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«TexHiuHi HayKH Ta TEXHOJIOTII» BHECEHO [0 MepeiKy HayKoBUX (haxoBHX BUAAHb YKpaiHu, 3atBepmkeHoro Hakaszom MiHicTepcTBa OCBITH | HayKn YKpaiHH Bif
11.07.2019 p. Ne 975 (3i 3minamu Big 09.02.2021 Ne 157), BifnoBifHO 10 SIKOTO KypHAIy HaJaHO KaTeropito «by».

TexHiuHi HAyKU Ta TEXHOJIOT T : HayKOBHUH »KypHai / HarjionansHuii yHiBepeuteT «HepHiriBebka nositexHikay. — Yephiris : HY «UepHirisebka
noJitexHika», 2023. — Ne 3(33). — 252 c.
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OBJAJTHAHHSA VI TTEPUIHAX TEXHOJIOTTA ®OPMOYTBOPEHHS
BUPOBIB 3 IOJIIMEPHUX MATEPIAJIIB

B pobomi nposedeno ananiz icuyiouux po3apo6ok i 00cniodcens 2iOpuoHUX MexHoI02il (popMOYMEOPEHHs NOGEPXOHD, SIKI
noeouyroms 3D-0pyx 3 nocmobdpodxor. Ilomenyian 2iOpudHUX MexHOI02il POPMOYMEOPEHHS NOTASAE Y CMBOPEHHT demaliell
31 CKIAOHOI NPOCMOPOBOIO 2e0MEMPIEI0 Ma NOKPAUJEHOK AKICMIO | MOYHICIIO GUKOHAGUUX | 6a308UX nosepxonv. Binvuu de-
MAanrbHO CKOHYEHMPOBAHO YBa2y HA pednizayii iOpuOHUX MeXHON02Il Ha 0OAAOHANHI 3 NAPANenbHOIO Kinemamuxolo. Buseneno
npobremamuxy, nesupiwieni 3a0aui ma chopmynbO8aAHO NEPCREKMuUBU nOOaILWUX 00caiodcens. Ilpedcmasnena 6 cmammi
inghopmayis mae oensidosuil xapakmep.

Knrwuoei cnosa: 2ibpuoni mexunonoeii popmoymeopeHHs, aoumueni mexHon02ii, 001A0HAHHA 3 NAPANENbHOIO KIHeMAamu-
K010, NOJIIMEpHI Mamepianu.
Puc.: 11. Bién.: 17.

AKTyaJIbHICTh TeMH AoCaimkeHHs. ['iOpuaHi TexHonorii (popMOyTBOpEHHS Ha OCHOBI
nonimepiB (Hybrid polymer-based manufacturing technology) Buknukanu 3HauHUl iHTEpEC B
OCTaHHI POKH 3aBISKH iX MOTCHI[IAY 10 BUPOOHHUIITBA ACTalCH 31 CKIaJHOI T€OMETPIEI0 Ta
(GYHKIIIOHATLHUMU XapaKTEPUCTUKAMU, SKUX HEMOXIIUBO JTOCITTH TPAAUIIIHHIMHA METOJaMHU
BUpOOHUITBA. OJTHUM 3 PI3HOBU/IIB TOPUIHUX TEXHOJIOTiH (P OPMOYTBOPEHHS € TIOETHAHHS Ha
OoHOMY 00JIaHAHHI ITpoIIeciB anuTHBHOTO BHpoOHUNTBa (Additive Manufacturing) i cyoTpax-
TUBHOTO BHpOOHMIITBA (Subtractive Manufacturing) ajis BUTOTOBJICHHS KIHIIEBOI JETai.
Ornsaay caMe TaKuX TEXHOJIOTTH MPUCBIYCHA JJaHA CTATTS.

Ha BigMiHy Big kiacuaHuX MeTomiB 3D-ApyKy, riOpuIiHiI TEXHOJIOT1T (HOPMOYTBOPCHHS Ha
OCHOBI TIOJIIMEPIB JT03BOJISIFOTH BUKOPUCTOBYBATH TPATUIINHI KOHCTPYKIIiIHI MaTepiaiu, 1110
BUKOPHCTOBYIOTHCS B TEXHOJIOTISIX MAaCOBOTO BUPOOHHMIITBA, HAITPHKIIA]] TSPMOILIACTH, a HE iX
aHayior# (poTomnoiMepH, TOPOIIKOBI OJIIMEPH ), 110 3HAYHO PO3MIUPIOE 3aCTOCYBAHHS TEXHO-
jorii. Ane y KIacHYHHUX eKCTpy3iiHuX Meronax 3D-apyky i3 3aCTOCYBaHHSIM TEPMOILIACTIB
CYTTEBOIO ITPOOJIEMOIO € SKICTh Ta TOYHICTh IMMOBEPXOHb BUPOOIB. B TIOPHAHUX TEXHOJIOTIIX
(hOpMOYTBOPEHHSI OCHOBHOKO (DYHKIII€I0 aTuTUBHOTO Tiporiecy (3D-Ipyk) € CTBOPEHHS KOH-
CTPYKIIH 3 IPOCTOPOBO-CKIIAHUM TEOMETPUYHUM IpodiieM 3 HEOOXIJTHOK TOYHICTIO 1
MIHIMaJTHHOI MATEpIaIOMICTKICTIO. A (YHKIII€EI0 CYyOTpPaKTHBHOTO TPOIECY, SKUM € Me-
xaHi9Ha 00pobka 3 UITY, € 3a0e3nedeHHs KiHIIEBOI TeOMETPUYHOI TOYHOCTI Ta SIKOCTI MOBEPXHI
BHPOOiB. TaKUM YMHOM, TiOpHIHE BUPOOHUIITBO CTBOPIOE MOKIIMBOCTI BUTOTOBJICHHS JeTajiei
31 CKJIQJIHOIO ITPOCTOPOBOIO T'€OMETPIEI0, ajie 3 MOKPAIICHOK SKICTIO 1 TOYHICTIO BUKOHABYHMX
MOBEPXOHb, OCHOBHUX 1 TOMOMDKHUX 0a3. [1, 2]

I'6pumaHi TexHOoMIOTIi (hOPMOYTBOPEHHS Ha OCHOBI ITOJIIMEPIB MalOTh 3HAYHUM ITOTEHITIAN Y
HU3MI crienuiuHux cdep 3acToCyBaHHS Ta IHAYCTPIaIbHUX CEKTOPIB 1 TICHO TMOB’s3aHi 3
Hanpsmkamu [aaycTpii 4.0. [3] (tabaums 1)
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Tabnuya 1 — Inoycmpianvni cekmopu ma npuxkiaou 3acmocy8ants 2iOpuUOHUX mexHono2il

InaycTpiajJbHUil ceKTOp 3acTocyBaHHs ri0pUIHUX TEXHOJIOTii GopMOyTBOpEeHHsI
Po6GoTrorexHika Ta aBTOMAaTH- BupoOHALITBO KOMIIOHEHTIB JJIsl pOOOTOTEXHIKH Ta CUCTEM aBTOMATH3aIlii,
3aris TaKWX 5K 3aXBaTH, JATIYMKHU Ta CUCTEMU KepyBaHHs. [loeJTHAHHS aTUTHBHUX 1

CyOTpPakTUBHMX MPOLECIB IO3BOJISIE BUTOTOBISITH JETali 3 IHTErPOBAaHHMH
(YHKIISIMU, TAKUMH SIK pi3b00BI BCTaBKH 200 €IEKTPUYHI KOHTAKTH, SIKi MO-
KYTb CIIPOCTUTH CKJIQJaHHs Ta ITiABUIIUTH IPOYKTHBHICTh CUCTEMHU.
BuroroBneHHs1 iHCTPYMEHTIB Ta yCTaTKyBaHHS JUIsl aBTOMAaTHU3allii npouecy
CKJIQJIaHHSI BY3JIiB.

BupoOHHLITBO BepcTaTiB Ta BurotoBneHHs KOMIIOHEHTIB BEPCTATIB Ta MAIIKH 31 CKJIQTHOIO0 TEOMETPIEI0

MaIIuH MTOBEPXOHb. BUTOTOBIEHHS CIEIiabHUX 3aTUCKAdiB CKIATHOI GOpMH s
BEPCTATHUX MPUCTPOIB.

AepoKocMigHa TPOMHU- BuroToBneHHs CKIaIHUX, TOYHHX, MTOJIETIICHNX ETaJIeH 3a TOTIOMOTOI0 TO-

CJIOBICTh TOJIOTIYHOT ONITHMI3AIlil Ha eTaIli MPOEKTYBAHHS Ta BHKOPUCTAHHS MOKITUBO-

cTell aJUTUBHOTO BUPOOHHIITBA JIJIsl BUTOTOBIICHHS IeTallell 3 Y4ACTKOBUM 3a-
MOBHEHHSIM BHYTPILIHBOI CTPYKTYPH.

MenudHa rany3b BurotoBneHHs iMILIaHTIB Ta TPOTE3iB 3 BUCOKOIO TOYHICTIO Ta MiHIMQJIEHOIO
HIOPCTKICTIO CKJIAJJHUX MMOBEPXOHb.

Jxepeno: po3po0ieHo aBTOpaMHu.

3araqomM BUKOPUCTAHHSI TIOPUIHUX TEXHOJIOT1H (OPMOYTBOPEHHS Ma€ HACTYITHI IEPEBary:

- MiABUIICHHS €(pEKTUBHOCTI 32 paXyHOK 3MEHIIIEHHS KUIBKOCTI TEXHOJIOTIYHUX OTepaLlil,
HEOOX1OHUX IJIS BUTOTOBJICHHS ACTalli, KUILKOCTI OJMHUIL 00JIaJJHAHHS Ta HEOOX1THUX JIFO/I-
CBKHX PeCypciB i1 00CTYyroBYBaHHSI ILOTO OOJIaTHAHHS, 1[0 CyMapHO MPU3BOIUTH 10 CKOPO-
YEeHHS 4acy BUTOTOBJICHHSI Ta 3HI)KCHHS BUTPAT;

- MiABUIICHHS T€OMETPUYHOT TOYHOCTI Ta SIKOCTI TOBEPXOHB JETaleH 3a paXyHOK MO€aHA-
HHS Ha OJHIA TEXHOJOTIYHIN omeparlii aquTUBHUX TEXHOJOTIH I MBUIKOTO (HOPMOYTBO-
peHHS Ta CyOTPaKTUBHUX TEXHOJIOTIN JJI1 YMCTOBOI OOPOOKM BUKOHABUMX Ta 0A30BUX MOBEP-
XOHB J€eTalIl.

- BUPOOHHUIITBO JI€TaNei 3 KAaCTOMi30BaHUMHU (DYHKIISMHU, SKi HEMOXKIUBO BHUTOTOBHUTHU
JIUIIIE 3a JOTIOMOTOI0 TPAIUIIIHHAX METO/IIB BUPOOHUIITBA.

ITocTanoBKka mpodaemu. BripoBakeHHs T1OpHIHUX TEXHOIOT1H (POPMOYTBOPEHHS eTa-
JIeH 3 TOJIIMEPHUX MaTepialliB Ma€ HU3KY MpooieMHux MoMmeHTiB. [lepr 3a Bce 11e mpobiema-
TUKa 00JasHaHHS A7 Ti0puIHOro (POPMOYTBOPEHHS TOBEPXOHB 3 MOJIMEPHUX MaTepiaiB.
Kracuune o61aiHaHHs aANTUBHOTO BUPOOHUIITBA 13 3aCTOCYBAHHAM MOIiMEPIB - 3D npuHTEepH
JUISL €KCTPY31HHOTO JPYKY - HE MalOTh JOCTaTHBOI )KOPCTKOCTI IS peanisalii cyOTpaKTUBHUX
MPOIIECIB 3 BHCOKMMHU TIOKa3HMKAaMH TOYHOCTI Ta SIKOCTI OOpOOJeHUX MOBEpXOHB. Bimowmi
pilleHHs 3 iHTerparii aJUTUBHUX Ta CyOTPAaKTUBHUX MPOIIECIB HA METAIO0OPOOHUX BepcTaTax
3 UITY [4,5]. Onnak, uepe3 BUCOKY BapTICTh MOAIOHOTO 00JIafHAHHS TaKi PIIICHHS HE MOXKHA
BBKATH IIUPOKOJOCTYITHUMHU TEXHOJIOTISIMH JJIsl KIiHIIEBOTO BHpPOOHWKA. A HAJIMIIKOBA
YKOPCTKICTh TaKOT'O 00JIaTHaHHS, 3aKJIaJeHa IJI1 YOPHOBOT 0OPOOKHM METaliB, HE MOTPIOHA /IS
O0CTOOPOOKH IOJIIMEPIB.

[Tpomecu MexaHIYHOT OOpPOKH TONIMEPIB € HEAOCTAaTHBO JIOCTIPKEHOI0 TEMOK B
NOPIBHSAHHI 3 TIpollecaMy MeXaHi4HO1 00poOKu MeTaiiB. KpiM Toro 3HauHuii CTyniHb HEBU3HA-
YEHOCTI IOJA0Th aHI30TPOITHICTh Ta CKIIaHONIepe10adyBaHi 1eeKTH neTaneit popMoyTBope-
HUX TexHojorisiMu 3D-apyky. Tomy icHye mpobiema ¢i3uKo-MexaHiYHIX 0COOIMBOCTEN TPO-
11eCiB TOCTOOPOOKH MOJIIMEPHUX BUPOOIB YTBOPEHUX aTUTUBHUM CIIOCOOOM. BupimeHHs 11i€l
npo0OsieMu OTpedye TOAATKOBUX JOCIHIKEHb, SIK TCOPETUYHHUX TaK 1 EKCIIEPUMEHTAThHUX.

[IpobGnema nmporpamuoro 3ade3nedeHHs. Ha choroaHinmHIN JeHb reHepatis KepyrJoi mpo-
rpaMu Ui aAUTUBHOTO Ta CyOTPAaKTUBHOTO BUPOOHULITB 3HAUHO BiAPI3HIOThHCA. ToMmy 3a1a4ya
YIPaBIIHHS MPOIECOM T1OpUIHOTO (POPMOYTBOPEHHS IS TiABUIIEHHS TOYHOCTI JIeTaleH 3a
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paxyHOK IOCTOOPOOKH € aKTyallbHOIO. AIMTUBHE BUPOOHULITBO JOIMYycKae poOoty 3 stl-chaii-
namMu  (CiTouHMMH (opMaTtaMHu) a YTBOPEHHsS (OPMOYTBOPIOIOUUX PYXIB 3IIMCHIOETHCS
BUKJIIOYHO I10 NMPSIMUM TPAEKTOPISAM, K1 JIHIHHO apOKCUMYIOTh HEOOXIJHHI KOHTYD.

[lle omniero mMpoOIEMOIO TIOPUIHUX TEXHOJIOTIH (HOPMOYTBOPEHHS € HEOOXIAHICTh 1HTE-
rparii KUIbKOX pi3HUX TEXHOJIOTIYHHX MPOLECIB, III0 CTBOPIOE 0ap’€pH 31 CTOPOHHU arapaTHOro
3a0e3nevYeHHs, MPOrPaMHOT0 3a0€3MeUeHHs Ta IHTErpallii CHCTEM KepyBaHHS.

Yacro riopuaHi TexHOIOr1l (HOPMOYTBOPEHHS Tepen0adaroTh BUKOPUCTAHHS PI3HUX Ma-
TepialiB, 0 MOXKE CTBOPUTHU TPYIHOIII IiJI Yac MOCTOOPOOKU AeTaneil 3 pi3sHOPIAHUX Ma-
tepianiB. OcoOIMBOIO TPOOIEMOIO € HEOOX1THICTh Y QIAITHBHUX CUCTEMAX, SIK1 O BpaXxOBYyBan
aHI30TPOIIYHICT MaTepiany mpu oOpoOIll TakuX AeTaleld HUIIXOM KOPUTYBaHHS PEXHMIB
00pOOKHM 3 MAaKCUMAJILHOIO MBUAKOAIE!0. [0 1IbOTO CITifl 1oAaTH HEOOX1MHICTh 3a0e3MeUCHHS
CYMICHOCTI MaTepiajiB i aaresii, 0coOIMBO MPU NOEIHAHHI PI3HUX TUIIB TEPMOILIACTIB.

MerToro cTaTTi € OTJIs]] ICHYIOUMX CyYaCHUX PO3pPO0OK 1 BIPOBAIKEHHS 00 HAHHS JIJIs
riOpuIHUX TEXHOJOTiH (hopMOyTBOpPEeHHS BHPOOIB 3 MaTepiajiiB Ha OCHOBI MOJIIMEPIB JUISI BU-
SIBJICHHS, CHCTeMaTH3allii mpoOJieMaTUKH 1 HEBUPIIICHUX 3a71a4d Ta (POpMYIIIOBaHHS MEePCIEK-
TUB TOJAIBIINX JOCIIIKEHb.

Buxaan ocHoBHoro marepiaiy. Ha chorognimHiii 1eHs chOpMOBaHE MEBHE PO3YMIHHS
TEpMiHY «TiOpUAHI TEXHOJIOTI(», SIKE 3a JyMKOIO aBTOPIB CYNEPEUYUTh CYTi IIbOTO MOHSTTS.
Croroani y OUIBIIOCTI BIAKPUTUX JDKEPEI TIOHITTS TIOpUIHUX BUPOOHUYMX TEXHOJIOTIH BBO-
JUTHCSI BUKJIFOUHO Yepe3 MOETHAHHS MAX0IB 10 (GOPMOYTBOPEHHS AeTaneil, ToOTo riopuaHi
TEXHOJIOT11 TIOSICHIOIOTHCS BUKITFOUHO Yepe3 MOEJHAHHS aJIUTUBHUX Ta CYOTPaKTHBHUX TEXHO-
noriid. [1, 2] Takox y OUIBIIOCTI JOCTIIKEHb T1IOPUIHI TEXHOIOTII 3rafyI0ThCS BUKIIOYHO Y
3aCTOCYBaHHI J0 BUPOOHMIITBA JeTanel 3 MeTany. L{e mosiCHIOEThCs TepIn 3a BCe THUM, IO OC-
HOBHHMH JIiIepaMH Y BUPOOHHUIITBI T10pUIHOTrO 00JIaHAHHS € BETUKI BUPOOHUKH BEPCTATIB 3
YIIK, s1xi 3 pOCTOM MOMYJISIPHOCTI ANTHBHUX TEXHOJIOT1H MoYasiv iHTerpyBaT Moy st 3D
JIPYKYy Y CBOI BEpCTaTH Ta cucteMu. [3, 4, 5]

ABTOpH TIPOTOHYIOTH PO3IJISIATH T1OPUIHI TEXHOJIOTI] HE TUIBKH y KOHTEKCTI MO€THAHHS
IiaX0/iB 10 GOPMOYTBOPEHHS, a caMe Yepe3 MO€HAHHS PI3HUX TUIIB TEXHOJIOT1H Ha OJJHOMY
ycTaTkyBaHHI. Hanpukian, o6iamHanHs, 10 MOKe KOMOIHYBAaTH €KCTPY31HMHUN IPyK TEPMO-
IUTACTaMH 3 JIUTTSAM 0araTOKOMIIOHEHTHHUX IOJIIypEeTaHiB, SK 1HIIOIO TEXHOJOTIEI0 TEXK MOXKHA
BB)KATH TIOpUIHOIO TEXHOJOTI€I0. X0Ya OCHOBHA MpoOiemMa TiOpHIHOTO TEXHOJIOTIYHOTO
o0JTIaTHaHHS PO3KPUBAETHCS CaMe MPH MOETHAHHI aIUTUBHUX Ta CyOTPaKTUBHHUX TEXHOJOTIH,
mpo 110 OyJI0 CKa3aHO BUIIIE.

Marepianu, npeincTaBieHi Jani B CTaTTi, BUKJIAAEHI BIAMOBIAHO OO METH poOOTH 3a
HACTYITHOIO CTPYKTYPHO-JIOTIYHOIO MOCTIIOBHICTIO (CXEMOI0):

1) AHani3 icHyrouux po3poOOK Ta MOCIHIIKEeHb OONaAHAHHS JJsl TIOPUAHUX TEXHOJIOTIN
(GhOpMOYTBOPEHHSI.

2) BusiBieHHs npo0aeMaTHKHY 1 HEBUPIILIEHUX 3a/1a4.

3) ®opMyrOBaHHS TMEPCIICKTUB MOJAIBIINX JOCIHKCHb.

AHaJi3 iCHyIYHX Po3po00K Ta MOCTiI:KeHb OONaJHAHHS IS TiIOPUIHUX TEXHOJOTIH
(GhOpMOYTBOPEHHS.

Sk Bxe OyJio 3a3Ha4YeHO, aHAJII3 MPOBEICHUX JOCIIIKEHb MMOKa3ye, 10 Ti0puIHI TeXHO-
JIOT11 TIOSICHIOIOTBCS Ta JIOCIIKYIOThCS BUKJIFOUHO Yepe3 MOETHAHHS aIUTHBHHUX Ta CyOTpaK-
TUBHHUX TEXHOJIOT'1H, HE BPaXOBYIOUH MOXJIMBOCTI KOMOIHYBaHHS HIIUX TexXHOJOTiH. Takox
OUTBIIICTH JOCIIKEHB PO3TIIAIAE TIOPUIHI TEXHOJIOT1T BUKIIOYHO Y pO3pi3i 3aCTOCYBaHHS 110
meraiiB. lle i BH3Ha4Yae aKTyalbHICTh JAHOTO JOCIHIPKEHHS, Yepe3 BEIMKHHA 3alHuT Ha
MOJTIMEPHI Ta KOMITO3UTHI JIeTajll 3 OJJHOT0 OOKY, Ta HEIOCIIIIPKEHICTh TEMHU T1OPUIHUX TEXHO-
J0rii popMoyTBOpeHHS BUPOOIB 3 MaTepiaiiB Ha OCHOBI MOJIIMEPIB 3 1HIIOI.
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Cortina, M. [6] y cBoiif poOOTi HABOAUTH OJMH 3 PUKJIA/IIB IOEAHAHHS TEXHOJIOTII CeNeK-
TUBHOTO J1azepHoro crikanHs (Selective Laser Sintering) Ta mocToOpoOKy HaIPyKOBAaHUX Me-
TIIYHUX AeTanedl pi3aHHsIM. BUpOOHHMK BHUCOKOIIBHIKICHMX OOpOOHMX IIeHTpiB Matsuura 3
2003 poky po3pobusie TiOpumHi dpe3epHi BEpPCTaTH YISl Ja3€PHOTO CITIKAHHS METaily I
Ha3zoro LUMEX ([7]. Ll cepist ckinamaeTbes 3 ABOX pi3HUX TiOpupHux 3JI-puHTEpIB, SKi
BIJIPI3HAIOTHCS po3MipoM pobodoi 3oam, Lumex Avance 25 1 Lumex Avance 60. B 060x moe-
JISTX BCTAHOBJICHO 1TepOi€BUI BOJIOKOHHUH J1a3ep, a ornepallis Gppe3epyBaHHS BUKOHYETHCS 3a
3aMOBUYYBaHHSAM Miciist 00poOku koxHUX 10 1mapiB, Sk mokazaHo Ha puc. 1.

OnHO3HAYHUM HEJOJIIKOM CHCTEMH € HasBHICTH MOPOIIKY, IO 3MIMIYETHCS 3 CTPYKKOIO
i yac oOpoOKH Ta 3aBakae CIIKaHHIO MiCis 00pOOKH.

AHaIOTIYHUN TPUHIUI CEIEKTHBHOTO JIA3EPHOTO CITIKAHHS BHUKOPHCTOBYETHCS 1 70 TO-
POIIKIB Ha OCHOBI MOJIMEPIB.

1. Po3mogincHAS MOPOIIKY 2. JIazepHa o6podka 3. OpesepyBanud
> i e
Posnoainenns \ / \ / ITmaaens
HOPOLIKY

TTopomor

TlimitoMimil eTin THmiowMITITT eTin
«ny | | Kosxmi «n» I
[OBTOPEHE TIOBRTOpEHb

o kpory 1 -

Puc.1 Cxemamuune 300padicenns npoyecy 2iopuono2o supoorHuymea oemaiei 3 Memauy 3da
MEXHON02IEI0 CeNeKMUBHO20 N1a3epH020 cnikanHus [6]

V crati po3rasHYTI TaKOXX HAHMOMYJISAPHIII KIHEMaTHYHI CXeMH (puc. 2), 1110 BUKOPUCTO-
BYIOThCS Y OOJIaIHaHH] JIJIsl TIOPUAHUX TEXHOJIOTiH (HOPMOYTBOPEHHS HAa OCHOB1 CEJIEKTUBHOTO
JazepHoro crikanHs. )KoeH 3 HaBeIeHNX BapiaHTiB HE BUKOPUCTOBY€E MEXaH13MH MapaeIbHO1

CTPYKTYPH.

|L L L

-7 R

JIEE
3 " 3 & S

R L L

S S 3

RRLLL RLLLR LLLRR (1) LLLRR (2)

IncTpyment

—

Cria

AN

Jliniiina Bick (L)

Ofeprora eick (R)

= =
X 0 =

N

Puc. 2 Buou naubinbus nonyisapHux KiHeMamuyHux 1aHoK, Wo 6UKOPUCTOBYIOMbCS
8 KOHCMPYKYIAX 001a0HAHHA 015 2i0PUOHUX MeXHO102ii hopmoymeopenns [6]
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Cortina, M. y cBofiif npami 3 nocunanasaM Ha Flynn Ta 1. [8] Takox po3risgae ta cucre-
MaTH3y€ BUKIIUKHU Ta Oap’€pH, XapaKTepHi sl 00JIafHaHHS JUIsl TIOPUIHUX TEXHOJIOTIH (op-
MOyTBOpeHHs. (puc. 3). He nuBisiunch Ha Te L0 CTATTS Opi€HTOBaHA Ha TiOpuIHE BHUPOO-
HHIITBO JIeTajiel 3 METaJiB Ta 3aCTOCYBAaHHS CEJIEKTHBHOTO JIA3epHOTO CIIKaHHS METaJiqHUX
MOPOUIKiB, PO3IJISIHYTI BUKIIMKH (CKJIAIHICTh MOETHAHHS PI3HUX TEXHOJOTIYHUX MPOIIECIB HA
OJIHOMY TEXHOJIOTIYHOMY OOJIaIHaHH1) € aKTyaJIbHUMH 1 JIJIs1 TIOpUTHUX TIPOIIECIB OB’ SI3aHUX
3 BUPOOHUIITBOM JICTaJIel Ha OCHOBI TOJIIMEPIB.

T = (1) Bnnue avauiysansHo (3] FecmeTpuuHa
{5) HeofxigHi Hosi OXONOBMVIONDT PIgMHIT HE | — ) HEBMIHaYEHICTE

niazon “agMTHERW NpoUen AMATHEHOTO NpOUECY
A L T BUpOBHALTEE

(6] Yernagmene
HaagaHHa

onepatopls  npouecy

{3) TemneparypHa
noct obpobika

(7) Hapmwxosmi
marepian 3
[l pisaki)

(8) Nepepotia — 9} 3axucr

: (2) ABpasnesi vacTRK
PeTERIRITY nican nocT obpaGim y
CHETEMI NEperiLe HHA

YCTATHYBAHHA

Puc. 3 Buxauxu 0o obaaonanus 0ns 2iopuonux mexuonocii popmoymeopernus [6]

V crarri Jli Ta iH. [9] nponoHyeThest OMIIsiA 6-0CHOBOrO TiOPUIAHOTO aAUTUBHO-CYOTPAKTUB-
HOTO TIPOIECY BUPOOHMIITBA 3 BUKOPUCTAHHSIM POOOTH30BAHOI PYKH 3 IITICTbMa CTYTICHSIMH BlJTb-
HOCTI y TIO€THAHHI 13 TUTaT(GOPMOIO JUTS BUTOTOBIICHHS eTajel (puc. 4). [10puanuii mporec Gpop-
MOTBOPEHHS Peali30BaHO 3a JOMOMOTOK POOOTHU30BAHOT PYKH 3 IIICThMA CTYIECHSIMHU BUILHOCTI,
OCHAIIIEHO! KUIbKOMA 3MIHHUMHU 1HCTPYMEHTaM{ Ta IHTETPOBAHOI BHPOOHHUOIO IUIAT(HOPMOIO.
ABTOpH 3a3HAYAIOTH, III0 OTPUMaHI Pe3yJIbTAaTH JOCITIHKEHHS T1IOPUIHOTO aTUTHBHO-CYOTPAKTHB-
HOT'0 TIPOIIeCy MOKa3au, 110 TIOpHUIHI TeXHOIOTIl ()OPMOYTBOPEHHS MAIOTh 3HAYHUI TOTEHIIA
JUTSI CKOPOUSHHSI Yacy BUPOOHHIITBA, BUTOTOBIICHHS JIETAJICH 3 KPAIIOIO AKICTIO ToBepXHI. OCHOB-
HOIO NIEPEBArol0 BUKOPUCTAHHSA POOOTU30BAHOI PYKH, SIK CHCTEMH IMEPEMIIIEHHS, € MOKJIMBICTD
YTBOPEHHS SIKICHOT TTOBEPXHI JTOBUTLHOI (POPMHU 3aBISIKHM TUHAMIYHOMY PETYJIOBAHHIO HAIIPSIMKY
ocCl IHCTpyMEHTY Ta YCYHEHHsI OTpeOH B Ipy1i MATPUMYIOUOTO MaTepiaiy.

AnaparHi e1eMeHTH

6-ockoBHii podor 3minwmi incTpymMenTh Inrerposana naargopwa

Bick 3
'\ Bice 4 —

Jaxean podora

Bict.2 | ‘/ Y, ﬂ
‘/_‘ N ‘—"//‘ Harpinnmii
Al A Bicw 6 crin
Bic 1 \_/ ICh Kpinienns i
— K‘]luulmnﬂ nocToBpotiu
'l[lLTD\i“L"TlB
a 8

Puc. 4 Komnonenmu 2iopuonoeo adumueﬁo-cy6mpal<mu6H020 supobnuuoeo npoyecy [9]:
a — pobomu3z06ana pyKa, 6 — sMiHHI 20J106KU, 8 — naamegopma

¥ crarri [10] X. Song Ta iHIII aBTOpY KOHIIEHTPYIOTh YBary Ha MpoOJIeMaTHULIl TO€THAHHS /11~
TUBHOT'O Ta CyOTPAaKTUBHOTO BUPOOHUIITBA 3 TOUKH 30PY 0OMEKEHOCT1 OLTBIIIOCTI ICHYIOUMX KOMIIO-
HOBOK JIJIsI TIOPHTHOTO Ta aJUTUBHOTO BUPOOHUIITBA 3-Ma OCSIMU. BBIIICTh MPOIIECiB aUTHBHOTO
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BUPOOHMIITBA € TOUIAPOBUMHU 3 TpbOMa JIHIMHUMHU pyxamu 1o ocaX X, Y i1 Z. OmHak iCHYIOTb
HEJIOJTIKH, TIOB’sI3aH1 3 TAKUMUA OOMEXEHUMH pyxamu. Harpukian HekoHPOpMHI BIaCTUBOCTI Ma-
Tepiany, epekT cXoiB i 0OMeKXEeHHS Ha HapOIIlyBaHHS HABKOJIO BCTaBOK. 1100 yMOXKIMBHUTH 6-0Ch-
OBI IepPEMIIIIEHHsI Mi>K IHCTPYMEHTOM 1 3arOTOBKOIO, aBTOPH JOCIIKYIOTh MeXaHi3M CTroapra (puc.
5) Ta po3poOUIM HEAOPOTHI MTPOTOTUIT CUCTEMH ISl AIUTUBHUX Ta CYOTPaKTHBHUX BUPOOHHUHMX
MPOIIECIB, TAKUX SIK MOJICTIFOBAHHS HAIUTaBJICHHS 1 mocToOpodka 3 UITY.

i

Thowarkoea
Tpacwropin
imcTpyMenTy

TouEa s

>— g Kinnenn Touwsn T

% 4/1""4 _

Dloman koms

Touka S Ob" e

0

Puc. 5 Inlocmpayia cucmemu koopounam (a) i 20106HUX napamempis NPOXOOHCeHH S
HeNiHiH020 KOHmYpY (6) npomomuny 2iOpuUOHOi cucmemu Ha OCHOBL MeXaHizMy niam@opmu
Cmioapma. [10]

B po60Ti 00roBOpIOIOTHCS TEXHIYHI TTPOOIEMU TIPHU PO3POOIII TAKOI CHCTEMH, BKITFOYAIOUH
MPOEKTYBaHHS anapaTHOro 3a0e3eueHHs], IJIaHYBaHHS Ta MOJICIIIOBAaHHS PyXYy, IEPEBIpPKY 00-
MEXeHb TIaTHOPMH, MOJICITIOBAHHS PyXY IHCTPYMEHTY Ta KaliOpyBaHHS MIaTGOPMH.

VY crarti M. Milutinovi¢ Ta iHIII1 aBTOPH OMUCYIOTh T1IOPUIHY BUPOOHUYY CHCTEMY Ha OC-
HOBI MapajenbHOi KiHEMaTHKH, aje KOHIICHTPYIOTh YBary BUKJIIOYHO Ha KiHEMATHYHOMY
aHaJTi31 Ta aHali3i poOOYOro MPOCTOPY CHCTEMH, HE OMHUCYIOYH TiepeBaru abo HETOTIKH BUKO-

pHUCTaHHS TaKOi CHCTEMH Y T1OpHUIHUX TIporiecax GopMOyTBOpeHHs (puc. 6). [11]
M

Puc. 6. Obnaonanus ons 2iopudnux npoyecie popmoymeopenHs Ha 0OCHOBI
Tricept kinemamuku [11]
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Hwxde mpencraBieHo aHalli3 iICHYIOUMX BHIIB 00JIaIHAHHS, Ha SIKUX MOXKIIMBA peaizalis
TiOpUIHUX TEXHOJOTIH (POPMOYTBOPEHHS JETANCH 3 TTOJIIMEPHUX MaTepialiB.

Mynstudynkuionansauii 3D npuntep Namma Eva Hybrid 3D (puc. 7) € cucremoro
riOpUIHOTO BUPOOHUIITBA, KA TOEIHYE TEXHOJOTIl aIMTUBHOTO Ta CyOTPAaKTHBHOTO BUPOO-
Huirea. 06’ eM BUpoOiB 0OMexkeHu po3mipamu podouoi 3ouu (MM) 500 x 500 x 500. B Namma
Eva Hybrid 3D nepenbauena peamizamisi 3-x TexHoOJOTi dopmoyTBOpeHHs: 3D-npyk, me-
xXaHIYHA 00poOKa pi3aHHsAM, JiazepHa 00poOka. B manomy Tumi oOmamHaHHS TepenadadeHa
TUIBKM MOKJIMBICTH PYYHOI 3aMiHM 1HCTPYMEHTIB (JIE€KiJIbKa BHIIB MOAyMiB it 3D-1mpyky,
HINMUHCT PI13HOT MOTY>KHOCTI, Ja3epHi pizaku) [12].

Puc. 6. TI'iopuonui, mynomughynkyionanshuti 3D npunmep Namma Eva Hybrid 3D (©@panyis) [12]

Biacytnicte y Namma Eva Hybrid 3D MoknuBOCTI aBTOMAaTH30BaHO1 3aMiHH 1HCTPY-
MEHTY HE J03BOJISIE MAKCUMAJIBHO €()EeKTUBHO KOMOIHYBAaTH Pi3HI TEXHOJIOTIi B MeKaX OZHi€l
TEXHOJIOT1YHOI OTepalrii.

Diabase H-Series 3D printer (puc. 8) - 1ie cucrema riOpuaHoro BUpOOHMIITBA, TOOYI0BaHA
Ha ocHOBI OaraTokoopauHaTHOTO Bepcerara 3 UIIK. OcHOBHOIO 0COOMMBICTIO IIHOTO 00J1aHA-
HHS € CUCTeMa 3aMiHU 1HCTPYMEHTa Ha OCHOBI PEBOJILBEPHOT T'OJIOBKHM Ta 0araTOKOOpAMHATHA
MoCcT-00poOKa Ta IpykK BUPOOIB [4].

Puc. 7 Cucmema eibpuonoeo supoonuymea Diabase H-Series (CILIA) [4]
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4D Pioneers 4Shift (puc. 9) - 3D-npunTep Ha OCHOBI pOOOTU30BAHOI CHUCTEMH 3 MOX-
JUBICTIO aBTOMATHYHOI 3aMiHM MOJIYJIB APYKY, SKUH 3IaTHUW TMpaIloBaTH 3 PI3HUMH Ma-
TepiajaMy Ha OCHOBI MOJTIMEPiB, BKIIOYAIOUHN CHIIIKOH Ta KOMIIO3UTHI roJiimepu [ 13]. Bukopu-
CTaHHS POOOTH30BAaHOI PYKH, SIK CHCTEMH IEPEMIIIECHHs, HE JO3BOJSE JIOCATATH BHCOKHX
MOKa3HHUKIB TOYHOCTI 0OpOOIIIOBAaHUX MOBEPXOHB MPH IMOCTOOPOOIII Ta He 3a0e31edye BUCOKOT
MPOTYKTUBHOCT1 ()OPMOYTBOPEHHSI ITOBEPXOHbD.

‘ "ltr PIONEERS

-

4

\

Puc. 8. 4D Pioneers, 4Shift 3D printer (@panyis) [13]: a — 3aeanvuuii 6uod, 6 — pobomuso-
8aHa pyKa 3 3MIHHUM MoOyiem 015 3D-0pyKy.

o

Ha croronni Bunyckankamu HarioHanbHOTo TEXHIUHOTO yHIBepcuTeTy YKpainu «KuiBch-
KM TOMITEeXHIYHUN 1HCTUTYT 1M. Iropst Cikopchkoro» Ta YHIBEPCUTETY NPUKIATHAX HAYK M.
Xo@ 3acHoBano crapran SmartZavod. [14] B manomy craprarmi 3aKLieHTOBAaHO yBary Ha CTBO-
peHHi oOnagHaHHS IS TIOpUIHOT TeXHOJIOTIT (OPMOYTBOPEHHS JAeTaliel 3 MOJIMEPHHUX Ma-
TepiaiiB, sike O BIAMOBIIAIO0 3aIUTaM PUHKY Ta BHPIIIyBaJI0 OCHOBHI POOJIEMH, SIKi ONHCaHI B
Iii cTaTi. 30KpeMa CUCTEMa Ma€e B OCHOBI CHUCTEMY TIEPEMIIIICHHS 3 CTPYKTYpaMu HapajieTbHOT
KIHEMaTHKH, 110 JI03BOJISIE MATU JOCTATHI JMHAMIYHI XapaKTEPUCTUKH JJIsl MIBUAKOTO Ta MPO-
TyKTUBHOTO 3D-1pyKy 3 OJTHI€T CTOPOHU Ta JOCTATHIO YKOPCTKICTh JIJIST MEXaHIYHOT TOCTPOOKH
BUPOOIB 3 1HIIOI.

[Nopumauit mpuaTep SmartZavod (puc. 10) mae yHIKaJIbHY CHCTEMY aBTOMAaTH30BaHOI
3aMiHU IHCTPYMEHTA JJIsl TOE€HAHHS PI3HUX TEXHOJIOTIH (hOpMOYTBOpPEHHS JIeTaleil Ha OfHIH
TEXHOJIOT14HIN omneparlii 0e3 BTpy4aHHs ornepaTopa. Taka cucteMa CTBOPIOE MOYKIITUBOCTI CTBO-
PEHHS CKJIaHUX JeTalel 3 4acTO0 3MiHOIO (POPMOYTBOPIOIOYUX IHCTPYMEHTIB. YHIKalIbHICTh
CHCTEMH TOJISITA€ B TOMY, III0 CHCTEMa J03BOJISIE aBTOMATUYHY 3MiHY Pi3HHX MOJYJIiB 332 TUTIOM
TEXHOJIOT1i Ta pO3MipoM (MOIYJIb I €KCTPY3ii TEPMOIUIACTIB pi3HUX JAiameTpiB coria Bix 0,2
MM 710 2,5 MM, MOJYJI1 JJIs 3MIITyBaHHS 1 JI03YBaHHS KOMIAYH/IIB Ta CHJIIKOHIB, MOy JIJIS
ocToOpOoOKH) y KOMOIHAIIIT 3 CUCTEMOIO IEpeMillleHHs Ha OCHOBI MapajenbHOl KIHEMaTHKH.
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Puc. 9. Konyenm nognicmio asmomamu3zoeanoco 2iopuonozo 3D npunmepa SmartZavod
3 A8MOMAMuU308aHOI0 CUCMEMOIO 3MIHU IHCIMPYMEHMY ma CUCmemoio ouuweHus cmoay [14]

JlomaTkoBO AJi1 TOBHOT aBTOMATH3aIlil MPOIeCy BUPOOHMIITBA MTPOTOTHUIIIB Ta KIHIIEBUX
BUpPOOiB OyIa po3poliieHa cucTeMa aBTOMAaTHYHOTO OYMIIICHHS CTOJTY Ta 3HATTS HaAPyKOBAHUX
BUp0oOiB. CHcTeMa 3axHIlleHa JBOMa aTeHTaMU Ha KOPUCHY MoJiensb [15, 16].

30KkpeMa pe3yabTaTd poOOTH HaJ CTBOPEHHSIM cucrteMu SmartZavod mpoinum Brpo-
Ba/DKEHHS B HaBUAJIbHUN mporiec Ha Kadenpi koHcTpytoBanHs MamiH HTYY «KIII im. Irops
CikopChKOTO» TPU BUKJIaaHHI JUCIHILTIHU « TexHOoIoridHe 001aJHaHH 3 TapalieIbHO0 KiHe-
MAaTHKOIO» Ta CTAJIM YaCTHHOIO HaBYaILHOTO MmociOHmka [17].

B Tabmumi 2 HaBeneHO cHCTEMAaTHU30BaHE MOPIBHSHHS XapaKTEPUCTHK ICHYIOUOTO Ha
ChOTOJTHI 00JTaTHAHHS JUTs TIOPUAHUX TEXHOJIOT1H (POpMOYTBOPEHHSI.

AHai3 iICHYIOYHX pIillIeHb MMOKa3ye, 110 B CETMEHTI JTOCTYITHOTO OOJIafHAHHS T10pUTHUX
TEXHOJIOT1# (hOPMOYTBOPEHHS BUPOOIB JJISI MAIMX Ta CEPEIHIX MIAMPUEMCTB HE BUSBIICHO Be-
JMKOI KUTBKOCTI pillleHb. 3HaiiIeH] pIlIeHHs MalOTh T1 UM 1HII 0OMEXEHHS, 10 yCKIIQAHIOIOTh
HOTO BUKOPUCTAHHS JIJIs1 KIHIICBUX KOPHUCTYBayiB

3okpema Namma Mae BiIHOCHO BEJIUKY poO0Uy 30HY Ta IOCTATHIO JJIs TOJIMEPHUX JeTajei
TOYHICTh TOCTOOPOOKH. Ajie oOpaHa KiHEMaTHKa OOMEXy€ BHUKOPHUCTAHHS JHUIINE 3a 3-Ma
ocsMu. BincyTHICTh aBTOMaTH30BaHOT 3MIHU IHCTpPYMEHTa pOOUTH BUKOPUCTAHHS 00J1aJTHAHHS
y 3aCTOCYBaHHI 0 BUPOOHMIITBA CKJIAJIHUX BUPOOIB, /e TOTpiOHA YacTa 3aMiHa 1HCTPYMEHTY
MPOTATOM OJIHI€1 TEXHOJIOTIYHOI omepailii, JOCUTh HE3PYUHHUM JIJIsl oriepaTopa abo B3araii He-
MO>KJTUBUM.

Pimennsa Diabase moOynoBaHo Ha OCHOBI BepcTaTa KJIaCHYHOI KOMIIOHOBKH 3 0apabaHoM B
SIKOCT1 CUCTEMH 3MiHHM 1HCTpYMEHTY. KOMIIOHOBKAa Ma€ TOCTaTHIO YKOPCTKICTh ISl OTepariii
nocto0pooku. KoMmoHoBKa MOy st aIMTUBHOTO ()OPMOYTBOPEHHS HE Ja€ MOXKIUBOCTI BUKO-
PHCTOBYBATH TEPMOAKTUBHY KaMepy, 0 3HAYHO 0OMEXKY€ KUIbKICTh TOJIIMEPIB K1 MOKHA 3a-
CTOCYBAaTH.
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Tabnuys 2 — IopisuanHsa xapakxmepucmux 001a0HaKHs O/ 2IOPUOHUX MEXHON02Il (op-

MOYmMBOperHsL 6Upo0i6 3 NOIMePHUX Mamepianie

Ne 3(33), 2023

HaiimenyBanHs 00yaJHaHHS
XapaKkTepUCTUKH Smart Zavod | Namma Eva |Diabase H-Series| 4D Pioneers.
Hybrid 3D 3D printer 4Shift
Po3mipu po6ouoi 300U (MM) 450x450x450 |1000x500x500| 416x186x375 485x485x500
ToYHICTE MTO3UIIIOHYBAaHHA Y TPHOX KO- 0,05 0,05 0,03 (Hemae sannx)
opauHarax (MM)
Tum kKiHeMaTHKH Tripod. [Tapa- Cartexian Cartexian XYZ 3| PoGoruzosana
nenpHa KiHeMa- MOBOPOTHAM | pyKa Ha OCHOBI
XYZ.
THKA CTOJIOM Cobots
HasBHiCTh aBTOMaTHYHOI 3MiHH BHKO- n ) n n
HAaBYOTO OPTaHy
KinbKicTh TEXHOJIOTIH, 1110 MOXYTh
. . 5 3 2 3
OyTH peani3oBaHi
KinmpkicTh OCeid, 1110 BHKOPUCTOBYETHCS 3 3 5 5
Juist (hOPMOYTBOPEHHS
KisIbKicTh IHCTPYMEHTIB 8 6 6 4
II;SEE);KICTL aJHTHBHOTO (OpMOYTRO- 300 mm/c 150 mm/c 150 mm/c 100 mm/c

Jorcepeno: pospobaeno asmopamu.

Pimennst 4D Pioneers moOyaoBaHO Ha OCHOBI pOOOTH30BaHOT PYKH Ta Ma€ CUCTEMHU 3MIHU
iHCTpYMeHTIB Ui 4 mo3uniil. Po6oTH30BaHa pyka Ta KOHCTPYKIIiSl CHCTEMHU J1a€ MOKJIMBICTh
3MIHU IHCTPYMEHTIB JIHIIIE B 0OMEKeHOMY rabapuTi. TOOTO YHEMOKIUBIIIOE 3MIHY MIXK IHCTPY-
MEHTaMU HaNpUKJIaa ULl 3BUYalHOTO IPYKY 3 COIuIoM aiaMeTpom 0,4 MM Ta BHCOKONPOIYK-
THUBHOTO JPYKY OUTBIIMMH eKCTpyJepaMu. Tako BCTAHOBJICHHS BHCOKOUIBHIKICHHX IINHH-
JIeTTiB 17151 TOCTOOPOOKHM ab0 103yI0U0-3MIIIyI0u0ro o0IaJHaHHS € HEMOXIUBUM. BupoOHHK
HE HaJa€ JTaHWX 32 TOYHICTIO Ta MAKCHMAJIbHIMU IBUKOCTSIMH ()OPMOYTBOPEHHS, aJIe BPaxo-
BYIOUM BHKOPHCTaHHS iM pOOOTH30BAHOI PYKH, SIK CUCTEMH MEpEMIIIEHHS MOXKHa 3pOOHTH
BHCHOBOK PO OOMEKEHHS 3a IUMH HapaMeTPaMH.

Pimenns SmartZavod BpaxoBye HalBa)JIMBIII BUKIUKH TiOpugHoro obmanHanus. Cu-
cTeMa 3MiHHM IHCTPYMEHTY JI03BOJISI€ OTIEPYBATH 3 PI3HUMH 3a TUIIOM Ta rabapuTamMu 1HCTPY-
MEHTaMH B aBTOMAaTH30BaHOMY LIUKJIi. 30KpeMa rapajeibHa KiHeMaTHKa J03BOJISIE PaIIoBaTh
3 BUCOKMMH IIBUJIKOCTSMH 1 MPUCKOPEHHSIMH Ta Ma€ JOCTATHIO YKOPCTKICTH JIJIsI TOCTOOPOOKH
NOJIIMEpiB 32 paXyHOK 3aKpUTOi KIHEMAaTHYHOI JJAHKH Ta B1JICYTHOCTI BEJIMKUX PYXOMHUX Mac.

Takox pileHHs € MacTabOBaHUM ITiJ] HETUTAHAPHUM IPYK Ta 00poOKy 3a OiIbIIe HiX 3-
Ma ocsiMu. OCHOBHUM HEJIOJIIKOM PIIICHHS € CKJIaJHICTh MEXaHI3MiB MapalieIbHOI CTPYKTYpH
Ta BIJCYTHICTh €JWHOTO MPOTPAMHOTO 3a0e3MeuUeHHs, sSKe AaBajo O 3Mory edeKTHBHO Ta
3py4YHO BUKOPHUCTOBYBATH Pi3HI TEXHOJIOTIi Ta THIIM MaTepialliB Ha OJIHIN TEXHOJIOT1uHii ore-
parii.

AHati3 HayKOBHUX Tpallb 1HACKCOBAaHMX HAyKOMETPUYHOIO 023010 Scopus 3a KIIOUOBHUMHU
cinoBamu «Hybrid AND manufacturingy 103BoJisie OIIIHUTH KUTBKICTh TPallh Ta TUHAMIKY PO-
CTY JOCIiKeHb B 1i ramy3i 3 2013 mo 2022 pik.

€ 0THO3HAYHUMN TPEH/] Ha 301IBIIICHHS TOCTIHKeHB Y 11l TeMi. Tak KuIbKicTh mpaitb y 2020
poti B 1Ba pa3u 6OinbIie B nopiBHsHHI 3 2014 (puc. 11, a). Jlinupyrounmu kpainamu € Kuraii,
CHIA, Himeuunna (puc. 11, 6).

3 iHIOi CTOPOHHU, TMUOMIMIA MOIIYK MOKa3ye, IO KUIBKICTh Ipalb HAIIEHUX Ha J0-
CIIDKEHHS TIOpUIHUX TEXHOJIOT1H (POPMOYTBOPEHHSI caMe€ y 3aCTOCYBaHHI JIO TOJIMEpIB €
NOPIBHSHO HEBEJHMKOIO, 110 BIJKPHBA€E 3HAUHI MOXKIIMBOCTI JUISL AOCHIKeHHS 1iei Temu. [lo-
IIyK 32 KJIFOYOBUMH cioBaMH, 110 BKIo4aroTh «POLYMERS” naB ycworo 132 pesynbrat y
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nepion 3 2013 mo 2022 poku, a JeTadbHUNA aHaTi3 CTaTel MoKa3as, IO 1 Mparli O1IbIIe po3riis-
JAI0Th T1IOPUIHICTH TEXHOJIOTIH 3 TOYKH 30PY 3aCTOCYBAaHHS PI3HUX KOMIIO3UTHUX MaTepiaiB.

Kinbkicrs pokysentis ma pix KinnwicTn goxymentie o kpaini a0 perioni
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Puc. 10. Pesynomamu ananizy HayKkosux npayb iHOEKCOBAHUX HAYKOMEMPUUHOIO OA3010
Scopus 3a knovoeumu crosamu «Hybrid AND manufacturing» 3a nepioo 3 2013 no 2022
POKU: @ - KIbKICMb Npayb no pokax, 0 - KilbKicmyb npaysb 3a Kpainamu

BucHoBku. TakuM YHHOM MOXXHA BHJIUTATH Ta CUCTEMATH3yBAaTH HACTYIIHI MPOOIeMHU
obnagHaHHSA JUTsl TIOPUIHUX TEXHOJIOT1H (OPMOYTBOPEHHS BUPOOIB 3 TTOIIMEPHUX MaTepiaiB.

1. TexHiuHO HOCKOHaNe OOJaIHAHHS JUIS TIOpUAHOTO (OPMOYTBOPEHHS HeTaled 3
MOJIIMEPIB CTBOpEHE Ha 6a3i 00pobmoBanpHUX 1EeHTpiB 3 UITY He € mupoKo0CTYITHUM IS
KIHIIEBOTO CIIOKMBAaYa — MAJIUX Ta CEPEAHIX BUPOOHMUMX MiANIPHEMCTB. Take 001aHaHHS Ma€e
HAJUTHIIKOBY YKOPCTKICTh, TIEpe10ayeHy JUisl YOPHOBOI 0OpOOKH MeTaiB, sika HE TOTPiOHA JIs
nocToOpoOKH aeTaneit 3 monimepis. Lle Takox BIUIMBa€e Ha eHEProePeKTUBHICTh, BPAXOBYIOUH
BEJIMKY KUTBKICTh IOMOMDKHHUX PYXiB HEOOXITHUX VIS IMTUBHOTO (DOPMOYTBOPEHHS 3 OJHIET
CTOPOHH Ta BEJIMKI PyXOMi MacH By3JIiB BEpCTaTa 3 iHIIOI.

2. IcHytodi pillieHHS B JOCTYITHOMY CETMEHTI MalOTh TIEBHI CYTTEBI OOMEXEHHs. 30KpemMa
IpY BUTOTOBJICHHI CKJIaTHUX BHUPOOIB, e TOTpiOHA YacTa 3MiHa IHCTPYMEHTY, iCHye Ipodiaema
aBTOMAaTH30BaHOI 3MiHU 1HCTpyMeHTa. Hapasi 11e peanizoBaHo 3/1€011bII0T0 Ha OCHOBI po00-
TU30BaHUX PYK, SKi B CBOIO Yepry HE MOXKYTb 3a0€3MEUUTH JTOCTaTHBOI IIBUAKOCTI 0OpOOKH,
MarTh OOMEKEHHS 32 pOOOYOI0 30HOIO Ta YKOPCTKICTIO Yy KPAHIX MOJIOKEHHAX POO0YO0i 30HHU.

3. IMutanHa MOCTOOPOOKHM MOJIMEPIB € HEJOCTaTHBO AOCHIPKEHUM. 30KpeMa Iie CTO-
Cy€eThCsl OOPOOKM JAeTasiell 3 MoJiMepiB, K OTPUMaHI aUTHBHUMH TEXHOJIOTISIMA Ta MalOTh
cneurivyHy BHYTPIIIHIO CTPYKTYPY 1 aHI30TPOITIYHI BIACTUBOCTI MaTepiaiy.

Hoxanpumi HANPSIMKH PoOOTH

Criuparouuch Ha aHaji3 ICHYIOUMX PILIeHb MOAAJBIIUN HAmNpsSMOK POOOTH BKIIOYAE
HACTYTHI TUTAHHS:

1) aHasi3 1OUIIBHOCTI BUKOPUCTAHHS PyXOMOI CHCTEMH Ha OCHOBI MapasiesibHOi KIHEMAaTUKU
110 T10puIHOTO 00MaTHaHHS 1)1 HOPMOYTBOPEHHS JIETaleH 3 TOJIIMEPIiB 3 BpaXyBaHHSIM BU3HA-
YeHOi MPOOIeMaTUKH Ta KPUTEPIiB 10 00JIaJHAHHS,

2) TMHAMIYHUI aHaJi3 pyXoMoi (OpMOYTBOPIOIOYOI CHCTEMH 3 MEXaHi3MaMH MapajeabHO1
KIHEMAaTHKH;

3) aHai3 MpoIECiB MEXaHIYHOT MOCTOOPOOKH JIeTaNIe 3 TIOJIIMEPIB Ta KOMITO3UTIB OTpUMa-
HUX aJUTUBHUM BUPOOHHIITBOM;

4) ekcriepUMEHTAJIbHE MMIITBEP/HKEHHS €(PEKTUBHOCTI Ta MPAIe3aTHOCTI PO3POOICHOT CH-
CTEeMH aBTOMAaTH30BaHOi 3MiHM IHCTPYMEHTY Ha Pi3HHX THIAX Ta rabapurax IHCTPYMEHTY;
OIlIHKA Yacy 3aMiHH 1HCTPYMEHTY, SIK OJHOTO 3 KJIFOUOBUX MMapaMeTpiB €EeKTHBHOCTI pOOOTH
CHCTEMU;
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5) omiHka po3pobIieHOro Ta MOOYAOBAHOTO MPOTOTHUITY OO HAHHS IS T10puIHOTO (Op-
MOYTBOPEHHS Ha OCHOBI MEXaHI13MiB HapaJieJIbHOT CTPYKTYPH;

6) HOCiJHE BIIPOBAPKEHHS CUCTEMH Ha BUPOOHNYMX MIANPUEMCTBAX YKpainu Ta HiMmeuunHu;

AKTYyalIbHICTh TOJATBIIUX JOCTIIHKEHb Ta PO3POOKH TIOPUAHUX TEXHOJIOTIH (HOPMOYTBO-
peHHs BUPOOIB HAa OCHOBI MOJIMEPIB MiATBEP/PKEHA 3alUTAMH 3 PI3HUX CEKTOPIB MPOMHCIIO-
BOCTI, @ TAKOX HEJIOCTATHHOIO JOCIIIKEHICTIO BU3HAUEHOIO 3a ToIrykamMu y 6a3i Scopus. Bu-
KOPUCTAHHS TMapajeibHOI KIHEMAaTHKH B OCHOBI PyXOMOi CHCTEMH TIOpHAHOTO MPHUHTEpa
MiATBEPKEHO TOCIIDKSHHIMH TUHAMIKH TIPOIECIB TOCTOOPOOKH TONIIMEPIB, IO Oy/Ie BUKIIA-
JICHO aBTOPaMH Y TIOAAJBIINX CTATSIX.
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EQUIPMENT FOR HYBRID MANUFACTURING TECHNOLOGIES OF POLYMER
MATERIALS PARTS

Hybrid polymer-based manufacturing technologies have significant potential in the production of components with com-
plex geometries and functional characteristics that cannot be achieved by traditional methods, as well as in several specific
applications and industrial sectors related to Industry 4.0: robotics and automation, medicine, aerospace, machine tools, and
machinery. The use of hybrid manufacturing technologies, including additive and subtractive, increases production efficiency
by reducing the amount of required human and technical resources; enables the production of customized parts that cannot be
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produced using traditional equipment, as well as parts with complex spatial geometry and improved quality and accuracy of
the working and base surfaces.

Scientific research and analysis have shown that polymer processing requires further study. Additionally, the introduc-
tion of hybrid polymer-based manufacturing technologies has a number of problems: lack of a sufficient theoretical and ex-
perimental basis, insufficient accuracy of equipment, too high price for widespread use, software development, integration of
several technological processes, and the frequent need for equipment to use different materials simultaneously, which can
create a problem with their compatibility.

The article's purpose is to review the existing modern solutions and implementation of equipment for hybrid polymer-
based manufacturing to identify and systematize problems and formulate prospects for further research.

The article analyses the existing types of equipment that can be used to implement hybrid polymer-based manufacturing
technologies. Their characteristics are compared, and the advantages and disadvantages are considered, which were later
identified and systematized into three main problems: the inaccessibility of technically advanced equipment for small and
medium businesses, as well as its excessive rigidity and low energy efficiency; significant limitations in the existing available
solutions, insufficient research on the issue of polymers post-processing. The article considers the concept of equipment for
hybrid polymer-based manufacturing, which would meet market demands and solve these main problems. The research pre-
sents a unique system of automated tool change that can combine different technologies in one operation without the operator’s
intervention.

Presented in the article information is an overview. Further, the research materials can be used to analyze the feasibility
of using a parallel kinematics moving system in hybrid polymer-based manufacturing technologies.

Keywords: hybrid manufacturing technologies, additive technologies, parallel kinematics equipment, polymer materials

Fig.: 11. References: 17.

Connues O. Camnon C. O6nagHanHs s riOpHIHUX TEXHOIOTiH (GOpMOYTBOPEHHS BUPOOIB 3 MOJIIMEpHUX MatepianiB. Texuiuni nayku ma
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OBIPYHTYBAHHS KOHCTPYKTUBHUX TA EKCILTYATAIINHHUX
BUMOI' 10 HIIAUOMHUKA J1JIS1 OBCJIYT'OBYBAHHA OIIOP
BYJINMYHOI'O OCBITJIEHHSA

Cmamms npuceauena KoNicHOMY NiOUOMHUKY Os 0OCIY208Y8AHHA ONOP BYAUYHOO OCEIMIEHHA Md 0OIPYHMYE6AHHIO
KOHCIMPYKMUBHUX MA eKCHAYAMAYITHUX BUMO2 00 HbO2O, € 02NA006010 MA NPeOCMasieHd IHPOPMayis Mac 02na006Ull Xapax-
mep. Ilpuceauena ys cmamms u6Opy ma OOIPYHMYBAHHIO KOHCMPYKYIL NIOUOMHUKA O 0OCIY208Y8AHHS ONOD GYIUUHOZO
ocsimnenns. Memoro pobomu € po3enad Hedonikie nobayernoz2o pawiuie niOUOMHUKA Ma 0OIPYHMYBAHHS HOB0I KOHCIMPYKYIT

0CGIMNEHHs 3 ONOpPaAMU PI3HO20 nonepeyHozo nepepizy. Ocobausa yeaza npucesuena 6ubopy 2aibm O NiOUOMHUKA, WO Ma-
10Mb 8I0N0GIOAMU NEGHUM YMOBAM.
Knrouosi cnosa: onopa; synuune oceimieHHs, aHanis; KOHCMPYKYis; NiOUOMHUK.

Beryn. CtatTs € OrIs0BOIO Ta MPHUCBSIUEHA PO3IIISALY HEJOJIKIB iICHYIOYOi KOHCTPYKIIT
MiTHOMHUKA JJI1 OOCTYTrOBYBaHHS OIOP BYJIMYHOTO OCBITJICHHSI Ta OOTPYHTYBaHHIO BUOODY
CKJIQJIOBUX JieTajell moaiOHOi KOHCTPYKIIIi KoJIicHOTO TiaiioMHuka. Ha mijgcraBi Buieckasa-
HOTO B JIaHI{ cTaTTi OyAyTh PO3IJISTHYTI HEJOMIKH BXKE 3aIPOMIOHOBAHOTO aHAJIora KOJIICHOTO
MigHOMHUKa, 0OpaHa Ta OOIPYHTOBaHAa KOHCTPYKIIS KOJICHOTO MITHOMHHUKA JJIsi 00CITyTO-
BYBAHHS OTIOp BYJMYHOTO OCBITJICHHS.

INocTranoBka 3amaui

Mertoto pobGOTH € pO3TJIsij HEMOMIKIB 00paHOi KOHCTPYKINi aHayjora Ta oOTpyHTYBaHHS
MOBMHHA 3a0€3MeuyBaTH eKCIUTyaTalliifHi BUMOTH sl OTIOP Pi3HOTO MOTIEPEYHOTO Mepepi3y By-
JMYHOTO OCBITJICHHS.

Pe3yabTaTn nociiakeHb

Ha mizmcraBi ananmizy mareHTHOI iH(pOpMAIIii Ta KOHCTPYKIIH aHAIOTTYHUX IiIHOMHHUKIB,
NpE/CTaBICHUX Ha PUHKY YKpaiHu Ta Aeskux iHmwmx kpain (Himewunmna, CHIA, Kanana ta
SnoHis), MoxkHa c(HOPMyYITIOBATH Pl KOHCTPYKTUBHUX Ta €KCILTyaTaI[lfHUX BUMOT.

3arajgbHi BUMOTH JIO KOHCTPYKIIIi TaKi:

1. KoHcrpykiiisi migiilOMHUKA MMOBHMHHA JOMYCKaTH 30MpaHHsS, pO30MpaHHS, HajIaroj-
JKEHHsI, 00CITyTOBYBaHHsI Ta APiOHMUI PEMOHT B ITOJIbOBUX YMOBaX 0€3 3aCTOCYBaHHSI CIICIiallb-
HOTO IHCTPYMEHTY.

2. MacorabapuTHi XapaKTepUCTUKHU MMiJHOMHHUKA ITOBHHHI JOMYCKAaTH HOTo TPaHCIIOPTY-
BaHHsI B CTAaHAAPTHOMY MPUYEIIi aBTOMOO1JIs KaTeropii B Ta mepeHeceHHs 3yCiuIsaM He O1bIIe
2-3 monei.

3. Konctpykiist migiioMHUKa TOBUHHA 3a0€3M€UyBaTH MOTO CIIpaBHY POoOOTY B IIUPOKOMY
Jliara3oHi TeMIIepaTyp, BOJIOTOCTI, HASBHOCTI aTMOC(HEPHUX OIaJIiB, 3aMMICHOCTI aTMOChEpH.

4. KoHcTpyKuis miIiOMHUKA TOBUHHA 3a0e31euyBaTy HaliifHe IPUTHUCKAHHS KOJIIC JI0 T10-
BEPXHI1 OMOPH.

5. TlpuBia pyLIiHUX KOJIC - €NIEKTPUYHUH (eeKTpoMeXaHIuHuil) BiJ] akyMyJsiTopa abo
CTOPOHHBOT'O JPKEpesa CTPyMy 3a JOIOMOTIOI0 Kabemto (HarpHKIIal, BiJl HIEPEHOCHOTO €JIeK-
TPUIHOTO TeHEepaTopa ab0 OOPTOBOI €IEKTPOCHUCTEMH aBTOMOOLIIS).

OcCkinbKH py1IieM iAHOMHHUKA BUCTyTIA€ Ha01p KOJIiC, TO 0 HUX TAKOX BUCYBAIOTHCS CBOI
BHUMOTH:

1. PexomeHay€eThCS BAKOPUCTAHHS MOKYITHUX KOJIIC, PO3MIPHU SKHX CITIBMIpHI 3 PO3MipOM
HOTIepeYHOro nepepizy omnopu. Lle MoxyTh OyTH Koseca Jyiss MOTOPOJIEPiB, EICKTPUIHUX Ca-
MOKaTiB Tomo. OpieHToBHUM po3mip 107-167.

© Amnacracis bensesa, 2023
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2. JIucKH KOJIiC TIOBUHHI MaTH KOHCTPYKTHUBHI €JIEMEHTH, SIKi I03BOJISIOTH TepelaBaTH Ha
KOJIECO KPYTHUI MOMEHT BiJl IPUBOY.

3. Koneca moBUHHI MaTH MIUPOKUN Ta BUCOKUI IPOQ1JIb, a TAKOXK PO3BUHEHUN IPOTEKTOP
JUTSL HAJJIHOTO 3YETIJICHHS 3 TIOBEPXHEI0 OTIOPH.

4. OG0B’s13Kk0BE BUKOPUCTAHHS caMe€ IMHEBMATUYHMX IIWH, OCKUIBKA BOHH JOIYCKalOTh
peryJItoBaHHS THUCKY 1 - SIK HACIIJOK - MOKPAIIEHHS 34€TUICHHS 3 TIOBEpXHEI0 onopu (OEToH,
OIIMHKOBaHMI MeTall, (hapOOBaHUI MeTall, IEPEBUHA).

5. 3abopoHEeHE BUKOPUCTAHHS TEXHIYHUX KOJIC, SIK1 MPU3HAYCHI IS CKJIAJIChKOT TEXHIKH,
OCKUJTBKM BOHU CIIPHMMAIOTBH JIMIIIE pajliajibHe HABAHTAXEHHS 1 HE TPU3HAYCH] IJIs1 CHPUAHATTS
TaHTeHI[IaJIbHOTO HAaBaHTAXKEHHS, 1110 BUPAXKAETHCA B 3MUHAHHI IIUHH, TPOKOB3YBaHHS IIUHH
BIJIHOCHO JIUCKY TOIIIO.

Bkpaii BaXJIMBUM €JI€MEHTOM MiJHOMHHKA € rajJbMiBHA cucTemMa. ToMy 110 Hei BUCYyBa-
IOThCSI TaKl BUMOTH:

1. PexxuM poOOTH raibMiBHOI CUCTEMH - HOPMaJbHO yBiMKHeHHA. To0TO, 10 3aMOBUY-
BaHHIO rajbMa 3aTUCHYTI, a OIlepaTop PO3TUCKAE X 3aI€KHO Bif MOTPeO. 3aTUCKaHHS TTIOBUHHE
3a0e3MmeuyBaTHUCh JIMIIE MEXaHIYHUM criocoOoM (Ipy>krHa abo BaHTaX), FipaBiiuHa cucTeMa
HE JIONYCKAa€eThCA.

2. I'anpMiBHA cUCTEMa TOBHHHA Oy TH PO1y0Ib0BaHa IIOHAWMEHIIIE BOMA HE3AICKHUMU
KaHaJlaMH KepyBaHHS.

3. T'anbpMa MoBUHHI 3a0€3MeYyBaTH ONTUMAIBHUN TeMIIepaTypPHUN PEXUM 1 HE JOIYCKaTH
neperpiBy.

4. T'anpbmMaMu OBUHHI OyTH OCHAILIEH] BCi KoJeca MiIHOMHHUKA.

Ha puc. 1 HaBeneHo mpukiaa MpOrHO30BaHOT KOHCTPYKINII migioMHuka [1] 3acobamu
Lego s o0cimyroByBaHHs OMOP BYJUYHOTO OCBITIICHHS.

3 Pole Climbing Lego Robots

Puc. 1. Ilpoexm niovomnuxa Lego

[TepeBaroro Takoro TUITY IMiIMOMHHKA € T€, IO BiH HE 3aJICXKUTH BiJl CTAaHy IPYHTY, @ TOMY
3HAYHO 3HMKYETHCS MMOBIPHICTh BUIAKIB, KOJH CKJIaHO Oyae Tpumatu piBHoBary. [Ipurtuc-
KaHHS KOJIIC 0 TTOBEPXHI OTOPH 31HCHIOETHCS TPABITALIMHAM CITIOCOOOM IIISIXOM MEPEKOCY
pamH miJHOMHUKA BiTHOCHO OCi OMOpH. 3a JaHUMH Pecypcy, MiIHOMHUK BUIIPOOOBYBABCS Ha
(bnarmroky 3aBBHINKK § METPiB, 3aBTOBIIKU BiJ 13 10 8 CM 1 CHHTETUYHMMH KaHATaMH Ha
MIOBEPXHI OIOPH.

B Toii xe dac npeAcTaBieHUH TiAHOMHUK XapaKTEPUIYETHCS PSIZIOM HEOJTIKIB:

o [IpuTuckaHHs KOJiC 10 TOBEPXHI OMOPH 32 JJOIIOMOT0I0 IEPEKOCY paMH HE MOKHA BBa-
KaTH HaJ(IHHUM, OCKIJIbKH MPUTUCKHE 3yCHILIS 3aJIS)KUTH Bl MACH KOPUCHOTO HaBaHTaKEHHSI,
BIWJIBOTY PYKH MaHIIyJIATOPA, BITPOBOTO HAaBAaHTAXXEHHS TOLIO.

e Po3MimieHHs KabeliB HaBKOJIO PYKH MaHIMyJIATOpa MOXE CHPHATH IXHHOMY TOIIKOI-
KEHHIO Ta OOMEXEHHIO PyXiB MaHIIyJIATOPA.
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e [lo mipi 3MEHIIECHHS PO3MipiB MOMEPEYHOTO MEpepi3y OMOPU 3MIHIOETHCS KYT HAXUITY
paMu (Y4UM MEHIIHH Tepepi3, TUM OUTBIINKA KyT HaxuiIy), M0 MOXKE MPHU3BECTH IO TEPEBH-
[ICHHS] TPAHUYHOTO KyTa TePTSI.

PosrasiHemo Henomiku migioOMHUKa, 10 300pakeHuit Ha puc. 1. Tak, 11e JeMoHcTpallis Me-
XaHi3My JJIs JIa3iHHS CTOBHamHu 3a jonomororo Lego. IliniioMHuk BUIpoOOBYyeThCs Ha (uar
IITOKY 3aBBHINKH 8 METPIB, 3aBTOBIIKU Bija 13 10 8 cM 1 MOTy3KamMH Ha TTOBEPXHI.

[ meprm HeOTIKOM, 110 MM Oa4MMO — 1€ cami MPOBOIKA, IKUMH OKYTaHUN MaHIITyJISITOP
nigiioMHMKa. MaHIMyIaTop po3paxoBaHUi Ui pyXy B pi3HUX HallpsIMKax Ta IS TPOBOKa Oy ie
3aBa)kKaTH BUIBHOMY TNIEPEMIIICHHIO MaHIMMyJISATOpa 1 TOMY € HeOe3MeUHUM SIK JIJIsi CaMOi KOH-
CTPYKIIil, TaK 1 1st poOITHHUKA Ta 00JIaHAHHS, K1 OYIyTh B HbOMY 3HAaXOJUTHUCS.

JlpyruM BaroMuMm HEJIOJIIKOM € Kapkac 3 6araTbMa OTBOpPaMH, 10 HE BUTPUMAE BEIIUKOTO
HABAaHTA)XCHHS 1, B KpAIllOMy BUTIQ/IKY, IOTHETHCS YU HE BUTPUMAIOTH 3’ €IHYBAIbHI KPITUICHHS,
a 11e 3arpoXKye€ MOJANBIIN poOOTI BCHOTO MiTHOMHHKA.

Tpetim HexomikoM € GaraTo pyxoMuX MeXaHi3MiB, 110 Tpeda MOCTIiHO 00CIyroByBaTH Ta
CIIAKYBATH 32 pOOOTOIO0 CAMUX MEXaHI3MiB.

YeTBepTUM HEIONIKOM € Te, 110 HABaHTAXKEHUH MIAHOMHUK MOE MOIIKOIUTH TPOCH, IO
BUCSITh Ha CTOBITI, @ TAKOXK MOIIKOJUTH POOITHUKY Ta 00JIaIHAHHIO.

Takox BETMKUM HEJIOJIIKOM € KPIIJICHHS KOJIIC, BOHM HE BUTPUMAIOTh HAaBAaHTAXKCHH.

i BC1 HEMOMIKM MOPYIIYIOTh BAKOHAHHSI OCHOBHUX KOHCTPYKTUBHHX Ta €KCILTyaTaIliiHUX
BUMOT JIO TiJHOMHUKIB, 110 OyJIM OMKCaHi BUIIIE.

[Tounemo po3riisia came 3 KOHCTPYKIT MiIiHOMHUKA Ta 11 OOTpyHTYBaHHS, 110 3alIPOTIOHO-
BaHa Ha puC.2.

KpinaeHHs
Motop- __—— nia
peavKTop - npuBogHe
= Koneco
Koneco as
. (siiomHe)
Pamay
BUrAAaj
nioxosK
KpinagHHa , \I'Ie exiaH
‘p CHAIHHA e
nig onopHe a pama

{3viomHe)

KoAneco (aitomHa)

{3ttomHe)

Pyia
-~ MaHinynaTopa
(aromHa)

KopauHa
(3viomHa)

Puc.2 Ilpononosana koncmpykyis niotiloMHUKAa (KOHCMPYKMUBHA cXeMd, 8U2liso 36epxy)

[TpononyeThcs 3MiHUTH OpMY KapKacy MiAHOMHHKA 3 IPSIMOKYTHOTO Ha KapKac y (hopMi
MiIKOBH, 10 Oy1e po36ipHoto (puc.2). [Ipu HaBaHTa)KeHH1 HMOBIPHICTH TOTO, 110 BOHA edop-
My€eTbes ayxke Mana. Takoxx He Oyzae 3aliBUX KYTiB, II0 MOXXYTh TPaBMYBATH JIOAWHY IPU
30011l MiIHOMHUKA 1 KOHCTPYKITis Oyze OUTBII MPOCTa, TAaKOX Oy/1e MEHIIIE PyXOMHUX ITPOOJIeM-
HUX MICIIb.

Marepianom kapkacy BapTo BUOpaTH TaKuM, 110 Oyie:
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JeTKUi B 00CITyroByBaHHi,
MO>XHa TIPOBECTH APIOHUN PEMOHT B IMOJHOBUX YMOBax 0€3 3aCTOCYBAaHHS CIeEIlialib-
HOTO iHCTPYMEHTY.
MaTepiai € JOCTYITHUM 3a XapaKTepUCTUKaMHU, I[iHOI0, HA PUHKY;
MO>K€ BUKOPHCTOBYBATHCS 0€3 MOMIKOKEHb Y OyAb-KY MTOTOIY:
Ma€ HaWBUIIUN TEPMIH CITYKOH,
HE BUMarae BUTpaT Ha I0JaTKOBY 0OpoOKy (Hampukiaz, ¢papOyBaHHs ),
- € MEXaHIYHO HAWMIIIHIIITUM 3 aHAJIOTiB.

Marepian kapkacy He TOBUHEH OYTH AyKe JIETKUM, ajiec IOBUHEH BUTPUMYBATH He abu sIKi
HABAaHTa)KCHHSI.

[Tepepiz matume NpsAMOKYTHY (opMy, Tak SK TpH KPIMJIEHHI KOJIIC J0 KapKacy MOXHa
Oyne He poOUTH OTBOPIB i TOMY OyJe MEHIIEe MOBEPXOHb, IO A3aAyTh TPIIIWHM, a, 3BIATH, 1
MEHIITy BIPOTiAHICTh 1i MOMmKOKEeHHS. JIJisi BU3HAYEHHS MapaMeTpiB TPpyOW Ta TOBIIUHU i
CTIHOK MOTPiOEH PO3paxyHOK.

[Ilo cToCcyrOThCSl KpiMJIeHHs KoJjieca, HaHOUThII maxoasmumM Oyzae KpilIeHHS Ta Kojeca
OIIOPHOI'0 MOTOPHOI'O KOJIECAa caMoOKarTa , 1110 II0Ka3aHo Ha puc. 3 [2].

Puc. 3 Onopue xoneco inougioyanbHo2o HazemMHo20 MPaHCHOPMHO20 34CO0Y

Koseco BCTaHOBIIOETHCS y BUIIKY, TTEpa SIKOT 3a3BHYail BUKOHYIOTHCS y BUTJISII Tapaieiib-
HUX IUIACTHH 13 TOBCTOTO JIMCTOBOTO MeTainy. B3aeMmHe po3TamryBaHHsS OTBOpIB OCI Ta
KPIIUICHHS CYTMOPTIB CTaHIApPTHU30BaHI Ta HE MOTPEOYIOTh OCOOJMBOTO PO3TIsALy. | aabpMiBHI
mucku (puc.4) [3] MaroTh JeKiabKa croco0iB KPIiMIEHHS 0 MaTOYMHH Koieca. Haitbinbin mo-
IIMPEHUMHU € KPIIUICHHs Ha 1uTir (Tak 3BaHe 1eHTp Lok), abo Ha mricTh 601TIB, pO3TallIOBaHUX
1o xKoiy aiamerpom 44 mm. HIninboBi KpirIeHHs MOXKYTh II€peaBaTh eIIo OUTbII raJbMiBHI
MomeHTH Citij BifjiaBaTH NepeBary OCTaHHbOMY KPIIJIEHHIO, OCKUTBKUA OLIBIIICTh KOJICHUX
JIMCKIB Ha pUHKY MAlOTh TaKe KpIMJICHHA. A Tpu MoTpedi BUTOTOBUTH 1HIMBIAYyalbHUHN JHCK
a00 MaTOYMHY HE MOTPEOYyBATHUME CKIIATHOTO 00JIaTHaHHSI, HAIPHUKJIa1 3y0opi3He 00IaqHaHHS.
JlocTaTHRO MaTH CBEpPUIMIIBHUAN BEpPCTAT 1 Pi3bOOHAPI3HUI IHCTPYMEHT. Take KpIiIUIeHHS J1a€

26



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023

TECHNICAL SCIENCES AND TECHNOLOGIES

3HAYHY [lepeBary y HaJiiHOCTI MPH HABAaHTAXEHH1 Ta CTBOPIOE MEPElyMOBH I BCTAHOBIICHHS
CYNOPTiB IUCKOBUX TallbM, 1110, B CBOIO YEPry, AO3BOJISIE HE OKYTYyBAaTH MAHIITyJISITOP MPOBO-
namu. [anbMiBHI IMCKH MalOTh JEKUIbKa TUIIOPO3MIpPIB, IO JJO3BOJISIE MiAIOpaTH iX 3aleXHO
BiJ1 02)kKaHOTO TaJIbMIBHOTO MOMEHTY (puc.5) [4].

160mm 180mm 203mm

Puc. 5. Tunoposmipu ouckis 3 6-601mosumM KpinieHHam

Cepen iCHYIOUHX TallbM, a CaMe:

JACKOBI TajabMa,
OapabaHHi rajibpMa,
000/1H1 (KOJIOJIKOBI) TaJIbMa.

Oymnu oOpaHi came JUCKOBI. THUIH rajbM po3TalioBaHi y nopsaaky egekTuBHocTi. Tomy, Bpaxo-
BYIOUH TI€pEBark Ta HEIOIIKA KOKHOTO TUITY TajbMa, Oy oOpaHi came JUCKOBI raibpma [5].
VY IHCKOBHX TalibM € CBOI IIepeBaru Ta HeAomiku. [lepeBaramu €:

JTOCTYITHICTh KOMIUIEKTYFOUMX HA pUHKAX,

100pe OXOJIOMKEHHS,

no0pe mpaIoTh B IMHUPOKOMY Jiana3oHi MOTOAHUX YMOB,
JIETKA rajJbMiBHA CHCTEMA,

IIUPOKA MOJTYJISIIIIS TAJIBMIBHOTO 3YCHILIS,
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- TPOCTOTA HAJAIITYBAHHS Ta 0OCIyTOBYBaHHS,

- 3pY4YHHUN KOHTPOJb rajibMyBaHHS.

B mipoMy BHIaAKy Aye BaXIIUBO MAaTH TajibMa ¢ TAKMMH TepeBaraMu, a 0COOJIHBO s
YMOB, B IKMX Oy/ie BUKOPUCTOBYBAaTHUCh MiAHOMHUK [5].

TakoX y IMX TaJbM € CBOI HEJIOJIIKH, a caMe:

- TIpW BUMAJIKOBOMY TOUYKOBOMY YAapi MOXKIIBE IOIIKOKEHHS TUCKY,

- MOXe€ 3HaJJOOUTHCS NIEPiOINYHE PErYITIOBaHHS Ta TEXHIYHE 00CITyrOByBaHHS;

- TIOTaHi, CyBOP1 YMOBH i3/T1 MOXXYTb 3MEHIIUTH MPOAYKTHBHICTB;

- JIMCKOBI TaJlbMa HMKYOI SIKOCTI CXHJIBbHI JIO TIOIITKOJKEHHS POTOPA.

i Hemonmiku MOKHA BBa)KaTH HE3HAYHHWMH Y 3B’SI3KY 3 THM, IO X BUKOPUCTaHHs Oyje
OB JTOSUTHHUM, HIXK BOHM TpU3HAYeHi [5].

Cami xoneca He0OXiTHO OOMPATH 32 HACTYITHUMH ITapaMeTpaMH:

- BOHU IOBHMHHI BUTPHUMYBATH BEJHMKE TAaHTEHIIaJIbHE HABAHTaKEHHS,

- IIIMHU Ta TUCK B HUX HEOOX1HO MiA0UpaTH TakK, moo O0ys1o 100pe 3a4erieHHs 3 OTIOPOIo,

- miamerp, Hampukian, 11 mroimis.

[Ilo crocyeThest MaHITyIATOpa, OaXkaHo, MO0 BiH MaB OUTBITY KUTHKICTh JAaHOK, IO JT03BO-
JUTh HOMY TIepeCyBaTHUCS OUTBIN BUTHHO 1 KOHTPOJIBLOBAHO Ta OCTAHHS JIAaHKA MIOBUHHA OYTH Y
BUTJISIII €EMHOCTI THITY KOP3MHH, L0 CKJIQIA€THCSI Ta CTAHOBUTHCS III0CKOI0. Kop3uHa moBuHHa
OyTu 3po0JieHa y BHUTJISAI KJIITKH 3 METOIO IMOJIETIICHHS KOHCTPYKINi MJIiHOMHHUKA Ta 3MEH-
IIEHHS MAapyCHOCTi. Y poOOYOMY CTaHI KUIBKICTh CTYIEHIB PyXiB MOBHHHA OyTH TaKOI0, 1100
Ha/IaBaTH TUIbKH HEOOXiIHI IepeMillieHHs y IPOCTOopi, BCl 1M - (hikcoBaHi. CaM MaHIMyIsATOp
BapTO BUKOHYBATH 3 MaTepiaiy, 10 BIMOBIIa€ BUMOTaM, HABEJICHUM BHIIIE, MAHIMYJISATOP HE
Moe OyTH JIETKHM Yy BIJMIHHOCTI BiJ] KOP3UHH, siKa OyJie 3po0seHa, HalpyuKIIaa, 3 TUTAHY, TaK
SIK TUTAH € JISTKUM Ta HaJIiiHHUM.

Bucnosxu

Buie Oynu po3risHyTI HEIOTiKH 00paHOi KOHCTPYKIIIH, 3aIIPOTIOHOBaHI Ta OOTPyHTOBaH1
NOBMHHA 3a0€3MeuyBaTH eKCILTyaTallilo Ha OIopax BYJIMYHOTO OCBITJIIEHHS 3 OIIOpaMH Pi3HOTO
MOTIEPEYHOTO TIEPEPi3y, PO3TIISIHYTI OUIBIN IeTabHO Ta 00paHi rajibMa JyIsl MiIHOMHHUKA, 110 €,
MaOyTb, TOJOBHUM TICIIsl HAJAIHHOCTI caMOi KOHCTPYKLIT s Oe3neKu poOiTHUKIB, sKi OyIyTh
KOPUCTYBATHUCS LIUM IiTHOMHUKOM.
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JUSTIFICATION OF CONSTRUCTIVE AND OPERATIONAL REQUIREMENTS
FOR AN ELEVATOR FOR MAINTENANCE OF STREET LIGHTING SUPPORTS

Abstract. The article is an overview, and the presented information is of an overview nature and is dedicated to the
Justification of the choice of component parts of the selected structure of mechanized lifis for servicing street lighting poles.
The purpose is to consider the shortcomings of the chosen analogue and to justify the components of the chosen design of the
wheel lift, namely each individual part of it, which should ensure operation on street lighting poles with poles of different cross-
sections. The main structural and operational requirements for the component parts of the selected lift structure were deter-
mined, namely: the lift components must be reliable, quickly reconfigurable in the field and without the use of special tools;
the fastening of the wheels to the frame must be reliable and durable enough to withstand a heavy load; wheels must withstand
large tangential loads, have good grip on the surface supports; brakes must meet certain requirements; the manipulator must
be so reliable that it is possible to lift not only tools and equipment, but also a person, be compact and have enough controlled
degrees of movement to easily fold down to the smallest possible dimensions; weight and size characteristics should allow its
transportation in cargo or cargo-passenger vehicles of category "B" and above, as well as on trailers (semi-trailers) to them.
Deficiencies of the existing design are identified and changes to the design details are proposed. Special attention is paid to
brakes. Among the existing brakes are: disc brakes, drum brakes, foot brakes, regenerative brakes and electronic brakes. Disk
ones were chosen. Types of brakes are arranged in order of efficiency types of electric scooter brakes. Therefore, taking into
account the advantages and disadvantages of each type of brake, disc brakes were chosen. The wheels themselves must be
selected according to the following parameters: they must withstand a large tangential load, tires and the pressure in them
must be selected so that there is good engagement with the support, a diameter of 11 inches.

Key words: support; street lighting, analysis, construction; hoist.

bensteBa A. OOrpyHTYBaHHS KOHCTPYKTUBHHX Ta €KCILTyaTallifHUX BUMOT JIO MiAHOMHHKA I 00CTyroBYBaHHS OIOP BYJIHYHOI'O OCBITICHHS.
Texuiuni nayku ma mexnoaozii. 2023. Ne 3(33). C. 23-29.
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JOCJAIIXKEHHA KOPO3IMHOI TPUBKOCTI IOPUCTUX IPOHUKHUX
MATEPIAJIIB 31 3BAXUCHUMMH ITOKPUTTAMU HOBOI'O ITOKOJIIHHA

Bioomo, wjo nopucmi nponuxiusi mamepianu nio uac inbmpyeanns ma o4uWjeHHs az2pecusHUx cepedosuly nidoaomucs
KOpo3ii, wo npu3600umsv 00 6uxody ix 3 aady. Came momy aKmyanrbHum 3a80AHHAM € NIOBUWUMU X KOPO3IUHY CMiliKicmb.
Hana cmamms npuceauena 00ciodcentto KOpo3itinoi cmiilkocmi nOpucmux nPOHUKHUX MAMepianieé 3 HaHeCeHUMU Ha ix no-
6EPXHIO KOMOIHOBAHUMU 3AXUCHUMU HOKPUMMAMY 8 POZHUHAX KYXOHHOI CONi MA cONAHOI Kuciomu. 3a 00noMo2010 NOAAPU3A-
YIIHUX KPUBUX, 3HANUX 8 NOMEHYIOOUHAMIYHOMY PeXcUMi 6)110 BCMANHOBNIEHO, Wo NOMEHYIaNU KOPO3ii  pO3UUHI KYXOHHOT cONli
1n0Ccy8amsvcs 8 NO3UMUGHY CHOPOHY 3a YMOBU HAHECEHHs HA NOBEPXHIO NOPUCMUX NPOHUKHUX Mamepidnié KoMOiHO8aH020
NOKpUMML, WO CEIOYUMb NPO 3HUICEHHS KOPO3iliHOT akmueHocmi nosepxui. Cmpymu Kopo3ii KOMOIHO8AHO20 3aXUCHO20 NOK-
pumms 0as 6Cix OOCAIONCYBAHUX CUCEM HOHUNCYIOMbCS HA 3 NOPAOKU, d NIOBUUEHHS CRIBBIOHOWEHHS 2YCIMUHU CIPYMIG
KamooHo20 00 AHOOH020 NOHUMCYE WEUOKICMb KOPO3Il ROKPU8Y wje 8 n’amb pasis.

Knrwwuosi cnosa: xopo3sis, komMbiHo6ane NOKpumMmsi, NOPUCME NPOHUKHI Mamepianu, Cmpym Kopo3ii, nomeHyian Koposii,
KoposiiiHe cepedosuuye.

Puc.:7. bi6mn.: 19.

AKTyanbHicTh TeMHu JocaigxenHsi. CydacHuil eTan po3BUTKY Marepiajlo3HaBCTBA CY-
MPOBOIKYETHCSI OSIBOIO HOBUX 1/1€M CTBOPEHHS Ta BIIOCKOHAJIEHHS TEXHOJIOT1T OTPUMaHHS M0-
puctux nponukimBux Marepiamis (I1TIM), siki, mepin 3a Bce, HanpaBJIeH] HA JOCSITHEHHS BUCO-
KHX eKCIUTyaTallifHUX XapaKTepUCTHK Ta 3HMKEHHS 1X cO01BapTOCTI.

[TopucTi MPOHUKINBI MaTepiay il Yac eKCIUTyaTallii i OYHIIEHHS arpECUBHUX Cepe-
JIOBUII MiJAI0ThCA KOPO3ii. 3 MEeTO0 BUPIMICHHS 1i€i MPOOJIeMH aKTyaJlbHUM € HaHECCHHS
KOMOIHOBAHOTO 3aXMCHOTO TMOKPUTTS, L0 3HAYHO MiJBUIIUTH KOpO3ilHy crilikicte [IIIM B
yMoBax (GiIbTPyBaHHS Ta OYUIICHHS arpeCUBHUX cepeaoBwi [ 1, 2].

IHocTanoBka npo6Jemu. Kopo3sis I11IM 3aBaae 3Ha4HOT IIKOIU NPH 3aCTOCYBAaHHI iX IS
OYMINICHHSI arpeCUBHUX cepenoBuil. L{s mkona Bu3HavdaeThest He CTIbKK BapticTio [1I1IM, a
CKUIBKH BUTpPAaTaMH Ha 3aXUCT BiJ KOPO3ii, BAPTICTIO pEMOHTHHUX POOIT, a TAKOK 30MTKaMH 3a
paxyHOK THMYacOBOT'O IPUMTMHEHHS HOPMaJIbHOTO (DyHKIIIOHYBaHHS (QUIBTPYBAIBHOTO 0041~
HaHHS. AKTyaJbHICTh MHUTaHb 3aXuCcTy BiJ Kopo3ii II[IM i3 poky B pik HE 3MEHIIyETHCS, a
HaBIIAKU, 3pPOCTAE.

3 MeTo10 3a0e3MeUYeHHsI CBO€YacHOro Ta HaaiiHoro 3axucty I1IIM Bix kopo3ii HeoOXiTHO
OlbIIIe YBAaru MPUAUISATH MPOBEACHHIO TOCIIKEHD 3 OLIIHKK HEOE3MEeKH KOPO3ii 1 3aXUCTY Bif
Hel [11IM Ta migBuIIyBaTH SKIiCTh 1 HAAIMHICTh 3aXUCHUX MOKPHUTTIB, III0 HAHOCATHCS HA HUX.

Ha nanuii yac po3risiialoThCsi MUTAHHS, OB’ A3aH1 3 MPOIIECOM B3aEMO/IT MOBEPXOHb, 110
KOHTaKTYIOTh Y TIPOIIECi IXHBOTO B3aeMHOTo TepemimieHHs. CTBOpeHHs 1 miadip TpuboTex-
HIYHUX MaTepianiB 0a3ylOThCsl Ha BUPILICHHI B3a€MOIIOB’ sI3aHUX 3a7[ad Ha OCHOBI BUBYECHHS
MEXaHIKH TepTs 1 (PI3UKO-XIMIYHUX SIBUIIL, 1110 BIIOYBAIOTHCS HA MIOBEPXHI.

AHami3 octa”HHix gocaigxenb i myoOuaikamiid. KoHTakT B3aemomii TBepaux TULT CIO-
CTEpITaeThCs JIUIIE B OKPEMUX 30HAX, PO3MIpPH 1 T'YCTHHA PO3MIILICHHS SIKUX 3aJIe)KaTh BiJ| Be-
JUYMHU TPUKIAJEHOTO HaBaHTAXEHHS, a TaKOX Bl Halpy»KeHo/1e()OpMOBAHOTO CTaHy KOH-
TakTiB. Lli KOHTAaKTH 3amexarb BiJl TeOMETPUUHOI (POpMHU MIKpPOHEpPIBHOCTEH 1 MEXaHIYHUX
BJIACTUBOCTEH MOBEPXHEBOTO IIAPY.

© Harans ImGiposuy, Onexcannp IosctsiHoit, 2023
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Jlnist HaHeCeHHS KOPO31MHOCTIMKOI0 3aXMCHOTO eJIEKTPOMETaI3alifHOTO OKPUTTS Ha Jie-
TaJIAX KOHCTPYKLIHHOTO MPU3HAYEHHS IIMPOKO BUKOPHCTOBYIOTH METO]] BAKYYMHO-IYTOBOT'O
HaIWJIEHHS Ta TIa3MoenekTpodiiTHoro okcuayBanusa (ITEO), skuit € oqHUM 13 HaWOLIBII Cy-
YaCHUX 1 MEPCIEKTUBHUX METO/[IB OTPUMAHHSA HA IIOBEPXHI METANIB 1 CIIJIaBiB 3aXMCHUX IIAPiB,
10 MaIOTh KOMIUIEKC BKJIMBHX XapaKTEPUCTHK. BIacTHBOCTI OTpUMaHUX IMOKPHUTTIB BH3HA-
YaIOTHCS CKJIAI0M €JIEKTPOIITY 1 peskumamu niporiecy T1EO.

[Tna3zmoBe enekrpornitHe okcuayBanHs (ITEO) [3, 4], Bimome sik ANOF (Anodishen
Oxidation unter Funkenentladung) y Himeuuusi [5, 6, 7], ASD (Anodic Spark Deposition) y
CHIA, €gpori i Kurai [8, 9], MIIO (mikpoagyroBoro okcuayBanHs) B Ykpaini, i PEO (Plasma
Electrolytic Oxidation) y BemukoOpuranii. [IIBefinapii [10, 11], po3BuBaeThcs B OCTaHHI
NIBaJIATh POKIB SK HOBA IHTEHCHBHA TEXHOJOTIS aHOoAHOi oOpoOmi mertaniB. [Iporec
3MIHCHIOETBCS B YMOBaxX ITOBEPXHEBUX ICKPOBHUX PO3PSAAIB Yy pe3yiabTaTi eJleKTpo-i
TUIa3MOXIMIYHMX PEaKIii 1 3aCTOCOBYETHCS SIK I OUMIIEHHS TTOBEPXHI METAIEBUX, TaK 1 IS
HAHECEHHS PI3HMX TOKPHTTIB, BJIACTHBOCTI SKHUX BHU3HAYAIOTHCA CKIIAJOM EJEKTPOJITY 1
PEXKHMOM €JIEKTPOIIi3y. byaydn 1Mo cyTi TEXHOJIOTi€0, MOAIOHOT TPAAHIIIITHOTO aHOTyBaHHS,
[TEO He BuUMarae Hi 3acTOCyBaHHS TJIMOOKOTO OXOJIO/PKCHHS, HI BUKOPUCTaHHS 3'eHaHb VI-
BaJICHTHOTO XPOMY, 1110 pOOUTH 1€ METO/1 €KOJIOTIUHO Ty’ke mpuBadiuBuM [12]. Meton HaHe-
cenHa nokputiB [IEO 3acTocoByIOTH y MamIMHOOYAyBaHHi, JIiTakoOyTyBaHHI, MEAWIUHI,
00poOIi XipypriyHOTO I1HCTPYMEHTY, a TaKOX JUIs CHEIlialbHUX CKOO Ta ITHQTIB IS
JIKyBaHHS PI3HOMAaHITHUX MNEPEIOMiB; MOXJIMBE TaKOX IEKOPAaTHBHE 3aCTOCYBaHHS, aJDKe
3MIHIOIOYM YMOBH 0OpPOOKH MO>KHA 3MIHIOBAaTH KOJIBOPH J€Tai.

BunijieHHs1 He0CiIPKEeHUX YACTHH 3arajbHoi npodjemu. KomOiHaris MOKpUTTIB J1a€e
MOYJIMBICTh MiJBUIIUTH TBEPIICTh, 3HOCO-, KOPO3iiHY CTiHKICTh, IUIACTHYHICTb, BiAMIPHICTH
KOHTAaKTHUM, TUHAMIYHUM HaBaHTaXEHHSAM Ta BiOparii. Takum 4uHOM, 3aBASKH XIMIYHOMY 1
($ha30BOMy CKJIaJly Ta CTPYKTYpl KepaMiKu, OKCHJIHI TIOKPHBU OTPUMaH1 Ha BEHTUJILHUX METa-
JaX METOJIOM TUIa3MOECIEKTPOIITHOTO OKCUAYBAHHS BOJO/IIOTh BUCOKUMHU (DYHKIIIOHATbHUMU
BJIACTUBOCTSAMHU. bararodyHKIIIOHATBHICTh OKCHIOKEPAMIYHUX TOKPHUTTIB CHpPHSE 1X HIUPO-
KOMY 3aCTOCYBAaHHIO Y 0araTboX rayry3sx MpOMHUCIOBOCTI, IPUIOMY aCOPTUMEHT 00poOroBa-
HUX JIeTajei MoCTiiHO 301bIyeThes. [IpoTe, MOKIMBOCTI METOY JTOCIIHKEHI 111e He IMOBHI-
cTro. [IpoIoBXYIOTECSI POOOTH 3 YIOCKOHAJICHHSI CAMOTO MPOIIECY CHHTE3Y OKCHUIOKEPaMiKH,
PO3pOOISAIOTECSA HOBI €IIEKTPOJIITH, CTBOPIOIOTHCS HOBI JpKepena xuBjieHHs. OHaK, CyTTEBUM
HenoiikoM npouecy [TEO € oOMexeHHs MeTalliB, Ha SIKi MOKYTb OyTH HaHECEHI OKPUTTSL.

PosmmpenHns cdepu 3acTocyBaHHS METOJY IJIa3MOECIEKTPOIITHOTO OKCHIIyBaHHS JUTS iH-
IIMX METAJIIB 1 CIIaBiB MOJJIMBE Yepe3 3aCTOCYBAaHHS KOMIUIEKCHOI TEXHOJIOTII ra3oTepMiy-
HOTO HAIWJICHHS JPOTIB YW MOPOIIKIB Ha OCHOBI &JIFOMIHIIO 3 HACTYITHUM TLTa3MOEIEKTPOJIIT-
HUM OKcuayBaHHSAM. KpiM TOro, 3aCTOCYBaHHS Takoi KOMIUIEKCHOI TEXHOJIOTIi IT03BOJISE
BiJTHOBJIFOBATH CIIPAI[bOBAHI JIETalli 1 MPOJOBKUTH pecypc 00IaTHaAHHS.

Tomy MeTO10 € KOMITJIEKCHE MeTaorpadiuHe JOCIIKEHHS KOPO31HHOT TPUBKOCTI TIOPHUC-
TUX MPOHUKHHUX MaTepialiiB, siKi BUTOTOBJEHI 3 mopouky cram LIIX15 + rpadit 3 nogansmum
HAHECEHHS 3aXMCHOT'O TTOKPUTTS HOBOTO IOKOJIIHHSL.

Buxiax ocHoBHOTo MaTepiany. Y 1aHoMy HayKOBIi poOOTI TOCHIIKYBaIUCS 3pa3KH, Kl
BUTOTOBJEHI 3 mopomky LIIX15 + rpagit. Iloporiok nepeminryBaBcs y 3MilIyBadi MpOTATOM
YOTHPHOX T'OJIMH, TICJS YOTO CTAIIbHHUI MOPOIIOK MPECYBaU Y TIpec-PpopMi MPOTITOM OJTHI€T
xBununu (Puc. 1).
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Puc. 1. Cnpecosani 3pasku cknady IIIX 15 + epaghim

[ToTiM 3aroTOBKM MOMIIIANIK B IHAYKIIHHY mi4 1 criikanu npu temneparypi 1200°C. Ilo-
BEPXHEBHIA 3aXKCT 3pa3KiB BiJl KOPO3ii MPOBOIMBCS Y JIBa €TANN: CIIOYATKY HAHOCHIIU €JICKT-
poMeTanizaniiHe MOKPUTTS, OTIM MPOBOIMIN cuHTe3 MeToaoM [TEO.

EnexTpomerarnizariiiine MOKPUTTS HATUITIOBAJIA BaKyyYMHO-IYTroBOro crnocooom. CyTh Ta-
KOTO METOy HaHECEHHS MOKPHUTTS MOJISTae B TOMY, 10 PO3IUIABICHUN eEKTPUYHOIO TYyTOI0
PIIKHI METaJI CTPYMEHEM CTUCHEHOTO Ta3y (Hal4yacTille MOBITPsI) PO3MUITIOETHCS Ha IPi1OH1
YACTUHKH, SIKi 3 BEJIMKOIO IIBUKICTIO B PO3IIJIABICHOMY a00 INIACTUYHOMY CTaHI1 MajaioTh Ha
MiIrOTOBAaHY MTOBEPXHIO, e(HOPMYIOTHCS M1 Yac yaapy, MPUBAPIOIOTHCS a00 MPUIUIAIOTh 10
noBepxHi, popmyroun mokputts [13].

HanuimoroTs TOKPUTTS 32 JJOTIOMOTO0 €JIEKTPOMETANIi3aTOPIB, B AKUX BiJJOYBAIOTHCS: 1O~
Ja4a eJIeKTPOAHHUX APOTIB JIO MiCIsl TOPIHHS €IEKTPUYHOI JYTH MIX iX TOPISIMH, TIJIaBICHHS
MaTepiany eJIeKTPUIHOO TyTO0, TUCTIEPTyBaHHS METAJICBOTO PO3IUIaBY B COIJIOBIN YacTHHI
MeTali3aTopa Ta BUAyBaHHs HAa HATWTIOBAHY MOBEPXHIO APIOHUX KPAIUIHMH PO3IUIABICHOTO
metany (Puc. 2).

Puc. 2. Cxema enexmpomemanizamopa:
1 — enexmpooni opomu, 2 — kacemu, 3 — mexauizm nooayi Opomy; 4 — KOHMAKMHi
HaKOHeYHUKU, 5 — cunoei kabeui, 6 — enekmpuyna oyea, 7 — nogimpsaue conio, 8 —
Memanonosimpana cymiwi, 9 — nogepxmsi, Ha Ky HAHOCAMb NOKPUMMSL

HamnpaBnenuii 10 moBepxHi TaKui MOTIK 3AaTHAN GOpMyBaTH Ha Hil TOKPUTTS, 110
CKJIaJA€ThCs 13 37e(pOPMOBAHUX Micis yaapy 00 MOBEPXHIO KPAIJIMH METAJIEBOIO PO3ILIABY 3
BKJIIOUCHHSIMH OKCHUIIB [14].

IIpu enekrpoMeTanizallifHOMy HalWJIEHHI €JEKTPOAHI JApPOTH HArpiBalOThes 1
PO3IIABIISIOTHCS 32 PaXYHOK €HEpPrii aHOIHO1 Ta KaTOAHOT TUISIM, SIK1 pOTAIIOBaHi Ha iX TOPIIIX.
B ny3i BUALIAIOTE TpU 00J1aCTi IPOXOJKEHHS CTPYMY: CTOBI IYTH, aHOAHY Ta KATOIHY TUISIMHU.
Po3mipu ocTanHIX Maiti 1 KEpyBaTH HUMH Ba)XKO, B TOM Yac K JIOBKWHA CTOBIIA JYyTH MOXKE
OyTH 3HAYHOIO 1 HEIO JIETKO KepYyBaTH, 3MiHIOI0UH Harpyry. CTabiibHEe pO3NUICHHS BiOBIIa€e
peXxuMy TOpiHHS Ayrd 0€3 KOPOTKMX 3aMHKaHb, KOJW MDK CEPEIHBOIO IIBHJKICTIO
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nepemilieHHs (QPOHTY IUIaBICHHS 1 IIBHJKICTIO TOJayi eNeKTPOMAIB BCTaHOBIIOETHCS
JWHaMIYHA piBHOBAra. 3a TaKOTO PEKUMY Ta30BUHU MOTIK BHAAJISE 3 €JIEKTPO/IIB Ta PO3IUIIOE
HOPIIiT PIIKOTO METay IIe 0 iX 3ITKHEHHS 1 KOPOTKOTro 3aMHKaHHs. Jlaji po3IiaBieHuii MeTal
3HOBY HAIPOMaKY€ETHCS Ha TOPIISIX SJIEKTPO/IB 1 IUKI TOBTOPIOETHCSI.

[pornec ITEO npoxoauTh B €NEKTPOITITUYHIN TU1a3Mi iICKPOBOTO (MIKPOIyTOBOT0) PO3PSAY
B €JICKTPOJIITI Ha OCHOBI IUCTUIILOBAHO1 BOJU. KHCEHB, 110 YTBOPIOETHCS BHACTIAOK JUCOITAITT
BOJIM, YACTKOBO BCTYTIA€ B PEAKIIIO 3 METAJOM 1 Ha HOro moBepxHi yTBoproe okcua. [Iporec
(opMyBaHHSI TIOKPUTTS MPOXOJUTH B EJICKTPUUYHOMY IO, SIKE€ € JDKEpEJIOM eHeprii Juis
MJIa3MOXIMIYHUX PeaKIliii Ha poO0UOMY €IEeKTPOIi.

CtumyrnioBaTH L€ IpoIec MOXKYTh TAaKOXK €JIEKTPOHH, 1110 BUALISIOTHCS BHACHIOK €JeK-
TPOXIMIYHHX pEaKIliii Ha aHO/1. Y TPOOIHHOMY KaHalll CHUIBHO 3pOCTaE TeMIlepaTypa, Mpoxo-
JUThH TUCOLIAIIA Ta 10HI3aLlis €JEKTPOIITY 1 HOPMYETHCS TIIaA3MOBHIA 3TYCTOK, B IKOMY peaisy-
IOTHCS TIA3MOXIMIYHI peakKilii CHHTE3y OKCHTY.

Meton ITEO nmo3Bossie CTBOPIOBATH Ha JETAsAX 1 €JIeMEHTaX KOHCTPYKIIH 3HOCO- 1 KO-
PO31MHOCTIHKI OKCHJIOKEpaMivHi JIEICKTPUYHI TOKPUTTS TOBIIUHOKO 70 200 MKM 1 TBEpIICTIO
1o 20 I'Tla.

[Ticnsa 3anmpomoHOBaHOIT MOBEPXHEBOT 0OPOOKH OTPMAaH 3pa30K, 3arajJbHUN BUTIS SKOTO
IPEACTaBICHO Ha puUC. 3.

Puc. 3. 3pazok IITIM 3 kombiHO8aHUM NOKPUMMAM

Kopo3iiiHi BI1acTUBOCTI CIUIaBiB Ta iX MOKPUTTIB BUBYAIH 33 MOJSPU3ALIHHIMUA KPUBUMH,
3HSATUMU B MOTEHITIOMHAMIYHOMY pekumi Ha moteHiioctarax [1M-50 ta [IPC-PRO-+IIK IBM
PC 3a cTanaapTHOIO TPHOXEIEKTPOAHOIO CXEMOIO 3 XJIOPCPIOHUM eNEeKTPOIOM HOPIBHIHHSA 1
nornoMikHUM TuiaTuHOBUM (Puc. 4.). Ha enextpoai BUIisIu poO6ody TiISHKY, TUTOIIA STKOT
cranoBuna S=1x10"* M2, perra moBepxHi i30110BATN EHOKCHIHUAM JIAKOM.

Puc. 4. 3azanvruii euo oonaoanua IPC-PRO

33



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

Bynytoun nonsipu3aiiiHi KpuBi, MOBEPXHIO CIUIaBiB /10 -2 B kxaronHo aktuByBamy. [licns karoa-
HOI moysIpH3aIlii Bifjpasy >k MPOBOAUIM HEMEPEPBHY MOTEHITIONWHAMIYHY TOJISPU3AIIIO 31 MIBU/I-
KICTIO 3MiHM noTeHIiany 5 MB/c. Koposiitnumu cepenosumiiamu Oyiu 10% NaCl ta 10% HCL. dns
XapaKTEePUCTUKU KOPO31HHOI CTIHKOCTI BU3HAYAIM CTPYMH Ta NOTEHIIanu Kopo3ii. Peectpartito no-
JSAPU3AIIAHIX KPUBUX TPOBOAMIIM ITCIIsI BCTAHOBJICHHSI CTAIllOHApHOTO TMoTeHIiany. CTpymu Ta
MOTEHITIaJTK Kopo3ii Bu3Hadam rpadigaum MetonoM. KpiM Toro, 3pazku 00CTEKyBaIH 3a IOTIOMO-
roto Mikpockoria MUM-10 3 koM’ I0TepHOIO (hiKCaIli€l0 TTOBEPXHI.

[Tix gac ekcruryarariii aHoJOBaHHX CILIaBIB Y KOPO31MHOMY CepPEIOBHIIlI HA OKPEMUX TUITHKAX
nokpuBy y [1I1IM (opmytoThCs By3bKi KaHAJTH 3 TT1ABHUILEHOIO 10HHOFO MPOBIAHICTIO. Taki AUITHKH
CTalOTh OCEPEIKaMHU JIOKAThbHUX KOPO3iiHUX momkopkeHb [ITIM [15]. AkTuBHI aHioOHU (HArpH-
KJ1aJ1, XJIOPY 1 BOAM) B IMX MICISIX IPOHUKAIOTh Yepe3 aHOIHY ILTIBKY 1 B3a€MOJIIOTH 13 CIUIAaBOM.

[T1a3moeneKkTpomiTHyHI MOKPHBH € iHepTHI. OHaK 32 HABHOCTI B HUX IIOP, III0 € KaHAJIaMH
ICKPOBHUX PO3PSIIIiB, TAKOK MOXKITUBE KOPO31iHE pyHHYBaHHS METally Ui CIUIaBy. Bee 11e 3HmKye
(yHKIIIOHAIIBHI BIIACTUBOCTI MMOKPHBY Ta CKOPOUY€E TEPMiH eKCILTyaTallii cruiaBy. Y 3B°S3Ky 3 IIUM
JOCITIDKEHO KOPO3iiHY TPUBKICTh T1a3MoBo-enekTpoxiMiunnx OKII Ha nupkoHi€BOMY Ta TUTa-
HOBHX CITIaBaxX y PI3HUX KOPO3IHHO-arPECUBHUX CEPEIOBUINAX 1 BU3HAUEHO IX CTPYMH KOpO3ii, 3a
SIKUMH CY/IMIIU TTPO HMIBUAKICTH Kopo3ii y ITIIM.

Binomo, 1110 BUCOKa KOpO3iifHa TPUBKICTB JOCATAETHCS YTBOPEHHSIM TOHKOI 3aXUCHOT ILTIBKU
okcuiB. O/IHAK, y TSHKKAX YMOBAX €KCIUTyaTallii Ta 3a HassBHOCTI OCOOJIMBO arpeCUBHUX CEPEIO-
B (y iX 9MCII1 1 BUKOPUCTaHI B pOOOTI) 11 TUTIBKH, BHACTIIOK MaJIoi TOBIIIMHY Ta HEBUCOKOT TBEP-
JI0CTi, He 3a0€e3MeUyI0Th BUCOKUX aHTHKOPO31HHUX BIIaCTUBOCTEH.

CtpymMu KOpo3ii MMOKPUBIB /eor, 32 SKUMH CYJTHIN TPO MIBUAKICTH KOPO3il MaTepiany, MOHH-
JKYIOTBCS JJTs1 BCIX JOCIHIKYBaHUX CHCTeM, a Buluii edekt Big crBopeHHst OKII nmposiBisieTbes B
OLIIBIII arPECUBHUX CEPEIOBUIIIAX.

AHani3 oiepKaHUX MOJIPU3aLIHHIX KPUBUX MOKazye, mo ¢popmysanHs OKII BinOuBaeThes
Ha EJICKTPOXIMIYHUX napameTpax koposii [1[IM, To6To 3HadueHHs CTpyMiB KOpO3ii 3SMEHIITYFOThCH.
51 3MiHa MOSICHIOETHCS MEHILIUM PO3UYMHEHHSIM KOMITOHEHTIB CIUIaBY.

Iorenmian kopo3ii kopo3iitHo HerpuBkoro [1TIM 3a nii po3uuny 10% HCI mae Bin’emue 3Ha-
geHHs -370 mV, a cTpyM Kopo3ii — 80 mA/m?.

[Tix vac hopmyBanns Ha [1TIM OKII ctpym Kopo3ii 3MeHIITyeThes Ha 1...2 TTOPSAKH 3a7IeKHO
BiJI CKJIay €JIEKTPOJITY, B IKOMY CHHTE3YBaJIl MOKpUB. Tak MOKPUB, CHHTE30BAaHUN Majlo KOH-
IIEHTPOBAHOMY €JIEKTPOJIITI, IKMI MICTUTB JIYT Ta PIIKE CKJIO Ma€ HAMMEHIITY KOPO31iHY TPUBKICTh
3 THX, 5IKi CHHTE3yBalH B OUIbII KOHIIEHTPOBAHHX IEKTPOJIiTaxX i Mae 3HauenHs 1,2:10° A/m>. 3
NOAAIBIINM 30UTBIICHHSM KOHIEHTpallil €IeKTPOJTy CTpyMH KOpo3ii icoyOKII moHmKyoThes

(Puc. 5.).
1, A/ne
10°
10
10",

Puc. 5. Honapuzayiuni kpusi IIIIM (1) ma tioeo OKII (2, 3) 6 pozuuni 10%HC!
(ous. mabn.l)
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Tabnuys 1. Ilomenyian ma cmpym xoposii IIIIM ma noxpugy Ha HbOMY 3a PIZHUX
DedNCUMi8 OKCUOYBAHHS

Kopoziiine Cxnan eJ;(;JI;TpOHlTy, L/1c T, Ucor, icors
2 2
CepeNoBHIe [~ e, Cros | H0, A/mm XB B A/M
] ; ; ; ; ; i 0.48 0,82
104
2 10 | 15 ] - | 2000 | 20 0.41 9,0910
10%NaCl L 63104
3 10 | 15 ] - | 20m0 | 40 0,24 ’
4 0 | 15 | o1 - | 2080 | 40 026 620110
. -2
| ] ] ] ] ] ] 037 8.0710
02110%
2| owncr | 10| 15 ] 10 | 2020 | 30 0.41
104
3 10 | 15 i - | 2020 | 30 0.50 13910
4 3 2 ] - | 2020 | 20 0.45 12,07-10*

[ToxpuTTs, sike orpuMane B enekTpoditi ckianxy 10 r/m KOH + 15 r/n p.c., Mae 3HaueHHA
ctpyMy koposii 1,39-10* A/m?, a npu BBeeHHi B enekTpomiT 10 r/1 H2O2 HOHMKYE icor 10
3HauenHs 1,21-10% A/m>.

Takwuii pe3ynpTaT, O4E€BUIHO, TIOB’SI3aHUHN 13 TTOE€JHAHHSAM BHCOKOT TBEPIOCTI Ta TOBIIUHHA
nokpusy Ha [IIIM [16-18].

VY OinbII arpecMBHOMY CEPEIOBHUII KyXOHHOI COJIl 3HAYEHHS CTPYMY Ta MOTEHITATy KO-
pos3ii nezaxumenoro ITTIM pisue Bixnosigno 0,82 A/m* Ta -0,48 B. Tak sk HOKPHUB, OTpUMaHHMii
B €JICKTPOJIITI Majoi KOHIICHTPAIlii, Y MEHIII arpeCHBHOMY CEPEIOBHUIIlI COJITHOI KUCIOTH I10-
ra”o cede MPOSBUB, TO B TOJANBIINX EKCIIEPUMEHTAX OyJI0 HEAOUIIBHO JOCTIHKYBaTH TaKUl
TIOKPUB.

