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C. 1. PaakeBuu
Heporcasnuii ynieepcumem «Kumomupcobka nonaimexmikay

E®EKTUBHICTH TOPIHEBOI'O ®IHIINIHOT'O ®PE3EPYBAHHSA YABYHIB 3
BEPMUKYJISIPHUM I'PA®ITOM IHCTPYMEHTAMMH 3 KYBIYHOI'O HITPHAY BOPY TA
3 HITPUTHOI KEPAMIKH

Y cmammi eéuxnadeno 36edeni pezynomamu eKcnepumMeRmManbHux 00CIi0HceHb 6NIUGY PeHCUMIE PI3AHHA Ma MUNY
iHCmpyMeHmanbHo20 Mamepiany HA 3HOWY6AHHA [HCHIPYMEHMY, NAPAMEmpuU AKOCII ROGEPXHI ma MIKpOCMpPYKmypy
00pobnenozo wapy uagyny 3 eepmukynapuum zpagimom mapku CGI450 npu gpinivunomy mopuyeeomy ppesepysanni. byno
3acmocoeano memoo bokca-bBenkena o0na niaHyeamHs ekcnepumenmy ma nioxio 3 MHoycuhhumu Kpumepiamu. ILle
0036071110 00CTIIOUMU 63ACMHUILL 6NUE OCHOGHUX RAPAMEmPIé 00pPOOKU - WeUOKOCMI Pi3anHa, nooaui Ha 36 ma 21uduUHU
Pi3anna - na Kiwuoei Kpumepii epekmuenocmi npovecy iniwinozo mopuyeeozo gpeszepysanna./lo nux ¢ionocamuyca: 3Hoc
incmpymenmy (VB), wiopcmkicmo 06poonenoi nosepxui (Ra), npodyxmuenicms npouecy gpesepysanns (MRR).

11i0 uac docnioxncennn nopientosanu incmpymenmu 3 Kyoiunozo nimpuoy éopy (KHb) ma nimpuonoi kepamixu (HTK).
Buseunoce, wjo KHE 3a6e3neuye opmysanns 3mMiyHeHO20 NOBEPXHEE020 WIAPY 3 6UCOKUMU 3ATTUMIKOSUMU HANPYHCEHHAMU
cmuckanns (00 -166,42 Mlla), nodpionenoro cmpykmypoio mampuyi ma niosuujeHumu mikpooegopmauiamu. Lle ceiouumas
npo inmencuene noeepxmeee 3miynenua. ILllopcmkicms noeepxmi 0,16 < Ra < 0,63 mxkm. Incmpymenmu 3 HK
demoHCcmpyoms 0euio ULy 3Hococmiikicms i cmiilkicmos npu 00poodui npu 6ucokux uiguoKkocmax pizanus. OOnHax eoHu
Marwomp ciaduie suparicene CIMpyKmypHe 3MiyHeHHA | Xapakmepusyromuca He nadazamo zipwiumu napamempamu Ra. Kpim
mozo, 6yna npoeedeHa eKOHOMIUHA OYIHKA, Y AKIll 6PAX08AHA 8APMICMb IHCMPYMEHmYy ma codieapmicmey 00podKU 00H020
Kinomempa winaxy pizauna. B pezynomami ecmanoeneno, wio na uucmosux pexcumax gpezepyeanna YBI" (weuokicmeo
pizanns 400-800 m/xs, nooaua 0,1-0,15 mm/3y6, enubuna pizanns 0,08-0,15 mm) euxkopucmanns pizansHux naacmun Kpy2nor
dopmu 3 nHimpuonoi Kepamiku € 3nauno penmadenvhiwium, nixe nnacmun 3 KHb. Ha ocnosi ananizy ompumanux
pe3ynvmamie chopmynboeano peKkomeHOauit w00 eudopy iHCImpymeHmanbHo20 Mamepiany 6 3a1edHcHOCHi 6i0 6UPOOHUY020
npiopumemy: KHb - 0115 00cazneHHA MaAKCUMAIbHOT AKOCMI NO8EPXHI ma NiQ8UU{EeHOT 3HOCOCMIIIKOCII HOBEPXHEB020 WAPY;
Himpuona kepamika - 0ns 3a6e3neuyennn eKOHOMIuHOT ehekmuenocmi ma cmabinoHocmi npoyecy npu cepiiiniii 0opoouyi.
IIpeocmaeneni oani moxcymo Oymu euxkopucmaui ona onmumizauii npoyecy ¢hpesepysanns 4agyHié 3 6epMUKYIAPHUM
zpaghimom y 6ionosioanbHomy MawmiunooyoieHoMy 6UpOOHUYMEI.

Kniouosi cnosa: wasyn 3 eepmurxynsipuum epagpimom (4BI), snococmitikicme, giniwne ghpesepysanns, Kyoiunuil Himpuo
oopy (KHB), nimpuona xepamixa, memoo bokca-benxena

S.1. Radkevych

EFFICIENCY OF FACE FINISHING MILLING OF CAST IRON WITH VERMICULAR GRAPHITE
BY TOOLS MADE OF CUBIC BORON NITRIDE AND NITRIDE CERAMICS

The article presents the summary results of experimental studies of the influence of cutting modes and type of tool material
on tool wear, surface quality parameters, and microstructure of the machined layer of cast iron with vermicular graphite of
CGI1450 grade during face finishing milling. The Box-Behnken method was used to plan the experiment and a multiple criteria
approach was applied. This made it possible to investigate the mutual influence of the main machining parameters - cutting
speed, feed per tooth and depth of cut - on the key performance criteria of the finishing face milling process. These include: tool
wear (VB), machined surface roughness (Ra), milling process productivity (MRR).

During the study, tools made of cubic boron nitride (CBN) and nitride ceramics (NC) were compared. It turned out that
BNB provides the formation of a hardened surface layer with high residual compressive stresses (up to -166.42 MPa), a crushed
matrix structure, and increased microdeformations. This indicates intensive surface hardening. The surface roughness is 0.16
<Ra<0.63 um. Tools made of NK demonstrate slightly higher wear resistance and machining stability at high cutting speeds.
However, they have less pronounced structural strengthening and are characterized by slightly worse Ra parameters.

In addition, an economic assessment was made, which took into account the cost of the tool and the cost of machining
one kilometer of cutting path. As a result, it was found that in the finishing modes of HSS milling (cutting speed 400-800 m/min,
feed rate 0.1-0.15 mm/tooth, cutting depth 0.08-0.15 mm), the use of round-shaped cutting inserts made of nitride ceramics is
much more cost-effective than CBN inserts. Based on the analysis of the obtained results, recommendations for the choice of
tool material depending on the production priority were formulated: CBN - to achieve maximum surface quality and increased
wear resistance of the surface layer; Nitride ceramics - to ensure cost-effectiveness and process stability during serial
processing. The data presented here can be used to optimize the milling process of cast irons with vermicular graphite in critical
machine-building production.

Keywords: vermicular graphite cast iron (CGI), wear resistance, finishing milling, cubic boron nitride (CBN), nitride
ceramics, Box-Behnken method.

IlocranoBka mnpoOsjemu. @inimHe TOpLEBe (pe3epyBaHHA - € OAHUM 3 HAUTHUNOBIMINX Ta
Haileh eKTUBHIINX METOIIB 00pOOKHU A7l POPMYBaHHA IUIOCKUX ITOBEPXOHB 3 3a0€3MEUEHHSM 1X BUCOKOL
TOYHOCTI Ta SIKOCTI. 3a paXyHOK CBO€i 0araTroyHKIIOHAIBHOCTI LIei METOJI INPOKO BUKOPUCTOBYETHCS B
rany3sx MalMHOOyIqyBaHHS, aBiallii Ta aBToM0OieOyayBaHHA. YaByHH € OMHUMHU 3 HANMOIIMPEHIIHNX
KOHCTPYKLIMHUX MaTepialliB, sSIKi BUKOPHUCTOBYIOTBCS ISl BUTOTOBJICHHS BEJIMKOraOapuUTHUX JeTaneH 3
TUIOCKMMU TTOBEPXHSMH, IO TOTPEOYIOTh BUCOKOT TOYHOCTI Ta SKOCTi. 30KpeMa YaBYHH 3 BEpMUKYIISAPHUM
rpagiToM MPOTIrOM OCTaHHIX PpOKIB BHKIMKAIOTh BCe OUIBIIMI 1HTEpeC B PIi3HUX Taly3sx
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MammHoOyayBaHHA. OgHaK iX 00poOka (pe3epyBaHHSIM CYHNPOBOMXKYETHCS IHTEHCUBHUM 3HOIIYBAaHHSIM
PLKy4YOro iHCTPYMEHTY, 110 MPU3BOAUTE 10 3HWKEHHS MPOAYKTHUBHOCTI Ta SIKOCT1 00pOOKH 1 3011bIIEHHS
3aranpHOI cobiBapTocTi npoaykuii. OcoOnuBICTIO TOPLEBOTO (ppe3epyBaHHA € MEpiOJUYHICTE KOHTAKTY
3y0iB ¢pe3n 3 3aroroBkolo. Lle MpU3BOOUTH [0 LMUKIIYHUX HABAHTAKEHb 1 BTOMHOTO 3HOCY PUKYYHX
kpoMmok. [lepenanu TemMnepaTypHUX pEKUMIB BUKIMKAIOTh TEPMIdHI TPILIMHU, & KOJTMBAHHS CHUJI pi3aHHS
- BiOpauii 1 HepiBHOMIpHE 3HOIIYBaHHS PLKYUYHMX IUIACTUH. Bce 1e cTBoproe TpyaHomi B 3a0e3nedeHH1
cTabinpHOCTI 0OPOOKH Ta JOCATHEHHI HeoOXiMHOT AKkocTi (iHimHOT 00poOku. Baxnusum € 3a0e3nedeHHs
LIOPCTKOCTI moBepxHi He Outbme Ra = 0,63 MkM 3 O6anaHcoOM MiX MPOAYKTHBHICTIO TA 3HOCOCTIMKICTIO
pi3aJIbHUX IHCTPYMEHTIB.

AmHani3 ocTaHHIX qocaimxkens i myoaikaniii. JlocoimkeHHsIM MPoOIeMy 3HOITYBaHHSI Pi3alIbHOTO
IHCTPYMEHTY NpH TOpLEBOMY (ppe3epyBaHHI MPUCBSUEHI pOOOTH SIK BITYM3HAHUX, Tak 1 3apyOLKHUX
HaykoBIiB. Cepen HAyKOBLIB, SIKi 3pOOHIIN BEJUKHH BHECOK Y BUBUEHHSI LILOT'O MUTAHHS, CJIiJl BII3HAUYNUTH
B.M. Bymutto, I M. Buroscekoro, I0.M. Brykosa, O.A. I'pomoBoro, B.O. 3anory, I[1.II. Mensanuyka, D.
Wang, Y. Li, L. Miiller, P. Schmidt, J. Smith, A. Johnson Ta iH. ¥ cB0iXx pob0Tax BOHH JOCIIiKYBaIH
MPUPOAY 3HOLIYBAHHS Pi3aIbHUX IHCTPYMEHTIB MiJ Yac TOPLIEBOro (Gpe3epyBaHHS BaXXKOOOPOOITIOBAHUX
MaTepiaiiB (30kpema yaByHY). Po3risigany BIUIMB OCHOBHHMX TEXHOJIOTIYHHX IapaMmeTpiB oOpoOKu Ha
IHTEHCUBHICTh 3HOIIYBAHHA Ta MPOIMOHYBAJIN IIISIXH MiABULICHHS CTIKOCT1 pi3aibHOrO iIHCTPYMEHTY.

Bceynepeu Benukii KiIbKOCT] HalpamioBaHb, 00po0Ka YaByHIB 3 BepMUKYIIsIpHUM rpaditom (UBI)
GIHIHUM TOpLEBUM (pe3epyBaHHAM 3aIMIIAE€THCA HENOCTATHHO BUBYEHOIO. Bucoka aOpas3uBHICTH
MaTepiaiy, OCOOJMBOCTI MIKPOCTPYKTYpU Ta (opMma TpadiTOBHX BKIIOYEHb BHUKIHMKAIOTH IMiJBHILCHE
HABaHTA)XEHHS Ha IHCTPYMEHT Ta CTBOPIOIOTH YMOBH AJISl IIBHAKOrO 3HouryBaHHs. Lle Bce yckianaHioe
3a0e3medeHHs cTabLIbHOT 00pOOKH 3 TOCATHEHHSIM BHCOKHX ITOKA3HUKIB SIKOCTI.

AKTyaJbHICTB A0CTiI:KeHH TIOJISTae B HEOOX1THOCTI MiIBUIIIEHHS TPOAYKTUBHOCTI 00pOOKH Ta
3HIKEHHS BapTocTi (iHIHOI 0OpOOKM YaBYHIB i3 BEpMHUKYISIPHUM IpadiToM IUIIXOM OOIPYHTOBAHOTO
BHOOpY 1HCTPYMEHTAJIBHOI'O MaTepially 3 ypaxyBaHHSIM HOro 3HOCOCTIMKOCTi, BapTOCTi Ta 3AaTHOCTI
3a0e3MevuyBaTH BUCOKY SIKICTh OOpOOKH.

Meroro nmochimxeHHs € BUOIp e()eKTHBHOIO IHCTPYMEHTaJbHOrO MaTepialy ais (iHIIIHOrO
TOpLIEBOrO (ppe3epyBaHHsS IOBEPXOHb BHPOOIB 3 YaBYHIB 3 BEPMHUKYIAPHUM IpadiToM MNUIIXOM
MOPIBHSUTBHOTO aHAIII3y 3HOCOCTIMKOCTI, 3MaTHOCTI 3a0e3meuyBaTH BUCOKY SIKICTh 0Op0OJIeHOI MOBEpXHi
Ta BapTOCTI.

BukJiaieHHsI 0CHOBHOT0 MaTepiaxy

EdextuBHicTb 00p0o0KH Ba)kk0OOpOOIIOBAaHMX MaTepialliB, 30KpeMa YaBYHIB 13 BEpMHUKYISIPHUM
rpagitom (UBI'), 3anexuts Bin Kommiekcy (akTopiB, SKi MMOB’s3aHi AK i3 BIACTUBOCTSIMH CaMOroO
MaTepiaiy, Tak 1 3 MpaBUIBHO MiXiOpaHMMHU PEXHMaMH, IHCTPYMEHTaJIbHUM MarTepialoM 1 yMOBaMu
00poOkn OnpHUM i3 OCHOBHHX (aKkTOpiB, BiI SKOro 3aJIGKUTh IHTCHCHUBHICTH 3HOIIYBaHHS, €
Mmikpoctpykrypa UBI'. Ha puc.l. npencrasnena mikpoctpykrypa UBI, sika Bxmodae sik rpadithi, Tax i
KapOiTHI BKIIOYCHHS.

.,,-{

A i

Puc. 1. Mncpocrpylcrypa anyHy 3 BepMI/lRy.]IﬂpHI/IM rpaanOM [15].

I'paditHi BKIIOYEHHS y BHUIJSIAI 4epB’sKiB 00’eaHaHi y ¢opmi KopamiB (OpMYIOTH CKIaAHY
Mepexy. 3aBISKH LbOMY MOPYLIYETHCS OAHOPIAHICTH MaTepiaidy i YCKIaJHIETHCS MPOLEC Pi3aHHA KU
CYNPOBOMKYETHCS JIOKAIBHUMH HEPIBHOMIPHUMH HAanpy>KEHHSIMHU 1 TepMiunuMu nedexkramu. KapOinHi
BKJIIOUEHHSI AiIOTh SIK a0pa3uBHI YaCTHHKH, CTBOPIOIOYH IiIBUIICHE HABAHTAKEHHA Ha Pi3aJibHY KPOMKY
IHCTPYMEHTA, CIIPHUAIOYH LIBHJIKOMY ii 3HOLIYBaHHIO.

Jlirepatypauii aHamni3 mokasas, o mig yac o6pooku UBI' iHCcTpyMeHTH 3HOILIYIOTHCS Habarato
iHTeHcuBHiwe nopiHsAHO 3 CY. 3okpema B pobori [10], BcranoBieHO, mo iHcTpymeHTH 3 KHB Bxe Ha §
XBHJIMHI poOOTH 3a3HaNIM 3HAYHOTO AU(y3iifHOr0 3HOIIYBaHHS NMpH MBUAKOCTI pizanHa 700M/XB, B TOH
qac sk pu 00pobui CY BoHM NeMOHCTPYIOTH BHCOKY. Lle oOMexye eeKTUBHICTD iX 3aCTOCYBAaHHS AJIS
¢dpesepysanns UBI. ¥V nocmimkennsx [12], ocHOBHUME MexaHi3MaMU 3HONIYBaHHA mpHu 00poOii UBT
Oynu abpasuBHHUN 1 anre3ifiHuil 3HOC, SIKi MepeBa)Kalu y 30HaX JIOKAJbHOTO KOHTAKTY iHCTPYMEHTY i3

© C. I Paokesuu

10



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvx, 2025, Ne§2

TBepauMH (pasamu matepiany. Y poOoti [14] minTBepakeHo, o 3a OJHAKOBUX YMOB POOOTH IHCTPYMEHTY,
obpo6imoBanicts UBI ripma, Hixk CU. Hwkuya TermmonpoBigHicTs, mopiBHsAHO 3 CY BUKIMKAE meperpiB
piKy4oi KpOMKM NPHUIIBUAIIYIOYM TepMiuHE 3HOIIYBaHHA. Buia 4yTnuBicTh 0 BiOpaliil BUMarae
3aCTOCYBaHHS JKOPCTKUX IHCTPyMEHTAJIbHHUX CHUCTEM sl cTabimizauii mpouecy. B Takux ymoBax BapTo
BUKOPUCTOBYBAaTH IHCTPYMEHTH 13 BHCOKOIO TEPMIUHOIO Ta aOpa3HBHOIO CTIMKICTIO ISl 3MEHIICHHS
TepMivyHOro Ta abpa3uBHOrO 3HoinyBaHHs [14]. B cBoto uepry, Sadik Ta Dahlman mocnmigwmu Bruiws
ximiuHOro ckiaay UBI Ha iHTEHCHBHICTH 3HOITYBaHHS. BOHU BHSIBHIIM IO MiJBHUILNEHHS BMICTy THTaHY
Big 0,004% no 0,04% 3meHmye TepMmiH ciayxOu iHCTpymeHTy Oinbmn HiX Ha 50%. Lle moB’s3ano 3
yTBOpeHHsIM TBepaux BkIoueHb Ti(C,N), sKi 30UIbIIyI0OTh MEXaHIYHe HABAHTAKEHHS Ha PLKYYY KPOMKY
[11]. Illo oaniero ocobnuBicTio 06podku UBI' € HanumanHs CTPYKKM HA IHCTPYMEHT, 110 IPUCKOPIOE Horo
3HOIIYBAaHHS Ta YCKJIAIHIOE OTPUMaHHS CTaOUIBHUX BHCOKUX MOKAa3HHUKIB SKOCTI 0OpOOJIeHOT MOBEpXHi
[14].

Tabn. 1
®di3zuko-mexaniuHi xapakrepuctuxu YBI [15]
BrnactusocTi Temmnepatypa, °C 3unauenns (CGI 450)
Bwict nepaity (%) 25 ~90
25 450-525
I'panuis minHOCTI Ha po3puB (MPa) 100 425-500
400 425-500
25 310-355
I'panuns mmuaHOCTI 0.2% (MPa) 100 290-340
400 265-310
25 145-155
Mognynb npyxHocTi (GPa) 100 130-140
400 125-135
25 1.0-1.5
Bimrnocue nogosxkeHHs (%) 100 1.2-2.0
400 1.5-3.5
Koediient Butpusanocri (oB) 25 0.25-0.35
25 33-36
TennonposinHicts (B1/M-K) 300 30-33
400 28-30
KoedimieHT  TemiaoBoro - po3mMpPEHHS 25400 11.5-12.5
(Mxm/M-K)
Koedinient Ilyaccona 25 0.27-0.29
0 25 410440
I'panuns crucky 0.2% (MPa) 400 230-320
Koed. 3HMKEHHS BUTpUBANOCTI IpH HaAPi3i 25 1.9-2.1
I'yctuna (r/cm?) 25 7.0-7.2
TBepaicts 3a bpinennem (BHN) 25 207-255
Tabn. 2
XimMivHHi ckJIax YaByHy 3 BepmMukyJaspuum rpagirom CGI450 [15].
Pearlite %)|| C || Si | CE |[Mn || s || Mg |[CMM || Cu || Sn |
>90 3.6-3.82.1-2.5 ]4.4-4.7 ]/0.2-0.4]0.005-0.022 |0.006-0.014 |[0.01-0.03 | 0.7-1.0 ][0.08-0.10 |

TexXHONOriYHUMH 3aX0JaMH SIKi 3aCTOCOBYIOTHCS JUISI 3HMIKCHHS 3HOLIYBAaHHS IHCTPYMEHTIB €
3MEHILIEHHA PEXHUMIB pi3aHHA (MMHOWMHM pi3aHHS, WIBHIKOCTI pi3aHHS Ta momadi). OmHak HagmipHe
3HIKEHHS! PEXUMIB pi3aHHS MOXE MNPU3BECTH A0 3HIKCHHS NPOAYKTHBHOCTI MpPOLECY Ta SAKOCTI
00po6iieHoi noBepxHi. ToMy icHye HEOOXiAHICTh Y MOIIYKY PaLliOHAIBHOIO TOETHAHHS PEXUMIB Pi3aHHA
Ta IHCTPyMEHTAaJIBHOrO MaTepiany, sike O 3a0e3medyBanio MiHIMaJbHE 3HOLIYBAaHHS NpPH 30epeKeHHI
BHCOKOI MPOAYKTHUBHOCTI Ta cTabLIbHOI IKOCTi 0OPOOKH.

Otox, mig yac (iHIIIHOrO TOPLUEBOro (Ppe3epyBaHHs YaBYHY 3 BEpMUKYIsIpHUM Trpadirom (UBI)
0COOJIMBO aKTyaJbHOIO € MPoOJieMa OTHOYACHOTO 3a0e3MeUeHH BHCOKOI CTaOLIBHOI SIKOCTI 00p00IeHO1
MOBEPXHI, 3HOCOCTIMKOCTI PIXYJYOro IiHCTPYMEHTY Ta JOCTAaTHHOTO PiBHS NPOAYKTHBHOCTI. Huzpka
TEeIUIONPOBIAHICTh 1 HeomHopiaHicTh (azoBoro ckmaxy UBIT cTBOpIOIOTH HECHIPHUATINMBI YMOBH IS
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MpoLecy pi3aHHs, 0 COIPUYNHSE IHTCHCUBHE TEMJIOBE Ta a0pa3UBHE HABAHTAXKCHHS HA PIKYUY KPOMKY,
MPHUCKOPEHE 3HOLTYBAHHS IHCTPYMEHTY Ta 3HIKEHHS SKOCTI 0OpOOKH.

3 MeTOI0 yCYHEHHS 3a3HAa4eHHX HEOONIKiB Hamu Oyno po3poOJeHO KOMIUIEKCHHH Minxin ao
onTuMizalii peXuMIB pi3aHHs y MOEJHAHHI 3 palioHaJbHUM BUOOPOM IHCTPYMEHTAIBHOTO MaTepiary Ta
reoMmeTpii pixydoi yactuHH. lIpoBemeHi NOCTIKEHHS NO3BOJIMIIM BU3HAYUTH €(PEKTHBHI MapaMerpu
¢dpe3epyBaHHs, 10 3a0€3MeYyIOTh MOKPAILEHHS YNCTOTH TIOBEPXHi, 3HHKEHHS 3HOLIYBAaHHS IHCTPYMEHTY,
(OopMyBaHHS CTUCKYIOUHMX 3aJUIIKOBHX HANpPYyXEeHb Yy IOBEPXHEBOMY INAapi, a TAaKOX MiJBHILECHHS
3arajJbHOI MPOAYKTUBHOCTI MIPOLIECY.

Mertoauka NpoBedeHHsS] eKCIEPUMEHTIB. 3 MeTO0 MiIBUIIEHHS e(EeKTUBHOCTI (iHIIIHOTO
TOpLEeBOro (pesepyBaHHS YaBYHIB 3 BEPMHUKYSIPpHUM TpadiToM y IOCHiIKEHHI OyB 3acTOCOBAaHUI
KOMITJICKCHUH MiIXid, 10 BKJIIOYAE OL[IHIOBAHHS SIK TEXHOJIOTIYHUX, TaK 1 €KOHOMIYHUX ITOKAa3HHKIB.
30kpema, aHalli3 OXOIUIIOBaB 3HOCOCTIHKICTH 1HCTPYMEHTIB, SKICTb 00poOIeHOi MOBEpXHi,
nponyktuBHICTh npouecy (MRR), a Takox iHTErpanbHU €eKOHOMIYHUE KpUTEpiii — BapTicTh 0OpoOKu
OJHOTO KiIOMETpa LUISIXY Pi3aHHS.

ExcniepuMeHTanbHi HOCTIIHKEHHS TPOBOAMIIKCS 3 METOI0 BCTAHOBJICHHS BIUTUBY PEXXHMMIB pi3aHHS
Ta TUIY IHCTPYMEHTAJbHOIO MaTepialy Ha 3HOC IHCTPYMEHTY 1 fAKicTh 00poOku mpHu (iHIIIHOMY
¢dpe3epyBaHHI yaBYHY 3 BepMUKYJISIpHUM Trpadirom mapku CGI450 , BupoOHuuTBa Komnanii SinterCast
(IIBerwis). OOpoOKy 3xificHIOBaIM HA BepTHKaIbHOMY 00poOoHOoMY neHtpi Haas VF-2SSYT-NG B ymoBax
cyxoro (pesepyBaHHs, BUKOpUCTOBYI0UH TopLeBy Ppe3y Sandvik Coromant R200-051Q22-12H 3 ognieto
KPYIJIOI0 PDKYYOIO IUIACTHHOIO. Y  JOCHI/KEHHI 3aCTOCOBYBANMCS IUIACTMHU 3 JIBOX THIIIB
IHCTpYMEHTaNbHUX MatepianiB: KyOiunoro Hitpuny Oopy (KHB) ta nitpuanoi kepamixu (HK).
HaiimenyBaHHS Ta KOAM PKYYHX IUIACTUH HaBEIEHO B TaOmuUIi 3.

Pexxumu pizaHHs BapiloBanyd B Mexax: MBUAKICTH pizaHHS ve = 400-800 m/xB, momada Ha 3y0
fz = 0,10-0,15 mm/3y0, rnmubuna pizanna ap = 0,08-0,15 mm. s rmutaHyBaHHSI €KCHEPUMEHTY Oyio
3actocoBaHo MeTo]l bokca-benkena, mo 3abe3neuye edpeKTHBHE NOCTIHKEHHS BIUIUBY OKpeMHUX (aKTOpiB
Ta iXHIX B3a€MOJIiil Ha BUXI/IHI XapaKTEPUCTHKH MPOIIECy 0OpOOKH.

3HOImIYBaHHS 3aAHBOI IOBEPXHI IHCTPYMEHTY OLIHIOBAIM 3a JIONIOMOrOI0 EIEKTPOHHOTO
MIKpOCKoIa, a mapaMerp Ra koHTpomoBanu 3a qonomororo nopratusHoro npoginomerpa UIT TR200, y
HampsIMKy, TIEpIEeHANKYIIPHOMY JI0 TIoJadi IMicis KOXHOi cepii mpoxomiB (2, 5, 10, 15, 20, 30, 60, 90,
120). BusHaueHHs 3aiJMIIKOBHX HANpYXeHb Yy IOBEPXHEBOMY LIapi 3AiHCHIOBAlM METOAOM Sin’y 3
BHUKOPUCTAHHSM PEHTI€HIBCHKOT0 TU(PaKTOMETpa.

Tabn. 3
PizanbHi IiIacCTHHKH, IKi BAKOPHCTOBYBAJINCS B JOCTIKeHHAX [16]
[HCTpyMEHTaNBHMHI MaTepian KyOiunnit HiTpun 60py Hitpunna xepamika
Kopn pizanpHOI mitacTHHKA RCHT 12 04 MO0 CB50 RCKT 12 04 MO 6190
KinpkicTp pizabHIX KPOMOK 3 8
BapricTs pi3asibHOI INIACTHHH, €BPO 19,86 2,69

Puc.3. BepcraTHO-annapaTHHil KOMILIEKC JJISl IPOBeeHHS eKCIIePUMEHTAIBHOT0
HOCIIIKCHHSA

AHani3z oTpuMaHuX pe3yabTatiB. {1 3a0e3neueHHs] 00’ €KTUBHOTO MOPIBHSIHHS XapaKTEPUCTHK
iHCTpYMeEHTIB 3 Kybiunoro Hitpuay Oopy (KHB) ta nitpuanoi kepamiku (HK) Oymo mpoananizoBano
pesynbraTi (pe3epyBaHHsA 4yaByHY 3 BepMHUKYIsipHHM rpaditom SinterCast CGI450 3a omHaxoBux
PEXHUMIB: MBHUIAKICTH pizanHa ve = 600 M/xB, riaubuna pizanus ap = 0,12 mm, nogaya Ha 3y0 fz = 0,10
MM/3y0. Lli mapamerpu HanmexaTh J0 30HHU, B AKii BiOYBaeThCs 30allaHCOBAHE IMOETHAHHS OCHOBHUX
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LTbOBUX MOKAa3HMKIB: MiHIMi3alisl OPCTKOCTI 00pobieHoi nmoBepxHi (Ra), 3HOmIYBaHHS iHCTPYMEHTY
(VBmax) Ta 3a0e3neyeHHs A0CTaTHLOro piBHS npoaykTuBHOCTI (MRR).

Ha puc. 4 nHaBeneHo pe3ynbTaTH AWCIEPCIHHOrO aHamdisy, fAKi MiATBEPAXKYIOTh, IO HAHOLIBII
3HAa4YyIIUM (HAKTOPOM AJsl 000X THIIIB IHCTPYMEHTAJIbHHUX MaTepiatiB € MBUAKICT pizaHHA (X1). Takox
BCTaHOBJICHO CTATHCTUYHO 3HAYYIUMI BIUIMB IMOWHM pizaHHA (X2) Ta mogayi Ha 3y0 (Xs3), mpuuoMy y
Bunaaky HK cnoctepiraerbcs Oinblna 4yTIUBICTh A0 B3a€MOAIN MK (aKkTOpaMu.

Ha puc. 5 nomano rpadiku 3anexHOCTed BHXIIHUX HapaMmeTpiB (3HOCY iHCTpyMeHTy — Y1,
mopctkocTi Ra — Y2, npogykrtuBHOCTI — Y3) Ta iHTerpayipHOl QyHKOii OakaHOCT] U1 IHCTPYMEHTIB 3
KHB ta HK. BeprukanbHi myHKTHPHI JIiHi] BiOOBiIaI0TE 3a3HAYCHUM BHILE PeXUMaM (pe3epyBaHHs. 3a
numu ymoBamu iHcTpyMeHnTH 3 HK 3a6e3neunnu menmmii 3Hoc (VBmax = 0,137 MM), ogHaK MIOPCTKICTh
o0pobnenoi moBepxHi Oyna Bumoro (Ra = 0,254 mMkm) mopiBHsHO 3 iHCTpyMeHTamu 3 KHB (VBmax =
0,150 mm; Ra = 0,242 mxm). PiBens mpogyktuaOCcTi (MRR =~ 2023 mMMm?/c) € imeHTHYHUM U1 000X
BapiaHTiB, a iHTerpanpHa GyHkuis 6axanocti ckinana 0,87 mns HK ta 0,85 mst KHB.

Source Logworth ) PValue Source Logworth PValue

X1(400,800) XL — 0,00000 X1(400,800) 5420 [ ; ] 0,00000
X2(0,08,0,15) 5177 . — ] 0,00001 X2(0,08,0,15) 5,177 ; ] 0,00001
X3(0,1,0,15) 3,718 1 0,00019 X3(0,1,0,15) 4,242 . ] 0,00006
X1%X1 3,276 1 0,00053 X1*X1 3,381 - 0,00042
X1%X2 2,016 0,00963 X1%X2 2,016 0,00963
X2*X3 1,523 ] 0,03001 X1%X3 1,881 0,01315
X2*X2 1,304 ] 0,04967 X2*X3 1,523 ] 0,03001
X1%X3 1,139 [0 0,07256 X3*X3 1,402 ] 0,03960
X3*X3 0,698 7] 0,20036 X2*X2 0,866 ] 0,13609

a) 0)

Puc.4. PesynpTaTn AucnepciiHOro aHaIizy 3HAYym0CTi (pakTOpiB Ta iX B3aeMoxii nmpu
(pesepyBanHi yaByHy 3 BepMuKyJsipHuM rpagirom CGI450: a) nns incrpymenris 3 KHB; 0) nois
incrpymentis 3 HK.
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Puc.5. IlpoginbHi rpadiku 3minu Buxinaux napaMmerpis (Y — 3HOIIYBAHHS iHCTPYMEHTY;
Y2 — mopcrkicTs Ra; Y3 — mBuaKicTs 3HIMaHHSA MaTepiany) Ta iHTerpanbHoi QyHKLIT 6axkaHoCTi
3aJ1eKHO Bix 0ocHOBHHUX akTopiB (X1 — mBuAKicTh pizanHs, X2 — riiu0nHa pisanHs, X3 — nmogaya
Ha 3y0): a) 1 KHB; 6) 11a HK
Takum yMHOM, 32 yMOB 30aJaHCOBAaHUX PEKHUMIB (pe3epyBaHHS OOMABAa TUIM IHCTPYMEHTIB
3a0e3MevyI0Th BUCOKY TEXHOJOrUHY € eKTUBHICTh. BHOIp ONTUMAIBHOTO IHCTPYMEHTAIBHOTO MaTepiany
MOBHHEH 30IMCHIOBATHUCS 3aJISKHO Bi BUpoOHH4oro npiopurery: KHb — mist nocsruenns kpamoi sKocTi
noBepxHi, HK — 11 3HMKEeHHS 3HOLIYBAaHHS IHCTPYMEHTY NPH CTaOUIBHUX YMOBaxX OOpPOOKH.
OtpumaHi pe3ynbTaTH AOCIIIKEHHS BIUIUBY PSKHUMIB (ppe3epyBaHHS Ha 3AJIMIIKOBI HAIPyKEHHS
Ta MIKPOCTPYKTYpY 0Op0oOJIeHOi MoBepXHi Mmokasaiy, mo oopodka incrpymentamu 3 KHB 3i mBuakictio
800 m/xB cropusie ¢GOpMyBaHHIO HAHOUIBIIMX 3alMIIKOBUX HampyxXeHb cTHcKaHHA (-166,42 Mlla),
3HayHOMY noapiOHeHHIo 3epeH aFe (1o 369 HM), a Takox 30inbLIEHHIO Mikpoaedopmauiil rpadity Ta
MaTpHIIL.
Li MiIKpOCTPYKTYpPHI IEpETBOPEHHSI CBiAYaTh PO IHTEHCUBHE 3MILIHEHHS TOBEPXHEBOTO LIapy, 110
MPU3BOIUTH JIO ITiIBUIICHHS 3HOCOCTIMKOCTI Ta BTOMHOI JJOBFOBIYHOCTi 00pO0OIIEHOT TOBEPXHi.
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Tabn. 4

BeanunHa 3aTMIIKOBUX HANIPYKeHb, po3Mipu kpucrtadiB rpadiry 2H i aFe, a Takox
Mikpoaedopmauii ¢ga3 y mopepxHeBoMy mapi 4aByHy 3 BepMuKYJIsipuuM rpagirom CGI450

Bennunna Posmipu Posmipu Mikpone- Mikpone-
YMOBHU 00pOOKH | 3aTMIIKOBUX KpHCTaliB KpHucTamiB | ¢popmauii ¢dopmauii

Halnpy>XKeHb rpagity 2H aFe rpagity 2H | rpadiry aFe
[Tonepenus 108.3 MIla - - - -
00pobOKa
HK 600m/x8 -48,13 Mlla 407 1010 0,34% 0,45%
HK 800 m/xB -101,51 Mlla 284 210 0,11% 0,30%
KHB 600m/x8 -82,38 Mlla 272 985 0,23% 0,43%
KHB 800m/xB -166,42 Mlla 477 369 0,36% 0,45%

VY To# ke 4ac, BUKOPUCTaHHS IHCTPYMEHTIB 3 HITPUAHOI KepamiKu NPU3BOAUTH NI0 3HMUKECHHS
IHTEHCUBHOCTI AedopMalifHUX 1 TEPMIYHMX IPOLECIB, IO BHPAKAETHCS B MEHIIUX 3aITUIIKOBUX
HampyXeHHsX, OlTpImmX po3Mipax 3epeH oFe i 3MeHmeHHi Mikpoaepopmauniil. Lle cripusie oTpuMaHHIO
CTabiMpbHOI CTPYKTYpH 3 MEHIOMM 3HOLIYBaHHSIM iHCTPYMEHTY, MNpOTE 3 [JEH0 TipLUIMMU
XapaKTePUCTUKAMH LIOPCTKOCT] Ta IOBEPXHEBOTO 3MII[HEHHSI.

BucnoBoxk. [HcTpymenTn 3 Kyoiunoro Hitpuny 6opy (KHB) npu BucokomBuakicHomMy ¢iHimHOMY
¢peszepyBanni UBI' 3a0esmeuyrors (opMyBaHHS 3MIIIHEHOTO IIOBEPXHEBOTO IIapy 3 BHCOKHMHU
3aJIMIIKOBUMH HAIPY)KEHHSIMU CTUCKY (1o —166,42 Mlla), moperkicTio Ra < 0,63 MKM Ta BHCOKOIO
3HOCOCTIHKICTIO, 10 POOUTH 1X ONTUMaTBFHUMU 7151 0OpPOOKH BiINOBiAaTbHIX HABAHTAKCHUX ITOBEPXOHb.
IncrpymenTn 3 HiTpunHoi kepamiku (HK) xapakreprsyrorbesi 61100 3HOCOCTIHKICTIO, CTA0UIBHICTIO
00poOKH, JIe110 MEHII IHTeHCUBHUM 3MILJHEHHSIM MOBEPXHIi Ta 3HAYHO HIHXKYOIO BapTICTIO, 10 3a0e3meuye
X e()eKTUBHICTH Y BUCOKOTOUHHX (iHIIIHMX omepawisfx. 3a OQHaKOBOI NPOAYKTUBHOCTI OOM/IBa BapiaHTH
€ JOLITBHUMH ISl pisHUX BupoOHMunX ymMoB: KHB — niist pecypcoemnoi BucokosikicHoi 06pooku, HK —
JUTS EKOHOMIYHO 30aJIaHCOBaHOT0 (hiHIIHOTO (hpe3epyBaHHS.
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Kuiscoxuil nayionanvHutl yHigepcumem mexHoao2iu ma Ou3aiHy

EKCIIEPUMEHTAJIBHE BUSHAUYEHHS CHJIM KOPUCHOI'O OIIOPY
HNEPEMIIIEHHA MATEPIAJIIB HA IIBEVMHIN MAIIIMHI

Y cmammi suznaueno maxcumanvne 3HAUEHHA CUNU KOPUCHOZ0 ONOPY, W0 GUHUKAE NIO 4AC MPAHCHOPMYEAHHA
Mmamepianie y wieeiiniii mawuni,ax ene ennueac na axicmo wea Ii 3nauenna € o00num 3 exiomux napamempie ons
npoexmyeanna mexanizmie mpancnopmy. Ilposedene excnepumenmanvre 00CnioOHceHHA RIOMEEPOUIO, W0 CUNA KOPUCHO20
OnOpy Cymmeeo 6naueac Ha AKicmov uiea, i il 6paAXy6aHHa € HeoOXiOHUM O0na onmumizauii npouecy 3uueannusa. Haykoea
HOBU3HA POOOMU NONAZAE Y 00CNIONCEHHI 6NAUBY CUIU KOPUCHO20 ONOPY AK 000AMK06020 (hakmopa npu nepemiuieHHi
Mmamepianie.

Knruoei cnosa: npoyec nepemiujenus mamepiania, cunosa 63aemoois, AKicmv wed, cmabilibHiCb 008X4CUHU cibKa, cuna
KOPUCHO20 ONOpPY, MPAHCROPMYBATbHULL OP2AH, NPUMUCKHUL NPUCMPITL.

E.O. Korobchenko, V.A. Horobets

EXPERIMENTAL DETERMINATION OF THE USEFUL RESISTANCE FORCE IN
MATERIAL MOVEMENT ON A SEWING MACHINE

The article identifies the maximum value of useful resistance force that arises during material transport in a sewing
machine. This value is a key parameter in designing transport mechanisms. Experimental research confirmed that the useful
resistance force significantly impacts the quality of the seam, and its consideration is essential for optimizing the sewing process.
The resistance force is caused by various factors that are difficult to determine analytically, including the mass of material
before the sewing zone, friction between the material and the worktable surface, as well as the human factor. Additionally,
certain technological operations require extra tension of the material layers in the feed zone. Information on the quantitative
values of resistance force and their impact on seam quality is absent in the literature. The aim of the study is to determine the
effect of resistance force on seam quality. The results showed that with resistance force values up to 5 N and certain levels of
presser foot pressure, seam quality remains stable, with stitch length variation not exceeding 10%. This value can be adopted
when determining parameters for new fabric transport devices.

Keywords: material transport process, force interaction, seam quality, stitch length stability, useful resistance force,
transport mechanism, presser device.

Beryn. ¥V Oarathox mitepaTypHuX pkepenax [1-3] po3rismaeTbcs CHIOBA B3a€EMOJIS €JIEMEHTIB
Mpolecy nepeMillieHHs] MaTepialiB OAHOPEHKOBUM MEXaHI3MOM TPAHCIIOPTY.

[Ipn posrasai mpomeciB TPaHCIOPTYBAaHHS MaTepiasliB CTaHIAPTHUM OJHOPEHKOBHM PYIIIEM
BPaxoBYIOTb, SIK paBMIIO HacTynHi cuiu (Puc.1a)

1. Cuity mpUTUCKY IPUTHUCKHOT JIAMIKK 10 MaTepiaiiB Fp:

Fup = ki1,

ne k; - KOPCTKICTh NPYXUHHU IPUTHCKHOTO PUCTPOIO ; ¥ - BEPTHKAIBHE TIEPEMIILICHHS JIAIIKH.

MakcuManbpHa BeIMYWHA ) 3QJEKHUTHh BiJl TOBIIMHU MartepialliB, BEIMYMHH BUXOAY 3yOIliB
TPaHCHOPTYBAJIBHOI PEHKH Hall MOBEPXHEIO0 TOJIKOBOI IJIACTHHHU Ta JUHAMIYHUX MOKAa3HHMKIB MEXaHi3Ma
TPaHCIOPTY.

2. Cuiy TepTs MK MiAOIIBOIO IPUTHCKHOI JIATIKH 1 MaTepianoM F,y;, MK MaTepiajoM Ta OBEPXHEI0
TOJIKOBOT TNTACTHHU Fyp2, @ TAKOXK MDK mapaMH marepiaiy Fups.

Fp1 = (Fup + Pupnp) S,

ne Pupnp - Bara NPUTHCKHOTO MPUCTPOIO (JANKK 31 CTEPIKHEM 1 IOBOAKOM); f7 - KOe(ilieHT TepTs

MDK MiZOIIBOIO MPUTUCKHOI JIATIKHU Ta MaTepianaMH
Fup2= (Fup + Pupnp + Pi) 12,

P, - Bara QOingHKM MaTepiady, LIO0 KOHTAaKTye 3 IIOBEPXHEIO TOJKOBOI IJIACTUHH B 30HI

TPAaHCIOPTYBAHHS; f>- KOE(IIiEHT TePTSA MK MaTepialoM i OBEPXHEIO TOJIKOBOI IIACTHHU
Fops = (Fup + Pupup + Pos) f3,

ne P,, - Bara BepXHBOrO IIapy Marepiady B 30HI IIUTTS; f3 - KOCQILIEHT TePTd MK IIapaMu
MaTepiaiy.

Crix 3a3HaYUTH, 110 B TaHOMY CIIOCO0I TIEpEMIIIeHHsT MaTepialliB CITIBBIIHOIIEHHS CHJI TEPTS Ma€
BUpIlIaJbHE 3HAYCHHS JUIA 3MEHILICHHS MOCaIKU MaTepiajiiB i Yac MEpeMileHHs, OCKUIBKHA MOBHICTIO
YCYHYTH MOCAJKy MaTepiaixy MpH LbOMY CIIOC001 HeMOXIUBO [1].

3. Cuny nepeminieHHs1 MaTepiaiy Fnep

nep (F”P+P”P”P+F")ﬁ
ne f - KoedilieHT 34erieHHs 3yOLiB peiKku 3 MaTepiaaoM.
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F
P np.np P

o
Puc. 1. T'pagiuni Mmoaesii cuioBoi B3a€MOII eJieMEeHTIB NPoLecy TPAHCHOPTYBAHHA MaTepiaJiB:
a) B BiIOMHX MeXaHi3MaXx mIBeHHOI MaIIMHM; 0) B HOBOMY MeXaHi3Mi

ABTopamu OynH 3ampONOHOBaHI HOBI cHoCiO 1 MPUCTPi mepeMilieHHs MaTepialiB B IIBEHHIN
MamuHi [4], B IKUX peasi3oBaHa iHIIA CYTh MPOLECY - 332 PAXYHOK CHJIIM MAarHiTHOIO IO, IO J03BOJISE
MOBHICTIO YCYHYTH MTOCAAKY MaTepiaiB.

Bukonanuit ananiz cuiioBoi B3aeMoil exeMeHTiB HoBoro npotecy (Puc. 16) moka3as:

1. Cuma 1epts Fupr = Pupnp fi T Fup2 = (Pupwp + Py) f> - CyTTEBO MeHII BKa3aHUX CHII B
MOTIEPEAHBOMY BHUIIAJKY, B 3B'SI3KY 3 BIZICYTHICTIO IPUTUCKHOI IPYXHHH.

2. Bunnkae cuna 3B0pOTHBOI IPYKMHH, IO Ji€ HA HEOJUMOBHH MarHiT

F s6.np — kZ X
Ie k2 - 5KOPCTKICTh 3BOPOTHBOI MPY)KUHU; X - TIEPEMILIEHHSI HEOAUMOBOTO MATHITY (Xmax = [, € [ -
JOBKHMHA CTiOKa)

[Ipu upomy, cuim BigMiTUTH 1O cuia Fi,, K MIHIMYM Ha TOPSJOK MEHIIA CHIM MPUTHCKHOT
MPYKUHU B 3BSI3Ky 3 HE3HAYHOIO MACOI0 HEOIMMOBOT'O MArHITy 1 MPaKTUYHO BiICYTHICTIO Or0 KOHTAKTy
3 MaTepiaJoM MPH XOJIOCTOMY XOMi

4. Cuna nepeMillieHHsl Ji€ OJHAKOBO HA BEpPXHIiM 1 HWKHIN IIapu Marepiany OCKUIBKU OiJISTHKA
MaTepialy, L0 TPAHCIOPTYETHCS, 3aTUCHYTa CHIJIOI0 MDK MAarHiTOM i ()epOMAarHiTHOIO IOBEPXHEIO
TPaHIOPTYBAJIBLHOI'O OPTaHy:

Fnep:FM f4

ne F, — cuna BiZpHBY HEOIMMOBOTO MAarHiTy Bif ()epOMarHiTHOI MOBEPXHI TPaHCIOPTYIOUOrO
Opraty 3a yMOBH, L0 iX PO3IUISIOTH IIAapHU MaTepiaiiB, sIKi TPAHCIIOPTYIOTHCS; f4 — KoeilieHT TepTs abo
3YEIJICHHS MK TIOBEPXHEIO TPAHCIIOPTYIOUOro OpraHy Ta MaTepiaiom.

5. 3HuKae HEOOXIAHICTh BPaXxOBYBAaTH CUITY TEPTA Fiup3 MK IIApaMH MaTepialy OCKUIbKH BOHHU IPU
TPaHCIOPTYBaHHI CTHUCHYTI CHJIOI0 MarHita £, 110 JO3BOJsSE CTBOPUTH I/ HUX OIHAKOBI YMOBH
TPaHCIOPTYBAHHS 1 MOBHICTIO YCYHYTH iX IMOCaKy.

6. B 3B'I3Ky 3 BHILIECKa3aHMM BHHUKA€E HEOOXIAHICTH BH3HAUEHHS BIUIMBY Ha SAKICTH
TPaHCIOPTYBAHHS CHJIM KOPHCHOTO OINOPY Fou, KA MPH OMHUCI CHUIIOBOI B3a€EMOJIi €IEMEHTIB MpOLeCy
TPaHCHOPTYBAHHS BiIOMUMH MEXaHi3MaMH HE PO3IIIsAAanach.
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Jana cuia crpuuMHEHa psAAoM (akToOpiB, SAKI BAXXKO BU3HAUMTH AHAIITHYHO, TAKHX SK:Maca
MaTepialy mepen 30HOI0 IIHUTTS, TEPTS MaTepiaiy 1Mo MOBepXHi poO0YOro cTosa MBEHHOT MaIlIMHH, BIIJIUB
olepaTopa MIBEHHOI MAIIMHY TOBS3aHUM 3 BUKOHAHHIM TEXHOJIOTIYHUX OINEpaLiil TOwo.

B Toi1 ke yac B niTepaTypHHUX JKepenax € TUIbKW KOHCTaTtalis (akTy i icHyBaHHS, ane BiICYTHi
Oyab-sIKi BITOMOCTI NpO 11 KUIBKICHI 3HAYEHHS, SIKi MOKYTh NMPHU3BECTH 1O MOTIPLICHHS SIKOCTi mBa. Tak
30KpeMa B po0oTi [5] mpu mociipKeHH] BIUIMBY CUJI TEPTS Ha JOBXXKHUHY CTiOKa 3a3HaYa€ThCs LI0 B poLeci
LIUTTS CIIOCTEPIra€Thesl JIIOACHKUN (pakTop: MBEHHUN BUPIO Moke OyTH pO3TATHYTHH, 3yNUHEHUH 1.T.1I.
LIBAYKOIO, aJIe OIIHKA BIUIMBY JAHOTO (hakTopy Ha CTaOlUIBHICT IIUTTA HE PO3risaaiach

Takox cItifi BITMITHTH, 110 AEsSKi TEXHOJOTIYHI Ormepalii mpu MOMMUTTI MBEHHUX BUPOOIB MOXKYTh
nependadaTH JOAATKOBHHA HATAT OXHOTrO a00 AEKUIBKOX IIapiB MaTepiany B 30HI oJadi MaTepiany.

Mera po6oTu. Bu3HauWTH BIJIMB CHJIM KOPHCHOTO OMOPY Ha SIKICTh LIBA Ta MaKCHMajbHE ii
3HA4YEHHS SIKe HE MIPU3BOAMUTH 0 HOr0O MOTipIIEHHS, NIIIXOM MPOBEACHHS (Pi3MUYHOTO EKCIIEPUMEHTY.

Metoau nociimkeHHs. 3aCTOCyBaHi BiIoOM1 METOIM MpPOBEACHHS Ta 0OpoOku OaratodakTopHHX
eKCIIepUMEHTIB [6].

Pesyabratu. Ilisxom mnpoBeaeHHS eKCIEPUMEHTAIbHOTO MOCHIIKEHHS Oyao BH3HAYEHO
MaKCHUMaJIbHE 3HAUYEHHS CHUJIM KOPHCHOTO OMNOpY, LIO BHHUKAE MpPU HANpaBiCHHI MarepialiB y 30HY
TPaHCIOPTYBAaHHS IIBEHHOI MAILIMHH, SIKA HE3HAYHO BIUIMBAE HA SIKICTh IBa. Takox Oylio mpoaHaIi30BaHO
BIUIMB IHIINX SKICHUX Ta KUMbKICHUX (PaKTOPIB.

HayxoBa HoBu3Ha. HaykoBa HOBH3HA IPOBEACHOTO JOCIIIKEHHS MOJISITA€ B POKPUTTI BIUIMBY Ha
MpolLIec MepeMillleHHs MaTepialiB MPH iX 3MIMBAHHI OKPIM CHJI TEPTS MaTEpPiaiB MO MOBEPXHSIX MPUTUCKHOT
JIATIKH Ta TOJKOBOI IUIACTHHY, 1€ i CHIIM KOPUCHOTO OIIOpY, SIKa paHillle He JOCiKyBanacs.

PesyabTaTtu pocaimkennsi. ExciepuMeHT NpoBOOMBCS Ha NPOMHCIOBIM  IIBEHHIM MamimHi
4oBHUKOBOTO cTiOKa Typical GC6150MD [7]

JocnimxyBanuce HaCTYIHI (pakTopH.
1. SkicHi:
e Mozenb 3y0uacToi peiiky;
®  MOJENb NPUTHCKHOI JalKH;
®  THUIl TKAHUHH.
2. KinbkicHi:
® IIBHJKICTH OOEpTaHHS TOJIOBHOTO Baly, (00/XB);
® TEOPETUYHMHU KPOK cTiOKa | (MM);
e  CWIa IPUTUCKY NPUTUCKHOI Janku P = Fy + Pppyp , H;
e  CHIa KOpPHUCHOTO onopy Fo,, H.

3HayeHHs1 KUTbKICHUX (DaKTOpiB BCTAHOBIIOBAJIOCH 3aCO0aMH TEXHOJOTIYHOI'O PEryIIOBaHHS
MaIIuHH.

B xoni ekcriepuMeHTY NPOBOIMIOCH BU3HAYEHHS MAKCHMAaJIbHOTO 3HAYEHHS CHUIIK Oonopy F,, sike He
MPU3BOAUTE JI0 CYTTEBOTO MOTIPIICHHS SIKOCTI MIBa. 32 KPUTEPiH OLIHKH AKOCTI MBa OyB IPUHHATHN OIUH
13 CTaHZAPTHUX EKCIUTyaTaliiHMX MOKAa3HUKIB BUIPOOYBaHHS IIBEHHMX MallWH, a caMe CTaOUIbHICTbH
JOBXXKMHU CTiOKa.

Biaryk ekcriepuMenTy (BelTM4rHA BiTHOCHOI 3MiHM JJOBXXHMHH CTiOKa), BU3Ha4YaBcA 3a (OPMYJIIOI0

e=ly/ly *100%
ne /, - oBKuHa cTiOKa OTPUMAHOTO B Pe3yJbTaTi AOCIiAY Ta BU3HAUEHA 32 (POPMYIIOI0
L,=L/N,

ne L — mopxrHa BUOpAHOI JUISHKH IIBA, OTPUMAHOTO B JOCIHIAi; N — KUTBKICTh CTIOKIB B MEXKax
TOBXXHHU L; [y — macnopTHa TOBKUHA CTiOKa.

3Ha4yeHHs CHJIM KOPHUCHOTO OTIOpPY 3MiHIOBAJIN IUISIXOM IMIABIIIYBaHHS A0 BUTBHOTO KiHLS MaTepiaiB
TATapLiB pi3HOi Baru B Mexax 2-20 H 3 kpokom npubnuzno 2 H. BumiproBanus ii 3HaueHb 3aiCHIOBAIOCS
muHamomerpom JII1Y-0,01-2 B micii 3HAXOKEHHS TPUTUCKHOT JIarnikw . [1ix 9ac BUMipIOBaHHS iMiTyBaBCs
KOHTaKT MaTepialiB 3 pyKaMH OIepaTopa, TOTOXHUHA aHAJIOTIYHOMY KOHTAKTy B mpoueci muTta. Cuiry
MPUTHUCKY JIATIKK 3MiHIOBalH B Mexkax 24-34 H, mo Binmosigae ii poOoyoMy 3Ha4EHHIO NPH €KCILTyaTarii
MaiuHU. BumiproBaHHs 3yCHIUIS IPUTHCKY TaKOX 3AiHCHIOBaocs fuHamomerpom JAI1Y-0,01-2.

Jnst BU3HAYEHHS BIUIMBY 3a3HaueHHUX (DaKTOpiB Ha JOBXKHMHY CTiOKa OyB NPOBENEHHMU BiACIIOIOUMN
excriepeMenT. PakTopy, 10 JOCTIHKYBINCH Ta PiBHI iX 3MiHM HaBeneHi B Tabi. 1. [lnan ekcepuMenTy
Ha OTPHMAaHI BiIT'YKU HaBEIEHUH B TaOII.2.
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OO6pobOka pe3ynbTaTiB €KCIEPUMEHTY ITOKa3ana, L0 BCi BKa3aHi (akTOpu € 3HAYMMHUMH, OTKE
BILIMBAIOTh HA 3MiHY JOBXUHU cTiOKa. [Ipu boMy 3HaueHHS TakuX (aKTOpiB SIK CUJIa IPUTUCKY JIaNKu P
Ta cuiia onopy Fo, HE TUIBKY € 3HAYYILUMH, aje iX BIUIUB € HAHOITbIINM cepes HaBeneHUX (aKTOopiB.

Taba. 1

PiBHi pakTOpiB, 10 JOCHIIKYBAJNCH B Bi/ICIIOI0YOMY eKCIIePUMEHTI

¢akTop -1 +1
cuiia MpUTUCKY tanku, P (H) X1 12,7 41,1
T U TKAHMH x, | amac mratsaui, 100%I1€E, Capxa, 100%bB,

LlimpHicTh 155 T/M.XB LimpHicTs 250 T/M.KB
Peiixa <3 3y0uacra periKa JUis JIETKHX 3y0Ouacra peiika s
TaHUH CepenHixX TaHUH

Jiarika it IpOMHUCIIOB oi

Tanka x4 narKa Ui 1}p0Mch0B0'1' mBeﬁgoi MaIlIuHH 31
LIBEHHOI MaIIMHU 301ITBIIEHOI0
LIOPCTKOCTIO MBEPXHi
Cuna onopy, F (H) X5 1,9 3,9
BuakicTe obepTaHHs X6 1000 3000
TOJIOBHOTO Balty, n (00/XB)
TEOPETUYHUH KpoK cTiOKka | (Mm) | X7 3 5
Tabn.2
Ilnan BigcilOI040ro eKCcrepuMeHTy Ta OTPHMAHI BiITYKH

X1 X2 X3 X4 X5 X6 X7 Y(cep) Hucnepci
1 + + - - + - + 9,2229 1,47039
2 - + - + - - + 51,896 3,94292
3 + - - - - + - 13,144 1,52982
4 + + + + - - - 3,2028 1,22108
5 - - + + - - - 19,16 1,79815
6 - - - + + + + 100 1
7 + - + - - - + 6,3669 1,16509
8 - - - - - + - 52,686 1,55498
9 + + - + - + + 8,2294 1,14023
10 + - - + - + + 14,127 1,34651
11 - + + - + - - 50,638 2,25147
12 - + - - + - - 100 1
13 - + + + + - + 86,898 3,94292
14 - - + - + + + 94,946 1,31531
15 + - + + + + - 13,386 1,88499
16 + + + - + + - 6,8752 1,55774

Buxonsun 3 HaBeneHoro, Oyiao MpoBeIEeHO MOBHO(AKTOPHUM €KCIIEPUMEHT 3 BPaxXyBaHHAM LHX
¢akropis (Tabu. 3 Ta 4).

