH MOTHT
gk equae TouHe 3HaueHHs MIIK, a BinoOpaxaru HOro y BUIIIAII iIHTEpBATy MOKIMBUX CTaHIB
MaTpuis KopecrnionaeHmid (MK), mo oxommoe npupoHy 3MIHHICTb 1 HETOUHICTb, BIACTUBY
peaJbHUM TpPAaHCHOPTHUM mporiecaM. [Ipu 1bOMY, OJHUM 13 KIIOUOBHX, Y MeE)Kax
IHTEepBaJIbHOT KOHIIEMIIii, MUTaHb 3aJUIIAEThCA MpobiaemMa popmyBaHHs cykynHocTi MK Mixk
IPaHUYHUMH X CTaHAMH, SIKi O CTBOPIOBAIUCH 32 YMOB ITOBHO1 BHITaJKOBOCTI Ta BPAXOBYBAJIH
oOMeXeHHsI, 0 HaKJIaAaThes y npoiieci reneparii MIIK [1-4].

© Munb Caocoann, €. B. JIoouii, 2025
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AHani3 ocraHHix gochimkens i myOaikamiii. IlpoOGnemi MoxemoBaHHA MOTpPeO
HACEJICHHS Ha MEPECyBaHHS CHCTEMOIO IPOMAJICBKOTO TPAHCIOPTY, 3 MPUB A3KOIO J0 PI3HUX
00’eKTiB (MICTO, MPHUMICBKE CIIOJYYSHHs, aJMIHICTpAaTUBHHMU pailloH MicTa, TepUTOpiabHA
rpoMajga) MPUCBIYEHO BEIMYE3HY KUIBKICTh POOIT, Y SKHX, B OCHOBHOMY, IPOIOHYETHCS
BUKOPUCTaHHA TpaauUiiHuxX MeroaiB ¢opmyBanHs MIIK  —  rpasiraumiiinoi Ta/abo
SHTPOMIHHOI  Mojeni, B KIACHYHOMY iX BHUIISAI abo x i3 momudikamissmu. Cepen
YKpaiHChKUX (axiBI[iB yBaru 3aciayroBYy€ JOCBiJ HAYKOBI[IB XapKiBCHKOTO HAI[IOHAJILHOTO
aBTOMOOLIbHO-I0pOXKHBOTO YHiBepcuteTy (XHAJY), sxumu po3poOieHO0 HHU3KY METOJIB
dopmyBanns MIIK [4-6] mis pisHux kareropiii mict. IlpeacraBneni metoau (popMyBaHHS
MIIK npoiinum anpo6ariro Ha HU3MI 00 €KTIB 1 MIITBEpIUIN CBOIO Mpare3aaTHicts [7-11].
JletanbHUN aHANI3 JITEpaTypHUX JDKEpeN 32 00paHOI0 TEMATHKOI MPEACTaBICHO B poOOTi
aBTOPIB LBOTO JOCITI/DKCHHS [3].

CTocoBHO mMUTaHHSA PO3pOOKM MeToxiB BumagkoBoi renepauii MIIK, To Tyt cumig
BIJI3HAUUTH OJHY i3 mepm crpob [12], pe3yabTatu sIKOi HE MOXYTh TapaHTYBaTH SKICHOTO
pe3yibTaTy 3a YMOB HakJaJaHHsS JOATKOBUX OOMexeHb mpu mojemtoBaHHI MK, a Takox
JOCITI/DKeHHsT aBTOpiB I1i€l crarTti [1, 2], sKMMHM Ha JaHOMY eTalli MPOBOAUTHCS PO3pOOKa
BIJIMOBITHOT KOMIT FOTEPHOT MPOrpamMu, 1o 0a3yBaTUMEThCS Ha MPEJCTABICHUX Y i CTaTTi
MIOJIOKEHHSIX.

IMocTtanoBka 3aBaaHHsi. OCHOBHMM, 1 NPHUHUMIIOBO BAXJIMBUM JJISI JIOCATHEHHS
MOCTABJICHOT METH — CTBOPEHHS METOJy TrapaHTOBAaHOI reHeparlii BUMAJAKOBUX MAaTpHIb,
OpoOJEMHUM MHUTAHHAM € 3a0e3MeUeHHs aJIrOPUTMIYHOI MOJKJIMBOCTI mependadyeHHs
TYIHKOBUX CHUTYAIlill, IKi BAHUKAIOTh BHACIIIOK HaKIAJAaHHS JOJATKOBUX OOMEXEHb Ha Hel.
[HmMM BaXJIMBUM TMHTAHHAM € 3a0€3MEYeHHs B TMPOIECi TeHepalii MaKCHMalbHO1
BUIIAJIKOBOCTI 3HAY€Hb KOPECTOHJCHIINH Yy pe3ylbTyIOUMX MAaTPULSAX, €TAIOHOM SKOI €
pPO3MOJIUT KOPECHOHCHITIN, SKi OTPUMYIOTHCS ©Oa30BUM METOJOM IMOJABIMHOI TeHepaiii
4eproBoi IMO3WINI B MaTpPUIll JUIs 3allOBHEHHS 1 BJIAaCHE 3HAYCHHS KOPECIOHJACHIIIT 3a
JOTIOMOTO¥0 PIBHOMIpHOTO po3noairy [1, 2]. OTke, OCHOBHOIO 3a/1a4€I0 TaHOTO JOCITIIKECHHS
€ po3poOKa TEOPEeTHYHUX MPHUHIUIIB, HAa SKUX 0a3yBaTMMETHCS AITOPUTM TrapaHTOBAHOI
redeparrii Bunaakosux MIIK.

Buknang ocHoBHOro martepiajy. Biaxin Bil MakCHMallbHOi BHITaJKOBOCTI 3HAYCHb
KopecnoHJeHlii y wmeroni moeranmHoi reHepanii MIIK oOymoBnenuit nBoma Horo
BIacTUBOCTAMU. [lo-mepiie, migCyMKOBI KOPECTIOHACHIII B 3arajbHOMY BHUIIQJKY € CYMOIO
PIBHOMIPHO PO3MOJUICHUX BHUITAJKOBUX BEIMYMH, a HE OJHICI0 TAaKOK BEIMYUHOK, SKa
OTPUMYETHCS TpPHU BHUKOpPHCTaHHI 0OazoBoro wmeroxy renepamii. [lo-mpyre, 3a ymoBH
3aBYaCHOTO BUSIBJICHHS Ha JESKOMY €Tali reHepalii HeMOXKJIMBOCTI BUIAIKOBUM YHHOM
3allOBHUTH MATPHUII0 HAa HACTYNHUX 1i eTamax, BHUKOHABIIM IPH LOMY BCi IOJATKOBI
0OMEXeHHS, YaCTUHA KOPECTIOHICHIII Ma€ 3aloBHIOBATHCS CIPSIMOBAHO (IPHMYCOBO), a HE
BHUIIA/IKOBO.

Jlpyra BIAaCTUBICTh JaHOTO METOAYy, fAK I BXKE IIIKPECITIOBAIOCS paHile, €
00’€KTUBHOIO TMPUYMHOIO, YHUKHYTH SIKOI HEMOXJIMBO TpU HaMaraHHi JOCATTH
rapaHToBaHoro pesynbrary resepaiii MIIK 3a HasBHOCTI n0gaTkoBHX oOMexeHb. ToOTo,
BJIACHE T0sIBA IIMX OOMEXEHb BXKE cama Mo co0l TATHE MEeBHY BTPATy BHUIIAJKOBOCTI 3HaYECHb
KOPECIOHICHIII BHACIIIOK TOSIBH JOJAaTKOBHUX 3B’S3KIB MK HHUMHU. AHAJIOTIYHE SBUIIE B
MaTeMaTUYHOI CTaTUCTHULI BiOOpaXKkaeTbcsi y BpaxyBaHHI KUTBKOCTI CTYNEHIB cBOOOIM MpH
BHU3HAYCHHI KpUTEPiiB y3romkeHHs [13]. Ane BHACHIZOK CKIAJHOI MEepeXpecHOl CTPYKTYpH
X oOMEeXeHb Ha MaTpU4YHii 00’€KT, sIKi 0OYMOBIIEHI IUIAHYBAJILHUMH 1 TPaHCIIOPTHUMHU
BJIACTUBOCTAMU KOHKPETHOTO MicTa (200 IHIIMX TEpUTOpiii), aHATITHYHUN Crociod
BCTaHOBJICHHA 3aJIeKHOCTI MDK TapaMeTpamMH pO3MOALTY 3HAueHb KOPECHOHACHIH 1
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KUIBKICTIO JOJJATKOBUX OOMEXeHb Ha 1i (popMyBaHHS, BUIIISIIA€ HETIEPCIIEKTUBHUM. Y IIbOMY
NUTaHHI [Ie HE HAKOMHMYEHHWH JIOCTaTHIH oO0csAr 3HaHb 33 (OpPMYIIOBaHHS aKcioM,
BUCYBaHHS TinmoTe3 i mojansinoi (opmanizanii nrykaHux B3aeMo3B’s3KiB. Tomy, sk 3amada
JaHOTO JOCHIIKEHHS y LbOMY HampsiMi, TPUHAMAEThCSl EKCIEPUMEHTaNIbHA OIIHKA BILTUBY
KUIBKOCTI OOMEXEHb Ha XapaKTepUCTHKH pPO3IOJLLY 3HA4YeHb KOPECHOHJCHIIH, sKa
JOTIOMO>KE BHUSIBUTH BIUTUB JOJATKOBUX OOMEXEHb HAa 3HAUCHHS KOPECTIOHACHIIIH 1 CTBOPUTH
OCHOBY JJIs1 TOJAJIBINNX JOCITIPKEHb BJIACTUBOCTEH MOEIeH MOMuUTY.

[I{o crocyeThcs mepIioi BiIacTUBOCTI MeToAy noeramnHoi renepanii MIIK, To Bona Bxe
HE Ma€ XapakTepy 00 €KTHBHO iCHYIOUOI, OCKUIBKH MOPOKYETHCSI CAMHUM METOJIOM, 1 TOMY
Mae OyTH OIliHEeHA He JIMIIE eKCIIEPUMEHTAIbHO, 2 000B’SI3KOBO aHATITUYHO, IO JI03BOJIUTH
OTPUMATH 3arajibHy XapaKTePHCTUKY TaHOTO METONy [uii OyAb-KHX YMOB HOro
3actocyBaHHs. [Ipy bOMY Ci1ii BpaXOBYBAaTH, 110 TeHEpallisi BUMAIKOBOT MaTpHULll OyAb-IKUM
METOJIOM, BKJIIOYAlOYM 0a30BUH, OOTSKEHAa JEIKMMHU OOMEXKEHHSAMH, Y MIiHIMaIbHOMY
BUMAAKY — MicTKocTssMu TP 3 BimnpaBienss i npuOyrts. Lle mpuBoANUTE 10 TOTO, IO JIMIIE
JesKa YacTHHA 3 KOPECIOHJICHIII HaBiTh y 0a30BOMY METOJi 3allOBHIOEThCS BUIBHO, 0e3
BIUTMBY Ha HHMX B)K€ 3allOBHEHHMX 3HAYCHb KOPECTIOHACHIIIH, KU B OCHOBHOMY IOJISTAE Y
3MEHIICHHI IIOYaTKOBMX 3HAUY€Hb MICTKOCTEH  MiCHs  NPU3HAYEHHS  IOTEpeHiX
KOPECHOH/ICHIIIH, 110 3MEHIIy€e MPaBYy MEXY PIBHOMIPHOTO PO3MOJLTY B MPOIECI TeHepaLii.
IIs BITBHICTE € TaKOX BITHOCHOI, OCKUIBKH KOPECTIOHJICHINI OOMEXEeHI MOYaTKOBUMHU
mictkocTsiMu TP 3 BigmpamieHHs i1 mpuOyTTs, ajie Ha MOYATKy HpOIecy reHeparlii BOHU €
€IUHUM OOMEXKEHHSAM, IO 3a0e3nedye MOXJIMBICTh ISl QHAJITUYHOTO OIHUCY PO3IMOJALTY
3reHepOBAHUX BHIIAIKOBUX 3HAYCHb KOPECHIOHICHIIIH.

Cropoba omucaTH pO3MOALT BCIX KOPECTIOHAEHIIN Yy MaTpHili MOXIJIHWBA HpPU JykKe
oOMexeHiil kinbkocTi TP y Mozeni momuTy, ane 3a3gajieriib NpUpEYeHUN Ha HEBIA4y HpU
pO3IJIIsii peaibHUX 3a7ad, BHACHIIOK YK€ BHUCOKOi KUIBKOCTI 1 KOMOIHATOpHIN mpupomi
3B’S3KIB MDK €JIeMEHTaMHM MaTpullb. 3 IHIIOTO0 OOKY, 3aBIAaHHS MOPIBHSAHHS peE3yJbTaTiB
reHepallii MaTpyllb PI3HUMHU METOJIaMHU HE CYIPOBOKYETHCS 000B’I3KOBOIO BUMOTOIO 111010
MOBHOTO OXOIUICHHS BCIX KOPECIOHJIEHIIN MpH MOpiBHSAHHI. [ oTpuMaHHS ySBIEHHS MPO
PI3HUIIO B 3HAYCHHSAX KOPECTOHACHIIIH, SIKI BUHHKAIOTh BHACIIIOK 3aCTOCYBAHHS METONY
MOETanmHoi TeHepamii 3amicTb 0a30BOr0 METOAY, LUIKOM JIOCTaTHIM € TIOPIBHAHHS
XapaKTePUCTUK TUX 3HAYEHb KOPECMOHJICHIIIH, SIKi CIIMPAIOThCS HA JIMIIE MOYATKOBI 3HAYECHHS
mictkocteit TP. Ilporo ysaBineHHs Oynae AOCTaTHBbO IS (POPMYITIOBAHHS BHMCHOBKIB IOJIO
0COOJIMBOCTEH METOTy OETANHOT TeHepallii 1 MOMKIJIMBOCTI HOTO 3aCTOCYBaHHSA MPH peaizarlii
IK mozaentoBaHHS MOMHUTY.

[ToBepratounch /0 OCHOBHOTO THTaHHA TrapaHToBaHoi reHepanii MIIK -
3a0e3MeueHHs] AJTOPUTMIYHOT MOJIJIMBOCTI IepenOadeHHs TYNHKOBHUX CHTYyalid, sKi
BUHHUKAIOTh BHACHIIOK HAaKIAJaHHS OJaTKOBHX OOMEXKEHb Ha Hei, JOLLUIBHO YBaXKHO
IpoaHaNi3yBaTH I1i OOMEXEHHA. 3 HaKOMWYEHOTO Kadeaporo TPAaHCIOPTHUX CHCTEM 1
norictukn XHAJIY nocBimy MOXIMBO 3poOMTH BHUCHOBOK, mo Ha MK HakiamarThbcs 1Ba
BUJIM 0OMEXKEHb, SIKI BKE 3ra/lyBaJIiCs paHille: OJUHUYHI Ta IPYIOBI.

be3 BTpatu 3aranbHOCTI, eI 3BOAATHCS 10 3a00POHU 3alIOBHEHHS AEAKOi YaCTUHU
MaTpHIll TO3UTUBHUMH 3HAUEHHSMU. BUXOASYM 3 HAKOMUYEHOIO AOCBIAY, IIi OOMEKEHHS
BUHUKAIOTh Tpu reHepamii peiicoBux MIIK 3a pesynpraramMum TaOIMYHUX OOCTEKEHb
NACaKUPOMOTOKIB [5]; mpH poO3risai JUIIEe TPAHCIOPTHUX TEpPECyBaHb Y BEIHMKHX
TEPUTOPIATEHUX 00 €KTaX; MPHU HASIBHOCTI BIIOMHX 31 CTOPOHHIX JUKEpeIl MOCTIHHNX 3HaYEeHb
yactuHu KopecnoHaeHuii B MK. Bonu € HalinpocTtimmM BapiaHTOM OOMEXEHb 1 MaroThb
posrisiiaTica sIK 0a30Bi, TOMy NpH iX HAsBHOCTI, MOCTIMHO [if0o4i OOMEXEHHs Ha BiIOMi
MmictkocTi TP 3 BimmpaBneHHs i mpuOYTTS MarOTh BBXKATHUCS TOJATKOBUMH. TaKWid MiAXiJ

297



ISSN 2664-262X Central Ukrainian Scientific Bulletin. Technical Sciences. 2025. Issue 12(43), Part Il

J03BOJIMTH Y3araJbHUTH XapakTep I0JATKOBMX OOMEXKEHb, BITHOCAYHM JO HUX BCi MOKJIMBI
BapiaHTH IPYMOBHUX 0OMEXKEHb, TakK sIK MicTKOCTi TP € came TakuMu 0OMEXEHHSIMU.

[HImIMME BapiaHTaM¥ TPYNOBHUX OOMEXKEHb € BLIOMI U 00’ €KTY MaCaKUPOTOTOKH 200
PO3IMOALT TAIBHOCTI IepecyBaHb. Pi3HUIS MDK HUMU 1 OAMHUYHUMHU OOMEKEHHSIMHU MOJISTa€E B
TOMY, IIO BCi BOHH € BIiJOMOIO CYMOIO JESKHX KOPECIOHJCHIIH, 00’€IHAHUX 3arajibHOIO
03HAKOI0, 13 3a3JaJerigp BiIOMUM 3HaueHHsM. ToOTo, mictkicte TP 3 BiampaBieHHS — 1€
cyMa BCiX KOPECHOHJCHIIIH, K1 BimpaBisaioTbes 3 naHoro TP, a mictkicte TP 3 mpubyrrs —
cyMa BCIX KOPECTIOHJAEHIH, sKi mpuOyBaroTh a0 gaHoro TP. Bimomwuii 3a oOcTexeHHAMHU
MACAKUPONOTIK HA OKpPeMid IUISHII BYJIMYHO-JOPOXKHBOT Mepexi — Ie cyma THX
KOPECHOHJICHIIIH, $KI mpsAMyloTh uepe3 Hel. Bimoma 3 QyHKIIT po3ceneHHs yacToTa
nepecyBaHb Ha JESKWW Jiama3oH BiJICTaHEW — e cyMa BCIX KOPECIOHJCHIIN, BiICTaHb
nepecyBaHb IS SIKMX MOTPAIUIse 70 IOrO JAiana3oHy (TeX caMe CTOCYEThCS 1 PO3MOILTY
MOT3/I0K 32 4acoM MepecyBaHHA). TaKuM CaMHM YHHOM MOJKIIMBO OMKCATH 1 OyIb-AKi 1HII1
IpynoBi 0OMEXEHHs, SIKi MOXKYTh 3 ’SBISATHCA B KOHKPETHHX BHUIIAJKaX 3a YMOBH HasiBHOCT1
JIOJaTKOBUX JAHWX CTOCOBHO 00’€KTa nocii/keHHs. Bcei BOHHM OyayTh cymMamMH OKpPEMHX
KOPECHOH/ICHIIIH, BUAUIEHUX 3 MaTpHIl 3a BiINOBIJHOIO O3HAKOIO, OCKUIBKM IHIII Jii mpu
CTBOPEHHI MaTpPHIlb 3 KOPECIIOHICHIIIIMU HEMOXJIUBI 32 iX (i3MYHUM CEHCOM. 3BUYAKHO, 110
B JIaHOMY ONHCI 3po0JeHEe CYTTE€BE MPUIYIIEHHS MO0 OJHO3HAYHOI HAaIEKHOCTI
KOPECHOHJICHIIIN 710 SIKOTOCh OOMEXEHHS, 1110 Ha MPAKTHIII MOYKE HE 3aBXKIH BUKOHYBATHUCS Y
BUMAJAKY IAaCAXHUPONOTOKIB. AJe Juii HUX ICHYE MOXIUBICTH O00’€THaHHA Yy TPYIH
MACaKUPOTOTOKIB 3 OJHO3HAYHMM HAOOpOM KOPECTIOHJAEHIIH, SKi MNPSAMYIOTh Yepes
BIAMOBIAHI OUISHKH, a T1 BHIOAOKH, I SKMX Take 00 €IHAHHS HEMOXJIHNBO BHACIIIOK
0coOnIMBOCTE TepUTOpii a00 HEAOCTATHHOTO O00CATY JOCTIKEHb, ICHYE NPUHIUIIOBA
MOJKJIMBICTh BpaxyBaTH MAEKITbKa MOXJIMBUX IUISXIB IS OJHIET KOpECTIOHAEHIIT depes
BIIMOBIJHI YaCTKOB1 KOE(illi€EHTH, 10 MOXHA 3pOOMTH B PAMKAaX 3arajbHOTO aJrOPUTMY.

Taka BIAcTUBICTH TPYNOBUX OOMEKEHb HAaZa€ MOXIUBOCTI JUId iX 3pYy4HOi
JITOPUTMI3allii TPOTIArOM IMPOLECy TeHepalii, A1 bOT0 HEOOXITHO BHIUIMTH i KOXKHE
OOMEXEHHSI OKpEeMHUH Imap, yNopsIKyBaTH OOMEXKEHHS 3a JESKOI0 O3HAKOKI 1 CTBOPHUTH
MaTPUII0 HAJIEKHOCTI KOKHOT KOPECIOH/IeHIIi /IO BiAMOBiAHOTO oOMexeHHs. [Ipu npomy He
000B’s13K0BO, 00 yci KOPECHOHEHIIIi OyJIn po3noAUIeHi MK 0OMEKEHHSIMH JaHOTO LIapy,
aJie 11e BaXJIMBO JUIs AJITOPUTMY pO3paxyHKiB. ToMy, SKIIO map 0OMeXeHb OXOIUTIOE He BCi
KOPECHOH/ICHIIIi B MAaTpHIli, a II€ MOXE CTOCYBaTHCS B MEpIIy Yepry MacaXKHpPOTOTOKIB,
OCTaHHIM OOMEXKEHHsSM Yy Imapi HeoOXimHO Bka3aTH (IKTUBHUN Imap 31 3HAYCHHAM
oOMexeHHs, piBHUM cyMi Bcix kopecnonmeHuidn y MK. Toal kokHa KOPECHOHJICHIIis
IIPUB’A3YETHCS /10 SIKOTOCh OOMEXEHHS Y IIapi 1 Ha MoYaTKy reHeparii Moxxe npuiMaTi Oy/ib-
SIKe 3HAUYEHHS, SIKE HE MEPEBHIIYE BETHMUMHY BiMOBITHOTO 0OOMEKXEHHs B faHoMy miapi. Taki
SKe JOLUIBHO po3rysiAaTH SK ii HOTeHmian y Xoai po3paxyHkiB. Lleit morenmian e
y3araJbHEHHSM BEJIMYMHHU MPABOI IPaHUII PIBHOMIPHOTO pO3MOALTY KopecnoHaeHii [ 1]

ernln(Dl.;Aj), ()
ne D, — wmictkicts TP i 3 Binnpasnenns, nac.; 4; — micrkicts TP j 32 npulyrram, nac.

CyMa moTeHIialiB KOPECHOHICHLIH, sSKi HaJeXaThb 10 KOHKPETHOTO OOMEXEHHS
HA/Ia€ TOTEHIIA BChOTO OOMEXKEHHS, SIKHH Ui CyMICHOI CHCTEMH OOMEXEHb Ha IOYaTKy
PO3paxyHKIiB Ma€ MEpEeBUIYBATH BiIoOMY BenHunHy oOmexxeHHs. I1in yac nmpouecy rexepartii,
MiC/Isi BHUKOHAaHHS HMOro YeproBOrO eTamy, 3TeHEpOBaHI BHUMAIKOBI KOPECHOHICHIIIT
3MEHUIYIOTh SIK TOTEHIlIaIu 0OMEXEeHb, TakK 1 iX BenuunHu. HaOmmkeHHs 3BepXy MOTEHIaly
OOMEXeHHS 10 MOT0 BEIMYMHU O3HAYaTHME HAONMKEHHS 10 TYIMHMKOBOI CUTYyalii. SKmo
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MOTEHINaT OOMEXEeHHS IOpIBHIOE HOTO BENMYWHI, HEOOXIMHO MEpPeWTH BiJ BHITATKOBOI
re’epaunii 0 CHOpsAMOBAHOI 1 3aMIHUTH 3HAYEeHHS KOPECHOHJCHLINM I1X HE HYJIbOBUMH
MOTEHIliaJaMH.

Po3poOka MeToy BUKOHAHHS 33aaHUX 0OMEXEHb IPH BUIAJKOBOMY 3anoBHeHHI MK
0a3yeTbcs Ha MPUIYIICHHI PO Te, 10 BCi 0OMEXeHHS Ha (OpPMyBaHHS MATPHIb MAIOTh BH]
npocToi (HEe3BaXEHOI, HEBUBAXKEHOT — cepedHs apudmMeTHyHa) CyMH pPIi3HHX HaOOpiB
KopecmoHaeHIid. [{iii yMOBi BiIMOBIZaIOTh yCi BiOMi HA JaHUH MOMEHT OOMEXEHHS st
3HAa4eHb KOPECIOHJICHIIH, 0 ONMHUCaHi y APYKOBaHUX Mpausx. HeoOxinmHOI yMOBOIO Ui
PO3pOOKM HIYKAHOTO METOAY TAaKOX € TPUHIMIIOBA CYMICHICTH YCiX OOMEXeHb, TOOTO
HasBHICTH Xo4ya 6 oxHoro Bapianty MK, B skOMy BCi 0OMEXEHHsS BUKOHYIOTbCA. st ioro
BUKOHAHHA Y peaJlbHUX 3a/lauyax, 3 MaTPUIIMH BEIMKUX pO3MIpiB, Ha cTajii moOynoBH
CHCTEMH OOMEXEHb, MOJXKE BHSIBUTHUCS IIUIKOM JOCTATHIM BIOCTEXUTH, 1100 HeE
MOpYIIYBaNacs JIOTYHa BIAMOBIAHICTS MK pi3sHUME yMoBaMu (opmyBanHs MK. Hampuxinan,
BpaxyBanHs y MK 3amanoi ¢yHKuii po3ceneHHs HaBpsia uu Oyle NPOTHPIYUTH BiTOMHUM
MmictkocTsiM TP s peanbHOi MaTpui JanbHOCTI ab0 4acy moi3gok. OfHaK Ha MOYATKy 1y
xoxal mpouecy 3anoBHeHHS MK Bce & HE0OXiHO mepeBipsATH 3adaHi OOMEXKEHHsS Ha iX
CYMICHICTB.

MeTo TOCTiZIOBHOTO 3allOBHEHHS MATPHUIll HAJAa€ MOKJIMBOCTI JJIsi OI[IHFOBAHHS
MOTOYHOTO CTaHy MaTpPHII MICJII BUKOHAHHS YEproBOrO eTamy 3arnoBHEHHS. /|1 mpoBeneHHS
TaKOT0 OILIHIOBAHHS HEOOXITHO BIMIIYKATH MOKA3HUK, [0 BKa3yBaTUME Ha T€, 110 BHACIIIOK
BUIIAAKOBOCTI BHOOpY enemeHnTiB MK, Ha HacTymHOMY eTari 3allOBHEHHSI MaTpPHUIll MOXYTb
peai3oByBaTUCS Taki BapiaHTH, KOTPi HE JO3BOJIATH y MOAAIBIIOMY BHKOHATH BCi 3ajaHi
oOMeXeHHs. Y 3aralbHOMY BHIIQJKy, BHACHJIOK BCi€l Ti€el )X BHIIaJKOBOCTI, Taki BapiaHTH
MOXYTh pealli3oByBaTuCs 1 Oe3nocepeHbo npu (popMyBaHHI moToyHOTo Bapianty MK, mio
Tpeba BMITH 3aB4acHO 3amobOiratu. KpiM Toro, Takuii moka3HHK HOTPiOEH ISl MEepeBIpKH
3aJaHuX OOMEXEHb Ha iX CYMICHICTb, TOMY BiH TOBHMHEH 3a0e3leuyBaTH MaKCHMAaJIbHO
IIMPOKI MOKIIMBOCTI Ul OI[IHIOBAHHS MEpCHEKTHB 3amoBHeHHS MK Ha kokHOMYy ertarti,
BKJIFOYAaK04YM [IOYATKOBUH.

MO3KIIMBOCTI JUIsi BUKOHAHHS KOKHOTO 13 3aJaHUX 0OMEKEHb BU3HAYAIOTLCS TUM, SIKI
3HA4YEeHHS MOXXYTb MpUHATH KoMipkun MK, KoTpi ¢popmMyIOTh BiINOBIIHI yMOBU. A 3HAYEHHS
UX KOMIPOK, Yy CBOIO Yepry, BHU3HA4YalOTbCA THUM, sKi pe3epBU s 3amoBHeHHs MK
3AJMIIWIACA Y KOXXHOMY oOMekeHHI. Lli pe3epBH MOpIBHIOIOTH MOTOYHOMY 3HAYEHHIO
oOMeXeHHS Tiepe]] YeproBuM etaromM 3arnoBHeHHss MK. BennunHa kopecrnoHAeH il y KOMIpIIi
MK, koTpa 3amOBHIOETbCS Ha IOTOYHOMY €Tali, HE MOXKE MEpPEeBUINYBATH KOTHOTO 3
0OMEXeHb, SIKi BITHOCATBCSA 10 Hel, 10 J03BOJISIE BUBHAYUTH Ha KOXKHOMY €Talli 3allOBHEHHS
MaKCHUMAaJIbHO MOJKJIMBI 3HAYCHHS KOPECTOHJEHIN Juis Beiel marpuni. Lli makcumymu, 3a
CBOIM CEHCOM, IPECTABISAIOTh COO0I0 MOTEHIiaN sl 3alOBHEHHsI KOMipok maTpuii. Cyma
BU3HAYCHUX TAKHUM UYMHOM IOTECHLIAIB KOPECIOHACHIIIH, KOTpi BIAMOBIAAIOTH KOXKXHOMY
oOMexeHHI0, Oy/ie MPEeACTaBIATH WOTO MOTEHINa, TOOTO MOKIJIMBICTh BUKOHAHHS KOKHOTO
obMexenHs. [Ipu mpoMy iHTEpec mpeAcTaBisie COO0K0 HE CTUIBKH a0COJIIOTHI MOTCHIIANH,
CKUTBKH iX BITHOCHI 3HAY€HHs, OCKUILKH BOHU 3a0€3MEUyI0Th OUThITY BUIUMICTh HEOE3MEeKH
HEBUKOHAHHS OOMEXEHb 1 BPaxOBYIOTh IOTOYHE 3HAUYCHHS OOMEXEHb Yy 3HAMEHHUKY
BIJTHOIIICHHS.

Tomy, mis ouintoBaHHs cTaHiB MK, 3 TOYkM 30py MOMJIIMBOCTI iX MOJAJIBIIOTO
3allOBHEHHS, Ul KOXKHOTO OOMEKEHHs JOIJILHO BBECTH MOHSTTS BiIHOCHOTO IMOTEHINiANy,
KOTpUH y TOJAIBLIIOMY IMEHYBAaTHMETHCS «IIOTEHIIia] OOMEXEeHHS». Y BIANOBIIHOCTI 3
BUCYHYTUMH JI0 HHOTO BHMOTAaMH, BiH HpEACTaBIsE€ COOOI0 BiIHOMICHHS MOKJIMBOCTEH IO
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3a[IOBHEHHIO Y TIOTOYHOMY BapiaHTi MaTpHIli THX KOMIPOK, CyMa SIKMX CKJIaJa€ BIAMOBIAHE
0OMEXeHHS, 10 TOTOYHOTO 3HAYEHHS CaMOT0 0OMEKEHHS

Ni
2,
— 1

I, =

)

7,
k

ne II, — moteHuian k-ro obmexenns, I1, >0 ; n, — nmoreHuian i-i komipku MK, sxa €

eNIeMEHTOM k-ro oOMexeHHs, n, > 0; N, — kiibkicTb koMipok MK, siki € enemeHTOM A-ro

OOMEXEHHS; 1, — pe3epB k-ro 0OMexeHHs, TOOTO HOro MOTOYHE 3HAYEHHS Iepe]] MOYaTKOM

4eprosoro erany 3anoBHeHHs MK.
[Torenumian komipok MK, y cBolO depry, BH3HAYaTHUMEThCS il MaKCHUMaJbHO
MO>KJIMBOIO BEIMYMHOIO, BUXO/STYM 3 TOTOYHHUX 3HAUYCHb OOMEXKEHb

m, = min (V7). 3)
A€ 7, — OTEHLIal i-r0 OOMEXEHHS, €JIEMEHTOM SIKOTO € i-a koMipka MK.

Bu3HayeHnii TakMM YMHOM TOTEHIIAI JOCTATHBO MOBHO XapaKTEPH3ye€ MOXKIIUBOCTI
nis 3anoBHeHHA MK 3 ypaxyBaHHAM 3agaHux oOMexeHs. [Ipu nbomy ioro 3HauenHs I1, > 1

O3HaYaTUMe, M0 BUKOHAHHS k-r0 OOMEKCHHS MOKJIMBE Ha HACTYITHOMY €Tarli 3allOBHEHHS
MK. 3nauenns I, =1, BianmoBigatume cHUTYyawlii, KOJIM I BUKOHAHHSA Ak-r0 OOMEKEHHs

3aJIMILIUBCS JIMIIE OJIMH BapiaHT — IIIECIIPSMOBAHE 3aIIOBHEHHS BIAMOBITHUX HOMY KOMIpPOK 3
HEHYJIbOBHMHU MOTEHIlIAIAMH MAKCHMAIBHO MOXIJIMBUMHU 3HAYCHHSIMH.
Menme 3HaueHHs noreHmiany, 0>1I, >1, Oyxe o3HauaTu, IO HA HONEPEAHBOMY

erami 3anoBHeHHs, MK mpwiiliuia 10 Takoro craHy, KOJIM BUKOHAHHS k-ro OOMEXEHHsS Ha
HACTYIIHUX €Tamax 3allOBHEHHS CTajJO0 HEMOXJIMBUM. Y I[bOMY BHIIAAKy HEOOXIJHO
MOBEPHYTHCA [0 IONEPEAHbOTO BapiaHTy MAaTpHIl Ta OOpaTH OJUH 13 JBOX CHOCOOIB
YCYHEHHs mpoOieMu — abo X 3HOBY HamaraTHCsl 3allOBHUTH ii BUIIQJAKOBHM YHHOM, Yy
pO3paxyHKy Ha Te, II0 HOBHWI BapiaHT 3amoBHEeHHs MK Bke He mpuBene N0 TaKuX 3HAYCHb
NOoTeHLIaNiB oOMeXeHb; abo K HiATH Tak caMo, sK i 3a ymoBu I, =1, smme 3 Tiero

PI3HUIICIO, IO 3alOBHIOBATH IIUIECIIPSIMOBAHO TYT MOTPIOHO HE BCi HEHYNIbOBI KOMIpPKH, a
JMIIe X YaCTHHY 1 HE0OOB’ A3KOBO MaKCUMAaJIbHO MOXJIMBUMH 3HAUCHHIMHU.