3a aHaJIi30M JJaHUX BCTAHOBJIEHO, 10 cTpyMH Kopo3ii OKII yist Beix 10CiipKyBaHUX CHCTEM
MOHWKYIOThCS Ha 3 nopsinku. [lokpus, cunte3oBanwii B enektpouiti 10 r/mn KOH + 15 r/n p.c. mae
3HAUEeHHs cTpyMy Koposii 9,09-10* A/m?. OnHak HifBUINEHHS CIiBBiHOIIEHHS TYCTHHH CTPYMiB
KaTOJTHOTO JI0 aHOTHOTO MTOHHM3KJIO IIIBUIKICTH KOPO3ii MOKPUBY IIIE B I SITh Pa3iB.

Honasanns 10 takoro enektpodity 0,1 r/m CrO3 3HaueHHs1 CTpyMy KOpo3ii HeHabaraTo
nigsuimio (Puc. 6., kpusa 4).

1, A/We

10°
10" 3
E /_—o
107, e
4

10°]
10° - s ;
-2 -1 0 1
U E
Puc. 6. Honapuzayivni kpusi I1IIM (1) ma tio2o oxcudokepamiunoeo nokpusy (2, 3, 4)
6 posuuni 10%NaCl (ous maon. 1)
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[MoTenmiany Kopo3ii B po34rHI KyXOHHOI COJIi ITOCYBAIOTHCS B TO3UTHUBHY CTOPOHY 32 CHH-
te3y Bcix OKII, mo Tex CBIAUUTh MPO 3HWKEHHS KOPO31MHOI aKTHBHOCTI TIOBEPXHI.

Ha puc. 7 3006paxeno nokpus [1T1M micist Kopo3ii B arpeCUBHUX CEPEOBHINAX 32 aHOTHOL
nossipuzarntii. [IIIM B arpecuBHHX cepenoBUINaX 3a3Ha€e KOpo3iro. OHaK, TOKPUB, HABIThH 3
OIIIHKY 30BHIITHBOTO BUTIISAY, HE Kopoaye. Ha manomy pucyHKy npeactaBieHo (Gotorpadiro
OKII micnst kopo3ii B Bucoko arpecuBHoMy cepenoBuili 10% NaCl. B po3uuHi consiHoi Kuc-
JIOTH 3arajJibHUI BUTJISI TIOKPUBY HE 3MIHIOETHCS, @ OUIBIT IETATLHO JOCIITUTH HOTO BIIACTH-
BOCT1 MOHA 32 TOTIOMOTOI0 TOJISIPU3AI[iHIX KPUBUX.

Puc. 7. 3acanvruii suenso oxcudoxkepamiunoeo nokpusgy na IITM
nicis KOpo3sii 8 cepedosuuyax:
a— 10%NaCl; 6 — 10%HCI.

OT1xe, Kpalry KOpo3iitHy TPUBKICTh MalOTh TOKPUBH, CHHTE30BaH1 B €JIEKTPOTITaX OUTHIIOT
KoHIeHTpauii [19]. BeneHHs B eleKTpOIIT NepeKncy BOIHIO MiIBUIIYE OMip KOPO3ii, a OKCUTY
XpoMy Habarato oro moHmxkye. HaiGiabImoi Kopo3iifHOI TPUBKOCTI MOXKHA JOCSTTH, CHH-
Te3yBaBIIU MOKpUB B enekTponiTi 10 /m KOH + 15 r/n pigkoro ckia 3a OiIbIIMX T'yCTUH
CTPYMIB.

BucHoBKkH. 3a aHaIi30M JaHUX BCTAHOBIICHO, 1m0 cTpyMHu Kopo3ii OKII mayis Bcix mgocii-
JOKYBaHHMX CHCTEM MOHMXKYIOThCS Ha 3 mopsiaku. [TokputTTs, cuHTe30BaHe B eneKTpoiiTi 10 r/n
KOH + 15 r/n p.c. Mae 3HaueHHs cTpyMy Kopo3ii 9,09-10* A/m?. OfHak, MifABHILEHHS CITiBBi/I-
HOIICHHS I'yCTUHH CTPYMIiB KaTOJHOTO /10 aHOAHOTO TOHU3MIIO HIBUIKICTh KOPO3ii MOKPUBY I11€
B IT’SITh pa3iB.

HonaBanns 1o takoro enekTpodity 0,1 r/m CrO3 3HayeHHs CTpyMy KOpo3ii HeHabaraTo
nigsuinye. [loTeHmianu kopo3ii B po3urHI KyXOHHOT COJIi TOCYBAIOTHCS B TTIO3UTUBHY CTOPOHY
3a cuHTe3y Bcix OKII, 1o Tex CBIAYUTH MPO 3HMKEHHS KOPO31MHOT aKTUBHOCTI MTOBEPXHI.

OT1xe, Kpally KOpo3iiHy TPUBKICTh MatoTh mokpusH miis [1TIM, siki CHHTE30BaH1 B €1EKT-
podiTax O1IbIIOT KOHLEHTpAIlil, TOOTO aHTUKOPO3IMHUIN e(eKT MOKPHUBIB 301IBLIYETHCS 3 pOC-
TOM arpeCUBHOCTI KOPO3IMHOTO cepenoBuIna. BeeHHS B €EKTPOIT MEPEKUCY BOIHIO ITi/IBU-
HIye OIip KOpo3ii, a OKCHIy XpOoMy Habarato Moro MOHMKYE.

ExcrniepruMeHTabHO BCTAHOBJICHO, 1110 3MEHIIIEHHS KOHIIEHTpaIlli eJekTpomiTy Bix 10 r/n
KOH Ta 15 1/n p.c. Ta 10 r/n1 H2O2 o 10 r/n nyry Ta 15 /1 pigkoro ckia MOHMXKYE CTPYyM
KOpo3ii MOKpUBY B 5 pasis.

BusBneHo, 1110 3a BUIIMX CHiBBIJHOIIEHb CTPYMiB aHOJJHOT'O JI0 KATOJAHOTO CTPYMH KOpPO3ii
MMOKPHUBIB MOHIKYIOTHCS B 6 pa3iB, a HAHOLIBIIOI KOPO31HHOT TPUBKOCTI MOKHA JIOCATTH, CUH-
Te3yBaBIIU MOKPUB B enekTpodiTi 10 r/m KOH + 15 r/n piakoro ckia 3a OUIbIINX TYCTHUH CTPY-
MiB.

36



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

Cnncoxk BUKOPUCTAHUX JIZKepeJt

1. Crynment, M. M. Kopo3siliHa CTIHKICTh IJIa3MOBO-EIEKTPOIITHIHHX IIApiB HA CIDIaBax 1 TMOK-
purtsax cuctemu Al-Cu—Mg mis pi3HEX pexuMiB TepMidHoi 06poOku / M. M. Crynent, B. M. [locy-
Baiino, X. I'. BecemiBcbka / MatepianosnaBctBo. — 2018, — NeS53, — C. 789-795.

2. Wamekwi, 1. I1. OnTuMizariis MIITHOCTI ABOMIAPOBOTO TMOKPHUTTS JUIsI KOHKPETHUX YMOB JIOKa-
npHoro HaBaHTaxeHHs / L. [1. llanpkwuit, JI. }O. Ponsik, M. B. Makogiituyk // Cuna maTepiano3HaBCTBa.
—2016. — Ne 48. — C. 726-730.

3. Plasma electrolytic oxidation (PEO) for production of anodised coatings on lightweight metal
(Al, Mg, Ti) alloys / F. C. Walsh, C. T. J. Low, R. J. K. Wood, K. T. Stevens, J. Archer, A. R. Poeton
& A. Ry-der // Transactions of the IMF. — 2009. — Vol.87, Ne3. — P. 122-135.

4. Electrodeposition of diamond-like carbon films on titanium alloy using organic liquids: Corro-
sion and wear resistance / T. Falcade, T. E. Shmitzhaus, O. G. Reis, A. L. Marin Vargas, R. Hiibler,
L. L. Miille, C.-1. F. Malfatti // Applied Surface Scienc. —2012. - Vol.263. — P. 18-24.

5. Ob6nacri 3actocyBanns mapiB ANOF i kommnosuris / I1. Kypu, B. Kpicman, H. Ineiinep // Jo-
CITiJDKEHHsI Ta TexHoJorii kpuctamis. — 1986. — Nel12. — C. 1603-1609.

6. Properties of oxide ceramic coatings on magnesium and titanium alloys which are synthesized
in electrolyte plasma / Imbirovich N., Klapkov M.D., Posuvayilo V.M., Povstyanoy O. Yu. // Powder
Metall. —2015. — Vol.1, Ne 2. — P. 54-60.

7. Kaluderovi¢, M. R. Titanium dental implant surfaces obtained by anodic spark deposition —
From the past to the future / M. R. Kaluderovi¢, J. P. Schreckenbach, H.-L. Graf // Materials Science
and Engineering. —2016. — Vol. 16. — P. 1429-1441.

8. Anodic Spark Deposition treatments to increase reliability of Ti6Al4V modular prostheses /
B. D. Curtol, M. V. Diamantil, P. D. Pria, F. Sbaiz, A. Cigada // Applied Biomaterials & Biomechanics.
—2009. - Vol. 7. — P. 153-159.

9. Spark channel propagation in a mi-crobubble liquid / V. A. Panov, L. M. Vasilyak,
S. P. Vetchinin et al. / Plasma Physics. —2016. — Vol. 42. — P.1074-1077.

10. Plasma Electrolytic Ox-idation (PEO) Process—Processing, Properties, and Applications /
S. Sikdar, P. V. Menezes, R. Maccione, T. Jacob, P. L. Menezes // Nanomaterials. — 2021. — Vol. 11. —
Ne 6. —P. 1375-1400.

11. Mohedano, M. Plasma Electrolytic Oxidation (PEO) Coatings / M. Mohedano, B. Mingo //
Coatings. —2021. — Vol. 11. — P. 111-120.

12. Gibbs en-ergy calculation of electrolytic plasma channel with inclusions of copper and copper
oxide with Al-base / V. M. Posuvailo, M. D. Klapkiv, M. M. Student, Y. Y. Sirak, H. V. Pokhmurska //
Materials Science and Engineering. —2017. — Vol. 181. — P. 1-10.

13. Crynent, M. M. BararodyHKIlioHaIbHI eeKTpoayrosi mokpurts / M. M. Crynenrt, I'. B. Ilo-
xMmypcbka, B. M. I'Bo3aenskuii — JIbBiB : [IpocTip-M, 2018. — 389 c.

14. MikpocTpyKTypa Ta a0pa3uBHO-3HOCOCTIHKICTh BiOpauiiHO-HAIUIABICHOTO METaly cephed-
HuKiB 0a30B0i cucremu Fe—Cr—B / A. A. Boiitouy, I'. B. [Toxmypcbka, M. M. CryzaeHr Ta iH. // Mater
Sci. —2016. — Vol. 52. — P. 365-370.

15. Rud V. D. Technologies, structure, properties of porous permeable materials / V. D. Rud,
O. Yu. Povstianoi, O. V. Zabolotnyi, L. S. Bohinskyi. — Lutsk : Lutsk NTU, 2015. — 325 p.

16. Modeling of Processes for Creation New Porous Permeable Materials with Adjustable Prop-
erties / O. Povstyanoy, O. Zabolotnyi, V. Rud, A. Kuzmov, H. Herasymchuk // Advances in Design,
Simulation and Manufacturing. —2019. Vol. II. — P. 456-465.

17. Metallographic analysis and processing of images of microstructure of nozzles for sandblasting
which are made by powder metallurgy / O. Povstyanoy, V. Sychuk, A. Makmyllan, V. Rud, O. Zabo-
lotnyy // Powder metallurgy. —2015. — Vol. 3, Ne 4. — P. 234-240.

18. Assessment of the quality of alternative fuels for gasoline engines / V. Tkachuk, O. Rechun,
N. Merezhko, T. Bozhydarnik, T. Karavaiev / Advances in Design, Simulation and Manufacturing. —
2019. - Vol. II. — P. 871-881.

19. Optimization of the Properties of Multilayer Porous Permeable Materials / O. Povstyanoy,
V. D. Rud, N. Y. Imbirovych, T. N. Halchuk, T. I. Chetverzhuk, M. V. Smal, A.V. Dziubynskyi //
Mater Sci. —2021. — Vol. 56. — Ne 4. — P. 530-535.

37


https://www.sciencedirect.com/journal/materials-science-and-engineering-c
https://www.sciencedirect.com/journal/materials-science-and-engineering-c
https://link.springer.com/article/10.1007/s11003-021-00460-2#auth-T__N_-Halchuk
https://link.springer.com/article/10.1007/s11003-021-00460-2#auth-T__I_-Chetverzhuk
https://link.springer.com/article/10.1007/s11003-021-00460-2#auth-M__V_-Smal
https://link.springer.com/article/10.1007/s11003-021-00460-2#auth-A__V_-Dziubynskyi

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

References

1. Student, M.M., Posuvailo, V.M., Veselivska, Kh.H. (2018). Corrosion resistance of plasma-elec-
trolytic layers on alloys and coatings of the Al-Cu—Mg system for different modes of heat treatment.
Materials Science, 53, 789—795. https://doi.org/10.1007/s11003-018-0137

2. Shatskyi, I.P., Ropiak, L.Iu., Makoviichuk, M.V. (2016). Optimizing the strength of a two-layer
coating for specific conditions of local load. Power of Materials Science, 48, 726-730.
https://doi.org/10.1007/s11223-016-9817-5

3. F. C. Walsh, C. T. J. Low, R. J. K. Wood, K. T. Stevens, J. Archer, A. R. Poeton & A. Ry-der
(2009) Plasma electrolytic oxidation (PEO) for production of anodised coatings on lightweight metal
(Al, Mg, Ti) alloys. Transactions of the IMF, 87(3), 122-135, DOI: 10.1179/174591908X372482

4. Falcade, T., Shmitzhaus, T.E., Reis, O.G., Vargas, A.L.M., Hiibler, R., Miille, 1. L., Malfatti,
C.F. (2012). Electrodeposition of diamond-like carbon films on titanium alloy using organic liquids:
Corrosion and wear resistance. Applied Surface Scienc, 263, 18-24. https://doi.org/10.1016/j.ap-
susc.2012.08.052

5. Kurz, P., Krysmann, W., Schneider, H.G. (1986). Application Fields of ANOF Layers and Com-
posites. Crystal Research and Technology, 12(12), 1603—-1609. doi: 10.1002/crat.2170211224

6. Imbirovich, N., Klapkov, M.D., Posuvayilo, V.M., Povstyanoy, O.Yu. (2015). Properties of ox-
ide ceramic coatings on magnesium and titanium alloys which are synthesized in electrolyte plasma.
Powder Metall, 1(2), 54-60. doi: 10.1007/s11106-015-9678-7

7. Kaluderovi¢, M.R., Schreckenbach, J.P., Graf, H.-L. (2016). Titanium dental implant surfaces
obtained by anodic spark deposition — From the past to the future. Materials Science and Engineering,
16, 1429-1441. doi: https://doi.org/10.1016/j.msec.2016.07.068

8. Curto, B.D., Diamanti, M.V., Pria, P.D., Sbaiz, F., Cigada, A. (2009). Anodic Spark Deposition
treatments to increase reliability of Ti6Al4V modular prostheses. Applied Biomaterials & Biomechan-
ics, 7, 153-159. DOI: 10.1007/S11999-016-4973-2

9. Panov, V.A., Vasilyak, L.M., Vetchinin, S.P. et al. (2016). Spark channel propagation in a mi-
crobubble liquid. Plasma Physics, 42, 1074-1077. DOI: 10.1134/S1063780X16110064

10. Sikdar, S., Menezes, P.V., Maccione, R., Jacob, T., Menezes, P.L. (2021). Plasma Electrolytic
Ox-idation (PEO) Process—Processing, Properties, and Applications. Nanomaterials, 11(6), 1375-
1400. DOI: 10.3390/nano11061375

11. Mohedano, M., Mingo, B. (2021). Plasma Electrolytic Oxidation (PEO) Coatings. Coatings,
11,111-120. DOI: 10.3390/coatings11010111

12. Posuvailo, V.M., Klapkiv, M.D., Student, M.M., Sirak, Y.Y., Pokhmurska, H.V. (2017). Gibbs
energy calculation of electrolytic plasma channel with inclusions of copper and copper oxide with Al-
base. Materials Science and Engineering, 181, 1-10. doi: 10.1088/1757-899X/181/1/012045

13. Student, M.M., Pokhmurska, H.V., Hvozdetskyi, V.M. (2018). Bahatofunktsionalni elektro-
duhovi pokryttia. Lviv: Prostir-M.

14. Voitovych, A.A., Pokhmurska, H.V., Student, M.M., et al. (2016). Microstructure and abrasion-
wear resistance of the vibration-deposited metal of cores of the Fe—Cr—B basic system. Materials Sci-
ence, 52, 365-370. doi: 10.1007/s11003-016-9965-6

15. Rud, V.D., Povstianoi, O.Yu., Zabolotnyi, O.V., Bohinskyi, L.S. (2016). Technologies,
structure, properties of porous permeable materials. Lutsk: NTU.

16. Povstyanoy, O., Zabolotnyi, O., Rud, V., Kuzmov, A., Herasymchuk, H. (2019). Modeling
of Processes for Creation New Porous Permeable Materials with Adjustable Properties. Advances in
Design, Simulation and Manufacturing, 11, 456-465. doi: 10.1007/978-3-030-22365-6_46.

17. Povstyanoy, O., Sychuk, V., Makmyllan, A., Rud, V., Zabolotnyy, O. (2015). Metallographic
analysis and processing of images of microstructure of nozzles for sandblasting which are made by
powder metallurgy. Powder metallurgy, 3(4), 234-240. doi: 10.1007/s11106-015-9705-8

18. Tkachuk V., Rechun O., Merezhko N., Bozhydarnik T., Karavaiev T. (2019). Assessment of
the quality of alternative fuels for gasoline engines Advances in Design, Simulation and Manufacturing,
11, 871-881. doi: 10.1007/978-3-030-22365-6_87

19. Povstyanoy, O., Rud, V.D., Imbirovych, N.Y., Halchuk, T.N., Chetverzhuk, T.I., Smal M.V.,
Dziubynskyi A.V. (2021). Optimization of the Properties of Multilayer Porous Permeable Materials.
Mater Sci, 56(4), 530-535 (2021). doi: 10.1007/s11003-021-00460-2

38


https://doi.org/10.1007/s11003-018-0137-
http://dx.doi.org/10.1007/s11106-015-9678-7
https://www.sciencedirect.com/journal/materials-science-and-engineering-c
https://doi.org/10.1007/s11003-016-9965-6
https://doi.org/10.1007/978-3-030-22365-6_46
http://dx.doi.org/10.1007/s11106-015-9705-8
https://doi.org/10.1007/978-3-030-22365-6_87
https://link.springer.com/article/10.1007/s11003-021-00460-2#auth-T__N_-Halchuk
https://link.springer.com/article/10.1007/s11003-021-00460-2#auth-T__I_-Chetverzhuk
https://link.springer.com/article/10.1007/s11003-021-00460-2#auth-M__V_-Smal
https://link.springer.com/article/10.1007/s11003-021-00460-2#auth-A__V_-Dziubynskyi
http://dx.doi.org/10.1007/s11003-021-00460-2

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

Otpumano 21.07.2023
UDK 620.197.2:677.631.2

Nataliya Imbirovych!, Oleksandr Povstianoi®

'PhD, associate professor, Department of Materials Science
Lutsk National Technical University (Lutsk, Ukraine)
E-mail: imbirovychnatalia@gmail.com ORCID: https://orcid.org/0000-0001-8276-6349

2DSn, professor, Department of applied mechanics and mechatronics
Lutsk National Technical University (Lutsk, Ukraine)
E-mail: povstjanoj@ukr.net ORCID: https://orcid.org/0000-0002-1416-225X

INVESTIGATION OF CORROSION RESISTANCE OF POROUS PERMEABLE
MATERIALS WITH PROTECTIVE COATINGS OF THE NEW GENERATION

Porous permeable materials (PPM) are subject to corrosion during operation for cleaning aggressive environments. In
order to solve this problem, it is urgent to apply a combined protective coating, which will significantly increase the corrosion
resistance of PPM in the conditions of filtering and cleaning aggressive environments.

In order to ensure timely and reliable protection of PPM from corrosion, it is necessary to pay more attention to con-
ducting studies on the assessment of the danger of corrosion and protection from it of PPM and to increase the quality and
reliability of the protective coatings applied to them.

Plasma electrolytic oxidation (PEO), known as ANOF (Anodishen Oxidation unter Funkenentladung) in Germany, ASD
(Anodic Spark Deposition) in the USA, Europe and China, MDO (micro-arc oxidation) in Ukraine, and REO (Plasma Electro-
Iytic Oxidation) in Great Britain. In Switzerland, it has been developing in the last twenty years as a new intensive technology
of anodic treatment of metals. The process is carried out under the conditions of surface spark discharges as a result of electro-
and plasma-chemical reactions and is used both for cleaning the metal surface and for applying various coatings, the properties
of which are determined by the composition of the electrolyte and the mode of electrolysis.

In this scientific work, samples made from BBS15 + graphite powder were studied. Then the blanks were placed in an
induction furnace and sintered at a temperature of 1200°C. The surface protection of the samples against corrosion was carried
out in two stages: first, an electro-metallization coating was applied, then the synthesis was carried out by the PEO method.

During formation on the PPM OKP, the corrosion current decreases by 1...2 orders of magnitude depending on the
composition of the electrolyte in which the coating was synthesized. Thus, the coating synthesized in a low-concentration elec-
trolyte containing alkali and liquid glass has the lowest corrosion resistance of those synthesized in more concentrated elec-
trolytes.

Coatings for PPM, which are synthesized in electrolytes of higher concentration, have better corrosion resistance, that is, the
anti-corrosion effect of the coatings increases with the growth of the aggressiveness of the corrosive environment. The introduction of
hydrogen peroxide into the electrolyte increases corrosion resistance, and chromium oxide significantly lowers it.

With the help of polarization curves taken in the potentiodynamic mode, it was established that the corrosion potentials
in the table salt solution shift in the positive direction if porous permeable materials of the combined coating are applied to
the surface, which indicates a decrease in the corrosion activity of the surface. Corrosion currents of the combined protective
coating for all studied systems are reduced by 3 orders of magnitude, and an increase in the ratio of cathodic to anodic current
density reduces the corrosion rate of the coating by another five times.

Key words: corrosion, combined coating, porous permeable materials, corrosion current, corrosion potential, corrosive
environment.

Fig.: 7. References: 19.

Im0ipoBuu H., IToBcTsnoii O. JociimkeHHs KOpO3iitHOT TPUBKOCTI OPHCTUX MPOHUKHUX MaTepialiB 31 3aXUCHUMHU MOKPUTTSIMU HOBOTO
nokomuHs. Texuiuni nayku ma mexnonozii. 2023. Ne 3(33). C. 30-39.

39


https://orcid.org/0000-0001-8276-6349
https://orcid.org/0000-0002-1416-225X

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

DOI 10.25140/2411-5363-2023-3(33)-40-52
VIIK 621.865.8

Bonooumup Kpaseuv', Onexcanop Kpaseuv?, IOpiii Adamenko’, Cepziii Jlankoecokuir?,
Bonooumup Kopenwvkoe®, Bonooumup ®ponoe®

linkenep xadeapu KOHCTPYIOBAHHS MAllUH
HartionansHuii TexHIUHMH yHiBepcuTeT Y kpainu “KuiBchkuit mositexHiunmii inctuTyT iMeHi Iropst Cikopebkoro” (Kui, Ykpaina)
E-mail: bond118@meta.ua ORCID: https://orcid.org/0009-0005-6867-4858 ResearcherID: ITU-8413-2023
2KaH(U/IaT TEXHIYHUX HAYK, JOLEHT Ka(eapu KOHCTPYIOBAHHS MAIIUH
Harionansauit TexHiuHUA yHIBepcuTeT Ykpainu “KuiBchkuit monitexniunmii incturyT iMeHi Irops Cikopcbkoro” (KuiB, Ykpaina)
E-mail: om kravets@ukr.net ORCID: https://orcid.org/0000-0002-7468-0956 ResearcherID: ITUQ-7186-2023
SKaHUIIAT TEXHIYHUX HAYK, TOUEHT Kadepu KOHCTPYIOBAHHS MAIIUH
Harionansauit TexHiuHuA yHIBepcuTeT Ykpainu “KuiBchkuit monitexniunmii incturyt iMeHi Irops Cikopebkoro” (KuiB, Ykpaina)
E-mail: yuriy.adamenko(@ukr.net ORCID: https://orcid.org/0000-0003-4232-3206 ResearcherID: ACT-0127-2022
4KamUIaT TEXHIYHUX HAYK, JOLEHT KadeIpu TEXHOIOTII MAIMHOOY Ly BaHHS
Harionansauit TexHiuHui yHiBepcuTeT Ykpainy “KuiBchkuit mositexniunmii inctutyt iMeHi Iropst Cikopeskoro” (KuiB, Ykpaina)
E-mail: Lapkovsky@ukr.net ORCID: https://orcid.org/0000-0002-9870-9231 ResearcherID: HCH-3837-2022
SKaHIUIAT TEXHIYHUX HAYK, JOLEHT KadeapH TEXHOIOTIT MalMHOGY Ly BaHHSI
Harionansauit TexHiyHuA yHiBepcuTeT Ykpainy “KuiBchkuii mositexniunuii inctutyT iMesi Iropst Cikopeskoro” (KuiB, Ykpaina)
E-mail: volodymyr.korenkov(@gmail.com ORCID: https://orcid.org/0000-0002-1911-9496 ResearcherID: ADG-1590-2022
SkaHIMIAT TEXHIYHUX HAYK, JOLEHT KadeapH TEXHOTIOTIT MalMHOGY Iy BaHHSI
Harionanbhuit TexHiunuii yHiBepcuteT Y kpainu “KuiBchkuit monitexuiunuii inctutyt imeni Iropst Cikopebkoro” (KuiB, Ykpaina)
E-mail: v.k.frolov@gmail.com ORCID: https://orcid.org/ 0000-0002-3697-286X ResearcherID: ACH-0071-2022

AHAJII3 PO3MIPHHUX 3B’SA3KIB POBOTU30BAHOTI'O KOMIIVIEKCY

3acmocysanns npomucnosux pobomis — 6e3anbmepHaMuGHUN WIAAX NIOBUWEHH SKOCMI mMa NPOOYKMUGHOCMI
cyyachozo eupobnuymea. Hapasi cepeod ycix pobomusoganux mexnonio2iuHux onepayiii came Mawinyi08ants 00’ ekmamu
8UPOOHUYMBA € HatnowupeHiuioro pobomusosanoio onepayicio. Cmamms npuceadena UPIWEeHHIO NUMAHb PO3MIPHO20
aHanizy pobomu306aHUx KOMNWIEKCI8 Memanioo6pobients, addce HA OAHUL 4acC POIMIDHUL aHaliz € Oydce ehekmueHum
cyyacHum 3acobom 3abe3neyents nposedeHHs K KilbKiCH020, MAK i AKICHO20 aHANI3i8 iICHYIOUUX i CUHMEe3Y HOBUX MEXHIYHUX
cucmem i mexHonoziuHux npoyecie. Memoro cmammi € 8upiuieHHa 3a0ayi UAGIEHHS A PO3PAXYHKY POSMIDHUX 36'13Kié npu
POOOMU308AHOMY 8CINAHOBNIEHHT 3A20MOB0K A00 Oemainell y MemanopizatbHull eepcman.

Knrouoei cnosa: npomucnosuii pobom,; gepcmam, podomu308anuLi KOMIJIEKC, POIMIPHI 36 SI3KU, PO3MIDHULL TAHYIOS.

Puc.: 10. bion.: 14.

AKTyaJbHiCTh TeMH J0CTiIKeHHsl. Ha TemepimHiii yac HEMOXIIMBO YSBHUTH TaKy Taily3b
OPOMHCIIOBOCTI, sIKOi O HE TOpPKHYJNacs MpPOMHUCIOBAa poOoTOTexHiKa. Pe3synbpratn
0araToacneKTHOrO aHajli3y €KOHOMIYHOTO PO3BHTKY MPOMHCIOBO PO3BHHEHUX KPaiH JOBOISTH,
10 BUKOPHCTAHHS MPOMHUCIOBUX POOOTIB — O€3abTePHATUBHUN MUIAX ICTOTHOTO ITiABUIICHHS
SKOCTI Ta TMPOAYKTHBHOCTI Cy4YaCHOTO BHPOOHHWIITBA. 3a JaHWMH MHHYJIOPIYHOTO 3BITY
MixknHaponHoi denepattii podororexniku (International Federation of Robotics, IFR) [1] B ocTanni
POKH cepen yCiX poOOTH30BaHMX TEXHOJIOTIYHHMX OMepalliii caMe MaHIIMyJIOBaHHS 00’ €KTaMH
BUPOOHUMIITBA € HaMmommpeHimow poboTu3oBaHOK — omepauiero  (puc. 1).  Omneparii
MaHIITyJTFOBaHHS 3aCTOCOBYIOTHCS y OUTBIIOCTI Chep poOOTH30BAaHOTO BUPOOHHUIITBA, OCOOJIMBO 11€
CTOCYEThCSI 00CTyroByBaHHS mpomMucioBumMu pobotamu (I1TP) OCHOBHOTO TEXHOJIOTIYHOTO
oOnagHaHHA, Y TOMY 4YHCHi, MeTanopizanbHux BepcraTiB (MPB) Ta 00poOmroBaibHUX IIEHTPIB
(OL) 3 UIIK (CNC machine tools tending) (puc.2), amke B Mpoleci 3aBaHTaKCHHS-
po3BanTaxenass MPB a6o Ol 3 UIIK npomucioBoMy poOOTy HEOOXIAHO 3IIACHUTH Yy TIPOCTOPI
[Ty HU3KY MaHIMyJAIIMHUX omepariil i3 3aroroBkamu abo aetaimsMu (puc. 3). TakuMm 4uHOM,
JIOCTIKEHHS CUCTEM POOOTH30BAHOTO 3aBaHTaKEeHHS-po3BaHTaxkeHHs MPB ab6o Ol uentpis 3
UIIK (Robotic CNC Machine Tending Load-Unload) 3aBxu OyxyTh BeIbMH aKTyaIbHUMU.

© Kpageup B., Kpaseup O., Agamenko 0., Jlankoscbkuii C., Kopenbko B., @ponos B., 2023
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Puc. 1. Biocomxose cniggioHouienHs pooomu3o8anux onepayii y UpoOHUYmei.:
a—y 2019 poyi, 6 —y 2020 poui, 6 —y 2021 poyi

Jxepeio: po3po0iieHO aBTOpaMHu.
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Puc. 2. Obcnyzo8ysannsa npomuciogumu pooomamu MemaniopizaibHux 6epcmamis ma
obpoobaosanvrux yenmpis 3 4YIIK [2-5]

Puc. 3. Maninynayii iz 3aeomosxamu npu 00C1y208y8anHi NPOMUCIOBUMU POOOMAMU
MemanopizanvHux eepcmamis ma oopodnosanvuux yeumpis 3 YIIK [5; 6]
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IMocTanoBKa mpodeMHu. Y CTaHOBYI PO3MIpHI 3B'SI3KU 3aBKIU TIOBHHHI PO3PAaXOBYBAaTUCS
pu poOOTHU30BAaHOMY BCTAHOBJIEHHI 3arOTOBOK a00 JeTaieil Ha BepCTaTH, y IPHUCTPOi, HA CY-
NYTHUKY, B HAKONINYYBayl, Y CKJIJChKi KOMIpKH Tomo. Tpeba 3a3HaunTH, 1110 METOJMKA BHSIB-
JICHHS Ta PO3PaxyHKY YCTAaHOBUMX PO3MIPHHX 3B'SI3KiB Taka K cama, sIK 1 TPy CKJIaJaHH1 BUPO-
0iB. YcTaHOBUI pO3MipHI 3B'3KM MOXYTh OyTH BiHECEHI1 MO CKJIAaJaHHA, PI3HUIA IOJISATAE
JIUIIIE B TOMY, 1110 IOMTYCKH Ha PO3MIPH ISl BCTAHOBJICHHS 3arOTOBOK a00 JeTaneil y pi3Hi mpu-
CTpOIi, SIK MPaBHUJIO, MOXKYTh OyTH 3HAYHO OIIBIIMMU, HIK MPU CKJIaJAaHHI BUPOOIB, 1 TOMY iX
Habararo nermie 3abe3neyntu. PazoM 3 TUM, SKIIO pO30MpaHHs Ta MOBTOPHE CKJIaJaHHS HE
noTpiOHI, CKIagaHHs KOKHOTO BUPOOY 3a3BUYail MPOBOJUTHCS JIMIIE OJUH Pa3, a BCTAHOB-
JICHHS OJTHUX 1 THX K€ 3arOTOBOK 200 JeTarneii Moxke 3iHCHIOBATHCS HEOAHOPA30BO, 10 TAKOXK
HEOOXI1THO BPaxOBYBaTH.

MeTo1o BUSBIEHHS Ta pPO3PAaxXyHKY PO3MIPHHMX 3B'SI3KiB MPU POOOTH30BAHOMY BCTAHOB-
JICHHI 3arOTOBOK a00 JieTajieli, BAHTAXKHO-PO3BAHTAXYBATHPHUX POOOTaX OCHOBHOTO TEXHOJIO-
TiYHOTO 00JIaIHAHHS TOIIO € BUPIMICHHS HACTYITHUX 3a/1a4:

1) 3abe3mneueHHs Mpare3aaTHOCTI pOOOTH30BAHOI CUCTEMH MPOTATOM HEOOX1THOTO Yacy
eKCIuTyaTalii B yMoBax Jiii pi3HOMaHITHUX (DaKkTOpiB, 110 BIJTMBAIOTH HA CTAOUIBHICTD CKIIa/10-
BHUX PO3MIPIB Ta PO3MIPHHX 3B'S3KIB;

2) Bubip MeToiB Ta 3ac00iB poOOTH3AIli], sIKi 3MOXKYTh 3a0€3MeYnTH HEOOX1HI po3MipHi
3B'I3KH;

3) dbopmyrOBaHHS BUMOT JI0 XapaKTEPUCTUK TOYHOCTI POMUCIOBUX pOOOTIB, SIK1 pealti-
3YIOTh pOOOTH30BaHE BCTAHOBJICHHS 3arOTOBOK a00 JeTaJIeH;

4) Bubip MeTO/IiB Ta CIIOCOOIB PO3MIPHOTO HAJIATOJIKEHHS CUCTEMHU.

Kpim Toro, Ha mijicTaBi po3paxyHKy po3MIpHHUX 3B'SI3KiB MO’KHA BCTAHOBUTHU PETIAMEHTH
TEXHIYHOTO 0OCITYrOBYBaHHS Ta MPO(IIAKTUKH, CPOPMYITIOBATH JIOIYCTHUMI OOMEXEHHS 30B-
HIITHIX BIUIMBIB B MPOIECI eKCIUTyaTallii TeXHOJIOTTYHOI CHCTEMH.

AHaJi3 ocTaHHiX 1ocaizkensb i my6aikaniii. Hapasi po3mipHuii aHami3z — ayxe eexTHB-
HUW Cy49acHHH 3aci0 /ISl KITbKICHOTO Ta SIKICHOTO aHaJli3y ICHYIOUMX 1 CHHTE3y HOBUX TEXHIU-
HUX CUCTEM 1 TEXHOJIOT1YHUX MPOIIECIB, CAME TOMY B OCTaHH1 POKH ITUTaHHSIM PO3MIPHOTO aHa-
73y OyJI0 MPHUCBAYEHO YMMAJIO HAYKOBUX JIOCHTIKEHb 1 MyOJiKaImii K yKpaiHChKUX, TaK 1
3apyOikHUX aBTOpiB [7—13].

VY po6oTi [7] HaBOIATHCS] TEOPETUUHI Ta METOAOJIOTIYHI OCHOBH 1 aJITOPUTMHU PO3MIPHOTO
aHaJi3y Ta MOJICIIOBAHHS TEXHOJOTIYHUX MPOLIECIB BUTOTOBJICHHS AeTaleH, IX BUKOPUCTAHHS
TSl OLIIHIOBAHHS MOYKJIMBOCTEH Ta MPOTHO3YBAaHHS 3 METOIO 3a0e3MeYeHHS HE0O0X1JHOT TOYHO-
CTi JieTajeld, BU3HAUCHHs PO3MIPHHUX XapaKTEPUCTHK, K1 HEOOXIHI ISl peastizaiii TeXHOIOTi-
YHUX TPOIECIB Y BUPOOHHIITBI.

PoGota [8] mpucBsiueHa METOIOJIOTIYHUM OCHOBAM CTBOPEHHS CHCTEMHU IPOTHO3YBAaHHS
XapaKTePUCTHK TEXHOJOTTYHOTO MPOLECy Ha cTafii mpoekTyBaHHs. CTBOPEHHS JaHOI CUCTEMU
HAJAaCTh MOXKIIMBICTh MEPEMIIIEHHs BUPIIIICHHS 0aratbox 3aj1a4 3 eTanmy OCBOEHHS BUPOOHUII-
TBa Ha eTar MPOEKTYBaHHS HOBOTI'O TEXHOJOTIYHOIO MPOIIECY, HA IKOMY IPOIIEC MOIIYKY ONTH-
MaJIbHUX pillieHb He Oy/ie OB’ s13aHUH 3 HU3KOI0 3HAYHUX MaTepialbHUX BUTPAT.

VY pobotax [9; 10] HABOASITHCS METOMOJIOTISI BUKOPUCTAHHS TEOpli PO3MIPHUX 3B’S3KIB 1
BIJIMIOBIIHI THIOBI 3aj1a4i, SIKi BAHUKAIOTh MIPH MPOEKTYBaHHI TEXHOJIOTIYHUX MPOLECIB CKIIa-
JTaAHHS.

PoGota [11] npucssiuena anaiizy ocTaHHIX cTaHAapTiB gomyckiB ISO, siki, pa3oM i3 cBoiMHU
MepPCHeKTUBAMU Ta MPoOIeMaMy, MAaTUMYTh 3HAYHUHW BIUIMB Ha IUDKUTHITI3AIII0 BUPOOHUII-
TBa.

Po6otu [12; 13] mpucBsueH1 po3MipHUM Ta TEOMETPUYHHUM JOITYCKaM, 1110 BIUTUBAIOTH K
Ha BapTiCTh, TaK 1 Ha (PYHKI[IOHAIBHICTH BUPOOY, aJ’Ke OUTYK MPUUHATHOTO KOMIIPOMICY MiX
HUMH € OJIHAM 13 HaWIMONIMPEHIINX 1HKEHEPHUX 3aBJaHb. Y IIUX poOOTax aBTOPH MPOBEITH
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OLIIHIOBAHHS METO/IIB aHaJIi3y AOMYCKiB, 3aCTOCYBABIIIHN IX CTOCOBHO CKJIaJTHUX MEXaHIYHHX BY-
3;iB. byso mpoaHaiizoBaHO Ta MOPIBHIHO PE3yJIbTaTH, SIK1 Oy OTpMMaHi METOJIOM JliarpaMu
JOITYCKiB, MOJISTIOBaHHSM MeTo10M MoHTe-Kapio, anamizoM BeKTOpHOT NeTIi, YHi()iKOBaHOIO
MOJEITI0 Topcopa SIkoOi Ta iHImUMH MeTtogamMu. OTpuMaHi pe3yJIbTaTH MiATBEPAWIA HasB-
HICTh 3HAYHUX Bapialiil y pe3yapTaTax JOCIIKYBaHIUX METO/IIB, 1110 BKa3aJ0 Ha HEOOXIJHICTh
0OTpyHTOBAHOTO BUOOPY BIAMOBITHOTO METOY.

BunineHHsi HeZOCHiIKEHUX YACTHH 3arajbHoi mpoodJjemu. Pe3ynbTaTh peTenbHOro
aHaJIi3y OCTaHHIX JOCIIKEHb 1 MyOuliKaliid CTOCOBHO PO3MIPHOTO aHaJIi3y Ta CUCTEMaTH3aLlis
OTpUMaHoOi 1H(OpMaIlii TO3BOJUIM 3pOOUTH HACTYIMHWUN BHCHOBOK: IpoOJieMa BHUPIIICHHS
3aadi BUSIBJICHHS Ta PO3PaxXyHKY YCTaHOBYHMX PO3MIPHUX 3B'S3KiB IpU pOOOTH30BAaHOMY
BCTAHOBJICHHI 3aroTOBOK a00 JeTajieldl y MeTalopi3albHUK BepcTaT abo oOpoOroBabHUI
LIEHTP Hapa3i He BUpILICHA.

MeTo10 cTATTi € BUPIMICHHS 33/1a4i BUABJICHHS Ta PO3pPaxyHKY PO3MIpHHUX 3B'SI3KiB MPH
poOOTH30BaHOMY BCTAaHOBJICHHI 3arO0TOBOK 200 neraneit y MPB a6o OL] 3 UIIK.

Buxiax ocHoBHOro Mmarepiajy. Po3rissHeMo po3MipHi 3B’ SI3KH, SIKI BUHUKAIOTh TIPH PO-
00TH30BaHOMY BCTAHOBJICHHI IIMIIIHAPUYHOI 3aTOTOBKH Y CAMOLIEHTPYIOUMI1 TOKapHUI TaTpOH
MPB Ha npukinani podotuzoBanoro komrmuiekcy (PK) meranoo6pobnenns (puc. 4). 3aBaHTa-
JKEHHS 3aTOTOBKH y MAaTPOH 1 BUBAHTAXXCHHS JeTani 3aiicHioe [P (puc. 5).

Puc. 5. Bcmanoenenns 3a20moexku y camoyenmpyouuil nampoH eepcmama
Jxepeino: po3po0ieHo aBTopaMu.
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I1P 3xilicHIOE 3aXOIUIEHHS 3ar0TOBKH, TiepeMmiltye ii B podody 3oy MPB, a motiM BBOAUTH
3arOTOBKY B MDXKKYJIA4KOBY 30HY MaTpoHa, micist yoro cuctemoro UYIIK momaerscst komanaa Ha
3aTUCK KYJIa4KiB MaTpOHa.

3 puc. 5 BUIHO, 110 BBEJACHHS 3arOTOBKH MiX BIIKPUTHMH KyJIauKaMH ITaTPOHA MOXKJIHBE
y TOMY BHUIIaJKy, KOJIM 3HAUEHHS BIAXWICHHS BiJ IIECHTPYBaHHS 3ar0OTOBKHU BiJTHOCHO OCi KyJia-
YKiB ATPOHA A4 HE IEPEBUIILYE MAKCUMAIILHOTO 3HAYCHHS A A max:

D-d (1

AAmax = T’

1€ AAmax — MAKCUMAJIbHE BIIXUJICHHS BiJl IIEHTPYBAHHS;
D — niameTp BIIKpUTHX KyJAuKiB MaTpOHa,
d — miaMeTp 3aroTOBKH.

SIK110 Ha MOMEHT BCTAHOBJICHHSI 3aTOTOBKM 3HAYCHHS BIIXUIICHHS A A BUSIBUTHCS OLITbIIIE
[IOT'O TPAHUYHO JIOMYCTUMOTO 3HAYECHHS, TO B MpoIleci pyxy 3axBaTHoro nmpuctpoto (3I1) TP
B3JIOBX OCi IIMUHJENS 3arOTOBKA CBOIM TOpieM Oyje BIupatucs y marpoH (puc. 6), To6To
BCTAHOBJICHHS 3aTOTOBKH OYZIe HEMOXIINBUM.

Puc. 6. Hemoorcnugicms 6cmanoients 3a20mosKu y nampon npu HeUKOHauHi eumozu (1)
Jxepeno: po3po0icHO aBTOpaMHU.
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3 HaBEJCHOTO BHUIIE BUXOAHUTH, 110 3a0€3MeYCHHS HEOOXITHOIO 3HAYCHHS A4 € YMOBOIO
MO>KJTMBOCTI pOOOTHU30BAHOTO BCTAHOBIIEHHS 3aroToBkH y matpoH MPB a6o OIl. [Jomyctume
3HaYeHHS A4 pO3paxoBY€EThCS, BUXOS4H 3 po3MipiB D 1 d 3a popmyioro (1).

3 mi€l 3aJeKHOCTI BUIUIMBAE 3HAYCHHS T'PAHUYHO JOMYCTHUMOIO BIIXUICHHS AAmax BIJ
CIIBBICHOCTI, 1110 103BoJIs€ [IP BCTaHOBUTH 3arOTOBKY Y BIJIKPUTHII MATPOH.

Tak sk 11t OUTBIIOCTI TOKAPHUX MATPOHIB 3 MEXAHIYHUM TIPUBOJIOM JIsI 3aKPITICHHS 3a-
TOTOBKH J[1ana30H BIAKPUTTA KyJdauka MOKe OyTH JOCUTh BETUKUM, TO, SIK IPABUIJIO, HE BUHHU-
Ka€ TPYIHOIIIB 3a0€3MeUeHHs BIAKPUTTS KyJIauKiB B IiaMeTpi, Hanpukiag, Ha 20 MM Oibline
JiaMeTrpa 3aroToBKH. To/1i MaKCUMaJIbHO JOIYCTUME BIIXMIJICHHS BiJI CIIIBBICHOCTI Oy 1€ JOpiB-
HIOBATU AAmax = £ 10 vm. Y 1IbOMY BHUMAJIKy Hpu Oa’kaHHI 3a0€3MEUYUTH CHIBBICHICTH 3HA-
YEHHS BUX1JIHOI JJAHKH MOYKHA 3aIMCATH Y BUTISAI AA max = 0 = 10 mm. 1le o3Hauae, mo0 Haii-
KpaliuM BUNAAKOM Oys0 O BUKOHaHHS YMOBU A4 = (), ajie NOMyCTUME BIAXUJICHHS JOPIBHIOE
+ 10 MM, TOOTO JIOIYCK Ha BIIXHMIICHHS A4y JaHOMY BUIIAAKY OyJe nopiBHIOBATH 14 = 20 MMm.

OpHak, ¢ 3a3HAYUTH, [0 MIPOBEICHOTO PO3PAXYHKY HEAOCTATHHO /ISl BUSBICHHS JI0-
MyCTUMUX BIIXWJICHB BiJI CIIIBBICHOCTI, a/’K€ PO3PaXyHKOBE 3HAYCHHS A4 JO3BOJISIE JIUIIE 3a-
0e3meunTH BBEJCHHS 3aTOTOBKY B MDXKKYJIAYKOBY 30HY MaTpPOHA 1 € HEOOX1THOTO, aJlie HeJI0CTa-
THBOIO YMOBOIO.

Posrnsinemo, sk Oyae (ikcyBaTtucs 3aroroBka MpU PO3PaXxOBAaHOMY BIIXHIJICHHI BiJ
cmiBBicHOCTI. Kynauku, 3MIIIylO4MCh A0 OCI MaTpoHA, NMPH HASBHOCTI BIAXWIICHHS BIJ
CIIBBICHOCTI, OYIyTh MParHyTH NEPEMICTUTH 3ar0OTOBKY B HOBE TOJIOKEHHS. B cuity Toro, mo
3arotoBka Bce 1e 3adikcoBana y 311 1P, Oyxe BUHUKATH cuiia MPU MEPEMIIIEHHI 3arOTOBKU
Bim 311 TIP nmo marpona MPB. 3HadueHHs 1€l CHJIM MOXXHAa BH3HAYUTH 3a HACTYITHOKO
b opmyIor0:

P=j-Ay, 2)

ne P — cuna npu nepeHeceHHi 3arotoBku Bif [1P 1o matpona;
J — )KOPCTKICTh CHCTEMH pOOOT-3ar0TOBKA-IaTPOH;
AA— TOTyCTUME BiIXUIICHHS.

ITpu sxopctkocti [1P j = 500 H/mm nipu BigxuneHHi Aa = Aamax = 10 mm 3rigHO0 (2) cuna,
sKa Jli€e B MOMEHT 3akpiruieHHs Ha [1P, 3aroToBKy Ta KyJauku Bij] CIIIBBICHOCTI aTpoHa, Oyie
nopiBHIOBaTH P = 5000 H. SIxOu Take 3yCUIUIS MOTIIH O CTBOPHUTH KyJIauKH IMaTPOHA, TO MIOCh
000B's13xk0B0 Ou 3mamanocs: 3I1 ITP, 3arotoBka abo maTpoH, TOMy 3pO3yMLIIO, IO APYTO0, HE
MEHII BaYKJTMBOIO, YMOBOIO BU3HAUEHHS TPAHUYHO JOIMYCTUMOTO BIIXUJICHHS BiJl CITIBBICHOCTI
Oyzne oOMeXeHHs CHITH P TONyCTUMHM 3Ha4CHHSIM, III0 BU3HAYA€THCSI KOHKPETHUMH YMOBAaMHU
BCTAHOBJICHHS 3aroTOBKH: Mojaeiutto MPB, po3mipamu 1 MIIHICTIO 3arOTOBKH, TTapaMeTpaMu
I1P.

Ha puc. 7 HaBeneHo rpadik 3aJIe)KHOCTI 3HAYCHHS JTOMTYCTUMOTO BIIXUJICHHS A4 BiJ 3Ha-
yeHb cui P ripu niepemitienHi 3arotoBku Bif 311 I1P y marpor MPB Ta sxopcTkocTi j cuctemu
po6OT-3aroToBKa-MaTpoH.

[TpumycTuMo, 110 B KOHKPETHOMY BUTIAJIKY JJIsS BCTAHOBJICHHSI 3arOTOBKH HEOOX1THO, 1100
3HaueHHs cunu P He mepesutnyBaio 100 H. Toxi momycTtuMe BiAXWIICHHS BiJ] CIIBBICHOCTI
Oyne nopiBatoBatu 4’2 = P/j = 100/500 = 0,2 mm.

BoueBup, 1m0 ymoBa (2) CTOCOBHO 3HaUEHHS A A max HAOAraTo KOpCTKinie, Hixk ymoBa (1),
amxe A'Amax < Aamax. Jani He0OX11HO MOOYyBaTH PO3MIPHUIN JAHILIOT IS PO3MIPHUX Xapak-
tepuctuk PK MeTanooOpoOieHHs, HaBeAeHOro Ha puc. 4. JIJis IbOro BU3HAYAEMO 3B’ I3KH MIXK
PO3MIpHUMH JaHKaMU (pHC. §) 1 OTPUMY€EMO IIYKaHUW PO3MIpHUH JIaHIIIOT (puC. 9).

Jlaauii po3MipHHIA JTAHIIOT OMUCYETHCS PIBHSIHHSIM (3):

Ay =—A -4+ 4,-A4, - A -4 - 4,, 3)
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Puc. 7. I'paghix 3anexcnocmi 3HauenHs 00nycmumozo 8i0OXuieHHs i cniggicHocmi Aa

610 3Hauenv cunu P ma ocopcmrocmi j
Jxepeno: po3po0iieHO aBTOpaMHu.

Puc. 8. 38 ’a3ku misc pozmiprumu nankamu PK memanoobpobnenns
Jxepeno: po3po0iieHO aBTOpaMHu.

A;

A> I Aj I Az I A; I Ag I As I Ay
Puc. 9. Posmipnuii nanyroe PK memanooopoonenns
Jxepeio: po3po0iieHO aBTOpaMHu.

47



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

ne A; — BIIXWIGHHS BiJI CIIBBICHOCTI TEXHOJOTIYHOI 0a3H 3arOTOBKH, 1[0 BCTAHOBJICHA Y TIaT-
poHi, Ta 6a3u, 10 BU3HAYa€E mooxeHHs 3arotoBku y 311 T1P;

A2 — BiIXWJICHHS BiJ ciBBiCHOCTI moBepxHi 3arotoBku y 3I1 1P, sike 3ymoBneHe MOXuOKO0
BCcTaHOBJIEHHS 3aroTOBKH Y 311 42 Ta moxuokoro nienTpyBanHs 311 I1IP Az, A2 = Az + A2y;

As — Biacransb Big oci 3I1 IIP go 0a3u Biasiky po3mipiB Ipy aBTOMAaTU30BAaHOMY IEpeMi-
IIEHHI OCTaHHBOTO 3TiAHO 3 mporpamoro cuctemu YIIK (3amporpamoBaHe 3HAUYCHHSI TTO3HUIII0-
nyBanHs 311 I[1P);

A4 — BigcTaHp Bijl 0a3u BIATIKY po3MipiB A0 OCHOBHOI 0a3u po0oTa, 1110 BU3HAYa€ HOro mo-
JI0KeHHs BimHOCcHO MPB;

As — Bigctans Mixx I1P Ta MPB;

As — BigcTans Big oci mmuHaeas MPB no ocHoBHoi 0a3u MPB;

A7 — BIIXMJICHHA BiJl CIIBBICHOCTI KyJIauyKiB MaTPOHA MO BiJHOLICHHIO JIO OCI IIMUHIEINSA
MPB, mo BuKIMKaHEe MOXHWOKOIO BCTAHOBJICHHS MAaTPOHA HA IIMUHIETH A7z Ta MOXHUOKOIO
LIEHTPYBaHHS KyJauKiB naTpoHa Az, A7 = A7e + Azy.

Po3mipawmit nanmror 4 xapakrepusye 3B’s130K Mixk rabaputamu MPB, T1P 1 BigxwmieHHsIM
BiJ criiBBicHOCTI. Llel 3B'A30k MOKHA OMMCATH MaTEMATUYHO TPHOMA PiBHSHHAMHU: PIBHAHHIM
PO3MIpHOTO JIAHIIOTa Y HOMIHAJIaX, PIBHIHHSAM JOIYCKIB IIUX PO3MIPHOCTEH, SIKE BIAMOBIIa€E
METOAY JIOCSTHEHHS TOYHOCTI, Ta PIBHAHHSAM CEpPEIHIX BIIXUICHb PO3MIpIB.

[Tpu nanaromxenni PK nmpu nporpamysansi [1P (puc. 8) po3mip 43 miaOUpaeTbest TAKAM YH-
HOM, 11100 pO3Mip A4 3HAXOJMBCS B MEXKax JIOMyCTUMHUX 3HA4€Hb, TOOTO MPH HAJIAroHKEHHI HE00-
XiJTHO BUKOPHCTOBYBATH PETYITIOBaHHS, OHAK MPU POOOTU30BaHOMY 3aBaHT)KECHHI 3arOTOBOK Ta
PO3BaHTa)KEHHI JieTaliell HeoO0XiIHO BUKOPHCTOBYBATH METOJ TOBHOT B3a€MO3aMiHHOCTI.

B npoueci excrmyaranii PK ¢aktuune 3HaueHHs po3mipy 44 B OCHOBHOMY Oy/ie 3MiHIOBa-
THUCS Yepe3 MOMWJIKU no3umionyBanHs [1P, TemmoBux aedopmartiii, HOMUIOK MPH BCTaHOB-
nenHi 3arotoBku y 3I1. Hanpukian, moxuOka mo3uioHyBaHHs 3aBaHTaXyBajdbHUX [IP Moxe
ctanoBuTH 0,5 MM 1 OLTBIIIE; BICh IIMTUHIEINSI TOKAPHOTO BepcTaTa, Hanpukiaza, 16K20Pd3, mpu
HarpiBaHHi nepeanboi 0a0ku Ha 20°C 3MinlyeThes y TOPU30HTANBHIHM miomumHi Ha 20 MKM, a 'y
BepTuKabHIN — Ha 40 MkM (puc. 10). Buaukae nutanns: skuii [IP ¢ BUKOpUCTOBYBaTH: 3
TOYHICTIO MTO3UIioOHyBaHHS = | MM, + 0,1 MM a6o + 0,01 MM, BpaxoByr04H, 110 31 301BIICHHIM
TOYHOCTI MTO3UIIIOHYBaHHS 3pocTae BapTicth [1P? Binmosine Ha 1€ MUTaHHS MOYKHA OTPUMATH,
IPOBIBIIM PO3MIPHHUNA aHATII3.

Puc. 10. 3miwenns oci wnunoenss MPB eunacnioox mennosux degpopmayiti
Jxepeno: po3po0bIeHO aBTOpaMHu.
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ITpu aBTromatuuHiit po6oTi PK HeoOxinHo 3a0e3neuntu BcraHoBneHHs [1P koxxHOT 3aroro-
BKM y naTpoH MPB 0e3 mifiHanaropkeHHs Ta peryiioBaHHs, TOMY CIIIBBICHICTb A4 TIOBUHHA
3a0e3meTyBaTHCs METOJIOM TTOBHOT B3a€EMO3aMiHHOCTI.

ITpu moBHIN B3a€EMO3aMiHHOCTI JIOMYCK 3aMUKAI04y0i JaHKH MMOBHUHEH JOPIBHIOBATU CyMi
MOJTIB IOMYCKiB CKIaaoBux JaHok: T'=T1; + T> + T3+ T4 + Ts + Ts + T7, ne T1 — T7 — nomycku
po3mipiB A BignoBigHoro HOMepa (puc. 8). Tak, nomyck criBBicHOCTI A4 = + 0,25 mm 1opiB-
H10€ T4 = 0,5 mm.

PosrasiHeMo Aommycku CKIIaioBUX PO3MIPIB.

Jlonyck criBBicHOCTI 77 BKa3y€ThCsA Ha KPECIIEHUKY 3arOTOBKH, SIKY IUIAHYETbCS 00p00-
asatu Ha PK. [l HeoOpoOieHo1 MOKOBKH JOMYCK MOKE IIEPEBUILUTH JIOMYCK BUX1IHOT JIAHKH.
JHomyck 7> BU3HA4a€THCS MOXUOKOIO BcTaHOBICHHS 3aroToBku y 311 [TP 1 moxubkoro neHTpy-
BanHs1 3I1. [l HeoOpoOIeHNX TOKOBOK MOXHOKA BCTAHOBJICHHS MOYKE OYTH JJOCUTH 3HAYHOIO,
B PE3yJIbTaTi YOTO CyMa JOMYCKIB 3HAYHO MEPEBUILUTH TOMYCK 74 3aMUKAI04O01 JIAHKH.

OTxe, pU TPUAHATUX JOMYyCKax 3a0e3MeYuTH HEOOXiTHI YMOBH Il pOOOTH30BAHOTO
BCTAHOBJIEHHS 3aTrOTOBKH HEMOXIIUBO.

IcHye nexinbka croco0iB BUPIMIEHHS JaHOT TPOOIeMH.

[To-niepue:

1) 3MeHIIeHHST pO3MIpHUX JOMYCKIB CKJIQJOBUX JAHOK 33 PaXyHOK 3aCTOCYBaHHS OiIbII
touroro 3I1 I1P 3 meHmI0t0 MOXNOKOIO IEHTPYBaHHS,

2) BUKOPUCTAHHS MONEPETHHO 0OPOOJIEHMX 3ar0TOBOK ISl 3SMEHIICHHS MOXUOKH BCTAHO-
BJIEHHS OCTaHHIX;

3) po3mimenns [1P e Ha okpemiii mutatdopmi, a 6e3nmocepeTHHO Ha CTaHUHI a00 nepeaHii
6aoui MPB;

4) oOMexeHHs Jianma3oHy poOoUnX TemIeparyp MpHu eKcIulyaTalii i TaKUM YUHOM 3MEH-
IICHHS CKJIAJIOBUX OMYCKIB 1> — Ts.

[To-npyre, MOXXHA PO3MIMPUTH AOMYCK 3aMHKar0uoi JaHku 14. 3 ¢popmyinu (2), 3 sikoi Oyio
OTPHUMAaHO 3HAYEHHS JIONYCKY, BUXOAUTb, 1110 PO3LIMPEHHS AOIMYCKY IIPH Tii caMiii 1OIyCTUMIN
CHJIi MOJKe OYTH TOCATHYTO 32 paXyHOK 3MEHIIEeHHs x)opcTKocTi 3arotoBku y 311 I1P. e cnoci6
Haioutem 3pyunuit 1 Tomy 311 1P 3a3Bu4aii poOasaTh mianpyxuaeHuMu. OHAK HAJAMIPHO 3Me-
HIITYBaTH >KOPCTKICTh TAKOX IIKIJTUBO, TOMY IO TP BCTAHOBJICHH] 3arOTOBOK Pi3HOT Baru Oyze
BUHUKATH JOCUTH BEJIMKA TTOXHUOKA MO3UIIIOHYBaHHs oci 3arotoBku B 3I1 mo Bucoti. OOpasim
HaiinemreBmmii [1P 3 TouHiCTIO MO3UIIIOHYBaHHS &+ | MM, MOKHA BU3HAUUTH OUYiKyBaHE IOJIE PO-
3CIIOBaHHS M4 PO3MIPOM A4 32 HACTYIHOIO (HOPMYIIOI0:

o, = 0, 4)
JIe @; — TIOJIsl PO3CIIOBAHHS CKJIAJOBHX JIAHOK.

Hexait wa = 2,5 mm. Tonai y 311 I1P motpi6HO 3a0€3MeunT MaKCHMaJIbHE 3MIIIEHHS 3aro-
TOBKU A'Amax = £ 1,25 mm. J171s 1HOTO KOPCTKICTH KPITUIEHHS MOBUHHA OyTH He OLbIle, HIXK
Jmax = P/A"Amax = 100/1,25 = 80 H/mm.

[Tpu 3agaH1# >KOPCTKOCTI Ta HEOOX1THOMY 3HAUEHH1 3MIIICHHS] MOKHA CKOHCTPYIOBATH ITi-
InpyXuHeHy npyxHy miasicky 311 ITP.

[To-TpeTe, MoxHa BukKopucTOBYBaTH [IP 3 amanTUBHOIO MOLIYKOBOIO CHUCTEMOIO KEpy-
BaHHs. [Ipy 1IbOMy MOKE 3MIHUTHUCS CTPYKTYypa Ta apaMeTpH PO3MipHOTO 3B’ SI3KY, METOJ J10-
CATHEHHS TOYHOCTI 3aMHKAI0Y0T0 JJAaHKH: 3aMICTh ITOBHOI B3a€EMO3aMIHHOCTI Oy/1eé BUKOPUCTO-
BYBaTHCS aBTOMAaTUYHE DPETyNIOBaHHS po3Mipy. KommeHcaropoM y po3MipHOMY JaHIOTY
MO>ke BUCTymatH 3MiHa no3urionyBanss 311 [P, skuii ynpasmsierbes cuctemoro UITK.
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Kpim Toro, ITP M0OHa OCHACTUTH CUCTEMOIO TEXHIYHOTO 30pPY 1 IUTYYHUM 1HTEIEKTOM IS
aHaJi3y 1 KOHTPOJIIO MOJI0KEHHS 3aXOTUTFOBAHOI 3ar0TOBKH, TOOTO HEOOXiJHA CHCTEMa aanTH-
BHOro kepyBanHus 11P.

Opnnak takuit [1P o6iiinerpcs HabaraTo AOposkye, HiXK CTAaHJAAPTHUN 3aBaHTAXYBAITbHUI
po0orT, i mpu cyyacHOMY piBHI po3BUTKY TexHiku PK, ocnamenuii Takum I1P, HaBpsn um Bu-
SBUTHCSI KOHKYPEHTOCIIPOMOKHUM I POOOTU30BAHOTO 3aBaHTaKeHHs 3aroToBku y MPB.
JIJ1s bOTO TOCTaTHBO PO3paxyBaTH TEPMIH OKYIHOCTI JOJaTKoBoro ocHaieHHs 1P texHiu-
HUM 30pOM 1 TaKUM YMHOM BpPaxyBaTH PI3HHULIIO y BAPTOCTI IHTENEKTYaIbHOTO Ta 3BUYAHHOTO
3aBaHTaxXyBajbHOTO [1P.

AJie Bce X Taku KO sl poO0oTH3alii BCTAaHOBJICHHS 3aTOTOBOK BUHUKHE HEOOXITHICTh
BUKOPUCTaHHS 1HTeNeKkTyanbpHoro [1P, To 11 Bu3HaueHHsT HEOOXITHUX BUMOT JIO TaTYUKIB 1H-
dbopmartii, CuCTEMH KepyBaHHs, TOYHOCTI IMO3UIIIOHYBAHHS TOIIO HEOOXiHO OyJie BUSBUTH Ta
po3paxyBaTH po3MipHi 3B’s13kH. B iHImomy Bumaaky Oyae mpocTo HEMOXIIMBO Hi CIIPOEKTYBATH
HoBwuii [IP, Hi o6patu BianoBigauii 1P 13 uncna icHy104YMX, Hi 3aporpaMyBaTH HOTO POOOTY.

Crip BiI3BHAYUTH, IO TIPOBEACHUHN PO3MIpHUI aHalli3 pOOOTH30BaHOTO 3aBaHTakeHHs MPB
OyJ10 IPOBEICHO JIOBOJI CIIPOILEHO, TUIBKU JUIs BUIIAKY 3MIIIEHHS 0C1 3arOTOBKH BITHOCHO OCI
IITUH/IETS, OCKIJIPKY Ha TPAKTUII MOXKIIUBUH 1 TIEpEKiC 0Ce OCTaHHIX.

V 3arajgpbHOMY BHIIQJIKY MTOJIOKEHHS B IIPOCTOPI OAHOTO 00’ €KTa BIAHOCHO 1HILIOTO XapaKTe-
PHU3YETHCS MIICThMA TTapaMeTpaMu: TPhOMa MEePEMIIIICHHSIMH 1 TPhOMa 00E€PTaHHSIMH CUCTEM KO-
opauHar. [y aHami3y KOXKHOTO 3 LUX IIECTH apamMeTpiB 000B’s13Kk0Ba MOOYI0Ba BiANIOBIAHOTO
PO3MIPHOTO JIAHITIOTA.

PosrnsnyTa 3anaua poOboTn30BaHOro BcTaHoBJIeHHS 3arotoBku [1P y marpon MPB cxoxa 3
OaraTbMa HIIUMHU TEXHOJIOTTYHUMH 33]]a4aMH, 110 BUHUKAIOTh NP CKJIAJIaHH1, HAPUKJIIA;

1) mpu BCTaHOBJICHHI Bajly B r'iJib3y a00 HAaBIAKH;

2) mpy aBTOMAaTUYHOMY BCTaHOBJICHHI aBToomeparopoM OIl pizasbHOTO 1HCTPYMEHTY B
MarasuHHE THi3/10 TOLIO.

BucnoBku. Po3risHyTHit aHam3 103BoIsIE 3pOOUTH HACTYTTHI BUCHOBKH:

1) mpu poOGoTH3allii TEXHOIOTTYHUX MPOLIECIB aHAJI3 PO3MIPHUX 3B S3KIB, 1110 BAHUKAIOTh,
000B’I3KOBHH;

2) npu poOOTH30BaHOMY BCTAHOBJICHHI 3aTOTOBKH HEOOX1/1HO 3a0€3MeYNTH BIAMIOBIIHI PO-
3MIipHI 3B’s3KH, 1HaKIIe poOOTH30BaHE BCTAHOBJICHHS 3arOTOBKH HEMOJKIIHBE,

3) 3abe3neueHHs IIMX PO3MIPHHX 3B’S3KIB O€3M0CEPEHbO BIUIMBAE HA SKICTh Ta MPOAYK-
THUBHICTh POOOTH30BAaHUX CHCTEM;

4) npu poboTH3allil BUPOOHUYUX MPOIECIB HEOOX1HO ITMOOKO BUBYUTH CYTHICTh TEXHO-
JIOT1YHOTO MPOLECY, AKUN TUTaHYEThCSl pOOOTH3YBaTH, 30KpeMa, BUSIBUTH Ta PO3paxyBaTH po3-
MipHI 3B’SI3KH, 00paTU METOJ] JOCSITHEHHS TOYHOCTI 1 JOLIIBHI 3aCO0M peaizarii po3MipHHX
3B’SI3KIB y pOOOTH30BaHOMY BUPOOHHIITBI.
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ANALYSIS OF DIMENSIONAL RELATIONSHIPS OF THE ROBOTIC COMPLEX

The use of industrial robots is an indispensable way to improve the quality and productivity of modern production.
Currently, among all robotic technological operations, the manipulation of production objects is the most common robotic
operation. The article is devoted to solving the issues of dimensional analysis of robotic metalworking complexes, because
currently dimensional analysis is a very effective modern means of ensuring both quantitative and qualitative analyzes of
existing and synthesis of new technical systems and technological processes. The purpose of the article is to solve the problem
of detecting and calculating dimensional relationships during the robotic installation of blanks or parts in a metal cutting
machine. The article examines the dimensional relationships that arise during the robotic installation of a cylindrical blanks
in a self-centering lathe chuck of a metal-cutting machine using the example of a robotic metalworking complex. For this
robotic complex, the relationships between dimensional links were determined and the corresponding dimensional chain was
obtained, which characterizes the relationship between the dimensions of the metal-cutting machine, the industrial robot and
the deviation from co-axis. This connection can be represented mathematically by three equations: the equation of the
dimensional chain in denominations, the tolerance equation of these dimensions, which corresponds to the method of achieving
accuracy; by the equation of average size deviations. During the automatic operation of the robotic complex, it is necessary to
ensure that the industrial robot installs each blank in the chuck of the metal-cutting machine without adjustment and
adjustment, therefore, the alignment must be ensured by the method of complete interchangeability. With full
interchangeability, the tolerance of the closing link must be equal to the sum of the tolerance fields of the component links. The
given dimensional analysis of the robotic loading of the metal-cutting machine was carried out in a rather simplified manner,
only for the case of displacement of the axis of the blank from the axis of the spindle, since in practice it is also possible to
misalign the axes of the latter. In general, the position of one object in space relative to another is characterized by six
parameters: three movements and three rotations of coordinate systems. For the analysis of each of the six parameters, the
construction of the corresponding dimensional chain is mandatory.

Keywords: industrial robot; machine tool; robotic complex; dimensional connections, dimensional chain.
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DESIGN OF A FUNCTIONAL MODEL OF A THREE-WHEELED MOBILE ROBOT

Mobile wheeled robots are one of the most widespread group of service robots today. The simplicity of their design and
their ability to better negotiate difficult terrain places them at the forefront. In practice, it is possible to find a variety of mobile
wheeled robots, which differ from each other in the number and arrangement of wheels, the variety of structural design, or the
suspension of the wheels and their suspension.

Current statistics confirm that mobile service robots on wheeled chassis are the most numerous design of all realized
applications, technical practice has filled with the diversity of their design solutions. The diversity of wheeled mobile service
robots is mainly in the design of the wheeled chassis, the solutions range from single-wheeled to multi-wheeled concepts, from
simple variants of the chassis layout to special or combined systems.

The purpose of the article is the design of a three-wheeled robot, which will include the derivation of a mathematical
model, the construction of a simulation model and the creation of a model in CAD software. An important part of the robot
analysis is a complete kinematic model of the mechanical system, which provides all the necessary kinematic quantities for
both the dynamic model of the mechanical system (force application, link loading, sizing) and for control needs (synthesis of
position and velocity controllers).

1t is mainly about the position and orientation of the end working point in time and the corresponding position of the
individual links of the mechanism. The next step was the overall design of the electronic system by appropriately selecting the
electronic components and also creating the overall electronic circuitry. Finally, an experimental realistic model of the mobile
robot was created from the simulation results.

Keywords: mobile robot,; simulation; mathematical model.

Fig.: 8. References: 7.

Introduction. Nowadays, mobile wheeled robotics is an indispensable part, whether in
industry such as AGV unmanned forklifts, which can communicate wirelessly with the control
center of the line, or in everyday life, where service robots such as robotic vacuum cleaners
represent a very large part. Inspection robots, which solve very specific problems, are also rep-
resented in countless numbers. One of these is the mobile inspection robot for finding explosive
ordnance devices. Since this topic is very topical and the development is still progressing for
this reason, the idea and the primary goal to design a total control, simulation and experimental
prototype of a wheeled robot was conceived.

Mathematical model of a prototype mobile wheeled robot. The mathematical model of
the prototype mobile wheeled robot consists of several subsystems. The kinematic model can
be derived from the motion of the centre of gravity (COG) of the mobile wheeled robot, which
is analogous to the motion of a material point in the plane when it moves in the plane given by
its X, y coordinates and the rotation angle .
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Fig. 1 Three-wheeled mobile robot
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The motion of the mobile robot in the form of a forward velocity vector v is described by
two components: the x-axis velocity (vx) and the y-axis velocity (vy). This combination of ve-
locities forms the resulting kinematic model of the wheeled robot and it is:

Vy =V COSQ (D
vy, =vsing (2)
¢=w 3)
So:
X cosp 0 “4)
. v
y] =|sing 0 [w]
[ 0 1

The kinematic model of the mobile robot accepts inputs such as linear velocity (v) and
angular velocity (o). It processes these inputs to determine the position and rotation of the mo-
bile robot in the [X, y, @] plane.

The dynamic model of the mobile robot is an extension of the kinematic model presented
earlier. This dynamic model, often referred to as the simple dynamic model, does not account
for wheel slip, slippage, or frictional forces between the robot's wheels and the surface on which
it moves. In this prototype model, we consider the forces (FR and FL) acting on the individual
motors of the wheeled robot that are required for in-plane motion. The model includes param-
eters such as wheel path (1), robot mass (M), wheel moment of inertia (Jw), chassis moment of
inertia (J), and wheel radius (r).

The forward velocity vector of the robot can be expressed using Newton's law, namely:

dv
__FR+FL (5)

Mat_

The analogous rotational velocity (o) with respect to the centre of gravity is then obtained
by applying Newton's second law:

dw 1 1 (6)
]E_

PR

To create the mathematical model, a feedback loop for dynamics suppression will need to
be added, where based on the current angular velocity of the right wy and left w;and the desired
angular velocity of the right wg,4 and left w; 4, the Fr and Fr. forces that the robot's motors can
exert will be computed. The feedback loop for suppressing the influence of the dynamics is
constructed based on the equations which have the form:

FR/L = P(eref /Lref — WR /L) fOT‘ |P(‘)Rref /Lref — WR /L| < Fmax (7)
(8)

Frji = FnaxSign(@rres jurer = Wr /1) fOT [PWrres jurer = g /1| 2 Fnax

The main task of the reduction is to recalculate the forward and angular velocity v, o. The
connection between the forward velocity (v), the angular velocity (o) and the individual for-
ward wheel velocities (vr and vi) can be given using matrix notation:

ol=n ®)

Multiplying the matrix gives an equation that expresses the circumferential velocities of
the wheels vr a vi:

Vg =v+1/2w (10)
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v, =v—12w (11)

The circumferential velocity and angular velocity are defined by the equations:
VR = TWpg (12)
Vv, =Twy, (13)

Simulation model of a prototype wheeled robot. In this section, the individual subsys-
tems that make up the overall robot simulation model are designed using block diagrams in
Matlab/Simulink into which the previously derived equations have been inserted.

o ]
: ey S S 16 P Hanes
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L] = AR
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Fig. 2 Block diagram of the kinematic and dynamic subsystem of a three-wheeled robot
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Fig. 3 Block diagram of the overall simulation model of the wheeled robot

Subsequently, the design of the three-wheeled robot was implemented in CAD software.
The chassis will be a two-axle chassis with two driven independently steered wheels and one
driven spherical(ball) wheel. The design of the prototype robot consists of seven parts.

Fig. 4 Frame model
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The next unit is the wheels, which consist of three separate parts, namely the inner disc,
the outer disc and the tyre.

Fig. 5 Outer and inner disc model

Fig. 6 shows the completed 3D model of the prototype mobile wheeled robot.

Fig. 6 Completed 3D model of a prototype mobile wheeled robot

The overall dimensions of the prototype wheeled robot are: length = 192mm, width =
176mm and height = 105mm.

Design of the electronic part of the prototype wheeled robot. The following section
presents the overall design of the electronic subsystem of the prototype wheeled robot. Two DC
motors with an all-metal gearbox were chosen to drive the wheels. For the control of the motors,
the L298N H-bridge was chosen with the capability of controlling two motors. Two infrared
sensors were chosen for obstacle sensing and mainly to prevent the robot from crashing. A
small three-position switch was chosen to switch on the robot. To signal the robot switching
on, 3 LEDs were chosen, which are connected in series, and also one resistor. The power supply
for the drive part consists of one 9V battery and two 1.5V batteries connected in series. Two
1.5V batteries are used as the external power supply for the control unit. The main component
for the prototype robot is the control unit. ESP 32 WROOM was chosen as the control unit.
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Fig. 7 Electronic circuit design

In Fig.8, a functional three-wheeled mobile robot is assembled.

Fig. 8 Real model of a mobile wheeled robot

Conclusion. This paper deals with the design of a three-wheeled mobile robot. A mathe-
matical model of the wheeled robot has been constructed, from which the actual design of the
simulation model of the wheeled robot consists. The experimental model of the wheeled robot
has been designed and this design has been carried out in CAD software where the overall
design model of the prototype wheeled robot has been created. After the simulation and exper-
imental design, the overall design of the electronic system was carried out by selecting the
correct electronic components and also creating the overall electronic circuitry. As the last step,
a functional real robot model was created. Design of the control algorithm for the prototype
wheeled robot.
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MNPOEKT ®YHKIIOHAJBHOI MOJEJII TPUKOJIICHOTI'O
MOBIVIBHOI'O POBOTA

Mobinvni Konichi pobomu € 0OHIEI 3 HAUNOWUPEHIWUX HA CbO2OOHIWHIN OeHb epyn cepsicHux pobomis. [Ipocmoma
ixuvoi Koncmpykyii ma 30amuicms Kpawe O0onamu CKIAOHy Micyegicmov pobums ix nepedosumu. Ha npaxmuyi modicna
3ycmpimu piznHomanimui MobinbHi KonicHi pobomu, SKi 8I0PI3HAIOMbC 00UH 8i0 0OHO20 KINbKICHIO MA PO3MAULY8AHHAM KOJIC,
Ppi3HOMAaHIMHICMIO KOHCMPYKYIi abo niosickoro KoJic.

Cyyacna cmamucmuxa niomeepodxcye, wo MoOINbHI cep8icHi podomu Ha KOLICHUX WACT € HAUMUCTEHHIWUMY 3 YCiX pe-
ani3o8anux 000amKie, mMexHiuHa NPaxKmuxka HANOBHUNA PISHOMAHIMHICIIO iX KOHCMPYKMUSBHUX piuteHb. PisHomanimuicmo
KOJICHUX MOOITbHUX CepEiCHUX poOOmMi6 NoA2AE 8 OCHOBHOMY 8 KOHCIPYKYIi KONICHUX wiaci, piuleHHs 8apiolomvcs 8i0 00HO-
KONiCHUX 00 6A2amoOKONICHUX KOHYenyiil, 610 NpOCMUX 8apianmie KOMNOHY8AHHS WACL 00 cneyianbHux abo KOMOIHOBAHUX CU-
cmenm.

Memoro cmammi € npoeKmysartss MpUKoIiCHO20 poboma, wo GKIOYAMUME BUBCOEHHS MAmeMamuiroi Mooeni, nooy-
008y imimayitinoi modeni ma cmeopenns mooeni ¢ npoepammi CAD. Bascnusor uacmunoro ananizy poboma € nosHa Kinema-
MUYHA MOO€EIb MEeXAHIYHOI cucmemu, AKad HA0Aa€ 6Ci HeOOXIOHI KIHeMAMUYHI 8eIUYUHU AK Ol OUHAMIYHOL MOOeNl MeXAHIYHOT
cucmemu (NPUKIAOEHHS CUNU, HABAHMANCEHHS NAHKU, PO3MID), Max i 01151 nomped Kepysanus (NOEOHAHHA NOLONHCEHHSA | pe2y-
asmopis weuoxocmi). Kinemamuuny mooenv mosrcna susecmu 3 pyxy yeumpy msxcinua (COG) mobinvHozo Konicno2o poboma,
AKUil aHano2ivHull pyxy MamepianbHoi MoKy 6 OWUNI, KOTu 60HA pyxaembca 6 niowuni. Hoemocs 2ononum wunom npo
NONOMNHCEHHSL MA OPIEHMAYito Kiyegol pobouoi mouKu 6 uaci ma 6ionosioHe NOJONCEHHS OKPEMUX IAHOK MEXAHIZMY.

Oxpemi niocucmemu, sKi CKIA0AIOMb 3A2aIbHY IMIMAYIHY Modelb poboma, po3poblieHi 3a 00noMo2010 OIOK-CXeM y
Matlab/Simulink, y siki 3a0ano nonepeonbo ompumaHi pi6HAHHSI.

Hacmynnum kpokom 06 3a2anvHutl Ou3aiin eneKmpoHHOi Cucmemu WAXoM 8i0N08IOH020 6UOOPY eleKMPOHHUX KOMNO-
HeHmi8, a MmaKodic CMEOPeHHs 3a2anbHOi enekmponnoi cxemu. Hapewmi, 3a pe3ynomamamu mooentoéanns 6yia cmeopena
excnepumMeHmanbha peanicmuina mooeib MobiibHo2o poboma.

Kntouogi cnosa: mobinvruli pobom, MoOento8aHHs, MAMeMAMuyHa MOOeb.

Puc.: 8. bion.: 7.

Mikova L. Design of a functional model of a three-wheeled mobile robot. Technical sciences and technologies, (3 (33)). C. 53-58.
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RECONSTRUCTION OF ELECTRO-PNEUMATIC MECHANISM AS PART
OF A LABORATORY ENVIRONMENT FOR TEACHING NEEDS

The paper discusses the proposal of a mechanism forming part of the training environment for the practical preparation
of faculty students for the needs of industry. The training environment serves as an educational and practical workplace ena-
bling the improvement of students in PLC programming as well as in describing the functions and design solutions of the
represented components from the field of pneumatics, sensors, electrical safety devices and their combinations.

The design of the described mechanism was implemented as an upgrade of the existing solution, which showed some
imperfections during operation. The article presents the original solution and the proposal for a new one, while at the end a
comparison of the pros and cons of both solutions is made.

Both described solutions were created as outputs from the diploma solution, respectively. Bachelor thesis of our students.

The article has an educational and descriptive character.

Keywords: pneumatics, training workplace,; reconstruction, electro-pneumatic, programming, PLC.

Fig.: 11. Tables: 0. References: 6.

Relevance of the research. The Slovak labour market, especially in the engineering sector,
has been struggling with a lack of skilled labour for a long time. With the disappearance of
company training centres before 1989, the "exodus" of secondary and elementary school stu-
dents in Slovakia began from industrial schools and apprenticeship schools to gymnasiums and
humanitarian-oriented schools. In addition, the transformed industrial schools introduced more
and more subjects unilaterally focused on IT support into the curriculum, while successfully
creating a "vacuum" in professionally prepared high school students who would like to continue
their training at technical universities. If they were found, there were and still are few inquiries
in the field of automation means and equipment.

Problem statement. Around the middle of the second decade of the 21st century, compa-
nies established on the Slovak market began to urgently demand a qualified workforce, whose
recruitment still lagged behind the needs of the development of these companies. Some com-
panies started to build their own training centres and "in their own image" there they started to
educate the "teenage" workforce. Since there is a relatively high turnover of the workforce in
the Slovak labour market, this model was not entirely successful. Companies began to "pressure
the state" in an attempt to transfer this responsibility to it. The state accepted the challenge in
the form of introducing the so-called of dual education in secondary schools. The universities
remained slightly aside.

Analysis of recent research and publications. The current state of preparation of univer-
sity graduates meeting the criterion of "immediate use in practice" is still not at the required
level. That is also why we at the department (also in the form of published grant tasks) started
the process of practical teaching in such a way that, in the form of training on equipment used
in technical practice and by involving students in the practical form of teaching in the form of
building equipment based on the assignments set by the teachers, the output of these assign-
ments is then a real laboratory a facility that can often be used for practical training of the next
generation of students.

Uninvestigated parts of a common problem. The socio-professional problem of the prac-
tical preparation of technical youth for companies is still as if on the periphery of the state's
interest. It is necessary to look for alternative ways to ensure the real start of the university

© Peter Tuleja, Tomas Danilo, 2023
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training of graduates, especially of technical schools and universities, because only a practically
prepared graduate can hold a position in the research field, even if it does not necessarily have
to be basic research.

Research objective. We have therefore based the issue of the practical training of our stu-
dents on the construction of laboratory spaces equipped with the necessary technical and com-
ponent equipment so that, when solving semester or bachelor's or diploma theses, the student
can produce technical equipment not only from the design side but also from the implementa-
tion side (finished product from design to implementation concept with the revival and fulfill-
ment of the simulated task).

The statement of basic materials. In the sense of what has been said, the project of a
training workplace designed for practical training in the field of pneumatics and electro-pneu-
matics is implemented in the form of continuous improvement. Within the solution of the di-
ploma thesis [6], the basis for the possibility of implementing new mechanisms was created.
The very basis contained in the solution of this diploma thesis contained a mechanism (workingly
designated as Workplace 4) based on a combination of pneumatic and electric drives, Fig. 1.
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Fig. 1 Mechanism with trapezoidal screw (original version)
Source: photo created by the authors

It is a mechanism, one of whose linear movements is provided by a NEMA 17HS2408
electric stepper motor [6] controlled via PLC outputs to precisely programmed positions within
its movement ranges. The stepper motor was controlled by a control block consisting of an
A4988 driver with an ATMEL Atmega 186a microcontroller, Fig. 2.
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Fig. 2 Microcontroller and driver wiring diagram.
Source: [5]

The control process was solved by uploading a permanent program to the microcontroller,
which sent a set number of pulses to the driver, which then generated the corresponding number
of motor steps. The request for this process itself was generated from the connected PLC (based
on a specific output signal).

Since this solution showed some problematic properties (overheating of the control mo-
dule, problem with reprogramming the system to a new position), we proceeded to modify it,
while at the same time we integrated it into a single unit with the workplace previously marked
as Workplace 9, Fig. 3.

old situation new situation - after integration

Fig. 3 The process of integrating two workplaces.

Source: photo created by the authors
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The entire reconstruction process with the integration of two workplaces was designed and
implemented by a bachelor's student as the output of his bachelor's thesis [1].

To a certain extent, it was necessary to proceed with fundamental changes in the organiza-
tion of the workplace. The author of the project suggested replacing the NEMA stepper motor
(including its control unit) with a DC motor with an integrated gearbox [4], Fig. 4.

NEMA 17HS2408 GA25-370

Fig. 4 Original and new electric drive (motor).
Source: by editing the catalog data of [6, 4] - created by the author

On the one hand, we thus eliminated the problem of complicated control and overheating
of the power member (driver) of the unit, on the other hand, we lost higher accuracy when
positioning the mechanical unit. It happened because of the need to use magnetic switches as a
signal for the desired position (sensor hysteresis - a magnetic reed sensor from SMC was used).
The problem with hysteresis caused by the "unstable" interpretation of the position is partially
compensated by the high gear ratio of the new engine's gearbox, which guarantees a nominal
output speed of 62 rpm. The easy "reconfiguration" of the motor activity of the electric motor
unit can be considered as a positive.

Thanks to the fact that the author of the project of the training workplace [5] remembered
to ensure two DC voltages (24V DC and 12V DC), it facilitated the integration of the new motor
into the control chain in the form of a cross arrangement of the control signal from the PLC
with a pair of relays, Fig. 5.

2 Umitswion 1 o o[RS 2 it swin 2
3-GND i A Gl ) 3 - PLC Output

BCE47
“ 1JUCFr|F
3-+12V D - > e 3-+12VDC
2 - Motor St ASISIS 2 - Motor
1-GND 1-GND

Fig. 5 Control circuit for controlling the new motor [1]
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Thus, through this electronics, it was possible to ensure the reversal of the movement of
the motor during steering and at the same time treat the end positions of the movement unit.

The entire block of electronics together with the motor is covered by the 3D printed lid and
together with the pneumatic valves was placed on the base on which the entire linear electric
movement unit is placed, Fig. 6.

=R | | e 113
B W2l o Ry

Fig. 6 Control electronic unit and valve unit.
Source: photo created by the authors
The overall view of the rebuilt linear module (workplace 4) of the solved project is shown
in Fig. 7.
. P

Fig. 7. A view of the linear motion unit and the pneumatic superstructure
of the mechanism with 3 DOF (degrees of freedom) [1]

In order to be able to meaningfully manipulate the object for which we chose the 6082Z
ball rolling bearing, it was necessary to establish a suitable handling cycle. In the first step, the
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latter consisted of manually placing the object of manipulation on the platform of the lifting
platform, which in its upper position awaits the entry of the object.

The lifting platform is part of an integrated mechanism (referred to as Workplace 9). It is
made up exclusively of pneumatic drives and guides used in 3D printing technology (aluminium
profile with V-groove), Fig. 8.

e _k'._ X .’:"

Fig. 8 View of the lifting mechanism (Workplace 9).
Source: photo created by the authors
The manipulation cycle starts with a short delay (provided by the program) after inserting
the bearing on the 3D-printed pad with a centering cone, Fig. 9.

Fig. 9 View of the lifting platform with pad and sensor.

Source: photo created by the authors
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Presence is indicated by the used photoelectronic presence sensor 9AX-S-1 (EX-28B series
photoelectric sensor by PANASONIC [2]). Once the presence is detected, the handling task cycle
is started. The linear electric unit starts moving from the limit switch 4AE1-S-2 (Honeywell
VI15H22-CZ100A06) to the lifting platform until it reaches the position of the limit switch 4AE1-
S-1. At the same time, the platform will move downwards (to the sensor marked 9A1-S-2.
The lifting unit of the manipulator 4-A-2 by moving to the sensor 4A2-S-2 reaches the lower level
necessary to grasp the object. Subsequently, the gripper 4-A- 3, Fig. 10, grasps the object of mani-
pulation and the unit 4-A-2 again moves to its upper position. The electric linear unit then travels
with the grasped object successively to individual storage positions, where it alternately deposits
and immediately removes the same object. after storing the object in the last storage position, the
manipulator returns to the basic setting on the limit switch 4AE1-S-2.

Fig. 10 A view of the grasping effector with 3D printed fingers (4-A-3 gripper).

Source: photo created by the authors

The handling cycle can be changed almost arbitrarily by reconfiguring the storage places,
but a new adjustment of the positions of the sensors of the electric linear module is necessary
(there are two marked 4AE1-S-3, 4AE1-S-4 and they are reed magnetic D-A93 switches from
SMC, see Fig. 7, [3]).

To illustrate the manipulation cycle, we also present the pneumatic connection diagram of
the manipulator (Workplace 4), Fig. 11.
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Fig. 11 Wiring diagram of the pneumatic part of the integrated workplace [1]

The whole modification fulfilled the expectations, although, as with any modification, it is
possible to find many subjects for improvement. However, it is a laboratory training facility,
therefore the identified shortcomings can be understood positively, as they give room for new
ideas in the implementation of our students. Even from the mistakes of others, it is possible to
gain new experience and discover new challenges for solving in yourself.

Conclusions.

The described procedure for rebuilding the existing grouping of automation components
into a new form more accessible for use in laboratory conditions reflects our idea of how to
initiate in students the finding of solutions in imperfect or inappropriately solved applications
and thus better prepare them for practical application in industrial operations. If the students'
interest in such a form of preparation persists, we will continue it (an example of which is the
past semester, in which students solved the assigned task from the design of the solution to
handing over the mechanism, including the demonstration of the manipulation task after it was
revived and programmed via PLC).
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STUDY OF THE VARIABILITY OF THE NUMBER OF PORES PER UNIT
LENGTH OF THE WELD

The variability of the number of pores that appeared under the influence of additional introduction of the pore-forming
material into the welding zone was analyzed. The Pearson test showed that Poisson's law adequately describes the variability
of the number of pores in a unit area of the weld. At the same time, the experimental distribution is very close to the theoretical
one calculated according to Poisson's law. The mathematical expectation of the number of pores in a unit area of the weld
unambiguously determines the distribution of the number of pores. The form of the distribution depends significantly on the
value of the mathematical expectation.

Keywords: porosity of welds; porosity indicators; Poisson distribution; Pearson's test; mathematical expectation.

Table: 2. Fig.: 3. References: 8.

Urgency of the research. The presence of gas pores in the metal of the weld reduces the
area of the metal of the welded joint in the cross-section, acts as a stress concentration factor,
which can lead to the destruction of the welded product during operation. In the case of through-
pores (gas channels), there is a possibility of loss of tightness of welded products. Ensuring the
absence of pores is especially relevant for pressure vessels, welded products that are under the
influence of dynamic loads.

The process of pore formation is quite complex and multifactorial. The formation of a pore
in a weld involves the simultaneous presence of a seed in the weld pool and a supersaturated
solution of hydrogen or nitrogen as a gas that saturates the pore. The appearance of a pore may
be the result of a heterogeneous reaction with the formation of carbon monoxide. The weld pool
usually contains a large number of potential pore nuclei. But not all embryos develop, because
there is not enough gas in the place where the embryo is located. In addition, even if a gas
bubble has formed in the metal of the welding bath, it can float to the surface and a pore will
not form. The main efforts to prevent the appearance of pores are aimed at limiting the content
of hydrogen and nitrogen in the metal of the weld pool and preventing the formation of carbon
monoxide before the crystallization front of the metal of the weld pool. However, the complex-
ity and multifactorial nature of the process of pore formation leads to the fact that their appear-
ance has a pronounced statistical character [1]. Despite measures to prevent the formation of
pores, they are a fairly common defect, the absence of which cannot be guaranteed [2]. There-
fore, the study of statistical distributions that describe the variability in the formation of pores
is an urgent task.

Target setting. Depending on the load conditions of the welded joint, modern standards
limit the permissible diameter and number of pores per unit length of the weld [3]. Thus, the
acceptability of each individual controlled section of the welded joint is determined by the di-
ameter and number of pores found in this section. To determine the acceptability of the welding
process, it is necessary to focus on the statistical characteristics of the variability of the diameter
and the number of pores, which are characteristic of the process under study. At the same time,
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the main characteristic is a statistical law (distribution), which adequately describes the varia-
bility of the controlled porosity indicator. In real welding conditions, pores do not occur fre-
quently enough to combine pore data into representative volume samples. Therefore, statistical
studies should be conducted in laboratory conditions with the additional introduction into the
welding zone of materials that lead to the appearance of pores. The data obtained in this way
must be statistically analyzed using the criteria of adequacy of statistical models. Data on the
statistical regularities of variability of porosity indicators will allow us to draw conclusions
about the propensity of welding processes to porosity on much smaller sample volumes under
production conditions.

Actual scientific researches and issues analysis. According to the generally accepted
classification in mathematical statistics, the main indicators of porosity, namely the pore diam-
eter d and the number of pores x per unit area of the weld, are random values.

The possibility of applying statistical regularities to porosity indicators is largely deter-
mined by which statistical feature the indicator belongs to. The value of the pore diameter is
determined by measurements using appropriate measuring equipment. The accuracy of meas-
urements can be different and depends significantly on the method of measurements and the
used measuring equipment. Therefore, the pore diameter is considered a continuous feature.
The variability of an indicator attributed to a continuous feature can be described by a uniform
distribution, a normal distribution, and a Weibull distribution. A uniform distribution ade-
quately describes variability for relatively simple objects with a well-known complete event
space, which is characteristic of game theory and is practically not encountered in industrial
situations. The normal distribution is the most common distribution for controlled production,
process, and product indicators. However, the normal distribution better describes the variabil-
ity of indicators that are purposefully and actively formed by production processes [4]. The
appearance of a pore is a random, undesirable phenomenon, so its diameter is purposefully
approached to zero, which leads to the deviation of the distribution of diameter values from the
symmetrical form corresponding to the Weibull distribution [5]. There are three-parametric and
two-parametric Weibull distributions. According to published research results [6, 7], the varia-
bility of the pore diameter is described by a two-parametric Weibull distribution

f(d*,ad,bd)=b—d[ﬂjw “H (1)

a;\ 4,

where dx — is the value of the pore diameter, mm,;

aq — scale parameter (size) of the Weibull distribution of pore diameter, mm;

ba — shape parameter of the Weibull distribution of pore diameter, dimensionless.

Characteristic ranges of values of parameters of the Weibull distribution of pore diameters
in weld metal during submerged arc welding - a4 = 1,2+2,6 mm; by = 1,0+1,6.

The number of pores in a unit area of a weld seam is determined by the registration method
and refers to an ordinal feature as the number of events registered per unit [8]. The variability
of an indicator assigned to an ordinal characteristic is often described by the Poisson distribu-
tion. However, it is necessary to determine the possibility and adequacy of applying this distri-
bution precisely to the variability of the number of pores per unit length of the weld.

Uninvestigated parts of general matters defining. Recent studies have shown the ade-
quacy of the application of the Weibull distribution to the variability of the pore diameter. De-
termining the distribution that adequately describes the variability of the number of pores per
unit length of the weld requires specialized laboratory research.
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The research objective is the definition of a statistical distribution that adequately de-
scribes the variability of the number of pores per unit length of the weld.

The statement of basic materials. To provoke pores, surfacing was performed on a plate
with grooves into which two polyolefin tubes with a diameter of 0.8 mm filled with distilled
water were inserted (Fig. 1).

i e Y = — . i e

Fig. 1. Laying of polyolefin tubes with a pore-forming liquid.
1 — groove; 2 - polyolefin tube with a pore-forming liquid; 3 — rivet; 4 — tack;
5 — joint monitoring system, 6 — mouthpiece, 7 - clamp

The source: authors have developed

In the 0214 series of experiments, four rollers with a length of 280 mm each were welded.
35 mm remained on the roller at the beginning and at the end for igniting the arc and welding
the crater. The length of each polyolefin tube with water was 210 mm. Thus, the total length of
the welded roller, which was under the influence of the water introduced into the tube, was 210
mm. This length was divided into seven single sections of 30 mm in length. Thus, in the series,
experimental data were obtained regarding the porosity of the deposited rolls on 28 single sec-
tions, deposited under the same conditions with the introduction of distilled water in two poly-
olefin tubes with a diameter of 0.8 mm. The surface pores detected by visual inspection were
recorded in the table. 1. In the same table, the data for checking the adequacy of the application
of Poisson's law for the analysis of the obtained experimental data are given.

Table 1 — Application of Poisson's law for the analysis of experimental data

i 1 2 3 4 5 6 7 8 9 10 11 12 13
Xi 8 9 10 11 12 13 14 15 16 17 18 19 20
ki 1 2 2 3 4 3 3 3 2 2 1 1 1

ki/K 0,036 | 0,071 | 0,071 | 0,107 | 0,143 | 0,107 | 0,107 | 0,107 | 0,071 | 0,071 | 0,036 | 0,036 | 0,036
g(xip) | 0,041 | 0,060 | 0,080 | 0,097 | 0,107 | 0,110 | 0,104 | 0,092 | 0,077 | 0,060 | 0,044 | 0,031 | 0,020

K 28
H=Xcep 13,29
s 1,454

The source: authors have developed
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According to the table 1, the number of pores per unit area of the weld varied from 8§ to 20.
Thus, x; took one of 13 values, and the number of ranges in which pores were recorded was =
13. According to the number of pores per unit area of the weld, the system had » = 13-1 =12
degrees of freedom.

What is the proportion of unit sites that have a pore count x+ or what is the probability that
the pore count is equal to a given value x+? The answer to this question is given by the unit
probability of the Poisson distribution for a given value of the number of pores xx:

X
glon) =™, 2)
X
where u - is the mathematical expectation of the number of pores per unit area of the weld, as
a parameter of Poisson's law.

The only parameter of the Poisson distribution of the number of pores per unit area of the
weld is ¢ - the mathematical expectation of the number of pores, found as the arithmetic mean
of the number of pores per unit area of the weld in a series of K experiments:

K
Zi:l i

Xcep:T . (3)

According to the table 1 mathematical expectation of the number of pores per unit area of
the weld, found as the arithmetic mean number of pores per unit length of the weld is 13.29
pores/30 mm length. In fig. 2. A bar chart of the comparison of the experimentally obtained and
calculated values of Poisson's law for the probability of obtaining a given number of pores on
a unit area of the deposited metal is given.

0,16
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a1z
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0,08 - quantity of 13.20 pieces/unit
2,06 1
5,08 - B Fxperimental values S erie:
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00 | | “
D | - A

$01011121314151617181920

Single probability

The number of pores per unit area

Fig. 2. Comparison of experimental data with the results of the calculation of the statistical

distribution of the number of pores on a unit area of the weld
The source: authors have developed

As can be seen from fig. 2, the deviation of the experimental data from the calculated data
is relatively small.

To check the adequacy of the Poisson's law model of the distribution of the number of
pores on a unit area of the weld with experimental data, the Pearson agreement criterion (y°
criterion) can be used. Calculation of the Pearson agreement criterion for the Poisson distribu-
tion:
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k
( gl #)j

g(xinu)

=K, ; (4)

where K - is the number of sites where pores were recorded;

xi - the number of pores registered on the i unit section of the weld;

ki — the number of sites on which x; pores are registered, units;

g(x;, ;) — calculated by the Poisson distribution (2), the probability that with an average
number of pores p, x; pores will be registered in a unit area.

For 12 degrees of freedom at o = 0.5, which corresponds to the maximum possible con-
sistency of the data obtained experimentally with the results of calculation according to Pois-
son's law, the maximum permissible value is y?max = 11.340. The actually obtained value of the
Pearson criterion y° = 1.454 (Table 1) is significantly less than the maximum permissible value.

Thus, Poisson's law adequately describes the experimentally obtained statistical distribu-
tion of the number of pores on a unit area and can be used for practical problems.

However, it is important to understand and take into account that the average value of the
number of pores found in a series on a unit weld area is only an estimated value and the next
series of experiments conducted under the same conditions may give a different value of the
average number of pores. Taking this into account, the estimated value of the average number
of pores found in the sample should be supplemented by the value of the width of the interval
in which the average number of pores can be with a 95% probability (width of the 95% confi-
dence interval), which is calculated:

o, 5
K (5)

where oy - the mean square deviation of the number of pores per unit area of the weld in a series
of experiments;

K - the total number of single sections of the weld where pores were found, thing.

The root-mean-square deviation of the number of pores per unit area of the weld seam can
be calculated as the standard deviation from x.., - the average number of pores per unit area of
the weld seam, found from a sample of volume K:

i (xcep - X )2

_1]i=l
o=\ ©)

A(x)o’gs = 1,960 X

According to the 0214 series according to the data in the table. 1, the average number per
unit area of the weld seam and the corresponding width of the 95% confidence interval are
calculated. The results of the calculations for the considered example are given in the table. 2.

Table 2 — The average number of pores per unit area of the weld and the width of the 95%
confidence interval (series 0214)

Xcep , MM K, thing ox , MM Ap0,95 , MM
13,29 28 3,287 1,218
The source: authors have developed

According to the table 2, it can be concluded that in the considered series of experiments
0214, the average number of pores per unit area of the weld is 13.29+1.218. That is, according
to the available experimental data formed into a sample of 28 unit areas, the estimated value of
the average number of pores per unit area xc., = 13.29+1.218 pores per 30 mm of weld. The

72



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

actual value of the average number of pores per unit area with a probability of 95% is in the
range of 14.508 to 12.072 pores per 30 mm of weld.

The form of the Poisson distribution of the number of pores in a unit area of the weld
depends significantly on the value of the average number of pores. An increase in the values of
the average number of pores per unit area of the weld shifts the peak of the distribution towards
larger values and contributes to the symmetry of the distribution (Fig. 3). Without taking into
account the actual values of the parameters of the distribution of the number of pores per unit
length of the seam, it is impossible to predict the values.

Series 0211 Series 0212
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Fig. 3. Single probability of the number of pores on a unit area of the weld x+

The source: authors have developed

The 0211-0215 series differ in the number of polyolefin tubes introduced into the welding
zone, and, accordingly, in the average number of pores per unit area of the weld.

The demonstrated adequacy of the application of Poisson's law to the variability of the
number of pores on a unit area of the deposited roll (weld) makes it possible to predict the
probability of meeting the requirements for the porosity of the weld metal.

Conclusions. The statistical distribution is defined that adequately describes the variability
of the number of pores per unit length of the weld. Using the Pearson test, it is shown that the
actual value of yi° = 1.454 obtained by applying Poisson's law is significantly less than the
maximum allowable y,"* = 11.340. This indicates the adequacy of the application of Poisson's
law to the variability of the number of pores per unit length of the weld.

The main parameter of the Poisson distribution necessary for its application to the analysis
of the variability of the number of pores per unit length of the weld is the mathematical expec-
tation of the number of pores x, found as the arithmetic mean of the number of pores per unit
area of the weld in a series of K experiments. In further calculations, one should focus on the
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confidence interval for the value of the mathematical expectation of the number of pores per
unit length of the weld.

The obtained results make it possible to take into account the characteristics of the statisti-
cal distribution of the number of pores per unit length of the weld when predicting the possibil-
ity of meeting the requirements for the porosity of the weld. Can be used in assessing the ac-
ceptability of welding technology, predicting quality costs associated with weld porosity.

A possible direction of further research is the definition of statistical models that adequately
describe the variability of slag inclusions in welded joints.
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JOCIIIKEHHSA 3MIHIOBAHOCTI KIVIBKOCTI ITIOP
HA OJUHHUILIO JOB>KMHU 3BAPHOI'O LIIBA

Tlossa nop y memani 36aproco wiea Mae UMOSIPHICHUL Xapakmep i Modce npueooumu 00 He2amusHux Hacnioxie. Lfi
HACiOKU NO8 '13aHi 3 6mMpamoro eupobamu GyHKYitl ma 3a2po3010 st Hcummsi i 300pog s nooeti. Tomy 00cHioxncenHs 3MiHI08a-
HOCMI NOpUCMOCMI 36APHUX WBIG € AKMYATIbHOIO 3a0ayer0 0151 NPUKIAOHOT MeXaHiKu, 36apioeabHO20 GUPOOHUYMEA.

B peanvnux ymosax 3eapiosanns yckiaouene opmyeanus GUOIpoK OaHux 3 00CMamHuim 01 CMAMUCMUYHO20 aHAi3y
00 ’emom. Tomy HeoOXiOHa NOCMAHOBKA CREYIANI308AH020 eKCNEPUMEHTNY 3 66€0EHHAM ) 30HY 36APIOBAHHA MAMEPIALY, AKULL
BUKIUKAE NOSAGY NOP | NOOANLUUM CIAMUCIMUYHUM AHATI30M OGHUX NPO NOPUCICINb 36aPHUX WISI6. Busnauenns cmamucmuy-
HUX 3aKOHOMIPHOCMEL 3MIHIO8AHOCHE NOPUCIOCH 003601UMb NPOSHO3Y8AMU 3HAYEHHS NOKAZHUKU NOPUCTNOCTE 3 8DAXYEAH-
HAM IX 6apiamueHoCmi.

Bumoeu 00 nopucmocmi 36aprux wieie 3a0aromuvcs N0 080X NOKASHUKAX — diamempy ma KilbKOcmi nop Ha 0OUHUYHIL
008621CUHi 36apHo20 wea. iamemp nop gionocumsca 00 Oe3nepeperoi 03HaK, a KilbKiCmb NOp HA OOUHUYHIL O08HCUHI 36ap-
HO20 W8a 00 NOPAOKO60T cmamudnoi 03HaK. AHaniz onyoniKo8aHUux 00CIIOHCEHb NOKA3ZVE, WO 3MIHIO8AHICIb Jiamempy nop
A0eKBAMHO ONUCYEMBCSL 080X NAPAMEMPUYHUM PO3NOOLIoM Beiibynna. Busnauenns posnooiny, axkuil a0eK8amuo ONUCYE
BMIHIOBAHICMb KITLKOCI NOP HA 0OUHUYHIT O0BICUHU 36APHO0 WEA NOMPedYE Cneyianizo8anux 1a00pamopHux 00CIiONCEHb.

Memoio cmammi € 6UsHAUEHHA CIMAMUCIUYHO20 PO3NOOLLY, AKULL A0EK8AMHO ONUCYE 3MIHIO8AHICMb KilbKOCMI NOp HA
OOUHUYHITI O0BXHCUHT 36aPHO20 WBA. {1 00CACHEHHS Memi HANEHCUNMb CMAMUYHO NPOAHANIZYEAMU OAHI WOOO 3MIHIOBAHOCMI
Kitbkocmi nop npu 000amKk060MY 66€0eHHI Y 30HY 36aPIOSAHHA MAMEPIANy, AKUll CNPUSE YMBOPEHHIO NOpP.

Jlna cnpuanus ymeopenHio nop y 30Hy 386apio8aHHs 6600unu nonioneqinosi mpyoxu oiamempom 0,8 mm, 3anosHeHi ou-
CMUNbLOBAHOI0 800010. 3 GUKOPUCIAHHAM CMYRIHUAMOIL Oiaepamu 8i3yanbHO NOPIGHIOBANU eKCNEPUMEHMANLHO OMPUMAHUL
PO3N00in Kinbkocmi nop i meopemuuno pospaxosanuti no 3akony Ilyaccona. Adexeamuicmo 3acmocysanns 3axony Ilyaccona
00 3MIHI8AHOCMI KITLKOCMI NOP HA OOUHUYHIL O0BHCUHI 36APHO20 WA OYiHI08ANACH 3a Kpumepiem ITipcona.

Daxmuuno ompumane, npu sacmocysanni 3axony Ilyaccona, snauenns xpumepiio Iipcona yi? = 1,454 snauno menwe
Hidic Makcumanvio oonycmume x’max = 11,340. Ile céiduums npo adexeammuicme 3acmocyéanns saxony Ilyaccona 0o sminioéa-
HOCMI KITbKOCMI NOP HA 0OUHUYIO 0BJCUHU 36apH020 wiea. Ompumani pe3ynemamu 0anms MOJNCIUBICHb 8DAX0BYEAMU Xd-
PAKmepucmuky Crmamucmu4Ho20 po3nooiny KilbKocmi nop Ha 0OUHUYIO O0BICUHU 36APHO20 WIBA NPU NPOSHO3YBAHHI MOJICTIU-
60CMi BUKOHANHS BUMO2 WOOO NOPUCHOCII 36APHO20 WEd. Bonu mooicyms Oymu ukopucmani npu oyin08aHHi nputinAmHoCcmi
MexXHO02Ti 36aPI0BANHS, NPOSHO3VEAHHI BUMPAM HA AKICMb, AKI N08 A3AHI 3 NOPUCIICMIO 36APHO20 WIBA.

Kniouogi cnosa: nopucmicmo 36apnux uigie; nokaznuxu nopucmocmi, posnooin Ilyaccona; kpumepiii Ilipcona; mame-
mMamuyHe O4iKyBaHHS.

Tabn.: 2. Puc.: 3. bion.: 8.

Haievskyi V., Haievskyi O., Puzik O. Study of the variability of the number of pores per unit length of the weld. Technical sciences and
technologies, (3 (33)). C. 68-75.
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DESIGN OF A TRAINING WORKPLACE WITH A COLLABORATIVE
AND INDUSTRIAL ROBOT

The article deals with the design of a training workplace equipped with two robots, one of which is industrial and the
other collaborative. The assembly of a gearbox model equipped with three different shafts is carried out at the training robotic
workplace. The entire assembly process requires the mutual cooperation of an industrial, collaborative robot and a human
operator. Use the assembly parts to create a large number of combinations, so that a number of individual tasks can be created
at the workplace. The safety of workers at the workplace is solved by the use of safety laser scanners, so that there is no danger
to people.

Keywords: Industrial robot; collaborative robot; training workplace; cooperation.

Fig.:7. Tables.:0. References:11.

Relevance of the research. In the 1990s, the US Occupational Safety and Health Admin-
istration began looking at how the manufacturing industry was addressing ergonomic issues in
manufacturing plants. These problems occurred to a large extent in the automotive industry,
especially in the field of final assembly. This type of work process consisted of actions such as
the transfer and installation of car batteries weighing 20 kilograms, which had a negative impact
on the health of workers during long-term performance of this work activity. General Motors,
as a leading company in the automotive industry, decided to analyze this problem and, together
with the University of California, began to work on its solution [1]. In 1999, the first definition
of a collaborative robot was registered at the US Patent Office. This was IAD, which is consid-
ered to be the forerunner of modern collaborative robots. This device could work outside the
protective cage and assist workers in the performance of assembly operations, but it did not
contain a source of motion force from the safety robots [2].

Problem statement. In 2004, KUKA, a German robot manufacturer, introduced a self-
powered collaborative robot called LBR 3. This robot was the result of a long-term collabora-
tion between KUKA and the German Aerospace Center DLR. In the following years, KUKA
further improved this technology, resulting in the collaborative robots LBR 4 introduced in
2008, LBR 4+ introduced in 2010 and LBR iiwa, introduced in 2013 [3]. In 2008, Universal
Robots, a Danish robot manufacturer, introduced a collaborative robot that could perform its
work alongside human workers without the need for a protective cage called the URS. This
robot helped usher in the era of flexible, user-friendly and affordable collaborative robots [4].
ABB, a Swedish-Swiss robot manufacturer, launched the world's first two-armed collaborative
robot called YuMi in 2015. This robot enables safe cooperation between a human worker and
a robot, for example in the assembly of small parts [5].

Analysis of recent research and publications. Collaborative robotics can be seen as a pro-
gressive stage in the development of industrial robotics. This new stage in the development of in-
dustrial robotics assumes that people will cooperate with robots and that this cooperation will be

© David Koval'uk, Jan Semjon, Matis Sabol, Darius Rusindk, 2023
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safe for them. For this reason, collaborative robots are equipped with a wide range of sensors and
vision systems. For example, if a person were to enter the working zone of a collaborative robot,
this robot is able to change its behavior algorithm so as not to harm this person [1,2].

Uninvestigated parts of a common problem. The concept of the development of human-
robot interaction is reflected in the concept of the fourth industrial revolution. The essence of
the Industry 4.0 concept is that an industrial robot can serve as a cooperative and working tool
in production. The main element of this concept is artificial intelligence based on the Internet
of Things. In a simplified concept, [oT is a network of physical objects that communicate with
each other via the Internet. Collaborative robotics and other innovations are modifying business
models in modern industry, while the very integration of robots contributes to the computeri-
zation and automation of production and the introduction of the concept of intelligent produc-
tion [6]. Collaborative robots perform a similar range of work activities to conventional indus-
trial robots, but are typically lighter and smaller in size. The collaborative robot has integrated
force control and sensors, thanks to which it automatically slows down or stops its activity when
a person approaches it. This allows them to work in close proximity to people with minimal or
no safety precautions. They have a multi-axis construction of the manipulator, which allows
these robots to be deployed to perform various work tasks [7]. ISO/TS 15066:2016, "Safety of
collaborative robots", provides information on how to implement a collaborative robot applica-
tion to ensure worker safety [8].

Research objective. The goal of the design of the training workplace is to create a workplace
where there would be cooperation between a person, a collaborative robot and an industrial robot.
We decided to demonstrate this collaboration by having a human and a collaborative robot partici-
pate in the assembly operation, and the industrial robot then wraps the final gearbox assembly.

The statement of basic materials. The assembly operation consists of assembling a sim-
plified model of the gearbox, which consists of shaft 1 (A), shaft 2 (B), shaft 3 (C), the lower
part of the gearbox (E) and the upper part of the gearbox (F). The packing operation consists of
transferring the finished model to the box (D). In fig. 1 shows shaft 1 (A), the largest diameter
of which is 80 mm. Shaft 2 (B) has a largest diameter of 70 mm and shaft 3 (C) has a largest
diameter of 60 mm. The other dimensions of the shafts are identical. The individual shafts in
the starting position are located on pedestals with an opening for storing the shaft, which are
attached to the work table. The components that make up the gearbox model, as well as the
pedestals for storing the shafts, are made of PLA plastic, so it would be possible to use 3D
printing for their physical realization.
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Fig. 2 Shaft dimensions (A)
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The dimensions and face of the lower and upper part (body) of the gearbox are shown in
fig. 2. The mentioned parts contain a system of three storage places with a diameter of 40 mm,
in which it is possible to store any of the mentioned shafts (A, B, C) in any place.

& E F
\“5\43/6.
~ | | | %\9/
P H Z
1 1 I o i 20 ‘
o oo ~ g o 150
— J S ! =~ v - ~ |
o~ —l= o =
e ! &
o FTHIEL o || e
! * &, \[ 1 3 300 150
¥
sl | L xfg/ 95 360 210
AN 0

\ .
ST\ A R

20 . S 3

- |-

300
360

Fig. 2 Dimensions of the lower (E) and upper (F) part of the gearbox

The components that make up the gearbox model, as well as the box, are placed on the
tables, while their positions relative to the tables are precisely given. In fig. 3 shows a view of
the floor plan of the workplace with the corresponding dimensions of the location of the ma-
nipulated objects.

700

Fig. 3 The dimensions of the tables and the location of the manipulated parts
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The industrial robot IRB 1200 and the collaborative robot GoFa CRB 15000 [9, 10] were chosen
to perform selected operations. Both robots are manufactured by ABB, thanks to which it would be
possible to simulate the workplace in the ABB Robot Studio program. To handle the components,
both robots are equipped with an RG6 gripper from OnRobot, which has a finger span of 160 mm
and a load capacity of 10 kg. The robots are installed on tables with the dimensions length: 1500 mm,
width: 700 mm and height: 780 mm, these tables are also used to perform work operations. The vi-
sualization of the proposed educational workplace in a 3D environment is shown in fig. 4.