Tabn. 3
KinbkicHi (akTOpH eKCIIepHMeHTy
KinbkicHi pakTopu 3HaueHHs paxTopa
Cuna nputucky namnku, P (H) 14,7 24.5 343
Poboua cuna omopy, F (H) 0...549 0...10,78 0...16,89

OtpumaHi pe3yapTaTy MPEACTaBICHO B TAOMUIIX S - 7 Ta Ha rpadiky (puc. 2). OTpumani 3aaeKHOCT1
3 JOCTATHBOIO TSI TPAKTUYHOI TOYHICTIO MO>KHA BUPA3UTH NOMiHOMaMu ~ 4-T0 ctenens (Tadm. 8)
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SxicHi pakTOpU eKCIePUMEHTY

Tabn. 4

KinbkicHi pakTopu

3HauyeHHs paxTopa

Tun TkanuHu

Capxa cyBopa, 100%bB,
LlimpHicTs 160 T/M.KB

bs3w cyBopa, 100%5B,
[limpHicTs 120 T/M.KB

Pelika

3yOuacTa peika s cepeHiX TKaHHH

[Ipmxumua nanka

JIalika JJ1sd HpOMI/ICHOBOi IIBEHHOI MaIlIMHU

[IBuakicTs obepTaHHs 1000
TOJIOBHOTO Balry, (00/XB)
TEOPETUIHUIN KPOK CTiOKa (MM) 5
Tabn. 5
PesynbTaTn ekcriepuMeHTy NPH CHJIi IPUTHCKY Janku, P =14,7 H
0 0,5 1,0 1,5 2,0 3,0 4,0 5,5
Cuua omopy, F (H)
JOBXXKMHA KPOKY CTiOKa / BITHOCHA 3MiHa KPOKY cTiOKa €, %
4,67 4,63 4,60 4,55 4,43 4,19 3,75 0
bs3p
0,00 0,78 1,34 2,46 5,10 10,20 | 19,68 | 100,0
TUT TKaHUHH
4,66 4,64 4,61 4,54 4,46 4,35 3,85 0
Capxa
0,00 0,36 1,05 2,55 4,27 6,64 17,46 | 100,0
Taba. 6
Pe3ynbTaTn eKcriepuMeHTy NPH CHJIi IPUTHCKY Janku, P =24,5 H
Cua oropy, F 0 1,0 | 2,0 | 3,0 4,0 5,0 7,0 9,0 10,0 11,0
(H)
JOBXXKMHA KPOKY CTiOKa / BITHOCHA 3MiHa KPOKY cTiOKa €, %
4,65 | 4,60 | 4,51 | 438 | 435 | 420 | 3,78 | 3,07 | 1,98 0
bs3p
THI 0 1,03 | 2,95 | 5,85 | 6,50 | 9,77 | 18,67 | 34,08 | 57,47 | 100,0
TKaH
UHH 4,61 | 4,58 | 4,57 | 4,48 | 4,45 | 428 | 4,02 | 3,44 | 2,47 0
Capxa
0 0,71 | 0,97 | 2,94 | 3,47 | 7,23 | 12,85 | 25,37 | 46,53 | 100,0
Taba. 7
Pe3ynbTaTn eKcriepuMeHTY NPH CHJIi NPUTHCKY Janku, P =34,3 H
0 1,0 4,0 6,0 10,0 12,5 15,5 17,0
Cuua omopy, F (H)
JOBXXKMHA KPOKY CTiOKa, MM / BITHOCHA 3MiHa KPOKY CTiOKa &, %o
4,63 4,60 4,46 4,31 3,99 3,30 2,00 0
bs3p
THII 0,00 0,63 3,61 6,90 13,81 | 28,65 |56,76 | 100,0
TKaHUHH
4,61 4,60 4,52 4,42 4,17 3,59 2,35 0
Capxa
0,00 0,30 2,10 4,08 9,63 22,08 | 49,05 |100,0
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Taba. 8
3aJiesKHICTh BiTHOCHOI 3MiHM JOBKHHH CTIOKA Bil CHMJIM OIIOPY NMPH JAHUX
CHJIAX IPUTHCKY JIATTKH
Tun TkaHuHU
Cuna npuTcKy
marku, H bs3p Capxa
147 e=04755F,* - 3,4023 F,,° + e =0,4408 F,,* - 2,8752 Fpu® +
’ 8,5091 Fou? - 4,6927 F,, + 0,4461 6,2989 Fon? - 2,6339 F,, + 0,1108
245 e=0,0421 F,,* - 0,6568 F,,° + e=0,0108 F,,* - 0,2267 Fon° +
’ 3,3735 Fou’ - 3,6843 F,, + 0,8133 4,6173 Fou’ - 4,847 F,n + 0,2617
343 e=0,0589 F,,° + 0,9525 F,,” - e=0,0694 F,,° + 1,1697 F,,° -
’ 4,9492 Fon + 2,5674 35,5181 Fon +2,9973

%

120,00
100,00 / / /
80,00

60,00 - PEEH [T 1f - T
40,00 / .

/ v /
V4 Fé
P //
20,00 yd =

0,00 RS e

0 2 4 6 8 10 12 14 16 18
Capka = — =bas

Puc. 2 T'padiku 3ajesxHOCTI BITHOCHOI 3MiHM JOB/KMHH CTi0OKA BiJl CHJIH OIIOPY Ta CHJIH
NPUTHCKY JATIKA

Fon, H

BuchHoBku. 1. Pe3ynpTatu mpoBeaeHOro eKcrepruMeHTy OKa3ajd, 10, TPU IEBHUX 3HAYECHHIX CUIIN
OIOpPY, BOHA CYTTEBO BIUIMBAE HA AKICTH IIBA.

2. BcranoBneHo, 1110 3HaYEHHS CHIIM ontopy 10 5 H mpu pi3HUX 3HaUEHHSAX 3yCHUIUIS IPUTUCKY JIATIKY
HecyTTeBO (10 10%) BIUIMBAIOTH HA 3MiHY JOBKMHH cTiOKa. B 3B'i3Ky 3 MM 111 MaKCHUMalbHa BETUYNHA
CHJIM OIIOPY MOXKE OyTH MPHUHHATA P BU3HAYCHHI ITapaMeTpiB HOBOI'O MPUCTPOIO TPAHCIOPTYBAHHS IS
TAKOT'O THITY TKaHHUH.
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3ACTOCYBAHHS MOJEPHI3OBAHOI TEXHOJIOI'TIi HOPHOBOI OGPOEKH JIETAJIEA
P BUCOKOIIIBUAKICHUX TPAEKTOPIAX

Jhyybkuii nayionanvhuti mexuiunuil ynisepcumem’

Myxkauiscokuii depacasnuil yrnisepcumen’

Y cmammi nagedeno pezynomamu 00CnioyiceHHA 3ACMOCYS8AHHA MOOEPHI306aHOT MEXHON02II YOpHO60I 00POOKU
demaneil 3 GUKOPUCMAHHAM 6UCOKOWIBUOKICHUX mpaeckmopii incmpymenmy. Posenaoacmuvca ennue onmumizosanux
cmpameziit 00pooOKu Ha RPOOYKMuUHicms, AKicmo 00poonenol nosepxui ma 3noc incmpymenmy. Ilpoananizoeano nepesazu
ma oOMedxceHHA UKOPUCMARHA 0AHO20 NIOX00Y 011 NiOGUULEHHA eheKmUueHOCMI 6UPOOHUUUX nPOYECiE.

Key words: roughing, high-speed machining, tool path, performance, surface quality, tool wear.

Y. V. Muravinets, O.0. Ivanovsky, O.P. Kozar

APPLICATION OF MODERNIZED TECHNOLOGY OF ROUGH PROCESSING OF DETAILS
AT HIGH-SPEED TRAJECTORIES

The article presents the results of a study of the application of modernized technology of rough processing of parts using
high-speed tool trajectories. The impact of optimized machining strategies on productivity, quality of machined surface and tool
wear is considered. The advantages and limitations of using this approach to increase the efficiency of production processes are
analyzed.

Knrouoei cnosa: yopnosa obpodka, 6ucokousuoKicHa oOpodKa, Mpaekmopis IHCMpYMeHny, NpoOYKMUGHICMb, AKICIb
N06EepXHi, 3HOC ITHCMPYMEHMY.

Introduction. In the modern machine building industry, the requirements for productivity and quality
of workpiece processing are constantly growing. Roughing, as the initial stage, plays a key role in ensuring
the efficiency of the entire production cycle. It determines the subsequent processing stages, the accuracy
of the final dimensions and the surface quality of the product.

The use of high-speed machining (HSM) technologies in combination with optimized toolpaths opens
up new opportunities for significant productivity gains and production cost reductions. HSM allows for
shorter machining times, fewer tool passes and improved surface finish. This is achieved through the use
of high cutting speeds and feeds, as well as the use of specialized tools and equipment.

However, the effective use of these technologies requires a thorough understanding of their impact
on the cutting process, including tool wear and surface finish. High cutting speeds lead to an increase in the
temperature in the machining zone, which can accelerate tool wear and degrade surface quality. Therefore,
it is important to select the optimal cutting conditions, use efficient cooling and lubrication systems, and
use wear-resistant tool materials. In addition, optimizing toolpaths reduces tool stress, reduces vibrations,
and improves machining quality.

The purpose of this article is to study the application of the modernized roughing technology based
on the use of high-speed toolpaths and analyze its impact on key process parameters. An analysis of existing
research shows considerable interest in the use of HSS in various industries. The works of many authors
are devoted to optimizing toolpaths in order to minimize machining time, reduce vibrations, and improve
surface quality.

In particular, studies [1, 2] demonstrate the effectiveness of using trochoidal and spiral trajectories
for roughing complex contours. Modernization of roughing technologies includes not only optimization of
trajectories, but also the use of new cutting tools with improved characteristics, as well as adaptive strategies
for controlling the cutting process [3]. An important aspect is also the modeling of the cutting process to
predict forces, temperatures, and tool wear under different machining conditions and trajectories.

Research methodology. In this study, a series of experimental machining of parts from typical
structural materials was carried out on a high-speed machining center.
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Various roughing strategies have been used, including traditional rectilinear passes and modernized
high-speed trajectories (trochoidal, spiral). During the experiments, the following parameters were
monitored and recorded:

1.Cutting speed and tool feed.

The cutting speed is the speed of movement of the tool's cutting edge relative to the surface being
machined. It is measured in meters per minute (m/min) and is one of the main parameters of the cutting
mode. Increasing the cutting speed usually leads to an increase in machining performance, but it can also
lead to increased tool wear and an increase in temperature in the cutting zone.

Tool feed is the speed of movement of the cutting tool relative to the workpiece in the direction
perpendicular to the cutting direction. It is measured in millimeters per revolution (mm/rev) or millimeters
per minute (mm/min). Tool feed affects the thickness of the cut layer, cutting force, and surface finish.
Increasing the feed rate usually leads to higher productivity, but it can also lead to poorer surface finish and
increased tool stress.

2.Cutting depth (axial and radial).

The depth of cut is a parameter that determines how deeply the cutting tool penetrates the material
being processed. There are two main types of cutting depths: axial and radial.

Axial depth of cut: this is the distance the cutting tool penetrates the material along its axis. For
example, in turning, this would be the depth to which the cutter cuts into the workpiece in one pass. In
milling, it is the depth to which the cutter plunges into the material in a direction parallel to the axis of
rotation of the cutter.

Radial depth of cut: this is the distance that the cutting tool cuts into the material in a direction
perpendicular to its axis. In turning, there is no radial depth of cut.In milling, it is the width of the cut layer
of material perpendicular to the direction of the cutter feed. Both of these parameters are important when
selecting cutting modes, as they affect cutting force, tool wear, machined surface quality, and process
performance.

3. Processing time for each part.

4. Roughness of the treated surface (Ra, Rz). Machined surface roughness is the micro-irregularities
formed on the surface of a part during machining by cutting, pressure, etc. These irregularities can have
different shapes, heights, and pitches, and they affect the performance properties of the part, such as wear
resistance, strength, tightness, and appearance.

5. Wear of the cutting tool (behind the back surface). Cutting tool wear is the gradual deterioration of
the cutting edge of a tool during the cutting process, which leads to a loss of its cutting properties. Wear
can manifest itself in the form of wear, chipping, plastic deformation, and other types of damage.

6. Spindle power consumption. Spindle power consumption is the amount of energy that the
machine's spindle (shaft) uses to perform a machining operation. This parameter is measured in watts (W)
or kilowatts (kW) and reflects the load on the spindle drive during cutting. Factors that affect spindle power
consumption:

- cutting speed;

- feed rate;

- depth of cut;

- workpiece material;

- type of cutting tool;

- cutting mode.

The methods of mathematical statistics and comparative analysis were used to analyze the obtained
data. A visual examination of the machined surfaces and tool wear was also carried out using an optical
microscope.

Research results. The results of the conducted experiments showed that the use of modernized high-
speed trajectories during the rough processing of parts allows to achieve a significant increase in
productivity compared to traditional methods. In particular, the use of trochoidal trajectories made it
possible to reduce the processing time by [specify a specific value]% when processing contour elements.
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Analysis of the quality of the processed surface showed that with optimal cutting modes and the use
of high-speed trajectories, it is possible to achieve comparable or even better roughness indicators compared
to traditional processing.

However, incorrect selection of parameters can lead to deterioration of the surface quality.

The study of tool wear revealed that when modernized trajectories are used, more uniform wear of
the cutting edges is observed, which can positively affect the overall service life of the tool.

However, at high cutting speeds and great depths, more intensive wear is observed, which requires a
careful selection of processing modes.

An analysis of the spindle power consumption showed that high-speed machining with optimized
trajectories can lead to a more stable load on the equipment, which is important for its durability.

Discussion of results. The obtained results confirm the potential of modernized roughing
technologies using high-speed trajectories to increase the efficiency of production processes.

Reduction of processing time without significant deterioration of the surface quality and while
maintaining an acceptable level of tool wear are important advantages of this approach.

The effectiveness of using high-speed trajectories largely depends on the correct choice of cutting
modes, the properties of the processed material and the characteristics of the cutting tool.

Further research into optimal combinations of these parameters for various production tasks is
necessary.

Conclusions. The application of modernized technology of rough processing of parts at high-speed
trajectories is a promising direction for increasing the productivity and efficiency of machine-building
production.

Optimization of tool trajectories allows you to reduce processing time, improve surface quality and
ensure more uniform wear of the cutting tool with the correct selection of cutting modes. Further research
will be aimed at developing recommendations for the implementation of this technology for a wide range
of materials and production tasks.

The use of modernized technology for rough processing of parts at high-speed trajectories opens up
significant prospects for increasing the efficiency and quality of production processes.It should be noted
that the effective implementation of modernized roughing technologies at high-speed trajectories
requires:use of high-performance and accurate machine tools.

Use of modern cutting tools with appropriate characteristics, thorough development and optimization
of instrument movement trajectoriescareful development and optimization of tool movement trajectories
using specialized software, ensuring effective cooling and removal of chipsraining of qualified personnel
to work with new equipment and technologies.
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Heporcasnuii ynieepcumem «Kumomupcobka nonimexmikay

YHPABJIIHHSA TAPAMETPAMUA ®OPMOYTBOPEHHS ITPU JE®OPMYIOYOMY
MHNPOTAT'YBAHHA 3 HACKPI3HOIO INVIACTUYHOIO JE®OPMALIEIO

Y cmammi nposedeno 2nubokuit nimepamypuuil ananiz ma po3nAHYMO MOMCIUGICHIL KEPYBAHHA NAPAMEMPAMU
opmoymeopenns ¢ npoueci oeghopmyonozo npomazyeanns 3az0moeok 3nnacmuunux mamepianie. Ha cvozooni oanuii
npouec € 3ampedysanuil, adx;ce Moxce SUKOPUCMOBY6AMUCA He MINbKU NPU 6U20MO6GNEeHI HOGUX Oemaneil, ane i 01
6IOHO6/IEHHA 3HOWIEHUX, NPU UbOMY GIH MAE PAO 6A2OMUX nepesaz nepeod IHuUM Memooamu i0H061eHHA.36a)caouu Ha
3pocmaroui eumozu 00 MOYHOCMI Ma AKOCHI NPOOYKUIT, AKMYATbHUM € ROWLYK MEXHO02INHUX PiuieHb, U0 3a0e3neyyroms
KOHMPONbOGAHy NIACMUYHY Oepopmauilo y 3HOULeHI OiNAHKU Oemani 3 HeOOXIOHUM RPURYCKOM Ni0 ROCHIOyouy
00pooKy.Memoro cmammi € 00CNI0HCEHHA MOMCTIUBOCII YHPAGIIHHA nAPAMeMPAMU (HOPMOYMEOPEHHA NPU HACKPI3ZHOMY
oehopmyrouomy npomsazyeanni oemaneii 3 RIACMUYHOZ0 MAMeEPIATYy ma OMPUMAHHA it po3Mipie 3 NPUNYCKOM RIO ROCTIOyIoUy
00poOKy winaxom eubopy zeomempii depopmyrouozo enemenma ma pexcumie 0opodoku. B xo0i nimepamypnozo ananizy
GUABIEHO, W0 KPIM 3A2A/1bHO NPUTHAMUX 0ehopmaniil y 6uznadi ymoHenHa CMIHKU, 30i1bMenHs 306HIWHBO20 dlamempa ma
YKOpoueHHa Oemani nicna o06podKu, 0yearomv 6UNAOKU, KOJIU Oemailb NOOO0GHCYEMbCA, A Ue Y C60I0 Uepzy mMoxce Oymu
GUKOPUCMAHO 0N KOMREHCayil 3HOCY no mopuyam ocecemempuunuxoemaneil. /[na niomeepoxcennn 0anozo axkmy oyno
30ilICHeHO uucellbHe MOOEN06AHHA NPOUecy 3 GUKOPUCMAHHAM Memoody ckinuennux enemenmie (FEM). Pe3ynvmamu
MOOeN06AHHA NOKA3ANU, W0 OIilICHO HA HANPAMOK Oeopmauii MoxCymv 6nIUGAMU 2eOMEMPUYHI napamempu
0epopmyrouo20 enemenma ma pexdcumu RPOMAY6AHHA. Y GUCHOBKAX 3ANPONOHOGAHO peKomeHOauii w000 eubopy
napamempie, AKi MOM}CYmv Oymu UKOPUCMAHI 0714 NPOEKMYBAHHA MEXHON02IT 00pOOKU 3 KOHMPOIbOGAHUMU BUXIOHUMU
Po3Mipamu ma eusHaueHi HANPAMKU O ROOATLUIUX 00CIIOHCEHD.

Kniouosi cnosa: deghopmyioue npomsieyeanns, ocepedok degpopmayii, Memoo CKiHUeHHUX eleMeHmis, MOYHICMb.

V.V. Otamanskyi

CONTROL OF FORMING PARAMETERS IN DEFORMATION BROACHING WITH
THROUGH PLASTIC DEFORMATION

The article presents an in-depth literature review and examines the possibility of controlling forming parameters in the
process of deforming broaching of workpieces made of ductile materials. Currently, this process is in demand, as it can be used
not only for manufacturing new parts but also for restoring worn ones, offering several significant advantages over other
restoration methods.Given the increasing requirements for product accuracy and quality, it is relevant to search for
technological solutions that ensure controlled plastic deformation in worn areas of parts with an allowance for subsequent
machining. The aim of this study is to investigate the possibility of controlling the forming parameters during through-
deforming broaching of ductile material parts, and to obtain dimensions with a machining allowance by selecting the geometry
of the deforming tool and processing parameters. The literature analysis revealed that, in addition to the commonly observed
deformations such as wall thinning, outer diameter expansion, and part shortening after processing, there are cases where the
part elongates. This effect can potentially be used to compensate for end-face wear in axisymmetric parts. To confirm this
phenomenon, numerical modeling of the process was conducted using the Finite Element Method (FEM). The simulation
results showed that the deformation direction can indeed be influenced by the geometric parameters of the deforming element
and the broaching conditions. The conclusions provide recommendations for selecting parameters that can be used in the design
of processing technologies with controlled final dimensions, and directions for further research are outlined.

Keywords: deforming broaching, deformation zone, finite element method, accuracy.

IlocranoBka mnpodaemu.O0poOka aedOpPMYIOUMM MPOTATYBAHHSIM € aKTyaJbHHUM METOIO0M
BiZJTHOBJICHHSI 3HOILICHUX OCECEeMETPUYHUXIETaNeH, 0COOIMBO THX, BAPOOHHUITBO SIKMX Ma€ MacoBHH abo
KpYIHOCEpiiiHUHA XapakTep, a/kKe JaHUH METOJ BITHOCHUTHCS O OE3BIIXOAHMX TEXHOJOTTYHHUX IMPOLECIB,
SKUWA J03BOJISIE 3a0e3MeUnTH HeOOXiMHUN PiBEHb MapaMeTpiB SIKOCTI poO0v0i MOBEpXHi BUPOOIB.

BukopucranHs miacTuyHoro aeopMyBaHHS IPU BiTHOBJIEHH] 3HOLICHUXOCECEMETPUYHMX JeTaeit
Ma€ Baromi mepesar, siki 3a3HaveHi y mirepatypi[1,2]. lo 80% MOposKHUCTUX OceCeMETPUYHUX JeTanei,
AKi 3HOIIEHI B TpoLeCci eKclyaTalii 10 30BHIIIHBOMY JiaMeTpy, MOXXKHa BiTHOBJIIOBATH Ta
BHKOPUCTOBYBATH IOBTOPHO, MPHUYOMY cOOIBapTiCTh BiIHOBJICHHS 3HAYHO HMYKYa 32 BapPTICTh HOBHUX 1 HE
nepesuirye 60% [3].

Ane nmist JOCATHEHHS TO3WTHBHOTO PE3yJbTaTy y BHUIJLAI PO3POOKH TEXHONOTIYHHX MPOLECiB
BIJHOBJICHHS JeTajedl HeoOXiTHO rimOoKe BUBYEHHS IMpOLEciB AedOpMyBaHHS, SKi MarOTh Micue MpH
LBOMY.

AHaniz ocraHHiX JpociaiglxeHb i myOaikawiii. Jlepopmyroue mnporsaryBaHHA — 1€ IpoLEC
IUTACTHYHOT O Ae) OpMyBaHHS IIPU AKOMY AehOpMyIoUi elIeMEHTH IHCTPYMEHTY MEepEeMIIlyIOThCS 3 HATATOM
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B3JI0BK TBIpHOI 00p0OII0OBaHOr0 OTBOPY IO KiHEMaTH4Hil cxemi KoB3aHHsI. [Ipy BiTHOBJIEHI 3HOIIEHUX 110
30BHIIIHBOMY LMJIIHAPY OCECEMETPHUYHUX AeTaliel BUKOPHCTOBYETHCS HACKpi3HE BiibHE AedopMmyrode
MPOTATYBAHHS, a/Ke IUIACTHYHI Aedopmartii Mato BUHTH Ha 30BHIIIHIO TIOBEPXHIO AJIsl KOMIIEH Al 3HOCY
1 IPUIYCKY i MoAaibiry oOpoOKy.

JledopMyrounii eeMeHT Mae Taki OCHOBHI TeOMETpHYHI mapaMerpu: d,; — liaMeTp MO0 LHITiHAPHYHiK
cTpiuni neopMyrodoro enementa, b, — mupuHa CTpiuKy, @ — KyT HaXHILy TBipHOI po6040ro KoHyca, @y —
KyT HaXujIy TBIpHOI 3BOPOTHOr0 KoHYyca (puc. 1.2).

6«\/7% ?
e I L*/ |

Puc. 1. OcHOBHi reoMeTpH4Hi mapamMeTpH AeGopMy0U0ro ejieMeHTa

Jlo ocHOBHUX TmapamerpiB Tmporecy aepOpMYyIUOTro NPOTITYBaHHS BiHOCATH: IIBUAKICTH
TepeMillleHHs IHCTPYMEHTY BiTHOCHO 3aroToBKM — U;,M/XB.; HAaTAr — 4, MM, SIKHii BH3HAYa€ThCS
pi3HHUIEIO iaMeTpa CTpiuky aeopMyrodoro enemenTa i orBopy (a = d, — d); BinHocHuit HaTar —a/d,,
SIKUH € BITHOIIEHHSIM HATATY JI0 PO3Mipy BHXIJTHOTO OTBODY.

[Ipu BuBYeHHI (opmoyTBOpeHHs 3aroroBok npu JIIP posrnsmarore oTpumani po3mipu micns ii
MPOTATYBAaHHSA 31 3HAYHNUMH HACKPI3HUMH TUIACTHYHUMH JedopMallisiMu, SKi XapaKTepU3yHOThC
30LTBIIEHHSAM BHYTPIIIHHOTO i 30BHIMIHLOTO JiaMETPiB, TOTOHIICHHSIM TOBIIWHU CTiHKH Ta BKOPOYEHHS
nerami, TOOTO 3MeHIIeHHS 1i BuximHoi nmomxkwam [1, 8]. OmHak y poborax [4, 5, 9, 10]
EKCIEePUMEHTHUIIOKA3YIOTh, 1110 B JISIKAX BUITAKaX Ma€ MicIle TIOJJOBKEHHS JETali.

Ha napamerpu ¢opmoyTBOpeHHs BIUMBaE HampyxeHo-nedopmoBanuii cran (HC) 3aroroBku min
yac BukoHaHHA [[[1P,amke came BiH BU3HaAYae€ KOMIIOHEHTH TEH30pa HAINpPYXeHb 1 nedopmarttii. OmHUM i3
HaWBaXIMBIIIMX ACIIEKTIB, sIKi He0OXimHi st 00’ exTuBHOrO aHamizy H/IC 3arotoBok € cxema B3aeMojii
IHCTPYMEHTY 3 0OpOOJIIOBAaHOIO MOBEPXHEI0 NeTali, sika BH3Hayae ocepenok aedopmauii.Ha mpaxruii
neopMmyrode TMPOTATYBaHHS BHUKOHYIOTH OJHHM, a00 MeKiTbKoMa Ie(OopMyrodYnME eleMeHTaMHu. Y
TEOPETUYHUX JOCTIKCHHAX 3a3BHYail pO3IIIAJAIOTh HarpyXeHo-aepopMoBaHMH cTaH 00poOIIOBaHOl
3aroTOBKU MpH AeopMytodoMy MPOTATYBaHHI OAHUM eneMeHToM [1, 5, 12], nomyckarouu, mo o0podka 3
JEKLThKOMa elleMeHTaMy Oy/ie PiBHOIIHHOK OOpOOIl IEeKiIhbKOMa MPOXOJaMH OIHOTO €JIEMEHTa, Xoda
JOCHTIDKeHHS [2, 9] OKa3yoTh IO IIe He € JIHACHICTIO.

Haii6inem noBHO ocepenok nedopmanii npu AIIP Oyno exciepumenTansHo BuB4eHo 8 IHM HAH
VYkpainu i BimoOpaxeno B pobori [1]. Bona moxiOHa 10 cxem, 3aCTOCOBaHUX y OLTBIIOCTI poOiT, 110
BiTHOCATHCS 710 001acTi 00poOku MeraiiB Tuckom[ 13, 14, 15]. Cxema ocepenky nedopMarlii mpencTaBiIeHO
Ha PUCYHKY 2.

b

A
o
|
|
\
\
|
\
a

/ / VA

Puc. 2. Cxema ocepeaxy negopmanii [1]

3anponoHoBaHa cxema (puc. 2) TOKa3ye HasABHICTh KOHTakTHOi 30HM II, mepex skoio €
MO3aKOHTAKTHA 30Ha |, Ta micnd sikoi ciigye mozakonTakTHa 30Ha III. Crix 3a3HaunTH, W0 AedOpMYyBaHHS
B PI3HHX 30HaX ocepenky aedopmalii € €JMHUM MPOLECOM IIACTUYHOTO (POPMOYTBOPEHHS 3aTOTOBKH 1
OZJTHOYACHO Ha BCiX TpboX AuraHkax Bu3Havyae HJIC merani i mapamerpu, 10 BiZl HHOIO 3aJI€KaTh.
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Pa3zom 3 THM, JOCTiIKEHHS pO3MIpiB Ta OCOOIMBOCTI CKIaJOBUX OCEpeAKy Aedopmallii, JOBKUHU
KOHTaKTyTa TO03aKOHTaKTHHX 30H € BAJIMBUM IMHTAaHHSAM OCKUIBKM CaMe€ BOHM BIUIMBAIOTh Ha SKICTbH
MOBEpXHI 00p0o0IeH01 3aTr0TOBKH, 3aJMILIKOBI HAPYKEHHSI, IIOPCTKICTh, HOpMY Ta po3MipH, TOOTO 3HAHHS
YMOB TNpoTiKaHHs AedopMarii AOMOMOXKe paliOHANIbHO O0OpaTH T'€OMETPil0 IHCTPYMEHTY Ta PEeXHUMH
00pOOKH AJIs1 NOCSTHEHHSI HEOOX1IHOTO BUXITHOTO PE3yIbTaTy.

[lomanpiie yTouHeHHS cXeMHu ocepelKy aedopmanii BAKOHYBAJIOCh aBTopaMH poOiT [4, 5], B sKuX
OIMCAaHO TEOPETHUHY MOZAEb OcepenKy aedopmarii 1 po3aadi TOHKOCTIHHUX 3ar0TOBOK 0OOJIOHKOBOTO
tuny to/19 < 0,1, ne ty i Ty — BIAMOBIIHO TOBIIMHA CTIHKM Ta paiiyc OTBOPY 3aroToBKW. Ll
MOJIeTIbA03BOJIIIA BU3HAYUTH TEOMETPHYHI MapaMmeTpu ocepeaky nedopmanii, a came: HNPOTHKHICTH
ninstaok I, 1T ta I (puc. 2).

ABTOpPH OTpHMaHi pO3paxyHKOBI 3HAa4YeHHS IOPIBHIOIOTH 3 EKCHEPUMEHTAIBHUMH JaHUMH

oTpuMaHuMu y poborti [1] (puc. 3).
h/ro- 107 1/roy Le/To

L 2 |
/// /)Q/
41 04t 04 e N
] 7 K —— 3
x| o ° |
A/‘ X0 .
24 02} o2 Fgéa;)'/"/ o
CK< =<1 {
AN 0 1=

0,1 02 03 0,4 05 to/ro

Puc. 3. 3anexwuicts BucoTn no3akouraktroi 30uu (h/ry) 3a ginsinkorw konrakry (kpusa 1);
JOBKAHH TM03aKOHTAKTHHX 30H: 32 TIsIHKOI0 KoHTAKTY (13 /1)) (kpuBa 2), nepex AiIsAHKOI0
koHTakTy (15 /Ty) (kpuBa 3); noB:kuun kouTakTHOI 30HHu (I, /Ty) (kpuBa 4) Bix ToBcTOCTIHHOCTI
3aroTOBKHU IPU BUKOPHUCTAHHI 1e)OPMYIOUHX eleMeHTIB 3 Kyramu o = 2°—12°, HaTAriB Ha eJleMeHT
a/ro = 0,025-0,075 [4]; nani ekciepuMeHTy: O — cTaab 20; A — cranab 10; ¥— C13; @ — crausb
30XHMA; x — cniiaB AK6

Sk BuzHO 3 rpadikiB 31 30UIBIICHHSAM TOBIIMHH CTIHKH OCHOBI pO3MIpH ITO3aKOHTAKTHUX 30H (KpUBi
2 Ta 3) MOHOTOHHO 3pOCTAIOTh 1 JOOPE CHiBNAaAAIOTh 31 3HAUYECHHSMH EKCIIEPUMEHTAIbHIX JaHUX (TOYKH O,
A, ¥V, o x). Ilpuuomy e chiBOagiHHS CHOCTEPIra€TbCcs HABITh NMPH 3HAYHMX TOBIIMHAX CTIHKH
(to/19 > 0,5). OnHak, criBHagiHHS PO3PAXyHKOBUX Ta EKCIIEPMMEHTAIBHUX PE3yJIbTATIB MPOTHKHOCTI
KOHTAKTHOI 30HM Ta BUCOTU NO3aKOHTAKTHUX 30H 3aJIKHO BiJ TOBCTOCTIHHOCTI 3arOTOBKH (pHUC. 3, KpUBI
1, 4) criocTepiraeTbest TUTBKH U1 BUNIAAKY 0OpOOKHM TOHKOCTIHHUX 3aroTOBOK. 11pu 301nbLIeHH] TOBIIMHH
CTIHKA eKCIIepUMEHTaJbHI pPE3yJlbTaTH JOKOPIHHO BiIPi3HAIOTBCS Bl PO3paxyHKOBUX, TOOTO
PO3paxyHKOBa MOZENb Aa€ JOCTOBIPHI pe3yibTaTH OO0 AEAKOT TOBIUMHM CTiHKH. L[10 TOBIIMHY CTiHKH
aBTOpU poOOTH [1] HA3UBAIOTH KPUTHYHOIO TOBIIMHOIO CTiHKH, BOHA 3a0€3Meuye MOSBY B 30HI KOHTAKTY
KPUTUYHOTO KOHTAKTHOTO TUCKY. KpUTHYHMIT KOHTAaKTHHM THCK 3a TBEpILKEHHSIM aBTOpiB [1] € piznuno0
KOHCTaHTOIO 00pobiroBaHoro marepiany. Ilpu mpomy, 3rimHo manux [1, 2], 3HadeHHS i€l KPUTUIHOI
TOBIMHM CTIHKM 3MIHIOETHCS B 3aJISKHOCTI Bifl (DaKkTOpiB, IO BIUIMBAIOTh HA KOHTAKTHUH THCK, & caMe
KyTa HaXWIy TBIpHOI poO0OYOro eIeMEeHTY 0 1 HaTATY Ha eIeMeHT.

HasBHiCTh TakMX HEBIAMOBIAHOCTEH PO3PaXyHKOBUX Ta EKCIIEPUMEHTAJIbHHUX JAaHUX HE JO3BOJISE
BUKOPUCTOBYBAaTH pO3pO0OJEHY TEOpPETHYHY MOAENb ocepeaky aedopmamii NOpH  poO3paxyHKY
TEOMETPUYHUX XapaKTEPUCTHK ocepeaKy nedopmanii y IIHUPOKOMY [iama3oHi 3MiHHM TOBCTOCTIHHOCTI
3arOTOBKH.

Crocosno BuzHauenHa H/IC B ocepenky nedopmanii Ta B minomy 3arorosku npu TP 3aiimanucs
aBTOopu pobotH [2, 6, 7], ame IXHI JOCHIIKEHHS CTOCYBAlIHCs OOpPOOKH 3arOTOBOK 3 HECKIHYEHHOIO
TOBILMHOIO CTIHKH (ty/dy > 1), TOOTO yMOB IpH SIKUX ITaCTHYHA AedOpMallis HE BUXOJUTH Ha 30BHIIIHIO
MOBEPXHIO 3aroTOBKU.JlOCTIIKEHHSI MPOBOAMIM 32 JOINOMOTOIOMIAPYBATHX MOJENEH 1 1O BOJIOKHHCTIH
MaKpOCTPYKTYPi 3 HACTYITHUM aHATITHYHUM BU3HAUYECHHSIM LIBUIKOCTEH MO OTPUMAHUX JiHiAX Teuil. | xou
OTpUMaHi pe3yJabTaTH HE MOXKHA MOPIBHIOBATH 3 0OpPOOKOIO 3arOTOBOK HACKPi3HOIO Jedopmariieto, aje
aBTOpPU OTPUMAJH PsAI BaXXIMBUX BHCHOBKIB, a came: KiHematuka [IIIP He 3anmexuth Bin Matepianmy
3aroToBKU. TakoK HUMH 3a3Ha4a€ThCA, [0 B KOHTAKTHIM 30H1 MaTepiai 3HaXOAUTHCS B YMOBaX, OJM3BKHX
710 BCEOIYHOTO CTHCKY.
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VY pobori [11, 12] aBTOpH I[OCJ'II)_I)KYIOTB HIC xoxHOT AUISIHKHA ocepenKy nedopmarnii nmpu 06p06u1
3aroTOBOK 3 MasiorutacTuaHoro Matepiainy — CH-20. BukoHyroTh BOHU 1€ CKIHUEHO-EIIeMEHTHUM aHaIi30M
y mporpamuoro komiuiekci DEFORM 2D/3DTM V11.0. 1 xoua o0pobka uaByHy mnpoBoAWiacs 3
PeXUMaMH, AKi BUKIMKAIA TUTBKY JedopMmaliiro OBEpXHEBOr o MIapy MeTaly OTBOPY, LIKAaBUM € Te, LI0
mozemtoBanHs HJIC mokasye, mo o0poOroBaibHII MaTepian Ha BHYTPILIHIA MOBEPXHI MpH mepexomi 3
MO03aKOHTAKTHOI 30HU y KOHTAKTY 1 IPH BUXO/I 3 HEl y APYTY MO3aKOHTAKTYHY 30HY 3HAXOAUTHCI B yMOBaX
BCeOIYHOr0 00’ €MHOTO CTHCKAHHS, 110 Y3TOUKYEThCS 3 pesynbraTtamu podotu [12]. Lle minTBepmKyeThes
OTPUMAaHHMMH PE3yJIbTaTaMHU Fi,I[pOCTaTI/I‘IHOFO THCKY Ha BHyTpiHJHiIZ noBepxHi (puc. 4, a), sKi oTpuMaHi
MOJIGTIOBAHHAM, T2 PO3PaXYHKOM 3MiHHN KoedilieHTa KOpCTKOCTi (puc. 4, 0).
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OcranHiM yacoMm Bce OuTbIIOro nomupeHHs: HaOyBae BuBueHHs H/IC min dyac BUKOHaHHSA Pi3HUX
omepariil came 3a JI0IOMOr0I0 METOAA CKIHYCHHUX €IEMEHTIB y PI3HUX MPOrpaMHUX npoaykTax. [Ipo mo
CBiIYaTh BEJIMKa KUIbKICTh MyOJiKaliil 3aKOpIOHHUMH aBTOPaMH y CBITOBHUX BHAAHHAX. Tak, HApUKIAaL,
psin pooit [13, 14, 15, 16, 17] npucBsueHNX pagiaJbHOMY OOTUCKaHHIO TPYOHUX 3arOTOBOK, ONeparii ska
Mae cxoxi pucu 3 JI1P.

B pobori [13] mocmimkyBanack Tewisi MaTepialiB B CTaJeBUX TPYyOHHMX 3aroToBKax 3 PI3HOIO
TOBCTOCTIHHICTIO TPHU pOTallifHOMY OOTHMCKaHHI TpyO0 3 OCbOBOIO Mofadeio 0Oe3 ompaBku. ToOTO
peaisyBaBcs TpoLeC pelyKyBaHHS TPYOHOI 3arOoTOBKM uepe3 IUTamIl, KU BHUKOHYE IEpiOANYHUN
panmianbHuil 00kuM. [locnmimKeHHS NpoBoguiau y mporpamHoMy 3a0esnedeHHi ABAQUS Ha ocHoBi
crBopeHoi B 2D ocuMerpuuHiii Moneni KiHIEBUX eneMeHTiB. lIpormec mae CcXOXHil xapakTep 3
neopMylouMM OpPOTATYBaHHSM. binmbin Toro, aBropu poOOTHM BHUABMIM HAsSBHICTH 30H JIOKAJHHOTO
IUTACTHYHOrO AeOpMyBaHHS Ha BUXO/I 1 HA BUXOMI i3 30HH penyKyBaHHS (puc. 5). Bonu 3a3Haunnm, mo
nedopmairis TpyOH SK 30BHIITHBOI TaK i BHYTPIITHBOI TOBEPXHI 3aJIKUTh BiJl TOBCTOCTIHHOCTI 3aTOTOBKH
Ta KoedilieHTa TepTs.

0.012

0.008 -

o 0.006

0.004 -

0.002 -

Z axis

Puc. 5. Komnonenta miacruunoi xepopmaniiAPE, [13]

PegynbTat CKiHYEHO €NEMEHTHOTO aHalli3y 30BHIIIHBOIO OOTHCKaHHS TpyOu Oe3 ompaBKu
mpoBeneHoro y pobori [14] mopiBHIOBaJIMCS 3 EKCIEPUMEHTAJBHUMHU JAaHUMHM, 1 TOKa3ald TapHY
BiNMOBiAHICTE. B Hilf aBTOpM pPEKOMEHAYIOTH NMPOBOIUTH OIeEpalilo 0e3 ompaBKH, OCOOIMBO B THX
BUIIA/IKaX, KOJM BHYTPIIIHS MOBEPXHiI TpyOM Oyae mimgaBaTucs MOCHinyrodiil oOpoOui. Ane mpu npoMy
CITi/I 3BEPHYTH yBary, 10 OCbOB1 HAIPYXEHHS PO3TATY Ha BHYTPILIHIN TOBEPXHi TPyOH MOXYTh IPU3BECTH
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70 YTBOPEHHS TPILIMH, IPH YOMY WMOBIPHICTP BMHHMKHEHHS TPIIIMH Y TOHKHUX TpyOax MEHIIa, HIX y
TOBCTHX.

B nimomy no menomikie pooir [13, 14, 15, 16, 17] mo BuBuennto HJIC mpu porariiitHoMmy o0THCKaHH1
MOXHa BIJHECTH Te, II0 aBTOPHU HE 3BEPTAIOTh yBary Ha BH3HAUYEHHS CXEMH Ocepenky aedopmarii Ta ii
CKJIAZIOBUX, TOOTO KOHTAKTHOI JIMSHKM Ta MO3aKOHTAKTHUX 30H. Lle He mae iM MOXIJIMBOCTI B TIOBHOMY
00Cs131 MOSCHUTH TOSBY 30H JIOKAJBHOTO AeOpMyBaHHS Ta BUSIBUTH Ti TEXHONOTIUHI (akTopH, fKi
BILIMBAIOTh Ha ()OPMOYTBOPEHHS 3arOTOBKH Ta ONTHMI3yBaTH MPOLIEC.

[lo crocyerbes nedopmartiii, sky HaOyBae 3arotroBka micis 00pooku I[P, To O.0. Posenbepr y
po6oTi [1] HABOIUTH PO3PaXyHKOBI 3aJISKHOCTI 3MiHM PO3MIpIB OTpUMaHi Ha OCHOBi €KCIIEPUMEHTIB IpH
00poOITi 1ehOPMYIOUMM €IEMEHTOM 3 KyTOM & = 4°, siKi BKa3ylOTh Ha YTOHEHHS CTiHKH, 30UTbIICHHS
30BHILIHBOrO JiaMeTpa Ta YKOPOUEHHsI AeTall Mmicas 0OpoOKH.

3rogom y poOori [1] aBTOpH HABOIATH pe3yabTaTH JOCIHIIKEHb, SIKi CBiTYaTh MPO ICTOTHUII BIUIUB
KyTa o Ha XapakTep 3MiHU PO3MIpiB, AKi BUPAKAIOTHCS Y MOXKIIMBOCTI ITOIOBXKEHHSI 3aTOTOBKH. AHAJIOTT4H1
pe3ynbTaté Oynu oTpumadi i y poborax B.B. Kpuporues [9], y sIKuX mpu BHKOPHUCTaHHI KyTiB @ > 6°,
HaBITh IPH PO37ayi 32 CXEMOIO CTHCHEHHS CIIOCTEPIrajocsl MOJOBXKEHHS 3aroTOBKH, 3aMICTh 3arajbHO
MPUAHATOTO YKOPOUEHHS.

Hemuposcekuit S1.b. po3poOuB teopermuny mozens ocepenky aedopmanii npu HAIIP [5], ska
JI03BOJISIE PO3PAXyBATH IHTErpajibHi XapaKTePUCTHKH (OPMOMIHH: €y, €y, €, 1 MOPIBHAB PO3PAXYHKOBI
3HA4YEeHHS 3 eKCIepuMEHTaNbHUM. [IOpIBHSHHA MOKa3ayo, IO MOAENb MOXe OyTH BHKOpPHCTaHa IS
BHU3HAUYEHHs nedopmariid, ane TiUTbKM IpH 0OpoOwi aeraneld TOBCTOCTIHHICTH SIKHM MEHIIE KPUTHYHOI
TOBILMHU CTIHKH.

Takoxx y poOoti [5] HaBenmeHi eKCIepUMEHTalbHI JaHi MO0 BU3HAYEHHIO CYMapHOi OChOBOL
nedopmartii mpu 00poOIIi 3a CXeMOI0 PO3TATHEHHS Ta CTHCKaHHSA (pHC. 6).

2 Al

I )
0

0,04 / — +0,02 I1_ /—2—
7 .

&
0,02 // ~ 0 //
s
[/ TL 2T
%/ /< 0,02 /% ]
/ 3 -V,
0,02 // — o
005 0T 0® 0z 0% i -0'040 0.1 02 03 04 to/
a) 0)

a

w=

=0,025; Ya/dy, =0,075,kyT o: 1 — 8° 2 — 4°; 3 — 2°: a) 32 CXeMOI0 PO3TSry, MaTepiaj 3aroTOBKH
crajib 20; 0) 32 cXxeM010 CTUCHEHHS, MaTepiaia craias 12XH3A [5]

Puc. 6. 3anexxnicTs 0cb0BOI fedopmanii Bix BiTHOCHOT TOBIIUHY cTIHKHU: dy = 40 Mum;

Pe3ynbpTaTti ekcnieprMEHTIB MOKa3yroTh [5], 0 B 3aJIeKHOCTI BiJi TOBCTOCTIHHOCTI 3arOTOBKH Ta
KyTa HaxwIy TBipHOI poboudoro konyca npu o0po6dui AIIP Moxe yTBOpIOBaTHCS HE TUIBKH YKOPOUCHHS
Jerani, aje i BIICyTHICTh 0cb0BOi Aeopmaliii ab0 HasBHICTH i1 MOJOBXEHHS, IPUYOMY IIPH BUKOPUCTAaHH1
cxemHu po3Tary aedopmanis moxe caratu 10% Bix BUXigHOT JOBXHHHU 3aTOTOBKH (pHc. 6, a). OO6poOKa 3a
CXEMOI0 CTHCKAaHHSA TaKOX IIOKa3ye, IO MOXE YTBOPIOBATHCS IMOJOBXKEHHS, ajieé 3 JEl0 MEHIIO0
nedopmaririeto — 4% (puc. 6, 0).

VY pobori [15] npucesdeniid porauiiHoMy OOTHCKaHHIO TPYO 3a JOIMOMOTOI0 METOAY CKIHYEHHHX
enemenTiB y mporpami ABAQUS gmocnmimKyBanu MOTIK MaTepially BUBYAIOYM ICTOPiI0 KOMIIOHEHTIB
IUTACTHYHOI fedopMallii y pisHUX HanpsMKax. B pe3ynbTati H0oCHiHKeHb aBTOPU CTBEPKYIOTD, IIO MOTIK
MaTepialdly MOKHa KOHTPOJIOBATH Yepe3 3MiHY YMOB TepTs; HAHaKTHBHIII 30HU AedopManii 3HaXOAAThCS
Ha TMOYaTKy 1 B KiHLI 30HM penyKuii, Ipd YoMy B padiaJbHOMY HampsMy MaTepian JaedopMyeThcs
HEpPIBHOMIPHO.

Takox po3paxyHOK AUISIHOK AedopMaii B Mpoleci pagialbHOro KyBaHHS TPYOH 3 BUKOPUCTaHHAM
METOAY CKIHYEHHUX eJeMEeHTIB mpoBoauBca y poOoti [16]. Ilin wac anamizy pe3ynbTaTiB aBTOPH
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BHUKOPUCTOBYIOTh KoedimieHT HeomHopimHocTi nedopmanii marepiamy (IF), sxuii Bu3HauaeThCs
CHIBBiIHOLIEHHSIM:
IF = € — Emin
Emin
HapnumkoBa nedopmariiss Moke BIUTMBATH HA MOBEAIHKY MeTaly MiJ yac MOAAJbILOro Bidmamy,
BIIMBAIOYM Ha KIHETHKY pEeKpHCTalli3allii, a TAKOX Ha KIHLIEBUI po3Mip 3epHa Ta TeKcTypy. HeoqHopigna
MIKpPOCTPYKTypa HpU3BOIUTH 10 HEOJHOPITHUX (PiI3UUHMX Ta MEXaHIYHUX BIACTUBOCTEH TOTOBOTO BUPOOY.

AsTopu [16] mpoBoIMIH TOCTIHKEHHS 3 pI3HUMHU (opMaMH JIeOpMYIOUUX MaTpuib (puc. 7).
a) \_/ (\_‘ 6) = G B)  IF(outer)

—©6— Die2 04
e D] @ IF(inner)
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Puc. 7. BB ¢popmMu MaTpuui npy pagiajbHOMY KyBaHHiI TpyOu:a) popMu MaTpuib; 0) po3nmoaina
AedopMmanii B pagialbHOMY HANPAMKY; B) KoedinicHTH HeoqHopigHOCTI [16]

Ha ocHoBi pe3ynbratiB (puc. 7) aBTOpH POOISATH BHCHOBOK, IO ISl AOCATHEHHS NPOAYKTY 3
MIHIMaJIPHOIO HEOMHOPIMHICTIO aedopMallii HeoOXiqHO oOupatu omykiry ¢gopMmy abo mTamn 3 TphoMa
MOXWJIUMH TpaHsmH. Halripmmii BapiaHT criocTepira€Tbcs NMpH BHUKOPHUCTaHHI MAaTPULb 3 YBIrHYTOIO
(hopmoro.

Otxe, sIK BUAHO y poOOTax MPUCBAYCHUX AePOpMYIOUOMY IPOTATYBAHHIO 3IMIIAIOTHCS BIIKPUTUM
MUTaHHSAM (HOPMOYTBOPEHHSI 00pPOOJIEHOT 3ar0TOBKH Iicis 00poOku. CKIagHICTh MaTEMaTUYHOTO OMHCY
00’€MHOro MpoLecy MIaCTHYHOrO Ae()OpMyBaHHSI TOBCTOCTIHHMX 3arOTOBOK B JTaHMH 4Yac HE JO3BOJISE
pPO3pOOHUTH TeopeTudyHy Mojnens nedopmyBaHHS. Tomy s 3abe3ledeHHS €IHOCTI METOJOIOTTYHOTO
MiAXOAY 1 CTBOPEHHS MOXIMBOCTI AJISl TOPIBHSUIBHOTO aHaJi3y y BCbOMY Jiana3oHi TOBCTOCTIHHOCTI
3YMIMHUMOCH Ha JOCIiIKEHHI porecy nedopmyBanns MerogoM Kiniesux enementis (MKE) 3 nactynmaum
aHaJi30M pe3yJbTATIB AOCTIIKEHb Ha (DEHOMEHOJOTT1YHOMY DiBHI 1 MOOYAOBI 3aralbHUX aHAJITUYHUX
mozeneid. lle nozBomuTh ommcaTu mpomec nedopmyBaHHA 1 mpoananizyBatd HJIC nmedopmoBanmx
3aroToBoK. Sk 3a3Hayanock B poOoTi [11] Haitbinemn 06’ exTHBHO 3xaiiicHIOBaTH MojaentoBanas HJIC 3a
JOTIIOMOT0I0 ITporpaMHoro komriekcy Deform npu gedopmyBanHi 00poOIeHNX 3ar0TOBOK B HEOOXITHUX
Jiara3oHax HaTATy, TeOMeTpii IHCTPYMEHTY Ta IIPH BapiloBaHHI po3MipiB ii mOmepeyHoro mnepepisy.

Metoro cTaTTi € JOCHiKEHHS MOXIIMBOCTI YNpaBliHHS MapaMerpamMu (OPMOYTBOPEHHS HpHU
HACKpi3HOMY JeopMytodoMy IpOTATYBAaHHI JeTallel 3 IIIaCTUYHOTO MaTepialy Ta OTPUMAaHHS ii po3MipiB
3 IPUIIYCKOM TIiJ MOCHiAyouy 00poOKy HuIIXoM BUOOpY reomerpii AedopMyrouoro eaeMeHTa Ta peXuMiB
00poOKwU.

BukJsax ocHoBHOr0 Martepiaiy.

Meroauka T1IpoBefAeHHs MoJeq0BaHHs. MozemoBanHsa AedOpPMYIOUYOro MPOTITyBaHHS
BuKoHyBasich y mporpami DEFORM 2D/3DTMV 11.0. [ns Bu3HaueHHA BIUIMBY HATATY Ta KyTa
3a6ipHOro KOHyca OyII0 BUKOPHCTAHO 3arOTOBKY 3 HACTYITHUMH PO3MIpaMu: BHYTPIIIHIA miamerp — dg =
= 40 mm, 30BHIimHINA miamerp — Dy =56 MM Ta nomxuHa — H = 100 mm (puc. 8). 'eomerpudHi
napaMeTpH iHCTpyMeHTY (puc. 8): AiaMerp mo cTpidmi AopHa 3MiHIOBaBCsS B Mexkax Bix dg + 0,25 MM 10
do + 2,25 MM 3 kpokoM 0,25 MM; KyT Haxwty TBipHOI 3a0ipHOTO KOHyca @ mpuiimanacs: 2°, 4°, 6°, 8°.
[IBuakicTe mepeMimieHHs negopMyrouoro enemMenTa Oyiaa He 3MIHHOIO 1 gopiBHIOBana 0,5 Mm/c.

VY nocnimxenusx oyno Bukopuctano crainb DIN 14NiCr14 3 6i6miorexkn matepianis DEFORM.

PesyabTaTu gocaimkens.llepma rpyna gociinis npoBoauiacs 3i 3MiHOIO AiaMeTpa 1ed opMyr0d0oro
enemMeHTa, To0To HaTary. Ilim gac pospaxyHkiB Oyio oTpuMmaHO rpad)iku mepeMilleHHs JBOX TOYOK Y
pazianbHOMY HampsMKY, OJHA 3 SIKMX PO3TAIlIOBYBAlIaCh MOCEPEOMHI BTYJIKM Ha BHYTPILIHIA CTOpOHI, a
npyra — Ha 3o0BHIimHIA (puc.8). Ilicns Buxomy IiHCTpYMEHTY 3 BTYJIKH Oyno moOynoBaHo Tpadiku
3aJIeKHOCTI 3MIIIEHHS TOYOK B paliaibHOMY Ta OCbOBOMY HampsMKax (puc. 9).
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3 rpadiky 3MiIIeHHS TOYOK B pajialbHOMy HampsMKy (puc. 9, a) BHIHO, IO 3aJISKHICTh € Maixe
niniHo0. IIpn HEoOXigHOCTI OTpUMaHHS Michs 0OpOOKH JieTani NeBHUI 30BHIIIHIN AiamMeTp ciig oOpatw,

BiJMOBiAHUH 110 rpadiKy, HATAT

h= a

4025 405 4075 204%6%8
AZ&Z%S 415 7 7

4175 42 4225 mm
f

=700 mm

He

Towa 7

Jowka 2

J

Ly =56mm
I
ap=40 mm

AN

Puc. 8. Cxema 00po0km ne¢opMy0dUM NPOTATYBAHHAM

1 — nepopmyrounii ejieMeHT; 2 — BTYJIKa; 3 — OCHOBA

Binbm nikaBuM € rpagik 3MIMEHHS TOYOK B OCBOBOMY HaIPSMKY (puc. 9, 6), 3 AKOro ciigye mo npu
00po0I11i 3aroTOBKH 3 Ay’K€ MaJIMMH HaTsATaMu (1pudinzHo 10 0,3 MM) BitOyBa€eThCsl HE3HAYHE YKOPOUCHHS
nerami. [Ipu momanpmomy 30inbiieHi Hatary (mpuOmmsno Bix 0,3 mo 1,3 MM) BiACTeXyBaHHI TOYKH

IIOYHNHAIOTh 3MiH.[aTI/IC$I Y AOAaTHOMY

HaTpsMKY,

TOOTO [OBXHHA BHXIIHOT

Ierail  I[TOYMHAE

36iJ'II>H_IYBaTI/IC$I. 3 noAaJIbIIIUM HApPOINYBAHHAM HATATY — BI/IXi,Z[Ha BHCOTA BTYJIKM 3MCHIIYETHCA.
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Puc. 9. OTpuMaHi pe3yJIbTaTH 3a1€KHOCTI 3MillleHHs TOYOK 1 Ta 2 Bil BeITMYMHHU HATATY: a) y
pagialbHOMY HANPSAMKY, 0) B 0CbOBOMY HANIPSAMKY

Sk Oyno BHIE CKa3aHO APYrHUM BaroBUM (aKTOPOM, SIKMIl BIUIMBA€E Ha BUXIOHI PO3MIPH BTYJIKH €
KyT HaxwJly TBipHO] 3a0ipHOr0 KOHYca iHCTpyMeHTY. ToMy y Ipyromy erari Oy0 MpoBEACHO TOCTiHKEHHS
BIUIMBY KyTa (& mpu Tphox pisHux Hatsrax (0,75; 1,25; 1,75 mm) pe3ynpTatd 3MilllEHHS TOYOK B
pazianbHOMY HAIpPSAMKY MpeAcTaBieH] Ha pucyHKy 10 Ta B 0CbOBOMY HaIpsIMKY Ha pUCYHKY 11.
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6
Kyt o, °

Kyt o,°

6
Kyt a,°

Puc. 10. Pe3yabTaTH 3aJ1€5KHOCTI 3MillleHHS TOYOK 1 Ta 2 y pagialbHOMY HanpsiMKY Bill BeJTHYHMHH
NOJIOBMHH KYTa 3a0ipHOIro KOHYycAa:
a) npu Hatary 0,75 mm, 0) npu Hatary 1,25 mm, B) npu Hatary 1,75 mm

OtpumaHi pe3yapTaTi MOKA3ajH, 10 KyT HaXHITy TBIpHOI 3a0ipHOro KOHyca Ma€ He3HAYHHUI BILJIMB
Ha 3MiLIEHHs TOYKU Ha 30BHIIIHIN MOBEPXHI BTYJIKU B padialbHOMy HanpsaMmKy. 11lo crocyeTbes 3MimieHHs
TOYKH Ha BHYTPILIHIN MTOBEPXHi, pe3yabTaTh CBiqUaTh NPO T€, IO KyT MAa€ HE 3HAYHUHN BIUIMB HA 3MILICHHS
TOYKH NPH MAJIMX HaTArax i HabyBae OibII BAaroMoro BIUIMBY Ha OUIbIIMX HaTsArax (puc. 10).

© B.B. Omamancvkutl

31



Misiceyziecvruti 30ipnux « HAYKOBI HOTATKH». Jlyywx, 2025, Ne§82

a) 02 0) 03 B
= 0,2

oo

L
2

o
N

0,1 -

Touxka 1 \

== == Touxka 2
-0,4 4
Kyt a,° Kyt o,° Kyt a,°

Puc. 11. Pe3yabTaTH 32J1€;KHOCTI 3MIillleHHS TOYOK 1 Ta 2 B 0CbOBOMY HANIPAMKY BiJl BeJTMYNHH
NOJIOBMHH KYTa 3a0ipHOro KOHYyca:
a) npu Hatary 0,75 mm, 0) npu Hatary 1,25 mm, B) npu HatsAry 1,75 mm
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Pe3ynbpTaTi 3MilieHHsS TOUOK B OCHOBOMY HampsMKy (puc. 11) moka3yioTs, 0 KyT HaXuiy TBIpHOT
3a0ipHOTO KOHYCa MOXE CYTTEBO BIUIMBATH Ha 3MIIIECHHS TOYOK. B IMO€AHaHHI 3 HATATOM MOKIHBO
OTPUMYBATH SIK YKOPOUCHHS TOBKUHH BTYJIKH, TaK 1 i HOZOBXKEHHS.