3a yMOB BHKOPHUCTaHHS NEpHIOro crmoco0y mpouec 3anoBHeHHS MK Moxe
3aTATHYTHCS HEBUIPABJAHO HAJOBro, Ta M y3araji HE BHPIMIUTH NpoOIeMy, OCKUIBKH
YCYHEHHSI MPOOJIEMU HEMOKIIMBOCTI BUKOHAHHS OJHOTO OOMEKEHHs, MOKEe MPUBECTH IO ii
MOSIBM B IHIIUX OOMEXEHHSX. A 1€ O3HayaTuMe, [0 TOCTaBlieHa 3ajJada OTPUMAHHS
rapaHTOBAHOIO PE3yJAbTaTy MPH BHUMAIKOBOMY 3armoBHeHHI MK Mo’ke He MaTu pilleHHS B
SKOMYCh KOHKPETHOMY BHUIIAJKY.

Jlpyruii cmoci® NpUBOIUTH 10 TIEBHOI BTPAaTH BHIIAJAKOBOCTI Yy pe3ysbTaTax
3allOBHEHHA, KOTpa Oyne TuM Oulblla, YMM YacTime BiH Oyzae 3acTtocoByBaTHcs. | xoua 3a
OOTpYHTOBaHMX OOMEXKEHb Il CHTYAIlisl 1 € HUIKOM 00’ €KTUBHOI, OCKUIbKU eneMeHTH MK
NOB’s13aHI  MDK €000 PI3HOCTOPOHHIMH 3B’SI3KaMH, KOTpi OOYMOBJEHI JiIIOYMMHU
oOMeXeHHSIMH, NpH 3HaueHHi I, >1 miecnpsMoBaHE 3allOBHEHHS KOMIPOK IMPHHIUIIOBO

BuHMKae npu I1, =1, OCKUIBKU TOJI iCHY€ JMIIE OAUH BapiaHT 3alIOBHEHHS, aJle CIIOAIBATUCS

Ha TOYHE MOTPAIUISHHS MOTEHINany B | y BUIIaKOBOMY MPOIECi HE TPUXOIUTHCA. A B Mipy
BiJIaJIeHHsI BiJl HHOTO, BTPATH BHUIIAKOBOCTI CTaBaTHUMYTh Aenani Outemmumu. Ilpu mpomy
MOJJIMBO TMIIBUIIMTU CTYIIHb BHIIQJAKOBOCTI pe3ynbTaTiB 3amoBHeHHS MK, muisixom

300



ISSN 2664-262X LlenTpanbHOyKpaiHChbkHI HaykoBHi BicHUK. Texuiuni Hayku. 2025. Bun. 12(43), 4. Il

BUKOPUCTaHHS TE€HEepalii BUMAJKOBUX YHCEN MPH BUOOPI MOTEHIIMHUX €NEMEHTIB Ha erarli
[UTECTIPSIMOBAHOTO 3aIIOBHEHHSI MATPHIIL.

[ToBHMIi BapiaHT MOXXE€ NPUBOJUTH [0 TOMITHOTO 30UIBIIEHHS TPUBAJIOCTI
PO3paxyHKiB, 1[0 OCOOIUBO MPOOJEMHUM OyAe y BHUIAAKY MAaTpPHUIb BEIUKOI PO3MIPHOCTI.
Tomy B anroputMmi, 0 ONMUCYETHCSA, JOLULIBHO BUKOPHUCTOBYBATH IMEBHI MPOMDKHI BapiaHTH
[UIECTIPSMOBAHOIO 3alIOBHEHHS MATpPHIli, Y KOTPUX BUIIAJKOBUM MOXKE OyTH HE BECh IpOIIEC
nepebopy KOMIpOK y 3allOBHIOBAHUX PSAAKY ab0 CTOBIMYMKY MaTpull, abo iHIIMX HaOOpiB
enementisB MK, mo BiamoBinaroTh 3anaHiii cuctemi oOMexens. Lle Moxxe OyTH, HaNpHUKIad,
TOYKA BXOJYy B HHUX, 3 TMOJAIBIIUM YIOPAAKOBAHUM IEpedOpOM YCiX KOMIPOK Yy
PO3IIISIHYTOMY (parMeHTi MaTpHILi.

VY 3B’A3Ky 3 yCiM BHIIECKa3aHMM, QJITOPUTM BHIIAJKOBOTO 3allOBHEHHS MAaTpHIi
MOBHHEH Iepe0ayaTy BCTAHOBJICHHS MEBHOTO TPAHUYHOTO (MAKCUMAJIbHOTO) 3HAUYEHHS JUIS
noreHuianiB oomexkenb I1_ >1, 3a IKOT0 BHKOPUCTOBYETHCS BapiaHT LLIECHPSIMOBAHOIO

BUKOHAHHA MpPOOJEeMHOro oOMexeHHs. [Ipu mepeBHIeHHI MOTEHIIaJOM I[bOr0 3HAYEHHS,
to0TO KoM II, >1II nepeBary ciiji BiJjaBaTH MOBTOPHOMY BHIIQJKOBOMY 3allOBHEHHIO

max ?
MK Ha mpoGiieMHOMY eTami, OJHaK MpH IIbOMY HEOOXiJIHO BCTAHOBJIIOBATH OOMEXEHHS Ha
KUIBKICTh TOBTOpHUX cripo0 3amoBHeHHss MK mis Toro, mo0 3poOuTti mpouec 00YHCIeHHS
KIHIIEBHM 1 MEPEUTH 0 IUIECIPSIMOBAHOTO 3allOBHEHHS KOoMipok. [lepenbauntu Ha oMYy,
HOTNIEPEeAHbOMY, €Talll palioHaIbHI 3HaueHHs 000X nmapamerpiB (I 1 KUIbKOCTI iTepartiii Ha

x
SAKOMYCh eTamni MociiioBHOro 3amoBHeHHs MK) He mpeacTaBiseTbCsi MOXKIMBHM, TOMY
BU3HAYATH iX JIOLUIBHO BXKE 3a JIOTIOMOTOI0 €KCIEpUMEHTY 3 GopmyBaHHs peanbHux MK, 3
BUKOPHUCTAaHHSAM CHCTEMHU OO0 €KTHBHHX 1 CYMICHMX OOMEXEHb, 3aCHOBAHHUX Ha pPEAIIbHUX
3aKOHOMIPHOCTSIX TPAHCIIOPTHOTO MPOILECY B 00 €KTI MOAETIOBAHHS MOTIHTY.

[Ile ogHUM BaXJIMBUM KEPYIOUHMM MapaMETPOM y BHIIAJKOBOMY IPOIECi 3aIOBHEHHS
MK € oOMexeHHS Ha MaKCHMaJlbHY BEJIHMYMHY KOPECIOHJEHI{, fKa Ha3HA4YaeThCs Ha
yeproBoMmy erami. Uum Buile ii 3HaYeHHs, TUM OUIbIII 3MIHM BiOYBAIOTHCS HAa KOXKHOMY
eTari 3alMoOBHEHHS, IO HAWICTOTHINIMM YHHOM BiIOMBA€ThCS HA CTYNEHI 3MEHIICHHS
noTeHIiaiB oOMexxeHb. ToOTo nmependaynT MOKIIMBICT BUHUKHEHHS CUTYalliil 3 HETOBHUM
3anmoBHeHHAM MK rinmoTeTnyHO cTae MOMITHO cKiajaHime. 3 Apyroro OOKy, MiJABHUIICHHS
OOMEXEHHSI Ha 3HA4YCHHS KOPECHOHJEHLIi Oyne MNPUBOAUTH [0 3POCTAHHS KUIBKOCTI
KOPECHOH/ICHIIIN 3 BEJIMKUMHU 3HAYEHHSAMH, TOOTO BIUIMBATH HA IXHIM PO3MOILI, SIK OCHOBHY
XapaKTepUCTUKY BUIAAKOBOI BEJMYMHUA. ToMy BHOIp KOHKPETHOTO OOMEXKEHHS y Mpoleci
3aIIOBHEHHS MATPHIIl TTOBUHEH CIUPATHCS HA MIpKYBAaHHS BIIHOCHO HAHOLIbII MPUIHATHOTO
3aKOHY po3nojnutry kopecnonneHmin y MK, Buxomsun i3 Meru IK monmenroBaHHS mOmuTy,
KOTpa MoJisirae y 3a0e3MeYeHH] MaKCUMaIbHOI PI3HOMAHITHOCTI BUMAJKOBHX MAaTpPHIlb, IO
TeHEPYIOThCSI, TPU BUKOHAHHI YCIX BIIOMHX IMpPOEKTYBAIbHUKY oOMexeHp Ha MK. OO6iik
BIJIMOBITHUX 3MiH y caMOMY IPOILECi 3alIOBHEHHSI MAaTPHULIi 3 TOYKH 30py HMOBIPHOCTI MOSIBH
He3akiHueHux npoienyp GopmyBanns MK € BTopuHHHM, 1 TOBHHEH MPOCTO (iKCyBaTHCSA SIK
(baxT y X011 eKCIIEpUMEHTAIBHUX JJOCTIHKEHb.

3araiom, BBEJCHHS NOTEHINATiB OOMEXEeHb Yy po3paxyHOK BumagkoBoi MK Bxke Ha
JAHOMY eTarli J103BOJIsIE€ 3pOOHMTH MOTEpEaHii BHCHOBOK MO T€, IO MOBHICTIO YHUKHYTH
npobiem, sIKi BUHUKAIOTh MPU BUIAJKOBOMY 3amoBHEHHI peanbHux MK 3 GaratoBuMipHOIO
CHCTEMOIO OOMEXEHb, HaBpsAJ UM BAACTHCA. Lle 0OyMOBICHO BEJIMKOIO KUIBKICTIO 3B’S3KiB
MDK ii eleMeHTaMM, KOTpi peali3yloThCsl 4Yepe3 BCTAHOBJIEHI OOMEXEHHS TaK, IO HaBiTh
HECYMICHICTh OOMEXEHb CKJIQJHO JIarHOCTYBAaTH Ha MOYATKOBOMY €Tarli MOJETIOBaHHS. |
yuM Oulble oOMexeHb HakanaeTbes Ha MK, THM OUTBII CKIIAHOIO CTa€ CTPYKTYpPa 3B’ SA3KiB
MDK HHMH, SKa BHM3HA4Ya€ 3HAYEHHS 1 IIBHAKICTh 3MIHM IIOTEHIadiB. Bilpm moBHa
¢dopmaiizaniss IUX MPOLECIB, MOXJIHMBO, CIPOCTUTHCS MICHSA PO3POOKHM 1 MPAKTUYHOTO
BUKOPUCTaHHS aJITOPUTMY TMOCHIZOBHOTO QopMmyBaHHa BumaakoBoi MK, korpuii Oyne
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3a0e3MeuyBaT MPOEKTYBAJTbHUKA PAaHHBOIO JIATHOCTUKOI0 BUHHUKAIOYMX Yy LBOMY HpoIeci
NUTaHb 1 MPOIMOHYBATH BINMOBIAHI IHCTPYMEHTH Ui ixHboro pimeHHs. OgHAK y JaHOMY
JOCITI/DKEHH1 I0CTaTHIM € CTBOPEHHS MTPALIOI0YOT0 MEXaHi3My BHITaJJKOBOTO 3anoBHEeHHS MK
1 BUpoOOKa 3a JOMOMOTOI0 EKCIEPUMEHTY PEKOMEHJIAI IO paliOHATbHUM 3HAYCHHSM
napaMmerTpiB, KEpPyHUYUX [HUM MPOLECcOM. 3ajaya MOJAIBIIOT0 TOCHIKEHHS MOTCHINATIB
oOMexeHb 1 ¢opmainizanii npouecy ix 3MiHM y Xxoni 3amoBHeHHS MK € mepcrnekTHBHHM
BapiaHTOM PO3BHUTKY JOCTiKEeHb Y pamkax IK MoaentoBaHHS TPaHCIIOPTHOTO TOIUTY.

BucHoBku. BBeneHHS MOHATTS NOTEHLIATY I KOPECHOHICHILII 1 TpPyMOBUX
0OMEXEHb JI03BOJHTH TMEpen0ayuTH MOXIIMBICTH BUHUKHEHHS TYMHKOBHX CHUTYallid mpu
reHepallii BUMAJAKOBUX MAaTPHUIb 1 AOCATTH LIyKaHOI MeTH — Oe3nepemkoanoi peanizamii 1K
MO/ICTIOBaHHS TPAHCTIOPTHOTO MOIHUTY.

Po3pobnieHa Ha mpeAcTaBICHUX MOJOXKEHHAX KOMIT'IOTEpHA MpOorpama rapaHTOBAHOI
redepanii BumaakoBux MIIK mnoBuHHA CTatH MIAIPYHTAM JUIS  EKCIIEPUMEHTAILHOTO
OLIIHIOBAaHHS  MpAaIe3laTHOCTI  pO3pOOJIEHOTO  aNrOpuTMy  MOJICNIIOBAHHS  CTaHIB
TPAaHCHOPTHOTO TONHMTY Ha TMEPEeCyBaHHS NacaXwpiB y pamkax 3actocyBanHs IK
MO/ICTIOBaHHS NOTPEO Yy MepecyBaHHIX 3 ypaxyBaHHAM HaKJIaJaHHS MOXKJIMBUX OOMEXKEHb.

Crmcok amreparypu

1. Jloowmit €.B., KoBumyp K.I'., Iwuap Csocroanp [locTraHOBKa 3amadi BHIIAJKOBOTO 3arOBHEHHS MAaTpHIl
MacaXKHPCBKUX KOpecToHAeHIIH. Cyuacni mexnonoeii 8 mawunobyoysanni ma mpauncnopmi. 2024. Ne 2(23)
(2024). C. 152-158. https://doi.org/10.36910/automash.v2i23.1537.

2. Iwmap C., Jlrobmit €B. Teopermune OOIPYHTYBaHHA pe3ylNbTaTiB TeHepalil MAaTpUIb MacaKHPCHKHUX
KOPECTIOH/ICHITIH BHUIagkoBUM MetoxoM. Cyuacui mexnonoeii 6 mawunobyodysauni ma mpancnopmi, 2025.
Ne 1(24), 438-446. https://doi.org/10.36910/automash.v1i24.1751.

3. Hwmss C., Jlrobuit €.B. AHani3 icHylo4nxX MeTofiB (opMyBaHHS Mojeineil moTped macakupiB y IepecyBaHHSX.
Lenmpanvnoykpaincokuii  naykoeuii gicnux. Texwiuni mayku, 2025. Ne 11(42), Yacrtuna 2, 394-409.
https://doi.org/10.32515/2664-262X.2025.11(42).2.394-409.

4. Topbago I1.®. Konmemmist ¢popMyBaHHS CHCTEM MapIIpyTHOIO ITACAXKHUPCHKOIO TPAHCHOPTY B MICTax: JUC. ...
JoKTOpa TexH. Hayk: 05.22.01. Xapkis, 2009. 370 c.

5. Tomuapenxo C.}O. Bu3HaueHHS MONUTYy HA IMOCIYTH MAaCaKHUPCHKOTO MapIIPyTHOTO TPAHCIIOPTY B CEpeIHiX
MicTax : JHC. Ha 3100. HayK. CTYIL. KaHA. TeXH. Hayk : cren. 05.22.01. Xapkis, 2015. 182 c.

6. JhoOmit €.B. BusHaueHHS NONMTYy HAa NepeCyBaHHS HACENCHHS MAalIMX MICT MapHIPYTHHM MacaKHPCHKUM
TPAHCIIOPTOM : aBTOped. Juc. 3100. HayK. CTYIIeHS KaHA. TeXH. Hayk : crer. 05.22.01. X.,2012. 22 c.

7. Amnami3 pmitogoi TpaHcmoptHoi Mepexi M. Kownorom. IIpoBeneHHsS oOcTexeHHs MacakHpororokiB. OO6poOka
MatepianiB OOCTEeKEHHS MacaXUPOIOTOKIB MO Mapmpyrax. Po3pobka 3aXofiB OO ONTHMIi3amii TPAHCHOPTHOI
Mmepexxi M. Konorom: 3BitT npo HJIP (3axmrounmit). XHAJLY, Ne nepxxaBHoi peectpamii 0121U112782. Xapkis,
2021. 124 c.

8. Po3pobka KOMIUTEKCHOI cxeMH pyxy TpaHcmopTy M. JIymeka: 3BiT npo H/P (3axmounmit). XHAJTY, Ne nep:xaBHOT
peectpanii 0117U006848. Xapkis, 2018. 309 c.

9. Po3pobka pamioHadbHOTO BapiaHTy MapmpyTHOi Mepexki Micra KipoBorpam: 3BiT mpo HJIP (3axsmrounmii).
XHALY, Ne nepx. peectpanii 0112U00692. Xapxkis, 2012. 115 c.

10. Po3pobka parmioHaIBHOTO BapiaHTY MapIIpyTHOi Mepexi M. Onekcannpis : 3BitT npo HIP (3axmounwmit). XHALY,
Ne nepx. peecrpaii 0113U005179. Xapkis, 2013. 130 c.

11. MonenoBaHHS Ta aHANi3 MapHIpyTHOI Mepexi IpOMaachKoro TpaHcHmopTy Micra Hikomoms: 3Bit mpo HJIP
(3axmrounmit). XHAZLY, Ne nepxx. peectparii 0115U004775. Xapkis, 2015. 197 c.

12. Ipaxuix B.C. HoBwmit MeTon peami3amnii iHTepBanbHOI KOHIICIII] MOJENIOBAHHS TPAaHCIOPTHOTO IOMHTY. BicHuk
BI1I.2022. 6 (2022). C. 57-64. https://doi.org/10.31649/1997-9266-2022-165-6-57-64.

13. Heumann C., Schomaker M., Shalabh Introduction to Statistics and Data Analysis: With Exercises, Solutions and
Applications in R. Springer. 2023, 584 P.

References

1. Liubyi, Ye., Kovtsur. K., & Qin, X. (2024). Formulation of the problem of random completion of the OD-
matrix. Advances in mechanical engineering and transport. 2(23), 152-158. [in Ukrainian].
https://doi.org/10.36910/automash.v2i23.1537

2. Qin, X., & Liubyi, Ye. (2025). Theoretical justification of the results of passenger correspondence matrix
generation using a random method. Advances in mechanical engineering and transport. 1(24), 438-446. [in
Ukrainian]. https://doi.org/10.36910/automash.v1i24.1751.

302



ISSN 2664-262X LlenTpanbHOyKpaiHChbkHI HaykoBHi BicHUK. Texuiuni Hayku. 2025. Bun. 12(43), 4. Il

3. Qin, X., & Liubyi, Ye. (2025). Analysis of existing methods of forming models of passenger travel needs.
Central Ukrainian Scientific Bulletin. Technical Sciences. 11(42), Part 2, 394-409. [in Ukrainian].
https://doi.org/10.32515/2664-262X.2025.11(42).2.394-409

4. Horbachov, P.F. (2009). The concept of forming passenger transport systems in cities. Doctor’s thesis.
Kharkiv: KhNAHU [in Ukrainian].

5. Honcharenko, S.Yu. (2015). The demand determining for passenger route transport service in the middle
cities. PhD thesis. Kharkiv: KhNAHU [in Ukrainian].

6. Liubyi, Ye.V. (2012). Trip demand determination of small towns' population for route passenger
transportation. Extended abstract of candidate’s thesis. Kharkiv: KhNAHU [in Ukrainian].

7. R&D report 0121U112782. (2021). Analysis of the existing transport network of Konotop. Conducting a
passenger flow survey. Processing of passenger flow survey materials by routes. Development of measures
to optimize the transport network of Konotop city. Kharkiv: KhNAHU [in Ukrainian].

8. R&D report 01170006848. (2018). Development of a comprehensive traffic scheme for the Lutsk city.
Kharkiv: KhNAHU [in Ukrainian].

9. R&D report 0112U00692. (2012). Development of a rational variant of the route network in Kirovograd
city. Kharkiv: KhNAHU [in Ukrainian].

10. R&D report 0113U005179. (2013). Development of a rational variant of the route network in Oleksandriia
city. Kharkiv: KhNAHU [in Ukrainian].

11. R&D report 0115U004775. (2015). Modeling and analysis of the public transport route network in Nikopol
city. Kharkiv: KhNAHU [in Ukrainian].

12. Ivakhnik, V.S. (2022). A New Method for Implementing the Interval Concept of Transport Demand
Modelling. Bulletin of Vinnytsia Polytechnic Institute, 6 (2022), 57-64. [in Ukrainian].
https://doi.org/10.31649/1997-9266-2022-165-6-57-64

13. Heumann, C., Schomaker, M., Shalabh (2023). Introduction to Statistics and Data Analysis: With Exercises,
Solutions and Applications in R. Springer.
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Theoretical Foundations for the Development of an Algorithm for Guaranteed Generation
of Random Passenger Correspondence Matrices

This article is devoted to solving the complex problem of constructing models of passenger travel
demand. Given the incomplete, heterogeneous, and variable nature of the available input data, it proposes the use
of an interval-based concept for demand modeling. This approach allows for the incorporation of uncertainty,
behavioral variability among passengers, and the inherent dynamism of real-world transport processes more
accurately and flexibly than traditional methods.

The study focuses particularly on the step-by-step generation of random passenger correspondence
matrices under a system of constraints. These constraints may include both individual limitations — such as the
prohibition of specific matrix entries — and grouped constraints, such as known total flows between specific
transport zones, capacity limits for departure and arrival zones, or other aggregate traffic indicators derived from
observations or planning requirements.

To enable consistent generation of such matrices while ensuring compliance with all imposed
constraints, the concept of potential is introduced. This concept defines the maximum allowable value that each
cell in the correspondence matrix may take at a given stage of the generation process, considering the remaining
reserves of each constraint. The article details the structure and logic of the proposed algorithm, which ensures
both randomness in matrix generation and strict adherence to the constraints.

The algorithm includes mechanisms for detecting and avoiding deadlock situations that occur when
further random filling of the matrix becomes impossible due to conflicting constraints. To address such cases, a
filling strategy guided by the computed potentials is developed, enabling the matrix to be completed without
violating the model’s consistency.

This methodological framework is intended for implementation in a computer-based system that
supports transportation planning by generating realistic and diverse sets of passenger correspondence matrices.
The results of this research provide both a conceptual and practical foundation for the further formalization of
interval-based travel demand models and for enhancing the methods used in the planning and design of urban
transportation systems.
public transport, interval concept, correspondence matrix, passenger transportation, transport demand
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O1iHKa CITOKUBYMX BIIACTUBOCTEH BaHTAKHHX
aBTOTPAHCIIOPTHHUX 3aCO0IB

JlocnmimKeHo CHCTeMY NOKa3HHWKIB, 0 KOMIUIEKCHO XapaKTepH3YIOTh CIIOXKHBYI BIIACTHUBOCTI
BAaHTXXHUX aBTOTPAHCIIOPTHHUX 3ac00iB, SK KIIIOYOBOTO E€JIEMEHTY €(DEeKTHMBHOCTI TPAaHCIIOPTHHUX IPOIECIB i
KOHKYPEHTOCIPOMO>KHOCTI aBTOTPAHCIIOPTHUX HianpueMcTB. [IpoananizoBaHo cydacHi i X0¢ 0 OL[iHIOBAaHHS
SIKOCTI Ta TPHIATHOCTI BaHT)XHUX aBTOMOOITIB JUIi BHKOHAHHS TPAHCIIOPTHUX OIEpaliii pi3HOro TuImy,
BpPaxoBYIOUHM TEH/EHNIi PO3BUTKY aBTOMOOUIFHOI TEXHIKH, 30KpeMa eJeKTpuQiKalifo, IiJBUIICHHS pPiBHI
eKOJIOTIYHOCTI Ta LU(POBI3AI[iI0 CHCTEM KEepyBaHHS. Y3araJbHEHO MiAXOAW A0 Kiachdikamii CHOXHBYMX
BJIACTHBOCTEH BAaHTAXKHUX AaBTOTPAHCIIOPTHHX 3acC00iB 13 BHIUICHHSM OCHOBHHX TIpPYIl YWHHHUKIB: TEXHIKO-
eKCIUTyaTallifH1X, 110 BU3HAYAIOTh HAMIWHICTh, NPOAYKTHBHICTH 1 MaJMBHY €(QEKTUBHICTH; EKOHOMIYHHX, SKi
OXOIUTIOIOTh IIOBHY BapTICTh BOJIOMIHHS, BUTpPAaTH Ha TEXHIYHE OOCITyrOoBYBaHHS, PEMOHT i EHEproHOCII;
€proHOMIYHHUX, 10 BiZoOpaxaroTs KoM(opT, Oe31eKy Ta 3pydHicTh POOOTH BOJIS; Ta €KOJOTIYHUX, ITOB’SI3aHNUX
i3 piBHEM UIKI[UIMBUX BHUKHIIB, IIyMy Ta BIUIMBY Ha JOBKULIA.3alpONOHOBAHO JETalli30BAHUM IEpENiK
IHTErpajJbHUX 1 JIOKAJIbHUX IOKAa3HHKIB, IO MOXYTh OyTH BHKOPHCTaHI JJIsI MOPIBHSJIBHOI OIIHKM Pi3HHX
MoJIeJIell BAHTXKHUX aBTOMOOLIIIB 3 ypaXyBaHHSIM yMOB €KCILTyaTallii, TUITy MapIIpyTiB, JOPO>KHHOTO TOKPHUTTS,
KIIIMaTHYHHAX XapaKTEPUCTUK PEriOHy Ta CHEMU(IYHHUX MOTPEd CIIOKUBAYIB.

BAHTAKHI ABTOMOOLI, CIIOKMBYi BJIACTHBOCTI, eKCILTYyaTaANiiHi XapAKTePUCTHKH, OLIiHKA, e()eKTUBHICTH

IlocranoBka npoﬁ.neMu v CYy4aCHMX yMOBAX 3pOCTal04HX BUMOI' 10 e(eKTUBHOCTI
JIOTICTUYHHUX TPOIIECIB, E€KOHOMIUYHOCTI MEPEeBE3€Hb 1 EKOJIOTTYHOI Oe3MeKH TpaHCIOPTYy
0cOONMMBOrO 3HaueHHs HaOyBae OOIPYHTOBaHMH BHOIp BAHTAXKHHUX AaBTOTPAHCIIOPTHHX
3aco0iB. [Ipu bOMY KIIFOYOBY POJIb BIAINPAIOTh IXHI CIIOKUBYI BIACTUBOCTI, SKi BU3HAYAIOTh
NPUIATHICTH ABTOMOOUIS 1O BHKOHAHHS KOHKPETHMX BUPOOHMYHMX 3aBIAaHb 3 ypaxyBaHHAM
yMOB ekciuryaTanii. OJHAaK Ha TNPaKTHIl OLIHIOBAaHHS TAaKUX BJIACTUBOCTEH HEPIAKO €
(bparMeHTapHUM, Cy0’€KTHBHUM a00 HE BpaxoBYe yCi peleBaHTHI YMHHHMKH. BiacyTHicTh
yHi(IKOBaHOT CHUCTEMHU IMOKA3HUKIB 1 METO/IB MOPIBHAHHS YCKIJIAIHIOE MPOLEC MPUHHATTS
YIPaBIIHCBKUX pIllIeHb 00 BHOOpPY, OHOBJICHHS YH ONTHMI3allii MapKy BaHTAXHUX
aBToMoOuniB. lle 3ymoBmoe moTpedy y ¢opmMyBaHHI UITKOI Kiacudikaiii CrIoXUBUUX
BIIACTHBOCTEH, BUUIEHHI OCHOBHHX OIIIHOYHHUX MOKA3HUKIB Ta pO3pPOOJICHHI IHCTPYMEHTAPII0
IUIs1 iXHBOTO KOMIUIEKCHOTO aHAJIi3y.

VY 4YHCIeHHHX TpalsiX BITUYM3HAHUX Ta 3apyODKHMX HAyKOBLIB NPOAHATI30BAHO SK
CYTHICTh CIIO)KMBYMX BJIACTHBOCTEH BAHTAXHUX AaBTOTPAHCHOPTHHUX 3aco0iB, TaK 1
Oe3nocepeHild BIUTMB Ha (DYyHKIIOHATBHICTH aBTOMOOLISA. PazoMm 3 TuM, IOCi HEJOCTATHBHO
BUCBITJICHUM  3QJIMIIA€THCS MUTAHHA B3a€MHOTO BIUIMBY MOKAa3HUKIB  CIIOKHMBYUX
BJIACTUBOCTEH Ha 3arajibHy eeKTHBHICTh TpaHCHOPTy. DPOpMyBaHHS KOMILJIEKCHOT METOAUKH
OLIHKM CIOXXHMBYMX BJACTUBOCTEH BAaHTAXHUX aBTOTPAHCIOPTHHUX 3aco0iB moTpelye
MOJIANBIIOTO AOCIIKEHHS.

AmHaniz ocTaHHIX JOCHiLKeHb 1 myOmikamii. [Ipobnemu Ta mMepCleKTHBH PO3BUTKY
CIOKMBYUX BJIACTUBOCTEH TPAaHCIOPTHUX 3aCO0IB OTPUMYIOTh BiTOOpaXEHHS y UMCIIEHHHX
npansgx HaykoBIiB. Tak, M. B.Bypsik migkpecitoe 3B’ 430K MK CIIOKUBYMMHU BJIACTHBOCTSIMH
Ta KOHCTPYKTHUBHOIO HafiiHicTIO T3, po3risgaB METOOM aHaNi3y JOBrOBIYHOCTI BY3JIB Ta
arperaTiB Ik KPHUTHYHOTO KpUTEpit0 s BaHTaxHoro tpancmopty [l1]. 1. 1. I'pumyk,
B. B. Bonkos ta B. B. OHiuyk po3riisijaay OCHOBHI YMHHHMKH, 110 BIUIMBAIOTH HAa BUTPATY
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NAJIBHOTO, Cepell SKUX — KOH(]Irypaiis MapuipyTy, MIBHIKICHUN PEXHUM Ta 3aBaHTAKCHHS
[2]. B. C. HaymoB ta O. B. UepHyxa gociimkyBanu e(peKTUBHICTh BUKOPUCTAHHS BaHTAXKHHUX
aBTOMOOULTIB 3  ypaxyBaHHSM  €KOJOTIYHMX IIOKa3HUKIB. BueHi 3ampomnonyBanu
OaraTokpHuTepialbHy OI[IHKY €(EKTHBHOCTI, 110 BPAaXOBYE SK €KOHOMIYHI, TaK 1 eKOJOTIuHi
CKJIaJIOBi; 3alpOBA/KEHO TIOKA3HUK, SKUH JO3BOJISIE TOPIBHIOBATH €(EKTUBHICTD NpHU
pi3HOMYy piBHI ekonoriyaux Brpar [3].B. I. XaBpyk nocnijkyBaB BIUIMB TEXHIKO-
eKCIUTyaTal[lfHUX BIIACTMBOCTEH BaHTa)XHUX aBTOMOOLTIB Ha MOKAa3HUKH €(EeKTUBHOCTI
excrutyaraiii. OcoOnuBy yBary npuaiIeHO 3aJIKHOCTI MK BaHTaKOMIJHOMHICTIO Ta pIYHUM
npobirom [4].Anmpkeit JIMOBCHKHIA 3 CHIBABTOpaMHU JOCIHIKYBAIIM €KCIIEPTHY Ta EMITIPHYHY
OIIHKH EKCIUTyaTalifHO1 SKOCTI BaHTaXXHUX aBTOMOOWTB [5]. Haykoii 3 @innstanii Tapik
XaccaH 1Ilexka XenoBHecaH BKJIAJ B aHANI3 BUOOPY TEXHIKM Ta BUMIPHUKIB MPOTyKTUBHOCTI
[6]. Xamin Caini, bapt Birmanc ta bexpy3 bexmani po3risiHynu MeTOHOJOTIi OLIHIOBAaHHS
e(eKTUBHOCTI BaHTA)KOIIEPEBE3€Hb, BKIIIOYAIOUN TIOKA3HUKH, SKI MOXKYTh OyTH a/1anTOBaHi /10
CIMOXKMBYMX BJIACTUBOCTEW BaHTaXKHUX aBTOMOOWLTB [7].B. CaxHo po3pobieHO MareMaTHUHY
MOJIeNb aBTOMNO3/Aa i ABojaHkoBoro merpoOyca [8]. T. ConakiBi JI. Osua anamizyBanu
€KOHOMIYHUI Ta EKOJOTIYHWN TOTEHIIaJ BaXXKUX KOHQIryparii BaHTaKXHUX aBTOMOOLUIIB
(manuBHY e(eKTUBHICTb, BUKUAHU, 3aBaHTaxeHHs) [9]. Mopresa Taiiebat, Octin JI. Bpayn ta
1H.CHCTEeMaTHU3yBAIM  HACHIJKM  BIPOBA/PKCHHS  aBTOMATHU30BAHUX 1  IMIAKIIOUYEHUX
TPAHCHOPTHUX 3ac00iB, BKJIIOYAIOUYM BAaHTAXHI, JUII CHEPreTHYHOI ePEeKTHBHOCTI Ta
eKoJIorigHo1 crayocri [10].

[Ipote 3a cy4acHUX YMOB € HEOOXiTHICTh JOCHIKCHHS B3a€MO3B’SI3KIB MOKA3HUKIB
CIOKMBYMX BJIACTUBOCTEH BAHTAKHUX aBTOTPAHCHOPTHHX 3ac00iB Ta YAOCKOHAJICHHS
METO/IUKH OI[IHKU CTIO’KUBYUX BIACTUBOCTEH BaHTAXKHHUX aBTOTPAHCTIOPTHHUX 3aCOOIB.

IMocTanoBka 3aBaaHHs. MeETOIO0 JOCIHDKEHHS € YAOCKOHAJICHHS METOJHYHOTO
MiXOy /10 MOPIBHAJIBHOI OLIHKK CITOKMBYMX BJIACTHBOCTEH BaHTAKHUX aBTOTPAHCHOPTHUX
3aco0iB. Mera pocnipkeHHS OOyMOBMJIA BHKOHAHHS TaKUX 3aBJaHb. CHUCTEMAaTHU3yBaTH
KpUTEpil OLIHIOBAaHHS  CIOKMBYMX  BJIACTMBOCTEH  BAHTAXHUX  aBTOTPAHCHOPTHHUX
3ac00iB; JOCHIJUTH B3a€MO3B’SI3KM TMOKA3HHUKIB CHOXHBYMX BIIACTHBOCTEH BaHTAKHUX
aBTOTPAHCHOPTHUX 3ac00iB; 3aIIPOMIOHYBATH CTPYKTYPY METOIUKH JJISl OLIHKH CIIO)KMBUYUX
BJIACTUBOCTEH BaHTAXHUX aBTOTPAHCIIOPTHHX 3aCO0iB;

Bukaang ocHoBHoro wmarepiaay. PO3BHUTOK TpaHCHOpPTHOI Taiy3i B yMOBax
rnoOanizanii, ypOaHi3amii Ta TOCHJIEHHS BHUMOI O €KOJIOTIYHOI OE3MeKH 3yMOBIIIOE
MIABUIICHHS BUMOT JI0 SIKOCTI BAaHTXKHUX aBTOTpaHCIOpTHUX 3aco0iB (BAT3). ¥V cydacHux
yMOBaxX pHUHOK BHMAara€ Bil BaHTQXHOI TEXHIKM HE JHUIIE BHUCOKOI HaIIfHOCTI Ta
EeKOHOMIYHOCTI, @ ¥ BIAMOBIIHOCTI IIMPOKOMY CHEKTPY KpHTEpiiB, SKI BH3HAYAIOTh il
CMOXHMBYY MpHUBAONMBICTh. [IpM 1IBOMY OILIHKA CIOXHMBUMX BJIACTUBOCTEH BHCTYIAE SIK
KJIIOYOBUH IHCTPYMEHT ONTHMI3alii TPaHCIOPTHOTO MapKy, palioHAIBHOTO BHOOPY TEXHIKH
Ta MPOTHO3YBaHHS €(heKTUBHOCTI i1 eKCILTyaTalil.