Fig. 4 A 3D view of the proposed educational workplace

The individual steps of the sequence of work operations are as follows, fig. 5:

* In the first step, one places the individual components in their starting positions.

* In the second to fourth steps, individual shafts are grasped, moved and placed in the holes
in the lower part of the gearbox by a collaborative robot.

* In the fifth step, the collaborative robot grabs, moves and places the upper part of the
gearbox on the lower part of the gearbox.

* In the sixth step, a person creates bolted connections between the upper and lower parts
of the gearbox using bolts and nuts.

* In the seventh step, the resulting assembly is grabbed, moved and stored in the box by an
industrial robot.
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Fig. 5. Sequence of work operations

We ensured the safety of the robotic educational workplace with the help of three laser
scanners [11]. These scanners are placed under the table and create protective zones around the
workplace, fig. 6. The surroundings of the workplace are also visually delimited by safety tape.

After a person enters protective zone 1, the activity of the collaborative robot slows down
and the activity of the industrial robot stops, in this zone there is interaction between the person
and the collaborative robot. After a person enters protective zone 2, the activity of the industrial
and collaborative robot will stop, in this zone interaction between the person and the robot is
not possible.

Fig. 6. Protection zones of the training workplace
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The workplace is designed in such a way that each student can be assigned a unique
assignment. This is ensured by the fact that the individual shafts can be stored in the holes in
the lower part of the gearbox in six different combinations, and at the same time there are two
different storage positions for each shaft, creating a total of forty-eight variations in the way the
task is performed. Variations of shaft placement based on possible mutual orientations are
shown in fig. 7.
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Fig. 7. Variation of shaft placement based on orientation

The program for the collaborative robot can be made to grasp shafts of any diameter, but
only grasping the @50, @60 diameter (shaft 3) and the face of the largest diameter (shaft 1 and
2) guarantees collision-free storage.

Conclusions. This article shows the design of an educational robotic workplace, where a
collaborative and industrial robot is used. The workplace is designed so that it is possible to
assign individual assignments to individual students. The student who implements the program-
ming of the workplace is also part of the programmed assembly process. In addition to pro-
gramming two robots, it is necessary for the student to solve the issue of workplace safety. For
this reason, three safety laser scanners are part of the workplace. The parts that the students
manipulate are made by 3D printing to reduce production costs. This creates the possibility of
manufacturing additional components allowing to implement a change in the handling process.
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ITPOEKTYBAHHSA HABYAJIBHOI'O POBOY0I'O MICLIA 3
KOJABOPATUBHHUM I IPOMUCJIOBUM POBOTOM

Y emammi posensdaemvca KOHCmMpPYKYis MOHMANCHO20 HABYATILHO2O pOOOH020 Micys, 06IAOHAH020 080MA PObOMAMU,
00UH 3 AKUX € NPOMUCTOBUM, a THWUL — KoanabopamusHum. Lle pobomu 6i0 komnanii ABB, a npomucnosuti pooom — IRB 1200,
a konabopamusHnuti — GoFa CRB 15000. Buxopucmanns pobomie 6i0 komnanii ABB 0b6ymosneno mum, wjo y Hac € amoHomue
cepedosuuye Robot Studio. na poboyomy micyi. Lle dae 3mozy cmeopiosamu cumyaayii, nepemiujarouu 060x pobomis, euagisamu
cman 3imKHeHHs: ma onmumizyeamu mpaeckmopii pyxy. Kinyesi mexanizmu pobomis 6io xomnanii OnRobot, 30kpema ye 060-
xkyaaunutl 3axeam RG6 eanmadgiconiotiomuicmio 10 xe. [Ipononosarne poboue micye mae posmipu 2000 x 2500 mm i ochawgene
naporo pobouux cmoiis. 36ipka modeni KOpooKu nepeday npuHaveHa auule 0 HA8UAHHS, GOHA He OA3YEMbCA HA PAKMUYHO
sueomognenux oemansax. Mooenv Kopobxu nepeday ocHawieHa MpboMa PISHUMU 8ANAMYU, 0€ iX 00BXHCUHA 0OHAKOB8A, 4 PI3HUYS
nonazae auwe 8 Halubibuwomy diamempi eanis. Becv npoyec ckiadanna sumazae 63a€MHoi cnienpayi nPpOMUCIO8020 Konabo-
Ppamuerozo poboma ma N0OUHU-ONEPAMopa. 3a OONOMO2010 CKIAOANbHUX Oemaiell MOJNCHA CIMEOPIo8ami 8elUKy KilbKicmb
KOMOiHayitl, max wjo Ha podouoMy micyi Modice GUHUKAMU Oa2amo oKpemux 3a60ans. Lle nog’a3ano 3 mum, wo mu MOHCemo
30epieamu KodiceH I3 8anie y MpboX MICYsAX KOPHYCy KOpoOKu nepeday, a ix ModicHa 36epicamu y 080X noaodcenHsx. Komoiny-
10uU 3a3HayeHl eapianmu 30epicanHs 6anie, MoOdCHA docsemu 00 48 eapiayit. Besnexka npayieHuxie Ha podooyomy micyi
BUPIULYEMbCS BUKOPUCTAHHAM Oe3NeYHUX 1a3epHUX cKaHnepis. Bonu 36epicatombcs 6 30Hax, 0e MONCIUSUL O0CMYN TH0OUHU 00
Pob0u020 Micys. 3aXucHi 30HU HABYATLHO20 PODOUO20 MICYs 00380AI0Mb YHOGIILHUMU AO0 3YRUHUMU PYX NPOMUCIOB020
poboma.

Knrouogi cnosa: [Ipomucnosuii pobom, korabopamusHuii pobom,; HaguanvHe poboye micye, CnigpoOimHuymeo.

Koval'uk D., Semjon J., Sabol M., Rusinidk D. Design of a training workplace with a collaborative and industrial robot. Technical sciences
and technologies, (3 (33)). C. 76-82.
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CKJIAJAHHA MATEMATHUYHOI MOJEJI BIBPAIIIMHOI'O CTOJIY

B cmammi ompumana mamemamuuna mooensv, aka 00 '€OHYe Mixc c00010 KOHCMPYKMUGHT | MEeXHONI02IYHI napamempu
TMEXHON02IUHO20 KOMNIEKNY 00AAOHAHHA OJis 8UPOOHUYMEa bemonHux eupobia (8ibpocmony), y axkozo ibpo36yoxcysay 3a-
KPINAIoEMbCsl HA 8AdICeNi 8ePMUKANLHO NO yeHmpy nio gibponaumoro. Mamemamuuna mooenb cKiaoeHa 3a 0ONOMO20I0
pisnans Jlaspansica opyeo2o pooy, AKi € HaUbIIbW 3a2aTbHUM MEeMOOOM NPpU PO38 A3Y8aAHHI 3a0a4 NPO pyX MeXaniunoi cuc-
memu. [Ipu ckradanni Oynu euxopucmanui memoou mamemamuynol Qizuxku ma Gizuxo-mamemamuine MOOEIOBAHHL MEMO-
oamu npuKknaoroi mexawixu. B pezynomami ompumano mamemamuuny Mooeisb si0payitinoco Cmoiy y 6ueiaoi Cucmemu 3 cemu
Oughepenyianvrux pieHaHb Opy2020 NOPAOKY, AKA ORUCYE NPOCMOPOBULL pYX NOGepxHi gibpocmony. Busnaueni meopemuyni
SHAYEHHA AMNITMYOU KOIUBAHb 8IOPOCIONY NPU 3MIHHIT O08XHCUHT 8AdHCENA MA NOPIGHAHI 3 eKCHEPUMEHMATbHUMYU OAHUMU NPU
00HAKOBUX BUXIOHUX napamempax. Busaeneno, wjo 6asxcinoHe 3aKpinieHHA 00380JA€ Maudice NIHIUHO NIOSUWUMY AMALIMYOY
8IOPOKONIUBAHD 30 PAXYHOK 30ibULEHHS O0BICUHU BAJICEIIAL.

Knrouoei cnosa: ¢ibpocmin, sasxcin, 6i0po30y0icysay, MamemMamuyHa MoOeb, KiIHemuuHa eHepeis, y3a2albHeHa cuid,
amnaimyoa 8i6poOKONUBAHD, eHEP203A0UAONCEHH.

AKTYyaJIbHICTh TeMH J0CJiIxKeHHsA. BiOpyBaHHS € HAUMOIIMPUHIIIAM METOIOM YIIIUTb-
HeHHst 0eToHHUX KoMTo3uTiB [ 1,2]. [Toran 90 % Bcix OyaiBenbHUX BHPOOIB 3 OETOHY i 3a1mi300€-
TOHY BUTOTOBJISIETHCS 3 BUKOPUCTAHHSAM LILOTO METOAY YIIUIbHEHHsS OetoHHOi cymimi [3]. Lle
HOSICHIOETBCS TUM, IO B ITpoIieci BiOpaLiitHOTro BIUIMBY Ha OCTOHHI CyMillli CTBOPIOIOTHCS CIIPH-
STIUB] YMOBU THKCOTPOITHOTO PO3PIIKEHHS Ta HAMOLIBIII KOMIIAKTHOTO PO3MIIIICHHS YaCTUHOK
3armoBHIOBavIB [4,5].

Icnye BenmuesHa Oe3miv BIOpaIlitHUX MaIlHH, 1110 3aCTOCOBYIOTHCSI B OYIIBHHUIITBI, SIKI PO3-
PI3HAIOTHCS 10 KOHCTPYKTHBHOMY BHKOHAHHIO Ta 3a MpU3HauUeHHSAM. O pi3HOMaHITHUX KOH-
CTPYKIi BiOpariifHoro obnajHaHHs MOKa3ye, 0 IPH BUPOOHHLITBI IIMPOKOT HOMEHKIIATypH Oe-
TOHHUX BHUPOOIB BUKOPHCTOBYEThCS OOTaIHAHHS 3 HEOOXITHUMH POOOUYMMH TapaMeTpaMu, 3a J10-
MIOMOTOI0 SIKUX JIOCATAEThCS SIKICHE BIOPOYIILIbHEHHS O€TOHHOI cyMmimni. CydacHHA PO3BHTOK
OymiBHMIITBA TIOTpeOy€e BIIPOBAPKEHHSI HOBITHIX TEXHOJIOTIH Ta BCTAHOBJICHHS 1H)KEHEPHOTO
o0raHaHHs 3 PI3HUM MPU3HAYCHHAM 32 KpUTEPIAMH MiHIMi3allii eHeprii Ta BUCOKOI €()eKTUBHOCTI
BUKOHAHHS TEXHOJIOTIYHOTO Tporiecy. I, Hacammepen, Ciij mpu3Ha4aTh BEIUKY YBary po3poo-
JICHHIO Ta BIPOBA/HKEHHIO €HEPro3aolaHUX TEXHOJIO 1M Ta 00IaAHaHHS.

IMocranoBka nmpodaemu. [1jist Toro, mo0 3’sCyBaTH BIUIUB OKPEMHX MapaMeTpiB po3po0d-
JICHOTO HaMH TEXHOJIOTIYHOTO KOMIUICKTY OOJaaHaHHS JUIsl BUPOOHHUIITBA OETOHHUX BHPOOIB
[6] HA pyX loTO POOOUOTO OpraHy Ta EHEProCIOKUBAHHS, TOTPIOHO CKIACTH MaTEMaTHYHY MO-
JIeNb i€l MEXaHIYHOT CUCTEMH.

AHaJIi3 0CcTaHHIX [Kepes A0CTi/IzkeHb. Y CydacHOMY BUPOOHHLITBI JU1s1 (popMyBaHHS OETOH-
HHX BUPOOIB BUKOPHCTOBYIOTh BiOpalliiiHi MallliHU 3 TapMOHIHHUMH (KPYTOBUMH KOJTMBAaHHAMH Yy
BEPTUKAIIBHIHN TUIONIMHI, BEPTHKAIFHO i TOPU3OHTAITLHO HATIPABJICHUMH KOJIMBAHHSIMH, ITPOCTOPO-
BHUMU KOJIMBAHHSIMH ) Ta 3 YAAPHO-BIOpaIiifHMU (Ha TIPY>KHUX TPOKIIAIKaX, TBOMACOBI 3 TOPHU30H-
TaJIbHUMH Y BEPTUKAJIbHUMHU HAITPABICHUMH KOJIMBAaHHSAMM) pyXaMH pobodoro oprana. Bee Oub-
M PO3BUTOK 1 BIPOBA/KEHHS OTPUMYIOTh TaKi TEXHOJOTII (popMyBaHHS OCTOHHUX BUPOOIB, K
BiOpomnpecyBaHHs1, BIOpPOBaKyyMyBaHHS Ta IMITYJIb.CHUI METO/1 YIILTbHEHHS [ 7].

[IIupoke BUKOPHCTAHHS BIOpAIliiHOT TEXHIKH, YUCICHHI TEOPETUYHI Ta EKCIIEPUMEHTAIbHI
JOCITI/HKCHHS TMHAMIKH BiOpaIlifHUX MAaITuH JO3BOJWIM BUSBUTH OCOOIMBOCTI X pOOOTH, TIO-
SICHUTH 1 3aCTOCYBaTH Ha MPAKTHII CBOEPiHI €()EeKTH, SKI BUHUKAIOTH Mia Yac Jii BiOparii Ha
mexaHiuHi cuctemu [8,9,10]. Tomy Garato mociikeHb Ta pO3pOOOK MPUIUIIETHCS IBOMY ITH-
TaHHIO [ 11], B IKMX PO3KpUBAIOTHCS TaKi epeBaru BidpariitHoro o0iaaHaHH, sIK BUCOKA e(eK-
TUBHICTh YUIUIBHEHHS, IPOCTOTa KOHCTPYKIil, BUCOKA HAAIMHICTh Ta BIIHOCHO HEBEIUKA Me-
TAJIOEMHICTB 1 EHEPTOEMHICTb.
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OnHMM 3 TIPIOPUTETHUX HAMPSMKIB PO3BUTKY OymiBeslbHOT BiOpaIiifHOi TEXHIKH € 3MEH-
IICHHS] EHEPIreTUYHUX BUTpPAT MpU BUpOOHUIITBI. EHEpro3aomaaai TeXHOOTIT HapsIy 31 3011b-
IIEHHSIM IPOAYKTHBHOCTI Ta MiABUIICHHSAM SKOCTI MPOAYKIi] 3aiiMalOTh MEPIIOYEProBe MICIIe B
cydacHoMy OyniBHUITBI. HanmpsiMok eHepro3aolakeH s pO3BUBAETHCA 38 paXyHOK ONTUMI3alii
TEXHOJIOTIYHUX TapaMeTpiB 00IaJHAHHS T4 BUKOPHUCTAHHS Cy4aCHUX TEXHOJOTIH.

BuainenHsi HeqocaiKeHUX YaCTHH 3arajibHoil npoodaemu. HeoOXiqHO cKilacTh MaTeMa-
THYHY MOJIETIb PO3POOJICHOTO Ta CKOHCTPYHOBAHOTO TEXHOJIOTIYHOTO KOMIUIEKTY OOJIaJHAHHS
JUIs1 BAPOOHUIITBA OETOHHUX BUPOOIB (BIOPOCTIN) 32 KIHEMATUYHOIO CXEMOIO, STKa paHiIlle He BH-
KOPHCTOBYBAJIacs.

Mera crarTi. /s niaATBEpKEHHS TEXHOJIOTIYHUX MOXKIIMBOCTEH KOHCTPYKIIii BIOpOCTOITY 3
BaXUIBHUM 3aKpiIyIeHHsM BiOpo30yKyBadya 3 METOI 3MEHILEHHS 00CsAry J1abopaTOpHUX M0-
CJTI/DKEHb HAMH 3aIPOITIOHOBAHO PO3POOUTH MaTEMAaTUIHY MOJIEN b BIOPOCTOITY, sika O TIOB i3y BaJia
MK COOOI0 aMILTITYAy KOJIMBaHb Ha MOBEPXHI BIOPOCTOMY 3 HOr0 KOHCTPYKTUBHUMH 1 TEXHO-
JIOTIYHUMH TIapaMeTpaMH, TaKHMH, SIK KOJIMBaJIbHAa Maca BiOpPOCTOy, KOPCTKICTh BiOpoomop,
Maca BaHTaXxy, Maca fie0anaHcy, eKCIIEHTPUCUTET Jie0anaHcy Ta BiJICTaHb BiJ LIEHTPY Mac Bi0-

POIUTHTH 110 OCi 00epTaHHs AeOaTlaHCHOTO Bally, SIKa BUSHAYAETHCS JTOBKUHOKO BaXK1JIs / s

OpepxaHa 3aJI€KHICTh J03BOJUTH HPOBOJAUTH MaTeMaTHYHE MAJENIOBAHHS 3 METOI0 OIl-
TUMI3allil MepeideHnx MapaMeTpiB y HaNpsIMKy MOKPALICHHS €Hepro30epekeHHs Ta TeXHO-
JIOTIYHUX MOXIJIMBOCTEH BiOpocTomy. Hamu Oynu mocTaBieHi HACTyIHI 3aBIaHHS ISl TOCST-
HEHHS BU3HAYEHOI METH:

- CTBOPHUTH MaTeMaTU4YHYy MOJIETIh, sika 0 00’ €qHyBaja MiX coO00I0 KOHCTPYKTHBHI 1 TE€X-
HOJIOT1YHI ITapaMeTpH BiIOPOCTOY 3 BAXKUIHHUM 3aKpIIJICHHSIM BIOPO30y/IKyBada, BKa3yrUH ixX
BIUIMB HAa aMIUTITYAy KOJMBaHb POO0YO0i OBEPXHI BIOPOCTOIY;

- oJepXaTu MiATBEPIKEHHS CTBOPEHOI MaTEeMAaTUYHOI MOJIENI aJeKBAaTHO OIMCYBAaTH
BIUIMB 3MIHU KOHCTPYKTUBHHUX 1 TEXHOJIOT1YHUX MapaMeTPiB eKCIIEPUMEHTAIBHUM IUISIXOM;

- TYPTYIOUHCH Ha pe3yJibTaTaX eKCIEepPUMEHTaIbHUX AOCTIIKEHb 1 MATEMaTUYHOTO MO-
NENIOBaHHS, BU3HAYUTH pIBEHb BIUIUBY BUKOPHUCTAHHS BaXKUIBHOIO  3aKpIIUICHHS
B10p030yIKyBaya Ha MiABUIICHHS €()eKTUBHOCTI pOOOTH JTOCHITHOT KOHCTPYKITIi BiIOpOCTOITY.

Jlana po0oTa € IPOJAOBKEHHAM OTPUMAHHUX Pe3yJIbTaTiB B podortax [12, 13].

Buxuiag ocHoBHOro marepiasy. J{ns 3°sicyBaHHS 3arajbHOi TE€HAEHIIT BIUIUBY OKPEMHX
napameTpiB TEXHOJIOTIYHOTO KOMIUICKTY OOJIaIHaHHSI JIJIs1 BAPOOHHUIITBA OETOHHUX BHPOOIB Ha
pyX Horo pob6o4yoro opraHa, a TAaK0>X B3aEMHOT'O BIUITMBY PyXy OKPEMHUX BY3JIiB JaHOTO 00J1a1-
HaHHS PO3TJISTHEMO HOTro SIK MEXaHIYHY CHUCTEMY 1 OTpPUMAaeMO MaTeMaTHYHy MOJIeb i€l Me-
XaHIYHOT CHCTEMHU.

3aranpHUI BUTIIS TEXHOJIOTIYHOTO KOMIUIEKTY OOJIaqHAHHS AJisi BUPOOHUIITBA OETOH-
HUX BHPOOIB (BiIOpOCTiNT) 300paxeHo Ha puc. 1.

Puc. 1. 3acanvnuil 6uensao mexHonoeiuHo2o KOMNIEKmy 001a0HAHHS
0J151 8UCOMOBIEHHS OEMOHHUX BUPO0DIE
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Jlnst OTpUMaHHsI MaTeMaTUYHOT MOJIeNi BiOpocToiry 300pa3suMo HOro KiHeMaTHUHYy CXEMY
(puc. 2), K MeXaHIUYHy CHCTEMY, IO CKIJIAQTA€ThCsA 3 BiOporumTH 1, Baxkens 2, KOPITyCy
BiOp030ymKyBaua 3, foro nebanaHcHOro Bajga 4, po3TalloBaHOIO HA HbOMY jAebanaHcy S Ta

€MHOCTI 3 OETOHHOIO CYMIIIITIO 6.
T

-

(::lri/' AL

Puc. 2. Kinemamuyna cxema 8iopayitinozo cmoiny

MaremaTnyHa MOZENb BIOPAIIHHOTO CTONY JjIsi BUTOTOBJICHHSI OETOHHUX BUPOOIB [14]
y BUTJISII piBHSIHB JlarpaHka qpyroro poay

d aT) aT . .
—|—=)——=0; i=12,...,i...,s 1
FG) =0 G=12.00.,9) (1
ne T — KiHeTHYHA EHEepris MeXaHIYHOi CUCTeMH, BU3HaueHa y pobori [12];

Q1, Qy, ...,Q; , ..., Qg, ne Q; — y3aranbHeHa cuiia, O BiANOBiKa€E y3araibHEHiN

KOOp/IMHATI q;, BU3Ha4CHI y pobori [13];

0 . . . . . . aT
Frie YaCTUHHA MOX1/IHA 32 y3arajJbHEHOI MBUIKICTIO (; Bl KIHETUYHOI eHeprii 7, Fre
: .

YacTUHHA MOXIJJHA 32 y3araJlbHEHOI0 KOOPAMHATOIO ¢; BiJ KIHETUYHOI eHeprii T, % (:—;) —3a-
rajgbHa MOXiJHa 32 YaCOM t BiJI YaCTUHHOI MOXITHOT 3a y3araJlbHEHOI MBHUAKICTIO (; BIJ KiHE-
tU4HOi eHeprii T.

Meron piBHsAHB Jlarpanxa apyroro poay € HalOUIbII 3araIbHUM METOIOM, SIKUM BHUKO-
PHUCTOBYIOTH IIPU PO3B’sI3yBaHHI 3a/1a4 PO pyx MexaHiyHoi cuctemu. PiBusuus (1) — 1e cu-
cTeMa 3BHUYAMHUX JU(EpeHIIaTbHUX PIBHAHBb JPYTroro TOPSIKY BITHOCHO S HEBIIOMHUX
dynkwiii q, = ql.(t), IO SIBJIIIOTH COOOIO 3aKOH PYXY JAOCIIIKYBaHOI MEXaHIYHOI CUCTEMHU.
KinbkicTb piBHSIHB (1) TOPIBHIOE YUCITY S CTYNEHIB BUTBHOCTI, TOOTO TX HAaMEHIIT MOKJIUBOMY
qHciy, a opMa 3amKcy HUX PiBHAHB HiSK HE 3aJISKUTH BiJl KOHKPETHOTO BUOOPY CUCTEMH y3a-
TaJIbHEHUX KOOPIMHAT.
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Ockinpku  BiOpamiiiHi Kyt @, f§ 1 P HaOyBaloTh TUIBKM MaJuX 3HA4YeHb (HE
oineire 0,01 pag.), To, po3kiagaouu B popmyti kiHeTnyHoi eneprii T [12] TpuronomeTpuyHi
byHKIT sin 1 cos y psaau MakiaopeHa, 0OMEXUMOCS TUIBKH 1X TMEPIIMMH JTOJaHKaMU. Takox
BpaxyeMo Te, 10 BeIMYUHU @ i a - B [12] € ManuMK BeTMYMHAMH JPYTOro HOPSIKY, IKUMH

3HEXTYEMO. 33 TAKOTO NPHITYIICHHS AiCTAHEMO, IO
M, M .2
T=7'XC+E'yc+7'ZC_
—[mg+m)-£+mg-4g] -Xc-a—m-e-xc-a-cosp —
—m-e-%c-P-sing + [(mg+m)-£—mg-£s] -V B+
+m-e-yc-f-cosp—m-e -y PP -sing +
+m-e-yc-¢p-cosp+[(mg+m)-£+mg gl -Zc-a-a+
+m-e-Zc-a-a-cos¢p +[(mg+m)-£—mg- gl 2o B+

L L my-£2+mg- £ . m-£2
+tm-e-Zc-f-sing+m-e-zc- ¢ -sing + 4t ——a +
2 2 2 2
me mz+m)-£°+mg-fg+m-e .
+mf-e-da* - cos¢p — 5 -dz-coszd)+( s+ m) 5 ¢ 6 B+

2

: : m :
+m-£-e-B?-cosp+m-L-e-f*-B-sinp — > -1)? - sin?¢ +
+m-£-e-d-f-a-sinp+m-£-e-d--sing +

. m ;
ca-f-a-sin2¢ + ~a - -sin2¢ +

. H . m
+m-f-e-a-¢-a-sing +
2

2
m-e . .
> ca-¢p-a-sin2g—m-£-e-f-YP-y-sing +

+m-L-e-f-d-cosp+m-L-e-L-¢p-p-singp—
.02
m-e ﬁlplp51n2¢+mezﬁ¢_

2
.e? . . 1 . . .
T ppetpesin2g 2 a2 fRAZ 42 G2
Takox 32 03HaYCHHUX MPUITYIICHb MOAYMT Q4 1 Q5 y3aralbHEHUX CHJI 54 1 65 [13]
HaOyBalOTh 3HAYCHB
Qu=—(mz+m)-g--a+mg-g-fg-a—m-g-e-a-cosp —c,-a%-a
i

+

— 2
Qs=—(mz+m)-g-€-B+mg-g-€c-p—ce-b*-p.

PosrnsgyBana MexaHiyHa CUCTEMa Ma€ S = 7 CTYIEHIB BUIBHOCTI, y3aralbHEHUMH KOOP-

JWHATAMHU € q1 = X, §2 = Y, 43 = Z¢, Qa = @, 45 = B, e = Y 1 g7 = ¢, a y3aranpHeHnMHU

. dx . d . d .. d .. g 4
WBHAKOCTAMH — §; = —£ = X¢, G = 2=, G3 = 3 =Zc, a =, =& s =5 = b,
. dy d¢ y
G =3 =V iq,=,=¢
: . . 9T . aT .
OO0YMCAMMO YaCTHHHI IMOXiHI % i F (i=1,2,....7).
oT oT M ,
a—qlza—xcz?'z-xc—[(m3+m)-{’+m6-€6]-1-a—
-m-e-1-a@-cosp—m-e-1-1-sing
abo
oT 0T . )
a—c,h=a—xc=M-xC—[(m3+m)-€+m6-{’6]-a—
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—m-e-d-cosp —m-e - -sing;

or _ ot
9q:  dxc
o aTM'+[(+)€ le] - B +
—.=—.= . m m- _m. .

34, ay.c Yc 3. 6 6.
+m-e-f-cosp—m-e-P-yP-sing+m-e-¢-cosp;
o _ ot _
an_GYC_

O 0T Mot +my+m) - £+mg- Lol -G-a+t
FrA Zc ms+m mg-fel-a-a

+m-e-d-a-cosp+[(mg+m)-£—mg -] BB+
+m-e-B-sin¢+m'€'¢3'Sin¢§

or _ ot _
dqs  dz¢
oT adT . , o~ .
a—%zﬁzly-a+(m3-{’ +mg-g)-a—m-£°-a+

+2-m-f-e-d-cosp —m-e?-d-cos?p—
—[(mg+m)-£+mg-4€g] -%c—m-e-Xc-cos¢p +

+[(mz+m) - €+mg- -yl -Zc-a+m-e-Z;-a-cosp +
+tm-£-e-B-a-sinp+m-£L-e-P-sinp+m-£-e-¢d-a-sing +
me? . me? . m-e? .
+= -,B-a-51n2¢+T-tp-sm2¢+ . ¢ - a-sin2g¢;
aT—aT—[( +m)- £+ el - Z t + 4 X +
90, da ms;+m Mg Ll Zc-a+m-e-zZ;-a-cosp

+m-£-e-a-f-sinp+m-£-e-d-¢-singp +
2 . 2 .
- B sin2¢ + 7= d - ¢ - sin2¢.

m-e

+
2

oT  0dT

—=—=L-f+[ms+m) > +mefi+m-e?]-f+2-m-£-e-f-cosp +
dqs ap .
+2-m-€-e-f-f - sing +
+H[(mg+m) -£—mg gl -yc+m-e-yec-cosp+m-e-Z;-sing +

+[(mzg+m)-€—mg- -yl - Zc-L+m-£-e-a-a-singp +

m - e? .

+ > ca-a-sin2g—m-£-e-P-yP-sing +
+m-£’-e-d)-cos¢+m-£’-e-d)-ﬁ-sind)—m'Tez-tj)-t/J-sinZgb+m-ez-d);
OT_OT_[( m)- 0] i f+
9qs 08 mzTm me - el - 2c - B
+m-£-e-B%-sing+m-£-e-f-¢-sing.
o, —m e ip-sine (o -sing
—=—=LY—m-e“-Y-sin“p—m-e-x;-sing —

aq6 61/) Z C

-m-e-yc-P-sing+m-£-e-a-sing +
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2

+ d-sin2p—m-L-e-f-1-sing —

me? mee?

— B -1 sin2¢ — - - sin2¢;
oT dT

_:_:_m.e.' ...Sin —_
9qs _ 0v e ¢

‘e
2

m-e?

—m-{’-e-ﬁ'-l,b-sinqb—m'Tez-B-l,b-sianb— . < - ¢ - sin2¢.

or _or Is- ¢+ ' o+ ¢ - sing +
—=—= " m-e-yc- Cos m-e- Zc - sin
34, 9% 5 Yc C
m-e?
+m-f-e-a-a-sing +

-a-a-sin2¢ +
+m-£-e-f-cosp+m-L-e-f-p - sing +
+m-e2-ﬁ'—m'Tez-1/')-1p-sin2¢;
oT  adT o .
a—q7=%=m-e-xc-a-sm¢—m-e-xc-lp-cosqb—
—m-e-yc-B-sinpg—m-e-yo-P-P-cosp—m-e-y.-¢-sing —
—m-e-Zc-d-a-sinp+m-e-z;-f-cosp+m-e-z;-¢p-cos¢—
—m-£-e-d*-sinp +m-e?-a?-cosp-sing—m-£-e-f?-sing +
+m-£-e-B%-B-cosp —m-e?-Y?-singp-cosp+m-£-e-a-f-a-cosp +
+m-f-e-da--cosp+m-£-e-d-¢-a-cosp+
+m-e?-a-f-a-cos2¢p+m-e?-da-p-cos2p +m-e?-a-¢-a-cos2¢p —
—m-£-e-B-Pp-p-cosp—m-£-e-B-P-sing+m-£-e-B-¢-p-cos¢p—
—m-e?-L-P-P-cos2¢p —m-e%-P-¢-1P-cos2e.
BizpMeMo 3aranbHi MoXigHi %(aa—;) (i=1,2....7).

d (0T d (0T . . .
E(a—ql)=a<a—xc)=M-xc—[(m3+m)-£+m6-{’6]-a—m-e-a-cos¢+
+m-e-d-¢-sinp—m-e-1-sing—m-e-P-¢d-cosp =
=M -%c—[(mg+m) -£+mg-€g+m-e-cosp|-a+
+m-e-d-d)-sind)—m-e-(1}3-sin¢+1/)-<15-cos¢).

d (0T d (0T . .
E(a—%)—$<a—h)—M'}’c+[(m3+m)'f—m6'f’6]'ﬁ‘*‘
+m-e-f-cosp—m-e-f-¢-sing —

—-m-e-P-1P-sing—m-e-P?-sinp—m-e-y-¢-yP-cosp +
+m-e-¢-cosp—m-e-P?-sing =
=M-Jc+[(mz+m)-£—mg-£c+m-e-cospl-f —

—me - -1 - sing —me - Y% - sing —me - - p - - cosp —me - - ¢ - sing +
+m-e-¢-cosp —m-e-@?- sing =
=M-Jc+[(mz+m)-£—mg-£c+m-e-cospl-f —
—m-e-B-(ﬁ-sin¢—m-e-(lﬁ-¢+lp2)-sind)—m-e-t/)-d)-¢-cosd)+
+m-e- (¢ - cosp — PH? - sing).
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d (0T d (0T
a<a—q3>=E(a—Z,C>=M-ZC+[(m3+m)-€+m6-€6]-d-a+
+[(mz+m)-L+mg-Lg]l-a>+m-e-d-a-cosp +
+m-e-d?-cosp—m-e-d-¢-a-sing +
+[(m3 +m)-£—mg-£s]-B-B+[(mg+m) -£—mg-Le] - p*+
+m-e-f-sinp+m-e-f-¢-cosp+m-e-P-sing +m-e-p?-cosp =
=M-Zc+[(mg+m)-€+mg -] (¢ -a+da?)+
+m-e-(&-a+da?)-cosp—m-e-d-¢-a-sing +
+[(m3+m)'€_m6'€6]'(E':B-I_Bz)-l'
+m-e-(,[?-sin¢)+,3-¢')-cos¢)+m-e-(di-sin¢+d)2-cosd))=
=M-Z;+[(mg+m)-£+mg-£g+m-e-cosp]-(@-a+d?)—
—m-e-d-¢-a-sing+[(mg+m) -£—mg-4]- (6 -B+P?)+
+m-e-([§-sin¢+ﬁ'-¢3-cos¢)+m-e-(di-sin¢)+d)2-cos¢).

d 0T\ d (0T\ _ . 5 N .
E(T%)_E<£>_ yrad+(mg-€°+mg-Le) -d—m-£°-d+
+2m€eacosd) Zm{’ead)smd)—

—m-e? - cos’p+m-e?-da-2-cos-sing - P —
—[(mz+m)-€+mg-£g] - ¥c—m-e-%c-cosp+m-e-x;-¢-singp +
+H(mg+m) -£+mg- -]l -Zc-a+[(mg+m)-£+mg-Lgl 20 -a+
+m-e-Z.-a-cosp+m-e-zc-d-cosp—m-e-z;-¢p-a-sing +
+m-£-e-f-a-sinp+m-£-e-f-d-sing+m-£-e-f-¢p a-cosp+
+m-£L-e--sinp+m-£-e-P-¢-cosp+

+m-f-e-¢p-a-sinp+m-£-e-p-a-sinp+m-£-e-Pp?-a-cosp +
m-e? . _ m - e?
+ > “f - a-sin2¢ +

2

B-d-sin2p+m-e?-f-¢-a-cos2¢p +
m-e? . o
+ 5 -lp-sin2¢+m-e2-¢-d)-c052¢+

2. $% - a-cos2a.

d(aT)_d aT _ ..+[( m) P ml? 3 5 .

+2-m-£-e-f-cosp—2-m-£-e-f-¢-sing +
+2-m-£-e-f-B-sing+2-m-£-e-p%-sing+2-m-L-e-f-¢-L-cosp+
+[(mz+m) - —mg gl - Fo+m-e o cosp—m-e-yc-¢P-sing +
+m-e-Z.-sinp+m-e-z;-¢-cos¢p+
+(mz+m) - £ —mg-Lg]-Zc- B+ [(m3 +m) - £ —mg 6] 2c- B+
+m-f-e-d-a-sinp+m-£-e-a’*-sinp+m-£-e-a-¢-a-cosp+
m'ez . . m'ez 2 . 2 . H
S, aa > -a®-sin2p+m-e“-a-¢-a-cos2p—
—m-£-e-P-P-sinp—m-£-e-P?-sing—m-£-e-P-p-P-cosp +
+m-f-e-p-cosp—m-£-e-p?-sing +
+tm-£-e-¢p-f-sinp+m-L-e-¢-f-sing+m-£-e-¢p%-p-cosp —
me?

—T-lﬁ-w-sianb—mTez-l,bz-sin2¢—m-e2-1/)-(15-1,0-C052¢+m-e2-(]5.
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d

dt (6q6 T dt <2_T>

—m-e?--sin®p—2-m-e?-y-¢-sing - cos¢p —
—m-e-Xc-sin¢—m-e-xc-cl}-cos¢—
—m-e-Jo-P-sing—m-e-yc-P-sing—m-e-yc-d-1-cosp +
+m-£-e-d-sinp+m-£-e-d-¢-cosp+

2

Je @ -sin2¢p + m-e?-da- ¢ cos2¢p —
—mﬁeﬁt/;sm¢ mﬁeﬁt/;smgb m-£-e-f-¢-1p-cosp —
_n a ,8 Y- sm2¢)—— ﬁ Y -sin2p —m-e?-B-¢ -1 -cos2¢p —
2. % - cos2¢.

d(@T) d (0T _ N N
at\ag, a a¢ s p+m-e-jo-cosp—m-e-yc-¢-sing

+m-e-Z.-sing +m-e-z;-¢-cosp +
+m-£-e-d-a-sinp+m-£-e-d’> sing+m-£-e-d-¢p-a-cosp+
m'ez . . m- z . . H
> & -a-sin2¢ + @?-sin2¢p +m-e®-da-¢p-a-cos2¢p +
+m-£-e-f-cosp — mﬁe,[;’q'bsinqb+
+tm-£-e-f-B-sing+m-£-e- ,82 51n¢)+m t-e-B-d-B-cosp+
+m e [ —

_.¢ -sin2¢p —m-e? - - ¢ - - cos2¢.

[TincTaBnsroun yci 3HaiIeH] 3HAYCHHs BIAMOBIIHUX MOXITHUX 1 y3aralbHEHHX CHI B
piBasHHA (1) Jlarpanka 1pyroro poay Ta 3poOUBIIM CKOPOYCHHS, IEPETPYyIyBaHHs, IEPETBO-
PEHHS 1 OOYUCIIEHHSI OCTATOYHO OTPUMAEMO MAaTEMAaTU4YHY MOJENb BiOpalifHOTO CTOMY ISt
BUTOTOBJICHHsSI OETOHHUX BUPOOIB [6] y BUTIIANI CUCTEMH 3 ceMH IU(epeHIIaTbHIX PiBHIHB
JIPYTOT0 MOPSIKY

M -Xc+Cox-xc=[(Mz+m)-£+mg-€g+m-e-cosp]-d—
—m-e-c’r-d)-sind)+m-e-(1}3-sin¢+1/)-<15-cos¢)+cex-5-a. (2)

M-jic+cey-yc=—[(m3+m)-f—m6-€6+m-e-cosd)]-,[?+
+m-e-ﬁ'-¢5-sin¢+m-e-(tﬁ-1/)+1/)2)-sin¢+m-e-¢-d)-1/)-cos¢—
—m-e- (P cosp —p?-sing) —coy - 5 . (3)

M:-Zc+ce-zc=—[(m3+m)-£+mg-€g+m-e-cosp]-(d a+a?)+
tm-e-d-¢-a-sing —[(mg+m) - £ —mg-4]- (6B +p?)—
—m-e-(ﬁ-sin¢+ﬂ-d)-cosd))—m-e-(di-sin¢)+d)2-cos¢). 4)

[I, + (ms—m) - 2+ mg - €3] -G+ m-e-cos¢p-(2-€—e-cosp) - &t —
—[Z-m-e-d)-(f—e-cosg{))-sing{)]-02+
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+{[(m3 +m)-£+m-e-cosp|-(Z;+g)+

+mg - g (Zo — g) m-e- ZC ¢ - sing +
+m {-e- (ﬁ sm¢+,8 ¢ cos¢)+¢) 51n¢)+¢2 cos¢)+

]+ce-a2}-a=

=[(mg+m) - L+mg-Lg] - %c+m-e- (k- cosep —xc- ¢ sing) —
—%-[(2-£-sin¢+e-sin2¢)-1])+2-({’-cos¢+e-c052¢)-1/}-¢3]. (5)

[l + (mg+m) €2+ mgfi+m-e?]-f+2-m-£-e-(cosp +f-sing) - +
+m-£-e-p%-sinp—2-m-£-e-(sing —f-cosgp)-¢p-f +

+{[(m3+m)-€—m6-€6]-(Zc+g)+m-€-e-(d5-sin¢+<}52-cos¢) +ce-b2}-,8=
=—[(m3+m)~{’—m6-€6]-j}C—m-e'(j}C-Cosd)—yc'd)-sind))—
—m-e-(ZC-sind)+z’c-d)-cos¢)—
—m-e-({+e-cosp) (& -a+a?—19-yp—1?)-sinp —
—m-e-(£-cosp +e-cos2p) - (¢-a—vp-9P)-d—
—m-¢-e- (¢ cosp — % -sing) —m-e? - . (6)

L-{P—m-e? - -sin?p—m-e?-y-¢-sin2¢ —
—{m-e-(yc-sin¢+yc-¢3-cos¢)+m-{’-e-(ﬁ-sin¢+ﬁ-d)-cos¢)+

+—m-2€2_[(ﬁ+q§)-sin2¢+2-(B+q'5).q'§.c052¢]_Cex.bz_cey,az =

=m-e-(Xc-sin¢+5cc-g[)-cosgb)—m-{’-e-(d-sin¢+0’z-d)-cos¢)—
~ (& sin2p +2- ¢ ¢ - cos2e). )

Is-p+m-e-jc-cosp+m-e- (% +g)-sing —
—m-e-(k¢c-d—yc B —2c d-a)-sing +
+tm-e- (J'cc Y+ Ve PP —zc- ﬁ) cos¢ +
+m-£-e- [(a a+pf- ﬁ)+2 (a +ﬁ)] sing +
tm-L-e-[f—p*B—(a-a—y ) -f—d | cosp +
+m'T-(a-a—lp-lp)-sm2¢—m-e [(a a—- 1,0) p+a- 1,0] cos2¢ =
= My, —m-e%-f (8)

[IpoBenemo aHamiz orpuMaHux Hamu piBHSAHB. Ilepmi tpu piBHsHHS (2), (3), (4)

BIJIMIOBIJAIOTH 32 KOOPJMHATH MEpeMiIleHHst X, V¢ , Zo TO KOOPAMHATHUM OCSAM, SIKHMHU €

BimoBiHO oci Ox, Oy, Oz. PiBusuns (5), (6), (7) onucy0Th KyTH TTOBOPOTY &, [ 1 1) HAaBKOJIO
oceit 0Oy, Ox ta Oz BianoBiaHo. PiBHAHHS (8) onuCye KyT MOBOPOTY ¢ AebaiaHCy HaBKOJIO OCl
obepTaHHs IebaTaHCHOTO BaTy BiOpo30yIKyBaya.
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JlaHa MaTeMaTH4Ha MOJIENb Y BUTJISAI CUCTEMH 3 CeMHU JU(epeHIiaTbHIX PIBHIHD JIpY-
roro MOPSJIKY OIUCYE PYyX Y MPOCTOpi Oyab-IKOT TOUKHM MOBEpXHI BiOpocTomy. J{iis Toro, oo
BU3HAYUTHU aMIUTITYly BEpTUKAIBHUX KOJMBAaHb BIOPOCTONY, BIAMOBIJAI0UY 32 SKICHE YILIiIb-
HEHHs OETOHHOI CyMIiIIIi, PO3TITHEMO JeTaNbHiIIe piBHIHHS (4). BOHO MicTUTB B cO01 KOOpIU-

HaTy Z, TEepeMillleHHs LEHTPY Mac BIOpOIInTH 1o oci 0z, sika 1 ABJIsie COO0I0 aMILTITYAy Bep-

TUKaJIbHUAX KOJHMBaHb. TakoX B HOro CKIajai € psijl 3HaYyHmMX (aKTOpiB, BIUTUBAIOUYMX Ha
BEJIMYMHY J1aHOi aMIUTiTy1u. HuMu € kKonmmBaibHa Maca BiOpOCTOITY, JKOPCTKICTH BiOpootop,
Maca BaHTaXxy, Maca fie0anaHcy, eKCIICHTPUCUTET Jie0anaHCy Ta BiJICTaHb BiJ LIEHTPY Mac BiO-
poruTHTH 10 oci oOepTaHHs ne0aTaHCHOTO Bally, A0 CKJIAAy SIKOi BXOIUTH JOBXKWHA BaXKIJIS

l

saosic."
Posrasgatoun pyx BiOpocToiy Bij nii 30yprorouoi CHiIH, SIKY CTBOPIOE BIOPO30yIKyBad
oOepraHHsIM nebanancy (AMB. puC. 2), MIPUXOJUMO 0 BUCHOBKY, IIIO0 3HAYEHHS KOOPIWHATU

nepeMileHHss X, Ta KyTH MOBOPOTY & 1 1 OynyTh JOPIBHIOBUTH HYJIIO, a OTXKE 1 1X MOXiAHI

MEPIIOro Ta APYroro MOPSIKY TaKoX OyIyTh JOPiBHIOBATH HYIO. BpaxoByroun BHUIlEHaBe-
neHe, piBHsAHHS (4) HaOyae HACTYITHOTO BUTJISITY

M-Z;+co-zc = —[(ms +m)'£_m6'£6]'(lg':8+ﬂ.2)_
—m-e-(ﬁ-sin¢+,8-¢-cos¢)—m-e-(¢-sin¢+¢2-cosgb). 9)
Sk mpukiian 3actocyBaHHs PiBHAHHS (9) MO0y MyeEMO JiarpaMu BEpTUKAIBLHUX KOJIUBaHb
BIGPAIIfHOrO CTONY 3aI€XKHO Bif TOBXKHUHH Baxemst £ sac.» A0 AKOTO BiOpO30y/KyBad 3a-

KPIIUTIOETHCS TI0 TIEHTPY i1 BiOporumToro. Jjis moOymoBu OyJjia BUKOpHUCTaHA MaTeMaTHYHa
nporpama "Mathcad Prime". Bennuunu 3Hauynmx (aktopis, siKi BXOAATHh 10 piBHAHHA (9),
MPUHMAEMO BUXOJSIYM 3 TEXHOJIOTTYHHMX MOKA3HUKIB MPOEKTOBAHOTO BIOPOCTONY B MeXax
palioHaJIbHUX MapaMeTpiB (IuB. Tad. 1).

Tabauys 1 — Payionanvhi napamempu 8iopocmony.

No [To3Ha- OnuHuLS Benuuuna
Hazpa napametpy .
YCHHS BHMIPIOBaHHS
1. KosnBasibpHa Maca BibpocTouty M KT 332
2. Maca BiOpomuTH my KT 170
3. Maca BiOpo30ymKyBaya ms KT 10
4. Maca nebananca m KT 2
5. Maca BaHTaxy 3 (HOpMOIO me KT 150
6. ExkcrienTpucuret nebananca e M 0,03
7. Kopctkicts BiOpoomniop Ce H/™m 570000

Jlns npukiazna OyiM BUKOPUCTaHi mapaMeTpu BiOpo30ypkyBaua B-99BY?2 (moTyxHicTh
N = 0,5xBr, wacrora 50 I';, wactora o6epranns n = 3000 xB™!, 36yproroua cuna P-=3 kH).

Jlopxuna Baxens npuitmanack piBHo BignosigHo 0; 100; 200 MM Buxoastuu 3 300pa-

6AdfC.
JKEHb, 110 aMIUTITYy1a Oy/1e 301IbIIYBaTHUCh Bijl 3HAYEHB, SIK1 HE JOCTATHI JIJIs AKICHOTO YIIIiJIb-
HioBaHHs (MeHmie 0,3 MM), 10 3HA4Y€Hb, 10 3a0e3MeUyI0Th SKicHe yuliibHeHHs (Outbme 0,3
MM).

OTtpumani giarpamMu HaBeJsieH1 Ha puc. 3 — 5.
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TeopeTuuHO ollepKaHi YHCENbHI 3HAUECHHS MapaMeTpiB BiOPOKOIMBAaHb, 300pakeHUX Ha
puc. 3-5, BU3HAUEHUX TPHU paIllOHATHPHUX 3HAYEHHAX KOHCTPYKTHMBHHUX TapaMmeTpiB BiOpo-
CTONIy, PO3paxOBaHUX TMpPH 3MIHHIM JOBXKHMHI Baxens, uepe3 SKUNH BiOpo30yIKyBau
MIPUETHYETHCS 10 BIOPOCTONY, OyJIM TOPIBHSHI 3 €KCIIEPUMEHTATLHUMHU TAHUMH TIPH OJTHAKO-
BUX BUXIIHUX mapameTpax. [loxuOka ckiana e Oinbiie, Hix 15%, 110 mMATBEpIKYE aeKBaT-
HICTh CTBOPEHOI MaTEeMaTHYHOI MOJIENl peaJbHOMY TEXHOJIOTIYHOMY IPOIEeCy BiOPOYIIiihb-
HEHHS Ha BIOPOCTOJI1, IKHI TOCITIIKYEThCS.

BukopucroBytoun gasi 3 puc. 3-5, nodyayemo rpagik 3MiHU BETHYUHU aMILTITYIH BEp-

TUKAJIbHUX KOJIMBaHb Z; B 3aJIEXKHOCTI BiJ] TOBXKUHH BasKess / e (puc. 6).
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Puc. 6. I'paghix 3sminu eenuuunu amnaimyou 8epmuKaIbHUX KOIUBAHD 8I0 O0BHCUHU BAIHCEIISL

AHani3 ofepKaHo1 3aJIeKHOCTI HA pyc. 6 3MIHM aMIUTITYd BIOpOKOJIMBaHb Ha poOOUii
MOBEPXHI BIOPOCTOITY Bijl 3MiHHU TOBKHMHA BaXKeJlsl, HA SIKOMY 3aKpIILTIOEThCS BIOp0O30yIKyBay,
BKa3ye, 110 BaX1JIbHE 3aKPIIUICHHS BIOPO30y/KyBada M03BOJISIE MalKe JIHIWHO MABUIITUTH
aMIUTITYAy BEPTUKAIBHUX KOJHMBAHb AHAJIOTIYHO TaKOMY 3K 3MEHIICHHIO EHEProBUTPAT
Bi0Op030ymKyBada mpu JoBXHHI Baxess 200 M.

BucHoBku. CTBOpeHa MaTeMaTHYHA MOJIENb, sika 00’ €JHY€ MK cO00I0 KOHCTPYKTUBHI
1 TEXHOJIOTTYHI TapaMeTpH BIOPOCTOITY 3 BaXK1JIbHUM 3aKPITIJICHHSIM BiOp030yIKyBaua, TAKMMH,
SIK KOJIMBaJIbHA Maca BIOpOCTOIy, KOPCTKICTh BIOPOOIIOp, Maca BaHTaXy, Maca Jie0anaHcy, eKc-
[IEHTPUCHUTET JIe0aTaHCy Ta BIICTaHb BiJI IIEHTPY Mac BIOPOILIUTH 10 Oci oOepTaHHs jaedanaHc-

HOT'0 Bally, sKda BUBHAYAECTHCA JOBXKUHOKO BaKCIIA Egam . O;[epn(aHa 3aJICKHICTD AO3BOJIAE TIPO-

BOJUTH MAaT€MAaTHYHE MOJICIIOBAaHHS 3 METOI0 ONTHUMI3allii TepeiyeHrux MapameTpiB y
HaNpsMKY IMOKPALICHHS TEXHOJOTTYHUX MOKIMBOCTEH BIOPOCTOITY.

['pyHTYyrOUHCH Ha CTBOPEHIN MaTeMaTUYHIM MOJIEINI 1 PalliOHATIBHUX KOHCTPYKTUBHHX ITapa-
MeTpax BiOpPOCTONYy BHM3HAUEHI TEOPETUYHI 3HAYEHHS aMIUTITYAWM KOJMBaHb BiOpPOCTOIY MpH
3MIHHIH JOBKUHI BaXKEJIsl, 4epe3 KUl BiOpo30yHKyBad MPUETHYETHCS 10 BiOpocToy. 30ir Teope-
THYHHX 1 €KCIIEPUMEHTAIBHUX JaHUX MPU OJHAKOBHUX BUXIJHUX MapaMeTpax BiJIpi3HSAE€TbCS HeE
OubiLe, HiX Ha 15%, 110 MIATBEPDKYE aIeKBAaTHICTh CTBOPEHOT MATEMATUYHOI MOJIEIN pealbHOMY
TEXHOJIOTTYHOMY TIpOLIECy BIOPOYIIUIbHEHHS Ha BIOPOCTOII, SIKUI TOCIIIKY€EThCS.
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3 aHami3y oJiepKaHO1 3aJIKHOCTI 3MIHM aMILTITY 11 BiIOPOKOJIIMBaHb HA pOOOUiii MOBEPXHi
BIOpOCTOMyY BiJl 3MIHM JOBXXKHHA BaXKeJIsd, Ha SIKOMY 3aKpITUTIOETHCS BIOpO30YIKyBad, CIiIye
10 BaXKUTbHE 3aKPITUICHHS BiOp030yIXKyBada O3BOJISIE Maike JIIHIWMHO MiIBUIIUTH aMILTITYAy
BIOpOKOJIMBaHb AHAJIOTIYHO TAKOMY K 3MEHIIIEHHIO €HEProBUTPAT BiOp030yIKyBada Mpu JOB-
xuH1 Baxkens 200 M.
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VIBRATION TABLE MATHEMATICAL MODEL COMPOSING

In this article, a mathematical model is obtained, which combines the design and technological parameters of the
technological set of equipment for the concrete goods production (vibrating table), in which the vibrating exciter is fixed on
the lever vertically in the center under the plate compactor. This equipment is used for the manufacture of small-sized concrete
products. The mathematical model is composed with the help of Lagrange equations of the second kind, which are the most
common method for solving problems about the motion of a mechanical system. Methods of mathematical physics and physical
and mathematical modeling by methods of applied mechanics were used in the compilation. To determine the position and
describe the free motions of the material bodies that make up the mechanical system under consideration, an orthogonal vi-
brational reference system of three coordinate systems was used. Analyzing the kinematic diagram of the vibration table, it is
determined that the position in space of all material bodies of the mechanical system, which simulates the specified vibrating
table, can be uniquely set by the following independent parameters: Cartesian coordinates, vibration angles and the angle of
rotation of debalance. Thus, the mechanical system in question has seven degrees of freedom with seven generalized coordi-
nates. As a result, a mathematical model of a vibrating table for concrete products manufacturing in the form of seven second
order differential equations system, which describes the vibrating table spatial motion surface, is obtained. The theoretical
values of the vibrating table vibrations amplitude at variable lever length were also determined and compared with experi-
mental data at the same initial parameters. The difference was 15%, which confirms the adequacy of the created mathematical
model to the real technological process on the vibrating table, which is being studied. Analyzing the change in the vibration
oscillations amplitude on the vibrating table working surface from the change in the lever length on which the vibrating exciter
is fixed, it was found that the lever fixation allows an almost linear increase in the amplitude of vibration oscillations due to
an increase in the lever length. This, in turn, makes it possible to reduce energy consumption when compacting the concrete
mixture.

Keywords: vibrating table, lever, vibration exciter, mathematical model, kinetic energy, generalized force, amplitude
of vibrations, energy saving.
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USE OF THE OMRON F150-3 CAMERA FOR THE POSITIONING
OF RANDOMLY DISTRIBUTED PARTS

The article discusses the development of a testing workplace for the handling of 3D objects. The workplace is equipped
with an industrial SCARA robot, an intelligent input conveyor, pallet and depalletizing equipment, a vibrating feeder and
vibrating trays, switch effectors, universal gripper, and other components. The workplace is also equipped with two OMRON
F150-S1 cameras, which are used to create a 3D camera system. The article describes how the 3D camera system is used to
determine the position of objects on the conveyor belt. The system first uses the density averaging function to determine the
average optical density of the region without any objects. This value is then used as a threshold to determine whether an object
is present in the workspace. If an object is present, the system uses the gravity and area functions to calculate the X and Y
coordinates of the object from the center of the measuring platform. The system then uses the edge position function to calculate
the Z coordinate of the object.

Keywords: robotic workstation, 3D camera, manipulation of unoriented objects

Fig.:3. Tables.: 1. References.$.

Relevance of the research. Orientation of parts using a 3D camera is a current topic be-
cause it has many advantages over traditional methods. 3D cameras are able to determine the
orientation of parts with high accuracy, which is important in applications such as manufactu-
ring and assembly. 3D cameras can orient parts quickly, which is important in applications
where a large number of parts need to be processed. 3D cameras can be automated, meaning
they can be used to orient parts without human intervention. This can save time and money. 3D
cameras can be used to orient parts of different shapes and sizes.

Problem statement. Current methods of component orientation have a number of disad-
vantages. Manually orienting parts can be time-consuming and not always accurate. Traditional
methods of automatic part orientation are often limited to certain types of parts and cannot be
used to orient parts of different shapes and sizes.

Analysis of recent research and publications. The OMRON F150-3 camera is a 3D ca-
mera that is commonly used for the positioning of randomly distributed parts. It has a number
of features that make it well-suited for this application, including:

- A high resolution, which allows it to accurately capture the shape and orientation of parts.

- A wide field of view, which allows it to capture multiple parts in a single image.

- A fast frame rate, which allows it to capture images of moving parts.

A number of recent research papers have been published on the use of the OMRON F150-
3 camera for the positioning of randomly distributed parts. These papers have investigated a
variety of methods for using the camera to determine the position of parts, including:

- Feature-based methods: These methods use the features of the parts, such as their shape
or size, to determine their position.

- Background subtraction methods: These methods use the background of the image to
determine the position of parts.

- Template matching methods: These methods use a template image of the part to determine
its position [1,2].

© Dusan Mlinaréek, Rudolf Janos, 2023
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Uninvestigated parts of a common problem. Despite the progress that has been made in
this area, there are still areas that are not sufficiently explored. For example, researchers are
still working on developing methods to orient parts that are resistant to adverse conditions such
as dust, moisture and light. Researchers are also working to develop methods to orient parts
that are affordable and easy to use.

Research objective. The goal of this research is a new method for part orientation using
3D cameras that will be fast, sufficiently accessible and affordable. The new method will be
based on a combination of traditional and new methods and algorithms. The method will be
tested on different types of parts under different conditions.

The statement of basic materials. Recently, more and more frequently we encounter rapid
development in the field of automation of cyclically recurring processes. These processes occur
not only in the deployment, but also in our daily lives. Most of us about them or just have no
idea, and it has long since become a normal part of our. The camera systems, cyclically repeated
steps: getting data from the source, their processing and evaluation in real time, and last but not
least activity depend on the evaluation thereof. These steps we've taken advantage of in the
construction testing workplace for the handling of 3D objects created in the project: applied
research systems smart handling of industrial robots with unoriented 3D objects. Visual sensor
subsystems are an essential part already or not adaptive, but directly to autonomous complex
mechatronic systems. Their integration into the production cycle, the monitoring of technolog-
ical processes and operations increases flexibility, production flexibility and partially eliminat-
ing the need for human intervention [3].

Equipment of research workplace Robotics research workplace serving for verification
of selected types of methods and algorithms of randomly oriented objects. The main parts of
this workplace include the following components:

* Industrial robot Scara

* Intelligent input conveyor

* Pallet respectively Depalletizing equipment

* Vibrating conveyor and vibrating trays

* Replacement of equipment effectors and universal gripper

* Other components (control computer, PLC control, rotary actuators, linear and rotary
modules)

The structure of the research robotic workstation (fig. 1 and fig. 2) consists of industrial
SCARA robot, intelligent input conveyor, pallet and depalletizing equipment, vibrating feeder
and vibrating trays, switch effectors and universal gripper and other components (control com-
puter, PLC control, rotary actuators, linear and rotary modules) [4].
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Grippers

SCARA Part_1

Scanning part_1

Montage

Part_3

Fig. 3. Layout of research workplace
The aim of the establishment of the research department is the possibility of using it, inter
alia, in at teaching process for the preparation of students in the field of Robotics and automa-

tion. Provides the ability to use for experimental and research purposes and significantly con-
tributes to the preparation of students for practical as well as a better theoretical page [5].

LIGHTING

CONTROL
SYSTEM

Fig. 4. Layout of research workplace
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As shown in fig. 2, handling variously oriented subjects in the area of one camera is not
enough. For this type of application must be built. 3D camera system while may be issued in
two ways. Either purchase industrial 3D camera with evaluation software or a combination of
two or more cameras to create a 3D system in which using geometric relationships relevant
coordinates of the object in space are extracted, calculated [6].

A crucial and critical place of each visual system specific parameters of the cameras. On
the test facility are used cameras OMRON F150-S1, Fig. 3, which have the following main
parameters.

* resolution camera system :512 (H) x 484 (V), and the camera 659 (H) x 494 (V)

» focal length: 35 mm

* The range image depending on whether the camera is mounted on an intelligent light
source, the distance of the measurement object from the camera and use the spacer - additional
intermediate links between the lens and the camera itself.

Fig. 5 Camera OMRON F150-S1

Visual inspection system OMRON F150-3 has 16 scenes (one measuring stage for one com-
ponent together so settings can be saved for up to 16 products), has the option to record in the
memory up to 32 images controlled subjects and 16 measurement functions. Because of the mani-
pulation necessary to ascertain the position of the object on the conveyor belt. To determine whether
the object whose coordinates we need to identify the center of gravity is not at work, the scene
measuring function is used Density averaging based on the difference in the brightness of the image
units. As part of this exercise will evaluate the density of each pixel based on its brightness (values
from 0 to 255, so. Grayscale, gray scale), calculate the overall average for crawled area (search
region) and on the basis of the calculated measurement made [7].

At the beginning of measurement made for the empty stage to determine what is the aver-
age optical density of the region without building measurements. The measurement showed that
under the given lighting conditions, the average optical density of the searched area bounding
box is equal to the value of 64.525. In the next step, access to the operation which is referred to
as thresholding - we define thresholds, under which the system will be able to say with certainty
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whether the component in the workspace is present or not. In implementing the thresholding
operation, thus entering the limit values for separation of compliant products from spoilage, the
following procedure was followed: The verdict OK was set to 100 for objects with a correlation
value of 84 or higher with the reference object. All objects with measurement values of 83 or
lower were marked as error parts, as shown in, tab. 1.

Tab. 1 Example of correlation products with the reference object

Component Leayout 3D model Corelation
R - . :

o - . )

o - . |

After calibrated measuring range to the display poles we can move to the measured X and
Y coordinates of the selected object from the center of the measuring platform, from the bottom
left corner of the screen within the external coordinate system use the function Gravity and area.
The said function can calculate the mean of the sheet object (top view), provided that the
recognized object is formed on the screen, a preponderance of white pixels and the rest of the
scene is black.

To extract the coordinates of the third applies the function "edge position", a feature that
can detect the edges of objects and their position is considered sufficient contrast between the
background and object recognition. As with the deployment tool "Gravity and area" We have
to edit the scene through BGS - background suppression (post-processing, image processing
after receipt) so that between the edge and the background is visible difference. The background
is cut off, so to speak, determines the upper and lower limits (0 to 255) pixels and brightness
only areas covered by this difference of the measurement are taken into account. If the position
of the side edge is to be measured, the product is selected in the desired direction. If the subject
is dark and the background is light, the "Light to Dark" option is chosen. Of course, before
drawing, the area where the edge of the object in question should be located is defined. [8].

To perform a test, the standard deviation measurements for X - coordinate was 0.015, 0.064
for Y, Z for 0,009. The cause of the greatest deviations of measurements for the Y - coordinate
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maybe fact that has not been used for measurements intelligent light source, measured in scene and
lights steadily and the results achieved probably be relevant effect lighting in the premises of the
laboratory of a relatively large vertical distance of the camera from the object of measurement.

Conclusions. Practical verification, we found that camera system OMRON F150-3 is
applicable to the assembly lines with sufficient accuracy without special lighting. The next step
in addressing the interconnection of the camera system and robot who will take part and classes.
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BUKOPUCTAHHS KAMEPH OMRON F150-3 1151 HO3UIIOHYBAHHSI
BHUITAJIKOBO PO3INOAIVIEHUX JETAJIENU

Y emammi pozensoaemucs po3pobra mecmogozo pob6ouozo micys ons pobomu 3 3D 06'ckmamu. Poboue micye ocnaujene
npomucnosum pobomom SCARA, inmenekmyanoHum 6XiOHUM KOHBEEPOM, OONAOHAHHAM 0I5l NANETYB8AHHS MA Oendaiemy8aHHs,
BIOPOXHCUBUTLHUKOM MA 8IOPOIOMKAMUY, ePEKMOPAMU NepeMUKAdie ma YHIEEePCATbHUM 3aX8AMOM MA THUUMU KOMNOHEH-
mamu. Taxoor poboye micye ocnawere 0soma kamepamu OMRON F150-S1, axi euxopucmosgyomsvcs 05l CMEOpeH s CUcmemu
3D kamep. Y cmammi onucano, ax cucmema 3D-kamep UKOpUCOBYEMbCA OISt BUSHAUEHHS NOTIOHCEHHS 00 '€KMi6 Ha KOHBEEDI.
Cucmema cnouamky UKOPUCMOBYE QYHKYIIO ycepeOHeHHs WINbHOCMI, WoO SUSHAUUMU CepeOHI0 ONMUYHY WiNbHICMb 00-
nacmi 6e3 06 ’exmie. [lomim ye 3HaueHHs BUKOPUCMOBYEMbCA AK NOPO20GE 3HAUEHHA OISl GUSHAUEHHA HAABHOCMI 00 €kma 6
pobouiti obracmi. HAxwo 06’exm npucymmiii, cucmema UKOPUCMOBYE PYHKYIIO epagimayii ma niowi osi 0OYUCTIEHHST KOOD-
ounam X i Y 06 ’exma 6i0 yenmpy of the measuring platform. The system then uses the edge position function to calculate the
Z coordinate of the object.

Knruoei cnosa: pobomusosana poboua cmanyis, 3D-kamepa, maninynayii 3 HeopieHmosanumu 06'ekmamu

Mlinaréek D., Jano$ R. Use of the omron f150-3 camera for the positioning of randomly distributed parts. Technical sciences and technologies,
(3 (33)). C. 97-102.
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INIABUIEHHSA IMTPOAYKTUBHOCTI EKCKABATOPA CAT 349D2

Ha ocnosi yoockonanenns 2iopagniunoi cucmemu wisAxom 6CmanoGieHts 000amK08020 HAGICHO20 001A0OHANHA — 3HU-
Jicena 3a6pyonenicme 2iopasniunoi cucmemu 8 npoyeci excniyamayii exckasamopa. Lle 0ano 3moey snusumu poboui memne-
pamypu mpaucmiciinoi i ciopagaiunoi cucmemu. Takum yunom po3podaeno i po3paxo8ano cnocio 6cmano8ieno2o 000amKo-
6020 obaaonanHa wo niosuwye npoOoyKmusHicme exckasamopa. Kpim moco, 3menwyromvcsa eumpamu Ha mexHiyHe
006C1y208y8aHHA | pEMOHM.

Knrwuoei cnosa: ciopasniuna cucmema; mpaucmicitina cucmema; Kianaw O0jis NPOMUGKU, NPOOYKMUBHICINb eKCKasa-
mopa, mexuiune 06C1y208Y6aHHs MA PEMOHM, MeMNepamypa CUCMemMu.

Puc.:5; bion.:12.

2

AKTyanbHicTh TeMH AocigkeHHs. CydacHe BUPOOHUIITBO BHUMAra€ 3acTOCYBaHHS
Crieniagi3oBaHuX MiAHOMHO-TPAHCTIOPTHUX MAIITKH, 10 JO3BOJISIIOTH O1IbII €(DEeKTHBHO Ta €KO-
HOMIYHO BMKOHYBATH TEXHOJIOTii BUPOOHMIITBA 3eMJISIHUX pOOIT. ['impaBiidHmii ekckaBaTop
BUKOPHUCTOBYETHCS TIPH PO3POOIII IPYHTIB (T1PCHKUX TOPiJ, KOPUCHUX KOMAJIMH) Ta HaBaHTa-
KEHHI CHIIKMX MaTepianiB. be3nepeyHuMu mnepeBaraMy TaKUX MAIIUH € HE TUIBKH iX TOTYX-
HICTb Ta MPOIYKTHUBHICTH, aj€ TaKOX 1 MPOCTOTa MPHUCTPOIO, HECKJIAJIHE KEpyBaHHS Ta
MiHIMaJIbHI TOTPEOH Y TEXHIYHOMY O0OCTEXeHHI. ToMy BiJl TAKMX MOKa3HUKIB €KCKAaBAaTOPY 5K
MPOYKTUBHICTH, MPaIE3IaTHICTh 1 JTOBTOBIYHICTh 3aJICKHUTh HMIBUIKICTH BHIOOYTKY Ta PO3-
KPUBY KOPUCHHX KOMAJIHMH. A 1€ B CBOIO Uepry — IiJIBUIIEHHS €KOHOMIYHOI CTa0lIbHOCTI Aep-
KaBH.

IHocTtanoBka npobdaemu. Ha HaniiiHicTh poOOTH Kap'epHHX €KCKaBaTOPIB BIUIMBAIOThH
eKcIuTyaTaIiiai (pakTopu Ta iX CyKyMHOCTI (T€0JIOTis pOIOBHINA, TEMIlepaTypa HABKOJMIII-
HBOTO CEPENIOBHIIA, 3aBAHTAKEHICTh, TEXHOJIOTiA po3poOku). OHAK OpraHizaliiHO-TeXHI4HI
(dhakTOpH HE MEHIII BAXKJIMBI 1 MPUBOJATH O MOTIPIICHHS TEXHIYHOTO CTaHy (PYHKITIOHATBHUX
BY3JIiB MAIIMHHY, a II€ € IPUUNHOIO TPOCTOI0 EKCKABATOPIB Ta 3HIDKEHHS Koe(illieHTy iX edek-
TUBHOT'O BUKOpUCTaHHA [1, 2].

VY rigpocraTHuHii TpaHCMICIi eKCKaBaTOPa € J1Ba T1IpaBiiuHi KOHTYPHU, KOXKEH 3 IKHX Ma€e
cBO€ (PyHKITIOHATBHE MPU3HAYCHHS 1 MIKIF0YEH1 10 HbOT0 KOMITOHEHTH. Lle rosoBHUI KOHTYP
CHCTEMH, KOHTYP OXOJIOJDKCHHS 1 IoJjaui piAuHY, 0 NiKUBIoe. Poboua pinnHa UpPKYIIOe
MK KOHTYPaMH 3a PaXyHOK BUTOKIB 1 BUTPATHU Yepe3 KJIaraH AJs IPOMUBAHHS, SIKIIO0 CUCTEMA
iM oOnamHana. SIkicTh poOouoi piaMHK 3a0e3meuyeThCsl HacaMIepes 3a PaxyHOK KOHTYpY
M1/KUBIICHHS/0X0JIOPKEHHSI, aJIe OCHOBHHUM CITO’KMBA4Y€M BUCOKOSAKICHOT poO0YO0i piIMHHU € TO-
JOBHUH KOHTYp. 3a0pyAHEHHS KOHTYpPY NpPU3BOAMTH O TOAAJBIIOT0 pPyHHYBaHHS
GpUKIIHHOTO MeXaHI3My TiApoMOTOpa Ta IIaHETAPHUX MEXaHI3MIB pPEIyKTopa XOmy, 1
BIITIOBIJTHO JI0 3yNHMHKHU arperary. Tomy, pe3yabTaToM MOLIYKY CIIOCO0iB 3HMKEHHS 3a0pya-
HEHHsI T1IpaBIIYHOr0 KOHTYPY € HacaMIlepe]] 3MEHIIIEHHS TPOCTOIB MAIIMHH, 3MEHILCHHS BUT-
par Ha TexHIYHE OOCIyroBYBaHHS, MiJBUIIEHHS MPOIYKTUBHOCTI [3, 4]. Xoua MOHATTS Mpo-
TYKTUBHOCTI € I00pe BUBYCHOIO 00JIACTIO MISITBHOCTI, ajie OTJIsi HAyKOBOI JIITEPaTypH BUSBHUB
HEBIAMOBIAHOCTI MK €(DEKTUBHICTIO NAJIMBA, POOOYOT PIAMHYU TiIPABIIYHUX CHUCTEM 1 MOHST-
TSM MPOAYKTHBHOCTI TiIpaBIIYHUX €KCKaBaTOPiB. UUM O1JIbIIIE MOTYKHICTh €KCKaBaTOPa, TUM
O1JIBIIIE TTOJTITUYHA CTYPOOBaHICTh OCi0, SIKi HAMAraroThCs 3aXUIIATH HAaBKOJUIIIHE CEPEIOBUIIIE
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BiJ] OLIBII MOTYKHUX BUKUJIB B aTMoc¢epy. Hama mera — 6e3 3011bIIeHHS TTOTY>KHOCTI 30171b-
HIUTH MPOJYKTUBHICTh MAILIUHU.

AHani3 ocTtaHHix nocairkens i myOaikaniii. HaykoBi [5] BukoHanu teopeTnyHe no-
CITIDKEHHSI 3 METOIO BU3HAYCHHS ONITUMAJIbHOT CUCTEMH YIIOPCKYBaHHsI auBa qu3enss OMS37
Common Rail. 3BicHO, KOHCTPYKIIisl 1HKEKTOPIB Iy’Ke BaKJIMBa Ui CTaOlIbHOI pOoOOTH JH-
3elid, ajJieé BOHA HE BHPIIIYE OCHOBHOTO 3aBIaHHs MpoOjemMu crabimizarii sSKOCTi poOouoi
pIIMHU BOPOJOBXK eKcIuTyartarii ekckaBaropa. KG Pugin [6] y cBOiX mOCHIIKEHHSIX BHBUYAB
MUTAHHS IM1IBUIICHHS HAIHHOCTI T1IPaBIIYHUX CUCTEM TEXHOJOTIYHMX MamuH. J{iicHo, MU
MOTOKYEMOCS 3 aBTOPOM, 1110 TiIBUIIUTH HAIIHHICTH T1IPOCUCTEM MOKIIMBO 32 PaXyHOK BH-
KOPHCTaHHS SIKICHUX €JIEMEHTIB B ii CKjajai. EMeMeHTH TrifpaBIidHOi CHCTEeMH — 1€ CHUJIOBI
MUATIHIPH 1 TIAPOMOTOPH, T1IAPOPO3NOAUTEHUKY, TIAPOKIIANIaH!, Ipocei, PuIbTpu Tomo. bimbin
SKICHI €JIeMEHTH KOUITYIOTh 3HAUYHO JIOPOXKYE, a IPU POOOTI BOHU BCE OJIHO 3HOMIYIOTHCS 1 3a-
OpyIHIOIOTH poO0vy pinnHy. MOKHA TaKOXK BUKOPHCTATH MIEPEIOBI, CydyacHI METOIU TEXHIY-
HOro oOciyroByBaHHs. [IpoTe MU BBakaeMo, 10 HE3BAXKAIOUU HA BAXKIHMBICTH JA1arHOCTHKHU
TipaBIIIYHOT CHCTEMH HEOOX1THO BUKOPHUCTOBYBATH METO/IH, ITI0 TMOTIEPEHKAIOTh 3a0pyIHEHHS
CUCTEMH MOHAJI HOpMY. BaXKIMBY poJIb IparoTh SIK caMa KOHCTPYKIIisl, TAK 1 METOIH 3’ € THAHHS
il 3 METAJIOKOHCTPYKIII€I0 eKcKkaBaTopy [7, 8].

3a manumu D.J. Edwards [9] 1 inmmx HaykoBIiiB moHan 45% exckaBatopiB Caterpillar Inc.
(CAT), Komatsu Ltd. and J C Bamford Excavators Ltd. — o6magHaH1 rigpaBiaidHUM TPUBOJIOM,
110 MiATBEPXKYE BAXIUBICTH 1 HEOOXITHICTh MPOBECHHS POOIT 3 YOCKOHAJICHHS €JICMEHTIB
rigpasmignoi cucremu. Haykosii 3 BenukoOputanii [10] mpomoHy0Th YCTAaHOBUTH MTOTOYHUN
MOHITOPHUHT JUIsl IPOTHO3YBaHHS 3a0pyAHEHOCTI poOOYOi pIAMHYU TiApaBIiyHUX cucTeM. Tak,
11e Jy’Ke MIKaBO 1 HAJaCTh MO3UTHUBHI 3MIHHM SIK y MalOYTHIX KOHCTPYKITIH, TaK 1 Y TPOBEACHHI1
JIarHOCTHUKY 1 TEXHIYHOTO 00CITYTrOBYBaHHS MAIlIMHU. AJie Ha HAITy TYMKY, TOAATKOBI JATYUKU
1 HOB1 €JIGKTPOHHI MIPHUCTPOI I €KCKaBaTopa, M0 MPAIIO€ Y BAXKKUX BUPOOHHUYHMX YMOBaX €
JOUITBHUMHU Yy JTabopaTtopHux yMoBax. Lei Ge [11] 1 iH1Ii HayKOBIII TPOMIOHYIOTH JJIsl TPUBO/IB
€KCKaBaTOPiB HOBY CHUCTEMY Y3TOJDKCHHS MOTYXHOCTI 1 €HeproeeKTUBHOCTI TiApaBIivHUX
npucTpoiB. Mu BBaXaeMo, 110 HAMPSIMKH Y3TO/DKEHHS MOTYXHOCTI 1 eHeproe()eKTUBHOCTI 3
METOIO TiIBUIIIEHHS TPOTyKTUBHOCTI ekckaBaTopiB Caterpillar mamyTs i€l 111 CTBOpEHHS HO-
BuX ekckaBatopiB. Jennifer A. Harding ta Jacqueline Glass [12] y cBoiii ekciepuMeHTaNbHIN
po0OOTI BCTAHOBWIIM 3B'SI30K MK MAJMBHOIO €KOHOMIYHICTIO Ta MPOMYKTUBHICTIO. Kpim TOTO
BCTAHOBJICHO, IIO JOCSTAHHS MaKCHUMAalbHOI IIBUAKOCTI PyXy €KCKaBaTopa HE IOB’S3aHO 3
MaKCHUMaJIbHOIO MPO-TYKTUBHICTIO. | HaBMakW HaNAIITyBaHHS HU3BKUX OOEpTIB HE OOOB’s3-
KOBO MPUBOJUTH J0 CIIOKMBAHHS HAWMEHIIOI KUTHKOCTI MMaTuBa JJisi BAKOHAHHS TOTO K 3aB-
naHHs. Pe3ynbTaTi HAyKOBOTO JOCIHIKEHHS TaKOX MOKa3yl0Th, 1110 HAIlOJIOBUHY 3allOBHEHUN
KiBIII €KCKaBaTOpa MOKE MaTH MaKCUMAaJIbHUH e(eKT MOKpaleHHs IpoayKTUBHOCTI Ha 30%, 3
eKOHOMi€0 nanuBa 24%.

BujineHns He1oCTiI:KeHUX YACTHH 3arajibHOI MPoo0JeMu. AHaii3 omyOIiKOBaHUX CTa-
Tel MoKa3aB X HEOHAKOBY CIIPSIMOBAHICTb, IIUPOKE KOJIO MPOOJIEM 1 METOT1B BUPIIIEHHS. AJle
KOHKPETHE BUPILICHHS MPOOJIEMH MiABUILEHHS MPOIYKTHBHOCTI 1 peaai30BaHui Ha MPAaKTULI
METO/1 HE 3HAWIIIOB BUCBITJICHHS Y OCTaHHIX IMyOsikaIisax. ToMy mponoHoBaHu# crociO miaBu-
IIEHHS IPOJYKTUBHOCTI 0€3 MiIBUIIIEHHS MOTYHOCT1 €KCKaBaTOpa € akTyaJbHUM 1 peallizoBa-
HUM Yy TIPOIIECi eKCIUTyaTaIllii.

MeTo1o cTaTTi € po3podKa crocoOy MiABUILEHHS MPOIyKTHBHOCTI, 1110 HE MOTpeOye 3011b-
IIEHHSI TOTY>KHOCTI CaMOT'0 €KCKaBaTopa.

Bukiiaa ocHoBHOro marepiaiy. [TIoHSTTS MpOAYKTUBHOCTI TICHO TIOB'SI3aHE 3 PO3BUTKOM
TEOpii MPOEKTYBaHHsI, TEXHIKU Ta BIOCKOHAJICHHS TEXHOJIOTIT TIpHHYUX poOiT. 3MIHHA SKCILTY-
aTarfiiiHa MPOIyKTUBHICTh XapaKTePU3YeE MPOTYKTUBHICTh XOIOBOI YACTUHHU arperary MmpoTs-
roM po00Yoi 3MiHU 3 ypaxyBaHHSM BUKOPHUCTAHHS arperary siK y 4aci, TaK 1 Mo 3aBaHTa)XCHHIO
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(BaHT@XOMiAHOMHOCTI). PaKTOpH, M0 BIUIMBAIOTH HA MPOAYKTUBHICTH XOJOBOi YAaCTHHHU
eKCKaBaTopa:

— TPYIHOII po3pOOKH TIpHUYOI MacH, SIKa OLIIHIOETHCS KATETOPi€t0 MOPOIH Ta 11 CTaHOM;

— TEXHIYHI JaHi, CTAH Ta HaIiIMHICTh XOJ0BOI YaCTHUHM;

— SIKICTh 320010, IO OI[IHIOETHCS HOTO BUCOTOIO, YMOBAaMH MiAXOAY TPAHCIIOPTY A0 MICIIs
HaBaHTaXeHHs. L{i (hakTOpH HEMOKIIMBO MOBHICTIO YCYHYTH, KPIM TOTO PIBEHb 3a0py HEHHS
rosioBHoro muiiHapy exckaBatopy CAT 349D2, mo nqomycTuMuii py eKCITyaTaii He Jo1y-
CTUMUI JIJIS IHIIUX €IEMEHTIB T1IpaBIIiYHOI CUCTEMHU.

B exckaBaropi CAT 349D2 BHUKOPHCTOBYETHCS aKCiaIbHO-TIOPITHEBUNA T1IPOMOTOP 3 TIO-
XHJIUM TUCKOM (nuB. puc. 1). [IpuHuun poOoTu akciaqbHO-NOPIIHEBUX T1IPaBIIYHUX MOTOPIB
MoJIsiTa€ B TMapajeibHOMY TEPEMIIeHH] TMOPIIHIB 0 OcCi Baiy rigpoMotopa. [lopmiHi y
MWTIHJIP1 3'€THYIOTHCS 3 BaJIOM. [laJti MOPIITHI MITOBXAIOTh BaJ, 1[0 CTBOPIOE KPYTHUH MOMEHT.

Puc. 1. Axcianvno-nopwreguti 2iopomomop 3 noxuaum ouckom [1]:
1— 610K 2i0poYUNIHOPIE 3 NOXUTUM OUCKOM, 2 — KOPNYC 8ald 3 NIOWUNHUKAMU, 3 — 8ail

3a0py/HEHHS TiAPaBIIYHOTO KOHTYPY NPHU3BOAWUTH IO TMOJAIBIIOTO pYyWHYBaHHS
(GpUKLIHHOTO MeXaHi3My TiJpOMOTOpa Ta IUIAHETAPHMX MEXaHIi3MIB peayKTopa Xony, 1
BIZIMOBITHO 110 3ynuHKH arperaTy. 11[o0 3amo0irtu HecnmpaBHOCTI peAyKToOpa XO.Iy, MPOIIO-
HY€TBCSI BCTAHOBJICHHSI JIOJJATKOBOTO OOJIaJIHAHHS, a caMe — KJIalaHa Ui IPOMHUBAHHS KOH-
TYypy.

ITpu po3pobii KOHCTPYKIIi JOJAaTKOBOTO OOJaJHAHHI, a caMe KJalmaHa MPOMHBAHHS
TiPaBIIYHOTO KOHTYPY T1APOMOTOpA, MOBHHHI BPaXOBYBAaTHCS TMapaMETpH TiIPOMOTOpa Ta
Horo 0co0MMBOCTI KOHCTPYKLIi, Ut HOAabIIoi ycraHoBKH KianaHa. ExckaBatop CAT 349D2
Mae Ha OOpTYy JABOKOHTYPHUU aKCiaJIbHO-TIOPITHEBUU TiAPOMOTOpP, 3 MOKJIUBICTIO BCTaHOB-
JIeHHS AOAATKOBOro oOjagHaHHs, 6€3 MeXaHIYHOro BTpy4yaHHs. [IpoekTyBaHHS MPOMUBHOTO
KJIaIllaHa TiIpOCTaTUYHOTO KOHTYPY MOJIATAE y BUOOPI HOTO KOHCTPYKTUBHOI (POPMU, HAUOLITBIIT
MOBHO BiJIMOBIHOI KOHCTPYKIIii T1IPOMOTOpA, BU3HAYAIOTHCSI PO3MipH MATPyOKiB, i ycTa-
HOBKH B T1IpOMOTOP BX1THOTO MaTpyOKa, 1 BUXIHOTO B PO3IMOIITHHUK.
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IgpaBniyHUN THUCK y KOXHIM TOYI TiJPOCTaTUYHOTO KOHTYPY NPOMHBHOTO KJamaHa
CXWJIBHHH 10 3MIH B Pe3yJIbTaTl KOJMBAHHS TEMIIEpATypH TiAPaBIIIYHOI PIAMHU Yepes3 Iora-
JTAaHHSA B KOHTYpP 3a0pyJHIOIOUYMX €JIEMEHTIB, 1 K HACHiOK BiAOyBaeThCs 3MiHA KUIBKOCTI Ta
TEMIIePaTypy IUPKYIIOIYOTO TETUIOHOCIS.

Ha (puc. 2) mpeacraBieHo BapiaHT BCTAHOBIICHHS JOJATKOBOTO OOJIaqHAHHS Yepe3 Tiapo-
PO3MOITHHHUK.

4

Puc. 2. Bapianm ecmanognenus npomuenoeo knanamy: 1 — knianaw 0Jisi npOMUBAHHS KOHMYPY,
2 — zidpaeniuni pykasu cucmemu, 3 — 2iopomomop, 4 — 3’ €0Hy8aIbHI elemenmu,
5 — eiopasniuna cxema npomMusHO20 Kianamy

Jxepeno: po3po0eHO aBTOpaMu MPY BUKOPUCTAHHI 00JIaIHAHHS
https://hydromarket.com.ua/ua/p575130754-promyvochnyj-klapan-sunfab.html

IcHye nBa msAxu, 3a JOMOMOTOIO SIKUX MOYKHA BUPIIIUTH MPoOJeMy MeperpiBy Ta Iora-
JaHHA 3a0pyTHIOIOYMX PEYOBHH Y TiApaBIiuyHUX cucTemax. [lepimmii nuisx — 3SHUKEHHS TeTUIo-
BOI MOTY>XHOCTI. J[pyruii — 301IbIIIEHHS] 3[aTHOCTI CUCTEMH JI0 PO3CIIOBaHHS TeIUia Ta Opyy.
[IpomMuBHMIA Ki1anaH € KOMIIOHEHTOM TiJpaBIi4HOI CUCTEMH, SIKUI JO3BOJUTH KOHTPOJIIOBATH
nmojady sIKICHOI poOodoi PiAMHM B TOJIOBHMM KOHTYp, IS 3amoOiraHHs pyWHYBaHHS Me-
XaHI3MiB XOJIOBOTO O0JIaTHAHHSL.

[IpoMuBHHMIi KJamaH 3HAYHO TMOKpAIIy€e BiABEIEHHS Telia Ta 3a0pyJHEHb 3 TOJIOBHOTO
KOHTYpY, MOKPALIYIOYH SKICTb POO0YOI PIJMHMU Ta MPOJOBKYIOUM TEPMIH CIIY>KOM KOMIIO-
HeHTIB. ['iApaBiiuHa cxeMa po3TallyBaHHs IPOEKTOBAHOTO MPOMUBHOTIO KJIalaHa MoKa3aHa Ha

(puc. 3).
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Puc. 3. I'iopasniuna cxema ecmanosnenus knanauy: 1 — ean; 2 — ciopomomop, 3 — knanau
JHcusnents; 4 — Y301 niokauku, 5 — NPoMuHULl K1anau, 6 — Hacoc nio#Cusients,; 7 — Kianam
niodcusnens; 8 — 360pomuo-3anobisichi knananu, 9 — seopomui knananu,; 10 — y3on
nioxauxu, 11 — cioponacoc; 12 — ean; 13 — knanau siocivenns,; 14 — 2iopodax;

15 — mennoobminnux, 16 — mexanizm cepsoxepyeanus, 17 — po3nooiibHuK,
18 — mpybonposio

JIxepeno: po3po0IICHO aBTOPaMU 3 BUKOPUCTAHHIM [ 1]

JIist mocTiKeHHS TIpoliecy poOOTH eKCKaBaTopa 3 J0JAaTKOBUM O0JIaJHAHHSM BUKOHAIN
BUMIPIOBaHHS TEMIIEpaTypH TiIpaBIIivHOI Ta TPAHCMICIHHOI pIAMHU 3 TOJATKOBUM OOJIaIHaH-
HsM, 1 6e3 Hporo. Temmneparypu poOOYHMX piJIMH BKa3yIOTHCS Ha KOMITIOTEPHIN MaHel eKCKa-
BaTOpa y KabiHi MamuHicTa. BuMiproBaHHs TemrepaTyp BUKOHAHO IPHU pyCl eKcKaBaTopa Ha
BiJICTaH1 3 KM BiJ BUPOOJIEHOT0 BHOOIO 10 po6odoro (puc. 4).
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JIxepeso: po3po6aeHO aBTOpaMu
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[Tpu BUnpoOyBaHHAX €KCKaBaTOpa B PEKHUMI BHCOKOI IIBHJIKOCTI HEOOXIJJTHO CTEXUTH 3a
3BYKOM XOJIOBOTO PEIyKTOpa, OCKIIbKM €KCKaBaTOp J0JIa€ BiJCTaHb, HA SIKY XOZ0BE 00JaIHa-
HHS HE pO3paxoBaHe, a 11e MOXKe MPU3BECTH 10 pyHHYBaHHS OJIOKY CaTeNiTiB, TOMY IpHU HasB-
HOCTI 3aiiBOTO IIyMy a00 KPUTHYHOTO IiJIBHIICHHS TEMIIEpaTypH HEOOX1THO 3YIMUHUTH PYX.
Ha (puc. 4) naBeeno nmodyaoBaHi rpadiku 3a1eKHOCTI TeMIIEpaTypu TPAHCMICIT 1 TiApaBIIKH
BiJI TIPOW/ICHO1 BIiJICTaHI €KCKABaTOPOM IPU BHUCOKOMY 1 HU3BKOMY THCKY 0€3 J10JIaTKOBOTO
obnagHaHHA Ha (pUC. 5) 3 JOJATKOBUM 00IaiHaHHAM. Tpeba BiI3HAYUTH, 110 TIPH ITiABUIIICHH]
TeMIepaTypu (BUCOKHI THCK) IIOHAl HOpMY eKCKaBaTop Oyio 3ynuHeHo (auB.puc.4 — 2500 m).
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Puc.5. 3anesxcnicme memnepamypu npu pyci exckasamopa 3 000amk08umM 001a0HAHHAM

Jxeperno: po3po0ieHo aBTopamMu

[TpoBeneHHs X0IOBUX BUIIPOOYBaHb €KCKABATOPA 3 I0JaTKOBUM OOJIaTHAHHSIM — IIPOMUB-
HUW KJIamaH, MOXHa 3pOOUTH BHCHOBKH, IO 1€ € AOIUIBHUM PIIICHHSIM JIJIsl ONITUMI3aIlii X0-
JIOBOT YaCTHHHM, a caMme il MeXaHi3MiB, TiApoMOTOpa 1 penykTopa xoxy. [IpoMuBHMIA KilanaH
JIO3BOJISIE 3HU3UTHU PIBEHb TEMIIEpaTypH TPAHCMICIMHOT Ta TiPaBIIYHOI PIAWH, THM CAaMHUM 3a-
noOirumm pyiHyBaHHIO (PPUKIIIHOTO MeXaHi3My TiIpoMOTOpa Ta OJIOKY CaTeNiTiB peryKTopa
XOJy.

BucHoBkwu.

1. IligBuIeHHsT TPOXYKTUBHOCTI €KCKABaTOPIB — aKTyaJlbHA 1 BaXUIMBA 3ajada 3aJjIs
30UTBIIICHHST BUAOOYTKY KOPHCHHMX KOMAIMH Ta IMiJBUIICHHS EKOHOMIYHOI CaMOCTIHHOCTI
VYkpainu.

2. Cnoci0 3MeHIIeHHs 3a0pyIHEHb T1IPaBIIYHOT CHCTEMH JAa€ MOKJIHUBICTH 3MEHIIUTH
BUTPATH MIIIMPUEMCTBA HA TEXHIYHE 0OCITyTOBYBaHHS Ta PEMOHT.

3. BcraHOBiEGHHS [TOJATKOBOTO TiIPaBIIYHOTO €IEMEHTY HE CIOTBOPIOE POOOTY
TiApaBIIYHOI CHCTEMH, a, HaBIAKW, — TapaHTye€ IMMABUIICHHS TEPMiHy eKCIuTyaTartii
TiApaBIIYHUX EIIEMEHTIB.

4. 3HMKEHHS MaKCUMaJIbHUX POOOUMX TeMIIepaTyp € HaIpsIMKOM yJIOCKOHAJEHHS KOH-
CTPYKIIII riApaBIiYHIX CHCTEM.
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INCREASED PRODUCTIVITY OF EXCAVATOR CAT 349D2

The use of hydraulic excavators in mining is the adoption of a technological process. The creation of new designs and
improvement of existing designs of mining equipment are needed to increase their productivity, durability, and operability. An
analysis of research and publications of scientific articles showed that the topic for our research is relevant and important, not
only for our country. Thus, scientists from Iran, Great Britain, China, India, and Belgium are researching ways and means of
reducing contamination of hydraulic systems in order to increase the productivity, durability, and performance of excavators.
However, such proposals from scientists as: installing total control over the quality of hydraulic fluids, changing the design of
the excavator, measuring the wear of parts of the hydraulic system, etc. — are not always acceptable in practice.

For example, the installation of total control over the quality of hydraulic fluids entails the need for large investments in
the development and creation of such control systems, to change the design of an excavator, not only design development and
full-scale testing are required, but all such improvements are not possible at enterprises that operate excavators.

The purpose of the article is to improve the hydraulic system of the machine by installing additional equipment. Such
equipment is designed to reduce the level of contamination of hydraulic fluid. There is no need for huge capital expenditures.
This additional equipment was installed on the CAT 349D2. Studies of the thermal load on the excavator drive have been
carried out. Research has shown the feasibility and reliability of installing additional equipment. Reducing the operating tem-
peratures of the drive hydraulic fluid increases the productivity, durability, and operability of excavators.

A real reduction in the cost of maintenance and repairs of the drive allows you to reduce the cost of soil development and
increases the competitiveness of the operating machine compared to new expensive machines.

Keywords: hydraulic system, transmission system, flush valve, excavator productivity, technical maintenance and repair,
system temperature.

Iaeno I'apum, Bagum KOcidos. Ilixeuenns nponyktuBHocTi exckaBatopa CAT 349D2. Texwniuni nayku ma mexnonoeii. 2023. Ne 3(33).
C. 103-110.
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ANALYSIS OF THE INFLUENCE OF THE SCREW PITCH OF THE SPIRAL
GROOVE ON THE PROCESS OF PROFILING A SPIRAL TUBE
BY ROLLER SPINNING

In this work, a numerical analysis, based on the finite element method, of the process of roller spinning of the spiral
groove on the tube and the influence of its screw pitch on the stress-strain state of the tube in the zone of plastic deformation
was carried out. The obtained graphical dependences of the influence of the screw pitch of the mandrel spiral groove on the
maximum values equivalent strain i show that with a tenfold increase in the screw pitch of the spiral groove of the mandrel
the maximum equivalent strain increases by 1.5 times. The increase in the equivalent strain is caused by a decrease in the width
of the groove at large steps of'its screw in a section that is perpendicular to the direction of the screw line, which reduces the
size of the roller rounding radius that affects the dimensions of the local zone of plastic deformation of the tube.

The obtained results can be applied during the development of technology for the production of heat exchange surfaces
for heat exchange devices with high efficiency coefficients (up to 40%).

Keywords: spiral tube, spiral groove, roller spinning, heat exchanger, stress-strain state of the tube.

Fig.: 10. References: 19.

Urgency of the research. Today, the development of energy-saving technologies is an
important task that contributes to reducing the consumption of energy resources, especially
fossil fuels. This allows to increase the efficiency of the equipment, reduces harmful emissions
into the atmosphere and dependence on non-democratic states, whose economy is usually based
on the extraction of minerals.

One of the methods of energy saving is the use of secondary heat from a spent energy
resource. For these purposes, heat exchange devices with specific heat exchange surfaces that
intensify heat exchange processes are used [1-3].

The scope of application of such devices is quite wide. For the most part, they are used in
power engineering, hot water supply and heating systems, refrigerating plants, a promising di-
rection of use is in regenerators and gas heaters of gas turbine plants.

At the Department of Aircraft Production Technology of Education and Research Institute
of Mechanical Engineering, work was carried out on the development of technology for the
production of heat exchange surfaces of the heat exchanger (Fig. 1) for the heat regenerator of
the gas turbine installation of the gas transportation system of Ukraine. The heat exchanger
includes 33 spiral brass tubes with a diameter of 16 mm with a screw pitch of 8 mm and a depth
of about 1 mm.
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Fig. 1 The heat exchanger, developed at the department of Aircraft Production Technology
of Education and Research Institute of Mechanical Engineering [4]
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Studies of the heat exchange of spiral tubes have shown [1-4] that they provide a two-fold
increase in the intensity of heat exchange compared to a smooth tube, while it should be noted
that the aerodynamic resistance also increases by 5-10 times.

Target setting. The production of heat exchange devices requires the development of a
simple, waste-free, productive and low-cost manufacturing technology for their heat exchange
surfaces.

Actual scientific researches and issues analysis. The roller spinning processes and heat
exchange of corrugated tubes are considered in works [5-9]. Turbulization of the flow flowing
in the middle of the spiral tube depends on the ratio of the depth of the spiral groove in relation
to the diameter of the tube. Intensification of heat exchange is achieved due to the creation of a
turbulent vortex in the middle of the tube, which mixes the wall layers and the central layers of
the coolant. Research has shown [9] that at ratio values e/D >0.6 (Fig. 2) the increase in re-
sistance to coolant flow is twice as great as the increase in heat transfer in the tube.

In work [10], to achieve optimal values for the increase in heat transfer intensity in relation
to the growth of the aerodynamic resistant, it is recommended to turbulize the wall ball with a
thickness of up to 5% of the radius of the tube. Further research [4] showed that the optimal
geometric parameters of a spiral tube are: depth 2 = 1.0...1.5 mm and the width of the spiral
grooves ¢ =8 ... 12 mm (Fig. 2).

ool — -

e Q I

Fig. 2 Geometrical parameters of a spiral tube

In addition to the roller spinning process, hydroforming is also used to obtain profiled
tubes. The process of hydroforming is performed by creating a high pressure liquid in the cham-
ber where the tube is placed, due to which plastic deformation of the tube occurs in accordance
with the template in which or on which it was installed. In works [11-13], the processes of
hydroforming of bellows and spiral stainless steel tubes are considered. Research on the hydro-
forming of steel tubes [13] with a wall thickness of 5 mm at various temperatures for this pro-
cess (22-800°C) showed that an increase in the process temperature by 100°C provides a pres-
sure drop of 100 MPa, which makes the hydroforming process much easier. In the cited works
[11-13], during the hydroforming process, a change in the thickness of the tube wall is observed
in local areas with the maximum equivalent strain.

In National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
work was carried out on the development of the technology of manufacturing such products by
methods of hydroforming [4, 14] and roller spinning [4, 15-16]. Precisely the roller spinning
method (Fig. 3) produced the tubes, photos of which are shown in Fig. 4.
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Fig. 3. The process of manufacturing a spiral corrugated tube by the method of roller
spinning on the 16K20 screw lathe [4]

The process of roller spinning of spiral tubes is performed in two stages [4]:
- pressing the roller into the tube;
- rotation of the tube with the roller pressed into it.

AR RN TR hhi-'h\uhhh\\.lu\n_\\\n_\ W Wouh W N RN RS
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Fig. 4 Spiral corrugated tubes: a - brass (it is a component of the heat exchanger shown
above) with a screw pitch of 8 mm and a diameter of 16 mm; b - made of XISHI10T(AISI 304)
steel with a screw pitch of 12 mm and a diameter of 38 mm [4].

The analysis of the roller spinning process of spiral corrugated tubes can be performed on
the basis of its first stage. This is due to the fact that the spiral profile on the tube is formed as
aresult of the thinning of its wall and the dent is formed the same way, when the roller is pressed
into the tube at the first stage.

In the process of developing the technology for manufacturing such products by roller spin-
ning, it is important to choose such process parameters that make it possible to reduce the
equivalent strain in the local zone of plastic deformation of the tube, which makes it possible
to ensure the quality of the product, namely the absence of cracks.

To implement the roller spinning process, you can use a screw lathe with special equip-
ment, which is named a rolling head that is fixed in the cutter holder or on the machine's support.
The implementation of the hydroforming process requires the purchase of press equipment with
a special stamp with an integrated high-pressure fluid control system. The simpler implemen-
tation of the process of roller spinning of tubes and the ability to perform profiling of long tubes
(more than 2 m) [17] by using this process were the main reasons why this process was studied
rather than hydroforming.

Both experimental and numerical studies were carried out on the process of roller spinning
of spiral corrugated tubes, the results of which are shown in the papers [4, 18]. The process of
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roller spinning of the tubes from stainless steel X18H10T (AISI 304) and aluminum-2017 was
researched.

Experimental studies of the roller spinning process of tubes were performed by measuring
the microhardness of points in cross-sections of formed grooves on the tubes. Local sections of
the tube, where plastic deformation occurs, are strengthened as a result of strain hardening and,
accordingly, the hardness of the metal in these sections increases. Using the G. Del's experi-
mental-analytical approach [19], the hardness distribution in the cross section of the groove
formed on the tube was recalculated into an equivalent stress distribution according to the fol-
lowing dependence:

o,=K-HV (1)

where K = 0,3 (for steel [19]), HV is Vickers hardness. The results of the microhardness

experimental study of the groove sample of the spiral tube with the screw pitch of 8 mm are
shown in Fig. 4, a.
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Fig. 4 Equivalent stress distributions in the cross section of the groove: a) experiment,
b) simulation in DEFORM 3D

Numerical studies were performed in the DEFORM 3D program using the finite element
method (Fig. 5). Modelling of roller spinning of a spiral stainless steel (AISI-304) tube stainless
steel, the hardening curve of which is shown in Fig. 6 with a screw pitch of 8 mm showed
similar results (see Fig. 4, b) of the equivalent stress distribution in relation to the experimental
results (see Fig. 4, a). The created model of the roller spinning process of spiral tube in the
specified program reproduces this process with permissible accuracy (the error is about
6...10%).

By means of numerical modelling in previous studies [4, 18], it was established that the
greatest influence on the process of roller spinning of a spiral tube has the next parameter ratios:
the relative radius of rounding of the roller 1/t and the relative depth A/z.
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In order to minimize values of the equivalent strain in the local section of the tube, the
specified ratio of parameters should be limited: 4/t <0.4, »/£>0.25. Other parameters, such as
D,/D and the number of roller passes j, for which the final profile of the spiral groove is ob-
tained, have a smaller effect on the progress of the roller spinning process. When implementing
the roller spinning process, it is recommended to take the diameter of the roller as:

D, =3D, (2)

where D is the diameter of the tube.

Due to the use of large-diameter rollers (D> 100 mm), the local degree of tube deformation
can be reduced. This happens due to an increase in the contact area of the roller with the tube,
which increases the area of the local area of the tube where plastic deformation occurs [18].

Uninvestigated parts of general matters defining. In previous works [4, 18], numerical
and experimental studies were conducted on the production of tubes with the width of the spiral
grooves and their screw pitch: 6, 8, 12, and 20 mm. A study of the roller spinning process at
large screw pitches of spiral grooves was not conducted.

The research objective. To analyze of the influence of the screw pitch of the spiral groove
on the stress-strain state of the tube in the zone of plastic deformation in the process of rolling
spinning.

The statement of basic materials. A series of numerical simulations was performed to
study the stress-strain state of a screw groove on a tube with a large screw pitch during the roller
spinning process. In each numerical simulation, the following kinematic parameters were set:

- the rotation frequency of the tube with the mandrel: n; = 160 rpm;

- the rotation frequency of the roller, depending on the rotation frequency of the tube with

nl(D - hj
the mandrel and the depth of the formed groove:n, = 2—, where R, is the roller

radius;
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The mechanical characteristics of the tube material corresponded to AISI 304 steel accord-
ing to Fig. 6. Tube geometry: outer diameter — D = 38 mm, thickness —s = 1 mm, width of the
formed groove — ¢t = 8 mm. The roller diameter was D, =40 mm. An important parameter in the
roller spinning process is the rounding radius of the roller, which is determined by the parame-
ters of the formed screw groove (Fig. 7) and its helix angle. The optimal rounding radius of the
roller can be calculated using the following dependence:

- the speed of the roller's longitudinal movement: ¥, =

- -2

¥ = COoS arctg(Lj Lo s + s |- n’ 2h| (3)
cos Y cos

where £ is the groove screw pitch; Dy, is the mandrel diameter; t is the groove width; s is the
tube thickness; y, is the angle between the side walls of the groove of the mandrel; % is the depth
of the formed groove on the tube.

The tube was divided into a grid of finite tetrahedral elements. In the local deformation
zone of the tube, the dimensions of the elements were 0.4 mm. According to the work [4], this
size of elements ensures sufficient accuracy of calculations.

,J
N — /

B — L \ - Z
raller \ 7 p
JE \ A '
i'\_mm&i"e( /
Fig. 7 Geometric parameters Fig. 8 Points along the z axis and their coordinates
of the cross section of the in the tube cross-section, which were used to analyze
spiral groove the roller spinning process of a spiral tube

To analyze the roller spinning process, points were selected in the tube cross-section in
accordance with Fig. 8, in each of which the stress-strain state was analyzed. Graphs of the
distribution of equivalent stress g; and strains &; were drawn up based on the values of the stress-
strain state at selected points, which were further approximated by a quadratic dependence.

An example of the graph of the distribution of the equivalent strain ¢;, which was used in
the further analysis of the influence of the screw pitch of the spiral groove on the stress-strain
state on the inner surface of the tube, is shown in Fig. 9.
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Fig. 9 Distributions of the equivalent strain &; on the inner surfaces of the tubes in the process
of roller spinning at different values of the screw pitch of the grooves

Further analysis of the roller spinning process was carried out on the basis of the graphs of
the influence of the pitch of the spiral groove formed on the tube on the maximum values of the
equivalent stress and strain (Fig. 10). These graphs were obtained from the equivalent stress
and strain distributions graphs, as shown in Fig. 9.

Shown in Fig. 10 dependences, especially the dependences of the equivalent strain on the
screw pitch of the spiral groove can be used during the development of the roller spinning
technology of spiral tubes. As can be seen from the graphs in fig. 10-b, when developing the
roller spinning technology of a tube, it is desirable to limit the value of the screw pitch in rela-
tion to the width of the groove A/¢<8.
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Fig. 10 The influence of the screw pitch of the spiral groove on the maximum values of:
a) equivalent stress, b) equivalent strain

Further research is aimed at obtaining analytical dependencies of the influence of the geo-
metric parameters of the tools and the kinematic parameters of the roller spinning process on the
maximum values of equivalent stress and strain in the local zone of plastic deformation of the tube.
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Conclusions: 1. The process of roller spinning of a tube with the formation of a spiral
groove on it takes place due to the thinning of its wall. To intensify this process, it is necessary
to increase the local zone of plastic deformation. This can be achieved by using a roller with an
optimal rounding radius, which can be determined from the geometrical conditions of the spiral
groove of the mandrel by formula (3).

2. An analysis was carried out of the influence of the screw pitch of a spiral groove with a
width of t = 8 mm, formed on a tube with a diameter of 38 mm and a thickness of 1 mm, on the
stress-strain state of the tube. The obtained dependences of the maximum values of the equi-
valent stress and strain (Fig. 10), from which it can be seen that with a large screw pitch of the
spiral groove, the value of the equivalent strain increases. With a 10-fold increase in the screw
pitch of the spiral groove, the equivalent strain increases by 1.5 times. Therefore, when per-
forming the process of roller spinning a one-groove tube, it is desirable to make the pitch of its
spiral groove equal to the groove width t.

3. In the process of profiling multi-grooves tubes, a large number of grooves and, accord-
ingly, their larger screw pitch causes an increase in the equivalent strain (Fig. 10, b) in the zone
of local plastic deformation, which is associated with a decrease in the roller rounding radius.
Therefore, when developing the technology of manufacturing spiral tubes by roller spinning, it
is desirable to take into account the limitation of A/#<8.
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AHAJII3 BIUIUBY BEJIMYWHU KPOKY TBUHTOBOI KAHABKH HA ITPOIIEC
MNPO®LIIOBAHHS TBUHTONOAIBHOI TPYBU OBKOYYBAHHSAM POJIUKOM

B oaniii po6omi npoeoduscs anauiz npoyecy poiuKo8o20 0OKOYYEAHHS 26UHMOBOI KAHABKU HA MPYOi ma 6nauey il Kpoky
268UHMA HA HANPYIHCEHO-0epopMOsanuil cman mpyou 6 30Hi niacmuunoi degpopmayii.

TIpoyec ponukosozo 0b6rouyeanns, Ha psaody i3 2iopoGoPMYBAHHAM, € NEPCREKMUBHOIO MEXHON02IEI0 UCOMOBICHHS NO-
BEPXOHb 3 BUCOKUMU MENT0AEPOOUHAMIUHUMU XAPAKMEPUCTIUKAMU, HA 6A3T AKUX MONHCHA PO3POOUMU Meni100OMinHi anapamu
3 gucokumu koeghiyicnmamu Kopuchoi 0ii (6ina 40%). Po3pobra eucokoeghekmueHux meniooOMiHHUX anapamis NO3sUMueHo
BNJIUHE HA CNONCUBAHHS EHEP2OPeCYPCis, W0, 8IONOBIOHO, SMEHWUMb UMPAMU HA QYHKYIOHYBAHHS CUCEMU, KA NO8 A3AHA
3 MeNnI00OMIHHUM Anapamom, 3HU3UMb WKIOIUET BUKUOU 8 amMOchepy ma 3aNeHCHICMb 810 HeOeMOKPAMUYHUX 0epIHCa8, AKI
3azeuyati 6y0yoms C80K eKOHOMIKY HA OCHOGL 8UOOOYMKY KOPUCHUX KONATUH.

Cmeopena uucenvua Mooenn, Ha 6azi Memoody CKIHUEHUX elleMeHmis, npoyecy 00KOUY8aHHs 26UHMOonodionol mpybu oana
MOHCTUBICMb GUKOHAMU AHANL3 6NIUSY BEIUNUHU KPOKY 28UHMA 2BUHMOB0T KAHABKU ONPABKU HA PO3NOOLL HANPYHCEHO-0eqhop-
Mo8ano20 cmawny mpyou 6 30Hi it nracmuunoi oeghopmayii. /[na UKOHAHHSA npoyecy 0OKOUY8anHs mpyou 6 YUCenbHil MOOei
BUKOPUCTNAHUL POTUK 3 ONMUMATLHUM PAOLYCOM CKPYLEHHS, WO 8USHAUABCA NO 3ANEHCHOCNI, KA 8PAX08YE 2eOMEMPIIo 26U-
HMOBOI KaHABKY ONPAGKU Ma ii Kym niouomy 28UHMOB0T NiHil.

Ompumani epaghiuni 3aneicHOCHI 6NAUBY KPOKY 26UHMA 26UHMOB0T KAHABKU ONPABKU HA MAKCUMATbHI 6ETUYUHU THIMEH-
CUBHOCII HANPYIHCEHb Gi MA Oehopmayiil & NOKA3YIONb, WO 3i 30IIbULEHHAM KPOKY 26UHMA 26UHMOB0T KAHABKY 6e3 3MiHU iT
2eOMEMPUYHUX NAPAMEMPIS, 8 NePULy 4ep2y WUPUHY, 301IbULYIOMbC MAKCUMATbHI BETUYUHU THMEHCUBHOCIE HANDYICEHb Oi
ma Odegpopmayiil gi. Binvw 6ascnueo snamu xapaxmep pocmy inmeHncugnocmi oepopmayii, AK Gaxmop oyinKu MOACIUBOCHI
suuepnanns niacmuynocmi mamepiany. Ilpu Oecimukpamuomy 36i1bUIeHH] 6eIUYUHU KDOKY 26UHMA 26UHMOBOI KAHABKU
ONpasKu MaKCUManbHa 6eIuduna inmencusnocmi oepopmayiii 3pocmae 6 1,5 paszu. Picm éenuuunu inmencusnocmi deghop-
Mayiti CRpUYUHEHUT MUM, Wo NP GLTUUUX 3HAYEHHAX KPOKY 26UHMA 26UHMOBOT KAHABKU 8I00YBACMbCS 3MEHUEHHS IT WUpUHU
6 nepepisi, AKuil nepneHOUKYIAPHUL 00 HANPAMKY 26UHMO80T ninii. Lle éniusae na senuuuny paoiycy cKpyenenHs poauKa, AKutl
Modice Oymu eUKOpucmanuil 8 npoyeci 00KoUy8anusa mpyou, ma Ha po3mMipu JIOKAAIbHOT 30HU NAACMUYHOI depopmayii mpyou.

Ompumani pe3ynomamu Moxcyms 6ymu 3acmoco6ani nio 4ac po3pooKu mexHonoz2ii u2omoeieHHs 26UHMOnoOIOHUX
mpy6 0OKOYUY8AHHAM POIUKOM.

Knruoei cnosa: 26unmonodioni mpyou, 26uHmosa KaHaska, 0OKOUYBAHHA POJIUKOM, MENI00OMIHHUKY, HANPYIHCEHO-
Odeghopmosanuii cman mpyou

Puc.: 10. Bion.: 19.

Protsenko P. Analysis of the influence of the screw pitch of the spiral groove on the process of profiling a spiral tube by roller spinning.
Technical sciences and technologies, (3 (33)). C. 111-120.
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METOIHU TA AJITOPUTMU NIABUIIEHHA EOEKTUBHOCTI
IMPOEKTYBAHHSI IHTEPAKTUBHUX IHTEP®EVICIB

B cmammi poszenadaromuvca cyuacni memoou nioguwyeHHs eQexmusHoCmi npoekmy8anHs inmepaKxmueHux inmepgeiicis,
NPOOEMOHCIMPOBAHO BUKOPUCHAHHS NOKPAWEHO20 Memody aHANI3y 36 A3Ki6 05l NPOEKMY8AHHs CYYACHUX inmepdelicié 3a-
605KU HOBIMHIM MEXHONOSIAM.

Cmamms npucesuena npobnemi npoeKmy8anHs Cy4acHux iHmepakmugHux inmepgeiicie. 3 6UCOKUM 3pOCMAHHAM BUKO-
PUCMAHHS NPOSPAMHUX O00AMKIE MA 8e0-CepPsicie, SIKI 6UMAAMb 3PYUHUX A 1e2KO 3P03YMIIUX iIHmepghelicia, 8aXicIugicmy
ONMUMANLHO20 NPOEKMYBAHHS CINAE KPUMUYHOTO. Y cmammi po32130aromucs pisHi nioxoou 00 NOKpaujeHHsa AKoCmi inmepa-
KkmueHux inmepeticig. Ilepui 3a 6ce, 0CHIONCYIOMbCIL MEMOOU BUZHAYEHHSL NOMPed KOPUCMYSAuie ma iIXHIX 0YIKY6aHb, MAaKi
AK nposedeHHs cnocmepedicenb. Onpaybo8aHo NUMAHHA epeOHOMIKU ma 103a6inimi euxopucmosyganux memoois. Okpema
y8aza npudinena MOHCIUBOCMAM NOKPAWEHO20 MemOdy aHAi3y NOCUians. Taxodic 6enuxy yeazy npudiiacmovcs aneopummam
i Memoodam, AKI cnpowyioms npoyec po3pooxu iHmepakmusHux inmepgelicis, 30Kpema UKOPUCAHHIO NAMEPHIE NPOeKmy-
6anHs ma gpetimeopkis. [ocaioxncyiomocs memoou agmomamu3o8anoi eepugixayii inmepgheiicie 01 6UABLEHHS MONCTUBUX
npobiem ma noMunoK we Ha paHHix emanax po3pooKu.

3acanom, cmamms HA0A€ KOMNIEKCHUIL 02710 Memooie ma aieOPUummis, wo CHpUusiomv NiOGUWEHHIO eheKmuUgHOCmi
NPOEKMYBAHHS IHMEPAKMUBHUX THmMephelicis, ma aKyeHmye Ha 8ANXCIUBOCTNI 8PAX)8AHHA NOMPeOd Ma 3PYYHOCME KOPUCTIY-
sauis y npoyeci po3pooKu NPOPAMHUX NPOOYKMIE.

Kniouogi cnosa: inmepgheticu, npoexmyganms, mpaouyiiiHuti Memoo aHaiizy 36 s3Ki8, 600CKOHANEHUL MEemoo0 aHali3y
36'3K18,

Puc.: 5. Bién.: 7. References: 7.