BucHoBku. AHami3 JniTepaTypHHX JDKEpeNl II0Ka3aB, II0 BiAHOBICHHS 3HOLICHHMX JeTaeit
neopMyloUMM TOPOTATYBAHHSM € TEPCHEKTUBHUM IPOIEcOM OOpOOKHW, aje sl IOBHOLIHHOIO
BIIPOBKCHHS Y BUPOOHMIITBO 3aJIMILAETHCS HEBUPILIEHUM MUTaHHS (POPMOYTBOPEHHS BUXITHOI AeTal,
0COOJIMBO 1I€ CTOCYETHCSA TUX YMOB OOPOOKH,IIPH SIKUX KOHTAKTHI HANPY:KEHHS MEePEBULIYIOTh KPUTHYHI.
Bukonane mopenmtoBanus mpouecy [AIIP Meronom CKiHUEHHX €NEMEHTIB MiATBEPAMIIO PE3yIbTaTH
EKCIIEpUMEHTIB POBEACHUX PaHille IHIIMMK aBTOPAaMH Ta JO3BOJMIJIO YTOYHHUTHU iX Ha MpeaMeT BHOOPY
ONTHUMAJILHOI TeOMETpii Ta pekuMy OOpOOKH, Lie AajJ0 MOXKJIHMBICTH HE TUIBKH 30UIBIIYBATH 30BHILIHIN
JiaMeTp 3arOTOBKH, aJie 1 ii JOBKHHY,a TAaKOXK ITOKa3aJjo, 110 B 3aJISKHOCTI BiJl TeoMeTpii /e opMyrodoro
EJIEMEHTY Ta PSKHUMiB 00POOKH MOXKIIMBO OTPUMYBATH HE TUIBKH NIEPEPO3NOALICHHS MaTepialy B 3HOMICH]
JUISTHKY TI0 30BHILIHIK MMOBEPXHI aJie 1 0CbOBOMY HAamNpsIMKY. JJIsl TOBHOLIIHHOTO BIPOBAIKEHHS MIPOLIECY
JAIIP y BupoOHMLTBO B TOAAJBLIIOMY IUIAHYETHCS OUIBII TIMOOKE JOCHIIKEHHS HamlpyXeHO
neOpMOBAaHOTO CTaHy B OocepenKky aedopmairii 3 METOI BHSIBIEHHS BCIX (paKTOpiB, SKi BILTMBAIOTH HA
($hOpMOYTBOPEHHSI.
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Jhybkuti HayioHanvHull MexHiuHUll YHigepcumem

AHAJII3 PECYPCHHUX OCOBJINBOCTE BAKOPUCTOBYBAHUX
I'TPOABPAZUBHUX MAIIWH

Y cmammi nposedeno ananiz pecypcnux ocobnusocmeit 2iopoadpazusHux Mauiut, AKi WLUPOKO 6UKOPUCIOBYIONbCA 6
CYUacHiii npomucnoeocmi ona 00pooKu piznomanimuux mamepianie. Pozenanymo xknwouosi pakmopu, wio ennusaroms Ha
mepMiH CLyHcOU OCHOGHUX KOMNOHEHMIE 001A0HANHA, MAKI AK MUCK 600U, 6UMPAMaA AOPA3UEHO20 Mamepiany, AKICHb 600U
ma abpazugy, a maxkoc inmeHcuenicmo ekcnyamauyii. Buznaueno ocnoei ey3nu, ujo niodaromuca HaiioinbuioMy 3Hocy, ma

npouecy. L[a pozwupena anomayin npuceauena 2iud0KoOMy ananizy pecypcHux ocoonueocmeil 2iopoadpazueHux Mauwiut, aKi
Habdysaromp 6ce 0inbUIO20 NOWIUPEHHA 8 PIZHUX 2ANY3AX NPOMUCTI080CHI 3A80AKU C8OTll YHIgepcanIbHOCmi ma 30amHuocmi
00pobnamu wupoxuii cnekmp mamepianie. /locniodcenHsa o0Xonnioe Kiio4woei acnekmu, noe'azami 3 eghexmuenicmio
SUKOPUCMAHHA PeCyPCié, ONMUMI3AUIEI) eKCRILyamayiliHuX 6UMpPam ma 6niueoM HA HAGKOIUUWHE cepedosuue.

Knruoei cnosa: ziopoabpasusna o6pobka, pecypc 061a0HAHHA, 3HOC, MUCK 800U, AOPA3USHUI MAMepian, onmumisayis,
ehexmugnicme.

Y.V. Muravinets, V.V. Balaka, E.Y. Honta

ANALYSIS OF RESOURCE CHARACTERISTICS OF USED HYDROABRASIVE
MACHINES

The article analyzes the resource features of hydroabrasive machines, which are widely used in modern industry for
processing various materials. The key factors affecting the service life of the main components of the equipment, such as water
pressure, consumption of abrasive material, quality of water and abrasive, as well as the intensity of operation, are considered.
The main nodes subject to the greatest wear and tear are identified, and ways to optimize their resource to increase the efficiency
and economy of the technological process are proposed. This extended abstract is devoted to an in-depth analysis of the resource
characteristics of water-abrasive machines, which are becoming more and more common in various industries due to their
versatility and ability to process a wide range of materials. The study covers key aspects related to resource efficiency, operating
cost optimization and environmental impact.

Key words: hydroabrasive treatment, equipment resource, wear, water pressure, abrasive material, optimization,

efficiency.

Introduction. Water-abrasive cutting technology (AWG) has gained significant popularity in
various industries due to its versatility, ability to process a wide range of materials without thermal effects,
and high precision. However, the effective operation of hydroabrasive machines depends on understanding
and managing their resource characteristics.

A water-abrasive machine consists of several key components, each of which is subject to wear and
tear during operation. The main ones are: a high-pressure pump, it creates a flow of water under high
pressure, which is necessary for the formation of a cutting jet. The resource of the pump depends on the
working pressure, water quality, intensity of operation and regularity of maintenance. The resource of the
pump depends on the working pressure, water quality, intensity of operation and regularity of maintenance.
High pressure leads to faster wear of seals, valves and other internal elements. The mixing head (nozzle)
mixes a high-speed jet of water with an abrasive material. The nozzle and mixing chamber are subject to
the greatest wear.

The nozzle is made of hard materials such as sapphire or diamond. Nozzle wear occurs due to the
abrasive effect of particles, erosion and cavitation. An increase in the diameter of the nozzle leads to a
decrease in cutting accuracy and an increase in water consumption [1]. The mixing chamber is usually made
of tungsten carbide or other wear-resistant materials.

Wear occurs due to the intense abrasive effect of particles moving at high speed. An increase in the
internal diameter or the appearance of internal defects leads to the dispersion of the jet and a decrease in its
cutting ability. The abrasive material supply system provides a dosed supply of abrasive to the mixing head.
The wear of the elements of this system (dosers, hoses) depends on the type and fraction of the abrasive, as
well as on the intensity of supply.

The water transportation and purification system ensures the supply of clean water to the high-
pressure pump and the removal of the spent mixture. Water quality (presence of solid particles, chemical
composition) significantly affects the resource of the pump and other elements of the system.
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The life of the listed components is affected by the following main factors: water pressure, higher
pressure provides a higher jet speed and more intensive processing, but at the same time leads to faster wear
of the pump and elements of the mixing head. Abrasive material consumption, increasing the abrasive flow
increases the cutting performance, but also increases the abrasive wear of the nozzle and the mixing
chamber. Water quality, the presence of solid particles in the water can lead to abrasive wear of the pump
and nozzle.

The chemical composition of water can cause corrosion of metal elements. The quality of abrasive
material, hardness, shape and fraction of abrasive particles affect the intensity of wear of the mixing head.
Contaminated or poor-quality abrasive can lead to clogging of the nozzle and damage to other elements of
the system.

The intensity of operation, duration and frequency of use of the machine directly affect the total
resource of its components. Regularity and quality of technical maintenance, timely replacement of worn
parts, cleaning of filters, checking the tightness of connections and other preventive measures significantly
extend the service life of the equipment.

Setting the task. Analysis of wear of the main nodes and assessment of their resource. The most
critical resources are the nozzle and the mixing chamber. Their wear directly affects the quality of the cut
(width, accuracy, roughness) and productivity.

The wear of the nozzle is manifested in an increase in its diameter and a change in the shape of the
outlet opening. This leads to an expansion of the jet, a decrease in its energy and a deterioration in the
quality of the cut. The resource of the nozzle depends on the material of manufacture, working pressure
and water quality.

Sapphire nozzles usually have a shorter life compared to diamond nozzles. Wear of the mixing
chamber is manifested in an increase in the internal diameter, the appearance of erosion potholes and other
defects on the internal surface. This leads to dispersion of the abrasive-water jet, reducing its coherence and
cutting ability.

The resource of the mixing chamber depends on the material, consumption and quality of the
abrasive, as well as on the speed of the jet. Estimating the service life of these components is a difficult
task, as it depends on many operational factors. Equipment manufacturers often provide approximate life
values, but actual life can vary greatly.

For a more accurate assessment, it is necessary to regularly monitor the condition of the components,
measure the diameter of the nozzle, control the inner surface of the mixing chamber and analyze the quality
of the cut. The resource of the high-pressure pump is also an important parameter that affects the overall
performance of the machine. Wear of seals and valves leads to loss of pressure and reduced efficiency.
Regular maintenance and the use of quality water are key factors in extending the life of the pump.

Results and their discussion. To increase the efficiency and economy of hydroabrasive technology,
it is necessary to take measures to optimize the resource of the equipment used. The main ways include:
selection of optimal cutting modes: Selection of water pressure and abrasive consumption in accordance
with the type and thickness of the processed material allows to reduce the load on the machine components
and reduce their wear.

Use of high-quality consumables: the use of clean water with an appropriate filtration system and
high-quality abrasive material with an optimal fraction significantly reduces abrasive wear. Regular and
high-quality maintenance: timely replacement of worn parts (seals, filters, nozzles, mixing chambers),
cleaning of the system and control of operating parameters ensure stable operation of the equipment and
extend its service life [2].

Equipment condition monitoring, regular visual inspection, measurement of key parameters
(pressure, flow rate, nozzle size), as well as analysis of the quality of the cut make it possible to timely
detect signs of wear and carry out necessary repairs. Implementation of automatic control and diagnostics
systems modern hydroabrasive machines can be equipped with systems that monitor the state of key
components in real time and warn of possible malfunctions.

Training and qualification of personnel, correct operation of equipment and timely detection of
problems by operators is an important factor to ensure long-term and efficient operation of the machine.
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Conclusions. Analysis of the resource characteristics of water-abrasive machines is important to
ensure the efficient and economically beneficial operation of this technology.

The life of the main components of the equipment depends on many factors, including the operating
pressure, the consumption and quality of the abrasive, the quality of the water, the intensity of operation
and the quality of maintenance. Optimizing the resource of hydroabrasive machines is achieved by choosing
the optimal cutting modes, using high-quality consumables, regular maintenance, monitoring the condition
of the equipment, and implementing modern control and diagnostic systems.

Further research can be directed to the development of new wear-resistant materials for key
components of hydroabrasive machines and improvement of methods for diagnosing their condition.
Hydroabrasive machines are a powerful and versatile tool for processing a wide range of materials. Their
key advantages include the high quality of the cut, the absence of thermal effects, economic use of the
material and environmental friendliness.

Despite some limitations, the continuous development of the technology makes waterjet cutting more
and more attractive for various industries where precise, high-quality and flexible processing of materials
is required. To achieve maximum efficiency, it is necessary to take into account specific production
requirements, correctly select equipment and consumables, as well as ensure proper maintenance of
machines.
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KIHETUKA BIJIITAJTY PAJIAIIMHUX JE®EKTIB B OITIPOMIHEHOMY
EJEKTPOHAMM n-Ge

Jhyybkuil nayionanvhuti mexuiunuil yuieepcumem’

Bonuncekuii paxoeuii xonedxc Hayionanvrnozo ynieepcumenty Xapuosux mexmonozii’

Ooepitcano Kinemuyni pieHAHHA 0N ORUCY [30MEPMIUHO20 6IONAY Onpominenux enekmponamu 3 enepeicio 10 MeB
ma nomoxom ®=>5-10" en./cm? monoxpucmanie zepmaniio, nezoeanux 0omiwikoio cypmu, konyenmpayieto Nd=5-10" cm?. Ha
OCHOGI 00epPHCAHUX eKCREPUMEHMAIbHUX Pe3YIbMmamie memnepamypHoi 3anexcuocmi koegiyienma Xonna ma odouucnenux
3HAYEHb KOHYenmpayii ymeopenux npu onpomineni ma eionani komnaekcie VOil2Ge 6 MoHOKpucmanax zepmaniio 6U3HaueHo
enepeito akmueayii 6ionany 0na 0aHUX KOMNIeKcie ma oonacmeii po3enopaoKysanHsa. 3 00epiHcanux pe3yiomamis ciioye, o
A0pa obnacmeil po3enopaAOKySantsa € MeHw mepmiuno cmiiikumu, Hisic komnaekcu VOilzge.

Knruoei cnosa: monokpucmanu cepmaniio, eneKmpoHuHe ONPOMIHeHHs, 130MepMIuHULL 8I0NA, KIHemuKa 8ionany, eHepais
akmugayii gionarny.

S.V. Luniov, P.F Nazarchuk, O.V. Burban

KINETICS OF ANNEALING OF RADIATION DEFECTS IN ELECTRON-IRRADIATED
n-Ge

The kinetic equations for describing the isothermal annealing of germanium single crystals, doped by the antimony
impurity with the concentration of Ni=5-10" cm?, irradiated by the electrons with the energy of 10 MeV and a flow of
0Q=5-10" el/cm?, were obtained. The annealing activation energy for complexes and disordered regions based on the
experimental results of the temperature dependence of the Hall coefficient and the calculated concentration values of the
VOil:6e complexes, created during irradiation and annealing in germanium single crystals, was determined. The results show
that the cores of the disordered regions are less thermally stable than the VOil>6. complexes.

Keywords: germanium single crystals, electron irradiation, isothermal annealing, annealing kinetics, annealing activation
energy.

Statement of the problem. Penetrating radiation makes it possible to control the electrical
parameters of semiconductor materials and optimize the production technology of semiconductor devices
and microcircuits made on their basis [1-4]. This is due to the growing demand for semiconductor integrated
circuits, the complexity of semiconductor technologies, and the reduction in the geometric dimensions of
the active regions of semiconductor structures. In addition, due to the rapid development of space
technology, there is considerable interest in studying the radiation-stimulated degradation of
semiconductors and integrated circuits and determining the levels of radiation resistance of the element
base of spacecraft electronics [5-8]. The performance of spacecraft equipment is affected by the ionizing
radiation of outer space (high-energy electrons, protons, heavy element ions). The effect of radiation on the
elements of the spacecraft's on board equipment leads to their failure due to degradation processes in
semiconductors, which is associated with the accumulation of the absorbed dose and radiation effects [9-
13].

To reduce the concentration of radiation defects and ensure the stability of the electrical parameters
of semiconductors, special thermal annealing is performed, which leads to the formation of other types of
thermally stable and, accordingly, time-stable defects [14-16]. In work [14], the creation and annealing of
defects in germanium irradiated by different proton flows with the energy of 15 MeV at 300 K by positron
annihilation spectroscopy are investigated. Two characteristic temperature stages of isochoric annealing
were identified. The first stage from 400 to 500 K is associated with the annealing of vacancy complexes.
At 420 K, vacancy clusters consisting of two vacancies began to appear. Further, an increase in the
annealing temperature to 520 K leads to forming clusters of approximately three vacancies. The second
stage of annealing occurs in the temperature range of 550-650 K, which is associated with the annealing of
vacancy clusters. To describe the results of positron lifetime measurements, a model of negative-type
positron traps was used. According to this model, these defects anneal in the temperature range of 500-600
K. The determined average lifetime of positrons after annealing at 740 K was almost the same as that for
unirradiated germanium. In [15], studies of the annealing of proton-irradiated germanium in the temperature
range of 35-300 K reveal two stages. The first at 100 K is associated with the annealing of Frenkel pairs,
and the second at 200 K is associated with the annealing of monovacancies. At annealing temperatures
above 200 K, mobile neutral monovacancies merged into divacancies. In [16], it was found that in fluorine-
implanted germanium, fluorine enriches the germanium matrix with various vacancy-like clusters, the
structure of which depends on the annealing temperature. It was found that low concentrations of fluorine
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saturate the Ge matrix with high concentrations of divacancy complexes, which are effectively annealed.
High concentrations of fluorine stabilize monovacancy-like complexes, which are thermally stable even
after high-temperature annealing. When conducting such studies, it is important to have information about
the annealing activation energy and the frequency of jumps of radiation defects to the drain. The use of
these parameters will allow estimating the time of stable operation of electronic equipment of spacecraft,
atomic and nuclear power, which may contain elements made based on irradiated and additionally heat-
treated material. At the same time, the construction of mathematical models of radiation defect annealing
will provide scientific and methodological recommendations to engineers and scientists working in the field
of radiation technologies of semiconductors, regarding the creation of radiation-resistant semiconductor
devices and sensors with predetermined properties.

Setting tasks. Obtaining kinetic equations for isothermal annealing of radiation defects in n-Ge
single crystals, irradiated by the electrons with the energy of 10 MeV and determining the annealing
activation energy for the created defects.

Presentation of the main material. We developed a mathematical model of isothermal annealing
kinetics for single crystals of germanium, doped by the antimony, with the concentration of Ng=5-10"* cm’
3, irradiated by the electrons with the energy of 10 MeV and a flow of Q=5-10"° el./cm® In work [17],
studies of isothermal annealing processes were carried out for the same electron-irradiated n-Ge single
crystals. It was established based on measurements of the Hall effect and solutions of the electroneutrality
equation that under given conditions of electron irradiation, both simple defects (VOilage complexes) and
complex defects (disorder regions) are formed in germanium single crystals. Moreover, the energy
spectrum of radiation defects for n-Ge samples did not change after annealing. From the analysis of the
temperature dependence of the Hall coefficient and the calculated values of the concentration of VOilsg.
complexes formed during irradiation and annealing in germanium single crystals, it was concluded that the
processes of both annealing and generation of VOilxge complexes co-occur. The generation of these
complexes is associated with the annealing of disordered regions, which have lower annealing activation
energy. Therefore, the different mutual contributions of the annealing processes and the generation of the
formed radiation defects explain the normal and anomalous annealing obtained in this work. Calculations
of the annealing activation energy and frequency factor for VOilag. complexes and disordered regions, the
results of measurements of the temperature dependences of the Hall constant for such n-Ge single crystals
after annealing at T;=433 K and T,=448 K and the concentration values of VOil,ce complexes for given
annealing temperatures were used. The dependences of the concentration of VOilxge complexes on the
isothermal annealing time are presented in Fig. 1.
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Fig. 1. Dependencies of the concentration of VOil,c. complexes on the time of isothermal
annealing for n-Ge single crystals, irradiated by the electrons with an energy of 10 MeV and a flow
of Q=5-10" el./cm’ at different isothermal annealing temperatures T, K: 1 -448, 2 —433.

The nonlinear nature of the dependences of the concentration of these complexes on the annealing
time, obtained on a semi-logarithmic scale, indicates that the annealing kinetics of the formed defects
cannot be described by an exponential law, which is characteristic only for the annealing of defects of the

same type:
t

N=Nge ", (1)
where N — is the defect concentration after annealing, No — is the defect concentration before
annealing, ¢ — is the annealing time, 7 — is the average defect lifetime.
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For the case of parallel annealing processes of VOiloge complexes and nuclei of disordered regions
in the studied n-Ge single crystals, the following system of equations can be written:

v, N, N,
dt T T, )
N, Ny N,

dt T, T,
where N,, N, — concentrations of VOilog. complexes and vacancies at an arbitrary point in time,

T,,and T, are the average lifetimes of the vacancy and VOil.ce complex, respectively.
From the solution of system (2) we obtain that

No(kyr, + L) No(kz, + i)

T kit Ty
N, (t)=- 2" + e, (3)
! Tl(kl _kz) Tl(kl _kz)
2 2
T T T T T T
where k, = 2 o 2 2k, = 2 o 2 .
1 1

To find the times 7, and 7, , we write equation (3) for two different isothermal annealing times t;
and t>. As a result, we obtain a system of equations:

N,y (kT + i) Ny(kT + i)

TN e p— P R
T,(k — k) T, (k, — k) @
T T
N,y (k,t, +Tfl) Ny(kr, +Tfl)
N,(t)=—— "2 Moy 72 kb
) 7,k — k) 7,k — k)

To perform such calculations, the experimental results of annealing at temperatures T1=433 K and
T,=448 K were used, fig. 1. To find the activation energy of annealing of the formed radiation defects, we
write down the expressions for the average lifetime of the VOil,ge complex and vacancies at two different

annealing temperatures T; and T [18]:
Eal Eal

1 & 1
Tl(T1):_ele ) 71(T2)=_ekT2a Q)
1 Vi
1 Ep 1 Ep
Tz(T1):_ele ) 72(T2)=_ekT2 . (6)
vV, Vi

From the solutions of equations (5) and (6), we obtain that £, = 0,92 eV is the activation energy of
the annealing of the disordered region and E,, =1,04¢V is the activation energy of the annealing of the

VOilxge complex, v, =2,52-1 0°s™ and v, =107- 10° s are the frequency factors for the vacancy and the
VOilxce. complex, respectively.

Conclusions. The proposed theoretical model of annealing, considering the found activation energies
of annealing and frequency factors for these defects, well describes the annealing kinetics, which was
experimentally revealed in [17]. According to the data of [19], the annealing of VO; complexes in
germanium after y-irradiation occurred in the temperature range of 383-403 K. The obtained values of the
activation energy of annealing for this defect and the frequency factor turned out to be equal to 0,94 eV and
4-107 s, respectively. In our case, the activation energy of annealing of the VOiloge. complex is equal to
1,04 eV, which indicates its greater thermal stability. The obtained kinetic equations of isothermal
annealing and its found parameters allow us to predict the stability over time of operation of electronic
elements made based on germanium, which is additionally subjected to radiation and heat treatment.
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HAITPAMU JOCJI/UKEHHSA OPTOI'OHAJIBHUX KPYTJIOIINJIKOBUX BEPCTATIB

Busnauenonanpsimu 00CnioNceHHA OpPMOOHANBHUX KPYZLONUWIKOSUX eepcmamie. Pozzisanymo eniue Husku
YUHHUKIE HA MOYHICMb RUWISHHA 20PU30HMAIBLHOIO RUIKOIO: CUCIeMU OA3Y8AHHS 3A20MIEKU, CNOCO0Y KPINenHs RUIKU ma
ocoonugocmeit npoyecy nunaunus. Bcmanoesneno nompedy y rpynmoenux HayKosux 00CnioyNceHHAX GNIIUGY GULEHABEICHUX
YUHHUKIG HA MOYHICMb NUJIAHHAL.

Kniouosi cnosa: opmozonanvHuil Kpy2ronwiKoguti 6epcmam, MmouHicnb NUWISIHHA, Kpy2id NUIKA.

V. Onukevych, B. Zelman, M. Pylypchuk, M. Burdiak
DIRECTIONS FOR IMPROVING THE DESIGNS OF PLANER MACHINES

The analysis of research directions on orthogonal circular sawmills is provided. The impact on cutting precision by a
horizontal saw is considered: log base system, saw attachment method, and cutting process specifics. The need for thorough
scientific research on the influence of these factors on cutting precision is established.

Keywords:orthogonalcircularsawmill, cutting precision, circular saw.

AKTYaJIBHICTH TeMH AOCTiIzKeHHA. 3 IUIMHOM 4Yacy 3aBJaHHS PaliOHAJIFHOIO BHKOPHCTaHHS
JCOBUX PECYPCIB CTAE BCE aKTyaJBHIIINM, K B YKpaiHi Tak i 3akopaoHoM. OIHUM 13 IUISAXiB BUKOHAHHS
LBOTO 3aBJAHHS € BIOCKOHAJICHHS Cy4YaCHUX KOHCTPYKIiH JiCONMMIBHOTO yCTaTKOBAaHHS LI 3a0e31ed eHHS
BHCOKOTOYHOI'0 OOpOOJISIHHS AEPEBUHH 3 OTPUMAaHHSIM MiHIMaJIbHOTO o0csry Biaxomnis [1, 2].

OpTroroHajipHi KpYIJIONWIKOBI BepcTatu (puc.l)e cydacHHM JiCOMMIBHUM YCTAaTKyBaHHSM, SIKE
MpHU3HAYCHE AJIs IKICHOTO PO3MITIOBAHHS KOJIOA Ha 0OpPi3Hi muyioMaTepiany 3aaaHux po3MipiB. OCHOBHOIO
MEpEeBarol0 OPTOrOHAJIBFHUX KPYIJIONMMWIKOBUX BEPCTATIB € HASBHICTh KPYIJIMX IWIOK, SKi 3aBISKU
MOPIBHSIHO BUCOKiH KOPCTKOCT1 AMCKA 1 3HOCOCTIHKOCTI IJIACTUH TBEPJOTO CIUIABY MaIOTh OLTBIINI nepios
TPUBKOCTI A0 3aTyIJICHHS 3yOLiB Ta 3a0€3M1e4yIOTh BULILY TOUHICTh NMJISHHSA [3, 4].

Puc. 1. 3aranpHuii BUTJISA OPTOTOHAJBHOT0 KPYTJIOMMMJIKOBOT0 BEPCTATA
mapku TTPP 450-550 ¢pipmu Walter (Ilosbmia) [5]

Bax/nBoI0 TEXHOJOTIYHOIO TMEPEBAarold OPTOTOHAIBHHUX KPYIJIONMMIKOBUX BEpPCTATIiB €
MOXJIUBICTh OTPUMaHHA OOPI3HUX NHJIOMATepiaiiB 3a OJUH MPOXiJ MUJIKOBOIO CYNOPTa B3AOBX KOJIOH,
IO CYTTEBO CHPOILIYE TEXHOJOTTYHHMHA mpouec. JaHa oCOOMMBICTH OPTOTOHAIBHOTO BEpcTaTa IO03BOJISE
BUKJIIOUYUTH 3 TEXHOJOTTYHOIO MOTOKY KPOMKOOODPI3HHMH BepcTaT i THM CaMHUM 3MEHLIMTH: BUPOOHUTY
IUTOIY, KiMBbKICTh MPAIiBHUKIB Ta BUTPATH HA OOCIYTOBYBaHHS LILOTO BepcTarta.

Jlnst mopiBHSHHS, Ha JIICONMUIIBHIA paMi OTpuMaTH 00pi3HI MUIoMaTepiadn MOXKHA MIiHIMYM 3a JIBa
MPOXOIH MiJl Yac PO3NIIIIOBAHHS ABOKAHTHOrO Opyca. A Ha CTPIYKONMUIKOBOMY BEpCTaTi U1 BOTro Tpeda
BHUKOHATH IOHAIIMEHIIIE TPH NMPOXOJH, IPH LIbOMY BUKOHATH KiIbKapa3oBe MOBEPTAHHS KOJIOIM. SIKIIO X
HE CTaBUTH 3aBJaHHSI OTpUMAaTH OOpi3HI NWiIOMaTepiany oApa3y Ha JICONMMIBHIA paMi 4YH
CTPIKOIUJIKOBOMY BEpCTaTi, TOA1 OMHO3HAYHO MOTPiOHO 3aiATH KPOMKOOOPi3HUH BepCTar.

3acrocyBaHHS KpPOMKOOOpI3HOrOo BepcraTa € e€(QEKTHUBHUM Ha BEIUKUX JIICOMMJIBHUX
BUPOOHMITBAX, SKI MepepoONsioTh BeldMki 00’emMu aepeBuHH. [Ipore neBoBy dYacTky cydyacHoi
1epeBO0OpOOHOT MPOMHCIOBOCTI CTAHOBIATH Malli Ta CEpeAHi MIANPHEMCTBA, SKi OPIEHTOBAaHI Ha
MOPIBHSIHO MaJli 00’eMu mepepobaeHHs epeBUHHU. ToMy, mepeBara HaJla€TbCsl BUCOKOTEXHOIOTIYHOMY
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YCTaTKyBaHHIO, 3AaTHOMY BHUTOTOBJIITH Ofpa3y OOpi3HI NHJIoMaTepialu, SIKUM € OpTOrOHAJIbHI
KPYTJIOMUIIKOBI BEPCTATH.

1. AHaxi3 BiToOMHX X0CTi/IZKeHb OPTOrOHAJBHUX KPYTJIONMMJIKOBHX BEPCTATIB

3a yac iCHyBaHHSA OPTOTOHAJbHUX KPYIJIOMWIKOBHX BEPCTATIB iHXKeHepH (DipM-BUPOOHUKIB IIMX
BEPCTATiB, MNPALIBHUKU JICOMWIBHUX MIANPUEMCTB 1 HAyKOBLi MNPOBEIH YHMAJIO CIIOCTEPEXKEHB,
CKCIIEPUMEHTIB, JOCTI/KEHb Ta PO3POOMIM HHU3KY KOHCTPYKUIHHUX pillleHb Uil IiIBUIICHHS
edexruBHOCTI X pobotu [3, 4, 6]. B OCHOBHOMY BIOCKOHAJEHHS OPTOrOHAJBHHUX KPYTJIOMUIKOBUX
BEpCTAaTiB BifOyBa€ThCsl y HANPsMaXx MiIBUIIECHHS IPOAYKTUBHOCTI Ta TEXHOJIOTIYHOI TOYHOCTI.

[Ilono minBuIIEeHHS NPOAYKTHUBHOCTI MOXKHA BiIMUTH BJIOCKOHAJCHHS MEXaHI3My pi3aHHS
BepcTaTa HUISTXOM 301MbLIEHHS KUTBKOCTI BEPTUKAJIBHO Ta TOPU3OHTAIBHO PO3MIIICHUX KPYIIUX MUIIOK
abo oprobnokiB [4]. IIpore dYepe3 yckimagHeHHS KOHCTPYKWiI MeXaHi3My pi3aHHS Ta 30UTbIICHHS
CHEepProeMHOCTI MPOLECY OPTONHMIISTHHS TaKi pillieHH He HaOyIu nonyssipHocTi. ToMy, HalIOMKPEHIIIUMH
3aJIMILAIOTHCS KIaCHYHI KPYTJIONMJIKOBI BEPCTATH 3 ABOMA OPTOTOHAIBHO PO3MIILICHUMH MUJIKAMH.

OcCHOBHOIO MPOOJIEMOI0 HANpsAMY JIOCHIMHKEHHS TEXHOJOTTYHOI TOYHOCTI IMX BEPCTaTiB €
3HIKEHHS! TOUHOCTI MUJISIHHS, B MEXKaX MepioAy TPUBKOCTI O 3aTYIUICHHS 3yOLiB KPYIJIMX MMHUJIOK, HIKYE
BuMmor ( £1,0 MM) YMHHUX CTaHIApTIB [7].

3nebinpmoro mpobiaeMa TOYHOCTI OPTONMUIISIHHA CTOCYETHCS BEPCTATIB 3 PYXOMHM IHJIKOBUM
CYHOPTOM, SIKi Ha BiIMiHY BiJ] BEPCTATIB 3 PyXOMHM Bi3KOM 3 KOJIOAOIO € OiIbII KOMIAKTHUMH, 3aHMaIOTh
MEHITY BUPOOHHYY TUIOLLY 1 MOMYJISIPHILIIMH.

Bigomi mocnigkeHHS OpTOroHaJIBHUX KPYIJIOMWIKOBHX BepcratiB[3,4, 6] Oynu HampaBieHi Ha
MiABUIICHHS TEXHOJIOTTYHOT TOYHOCTI BEPCTATIB NUIAXOM BIOCKOHAJIEGHHS: TEOMETPHYHOI TOYHOCTi
BepcTaTa; KOHCTPYKLIl KPYIJMX NHJIOK s OPTONWISAHHS; KOHCTPYKUil acmipamiiiHoi cucremu;
0cO0JIMBOCTEH oprasizallii mpolecy OpTOMUISIHHS.

VY pesynpraTi aHamizy BiZOMHX JOCHIIKEHb TEXHOJOTIYHOI TOYHOCTI OpPTOrOHAJBHHX
KPYTJIOMMJIKOBUX BEPCTATIB BUSABJICHO, 110 MPpoOIeMa 3HAYHOT O 3HM)KEHHSI TOYHOCTI OOpOOIISIHHSA y MeXax
nepiogy TPHUBKOCTI MUJIOK LIOAO CHPALIOBaHHS Ha CHOTOAHI HeBHpilIeHa 1 MOTpedye MONANIBIINX
JOCITiIKEHb.

2.  OOrpyHTyBaHHsI HANPAMIBIOJAJBINUX  JOCTIIKEHb  TEXHOJIOTIYHOI  TOYHOCTI
OPTOTOHAJIBHUX KPYIJIONHMJIKOBUX BEPCTATIB

Bnaue cucmemu o6azysanns 3a2omieku

VY pesynbrati aHamizy JiTepaTypHUX IDKeped OYeBHOHO, L0 BIACYTHI JOCTIIKCHHS BIUIUBY HA
TOYHICTh OPTONWISHHSI CHUCTeMH Oa3yBaHHS 3aroTiBKM Ta cHoco0iB ii 3akpimuieHHs. Bincranp mix
MOMEPEYHUMH OanKaMH 13 3aTUCKHHUMH MEXaHI3MaMH € 3a3[ajieriip BU3HAUYCHOIO 1 BOHM PO3MIlLEHI 3
MEBHUM IHTEPBAJIOM ISl HalilfHOro Ga3yBaHHs Koioau. Aje OyBalOTh BHUIAJKH KOJH KOJIOJA MAa€ TaKy
JOBXXHHY, IO MIPY PO3MIILIEHH] Ha CTAaHWHI OJMH 3 KiHIIB Oy[ae KOHCOJIBHHUM 1 HEIOCTAaTHBO 3aKPIiMJICHUM
(puc. 2).BunuiaroBaHHs mujoMartepiaiiB Ha HEAOCTaTHBO 3aKPIIUICHUX JUISTHKaX KOJOAHW MPHU3BOAUTUME
710 TOsIBH BiOpawii Ta 30UIbLIEHHS IIMPHUHH MPOIIITY TOPH30HTAIBHOIO MTUJIKOIO, SIKA HUYKHBOIO TIOMIMHOIO
KOHTAaKTY€ 3 MOBEPXHEI0 KOJIonu. BHacmigok 1pboro 3pocratumMe OOKOBa CHjia Pi3aHHS 1 HABAHTa)KEHHS Ha
MUJIKY, 10 CIIPUYUHUATE 3HUKEHHS! TOYHOCT] MWJISIHHS Ta 3MEHIIEHHS pO3Mipy TOBILMHH MTUJIOMaTepiay.

BpaxoByroun, 1mo B mpomeci MOCTYHOBOTO PO3MIJIIOBAHHSA O0’€M KOJOAW 3MEHIIYETHCS 1
BiJIIOBiAHO JKOPCTKICTh 3aJIMILKY KOMOAW OyZAe MOCTIHHO 3HMKYBATHCS, TOMY MOXHa CTBEPKYBATH, 110

BiOpawii KOHCONFHUX KiHI[IB Y BEPTUKAJIbHIN IUIOLIMHI OyAyTh HOCTIHHO 301UIbLTYBATHCh.
&000

r B 5000 7
4000 (umwabud comapm

20 2y 800

Puc. 2. Cxema po3MillleHHS KOJIOIM Ha YCTAHOBYIH IMOBEPXHi cucTeMH 0a3yBaHHA
Taki sBHIIA CHPUATUMYTH OUIBII iHTEHCHBHOMY 3aTYyIJICHHIO 3yOIiB TOPHU30HTAIBHOI MHIIKH
MOPIBHSIHO 3 BEPTHUKAIBHOIO, @ OTKE ITiJ] Yac KOXKHOI'0 HACTYITHOT'O Pi3y TOUHICTh MUJISIHHS IepEeBUHH Oyne
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HWKYOI0. Binomo, 110 TOYHICTh MUJISIHHS CaMe TOPU30HTAJbHOIO MUJIKOI0 € HIDKYOIO 1 He BiANOBinae
BHMOT'aMH YMHHHX CTaHIAPTIB BIPOJOBXK MEPiONy CTIMKOCTI.

Takox mig yac TOCTIKEHHS BIUIMBY KOPCTKOCT1 KOJIOAM HA TOYHICTh MWJISHHS BapTO BpaxyBaTH
(i3uKo-MexXaHiuHi BIaCTHUBOCTI JepEeBUHN. BaXkJIMBUM € TaKOX PO3IJISA BIJIMBY BOJIOTOCTI JEPEBHHH, 11O
Oe3nocepeHbO BIUIMBAE Ha MOLYJIb HMPYKHOCTI MaTepiaiy i, BIAMOBIIHO, HA XKOPCTKICTh Konoau. Takum
YMHOM, JKOPCTKICTh 3aroTOBKM MOK€ OyTH OJHMM i3 KIIOYOBHX YHMHHHUKIB, IO BIUIMBAIOTH Ha
TEXHOJIOr'TYHY TOYHICTh OPTOrOHAIBHUX KPYTJIONMUIKOBUX BEPCTATIB Ta MPOAYKTHBHICTH POOOTH.

Bnaue cnocody Kkpinnenna nunku oOnum gaanyem.

s 3a0e3neueHHsT MOXKIMBOCTI MOBHOTO ab0 Maibke MOBHOTO PO3MIILEHHS T'OPU30HTAIBHUX
MWIOK Ha KOJOAI B OPTOTOHANBHUX Ta TOPU30HTAIBHUX KPYIJIOMUJIKOBUX BEPCTATaX 3aCTOCOBYETHCS
cnoci6 (pakTHYHO OJHOCTOPOHHBOI'O KPIIJIEHHS Ha Baly (hiaHLeM 3 moTaiHUMHU OonTtaMu (puc. 3).

Croci6 KpirIeHHs KpyIJInX THJIOK OJHUM (piIaHIeM 3 HOTaHHUMH OOJITAMH € BiTHOCHO HOBUM ISt
nepeBooOpoOHuX BepetatiB. Ilpore He MOXKHA CTBEPIKYBAaTH LIO BiH € PIBHOLIIHHOIO 3aMiHOIO CIIOCO0Y
KpilJIeHHA NHJIKK ABoMa ¢naHIsiMU. [IpuHaiiMHI y 1epeBo0OpOOHiH MPOMUCIOBOCTI PE3yIbTATIB TAKUX
MOPIBHSUTBHUX HAYKOBUX AOCIIIXKEHb HE BIJOMO.

Ha ocHoBi 3araibpHOro MOpiBHSHHS ABOX CIIOCOOIB KPIIUICHHS IHJIKK Ha BTy MOKHA 3pOOHTH Taki
BHCHOBKHU:

- KpimieHHs ABOMa (IAHISIMH € MPOCTIIIUM 338 KOHCTPYKILIEIO, OCKUTBKM 3MiHCHIOETHCS JIHILIE
JIBOMA JICTAJISIMH;

- BapTIiCTh BUTOTOBJICHHS KPIIJICHHS 3 OXHUM (JaHLleM € BUIIOK. BucBepamoBaHHS OTBOPIB y
JUCKY MWIKH BUMAarae A0JaTKOBOI TEXHOJOITYHOI orepalii Ha BUCOKOTOYHOMY OOJIaJJHaHHi, 110 POOUTH
BUT'OTOBJICHHS IOPOXKUYHM;

- 3aMiHa MWJIKK 3aKpimieHoi (iaHueM 3 noTtailHUMHU Oontamu 3aiiMae OUIbLIE Yacy, IO 3HUXKYE
MPOLYKTUBHICTh BEpCTaTa;

- 3aBOIKH (pUKUIHHOMY 3'€IHAHHIO MDK TOBEPXHSAMHU (IAHIIB 1 MUIKH 3a0e3MeuyeThCs
piBHOMIpHE pPO3NOIiIEHHS HaBaHTaXeHb. lle 3HIKYe PH3MK BHHHMKHEHHS JIOKAIbHUX HANpPYy>KEHb 1
MiJBUIIIYE JOBTOBIUYHICTh KOHCTPYKIIT (DIIaHIIIB;

- 32 YMOBH KpIIVICHHSI OTHUM (pJIaHIIEeM IJI0IIa KOHTAKTy AWCKA IMHJIKK 3 OOHOro OOKy Oyne piBHa
TIJIOMII TOBEPXHi (pIaHIs, a 3 IHIIOTO JUIIIE MO IO (PacOK TOMOBOK IMOTAHUX OOINTIB;

Puc. 3. KpinyieHHs1 TOPH30HTAJIbLHOI MUJIKHA OIHUM (pi1aHIeM
HA OPTOTrOHAJILHUX BepcTarax:
a — «Jcenb-bapakyna-2» ¢ipmu Scens (Ykpaina); 6 — «DKP 6» ¢pipmu StrojCAD (CioBauyunHa)

- OonTH 3a0e3MeuyloTh HaJiiHe MeXaHiuHe 3'€AHaHHS, 110 JO3BOJIE 3MEHIINTH PU3HK OCHOBOTO
3MimeHHs nuiakd. OpHak HanaifiHicTe OOMNTIB 3aleXUTh BiJ SIKOCTI Pi3bOM, MaTepially, a TaKOX Bix
PEryJISIpPHOrO KOHTPOJIIO MOMEHTY 3aTATyBaHHSA. 3 4acoM OonroBe 3’e€qHaHHS (DIaHIs 3 MHIKOI0 MOXE
MOCIa0IIIOBaTUCS Yepe3 BiOpallii, 10 BUHUKAIOTH Iifl Yac PO3NMIIIOBAHHS JEPEBUHU;

- Y pa3i HEepiBHOMIPHOTO 3aKpilUIEHHS MOTalHUMH OONTAaMH Y 30HI iX KOHTAKTy BHHUKATUMYTh
JIOKaJIbHI HaNpYKEHHS, a TOPU30HTAIbHA MUK He OyAe pO3MILIECHO NepHeHIUKYIISIPHOTO 10 OCi Bally i
3OiiCHIOBaTUME AEHOo IUpmMi nponui. Lle cipuyMHHATE TepTs NEeBHOI OUISHKUA HWIKK i3 AEPEBHOIO
CTPYXXKOIO IO Orajia Ha KOJOAY, a IpH HalMEeHIINX BiOpalisx Konoau i3 ii moBepxHero, BHACIIIOK YOro
MOXJINBE MPUITATIIOBAHHS AMCKA Ta BTPATH MPALe3qaTHOIO CTaHy. TakoX po3LIMPEHHS NPONUTy IpUBeae
JI0 MIIBUIIEHHS €HEProEMHOCTI MPOLECY MUISHHA Ta IHTEHCUBHOCTI 3aTYIUICHHS 3yOLliB IHJIKH.
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HeBigoMuM Ha CHOTO/IHI € BILTUB JiaMeTpa Ta TOBIIMHU (IIaHIIS KPIMJICHHS 3 TOTATHUMHA 00 TaMU
Ha JKOPCTKICTh MHIJIKH Ta TOYHICTh MIISHHSA. TakoXX BapTO BH3HAYWTH OINTHUMAIIbHI KOHCTPYKIIiHI
napaMeTpu (IaHIS Ta TOBIIMHH IHIIKU JUIA 3a0€3Me4eHHsS TOYHOCTI MUJISTHHS BiMIOBITHO BUMOT YMHHHUX
CTaHIAPTIB.

Bnnue ocodnusocmeit NUIAHHA 20pU3OHMATILHOIO RUTKO).

VY Bigomux HaykoBHX Tpansx [3, 4] Ha OCHOBI MPOBENEHUX MOCTIHKEHb aBTOPH MPUXOIUIH JIO
BHCHOBKIB TPO HIDKYY TOYHICTh MHWJISHHS TOPU3OHTAIBHOI KO MOPIBHSHO 3 BEPTHKAIBHOIO,
MOSICHIOIYM [I¢ CKIANHIMMKA yMoBaMu pi3aHHs. [IpoTe, TIpyHTOBHHX HAyKOBUX JIOCIIKEHBb
0COOMMBOCTEH KOHTAKTY TOPH3OHTAIBHOI MIJIKHM 3 KOJIOIOK HE BiJIOMO 1 iX B3a€MOBIUIMB 3aJIUIIAE€THCS
HEBHU3HAUYCHHUM.

Ha naBenenux dororpadisx (puc. 4) BUAHO NPUMATIOBAHHS JUCKA UM B UEHTPAJIbHIA AUTAHII
JTOBKOJIA MICIl KOHTAKTY 3 KpiUiIbHUM (hraHmeM. Bkl MOMITHUM € MpUNaIioBaHHS TUCKA 3 HIKHBOI
CTOPOHW TOPU3OHTAIbHOI MUJIKH, 3 SIKOi BOHA KPIMUTHhCA OONTamMM 3 MOTaHMMHK rojoBKamu. HrnkHs
YaCTHHA MIJIKA YaCcTO KOHTAKTYE 3 TIOBEPXHEIO KOJOIU MOBHICTIO, M0 YHEMOXKIIUBIIIOE 11 OXOJIOIKEHHS
IIUITXOM BiJIBEJCHHS Teruia i3 30HU pizaHHA. OCKITBKY JepeBHHA HE € TEIUIONPOBITHUKOM, TO TEIUIOBA
SHepTisi HAKOMUYYETHCSA Y METaJIeBOMY JVCKY, KU Bilgae il HABKOTUIIHBOMY CEPEIOBHINY MEePEBaKHO
Yyepe3 BEPXHIO CBOIO MOBEPXHIO. SIK BUIHO TaKOro TEIIOBIABEACHHS i3 30HU pi3aHHS HE JOCTaTHBO IS
HOPMAJIBHOTO OXOJOKEHHS iIHCTPYMEHTY.

a —HIDKHS TOBEPXHS; O —BEPXHsI TOBEPXHS
Puc. 4. ®0oT0 ropu30HTATBHOI MWJIKH MICJs1 pO60TH
Ha OPTOrOHAJIBHOMY BepcTaTi

Ha BepxHiil moBepxHi JuCKa CIiOU MPUIATIOBAHHS € MEHII iHTEHCHMBHHMMH, LIO CBIIYUTH PO
HaNPsAMOK BiZIBEACHHS TeIUIa 3HU3Y BBEPX. 3 IUIHKU KPIIUIEHHS MUIN

[leBHy posib y BiABeAEHHI Telula Bimirpae i MerajaeBUd KpiMWiIbHUHN (uiaHelpb SKUH € XOPOIIUM
npoBigHuKOoM. CBiTYEHHSIM I[OTO € BiJICYTHICTD CJi/IiB TIPUIATIOBAHHS HA IJIOMNI KOHTAKTY JUCKA ITHIIKU
3 (pmanuem. OTXe, BapTO HOCHIOUTH 3 SKOTO BHCOKOTEMJIONPOBIAHOIO MaTepially Kpaile BUTOTOBUTH
¢manenp.

Cainn npunamoBaHHs po3MillieH] B EHTPaIbHIA AUISHLI IUCKa e HeMae padialbHUX MPOpi3iB Ta
He 3IHCHIOETHCS 0XOM0KeHHsI. HasBHICTh ABOX BHYTPIIIHIX patiaibHUX MPOPI3iB y AUCKY MM TEX HE
BUPIMIYIOTh Li€i mpoOmemu. Taki NpuOamioBaHHA Ha OUCKY € CBITUYEHHSIM HOTo MeperpiBaHHS, SKe
CYNPOBOKYETHCSI 3SMEHIICHHS TBEPAOCTI MeTamy. Lle MoXke mpuBecTH A0 3HMKEHHSI )KOPCTKOCTI MUJIKH 1
TOYHOCT1 MWIAHHS, a00 ¥ B3arali 10 BUKPHUBIICHHS AMCKa 1 BTpAaTH Mpaue3JaTHOro crany. Tomy, BapTo
MPOBECTH OUIBII IPYHTOBHI AOCHIIKEHHS MPOLECY NUIISHHS TOPU30HTAIBHOIO MUIIKOIO Ta BHUBYHTH
0CO0IMBOCT1 KOHTAKTY IHJIKU 3 IEPEBUHOIO.

BucHoBku. BcraHOBIIGHO, IO OCHOBHUM HANPSIMOM TOJANBIINX JOCTIHKEHb OPTOTOHAIBHUX
KPYTJIONWJIKOBUX BEPCTATIB € MiJBUILNEHHS TOYHOCTI MuisHHS. [lompu HasgBHICTE HU3KU JOCIIKEHb Y
IIbOMY HaIpsiMi, He BCTAHOBJICHUM € BIUIMB HAa TOYHICTh NMHJITHHS TOPU30HTAIBHOIO IHIIKOI CHCTEMH
0a3yBaHHS 3arOTIBKH i CIIOCOOY KPIIUJICHHS MHJIKH Ta HE IMOBHICTIO BCTAHOBJIIEHO BILTUB OCOOJIMBOCTEH
MPOIIECY MHJISTHHS.
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HHuinposcovkuil depoicasHuil azpapHo-eKOHOMIYHUL YHIgepcumem

JTOCJIIXKEHHS BJIACTABOCTENA APOMATHYHOTI' O MOJIIAMIY ®EHLJIOH C-2

[ocniosceni ocnoeni mennogizuuni, @izuxo-mexaniuni i mpuoonoziuni enacmugocmi apomMamuyHozo noniamioy
¢eninon C-2. Bcmanoeneno, wio noaimep mae 6uUcoKi 3HaueHHA Koeiyicnma mennonposionocmi i MiyHICIHUX Xapakme-
pucmuk, 2apmy 3HococmiiiKicme, HU3bKull Koeiyicnm mepms i kpumepii npaye3oamnocmi PV 0o 1,6 Mlla - m/c npu
poboomi ¢ ymoseax mepmsa 6e3 3mauiyeanua. Pezynomamu Oocnioscenv 0ozeonsioms pexomenodysamu geninon C-2 0o
3aCMOCY8AHHA AK NOJIIMEPHE 8’ ANCYHE 3 MEMOIO CHEOPEHHA HOBUX NOIIMEPHUX KOMNO3UMIE KOHCIMPYKUITIHO20 NPUSHAYEHHA.

Kniouosi cnosa: apomamuunuii  noniamio, ¢eninon C-2, excniyamayitini xapakmepucmuxu,koegiyicnm mepmsi,
3HOCOCMIIKICMb, KOHCMPYKYIHULL Mamepian

O.P. Chigvintseva, I.V. Rula, Ju.V. Boyko
RESEARCH OF THE PROPERTIES OF THE AROMATIC POLYAMIDE PHENYLON C-2

The main thermophysical, physical-mechanical and tribological properties of the aromatic polyamide phenylone C-2
have been studied. It has been established that the polymer has high values of thermal conductivity coefficient and strength
characteristics, excellent wear resistance, low friction coefficient and performance criterion PV up to 1.6 MPa - m/s while
working in frictional conditions without lubrication. The results of the study allow us to recommend phenylone C-2 for use as
a polymer binder for the purpose of creating new polymer composites for structural purposes.

Key words:aromatic polyamide,phenylone C-2, performance characteristics, friction coefficient, wear resistance,
structural material.

Jlo TepcreKTUBHUX TEPMOIUIACTUYHUX IOJIMEPHHX MarepianiB BiIHOCATHCI apOMaTHYHi
nomiamign. TemrepaTypa mo4aTKy akTHBHOI JecTpyKUil nux monimepiB pocarae 350°C, a temmepaTypa
posm’sikiieHHst — 300°C. 3aBasku IbOMY BUPOOM i3 apOMaTHYHMX MOMiaMiliB 30€piratoTb CBOIO TapHY
Mpane3faTHICT, y By3JaX pPI3HUX KOHCTPYKLI B yMOBax MiABHMIIEHUX TEMIIEpaTyp, a 3a piBHEM
MEXaHIYHUX BIACTUBOCTEH Ta 3HOCOCTIMKICTIO — 3HAYHO IMEPEBEPIIYIOTh OUIBIIICTh BIZOMHX ICHYIOUHX
noiMepis [1-2]. BoHE MatoTh BUCOKY MILIHICTB, JIETKO 0OpOOIISIOTHCS, BAPOOH Ha X OCHOBI MalOTh IIAAKY
MOJIPOBaHy MOBEPXHIO, CTIMKY 10 MOUIKOHKEHb. 3aBAsSKH MOETHAHHIO BUCOKHX TEIUIO-1 TEPMOCTIHKOCTI 3
KOPCTKICTIO, MILHICTIO Ta CTA0UIbHUMH TPUOOJOTIYHMMHU BJIACTHBOCTSAMH, apPOMAaTHYHI MOJiaMiau
3HAWIUIM IIMPOKE 3aCTOCYBaHHS Y PI3HUX Taly3iX MPOMHCIOBOCTI3 METOI 3aMiHM MeTajiB: B
aBTOMOO1IeOyIyBaHHI, €IEKTPOTEXHIUHIli NPOMHUCIOBOCTi, A BHPOOHMLITBA TOBApPiB HAPOIHOTO
CIIO)KMBaHHS, CIOPTUBHHUX TOBAPIB, IeTalell MAILIMH Ta MEXaHI3MiB.

Apomatnuyauii momiamiageniion C-2 Mae BHUCOKI JedopMaliliHO-MIIHICHI MOKa3HUKH, TapHY
3HOCOCTIHKICTb, XIMIUHY CTiHKICTH 1O arpecHBHUX CEpedOBHUII, (OPMOCTAOUIBHICTh y IIUPOKOMY
iHTepBaJIi TemnepaTyp. Bizomo, 1o apoMaTH4HI MOJIiaMiTy IPH T€PTi B YMOBaX HEBUCOKMX HaBAHTAKCHb
3HOIIYIOTHCSI IPUOIU3HO B YOTHPH pa3d MEHIIe y MOpiBHAHHI 3 anmidarnunumu [3]. Xapakrep mporecis
TepTs 1 3HomryBaHHS (eHuIoHy C-2 ICTOTHO 3aJISKUTH Bi PEKHUMIB eKcIUTyatalii i Temmeparyp, IO
PO3BHBAIOTHCS y BY3]i TEPTs, TOMY BUBUCHHS €KCIUTyaTALifHUX XapaKTEPUCTUK 3a3HAUCHOTO B’ SKYIOT0
Ma€ HayKOBHH 1 MPaKTHYHHIA iHTEpEC.

Sk BimOMO, HEOOXiTHOIO YMOBOIO BH3HAUEHHs PEKHMMIB eKCIUTyaTalil MOJIMEpHUX MaTepialliB €
JOCIIIKEHHA 1X TemTo(i3uYHUX XapaKTePHCTHK, OCOOIMBO, TEIIONPOBIIHOCTI, HU3bKA BEIWYMHA SKOT
MOXE HEraTHBHO BIUIMBATH Ha TePMiH poOOTH BHPOOIB i3 HuX. Temnogi3nuHi XapaKTepUCTUKU MAIOTh
BHUHATKOBO BEJHMKE 3HAYCHHS NMPAKTUYHOI IIHHOCTI MOJIIMEPIB, OCKUIBKH BiJl HUX CYTTEBO 3aJICKaTh
TEXHOJIOT1YHi Ta eKCIITyaTaliiHi BIaCTUBOCTI MaTepiaiB.

JocnigKeHHs BIUIMBY TeMIlepaTypyd Ha MUTOMY TemioeMHicTh (eninony C-2 (puc. 1, kpusa 1)
MoKasano, o B objacTi HeBHCOKMX Temmepatyp (273-448 K)cmocrepiramocsi Oim3bke 10 JIIHIHHOTO
MOHOTOHHE MIJBHUILEHHSA TEIUIOEMHOCTI, MO 3IIMCHIOBANOCH 33 PaXyHOK IOTJIMHAHHS EHeprii, sjke
BUKJIMKAHO 30UTBIICHHSIM PYyXOMHX KIHETHYHHX EJIIEMEHTIB MaKpOMOJEKYJ NpH HarpiBaHHi momiMepy
[4].1lopanpmie MiOBMILEHHA TEMIIEpaTypd MPU3BEIONO IHTEHCHBHOTO 3pOCTaHHS  BKa3aHOTO
Ter10(hi3MYHOr0 MOKAa3HKKA, a B 00J1aCTi epexo1y MoliMepy 31 CKIONOoAI0HOr0 y BUCOKOETACTUYHUHN CTaH
(498-573 K) nposiBisiBCs XapakTepHUN cTpOOK MTUTOMOT TermoeMHocTi (ACD).

Hocnimxenns koedimieHTa temonpoBigHocTi ¢eninony C-2, skuil 3HaxoamBcs B Mexax 0,35-
0,45 Br/m - K, cBimumnm mpo #Horo 3pocTaHHS B ycbOMY iHTepBaili Temmepartyp (puc. 1, kpusa 2), 1o
MOB’SI3aHE 13 PO3MOBCIOKEHHSM 1 PO3CiIIOBaHHSAM MPYKHUX XBHJIb, Ki BUHUKAIOTh BHACIIIOK TEIJIOBUX
KOJTUBaHb MAKPOMOJIEKYJI TIOJIIMEpY.
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Cp. KIx/(xrK) 2, BT/ (MK) a-107, m/c
1.85
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1.55 0.35
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1.1 : ; ; 0,25 = 6.2
273 373 473 573 TLK

Puc. 1. TemneparypHi 3aje;kHocTi THTOMOI TerioeMHocTi (1),
KoeQinieHTIB TermonposigHocTi (2) i TeMmneparyponposinnocti (3) peninony C-2

BusHaueHHs KoedillieHTa TeMIEpPaTypONpPOBIAHOCTI, SIKMM XapaKTepU3ye TEIUIOIHepUilHi
BJIACTUBOCTI MaTepialiB i € Mipoio “eeKTUBHOI” MBUAKOCTI BUPIBHIOBAHHS TEMIIEPATypPHUX IIOJIB y TiMi
[5], HEOOXigHE B TEXHOJOTTYHMX LIJISAX Uil BU3HAYEHHS TEXHOJOril mepepoOKH BHpOOIB i3 monimepy, a
TAKOX JJIS1 OL[IHKH MOBEIIHKH IOJIIMEPHOI AeTalli B HECTAaHAAPTHUX TEIUIOBUX NOJSIX. [ligBHILIEHHS ILOTO
Ter10(hi3MYHOr0 MOKA3HUKA, 3a3BHYaii, 3a0e3medye OUTbII iIHTEHCUBHE BUPIBHIOBAHHS TEMITEPATYPH B YCIX
Toukax Tina.Ha TtemmepaTypHid KpuBiiikoedimieHTa TemmeparyponposizHocti (puc. 1, kpusa 3),
CIIOCTEPIraiich MO3WTUBHI 1 HEraTUBHI BIAXWICHHS NAaHOTO TMOKa3HWKA Bijx JiHIHHUX. LlemoscHioeThes
MOSIBOIO JOAATKOBUX PYXOMHX CETMEHTIB B 00IacTi TeMIiepaTyp, HIKYE TeMiepaTypu ckiyBaHHA (7¢), 1
3HAYHUX PYyXOMHX IUISHOK JIAHIIOTa B 00JIACT] BHILE HEl, 10 TPU3BOIUTH 10 TOJATKOBOI'O PO3CIIOBAHHS
TEIJIOBUX XBHUIIb.