Omninka croxuBunx BiaactuBocteid BAT3 € akTyanbHOIO 3amadeto IS MiAMPUEMCTB,
K1 3[1iICHIOIOTh BAaHTAXHI EpEeBE3EHHS, OCKUIBKU BHOIp TPAHCIIOPTHOTO 3aCO0y BILTMBAE HA
e(eKTUBHICTh JOTiICTUYHHUX orepari, co0iBapTicTh IIepEBE3EHDb Ta
KOHKYPEHTOCIIPOMOXXHICTh ~ aBTOTPAHCIIOPTHOTO  IIJANPHEMCTBA.  |HTerpajibHa  OLIHKA
BU3HAYAETHCS SIK 3BAKEHA CyMa HOPMOBAHUX IMOKA3HUKIB!

Icnoxc = ?=1Wi ' Ki (1)

ne: Io— IHTerpalbHU IHACKC CIOKUBUYUX BiacTuBocTeil BAT3;K;— HOpMOBaHE3HaUCHHS
i-ro TOKa3HHKa (Ticisl MpHUBEIEHHsS 0 0e3pO3MIpHOrO BUTJISAY);W;— BaroBUH KoeQillieHT
B&KIIMBOCTI i-r0 MoKasHuka (Q;j—; w; = 1);n— KiIbKiCTh MOKAa3HUKIB y CHCTEMI OLIIHIOBAHHSL.
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3Ha4eHHA [ ., € Y3araJbHEeHUM IIOKa3HUKOM, SIKUH J03BOJISIE BU3HAYUTU DPIBEHBb
BIJIMOBIJHOCTI BaHTAXHOTO ABTOTPAHCIIOPTHOTO 3aco0y BHMOTaM CIOXHBaya Ta YMOBaM
excruryaTarii. YuM BUIIMM € IHTeTpaIIbHUIA 1HICKC, TUM OLTBII 30a7aHCOBAHUMHU € TEXHIKO-
eKCIUTyaTalliifHi, eKOHOMI4YHi, €proOHOMIYHI Ta E€KOJIOTiYHI XapaKTepUCTHKH TPAHCIIOPTHOTO
3aco0y.

Jlns  3abe3meueHHsT KOPEKTHOCTI OI[IHIOBAHHS KOXEH TOKa3HUK K; mimmnsrae
HOpMaJTi3allii, o 3AiCHIOETHCS 3aJIeKHO B THITY TOKA3HUKA!

- TSl IOKa3HUKIB BUTPALTHOTO THITY - 33 (DOPMYIIOIO:

— _Xi—Xmin
K; = ——oin ()
Xmax—Xmin
- ISl IOKa3HUKIB BUTPATHOTO TUITY:
_ _ Xmax—X;
K; = ==L 3)
Xmax—Xmin
ne X;— QaxkTudHe 3HAYCHHS I-TO TOKA3HWKA, Xhinl Xjpax— MIHIMAIbBHE Ta MaKCUMAaJbHE

3HAYEHHS BIAMOBITHOTO MOKa3HUKA CEpe]l aHAII30BAHUX aTbTEPHATHUB.

[Ticns HOpMauizamii BCi TMOKa3HMKM Ha0yBaloTh 3HaueHb y Mmexax [0;1], mo
3abe3neuye X MOPIBHIOBAHICTH 1 JJO3BOJISIE arperyBaTH Pe3yJabTaTH B €IUHHUH IHTETPATbHHUHA
IHJIEKC.

Takum 4yrHOM, po3pobieHa cucTteMa (opMalizye MPOLEC OIIHIOBAHHS CII0)KMBUYUX
BiactuBocteil BAT3, 3a06e3neuye mpo30picTe NpUAHATTS PIllIeHb 1 MOXKe OyTH BHKOpHCTaHA
SK OCHOBA JUIsi CTBOPEHHS PEUTHMHIOBHX MOJEJIEH BHOOPY TPaHCHOPTHUX 3aCO0IB y MeXax
aBTOTPAHCIOPTHUX MIANPHUEMCTB, JIOTICTHYHMX KOMIIaHIi abo Ha piBHI JepKaBHHUX
3aKyIiBElb.

CnoxwuBui BiactuBocti BAT3 mominbHO OIiHIOBaTH 3a TpyHamMH MOKa3HUKIB,
3a3HAYE€HUMHU Ha PUCYHKY 1.

IMoka3EAKH CHIOKABYHX BJIACTHBOCT el BAHTAXKHHAX ABTOTPAHCHNOPTHHX 3acodiB

BaHTAXKOMIMIOMHICTS, MATHBHA eKOHOMIYHICTS,
TexHIKO-eKCTUTYATAIITHI IIBILIKICT, MAHEBPEHICTE, pecype
— KoMOpT BOIiA, OTIAIOBICTE, 3PYIHICTE
EproHomituH1 — iog Py
KepyBaHHA
e BUIMOBIIHICTE HOPMAaM BHKILIIB, IIYMHICTE
Exonorigsi — LATOBLAR P N 4
ExoHoMiuHI P BapTicTh BostoniuuA (TCO), BapTicTs
00CITYroBYBaHHS, 3A/IHIIKOBA BapTICTh
AanTanmis o yMoB - " -
] NPHAATHICTE A0 poBOTH B YMOBAX MicTa,
eKCIuTyaTamii x P J i yu :
MUEKMICEKIIX epeBe3eHsb, e3M0pikKa TOIO

Pucynok 1 - [Toka3HHKH CIIOXKHUBYKMX BIACTUBOCTEH BAHTAXKHUX ABTOTPAHCIOPTHUX 3aC00IB
Lbicepeno: pospobaeno asmopamu

JleTanpHille MpoaHali3yeMO CTPYKTYPY 3allpONOHOBAHMUX T'PYIIN MOKa3HUKIB.

1. Texuixo-excniyamayivni  nokaswuxu. ['pyna BKIIOYAaE [apaMeTpd, IO
Oe3nocepelHbO BIUIMBAIOTH Ha (DYHKI[IOHAIBHICTE aBTOMOOUIA. TexHiko-eKcIuTyaTamiiHi
MOKa3HUKH BAHTAXHUX aBTOTpaHCIOPTHUX 3aco0iB (BAT3) cTaHOBIATH OCHOBY OLIIHKH iX
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(GyHKIIOHATBHOI MPUAATHOCTI Ta €()EeKTHBHOCTI y KOHKPETHHX yMOBax ekcruryatamii. Lli
XapaKTePUCTUKH 0E3MOCePeJHhO BH3HAUAIOTh 3/1aTHICTh TPAHCIIOPTHOTO 3ac00y BUKOHYBATH
MOCTaBJICHI JIOTICTHYHI 3aBJaHHS 3 MiHIMaJIbHIUMH BUTPAaTAMH PECYpCIB, 4acy Ta eHeprii.

JI0 KITFOUOBUX MOKA3HUKIB HAJIEKATh:

1. BanTa)xomigiiOMHICTb, 10 BU3HAYAE MAKCUMAJIbHY MaCy BaHTaXYy, IKHIA MOKe OyTH
nepeBe3eHnit 06e3 NepeBuIleHHs] HOPMAaTUBHIX OOMEKEHb;

2. O0’eM BaHTaXXHOTO BiJICIKY, SIKMI BIUIMBA€ HA JOULUIbHICTH BUKOpUCTaHHS BAT3 y
pasi mepeBe3eHb BENTUKOrabapuTHUX a00 00’ €MHHUX BaHTAXIB;

3. TIOTYXHICTh CHJIOBOi YCTaHOBKHM, IIO Pa30M i3 KPYTHHUM MOMEHTOM BHU3HAYa€e
3IATHICTH /10 TIOAOJIAHHS YXWIIIB, PO3TIHHI XapaKTEPUCTHKH 1 3arajibHy IWHAMIKY;

4. ITanuBHa eQEeKTUBHICTH, BUpAXEHA Y BUTpaTax majabHoro Ha 100 kM npobiry abo B
MOKa3HUKaX BUTPAT CHEPTii ISl eIeKTPOMOOLTIB;

5. JluHamiuHI XapakTepUCTUKH — PO3riH 10 MEBHOI MIBUAKOCTI, MaKCHMallbHa
LMIBUAKICTH, TAJIBMIBHUM IILISX;

6. ManeBpeHicTh 1 rabapuTu, 30KpeMa pajiyc MOBOPOTY, BUCOTA/IIMPHHA, BAKIUBI
s poOOTH B YMOBax OOMEKEHOrO MpOCTOpY (HAampWKIaA, y MICBKHX paifoHax abo Ha
MIPOMUCIIOBHX 00’ €KTaX);

7. TIpoxXinHICTh, 10 BU3HAYAETHCS KOHCTPYKIIEIO TPAHCMICII, TOPOKHIM MPOCBITOM,
TUIIOM IIPUBOJY 1 MOKJIMBICTIO €KCIUTyaTallii Ha HEPIBHOMIPHOMY IMOKPHUTTI a00 6e310pKKi;

8. PecypcHa eMKicTh 0a30BHX arperariB TPaHCIOPTHOTO 3aco0y Ta MOKa3HUKH
npo0iry MK TOTOYHMMH peMoHTamMu.  OcTaHHe 3AICHIOE BIUIMB HAa HAMIAHICTH 1
IUTAaHYBAaHHS HEOOX1THOTO 0OCIYrOBYBaHHS TPAHCIOPTHUX 3aCO0IB.

CyuacHi iHTerpoBaHi HU(PPOBI CUCTEMH YNPABIIHHS CIPHUIIOTH MIABUIECHHIO SIKOCTI
BUKOHAHHS TPAHCIIOPTHHUX OTNepaliif Ta 3a0e3MedyloTh MOKIIMBICTh MPOTHO3YBATH TTOTOYHHNA
CTaH OCHOBHHUX arperartiB TPaHCIIOPTHOTO 3ac00y. AKTYalbHICTh BIIPOBAKEHHS TEXHOJIOTIH
o0ciyroByBaHHS 3pOCTaTUME 1 Hajlai, 6a3ylo4urch Ha aHaJli31 BETUKUX JaHUX.

BaxuBicTh TEXHIKO-EKCILTyaTallitHUX TOKA3HUKIB TPAHCIOPTHUX 3aCO0IB 3 KOKHUM
poxom 3poctae. [lopsin i3 30epeKCHHSIM 3HAUYMIOCTI KIACHYHUX IapaMeTpiB, TaKUX SK
BaHTAXOMIJHOMHICTh, MOTYXKHICTh T3, BUTpaTH NaJIbHOTO, aKTyaJIbHOCTI HAOyBarOTh HOBI
XapaKTepUCTUKH, IO BII3EPKATIOTH Hepexiy 10 HU(poBOoi MOOUIBHOCTI, €IEKTPHYHOL
HE3aJICKHOCTI Ta MOJANbINOl aBTOMaTh3alii. BigmoBigHO, 00’€KTHBHOI HEOOXIIHICTIO €
peryisipHE OHOBIICHHSI METOJOJIOTI] OI[IHIOBAaHHS ITOKAa3HHWKIB 3 ypaxXyBaHHSM HOBITHIX
TEeXHIYHUX JOPOOOK, 3MIH 3aKOHOJABUOi 1 HOPMAaTHUBHOI 0a3M, 3pOCTAIOYMX EKOJIOTTYHUX
CTaHApTIB.

2. Epeonomiuni enacmusocmi BaHTXKHOTO aBTOTpaHCIOpTHOro 3acody (BAT3)
(GOpMYIOTh KOMIUIEKC XapaKTepUCTHK, II0 BH3HAYAIOTh 3PYYHICTh, OE3MEYHICTh Ta
eeKTUBHICTh B3aeMOJii Boxis (abo omepatopa) 3 TPaHCHOPTHHUM 3aco000M y mporieci ioro
eKcruTyaraiii. ¥ KOHTEKCTi CydYaCHHX BHUMOT JI0 TPAHCIIOPTY €pProHOMiKa BHUXOJUTH 33 MEXI
e KOMGOPTHOCTI, CTal04d YUHHUKOM MPOAYKTHBHOCTI, MPOQUIAKTHKH HpoQeciiHOTOo
NepeBaHTAKEHHS Ta OE3MEKU PyXy.

JI0 OCHOBHHX €PrOHOMIYHMX XapaKTEPUCTHUK, IO IMiUIATaI0Th OIiHIIi, HAJIE)KATh!

- aHTPOIMOMETPUYHA BIAMOBITHICTH POOOYOr0 MICIS BOJIS (HANAIITyBaHHS CHIIIHHS,
PO3MIIIIEHHS OpraHiB KepyBaHH, OTJISIOBICTD);

- Bi3yaJlbHa Ta TaKTHJIbHA IOCTYIHICTH MaHeNi IpUiIaliB i €IeMEHTIB yIpaBIIiHHS;

- CTYyIiHb BIOpaliiHOTO Ta IIYyMOBOTO BIUIMBY HA OPraHi3M JIIOJUHH M1 Yac TPUBAIOT
eKCILTyaTaIlil;

- SIKICTh MIKpOKJTIMaTy B KaOiHi (TeMIepaTypHHIA peXKUM, BEHTHIIALIS, (PUIBTPALLis TTOBITPSL);

- MOXKJIMBOCTI a/ianTauii po604oro mpocTopy 10 iHIUBIAYyaIbHUX OCOOIMBOCTEN BOIISA
(3pict, Bara, ocoOnuBi MOTPeOH);

- iH(opMaIliiiHe HaBaHTAXKEHHS, OOyMOBIIEHE KUTHKICTIO CUTHAJIB, MOBLIOMJICHB 1
PEXKHUMIB, 3 IKUMH BOJIi Ma€ B3a€MO/TISITH.
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Ha cydacHOoMy erani B KOHCTPYKIiIO BaHTaKHUX TPAHCHOPTHUX 3ac00IB IHTEHCHBHO
BIIPOBA/KYIOTHCS PIICHHS, IO TPYHTYIOTHCS Ha MPUHIUIIAX IHKIIO3UBHOTO, aIAITHBHOTO Ta
OioamanTuBHOTrO Au3aifHy. OCTaHHE YMOXIIMBIIOE MPOEKTYBAHHS TPAHCIOPTHHUX 3acO0iB 3
ypaxyBaHHSM Pi3HOMaHITHUX (Pi310J0TUHUX Ta KOTHITUBHUX MOTPEO CHOKHUBAYIB.

[TomynsipHocTi HaOyBae HU3Ka €PrOTEXHOJIOTIi HOBOTO MOKOJIIHHS, 30KpeMa:

- 0araToOmo3MIiiHI Kpicia 3 eNEeKTPOHHUM HAJAIITYBAaHHSAM 1 (QYHKLIIMH Macaxy,
MiAIrpiBy/0X0JIOIKESHHS;

- OaraTo(yHKIIOHAJIBHI PYIBOBI KOJIEca 3 aAalTUBHUM 3YCHIUISIM;

- aBTOMATU4HI CHCTEMH MIATPUMKHU TEMIIEpaTypH, BOJIOTOCTI, 10HI3aIlii MOBITPS;

- OE3KITFOUOBHII IOCTYI 1 3aITYCK;

- amantuBHe LED- a0 51a3zepHe OCBITIICHHS.

BaximBUMU HOBOBBEJICHHSMH € YKOPDIHEHHS CHUCTEM JOMOMOTH, SKi 3HA4YHO
JOTIOBHIOIOTh MOXJIMBOCTI B3a€MOJI{ 3 TPAHCIIOPTHUM 3aCO00M (MOHITOPHUHI MEPTBHX 30H,
aJlanTHBHUNA KpPYI3-KOHTPOJb, CHCTEMH YTPHUMAaHHS B CMY31 pyXy, aBTOMAaTH4HE E€KCTpPEHE
raJbMyBaHHS TOLIO). 3HW)KYIOUM HABAHTAKEHHS Ha BOJISA, JaHI TEXHOJIOTIi MiABHILYIOTH
0e3meKy BOJIIHHS, a TAKOXK 33Ja0Th TeHIEHIIIT 11 aBToMaru3anii BAT3. HoBuM BUKITUKOM €
JOCITIPKEHHS! METOJUKH OLIIHKM KOTHITUBHOTO HABAaHTA)KEHHS Ha BOJIS IIPU PI3HUX peKUMax
KEepYBaHHS.

[Tpu 3xilficHeHHI BaHTa)KHUX MEPEBE3CHb EPrOHOMIUHI BJIACTHBOCTI TPAHCIIOPTHOTO
3aco0y HaOyBalOTh OCOOJMBOTO 3HAYEHHS, apKe NpH 0araTorOAWHHUX IOI3[Kax
MiIBUIIYETHCS CTOMITIOBAHICTh BOJis, HMOBIPHICTH IOMUJIOK 32 KEPMOM, CYTTEBO 3HUKYETHCS
piBeHb KOHIIEHTpALlii yBar.

BBaxkaemo, mo eproHomiuHi BiactuBocTi BAT3 wMaroTh OLiHIOBaTHCS HE Ha
Cy0’€KTUBHUX BIATyKax, a Ha 0a3l e(eKTUBHMUX HAYKOBHX METOJIIB, BKJIIOYAIOUU EJIEMEHTHU
0i0MeXaHIYHOTO MOJEIOBaHHS, BpaxyBaHHs iH(opmamii 3 TpekepiB pyxy Ta IyJIbCOMIpIB,
71a00paTOPHUX TOCTIHKEHHAX TOIIO.

[TepcneKTHBHUM HAIPSIMOM € CTBOPEHHS U(PPOBHUX OJIIM3HIOKIB KaO1HU 3 MOMKIJIUBICTIO
MOJICIIOBaHHA CLIEHApiiB eKCIUTyaTalii M pi3Hi Py KOPUCTYBAYiB, IO JO3BOJIAE IIE HA
eTari MPOEKTYBaHHS YCYHYTHM €PrOHOMIUHI HEJOJIKM Ta aJanTyBaTH KOHCTPYKLIIO 10
crienn(iku MUTOBOTO PHHKY.

3. Exonoziuni xapakmepucmuky BaHTaXXHUX aBTOTPAHCIOPTHHUX 3aCO0IB BU3HAYAIOTh
CTYIMIiHb iX BIUIMBY Ha HaBKOJUILIHE CEPEJOBUIIEC MPOTITOM YChOTO KHTTEBOTO IHKITY — BiX
BUPOOHUIITBA JO yTWIi3amil. Y KOHTEKCTI THOOanNbHOI eKOJoridHoi TpaHchopmarrii
TPAHCHIOPTHOI CHCTEMH IIi MOKa3HUKM HAOyBarOTh OCOOJIMBOI BarM Ta CTAIOTh MPEIMETOM
MOCUJICHOT YBaru sik 3 OOKy peryisTopiB, Tak i 3 00Ky onepaTopiB TPAHCIIOPTHHUX MOCIYT.

[Tpu BHOKpEMJICHH] €KOJIOTIYHUX ITapaMeTpiB BapTO BpaxyBaTu:

- JOTPUMAaHHSA BHMOT E€KOJIOTIYHHMX CTaHAAPTIB IIOAO DPIBHIB BUKUAIB IIKIUIMBUX
peuoBHH B aTMoc(epy (OKCHIIIB a30Ty, TBEPIUX YaCTHHOK, BYTJIEBOJHIB Ta OKCUAY BYTJIEIO);
- MOKa3HUK eHeproedexruBHocTi T3 (J1iTpiB nansHOTO 260 KBT TOA Ha 100 KM);

- omiHka oOcsary BukuaiB CO2 y po3paxyHKy Ha OJMH KUTOMETp ab0 TOHHO-KLIOMETP
MIEPEBE3CHHS;

- piBeHb ITYMOBOT'O BIUIMBY ITiJ] Yac €KCIUTyaTallii TpaHCIOPTHOTO 3aco0y;

- HasBHICTh CHCTEM peKymepamii eHeprii (raabMiBHOI eHeprii, TEIUIOTH BHXJIOITHHUX
rasiB TOIIIO);

- eKOJIOTiYHAa yTWIi3alis TPAHCIOPTHOTO 3aco0y IICHA 3aBEPLICHHS pecypey
(mpuaaTHiCTH MaTepiaiB 10 NepepoOKH, HasIBHICTH BTOPHHHOT CHPOBUHH).

VY mpoBimHUX KpaiHax IilOTh YiTKI CTaHAApPTH, IO 3HIDKYIOTh PIBEHb BUKUIIB B
atmochepy s BAT3 3aBasgku  BIOPOBaPKEHHIO PETENBHOI CHUCTEMH  OYHMIIECHHS
BIIIPAIlbOBAHMUX Ta3iB: CEJICKTUBHOI KATAITUYHOI HEWTpamizallii, BAKOPUCTAHHS CaKEBHX
GuTBTpiB, peUUpKyIALii BignpanboBaHux rasis. llle oJHi€l0 BUMOTOI0 Cy4acHOCTI € BiMOBa
BiJl IM3eNio, JeKapOoHi3alis AaBTOTPAHCHOPTY, IOIIMPEHHS EJIEKTPUYHUX BaHTAXKIBOK,
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OpIEHTOBAHMX HAa MICHKY Ta PETiOHANBbHY AUCTPUOYIIiI0; BOJAHEBUX MATUBHUX €JIEMEHTIB, 110
3a0e3neuyroTh OUTBIIME 3amac Xoay; O0lomaJbHOrO SK MPOMDKHOTO €Tamy B eKOJIoTi3amii
IU3EILHOTO TPAHCHOPTY; TIOPUAHUX CXEeM, sIKi KOMOIHYIOTh €JIeKTPOTATY JUISl ONTHMi3amii
SHEPTOBUTPAT 3aJICKHO BiJ] pEKUMY PYXY.

[Tepexix A0 ambTEepHATHB BUMAarae MPUHIIUIIOBO HOBUX METOJIB OI[IHKU €KOJOTIYHOT
e(eKTUBHOCTI, 30Kpema:

- aHaNi3y JKUTTEBOTO IUKIY, SKHH OXOIUIIOE TOBHUH IMKJI — BUPOOHUIITBO,
eKCIUTyaTallilo, TeX00CITyroByBaHHs, YTHIII3aIliio0;

- pO3paxyHKY €KOJIOTIYHOTO IHJIEKCY eKCIUTyaTallii, 0 BKJIIYAaE€ €HEPrOEMHICTh Ha
TOHHO-KUIOMETp, piBeHb 3a0pyIHEHHS Y KOHKPETHOMY CepeloBuIli (MiCTO, aBTOMaricTpasb,
ripchKuit perloH)

- IHIEKCIB CTAJIOTO TPAHCIOPTY, AKi IHTETPYIOTh €KOHOMIYHI, COIliabHI Ta €KOJIOTTYH1
MOKa3HHUKH.

AKTyaJbHUM HAIpsIMOM € BUKOPUCTAHHS MU(PPOBHUX MIATHOPM MOHITOPHUHTY BHKHIIB
y pealbHOMY Yaci, 0 Ja€ 3MOTYy HE JIMILIE ONEpaTHBHO OIIHIOBATH CTaH €KOCHCTEMH, a i
azanTyBaTH pexxuM poboT BAT3 10 NOTOYHMX YMOB HaBKOJIMIITHBOTO CEPEIOBUILA.

Kpim Toro, y Mexxax KOHIEMNLI "3eJIeHO0T JIOTICTHKHU "TPAHCIOPTHUHN 3aci0 OI[IHIOETHCS
HE 130JbOBAHO, a SK YaCTHMHA EKOCHCTEMH JaHIiora nocradanusa. lle mepenbauvae, 1o
exoJsoriunicte BAT3 posrnsgaerscst Kpi3b Npu3My HOTo BIUIMBY Ha CyMapHi BHKHIU
KOMIaHii, BKIIOYHO 3 MEPEepo3NOAUIOM MAapUIPyTiB, ONTHMI3alli€l0 HaBaHTAKEHHS,
3MEHIICHHSAM KUIBKOCTI "MOpOoXHIX" MpoOiriB ToIo.

4. Oyinka exonomiunoi eghexkmuénocmi BAHTAXKHOTO aBTOTPAHCIIOPTHOIO 3aco0y €
KPUTHUYHO BaXIUBOIO CKJIQJ0BOI0 IpOLECYy OOIPYHTOBAaHOTO BHOOpPY TEXHIKH IS
TPAHCHOPTHOTO IMIANPUEMCTBA, OCKUIBKM BOHAa O€3MOCEpeHbO BIUIMBA€ Ha pPIBEHb
onepauifHUX BHUTpAT, PEHTAOENBHICTh TNepeBe3eHb Ta (DIHAHCOBY CTIHKICTH JIOTICTUYHHX
CHCTEM.

ExoHoMiuHa e(eKTUBHICTh BiTOOpakae MOBHOTY BUTPAT MPOTITOM KUTTEBOTO LIUKITY
TPAHCHOPTHOTO 3aco0y, MOYMHAIOYM 3 3aKYMIBEJBHOI BapTOCTI 1 BKIIOYAIOYM HH3KY
HEeNpsSMUX BUTPAT (MPOCTOi TEXHIKHM, mTpadu 3a 3aTPUMKH, BTpaTaMH BaHTaXy). Takum
YMHOM, BPaxOBYIOUM CY4YaCHI METOAMKH, OIIHKA €KOHOMIYHOI e(pEeKTHMBHOCTI BaHTa)KHOTO
aBTOTPAHCHOPTHOTO 3aC00Y BKIIIOYAE:

- BpaxyBaHHs iHQIALII, pU3HKIB Ta CTPOKIB OKYITHOCTI IHBECTHILIH;

- OI[IHKY OKYITHOCTI Ta BHYTPITHHO1 HOPMH NMPHOYTKOBOCTI;

- MOPIBHSUIBHUU aHaNli3 3a CLEHApiiMU BUKOPUCTAaHHS (IHTEHCHBHA EKCIUTyaTallis,
MDKMICBKI peiicH, MiCbKa TUCTPUOYIIiS TOIIO).

31 3poCTaHHAM MOMYNISAPHOCTI EIEKTPHYHUX Ta BOJHEBHX BAHTAXIBOK BaKIMBOIO
cTaja OI[iHKa He JuIIe Oe3lmocepeiHiXx BHUTpaT, a W CYIYTHIX BHUTpaAT iH(pacTpyKTypu
(3apsiiHi CTaHIIil, pEMOHTHI 0a3H, TOCTYH 0 BOJHIO).

CrorosieHHsT JUKTye HOBI Oi3HEcC-MOAeNl JI3MHTY 1 JOBrOCTPOKOBOI OpEHIU
TPAaHCHOPTHUX 3ac00iB K IHCTPYMEHTIB eKOHOMikM oOciyroByBaHHs. CroxuBad,
OpEHIYIOYM TPAHCIOPTHHN 3acid, BUKOPHCTOBYE aBTOMOOUTL SIK BHJ MOCTYTH. 3a3HaueHa
MOJIeNb 3HAYHO 3MIHIOE CTPYKTYpy BHTparT 1 J103BoJisie e(EeKTUBHINIE YIPaBIATH
TPAaHCHOPTHUMHU AaKTHBaMU 3 OOKy KOMIIaHif, 3MEHINyIoud (iHAHCOBI pHU3HMKH Ta
MOKPAIIYIOYX THYYKICTh y BIJIIOBiZb HA 3MIHY MOTIUTY.

Oxpemy yBary ciif TPHIUTATH OIIHII €KOHOMIYHOI HAJIMHOCTi, OCKUIBKH HAaBITh
BiZTHOCHO He;[opomﬁ BAT3 MoXe CHpUYMHHTH CYTTEBI BTpaTu Yy pa3i HpOCTo'l'B qyepes
HCCHpaBHOCTl nedinuTy 3amuacTuH abo HEJOCTaTHHO PO3BUHEHOI cepBiCHOI Mepexi. Tomy
70 EKOHOMIYHOI e(EeKTHUBHOCTI CIiJ BIIHOCUTH 1 PHU3UKKM HEIOOTPUMAHOIO HPUOYTKY
BHACIIJIOK TEXHIYHUX 3001B.

CyyacHi TpaHCHIOPTHI AHAIITHYHI CHUCTEMH JO3BOJIAIOTH (OPMYBATH EKOHOMIYHI
Iamoopa B pealbHOMY 4daci, IO AarperywTh JaHi TeleMaTHKH, OOJIKy BHTpar,
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HABaHTAXXEHHS i MapIIPyTyBaHHS JUISA ONEPATUBHOTO YXBAJCHHS PIllIeHb IIOJI0 eKOHOMIYHOT
JOLUIBHOCTI BUKOPUCTAHHS TOro 4 iHmoro T3. TakuM 4uHOM, eKOHOMIUHA €(hEeKTUBHICTD Y
CyJacHIi JIOTICTHII PO3TJISAAETHCS HE JIMIIE SK CHIBBIJHONIEHHS BUTPAT 1 JOXOMIB, a SK
IHTerpajbHa OLlIHKAa EKOHOMIYHOTO pPH3HUKY, CTIHKOCTi, JOBTOCTPOKOBOi BapTOCTi Ta
BIJIOBIIHOCTI TEXHIKH JIO CTPATETIYHUX IIJIeH epeBi3HUKA.

5. Aoanmayia BAT3 1o yMOB ekciulyatamii BKJIOYAE K KOHCTPYKTHBHI 1 TeXHIUHI,
Tak 1 QyHKIIOHANBHI 111€i A7 TOro, mo0 TpaHCIOPTHUH 3aci® (QyHKIIOHYBaB CTaOUIBHO Ta
e(eKTHBHO 32 BU3HAUYEHOTO PEXUMY POOOTH B CKJIAJJHUX YMOBAX 30BHIIIHHOTO CEPEIOBUILA.

PiBenp anmanranii HampsiMy BIAJI3EPKAIIO€ CIIOXKHBYI BJIIACTHBOCTI TPAHCIOPTHOTO
3aco0y. IlpakThka moKasye, IO HE 3aBXKAM BHCOKOTeXxHOJOTiYHHH BAT3 € 3amopykoro
HaJIMHOCTI YW e(EeKTHBHOCTI 3a YMOBH HEBIONOBIAHOCTI crmenudimi ekcruryaraii
OCTaHHBOTO.

Came ToMy, aKTyaJbHOCTI HAOYBAIOTh MPOIO3UII] aJalTHBHUX IUIAT(GOPM 3 MOIYIHHOIO
apXIiTEKTYpPOIO TSl KpaIoi BiAMOBIAHOCTI TPaHCIIOPTHOrO 3ac00y KOHKpETHOMY pHHKY. Hampukman,
Mercedes-BenzTrucks, Iveco, Scania mpomoHyOTh cepii Imaci 3 pi3sHUMH THUIAMH TPaHCMICIH,
KONiICHUMHU (hOpMyJIaMu, HaJaIITYBaHHAMH KIIPEHCY, IO MOXYTb OYTH aJamnToBaHi OO KII€EHTCHKHX
BuMor. Konuenumis "pozymHoro aBTonapky" mepenbaudae He jume BuOip agantoBaHoro BAT3, a it
MOXIMBICTh CBOEYACHOTO MEPEHATAINTYBAHHS PEXKUMIB POOOTH IHCTPYMEHTAMH XMapHHX CHCTEM
OTA-oHOBIIEHb.

Takum unHOM, aganramis BAT3 1o yM0B ekcruryartaiii € TMHAMIYHUM KPUTEPIEM, IO
BUMAarae BpaxyBaHHS SIK alapaTHUX, TaKk 1 MUPPOBUX MapaMmeTpiB, a TaKOX T'HYYKOCTI B
00cCIIyroByBaHH1 Ta HAJIAIITYBaHHI TEXHIKH MPOTATOM il dKHUTTEBOTO LIUKITY.

Ha pucynky 2 HaBeieHO MNpHKIaJ OJOK-CXeMH, fKa IEMOHCTPYE B3a€MO3B’SI3KU
OCHOBHHX I'PYII KPUTEPIiB CIIOKMBYMX BIACTUBOCTEH BaHTAKHUX aBTOTPAHCIIOPTHUX 3aCOOIB.

TexHixo- <
eKCIUTyaTaIiifH1
Exouoriuni .. Exonomiuna
Epronomiuni < .
XapaKTePUCTUKH < e(EKTUBHICTh

i '

AnanTarist 10 yMOB
eKCIuTyaTarlii

Pucynok 2 - B3aeM03B’s130K MOKa3HHUKIB CIIOKUBYUX BIIACTUBOCTEN BAHTAKHUX aBTOTPAHCIIOPTHUX 3aC001B
Lboicepeno: pospobaeno asmopamu

Cepen KIIIOYOBHX CyYaCHHMX TEHICHILIHN y rany3i omninku BAT3 BapTo BuaLMTH:

- IHTerpamioo IUQPOBUX [BIHHUKIB TPAHCIOPTHUX 3acCO0IB Ui HPOTHO3YBAaHHS
e(eKTUBHOCTI B peaJlbHOMY Yaci.

- BUKOPHCTAaHHS TEXHOJOTl aHami3y BEJIMKHX HaHUX Ta IHTEPHETY B CHUCTEMax
OLIIHIOBaHHS, 10 JI03BOJISIE OTPUMYBATH JACTANIbHY iH(GOPMAILiIO PO YMOBHU €KCILTyaTaIlii.

- 3aCTOCYBaHHS CHUCTEMHM “TPAHCIOPT SIK MOCIyra”, sKa mependayae OI[HKY IIJIOTO
MaKeTy Mociyr (MATPUMKA, aHATITHKA TOIIO).

- B3a€MO/Iisl TPAHCTIOPTHHUX 3aCO0IB 13 JTOTICTUYHUMU IU(PPOBUMHU TIATHOPMAMHU.