AKTyaJlIbHiCTh TeMH J0CJTizKeHHs1. Ha cboroiH1 3 yCKITaqHEHHAM Ta 30UTBIIICHHM (DYHKITI-
OHAILHOCTI CUCTEM 3aCO0H JIFOAMHO-MAIIMHHOI B3a€MOJIi CTAOTh BY3bKUM MICIIEM 4Yepe3 Te, 10
HE MOXKYTh 3a0€3ME€UNUTH IHTEPAKTUBHUI J1aJIOT 3 KOPUCTYBAUEM 13 HEOOXiHOIO e(heKTHUBHICTIO.
Ha BinminHy Bix TpaauiiiiiHux iHTepdeliciB Ha OCHOBI KJIaBiaTypH Ta MHUIII a00 TPaTUITIHHUX METO-
JiB aHaJTi3y 3B’S3KiB, Cy4acHl CUCTEMH 3a0€31eUyIOTh THyUKiIlIe BUKOPUCTAHHSI IOTOKIB iH(opMa-
wii. [le 1ae MOXKIMBICTB JIFOIMHI BUOMPATH HAMOLIBII 3pYUHUi criocid nepenayi abo npuitomy iH-
dopmarii.

3aj1e’KHO BiJI BUKOPUCTAHHUX BXITHUX Ta BUXITHUX JAHUX BUIUISIOTH KUTbKa OCHOBHUX THITIB
iHTepdeiiciB (MOBa + KecTH, MOBa + YUTAHHS 10 T'y0ax, HalpsIM MOTJIsTY + BKa3iBKa + MOBa 1 T.11.).
Takox BUIUIAIOTH IHTEPAKTHBHI Ta HEIHTEPAKTUBHI 1HTepdeiich. Y HeIHTEpaKTUBHUX 1HTEp]eii-
cax IMpolec BUKOHAHHS 3aBAaHHs BU3HAUYEHO 3a3/1aJIeri/lb, 1 KOPHUCTYBay HE MOKE Ha HbOT'O BILIU-
HYTH, HAITPUKJIa, TP aBTOMATHYHOMY TPAaHCKpHUOYBaHHI 3aIMCiB (3aciiaHb, CeMiHapiB), aBTOMa-
TUYHOMY 1HJIEKCYBaHHI MYJIbTHUMEIIMHMX JaHUX (pamio, TeneBi3iiHMX HOBWH). HaBmaku, B
IHTepaKTUBHUX IHTEpdericax KOPUCTYBad i 9ac Jiajiory 3 MAIIMHOKO OTPUMY€E HEOOX1THUI HOMY
CepBic 1 caM BU3HAYa€E XiJ poOoTH nporpamu. [IpukiagaMu Takux Mporpam € iHTepakTHBHE Telie-
OadeHHs1, JOBIKOBI J11aJIOrOB1 CUCTEMH, YIIPABJIIHHS TEXHIYHUMU CUCTEMaMH, iH(popMaliiiHa mij-
TPUMKA Hapas.

B nanwmii yac pu po3poO1ii mporpaMHOro MpoayKTy AyKe BayKJIMBa MIBHIKICT 0OPOOKH iH-
¢dopmariii, JOCTYIHICTb, 30epiranHs Ta nepenada. OnHaK, He Maly poJib Bifirpae CTBOPEHHS iHTe-
pdeiicy koprcTyBaua, Tak K camMe BiH BU3HAYA€, HACKUIBKH JIETKO Ta 3py4HO Oy/1e KOPUCTYBATHCS
nporpamoro. [aTepderic KopucTyBaya sBIIsiE COOOI0 CYKYITHICTh BUKOPHCTOBYBAHUX y TIPOrpami
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3ac00iB BBE/ICHHS JJaHUX, CIIOCO0IB BioOpaxkeHHs iH(opMallii Ta eneMeHTiB yrpasiiHas. Edek-
THUBHICTh POOOTH MPOTPAMHOTO MPOAYKTY BU3HAYAETHCS HE TIIHKU (DYHKITIOHATEHUMH MOYKITUBO-
CTSIMH, a W JTOCTYITHICTIO IUX MOXJIMBOCTEH. TOMYy CTBOpPEHHS IHTYITHMBHO-3PO3yMLJIOTO 1HTEp-
¢elicy € BXIMBUM 3aBJaHHAM IPH pO3pOOLI MPOrpaMHOrO MPOIYKTY. AKTYaIbHICTh 1€l TeMU
MOJISITa€e y TOMY, 10 caMe iHTepdeiic 6aunTh KOpUCTYBad 1 caMme 3a iHTepdericoM BiH OIIHIOE BECh
HPOIYKT.

IMocTranoBka nmpodaemu. TpaauiiiitHuii METOI aHATI3Y 3B’ 3KiB HEJOCTATHIN JJIs OLIHKY T1e-
PEXITHUX BUTPAT, MOB’S3aHMUX 13 JTOCTYITHICTIO BUJIUICHHS TICBHOTO €JIEMEHTA KEpYBaHHs Ha 1HTe-
pdeiici, a TabnUIIA MOCHIIaHb, SIKA 3a3BUYall BUKOPUCTOBYETHCS, HE MICTUTH 1H(OpMAIlii Ipo Ha-
NPSIMOK JUTS OLIHKH CKJIQIHOCTI. J{y1sl BUPIIIEHHS IIUX IBOX IIPOOJIEM B CTATTi POIIOHYETHCSI METOJT
JUTS T IBUIIICHHS €()eKTUBHOCTI MMPOEKTYBAHHS IHTEPAKTUBHUX 1HTEpQEciB, 60 came aHai3 € o-
HUM 13 HAWOUTBII IIIMPOKO BUKOPHCTOBYBAHMWX METOJIB MPOCKTYBaHHS 1HTEp(eiCy KoprCcTyBada
JUTSL pO3MILLICHHSI €JIEMEHTIB KepyBaHHs Ha iHTep(eiici.

AHaJIi3 0CcTaHHIX 10CTiKeHb i myOaikauiii. OxHrM 3 HAHOLIBIIT TOIMPEHNX CIIOCO0IB M-
BUIIICHHS € TPAAUIIIHHUI METOJT aHai3y 3B’ 513KiB. BiH € KUTbKICHUM 1 00’ €KTUBHUM METO/IOM JI0C-
JPKEHHS 3B S13KIB MK KOMITIOHEHTaMu iHTepdeiicy, K1 MO>KHA BUKOPUCTOBYBATH IS OTITHMI-
3amii po3TallyBaHHS KOMIIOHEHTIB Ta CHpPSMOBAaHMI Ha TOKpAIleHHS Iu3aiHy iHTepdeiicy
IUISIXOM BUBYEHHS BMICTY 3aBIaHHS, XapaKTEPUCTHK KOXKHOTO OKPEMOro KOMIIOHEHTa IHTEep-
deiicy Ta 3B’s13KiB MK HUMHU. BapTicTh KOXkHOT omeparlii B 3aBJJaHHI KIJTbKICHO BU3HAYAETHCS 3HA-
YEHHSIM 3B’S3KY, 1 3HAUEHHSM 3B’ 3Ky MOXe OyTH (DYHKIIisl BOXKJIMBOCTI, YAaCTOTH, BiJICTaHi, CKJIa-
JTHOCTI a00 I1HIIMX XapaKTEPUCTHK PyXy MDK JBOMa ejleMeHTamu. llomepemHi JOCHiKeHHS,
OB’ s13aH1 3 TIOCHJIAHHSMH, TIPOMTOHYBAIM Pi3HI METOJIM aHaJi3y MOCHJIaHb, KOJIU IUTLOBI 1HTEP-
¢eticu Manu pi3Hi GYHKIIIT Ta KOJIM OMepaTop BUKOHYBAB Pi3HI 3aBIaHHS.

[ToBeninka Ta iHhOpMAITiitHI TEXHOJIOTi CIIPUYMHSIE HETIOCITIIOBHICTh B OITIHII 3pYYHOCTI BH-
kopucTanHsa. HaBiTh 3a 0/1HaKOBOi 0a30BOi METOIOJIOTIT pe3ybTaT OLIHIOBAHHS FO3a0LIITI MOXKE
OyTH JIyXe pi3HUM 4epe3 BIIMIHHOCTI y BUOODI 3aB/IaHb 1 HANIAIITYBaHb BMICTY JUIS OLIIHIOBaHHSI.
Curyartis, B sKiif oreparopy NOTpiOHO BUKOHATH MPOLIEAYPHI Olepallii, 3HaYHO Bipi3HsIIACS Bij
CHUTYaIlii, KOJIM KOPUCTYBa4 MIr JJOBUTbHO BUKOHYBATH TIE€BHI i1 JJIs1 JOCATHEHHS KIHIIEBOT METH.
BapiatuBHicTb, 0B s13aHa 3 TUIIAMU iHTEp(EiiciB KOPUCTYBaya Ta XapakTepoM 3aB/iaHb, rependa-
Yae, 10 JUIS aHai3y 3B’A3KiB 3aCTOCOBaHI iHTep(deiich MaloTh BU3HAYATHCS BIACTUBOCTSIMHU TO-
nuTy ((i3HIHIMEU 00 KOTHITUBHUMH ), XapaKTEPUCTUKAMU MTpeicTaBIeHHs ((pikcoBaHMME a00 1~
HaMIYHUMH ) Ta OYIKYBaHOIO MTOBEIIHKOK KOPUCTYBadiB (MPOLIEAYPHOIO a00 BUITAKOBOIO). SKIIIO
BJIACTUBOCTI MONUTY, (DYHKI{ IPECTAaBICHHS Ta OYiKyBaHa MOBEIHKAa KOPUCTYBaya LLIIbOBOTO
iHTepdeiicy He BU3HAYECHI YITKO, BAPTICTh MOXKE OYTH HEIIMCHOIO JIJISl OIIIHKY 3PYYHOCTI BUKOPHU-
CTaHHS ITBOBOTO 1HTEpdericy. ToOTO BUKOPHCTOBYBAIACs KOMIT IOTEpHA Mporpama Jyisi aBToMa-
THYHOT'O PO3MOJILTY €IEMEHTIB KepyBaHHs Ta BiqoOpaXkeHHs B iHTepdelici kopucTyBaua (po3ris-
JAETHCS SIK aBTOMAaTWYHA TeHepallis iHTepdeiicy kopucTtyBada Automatic Generation of User
Interface (AGUI) abo nmpukiiaaHi 0OUUCITIOBAIEHI MOJIENI, 100 JOMMOMOITH pO3pOOHUKAM 1HTEP-
deiicy KopHucTyBa4a poO3MOAUTUTH eneMeHTH. OnHaK OUIBIIICTh WX JOCTIHKEHb MPOBOIMINCS
eKcIiepTaMu 3 iH(HOPMATHUKH, 1 BOHU 30CEPEIDKYBAINCS HA TOMY, SIK Y3TOAUTH crenudikarii npo-
rpaMyBaHHS 3 IIEBHOIO 010J110TEKOO BIJIKETIB, 1100 CTBOPUTH MAKET HAa OCHOBI TOUKH 30pY JH3aii-
Hepa, MaKCUMI3yIOUHM KOPUCHICTh IPOCTOPY; OJJHAK JiBa 0OMeXeHHs TpaauiiiiHoro Link analysis
(LA) HE po3risiiaucsi CHCTEMATUYHO B IIUX JOCIIKEHHSIX.

BujijieHHs HeTOCTiIKEHNX YaCTHH 3arajibHoi nmpodsemMu. TpaauiiifHuil METOI HeIocTa-
THIH 7151 OLIHKY TIEPEXiTHUX BUTPAT, TIOB’SI3aHUX 13 JIETKICTIO IOCTYIY J0 MEBHOTO €JIEeMEHTY Ha
iHTepdeiici, a TaOIUIIA MOCUIIaHb, sIKa 3a3BUYail BAKOPUCTOBY€ETHCS, HE MICTUTh iH(pOpMaLii po
HAMPSMOK JIJIsl OI[IHKH CKJIQTHOCTI.
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Merta ctatTi. MeToro T0CTiKEHHS € Po3po0Ka BIIOCKOHAJICHOTO METOTY aHalli3y, po3pooiie-
HOTro Ha MOM(DIKOBaHii TaOIHIT 3B’ S3KIB 1 AITOPUTMI PO3TATYKEHb 1 MeX. Takum YMHOM, HE3Ba-
KAI0YM HA Te, 0 TPAAUIIIHHINA METOT MOKe 3HAYHO TOKPAILUTH iHTEepdeiic NUIIXoM OnTUMi3arii
OJIM3BKOCTI MK €JIEMEHTaMH KepyBaHHSI, BJOCKOHAJICHUI METO]T MOKE JTOJTATKOBO MOKPAIIUTH 1H-
TepQeiic MIIIXOM ONTUMAIBHOTO 0OMiHY MK IOCTYIHICTIO Ta OJIU3bKICTIO. MeTo1 MOYKHa 3aCTO-
cyBatu 110 iHTepdericy, skui BUmarae (pi3muHuX pyXiB MK KOPHCTyBadeM Ta iHTepdeiicoM 1 Bce-
penuHi iHTepdelicy, 0COOIMBO CEHCOPHOTO €KpaHa Ta TMaHeJel KepyBaHHsS. [ 0JOBHOIO METOIO
aHaI3y NOCHJIaHb € MIHIMI3aIlis «3aralbHUX BUTPAT) IUIIXOM 3MiHM MaKeTa, IIOKH OTlepaTop BU-
KOPUCTOBYE IIJIHOBUH 1HTEpPQEHC BIAMOBITHO A0 TIEBHUX BUMOT 3aBIaHHs. ToOTO MeTa 1IbOro J0-
CITIJKEHHS TI0JISIrae B TOMY, 11100 3alpOIOHYBAaTH BIOCKOHAJICHUI METOJI aHaji3y 3B’ A3KiB, KU
BKJTIOYa€ MOIM(DIKOBaHY TaOJHUITIO 3B’ SA3KIB, sIKa MOTJIa O BpaxoByBaTH OOMIBa THUITH PyXIB 1 MiC-
THIa iHpOpMaILio Tpo HarmpaMok pyxiB. [lo-mepiie, 10 MoaudikoBaHOT TabiMIl 3B’sI3KIB Oye
BKJIFOYCHO JIOJATKOBUI €JIEMEHT, IOYaTKOBY TOUKY pYyKH, 1100 pyxu U-I Mormm OyTu mpencras-
JIeH1 B KOMIpKax, TIOB’13aHHX 13 TOYAaTKOBOIO TOUKOIO pyKu. [To-npyre, psiiku Ta CTOBIII BUKOPU-
CTOBYBAJIMCSI OKPEMO JUTs TIO3HAYCHHSI ITOYATKy Ta KIHIIA PyXiB 1 y CBOIO YePry HAMpsSMOK PYyXiB
MOXHA 0yJ10 BU3HAUUTH 32 iXHIMU TIO3UIIISIMU B 3MiHEHIHM TabMwIli ocuiIaHb. ToOTO KOXKHE 3HA-
YCHHS TIOCHJIAHHS B KJIITHHII TIPEJICTABIISIE BITHOCHY Bary pyxy. Pyx 1 foro HarmpsiMoKk MOYKHa T1o-
0aunTH 3a pO3TalllyBaHHAM KOMIpKH, B Ky BiH 3amoBHeHHMH. KpiMm Toro, 3HaueHHS MOCHUIaHHS
Oyn0 mepepobIIeHo, 00 00’ €THATH YaCTOTy Ta BaXJIMBICTh B OJIWH CKJIAJICHUH 1HICKC, 00 e
1H/IEKC MIT MaTH BIIMOBIHY Bary JJIs MepeXomiB. [HIEKC CKIaqHOCTI IEpEXOTy, SIKHA € BIU3HAYa-
JBHUM JUTS 9acy BUKOHAHHS, TIOTIM PO3IJISIIABCS SIK PENpPEe3eHTaTHBHUM TIEPEXiHOI BAPTOCTI Ta
3BaKCHUH 32 3HAYEHHSIMHU IMOCKIaHb. OTXke, CKIIaIHICTh 3BaXKEHOTO 1HIEKCY MOXe OyTH OLIbII pe-
MIPE3EHTATUBHOIO IS 3aralbHUX TepeXiTHuX BUTpaT. Hapernri, 3aranpHi iepexiaHi BUTpaTu O0y-
JyTh ONTUMIi30BaHi 3a JOMOMOT'OI0 aJITOPUTMY po3raiyskeHb i Mex. LL{o6 mpoimocTpyBaTy, sSIK BU-
KOPHCTOBYBaTH HOBHMH METOJ Ha TMPAaKTHIl, OyJIO 3alpONOHOBAHO TEMAaTWYHE JOCIIKCHHS B
peanbHiii cucTeMi SIepHOro KOHTporo. Ha ocHOBI pukiiaty Oyiio MpoBeIeHO eKCIIEpUMEHT, 1100
nepeBipuTH €(HEKTUBHICTE HOBOTO METOJY IMOPIBHSHO 3 TPAIUIIIMHUM METOJIOM 3B’SI3KIB IIIO0
CKOPOUYEHHS 4acy poOOTH KOPUCTYBAUiB.

Bukiaa ocHoBHoro marepiajy. TpanuiiiitHuii MeTo aHamizy 3B’S3KIB [6] BUKOPHCTOBYE
TaOJIUIIIO 3B SI3KIB 200 Jiarpamy 3B’s3KiB JJIs IPEACTABICHHS «3B’S3KiB» MK KOMIIOHEHTAMH 1H-
tepdeticy. Ha pucynky 1 mokaszana giarpama 3B’s3Ky aBTOMOOUTBHOTO pajionpuiiMada, a Ha pH-
CYHKY 2 — Tabiu1id 3B°s13Ky. KokeH pyx MK KOMITOHEHTaMu iHTep(eicy npeacTaBIeHo MpSIMOI0
niHiero. Harpukinaz, o6 BUTSATHYTH KOMITAKT-IMCK, KOPUCTYBAUYEBl MOTPIOHO HATHCHYTH KHOTIKY
A, anotim kHOTKy F. Ane nesiki onepartii «0JHIM JOTUKOMY, TaKi SIK HATHCKAaHHS KHONKY H e
JUTSI 3BOPOTHOTO BIITBOPEHHSI, MOXKYTh HE PO3IJISAATHCS Hi HA CXeMi 3B’ SI3KY, Hi B TAOJHUIIFO TTOCH-
naHb. KpiM TOro, BUKOPUCTOBYETHCS JIMIIIE TTOJIOBUHA TaOMMLI 3B’ A3KiB, TOMY Olleparlii iHIIIoi 1mo-
cmigoBHOCTI (A—F/ F—A) He MoxxHa po3pi3HuTH B Tabmutli (1 F—A, oueBuIHO, HE Mae CEHCY).
Haperi, 3Ha4eHHs 3B’ 43Ky IPEICTABIISE, CKUIBKU PYXiB MiXK JIBOMa KOMIIOHEHTaMHU Ma€e OyTH BU-
KOHAHO ITICJIS 3aBEPIIICHHS OJTHOTO 3aITyCKY BCIX 3aBJaHb. bazyrounch Ha TaOJMIl MOCHIaHb, TPa-
JMLIHHUHN aHaITi3 TOCKIIaHb TOKPAIUTE iHTepdeiic IUIIXoM MiHIMI3aliil JOBKUHH HAasIBHUX TTOCH-
nasb B inTepdetici. Ha pucyHKy 2 moka3aHo OJIMH 13 MOXJIMBUX MTOKPAIICHUX MaKeTiB iHTepdency
TpaJULifHUM METOJIOM aHaJIi3y MMOCUIaHb. B OCHOBHOMY, OJTM3BKICTh YCiX ITOB’SI3aHUX €JIEMEHTIB
Mae OyTH TIOKpaIlleHa UITXOM CKOPOYECHHSI TIOCHIIaHb.
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Puc. 3. llokpawenuii asmomobinvruii aydioinmepgetic 3a 00nomo2o0
MpaouyitiHo20 aHanizy KaHauie

OdeBHUIHO, IO TPAAUIIHII METOJT aHaJi3y MOCUIIaHb Ma€ JIBa MOTEHIIIHI OOMEKECHHS.
[To-mepiie, HacmpaBIi, MOKK iICHY€E MeBHA (Pi3WYHA BiJICTaHb MiK KOPHCTYBadeM Ta iHTepdei-
COM KOpHCTyBaua, poOoTa inTepdeicy CKIIaTaeThCs 3 JBOX THIIB PyXiB — PYXiB Mk KOpHUC-
TyBadeM Ta iHTepdeiicom (pyxu U-I) i pyxu Bcepenuni intepdeticy (pyxu W-I) Ha pucyHKy 4.
VY nomnepeqHbOMY NMPHUKIAAl aBTOMOOUIBHOTO pajionpuiiMaya BOJiH MOXe CIIOYaTKy MpoCy-
HYTH PYKY J0 MaHeNl KepyBaHHs paionpuiiMadem, a MOTiM HATUCHYTH TIOCTiJOBHICTh KHOTIOK,
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o6 oTpumartu 6axxaHy (QyHKIiI0, HAIPUKIA] MOIIYK CBOET yIto0eHoi cTaniii. Pyx ioro a6o
il pyku g0 nanedni € pyxom U-I, a pyxu Mixk QyHKIIIOHaTFHUMH KHOIIKAMU Ha TMAHEIN € pyXaMu
W-I. Tabnuus nocunanp, Ha SIKY MMOCUJIAETHCS TPAIUIIIITHUNA METO ] aHaNi3y OCUIIaHb, BPaxo-
Bye nuiie pyx W-I, a pyx U-I He BpaxoBye. Pyx U-I siBisie co0010 pyX pyKH omieparopa Briepe/-
Ha3a/] MK ITOYATKOBOIO MO3HUITIEIO (TIOJ0KEHHS PYKH B MOJIOXKEHHI CIIOKOIO) 1 IIIbOBUM eJie-
MEHTOM, To/1 sIK pyx W-I siBisie 00010 pyX Bijl OJTHOTO €JIeMEHTa 0 1HIIoro. Ta0auis 38’ A3KiB
MICTUTH JHIIIe iHPOpMaIito mpo nepeMimenHs W-1 misxom TaGiauIl BCix 3B’ A3KIB MK eJIeMe-
HTaMHU LUIbOBOTO iHTepdeiicy, mo0 po3poOHUK MIr MiHIMI3yBaTH BiJICTaHb MIX 3B’SI3aHUMHU
eJIeMEHTaMU; OJTHAK, ITOKU MK KOpPHUCTyBaueM 1 iHTepdelicoM KOpUCTyBada iCHye neBHa ¢i3u-
YHa BiJICTaHb, KOPUCTYBau MOBUHEH BUKOHYBaTu pyxu U-I s noctymy 1o inTepdeiicy Kkopu-
CTyBaua.

----# U-I movements
——»W-I movements

Puc. 4. Bzaemoois midxnc kopucmysavem ma inmepgpeticom (U-1)
i 6cepeouni inmepgpeticy (W-1)

[o-npyre, koxeH (pi3MUHUN pyX pyKH Mae CBill HaNpsIMOK (BHepea i Ha3am), aje Tadauis
3B’SI3KiB TPAJAMIIITHOTO METOTy aHAJIi3y BBaXKA€ PyX BIEpe] 1 Ha3a [ 0JHaKOBUMU. [HGopMarltist
PO HAIPSIMOK BaXKJIMBa, 0COOJIMBO KOJIM AM3aiiHep Oepe 10 yBaru iHjaekc ckiagHocti. Cxian-
HICTh € BU3HAYAJIbHUM TIOKa3HUKOM 4Yacy, a 1HJEKC CKJIaHOCTI, Takuii sk log2(2A/W), 3ampo-
noHoBaHuit @itrcom [2] Ta iHIIMA MOAN(DIKOBAaHUH 1HAEKC AJIS IBOBUMIPHOTO a00 TPUBHUMIp-
HOTO 3aBJaHHS HaBEJEHHs, MOXKe OyTH (PyHKIl€I0 BifacTaHl, ePEeKTUBHOI IIMPUHH Il Ta
TUpeKIiitHui KyT. Hi minboBui, Hi AUPEKIIHHUNA KYT HEMOXKIIMBO BU3SHAYUTH O€3 iHpopMarlii
PO HaMpsAMOK pyxy. OTxe, 2 THUIH PyXiB Ta iXHI HAIPSIMKA MMOBHHHI OyTH BKJIFOYCHI B Ta0-
JIMILIIO TIOCHIIaHb, 11100 3araibHa BapTiCTh eKCIUTyaTauii inTepdeiicy He Oyna ynepeaKeHo abo
HEJIOOLIIHEHOO 11 Yac MPOoIIeCy ONMTHMIi3aIlii.

KpiM Toro, KOHIIETIIisS «TOCUTIaHHS TaKOXK HE MOXKE HAJIC)KHIUM YHHOM BiI0OpaxkaTw Ba-
PTICTh €KCIUTyaTallii MiJIbOBOTO iHTEP(EHCY 3 TOUKH 30pYy BaJIHOCTI KOHCTPYKIi. B igeami
Kpallle po3risaaTy 3HaYeHHS MOCUJIAHHS SIK 3BEICHUI 1HCKC YaCTOTH Ta BaXXIUBOCTI. [1] On-
HaK, Ha OCHOBI 3BUYAIlHOIO0 BU3HAYEHHS 3HAUEHHS IMOCUJIAHHSA, BOHO MiJIPaXOBYE JIUIIE KiJIb-
KIiCTh MIEPEMIIIEHb MIXK €JIEMEHTaMH, 1 OJTHAKOBI Baru MpU3HAYAIOThCA KOKHOMY TTOCHJIAHHIO.
HacmipaBni 3B’s3ku MOBHMHHI OyTH KUTBKICHO BH3Ha4eHi abo (i3nuHOI0, a00 4acOBOIO BijC-
TaHHIO MIXK 2 3’€THAHUMH €IEMEHTaMH, 1 KOJKHE MTOCHJIAaHHS Ma€e MaTH Pi3HY Bary BiIMOBITHO
JIO OT0 Ba)KJIMBOCTI Ta YacCTOTU. BaxkuBicTh Mae OyTH QYHKITIE€IO CEPHO3HOCTI TOMHUIKOBOTO
BUKOPHUCTAHHS, 2 YaCTOTa MOBUHHA BPaXOBYBAaTH, SIK YACTO oreparlis Oy1e BUKOHYBATHCS IIPO-
TATOM TPHUBAJIOTO TEPioay, a He i Yac OJHOPA30BOr0 BUKOHAHHS BCiX QyHKIIH. O4eBUAHO,
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110 TMiIpaxyHOK KUJIbKOCTI MOCHJIaHb HE € MPABUIBHUM CIIOCOOOM BpaxyBaHHS IEpEXiaHOT Ba-
PTOCTI IOCHJIaHb Ta iX BITHOCHOI Barw.

Po3po6ka B1OCKOHATEHOr0 MeTOAY aHadi3y nmocuiaansb. [1{o6 onTumizyBatu Maker iH-
Tepdelicy Ta KUTbKICHO OLIHATH HOTO 3pyYHICTh, CIIOYATKY CJIi] CPOPMYITFOBATH BapPTICTh EKC-
utyartanii iHTepgeicy 3 TOUKu 30py TUMYAcOBUX, (PI3MYHUX a00 KOTHITMBHUX BUTpAT. 3ara-
JbHA TIepeXiHa BapTICTh, SKa MPEJCTaBisie CTymiHb (izuunoro monuty mig yac U-1 ta W-I
PYXiB, BAKOPHCTOBYBAJIaCS B JITOPUTMI SIK BAPTICTh, Ky MOTPiOHO MiHIMI3yBaTu. [lependaya-
€ThCS, 10 BapTICTh KOKHOTO pyXy (mepexony) Oy/e 3ajiexaru BiJ HOro CKIaJHOCTI, a CKJIa-
HICTBh KOYKHOT'O IIEPEXOTy CJIiJI 3BaXKyBaTH 3a HOT0 BaXUIMBICTIO Ta YaCTOTOI0. Buxonsuu 3 npu-
NYLIEHHS 11010 MPOIeIypHUX Onepalliii, onepariifHa BapTiCTh KOXKHOTO MEPEXOoay Mae OyTu
aJIUTUBHOIO, a 3araJibHa BapTICTh Ma€ OyTH CYMOIO 3BaXKEHOTO 1HACKCY CKJIAHOCTI BCIX ICHY-
04X TepexoiB, Bkiovaoun pyxu U-I ta W-I. Tozai nmpoctuil anroputM po3raixyKeHHs Ta
MEXYBaHHS 3 JCIKAUMHU MOIU(DIKaIlisIMK, BKIIOYAIOUN TMPIOPUTET BXOAY B JIEPEBO TIOIMIYKY,
NPUHIUI TOUTYKY ONTHMAJIBHOTO MakeTa Ta CTpPATeriio BiACIKaHHA JAJs po3raiy>KeHHs, Oyxe
MPUAHSATO JJIs CTBOPEHHSI ONITUMAJILHOTO MakeTa iHTepdeiicy. @opMymroBaHHs MIbOBOI (QyH-
KiIii (MiHIMi3aIlis 3araJIbHUX TePeXiTHUX BUTPAT) 1 AITOPUTM TeHepallii MaKeTa Ha OCHOBI OII-
TUMi3alii OyayTh MosicHeH1 HUKYe [3].

Meroto aHasi3y MOCHJIaHb € MiHIMI3aIlisl 3aralIbHOT MepexiqHOI BapTOCTi, TOKM KOPHCTyBau
npaittoe 3 inTepdericom. Lle moHATTsS MOxkHA ChOPMYITFOBATH y BUTJISII HACTYITHOTO BUpa3y: 3ara-
JIbHA TIepeXiTHa BapTiCTh = ) (BaroMicCTh MEPEeXoay X BapTiCTh HEPEXOY).

BaromicTh K0XKHOTO TIEpEX0 Iy MOXKHA BBAKATH 3BEJICHUM 1HJIEKCOM Ba)KJIIMBOCTI Ta Yac-
TOTH, & BapTICTh KOKHOTO TIEPEXO/Ty IMOB’s3aHa 3 IOT0 BUMOTIIUBICTIO. Y I[bOMY JOCTiIKEeHHI
MU TIPUTTYCTHIIH, IO BUMOTIIUBICTh KOXKHOTO Mepexoay (pyXy) MO3UTUBHO MPOTOPIIIHHO HOTO
PIBHIO CKJIaJIHOCTI, a IHAEKC CKJIAHOCTI Ma€ OyTH QyHKLi€I0 e(eKTUBHOI IIMPUHM 1L, BijC-
TaHi IEPEMIITIICHHS Ta HAMIPSAMKY PyXYy (SKIIO 11e TpuBUMIpHUH pyX). [lepeximna BapTiCTh TICHO
OB’ s13aHa 3 OL[IHKOIO 3pyYHOCTI BUKOPHCTAHHS. CTYIiHb, A0 SIKOTO MPOIYKT MOKe OyTH BUKO-
pUCTaHUI IEBHUMH KOPUCTYBaYaMu JJIs JOCATHEHHS BU3HAYEHUX L1l 3 eeKTUBHICTIO, pe-
3yJIBTaTUBHICTIO Ta 3a10BOJICHHSAMY. « E()EKTUBHICTB» BKIIIOUAE TOUHICTh, @ «C(PEKTHUBHICTH)
— 11 pecypcH, BUTpaU€Hi 1O BITHOIICHHIO 10 TOYHOCTI. BapTicTh mepexomy BpaxoBye sk ede-
KTUBHY IIMPUHY I1JIi, TaK 1 BiICTaHb MEPEMIILICHHS], 1 BOHU OB’ sI3aHi 3 TOUHICTIO Ta BUTpAaTaMu
eHeprii BiAnoBiaHO. TakuM YWHOM, TIEpPEXiIHA BapTICTh MOXKE MOSACHUTH €(EKTHUBHICTD 1 ede-
KTUBHICTb 3pyYHOCTI BUKOPHCTaHH: Yy Qi3uunoMy acnekTi. KpiM Toro, «3a10BOJICHHS» BU3HA-
YAETHCS K «BUIBHICTH BIJ TUCKOM(OPTY Ta MO3UTHUBHE CTABJICHHS JO KOPHCTYBada MPOIY-
KTy». O4eBHIIHO, TepexiJHi BUTPATH MPEACTABIAIOTh (GI3WYHUNA MONHUT, 1 MiHIMI3awis
3arajbHUX MEPEeXiTHUX BUTPAT MOKE 3MEHITUTH PU3UK BUHUKHEHHS (PI3UYHOTO TUCKOMGBOPTY
Ta HEraTUBHOTO JOCBiAy KopucTyBaya. HacripaBni ¢izndnuii i ¢izionoriyHuii MOKa3HUKH 3a-
3BUYail BUKOPUCTOBYIOTHCS /IS OLIHKH 3pYYHOCTI BUKOpUCTaHHs. HapemTi, mpoyKTUBHICTh
Ha OCHOBI 4acy MIMPOKO BUKOPHUCTOBYETHCS B JOCITIIPKEHHSAX OIIHKHU 103a01miTi. OCKIIBKU
CKJIQJIHICTh MEPEXO0/1iB 3HAYHOIO MIpOI0 BU3HAUYAE Yac Pyxy Ta (i3UYHHUIN omuT, Oyino O mori-
JHHO BUKOPHUCTOBYBATH 3arajibHy NEPEXiHY BApPTICTh K BAXIMBHUIA MOKA3HUK 3PYYHOCTI BH-
KOpUCTaHHA [7].

[[Io6 ymockoHANIWUTH TPAAMIIIMHUIA METOJ| aHai3y MOCHJIaHb, HEOOXITHO BUPIMIUTH B
npobnemu: HeaodanmicTh pyxiB U-I Ta ckmamHicTh pyXiB. [Hdopmartito mpo moxomKeHHs KOKHOT
orepatii Ta HaPSIMOK KO’KHOTO PyXY CIIiJI BKIIFOYUTH J0 3MIHEHOI Ta0nuIli mocuianb. Tpaau-
IiifHa TaOJIHIIS TOCUIIaHb MICTHJIA JIUIIE €IIEMEHTH, K1 CJIIJT PO3TJIAIaTH B iHTEpdEHicCl, 1 BUKO-
pHUCTOBYBajacs JTUIIIE MOJIOBUHA TaOIHIII (TUB. PUCYHOK 5).
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Puc. 5. Tpaouyiuna mabauys nocunams

VY 1mpoMy OCHIIKEHHI MOYaTOK Omeparlii BBAXKaBCS TOAATKOBUM €JIEMEHTOM Y TaOJHIT
3B’A3KiB 1 OyJla BUKOpUCTaHa 3BOPOTHA CTOPOHA TaOiMIli 3B’ sI3KiB. 3MiHEHA TAOIHII 3B SI3KiB
MoKa3aHa Ha PUCYHKY 6. YCl OYaTKOBI TOYKM BU3HAYEHO B PsAMKaX, a BC1 I — y CTOBIIIAX
BIZIMOBIAHO. 1-i cToBmuuK 1 1-if psaok npeacrasisiioTs yci pyxu U-I, Tomy mo O o3Hauae mo-
YaTOK PyKHU. Sk Hacmimok, 3HadeHHs 3B’ 513Ky LO1 mpeacTaBisiioTh CYKYIHY Bary pyxy BiJ Mo-
YaTKy JI0 €JIEMEHTA 1 32 YacTOTOI Ta BaXUMBICTIO. [[ogiOHMM YMHOM, 3HAYECHHS MMOCHIIAHHS
Li0 nmpencraBisroTh Bary pyxXy BiJ eJIeMeHTa 1 10 moudatky. Lij mis Oyab-skoro i##0 o3Havae
Bary pyxy BiJ eJIeMeHTa i 10 eleMeHTa j. Y i MoaudikoBaHiit Tabnuii MOKIMBA 11eHTH)I-
kauis pyxiB U-I Ta HanpsiMkiB ycix pyxiB. Lle monermmno 6 po3paxyHOK 1HAEKCIB CKIaAHOCTI
Ha OCHOBI PI3HUX THUIIIB 1 HAMIPSIMKIB PYyXiB.

Targets

Start Points <

\ | Ey [Ly |La1| La

Puc. 6. 3minena mabauys nocunans

3Ha4YeHHs MMOCUJIaHb y TaOJHMII B ifealli, MaloTb OYyTH CYKYIHOIO Barol0 Ba)JIMBOCTI Ta
YacTOTU KOXHOro mnepexoxy. OpHak TpaJuLidHUIA aHai3 MOCHUJIAHb HE JIA€ YiTKOTO BH3HA-
YEHHS YaCTOTH Ta BAXKJIMBOCTI B KOHTEKCT1 3aBAaHb. [4] BiqHOCHY BaXKJIMBICTH 1 IUTICHY Yac-
TOTY BUKOPHCTAHHs HE CJIiJ] BU3HAYATH Ha ONEpaIlifHOMy piBHI, OCKUIbKU 3B 30K, SIKUH € py-
XOM MK JIBOMa €JeMeHTaMu Ha iHTepdeiici, BU3HAYaeThCcsl Ha QPyHKIIOHATLHOMY piBHI. be3
MOTIEPETHBO BU3HAYCHUX (PYHKIIIN 1 3aJJaHUX TIOCIIJOBHOCTEH MOCHIIAHHS HEMOXKIMBO BHU3HA-
YHUTH, OCKIJIBKM KOPUCTYBau HE MOJKE JIOBUIBHO BUKOPHCTOBYBATH IEBHI KHOIIKH B MEBHiH 1O~
CIIZIOBHOCTI, HE 3HAIOYH, IO 115 Tporeaypa Oyae pooutr. OCKUIBKH Y4acTOTa Ta BaXKIUBICTh
OyJM BIaCTUBHMHU XapaKTEPUCTUKAMH TOCUIIAHHS, a HE eJIeMeHTa (MeTa MOJIsrae y BU3HaYCHH1
YacTOTHU Ta BaXKIIMBOCTI MOCHJIaHb, @ HE €JIEMEHTIB), YaCTOTY Ta BaXJIUBICTh CJIiJ] BUPILTYBaTH
Ha (YHKIIIOHAILHOMY piBHi [5].
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[Ilo cTocyeThCcs YacTOTH, 3arajbHE BUKOPUCTAHHS (DYHKIIT 32 IEBHUM Mepio] 4acy MOXHA
OTPUMATH IIUISIXOM CIIOCTEPEKEHHS 00 ONHUTYBaHHs. KoM HEMOKITMBO POBECTH TaKe CIIOCTEpe-
JKEHHSI, ONMTYBaHHs a00 IUTh SIKy MOTPIOHO 3MIHWTH, IIIE€ HABITh HE ICHY€E, MOYKHA 3aCTOCYBAaTH
eBPUCTUYHY Mporeaypy. [ pyna nu3aiiHepiB 1 eKCIEPTIB 3 3pYYHOCTI BUKOPUCTAHHS MOXKE BU3HA-
YUTH YaCTOTY JUTsl KOJKHOT (DYHKIIIT Ha OCHOB1 OYIKYBaHOTO TPUBAJIOr0 BUKOpHCTaHH:. Toi 1HIeKe
BIZTHOCHOI 4acTOTH (hyHKIIT K MO)KHA OOYMCIIMTH HACTYITHUM YMHOM JIe M — 3arajibHa KUTbKICTh
¢yukuii, a fk — BimHOCHA YacToTa BUKOpHCTaHHS PYHKIII K.

Fi= f (IHoekc yacToTk doyHkuil k ); 0<Fe <1; > F, =1

m

> & =
=y

OTxe, 1Ba BaXKIMBI KOMIIOHEHTH, IEPEMIIIEHHS] MI>K KOPUCTYBaueM Ta inTepdeiicom (re-
pemimennst U-I) 1 mepemimnennst Bcepenuni intepdeiicy (nepemimenas W-I pyxiB), MoxHa
00’eHATH B OJIHY LUJIbOBY (PYHKIIIIO, 1 € SIK 9acTOTa, TaK 1 BAXJIMBICTh BPAXOBYEThCA y 3Ha-
yeHHi nocunanHa. Komu intepdeiic kepyBaHHS € BITHOCHO BEJTUKUM 1 (Di3UUHI pyXH € BCe LIe
HEOOXITHUMH JUIsl pOOOTH, TOCTYIHICTh €JIEMEHTIB KepyBaHH: 111010 MO3HIII1 KOpUCTyBada abo
MOYAaTKOBA MO3HUIIISI MOKE BiJITpaBaTH BXKJIUBIIITY POJIb, HK OMU3BKICTh Mk HUMHU. Hacmpa-
B/l Takl IMMUpOKOMacIITabH1 iHTepdeiicu ynpaBIiHHS, K1 TOTPEOYIOTh JTOCTYITHOCTI, BCE TIIE
IIMPOKO BUKOPHUCTOBYIOTHCS B 0ararb0X CUCTEMax, HANPHUKIAJ SK pPealbHI aTOMHI €JIeKTPOC-
TaHIIi1, BUPOOHMYI TiAIPUEMCTBA Ta BIiCbKOB1 0a3u. CrucTemMa MOKe TaKOXK KEPYBATH MEHIIIOIO
KOMIT FOTEPHU30BAHOIO MPOTpamMoro 3 rpadiuyHuM iHTepdeiicom kopuctyBada Generation of User
Interface (GUI), ane HeoOxigHICTh poOOTH 3 iHTEPGEHCOM, IO MPU3BOIUTH A0 TPYIHOIIIB SIK
JOCSATHEHHS, TaK 1 TOBTOPIOBAHMUX OIEpaliidl BUMarae Oiblie (i3udHUX PYXiB.

BucHoBKH. Y cTaTTi NPOBEIEHO TEOPETUYHE Y3araIbHEHHS 1 HOBE BUPIIIEHHSI HAYKOBOTO 3a-
BJIaHH$, SIKE MOJISralio B po3po0Ii Mozeneil 1 MeToLy OnTHMi3allii IHTepaKTUBHUX 1HTEpdenciB. A
caMe TOKpaIlleHUi METOJl aHajli3y MOCHIaHb, 0€3yMOBHO, 3MEHIIY€E (i310JI0T1YHI BUTPATH, OCKi-
JIBKU OUTBIIT KOPOTKi PYXH B IOBTOCTPOKOBIH MEPCIIEKTHUBI MMPU3BOISATH IO MEHIIIOI BTOMH 1y CBOIO
Yepry 3a MEHIIHA IPOMIDKOK 4acy poOOTH, IO BXKE MIATBEPIKEHO MOIM JTOCI1PKEHHSIM.

Xoua MmoKpaimieHuit MeTo ] aHaJi3y MOCHUIaHb He 000B’SI3KOBO MOKPAIITy€ BCl aCTIEKTH 3pY-
YHOCT1 BUKOPUCTAHHS Yy TIEBHOMY CEHC1 aHaIi3 3B’ sI3Ky BpaxoBYy€e (QYHKIIOHATbHY OJIU3bKICTh,
OJIHOYACHO ONTHMI3YI0uH (Pi3MUHY BiJICTaHb 1 KOMIIOHYBaHHSI, 100 JOCSTTH MiHIMaJIbHUX TUM-
YacoBHX 1 (i310JIOTTYHUX BUTPAT HA YACTOTI BUKOPHUCTAHHS iHTEpdeiCy.

[ami gaxTopu, Taki SK KOHIENTyalbHa CyMICHICTb, JOCTYIHICTh TOIIO, Hapa3i 3HaXo-
JSTHCS 32 MEXKAMH PO3TIIIIY aHali3y mocuianb. He3Baxkaroun Ha 1ie, TOKpaIIeHUi METO] aHa-
T3y TOCHJIaHb BCE OJTHO MOKE JOTIOMOTTH y Ha/IaHHI KUTBKICHOT OILIIHKH JI0 BUIE3a3HAYCHUX
MipKyBaHb 3pYYHOCTI BUKOPUCTAHHS.

Excniept 3 103a011iTI TAaKOXXK MOXKYTh TIPOBOJUTH aHaJi3, X04a caM METO]I BCe Ie 3a0e3-
1Ieuy€e OCHOBY ISl TIOPIBHSIHHS aJIbTEPHATHBH.

[Tokparienuit METOA MPOEKTYBaHHs 1HTEIEKTyaIbHUX 1HTEp(ENciB MOXKHA 3aCTOCYBAaTH
JI0 PENPE3eHTAaTUBHO (PIKCOBAHUX 1 KOTHITHBHO MPOCTHUX (TOOTO THX Ki HE BUMAraroTh Oarato
KOTHITUBHOI po0O0TH) 1HTEp(ECiB, 32 JOMOMOTOI0 IKMX KOPUCTYBa4l BUKOHYIOTH MPOIIEAYPHI
orepariii MeBHUX 3aBAaHb. TOOTO 3aCTOCYBaHHS MOTOYHOTO MOAM(IKOBAHOTO METOY TIPOEK-
TyBaHHs iHTepdeiiciB OutblI epeKTUBHO, KoK € 6araTo (i3UYHUX PyXiB MK PYKOIO Ta iHTep-
deticom kopuctyBaya. Takox JJIsl MOBTOPIOBAHOI Ta Oe3mepepBHOI poOOTH 1HTEpPEiCiB MOK-
parieHuit MeTo ] MOKe 3HaYHO 3MEHIIUTH (PI3UYHI PYyXHU 1 3MEHIIUTH CTYIiHb BTOMH, a TAKOX
BIJIMIOBITHUI PU3UK, HANPUKJIAA TPaBM 1 BUCOKHH piBEHb MOMMUJIOK. [HIIMM 3aCTOCYBaHHSAM
IILOTO METOJTy MOKe OYTH MPOEKTYBaHHS CXUIBHOTO JI0 TIOMUJIOK KEPYBaHHS IHTEIEKTYaTbHUN
iHTepdelic 13 BUCOKOI BapTICTIO BiTHOBJIEHHS CUCTEMH, OCKUIBKH BaKIIMBICTh TaKOXK BPaxo-
BYETBCS Y 3pYYHOCTI Ta MOKIIMBOCTI BUKOPUCTaHHS 1HTEp(dENCy 3aporOHOBaHUM METOJIOM 1
Moxe OyTH BiIoOpakeHUH B TU3aiiHI MakeTa.
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METHODS AND ALGORITHMS FOR IMPROVING THE EFFICIENCY
OF DESIGNING INTERACTIVE INTERFACES

This article is devoted to research and analysis of methods and algorithms aimed at increasing the efficiency of designing
interactive interfaces. Interactive interfaces have become an integral part of modern programs and systems that interact with the user.
The optimal design of interfaces plays a key role in ensuring the convenience of user interaction with the program or system. The
article explores different approaches to designing interactive interfaces, including methodologies that focus on aspects of user expe-
rience (UX) and ergonomics. Methods of collecting user requirements, creating prototypes, testing and iterative improvement of in-
terface design are considered in detail. Particular attention is paid to algorithms that automate certain aspects of designing interfaces,
such as automatic adaptation to different screen sizes, improving accessibility for people with disabilities, optimizing response speed,
etc. The application of innovative technologies, such as artificial intelligence and machine learning, is also explored to determine their
potential to improve interactive interface design processes.

In conclusion, the article aims to systematize and analyze approaches, methods and algorithms that can be used to im-
prove the design efficiency of interactive interfaces, providing better user experience and interaction in the context of the rapid
growth of technology and the involvement of users in various digital platforms that change the way of interaction with infor-
mation, it is important to consider approaches that allow you to effectively create interfaces that provide convenience, func-
tionality and enjoyment of use. That is, different approaches to the design of interactive interfaces were considered, including
user-centered design methods, psychological aspects of the perception of interfaces, the use of gamification elements to in-
crease user engagement, and optimization of work flows. In addition, the article considers modern algorithms for automated
analysis of feedback from users, in particular, methods of collecting and analyzing feedback and data on interaction with
interfaces. This allows for rapid changes and improvements based on the real needs and wishes of users.

The conclusions of the article emphasize the importance of combining technical knowledge, psychological understanding
of user needs, and modern algorithms to achieve optimal results in the design of interactive interfaces. This work contributes
to an in-depth understanding of the issues and provides practical guidance for software design and development professionals
seeking to create products with high user value.

Keywords: interfaces, design, traditional method of connection analysis, improved method of connection analysis.
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METO/]I ONTUMI3AIIIL TIAPAMETPIB ITAPAJIEJIbHUX OBYNCJIEHD

Ha wieuoko0ito napanenbnux aneopummie CUibHO 6NIUEAIOMb NAPAMEMPU, WO BUSHAYAIOMb XAPAKMepUCMUKU nid3aoay
ma mexamizmu ix 63aemo0ii, a makodlc 06YUCTI0BANbHI pecypCU, AKi UKOPUCTNOBYIOMbCS 05l BUKOHAHHS npozpamu. Tecmy-
6AHHA NAPANENbHUX AN2OPUMMIE 8 PEeANbHUX YMOBAX € PECYPCOGUMPATHUM, 3 021A0Y HA Ye Yy pOOOMI NPONOHYEMbCA MEmMooO
onmumizayii napamempie napanenbHux 064uciens Ha ocHogi [lempi-06’ekmuo2o MooeniosanHs ma egonoYitiHo20 ANOPUMMY.
V axocmi npuxnady 3acmocysanns memoody nobyoosana ma 0oCuiodiceHa Mooeib NApaierbHo20 anreopummy imimayii ouc-
KpemHno-nooiiHol cucmemu.

Kniwouosi cnosa: napanenvhi obuucienns, imimayitine mooentosanns, mepesica Ilempi, esontoyitinuii aneopumm.

Tabn.: 1. Puc.: 3. Bion.: 14.

AKTyalbHicTh TeMH AociigxeHHsl. CyyacHi iHdopMaliiiHi TexHoJOrii moTpeOyroTh
HIBHJIKOT pOOOTH alTOPUTMIB, SIKY MOXHA JOCSTTH 32 JIOTIOMOTOI0 NapaJieIbHUX OOUYNCIICHb.
[IpoTe, B 3a1€KHOCTI BiJ MapaMeTpiB, 110 BU3HAYAIOTh XapaKTEPUCTUKU MMi3a/1a4 Ta MEXaHi-
3MH X B3a€MOJIil, BAKOPHUCTAHHS MapalelbHUX OOYMCIIEHb MOXE MPU3BECTH SIK 710 MPUCKO-
PEeHHs, TakK 1 10 CIIOBUIBHEHHS 004YKCIIeHb. Ha mpakTuili mpo0siemMy HajalTyBaHHS MapaMeTpiB
napaneabHUX 00UMCIIeHb BUPILIYIOTh HIISIXOM 0araToKpaTHOT'O TECTyBaHHS MIPOrpaMH Ha pi3-
HUX KOMII'IOTEPHUX IUIATPOpMax MpHu pi3HUX HAOOpax mapaMmeTpiB, 00 TapaHTyBaTH KOPEK-
THICTh Ta €PEKTUBHICTh 004HCIIeHb. OYEBUIHO, IO TaHWK METOJ HaJAIITYBaHHS € PECypco-
3aTpaTHUM Ta HE TrapaHTye TOYHUU pe3ynbTaT. Ha kanb, iCHyrodi 3acoO0M TMPOEKTYBaHHS Ta
po3po0Kku mporpam epeKTUBHI A HAIATOKEHHS Ta ONTUMI3allii 4acy BUKOHAHHS JIUIIIE OJ1-
HOITOTOKOBHX ITpOrpam. 3 OTJIsiy Ha 1€, CTBOPEHHS METOAY, CIIPSIMOBAHOTO Ha BIOCKOHAJICHHS
MPOIIECY HAJIAro/KCHHsI 0araTormoTOKOBUX MPOTpaM Ta MiJIBUIICHHS €(PEKTUBHOCTI BUKOPHC-
TaHHS TapaJIebHUX OOYMCIIeHb B iH(pOpPMalLilHIN TEXHOJOTI], € aKTyaJbHUM HAayKOBHM 3a-
BIAHHSM.

ITocranoBKka nmpo6jaeMu. MaTemMaTH4HI METOAM OI[IHIOBAHHS €()EKTUBHOCTI TapaJIeIbHUX
00YHCIIeHb CTPOMO’KHI BKA3aTH JIMIIE Ha ICHYBaHHS OOMEKEHHS Ha MaKCUMAIBHO JOCSIKHE
NPUCKOPEHHS 32 i7leaJIbHUX YMOB BUIBHOTO JOCTYIY O OOYHCIIOBAIBHOTO PECypCy Ta BiacCy-
THOCTI CHHXpOHI3amii o04YucieHp (TOOTO (aKTHYHO BIJCYTHOCTI B3a€EMOJIi MK YaCTHHAMHU
porpammu).

IcHytoui 3aco0u mpoekTyBaHHs mporpam, Taki sk UML, naioTe 3Mory (10CHThH y3araib-
HEHO) MPEJICTaBUTH TpadiuHO B3aEMO/III0 OKPEMHUX YAaCTHUH MPOTPaMH, MMPOTE HE HAAAIOTh MO-
JKITMBOCT1 OY/b-SIKOTO YHCEIBHOTO aHaji3y 004YMCIIeHb. 3ac00M MOJCITIOBAHHS, TaKi K BHUCO-
KopiBHeBI Mepexi [lerpi, pekomennoBani Mi>kHapoaHuM ctangaprom ISO/IEC 15909-1:2019
[1] six TexHiKa A cnenudikalii mapanenpbHuX 1 po3noAiIeHnX cucteM. He 3Bakaroun Ha Te,
10 1ICHY€ JIOCBiJ pO3pOOKH CUMYJISITOPIB OOUYHMCIICEHb Ha OCHOBI Mepex [1eTpi, )KoaeH 3 HUX He
CTaB Ha CbOTO/IHIIIHIN IEHb IUPOKO BUKOPUCTOBYBAHUM y pO3p0oOLi MapajgenabHIX 00UHCICHb.

Takum 4MHOM, Hapa3i He iCHye YHI(IKOBAaHOTO METOJY CTBOPEHHS MOJENI MapaieabHUX
0o0uuncIeHb 1, BIAMOBIIHO, HE ICHYE I1HIIIOTO, OKPIM PeaIbHOI TPOrpamMu, 3aco0y, KUl MOXKHA
BUKOPUCTOBYBATH JUIsl ONTHMI3allii mapamMeTpiB napaneiabHoi mporpamu. BincyTHicTs 3aco0iB
MO/ICIIIOBAHHS CTPUMY€E pO3pOOKY BUCOKOS(PEKTHUBHUX MapaeIbHUX 0O0UHCIICHb.

AHai3 ocTaHHiX gocaigxenn i mydaikamiii. Ha ceoromni 3aco6iB MoieItoBaHHS mapa-
JeNpbHUX OOYHCIICHb BIJOMO Hebararo, mpoTe pyx JOCTIHKEHb Yy IbOMY HanmpsMmKy €. Tak, y
po6ori [2] ans MOAETIOBAaHHS ITyJly MOTOKIB BUKOPHUCTOBYIOTHCS CHHXPOHI30BaHI aBTOMATH.

© Onekcannpa Judyanna, 2023
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Monens mokasye 3Ha4YHe CKOPOUCHHSI TPUBAIOCTI BUKOHAHHS 3aBAaHb Y BUMAJIKY IMapaieTbHIX
MOTOKIB.

Buxopucranns knacuunux mepex [letpi mis MoaentoBaHHs 6araTormoTOKOBUX 3aCTOCYH-
KiB BukJazneHo B [3]. Po3poOka iHCTpyMeHTY Bi3yaii3alii 6araTonoTokoBoi java-porpamu 3
BUKOPUCTAHHSIM KJIacHIHUX Mepex [leTpi mpeacrasnena B [4]. Y po6oTi [5] omrcano MOKIIUB1
crieHapii BUHUKHEHHS 3aBHCAaHHS 0araTomnoTOKOBOI IMPOTrpaMu Ta PO3TIISTHYTO MOJCITIOBAHHS
IIUX ClLIeHapiiB KJIacHuHO0 Mepesxeto [leTpi Ta onepauiinum rpadom, KUK 3arpONOHOBaHUN
aBTOpaMu myOJiKarlii, Ha MPUKIIl MPOCTOTO 3aCTOCYHKY.

VY crarti [6] po3MIIsIHYTa KOHIIEMITisS pO3pOOKH KOy TpOrpaMHOro 3abe3nedeHHs 3a Horo
MOJIEIUTIO, OTHCaHO0 Mepexero [leTpi. 3a i€l KOHIEIIEI MOAETh Oy Iy€ThCs 38 BUMOTaMH,
SIK1 BUCYBAIOTHCS JI0 TIporpamMHoro 3ade3nedeHHs. Ha HacTymHOMYy eTarti mporpaMHe 3a0e3Iie-
YEHHS PO3POOJISETHCS Y BIAMOBITHOCTI A0 MOOYI0BAaHOT MOJIENI T BUKOPUCTOBYE MOJIEIb IS
Bepuikamii. ABTOMaTH30BaHa reHepallist KoIy 3a MOJICIIIIO IPOrpaMu y Takiid KOHIIemii ra-
paHTye ii BiINOBIIHICTh BUMOTaMm, a Mepexi [leTpi MaroTh OyTH CKJIaJ0BOIO0 YaCTHHOIO PO3pO-
Okxu mporpamMHOTO 3a0e3nedeHHs. [IpoTe BTIIEHHS 11i€1 KOHIEMIIT Y MOAIBIINX poOOTax HE
3HAUJCHO.

Cepen icHyrounx 3aco0iB TeCTyBaHHS a00 Hajaro/KeHHs 0araTornoTOKOBHX INpPOTpaM
MaiiKe BCl OpI€EHTOBAHI JIWIIIE HA MTONTYK MOMUJIOK MTOB’SI3aHUX 13 B3a€EMOOJIOKYBAHHSM MOTOKIB
(deadlock) abo mommiIkaMu HEY3TOHKEHOCTI TaHUX. METO/ CTATHYHOTO BUSIBJICHHS B3a€EMOO-
JIOKYBaHb 3aIllpOIIOHOBAHO B [7]. Po3po0iieHo crierianbHui iIHCTPYMEHT JJIsi BUSIBJICHHSI B3a€-
MO0OJIOKYBaHb [8]. Y po6oTi [9] At qociiKeHHs CUTYyaIliil B3aeMOOJIOKYBaHHS y 6araTonoTo-
KOBHX IporpamMax aBTOPU MPOTOHYIOTH CHEIllaIbHUIN KJac 3BUYaifHOI Mepexi Ilerpi mif
Ha3Boro Mepexka ['agapa. ¥V [10] 3anpornoHOBaHO po3ropHyTHI METO] BUSIBIIEHHS IOMMJIOK HE-
Y3TO/DKEHOCTI IaHUX Y 0araTornoTOKOBUX MpOTrpamMax 3 BUKOPHUCTAHHSM CHENU(DIIHIX MEepex
[Terpi 3 manumu (PD-net). Y po6orti [11] 3anpornonoBano ¢hpeitMBopK i Ha3Boo PVcon s
JUHAMIYHOTO BHSIBIICHHS TIOMIJIOK Tapalieni3My. EKkcriepuMeHTalbHi pe3yibTaTh MOKa3yoTh,
mo PVcon Moxxe eheKTUBHO BUSBIIATH BJIBIYl OlIbIIIE TOMMIOK Y 0araTOnoTOKOBHUX MpOrpa-
Max, HDXK iHm1 MeToau. OJIHaK, aBTOPH BKa3yIOTh, 110 Y JaHId poOOTI BOHU 30CEPEAMIINCH Ha
MOMMJIKaX 6araTomoTOKOBOCTI 32 BUKJIIOUEHHSM MPOOJIeM B3aEMOOJIOKYBaHb.

Tox, 3aco0M TecTyBaHHS MPOrpaM CHPSMOBaHI, HacaMIlepesl, Ha aHalli3 KOPEKTHOCTI BU-
KOHaHHsI O0YHCIICHb, ajic HE Ha aHaJTi3 €)eKTUBHOCTI MapajelbHUX O0YHCIICHb.

Buaisiennst Heoc/iIsKeHUX paHillle YaCTHH 3arajibHoi npoodJemu. [IpoBeaeHuit anami3z
OCTaHHIX JIOCIIKEHb 1 MyOuTiKaliid CTOCOBHO 3ac00iB MOJIENIIOBAHHS MapaeIbHUX 00UYHCIICHb
Ta 1X 3/IaTHOCTI OI[IHIOBAaTH €(QEKTUBHICTH IMOKA3aB, 1110 IOCTAaTHLO 0arato 3 HUX, BUKOPUCTO-
ByI0Th Mepexi [lerpi. [Ipore 3Buuaitni mepexi [leTpi mpu neTaapHOMY OIMUCI TPOTpamMu IIPH3-
BOJISITH IO HAATO CKJIATHUX Mojiesieil. ToMy MOJIeNOBaHHIO, SIK MPABUJIO, MiANSATAIOTh HAUIIPO-
CTIII €JIEMEHTH IMapajebHOI MpOTrpaMu: PO3ICHHS Ha IMia3a7adi, O9iKyBaHHS 3aBEPIICHHS
BUKOHAHHS Mi3a1a4i, OJI0KyBaHHS. BIbII CKTaiHI IHCTPYMEHTH B3a€EMO/IiT MK IIOTOKAMH, SIK
wait/notify, po3risaaoTbes IuiIe B OKpeMHuX ImyOutikanisax. Maiibke yci 3aco0u MOJIETIOBaHHS
HE BPAaXOBYIOTh OOMEXEHICTh BUKOPHUCTOBYBAHOTO MapalIelbHOIO MPOrpamMoi0 pecypey, IIo,
3BICHO, 3MEHIIIY€ TOYHICTh TaKuX Mojeieil. Jlo Toro k, icHyro4i 3aco0u MOJIeTTIOBaHHS HEJlO-
CTaTHBO TOYHO BiJITBOPIOIOTh MEXaHI3MH 3aXOIJICHHSI 00YHCIIOBAIBHOTO PECYpPCY Ta MEXaHi-
3MHM B3a€MOJIIT MMif[3a/1a4 MapasesbHOI MPOrpaMu, TOMY iCHY€ HEOOXITHICTh PO3BUTKY METOIB
Ta 3ac0o0iB IS OLIHIOBAHHS €()EKTHBHOCTI MapajeIbHUX O0UYHCIICHh Ha OCHOBI MOJIEIIEH.

MeToro noc/iizKeHHs € TIBUIICHHS ¢()eKTUBHOCTI BUKOPHUCTAHHS MapajieIbHUX 00umnc-
JeHb B iH(OpMaLIHHUX TEXHOJIOTISAX 32 PaXyHOK ONTHMI3allii mapaMeTpiB MapajieIbHUX 004H-
CJICHb Ha OCHOBI MOJIEJIEH, 110 MOXKYTh OYTH BUKOPHCTaH1 JIJIs OLIHIOBAaHHS Yacy BUKOHAHHS
napajebHOr0 aIFrOPUTMY.
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Bukian ocHOBHOIO MaTtepiaJy.

Metoa onTumisanii napamerpiB napaJieibHuUX 00uncieHb. CyTh METOAY ONTHMI3aIlii
napaMeTpiB MOJIsAiTae y BU3HAYCHHI HA0OPY MapaMeTpiB, sIKi BIUTMBAIOTh Ha €(EKTUBHICTH aj-
TOPUTMY, Ta BapilOBaHHI IIUX NapaMeTpiB y MOAENI JUIsl BU3HAYCHHS ONTHUMAJIbHUX 3HAUCHb,
10 TapaHTYIOTh HaWBHUIY €(EeKTHUBHICTh anroputMmy. Kputepiem ontumizaiii € MiHiMi3aIisa
Yyacy BUKOHAHHS aJTOPUTMY:

T(X) » min,

ne X — MHOKHMHA JOCTII)KYBaHUX MapaMeTpiB NapajesibHOTO allfOPUTMY,

T — yac BUKOHAHHS aJrOPUTMY TpH 3a1aHil X.

MeTon cki1alaeThCs 3 HU3KH €TalliB.

Ha nepuwiomy erami nns moOyaoBH MOJeNi BUKOPUCTOBYIOTHCS MIA0JOHU MOJCITIOBAHHS
MeXaHi3MiB 0araTonoTokoBoi mporpaMu. Po3poOeni ¢pparmentu mepex IleTpi BUKOpUCTOBY-
10TbCsl 17151 cTBOopeHHs [leTpi-06’exTiB. [lani [leTpi-00’ ekt HOTTOBHIOIOTHCS Y BIMIOBITHOCTI
110 00’ exTiB iporpaMu. CTBOPIOETHCS CITIUCOK [1eTpi-00’€KTIB Ta BCTAHOBIIIOIOTHCS 3B’ SI3KU MiXK
napamu Iletpi-o6’extiB. KoHcTpytoerbes [leTpi-06’ekTHa Moaens Ha ocHOBI crucky Ilerpi-
00’ekTiB. Pe3ynbrarom manoro eramy € po3poonenuit meton getModel(), sixkuii moBeprae [letpi-
00’€KTHY MOJIe)Ib 0araTOIMOTOKOBOI TPOTPaMH.

Ha opyzomy erami 3amyuaetbest MeTos 300py nanux Juist mozeni. [IpoBogutses excrniepu-
MEHTaJIbHE JOCIIIKEHHS Yacy BUTPAuYE€HOTO Ha BUKOHAHHS HCTPYKLINA Ta BU3HAYAIOTHCA iX
CTaTHUCTUYHI XapaKTEepUCTUKH. Pe3yabTaToM AaHOrO eTamy € nmapamMeTpu 4acOBUX 3aTPUMOK,
SIK1 BHOCSITHCSI IO MOJIEJi: CepEeIHE 3HAUCHHS, CEPEHE KBAIPATUYHE BiIXMIICHHS Ta 3aKOH PO-
3moALTy. SIKIIO BIAXUJICHHS HEBEIIMKE, TO MOXKE OYTH MPUIHATE PILICHHS PO JAETEPMiHOBAHY
3aTPUMKY.

Ha mpemwvomy erani npoBoASTHCS ONEPEAH] €KCIEPUMEHTH 3 MOJICIIIIO JUTS BUSHAYCHHS
HaOopy mapameTpiB, 110 BIUIMBAIOTh HAa €(PEeKTUBHICTh. TakUMH mapameTpamMu MOXYTh OyTH:
KUIBKICTh TOTOKIB, KUIBKICTh MMiA3a7ad, po3Mip mia3anadi, o0car oOUnCIIOBAIBHIX PECYPCIB
tomio. BapitoBanHs nux mapaMmeTpiB Tpeda 3a0e3MeunTH P MPOBEACHHT €KCIIEPUMEHTIB 3 MO-
nemmo. Le peanizyeTbes NUIIXOM po3MillieHHs mapaMeTpiB y Metoai getModel() 1 € pesynbra-
TOM JIaHOTO eTamy. SIKIIO KUTBKICTh MmapaMeTpiB MeHIe ado TOPiBHIOE 2, JJI MONIYKY OITH-
MaJbHUX TapaMEeTPiB 3aCTOCOBYETHCS ITOKPOKOBUW alropuT™M omnrtumizamii. B  iHImomMy
BUMAJIKY, KOJIW KUIBKICTh MapaMeTpiB OiIbIIe 2, 3aCTOCOBY€ETHCSI €BPUCTUYHUHN €BOJIOITHUN
QITOPUTM TOILIYKY ONTHUMAJIBHUX [TapaMeTpiB.

VY BUManKy, KOJU KIJIBKICTh MapaMeTpiB MEHIe ad0 JOPIBHIOE 2, HA uemeepmomy eTari
BiZIOyBa€eThCs MIATOTOBKA JI0 MpOBeACHHS ekcnepuMenTiB. Kimac Experiment, mo miarpumye
JavaFx Application HamamToBYeTbCs MMiJi KOHKPETHY CEpil0 €KCIIEPHUMEHTIB, 100 OTpuMarTu
rpadik pe3yabTaTiB Mics IMiTallii MoAelni. Y TaHOMY Kjaci MalOTh OyTH HaJallTOBaH1 METOIU
getResult() (onna Touka Ha rpadiky mpu KOHKPETHUX 3HaueHHsX), getSeries() (oTpuMaHHsA
MHOXHHHU TOYOK 3a IKUMH Oyzie moOyoBaHo rpagdik), startExperiment() (mpoBeneHHs IeKiiab-
KOX Cepiif eKCIIEPUMEHTIB 3 MMapaMeTpaMu).

Ha n’samomy etami 3amycKaeThCsl TPOBEACHHS €KCIIEPUMEHTIB, B PE3YJIbTAaTl 4Oro Oymy-
I0ThCS Tpadiky 3aJIEKHOCTI CIIOCTEPEKYBAHOT BETMUMHH BiJl 3MIHIOBAHOTO Iapamerpa. B pe-
3yJlbTaTi JAHOTO €KCIIEPUMEHTY MOKHA aHaII3yBaTH BILIUB ABOX MapaMeTpPiB Ha CIIOCTEPEXKY-
BaHy BEJIMYHHY.

Ha wocmomy erarmi npoBOANUTECS aHali3 pe3yabTaTiB eKCIEPUMEHTIB. SIKI0 MiHIMaJIbHE
3HAYEHHS CIIOCTEPEXKYBAHOI BEJIMUMHU HE BIJICTEKYETHCS, BAPTO 3MIHUTH 3HAUYCHHS MapaMe-
TPY 1 IPOAOBKUTH €KCIIEPUMEHTH.
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Ha cbomomy erarmi BHaCHiIOK IPOBEICHHS EKCIIEPUMEHTIB Ha MONEPEAHIX eTanax Bi0y-
BA€ThCS aHAII3 OTPUMAHUX rpadikiB Ta BU3HAYAETHCS ONTUMAIbHE 3HAYCHHS MTapaMeTpy, 10
BIJINIOBiJJa€ MiHIMAQJIbHOMY 3HAYEHHIO CIIOCTEPEKYBAHOT BEIMYUHH. 32 OTPEOH MPOBOJUTHCS
JieTaxi30BaHe JOCIIIPKEHHS B OKOJII ONTUMYMY.

VY BuUMNaaKy, KOJU KUTBKICTh IMapaMeTpiB OLble 2, Ha uemeepmomy €Tail BiIOYBAEThCS
HiArOTOBKA JI0 3aCTOCYBAHHS €BOJIOIIMHOTO aNropuTMy. BCTaHOBIIOETHCS KUTBKICTh MTapame-
TPiB Ta iX 00JIACTh BapilOBaHHS, KUIbKICTh OCOOMH B MOITYJISLII.

Ha n’amomy ertami 3amyCKaeTbCs €BOJIOMINHUN aJTOPUTM Ta OTPUMYIOTHCS PE3YJIbTaTH
1oro BUKOHaHHs. Pe3ynbTaToM 1aHoro eray € Takuii Habip mapaMeTpiB 3 00J1acTi BapitOBaHHS,
1110 rapaHTy€e MiHIMAJIbHUNA YaCc BUKOHAHHS aJlTOPUTMY.

EBonroIiifHMiA airopyT™, 110 3aCTOCOBYETHCS IS TIONIYKY ONTUMAIbHUX 3HAYEHB, € y3a-
TraTbHEHOIO BEPCi€l0 TeHETHYHOTO anroputmy [12]. EnemenTom nmomyssiii (0cOOMHOO) SBIISI-
€Tbcs HaO1p 3HAUEHb MTapaMETPiB MapajieIbHUX 00UMCIIEHb 110 ABa a0o0 OibIne napamerpu. [o-
yaTkoBa momyJnsiis (remepyBaHHs () GopMyeTbcs 3 BUIAJAKOBUX 3HAYCHb, PO3KHIIAHUX B
0o0JyacTi OMyCTHMHUX 3Ha4deHb mMapameTpiB. KoXKHUI €leMEHT MOIyJIsIlii 3amyCKaeTbCs y
(OKUTTS», TOOTO B IMITallliHy MOJIENb MapaleTbHUX 00UUCIICHb. Pe3ymbTaToM Takoi KUTTE I~
SUTBHOCTI €JIEMEeHTA MOIYJISIIIIT € BIATYK MOJIeNi (Yac BUKOHAHHS anroputmy). Habopu mapame-
TPiB, SIK1 OTPUMAJIH B MPOIIEC] iMiTallii BEJIUK] 3HAYEHHS BIITYKY MO, 3HUIIYIOThCS. Takum
YUHOM Bi01p OCOOMH MOMYJIAIIT 3MIMCHIOETHCS 3a 3HAYEHHSM BiATyKy Mozaeini. OcoOuHU mo-
MYJIAIT, 10 MPOHILIH BiOip, JOMYCKAIOTHCSA A0 cXpelryBaHHs. CXpelyBaHHs 311HCHIOETbCS
JUISl BUTIQJAKOBO OOpaHWX IMap 0COOMH MOMYJIAIIT IIJITXOM 3MIITyBaHHSI YaCTUH HAOOPiB mapa-
MeTpiB. [Ipu IboMy IOITIIFHO HE PO3PUBATH MTApaMETPH, IO BIAHOCATHCS 10 OJHOTO BapiaHTY.
MyTaitist 301CHIOETHCSI T0IaBaHHSIM BUIIAIKOBOTO BiIXHIICHHS 10 PE3yJIbTATy, SIKHA OTpUMa-
HUW B pe3ysbTaTl CXpelryBaHHs, I0JaBaHHAM 3 PIBHOIO WMOBIipHIcTIO -1, 0 a6o 1. KoxHa Ha-
CTyTIHA MOMYJIALis (TeHepyBaHHS j) POPMYETHCS 3 €IEMEHTIB, 1110 MPOUIIUTH BiA0Ip Ha morepe-
JHHOMY TeHepyBaHHI (TeHepyBaHHS j-1), Ta 3 eJeMEeHTIB, IIO CTBOpPEHI B pe3yJbTaTi
CXpeIyBaHHS Ta MyTauii. Y MpaBuli 3yIUHEHHS €BOJIOLIIHOIO MOUIYKY KOpPHCTyBau 3ajae
KUIBKICTh T€HEpYBaHb. [liciisi BAKOHAHHS BCiX T€HEPYBaHb MOBEPTAETHCS HAOIp 3HAYCHD Mapa-
METPiB 3 HAMMEHIIIUM YacOM BUKOHAHHS allTOPUTMY.

AnanTUBHUI MOKPOKOBHI aNTOPUTM ONTUMI3ali]l 31 3MIHHMM KPOKOM 3aCTOCOBYETHCS Y
BUITAJIKY, KOJIM KUIBKICTh MTapaMeTpiB, IO JOCIHIKYIOThCS, € HEBEINKO (011uH abo nBa). Bin
€ TOYHHUM, OCKIJIbKM MHOXKMHA 3HAYE€Hb KOXHOTO MapaMerpa € AUCKPETHOI0 Ta 0OMEKEHOIO.
AJNTOPUTM TOJIATAE B TOMY, II0 IPU (piKCOBaHOMY 3HAUEHHI OJTHOTO MapaMeTpa eKCIepUMEH-
TaJIbHO OYAY€THCS 3AJIEKHICTh YaCy BUKOHAHHS MapajebHOT0 ajJrOPUTMY 110 BCIM MOXKIIUBUM
3HaYEHHSM JIpyroro napamerpa. KinbKicTh TaKMX €KCIIEPUMEHTAILHUX OJHOBUMIPHHUX 3aJI€K-
HOCTEH JIOPIBHIOE KIJIBKOCTI MOXKJIMBUX 3HAYCHb JPYyroro napamerpa. OnruMaibHe 3HaYCHHS
3a/1a€ThCS TIEI0 OJHOBUMIPHOIO €KCIIEPUMEHTAHOIO KPUBOIO, HA SKIA JOCITA€ThCS MiHIMa-
JIbHE 3HAUEHHS Yacy BUKOHAHHS MapajielbHOT0 aJropuTMy. 3Ha4€HHS IepuIoro napaMerpa Bi-
JMOBIJa€ ONITUMYMY BiJIIOBITHOI OJTHOBUMIPHOI €KCIIEPUMEHTAIbHOI KPUBOi, 3HAUCHHS Y-
roro rapamerpa — Iie 3Ha4eHHs, JUII SKOTo I KpuBa mooOymoBaHa. ToxX, MpU KUIBKOCTI
JOCJTIDKYBAaHUX TTapaMeTpiB HE OLIbIIe 2 CITiJl 3aCTOCOBYBAaTH OMUCAHUM METO/I, OCKIJTLKH BIH
€ TOUYHUM.

3acTocyBaHHS MeTO/Ay. 3aCTOCYBaHHS METOAY ONTHUMI3allii MapaMeTpiB napaieabHUX 00-
YUCJICHB 3IMCHIOBAJIOCS HA TIPUKJIAIl TTApaJIEIbHOTO AJITOPUTMY IMITAaIlil TUCKPETHO-TIOIIMHOT
cucteMu. Pe3ynbratu po3poOKu MOJIeNi apaieIbHOTO aTOPUTMY Ta 11 JOCIIKEHHS Omy0JIi-
KoBaHi B po6oTi [13]. IlocnigoBHUI anropuT™ iMiTallii BIATBOPIOE BIOPSIKOBaHY B 4Yaci 1moc-
Ti0BHICTE ToAi. ToMy Horo mapanenbpHa peasizaiis € HeTPUBIaTbHUM 3aBJIaHHSIM.
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VY 3aranpHOMY BUTJISI aJTOPUTM iMiTalii CKIIQAA€ThCS 3 KPOKIB, KOKEH 3 SKHX BKIIIOYAE
MONTYK MOMEHTY HalOJIMK40i moAil Ta peamizaniro mojii. Peamizamis mozii — 11e 3MiHa cTaHy
mopeni. Peanizaiis B Java napaneiabHOro aaropuTMy imiTanii BKIIOYae MOTOKH, 10 BIATBOPIO-
IOTh YaCTUHH CHCTEMH, 1110 MOEIIOIOTHCS, IIEPEMILIYIOUH JOKATbHUN Yac tLoc 10 HanOMmK4oi
noaii. Bzaemomisi Mi>k OTOKaMU peaji3y€eThbes ABOMA TTapaMu YMOB wait/notify: mepiina KOHT-
POITIO€ TIOPOSKHIi cTaH Oydepa 30BHINIHIX MOIH, a pyra - TOCATHEHHS MaKCUMAaJIbHOTO 3Ha-
4YeHHs cTany Oydepa.

OCHOBHHI TTOTIK CTBOPIOE TTOTOKH Sift, IMITYIOUH YaCTUHH CUCTEMH, TTIOKH HE OyJ1e JOCAT-
HYTO 4Yac MojientoBaHHs tMod. KoxeH ToTik sim 4ekae, OKU ioro Oydep 30BHINIHIX MO HE
Oyze MOpOXKHIM, a TOTIM 3aITycKae IMiTallito, TOKH He Oye J0CSITHYTO HAalOIMKI0T0 MOMEHTY
HoT0 30BHIMHBOIT TTOIT ¢Lim. Konu 30BHINTHS TTOisl BAKOHYETHCS, MIOTIK MOYKE TTPOJIOBKYBATH
IMITaIIi10, MEPEMIITYIOYH Yac IO HACTYIMHOT HaWOMMKIO01 30BHINITHBOT MOAIT TAKMM K€ YHHOM.
{00 yHMKHYTH CHUTYyallii, KOJIHU OJWH MOTIK Sim 3aliMae pecypc KOMII I0Tepa, MOTIK MPU3yIH-
HSI€ MOJICJTIOBaHHS, KOJIU IOCTaTHHO 30BHINIHIX TO/1H HAJaHO TS 1HIIIOTO TIOTOKY.

Jlis mocnipkeHHsl MPUCKOPEHHS allTOPUTMY CTBOPEHO MOJEJNb, IO CKIIAJAEThCS 3 TPy
MOCIiOBHHUX Mo, OCKITBKY MOCIIIOBHI MOiT HabaraTo BaXk4ye po3napaeoBaTH, OlliHEHE
MPUCKOpPEHHS Oy/ie HATMEHIITUM 3 YCiX, III0 MOXKHA OTPUMATH B 3aralbHOMY BHITAIKy. Moaenb
MO>KHA PO3/IIJTUTH Ha TPYIIH 3aJICKHO B TOTO, CKUTBKH TMTOTOKIB Oy/1€é BUKOPUCTAHO JIJIsi 00UH-
cieHHs imiTaii. TakuM YMHOM, KUTBKICTh TTOTOKIB 1 CKJIAAHICTh OOYUCIICHB, 110 BUKOHYIOTHCS
KOKHHM TTOTOKOM, MOKYTh 3MIHIOBATHCS TPOCTHUM CIIOCOOOM.

Tox, mapajeTbHUIA aITOPUTM IMITAIII] peai3y€eThCs TAKUMHU METOIaMH:

1) Merox main, ikuil BCTAHOBJIIOE 3HAYEHHS Yacy MOJIEIOBaHHS tMod, CTBOPIOE TTOTOKH,
00’€/IHy€E TMOTOKH Ta APYKYE PE3YIbTATH.

2) Meron run, SKUi O4YIKy€ Ha 30BHINIHIO MOJit0, TOKU tLoc<tMod, mOTiM BCTaHOBIIIOE
tLim 1 3amyckae merona goUntil, sikmo tLim< tMod.

3) Meron goUntil, sxuii noku tLoc<tLim 4ekae, Ko Oydep 30BHILIHIX HOAIH qocar Ma-
KCUMaJIBLHOTO pO3Mipy abo el Oydep mopoxkHii, MOTIM epeMilrye tLoc 10 HanOMK90i moii
Ta BUKOHYE TIOJI10; MICIIS IBOTO JIOCATAETHCS MOMEHT ¢Lim 1 TOBMHHA OyTH BUKOHAHA 30BHIIITHS
OIS,

4) Meton output, SKWii 3MIHIOE CTaH MOJIEIi BIATIOBITHO 0 MO/II Ta 3a MOTpeOu J0/1a€ AaHi
po 30BHINIHI Moii 10 OydepiB IHIUX YACTHH MOJENI.

Mertoa main BUKJIMKAE METOJ TUn [l KOAKHOTO MOTOKY Ta YEKae HOro 3aBepiieHHs. MeTon
run BUKJIHKae MeTon goUntil, SIKUi, y CBOIO YepTy, BUKIMKAE METOJ output.

CtpykTypa MoJiesi BiITBOPIOE CTPYKTYpY nporpamu. Kimacamu, 3 skux 1moOyioBaHa Mo-
nenb anroputmy, € Main 1 ThreadModel. Knac ThreadModel arperye xnacu RunSim,
GoUntilSim, OutputSim, WaitSim, sxi imityrots MeTou "run", "goUntil", "output" 1 610K cu-
HxpoHizanii aii (guarded block) BinmosinHo, Ta kiac Control, sikuii 306epirae 3Ha4YE€HHS MOME-
HTIB uacy tLoc, tLim, tMin. Knacu Main, RunSim, GoUntilSim, OutputSim, WaitSim € niakmna-
camu knacy PetriSim 1 MaioTh B cBoeMy omuci Mepexy llerpi. Kinac WaitSim Bu3HauaeTbes
mepexero [letpi 010Ky cuuxpoHizaii aii. JleraapHuii onmuc Mepex Ta mporecy nodyaoBu Mo-
neni HaBeneHo B [13]. Ha pucynky 1 [13] mpencrasneno 3B’ s3ku [letpi-06’ektiB moaeni. [To-
OynoBa mepex [1eTpi-00’€KTiB Ta KOHCTPYIOBAHHS MOJEI 31IHCHIOBAIIOCH Y IPOTPAMHOMY 3a-
oe3neuenHi Parallel Program Simulation [14].
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( Prev.WaitMax \ 4 GoUntil A ( Next.WaitEmpty\

start unlockPrev start
Run finish signalPrev finish
unlockPrev unlock unlockNext unlock
signalPrev getSignal signalNext getSignal Output
goUntilSt start unlockNext
goUntilFin J finish signalNext
start outputSt start
finish outputFin finish
waitEmpSt start ( WaitMax ) waitMaxSt
waitEmpFin finish start waitMaxFin
N— unlock

finish
getSignal unlock

getSignal

Puc. 1. Omomooicnenns nosuyiti Ilempi-o6 exmie Main, Run, GoUntil ma Output.

[Ticns moOymoBr Mozeni Oyym 3aMipsiHi Ta BCTAHOBJICHI MapaMeTpH MoJies, OJU3bKI 10
CTIIOCTEPE)KYBAHHUX Y CKCTIEPUMEHTI 3 pEaTbHUM KOMIT IOTEPHUM pecypcoM. bynmu BUTpUMaHi
CHIBBIHOIIEHHS YaCOBUX 3aTPUMOK OCHOBHHX 1HCTPYKLIH, SIKi BIUIUBAIOTH HA JITOPUTM.

Ha6ip mapameTpiB, 1110 BIUTMBA€E Ha €(DEKTUBHICTh AITOPUTMY CKJIAAAETHCS 31 CKIIATHOCTI
mia3azad B OTHOMY MOTOIL Ta JTiMiTy Oydepa 30BHIIIHIX MOAIHN.

Jlist mocniKeHHs BIUTMBY CKIIQIHOCTI Mig3ajad y MOTOI Ta JiMiTy Oydepa 30BHIIIHIX
MO/Iii1 Ha Yac BUKOHAHHS 0YyJIO MPOBEACHO €KCIIEPUMEHT 13 3a3HaYE€HUMH MTapaMeTpaMu MOJIENI.
Jiis mouryKy onTHMaibHHUX 3HAU€Hb CIIEPIIY 3aCTOCOBYBABCS MOKPOKOBH QITOPUTM ONTUMI-
3anii. Crepiry BU3HA4ajaoCh ONTUMaIbHE 3HAYEHHS JIIMITY Oydepa 30BHIIIHIX Noii. Pe3ynb-
TaTH MOJICTIOBAHHS, OTPUMAaHI Y BUTIAJIKYy BUKOPHUCTAHHS 2 siZiep Ta MPHU CKIATHOCTI MOJEII y
400 noniit, mpeacTaBiIeHI HA PUCYHKY 2. SIK BUJHO 3 PUCYHKY, 30UIbLICHHS 3HAUCHHS JIMITY
Bix 100 HEe cripuYMHSIE 3HAYHOTO 3MEHIICHHS Yacy, ajke kpusi 1 100 1 1000 moiii Hakaga-
10ThCs. Toxk oOMexxeHHs imiTy 3ropu ckiagae 1000 moxiit. OgHak, 3 TOUKH 30py 3aBaHTaXe-
HOCTI1 KOMIT IOTEPHOT0 PEeCYpCy BEIHMKHI 00CsAT JTiMITY MOTpeOye BEIMKHX 3aTpar nam sTi, 1o
MOYKE TIPU3BECTH J0 CIOBUTLHEHHS BUKOHAHHS aJITOPUTMY. 3 PUCYHKY BHIHO, IO TIPH 3011b-
mieHHi 3HayeHHda JiMmiTy Big 100 mo 1000 moziif Burpam y 4aci HEBEIHMKHM, ajie 3aTpaTH B
nam’sTi 31 30UIBIICHHSM JIIMITY 3Ha4HO 30UIBIIYIOTHCS. TOX MpoaHalli3yBaBIIX Pe3yiIbTaTH,
MO>XKHa 3pOOUTH BUCHOBOK, III0 ONITHUMAJILHAM 3HAYCHHSM JIIMITY Oydepa 30BHINIHIX TOIIH €
100 momiii.

AHa3yI04M pe3ybTaTH MOJEITIOBAHHS J1ajll, 3iHCHIOBABCS MONIYK ONTHMAJILHOTO 3HA-
YEHHS CKJIQIHOCTI MiA3a1a4i y OTOIl. 3 pUCYHKY 2(a) BUIHO, 1110 MiHIMaJIbHUN YaC BUKOHAHHS
JIOCATAETHCS TIPU KUTBKOCTI MO/, 00po0sieHNX 0HUM MOTOKOM, piBHiH 10. Byna nposenena
JIeTai3allis TOCTIPKeHHS B OKOJII ONITUMYMY, SIKa TIOKasasa, 1110 HacIpaB/i HAaMEHIITNI Jac
BUKOHAHHS JOCATAEThCS MPH 8 TOisAX y moToti (puc. 2(0)).
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gr: 1000 Limit Buffer: 3 © Limit Buffer: 1

Limit Buffer: 100 Limit Buffer: 1000
Puc.2. Bniue cknaonocmi niozaoaui y nomoyi ma aimimy 6yghepa 3068HiuHix nooiil Ha 4yac

BUKOHAHHS al2opummy 8 Mooeii: (a)zazanvuuil epaghik, (6) oemanizoeanutl cpagix.
Jxeperno: po3pobIieHO aBTOpOM.

3 METOIO OIIHKHA TOYHOCTI aJITOPUTMY TTOKPOKOBOT ONTHMI3allii OyJI0 TPOBEICHO aHaJIOTi-
YHi EKCIIEPUMEHTH 3 PEaTbHOI0 IPOrpaMoro. Pe3ynbratu JociiKeHHS BIUTUBY ABOX IMapame-
TpiB 0araTornoTOKOBOTO AJITOPUTMY Ha Yac BUKOHAHHS PEaIbHOI MPOrpaMH MpeCTaBIeHI Ha
pucyHky 3. [l mpoBeeHHS €KCIEPUMEHTY BUKOPUCTOBYBaBcs KoMil totep MacOS, ocHae-
Hul aBosimepauM mporecopoM Intel Core 15 3 wactororo 1,8 I'T'w. [lapanensauit anroputm pe-
ai30BaHU MOBOIO Java. BusiBiieHo, 110 HaliMeHIINN 9ac poOOTH aIrOpUTMY 3a0e31meuy€eThes,
SKIIO CKJIAJHICTh 3aBAAHHS, 1110 BUKOHYETHCS OJHUM IOTOKOM, HaOIMXKaeTbes A0 4 Mofil, a
aimit Oydepa 30BHIIIHIX NoAi# nopiBHIoe 100. BapTo nonaTtu, 10 4ac BUKOHAHHS aITOPHUTMY
CHJIBHO 3QJICKUTDH BiJl HU3KU (DaKTOPIB TaKMX, K BIUIMB CTOPOHHIX 3aIyIICHUX 3aCTOCYHKIB,
MiKITIOYECHHS 10 IHTEpHETY ToIIo. Takok, 3araibHO BiIOMO, 10 Java Mae BIACTHBICTH IIPUC-
KOPIOBATH OOYMCIICHHS ITPH 301IbIIICHH] HABaHTAXKCHHS HAa 00YHCIIOBAIBLHUN pecypc (Tak 3Ba-
HUH PO3TiH). Y 3B’S3KY 3 UM JIy’K€ BaXKIIUBO J0JaBAaTH PO3IrpiB OOUHUCITIOBATILHOTO PECypCy
(warm up) [15].

2250
4,000 G

; ” 2,000
3,500 -

2 2,000 \ ra /

@ 1,600 &

1,000 6 o~

0 5 10 15 20 25 30 35 40 45 50 55 o 1 2 3 4 65 & 7 8

g M0 M 12 13 4 1B 16
Events per thread
r: 100 © Limit Buffer: 1000 o Limit Buffer: 3 o Limit Buffer: 10 @ Limit Buffer: 100 o Limit Buffer: 1000

Puc.3. Bnaue ckraonocmi niozadaui y nomoyi ma aimimy 0yghepa 308HiuHix noodill Ha 4ac u-

KOHAHHS AN20pUmMy 8 peaibHill npoepami: (a)zacanvruil epaghik, () demanizosanuii epagix.
JIxepeno: po3po0IICHO aBTOPOM.
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Sk 6aunMo, oNTUMAIIbHI 3HAYEHHS CKJIQIHOCTI IMi/13a/1a4l y TIOTOIIi Ta JiMiTy Oydepa 30B-
HIMTHIX MOJIIH, 3HaN/IeH] 33 JJOTIOMOT'0I0 METO/TY, TOCTaTHHO OJIM3BKI J10 3HAYCHB, OTPUMAHUX B
pe3yabTaTi eKCIEPUMEHTIB 3 PEabHOI0 POTPaMOIo.

Jlnis Toro, 106 OIIHUTH BIUIMB MOXUOKH Y BUSHAYEHH] ONTUMAaIbHOTO 3HAUEHHS HUIIXOM
MOJICTFOBaHHS Ha 9YaC BUKOHAHHS aJlTOPUTMY, OyJI0 TPOBECHO TOAATKOBI €KCIIEPUMEHTH 3 Pe-
AITBHOIO MPOTPAMOIO 13 BCTAHOBJICHUM 3HAYEHHSM ITapaMeTPiB — CKJIAIHICTh Mi3a/1a4l Ta JJIMIT
Oydepa 30BHIMIHIX MTOAIN. Y TEepIIoMy eKCIIepUMEHTI CKIIQHICTh MMiI3a1adi cKiaaana 4 momdii
(pe3yNbTar MOIIYyKY ONTUMAIBHUX MapaMeTpiB 7S peajbHOI MPOrpaMu), y TOH 4ac, siK y JIpy-
roMy €KCIIEPUMEHTI JaHWUW ImapaMeTp CKJaB 8 mofii (pe3ynbratr MoaeatoBadHs). JlimiTy Oymio
BcTaHOBIIeHO 3HaueHHs 100 momiit. Y Tabnwmi 1 HaBeneHi pe3yiabTaTH 000X €KCIIEPUMEHTIB.
baunmo, 110 pi3HUI y Yaci BUKOHAHHS He3HayHa. BB moxuOKu y BU3HAYCHH1 ONTUMAITh-
HOT'O 3HAYEHHS Ha MIBUJIKO/II0 alropuT™my ckianae 6%. ToOTo, pi3HHULA y TOLTYKY ONTHMAJIb-
HOTO IapaMeTpy 3 MOJCIUTIO i 3 PeaTbHOIO IMTPOrPaMOI0 HE 3HAYHO BIUIMHYJIA HA 3HAYCHHS [IIBH-
axonii anroputmy. IIpu HE0OXiAHOCTI, IS OTPUMAHHS TOYHOTO 3HAYECHHS BAPTO MPOBECTH
YTOUHIOIOUHH €KCIIEPUMEHT Ha peabHIN Mporpami, OCKUTBKH MOJEIb € BCE TaKH CIPOIIEHUM
IpeJICTaBICHHAM IPOTPaMHU 1 OLlIHKA YaCOBUX 3aTPUMOK OyJjia J0CTaTHRO Ipy0Ooro. [Ipore, Bpa-
XOBYIOYH, IIIO MOJIENIb JITA€ MOKJIMBICTh MPOBOJUTH O€3J11Y €KCIIEPUMEHTIB 1 THM CaMHUM 3BY-
3UTH 00JIACTh MOIIYKY ONTUMAIBHUX 3HAYCHb, MOKHA CTBEPKYBATH PO MPUILIBUIIICHHS Ta
CTPOIIEHHSI POIIECY HAJIATO/KSHHS TTapaMeTpPiB MapaieaTbHIX 00YucieHb. TakuM YHHOM, MO-
JIeNTb MOKe OyTH BHKOPHUCTaHA JJIs MOIIYKY HAWKpaIlluX MmapameTpiB AJis 3alyCKy Mapalieib-
HOTO JITOPUTMY.

Tabnuya 1 — Llsuokodia ancopummy npu ONMUMATbHUX NAPAMEMPAx, 3HAUOEHUX excne-
DPUMEHMANLHO MA 3d O0NOMO2010 MEMOOY.

CxJlafiHicTh mig3anadi Jlimit 6ydepa Yac BUKOHAHHS, MC
4 100 1025,625
8 100 1086,5

Jxepeino: po3po0iieHO aBTOPOM.

Crnin momaty, MO y MONEPEAHBOMY JOCIIIKEHHI CTOCOBHO HAJIAIITYBaHHS IapaMeTpiB
MyJIy TMOTOKIB 3a onomororo [lerpi-06’ekTHOTO MOetoBanHs [16] Oyna po3paxoBaHa MOXH-
OKa MOJIeTIOBaHH4, siKa He nepeBulnyBana 8%. Lle cBiAUYUTH PO TOCTATHIO TOUHICTH MOJIEIIO-
BaHHsI MpH BUKOpHCTaHH1 [1eTpi-00’€KTHOTO MiaX0Ty.

VY BUIaJKy 3aCTOCYBaHHS €BOJIIOMIIHOTO aJTOPUTMY JJIsl TIOMIYKY ONTUMAIbHUX 3HAYCHD
CKJIAJTHOCTI MiA3aaad Ta JiMiTy Oydepa 30BHIIIHIX MOiH OyJI0 OTpUMaHO pe3yJbTaTh ONM3bKi
1o norepeaHix. OnTuManbHe 3HAYSHHS CKJIATHOCTI Mi/13a/1a4i B eKCIIEPUMEHTAX 3 MOCILITIO Ta
peaTbHOI0 TPOrPaMor0 cKitaiio 8 14, BIAMOBIAHO. Y paMKaX 3aCTOCOBAHOTO T€HETUYHOTO aJIro-
pUTMY, 0OCOOMHOIO € Habip MapaMeTpiB, IO JOCTIUKYEThCA, Y HAILIOMY BUIAIKY L€ CKIIAJHICTh
mig3anayi Ta JiMiT Oydepa 30BHINIHIX mofii. O0IacTh BapirtOBaHHS BCTAHOBJICHA BiMTOBITHO
Bix 2 1o 50 moniii Ay cknaaHocTi miazanadi ta Bix 3 mo 1000 momiit muist mimiTy.

Bapro 3a3HaunTH, 1110 €BOJIIOIIHHNN aJTOPUTM HE CJIi/T 3aCTOCOBYBATH JIJIsi MaJIoi KIJTbKO-
cTi mapameTpiB (01uH ab0 1Ba) Y BUMAJKY TaKOI KIJIBKOCTI ITapaMeTpiB OUIBII TOYHUM Ta LIBH-
IKUM Oy1e TOKpoKoBui anroputM. OaHaK, MPOBIBIIN JOCIIKEHHS HaBITh HA JBOX IMapaMeT-
pax, EBOJNIOLIMHUN aNTOpPUTM TIOKa3aB CXOXI PEe3ylbTaTH 3 IMOKPOKOBHM AallTOPUTMOM:
HalMEHIIIMN Yac BUKOHAHHS MapajieIbHOTO AITOPUTMY IMITAIlil CIOCTEPIraEThCs TIPH HEBEIIH-
Kilf CKJIATHOCTI MiJ3aa4i Ta, BiIMOBIAHO, BEIHKI KUTBKOCTI MOTOKIB. Takuii pe3ynpTaT miaT-
BEPIDKYE, 110 TAKe JOCIIHKEHHS Ma€ CEHC 1 KOPUCTh, OCKIIBKH TPAAUIIIHHO KIJTBKICTh MOTOKIB
00UpPAETHCS BIAMOBIIHO 10 KUTBKOCTI siiep mpouecopa. ToOTo, SKIO KepyBaTHCS 3araibHO-
MPUAHATOIO JIOTIKOIO, B JAHOMY MPUKIaAl A o0urciieHHs cucteMu 3 400 mosiid onTuMab-
HUM Oyno O BUKOpUCTaHHS 4 MOTOKIB Ta BiamoBiaHo, mo 100 moxiit B mig3zagayi. OgHak mo
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pe3yibTaTaM eKCIEpUMEHTIB BUAHO, IO JaHI MapaMeTpu HE TapaHTyIOTh €(EeKTHBHE BHKO-
HaHHS anropuTMy. ToX, TaHe MOCIIHKEHHS IMOKa3ye, 0 3arajJbHONMPUHHSTE MPABUIIO BU3HA-
YEeHHS KUJIBKOCTI TIOTOKIB € HEe YHIBEpCaJIbHUM PIIICHHSM 1 pi3Hi 3a7a4i MOTpeOyIOTh Pi3HUX
napameTpiB.

BucHOBKHM BiANOBIHO 10 cTATTi. 3aIPOIMIOHOBAHO METO]] ONITUMI3aIlii MapaMeTpiB mapa-
JenpbHUX 00unciaeHb Ha OCHOBI [leTpi-00’ekTHOTrO MOEmOBaHHs. ONTUMI3AIlisS BiIOYyBAETHCS
3a paxyHOK 3aCTOCYBaHHS €BOJIOIIMHOTO aJITOPUTMY 200 MMOKPOKOBOTO aJIrOPUTMY ONTHMI3a-
1ii Ha [1eTpi-06’exTHIN MOJENi TapaneIbHUX 00UUCIIeHb. [IpoaeMOHCTPOBAaHO MTPHUKITA]T 3aCTO-
CyBaHHS METOJY Ha MapajelbHOMY aITOPHUTMI IMITaIlli JUCKPETHO-TIOIINHOT CUCTEMH. 3HAM-
JIeHI ONTUMaJIbHI 3HAYEHHS JJOCTAaTHbO TOYHO BIAIMOBIAIOTH TaKUM, IO OyJIM BUSBICHI MPH
EKCIICpUMEHTYBaHHI 3 TTapalieIbHUM aJITOPUTMOM B pealibHUX yMoBax. OTpuMaHi pe3ylbTaTu
CBiYaTh NMPO KOPEKTHICTH MOIIYKY ONTHMAIBHUX MapaMeTpiB Ha moaeni. [loxanbuuii po3su-
TOK METOJy TOJIATAE y MiABUIIEHHI TOYHOCTI BUMIPIOBAHHS YacCOBHUX 3aTPUMOK 0a30BHX iH-
CTPYKIIIH 3a]iIs1 ITIBUIIEHHS TOYHOCTI MOJICTFOBAHHSI.
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THE METHOD FOR PARALLEL COMPUTING PARAMETERS OPTIMIZATION

Modern information technologies require fast performance of algorithms, which can be achieved with the help of parallel com-
puting. However, depending on the parameters that determine the characteristics of the subtasks and the mechanisms of their inter-
action, the use of parallel computing can lead to both speeding up and slowing down the computations. Testing parallel algorithms
in real conditions is resource-consuming, in view of this, the paper proposes a method for optimizing the parameters of parallel
computing based on Petri-object modeling and the evolutionary method.

Nowadays, there is no unified method for creating a model of parallel computing and, accordingly, there is no tool other than
a real program that can be used to optimize the parameters of a parallel program. The lack of simulation tools hinders the development
of highly efficient parallel computing. Despite the fact that there are not many tools for simulating parallel computing, there is a
movement of research in this direction. The analysis of the existing tools of testing multithreaded programs showed that they are
aimed, first of all, at the analysis of the correctness of the execution of computations, but not at the analysis of the efficiency of parallel
computing.

The research objective is to improve the efficiency of using parallel computing in information technologies by optimizing the
parameters of parallel computing based on Petri-object models, which can be used to estimate the execution time of a parallel algo-
rithm.

The proposed method is based on the simulation of parallel computing by a stochastic Petri net and the application of models
in an evolutionary method or a step-by-step optimization algorithm to find parameters that will ensure the efficient performance of
parallel computing. As an example of the application of the method, a model of a parallel algorithm for discrete-event system simula-
tion was built and investigated. The optimal values of the parameters found using the method quite accurately correspond to those
found during experimentation with the parallel algorithm in real conditions.

Keywords: cyber-attack simulation, penetration test, vulnerabilities, Petri net.
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OINTUMI3ZOBAHMI ATANITUBHUNA METO/I
BAJJAHCYBAHHSI HABAHTAKEHHSI B MEPEJKAX SDN
HA OCHOBI ANT COLONY OPTIMIZATION

Y eyuacnux npoepamno-susnauenux mepescax (SDN) sabesneuenns epekmugrno2o 6anancy8ants Ha8aHMAICEHHs € Ko~
4OBUM 3AB0AHHAM OJi ONMUMATLHO20 BUKOPUCMAHHSA pecypcie ma 3abe3neuenns cmadinbHoi sxocmi obcnyzosyeans. [ns
0ocseHeHHs yux yinel y yiti cmammi Mu nPOROHYEMO NOKpawjeHuti Memoo banancysants naganmasicents 0ns mepedic SDN,
3ACHOBAHUT HA MYPAUIUHOMY ANCOPUMMI 3 OUHAMIYHUM HANAUIMYBAHHAM NAPAMEmPIG.

3anpononosanuii Memoo demoHcmpye BUCOKY eqheKmusHicmb 8 YMOBAX 3MIHHOI OUHAMIKU Mepedici ma Pi3HOMAHIMHO20
Hasanmayicenns na 6ysnu. Ho2o ocroemoio nepeeazoio € 30ammuicmo adanmysamucs 00 MinIUEUX yMOE HABAHMANCEHHS i
mpa@iky 6 pexcumi peanbHo2o yacy. Aneopumm 6e3nepepeHo aHani3ye HABAHMANCEHHS HA BY3TU | OUHAMIYHO KOPUSYE 8a208i
Koeghiyicnmu 05t 3a6e3neyeHHss ONMUMALLHO20 PO3NOOILY mpapiky.

3anpononosanuti memoo uUINAEMbCA CEB0EI 30AMHICMIO eeKMUHO Niompumysamu O6alIaHC HABAHMANCEHHSA NPU
PIBHOMAHIMHUX SUKIUKAX | HABAHMANCEHHSX, WO POOUMb 1i020 NOMYAICHUM THCIMPYMEHMOoM 3abe3neyuerts HadliuHocmi i npo-
oykmuerocmi 6 mepedcax SDN.

Kniwouosi cnosa: npocpamno-eusnaveni mepedici; banancysanna nasanmagicenns; mepedici SDN; aoanmuenuii mypawiu-
HUll Memoo,; OUHAMIYHe HATAWMYB8AHHS NAPAMempis.

Tabn.: 1. Puc.: 1. bién.: 10.

AKTyalbHiCTh TeMHU J0CTiIKeHHs. 3pOCTaHHS 00CATIB TaHUX 1 MiABUILEHHS BUMOT JI0
MPOIYKTUBHOCTI MEPEX Y CYy4aCHOMY CBITI CTaBJISATh MEePe1 IHKEHEpaMH Ta JOCTiTHUKAMH 3a-
BJaHHS M1IBULIUTH MPOYKTUBHICTH KOMIT'IOTEPHUX MepexX. Bix pearyBanHs Ha MiKOBI HaBaH-
TaXEHHS 10 3a0e3MeUeHHs IMIBUIKOCTI Mepeaadi JaHuX 1 MiHiIMi3alii 3aTpUMOK, e(heKTHUBHE
YIOPaBIiHHS MEPEKEBUMHU PECYPCAMU CTAE KPUTUIHO BAXKIIUBHM.

[IporpamHo-BU3HAYEHI MEPEXi MPEACTABIAIOTH HOBHM MiAXiJ 10 MOOYIOBU MEPEXK, e
KOHTPOJIb 1 YIIPABIIiHHS MEPEXKEI0 BiJoKpemiieH1 BiJ Gpizuunoi inppacTpykTypH. Taka apxiTek-
Typa J03BOJISIE IIBHUIIIE PO3TOPTATH HOBI MOCITYTH, 3SMEHIITUTHA BUTPATH HA 0OCITYTOBYBaHHS, a
TaKO’K MOKPAIIUTH MAacCIITaOOBaHICTh 1 THYUYKICTb.

Opnnak BrnpoBakeHHS Mepexk SDN cTBOpO€ HOBI BHKJIMKH, 30KpeMa, TMOB's3aHl 3 0a-
JaHCYBaHHSAM HaBaHTa)KEHHs. 3a0e3MeUeHHs PIBHOMIPHOTO PO3MOALTY TpadiKy MK By3JIaMH
MEpEeXi cTae KIOYOBUM 3aBJIaHHSIM IS MATPUMKH CTa01IbHOT MIBUIKOCTI TIEpeaayl JaHuX 1
3arno0iraHHs NepeBaHTAKECHHIO OKPEMUX KOMIIOHEHTIB MEpEexKi.

JIyst BUpIIIEHHS 1IbOTO 3aBJIaHHsI iICHYy€ 0€3J1i4 METO/IB 1 MiIX0/IIB, Cepe IKUX OamaHcy-
BaHHS HABaHTAXXCHHS, BUKOPHCTAHHS PE3EPBHUX MApLIPYTiB, aaNTHBHI aJITOPUTMHU Ta I1HIII.
OpmHak OUTBIIICTB 3 ICHYIOYHX MIX0/I1B MAIOTh CBOT 0OMEXKEHHS, 0COOJIMBO KOJIM MOBA M€ PO
aJIalTaIio 10 3MiH B MEpeXi Ta HABAHTAKCHHI.

IMocTanoBka npodsemu. [nTerpanis Mepex SDN npu3BoauTh 10 HOBUX BUKIIHKIB, 30-
KpeMa, TOB's3aHuX 3 OaTaHCYBaHHSIM HABaHTAKCHHS. 3a0€3MeUeHHs pIBHOMIPHOTO PO3IMOALTY
Tpadiky MIXK By3JI1aMU MEPEXi CTa€ KIIFOYOBUM 3aBJAaHHAM IS MIATPUMKH CTaOUIbHOT MIBUI-
KOCTI Tepeaadi TaHuX 1 3amo0iraHHs MepeBaHTAKEHHIO OKPEMHX KOMITOHEHTIB Mepexi. J[ms
BUpILICHHS i€l mpoOieMu OyJio 3amporOHOBAaHO OaraTo METOJIB Ta IiJIXO/IB, TAKUX K Oa-
JTAaHCYBAaHHS HABAaHTAXXCHHS, BUKOPHCTAHHS PE3CPBHHX MAapIIPYTiB, aJalTUBHI aJTOPUTMH
TOLIO.

© Baguwm Ilyp, IOpiit Kynakos, 2023
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AHaJi3 ocTaHHIX q0caiTKeHb i myOaikaniii. He3paxkaroun Ha 3HaYHI TOCSITHEHHS B 00-
nacTi 0amaHCyBaHHS HABAHTAXKEHHSI B TPOTPaMHO-BU3HAYEHUX MEPEkKax, OlIBIIICTh ICHYFOUHX
METO/[IB MAaIOTh TIEBHI OOMEXEHHS Ta HeAoMiku. OrIisa HalOUIbII MOMKUPEHUX HEOMIKIB, 110
HaBEJICHUH B TaOJIHII, JOTIOMOKE 3p03yMITH HEOOX1THICTh BIIOCKOHAJICHHS Ta pO3POOKH HOBUX
MAXOIIB.

Tabauysa 1 — Hatinowupeniwi nedonixu memoodieé 6anancy8anHs.

Orasig po0iT aBTOPIB 3 3a3HA4YeHNM METO/I0M TAa MOSICHEHHS 1010

Hepmoaikn .
1Or0 BHKOPUCTAHHS

Bararo cywyacHux MeroniB OanaHCyBaHHS HaBaHTaKEHHs, Takux sk Round Robin,
OTIMICaHW aBTOPaMH B [4], BAKOPHCTOBYIOTh CTATHYHI TapameTpH. Lle mpu3BoanuTs 10
CraTuusi napameTpu | HEIOCTATHBO azanTaiii o0 3MiH B MepeXi, OCKUTbKH TaKi TTapaMeTpH 3aJTUIIAI0THCS
HE3MIHHUMH TPOTSITOM TPHBAJIOr0 4acy. B pesynbraTi THyYKicTh OajlaHCyBaHHS
HaBaHTaKCHHS OOMEKeHa, 10 MOKE IIPH3BECTHU [0 HEONTUMAIBHUX Pe3YJIbTAaTiB.

B po6ori [5] aBTopu posrisaaroTs anroput™ "Least Connections" , aiie He BpaxoBy-
I0Th PI3HMINIO B HABAHTAKEHHI MIXK BY3JIaMH, TOMY MOXYTbh PO3MOMIIATH Tpadik 6e3
ypaxyBaHHs MOTOYHOTO HAaBaHTAKEHHS Ha By3nu. lle MPU3BOAMTH /0 MepeBaHTa-
JKCHHS OJIHUX BY3JIB 1 HCAOBUKOPUCTAHHS IHINUX, IO MOXE MOTIPIIMTH MPOIYK-
TUBHICTH CUCTEMHU.

HespaxyBauns
HaBaHTAXXCHHS

Aunroput™ "Weighted Round Robin", 3anponoHoBanuii aBTopamu [6], Mae oOMexeHy
THYYKIiCTh Y BHOOpI MapIipyTiB, i MOke He 3a0€3MeUnTH JOCTaTHhOI ONTUMI3allii 0a-
JAaHCYBAaHHS HAaBaHTXKCHHS Ta YHUKHEHHs 3aTopiB. OOMExeHa MOXJIMBICTH Ma-
HEBPYBAaHHS MapIIpyTaMHu 0OMEKy€ MOTEHITial ONTUMI3allii.

Bpak rayukocTi

Jeski ckmangai metoau, Taki sk "Adaptive Load Balancing" onmcane B [7], MOXyTh
OO6uHCITIOBANIbHI BUT- | BUMAaraTH 3HAYHUX OOYHMCIIOBAILHUX PECypCiB Ui BUKOHAHHS PO3PaxyHKIB 1 MpUH-
patu HTTS pillleHb. Bucoka o04HCIIOBaNbHA CKIIAAHICTh MOXE BIUIMHYTH Ha MPOIYK-
THUBHICTb MEPEXi 1 3poOUTH 11 MeHIII €()EeKTUBHOIO.

«Random Load Balancing» 3anponoHoBanuii aBTopamu B [8], Moxe OyTH Bpa3IuBUM
10 atak. OCHOBHOIO IPUYHMHOIO TaKOi BPa3JIMBOCTI € T€, 1110 METO/I BUIIAJKOBUM YHHOM
posnonusie Tpadik MixK By3samu 0e3 ypaxyBaHHS 1X NOTOYHOTO HaBaHTa)XEHHs. Ta-
KO 4Yepe3 BUIAJIKOBICTh po3noaiiay Tpadiky meron Random Load Balancing moxe
NPU3BECTH JI0 HEPIBHOMIPHOT'O PO3MOALTY HAaBaHTa)KCHHS MXK By3namu. [1eBHI By3nn
MOXYTb OyTH IepeBaHTaKeHi, B TOM Yac sIK iHII MOXYTb OyTH HEOCTAaTHHO 3aBaHTa-
skeHi. [le MOoke CTBOpPHTH MOJIMBICTB IS atak, Takux sk DDoS, cripsmoBaHux Ha
KOHKPETHI BY3JIH.

Bpasnusicth 10 aTak

JIxepeso: po3pobaeHO aBTOpaMu

Tomy miis momomaHHs TUX 0OMEXKEHb 1 HEJIOTIKIB BaYKITMBO PO3POOIISATH HOBI METOIN Oa-
JAHCYBAaHHS HABAHTAXXEHHS, SKI € THYYKHUMH, aIalTUBHUMH 1 BIAMOBIJAIOTh BHMOTAM CY-
yacHuX Mepexxk SDN.

MeTo10 cTaTTi € po3podKa Ta MPEICTABICHHS HOBOTO METONy OalaHCYBaHHS HABaHTA-
YKEHHS JIJIs1 IPOTPaMHO-BU3HAYEHUX MEPEXK Ha OCHOBI MypPalIMHOTO aIrOPUTMY 3 TUHAMIYHUM
HATAMITYBAHHSM MapameTpiB. KilFouoBOIO METOIO I[LOTO METOAY € JOCSTHEHHS ONTUMAIILHOTO
posnoainy Tpadiky Ta MABUIICHHS MPOIYKTUBHOCTI MEPEXi B YMOBax 3MIHHOTO HaBaHTa-
KECHHS Ta MEPEkKEBOI JUHAMIKH.

Jlana poboTa cripsiMOBaHa Ha BUPIMICHHS aKTyajabHOT MpobiieMy OamaHCyBaHHS HaBaHTa-
eHHS B Mepexkax SDN Ta BHeCEeHHS 3HAYHOTO BHECKY B ITiIBUILIEHHS MPOTYKTUBHOCTI, Ha/Tiii-
HOCTI Ta €(pEKTUBHOCT1 CY4aCHUX MEPEK.

Buxkiaaa ocnoBHoro martepiaay. Meron «Adaptive Ant Colony» - oauH 3 MeToniB 6a-
JIAHCYBaHHS HABAaHTAXKEHHS B MPOrpaMHO-KoH(pirypoBanux Mmepexax (SDN), B 0CHOBI SIKOTO
JCKUTh MYpAIIMHUAN allTOPUTM 3 eJIeMEHTaMH ajanTaiii. Y 1[bOMy METOMl MypalliHi areHTH
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MO/JIENIIOIOTH MTOBEIHKY Mypax B MPUPOI, SKI B3a€EMOIIOTH OJJMH 3 OJHUM 1 HAaBKOJIUIIHIM Ce-
PEAOBHUIIEM 3a JOTIOMOTor0 GpepoMoHiB. PepOMOHU BUKOPHUCTOBYIOTHCS JUIsl BU3HAUEHHS BU-
00py ONTUMAJIBLHUX MAPIIPYTIiB AJIs epenadi Tpadiky B Mepexi.

Opniero 3 ronoBHuX nepeBar meroay Adaptive Ant Colony € #oro 31aTHICTh PUCTOCO-
BYBATHUCS JI0 3MiH Y MEepeXi Ta HaBaHTaKeHHs. [|Ji JOCSATHEHHS i€l alanTUBHOCTI BBOISTHCS
JIOIaTKOBI TIapaMETPH, SIKI PEryJIIO0Th Bary (epOMOHIB 1 MBHUAKICTh iX BUHapoByBaHHS. Lli
napamMeTpy aBTOMATHYHO IIiJTAIITOBYBAJIUCS B 3aJIGKHOCTI BIJl CTaHy MEpeki Ta olcsary
Tpadiky.

VY crarti [10] onucaHo AeTaNbHHI aITOPUTM POOOTH METOAY aJalTHBHOT MypPAIIUHOI KO-
JIOHIi, a caMe PO3paxyHOK OHOBJICHHX Bar (hepOMOHIB Ta IIBUJKOCTI BUIIAPOBYBaHHS, 110 3a-
Oesreuye 30aJ1aHCOBAaHICTh MapIIPYTIB A TpadiKy

dopmyia 17151 OHOBICHHS MacH (DepOMOHIB:

Tt +1) = (1 —p)-75(8) + Aty5(2)
dopmyiia 1751 OHOBIICHHS IIIBHIKOCT1 BUIIAPOBYBAHHS:
p..t+1)=>0-a) p;;(t) +a-fij—(t)

Y ! fij ©
ne:
T;;(t) Bara ¢pepomony Ha pedpi (i,/) y MOMEHT 4acy .
p — MWIBHUAKICTh BUMIAPOBYBAaHHS ()EPOMOHY.
At ij (t) pupict dhepomony Ha pebpi (i) y MOMEHT uacy Z.
a — KoeQIIeHT BIUIMBY IHTCHCUBHOCTI TpaiKy Ha 3MiHY IIBUIKOCTI BUTTAPOBYBAHHS
fij(t) inTencuBHiCTh Tpadiky Ha pedpi (i,/) y MOMEHT uacy t.