MinnictHi moka3Huku (eHitony C-2 (Tabn. 1) Mamu A0BOINI BHCOKI 3HAYEHHS: MeXa MIITHOCTI i
MOJyJIsl TPYXKHOCTI mpu cTuckaHHI ckmananmu 438 1 3274 Mlla sinmosinHo.KpuBa 3amexxHOCTI Mexi
MIIIHOCTI MpH CTUCKaHHI Bix aedopmauii derinony C-2 (puc. 2), 3rizHo 3 kiacudikaniero Xepuodepra,
BigHOCcHUThCs A0 KpuBuX Il tumy. Ha mepmiiii nmpsamoninifiHiM AiMSHOI KPUBOI MPH MajuX 3HAYEHHSIX
nedopmarii Hampyra 1 gedopmarlii TPOMNOPIiiHI oxHa OnHiM (omuCyroThcs 3akoHOM ['yka) i
XapaKTepu3yIoTh MPYXKHY AedopMmaliiro MaTepiany, micis 4oro e mapalomiyHa IiITHKa KPUBOI, sIKa
OIMCYye HOro rOMOTeHHY IUIACTHUHY AedopMarniro [6].30BHIMHIA BUTisn 3paskiB ¢eninony C-2 micns
CTUCKaHHS (puC. 2) CBITUMIM IPO TE, 10 BOHUPYHHYBAJIHCA INIACTUYHO 33 PaXyHOK BTPATH CTIMKOCTI.

Tabn. 1
MiunicTHi mokasHuku ¢eninony C-2
Meska MIIIHOCTI ITPU CTHCKaHHI Ger, MITa 438.0
Mesxa TeKy4OCTi TP CTUCKAHHI, Grec, MIla 2153
Mogynb npyxxHocTi npu ctuckanti, E, MIla 3273,9
BiiHOCHE NOIOBXKEHHS TIPH PYHHYBAHHI, Epyitn., Y0 384
BiHOCHE OOBKEHHS TIPH TEKYIOCTI, Erex., %o 13,2

BuBuenHs mporeciB Tepts i 3Hocy QeHinony C-2 3miicHIOBaNIOCS Ha IMCKOBI MaIlvHI TEpPTS B
pexuMi TepTs 6e3 3MallleHHs B yMOBaX MUTOMUX HaBaHTaxeHb 0,2-0,8 Mlla i mBuakocreit ko3anHs 1,0,
1,5 1 2 m/c, muax Teprs craHoBuB 1000 M. SIK KOHTPTIIO BUKOPHUCTOBYBABCS CTAJIbHUM HCK,
TepMooOpobieHuit 1o TBepaocti 45-48 HRC 3 mopcrkictio moBepxHi Ra = 0,16-0,32 mMxwm.

Tpubonoriuni gocmimkeHHs 3pas3kiB ¢eniioHy C-2 mokasaiy, OO0 HOTIMEP Ma€ JOBOJII HHU3BKi
3HaueHHs Koedirienta Tepts (f) i cTaGiabHI MOKA3HUKHM IHTEHCHBHOCTI JTiHiiHOTrO 3HOIIYBaHHS (Ji- 10°%) B
YMOBax yCiX JOCHIIPKEHUX PEKUMIB eKCILTyaTallii.

Busnauenns kxoedimienta teptsa ¢eninony C-2 cBimUMIO mpo Te, IO 31 3pOCTAHHSIM MUTOMOIO
HABaHT)XEHHS B 1HTEPBaJ YCiX JOCHIIKYBaHMX IIBUAKOCTEH KoB3aHHA (U= 1-2 M/C)BiH NOHMXaBCS B
cepenabomy Ha 40-50 % nocsratoun cBoix MiHiManbHuX 3Ha4eHb (0,08-0,10) mpu nuTOMOMyHaBaHTaKEHHI
P =0,8 MIla (puc. 3a).

© O.11. Yueginyesa, 1.B.Pyna, FO.B. Boiixo

47



Misiceyziecvruti 30ipnux « HAYKOBI HOTATKH». Jlyywx, 2025, NeS82

(o7 MITa

450

400

350

300

250

200

150

100

50

0 L L ]
0 10 20 30 £, %

Puc. 2. KpuBa 3a1e:KHOCTI MeKi MIITHOCTi MpH CTHCKAHHI (Ccr.)
Bill BiTHOCHOTO0 Mo/10B:KeHH (€) 3pa3KiBdeninony C-2

Haiibinpm BHCOKi 3HavyeHHS KoedimieHTa TepTs OynM XapakTepHi UId 3pasKiB  IOJIMepy,
JOCHTIDKEHUX TP MiHIMaTbHIA MBUAKOCTI KoB3aHHSA (L =1 m/c) [7]. 3MeHIIeHHS 3Ha4YeHb KoedimieHTa
TepTs 31 3pOCTaHHSAM IBHIKOCTEeH KoB3aHHA oT 1,0 mo 2,0 M/c MOXXHA TOSCHUTH, 3 OTHOTO OOKY,
CKOPOYEHHSM Yacy (QpUKLiifHOTO 3B’s3Ky 3pasky ¢(eninony C-2 — cTambHe KOHTPTLIO, a 3 iHIIOrO —
30LTBIIEHHSM TAHTEHI[IITHOI CKIIaJ0BOI IIBHUIKOCTI KOB3aHHS, IIOMPU3BOAMIO N0 OLThII e(heKTHBHOTO
BHJIAJICHHST YaCTUHOK 3HOIIYBAHHS 13 30HU TepTs [8].

[HTEHCHBHICTh NiHIHHOTO 3HOIIYBAaHHS 3 IOCHJCHHSM HAaBAHTAXXKYBAJIBHOTO PEKUMY CYTTEBO
3pocrana (Bin 4,7 mo 14,3), npuduoMy HaHOUIBII YITKO el MpOIeC MPOSBISABCA B YMOBaX MiHIMalbHOI
mBHIKOCTI KoB3aHHA (L = 1,0 m/c). Bkasanuii gakr MOXKHa MOSCHUTH THM, IO B YMOBax 3HAYHHUX
HABaHT)XEHb Ha IOBEPXHI CTAJBHOTO IMCKY3pOCia TEMIlepaTypa, sika BHHHMKaJa HA MEXI PO3MOIiTy
NoJTIMEpHUH  3pa3ok — KOHTpTUI0. lle mpusBogMIO [0 PO3M’SKIIECHHA TIOBEPXHEBUX IMIapiB
B’SDKYYOr0,BHACHIIOK YOro aare3iss MK IOBEpXHAMH TepTs 30UIblIniIach, a Iie, B CBOIO Uepry,
BHKJIMKaJIOIHTeH-CH(iKaLlilo mpoLecy 3HOUTYBaHH 3pa3KiB ¢eHinony C-2.

[IpunocnimKeHHAX B yMOBax IIBHAKOCTed koB3aHHsA 1,5-2,0 M/c mpoliec 3HOLIYBaHHS 3pa3KiB
cTabinizyBaBcs i iHTEHCHBHICTB JIiHIHHOrO 3HONTYBAaHHS 3HAXO0MIACK B Mexkax 3,2-6,0 - 10, mo cBi-umio
Mpo rapHy 3HOCOCTIMKicTh Martepiany (puc. 30). Edexr crabimizauii mpouecy 3HOLIYBaHHS MOJi-Mepy
MOXHA MOSACHUTH THM, IO B XOIi TPUBAIUX JOCIiIKCHb HA MOBEPXHI KOHTPTJIa yTBOpHJIACS ILTIBKA 13
IpiOHOMUCTIEPCHUX YaCTUHOK 3HOILITYBAHHS, BHACIIIOK 4Oro TepTs 3pa3kiB ¢eHinony C-2 3aiiicHIOBaIOCh
HE I10 CTaJIbHOMY JUCKY, a 1O MOJIIMEpHil IUTiBLI.

B wminomy, 3a pe3ynpTaraMu HpPOBEACHUX TPUOOTEXHIYHUX MOCHIIKEHb OyJ0 BH3HAYCHO, IO
3HOILIYBaHHS 3paskiB (eHinony C-2 BinOyBanock 3a aare3iiHuM MexaHi3MoM (puc. 4).

Takuil THI 3HOUTYBaHHIXapaKTEPU3YETbCs (PUKLIHHAM MEPEeHOCOM MOJIIMEPHOro MaTepialy Ha
KOHTAKTHY TOBEPXHIO CTaJIeBOIO KOHTPTiNIA, L0 MOXKHA MOSCHUTH PYHHYBAaHHSM 3B’S3KIB Ha MeXax
HAZAMOJICKYJIIPHUX III00YISpHUX yTBOpeHb (heHinony C-2 [8].

B pesynbTati TpUOONOriYHUX JOCHIIKEHb BCTAHOBIEHO, MO (eHToH C-2 MOXe MpaumioBaTH 10
3Ha4YeHb KpHTepito npauezgatHocti PV < 1,6 Mlla - m/c.I'apna 3HO0cOCTIHKicTh 3pa3kiB ¢eHinony C-2,
BIJMIOBiAHO 10 BTOMJIIOBAJNBHOI TeOpii 3HOIIYBaHHS, MOXKE€ OyTH OOyMOBIIEHa BHCOKHMH 3HAYCHHSIMH
Koe(ilieHTa TeIIONPOBITHOCTI MOIiMepy, 10 3amobirae Jokaiizamii Temnia y 3081 TepTs [9].
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Puc. 3.BniimB n1MTOMOro HaBaHTa:KeHHs (P) i IIBUAKOCTI KOB3aHHs (V)
Ha KoedilieHT TepTs (a) i IHTEHCUBHICTD JiHilIHOT0 3HOMIYBaHHA (0) deninony C-2

Puc. 4.11oBepxHi TepTs 3pa3kiB ¢eHiiony C-2 micjs TepTa B pesKUMI CyXoro teprsi
npu HaBaHTaxkeHHi 0,65 MIla Ta mBuakocTi koB3aHHs 1 M/c

TakuMm YHHOM, pE3yAbTaTH MPOBEICHOrO KOMIUIEKCY JOCHI[KEHb CBi4aTh NpO Te, IO
apomatuuHuil  nomiamigdeniion  C-2  Mae  MOKpalleHHMH  KOMIIEKC  Temno(i3MyHMX 1
MII[HICTHUXBJIaCTUBOCTEH, rapHy 3HOCOCTIMKICTh 1 HU3bKUH KOe(iLieHT TEpTs MpH poOOTi B yMOBaX TePTA
0e3 3MallyBaHHA, IO JO3BOJIIE PEKOMEHAYBATH HOTro 10 3aCTOCYBaHHS SIK MOJIIMEpHE B SDKydYe 3 METOIO
CTBOPEHHS HOBHX IOJIIMEPHUX KOMIIO3UTIB KOHCTPYKIIMHOTO MPU3HAYECHHS.
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PenensenTu:
Ouexciii JEPKAY, 3aBimyBau kadenporo ekcIulyaTalii MAaIIWHHO-TPAKTOPHOTO MapKy
JIHITPOBCHKOTO IEPKABHOT'O arpapHO-€KOHOMIYHOTO YHIBEPCUTETY, K.T.H., IOLEHT

Ouier KABAT, 3aBinyBau kadenporo iHHoBauiiinoi imkenepii HHI «Yxkpaincekuii nepxaBHUN
XIMIKO-TEXHOJIOT1YHUI yHiBepcHTET» YKpaiHCHKOrO AEpKaBHOIO YHIBEpCHTETY HAyKH 1 TEXHOJIOTIH,
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PO3POBKA PETPECIMHUX MOJEJIEN JJISI PO3PAXYHKY E®EKTUBHUX
PEKHUMIB PI3AHHS 12 MM HEPXKABIIOUYOI CTAJII BAIIPOMIHIOBAHHAM
HOTYKHOTI'O OIITOBOJIOKOHHOI'O JIABEPA

B pobomi npeocmaeneno pesynvmamu eKcHEpUMEHMANbHUX MA MEOPEMUYHUX O0CTIOHCEHb 3AKOHOMIpHOCHM eIl
6NIIUGY MUCKY ACUCHYI0Y020 2a3y (A30m), NOI0MHCEHHA OKYCY 6IOHOCHO NOGEPXHI Oemati, wieUOKOCHI PI3aHHA HA napamempu
WOPCMKOCI OMPUMAHUX ROGEPXOHb npu pOo3Kporweanni 12 mm uepycasitouoi cmani AISI 304 eunpomintoeanuam
ONnMo6oN0KOHHO20 n1azepa nomyxcuicmio 12 kBm. 3a pesynbmamamu cucmemnozo KOMRIEKCY eKCREPUMEHMANbHUX
00CnidHceHb 3 BUKOPUCIAHHAM naKemy Statistica ompumano pezpeciiini moodeni npouecy, 00rpyHmosano ix mounicmes ma
aoexeamnicmo. Excnepumenmanvna eepugikauia niomeepouna egekmuenicmov GUKOPUCMAHHA  HAWOIIbUL MOYHOT
pecpeciiinoi mooesi 0nsa 6U3HAUEHHA NAPAMEMPIe PexHcuMie, AKi 3a0e3neuyomsy 6UCOKi AKICMb ma RPOOYKMUGHICINb PI3AHHA.

Knrouosi cnoea: onmogoniokoHHUll nazep, 2a30nd3epHe PI3aHHs, HepICasiiona Cmaib, MUCK ACUCHYIOU020 243),
WOPCMKICMb NOBEPXHI, NONONCEHHS (POKYCY, pecpecitina MoOenb.

V.I. Osypenko, M.R. Pruss

DEVELOPMENT OF REGRESSION MODELS FOR CALCULATING EFFECTIVE
CUTTING MODES OF 12 MM STAINLESS STEEL BY HIGH-POWER FIBER OPTIC LASER
RADIATION

The paper presents the results of experimental and theoretical studies of the patterns of influence of the pressure of the
assist gas (nitrogen), the focus position relative to the surface of the part, and the cutting speed on the roughness parameters of
the obtained surfaces when cutting 12 mm stainless steel AISI 304 using a 12 kW fiber laser. Based on the results of a systematic
complex of experimental studies using the Statistica package, regression models of the process were obtained, their accuracy
and adequacy were substantiated. Experimental verification confirmed the effectiveness of using the most accurate regression
model to determine the parameters of the modes that ensure high quality and productivity of cutting.

Keywords: fiber laser, gas laser cutting, stainless steel, assist gas pressure, surface roughness, focus position, regression
model.

IHocTanoBka nmpodemu.

PizanHs HepxaBirouuX craneil pi3HOT TOBIIMHHM 3a JOIOMOI'0I0 TIOTY)KHUX OITOBOJIOKOHHHX JIa3epiB
CHOTOJIHI I0CTAaTHHO LIMPOKO BUKOPUCTOBYETHCA MPOMUCIOBIUMH ifnpreMcTBaMu Ykpainu. BupoOnukwy,
SIKI BUKOPUCTOBYIOTH y CBOEMY BHUPOOHHULTBI JaHy TEXHOJIOTi0, OCOOMMBO 3alliKaBieHi B JOCATHEHHI
BHCOKOI SIKOCTi pi3aHHsl, 1100 MOXKHa OyJI0 BUKIIOYUTH MMOBTOPHY 00pOOKY Bifpi3aHUX JeTaje, BUCOKOT
LIBUJIKOCTI Pi3aHHA [UIA MakcuMizamii MpOAYKTHBHOCTI Ta JOOPOi BiITBOPIOBAHOCTI mmporecy. Takum
YMHOM TEXHIYHI Ta €KOHOMIUHI KpUTepii, IO BILUTMBAIOTh HA BUOIp BINMOBIMHOI JIa3epHOI CHCTEMH IS
KOHKPETHOTO JIA3EpHOr0 pi3aHHs, 3apa3 HaOyBalOTh BENHMKOTo 3HadeHHs. llinBUIneHHS e(eKTUBHOCTI
MpoIecy, AKOCTI Ta THYYKOCTI JOMOMAaraloThb 3MEHLIMTH BUTpaTH. [IpoBigHWE BUPOOHUK Ja3epHHUX
TEXHOJIOTTYHMX YCTAaHOBOK B YKpaiHi KOMIIaHis «Apamic» 3amovaTKyBajia BUIYCK JIHIHKHA YCTaHOBOK,
YKOMIUIEKTOBAHUX ONTOBOJIOKOHHUMH Jla3epaMH MOTYKHicTI0O 12 kBt. Taky mOTyXHICTh €KOHOMIYHO
JOLITFHO BUKOPUCTOBYBATH IIPU pi3aHHI HepKaBilounx crajied ToBUMHOK 10 MM — 25 MM. BusnadueHHs
eeKTUBHUX PEKUMIB pi3aHHS NOAIOHMX TOBILIMH € CKJIaIHOI0 0araTOETANHOIO 3a/1a4eio, OAHHUM 3 €TalliB
SKO1 € eKCIepuMEHTaJbHEe OOIPYHTYBaHHS PEKHMIB Ta30Ja3epHOro pizaHHsA 12 MM Hep)kaBiroyoi craii
AISI 304 3 BUKOpHCTaHHAM NMOTYXHOCTI 12 kBT, sKi 3a0e31e4y0Th JOCSITHEHHS MAKCUMAJIBHOT IIIBUKOCT1
pi3y 3a 3a7aHOi KOCTI IOBEPXOHb OTPUMAHUX JeTaICH.

AHaniz ocTa”HHix pgocaikeHb i myOaikaniii. Tum 1 THCK JOMOMDKHOrO Tasy, SIKHM
BHUKOPHUCTOBYETHCS ITiJl YacC Pi3aHHsA, CIPHUIMAIOTHCS SIK KITIOUOBI mapaMmeTpH pizanHs. [Ipouec nazepHoro
pi3aHHs BUKOHYETHCSI KHCHEM, HOBITpsAM abo azoroM. Ilpu pi3zaHHi Hep)kaBilOUMX CTanell B OCHOBHOMY
BHUKOPHUCTOBYIOTh a30T, TaK K B MOPIBHSIHHI 3 KUCHEM YH IOBITPSAM BiH B OCHOBHOMY 3a0e31meuye OuIbII
BHCOKY SIKICTb Pi3aHHS. A30T, IKUH BUKOPUCTOBYETHCS JUIS pi3aHHS, Ma€ MAaTH YUCTOTY He MeHIe 99,99%.
Taka BHCOKa YMCTOTa a30Ty 3amo0irae 3MiHI KONbOpy HapizaHux jucTiB. [lpu pizaHHi a3oToM Meran
PO3IUIABIIAETHCS TUIBKH TEIUIOM Jla3epHOro rpoMeHio [ 1]. Sk iHepTHHU ra3, a30T 3a100ira€ OKMCICHHIO Hix
Jac pi3aHHS Ta BUAyBa€ po3IuiaBieHUil Metan. OnHak 6arato JOCIiJHHUKIB BiI3HAYAIOTh, BCE K BITHOCHO
HU3bKY SIKICTh O1YHOI MOBEPXHi, OTPUMAHOI MMiJ Yac Ja3epHOro pi3aHHA TOBCTOIO Mepepizy HepxKaBitouoi
crami (10 MM — 25 MM) 3 BUKOPUCTaHHSIM iHEPTHOIO ra3y 3a JOMOMOTrOI0 MOTY)KHHUX ONTOBOJIOKOHHHUX
na3epiB, Ky MOB’A3YIOTh 31 CKJIQAHOIIAMH OTPHUMAaHHS IIOBHOT'O BUKHIY PO3IJIaBy Yepe3 BY3bKi MPOIMUIN
TOBCTHX mepepiziB [2, 3, 4]. MakcuManbHO JOCSHa MIBHJAKICTH pi3aHHS Ta KiHIEBA SKICTh pi3aHOl
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MOBEPXHI BU3HAYAIOTHCS MapaMeTpaMy MIpOLECY, BKIIOYAIOUYM MOTYXHICTh Ja3epa, (hOKycCHY BiicTaHb
ONITUYHOI TOJIOBKH, TMONOKEHHS (DOKYCY BIZHOCHO MOBEPXHI 3arOTOBKHM, THCKOM JOMNOMDKHOIO Tasy,
JliaMeTpoM CoIlIa, BiICTAHHIO Bij COIUTa JO IOBEpXHi 3aroToBkH. [lomoxxeHHS (POKycy BHMIpPIOETHCS B
MuTIMeTpax, y JOAATHUX 3HAYEHHSX, SIKIIO BOHA 3HAXOOUTHCSA HAJ BEPXHBHOIO MOBEPXHEIO METAJIEBOrO
nucra, abo y BiI’€MHUX 3HAUYCHHSX, SKIIO BOHA HIDKYE BEPXHBOI MOBEpXHI MeraneBoro jwucra. o
CTOCYEThCS TIapaMeTPiB COIJIA, BXKJIIMBO BUOpPATH BINMOBIMHWN THI coruia (OHO UM JIBOKaHAJIBHE), 3
BHXIJIHUM JiaMEeTPOM SKHI MOXKe OyTH OLIBIINM a00 MEHIINM B 3aJIKHOCTI BiJl TOBIIMHH METAJIEBOTO
mucta. [lepm HiXK TPUCTYNIUTH A0 JIa3epHOTo pi3aHHs, y>KE BaXKJIMBO MEPEBIPUTH IOJIOKEHHS Ja3epHOT 0
MPOMEHIO Ta BIAPEryJIIOBaTH HOro mo HeHTpy comuia. HemoTrpuMaHHS Li€l BUMOTM MOXE MPHU3BECTH 0
BTPATH SIKOCTI pi3y ab0 MOIIKOMKEHHS JeTanedl ONTOBOJOKOHHOTO jazepa [5, 6]. Takum unHOM minOip
palioHaIbHUX NapaMeTpiB MpOoLECy MOKpallye BUAAJICHHS PO3IJIaBy 3 PO3NMILY, 3amodirae HebaxaHOMY
HAJIMTIAHHIO OKAJIMHU Ha HIDKHIM KpoMIli pi3y a00 HaBiTh HEHOBHOMY ITPOHUKHEHHIO JIA3€PHOT0 IIPOMEHIO
B 3arOTOBKY, KOJI IHTEHCUBHICTh BUIIPOMIHIOBAHHS € HEOCTATHBOIO [T AaHOI TOBLIMHU METAIY.

Merta cratri. Po3po0Oka perpeciiiHuX Monenei il po3paxyHKy MapaMeTpiB peKuMiB pizaHHs 12
MM HeprkaBitoyoi ctaii AISI 304 BUnpoMiHIOBaHHSM ONTOBOJIOKOHHOTO JIa3epa MoTyKHicTio 12 kBT, ski
3a0e3MevyloTh BHCOKY NPOAYKTHBHICTH TNPOLECY Ta BIiNNOBIOHY SKICTh OTpUMaHMX neraned. s
JOCSTHEHHSI TIOCTAaBJICHOI METH HEOOXiJHE BHpIIECHHS TakKuX 3a4ad: 1) MpOBECTH aHali3 BiIOMHX
pe3ynbTaTiB BAKOPUCTaHHS TEXHOJIOTII ra301a3epHOro pi3aHHs HEepKaBiIOUUX cTajiel; 2) MPOBECTH CEPIiro
MOUTYKOBHX EKCIIEPHUMCEHTIB Ta BHU3HAUYNUTH (PaKTOPHUM MPOCTip 1 HalWOUmbII iH(GOPMAaTUBHY (PYHKIiIO
BiAryKy; 3) po3poOMTH MaTpUIIO IUIaHYBaHHS MOBHO(AKTOPHOIO EKCIIepUMEHTY; 4) BiANOBIOHO 10
PO3pO0JIEHOT MaTpULli MPOBECTH KOMILJIEKC EKCIIEPHUMEHTIB IO Tra3oja3epHOMy pi3aHHIO 12 MM
HepkaBitouoi cram AISI 304 BUIIPOMiHIOBaHHSIM ONTOBOJIOKOHHOTO JIa3epa 3 BUXIIHOIO MOTYKHICTIO 12
kBT1; 5) orpuMaTi MaremMaTW4Hi CTATHCTHYHI MOJENi Ta BCTAHOBUTH 3AJIGKHOCTI SKOCTI OTPUMAaHMX
nerajei Bix oOpaHuX mapaMeTpiB MpoLiecy Ta3oazepHoro pizanHa 12 MM Hepkasitouoi crami AISI 304.

Bukianx ocHoBHOr0 Martepiaiy.

O06JagHaHHS, TA METOIH A0CTiKeHHA. Pi3anHs nucTa 3 Hepkasitouoi craini AISI 304 ToBmmHOIO
12 MM 3 THIIOBUM XIMIYHUM CKIIQJIOM IPOBOAWIIOCH 3a JIOIIOMOTOI0 Jia3epa MOTyXHicTio 12 kBT.
JocnimkeHHss BUKOHYBaJIHMCS Ha €KCIIEpUMEHTAIbHOMY BepcTaTi kommnaHii «Apamic» (puc. 1), ocHOBHa
iH(pOpMaLlis Ipo BepcTaT HaBegeHa B TaOmumi 1.

Taba. 1
MopeJ1i 0CHOBHHUX CHCTEM BepPCTATA AJIsl POBEICHHS JOCTiIKeHb
Bepcrar AFX-PRO-12000-1530LD

Mopens na3zepa, giamerp onroBoiokHa | MAX Photonics 12 kWt, onrroBonoksao 100 MkM

Moenb ONTUYHOT TOJIOBKH, KOIIMATOP BLT9120MA Product Manual, f 250 MM

[Tapamerpu npouecy (hakTopHHHA TPOCTIP), SKI NOCTIDKYBanIucs B L poOOTi, BKIIOYATH THUCK
acucTyiodoro rasy (Z1 — Gap, a3or 3 unctotoro 99,99%), monoxenHs: GoxKycy BiAHOCHO HMOBEPXHI JINCTA
(Z2 — £mm), mBHAKICTE pizaHHS (Z3 — MM/XB), Pi3aHHs BUKOHYBaJIM Ha MAKCUMaNbHIN MOTYXHOCTI Jiazepa
12 xBr. liamerp na3epHoi misiMy B GokanbHii miuomuHi cranoBuB 200 MkM. [lani mapameTpu 3a1aBaiucs
1 KOHTPOJIIOBAJIUCST CUCTEMOIO YHcioBoro nporpamuoro kepyBanHs (UIIK) 3 tounicTio, sika Biamoizae
MACIOPTHUM JaHUM BepcTara.

Puc. 1. IIponec razonasepHoro pizanus Ha Bepcrati mogesi AFX-PRO-12000-1530LD
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3 BpaxyBaHHSM IONEPEIHIX EKCIEPUMEHTAIBLHUX PoOIT aBTOpiB [7, 8] BepcTaT KOMIUIEKTYBABCS
ONTHYHOIO TOJIOBKOIO 3 (DOKYCHOIO BigcTaHHIO 250 MM, sika 3a0e3euye B HiJIoMy OiIbII BUCOKI ITOKa3HUKU
SIKOCTI TIPH Pi3aHHI HEP)KaBIIOUMX CTajied 3 BUKOPUCTAHHAM SIK ACHCTYIOUOT0 a3y a3oTy (B MOPIBHSAHHI 3
ONITHYHOIO TOJIOBKOIO 3 (hoKyCcHOIO BigcTaHHIO 200 MM), Ta OJJHOKaHAIFHUM KOHIYHUM COIUIOM 3 BUXI1THUM
niamerpoM 3 MM. BincniakoByBaHHMH 3a30p MK TOPIIEM COIUIa Ta MOBEPXHEIO. JucTa cTaHoBUB 0,5 MM i
3anumascs He3MiHHUM. 3rigHo Bumor ISO 9013:2017 sk kputepili omiHKU SIKOCTI MOBepxHi ((pyHKIis
BIAryKy Y) 00paHO MakcHMaJIbHE 3HAUEHHSI IOPCTKOCTI RZ 3 TphoXx BUMIpiB (Bepx, cepenuHa, HU3 3pa3Ka).
[Ipodinorpamu noBepxHi JIa3epHOr0 Pi3y JOCHITHHUX 3pa3KiB OTPUMYBAIHU 3a JOIOMOror0 npodinorpada
TIME 3221. Kpecnenns 3pas3kiB Ais AOCTDKEHb Ta METOJAWKAa BUMIPIOBaHb LIOPCTKOCTI HaBENEHI B
norepeaHii podoTi aBTopiB [9].

Pe3yabTaTtu gocaixKeHb.

Ha ocHoBi aHami3zy pe3ynpTatiB cepii NOIYKOBUX eKCIIEPUMEHTIB Oyl BU3HAYEH1 piBHI BapitOBaHHS
JOCIiIKyBaHUX (PakTopiB Ta po3pobieHa MaTpHUIsl IUIAHYBaHHS EGKCIIEPUMEHTY TaKUM YHWHOM, 00
MOBHUHN (paKTOPHUM eKCIepuMeHT Bianosinas 59 nocmigam. [Ipu npomy obpana s gociimkeHb 00J1acTh
(haKTOPHOTO MPOCTOPY BUKITIOUYANA PEKUMU 32 SIKMX (DIKCYBaJHCs HASBHICTh OKAJIMHY HA HW)KHIN TOBEPXHI
3pa3Ka, MoBHE a00 YaCTKOBE 3aBapIOBAHHS MMa3y. 3a CTBOPECHUM IIJIAHOM EKCIIEPHUMEHTIB MIPOBEACHO HU3KA
JOCITiIKEHb, YMOBH IIPOBEICHHS 1 pe3yIbTaTH SIKMX HABEACHO Ha pHC. 2.

IToGynoBa perpeciiinoi mogeni Y= f (21,22,23). Hacrtynmauit eran HeoOXiHO MOYATH i3 OIIHKH

MOXIJIMBUX perpeciiHuxX Mojesnei, 1o MokHa moOyayBaTu pizHuMu Meronami [10, 11] 3 BUKOpUCTaHHAM
PI3HOMaHITHUX MPOrpaMHHUX NPOAYKTiB. OTKe, BpaXOBYIOUM HU3KY BUMOT 10 IIPOTPaMHUX MPOAYKTIB, a
caMme, BUKOPHCTaHHA MPOCTOI MPOrpaMHO-OPiIEHTOBaHOI MOBH, aBTOMAaTHU30BaHE YIPABIiHHSA MPOLIECAMU
00poOKM HaHMX, MiATPUMKa KOpPUCTYBalbKoi Oa3u naHux 1 (opmyBaHHS 3BITIB 3a pe3yibTaTaMH
MPOBENICHOTO aHami3y, 3a0e3ledeHHs IiajJoroBoi B3aeMOAll KOpHCTyBada 3 MPOTPaMHUM MaKeTOM Ta
iHTerpamiss 1 CyMICHICTh 3 IHIIMMM MPOrPaMHUMH 3ac00aMu AJIsl MOJAJIBIIOT poOOTH OOpaHO MakKer
Statistica. IIpu npomy maker Statistica m03BONs€ mpamroBaTé AK i3 0a30BUMH MOAYJISIMH PErpeciiiHOro
aHaJi3y TaK 1 3aco0aMu iHTENEeKTyaJbHOTO aHali3y JaHux Statistica Data Miner.

BukopucTtoByioun MOXIMBOCTI mHakery Statistica 3miiCHIOEMO aHami3 JaHUX 1 BHU3HAYaEMO
KopensniiHy Marpuuio (puc. 3).

Sprepdihett ' 30 68 14 5281 433
L & A & 3 78 09 are1 463
= : % 7y T L 32 6.2 0.1 5344 492
z : ~F 455, 554 33| 7.2 1.2 4844 48,0
3 [} 05 5500 441 ¥ 87 02 5094 430
A s 1% 5500 7 35| 1.7 0.3 4504 483
4 (1 0% 2800 469 L 38 6.4 0.7 4719 41.8
% 6 s 2500 01 L #H 74 0.6 5219 43.0
7 8 05 4500 502 3 6.4 0.4 4969 410
[ 1 05 2500 485 39 79| 01 5469 468
[ 7 0 LO00 492 40 G 1.1 5453 446
10 65 R 4780 409 4| 7 02 4453 427
1 1S 028 5260 457 a2 6.5 08 5203 489
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6.3 -14 5031 458 57| 71 -03 4609 454
2 13 94 4531 415 T 58 6.6/ 13 5359 404
3 68 .14 s281 433 8 16 08 4859 480

Puc. 2. MaTpuus IJIaHyBaHHS eKCIIEPHMEHTY Ta pe3yJIbTaTH J0CTiliB

SIK BUAHO 13 pe3yNbTaTiB CUIBHOI KOpemsiii MiX (paKTOpaMHu HE CIIOCTEpPiraeThcs TOOTO BOHH HE €
MYJBTKOJIHEApHi, TOMY OZHOTO 3 HUX BUAAJISTH HE OTPiOHO.
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Correlations (Spreadsheet_ in Workbook1)
Variable z1 | z2 \ z3 | Y
z1 1_000000! -0,035871  -0,065882  -0,441817
z2 -0,035871 1,000000 -0,055660 0,622814
z3 -0,065882  -0,055660 1,000000 -0,487432
i -0,441817 0,622814  -0,487432 1,000000

Puc. 3. OTpumana kopeJsiniiiHa MaTpULA
BinnoinHo OymyeMo momiHOMIaIbHY MOJETHh BUAY:

i1 1pOro BUKOHYEMO pO3paxyHOK KoeQinieHTiB piBHsAHHS (1) Ta mepeBipsemo ix piBeHb
3HaYMMOCTi 3a KpuTepieM CthioaeHTa (puc. 4).

Regression Summary for Dependent Variable: Y (Spreadsheet_ in Workbook1’
R=,89303372 R?= ,79750922 Adjusted R?= 78646427
F(3,55)=72,206 p<0,0000 Std.Error of estimate: 1,4797

b* Std.Err. ‘ b ‘ Std.Err. t(55) p-value
N=59 of b* of b
Intercept | 86,76594 3,784764| 2292506 0,000000
z1 -0,452993| 0,060857 -2,23833  0,300705| -7,44361 0,000000
z2 0,579563| 0,060819 2,85566| 0,299670 9,52936.  0,000000
z3 -0,485011  0,060912 -0,00480 0,000603 -7,96250, 0,000000

Puc. 4. Pesynbratn po3paxyHKy Koediumi€HTIB moJiiHOMiaabHOI Monesdi (croBmuMk b) Ta
3Ha4YeHb KpUTepilo CThIOJEHTAa IS KOMKHOIO0 3 HUX (7" - croBmuMK t(55))

Kputnune 3nauenns kputepito CTeiogeHTa npu piBHi 3Hauymocti a=0,05 i uucni creneHiB cBobo1u

Kpum eKcn Kpum

k=55 cranoBuTh {555 =1,96. Ockinbkn ymoBa " > ¢fIc. BUKOHYeTbCS IS BCIX YOTHPHOX
Koe(iLi€HTIB, TO BOHU CTaTUCTHYHO 3HaunMi. Toai piBHAHHS JiHIHHOI perpecii:
y =86,76594—2,23833- 2, +2,85566- z, —0,0048 - z, 2)

[IpoBenenuii aHami3 3a CTBOPEHOIO JIHIHHOIO PErpeciiHo0 MO0 (2) BCTAHOBUB, 110 MOXHOKa
orpuMaHoi perpeciiinoi momemi MAPE=2,4%. IlepeBipka 3a xkpurepiem @Dimepa miaTBepauiIa

aJICKBATHICTb PO3POOICHOT MOJEN TaK sIK Fyfeli (o =2,812, @ Fy5s' =72,2, TOOTO Fg" > Fbun o, OTHKE

yMOBa aJeKBAaTHOCTi BHKOHYEThCS. 3HaudeHHs KoedilieHTy nerepminamii R*=0.797. To6to 79,7 %
(akTopiB BpaxoBaHo B Mozieni. BiamosiaHa aiarpama po3citoBaHHS HaBe[eHa Ha puc. 5.

Scatterplot of Predicted Value against Observed Value
Predicted & Residual Values in Workbook1 10v*59¢c
Predicted Value = 9,2546+0,7975%
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Puc. 5. liarpama po3citoBaHHs 3Ha4eHb WiIbOBOI Ta anlpoKcHMAaNiiiHOl pyHKIiil 3a
perpeciiinoro MoaesLIo (2)

Hactynaum xpokoMm noOyayeMo NONMiHOMiaJbHy MOZENb BUAY:
y =bl 'Zl +b2 ’ZZ +b3 ‘Z3 +b4 ‘Zl ‘Zz +b5 'Zl 'Z3 +b6 'ZZ 'Z3 +b7 'Zl 'Zz 'Z3 (3)
Taka Mozenb BpaxoBye edekT B3aeMoAii ¢akTopiB. SK i B moneperHbOMY BHIIAIKy PO3PaXxOBYEMO
koedinienTn piBHAHHA (3) Ta mepeBipseMo ix piBeHb 3HauMMOCTi 3a kpuTepieM CrbiomeHta. Bci
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KOe(II[IEHTH perpeciifHol MOJIEI € CTATUCTHYHO 3HaUMMi. OKpiM OO TAKUH BUCHOBOK ITiITBEPIKYETHCS
3a kputepiem Pimepa (F5% s = 2,812 Fy55" =99,94; F{ > Fyen o). OTpUMaHe pIBHAHHS perpecii:

v=9,936-2-140,756-z, +0,011- 2y + 20,041-z, - 2, = 0,002 z, - z; + &)

+0,026-z, -2, 0,004z, - z, - z4

IToxubka orpumaHoi perpeciiinoi moaeni (4) MAPE=1,58 %. 3nauenns koedinieHTy nerepMinarii
R?*=0.92. To6T10 92% hakTopiB BpaxoBaHO B MozielNi. BifmoBinna miarpama posciloBaHHs HaBeeHa HA PUC.
6. TakuM YMHOM BpaxyBaHHs eeKTy B3aeMoil (haKTOpiB 103BOIMIIO MiABUILUTH aACKBATHICTD 1 TOUHICTb
perpeciitHoi Mozei.
Scatterplot of Y Predictd against Y Observed
Observed, Predicted, and Residual Values in Workbook1 4v*59¢

Y Predictd = 3,4826+0,9238"x
54

52 | o
50
48t
46

44

Y Predictd
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40

38

36
38

44 46
Y Observed
Puc. 6. [liarpama po3ciloBaHHSI 3HA4YeHb LIIbOBOI Ta ampokcuManiiiHoi ¢yHknii 3a
perpeciiinoro Moaeso (4)
PosrisiHeMo B SKOCTI MOJIHOMIaNbHOI perpeciiHoi Mopeni MONIHOM JIPYroro CTyINeHs, KU B
JaHOMY BHUIIAJKy Ma€ BUTIIS

40 42 48 50 52

PospaxoByemo koediuieHTr piBHSHHA (5) Ta mepeBipsAeMO iX piBeHb 3HAYMMOCTI 32 KPHTEPIEM
CreronenTa (puc. 7).

Parameter Estimates (Spreadsheet_13/05 in Workbook1)
Sigma-restricted parameterization
\{ Y Y Y -95,00% | +95,00% Y Y -95,00% | +95,00%

Effect Param. Std.Emr t p Cnf.Lmt Cnf.Lmt Beta (?) StEm.? Cnf.Lmt Cnf.Lmt
Intercept 65,6354 4861699 1,35005 0,183203  -32,0641  163,3349
z1 4,0915 7,16079 057138 0,570355  -10,2986 18,4817 0,82804 1449201 -2,08424 3,74032
z1,2 -0,3569 046308 -0,77075 0,444554 -1,2875 05737 -1,01025 1,310731  -3,64426 1,62376
z2 -14,2673 3,80517  -3,74946/ 0,000469  -21,9141 -6,6205  -2,89559 0,772269  -4,44752  -1,34366
z2°2 -1,2680 0,44692 -2,83713 0,006603 -2,1661 -0,3698  -0,29623 0,104413  -0,50606  -0,08641
z3 -0,0069 0,01892  -0,36249  0,718544 -0,0449 00312 -0,69277 1911132  -4,53333 3,14780
Zz3L2Z 0,0000 0,00000 0,15727  0,875679 -0,0000 0,0000 0,29387 1,868577 -3,46118 404892
ZERETH 220 1,8548 0,30047 6,17290  0,000000 1,2510 2,4586 267273 0432977 1,80263 3,54283
z1*1~\FT1,,,23 -0,0001 0,00060 -0,11264 0,910773 -0,0013 0,0011  -0,08046 0,714252  -1,51580 1,35489
0,0006 0,00061 091994  0,362112 -0,0007 0,0018 0,57451 0,624510  -0,68049 1,82951

Puc. 7. PeynbraTn po3paxyHKy 3HaueHb Koe(ilieHTIB piBHsAHHS (5) Ta piBHA IX 3HAYUMOCTI
3a kpurtepiem CTbIOJeHTA

Ha BigMiHy Bin momepeaHix BUMAMKIB, K BUIHO 3 PUC. 7, UIIE NesKi KoedillieHTn perpeciitHoi
MOJIEINT1 IPYToro CTYIEHS € CTATHCTUYHO 3HAYMMUMH (BUAUICHO YEPBOHHM), SKi HEOOXiIHO BpaxyBaTH.
BinnoBigHO oTpMaHe KBaApaTUYHE PiBHSHHA perpecii:

y=—14,267-2, 1,268 25 +1,8548 -z, - z,

3a kputepiem @imepa (F P4

0

,05;3;55 =

2,812 FE"

:SI’SI;FEKL’V!

3,55

Kpum
> F.05:3:55

(6)

) MOACIb € aICKBAaTHOIO.

[oxu6ka oTpuManoi perpeciitnoi mozeni (6) MAPE=1,6 %. 3nauenns koedirienty nerepminartii R?=0.90.
Tob6to 90% ¢akTopiB BpaxoBaHo B Mozeni. BiamosigHa miarpama po3ciroBaHHSA HaBeleHa Ha puc. 8.

© B.1. Ocunenxo, M.P. IIpycc

55



Misiceyziecvruti 30ipnux « HAYKOBI HOTATKH». Jlyywx, 2025, Ne§82

Scatterplot of Y Predictd against Y Observed
Observed, Predicted, and Residual Values in Workbook1 4v*59¢c
Y Predictd = 4,3459+0,9049*x
52

50

48

46

44

42

Y Predictd

40

38

36

34
38 40 42 44 46 48 50 52

Y Observed
Puc. 8. liarpama po3citoBaHHs 3Ha4eHb WIIbOBOI Ta anlpoKcHMAaNiiiHol pyHKIiil 3a
perpeciiinoro Moaeso (6)

Taxum 4nHOM MOJTIHOMIaJIbHA perpeciiiHa MoAeb Apyroro ctymneHs (6) B TOYHOCTI 1 a1eKBaTHOCTI,
X04Ya 1 He3HAYHO, TTOCTYNAEThCA JiHIMHINA Mozeni (4).

IMoOynoBa perpeciiinux MmoeJieii 3aco0aMu iIHTeJIEKTYaJIbHOI0 aHAII3Yy HaHuX Statistica Data
Miner. [[ns wiei 3anadi Oyiio BUKopucTano podouy obnacts Data Mining — Workspaces [12] anst anamizy
Pi3HOMaHITHUX perpeciiHuX Mozeneil Ta BUOopy Halikpamoi. O0’eM naHOi cTaTTi HE AO3BOJISIE ACTAIBHO
HABECTH BCl MPOLENYPHU IHTEIEKTYalbHOTO aHaji3y IaHWX, TOMY 3YIMHHMOCS JHIIE HAa OCHOBHHX
pesynbraTax. Ha puc. 9 HaBemeHo OTpHMaHi AiarpaMH PO3CiIOBaHHS LTBOBOI Ta ampOKCHMAaLidHO1
(GYHKUIN 1 pI3SHUX METOAIB 1HTENEKTYaIbHOIO aHalli3y perpeciiinoi Moaeni.

Scatterplot of Y against PMML_RMARSplines54Pred
forY

Scatterplot of Y against PMML_GLM25Pred for Y Scatterplot of Y against PMML RSANNS6Pred for Y

Y = 3,0938+0,9256" Y = 4762640 8904"x Y =-0,1768+1,0035"x
% oL = 4 *| MAPE=0.0728% o
8 }. / e * Py '-/‘0’/ 48 ’I'
‘,P . * * 48 A ./ A .
46 g . S0 . 46 /‘
46 (31X z p

> 44

P / y: i “M 177
42 . .;'-'
) 7“ 40 Pl

38 a5 L &
38 40 42 44 46 48 50 52 54 36 38 40 42 44 46 48 50 52 54 56 40 42 4 46 48 50
PMML_GLM25Pred for Y PMML_RMARSplines54Pred for Y PMML_RSANNS6Pred for Y
a) 6) B)

Puc. 9. liarpamu po3ciloBaHHsI HiJIbOBOI Ta alPOKCUMAaNiiiHOT QyHKIIHA 11 iHTeJIeKTy aTbHOI
perpeciiiHol Moeni (HaBYaHHSI Ta TeCTYBaHHS) 32 BHKOPUCTAaHHA MeToliB: a - Best-Subset and
Stepwise ANCOVA with Deployment; 6 - MARSplines For Regression With Deployment; B - SANN
Regression with Deployment (neiipomepe:xkesa mogear MLP-3-23-1)

OueBHIHO 110 HAMKpally TOYHICTH Ta aJAEKBATHICTh perpeciiHoi iHTeleKTyanbHOI Mozeni , 10
CTBOpEHA Ha OCHOBI IITYYHUX HEHPOHHHX Mepexk, Aae Merox SANN Regression with Deployment (MLP
HeHpoHHA Mepexa i3 3 BX0AaMu i3 OIHUM MPUXOBAHUM IIapoM, 10 Mae 23 HelipoHu Ta 1 Buxia. OyHKLig
aKTHBalLii MPUXOBaHOro mapy — tanh (rimepOomiuHuil TaHreHc). DYHKIIA aKTUBALil BUXIAHOTO MIapy —
identity). [Toxnbka oTpumaHoi 3a JaHUM METOAOM iHTeNeKTyalabHOI perpeciiinoi moxeni MAPE=0,0728
%. 3nauenHs koediuieHTy nerepminanii R*>0.95. B 3araqpHOMy BHINISAI IS MOJENb OMHCYETHCS
piBHsiHHEM [13]:

Sa-sl$ @)
F(xl,xz,...,xK):léai-f kz_laik'xk—’_%k )

Ie ( X)Xy xK) — BekTOp BXimHuX gaHux; f(-) oOMexeHa, He MOCTIIHO MOHOTOHHO BHMCXiZHA

HerepepBHa (yHKUis; K — KUTBKICTh BXiTHHX BY31TiB; N — KUIbKICTh HEHPOHIB IPUXOBAHOTO IIAPY; ik —
CHHAIITHYHI Bard MPUXOBAHOT0 LIAPY; @ — CAHANITHYHI Bark BUX1THOTO 1Iap; dor — 3MILICHHS.
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OtpumMmana perpeciitHa HeiipomepexkeBa Monenb MLP-3-23-1 mae ekcnepuMeHTadbHE 3HAYSHHS
nokasHuka @imepa F"345=29800.52, a KpUTUYHE 3HAYCHHS LHOTO KPUTEPIiIO 3 PIBHEM 3HAUYLIOCTi

Kpum Kpum

0=0,05 Ta ynciom cremeHiB cBoOOAM Vr=4)5, vp=3 cknamae F ooy o5 = 2812, Tobto ymoBa
VoV ,0533;

Fod > Fyes s BUKOHYETBCS, perpeciiina Monens ajgeksatHa. Ockinbku R2>0,95 To perpeciiina Mojeinb

iH(OpMaTHUBHA Ta 3HAYMMO JOCTOBIpHA.

Takum 9MHOM 31 BCIX OTPUMAaHHUX perpeciiHuX Mojenel HaWKpalli CTAaTUCTHYHI MOKa3HUKHU Ma€e
perpeciitna mozxens MLP-3-23-1, 1o cTBOpeHa Ha OCHOBI INTYYHUX HEHPOHHHUX Mepesk 3a MerogoM SANN
Regression with Deployment. Tomy moBepxHIO BiAryKy OyIyeMo 3a JaHOKO perpeciiHOro
HelipoMepexeBoro Monemtio (puc. 10).

30 Surface of Y aganst 22 and 23 3 Surfara of ¥ aganst 21 ond 22
30 Surface of Y against zi and z3 Y = Spline
Y = Spline

SE0CmEn
AAAAAAY
S

EROCEER
AAAAAAY
BELRRS

a) 6) B)
Puc. 10. Tlopepxns BiIryky oTpuMana 3a perpeciiinoro mogeaao MLP-3-23-1:a— ¥ =/ (21’23);
6-Y=/(2.23) ;8- Y=1(22.23)

3aranpHU aHai3 OTPUMAHMX pPE3YJbTAaTiB IMOKa3ye, MO0 B obOJacTi oOpaHoOro (axropHOro
MPOCTOPY HANOLIBIIMIA BIJIMB HA IIOPCTKICTH TOBEPXHI Pi3y Mae€ MOM0XKeHHs (JOKYCY BiTHOCHO ITOBEPXHi
Jerani, ACUI0 HIDKYMKA BIUIMB Ma€ TUCK ACHCTYIOUOIO Trasy, 1 HaHOUIbII HHU3BKMM BIUIMB IIOKa3aia
LIBUJKICT pi3aHHA. lle MOSCHIOETHCS TUM, WO TONOXKEHHS (DOKYCy CYTTEBO BIUIMBAE Ha PO3MOILNT
MaAar0yoi eHeprii o BUCOTI pi3y 1 BiAMOBIAHO Ha MIMPHUHY MPOPI3Y, sIKa € BATOMUM YAHHUKOM MPOTIKaHHS
ACHCTYIOUOro ra3y yepes mpopi3 Ta epeKTUBHOCTI BUAAJICHHS PO3IUIABY Bifl SIKOI 3aJISKUTH (HOPMYBaHHS
MiKporeoMeTpii moBepxHi. AepoArHaMiuHa B3a€MOAIA MDK CTPYMEHEM acHCTYIOUOro Tasy 1 AeTaulio
(opMye Tak 3BaHHUI PIKYUHHA TUCK, IKUI B OCHOBHOMY 1 00YMOBJIIOE XapaKTep BUIaJICHHS PO3ILIaBY 3 30HH
pizanHs. B cBoO uepry mBHAKICTE pizaHHS 1O CyTi 3a0e3meuye 6anaHc MK 00’ €eMaMH pO3IIJIABICHOTO Ta
BUAaneHoro merany. Ha puc. 10a mokazaHo B3a€EMO3aJIGKHICTh MK IIOPCTKICTIO TIOBEPXHi Pi3y, THCKOM
aCHCTYIOUOro rasy Ta IBHIAKICTIO pi3aHHsA. OYEeBUIHO, IO 32 YMOB EKCHEPHUMEHTY 30LIbLICHHS THUCKY
ACHCTYIOUOro ra3y 103BOJIsIE OTPUMATH MEHIIY HIOPCTKICTh IpH OlbIIii mBUAKOCTI pizaHHs. Ha puc. 106
MOKa3aHO B3a€EMO3AICKHICTh MK IIOPCTKICTIO MOBEPXHI Pi3y, MOJOXKEHHSAM (OKyCy Ta MIBHIKICTIO
pizanns. Crocrepiraerbcsi 4yiTKa TEHIACHLIS 0 3HM)KEHHS HIOPCTKOCTI MpPH 3ariuONeHHI MOJIOKEHHS
¢okycy BcepenuHy 3aroToBkd. OIHAaK BapTO BiI3HAYWTH HE3HAYHE 3POCTAHHSA LIOPCTKOCTI IpH
30inpIIeHH] mWBUAKOCTI pizanHs. Ha puc. 10 B moka3aHo B3aeMO3aJeXHICTh MK IIOPCTKICTIO MOBEPXHi
pi3y, THCKOM acHUCTYIOUOro rasy Ta MmojoxeHHsAM (oxycy. Haiikpammii Biaryk 3a mopctkictio (Rz38)
MOXIIMBO OTPHUMAaTH 3a THCKy 8,2 Oap Ta momoxkeHHi Qokycy -1,6 mm. [Ins excnepuMeHTaJIbHOTO
MiATBEPKEHHS OTPUMAHUX PE3yJbTaTiB OyJl0 BUKOHAHO BUPI3aHHA 5 TECTOBHX 3pa3KiB Ha PO3PAaXOBaHUX
3a perpeciiiHoio Moaemmo pexumax (Z1=8,2 6ap; Z2=-1,6 mm; Z3=5600 mm/xB). KoHTponp mopcTkocTi
MOKa3aB Jiana30H 3MiHM MAaKCHMAaJIbHOI IIOPCTKOCTI MOBEPXOHB 3pa3kiB Rz37,92 — Rz41,71 mo € nocutsb
BHCOKUM PiBHEM KOPEIALii Mi>K IPOTHO30M 32 PErpeciiHOI0 MOJEIITIO Ta EKCIIEPUMEHTOM.

BucnoBku.

1. 3 3acTocyBaHHAM METOIIB MaTEMaTHYHOIO INIAHYBAHHS €KCIIEPUMEHTY MPOBEACHO KOMILIEKC
CHCTEMHHX eKCIIEPUMEHTAJIbHUX MJOCHIDKEHb, PE3YJIbTaTH SKUX MJO3BOJIMIM OTPUMATH JaHi Hpo
KUTBKICHUH BIJTMB 0a30BHX apaMeTpiB ra30J1a3epHOro pi3aHHs HA IPOAYKTHBHICT Ta SIKICTh IIPOLIECY PH
00po6mi 12 MM HeprkaBitowoi crami AISI 304 BunpoMiHIOBaHHSM ONTOBOJIOKOHHOTO JIa3epa MOTYKHICTIO
12 xBr.
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2. BuxopucToByroun IineH3iiHNH maker Statistica BUKOHAHO CTaTUCTHYHUM aHATi3 OTPUMAHOTO
EKCIIEpUMEHTAIILHOrO MaTepiady Ta po3poOJIeHO TPH perpeciiiHi MoJeri, SKi BCTaHOBIIIOIOTh 3aJIeKHICTD
MaKCHMAaJbHOI MIOPCTKOCTI moBepxHi pizanHs (Y) Bixm 0a30BuX (hakTOpiB MpOIECy: TUCKY aCHCTYHOUOTO
ra3zy (Z1-a3o0t), monoxeHHs1 GOKyCy BITHOCHO OBepxHi JucTta (Z2), mBuakocti pizanus (Z3). Ilepesipka
oTpuMaHuX Moznene 3a kputepismu Crbromenta ta dimepa migTBepamna iX iHQOPMATHUBHICTH Ta
aZicKBaTHICTh. BUKOHaHEe MOpIBHSAHHS MOAENEd MOKa3ajo, 10 HAaWBUINI TOYHICTH 1 aJeKBAaTHICTH Mae
perpeciiina iHTenektyainbHa monens MLP-3-23-1, mo cTBOpeHa Ha OCHOBI IUTYYHHUX HEHPOHHHUX MEPEK,
3a mMeronoM SANN Regression with Deployment. Po3paxyHkoBa moxuOka MmporHosy 3a MOZAEIIIO HE
nepesuurye 0,0728 %.

3. Po3paxoBani 3a perpeciiiHoio iHTeNneKTyanbHOI Mopemtio MLP-3-23-1, mapamerpu pi3aHHs
(Z1=8,2 6ap; Z2=-1,6 mm; Z3=5600 MM/XB) siKi 3a0€3M1€UYIOTh BUCOKY SIKICTh Ta MPOYKTUBHICTH MIPOIIECY
nmiaTBepIrKeH1 exkcriepuMenTtaibHo. [Ipu mporuosi Rz38 peanpHi 3HaYCHHS MaKCHMAlbHOI MIOPCTKOCTI
oTpuMaHi Ha 5 3pa3kax Mayu po3kun Rz37,92 — Rz41,71 1m0 € BUCOKUM piBHEM TOYHOCTi IPOTHO3YBAaHHS
Ta BiATBOPIOBAHOCTI MPOLIECY.
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JL. JI. Mucuuk', .M. Misnix', B.B. Muchuk®

Yepracvkuii Oepircasnuti mexnonoiunuii yuieepcumem’

Yepracvkuii nayionansHuii yuieepcumem imeni bozoana Xwenvhuybvkozo’

HAYKOBO-METOJUYHI ACHEKTH BITPOBAI’)KEHHS TEXHOJIOT'TH
JUCTAHINIMHOI'O HABYAHHSA TEXHIYHUX JUCHUIIJITH

Cmamms npuceéauena po3pooyi HAYKOEO-MemOoOUYHUX OCHO8 MEXHON02I OUCMANHYIIIHO20 HAGUAHHA MEXHIUHUX
OUCUUNTIIH, CMBOPEHHIO eheKmueHoz0 npouecy opmysannsa ingopmauiiinozo pecypcy y Xo0i MOHImMOPUHZY HAGUAHHA.
Ilpeocmaeneno nepenik 3adau, aki nompiono po3e’azamu ona opmyeannsa ingpopmauyiitnozo pecypcy cucmem ynpaeiiHus
OUCMAHUITIHUM HAGUATbHUM RPOUECOM Mda 3anPONOHOBAHO YHKUIOHATLHI MOOYE OUCIMaHYITIHOT Mecm 060l mexHoN02il, o
peanizyromp cucmemy npoyeoyp nopoosceHHsa Ho8oi indopmauyii, 003601a104U NPOEOOUMU HABYAHHA MA KOHMPONb 3HAHb, 4
MaKoc OompuMyeamu RPOMOKOAU YCRIWHOCIIE HA PI3HUX emanax KOHMpPoOo 0na 3000ysaua euwoi oceéimu, 6uK1A0AYa Yu
0y0b-AK020 CMPYKMYDHO20 RIOPO30iNy HAGYAIbHO20 3AK1A0Y.

Knrouosi cnosa:  oucmanyivini mexHonocii HAGYAHMA, MECNY8AHHS, KOHMPONb 3HAHb, VNPAGIIHHA HAGUATILHUM
npoYyecom, MOHIMOPUHS HAGUAHHS.

L. D. Mysnyk, L.M. Miznik, B.V. Mysnyk

SCIENTIFIC AND METHODOLOGICAL ASPECTS OF IMPLEMENTING DISTANCE
LEARNING TECHNOLOGIES IN TECHNICAL DISCIPLINES

The article is devoted to the development of scientific and methodological foundations of distance learning
technologies in technical disciplines and the creation of an effective process of forming an informational resource during
training monitoring. There is a list of tasks that need to be solved to form an informational resource for distant learning process
management systems presented. As well as functional modules of distance testing technology are proposed. These modules
implement a system of procedures for generating new information that enables training and knowledge control. But at the same
time it gives an opportunity to receive success reports at various stages of control for a higher educational applicant, teacher or
any structural unit of educational institution. The results of knowledge tests of higher educational students allow for effective
adjustment of the focus, intensity and methods of learning.

Key words: distance learning technologies, testing, knowledge control, learning process management, learning
monitoring.