BcebiyHa oOLiHKA CHOXXMBYMX BIIACTHBOCTEH — Ile HEOOXimHWil eram (opMyBaHHS
e(eKTUBHOTO aBTOMAPKy Ta Jorictuku. CydacHi METOAU JO3BOJISIOTH HE JIMIIIE BPaXOBYBATH
TpaauIiliHI eKCIUTyaTaliliHI XapaKTepUCTHKH, ale W aJanTyBaTH aHali3 J0 HOBHUX YMOB —
udpoBizallii, eHeproeeKTHBHOCTI, €KOJIOTTYHOCTI.
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ABTOpH BBaXKAIOTh, IO OIIHKY CIOKHUBUMX BiactuBocTeit BAT3 BapTo 31ilicHIOBaTH,
BUKOPHUCTOBYIOUM OaraTOKpUTEpiaIbHUNA MiAXiJ, M0 MICTUTh KOMIUIEKC KJIACHYHUX TEXHIKO-
eKCIUTyaTal[ifHUX, €eKOHOMIYHUX, €prOHOMIYHUX TMOKAa3HMKIB, a TAaKOK HOBITHI KpHUTEpii, 110
BIJIIOBIIAt0Th BUMOTaM CY4acCHOCTI, 30KpeMa eKOJIOTTYHO1 Oe3MeKoro, i(poBi3allii Ta a1anTUBHOCTI.

CyuacHi TeHAeHuii B aBTOMOOWIeOynyBaHHI — eneKkTpudikaiis, aBTOHOMI3aIlis,
MOJIYJBHICTb, IHTETpallis IHTEIEKTYaIbHUX CUCTEM — KapJHHAJIBHO 3MIHIOIOTH YSIBJICHHS IPO
CTMOXHMBYI BJIACTUBOCTI. BinOyBaeThcst 3MILIEHHS aKIEHTYy 3 (OpMaIbHUX TEXHIYHHX
napamMeTpiB Ha KOMIUIEKCHY OLIHKY €(EeKTHBHOCTI Y KOHTEKCTi CIIEHApil0 BHKOPHUCTAHHSTA
KHUTTEBOTO ITUKITY TPAHCIIOPTY.

BucnoBku. 1. J[ns 3a0e3nedeHHs 00 €KTUBHOCTI Ta PENEBAHTHOCTI OI[IHFOBAHHS
CIOKMBYMX BJIACTUBOCTEH BAaHTAKHUX aBTOTPAHCIIOPTHUX 3aC00IB IOIILHO BIIPOBAKYBATH
iHTEerpasibHI U(POBI MOJIEII OIIHKH, SKi MOETHYIOTh TEXHIKO-EKCIUTyaTaIliiiHi, eKOHOMIYHI,
eproHOMIYHI Ta €KOJIOTIUHI KpUTEpii B €1UHY cUcTeMy. Taki MOJielli TOBHHHI BPaXOBYBaTH HE
JUIIe TEeXHIYHI MapaMeTpH, a W peaJbHi YMOBHM EKCIUTyaTallii, [0 03BOJISIE MiABUIIHTH
TOYHICTH BUOOPY TPAHCIIOPTHOTO 3ac00y MiJl KOHKPETHI JIOTICTUYHI 3aBJaHHS.

2. HeoOXigHO YKOpIHIOBATH JUHAMIYHI METOJIUKH OI[IHIOBAHHS, IO BIIOOpaxaroTh
BUMOTH HOBHMX THUIIB EHEPreTHMYHHX CUCTeM (€JIeKTpO-, TiOpHMIHHMX, BOJHEBUX), Cy4acHi
CEepBiCHI MOJieTIi Ta BUMOTH IIOJ0 BUKHUIIB B aTMOoc(hepy. BUKOpHCTaHHS TaKuX AUHAMIYHUX
METOJUK OLIHIOBAaHHS 3a0€3Me4YHUTh CTIMKICTh CHUCTEMM OIHIOBAHHS 0 TEXHOJOTIYHHUX 1
HOPMAaTHUBHUX 3MiH.

3. Baemopirouu 3 iHPPACTPYKTYPOIO, CHEPrOMOCTAYaHHIM, HPOPMAIIHHIMHI CHCTEMaMK
YIPaBIIHHSA Ta CEPBICHUMU MEpEeKaMH, BAaHTAXHHUHA aBTOTPAHCIOPTHUH 3acid Bxke HE €
130JTbOBaHUM 00’€KTOM, a BAKIUBUM E€JIEMEHTOM JIOTICTHYHOI Ta €HEPreTUYHOT €KOCHUCTEMH,
a TOMy oTpeOye He JIMIIe OI[IHKA TEXHIYHOTO CTaHy, @ i CUCTEMHOI IHTErPOBAHOCTI.

Cnucok nitepatypu

1. Bypsx M. B., Posym P. 1., ®anosuu H. M., Ilporniii I1. b., Tlomoeuu I1. B., IlleBuyk O. C., AnTontok O. II.
OmiHKa MIITHOCTI Ta HAAIIfHOCTI aBTOTPAHCHOPTHHX 3ac00iB. BicHuk mawunobyoysanus ma mpancnopniy. 2022,
15(1). C. 17-22. URL: https://doi.org/10.31649/2413-4503-2022-15-1-17-22.

2. T'pumyk 1., Bonkos B., Omumiykx B., Ykpainceknit €., Bonkosa T., Crempmamryk B. JlocmimkeHHS IalHBHOI
eKOHOMIYHOCTI BaHT@XHMX TPAHCIIOPTHHX 3aco0iB B yMoBax ekciuryaramii. Cyuacui mexuonocii 6
MaWuHo0y0y8anHi ma mpancnopmi. 2023. 1(20). C. 137-144. URL:
https://doi.org/10.36910/automash.v1i20.1042.

3. Haymo B. C., Uepmyxa O. B. JocmimxeHHA e(eKTHBHOCTI BHKOPUCTaHHS BAaHTAXXHHX aBTOMOOUIIB 3
ypaxyBaHHSAM EKOJIOTIYHUX ITOKa3HHKIB TpPaHCIOPTHOro mpouecy. Eastern-European Journal of Enterprise
Technologies. 2009. 1(3(37). C. 48-50. URL: https://doi.org/10.15587/1729-4061.2009.3091.

4. Xaspyk B. BrmB TexHiko-eKcIITyaTalifHAX BIACTHBOCTEH BaHTAQXXHUX aBTOMOOLTIB Ha MOKa3HUKH e(heKTHBHOCTI
exciuryatanii. Cyuacni mexnonozii 6 mawunobyoysanni ma mpancnopmi. 2021. 1(16). C. 168-175. URL:
https://doi.org/10.36910/automash.v1i16.519.

5. Dmowski A., Ignaciuk P., Debicka E., Niewczas A., Glavi¢ D., Matijosius J. Operational quality of a truck:
Expert’s assessment. The Archives of Automotive Engineering — Archiwum Motoryzacji. 2019. 83(1). C. 87-100.
URL: www.researchgate.net/publication/364445311 operational quality of a truck in expert%27s assessment.

6. Hassan T., Helo P. Performance assessment of high capacity trucks: Understanding truck selection and
deployment economics. Transportation Research Interdisciplinary Perspectives. 2021. Article 100363. URL:
https://doi.org/10.1016/j.trip.2021.100363.

7. Saeedi H., Wiegmans B., Behdani B. Performance measurement in intermodal freight transport systems: Literature
review and research agenda. World Review of Intermodal Transportation Research. 2022. 11(1). C. 1-52. URL:
https://doi.org/10.1504/WRITR.2022.123098.

8. Sakhno V., Polyakov V., Murovany 1., Sharai S., Lyashuk O., Plekan U., Sokol M. Stability of the two-link
metrobus. Communications. 2023. 25(2). B77-B85.

9. Solakivi T., Ojala L. Environmental and economic potential of high-capacity trucks. Case Studies on Transport
Policy. 2024. Article 101284. URL: https://doi.org/10.1016/j.cstp.2024.101284.

10. Taiebat M., Brown A. L., Safford H. R., Qu S., Xu M. A review on energy, environmental, and sustainability
implications of connected and automated vehicles. Environmental Science & Technology. 2018. 52(20). C. 11449—
11465. URL: https://doi.org/10.1021/acs.est.8b00127.

311



ISSN 2664-262X Central Ukrainian Scientific Bulletin. Technical Sciences. 2025. Issue 12(43), Part Il

References

1. Buriak, M. V., Rozum, R. 1., Falovych, N. M., Prohnii, P. B., Popovych, P. V., Shevchuk, O. S., &
Antonyuk, O. P. (2022). Strength and reliability assessment of motor vehicles. Visnyk mashynobuduvannia ta
transportu, 15(1), 17-22. https://doi.org/10.31649/2413-4503-2022-15-1-17-22 [in Ukrainian].

2. Hrytsuk, L., Volkov, V., Onyshchuk, V., Ukrainskyi, Ye., Volkova, T., & Stelmashchuk, V. (2023). Research of
fuel efficiency of freight vehicles under operating conditions. Suchasni tekhnolohii v mashynobuduvanni ta
transporti, 1(20), 137—144. https://doi.org/10.36910/automash.v1i20.1042 [in Ukrainian].

3. Naumov, V. S., & Chernukha, O. V. (2009). Efficiency research of freight vehicle use considering ecological
characteristics of the transport process. Eastern-European Journal of Enterprise Technologies, 1(3(37)), 48-50.
https://doi.org/10.15587/1729-4061.2009.3091.

4. Khavruk, V. (2021). Influence of technical and operational properties of trucks on efficiency indicators in
operation. Suchasni tekhnolohii v mashynobuduvanni ta transporti, 1(16), 168-175.
https://doi.org/10.36910/automash.v1i16.519 [in Ukrainian].

5. Dmowski, A., Ignaciuk, P., Debicka, E., Niewczas, A., Glavi¢, D., & Matijosius, J. (2019). Operational quality of
a truck: Expert’s assessment. The Archives of Automotive Engineering — Archiwum Motoryzacji, 83(1), 87-100.
https://www.researchgate.net/publication/364445311 operational quality of a truck in expert%27s assessment.

6. Hassan, T., & Helo, P. (2021). Performance assessment of high capacity trucks: Understanding truck selection and
deployment economics. Transportation Research Interdisciplinary  Perspectives, Article 100363.
https://doi.org/10.1016/j.trip.2021.100363.

7. Saeedi, H., Wiegmans, B., & Behdani, B. (2022). Performance measurement in intermodal freight transport
systems: Literature review and research agenda. World Review of Intermodal Transportation Research, 11(1), 1-
52. https://doi.org/10.1504/WRITR.2022.123098.

8. Sakhno, V., Polyakov, V., Murovany, 1., Sharai, S., Lyashuk, O., Plekan, U., & Sokol, M. (2023). Stability of the
two-link metrobus. Communications, 25(2), B77-BS85.

9. Solakivi, T., & Ojala, L. (2024). Environmental and economic potential of high-capacity trucks. Case Studies on
Transport Policy, Article 101284. https://doi.org/10.1016/j.cstp.2024.101284.

10. Taiebat, M., Brown, A. L., Safford, H. R., Qu, S., & Xu, M. (2018). A review on energy, environmental, and
sustainability implications of connected and automated vehicles. Environmental Science & Technology, 52(20),
11449-11465. https://doi.org/10.1021/acs.est.8b00127.

Oleg Tson, Assoc. Prof., PhD tech. sci., Uliana Plekan, Assoc. Prof., PhD econ. sci.
Ternopil Ivan Puluj National Technical University, Ternopil, Ukraine
Valuation of Consumer Properties of Freight Motor Vehicles

The article focuses on a detailed examination and assessment of the performance and consumer
attributes of freight vehicles in light of contemporary demands for transportation efficiency, economic viability,
environmental sustainability, and operational comfort. The significance of the research stems from increasing
competition within the transport services sector, global trends toward digitalization, the adoption of alternative
energy technologies, and the continual tightening of safety standards.

The lack of unified approaches to the assessment of consumer properties complicates the selection of
optimal freight vehicle models for specific operating conditions, leading to reduced fleet efficiency and increased
carrier costs. The purpose of the study is to develop a system of indicators for an objective multicriteria
evaluation of the consumer properties of freight vehicles, taking into account their technical, operational,
economic, ergonomic, and environmental characteristics.

The article presents a clear classification of consumer property indicators, highlighting five main
groups: technical and operational indicators, which include load capacity, body volume, engine power, fuel
efficiency, dynamic performance, maneuverability, cross-country capability, and component durability;
ergonomic indicators, related to comfort, ease of control, and the safety level of the driver’s workplace;
environmental indicators, encompassing emission levels, noise emission, energy efficiency, and recyclability;
economic indicators, assessing the total life-cycle cost, profitability, payback period, and financial sustainability
of operation; adaptive indicators, reflecting the ability of freight vehicles to operate effectively under specific
climatic, road, and infrastructural conditions.

The research identifies key trends in the adoption of advanced materials and innovative technologies,
such as high-strength alloys, composite structures, electric and hybrid propulsion systems, hydrogen-based
energy solutions, digital control mechanisms, integrated telematics frameworks, and automated driver assistance
technologies. It is noted that the advent of new vehicle types necessitates updating conventional evaluation
approaches by incorporating additional parameters-such as driving range, charging duration, battery durability,
the functionality of digital services, and the cognitive demands placed on the driver.
freight vehicles, consumer properties, operational characteristics, evaluation, efficiency
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BuzHaueHHs CyKyITHOCT1 pakTOpiB €(heKTUBHOCTI
(YHKIIIOHYBaHHS aBTOMOO1JTbHUX TPAHCIIOPTHUX CUCTEM
MaTeMaTUYHUMH METOIaMU aHAJI3Y

[IpoBeneno aHami3 (akTopiB BH3HAUCHHS €(EKTHBHOCTI ABTOMOOITBHMX TPAHCHOPTHHUX CHCTEM 32
JIOTTIOMOTOF0 MaTEMaTHYHUX METO/iB. BUsBICHI HaWOLIBII BIUIMBOBI MOKA3HUKH, IO BiT0OPaXKarOTh KiIBKICHY
XapaKTEPUCTUKY BIIACTUBOCTEH i€l CKIAAHOI CUCTEMH i Jal0Th MOXJIMBICTH OIIHUTH CTYIIiHB BiIIIOBiTHOCTI
(aKTHYHOTO PEe3yabTaTy TPAHCHOPTHHUX omepauiii Oakanomy. [lokazaHo, mo e(eKTHBHICTh TaKHUX OIEparlii
MoOXxe OyTH OLiHEHa PI3HUMHM MaTeMaTHYHUMH MeToAaMu.BHUKOpHCTOBYIOUHM AaHi METOIM MOXHA BH3HAUHUTH
HMOBIpHICTE 0€3BiMOBHOI POOOTH TPAHCIIOPTHOI CHCTEMH B KOHKPETHHH IIepioj] 4acy, SKIIO METO0
TPAHCIIOPTHUX OIepaliil € MiABUIIEHHS 1X SKOCTI 1 HaZIHHOCTI.

3’scoBaHO  (PaKTOpPH, SIKI BPaxOBYIOTBCS TPH  JOCHI/PKeHHI e(eKTHBHOCTI aBTOMOOULIBHHX
TPaHCIIOPTHUX cHcTeM. [lokasaHo, IO BeMMKa YacTka (pakTopiB HE KOHTPOJIOETHCS 0CO00I0, sIKa MpHHMae
pitenHs. 3aiHCHEHO TX pO3IOAII Ta HABEACHO JETANbHY KiIacH(iKaIlito.

BusiBneno, mo mpu JOCHIIPKEHHI aBTOMOOIIBHMX TPAHCIIOPTHUX CHCTEM 3 (hakTopamy, IO MAaroTh
BUIIAJIKOBY NPUPOIY 3HAYCHb, IIHMPOKO BHUKOPUCTOBYIOTHCS HMOBIPHOCHO-CTATHCTHYHI MaTeMaTH4HI METOM.
BoHu 103BOJSIOTE BCTAHOBHTH PO3IOAUIM BHIAJKOBHX 3MIHHMX (akropiB. B Toil ke wac mociimKeHHS
eQeKkTUBHOCTI  (YHKIIOHYBaHHS JIOCHIPKyBaHHX TpPAHCIIOPTHUX CHCTEM 3 ypaxyBaHHSIM (hakTopiB
HECTOXAaCTMYHOI IPUPOAM, 1IN0 € HEBU3HAYCHHUMH, 3HAYHO YCKJIAIHIOETHCS BIJCYTHICTIO 3arajibHOL
MaTeMaTU4HOI Teopii, Mo (OpMye METOMOJOTiYHI OCHOBM BHMBYEHHS SIBHUII 3 HEBH3HAYEHHMH (hakTopamu.
[pore, 3acTocyBaHHS METONIB NMPUKIATHOI MATEMAaTHKH, SIK TEOPiH irop, MpUHAHATTA pillleHb, a TAKOX HEYITKHX
MHOXXUH, JO3BOJS€ 3HAWTH HEOOXiHI IUISXM PO3B'I3aHHS IIOCTABJIECHHX 3aBJaHb NP HAsIBHOCTI
HEBM3HAYEHOCTI, 1110 Ma€ HECTOXaCTUUHHUH XapaKTep.

Po3rnsHyTO MOHATTS (QYHKITIH MPUHAIICKHOCTI 3 TTO3UIIIH €JIEMEHTIB TeOpil YITKUX 1 HEUITKMX MHOKHH.
HaBeneno pi3ni Bapianti Takux (yHKIIH B aHaNITHYHIA Ta rpadiuHiii popmax. 3a3HaveHo, MmO Taki QYHKIT
3a/Ial0Th JISSIKY IiAMHOXUHY 200 Migo0i1acTh 3arajbHOI JOIMyCTHMOI o0iacTi 3MiHu (hakTopiB. BusHaueHo, 1o
migo0sacTe, sKa BH3HAYA€ThCA (DYHKIIEIO NPUHAIEKHOCTI, B JEIKOMY PpO3YMiHHI BigoOpaxkae Mipy
HEBHM3HAYEHOCTI JociikeHnx Qakropis. [TokazaHo, 110 y¥MM MeHIIA MMig00JIacTh, 0 BU3HAYAETHCS (PYHKIIIEO
MIPUHAJIEKHOCTI, TUM MEHIIa Mipa HeBH3HaueHOCTi (hakTopiB. Bu3HayeHo, M0 HEWiTKa MHOXKHHA ITOBHICTIO
OITCYETHCS CBOEIO (DYHKIIEIO TPUHAIEKHOCTI i BUKOPHCTOBYETHCS K IMO3HAYEHHS HEUITKOI BEJIMKOT MHOKHUHH
¢axTopiB. BusiBieHO, 10 HEUiTKa MHOXHHA € TIOPOXKHBOIO, SKIIO 11 GYHKIIS NPUHAIEKHOCTI JOPIBHIOE HYIIO
JUIS YCiX eJIEeMEHTIB TPAHCIOPTHOI CUCTEMH.

Po3risiHyTO TIEpeTBOpPEHHS HEBU3HAYCHUX BUIAAKOBHX (DakTOpiB e(PEeKTHBHOCTI aBTOMOOULIBHHX
TPAHCIIOPTHUX CHCTEM 3a JOIOMOIOI0 METOAY paHAoMi3amii, SKH Moke OyTH JOCITIJDKEHO IO€THAHHIM
METO/iB Teopii HMOBIPHOCTI 1 MATEMaTHYHOI CTATUCTUKH.
aBTOMOOinNbHa TpaHcmoprHa cucrema, (akTop, e(eKTHBHICTH, omepauis, (GYHKIis NPHHAIEKHOCTI,
paHoMi3anis, iIMOBipHiCTh, eKCIIePTHE OLIHIOBAHHA, MHOKHHA (DAaKTOPiB

IMoctanoBka  mpodaemu. EdekTuBHICTH  (QYHKI[IOHYBaHHS  aBTOMOOUIBHOL
TPAHCHOPTHOI CHCTEMHU IIOJIATa€ y 3JaTHOCTI 3abe3rnedyBaTH pe3ynbTaT ii poOoTw,
BPaxOBYIOUM YMOBH E€KCIUTyaTallii Ta METOJU 3aCTOCYBaHHS aKTMBHMX 3aCOOIB YNpaBIiHHA
[1-3]. TomoBHOIO METOIO YIpaBIiHHS aBTOMOOUIBHOIO TPAHCIOPTHOIO CHUCTEMOKO €
MakcuMizaiisi e(EeKTUBHOCTI BUKOPUCTAHHS AaKTHBHUX 3acO0iB IMiJi Yac BHKOHAHHSA
MOCTaBJICHUX 3aBJIaHb.

© J. B. I'ony6, B. B. Ayuin, P. I1. Kiuypa, O. IO. IOB:xenko, 2025
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[Toxa3Huku eheKTUBHOCTI BimoOpaaroTh KUIBKICHY XapaKTEPUCTUKY BIACTUBOCTEH
CHCTEMH Ta JAl0Th MOJKJIMBICTh BU3HAUUTHU CTYIIIHb BIMOBIAHOCTI (PaKTUYHOTO pE3yNbTaTy
TPaHCHOPTHHUX omepaniii OaxxanHomy [4-6]. Lli MOKa3HMKM MOXYTh MaTH Ti K OJWHUII
BUMIPIOBAHHS, IO 1 MOKAa3HHUKH SKOCTi, ab0 OyTtu Oe3po3mipHuMHU. Po3monin Mmoka3HUKIB
e(eKTUBHOCTI, SIKI OMUCYIOTh POOOTY aBTOMOOLIBHOT TPAHCHOPTHOT CUCTEMH, HA TIOKa3HUKH
AKOCTI 1 €(EeKTUBHOCTI € BIZHOCHHM Ta 3aJICKUTh BiJl XapakTepy pO3B'I3yBaHMUX 3aBJaHb
[7, 8]. Ha ocHOBI IMX MOKa3HUKIB PO3POOIISETHCSA MPABUIO BUOOPY ONTHMAIBHOTO CIIOCOOY
BUKOPUCTaHHS aKTUBHUX 3aCO0IB Y CTpATEriyHUX TPAHCIIOPTHUX OTEPAIlisiX, IKE IPYHTYEThCS
Ha KpUTEPiAX e(eKTUBHOCTI (PYHKIIOHYBAHHS TPAHCIIOPTHOI CHCTEMH.

Y mporeci nochikeHHS e(QEeKTHBHOCTI POOOTH aBTOMOOUIBHMX TPAHCIOPTHUX
CHCTEM BUKOPHUCTOBYIOTHCS METOMOJIOTIUHI MiIX0IH, M0 0a3yI0Thcs Ha €KCIIEPUMEHTAIBHUX
JOCII/DKEHHSAX Ta MOJENIOBaHHI, mepenyciMm marematuyHoMmy. Ilicist mporo BinOyBaeTbes
BUOIp TPIOPUTETHOT METH Ta OPraHi30BYEThCS BUKOHAHHS Omeparii i ii JOCATHEHHS.
EdexTuBHiCTh Takux omeparii Moxxe OyTH OLiHEHa pi3HUMH crocobamu. lle MoxIuBO
3MIMCHATH 4yepe3 IMOBIpHICTH 0€3BiIMOBHOI POOOTH TPAHCHOPTHOT CUCTEMHU B KOHKPETHUH
nepion yacy. [Ipu oMy METO¥O peaizallii TPaHCIIOPTHHUX OTEPAIliid € MABUIICHHS iX SKOCTI
Ta HaIIHOCTI.

AHani3 octaHHix nocaimkenb i my6aikamiii. Cepen (akTopis, sIKi BpaxOBYIOTHCS
IPU JOCTIKEHH] €()EeKTUBHOCTI aBTOMOOUIBHUX TPAHCIIOPTHUX CHCTEM, BEJIMKA IXHS 4acTKa
HE KOHTPOJIOETHCS 0c00010, siKa mpuiiMae pimenss [1, 2, 4, 9, 14]. Lle ctocyerbes nepenycim
00'€eKTUBHUX 3aKOHIB MPHUPOJIM 1 TPOMAJCBKOTO PO3BHUTKY, SIKI HEOOXiTHO BPaxOBYBAaTH Y
Oynp-sikomy Bumaaky [6, 14]. HekoHTponsoBanumu € i Taki (pakTOpu: NOTOJHI YMOBH, ii
KOHKypeHTiB Ta iH. [10, 15]. OcTanHi (QaxTOpH XapakTepu3ylOTh yMOBHU (YHKIIOHYBaHHS
aBTOMOOLIBHUX TPAHCHOPTHHUX CUCTEM.

Jlo xepoBaHuX (haKTOPIB HAJIEKATh Ti, HA SKi 0cO0a, IO MpHUIIMAE PINICHHS, 37aTHA
BIUIMBATU Ha CBii po3cya. Lle o3Hauae, mo TakuMu (akTopaMu MOKHA YIPABISATH I 4ac
IUTAaHYBaHHS Ta peanizauii TpancnoptHux omepaniid [11]. o 1miei kareropii Hamexartb
daxTOpH, SKI BH3HAYAIOTh OCOOJIHMBOCTI (PYHKIIOHYBAaHHS aBTOMOOUIBHUX TPAHCIIOPTHUX
cucreM [16]. [Ipu oMy 3a3HaYMMO, IO CTPATETii PO3BUTKY TAKUX TPAHCIIOPTHUX CHUCTEM
dopmyroThest 3 6e31ivi KepoBaHUX (PaKTOpiB, a YMOBH 3aCTOCYBaHHS MOXXYTh (hOpMyBaTHCS
SK 3 MHOKMHH KEPOBAHUX, TaK 1 HEKEPOBaHUX (haKTOPIB.

30BHIIIHI (haKTOPU SK KOPHUCHI, TaK 1 MIKIUIMBI, BU3HAYAIOTh BIUIMB HABKOJIMIIIHBOTO
CEepENIOBHUINA, IKUH MOXKE SK CIIPUATH €(EeKTUBHOMY BUKOHAHHIO TPAHCHOPTHUX OTEpPalliid, TaK
1 MepenIKo/pKaTi iXHpOMY yeIixy. BHyTpilHi (pakTopy OmHUCyIOTh B3aEMOJIII0 PYLIIMHUAX CHIT Y
MeKax TPAHCHOPTHUX CHUCTEM, 1[0 BIUIMBAE HA XiJ| Ta MiJICYMOK BUKOHAaHHS oneparii [1, 6, 7,
14, 16].

IMocTanoBka 3aBaanus. MeToro 1aHOi poOOTH € po3poOKa METOI0JOTIYHOTO MiAXOTY
moA0 3’scyBaHHS (PakTOpiB BU3HAUEHHS €(PEKTHBHOCTI (YHKIIOHYBaHHS aBTOMOOLIBHUX
TPAHCHOPTHHUX CUCTEM 3a JJOMIOMOTOI0 MaTEMaTHYHUX METO/IIB aHaJIi3y.

Bukaan ocHoBHoro martepianay. IIpu pocmimkeHHi epekTuBHOCTI (yHKIIIOHYBAaHHS
aBTOMOOUIbHUX TPAHCIIOPTHUX CHCTEM BHUKOPHUCTOBYIOTHCS (hakTopH, Kiacuikaiis sKUX
HaBeJIeHa Ha puc. 1.

3 iH(pOopMaTHBHOI TOYKH 30pY MPO 3MiHHI (PAKTOPH B aBTOMOOUIBHUX TPAHCIIOPTHUX
CHCTEMAaxX iX MOJKJIMBO IOJUIMTH Ha BH3HAueHI A, 1 HeBU3HadeHI A, . JI0 BU3HaueHUX

¢daxTOpiB HajekaThb 3MiHHI, 3HA4YEeHHS SIKUX TOYHO BigoMmi. lLle Moxyre Oyru 3amaHi
napameTpu, peryinsapHi (QyHKIIT KOHKPETHHX apryMeHTiB Tomo. Jlo miei kaTeropii Takox
BIZTHOCSITHCSI KOHTPOJIOBAHI BXiH1 BIUIMBHU, BKJIFOYAI0UYM KEPOBaH1 BETUYNHHU.
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Jlo HeBu3Ha4yeHHX (PaKTOpiB HajekaTh Ti 3HAYCHHS, SKI Yy peaJbHUX Mpolecax
aBTOMOOUIHHUX TPAHCHOPTHHUX CHUCTEM BiOMI JiHIIe 4acTKOBO. JlKepena HEBU3HAUCHOCTI LIUX
(akTopiB (3MIHHMX) MOXYTh MaTH Pi3HY MPUPOIY. 3AEOLIBIIOTO iX MOIUISIOTH HA JB1 KATEropii:
BUIIAJKOBI 3MIHHI A ; Ta 3MiHHI 3 HECTOXACTHYHOIO PUPOJIOK0 HEBU3HAYEHOCTI A ;.

Konmu Bigomwmii po3moAin BUMAAKOBOI 3MIHHOI, 1 BBaXalTh CTaTHCTHYHO
BH3HAYCHOIO. BUNasIKOB1 3MiHHI 3 HEBIIOMHUM PO3IIOIUIOM TOIUISIOTHCS HA [BA TUITH:

- 1[I0 MAIOTh BIZIOMI apaMeTpH (CTaTUCTUYHI XapaKTEPUCTUKN) PO3MOILTY;

- 1[I0 MAIOTh HEBIIOMI MMapaMeTpH (CTATUCTUYHI XapaKTEPUCTHKH).

[Tpu pocmimkeHHi aBTOMOOUTBHUX TPAHCIIOPTHUX CHCTEM 3 BUIIAJAKOBUMU (haKTOpaMH
IIMPOKOTO 3aCTOCYBaHHS HAOyBarOTh WMMOBIPHOCHO-CTaTUCTH4HI Meroau. lle mertomm
NapaMeTPUYHO-CTATUCTUYHOTO  aHali3y, sKI  JO3BOJSIOTH  BHU3HAYaTH  MapaMeTpu
pPO3MOAUICHHS BHUMNAIKOBUX 3MIHHUX, CIHPAIOYHCh Ha Pe3yJabTaTH CTATHCTUYHHUX
BUIIPOOYBaHb, KOJH 11€ MOXJIMBO. METOI1 HeapaMeTPUIHOTO OLIHIOBAaHHS 3aCTOCOBYIOTHCS
JUTS. BCTAHOBJICHHSI PO3TIO/IUTIB BUIAIKOBHX 3MIHHUX.

l (DHK'I'O]}H BH3HAYCHHA l:qJﬂK'l'HBH[)L"L’i aBTOMODLUIBHHX TPAHCIHOPTHHX CHOTEM

Busnaueni Heensnaueni
" > n 1 1 -
3miHni 3 3a1aH0I0 Bunankonoi Paugomisauis | Hecroxacrnunoi
TOUINCTIO HIPHPOIH | npuUpoar
| _|3azani napametpn [Npuposma Topeninkopa Iinsosa
pistioro pomy HEBH3IHAYUEHICTD HEBH3A4ENICTD HCBH3HAYCHICTD
Bi;‘ii s 3 BiaoMHUM 3 HeBiIOMHM '3] BlOM UMM = Excnicprisa 3 Ilwﬂi-lf{“"\lll
— PETYIAPHI (PYHKIIL N = a Q¥BRIIAMH T Te s smmmmmm— PYHKINEMHA
TIEBITHX apTyMenTin POSOOANIOM POSIIOAUIOM NPHHATEHHOCTI NPHHATEHKHOCTI
X A Henapavierpuane |
| OUIHHBAHHA 1
I — r -
Keponani L 3 BiLoOMUMH [apamerpuyne 3 HenioMHMK
= gEreamss |00 EEEES napaMeTpanMi ———o-—————==-  IPIMCIPAMH
= POIMOALTY OUIHIOBAHHA poznoainy

Pucynok 1 — Cxema kinacudikanii pakTopiB BU3HaU€HHS €()EKTHBHOCTI aBTOMOOUTBHIX
TPAHCIIOPTHUX CHCTEM
Hoicepeno: pospobrerno asmopamu

HecroxacTuyHa HEBU3HAYEHICTE 3a3BUYAil BHHHUKAC BHACIIIOK TAKUX 0OCTABUH:
- iCHy€e HiTecnpsMOBaHa MPOTHUMIIA 3 OOKY KOHKYPYIOUOi TPaHCIIOPTHOI CUCTEMH, il

SIKO1 3aJIMIIIAIOTHCS HEBIJOMUMHM — ITOBEIIHKOBA HEBU3HAYCHICH Af‘; ;
- HEJOCTaTHIN piBE€Hb NOCHIKEHHS OKPEMHUX SIBHII, SKi CYNPOBOKYIOTH POOOUMIA
TpoIeC TPAHCTIOPTHOT CHCTEMH — MPHUPO/IHA HeBU3HAueHicT A');

- HEYITKEe ySBJIIEHHS METH TPAHCIOPTHUX OTepaliid y BiIHOBITHOCTI 10 peabHOTO ii
pe3yibTary, SIKMA CTBOPIOE MOXJIMBICTh PIZHOTO TIyMadeHHS, TOOTO BUKIHMKA€E LLUIBOBY

. A
HEBM3HAYEHICTh A’} .

HeBusnaueHi (akTopu HECTOXaCTHYHOTO XapakTepy A, MOXHAa yMOBHO
kiIacu(ikyBaTH Ha JBi KaTeropii:

- UTS SIKUX BIMOMI (DYHKIIIT MPUHAIEKHOCTI Ta JAiama3oHH 3HAYEHb 3MIHHUX;

- JUIA IKUX (DYHKIIIT TPHUHATICKHOCTI 3IUIIAI0THCS HEBITOMUMH.
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Haii0inpia HEBU3HAYEHICTh BUHUKAE y BHUIAJKY (aKTOPIB, A SKAX HE BHU3HAYEHI
¢bynkuii mpuHanexkHOCTL. SIK mpaBWwio, O TakuX (AKTOPIB 3aCTOCOBYIOTH METOX
eKCTIIEPTHOTO OLIHIOBAHHS JUIsI BCTAHOBJICHHS JIialla30HY iX MOKJIMBHX 3HAUCHb.

Amnainiz e(eKTHBHOCTI aBTOMOOUIBHUX TPAHCHOPTHUX CHCTEM, SKHH BpaxoBYeE
HEBU3HAUYeHI (PAKTOpH HECTOXaCTUYHOTO XapakTepy, 3HAYHO YCKIAJHIOETHCS dYepes
BIZICYTHICTh JIOCTaTHbO YHIBEpCaJIbHOT MaTeMaTH4yHOi Teopii, mo (opmMye METOHOJIOTIHHI
OCHOBHM BHBYCHHS SBUII 3 HEBH3HaYeHMMH Qaktopamu. I[Ipore, 3acTtocyBaHHS Teopid
HEYITKUX MHOXXMH, irop Ta HMPUHHATTS PIlIEHb CTBOPIOE MOJKJIMBICTh 3HAXOJKEHHS MEBHUX
MIXO/IB 10 aHaJi3y €(PEeKTUBHOCTI TPAHCIIOPTHUX CUCTEM B YMOBAX 3HAYHOI HECTOXAaCTHYHOT
HEBU3HAYEHOCTI.