Anroputm Adaptive Ant Colony mae cBoi 0OMeXeHHs 1 HeIOJIKH, SKI MOXKYTh BIUIMHYTH
Ha iloro eeKTUBHICTh B MEeBHUX ymMoBax. Cepell HUX - UyTJIMBICTh /10 MOYaTKOBUX 3HAYEHb
napameTpiB, 110 MOKE MPU3BECTH 10 HEaIeKBAaTHOI MOBEIIHKU Ta 00MEXEHO1 301KHOCTI ajro-
putMy. Bucoka oOumcioBalibHa CKJIaJHICTh alrOPUTMY TaKOX MOXE CTBOPIOBATH Mepell-
KO/, OCOOJIMBO Yy BEIIMKUX Mepexax abo mpu oOMexeHux pecypcax [9]. Y 1poMy BHUIIAAKY
QITOPUTM MOKE CTaTH BPa3JIUBUM JI0 3aCTPSIBAaHHS Ha MEBHUX peOpax abo By3lax, 10 MPU3BO-
JUTh 10 HEONTUMAJIbHUX PIIlIEHb.

Kpim Toro, 3anexHICTh Bl IHTEHCUBHOCTI TpadiKy MOKe OOMEKHUTH aIallTUBHICTh ajro-
PUTMY, a TaKO>XK OOMEKUTH HOTo 3AaTHICTh OajaHCcyBaTH (EPOMOHHY PeryJisiliio. AJITOpUTM
TaKOXX HE 3aBXKIU MOXKE €()EKTUBHO aIallTyBATHUCS JI0 PANTOBUX ITWHAMIYHUX 3MIiH Y MEPExKi
a00 HaBaHTaXXEHHI, 1IJ0 MOXKE NMPU3BECTH JI0 3aTPUMOK y pearyBaHHi. B ymoBax oOmexeHOro
00csTy TaHUX aJITOPUTM TaKOX MOYXE JIaBaTH HETOYHI1 PIIIIEHHS, OCKIIBKY HOTO PIIICHHS TPYH-
TYIOTbCS Ha CTATUCTUYHUX JaHHX.

Meron «Enhanced Adaptive Ant Colony» € ofiHi€l0 3 HaliCy4JacHIIIMX CTpaTerii OamaHcy-
BaHHs HaBaHTaXXEHHs B IporpaMHo-Bu3HaueHuX Mepexkax (SDN). B po6oti [9] aBTopu 3arpo-
MOHYBAJIM 1€ METOJ SK CIOCIO MIiABUINCHHS aNalTHBHOCTI Ta €(EKTUBHOCTI aJTOPUTMY
Adaptive Ant Colony .

INonmosHotO 0cobmuBicTIO Enhanced Adaptive Ant Colony € ii 31aTHICTE AMHAMIYHO ajiarl-
TYBATUCS 10 3MIH y MEpeXi Ta HaBaHTaXeHH1. [[s JOCATHEHHS TaKoi aJalTUBHOCTI aBTOPH
BBOJISITH JI0JIATKOBI IMapaMeTpH, SKI PEryJIoiTh Bary (epoMOHIB Ta IMIBHAKICTH iX BHIIApO-
ByBaHHA. Lli mapameTpu MOXXyTh aBTOMaTHYHO KOPUTYBATHCS 3aJI€KHO BiJl CTAaHy MEpEexi Ta
o6csry Tpadiky [9]. Lle mo3Bomsie anroputmy epeKTUBHO pearyBaTv Ha 3MiHH Ta ONITUMAJIBLHO
PO3MOAUIATH HABAaHTAXKEHHS MIXK BY3JIaMH MEPEXi.

JIy1st IbOTO BBOJSATHCS TOJATKOBI MMapaMeTpH, sIKI PETYJIIOIOTh Bary (DepoMOHIB Ta IIBU/I-
KicTh iX BUnapoByBaHHs. L{i mapaMeTpu aBTOMaTUYHO KOPHUTYIOTHCS B 3aJI€KHOCTI BiJl CTaHY
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Mepexi Ta 0ocary Tpadiky. DopmyiH A po3paxyHKy OHOBJICHUX Bar (pepOMOHIB 1 IIBUIKOCTI
BUTIAPOBYBaHHS BUTJISIAIOTh HACTYITHUM YHHOM:
T+ 1) = (1 —p) - 75(8) + Aty5(0)
7;;(t) = (1/Lx(0)) * Q

ne L (t) moexxuHa MapmipyTy k B MOMEHT 4acy ¢, Q KOHCTaHTa, sKa BH3HA4Ya€e KilIbKiCTb
(bepoMoHy, 1110 BUIUIAETHCS Mypaxoro.

[Toxpamenns, 3anpoBamkere Enhanced Adaptive Ant Colony, momnsirae B OU1bI1 TOUHOMY
a/IaTUBHOMY YIIPaBJIiHHI mapaMeTpamu. Lle 1o3Bolisie anroputmy eheKTUBHIIIE aJanTyBaTUCs
10 3MiH, 3a0e31euyroun Kpaiie 0ajaHCyBaHHs HaBaHTKECHHSI, MEHIII 0OUHCITIOBAJIBHI BUTPATH
Ta BUIILY HAAIHHICT, HI)K MTOTIEPETHI METOIH.

Metox Enhanced Adaptive Ant Colony aiticHo nokparrye anroputm Adaptive Ant Colony
[10], ane BiH Tako Mae cBOi 0OMeKeHHs Ta Heqoliki. OHIUM 3 HABaXKITUBILIUX HEJOMIKIB €
BHCOKa O0YHCIIIOBaJIbHA CKIAIHICTh MeTody. Lle Moke mpu3BecTH 10 3HAYHOTO 301TBIICHHS
00YHCITIOBAIEHUX PECYPCIB Ta Yacy BUKOHAHHS allTOPUTMY, OCOOJIHMBO Y PO3raily>KEHHX Mepe-
JKax 3 BEJIMKOIO KIJTBKICTIO BY3J1iB Ta PI3HOMaHITHUX MapIipyTiB.

JlomaTkoBUM HEIONIKOM MO)Ke OyTH HEIOCTaTHs peakllis Ha panToBi 3MiHH B MEpExKi.
OckinbKY amanTailisi 0a3yeThCsl Ha ICTOPUYHUX JAHUX 1 CTATUCTHII, aITOPUTM MOXKe Heedek-
TUBHO pearyBaTH Ha CHTyallii, ki He OyJu rnepeadayeHi momnepeIHiMu TaHUMU.

Kpim toro, Enhanced Adaptive Ant Colony Moxe OyTr Bpa3JIMBUM J0 aTak, MOAI0HUX 10
merony Adaptive Ant Colony [9]. Hanpukinan, ataku, siki HaJICHIal0Th ITYYHUH Tpadik, MO-
KYTb CIIOTBOPUTH CTATUCTHKY 1 PU3BECTH JIO HEMPABMIILHOTO PO3IIO/ILTY HABAHTAKECHHSI.

3aranom, Enhanced Adaptive Ant Colony € mepmim KpokoM Ha IUISIXY A0 ITiBUIIEHHS
aJIanTUBHOCTI Ta e(PeKTUBHOCTI OaJIaHCYBaHHS HABaHTA)XCHHS B MPOTPAMHO-BU3HAYCHUX Me-
pekax, aje Horo oOMeKeHHs Ta HEJIOIIKH CIIiJ] BpaXOBYBAaTH MPH MOAAJBININ po3po0IIi Ta BIOC-
KOHAJICHHI aJITOPUTMIB OalaHCYBaHHS HaBaHTa)KEHHS.

Konnenuis nporpamuo-Bu3zHaueHux mepex (SDN) siBisie co6or0 HOBUE miaxif A0 mody-
JIOBH MEpEX, J€ YMPaBIiHHSA Ta KOHTPOJIb MEPEXi BIIOKpeMIIeH] Bia (i3MUHOI 1HPPACTPYK-
Typu. Taka apxXiTeKkTypa /J03BOJIS€ IIBUIIIE PO3TOPTATH HOBI MOCIYTH, 3HU3UTH BUTPATU Ha
00CITyrOBYBaHHSI, a TAKOXK ITiJIBUIIIUTA MAaCIITA0OBaHICTh 1 THYUYKICTb.

BinminHoto pucoio SDN € Te, 10 Mepexa OpraHizoBY€ThCs 1 YIIPaBISETbCS HA IPOTPaM-
HOMY PiBHI 32 IOIOMOTOI0 BIpTyaJlbHUX KOMYTaTOPiB 1 IeHTpaibHoro SDN-koHTposepa [1,2]

(puc. 1).

SDN controller

Puc. 1. Cmpyxmypa mepeorci SDN

Jxepeno: po3pobiaeHo aBTopaMu
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[cHYIOTH pi3Hi pilleHHs 11 OaJlaHCYBaHHS HABAHTA)KEHHS B MPOTrPaMHO-BU3HAYEHUX Me-
pexax (SDN), ane aesiki 0OMeXEHHS BCE IIE 3aJUIIAIOTHCS aKTyaJbHUMH, 110 BUMAarae po-
3po0ku Oinbin eekTuBHUX MigxoniB. Cepel TakUX PIilIEHb MU 30CEPEAMMO yBary Ha ajro-
putmi Enhanced Adaptive Ant Colony, sikuii ciyryBaTuMe OCHOBOIO JJIsI 3alPOIOHOBAHHUX
HaMH BJJOCKOHAJICHb.

AnroputMm Enhanced Adaptive Ant Colony 6a3yeThcsi Ha KOHIEMIIIT MypalInHOTO ajro-
putMy [3]. Y 11bOMy METO/I1 KOJIOHIS BIpTyaTbHUX MYypax PyXa€ThCs MEPEKEI0, BIIKIaIal0uH
Ta BUIIPOMIHIOIOUH (epoMOHM Al KoMyHikalii. Lle opieHTye HacTynmHuUX Mypax Ha BHOIp
MapuIpyTiB 3 OLIBIIIO0 KOHIIEHTpaIli€l0 (epOMOHIB, IO IIEBHOIO MipOIO CTIpUsi€ OalaHCyBaHHIO
HaBaHTaXeHHs. OHAK 0a30BUil ATOPUTM Ma€ CBOI HEAOIKH, TaKi K CTATUYHI 3HAYCHHS I1a-
pamMeTpiB, 00OMeKeHa THYYKICTh y BUOOPI MapIIpyTy Ta YYTIUBICTH 10 3MIH Y MEPEXKI.

Hamoro metoro € Brockonanenust anroputmy Enhanced Adaptive Ant Colony nuisixom
BHECCHHS IMHAMIYHUX 3MiH J0 HOTO KIIOYOBUX ITApaMEeTPiB, IO JO3BOJIUTH HOMY aJanTyBa-
TUCS 10 peaTbHUX YMOB Mepexi. LI BmockoHaneHa Bepcis Mae Ha METi MiABUINUTH TOYHICTh
OaylaHCYBaHHS HaBaHTaXXEHHs, €)EKTUBHO pearyBaTH Ha 3MiHH B HABaHT)KEHHI MEpexXi Ta 3a-
0e3meunTH OUTBII THYYKe pilieHHs Uit cyvyacHuX SDN-cepenoBui.

3anponoHOBaHUN METO/ OaJaHCYBaHHS HABAaHTAXXCHHS B MPOTPaMHO-BU3HAYCHUX Mepe-
xax 0azyeTbcs Ha MypalIMHOMY ajJrOpUTMI Ta BpaxoBYye JAMHAMIYHE HaJlalTyBaHHS Iapa-
meTpiB. OCHOBHI IPUHIUITH Ta €TallA METOY, @ TAKOXK (OPMYJIIH JIJIsl KOKHOTO €TaIry MOKpO-
KOBO OIMCaH1 HIDKYE.

MypaimHuii anropuT™ 0a3yeThCs Ha B3a€MOJIII areHTIB, sIK1 IMITYIOTh MTOBEIIHKY Mypax
IpY MOLIYKY IUIAXIB 0 JpKepend Dki. KirodoBoro i/1e€r0 € 31aTHICTh areHTiB 0OMiHIOBaTHCS
1H(opMaIli€ro Tpo SAKICTh MOTOYHHUX MUISXIB 1 BAKOPUCTOBYBATH 110 1H(POPMAIIIIO sl BUOOPY
ONTUMAJIBHOTO MapuIpyTy [5].

Jlnst mostotaHHsT 0OMEeXeHb 0a30BOTO AITOPUTMY MU PO3POOHIIM KPOKH ONTHUMI3allii, sKi
JI03BOJISIFOTH QITOPUTMY aJanTyBaTUCS 10 MIHJIMBUX YMOB Mepexi. Po3risHemo aeranbHimie
KOYKEH 3 IIUX KPOKIB, MOYMHAIOYH 3 WOTO IHIIami3aItii.

Kpoxk 1: Ininiaxizanis

Ha npomy KpoIli MH HAJIAIITOBYEMO JITOPUTM 1 TOTYEMO HOTO 10 BAKOHAHHS.

1. Buznaunmo N sK KUIBKICTB BY3JIiB MEpexi

2. Inimianizyemo piBHI (pepOMOHIB Ha BCIX MOXKIUBUX MapUIpyTax:

Tij = To»

Jie 1 Ta j - By3JIM MEpEXi, T;j - piBEHb PEPOMOHY MiXk By3JlaMH 1Ta j, T TIOYaTKOBHH PiBEHb
dbepomony

3. Bu3HaueHHS areHTiB Ha BUXITHUX BY3JIaX MEPEXKi, 3BIAKH i]1e BUX1IHE HABAaHTAKEHHSI.
KoxkeHn areHT i1eHTH (KY€ CBii TOTOYHUM BY30JI 1 TPU3HAYECHUN BY30JI.

Kpok 2: /lnunaMiuHe HAJTAIITYBaHHS IapaMeTpiB

Jlnst Toro, o0 amantyBaTUCS 0 3MiH 1 TOCATTH HaWOLIbII eEeKTUBHOTO OaaHCyBaHHS
HaBaHTAXXCHHS, MM BUKOPHUCTOBYEMO JIMHAMIUH] HAaJAIITYBaHHS TapaMeTpiB.

1. Po3paxoByeMo MOTOYHE HaBaHTAXEHHs Ha Mepexy, load factor.

2. Buznauaemo koeQilieHTH AJIs Bar napamerTpis o Ta f3:
load_factor

@ = @pase max_load ’
max_load

= b X —-"
B = Brase load_factor
e Apgse Ta pase - TIOYATKOBI 3HAYCHHS Mapamerpis, max_load - MakCHMaibHO MOXIIHBUN

CTyrIiHB HaBaHTa>XCHHA.
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Kpoxk 3: [loxpamenuii Budip Mmapmpyry

J11st mokparteHHs 301’KHOCTI Ta TOYHOCTI OajlaHCyBaHHS MU BUKOPUCTOBY€EMO MTOKPAIEHUN
BUOIp MapuIpyTy 3 "eNiTHUMU MapuipyTamu'.

1. Komnu arent BuOupae MapupyT, MU BUKOPHCTOBYEMO MMOBIPHICTH BUOOPY MapIIpyTy:

a B
Tij Mij

B .
L (T%c'”ik)
2. Tlicns BuOOpy MapmipyTy OHOBITh PiBeHb (DEPOMOHIB HA HBOMY JI0JIATKOBUM 301JIBIIICH-
HAM:

Pij =

load_factor

At = X Tj;.
Y max_load Y

Kpoxk 4: AnanTuBHe OHOBJICHHSI (pepOMOHIB
3aMiCTh CTaTHYHOTO Koe(]illieHTa BUITAPOBYBAHHS MU BHUKOPHUCTOBYEMO aJlallTUBHUI
KOE(]IIi€eHT, KU 3aJIeKUTh BiJl CTYIICHS HaBaHTAKCHHS:

p=p,,, + (load_factor —1) xp, _.

Ile no3Bonsie edeKTUBHIIIE pearyBaTH Ha 3MIHHM HABAaHTAXKEHHS 1 MIATpUMYBaTH OajaHC
HaBaHTA)XCHHS HA ONTUMAILHOMY PiBHI.

Kpok 5: [lunamiuHe HAJIaIITYBAHHS apaMeTpiB

1100 3abe3meunTH aAanTalio 10 3MiH y MEpeXi Ta MaKCUMallbHO e(heKTUBHE OanaHCy-
BaHHS HaBaHTAKEHHsI, M BUKOPHCTOBYEMO JIMHAMIUHE peTyJI0BaHHS HajtamTyBaHb (Kpok 2).

1. Po3paxoByemo moTOYHE HaBaHTAXEHHS Ha Mepexy, load factor.

2. Bwusznauaemo koedillieHTH JJIs Bar mapaMeTpiB o Ta f3:

load_factor

a = Tbase . max_load ’
max_load

B =B X
base load_factor

e Apgse Ta B pase ~ TIOYATKOBI 3HAYCHHS MapameTpis, max_load - MakCUMaibHO MOXIIMBUM
CTYIiHb HABAHTA)KEHHS..
Kpok 6: /lunamiuHe peryJilOBaHHS HAJIAIUITYBAHb
Mu BUKOPUCTOBYEMO JWHAMIYHE HAJAIITYBaHHS MapaMeTpiB, 100 3a0e3MeyuTH ajarn-
TUBHICTh QJITOPUTMY JI0 3MiH Y MEPEKI.
1. Buznauaemo xoeilieHT afanTUBHOCTI AJisi PEPOMOHIB:
__load_factor
¢ = max_load
2. AnanTHBHO 3MIHIOEMO MIApaMETp BUIIAPOBYBAHHS:

p:pbase+(¢_1)prase'
3. 3miHeHHs 3HAYCHHS apaMeTpiB a Ta f:

O = Apgse X ¢ >
B = ﬁbase X (1 - ¢)
Kpoxk 7: Ilomyk Halikpamoro pimieHHs
[Ticns KITBKOX iTepalliii airOpUTMY KOKEH areHT MaTUMeE KiJTbKa MOXKJIMBHX MapIIpyTiB.
3 HUX MU BHOEpeMo HalKpalii, BpaxoBYIOUH sIK (hepOMOHH, TAK 1 Bary BY3JIiB.

1. Bu3zHauaemo OIIHKY JJIs KOKHOTO MapuipyTy areHTa:

. pheromone_levelxnode_weight
evaluation =

path_length
2. OOupaemMo MapuIpyT 3 HANOIIBIIOO KUIBKICTIO OaJIiB SIK HAMKpAIIN.
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BuxopucranHs AMHAMIYHUX HAJIAIITYBaHb TAPAMETPIB JO3BOJIUTH aAANTyBaTH apaMeTpH
ITOPUTMY B PEKUMI peajbHOro Yacy. 3aMiCTh CTATUYHUX 3HAYEHb [TapaMETPH aJITOPUTMY Te-
1ep aBTOMaTHUYHO 3MIHIOIOTHCS B 3AJIEKHOCTI BiJl 3MiH B MEpEXi Ta HaBaHTakeHH:. L{e 103Bo-
JIsi€ anropuTMy €(heKTUBHO pearyBaTy Ha 3MiHHU, MATPUMYIOUN ONTUMAIILHUAN PO3IIOi]1 HaBaH-
Ta)KEHHS HaBITh y MIHJIMBUX YMOBAX.

Jlpyre BaxxJIMBe MOJIMIIEHHS CTOCY€EThCS BAOCKOHAJIIEHHS MPOIlecy BUOOPY MapIIpyTy JUIs
BipTyasibHUX Mypax. Insxu Temep BpaxoBYIOTh OulbIe (HaKTOpiB, BKIHOYAIOYH TOTOYHE
HABaHTA)XCHHS Ha BY3JM Ta nusixu. Lle qo3Bomsie Mypaxam oOMpaTH HAMKpaIi MapIipyTH, BU-
XOJISIYM 3 TOTOYHUX OOCTaBWH, 3a0€3MeUyI0YN PIBHOMIPHUN PO3MOLT TpadiKy Ta YHHKAIOUN
3aTopiB.

[TimBuIeHa afanTUBHICTD - TPETIH KIIFOUOBUM aCIIEKT ONTUMI30BaHOTO alTOpuT™My. Bipo-
Ba/KCHHS JIMHAMIYHOTO HAAIITYBAHHS TApaMETPIB Y MOETHAHHI 3 YAOCKOHAIIEHUM MPOIIECOM
BUOOPY MapuIpyTy 3p0oOUIIO aITOPUTM OLIBII aIalTUBHUM JI0 TUHAMIYHUX 3M1H Y Mepexi. Bin
3MaTHUNA e(PEeKTUBHO alaTyBaTUCS O KOJIMBAaHb HABAHTAKEHHS Ta 3MiH Y CTPYKTYP1 MEpexi.

i B1oCKOHATIEHHS pa30M CIPUSAIOTH KpaloMy 0ajJaHCYyBaHHIO HABAHTAXEHHS B Mepexax
SDN. 3a0e3neuyroun TOYHHNA po3monin Tpadiky, 3amo0iraioun rnepeBaHTaKEHHIO OKPEMHX
BY3JIiB 1 3a0€3MeYy04H BUCOKY MPOAYKTHUBHICTh MEPEXi, onTuMizoBanuii anroputM Enhanced
Adaptive Ant Colony crae mOTYXHHM IHCTPYMEHTOM JUIS MIATPUMKHU CTaOLIbHOT Ta e(heKTUB-
HOT MEpexXi 3 MPOrpaMOBaHOIO CTPYKTYPOIO.

3anpomnoHoBaHMI anropuT™ mnopiBHIoBaBcs 3 Round Robin [4], Least Connections [5] 1
Adaptive Load Balancing [7], ne Bci anroputmu Oyiu nepepo0JieHi Ha OCHOBI Oy OJIiKOBaHHUX
TNICEBJIOKO/IIB, (hopMyITIOBaHb 1 010K-cxeM. KoskeH anroputm Bukonyetbest 10 pa3 11 KO>KHOTO
Jliara30Hy HECIPaBHOCTEH, 1 cepeiHe 3HaUEHHS OepeThCs I O1IbII TOYHOTO BUMIPIOBAHHS.

Crucok MoKa3HUKIB MPOJYKTUBHOCTI BKJIIOYA€E Yac BUKOHAHHS, CEpPeHIN yac BUKOHAHHS
1 3aTPUMKY Ha 3aBJaHHs, OaJlaHCYBaHHs HABAHTAXEHHS 1 KOe(IIIEHT YCIMIIIHOCTI BUKOHAHHS.

B nanomy mocnipkeHHI 30cepeIMMOCh Ha 4acy BUKOHAHHS Ta CEPeIHbOMY 4acy BHKO-
HaHHS.

UYac BUKOHAHHSI IJIsl BCIX aJITOPUTMIB Maiike OJHAKOBHH, KOJIM HeMae MOMMIOK. OHAK y
Mipy 30UTBIIICHHS YaCTOTH BiJIMOB Yac BUKOHAHHS IS 3alIPOIIOHOBAHOTO JITOPUTMY € Hak-
HoxauM cepen Beix (380 000mc Ha 50%). B Toii ke yac moka3zuuk Round Robin ckmas 1 200
000mMmc, Least Connections - 800 000mc, Adaptive Load Balancing - 450 000mc.

Curtyaris 3 cepeiHiM YacOM BUKOHAHHS OYIKYBAaHO Taka K - 3alPOINIOHOBAHUI aJIrOPUTM
3aKiH4y€ CBOIO poOoTy mBuAle Ha 15-20% B MOPIBHSAHHI 3 IHIIMMH aITOPUTMaMHU 32 PaXyHOK
JUHAMIYHOTO PO3MO/IiTY MapaMeTpiB.

B HacTynmHuX AOCTIKEHHSIX OLIIHUMO aJTOPUTM TI0 1HIIUM KPHUTEPISX MPOTyKTUBHOCTI.

BucHoBKM. Y 11iif CTaTTi MU IPEACTABISIEMO ONITUMI30BaHUN METO/] OallaHCYBaHHs HaBaH-
TaxeHHs B Mepexkax SDN, 3acHOBaHWI Ha BJOCKOHAJICHOMY QJITOPUTMI aIaITUBHUX MYypPaIlln-
HUX KoJIoHi#. Cy4yacHi Mepexki CTUKAIOThCS 31 3pOCTAI0UMM 00CSATOM JaHUX Ta PI3HOMaHITHUMHU
BUMOTaMH, 1110 3arPOXKYE iX e)eKTUBHOCTI Ta CTa01IbHOCTI. [[7151 mMO0IaHHs IMX BUKJIMKIB Oa-
JAaHCYBaHHS HAaBaHTA)XCHHS B MEPEKaX CTa€ KPUTHUYHO BAXKIIUBUM 3aBJIaHHSIM.

3acHOBaHUN Ha MypalIMHOMY QJITOPUTMI, 3alPOTIOHOBAHMA METOJ BHUKOPHUCTOBYE i€l
aIaNTUBHOCTI Ta TUHAMIYHOTO HAJTAMITyBaHHS TapaMeTPiB I TOCATHEHHSI ONITUMaIbHOTO Oa-
JaHCyBaHHS HaBaHTaxkeHHs. Lleli meTon 103BoJisie Mepeki aJanTyBaTHCS O 3MiH HaBaHTa-
KEHHS Ta 3a0€3MeYNTH PIBHOMIPHHIA PO3NOILIT TaHUX MIXK By3JaMU. AJTAaITUBHICTh aITOPUTMY
JIO3BOJISIE MIATPUMYBATH CTaOIILHUN piBEHb MPOAYKTHBHOCTI HaBITh B YMOBaX JWHAMIYHHX
3MiH HABaHTA)KEHHSI.

[Iporiec GaaHCyBaHHS HABAHTAKCHHSI BKITFOYAE KUJTbKA €TaIliB, TAKWX SK 1HIIIATI3a1is, T1-
HaMiuyHE HaJaIITyBaHHS MapaMmeTpiB, MOKPALIeHUH BUOIp MapIIpyTy, aJalTHBHE OHOBJICHHS
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(depOoMOHIB Ta MOIIyK HalKpamoro pimeHHs. KoxeH 3 11X eTamniB BUKOHY€ BaXKIUBY (PYHKIIO
B 3a0e3medyeHH] e()eKTUBHOTO OaTaHCYBaHHS HaBaHTA)KECHHS.

Metoxn Enhanced Adaptive Ant Colony € BayKIMBHM KPOKOM Ha IIISAXY 10 3a0e3MeYeHHs
B1JIMOBOCTIMKOCTI Ta ONITUMAJILHOI PO AyKTUBHOCTI Mepexk SDN. BpaxoByroun nuHaMiKy po-
3BUTKY CYYaCHUX MEPEX Ta 3pOCTarodi BUMOTH JI0 iX MPOJYKTUBHOCTI, BiH /J1a€ MOXIIUBICTb
e(eKTUBHO BUPINTYBaTH MPOOJIeMy HaBaHTAKEHHS Ta 3a0e31euyBaT HAIWHY 1 MBUAKY Iepe-
Jady JTaHuX.

OTxe, ontumizoBanuii Meto; Enhanced Adaptive Ant Colony BigkpuBae mnepcreKTUBU
JUTSL TIOJTAJTBIIMX JTOCIIKEHB B 00J1aCTi OalaHCyBaHHs HaBaHTa)XeHHs B Mepekax SDN Ta po3-
MIMPEHHS MOXJIMBOCTEH aJTOPUTMY JJIsl BUPIIIEHHS PI3HOMAHITHUX 3371a4 B MEPEKEBHX cepe-
JIOBUINAX.
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OPTIMISED ADAPTIVE LOAD BALANCING METHOD IN SDN NETWORKS
BASED ON ANT COLONY OPTIMISATION

This paper presents an important contribution to the field of software-defined networking (SDN) through the development
and improvement of a load balancing method that uses adaptive ant colonies. Modern networks face significant challenges,
such as the growth of data and the diversity of user requirements, which can significantly affect their efficiency and reliability.
In this context, load balancing becomes an extremely important task.

The proposed method is based on the ideas of the ant algorithm and uses adaptability and dynamic parameter tuning to
achieve optimal load balancing. This allows the network to adapt to changes in load and ensures an even distribution of data
between nodes. An important advantage of this method is its ability to maintain stable performance even in situations where
the load changes dynamically.

The load balancing process involves several key steps, such as initialisation, dynamic parameter tuning, improved route
selection, adaptive pheromone updating, and finding the best solution. Each of these stages is aimed at providing efficient and
reliable load balancing.

The proposed Enhanced Adaptive Ant Colony method is an important step towards improving fault tolerance and optimal
performance in SDN networks. Given the rapid development of modern networks and the growth of their performance require-
ments, this method opens up opportunities for efficient load balancing and ensuring reliable and fast data exchange.

In general, the optimised Enhanced Adaptive Ant Colony method opens up prospects for further research in the field of
load balancing in SDN networks and extending the capabilities of the algorithm to solve various problems in network environ-
ments. It introduces a new approach to ensuring the reliability and performance of SDN networks and can become an important
tool for network engineers and researchers in this area.

Keywords: software-defined networks, load balancing; SDN networks; adaptive ant colony method,; dynamic parameter
adjustment.
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ICTOPISI BUHUKHEHHS KJIEHTOFPA(I_)_Ii TA II MICIIE
B BE3IELI IH®OPMAILIT

Axkmyansuicms memu docnioycenna. Ingopmamuszayis cycninbcmea nopooAuCye HOGI 3a2po3u: KOPUCIYBAUAMU C-
uacnux IT mexnonoeiti cmaome He auue 3aKOHOCTYXHART 2POMAOSAHY, A U 3N04UNYL, Waxpai 4y mepopucmu, sAKi 6UKOPUCTO-
8yI0mb iX 0N cKOEHHA 3104unie. Tomy 6y0b-aKa depoicasa Hamazacmovcs KOHMPOI08amu citl ceemenm Kibepnpocmopy. /s
BUpiwenHa maxoi 3a0aui MONCYmv 3HA00OUMUC MEMOOU HOBOI HAYKOB0T OuCyuniiny — Kienmoepagii.

ITocmanoexa npoonemu. s 6opomvbu 3 mepopusmom HeoOXiOHO NPULIHAMU PIUEHHS HA OQIYITIHOMY 0epICABHOMY
PiBHI npo 6npoeaddcents 8i0N06IOH020 KOHMPONIO THOpMayiiHuX cucmem ma mepexc. A uu icHyloms HaOiiHi cnocoou 3a-
be3neyents eKCKIO3UBHO20 00CMYny cneycayich 0o ingopmayii kopucmysaua npu 30epexiceHHi 00Cmamub020 pieHs Cmiti-
Kocmi 00 CMOpOHHIX 3108MUCHUKi6? L[i numanns supiulye Kienmozpagis.

Ananiz ocmaunix 0ocnioxcens i nyonixayit. Cyuachi 00cnioxicents: 3 Kienmozpagii, OKpim KiacuuHux pooim, oe npo-
6a0oiceno 6A306i NOHAMMA MA MEPMIHU, 8 OCHOBHOMY NPUCEAYEH] GUKTIOUHO CUHMEZY KpUunmocucmem i3 3axiaokam. Ipome
Memoou 3axucmy 6i0 Kienmoamax Hapasi 3600mucs 00 MpaOUYitiHo20 KpUNMOAaHANi3y NOMEHYIlIHO 6pA3IUEUX cucmem ma
6UOAUT NEGHUX THMYIMUSHUX PeKOMeHOayill w000 npoyecy po3pobKy npopamMHO-anapamHuux KOMNIexcis.

Buoinenna nedocnioxcenux uacmun 3azanvhoi npoonemu. Meoci inmepecie knenmoepaghii marome Oymu 3HAYHO
wiupwi Hidic 00CNIOJNCEHHA 3aKNA00K Y KpUNMOCUCeMAax ma OXONaio8amu meopilo i npakmuxy CMeopeHHs ma 6UABNeHHS
MAEMHUX KAHANIE 6UMOKY KOHDIOEHYIUHUX OAHUX NPUHALIMI 8 CUCIEMAX 3aXUCIY THHOPMAYIUHUX CUCTEM.

Ilocmanoexa 3ae0auua. Memow cmammi € aHaniz NPUYUH GUHUKHEHHS KIenmozpagpii sk Hayku ma Hanpsmku it po-
36UMKY 6 cucmeMi 3HaHb 3 IHGhopmayitinoi Oe3neku, 30Kpema it 36 130K 3 Kpunmoepapieto ma cmezanozpagicero.

Buknaod ocnosnozo mamepiany. J[ocniodceno npuyuHy GUHUKHEHHs! KIENMoZpagii ik Hayku ma it Micye é cucmemi 3HaHb
3 ingopmayinoi 6esnexu. Haoani 3aeanvhi pexomendayii wooo 3axucmy cucmem 6i0 K1enmocpagiuHux amax.

Bucnosku. Asmopu esadxcaioms, wjo 0o cgpepu knenmozpaii cuio ioHecmu He MilbKU 3aKNAOKU Y KPUNMOSPADIUHUX
cucmemax, ane il yci numanHsa wo0o Memooie i mexHoNo2il CMeopeHHs Ma GUABNIEHHs KNeNnmopa@iunux KaHanie (umyuno
CMBOPEHUX MAEMHUX KAHANIE BUMOKY KOHQDIOeHYIUHUX OaHUX) | 8UAGIEHHA KIeNMOoamax (00xo00y aHmusipycie, misxcmepedice-
8UX eKpaHie ma iHwux 3aco06ig inghopmayitinoi be3nexku mowjo) 6 iHPoOpMayiuHux cucmemax.

Knwwuosi cnosa: xienmoepaghis, cmezanocpagis, kpunmoepagis, kienmozpapiunuil Kauai, peiH’CUuHipune, ingop-
Mmayiina be3neka.

Puc.:2. Tabn.1. Bion.13.

AKTyaJBbHICTh TeMH A0CTiT:KeHHsI. TalfHomIC, IKUM 3aiiMalOThCs KpUnTorpadis 4u cTe-
ranorpadisi, 3 JaBHIX 4aciB OyB MepEeBaKHO MPEPOTATUBOIO JIEPKaBH Ta BINCHKOBUX (Y CepeHi
BIKM — III€ ¥ LIEPKBH). Y Cl PO3POOKH TEXHOJIOTIH 3axucTy 1HGOpMaIlii Ta BIAMOBIAHI HAYKOB1
JIOCJTIJDKEHHS TIPOBOJIMITUCH Y HAJpax CHEICIykO0 3a 3aBicOl0 TaeMHUYOCTI. OHAK PO3BUTOK
TEXHOJIOTiH Ta MOTpedU CyCIiJIbLCTBA Yy 3aXUCTI 3pOCTarounx 00’ eMiB iH(popMarlii, 1o nepea-
IOTBCSL 200 30epiraroThCsi, CHOHYKAJIO MOBUIBHE MEPETIKaHHS HAKOIUICHHX CIEICITyKOaMu
3HaHb 1 TEXHOJIOTIH Yy BIAKPUTE CEPEIOBHUIIE 13 PO3TOPTAHHIM MOJATBIIUX AOCTIHKEHB B Pi3-
HUX HayKOBUX LIEHTpPAX.
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Tak, moyaTKOM CTaHOBIICHHS Kpunmozcpagii K HayKu MOKHa paxyBatu 1949 pik, xonu
Oyna omyOikoBaHa po3cekpedera pooora Kioga [llennona «Teopist 3B's13Ky B TAEMHUX CHCTE-
max» [1]. ITig wac Ipyroi cBiToBoi BiitHu LLIeHHOH 3aiiMaBCs 371T0MOM BOPOXKUX MIUQPIB 1 came
BiH MMOYaB NEPIIUM BHBYATH KpHUOTOrpadiro, BUKOPUCTOBYIOUM CHCTEMHUM minxin. Hampu-
KJIaJl, BiH J1aB BUBHAUEHHS «IUIKOM CTIMKOTO mHUpy» (mmdpy, sKuil He MOKHA 371aMaTH, Ma-
I0YH JIUIIE 3amu@poBaHe MOBITIOMIICHHS) Ta JAO0BIB, IO Taki MHUGPH MOXKYTh iICHyBaTu (Iudp
Bepnawma).

Ha cporoanimHiii 1eHb, 3 PO3BUTKOM CyYaCHHUX TEXHOJIOT1H, mepeBaykHa OUTBIIICTh JIIOeH
y TOBCSKICHHOMY XHUTTI TaK UM 1HAKIIE KOPUCTYETbCA TaK 3BAHOIO “YUBLILHOIO KPUNMO-
epaghieto” — T00TO Kpunrorpadiero, ska, Ha BiIMIHY Bij JAep>KaBHOI YM BIHCHKOBOI KPHUIITO-
rpadii, MoKIMKaHa 3aJ0BOJILHITH MOTPpeOU MpUBAaTHUX OCi0 Ta opranizamiii. [{uBinpHA KpHII-
torpadis IpUCYTHS Y MOOUTBHOMY 3B'SI3KY, Y OaHKIBCBKHX KapTax, B IHTepHET-Opay3epax mpu
nepenayi iHdopmarii mporokoaom SSL/TLS Tomro. 3'sBunuck HaBiTh TOOYTOBI MPUIAIH, K1
niakmoueri 1o [arepuery (texnomnoris loT, Internet-of-Things), — 1 3Bu4aiiHO %, KOMyHIKaIlii
TaKUX MPUCTPOIB MiX COOOI0 Ta iX BIACHUKOM MaroTh OyTH 3axuileHi. HaBitb aBTOMOOLT
ctanu yactuHoto [oT (konnentiis Connected Car) — a 11e muTaHHs 6€3MEKH HE TUTBKH 0COOUCTOT
iH(opmMartii Bosis, aje 1 Horo KUTTS.

3a Takor X cXemMor y 90-x pokax MUHYJIOTO CTOPIYYS y BIIKPUTOMY ITPOCTOPI Mmovasia
dbopMyBaTHCs HayKa cmeeanozpaghis. HezBaxaroun Ha Te, M0 cTeraHorpadis sik crnocid mpu-
XOBYBaHHS CEKPETHUX JIaHUX BiOMA BXKE MMPOTITOM THUCSIYOIITh, POKOM CTAHOBJICHHS Cy4acHO1
creraHorpadii sk Hayku MoOXKHa BBaxaTtu 1996 pik, KoJM Ha MIKHApOIHOMY ceMiHapi
InfoHiding-96 6yna BBeaeHa equHa TepmiHodoris [2]. Metoau “yusinbroi cmeeanoepaghii” Ta-
KO 3aiHSUIM CBOE MiCIIe y MOBCSAKIEHHOMY JKHUTTI CyCHUIbCTBA, HAMPUKIIAL Y TaKUX TEXHO-
JoTisX, K udpoBi BoasHi 3HakH (digital watermark) — 11t 3aXucTy aBTOPCHKHX IpaB Ha HuQ-
poBuii 00’exT abo uumdponi BindOutku mnanbliB (digital fingerprinting) — ans 3axucry
BUKJIIOYHOTO ITpaBa Ha HU(POBUIA 00’ €KT.

Boanouac kopuctyBauamu nuBLIBHOT Kpunitorpadii abo creranorpadii cTaloTh HE JTUIIE
3aKOHOCIIYXHSIHI TPOMaJIsIHM, a M 3JI0YMHIII, I1axpai 4Yu TEPOPUCTH, SIKI BUKOPUCTOBYIOTh CY-
YacHI1 TEXHOJIOTI JJIsl MATOTOBKH, CKOEHHS Ta IPUXOBYBAHHS 3JIOYMHIB. 3 MOTJISATY MPABOOXO0-
POHHUX OpraiB, Kpunrorpadist (cteranorpadisi) B iXHiX pykax 0€3yMOBHO Iyke 3py4Ha Ta
Hebe3neuHa 30posi.

V 3B'SI3Ky 31 3pOCTaHHSAM TEPOPUCTUYHUX 3arp03 CYCHUIBCTBO BUMArae BXKUTH 3aXOJIB, Y
TOMY YHMCJI HaikopcTkimmx. JlepxaBa, sk MPaBUIIO, 13 3aJ0BOJICHHIM i/Ie Ha3yCTpid TaKUM
MoOaKaHHIM 1 aHTUTEPOPUCTHUYHI 3aX0/TH, SIKI TPOBOISITE 3 OOKY JepKaBU, CTAIA CTOCYBATHCS
TakoX kpuntorpadii Ta creranorpadii. ToMmy mocuiieHHS BTOPTHEHHS JEpKaBU y LUBLIHHY
KpUnrorpadiro — mMiJIKOM O4iKyBaHa Ta HEMHUHYYa peakilis Aep:KaBHUX IHCTUTYIIIH 1, HacamIe-
pen, 3aKOHOMABIIIB Ta CIIEICITYXO.

IMocTaHoBKa Mpo0JeMH. 3 MHUPOKUM BIPOBAKEHHSAM CYy4acCHUX iH(POpMaLiHHUX TEXHO-
JIOTiH Y TIOBCAKACHHE JKUTTSI BCe OUIbINE OMIMIHHUX 0CI0 CTaIM 3asBIISITH, 1O 1711 OOPOTHOM 3
TEPOPU3MOM HEOOXIJTHO MPHUHHATH pillIeHHS Ha OQIIIHHOMY JepKaBHOMY PiBHI MPO BIPO-
BaJKEHHS BIAMOBIIHKUX JIa31BOK B 1HPOPMAIIiifHI CUCTEMHU, MEPEXKI Ta 3aCOOM 3aXUCTY, Y TOMY
YHCIl Yy KPUIITOAJITOPUTMH, SKi € Aep>KaBHUMH cTaHaapTamu. He Bragarouu B madoc ciiB mpo
cBOOOJM Ta MpaBa JIOAMHU, BAPTO YCBIIOMUTH, 10 MU CTOIMO Tepe/l HEPOCTUM BUOOPOM —
rapaHToBaHe OOMEXEHHs CBOOOI UM MOYKIIMBA 3arpo3a JIeCATKaM, COTHSM, a TO i THCSYaM >KUT-
TiB. Ha >xanb, ogHO3HaYHOTO pimeHHsT Hemae. JIa3iBKu, MpU3HAYCHI ISl 3aXUCTY BiJ TEPO-
pU3MYy, MOXKYTbh CTaTH 30pPO€I0 JIJIsi TEPOPHUCTIB y pa3i BUTOKY KOH(PIACHIIIHHUX TaHUX MPO HUX
(manpuknan, naziBka B Connected Car q03Bossie JUCTAHIIIHHO KEpyBaTH aBTOMOOLIEM). A 9u

© IOmnis Txau, Muxaiino [llerect, Mapuna Cunenko, Tapac ITerpenko, 2023
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ICHYIOTh HaliliH1 criocoOu 3a0e3MeueHHs eKCKITI03UBHOTO JOCTYILY CHencayx0 10 iHpopmarii
KOpHCTyBa4a MpH 30€peKEeHHI TOCTATHBOTO PiBHSI CTIMKOCTI JO CTOPOHHIX 3JIOBMHCHUKIB?
[{uM muTaHHSIM OMIKYETHCS HAYKA KIenmocpais.

AHami3 ocraHHix aociaimkeHb i myOaikamiii. CydacHi qocmipkeHHs 3 kientorpadii,
OKpIM KJTaCHYHHX poOiT [3-4], e BpoBakeHO 0a30B1 MOHATTS Ta TEPMiHH, B OCHOBHOMY TIPH-
CBSYUCHO BHKJIIOYHO CHHTE3Y KPHITOCHUCTEM 13 3aKjajKaM (OTJIS TaKuX METONIB € B [5-6]).
[IpoTe mMeTonm 3axuCTy BiJ KJIENTOATaK Hapasi 3BOJAATHCS 10 TPAAWLIHHOTO KPUITOAHAII3Y
NOTEHIIIIHO Bpa3IMBUX CUCTEM Ta BHJIaui IEBHUX IHTYITUBHUX PEKOMEH/AIIIH 111010 MPOLECY
PO3po0KH MpOrpaMHO-anapaTHUX KOMIUIEKCIB. BipIn TOro, Ha Haml MO, MpPeAMET A0-
CIKeHb KienTorpadii Mae OyTH 3HaYHO IIUPIIUM Ta OXOILTIOBATH YC1 METOJIM 1 TEXHOJIOT11
CTBOPCHHS Ta BUSBJICHHS IITYYHUX KaHAJIB BUTOKIB UyTTEBUX JaHUX 3 IHPOPMAILIIITHUX CUCTEM
Ta X CUCTEM 3aXUCTY.

Meta craTTi. MeTo10 € aHaii3 NpUuMH BUHUKHEHHS KJenTorpadii sk HayKu Ta HanpsiMKU
ii pO3BUTKY B CUCTEMI 3HaHb 3 iHPOPMAaLiHOI Oe3neKH, 30KkpeMa i1 3B’5130K 3 KpUnTorpadiero
Ta creraHorpadiero.

Buxkian ocHoBHOro marepiaay. bynb-sika nepaBa HamMara€TbCsi KOHTPOJIFOBATH MPH-
HalMHI CBiif cerMeHT Kibeprpoctopy. Lle MmoxnuBo pizauME criocobamu. Hampukian, 3a paxy-
HOK Kostabopauii fepxaBHUX CTpyKTyp (Hacamnepen cnenciayx6 CIIA, Kurato Ta Pocii) 3 Be-
JUKUMH QipMaMH-BUPOOHUKAMHU MIKPOETIEKTPOHIKH, 0OUMCIIOBAIBHOT Ta TEJIEKOMYHIKaIifHOT
TEXHIKH 3 METOIO CTBOPEHHS MOXKJIMBOCTI 30MpaHHs iH(opMaIlii po KOPUCTYBAYIB Ta JOCTYITY
1o ix indopmartii. {o myOmikamiit Exsapna CHoyneHa 1 onmpuiTioIHEeHHSI KOHKPETHUX MTPUKJIIAIB
HIXTO He OyB yNEBHEHUH, 110 1€ BiI0YyBAETHCS HACIIPAB/II.

Ha manwmii yac y 3MI HeogHOpa30BO 3'BISUTHCS JaHi MPO CHIBIPALIO 31 CIIELCTY)KOaMu
BiTOMHX BHUPOOHUKIB 3aco0iB TenekomyHikamniid (Cisco, Huaway), mmdparopis (Crypto AG,
Omnisec, Mils Electronic), mporpamuoro 3abe3meuenHst (Microsoft), comianpHUX Mepex
(Facebook, BxonrtakTte, OmHokmacHuku), aHTuBipycHuX cuctem (Kacmepckuii, Radware,
McAfee), mocravanbHUKIB MOCIYT EJIEKTPOHHOI TMOIITH Ta MEPEKEBUX I[HTEpHET-TIraHTiB
(Google, Yahoo, AT&T, CenturyLink, Verizon). Taka cniBmpalis BKJIto9ae po3poOky Ta BOy-
JIOBYBaHHSI HEOOXITHUX «OEKIOPIB» 3 MOJANBIIOI Mepeaayero Crercayk0aM TaEMHUX Bilo-
MOCTEH MpO BPa3IMBOCTI B amapaTHOMY Ta MPOrpaMHOMY 3a0€3MeUYeHHl, B TOMY YHUCIIi 1 PO
KJTI04l IH(pyBaHHS, IO JIIOTh.

AJte Taka criBIparis 31 Crenciy>k0aMu 1HKOJIM MOYKe 31TpaTh 3TyOHY pOJIb ISl BAPOOHHKA.
Spkoro UTrocTparti€ro i€l Te3u MoXxe Cy>KuTu 70-pidHa i1cTOpis BiOMOI MIBEHITAPCHKOT KOM-
nanii Crypto AG, ska Oyna 3acHoBaHa b. Xareninom y 1952 porii Ta criemnianizyBajiacs Ha KO-
MyHIKaliiHi} Ta iHpopManiiHii Oe3mer.

HIudpysansny Mamuny M-209 po3mipom i3 munsHHIIO Boprc Xarenin po3poOuB 1me me-
pen [pyroro cBiTOBOIO BiifHOI0. Uepe3 cBOi rabapuTH BoHa Oyia LIJIKOM MPHIATHA JUISl BUKO-
pucTaHHs y TOab0BUX yMoBax, Tomy CIIIA 3akynumu minensiero Ta Bupoowmm oinsine 140 000
takux mudparopis. [lepmy mudpyBanbHy MamuHKy, Ky b. Xarenain BUpoOuB Mmiciis 3aKiH-
yeHHs BiiiHM y llIBelinapii, mpocTo IMIOKyBaJla aMEpHKaHINB - BOHA OyJia 3aHaATO HaJilHA.
Tomy 3a ix HamonernuBo BUMOTO0 komraHis Crypto AG crama Bumyckatu mudpaTtopu 3
KEpOBAHOIO CTiIHKICTI0. DAKTUYHO II€ CTAJIO MMOYaTKOM orepalii «PyOikoH», 0/1Hi€I0 3 Hal01Ib-
IIMX PO3BiAYBAIBHUX Omepauiii 3 yaci Jlpyroi cBiToBOI BiitHH [7].

VYV 1970 pomui kommanist Crypto AG Oyna BUKYILIEHA Yepe3 TOCEPETHUKIB y CIUIBHY BIIac-
nicte [[PY CIIA Ta BH/I (dbenepanbhoi ciayx06u po3Binku) Himeuunnu. 3 Toro dacy crerr-
ciyx6u (CIIA, Himeuunnu ta BenukoOpuTanii) MOTJIH 1TaBaTH PO3POOHUKAM MPSMi BKa3iBKH
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Ta YATATH CEKPETHI TeJerpaMu K MOXJIMBUX CYNPOTHBHHUKIB, TaK 1 ApyxkHiX kpaiH. Hudpa-
topu Crypto AG kynyBaiack 6ararbMa KpaiHaMu CBITY JJIs1 OpraHi3allii 3B’ 53Ky y BiliCbKOBHUX
BiJTOMCTBAaX Ta 31 CBOIMH JUTIOMATHYHUMHU MPEACTaBHULITBAMU. [[py IbOMY BUITYCKaIHCS IBA
TUMHA MAIIMH: 3 SAKICHUMU KpunTorpadiyHuMu anroputmamu (ix otpumysanu llIBeiinapis,
[Bemis Ta neski kpainm HATO) Ta BapianTH MamuH 3 BOyJOBaHUM «OEKIOPOMY, SIK1 TyXKe
JIETKO 3JIAaMYBQJIMCS TUMH, XTO 3HaB, SIK I1€ MOXHA 3po0UTH. TaKy TEXHIKY OTpUMYBaIH 1HIII
JepKaBU. Y ChOro ACMH(PyBaATUC CEKPETHI MuUdpTeNerpaMu MOHAJ cTa KpaiH, BKIIOYAI0UYH
Icnanito, Itanito, Batukan, [Takucran, Aprentuny, Ipan, JliBito Ta inmn apadcebki kpainu. Tomy
LPY i BH/[ manu y cBoeMy pO3MOpsiPKEHH1, HAPUKJIal, BCIO MOBHOTY iH(popMarii mpo PoJk-
JeHCHKY BiiHY 1982 poky, mpo TepakT y O6eprinchkiit auckoter «JIa benb» y 1986 pori abo
PO 3aXOTUICHHsI 3apy4HHKIB B Ipani B 1979 pori — 1 Bce 3aBASKH HEBEIUKIN MIBEHIIAPCHKIi
KOMITaHii B KaHTOHI1 L{yT.

B ocrannix niniiikax mugparopis Grypto AG (Cryptomatic, Cryptofax, Cryptovox To1mo)
Oynu peai3oBaHi CKJIa/JHI KPUIITOAITOPUTMH Ta HOBI KpuntorpadiuyHi KOHCTPYKIii, sIKi Bpa-
XOBYBJIM 3pOCTaHHS OOYHCIIIOBAIBLHUX MOTY>KHOCTEH y CBITI. Y1 BOHH OYyJH €EKTPOHHUMH
IPUCTPOSIMH, peali3oBaHUMHU HA Cy4acHiil elleMeHTHii 0a3i, 6araTonapoBux ApyKOBaHUX ILJIa-
Tax 13 3aXUIICHUMH CIICIIaJII30BAHUMH TIPOIIECOPaMHU Il BAKOHAHHS KpUTNITOTpadigHuX mepe-
TBOPEHB 1 3aXUIICHOIO IMaM ATTIO, Jie 30epiranmcs crnenudivni KpunrorpadidHi mapameTpu. Y
1ux 3acobax Oyna peanizoBaHa 0araTocTyrneHeBa CUCTEMAa KITIOYiB:

- CTPYKTYpHI KJIIOYi, sIKi OyJW 3reHepOBaHI BUPOOHUKOM I KOKHOTO KOHKPETHOTO
KITIi€HTa (BiIOMCTBA, KpaiHu);

- 3MiHHI JOBTOCTPOKOBI KJIFOUi, III0 3MIHIOBAJIKCS 3 TIEBHOIO MEPIOIUIHICTIO;

- CEaHCOBI KJIFOY1 JIJIs1 KOKHOTO KOHKPETHOTO MTOBIIOMJICHHS.

[Tpu yoMy, CTpYKTYpHI KJTt04i Oynu BiloMi BUPOOHUKY, TOBIOCTPOKOBI KITIOUi TeHEepyBa-
JIUCS TIO B1JIOMOMY BUPOOHHKY aJITOPUTMY 1 MajH Jieski ocoommBocTi. KpiMm Toro, cTpykTrypa
caMoro mu@pPOBaHOTO MOBIIOMJICHHS BKJIIOUYaja TAaKOX HU3KY CHHXPOHI3YIOUMX CJIEMEHTIB,
mo OyJlu OTpUMaHi IUISIXOM MEBHUX MaTeMaTHYHUX NEPETBOPEHb HAJ €JIeMEHTaMU KIIOYiB,
KpunrorpadiyHIMH MapaMeTpaMy, MITKaMH 4Yacy TOImIo. Y pasi MOTOKOBOTO IH(pPYyBaHHS,
CHUHXPOIAKETH JUIsI TOYAaTKOBOI 1 aBTOMaTHUYHOI MOBTOPHOT CHHXPOHI3aIlil TaK0X (hopMyBanucs
cnenudiyanM ynHOM. KOKeH Takuil eeMeHT Hic B 001 IIeBHI BIIOMOCTI, SIKi JO3BOJISITH 0Y-
JyBaTH JIOJATKOB1 PIBHSHHS BIJTHOCHO €JIEMEHTIB KJIIOUIB 1 TTapaMeTPiB KPUIITOTIEPETBOPEHS,
1110 3arajioM CyTT€BO IOJIETTIYBAJIO 3a7auy KPUITOAHATITHKY.

VY 2018 poui micna psay ckanpaiiB Crypto AG Oyna mikBigoBaHa, a degepaibHa MPOKy-
patypa llIBeiimapii, sika TpoBoOMIIA PO3CITIAYBaHHS TIsIIBHOCTI KOMIAaHii, 3p00uia BUCHOBOK,
1o omnepais «PyOikoH», 0 MPOBOIMIACS Y paMKaX CHIBIpPALll «JIPYKHIX CIIELCIYX0», Oyna
IIIJTKOM JICTAIBHOIO 1 HE CyIepevria sIK TOIITHIM, TaK 1 HUHIIIHIM TPaBOBUM 3acajaM Ta Io-
JIOKEHHSIM.

Leit npuknan moxasye, Mo CIELCTYXO0M 3aBXKAU MPUIUBUIN yBary 3a0e3MeueHHI0 KOH-
TPOJIIO UyTTEBUX TEXHOJIOTIH, IO 3’ ABJSUIMCS Ha pUHKY. B 1X Hagpax HaKOIUICHO BiMOBITHUN
HAYKOBO OOIPYHTOBAHMIA JOCBiJ AJIs1 BUPIIIEHHS TakuX mpoOieM. | e crocyeTrbes Ha TUIBKU
Kkpunrorpadii, a i TeneKOMyHIKaI[IIfHUX TEXHOJIOTIH Ta MPOrpaMHOro 3abe3nedeHHs (y nepury
4yepry ornepariiHuX Ta aHTUBIPYCHUX CUCTEM).

3 MIMPOKUM BIPOBA/HKEHHS Cy4acHUX 1H()OPMAIIIMHUX TEXHOJIOT1H B MOBCAKACHHS KUTTS BCE
OubIne 1 OuTbIe OMIIIHHNX OCIO CTaIM 3asBISATH PO HEOOXIMHICTh YXBaJICHHS Ha O(IiiiHOMY
JIEpKaBHOMY PIBHI PIlIEHHS PO BIPOBAHKEHHS BPa3JIMBOCTEH B iH(DOpMAITiiTHI CHCTEMH, MEPEKI
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Ta MPUCTPOI, @ TAKOXK PO 0O0B'I3KOBE BITPOBAIPKEHHS JIA31BOK Y KPUIITOAITOPUTMH, SIK1 € JIeprKaB-
HUMHU cTaHgapTamu. Ha nanuiit yac BioMo sIK MiHIMyM IIpO JIBa JITOPUTMH, K1 OyJIU 3aTBEpHKEH]
B CIIIA six dhenepaiibHi CTaHAAPTH 1 MAIOTh BIJTIOBITHI «OEKIOpH».

[lepmmii BUMAAOK - 1€ CTaHAApT KpUOTorpadii 3 AEMOHYBAaHHIM KIIOYIB (IIPOEKT
Skipjack), me 6exnop nependayaBcs Ha anapatrHoMy piBHi [8]. Ha modarky neB'ssHOCTHX MUHY-
noro cromtts ypsn CIIA ixiniroBaB macoBuit Bumyck Mikpocxemu Clipper chip (VLSO MYK-
78). Ilepenbauanocs, 110 BOHA BCTAHOBIIOBATUMETHCS Y BCi TenedoHu 1 mudpyBaTume roio-
coBui 3B's130K, 3anmmmaroun AHB MoxmuBicTh mpocToro po3mudpoByBaHHS 32 paxyHOK BOY-
noBaHoro Oexmopy. Y nentpi konreniiii Clipper Oyma cucrema aenonyBaHHs KitodiB (key
escrow). Ha koxxHOMY IpuCTpoi 3 G pyBaJIbHUM HilIOM BCTAHOBJIIOBABCSI KPUITOKIIIOY, IKUH
nepenaBaBcs ypsAy AJs JIeNOHYBaHHA. J|emOHOBaHWN KIIOY CKJIalaBcs 3 JABOX YAaCTHH, 1110
OKpeMo 30epiraiucs B yHOBHOBOKEHUX YPSIOBHX BiIOMCTBaX. Mikpocxema reHepyBajia ceaH-
COBHH KIIIOY, 32 JOINOMOTOIO SIKOTO IIH(pyBaja BiIKpUTE TEKCTOBE MoBigomiieHHs. OTpuma-
HUW KJITI0Y HAQPYBaBCs 3a JOMOMOTOI0 KJIH04a, 110 JenoHyeThes. [licas mporo B 3ammudpona-
HOMY BHIJISATI, Pa3oM 3 ileHTH(]IKAIITHUM HOMEpOM MIKpOCXEMH, BiH HPUEIHYBABCS 10
muGPOBaHOTO TEKCTY. SKIIO MOTPiOHO Oys10 TOOAYUTH BMICT MOBIIOMIIEHHS, 3aT(POBAHOTO
3 Clipper Chip, mpaBOOXOpOHIIl 3aMUTYBaJIX JECNOHOBAHUH KJIIOY Y BIAMOBIIHUX BiIOMCTB. I
BXKE BUKOPHCTOBYIOUHM HOTO, PO3IIU(PPOBYBAIN CEAHCOBUN KIIIOY 1 YMTAIHU BIIKPUTUN TEKCT
noBigoMiIeHHS. TiIbKH BUHSATKOBA JOpPOKHEUa MpoekTy Skipjack He 103BONHIIAa TIEPETBOPUTH
HOr0 Ha KUTTSL.

Jpyruii Bunanox — 1e kpunrorpadiyHuii renepatop rncesaosumnaakosux uncen NIST SP
800-90A, sixkmii BuUKOpuCcTOBYE Kpurrorpadito 3 emnruanoro kpusor (Dual EC DRBG, Dual
Elliptic Curve Deterministic Random Bit Generator) [9]. BBaxaetbes, mo AHB CIIIA 36epirae
3aKpPUTHH KJTI0Y, SSKUiA pazoM 3 mommiikamu 3MimeHHss Dual EC_ DRBG nozBosisie po3mmdpo-
ByBatu Tpadik SSL Mixk koMiT'roTepamu. btk Toro, el ctangapt OyB yCHIIITHO TPOCYHYTHI
y MikHapoHi cranaaptu [10].

Ha nanuii yac po3ropTraerbcs cCkaHgal MO0 CTBOPEHHS CTaHJapTiB MOCTKBAHTOBOI KPHUII-
torpadii (PQC). denien bepuurreiin, ekcriept 3 yHiBepcureTy Yukaro, BBaxkae [11], mo NIST
npu yyacti AHB npumyctuBcst HaBMUCHHX a00 BUMAIKOBUX IIOMIJIOK Y pO3paxyHKax Oe3rneku
HOBUX cTaHaaptiB tumy Kyber512. Ilinkom iiMOBipHO, 1110 OEKAOPH 3aKIaACHO TP PO3PpOOIIi
1HIKX cTaHaapTiB mmdpysanHs i He Tubku y CILIA.

@axiBIi 3 KpUNTOAHATI3y >KapTyIOTh, 10 HA PUHKY 3aBXIU MPHUCYTHI JIMIIE J1BA TUIH
KpunrorpaiyHuX MPOAYKTIB: 3 BIIOMHMH Jia3iBKaMH Ta 1€ HE BUABJICHUMH. [Ipudomy
HETMOMITHUMH LI OEKAOPU MOXKYTh 3aJIMIIATUC pokamu. [locTae mUTaHHSA: a 4K B3araii iCHY-
I0Th HaJIIHI METOM 3a0e3MeUeHHs eKCKIIO3UBHOTO JIOCTYIMY CIENCTy)0 10 iHdopmarlrii ko-
pucTyBava npu 30€peKeHHI TOCTAaTHLOTO PIBHS CTIHKOCTI BiJI CTOPOHHBOTO MOPYITHUKA?

I TyT Ha BUpilIEHHS LIHOTO MUTAHHS 3 HA/IP CIEICITYKO Y MOBCSIKACHHE KUTTSI BUPHHAE Ta
dbopMyeThes 1ie O/THA HayKa - Kienmozpaghia (auri. keptography), sika BUB4a€e TEOPiro 1 Mpak-
TUKY TI00YZ0BU iH()OpMAIITHUX CHCTEM, 110 MICTATh O€3IeYHi Ta MPUXOBaHI MITY4YHI KaHAIH
BUTOKY CEKpeTHOI iH(popMallii IUISIXOM BIPOBAKEHHS BPa3IMBOCTEH Y CUCTEMY 3aXMCTy iH-
dbopmartii.

Tepmin kientorpadis 3'sBuBcs y 1998 porii 3aBasku po6oTi BijoMux (haxiBIiB 3 KPUIITO-
rpadii A. Slara ta M. IOnra [3-4]. CrioyaTky BOHM Ha3WBaJIu KJIENTOrpadicro BIpOBaKEHHS
Oexaopa, 110 BaXKKO BHUSBIISIETbCS, BUKIIOYHO B CXeMax acUMeTpHuHOi kpunrorpadii. Takuit
OeK10p 1aBaB MOMJIMBICTh OOYMCINTH CEKPETHUH KITIOY KOPUCTYBaya 3a HOro BIAKPUTUM KITIO-
4yeM, aJie TUTBKU THUM, XTO 3HaB CEKPET. 3r0JI0M, BOHU PO3IMIMPUIN MEX1 KienTorpadii Ha iHII
BUJM KPUNTOAITOPUTMIB, BKIIOUAIOYH KPUITOTpadiuHi MPOTOKOIH.
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Knenrorpadis, sk HanpsiMoK iHpopMaiiiHoi Oe3neku, TICHO MoB's13aHa 3 Kpunrorpadiero
Ta crereHorpadiero (puc.l).

3B's130K Kientorpadii 3 kpunrorpadicto 00yMOBICHO TUM, IO 00'€KTOM ii TOCTIIHKEHD €
KJjentorpadiuHa 3aKianKa, ska € YaCTHHOI0 KPUIITOCUCTEeMHU. MeTou KpUIITOAHATI3Y 4acTo
BUKOPHCTOBYIOTBCS ISl BUSIBIICHHS KJICNTO3aKJIAJ0K, TOOTO OJHOYACHO € 1HCTPyMEHTAMH
KJICTITOAHATI3Y.

Knenrorpadist 6:m3bka Takoxk 10 creraHorpadii: ix 0a30BHUM €JIEMEHTOM € MPUXOBaHHUN
kaHau (aHr. subliminal channel, miacBimomuit kaHam), SKUK Briepie 3anponoHyBaB CUMMOHC
[12]. Byas-sika knenTorpadiyHa aTaka IpyHTY€EThCS Ha MPUXOBAHOMY KaHaJjli repeaadi iHpop-
martii. Came BOHM y TIO€IHAHHI 3 JOAATKOBUMH KpUNTOrpadiYHUMHU METOAaMH 3a0€3MeUy0Th
HE BUSIBJIICHHS IIMX aTak.

TloGygosa
K] HHTSzI—ICTE\I B [ToGyaona Ilo®& IloGyzoza
» obygosa
P KPHIITOCHCTeM yAoBa PHXOBAHHX
cTaHIAPTHHX KJIENITOMEXaHI3MIB : .
PTH . 6e3 3aKIaNOK KaHaTIiB Tepexadi
MoOensx cTiHKocTi
0 — -
. P L . /

A
/,"/ T~ /"( . S~ T~
e B S

]Ipmmanﬂa CHCTEeMa

Tasiska BaKTagKa K CTeTOKaHaT
Hap's,aHa cTerocHcTeMa CTerocHcTeMa
KpHIlT oCHCTEMa A KpuntocHcTeMa sIK KOHTEHHED

KpHnTo3zaxXucT KoHTeHHepy

— — k ——

T . " - - - -
i KPHITTOAHAI3 ¢ KJIeNTOaHaMi3

—_—

- = -

e S
AHamB . Brunients PosxpurTs BHABRIEHHA PyHHyBaHHA
CTIHKOCTL aKIIaNKH NPpHXOBAHOT'O CTETOKOHTEeITHe Py CTEroKOHTeHHepyY
KaHaly

Puc. 1. 38’30k knenmozepaii' 3 kpunmoepagicto ma cmezanozpagicto

KnenTorpadivni MeToau 103BOISIOTH JOBECTH 10 JOCKOHAIOCTI TPUXOBYBAHHS (aKTy Tie-
penadi moaaTkoBoi iHpopMarltii. ¥ mboMy CeHCl MPOCTEKYETHCS MOAIOHICTE A0 cTeraHorpadii,
arne € 1 BimMiHHOCTI (Tadum.1). [IpuxoBani knenTorpadgiyHi KaHAIM € YACTUHOIO KPHITTOAJTO-
PUTMY 1 JO3BOJISIIOTH HEMOMITHO TepenaBaT iHdopMmarllito 3 KpunrorpadiqyHoi cucteMu abo,
HaBIaKH, 10 Kpunrorpadiunoi cucremu. Hanpukian, nogarkoa iHdopMarisi Moke MiCTUTHCh
y udpoBOMY MiANMHKCI a00 Y BIIKPUTOMY KJTH0U1 UG PYyBaHHS.

Tepminu kienrorpadii e GopMyrOThHCS, HABEAEMO K] 3 HUX:

- xienrorpadiuyHuii MeXaHi3M (3akiajKa, KienTorpagivyHa jas3iBka) - 0COOMUBICT AU-
3aliHy CHUCTEMH 3aXHUCTY, 110 J03BOJISE€ PO3POOHHKY, SIKUH BIIPOBAIMB JaHUI MeXaHi3M, CTBO-
pIOBaTH KaHaJ BUTOKY CEKPETHUX JTaHUX;

- kienrorpadiyHa aTaka — MOKJIMBI 3JJOBMUCHI CIIeHapii, 110 MOKYTh BUKOHYBATHCS PO-
3pOOHUKOM 3aKJIaJKu: KienTorpadiuna Moaudikallisi CHCTEMH 3aXHCTY, 100y 10Ba CHCTEMH 3a-
XHCTY 3 3aKJIaJIKOI0, BUKOPUCTAHHS MOMJIMBOCTEH 3aKJIa/I0K TOILO;
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- CTIHKICTB A0 KJienTorpadiyHuX aTak — BIACTHBICTh CUCTEMH, IO MOJISATAE Y HEMOXKIIU-
BOCTI MOOY/TOBH HETIOMITHOI 3aKJIaIKi a00 KaHaTy BUTOKY.

- kientorpadgivyHUi KaHAT BUTOKY — KaHaJl HETIOMITHOTO BUTOKY CEKpETy (MMPUXOBaHUI
kaHaJ1, subliminal channel), sKuii TpPakKTHYHO MOXKE OTPUMATH PO3POOHUK 3aKIAIKU 1 HE MO-

KYTh OTPUMATH 1HII YYaCHUKHU CUCTEMH.

Tabnuys 1. Biominnicms memooie kienmoepagii ma cmezanozpaghii

Kpurepiit mopiBHSIHHI

Kirenrrorpadist

Creranorpadist

Merta

Kopekis po6otn cuctemu
B iHTEpecax po3poOHUKA YU CIIEICITYKOH

IIpuxoByBaHHs dakTy nepeaadi
iH(opmaIii Mi>k KOpUCTyBa-
4aMu

PiBens abOcTpaxkmii

Ha piBHi KpunTO NPOTOKOITY

Ha piBHi nepenadi nanux
(3aNeKUTh B THITY AaHHUX Ta
napaMeTpiB Mepexi)

Crioci6 3acTocyBaHHS

Taemna Mmoaudikanis cucteMu abo BIIpo-
BaJDKCHHsI JIa3iBKU Ha eTami po3poOKu

IonepenHe y3romKeHHS Mik
KOPHUCTYBa4aMHU CTETOCUCTEMU

Crocib Brpo-
B DKCHHS

IaTerpyerhes pealnizariito
CHCTEMHU

CropoHHi# MOIyJIb, TIPOTpama,
TuIarig

[inpHicTh MEpenayi

BinHocHO Bucoka

BinnocHO HU3BbKA

Bexkrop nporuaii

36epe>1<eHH;1 3aXHMCHUX BJIACTHBOCTEH CH-
CTCMH KOpUCTYBa4da

YHEMOXITUBIICHHS! 0OMiHY TIpH-
XOBaHOIO iH(pOpMaIli€l0

[poTunis nepenaui

Crilikuil KJIenToMeXaHi3M
He MOXe OyTH BHUSBJICHUM M OT(IIBTPO-
BaHWH 0€3 MOpyIIeHHs] pOOOTH CHCTEMHU

IIcyBanHs KOHTEIHEPY 03 Mmo-
PYILICHHS 3arajibHOI po0oTH
CUCTEMH

Haniiiaumii kienrorpadivamii kKaHaT repeaadi JaHUX MOBUHEH BOJIOITH HACTYITHUMH BJla-
CTUBOCTSIMH:

- HegusgleHicmio - 10 O3HAYa€ HEMOXJIMBICTh BUSBJICHHS KienTorpadiuHoi araku
BUKJIIOUHO 32 30BHIIIHIMU O3HAKaMU, SIKIIO CUCTEMA 3aXUCTY (KPUIITOCHCTEMA B Y3bKOMY
CEKCl) € KYOPHOIO CKPUHBKOIO;

- cmiukocmi 00 310My Oe3 nPoBedeHH s PEIHNCUHIPUHEY — HEMOKITUBICTh TIEPEXOTUICHHS 1H-
¢dopmariii 6€3 3HaHHS BHYTPIIIHBOTO YCTPOIO CUCTEMH 3aXHCTy, TOOTO y paMKax MoOJei
«YOPHO1 CKPUHBKWY;

- cmiukocmi 00 310My 2pYRU NPUCMPOI8 Y pe3yibmami YCRIUHO20 PETHICUHIDUHY 00OHO20 3
HUX - SKIIO TpyIa IPUCTPOIB MPAIO€ 33 OJHAKOBUM aJTOPUTMOM 1 3 TUMHU CaMUMHU J1a-
HUMH, TO BU3HAUYEHHS B Pe3yJIbTaTi PeIHKUHIPHHTY BHYTPILIHBOI CTPYKTYPH 1 CTaHy OJI-
HOTO 3 IPUCTPOIB HE JT03BOJISIE BUBHAYNTHU CTAH 1HIIMX MPUCTPOIB IPYITH, OTXKE, 1 1X BUXITHI
3HAUCHHS;

- HenepedbauyeaHocmi 61i60 - TOBOPSATH, IO TIOCIIIIOBHICTh HETIEpe10adyBaHa BIliBO, SKIIO
3a JOBUTRHOIO KUTBKICTIO €JIEMEHTIB MOCIIiJOBHOCTI HEMOKIIMBO BU3HAYUTH 11 MTOTIEpEIHI
enemeHTH. ToOTO HaeThCs TPO HemepeadadyBaHICTh BIIBO JUISi BHYTPINIHBOTO CTaHY
Kpuntocuctemu. lle akTyanpbHO, HAPUKIIA, IS HEASCTPYKTUBHOTO 3BOPOTHOTO MPOCK-
TyBaHHS. ATaka Ha3UBAETHCS CTIMKOIO JI0 I[LOTO BUY aHAINI3Y, SIKIIO HABITh MPU IIOBHOMY
3HAaHHI BHYTPIIIHBOI CXEMHU MPUCTPOIO Ta ii MOTOYHOTO CTaHY HEMOXIIUBO JII3HATUCS TIPO
il momepeaHiit cTaH;

- nogHoi Henepedbauysanocmi - MAE€ThCS Ha yBa3i Hemepen0auyBaHiCTh BIiBO, a TAKOXK He-
MO>XKJIUBICTh BHU3HAYCHHS HACTYMMHHX CTaHIB CHCTEMH 3axXHUCTy (HemepeadoadyBaHICTh
BITpaBo). O4EeBUAHO, IO SKIIO HAMATHUKY BIAETHCS BU3HAYUTH BHYTPIIIHIN CTaH CHCTEMU
1 3HAYEHHs YCIX 3MIHHHUX, TO /IS MOBHOI HemepeadadyyBaHOCTI CHCTEMH MOTpiOHA Ha-
SIBHICTB Yy Hill JUKepena eHTpOITii.
3ayBa)xxMMO, JI€AK1 BIIACTUBOCTI € 3aJIKHUMH, HAIPUKIIAJl: IPYyra BIACTUBICTH MOXE BH-

KOHYBATHCS JIUIIIE Y TOMY BHITJIKY, SIKIIIO BUKOHYEThCS Tiepia. TpeTs BIacTUBICTh Ma€ CEHC,
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JUIIE SIKIIO0 BUKOHYETHCS JIpyra, a M'aTa — JIMIIE SKIIO BUKOHYETHCS YeTBepTa. [HIm BiIacTu-
BOCTI1 HE3aJIeXKHI.

Jlnis BiANOBIII HA MUTAHHS YU iCHY€E KilenTorpadiuHuii KaHall Ta aHajli3y Horo BIacTUBO-
cTelt HeoOX1HO, K TPABUIIO, IPOBECTH PEIHKUHIPUHT (AHTJI. reverse engineering) - mporec
JOCITIJIKEHHS AEIKOT0 TOTOBOT'O IPUCTPOIO, TPOrpaMH, CUCTEMH, a TAKOXK JOKYMEHTallii 3 Me-
TOKO BH3HAYCHHS BHYTPIIIHBROTO YCTPOIO amapaTa 4 MpOorpamu Ui BiITBOPEHHS MPUHIIHITY
po6otu. ICHYIOTh ABI MO/IEII PEIHKUHIPUHTY:

- HedeCcmpYKMUGHUI PeiHA’CUHIpUH2, SKUH J03BOJISIE BUKOPUCTOBYBATH MIPUCTPIH Mics MPO-
BEJICHHS TIPOLIETyPH PEIHKUHIPUHTY. Taka MOJEh HalYaCTIIIEe 3aCTOCOBYETHCS /10 MPO-
TPaMHUX CHUCTEM Ta, IHKOJH, IO amapaTHUX CHCTEM, SKIIO aTaKyloua CTOPOHA BOJOJIIE
BIJIMOBITHUMH HEPYHHIBHUMH TEXHOJIOT1SIMH;

- 0eCmpyKmueHUll PeiHHCUHIPUHS, SKUIA T03BOJISIE BUBHAYUTH BHYTPIIIHIO CXEMY CHCTEMH,
aJie MpoTe NoasbIne (yHKI[IOHYBaHHS TaHOTO €K3EMIUISIPY CUCTEMH CTa€ HEMOKITHBHM.
PeimxuHIpUHT MOX€e BUSBUTH BCTAHOBJICHY 3aKJIaJIKy 1 HABITh IHKOJIM BUKOPHCTOBYBATH Ti.
[Ipu anaimizi pobotu Kientorpad@igyHUX CUCTEM 3a3BHUYAN BUAUISIOTH HACTYIHHUX TPHOX

YYaCHHKIB:

- po3pobHuk — Bojojie iHdopMarlliero Tpo ya3iBKy I;, BOJOIIE€ CEKPETHUM KITIOYEM 10
na3iBku K, ane He BOJIO/IIE€ CEKPETHUM KJII0UeM KopucTyBada Ky ;

- Kopucmyeéau — BOJIOJIE CEKPETHUM KIII0UeM KopHucTyBaua Ky, y pasi yCHilrHOro pesepc
IHKUHIPUHTY Mae 1H(QOopMaIliro Mpo J1a3iBKy, ajie He BOJIOAIE 11 ceKpeTHUM KitoueM K;

- 3108MUCHUK — Y Pa3l YCHIIIHOTO peBepC-1HKUHIPUHTY BOJO/I€ iH(OPMAIIIEIO PO JT1a31BKY
I;, ane He Boyoi€ 11 ceKpeTHUM Kiro4eM K, a TakoX CEKpEeTHHUM KIII0UYeM KOPUCTyBada
K.

[lepenbavaeTncs, MO 3TOBMUCHUK YCHIIIHO MPOBIB peBEpC-1HXUHIPHHT J0 OJHOTO abo
KUTIBKOX MOIOHUX MPUCTPOIB Ta OTpUMaB iH(OpMaIlito mpo 1a3iBKy I;: KOJ 1 BMICT €HEproHe-
3anexxHoi nam'sti. [lependadaeTsest TakoXK, 110 3JIOBMHCHUK Ma€ JIOCTYII J0 BCi€l myOaiuHOl
iH(opMartii, BKIIOYar0Yu 3aralbHOIOCTYITHI alTOPUTMHU, BIIKPUTI KITFOYi, 3ammi¢poBaHi TeK-
CTH, MiAMUCH ToIo. [Ipy 1IbOMy MOKHA BUAUIUTH JIBA TUIN 3IOBMUCHHKA!

- 3106MUCHUK-BIOPI3HANbHUK — METa SIKOTO TIOJISITAE B TOMY, 1100 BIPI3HUTH YECHY
peaizaliito BiJl HEYECHOT;

- 3M08MUCHUK-KPUNMOAHATIMUK — WOTO METa IOJIATaE B TOMY, 11100 371amMaTh Oe3reKy
JTAHOTO MPHUCTPOIO, IKUH HIKOJIM HE MiAaBaBCs PeBEPC-1HKEHIPUHTY (1€ MOKe
BKJTFOYATH 3HAXOJDKEHHS 3aKPUTOTO KJTI0Ua KOPUCTYyBaya, AemmdpyBaHHs iHGopmarrii,
3aM(PPOBAHUX 3 BIAKPUTUM KIIFOUEM, IMiIPOOKY MiAMUCY TOIIO).

Iy

LropMucHuk = pelskisipimy

| E—

CucreMa 3axucTy

Kopucrysan +—— Tlasisxa 5 Kopucrypan
Ky I + K, Ky
Poapotuns I+ Ko Creucoayvaion
I+ Kgp e It Kg Ko

Puc.2. Mexanizm 83aemo0ii yuacnuxie kienmozpaghiunoi cucmemu
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3Bakarouu Ha TEHJICHI(IT OCTaHHIX POKiB, POJILOBY MOJIETTh MOKHA BUAO3MIHUTH, TOAABIIN
1€ OJTHOTO YYaCHHUKA — cneyciysxcoy — Ta OOMEXXKHUTH PIBEHb 3HaHHS po3poOHUKa (puc.2). ¥ miit
HOBII MOJIEJTI Pa30M 13 KKOPHUCTYBAYEM» Ta «3JIOBMUCHUKOMY JIOTh:

- cneycayxcoa - Mae 1HGOpMaIio Tpo Ja3iBKy I;, BOJOJI€ CEKPETHUM KIIIOYEM [0
na3iBku Kg;, He BOJIO/i€ CEKPETHUM KIltoueM KopuctyBada Ky;

- po3pobHuK - Mae iHOpPMaIIio Tpo J1a3iBKy I, BOJIOAIE BIAKPUTHM Kiro4ueM jda3iBku K g,
HE BOJIOJIi€ CEKPETHUM KIIIOUEM J10 J1a3iBKu K g;, HE BOJIOJIiE CEKPETHUM KITIFOUEM KOPHUCTY-
Baua K.

Crercityx06a BuIae po3poOHUKY THCTPYKIIIT 3 peastizallii ia3iBKu Ta Biakputuii Kiiro4 K gy,
3a JIOIOMOT0I0 SIKOTO IIH(PYBaTUMYThCS J1aHi, 10 BUJAIOTHCS Yepe3 Ja3iBKy. Po3poOHUK 3Hae
BeCh MeXaHi3M poboTu I, aje He 3Hae cekpeTHoro kimova K, ToMy NMpu BUKOPHCTaHHI HE
3MOK€ OTPUMATH JIOCTYII 10 JAHUX KOPUCTYBayda (TOOTO KOPUCTYBAY 3aXUIICHUN HE TIIBKH Bij
CTOPOHHBOTO MTOPYITHUKA, aJI€ 1 BiJ] pO3pOOHUKA).

370BMUCHUK JI0 MPOBECHHS PEBEPC-IHKUHIPUHTY Ma€ MEHIII MOXKIIUBOCTI, Hi)K po3po0-
HUK, a TICJIsl HOTo POBEICHHSI BIH MOXE OTPUMATH MeXaHi3M pobotu naziBku I;. Kpim Toro,
y 3JI0BMHCHHUKA, SIKIIO Y HBOTO € BiAMOBIAHI CIPOMOKHOCTI, € MOXKJIMBICTh BUBUUTH apXiTeK-
Typy 0Oy/0BU CUCTEMH 3aXUCTY, PO3POOUTH Ta BIPOBAJUTH CBOIO 3aKJIAJKY NIl CTBOPEHHS
KJIenTorpadiyHoro KaHaiy.

Ha nanwii yac icHy€e TiJIbKM 3arajibHi peKOMEHIallii 010 3aXUCTy Bl KiaenTorpadiyHux
aTaK B KPUIITOCHCTEMaX, TakKi SIK MPOBEJACHHS KOMILIEKCHOTO aHAJ3y CTPYKTypU KPUITOCHU-
CTEMH 13 3aiTydeHHM (haxiBIiB y rairy3i kpunrorpadii abo koMmosuiris (KackaayBaHHS) KPHUII-
TOIIEPETBOPEHb, 1110 MAIOTh IMOXOKEHHS 3 PI3HUX JUKEpel:

1. Ilepen BUKOpPUCTaHHSM KPUNITOTpaiqHOTO MPUMITHUBY, HOTO CTPYKTypa Mae OyTH pe-
TeTHHO BHBYCHA Ta OIlliHeHA. He Mo)kHa 6e33acTepekHO MOBIPSTH arlapaTHUM KOMITOHEH-
TaM 13 3a71aHol0 crerudikaiiero (HeoOXiaHa mepeBipka peasizallii Ha BiAMOBIIHICTh CIIe-
mudikalii, a TakoK BUBUEHHS camoi crierudikartii). HaBite nmporpamsi peasnisanii MOXyTh
OyTH HeOe3MeuH1, 0COOJIMBO SKIIO BUX1THUMA KO 1 JOKyMEHTAIlisl pO3pOOHHMKA HEAOCTYITHI
JUTSI TIEPEBIPKHU.

2. [IpoxomxeHHs TecTiB 32 OPMATTbHUMH KPUTEPISIMH HE TapaHTYE BiJICYyTHOCTI TPUXOBAHUX
7a3iBOK. 30KpeMa, He MOKHA MTPUIMATH PIilIEHHS MPO JOBIPY JUIIE BUXOAIYH 3 BETHKOTO
CTATUCTUYHOTO JoCiKeHH. O4eBUAHO, 1151 Oyab-sIKOT0 (hiKCOBAaHOTO HA0OPY KPUTEPIiB
MOYKHa MO0y IyBaTH KPUIITOCUCTEMY 3 JIa31BKOIO, SIKA 337J0BOJIbHATHME IIUM KPUTEPIsM.

3. Hemoranuii 3aXucT BiJ] HASBHOCTI MPUXOBAHUX JIa31BOK Y KPUITOAITOPUTMAX J1a€ KOMIIO-
3uLis (KacKaJyBaHHs) KPUIITOIIEPETBOPEHb, 1110 MAIOTh MOXOKEHHS 3 PI3HUX JIXKEPell.

4. BaxauBHUM € KOHTPOJIb 3a BUMAAKOBICTIO. [[iTKkOM HE0OXiTHO, 100 aNropuTMHU reHepartii
BUMA/IKOBUX BEJMYUH, 10 BUKOPUCTOBYIOTbCA B KPUNTOTpa(iuHUX NPUMITHBAX, OyIu
BIJIKPHTI JIJIs KOPUCTyBava. SKII0 € mporpaMHe 3a0e3MeueHHs 1711 BUPOOJIECHHS KITIOUiB —
BOHO Ma€ OyTH aOCOJIIOTHO HAAIMHUM Ta AoBipeHuM. [loOpe 1m00 Oyna MOXKINBICTh BUKO-
PUCTOBYBAaTH CTOPOHHE JKEPENIO BUMAIKOBUX YHCE.

5. Kpaie SIK1110 pKepesio BUIagKOBOCTI, TEHEPATOp KIIOYiB Ta AITOPUTM, 1110 X BUKOPUCTO-
By€ — OyJIM TPU PO3AUIbHI KOMIOHEHTH. [Ipn mboMy Mae OyTH BHKIIOYEHA MOKIIUBICTH
iXHBROTO 00XOMY, CaMi BOHU — 3 HAAIMHOTO JKepena, a KaHalld, 0 iX MOB'SI3yI0Th, HE J0-
MyCKalOTh BUTOKY 1H(MOpMAaITii.

[Toxu 1110 MOKHA KOHCTATYyBAaTH, IO JIIIEH3YBAaHHS CUCTEM 3aXHCTy € €QUHHM CIIOCOOOM
60poTHOM 3 KIIenTorpadicro (K0 HE BpaxOBYBaTH IHTEPECH CIIEIICITYXkKO).

3araiom, MOXHa BUIUTATH MOJANBIII HAPSIMKH KJICTITOTpaiqYHUX JTOCHTIKCHb:

- mobynoBa kienTorpadiyHOTO KaHATy BUTOKY IIIIXOM MoAMdIKaIlli CTaHAApPTHOT CUCTEMHU
3aXHUCTY;

- CTBOPCHHS HOBUX CHCTEM 3aXHCTY 3 BOYJJOBAaHUM KJIETITOrpa)iYHUM KaHAJIOM;
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- BUABJICHHS KJIeNTOrpadiyHUX 3aKJIaJ0K SK Y 3arajbHii cXeMi CUCTeMH 3aXHCTy, Tak 1y ii
KOHKPETHIH peaizarlii;

- moOy/0Ba CUCTEMH 3aXHCTY 3 FapaHTOBAHOIO BiJICYTHICTIO KJIENTOrpaghivyHOro KaHaity BH-
TOKY;

- moOynoBa CHUCTEMH 3aXHUCTy 13 MIHIMI3aIll€l0 MOKJIMBOCTEH BOYZOBYBaHHS KJIENTO3a-
KITaJIKH.

VY xozi JocipKeHHS 32 TaHUMH HalpsSIMKaM{ BUHUKAE IIIe PAJ] TOB’ A3aHUX MTPOOIIeM:

- BIJICYTHICTB JOCTaTHBOI popmaizalii kientorpadii (He 3BaKaloyH Ha Te, [0 Hapasi Bke
B1JIOMI YHCEITbHI IPAKTUYHI Ta TECOPETUYHI KilenTorpadivni cucteMu, 10ci He chopMOBaHa
O1UTBII-MEHII 3arajbHa Teopis);

- HEaJeKBATHICTh HAsIBHUX MOJCJICH HAIIMHOCTI CHUCTEM 3aXHCTy y KOHTEKCTI KJIETTO-
rpadiyHuX 3a/1a4;

- BIJICYTHICTh METO/IB OIIIHKH PHU3HKIB, ITOB’A3aHUX 3 KJIENTOrpadiuyHUMH aTakamu;

- BIJICYTHICTh METO/IB IMOOY/IOBH €JIEMEHTIB 3aXUCTY 3 JIOBEJICHOIO BiJICYTHICTIO KJIENTO3a-
KJIaJI0K;

- BIJICYTHICTb KPHUTEPIiB OLIHKU MOTEHIIHHUX KIENTOrpa(iuHNX MOKIMBOCTEH CUCTEM 3a-
XUCTY Ta 1HIIII.

BucnoBku. B inpopmariiiHiii 6e3merii Bce BUHAXOAATh IIOHAWMEHIIE IBIYi: OJUH pa3
crenciayx0amu “y 3aKkputy’’, a BAPYTe - HAyKOBISIMH Y BIIKPHUTY (B ACSIKHX BUIAJKaX HAaBITh
OibIIIe, HIXK JBIYl - 1 116 HOpMainbHO). Kpunrorpadis el nuisx ke mpoiiiia, creranorpadist
I11€ IPOXOJUTh, a IS KienTorpadii yce TUIbKU MOYMHAETHCA.

VYeranenuit miaxia o kienrorpadii, mo BUBYAE TUTBKA METOAM MOTAHHOTO OCIA0JICHHS
€JIEMEHTIB cUcTeM Iu(pyBaHHs (TeHepallii KiIouiB, TU(POBOTO MiANHUCy, OOMIHY KIIOUaMH,
TeHepaTopiB MICEBIOBUIIAAKOBUX YHCEI, KPUITOAITOPUTMIB) 1151 iX BUKOPUCTAHHS 3 HEJIerajlb-
HOIO METOIO, € TIIX0JIOM 8 Y3bKOMY CEHCI, SKUI BIAHOCUTD KJIenTorpadiro 10 po3aAiTy KpUIITO-
rpadii.

AJie CTBOPEHHS Ta BUSIBJICHHS KJIENTOrpadiuHUX KaHATIB aKTYaJIbHO 1 JUISl IHITNX CUCTEM
3axucty iHpopMalii. ToMy aBTOpH poOOTH CTBEPIKYIOTH, IO MEX1 Kientorpadii mMoBHHHI
OyTH 3HAUHO LIMPIIMMU 1 HE OOMEXYIOThCS TUIbKHM KpunTocucreMamu. HammM qanum 3arpo-
XKYIOTh HE TIJIbKH IIIUTYHH Ta XaKepH, a ¥ BUPOOHUKH IIMPOKOIO Jiana3oHy IPUCTPOiB 3aXu-
CTY, KaHaJIB 3B'sI3Ky Ta iHPOPMAIIITHIX CUCTEM, a, TTOJEKYAH, 0 HUX JOAI0ThCA I ““HEKOH-
TPOJIbOBAHI" CIICTICITYKOH.

VY 3B’A3Ky 3 UM, Hayka Kientorpadis 6 wupokomy ceHci Mae AOCTIJKYBAaTH yCi Me-
XaHI3MH HEMOMITHOTO BHUKpaJeHHS 1HopMarlii KOpucTyBada 3 I1H()OpPMAIIHHUX CHCTEM.
Hanpuknan, 6:113pK0 A0 KJIIACHYHUX 3aa4 KiienTorpadii NpUMHUKaOTh IPOrpaMHi Ta araparHi
3aKiIaaKu (y TOMy YHCII CHCTEM 3axXHUCTy iH(dopmarlii), ki 9aCTO BCTAHOBIIOIOTHCS CAMHUMH
po3poOHuKamMu abo iX KOHTpareHTaMu. ToMy BBaXkaeMo, 1110 A0 chepu iHTepeciB kientorpadii
CJ BIIHECTH yCl MUTAHHS IIOJ0 METOJIB 1 TEXHOJOTIA CTBOPECHHS Ta BHUSBICHHS KJICTITO-
rpadiyHUX KaHaJiB (IUTYYHO CTBOPEHUX TAEMHUX KaHATIB BUTOKY KOH(IICHIIHHUX AaHUX), &
TaKOXX BHUSIBJICHHS KjenTorpadgidyHuxX aTak (00X0ay aHTHUBIPYCiB, MIXKMEPEKEBUX C€KpaHIB Ta
1HIIKX 3ac00iB iH(OpMaIiifHOT Oe3MeKr TOIIO).
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THE HISTORY OF KLEPTOGRAPHY AND ITS PLACE
IN INFORMATION SECURITY

Urgency of the research. Intensive informatization of society creates new threats: users of modern IT technologies be-
come not only law-abiding citizens, but also criminals, fraudsters or terrorists who use them to commit crimes. Therefore, any
state tries to control, at least, its segment of cyberspace. Solving such a problem may require methods studied by a new scientific
discipline - kleptography.

Target setting. In order to fight terrorism, it is necessary to make a decision at the official state level to implement
appropriate control of information systems and networks. And are there reliable ways to ensure exclusive access of special
services to user information while maintaining a sufficient level of resistance to third-party attackers? These questions are
solved by kleptography.

Actual scientific researches and issues analysis. Modern research on kleptography, apart from the classic works of
A. Young and M. Jung, where the basic concepts and terms are introduced, is mainly devoted exclusively to the synthesis of
cryptosystems with backdoors. However, methods of protection against kleptoattacks are currently limited to traditional crypt-
analysis of potentially vulnerable systems and issuing certain intuitive recommendations regarding the process of developing
software and hardware complexes.

Uninvestigated parts of general matters defining. The scope of interests of kleptography should be much wider than the
research of backdoors in cryptosystems and include the theory and practice of creating and detecting secret channels of leakage
of confidential data in information systems.

The research objective. The purpose of the article is to analyze the reasons for the emergence of kleptography as a science
and the direction of its development in the information security knowledge system, in particular its connection with cryptog-
raphy and steganography.

The statement of basic materials. The reasons for the emergence of kleptography as a science and its place in the system
of information security knowledge have been studied. General recommendations for protecting systems against kleptographic
attacks are provided.

Conclusions. The authors believe that the field of kleptography should include not only backdoors in cryptographic sys-
tems, but also all issues related to the methods and technologies of creating and detecting kleptographic channels (artificially
created secret channels for leaking confidential data) and detecting kleptoattacks (bypassing antiviruses, internet screens and
other means information security, etc.).

Keywords: kleptography, steganography, cryptography, kleptographic channel, reverse engineering, information security.
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TEXHOJIOI'ISA KEKCIB 3 TOJABAHHSM KAJIMHHU 3BUYANHOI (VIBURNUM
OPULUS L.) TATAPBY3A 3BUMAUHOI'O (CUCURBITA PEPO L.)

Pospobneno mexnonoeiio kexcig 3 dooasanuam niope 3 nio0ie kanunu 3euyaiinoi (Viburnum opulus L.) ma nodpionenozo
Haciuua eapbysa 3euuaiinozo (Cucurbita pepo L.). 3a ocnosy é3amo peyenmypy kexcy « Cmoauunuiiy. IIpogedeno ananis op-
2AHONENMUYHUX NOKA3HUKIS, emicmy minepanvhux pewosun (Ca, Cu, Fe, Mg, P) ma enepeemuunoi yinnocmi Kexcie 3 000a8an-
Ham 5 %, 10 % ma 15 % 3asnauenux inepedicumis i3 Hempaouyitinoi pociunnoi cuposunu. Bemanoeneno, wo enecenns
peyenmypHy cymiui niope KaIuHu 36Uudainoi ma HacinHa eap6ysza 3eunaiino2o 6 kirbkocmi 10 % npuzeooums 00 HAUKpawux
OP2AHONENMUYHUX XAPAKMEPUCUK KEKCI8, 3HUMICYE IX 3a2aNbHY KANOPIUHICIb, NOKPAWYE MIHEPATbHULL CKIAO.

Knrouoei cnosa: 6opownsni KoHOUmMepcvKi 6upodu, 30azaueHi Kekcu, pociukHi 006asKku,; KaiuHoee niope; 2apoysose
HACIHHA, OP2aAHOIeNMUYHI NOKA3HUKU AKOCMI.

Puc.: 3. Tabn.: 5. bion.: 8.

AKTYyaJIbHiCTh TeMU JAociakeHHs. [[OBHOIIIHHE XapuyBaHHS € OJHUM i3 HalBa)KJIHBI-
IIUX CKJIQIOBUX 3a0€3MEUYCHHS KUTTENISUIBHOCTI HaceIeHHs. 3 HUM Oe30CcepeTHbO OB’ I3aH1
piBEeHb 3aXBOPIOBAHOCTI JIOACH, feMorpadiuHi Ta eKOHOMIUHI MOKa3HUKU KpaiHu. B Ykpaini
npobiemMa (GyHKITIOHAIBHOTO Xap4uyBaHHS Ha0yBa€e 0COOJIMBOI TOCTPOTH Y 3B SI3KY 3 HECIIPHSI-
TJIMBUMU €KOJIOTIYHUMH YMOBaMH, 3HI>KEHHSIM KHUTTEBOTO PIBHS HACENICHHS 1 3arajioM (i3uy-
HO1 akTUBHOCTI. Cy4aCHUH PO3BHUTOK CYCHUIbCTBA, CIPSIMOBAHUN HA MIJBUIICHHS SIKOCTI Ta
301bIIEHHS TPUBAJIOCTI XKHUTTS, 3pOCTAHHS HAPOKYBAHOCTI, IPU3BOIUTH J10 ITiIBUIIIEHOTO 110~
NUTY Ha SKICHI IPOIXYKTH Xap4uyBaHHs Ta PO3IMIUPEHHS IXHBOTO aCOPTHMEHTY.

JU7st 3aJ0BOJIEHHS 3a3HAYEHOT0 TIOMUTY aKTYyaJIbHOIO 00JIaCcTIO JOCIIKEHb € CTBOPEHHS HO-
BUX YM BJIOCKOHAJICHHS ICHYIOUHMX TEXHOJIOTI BUTOTOBJICHHS Xap4YOBUX MPOAYKTIB. Sk omuH 13
HAIPSMKIB, SKUH Ma€ 3HAYHUH MTOTEHIIialT, MOYKHA PO3IJIsIaTH 30araueHHs PO IyKTiB XapuyBaHHS
3a paxyHOK JI0JTaBaHHsI POCITMHHOI CHPOBUHHM 3 BUCOKHUMH TTOKa3HUKAMH 010J10T19HOT IIHHOCTI.

Cepen poAyKTiB XapuyBaHHS BKJIMBE MICIIEC Y PAIliOHI JIFOJEH Pi3HOTO BIKYy 3aiiMaioTh
OOpOIIHIHI KOHIUTEPCHKI BUpOoOH. Ha chOroaHIIIHIN 1IeHh BOHH XapaKTePU3YIOThCS pi3HOMA-
HITHUM aCOPTUMEHTOM Ta I[iIHOBOIO JIOCTYIHICTIO JJIsl HACEICHHSI.

TpagumiitHuM BUIOM KOHIUTEPCHKUX BUPOOIB € Kekcu. OHaK, CHPOBHHA, IO BUKOPHC-
TOBYETbCS MIPU BUPOOHULITBI KEKCIB, MICTUTh HeOarato MiHepaJbHUX PEYOBUH Ta BITaMiHIB,
K1 pyHHYIOTBCS B TIOJIQJIBIIIOMY TEXHOJOTIYHOMY TPOIIECi, a TOMY 3HIKYETHCS O10JI0TiUHA
[iHHICTh MPOAYKTY. THM He MEHII, peenTypy KeKCiB MOXHA KOPUTYBaTH 3a paxyHOK 30ara-
YEHHS 1X POCIUHHOIO CUPOBUHOIO. L€ 1ae€ MOXKIIUBICTH CTBOPIOBATH HOBI MPOAYKTH (DYHKITIO-
HAJILHOT'O MIPU3HAYEHHS 3 M1ABUILEHOIO XapuOBOIO I[IHHICTIO.

© Haranis FOmenko, Haranist Bysiibcbka, Bikropist Uensibiesa, Hatanist bepeskuna, 2023
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Cepen pocnuH, CUPOBHHA 3 IKMX MOXe OyTH BUKOPHCTaHA SIK IHTPEeTIEHT AJIs 30araueHHs
KEKCIB, MOXKHA BUIUINTH Kanuuy 3Buvaiiny (Viburnum opulus L.) 1 rapOy3 3BUUaiiHMI
(Cucurbita pepo L.). Ilnoau nepuioro BULy MiCTSTh 3HaYHY KUIbKICTh OPraHIYHUX KUCIIOT, Mi-
HEpaJIbHUX PEUYOBHH (KaJIbIIiH, Kalliid, MarHii, MUHK, KynpyM, hepyM, MaHTaH, ceJieH, 60p, o
ta ¢ocdop), Bitaminu (A, C, P, K, E), mektunu, 1younbHi pe4oBrHH, (HIABOHOIAN Ta aMIHOKH-
ciotu [1]. [Imoam apyroro Buay 6araTi Ha MEKTHH, KIITKOBUHY, O11KH, pepMeHTH, BiTaminu C,
Bi1, B2, PP, E, kapoTun, MiHepanbHi pEUOBHUHU: COJI KaJilo, KaJbIil0, MarHioo, pepymy, doc-
dopy, kobanbTy. HMoro BkuBaHHS 36iNbITye JKOBIOBUIIICHHS, IOy (YHKIIIIO KUIIOK, 10~
CHJIIO€ BOJHO-COJIbOBUH OOMIH [2].

ITocTtanoBka npodJemu. Po3poOka TeXHOIOTIT KEKCiB 3 OUIBIII BUCOKMMH MTOKa3HUKAMHU
010JIOTTYHOI IIIHHOCTI 3a paxXyHOK JI0JIJaBaHHS B ICHYIOUY PElENTyPy HOBUX KOMITOHEHTIB, IPH-
TFOTOBAaHUX 3 KAJIMHU 3BUYAWHOI 1 TapOy3a 3BUYaiHOT0, BUMArae mpoBeAeHHS AOCTIIKEHb s
OTPUMAaHHS MPOIYKTY, 110 XapaKTEPU3YEThCS OPTaHOJCITUYHUMHU TOKa3HUKAMHU, 3BUYHUMU 1,
BiJIIOBITHO, MPUBAOIMBUMH JJTSI JTFOICH.

AHaJi3 ocTaHHIX qocaiTkeHb i myOaikaniii. /st 30araueHHsT KEKCiB BUKOPUCTOBYIOTh
OOpOIIHO HYTOBE, IpeyaHe, KyKypya3siHe, pUCOBE, STUMIHHE, 3€pHA Ta HACIHHS COHSLIHHUKA, Ky-
HXXYTY, IUIOJOBO-ST1IHYy Ta OBOUYEBY CUPOBHHY, iX MOPOLIKH, M1aCTH, MIOpPE, KPIONACTH Ta CU-
pomu. Ix ¢izionoriuno GyHKIIOHATEHUME iHTPEIEHTAMH € Xap4yoBi BOJIOKHA, BiTAMiHM, MiHe-
paJibHI pEYOBUHH, aMiHOKHCIIOTH [3].

B sixocTi HeTpaauLiiHOI CHPOBUHU IS 30aradeHHsl KeKCiB TaKOK BUKOPUCTOBYIOTH Tap-
Oy3 3Buuaitnuid. Cnij 3a3HaYMUTH, 110 KPIM HBOTO, Y TEXHOJIOT1i KEKCIB 3aCTOCOBYIOTH 1 IHIIMN
criopiHeHH BU — rap0y3 BenereHcbkuit (Cucurbita maxima Duchesne ex Lam.), sikuii ciry-
JKUTB JHKEPETIOM HaTypalbHUX aHTHOKCHIAHTIB [4].

JlocItiKeHO MOXKIIMBICTh BBEJICHHS B PEIETITYPY KEKCiB rap0y30BOro HaCiHHA B KIJIBKOCTI
20-35 %. BigmiueHo, 1110 MOKpaIIeHHs OPraHOJIENTUYHUX BIACTUBOCTEH KEKCiB BigOyBaocs
IpY BBEICHHI /10 peuentypH 30arauyBadiB 10 30 %. BurnedeHi kekcu Maau He3HA4HI TPILMHA
Ta PO3PUBH, CTaH M SKYIIIKH BiJ3HAYaBCS MMOPUCTOIO CTPYKTYPOIO 3 PIBHOMIPHUM PO3IOI1ICH-
HsM 106aBku. [Ipu BHeceHH1 rapOy30BOro HaciHHA y KUTbKOCTI 35 % MOripiuBes CTaH M Ky~
KU, TIOMITHO BiTYyBaBCs MPUCMaK J00aBKH, sl TOBEPXHI BUPOOY OysI0 XapakTepHe BUIIpE-
cOBYBaHHs 011 [5]. 3a pe3ynbTraTamMu iHIIMX JOCITIHKEHb HallKpallli OKa3HUKH OyJIn OTpHUMaHi
IpY BBEICHHI B pELENTYpy HaciHHA rapOy3a B KibkocTi 50 % [6].

Kpim rapOy30Boro HaciHHS BUKOPUCTOBYBAJIMCS TAKOXK IIMATOYKH CBIXKOTO rapOy3a, 1o
BKa3ye Ha MIAPOKI MOXKIIMBOCTI 3aCTOCYBaHHS JJAHOT POCIIMHM VISl IPUTOTYBAHHS KEKCIB 3 TiJI-
BUIIEHUMH ITOKa3HUKAMH Xap4yoBOi IHHOCTI [7].

Kanuna 3BHuaiiHa Tako BUKOPHCTOBYETHCS K HETPAAMIIIIHA POCIMHHA CHPOBHHA IS
BUPOOHHUIITBA OOPOLTHIHUX KOHAUTEPCHKUX BUPOOiB [8]. OnHak BoHA (aKTHYHO HE PO3TIIsiaa-
Jacs sIK HeTpaJuLiiiHa pOCIMHHA CHPOBUHA JJIs1 BUPOOHHUIITBA KekciB. HasiBHI nani MaroTh (pa-
TMEHTapHUH XapaKTep.

BunaijieHHs1 HeZOCTiIKEeHUX YACTHH 3arajbHoi npodJjemu. Ha BinMiHy Bia 30aradeHHs
MPOAYKTIB XapuyBaHHS HETPAIULIHHOIO POCIMHHOIO CHPOBUHOIO, OTPUMAHOIO 3 OJTHOTO BUAY
POCIIUH, TEXHOJIOTII, IO BPaXOBY€ OJHOYACHE BUKOPHUCTAHHS KUIBKOX POCIMHHUX BUIB, HE
NPUIUIATIOCS HaJEXKHOI yBaru. MOXXJIMBOCTI BUKOPUCTAHHS KAJIWHU 3BUYAaHOI y TEXHOJOTI]
KEKCIB BUBUEHO HeocTaTHBO. [loeqHanHs 106aBOK, OTpUMaHuX 3 rapOy3a 3BHUaifHOTO Ta Ka-
JIMHU 3BUYAMHOT ISl BUTOTOBJICHHS KEKCIB, paHille He 3aCTOCOBYBAJIOCH.

MeTto10 pod0TH € PO3POOJICHHS TEXHOJIOTIT KeKCiB, 30araueHnx MmoaApiOHEHUM HACIHHIM
rapOy3a 3BUYaifHOTO Ta MIOPE KaJTUHU 3BUYAINHOI.
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Bukaan ocHoBHoro martepiaay. [Ipu po3po06ii HOBOi pelenTypu KeKCiB y SKOCTI KOHT-
poito obpanu perentypy kekcy «Ctoaumunuii». s eKcrepuMeHTaIbHUX J0CHIIPKEHb BHUKO-
PHUCTOBYBaJIM HAaciHHS rapOy3a Ta Mope 3 KaIMHU B OJHAKOBUX KUIBKOCTSX 1o 5 %, 10 %, 15
% KoHO1 100aBKM BiAMOBIAHO. BUKopucTaHi mia 9ac DOCTIHPKEHh CHPOBHHA Ta MaTepiain
BIJIMTOB11aJTU BUMOTaM JIIFOYMX HOPMATUBHO-TEXHIYHUX CTaHIAPTIB.

3amic TicTa MPOBOAMIIM 3a PEIENTYPOIO, PO3PAXOBAHOI HA OCHOBI YHI1()IKOBAHOI perier-
TypH kekcy «Cromuunoroy. [Ipu npuroryBanHi BUpoOiB 3 1o0aBKaMu Ui HUX OyB 3p00JIeHU
nepepaxyHoK pelenTyp Ha OCHOBI KOHTPOJIO 3 BPaxyBaHHSIM 3aMiHM BEPIIKOBOIO Macia Ta
MIIEHUYHOTO OOPOIIHA KATMHOBUM ITIOpE Ta MOApiOHEHUM HACIHHAM rapOy3a 3BU4aiiHOTO Bif-
MOBITHO Y KUTBKOCTI 0 5 %, 10 % 1 15 %. Penientypu HaBeneHi B Tadi. 1.

Tabauys 1 — Peyenmypa 015 8unikauHs Kekcie

BurtpaTu cMpoBHHHU Ha nopuilo, T
CupoBuua 5% 10 % 15 %
KonTpoan BHECEHUX BHECEHHX BHECEHHX
A00aBoK A00aBoK 100aBOK
Bopo1Ho nieHnyHe BUIIOTO COPTY 80,0 76,0 72,0 68,0
Iyxop-micok 60,0 60,0 60,0 60,0
Iyxop BaHUTBHUN 2,0 2,0 2,0 2,0
Macio BepIKoBe 60,0 57,0 54,0 51,0
Menanx 46,0 46,0 46,0 46,0
PosmynryBau 2,0 2,0 2,0 2,0
Cinp 1,0 1,0 1,0 1,0
Pomsunkn 60,0 60,0 60,0 60,0
Kanmunose mope - 3,0 6,0 9,0
Hacinns rap6ysa - 4,0 8,0 12,0
Pazom 311,0 311,0 311,0 311,0

Jyst mpUToTYBaHHS KEKCIB PO3M’ SIKIIIEHE BEPIITKOBE Macio 30uBaym 7—10 xB., mOTiM 0112~
BaJIM I[yKOp, BaHUIbHUI LyKop Ta 30uBanu me 5—7 xB. [loTiM npu mepeminryBaHHI BHOCHIN
MEJIaH)X 3 METOI0 PIBHOMIPHOTO PO3MOAUICHHS JKUPY y TICTi 1100 3a0e3MmednTH OJHOPIAHY,
IpiOHOMIOPHUCTY CTPYKTYpPY KekciB. Jlo 30UTOT Macu nojaBaiy po3MyIIyBad, Cillb, PETEIBHO
nepemimyBasm 10—-15 xB., motim gogaBanu 6opomrHo. 3amimyBamu 10—-15 xB. ['oToBe TicTO
po3kianu no ¢opmax, Bumikanu npu temmeparypi 200-210°C 30—40 xs.

Po3pobsiena TexHOMOTIS 13 BHECEHHSM KAJIMHOBOTO TIOpE Ta TapOy30BOTO HACIHHS
BIZIPI3HSETHCS Bi TPAIULIMHOT TUM, 1110 Tependayae morepeHio miaAroroBky nodasok. Kamu-
HOBE ITIOPE MEPETUPAETHCS HA CHTI, @ rapOy30Be HACIHHS MOAPIOHIOETHCS 10 MACTONO1I0HOTO
ctany. Jlo0aBKYM BHOCATHCS MMiCIs HOJAaBaHHSI MEIAHKY.

Maca TiCTOBOi 3aroTOBKH, SIKy BHOCHJIHN Y ¢opMmy — 78 T, Maca ToToBOro Bupody — 70 r.
Btpatu uepes ymikanHs Ta ycuxaHHs BUpoOy cTaHoBisATh 10,12 %.

[Ticns BUMIKaHHSA TIOBEACHA OPraHOJICNITHYHA OIliHKAa BUPOOiB. OpraHojenTUYHI MOKa3-
Huku BianoBigHO 10 JACTY 4683:2006 ormintoBanu npodiibHUM MeTO0M. [[i1st onucy sSKOCTI
IPOAYKTY 1 BU3HAUEHHS BEJIMYMHHU PI3HUII MDK 3pa3kaMH KEKCiB, 3aCTOCOBYBAJIM IMPOCTY
I’ AITUOANTBHY IIKAy OIIHKH.
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30uBaHHS BEPIITKOBOTO
Macna t=7-10 xB

'

30uBaHHs T=5-7 XB

I

36uBanHsA 7=8-12 XB MEJIAHK Ta iHIIIa CHPOBHUHA
3amic Ticta t=10-15 xB Oopo1IHO B/T

'

dopmyBaHHS

!

Bumiuka. Tpusamnicts
30-40xs, t=200-210 °C

'

OX0J0KEeHHS 1 BUMMAaHHSA
3 popm

__ IyKOp HICOK

Puc. 1. Texnonoeiuna cxema npucomyeanHs Kekcie

I'oToBi 3pa3ku BUpoOiB 3 J00aBKaMu HaCiHHS rapOy3a Ta KAJMHOBOTO IMOPE MPEACTaBICH]
Ha puc. 2.

a)
Puc. 2. 'omosi supodu
a) KOHMpowb, 6) 3 dodasanuam 5 % xkanunoeozo nwope ma 5 % Hacinua 2apoysa;
8) 3 0ooasannam 10 % xkanunoeozo niope ma 10 % nacinns capbysa;
2) 3 0ooasanuam 15 % xanunosozo nwope ma 15 % nacinns capdysa
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BurieueHni kekcu Masii IpUEMHUM CMak Ta apomar, 3pa3ok Nel ta Ne2 3 no6aBkamMu KaauHA
3BUYAHOI Ta rapOy3a 3BUYaifHOTO B KUTBKOCTI 110 5 Ta 10 % K0KHO1 100aBKW Maju Jeab BiJl-
YyTHHUH pucMak rapoy30Boro HaciHHs Ta KainuHu. [Ipu nonaBanui 15 % xoxxHoi 106aBKH cr10-
cTepiraBcsi OUTBII BUPAKEHUN MPUCMAK POCIMHHOI CHPOBHHH, JEIIO HABITh T1PKYBAaTHH MPHUC-
Mak. Pe3yibpTaTti opraHoienTHYHOTO JOCTIKeHHS HaBeIeH1 y Tabuui 2.

Tabauys 2 — Opeanonenmuuna oyiHKa AKoCmi 20mo6ux KeKkcis

KoHTpouth Jo3a rap0y30Boro HaciHH1 i TaKa % KUIbKICTh MIOpe KAJTUHH B
Ioxa3znuk (6e3 noGaBKu) penentypi kekciB 3a aHa10riel0 «CTOTHYHOT0»
5% 10 % 15%

L dopma npaBuibHA, . .
30BHIMIHIN 3 TpilMHAM T2 He3HAY @dopma npaBunbHa, 3 TpiuHaMu Ta | dopma npaBuibHAa, 3 TPi-
BUTJISIN TpHHMH mixpuBaMu HE3HaYHUMH i JIpUBaMU IIMHAMU Ta MiAPHUBAMHU

CKODHHKE — 30/10TaBHIL CKOPHUHKH — 30/10Ta-|CKOPUHKH — 30/10Ta-| CKOPHUHKH — 30J10TaBO-
Kounip S il KU — CRITIIO )KOBT;Iﬁ BUM, M SIKYIIIKU — | BUH, M SIKYILIKU — OJIUBKOBHUIA,
Y KOBTUI CBITJIO-OJIMBKOBHH | M’SKYIIKH — OJIMBKOBUI

Kekcu no6pe npormneueni, 6e3 ciizniB He- | [leno rimBKyBari, 3 Hopo-
POMICY, 3 pIBHOMIPHUMH BKPaIUICHHSAMH|)KHEYOIO BCEPEIMHI B EKi-
POJI3MHOK, TapOy30BOT0 HACiHHS Ta MIOpe| JHKOX aHAIOTIYHUX 3pa3-

Kekcu n06pe nporedeHi,
Bup B po3- | 6e3 criiztiB HEmpoMmicy 3 piB-

JIOMi HOMIPHHMH BKPAILICHHIMHA . .
KaJuHA Kax, T00aBKU PIBHOMIPHO
POIIBUHOK T
PO3MOJTiJICHI
BrnactuBuit nanomy Bu-
Sanax Bnactuuii nanomy Bupo0Oy,| BractuBuii manomy BUpoOYy, i3 JeTkuM | poOy, 3 ICKpaBO BUpaKe-

6e3 CTOPOHHBOTO apoMaTy | apomarom HaciHHA rapOy3a Ta KalWHH | HHM apoMaToM rapoy3o-
BOTO HACiHHS Ta KAJMHH

37erka CoJIoAKMH, AEI0
[Tpuemnwnii, comonkwii 6e3 |[IpueMHMIA, COMONKHMA, 3 IETKUM MPUCMa-| TIpKyBaTHH, 3 BUPOKEHUM
CTOPOHHIX TIPUCMaKiB KOM rap0y30BOT0 HACiHHSA [MPUCMAKOM KaJIMHU Ta rap-

Oy30BOTO HACIHHSI

CMmak

3a qaHuMU TabNIUI 2 MOXKHA 3pOOMTH BUCHOBOK, 10 I03yBaHHS KaJIMHOBOTO IIOPE Ta ra-
pOy30BOro HaciHHs y KUIBKOCTAX 5 %, 10 % KoxHOi 700aBKM HE3HAYHO BIUIMBAE HAa OpraHoJe-
NTUYHI TTOKa3HUKHU SKOCTI KEKCIB. 31 30UTbIIICHHSIM 103yBaHHs 110 15 % kanuHu 3BUYaiiHOI Ta
15 % rapOy3a 3BUUaiiHOrO0 OPraHOJNIEITUYHI MOKA3HUKK KEKCIB MOTIPIIYIOThCA, JIeKi BUPOOU
BUXOJISITh 3 MOPOKHUHOIO BCEPENHI, JEII0 He3BHUYHUM MPUCMAKOM, 1HOJI TipKyBaTUM, a Ta-
KO YTBOPIOIOTHCS BEJIMKI MIPUBHU Ha TTIOBEPXHI BUPOOIB.