IlocranoBka nmpodaemu. JlucraniiifHa ocBiTa 3ampoBapKyeThest B YKpaini me 3 2000 poky sk
anpTepHaTHBHA (POpMa BeAEHHS OCBITHHOrO mpotiecy. | Bech el yac B HAyKOBO-IIENArorivHOMY KOJi He
NPUITUHAIOTBECS CYNEpeuKr MI0A0 eQEeKTHBHOCTI Ta AOUIIBHOCTI JaHOI (opMH 3100yTTS OCBiTH. AJe
CKJIaJIHE, HemepeadadyBaHe CHOIOACHHS CTaBHUTH IEpe HaMHU 3aBJaHHS Oe3IepepBHOIO BiIAICHOTO Ta
eeKTHBHOTO IpoLIeCy HaBYaHHS 1 BUMAarae MoulyKy NUISXiB JUIsl BUPILIEHHS LbOro 3aBAaHHA. Po3B’s3aTH
0 po0IeMy 3HAYHOIO MIipOIO J03BOJISIOTH CydacHi iH(opmariiHi Ta TeleKOMYyHIKalidHI TexHomorii i
caMe TeXHOJOrii aucraHuiiiHoro HapuaHHS. OCHOBOIO INPOBEACHHX MOCHIDKEHb € iHpopMauiiiHo-
MaTeMaTHYHHUNA aHalli3 Ta MOJEMIOBAHHS mpouecy W (QyHKIIH HaBYaHHS 1 KOHTPOJIIO 3HaHb. EdekTuBHE
PO3B’sI3aHHS LUX 3aJad MOXKJIMBE 3aBISIKH CUCTEMHOMY HiIXOAy Ta MeTonaMm MonenoBaHHsA. CucreMHa
MOJIeIb CTAHOBHTH CKJIaIHy O0araTopiBHEBY CTPYKTYPY, B SIKii MO>KHA BUUINTH PiBEHb IJIAaHYBaHHA 3a/1a4,
anroputMu (TexHosorii) Ta 3aco0M iX BHUpIIICHHS, a TaKOX MOXJIMBICTb KOPHTYBaHHS HAaBYAJILHOTO
MPOLIECy 3 KOHKPETHOT TUCUUILIIHH.

AmHani3 ocTaHHIX gociaimxkens i myOaikaniid. BukopucraHHs QUCTaHIIHHUX TEXHOJOTIH i yac
nmaHAeMid, a ocoOJIMBO B 4Yac MOBHOMAcIITa0HOI BOEHHOI arpecii, JO3BOJSE€ OCBITSHAM BHPILIYBaTH
HAJACKJIAaIHYy Ta BaXIIHMBY 3a/ady SKICHOTO 0Oe3lepepBHOIO MPOBEACHHS OCBITHHOTO MPOLIECY HE3AIEKHO
Bix Miciis mepeOyBaHHs Horo yuacHUKIB. [1iqroToBka Ta MpoBeAEHHS TAKOTO HAaBYaHHS MOXKJIMBI 3aBJITKA
CHiJIbHIN 00’ €THAHIN CITIBITpaLli BUKJIa1a4iB OCBITHIX 3aKiIaliB, 3400yBayiB OCBITH Ta BCEOIUHIN miaATPUMII
3 Ooky gepxasu [1-2]. IlpoGmemMaM CTBOpEeHHS Ta BHKOPHCTaHHS IUCTAHI[IMHUX TEXHOIOTIH B
HaBYaJbHOMY HPOLECi OCBITHIX 3aKIaliB Pi3HOTO HaNpsIMKy MPHUIUIEThCA BelaMKa yBara. Llei mpouec
OXOILITIOE PI3HOMAHITHI acCleKTH, 30KpeMa, HayKOBe 3a0e3MeUeHHsI TUCTAHIIHHOI TEXHIYHOI OCBITH,
HanpsAMH 1 IpoOJieMH JOCTiIKEeHb, MOUTYKH HOBUX MapaaurM, MoaepHizauii texHoinorid (B. bukos, B.
Kyxapenko, B. bornapenko, H. Cuporenko, O. Pubanko, }O. boraukos) [3—4]; TeopeTnyHi Ta METONNYHI
3acaau PO3BUTKY, JOCHIKEHHS epeKTUBHOCTI AMCTaHIiHNX TexHoiorii HapuaHHS (C. Cucoesa, K.
Ocapmua., B. OmniitHuk Ta iH.) [5—7]; BpaxyBaHH: IeAaroriyHUX Ta ICUXONOTIYHUX (aKTOPiB IPH CTBOPEHHI
IMCTaHIIMHUX KYypciB, CTBOPEHHS CNEKTPOHHUX HaBYaNbHUX KypciB Ta enekTpoHHux TectiB (I1.
Credanenko, B. Bumniscbkumii, M. ['Higenko, ['. ['aitmyp, O. [nbin Ta iH.) [8-9]; MOXKIMBOCTI Ta HAIIPSIMKH
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mucranniiHoro HaByaHHA (B. Kyxapenko, B. bornapenko B. ta in.) [10-11,15]. Ane, TuM He MeHIIL, AesKi
MOMEHTH CTBOPEHHSI Ta BBEACHHS B HABYAJILHUIN IPOLIEC AUCTAHLIITHUX TEXHOJIOT1 HaBYaHHS NOTPEOYIOTh
BIOCKOHAJEHH:. IcHye moTpeba B CTBOpEHHI AMCTAHLIMHMX TEXHOJOTIH, AKi O Jamu 3MOry SKiCHO H
OIlEpaTHUBHO HAJAaIUTyBaTH NPOLIECH HAaBYAHHS Ta MEPEBIPKH 3aCBOEHHS MaTepiaily 3100yBadyaMH OCBITH
LUISIXOM TECTYBaHHS; aalTyBaTH HaBYAIbHUI MIPOIIEC A0 PiBHS 3HAHb CTYIEHTIB; OTPUMYBATH BCEOIUHY,
JOCTOBiIpHY iH(opMaIlifo npo nepedir HapdaHHsA. OCOOMMBO CKIAJHO 1 BXKIMBO 3a0€3MEUUTH SKICHUN
CHCTEMAaTUYHUI TpoLleC BHUBUEHHA TEXHIYHUX IUCLHMIUTIH: TEOPETHYHOI MEXaHIKH, OMOpY Marepiaiis,
Teopii MaIIKH 1 MeXaHi3MiB Ta iH.

Mera poGotu. Po3poOka HayKOBO-METOINWYHHX OCHOB TEXHOJOTIi IUCTAHIIHHOTO HAaBYaHHS
TEeXHIYHUX AUCLHILIIH, CTBOPEHHS eeKTUBHOrO mpouecy GopMyBaHHs iHPOpMaLiitHOTO pecypey Y Xoai
MOHITOPUHTY HaBYaHHS, LUIAXOM YOPAaBIiHHA mpouecoM (OpMyBaHHS JEKUIMHUX, NPaAKTHYHHUX
Mpe3eHTalii 1 TECTIiB Ta 3aCTOCYBaHHS iX MPH HaBYaHHI 3100yBaviB BUIIOI Y BUIIMX HABYAJIbHUX 3aKIaJax
VYkpainm.

OcHoBHUIi MaTepian I0CJHiIKeHb. AKTYaJbHICTh IIMPOKOIO BIPOBADKEHHS JUCTAHLIAHUX
TEXHOJIOr HAaBYaHHS TEXHIYHMX JAWCLMIUIIH BHCYBa€ OO0 €KTHBHI mMOTpeOM B po3poOieHHI Ta
BIIPOBKCHH1 WX TEXHOJIOTIH K TEXHOJIOT1H, 1110 3a0€311euyIOTh SKICHE CHCTEeMaTUYHE HaBYaHHS, SIKE HE
3aJIeKUTh BiJ TOTO 1€ 3HAXOIAThCA YYAaCHWKUM HABYAJIBHOIO MpOIECy, TaKk i (OpMyBaHHI IOBHOI,
JOCTOBIpHO], cBo€yacHoi iH(popMauii mpo Xig HaByaHH:, GOpMyBaHHI iHGOPMALITHOTO pecypcy CUCTEM
YIpaBIiHHS HABYaJIbHUM MPOLIECOM.

[lepenik 3amad, sxi moTpiOHO po3B’s3atu Ans GopmyBaHHS iHQOPMALIHHOIO pecypcy CHUCTEM
YIpaBIiHHS AUCTAHIIHHUM HaBYaJIbHUM IPOLIECOM HACTYIHUM:

—c(OopMyBaTH CTPYKTYPHO-JIOTIYHY CXEMY, €EMEHTaMH fAKOI € MOAYJi IUCHMIUIIH, a 3B’S3KH
BH3HAYAIOTh MOPSAAOK BUKJIAJaHHS MOLYJIiB;

—BHM3HAYHUTH €IEMEHTH 3HaHb, HEOOXiH1 Ha OYAaTKy BUBYCHHS KOXKHOTO 3 MOJYJIB;

—BH3HAYHUTH €IEMEHTH 3HaHb, HEOOXiJH1 B KiHLII BUBUEHHS KO>KHOTO 3 MOZYJIiB;

—BHM3HAYHUTH CTPYKTYpPY iHpOpMaLiiiHOro pecypcey, skuii Oyne ¢popMyBaTHcs B IpoLeci HABUYaHHS 1
TECTYBaHHsI CTY/ICHTIB;

—~MIATOTYBAaTH IUIAaH TECTYBAaHHA, SKHM TOBHHEH BIJNOBIZaTH CTPYKTYPHO-JIOTIUHIM cxemi
CHELiaIbHOCTI, @ TAKOX CTPYKTYpPi BXiIHUX 1 BUXITHHUX €IIEMEHTIB 3HaHb MOAYJIiB TUCUMILIIH Ta OTpedam
y ¢popmyBanHi iHpopMaLiHHOTO pecypcy A CUCTEMH YIPaBIiHHS JUCTaHIIHHIM HaBYaJIbHUM IIPOLIECOM;

—BH3HAYUTH (OPMY, Yac HaJaHHS Ta Cy0’€KTIB CHCTEMH YNpPaBIliHHS HAaBYaJbHUM IMPOLECOM, SIKi
OynyTs oTpuMyBaTH iH(popMmalito, chopMOBaHY B TECTOBUX TEXHOIOTISX;

—3aTBEpIUTH IJIaH TECTYBaHHA Ta rpagik HagaHHs iH(OopMaLii PO pe3yNnbTaTH TECTYBAaHHS Ta IJIaH
PO3pOOKH TECTiB.

OTe, OCHOBOIO AWCTAHLIAHOI TEXHOJNOrIl € CHCTeMa MPEACTaBICHHS MPE3CHTALIMHUX 3aHATH
(JeKIiHHUX Ta MPaKTHYHMX ) 3aBASKU SIKUM 3100yBadi OCBITH OTPUMYIOTh IKICHUH MaTepiai Al HaBYaHHS
(pucyHok 1), a TaKoX MPOEKTYBaHHsI TECTiB (PUCYHOK 2) Ta METOZIB iX peani3aii, sIKi MTOBUHHI BKIIOYATH
HayKOBO-TEXHIYHUH Oa3uc y BuUIIAAi Moneneld QopmyBaHHs iH(OpMAaIifHOTO pecypcy B Mporeci
TECTYBaHHsI, METOJIB MOOYZAOBH ONTHUMAJIbHUX MOJENEH peaizalii TECTOBUX TEXHOJOTIM Ta MpOrpaMHi
3ac00H, SIKi peali3yIoTh i METOIH 1 5Ki O BiAmoBizanu norpedaM HaBYAILHOIO IPOLECY.

[lotpibHa TexHoMOriA MOXKe OyTH CTBOpPEHAa Ha OCHOBI JESIKOr'0 MPOrPaMHOrO CEpeloBHINA 3
MONABIIUM PO3IIUPEHHSM PiI3HOMAaHITHUX POO0OYMX i1 3abe3reuyrounx KoMmoHeHTiB [12]. basucom mis
Hel Moxke OyTH MOnylbHE 00’ €KTHO-OpiEHTOBaHE qUHAMIYHE HaBuaidbHe cepenopuie — Moodle (Modular
Object-Oriented Dynamic Learning Environment). 3ycHuisMu BEIHMKOI KiTBKOCTI CIIELIaliCTIB yChOTO
CBITY LIeH TPOEKT OYB 3HAYHO BAOCKOHAIECHHH, 1 IPOJOBKY€E IHTEHCUBHO po3BUBaTHCA. Lleii 3aci0 € omHuM
3 PEKOMEHOBAaHUX Ul JUCTAHLIHHOrO HaBYaHHS Y KpaiHCHKUM IHCTUTYTOM iH(POPMALITHUX TEXHOMOT1H
B ocBiri [13].

Ta Bce X TEXHOJOris AWCTAHLIAHOrO HABYAHHS Ta TECTYBAHHSA AJSl MOTOYHOTO 1 MiJCYMKOBOTO
KOHTPOJIO 3HAHb CTYACHTIB — LI¢ He JIMILE IporpaMHuii komiuieke. Lle Hacammnepen yiTka oprasizamisi BCix
Iiii cipsiMOBaHa Ha pealtizalio epeKTUBHUX CIOCO0iB OTpUMaHH, 0OPOOKH Ta BUKOPUCTAaHHS iHpopMaLii
cy0’€KTaMM HaBYaHHS [UIs TOCATHEHHs HaBeleHuX wineid. HaBuanbHmii mporec 06a3yeThCsl HA MOEAHAHHI
JIBOX OCHOBHHX IIiJ] IIPOILIECIiB — HABYAHH (IO Bifirpae OCHOBHY pojb IpH (OpMYyBaHHI BMiHb, 3HAHB 1
HaBUYOK (paxiBLiB) Ta MOHITOPHHTY HaBUaHHA (BiZirpae poiib 3BOPOTHOTO 3B 513Ky CTOCOBHO IIPOLIECY
HaBYaHHS).

VY nuctaHLiiiHIA TeCTOBiH TeXHOMNOr1] peani3yloThcs Taki GyHKIIOHAIbHI BUMOTrH (pHc. 3):

-~ CTBOPCHHS HaBYAJIbHHUX MPE3CHTALH 1 TECTiB;

- oIepXaHHA Pe3yJbTaTiB TECTOBOr0 KOHTpoo 3HaHb (JAHTP);
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- TPOBEIEHHS HaBYAaHHA 3/100yBadiB BHIOI OCBITH Ta KOHTPOJb HaOyTHX 3HaHb (JJHTHK);
-~ CTBOpEHH: poOoumx Micup ajst npoBeneHHa konrpomo (JHTO);

- 3aloBHEHHA JOBiTHUKIB TecToBoi cuctemu (JIHT/I);

- KOHTpPOJb MPOIIECy HABUAHHS Ta TeCTyBaHHS HaBuaibHUM jaenaprameHToM (JJHTK);

- (opmyBanHs mwkamm kouTpoiio 3HaHb (JJHTB);

- CTBOPEHHS METOJVIKU HaBYAaHHS Ta TECTYBaHHS s iepeBipku 3HaHb (JJHTM);

- BCTaHOBJICHHS NMPABIJILHUX BiANoBifel Ha TecToBi 3apmanus (JJHTII);

- CTBOpeHHA 0a3u MeToniB HaBuaHHS i TectyBaHHsA (JJHTD).
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Puc. 2. Tlpuxkiaan TecTOBHX 3aBAaHb VIS NlepeBipKU 3HAHb

Hageneni ¢yHKii TexHOmOrii IUCTAaHIIMHOrO HAaBYaHHS Ta TECTYBAaHHS PEATI3yIOTh CUCTEMY
MpoLenyp MOPOMKEHHS HOBOI iH(opMalii, JO3BONAIOTH MPOBOAMTH HABYAHHS Ta KOHTPOJIb 3HAHB,
CTBOPIOIOTh JAOKYMEHTALil0 PE3yJIbTaTiB TECTOBOTO KOHTPOJIO 3HaHb, IS iHPOpPMyBaHHA 3100yBadiB
BHUIIOI OCBITH, BUKJIAAAYIB Ui OyAb-SKOTO CTPYKTYPHOIO MiAPO3/A1Ty HaBYAIBHOTO 3aKIay.

SIK pe3ynabTaT MPOBEICHOTO KOHTPOJIIO OAEPKYEMO MPOTOKOIM TECTYBaHHS Ha PI3HUX eramax
KOHTPOIIO (BX1IHOTO, TOTOYHOr0, MiICYMKOBOr0). B cucremi 36epiraerscs iHdopmaris npo Oanu, HabpaHi
CTyZIEHTaMHU, 110 €Tanax Ta BUJaxX KOHTPOJIO 3 Pi3HUX AWCIHILIIH.

Bxigna iHdopMarris Bkirtouae 6a3u AUCIUILTIH (IIpe3eHTAaIli 3aHATh, METOIMYHI peKOMEH allii Ta
1H.) CIIMCKHU CTYJICHTIB, €TAlld KOHTPOIIO, METOIAMKN KOHTPOJIIO, BUI KOHTPOIIIO.
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[TigroroBka CTBOpeHHs Ga3H METOIIB B CETAHORISHEDL
eITeKTPOHHOI Ga3H HABYAHHS i TECTYBAHHA B T i
JHCHHIUTIHE/MOLY I (THTE) HA TeCTOBI 3aBIAHHS

(QHTI)
Y

@OopMyBaHHA IMIKaIH \
KOHTpOIX0 3HaHb (JTHTB) I

3anoBHEeHHS JOBIIHHKIB CTBOpEeHHA POOOUHX
TeCTOBOL CHCTEMH MicIpb 714 IPOBeIeHHA
(JIHTM) KoHTpom (JTHTO)

:( Komponinpouecy

CTBOpEHHS eTalliR
KoHTpomo (JJHTKO)

HaBYaHHJA Ta TECTYBAHHA

HaBYaJIbHHM

neraptaMerToM (JTHTK)

5

CTBOPEHH}[ METO KA ) HpOBB_I[_EHHH HaBYaHHA

3m00yRaviR BHIOI OCRITH

HaBYaHHJA Ta TECTYBaHHA
Ta KOHTPOIb HAOYTHX

TS TIEPEBIPKH 3HAHD

(JIHTM) snans (JHTHK)
CTBOpeHHS JOBiTHHKIR OnepKaHHs Pe3yIbTaTiB
metouk (JTHTMO) TECTOROT0 KOHTPOIK

3HaHb (JJHTP)

Puc. 3. CTpykTypHa cxemMa AMCTAHUIIHOI TECTOBOI TEXHOJIOTII

BuxonaHHs K0HOI (PyHKITIOHAIEHOI BUMOTH 3a0€311e4yI0Th TIEBHI MOYITi. Po3riisiHeMo neranbHO
pearnizaiito JesiKuX 3 HUX.

Monynb mpoBeieHHs HaB4YaHHS 37100yBadiB BUIIOi OCBITH Ta KOHTpoab HaOyTux 3Hanb (JJHTHK).
[Tpu3Hadenuit st HaBuaHHS 3100yBadviB BUIOI OCBITH Ta X MIATOTOBKU JO TECTYBaHHS, TaK SK Mae
JOCTYTl 10 JOBIAHWKIB TECTOBOI CHCTeMH. TakoX BHKOPHUCTOBYEThCS BUKJIQJa4aMH TPH TPOBENCHHI
TECTyBaHHSL.

TexHomoriuaa mocmigoBHicTs HapuaHHS 1 TectyBaHHs (JJHTHK) 300pakena Ha pucyHKy 4.
Bxignoto inopmartiero € 6a3a tecrtis, cpopmoBana B moaymi JJHTH, meronuka ominku (moxyns JJHTM),
eramn koHTpOito (JIHTK) i 6aza kouTpomo (JJHTO), a Takoxk 6a3a Bigmosigei (moxyns JIHTIT). Buxigaoro
iH(pOpMALI€IO € IPOTOKOJIM TECTYBAHHS CTYACHTIB.

Posrmsinemo  Takok  Momynb  ¢GopMmyBaHHS IKamu  KoHTponto 3HaHb (JHTB), sxwuit
BHKOPHCTOBYETHCS JIJIsl BCTAHOBJICHHS! HABUAJIBHOTO MaTepialy, 1o Oy/e BAKOPUCTOBYBATHCH IS TAHOTO
erary KOHTPOJIO 3HaHb TUCIHILTIHY, SKUI TOTPiOEH Ha TOMY UM iHIIOMY eTarli TecTyBaHHs. [louaTkoBOIO
iH(pOpMaLi€Io € MOAYNb CTBOPEHHS 0a3u MeToniB HaB4YaHH 1 TectyBaHHs (AHTD).

B oMy MoysTi BCTAaHOBITFOIOTHCSI HACTYITHI TTApaMeTpU KOHTPOITIO:

- Ha3Ba OCBITHHOTI'O KOMITOHEHTY;

- BUJI KOHTPOITIO;

- CIIMCOK MHUTAaHb JIJIS TECTYBaHHS,

- KUTIBKICTh MMUTaHb,

- 0OMEXeHHSI 110 Yacy Ha BiATOBib.
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Puc. 4. CTpykTypHa cXeMa TeXHOJIOTil TeCTYyBAHHA

TexHomoriyHa NOCHiAOBHICTh peanizauii GyHKIi Moays 300paxeHa Ha PUCYHKY 5.

EnextponHa 0a3a KOXHOI TEXHIYHOI JAWCHMIUIIHM CKJIAQJAETbCS 3 OKPEMUX MOIYJIB, LIO0
BiIIOBial0Th OCHOBHUM PO3ALJaM Kypcy. Momysb 3al0BHIOETHCS MUTAHHSIMH, BiAMOBIISIMU, MaTepiaioM
JUTS HaBYaHHS Y BUTIISAI TEKCTOBUX (DaiiiliB Ta puCyHKiB, miaroropieHuM y WORD uu iHmmx gomatkax
OFFICE a6o WINDOWS. Ha0ip muTaHb OXOIUTIOE Bech MOTPIOHUII Al TPYHTOBHOTIO Ta YCIHILIHOTO
3aCBOEHHS AWCHMILTIHM Martepian [14]. B cucremi mnepembadeHo oTpuMaHHA 3100yBauaMu OCBITH
TEOPETUYHUX BiJOMOCTEH, 10 AaAyTh 3MOT'Y BIpHO BiIIOBICTH Ha MUTAHHSL

B nmam’sTi cuctemu 3akinazeHo iHpopMaLiio Ipo Ha3BU AUCLUILUIIH Ui TECTYBaHHs, HA3BU MOIYIIB
JCIIMILIIH, TEOPETUIHUA MaTepial I0 MOIYJISIX AUCIUILTIH; 3aBJJAHHS TECTOBOT'0 KOHTPOJIO, BiIMOBiL 10
3aBJlaHb TECTOBOTO KOHTPOJIO, CIIMCKH I'PYIl CTYAEHTIB, CIUCKH CTYACHTIB, BUKJIa1a4iB, MHOKUHY PI3HUX
METOAUK KOHTPOJIIO, OMC BUAIB 1 €TamiB KOHTPOJIO, CTATHCTHKY NPaBMJIBHUX BiINOBiZEH 3 KOXXHOTO
MUTAaHHS, OLIHKM TECTyBaHHS (3a JaTamMM) IO TPylax CTYAEHTIB, MPOTOKOIM KOHTPOJIIO 3HAHb.
PeanizoBanmii mporec KOHTPOJIO 3HaHb (TecTyBaHHS) 0a3yeThCsl HAa BHUKOPUCTAHHI DI3HMX BHIIB
BHOIPKOBHX TECTIB 1 TECTiB-3a/]a4, B IKUX CTYIEHT MarOTh PO3B’A3aTH 3alPOIIOHOBAHY TEXHIUHY 3a/ady Ta
BBECTH MPaBUJIbHY HU(PPOBY BiIIOBiIb.

ABTOMAaTH30BaHy IUCTAHIIHHY TECTOBY TEXHOJOII0 MOTPIOHO BUKOPHCTOBYBAaTH MPOTITOM
CeMecCTpy, MPOBOAWTH CHCTEMAaTUYHE HABUAHHS Ta 3IIMCHIOBATH MOTOYHHM 1 MIACYMKOBUH KOHTPOJIb
3HaHb. lle mae MOXIMBICTD BiICTEKUTH PiBEHb 3HAaHb CTYACHTIB 1 3HAWTH MPUYMHU HE3aJOBUIBHOI
OpTraHi3ailii HaBYaJIBHOTO MIPOIECY.

[i BuKxopucTanns nosponse:

3100yBavyaM BUIIOL OCBITH:

—OpraHizyBaTu CHCTEMaTHUHY, PUTMIUYHY pOOOTY IO 3aCBOEHHIO HaBYaJIBHOTO MaTepiaiy;

—OLIHIOBAaTH IIOJCHHO CTaH CBOEi POOOTHM 3 BHMBYCHHS IUCLUIUIIHM 1 BUKOHAaHHS BCiX BHIIB
HaBYaJbHUX 3aBJaHb;

—BIIPOAOBK CEMECTPY BHOCHUTH KOPEKTHBH B OpraHi3amilo cBOoei poOOTH Ta IHTCHCHBHICTh
HaBYaHHS;

-MaTH iHQopMalil0 Npo piBEHb BHUBYEHHS AWCLUIUIIH 1 MPOTHO3YBaTH MiJICYMKOBY OLIHKY 3
JUCIUTLIIHY;

BUKJIaJ]a4aM
- palLioHaIbHO MIaHyBaTH HaBYAJIBHUN MPOLIEC 3 KOHKPETHOI AUCIHILIIHM;
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- BHKOHYBaTH MOHITOPHHI YCHIIIHOCTi KOXKHOTO 3400yBaya BHILOI OCBITH Ta BCi€l rpymnu
3arajioM Ha KO>)KHOMY €Tarli HaBYaHHS;

- 32 HEOoOXiZHOCTI BHOCHTH 3MiHM B TPOBENCHHS HABYAHHS BPAaXOBYIOUM pPE3YJIbTaTH
NepeBipKH 3HaHb.

Bpenennqa iMeHi 6azH .
T ouaTKOBi IPHCBOEHHS

OHCIHIUTIHH
T'onoBHE MEHIO Buxin
BBemenna ing opmartii Kopurysanus ingopmariii [Teperman ingopmarrii

Puc. 5. CTpykTypHa cXeMa TeXHOJIOTil BCTAHOBJICHHSI CXeMH TeCTYBaHHS

BucHoBok. 3aco0n AMCTaHIIIHOT TECTOBOI TEXHOJOr1] Aal0Th 3MOT'Y IPOBOAXUTH MPOLIEC HABYAHHS
1 IepeBipKY 3HaHb SIK MPOLIEC PALliOHAIBHOTO TUIAHYBAaHHS, MOHITOPUHTY Ta KOPUTYBaHHSI, IO OCOOJIMBO
BayKJIUBO ITPH 3aCBOEHH] TEXHIYHUX TUCHUILTIH. Pe3ynbTaTi MOTOYHOIO Ta MiICYMKOBOTI'O KOHTPOJIIB 3HaHb
3100yBaviB BUILOI OCBITH J03BOJISIIOTH €()EKTHBHO KOPETYyBAaTH HANPABIICHICTh, IHTEHCUBHICTh Ta METOIH
HaBYaHHSI.

3anponoHOBaHi TEXHOJOTIYHI CTPYKTYpH 3IiMCHEHHsS 3aco0iB AMCTAaHUIKHOIO HaBYaHHS Ta
TeCTyBaHHs 3/100yBadiB BUIIOI OCBITH, MOIyJbHA peaii3alis OCHOBHUX (DYHKLIH HaBYaHHS i KOHTPOIIO
3HaHb J03BOJISIE CTBOPIOBATH CHCTEMY HaBUaHHS 3 AOBUTFHUM CKJIaJIOM Ta KOHQIrypaiieto ta 3adesneuye
oprasizaiiro po0iT 3 MiATOTOBKH HaBYAaJbHOTO MaTepially Ta TeCTiB; (JOpMyBaHHS TECTOBHX 3aBIAaHb Ta
HaJaHHS [0 HHUX JOCTYIY; KOHTPOJIOBAHHS Ta YIPABIIHHSA CHCTEMOIO HaBYaHHS 1 TECTyBaHHS;
30epexeHHs iH(opMaIlii mpo yCImmHICTh 3700yBaviB BUIIOI OCBITH Ha BCIX €Tarax Ta BUJaX KOHTPOIIO 3
PI3HUX AWMCLMILIIH; BHECEHHS 3MiH B IPOLIEC HABYAaHHS 32 PE3yJbTaTaMU KOHTPOJIIO.
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H.B. lllunkapuyk
Pisnencvruii 0eporcagruil cymanimapHuil yHigepcumem

OJTHOCTOPOHHII KOHTAKT OPTOTPOITHOI INIACTUHKH
3 KPYTOBUM OTBOPOM I IIPYKHOI'O IUCKA

Jocnioscyemovca nHanpyyceHuii cman KycKo60-00HOPIOHOT OpmomponHoi niacmunKu 3 KO106UM pO3pi3om no JiHil
YMOBHO20 NOOINYy Mamepianie NAACMUHKU | NPYHCHO20 OUCKA 34 YMOBU KOHMAKmMyeauHsa ixuix Oepecie. Ilnacmunuacma
KOHCIpYKUYisi nepeoysac 6 ymoeax OOHOPIOH020 Y3a2aibHEH020 WI0CK020 HARNPYHCEHO020 CHMAHY HA HeCKIHYeHHOCH.
Ilodyoosano cucmemy cCuHZYIAPHUX IHMEZPATBHUX PIGHAND 3 102APUPMIYHUMU AOPAMU O BUHAYUEHHA QYHKUII yepe3 AKI
UPANHCAIOMBCA KOHMAKMHI 3YCUNNA HA KOHMYPI OMEopy opmomponnoi naacmuHku i npyyicnozo oucka. Haonuscenuii
P036’A30K 3a0ayi peanizoeano memooom mexaniynux xkeaopamyp i konokayii. Ilooano pesynemamu yucnosux po3paxyHkie.

Knrouosi cnoea: nanpyscenuii cman, OpmomponHa NIACMUHKA, RPYICHUN OUCK, CUMRYIAPHI DIGHAHHS, OPMOMPONHI
mamepianu, 30Ha KOHMAKNY

N.V. Shynkarchuk

UNILATERAL CONTACT OF AN ORTHOTROPIC PLATE
WITH A CIRCULAR HOLE AND AN ELASTIC DISK

The reliability of machine parts and structural elements designed in the form of piecewise homogeneous plates is one
of the important problems of engineering mechanics. Their functionality and durability largely depend on the presence of
defects such as cuts or cracks on the material boundary line, which can occur at the manufacturing stage and significantly
reduce the permissible external load on the part during operation.

A solution to the problem is proposed for an infinite orthotropic plate with a circular hole and an elastic isotropic disk,
which are welded together on one part of the common contour, and on the rest of the contour there is a symmetrical circular
cut between them. The plate structure is in conditions of a uniform generalized plane stress state at infinity. Under the action
of uniformly distributed forces directed along the coordinate axes, the edges of the cut of the plate structure are in contact
partially or along the entire length. Friction forces in the contact zone of the plate and disk are absent. The solution to this
problem involves determining the components of the stress state at the interface between the materials of an orthotropic plate
and an elastic disk, and establishing the dimensions and position of the boundary contact zone.

The boundary conditions of the problem in the smooth contact area are chosen as the equality of the normal
displacements of the contour points of the plate and the disk, and in the joint area as the equality of their displacements. The
dependencies between the components of the displacement vector of the contour points of the orthotropic plate and the elastic
disk and the contact stresses are written as integral relations with logarithmic kernels. By substituting these expressions into
the boundary conditions of the problem, a system of four singular integral equations is constructed to determine the functions
through which the contact forces in the contact and joint areas are expressed. In addition to the obtained system of equations,
the conditions of force equilibrium of the disk must be fulfilled. The approximate solution of the problem is implemented by the
method of mechanical quadratures and collocation. The size and position of the contact zone are determined by the method of
dichotomy.

For a piecewise-homogeneous orthotropic plate with a symmetric circular section, the edges of which are in contact
partially or along the entire length, the influence of the material orthotropy on the distribution of contact and annular stresses
is investigated. The value of the limiting angle of the section zone for which the complete contact is broken at its end points is
established. The results of numerical calculations are shown in two figures and a table.

Keywords: tense state, orthotropic plate, elastic disk, singular equations, orthotropic materials, zone of contact.

IMocranoBka mnpodiaemu. DyHKUiOHANbHA 3AATHICTH Ta IOBIOBIUHICTH KYCKOBO-OJHOPITHHX
IUTACTHH, SIK IeTajell MallliH 1 eIeMEHTIB KOHCTPYKILIH, 3HAYHOIO MIPOIO 3aJI&KHUTh BiJ HASBHOCTI Ha JiHil
MOJiTy MaTepiajiiB MaTeMaTHUYHUX PO3pi3iB ab0 TPilIKH, AKi MOXKYTh BUHUKHYTH B TIPOLIECI BUTOTOBJICHHS
abo excrutyartauii neraii. Po3risin BUnaaky 4acTkoBoro abo MOBHOTO KOHTAKTy OeperiB TPILMHU B TAKUX
KyCKOBO-OJHOPITHUX IJIACTUHKAX MAa€ Ba)KJIMBE 3HAYCHHS 3 TOUYKH 30py 3a0e3MeueHHs TepPMETHYHOCTI i
HEMPOHUKIUBOCT1 KOHCTPYKILii.

Tomy nociimkenHs i aHai3 HaIPY>KEHO-Ie(OPMOBAHOT0 CTaHY B OKOJII TAKUX AC(EKTIB CTAHOBHUTH
3HAYHUN TEOPETUYHUHN Ta NPAKTHUYHUN iHTEPEC Y CydacHiH iHKeHEepHi MexaHilli.

AHani3 ocraHHix gociaimkeHb i myOaikaniii. B poborax [1, 2] momaHo po3B’S3KK 3a4ad Mpo
HaNpy>XeHUH CTaH KyCKOBO-OJHOPIJHHX IUIACTHH 3 KOHTAKTYIOUMMH Oeperamu po3pi3y 1o ay3i Koja, siKi
nepeOyBaroTh B yMOBaxX y3arajJbHEHOI'O IMJIOCKOr0 HANPYKEHOI'0 CTaHy Ha HECKIHYEHHOCTI.

Po3B’s30Kk 3amavi mpo HANpyXEHUH CTaH KYCKOBO-OIHOPITHOI OPTOTPOMHOI IUIACTHHKU 3 OJHHUM
SNINTHYHUM pO3pi3oM, Oepern sKoro mnepeOyBarOTh y YAaCTKOBOMY a00O IOBHOMY KOHTAaKTi, NpH
HABaHTA)XEHHI IJIACTUHKH Ha HECKIHYEHHOCTI, HaBeAEHO B [3].

Po3paxyHOK HampyKeHOro craHy KyCKOBO-OAHOPIJHOI 130TPOMHOI IUIACTHHKH, siKa nepeOyBae B
YMOBaXx y3arajJbHEHOI'O IUIOCKOT'O HANpPYy>KEHOro CTaHy Ha HEeCKIHYEHHOCTI, 3a HasiBHOCTI HA JIiHII mMoxiny
MaTepiaiiB 30H CHaro, TIaJKOro 0e3 TepTs KOHTAKTY 1 BiJicTaBaHHs, 37iiiCHEHO B [4].
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Merta crarrTi. PeanizyBaTi po3B’ 430K KOHTAKTHOI 3aa4i /151 HECKIHYEHHOI OpTOTPOIHOI INIaCTUHKU
3 KpyroBUM OTBOPOM Ta i30TPOMHOrO MNPYXHOTO IMCKAa, II0 NepedyBaloTh B yMOBax OAHOPIAHOTO

CHMETPUYHOI0 PO3Pi3y MO Iy3i Koma, Oeperu SKoro KOHTAKTYIOTh Y mpotieci gedopmartii.

IMocranoBka 3amayi. J[omycTrMo, 110 B OTBip HECKIHYEHHOT OPTOTPOITHOI IUTACTHHKU TOBIIMHOIO
2h, sxa mocnabjeHa KPYroBHM OTBOPOM OJMHHYHOIO pajiyca 3 KOHTYpoM Y, 0Oe3 3a30py i Hatsry
BCTaBJICHO NPYXXHHUH i30TpOMHHMN IHCK Takol )k (opmu Ta ToBumHHU. CepemHs IUIONIMHA TUIACTHHKU
BiJIHECEHA JI0 CHCTEMH MPSIMOKYTHHX (x, y) i monsipaux (0, A) KOOPIAMHAT 3 MOIKOCOM B IIEHTPi OTBOPY.
BBa)kaeThCsl, 1110 TOIOBHI 0CI OPTOTPOIIiT MaTepiany IUIACTUHKY CIIBIAAAI0Th 3 KOOPJHHATHUMH OCSIMH.

Ha ninsuui v, =[x — f,,7 + f,] auck cnasHuiil 3 MIACTHHKOIO, a Ha IHIIIH YaCTHHI KOHTYpPY ¥

MDK HUMH HasBHUM HACKPi3HUH CUMETpUYHUI po3pi3. IlnmacTrHUacTa KOHCTpPYKLis mepe0yBae B yMOBax
OZHOPIJHOTO y3araJlbHEHOro IJIOCKOT0 HAIIPYKEHOT 0 CTaHy Ha HECKiHUEHHOCT1, BUKJIMKAHOTO PIBHOMIPHO
PO3MONUIEHUMH 3yCHIUISIMA P 1 ¢, sIKi AilOTh B HallpsIMKax KOOpAMHATHUX oceil. BHacmigok il Takoro

HaBaHTAXCHHS Ha ,I[iJ'IHHI_Ii }/1 = [—CCO, CCO] IJIACTUHKA BCTYIIA€ B I'TIAAKY KOHTAKTHY B33€MOHiIO 3 JUCKOM.

KoHTaKT MK IIIACTUHKOIO 1 IMCKOM Ha JIISHKAX ¥, BIACYTHiM (puc. 1).

t 1

Ay

—> TC_BU % <

Olo

B ¥ x
—> —
A 0 p
— Qb
" 7+ "

l by

Puc. 1. PospaxyHkoBa cxema 3agadi

Po3B’ 130Kk nocTaBneHoi 3aa4i nojsrae y BU3Ha4€HHI KOMIIOHEHTIB HAaNPY>KEHOI'0 CTaHy Ha KOHTYpi
OTBOPY ¥, @ TaKOX BCTAHOBJICHHI YMOB, IO HAKJIaJalOThCSl HA 30BHILIHE HABAaHTA)KCHHS Ta BEIUYUHY
po3pi3y, MpH BUKOHAHHI SKAX KOHTAKT MK TUIACTHHKOIO 1 JUCKOM Oy/e CYIUIBHUM (TTOBHUM KOHTaKT
OeperiB po3pizy).

Buki1ax ocHoBHOro Mmarepiamy. I'paHnuHi yMOBM 3agadi B 30HI KOHTakTy ¥, =[—0t,,0,]
MPUAMAEMO y BUIIIAI PIBHOCTI HOpMaJIbHUX 3MillleHb MJIACTUHKH 1 aucka. [Ipu BimcyTHOCTI cui TepTs iX
MOXKHA 3amucaTy Tak [4, 5]

(l)) : ( (1))_ : _ g _ _ 70
cos AU ~UW)+sina(y —v0)=0; 5, =50 =0, T,=T", Aey, (1)
a B 30HI cnar ¥, =[7m — fB,,7+ f,] nmactuHKM Ta quCKa — y BUIISIAI PIBHOCTI 3MileHb iX

KOHTYPHHX TOYOK [4, 5]

U_U(l):()’ V_V(l):(), Sp/l:S(l) Tp:Tp(l)s /1673' (2)

pL >

Tyr T,, S

oio> 1, p(l) , SS; — HOPMaJIbHI Ta JOTHYHI 3YCHJUIL Ha KOHTYpPi OTBOPY OpPTOTPOIHOI

IJTACTHHKH 1 IPY>KHOTO JIMCKA.
Bupasu ansi KOMIOHEHTIB BeKTOpa 3MIIIEHHS KOHTYPHUX TOYOK OPTOTPONHOI TUTACTUHKHU IPH
3aJlaHOMY HaBaHTa)XeHHI, MalOTh BUTIIA [3]

2EhU =(B,By~V,) j fi'(t)de+ Ry (2)+

a +B,
Luthe [ £ (t)ymlsin=——\de+ [ f,'(¢)In]sin
T
—a =By
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2E WV =(BBy—v Ifz )t +0, (1) -

T+f,
Har+ [ £'()m

=By

ln sin A

SlIl

1311:822(:811 +ﬁ22
_ . l:.[ £

-,

_tdt:l+c2,ﬂ,ey, 3)

e
R, (;t) = _COS/I[(:BM +B,,)bp +ap +13111322GQ] ;
0, (’1) =B.5 Sin;t[(ﬂu +B,,)aq +bp+ ﬂuﬁzsz] )

a KOMIIOHEHTH BEKTOpa 3MiLIEHHS! KOHTYPHUX TOYOK MPYXKHOro AMcKa 3 ypaxyBanHs (1) — (2) i 3a
YMOB
1)y ' 1y '
M@ =110, £ 0=10)

HaOyBaroTh BUrisay [4, 6]

A
2E(l)hU(l)=(1—v(l)) .[ 5'(2) t——jf2 t)ln sin 2] s -
+PBy
_2 .[ fz'(t)lnsini_t dt —T"cos A +cl;
7[77*/30
2By = (1 )jf2 dr+—jf1 1nsm’l_tdt+
7+
+% .[ fl'(t)lnsini_tdt—Tosini+cgl), Aey, 4)
7=p
A
ne f, +if, :i.[ (Tp+iSp ) “dt , j(f2 (t)cost — f;'(¢)sint )t , E_, v, —moxyms IOnra

o
i koediuieHT [Tyaccona Matepiany IIaCTHHU B HANPAMKY oci Ox ; £ ( ), vl - Moxnynb FOHra i koedirienTt
(1) (1)

[Tyaccona marepiamy mucka; f,,, [3,,— KopeHi XxapakrepuctudHoro piBusuus [7]; ¢,, ¢, ¢,, ¢,  —

nificHi cTam. Pemra mo3HavyeHb Taki xk 5K i B [4].
nsxom migcranoBku (3), (4) B rpaHnyHi yMoBH (1), (2) Ta BUKOPHCTABIIN TO3HAYCHHS:

£1A)+if,(A)= £ () +if;(4), A el-ay,a,],
K+ Z)+irym+7)=70(7)+ (), Te[-BnBi]. 5)

OTPUMAEMO CHCTEMY 3 YOTHPHOX CHUHTYIISIPHUX IHTETrpajbHUX PiBHSHB 3 JIOTApUPMIUHUMHU SOpaMH IS

Bu3HauenHs ¢yukuit f”', f,', f,', f,' Ha OUISHKaX KOHTAaKTy i criaro

cosilZ((,BH,Bzz— v, —( ) ).[f (t)dt+R,(A)+

1311+1822+2k|:.[f2 ln

-

tdf}+

+kT° Cosﬂl+sinﬂ,|:((ﬁnﬁ22 _Vx) _(1 —V(l))k) j f '(l‘)dt _ BBy (B + Brn) + 2k y

l:jf t)In

-,

A- A-
sin cos

dp j £,'(7)In
)

-

A
sm cos

dt+jf1 7)ln il df}+Q0(i)+
—PBo

+kTosin/1]:EICOS/”t+52sin/"t, £ (A)cosA+ f7(A)sind =0, Ae[-a,a)].  (6)
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+ﬁ11 +ﬁ22 +2k X
T

((1311,322 _Vx)_(l _V(l))k)j. N '(t)dH'RO (ﬂ')

A—t A—t

sin di |+kT cosA=¢,,

ﬁ()
di+ | £,'({)n

—PBo

((1311,322 _Vx) _(1 _V(l))k) j. 1 '(t)dt +0, (ﬂ') -

-0

sin

{ [ ()

-,

a _ Bo _ =
_ PP B+ ) +2K jf;"(t)lnsm’l tdr+jfl'(f)1nsm’l Har |+
T
A
+kT°sinA=¢,, Aeln—Pym+B]. Ae[-Bob]- (7)
JEE
TYTk:#’a:kcl(l)_cl’gzzkcg)—cr

Kpim cucremu piBHAHB (6), (7) MOBHHHI BUKOHYBAaTHCSl YMOBH CHJIOBOI piBHOBAr# Jucka [3, §]

% Bo a, Bo
[ £ @)de+ [ 17 )7 =0; [ £ @de+ [ F1(F)T =0, )
—Q -Bo - -Bo

SAKi CIyXKaTh [UI BUSHAYEHHS CTATUX C; 1 C, .

Axmo bysxuii £, f,', f,', f,' cTaHyTb BimOMi, TO KOHTaKTHi 3yCHJUIs Ha KOHTYpi OTBOpY

MJTACTHHKH, 3 BPaXyBaHHAM MO3HAYEHb (5), BU3HAYAIOTHCA 32 (hopMyIioro [9]
Tp+iSpl:(fz'(ﬂ,)—ifl'(l))(cosft—isin;t), rey. 9)

KimprieBi 3ycwiis Ha  KOHTYypi  OTBOPY OpPTOTPOITHOI  TUIACTHHKH — BU3HAYAIOTHCA 3@
crmiBBimHOIICHHAMY, HaBeneHuMu B [3] mpu € =0, a=»b =1, a NpyKHOro AMCKAa BHU3HAYAIOTHCS 3a
(hopMym0r0, HaBEIEeHOIO B [6].

Haonm:kennii po3B’si3ok 3amadvi. J[ns HaOmmkeHoro po3B’si3aHHs 3amadi (6) —(8) morpiOHO
BHKOPHCTATH YHCIIOBI METOMW, OCKUIBKHM 3HAaXOPKEHHS TOYHOTO PO3B’S3KY IIOB’S3aHO 31 3HAYHHMH
MaTeMaTHYHUMH TPYIHOIIAMHU.

Cuctema piBHSHB (6) — (8) Mae Taky X CTPYKTYpY, 5K 1 BiAOBiTHA cucTeMa LIS BUMIAAKY KYCKOBO-
OJTHOPIAHOT 130TPOITHOI IIJIACTHHKH 3 KOJIOBUM po3pizoM [4], ToMy i1 HaOIKEHH PO3B’A30K 3HAXOUTHCS
METOJIOM MEXaHIYHUX KBaJpaTyp Ta KoOJOKarlii, e)eKTHBHICTh SKOTO IMPOJEMOHCTpOBaHA B poboTax
[4, 6, 9]. MeTomoMm MUXOTOMIi BU3HAYAETHCS BETMYMHA 1 TIOJIOKEHHS 30HU KOHTAKTY.

Pe3ynbTaTi 4nca0BOro po3paxyHky. XapakTepUCTHKH TOCTIKYBAaHUX OPTOTPOITHUX MaTepialliB
1 JTiHI{, SIKi BIAMOBiAIOTh iM Ha PUCYHKAX, HABEJCHO B TabOmwmii 1.

Taébn. 1.
XapaKkTepHCTHKH J0CTiIGKYBAHUX OPTOTPOITHUX MaTepiaiB

. Bun

Marepian MIacTUHKH B B v, E.JE, i
Enokcun-rpadir 0.143 1.401 0.010 1/25 - —
Enokcun-cxmno 0.440 1.310 0.083 1/3 e
[3oTponHuii 1 1 0.300 1 -
CKJ10-€IOKCH 2.271 0.762 0.250 3 ———
I'padit-enoxcun 6.999 0.714 0.250 25 | .

Jn1s1 KyCKOBO-OTHOPiIHOT OPTOTPOIHOI IJIACTUHKH 3 KOJIOBHM PO3Pi30M, sika nepeOyBae B yMOBax
OJHOCTOPOHHBOI'O CTHCKY Ha HECKIHYEHHOCTI 3yCHJUIIMH D , ZOCTIMIKEHO BIUIUB OPTOTOMIl MaTepiaiy

IUTACTUHKH Ha BEIMYMHY TPAHMYHOIO KyTa 30HU PO3Pi3y, AJIS SIKOTO TOYKA PO3MHUKAHHS 30HHM KOHTAKTY
30ira€Thbes 3 KiHIIEM PO3pi3y, 1 PO3MOILT HANpYKeHb Ha JiHil MOALTY MaTepianiB IUIACTHHKH 1 TUCKA.
Pe3ynbpTaTi yMCIOBUX pO3paxyHKIB HAPYKEHOT'O CTAHY Ha KOHTYP1 OTBOPY IUIACTHHKY 1 IMCKA MTPU

JEE
p=1,q9=0 k= # =1, vV =03 MPOUTIOCTPOBaHO Ha puc. 2-3. B tabnuui 2, a5 BigmoBinHOro
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MaTepiany TIACTUHKY, OIaHO BETHYUHY TPAHUYHOTO KyTa 30HH PO3pi3y 1 3HAYEHHS HOPMAILHUX 3YCHITh
B IIEHTPI AUITHKA KOHTAKTY Ta CIIAlO.

~
~

1 :
Puc. 2. Po3nionisi KOHTAKTHHUX 3YCHJIb 7; , npu k=1

pA

i
R

Puc. 3. Po3noain kinbuesux sycuas 7, npu k =1

Tabn. 2.
PesynbraTn pospaxyHky Benuun ;i T,
Marepian a,(rpan) | T (), = O) T (), = 72')

TUTACTUHKH 0 P P

Enokcun-rpadir 50.68 -1.6002 -1.5033

Enokcuga-ckio 41.32 -1.3298 -1.2158

[3oTponHuii 64.63 -1.2239 -0.9805

CKJ10-enoKCu 29.49 -0.9196 -0.8301

I'padit-enokcun 19.02 -0.7317 -0.6519

BucHoBku. B naniii poGoTi 1ociikKeHO BIUIMB OPTOTPOIii MaTepiady Ha PO3MOIiT HAampyXeHb Y
KyCKOBO-OJIHOPiIHiM OPTOTPOIHIH MIIaCTHHLII 3 KOJIOBUM PO3pi30M, siKa IiepedyBa€e B yMOBaX OJHOPIJHOTO
y3arajbHEHOr0 IUIOCKOT'O0 HAaNpY)KEHOro CTaHy Ha HECKIHYEHHOCTI, BUKIMKAHOTO PIiBHOMIPHO
PO3MONUIEHUMH 3yCHIUIAMUA P 1 ¢ . JIns BiAMOBIZHOTO Martepiany IUIACTHHKU, BCTAHOBJICHO BETHYUHY
TPAaHUYHOTO KyTa 30HH PO3Pi3y AJIsl AKOTO PO3MUKAHHS MIOBHOTO KOHTAKTY BiOYBAa€THCS B KIHIIEBUX HOTO
TOYKaX.

Amnaniz  pe3yibTaTiB  YHCIOBUX PO3PaxyHKIB NPHUBOAMTH OO TaKUX BHCHOBKIB: TIpHU
OJHOCTOPOHHBOMY CTHCKY OPTOTPONHOI IUIACTHHKM Ha HECKIHUEHHOCTi B3IOBXK OCi CUMETPii KOJIOBOTO

PO3p13y, MaKCUMAJIbH1 3HAUYCHHA T 0 Y OCHTP1 30HU KOHTAKTY 1 CIIAI0 IJIACTUHKHU Ta KPYIJIOTO MPYKHOTI'O

AWCKa 3MCHIUIYETHCA IPpU 30inbInenHi F ¥ / E y 5 OPpTOTPOIILA MaTCplaly INIACTUHKN BHOCUTH CYTTEBHUU BIIJIMB

Ha BEJIMYMHY TPAHUYHOI 30HM KOHTAKTY 1 PO3MOILT HOPMAJIbHUX Ta KUIBIIEBUX 3yCHJIb B 30HI KOHTAKTY 1
CIIa10; BIUIMB OPTOTPOIIi Ha PO3MOALT JOTHYHUX 3yCHIIb B 30HI CHAIO MPOSBIAETHCA B MEHIIIH Mipi; IS
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3a0e3medeHHsl OiMpIIol MINHOCTI TMJIACTMHYACTOI KOHCTPYKUIi B 1H)XKEHEPHIM NpakTHLi JOLLTBHO
BUKOPUCTOBYBATH OPTOTPOIHI MaTepiay s Skux E_ / E >1.

Crnucok BUKOPHCTaHMX JKepeJI:

1. I'prmmuxwii J1.B., Jlynumums P.M. HanpsbkeHHOE COCTOSIHME aHU30TPOIMHOM TTACTUHKY C©
BIASIHHBIM M30TPOIHBIM SApOM NpU Haimduu paspe3oB Ha cmae. M3B. AH CCCP. Mexanuka TBeproro
Tena, 1962. Ne 2. C. 159-165.

2. I'puninekuit A.B., Jlynumma P.M. HanpyxeHHs B IJIACTMHKaX 3 KOJOBOKO JIHIEIO
po3MexyBaHHs rpaHMYHUX YMOB. JIbBiB: Bumia mxoma, 1975. 115 c.
3. Csacekuit A.O., Illunkapuyk H.B. KyckoBo-ogHopigHa oOpTOTpOnHa IUTACTHHKA 3

SNINTHYHUM PO3PI30M 3a yYMOBHM KOHTaKTyBaHHS Horo OeperiB. HaykoBi HoTaTku : MiKBY3iBCHKHIA
30ipHUK (32 HanpsMoM «MalnHOOyAyBaHHS Ta METanoo0poOkay, «[HxeHepHa MexaHika», «Meramypris
Ta MaTepiajgozHaBcTBO»). Jlympk: Jlynpkuil HamioHanpHHH TexHiuHMH yHiBepcuter, 2011. Bum. 30.
C. 168 —174.

4. Muakapuyk H.B. OnHOCTOpOHHIN KOHTAKT 130TPOMHOI MJIACTUHKH 3 KOJIOBUM OTBOPOM 1
npyxHoro aucka. HaykoBi HoTaTtku : MiKBY3iBChKUH 30ipHHK (32 HampsiMoM «MamuHOOyIyBaHHS Ta
MeTanoo0poOkay, «lHxkeHepHa MexaHikay, «Meramyprisi Ta Mmartepiano3HaBcTBO»). Jlympk: Jlymbkuid
HaIllOHAJIbHUN TeXHIYHUH yHiBepcuTeT, 2014. Bum. 44. C. 296 —301.

5. Csacekuit A.O., Kombens C.M. I'paHndHi YMOBH KOHTAKTHUX 3a7ad [UIsl HECKIHYEHHOT
IUTACTUHKH 3 KPUBOJIHIHHUM OTBOPOM 1 KOPCTKOTO AMCKa. BoinMHCBKMI MaTeMaTH4HUil BicHUK. PiBHe,
2002.

Bun. 9. C. 93 -97.

6. Csacekuii B.A. BonuB TepTs Ha pO3MOALT HampyXeHb IPH KOHTAKTI TIJaJIKUX
IATIHIAPUYHUX T 1 MITaMITIB 3 KyTOBUMH TOYKaMH. BonmnHChkHii MatemaTndHuil BicHUK. PiBHe, 1999,
Bum. 6. C. 127 — 134.

7. Jlexuuuxnii C.I'. AanzorponHsle miiacTiHKU. M.: T'ocrexusnart, 1957. 464 c.

8. Mycxenumsuin H.W. Hekotopele OCHOBHBIE 3a/1a4 MATEMAaTHYECKOW TEOPUHN YIIPYTOCTH.
M.: Hayka, 1966. 708 c.

9. Csacekmit A.O., [luakapuyk H.B. Mimana KoHTakTHa 3ajada Ui IUIACTUHKA 3

KPUBOIIIHITHUM OTBOPOM 1 JKOPCTKOTO avcka. BonmmHChkuii MatemMaTwdHUi BicHHK. Cepis MpHKIaTHA
Matemaruka. 2010. Bum. 7 (16). C. 199 — 209.

Penenzent: Typ6an FOpiii BacuiboBuy, 3aBigyBau kadenpu KOMIT IOTEPHUX HAYK Ta IPUKIATHOT
MaTeMaTHKH HallioHambHOTrO yHIBEpCHTETY BOAHOTO TOCTIIOAAPCTBA Ta MPHUPOAOKOPHCTYBAHHS, JOKTOP
TEXHIYHUX HayK, podecop.

© H.B. lunkapuyx

71



Misiceyziecvruti 30ipnux « HAYKOBI HOTATKH». Jlyywx, 2025, Ne§82

YK 674.048:547.466 DOI 10.36910/775.24153966.2025.82.12

0. O. TBepaox.io0, I. T. PeGe3niok
Hayionanvnuti nicomexniynuil ynigepcumem Ykpainu

HNEPCINEKTUBU 3ACTOCOBYBAHHSI ACUMETPIHHUX OPTAHIYHHUX
KATAJIIBATOPIB JIUIA HOJIIITY BAHHSA ITIOKA3ZHUKIB ITIUJIAHHSA JEPEBUHU
CTPIYKOBUMMH IMNJIKAMUA

Ha niocmaei 3ananizyeanns Ximisinux aeuuy i nepemeoproéanHa nio uac 20my6eanHs ii eKCHIyamyeaHHa CIMpPIiuKosux
RUIOK Ma [IMOGIPHOZ0 6NAUGY HA HUX ACUMEMPINIHO20 OP2AHIYHO020 Kamali3amopa nepeodaueHo ii 4acmiKoeo 3aceioueno
Moxcnusicmsy 3acmocogyeamu moougixamopa cinady TREVITAN® nio uac 3eapioeanns i 3a20cmpioanis cmpiukogux
RUIOK ma nio yac nunaAnHa Humu Oepesunu. lle emodcnueums niosuuyumu 006206iUHiCMb RUNOK, AKICMb NUIAHHA il
nPOOYKmMuUHicmb podomu cmpiuKo8ONUIKOGUX 6epcmamis.

Knrwuosi cnosa: ximitini asuwa, cmpiukosa RNUWIKA, ACUMEMPIUHUL Op2aHiYHULL KAMALi3amop, 38apro8aHHs,
3a20CMPIOBAHHS, NUISHHS OEPEBUHU.

0. O. Tverdokhlib, I. T. Rebezniuk

PROSPECTS FOR THE USE OF ASYMMETRIC ORGANIC CATALYSTS TO IMPROVE
THE PERFORMANCE OF WOOD CUTTING BY BAND SAWS

Based on the analysis of chemical phenomena and transformations during the preparation and operation of band saws
and the probable influence of an asymmetric organic catalyst on them, the possibility of using the TREVITAN®-composition
modifier during welding and sharpening of band saws and during sawing wood with them has been predicted and partially
confirmed. This will make it possible to increase the service life of the saws, the quality of sawing and the performance of band
saw machines.

Key words: chemical phenomena, band saw, asymmetric organic catalyst, welding, sharpening, wood cutting.

Problem statement. For the past thirty years, band saws have been the leading machine tools for
lengthwise sawing of logs into lumber.

The practice of using band saws shows that a number of factors affect wood cutting performance
both at the stages of handling of saws (preparation of saws for operation) and during their operation.

The currently available technologies and methods for handling and operating machines have a
number of drawbacks, which leads to a deterioration in the quality, accuracy, and wood cutting
performance. The processes of welding band saws, sharpening their teeth, and sawing wood are
accompanied by physical and chemical phenomena caused by the interaction of two solid bodies, as well
as by the design and technological features of the cutting mechanism of band saws.

The wood on such machines is sawn with a saw in the form of a flexible steel band of a certain length
with teeth on one or both longitudinal edges and its opposite ends welded together, forming a one-piece
ring-shaped band. On the machines, the saw is mounted on two metal pulleys, giving it the necessary tension
and motion trajectory. During sawing, in contact with the driving and driven pulleys, the saw is subjected
to continuous unidirectional bending loads, and due to friction between the saw kerf surfaces with sawdust
residues, the saw body heats up. This can cause cracks and blade breakage, which can affect cutting
performance and the service life of the tool. In order to prevent overheating of the saw body, an aqueous
solution is fed into the cutting area. A aqueous-cooling solution is also used during sharpening of the band
saw teeth

While the physical phenomena in these processes have been partially investigated, the specific
features of chemical phenomena have been hardly studied.

Thus, the optimal operation of band saws is subject to the mutual influence of organic and inorganic
material factors in the technological components of band saw formation and its mechanical contact with
wood during sawing.

To identify and investigate the components of positive and negative effects on the saw body during
these processes, in order to isolate and develop the positive ones, is a complex task that requires the use of
innovative means of both methodological and experimental content.