@yHKIIT TPUHAIEKHOCTI BiIOOpaKalOTh MEBHI CY/KEHHsS B KUIbKICHIH Mipi. Bonnm
3aJal0Th JISKY MIIMHOKUHY a00 Mizo0IacTh 3araibHOI TOMYCTUMOT 00IacTi 3MiHH (aKTopa.
[Tino6macTh, M0 BU3HAYAETHCS (DYHKITIEIO TPUHANISKHOCTI, B JCSIKOMY PO3yMiHHI BioOpakae
Mipy HEBHU3HA4YeHOCTi (akTopa. 3po3yMilo, YMM MEHIIA Mino0aacTh, MO BU3HAYAETHCS
(GYHKIIEIO MPUHAJIEKHOCTI, THM MEHIIa Mipa HeBH3HaueHocTi ¢akrtopa [12, 13]. V mexi
(byHKIIT TPUHATISKHOCTI, SKIO BUAUIAETHCS OJHE 3HaYCHHS (PAKTOpPa, TO MEPEBOIATH HOTO B
pO3psa eBHUX (HaKTOPIB.

Po3srnsiHeMo MOHATTS (YHKLII MPUHATIEKHOCTI 3 MO3UIIA €IEMEHTIB Teopil YITKUX i
HEYITKUX MHOXUH. [TOHATTS YyHKIIIT TPUHAIEKHOCTI HEUITKOT MHOKMHHU € JJOCUTH HIMPOKE
y3arajgbHEeHHs (QYHKIIi IPUHAIEKHOCTI 3BUYaifHOT MHOXKHHH.

Hexaiil € minmMHOXMHa A yHiBepcaibHOT MHOXHMHU D. EnemeHTamu 1i€i MHOXUHH €
d, (dl. € D). Hexaii QyHKLiS NPUHANEKHOCTI /i, (d ), 10 XapaKTepU3ye Mipy MPUHAIEKHOCTI

eJIeMeHTa d; MAMHOXHUHI A, BitoOpaxaeTbes Ha Binpizky [0, 1].
Jlnst 3BUYAiHOT MHOXHMHM (DYHKIIiSI TPUHAIEKHOCTI € peJieiiHol0, ToOTO HabyBae
3HAYCHb:

1, axkwo d € A,

d)= 1
ﬂA( ) 0, axwo d ¢ A. M

3BUYaiiHI MHOXMHU MOXHA PO3TJISAATH, SIK OKPEMi BUIMAJKH BEIHKUX HEYITKHX
MHOXHMH. Heuirka mnigMHOXMHa A , IO € CKI3J0BOIO YHIBEpPCAIbHOI MHOXHUHU D
BU3HAUYAETHCS 32 JONOMOror0 (hyHKIII MPUHAIEKHOCTI i A(d):D—)[O,l] , AKa KOXXHOMY

eNeMEHTY d; € D cTaBUTh y BIIIOBIIHICTb YUCIO U A(d) 3 3ama”oro Biapi3ky [0, 1], mo

XapaKTepU3y€e Mipy MPUHAJICKHOCTI €IEMEHTY d; T MHOXKUHI 4.

HeudiTka MHOXHMHA MTOBHICTIO OMUCYETHCS CBOEIO (DYHKIII€I0 PUHAIEKHOCTI 1 TOMY ii
3a3BMYail BUKOPHUCTOBYIOTh SIK MO3HAYEHHS HEUITKOI BEJIMKOI MHOKMHHU. BOHa BBakaeThCs
MOPOXKHBOIO, SKIIO (PYHKIIS il MPUHATICKHOCTI 7S BCIX €IEMEHTIB Ma€ 3HAYCHHS HYJIb:

M, (d ) =0, s Oyap-skux Vd, € 4. (2)
3BHuaiiHa MHOXHUHA, (YHKI[iS TMPUHAIEKHOCTI SIKOT BiIMIHHA Bif HYJsS, € HOCIEM
Hewitkoi MHONKHMHH 4 ,(d) . 3 UMMM JaHUMH MOXHA TOCTYNAaTH AK i3 3BHUAHHAM

CTaTUCTHMYHUM MaTepiajloM W OTpUMAaTH TEBHY YyCEpeOHEHY (QYHKIII0 HPUHAIEKHOCTI.
Tunosi Buan GyHKIIH NpUHATIEKHOCTI HaBeIeH1 Ha pHc. 2.

PosrnsinemMo sIK 37iHCHIOETBCS TEPETBOPEHHS HEBU3HAYCHHUX (DAKTOPIB B PO3psn
BUITAIKOBUX. [leski HEeBU3HAUCHOCTI, SIKI MalOTh HECTOXACTHYHUN XapaKTep, 1HOAI MOXKIIUBO
MEPEeTBOPUTH HA BHIAIKOBI ()aKTOPU 3a pPaXyHOK BUKOPUCTAHHS METOAY paHIOMi3arlii.
Panpomizaiist mosisirae y mMTYYHOMY JOJIaBaHHI €JIeMEHTa BUIAJKOBOCTI B YMOBH, Ji¢ BOHA
cmoyatky BiacyTtHa. Ilpu anamizi edexTHBHOCTI (QYHKI[IOHYBaHHSA aBTOMOOUIBHHX
TPAHCHOPTHHUX CHCTEM ISl MOIIYKY OO'€KTIB MOke OyTH Bigoma JMine MpuOIu3Ha 00JIacTh
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po3TalryBaHHS TEBHOTO 00’ekTa. Po3TamyBaHHs 00’€kTa € BH3HAUYEHUM, ajieé MOXHA
OPUITYCTUTH, MO B MEXax 3ahaHoi o0JacTi BOHO MiINOPSAAKOBYETHCS PIBHOMIPHOMY
HMOBIpHICHOMY po3moairy. TakuM YMHOM, IITYYHO CTBOPIOETHCS BUIAIKOBICTh Y BU3HAYCHHI
noyioxkeHHst 00’exta. Ilomanmpimmii aHamiz wiel paHaOMi3allii MOXKJIMBHHA 3a JOMOMOTOIO
METO/IB Teopii IMOBIPHOCTEH 1 MATEMATUYHOI CTATUCTHKH.

wi

uld pin
I —I ! 7 __'—
| | |
1 ' {
: = = > y =
a 4 g a ) x L a X
<x<a [ ¢ ¢
,t.'(.\']= JI, 0<x<a, L, akigo 0< x <ay, sl 10, akujo 0< x < a,
l(}. x>a a@ —x ) il, AKWo a < x

_u(_r}: L AKMo a;p S X = a;,

a, —a
0, sixwgo a, < x

a) 6) B)

iyl
a a i >
X
0, saxugo 0< x < a, e
ﬂ(\'] - [ ’ 4 _ cxp{“ ,Aaxuo —o < x <0,
| l] —exp ¥ o a < x, k>0 px)= ke
X » BKIO O 2 X, exp ", axuo —0<x <o k> 1
r) pid]
nixl b
|
|
. L -
X
X q a @ x -
‘U. AKNWO —0 < X < a, _ 0 x
u(x) =10, axmo —a< x <a. 0, acupo 0= x <a,, u(x)=exp N

0, axwo a < x X—a

ulx)= ,axuo ay <x < a,,

{J: oo ﬂ:
I, akupo a5 < x
€) €) )
a-x) rpadiuHo-aHAI THYHI BioOpaXkeHHs (YyHKLII PUHATISKHOCTI

Pucynox 2 — Tunosi Buau (yHKIIH TpHHAIEKHOCTI

IDicepeno: pospobaeno 3 sukopucmannam odicepen [12, 13]

OyHKIII0 MPUHAIEKHOCTI TAKOXK MOJNAIOTh y (HOpMi JIHTBICTHUHOI 3MIHHOI, TOOTO
3MIHHOI, 3HAYeHHS SKOi OINHCYIOTHCS CIOBECHMMH BHpa3zamu. Hampukman, kareropis
«CKJQIHICTB» Y KOHTEKCTI aBTOMOOUIBHOI TPAaHCHOPTHOI CHUCTEMH € JIIHTBICTUYHOIO
3MIHHOIO, a i MOJJIMBI 3HaUY€HHS MOXXYTb (OPMYITIOBAaTHCS SIK: HE CKJIAaJHOI0, HE JyKe
CKJIAJIHOIO, CKJIAJJHOIO, JIOCUTh CKJIaTHOIO, AYXKE CKIIAJHOIO.

Y mneBHOMY Kiaci aBTOMOOUIBHHUX TPAHCHOPTHHUX CHUCTEM JIHTBICTHYHA 3MiHHA
BH3HAYa€ HEUITKYy MHOXUHY (puc. 3). [lis 3HaueHHS «CKIaJHA CHUCTeMa» QYHKIis
MPUHAIEKHOCTI ,ug(x) dopmMye BIAMOBIAHY HEYITKY MIAMHOXHHY BCEpEAMHI 3arajibHOT
MHOKHHHU CHUCTEM, sIKi BIIPI3HAIOTHCS KUTBKICTIO 3B SI3KIB MK iXHIMH €JIEMEHTAMH.
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Ha mnpaktumi a1 Bu3HavyeHHS (YHKLIl NPHHAJIEKHOCTI YacTO BUKOPHUCTOBYIOTH
eKCIIepTHE ONMUTYBAHHA, II00 BCTAHOBUTH YACTKy €KCIEPTIB, SIKi MpU 33JaHOMY 3HAYCHHI X
KJIacu(iKylOTh TPAaHCIOPTHY CHUCTEMY SIK CKiIanHy. Ll yacTka ekcrepTiB MpUWMaeTbes K
3HaueHHs (YHKIII IPUHATIEKHOCTI K, (x) Hanpuknan, sKmo 3 JecATH eKCIepTiB 4eTBEpO
KiIacu(ikyBanu TpaHCIOPTHY cucTeMy 3 20 3B’S3KaMU SIK CKIIaJHY, TOJI 3HA4YeHHS (yHKIIT
IPUHAJICKHOCTI CTAHOBUTD [l (x) =04.

-

tg ¥/ A

DVHKIIA TpHHATCKHOCTI

I L | I
] /R /R 40

Yueno 3p'M3KIB TPAHCNOPTHOT CHCTEMH

b |

Pucynok 3 - @yHKIIs NPUHAIEKHOCTI HEYITKOT MHOXXHWHH CKJIAJHUX aBTOMOOITBHUX TPAHCIOPTHHUX CHCTEM

Loicepeno: pospobaeno asmopamu

Crig TakoX 3a3HAYUTH, IO JJIS XapaKTEPUCTUKH HEBU3HAUCHUX (AKTOPIB, SKi HE €
CTOXAaCTHYHUMH, 3aCTOCOBYIOTh CYO'€KTHBHY MMOBIPHICT 1 aHami3 aBTOMOOUTBHUX
TPAHCHOPTHHUX CUCTEM 0a3yeThCsi Ha MeTojaax Teopii MMoBipHOCTEH. OnHAK BHKOPHCTAHHS
Cy0'eKTUBHOT IMOBIPHOCTI MOKE€ TIPU3BECTH JIO TOTO, IO 3aKOH BEIMKHUX YUCEN HE NiITUME.
3a3Buyail Taka KMOBIPHICTh BU3HAYAETHCS IUIIXOM €KCIIEPTHOTO OI[IHIOBAHHSI.

BucuoBku. 1. 3’scoBaHo Qakropu, fAKi BpaxOBYIOTbCA MpPH JOCTIPKEHHI
e(eKTUBHOCTI (PYHKIIOHYBaHHS aBTOMOOUIBHUX TPAHCHOPTHUX CHCTEM, HaBelIeHa iX
knacudikamis. BusHaueHo, mo OUTbIIa YacTKa SIKUX HE KOHTPOJIIOETHCS 0CO00I0, sKa
npUKMae pileHHs.

2. BusBieHo, mO MNpH AOCHIIPKEHHI aBTOMOOUIBHHUX TPAHCIOPTHUX CHUCTEM 3
BUMAJAKOBUMHU  (aKTOpaMH  IIHPOKO  BHKOPHUCTOBYIOTHCS ~ WMOBIPHOCHO-CTATHCTHUYHI
MaTeMaTHU4HI METO/IH, 10 JI03BOJISIIOTH BCTAHOBHUTH 1XH1 PO3MOIUIN SK BUMAIKOBUX 3MIHHUX.

3. BcraHoBieHo OOCTaBMHM BBEACHHS (PYHKIII MPUHAIEKHOCTI, 1 TpaKTyBaHHA 3
MO3MIIK eNeMEeHTIB Teopil YITKMX 1 HEYITKMX MHOXHMH. HaBeneHo pi3HI BapiaHTH TakKuX
¢byHKIIN B aHAMITUYHIN Ta TpadiuHiil popmax.

4.  PO3rasHYyTO  TEpPEeTBOPEHHS  HEBU3HAYCHUX  (akTopiB  e(eKTUBHOCTI
(GYyHKIIOHYBAaHHS aBTOMOOUIBHUX TPAHCHOPTHUX CHUCTEM B pO3psAJ BHUIIAJKOBUX Ta
3aCTOCYBaHHSI CYO'€eKTMBHOI HMOBIPHOCTI ¥ BHU3HA4YeHHS 1i METOJOM EKCIIEPTHOTO
OLIIHIOBAaHHS.
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Determination of the Set of Factors of Efficiency of Functioning of Automobile Transport
Systems by Mathematical Methods of Analysis

An analysis of the factors determining the efficiency of automobile transport systems using
mathematical methods has been conducted. The most influential indicators reflecting the quantitative
characteristics of this complex system have been identified, allowing for an assessment of the degree of
correspondence between the actual results of transport operations and the desired outcomes. It has been shown
that the efficiency of such operations can be evaluated using various mathematical methods. By applying these
methods, it is possible to determine the probability of the transport system’s reliable operation over a specific
period if the goal of transport operations is to enhance their quality and reliability.

The factors considered in the study of the efficiency of automobile transport systems have been
identified. It has been demonstrated that a significant portion of these factors is beyond the control of the
decision-maker. These factors have been categorized, and a detailed classification has been provided.

It has been revealed that in the study of automobile transport systems involving factors with stochastic
variability, probability-statistical mathematical methods are widely used. These methods allow for determining
the distributions of random variable factors. At the same time, assessing the efficiency of transport system
operations while considering factors of a non-stochastic nature, which are uncertain, is significantly complicated
by the lack of a general mathematical theory that forms a methodological basis for studying phenomena with
uncertain factors. However, the application of applied mathematics methods, such as game theory, decision-
making theory, and fuzzy set theory, enables the development of solutions to problems under conditions of
uncertainty of a non-stochastic nature.

The concept of membership functions has been examined from the perspective of elements of crisp and
fuzzy set theories. Various forms of such functions in both analytical and graphical representations have been
presented. It has been noted that these functions define a certain subset or subregion of the overall permissible
range of factor variations. It has been determined that the subregion defined by the membership function, in a
certain sense, reflects the degree of uncertainty of the studied factors. It has been shown that the smaller the
subregion determined by the membership function, the lower the degree of uncertainty of the factors. It has been
established that a fuzzy set is fully described by its membership function and is used to represent a large and
imprecisely defined set of factors. It has also been found that a fuzzy set is empty if its membership function
equals zero for all elements of the transport system.

The transformation of uncertain random factors affecting the efficiency of automobile transport systems
has been examined using the method of randomization. This method can be analyzed through a combination of
probability theory and mathematical statistics methods.
automobile transport system, factor, efficiency, operation, membership function, randomization, probability,

expert assessment, set of factors
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KapiepiHr sk iHCTpYMEHT PO3BUTKY CTaJIOI MICHKO1
MOOUTBHOCTI (Ha mpukiaal M. TepHOIIb)

Po3risiHyTO KapuepiHr SK INEpCTIeKTHBHUM 1HCTPYMEHT pPO3BUTKY CTajoi MiChKOI MOOLIBHOCTI B
VYxpaini Ha npukiaazai M. TepHomnine. Bu3HaueHO OCHOBHI TPAaHCIOPTHI Ta €KOJOTiIYHI MPOOJIEMH, OB s3aHi 3
IHTEHCHBHOIO aBTOMOOIi3amieto. [Ipoanaai3oBaHO CydacHi MOzelNi KapIIepiHry, a TaKOXK TEHAEHIII PO3BUTKY
YKpaiHCBKOT0 PUHKY wi€l mociyrd. Po3poOieHo mifxix m0 OLIHKM BUTpPAT Ha BIPOBA/KEHHS KapIIEpiHroBOI
KOMITaHii, IO BKIIOYa€ II0YaTKOBI Ta eKCIUTyaTalliliHi BUTpAaTH. 3arpoliOHOBAHO ONTHUMAJbHI MiCI
po3TallyBaHHs CTaHIiH KapmepiHry B MicTi TepHOmiip i3 ypaXyBaHHSIM TpPAHCIIOPTHOI JIOTICTHKH Ta
MacaXMPOIOTOKIB. JloBeeHo, IO BIPOBA/DKEHHS KapLIEPiHTy CHpHs€ 3MEHIICHHIO KITBKOCTI IPHBAaTHHX
aBTOMOOIJIIB, CKOPOUCHHIO BUKHUJIIB OKCHY BYIJICIIO, 3HI)KCHHIO TPAHCIIOPTHUX 3aTOPIB 1 MiJBHUIIEHHIO SIKOCTI
JKUTTS MEILKAHIIIB.

KapHepiHr, MicbKka MOOLJIbHICTh, CTaJMil PO3BUTOK, CTAHIIS KapHIepiHIy TPaHCNOPTHA iHGpacTpyKTypa

IMocTanoBka npodaemu. CydacHi BeIHMKi MicTa CTUKAIOTHCS 3 HU3KOIO TPAHCIIOPTHUX
npoOsieM, 3yMOBJIEHMX IHTEHCHUBHUM pPOCTOM aBTOMOOUTI3amlii, 0OMEXKEHHMH pecypcamu
BYJIUYHO-JIOPOKHBOI MEpeXi Ta MiABUILEHUM pPIBHEM €KOJOTTYHOIO HaBAaHTaKEHHS.
30UIbIICHHS KUTBKOCTI IPUBAaTHUX aBTOMOOLTIB CIPUYHMHSE MTEPEBAHTAKEHICTh TPAHCIIOPTHOT
iHQpaCTPyKTypH, 3aTPUMKH Y PYCi, 3pOCTaHHS KUTBKOCTI IOPOKHBO-TPAHCIOPTHUX MPUTOJ 1
CYTT€BE TOTIPIICHHS €KOJIOTIYHOI CUTYyamil. Y BiAMOBiAb Ha LI BUKIMKH BIPOBAIKYIOTHCS
Cy4acHi KOHLEMNIil MOOUIBHOCTI, cepel SIKUX KapuiepiHr € OJHUM 13 HalOuIbII
NEPCHEKTUBHUX HAIPSMIB.

Ha croroani xapuiepinr € aJbTepHaTUBHUM BapiaHTOM 1HJHMBIAYyaJbHOTO TPAHCIIOPTY,
BUKOPUCTAHHS SIKOTO JIO3BOJIUTH 3MEHIIUTH BUTPATU HA MEPEBE3CHHS, 3MEHIIUTH KUTbKIiCTh
aBTOMOOWIIB Ha JAOPOTax, THM CaMUM 3MEHIIHMTH 4Yac y 3aTOPax, i MIIBUIIUTU €PEKTUBHICTh
BUKOPUCTaHHS TPaHCIOPTHOI iHppacTpykTypH [1]. BogHowac, BpoBaKeHHs KapIIepiHTy B
HOBHX paifoHax 0OCIYyroByBaHHs (MiCTax) moTpedye NETaJbHOTO aHaji3y Ta OLIHKU IXHBOI
JOLUIBHOCTI 3 BpaxyBaHHSIM KOHKPETHHMX YMOB MicTa Ta Horo ocoOimuBocTeil. OCHOBHUMHU
¢daxTOopamu, IO BIUIMBAIOTH HAa €(PEKTHBHICTh BIPOBA/KCHHS KapIIEpiHT'y B HOBHMH pailoH
0OCTyroByBaHHsI, € YHCENBHICTh HACEJICHHS, CKCIUTyaTallliiHi BUTpPaTH aBTOMOOLIIB,
HasBHICTh a00 KamiTajabHi BUTPAaTH Ha CTBOPEHHA IH(PACTPYKTypu Uil MApKyBaHHSA Ta
3apsIHUX CTaHIii enekTpoMoOutiB. IIpoGireMHMM Ta 10 KIHLS HEBH3HAYeHHMM # J10Ci
3aJIMIIAETHCS HOPMATHUBHO-TIPABOBE DETYIIOBAHHSA BIIPOBA/DKEHHS KapLIepiHry Ta Horo
BUKOPHUCTAHHS.

3 ormmAagy Ha I TEHICHIIl, HAaHOUIBIIMKA MOTEHIia]l pPO3BUTKY KapLIEpPiHTy
30epiraeTbCcsi caMe y BEIMKHX MICTaX 3 BHCOKOK IIUIBHICTIO HACEJICHHS, 3HAYHOIO
TPAHCHOPTHOIO AKTHUBHICTIO Ta HASBHOKO IH(PPACTPYKTYPOIO IS MIATPUMKH aJIbTEPHATHBHUX
Mojienelt MOOUTBHOCTI.

Ha punky kapmiepiary B YKpaiHi mpejacTaBieHi JBa OCHOBHI omnepartopu: Getmancar
ta Mobilecar. Getmancar € nigepoM y IbOMY CETMEHTi, MPOINOHYIOYH pPI3HOMAHITHI
aBToMOOUTI Ta Tapudu, Toni Ak Mobilecar crenianizyeTbcs BHKIIOYHO Ha EIEKTPHUYHHX
aBTOMOOLIAX.

Po3BuTok puHKY Kapmiepinry B Ykpaini mowaBcs y 2017 pomi. Cnepiry mociyra
3’siBunnacs B Opeci ta Kuesi, a Tenep kapuepinr goctynauii y micrax Kuis, /{ainpo ta Oneca.

© K. T. KoBuyp, L. I. Onenuyk, 2025
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Mary moKpHTTS 30H KaplepiHry Ta BUIbHUX aBTOMOOUTiB B KwueBi Ta [Hinpi HaBeneHO
Ha pucyHky | ta 2 BigmoBigHo. Kommnanis Getmancar Takox 3aryckaja TECTOBHIl CepBiC y
JIbBOBI, HagarOuM MOXJIMBICTH mepecyBatucs JIbBiBcbkolo, TepHominbChKOIO, IBaHO-
@paHKiBChKOIO, 3akapnarcbkoio 1 BonuHcbkoro obOmactsmu. OgHaK TiCHsS 3aBepIICHHS
TeCTyBaHHs IIs1 mociayra y JIbBoBi Oinblie He mpaioe. 3 Orisay Ha OCOOJIMBOCTI PUHKY,
KapIIepiHr KOPUCTYETHCS OUTBIIUM ITOIMTOM CaMe Y BETUKUX MICTax.

Pucynox 1 — Mama 30H KapiiepiHnry Ta BiIbHUX aBTOMO0O1IIB B M. JIHinpo kommaHii Getmancar
IDicepeno: po3pobneno na niocmasi [2]

Feep

oy -

Pucynok 2 — Marma 30H KapIIepiHTy Ta BiJIbHUX aBTOMOOLTIB B M. KuiB kommanii Getmancar
IDicepeno: po3pobneno na niocmasi [2]

o

AHanxi3 ocraHHix gocaimkenb i myOmikaumiii. OcTaHHI HAyKOBI JOCHIIKEHHS
MiATBEPUKYIOTh 3HAYHUHN TMOTEHINIAN KapIIEPIHTy K IHCTPYMEHTY ONTHUMI3allii TPAaHCTIOPTHUX
MOTOKIB y MICTax.

Tak B po6oTi [3] Ha mpuxnazni mict [liBHIYHOT AMEpUKH TpOBEAE AOCIIKEHHS, 3
pe3yibTaTaMH SKOTO BII3HAYAETHCS CKOPOUEHHS CyMapHOTO HpoOiry yyacHukKiB Ha 27 % B
paMkax oaHOTro aomorocnojapcta. CniJ po3yMmiTH, IO Takui pe3ynbTaT He MOXe OyTH
yHiBepcanpHUil, a Oyne Oe3mocepeHbo 3alekaTH Bif KUTBKOCTI aBTOMOOUIIB B OJHOMY
JOMOTOCTIOIAPCTBI, TOTOBHOCTI BIACHUKIB BIIMOBHUTHCH Bil BHUKOPHCTAaHHS BJIACHOTO
aBTOMOOUIA Ta PO3BMHEHOCTI iH(pacTpykTypu Kapmepinry. JlocimimkeHHs MOKa3ai, M0
cepelHs BIICTaHb MOMAKKM aMEpPHUKAHIIB OuIbIIa, HDK KaHAMIIB, a OTke 1 edeKT Bif
MIPOBA/KEHHSI KapIIEPIHTy € OUTBII OYeBUIHHUMA caMe JJIsl aMepikaHIliB. ABTOPHU BiI3HAYAIOTh,
10 KapLIEpiHT CTa€ CTAJUM BapiaHTOM IS 33J0BOJICHHA MOTPe0 y mepecyBaHHI HACEIECHHS
aBToMOOUTAMHU y MicTax [liBHIYHOT AMepHKH, 110 MOXe OyTH MpHUTaMaHHE 1 JUIS BEITHKHX
MicCT YKpaiHu.

Takox nocCHipKeHHS BKa3ylOTh Ha Te, IO BIPOBAPKEHHS KapIIEPIHTY 3MEHIIYye
KUIBKICTh MPUBATHOTO aBTOMOOLUIS Yepe3 MOXIIMBICTh HAJaHHS JOCTYIY 10 aBTOMOOLIS «3a
BUMOTOI0». Tak npu BUKOpUCTaHHI MOay s round-trip (cTaHuiiHui Kapmepidr) maibke 20 %
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KOPHUCTYBAYiB TICJIsi BUKOPHCTAHHS KapLIepiHTy NpOJAIM BIIACHWHA aBTOMOOUIH 1 Maibke
MOJIOBMHA BiAKIanu ab0 30BCIM BIJIMOBHWIIMCS BiA KymiBii HoBoro apromoOurs [4]. Cmig
3a3HAYUTH, IO TaKi Pe3ylbTaTH [OCATAIOTHCSA CaMe B BEIUKUX MiICTax i3 PO3BHHEHOIO
TPAHCIOPTHOIO MEPEKEIO.

JocmipkenHss 'y cdepi iHTerpamii KapumiepiHry 3 TIpOMaJCBKUM TPaHCIOPTOM
JEMOHCTPYIOTh 3HAuHI IepeBard s Micbkoi MoOumbHOCTL. Kapmepinr, Ha piBHI 3
eJIEKTPOCaMOKaTaMH Ta BEJIOCHIIEJ]AMU, MOJKE CTaTH JOTOBHEHHSM JIO TPOMAJCHKOTO
TPAHCHOPTY, 3a0e3MeuyloYl TaK 3BaHy «OCTAHHIO MUJIO» — MOIKM Bi TPAHCHOPTHHUX
BY3JIIB J0 KIHIEBUX NYHKTIB TNPU3HAYEHHS, HANPUKIAA, BiJ 3YINHHKH T'POMAaJCHKOTO
TpaHCHOPTY 10 AoMy uu odicy. Taka iHTerpamis KapuiepiHr'y B TpPaHCIOPTHI CHUCTEMH
I'POMAJICBKOTO TPAHCHOPTY B KpaiHax €BPOIH € PO3MOBCIOKEHOIO MPAKTUKOIO.

Crmin Bim3HAUMTH, IO TEOPETHYHHX JOPOOOK MO0 E€(PEKTHMBHOCTI BHUKOPUCTAHHS
KapIIepiHry JOCTaTHS KUIbKICTh, X04a MPAKTUYHOTO MiATBEpPKEHHS oMy oOMmaib. Tak B
po0ori [5] 3a3Hadyeno, mo mapaMmerp «car sharing option» He € CTaTUCTUYHO 3HAUYYIIUM Yy
MOJIeNAX MpHuIOaHHS, MpoAaxy abo 3aMiHM aBTOMOOUIA. Xoda OKpeMi XapaKTepHCTUKU
KapIIepiHry, Taki SK, HAIPUKIAJA, BIACTaHb IO CTAHI] KapIIepiHTy, MAlOTh OMIPHUI BILJIHB.
[ToOynoBani eMmipuyHi MOAENI OIIHKMA BIUIMBY CaMoOi HAasBHOCTI OMNIil KapliepiHr
MiATBEP/UKYIOTh TIOTE3Y, L0 Ul JOCSATHEHHsS e(eKTy BiJ BIPOBA/DKCHHS KapLIEPiHTY Ta
JUI 3MEHIIEHHsSI PIBHSA aBTOMOOLTI3aIlii HEOOXITHO TOEAHYBATH PO3BUTOK KapIIEPIHTY 3
iHpOpMaLIHIMH 3aX0JaMH Ta CTUMYITIOIOYOI0 TPAHCTIOPTHOIO MOJIITHKOO.

Tak BueHi BiI3HAYAIOTH, 110 BIPOBAPKEHHS KapLIEPIHTy CIIPHsIE€ 3MEHIICHHIO BUKHIIB
MApHUKOBHUX Ta3iB B aTMoc(epy B KPYIMHUX MicTax. Takuil pe3yabTar AOCSATaeThCs HE yepes
TEXHIYHI aCHeKTH, a sK OajaHC MDK THMH, XTO 3 YYacHHKIB 3aJUIIWB B BHUKOPHUCTaHHI
OCOOMCTHI TPaHCHOPT, THUMH, XTO IEPEHIIOB Ha 3alpOIOHOBAaHY CHCTEMY KapIIEpiHTY 3
0COOMCTOrO TPAHCHOPTY, Ta TUMH, XTO HE MaB OCOOMCTOTO TPAHCIOPTY, a MEPEUIIOB 0
BUKOPUCTaHHS Kapuiepinry. Tak B poOoti [6] 3a3Ha4yaroTh, 10 30UTBIIEHHS KiTBKOCTI
3apsAOHUX CTAHIA JUIS eNeKTpoaBTOMOOUTIB 10 50% Big KUIBKOCTI OCH3WHOBUX CTaHIII
30UIBIINTh WMOBIPHICTH BHKOPUCTAHHS EJIEKTPOKApIB y KapIIepiHTy, THM CaMHUM
ckopouyroun BUkua CO; Ha 655 773 T/ pik. OTKe edeKTUBHICTh KapIepiHry 3pocTae 3i
30UTBIICHHAM KUTBKOCTI 3allpaBHUX Ta 3apsAAHUX CTaHLiid. B poOOTi mpeacTaBieHo TpH THUIH
eMITIpUYHUX MOJIEJIe BUBYEHHS BIUIMBY 3MIHM PEXHMY HEpECyBaHHS HAa BUKHIU OKCHIY
BYTJICIIO: MOJIENIb 3MIIMIAHOTO JIOTITY, OiHApHA JIOTIT-MOJeNb (IS aHaji3y TOTOBHOCTI
BITMOBUTHCS BiJl BOJIOJIHHS TPAHCIIOPTHUM 3aCO00M UM 3aIJIAHOBAHOT MOKYITKH aBTOMOOLIIS)
Ta MOJEJb BU3HAYECHHS MIPH 3aMiHU MPUBATHOTO TPAHCIOPTY UM IPOMAJICBKOTO TPAHCIOPTY
KapIepiHroM, Ta siK 1 BIUTMHE HAa MOOUIBHICTb.

Jns Ouibln  eEeKTHMBHOTO BIPOBA/DKCHHS KapUIEpiHTy B ICHYIOUY TpPaHCHOPTHY
cucTeMy IOUUILHUM Oyne po3poOka eannoi mudpoBoi miardopmu, ae O IHTErpyBaUCh pi3Hi
Buau TpaHcropty [7-8]. Takmii 3acTocyHOK JaB OM 3MOTy OIUIaTUTH 3a MOCIYTH
BUKOPUCTaHHS TPAHCHOPTY (OAHOPA30Ba TMOi3[Ka, BUKOPHCTAHHS HACKpi3HOro Tapudy ado
pI3HUX THUIIB MICIYHUX aOOHEMEHTIB), Cc(GOpMYyBaTH palliOHAIBHUNA  Mapmpyr i
CIIPOTHO3YBaTH 4Yac MPHOYTTA [0 MYHKTY Mpu3HaueHHs. Taka tuiatdopma I03BOJISIE
OTpUMAaTH OUIBII TOYHY iH(OpPMaNil0 MPO MOOUIBHICTE HACEJICHHA Ui YIPaBIIHHSA
TPAHCHIOPTHOIO CHCTEMOIO MICT.

B maykoBux gochimkeHHsX [9-10] 3a3HauaroTh HEOOXIAHICTH  JIEP>KABHOTO
cyOcunyBanHsi Kapmiepinry. Tak mis ycmimHOI iHTerpamii KapiepiHry y KOHIICTILIO
«MOoOiTBHICTE siK mociyra» (MaaS) HeoOximHe nepxkaBHe ¢inHancyBanHs. Ilim MaaS crmin
PO3YMITH IHTErpallifo pisHUX BUJIB TPAHCIIOPTY B €JUHY IHUPPOBY MIaTHopMy, sKa J103BOJISE
KOpHUCTYBauy IUIaHYBaTH, OPOHIOBATH Ta OIUIA4yBaTH MOI3IKK 4Yepe3 oauH cepric. B poboti
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[10] BimmivaroTsh, 110 monepeaHi iHimiatuBu MaaS He 3aBxau A0ocCsIrany OakaHUX pPe3yJabTaTiB
Yyepe3 HeBIMOBIIHICTD 3 TPAHCIIOPTHUMHU NOTpeOaMH KOPUCTYBAiB.

Ha ocHOBI aHamizy JiTepaTypHUX JDKEpenl BHUSBICHO BAXKJIMBICTH IHTErparii
eJIEKTPUYHOTO KapUIepiHry B KOHIICIIII0 CTaJIOro PO3BUTKY MICBKOTO TPAaHCHOPTY Ta
HEOOXIJHICTh JIepKaBHOTO N0(iHAHCYBAaHHS KaplIepiHTy. AJie CIiJ PO3YyMITH, IO PIlICHHS
IIOZ0 BIPOBAPKEHHS KapIIEPIHT'y HE € YHIBepCaJbHUMH, 4YacTO € CHeHU(DIYHUMHU Ui
KOHKPETHOTO MicTa, TOMY IX BaXKO MacumTaOyBaTH 1 aJanTyBaTH il «HOBUH» paloH
00CIIyroByBaHHSI.

IMocTanoBKka 3aBIaHHA. 3 METOIO CTaJOr0 PO3BUTKY MICbKOI MOOUIBHOCTI MiCT
VYkpaiHu akTyaqbHUM € po3poOKa HayKOBO-OOIDYHTOBAHMX IiXOJIB OLIHKK €(PEeKTUBHOCTI
BIIPOBA/DKEHHS KapIIEpIHTy y BEIMKMX MicTtax YkpaiHu. Jlins 1poro crae IOUUIBHUM
BU3HAYCHHS KIIIOYOBHUX (DaKTOPiB, IIO YHMHATH BIUIMB Ha €()EKTUBHICTh BIPOBAKCHHS
KapIepiHry B pailoHax 00CIyroByBaHHS.