VY tabnuui 3 HaBeaeHa OLiHKa BUPOOIB MPO(IITLHIM METOIOM.

Tabauysa 3 — Opeanonenmuuna oyiHka 20moeux upooie 6aAILHUM MemoooM

OuiHkH 32 NOKa3HUKAMH SIKOCTI
- PR . 3aranbHa
HocigHi 3paskn 3oBHilIHIN Bun Koaip Cmak 3anax ominKa
BULJISA/ HA Po3JIoMi "
KonTtponsHuii 3pa3ok 5 5 5 4 5 4,8
3pazok Ne 1 5 4 4 5 5 4,6
3pazok Ne 2 5 5 4 5 5 4,8
3pazok Ne 3 4 3 4 3 4 3,6

3a pe3ysbTaTaMu OPraHOJICTITUYHOT OI[IHKHA MPO(UILHUM METOJIOM HaWKpPAIIUM 3 JOCIiI-
HUX 3pa3kiB OyB 3pa3zok Ne2, mo peuentypu sikoro Bxoauio no 10 % nobasok. Bin orpuman
TaKy K OIIIHKY 5IK 1 KOHTPOJbHUN BUPIO — 4,8. Takum 4uHOM, ONTUMAJILHE JI03YBaHHS T00aBOK
KaJMHU 3BUYAHOT Ta rapOy3a 3BHYAHOTO B peLEeNnTypi KEKCIB 3a aHajorieo kekcy «Cronny-
HUW» cTaHOBUTH 110 10 %.

PesynbraT OpraHoiienTUYHOI OLIHKY MpEeACTaBIeHI Ha pHcC. 2.
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e=@u== KOHTPO/Ib

5% =@=10% ==@=15%

30BHiWHIV BUrNAA,

3anax

Cmak

6

Bua Ha po3nomi

Konip

Puc. 2. IIpoghinoepama opearnonenmuyHoi OyiHKU KeKCi8 3a1eACHO 8i0 YACKU 3AMIHU
8 peyenmypi nuleHUyHo20 6OPOUHA MA 8EPUIKOBO20 MACIA HA 2apOY308e HACIHHA |
maky e KiAbKIiCmMb KATUHOB020 NIOpe

[TopiBHsUIbHA XapaKTEPUCTHKA MOXKUBHOI (XapuoBOi) Ta EHEPreTUUHOI IIHHOCTEH (3 Bpa-
XyBaHHSM KOE(IIIEHTIB 3aCBOEHHS Ta BTPAT Ha TEIJIOBY 0OpOOKY) MOCTIAHUX 3pa3KiB KEKCIiB
Nel, Ne2 ta Ne3 3 KOHTPOJIBHUM 3pa3KoM HaBeJeHa B TaOuLi 4.

Tabnuys 4 — IlopisHsanvua xapakmepucmurka Xap4080i ma enepeemudHoi yiHHocmi 0ocio-
HUX 3DA3KI8 3 KOHMPOIbHUM 3PA3KOM KeKCig

Bwmict -
Ne 3pasky KekciB EneprernyHa miHHicTB,
oiakiB, r/100 r | kupiB, r/100 r | Byraesoais, r/100 r kKkan/100 r
Koutposnn 5,13 16,11 51,69 316,10
3pazok Nel 5,31 15,99 51,03 313,54
3pazok Ne2 5,49 15,88 50,38 310,98
3pazok Ne3 5,67 15,77 49,71 308,42

Bwmict OinKy B HOCHIAHMX 3pa3kax He 3MiHUBCS abo He3HayHO (y 1,1 pa3u) migBUIIKBCS
MOPIBHSHO 3 KOHTPOJIBHUM 3Pa3KOM, a BMICT JKUPIB 1 BYIJIEBOJIIB HAaBIIaKu 3MEHIINBCA. EHep-

reTUYHa IIHHICTH (pO3paxoBaHa 3 BpaxyBaHHSIM Koe(]II[i€EHTIB 3aCBOEHHS Ta BTPAT Ha TEIJIOBY
00pOOKY) 3HU3UJIIACK.

Tabauys 5 — Xapakmepucmuxa cmyneus 3a00804eHHs. 0000801 nompeou y MiHEpalbHUX

peyosunax npu excusanni 100 2 kexcis

Hopmu no6oBoi

. o/ s

Buict y 3paskax disiooriumol PiBennb 3a10Bos1eHHs1 Y %, Bill a1eKBATHOI'0

o= N A000BOr0 CIOKUBAHHS

Z = noTpedon

= E . - ~ - S g YyoJ10BiKkH 10 60 pokiB skinku 10 60 pokis

% ° = ] ] ) = .E ° " A ,:: (;]I (.;: 2 : (.: (.;:

ES| & ¢ | 2| g | 28|22 | 2|22 |35 ]|2|2]|%2

= = £ 2 2 S | 8&| Eg| & | & i > 2 | > 2
g s pa S | 2| E&| £ g g 8 = 8 8 8
2 & B A|3°|2 | 2|2 222228

= o o ) = ) ) )
MinepanbHi peaoBuru Mr/100 r BUpoOy

Ca (23,18 24,85 |26,51(28,17| 1200 | 1100 | 1,93 | 2,1 |2.21 | 2,35 | 2,11 |226 241|256

Cu |01 0,13 | 0,15] 0,17 1 1 11,0 | 13,0 | 15,0 | 17,0 | 11,0 | 13,0 | 15,0 | 17,0

Fe 1,24 | 1,39 | 1,54 | 1,69 15 17 827193 [103 | 11,3 | 7.3 | 82 | 9,1 | 9.9

Mg |11,99| 18,75 |25,51(32,27| 400 500 30 | 47 | 64 8,1 24 | 38 | 5,1 | 6,5

P 70,01| 84,39 [98,78(113,16/ 1200 | 1200 | 5,83 | 7,03 | 8,23 | 9,43 | 5,83 | 7,03 | 8,23 | 9,43

*3rigHo Haka3zy Nel073 MOH VYkpainu Bix 03.09.2017
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3 HaBeJICHHUX Yy TaOJUI 5 TaHUX BUIUIMBAE, III0 BHECCHHS y PELENTYPHY CyMIIll IIOpe Ka-
JIMHYU Ta HAaCIHHSA rapOy3a MoKpalrye MiHepaIbHUN CKJIa] TOTOBOT'O BUPOOY, MOMITHO 301IBIITY-
eThes BMICT enemenTiB Kanbitito, Maruito, @ocdopy.

BucHoBkmu. 3amina 5 % iHrpeaieHTIB y perentypi kekcy « CTOTMYHHIT» MIITXOM BHECEHHS
N100aBOK KaJIMHOBOTO IMope a0 rapOy30BOro HaCiHHSA HE3HAYHO BIUIMHYJIA HA OPTaHOJENTUYHI
MOKa3HUKH SIKOCT1 BUPOOIB.

3amiHa IHTpEII€HTIB (YJACTUHU BEPIIKOBOTO Maciia Ta 0OPOITHA) y pelenTypi KeKCy Ha Ka-
JVMHY 3BHYaifHy Ta rapOy3 3BUYaiiHUI MOKpaIye CTPYKTYPY Ta OpPraHOJENTHYHI XapaKTepuc-
TUKU KEKCiB, 3HUKYE 3arajibHy KaJIOPiHHICTh BUPOOIB, 32 paXyHOK 3MEHIIECHHS KUIbKICTh KUPY
y pelentypi, MoKpaurye MiHepaaTbHUHN CKIIaI.

ITpu 3amini 15 % iHrpenieHTiB Ha KaJMHOBE MIOpe a00 HACiHHA rapOy3a OpraHoJIeNTHYHI
MOKa3HUKH KEKCI1B MOTIPIIHIKCH, IESIKI BUPOOW MaJIM MOPOKHUHY BCEPEINHI, HEXapaKTEPHUI
MPUCMaK, 1HOII TIPKyBaTUH, a TAKOX 13 3HAYHUMU TPIIIIMHAMH Ta MiAPUBAMHU Ha TTOBEPXHI BU-
po0iB.

Otxe, ontumasibHuM € 3amina 10 % iHrpenieHTiB y peuentypi kekcy «CTOIMYHOTO» Ha
KaJIMHY 3BUYaiiHy abo rapOy3 3BuUuaiiHuii y kinbkocTti 10 % 10 Macu TicTa KeKCiB.
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TECHNOLOGY FOR CUPCAKES WITH ADDITION OF GUELDER-ROSE
(VIBURNUM OPULUS L.) AND PUMPKIN (CUCURBITA PEPO L.)

The development of technology for enriched flour confectionery products makes it possible to obtain food products that
are characterized by high nutritional value while maintaining properties and organoleptic characteristics. Including them in
the daily diet helps improve public health.

The addition of ingredients from non-traditional plant raw materials, especially when they are combined, requires de-
termining the amount of additives to obtain food products that are in consumer demand.

An analysis of studies and publications on the production of flour confectionery products, the recipes of which include
ingredients from non-traditional plant raw materials, showed that today the issues of using guelder-rose (Viburnum opulus L.)
and pumpkin (Cucurbita pepo L.) in cupcake technology have been given insufficient attention in the scientific literature.

The purpose of the article is to develop the technology of cupcakes enriched with crushed pumpkin seeds and guelder-
rose puree.

Experimental samples of cupcakes enriched with the addition of guelder-rose puree and crushed pumpkin seeds have
been prepared. In order to obtain them 5 %, 10 % and 15 % of the indicated ingredients were added to the Stolichny cupcake
recipe. The organoleptic characteristics of the obtained cupcakes were assessed. Comparative characteristics of the nutritional
and energy value of experimental and control samples of cupcakes are given. Comparative characteristic of the nutritional and
energy value of experimental and control samples of cupcakes is given. The degree of satisfaction of the daily requirement for
minerals when consuming 100 g of the obtained cupcakes was analyzed.

It has been established that adding ingredients from guelder-rose and pumpkin to the cupcake recipe significantly in-
creases the content of calcium, magnesium, and phosphorus. At the same time, the carbohydrate and fat content is reduced
that leads to a decrease in the energy value of the cupcakes. It was revealed that cupcakes with the addition of 10 % guelder-
rose puree and crushed pumpkin seeds are characterized by the best organoleptic characteristics.

Keywords: flour confectionery products; enriched cupcakes; plant additives; guelder-rose puree; pumpkin seeds; or-
ganoleptic quality characteristics.

IOmwenko H., Bysuibepka H., YensibieBa B., Bepeskuna H. TexHooris kekciB 3 1oAaBaHHAM KanuHu 3BH4aitHoi (Viburnum opulus L.) ta
rapOy3a 3Bu4aitnoro (Cucurbita pepo L.) Texuiuni nayxu ma mexnonoeii. 2023. Ne 3(33). C. 162-169.
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BIIJIMB CKJIAZY EJIEKTPOJIITY TA IPUPOJIHN PO3UNHHUKA
HA ®I3UKO-MEXAHIYHI BJTACTUBOCTI 'AJIBBAHIYHUX IIOKPUTTIB
HA OCHOBI HIKEJIIO

Cmamms npucesdena 00cnioNcenHIo 6NAUBY 66€0€HHS J1e2Yl01020 KOMNOHEHMA - B0Nb@Pamy, CKAady eleKmponimy ma
NPUPOOU PO3YUHHUKA HA (PI3UKO-MEXAHIYHI BIACMUBOCMI 2ANb8AHIYHUX NOKpUMMI6 Ha OcHogi nikenio. SEM-0ocniodcenns
Moponozii nokpummis Ha OCHOSI HIKEN0 NOKA3AMU, WO 3 BOOHUX €IeKMPONIMIE 0CAONCYIOMbCsi Oinbul OPIOHOKPUCMANIYHT
NOKPUMMA HIJIC 3 HEBOOHUX eIeKMPONIMIE HA OCHOBI HU3LKOMEMNePAmypHUX eemexmuunux pozuunnuxie (HEP). [{ns nokpum-
mig 3i cnaasy Hikenv-gonbppam, 3 emicmom eonvppamy 14,6 mac.%, enekmpoocadicenux 3 600HO20 YUMPAMHO2O eNeKmpo-
JIIMy ma HiKenesux NOKpUmmis ocaodicenux 3 elekmponimy Ha ochogi HEP mikpomeepdicmub 3pocmae y 06a pasu, a Mooy
IOnea 3pocmae na 10...20 I'lla y nopieHanni 3 8i0N0GIOHUMU XAPAKMEPUCTNUKAMU OIS 2ANTbBAHIYHUX HIKENe8UX NOKPUMMIe
ocaodoicenux 3 enekmponimy Yomca. Ha ocnosi memooie nosmopnozo bazamopaszoeo2o opananus ma 6e3nepepernozo 0asio-
6aHHs ma ckanyeanus indenmopom bepxosuua ecmarnoeneno, wjo ionoeioHi NOKpUMMs MaKolc 60100i10Mb NIOBULEHOIO 3HO-
COCMItIKICMIO 3 021140y HA HAUMEHWT OCYUNIAYINHI 3HAYEHH CUNU MepI Ma WUPUHY KAHABOK 6NPOBAOIICEHHs iIHOeHMOpPA.

Knrouosi cnosa: enexmpoocadicenns,; HiKenegi NOKpUMMs, HiKelb-601bPPamosuil Cnias;, HU3LKOMeMnepamypHull es-
MeKMUYHUL PO3YUHHUK, MIKpomeepdicmyb,; mooyas FOnea; cynpomus 0o mepmsi.

AKTYaJIbHICTh TeMHU JI0CJTiAKeHb. BaXTUBUM HayKOBO-TEXHIYHUM 3aBIAHHSAM € OCaJl-
JKEHHS TATbBAaHIYHUX IMOKPUTTIB 13 noainuenumu Pi3uKo-MeXaHIYHUMHU XapaKTEPUCTHKAMHU Ta
KOpO3iifHOtO cTiliKicTIo. Lle, 30kpeMa, Moxe OyTH JOCSITHYTO 3aBISKH MiT00PY Ta BBEACHHIO Y
MeETaJIeBE MOKPHUTTS MEBHUX JIETYIOUMX KOMIIOHEHTIB Ta 3MIHOIO CKJIATy EJICKTPOIITY.

IHocTanoBka nmpodaemu. Hait0inb1110r0 TBEpIICTIO 1 3HOCOCTIMKICTIO cepent pyHKIIOHATb-
HUX TaJlbBaHIYHUX ITOKPUTTIB BOJIOMIIOTE XpOMOBI. OJHAK MPOIEC EIEKTPOOCAIKEHHS
BIJIMOBITHUX TOKPHUTTIB € MAJIO €HEPro-e(PeKTUBHUM. Y JEIKHX BUIAIKAX 3aMIHHUKAMH XPO-
MOBHUX MOKPHUTTIB MOXYTh BUCTYIIATH TBEP1 HIKEJIEB1 OKPHUTTS. 3 METOIO MiABUIIICHHS TBEP-
JIOCT1 Ta 3HOCOCTIHKOCTI y HiKEJIEBI MOKPUTTS MOXKYTh BBOJUTH JIETYIOUi €JIEMEHTH, 30KpeMa,
Taki sk Bosb(pam uu MoaibaeH. Y podotax [1,2] mokazaHo, 110 HOKPUTTS 3 MACOBOIO YACTKOIO
Bosibppamy 30...35 mac.% BOIOAIFOTH aHATOTTYHOIO MIKPOCTPYKTYPOIO Ta MOAIOHUMHU (i3UKO-
MEXaHIYHUMU BJIACTUBOCTSIMHU, 1110 1 TBEP/Ii rajibBaHIuH1 XpoMoBi TOKpHUTTs. Ille oxHiero mepe-
Baror EJICKTPOOCAPKCHHS HIKETb-BOJb(PPAMOBHX MOKPHUTTIB € Habararo BHUIIMK BHXII 3a
CTPYMOM Yy TOPIBHSHHI 3 MPOIIECOM €JIEKTPOOCAKEHHS XpoMy. Lle poOuTh HaHECeHHs came
Ni-W nokpuTTiB 0i1b eHeproeeKTHBHHUM.

AHaJi3 ocTaHHiX qocaikenb. EnekTpoocamkeHHs MOKPHUTTIB 13 €NEKTPOIITIB HAa OCHOBI
HU3BKOTEMIIEPATYpHUX eBTeKTHYHUX po3unHHUKIB (HEP) — po3miaBiB opraniyHuX pedyoBUH €
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HOBHUM HanpsMKoM [3-5] i Moke OyTH BUKOPHCTAHUM I OTPUMaHHS MOKPUTTIB 13 Creniaib-
HUMH BJIACTHBOCTSIMH. 30KpeMa JJIsl €JIeKTPOOCAKEHHS MTOKPUTTIB 31 criaBy Ni-Mo, siki xa-
PaKTepU3YETHCS MiJBUIIEHUMH TBEPIICTIO Ta KOPO31HHOIO CTIHKICTIO, 3aCTOCOBYIOTHCS €JICK-
TpoJIiTH, TpUroToBani Ha ocHoBI HEP — cymimn xomiH xnopuay Ta kapdamiay y MOJSIpHOMY
cmiBBigHOMEHH] 1:2 M [6].

BujgisieHHs1 HeOCTiIKEeHUX YACTHH 3arajbHoi mpoodjgeMu. MajloynCIICHUMH € JTaHH1
1010 AHTHU(PUKIIHHUX BIACTUBOCTEH HIKEIb-BOJB()PAMOBUX TOKPHUTTIB Ta (Hi3HKO-Me-
XaHIYHUX BJIACTUBOCTEH HIKEJIEBHX MOKPUTTIB, €NEKTPOOCAIKEHUX 3 HEBOAHUX PO3ZYMHHHUKIB
Ha ocHOBI HEP.

Meta gocaigskennsi. MeToro 1aHoi poOOTH € JOCIIKEHHS BIUTUBY CITIBOCA/I)KEHHSI BOJTb-
dbpamy y raibBaHIYHE TIOKPHUTTSI, CKJIATy €JICKTPOIITY Ta MPUPOIU POZUMHHHKA Ha (i3UKO-Me-
XaHIYH1 BJACTUBOCTI TaJIbBAaHIYHUX ITOKPUTTIB HA OCHOBI HIKEIIO.

BukageHHs1 0cCHOBHOTO Matepiagy. Enekrpoocamkenns Ni ta Ni-W MOKpPHTTIB IPOBO-
JWIIM 3 [IUTPATHOTO €JIEKTPOJIITY, BMICT OCHOBHHUX KOMIOHEHTIB SIKOT'O OyB aHAJIOT1YHUM J0
npuBeeHOTO y [7]. BogHeBuii mokasHUK eneKTpoiTy 1o piBHs pH 6,5...8,5 noBoamim riapok-
CHJIOM aMOHII0. TaKoX €JIeKTPOOCAIKCHHS HIKEJIEBUX MOKPUTTIB MPOBOAMIIN 13 €JIEKTPOJIITY
Ha ocHoBI HEP xomiaxnopuay Ta kapOaMiny y MOJSIpHOMY cHiBBigHOIIeHH] 1:2. JlerambHo
OTIMC TIPUTOTYBAHHS EJICKTPOJIITY Ta HAHECEHHS TOKPUTTIB NpuBeaeHui y [8]. JocmimkeHHsm
Gb13UKO MEXaHIYHIX XapaKTEPUCTUK Ta OLIHII 3HOCOCTIMKOCTI MiAJIATaI raThbBaHIYHI HiKeIeBl
HOKPUTTS TOBUIMHOIO 40 MKM, SIKI €JIEKTPOOCA/KyBalld HA MPSIMOKYTHI 3pa3Ku i3 CTaJeBOi
cTpiuku Mapku 08K, TOBIIMHA CTpiuku ckiaaaia 0,5 mm. CKiIaau eleKTpOIiTiB Ta YMOBH IPO-
IIeCIB €JIEKTPOOCAPKEHHS HaBeIeH1 y TaouI. 1.

Tabnuys 1 - Cxknao enexmponimie ma ymMo8u e1ekmpooCao’CeHHsl 2A1b8aHIYHUX NOKPUMMIE

. Exexrpouit Hike-
. L1 OuTpaTauii R .
Enexrpouair HurpaThmii’ . EjexTpouiT Hikenoo- | JIOBaHHSA Ha OCHOBI
L €JIEKTPOJIT 1151 .
Yorca €JIEKTPOJIIT Hike- . BaHHA Ha OCHOBI HEP 3 nopaBanHsM
ocamxenns Ni- 12
JIIOBAHHA . 12 HEP" BoJIb(ppamaTy
W nokpurriB™ .12
HaTpio"
OCHOBHI KOMIIOHEHTH
NiSO4'7H20; NiSO4'7H20; . .
NiSO4 7H,0; NasCit; Na;WOy; NiCl,-6H,0 nglﬁ%{zo
NiCly6H,0; NH,CI; NasCit; CeHsO7 Na“ “‘jof
H3BO;; NayB:07; NH.Cl; S
Na4B207
Po3unHHMK
PO3TON XOJIHXJIOPUAY | PO3TOI XONIHXIOPHUILY
JHMCTHIILOBaHA JMCTHIIbOBaHA JMCTHIIOBaHA Ta kapOamigy y Mosip- | Ta Kapbaminy y Mo-
BOJA BOJA BOJa HOMY CIIIBBiJJHOILICHH] | JISIPHOMY CITiBBIiJIHO-
1:2 meHHi 1:2
Pexum enexTpoutizy
pH4...4,5; pH 6,5...8,5; pH 6,5...8,5; pH=T; pH=7;
t=5043 °C; t=15043 °C; t=15043 °C; t="7543 °C; t="7543 °C;
i=1A/mm? i=1A/mm? i=1A/mm? i=1A/mm? i=1A/mm?

! onmc ckay enekTpoiTiB 3rigHo [7,8]
2 KOHLIGHTpALli1 i0HIB HIKEJIIO Ta LIUTPAT aHIOHY, a TAKOYXK iX MOJIAPHI CIIBBiAHOIIEHHS € OIM3bKUMH 34 3HAYCHHAM [8]
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SEM HV; 20.0 kV WD: 15.31 mm | MIRA3 TESCAN| SEM HV: 20.0 kV WD: 15.43 mm MIRA3 TESCAN|
View fiald: 5.00 pm Dat: SE View field: 5.00 pm Det: SE
SEM MAG: 75.8 kx SEM MAG: 75.8 kx

h
e 4 I
SEM HV: 20,0 kV WD: 16.96 mm I = MIRAZ TESCAN| SEM HV: 20.0 kV WD: 16,33 mm MIRA3 TESCAN
View figld: 5.00 um Det: 5E View field: 5,00 ym Det: SE
SEM MAG: 75.8 kx SEM MAG: 75.8 kx

Puc. 1. SEM-3uimku mopghonozii nokpummie Ha 0CHO8I HiKello: a, 6 — HiKellegux ma 3i cniagy
Hikenb-gonb@pam (14,6 mac.% W) 8iono6ioHo, enekmpoocaoicenux 3 00HUX e1eKMPONimis;
8, & — HIKelleUX, eleKMpPOoOCAdI’CeHUX 3 elekmpoaimie Ha ochoei HEP (2 — 3 0odasanHam
s0Ibpamamy Hampiro)

PesynpTat KiBKICHOTO aHAi3y CKIIAMy MOBEPXHI E€MEKTPOOCAKEHUX HIKEIEBHX II0-
kputTiB, BukoHaHi Ha Mikpockomi TESCAN VEGA3, ocnamenomy EDX anamizatopom
BRUKER QUANTAX EDS, nokazanu Hactymnae. [Ipu enexkTpoocakeHH1 HIKEIEBUX MMOKPHT-
TiB 3 BOJHHX ILIUTPaTHUX €IEKTPOJITIB 3a TyCTHHH cTpyMy 1 A/mm? GyB JOCATHYTHil BMiCT
BoJb(pamy B cruiasi 14,6 mac.% [8]. B enexrposnitax Ha ocHoBi HEP, 13 BMicTOM coJeif Hikelnto
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Ta BOJIb(hpamy SIK y BIATOBIAHOMY BOJHOMY IIUTPATHOMY €JIEKTPOJITi, CIIBOCA)KEHHS BOJIb-
¢dbpamy y crutaB He Oyno gocsarHyTo. SEM-mocmimkeHHsT MOpQoIorii TOKPUTTIB HA OCHOBI
Hikemo (puc. 1) cBigUaTh Mpo Te, IO 3 BOJAHUX EJIEKTPOIITIB 0CAIPKYIOTHCS OUIBIIT JpiOHOKPH-
CTaJIIYHI MOKPUTTS HIX 3 enekTpouiTiB Ha ocHOBI HEP. Ile Moxe OyTr 3yMOBIE€HO 3MIHOIO Xa-
paKkTepy KOHTPOJIIOI0YO] CTail Mporecy eleKTPOOCaUKEHHs. Y BOJHHUX ENEKTPOJIITaX MOXKe
OyTH KOHTPOJIOIOYOIO CTaJlis pO3Psl KOMILUIEKCHOTO 10Ha, a Y elekTpoiitax Ha ocHoBl HEP —
CTaJisl IOCTaBKH 10HIB METay JI0 MMOBEPXHI KaToja uepe3 OuTbIIy B’S3KICTh eleKTpomity. B
000X BHIaJKaX BBEIEHHs BOJb(paMaT i0HIB y €JIEKTPOIIT MPU3BOAUTE IO YTBOPEHHS OLIbII
JpiOHOKPUCTATIUHOI CTPYKTYpU MOKPUTTS. 30Kpema, JUIsi BOJHHUX €JIEKTPOJITIB, OCaKCHHS
OLTBII IPIOHOKPUCTATIYHUX MOKPHUTTIB cruiaBoM Ni-W CympoBOIKY€ETHCS MEHIIIOIO TepeHa-
MIPYTOI0 €JIEKTPOOCAKEHHSI HIXK JIJISl YMCTO HiKeNneBUX MOKPUTTIB [8]. Lle mosicHIOeThCS MeH-
IIIOK0 CHEPTi€l0 aKTUBAIlll YTBOPEHHS BiJIITOBIIHOT OUIBII HIUTHFHO YIAKOBAaHOI Ta APiOHOKPH-
CTaJIIYHOI CTPYKTYpH CILIaBY, Y MOPIBHIHHI 3 YUCTUM HikeneM [1,2].

Puc.2. @omoszobpasicenns posmingeHux onsa unpodyeans 3pasKise

MikpoMexaHidHi BUIIPOOYBaHHS €IEKTPOOCAHKEHUX HIKEIEBUX MOKPHUTTIB MIPOBOAMUIHUCS
Ha yHIBEpCAIIbHOMY MIKpOTBepAoMipi-ckpeuTectepi "Micron-gamma" [9] meTogamu 6e3mnepe-
PBHOTO B/IaBIIOBAHHS 1 ApsAnaHHs iHAeHTOpOM. "Micron-gamma" cKIagaeTbes 3 JBOKOPIUHAT-
HOTO MOTOPH30BAHOTO MPEIMETHOTO CTOJTY, IO MEePEMIIITAETHCS 31 MBUAKICTIO 20 um/s, enex-
TPOMAarHiTHOTO HaBaHTaKyBaya iHACHTOPA 3 MAKCHMAJIbHIM 3YCHIUISM, II0 pO3BUBA€THCA, 450
I'C 1 IaTYMKIB HOPMAJILHOTO 1 TAHTEHITIaJILHOTO IMEPEMIIIECHb 1HIEHTOPA 3 HAHOMETPUYHUM J103-
BOJIOM. J1J1s1 IPULIITIBHOTO TIO3ULIIOHYBAaHHSI 1HIEHTOPA Ta aHaJIi3y BiAOUTKIB BUKOPUCTOBYETHCS
BOyIOBaHU 1TUGPOBUN MIKPOCKOT 3 PO3AUTHFHOO 3AaTHICTIO 5 Mp. Ilpu nbomy 3pasku i3 mo-
KPUTTSAM PO3TALIOBYBAIUCH Ta (PIKCYBAIUCH 32 IOTIOMOTOI0 IBOCTOPOHHBOTO CKOTUY Ha Iljia-
CTHHI 3 HEP)KaBIIOYOi CTaJl, K 1€ MMOKa3aHo Ha puc.2.
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MikpoMexaHiyHi XapaKTepHCTUKM, TaKi K MIKpOTBepAicTb 1 Moyns KOHra, BUMiproBa-
JHCS METOIOM BJIaBJIIOBaHHS iHAEHTOpa bepkoBuya 3a MocTiiHOT MIBUAKOCTI HABAHTAXKEHHS 5
rc/c 3 aBTOMATUYHOIO PEECTPALi€l0 HABAHTA)KEHHS Ha 1HIEHTOP Ta TTUOWHU HOro BIIPO-
Ba/KeHHA. [Ipy 11bOMy MakcHMallbHE HaBaHTaXeHHs ckianaino 50 rc. MeTtoauyHi OCHOBH
BU3HAYCHHS TBEPJIOCTI Ta MOIYJISA MPYXKHOCTI 3a JlarpaMaMu BIPOBA/KCHHS 0a3ylOThCs Ha
meroai OmiBepa-®apa [10] mpuiinstoro sk mibxHapomuuid crangapt (ISO/FDIS 14577-1:
2002). Pe3ynpTaTu mMpoBENCHUX BHMIpPIOBaHb MIKpOTBEpIOCTI Ta Monyiro FOHra mis raib-
BaHIYHUX HIKEJIEBHX MOKPHUTTIB MPEJCTaBIeHI y Tad. 1.

Tabauys 1 — Mikpomexaniuni xapaxmepucmuxu 2aib8aHiYHUX NOKPUMMIE HA OCHOBI HIKeo

HikeseBe moxkputtsi| HikeseBe nmo- Hikeab-BoJib- HikeJsieBe mo- HikeneBe MOKpPUTTSI, OT-
OTpUMaHe 3 eJleK- KPUTTS, OTpH- ¢ppamose no- KPUTTS, OTPM- | pUMaHe 3 eJeKTPOJITy Ha

TpoJity Yortca MaHe 3 HUTPAT-| KPHUTTH, OTPH- MaHe 3 eJIeK- ocHoBi HEP 3 nonaBan-

HOTO MaHe 3 TPOJIiTY Ha HSIM BOJb(pamMary
eJIeKTPOJIiTY HUTPATHOTO ocHoBi HEP HATPpiI0
€JIeKTPOJIITY

HM, I'Tla | G, ITla Ilfl_l\é: F(;fa IIEnMa, G, I'Tla lljl_l\[/l; G, I'Tla HM, I'Tla G, I'Tla

BCTaHO-

3,6 170 6 180 8 180 7 150 | POTAHOBMIM Ay we

HE BJIAJIOCh
BJIAJIOCH

Ax BumHO 3 Ta0a.1, y OPIBHSAHHI 3 €TAJIOHHUMH 3pa3KaMU TaJlbBaHIYHUX HIKEJIEBHUX TI0-
KPHUTTIB €IEKTPOOCAKCHUX 3 €NIEKTPONITY YOTCa, MIKPOTPEBEPAICTh HIKEJIEBOIO MOKPUTTS,
0Ca/PKEHOT0 3 BOJHOTO LUTPATHOTO €JeKTpomiTy, € y 1,7 pa3iB Buma, a moxyns HOHra,
BianoBigHo, Buuid Ha 10 I'Tla. s mOKpuUTTIB 31 CIUIaBy HiKeNIb-BOJIb(paM eJIeKTPoOcaxKe-
HUX 3 LUTPATHOTO €JIEKTPOJIITY, 3 BMICTOM Bojbhpamy 14,6 mac.%, MIKpOTBEPIICTh 3pOCTAE Y
2,2 pasu, a monynb FOnra 3pocrae Ha 10 I'Tla. /[ HiKeIeBUX MOKPHUTTIB, OCAJKEHUX 3 €JICK-
Tpoiity Ha ocHOBI HEP, MikpoTBepaicTh € OibImIor0 Maiixke y 2 pa3u, Mmoayis FOHra npu oMy
HaBrnaky € MmeHmuM Ha 20 I'Tla. Otpumani 3MiHM (i3UKO-MEXaHIYHUX BIACTUBOCTEH MOXYTh
OyTH MOB’s3aHI 13 BIAMIHHICTIO KPUCTAJIYHOI CTPYKTYpPH, a came, 3 IUTPATHUX EIEKTPOJIITIB
OCQKYIOTBCSI TIOKPUTTS 3 OUThII IPIOHOKPHUCTAIIYHOIO 1 HIUTFHO YITAKOBAHOK CTPYKTYPOIO
METaJIEBOTO OCaxy HIXK 3 eneKkTpoity Yorca. JlogaTkoBe yHIUIbBHEHHS Ta (hOpMyBaHHS IIIE
OLTBII IPIOHOKPHUCTAIIYHOT CTPYKTYPH TMOKPHUTTS JOCITAETHCS 3a PaxXyHOK BBEIICHHS BOJIb-
¢pamy (puc.l) B CTpyKTypy HIKEIEBOTO MOKPHUTTS, IO TAKOX CHpPUSAE JOAATKOBOMY IIiIBH-
IIEHHIO MIKpOTBepAOCTi. B enexrpomiti HikemoBanHs Ha ocHoBi HEP Oinbma TBepaicTh Mmo-
KPUTTS MOK€ OYyTH TOSICHEHAa BKIIIOYCHHSM B CTPYKTYpP MOKPUTTSI MOJIEKYJ OpraHi4HUX
PEYOBUH — KOMITOHEHTIB PO3UYMHHHUKA 1, 32 PAXyHOK IIbOT'O, BUJIO3MIHOK KPUCTAJIYHOT CTPYK-
TypH 3 YTBOPEHHSM JIUCITIOKaIlii. BBeeHHs y enekTpomiT HikemtoBaHHs Ha ocHOoBlI HEP xoua i
CIIpHsiE IESIKOMY MOAPIOHEHHIO KPUCTATIYHUX 3epeH (puc.l), mpoTe, MPU3BOAUTH 10 OCA-
KEHHSI KPUXKUX MTOKPHUTTIB, MIKPOTBEPAICTh Ta MOAY/Ibh KOHTra ISl IKMX BCTAHOBUTHU HE BIa-
nock. Hamami iXHi BIaCTUBOCTI HE AOCIIIXKYBAJIH.

Ouninka 31aTHOCTI raJIbBaHiYHMX NOKPHUTTIB 1100 CIIPOTHUBY /10 MEXaHIYHOI0 TepTs
3IMCHIOBAJIACh METOJIOM MTOBTOPHOTO 0araTropazoBOro ApsinmaHHs iHAeHTOpoM bepkoBuua mpu
nocTiiHOMy HaBaHTakeHHI 50 rc 1 mBuakocti nepemimends 20 mxwm/c. [Ipu orpumanHi
MUKJTIYHUAX 3aJI€KHOCTEH 3MIHU CHJIM TEPTS y Yaci BUKOPHUCTOBYBABCS 1HJICHTODP 13 pazliycom
3aKkpyriaeHHs 30 MKM, SIKUM 3/11HCHIOBANIOCH 2 3BOPOTHO-TIOCTYNANbHI KOJIMBAaHHS B CEKYHY.
Yac sunpoOyBanus 100 c. Peynabpratu nmpoBeaeHUX TOCIiKEHb MPeICTaBlIeH] Ha puc.3.
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Puc. 3. [iaepama 3anexcnocmi 3sminu 8 uaci cunu mepms npu YUKIiuHOMY HABAHMANCEHHI
07151 cCmanesux 3pasKis i3 2alb8aHIYHUMU NOKPUMMAMU: A) HIKELe8020, eNeKmMpOOCAOHNCeHO20
3 enekmponimy Yomca; 6) nikenegozco, enekmpoocaoHceno2o 3 YumpamHtozo eieKmpoimy
HIKeN0B8aHH:,; 8) HiKeNb-80bpamosozo (15 mac.% Bonvgpamy), enexkmpoocadicerozo
3 YUMpamHoz20 eneKmponimy HiKeno8ants, 2) Hikeneeozo, eleKmpooCadHceH020 3
enexkmponimy Ha ocnosi HEP

AHani3yro4u 1aHi HaBeaeH1 B Ta0u. 1 Ta Ha puc.3. MOYKHA IPUATH 0 HACTYITHUX BUCHOB-
KiB. J{J1s1 mOCHiIKYBaHUX 3pa3KiB 13 MOKPUTTAMHU YUM OUIBIIMM € 3HaYEHHS MIKPOTBEpPAOCTI,
THM MEHIMX 3HAa4eHb HaOyBa€ cuja TEpPTS Ha Jiarpamax. BinmoBiHO HaMEHII 3HAYEHHS
CHJIM TEPTS CIIOCTEPIraloThes sl HIKEIb-BOJb(PAMOBUX MOKPUTTIB (OCAKEHUX 3 BOJIHOTO
[IUTPATHOTO E€JIEKTPOJIITY) Ta MOKPHUTTIB HIKEJIEM OTPUMAHUX 3 €JEKTPOdiTy Ha ocHoBl HEP
(puc.3 B, 1).
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Puc.4. ®omoszobpasicenns kanasox beznepepernoco 80a6n08aHHS i CKAHYBAHHSA IHOEHMOpPA
beprosuua ona cmanesux 3pasxis i3 eanb8aHiyHUMU NOKpummsamu (31i6a OLIbWL MOHKI Ka-
Hasku - Hasanmadxcenns 20 ec, cnpasa Oinbus WUPOKA 00HA KAHABKA - 6I0N0BIOHO HABAHMA-
arcenns 50 ec): a) Hikenegoeo, eleKkmpoocaddicenoco 3 enekmponimy Yomcea, 6) nikenesoeo,
e1eKmpOoOCa0NHCeHO20 3 YUMPAMHO20 eeKMPOLimy HIKeI08aHHs,; 8) HiKelb-801bhpamosozo
(14,6 mac.% Bonvghpamy), enekmpoocadoiceno2o 3 yumpamuo2o eieKmponimy Hikeao8aHHs,
2) HiKeneso2o, enekmpoocadHceHo2o 3 enekmponimy Ha ochoi HEP

Takox y aaniii poOOTi MPOBOAMIN MOPIBHSUIbHY OLIHKY CHPOTHUBY O MEXaHIYHOTO 3HO-
IIyBaHHs 3pa3KiB 3 HIKEJIEBUMH NNOKPUTTAMH METOJaMH O€31IEpEepBHOTO B/IaBIIOBAaHHS Ta CKa-
HYBaHHS 1HAGHTOPOM Ha npuiasi "Micron-gamma", 3a gonomororo inaenTopa bepkosuya. Pe-
JKHMU CKaHyBaHHsS: BEJIMYMHA HaBaHTAKEHHS Ha iHAeHTOp — 20 Ta 50 TC; MBHAKICTH
HaBaHTAXEHHS — 5 Tc/C; MBUAKICTh ckaHyBaHHA — 40 Mxwm/c. JloBxkuHa Tpacu O6au3bK0 1 MM.
®DaKTHUYHO CYNPOTHB J0 MEXaHIYHOTO 3HOIICHHS a00 3HOCOCTIMKICTh MOXKHA OITOCEPEIKOBAHO
OLIIHUTH Ha OCHOBI MOPIBHAHHS IIMPUHU Tpacu a00 KaHABKH, SIKY 3aJIUIIIA€ HA TIOBEPXHI METAITY
micist cebe iHmeHTop. YuM BY)KUOI0 € KaHaBKa, THM BHUIIOIO € BIATIOBIAHO 3HOCOCTIMKICTB IO~
KpUTTA. Bigmosigni mikpodororpadii kaHaBok micis iHAeHTOpa bepkoBuua mpuBeneHI Ha
puc.4, ycepenHeH1 3HaYeHHs iX TOBIIMHH Y Ta0JI. 2.

176



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

Tabnuya 2 — Jlocniodcenns nOKpummie Memooom 6e3nepepeHoo 60a6NI06aHHA ma CKa-
Hy6aHHus iHoenmopom bepkosuua

HikeneBe moxkpurTst Hikenese nokpurrs, Hikenbs-Bosabsdpamose Hikenese mokpurrs,
OTpHUMAaHe 3 eJ1eKTPo- OTpUMAaHe 3 HUTPAT- NMOKPHUTTSH, OTPHUMAaHe 3 OTpUMAaHe 3 eJ1eKTPo-
Jity Yorca HOTI'0 eJIeKTPOJIITy IUTPATHOIO eJeKTPodiTy | ity Ha ocHoBi HEP

[InpuHa KaHABKH BNPOBA/’KEeHH iHIeHTOPA NPHU BiINOBiIHOMY HABaAHTA:KEHHI, MM

20 re 50 rc 20 re 50 rc 20 rc 50 rc 20 rc 50 rc

0,12+0,02 | 0,18+0,03 | 0,08+0,02 | 0,13+0,03 | 0,05+0,01 0,1+£0,02 0,06+0,01 | 0,1+0,02

Sk BugHO 3 puc.4 Ta Taba. 2. HAMMEHIIA MUPHUHA KAaHABOK SIKY 3aJIUINAE 1HACHTOP, IO
0COOJIMBO TOMITHO IIPY HaBaHTakeHH1 20 rc, cnocTepiraeThes s HiKeb-BOJIb(PaMOBHUX I10-
KPUTTIB (OCAPKEHUX 3 BOJAHOTO IIUTPATHOTO €JICKTPOJIITY) Ta MOKPUTTIB HIKEIEM OTPUMAHUX 3
enektponity Ha ocHoBi HEP. 3 ormsiny Ha BUIEHaBeIeHI pe3yibTaTH MIKPOMEXaHIYHHUX Ta
TPUOOJIOTIYHUX JOCIHIHKEHb MOKHA CTBEP/XKYBATH, L0 BIAMOBIAHI 3pa3Ku MOKPHUTTIB TaKOXK
BOJIOJIIIOTh HAHO1IBIIO MIKPOTBEPAICTIO 1 3HOCOCTIWKICTIO Cepejl 1HIIUX JOCTIKYBaHUX B
JaHii poOoTi.

BucHoBkH. BecTaHOBIIEHO, 10 CKIIaJ] €IEKTPOJITY B 3HAUHIN Mipi BIUTUBAE Ha MIKpOMe-
XaHIYHI Ta aHTU(PPUKIIIHHI BJACTUBOCTI TAJIbBAaHIYHUX MOKPHUTTIB Ha OCHOBI Hikelnto. Brpo-
Ba/KEHHSI B CTPYKTYPY MOKPHUTTA Bosib(pamy (14,6 Ma.%) Ta BUKOPUCTAHHS €IEKTPOJIITY Ha
OCHOBI HHM3bKOTEMIIEPATYpHUX E€BTEKTHUHUX PO3UMHHMKIB CHpHUA€ Maibke IBOKpATHOMY
MIJBUIIEHHIO MIKPOTBEPAOCTI TalbBAaHIYHOTO HIKEJIEBOTO MOKPHUTTS, IO TaKOX CYIMPOBOI-
KYETHCS T ABUILICHHSIM 3HOCOCTIMKOCTI. Lle Moke OyTu mosicHeHo BU103MiHOI0 MOpdotorii Ta
KPHUCTAIIYHOI CTPYKTYPH MOKPUTTS Yepe3 BKIIOUEHHS B CTPYKTYpY JETYIOUOro KOMIIOHEHTa
(W) abo opranidyHUX MOJIEKYJ Y BUIIAJy HEBOJIHOTO E€JEKTPOJIITY HAa OCHOBI HU3bKOTEMIIEpa-
TYpPHOT'O €BTEKTHYHOT'O PO3YMHHUKA.
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INFLUENCE OF THE ELECTROLYTE COMPOSITION AND
THE SOLVENT NATURE ON THE PHYSICAL-MECHANICAL
CHARACTERISTYCS OF NICKEL-BASED GALVANIC COATINGS

Electrodeposition of galvanic coatings with improved physical-mechanical characteristics and corrosion resistance is
an important scientific and technical task. In order to increase hardness and wear resistance, alloying elements, in particular,
tungsten or molybdenum, can be introduced into nickel coatings.

The purpose of this investigation is to study the influence of the introduction of the alloying component, the composition
of the electrolyte and the nature of the solvent on the physical and mechanical properties of galvanic coatings based on nickel.

SEM studies of the morphology of nickel-based coatings showed that crystalline coatings are deposited more finely from
aqueous electrolytes than from non-aqueous electrolytes based on deep eutectic solvents (DES). For coatings based on nickel-
tungsten alloy with a tungsten content of 14.6 wt.%, electrodeposited from an aqueous citrate electrolyte and nickel coatings
deposited from an electrolyte based on DES, the microhardness increases twice, and the Young's modulus increases by 10...20
GPa compared to appropriate characteristics for galvanic nickel coatings deposited from Watts electrolyte. Based on the
methods of repeated multiple scratching and continuous indentation and scanning with a Berkovich indenter, it was established
that the corresponding coatings also have increased wear resistance. This is indicated by the smallest oscillating values of the
friction force and the width of the indenter introduction grooves.

Keywords: electrodeposition; nickel coatings, nickel-tungsten alloy; low-temperature eutectic solvent; microhardness;
Young's modulus; wear resistance.
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YAOCKOHAJIEHHA METOIIB JIAT'HOCTYBAHHSA
ABTOTPAHC®OPMATOPA I3 30BHIIIHIM TA
BHYTPIIIHIM JE®EKTOM Y BUCOKOBOJIBTHOMY YBOAI

Hasedeno pesynomamu  0iacHOCMY6anHs — ONUBOHANOBHEHO20 — CUN06020  asmomparcpopmamopa ATHLTH-
200000/330/110/10 i3 308HiwHiM Mma SHYMPIUHIM OepheKmoM 6 OIUBOHANOBHEHOMY BUCOKOBONbMHOMY ¥800i I MTIIA-45-
330/1000 V1. Jocniosxceno: enekmpuuni Xapakmepucmuku 015 Yb0o20 eieKmpobiaoHanHs ma Qizuko-ximiuni xapakxmepu-
cmuKu npob mpancoopmMamopHux 0aus; AU IMIYIbCHO20 NeKMPUYHO20 CIPYMY 8UCOKOT HANPYU HA 3MIHU KOHYEHMPayiil
PO3UUHEHUX V MIHepaTbHill mpancghopmamoprii oausi diacnocmuunux komnonenmie CHa, C2Ho, C2Hy, C2Hs, CO2, CO, H20
v npucymnocmi pozuunenozo Hz. Ompumani pezynbmamu 00cniodicenb 00360510Mb RIOSUWUINU HAOIUHICMb OlAeHOCTY 8ANHS
ONIUBOHANOBHEHO20 CUNLOBO20 ABMOMPAHCHOPMAMOPA i3 306HIWHIM Ma SHYMPIWHIM OeheKmoM 6 11020 ONUBOHANOBHEHOMY
BUCOKOBONILINHOMY YBOOI.

Knrouoei cnosa: enexmpomexuiune 001a0HAHHA, MPAHCHOPMAMOPHA OIUSA, eLeKMPUYHULT MPAHCHOPMAmMOop, posyu-
Heni eazu; npucaoka «lonony; gypanosi cnonyku; xpomamoepagis.

Tabn.: 7, Puc.: 3, Bioa.: 33.

2

AKTyaJIbHiCTh TeMU J0caigxeHHs. HaniifHicTh CyyacHUX CUCTEM BUPOOHUIITBA, PO3IIO-
JIITy Ta CIIOKUBAHHS €JIEKTPOCHEPT1i 3HAYHOIO MIPOO 3aJICKUTh Bl HAAIHHOCTI OJIMBOHAIIOB-
HEHOT'O BUCOKOBOJIBTHOTO eneKkTpoTexHiunoro obnannanus (OBEO). Ymkomxkenas OBEO i3
narnepoBo-oMBHOIO eneKTpudHO 13oisimieto (ITOEI) mpu3Boaars 10 eKOHOMIYHOI KON B
eHepreTu4HuX cucremax [1]. ABapii, moB's3aHi 3 eNEKTPUYHUM MPOOOEM EIEKTPHUUHOT KOHICH-
CaTOPHOI 130111111 BUCOKOBOJIBTHUX YBO/IIB, € HAMOUIBII YaCTUMH 1 EKOHOMIYHO BUTPATHUMHU B
oOnagHaHHI 00'eKTiB enekTpoeHepreTuku [2, 3]. Bumorn no TexHiyHOro OOCIyroBYBaHHS
OBEO 3 ypaxyBaHHSM HOT0 MOTOYHOTO CTaHY BU3HAYAIOTh HEOOXTHICTh YIOCKOHAJICHHS CH-
CTEM TEXHIYHOTO KOHTPOJIIO Ta JA1arHOCTYBAaHHS Takoro obsagHanHs [4]. BusHaueHHs TexHid-
Horo ctany OBEO 3 I1OEI neoOxigHe 11si: TpUHHATTS PIllICHb, MOB'SI3aHUX 3 KCILTyaTaIli€ro,
TEXHIYHUM OOCIIyTOBYBAaHHSM Ta PEMOHTOM IIbOTO O0JIQJAHAHHS; 1H)KEHEPHOTO Ta €KOHOMiY-
HOTO MOJICTTIOBAHHS 1010 HAOIBII peHTA0ETbHOT AIbTEPHATUBH JIJIs1 BITHOBJICHHS a0O0 ITiIT-
PUMKH B poO0YOMy cTaHi o0nagHaHHA [5]. Takum YMHOM, yIOCKOHAJIEHHS METOIB KOHTPOJIIO
texHiyHOTro crany Ta aiarnoctyBaHHss OBEO 3 I1OEI € aktyanbHUM, 1110 103BOJISIE BUPINTYBATH
3aBJIaHHS KOHTPOJIIO TEXHIYHOTO CTaHy, MOIIYKY Micli Ta BU3HAYCHHS IPUYMH BiIMOBH (He-
CIIPaBHOCTI), MPOTHO3YBAaHHS TEXHIYHOTO CTaHY I[bOTO 00JIaHAHHS HAa OCHOBI BIJIIOBITHOTO
NIarHOCTUYHOIO 3a0€e3IeYeHHS.

ITocTaHoBKa npoodJieMu. XapakTepHi BHYTPIIIHI 1e(EKTH B OJMBOHAIIOBHEHUX CHUIIOBHX
BHCOKOBOJITHHX €JIEKTPHYHUX TpaHchopmaTopax (aBToTpaHchopmaropax) (Aaji 3a TEKCTOM
— OCBET) BuHUKaOTh y TakuX (YHKIIOHATBHUX CHCTEMAaX, SIK: &) 130Js1liiiHa; (T0JIOBHA 130-
SIS, TIO3IOBKHA 130711151, 1301151 BITBO/IB, €ICKTPOCTATHYHI €KpaHH); 0) eIeKTpOMarHi-
THa: (OCTOB, CTPYKTYpHA 130JISI11i51 OOMOTOK, €JIEMEHTH KPITIJICHHS, MAarHITHI ITyHTH Ta €KPaHU,
JAHLIIOT 3a3€MJICHHS); B) CTPYMOIIPOBIIHA: BUBOJIM €NEKTPUYHUX 00OMOTOK [6, 7]. IIpu mibomy
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Ha BUHUKHEHHS Ta PO3BUTOK BHYTPILIHIX JE(EKTIB MOKYTh BILTUBATH Taki (PaKTOPH, SK: CTPOK
CITyOU; eeKTpUYHE HaBAHTAXEHHS; MOIIKO/HKEHHS €JIEMEHTIB BUCOKOBOJLTHUX YBOJIB, 1110
3aHypeHi B MiHepaiabHy TpanchopmatopHy onuBy (nani — MTO) tpancdopmaropa abo aBTOT-
panchopmaTopa; pexkuM poOOTH; 30BHIIIHI KOPOTKI €JIEKTPUYHI 3aMUKaHHS; TPOHUKHEHHS M-
ArHOCTUYHHUX ra3iB 3 0aka KOHTaKTOpa MepeMHuKada eJIeKTPUIHINX 00MOTOK TpaHc(hopMaropa
(aBTOTpaHCOpMaTOpa) Mija ENCKTPUIHUM HABAaHTAKEHHSM y O0ak TpaHchopmaTopa (aBTOTpa-
Hc(opmaTopa); MOIIKOKEHHs HacociB nepekadyBaHHs MTO cucteMu 0X0JIOKEHHS; TEXHO-
norigae o6poosents MTO [6, 7]. Takum unHOM, € HEOOXITHICTh B IOCTIHHOMY yIOCKOHAJICHH1
METO/I1B BU3HAYCHHS Ta 11eHTHdiKallii BHyTpimHIX AedekTiB B OCBET 3a nonmomoroto Biamo-
BiJTHUX METO/IIB A1arHOCTYBaHHS TAKOTO EJIEKTPOOOIaTHAHHS JIJIS TOAABIIION0 BUSHAYCHHS Ta
IIPOrHO3YBAHHS HOTO TEXHIYHOTO CTaHy.

AHaJi3 ocTaHHIX Jocjigxkens i myosaikaniii. OCHOBHUMHU [TIarHOCTUYHUMH TIapaMeT-
pamu iz gac koHTpostro TexHiuHoro ctany OBEO 3 [1OEI €: a) ais o1MBOHANOBHEHOTO CHIIO-
Boro aBroTpanchopmaropa (OCAT) — eneKTpudIHHIA OMip eNEKTPUYHOI 130JIS1111; TAHTEHC KyTa
TIETEKTPUYHUX BTPAT €IACKTPUIHOT 130JISII11; EICKTPUIHA EMHICTh CJIEKTPUYHUX 0OMOTOK; KO-
edimient abcopbuii; PizuKo-xiMiuHi, TeruIoQi3nyHi, eNeKTPodi3uYHI BIACTUBOCTI MiHEPAJb-
Ho1 TpanchopmaTopHoi onuBu (MTO) [8, 9]; BMIiCT po3unHeHuX giarHoctTuyHux rasiB Ho, CHa,
C>H,, CoHy, CoHg, CO2, CO, O2, N2, moBiTps (naini — giarHoctuyHi razu) y MTO [6, 10]; 6) nns
OJINBOHAMOBHEHOTO BUCOKOBOJILTHOTO yBOAYy (OBY) 3 IIOEI — enexktpuunuii omip eneKTpud-
HOI 130JIA1111; TAHTEHC KyTa JieJIEKTPUYHUX BTPAT €ICKTPUUHOI 130JIA1111; €JIeKTPUYHA €EMHICTD
eIeKTPUYHOI 130711111, (hi3uKO-XiMiuHI1, Termodi3uyHi, enekTpodiznyni BractuBocti MTO [8,
11]; BMicT po3unHEeHHX AiarHOCTHYHUX Ta3iB y MTO [6, 10].

Metomamu xpomarorpadii BusHadaroTh y MTO BMICT TaKuX pO3UYMHEHUX JI1arHOCTUIHHUX
KOMITOHEHTIB, SIK: pO3UMHEHI AiarHocThuHi ra3u [12, 13]; npucanka «lonom» [14, 15]; dypa-
HOBI criontyku 2-¢ypunoBuid criupT (2FOL), 2-bypdypon (2FAL), 2-anetundypan (2ACF), 5-
metui-2-pypdypon (SMEF) (nami — pypanosi crionyku) [16, 17].

HiarnoctyBanas OCAT a6o OBY 3 I1OEI 3a pesynapratamu anamiziB nmpod MTO meto-
namu ra3oBoi xpomarorpadii (I'X) BukoHytoTs npu BusHaueHHI B MTO BMicTy pO3UYMHEHUX
J1arHOCTHYHHMX Ta3iB [6, 7], mpucanku «lonom» [11], dypaHoBux cronyk [6, 18] 3 BuKopuctan-
HSIM BiAMOBIAHMX JIarHOCTHYHUX Mojeliel [6].

JliarHocTu4HI MOJIeNi, 3aCHOBaHI Ha pe3yJibTaTax JocCipkeHHs y mpodax MTO Bmicty pos-
YHHEHHX JIarHOCTUYHHUX Ta3iB, 103BOIIt0Th BusHauaT B OCAT a6o OBY 3 IIOEIL nedextu Tep-
MIYHOTO Ta/a00 eNeKTpUIHOro XapakTepy [19]; moxxmuBy npucytHicTh y MTO X-BocKy, OKHCITIO-
BasibHE cTapinHst M TO; niponi3 Ta kapoOonizanito MTO; Hakonu4YeHHs YacTHHOK ByTJeio B MTO
[6]. [Tpu 1bOMY BUKOPHCTOBYIOTH: PE3Y/IbTaTH BU3HAYCHHS MTOTOYHUX KOHIICHTPAIIIA PO3YMHEHUX
nmiarHocTHHUX ra3iB y MTO Ta mBHIKOCTEH X HAKOMUYEHHS; METOANU «TPAHUYHUX PiBHIB KOH-
HIEHTpaIlii1», «BIIHOCUH KOHIIEHTPAITI XapaKTepHUX Ta3iB», y TOMY YHCI «TaOIMIHUN METOM,
«mMeTop rpadiuHuxX 00pa3iB AeEKTiBY», «METO]] BU3HAYCHHS IIBUAKOCTI 30UTBIIICHHS KOHIICHTPA-
it miarHoctTnyHuX rasziB y MTO» [6, 7]. 3a pesynsTaramu gocmipkenb BMicty B MTO pozunne-
HUX JIIarHOCTHYHMX Ta3iB MOXJIMBE BUSBJICHHS JIE(EKTIB 3aI€KHO BiJl MICIS IXHBOTO TIPOSIBY Y
BIAMOBITHUX (yHKIIOHATBHUX cucTemax npu gocmimkerHl: a) OCAT 3 TTOEI — mnst i3omsiitHOT
(YHKIIIOHAILHOT CUCTEMH; EJIEKTPOMArHITHOI (PYHKIIOHAIBHOT CUCTEMHU; CTPYMOIIPOBIIHOI (yH-
KiioHaIpHOI cuctemi [6]; 6) OBY 3 ITOEI — yacTkoBI eneKTpuyHi pO3psan; €NeKTPHYIH] 1ICKpIHHS
B MEXaHIYHO OCJIa0JICHOMY 3'€JHAaHHI BHMIPIOBAILHOTO BHMBOJY; TOB3Y4l €JIEKTPUYHI PO3PSAU
B3JIOBXK ITOBEPXHI OCTOBA Ta MOKPHILKH; TIEIEKTPUYHE TePETPIBAaHHS €ICKTPUIHO] 1301111, Hasl-
BHICTh €JICKTPHYHOTO KOHTYPY 3 BEIUKUM €JIEKTPUYHUM CTpyMoM Y ToioBii OBY 3 kopoTkum
€JIEKTPUYHUM 3aMUKaHHsM [20].

V cepenoBuii ioHi30BaHoro BojHIO B 00’eMi MTO B OCAT i OBY 3 IIOEI moxnuBe yTBO-
peHHsI Ta3iB Ta X-BOCKY, 1110 MPU3BOIUTH 10 3HWKEHHS eJIeKTpryuHOi MirtHocTi MTO [21, 22].
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[Ipy BUHUKHEHHI IMITyJIbCIB YAaCTKOBHX EJIEKTPUYHHUX DPO3PSIIB y JIOKAJIbHUX 00'eMax
MTO renepyrotbes: chepudHi yIapHi XBUII1; IMITYJIbCH €IIEKTPUYHOTO CTPYMY, CBITIHHS, IIJIa-
3MOXIMIYHI peakiii B Oyiap0arikax rasis, 10 YTBOPHIIKCS, IiJI i€0 yaapHUX XBuib [1, 20];
akyctuuHi edextu. Bei i mporecu MOKyTh Tpu3BecTH 10 aerpagarnii MTO 1 gomimiok, 1o
yrBopuiucst B MTO — opraniuHux KUCIIOT, CHHUPTIB, albAETi/IiB, KETOHIB, (ypaHOBUX CIIOIYK
[20, 22]. ITpu ipomy: nepeBuienHs koHneHTpaiii CO ta CO BuIlle TpPaHUYHUX 3HAYCHD BKa-
3y€ Ha IHTEHCHBHI OKUCITIOBaNIbHI Tipotiecu B 00'emi MTO npu neperpisanni [IOEI 8 OBY; mpu
HE3a/I0BUIBHUX pe3yJbTaTax eNeKTpUUHuX BunpoOyBanb OBY pekomMeHI0BaHO BU3HA4YaTH B
MTO BwmicT ¢pypaHOBHX CHOJYK: SKIIO X CyMapHUMA BMICT Oi1bInie 1 MI/KT, TO epe0aqacThCst
HasBHICTb AedekTy, nmos's3aHoro 3 neperpianasm [IOEI 8 OBY [6].

®dypanosi cionyku yrBoprotoThes mipu aerpanaiii [IOEI 8 OCAT a6o 8 OBY min Brum-
BOM EJIEKTPUYHUX 1 TEIUIOBHX 1oiB y cepenoBuiii MTO i € HecTiiKuMH pedyOBUHAMH Ta LIBH-
JIKO PO3KJIaIat0Thes i aieto Temmnepatypu B MTO [21]. HaiiGinbim cTilikoro ¢pypaHoBOIO CIO-
aykoro € 2FAL, 3HaueHHsI KOHLEHTpAIIii sIKOi BUKOPUCTOBYIOTh JJISl OLIHIOBAHHS TEXHIYHOTO
crany [1OEI [18].

Binomi pe3ynbTaTi JOCTIHKEHHS B JTa0OPaTOPHUX YMOBAX BIUIUBY €JIEKTPHUYHOI HATIPYTH
Ha nerpanamiro MTO Ta I1IOEI 3 yrBopenusam B 06’ emi MTO po3uriHEHUX J1arHOCTUYHUX Ta3iB
Ta (pypaHOBHX CIIOJIYK: NMPH LOMY BIUTUB €JIEKTPUYHOI HAIPYTH HA Aerpaianiio (ypaHOBHUX
crostyk B 00’emi MTO ne nocaimkeno [23].

Bigomuii MmeTo BU3SHAUEHHS ra30CTIMKOCTI 130 SIMIIMHUX PIUH i €10 HA HUX EIeKTPHU-
YHOT HaNPyTHW Ta 10Hi3alii, MpU IIbOMY KIJTbKICHO-SIKICHUW CKJIAJl Ta3iB, IO YTBOPIOIOTHCS, Y
TOMY YHUCJII PO3YMHEHUX Y TPaHC(HOPMATOPHUX OJIUBAX, HE JOCHIKYETbCs [24].

HaiiG1imp1m BiporiiHI BHYTPIIIHI 1e(EKTH BUHUKAIOTh Y TAKUX (DYHKIIIOHAJILHUX CHCTEMax
B OCBET, sk i3oms11iiiHa, eIeKTpOMardiTHa, cTpymornposiana [1, 6].

Hagenena ingopmaiiis B giTepatypHux jpkepenax [ 1-24] Bka3ye Ha HETIOBHOTY BiJIOMOC-
teit mpo BruB: aedektis B OBY 3 IIOEIL 110 Mae 30BHINIHI Ta BHYTPIIIHI JeQEKTH €IeKTpH-
YHOTO Ta/ab0 TEIMJIOBOTO XapaKTEPy Ta CTUKAETHCS CBOEIO 30BHINIHLOIO MoBepxHE0 3 MTO B
OCAT, Ha 1OCTOBIPHICTH JlarHOCTYBaHHSA A€(DEKTiB, TOB'A3aHUX 3 BHYTPIIIHIMU KOHCTPYKTH-
BHUMH enemeHTamu BiacHe camoro OCAT i3 TIOEI; iMmyJIbCHOTO €JIEKTPHUYHOTO CTPYMY BH-
COKOI HalpyTu Ha 3MiHU KOHIIEHTpaLiil Bxke po3unHeHNX Y MTO Takux MiarHOCTUYHHUX KOM-
noHeHTiB, sk CHs, CoHa, C2Ha, C2Hg, CO2, CO, H2O, dypanoBi crionyku, npucanka «loHom,
y MPHUCYTHOCTI po3unHeHoro Hz, sxuii yrBoproerscs npu nerpananii MTO. Yce e Bumarae
BUKOHAHHS BIIIOBIJHUX JTOCIIIKEHbD.

BujineHHsi HeAOCHiIKEHUX YACTHH 3arajibHoI npodsemu. [lonpu HAsIBHOCTI BETHKOI
KUTBKOCTI1 JociikeHb MeToIiB aiarHoctyBanHsa OCBET, BusiBiieHHs1 BHYTpINTHIX 1e(EKTIB B
TAaKOMY €JIeKTPOOOJIaHaHHI 13 ypaxyBaHHSIM BIUIMBY Ha JOCTOBIPHICTH pe3yJbTaTiB JiarHOC-
TyBaHHSI 30BHIIIHIX Ta BHYTpimHIX nedextiB B OBY, mo 3HaxomsaThcs y KoHTakTi i3 MTO B
cepenuni OCBET, € HeoOXiaHicTIO /Ui 3a0e3MeUeHHs HAAIMHOCTI MPU eKCIUTyaTallii TaKoro
€JICKTPOOOTaTHAHHS.

Mera cratTi. ['0JIOBHOIO METOO CTATTI € MiABHUIIEHHS HAAIHOCTI PE3yJIbTaTIB J1iarHOC-
TyBaHHS OJINBOHAIIOBHEHUX CUJIOBUX BUCOKOBOJIBTHHUX €JIEKTPUUYHUX aBTOTpaHCHOPMATOPIB 13
30BHIIIHIM Ta BHYTPIIIHIM Ae()EKTOM y iX OJIMBOHAIIOBHEHUX BHCOKOBOJBTHUX YBOJAX i3 Ma-
MIEPOBO-O0JIMBHOIO €JIEKTPUIHOIO 130JIAIII€10, 110 3HAXOATHCS B KOHTAKTI 3 TpaHC(POPMATOPHOIO
OJIMBOIO B CEpENIMHI TaKUX aBTOTPaHC(HOPMATOPIB, 3 YpaxyBaHHSIM pe3yJIbTATIB IX eNeKTpU-
HUX BUIPOOYBaHb Ta aHATI31B MPOO MiHEpaIbHOT TpaHC(HOPMATOPHOT OJMBHU 3 TAKOTO €JICKTPO-
o0JaTHaHHS.

3aBaanns pocaimkenns: 1. Jlocmimkenas texaigyaux cradiB OCAT Ta iioro momkopke-
Horo OBY Ha mifcraBi pe3ynbTaTiB: a) €IEKTPUYHUX BUIPOOYBaHb €JIEKTPOOOIIaTHAHHS,
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0) I'X ananiziB mpo6 MTO 3 enexkTpoobiIaHAHHS; B) Bi3yaJIbHOTO OTJISTYy 30BHIIIIHBOI MTOBEP-
XHI Ta BHYTPIIIHIX KOHCTPYKTUBHUX €JIEMEHTIB momnkomkeHoro OBY micns oro BuTydeHHs
13 OCAT. 2. JlochimxeHHs: a) Gpi3UKO-XIMIYHUX, TETIO(I3HUHUX, €IeKTPO(PI3UIHUX BIACTH-
Bocteit MTO B OCAT Ta y #oro nomkomkenomy OBY; 6) B3aeMHUX 3B’SI3KIB M)XK KOHIIGHT-
pauisiMi po3YMHEHUX JiarHOCTUYHUX KOMITOHEHTIB Y MTO B OCAT Ta y #oro momkopke-
Homy OBY 3anexHo BiJl TpUBAJIOCTI iX €KCIUTyaTallii; B) BIUIMBY IMITYJILCHOTO €JIEKTPUIHOTO
CTPYMy BHCOKOI HallpyTy Ha 3MiHM KOHIIEHTpaIlii monepeaHso pozunHeHnx y MTO miarnoc-
tuaanX KomrnoHneHTiB CHy, CoHo, C2Ha, C2Hg, CO2, CO, H20 y npucyTHOCTI po3unHeHoro Ha.

3. Bcranomnenns anroputmy Aiit ipu aiarHoctyBanHi OCAT Ta #ioro OBY 3 ypaxyBan-
HSIM PE3yJbTaTiB iX eIeKTPUUHUX BUIPOOYBaHb Ta aHai3iB mpod MTO 3 Takoro enekTpooo-
JaTHAHHSL.

Bukiiaa ocHoBHOro martepianay. O0’€KTH TOCIHIKEHb: METOIH 11arHOCTYBAaHHS TEXHIY-
Horo crany OCAT Ta tioro OBY Ha miacTaBi pe3yiabTaTiB (pi3UKO-XIMIYHUX, TEMI0(I3UUHUX,
enekTpodiznunmx, I'X ananiziB Ta BunpoOysans npod MTO 3 bOro 0JIMBOHAIIOBHEHOTO €Jie-
krpoobnagHanus. [Ipeamern nocnimxens: OCAT tumy ATLITH-200000/330/110/10 Ta OBY
tuniB [MTIIA-45-330/1000 Y11 I'MTA-90-110/2000 Y1 (repmeTudne eneKTpooOIaHaHH);
MTO mapok I'K; pozunneni B MTO giarHocTHyH1 KOMIIOHEHTH: aiarHocTr4Hi ra3u (Ha, CHa,
C>H,, CoHy, C2Hg, CO2, CO, O2, N2, 3BII (3aranpuuii BmicT noBiTpsi), 3BI" (3aransHuii
BMICT Ta3iB); npucanka «lonom»; pypanosi cnonyku 2FOL, 2FAL, 2ACF, SMEF Ta cyma ix
koHneHTpanii XCr; H2O.

[Tpu nocnimxenni enektpuynux xapakrepuctuk OCAT Ta iioro OBY Bukopucrano 3a-
cobu BumiproBanbHOi TexHiku (3BT) Tta BumpoOyBambHe 0OJagHAHHS: METaOMMETP
3C0202/2T" Ta enekTpuuHi MOCTH 3MiHHOTO cTpymy Tuny CA7100-2 ta tumy P5026 [4, 5].
HJocnimkyBani enekrpuuni xapakrepuctuku: a) st OCAT: Rso 1 R5 — enexTpuIHU omip ene-
KTPUYHOI 13011111, BUMipsiHUi uepe3 60 ¢ 1 15 ¢ micas mosiBU Ha 00'€KTI BUMIPIOBAHHSI €JIEKT-
puuHOi Hanpyry, BiAnoBinHo, MOM; koedirieHT abcopOrii K,; TaHTeHC KyTa A1eTEKTPUIHUX
BTpAT €JIEKTPUYHUX OOMOTOK, /g0, %; enekTpuyHa eMHICTh C eNeKTpUYHUX 00MOTOK, P [8,
9]; 6) s OBY: TaHreHc KyTa JieNeKTPUYHUX BTPAT OCHOBHOI €JIEKTPUYHOI 1301s1ii 7801, %;
enekTpruyHa eMHICTh C; OCHOBHOI €JeKTpUUHO] 130i1a1ii, nd; eaexTpuyHuil onip R; creriaib-
HOro BUBeAeHHS, MOM; TaHT'€HC KyTa AIeNEKTPUYHUX BTPAT EIEKTPUUHOT 130151111 BUMiproBa-
JHLHOTO KOHJICHCATOPA 1202, %); €NeKTpUIHA EMHICTH C2 €IEKTPUIHOI 13051111 BUMIPIOBAJILHOTO
KOHJieHcaTopa, nd; enekTpuyHUid omip R> BUMipioBanbHOro BuBeAeHHs, MOM [8]. ["a3oBuit
xpomatorpad «Kpucran-2000M» Buxopuctanuii ans BusHaueHHd B MTO: a) smicty Cinm
(ppm) i-X po34rHEHHX JiarHOCTHYHUX Ta3iB, 3BII, 3BI" — 3a meroaukamu [12, 13]; 6) BMicTy
Ci, % macu (nam — % mac.) npucanaku «lonom» — 3a meroaukamu [11, 14]; B) BmicTy Cr (MI/KT)
po3urHEHUX (ypaHOBHX CHOIYK Ta CyMH iX KOHIleHTpaliid XCr (MI/KT) — 3a MmeToaukamu [ 16,
17]. Hocaimxkysani xapakrepuctuku mpod MTO 3 OCAT ta OBY: npo6usna nanpyra U (kB)
[11]; remnepatypa cnianaxy napiB MTO y 3akpuromy Turii t., (°C) [11]; kucnorne yncno (KY),
(mr KOH nwa 1 r MTO) [11]; Bogopo3uunni kucinotu (BPK) (mr KOH na 1 r MTO) [10]; Tan-
IreHC KyTa JieleKTpUdHuX BTpar tgduro (%) [11]; minsaicts p (r/em®) [11]; BMicT Boau W (r/T)
[11]; BmicT C; (ppm) po3unHeHuX AlarHoctTuyHux rasis, 3BI1, 3BI" [12, 13]; BmicT C; (% Mmac.)
npucaaku «lonom» [11, 14]; BmicT Cr (MI/Kr) QypaHOBUX CIIOJIYK Ta CyMH iX KOHIICHTpamii
XCr (mr/kr) [16, 17]. Iloporu BuzHauerHss B MTO aiarHOCTUYHUX KOMITOHEHTIB BIATIOBIAAIOTh
Bumoram [11, 12, 16]. [Ipu qocmikeHHI BIUIMBY IMITyJIECHOTO €IEKTPUYHOTO CTPYMY BUCOKOT
HaIpyTy Ha 3MIHU KOHIICHTPAIIi monepeaHso po3unHeHnX y MTO miarHOCTUYHUX KOMITOHE-
HTiB CH4, C2Ho, CoHy4, CoHs, CO2, CO, H20 y mpucyTHOCTI po3unHeHoro H»: momnepenne Ha-
cuyeHHss MTO razononiounm H» ta posunaennmu razamu CHa, CoHa, CoHs, CoHs, CO,, CO
BUKOHaHO mipu Temneparypi 20 °C 3a meroaukamu [12, 13] no konnentpamii Hz y ubomy MTO
Ha piBHI 5 % 00'emHuX (a1 — % 00.) 3 BUKOPUCTAHHSM MPUCTPOIO, AaHATOTTYHOTO HaBEICHOMY
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y po6oTi [25]; BuMiprOBaHHS BUKOHaHI 3a MeTOAMKOIO [11, 26] mpu KUTBKOCTI €IEKTPUYHUX
npo6oiB N = 144. Bin6ip npo6 MTO ns BU3HaUEHHS BMICTY B HUX PO3YMHEHHUX Ta3iB BUKO-
HAHO MOCIIIOBHO Yepe3 KoxkHI N=36 enekTpudyHux npoOois. [Ipu BUKOHAHHI 1OCIiIKEHb BU-
KOPUCTAHO YCTAaHOBKY JyIsl BUMpoOyBaHHs 0uB Y MIM-90 3 aBTOMaTHYHUM MEPIOAUIHUM T1e-
pemimyBanHsM o0'emy MTO. Ilpu 1poMy: BumpoOyBaJibHAa KOMIpKa HakpuTa
€JICKTPOI30JIF0I0UO0I0 KPHUIIIKOIO; Ta30BUi ipocTip Hax MTO 3amoBHEHM BOIHEM 1 3'€ THAHUI 3
aTMochepHUM TOBITPSIM Yepe3 PiTMHHHK 3aTBOD.

Jns miaraoctyBanss nociuimkeanx OCAT ta OBY 3acrocoBaHi METOIU: €NEKTPHUHUX
BUMIPIOBaHb, «TAOJIMYHUM METOM»; METoa «rpadiuamx o0pasiB medexti»; meron «ETRA
(Electric Technology Research Association)»; meton « TpukyTtauk droBans» [6, 8].

Hocnioscennsn mexuiunux cmanie OCAT ma 11020 nowkoosycenozo OBY na niocmasi
pe3yromamis ix enekmpuunux eunpooysans. Jlocnimxenuit OCAT: maca MTO 67000 kr;
BBEJICHO B eKcruryaTailito B 1992 p. Uepes 214 mics1iiB micisi BBEJIEHHS B €KCIUTyaTallil0 BUKO-
HaHi enekTpuyHi BunpoOyBanas OCAT oo moka3HukiB Reg, R;s, Ka, tgo, C, BIATOBIIHO 10
BUMOT HOPMaTHUBHHX JOKYMEHTIB [8, 9]. Pe3ynbprarn BUKOHAHUX €JIEKTPUIHUX BHIPOOYBaHB
nokasanu, mo OCAT Bignosijzae HOpMaM, CIIpaBHUHN Ta mpaue3gaTHui [8, 9], Ta pezynpratu
anamniziB mpod MTO 3 OCAT 3a metonamu ['X BKa3yloTh Ha HasIBHICTh Y HbOMY BHYTPIIITHBOTO
nedexty (Tabdmn. 2). OqHoyacHo BUKOHaHI enekTpuyHi BunpoOysanHs OBY tunis [MTIIA-45-
330/1000Y1 (da3u «A» ta «C») Ta TMTA-90-110/2000Y1 (dazu «A», «B» ta «Cy») npu Bu-
3HAUEHHI MOKA3HUKIB /g0, 1202, R;, R>, C;, C> moka3anw, mo aocuimkeri OBY crpasHi Ta mpa-
11€3/1aTHI 1 BIAMOBIAa0Th HoOpMaM [8]. OHOYaCHO BUKOHAHI elleKTpuuHi BUNpoOyBaHHs OBY
tuny 'MTITIA-45-330/1000Y 1 ¢a3a «B» nmpu Bu3HaueHH1 MOKA3HUKIB g0}, 1202, R;, R2, C1, C>
MOKa3aJju, 0: MOKa3HUKY 1go; = 1,546 % (nopma tgo; = 0,15-1,0 %) ta tgo> = 5,008 % (Hopma
tg02 < 1 %) ne BianmoBigaroTh HopMaMm [8]; OBY HecnipaBHUII i BUSHAHHI TaKUM, 1110 Ma€ TOIII-
Ko KeHHs [ 8].

JHocnioncenna izuxo-ximiunux, mennogizuunux, erekmpodizuunux eracmugocmeit
MTO 6 OCAT ma 6 11020 nowkooxcenomy OBY. PezynbTaTl IUX JOCIIHKEHB TTOKA3aJIH, 110
st OCAT nokasuuku p, KY, BPK, ten, W, U, tgoyro ipu 90 °C, C; BinnoBinaroTs Hopmam [11].
Pesynbrat BU3HAYeHHS cyMapHOTO BMicTy ¢dypaHoBux cnoiyk XCry MTO y mporeci ekc-
ryaranii OCAT nokasainu, mo iX KOHLIEHTpAIlil He epeBUIyBaIl HOPMOBaHI 3HAYCHHS I10-
poriB Bu3zHaueHHS CF min= 0,2 Mr/kr mis MTO [16, 17]. Lle cBiquuts nipo Te, o [IOEI 8 OCAT
He 3a3Hana aectpykuii [27, 28]. Bmict npucanku «loHom» 3menmmBes i 3HaueHHs C; = 0,35%
Mmac. 10 3HadeHns C; = 0,31% wmac. 1 Biamosigae Hopmi [11].

B Tabn. 1 HaBeneHO pe3ynbTaTH BU3HAYCHHS (DI3MKO-XIMIYHHX, TETIO(I3HUHUX, €TICKT-
podizuuamx BiractuBoctei mpod MTO i3 momkomkeHoro OBY tumy IMTIIA-45-330/1000Y 1
daza «B».

Tabauys 1 — Pe3ynomamu usHaueHHsa (i3uKo-XiMIYHUX, MeNnIopi3UYHUX, eleKmpopizu-
ynux enacmugocmeti npodo MTO i3 nowxodacenoeo OBY

Aty, micans | p, r/em? K4, mr ten, w,r/t | U, kB tgouro, %o Ci, %
KOH/r C (70 °C/90 °C) mac.

Hopma HB <0,1 >135 <20 >55 <2,5/5,0 >0,1
120* 0,853 0,005 138 12,3 57 2,0/u 0,34

1 0,854 BIJIC. 138 11,2 56 1,0/u 0,34

94 0,852 BIJIC. 138 15,4 52%* 2,96/5,1%* 0,22

ITpumimku: * — HanparfoBanHs yacy micis BBeJeHHs B exciuryaranito OBY B OCAT, micsnp; Aty — Harpa-
IIOBAHHS yacy Micis nonepeaHboro axHainizy npoou MTO i3 OBY, wmicsib; Biic. — YUCIOBE 3HAYEHHSI MEHIIE
Topora BU3HAYCHHS TIOKa3HUKa BiamoBigauM 3BT; ** — 3HadenHs, mo He BiAMOBIIAIOTE HOPMaM Ta Tiepeadada-
I0Th HasBHICTh A€(EKTiB; H — BUMIp HE BUKOHYBABCSI; HB — TIOKa3HUK HE BU3HAYAETHCS 32 BUMOTramu [11]

Jxeperno: po3po0ieHo aBTopaMu
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PesynbraT BU3HAUE€HHS (i3MKO-XIMIYHHX, TEMI0(I3UYHHX, €IeKTPO(I3UUYHUX BIACTUBO-
creit mpod MTO i3 momkomxeHoro OBY mnoxkazanu (tads. 1), mo: mokaszHuk tgomro(70 °C/90
°C) = 2,96/5,1 He BinmoBigae HOpMam; BMICT BOJIU 30UTbIIHMBCS Bif 3HaueHHs W = 11,2 v/T no
W =15,4 v/T; nokazauk U = 52 kB He BiANMOBiga€ HOpMaM; BMICT Iprcaaku «loHOD» 3MEHIIN-
Bes Bin 3HadeHHs C; = 0,35% mac. no 3Hauenns C; = 0,22% wmac. i Bixnosigae Hopmi [11].

Hocnioscennn 63a€mo36'a3Kie midie KOHUEHMPAUIAMU POZYUHEHUX OIAZHOCMUYHUX KOM-
nonenmie y MTO ¢ OCAT ma y 11020 nowikoosxcernomy OBY 3anesrcno 6i0 mpueanocmi ix exc-
nayamauyii. Y 1abn. 2 nipecTaBieHi pe3yabTaTi aHaiiziB 3a merogamu I'X mpod MTO i3 OCAT.

Tabauys 2 — Pezynomamu ananizie 3a memooamu I'X npoo MTO i3 OCAT

AT, Konnuentparnis, C;», ppm CO,/CO
MiCSIIb H, CH, CH, |CGHs |CHs |CO; co 3Bl
1 piBeHb <100 | <50 <0,5 <15 <50 <1500 | <150 | <20000 |3-10
2 piBeHb 100— | 50— 0,5-10 | 15— 50— 1500— | 150— | 20000—

150 120 100 100 3500 350 40000
3 piBeHs >150 | >120 | >10 >100 | >100 | >3500 |>350 | >40000
187* BizC. 1,8 BizC. 11,1 3,1 104 9,3 0,59 11,2%*
0,3 Bine. | 2,7 BizC. 18,9%* | 3.8 392 29 0,87 13,5%*
1 1,3 32 Binc. | 23%* | 4.4 678 43 1,43 15,8%*
3 43,9 6,4 Binc. | 24,8%* | 4,1 817 56 0,93 14,6%*
0,5 45,8 6,7 Binc. | 28,7%* | 42 955 60 1,05 15,9%*
6 51,6 8,1 Binc. | 28,7%% | 4,7 1261 91 0,94 13,9%*
0,4 44,9 8,2 Binc. | 27,7%% | 4.6 1238 92 1,48 13,5%*
5 98,8 9,7 Bige. | 27,9%* |5 1430 127 2,6%* 11,3%*
6 582%% | 223 0,7 24,6%* | 55 1566** | 88 1,73 17,8%*
0,4 612%*% | 25,1 0,4 25,5%% | 58 1637%* | 104 1,8 15,7%*
0,33 588%* | 26,4 0,3 27,5%% | 7,1 1711%* | 107 3,18%% | 16,0%*
3 288 3,6° Binc.® | 8,9 2,3 660° 270 1,420 HB

Ilpumimku: * — HanIpaIfOBaHHsI Yacy Mmicis BBeneHHs B ekcrutyaranito OCAT, micsib; AT, — HalparroBaHHs
gacy micisl monepeaHporo ananizy npoou MTO i3 OCAT, micsnp; 1-3 piBHI — TpaHUYHI PiBHI KOHIEHTpAIil
PO3YMHEHHUX Ta3iB, MO XapakTepu3yoTh TexHiuHui cran OCAT [6]; ** — 3HaYeHHs, 1110 HE BiAMOBIAI0TH HOPMaM
Ta niepen0avaroTh HassBHICTh Me(hEKTiB;  — KOHIEHTpAIii MiarHOCTUIHKX Ta3iB y MTO micis 3aMiHU MOIIKOKE-
Horo OBY; BiJic. — YHCJIOBE 3HAUYCHHS MEHIIIE 32 IMOPIr BA3HAYCHHS BUMIPIOBAHOTO IMOKa3HUKA BiAmoBiqauM 3BT,
HB — pO3paxyHOK HE BUKOHYETHCS 32 BUMOTaMH [6].

Jlxepeno: po3po0IeHO aBTOpaMu

3 Tab:1. 2 BUIUIMBAE, MI0: 3aJIeKHO BiJ TpuBanocTi ekcruryaTarii OCAT 3HaueHHS KOHIIEH-
Tpauiil aiarHoctuuHux po3unHeHHX B MTO razis Hz, CO2, CO nocTiiiHO 3011bL1yIOTECS, a
KOHIIeHTpallis po3urnHeHoro B MTO giarHoctuunoro razy CoHa nmpakTuuHO 3aHImaeTbes moc-
TIHHOIO; YMCIIOBI 3HAYeHHSI JiarHOCTHUHUX Ta3iB Ho, C2Ha, CO2 B MTO niepeBHIyIOTE HOPMH,
nipu ibomy BigHOocuHU CO2/CO mo3a HopMoto [6]; micis 3aMinu nomkopkenoro OBY Ha mpa-
ne3aarauii OBY aHanoridyHoro Ty, KOHIEHTpalii Beix aiarHoctuyHux ra3is B MTO B OCAT
BiJIMOB1/1at0Th HOpMaM [6]. Lle Bkazye Ha BiACyTHICTH BHYTpiHIX nedektiB B OCAT 1 BrummB
noukopkeHoro OBY Ha konnentpauii pozunHenux B MTO piarHoctrunux rasis Hz, CoHa,
COz no #ioro 3aminu Ha mipanesnatauii OBY.

B ta6n. 3 HaBeneHo pe3ynpTaTH aHamiziB 3a MerogaMu ['X mpod MTO i3 monKkomKeHoro
OBY tuny I'MTIIA-45-330/1000Y1 daza «B».
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Tabnuys 3 — Pesynomamu ananizie 3a memooamu I'’X npoo MTO i3 nowkoodicernozo
OBY

At Konuenrpauis, C;, ppm CO,/CO
Micsub H, CHa CH: |CGHs |GHg [CO, | CO | 3BD

I'p 600 140 1 30 60 3000 800 60000 3-10
120* 160 35 BiJIC. 1,2 14 1840 250 1,71 7.4

1 170 39 BiJIC. 8,4 11 1860 260 1,82 7,2

33 147 48,4 BiJIC. 59 11 1107 127 2,59 8,7

55 43887** | 14560** | Binc. 59 1536%* | 982 8,0 8,52%* | 122,8**

Ilpumimku: TP — rpaHndHUN piBeHb; * — HaNpaIlOBaHHS 4Yacy TICIs BBEJCHHS B ekcruryatarito OBY B
OCAT, wmicsip; At3 — HampaIroBaHHs yacy Ticis nomnepeaasoro ananizy npoou MTO 3 OBY no OCAT, micsip;
** _ 3HaveHHs, 1110 He BiAMOBIIal0Th HOpMaM [6] Ta mepeadavyaroTh HasIBHICTh JSPEKTIiB; BiJC. — YUCIOBE 3HAUCHHS
MEHIIIE 32 IMOPIr BU3HAYEHHS BUMIPIOBAHOTO MMOKa3HKUKa BiamoBiqauMm 3BT.

Jlxepeno: po3po0iieHO aBTOpaMu

3 tabu1. 3 BUILIMBAE, IO 3aJIE€XKHO BiJl TpUBAIOCTI ekcrutyaraiii OBY 3HaueHHsS KOHLIEHT-
paniii pozunHeHux miarHoctuuHux rasiB Hy, CoHz, CoHs, C2Hg B MTO nmpakTu4HO HE 3MiHIO-
IOTBCSl IO MOMEHTY BUSIBJIICHHS Y LIbOMY YBOJi Je(EKTiB Ha MiACTaBl €ICKTPUUHUX BUIPOOY-
BaHb. Ilepen BuBeaeHHsMm OBY 3 po0OoTH, MOB'SI3aHOTO 3 HE33aIOBUILHUMH PE3yJIbTaTaMHu
€JIEKTPUYHUX BUIIPOOYBaHb, 3HAUCHHS KOHLEHTpAIii IarHOCTUYHUX PO3YMHEHUX rasziB Ha,
CHa4, C2Hg, 3BT 8 MTO, a Takox BigHomerHs: CO2/CO, 3pociu Ta MepeBUIITUAIN BCTAHOBJICH]
rpaHuuHi 3HaueHHs (tadu. 3). [Ipu oMy 3HaYSHHS KOHIEHTpamii posuuHeHux B MTO niar-
HocTHuHKX rasziB CO,, CO, HaBNaku, MOCTIMHO 3MEHIITYBAJIUCS 1 3HAXOUIIMCS B MEXaX BCTa-
HOBJICHUX TPaHUYHHUX 3HAYEHB [6] 10 MOMEHTY BHSIBIICHHS B IIbOMY YBO1 Ae(EKTIB HA TijIC-
TaBi €JIEKTPUIHUX BUMPOOYBaHb. Y 3B'sa3Ky 3 HeBenuKkuM obcsrom MTO B OBY (npubausno
215 kr) Ta BUCOKUM BMICTOM po3zunHeHoro H» (Tabmn. 3), MOXKHA MPUIYCTUTH, IO B TPOIEC]
BUHHUKHEHHS BcepennHi OBY nedekty, moB's13aHOTr0 3 IHTEHCUBHUM BHAUIEHHSIM Ho, MOXIHB1
ximiuni peakii rigpyBanas CO ta CO; go CHy. Lle npu3BoauTh 10 3HMKEHHS 3HAYE€Hb KOH-
nentpaiiii CO ta CO2 y MTO Ta nigBuIiiieHHs 3Ha4eHHs KOHIIEHTpaIlli po3unHeHoro razy CHy
3a XIMIYHUMHU piBHSIHHAMH [29]:

CO + 3Hz = CHs + H20 (1),
CO; +4H, = CH4 + 2H,O (2).

Ha MOXMBICTh TPOTIKaHHS XIMIYHHX TpolieciB 3a piBHsAHHSIME (1) Ta (2) BKasye 3poc-
tanHs KoHIeHTpanii HoO Big W= 12,3 r/t no W= 15,4 v/t B MTO (1abmn. 2).

[Tix BIUTMBOM €JIEKTPpUYHUX pO3psiaiB Ha ByriaeBoAHI MTO oCHOBHUM IPOIYKTOM peaKIlii
€ Hz, y ToMy umcii aToMapHUi BOIEHB, SKHI MOXe HE TIJIbKU NMPHETHYBATHCS MO MOABIHHUM 1
NOTPiIHHUM BYTJICIIEBUM 3B'SI3KaM Y MOJICKYJIaX HCHACHUCHHUX BYTJIEBOIHIB, a i BUKIMKATH M-
couiarito ByrieBojHiB 3a C-C-3B's3kamu. [Ipy bOMy y BEIMKUX KOHLEHTPAIisIX BUALIAETHCS
H> 1 moxe gactkoBo riapyBatu CoHz u CoHs mo CoHe B 06°emi MTO [29]. TpoTikaHHS XiMid-
HuX peakuiii (1) i (2) moxxe OyTu MoB's3aHe 3 reHepyBaHHAM B 06’ eMi MTO: XiMIYHO aKTUBHUX
YaCTUHOK BOJIHIO B MPOIIECI BAHUKHEHHS €JICKTPUYHUX YaCTKOBUX PO3PAIIB; XIMIYHO aKTUB-
HHX YaCTHHOK BK€ PO3YMHEHOT0 BOAHIO B MTO i1 BIIIMBOM €NIEKTPUYHUX YACTKOBHX PO3PSI-
JiB Ta 10Hi3awii Iboro po3unHeHoro Hz y mporeci mpoTikaHHS €1eKTPUYHUX PITUHHUX YAapiB,
COHOXIMIYHHX Ta TUIa3MOXIMIYHUX peakiii [20, 22].

B Tabn. 4 HaBeneHo pe3ynpTaTi aHaiiziB 3a MeTogamu I'X mpo6 MTO i3 mouiko1keHoro
OBY npu Buznauenni 3BII i pypanoBux crnomnyxk.
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Tabauys 4 — Pezynomamu ananizie 3a memoodamu I'’X npo6 MTO i3 nowxodscenoco OBY
npu eusnavenni 3BI1 i ¢pypanosux cnonyx

Aty KommoneHnT
Mmicas | O, ppm No, ppm 3BII, 2FOL, 2ACF, SMEF, 2FAL, 2CF,
ppm MI/KT MI/KT MI/KT MI/KT MI/KT
I'P <10000 HB <60000 1 1 1 1 1
120* 300 32000 32300 BIJIC. BIJIC. BIJIC. BIJIC. BIJIC.
1 250 31500 31750 BiJIC. BiJIC. BiJIC. BiJIC. BiJIC.
33 300 23900 24200 BiJIC. BiJIC. BiJIC. BiJIC. BiJIC.
55 250 24000 24250 0,3 0,3 0,4 1,8%* 2,8%*

ITpumimku: TP — rpanu4yHuil piBeHb; * — HalpaIfOBaHHS yacy IicJIsl BBEJCHHS B ekciutyaraiiro OBY B
OCAT, micsinp; Ats — HarpawoBaHHs Yacy micis nonepeauboro ananizy mpoou MTO 3 OYB B OCAT, micsip;
BIJIC. — YMCJIOBE 3HAYCHHS MEHIIE 33 MOPIr BU3HAYCHHS BUMIiPIOBAHOTO TIOKa3HUKa BinmoBigauM 3BT; ** — 3Ha-
YeHHSI, 110 He BiJNOBIIal0Th HOPMaM Ta Iepea0avyaroTh HasBHICTh e(heKkTiB [ 18]; HB — MOKa3HUK HE BU3HAYAETHCS
3a BUMOTamH [6].

Jlxeperno: po3po0IeHo aBTopaMu

Pesynbratu Bu3Hauennsa BMicty Oz, N2, 3BII, ¢pypanoBux cnoiyk y npodax MTO 3 OBY
(Tabm. 4), mokasyroTs, 1mo: OBY 0yB repMeTHuHNM y TIPOIIeCi eKCIUTyaTallli Ta MoBITPsI B HHOTO
3 HaBKOJIMIIHBOI aTMochepr He TpoHHKao; kKoHueHTpamist 2FAL ta cyma koHueHrpamiii ¢y-
paHoBux crnoyiyk XCr TIEpEBHUIIYIOTh BCTaHOBJIIEHI HOpMH [18], mo BKa3ye Ha JIECTPYKIIitO
I[TIOEI 8 OBY [18, 30].

Hocnioscennn mexniunux cmanie OCAT ma 1i0ozo nouwikooscenozo OBY na niocmaesi
pesyromamie I'X ananizie npoo MTO 3 nux. Y 1a0bn. 5 HaBeJEHO MOMOMIXHI pe3yJbTaTH,
otpumani g aiarnoctyBanHss OCAT ta OBY Ha mizcTaBi pe3ysbTaTiB BU3HAYCHHS 32 METO-
namu ['X BMicTy po3uMHEHHX JiarHOCTUYHUX Ta3iB y MTO (tabm. 2 ta tabn. 3) Ta i3 ypaxy-
BaHHSIM BUMOT [6].

Tabnuys 5 — Jonomixncri pezyriomamu, ompumani 011 diacnocmyganus OCAT ma OBY
Ha niocmaei pe3yibmamis uzHauenHs 3a memooamu I'X emicmy po3uunenux 0iacHOCMU4HUX
eazie 6 MTO

E % C;Hg Cs;Hy CsH, CsH, Cs;Hy CsH, % CHs | % % I,
Hy | H H; H; H; CzHy | G;Hg | CHg CHy | GHy | ppm
OCAT

1 005 0012 (005 |0 0,011 [3,9 ]0,042 |49 | 51 [ 2% | 542
OBY

1 033 10035 [0 I I [ 0,004 [0 19996 [0,04 [2% | 14566

Ipumimku: Ha, CH4, Co;Hs, CoHs, CoH, — KOHIIGHTpAITIST BIIMTOBIAHOTO MiarHOCTUYHOTO Tazy MTO, ppm; *
— ymoBHe 3HaueHHsI, npuitasre 1o [6]; [ = (CHs+CoHat CoH»), ppm; % CHs = 100-CH4/I1, % BinHOCHUIA; % CoHa
=100-C,H4/1, % Bigaocuuii; % C,H, =100-CyH»//1, % BinHOCHUIA [6]

Jlxepeno: aganToBaHo i3 [6]

Pezynomamu oocnioscennn OCAT. Buznauenns nassnocmi oegpexmy « Tabauunum memo-
o0omy. 3 nanux Tadi. 2, Tali1. 5 Ta 3 BUKOPUCTaHHSIM BITHOCHH KOHLIEHTpalliil po3unHennx B MTO
miarnoctuunnx rasziB CoHp/CoHa, CH4/Ha, CoHa/CoHs, BiamoBigHO 10 pexomenparniii [6, 7] B
OCAT BusznaveHo tu gedexty — «EnekTpuuHi po3psiay HU3bKOi eHeprii» [6, 7] 1 mpu 3HaYeHHI
CO»/CO = 16 Temnepartypa B 30Hi1 aedexty menie 150 °C (tabu. 2).

Busnauenns nassenocmi degpexmy «I paghiunumu memooamuy. Ha pucynky | mokazanuit
pe3yabTaT BUu3Ha4YeHHs HasBHOCTI iMoBipHOTO nedekty B OCAT merogom «I'padiunoro o6-
pa3y», sSIKui 3a CBOIM 30BHILIHIM BHUIJISIOM OJIM3BKUE 10 TpadiuHoro odpasy nedekry, HaBe-
JIeHOTO B [6, 7]. Y po3paxyHKaxX BUKOPHCTaHI BITHOCHHHN KOHIIEHTpPAIlill PO3YMHEHHX JI1arHOC-
tuyaux ra3iB y MTO: Ho/Ho, CH4/Hz, CoHe/Hz, C2Ha/Ho, C2H2/Ho.
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Puc. 1. Busnauenus nassnocmi oepexmie 6 OCAT epagiunum memooom
«I paghiunoco obpazyy: N; — 3HaueHHA BIOHOCUH KOHYESHMPAYILL I-X PO3ZUUHEHUX
diaenocmuunux 2azie C; (Hx, CH4, C2Hs, C2Hy4, C2H3) 00 konyenmpayii ocho6nozo
poszuunenoeo 6 MTO easzy C,
I[mepeno: p03p06ﬂeH0 aBTOpaMu

3 pucynky 1 BummBae: ocHoBHUM po3unHeHH y MTO giarHoctuunuii ra3 C, — BOACHB
(miarHOCTUYHMIA Ta3 3 HAMO1TBIIOK KoHIeHTpalliero B MTO); BusiBnenuit nedexr tumy «Yact-
KOBI €JICKTPHYHI po3psaan» [6, 7]. Ha pucynky 2 mokasaHi pe3yJbTaTh BU3HAUYEHHS HAsIBHOCTI
nedexrty «I'papiuHuMu MeToTaAMI».

1000 ¢
Jyrosuii exe KTpUYHHIT po3psiy
100 }
e 10 -
= E Enexrpuani pospsan
S 1
E Yacrrosi
(3] 0.1 enexTpuIni Harpis Bume 700 °C, abo
' pospsIn BATpiB + eICKTPHYHI pospaan
001 } -
y X Harpis 10 300 °C| 300- | Harpis sume 700 °C
[2 700 °C]
0,01 0,1 1 10 100 1000
C2H4/C2H6
a)

Puc. 2. Pesynemamu eusnauenns nasgnocmi oeghexmy «I pagiunumu memooamuy:
a) memoo «ETRA»: no3.1 — onsa OCAT; nos. 2 — ons OBY, 6) memoo « Tpuxymnuk [oeanay:
no3. 1 —ona OCAT; no3. 2 —ona OBY

JIxepeso: po3pobiaeHO aBTopaMu
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Ha pucynky 2: PD — wyacTkoBi enekrpuuni po3psaau, T1 — neperpiB mente Hixk 300 °C,
T2 — neperpis mixk 300 °C ta 700 °C, T3 — neperpis nonaa 700 °C, D1 — yacTkoBi eneKTpuyHi
po3psau HU3bKOi eHeprii (ickpiHHA), D2 — 4acTKOBI €NeKTpUYHI PO3PSAAM BUCOKOI eHeprii
(myra), DT — 3mimanss nedexTiB TEIUIOBUX Ta eIeKTpUYHUX THMIB. Ha pucynky 2-a (mo3. 1)
NOKa3aHUN pe3yIbTaT BU3HAUECHHS HABHOCTI HMOBipHOTO nedekTy 3a MmetogoM «ETRA» mis
OCAT i3 BukopuctanusM BiiHocuH KoH1eHTpailiit CoHy/CoHg m CoHa/CoHg (Tabi. 2, Tabm. 5).
VmoBipHuii nedext tuny «Harpisanus Bue 700 °Cx» a6o «HarpiBaHHS Ta 4aCTKOBI €ICKTPH-
4Hi po3psan» [6, 7]). Ha pucynky 2-6 (mo3. 1) mokazanuii pe3yiabTaT BU3HAYCHHS HAsBHOCTI
iMoBipHOTO AedekTy MeToaoM « TpukyTHuK roBassy mist nociimkenoro OCAT (mani 3 TaouI.
2 Ta Tabm. 5). MmoBipHuii nedexr tuny «Harpisanns sume 700 °Cx» [6, 7].

V 3B's13Ky 3 TUM, 1110 32 PE3yJIbTaTaMH JOCIIKEHb eeKTpuuHuX xapaktepuctuk OCAT
BiH BU3HAHHM CIIPaBHUM 1 Ipale3aTHUM, HasBHICTh ycepeauHi iboro OCAT nedekTiB enek-
TPUYHOTO 1 TETVIOBOTO XapaKTepiB MOKe OyTH MOB'si3aHa 3 BHYTPIMIHIMU Je(EeKTaMu B HOTO
OBY. Ilpu Buxopucranai meroniB niarHoctyBaHHs «ETRA» ta «TpukytHuk [lioBans» B
OCAT BcranoBneno iMoBipuuii nedext tumy «IleperpiB monan 700 °Cy. Takuit nedekt mae
CYIpOBOKYBaTHCsS yTBOpeHHsIM B MTO rereporeHHHX YaCTHHOK BYIJICHIO 1 PO3YMHEHOTO
CoHz [6, 7]. Ognak y MTO He BUSBIICHO T€TEPOT€HHUX YaCTHUHOK BYTJICITIO, & BMICT PO3UHHE-
Horo C;Hz B MTO B OCAT (tabmn. 2) mae 3HauenHs Big 0,3 ppm g0 0,7 ppm, 1o BiAmoBinae
PIBHIO TEXHIYHOTO cTaHy 2 (repeadavaeThes HasBHICTD AedekTty) [6]. [Ipu nboMy KOHIIEHTpa-
i1 OKpeMHX (PypaHOBHX CIIONYK Ta cyMa ix koHueHTpaiii y MTO He nepeBUIIyIOTh BCTAHOB-
JICHUX HOPMOBAHUX 3HaueHb MOporiB Bu3HaueHHS (CF min = 0,2 mr/kr) nis MTO [16]. Le cBi-
nuuth npo te, mo: [IOEI B OCAT ne 3a3Hana aectpykuii [6, 18]; y pa3i miarHOCTyBaHHS
OCAT, Bukopucranns metoniB aiarHoctyBaHHS «ETRA» 1 « TpuxkyTtauk [{roBans» BuMarae
YTOUYHEHHS TPAHUYHUX YMOB CBOT'O 3aCTOCYBAHHS.

Pezynomamu 0ocnioxyncenns nouwikooxcenozo OBY. Busnauenns nasenocmi deghexmy 3a
«Tabauunum memoodomy. 3 nanux tabi. 3 i Tabi. 5 Ta 3 ypaxyBaHHSM 3HaUY€Hb BITHOCHH KOH-
HEeHTpalii po3unHeHux maiarnoctuyHux razis CoH2/CoHs, CH4/H2, CoH4/CoHs, BiamoBiaHO 110
pexomeHnaaniii [6] Bu3HaueHo: iMoBipHuil Tun nedexry B OBY — «EnekrpuuHi po3psan HU3b-
Koi eHeprii» [6, 7]; mpu 3HauenHl CO2/CO = 122,8 temneparypa y 30H1 aedekty menme 150
°C; 3a 3HauenHsa O2/N2 = 0,01 (nani Tabmn. 4) IpOTIKAIOTh OKUCITIOBAJIbHI TPOLIECH BUCOKOT 1H-
teracuBHOcTi B MTO [6, 7].

Busnauenns naaenocmi oegpexmy «I pagivnumu memooamuy. I'papiaauii o0pa3 WMoBip-
HOTO Ne(eKTy aHAJIOTITYHUIA HaBeAeHOMY Ha pucyHKY 1. OcHoBHUM po3unHeHuit B MTO niar-
HOCTHYHUH ra3 — Hz. 3 ypaxyBaHHsIM 3Ha4eHb BiIHOCHH KOHLIEHTpaliii pozunHenux y MTO
niarHoctruanux ra3iB Ho/Ho, CH4/Ho, CoHe/Ho, CoHa/Ho, CoHo/Ho, imoBipaMit nedext — «Yac-
TKOBI €NIEKTPUYHI po3psam» [6, 7].

Ha pucyHnky 2-a (1103. 2) nmoka3aHuii pe3yJIbTaT BU3HAYCHHS HAIBHOCTI HMOBIpHOTO nede-
KTy 3a MmetogoM «ETRA» nns nocnimkenoro OBY. 3 ypaxyBaHHSIM 3Ha4€Hb BiIHOCHH PO3YH-
HeHux y MTO niarnoctuunux rasziB CoHo/CoHg m CoHa/CoHe (TG, 3 Ta S) itmoBipHUi nedexr
— «HarpiBanns 10 300 °C» [6, 7]). Ha pucynky 2-6 (103. 2) noka3aHuii pe3yabTaT BUZHAYEHHS
HasBHOCTI MMOBIpHOTO AedeKTy 3a MeTooM « TpukyTHuK JroBans» st gociimxeHoro OBY
(mai 3 Ta611. 3 Ta 5). MimosipHwuit nedext — «YacTkoBi enekTpuuni pospsam» [6, 7].

Ha mizncraBi oTpuMaHux pe3ysbTaTiB JOCTIHKEHb PEKOMEHIOBAHO BUKOHYBATH BU3HAYCHHS
BMicTY QypaHoBHX cnonyk y npodax MTO 3 OBY i3 POEI y Bunankax, SKI0 pe3yJIbTaTH: eeK-
TpuuHUX BunpoOyBans OBY He BiNOBIIal0Th BCTAHOBJIEHUM HOpMaM [8]; (i3UKO-XIMIUHUX, Te-
w10 i3UUHMX, eneKTpodi3nuHuX aHai3iB mpod MTO 3 OBY He BiANOBial0Th BCTAHOBICHUM HO-
pmawm [ 11]; anamizie 3a metomamu ['X mpo6 MTO BkazytoTh Ha NepeBUILICHHS KOHIICHTpaIlii Xo4a
0 U1 OZIHOTO JIIArHOCTUYHOTO PO3YMHEHOTO ra3y HaJl BCTAHOBICHUMHU HOPMaMH [6], HaBITh SIKILO
BMicT CO 1 CO; (Tab. 3) BiMOBIIal0Th BCTAHOBJICHUM HOpMaM 110 [6].
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Jocnioncenna mexniynozo cmany nouwikooxcenozo OBY na niocmaei 6izyanvnozo
021140y 1020 306HIWHBOI NOBEPXHI MA GHYMPIWIHIX KOHCMPYKMUBHUX e/leMeHmI8 Nicis
11020 eunyuennusa 3 OCAT. Ha pucyHky 3 mokaszaHi pe3yJibTaTH Bi3yaJlbHOT'O OTJISiAY 30BHIMI-
HbOI TIOBEPXHI Ta BHYTPIIIHIX KOHCTPYKTHMBHHX €JIEMEHTIB mommkomkeHoro OBY Ttumy
I'MTIIA-45-330/1000Y 1¢aza «B» micns ioro Bunyuenns 3 OCAT.

Puc. 3. Pezynemamu 6i3yanvHo2o 0210y ma po3oupants nowkoodxcenozo OBY muny
I'MTIIA-45-330/1000Y1 paza «By» nicas tioco eunyuenns 3 OCAT: a) cniou nowkooicerHs
eN1eKMPUYHO20 Ma MEPMIUHO20 Xapakmepy Ha 306HiwHil nosepxui OBY, wo cmuxaemuvca 3

MTO ecepeouni OCAT; 6) oepexmu enexmpuunoeo xapaxkmepy y [IOEI; ) oepexmu enexm-
PUUHO20 ma mepmiuHo2o xapakmepy 3i crioamu ymeopents X-eocky 6 IIOEI; 2) uvacmkogi
enekmpuyni po3paou ma yacmxu eyeinnsa 6 IIOEI; 0) degpexmu enexkmpuurnozo ma
mepmiunoeo xapakmepy y IIOEI

Jxepeno: po3pobiIeHo aBTopaMu

Ha pucynky 3-a BUIHO CJi/IM TIONIKO/DKEHHS SIICKTPUYHOTO Ta TEPMIYHOTO XapaKTepy Ha
3oBHimHIN oBepxHi OBY, mo ctukaetses 3 MTO Bcepenuni OCAT. Ha pucynky 3-6 BUIHO
nedextu enekrpuunoro xapakrepy B [IOEIL Ha pucynky 3-B BugHO AedeKTH €IEKTPUIHOTO Ta
TEPMIYHOTO XapakTepy 3i ciiamu yrBopeHHs: X-Bocky B [IOEI (HasiBHICTH X-BOCKY HPHU3BO-
TUTH 10: 3pocTaHHs enekTpornpoBigHocTi MTO [20, 31]; 3HMIKEHHS €IEKTPUIHOI MIITHOCTI
MTO [21, 32]; nokanbHOTO HarpiBaHHs Ta mporpecyrwouoi aectpykiii MTO [22, 33]). Ha pu-
CYHKY 3-T BUAHO JeQeKTH, IIOB'13aH] 3 YACTKOBUMH €JICKTPUYHHMHU PO3PSIaMHU T4 YTBOPCHHSIM
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yactuHok Byriyuia B [IOEIL Ha pucynky 3-1 BuHO AeeKTH eIeKTPUYHOrO Ta TEPMIYHOTO Xa-
paKkTepy B ICKTPUIHIHN 1301111

B tabn. 6 nokazano ocHoBHUH anroputMm niii npu aiaraoctyBanHi OCAT Ta iioro OBY 3
ypaxyBaHHSM PE3yJIbTATIB iX E€JICKTPUYHHX BHMPOOYyBaHb Ta aHamiziB mpod MTO 3 mporo
€JIEeKTPOOOIaTHAHHS.

Tabauys 6 — Ocnosnuti arcopumm 0iti npu oiacnocmyeanni OCAT ma tioeco OBY 3
VPAXy68aAHHAM pPe3yIbmamie ix e1eKkmpudHux eunpooyeans ma ananizie npoo MTO i3 erekmpo-
0061a0HAHHSL

No IIpouenypa

1. | Big6ip npoo MTO i3 OCAT 3rinHo 3 rpa-
(ikom m1aHoBOro Binbopy mpod MTO

PesynbTar

1. PesynbraTi BU3HaueHHs (Di3MKO-XIMIYHUX, TEIUIO(I3HY-
HUX, eJIeKTpodi3nuHuX BractuBocter mpod MTO Biamosi-
JIal0Th HOpMaM

2. Pesynbratu ['X ananmiziB BKa3ylOTh Ha HasBHICTb B
OCAT nedekTiB — «eNeKTpUYHI pO3pSAAM HHU3BKOL
EHEPTii», «JACTKOBI EIEKTPUUYHI PO3PSIAN», KIIEPETPIB MO-
Hax 700 °Cy

BinximtoueHHs BiJ €IEKTPUIHOT MEPEXKi

2. | Buig OCAT 3 po6oTtu

Enextpuuni BunpoOysauus OCAT

PesynbraTtu enekrpuunux Bunpodysans OCAT Binnosina-
I0Th HOpMaMm

4. | Enexrpuuni BunpoOyBanus OBY B OCAT | Pesynbrati enexrpuyHux BunpoOysBanb OBY: a) tumis
I'MTIIA-45-330/1000Y1 (da3u «A» i «C») Ta TIMTA-90-
110/2000¥Y1 (das3u «Ax», «B» i «C») — BIIIOBIAAOTH BCTA-
HOBJIeHUM Hopmawm; 0) tumy ['MTIIA-45-330/1000V1

(daza «B») — HE BiAMOBIAAIOTH HOPMaAM

5. | Bigbip mpo6 MTO i3 nomxomkenoro OBY | 1. ITokasauk /gdyro(70 °C/90 °C) He BinnoBimae HOpMaM

2. Pesynbratu ['X aHaimi3ziB Bka3yioTh Ha HasBHICTE B OBY
Ne(eKTiB — «EIEKTPUIHI O3PSI HU3BKOI €HepTii», «Jac-
TKOBI €JIEKTPpHYHI po3psam», «HarpiBanus 1o 300 °Cy, me-
ctpyxkist [IOEI

6. | Bunydennss mnomkomkeHoro OBY i3 | Pe3ynbraTu Bi3yanbHOTO OTJISITY: BHSBIICHI Je(EKTH €JICK-

OCAT i Bi3yanpHU# OTJIsIT 30BHINIHBOT TO-
BEpXHI Ta BHYTPINIHIX KOHCTPYKTHBHUX
enementis OBY

TPUYHOTO 1 TEPMIYHOTO XapakTepiB 3i crigaMu X-BOCKY Ta
gacTok TBepaoro Byriemto B [TOEI

7. | 3amina momkomkernoro OBY Ha mie3nar- | Pesynbratn enekTpudnux BunpoOyBanb OBY Bixmosina-
Huiit OBY aHaoTiyHOTO THITY I0Th BCTAHOBJICHUM HOpMaMm
8. | Ounmenns Tta gerazamists MTO y Oaky | Pesynsraté BunpoOyBans MTO BinmoBinatoTs HOpMam

OCAT
9. | Beenenns B pobory OCAT

Pesyneratn Bunpodysans OCAT BinnmoBizaroTs HOpMam

Jlxepeno: po3po0iieHO aBTOpaMu

Hocnioxcennsa ennugy iMnyapsCHo20 e1eKmMPUUHO20 CIMPYMY 6UCOKOT HANPY2U HA 3MIHU
KoHyenmpauyii nonepeonvo pozuunenux ¢ MTO oiaznocmuunux komnonenmie CHy, C2H,,
C:Hy, C:Hs, CO;, CO, H>0 y npucymnocmi pozuunenozo H Y Tabn. 7 npencrasieHi pe-
3yJABTaTH AOCIIDKEHHS BIUIUBY IMITYJIbCHOTO €JIEKTPHUYHOTO CTPYMYy BHCOKOI HANpyrd Ha
3MIHU KOHIIEHTpallii monepeanso pozunHeHnx B MTO mapku 'K giarHOCTHYHUX KOMITOHEH-
TiB CH4, C2Ho, C2H4, C2Hg, CO2, CO, H2O y npucytHOcTi po3unnenoro H. ¥V mpormeci Buko-
HaHHS JOCII/DKEHHS CepeHe 3HaUCHHs MPOOUBHOI eNeKTpuyHOi Hanpyru Oyio Ha piBHI U =
65 xB.
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Tabruysa 7 — Pe3ynomamu 00CHiOHNCeHHSA BNAUEY IMNYIbCHO20 eNeKMPULUHO20 CIPYMY 8U-
COKOI Hanpyeu Ha 3MiHU KOHYeHmpayil nonepeousbo pozuunerux y MTO diacnocmuyunux Kom-
nonenmie CHy, CoH,, CoHy, Co2Hs, CO», CO, H>O y npucymnocmi pozuunenozo H>

Tloxa3uuk Konnenrparist, Cin, % 00. W, r/T

H», CH4 C2H2 C2H4 C2H6 COz CO H20
N=0(TD) 95,43 0,58 0,21 0,20 0,15 0,93 2,50 H

N=0 5,0 0,25 0,25 0,34 0,35 1,00 0,30 9,0
N=36 5,0 0,35 0,40 0,35 0,50 1,10 0,40 11,0
N=T72 5,0 0,45 0,41 0,38 0,65 0,95 0,33 12,8
N=108 5,0 0,52 0,30 0,20 0,77 0,87 0,25 13,5
N=144 5,0 0,70 0,25 0,15 0,88 0,65 0,18 15,0

IpumiTkn: N — KiJbKICTh €1EKTPUYHUX NIP000iB; ['® — KOHIEHTpawis AiarHOCTUYHOTO KOMIIOHEHTY B ra-
30Biil (a3i Hax MTO; H — BUMip HE BUKOHYBaBCSL.
Jlxepeno: po3po0bIeHo aBTopaMu

3 Tabn. 7 BUIUIMBAE, IO y MPOIIEC] il IMITYILCHOTO €JIEKTPUYHOTO CTPYMY BHCOKOi Ha-
npyru Ha MTO, 110 HacueHe BoIHEM: KOHIIeHTpalis po3urHeHoro razy H, B MTO He 3miHI0-
€THCS 1 JJOPIBHIOE PO3UYMHHOCTI 11boT0 Tazy B MTO; koHuentparii po3unHeHux razie CHs ta
C2Hg 6e3nepepBHO MiIBUIIYIOThCS; KOHIIEHTpalis posunHeHoro B MTO ra3y C;H» migsuiy-
etbes 10 3HaueHHs 0,41 % 06. mpu N = 72, 1 namni 3meHmyerbes a0 3Ha4eHHs 0,25 % o00. mpu
N = 144. AnaynoriyHuii XapakTep 3MiH 3HAa4eHb KOHLEHTpAIi CTOCYEThCA 1 POZUYMHEHUX B
MTO raziB C;Hs4, CO», CO, npu nbomy konnentpamis HoO 8 MTO 6e3niepepBHO MiABUIITY-
€ThCcs. MOXKHA MPUNTYCTUTH, O i po3unHeHux rasziB CoHa, C2Ha, CO»2, CO, BunineHHs B
006'emi MTO BojgHI0, IPU3BOAUTH JI0 T1IPYBAHHS WX Ta3iB, 3SMEHIICHHS X KOHIICHTpAI B
MTO ra nigsumiennro konnentpamii HoO 8 MTO. 1li orpumani JaHi MOXYTb MOSICHUTH Pe-
3yJbTaTH, 1110 HaBeIeHI B Ta0. 3.