In this context, it would be appropriate to investigate how the use of asymmetric organic catalysts,
which are currently effectively used in the agrochemical [1, 2, 3], pharmaceutical [4, 5], and materials
science industries [6, 7], will affect these processes. The role of these catalysts is to accelerate chemical
reactions.

Therefore, investigating the possibility of using asymmetric organic catalysts (organocatalysts) to
prepare and operate band saws is a timely research task.
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Analysis of the latest studies and publications.

Catalysis is the process of changing the rate of a chemical reaction under the influence of catalysts
[6].

A catalyst is a substance that speeds up a chemical reaction but is not part of the final products.

The term “catalysis” was proposed in 1835 by the Swedish scientist Jens Jakob Berzelius.

Over 115 years of work on catalysis, Nobel Prizes have been awarded 14 times. The first Nobel Prize
in Chemistry in this field was awarded in 1909 to the Baltic German Wilhelm Ostwald "for his studies of
the nature of catalysis and for his fundamental research into the rates of chemical reactions." In 2007,
German Gerhard Ertl won the Nobel Prize for the study of chemical processes on the surfaces of solids [6].

The 2021 Nobel Prize in Chemistry was awarded to German Benjamin List and Scottish-born
American David McMillan for “the development of asymmetric organocatalysis.” Until the 21st century,
chemists believed that there were only two types of catalysts in the world: metals and enzymes. In 2000,
Benjamin List and David McMillan independently developed a third type of catalysis called asymmetric
organocatalysis. This type of catalysis makes it possible to synthesize molecules using organic catalysts.
Organic catalysts have a stable structure of carbon atoms to which more active chemical groups can attach.
Often, these catalysts contain common elements such as oxygen, nitrogen, sulfur, or phosphorus. This
makes asymmetric organocatalysis cheaper to manufacture and more environmentally friendly. Benjamin
List and David McMillan showed that organic catalysts can be used for many chemical reactions [8, 9].

Organocatalysts are organic molecules that accelerate chemical reactions, resulting in the creation of
new molecules that are used to develop and improve various products, including medicines, plastics, and
other materials [1-7]. These catalysts fundamentally improve chemical synthesis, making processes more
environmentally friendly, efficient, and opening up unprecedented opportunities for creating complex
chemical compounds.

The TREVITAN®-composition modifier is a high-tech product developed by the company
“TREVITAN Ukraine” in the form of a liquid concentrate [ 1-3]. This product is a carbon (C) asynchronous
asymmetric organic catalyst with an energy-information mechanism for directing the reaction based on a
colloidal composite of high-molecular-weight oxycarboxylic aromatic (C ha) and aliphatic organic (C fa)
acids.

Setting the task.

The aim of the paper is to demonstrate the possibility and formulate the scientific and practical basis
for the use of an asymmetric organic catalyst during the preparation for operation and the use of wood-
cutting band saws, which increases the service life of the saws and the performance of band saw machines.

Solving the problem.

The object of the study is the process of preparation and operation of wood-cutting band saws.

The subject of the study is wood-cutting band saws with asymmetric organic catalysts used during
welding, sharpening, and operation.

Welding of band saw blades is accompanied by a complex of chemical and physicochemical
processes, including: metal oxidation, carbon release and carbide formation, diffusion of alloying elements,
recrystallization and structural changes, and formation of slag impurities.

When sharpening the blades, especially when performed with full-profile borazone wheels on a
grinding machine, friction occurs, which leads to heating of the steel. High temperature can: change the
structure of the metal in the cutting area (tempering, reducing hardness); cause overheating and the
appearance of cracks or microdefects on the teeth; impair the cutting properties and performance of the
saw; cause metal particles to stick to the working surface of the abrasive tool, causing it to wear out more
quickly.

Therefore, when sharpening band saws, an aqueous solution (often with anti-corrosion or lubricating
additives) is used, which is intended for several purposes: cooling the saw; improving the quality of
sharpening; removing cut metal shavings and worn abrasive grains from the sharpening zone, which also
extends the service life of the grinding wheel.

The lower heating of the saw and the wheel, and the interaction of their clean surfaces ensure precise
tooth geometry and reduce the roughness of the ground surface, which has a positive impact on the service
life of the saw. If you use a special aqueous solution with anti-corrosion additives, it also protects the saw
from rust after sharpening.

During wood cutting, a number of chemical phenomena occur, caused by mechanical stress on the
material, increased temperature in the cutting area, and the interaction of the wood with the environment.
The main chemical processes: oxidation and hydrolysis of polymers; release of volatile substances,
reactions with the environment.
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Wood contains cellulose, hemicellulose and lignin. During cutting, especially at high temperatures
or friction, these compounds are partially oxidized. The moisture contained in the wood can contribute to
the hydrolysis of hemicellulose, which changes its chemical composition.

During cutting of wood, essential oils (especially in conifers), resins and other organic compounds
can evaporate, which affect the odour and physico-chemical properties of the wood. During the processing
of wood containing moisture, partial decomposition of organic acids can also occur.

Wood dust generated during cutting can interact with moisture in the air, forming weakly acidic or
neutral solutions that can affect the tool or the wood itself.

Although wood cutting is largely a mechanical process, the chemical phenomena that accompany
this process can affect the quality of the processing and change the physical properties of the wood.

It is in order to improve the quality of processing, increase the tool service life, and ensure a
productive wood-sawing process that an aqueous solution is used.

Thus, when sharpening a saw, we have two solid reagents (abrasive wheel and a saw blade) and a
cooling liquid solution; when sawing wood, we have a saw and wood, and a cooling liquid solution. Liquid
solutions can be used as catalysts by adding to them the TREVITAN®-composition modifier in certain
proportions. Thus, we will have an inverse heterogeneous catalysis, when the catalyst is in a liquid state
and the reagents are in a solid state. The ends of band saws up to 10 cm long can be kept in the specified
TREVITAN®-composition modifier (or in its liquid solution) for a certain period of time before welding,
in order to evaluate the effect of the catalyst on the quality of the weld seam.

Based on the analysis of the use of asymmetric organic catalysts [1-7], it can be assumed that during
the handling and operation of wood-cutting band saws, where chemical phenomena and transformations
occur, organocatalysts can be used in different ways:

1 To use as part of a cooling liquid solution to further reduce friction between moving solids and to
accelerate tool cooling.

2 To influence the microstructure of surfaces by catalytically modifying the surface layers of the
material, which will affect their hardness and the wear of the tool.

3 To create a nanostructured protective layer on the surfaces of the band saw, which will increase its
resistance to wear.

4 To use as an impregnating agent for wood or metals to improve their machinability, reduce resin
and sawdust adhesion on the surface of the saw.

Based on studies [10], it was found that, due to pre-wetting the 10 mm long ends of saw blades by
dipping them in the TREVITAN®-composition modifier before welding the band, the number of bending
cycles before the destruction of joints made of wetted saw blade ends increased by 16 % compared to saw
blade joints welded using conventional technology.

The average number of bending cycles to failure of joints welded using conventional technology is
9% less than the average number of bending cycles to failure of saw blade samples made of the base material
without joints, and this is the main cause why the saw blades are the most prone to cracking and breaking
in the area of the weld seam. The average value of the number of cycles before destruction of welded joints
obtained with the use of the TREVITAN®™-composition modifier is 6% higher than the number of cycles
before destruction of samples of the saw blade made of the base material without joints. Such an increase
in the number of cycles before failure of the resulting welded joints will reduce the likelihood of cracks in
the saws and their rupture in the area of the weld seam.

To confirm the validity of the results, it is necessary to test the saws welded using the two
technologies on a bending bench at the European Wood-Mizer plant and in production conditions.

The initial experiments [11] showed that the use of the TREVITAN®-composition modifier in the
cooling liquid solution during sawing wood on a band saw increases the volume of sawdust removed from
the kerf, which reduces the friction of the tool against the kerf walls. At the same time, it was found that
when sawing wood with the addition of the TREVITAN®-composition modifier to the liquid solution, noise
is reduced, a smoother machined surface is obtained, sawdust sticks to the band less, and cutting power
decreases.

Conclusions.

The initial experiments have demonstrated the suitability of using an asymmetric organic catalyst in
the welding of band saws and in the sawing of wood.

Therefore, in order to attain the goal, the following tasks need to be performed:

* to establish the relevance of using an asymmetric organic catalyst when welding a band saw to
increase service life of the tool;

* to establish the expediency of using an asymmetric organic catalyst in an aqueous solution when
sharpening band saw teeth, as well as in an aqueous solution used for sawing wood with such a saw in order
to increase the tool service life;

* to develop, based on the results of experiments, an asymmetric organic catalyst-based improver for
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the processes of sharpening band saw teeth and sawing with a band saw, in order to use it at industry
enterprises;

* to elaborate recommendations for the use of the sharpening and sawing improver - the
TREVITAN®-composition modifier.
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MOJEJbHO-OPIEHTOBAHE ITPOEKTYBAHHA TA MEKIIJIAT®@OPMHE
BITPOBAJIZKEHHS KOHTPOJIEPIB BITPOBUX EJIEKTPOCTAHIIN

Y cmammi 3anpononosano mooenvHo-opiecnmosanuili nioxio 00 po3podKu cucmem KepyeaHHA Gimposumu
enekmpocmanuyiamu (BEC), wo 3ab6e3neuye adanmauito anzopummie 00 mexuHiuHux i pezyiamopHux 6umoz, 30Kpema 00
Mmepesrcegux Kooekcie. Ocnosna yeaza npudinena cmeopennio konmponepa BEC y cepedosuwyi MATLAB/Simulink 3
agmomamuunoro zenepauicto kody (C/C++, Structured Text) ona poscopmanmusa na edyooeanux npucmposax i ILIK.
3anpononoeano cmeopenns DLL-6ioniomex 6ionogiono 0o IEC 61400-27-2:2020 (Annex G) ona cymicnocmi 3 cumynamopamu
PowerFactory ma PSCAD. Hagedeno pezynomamu eanioauii mooeni (6ioniomexu). Busnaueno nepeeazu makozo nioxooy ons
npuckopenua po3podku i cepmugbikayii koumponepie BEC, a makoxc eusHaueno nepcnekmueu inmezpauii 3
aepoenacmuiuHuUMU MOOEeNAMYU ma YuPposumu noosilinukamu eimposux mypoin ma inuwiozo oonaonannus BEC.

Knrwuoei cnosa: simposa enexmpocmanyis, mooenvHo-opienmosane npoexkmyeanns, Simulink, PSCAD, DIgSILENT
Power Factory, koumponep BEC, IEC 61400-27-2, DLL, zenepayis kody, cepmuikayis, yugposuil 08itiHux.

N.V. Kurylko, R.M. Fedoryshyn

MODEL-BASED DESIGN AND CROSS-PLATFORM DEPLOYMENT OF WIND POWER
PLANT CONTROLLERS

This paper presents a model-based development approach for wind power plant (WPP) control systems, emphasizing
the adaptation of control algorithms to meet specific technical and regulatory requirements, including grid codes. The WPP
controller is implemented in the MATLAB/Simulink environment, enabling automatic code generation in C/C++ and Structured
Text for deployment on embedded platforms and programmable logic controllers (PLCs). To ensure interoperability with
industry-standard simulation tools such as DIgSILENT PowerFactory and PSCAD, the approach includes generating dynamic
link libraries (DLLs) conforming to the interface specification defined in IEC 61400-27-2:2020 (Annex G). The paper details
the verification process by comparing the DLL-based implementation against the original Simulink model and demonstrates
successful integration within external simulation environments. The proposed methodology accelerates the development, testing,
and certification of WPP controllers. Future work includes extending the framework to support integration with aeroelastic
models and digital twin platforms.

Key words: wind power plant, model-based design, Simulink, PSCAD, PowerFactory, WPP controller, IEC 61400-27-2,
DLL, code generation, certification, digital twin

Introduction. Modern wind power plants (WPPs) encounter a range of technical, operational, and
regulatory challenges when developing and implementing control systems [1]. One of the most critical tasks
is ensuring compliance with grid-code requirements that govern active-power limitation, reactive-power
control, voltage stabilisation, and frequency response. Because these requirements differ across regional
standards, designing universal control algorithms becomes significantly more complex [2]. Furthermore,
the diversity of WPP architectures—turbine numbers, electrical-mechanical characteristics, and layout
configurations—adds another layer of difficulty for standardised solutions [3].

Direct testing of new control algorithms on real installations demands substantial resources owing
to long validation cycles and strict safety rules [4]. A model-based design approach therefore gains
relevance: it allows engineers to adapt algorithms to a specific WPP configuration and to conduct exhaustive
virtual tests before field deployment.

During certification, developers are often required to supply controller models compatible with
leading industry simulation suites such as DIgSILENT PowerFactory, PSCAD, and MATLAB/Simulink
[5]- The international standard IEC 61400-27-2:2020 (model validation) [6] and national guidelines such as
FGW TR4 Rev. 9 (Germany) [7] explicitly stipulate that WPP models be provided as dynamically linked
libraries—e.g., Windows DLLs or shared objects on Linux-based platforms—to facilitate verification,
testing, and certification.

Current development workflows therefore rely on unified software frameworks that can
automatically generate these libraries, greatly simplifying integration into diverse simulation and hardware-
in-the-loop environments [8].

A parallel objective of WPP control is to maximise energy yield while reducing structural loads on
turbine components. Meeting this goal requires aeroelastic models that capture the wind-structure
interaction with high fidelity. However, integrating controllers with aeroelastic-capable tools such as
OpenFAST or FAST.Farm remains challenging because no universally accepted interface exists for real-
time co-simulation [9].
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System Requirements Definition. Considering the technical and operational challenges faced by
modern wind power plant (WPP) control systems, a comprehensive model-based approach to the
development of control algorithms is proposed. Below, we define the main requirements for the proposed
control system.

The WPP control algorithm should be developed in an environment that allows modeling the
behavior of real-world systems and conducting initial functional testing, taking into account local
requirements and the specific parameters of the particular WPP. This approach aligns with the principles of
model-based design, which are widely applied in wind energy engineering [10]. A critical requirement is
the ability to quickly adapt control algorithms through visual programming to different grid codes, WPP
architectures, turbine types, and auxiliary equipment. An important requirement is also the integration of
the developed algorithms with leading simulation environments commonly used in the energy sector, such
as DIgSILENT PowerFactory, PSCAD, and MATLAB/Simulink [6].

The proposed solution should support a modular architecture for control algorithms, simplifying
their adaptation to real-world operational changes and facilitating updates to individual system components.
A key condition for practical deployment is the ability to port the developed algorithms to industrial target
platforms, particularly to industrial controllers executing C/C++ code or to programmable logic controllers
(PLCs), in accordance with IEC 61400-27-2:2020 [6] and technical recommendations for model
certification [7].

Analysis of recent research and publications. The development pipeline based on dynamically
linked libraries (DLLs) — model creation in MATLAB/Simulink, automatic C/C++ code generation, and
compilation into DLLs that follow Annex G of IEC 61400-27-2 — is documented by Chmielewski et al. [§]
and remains the de-facto recipe for producing controller models that run unchanged in PSCAD or
DIgSILENT PowerFactory. Experiments on a room-temperature control loop showed that the DLL
produced identical temperature and current traces in all three simulators, confirming cross-platform
consistency.

An important extension of this idea is to couple aero-elastic farm simulators with controller
prototypes in Simulink. A full MPI/MEX interface between FAST.Farm and MATLAB/Simulink has been
released open-source (FASTFarm2Simulink) and described in detail by its authors; the repository includes
example co-simulations of a 10-turbine farm and benchmarks a speed-up factor of 100x relative to high-
fidelity CFD models [9]. A separate academic implementation — Smits (2023) — gives a step-by-step
configuration of the same interface and demonstrates active-power control of a 10-turbine array under time-
varying inflow [11].

Because DLLs must be verified against all target simulators, IEC 61400-27-2 has shifted research
attention from mere code portability (IEC 61400-27-1) to rigorous model-validation test cases. Comparative
studies confirm that DLL controllers compiled from one source achieve virtually identical transient
responses in PSCAD, DIgSILENT and PSS®E, provided Annex G entry-points are respected [8].

Parallel and distributed execution is another fast-moving topic. The FASTFarm2Simulink/MPI
framework [9] parallelises the super-controller, individual turbine models and wake dynamics into separate
processes, cutting multi-hour sequential runs down to minutes — a decisive advantage when tuning large
parameter sets.

Beyond controller verification, researchers are linking aero-elastic solvers to layout-optimisation
and wake-model tool-chains written in Python. Rodrigues et al. (2024) integrate OpenFAST-derived loads
into the PyWake / TOPFARM stack and show that gradient-based, parallel optimisation trims computation
time for 150-turbine layouts by two orders of magnitude [13].

The same push for unification underlies the rise of digital-twin platforms. Branlard et al. (2024)
assemble a real-time twin for the TetraSpar floating prototype by merging OpenFAST linearisations with
SCADA streams; the twin predicts tower-fore-aft fatigue loads within 10 % of field measurements, enabling
proactive maintenance scheduling [14].

Trend summary

¢ Model unification. Annex G-compliant DLLs now compile once and run anywhere, provided
validation tests (IEC 61400-27-2) are passed.

e Cross-platform co-simulation. MPI-based links let Simulink controllers drive FAST.Farm or
OpenFAST in parallel, accelerating design-of-experiments runs.

e Python tool-chain coupling. OpenFAST outputs feed PyWake/TOPFARM for gradient-based farm
layout or control optimisation.
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o Digital twins. Physics-based twins that fuse OpenFAST models with live SCADA data are moving
from concept to validated prototypes.

These developments reinforce our choice to follow a model-based design workflow: generate Annex G
DLLs from a single Simulink source, validate them once, and reuse the same implementation in
PowerFactory, PSCAD, hardware-in-the-loop benches, and eventually in an on-line digital twin of the plant.

Development of the Solution. To implement the above-mentioned requirements, this work
proposes the development and testing of wind-power-plant (WPP) control algorithms within the
MATLAB/Simulink environment. The choice of this platform is based on two key advantages. First,
Simulink is a scalable and flexible tool that enables modelling of a wide range of tasks — from real-time
control-system analysis and hardware-in-the-loop (HIL) testing to fault-condition analysis, power-system
integration, algorithm optimisation, and comprehensive model validation [13]. Second, the platform
supports automatic code generation in C/C++ and Structured Text, providing a direct transition from the
modelling phase to deployment on embedded or industrial controllers [14]. This approach significantly
shortens the development cycle, reduces errors during control-logic transfer, and ensures consistency
between the model and its implementation.

The proposed concept is implemented as a modular model, illustrated in Fig. 1. The central
component of the system is the Wind Power Plant Controller, which coordinates the operation of all wind
turbines, responds to commands from the grid operator, and ensures that the plant operates in compliance
with relevant grid-code requirements. The controller generates control signals based on the current state of
the plant, meteorological conditions, and dispatch constraints, aiming to optimally distribute power, regulate
reactive power, and maintain voltage and frequency levels at the point of common coupling.

Parameters

Wind Power Plant
Controller

7

Fig. 1. Structural diagram of the wind-power-plant model

The diagram (Fig. 1) includes the following key components:

1. Grid Operator Interface model, which enables communication for transmitting constraints and
control commands to the WPP controller, as well as receiving feedback on the current state of the power
plant.

2. Centralised WPP controller, which directly manages wind-turbine operation by distributing
power and performing the necessary control functions.

3. WPP-controller Parameters, enabling real-time adjustment of system settings in accordance with
current grid-code requirements or internal technical constraints of the plant.

4. Communication interface model between the WPP controller and turbines, which enables
simulation of signal delays and analysis of their impact on overall system performance.

5. Wind-field model (Wind Model), which generates wind-speed and -direction signals needed for
assessing wind-turbine performance and control-system operation.

6. Aggregated Wind-Turbines Model (Wind Farm Model), which simulates mechanical and
electrical processes within turbines under various operating modes and load conditions.

7. Grid model, which enables analysis of grid parameters — voltage, frequency, current, active and
reactive power — under both normal and fault conditions.

The proposed model, implemented in Simulink, provides a comprehensive approach for testing wind-
power-plant control algorithms. It allows for thorough assessment of the effectiveness, robustness, and
compliance of control strategies with applicable regulatory requirements. This approach significantly

© H.B. Kypunko, P.M. @edopuwiun

78



Miscsysiecoruii 30ipnux « HAYKOBI HOTATKHy. Jhybsk, 2025, Ne§2

accelerates the design, verification, and deployment phases of WPP control systems, which is crucial for
improving the reliability and adaptability of modern wind-energy installations.

Integration of the WPP Controller Model into Specialized Simulation Environments. Annex G of
the IEC 61400-27-2:2020 standard defines an extended interface for data exchange between models
implemented in different simulation environments. This annex specifies the C programming language as
the primary implementation language, although other languages are also permitted. A model that supports
this interface can be compiled as a dynamic (DLL) or static library and integrated into any software
environment that complies with the interface requirements [6].

Such models are most commonly compiled as DLLs for the Windows operating system. However, with
proper compiler configuration and build-environment setup, they can also be adapted for use with other
operating systems or embedded platforms. This approach is widely used to protect intellectual property and
to ensure reproducibility when transferring models across simulation tools.

A key advantage of the Annex G interface is its flexibility, which allows the implementation to be
tailored to the technical and functional needs of the target environment without modifying the underlying

control logic.
Wind Power Plant Controller
Simulink Model

Simulink
PLC Coder

Simulink Embedded Coder

Structured text C/C++ code
IEC 61131-3 IEC 61400-27-2 Annex G

h 4 h ¥

DLL Wrapper

Target specific static or
dynamic library or SC

PLC, Industrial PC
Industrial Controller

DigSILENT Power Factory,
PSCAD, Simulink, PSS, etc...

Specialised

Fig. 2. Code-generation workflow for the WPP controller

Figure 2 shows the workflow for generating code from a Simulink-based WPP-controller model. Two
core toolboxes are used:

¢ Simulink PLC Coder automatically produces Structured-Text (ST) code compliant with IEC
61131-3 [15, 13]. The ST code can be loaded directly into industrial programmable-logic controllers,
enabling real-time deployment of the control algorithms.

¢ Simulink Embedded Coder generates C/C++ code for embedded systems [14]. To maximise
portability, the generated code follows the unified interface of Annex G in IEC 61400-27-2 [6], so that the
same source can target multiple hardware platforms.

The resulting C/C++ code may be compiled as a static or dynamic library for industrial computers or
other controllers. The same source can also be built as a Windows DLL, enabling plug-and-play integration
with simulation suites such as DIgSILENT PowerFactory [17], PSCAD [19], or even another Simulink
session.

In summary, this workflow supports a seamless transition from a high-level Simulink model to
industrial implementations: from Structured-Text code for PLCs to dynamic libraries for
DIgSILENT/PSCAD/Simulink, ensuring a single, validated code base throughout the entire development
cycle.

Integration of the WPP Controller Model into DIgSILENT PowerFactory Power-generation
equipment operated by transmission-system operators (TSOs) is routinely modelled in DIgSILENT
PowerFactory. German TSOs (50Hertz, TenneT, Amprion, TransnetBW) and several other ENTSO-E
members—including Elia, RTE, REE and EirGrid—explicitly recommend PowerFactory for dynamic
studies in their technical guidelines [17]. National Grid ESO in the United Kingdom follows the same
practice during grid-code compliance assessments. PowerFactory owes its popularity to flexible RMS
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solvers for electromechanical analysis [17] and EMT solvers for detailed fault studies [18]. Since the 2022
release, external models compiled as DLLs that implement the Annex G interface of IEC 61400-27-2 [6]
can be attached directly to objects of type TypMdl.

Integration steps are straightforward: Create a new TypMdl object; Point the File field to the DLL;
Populate parameter and initial-value tables. Map the model’s inputs and outputs. Because no source-code
changes are required, any controller that conforms to Annex G [6] plugs into PowerFactory “as-is.”

Integration of the WPP Controller Model into PSCAD. PSCAD is a specialised EMT platform
that TSOs and OEMs use to validate WPP controllers under both normal and stressed grid conditions.
Unlike RMS-oriented tools, PSCAD performs fixed-time-step electromagnetic calculations, capturing fast
transients that are critical for converter-interfaced wind turbines [19].

TSOs such as 50Hertz, TenneT, TransnetBW and EirGrid rely on PSCAD for controller testing,
harmonic analysis and Fault-Ride-Through (FRT) evaluation. Its component-level electromagnetic detail
helps detect over-voltages, resonances and converter—grid interaction issues early in the design phase [19].

During certification, PSCAD typically assesses FRT, harmonic content, transient stability and
controller performance to verify compliance with IEC 61400-27-2 [6]. Recent PSCAD versions allow
C/C++ DLLs, but the tool does not natively recognise the Annex G interface. Therefore, an integration
wrapper is required. The wrapper exposes three entry points—Init(), Step() and Terminate()—that PSCAD
calls at every time step, translating signals between the Annex G convention and PSCAD’s internal format
[19]. This extra layer ensures that Annex G-compliant controllers can still be evaluated in PSCAD without
rewriting the underlying control logic.

Case Study. To validate the proposed strategy for developing a wind-power-plant (WPP) control
system, we built a modular simulation model in MATLAB/Simulink. The architecture follows IEC 61400-
27-1 [5] and comprises five key blocks (Fig. 3):

1. Wind Model — generates individual wind-speed signals per turbine and the farm-average speed.
The model captures both long-term climatology and short-term turbulence, enabling realistic controller tests
under variable inflow conditions [10].

2. Grid Operator Interface — emulates dispatch commands, issuing active-power limits
(CTRL _P_Limit pct), reactive-power set-points (CTRL _Q Sp), mode selection (CTRL Q Mode) and
global stop commands (CTRL_StpCmd).

3. Grid Model — computes point-of-common-coupling (PCC) quantities: active power (PCC_P),
reactive power (PCC_Q), frequency (PCC_Frq) and voltage (PCC_V).

4. Wind Park Controller — a centralised algorithm that distributes power among turbines according
to their availability and PCC conditions. Outputs are per-turbine active-power limits (ToWTs_P_lim),
reactive-power set-points (ToWTs_Q_sp) and stop signals (ToWTs_Stp).

5. Wind Farm Model — aggregates mechanical and electrical dynamics of individual turbines,
feeding real-time states (WTs_PCtrl State, WTs_QCtrl_State) back to the controller.

The closed-loop arrangement allows us to test power-sharing, voltage/frequency support and fault-ride-
through logic without hardware. By mirroring dispatch scenarios and grid events in a single Simulink
workspace, the workflow shortens controller tuning cycles while ensuring full traceability to IEC 61400-
27-1 requirements [5].
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Jhybkuti HayionanvbHull MexHIYHUL yHigepcumem

CAIIP Y IPOEKTYBAHHI PO3YMHHUX EJEKTPOHHUX ITPUCTPOIB: AHAJII3
maxoaiB TA INTPUKJIAL IOT-TEPMOMETPA

Y cmammi pozenanymo 3acmocysanna cucmem agmomamu3zoganozo npoekmyeannsn (CAIIP) onsa pospooku posymuux
elleKmpPOHHUX npucmpoie 3 inmezpayicto mexnonoziit Inmepnemy peueir (IoT). Ilpoananizoeano cyuacui npozpamui 3acoou
071 RPOCKMYGanHA OPYKOGAHUX NJIAM, 8UOOPY MIKPOKOHmMPONEpie i Hanauimyeanns 6e30pomoeozo 36’a3ky. Ocoonugy yeazy
npuodineno nPaKmu4HOMy CHMEopennio po3ymnozo mepmomempa na o6azi ESP32 ma DS18B20, wio demoncmpye moxycnugocmi
asmomamusauii npoyecy po3pooxu loT-npucmpois

Knrouoei cnosea:CAIIP, po3ymui npucmpoi, Inmeprem peuetl (loT), enexmponte npoekmysanus, mikpoxoumponepu, PCB-
Ou3aiiH, aBMomMamu306are NPOEKNYBAHHs, nepedaia OaHUX, ONMUMi3ayis po3pooKu.

L. Yu. Fedik, Ya. V. Boreiko, R. Ya. Grudetskyi

CAD IN THE DESIGN OF SMART ELECTRONIC DEVICES: ANALYSIS OF
APPROACHES AND AN EXAMPLE OF AN IOT THERMOMETER

This paper explores the application of Computer-Aided Design (CAD) systems in the development of smart electronic
devices integrated with Internet of Things (loT) technologies. It provides an overview of modern software tools used for PCB
design, microcontroller selection, and wireless communication setup. A particular focus is given to a practical example—the
creation of a smart thermometer based on ESP32 and DS18B20 sensors. This case study demonstrates how automated design
approaches enhance efficiency in IoT device development, optimizing hardware and software integration for real-world
applications.

Keywords: CAD, smart devices, Internet of Things (IoT), electronic design, microcontrollers, PCB design, automated
design, data transmission, development optimization.

IHocranoBka mpodJemu. CBiToBa TeHAEHUiA M0 HM(POBi3alii CyTTEBO BIIMHYJIA HA PO3BUTOK
PO3YMHHUX ENEKTPOHHHMX NMPHCTPOIB. 3rigHO 31 CTaTHCTHKOIO KommaHii Statista, y 2023 pomi KiIbKiCTb
npuctpois, migkmodeHnx 10 Iareprnery peueit (IoT), mepeBummna 15 minmbspai, a o 2030 poky
MPOTHO3YETHCS 3pOCTaHHS N0 TMoHax 29 MinmbspaiB. Po3ymHI mpucTpoi, Taki sIK CEHCOpH, BHKOHABYi
MEXaHi3MH, KOHTPOJEPH, CTAIOTh OCHOBOIO HOBOI TEXHOEKOCHCTEMH, Y SKiil MPOEKTYBaHHS Bilirpae
KITIO4OBY ponb[1].

B ymoBax ctpimkoro po3ButKy loT-iHKeHepH CTHUKAIOTHCS 3 BHUKJIMKOM CTBOPEHHS NPUCTPOIB, SKi
BIJNIOBiAalOTh BUMOTraM eHeproedeKTHUBHOCTI, MOOLTBHOCTI Ta iHTerpauii B mudposi Mepexi. CucreMu
aBToMaTH3oBaHoro npoekTyBaHHsS (CAIIP) craioTb BaXIMBHM IHCTPYMEHTOM, SKHH JOIOMarae
ONTHMI3YBAaTH LMK PO3POOKH, MIABUILUTHU SIKICTh MPOEKTYBAHHS Ta 3a0€3MEUUTH €PEKTUBHY B3a€EMOIIIO
KOMITOHEHTIB.

Meroto wmiei crarti € anani3 3actocyBanHsa CAIIP y po3po0Oui po3yMHUX €IeKTPOHHUX MPUCTPOIB 3
loT-inTerpani€eto, OMIAA Cy4acHOIO MNPOrpaMHOro 3a0e3ledeHHs, OCHOBHHMX €TalliB pO3POOKH Ta
MPAaKTUYHUX peatizawii.

AHani3 ocraHHixX gocaixkeHb i myoaikauii.CydacHi JOCTIHKEHHS MiATBEPILKYIOTh Ba>KIHUBICTD
Bukopuctanast CAIIP y po3podui loT-mpuctpois. [lonan 60% axaneMidvHUX MPOEKTIB BUKOPHUCTOBYIOThH
KiCad 3aBnsiku BigKpuTii apXiTeKTypi Ta akTUBHii crninbHOTI. Lle m03BONA€ MIBHIKO iHTErpyBaTH HOBI
komrioneHTH i agantyBatu CAIIP mix cnenungiuni 3amaqi[2].

3 inmoro Ooky, Altium Designer mpomoHye MOBHY iHTErpamilo BCiX eTamiB MpPOEKTYBaHHS,
BKtoyatoun 3D-Bi3yanizarito, 0i0mioTekr KOMIOHEHTIB Ta TpacyBaHHs. Lle poOUTH HOro ontuMalbHUM
pimenHaM st npoMuciioBux loT-mpuctpoiB y cdepax TenekoMyHikaliil, aBToM0OuUIeOyoyBaHHA Ta
MEIUYHOI eNeKTpoHikH [3].

Hocnimxenas Autodesk Fusion 360 Electronics neMoHCTpye mepeBaru iHTerpaii exeKTpoHHOro Ta
MEXaHIYHOTO MOJEIIOBAHHS, 10 KPUTUYHO Ba)KNMBO AJsl cTBOpeHHs ckinaguux loT-npuctpois. Lle nae
MOXXJTUBICTh pO3pOOHHUKAM OL[IHIOBATH KOHCTPYKTHBHI OCOOIMBOCTI MPUCTPOIO 1€ Ha eTarli MPOEKTyBaHHS,
II0 CYTTEBO CKOPOUYE Yac Ha Po3pooKy [4].

IlocranoBka 3aBaaHb. JlOCHiIKEHHS CIpsMOBaHE Ha aHaji3 MeToniB BukopuctanHs CAIIP y
po3po0Ili  PO3YyMHUX  €IEKTPOHHUX TPHCTPOiB 3  iHTerpatmiero  loT-texHomoriih. 3okpema,
OL[IHKYe(EeKTUBHOCTI aBTOMAaTH30BAaHMX I1HCTPYMEHTIB Ha MpPUKIAaAi PO3YMHOTO TEpMOMETpa, SKHH
BUKOpHCTOBYE MikpokoHTponep ESP32 ta cencop DS18B20 mmsa 360py, 00poOku Ta mepenadi JaHUX y
M (pPOBy EKOCHUCTEMY.
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BukianeHHst 0ocHOBHOro  marepiany.Posmign 1bOro  MNpPakTUYHOTO  KEHWCYy — TO3BONSE
MPOIEMOHCTPYBATH KIIIOYOBI €Taly NPOEKTYBaHHs: BHOIp KOMIIOHEHTIB, TPAacCyBaHHS APYKOBAHOI ILIATH,
iHTerpauito 06e3apoToBUX MOAydiB Ta HanamTyBaHHA loT-38’s3ky uepes MQTT. Ananizyemo, sixk CAITP
CHPUSIOTH MPUCKOPEHHIO PO3POOKM Ta MiIBUIIECHHIO HamiHOCTI mpucTpoiB. Lle nomomarae BU3HAYUTH
HalKpalli migxony 10 aBTOMAaTH30BaHOTO MPOEKTYBAaHHS Ta chOpPMYyBaTH pPEeKOMEHAALl sl PO3pOOHUKIB,
SK1 mparHyTh ontuMizyBaru loT-pimeHHs.

Cepen OCHOBHHX €TaliB MPOEKTYBAHHS PO3YMHUX MPUCTPOIB €:

1. Po3poOka NPHHIMIIOBOI CXEMH, L0 BKJIIOYA€ BUOIp MIKPOKOHTPOJIEPIB, KEPET KHUBICHHS,
CEHCOpIB Ta MOAYNIB KOMyHiKalii. BHKOHYeTbCSl mepeBipka eleKTpUYHHX MpaBui 3a gomomoroo ERC
(Electrical Rule Check);

2. Bubip MIKpOKOHTpOJIEpa Ta CEHCOpiB, SKHH BigOyBaeThCsl BIOMOBIAHO IO BHUMOT IIOJO
BXOJiB/BHXO/IIB, CHEPTOCIIOKMUBAHHA Ta CYMICHOCTI 3 pO3pOOHMLIBKUMH iHCTpyMeHTamu. [lomysipaumu €
STM32, ESP32, AVR, NRF52;

3. IpoexrtyBanns npykoBanoi tuiati (PCB) — CTBOprOETBCS €IEKTPUYHA CXeMa, BH3HAYAETHCS
ONTHUMAJIbHE PO3MIIIEHHSI KOMIIOHEHTIB, BUKOHY€EThCS TpacyBaHHs nopixok. CAIIP mo3Bonsie nepeBiput
KOpeKTHIcTh po3BeneHHs 3a gonomoroo DRC (Design Rule Check);

4. TpacyBaHHS Ta ONTHMi3allis, II0 3MCHIIYE EJICKTPOMArHITHI 3aBaly, MOKPAIIye OXOJIOMKEHHS
MPUCTPOIO, BPAXOBY€E MEXaHIdHI OOMEKEHHS;

5. loT-imTerpamis mim 4wac skoi momarotbes OesmporoBi momyni ESP32, LoRa, NRF24L01,
HanamroByeThes nepenada nanux yepes MQTT, HTTP(S), CoAP;

6. TecryBaHHs Ta eMyJALis — HEPEBIPAETHCS MPaLE3AaTHICTh MPUCTPOIO, TPOBOIUTHCS MOIACITIOBAHHS
B Proteus, Tinkercad, 3acTocOBYOThCS JIOTIYHI aHATI3aTOPH Ta ocuiorpadm.

Punok mporpamuoro 3a0e3nedeHHs 1151 eNeKTPOHHOTO MPOEKTYBAHHSA HaI3BHYAHHO PI3HOMAaHITHUN
1 BKIoyae sK npodeciiiHi, Tak 1 BIIKPHUTI IHCTPYMEHTH, IO 3aJ0BOJBHSIOTH IIMPOKUI CIEKTp 3aaad
po3pobuukiB. Cepen HaOUTBII MOMYNIAPHUX pimieHb BUAULIIOTECS Altium Designer, KiCad ta Autodesk
Fusion 360 Electronics Workspace, koxeH 3 SIKMX MPOMOHYE YHiKalIbHI MOXJIMBOCTI. Altium Designer
3a0e3neuye KOMIJIEKCHUH MiAXil, IHTerpyIOYH BCi €Tany MPOEKTYBaHHS Ta HaAal0uu MOTYKH1 IHCTPYMEHTH
TpacyBaHHs Ta 3D-Bizyamizawii, mo poOuTh HOro HE3aMiHHMM Yy HPOMHCIOBHX PO3POOKaxX CKIIATHHX
MPUCTPOIB, 30KpeMa y cepax TeleKoMyHikamiid Ta MmeauuHoi enekrpoHiku. KiCad, HaBnaku, Haae THYUKi
MOXXIIUBOCTI AJIs1 PO3POOHHMKIB 3aBASKH BiIKPUTOMY KOIy Ta OE3KOLITOBHOMY PO3IMOBCIOMKEHHIO, IO
pOOHUTH HOTO 0COONHBO MOMYISPHUM CEpe aKaJeMidHUX JOCHIIPKEHb Ta He3aJIeKHUX iHkeHepiB. Fusion
360 Electronics y cBOIO 4epry IHTETpye EIEKTPOHHE Ta MEXaHIYHE MOACTIOBAHHS, IO € KPUTHYHO
BaxnuBUM 17151 loT-nipoexTiB 1 podoToTexHiuHUX cuctem[3; 5-6].

[Ipr po3podLi po3yMHUX MPUCTPOIB Ba)KIMBOIO CKIAIOBOIO € MiATPUMKA MIKPOKOHTPOIEPIB Ta
MOZYIB 3B’s3KY, cepen sikux Bluetooth, Wi-Fi Ta LoRa, a Takox HasiBHICTh cTanzapTHHX iHTepdeiici 12C,
SPI ta UART, mo 3a0e3neuyiorh e)eKTUBHY B3a€MOIiI0 KOMIIOHEHTIB. ABTOMaTH30BaHE MPOEKTYBAHHS
MPOXOOUTD Yepe3 KiJIbKa KIFOYOBUX €TaIliB: CTBOPEHHS MPUHIMIIOBOI CXEMH, BUOIp MIKPOKOHTPOJIEPiB Ta
CEHCOpiB, po3poOKa IPYKOBaHOI IJIaTH, TpacyBaHHS Ta onTuMizauis i cTpykTypu. OcoOnuBy yBary
NPUIISIOTH PO3MILICHHIO KOMIIOHEHTIB 3 ypaXyBaHHIM €JICKTPOMAarHiTHUX XapaKTEPUCTUK Ta MEXaHIYHUX
OOMEIKEHB.

3 inTerpauieto loT-TexHomnoriii 3’ ABnseTbCA HEOOXIAHICTh B JOJaBaHHI OE3IPOTOBUX MOIYIIB, TAKUX
sk ESP32, NRF24L01, LoRa, mo mo3Bonse HanamTyBaTd e€eKTUBHY Iepeady JaHHUX 3a JOIOMOTOIO
MQTT, HTTP(S) un CoAP. Kpim Toro, mepen ¢iHadbHHUM BUPOOHHIITBOM MPHUCTPOI MPOXOAATH erarl
TECTYBaHHA Ta eMYJALil, KU BKIIOYAE MEPEBIPKY BIPTyalbHUX MOIENeH y cepemoBuinax Proteus um
Tinkercad, a Takox aHami3 poOOTH B pealbHMX YMOBax 3a JOMOMOIOI0 JIONYHHMX aHali3aToOpiB Ta
ocrmtorpadis[7].

VY 2023 poui komnanis Keysight noBizomuia, mo nonaz 70% iHkeHepiB BUKOPUCTOBYIOTH EMYIIALIiIO
nepen Gi3MYHUM CTBOPEHHSIM MPOTOTHILY, IIO MiAKPECIIOE BaXIIMBICTh TECTYBaHHS Ha PaHHIX CTamisx
po3poOku. 3aBnsku cydacHuM iHCTpyMeHTaM CAIIP, po3poOHHMKH MOXYTh 3HAaUHO CKOPOTHUTH 4Hac
BUPOOHMITBA Ta MiABUIIMTH HaAIAHICTE CBOIX MPHUCTPOIB, BUKOPHUCTOBYIOUH IIEPEAOBI MPOrpaMHi
TIaTOPMH IS ONITUMI3aLii IpoeKTyBaHHs([8].

Jns miATBEpAKEHHS MPAaKTUYHOCTI MiXOMy CTBOPEHO MPHUCTPiI BUMIPIOBaHHS TeMIEpaTypH, IO
BukopuctoBye DS18B20 Ta nepenae nani uepe3 ESP32 y MoOinbHUH 3aCTOCYHOK.
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[Tpu upomy komnonertamu €: ESP32 DevKit; DS18B20, pesuctop 4.7 kOwm, crabinizatop AMS1117;
nporpamue 3abesneuenHa:CAIIPKiCad 7.0, mpommBka: Arduino IDE; nepenaua gannx: MQTT — Node-
RED — Telegram Bot.

@parmeHT npommBKy Ha Arduino:

#include <WiFi.h>

#include <OneWire.h>

#include <DallasTemperature.h>

#include <PubSubClient.h>

const char* ssid = "YourSSID";
const char* password = "YourPassword";
const char®* mqtt server = "broker.hivemq.com";

WiFiClient espClient;
PubSubClient client(espClient);
#define ONE_WIRE BUS 4

OneWire oneWire(ONE_WIRE BUS);
DallasTemperature sensors(&oneWire);

void setup() {

Serial.begin(115200);

WiFi.begin(ssid, password);

while (WiFi.status() '= WL _CONNECTED) {
delay(500);
Serial.print(".");

}

client.setServer(mgqtt_server, 1883);

sensors.begin();

}

void loop() {
sensors.request Temperatures();
float tempC = sensors.getTempCByIndex(0);
char msg[10];
dtostrf(tempC, 1, 2, msg);
client.publish("home/temperature”, msg);
delay(10000);

}

BucnoBku. Cuctemy aBTOMaTH30BaHOIO IPOEKTYBAHHS € (PyHAaMEHTOM e()eKTHBHOTO pO3pOOIEHHS
PO3YMHHUX NPHUCTPOIB. 3aBASKH IIMPOKOMY BHOOPY MPOrpaMHHUX pillieHb iHXKEHEPHU MOXYTb aJanTyBaTH
MIPOIIEC MPOEKTYBAHHS il KOHKPETHI 3a/1adi — Bifg mo0yToBux loT-ramkeTiB 10 CKIaAHUX IMPOMHUCIOBUX
CHCTEM.

[IpakTuuHuil mpuUKIax pPO3YMHOTO TEpPMOMETpa MiATBEpAXKYE, LIO HAaBiTh 3 BHKOPUCTAHHSIM
6esxomrroBanx CAIIP MoxximBo cTBOproBaTH epeKTHBHI, MacIITaboBaHi IPUCTPOI, IHTErpoBaHi y HU(POBY
EKOCHCTEMY.

YV MaitOyTHEOMY PO3BUTOK MiKPOKOHTPOJIEPIB Ta IIPOrpaMHOro 3ade3neyeHHs 1ie OibIie po3IMrupHUTh
MOXKITUBOCTI MPOEKTYBaHHSA, poossun loT-TexHomorii nocTynmHuME 115 O1TBIIOT KiITBKOCTI pO3pOOHUKIB.
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O.B. Kpyncbkuii, O.C. IIpuxoasko
Jhybkuti HayionanvHull mexHiuHull yHigepcumem

JOCIIIZKEHHA EBOJIIOHIFIH_QT JTAHAMIKH TEHETUYHUX CTPATEITA B
YMOBAX 3MIHHOI JOCTYIIHOCTI PECYPCIB

Poboma npuceauena excnepumeHmManbHOMy O0O0CHIOHCEHHIO GNIIUGY DIZHUX PeXCUMIe OOCMYRHOCHI pecypcie Ha
€6ONIOYIIIHY OUHAMIKY, GUKOPUCHOGYIOUU paHiuie po3poodneHny azewm-opicnmosany cumynauiro. Ilpoananizoeano n'amo
cyenapiie (6i0 deiyumy 00 eKCmpemManbHUX KOIUBANHD) MA GUABIEHO 3ANEHCHICIMb OOMIHYIOUUX 2eHEMUYHUX cmpameziil |
cmabdinonocmi nonynayii 6i0 ymoes cepeoosuiya.

Knrwuosi cnoea: azenm-opicnmosarne MoOent08anHs, egomoyitina aoanmayis, OOCMYNHICMb pecypcis, 2eHemuyHi
cmpamezii, OUHAMIKA NONYIAYIL, CUMYTAYIUHT eKCnepUMEeHMU, Ce30HHICTNb, eKONOSTYHI CYEHAPTT, WMYYHEe HCUMMAL.

0.V. Krupskyi, O.S. Prykhodko

RESEARCH ON THE EVOLUTIONARY DYNAMICS OF GENETIC STRATEGIES
UNDER CONDITIONS OF VARIABLE RESOURCE AVAILABILITY

This paper is devoted to the experimental study of the influence of different resource availability regimes on evolutionary
dynamics using a previously developed agent-based simulation. Five scenarios (from scarcity to extreme fluctuations) were
analyzed, and the dependence of dominant genetic strategies and population stability on environmental conditions was revealed.

Keywords: agent-based modeling, evolutionary adaptation, resource availability, genetic strategies, population dynamics,
simulation experiments, seasonality, ecological scenarios, artificial life..

Introduction and problem statement. The evolutionary adaptation of living organisms to
constantly changing environmental conditions is a fundamental process underlying biological diversity and
ecosystem resilience. Understanding the mechanisms by which populations respond to fluctuations in
resource availability, climate change, or other environmental challenges is not only of theoretical but also
of practical importance for predicting the consequences of anthropogenic impact and developing strategies
for biodiversity conservation. This work is a continuation of a previous study in which an agent-oriented
simulation model for analyzing evolutionary processes was developed, described in detail, and validated
[1]. This model simulates a population of autonomous agents whose genome determines four key
phenotypic traits: “Speed”, ‘Endurance’, ‘Vision’, and ‘Maximum Energy’. Agents compete for food
resources that appear in the environment, taking into account seasonal changes, and also have the ability to
form social groups (clans) for mutual assistance. Preliminary research has demonstrated the functionality
of the model using a baseline scenario with stable, moderate conditions, laying the methodological
foundation for further experiments.

Analysis of the latest research and publications. The relevance of studying evolutionary
adaptation using computer modeling, in particular the agent-based approach (ABA), was thoroughly
justified in our previous work [1]. AOM allows us to reproduce complex interactions between individuals
and the environment, making it an effective tool for studying the emergent properties of population systems,
such as natural selection, adaptation, and the emergence of social structures [2-3]. Previous studies using
AOM have often focused on individual aspects, such as optimal foraging [4], the evolution of cooperation
[3,5-6], or adaptation to specific stressors. However, the complex impact of a wide range of resource
availability regimes—from severe scarcity to abundance and catastrophic fluctuations—on the competition
of a specific set of genetic strategies (speed, endurance, perception, energy consumption) remains an area
that needs further study. In particular, conditions of significant resource scarcity are expected to increase
selection in favor of energy-efficient strategies [7-8]. In contrast, environments with resource abundance
may alter selection pressures, potentially favoring strategies of rapid growth and reproduction (r-strategies),
even if they are less efficient in terms of energy use [7]. Investigating the impact of abrupt and unpredictable
resource fluctuations (boom-bust environments) is particularly relevant, as such conditions can lead to
nonlinear population dynamics, bottleneck effects, and the dominance of specialized stress-tolerant
strategies [7-9]. Although the concept of the Parrondo effect, where a combination of losing strategies can
lead to a win in changing conditions [2,5,10-11], was mentioned in [1] as a theoretical basis, our current
study does not aim to directly test it. Instead, we use the developed model for empirical analysis of how
different stable or cyclically variable levels of resource provision affect evolutionary outcomes, thus
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complementing existing theoretical and modeling work in evolutionary ecology. Thus, based on a validated
simulation tool [1], this study aims to fill a gap in the understanding of adaptive responses of populations
to a wide range of ecological scenarios determined by resource availability.

The aim of the study. An in-depth experimental study of the impact of a wide range of resource
availability regimes on the competitive success of different genetic strategies, population dynamics, and the
role of clan structures.

Experimental methodology. The basis for conducting experimental research in this work was an
agent-oriented simulation model developed and described in detail in our previous publication [1]. To
ensure the self-sufficiency of the presentation, we will briefly recall the key aspects of the model. The
simulation takes place in a two-dimensional discrete environment measuring 256x256 cells. The main
resource is food, the dynamics of which depend on four seasons (Spring, Summer, Autumn, Winter), each
lasting 180 simulation seconds. Agents representing individual individuals are characterized by energy
level, movement speed, field of vision, and genome. The genome consists of 10 slots, each of which can
contain one of four functional alleles that additively affect phenotypic traits: Gene 1 (“Speed”), Gene 2
(“Endurance” — reduction in energy consumption), Gene 3 (“Vision”), and Gene 4 (“Maximum Energy”).
The behavior of agents is determined by a set of rules with priorities: food search, reproduction, and
interaction within the clan. Reproduction is sexual, requires energy expenditure, and success depends on
the genetic similarity of the parents. Offspring inherit genes from both parents with the possibility of
mutation (1% per gene slot). Agents with a high concentration of identical genes (=8) can form clans, whose
members are able to provide energy assistance to each other. More details about agent parameters,
characteristic calculation formulas, behavior algorithms, and software implementation are given in [1].

Presentation of the main research material. Five experimental scenarios were developed and
analyzed to systematically study the impact of different resource availability regimes on population
evolutionary dynamics. In all scenarios, the simulation was initiated with 20 agents with randomly
generated genomes and continued until one of the four functional gene types disappeared or the maximum
simulation time was reached. The scenarios differed in two key parameters: the value of one unit of food
(the amount of energy received by the agent) and the intensity of food appearance (units per second) in
different seasons.

Table 1
Comparative characteristics of simulation scenarios
Food value Food app(?;?trsl/cse) Intensity
No Cuenapiii (errlggg)y Spring (Sp) / Summer (Su) / Brief justification
u Autumn (Au) / Winter (Wi)
1 |Stable Environment 50 4/5/3/2 Moderate seasonality, control example.
. Chronic shortage and low nutritional
2 (Scarce Environment 20 3/4/2/1
value.
3al Rich Environment 600 5/6/4/3 High resources, change in selection
pressure.
36| Rich Environment | >900 5/6/4/3 Same as above, but with maximum
excess.
4 | Seasonal Inequality 50 6/8/2/1 Sharp seasonal fluctuations, adaptation
to unevenness.
5| Boom-and-Bust 10 50/2/2/1 Spring "boom™ and subsequent “bust™,
studying resilience.

Data collection and analysis. For each simulation run in all scenarios, the following indicators were
recorded at specific time intervals (e.g., every simulation second or every 10 seconds): the total number of
agents in the population; the relative number (proportion) of each of the four functional types of genes in
the population's gene pool; the number of active clans for each gene type and the total number of agents
who are members of clans. The collected data were used to construct time series graphs visualizing the
dynamics of the population, gene frequencies, and clan structures.

Results. This section presents the results of simulation experiments for five scenarios modeling
different modes of food resource availability. The analysis is based on the dynamics of the total population
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size, the relative proportions of each of the four functional gene types (“Speed”, “Endurance”, “Vision”,
“Maximum Energy”), and the activity of clan structures. The visualizations are presented in Figures 1-6,
where each figure corresponds to one of the described scenarios and contains graphs of population dynamics
(top) and gene frequencies (bottom). The behavior of clan structures is not shown in the graphs and is
presented in a text description.

Baseline scenario ('Stable Environment') (Parameters: food value 50; appearance intensity: Sp-4,
Su-5, Au-3, Wi-2 units/s). The results for the baseline scenario are shown in Fig. 1. Stable population
dynamics were observed after the initial growth. The “Vision” gene (Gene 3) quickly established a
dominant position (~40-50% share), competing with the “Speed” (Gene 1) and “Endurance” (Gene 2)
genes, which maintained lower but stable shares. The “Maximum Energy” gene (Gene 4) proved to be the
least successful. Clans were formed mainly on the basis of the “Vision” gene.

Population Over Time
2 — Total Agents

Gene Distribution Over Time

Fig. 1. Results of 'Stable Environment' scenario

Scarce Environment scenario. (Parameters: food value 20; appearance intensity: Sp-3, Su-5, Au-2,
Wi-1 units/s). Under conditions of significant resource scarcity (Fig. 2), the population showed high
instability and a significant proportion (70-90%) of unsuccessful simulation runs. The key adaptation was
the transition to the dominance of the “Endurance” gene (Gene 2) after the initial dominance of the “Vision”
gene (Gene 3) during the first ~5 seasons. This indicates the critical role of energy efficiency for survival
under such conditions. “Maximum Energy” (Gene 4) and ‘Speed’ (Gene 1) were the least adaptive. Clan
formation was rare, and when it did occur, it was predominantly for ‘Endurance’ or ‘Vision’ in successful
launches.
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Fig. 2. Results of 'Scarce Environment' scenario

Rich Environment scenario (Appearance intensity parameters: Sp-5, Su-6, Au-4, Wi-3 units/s). Two
variants of the scenario were considered: with a food value of 600 (this is the nominal size of the agent's
energy buffer) and a food value of 900 and above.

Food value = 600: (Fig. 3). The population is stable. From the very beginning, “Endurance” (Gene
2) became the dominant strategy, reaching a ~75% share. The “Speed” (Gene 1) and “Maximum Energy”
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(Gene 4) genes had low shares, and “Vision” (Gene 3) was the least successful. “Endurance” clans were
formed.

Population Over Time
00 = o Agents

800

(]

&nt Count

400

nge

0

Gane Distribution Over Time

Neutrad
07 — Spoed
 — Endurance

Max Energy

Fig. 3. Results of 'Rich Environment' scenario (food value = 600)

Food value greater than 900: (Fig. 4). With a food value of 900, the “Maximum Energy” gene (Gene
4) became significantly more competitive, competing with “Endurance” (Gene 2) for dominance (shares
~35-40%). With a further increase in food value (e.g., to 1000), “Maximum Energy” became clearly
dominant (60-70% share), displacing other strategies.

Population Over Time

00
i —— Total Agents

Gane Distribution Over Time

40 Neutral

a.
— Spond |
03— Enduance
sis Vision
Max Energy
035 ,”, ~

Fig. 4. Results of 'Rich Environment' scenario (food value >900)

Seasonal contrasts scenario (‘Seasonal Inequality') (Parameters: food value 50; appearance
intensity: Sp-6, Su-8, Au-2, Wi-1 units/s). Under conditions of sharp seasonal fluctuations in resource
availability (Fig. 5), the population remained relatively stable. The dominant strategy gradually became
“Endurance” (Gene 2) (~50% share after 5-6 seasons). The “Vision” gene (Gene 3), which was successful
at the beginning, gradually decreased its share to the level of the “Speed” gene (Gene 1). “Endurance” clans
formed regularly.

Extreme contrasts scenario (“Boom-and-Bust”). (Parameters: food value 10; appearance intensity:
Sp-50, Su-2, Au-2, Wi-1 units/s). This scenario (Fig. 6) showed the highest instability: 90-95% of
simulation runs ended in complete extinction of the population at the very first seasonal transition. In rare
successful runs, a cyclical “boom and bust” dynamic was observed, where surviving agents rapidly
multiplied during a short spring abundance, depleted resources, leading to mass death, and the cycle
repeated if a small group survived. The dominant gene in such cases was “Endurance” (Gene 2). Clans
formed during population “booms”.

Discussion. Experimental studies convincingly demonstrate that the evolutionary success of
different genetic strategies is closely related to the characteristics of the resource availability of the
environment. Thus, in stable conditions with a moderate amount of resources, the dominance of the
“Vision” gene emphasizes the importance of effective food search.
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Fig. 6. Results of 'Boom-and-Bust' scenario

However, when transitioning to conditions of scarcity or strong seasonal contrasts, energy
efficiency becomes the key adaptation, expressed in the dominance of the “Endurance” gene; the ability to
conserve energy proves to be more important than the speed of finding it. Scenarios with an excess of
resources showed interesting dynamics: with a moderate excess, “Endurance” still prevailed, which may
indicate advantages in energy efficiency even when energy is abundant, possibly for the optimization of
reproductive cycles. However, in conditions of extreme surplus, when obtaining energy becomes trivial,
selection pressure shifts in favor of the ability to accumulate the maximum energy buffer (“Maximum
Energy”), which probably provides advantages in cases of significant energy expenditure on reproduction
or as insurance against accidental local shortages. The “Boom-and-Bust” scenario, with its catastrophic
fluctuations in resources, clearly illustrates the high vulnerability of the population to extreme changes and
emphasizes the critical role of “Endurance” for survival in such conditions, although stochastic factors
(“founder effect”) also had a significant impact here. The observed “overpopulation-famine” cycle indicates
that the internal dynamics of the population can become the dominant factor determining its size, even more
so than external seasonality. As expected, clan formation was more characteristic of stable scenarios with
clear dominance of one of the genes, indicating their potential role in strengthening successful genetic lines
through cooperative behavior, although in extreme conditions their formation was complicated. Overall,
the results are consistent with fundamental evolutionary-ecological principles of adaptation and
demonstrate how agent-based modeling can reveal complex, context-dependent consequences of natural
selection in dynamic environments. Further research could focus on quantifying the influence of clans,
introducing plasticity in agent behavior, or modeling spatial heterogeneity of resources.

Conclusions. The experimental study using agent-based simulation demonstrated a clear
dependence of the success of genetic strategies on resource availability regimes. Under moderate
conditions, “Vision” dominated, while under conditions of scarcity and strong seasonal contrasts,
“Endurance” dominated, and under conditions of extreme abundance, “Maximum Energy” dominated.
Extreme resource fluctuations (“boom-bust”) led to high mortality, where survival was associated with
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“Endurance” and cyclical population dynamics. Clan formation was more pronounced under stable
conditions. Thus, the results confirm the adaptive plasticity of populations and the effectiveness of AOM
for analyzing evolutionary trajectories in dynamic environments.
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OKCHUJI IIUHKY TA MOI'0O B3AEMO/IIA 3 METAJIAMM (OI'JISIJT)

IIpeocmaeneno 3azanvHuil 02140 AimepamypHux 0xcepesl ma nPo8edeHo AHaNi3 OAHUX {000 OCHOBHUX RApAMempie
okcudy yunky (ZnQ0), iozo Qizuxo-ximiunux enacmugocmeii, 6yooeu ma HAUOITLWL 6AIHCIUGUX Cep 3ACMOCYBAHHA 6
Konmexkcmi 63aemolii 3 memanamu. Pozenanymo nepcnekmugeu nooanviux 00Cni0MdceHb KARIIAPHUX MA A02e3ilHUX
enacmugocmeii Kepamiunux mamepianie na ocnosi ZnO. binvwa uwacmuna nagedenux y cmammi 00cnioycens npuceauena
63aemo0ii ZnO 3 memanamu, OCKinbKU y 3HAYHIN YACMUNI 3ACIMOCYGAND W{IIbHUI KOHIMAKM 0KCUOY YUHKY 3 MEMAIoM 6idizpac
cymmegy poib.