Jliis nocsirHeHHS 11i€1 MeTH Tiepe0adacTbest BUPIICHHS TAKUX 3aB/IaHb:

- TOCTITUTH ICHYIOY1 MOJIeNi KapIIepiHry Ta iX aJanTalliio 10 yMOB YKpaiHCbKHX MICT;

- POBECTH aHAJI3 KPUTEPIiB €PEeKTUBHOCTI BIPOBAPKEHHS KapLIEPIHIOBOI KOMIIaHii;

- po3poOMTH METOAMKY BHU3HAUYEHHS BUTPAT Ha BIPOBAKEHHS KapIIEpPIHTOBOi
KOMIaHii.

Bukaan ocHoBHoro Martepiany. Kapmepinr (amrn. carsharing — cmiieHe
BUKOPDUCTaHHS aBTOMOOUIS) € aJbTepHATHBOIO [UIi 3BUYHOI MOJENi BHUKOPHCTAHHA
aBToMmoOuneM. Ilim KapuiepiHrom po3yMilOTh KOPUCTYBAHHS aBTOMOOUIEM JIEKiTbKOMa
ocobamu. BukopuctanHs KapuiepiHry Mae 6arato rnepepar: Hepl 3a BCe J03BOJISIE MIBUIKO Ta
3py4HO BHPIIIUTH NMOTpeOy B IMEpecyBaHHI, KPIM TOTO JIO3BOJISIE 3MEHIIUTH BUTPATH, IIO
MIOB’s13aH1 3 yTPUMaHHSIM MPUBATHOTO aBTOMOOLIIS.

AmHaii3 jirepaTypHUX JUKepell II0J0 BIPOBAIKEHHS KapIIEPIiHTy Ta MPAKTHKH HOTO
BUKOPUCTAHHS JI03BOJIMIM BCTAHOBUTH, IO BHIUISAIOTH TPU TPYIH KapIIEPIHTY 3a CIOCOOOM
Hasmanux nocuyr: Free-floating, Peer-to-peer ta Fractional.

Free-floating (ButpHuil KapimiepiHr) — 1e KOPOTKOCTPOKOBAa OpPEHIa aBTOMOOUIS 3
MOJKJIMBICTIO 3aBEpIICHHS MOI3JKU B OYyIb-AKil 3py4Hil A BOZIA TOYIl 200 Ha CrielialbHO
MO3HAYEHHUX MapKoBKaxX. Taky MoJeIh BIPOBAUKYIOTh KapIIEPiHrOBI KOMIIAHII, SKi aKTUBHO
PO3BHUBAIOTHCS SIK HA CBITOBOMY, Tak 1 Ha ykpaiHcekomy puHKy. Lleit dopmar openau 3
OIJIATOI0 3a XBHJMHY a00 TOJMHY 3a3BUYall BUKOPUCTOBYETHCS MJISi KOPOTKUX MOI3IIOK
MICTOM.

Peer-to-peer (P2P) xapmiepiHr — e Mojenb OpPEeHIU aBTOMOOLTIB, IO MPAIIOE 3a
OPUHLIUIOM KJIACHYHOTO KapIIEpiHTy, aje aBTOMOOuUI 31e0UIbIIOro 3HAXOIAThCS Y
MPUBATHIA BJIACHOCTI a00 HaleXaTh KOMIIAHISAM, Yds OCHOBHA MiSJIBHICTh HE TMOB'A3aHA 3
OpEHJI0O0 4YHM TMpokKaroM aBToMoOUTIB [5]. OpeHma aBTOMOOLTIB Bif MPUBATHUX O0CI0
3MIIICHIOETBCS. TEPEBAXKHO Yepe3 OHIaHH-matgopMu, sKi 00'€AHYIOTH yci TNpHUBaTHI
poNo3uLii Ha ogHOMY MaiaaH4uKy. L{s Monens mmpoko nomupena B CHIA, ne Haiibinbme
BigoMi Taki kommadii, sk Turo 1 Getaround.

[TponoHyeThCst BIpoOBaauTH Kapiiepinr B micti Tepnominb. Lle oOmacHuil mentp 3
HaceJleHHAM Oym3bko 250 Tucsu nroneil, mo poOuTh HOro ineanbHOI0 IUIATGOPMOIO IS
3amycKy Kapmiepinry. OKpiM IbOTO, BIPOB/KEHHS KapLIEPiHTY CHPUATUME 3MEHIICHHIO
KUIBKOCTI NMPUBATHUX aBTOMOOUIIB Ha jgoporax TepHOMuIs, 0 MO3UTHBHO MO3HAYUTHCS Ha
eKOJIOTIUHIN cuTyanii[6, 7]. 3amyck KapIIepiHT-CUCTEMH TaKOX CIPHATHME CTBOPEHHIO
HOBHX POOOYHX MICIh 1 PO3BUTKY KOHIEMIII «pO3yMHOTO MiCTa, MiABUIYIOUYH SIKICTh JKUTTS
Ta TPAHCIIOPTHOTO OOCITyrOBYBAaHHS MELIKAHIIB MicTa [8].
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OnuH KapmepiHr-aBToMoou1p Moxxe 3aMiHUTH 10 (10—15) mpuBaTHHX aBTOMOOLTIB,
OCKUTbKH JTIOJM BIJIMOBIIIIOTBCSL BiJl OCOOMCTUX aBTOMOOLUTIB Ha KOPUCTh CIIUILHOTO
KOPHUCTYBaHHS TpaHCIIOpTOM. barato kommnasiid, 110 HaAalOTh TOCIYTH 3 OPEHAN aBTOMOOWTIB,
taki sk ECOAuto, UNIT.City, Getmancar, BHKOPHUCTOBYIOTH Came aBTOMOOUTI 3
eJIEKTPUYHUMH JIBUTYHAMH, IO J03BOJISE€ MIHIMI3yBaTH BUKHIU OKCHJIB BYTJICLIO Yy MicTax.
[9, 10].

[IpakTuka BHpPOBa/UKEHHS TAaKOTO BHIY OpPEHAM aBTOMOOUIIB IMOKasana, MIo0
KOPHUCTYBaul KapuIepiHTy 3a3BHYail IUIAHYIOTh CBOI TO3AKM 3aBYacHO, (OpMyroTh
pamioHaJbHI MapUIpyTH, IHOJAI TOEIHYIOYI BHMKOPHCTAHHS OPEHIHOIO 1 TI'POMAaJICBKOTO
TPaHCIOPTY.

KputepieM edeKTHBHOCTI BIPOBAUKEHHS KaplIEpiHrOBOI KOMIIAHII € BUTpATH.
IlitboBa (yHKIiS BUTpaT Ha BHOPOBA/DKCHHS KapIIEPIHMOBOI KOMIAHII BHTJISIATHME
HACTYITHUM YHHOM:

Skm (ncm ’ nmm ’ 6ry;) = B asm (n

asm?®

n,)+8,0,.n,,)+B,®,,5,)+B,(n,,d, ) —>mn, (1)

ne n_ = —KUIBKICTh CTAHIIIN KapIIepiHTy, O/1.;

cm

n,_ — KUIBKICTh PYXOMOTO CKJIaly KapIIepiHTy, O1I.;

asm

9,,— KOeILieHT HEJOBUKOPUCTAHHS IPOBI3HUX MOMKIIMBOCTEH aBTOMAPKY;

B — BHUTpaTu Ha 3aKyMiBJIIO aBTOMOOLIIB, TPH.;

asm

B, — BATpaTH Ha PEMOHT PyXOMOTO CKIIa/ly, 'PH.;
B,, — BUTpATH BiJl IPOCTOKO aBTOMOOLIS Ha KAPIIEPIHTOBUX CTAHIIAX, IPH.;
B, —BUTpaTH Ha IOCTaBKy aBTOMOOLIIB J0 KApIIEPIHIOBMX CTAHIIIH, IPH.

Buxonsun 3 HeBenukux posMipiB M. TepHOmNib, KUIBKICTh CTAHLIN KapIIepiHTy He
IUTAHYETHCS 30UIBITIYBATH, TOMY BOHA Oyzie MOCTIIHOIO 1 JOPIBHIOBATUME TPHOM
n,, = const, (2)
[Tpu myaHyBaHHI BUTpPAT 3aKJIAZICHO, 10 BUTPATH HA 3aKYIIBIIO PYXOMOTO CKJIAAy HE
MatroTh nepesuiyBata 7 500 000 rpH., Tomy:

B, <7500000 rps. 3)

Butpatu Bim mpocToro aBTOMOOUIS Ha KapIIEpPiHTOBUX CTAHIMSIX Ta Bil TOCTaBKH
aBTOMOOWTIB 70 KapIIEpiHrOBUX CTAaHLIA HE MOXXYTh NEpPEBUINYBATH YHUCTHH NPHOYTOK
KOMIIaHii, 10 3aIyCKa€e CepBic.

B,.B, <II,,. (4)

wwem

Mamemamuuna nocmanoska 3adaui. JIJi1 BU3HAUEHHs 3arajlbHOI CyMH BHTpAT,
3aiSTHUX Ha BIIPOBA/DKEHHS KaplIepiHry B YKpaiHi, mo-mepiie, Tpeda 3a3HAa4MTH, IO BCi
BUTPAaTH MOKHA MOAUIMTH HA JABI TPyNH — KamiTajdbHI BHUTpAaTH, TOOTO BUTPATH SKi
3’SBISIIOTBCA ~ HAa  [OYATKy KOMEpLIHHO JisSUIBHOCTI  HIANPHEMCTBA, Ta  BHUTPATH
eKCIUTyaTalliifHi — Le BUTpaTH, fKI 3 ABISAIOTHCS 3a 4ac pobOoru kommadii. Tox, s
BU3HAYCHHS KalliTAJbHUX (I0YaTKOBUX) BUTPAT BUKOPUCTOBYETHCS (popmya:

Cno'-t = Caem + C + CiHr]) + C,uaprc > FpH., (5)

cmany

ne C,, —BUTpPaTU Ha 3aKyIIIBJII0 ABTOMOOLIIB, I'PH.;

C,. .., — BUTPaTH Ha OOJIAIITYBaHHS CTaHLIH KapIIepiHTy, I'PH.;

cmany
C,, — BUTpaTH Ha OONAINTYBaHHsA IHPOPMALIAHOTO 3a0e3nmeveHHs: cucTeMa OOIIKY,
TexHiyHa nmiaTpuMka, GPS-Tpekinr, po3pobKka 3aCTOCYHKY, TOIIO, TPH.;

C,,,.— BUTpaTH, MOB'sI3aHi 3 MAPKETUHIOM, TOOTO BUTPATH Ha PEKJIaMHi KaMIl1aHii, TPH.

Mmapk
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Jnst BU3HAUEHHS eKCIUTyaTalliiHuX BUTPAT BUKOPUCTOBYEThCS (popmyia:

Cerccnﬂ = Coﬁcﬂ + Ccmpax + CHMM + C3.n. + Cadwopm > FpH (6)
ne C,,.,— BUTPATH HAa TEXHIYHE 0OCIYroBYBaHHsS aBTOMOOLIIB, I'PH.;
C — CTpPaxoBi BUTPATH Ha aBTOMNAPK, I'PH.;

cmpax

C,pny — BUTpaATU Ha manuBo (alo 3apsAAKy Ul €IeKTPOKapiB) Ta MACTUIIbHI Marepiaiy,

IpH.;
C,, — BUTpaTH Ha 3apOOITHY IUIATHIO IEPCOHATY KOMIIaHii, 'pH.;
C — aMOpTH3alliiiHi BATPATH aBTOMOOLIIB, T'PH.

amopm

3arasibHi BUTpATH 3a EPioJl, HAPUKIIAM, PIK, BU3HAYAIOTHCS SIK:
n
sz = Cnoq + Z Cerccru > FpH. (7)
i=1

1€ n — KUIBKICTh OOJIIKOBUX Mepio/iB (3a3BHUaid, MICAIIIB a00 POKIB).
JUis BU3HAUEHHS ONepaliifHUX JOXO/IB KapIIepiHIOBOIO MIANPUEMCTBA MAEMO:
ﬂ = T;az ’ Nxe + T ’ N + T()oﬁ ) N()oﬁ ,FpH. (8)

200 200

ne T, — Tapud NOXBUIMHHUM, IPH./XB;
T

200

T,,; — Tapu¢ nomxo0oBHii, rpH./100a;

— Tapu( NOTOANHHUHN, TPH./TOX;

N, — KUIBKICTb XBUJIUH OPEH/H, XB;

N

oo — KUIBKICTb TOJIUH OPEHJHU , TOJ;
N, ; — KUIBKICTb 110 opeHau, Oi0.

Bubip  micya  posmawysanns  kapwepineogux — cmaHyil.  3ampoONIOHOBAHE
MICHEPO3TALIYBAHHS KapUIEPIHIOBUX CTaHIIA, 10 HPOIMNOHYETHCS 3 OISy Ha INUIBHICTh
HACEJIEHHs paloHIB MICTa, JOCTYIHICTh O T'OJOBHUX TPAaHCHOPTHUX BY3JIIB, 300pakeHO Ha
PHUCYHKY 3.

ABTOBOK3aJl TepHOIOJIA € OJHUM 13 HaHOUIbII AOLUIBHUX MICHb Ul PO3TAIlyBaHHS
CTaHIIl KaplIepiHry 3aBASKH CBOIM KJIHOYOBIM posl B TpaHCHOPTHIA cucteMi micra. Lloaus
yepe3 aBTOBOK3al IMPOXOJATh THUCAYl NACAXKMPIB, IO CTBOPIOE CTAaOUIBHUI MOTIK
MOTEHUIHHUX KOPHUCTYBAdiB IOCIYT KapllepiHTy. BakiuBICTh LBbOro By3ja MiJACHUIIOETHCS
THM, 1110 BIH 0OCJIYTOBY€E HE JIMILE MIChK]I MapIIPyTH, a il NPUMICBHKI Ta MDKMicbKl. Came ToMy
aBTOBOK3aJ € pallOHAJbHUM MICHEM Uil BIPOBAPKEHHSA KapLIEpiHTy, aJKe BIH €
MaCa)XKMPOYTBOPIOIOYMM Ta NACA)KUPONOTIIMHAIOYUM ITYHKTOM.

HasBHicTe OUIS aBTOBOK3aJly cynepMakeTy Novus MiABUINYE NpUBAOIUBICTh
KapumiepiHry. Takox cnifg BiA3HAUUTH OJM3BKICTH PO3TAIIyBaHHS Takoi CTaHIIl [0
LEHTPAJIBHOTO PUHKY TepHomois, sIKUM € OJHUM 3 HalOulbmuxX B MicTi. HasBHICT Takmx
[AaCa)XKMPOYTBOPIOIOYMX MICIb 30UIBIINTH HOMMUT HA TAKUM BUA OPEHIU TPAHCHOPTY, IO
J03BOJIUTH 3MEHIIUTH TEPMIH OKYITHOCTI KapLIEpiHTy.

bnu3bkicTh po3TallyBaHHSA KapLIEpIHNOBOI CTaHLIi [0 3yNMHKH TI'POMAaJChKOIro
TPAHCIOPTY JO3BOJIUTh IHTETPYBATH il y TPAaHCIOPTHY Mepexy MicTa. [lacaxkupu, y akux yac
Ha OYIKYBaHHSA TI'POMAJCHKOIO0 TPAHCHOPTY OOMEXEHUH, MOXYThb JErKo IepeuTH Ha
KapIlIepiHr, mo 3a0e3MeYnTh THY4YKICTh y BUOOpI MapuipyTiB. TakuM 4MHOM, po3TallyBaHHS
CTaHIIIl KaplLIepiHI'y Ha aBTOBOK3aJl TepHONOis CTBOPIOE 3py4yHMi, OaratoyHKI1I0HAIbHUM
TPAHCIIOPTHUM BY30J, IO CIPUATHUME 3POCTAHHIO MONUTY Ha IOCIYTM KapLIEpiHry cepen
MeUIKaHIIB 1 rocreid TepHomouid. 3amnpolnoHOBaHE pO3TAIIYBAaHHS CTAHLIl KapLIEpIHTY
HaBeJICHO Ha PUCYHKY 4.
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Pucynok 3 — Micrepo3ranryBaHHS KapIIepiHIOBUX CTAHIIIH
Hoicepeno: pospobneno aemopamu 3 ukopucmannam GoogleMaps

i T

BIN o\ B s
Pucynok 5 — 3anponioHoBaHe Micuepo3rairyBaHHs Kapuiepinrosoi cranuii 6imast T «Eminentp»
Hoicepeno: pospobneno asmopamu 3 ukopucmannam GoogleMaps

Jns  posramryBaHHS ApYyroi  KapIIepiHroBOi CTaHIii MPOMOHYEThCS 0Oparu
topriBenbHui HeHTp «Eninentp» mo Byauni [Tosicekii, 7, M0 3HAXOIUTHCS Y TPOMHUCIOBOMY
paiioHi micta. «EmineHTp» € oJHUM i3 HAHOUIBIINX TOProBeNbHUX HEeHTpiB TepHOmOIs, Mae
BEIMKY KUIBKICTh BIiJBiAyBadiB, SKi 3IMCHIOIOTH TOKYNKH. Take po3TallyBaHHS
KapuiepinroBoi craHmii Oynae 3pydyHUM Ui BiIBigyBadiB TOPriBENBHOTO IIEHTPY, K1
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HNPUDKDKAIOTh 13 MepeAMICTh UM BinjaneHux paioHiB TepHomoss. [lpyra kapiiepiHrona
CTaHIII MOE PO3MIIIYBAaTUCh O€3MOCEPEIHbO Ha MApKOBI[l TOPriBEJBHOTO ILEHTPY, IO
3a0e3neynTh  IIBUAKMM  JOCTYHm /0  OpPEHJAHHUX  aBTOMOOUIIB.  3alpoONOHOBaHE
MICLEPO3TAIyBAHHS KapLIEPIHIOBOI CTaHIil HABEIEHO Ha PUCYHKY 5.

3 orasay Ha KpurTepii BUOOpY MICLEpO3TallyBaHHS KapLIEPIHMOBUX CTaHLIH,
MIPOTIOHYETHCS TPETIO CTAHIII0 PO3MICTUTU OISl 3ali3HUYHOTO Bok3any Tepnomons BuOip
0OyMOBIIIOETHCSI HASIBHICTIO 3HAYHOro mnacakxuponorToky. IllonHs Bok3anm mpuiiMae BeIUKy
KUIBKICTh MAacaKUpIB sK 13 IHIIUX MICT, TaK 1 3 MEepPEAMICTb, CTBOPIOIOYM CTAOUIBHUM IMOTIK
MOTEHLIHHUX KOPUCTYBadiB KaplIepiHroBUX Mociyr. KapiiepiHr BUCTYIUTh albTEpHATUBOIO
Takcl abo rpomMajcbkomy TpaHcnoptry. [lacaxupu 3MoXyTh 00MpaTH HaMOUIBII 3pydyHUI
BaplaHT JuId KOHKpeTHOi moi3Aku. Take po3TallyBaHHSI CIpHUSE€ PO3BUTKY KOHLEMIT
MYJbTUMOAAIBHOTO TPAHCIOPTY, KOJIM IPOMAJICLKUI TPAHCIOPT, KapLIEPIHT Ta 1HII1 CEpPBICU
JOTIOBHIOIOTh OJIMH OJHOTO. 3alpOIOHOBAaHE MICLIE PO3TAIlyBaHHS KapLIEpIHIOMBX CTAaHLIN
HaBEJICHO Ha PUCYHKY 6.

IDicepeno: [icepeno: pospobreno asmopamu 3 sukopucmannim GoogleMaps

BucHoBku. BrpoBa/UkeHHS KapLIEpiHTy Yy MICBKHX YMOBAaX, 30KpeMa Y MICT1
TepHonuib, € MEPCHEKTUBHUM pIIIEHHAM, LI0 MOXXE CYTTE€BO IOKPALIUTH TPAHCIOPTHY
CUTYAI[ll0, 3HU3UTU pIBEHb 3aTOPIB 1 CHPUATH EKOJIOTITYHOMY pPO3BUTKY. B TOl ke uac
3auIIaeThCs psAa NMpoOseM, Kl NOTpeOyroTh PETEIbHOTO BHUPILIEHHS, Taki sIK HEJOCTaTHS
KUIBKICTh aBTOMOOUTIB y BiJIaJIeHUX palloHaX MICT, mpodiieMa 3 IHPPaCTPYKTYpPOIO 3apsiaoK
€JIEKTPUYHUX aBTOMOOLIIB, a TakoX Oe3neka Ta cTpaxyBaHHA. /[l BrpoBamkeHHS
KapIIepiHI'y HEOOX1JHO PO3pOoOUTH €PEKTUBHY TapU(]HY MOJITUKY, 3a0€3[EUYUTH HasBHICTh
CHELIaJIbHUX MapKyBaJbHUX 30H Ta aJallTyBaTH HOPMATHUBHO-IIPaBOBY 0a3y A MIATPUMKH
OO BUJIY CepBica.

IIpoBenenuil anani3 nokasye, mo micro TepHomiae Mae Bcl HEOOXIIHI MEpEeAyMOBHU
JUI1 BIPOBA/DKEHHSI KapLIEpIHIOBOI CHCTEMH, BPAXOBYIOUM TaKl XapaKTEPUCTUKU paldoHY
00CIyroByBaHHs SIK IJIOLIA, IIUIbHICTh HACEJIEHHS Ta TPAHCHOPTHY MOOUIBHICTh HACEJICHHS.
Jlia peainizanii NpOEKTY 3 3allyCKy CHUCTEMHU KapulepiHry B M. TepHONuib 3alporoHOBaHO
MICISl PO3TAIIOBAHHS CTAaHLIA MOOJM3Yy OCHOBHUX TPAaHCHOPTHUX BY3JIIB MICTA, TaKUX SK
aBTOBOK3aJ, TOProBUM LEeHTp «ENiueHTp» Ta 3aJ1i3HUYHUNA BOK3aJl.

MeTouka OLIHKM BHUTpPAaT Ha BIIPOBADKEHHS KapLIEpIHTy OXOIUIIOE Takl CTarTi
BUTpaT, $K 3aKyIIBJIsl aBTOMApKy, BUTPAaTH Ha 1HQpacTpykTypy (IYHKTH 3apsjiKH,

328



ISSN 2664-262X LlenTpanbHOyKpaiHChbkHI HaykoBHi BicHUK. Texuiuni Hayku. 2025. Bun. 12(43), 4. Il

[apKyBaHHsS), BUTPaTH Ha TEXHIYHE OOCIIyrOBYBAHHS Ta CTPaxXyBaHHs aBTOMOOLIIB, a TaKOXK
BUTpaTH Ha pO3pOOKy Ta MIATPUMKY NPOTPAMHOI0 3a0€3I€UEHHs JUIsl YIPABIIHHSA CUCTEMOIO.
3MIHHMMH MOJIEJN1 BUTPAT Ha BIPOBAPKEHHS KapUIEPIHT'y € KUIbKICTh CTaHIIM KapIlepiHry,
KUIBKICTh PYXOMOIO CKJIaJy KapIIEepiHT'y Ta KOE(ILI€HT, 110 BPaxOBYE HEIOBUKOPHUCTAHHS
IIPOBI3HUX MOKJIMBOCTEN aBTonapky. Kpim 1poro ciix BpaxyBaTu aMOpPTHU3aLlil0 aBTOMOOLIIB,
omnepauiiiHi BUTpaTH, BUTpPaTH Ha YIPABIIHHSA CEPBICOM, MAapKETHHIOBI BUTpaTH Ha
3a]Iy4yeHHs] KOPUCTYBayiB, a TAKOXK NOTEHLINHI PU3UKH, 110 MOXYTh BUHUKHYTH Yepe3 3MIHU
B MMOMKTI @00 30BHIIIHBOMY CE€PEAOBHIIIIL.

[Tonut Ha KapIEpiHT [UIsl JaHHOTO palOHY 3ajJMILA€ThCS HEBU3HAUYEHUM 1 OTpedye
yTOuHeHHs. [lJIg OLIHKM MONMTY Ha JAaHUH CEpBIC B MOJAJIBLIOMY IJIAHYETHCS NMPOBEACHHS
aHKETYBAaHHsSI MEIIKAHI[IB MicTa ILI0/J0 YacTOTH 3JIMCHEHHS MOI3J0K, pPIBHSA BUTpaT Ha
IIepeCyBaHHs, T'OTOBHOCTI KOPHMCTYBATHCSl KapllepiHroM. BH3HaueHHsS CErMEeHTYy pHUHKY
JI03BOJIUTH IIPOMOJIENIOBATH pOOOTY CEpBICY 3 ypaxyBaHHSAM MOTped KOPUCTYBayiB, OLIIHUTHU
MOXJIMBUH DPIBEHb BHUKOPHUCTAHHS aBTONApPKy, BCTAHOBUTU MOro IIIKOBI TOJUHHM Ta
CIPOTHO3YBaTH €(PEKTUBHICTh IPOEKTY A M. TepHOMUIb.
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Kateryna Kovtsur, Assoc. Prof., PhD, Illia Olenchuk
Kharkiv National Automobile and Highway University, Kharkiv, Ukraine
Carsharing as a Tool for Sustainable Urban Mobility Development (a Case Study of Ternopil)

The purpose of this article is to study the possibilities of introducing carsharing as an effective tool for
the development of sustainable urban mobility in Ukrainian cities, using Ternopil as a case study. The research
aims to identify the key factors influencing the successful functioning of carsharing systems, to develop an
approach for assessing the costs of their implementation, and to propose optimal locations for carsharing stations
within the city’s transport network. Particular attention is paid to reducing environmental impacts, decreasing the
number of private cars, and increasing the efficiency of urban land use.

The article analyzes current trends in the development of the carsharing market in Ukraine and
worldwide, defines the main organizational models (Free-floating, Peer-to-peer, Fractional), and assesses their
potential adaptation to the conditions of Ukrainian cities. A systematic review of scientific studies confirms the
feasibility of integrating carsharing with public transport and highlights the potential of using electric vehicles to
reduce CO: emissions. A mathematical formulation of the problem of cost estimation for launching and
operating a carsharing company is developed, covering both initial and operational expenses related to vehicle
procurement, station setup, technical maintenance, insurance, and marketing. Optimal locations for carsharing
stations in Ternopil (the bus terminal, the “Epicenter” shopping mall, and the railway station) are proposed,
taking into account passenger flows, population density, and integration with the city’s transport network. The
presented calculations confirm the economic efficiency of this model, as well as its ecological and social
significance.

The findings indicate that the introduction of carsharing can significantly improve the transport situation
in Ternopil, reduce traffic congestion, and enhance the quality of life of residents. It was established that one
carsharing vehicle can replace up to 10—15 private cars, which reduces the load on road infrastructure and lowers
harmful emissions. The study demonstrates that the most promising direction of development is the use of
electric vehicles in carsharing fleets, which aligns with the concepts of “smart city” and sustainable
development. For effective implementation of carsharing, it is necessary to ensure the financial affordability of
the service, create a supportive regulatory framework, and provide integration with other modes of urban
transport.
carsharing, urban mobility, sustainable development, carsharing station, transport infrastructure
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AmHani3 ctpateriii GopMyBaHHS
MapIIPYTHUX MEPEXK MICT

KirouoBoro MeToro crarti € TpOBENEHHS aHAJTITUYHOTO OISy CyJacHHX cCTpaTerii (opmyBaHHS
MICBKHX MaCaKUPCHKUX MapIIPYTHUX Mepex. Pe3ynpTaTi aHamizy CydacHHUX NPAKTHK ITOOYIOBH MTACaXKUPCHKUX
MapUIpyTHUX MEpPEeX CHpsIMOBaHI Ha YHOCKOHAIEGHHA ICHYIOUMX MeToniB (QopmyBaHHS e(eKTHBHUX
TPAHCIIOPTHUX CHUCTEM YKPaiHCBKHX MICT 3 YypaxyBaHHsIM CIenu(iKd TpPaHCHOPTHOTO OOCIyrOBYBaHHS
HaCeJICHHS TPOMaJICBKUM TPAHCIIOPTOM.
rPOMaJChKHIl TPAHCIOPT, MAPIIPYTHA Mepeska, Maca;KUPChKi MepeBe3eHHs], TPAHCIIOPTHA cCHCTEMA

ITocranoBka mnpoduemu. EdextuBHe (QyHKIIOHYBaHHS MICbKOI TpaHCHOPTHOL
CUCTEMM € OJHMM 13 KJIIOUOBHUX YMHHMKIB CTAJOro pPO3BUTKY MicTa. B yMoBax 3pocTarouoi
ypOaHi3alii, 0J€HHE MEepEeMILIeHHS! MUIbHOHIB MacaKupiB MOTpedye YITKO OpraHi30BaHOI,
3pyyHOi Ta THyuykoi MapmpyTrHoi wmepexi (MM), ska 37aTHa 3aJOBOJIBHUTH 3allUTH
HACEJIEHHS, MIHIMI3yBaTH BUTPATU PECypCIB 1 HETaTUBHUHN BIUIMB Ha AOBKULIL. OcoOauBOi
aKTyaJIbHOCT1 1€ NHUTaHHS Ha0yBa€ y cCepeAHiX 1 BEJIMKUX MICTaX, € IHTEHCUBHICTb
TPAHCIIOPTHUX IOTOKIB 3POCTAa€, a MPOCTOPOBE PO3LIMPEHHSI MICBKOI TEPUTOPII CTBOPIOE
J0/1aTKOB1 BUKJIMKH.

MM € ocHOBOI0 opraHizamii NacakKMpChbKUX II€pPEBE3€Hb 1 BU3HA4Ya€ HE JIMILIE
reorpadilo JOCTYNHOCTI, @ ¥ pIBEHb COLIAJIBHOI IHTErparii, MOOUIBHOCTI HaCEJCHHS,
e(eKTUBHOCTI BUKOPUCTAHHS TPAHCIIOPTHUX 3aco0iB. Came ToMy niaHyBaHHd MM BUXOIUTh
3a MEXI BHUKIIOYHO IHXEHEPHOIO 3aBJaHHSA 1 BKIIOYae B ce0e KOMIUIEKCHUM aHami3
COLI1aIbHO-EKOHOMIYHUX, reorpa(iyHuX, €KOJOTUHUX 1 TOBEIIHKOBUX YNHHUKIB [1].

Ha cporogni y pi3HMX KpaiHax CBITY 3aCTOCOBYIOThCS PI3HOMAHITHI MIIXOOU [0
dbopmyBanHs MM — Bin TpaJAMIIMHUX pajiaJbHO-KUIBIEBUX CHUCTEM JIO0 CKJIATHUX
OararopiBHEBUX Mojelied, moOylIoBaHMX Ha OCHOBI BeNuWKUX MacuBiB manux (big data) 3
BUKOPHUCTAHHSIM IHCTPYMEHTIB TpaHcnopTHoro mozentoBaHHs (Visum, TransCAD Ta iH.).
VYcenimHil Kelcn €BpONEeNChKUX CTONMIb, @ TaKOX AEAKMX YKpaiHCbKMX OOJAacHHUX LIEHTPIB,
JNEMOHCTPYIOTh PI3HI Nigxoau 1o aganrtauii MM 10 3MiH y MICBKIM CTpyKTypl Ta notpedax
HaceJeHHs y MOOUThbHOCTI [1-3].

AHani3 ocTaHHiX gocaimkeHb i myoOJaikauniii. Haitwactime min micbkoro MM
pPO3yMIIOTh CYKYIHICTh JIIHIM ycix cucreM rpomajacbkoro tpancnopry (I'T), sxi
3a0e3MeuyloTh IEpPEMILEHHs] NacakKUpiB MDK pI3HUMHU paioHamu Micta. MM Bitouae:
r€OMETPUYHY KOH(QITYypalilo MaplIpyTiB, MYHKTH I[EpecajoK, 3yNUHOYHI IYHKTH, 30HHU
OXOIUIEHHS (30HM MO JOCTYHHOCTI), YacoBl XapaKTEpUCTUKH pPyxy (dacroTa,
perynsapHICTb) [1-4].

KnrouoBumu nuisiMM Ha pI3HMX eTanax IulaHyBaHHsA 1 ¢opmyBaHHs MM MokHa
BB@)KATU: MAKCUMaJIbHE MOKPUTTS MICBKOI TEpUTOpIi, CKopoueHHs 4acy noizaku I'T ta/abo
yacy Ha mnepecyBanHs B MM Ta KUIBKOCTI TeEpecapoK, ONTUMI3allil0 3aBaHTaKEHHS
TPaHCIOPTHUX 3aco0iB, 3a0e3NeyeHHs JOCTYNHOCTI /Uil COLIaJdbHO Bpa3jMBUX TPyl
HACEJIEHHs, IHTEerpamilo 3 IHIIMMU BHUJAMU TPAHCIOPTY, HANPHUKIAJ, BEJIOCUIEAHUM,
3aJII3BHUYHUM, aBialidaum [1, 2].

© C. A. Caxno, €. B. JI1oo6uii, O. C. Kouiii, 2025
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OcHoBHI npuHIMIKN popmyBanHd MM nonsraioTs y HacTynHoMmy [1, 3]:

- CIpsIMOBaHICTh Ha nonuT. [lnmaHyBaHHA Mae Ga3zyBaTHCs Ha aHali3l (PaKTHUUHOTO 1
IIPOrHO30BAHOTO MACaKMPOINOTOKY, AaH1 MPO SIKUH OTPUMYIOTHCSA 3a PAaxXyHOK IPOBEIEHHS
pEryJIspHUX JOCIIPKEHb a00 K 3 aBTOMATU30BaHUX CUCTEM HOTro 00JIIKY;

- CHUCTEMHICTb. MapupyTu TOBUHHI YTBOPIOBATH €AMHY JIOTIYHY CHCTEMY,
CHpSMOBaHYy Ha e()eKTUBHE 1 SKICHE 3aJI0BOJICHHS IOTPeO HACEJIEHH Y II€PECYBaHHI;

- THy4YKicTb. Mepexa INOBHHHA aJanTyBaTUCSA [0 3MIH y 3a0yJoOBi, HaceJIeHHI,
€KOHOMILl1 1 MaTH pe3epBU I yIOCKOHAJIECHHS;

- pauioHanbpHICTh. MiHIMI3a1lis 1yOJIIOBaHHS MapIIPYTIB 1 Hee()EKTUBHUX AUISTHOK.

Ichytore pi3Hi THNM KOHQIrypauii MM, cepen sSKuX HaMNOIIMPEHIIIMMH MOKHA
BB@)XAaTW HACTynHI [5]: paalagbHO-KUIbLIEBA MOJEIb, JIHIMHO-KOpHAOPHA (MaricTpajibHa),
rpig (pemiTkoBa MOJIENb), FOpuIHa Mepexa.