ABTOpH CTaTTI BUCIOBIIOIOTH MOJSAKY KepiBHUITBY Ci1yOu 1arHOCTUKH, 130J1511i1, 3aXu-
CTy BiJl eneKTpuyHuX nepeHanpyr IliBneHHoi enekrpoeHepreTnyHoi cuctemu (M. Omeca) 3a
HaslaHy iH(popMarliiro npo okpemi pezynsratu BunpodyBanb OCAT ta OBY.

BucnoBku. 1. /s nocnimkeaux OCAT ta OBY 3actocoBaHi MeTOAM J11arHOCTYBaHHS:
«TabIMYHUN METO»; MeToJ «rpadiunoro odpasy»; meron «ETRA»; meton « Tpukytuuk [ro-
Bass». Jliist OCAT BcraHOBIIeHO BUAM Ne(EKTIB — «EIEKTPUYHI PO3PSAINM HU3BKOI CHEPriiy,
«YaCTKOBI €NIEKTPUYHI po3psian», «neperpis nmoHan 700 °Cy. @ypanosi cionryku 2FOL, 2FAL,
2ACF, SMEF B MTO BiacyTHi, mo Bka3ye Ha BianoBigHicTh ctany [IOEI 8 OCAT BcTanoBe-
HUM HOopMaM. BcranoBineHo, 1o BukopuctanHs MeToiB aiarnoctyBanHs «KETRA» ta « Tpuky-
THUK J[10Basio» noTpedye yTOUHEHHS IPaHUYHUX YMOB CBOT'O 3aCTOCYBaHHs. [ MOIIKOKe-
Horo OBY BuSBIEHO HACTYIHI BUAM JE(PEKTIB — «EJICKTPUUHI PO3PSAM HU3BKOI CHEPTii»,
«YaCTKOBI €JIeKTpHUUHI po3psian», «HarpiBanHsa 10 300 °Cy. Cyma KoHIeHTparliil pypaHOBUX
cnonyk XCr =2,8 MI/KT 1 IepeBHIIy€ BCTAHOBJIEHY HOPMY, 1110 BKa3ye Ha aectpykuito [TIOEL
PexomeH0BaHO TOAATKOBO BHU3HAYaTH BMICT ()ypaHOBHX crodyk y npodax MTO 3 OBY 3
[TOEL IIpu BizyanpHOMY OTJIA/Ii 30BHIIIHBOT MOBEPXHI Ta BHYTPIIIHIX KOHCTPYKTUBHUX e€lie-
menTiB OBY micns tioro BumyderHs 3 OCAT BusiBiieHo: ciiju AeEKTiB €ICKTPUIHOTO Ta Te-
pMidHOTrO XapakTepy Ha 30BHilIHIN nmoBepxHi OBY, mo crukaerses 3 MTO Bcepeauni OCAT;
nedextu enekrpuunoro xapakrepy y [IOEI; nedextu enexkTprudaHOro Ta TEpMIdYHOTO XapaKTepy
31 ciimamu yrBopeHHs X-Bocky B IIOEI B OBY; nedexTu eaeKTpu4HOro Ta TepMiuHOrO Xapa-
ktepy B IIOEI B OBY; HasiBHICTh YaCTKOBHUX €JICKTPUYHHUX PO3PSAIB Ta YaCTUHOK BYTIJUIS B
[TOEL 2. Ins1 OCAT: ¢izuxo-ximiuHi, Terodizuyti Ta enekrpodizuyni Baactuocti MTO (p,
K4, BPK, tcn, W, U, tgomro ipu 90 °C, C;) BiANOBIIaI0Th BCTAHOBJICHUM HOpMaM; KOHIICHTpAIIii
TIarHOCTUYHUX po3unHeHux rasiB Ha, CoHg, CO2, CO nepeBuIIyoTh BCTAHOBJICHI HOPMU; pe-
KoMeH10BaHO Bu3Ha4yath B MTO ogHOYacHO BMICT (PypaHOBUX CIOJYK, TpUCAAKU «[oHOM.
s momkomxenoro OBY 3 [TOEIL: mokazuuk tgouro(70 °C/90 °C) = 2,96/5,1 Ta nokazuuk LCr
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= 2,8 MI/KT He BiJIMOBIAAI0Th BCTAHOBJICHUM HOpMaM. J[JIsl iBUIIIEHHS] TOYHOCTI JIIarHOCTY-
BanHs OBY pexomMeH10BaHO BUKOHYBATH OJJHOYacHE BUu3HadeHHs1 B MTO BMICTYy pO3UYHHEHUX
ra3iB i pypaHOBHX CIIONYK. 3aiexxHo Bix TpuBanocti ekcruryataiii OCAT rta fioro OBY: a) anst
OCAT: xonrmenTpaiii po3unHeHux ra3is Hy, CO,, CO, CoH4 y MTO 361inb11yroThecs, gocsra-
I0YM CBOiX HOPMOBAHHMX I'PaHMYHUX 3HAYCHb; Micis 3aMiHU nomkopkeHoro OBY Ha nmpanes-
JMaTHUW, KoHIeHTparii giarHoctuyHux ra3iB y MTO B OCAT BianoBiaioTh BCTAHOBJICHUM
Hopmawm. Ile Bkazye Ha BimcyTHicTh BHYTpiHIX nedextiB B OCAT 1 BIIIMB MOMIKOKEHOTO
OBY na konnentparii po3unaennx B MTO B OCAT giarHOCTHYHUX Tra3iB; 0) IS MOMIKOKE-
Horo OBY: konuenrpariii pozunnenux raszis Ho, CHs, C2Hg y MTO Buiie BcTaHOBICHUX Tpa-
HUYHUX 3HA4€Hb; Y pasi BUHUKHEeHHA Aedekty B OBY B MTO moxnuse rigpysansas CO i CO2
1o CHas; pekoMeH10BaHO OJJHOYACHE BU3HAUCHHSI BilacTuBOCTEH mpo6 MTO Ta BMICTY B HhOMY
JIarHOCTUYHUX PO3UYMHEHHUX ra3iB. Y mporeci Ail iMITyJIbCHOTO €IEKTPHYHOTO CTPYMY BUCOKO1
Harpyru Ha MTO, mo HacudeHa BOoJHEM: a) KOHIIEHTpallis po3unHeHoro razy Ho B MTO ne
3MIHIOETBCS 1 JOPIBHIOE PO3UMHHOCTI 115010 Ta3y B MTO; 6) KOHIIEHTpaLlii pO3YMHEHUX Ta3iB
CH4 ta CoHe Ge3nepepBHO MiABUIYIOTHCS, B) WMOBIPHO, IO i po3unHeHUX rasiB CHo,
C>Hy, CO,, CO Buginenus B 06" emi MTO BoaHIO, MPU3BOANTH 10 TiAPYyBaHHS IIUX ra3iB, 3Me-
HIIeHHs iX koHneHTpamii B MTO Ta nmigsumenHto konuentpaiii HoO 8 MTO. 3. Ilpu giarno-
cryBanHi OCAT ta iforo OBY BCTaHOBIEHO alIrOpUTM i 3 ypaxyBaHHSAM PE3yJbTaTiB eNeKT-
PUYHUX BUMPOOYBaHb IILOTO EIEKTPOOOIaHaHHs Ta aHami31B mpood MTO 3 Hporo. 4. OTpuMani
pe3yabTaTH Jar0Th 3MOTY MiJBUIIUTH 10CTOBIpHICTh AlarHocTyBaHHs OCAT Ta itoro OBY. Ilo-
JAJBII IEPCIEKTUBH JOCIIKEHB MOJSATAI0Th B YAOCKOHAJIEHHI €JIEMEHTIB CUCTEMH J1arHOC-
tyBanHs OCAT ta OBY 3a pesynbraTamu aHaiizis npo6 MTO 3 miporo o0nagHanHs y npore-
cax 1X eKcIuTyaTartii.
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IMPROVEMENT OF METHODS OF DIAGNOSING A AUTOTRANSFORMER
WITH AN EXTERNAL AND INTERNAL DEFECT IN THE HIGH-VOLTAGE
BUSHING

Diagnostics of oil-filled high-voltage electrical equipment allows to solve the tasks of monitoring the technical condition,
finding the location and determining the causes of the malfunction, forecasting the technical condition of such equipment on
the basis of appropriate diagnostic support. Typical internal defects in oil-filled power high-voltage electrical transformers
(autotransformers) occur in such functional systems as insulating, electromagnetic, current-conducting. There is a need for
continuous improvement of methods for determining and identifying internal defects in oil-filled power high-voltage transform-
ers (autotransformers). The main purpose of the article is to improve the reliability of the diagnostic results of olive-filled
power high-voltage electrical autotransformers with external and internal defects in their olive-filled high-voltage bushings
with paper-oil electrical insulation, which are in contact with transformer oil inside such autotransformers, taking into account
the results of their electrical tests and analyzes of samples of mineral transformer oil from electrical equipment. Research
subjects: autotransformer type ATDCTN-200000/330/110/10; oil-filled high-voltage bushings of types GMTPA-45-
330/1000U1 and GMTA-90-110/2000U1 with paper-oil electrical insulation, mineral transformer oils of the GK brand; diag-
nostic gases dissolved in these oils (H>, CHy, C2H>, C2Ha, C2Hs, CO2, CO, Oz, N2), additive "lonol”, furan compounds (2-furyl
alcohol, 2-furfural, 2-acetylfuran, 5-methyl-2-furfural), H>O. The following diagnostic methods are used for the investigated
autotransformers and bushings: electrical measurements; "table method"; the method of "graphic images of defects"; "ETRA"
method; Duval's Triangle method. Defined:

a) indicators of electrical characteristics for an oil-filled power autotransformer and oil-filled high-voltage bushing,
and for mineral transformer oils, the indicators are breakdown voltage; the flash point of steam of transformer oils in an open
crucible; acid number; water-soluble acids; tangent of the dielectric loss angle; density, the content of water, dissolved diag-
nostic gases, "lonol” additives, furanic compounds; b) the effect of a pulsed electric current of high voltage on changes in the
concentrations of such diagnostic gases and H>O pre-dissolved in mineral transformer oil in the presence of dissolved H>; c)
types of defects in the autotransformer and its bushing. The obtained results will increase the reliability of the diagnostic
results of an oil-filled power autotransformer with an external and internal defect in an oil-filled high-voltage bushing with
paper-olive electrical insulation.

Keywords: electrical equipment; transformer oil; electrical transformer, dissolved gases, additives "lonol"; furan com-
pounds,; chromatography.
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PO3POBKA CUCTEMHA KEPYBAHHS TSI'OBOI'O ACHHXPOHHOTI'O
EJIEKTPOIIPUBOAY HA OCHOBI HEUPOMEPEXI

Y emammi npedcmasneno pezynbmamu HAYKO80-MemMOOUUHO20 OOCTIONCEHHS CUHME3A HEUPOMEPEHCe8020 KOHMPO-
J1epa ma po3paxyHoK yMo8 UHUKHEHHs (DPUKYIUHUX A8MOKOIUBAHb 6 e1eKMPONPUB0Oi Pelikogux mpaHCcnoOpmHux 3acobie ma-
KUX K. MA2ICMPanbii e1eKmpogosu, eneKmponoizou npumMicbKo20 CHOIYYeHH s, WAXMHI e1eKmposo3u, mpameai, noizou me-
mpo ma inwi euou mpaucnopmy. Ilposedeni 00CHiONHCEHHA NOKA3ANU MONCIUBICIL NOOYO08U THMENEeKMYANbHUX CUCTEM
VAPAGIIHHS, HA 6A3L NPSIMO CRPSAMOBAHUX HEUPOHHUX MEPEC 3 CUSMOIOATIbHUMU AKMUSAYITIHUMU QYHKYISIMU HEUPOHIE NPUXO-
sanozo wiapy cmpykmypu NN3-20-1. Taxi cucmemu, Ha 6iOMiHYy 6i0 KAACUYHUX, MAIOMb XOPOULi OeMAQDYIOUUMU GLACIUBO-
CMAMU, WO NEPEeUKOONCAE BUHUKHEHHIO KOTUBATLHUX AO0 ABMOKOIUBANLHUX OUHAMIYHUX PENCUMIB. 3ACMOCY8aHHS HelPOHHUX
Mepedic 05 YRpasaiHtsL eNeKMpPOMEXAHIUHUMU CUCIEMAMU He NPU300UNtb 00 NIOBUWEHHS ACMATUZMY NO BNIUBY, U0 30YPIOE,
momy 8 0amili cucmemi CHoCmepieacmvcsi CMamuyHa ROMUIKA WeUoOKocmi opyeoi macu, ska cmanogums 0,7%.

Knrouoei cnosa: Hetipomepesicesa cucmema Kepy8ants, 2eHeMUYHUL aieopumm, ACUHXPOHHUL OBUSYH, eNeKMPONPUEOD,
nepexioni npoyec, Xapaxmepucmuxa 3yinjieHHs.

AKTyalbHiCTh TeMH I0CTiZKeHH . 3II3HUYHUA TPAHCTIOPT BUKOPUCTOBYIOTh Y BCIX BH-
Jlax MacaXMPChbKOro Ta BAHTAXKHOTO TPAHCIOPTY. Jl0 HUX BITHOCATHCS MaricTpalibHi €JIeKTpo-
BO3H, €JIEKTPOIIOI3A1 IPUMICHKOTO CIIOIYUYCHHS, IIAXTHI eIEKTPOBO3H, TpaMBai, MOi311 METPO
Ta 1HII BUJIA TPAHCTIOPTY.

[TpoOykcoBKa KOIiC JIOKOMOTHBIB 1 ()PUKIIiHHI aBTO-KOJIMBAHHSA MOTIPIIYIOTh S/ €KCILTY-
aTaIlfHUX Ta CHEPreTUYHUX MTOKA3HMKIB 3aJII3HUYHOTO TPAHCTIOPTY. ToMy po3poOka CydyacHUX
CHCTEM YIPABIiHHS, K1 yCYBAIOTh 111 MPOOJIEMH, € aKTyaJIbHUM 3aBJIaHHIM

AHaJi3 oCTaHHIX AOCHiIzKeHb Ta myOJikamiii: J{ocoipKeHHs IyCKOBUX PEKUMIB €JIEKT-
porpuBoxy (II1) marictpanpaoro enekrpoBo3a JIC3 BukoHaHi B [1] mpoBeaeHi mpu JOMYIIECHHI,
II0 PO3paxyHKOBA CXeMa MEXAHIYHOI YaCTMHU OJHOMACCOBA 1 HE MICTUTh MPYKHUX 3 €IHAHb B
KiHeMaTH4Hii nanmi. Y BogHoyac y podorax llrenBonbda JLI. [2], Minosa JI.K. [3], KirenikoBa
B.b [4] posrnsHyTi 1BomacoBi mozedni EIl, a, omke, mpu po3poOiii Mojienel CUCTEM yIpaBITiHHS
JUTs1 aCHHXPOHHOTO TsIroBoro EIT HeoOXijHO BpaxOBYBaTH MacH €JIeKTPOBO3a 1 MPUYIMTHUX BarOHIB.
VY Ttakiii cuctemi, pu neBHUX noeaHaHHl napameTpiB EIT [5], MoxiuBe BUHUKHEHHS KOJIMBAJb-
HOro ab0 aBTOKOJIMBAJILHOTO MPOLIECY, XapaKTep sIKOro OyTu 00OyMOBIICHUH SK He JiHIMHICTIO Xa-
PAKTEpUCTUKH HABAaHTA)KEHHS, TaK 1 HAsIBHICTIO MPY>KHOT'O 3B'SI3KY.

MeTo10 €TATTi € JOCITIKEHHS JBOMACOBOI €JIEKTPOMEXaHIYHOI CHCTEMH MaricTpajgbHOrO
enektpoBo3a JIC3, BUSBICHHS YMOB IIPH SIKUX B Hill 30y)KY€ThCS aBTOKOJIMBAHHS, CHHTE3 HEH-
poperyinsTopa, o 3a0e3neuye YCyHEHHsS! aBTOKOJIMBAIBHUX PEXHUMIB MPH OyAb-SKUX TOE-
HaHHsX napametpis EIL.

© Spocnas Kupunenko, bornan Bopo6iios, Cepriit Cenuenko, FOpiii Kyrosuid, JTro Xans, 2023

198


mailto:Yaroslav.Kyrylenko@ieee.khpi.edu.ua
https://orcid.org/0000-0002-0331-617X
https://orcid.org/0000-0002-0264-354X
https://orcid.org/0000-0002-0486-2471
https://orcid.org/0000-0001-7082-7562
https://orcid.org/0000-0001-8182-0040

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

BukJjaa ocHoBHOro Matepianay. /[y MaricTpajqbHOTO €eKTpOBO3a, BHACIIIOK 1HEpIiii-
HOCTI JIIHITHO PyXOMHUX Mac, MOKHA BBa)KaTH IMBUAKICTh JIPYToi MacH piBHOT MIBUAKOCTI KOB-
3aHHS, 110 JJO3BOJISIE CKOPUCTATHUCS CTPYKTYPHOIO cXxeMoro (puc. 1).

Uset(S)
Intencity | | K - B M(s) 1 Y- [Cp, le(S) 1 OJZ(SB
regulator | | 7, s+1 oos) T,s+1 A Jis (DIES) 5 > 75 >
M=

Pucynox 1 — Cmpykmypna cxema 0éomacosozo EIl enexmpososa J[C3

CTpyKTypHa cxema OTpHMMaHa 3a YMOBH, 1[0 €JIEKTPOMArHiTHA YaCTHHA AaCHHXPOHHOTO JIBH-
T'yHa 1 TIEpEeTBOPIOBAY YaCTOTH IPEJCTaBIICH] arnepioJJUYHUMU JaHKaMH, XapaKTepUCTHKA 3Yell-
JICHHS MICTHTB BHCXi/IHY 1 ITaJlafo4y AUIIHKY, 3a1aT9uK iHTeHcuBHOCTI (3), o 3a0e3neuye siHiii-
HUI 3aKOH 3MiHHU Kepyrodoro BIuBy. Imitamiiina mozens EIT B MATLAB/Simulink (puc. 2).
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Puc.2. Imimayitina mooenv 0somacosozo EIl enexmpososa J]C3

[onepenHi po3paxyHKH IMyCKOBUX PEXUMIB JUIsl TUIIOBUX YMOB 3aBaHT)KEHHS €JIEKTPOBO3a
JIC3 mokazainy, 1110 B CUCTEMI BUHUKAIOTh aBTOKOJIMBaHHs. Pe3ynbTrar po3paxyHky (puc. 3).
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BinmoBigHO 10 METOAMKY BU3HAYCHHS yMOB BUHUKHEHHS (DPUKI[IHHUX aBTOKOJIMBaHb, 3a-
npononoBanoi KnemikoBum B.b. B [4], 3a dhi3nunumu mapamerpamu cucremul, = 0.7 ¢, J; =
150 kr - M2, B = 7.61 - 103 i npuBeaeHnM 10 IBUIKOCTI ABUTYHA napameTpam/, = 150 Kr -
M2, C;, = 10’H - M, a takox B, = —6200 m1 Nafayoi JUISHKY XapaKTEPUCTHKU 3Yell-
JIeHHs OyJIi pO3paxoBaHi y3a TaJIbHEHHI 0e3p03MipHi mapaMeTpH ¥, b, Ty, V 3HAUCHHS SIKUX
JI03BOJISIFOTH BU3HAUUTH Xapaktep nuHamiuHoro npouecy Il y = (J; + J,)/J1 — koedimieHT

N . 9% _ VCi2 U1+ J2)
CIIIBBIJHOIICHHA MacC, V = 2 5 rac le = — —= — BJIaCHaA 49aCTOTa NPY>XHUX HCACMII-
Q5u VJ1J2
. . . 1
(OBaHMX KOJIUBAHB MPYKHOI MEXaHIYHOT CUCTEMH, (), = —=—— — YacTOTa CIEKTPOMEXa-
vV Te 'Tm1

. ] . - .
HIYHUX KOJUBaHb, Ty = El_ eJIeKTpOMeXaHiuHa nocTiiHa yacy; Tyy = £y, - Tjyq — BigHOCHE

3HAYEeHHS eJIEKTPOMEXaHIYHOT MMOCTIHHOT yacy; 6e3po3mMipHuil mapamerp b = Be

B
OTtpumani 3HaueHHs napametpiB v = 108,9134u y = 6,4089 nns nanoro EIl 3HaxoasThcs B

YEeTBEPTOMY CEKTOPI IPOCTOPY y3aralbHEHUX MapaMeTpiB v Uy [4], oTxe, 1ie 103BOJIsIE BU3HA-
YUTH MEX1 PO3PaxXyHKOBHUX Jiaria30HiB BIAMOBIIHO 10 CHCTEMHU PiBHIHB, HABEACHOI HIDKYE:

( 2
2 _ v+l [y 1
Q*l 2w + (2-\/) YV
R aT S (a2 A RS
Q*Z 2w (2-\/) YV
\ QZ — (-1 ’ (1)
*3 y
954 =1
0% =1-241
\ 5 ¥

3a ciiiBBigHOMEHHAMH (2), (3) 31ifiCHEHO po3paxyHOK napameTpiB b, Ty y aiamazoni [QQ1

— Q4 ], OCKIITBKH Il MEX1 € 00OMEXKYIOUNUM 7151 ceKTopa N4,
_ U Q- y-(v+1)-ﬂf+1 .
b= T 071 ; 2)
y=1"""

. [Qf—(l—l/y+1/v]vb_
oz _\/ G-D(1-92) ' )

[Toka3zaHi MeXi CTIHKOCTI CUCTEMH Y TUIOIIUHI mapameTpiB b, Ty A1 TUIIOBOTO 3aBaHTa-
JKEHHS eJeKTpoBo3a (puc. 4).
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Puc.4. Kopoonu cmitixocmi cucmemu npu 3a8aHmMadxiceHti 5 6a2oHie
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Po6oua Touka C, koopauHaTh sikoi nopiBHIOWOTE b = 0,81139, Ty, = 5,534, 3HaX0AUTHCS
y IJIOLIMHI KOJMBAJIBHOIO MEPEX1IHOTO Mpoliecy. YacToTa KoJIMBaHb MpU IIbOMY CTAHOBUTH 33
I, a ammmiTyna 5% Big 3HaUEHHS MIBUAKOCTI Apyroi Macu. J{s yCyHEHHsI KOJIMBaHb, IO BU-
HUKAIOTh Y CUCTEeMI NpHU OyAb-SIKUX MOEAHAHHAX MapaMeTpiB, HUKYE HABEIEHO CUHTE3 CHC-
TEMU 3 HEHPOPETYIATOPOM Ta 3BOPOTHUM 3B'SI3KOM 3a MIBUKICTIO APYTOi MacH.

Sk moka3zanu paHiiie npoBeaeH TOCTIKeHHS [6], a1 peanizaiii 3aMKHYTHX CHCTEM YTI-
PaBIIiHHS 3 HEWPOHHOIO MEPEXKEI0 ISl YIPABIIHHS €JIEKTPOIBUTYHOM TOCTIHHOTO ab0o 3MiH-
HOT'O CTPYMY LIJIKOM JOCTaTHHO OJJHOTO 3BOPOTHOTO 3B'SI3KY 3a IIBUIKICTIO, 3 TUCKPETU3AIIIEI0
3a YacoM 1 OJTHIEIO JIAHKOIO YHCTOTO 3ami3HeHHs. TakuM 4MHOM, HEHpOHHA Mepeka MaTume 3
BXIJTHUX HEMpOHA, HA SIK1 MMOJAETHCS BEKTOP BXITHUX CUTHAJIB y BHUTJISI CUTHATY 3aBIaHHS,
MOTOYHOTO Ta MONEPEAHbOT0 3HauUeHHs MWBUAKOCTI Apyroi macu EIl. MinimanbHO-10CTaTHS
KUTIBKICTh HEMPOHIB IPUXOBAHOTO MIAPY TaKUX cucteM nopiBHIOE 10 — 20, a BUXiTHUX HEHPOHIB
y pa3i notpiObHo oauH. Ha npoMy BUXiTHOMY HEWpOHi 1 (OpMYBaTUMETHCS KEPYIOUMi BILIHB
JUISl 9aCTOTHOTO TIepeTBOproBaya. HeitpoHHI Mepeki Takoro Ty Mo3HadaroThest NN3-20-1

(puc. 5).

Intencity U“’t(i) v L K - B Mi(s) T Y- (oo le(S) T 0)2(»1)
regulator ; T, s+1 o0s) Tos+1 _ Ji s (Dle) s . J s "
M.(s)
1

A

[

Puc.5. Hetipomepescesa cucmema kepysanns enekmpogozom [{C3

Jlnst tnoGanpHOT onTUMI3aIlli mapamMeTpiB HEMPOHHUX MEpPeX HEoOXiTHO BHKOPHCTOBY-
BaTH METOJ T€HETHYHOI0 anroputMy [6]. Posrisgaroun HepoHHY Mepexy SK €TUHHUNA HaOip
napameTpiB, TCHETHYHHUM aJITOPUTM 3IaTHHUM 31HCHIOBATH 1i ONTUMAIbHY HACTPONKY MPH PO-
3MIpHOCTI TMOIIYKOBOTO MPOCTOPY JOCTaTHHOIO JJISi BHPIIIEHHS OLIBIIOCTI MPaKTHYHUX 3a-
BIaHb. [Ipy boMy CHIEKTp JOJATKIB, 10 PO3IJIAAIOTHCS, HA0araTo nepeBepIrye MOKINBOCTI
QITOPUTMY 3BOPOTHOTO MOMIMPEHHA NOMMWIKH. [loeHaHHS UX OBOX OOYMCIIIOBAJIBHHUX TEX-
HOJIOTH, IITY4YHI HEUPOHHI MEpEXi Ta TEHETUYHI aJITOPUTMH, PO3TIIAIAETHCS CHOTOJIHI 5K 110-
TEHIIMHUH JpKepeno Mail0yTHROTO Tporpecy y cepi eBomoriiiHoro MmoemoBanus. Kpim Bina-
CTHBOi HOMY II0OATbHOCTI, TEHETUYHUI alrOpUTM, K TPEHYyBajbHA MpOIENypa, Mae Ty
nepeBary B IOPiBHAHHI 3 aITOPUTMOM 3BOPOTHOTO MOIMIUPEHHS TIOMUJIKH, 1110 BiH 3/1aTHHI Tpe-
HYBaTH HEUPOHHY MEPEXY BiJpa3y MO BUXIHUM XapaKTEPUCTHKaM 00'€KTa, a HE BUXIJTHUM
CHUTHAJIaM HEUPOHHOI Mepexi.

BianoBigHo, BUXITHUN CUTHAT HEMPOHHOT MEPEKI OMTUCYETHCS HACTYITHUM PIBHSHHSIM:

NN = WZ b tanSig(Wl U + Bl) + Bz (4)

ne NN — Buxia HeHpoHHOI Mepexi; tansig — (yHKLUis akTuBarii; W1 — MaTpuili BaroBux
Koe(iIieHTiB HEHPOHIB MPUXOBAHOTO IIapy HEUPOHHOI Mepexi; W> — maTpuill BaroBuUx
Koe]ilieHTiB HEHPOHIB BUX1AHOTO HIapy HEUPOHHOI MepexKi; B1 — I11e MaTpuIli 3CyBiB HEHPOHIB
MIPUXOBAHOTO IIapy HEHPOHHOI MEpexi; B> — MaTpuill 3CYBIB HEHPOHIB BHUXIIHOTO Iapy
set
HelpoHHOI Mepexi; U = | w,; | — 11e MaTpuIlsd BXiIHUX CUTHAJIIB HEHPOHHOI MEPEki, KOM-
W2.i-1
MOHEHTaMHU SIKOT €: Uses 11€ CUTHAIT 334aHOT IIBUKOCTI; 2. € TOTOYHUM 3HaYEHHSIM HIBUAKOCTI,
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Ta (02,7 1€ TIOTIEPETHE 3HAYCHHS MIBUAKOCTI JIBUTYHA, OTPUMAaHE 3a JOMOMOIOI0 3BOPOTHOTO
3B’sI3Ky 3a MBHUAKICTIO. [TapaMeTpu oTpuMaHoro HeWpoperyusaTopa (IuB. Tadm. 1).

Tabnuys 1 - mampuyi 3¢cy6i6 HelpOHI8 NPUXOBAHO20 MA BUXIOHO20 WLAPIE HEUPOHHOI Me-
pesici

Ne IIpuxoBanuit Buxiguuit Ne IIpuxosanuii map, W1 Buxiguuit
map, Bl map, B2 map, W2

1 -0.576 -6.006 1 0.105 -0.256 0.0262 -1.085

2 -0.497 2 0.987 0.831 -0.527 -5.119

3 0.7007 3 0.130 0.369 -0.053 -1.537

4 0.8262 4 0.883 -0.736 0.571 -4.400

5 -0.776 5 -0.459 -0.514 0.083 -8.569

6 -0.268 6 -0.959 0.221 -0.441 -9.071

7 -0.998 7 0.729 -0.285 0.295 5.879

8 0.3503 8 -0.969 0.627 0.908 -8.462

9 -0.7276 9 0.925 0.825 -0.167 4.005

10 0.7072 10 0.627 0.468 -0.726 7.402
11 0.0523 11 0.490 0.142 0.7826 5.499
12 0.0333 12 0.576 -0.763 -0.428 -0.321
13 0.6916 13 -0.928 -0.546 -0.515 -5.194
14 -0.301 14 -0.892 0.809 0.0884 -9.991
15 0.8836 15 -0.778 -0.903 0.0604 -2.564
16 0.7886 16 0.241 0.514 0.513 3.094
17 -0.734 17 0.033 0.240 -0.577 0.094
18 0.3117 18 -0.424 -0.693 -0.579 -4.617
19 0.5047 19 -0.457 0.043 0.0551 3.476
20 0.9868 20 0.978 -0.098 -0.656 7.958

[IpencraBnenuii mepexigHUM MpPOIEC IBUIKOCTI JAPYroi Macu TSATOBOIO aCHHXPOHHOTO
enexTponpuBoy enektpoBo3a J[C3 3 HepoMepeKeBOI CHCTEMOO yrpaBiiHHA. OCKIUIbKH,
IpY HaBYaHHI HEHPOHHOI Mepeki He BpaxoBYBaJHcs HEoOXiqHI oOMmexenHsa koopauHat EII,
3YMOBJIEH1, HAITPUKJIA], €IEKTPOHHOIO Ta MEXaHIYHOIO MIITHICTIO TIPUBOJTY Ta 1H, TOMY OYB 3a-

CTOCOBAHUH 3aJaTUMK IHTEHCUBHOCTI (pHC. 6).
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BucnoBku. [IpoBeneHi 10CiiKeHHS MOKa3aJId MOXKIJIUBICTh TOOYIOBH 1HTENIEKTYaIbHUX
CHCTEM YMpaBIiHHA, Ha 0a3i MPSAMO CHIPSIMOBAHUX HEUPOHHUX MEPEXK 3 CUTMOINAIBHUMHU aK-
TUBAIIHHUMHU (DYHKITISIMA HEHPOHIB MIPUXOBAaHOTO mapy cTpykTypu NN3-20-1. Taki cuctemu,
Ha BIAMIHY BiJl KJIACHYHUX, MAIOTh XOPOIIi AeMI(YIOUUMH BIACTUBOCTSAMHU, 10 TEPEIIKOKAE
BUHHMKHEHHIO KOJIMBAJIbHUX 200 aBTOKOJIMBAIBHUX AMHAMIYHUX PEKUMIB. 3aCTOCYBAaHHS HEM-
POHHHMX MEPEX Ul YIPABIIHHS CIEKTPOMEXaHIYHUMH CHCTEMaMM HE MPHU3BOANUTH 1O Mi/BHU-
[ICHHS aCTaTU3My 10 BIUIHBY, IO 30yprO€, TOMY B JIaHil CHCTEMI CIIOCTEPIraEThCsl CTaTHYHA
MTOMUJIKA IIIBUKOCTI APYTroi MacH, sika cTaHOBUTH (,7%.
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DESIGN OF THE CONTROL SYSTEM OF TRACTIONAL ASYNCHRONOUS
ELECTRIC DRIVE BASED ON NEUROCONTROLLER

The article examines the synthesis of a neuro-boundary controller and the development of minds in the culprit of frictional
auto-switches in the electric drive of railway transport vehicles such as mainline electric locomotives, municipal electric trains,
mine electric locomotives, trams, metro trains and other types of transport. Slippage of locomotive wheels and frictional self-
oscillations worsen a number of operational and energy indicators of railway transport. Therefore, the development of modern
management systems that eliminate these problems is an urgent task. The purpose of the article is to study the two-mass elec-
tromechanical system of the DS3 mainline electric locomotive, to identify the conditions under which self-oscillation is excited
in it, and to synthesize a neuroregulator that ensures the elimination of self-oscillating modes for any combination of electric
drive parameters. The investigations showed the feasibility of intelligent control systems based on direct neural measurements
of the sigmoidal activation functions of the neurons of the attached ball structure NN3-20-1. Such systems, in contrast to the
classical ones, have good damping power, which overcomes the disadvantage of columbing or autocolumn dynamic modes.
Transient processes of the speed of the second mass of the traction asynchronous electric drive of the DS3 electric locomotive
with a neural network control system are presented. Since, during the training of the neural network, the necessary restrictions
of the coordinates of the electric drive, caused, for example, by the electronic and mechanical strength of the drive, were not
taken into account .The tightening of neural circuits for controlling electromechanical systems does not lead to an increase in
astatism in the flow that boils, so in this system a static reduction in the liquidity of another mass, which becomes 0.7%, is
avoided.

Keywords: Neuro-fusing system, genetic algorithm, asynchronous motor, electric drive, transition process, clutch char-
acteristic.
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AHAJII3 3B’A3KY MIHJIMBOCTI PIBHIB IIIJI3BEMHUX BO/ TA IHAEKCIB
METEOPOJIOI'TYHUX NIOCYX 3ACOBAMMU IIVIAT®OPMHU
GOOGLE EARTH ENGINE

Jlani cnocmepesicerb 3a 3MIHAMU NOTOACEHHSL PIBHIB IDYHMOBUX 800 V C8ePON0GUHAX [leparcasrol mepedici 2iopoceoniociy-
Ho20 monimopunzy Ykpainu Oynu suxopucmaui 01 nPOGeOeHHs ananizy ix 63a€mo36 3Ky i3 OKpeMumMy CneKmpaibHumMu in-
Odexcamu (iHOUKamopamu nOCyxu), 6CMAHOBIEHUMU 34 OAHUMU OUCMAHYILIH020 30HOYyéanHs. Ompumani pe3ynromamu 00360-
JUNU BCMAHOBUMU, WO THOEKCU NOCYXU OOYINbHO BUKOPUCMOBYEAMU Ol ONEePAMUBHOL OYINKU GNIUEY NOCYXU HA pecypcu
IpYHMosux 800. Busuenns pesicumy pienie onsa spynu ceeponogun i3 pisHuMu 2iopo2eono2ivHumu 61acmuéoCHaMu Modice 00-
nomozmu 3po3yMimu GnaAUE Memeopoociunoi ma 2i0ponociuHoi NoCyxu Ha 6000HOCHI 20PU30HMU NIO3EMHUX GO0 ) MEICax
docnioxcysanoi mepumopii Kapnamcvkozo peziony.

Knrwuogi cnosa: monimopune; ceeponosunu; Landsat; I'IC; eeodani,; uacosi paou; kopenayis.

Tabn.: 2. Puc.: 5. bién.: 17.

AKTYaJIbHICTh TEeMH JOCJTiIKEHHS.

Cucrema mi3eMHUX BOJI € HEBIA'€MHOIO YaCTHHOIO Tiapochepu 3emii, 1 mporecH, Imo
B11I0yBalOTHCS B Hil, TaK UM 1HAKIIIE MTOB's3aH1 3 TJIOOAIBHUM KPYTroo0iroM Bou yepes3 1H(1Ib-
TpaLilo, BUMIAPOBYBAHHS, TpaHCHipallito Tomo. [1lig3eMHi BOaM € KpUTUYHO BaXJIMBUM ITPUPO/I-
HUM PECypcoM, SIKUI Bpa3JIMBUH 10 BIUIMBY KJIIMAaTUYHHUX 3MIH Ta aHTPOIIOI€HHUX YMHHHUKIB.
Kpim Toro, mia3zemMHi BoAM € OAHUM 13 HAHOUIBII JUHAMIYHAX KOMIIOHEHTIB T€OJIOTIYHOTO Ce-
penoBUIIa, MISUTBHICTH SIKOTO BILUTMBAE Ha (hOpMyBaHHS, PO3BUTOK Ta aKTUBI3aIIIO 3CYBiB, Kap-
CTy, CEJIEBUX MOTOKIB, cy(}o3ii Tomo [1]. Tomy HE0OXiaHUN CUCTEMAaTUYHUH 1 Oe3mepepBHUI
MOHITOPHUHT TiAPOTe0IOTiYHOTO PEXKUMY, OCKUTBKY OTpUMaHa iHpopmMallis mpo 3MiHU HOTro na-
pamMeTpiB € HeoOX1aHOIO 0a3010 /sl €(HEKTUBHOTO YIPABIIiHHS BOIHUMHU PECypCaMH, TIPOTHO-
3yBaHHS CTaHy BOJJOHOCHUX TOPU30HTIB 1 TOBEPXHEBUX BOJI,  TAKOXK PU3UKY PO3BUTKY HEOE3-
NEYHUX EK30T'€HHUX TeoJIOTIYHUX mpoueciB [2]. CtaHmapTd MOHITOPHHTY Ta YHpaBIiHHS
BOJHUMU pecypcamu BukiazneHi B Pamkosiit Bognii qupektusi (BP/) €sponeiickkoro Corosy
(dupextusa 2000/60 / €C) [3]. Huni mepexa Jlep:kaBHOT CHCTEMU TiAPOTEOIOTTYHOTO MOHITO-
puHry B YKpaiHi mepeOyBae y BKpail HE3alOBIILHOMY CTaHi, 110 3yMOBJICHO HEIOCTAaTHIM
(dhiHaHCYBaHHSM, BIJICYTHICTIO CUCTEMHOT ONTHUMI3allii Ta OHOBJICHHS, 3HUIIICHHSIM CIIOCTEPEXK-
HUX CBEPJUIOBHUH 1 BIJICYTHICTIO IOCTYIy J0 HUX Ha THMYACOBO OKYITOBAaHHUX TEPUTOPISX 1 Te-
pUTOPISX, € BeAyThcs akTUBHI 0oioBi fii. llle y moBoennwmit nmepiox (ctanom Ha 2020 pik y
nopiBHAHHI 3 1990 poKOM) KIIBKICTh T1IPOr€0JIOTTYHUX MOHITOPUHTOBUX CBEPAJIOBUH 3MEH-
mmnacs 3 monay 7000 mo 846. HeraTuBHUM HACTiAKOM € BTpaTa Oe3mepepBHUX YaCOBUX PSIIB
PIBHS TPYHTOBHX BOJI, CIIOCTEPEIKEHHS 32 SIKUMH JJIS ICIKUX MyHKTIB movanucs B 1940-x po-
Kax, 1 1Kl MOKYTh OyTH BUKOPHUCTAaHI JJIs CKJIaIaHHs JOBIOCTPOKOBHX TiPOTEOJIOTIUHUX 1 T1]I-
POJIOTIYHUX TMPOTHO31B, a TAaKOXX MPOTHO31B aKTHBI3aIlli €K30T€HHUX T'€OJIOTIYHUX TMPOIECIB
(3cyBiB, KapcTy, MIATOIUICHHS Ta iH.). 3apa3 4epe3 MOBHOMACIITA0OHY POCIHMCHKY BIMCHKOBY
arpecito CUTYyallis i3 3HUIIEHHIM Mepexci CIIOCTEPEKHHUX CBEPIIOBHH CTalla I 011 3arpos-
nauBoto. OueBUIHO, 110 yepe3 OOHOBI Iii HA TEpPUTOPIi YKpainu 1a MacmTa6Hy eKOHOMquy
KpHU3y cuTyailis 3 GyHKI[IOHyBaHHsM [lepaBHOT Mepexi rmporeonormﬂoro MOHITOpPIHFy HE
MOKPAIUTHCS HAUOMIKINM gacoM. Tomy po3poOka METOJIiB BiTHOBJICHHS PO3PHUBIB y psaax
CIOCTEPEKYBAaHUX MMOKA3HUKIB PEKUMY IM1JI3EMHUX BOJI € aKTYaIbHUM 3aBIAHHSIM.

© Jligist aBubina, 2023
205


mailto:lidiia.davybida@nung.edu.ua
https://orcid.org/0000-0002-9796-7124

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

IHoctanoBka mnpoOJemu. [Ipy BUBUEHHI 1 MOJENIOBaHHI TiIPOT€OJIOTIYHOIO PEKUMY
BKJIMBO BPAaxOBYBaTH Bapiallii CE30HHUX KOJIMBaHb PIBHIB IMIJ3EMHUX BOJ, OCOOJIMBO ISt
HEerTMOOKMX BOJIOHOCHUX TOPU30HTIB, Y pi3HUX perioHax Ykpainu [4]. Tomy nonatkosi naHi,
TaKi K Pe3yJbTaTH CIIOCTEPEIKEHb 32 METCOPOJIOTTYHIUMH IMapaMeTpamMu, 3a PIBHAMH MOBEPX-
HEBUX BOJ], a TaKOX JaHl CYMYTHUKOBOI'O MOHITOPUHTY MOXYTh OyTH KOPHUCHHMH SIK NPHU
BIJTHOBJICHHI TPOMYCKIB Yy psAAax piBHIB MiJ3eMHUX BOJ, OOYMOBJIEHUX BiJICYTHICTIO
BUMIPIOBaHb, TaK 1 JJIs1 MMPOCKTYBAaHHS OHOBJIEHOT MEPEXi T1APOTreO0JOTiYHOTO MOHITOPHHTY.
EdexTuBHUMHU iHCTpYMEHTaMU iHTETpallil TAKMX IeTePOreHHUX MPOCTOPOBO-YACOBUX JAHUX €
cydacHi reoindopmariiiini cucremu (I'IC) 1 TexHOMIOTII.

AHAJI3 ocTaHHIX J0cTiKeHb i myOsikamiii. [Turanas po3poOKu 3aX0iB 71 BITHOBICHHS
JlepaBHOI CIIOCTEPEKHOT MEPEsKi T1APOreoIOrivHOr0 MOHITOPHHTY 1 ii MOCTYIOBO ajanTarii 10
€BPOMCHCHKUX HOPM 1 BUMOT, 30KpeMa, (hopMyBaHHs €IuHOI 0a3u maHux 13 3amydeHHs M ['1C-
TEXHOJIOT1H, pO3TIIIHYTO y poOoTi [5]. 3rigHo [6] 0co0nMBY yBary ciil IPUAUISTA TPAHCKOPIOH-
HUM TEPUTOPISIM BiIMOBIAHO 10 BuMor PamkoBoi Boauoi aqupektuBu €C [3]. YucneHHi HayKOBi
npaitti [7-10] po3risgaioTh MUTaHHS BIAOOPAKEHHS MPOCTOPOBO-YACOBUX 3aKOHOMIPHOCTEH MiH-
JIMBOCTI PeXXUMY MiA3EMHHX B0 1 MOOYyA0BH iX nudpoBux moaeneit 3acodamu I'IC.

BuaijieHHsI HeIOCTiIKeHUX YACTHH 3arajibHoI npoodJeMu. B ocTanHi poku 0cOOUBY yBary
MPUIUIIOTh BUKOPUCTAHHIO TAHUX JUCTAHIIIMHOTO 30HyBaHHS 3eMITi TSI MOHITOPUHTY TTiI3eM-
HUX BOJI, TOCJTI/PKEHHIO 3B'S13KIB MIXK JAHUMH CYITyTHUKOBHUX CIIOCTEPEKEHbD 1 PIBHAMHU TT1I3EMHIX
BO/I, PO3POOJISIIOTH METOJTM aHAJTI3Y Ta MOJICITIOBAHHS JUIS IPOTHO3YBAHHSI 3MiH T1IPOT€0JIOTIYHOTO
pexxumy [11]. HegoctaTHbO AOCTIIHKEHUM 3aTUIIAETHCSI TUTAHHS ONTHMI3AIIi] T1IpOre0I0ri9HOTO
MOHITOPHMHTY 4epe3 BUKOPUCTaHHS 1HIUKATOPIB (1HAEKCIB) MOCYXH.

MeTo10 cTaTTIi € OIliHKA 3B’SI3Ky MK OCHOBHUMH CIICKTPAIHPHUMH 1HJICKCAMU TTOCYXH Ta
MIHJIMBICTIO PiBHS I'PYHTOBHUX BOJI 32 JOMOMOTOI0 XMapHOi reoiHpopmamniifHoi miaardopmu 3
BinkputuM KoaoM Google Earth Engine mist KapnaTtcekoro periony, TepUTOpist IKOTO 3aBXKIN
OyJsia ofHi€I0 3 HAaMEHIN BUBYCHUX B YKpaiHi y TiIpOreoJIOTIYHOMY ILUIaHI Yyepe3 He3HAYHE
OXOIIEHHSI MEPEKEI0 CIIOCTEPEIKHUX CBEPUIOBHUH (puc. 1).
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BukJjaa ocHoBHOro Martepiaay. Y mexxax Kapnarcbkoro periony, ssikuii BKIro4ae 3akap-
naTchbKy, IBano-®dpankiBcbKy, JIbBIBChKY Ta UepHiBelbKy o0nacTi, po3TamoBaHo 42 % pojo-
BUIII MiJ3€MHUX MiHEpalIbHUX BOJ YKpaiHu. OCHOBHMM JKepesoM MoOyTOBOTO BOAONOCTA-
YaHHS JJIS HAceJCHHS y MeXaX PErioHy € MiA3eMHI BOAW. YMOBHM BHHUKHEHHS 1 3amacu
IiA3€MHUX BOJ B PETiOHI Pi3HI B 3aJIEKHOCTI BiJi KOHKPETHOTO THITY TiJpOreojoriyHoro Oa-
CelHy, 710 IKOTO BITHOCUTKCS TaHa TepuTopis. Buauisiors Taki 6acelinn, sik Kapnarcekuii, [e-
penkapnarcbkuii (3oBHimHI Cxigai Kapmatn) Ta Bonmuno-IToninscekuii [12]. Takox TyT 9acTo
CIIOCTEpIraloThCsl TaKi €KOJIOTIYHO HECTIPUSTINBI SBUINA, SK MMOBEHI, 3CYBH, €po3is, 3a0pya-
HEHHS IMOBEPXHEBUX 1 MA3EMHUX BOJ, BUpyOKa jiciB Tomo [1, 2].

Y3aranbHEHHUN aTOPUTM JOCTIKEHHS 1 OMPAaIlIOBaHHS JAHUX CIIOCTEPEKEHB TSl PO3TJIs-
HYTOT'O PETiIOHY HaBEJCHO HAa PUCYHKY 2.

d%@oogle Earth Engine

1 2 a 4 5
. Homnoswur
Ronekiia Dt Macka CHOpOYeHHA
et TPy el i —*  CYNYTHMKOBMX
IHIMRIB
6
---------------------- 10 9 8 7 Z
0ObymcneHHs
Yacosi pagu DopuyBaHHA Rl i NDVI, NDW
- . YUCACENX cepeaHBOMICAY- 4 YaCoBMX Cepiit . -V_:_ NDWI,
IH,[I,EKCIB LaHuX HHX 3HAYeHb SHiMKIE M NDWI
Teputopia
nocAigeHb
\ StatSoft’ E
| 1 12 13
Yacosi pagu || s . Kopenauia
piBHiB AL MipcoHa
nig3emHnx Bog, :

Puc.2. Memooonozis oocnioscersb

[[{oMicsiaHi gaHi PO TIMOWHY MiJ3eMHUX BOJ 6 MOHITOPUHTOBUX CBEPIIOBHH HETrIIMOO-
KX Oe3HamipHUX BOJOHOCHMX TOPU3OHTIB HajaHi Jlep)kaBHOIO CiIy>k0010 TeoJorii Ta Hajp
VYkpainu. [x OCHOBHI XapaKTepUCTUKH HaBeACH] y Ta0mwmi 1.

Tabnuys 1 — Ocnoena inghopmayis npo ceepOI08UHU MePeHCT MOHIMOPUH2Y NIO3EMHUX 800

HOMGI; pf:pelp A0 Hosrora | Illupora FHHSIHHa’ Crpaturpadis [Mepioxn crioctepexeHb
om 1 <59 o 1 Q19mms 1979-1981, 1988-2000, 2007-2010,
w1 (249678807) 2320°15”| 49°49°27 17,2 Q 2017-2019
w2 (249430054) [24°57°29”| 48732°58” 25,0 AQs 1970-1996, 2001-2012, 2017-2019
w3 (249389110) [25°01°48” 48731°48” 15,0 AQs 1993-2013, 2017-2019
w4 (244250144) 22°24°48”| 48°16°51” 33,0 AQi4 1973-1992, 1996-2013, 2016-2019
012917 n @2 1Q 1966-1999, 2003-2004, 2009-2012,
w5 (2440100006) 22°13°127| 4828’18 51,0 AQi4 2016-2019
w6 (249040001) [25°54°59” 48°18°57” 13,0 Q 1954-2009, 2015-2019
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MynsTucnexrpaibi 300paxennss Landsat 8 OLI/TIRS Collection 2, BuKopucTani B
LOMY JOCTIPKEHHI, JOCTYIHI JIsi 0€3KOMITOBHOTO 3aBaHTaXXEHHS 3a mepiof 3 kBiTHA 2013
POKy 10 TemepintHii yac Ha caiti ['eonoriunoi cioyx6u CIIIA (USGS).

IcHye GaraTo crieKTpajabHHUX 1HACKCIB, KOPHCHUX JIIsI MOHITOPHHTY T OLIIHKU Pi3HUX TUIIB
MOCyXu (METEOpOJIOTIYHOI, T1APOIOTIYHOI, CUTBCHKOTOCTIONAPCHKOI Ta COIiaTbHO-€KOHOMIY-
HO1) [13-15]. ¥V npomy nmocimkeHHI Oyj10 BUKOPUCTAHO TaKl CTaHIAPTHI 1HAEKCH MOCYXH, OT-
pUMaHi Ha OCHOBI JIaHWUX JHUCTaHI[IHHOTO/CYITyTHHKOBOTO 30HyBaHHS, SIK BETETAIIHUI 1H-
nexc (NDVI), sogauit inaexc (NDWI) i mogudikoBanuii Boguuit inaexce (MNDWI) [16, 17].

Jlorika Bukopuctanas NDVI njis MOHITOPUHTY TIOCYXH TOJISTaE B TOMY, IIO BOJIOTICTh
IPYHTY BiJirpa€ BaXJIMBY POJIb Y 3pOCTaHHI Ta 370POB’T pOCIMHHOCTI, 1 SIK HACIIIO0K, TYCTOTa
POCIIMHHOCTI pearye Ha 3a0e3nedeHicTh BogHuMu pecypcamu (Lavender, 2016). NDVI po3pa-
XOBY€ETBHCSI HA OCHOBI CITiBB1THOIIICHHS:

NDVI = (NIR - RED)/(NIR + RED),

ne NIR — Biaoutts y OmmxHROMY 1H(PpauepBOHOMY Aiana3oHi ciekTpa, RED — BITOUTTS y 4ep-
BOHOMY Jiarna3oHi CIIeKTpa.

NDWI qacto BUKOPUCTOBYETHCS JIJIs1 OI[IHKM BMICTY BOJIOTH Ta BUIUICHHS BIIKPUTHUX BO-
J0M Ha cymyTHHKOBHX 3HIMKax. NDWI po3paxoByeTbcs 3a Takoio GpopmyIioro:

NDWI = (GREEN - NIR)/(GREEN + NIR),

ne GREEN — BinOUTTS y 3€JICHOMY Jiana3oHi CIIeKTpa.

MNDWI € BapiantoMm inaekcy NDWI, sikuii BUKOPUCTOBY€ETHCS Uil BUSBJICHHS BOIHHUX
00'€KTIB Ha CYyNyTHUKOBUX a00 aepo300pakeHHAX 3a0yJ0BaHUX TepUTOpid. s po3paxyHKy
IIbOTO 1HJIEKCY BUKOPUCTOBYETHCS CITIBBITHOIIICHHS:

MNDWI = (GREEN - SWIRI1)/(GREEN + SWIRI),
ne SWIRI — BigOUTTS Yy KOPOTKOXBJILOBOMY 1H(ppadyepBOHOMY Jiama3oHi CIIEKTpa.

Koedimient kopemsmii [lipcona (r), skuii 0yJI0 BUKOPUCTAHO U1l OIIHKH KOPEJAIIl 1H-
JIeKCiB, OTPUMAHHUX 32 JIOTIOMOTOI0 JAHUX AMCTAHIIIMHOTO 30HAyBaHHS, Ta TipOreoJOrYHUX
CIIOCTEPEIKEHb, 00UNCIIEHO 32 BiIOMOIO (hOPMYJIOHO:

— Tisa (=) (vi—y)
[P S i)

r

Jie Xi— JaHl 010 TIMOMHY 3ajIsTaHHs PiBHS I'PYHTOBHUX BOJ Ta Yi — 1HIEKC MOCYXH JJIA 1-TO
MICSIISI YACOBOTO PSIIY 3 71 CIIOCTEPEIKEHbD.

®dopmMyBaHHS BX1IHOT 0a3M TaHHUX, PO3PAXyHOK 3HAYEHB 1H/IEKCIB HA OCHOBI1 MYJIbTHCIICK-
TPATbHUX CYNyTHUKOBUX 300pa)keHb, CTBOPEHHS KapTorpadiuHuX Mojesed IOCHTiIKyBaHOi
TEpUTOPii, pO3paXyHOK CepeIHIX 3HaUCHb 1HAEKCIB Ta M0o0Y/10Ba YaCOBUX PSIIB AJIS MiCLlb PO-
3TallyBaHHS CIIOCTEPEKHUX CBEPJUIOBHH 3 R =2 KM, a TaKOX MOJAJIBIINNA aHaIIi3 TPOBOIUBCS
3a momomoroto iarpopmu Google Earth Engine (GEE) (puc. 3).

Jnist nocnipKyBaHoi TepUTOPIi XapakTepHa 3Ha4Ha IPOCTOPOBA Ta YaCOBA MIHJIUBICTh PO-
3TASHYTHX 1HACKCIB TMTOCYXH B IIIJIOMY Ta OKPEMUX JIOKAITBHUX 30H KUBJIEHHS 0€3M0CEpeTHBO
NEePIIMX Bijl MOBEPXHI BOJOHOCHUX TOPU3OHTIB MiA3€MHUX BOJ.
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Google Earth Engine @ seach piacos snd sanssess em 3

4 T

A ———— x|+

@ soutilank e pBAe@e»Of

Ovwricsd CHV. Downks0 V5. Demniosd PG

MEV! . smcomms paa are cenpasommn wi

H ol
/1 pizplay a time-series chart
/i Map thy function over the collection

var withhdvi = dataset_temporal.map(addNDVI);

var chart = ui.Chart.image.series({
imageCollection: withNdvi.select( 'ndvi t*),
region: wil,
reducer: ee.Reducer.mean(},
scale: 20
}) .setoptionsi{
lineWidth: 1,

title: "NOIVI HICOBHRA DAL AAR CRERANOEMHA W1,
interpolatenulls: trus,

vAxis: {title; "wOVI'},

haxis: {title: '', format: 'Yyyv-mem'}

3 2043,
S IAR ol T

B}
print{chart);

Puc.3. Ilpuxnao eenepayii uacosozo psoy inoexcy NDVI ons micyesocmi 6 okoauysx
00Hi€l i3 cnocmepedichux ceeponosun y cepedosuwyi GEE

Yacoa wminnuicte NDVI, NDWI, MNDWI XapakTepu3yeTbcs YITKOIO 12-MiCSIHOIO
nepiognyHicTio (puc. 4), sIKy MOKHA TMOPIBHATH 13 CE30HHICTIO PIBHIB U HEMOPYIIEHOTO
(TIpupoOAHOTO) pEKUMY MiA3EMHUX BOI (pHC. 5).

NDWI

NOWI

MMOWI

Puc.4. I'paghiku cepeonvomicaunux 3nauenb CHeKmMpaibHux iHoekcie ma
NPUKIA0U 2pagiKie ix munosux aemokoperayitiHux QyHKyii
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H, m

8 i " i i i i " i i i " " i " i FR— i
1954 1963 1972 1981 1990 1999 2008 2017 :\:3
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-
i
i

Puc.5. I'paghixu cepednvomicaunux 3nauens enUOUHY 3a1A2AHHS PIGHA NIO3EMHUX 800 Y
CNOCMEPENHCHUX C8ePONIOBUHAX I epaiKu 6I0NOBIOHUX ABMOKOPETAYIUHUX YHKYIT

w4 wS w6

Kopensuiiinuit anamiz cepeJHbOMICIYHUX PIBHIB y TiJPOreoJOriYHUX CBEPAJIOBHHAX Ta
OCEepeTHEHUX 3HAYCHb 1HJEKCIB IMTOCYXH JIJIS TIJITHOK PO3MIIICHHSI CBEPJIOBHH, a TAKOXX OIlIHKA
3HAYYIIOCTI OTPUMAHUX KOEQIIiEHTIB KOpesAlii BUKOHAHI IUISIXOM aBTOMAaTH30BaHOTO PO-
3paxyHKy B iporpamaomMy cepenoBuini STATISTICA. Craructuuna 3Ha9yIIiCTh KOE(Ii€HTIB
KOpeJIsiLii BCTAaHOBJIEHA 3a JOIIOMOT'0I0 BiIoMOro f-kpuTepito CThIOJIeHTa Ha PiBHI 3HAYMMOCTI
0=0,05:

r
t=—=Vn-—-2
v1—1r2

PozpaxoBane 3a mieto GopMyIor 3HaUYSHHS TOPIBHIOETHCS 3 KPUTHUHUM 3HAYEHHSIM t-KpH-
tepito CThIOZICHTA 3 YpaXyBaHHIM 33/IaHOTO PIBHS 3HAYYIIOCTI 0L Ta YKCJIA CTYIICHIB CBOOOIN
(n —2). SIKMWO fpaxm.™> tmason., TO OTPUMAHE 3HAUCHHS KOS(IllI€EHTA KOPEISIIil BBAXKAETHCS 3HAUY-
IIUM 1 pOOUTHCS BUCHOBOK MPO TICHUN CTATUCTUYHHUHN B3a€EMO3B’ 130K BEJIMUMH.

PesynbraTi KopensuiiiHoro anamizy HaBeAeHI y TaOnumi 2 (CTaTUCTUYHO 3HAYYILI
Koe(iIieHTH KOpeALii BUAUICH] )KUPHUM IIPUPTOM).

Tabnuys 2 — Koegiyienmu kopenayii 051 cepeOHbOMICAUHUX PIGHI8 Y CHOCMEPEeHCHUX
C8ePONI0BUHAX MA OCEPEOHEHUX 3HAUEHb IHOEKCi8 NOCYXU OJisl OLISIHOK PO3MIWEHHS CBEPONOBUH

CBepUTIOBUHU NDVI NDWI MNDWI
wl -0,975 0,956 0,301
w2 -0,277 -0,368 0,133
w3 0,187 -0,199 -0,247
w4 0,001 -0,102 0,318
w5 -0,223 0,111 0,595
w6 -0,477 0,489 0,438
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BifcyTHICTh CTATHUCTUYHO 3HAYYIIOTO 3B’SI3KY MK MIHJIMBICTIO TIOKAa3HMKIB 1 PiBHIMHU
TPYHTOBHX BOJ (SIK, HAIPHUKJIA] Y PO3TISHYTHX CBEPIOBHHAX W2 1 W3) MOXe OyTH 1HIUKATO-
POM HOPYUICHHS T'1IpOTre€0JIOTIYHOTO PEKUMY BHACIIIIOK BILTUBY IITYYHUX (PAKTOPIB.

Criz TakoXX BpaxoOBYBaTH, IO pi3HA TIMOWHA 3asTaHHS TPYHTOBHUX BOJ, XapakTep reo-
MOPQOJIOTTYHUX 1 T1IPOre0IOTIYHUX YMOB MOKYTh BIJIUBATH Ha PEAKII0 PEXKUMY ITiI36MHUX
BOJI Ha BILJTUB KJIIMAaTUYHUX (PaKTOPiB. J[J1s mMOganbIoro JOCTiKEHHS TPUPOIH 3B’ I3KY BapTO
30UTBIIUTH BUOIPKY JOCIIHKYBAaHUX CBEPJIOBUH 1 IOTIOBHUTH JIaH1 pe3yJIbTaTaMU TOTIEPETHIX
nporpam aucraHiiiinoro monitopunry (Landsat 7, Landsat 5).

BucnoBku. Y po0OTi Brepiie Ha OCHOBI CYKYITHOCTI JaHUX JUCTAHIIIHHOTO 30HIyBaHHS
Ta CIOCTEPEKEHB 32 MiJ3EMHUMHU BOJIaMU BCTAaHOBIICHO 3B’SI30K MiXk CIEKTPATHHUMH 1HJEK-
caMHy Ta PIBHAMH MIJ3€MHHX BOJ Y T1IPOTEOJIOTIYHUX MOHITOPHMHTOBUX CBEPJIOBHHAX J0-
ciipKyBaHoi Teputopii Kapratcekoro periony. OTpuMaHi pe3yiabTaTd JT03BOJSIOTH MPUITY-
CTUTH, IO CYITyTHUKOBI 3HIMKHA MOXKYTh OyTH BUKOPHUCTaHI JIJIsi CTIOCTEPEKEHHS 32 BILUTUBOM
MOCYXH Ha PEeCcypcH MiA3eMHHUX BOJI MEPIIMX BiJl 3¢MHOI OBEPXHI BOJOHOCHHUX TOPU30HTIB
(Hacammepen 11t BABYCHHS CE30HHOT MIHJIIMBOCT1 BOJTHOCT1) Y MEKaxX TEPUTOPIi TOCTIHKCHHS.
J1Jis mo1aTbIIIOTO BUBYCHHS TA MPOTHO3YBAHHS JOBIOCTPOKOBUX 3aKOHOMIPHOCTEH HEOOX1THO
BpPaxOBYBaTH TEBHI OOMEXEHHS BXIJHUX JAaHUX. Tak, 4acoBi psanu nanux Landsat 3a3Buyait
TaKOX MAalOTh TPOTATUHH 4Yepe3 HOMIHAIBHUN 16-IeHHMH IMKJI 4YacoBOi PO3PI3HEHOCTI,
XMapHicTh Ta 1HI (akTopu. HeoOXimHO 3ampomnoHyBaTH CriemiaibHI METOIU PEKOHCTPYKITIT
JUTsE OTpUMaHHS Oe3mepepBHUX 4acoBUX psimiB Aanux Landsat. CreriaibHUN anTOpUTM st
yHi(ikaii (kamiOpyBaHHs, 31CTaBICHHS KaHAIIB, BUIIPABICHHS MOMUJIOK CKaHYBaHHS) TaHUX
Landsat mae 6yTH nonepeHbO peali3oBaHu, HAPHUKIIA[, 3a 1onomMororo 6i0moTek Python Ta
QGIS nnsa o6’eaHaHHS TaHUX CIIOCTEPEKEHBb B €AMHUN yacoBUi psan. HeoOxigHO Takox Bpa-
XOBYBaTH THIT MOBEPXHi, IPYHTOBUI IMOKPHUB, 3eMJICKOPHCTYBAaHHS Ta iX 3MIHH MPOTATOM
Mepioly CIOCTEePEKEeHb, OCKUIBKH 11l YMOBH BIUTMBAIOTH K Ha ()OPMYBaHHS PEXKUMY IPYHTO-
BUX BOJI, TaK 1 Ha 3HAYCHHS CIIEKTPATbHUX 1HICKCIB.
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ANALYSIS OF THE RELATIONSHIP BETWEEN THE VARIABILITY

OF GROUNDWATER LEVELS AND INDICES OF METEOROLOGICAL
DROUGHTS USING THE GOOGLE EARTH ENGINE PLATFORM

Groundwater is a critically important natural resource vulnerable to climate change and artificial factors. In addition,
groundwater is one of the most dynamic components of the geological environment. Their regime affects dangerous exogenous
geological processes' formation, development and activation. Therefore, systematic monitoring of the hydrogeological regime
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is necessary for the effective management of water resources, forecasting of the state of aquifers and surface waters, as well
as the risk of the development of dangerous processes.

Actual scientific researches and issues analysis about the restoration of the State hydrogeological monitoring network
of Ukraine and its adaptation to European standards shown the relevance of this problem, as well as the feasibility of involving
GIS technologies and remote sensing data in its solution.

The purpose of the article is to assess the relationship between the main spectral drought indices and the variability of
the groundwater level in the Carpathian region using the open-source cloud geoinformation platform Google Earth Engine.

Observation data on changes in groundwater levels in wells of the State network of hydrogeological monitoring of
Ukraine were used to analyze their relationship with some spectral indices (drought indicators) established by remote sensing
data. The obtained results made it possible to establish that it is appropriate to use drought indices for the operational assess-
ment of the drought impact on groundwater resources.

In this work, a methodology for processing data from observations of groundwater levels compatible with the results of
satellite monitoring in the Google Earth Engine environment is proposed and its practical application is demonstrated. For
the first time, based on a set of remote sensing data and groundwater observations, a relationship between spectral indices
and groundwater levels in hydrogeological monitoring wells of the Carpathian region was established. Studying the regime of
levels for a group of wells with different hydrogeological conditions can help to understand the impact of meteorological and
hydrological drought on groundwater aquifers within the study region, as well as other areas.

Keywords: technological accessories; functional assignment; woodworking; furniture production.

Table: 2. Fig.: 5. References: 17.

JaBubina JI. Anamni3 3B’A3Ky MiHIMBOCTI PiBHIB Ii[3¢MHHX BOJ Ta iHIEKCIB METEOPOJOriYyHUX Mocyx 3acobamu mnatdopmu Google Earth
Engine. Texuiuni nayxu ma mexnonozii. 2023. Ne 3(33). C. 205-214.
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CACTEMHI MEXAHI3MU CTPYKTYPOYTBOPEHHA Y
BA'ATOKOMIIOHEHTHHMX KOMITO3UIIMHUX MATEPIAJIAX

Y emammi na ocnosi docnidscenv uacosux smin enekmponposionocmi, dieneKMmpuyHUX 6mpam, eK30mepmitHux eghexmie
ma weuoOKoCmi yiompaszeyky npo8oOUMbCS AHAI3 CUCIEMHUX MeXaHi3mie meepoilts 2incosux komnozumis. Qdepoicani exc-
nepuUMenmanbti Kpusi mpanchopmyromscs 3a 00NOMO2010 UHaYeHHA Kpusushu. [lokasano, wo 6uHUKHeHHA ocodaueocmeri
6 MpancopmMoBanux Kpusux 6iobyeacmvcs y 8y3bKuX 4acosux GiKHAx, matidice oonovacro. Lle asuwe inmepnpemyemocs ax
Dpe3yIbmam nepemeoperb CMpyKmypu «meepoa YacmuHa — epanuys po3oiny — pioka gasza» xomnosumy. 3anponoHoeéaHo
NPAKMUYHUL MEMOoO BU3HAYUEHHSL KIHYs MYICABNEHHS 3a 00NOMO2010 AHANI3Y MPAHCHOPMOBAHUX 3ANEICHOCTE.

Kntouogi cnosa: 2incogi komnosumu, meepoinHs, CUcmemMni Mexanizmu, KpUueusHa

Puc.:5. Bion.: 16.

IMocTanoBka nmpo6aemu. OJHUM 13 OCHOBHUX 3aBJaHb OyIIBEITLHOTO MaTepialO3HABCTBA €
CTBOPEHHS KOMIO3UIIIHHUX MaTepialiiB 3 ONTUMAJIbHUM HaOOPOM eKCIUTyaTalliiHuX XapaKTepH-
CTUK, 110 (JOPMYIOTHCS Y KOMITO3ULIIITHOMY Matepiai Iij1 4ac CTpyKTypoyTBopeHHs. CTpyKTypo-
YTBOPEHHS, 110 BiTOYBAETHCS MPOTATOM KUTTEBOTO IUKITYy MaTepiany — sBuIIe (ikcarlii mpocTo-
POBOTO PO3MOALTY PI3HOMACIITAOHMX YAaCTHHOK Marepialy BHACTIIOK CYKYITHOCTI (i3HKO-
XiMiuHEX TpoueciB. OAHUM 13 TakuX € (OpPMYBaHHS CTPYKTYPHO-MEXaHIUHMX Oap'epiB

E, >> kT | mo noxinsors MIHIMYMH CTPYKTYPHOTO TOTEHIIATY, y 3B'SI3KY 3 PI3HUMH Me-

XaHI3MaMH, 30KpeMa YTBOPEHHIM KOaryJIsIiiHO-KPUCTATI3AIHHOT CTPYKTYPH 13 T1IPaTHUX HOBO-
YTBOPEHb Ta IHIIMX YaCTHHOK KOMIO3UTy. Ha Me30cKkomiuHOMY piBHI B pe3yJbTaTi epediry omnu-
CaHMX TPOIIECIB (POPMYETHCS CTPYKTYpa KJIACTEPIB 1 BHYTPIIITHIX MEX po3AUTY [1], 1110 yTBOPIOIOTH
MEPEKEBY CTPYKTYPY [2] 3 KJIacTepiB-BY3IIiB Ta «IPOX1THUXY» CTPYKTYP 3 MIKPOKPUCTAIIIB, 3'€/JHA-
HUX (ha30BUMHU KOHTaKTaMH. Taka CTpyKTypa 3arajioM i3 TOYHICTIO 10 MacIITaOHOro piBHS SIKICHO
BI/INOBIIa€ TAKOXK OPTraHivHUM ToTiMepam [3].

VY nporieci yTBOPEHHS CTPYKTYP PsiT BIACTUBOCTEN JOCIIIKYBaHUX TITICOBUX MaTEPiajIiB 3Mi-
HIOIOTHCS 32 BUSHAUEHUM CLIEHAPI€M, 110 TIOBTOPIOETHCA BiJ] OHOTO 3pa3ka Jo iHmoro. Cepen nux
BJIACTUBOCTEH - €JIEKTPOIIPOBIIHICTD B'SKYUOTO TiCTa, 1110 BUMIPIOETHCS HA 3MIHHOMY CTpyMi (Juist
3armo0iraHHs MOJISIPH3AIlii eEKTPO/IB), TEIUTOMPOIYKIIisl (€K30TEepMisi) B'SHKYUOro, IO TBEPHE,
MIBHUJIKICTH MPOXO/PKEHHS IMITYJILCIB YIBTPa3BYKY [4], Mipa AI€TIEKTPUYHUX BTPAT Y BSDKYUOMY.
HesBakaroun Ha JOCTaTHIO MOBTOPIOBAHICTh BIATIOBITHUX KPUBUX, KOJKHA 3 BUIIICHABEJCHUX Xa-
PaKTEPUCTHK € CYMapHUM BIJJOOpaKEHHSM KUTBKOX IMPOIIECIB, IO BiI0OYBAIOTHCS SIK IMapaJIeIbHO,
TaK 1 MOCiI0OBHO. Tak, ek30TepMiuHUNA e(PeKT, MOB'I3aHuil 13 TBEPAIHHAM 0araTOKOMITOHEHTHUX
KOMIIO3HUTIB, € CYMOIO TEIJIOBUX €(DEeKTiB 3MOUYyBaHHS, PO3UMHEHHS, TiipaTallii, (popMyBaHHS HO-
BOYTBOPEHb (11€ OCHOBHI BKJay, [5]). IIpsmuil anaii3 ekcriepuMeHTaIbHIUX KPUBUX, OJEP’KyBa-
HUX 11010 BIAMOBITHUX XapaKTEPUCTHK TBEPAIFOUOTO KOMIO3HIIIMHOTO B'SHKYYOTO0, 3 IIUX MPHUIHNH
€ CKIagHUM. TakuM YMHOM, JIsl BSDKYYMX MaTepialiB Ta KOMIIO3UTIB Ha iX OCHOBI MOXke OyTh
copMmyboBaHa €MHa Ta iHpOpMaLIiiiHO HaCHYEHa 3a/1aua PEKOHCTPYKIIi MeXaHi3MiB CTPYKTYpO-
YTBOPEHHS 3a HETIPSIMAUMH, CyMapHUMHU Pe3yJIbTaTaMyd BUMIPIOBaHb, 10 B1IOOpaXKaroTh Oarato
MIPOIIECIB OJTHOYACHO.
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AxTyanbHicTh mnpodJjeMu. BupimenHs chopMyaboBaHOI 3a/1adi JI03BOJISIE YTOUHUTH
MOJIENTbHI YSIBJIIGHHST TIPO TIPOIIECH CTPYKTYPOYTBOPEHHSI y KOMITO3UINIMHNX Marepianax. Bimmo-
Bi/IHE JTOCIIKEHHS € MPUKIIaI0M OTPUMAaHHs CTPYKTYpPHO-Opi€HTOBAHOI iH(popMallii 3 6e3nepep-
BHUX E€KCIIEPUMEHTAIIbHUX 3aiekHOCTel. [IpornoHOBaH1 MeTOAM MOXHA 3aCTOCYBATH JI0 JOCUTh
HIMPOKOTO KOJIa MOIIOHUX 3aBaHb. Po3po0iieHa MeToIKa J03BOJISIE HA OCHOBI €KCIIEPUMEHTAITb-
HUX YaCOBUX 3aJICKHOCTEH €(hDeKTUBHO BUILIUTH ITOCITIIOBHICTh SKICHUX 3MIH Y KOMIIO3HUIIIHHOMY
B'SDKYYOMY, 1110 TBEPIE, 1 AaTh M (pi3uuny iHTeprperariro. [IpakTiyHa miHHICTh TPOTOHOBAHOTO
ITOPUTMY JOCII/PKEHHS TIOJISATae B MOXKIIUBOCT1 HAIIITHOTO BU3HAYCHHS KIHIIS TY>KABJICHHS B BU-
naJIkax HeMOKJIMBOCTI 3aCTOCYBAaHHS CTAHIAPTU30BAHOI NIEHETPALIIHOT METOIUKY.

HoBu3Ha MaTepiaJty nosisirae B 3arporoHOBaHOMY JITOPUTMi 0OPOOKH €KCIIEPUMEHTATBHUX
JTAHWX, BBEJICHHI YaCOBOI IIKAJIM SKICHUX 3MIH Ha OCHOBI BIIACTUBOCTEH TPaHC(POPMOBAHUX E€KC-
NEePUMEHTAIIbHUX KPUBUX, B CTPYKTYPHO-OPIEHTOBaHIN iHTEpHpeTallii SKiCHUX 3MiH, 10 CIOCTe-
piraroThCs, B pO3po0JICHOMY MTPAKTUYHOMY METOJII BUSHAYCHHSI TEPMIHIB TY>KaBJICHHS 3a EKCIIe-
PUMEHTATPHUMU TAHUMHU.

O0'ekTOM I0CTITIZKEeHHsI € 0araTOKOMITOHEHTHUI MaTepiail Ha OCHOBI TiIICy.

IIpenMeTom AocaiAKeHHSsI € MEXaHI3MH MPOLIECIB CTPYKTYPOYTBOPEHHS B 6araTOKOMITOHEH-
THOMY KOMIIO3HIIIHHOMY MaTepiali Ta METOJIM PEKOHCTPYKIIii 1H(OpMaIlii Ipo HOTO 3a JaHUMHU
HenpsAMUX (HI3UIHUX BUMIPIB.

AHaJIi3 0CTaHHIX J0CTiAKeHb Ta mMyOiKailiii. Y rmporieci CTpyKTypOyTBOPEHHS B MiHEpaTb-
HHX B'SDKyYHX Ta KOMIIO3UTaX Ha iX OCHOBI BIIOYBatOThCs (Di3MKO-XIMiYHI 3MiHH, 110 XapaKTepH-
3YIOTBCSI PI3HUMH ITPOCTOPOBUMH MacIITabamMu. 3MIHIOIOTHCSI 6arato (hI3MYHUX BIACTUBOCTEH B's-
JKY4Oro TICTa, MPSIMO YU OMOCEPEAKOBAHO OB SI3aHUX 31 CTPYKTYpPOIO — MIIHICTh, B'SI3KICTB,
IUIACTUYHA MIIHICTh, TEMIIEPATypa, NIBUIKICTb MOMIUPEHHS 3BYKOBHUX Ta YJIbTPa3BYKOBUX KOJIH-
BaHb, CJICKTPHYHI XapaKTEPUCTUKH [6].

JIJ1s1 OIIHKY MPOIIECIB CTPYKTYPOYTBOPEHHSI AUCIIEPCIH B'SHDKYUIHUX PI3ZHOTO CKIIATy 3aIporio-
HOBaHO [7] Habip KPUBHUX CTPYKTYPOYTBOPEHHS (3MiHH (Di3MYHUX BIACTHBOCTEH KOMITO3HLIIITHOTO
B’SDKYYOTO 3 4acOM) Ta HaJaHo iX (i3uKo-xiMiuHe TpakTyBaHH:. [Iporiec CTpyKTypOoyTBOpeHHS
JUTSL IEMEHTHUX KOMITO3UIIIH MOJIEHO HA YOTUPH CTali, IO BiIOOpaXaroTh KOJIOIAHO-XIMIYHUI
Ta nedopMariiftHii crad cucteM (puc. ). 3araapHuii XapakTep CTPYKTYpOYTBOPEHHS Y Pasi TiIco-
BUX KOMITO3UTIB XapaKTEPU3YETHCS IOCTATHIM CTYIIEHEM SKICHOT ITOIIOHOCTI 10 IEMEHTHUX Mare-
piais.

Ha meprmiii crazii I BinOyBaeThest iHTeHCUBHA Tifpatailis. KonoiqHi 9acTUHKY, 0 YTBOPU-
JIMCSI, KOATYJTIOFOTh, 1 10 KIHIIS ITIET CTaIil yTBOPIOETHCS TPOCTOPOBHUI KapKac KOAryJIsIiifHOI CTpy-
KTYpH, B SIKY BXOJISITh IOKPHTI T'IpaTHUMHU HOBOYTBOPEHHSIMH YaCTHHKH B'SDKYUOTO. 3 1M Y3ro-
JOKYETBCSI 3POCTaHHS €JIEKTPONPOBIMHOCTI Ta pH, TEIUIOBMALICHHS Ta HAWOLIbIIE YIIUTHHCHHS
CHCTEMH, TIPO SKE MOKHA CYIUTHU 3 KOHTPAKIIii, 0 Jocsirae 1o KiHug | crazii Makcumymy.

KonTpaxiiist BiacTiBa KOJIOITHIM CUCTEMaM, 3MEHIIICHHS 00’ €My TIOSICHIOETBCST OPIEHTAITIEF0
CTPYKTYpHHX eeMeHTiB Ta Boxu [8]. Ilpu 1ipoMy KOHTpaKiisi BiIOyBa€eThCsl TAaKOX 33 PaXyHOK
CYTO CTepUYHOTO (haKTOpa MpH YTBOPEHHI MPOCTOPOBOTO KapKacy KOaryJsiiiHOI CTPYKTYPH —
MaJli YaCTUHKH Ta CTPYKTYPHI €IeMEHTH MPOHHUKAIOTh Y MPOCTIp MIX TPOMI3IKUMU arperaramu
CTPYKTYPH, BHACIIIOK YOTO KOMIAKTHICTh CHCTEMH 3pocTae. MakCMMyM KOHTpPAKIIii 10 KiHI |
CTa il MATBEPKYE YTBOPEHHS IMIPOCTOPOBOI KOATYJISALIIHOT CTPYKTYpH. 11l TIICOBUX KOMIIO3H-
TIB CIIOCTEPITAETHCS CYIIEPITO3UILIS KUTBKOX mporieciB. YacThHA 3 HUX TMOB'13aHa 3 PO3TIITHYTUMHU
TeOMETPUYHUMH Ta (i3MYHUMH (PAKTOPaMH YIAKOBKH Ta 3yMOBJIOIOTH KOHTpakiito. [Hi noxa-
HKJ 3yMOBJICHI TIPOTUJICKHUM €(DEKTOM — 3pOCTaHHSIM 00’ €My HOBOYTBOpPEHBb Ta (JOPMYBaHHIM
IYCTOTHOI KPUCTAI3AIIIHOI CTPYKTYpH. Pe3ynbryrounii eekT y pasi yacto MoB’si3aHui 31 30171~
HIeHHsIM 00’ emy [9].
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Puc.1. Kpusi npoyecie cmpyxmypoymeopenns E1 meepoitouux cucmem 8 HOpMAIbHUX YMOBAX
npomsicom 28 0i6 ma kpuei mennosudinenus At, sminu cmynens ciopamayii I, medici
Mmiynocmi Re, numomoi enexmponposionocmi y ma koumparyii K.

Ha npyriii cranii I (a7 IeMEHTHUX KOMIIO3UTIB) B3KE CIIOCTEPIralOTHCS AECTPYKTHUBHI SBUIIA,
10 BiJOMBAETHCS HA KPUBI CTPYKTYpOYTBOPEHHS KOJIMBAHHAMHU MOJIYJIIO IIBUIKOI €1aCTHYHOT
nedopmartii. Lli ssBUII[a BUHUKAIOTH B pe3yJIbTaTi (hi3MKO-XIMIYHUX TPOIIECIB, IO BiZIOYBAIOTHCS B
HaJIpax KOAryJISAIIHHOT CTPYKTYpH. MOJKHA TTPUITYCTUTH, IO 111 €()EKTH NECTPYKIIi BiIOYBaIOTHCS
y 3B'SI3Ky 3 ITOYATKOM TPOLIECy MEPEXOAY TPUCYIIB(HATHOTO TiAPOCYIb(POATIOMIHATY B MOHOCYIIb-
datHy hopMy, a TaKOXK y 3B'SA3KY 3 YTBOPEHHSIM BTOPUHHUX CTPYKTyp. OcTanns npuunHa (dop-
MYBaHHS BTOPUHHOI CTPYKTYPH 3 YaCTKOBOIO TIEPBUHHOIO IECTPYKIIIEI0) € OCHOBHOIO IS (hOpMY-
BaHH Ha I1i CTa/lli KOJMBAHb MJIACTUYHOI MIITHOCTI Y TIMCOBUX KOMMIO3UTIB [10].

JlecTpyKIlis Ha MOYATKY JIPYyToi CTafii BiIOYBA€ETHCS Y 3B'A3KY 3 pO3IaioM ITI00YII Ta yTBOPEH-
HSIM BTOPUHHUX CTPYKTYp [7]. Lli AecTpyKTHBHI SIBUIIIA HA KPUBHX MPOSIBISIIOTHCS CHCTEMATUYHO
Ta MIATBEPHKYIOTHCS OJJHOYACHUM CUMOATHHMM IAiHHSIM PE30HAHCHOI YaCTOTH TOTO K 3pasKa.
[Ipu 11bOMy TaKOX KOJMBA€ETHCS TEMIEpaTypa Ha JIUITHKAX, sSKi BiANOBIAAIOTH JECTPYKTUBHUM
SIBUIIIAM y JIPYTid CTaii.

JleCTpyKTHBHI SIBHIIA POIOBXKYIOTHCS B IHILIUX CTAISX MPOLIECY CTPYKTYPOYTBOPEHHS Ta CY-
MPOBOIXKYIOTHCSI YIOBUIbHEHHSM 3POCTaHHS TEMIepaTypu 3pa3ka Ta epekTaMu Ha KPUBUX Pe30-
HAHCHOI YaCTOTH.
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BinnoginHi kpusi (puc.l) HAOUHO MiATBEPHKYIOTh, IO TBEP/IIHHS [[EMEHTIB Ta IHIINX B'SKY-
YHMX, Y TOMY YHUCII 1 TIMCOBUX, a TAKOX KOMITO3HTIB Ha iX OCHOBI, € CyMapHUM ITPOIIECOM, ITI0 €
CYMEPIIO3UIIIEI0 TPOTHIIEKHO CIPSIMOBAHHMX SBUIL, B SIKOMY O€3IEpPEpPBHO BiI0YyBa€ThCS YTBO-
peHHst cTpykTyp Ta ix gaectpykii [11]. TernoBunuieHHs B'SHKyUHX, 10 TBEPALIOT, 00YMOBIICHO
HE TUTBKH MTPOIIECaMH TipaTarlii, a i TOBEpXHEBUMHU SIBUIIIAMH, a TAKOXK 1 IPOIIECAMH CTPYKTYPO-
YTBOPEHHS.

[Iporiec cTpyKTypOyTBOPEHHS Ha TIEPIIii Ta APYTid CTAIisIX XapaKTEPU3YIOTHCS PO3BUTKOM
BUCOKOENACTHYHUX AedopMalliii i3 BeMMKUM TepiooM perapaauii (zo 10-15 xB). Moayni mBua-
KOT e71acTUYHO1 Jedopmartii B UX CTaaisx 1opiBHIOWOTH 104-106 nua/cM? . 11i BenmanHT XapakTe-
PH3YIOTH KOaryJsiiiHy cTpykrypy [12]. Jo kiHis apyroi crafii nepeBaxaroTh MPOLEeCH KPHCTa-
Ji3aIiHOTO CTPYKTYpOYTBOPEHHS, IO BiAOMBAETHCS HAa MOro KpHBIH Pi3KUM 30UTBIICHHSIM
MOTYJIsl IIPY>KHOCTI, 10 T0CsITae 0 KiHIs TpeThoi ctamii 10-11 TAH/CM 1 BiTbIIe.

OnHOYaCHO IHTEHCHBHO BUAUIAETHCS TEIJIO Ta 30UTbIIyeThCst cTyminb rifparamii (II1 craais).
Ha xpusiii 3mMinu pH Ha TO# Yyac MOYMHAETHCS CHa, 10, MaOyTh, TIOB'SI3aHO 31 3MEHIIIEHHSIM KOH-
HeHTpallii ButbHUX i0HIB Ca 2*i{ OH’, mo BCTYNAIOTh Y TiJpaTHi crionyku (s nementy) [7]. Ha
Ii¥i cTajlli yTBOPIOETbCS OCHOBHUM MPOCTOPOBUN KpUCTATI3aIlIiHIA Kapkac. JaHwii mporiec Bij-
OyBa€eTHCS IHTEHCHBHO 1 4acTO 3aKIHUY€ETHCS ISSIKMMU CIIalaMUd MOYJIS TIPY’KHOCTI B Pe3yJIbTaTi
BHYTPIIIHIX HAPYT B KPUCTATI3AIAHIN CTPYKTYPi.

Ha vetBepriit (IV) cranii BinOyBaeThCcsi OCHOBHE 3pOCTaHHS MIITHOCTi. MOy b IPY>KHOCTI TTi-
JIBUIITYETHCS. MEHIII IHTEHCUBHO, HIK Ha TpeTii crazdii. Mo)xHa BBa)KaTH, 10 MIIHICTh y IIbOMY
1epio/ii HApOCTaE 3a paxXyHOK CyOMIKPOKPHCTaTIIUHHX, FeJIeNOAI0HNX, TIAPOCUTIKATHUX MiHEpaJIiB,
110 MMOBUTBHO PO3BUBAIOTHCS 1 3yMOBJIIOIOTH HEMPY KHI BIIACTHBOCTI IIEMEHTHOTO KaMeHi0. BoHu
POCTYTh Ha OCHOBHOMY KpHCTai3allifHOMY KapKaci Ta pO3BUBAIOTHCS BCepeAnHi Hboro. JIyst 1BOo-
BOJIHOTO TilICy YaCTKOBE PyHHYBaHHS KPUCTAI3alifHOTO KapKacy Ta 3pOCTaHHS HOBOYTBOPEHb
Bijlirpae aHanoriuny posib. CTBOPIOBaHI BHYTPIIIHI HAIIPYTH IPOSBISIOTHCS Y BUTIISA CIIa/iB MO-
JyJIst IPY>KHOCTI Ta MIITHOCTI [7].

[TpoanasnizyBaBIm OTpUMaHi1 KPHUBI KIHETUKH CTPYKTYPOYTBOPEHHS B ILIOMY, MOYKHA 3pOOUTH
BUCHOBOK, 1110 ITPY TBEPAIHHI BSDKYUHX peUOBUH (Pi3UUHI BIACTUBOCTI BSDKYUOTrO TICTa 1 IX 3MIHH
B Pi3HIN CTyIEHI TOB'S3aH] 3 KOATYJISIIHHOIO CTPYKTYPOIO, 10 POPMYETHCS, 1 KPUCTATI3AIIMHOIO
CTPYKTYPOIO, III0 PO3BUBAETHCS Ha il OCHOBI.

BujisieHHst He q0oCTiIZKeHUX paHillle YaCTHH 3arajbHol npoodjaemu. Baxxima 3agada pexo-
HCTPYKIIiT MEXaHi3MiB 3MiH B TBEpAIIOYMX KOMIIO3UTAX HA OCHOBI HENPSAMUX (Hi3MYHUX BUMIPIO-
BaHb HE MAa€ OJTHO3HAYHOTO CTPYKTYPHO-OPIEHTOBAHOTO BupimieHHsS. Cepesn pi3HUX NUISAXIB pi-
IICHHS TOAIOHMX 3a7a4 HE BH/IUICHO CTEPEOTUIIHHUX METOMIB (3aCTOCOBYBAHUX MJISI PI3HUX
Gbi3nyHMX BIacTUBOCTEH ). YacTo 0COOIMBOCTI €KCIIEPUMEHTAIBHUX KPUBUX aHAJII3YIOThCS O€3110-
CEepEeHbO, 110 MOXKE MPUXOBYBATH BAXJIHBI, X0 1 HE SICKPaBO BUPAKEHI SKICHI 3MiHU. be3 Biamo-
BIJTHHX 3aC001B TpaHChOpMaIlli eKCIIEPUMEHTATBHUX KPUBUX CHUCTEMHI 3aKOHOMIPHOCTI IPOIIECIB
TBEPIiHHS HE TPOSBIIIIOTHCS HITKO, 1€ 30KpEMa CTOCYETHCS €JHOCTI TEMIIOPUTMIB CTPYKTYPHHUX
NepeTBOPEHb y B shkydomy TicTi. [Tepexia 70 00’ ekTuBIzallii 1 Bi3yasizallii sIKICHIX 3MiH 3aITpoIio-
HOBaHMMHM METOJIaMH TIOCITiIOBHO BUPILIYE 33ady aHalli3y CUCTEMHUX MEXaHI3MIB JIOCHiIKyBa-
HUX SIBHIIL.

MeTtor0 podoTH € po3poOKa CUCTEMHO-CTPYKTYPHOI IHTEpIIpeTalii SBHI CTPYKTYpOYTBO-
PEHHsI, sKa, 30KpeMa, TOJISATae y BpaxyBaHHI CHHXPOHHOCTI Ta TIEPIOIMIHOCTI 3MiH CTPYKTYPHHUX
YHHHUKIB 1, BIAMOBIIHO, (DI3WYHUX BIACTHBOCTEH KOMITO3UIIMHOTO B’SDKYYOro Ticta. Bimmosif-
HHMH 33/1a9aMH € BpaXyBaHHS TaKHX OCOOJIMBOCTEH:

1. ExcriepuMeHTabHI KpUBI, 10 0€3M0CepeIHbO OTPUMYIOTHCS 3 €KCIICPUMEHTAIBHHUX Ja-
HUX, MOXKYTb OyTH TpaHC(HOPMOBaHI (BUXOSUM 3 1X alTpOKCHUMAIIil MOXKYTh OyTH OTPHMaHI 1HIII
KpHBIi), B pe3y/bTaTi iHTepIpeTaliiiHa 30aTHICTh JOCTIDKEHHS MOX€E 3POCTH.
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2. InTeprpertariiiHa MOXKIIMBICTb PO3IIITHYTUX METO/IB Y AOCTIHKEHHI ITPOLIECIB CTPYKTYpO-
YTBOPEHHS ICTOTHO 3POCTAE MPH OHOYACHOMY KOMILUIEKCHOMY JTOCIIKEHHI PI3HOPIAHUX XapaK-
TEPHUCTHK, HATIPUKJIA]], HABEICHUX BHILIE.

3. BaxumBa ponb B iHTEpHpeTalii eekTiB, 0 BiAOYyBAIOTHCS B BSIDKYUIOMY TIiCTI, HATCKHUTD
30iry abo 30MKEHHIO Y Yaci SIKICHUX 3MiH eKCIIepUMEHTAILHUX a00 TpaHC(hOPMOBAHUX 3aJIEKHO-
cTel (TMepeTrH Oce, eKCTpeMalTbHI 3HAUCHHS).

4. Bci mocmimKyBaHI BIACTUBOCTI € CTPYKTYPHO-3JIS)KHUMH, X04Ua TaKa 3aJIe)KHICTh BUPaA-
’eHa pi3Horo Miporo. LIIBUAKICTE yabpTpa3ByKy 0€3MOCEepeaHBO 3aICKUTD Bil CTPYKTYpHU KilacTe-
piB TBEPAMX YACTHUHOK 1 3B'SI3KIB MK HUMH (KPHUCTATI3alIHHUX KOHTAKTIB), 3aTHUX TPOBOIUTH
MEXaHIYHHU BIUIMB Kpi3b TBEPAiI0UMii 3pa30K. [HIIMM BIIaCTUBOCTSIM NPUTaMaHHA 3aJISKHICTh Bil
TCOMETPUYHUX TIOKA3HUKIB IIApPiB 3B'13aHO1 BOIM, IO JISKATh HA MIOBEPXHI TBEPAIFOUOTO B’ SDKY-
YOro Ta BUIbHOI BOJM Mip Ta KanisipiB. Mi>k reOMETpUYHIMH TTapaMeTpaMH LIUX CTPYKTYp iCHYE
SIKICHa B3a€MHA BIIMOBIIHICTE. TOMY B SIKOCTI IIJTLOBOT MOJIEI TIPOIIECIB, 110 BiIOYBAIOTHCS, TTO-
BUHHA OyTH 00paHa CTPYKTYpHO-OpIEHTOBAHA.

[TocmimoBHE 3acTOCYBaHHS PO3MIIHYTUX YOTUPHOX MPUHITUIIIB JO3BOJISIE OOTPYHTYBATH 1HTE-
PIpETAaLiio CTPYKTYpHUX MEPETBOPEHb Y KOMITO3ULIIITHOMY B'SDKYYOMY TICTI OaraTOKOMIIOHEHT-
HOro MaTepiary. HaBezieHi MeToau JO3BOJISIFOTh TAKOXK JTATH BUPIMICHHS BAKIMBOMY 1HKEHEPHO-
TEXHIYHOMY 3aBJaHHIO — BU3HAUUTH TEPMiHHU TBEPiHHS OaraTOKOMIOHEHTHOTO KOMITO3UTY CKJIa-
JTHO1 CTPYKTYPH.

OcHOBHi pe3yabTaTH po6oTH. BuximHuM HaOOpPOM €KCIEPUMEHTATBHUX JAaHUX € YacOBI
3aJIOKHOCTI HACTYMHMUX (DI3WYHUX BIIACTHBOCTEH TBEPIOUOTO B'SDKYUOTO TICTA: JIEIEKTPHYHI
BTpAaTH, €K30TEPMisl, eJICKTPOIIPOBITHICTh Ta MBUIKICTh MOIIMPEHHS yIbTPA3BYKOBUX IMITYJIbCIB.
Jlna BimoOpaykeHHs Ha €TUHIM IIKaIl BIAMOBIIHI €KCTIEPUMEHTANIbHI AaHi Oyau HopMmoBaHi. Hop-
MOBaHI eKCIIEpUMEHTAJIbHI /IaHi TIOKa3aHo Ha puc 2.
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Puc.2. Hopmosanuii epaghix ¢hizuunux enacmueocmeri KOMRO3UYIIHO20 8's0icyuo2o micma,
wo meepoie
BiamoBiaHi ekcriepuMEHTalbHI KPUBI BIACTHBOCTEH, 110 3MIHIOIOTHCS B 4aci, OTpUMaHi
Gbi3MYHUMU METOJIaMU, TTOB'I3aHUMU 31 30yPEHHSM, 0 BIUTHBAIOTh HA CTPYKTYPOYTBOPEHHSI.
OCKUTBKY 111 BIUTUBH Oy JOCUTH MaTi (YITPa3BYKOBI IMITYJIbCH HEBEJIMKOI TOTYXKHOCTI1, MaJIi

EnexTponpoBigHICTE
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CTPYMH, LII0 IPOXOJIATH Yepe3 B'sKyUE TICTO), IX epeKT mpuitMaBcsi JOCUTh MaJTUM 1 TAKHM, 110
HE BIUTMBAE ICTOTHO HA MPOIIECH, sIKI B1IOYBAIOTHCS B KOMITO3HUIIIHHOMY B'SI’KY4OMY TICTi.

Jnist inTepnperaliii OTpUMaHUX JaHUX MOPsT 13 BUXITHUMU KPUBUMH (pHC.3) PO3IIITHEMO
TpanchopmoBaHi. [IpakTHYHY KOPHCHICTh TTOKA3aB MEPEXiJl Bl CaMUX KPUBHUX JI0 3HAYCHD X-
Hb0i kpuBKM3HH. KpuBusna kpuBoi k(t) 1 obepHeHa iii BenuurHa pajiiyca KpUBH3HU p(r)BU3HA-
yaeThes 3a popmynoro (1)

d>y(t)
(t) = — = . — (1)
p(t) d 2
1+( ya)j
dt

JU1s 3aCTOCYBaHHS PO3TIITHYTOTO MiAX0AY OyIy€eThCs MOJIIHOMIaIbHA alPOKCUMALlis KpH-
BUX OaraTowjieHaMu CTYTeEHs S5, M0 TMOKa3y€e 3aJ0BIIbHY TOYHICTh (KOCQIIIEHT AeTepMiHAIIi]
2 . .
R” <0,98). Kpugi anpoxcumarii noxazani na puc.3.

PiBHsHHS anpokcumanii migcrasisiucs y (1), mo HboMy 0OUMCITIOBATIMCS 3HAUYEHHS KPH-
BU3HH. 3HAYCHHS KPUBU3HU CKCIIEPUMEHTAIBHIX KPUBHX YTBOPIOIOTH 3IEXKHICTD k(7). I'pa-

¢biku a5 3HaUCHb KPUBU3HU KOXKHOT (D13MYHOI XapaKTEepUCTUKU HaBeIEHO Ha PUCYHKY 3.

k(t).
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Puc.3. 3nauenns kpususHu excnepumeHmanioHux Kpusux,
1 — enexmponposionicmo, 2 — ek3omepmivHuil epekm, 3 — wBUOKICMb YIbMPA38YKOBUX M-
nynvcie, 4 — dienekmpuuni smpamu. Yacoesi inmepeanu a,b,c — inmepsanu epyny8anus ocoo-
augocmeti (MIHIMyMi8, Makcumymie, nepemuty oci X)

[Ipu cninbHOMY aHami3i TpaHC(OPMOBAHUX KPUBUX CTA€ 3pO3yMUIMM (DaKT TPYITyBaHHS
0COOIMBOCTEH HABENEHUX 3aJIEKHOCTEN, TEHIEHIlIS O TaKOro SBHUINA BUHHUKAE 1€ B 00JacTi
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MOYATKy TY>KaBJICHHS KOMIO3UIIIHHOTO B'SKY4Oro TicTa (~ 5 XB), MpOTE SICKpaBUi MPOSB TO-
TIIOHOTO POy MOYMHAETHCS B 00JACTI KIHIIS TyKaBlieHHs (iHTepBai a, puc. 3, ~9 xB.). Ta B
JeK1IbKOX HACTYIMHHUX Toukax (iHTepsai b, puc. 3, ~15 xB; inTepBan ¢, puc. 3, ~25 xB.).

301ir 0COOIMBOCTEH KPUBUX CTPYKTYPOYTBOPEHHS (0cO0JIMBO y TpaHchopMoBaHiid Gpopmi)
y MEBHUX BY3bKHX YaCOBUX iHTepBaiax (puc.3), morpedye CUCTEMHOI IHTepIpeTaIlii.

CuctemHa iHTEpIpeTallis BIAPI3HAETHCS BiJl HABEJIEHOT BUIIE aKIIEHTOM Ha BIUIMB PE3YJIb-
TaTiB MMPOXO/KEHHS PI3HUX MPOIECIB Ha X ke mapaMeTpu (30Kpema, Ha MIBUAKICTH) 1 HA JTH-
HaMi4Hi 3MiHU B CHCTEMI, III0 PO3TIISIIAETHCS B I[IJIOMY, BOHA BKITFOYAE 1 (Pi3UKO-XiMiUHI MeXa-
HI3MHU, MOJIOHI J0 po3risHyTuX panime. CucremMHa (QyHKINS Tporecy Moxe OyTH TICHO
MOB'sI3aHa 13 3MiHAMH KPUBHU3HHU €KCTIEPUMEHTATBHUX KPHBHX.

PosrnsHemMo reomeTpuyHe 3HAUEHHS JIOKAJBHUX 3MIH KPUBU3HU EKCIEPUMEHTaIbHUX
KpUBHUX. BOHO mosnsirae y BUHMKHEHHS «3TJIaJDKEHUX» 37aMiB Ha rpadikax Ta IuiaBHIA 3MiH1
TAaHT€HCY KyTa HaXWIy TOTUYHOI, pHC. 4.

OpHiero 31 cnenniYHUX PUC CUCTEMHOCTI, 110 BIIHOCUTHCS A0 MiHEPAIbHUX B'SKYUHX 1
3aCTOCOBYBAHUX MPH IHTEPIPETAIlil BUXITHUX 1 TPAaHCHOPMOBAHUX EKCTICPUMEHTAIBHUX 3aJIe-
XKHOCTEH, € IBOICTa CTPYKTypa Marepiaiy. Bona yTBopeHa MiHepaJlbHUMH a00 OpraHiYHUMHU
KOMIIOHEHTaMHU — MaTepianioM, HalloBHIOBaYaMu a0o0 3alOBHIOBaYaMHM Ta JOOABKaMHM, a TaKOXK
PIAMHOIO B KaNUISIPHO-TIOPUCTIH CTPYKTYpl MaTepiany sIK AUCHEPCHOI cucTeMH. [ 010BHUM
KOMITOHEHTOM PiJIMHY € 3a3BHYali BOJHHUIA PO3YHH (B KalJIIPHOMY a00 3B's13aHOMY CTaHi), HOTO
CKJIaJl 3MIHIOETHCS KUIBKICHO Ta SIKICHO B MPOLIECi TBEPAIHHSA, TOJOBHUMH PO3UYMHEHUMHU KOM-
MMOHEHTAMHU € TiJ[paToBaHi 10HU.

Pl k=0 Pl k>0 Pl Kk(t)<0

t t
a t b ¢

Puc.4. Jlokanvui ocobnusocmi ekcnepumenmanbHux KpUueux ma 3Hax KpUGU3HU.

VY mporieci TBepAiHHA Bi a3y — pijka Ta TBEpHA, 1 Mexa MOJUTy MK HUMHU IiJaI0ThCs
CTPYKTYpHIii TpaHcdopmairii. Pigka cTpykTypa € iHAyKOBaHOIO, 3aJICKHUTh BiJI CTPYKTYPH KOM-
MIO3UTY, 110 TBEPJII€, ICHYE 1 OUTBII cIaOKMii 3BOPOTHIN BIUKB. JlociimkyBaHi (pi3udHi BIAaCTH-
BOCTI 3QJIeKaTh BiJl TOKa3HHUKIB PO3TIITHYTHX CTPYKTYP MO-pi3HOMY. Tak, BIaCTUBOCTI, TIOB'sI-
3aHI 3 EJEKTPOIPOBITHICTIO Ta MIE€IEKTPUUYHUMH BTpaTaMu 3alexaTb Oe3MOCepeHbO Bif
T€OMETPUYHOI Ta TOMOJIOTIYHOI CTPYKTYPH PiJIKoi a3y Ta MOBEPXHI pO3/LTy (Bl XapaKTepu-
CTHK TBepJ0i a3y OMOCEPEAKOBAHO). Y TOU Ke Yac MBUIKICTh MPOXOIKEHHS YIbTPa3BYKO-
BUX IMITYJIbCIB, TUTACTHYHA MIIHICTh, MIITHICTh ITPH CTUCKAHHI Ta 3TMHAHHI 0€310CepEIHBO 3a-
JeKaTh BiJl CTPYKTYpH TBepoi (hasu (Bix piakoi (pazu — ornocepeikoBaHO), TEIIOBI MPOLECH —
HacaMIiepe] Bii CTpPYKTypHu o0au3y Mexi po3aity das. OqauM 13 HenpsiMuX BiI0OpakeHb CH-
CTEMHOCTI y 3MiHaX CTPYKTYPHHUX aCIEKTIB € €IHICTh TEMIIOPUTMIB 3MiHH (PI3UUHUX XapaKTe-
puctuk (puc. 3). CUCTEMHICTh 3MIH BJIACTUBOCTEH TMPOSBISIOTHCS TAaKOX B €HOCTI IMOXO-
JOKCHHSI 3MiH, IO BiAOYBarOThCA. Y I[bOMY CEHCI Mepexia 10 TpaHC(HOpPMOBAHUX KPUBHX €
IH)KEHEPHUM TMPUMOMOM, T0Ope MPUCTOCOBAHUM J0 TIPOSIBH CIIA0KO BUSBICHUX MPHU Bi3yallb-
HOMY PO3TJISIIL IKICHUX XapaKTePUCTUK EKCIIEPUMEHTATBHUX KPUBHX.

PosrnsiHeMo cucTeMHy IHTEpIpETAIlito SBHII, 10 BiAOYBAIOTHCS B KOMIIO3UTHOMY B'SIKY-
YoMy TICTi, HAa YaCOBOMY iHTepBaJli a (puc. 3).
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Jns 3pocratodoro rpadika JieNeKTPUYHUX BTPAT CIOCTEPIraeThCsl MEPEruH TepMiHOM
~9 XB. BIJ] 3aMilllyBaHHs, YOMY BiJIITOBI/Ia€ MIHIMYM KPUBU3HHU B HETaTUBHIN o0nacti (puc. 3).
JlienekTpu4Hi BTpaTH B YMOBHUX OJMHUISIX BUMIPIOBAIIUCS 32 JIOTIOMOTOIO Ji€JIbKOMETpa-BO-
JoroMipa, 1o € MaJOTOTYKHUM BUCOKOYAaCTOTHHM I'€HEpPaTOpPOM, IOOPOTHICTh KOJUBAJILHOTO
KOHTYpY SIKOTO 3aJIeKUTh BiJl XapakTepy JAOCHipKyBaHoro aienektpuka [13]. Jlienekrpuuni
BTPATH TOB's13aHI B OCHOBHOMY 3 TIepe0yJ0BaMH Y MOJIBIHHHX IIapax, yTBOPEHUX MOJICKYJIaMU
BOJM Ta MIHEpPAJbHUMU KOMIOHEHTAMH, 30KpeMa, TICcOM CaSO, -2H,O, Y MOJEKYISApHIH,

10HHIH Ta TigpaToBaHii hopmax. [lepiognyuna nepedy0Ba MOABIHHUX IIapiB MOB'sI3aHA TAKOXK
13 BTpATOIO €Heprii Ta, BIAMOBIAHO, 3 JieNeKTpUYHUMHU BTpatamu [13].

Bona B koMmo3uiiitHOMy MaTepiaii po3MoijieHa 3a HOTo MOPUCTOI0 CTPYKTYPOIO, 1l Xapak-
TEpHI 11 BJIaCHI CTPYKTYPHI XapaKTEPUCTUKH, 1HIYKOBaHI MarepiajioM. BoHa MpUCYTHsS B OCHOB-
HOMY B TphOX (pOopMax - riipataiiiiHa Boja y CKJIaJi KpUCTAJIOTIApaTiB (30KpeMa, TiIcy), Boaa,
ajicopOoBaHa Ha MOBEPXHI Iip 1 KaMJIAPIB, KA B3a€MOJIIE 3 MiHEPATbHIMUA KOMIIOHEHTAMH 32 Pa-
XYHOK 3apsi/IiB Ta BOJHEBHX 3B's3KIB (3B's13aHa BOJIa), BUTbHA BOJIA Mip 1 Kamijspis [ 14].

Y MOMEHT 3aMilTyBaHHS KOMITO3UIIIHHOTO B'sDKYYOTO TicTa B1IOYBa€ThCS 3MOUYBaHHS BH-
X1JJHIX KOMITOHEHTIB, TPOHUKHEHHS BOJU B KAUISIPHO-TIOPUCTY CTPYKTYPY 3€pPEH B'SDKYUOTO
Ta IHITUX KOMIIOHEHTIB Ta PeaKIis riaparailii, OCTaHHI /1Ba €(PEKTH MEePEKPUBAIOTHCS B Yaci.

VY mporieci rigpararii pearytoTh mIapy 3B's3aHO1 BOJH, SKi BiApa3y 3aMiHSIOTbCS BUTBHOIO
BO1010. KibKiCTh BITbHOT BOJIM OOMEXeHa (SIBUIIIE BUTPATH KIHIIEBUX KIJTbKOCTEH, XapaKTepHE
TSt 0aratboX (hi3UKO-XIMIYHUX CUCTEM). Y mepion a (~9 xB, puc. 3) 3amacu BUIbHOI BOAH 3Ha-
YHOIO MIpOIO BUTpadeHi, BOJIA iICHY€ Yy 3B's13aHiid Gopmi (TiapaTariiini mapu). ['eomeTpuyuna ta
TOTIOJIOTIYHA CTPYKTYpa IIapiB BOJM BKE 1HIIA, 3'ABISIOTHCS, 30KpeMa, HOBI MEX1 pO3Aiy, 1o-
B'si3aH1 3 BUTPATOIO BUTHHOI Bou. IIIBHAKICTE peakiiii mepexo/ry BOM 3 MOB'sI3aHO1 B T1APAaTHY
(6e3 3amileHHs) MEHIIIE, YOMY BiJIIOBIJJa€ HAsIBHICTh MEPErHHY BUXIJIHUX €KCIEPUMEHTAb-
HUX KPUBHX Ji€JICKTPUYHUX BTPAT, & TAKOK EKCTPEMYM KPUBU3HH.

He3Baxkaroun Ha iCTOTHMH BIIMB HA OMMCAaHI MPOIECH CKJIANy 1 CTPYKTypU KOMIIO3UTY,
BUHHWKHEHHS TIEpEeTuHy (1 BIMOBITHOTO €KCTPEMYMY KPHUBH3HH) MIEIEKTPUIHUX BTPAT 3a pa-
XYHOK T€OMETPO-TOTOJIOTIYHOI MepeOyJ0BH BOJAHOI KOMIIOHEHTH B'SUKYUUX BBAXKAETHCS JI0-
CUTh yHIBEpPCAITHHOIO 3aKOHOMIPHICTIO.

Jlnst iHTepIipeTaltii 4acoBO1 3aJIeKHOCTI €JIEKTPOIPOBIIHOCTI (pHC. 2) 1 BIIMOBIAHOT KPUBH-
3HM (pUC. 3) KOPUCHOIO € TOIIOHICTh €KCIIEPUMEHTAILHOT KPUBOI IIPOBIAHOCTI 10 KIIACHYHUX
NEePKOJALINHUX KpUBUX (HApUKiIal, A MPOBIIHOCTI y pasi mepkoismii 38's3kiB [15]). Ha
iHTepBaii a (puc. 3) BUAHO, 110 KPUBHU3HA JIJIs rpadika MPOBIAHOCTI MPOXoauTh uepes 0, 3mi-
HIOIOYH 3HAK 3 HETATHBHOT'O Ha MO3UTHUBHUH. SIK OyJ0 MoKazaHo paHile, 1ieJIeKTPHUYHi BTpaTu
Ta X 3MiHa 00YMOBJICHI BJIACTUBOCTSIMHU BUIHHOI Ta 3B'13aHOI Y BUTJIAI MIApiB aicOpOOBaHUX
MOJIEKYJ BOJU. SIKIIO TS TIeIEeKTPUYHUX BTPAT HAWBAKIIUBIIIMMHE OYyIJIM JIOKAaIbHI BIACTHBO-
CTi, TO IJIs1 IPOBITHOCTI, BUMIPSTHOT HA HU3BKUX YAaCTOTaX 3 METOI0 YCYHEHHs TOJIIpU3aIlii ee-
KTPOZIB, ICTOTHA 00'€eMHa CTPYKTYpa IIapiB MOJEKYJ BOJH, iIHAYKOBaHA CTPYKTYpOIO Martepi-
aiy. [lapu BoaM KamiIIpHO-TIOPUCTOI CTPYKTYpH KOMIO3HTY (DOPMYIOThH 3B'Si3aHY CHCTEMY
NEPKOJIAIIAHOTO (OXOIUTIOIYOT0) KiIacTepa. BOHM yTBOPIOIOTH MPOBIIHY CTPYKTYPY, SIKOIO
3MIMCHIOETHCS TIEPEMIITIICHHS TiipaToBaHux 10HiB. [Iporec rigparariii, 1o TpuBae, Mpu3BOIUTH
710 3HUKHEHHS BUTLHOI BOJH, KBa3iJBOBUMIPHA CTPYKTYypa LIapiB 3B's13aHOI BOAM, 110 GopMye
OXOIUTIOIYHIA KJacTep (TOYHIIIe, HOTo MPOBIAHY CTPYKTYPY), PO3PUBAETHCS, TIEPETBOPIOIO-
YHCh Ha CYKYITHICTb JIOKQJIbHUX KIIACTEPiB, MK SIKUMH MPOBITHICTD peali3y€eThCs Yepes riapa-
THI HOBOYTBOPEHHS 3 BUCOKUM OIMOPOM. [IpOBIIHICTh 3MEHIITY€ETHCS MIBUAIIC B MOMEHT (op-
MYBaHHS KBa31IBOBUMIPHOI CTPYKTYpPH LIapiB BOH, YOMY BiJIIOBIa€ MEpEXia KPUBU3HU Yepes3
Bich a0ciuc. B ob6macti b (puc.3) MakcuMyMy KpUBH3HH €JIEKTPOTPOBITHOCTI MPOIIEC TiapaTa-
1[ii B OCHOBHOMY 3aBepiieHui. [IpoBiaHICTh 31HCHIOETHCS Yepe3 301 THEH] BOIOI0 TTIOBEPXHEBI
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IapH Ta TiApaTHI HOBOYTBOPEHHS, MAaKCUMYM KPUBU3HHU Bi/IOBIIA€ MEPEXOAYy MK MEXaHi3-
MaMH Ta 3MiH1 BIJIMOBIIHUX KYTiB HaXWIy TOTHYHUX (puc. 2) npu ~17 XB Bij 3aMilTyBaHHSI.