Knruoei cnosa: oxcuo yunxy, meman, KOHMAKMHA 83A€EMOOIs

O.V. Durov, T.V. Stetsyuk, V.V. Poluyanskaya, A.I. Ievtushenko
ZINC OXIDE AND ITS INTERACTION WITH METALS (REVIEW)

A general overview of literature sources is presented and data analysis is carried out regarding the main parameters of
zinc oxide (ZnO0), its physical and chemical properties and the most important areas of application in the context of interaction
with metals. Prospects for further research into the capillary and adhesive properties of ZnO-based ceramic materials are
considered. The main properties of materials based on ZnO, their fabrication methods and their application are given. Key
useful properties make ZnO valuable for a variety of applications: transparent electrodes, various sensors, energy-saving or
heat-shielding windows, electronics, etc. Most of the research presented in the article is devoted to the interaction of ZnO with
metals, since in a significant part of applications the close contact of zinc oxide with the metal plays a significant role. ZnO thin
films, which can be obtained by chemical vapor deposition, magnetron sputtering, metal-organic vapor phase epitaxy,
electrodeposition, pulsed laser deposition, sputtering, sol-gel synthesis, atomic layer deposition, spray pyrolysis, etc., are
important for practical application.

Key words: zinc oxide, metal, contact interaction

IlocranoBka nmpodaemu. CyuacHuii piBeHb PO3BUTKY ENEKTPOHHOI MPOMHCIOBOCTI MOTpedye
HAsBHOCTI IIMPOKOIO CIIEKTpa MaTrepiamiB 3 HOBUMH (i3MYHUMH Ta XIMIYHMMHU BIACTUBOCTAMHU. OKCHI
IUHKY (ZnO) Ta KOMIIO3UTH Ha HOr0 OCHOBI IIMPOKO BUKOPHCTOBYIOTHCS B Pi3HUX cepax HayKH, TEXHIKU
i TexHomorii. 3aBASAKH CBOIM YHIKaJbHMM BJIACTHBOCTSM OKCHJ LUHKY y pi3HHX ¢opmax (00’eMHi
KpPHCTalM, TOHKI IUIIBKM Ta HAHOCTPYKTYPH) BHKOPHUCTOBYETBHCS NIPU CTBOPEHHI PI3HUX NpUJIafiB Ta
MPUCTPOIB K HAYKOBO-TEXHIYHOI'O Ta MOOYTOBOro npu3HaueHHs. Kito4uoBi KOpUCHI BIACTHBOCTI pOOIATH
ZnO 1iHHUM A1 PI3HOMAHITHUX 3aCTOCYBaHb: MPO30pi €IEKTPOAH, PI3HOMaHITHI CEHCOpH,
eHeproz0epirarodi abo TEII03aXxKuCHI BiKHA, eeKTpoHika, Tomo [1, 2].

Beryn. OcHoBHE 3acTOCYyBaHHSI OKCHJ LMHKY 3HAHIIOB Yy BHUPOOHMIITBI BapHCTOpPIB, MpHIALiB,
CNIEKTPUYHUN Omip AKUX 3aleKUTh BiJ MpUKIazeHol Hanpyrd. Ha OcHOBI BapuCTOpIB CTBOPIOIOTHCS
obmexysaui neperanpyr (OITH), mo npurHiuyioTs nepeHanpyra B enekrpomepexax. Lle oGymoBieHo
0COOJIMBOIO BJIACTUBICTIO BapHCTOPIB — HE JiHiHICTIO BONBT-aMmepHoi xapaktepuctuku (BAX), ska €
CHUMETPUYHOIO BiTHOCHO TIOYATKy KOOpIUHAT.

OcHOBHE 3aCTOCYBaHHsI OKCHJ IIUHKY 3HAWIIOB Y BUPOOHUIITBI BApUCTOPIB, IPHIIAAIB, CICKTPHYHHUHA
omip AKHX 3aJEeKHUTh BiJ NpuKiIageHoi Hampyrd. Ha ocHOBI BapHCTOpiB CTBOPIOIOTHCS OOMeEXyBadi
neperanpyr (OIIH), mo npurHidyroTh nepeHanpyru B enekTpoMepexax. Lle o0ymMoBIeHO OcOOIMBOIO
BJIACTUBICTIO BapHCTOPIB — HE JIHIHHICTIO BOJNIBT-aMIepHOi xapakTepucTuku (BAX), sika € cHMETpHYHOIO
BIJTHOCHO MOYaTKy KOOPJHHAT.

Bapucrop Ha OCHOBI OKCHAY LMHKY € MOJIKPUCTAJiYHUN HAmiBIPOBIAHUKOBHI MaTepial, OKpeMi
3epHa SKOTO 3HAXOAATHCS B €JICKTPUYHOMY KOHTAKTi OAMH 3 OXHUM. Y MICISIX KOHTAKTy 3€pEH OKCUIY
LMHKY € TOHKI 130J110104i 00macTi, sKi 3yMOBIIOIOTH HemiHiiHICTE BAX. MikpocTpykTypa BapuCTOpiB
BKIIIOYAa€ KPHUCTAJIM OKCHIY LHMHKY (HAamiBOPOBIZHUK N-TUMY) 1 MDKKPUCTaJiuyHI MpOIIapKu
(HamiBIPOBITHUKY P-TUILY). TaKMM YWHOM, BAPHCTOPH HA OCHOB1 OKCHIY LIMHKY € CHCTEMOIO ITOCIiT0BHO-
napajenbHO YBIMKHEHHX P-N MEPEXOAIB, SKi 1 BU3HAYAIOTH HEMiHIIHY 3aJeXHICTh BEIUYMHU CTPYMY, IO
MPOTIKAae Yepe3 BapuCTOp, BiA NMPHUKIAAEHOI A0 HHOTO Hampyrd. Bapucropax 3 okcuay IHMHKY B pasi
JOCSITHEHHS Ha HUX HAMpPyru OUIbIIe MEBHOTO MOPOTrOBOrO 3HAYCHHS IOYMHAE Pi3KO Majgatd omip (o
gactok oguHULb OM). Bapucropu mMatots cumerpuuny BAX i3 moporosoro Hanpyroto 10-1000 B i marots
3MATHICTh TOTTUHATH (PO3CIIOBATH) BUCOKOSHEPTETUYHI IMIYJIbCH TEPEHANPYTH 31 CTpyMaMH [0
JEKITBbKOX Kimoammep y iMmysbCi. 3aBOSKH IHMM OCOOJMBOCTSM BapUCTOPHM BUKOPHCTOBYIOTBHCS IS
OOMEXEHHSI IMIYJIbCHOI MEpeHanpyry, L0 BHHUKAE Yy pa3l MBHAKAX TMEPEMHKAaHb CUJIOBHX KIIOUiB
(30KpemMa, THPHCTOPIB), HAIPUKIIA, Y MEpEKax 3MIHHOrO cTpyMy [3].
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VY XiMiYHIH TPOMHCIOBOCTI OKCHI LMHKY YacTO BHKOPHUCTOBYETHCS B SKOCTiI JONOMDKHOTO
MaTepiaiy IJisl JUCIIEpCHUX METaJeBUX KaTalli3aTopiB. BiH 3acTOCOBYETHCS y reTeporeHHOMY KaTaiisi sk
AaKTUBHMH KOMIIOHEHT, HOCi, CTPYKTYpHHH 1 TEKCTypHMH MoIuQikaTop KaTami3aTopiB MpOLEciB
OpraHiuHOTO CHHTE3Y, ACTiIpyBaHHS], KaTAJIITHYHOTO OYMIICHHS ras3iB, IIO BiIXOIsTh, OTPUMAaHHS Ta
OYMIICHHS BOAHIO. 3HA4HA KIIBKICTH POOIT NMPHCBSYEHA BUBYCHHIO BIACTUBOCTEH KaTalli3aTOpiB B
3aNIeKHOCTI Big MeTany Ha minknaami 3 ZnO [4-21], 30kpema y [4—7] posrisayTi cucremu Cu/Zn0O, Pd/ZnO
[8—10], Pt/ZnO [11-13], Ag/ZnO [14-16] Au/ZnO [17-21] Ru/ZnO [22]. bimeraniuni KaTamizaTopu Ha
OKCHIHOLIMHKOBOMY HOCIi JocmipkeHi y podotax [23-26]. Crniz 3a3HaYMTH, 11O LI KaTali3aTOPH MPaLIOI0Th
MepeBaKHO y BITHOBHUX YMOBaX, BIAMIOBITHO criocTepiranocs BigHOBIEeHHs ZnO, siKe BIUIMBANIO, 30KpeMa,
Ha Horo B3aemomito 3 Mimmio [3-20, 27-29]. BinznayaeThcs iHTEHCHBHA B3aeMOIis 3010Ta Ta Mini 3 ZnO,
TAKOX CIIOCTEpiraeTscsi yrBopeHHs cruaBiB Pd-Zn, Pt—Zn mpu B3aemonii Meranmy 3 OKCHIOM Yy
karamizatopi Pd(Pt)/ZnO.

Sk ¢poTrokaTanizaTop OKCHI HUHKY BXKE JaBHO KOHKYPYE 3 HAUMOMySpHIMNM KaTajizaTopoM TiOx.
CrBopenHs HeoOxiaHoi apxiTekTypu ZnO y mpomeci CHHTE3y J03BOJISIE MiHIMI3YBaTH BTPAaTH EJIEKTPOHIB
npu 30y[DKEHHI Ta MaKcHMi3yBaTd NOTJIMHAaHHS (OTOHIB. TakuMm 4MHOM, 3MiHIOIOUYM MOpQOIOrio Ta
PO3Mip YaCTHHOK, MOXHA CTBOPIOBaTH e eKTUBHI KaTamiTH4YHI MaTepianu Ha ocHOBi ZnO [30-32]. Oxcup
LIUHKY BUKOPHCTOBYIOTH B SIKOCTI IIEPEIHLOI0 KOHTAKTY AJISl COHSUHUX eneMeHTiB abo PK-aucnieis. s
CTBOPEHHSI HOBOT'O TMOKOJIIHHA COHSYHUX MEPETBOPIOBAYIB BUKOPUCTOBYIOTH IUTiBKH ZnO Ha MifKIaAKax 3
KBapILIOBOI'O CKJIA JJIsl OTPUMAaHHS Ha X OCHOBi ()OTOENEKTPOXIMIYHMNX KOMipok [33].

Bucoka enekrpuuHa MpOBiAHICTh, ONTHYHA MPO30PICTh B MIMPOKOMY Jiana3oHi Ta CTIMKICTh 10 Aii
BOIHEBOI TuMa3Mu mapiB ZnO poOisaTh iX MEpCHEKTHMBHUMH UIsI BUKOPHUCTAHHS B SIKOCTI MPO30PHX
CNIEKTPOIiB B PI3HOMAHITHUX ONTOEIEKTPOHHUX NPUCTPOsiX [34].

OxcHl IMHKY TaKOX 3HAHIIOB HIMPOKE 3aCTOCYBAHHA B SIKOCTI OCHOBHOT'O KOMIIOHEHTY YYTJIMBUX
HI1apiB XeMOPE3UCTUBHUX ra30BUX CEHCOPIB IS ACTEKTYBAHHS Ta BUMIPIOBAHHS KOHIIGHTPALil TAKKX Ia3iB,
sk CO, Hz, CO,, NO, NO», H,S Ta mpeskux jeTkux opraHiuHux cronyk [35-37]. BaxnuBum napamerpom
IUIL TAaHOTO 3aCTOCYBaHHS € IOBEPXHEBAa IPOBIAHICTh YYTIMBOro miapy. B pe3ynbTaTi 4ncieHHHX
JOCITiIKeHb 0yJ0 BU3HAYEHO, IO el mapaMeTp 3aJIeKUTh Big Mopdonorii 1 po3mipy wactuaok ZnO [35,
37, 38]. Oxcua UWHKY BHKOPHCTOBYETHCS B SAKOCTI IMMOOLT3amiiHMX MHIapiB B iMyHOCEHCOpax,
3a0e3Mevyour po3MoALT aHTITLT O BCill TOCHIKyeMill 00acTi 3a AOMOMOrOI0 €EKTPUYHOrO MO, MO0
MPUKITATAETBCA 0 MIKPO €NeKTpoAiB. PamiamiiiHa CTIHKICTB MO3BOJSE 3aCTOCOBYBATH OKCHII IUHKY Y
KOCMOCI.

[Ipo3opwuii TOHKO TUTIBKOBHM TPaH3UCTOp AoMoMarae MmiaBUIINTH AkicTe PK-mucmeis, pobisun ix
eKpaHU YIiTKIIMMHU Ta ACKpaBiMMu. ENeKTpoHHI mpucTpoi MailOyTHBROrO0 MOKHaA Oyzae BOyIOBYBaTd y
CKJIO OyIMHKIB a00 TPaHCIOPTHUX 3ac00iB, CTBOPIOIOYM HOBi ()OPMH MOAAHHS Bi3yalbHOI iH(popMaii.
Oo6nacti 3acTocyBaHHSI HOBUHKHU Ty’K€ IIMPOKi: CIOKKMBYA EEKTPOHIKa, 3aCO0M TPaHCHOPTY 1, 3BUYAaHO
X, BIICbKOB1 po3poOKu. B nesikux TpaH3MCTOpax HAaBiTh BUKOPUCTOBYIOTh HAHOCTPHMIKHI OKCHAY IIMHKY B
SIKOCTI TIPOBITHUX KaHAIB

AHaJi3 OCTaHHIX J0C/TiIzKeHb | myOJTikaniii.

Bynosa ta BiaacTuBocTi okenay HMHKY. OKCHA IMHKY — HEOpraHidHa crioiyka 3 opmyiioro ZnO,
sKa SIBJIE€ COOOI0 TBepAy Oy peuoBHHY, HEPO3UMHHY B BOAI, SKa MPUCYTHA B 3€MHIll KOpi y BUTJIAII
MiHepairy TUHKATY. OfHa4e OUTBIIICTh KOMEPLIHHO BUKOPUCTOBYBAHOT' O MaTepialy € CHHTeTHYHUM. [cHye
3HaYHa KUTBKICTh MeToniB cuHTe3y ZnO. Lli mMeronn MokHa KiacudikyBaTH 3a OIEpPKYBaHUM BHIOM
pedoBrHU (00’€MHHI, TOHKO IJTIBKOBUH, HAHOAPOTOBHI), TEMIEPATYpOIO, THUIIOM MPOLECY Ta IHIIUMH
napamerpamMd. B 3ajmexHocTi Big moTped NPOMHUCIOBOCTI 1 HAayKOBHX LUIEH OTPUMYIOTH 00’€MHi
MOHOKPHCTAJIHM 3a JOIOMOIOI0 ra30BOT0 TPAHCIOPTY (OCaKEHHS 3 MapoBoi (asu), TigpoTepMabHOTO
CHHTe3y a00 BUPOILIYBaHHS 3 po3iuiaBy. OJHAK yepe3 BUCOKHI THCK Mapy OKCHIYy LIMHKY PiCT 3 pO3ILIaBy
npobneMaTHyHUd. PicT 3a paxyHOK TpaHCHOPTYBaHHS ra3y BaKKO KOHTPOJIIOBATH, TOMY IiepeBara
HAJAETHCA T1APOTEPMATBHOMY METOAY.

[upoke 3acTOCyBaHHS 3HAXOAATH TOHKI IUTIBKH, SIKIi MOXKYTh OyTH OTpHMaHi METOAOM XiMIYHOTO
OCa/DKCHHs 3 mapoBoi (asu, MeTaJoopraHiuHol Mapo(a3HOI EMiTaKCilo, eIEeKTPOOCAIKEHHSM,
IMOYIbCHUM ~ JIA3€PHUM  OCAKCHHSIM, 30Jb-T'€llb  CHHTE30M, ATOMHO-LIIAPOBHM  OCaJDKECHHSIM,
PO3MWITIOBAIBHUM IIPOJIi30M, BUIAPIOBAHHSAM Ta KOHJCHCALI€I0 IUHKY Ha MiAKIAAKY y Bakyymi 3
MOJANbIINM OKHCICHHSM IUTIBKM MeTajdy MpH HarpiBaHHI B arMocgepi KHCHIO a00 pPEakTHBHUM
JBOENIEKTPOIHUM 10HHUM PO3MMJICHHSAM LHMHKY B aTMoc(epi Ar + O..
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3BHuaitHui 01 MOPOIIKONOAIOHMHI OKCH I IMHKY MOKHA OTPUMATH LUISIXOM €JIEKTPOIIi3Y PO3UUHY
OikapOoHaTy HATpil0 3 BHKOPHUCTAaHHSIM LMHKOBOro aHoay. Ilpm mpoMmy yTBOPIOIOTHCS Tra3onoXiOHui
BOJICHb Ta TIAPOKCHU IUHKY, SIKUH MPU HarpiBaHHI PO3KIAJAETHCS HA YACTUN OKCHJI LIMHKY.

Oxcull TMHKY KPHCTaNi3yeThCs Y TPhOX (hopMax — Kam sSHOI COJli, TeKCAaroHaJIbHOTO BIOPLUTY Ta
KkyOiuHoro cdanepury [39] (puc. 1). YV Bumagkax CTPYKTyp BIOPLHUTY Ta cQajepuTy 10H KHCHIO
PO3TAIIOBaHUN y TETPAECAPHUYHUX MOPOKHEUAX EIEMEHTAPHUX KPUCTAIYHUX KOMIPOK, IO € HaWOimbII
xapakTepHoto reomerpieto A Zn(Il). Bropaurononiona crpykrypa Hailbinbl cradiibHa 32 HOPMaIbHUX
YMOB 1 TOMY HaWIOLIMPEHIIIa, 1HII ABa THIIM IPAaTOK METacTabuIbHI Ta iCHYIOTh JIMIIE 3a IEBHUX YMOB.
Crpykrypa cdaneputy Moxke OyTu cTabiTi30BaHa ILIIXOM BHPOIIYBaHHS OKCHUAY Ha MiAKIamKax 3
KyOI4HOIO CTPYKTYPOIO IpaToK. ZnO MoXe NepeXOUTH Y CTPYKTYPY KaM siHO COJli TP BiTHOCHO BUCOKHX
Ttuckax — Onmsbko 10 I'Tla.

1.

Puc. 1. AToMHa KpucTaTiYHA CTPYKTYpa pisHUX Moaupikaniit ZnO [S]:
a — KaM’siHoI coJ1i; 0 — casiepuTy; B — BIOPUHUTY

CTpyKTypa OKCHIY IUHKY MOKE OyTH ONHCaHa SK YepryBaHHS IUIOLIMH, CKIaJACHUX 3 TETPACAPHIHO
ckoopauHOBaHKX ioHiB O% i Zn®', po3ramoBanux momepeminHO B30BK oci c. Ille opHi€I0 BaXIMBOIO
XapaKTepPUCTHKOK PEYOBMHH € MOJSIPHI MOBEpXHi, ski € GasampHumu twiommaamu (0001 ta 000T).
Baszansna nonspua miomunaa (0001) ckinagena ionamu 1MHKY, a mwiomuHa (0001) - KUCHEBMMH i0HAMH.
[IpotunexHo 3aps/HKeHi 10HH CTBOPIOIOTH MO3UTHBHO 3apsmkeny Zn-(0001) Ta HeratusHO 3apsamkeny O-
(000T) moBepxHi, MO MPU3BOAUTH 0 IUIIOIBHOTO MOMEHTY Ta CIIOHTAHHOI MOJISIPH3aIlii B3IOBXK OCi C.
Tomy ZnO BusBise IOieNeKTPUYHI, I1'€30€JCKTPUYHI, MIPOCNEKTPHUYHI, aKyCTOONTHYHI Ta
¢doroenekrpoximiunai BiaactuBocTi [1, 40, 41]. 'ekcaronansHa Ta cdaneputoBa noiaiMopdpHi Gopmu He
MAalOTh 1HBEPCIiHOT cuMerpii.

ZnO HanexuTh 10 Hanienposiauukis rpynu A"BY' 3 npamozonnoro 3a60poHeHor0 30H0M0 (~3,3 €B
3a KIMHaTHOI TeMIepatypH). Y 3B’sI3Ky 3 UM, MOXHA CIIOCTEPIiraT MOPiBHIHO BUCOKY Hampyry npodoro,
30aTHICTb BUTPUMYBATH €JIEKTPUYHI NOJIS BEMKOI HANPY)KEHOCTi, 3MEHIIEHUH ENeKTPOHHUU HIyM, a
TAKOX 3JaTHICTh MPALIOBATH IIPH BUCOKUX TEMIIEpPaTypax Ta MOTY>KHOCTIX. 3a00poHeHa 30Ha MOXe OyTH
JOAATKOBO pO3IIUpeHa 110 ~4 eB muisixoM neryBaHHs MarHieM 4u CTBOPEHHSIM TBEpIUX po3unHiB ZnMgO.

ZnO Mae n-TUN TPOBITHOCTI HaBITH 3a BiACYTHOCTI JOAATKOBOro jeryBaHHs. EnexTpoHHuil THI
npoBinHocTi B ZnO 3yMOBICHUHN iCHYBaHHAM B HOTO IpaTii TAKUX BIACHUX Je(EKTiB JOHOPHOTO TUILY SIK
BaKaHCil KHCHIO Ta MDKBY3JIOBHM LMHK. KOHTponboBaHe JieryBaHHs 71-THITY JIETKO JOCSTAETHCS IUISIXOM
3aMilleHHs TUHKY TOHOpHUMH aomimkamu MeratiB 11l rpymu, sk Al, Ga, In abo nuisxoM 3aMiHM KHCHIO
eneMenTamu VII rpynu — xmopom 4u ionom [1, 42].

PyxnuBicTh €NEKTPOHIB OKCHAY LHUHKY OY)KE 3aJIeKUTh BiJ TeMIEpaTypu Ta Ma€ MaKCHMyM
~2000 cm?/(B-c) npu 80 K. Jlanux B J1iTepaTypi Npo PyXJIHMBICTh JipoK HeOaraTo, iX 3HaUEHHs 3HAXOIUTHCSA
B miamazoHi 5 — 30 cm?/(B-c).

PizHoMaHiTHICT  (i3UKO-XiMiuHMX BiactuBocTed ZnO  (HieNEeKTpUYHI, II’€30€NCKTPUYHI,
MipOETIeKTPUYHI, aKyCTOONTHYHI Ta (OTOENEeKTpoXiMiuHi) (Taby. 1) 3yMOBIIOIOTH LIMPOKUN CIIEKTP
obnacreli 3acTocyBaHHS MaTepiaiiB Ha HOro OCHOBI.

TeopeTuyHi gocaiIzKEeHHS Ta PO3PaXyHKH B3a€MOJii MeTaliB B KOHTaKTi 3 ZnO. MoXIuBiCTh
3aCTOCYBaHHS ITIBKOBOTO OKCHIY IIMHKY B SIKOCT1 aKyCTOONTHYHOT0, HOTOETEKTPOXIMIYHOIO MaTepiais,
B KaTaJITHYHMX NpOLIecax BUKIMKAJIH BETMUE3HUH iHTEepec HOro B3aeMOii 3 pi3HUMH METaIaMU B PiIAKOMY
Ta TUIiBKOBOMY Burisai. KpiM Toro meill 1 pedyoBHHAa BHKOPHCTOBYETHCS SK MOJAENbHA A OaraThox
PO3paxyHKiB TEPMOAMHAMIYHUX Ta (PI3UKO-XIMIYHHX BIACTHBOCTEH.
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Taba. 1
Pi3nKo-XiMiYHI XapaAKTEPUCTHKH MACHBHOI0 OKCHAY IMHKY [43]

BrnactuBocTi 3HaYeHHs
L Binuii kprcTamiyHUi MOpoIIok adbo
30BHIMIHINA BUTJISIT .
0e30apBHI KpHrCTaIH
TBepuicTh 3a mkamor Mooca 4.5
Cran TBepauii
3anax bes 3anaxy
. ['ekcaroHanbHa CHHTOHIS THITY
Kpucramiyna rpatka
BIOPITUTY
[Tapamerpu rpaTku, HM a=0,32495, ¢ =0,52069
Monsipaa Maca, I/MOJTb 81,408
I'yctuna, r/cm® 5,61
Temmnepatypa nnasnenHs, K 2248 (po3KIIaTa€eThC)
Temmnepatypa kuminas, K 2623
KoedimieHT TepMidHOTO pPO3MIMPEHHS
105K 4,31
IToxazHuK 3a710MJICHHS 2,0041
TerutonposimHicTh, B1/(M-K). 54
upuna 3a0oponenoi 3oau (300 K), eB 3,36
[TpoBigHiCTH, Cm-cm™! 8000
KonnenTpariist e1eKTpoHiB, oM™ >107!
MonbHa TeroemMHicTb, JIx/(Moib:K) 40,28
CrangapTHa SHTAaJBITiA
-350,8
yTBOpeHHS, K/[x/Monb
CrangaptHa MOJISIpHA SHTPOITs, 43.9
Jx-K 'momns ! ’

3 mepimx NPUHIMIIB METOAOM (PYHKIIOHATY TYCTHHH PO3paxoByBajH aacopOLilo aTOMIB METaJliB Ha
MOBEPXHIO OKCHIY LMHKY Ta MOXIIMBICTb B3a€MOAii B TaKMX CHUCTeMaX. [EOpPEeTHYHO IOCIHiIKEHO
noepxHiO ZnO (1010) Ta ancopOrito Ha HEi Mifi. BcTaHOBIEHO, IO €Hepris B3aeMOIil Mifi 3 KUCHEM
CHJIbHIIIA, HIK 3 LIUHKOM, OTPUMAaHI JaHi MiITBEPIKYIOTHCS eKCIIEPUMEHTAaIbHUMHU Pe3yabTaTaMH 1HIINX
nociimkens [44]. Bzaemonis B cucTeMi NpU3BOAUTH 10 OUIBIIOI KaTIOHHOCTI aTOMiB Mii, mependaueHa
aHi30TpoIHa Mirparis mimi mo nmoBepxHi okcuay (1010) [45]. HocmimkeHi MexdasHi XapaKTepUCTHKU
MoHomapy ZnO Ha noepxHi Cu(111) 3 BakaHCiAMU KuCHIO Ta Oe3 HUX. BecTaHoBIIGHO, 1110 TIepeMillIeHHS
SNIEKTPOHIB BiJ MiAKIAAKH MiAi B MoHommap ZnO 1 pi3He po3TalIyBaHHS aTOMIB KUCHIO BITHOCHO MTOBEPXHi
MeTaly BU3HAYaloTh MbK(a3Hy B3a€EMOiI0, a OTIM MEPETBOPIOIOTH TUIOCKUH rpadiunmii MoHomap ZnO B
acMMETPHYHY KOMKYBAaTy CTPYKTypy. BakaHcisi KHCHIO € He jMile pe3yiabTaroM edekTy cradimizamii
MiAKIaAKY, ajle TaKOX MOCHIIIOE MiK(pa3Hy B3aEMOIII0, 00 3pOOUTH MEXaHi3M IEepPEHECeHHs 3apsaay Ta
edekT KOMKYBaHHS IOMIHYIOYHM HaJ e(peKTOM CTHCHEHHS, IO MPU3BOAUTH JI0 3arajibHOTrO 301IbIICHHS
po0OTH BUXOMY MiJli Ta 3MEHIIIEHHS MOTEHI[iliHOrO T1ary [46]. Takox OyIi0 3MOeTh0BaHO OCAKEHHSI Mifl
Ha noBepxHi0 ZnO 1010 [47]. Mink pO3IMOBCIOKYETHCS, YTBOPIOIOYH IBOBUMIPHI CTPYKTYPH, MOKH
TOBILMHA MOKPHUTTS He nepeBuIuTh 0,4 MoHomapy. Ilicns mporo 1BOBUMIpHiI CTPYKTYPH CTalOTh TOBII 31
30UTBIIEHHSM TOKPUTTSI METAJIEBOr'0 LIapy i, HApeIlITi, YyTBOPIOIOTh TPUBHUMIpHI Kiactepu. Po3paxosani
BJIACTUBOCTI ABomapoBux miIiBok ZnO Ta ZnO/Cu(111), neropanux azoroM. Y miiBmi ZnO ans azory
XapaKTepHa CTYMiHb OKHUCIeHHS 27, B Tod wac sk y mmBmi ZnO/Cu(111), BHacHmioK mepeHeceHHs
CNIEKTPOHIB BiA Mili, aTOMH a30Ty HaOyBaioTh cTymeHio okucieHHs 3 [48]. Takox Oyno po3paxoBaHO
ancopOuiro aromuux map 2Cu Ha noepxai ZnO (1010) [49]. AToMHI mapu yTBOPIOIOTHCS B PE3yibTaTi
TepeHoCy eNeKTPOHIB Bill Mijli 10 moBepxHi ZnO, 1m0 Mpu3BoAUTS 10 okucienHs Cu’ no Cu’, mo crabinisye
mozenb 2Cu. OTKe yTBOPIOIOTHCS [1Ba AKTUBHUX LEHTPH, BepxHill (Cu) Ta mikdasuuii Cu'.

3 mepiumx MpUHIHIIB Oyia po3paxoBaHa ajacopOiist cpibna Ha mosepxaio ZnO 1010 Ta ii BB Ha
CTPYKTYpHi, onTu4Hi i enekTpoHHi BiaactuBocTi ZnO [50]. 1ls moBepxHS € Ayke COPUATIHBOIO IS
azgcopOuii aroMiB cpibna. BinOyBaeThcs mepeHeceHHs 3apsiy Bi cpibia 1o OKCUAY 1 HOro HaKOMUYEeHHS Y
IpH TOBEPXHEBi 00JacTi, 10 MPU3BOAUTH 10 3MEHILEHHS poOOTH BUXOLy enekTpoHy. Kpim Toro,
BUHHUKAIOTh HOBI IIKM ONTHYHOTO MOTJIMHAHHS, 1[0 MOXXE BIUIMHYTH Ha (DOTOKATAJIITU4HI BIACTHBOCTI
OKcuAy IHMHKY. Takox 3a UM MeTomoM Oyia po3paxoBaHa cTpykrypa mnosepxHi ZnO (0001) mpu
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MOIJIMHAHHI aTOMIB 30J70Ta Ta Mifi. Pe3ynpTraTH mokasyioThb, M0 HAHOLIBLI BIpOTiTHMUMH MO3ULISIMU
azacopOii cpibia ta mini € Hs (mentpu kinenp Zn-O), HaiOLIBII BUTITHE TOKPUTTS OUH MOHO Tiap [51].
AncopboBaHi aTOMH JAEMOHCTPYIOTh METaNidHi BJIACTMBOCTI HAaBiTh SAKIIO MOKPHUTTA IYyKE TOHKE.
[IpoBenennii po3paxyHok aacopOuii ans meranis Pd, Pt, Ag, Au, Cu Ha MoHOmapi ZnO, nmokasas, IO
nepeBaKHUMH TOUYKaMH aacopOrii € aToMH KUCHIO, afcopOoBaHi cpi0io, 30J0TO Ta Miflb MOXKYTh HaJIaTH
cucTeMi MarHiTHi Biactusocrti [52]. Byio nociimkeno KoHTakT Mifi, cpibia ta 3omota 3 ZnO (1010) [53].
ATomaMm Mizi Ta cpibiia eHepreTHYHO BUTIOHO 3’ €THYBATHCA 32 aTOMaMH KHCHIO Ha oBepxHi ZnO, B Toi
qac, SIK 30J10Ta 3 aTOMaMH LIUHKY.

Meronom (pyHKITIOHATY TYCTHHH PO3paxoBaHO aJIcOPOIIit0 aTOMIB HIKEI0, Mifi, KaJMilo Ta 30J0Ta
Ha moBepxHIO rpadeHonomiOHoro ZnO (HaHOTPYOOK Ta miactuH). ZnO-HaHOTpyOKa Mayia Kparry
agcopOyrouy MOBEIiHKY B MOPIBHSAHHI 3 jucTtoM ZnO-rpadeHy B KOKHOMY OKPEMOMY BUIAIKy depe3
MEHITY pIBHOBaXHY BiICTaHb Ta OumbImy eHeprito amcopOuii [54]. Lls HaHOCTpYKTypa deMOHCTpyBasa
cunbHe 3B’ si3yBaHH: 3 Ni, Cu ta Ag, ane eneprisa ancopouii ans Cd Oyna IBHO HUXKYOIO, HIX Y iHIIMX. Kpim
toro, nuie Ni i Cu 3xaTHi 1o Xxemocop6uii Ha mnactuHi ZnO-rpadeny, a iHII moKa3aiu nepeBakHo cIadKy
¢iznuny aacopOuito. BuBuanack npupoaa BakaHciii KHCHIO B rpadiTonoaiOHuX JBOIIApOBUX IUTiBKax ZnO,
HaHeceHHX Ha noBepxHi Cu, Agi Au (111), i nopiBHIOBanH i 3 TUM K€ LIEHTPOM Ae(EeKTy, YTBOPEHHM Ha
OKpEeMO po3TamnioBaiii aBomraposiii miiBui ZnO i Ha nosepxHi Bropuuty ZnO (1010) [55]. Emeprii
YTBOpPEHHSI KICHEBOI BakaHCcii OJ3bKi B 00’ eMHOMY BiopuuTi ZnO Ta B okpeMux Oimapax ZnO i cKiIagaoTh
npubiusHo 4,3 eB, a Ha mosepxHi Bropruty (1 0 T 0) mpubmusHo Ha 1 eB Bumie. AHaI3 TyCTHHE CTaHIB,
CNIEKTPOHHOI TYCTHMHH Ta PO3IMOIITY 3apsiiy IOKasye, IO JBa HAIJIMINKOBI €IEKTPOHH, IOB’s3aHi 3
BaKaHCi€I0, SKi JIOKATi30BaHI Ha MICIII BakaHCIH y BCiX mux cucremax. CKIajHima cuTyamis 3
JBOIIAPOBUMH IUTIBKaMHM Ha MeTani. BunmaneHus kucHio 3 Bepxaboro mapy ZnO/Cu(111) i ZnO/Ag(111)
NPU3BOAMTE 0 JENOKaji3alii 3apsay Mo BCii IUIBLI OKCHIY, TEPEHECEHHS 3apsay Ha MiOKIagKy He
BiOyBa€ThCsI, @ €HEPTisl yTBOPEHHS 3aJIMIIAETHCS BUCOKOIO, SIK 1 JIsl OKpeMoro mapy — 0nmsbko 4,2 eB. ¥V
Bumanky ZnO/Au(111), 3aBasgku BUININA poOOTI BHXOMY 30JI0TA, SNEKTPOHU MEPEHOCATHCS 3 BEPXHBOTO
1apy OKCHIy J0 MeTajy, i BATpaTu Ha BUIAJICHHS KUCHIO iCTOTHO 3MeHIIyIoThes — Ha 1,7 eB. Jlns Beix
IUTIBOK Ha OCHOBi ZnO/MeTan eHeprisi yTBOPEHHs BaKaHCIH 3MEHIIYETbCS Ha MEXI METaj/OKCUA, 110
MOKa3ye BaXKJIMBY pOJb, SIKY IPalOTh I MEX1 y BU3HAUCHHI BiTHOBIIIOBaHOCTI OKcuay. Kpim enekTpoHHHX
edexTiB, TOKaIbHI CTPYKTYPHI COTBOPEHHS TOHKUX IUTIBOK ZnO Ta MeTaleBOi OCHOBH TaKOX CIIPHUSIOTH
3MEHILEHHIO eHEepTii yTBOPEHHS BaKAHCIH KUCHIO.

[Iposeneni po3zpaxyHku ancopOuii mma meranis Pd, Pt, Ag, Au, Cu Ha ZnO BKa3yloTh Ha Te, IIO
NepeBaKHUMH TOUYKaMH aJIcOpOLIii € aToMU KHCHIO, ane Tiibku Ni i Cu 31aTHI 0 XeMocopOuii Ha MmiacTHHI
Zn0, a iHIIII TOKa3aJIK TepeBaXHO Ca0Ky (hi3umuHy aacopOIrito.

OcamxenHsi, ¢parmeHTanii Ta arjoMepauii miiBoxk MeradiB Ha mnoBepxHi ZnO. Kpim
TEOPETUYHUX PO3PAXYHKIB BEIHKY 3alliKaBJICHICTh BUKIMKAIOTh PaKTHYHI EKCIIEPUMEHTaIbHI pOOOTH 1O
BHBYEHHIO MOBEIiHKM METAJIEBMX MOKPUTTIB Ha OBepXxHi ZnO.

HocnigkeHo KiHeTUKY OcaJuKeHHS Milli 3 mapoBoi ¢asy, siKa, K M0oKa3aJl TEOPETUYHI PO3PaxyHKH,
Ma€ XeMocopOILil0 10 MOBEPXHI OKCUAY HUUHKY [56]. IIpy HM3bKHX TemmepaTypax (KIMHATHIN Ta HUXKYE)
CIIOYATKy YTBOPIOIOTHCS Ta POCTYTH JABOBHMIPHI OCTPIBII, SIKi MICHSA JOCATHEHHSI EBHOTO KPUTHYHOIO
3Ha4yeHHs (6au3pKo 0,3 MOHOMIApPY) MEPETBOPIOIOTHCA Ha TPUBUMIpHI. UHCTI MPOMIKKU MiIX OCTPIBLSMHU
3allOBHIOIOTBCSL JAY)KE€ IIOBUIBHO, OCKUIBKM YTBOPEHHS TPUBHUMIPHHX YaCTHHOK TEPMOAWHAMIUYHO
BUTiIHIIIE. 3poCTaHHS OCTPIBLIB Mii IPH KIMHATHIH TeMepaTypi Ha HEMOSPHIN MOBEPXHI OKCUAY LUHKY
(10T0) mocmimKyBaau 3a JOMOMOrOK CKAHYIOUOi TyHEIbHOI Mikpockormii [57]. 3o00paskeHHs YHCTOI
noBepxHi (1010), orpruManoi HamuIeHHSIM i Bigmanom mpu 550-700 °C, 1eMOHCTPYIOTh IUIOCKI TepacH 3
BHCOKOIO IIUIBHICTIO CXOAMHOK, fAKi 31€01IbII0r0 POXOAATh Y3108 Hanpsamkis [0 00 17112 1 0]. s
nmokputTiB  0,025-1 ™MoHOmIapiB, HaHeCEHMX Ha IDIOCKi, IIOHHO BiJAMAJeHI IOBEPXHI, IepeBakKHE
3apOJUKEHHS BiIOYBAEThCS HA KPOMKAX CXOAMHOK, OPIEHTOBAHHX MEPIICHANKYISPHO HAmpsmMky [1 2 1 0]
aTOMHOTrO0 psiny. Ha Bcix MOKpUTTAX crocTepiraiucs BUKIIOYHO TPUBUMIpHI ocTpiBLi. Jns mopiBHIHHSA,
MOKPHUTTS Mifll TaKoi >K TOBIIMHM OyJIM HAaHECEHI Ha MOBEPXHIO, sika Oyna 3a0pynHeHa aacopOOBaHUMHU
MOJIEKYJIaMH i3 3aJIMIIKOBOrO ra3y B KaMepi HaJIBUCOKOr0 BakyyMy. BusiBuiocs, 1o sik ABOBUMIpHi, TakK i
TPUBHUMIpHI OCTpiBLI OynM PO3MOAiNEH] BUMAJAKOBHUM YMHOM IO Tepacax Ta BiITBOPIOBAJHMCS Ha cialo
3a0pyaHeHnX noBepxHax. LIinbHiCTh OCTPIBLIB, a TAKOX iX cepeqHil miameTp 1 BUCOTa 30UIBIIYIOTHCS 31
301IBIIEHHM MOKPUTTS U1 000X moBepXxoHb. OcaKeHHs Mii Ipy KIMHATHIN TemIeparypi Ha MOBEpXHi
ZnO (0001) — Zn ta ZnO (0001) — O BuBueHo y po6orti [58]. Ha ZnO (0001) — Zn Migs aeMOHCTpYE
JOBOBUMIpHUI picT nume npu ayxe manux mokputtsax (0,001-0,05 moHomapis), nami yTBOPIOIOTHCS
TPUBHMMIpPHI KJIacTepH, Aaii 30UIbLIYIOThCA 1X po3Mip Ta ryctuHa. Kimactepu 9iTko po3aiieHi Ta MaroTh
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BUpa3Hy IIECTUKYTHY GopMy. AHasi3 (pOopMH KpHCTalIiB Jac BUAUMY pobdoty aaresii 3,4 + 0,1 Ix/m* o
Hai6inbmx knacrepis. Ha ZnO(0001)—O moBepxHi ABOBUMIPHI KJIACTEPH YTBOPIOBAJIUCS [P TIOKPUTTSIX
menrre Hix 0,1 monommapy. [Ipu mocmimkenni knacrepis mii, Harmmtenoi Ha ZnO (0001), BusiBIICHO, 10
Mi/Ib Ma€ niepeBa>kHO CTPYKTYpy (111) mo3a naomuHo0 KOHTAKTY Ta a3UMYTaJIbHY OpiEHTALII0 9acTOK [59—
62]. Ipu HoMiHanbHIH ToBuWMHI 50 A Mine BkpuBac ZnO cyLiibHO, Ha Mi3HIX CTaJiAX OCAIKEHHS
PO3pOCTaHHS OCTPIBIIIB Milli BimOyBaeThcss BmMp 10 ix 3muTTa. 1lim wac ocamkeHHs wmimi Ha ZnO
crocTepirayiocsi yrBOpeHHs KJIacTepiB, CHOYATKy ABOBUMIPHUX, a 31 30UIBLICHHSAM MOKPUTTS TPUBUMIPHUX
. Bigman sume 570 K npu3BonuB 10 4aCTKOBOTO 3aKpilUICHHS OCTPIBLIB HA OKCHI T4 YTBOPEHHS CILIABY.

CropsiMoBaHa Ha IMOBEPXHIO Mirpamisl MigMOBEpXHEBUX Ne(eKTiB BIUIMBAE HA aAresi0 Mial Ha
nomsipaomy ZnO (0001) y TexHOmoriuHo 1ikaBomy fiamnaszoni tremmepartyp ao 550 K [63]. Lle npuzBoauts
70 TIOCHJIeHO1 anresii Ta, 3pemToro, moBHOro «3mMouyBaHHs» ZnO (0001) manomapamu Migi. Ha ocHoBi
EKCIIEPUMEHTAIIBHUX JAaHUX 1 pO3paxyHKIB OMMMCAHO MEXaHi3M, 3TiAHO AKOMY KOHILIEHTpALis Ae(eKTiB B
00’eMi € BaXJIMBUM 1, MOXIHMBO, KOHTPOJIbOBAaHMM MapaMeTpoOM il POCTYy MeTaly Ha OKCHII.
[linTBepmKeHo iCHyBaHHS OCOONHMBOI  B3a€EMOJilI TPH  OCA/PKEHHI HAHOYACTHMHOK Mimi Ha
«IOTHPBOXMPOMEHEBI» KpucTanu ZnO, 30KpeMa CHHEPreTHYHHHA eQeKT BHACHIAOK CTPYKTYpHOI
ribpuan3aitii, 110 MPU3BOAUTH 10 30LTBIIEHHS BMICTY 10HIB Mijli Ta iCTOTHO ITOKPAIIUIO aHTHOAKTEpiaIbHI
BIIACTHBOCTI MaTepiany [64].

Ilin yac HamWsIeHHs 30710Ta Ha mIiBky ZnO Ha nosepxHi ALOs npu HoMiHaIBHIN ToBIMHI 10 50 A
YTBOPIOIOTBCS KJIACTEPH 3 30J10Ta, sIki MOXKyTh BUpocTaTh 10 300 A y Bucoty, nepepaskHoi opienranii (111).
[Ipu moganpIIoMy OcafyKeHHI KJIAaCTepU 3JIMBAIOThCS, YTBOPIOIOUM CYLUIBHUH MIap METaJeBOro MOKPUTTS
[65].

IIpn mapoBomy ocamkeHHi miuiBok namangiro Ha ZnO (0001) BinOyBaeTbcs OBOBUMIpHHUI PiCT
OCTPIBLIB JO KPUTHUYHOTO MOKPUTTA IMOBEPXHi, Aaji 3pOCTaHHA IPOXOAUTD MEPEBAXKHO MOIMIAPOBO 3BEPXY
octpoBuiB [66, 67]. I1ix uac ocamxenns npu 300 K ocTpiBLi manairo pociu 3a ABOBUMIPHUM MEXaHI3MOM,
Onokytoun akTuBHI LeHTpH Ha ZnO. Bixnan npu 350 K nocraTtHiit ans yacTkoBoi arioMeparii IUTiBOK, a
npu 700 K kpim nonasnpiioi armomepanii BitOyBaeThcsl YaCTKOBE BiTHOBJIEHH TOBepXxHi ZnO Ta yTBOPEHHS
PdZn.

MogenbHi KaTani3aTopH, IO CKIaJaloThes 3 ITIBOK a00 YaCTHHOK Naa/iilo Ha MOHOKpucTanax ZnO
(10T0) Ta ZnO (0001) BuBuanuce y poborti [68]. Ilix wac ocamkenns 3 mapoBoi ¢azu npu 300 K map
nanajilo pocTe 3a JBOBUMIPHMM MEXaHI3MOM, a TpH HarpiBaHHi arjomepyetbes. CrutaB PdZn nmerme
yTBOpIoeThcst Ha moBepxHi ZnO (0001), takoxk Ha Mexi po3miry Pd/ZnO(0001) B Oinbmmiéi KUTBKOCTI
($OpMYIOTbCSL BUCOKOAKTHBHI LIEHTPH, 110 CYTTEBO BIUIMBAE HA KaTaJiTUYHI BIaCTHBOCTI.

BuBuero pict mriBok cpibna Ha ZnO (0001). Bix camoro movaTky 3apo/uKyIOThCS OCTPIBI BHCOKOT
T'YCTUHH, BOHH 3POCTAIOTh MIEPEBAKHO Y BEPTUKAIBLHOMY HANpPsIMKY, TOMY, X04a i 3JIMBAaIOTHCS, HEBKPHUTA
gacTka moBepxHi ZnO 3alnIIaeThCs MOCTIHHOO, cKitagatoun mpuodmm3Ho 30 % [69]

TeopeTnuHi po3paxyHKH BKa3yBad Ha CYTTEBY pPOJIb KHCHIO IPU B3a€MOil OKCHAY LHUHKY 3
MeTajaMu, OJHa4Ye eKCIIepUMEHTaIbHI Pe3yIbTaTH MOKa3ald MOXKIMBICTD B3a€EMOJIT UHKY 3 METaJIaMH 3
YTBOPEHHSIM XIMIYHMX CTIONYK, Hanpuknag PdZn, PtZn.

KonTakTHa B3aeMoii okcnay UMHKY 3 MeTajaaMmu. [Ipy BUKOpUCTaHHI KepaMiKi Ta MOKPUTTIB Ha
ocHOBi ZnO 17151 BUpIIIEHHS ALYy NPaKTHYHUX 3124 HOTPiOeH HaJiiiHU{ KOHTaKT METAJIEBOI'0 PO3IJIaBy 3
TBEpOI0 MmoBepxHero. He3paxkaroun Ha HarayipHi noTpedu y 3’€aHaHH] MaTepiaiiB Ha ocHOBI ZnO, icHye
JIMILE IEeKUTbKa TOOAMHOKHUX POOIT, B AKHX JOCTIUKYIOTHCS ITUTAHHS, OB s13aH1 caMme 31 3MOYyBaHHSAM Ta
aAre3i€ro MeTaTiYHUX PO3IJIaBiB Ha MOBEPXHI OKCUAY LIHMHKY a00 CIIOIYK Ha Oro OCHOBI.

3MouyBaHHA IUTIBOK OKCHAY LUHKY pi3HOi ToBUMHU JiTieM npu T = 483 K mocmimkeHo B poOoTi
[70]. Byno BcTaHOBNIEHO, IO MPH 30UIBIICHH] TOBIIMHU HAHOIUIIBKM KPalOBHM KyT 3MOUYyBaHHS 11 JIiTIEM
pi3K0 3MeHIIyeThCs (Talm. 2).

Tabn. 2
3MouyBaHHs HaHOILTiBKH ZnO po3mjaBoMm Li
ToBuMHA MIIiBKU KpaiioBuii kyT
ZnO, 3MOYyBaHHS,
HM rpaf.
12 125
24 68
36 40
48 13
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[Ipu KOHTAKTI po3MIaBIeHOrO JiTito 3 ZnO BinOYBa€ThCs iIHTEHCUBHA B3a€EMOIS, 3 yTBOpeHHIM Li,O
ta LiZn, sika 3a0e3neuye 3MouyBaHHA. HaHeceHHs] OKCHIHOIIMHKOBUX MOKPUTTIB BUKOPHCTOBYETHCS IS
MOKpaIeHHsl JTiTiepUTbHOCTI moBepXxoHb [71, 72]. Jns mokpamieHHS KOHTaKTy TpaHaTOBOTO TBEPAOTO
CNEKTPONITY 3 PpO3IJIABOM JIITiIO, Ha TMOBEPXHIO IpaHaTy OyB HaHeceHWH ToHkuH map ZnO [71].
Crocrepiranacss iHTCGHCHMBHA B3a€MOZIA JITiI0 3 OKCHMAOM, L0 HPU3BEIO N0 MiABHILEHHS aaresii Ta
3HIKEHHS €JIeKTPHUYHOIO ONOpY Ha KOHTAKTi. JlIs MOKpalieHHS 3MOYyBaHHS HOJTIMEPHOrO Kapkacy
KOMITO3UTHOT'O aHOly PO3IIJIABOM JITiI0 HA MOBEPXHIO MoMiMepy HaHocuiu map ZnO, 1o 3abe3nedyBaio
MIPOCOYEHHS KapKacy po3IuiaBoM [72].

Byno BuBYEHO 3MOYYBaHHS OKCHAY LHMHKY PO3IUIABOM AJIIOMIHIIO METOAOM JeXaudoi Kpamii y
BaKyyMi 3a JOIOMOI'0IO ABOX Pi3HUX MpoLeAyp: 1) KIIacHYHOro KOHTAKTHOT'O HAarpiBy Ta OXOJMOHKEHHS; 2)
nporenypa BUTHCKAaHHS Kpaluli, IO AO3BOJSIE BIOKPUTH Mexy posninty Al/ZnO mpu Temmeparypi
BUIPOOYBaHHS 1, TAKUM YMHOM, 3a1I00II'TH BIUTUBY OXOJIOMKEHHS KPaIUTl aJIIOMiHIIO Ha CTPYKTYPY PO3ALTY.
Ha mix¢asniii moBepxHi yTBOpIOBaBCs MEpEXiqHUN Iap TOBIIMHOIO NpuOau3Ho 50 MKM, BiH CKJIaAaBcs 3
B3a€MOIPOHUKINX rpaTok o-AlO3 1 Al(Zn), XxapakTepHHX I CTPYKTYPH THIY OKCHIHO-METaJIEBHX
kommo3uTiB. Kpim Toro, Ha Mexi ZnO 3 mepexigHuM LIapoM BHUSBIICHO HAasBHICTH TOHKOTO (IIOAiIOHOTO 10
250 um) mapy meracrabinpHoro o-Al,O;. OTpumani pe3yabTaTd NOPIBHIOBATH 3 €KCIEPUMEHTAIEHUMU
JaHWMH, OTPUMaHUMU JUIA 3pa3Ka Micis MpoLeIypH BUINTOBXYBAaHHS, IO MPU3BEIO JI0 YTBOPEHHS ABOX
mapiB mmiemi ZnAl,O4 1 OKCHIy alIOMIiHIIO B TeTparoHayibHii O-¢asi, sIKi IEMOHCTPYIOTh CHIIbHE
enirakcianpHe 3pocTanHs [73]. 3MouyBaHicTh Ta peakuiiiHa 3aaTtHicTh mapu Al/ZnO npu 1273 Ky Bakyymi
JOCITIIKeHa 32 AOIOMOrol0 MOAU(iKOBaHOIO METOAY Jekadoi Kparuii [74]. PesynbraT, oTpuMaHni is
MOHOKpHUCTaTIUYHUX Minkianok ZnO pizHoi opieHTalil, 3acBiqUMIN HE3MOUYYBAHHS DPIIKHUM ATIOMIHIEM,
neMoHcTpyroun kpaiioBi Kyt 100 — 107°. Cmoctepirangocst yrBOpeHHs ABOX MiK(pa3zHHX IIapiB, sKi
JeMOHCTPYIOTh BUCOKOCIITaKCIHE 3pOCTaHHS, 1110 BiOyBaIocs IPH BUCOKOTEMITEpaTypHil B3aEMOJIIT MK
PiIKOIO Kparuiero amoMiHiio Ta okcuny. lllapu cToBMYacTHX 3epeH CKIAAUCs 3 PEAKTUBHO YTBOPEHHX
ALOs ta ZnALOy, sixuit 3poctaB B ymoBax Hamnuiuky AlLOs. Oxcupn amomiHiio izeHTH(]iKyBamu sk
KyOiuHU# c-, TerparoHansHUil d- abo MoHokniHHWE k-AlL,O3 3amekHO BiI TOHKHX 3MiH y XiMii
MOBEPXHEBOI'0 BEPXHBOTO Iapy miakaagok ZnO.

JocnimKeHo MIKpOCTPYKTYPY 00JIacTi MPOAYKTY peakiii, yTBOpPEHY BHACIIIOK B3a€EMOZIi PigKOro
ATIOMIHIIO Ta TOMIKPUCTANIYHOI MIAKIAAKH 3 OKcuay nuHKy mipu 1273 K [75]. O6nacts nommpioBanacs Ha
OKCUIHY WiIKIaIKy Ta Maja CTPYKTYpYy KEpaMiuHOrO KOMIIO3UTY, IO CKJIAZAaeThcs 3 ABOX (as.
JocnigKeHHs 3a I0MOMOT00 CKaHyI04O01 elIeKTPOHHOIT MIKPOCKOITii BUSIBHIIN, L0 BENHKI KPUCTAII OKCUY
AIIOMIHIO OoTOUYeHI MeTaneBoro (azoto Al(Zn). Kpim Toro, mociimkeHHS 3a JOMOMOTOI0 TPAHCMICIHHOT
ENIEKTPOHHOI MIKPOCKOITii TOKa3aJ10 HasiBHICTh TOHKOTO (~250 HM) mapy nopyd i3 ZnO. AHai3 mokasas B
000X BUMAAKaX OJHAKOBHH CTEXIOMETPUYHMU CKJIAJ OKCHUIY aJIOMIiHiIO, ane pi3Hy KpHcTajorpadiday
CTPYKTYpY, TOOTO BenMKi Kpucramd Bimnosimamu ¢asi o-AlOs, Tomi sk moBepxHeBuid map Oys
ineHTu(ikoBaHMIA Ik MeTacTaOlTbHUHN d-AlLOs.

Takox OyJi0 ZOCTIIKEHO METOAOM JIeXadoi KparJii 3MOYyBaHHS OKCHIY LHMHKY €leKTPOJiTHYHIM
cpibmom Agoge [76]. Hocmimxeno uucty kepamiky ZnO, a takox ZnO 3 gomaBaHHsSM 1 Mon. % iHIIOro
okcugay (CuO, AlO3, Ga;0s, Iny0;3). ExnepumenTta npoBoauiId Ha MOBITPi Ta Y BaKyMi HE TIipIIOMY HIX
1,25x10° IMa npu T = 1323 K. PesynbraTh BUMipioBaHb HaBeHi B Ta61. 3. Kpaiiouii kKyT 3ModyBaHHS P
T = 1323 K 30umbHIy€eThCS Y psinax:

Ha HOBiTpi - Zno,gglno,()lo — @ — Zno,ggGao,(nO — Zno,ggAlo,(nO — Zn0,99CU.0,010;

y BaKyYMi — Zn(),ggln(),()lo — Zn(),ggCuO,(nO — @ — Zn(),ggGa(),()lO — Zn0,99A10,010.

OTxe, BeNMUKUi BIUIMB HA 3MOYYBaHHS Bilirpae cepeoBHILE, B SKOMY POBOIUBCS EKCIIEPUMEHT Ta
CKJIan miaknaaky (tadm. 3).

Tabn. 3
KpaiioBi KyTn 3MouyBaHs Ta podoTa agre3ii
Bakyym [loBiTps
IMigxmaaka 0, Wa, o, W,,
rpami. MI[)K/M2 rpa. MI[)K/M2

ZnO 110 612 91 914
Z19,99Cu,010 104 708 129 345
Zn0,99Al 010 131 322 96 832
Z10,99Gag,010 119 483 95 849
Z1n9,99In0,010 89 950 74 1186
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B3aemonisn HAaHOCTPYKTYPHOI'0 OKCHAY HUHKY 3 MeTajaMH. Bennke po3noBCciopKeHHS B TEXHIL
OTpUMaIH pi3Hi popMH HAHOCTPYKTYP OKCHIY IMHKY. BOHH MOXyTh OyTH CHHTE30BaHi 3 pI3HOMaHITHUMU
MOP(QOJIOrisIMH, BKIIOYAIOYM HAHOAPOTUKH, HAHOCTPIIKHI, TETPAmond, HAaHOTPaHyJIH, HaHOKBITKH,
HAHOYACTHHKH 1 T.J. HaHOCTPYKTYypH MOXYyTh OyTH OTpHMaHi 3a JOIIOMOTOI0 OUTBIIOCTI BUIIE3ralaHUX
MeToAiB 3a meBHMX yMoB. CHHTe3 3a3BHYail NPOBOIUTHCA Npu Temmeparypi Ommspko 90 °C B
CKBIMOJISIDHOMY BOIHOMY pO3YHMHI HITpaTy LHMHKY Ta TeKcaMiHy, OCTaHHiii 3a0e3medye OCHOBHE
cepenoBuie. Jleski m00aBKHM, Taki SK IONIETHJICHTIIKONb a00 MONiETHIICHIMIH, MOXYTh MOKPAIIUTH
CHIBBIIHOLIEHHS! CTOPiH HaHOIPOTUKIB ZnO. JlomyBaHHA TaKUX CTPYKTYp 3IOIMCHIOETBCS ILIAXOM
JOAaBaHHS HITPATiB IHIIMX METaliB B PO3YMH 3 SKOI'0 BiOYBa€eThCS BUPOLIYBAHHS HAHOCTPYKTYP.
Mopdornorito HaHOCTPYKTYp MOXHA PEryJoBaTH IUIIXOM 3MiHHM IapaMeTpiB CKIaly MpeKypcopy (Takux
SIK KOHIIEHTpawist uHKy 1 pH) a6o TepmiuHOi 00pOOKH (TaKHX SIK TEMIIEpaTypa i IIBUAKICTb HATrpiBaHH:A).