[Mepmnii Tum MM € XapakTepHUM AJi BEIMKUX MICT 3 ICTOPUYHUM LIEHTPOM, B SIKUX
LEHTpaJIbHA 30HA OXOIUIIOETHCSA KUIBIIEBUMH MapUIPyTaMHU, Bl SKUX paaiajbHO BIIXOJATH
JMHIT y BignaneHi padonu. Hpyruit tTun MM OynyeTbcs HaBKOJIO TOJIOBHUX TPAaHCIHOPTHHUX
KOPHIOPIB 13 BUCOKOIO IPOIYCKHOIO 3JATHICTIO 1 YaCTO BUKOPHUCTOBYEThCS B cucrteMax Bus
Rapid Transit (BRT). 3a ymoB BukopucTtanHs Tperboro Tuiny MM mapuipytu GopmyroTscs y
BUIJISIAI NPSIMOKYTHOI CITKM 3 IepecajkaMHu Ha IepexpecTsx, 3a0e3nedylodyd IpU LbOMY
pIBHOMIpHE MOKPUTTA Micbkoi Tepurtopii. YerBeptuii Tun MM noennye kiabka Moaenei uis
JNOCATHEHHs1 OajaHCy MDK IOKPUTTSAM Ta €(QEeKTHBHICTIO 1 4YacTO 3YCTpIYaeTbesd Y
€BPOTEICHKUX MICTaX.

Jlid oniHIOBaHHS €(eKTUBHOCTI A1I0YMX 1 MPONOHOBAaHUX BapiaHTiB MM moxe Oytu
BUKOPUCTAaHUH JOCTaTHBO LIMPOKUN NEPETIK KPUTEPIiB, KIIIOUOBUMH 3 SKUX € [1, 2, 6, 7]:

- MOKA3HUKU JOCTYITHOCTI, Hall4yacTillle IpeACTaBIsETbCA K BIACOTOK HACEIEHHS, 1110
MEIIKAIOTh B 30H1 MIIOT 10CTYymMHOCTI 0 3ynuHoK ['T abo uepes cepenHio BIACTaHb MIIXOAY
Maca)kKUpIiB JI0 3yIUHKU;

- TOKa3HUKU SKOCTI TPAHCIIOPTHOTO OOCIYrOBYBaHHS: CepelHId vac moizaku abo
IIepECYBaHHS; CEpeaHs BIICTaHb IEPECyBaHHS NACaKUpIB, KOEQIIEHT IepecasoqHOCTI
(4acTka MOAOK 13 epecaKaMu), Yac OUIKYBaHHS;

- IOKAa3HUKHU (PIHAHCOBOI €PEKTUBHOCTI: PIBEHb OKYIHOCTI BUTPAT, IPUOYTOK;

- IIOKa3HUKHM €KOJIOTIYHOI e(EeKTHBHOCTI, HampHuKiaa, KulbKICTh BUKUAIB CO:» Ha
1 macaxupo-KuIoMeTp.

Cnig TakoX pO3yMITH, IO CydYacHI MIAXOAu [0 IaHyBaHHS MM moBuUHHI
I'PYHTYBAaTHUCS Ha BUKOPHCTAHHI NEPEJOBUX TEXHOJIOTIH, $KI BUKOPHUCTOBYIOTHCA JUIS
MOHITOPUHIY Tpadiky y Micrax (ryobajibHa HaBiramiiiHa cynyTHUKoBa cuctema, GPS),
o0miky mnoi3goxk mnacaxupis y I'T, nHampukian, Smart Card Data, reoanamituku i
MojemoBanHss MM (reoindopmaniiini cuctemu, GIS, mporpamHui mpoayKTH TPaHCIOPTHOTO
MOJIEJIIOBAHHS), ONITUMI3allll MapUIPYTIB y PEeXUMI pealbHOTr0 4acy (pi3HOMAaHITHI MOOUIbHI
JOJATKU ISl BIJACTEXKYBAHHS TPAHCIOPTY 1 IUIAHYBAHHS MOI3/I0K). AJie Ha JaHOMY eTari
OUIBIIICTh 3 IUX TEXHOJIOTIA HE € AOCTYIHUMH JUIsl YKpaiHCBKMX MICT 4epe3 IO€JHaHHS
(1HAHCOBMX, IHCTUTYLIHHUX, TEXHIUHUX 1 collabHUX Oap’epiB. TyT MOKHA BIA3HAYUTH, IO
IepeBaKHA KUIBKICTh YKPaiHCBKMX MICT CTHUKA€ThCs 3 OpakoM (iHaHCyBaHHS po3BUTKY [T,
K€ 3HAYHOIO MIPOIO 3aJI&KUTh Bl AEpKaBHUX CYOBEHII, 110 CTa€ MEPENOHOI0 Ha HUIAXY
3aKyIliBJIl Ta BHUKOpPHUCTaHHA 1HpopmMauiiHux komiuiekciB  GPS-monitopunry I'T,
aBTOMAaTU30BAHUX CHUCTEM  OOMIKY IacaXKMpPOIOTOKIB, JIIEH3IHHOTO  IPOrpPaMHOro
3a0e3neveHHs JUIsi TPAHCIOPTHOro MojentoBaHHs. CIliJi TaKOXX BUI3HAYUTH M HEJOCTATHIN
piBeHb 1U(POBOI IHTErpauii MK MEepeBI3HUKaMH, OpraHaMy MICLIEBOTO CaMOBpPSAYBaHHS 1
JEp>)KaBHUMHU PEECTPAMU, 110 CTBOPIOE TOJATKOBI MpoOiieMH 3 OOMIHOM, BepHUQIKAIIE 1
craggapru3amniero iH@opmanii mnpo pesynbratd  pobotn I'T. CTOCOBHO TEXHIYHOI
IHQPacTpyKTypu 0Oaratbox yKpaiHCBKMX MICT CJiJ PO3YMITH, L0 Ha JaHUN 4Yac BOHA HE
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roroBa A0 Oe3mepepBHOI POOOTH TaKMX CHCTEM Yepe3 HeCTaOUIbHUN MOOUILHUHN 3B’S30K Ha
nepudepli, 3actapiiuii pyxomMui ckiang 0e3 CcydacHHMX OOPTOBUX CHUCTEM 1 BIACYTHICTb
JIOKaJIbHUX LEHTPIB 00poOKu naHuX. [lo HaBeeHOro BULIE CIIiJ TAaKOX AOAATH IHCTUTYLIHHY
IHEepLII0 Ta HU3bKY KYyJIbTYpy BUKOPUCTAHHS JaHUX Y I1aHyBaHHI ['T Ak 3 O0OKy UHHOBHUKIB,
TaKk 1 IPUBATHUX I[EPEBI3HHUKIB, IO TalbMye IEpeXi 10 aHAIITUYHO-OPIEHTOBAHOIO
yhnpaBiiHHSA. A HU3bKa IU(pOBa IPaMOTHICTh YaCTUHU HAaCEJIEHHS Ta 0OMEXEHE NOLINPEHHS
TPAHCIIOPTHUX KapT 3HWXKYIOTh E€(QEKTUBHICTh TAaKUX pIlI€Hb, K MOOUIbHI JOAATKH AJs
ONTHUMI3allli MapuIpyTiB Yd aBTOMATH30BAaHUN OONIK MOI3NOK. Y CYKYyMHOCTI 1i (akTopu
3yMOBIIIOIOTh  ()ParMEeHTApHICTh 1 TOYKOBICTh BIPOBA/HKEHHS IHHOBAIlM, IO 3HAYHO
BIJIpI3HA€ YKPAiHChKY MPAKTUKY B/l IPOBIIHUX CBITOBUX HpuUKIaziB [1].

ITocTanoBka 3aBaaHHs. MeToro CTaTTI € aHaNi3 ICHYIOUMX CTparerii (gopmyBaHHS
MM y MmicTax Ha OCHOBI HOPIBHSAHHS YKPaiHCHKOI NMPaKTUKU 3 MDKHApOJHHM JOCBLIOM, 3
aKLEHTOM Ha €(QEeKTUBHICTb, aJalTUBHICTh 1 CTANICTh pPO3pOOJIEHUX pilleHb. Pe3ynpTaTi
JTAHOTO JIOCHI/DKEHHS TOBHUHHI CTAaTH OJIHUM 13 TEpPIIUX KPOKIB Ha eTami po3poOKu
MeTO/0JI0T1i (hOpMYBaHHS HPHUHLMIIIB 1 CTparerii yaockoHaneHHs MM 3 ypaxyBaHHSIM
IIPOBITHOTO CBITOBOI'O JJOCBIY Ta CHELU(IKU YKPaiHCHKUX MICT.

Buxinax ocHoBHoro marepianxy. Ciin moyatd 3 posriisily KIIOUOBUX YKPaiHCBKHX 1
CBITOBUX NPaKTUK (popMyBaHHS MM Ta IXHBOTO NOPIBHSAHHSA 3 YPaxXyBaHHIM CIIELUDIKH LIUX MICT.

KuiB mae panianbHO-KUIbIIEBY MoAenb MM (pucyHok 1), ne meHTp MicTa 1 pajaiaibHi
HalpsIMKU [IEpeBayKHO O0OCIyroBYyIOThCs pi3HUMHU cucteMamu ['T: merpo, TpamBai, Tposeiidycu,
KUIbLIEBA €JIEKTPUUKA, aBTOOYCH, a TaKO’K MApILIPyTHI Takci (MapLIpPyTKH), IO CHOJY4arOTh
BlTANIeH] palilOHM 3 MEHTPOM 1 MDK co0oro. 3a manumu aociimkeHHs CiroBoro banky
(Sustainable Urban Transport for Kyiv) 94 % nacenenHs micta npoxusae y Mexax 400 m 10
3ynuHku I'T, mo cBiAuuTh Npo BUCOKUH piBeHb NOKpUTTS MM Mickkoi Tepuropii [8].

KovpoGwicnxe

Pucynoxk 1 — ®parmenr MM micra KneBa (Mepexa MapmpyTiB METPO 1 KUTBIIEBOT €IEKTPUYKH)
IDicepeno: pospobneno 3 sukopucmaunam hitps://www.eway.in.ua/ua/cities/kyiv/

BoaHouac o1HUM 13 KJIFOYOBHMX BUKJIMKIB Ul CTOJIMLI € 3aTOPHU 1 YIOBUIBHEHHS PYXY
MapuipyTHoro tpaHcnopty. JocnypkenHs moano mnpioputusaunii pyxy I'T y JIsBoBi
MI0Ka3yl0Th, 1110 IPOCTOPOBO-4acoBa NPIOPUTH3ALIIS 3AaTHA 3HAYHO CKOPOTUTHU 3aTPUMKHU 0
PIBHS, KOJIM BU3HAYAJIbHUM KPUTEPIEM CTAa€ HE KUIBKICTh TPAHCIOPTHHUX 3aC00IB, a KUIbKICTh
nepeseseHux jaroaei [9, 10]. Y Kuesi Taki nigxoau TUIbKY IOYMHAIOTH BIPOBAIKYBATUCS.
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MapupyTHi Takcl IparoTh IMOMITHY pojib y MM cromuui. 3a naHuMu pecypey
EasyWay [11] ctanoM Ha nouaTtok ceprHs 2025 poky y MicTi pyHKIIOHYe 96 MapuipyTiB 3
aBTOOycaMu cepeiHbOi Ta MaJloi MICTKOCTI, 110 3a0e3NeuyroTh A0JATKOBY T'HYYKICTb, aje
CTBOPIOIOTh JyOJNIOBaHHS MaplIpyTiB 1 NpoOIeMH 3 IHTErpamiero A0 KOMYHaJbHOTO
TPaHCIOPTY.

V cBoto yepry, JIbBIB Ma€ KOMIAKTHY 1 I'yCTOHACEJIEHY TEPUTOPIATIbHY CTPYKTYpY, 10
y ZIBa pa3u NEpeBUINY€E LIUIbHICTh MICT-IIOPIBHSAHb, Takux sk Jleinuur a6o Kpakis [12]. Lle
00MeXye MOKJIUBICTh PO3IIMPEHHS JOPOXKHIX MaricTpaiei st aBTOMOOUIBHOTO TPaHCIOPTY
i HopoIKye MOTpedy Yy pO3BUTKY caMe I'POMaJICbKOT0 Ta €KOJIOTTYHOTO €JIEKTPOTPAHCIIOPTY.

JIpBIBENEKTPOTPAHC — KOMYHAJIbHE MIANPUEMCTBO, K€ OOCIYrOBYE MICTO 3 MEPEKEIO
3 8 TpamBaiiHux 1 10 TponeiibycHUX MapupyTiB (CTaHOM Ha nouaTok ceprHs 2025 p.) [13].
Ha pucynky 2 npeacraBiieHO CXeMU MapLIPYTIB €JIEKTPOTPaHCIOPTY MicTa JIbBIB.

- —

a 7]

Pucynok 2 — Kondirypariss MM enexrporpaHcniopty micta JIbBiB: a — TpaMBaii, 6 — Tposneiidyc
IDicepeno: pospobneno 3 sukopucmannam hitps://www.eway.in.ua/ua/cities/Iviv

V crarTi [14] npeacraBieHi pe3yiabTaTH OL[IHIOBAHHS €(PEKTUBHOCTI ()YHKIIIOHYBaHHS
MM wicra JIsBiB cTanom Ha 2020 pik, e 3a3HaY€HO, 1I0:

- onTUMalibHa TpuBaNicTh no13aku B I'T cknanae 15-45 xpunun (77 % noi3aok);

- IOI3/1KM BIOYBAIOThCA Y KOM(POPTHUX YMOBAX — 3alIOBHEHHS CAJIOHY TPAHCIIOPTHUX
3aco0iB He nepeBuiye 80 %o;

- JOBXHHa mimoro miaxoxy nao 3ynuHok ['T nHe mepeBumye 600m mns 84 %
kopucryBauis ['T.

KuiB gemoHCTpye kiacuuHuil npukiaj meHTpaitizoBaHoi MM 3 iHdpacTpyKTypoio
METPO Ta PpO3rajly’KEHOI MEpEeXe MapIIpyTHUX aBToOyciB. Bucoka A0OCTYyNHICTH
TPAHCIOPTY, aj€ HENOCTATHE YIPABIIHHSA PYXOM IPU3BOJIUTH 0 3HI)KEHHS IIBHJKOCTI
IIEPEBE3EHb.

MM JIbBoBa XapaKTepU3y€eThCS KOMIIAKTHOIO CTPYKTYPOIO, 1110 0OMEKY€E MOKIMBOCTI
KalliTalbHUX 3MIH B 1HQPAcCTpyKTypl, aje CTUMYJIIOE PO3BUTOK €JIEKTPOTPAHCIOPTY Ta
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BUKOPHUCTaHHs Ipioputusanii. OCHOBHI BUKJIMKM — KOM(OPTHICTH NEpecajok, IHTerpamis 3
IHIIMMH BUJIAMU TPAHCIOPTY, ONTUMI3allisl MAPIIPYTIB 3T1IHO 3 IOMUTOM.

CnutbHUM Uit 000X MICT € HEOOXIAHICTh AaKTHUBHILNIOI IHTErpaunii Cy4acHHUX
IT-texnonoriii, GPS, GIS-moneneit 1 MOOUTBHUX OJATKIB AJsl MIMOMIOTO aHATI3y MOMUTY U
ajlanTUBHOTO IaHyBaHHA MM. Pesynbpratu nopiBHsiasHOrO ananizy MM wmicra Kuis 1 JIpBiB
npejacTaBieHi y Tabnuni 1.

[ogo kpamux €BpPONMEHCHKUX MPAKTHK, TO TYT HEOOXIIHO BIA3HAYUTH «MOJEIb
[Tropixa». MicTo nNiATpUMY€E OJMH 13 HaMBUIIMX MOKa3HUKIB KopucTtyBaHHa ['T. Lle
B1IOYBa€ThCS 3aBISKU IHTEIPOBaHIA CTPYKTypl MapuipyTiB (TpamBai, aBroOycu, S-Bahn,
YOBHH, (pyHIKyJIEepH), BUCOKIN 4acTOTI pyXy i cucteMi Tapudis. MM mpocta B KOpUCTYBaHHI,
3 BEJIMKOK KUIBKICTIO 1H(opMmamiiHux Tabmo 1 3py4yHoro Hapiramiero. Keutku nHa I'T
KOLITYIOTh HEJELIEBO, aj€ BOHU J03BOJISIIOTH KOPUCTYBATHUCSA BCIMA BHUJAMH TPAHCIOPTY B
Mekax BU3HA4YeHO1 30HHU [15].

[Ipuknagom iHTErpamii MyJIbTH-MOAANbHUX cucTeM € JibkoH, @paniis. Cucrema ['T
JlbkoHa, IO BKJIIOYAa€ TpamBai, aBTOOycHM M Belocunenu, €()eKTHBHO 3HHU3MJIA YacTKy
IIPUBAaTHOIO aBTOTPAHCIOPTY Ta 3MEHIIWIAa 3aropu. €auHui omepatop 3ale3neuye
koopauHaiito Bcix BuAiB I'T, yHidikoBaHl Tapudu i cniibHe OpeHAYBaHHS, IO MIABUILYE
3pYYHICTH 1 IPUBAOIUBICTD Ul TaCAXKUPIB.

Tabnuus 1 — opiBHsuibHMI aHani3 MM micT

XapakTepucTuka Kuis JIbBiB
. PanianpHO-KiIbLIEBA + MAacHUB KommnakTHa pasmianbHa/KinblieBa +
CrpykTypa Mepexi . %
MapIIPyTHUX aBTOOYCIiB TTOTY)KHUH EIeKTPOTPAHCIIOPT
94 % nHaceneHns B Mexxax 400 M Bif | Bucoke mOKpUTTS, aie MmiImmi i axig
INoxpurta
s3ynuHku ['T 110 600 M

CermMeHrariist 0pir 11t 4acoBol
npiopuTH3alii MapHIpyTiB
TpamBaii, Tponeidyc, aBToOycH
BHCOKOI MiCTKOCTi, MapIIpyTHi
aBTOOyCH
AKTHBHE BUKOPUCTaHHS MOOIJTBHUX
noxatkiB i GPS-ananituky.
MopenoBaHHS Ha MiKpo- Ta
MakpopiBHsx: Vissim, Visum

[Mpiopuruzaris OObMerxeHa peasizaris

Mertpo, TpamBai, Tponenoyc,

Crcremn Tpancnopty aBTOOYC, MapIIpyTHI aBTOOYCH

Yacrkosa inrerpamis GPS-manux ta
[ndopmaniiini TexHomorii Pe3yNIbTaTiB TPAHCIIOPTHOT'O
MOJICITIOBAHHS

[nsxoM po3BUTKY cTanoi MoOUIbHOCTI mimoB Komnenraren. Xoua i kitoyoBa yBara
HNPUAUISETbCSA BEJIOCUIEHIN 1H(pacTpyKTypl, pilieHHss KoneHrareHy y miaHyBaHH1 MICbKO1
MOOUIBHOCTI BKJIIOYAIOTh TaKOXK IHTEHCUBHE BUKOpucTaHHs T, Harpukiaz, aBTo0yciB 1 TpaMBaiB.
MicTo noesnHye HPPacTpyKTypHI, pEryIATOPHI Ta MOMYJIApU3ALIIAHI 3aX0A1, CTBOPIOIOYH YMOBH,
ne noHan 68 % MeIIKaHIIB BUKOPUCTOBYIOTh BEJIOCHUIIE] NPUHANMHI pa3 Ha THXKICHb, a
peali3oBaHa CTpaTeris Clpusi€e 3MEHIIEHHIO aBTOMOOLIEOpIEHTOBAaHUX NOi310K [16].

Pesynbratu ananizy 24 cepennix mict CkaHIMHaBII NOKa3ylOTb, 1110 BOHU NIEPEXOAATH
70 1€papXiuHOi CTPYKTypu MM: BHCOKOYACTOTHI MaricTpajbHI JIIHII BY3JIOBUX MapuUIpyTiB
(trunk-routes) NOMOBHIOIOTBCS Kpoc- 1 (inepHumu Mapuipyramu. [lnanyBanns MM
(oKycyeTbCsSl Ha IPOCTOTI MEPEX1, THYUKOCT1 CTPYKTYpPH, 3HUKEHHI BUTPAT Ta ajanTtauii 10
nonuty [17].

Ha npuxiani Pumy, Itanis 6yno 3anponoHOBaHO HOBY METOAUKY (OpPMYBaHHS MEPEXKI
aBTOOYCHHMX MapLIpyTiB, SIKa J03BOJISIE BPaxOBYBaTH KOJIMBAHHS MONMUTY 3 TOYKU 30Dy
ninanyBaHHs [18]. YV gocmimkenHi Oylio 3acTocoBaHO MOOUIBHI JlaHi JJii CTBOPEHHS
KaHIUAATIB MapLIpyTiB, a TaKoX ONTHMI30BAHO MeEpeXy aBTOOYCHHX MapLIpyTIB 3
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ypaxyBaHHSIM IPSIMHX CHOJY4YEHb Ta 4acy Noi3aAku. Takok BpaxoBaHO THyYKe pearyBaHHs Ha
[IEPEBUILEHHS [IONUTY — 3 BUKOPUCTAHHSIM 3MILIAHUX MapIIPyTiB Ta aAallTUBHOI YaCTOTH.

VY cBow0 yepry, y JOCIIKEHHI IMOJ0 onTuMizauii aBToOycHOi mepexi bapcenonu
JOBEJIEHO, 1110 ONTUMajbHa KOH(Irypallisd MEpexi MO>Ke 3HU3UTHU 3arajibHi CHCTEMH1 BUTPAaTH
Ha 17 %, a Bukuau CO:2 — Ha 50 %, Oe3 3HMKEHHS piBHA OOCIYroByBaHHS macaxupis [19].
Taki pe3ynbTaTu JIE€MOHCTPYIOTb EKOHOMIYHY Ta €KOJIOTTYHY BMIOAY BIA TI'PaMOTHOTO
mu3ainy MM.

CTOCOBHO IHIIMX KpallMX CBITOBUX MPAKTHK, TO CIiJ BA3HAYUTH Kiacuky BRT —
Kypiriba, bpasunia. Cucrema Curitiba BRT, ska oOciyroBye 85 % HaceneHHs MicTa
(61m3pKO 2—3 MUTBHOHM NAcakMpIB HA AEHb), € MPUKIAAOM J100pe MmpoayMaHoi (igepHOi 1
MaricTpajlbHOI Mepeski 3 BUJUIEHUMH CMYTraMy, IJaTpopMaMu 3 OIJIATOIO Mepej MOCaaKO0 B
TPaHCIOPTHUM 3aci0, ypi3aHMMM YacaMu 3YINUHOK 1 BUJIUIEHUMM CMYTaMM JJs HIBUAKICHUX
MmapupyTiB. [ligxin Curitiba ctaB Moaemutio A JECITKIB IHIIMX MICT CBITY, BKJIIOUAIOUYU
asiiiceki meramnoJicu [20].

Cyuacuuit BRT nHa ocHoB1 Bemukoro wmicra — une cucrema Cairo BRT, mpo
po3TamoBaHa B3J0BX KuiblieBoi noporu Kaipy, €runer, Bxiouae 48 cranuii 1 100
eJeKTpOoOyCiB, SK1 MPAIIOITh IUI0I000BO 13 cepenHiM iHTepBaitamu Omu3bko 10 xB. Bona
iHTerpoBaHa 3 iHmKMMHU Bujgamu [T, 3acTocoBye oruaty mepelx IOCAIKOIO, €CKalaTOpH,
Mi3eMH1 TEepPeXOoau ¥ MapkiHru Ouls CTaHIiil — KiIacuyHuil mnpukian cydacHoi BRT-
IHpacTpyKTypu B MerarnoJici [21].

lepapxiuni Ta mMoaynbHi cTpykrypu (LlfopiX, ckaHauHaBCBKI MicTa) 3a0€3MEeUyOTh
0ajaHC MDK 4YacTOTOIO MapuipyTiB Ta ix 3po3yMinicTio Juisi nacaxupiB. BRT-migxomu
(Kypiriba, Kaip) MoOXXHa LIIKOM BBaXXaTH IHCTPYMEHTOM JJisi JOCTATHHO IIBHJAKOTO
MacmtaOyBaHHst cucteMd [T 3 BHUCOKMM OXOIUIEHHSM TEpPUTOpI MicTa 1 IMIBUAKICTIO
CHOJydyeHHs. BUKOpHCTaHHS METOIB OPIEHTOBAHMX HA MOIMT, @ TAKOX aJalTHUBHUI Tu3aiiH
(bapcenona, Pum) no3Bossiors ontuMizyBatu MM 3 ypaxyBaHHsAM 1H(opmariii npo ¢pakTudHi
abo MPOrHo30BaHI MOTPeOH y NepeBe3eHHI. A 3aCTOCYBaHHS MYJIbTHU-MOJAIbHUX MOJEJEH
(dvkon, KomenrareH) cnpusie miABUIIEHHIO MpuBabauBocTi cucreM [T 3a paxyHOK
HaJaro KEHHs B3aEMO/IIi PI3HUX CUCTEM MICHKOTO MACaXUPCHKOTO TPAHCIIOPTY.

3a pe3ynbTaraMu IONEPEIHBOTO aHAII3Y 3aKOPJOHHOIO JOCBilYy (OpMYBaHHS
Micbkux MM MoOkHaA IUIKOM CTBEp/KYBATH, IO 3aCTOCOBAHI MITXOJU XapaKTEPHU3YIOTHCS
CUCTEMHICTIO 1 0a3yr0ThCsl HA HACTYIHUX IPUHLIUIIAX:

- lepapxidyHa CTpyKTypa. MarictpanbHi — ¢1epHI — JOKaJIbHI MapLIpyTH;

- CUCTEMHICTh y IJIAaHYBaHH1 BCbOT'O MICHKOTO IIPOCTOPY 3 TPAHCIIOPTOM SIK «OCHOBOIO
MOOUIBHOCTI»;

- ONTHUMI3ALIA 3a KPUTEPIIMU 4Yacy IMOI3JKU/TIEpECyBaHHS, YaCTOTH/IHTEPBAILY PYXY,
BapTOCTI 0OCIYrOoBYBaHHS Ta/ab0 IHILIHUX;

- 3aCTOCYBaHHS LM(PPOBUX IHCTPYMEHTIB AJs aHali3y MONUTY Ta MOJEIIOBAaHHS
MEpEeKI.

B yxpaiHchbkiil mpakTHIll y OUIBIIOCTI MICT JOMIHYIOTh pajiajibHO-KOPUIOPHI MOJEII,
0€e3 MOBHOLIIHHOI IepapXii MapUIpyTiB, HassBHE HAKJIaJaHHS MapIIpyTiB, TyOIIOBaHHS pyXy Ta
ciabka JIOTICTUYHA OMNTHMI3allid, BIICYTHE IIEHTPaji30BaHE MPOTPaMHE MOJEIIIOBaHHS
MONUTY, Mepexl (pOpMyIOTbCS HE 3a IUIAHOM, a SK peaki[isi Ha NPUBAaTHY IHIIIATUBY YU
CIIOHTaHHUN IONMT,4acTO BIACYTHS IHTErpauii MDK BHJAMU TPaHCHOPTY, HaIpUKIIAL,
aBTOOyCHa Mepexka He JOMOBHIOE eJIEKTPOTPAHCIIOPT, a Ay0stoe ioro [1].

Crix BIA3HAYUTHU LIMPOKY MPAKTUKY 3aCTOCYBAHHS TPAHCIOPTHOTO MOJIEIIOBAHHS AJIs
njuaHyBaHHs 1 ynockoHaneHHds MM iHozemuux wmict (PTV Visum, TransCAD, SUMO),
BuKopuctands MoOuTbHUX naHux (CDR, GPS) Ta ompaitoBanus big data y peasibHOMY 4aci.
Bce 1ne nae 3mory BH3HAuaTH aKTyaJlbH1 TPAaHCIOPTHI 1 MacakKUpPONOTOKH, CTBOPIOBATH
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ONTHMAJbHI M aJaNTHBHI MapUIPyTH, a TaKOXX LIBUJKO pearyBaTH Ha 3MIHM IOBEAIHKH
Maca)kKUpiB.

B Vkpaini 3acTocyBaHHs NOAI0OHUX cucTeM (parmeHTapHe. HaBiTh y BenMKUX MicTax
aHaJIITUKa HE € YaCTUHOI0 CHUCTEMHOro mpoliecy IulaHyBaHHsA. Yacto oHoOBieHHs MM
0a3yeThCs Ha IHTYIlli, 3BEPHEHHAX I'POMasiH 00 KOH(IIIKTHUX CUTYalisiX (IEpEernOBHEHICTD,
aBapifHICTB).

Cnix TakoX BII3HAYUTH, 110 Ha BigMiHY Bix KkpaiH €C, ne € 4yiTka BEepTUKAIb
CTpaTEeriyHOrO IIJaHyBaHHSA (HALIOHAJIbHI — pErioOHaJbHI — MYHIUMNAJIBHI CTpaTerii 3
IHTErpOBaHUM YIPABIIIHHSAM MOOUIBHICTIO), B YKpaiHi BIACYTHS YiTKa IHTErparis 3aX0/iB IS
MIZABUILEHHS €(PeKTUBHOCTI (YHKI[IOHYBAHHS MICBKOIO MTACAXKUPCHKOIO TPAHCIIOPTY:

- JIep’KaBHA MOJIITUKA 3 TPAHCIIOPTHOTO IUIaHYBAaHHSI CJIA0KO BIIPOBAIKEHA HA MICLISX;

- MicTa He 3000B’si3aH1 CTBOPIOBATH IUIAHU CTaNoi Michkoi MoOuibHOCTI (SUMP), a
SKILO CTBOPIOIOTH — YACTO 1€ IPOEKTH, 110 3AJIMIIAIOTHCS] HEPEaIi30BaHUMH.

V3arajbHeHa XapaKTepUCTHKA BITYM3HSAHOI 1 3aKOPJOHHUX MPAKTUK 1100
¢dopmyBanHs MM mpencraBieHa B Tabnuui 2.

Tabnuis 2 — Y3arainpbHeHa XapakTepUCTHKa IPAKTUK popMyBaHHsI MM

Kpurepiii Ykpaina Ino3eMHi npakTUKH
Mopens hopMyBaHHS PeaxTuBHa, nenenTpanizoBana Crpareriuna, HeHTpali30BaHa
Tun cTpykTypu Mepexi Kopunopno-paniansaa, XxaoTnaHa lepapxiuna, onTuMizoBaHa
Bukopucranss gaHux MinimManbsHe abo BiJICYTHE [upoxke 3acrocyBanus big data
[HTerpanis BuaiB TpaHCcopTy CrnaOka CunbHa
Ponb npuBaTHOro cekropy BusnavaneHa Jlonomixxna
3acHOBaHE Ha MOAEISX 1 KIFOUYOBUX
[TranyBaHHS PO3BUTKY [epeBaxkHO cUTyaTHBHE .
TIOKa3HUKaX e(heKTUBHOCTI

Skmo posrasaati nuTaHHS (opMyBaHHS Micbkux MM 3 mos3umii TpaHCIOPTHOIO
IUIaHYBaHHS, TO JBOMAa HAWIOIIMPEHINIMMHU CTPATErisiIMU iX CTBOPEHHS € CTparterist
OCHOBHOT'O MapUIpyTy Ta cTpareris onauiel nepecaaku [1, 6, 7]. Ilepma crparteris nependavae
1100y/1I0BY Mepexki1 Ha OCHOBI KUIBKOX BUCOKOIPOAYKTUBHUX MariCTpajJbHUX MapIIpyTiB, AKI
IPOXOJATh TOJOBHMMH TPAHCIOPTHUMU KOpuaopamMHu Micta. Takl MapmpyTH 3a CBOEIO
KOH(Irypaiiero HaiyacTille € JlaMeTpaJbHUMM 1 CTBOPIOIOTH OCHOBHMH Kapkac MM.
OCHOBHMMM pHCAMM TAaKMX MapUIPyTIB € BHCOKAa 4YacTOTa PyXy TPaHCIOPTHHUX 3aco0iB,
BUKOPHUCTAHHSI TPAHCIOPTHUX 3aC00IB 3 BEIMKUMH IPOBI3SHUMHM MOKJIMBOCTSIMH (TpamBali,
TpoJieliOycu, MEeTpO) JUIsl 3aJ0BOJIEHHS OCHOBHMX IOTpe0 Yy IepecyBaHHI, HasBHICTh
IpIOPUTETY B pPycy 3a PaxyHOK DPI3HOMAHITHUX OpraHi3allifHO-TEXHIYHUX 3axofiB. s
00CIyroByBaHHS MICBKMX TEPUTOPIM, 1110 3HAXOATHCS 11032 MEXaMH OCHOBHUX MaricTpaiei,
po3poluigeThes cucTeMa MIABI3HMX (pafiaibHUX Ta/ab0 XOpAOBUX) MapIIpyTiB, IO
BUKOPUCTOBYETbCS Ul IEPEBE3EHHS MACaKUPIB /10 IMEpecajlodYHUX IYHKTIB HAa OCHOBHI
MapiIpyTd. 3 TEXHOJOIIYHOI TOYKHM 30PY OCHOBHOIO II€PEBArol0 CTpaTerii OCHOBHOIO
MapuIpyTy € i HalpaBJIEHICTb Ha IIBMJKE TPAaHCIOPTHE OOCIYrOBYBaHHS BIIJAJIEHUX
TPaHCIIOPTHUX pPANOHIB MICTa, ajie 3’ ABJIAE€THCS HEOOXIAHICTh y JOJATKOBIM mepecaiil npu
3/IMCHEHHI nepecyBaHHs [1, 6, 7].

Ha BigmiHy Bix mepiioi cTpareris OJHIET IEpecagku OPIEHTYEThCA Ha MiHIMI3allito
KUIBKOCTI Iepecasiok IpH 3AiicCHEHH] nepecyBaHHs. MM Oynyerbes Tak, o0 3 Oyab-sKoi
YaCTMHM MicTa MO’KHa Oyio JicTaTUCs [0 IHINOI, 3AIMCHUBIIM HE OUIblIE HDK OJHY
nepecaqky. Lle nocsaraerbes 3aBAsSKU peTENbHIA CHHXPOHI3allli pyXy TPaHCIOPTHHUX 3aco01B
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Ha MaplpyTax, Kl IepeTUHAIOTHCSA Y BUBHAUCHUX TPAHCIOPTHUX By3nax. KitouoBoro pucoro
i€l cTpaTerii € CTBOPEHHS 3pYYHUX YMOB JUIsl IIBUJAKOI Ta KOMQOPTHOI Nepecaaku.
Tpancnopr mae npuOyBatu 10 By3Jja 3 PI3HUX HANpsMKIB y BU3HAYEHMH yac, 110 J03BOJISE
rnacaxupam 13 MIHIMaJbHUM 4YacoM OYIKYBaHHs 3AIMCHIOBATU TMepecaaky. Takuil mimxif
0COOJIMBO €(QEKTUBHUN Yy MiICTax 13 MOJILIEHTPUYHOIO CTPYKTypol abo Tam, 1€ MOIUT
PIBHOMIPHO po3M0oAUIEHUH Ha Teputopil. I[IpoTe BIH BMMarae BUCOKOrO pIiBHS KOOpAMHALIL
IIEPEBI3HUKIB, TOYHOCTI JOTPHUMAaHHS pO3KJIaAiB 1 J00pe pPO3BUHEHOI IH(QPaCTPyKTypu
IepecagKoBUX BY3IiB. Y pa3i 300iB rpadiky pyxy HOPYIIYETHCS yCsl CUCTEMA NEPECaOK, 110
MO>K€ NMPU3BOAUTH 10 3HAYHUX HE3py4YHOCTEH /i nacaxxupis [1, 6, 7].