SIKIIO €JeKTPONPOBITHICTD B'sKYYOro TicTa 1 piBEHb AIeNEKTPUYHUX BTPAT, a TAKOXK 3MiHA
[IUX BJIACTUBOCTEH y MEpio TBEPAIHHS 3HAYHOIO MIPOIO 3aJIe)KaTh Bijl CTPYKTYPH HCIIEPCIiii-
HOTO cepefoBuINa (BOJHOTO PO3YHHY ), TO IMIBUIKICTH MOMMUPEHHS YIBTPA3BYKOBUX IMITYJIbCIB
BU3HAYAETHCSI CTPYKTYPOIO TBEPAMX KOMITOHEHTIB - HOBOYTBOPEHbB, 3€PEH, 110 MICTSTh BUX1IHE
B'sDKydY€, HaIIOBHIOBAYIB 1 I00ABOK.

CrpyKTypHi 3MiHU TBEPA0T KOMIIOHEHTH 3pYYHO PO3IJISAATH y TEPMiHAX Teopil mepKoIIs-
ii [15]. ®i3uyHOMY €KBIBAJICHTY MOYATKY TYy’>KaBJICHHs (~ 5 XB) BianoBigae ¢opMyBaHHS Tie-
PKOJIALIIHOTO KJIacTepa 3 TBEPAUX YaCTHHOK (30KpeMa, YaCTHHOK HOBOYTBOPEHB ), TIOB'SI3aHUX
KpUCTaTi3aliiHUMU Ta (a30BUMH KOHTAaKTaMH. Y JIBTPa3BYKOBI IMITyJIbCH MEXaHIYHOTO Xapa-
KTEpy HPOBOJATHCS OCTOBOM IEPKOJALIMHOTO Kiactepa. MoMeHT (opMyBaHHS MPOBITHOT
CTPYKTYPH BiIOMBA€ETHCS TEPIINM CIPAI[bOBYBAHHIM YJIBTPAa3BYKOBOI BHMIpPIOBAIBHOI yCTa-
HOBKH Ta MEPIIOI0 TOYKOIO Ha rpaditt [16].

CrpykTypHi TpaHchopMallii TBEpA0i KOMIIOHEHTH MPOAOBXKYIOThCS, IEPKOJIAIIHHUN Ki1a-
cTep 30arauyeThCcsi «MEPTBUMH KIHISIMUY» [15], OTHO3B'SI3HUMH CTPYKTYpaMmu, siKi He OepyTh
y4acTh y SIBHINAX MPOBiaHOCTI. L{i cTpyKTYypHI efnemMeHTH (POopMyIOTh 30BHIINTHIN IEPUMETP KJTa-
cTepa, UIBUJKICTb 3pOCTaHHS CTPYKTYpPH CTa0UII3y€eThCA Yepe3 BUCHAKEHHS 3amaciB BUIBHOI
BoaM. [[pOMy BiZIITOBI1a€ MOTAHO BUPAXKCHHI MMEPETHH HA €KCIIEPUMEHTaIbHIN KpUBii (puc.2),
SKUI BUSBISIETHCS MPH TpaHchopMallii eKcriepuMeHTaIbHOi KpUBOi (pHC. 3) — KpUBU3HA TYT
npoxoauTh uepes 0.

Tpancdopmarii TBep0i KOMIOHEHTH Ha IIbOMY €Talll He 3aBepIIYIOThCS, 1110, 30KpeMa,
B1JIOMBA€THCS HA TpadiKy 3MiHU KPUBU3HM IMIBUIKOCTI yIbTPa3BYKY (puc. 3). OqHum 3 BapiaH-
TiB KOHIICTITyaJIbHOT IHTEpIPeTallii MOAaNbIIOi €BOFOIIT IIBUAKOCTI YIBTPa3BYKy € TpaHCHO-
pMarlisi 0OIHO3B's3aHUX (parMeHTiB («MEPTBUX KIHIIB») y JIBO- Ta TPHU3B'A3aHI CTPYKTYpH
(puc. 5), mo 6epyTh y4acTh y npoBinHocTi. LlboMy eramy BiANOBiIae EKCTPEMyM KPUBU3HU B
o6macri (b, puc. 3).

-

1 2
Puc.5. Cxema mpancghopmayii cmpykmypu KoMnosuyitino2o mamepiaiy nio yac meepoinHs.
1-nouamxkosuii nepiod, 2-ymeopenHs npogiOHOI CMpYKmypu , NO4amox myHcaeieHHs,
3-nepioo a (ymeopernts 000amrosux 00H038'a3anux (ppazmenmis), 4 — nepioo b
(mpancgopmayis 00H038'13aHUXx Pppacmenmis y 080- ma mpu3e'szami)

Ex30Tepmist TBEpAit04Oro KOMIO3UTY € HalOUIBII HENIPSIMUM BiO0OpaskeHHSIM CTPYKTYp-
HUX TpaHcOopMalliid, siKi BiIOyBalOTHCS B KOMITIO3UTI, TETUIOBUMA €EKT Ma€ KiIbKa CKJIaIOBUX
[5]. Y BHCOKOHANMOBHEHUX KOMITO3HIIIMHUX MaTepiaiaxX, MOAIOHUX IO AOCHIIKYBaHUX, HOBO-
YTBOPEHHS POCTYTh 3 MOBEPXHI 3€PEH BUXITHOTO B'SHKYUOTO, JI€ € Mapu MaTepiary, 0 Mpori-
JpaTyBaB, a00 KpucTajgorpadiqyHo MOJIOHUX AUISHOK MOBEPXHI TBEPJUX YACTUHOK, KPi3bpO3-
YUHHUU MEXaH13M pOCTY HOBOYTBOPEHB YTpYyIHEeHU. Touka mepernHy Ha eKCIiepuMeHTaIbHIN
KPUBIil €K30TepMii BiMIOBI1ae HAMOIIBIIIINA MIBUAKOCTI TETJIOBUILICHHS Ta 3BEPHEHHS 10 HYJIS
3Ha4YeHHs KpuBU3HH (puc.3). [[boMy MOMeHTy mMpuOIM3HO BIAMOBITAE MOMEHT JOCSTHEHHS
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3HAYHOI IJIOUII KOHTAKTY TiApaTalifHOro po34rHY 3 BUXITHUM B'SOKYYHM BCEpEIWHI Karliss-
PHO-TIOPUCTOT CTPYKTYpH Ta GOPMYBaHHSI TOHKHX IIapiB MOJICKYJT BOJIU (3B's13aHOT BOIM ) 1 BOAM
B IpiOHUX Kamijspax, a TaKOK HEBUCOKOI HATIOBHEHOCTI IyJTy BUTBHOI BOJIH, III0 HE KOHTAKTY€
3 B'SDKYYMM MarepiajgoM. 3MEHIICHHS HAIIOBHEHOCTI MyJIy BUIBHOI BOAM 3/IIMCHIOETHCS 3a pa-
XYHOK TpOILIeCy TifpaTarii Ta uepe3 3all0BHEHHS MOPUCTOI MIKPOCTPYKTYPH 3€PEH MaTepiaiy.
TakuMm YMHOM, ITHTEHCHUBHICTh €K30TEPMIYHHUX IPOIIECIB TAKOXK OMOCEPEIKOBAHO IMOB'sI3aHA 3
T€OMETPO-TOIOJIOTIYHOK CTPYKTYPOIO BOJHHUX IIIapiB Y KOMITO3HIIIHHUX MaTepiajax, a HyJb
KPUBU3HH I €K30TepMmii (puc. 3) BIAMOBIIa€ BITHOCHO PIBHOMiIPHOMY PO3IOALTY BOIH 32 J0-
CTYIHOIO JJIA TiApaTailii MOBEpXHI BUXITHOTO B'SDKYYOTO.

EdexT cuaxponizanii SKiCHUX 3MiH B B'SKYy4OMY TiCTi MOJKHA BUKOPUCTOBYBATH B IpaK-
TUYHUX THXCHEPHUX IULIX. OJJHUM 13 MOXKJIMBUX 3aCTOCYBaHb € BU3HAUEHHS TEPMiHIB TyXKaB-
JIeHHS 1, 0COOJIMBO, KiHIIS TY>KaBJICHHS BUCOKOHAIIOBHEHUX KOMIO3ULIHHUX MaTepialliB y TUX
BUIIAJKaxX, KOJU CTaHJapTHA METO/AMKA, 3aCHOBAaHA Ha METOJax MEeHeTpallii, He CIpPalbOBYE.
Criz 3a3HaYMTH, 10 TEPMIHU TYXKaBJICHHS PO3TIISIAIOTHCS SIK IOTOBIpHI BEJIMYMHH, SIKI IPUO-
JIU3HO BIJIMOBIIAI0Th CTPYKTYPHUM 3MiHAM B'SKy4OMY TiCTi.

JUis IpakTHYHOTO BUKOPHUCTAHHS PEKOMEHJY€EThCSI CYKYIHICTb 1BOX MeToJiB. Ileprumii
Mae OyTH TICHO TOB'SI3aHUH 13 CTPYKTYPHHMH 3MiHAMU Y TBEpii ¢azi, ApyTruii — B iHAYKOBaHIN
CTPYKTYPpi piakoi ¢a3u. [IponoHyeThcs BAKOPUCTOBYBATH Iapy METOMIB "MIBUIKICTh YIbTpa3-
BYKOBHX IMITYJIBCIB - JIieJIEKTpUYHI BTpaTH" ab0 "MIBUIKICTh YIBTPa3ByKOBUX IMITYJILCIB - €JIe-
KTponpoBiaHicT". Ilo4aTok Ty)XaBiIeHHA HaliHHO BU3HAYAETHCS 3a MEPIIMM CIPAI[bOBYBaH-
HSIM YJIbTPa3BYKOBOT YCTAaHOBKH (YTBOPEHHS MPOBITHOT CTPYKTYPH NEPKOJIAIIIIHOTO KJIacTepa)
[16], kiHeIb TyKaBIEHHS - IO 000X MPOIIOHOBAHUX 3MiH KOXKHOI Iapy BIAaCTUBOCTEH, 3 00Uu-
CJICHHSIM KPUBU3HH €KCIIEPUMEHTAIbHUX KPUBHX.

[Iponecu, mo BinOyBalOThCS Ha Mi3HIX TepMiHAX TBEpHiHHS, y mepion b i ¢ (puc.3) mis
CBOE€1 1IHTEpIpeTallli BUMararoTh J10AaTKOBUX €KCIIEPUMEHTAIbHUX JaHUX, JJIs CTaHy b 3ampo-
NIOHOBAaHA CTPYKTYpHA iHTepnpeTalis. B minomy, A mi3HIX SKICHUX 3MiH CIIpaBeAIMBa €11-
HICTh TEMIIOPUTMIB 1 TICHUH 3B'S30K 3 IKICHUMHU CTPYKTYPHHMH 3MiHAMHU, IO TIPEICTABIISIETHCS
peIMETOM MalOYTHIX TOCII)KECHb.

BucnoBku. [Tonepennst 00poOka eKCriepuMEHTATBHIX KPUBHX (TIEPEXiJ] 10 KPUBU3HM) JI0-
3BOJIsIE HAOUHO BUSIBUTH ACTIEKTH CUCTEMHOCTI, L0 CIIOCTEPIraeThes MPH TBEPAIHHI KOMIIO3HUTY
1 0a3yI0ThCS HA €THOCTI TEOMETPO-TOIOJIOTIYHUX TpaHchOopMaIliii CTpyKTypH TBep101 ¢a3u Ta
1HAYKOBaHOI CTPYKTYPH PIIKOro cepenoBuia. Biamosiani mepeOynoBu BinOyBaroThcs B OJIH-
3bKI MOMEHTH 4acy (Maiike CHHXpOHHO). OCKIIbKH 1Iei eeKT He TIOB'I3aHni 0e31ocepeTHbO
3 XIMIYHOIO PUPOJIOI0 MaTepiaiy, 0 TBEPIIE, TO BiH BUJAETHCS JOCUTh YHIBepcalbHUM. Ta-
KHM YUHOM, 3MiHa (DI3MYHUX BIACTUBOCTEH TICHO MOB'sI3aHA 31 CTPYKTYPHUMH 3MIHAMH y TBEP-
101 Ta piaKoi ¢azax TBEPAIFOYOT0 KOMITO3UIIIMHOTO B'SHKYUOTO 1 3[[IHCHIOETHCS B €JMHOMY Te-
MITOPUTMIi, IO YaCTKOBO BiJOOpakaeThCsi B TEPIOJUYHOMY BHUHUKHEHHI SKICHUX 3MiH B
EKCIEPUMEHTAIBHUX KPUBUX, OCOOIMBO B 3aIPONIOHOBaHIN TpaHCPOpMOBaHiil popmi.
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SYSTEM MECHANISMS OF STRUCTURE FORMATION IN MULTICOMPONENT
COMPOSITE MATERIALS

In this work, based on the study of the time dependence of physical properties - exothermia (heat release), electrical
conductivity on alternating current, dielectric losses in the volume of the hardening composite dough, the propagation velocity
of ultrasonic pulses, a systematic interpretation of the mechanisms of structure formation and hardening of gypsum-based
composites is considered. The study consists of three stages - the transformation of experimental data, which consists in cal-
culating the curvature of the corresponding experimental curves, the joint display of the transformed curves and the interpre-
tation of ongoing processes, taking into account the resulting visualization. The key stage of the system interpretation of the
obtained data is the transformation of the experimental curves. It makes it possible to identify features in the experimental
dependences that are hardly noticeable in direct visual analysis, but important for identifying qualitative changes in the system
under study. In the graphic dependences of the curvature of the experimental curves, there is a synchronization of the appear-
ance of qualitative features - the curvature vanishing and curvature extrema. Features appear almost simultaneously, in nar-
row time windows. This fact allows giving a systematic interpretation of the phenomena under study. The main systemic fea-
tures are the unity of the tempo-rhythms of system-structural changes in the binder dough, associated with the unity of their
causes - geometric changes in the dual structure of the binder dough - the solid phase and the liquid phase of the induced
geometry formed by layers of free and bound water. The system-structural interpretation of the ongoing changes makes it
possible, in particular, to identify the stages of the proposed topological changes in the solid phase - the formation of a con-
ducting structure (core) of a percolation cluster of the solid phase, the fouling of the conducting structure with single-connected
elements (dead ends), the transformation of single-connected fragments into doubly connected fragments participating in con-
ducting effects. These changes determine the conductive properties with respect to ultrasonic pulses. In parallel with these
transformations and almost simultaneously, the induced structure of the liquid and surface phases is transformed, which is
directly related to changes in other physical properties. The temporal unity of these changes is a manifestation of the systemic
nature of the ongoing processes. The proposed method for processing experimental data has an applied aspect associated with
indirect methods for determining the setting time from the transformed ultrasound velocity curves and the electrical properties
of the composite binder dough.

Key words: gypsum composites, hardening, system mechanisms, curvature
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3ACTOCYBAHHS T'EOAE3MYHOI'O MOHITOPHUHI'Y JISI KOHTPOJIIO
JAE®OPMAILIN BIJTHOBJIEHUX CITIOPY

Towxoooceni 6 nacnioox obcmpinie cnopyou modicymes oymu eionoeneni. OOHax, wepe3 cmopoHHIo Oil0 Hecy4ya Chpo-
MOJICHICIb OCHOB, CIIUKICIb KOHCMPYKYITE MaKux cnopyo modce Oymu nopyuiena. Tomy no 3agepuientio 8i0H08II06ANbHUX
Pobim OoyinbHo 6ecmu MOHIMOPUHE 3 IX CIAHOM.

Ananiz HopmamusHux OOKyMeHmi6 3 NUMAaHb MOHIMOPUH2Y MEXHIYHO20 cmaHy 00 €Kmie 003605€ GUIHAYUMU OCOONU-
80Cmi NPOBEOEHH S 2€00€3UYHO20 MOHIMOPUHZY 1020 Oeqhopmayill.

Memoro cmammi € ananiz Moxciusocmeti 8i00Moi yHigepcanvbHoi podomu306anoi cucmemu 014 ii 3aCMOCYBAHHSA 3 MEMOI0
KOHmMpOTio depopmayiil 6i0HO6IEHUX 00 '€Kmi8.

Pozenanymo cxnao, npunyun pobomu ma 3acmocysants pobomu308anoi cucmemu, AKa mooice Oymu 3acmocoeana 0l
KOHmpOJio 3a deghopmayiamu 0CHO8, (hyHOAMEHMI6 GIOHOGIEHUX CNOPYO MA IX YACMUH, [HJHCEHEPHUX Mepedc ma 00 €kmig
ingppacmpyxmypu.

Knrouoei cnosa: 2eodesuunuii MoHImopune, poOOmu3068ana cucmema, nopyuieHi cnopyou, degopmayii cnopyo.

Puc.: 7 Bion.: 8.

AKTyaJIbHicTh TeMHM AocailzkeHHsA. Hapasi 00’ekTH eHepreTHku, MPOMHUCIIOB] CIIOPYAH,
TOPTIBEJIbHI IIEHTPH, KUTJIOBI OyJIMHKH 3a3HAIOTHh MOBHHUX a00 YaCTKOBUX pyHHYBaHb BHa-
ciigok obcrpinis. Ilomkomkeni ciopyan MoxXyTh OyTu BigHOBIeHI. OqHAK, yepe3 it BHOY-
XOBO1 XBHWJII, CTPYC BiJl pO3pHBIB OO€MpHUIIaciB, MaJAiHHS yJIaMKiB 30UTHX 3acO0IB ypaKeHHS
Hecy4a CIIPOMO>KHICTh OCHOB, CTIMKICTh KOHCTPYKLIN TaKUX CIOPYA MOKe OyTH HOpYIICHA.

IlocTanoBka mpoOJemu. ['eonesnyne 3abe3MeUeHHs CYNPOBODKYE TpoIec OymaiBHUIITBA
CrIopy[ Ha CTajiii MpoeKTyBaHHs Ta 1i 3BefieHHs [1, 2, 3]. YV BUnaaKy MOIIKOIKEHOI CIIopyAu 00-
CTEe)KEHHSI Ta OIIHKH il TEXHIYHOTO CTaHy BUKOHYIOTHCS 3T1HO 3 [4], a reoie3udHi poOOTH i1 4ac
Bi/IHOBJICHHS CIIOPY/IM BUKOHYIOTBCS Y BINIOBIHOCTI 3 HOPMAaTuBHUM JoKymeHTOM [2]. ITicis
3aBEpILECHHS BiTHOBIIOBAIBHUX POOIT, BPaXOBYIOUH IMOTIEPEIHIO 3HAYHY CTOPOHHIO JIiF0 HAa KOH-
CTPYKIIIIO CIOPY/H Ta i OCHOBY, IOLLIBHO BECTH MOHITOPUHT 32 ii craHoM. Lle 0cobarBO BaXITHBO
JUISl BUCOTHHUX CHOPYJ, CHOPY 3HAYHOT MPOTSHKHOCTI Ta YHIKAJIBHUX CIIOPY[, PyHHYBAaHHS SKUX
MO€e TIPU3BECTH JI0 JTFOJICBKUX JKEPTB Ta 3HAYHUX EKOHOMIUHHX 30UTKIB.

AHAaI3 OCTaHHIX 10CTizKeHb | myOJikanii. MOHITOPUHT — HaIJIsI1 32 TEXHIYHUM CTAHOM
00'exTa, HOro0 YaCTHUH, OKPEMHUX KOHCTPYKLINA a00 OCHOB 3 OLIHIOBaHHAM iX jaedopmariiii Ta
HECYy40i 3/TaTHOCTI, CTIMKOCT1 Ta MPUAATHOCTI J0 eKcIuTyaTallii [5]. 3rigHo 3 HOpMAaTUBHUM JI0-
KYMEHTOM [4] MOHITOPHUHT TEXHIYHOTO CTaHy 00’ €KTIB Ta iX KOHCTPYKILIA BUKOHY€ETHCS IILJIs-
XOM TIEP10IUIHOTO a00 OE3MePEePBHOTO CIIOCTEPEKEHHS 1 KOHTPOJIIO. 3a pe3yJIbTaTaMH CIIOCTE-
PEKEHb MPOTHO3YETHCS MOJAIBIIMKA PO3BUTOK HEraTMBHUX mpoteciB. IlepioguunicTh
KOHTPOJIIO BU3HAYAETHCS 3 YpaxXyBaHHSIM MaKCUMajlbHO MOXJIMBOI IIBUIKOCTI 3MIHU KOHTPO-
JHOBAHOTO MapaMeTpy Ta CIIBBIIHOLICHHS BapTOCTI IUX POOIT A0 MOXKIUBUX 30UTKIB Bif
HECBOEYACHOTO BUSBIIEHHS MOIIKOIKEeHb. MeToMKa Ta 00CAT CIIOCTepEekKEeHb, K1 BKIIOYAIOTh
BUMIpHU, TOBUHHI 3a0€3M€YUTH JOCTOBIPHICTH 1 MOBHOTY OTpuMaHoi iHopmartii. Lle no3sosse
MiATOTYBaTH OOIPYHTOBaHI BUCHOBKH IIIOJI0 TIOTOYHOTO TEXHIYHOTO CTaHy 00’ €KTYy CIOCTEpe-
KEHb Ta KOPOTKOCTPOKOBUH MPOTHO3 LIO0 HOTo CTaHy.

© Cepriit Kpsiaok, Bagum benenok, Banepiit ['maginin
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BauBuUM eneMeHTOM MOHITOPUHTY TEXHIYHOTO CTaHy 00’ €KTY € MPOBEACHHS I'€0/1e31-
HOTO MOHITOPUHTY Horo nedopmartiid. ['eone3nynnii MOHITOPUHT BKIIFOYA€E B ce0e eIeMEHTH
BUMIpIOBaHb, (DiKcallilo pe3yabTaTiB Ta aHATNITUYHY 0OpoOKYy OoTpuMaHuX naHuX. I'eome3ny-
HOMY MOHITOPUHTY MiJIATal0Th: OCHOBH, (DYHIAMEHTH, KOHCTPYKIIii OyiBeIb Ta Criopy abo
X YaCTUHH, IH)KEHEpHI Mepexi, MM I3eMH1 CIIOpYyIU, 00’ €KTH 1HYPACTPYKTYpH, IO iX OTOUYIOTh
[2]. ITix yac reoae3UYHOTO MOHITOPUHTY BU3HAYAIOTh HACTYITHI XapaKTEPUCTHKHU JTePopMallii.
Jlst ocHOB: BepTUKaNIbHI AedopMaliii Ta TOPpU30HTAIBHI 3MITIICHHS IpyHTY. st pyHIaMeHTiB:
abCOJIIOTHE OCIIaHHS, CEepeIHE OCITaHHS; HEPIBHOMIPHE OCiJaHHS, BIIHOCHE HEpIBHOMipHE
ocimanHs. JlJis Ha3eMHOI YaCTHUHU CIOPYIH: BIAXWJICHHS BiJ BEpTHKaNl (KpeH) CHOpPYAH B
1isiomMy, Oy IiBEIbHUX KOHCTPYKLIHN (0ceit KOJIOH, CTiH, Ji(pTOBUX MIaXT TOMI0); fedopmarlii Ko-
JIOH Ta THIMX OCTOHHUX KOHCTPYKI[iH; PO3KPUTTS TPIIMH Ta AUHAMIKY 1X po3BUTKY [2]. s
BUMIPIOBaHHS HaXWIiB (YHJAMEHTY Ta iX HEPIBHOMIPHOT'O OCIJJTaHHS PEKOMEH/I0BAaHO BUKOPH-
CTOBYBAaTH CTalllOHAPHY T1APOCTATUYHY CUCTEMY, JJIsl BIAXHUJICHHS BiJl BEpTUKAIl, KOJMBAHb 1
KpYYEHHs BepXy OyIiBii (CIIOpY/IN) - CHCTEMY BUMipIOBaHHS KOJIMBAHb 1 HAXHMIIIB CIIOPY AU 200
CTaIlloHapHYy aBTOMAaTHU30BaHY CUCTEMY Ha OCHOBI J]JaBayiB KyTa BIIXWJICHHS B1J BepTUKaII [2].

BuaisieHHs1 HeqOC/IIIKeHUX pPaHillle YaCTHH 3arajibHoi npodaemu. B HaBeneHnx HoOp-
MaTHBHHUX JOKYMEHTaX BU3HA4YCHHs JeopMalliil Criopy CIIUPAETHCS HAa TPAIUIIINHI METOIN
1HKEeHEepHOT reoie3ii: reoMmeTpudHe (TiApocTaTHUHE, T1IPOAMHAMIYHE) HIBEIIOBAHHS, JIHIHHO-
KYTOBI BUMIPIOBaHH:I, CTBOPHI crtocoOu Ta hoTorpamMmmeTpudHi Mmetoau. Hapa3i BUKOpHCTOBY-
10ThCs1: GPS-koopauHyBaHHS — 111 OCHIKEHHS eopmaltiii 6araTonoBepxiBoK, HA3eMHE Jia-
3epHE CKaHyBaHHSI — JIJIsl BU3HAYCHHS KPEHIB CIIOPY/, IHKJIIHOMETPH — JUISI KOHTPOJTIO TOPU30H-
TAJIBHOTO 3MILIECHHS CHOPYIH, POOOTH30BaHI TaXEOMETPU — JJIsi BU3HAYEHHS MPOCTOPOBUX
nedopmariiii Hecyurx Ta OTOPOJDKYBaIbHUX KOHCTPYKIIiH [6,7]. HemocmimkeHnM € 3acTocy-
BaHHS aBTOHOMHHX POOOT30BaHUX CUCTEM T'€0JIe3MYHOTO MOHITOPUHTY Aedopmaliif, KOTpi iH-
TErPYIOTh CydYacHI 3acO0M 1HXKEHEPHOI Teojie3ii, JJIa KOHTPOIo nedopmaliiidi BiJHOBICHHX
00’€KTiB.

Merta crarTi. ['0I0OBHOIO METOIO ITi€1 CTATTI € aHaJi3 MOKIIMBOCTEH B1JIOMOI YHIBEpCab-
HOi poOOTHU30BaHOI CUCTEMH I ii 3aCTOCYBaHHS 3 METOIO0 KOHTPOJIIO Jeopmaliiii BiTHOBIIE-
HUX 00’ €KTIB.

Bukiaa ocHoBHOro martepiaiy. B mxepeni [§8] HaBeneHO cucTeMH MOHITOPHHTY 3CYBiB
ta nedopmariit 3DeMoN. Cuctema moHiTopuHTY 3DeMON - aBTOHOMHA 1 aBTOMAaTHYHA TIaT-
(opMa MOHITOPUHTY, IO CKIIAAETHCA 3 PSAY CTAHLINA MOHITOPHHTY, PO3IMOIIICHUX Ha 00’ €K-
Tax MOHITOPUHTY (HaNPUKJIAM, 3CyB IPYHTY, MICT a00 Oy/IIBJISA) 1 MIIKIIOYSHUX O OJHOTO 200
nexinbkox mudposux (Hanpukian, GPS-npuiimadi abo na3zepHuX Bignanemipis), abo aHao-
TOBUX JaBadyiB (HAMPUKIA, 1HKJIIHOMETPIB, TEH30/IaTYMKIB 1 T.JI.) 1 IEHTPAIBHOI CEPBEPHOI
cranuii. LlenTpanbuuil cepBep 3abe3mneuye 30ip, 30epiraHHs JaHWUX, YNPaBIiHHSA KOH)Iry-
palli€ro CTaHIii MOHITOPUHTY, aBTOMaTUYHY OOpPOOKY JaHHX Ta KOHTPOJIb 32 KOPEKTHOIO PO-
00TOI0 MEpexi.

Apxitektypa Lentpy ynpasmiaas 3DeMoN 6a3yeThcsi Ha CydacHOMY 00'€KTHO- Ta KOM-
NOHEHTHO-OPIEHTOBAHOMY JW3alHI 1 peaii3oBaHa 3a JOMOMOIOI0 MOBH IPOTpPaMyBaHHS
Java™, mo Biamosimae cranmapram Java™ 2 Enterprise Edition (J2EE). bazoBa ctpykTtypa
nporpaMu Moske OyTH pO3IIMPEHa, BIAMOBIAHO 0 BUMOI KOXKHOTO KOHKPETHOTO IMPOEKTY
MOHITOPHUHTY, MPOTPAaMHUMH KOMITOHEHTAMH, IO IMiAKII0YAI0ThCS, CIeIU(PIIHUMHI IS TIEB-
HOT'O KOMYHIKAIIifHOTO TIPUCTPOIO.

[Tepmmii BUMIprOBaIbHUI MPUCTPIH, kKl OyB iHTerpoBanuii B uiargopmy 3DeMoN - 1ie
onuo wacrtotauii L1 GPS-npwuiimau. BiH Mae TOUHICTh BH3HAYEHHS KOOPAWHAT: aOCIHCH Ta
OpJIMHATH £ 2 MM, arTikatk = 4 MM. MoOHa BCTaHOBIIIOBAaTH Ha 00'€KTI MOHITOPUHTY OJIHY
abo JeKiabKa aBTOHOMHHX BUMipIoBanbHUX cTanuii GPS-posepis (puc. 1.), a Takox oaHy abo
nekiibka onopHux GPS-cranmiii. OnopHi cTaHIii MOBUHHI OyTH pO3TallloBaHl y CTaOUIBHHUX
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MICIISIX, 11032 MeKaMH 00'€KTy MOHITOPUHTY Ta pyXoMux 00'ekTiB. JlaHi po a3y Hecyuoi ya-
cToTH 3 cynyTHUKIB GPS CHHXpPOHHO 30MparoThcs BCiMa BUMIPIOBAIBHUMU CTAHITISIMA MEPEXKi
Ta aBTOMAaTUYHO 3aBaHTAXYIOTHCS HA IIEHTPaJIbHY CEepBEpHY cTaHIlito. Hapemiri, aBToMmaTnyHa
cimy»0a cratuaHoi moctoOopooku gannx GPS BukoHye Bci HE0OXiIHI IEPETBOPEHHS, TOBTOPHY
BUOIPKY 1 0a30B1 pO3paxyHKH, MOBEPTAOUN BiTHOCHI 3D-KOOpaAUHATH TOYOK MOHITOPHHTY SIK
KIiHIIEBUH pe3yJIbTaT KOXHOI BUMIipIOBAIBHOT KaMmaHii. CucTeMa 31aTHa aBTOMaTHYHO BUKO-
HyBaTH MMOBHUHU ITUKJI 300Dy, ITepeaadi Ta mocToOpoOKH JaHUX.

Puc. 1. Bumiprosanvra cmanyis 3DeMoN na 06 ’ekmi monimopuney:
GPS-posep 3 consunoro 6amapecto [8]

3DeMoN-Laser - 11e cuctemMa Ha OCHOBI JIa3€pPHOTO BijjaieMipa, sika J03BOJISE€ BUKO-
HyBaTH Oe3MepepBHI Ta aBTOHOMHI BHUMIpPIOBAHHS BIJICTaHI 3 MIJIMETPOBOIO TOYHICTIO Ha
Bizcrani g0 1000 m (puc. 2, a). Tunosa koHiryparis Bignainenoi cucremu 3DeMoN-Laser
CKJIaJIa€ThCs 31 cTaHIlii MoHITOprHTY DeMOoN, sika 31aTHa KepyBaTH TpbOMa JIA3€PHUMH TPH-
Janamu. Y pa3i BCTAaHOBJICHHS HA BIIKPUTOMY MOBITPI JIa3€pHI MPUIIAAH 3a3BUYal MOHTYIOThCS
B 3aXHUCHHH KalOiH1 (puc. 2, 6). [Ipu 6e3noceperHpOMY MIAKIIOYEHH] 0 MEPEXKi, HATPUKIIA, Y
BUIAJIKY JIOKAJIbHOI CHCTEMH MOHITOPHHTY BeepeauHi OyniBii, To 10 160 na3epHuX npuiais
MOXXYTb OyTH IHTETPOBaHI B OJJHY MEPEXY, MOEAHYIOUHNCH Yepe3 MUHY 1 3'eqHaHHs [HTEpHET.

Cuctema 3DeMoN-Laser Mmoske OyTu 3aCTOCOBaHa B Pi3HUX cpepax MOHITOPHUHTY, TAKUX
SK 3CYBH, OCiTaHHS IPYHTY, HECTaOIIbHICTh CXWJIIB, MOHITOPUHT TYHEJIB, Ta Oy/iBeNb, KOH-
TPOJb PIBHA BOJAM B pe3epByapax abo B iHXKCHEpHINA Teojesii, e HEOOXiTHO MPOBOAHUTU
BUMIPIOBAaHHSI BiZICTAaHEH 3 MIJIIMETPOBOIO TOYHICTIO.

OcHoBHi xapakrepuctuku cuctemu 3DeMoN-Laser: MakcumallbHa BHUMIpIOBaHa
BijicTanb | kM, dac BumiptoBanHsa 0.2 - 4 ¢, TOYHICTh BUMIPIOBaHHS BiACTaHi (CTaHIapTHE
BimxwieHHs) ckinamae +0,2 MM (BUMIprOBaHHS B mpuMimieHHi) Ta £1,5 mMm (30BHIIIHI
BUMIPIOBAaHHS).

[Tpunax ROBOVEC 6a3yeThcs Ha 1a3epHOMY BijialeMipi, BCTAHOBICHOMY Ha ABOBICHIHN
MOIYJIBHIA KOHCTPYKINi 11 TOPU30HTAIBHOI Ta BEPTHUKAIBHOI Opi€HTaIlll BUMIPIOBAIBLHOTO
npuiany. [Ipunaa 31aTHHM BUMIpIOBAaTH Bapiallilo BiJICTaHEeH 1 Bapialii BiAXWIEHHS TOPU30H-
TaTbHUX 1 BEPTUKAIBHUX KyTiB. KpiM TOTO, TiJ 9ac KO)KHOTO BUMIPIOBAaHHS BHU3HAYAETHCS 1
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30epiraeTbcsi TEMIIEpaTypa MoBIiTPs 1 MOTYKHICTh BigouToro curnaiy. [lpunan kepyeTses ue-
pe3 [aTepHeT-3'eTHAHHS 1 TOMY MOKE OyTH JIETKO IHTETPOBaHUHN B 1CHYIOYI CHCTEMHU MOHITO-
PUHTY Yepe3 IpOoToBY abo 0e3apoTOBY JOKaIbHY Mepexy (puc. 3, a). Ilix yac BUMiproBaHHS
ROBOVEC moxe BUKOHATH TTOBHE CKaHYBAaHHS PiBHS BIAOUTOrO CUTHATY Ha OOpaHUX IIUISIX.
OTtpumani JaHi MOTIM aBTOMAaTHYHO OOPOOJISIOTHCS 3a JOMOMOIOI MPOTrpaMHOro 3abesre-
YEHHS Ta BIACHUX aJITOPUTMIB.

Puc. 2. 3DeMoN-Laser: a) - ycmanoska 3 060Ma 1a3epHUMU NPUIAOAMU A CIAHYIEIO
MOHIMOPUHEY 3 COHAYHUM HCUBNEHHAM, 0) — YCMAHOBKA 8 3axXucHil Kaobini [§]

Le no3Bomsie po3paxoByBAaTH KOOPAUHATH LIEHTPY HOBOT LTI Ta CIIIKYBAaTH 32 PyXOMHMHU
niasMu (Hanpukiaa, Ha 3cyBi). Ha puc. 3, 6 mokazaHo TUTIOBE 300paK€HHS PiBHS BIIOUTOTO
CHTHAIy 3 pe3yJibTaTaMu poOOTH AJITOPUTMY LIEHTpOIITyKaya 1iji (BI3UpHOI MapKH).

H12
. H13

W2 gl W14
+ +2V_1*_.J%fi§v_1j\!—1’_ 3 4
+H1
+H1E

H17

o

Puc. 3. Ilpunao ROBOVEC: a) — 308HiwHiIl 6u2nso;
0) — pe3yaemam pobomu aneopummy nowyky yenmpy mapxu [8]

230



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 3(33),2023
TECHNICAL SCIENCES AND TECHNOLOGIES

Ha Bincransax menme 50 M ROBOVEC moxe npamoBatu y 63 peIeKTOpHOMY peXHMI,
TO OKpIM 3HOMKH Ta MOHITOPHHTY, BIH MOXK€ TaKO)X BHKOPHCTOBYBATHCS IS 1HIIMX 3a/ad,
HaNpUKJIaa, OTpUMaHHs npodiiaiB a00 cKaHyBaHHS IOBEPXOHb.

[Tnatdhopmy 3DeMoN 0Oyiio 3amydeHo UIsi MOHITOPUHTY JIaxy METPOIOodiTeHy. MeTpo-
nositeH ["amidaxc (Beiinapis) — e MyJIbTUPO3BAXKAIBHUMA LIEHTP, CHOPTUBHUHN 00'€KT Ta BU-
CTaBKOBHH IIEHT), 3'¢1HaHM 31 CBITOBUM LIEHTPOM TOPTiBIII Ta KoHepeHIi (puc. 4). Hapasi
BiH Ma€ MicTKicTh Ha 10595 rnsanauis. 3 yacy OyaiBHHMITBA apeHH HanpukiHii 1970-x pokiB
MIPOEKTHI HaBaHTa)KEHHS 3HauHO 3pociu. CrocTepiraeTbesi MOCTiMHE Ta 3pOCTa0ue BUKOPH-
CTaHHS MJBICHOTO 00JIaAHAHHS /I CBITJIA Ta 3BYKY, 30UIBITYIOYM HaBaHTAXKCHHS HA HECydi
KOHCTpyKIi [8].

Brnacauku merpomnoniteHy B ["amidakci BUpIIIWIN MPOBECTH CTPYKTYPHE MOCIIKCHHS
KOHCTPYKIIi Aaxy i 3a0e3mednty 3acobu a7 epeKTUBHOTO MOHITOPUHTY (PaKTHUYHUX CHITOBUX
HaBaHTA)XCHb 1 YIIPABIIIHHS PO3BAKATLHUMH HaBaHTAXKCHHSIMU, TiABIMIEHUMH JI0 J1aXy.

Puc. 4. 3oeuiwmniti euenno Mempononimen I'ani gpaxc [8]

Byna BcTaHOBIICHAa KOMIUIEKCHA CHCTEMa MOHITOPHUHTY CTaHy KOHCTPYKIIii, IO MTOEAHYE B
co0i BojokoHHO-onTHYHI AaBadvi 1 6ok ROBOVEC, ska Hagae iHdopmanito mpo cTaH KOH-
CTPYKIIi Jaxy B peasibHOMY 4aci (puc. 5, puc. 6).

&
v

Binpanennit 1ocTvM CHCTEMH OMOBINEHHA

Puc. 5. Koughieypayis cucmemu monimopuney [8]
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Bbnok 3unTyBaHHS BOJIOKOHHO-ONTHYHUX AaBadviB i mpwiag ROBOVEC mnigknroueHi 1o
ICHYIOUO1 JIOKQJTbHOT MEpEeXi, a CIeHiaIbHU KOMITIOTEP Kepye JaBadyaMu, 300pOM JTaHHUX 1
BUMipIoBaHHAMU. JlaHi nedopmartii BOJOKOHHO-ONTHYHUX JaBayiB aBTOMAaTHYHO KOMIICHCY-
IOTHCS 32 JIOTIOMOTOO BIJIMOBIIHUX TEMIIEPAaTypHHUX JaBaviB, B TOM Yac sIK BUMIPIOBaHHS KyTa
HaXWIy 1 BiICTaH1 aBTOMAaTHYHO MEPETBOPIOIOTHCS B 3HAUYCHHS ITPOTHHY.

[TonepekeHHS Ta CUTHAIN TPUBOTH TMHAMIYHO TeHEPYIOTHCSA 3a IOCATHEHHS 3aJaHUX T10-
pOroBHX 3HaueHb Aedopmalii B 6aaKax abo MOpOroBUX 3HaYEHb NPOTUHY (epM.

a 9]

Puc. 6. Enemenmu cucmemu monimopuney: a) — ROBOVEC ecmanogénenuii Ha KOJIOHI 8
yenmpi cmanyii mempo, 0) - YeHmparbHuLl BUMIPIOBAILHUL NYHKM 31 CNeYiaIbHUM KOMN 10~
mepom (i8opyy) ma 80I0KOHHO-ONMUYHUM OIOKOM 3yumyeants [8]

[ToBimomIeHHS PO 111 MTOAIT HAICUIIAIOTHCS €IIEKTPOHHOIO TIOMITOIO TIEBHIM KUIBKOCTI 0C10
3 IEPCOHAITY OXOPOHH OY[IiBIIi, a TAKOX Y BUTIISI CBITJIOBOI CUTHAI3AI] B TUCIIETYCPCHKIM.
Ha puc. 7 nmokazani BinxuneHHs, BuMipsHi 3a gornomorotro ROBOVEC npotsrom 2 THXHIB.
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Puc. 7. I'pagiku sumipsanux npocunis [8]

[Ipunan BUKOHY€E NMOBHE CKaHYBaHHS BCiX Ae(opMariifHuX MapoK KOxHi 6 TouH, TO sIK 36
BOJIOKOHHO-ONITUYHUX J]aBaydiB BUKOHYIOTh CKaHYBaHHS KOXHI 15 XBUIJIMH.

BuCHOBKM BiAMOBiAHO 10 cTaTTi. PO3IIsIHYTO CKIaj, MPUHIUI POOOTH Ta 3aCTOCYBAaHHS
po0OOTH30BaHOT CUCTEMHU MOHITOPHUHTY 3CyBiB Ta Aedopmariii 3DeMoN, sika 103BoJIsiE€ oniepa-
THUBHO Ta 3 MUTIMETPOBOIO TOYHICTIO BU3HAYATH MapaMeTpH 3CYBiB, nedopmallii criopy/ Ta HaB-
KOJUIIHIX 00’€kTiB. Taka 4un mojiOHa aBTOHOMHA Ta aBTOMAaTHYHA yHIBepcajgbHa POOOTH30-
BaHO IUIaTGopMa Moxe OyTH 3acTOCOBaHA Ui KOHTPOJIO 3a JeOopMallisiMHd OCHOB,
(GbyHIaMEHTIB BITHOBJICHUX CIIOPY/I Ta X YaCTHH, IHKEHEPHUX MEPEX Ta 00’ €KTIB iHYpacTpyK-
TYpPH, IO IX OTOYYIOTb.
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APPLICATION OF GEODETIC MONITORING TO CONTROL DEFORMATIONS
OF RECONSTRUCTED STRUCTURES

Currently, energy facilities, industrial buildings, shopping centers, and residential buildings are completely or partially
destroyed as a result of shelling. Due to extraneous impact, the bearing capacity of foundations and structural stability of such
structures may be disturbed.

The inspection, assessment of the technical condition of the damaged structure and its restoration are carried out in
accordance with the existing regulatory documents. After completion of restoration works, taking into account the previous
significant extraneous impact on the structure and its foundation, it is advisable to monitor their condition. This is especially
important for high-rise structures, structures of considerable length and unique structures, the destruction of which may result
in human casualties and significant economic losses.

The analysis of normative documents on monitoring of technical condition of objects and their structures allows deter-
mining the ways of monitoring, the criterion of its periodicity. An important element of monitoring the technical condition of
the object is geodetic monitoring of its deformations.
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The purpose of the article is to analyze the capabilities of the well-known universal robotic system for its application to
control the deformations of restored objects.

The 3DeMoN robotic shear and deformation monitoring system consists of a number of monitoring stations distributed at
the monitoring object and connected to one or more digital devices (GPS receivers, laser range finders) or analog sensors
(inclinometers, strain gauges, fiber-optic sensors, etc.) and a central server station. The central server station provides data
collection, data storage, configuration management of monitoring stations, automatic data processing and control over the
correct operation of the network. This allows to quickly and with millimeter accuracy determine the parameters of landslides
and deformations of structures and surrounding objects.

Such or similar autonomous and automatic universal robotic system can be applied to control deformations of the bases,
foundations of restored structures and their parts, engineering networks and infrastructure objects that surround them.

Key words: geodetic monitoring, robotic system, deformation of the building.

Fig.: 7. Bibl .: 8.

Kpstaok C., benenoxk B., ['mazinin B. 3actocyBaHHs reo1e3M4HOr0 MOHITOPHHTY JUTsl KOHTPOITIO AehopMaliiii BiJHOBICHUX cOpyA. Texuiuni
nayku ma mexuonoeii. 2023. Ne 3(33). C. 227-234.
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METO/I JUPEPEHIIAJILHOI PAJAPHOI IHTEP®EPOMETPI TSI
MOHITOPAHT'Y TEPUTOPII MIBEMHOI'O CXOBHIIIA T'A3Y

YV pobomi npeocmasneno suxopucmanms memooy ougepenyianvroi inmepgepomempii 0 mepumopii niozemHozo 2a-
30CxX08UWA, SIKULL O0360JI51E GIOCMENCUMU BEPMUKALLHULL PYX MONOpAQiuHoi nosepxui 06 'exmy.

Ilpeocmasneno pesyromamu onpayioganis 29 padionokayiinux 3Himkie, ompumanux cynymuuxom Sentinel-1 3a nepioo
3 uepens 2020 p. 0o mpasus 2021 p. Ha ocnosi pesyismamis onpaytosanus 6yio ompumano 28 deghopmayiiinux kapm, saxi
NOKA3y10Mmsb OUHAMIKY 8EPIMUKATLHUX PYXI@ 3eMHOI NOGePXHI Midic nocaioogHumu 3uimanusamu. Pesynomamu y3eooacyiomocs 3
OaHUMU HA3EMHUX O0CTIONCEHb MA 8IONOBIOAIOMb CE30HHUM PYXAM NOKPIGI 2A30CX08UYA, 3YMOBIEHUX BUPOOHUYUMU NPOYe-
camu. Beasicacmo 3acmocyeants memooy OUCmMaHyiiiHo20 padioNoKayitiHo20 30HOYE8AKHS eheKMUBHUM OJIsL MOHIMOPUHZY KO-
DPOMKOCIMPOKOBUX PYXi8 MONOZPAPIYHOI NOBEPXHI NIO3EMHO20 CXO8UWA 2A3).

Kniouosi cnosa: niozemne 2azocxosuwe; ougepenyianvia inmepgepomempis; inmeppepocpama, Oucmaunyiiine 30H0y-
6aHHA, CYNYMHUKO8I padionokayiini 3nimku, Sentinel-1.

Puc.: 2. bi6n.: 14.

Beryn. Monitopunr migzemanx cxosuin razy (I1ICT) — e rapanTis 6e3nepediitHoi poOoTH
CTpPATETIYHO BAXKJIMBOTO 00 €KTY MAJIMBHO-EHEPreTUYHOTro Komruiekcy. HoBi TexHosorii no-
3BOJISIFOTH MPOBOAMTH TIEBHI €TaIy BiJCTE)KCHHS TUCTAHIIIMHIMHU METOJJaMH HEPYHHIBHOTO KO-
HTPOJIIO, SIKI He MOTPeOyIOTh 3yNMHKN UM 3MIHU PEXHUMY €KCIUTyaTallii miApueMCTBa, a Ipo-
BOJSITHCS HE3aJICKHO BiJI TEXHOJIOTIYHOTO Mporecy o0'ekTy. CBITOBUH JOCBIT JEMOHCTPYE
e(eKTUBHE BUKOPUCTaHHS CYITyTHUKOBUX 3HIMKIB JUIS BUPILLICHHS 3aBJIaHb 1HXEHEPHO-Teo0/Ie-
3MYHOTO0 MOHITOPHHTY. 3aCTOCYBaHHS CYIyTHHKOBOI pPaaiojOKaIlifHOTO iHTepdhepomeTpil
(InSAR), akTUBHOI TEXHOJIOT1T IUCTAHIIITHOTO 30HTyBaHHS 3€MIIi, € MOTY>KHUM 1HCTPYMEHTOM
TSl BU3HAYCHHS edopMaltii moBepxHi Ta BioOpakeHHs pesibedy Ha MOBEPXHI 3€MHO1 KYJTi.

Came gociipKeHHS 3MiHA BUCOTHOTO MTOJIOKEHHS TOMOrpagdivHoi HOBEPXHI MiI3éMHOT0 ra-
30CXOBHIIA € BAXKJIMBUM €JIEMEHTOM MOHITOPUHTY. 3acTocyBaHHs MeToauku InSAR 3a6e3neuye
CTBOPEHHS CYLIJIbHOI KapTH BepTUKaIbHUX pyxiB mokpismi [1CI". Ha BigMiHy Bim AMCKPETHUX
pe3yibTaTiB BU3HAYCHHS BUCOT PEIEpiB, CYLUIbHI KAPTU BEPTUKAIBHUX AeopMarliii 103BOIs-
I0Th BUSIBJISITH HEOE3IMEYHI MPOSBU: TPINUHYBATOCTI MOKPIBII, pO3repMeTH3allii, 3MiHH arpo-
nanamadTiB TOmO. 30KpeMa, B 6arathox BUIaAKax, HeHanexkHa ekcruryatarist [ICIT mpuzBoauts
JI0 MOTO pO3repMeTH3aIlii, 0 3yMOBJIIOE 3ara30BaHICTh MOBITPS, MPOHUKHEHHS Ta30XIMIYHUX
CMOJIYK Yy BOAOHOCHI TOPH30HTH, @ TAKOYK BUHUKHEHHSI HEOE3MIEUHNX 3CYBHHX Ta €pO31HHUX MPO-
IIECIB, 1110 BUKJIMKAE 3MiHU JIaHAIIA(TIB MPUPOTHO-TEPUTOPIATLHUX KOMITICKCIB [1].

AHaJi3 ocTaHHIX qocaikeHsb i myoaikauniii. locnimkeHHIM JaHUX CYITyTHHKOBOI pajia-
pHOi1 iHTep(depoMeTpii Ha BAXKIIMBUX CHEPTeTUYHUX 00’ €KTax 3aliMarOThCsl 0araTo HayKOBIIIB.
LikaBuM € pe3ynbTaT Takoi podotu came it reputopiii [ICI [2, 3], anamni3 qaHux K01 BKa3ye
Ha BHUSBJICHHS IOCUTh YITKWUX 3MIH BEPTUKAJIBHOTO TIEPEMIIICHHS TomorpadiqHoi moBepxHi 3
TOYHICTIO 71O MUTIMETpiB. Pe3ynbTaT Moka3yroTh BUCOKY KOPEISIII0 MK IIEPIOJUYHUM 3aKa-
YyBaHHSM 1 BiIOOPOM MPHUPOJHOTO razy B/3 MiJ3EMHOTO pe3epByapa Ta MEPiOJUIYHUMH 3Mi-
HAMU BUCOTHU MICIIEBOCTI HaJl HUM (aMIUTITy/1a 3MiH BUCOTH B CAHTUMETPAX ), IO MOXKE JT03BO-
JUTH BUSIBUTH aHOMAJIbHI SBUILA.

© Jlenuc KyxTap, Poxconana OnecbkiB, 2023
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OkpiM OYEBHIHUX IepeBar BHUKOPUCTAHHS OE3KOHTAKTHHUX METOMIB CHOCTEPEKEHHS,
CYITyTHHUKOBA pajiapHa iHTepdepomerpis 3abe3nedye BHCOKY TOUHICTh Ta MPOCTOPOBY ILiJb-
HICTh Pe3yJbTaTIB CIIOCTEPEIKEHB. 3a pe3yJIbTaTaMHt OMPAIIOBAHHS, OTPUMYIOTh KapTH BEPTHU-
KaJIbHUX PYyXiB JOCTIDKYBaHOI TepuTopii. HasBHICTE gocTymy a0 0a3 MaHUX CyIMyTHHUKOBUX
3HIMKIB JIO3BOJISIE CTBOPIOBATH HA0OpW JaHUX IS aHAIII3y T€OJMHAMIYHOI aKTHBHOCTI TEpH-
TOpPii B MHHYJIOMY, a TaKOX BH3HAYaTH IIBUJKICTh MEPEMIIICHHSI OKPEMUX IUTHOK. MeTon
BUKOPHUCTOBYETHCS I MOHITOPHHTY MPUPOIHIUX HEOE3MEeK, HAPUKIIA]], 3€MJIETPYCiB, BUBEP-
KCHHS BYJIKaHiB, 3CYBIB; TaK0X Y CTPYKTYPHOMY IIPOEKTYBaHHI, 30KpeMa MOHITOPUHT MPOCi-
JAHHA Ta CTPYKTYPHOI CTaOIbHOCTI [4].

Bepruxanpni nepemimenns Teputopii [ICI" MokHa BiICTEKUTH KOHTAKTHUMHU T€0E3UU-
HUMH MeTtonamu (reomerpuune HiBemoBanHs, [ HCC BumiproBanns) [5]. [loeqnanus qucran-
[IHHUX Ta HA3EMHUX METOIB MOHITOPUHTY T'a30TPAHCIIOPTHOI CUCTEMH Ta TEPUTOPIN IMiI3EM-
HUX CXOBHII Ta3y YJOCKOHAIOE IMPOLEC BIJCTEKEHHS Ta BUSIBICHHS 3MiH Yy TOJOKEHHI
XapaKTepHUX TOUOK penbedy.

Metoam pocaigaeHHsi. /i CTBOpEHHS KapT BEPTHUKAIBHUX PyXiB 3€MHOI IIOBEPXHi, Ha
OCHOBI CYITyTHHKOBHX PaJi0JOKAIlIMHUX JaHUX, 3aCTOCOBYIOTh J[BA OCHOBHI ITIIXO/IH: METOJ]
nudepennianbaux iHTEpdeporpam (DINSAR) [6,7,8] Ta yaockonanennit Mmeroa audepeHiiia-
aeHuX iHTepheporpam (A-DInSAR) [9]. Cropennss audepeniiaabHoi iHTEepdeporpamu
(Differential INSAR) BUKOHY€ETbCS Ha OCHOBI OIpAIFOBAHHS JBOX PaJiONIOKAlIMHUX 3HIMKIB
NEBHOI TEpUTOPIi 13 3acTocyBaHHSIM IU(poBoi Moneni penbedy. [IpuHIKIIOBA BiAMIHHICTH
YIOCKOHAJIEHOTO METOy Mu(epeHIliabHUX iHTepheporpam MmoJisirae B olpalfoBaHHi 4aCOBO1
cepii, sika CKJIAAEThCS 3 JCCATKIB pal0OKAI[IHHUX 3HIMKIB. Y 3aJI€KHOCTI BiJl 0COOIMBOCTEH
OTIPAIFOBAaHHS YaCOBUX CEpid 3HIMKIB, PO3PI3HAIOTH METOJW TMOCTIHHHMX po3citoBadiB (PS —
Persistent Scatterers Method), kopotkux 6azucaux miHiit (SBAS — Small Baseline Subset).
Po3B’s130k 6arathox 3amau norpedye koMmOiHaIii Bkazanux miaxomis [10, 11].

KoskeH 13 BKa3aHUX METOJiB Ma€ CBOI IepeBaru Ta HeAoMiku. Tomy BuOip METOAY JOCIHi-
JKEHBb TTPOBOJIMTHCS Ha OCHOBI aHaITi3y 0COOJMBOCTEH 00’ €KTY CIIOCTEPEIKEHb, HAIBHOCTI BXi-
JTHUX JIAaHUX Ta JOJATKOBHUX JaHUX JJIs Bepu(iKallii pe3yabTaTiB.

MeTo10 1aHOTO TOCTIIHKEHHS € OIliHKa e(PEeKTUBHOCTI 3aCTOCYBaHHS METOAY AU epeHItia-
JBHOI pasioyloKaliifHo1 iHTephepoMeTpii AN peecTpallii BEpTHKAIBHUX PYXiB 3eMHOI OBEp-
XH1 Ha TEPUTOPII MiI3EMHOTO CXOBUIIA IPUPOTHOTO Ta3y.

O0'exTOM HocaigxeHHs € TepuTopis boropoayaHnchbKoro mig3eMHOr0 CXOBUIIA ra3y. Bxi-
JTHAMH TAaHUMH JIJIs1 IPOBEACHHS JOCIIKEHHS OyJId pajioJIOKAIiitHI 3HIMKH, OTPUMaHi CyIy-
THUKOM Sentinel-1, skwii 3anmymieHnii Ta (QyHKIIIOHYe B paMKaxX €BPONEHCHKOI Mporpamu
Copernicus. MiHiMabHHI 1HTEPBaAJ Yacy MK 3HIMaHHSMHU JOCIIHKYBaHOI TEPUTOPIi CYIyT-
HuKoM Sentinel-1 ctanoButh 12 nHiB. [loniTHKa BIIKPUTOTO JIOCTYILY, sSIKa BEIEThCS Mporpa-
moto Copernicus, 3a0e3nedye MOKJIMBICTh BUTBHOTO BUKOPUCTAHHS JAaHUX TUCTAHIIHOTO 30-
H/yBaHH, y TOMY YHUCIIi JaHUX CYITyTHUKOBUX PATi0JOKALIHHUX CIIOCTEPEKEHb.

[TopiBHAHHS pe3yibTaTiB ONpaloBaHHA AudepeHIliaTbHuX 1HTepdeporpam 3 pe3ysibTa-
TaMU He3aJIe)KHHUX CIIOCTEPEKEHb HE MPOBOIMUIIOCH Yepe3 BiJICYTHICTh IOAATKOBUX JaHUX Ha-
3eMHUX BUMIiproBaHb (dacoBi cepii GNSS nanux, reomeTpuuHe HiBeIOBaHHs). Tomy iHTEpIH-
peTaliio BepTUKAIBHUX PYXiB Ha TEPUTOPIT MiJ3EMHOT0 CXOBUINA ra3y MPOBOIAMIN HAa OCHOBI
JaHUX PO CE30HHI UK 3aKauyBaHHs Ta BUKaYyBaHHS ra3y i3 razocxoswuma [5]. Jlnst mocmi-
JOKEHHSI CE30HHMX BEPTHUKAJIBHHX PYXiB 3€MHOI MOBEpXHI Oyno oOpaHO Mepiof 3 4YepBHS
2020 p. mo TpaBHsa 2021 p. Bka3anuii mepiof1 BIAMOBIIa€ piYHOMY IUKITY pOOOTH Ta30CXOBHUIIIA!
PO3MOYMHAETHCS 13 3aKauyBaHHS ra3y 0 CXOBHIIL BIITKY; BOCEHH, 3 IOYATKOM OMaTI0BaIbHOIO
CE30HY, PO3MOYMHAETHCS BIIOIp Ta3y, sIKUKA TPUBAE JI0 3aBEPIICHHS OMAIIOBAIHHOTO CE30HY
HaBecHi. 3rigHo gaHux AT «Ykptpancras» y 2020 pori mi3eMHi cXOBHIIA ra3zy B YKpaiHi
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Oynu 3anoBHeHi Ha 82,8%, 110 B cepernboMy Ha 30% mepeBUILMIO TOKa3HUKU TOTIEPEIHIX Ta
HacTynmHUX pokKiB [12]. Tomy, 3 ypaxyBaHHSIM BEIMKHX OOCATIB 3aKayyBaHHS a3y, HAMH OYi-
KyBaJIach 3HaYHa re0IMHaMI4Ha aKTUBHICTh TIOBEPXH1 HAJl TEPUTOPIEI0 ra30CXOBUIIA B TIEPIOJT
2020-2021 pp.

Jlist BKazanoro nepiony yacy (ueperb 2020 p. — TpaBenb 2021 p.), 10 onpairoBaHHs 0y10
B35TO 29 CyNmyTHHUKOBHUX PaJiOfIOKAlIMHUX 3HIMKIB, OTpUMaHUX CyIyTHHKOM Sentinel-1A, 3
yacoBUM iHTepBajgoM Mix 3HiMaHHsamu 12 gHiB. Tun manux — SLC (Single Look Complex
Product); pexxum 3nimManns IW (Interferometric Wide Mode) — mmpoxocmyrosa inTepdepome-
TPis 3 PO3MITHHOIO 31aTHICTh 3HIMKA 5*14 M. J[71s1 KO>KHOT TTOCTiJOBHOT Iapy 3HIMKIB CTBOPIO-
Bajach audepeHIiagbHa iHTepdeporpaMma Ta KapTa BEpTUKAIBHUX PYXIB TEPUTOPIi Ta30Ccxo0-
BUIIA 1 IPUJICTIIUX TEPUTOPii. 3arasoM oTpumaHo 28 neopMamiiHUX KapT, SKi MOKa3yIOTh
JTUHaAMIKy BEPTHKAIBHUX PYXiB 3€MHOI MTOBEPXHI MK 3HIMAHHSIMHU.

PesyasTaTn. Binomo, mo meron audepenuiaabHoi pagapHoi iHTepdepomMeTpii 0coOIMBO
e(eKTUBHO MOKa3zye ceOe y BUMAJKY PI3KUX MPOCTOPOBUX PYXiB 3€MHOI MMOBEPXHI BIPOIOBXK
KOPOTKOT'0 MPOMIXKKY 4acy. [IpukiiagamMu Takux cuTyauiil € 3cyBH I'pyHTY, Aedopmartii 3eMHOT
MOBEPXHI BHACIJOK 3eMJICTPYCIB Ta BYJIKAaHIYHOI aKTUBHOCTI, 1HII T€OJMHAMIYHI TPOIECH.
EdexTuBHICTh BUBHAUCHHSI PYXiB 3¢MHO1 IOBEPXHI JOCIATAETHCS 3aBJITKH KOPOTKOMY 4YaCOBOMY
0a3ncy MIX palapHUMHU 3HIMKaMH, MiHIMaJIbHE 3HAUYEHHS SIKOTO CTAHOBUTH 12 JTHIB.

3acToCyBaHHS TaHOTO METOAY AJI TEPUTOPIi MiI3eMHOT0 CXOBHUIIA Ta3y MOKa3auo BiJl-
CYTHICTh aHOMAJIbHUX BEPTUKAIbHUX NepeMinieHb. CyTTEBUX BEPTUKAIBHUX PYXiB 3€MHOT
noBepxHi 3a 12-1eHH]1 iHTepBayn He Bi0yBagocs. 3riIHO pe3yibTaTiB aHali3y 28 audepeH-
miansbHUX 1HTEepdeporpam (Ha OCHOBI 29 pajioioKaIlifHUX 3HIMKIB) Ta KapT BEPTUKATbHUX
PYXiB 36MHOI MOBEPXHI, TOCIIHKYBaHA TEPUTOPIS MOKa3yBaia OJJHAKOBY JUHAMIKY 3 ycima
JOBKOJIMIIHIMH TIJISHKAMH 32 MEXaMH Tra30CXOBHINA. TepuTopis MpoOMUCIOBOTO MaiiaH-
YUKy CTaHIIii, Ha KOXHIH nedopmariiiHiii KapTi, XapakTepusyBayiacs BiIHOCHOIO CTa01MIb-
HICTIO, 1[0 € CBiYEHHSM OE3MeKU Ta eKCIUTyaTaliiHoi HaAiHHOCTI Ta30nepeKaqyBaIbHOTO
oO0agHaHHS.

Ha xinpkox kapTax 3a)ikcOBaHO BEpTUKAIBHI PyXH, sIKI BUPI3HSUIACS 13 3arajibHOT TEHICH-
11ii: TOYKOBI OCITaHHS MPU 3arajbHId JUHAMIII MITHATTS; MIHATTS OKPEMHUX JTUISTHOK IPHU BiJl-
CYTHOCTI BEpTHUKAIBHUX PYXiB Ha PEIITI TEPUTOPIi.

Ha puc.1 npencrasieHo kapTy BepTHKAIBHUX PYXiB 3éMHOI MOBEPXHI TEPUTOPIT Ta30CX0-
BUIIIA, OTPUMaHy METOAOM Iu(epeHIialbHOl paniofioKaliiHol iHTepdepoMeTpii Ha OCHOBI
CYNYTHHKOBOTO 3HIMaHHs, BuUKOHaHOTO 29.07.2020 p. Ta 10.08.2020 p. B Mexkax KoHTypy ra-
30CXOBHIIA CITIOCTEPIraeEMO pi3HY JUHAMIKY MOBEPXHI: B IEHTPAJbHIN YaCTHUHI TEPUTOPIi, B
MeXaxX MPOMHCIOBOTO MalIaHYMKy, BEPTUKAIBbHI PyXd ONHM3BKI JO HYJS; B HAMPSIMKY 3
HiBICHHOT0-3aX0/y Ha MiBHIYHUI-CX1Jl TEPUTOPIi CIIOCTEPIraeMO TOYKOBI MiJHATTS Ha PiBHI
10-15 MM, fAKi cHiBNafarOTh 3 TOJIOKEHHSIM EKCIUTyaTalllifHUX CBEPIUIOBUH; TEPUTOPIS B
MiBHIYHO-CX1/IHIN YacTUHI 3a3Hana miaHATTA B Mexkax 20-30 mm. OCKinbKy Mepioj crocTepe-
JKCHHS CITIBIIAJa€ 3 PEKUMOM 3aKadyyBaHHS ra3y B CXOBHIIE, TO MOKEMO IHTEPIIPETYBaTH OT-
pYMaHi pe3yJIbTaTH SK MiAHIMAHHS TUpJa CBEP/JIOBUH Ta OKPEMHUX TEPUTOPIN B pe3yJsbTari
30UTBIIIEHHS TUCKY B Ta30CXOBHIII. BemnynHu oTpuMaHuX 3Ha4€Hb BIAMOBIIAIOTh PE3yIbTaTaM
Tre€OMETPUYHOrO HIBEIIOBAHHS, SKI CUCTEMAaTUYHO MPOBOJATHCS HA JAHOMY TI'a30CXOBHILI, Ta
omwcadi B podoti [13].
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disp_20200729-20700810 [1

-0.023 -0,01 s.oo.o050.01 8
- -

Puc. 1. Kapma eepmukanvhux pyxieé 3eMHOI NO8epXHI Ha Mepumopii 2a3o0cxo8uuia
(3nimanns 29.07.2020 — 10.08.2020). oounuyi umipro8anus — mempu,
KOHmMYp 2a30CX08UUa

Ha puc.2 npencraBieHo kapTy BEpTUKAIBHUX PYXiB 3¢MHO1 IMTOBEPXHI TEPUTOPIi Ta30CX0-
BUIIIA, OTPUMAaHy Ha OCHOBI CYIyTHHKOBOTO 3HIMaHHS, BUKOHaHoro 25.04.2021 p. Tta
07.05.2021p. IlepeBaskHa OUTBIIICT TEPUTOPIi HA OTPUMAaHIN KapTi CTaOlIbHA y BEPTHKAIb-
HOMY MOJIOKeHHI. Takox crocTepiraeTbesi TeHICHLIA 0 MiAHATTA B Mexax 10 mm. Aze us
TEHJICHIIIsl MPUTaMaHHA HE JIUIIE TEPUTOPIi ra30CXOBHIIIA, ajie i 1M03a HOro MekaMu. TomMy He
OB’ SI3YEMO II0 TUHAMIKY 3 TEXHOJIOTTYHUMH rniporiecamu. OfHaK, Ha KapTi 4iTKO MPOCIIiIKO-
BYIOTBCSI TOYKOBI JUISTHKH OCiJIaHb, SIKI pO30CepeKeHI Ha BCii TepuTopii razocxosuia. I[lo-
JOXEHHS IMX JUISHOK BIINOBIZA€ pPO3TAIyBaHHIO CBEPUIOBHMH. BennuuHM BHU3HAYEHUX
OC1TaHb 3HAXOIATHCS B Mekax Bif -15 MM 10 -19 mm. Ha okpemux cBepasioBuHax 3aikcoBaHo
ocimanHs -23 MM Ta -26 Mm. [lepion cioctepexenns 25.04.2021-07.05.202 1pp. Binmosigae pe-
JKUMY 3aBEpIICHHS BiJKadyBaHHS rasy 31 cxoBumia. O6’emMu rasy, a BiIIOBITHO 1 THCK, y TIeH
nepion MiHiManbHI. ToMy criocTepiraeMo OCiiaHHs TUPJI CBEPJIOBHH.

e =LY B LT P 4}‘? T

S PR M 0. -0.0125 -0.005 0.0025

Puc. 2. Kapma eepmuKabHux PVXi8 3eMHOI NOBEPXHI HA MEPUMOPIi 2a30CX08UA
(3nimanmus 25.04.2021 — 07.05.2021). o0unuyi umipro8anusa — mempu,
KOHMYP 2A30CX08UWA
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3a pe3ynbTaTaMH ONpPAIFOBaHHS KOXHOI MapH 3HIMKIB OTPUMY€EMO CYLIJIbHI KApTH BEPTHU-
KaJIbHUX PyXiB 3eMHOI moBepxHi. [IpoTe HamiiHICTh pe3ynbTaTiB Il KOKHOTO TMIKCENs KapTH
BiZIpi3HsI€ThCs. BOHA BU3HAYA€THCS piBHEM KOT€PEHTHOCTI CUTHAITY — BITHOIICHHS TPUHHSATOTO
Ta BinouToro curnany (0 — HalimeHme 3HaueHHs; | — HaitOLIbIIe 3HaUYeHHs ). Ha puc. 1 1 puc. 2
npencTaBieHo aedopmariiiHi kapTu 13 3HadeHHsSMH KorepeHTHocTi Bumie 0,4. Ilmsxom
BIJICIFOBaHHSI HEKOT€PEHTHUX TOYOK BJAJOCS BHKIIOYUTH 3 aHATI3y HEHAMIMHI pe3yJbTaTu.
HaiiGinpIie 3Ha4YE€HHSI KOT€PEHTHOCTI JOCSATAETHhCS TPH PaaiojOKaIlliiHOMY 3HIMaHHI TEepH-
TOpii 3 OYIIBIAMHU Ta MITYYHUM MOKPUTTSM, TOZ1 SIK TEPUTOPIl 3 POCIMHHUMH NOKPUBOM Ta
JICOBI MAaCHBHU MAalOTh HU3BKUM PIBEHb KOTEPEHTHOCTI. TOMY, 3 METOIO TTOKpAIICHHS BiIOMBa-
10401 3/[aTHOCTI AOCII/PKYBaHOT TEPUTOPIT Ta MOHMKEHHS IIyMiB BiJOUTOTO CUTHATY, PEKOMEH-
JIyETHCSl BCTAHOBJIIOBATH HAa3€MHI KyTOBI B1IOMBadl Ha AUISTHKAX 3 POCIWHHUM IOKPHUBOM Ta
015151t TUpA cBepAsIoBUH [14].

BucHosku.

1. BacrocyBanHs MeToy audepeHuianbHol inTepdepomerpii, s Tepuropii boropoauan-
CBKOTO TII3€MHOT'0 CXOBHIIIA a3y, MMOKA3aJI0 BiICYyTHICTh IIBUJIKUX BEPTUKAIBHUX PYXiB 3EM-
HOI OBEPXHI BIPOIOBXK PIUHOTO UKITY pOOOTH Ta30CXOBHILA.

2. 3aBIsIKU 3aCTOCOBAaHOMY METOY, 3a)iKCOBAaHO BEPTHKAILHI PYXH (OCIIaHHS/TI1THATTS)
THPJT eKCIUTyaTaliiHUX CBEP/UIOBUH CIIPHYMHEHI IUKIIYHUM 3MiHAM THUCKY B IIPOIIeCi TeXHIY-
HOT eKcIuTyarailii razocxouina. CepeaHs BEIMUMHA OCITAHHS CBEP/IJIOBUH B PE3yJIbTaTi BiJKa-
YyBaHHS Ta3y cTaHoBuia 15-19 mMMm; MakcumanbHa BENWYMHA OCiaHHS nocsria -26 mm. B
nepios 3aKadyBaHHS Ta3y /10 CXOBHUINA 3a)iKCOBAHO MiAHATTS CBEPJIOBUH B CEPEAHHOMY Ha
10-15 MM; MakcUMaibHa BeIMYMHA TiAioMy gocsrana +30 M.

3. BpaxoByroun Malli BEJIMYMHH BEPTHKAIBLHUX PYXIB TMOKPIBJII Ta30CXOBHINA Ta THUPI
CBEP/IJIOBHH, BBAXKAEMO MEPCIEKTUBHUM BHUKOPUCTAHHS YAOCKOHAICHOTO METONy AU(epeH-
iagpHO1 1IHTEpPEepoMeTpii, 30KpeMa MeTO 1 MOCTIHHUX po3ciroBauiB (Persistent Scatterer Inter-
ferometry), mo 1 Oyzxe mpeaMeToM HAIIMX MOJANBIINX TOCTiIKEeHb. BaXIJIMBO TONMOBHIOBATH
JIaH1 PaioJIOKaIlIfHOTO 30HTyBaHHS TEPUTOPIi pe3yIbTaTaMy Ha3eMHUX BUMIPIB (4acoBi cepii
I'HCC cnoctepexenb, reOMETpHYHE HIBETIOBAHHS).

4. Jlnis MOKpaIieHHs! CIiBBIAHOIICHHS CUTHAJI-IITYM Ha PaJiioJOKaIlIHHAX 3HIMKaX JIJIS Te-
PUTOPIii MiA36MHOTO CXOBUINA ra3y PEKOMEHIyEMO BCTaHOBIIOBATH HAa3eMH1 KyTOBI BiiOMBaui
pi3HUX KOHCTPYKIiH. [le 0coOMMBO BaXXTMBO B MICIIX PO3TAIlyBaHHS THPJI CBEPAJOBUH Ta
B3JIOBJK OCHOBHHX JIiHI/i TEOMETPUYHOTO HiBETIOBAHHS.
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DIFFERENTIAL RADAR INTERFEROMETRY METHOD FOR MONITORING
THE AREAS OF UNDERGROUND GAS STORAGE STATION

Abstract. A complex system of hydrocarbon storage in depleted fields requires uninterrupted control over the safety of
operation of a strategically important energy facility. Since the pressure drops in the gas storage have a cyclical nature (gas
is pumped up in the fall, and gas is withdrawn in the spring), the vertical movements of the earth's surface (the roof of the
storage) that are recorded on the physical surface of the object are also cyclical in nature. Using the method of differential
interferometry, it is possible to remotely track the vertical movement of the topographic surface of the object in order to detect
dangerous manifestations to prevent the occurrence of critical situations. The work presents the results of processing 29 sat-
ellite radar images acquired by the Sentinel-1A4 satellite, with a 12-day time interval between acquisitions for the period from
June 2020 to May 2021. This period is related to the full cycle of the underground gas storage operation. seasonal pumping
and gas extraction. For each consecutive pair of images, a differential interferogram was created and a map of vertical move-
ments of the topographic surface of the gas storage and adjacent territories was developed. Finally 28 deformation maps were
obtained, which show the dynamics of vertical movements of the Earth's surface between acquisitions. The application of the
differential interferometry method for the territory of the Bogorodchany underground gas storage facility showed the absence
of rapid vertical movements of the earth's surface during the annual cycle of the gas storage facility, which indicates the stable
operation. The average amount of subsidence of the topographic surface of the gas storage as a result of gas pumping was 15-
19 mm; the maximum amount of subsidence reached -26 mm. During the period of gas injection, the ground surface of the
facility lifted by 10-15 mm, the maximum lifting value reached +30 mm. Such data agree with results of ground measurements,
therefore the applied remote sensing method is effective for the topographic surface monitoring of the underground gas storage.

Keywords: underground gas storage; differential interferometry, interferogram; remote sensing, satellite radar images,
Sentinel-1.
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MPOEKT O3EJIEHEHHS TEPUTOPII ITIAPKOBOI 30HU «BEPE30BUM I'All»
Y M. YEPHIT'IB

Y pobomi posensanymi 3ae0anns peanizayii npoexmy oseneHenns mepumopii napxkogoi 30nu «bepezosuil 2aiiy y m. Uepni-
216, wo nepedbauaiomv: NPOGeOeH s NPONALAHOUCHICHKO-NPOCEIMHUYLKO20 3ax00y «Ilooux pionozo micmay, cnpsamo8anozo
Ha nioguujenHs 00i3HAHOCMI WKOAAPIB, cMyOdenmie ma iHwux eepcme Hacenenns m. Hepuicosa y numanHax cmeopents ma
30epedicenHs HOBOCMBOPEHUX 3eeHUX HACAOIICeHb MA MAE HA Memi 00'cOnamu pi3ni epcmeu HaceneH s HABKOIO O3€eeHeHHs
Micma, OCyuacHen s ma 00Naumy8aHHA MiCbKUX NApKi6 i CKeepis, popMysaHHs eKo-Kyibmypu ma 00ainue020 CaAsieHHs 00
HABKOIUUIHBO2O Ccepedosuwya,; pobomu 3 ubOpy OLISAHKU O/ NOCAOKU 0epes, 3aKYNIGII Ca0ICanyie ma iHopmysanHs cmyoe-
HMi8, WKOIAPIG | MEWKAHYI6 NPULe2IuX Mepumopiil npo MONCIUSICIb OOVUeHHS iX 00 pobim 3 03e/leHeHHs mepumopii oums-
4020 i2p068020 MANIOAHYUUKA, POZMAUIOBAHO20 HA MepUumopii napKy 6ionoyuHky «bepezoeguil eaiiy.

Knrouoei cnosa: ozenenenna mepumopii, 3e1eni Hacaodxcenus, 61a20ycmpii, HABKOTUUHE cepedosuuye.

Puc. 5. bion.: 9.

AKTyalbHicTh TeMH AocaizkeHHs. CaHITapHO-TITi€HIYHI 1 MIKPOKIIMAaTHYHI YMOBH ISt
JKUTTS, BAPOOHUYOT AISUTHHOCTI Ta BIAMIOYMHKY HACEJICHHS YKpaiHU MOCTIMHO MOTIPIIYIOThCS
Yyepe3 3ara30BaHICTh 1 3aMIOPOIIEHICTh MOBITPS, 0COOIUBO B yMOBaX MiChbKO1 TepUTOpIi Ta Has-
BHOCTI MPOMUCIIOBHUX 00'€KTiB. BiAMOBIIHO 10 HOPMATHBIB 13 30HYBaHHS TEPUTOPIN HACETICHUX
MYHKTIB, 3 METOIO PEryJIIOBaHHS MicTOOY1IBHOI AisITBHOCTI, epes0aueHO BCTAHOBIICHHS CTPY-
KTYPHOT'O CKJIaZy ceniTeOHol Teputopii Ha piBHI 50% mia BCl BUIU 3€JIEHUX HAcaJKEeHb, 30K-
peMa Ha OIHOTO MiChKOT'O JKHUTeJNs OBUHHO MPUNaIaTH 61u3bko 60 M> HacamkeHb (y T. 4. 12-
24 m? HacaKeHb 3aralbHOTO KOPUCTyBaHHs). IIpoTe, 3aBJaHHS 03€NeHEHHS MiCT 3BOUTHCS
HE TITBKU 10 301JBIICHHS TUIOIII 3€JICHHX MACHBIB, alie 1 OJATae Y X pIBHOMIPHOMY PO3IO-
1711, BpaXOBYIOUH OCOOJIMBOCTI TUTAHYBAHHS TEPUTOPIi: MICTUTh BHYTPIIITHLOKBAPTAIbHE 1 BHY-
TPILIHBOJBOPOBE O3€JICHEHHS, Tlepei0auae PEeKOHCTPYKIIIIO ICHYIOUHX MAapKiB, CKBEPIB, OyIb-
BapiB, cajiB TOIO. B yMOBax MICBKOTO CEpEIOBHINA BAKIMBO 3a0€3MEUYUTH MAKCUMAJIBLHO
KOM(OPTHI NPUPOJIHI YMOBH MOOJIN3Y KUTIA 1 MicLs pOOOTH KUTEINIB, YTBOPUTU €IUHUIN aH-
caM01b MicTa 1 Ipupoau. MicCbKi 3€eH] Haca/pKeHHs — 3eJeH] (UIbTpU MicTa — MalOTh 0CO0-
JMBE 3HAYCHHS IPU OUMIICHHI aTMOC(epH MicTa BiJl 3a0pyJHEHb 1 3HIXKYIOTh piBeHb IIymy. B
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OJIHUX BHITAJIKaX BOHH 3aXUIIAIOTh MiCbKi 00'€KTH BiJI MIKiJIMBUX BUKUIIB 13 CYMDKHUX paiio-
HIB, B IHITUX — JIOKAJI3YIOTh 1 TMOTJIMHAIOTH BUKUIU MIATPUEMCTB 1 TPAHCTIOPTY, CTBOPIOBaH1
HUMH ITWJT 1 IIIyM Ha OKpEMHUX AUIsSHKax [1-5].

OpmHouacHO 3eeH]1 HacaHKeHHS B MICTI 3a0€3Me4yI0Th BUKOHAHHSI CAaHITApPHO-TIT€EHIYHUX
1 IeKOpaTUBHO-eCTETUYHMX (QYHKIIIH. Brucaaku mo6imm3y npoMucioBux 00'€KTiB 1 )KUTIIOBOI 3a-
OyI10BHU, 3aropoHKyBAJIbHUX 1 TIOTIEPEKYBATBHUX 30H Y3JI0BXK MIMIOXITHUX 1 TPAHCIIOPTHUX
Marictpaiieid 3a0e3neuyloTh CaHITapHO-TIri€HIUHY Jit0. ToMy BHCaKEHHS ACPEB B 30HI il
o0’exrta (oporyu, OyIiBmi i T. I.) BUKOHYIOTh 33 CTAaHAAPTHUMHU CXEMaMH, sIKi pO3poOJIeHO 3
ypaxyBaHHSM O10JIOTTYHHX OCOOJIMBOCTEH POCIWH, 3 METOIO JOCSITHEHHS MaKCUMaJIbHOTO Ca-
HITAPHO-TITI€HIYHOTO €EKTY.

IlocranoBka mpoOJieMmH. Byxe 1aBHO BCTAHOBJIEHO MO3WUTUBHUM BIUIMB 3€JIEHMX Haca-
JDKEHB ITAPKOBHX 30H Ha CTaH 3/I0POB’S JIIOJUHH, 0COOIMBO HA AUXANbHY cUcTeMy. BoHu Bifi-
IpaloTh BaXJIUBY POJib Y (OPMYBaHHI HABKOJIMIIHEOTO CEPeIOBUIIIA JIIOAUHU TOMY, 1110 iM Bia-
CTMBO TIOJNIMIIYBAaTH CaHITAPHO-TIri€HIYHE CTAaHOBMIIE. 3€JeHI HACaJKCHHS NapKOBUX
KOMIUIEKCIB BUCTYIAIOTh SIK CEPEJOBUILEYTBOPIOIOUNN MPUPOIHUI (PakTOp, 110 3JaTHUI BU-
KOHYBAaTH €CTETUYHY, 03/I0pOBUY, TEPMOPETyIIol0uy QpyHKIIi. 3eseHi HacaKeHHs MicTa Yep-
HIT1B MPONIIUIA TPUBAJIMK eTarn (opMyBaHHs, MepeBaXkaroya iX YacTHHA HAacaKyBaJIach y J10-
Ta MICIABOEHHUI Mepiog MUHYJIOro cTOpiuys. B eHTpanbHil YacTUHI MicTa cepesiHii BiK Je-
peB BapitoeTbest B Mekax 50-70 pokiB, T K ONITUMAIbHHN TOKa3HUK cKiIaaae 40 pokiB, TOMY
NOJAJIBII 3MiHM BIKOBOI CTPYKTYPH Haca/KeHb HOCSTH 3arpo3NUBHUM xapakrtep. [epeBa, Ha
BIIMIHY BiJl H&)KHUBUX PECYpCiB, MAIOTh XKUTTEBUW LMK 1 4ac, KOJM BOHM 37aTHI HAWOIIBIIT
SKICHO BIUIMBAaTH Ha OTOUyIoue cepenoBuine. Kpim Toro, cepesn qepeBHUX HacaXKEHb NepeBa-
JKAIOTh IIBUIKOPOCTYYl Ta HEJOBIOBIUHI MOPOAHM, SIKI 3 BIKOM BTPayalOTh CBOIO JIEKOPATHB-
HICTh. Y ONMU3bKIN MEPCIEKTUBI MPOTHO3YIOTHCS HEraTUBHI HACHIIKYA — 3HAUHE CKOPOYEHHS Ki-
JBKOCTI 3€JICHMX HACA/HKCHB 1 TIOTIpIIIEHHS O€3MeYHOCT] HacaI’KEeHb.

AHaJi3 ocTaHHIX AocaiIKeHb Ta nyoJikaniil. BupimenHio npo0iemMu cTBOpEHHS KOM-
(OPTHOTO €KOJIOTIYHOTO CEPEIOBHINA B MiCTaX Y KpaiHM MPUCBSYCHO BEJIMKA KIJTBKICTh Pi3HO-
MaHITHUX HOPMaTHUBHO-3aKOHOAABYMX aKTiB, caHiTapHUX HOpMi Ta JIBHiB. Kpim Toro, mocmi-
JOKEHHSIM JTaHUX MMUTaHb 3aiMaJiuCh 1 BITYM3HsIHI BUeHi, Taki sk ['yoak B.A. («JlangmadgTauit
JIM3aiiH Cy4yacHOTo MPHUPOJHOro cepenoBuina»), baranpka O.M. («[Ipuiiomu Ta npuHUIUNN
KOMITO3HIIiT BEPTUKAJIBLHOTO O3EJICHCHHS B HAacCeIeHNX myHKTax»), bouapos FO.I1. i Kynpssues
O.K. («IlnanyBasibHa CTPYKTYpa Cy4acHOTO MICTa») Ta iH.

Buaisiennsi Heoc/IiIKeHUX YACTHH 3arajbHOi nmpodJjeMu. B cygyacHoMy CycmibCTBI
HAKOMHWYECHO BEJIMKUN JOCBIA 13 6JaroycTporo Ta 03eJIeHeHHs MiCT, CTBOPEHUN OaraTuii acop-
TUMEHT POCJIUH JIJIsl 03€JICHEHHS, 3HalIeHO crienu(ivH1 JyIsl MiCT IPUHOMHU O3EICHEHHS, 3’ SICO-
BaHO OCOOJIMBOCTI YTpUMaHHS 3€JICHUX HacakeHb. [IpoTe, po3mupeHHs 3eleHuX 30H MicTa i
HaJall 3aJIHMIIAEThCS HATBAXKIMBOIO C(HEpPOr0 MiSUTBHOCTI KOXKHOTO MYHIIIUIAIBHOTO YTBO-
PEHHS, aJKe caMe TYT CTBOPIOIOTHCS HEOOXITHI YMOBU JIJIsl MiBUILEHHS PiBHS KUTTEAISUIBHO-
CT1 HACeJICHHS, 110 POOJIATH JKUTTS KOXKHOI OKpPEMOT JIIOJUHN KOM(GOPTHUM, 3I0POBUM, 3pyU-
HUM.

IlocTanoBKa 3aBAaHHsA. 301IBIIICHHS KIJTBKOCTI TPAHCIIOPTY, XaOTHYHI 3a0y/I0BH, BILJIUB
JIOJICHKOT BUPOOHUYOT Ta peKpealiiitHol MisIbHOCTI 3 KOKHUM POKOM Bce OUTbIIe TPU3BOIUTH
JI0 BAHUKHEHHS MaJIOCTIPUSATINBUAX YMOB JIJIS )KUTTEISTTLHOCTI 1 3/T0POB’ ST HACEJICHHSI MICT YK-
paian. Tomy B po6oTi Oys10 MOCTaBICHO 3aBIAaHHS PO3POOUTH Ta peali3yBaTH MPOEKT O3elie-
HEHHS TepuTOopii mapkoBoi 30HU «bepe3oBuii rait» y micti UepHiris.

BukJjag ocHoBHOro MatepiaJny. 3ej1eHi HacapKeHHS € 000B’I3KOBOIO, HEB1/I'€MHOIO 1 Oa-
raToyHKII0HATFHOK KOMIIOHEHTOIO YpPOOTEHHOI0 Ta TEXHOTEHHOTO cepenoBuia. Bonn Bu-
KOHYIOTh KOMITJIEKC 3aXHCHHX, 03/J0POBUHX, pEKpealliiHuX (yHKILiN, CTablIi3yIOTh eKOJIOTi-
YHY PIBHOBAry Ta BiAIrpaloTh 3HAYHY POJIb Y BUPIIICHH] 3aBAaHb OXOPOHH 1 MOJIIIIICHHS CTaHy
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HaBKOJIMIIHBOTO MPUPOIHOTO cepenoBuiia. Kpim Toro, 3eneHi HacaKeHHs HE JIUIIE MOKpa-
HIYIOTh €CTeTUYHUHN BUTJISA MICTA, ajie 3HUKYIOTh IHTEHCUBHICTh HETATUBHOTO BIUIMBY COHSIU-
HOI pajialii, 3HHKYIOTh Ha 3-5 TpajyciB Temreparypy HOBITps, a BiTHOCHY BOJIOTICTb IiJIBH-
nytoth Ha 15-40%, BUpOONSIOTH (GITOHUUIN — PEUOBUHH, SIKI 3MEHIIYIOTh KOHIIEHTPAIII0
okcuny Byriemnto Ha 30%, cipuucroro ra3zy — 1o 70%, okcuziB azory — Ha 35% [6,7].

CucreMHe MIaHyBaHHS O3€JICHEHHS! HaceJeHUX MYHKTIB 3/11HCHIOETHCS 3T1HO HOpPMaTH-
BIB, SIKI 3aJIe)KaTh BiJl aAMIHICTPAaTUBHO-TEPUTOPIAIBHOTO CTATyCy, TeorpadiyHOTO pO3Tally-
BaHHS 1 MICLIEBUX YMOB Ta MICTSTh HACTYIHI (PAKTOPHU: KIIMAaTH4HI (TEMIIEPaTypHUI PEKUM,
HaIpsIM 1 MBHUAKICTh MAHYIOUUX BITPIB, KIJTBKICTh aTMOC(EPHHUX OMAJIB, XapaKTep 1HCOJIIIT),
npupoaHo-naHAmadTHI (0COOIUBOCTI IPYHTIB 1 penbedy TepUTOpii, HASIBHICTD JTICOBUX MacH-
BIB, MICII€ PO3TAllyBaHHS BOJOWM), PO3MIPH Ta HAPOIHOTOCIOAAPCHKUI TTPpodisib, MIaHyBa-
JBHY CTPYKTYpY MicT 1 cenuin. [Ipu nmianyBaHHI 3€JIeHUX HAcaJKEHb 3arallLHOr0 KOPHCTY-
BaHHJI B MeEXaxX MiCTa, HEOOXIMHO MOTPUMYBATHCHh PIBHOMIPHOTO PO3MOJAUTY Yy OKPEMHUX
paiioHax, IPOMOPIIIHO IO IIITFHOCTI HACEICHHS Ta Ha BIACTaHI B/ JKUTJA, KA JO3BOJHTH
KUTENIIM KOPUCTYBAaTUCh HUMHU MPU MIHIMAJIbHUX BUTpATaxX 4yacy Ha MepecyBaHHS 10 TaKHX
HaCaHKEHb.

I xoua YepHiriB BBa)XXa€ThCsl OJTHAM 13 HaW3EJEHIMUX MICT YKpaiHH, CTaH 3€JIEHO1 30HU
MiCTa BK€E JaBHO BUKJIMKA€E 3aHETIOKOEHHS. 3eTIeH1 Haca DKEHHS MiCTa IPOUTILTH TPUBAIIUI eTamn
¢dbopMyBaHHS, TOJIOBHA YaCTUHA SKMX HACa/pKyBajach y J0O- Ta MICISIBOEHHUN MEpPIOJAN MUHY-
JIOTO CTOMITTA. Y HEHTpaJbHUX YaCTHHAX MICTa Cepe/IHIN BIK JAEPEBHOI POCIMHHOCTI CKIIaa€
npuosm3HO 50-70 pokiB, mpu onTUMaIbHOMY — 40 POKIB, a TIOJIAJIBII 3MIHU Y BIKOBIH CTPYK-
Typi Haca/pkeHb HOCSATH HeOe3neuHuil xapakrep. JlepeBa, Ha BiAMIHY BiJ HE)KMBHUX aKTHBIB,
MarTh OOMEXKEHHH )KUTTEBUH UK Ta Yac HAHOUIBIIOTO BIUIMBY Ha SKICHI TOKA3HUKHU CTaHY
noBkust. Kpim Toro, cepen nepeBHUX HacaHKEHb NePEeBaXKaIOTh IIBUKOPOCTYYi Ta HEIOBTO-
BiIUHI TOPOJH, SIKI 3 BIKOM BTPA4arOTh CBOIO JCKOPATHBHICTB, IO Y HEAAJEKi MEepPCIeKTUBI
npu3Besie 10 ePeKTy 3HAYHOTO CKOPOYEHHS iX KUIBKOCTI 1 MOTIpIIEHHIO 0e3MeUHOCTI MPUPO-
JTHO-JTaHIIad THOTO KapKacy.

AHanizyoun npobdiemMu 6J1aroycTporo MapKoOBHX 30H, sIKi CTOCYIOTHCS] yTPUMaHHS iX y Ha-
JISKHOMY CaHITapHOMY CTaHi, 00pOTHOH 31 MIKITHUKAMH Ta XBOpOOAMU POCIHH, 3a0e3MeUeHHS
BUCAJIKM HOBUX JIEPEB 1 KYILIB Ta PO3MIKUPEHHS BUOBOTO PI3HOMAHITTSI, BAHUKJIA HEOOXIJHICTh
3BEPTAaHHS YBaru rpoMajIChKOCTI 10 JaHoi mpoosemu. KonektuBom HartionanbsHOTO yHIBEpCH-
TeTy «YepHiriBcbka nositexikay y 2019 poui Oynio opranizoBaHo MporarasucTChbKO-IpocCBi-
THUIIBKUHN 3aX1]1, SKUH CIIPSIMOBYBABCS Ha MiBUIIEHHS PIBHSA 0013HAHOCTI IIKOJISIPIB, CTY/ICH-
TiB Ta IHIIMX BEPCTB HAceJICHHS M. UepHIroBa y MUTaHHAX CTBOPEHHS Ta 30€peKEeHHS 3€JICHUX
Haca/pkeHb (mpoekT «lloaux pimHoro mictay). s peanizaiii JaHOTO MTPOEKTY Ta MIPOBEACHHS
po06iT 3 ozenenenns, KII «3enenbyn» Oyio 3amponoHoBaHo /B1 JUIAHKK y MicTi UepHiris [8].

Bapiant 1. O3enenenns Teputopii B M. UepHiriB Ha nepetudi ByuIb JleBka JIyk'sHeHka
Ta npocrekty [lepemoru (3emMenbHI TUISTHKH MopsiA 13 OyniBiero 3a agpecoro: nmpocmekT Ilepe-
Mmoru, 184). BianmoBigHo 10 TutaHy peKOHCTpYKINii Micta UepHiriB 3a pimeHHsIM MichbKoi Paan
Oy BUKOHaH1 poOOTH 3 peKOHCTPYKIIi Ta 01aroycTporo aBTOMOOLIBHOT JOPOTH, TPOTYapiB Ta
npuieraux teputopiit By Jlepka Jlyk'saenka Ta mpocnekty Ilepemoru. Tomy BHHUKIIO
3aBJIaHHs 03€JICHEHHS TEPUTOPIN BIAMOBIIHO 0 MJIaHy PO3BUTKY MicTa. J[aHuil MpoeKT nepen-
Oadvae 03eJICHEHHS TPHOX 3eMEJbHUX AUISTHOK SIKI 3HAXOAATHCS TOPSI 13 OYAIBJICIO 32 aJpecoro
np. [lepemorn, 184. Ha pucynky | npeacraBieHo TepUTOPIi ISt TPOBEACHHS IPOESKTHUX POOIT.
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Puc. 1. Tepumopii onsa 6aazoycmporo: a) nepexpecms eyauys Jlesxa JIyk'anenka ma
npocnexkmy Ilepemocu; 6) 3azanvrHuil 8u2isi0 mepumopii; 8), 2), 0) — 8i0nogiono dinsaHxu 1-3

BukonaBsiMu mpoekTy 0yJio MPOBEAECHO MOHITOPUHT IIOAO0 HAsSBHOCTI MIA3EMHUX KOMY-
HIKalii Ha TEPUTOPIi y BIAMOBIAHOCTI 3 PUC.2, IO YHEMOXIIMBUIO peatizaiito npoekry «Ilo-
JIUX PITHOTO MiCTa» Ha BKa3aHUX JUISTHKAX.

Puc. 2. a) cynymnukogutl 3Himok; 6) mepesica kaHanizayii Ha OLISIHKAX,
8) menniosa mepexca Ha OLIAHKAX

Bapiant 2. O3enenenns tepuropii napkosoi 30uu «bepe3oBwuii rait» B M. UepHiris. bepe-
3oBuii ["ait — 3eneHa (mapkoBa) 30Ha B MeXKax MiCTa, 1110 po3TanioBaHa y JIeCHIHChKOMY paiioH1
Ha cxif Bia nepexpects Byiauub [Tyxosa ta JloeHka 1 ynopsiikoBaHa Uit BiIHOYMHKY MICTSIH
(puc. 3). [1apk po3aiieHO HA MIBHIYHY 1 MIBACHHY YaCTHUHH K1JIBIIEBOIO JOPOTOIO MICIIS PEKOH-
cTpykuii Ha mouatky 2010-x pokiB, Ha 3amoBneHHs yrpaBmiaas XKKIT YepHITiBChbKOT MIiChK-
paau.
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a)
Puc. 3. a) xapma naprogoi 30nu «bepe3zosuil 2aiiy, 6) cxema napko8oi 30HuU;
8) 3a2anbHULL U0 NAPKOBOI 30HU

Ha naniii TepuTopii BiACYTHI iH)KEHEPHI MEpexki Ta KOMYyHIKaIlii, KpiM TOTo JaHa TEPUTOPIs
otpumana sroay Ha o3eneHeHHs Bix KII «3enenbym» ta rpomancekoi opranizaiii «k EkoMicTo
M. Uepnirosa. Tomy amns peanizamii mpoekTy Oyrna oOpaHa came 1151 Tepuropist. Croroani «be-
pe3oBuil rai» omHe 3 YIIOOIECHUX MICIh CIMEHHOTO BiJMOYMHKY JKUTENIB HAIIOTO MiCTa.
B3nmoBx cBikoacharbTOBaHUX JAOPIKOK TYT pO3TallOBaH1 3py4Hi JepeB’sH1 JaBOUKHU. J(uTsui
irpoBi MaiilaHYMKK1 OOHECEH] BECEJIMM MapKaHOM, Ha 3€JICHUX TaJIiBUHAX 3’ IBUJIMCS HOB1 30HU
BIIMOYMHKY. TakoX B MapKy BUCAAWIU IUTYy ajero Oy3Ky, a B MAaHOYTHHOMY TYT IUIAHYIOTh
MOCAJNTHU 1 IECATKY HIIUX JiepeB. BiacHe, 11 3aTiHEHHS TUTSAYOTO irpOBOTr0 MaiIaHYMKY B
napkoBiii 30H1 «bepe3osutii rait» Oyno odpano 10 gepeB mopou siceH (puc. 4, a) By3bKOJIUCTHI
(Fraxinus angustifolia Vahl)-Bun pocnun poauan Macnunosi (Oleaceae) [9]. [lepeBo moxe
csaraTy BUCOTH Omu3bpKko 20-30 meTpiB 31 cTtoBOypoM y miametpi mo 1,5 m. Kopa 6migo-cipa i
IJIaka Ha MOJIOAMX JepeBax, 3 4aCOM Ha CTapuX JIepeBax — TEMHO-Cipa 3 TOpOKaMu 1 Tpilu-
HaMU. BpyHBKH CBITJIO-KOPUYHEBI, 1110 BiJIPI3HIETHCS BiJ ICEHA 3BUYAMHOTO (YOpHI OPYHBKH),
HaBiTh y 3UMOBHUH niepion. Jluctku aepeB — 15-20 cM 3aBIOBKKH, HETIAPHONIEPHUCTI i CKiIaga-
I0ThCS 3 7-13 TOHKHUX JINCTOYKIB, SIKI MAalOTh JOBXHUHY 3-8 cM 13 mmpuHoio 1-2 cm. KBitu y
CYUBITTSIX POCIMH MOXYTh OyTH 4oJIOBidi, repMadpoautu abo 3mimani. KBitHe Ha mouaTky
BECHH, a Jopocii chopMOBaH1 TIIOAN CATAIOTHh y JOBXHUHY 3-4 cM, HaciHHs 1,5-2 cM 3 Ouizio-
KOPUYHEBUMHU KpUJIaMU JOBXKHUHOIO 1,5-2 cm. Cxema mocaJikul IepeB MPECTaBIECHO Ha puc. 4,
0. [IpoekT OyB peanizoBanuii Bukiagadyamu ta cryaeHTamMu HY «YepHiriBcbka MmosiTexHikay,
YUUTEISIMH Ta YYHSIMH 2-TO KJIacy 3aralbHOOCBITHBOI MIKOJH [-ro cTynenst Ne 25 ta crapuiok-
nacaukamu 301 Nel2 . Ilpouec o3eeHeHH TUTAYOr0 MaaHYMKy MapKoBoi 30HU «bepeso-
BUH raii» BijoOpakeHo Ha puc. 5.

Puc. 4. a) acens gyzvkonucmuii, 6) cxema nocaoxu oepes; ) npezenmayis NPOeKmy
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Puc. 5. Ozenenennss oumsauoeo MaudaHuuxy 6uUKIA0aA4amu, CmyoeHmamu
HY «Yepniciscvoka noaimexunixay ma wixoaapamu: a), 6), 8), 2) — 6UKOHAHHS poOim;
0) — HOBOCMBOPEHA siceHesa ales.

Kpim ronoBHoi akiii npoekty «Iloaux pimHOTO MicTa) — BUCAIKH JEPEB, KJIACHUM KEPiB-
HUKOM yuHiB 2-r0 kiacy 301 I crynens Ta mpodecopchko-BUKIAAbKIM CKIa10M Kadenpu
reojnesii, kaprorpadii ta 3emueyctporo HY «UepHiriBcbka MOMITEXHIKA», Cepell MIKOIIPIB
OyJI0 TIPOBEIEHO MIMPOKY 1HPOPMAIIITHO-PO3’ ACHIOBAIEHY pOOOTY MO0 BaXKJIMBOCTI 30epe-
JKEHHS Ta TPUMHOKEHHSI 010p13HOMaHITTS HAIIOTO Kpato, HOTO €KOJIOTTYHOTO 1 PEeKpeaIiiitHoro
noreHmiany. B crinax HY «YepHiriBcbka nositexHika» Oyu MPOBEACHI JIEKIIi Ui CTYACHTIB
PO 3HAUCHHSI 3€JICHUX HACA/KEHD Y KUTTEAISUTBHOCTI 1 JOpMYBaHHI HABKOJIMIIIHHOTO CEPEI0-
BUIIA JIFOJMHY Ta HEOOXITHICTh CTBOPEHHS CIPUATINBUX YMOB JJIS IX PalliOHAIBHOTO BUKOPHU-
CTaHHs, OXOPOHH, yTPUMAaHHsI Ta BIIHOBJICHHS. AJDKe JIICOBI HACaPKEHHSI, CKBEpH, ITAPKH TOIIIO
HACHYYIOTh aTMocepy 3eMili KUCHEM y pe3ysibTaTi (OTOCHHTE3Y, 3a0e3MeuyoTh HAaCeICHHS
IIIHHOIO JIEPEBUHOIO JIJIS PI3HUX MOTPEO, BUKOHYIOTh 3aXUCHY (YHKIIIIO BiJl BITPY IS CIIIBCh-
KOTOCIIOIaPCHKUX YT1/lb, MAIOTh peKpealiiiHe Ta 0340poBUe 3HaueHHs. beanocepenHs yyactb
y npoekTi «I[Toaux pimHOTO MicTa» YUHIBCHKOT MOJIO/I — 3amopyKa MOJAbIIOT0 OEpExKITHBOTO
CTaBJICHHS YYaCHUKIB 3aX0Jly JI0 IPUPOJIU Ta i HE NaayTh IHIIUM 3aHE0aTH BUPOIIEHE BiIac-
HUMH pyKaMmH 3ereHe 6aratctBo. [lomiOHa akiis € qyke BaXKIMBOIO 1 aKTyaIbHOIO, aJKE KPIM
MPAKTUYHOTO 3HAYCHHS, MMOIIMPIOE HAYKOBI 3HAHHS, MA€ MPOCBITHUIIBKY CKJIAOBY, (hopmye
cBiioMicTh Monofi. JliTH, sIKi BJIACHOPYY TMOCAIWIN JEPEBO, HIKOJIM HE 3aBAAAyTh HOMY
mKkoau. Bei ygyacHHKY akiiii OTprMaly MO3UTHBHI €MOIIii Ta 3aJJ0BOJICHHS Yepe3 MPUUETHICTh
Ta 0COOMCTY y4acTh B ICTOPii O3EJICHEHHS P1THOTO MicTa. J[aHa akirisi MUPOKO BUCBITIIFOBAJIACS
y BIIKpUTHX 3ac00ax MacoBoi iHpopmallii Ta Ha 00JIaCHUX TeJeKaHaax.
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BucHosku.

[IpomaranaucTchKO-POCBITHULIbKUH 3axif «[Toaux pimHOTO MicTa» OyB CipsIMOBaHUH Ha
IiABUILEHHS PiBHS 0013HAHOCTI 1 CB1IOMOCTI YYHIBCHKOi MOJIOJII, CTY/JICHTIB Ta IHIIMX BEPCTB
HacelleHHs1 M. YepHiroBa y MUTaHHSIX CTBOPEHHs, YTPUMaHHS 1 30epeKeHHs 3eJIeHUX Haca-
JOKCHb. [ OJIOBHOIO METOIO CTalio 00’ €THAHHS PI3HUX BEPCTB HACEIICHHS HABKOJIO O3EJICHEHHS
MicTa, oOJalTyBaHHS Ta OCYYaCHEHHS MICHKHMX 3€JICHUX MacuBiB, (OpMyBaHHS N0alIMBOTO
CTaBJICHHA JI0 IPUPOJIHOTO HABKOJIUIITHBOTO CEPEIOBUIIA, PO3BUTOK Ta MOLUIUPEHHS €KO-KYJIb-
TypH.

Jnst miteit 1 Mmonoai mpoekT «lloaux piHOTO MicTay 3a0e3MeUHTh:

* peamizallito Jep>KaBHOI MOJITUKU B 001aCTi MATPIOTUIHOTO, €KOJIOTIYHOTO BUXOBAHHS;

* TIOJIMIICHHS €KOJIOTIYHOI OOCTaHOBKM B MIKpOpaioH1 4epe3 OiaroycTpiii Ta o3erne-
HEHHS TTapKy BiIIOYUHKY;

* (opmyBaHHS €KOJIOTIYHOI KYJBTYpPH Ta JYXOBHO-MOPAJIHHOTO PO3BUTKY OCOOHMCTOCTI
Ha OCHOBI CHUIBHOI TPYIOBOI MisSTIBHOCTI Y4HIB, HearoriB, O0aThKiB, KUTEIIB MIKpOpaioHy
«bepe3oBoro raroy.

J1Jis HaceJeHHS MPOIaraHIuCTCHKO-TIPOCBITHUIILKUN 3aX11 MOXKE CTaTH ITOIITOBXOM JIJISL:

* TIJBUINEHHS COIIaJbHOT aKTUBHOCTI Ta PIBHA 3arajibHOI KYJIbTYPH HACEICHHS MIKpO-
paiioHy B IUTAaHHAX 3aXHCTY 1 30€peKeHHs IPUPOJAHOTO CEPEIOBHUIIIA;

* (opmyBaHHS €KOJOTIYHOT CBIJOMOCTI Ta BIAMOBITAILHOCTI;

* BUPOOJICHHS MPAKTUYHUX HABHUOK MPHUPOIOKOPUCTYBAHHS;

* TIOJIMIICHHS €KOJIOTIYHOTO CTaHy Ta €CTETUYHOTO BUTJISY TEPUTOPIT;

* CTBOPEHHS CIPHUATIMBHUX YMOB Ul 30€peKEHHS 1 3MIITHEHHS 3/J0POB'S;

* 3a0e3meveHHs CHJIBHOTO TO3BIUIS ITEH 1 JOPOCIHX, X TyXOBHOTO 30JIM)KEHHS.

Jlyist micTa B IOMY, POBEACHUIN 3aXi/l MOJMINIIUTG €CTETUYHUN BUTIISA TEPUTOPIi, TTOK-
paluTh CaHITaPHO-TITIEHIYHY Ta €KOJOTIYHY OOCTaHOBKY.
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IMPLEMENTATION OF THE PROJECT OF LANDSCAPING OF TERRITORY
OF THE PARK ZONE "BEREZOVYY HAY" IN CHERNIHIV

Relevance of the research topic. The urban environment with its dusty and polluted air, temperature regime worsens the
sanitary and microclimatic conditions in which life, production activities and recreation of the population of Ukraine take
place. According to the normative indicators, up to 50% of the residential territory of our cities and other settlements is under
all types of plantations. There should be up to 60 m2 of plantations per inhabitant (including 12-24 m2 of public plantations).
However, the task of urban landscaping is not only to increase the area of greenery, but also the uniform distribution of
greenery throughout the territory, extensive indoor and courtyard landscaping, reconstruction of existing parks, gardens,
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boulevards and squares. Therefore, it is necessary to bring human habitation as close as possible to the conditions of nature,
to ensure normal recreation near the home and place of work, to create a single ensemble of the city and nature.

Problem statement. The positive effect of green areas on the human condition, especially on the respiratory system, has
long been established. They play a significant role in shaping the human environment because they have the ability to improve
the sanitary and hygienic situation. Green plantings of park complexes act as an environment-forming natural factor that is
able to perform aesthetic, health, thermoregulatory functions. The green plantations of the Chernihiv city went through a long
stage of formation, the main part of which was planted and formed in the pre-and post-war period. Thus, the average age of
trees, especially in the central part of the city, is 50-70 years, with the optimal - 40 years, and changes in the age structure of
plantations are critical. Unlike inanimate assets, trees have a living resource and a time when they have the highest quality
performance impact on the environment. In addition, among the tree plantations fast-growing and short-lived species, which
lose their decorativeness with age, dominate. In the short term, these facts will have the effect of significantly reducing the
number of trees and deteriorating the safety of plantations.

Analysis of recent research and publications. The paper discusses recent publications on this topic, which are presented
in the public domain, including scientific journals, textbooks and data from the Internet.

Uninvestigated parts of general matters defining. Modern society has accumulated extensive experience in landscaping
and greening of cities, created a wide range of plants for landscaping, found specific techniques for landscaping, clarified the
features of the maintenance of greenery. However, landscaping remains the most important area of municipal activity. It is
here that the necessary conditions for a high standard of living are created. Thus, conditions are created that make the life of
each individual healthy, comfortable, convenient, regardless of residence place.

The research objective. The increase in the number of vehicles, chaotic buildings, the impact of human production and
recreational activities every year increasingly leads to unfavorable conditions for life and health of the population of Ukrainian
cities. Therefore, the task was to develop and implement a project of landscaping of the park zone "Berezovyy hay" in Chernihiv.

The statement of basic materials. The project of landscaping the park area provides for a propagating educational event
"Breath of the hometown", which aims to raise awareness of schoolchildren, students and other segments of the Chernihiv
population towards the creation and preservation of newly created greenery and aims to unite different segments of the Cher-
nihiv population around landscaping the city, modernization and arrangement of city parks and squares, the formation of eco-
culture and care for the environment.

In the process of project implementation, work was carried out to select a site for planting trees, purchase seedlings and
inform students, schoolchildren and residents of the surrounding areas about the possibility of involving them in a children's
playground landscaping located in the recreation park "Berezovyy hay".

Conclusions. The project "Breath of the hometown" will implement the state policy in the field of patriotic environmental
education; improve the environmental situation in the district through landscaping and gardening amusement park; to form
ecological culture of students and pupils on the basis of labor, spiritual and moral development of the person through joint
activity of pupils, teachers, parents, inhabitants of the residential district in improvement of the Berezovyy hay. For the popu-
lation, the propaganda and educational event can be an impetus for increasing social activity and the level of general culture
of the population in the protection and preservation of the environment, the formation of environmental awareness and respon-
sibility and the development of practical skills. For the city as a whole, the event will improve the aesthetic appearance of the
territory, will improve sanitary and hygienic and create a more favorable environmental conditions.

Keywords: landscaping, green spaces, landscaping, environment..
Fig.: 5. 5References: 9.
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OCHOBHI BUMOI'H 1O O®OPMJIEHHSI TA IIOJAYI PYKOIIUCIB
HAYKOBHUX CTATEHU 1O HAYKOBOI'O )KYPHAJY
«TEXHIYHI HAYKH TA TEXHOJIOI'Ti»

HIanoBHi tonmucyBayi!

Jyist moTaHHs CTaTTI HEOOX1THO CIIOYATKy HaJICiIaTH CTATTIO Ta iH(GOpMaIlio mpo aBTopa,
3 IKMM KOHTAKTyBaTH LIOAO0 ITyOJIiKallii cTaTTi, 0pOpMIICHI 32 BCTAHOBJICHUMHU BUMOTaMH, JUJIS
MOTIEPETHHOTO PO3TIISAY PEAAKIIIMHOI KOJIET1€r0 )KypHaATYy « TeXHIYHI HAYKH Ta TEXHOJIOTII.
3a yMOBH BiJIIIOBIAHOCTI CTATTi CIEHIALHOCTSM, 32 SIKUMHU aKpEAUTOBAHO JKypHAJ, BiMIOBII-
HOCTI HOpMaM aKaJeMidyHO1 JOOPOUECHOCTI 3a pe3yJIbTaTaMH MEPEeBIPKU Ha IjIariaT, MO3UTHB-
HOI He3aJIeXKHOI pereHsii BiJl MPU3HAYEHOT0 PelakLiiHOI0 KOJIETIEI0 PELlEH3EHTa, CTAaTTs PO3-
MIIYETHCS B MAKET1 KypHAITY.

Penakiiina koseris 3a0e3nedye po3riisij Ta He3aJIeKHE PEIeH3YBaHHS MOIaHUX 10 My0Ti-
Kallii MaTepiaiaiB BUSHUMHU, SIKi MalOTh HAYKOBHIA CTYIIIHb Ta 31HCHIOIOTH TOCIIKCHHS 32 CIIe-
1aJTBHICTIO, 110 BIATOBIa€ TEMATHII IOJJAHOTO IS Iy OTiKaIlii MmaTepiaiy, i € aBTopamMu (CITiB-
aBTOpaMHM) 3arajbHOI0 KUIBKICTIO HE MEHIIE TPhOX MyOJiKaliii y HayKOBHUX BHIAHHSX,
BKJTFOUCHUX JI0 KaTeropii «A» Ta/abo kareropii «b» [lepeniky HaykoBux ¢haxoBUX BUAAHb YK-
painm, Ta/abo y 3aKOpJOHHMX BHAAHHSX, MPOiHAEKCcOBaHMX y 0Oa3ax manux Web of Science
Core Collection Ta/abo Scopus 3a BiJIIMOBITHOIO CHEIATbHICTIO, OMPUIIOJHEHUX YIIPOIOBK
OCTaHHIX I’TH POKiB.

Ony0nikyBaHHS HAYKOBUX CTaTel y skypHaui « TeXHIYHI HayKH Ta TEXHOJIOTI» € TNIAaTHUM.
Bapricts my0Gmikariii HayKoBOi CTaTTi CTAHOBUTb:
- 60 rpu/1 cTopinka (3a yMOBH, SKIIIO aBTOpaM MOTPiOHA MarepoBa BepCis )KypHaAIY);
- 40 rpu/1 cropinka (3a yMOBH, SIKIIIO aBTOPaM JIOCTaTHLO €JIEKTPOHHOI BEPCii )KypHATY).
Ocrarouna BapTicTh myOJiKanii (POpMyY€ETHCS MiCIIsi TOTOBHOCTI €JIEKTPOHHOTO MAKETY XKyp-
HaJTy Ta MOBIIOMJIIETHCSI aBTOPY, BIAMOBITAIBHOMY 3a MyOumikariito crarti. Omiara miaTBepIKy-
€THCSI KBUTAHIIIEIO.

YMOBH ITYBJIIKAIILI, BHMOT H 11010 O®OPMJIEHHA CTATEH, PEKBIZUTH
OITIATH TA OCTAHHI HOMEPH HAYKOBOI' O JKYPHAJY « TEXHI9YHI HAYKH
TA TEXHOJIOI'II» POSMIIIEHO HA CAHTI»: http://tst.stu.cn.ua/

KonTakTHa indopmaunis:

Mopo3 Haranis BiktopiBHa

Ten. mo0.: (0462) 665-225

E-mail: tst.technical.sj@gmail.com

BinnoBinaabHicTh 32 MaTepiaiu, HaBeJdeHi y cTaTTi, Hece aBTOP.
HenpaBuibHo 0(popMIIeHI aBTOPOM CTATTS Ta CYNPOBi/IHI JOKYMEHTH,
1[0 He BiANOBIaI0TH 32a3HAYEHUM BUMOIraM, PO3IJisiiaTucs He Oy1yTh.

Peoaxkyis poszensoae naoxooxcenns nyonikayii ma cynpogioHux 0OKyMeHmie

5K 3200y oonucysaua (i8) w000 nepeodayi agmopcbKo20 NPasa Ha GUKOPUCTAHHSL MEOPY
(mupasicysanms, po3no8CrOONCeHHs. Mouo).
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