OOunBi crparerii MarOTh CBOI IepeBaru 1 HEJOJIKM Ta MOXYTh 3aCTOCOBYBATHCS
3aJIe)KHO BiJ] IPOCTOPOBOI CTPYKTYPH MICTa, XapaKTepy TPAHCIIOPTHOT'O MOMHUTY 1 IPIOPUTETIB
y po3Butky cuctemu I'T. Cruin BiA3HAUMTH, IO HA MPAKTULI YacTO BUKOPHCTOBYETHCS
MOE€HAHHS 000X CTparerid, 3a paxyHOK 4Ooro (opMyeTbcs HOTY)KHA Mepeka OCHOBHMX
MapIlpyTiB, KA IMOETHYETbCA 3 PO3TANTY)KEHOIO MEpEXelo MiABI3HUX. Takuil miaxig 1o
oprasizauii po6oru MM 3abe3neuye OanaHc MDK €(QEKTUBHICTIO NEPEBE3EHb 1 3PYUHICTIO
IepecyBaHHs JJIs aCaKUPIB.

BucHoBku. 3a pe3yiabTaTaMM JOCHIIPKEHHS BCTAHOBJIEHO, 1110 IpoliieMa moOynoBU
Micbkux MM € ckiiaHuM 3aBAaHHSAM, €(DEKTUBHE BUPILICHHS SKOTO Tepeadadyae HasBHICTD
iHpopMallli PO ICHYIOUMH MONUT Ha NEpecyBaHHsS IMacakUpiB, po3poOKy, Ha OCHOBI LUX
JAHUX, MOJIEJIEd TPAaHCIIOPTHOI'O MOMUTY, PO3POOKY 3arainbHOI TPAHCIIOPTHOT MOJIEN1 CUCTEMU
I'T micTta, Ha OCHOB1 SKOi MOJKHa 3JIICHIOBATHU OILIIHKY €(QEKTUBHOCTI PI3HMX BaplaHTIB
po3BUTKY MM.

3akopJOHHUN J0CBiA M00Yyn10BM MM IpyHTYEThCS Ha IHTEIPOBAaHUX, OaraTopiBHEBUX
MIAX0/AaX, B OCHOBY SIKMX 3aKJIaJJalOThCS CY4acH1 MPUHLMIINA MPOCTOPOBOIO PO3BUTKY MICT,
pe3yabTaTH MOCTIMHOTO MOHITOPUHIY 3MIH Y MOOUIBHOCTI HACEJIEHHS, aKTyaJbHI €KOJIOTT4H1
BUKJIMKHM, a TaKOX HOBI IHTEJIEKTyalbHI TexHoJjorii. Ha BigMmiHy Biag 1boro, ykpaiHcbka
npakTika GopmyBaHHs MM, Ha mpukiaal nepeBa)xHoOi OUIBIIOCTI MICT, € ()parMEeHTapHOIO,
OpIEHTOBAHOIO Ha KOPOTKOCTPOKOBI NOTPEOU y IiepecyBaHH1 Ta 0OMeXeHa 3a pecypcamu. Bee
1€ MpU3BOAUTH A0 [JyOJItOBaHHS MapIUpyTiB, NEPEBAHTAXKEHHS OKPEMUX HAIpPSMKIB,
Hee()EeKTUBHOI'O OXOIUIEHHS MICHKUX pailoHIB.

BincyTHicTh  TOBrOCTpPOKOBOI TpaHCIOPTHOI CTpaTerii 3 YITKUMU LUIbOBUMHU
MIOKa3HUKAaMM, BIICYTHICTh IIJIJAHOBO-IPOTHO3HUX IHCTPYMEHTIB (MOJEIIOBAaHHSA, aHAII3Y
MONMTY, ONTHUMI3allli MapuIpyTiB), HHU3BKUHA piBeHb (iHaHCYBaHHS [T, HOMIHYBaHHS
IIPUBAaTHOIO CEKTOPY, SKUH He 3000B’A3aHMM MNpaloBaTH BIANOBIAHO [0 CYCIUIBHHUX
IHTEepeciB, clabKe BIPOBAKEHHsA MDKHapoaHux npaktuk (SUMP, oOrpyHToBane
cyOCH11I0BaHHS) CTBOPIOIOTH CYTTEBI MPOOJIEMU Ul PO3BUTKY MACAKUPCHKOTO TPAHCIOPTY B
YKpaIHCbKUX MiCTax.

3 orAny Ha riao0anbHI TEHACHIIIT, TOAAbII TOCTIIKEHHS TIOBUHHI 30CEPEIUTHUCS HA
BUKOPHUCTAHHI MITYYHOI'O IHTEJIEKTY Ta MAallMHHOTO HAaBYAHHS JJI MOJIEJIIOBAHHS IOIUTY Ta
IIPOEKTYBaHHS MapLIPYTIB, PO3BUTKY MYJIbTHUMOJAIBHUX CHUCTEM (IHTErpallisi BEJIOCUIIE/IB,
caMOKaTiB, KaplIEepiHTry), JOCIIIPKEHH] MMOBEIIHKOBUX (akTOpiB Npu BUOOpPI MapuIpyTy Ta
PO3po0IIl aAANTUBHUX MEPEX Yy PEATILHOMY Yacl — 3 MOXJIMBICTIO 3MIHM MapLIPYTy 3aJI€KHO
B1JI HABAHTAXKEHHS UM MOI11 y MICTI.
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Sakhno Serhii, Yevhen Liubyi, Assoc. Prof., PhD in Engineering, Kolii Oleksandr, PhD in Engineering
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Analysis of Strategies for Developing Urban Route Networks

The article explores strategies for designing urban route networks with a focus on ensuring efficient,
sustainable, and adaptive public transportation systems. The analysis is grounded in a comparative approach that
examines the current practices in Ukrainian cities alongside leading international experiences. The paper outlines
key principles of urban route network planning, including demand orientation, system coherence, flexibility, and
rationality. Various network configurations — such as radial-ring, corridor-based, grid, and hybrid models — are
reviewed, along with core efficiency indicators such as accessibility, service quality, financial viability, and
environmental performance.

The route networks of Kyiv and Lviv are analyzed as case studies representing different spatial
structures and transport planning challenges. Kyiv features a radial-ring model with extensive use of metro and
private minibuses, while Lviv emphasizes electric transport and compactness. Despite relatively high network
coverage in both cities, issues such as overlapping routes, limited integration across transport modes, and
insufficient prioritization of public transit persist. These cases are contrasted with best practices from cities like
Zurich, Copenhagen, Dijon, Barcelona, Curitiba, Rome, and Cairo, where route networks are developed through
strategic, centralized planning, supported by digital modelling tools, big data analytics, and multimodal
coordination.

The article concludes that urban transit planning in Ukraine remains largely reactive and fragmented,
constrained by limited funding, outdated infrastructure, weak institutional capacity, and minimal use of data-
driven tools. In contrast, international models demonstrate the benefits of hierarchical networks, integrated
systems, and adaptive management based on performance metrics and mobility demand.

Future research should focus on implementing Al and machine learning for demand prediction and
route optimization, integrating shared mobility modes (bikes, scooters, carsharing), analyzing behavioral patterns
in passenger movement, and developing real-time adaptive networks capable of responding to dynamic urban
conditions.
public transport, route network, passenger transport, transport system
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VYxpaina, ORCID: https://orcid.org/0000-0003-0681-0920, e-mail: lion_khadi@ukr.net.

Yevhen Liubyi - Associate Professor, PhD in Engineering, Head of Transport Systems and Logistics
Department, Kharkiv National Automobile and Highway University, Kharkiv, Ukraine,
ORCID: https://orcid.org/0000-0003-0681-0920, e-mail: lion_khadi@ukr.net.

JIsimryk Outer JleoHTiitoBHY - mpodecop, MTOKTOp TEXHIYHHX HAyK, mpodecop Kadenpu aBTOMOOLIIB,
TepHOMUTBCHKUN HAIIOHAIBHUNA TEXHIYHWE yHiBepcuteT iMeHi IBana Ilymros, m. TepHominb, YkpaiHa,
ORCID: https://orcid.org/0000-0003-4881-8568, e-mail: oleglashuk@ukr.net.

Oleg Lyashuk - Professor, Doctor of Science, Professor of the Automobile Department, Ternopil Ivan
Pulyj National Technical University, Ternopil, Ukraine, ORCID: https://orcid.org/0000-0003-4881-8568,
e-mail: oleglashuk@ukr.net.

Manbko €rop BasepiiioBuu - 3m00yBad BHIIOI OCBITH Ha TPEThOMY (OCBITHBO-HAYKOBOMY) piBHI,
LeHTpanbHOYKpaiHChKMI HALIOHANBHUA TEXHIYHUWA yHIBepcHTeT, M. KponmuBHHIBKHH, YkpaiHa,
ORCID: https://orcid.org/0009-0005-6355-2413, e-mail: evm0996496486@gmail.com.
Yehor Manko - PhD student, Central Ukrainian National Technical University, Kropyvnytskyi, Ukraine,
ORCID: https://orcid.org/0009-0005-6355-2413, e-mail: evm0996496486(@gmail.com.

Mapkosuu Cepriii IBaHOBUY - NOICHT, KaHAWAAT TEXHIYHUX HAYK, MOICHT Kadeapu eKcIuTyaTaiii Ta
peMoHTy MamuH, L[eHTpanbHOYKpaiHChKHY HAI[IOHANBHAN TEXHIYHUHA yHIBepcuTeT, M. KpOnmMBHUIBKUIA,
VYxpaina, ORCID: https://orcid.org/0000-0003-1393-2360, e-mail: marko60@ukr.net.

Sergii Markovych - Associate Professor, Candidate of Technical Sciences, Associate Professor of the
Department of Operation and Repair of Machines, Central Ukrainian National Technical University,
Kropyvnytskyi, Ukraine, ORCID: https://orcid.org/0000-0003-1393-2360, e-mail: marko60@ukr.net.
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Mocsnan Bausepiii MuxkonaiioBud - KaHIUAAT TEXHIYHHX HAyK, CTapIIMA BHKIAAa4 Kadempu
TPAaHCIIOPTHUX CHCTEM Ta TEXHIYHOTO CEepBICY, XEPCOHCHKHI HAIIOHAJIBHUI TEXHIYHWH YHIBEPCHTET,
M. XepcoH, YkpaiHa, e-mail: kaf tl@wunu.edu.ua.

Valerii Mospan - PhD (Engineering Sciences), senior lecturer, department of transport systems and
technical service, Kherson National Technical University, Kherson, Ukraine, e-mail: kaf tl@wunu.edu.ua.

Mycienko Oanra CraniciaaBiBHa - nokrop dinocodii, crapuimii BUKiIagayd Kapenpu AMHAMIKH 1 MIITHOCTI
MammH Ta onopy MatepianiB, HTYY «KuiBcbkuii momiTexHi9HUE iHCTHTYT imeHi Iropst CikopchKoroy,
M. KuiB, Ykpaina, ORCID: https://orcid.org/0000-0001-8255-3909, e-mail: olga.musinko@gmail.com.
Olha Musiienko - PhD in Applied Mechanics, Senior Lecturer at the Department of Dynamics and
Strength of Machines and Strength of Materials, National Technical University of Ukraine "Igor Sikorsky
Kyiv  Polytechnic Institute", Kyiv, Ukraine, ORCID: https://orcid.org/0000-0001-8255-3909,
e-mail: olga.musinko@gmail.com.

HoBuubkuii FOpiii AnapiiioBuy - 3100yBay BUIIOI OCBITH Ha TPEThOMY (OCBITHRO-HAYKOBOMY) PiBHI,
HamionanpHuii  yHiBepcUTeT OlopecypciB 1 NPHPOAOKOpPHCTYBaHHS Ykpainu, M. KwuiB, VYxpaina,
https://orcid.org/0000-0003-1115-1747, e-mail: Novickii yurka@ukr.net.

Yuri Novitskyi - PhD Student, National University of Life and Environmental Sciences of Ukraine, Kyiv,
Ukraine, https://orcid.org/0000-0003-1115-1747, e-mail: Novickii _yurka@ukr.net.

Ogenuyk Lutst IropoBud - 3100yBay BHIIIOi OCBITH Ha TPETHOMY (OCBITHBO-HAYKOBOMY) PIBHI 32 CHEIIIAIBHICTIO
«ABTOMOOUTBHHI TPAaHCHOPTY», XapKIBCHKUH HAIIOHATBPHUHA aBTOMOOUIBHO-TOPOXKHINA YHIBEPCHUTET,
M. XapkiB, Ykpaina, ORCID: https://orcid.org/0009-0001-7808-4633, e-mail: ilyaolenchuk@gmail.com.
Illia Olenchuk - PhD student in Automobile Transport, Kharkiv National Automobile and Highway
University, Kharkiv, Ukraine, ORCID: https://orcid.org/0009-0001-7808-4633, e-mail: ilyaolenchuk@gmail.com.

Ouiitniuenko JIro6oB CepriiBHa - IOlEHTKA, KaHIUIATKa TEXHIYHUX HAyK, JOLEHTKAa Kadeapu neraineit
MallliH Ta MPHKIAJAHOI MeXaHiku, LleHTpanpHOyKpalHCHKWN HAI[IOHANBHUN TEXHIYHUHA YHIBEpCUTET,
M. Kpormusaumskuii, Yxpaina, ORCID: https://orcid.org/0000-0001-9351-6265, e-mail: loga lubov(@ukr.net.
Lubov Oliinichenko - Associate Professor, PhD, Associate Professor of the Department of Machine Parts
and Applied Mechanics, Central Ukrainian National Technical University, Kropyvnytskyi, Ukraine,
ORCID: https://orcid.org/0000-0001-9351-6265, e-mail: loga_lubov@ukr.net.

Opumreyko JAMATpo AHApiiioBHY - 3100yBad BHINOI OCBITH Ha JAPYroMy (MaricTepcbkoMy) piBHI 3a
crieriabHicTIO «KoMIT'toTepHi Haykuy», LIeHTpabHOYKpaiHCHKUI NIepiKaBHUK YHIBEpPCUTET, M. KpOIMMBHUIBKHI,
Yxpaina, ORCID: https://orcid.org/0009-0004-5371-8697, e-mail: 12026083 @cuspu.edu.ua.

Dmytro Oryshechko - Master’s degree Student in Computer Science, Central Ukrainian State University,
Kropyvnytskyi, Ukraine, ORCID: https://orcid.org/0009-0004-5371-8697, e-mail: 12026083 @cuspu.edu.ua.

Ocin Pycian AHAToJiiOBHY - JOLEHT, KaHAWAAT TEXHIYHUX HAyK, JOICHT Kadeapu eKcIuryaTarii ta
peMoHTy MamwH, L[eHTpanbHOYKpaiHChKHH HAI[IOHANBHAN TEXHIYHUHA yHIBepcuTeT, M. KpOmMBHUIBKUIA,
VYxpaina, ORCID: https://orcid.org/0000-0002-8927-5363, e-mail: ruslan_osin@ukr.net.

Ruslan Osin - Associate Professor, PhD (Candidate of Technical Sciences), Associate Professor of
Department of Exploitation and Repairing Machines, Central Ukrainian National Technical University,
Kropyvnytskyi, Ukraine, https://orcid.org/0000-0002-8927-5363, e-mail: ruslan_osin@ukr.net.

Ocramuyk HOmais OnexcanapiBHa - 3100yBadka BHIOI OCBITH HA TPETHOMY (OCBITHBO-HAYKOBOMY) PIBHI,
LeHTpanbHOYKpaiHChKMI HALIOHANBHUA TEXHIYHMHA yHIBepcuTeT, M. KponmuBHHIBKHH, YkpaiHa,
ORCID: https://orcid.org/0000-0002-7826-364X, e-mail: juli.biluk97@gmail.com.

Ostapchuk Yuliia - PhD Student, Central Ukrainian National Technical University, Kropyvnytskyi,
Ukraine, ORCID: https://orcid.org/0000-0002-7826-364X, e-mail: juli.biluk97@gmail.com.

II’enTak Mapist ImuTpiBHA - crapimii BUKIana4 kadeapu aBToMoOUTiB, TepHOMITBEChKIIA HAI[IOHATBHUN
TexHIYHUH yHiBepcuTeT iMeHi [Bana [Tynrost, M. Tepromine, Ykpaina, ORCID: https://orcid.org/0000-0001-
6758-6593, e-mail: mariaradykO3 @ukr.net.

Mariia Pientak - Senior Lecturer of the Automobiles Department, Ternopil Ivan Puluj National Technical
University, Ternopil, Ukraine, ORCID: https://orcid.org/0000-0001-6758-6593, e-mail: mariaradyk03@ukr.net.
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Hauekis Cepriii MuxaiiioBuy - 3100yBay BHUINOI OCBITH Ha TPEThOMY (ocBiTHBO- HayKOBOMY) piBHI 3a
crienianbHicTIO «[ amy3eBe MamIMHOOYAyBaHH:», TepHONMUIBCHKNI HAI[IOHAJIBHUH TEXHIYHUH YHIBEPCHTET
imeni IBana [lymros, M. TepHomine, Ykpaina, e-mail: sergo_pan@ukr.net.

Sergii Pankiv - PhD Student in Industrial mechanical engineering, Ternopil Ivan Puluj National Technical
University, Ternopil, Ukraine, e-mail: sergo_pan@ukr.net.

IManinko Auapiit IBaHOBHY - KaHMJAT €KOHOMIYHHMX HAYK, BUKIanayd Kadeapy TPaHCIOPTY i JOTiCTHKH,
3aximHOyKpalHCHKUN HaliOHANbHUH yHiBepcuteT, M. Tepromins, Ykpaina, ORCID: https://orcid.org/0000-
0001-8515-9376, e-mail: a.papinko@wunu.edu.ua.

Andrii Papinko - PhD (Candidate of Economic Sciences), lecturer of the department of transport and
logistics, Western Ukrainian National University, Ternopil, Ukraine, ORCID: https://orcid.org/0000-0001-
8515-9376, e-mail: a.papinko@wunu.edu.ua.

Menemox Tapac MupocaaBoBUY - TOKTOPaHT Kadeapu aBTOMOOLTIB, TepHOMIIBCHKUI HAI[IOHATBHHN
TexHIYHUH yHiBepcuTeT iMeHi [Bana [Tynros, M. Tepromins, Ykpaina, ORCID: https://orcid.org/0009-0006-
2136-8340 , e-mail: madbull@meta.ua.

Taras Peleshok - doctoral student of the Automobile Department, Ternopil Ivan Puluj National Technical
University, Ternopil, Ukraine, ORCID: https://orcid.org/0009-0006-2136-8340 , e-mail: madbull@meta.ua.

Ietnenxo Bosogumup IaBaoBud - 3100yBay BULIOT OCBITH Ha TPETHOMY (ocBiTHBO- HAYKOBOMY) piBHi 32
CIICIHATTBHICTIO «ABTOMOOLTBHUIA TpaHCOpT», [{eHTpaibHOYKpaTHChKIMIA HAIlIOHATBHIN TEXHIYHHUI YHIBEPCHUTET,
M. Kponmeaunekuit, Yipaina, ORCID: https://orcid.org/0009-0009-4006-3202 e-mail: Tpetlenko@ukr.net.
Volodymyr Petlenko - PhD Student in Automobile Transport, Central Ukrainian National Technical
University, Kropyvnytskyi, Ukraine, ORCID: https://orcid.org/0009-0009-4006-3202 e-mail: Tpetlenko@ukr.net.

IInaunens Muxaiino InskoBuY - mpodecop, JOKTOp TEXHIYHUX HAYK, Hpodecop Kaeapy IHKUHIPUHTY
MAaIIMHOOYIIBHUX TEXHOJOTIH, TepHONIBChKNI HalliOHAJIBHUH TeXHIYHUH yHiBepcuTeT iM. IBana [Tymos,
M. Tepromine, Ykpaina, ORCID: https://orcid.org/0000-0002-4286-9324, e-mail: pulupecmi@gmail.com.
Mykhailo Pylypets - Professor, Doctor of Science, Professor of the Mechanical Engineering Department,
Ternopil Ivan Puluj National Technical University, Ternopil, Ukraine, ORCID: https://orcid.org/0000-
0002-4286-9324, e-mail: pulupecmi@gmail.com.

ITuporos Bosognmup BacmiboBuY - J0LEHT, KaHIUIAT (Di3MKO-MaTEeMaTYHUX HayK, JOLEHT Kadenpu
JieTanield MallvH Ta MPUKIAIHOI MexaHiku, L[eHTpanbHOyKpaiHChKHI HAI[iOHATBHIN TEXHIYHUH YHIBEPCHUTET,
M. KpormmBauiskuii, Yxpaina, ORCID: https://orcid.org/0000-0002-5843-4552, e-mail: pirogovvv(@ukr.net.
Volodymyr Pirogov - PhD, Associate Professor of the Department of Machine Parts and Applied
Mechanics, Central Ukrainian National Technical University, Kropyvnytskyi, Ukraine, ORCID:
https://orcid.org/0000-0002-5843-4552, e-mail: pirogovvv@ukr.net.

Inexkan VYassva MuxaiiliBHa - KaHAWJAT EKOHOMIYHHMX HAyK, JOIEHT Kadeapu aBTOMOOLIIB,
TepHOMUTBCEKUN HANIOHANBbHUIA TexHiyHud yHiBepcuter iM. [ [lymros, m. Teprominb, YkpaiHa,
ORCID:https://orcid.org/0000-0003-2533-6355 , e-mail: Vnv123@ukr.net.

Uliana Plekan - Associate Professor, PhD, Associate Professor of Automobiles Department, Ternopil Ivan
Pulyj National Technical University, Ternopil, Ukraine, ORCID: https://orcid.org/0000-0003-2533-6355,
e-mail: Vnv123@ukr.net.

Horpemok Ipuna MukosraiBHa - npodecop, JOKTOp TEXHIYHUX HAYK, 3aBiTyBad BiUILTY MaTepialo3HABYHX
ocHOB imkeHepii moBepxHi, dizuko-mMexaniunmii inctutyt iM. [.B. Kapnenka HAH VYkpainu, M. JIbBiB,
VYxpaina. ORCID: https://orcid.org/0000-0002-3009-2829, e-mail: irynapohrelyuk@gmail.com.
Pohreluk Iryna - Professor, Doctor of Technical Sciences, Head of the Department of Materials
Fundamentals of Surface Engineering, GV Karpenko Physico-Mechanical Institute NAS of Ukraine, Lviv,
Ukraine. ORCID: https://orcid.org/0000-0002-3009-2829, e-mail: irynapohrelyuk@gmail.com.

Honpurano Muxaiisio AGoBu4 - npodecop, JOKTOpP TEXHIYHHX HAYK, 3aBigyBad KadelIpd TEXHOJOTIT
MamuHOOY/TyBaHHS T4 PEMOHTY MAIWH, XapKiBCBKUN HAI[IOHAJBHUI aBTOMOOLUTHHO-IOPOXKHIN YHIBEPCUTET,
M. XapkiB, Ykpaina ORCID: https://orcid.org/0000-0002-1624-5219, e-mail: pmikhab@gmail.com.
Mykhailo Podryhale - Professor, Doctor of Science, head of Technology of Machinery Manufacturing and
Machine Maintenance Department, Kharkiv National Automobile and Highway University, Kharkiv,
Ukraine, ORCID: https://orcid.org/0000-0002-1624-5219, e-mail: pmikhab@gmail.com.
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Honoraii Opecr IBaHoBMY - JIOUEHT, KaHAWJAT TEXHIYHHX HAYK, JIOUEHT KA(DSAPH YIPAaBIiHHS
iHpopmaniiinowo 6e3nexoro, JIbBIBChKUI NepKaBHUIM YHIBEpCHTET OE3MEeKH YKUTTEMISUTBHOCTI, M. JIbBIB,
VYxpaina, ORCID: https://orcid.org/0000-0003-4593-8601, e-mail: orest.polotaj@gmail.com.

Orest Polotai - Associate Professor, PhD (Candidate of Technical Sciences), Associate Professor of the
Department of Information Security Management, Lviv State University of Life Safety, Lviv, Ukraine,
ORCID: https://orcid.org/0000-0003-4593-8601, e-mail: orest.polotaj@gmail.com.

IMonoBuy Onexcanap IBaHoBHY - 37100yBay BUIOI OCBITH Ha TPETHOMY (OCBITHBO-HayKOBOMY) PIBHI 3a
CHEHIaNBHICTIO «ABTOMOOUTPHHI TPAaHCIOPTY, 3axiTHOYKPAiHCHKHMI HAIIOHANBHHWH  YHIBEPCHTET,
M. TepHomine, Ykpaina, e-mail: kaf tl@wunu.edu.ua.

Oleksandr Popovych - PhD Student in Road transport, Western Ukrainian National University, Ternopil,
Ukraine, e-mail: kaf tl@wunu.edu.ua.

Ipucsixuiok Osena BitaniiBHa - JIOLEHT, KaHAKWAAT TEXHIYHUX HAYK, TOLEHT Kadeapu iHGopMamifiHux
Ta mU(POBHUX TEXHONOTIH, LleHTpaTbHOYKpATHChKII JAepKaBHHIl yHiBepcHuTeT iMeHi Bonoaumupa BunHIYeHKa,
M. KpormBaumpkuit, Yxpaina, ORCID: https://orcid.org/0000-0002-7135-3124, e-mail: elena_drobot@ukr.net.
Olena Prysiazhniuk - Associate Professor, PhD in Information Technology (Candidate of Technical
Sciences), Associate Professor of Information and Digital Technologies Department, Volodymyr
Vynnychenko Central Ukrainian State University, Kropyvnytskyi, Ukraine, ORCID: https://orcid.org/0000-
0002-7135-3124, e-mail: elena_drobot@ukr.net.

Iy3ikoBa AnHa BageHTHMHiBHA - JIOUEHT, KaHAWAAT (Pi3MKO-MATEMATHYHUX HAYK, JOICHT Kadempu
inpopManiiHuX Ta TUQPPOBUX TeXHONOTIH, lleHTpanbHOYKpaiHCHKUI HepKaBHUN YHIBEpCHTET IMEHI
Bonogumupa Bunanyenka, M. Kpomusuipkuit, Ykpaina, ORCID: https://orcid.org/0000-0002-6843-
5583, e-mail: a.v.puzikova@cuspu.edu.ua.

Anna Puzikova - Associate Professor, PhD in Information Technology (Candidate of Physical and
Mathematical Sciences), Associate Professor of Information and Digital Technologies Department,
Volodymyr Vynnychenko Central Ukrainian State University, Kropyvnytskyi, Ukraine, ORCID:
https://orcid.org/0000-0002-6843-5583, e-mail: a.v.puzikova@cuspu.edu.ua.

Poratunchkmit Poman MuxaiisioBuda - mnpodecop, TOKTOpP TEXHIYHHX Hayk, mpodecop Kadempu
aBTOMOOLTIB, TepHOMIbCHKUI HAIlIOHANFHHUN TeXHIYHUHN yHiBepcuTeT iMeHi IBana [lymios, M. TepHOMiN®,
VYxpaina, ORCID: https://orcid.org/0000-0001-8536-4599, e-mail: rogatynskyi@gmail.com.

Roman Rogatynskyi - Professor, Doctor of Science, Professor of the Automobile Department, Ternopil
Ivan Puluj National Technical University, Ternopil, Ukraine, ORCID: https://orcid.org/0000-0001-8536-
4599, e-mail: rogatynskyi@gmail.com.

Pynenko Tumodiii BikTopoBHY - 10LEHT, KaHIUIAT TEXHIYHUX HAYK, TOIEHT KadeApH eKCILTyaTalii Ta
peMoHTy MamuH, LleHTparbHOyKpailHChKUI HAI[lOHATBHAN TEXHIYHUH YHiBepcUTeT, M. KpOMMBHHIIEKUH,
Yxpaina, ORCID: https://orcid.org/0000-0001-6879-7624, e-mail: r-t-v@mail.ua.

Tymofii Rudenko - Associate Professor, PhD (Candidate of Technical Sciences), Associate Professor of
Department of Exploitation and Repairing Machines, Central Ukrainian National Technical University,
Kropyvnytskyi, Ukraine, ORCID: https://orcid.org/0000-0001-6879-7624, e-mail: r-t-v@mail.ua.

PyrkoBcbkmii Anatoqiii BitanilioBud - crapmmii HaykoBUH CIIBPOOITHHK, KaHIUIAT TEXHIYHUX HAYK,
CTapIINi HAYKOBHIA CHIBPOOITHUK BiIIUTY MIIIHOCTI MaTepialiB i eIeMEHTIB KOHCTPYKI[IH B TEPMOCHIIOBHX
MOJISIX 1 Ta30BHX MOTOKAaX, [HCTUTYT mpobnem mirHocti iMeni I'. C. ITucapenka HAH Vkpainu, M. Kuis,
VYxpaina, ORCID: https://orcid.org/0000-0001-9515-814X, e-mail: rut2000@ukr.net.

Rutkovskiy Anatolii - Senior Researcher, Candidate of Technical Sciences, Senior Researcher at the
Strength of Materials and Structure Department in thermo - Power Fields and Gas Streams, Institute of
Strength Problems GS Pisarenko National Academy of Sciences of Ukraine, Kyiv, Ukraine, ORCID:
https://orcid.org/0000-0001-9515-814X, e-mail: rut2000@ukr.net.

Cagenko Ouaer CranicaiaBoBu4 - mpodecop, JOKTOp TEXHIYHUX HAYK, podecop kadeapr KoM toTepHOT
imKkeHepil Ta iHpoOpMAaIifHUX cucTeM, XMEIbHUIBKHN HAI[IOHANBHUN YHIBEPCHUTET, M. XMEIbHUIBKHA,
VYxpaina, ORCID: https://orcid.org/0000-0002-4104-745X, e-mail: savenko oleg_st@ukr.net.
Oleh Savenko - Professor, Doctor in Information Technology (Doctor of Technical Sciences), Professor of
Computer Engineering and Programming Department, Khmelnytskyi National University, Khmelnytskyi,
Ukraine, ORCID: https://orcid.org/0000-0002-4104-745X, e-mail: savenko oleg_st@ukr.net.
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Caxno Cepriii AnaroqifioBu4 - 37100yBad BHINOI OCBITM Ha TPEeThOMY (OCBITHBO-HAyKOBOMY) piBHI,
XapkiBCbKUH ~ HaI[lOHAJNBHHH  aBTOMOOIUTBHO-IOPOXHIA  yHiBepcuTer, M. XapkiB,  YkpaiHa,
ORCID: https://orcid.org/0009-0002-7874-3376, e-mail: sahno.avcentr@gmail.com.

Sakhno Serhii - Post-Graduate Student, Kharkiv National Automobile and Highway University, Kharkiv,
Ukraine, ORCID: https://orcid.org/0009-0002-7874-3376, e-mail: sahno.avcentr@gmail.com.

Cepriiiuyk Anapiii AnapiioBuu - 3700yBad BHIIOI OCBITH Ha TPEThOMY (OCBITHHO-HAYKOBOMY) DIiBHI,
LeHTpanbHOYKpaiHChKMI HALIOHANBHUA TEXHIYHUHA yHIBEpCHTeT, M. KpomuBHHIBKHH, YkpaiHa,
ORCID: https://orcid.org/0009-0000-3588-0560, e-mail: kirovogradsto@gmail.com.

Andrii Serhiichuk - PhD Student, Central Ukrainian National Technical University, Kropyvnytskyi,
Ukraine, ORCID: https://orcid.org/0009-0000-3588-0560, e-mail: kirovogradsto@gmail.com.

Cnonp BikTop BikTopoBWY - KaHIMIAT TEXHIYHNX HAYK, OLEHT Kadenpn OyniBHUITBA, apXiTEKTYpH Ta
nu3aiiny, XepCOHCHKUI NepKaBHUN arpapHO-eKOHOMIUHUE yHiBepcuTeT, M. KpomuBHHIBKMIA, YkpaiHa,
ORCID: https://orcid.org/0000-0001-5535-0794, e-mail: viktor.ukrain2015@gmail.com.

Viktor Slon - PhD (Candidate of Technical Science), Associate Professor of the Department of
Construction, Architecture and Design, Kherson State Agrarian and Economic University, Kropyvnytskyi,
Ukraine ORCID: https://orcid.org/0000-0001-5535-0794, e-mail: viktor.ukrain2015@gmail.com.

CwmipaoB Ouekciii AHaToifioBHY - TIpodhecop, TOKTOp TEXHIYHUX HAYK, 3aBidyBad Kadenpu Kidepoesneku
Ta TporpamHoro 3abesrnedyeHHs, I[[eHTpalbHOYKPATHCHKUIM HAI[IOHANBHUN TEXHIYHUM YHIBEPCUTET,
M. Kpomueautpkuid, Ykpaina, ORCID: https:/orcid.org/0000-0001-9543-874X, e-mail: dr.smirnovoa@gmail.com.
Oleksii Smirnov - Professor, Doctor of technical sciences, head of Cybersecurity & Software Academic
Department, Central Ukrainian National Technical University, Kropyvnytskyi,  Ukraine,
ORCID: https://orcid.org/0000-0001-9543-874X, e-mail: dr.smirnovoa@gmail.com.

CwmipHoB Cepriii AHATOJIIHOBHY - JOIICHT, KAHAWIAT TEXHIYHUX HAYyK, TOIEHT Kadenpu KibepOe3neku ta
mporpaMHoro  3abesmedeHHs, lleHTpambHOYKpaiHCHKUI  HAIIOHANBHWHA TEXHIYHUH  YHIBEPCHTET,
M. Kpornmsautpkuii, Yipaina, ORCID: https://orcid.org/0000-0002-7649-7442, e-mail: smirnov.ser.81(@gmail.com.
Serhii Smirnov - Associate Professor, PhD, Associate Professor of Cybersecurity & Software Academic
Department, Central Ukrainian National Technical University, Kropyvnytskyi,  Ukraine,
ORCID: https://orcid.org/0000-0002-7649-7442, e-mail: smirnov.ser.81@gmail.com.
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. References
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