Po3po0neHo cuHTe3 KOMIIO3UTHOI HAHOCTPYKTYPH 32 HAHOYACTHHOK MiJli Ha HaHOIUIaCTHHKAxX ZnO
3 orneatiB BinmoBimHux MetaniB [77]. OpienTamis vacturok Cu (111) crierudivao y3ro/pkeHa 3 IIONHHO0
ZnO (002), 1m0 € cBiAYEHHSAM NOBEPXHEBO-IHAYKOBAaHOTO MexaHi3My B3aemonii. Takox OyB po3pobnenuii
MeToa ocaJukeHHs HaHocep ZnO HOBOI TPUBHMIPHOI «IIYXHACTOD» CTPYKTYpH, 3i0paHuX 3 HaHOLIApiB
[78]. Taka cTpyKTypa miABHUILYE MBUAKICTh Peakiiil, 30kpema 3a0e3edye BUCOKY IHTEHCUBHICTD CHIIBHOT
B3aemoii 3i cpidiom. B poboti [79] onmcanuit cuHTe3 HAHOKOMIIO3UTIB ZnO-Ag 31 CTPYKTYpOIO SAPO-
obomnonka. HaHOKOMITO3UTH BigmasioBaJIi IPH Pi3HUX TeMIlepaTypax Ui HiIBUIICHHS KPUCTAJIIYHOCTI Ta
MOKpaILeHHs 34eIieHHs cpibna 3 okcuaoM. Cpibiao MpUCYTHE y BUTIIAL Jy>KE€ MaJICHBKIX HAaHOYACTOUOK
31 crpykrypoto ['T[K. 3a GaraTthma o3HakamMy Maia Miclle CHIIbHA Mix(a3zHa B3aeMOIis MK cpibiioM Ta
ZnO. Takox HAaHOKOMIIO3UTH CTPYKTYpH SAPO-O0OJIOHKa BHUTOTOBJICHI OCaKEHHSIM cpidmna Ha
HaHocTpmwkHi ZnO [80]. [JocmimkeHHsI CHEKTpiB MOTJIMHAHHS BUSBMJIM YEPBOHI 3MIIIEHHS BiIHOCHO
YUCTUX HAaHOCTPHKHIB ZnO Ta HAHOYACTUHOK CPidiia 1 3HMKEHHSI CIIEKTPiB TMTUOOKOr0 BUIPOMIHIOBAaHHS,
110 CBITYUTH PO CUIIBHY B3aeMOito cpibia 3 ZnO Ha Mixk¢asHii Mexi. B cTpykrypi Ag-ZnO Ttumy sapo-
obononka (aue. core-shell) 3rigHO pe3ynbTaTiB JOCHIIKEHHSI METOAaMHU PaMHOBCBHKOI CIIEKTPOCKOIIi Ta
¢doTromroMiHiCcIIeHNii BUSBHIM CYTTEBI 3MiHI BIACTHBOCTEH CTPYKTYpH MOpiBHsAHO 3 yumctuM ZnO. lle
MiATBEpIUKYE CHIBHY Mik(pasHy B3aemomito y cucteMi [81]. CpiOHi HaHOuacTWHKM OyiaM HaHeCeHiI Ha
MOBEPXHIO HAaHOCTPIKHIB ZnO [82]. 3cyB BUNPOMiHIOBAHHS OMIKHBOI CMYTH y (OTONIOMIiHICHEHIT
KIMHaTHOI TeMIepaTypu CBiIYHMTH PO TE€, IO NMPHCYTHICTb HaHOYACTOK Ag Ha moBepxHi ZnO Moxe
OJIOKyBaTH Mepexoau eleKTpoHiB y ZnO, ToAi SIK 3CYyB BUIPOMIHIOBAaHHS, NOB’SI3aHOTO 3 IedeKTaMmu,
BKa3ye Ha rerepauito aedekTiB Ha Mbk(}asHild Mexi Mixk cpidioM Ta ZnO.

Byno 3’sacoBano, 1m0 ocapkeHHs OJaropoJHUX MeTanliB (IJIaTHHA, 30JI0TO) HE MPHU3BOAUTE 1O 3MiH
CTPYKTYypH Ta Mop¢oJorii HaHOYACTHHOK OKCHIY UIHMHKY, CHEKTPH BHIIPOMIHIOBAHHS KOMIIO3HTIB
nokasainy, mo Pt mocmtioe posnoain 3apsany B Y @-aianazoni, a Au 3MeHIIye pekomMOiHaliio yepes nqedextHi
craau [83]. HaHouacTMHKM 30J70Ta Ha TOBEpXHI HaHOIIATHH ZnO JiIOTh SK «KUIBIIEBHA MICT» 1
«TpaH3WUTHE Jero» A MiK(pa30BOro IepeHeceHHs 3apsmy depe3 e(eKT JOKaIbHOrO IOBEPXHEBOIO
IUTa3MOHHOrO pe3oHaHcy 1 Oap’ep LorTki, mo mokpamtye ¢oTtoenekTpuuHi BaactuBocTi [84]. Takox
crocTepirajiv mepeHic 3apaay MK MeTaJeBUMU HAaHOYaCTUHKaMHU (cpibio, 30710T0) Ta ZnO, npuuoMy [Uis
cpibna edext OyB cribHIINE yepe3 HK4IMi Oap’ep LLlorTki Ha Mixkda3Hil Mexi [27].

BcranoBneno, mo ToHki TwiiBku ZnO BHUSBIAIOTE T e€303iekTpudHuil 3ddekr. ocmimkeHo
HaHeceHHs HaHomIiBkM ZnO Ha noBepxHio Cu (111), mpu sikomy MaB Mmicle ii emitTakcianpHii pict [28].
Sxmo okpemi He3B’ s3aHi WIiBKK ZnO 30epiraloTh CTpyKTypy rpadity 1o ToBmuyHU 10 MOHOMmIAPIB, micis
qoro BigOyBaeThcs Ga3oBuil mepexin y BlopuuT, To Ha moBepxHi Cu (111) o ToBuIiHM 5 MOHOIIAPIB IUTiBKa
ZnO 30epirae 3nerka «roppoBaHy» IpadiTonomiOHy CTPYKTYpY, Aall «3MHHAHHS» CTA€ CYTTEBUM 1
BiOyBa€eTHCsI IEPETBOPEHHS Ha BIOPLMT. PymriiiHOIO cuitoto aectadimizamii IIiBOK Ha Mifli € TIEpeHeCeHHs
3apsny Big migkiaaaku 10 ZnO.

HanomniBkn ZnO Ha noBepxHi Mifi, (edekt neryBanns meraigamu III rpynu (Al, Ga ta In) i Cu
mwriBok ZnO), 30kpemMa nBomapoBux Ha moepxHi Cu(111), Oyno mOCHiIKEHO 3a JOMOMOIOI0 METOIB
Teopii pyHKIIOHATY TYCTHHU [29]. 3MiHHU €1EKTPOHHMX BIaCTUBOCTEH JeroBaHux miiBok ZnO ta ZnO / Cu
(111) mepeBipeno mwisixom agcop6buii CO. 3amina rpaTkoBOro iona Zn y okpemomy Oimapi ZnO eneMeHTOM
III rpynu yTBOpIOE IONATKOBUH €IEKTPOH, PO3MOALT SKOTO 3aJeXHUTh Bin nobaBku. [HIIA cuTyamis Ha
i ZnO / Cu (111), ne 3aiiBuii enexkTpoH nepenaeThes Ha ocHOBY Cu. Y TOH Yac Sk eHepris aacopOrrii
CO B neroBanux AinsgHkKax asomapy ZnO Taka X, sIK 1 B yabTparoHkux miiBkax ZnO /Cu (111), CO
JIEMOHCTpY€ OUThIHIA YepBOHUH 3¢yB y ABotapi ZnO 6e3 oropu. Ctyminb okucienas Cu, o 3aMiHioe Zn
y mniBkax ZnO 6e3 onopu, craHoBUTh 2+, crad Cu (3d9), Toxi sk y mutiBkax Ha ocHoBi ZnO / Cu (111) e
crar 1+ Cu (3d10), ne mae micue nepenada 3apsmy 3 MeraneBoi mifai Cu mo ioHiB Cu B cTpykTypi ZnO.
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Homnasanns mini 10 ZnO npu3BoauTh 10 Otk cuinbHOT B3aemoii 3 CO 1 BETUKOT0 4epBOHOTO 3MIlIEHHS
gactotu po3rsaryBanHs CO, Toxi sk neryBanHs enementamu 11l rpymu He MPU3BOAWTH IO ICTOTHUX 3MiH
a7COpOIIMHIX BIACTUBOCTEH, SIKIIO OKkpeMmi muriBku ZnO nopiBHtoBatH 3 turiBkamu ZnO / Cu (111).

Byno po3pobneHo wMeron HaHeceHHS Ha HaHOCTepkHI ZnO JHCKPETHHX YACTHHOK Mifi
peryinboBaHoro po3mMipy [85]. AHami3 crekTpiB TUTa3MOHHOTO TIOTJIMHAHHS BHSBHUB BITHOCHO OclabieHe
nornuHaHHA ZnO 31 30UIBIIEHHSAM KUTBKOCTI OCa/DKEHMX HaHOYacTHHOK Cu, 10 MIATBEPKYE HIiTKY
ENMEKTPOHHY B3a€EMOIIF0 MIXK ITOB’ I3aHUMH METAJICBUMH Ta OKCUTHUMH KOMITOHEHTaMU. ByB BUTOTOBIEHU T
HOBHI1 CEHCOpHHI MaTepial 3 HaHorutacTuH ZnO Ta HAHOYACTUHOK 30510Ta [86]. XapaKTepuUCTUKH CeHCOopa
3HAYHO TIOKpAIIEHi, 10, KPiM YHIKalbHUX BIACTUBOCTEH 30J10Ta, MOSICHIOETHCS TAaKOXK EIEKTPOHHOIO
B3aemomiero Au 3 ZnO, a TaKOXXK BHTOTOBWIIM CEHCOPY 3 HAHOYACTHMHKAMH TATAJIiI0 HA HAHOCTEPIKHAX 3
ZnO [87]. BnactuBocTi ceHcopiB Oyiu 3HA4YHO MOKpALIeHi 3a PaXyHOK €JIEKTPOHHOI Ta XiMIiYHOI
CeHcHOLTI3allil HAHOYACTOK IajaIito.

BucnoBku. Ha BinmMmiHy Bif iHIIUX 100pe TOCTIPKEHUX OKCHIIB, TAKUX, K Al,O3, ZnO Moxe T0CUTh
aKTHUBHO B3a€MOMIATH 3 MeTaJaMH, 30KpeMa ¥ iHepTHUMH. CHODPIJHEHICTh 10 KUCHIO Bifirpa€e CyTTEBY
poinb, npote, Ha BinMmiHy Big Al,Os, npu KoHTakTi 3 ZnO MeTanu B3a€EMOIIIOTh TAKOX 3 IIMHKOM OKCHAY,
YTBOpIOIOYM (ha3u CKJIATy METal-IIMHK, HasBHICTh SKWUX, 30KpEMa, iCTOTHO BIUTUBAE HAa BIACTHBOCTI
KartamizatopiB. B3aemomis meramy 3 muHKOM y ZnO dyacTillle CHOCTEpPIraeThCsl y BITHOBHHUX YMOBAax,
30KpeMa Tpyd poOOTi KaTaji3aTopiB, aje BapTO 3a3HAYUTH, IO JUIS IHIIMX OKCHIIB MOTPIOHO 3HAYHO
KOPCTKIIlIe BITHOBICHHS, MO0 A0ocATTH NoAiOHOro epexry. Takox Tpeda 3a3HAUYNTH BIUIUB Je(EKTiB 1Mo
KHCHIO y ZnO Ha B3a€MOJIII0 3 METaJlaMH, MOKHA IIPUITYCTUTH, 1[0 CAME MOXKIIUBICTh YTBOPEHHS JIe) eKTHOL
CTPYKTYpPH CIIPUYMHSIE BKa3aHi OCOOIMBOCTI X CHCTEM.

HeoOxigHo momatu, 110, HE3BAXKAIOUM Ha 3HAYHHME 00CST HOCILmKeHb B3aeMoaii ZnO 3 MerajiaMu,
OUIBILIICTD JaHUX OTPUMaHI ISl MiKpoMacIuTabHUX 00’ €KTiB, EKCIIEPUMEHTH Y MaKpoMacIITadax omnucaHi
JUIIe JUTsi B OKpeMUX poOoTax ais OOMEXeHOi KUTBKOCTI MeTamiB (JIiTid, amoMiHid, cpibmo). Orxe
JIOKJIaIHE BUBUEHHS KOHTAKTHOI B3a€EMO/Iil Y CHCTEMAaX, IO MICTATh OKCHTHOIIMHKOBY Ta MeTaiuny (asu,
OyJe KOPHCHUM, 30KpeMa, JIJIsl MOSICHEHHS epeKTiB BUABICHNX y MIKPOMAaCIITAOHMX EKCIIepUMEHTaX.
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Jhybkuti HayionanvHull mexHiuHull YHigepcumem

AHAJII3 OBMEKEHb MAIIIMHHOI'O HABYAHHSA Y ITPOI'HO3YBAHHI
CIIOPTUBHUX PE3YJIBTATIB

Y cmammi npedcmaeneno excnepumenmanvuy ouiHKy epekmusnocmi npozHOCMUYHOT MOOei Ha 0CHOBI anzopummie
Mawiunnozo Hasyanusa. Knrwouoeow memor 0ye amaniz npuuun po3dircnocmeil mixc NPOZHO306AHUMU MA PeanbHUMU
pesynomamamu. Pezynomamu excnepumenmie euaeuiu Cymmesuii 6niue OUHAMIYHUX ma Henepeodauysanux akmopie
(panmosi mpasemu, 3MiHU CKNAOY, MOMUBAUIA KOMAHO, RO200HI yMO8U) HA mMoUHIcCmb npozHo3ie. Cucmemamu306ano 0CHOGHI
00MedHCeHHA ICHYIOUUX CHAMUCIMUYHUX RIOX00i6 Ma 6U3HAYEHO NPIOpUMEmHI HANPAMU 0114 NOOAbULO20 600CKOHAIEHHA
Memodie cnopmuenoi ananimuku. I'onosnum pe3ynvmamom pooomu € 6usAg1eHHA KIIOYOGUX GUKIUKIE MA 00IPYHMYSAHHS
Heo0XiOHocmi HO8UX NIOX00i6 00 NPOZHO3Y8AHHA 8 YMOBAX 6UCOKOT OUHAMIUHOCMI CHOPMUGHUX NOOIIL.

Knrouosi cnosa: [poeno3ysanns cnopmusHUX pe3yiomamie, WmyyHUtl iHmenexkm, aHanimuka OaHUx, Memoou MauuHHO20
HABUAHHSA, CHOPMUBHA CIAMUCIUKA, eeKMUBHICIb NPOSHO3Y8AHHS.

I.S.Yushchuk, O.S. Prykhodko

ANALYSIS OF THE LIMITATIONS OF MACHINE LEARNING IN PREDICTING
SPORTS RESULTS

This paper presents an experimental evaluation of the effectiveness of a predictive model based on machine learning
algorithms. The key objective was to analyze the reasons for the discrepancies between predicted and actual results. The results
of the experiments revealed a significant impact of dynamic and unpredictable factors (sudden injuries, changes in composition,
team motivation, weather conditions) on the accuracy of predictions. The main limitations of existing statistical approaches
were systematized and priority areas for further improvement of sports analytics methods were identified. The main result of
the work is the identification of key challenges and justification of the need for new approaches to forecasting in the context of
highly dynamic sporting events.

Keywords: Sports results prediction, artificial intelligence, data analytics, machine learning methods, sports statistics,
prediction efficiency..

Introduction and problem statement. Predicting sports results is an important area of research that
combines elements of statistics, machine learning, and data analytics. In today's sports environment, where
competition is growing and the volume of information is increasing, the need for reliable predictions is
relevant for athletes, coaches, and organizations. However, the dynamic nature of sporting events, the
presence of numerous uncontrollable factors, and high uncertainty pose significant challenges to achieving
high accuracy. Artificial intelligence (AI) opens up new possibilities for analysis, but its practical
effectiveness needs to be critically evaluated in the context of real-world unpredictable events. The
relevance of this study is due to the need for a deeper understanding of the limitations of modern Al-based
forecasting methods and the identification of key factors that reduce their accuracy. This will allow us to
identify priority areas for further improvement of the methodology, which has a direct impact on the quality
of decision-making in sports.

Analysis of the latest research and publications. Predicting sports results is traditionally
considered a classification task (win/loss/draw) [1]. However, recent studies reveal fundamental limitations
of such approaches, especially when attempting to predict exact results (score, goal difference) [2].
Although regression methods can theoretically provide deeper analysis [3], their practical effectiveness is
severely limited by the high stochasticity of sporting events and the difficulties of formalizing dynamic
factors. Studies such as Puruker's work [4] demonstrate typical barriers even for simple models: the use
of neural networks for NFL predictions yielded only 61% accuracy (compared to 72% for experts), despite
the use of key features (yards, interceptions, bookmaker odds). This indicates a critical dependence of
accuracy on the quality and completeness of data—a limited set of features did not allow overcoming the
“noise” of real game conditions. More complex approaches (e.g., Tax and Joustra [5]) confirm the
methodological complexity of integrating additional factors. An analysis of a thirteen-year sample of
matches in the Dutch soccer league showed that betting odds often prove to be better predictors of the
outcome than even detailed game statistics. Attempts to improve models by adding additional features, such
as current team form or tactical characteristics, did not result in a stable increase in accuracy. The best result
(only 56.1%) was demonstrated by the LogitBoost model with feature selection using the ReliefF method
[6-8], which indicates the existence of a certain limit of effectiveness for models based solely on statistical
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approaches. These works systematically highlight the main problem: existing models inadequately account
for the impact of unpredictable events (injuries, motivation, tactical changes) and rely too heavily on
historical patterns. Thus, our work focuses on the empirical analysis of these limitations, in particular for
the task of predicting scores — the most vulnerable to dynamic changes.

The aim of the study. Analysis of modern methods of predicting sports results using artificial
intelligence, in particular, the study of their limitations and challenges in the context of the high dynamism
of sporting events. The aim of the study is not only to identify the main trends and approaches, but also,
and more importantly, to critically assess the barriers to achieving high prediction accuracy, particularly
those caused by the influence of unpredictable factors. The object of the study is the technologies and
algorithms of artificial intelligence used to analyze sports data, while the subject of the study is the accuracy
of predictions of sports results and the factors that cause them to diverge from reality. The practical
significance of the study lies in identifying key areas for improving the methodology of sports analytics.
The results obtained can serve as a basis for future developments aimed at improving the effectiveness of
the use of analytical data by sports teams and organizations. The systematization of the identified limitations
opens up new horizons for scientific research in the field of sports analytics, contributing to the further
development of innovations and the development of more robust forecasting methods.

Experimental methodology. The experimental part of the study aimed to evaluate the capabilities
and limitations of a statistical model for predicting the results of Premier League football matches, including
the number of goals, the probability of victory, and the assessment of team form. The model took into
account numerous factors that influence the outcome of a game (including historical form, potential weather
conditions, and stadium attendance). The key task was not only to obtain predictions, but also to conduct a
thorough analysis of the reasons for the discrepancies between the predicted and actual results, in order to
identify the main barriers to improving accuracy, especially in light of dynamic and unpredictable events
(e.g., injuries, lineup changes, motivational factors).

To implement the prediction system, historical data from the football-data.org API, which provides
real-time information on football match results, was used. The algorithmic implementation covers several
stages, from processing historical data to generating predictions for future matches. The main task is to
build models that can reflect the current form of the team and predict its further development. The program
code consists of several main components that work in close interaction:

* Data collection and processing: The program collects data on match results—for each season,
information about the date of matches and results is stored.

* Team form assessment: The team's current form is assessed using the average points method for
the last five matches, which allows the dynamics of the form to be modeled.

* Forecast generation: Based on this form, forecasts are generated for the likely results of the
remaining matches of the current season, and results are also predicted for the next season. To
ensure the realism of trends, random changes in form are used with certain restrictions (for example,
changes within 0.7-2.7 points per match). The program generates 2—3 possible trends for the
development of events.

* Application of machine learning methods: Machine learning methods, including linear regression,
Random Forest, and Gradient Boosting, are used to process data and build predictive models.
Visualization of the model's results using graphs serves as a tool for visual analysis of its limitations.

The graphs show how the indicators have changed over time. The indicators obtained using moving average
methods allow us to clearly see trends and fluctuations in form, as well as instantaneous declines or rises.
This allows us to visually assess the discrepancies between real data and model extrapolations, as well as
analyze tendencies to generate unrealistic trends.

Presentation of the main research material. The results of the experimental model are presented
in the form of graphs that visualize key aspects of forecasting for football teams. This approach allows us
to clearly demonstrate the dynamics of indicators, artifacts, and limitations of algorithms.

Figure 1 shows the graph of points accumulated by the team for the 2023/24 and 2024/25 seasons
and the extrapolation (trend) for the 2025/26 season. The 2023/24 season is characterized by stable points
accumulation. In the 2024/25 season, there is a significant slowdown in the pace. The dotted line (2024/25)
shows a slight improvement at the end of the season, as predicted by the model. The most significant finding
is the forecast for 2025/26: the model predicts a sharp acceleration in points scored, which differs
significantly from the trends of previous years. This anomaly highlights the risk of over-optimization of the
model based on historical data and its inability to adequately take into account contextual changes (e.g.,
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changes in the team's composition, the club's financial capabilities). Without additional context, such
dynamics demonstrate the fundamental complexity of long-term forecasting in the highly dynamic
environment of soccer.
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Fig. 1. Graph of points scored by season and predictions for the next season

Figure 2 illustrates the dynamics of the team's short-term form (average number of points in the last

5 matches). The 2023/24 season saw significant fluctuations with episodes of performance above the “good
form” level (1.5 points). In the 2024/25 season, performance deteriorated significantly, remaining mostly
at around 1 point. The forecast for the end of 2024/25 shows a short-term increase, and the forecast for
2025/26 shows a rapid increase to the theoretical maximum (2.5 points). This extremely optimistic trend,
especially against the backdrop of previous fluctuations, raises doubts about the stability of the model: it
may indicate an underestimation of the randomness factor, excessive sensitivity to local changes, or failure

to

take into account real-world constraints (injuries, fatigue, changes in opponents' tactics). Such

extrapolation is a striking example of a fundamental challenge in forecasting — models tend to generate
unrealistic trends when detached from the current context.
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Fig. 2. Team form chart based on the results of the last 5 games

Analysis of the graphs confirms the key limitations identified in short-term forecasting experiments:

the model tends to generate overly optimistic and stable trends in the long term, which differ significantly
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from the dynamics of real seasons. This is particularly evident in the example of abnormal growth in Fig. 1
and unrealistic form improvement in Fig. 2 for the 2025/26 season.

Experimental evaluation. To verify the accuracy of the forecasting model, three experiments were
conducted with predictions for English Premier League (EPL) matches. The prediction results are presented
in Tables 1-3.

Table 1

Comparison of predicted and actual EPL match results (December 4-5, 2024)

Program forecast

Game results

Newcastle United — Liverpool
0:2 (90% chance of Liverpool winning)

Newcastle United — Liverpool
3:3

Arsenal — Manchester United 3:1 a0o 2:1

Arsenal — Manchester United 2:0

Southampton — Chelsea
0:1 (Chelsea win)

Southampton — Chelsea
1:5

Manchester City — Forest 2:2

Manchester City — Forest 3:0

Bournemouth — Tottenham

Bournemouth — Tottenham

2:2 is possible, but 2:1 is more likely 1:0
The results demonstrate moderate accuracy (60%) in predicting the winner, but a complete inability
to predict the exact score. The main reason for the discrepancies is the model's limitation in accounting for
sudden changes during matches (e.g., injuries, tactical changes), which highlights its vulnerability to
dynamic factors.
An attempt was made to improve accuracy by entering data on the team's previous matches into the
system immediately before the predicted ones. The results are shown in Table 2.

Table 2
Impact of data collection time on prediction accuracy (December 14-15, 2024)
Program forecast (December 9) Program forecast Game results (December 14-15)
(December 14)
Liverpool — Fulham

Liverpool — Fulham Liverpool — Fulham

2:1 (the graph also predicts 1:1) 3:1 2:2

Manchester City - Manchester | Manchester City - | Manchester City - Manchester
United Manchester United United

2:2 or 2:1 (more likely to be a | 2:2 or 2:1 (more likely tobea | 1:2

draw) Manchester City win)

Arsenal — Everton 1:0
Chelsea - Brentford 2:0

Arsenal — Everton 2:1 Arsenal — Everton 0:0
Chelsea - Brentford 2:1 Chelsea - Brentford 2:1
Southampton — Tottenham Southampton — Tottenham Southampton — Tottenham
1:1or 1:0 1:2 or 0:1 0:5

The experiment confirmed that updating data closer to the match improves predictions, but accuracy
remains low (40% for the winner, 20% for goals). This indicates that even real-time data did not overcome
the influence of unpredictable events (sudden changes in the lineup, team motivation), limiting the practical
reliability of the system.

Another attempt to enter the results of new matches into the model is shown in Table 3.

Table 3
Results of the third experiment (December 21-22, 2024)

Program forecast

Game results

Aston Villa - Manchester City 1-1

Aston Villa - Manchester City 2:1

Crystal Palace — Arsenal 1-1

Crystal Palace — Arsenal 1:5

Manchester United - Bournemouth 3:2

Manchester United — Bournemouth 0:3

Everton — Chelsea 1:2

Everton — Chelsea 0:0

Tottenham - Liverpool 0-1

Tottenham - Liverpool 3:6

Analysis of Table 3 showed a critical drop in accuracy (20%), indicating a systemic problem with

the model: its inability to take into account key contextual factors (changes in the starting lineup, weather
conditions, psychological state of the teams). This confirms the hypothesis about the inadequacy of a purely
statistical approach in the dynamic environment of football matches.
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Conclusions. The experimental evaluation of the proposed model for predicting Premier League
match results clearly revealed its key limitations. The analysis confirmed that the high dynamism of football
matches and the influence of unpredictable factors (such as sudden injuries, lineup changes, motivational
aspects, and weather conditions) are fundamental obstacles to achieving consistently high prediction
accuracy. Even the use of advanced machine learning methods (regression, decision trees, neural networks,
ensembles) did not allow for the effective consideration of the impact of these dynamic changes in real
time. The accuracy of the predictions was significantly lower than expected and unstable, which highlights
the fundamental complexity of modeling sporting events. The practical significance of the study lies not in
a ready-made solution, but in the systematization of challenges and a clear definition of priority areas for
further research: integration of real-time data (news, lineups, weather), development of mechanisms for
taking into account qualitative factors (psychology, motivation), and implementation of scenario analysis
to manage uncertainty. The systematization of the identified limitations can be a starting point for the
development of more robust methods of sports analytics.
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L.B. Kapn
TepHoninbcbKuli HayioHanbHUL MexHiuHul yHigepcumem imeni leana Ilynios

MATEMATHUYHA MOJEJIb ITPOIECY IEPEMINIEHHSA 3EPHOBOI'O MATEPIAJIY
B TIHEBMOIIIHEKOBOMY TPAHCIIOPTEPI

Ha ocnoéi ananizy zpagiunux nody0ooe 6cmanoeneno, w0 Kym ioXuieHHA 4acCmuHKU 3epH06020 mamepiany nio yac iv
PYXy HO CRIpATbHOMY 6UMKY WIHEKA 3IMIHIOEMbCA 6 diana3zoni (...72 zpadycu, npuuomy 3anexcHo io 30invuiennsa diamempa
ma KpoKy wiHeKa 6i0XUileHHA YaCMUHKU npu 3mini Kyma 6 mexcax 45...72 zpadycu mac npamuii xapakmep, a 6 oianaszoni
0...45 zpaoycie — 36opomnuii xapaxkmep. Ompumani Ougpepenyiiini 3anexncnocmi Moxcymy Oymu UKOPUCHAHI OnA
noOanbWIO20 OOTPYHMYGAHHA KOHCIMPYKMUGHUX MA KIHEMAMUYHUX RAPAMEmpPIé HHEEMOUWIHEKOBUX MPAHCHOPMHUX
MexaHizmie.

Kniouosi cnoesa: winexkosuti JcuBUIbHUK, CRIpAnbHULl GUMOK, PIGHAHHI PYXY, KVM0BA WEUOKICMb, KVM NO8OPOMY, 6eKMOp,
cuna, KoeghiyicHm, MoOelb, Napamempu.

I. Karp

MATHEMATICAL MODEL OF THE PROCESS OF GRAIN MATERIAL
TRANSPORTATION IN A PNEUMATIC CONVEYOR

For the movement of grain materials during their post-harvest processing, pneumatic screw conveyors are used, which
ensure the movement of grain over considerable distances. The results of the analysis of kinematic-dynamic processes are
presented, which are characteristic of two possible cases of complex movement or movement of grain material particles along
the surface of the spiral turn of the screw conveyor - in the absence of oscillatory processes of the screw drum and in the presence
of screw vibration. Based on the analysis of graphic constructions, it was established that the angle of deviation of a grain
material particle during its movement along the spiral turn of the screw varies in the range of 0...72 degrees, and depending on
the increase in the diameter and pitch of the screw, the deviation of the particle when changing the angle within 45...72 degrees
has a direct character, i.e. increases, and in the range of 0...45 degrees - an inverse character, i.e. decreases. The obtained
differential dependencies or mathematical models can be used to further substantiate the structural and kinematic parameters
of pneumatic screw transport mechanisms.

Key words: screw feeder, spiral turn, equation of motion, angular velocity, angle of rotation, vector, force, coefficient,
model, parameters.

IocranoBka mnpoGiaemu. IllnexkoBi konBeepu (LK), gk okpemuil TeXHIYHHMHA eNEMEHT
TPaHCIOPTHUX MEXaHI3MIB 3aCTOCOBYIOTbCS B KOMIIOHYBAJBHHX CXEMaxX TPAaHCIOPTHUX MAIlWH IS
NepeMillleHHs 3epHOBUX MaTepiatiB 3aBASKH MPOCTIH KOHCTPYKLIi Ta 3a0e3meueHHs X JOCTaBKH B Oyab-
Ky TEXHOJIOT'1YHY TOYI TpaHCHOpPTHOI JiiHii [1-3].

Ha Tokax BENMKHX CLIbCBKOTOCHOAAPCHKUX MIANPHUEMCTB JAJsl TPAHCIOPTYBAHHS 3EPHOBHX
MaTepiajiB MIMPOKO 3aCTOCOBYIOTH IMHEBMOTPAHCIIOPTHI YCTaHOBKHM nponayktuBHicTio 50...200 T/ron, 3a
JOTIOMOTOI0 SIKUX MaTepiany nepeMilnyoThes Ha BigcTtanb 10 100 M 31 mBuakictio 15...40 M/c cTucHeHOTO
1o 0,6...0,8 MIla nositps [4, 5].

3acTocyBaHHS TaKoro oOJaJHAHHS B HEBEIMKHX FOCHOAAPCTBAX € EKOHOMIYHO HEBHTIAHUM uepe3
BUKOHAHHSl HEBEIMKOTO O0CATY TPaHCHOPTHUX poOIT 1, BiANOBIIHO, HE3HAYHY pPEHTAOCTBHICTH
BHUKOPHUCTAHHS TAKUX CKIAJHUX 1 JOPOTHX B OOCIYTOBYBaHHI THEBMOTPAHCIIOPTHUX MEXaHi3MiB [6, 7].

3araJlbHUM HEAOJIKOM POOOTH IIHEKOBUX MEXaHI3MIB € Te, IO CHipajibHi BUTKH BUKOHYIOTH HE
TINBbKH TMOB3I0BXHINA OCbOBHH pyX MaTepiaily, ajne i Mpu3BOAATH 1O 0OOepTaHHS YACTHHOK 3epHa, Mix yac
SIKOTO MaTepiasl HepeMiLyeThCs 110 MOBEPXHi CIipabHOr0 BUTKA HABKOJIO OC1 LITHEKA.

e mpu3BOAMTH A0 MOIIKOKEHHS MaTepialy, 3HW)KEHHS NMPOAYKTHBHOCTI TaKHMX MEXaHI3MIB Ta
3HAYHOTO 30UIBIIEHHS MOTY)KHOCTi, HEOOXIMHOI ais 3MiHCHEHHS TPOIeCy NEepeMIIIeHHs 3epHOBHX
MaTepiajiB 1o Tpaci Ha 3agany Bignans [8—10].

Takum 4rHOM, cepes aKTyaIbHUX 3aBAaHb MiAHOMHO-TPaHCIOPTHOI raly3i, BOKJIMBUM 3aBAAHHIM €
po3poOKa Ta OOIPYHTYBaHHS paliOHAIFHUX MapaMerpiB MOOLTBHUX ManorabapuTHHX IITHEKOBHX
MTHEBMOTPAHCIIOPTEPIB, SKi 3a0e3MedyioTh e(eKTHBHI TEXHOJOTIYHI MpOLecH MEepeMillleHHS 3epHOBHX
MaTepiajiB 3a TEXHOJIOTTYHUMHU MapLIpyTaMH Pi3HOI MPOCTOPOBOI KOHQIryparii.

AHauti3 ocTaHHIX gocaizkeHsb i myOaikaniii. Anani3 HaykoBux po0it [13-17] mokasas, 1110 OCHOBHA
yBara aBTopiB Oyna mpHaiIeHa peajiizamii CTalioHaApHUX MPOLECiB TpaHcHOpTyBaHHS (iznunux Tin LK
0e3 JoCIiIKEHHS IIPOLECiB, SIKi ONMUCYIOTh Ha TEOPETUYHOMY piBHI BiOpawito MaTepiaiiB, SKa BUHUKAE ITi]
qac iX nepeMilieHHs] BATKaMH IIHEeKa.
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Tomy BuOip METOAMKKM Ta PO3PAaxXyHOK paliOHANbHUX MapaMeTrpiB poOOYMX OprasiB
ITHEBMOIITHEKOBOT'0 TPAHCIOPTEpa HEOOXiTHO 31iCHIOBATH Ha OCHOBI pealizallii Mojenei Oe3nocepeHbol
KiHEMaTUYHO-IMHAMIYHOI B3a€MOi1 BiAMOB1AHOT poO0Y0i MOBEPXHI i3 36PHOBUM MaTepiaioM i ypaxyBaHHS
foro (izuKo-MexaHIYHUX XapakTepucTHK. Kpim Toro, Ha OCHOBI BilOMHX pe3yJbTaTiB BCTAHOBJIEHO, IO
iCHYI041 KOHCTpYKLIi pobounx opranis LLIK He B moBHill Mipi 3a0BONBHAIOTE (YHKIIOHATIBHI BUMOTH JIO
MOKa3HMUKIB TIOIIKO/KEHHS 3€pHa IpH 3a0e3ledeHHi MIHIMaJbHUX CHEProBUTPAaT Ha 3IIHCHEHHS
TEXHOJIOTTYHOTO MPOLeCcy HOro nepeMilieHHs Mo Tpacax TpancnoptyBanss [18, 19].

IlocranoBka 3aBaaHb. Meroio poOOTH € AOCTIIKEHHS POLECY MepeMilleHHs] HACIHHS 36pHOBUX
KynpTyp criipansHumu BuTkamu LK 3 po3pobneHHs MaTeMaTHYHOI MOAEN], SIKa Oonucye (yHKLIOHANbHI
3B’S13KHM BiOpamiHUX MPOLECIB 1 KIHEMAaTHYHO-AMHAMIYHOTO PYXY 3€pHa y MPOCTOpi HAMPAMHOI TpyOu
MTHEBMOIITHEKOBOT'0 KOHBEEPA.

BukinagenHss ocHoBHOro marepiaiay. Po3poGiieHy cxemy ManorabapuTHOrO ITHEBMOLIHEKOBOI'O
TpaHCIOpTepa Ul MEpeMillleHHs 3€pPHOBUX MaTepialliB Ha TOKaX MaluX (pepMepChKUX MiONpPUEMCTB 3a
MapiupyTamu pi3Hoi KoH$irypauii HaBeneHo Ha puc. 1 [11, 12].

[THeBMOIIHEKOBUH TpaHCIIOPTEpP CKIaNAeThes 3 OyHKepa 1, KUl 3aKpiluieHnid 10 HapsSIMHOI TPYOH
5, BcepeauHi K01 BCTAHOBJIEHO IIHEK 2 Ta skl y koMmOiHawii yroprorots K. 3a BUXiTHMM KiHIIEeM IIHEKa
y CTiHIII KOXKyXa 3aKpIiIUIEHO MTYIEpH 3 MMTHEBMOITiHIi, a 32 HUMHU BCTAHOBJICHO 3MiHHI COIIa a00 HACAIKH
3 orBopamu. [logaya moBiTps BigOyBaeThCs 3a JOMOMOIOI0 ITHEBMOPO3IOAUIbHUKA 4, 110 3a0e3meuye B
aBTOMATHYHOMY PEKHMi MOJady CTUCHEHOI'O MOBITPS BiA KOMIIpecopa IO MUIAHTaX, sKi HamiTi Ha
BigmoBiaHi mryunepu 3. Jo Kokyxa 3akpilZIeHO THYYKHH MHEBMONpPOBiA (pyKaB) MO SKOMY Hazami
TPaHCIOPTYETHCS 3€PHO 10 MicUs IPU3HAYECHHS.

Puc. 1. KoHCTpyKTHBHA cXeMa ITHEBMOLIHEKOBOI0 TpaHcnoprepa: 1 — OyHKep; 2 — IIIHEK;
3 — mTynep NHeBMOJIiHIl; 4 — MHEBMOPO3NOAIbHNUK; 5 — HAIPsIMHA TPy0a (KOKyX);
6 — 3’eqnyBasibHi Quranmi

ABTOMAaTHYHE PETYIIOBaHHS MOAAYEI0 CTUCHYTOTO MOBITPS O THEBMOIIPOBOY Yepe3 LUIaHTU 6
(puc. 2) 3abe3neuyeThCsl MHEBMOPO3MOAITEHIUKOM, SIKUIl Mae MEXaHi3MOM PEryJIlOBaHHS MoAayi MOBITPs
y nutadry 6. LninpoBrii Bal IIHEKa 3’ €THAHWH i3 NITIIHOBAM BaJIOM 3, BCTAHOBIIEHOTO Y KOpPIyC 2 Yepe3
KYJBKH 3 MOKJIMBICTIO OCBHOBOTO 3MILIEHHS IPH 301IbIIIEHHI HABAaHTaKCHHS HA BUTKH LIIHEKA.

Puc. 2. 3aranbHuil BUIJISIA MeXaHi3My THEBMOPO3NOAIbHAKA: 1 — HATHCKHA NPYKMHA;
2 — kopnyc; 3 — nUTiNLOBHI BAJI 3 HAIBKPYIJIMMH Na3aMu; 4 — THEBMOPO3NOAIIbHHK;
5 — noBOpOTHHMII THEBMATHYHMII aganTep; 6 — MJIAHT
MexaHi3M aBTOMAaTUYHOI'O PErYIIOBAHHA MNPOLECOM pPOOOTH IHEBMOPO3MOAUILHUKA I03BOJISE
BH3HAYAaTH KPYyTHUH MOMEHT Ha BaJly NpPHUBOJA IIHEKA, Ta PErylioe€ pPoOOTy MTHEBMOIIHEKOBOIO
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TpaHCIOpTEpa NUIIXOM BMHUKAaHHS a00 BHUMHUKAaHHS ITHEBMOPO3MOAUIBHUK 3aJIeXHO BiJ HasSBHOTO
HABaHTA)XEHHS HA CIIpaJibHI BUTKH LIHEKA.

Ha erami ontumizanii mapamerpiB TpaHCIIOPTHO-TEXHIYHUX CHUCTEM, SIKI MalOTh poOOUi €IeMEHTH
IIHEKOBHX MEXaHi3MiB Ta IX MPOCKTYBaHHS IOLUUIBHO CIIOYATKy MOOYAYyBaTH MaTeMaTU4Hy MOJIEINb
TexHojoriyHoro npouecy podoru K. Lle no3BomuTh OTpUMaTH TEOPETHYHI 3aKOHOMIPHOCTI, sSIKi Ha
aHAJITUYHOMY PiBHI ONHCYIOTHh (PYHKIIOHANBHI B3a€Mo3B’s13ku mapameTpiB LK Ta 3epHOBOro mMartepiary
Ha cTanil Horo mepemilieHHs B MPOCTOPI KOXKyXa Ta OOrpYHTYBaTH pawlioHanbHi pexxumu podotu K
3aJIeXHO BiJl YMOB IEpEMillleHHA Ta HOro OCHOBHUX KOHCTPYKTHBHO-KiHEMaTHYHUX Mapamerpis [20].

Hns po3poOku MateMaTuyHoi Mojeni TexHonoriuHoro mpomecy podoru LK posrmsHemo pyx
MaTepiaJbHOI YaCTUHKH (3€pHMHM) CYLINBHOTO HEPO3PUBHOTO IOTOKY 3EPHOBOTO CEPEIOBHILA, SKa
3HAaXOAUTHCS Ha MOBEpXHi cmipaibHOro BuTKa 1 (puc. 3) mmHeka 2. IlIHexk BCTaHOBICHOTO KOHCOJBHO 3
3a30pOM BiTHOCHO KOpITyCy 3 a 3epHMHA IEPEMIIIYEThCSl TOPU30HTAIBHO B3JI0OBXK OCi 00epTaHHS IIHEKa 3
MOCTYNAIBHOIO MIBUAKICTIO B HANPSIMKY ITHEBMOIPOBO/Ia MHEBMOILTHEKOBOT'O TPaHCIIOpTEpa.

R, T

A

r;), \. 9, i 1 in] x
2 18/ 2 \7;',' )

Y

Puc. 3. Cxema 10 po3paxyHKy pyXy 3epHOBOIr0 MaTepiaay y HIHEKOBOMY KOHBe€pi:
1 — cipajibHMi BUTOK IIHEKA; 2 — MIHeK; 3 — kopmyc (KoxkyXx); 4 — 0apadan

3 M0YaTKOM KOHTAKTy YaCTUHKH TiJla (3EpHUHH) MacoI0 71, 3 IIOBEPXHEIO CIIPaNbHOro BUTKa 1 (puc.

3), BOHa 3a PaXxyHOK OOEpTaHHS CHIpaJIbHOIO BUTKA IIHEKAa 2 3 KyTOBOIO MIBHIKICTIO (0 OZHOYACHO
00epTaeThCsl HABKOJO MomepedHoi oci (Jz Ta TepeMilllyeTbCsl MO IOBEPXHI BUTKA B HANpPSIMKY

N0310BXHB0T oci Oz . Y mpolieci pyXy 10 CHipaTbHOMY BUTKY IIHEKa B HAMPSAMKY BekTopa &, 0ChOBOTO

HepeMiH_IeHHH abo B HalpsAMKy BCKTOpa 90 OCBOBO1 HOCTyrIaJ'IBHO'l' H.IBI/LZ[KOCTi, 3CpHUHA TAKOX MOXKC

OZJHOYACHO KOB3aTH O OBEPXHI CIipajbHOTrO BUTKA Ta Kopiycy 3 LK mpotsarom aeskoro iHTepBaiy yacy
At .

VY npoMy BHNAAKY MaeMO CKJIQAHUHN pyX (Hi3WYHOrO TiNla, KOJIM 3epHUHA Oepe y4acTh: Y BITHOCHOMY
(obepTanbHOMY) pyci — o MoBepxHi ciipanbHoro Butka LK 31 mBuakicTio &, ; IpH MocTymnaibHOMY pyci

le 2

— OIHOYAaCHO Pa3oM 3 MOBOPOTOM 3€PHMHHM 31 IIBHMIKICTIO &, 1 FOPU3OHTAIBHOTO PyXy B HANpSIMKY

BekTopa I

-
Ha marepianbHe Tino, TOOTO 3€pHMHY Maco m,, sIKa 3HaXOAWTHCA Ha nosepxHi BuTka 1K Ta
HepeMilly€eThesl 0 HbOMY, B MOMEHT Yacy ¢ = 0 1iloTh cuila TSKIHHS m1,g , CHJla peakllii IOBEpXHI BUTKA

N, takoxyxa N, , cula TepTsd KOB3aHHsS BUTKa F| Ta Koxyxa F).

BBesieMo HepyXoMy TIpocTopoBy cucTemy koopaunat Oxyz (puc. 3), B skiii Bick Oz 36iraeThes 3

Biccto o6eptanns LK, a Bice Ox — 3 moB310BxHBOIO Biccio odepranust [LIK abo po3ramosana napaienbHO
TOPU3OHTAIBHIN IIIOMIHHI.
3a nmpoMixkoK yacy Af, abo B MOMEHT uacy ¢, ciipanbsHuil BUTOK 1 (puc. 3) LK noBepHeTbcs Ha KyT

noBopoty @(t), a kyr mosopory ((f) cripanbHOro BUTKa 3TimHO 3 [21] BUpakaeThes 3aIeKHICTIO

(p(t):27ra)t+(pl:27za;1—(tp+(pl, (1)

Je (@ — KyTOBa IIBMJKICTh OO€pTaHHS LIHEKa, Paj/c; ¢ = const — NMOYATKOBUH KyT IOBOPOTY

IIHEKa B MOMeEHT Jacy ¢ = 0, pan.
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3rigHo 3 [22], mopsaz 3 o0epTalbHUM PYXOM YaCTHHKA MaTepialdy Macoro 71, , sika po3TallloBaHa Ha
noBepxHi cripanbHoro Butka 1 (puc. 3) LK, 3ailicHIOE IEsIKUI pyX 3a paXyHOK IUIOCKONApaJIeNbHOTO PyXy
B wiommni Oy , sika nepnenaUKyIapHa oci 0bepTanHs 6apabana 4 mHeka 2, T06To oci Ox Baja IIHEKa.

IIpu x =0, el pyx YaCTHHKH MaTepialy Macoro 71, MOJKHA OIMCATH KAHOHIYHUM PiBHSAHHAM PYyXY
nentpy O oci Bana 1K, To6T0 [zo(t); yo(t);x0 (t)]:[zo (t); Yo (t);O],t >0, e KoOpAMHATH Z,, 1 ), 3TIIHO 3
[23] MoxHa 3anmMcaTH y BUIVIAAL  Z, (t) = —f[(oo (t) CosQ, (t):l +g[(00 (t)singoo (t):l Ta y BHUIILIL
3(t)==/Lo.(0)sing, (1)]-gl.(1)cose, (1)

PiBHsAHHS PYXy 4aCTHHKH MaTCpiajly Macorw /i, B HCPYXOMIM CHCTCM1 KOOpAUHAT Oxy 3Ir1iiHO 3

KJIACHYHHMMU 3aKOHAMH MeXaHiku [23] y BeKTOpHil (popMi Mae BUTIIST

- . d*R, = 2, 2,
m,X, =m.d, =m 1=G, + Nn,+ZF

ce c 2 m,. m;
dt i=1 i=1

>0, ()

Jle KOMITOHEHTH 3aJIeKHOCTi (2), T06TO Giryumii Bektop R, nomoxenns wactunku B muomuni ZOy , a6o

3B 30K MK BEKTOPHHM 1 KOOpJMHATHUM PEKUMaMU PyXy YaCTUHKH, BEKTOPHUH 3alUC CHIM TSHKIHHSA

2
yactuakd G, BEKTOpPHE 3HAYEHHS CyMapHOI peaKIlii Z N, noBepXOHB i CyMapHOT CHIIH TEpPTs KOB3aHHS

b
m. 1

i=1

2
ZF”I YaCTHUHKU I10 MOBCPXHAX BU3HAYAIOTHCH AK:
—

R, ()= l:xA (t);yA (t);ZA (t):l =ix(¢)+ jy(t) +kz(2) ; Gm(. = (mcg;o;_mcg); N, =nu;, (3)
ne I, j, k — KOOpAMHATH BIANOBIZHMX OCEH CHCTEMM KOOPAMHAT; 7, — OAMHHYHMI BEKTOD,
HEpIIeHANKYIIPHUN [0 IUIOIMHH BiANOBiIHOI TOBepxHi P, a0 OMMHUYHA HOPMaJb 10 MOBepXHi P, [ =

1, 2;

R~V =—fl\N,.\((dRA/dt)—z)/‘(dRA/dr)—rZ

)

JIe [, — peaKIis B 31 BIAMOBIIHOI IJIOMIUHY; f, — KOS(ILIEHT TEPTA KOB3aHHS OBEPXHI; V. — IMIBUAKICTH
1 1 1

B, ==fmd, =—f|N|(R,~7.)/

pyXy MaTepiajJbHOi YACTHHKH MACOI0 /71, B3JI0BXK IOBEpXHI P B TouIl R (D).

Po3B’A3aHHs 3a/1a41 3BOJIMTHCS /10 3HAXO/UKEHHs peakiii B’sA31 4, BIANOBIHOI NOBEPXHI IIOIMHU
P, abo B HaomMy BUINaIKy — 10 3HaXO/UKEHHS L, 1 [, —BIINOBIHO, peaKiiil B’ 131 IOBEPXHI CHIPaILHOIO
BUTKa | mHeka 2 i moBepxHi kopnycy 3 LK.

Jns 11bOro cnoyaTKy 3alMIIeMO PIBHAHHSA NOBEPXHI F, cHipajabHOro BUTKA 1 ImHeka 2 Ta NOBEpXHIi

P, xoxyxa 3, ki 3rizHo 3 [24] MalOTh BUIIIAL
B(0,5D;R;p;x)=x+(T /27) (9 —¢,) =0; 5
P (x;y;2)=2"+y"—0,25D* =0 ’ ©)
ne D — niamerp mmueka, M; ' — KpOK IBUHTOBOI JIiHI1 IIHEKA, M.
Toni mono)xeHHs OAMHUYHMX BEKTOPIB 7, 1 7, , SIKi HEPHEHIUKYIAPHI 10 IUIOIIMH BiJNOBiIHUX

KOHTAKTHUX IMOBCPXOHb YaCTUHOK MaTepiaJIy, 6YI[YTB BU3HAYATUCA K

ii, =(~Tsing;T cosp;wD / ¢(0,5D)); ©)
i, = (—cos @;sin ;0) ’

ne C(O,SD) =~NT?+7n°D*> =nD\Jtg’ f+1 — napamerp mmeka; T =7wDigf, B — xyr niziiomy
I'BHHTOBOT JIiHII BUTKIB CHipasi IIHeKa, rpaj.
BpaxoBytoun xanoniune piasaHA (1) 06epTannsa LK i mocTynanbHuil pyX YacTHHKH, OTPUMYEMO
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:—[O 5Dcoso, ();0,5Dsing, (t);0]+%[zo (1), (t);O], (7)
abo
= d , , d
8 :(—27r7(l"0'y+zo (¢); ¥, (t)+27r7(t0~z;0) (8)

[Torim, mo0 3HAaWTH peakuilo 4, B’A31 CHIpaJbHOI NMOBEPXHI BUTKA HIHEKA 1 Peakuilo , B’aA3l
noBepxHi koxxyxa LK, My MHOXMMO 3amucaHi cKaJspHi 3HAaYEeHHs BiIIOBIAHUX KOMIIOHEHTIB PIBHAHHS
(2) Ha BiANOBIHI 3HAUEHHS OJMHUYHHUX BEKTOPIB 71, 1 71, 3 PiBHAHHA (0).

B pesynbrati orpuMyemo:
-3a ymoBH i =1, a0 3a yMOBH BiOpauii YaCTMHKU TUTBKH HA MIOBEPXHi CIiPaJIbHOTO BUTKA

Oz—Lm sin —Lm + U, —
c(0,50) "™ P c(0,5p) " T
nDT do [z, ()s1n(p+yo cosq)] ©)
— fot, —| = |+ /i T
c(O,SD)‘O,SD‘ dt ¢(0,5D)

a6o BpaxoByrouH (8) i Toii (akr, 110 13 =dD/dt, C(O 5D) =naD\Jtg’f+1=nD/cosf,
nDsin

= (do/dt)+
D /i

0=—m,g(singsin f+cos B)+ u, — fopt, ——T

[— (¢)sing+y! (¢ COS(/):' > 10

O,S(df)/dt)—(d/a’t [0,5¢c0s ¢, (1);0,5sing, (¢ )]—(d/d)t[zo]‘

-3a yMOBH i = 2, a00 ogHOYaCHO] BiOpallii YaCTHHKU MaTepiady Ha HOBEPXHi CHipaJbHOrO BUTKA Ta
koxyxa LK

+ fiu, sin 8

2
m.a, = 0,5mCD((p)2 =0,5Dm, (le—(tpj =

' 11
fl/Jll:Zo( cosq0+y smqp] (1D

=—m,gcosP + i, —

a0o0 3 ypaxyBanHsM (8) i Toro dakry, mo 13 =dD/ dt
do \
0,5Dm, (d_(fj =-m,gCcosQ+ U, —

fl/,tz[z' Jeosp + y. ( sm(p] . (12)

dD d

0 5;——[0 5cos@, (1);0,5sing, (¢ ]——[z A O]‘

3anexHocti (10), (12) sBasI0oTE COO0I0 cHCTEMY PIBHSIHB, PO3B’SI30K AKOT IIOJ0 HEBIIOMUX peaKmii

B’431 IOBEPXHI CHIpPaJbHOIO BUTKA (; IHEKA 3 MoBepxHelo kopnycy i, HIK mae Burmsn:

) . mDsin d
mcgsm,B(sm(p+mcg)—f2/,t2 ’B(d(fj

oscgt)
= ; 13
t L+ fsin dﬁ d[—zo'(t)sin(p+y;(t)cosq)] : (13)
O,SZ—E[O,SCOS(/)O(t);O,Ssin(po(t)]—E[zo]
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2
u, =m, |:0’5D(Ci’_(fj + gCOS(p:l +

[ (t)cosp+ y! (¢ sm(p] . (14)

0, S[CZ)} Z[O,SCOS(/)O (¢):0,5sin¢g, (t)]_E[ZO (£):3,(1):0]

[TigcTaBiadrOun 3Ha4YEHHS pPEAKIII B 31 ntoBepxHi kopirycy 1K i3 3anexnocTi (14 IBHSIHHS
2

+ il

(13), oTpuMy€eMO 3aJIEKHICTh Ul BU3HAYEHHS Peaklii f, B 31 HOBEPXHI CHIPaIbHOrO BUTKA IITHEKA

w=m {0 SDKC; j f,+g[singsin B+cos B+ f, cosqo]}/

dD
[dtj {smﬁ[—z sm(p+y cosq)]} ffz[z sm(0+y cosgo]
+

27zDsin,B(f;fj 0 SEdDj EI:O,SCOS(PO(t);O,SSiH(pO (t)]—g[zo(t);yo(t);O]

/

dt
.(15)
B kiHnieBoMy BUIIAJKy 3 PIBHAHHA (2) pyXy MaTepialbHOi YACTUHKU MACOI0 771, 3HAXOIMMO
T(p—-2rw T(¢p—-2rw
ch(ﬁ:ancg—L(Zn)z 0,5D- f,u, (9 )— ((Pq ), (16)

¢(0,5D) 0,504

0,513‘
abo
2

mcﬂDtg,B[cjlt(fj =27 (m,g - cos ) -2xD(1gf3 —1)(62—(5jx

fzuz — fily

[ -2— I:OSCOS(DO( );0,5sin g, (1 :|2 [z t);O]j
(17)

Sxmo BiOpartist 3epHUHHA BiCYTHSI, TO 3ayIekHOCTI (14) 1 (17) icTOTHO CITPOITYIOTHCS.
VY 11bOMY BHITaJIKy MH OTPUMYEMO:

27 f,Dsin

lulzmc

(dtj de ’ : . .
@ l:O,SD(dtj +gcosq):l+g(s1n(psmﬂ+cosﬂ) ; (18)

dt

2
Uy =m, {O,SDKC;—(;)) +gcosq):|. (19)

Takum unHOM, oTpuMaHi audeperHnianbHi 3anexHocti (13), (14), (17) € MaTEMaTUYHOIO MOJIEILITIO,
sAKa XapakTepusye TexHojioriuauii mpouec podoru LK i moxe OyTu BHKOpMCTaHA IJISl MOJAJIBIIOTO
OOTpYHTYBaHHS KOHCTPYKTHBHO-KIHEMaTHYHHIX ITapaMeTpiB MTHEBMOLIHEKOBOI'O TPAaHCIIOpTeEpa.

Jnst mOBHILIOro onmcy TexHonoriyxoro npouecy podoru LK mudepenuiansHi 3amexuocti (10),

(18), (19) HeoOXigHO JONMOBHUTH 3aJ]aHUMH ITOYATKOBUMH YMOBaMH: (p(O) =Q,; (p(()) =do/dt=¢,.

[Tpu oMy HE0OXiTHO 3a3HAYNTH, IO MaTeMaTUYHa Mozenb (9), (12) € aneKBaTHOO JHIIIE 32 YMOBU
H; > 0.

SIkmio s yMoBa He BUKOHYeThes 1 4, < 0, To MaTepiaJlbHa YaCTHHKA (3€pHMHA) BTPayac KOHTaKT 3

MOBEPXHEIO 1 PIBHAHHSA (2) HE aJeKBaTHO OMNKCY€E peaJbHHUI MPOLEC PyXy MaTepiadbHOT YaCTHHKH MAaCOIO
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m, B 1K.
Takoxx HE0OXimHO HomaTH, 110 3a1exHOCTi (18), (19) MOXKyTh MaTH CTaIiOHAPHI PO3B’SI3KU BiTHOCHO
N . . . . . . )
peaKuii B’si31 [, BIIIOBIIHUX IUIOLIMH 1 KyTa IOBOPOTY (@, , SIKi BIANOBINAOTH IHIIMM TOYKaM CIIOKOIO:

270,5D

T .
MHip =Mm.g msm +W(l+f2 cosgop) (20)
Myp =M g COSPp; 21
Hip,
0=2ﬂmcg—ﬁ(2ﬂ)0,5D+2ﬂfzu2Pi +27 fo11,, T 1 ¢(0,5D). (22)

Hip =mcg(singopi sin 8 +cos  + f, cosg, cosﬁ);
Mayp =M g COSQ,, : (23)
m.g = fp COS B+ f 1, (1+sinﬁ)=0

Jlist BUSHAYCHHS (), BUKIIOYMMO 13 CHCTEMH PIBHSHB (23) 3HAUCHHS PCAKIIii 3B’I3KY L, .

VY pesynbraTi po3B’sa3aHHA (23) OTPUMYEMO 3aJIEKHICTh

cosp, (1 +ctgp, {ctg,B +[ 2 Dsin B( f,sin B —cosﬁ)]l}) =

(24)
= {ctg,B —[ﬂ'D sin B( f, sin 8 —cos ,B)]fl}

. . . [ 2
I3 cucremu piBHSHB (23) 3aMIHOO KOMIIOHEHTH SINQ, = 1—cos” ¢, Ta BBenEHHAM MO3HAYEHHS

COS (DP =X OHECPKYEMO KaHOHIYHE piBHHHHH APYyroro CTCICHA, pOSB’SISOK SIKOIro BiI[HOCHO (pB Mae

BUTJISL

f2[cos,B(cos,B—Tflcos,B/ﬂsz)+1] N
(T2 cos’ B/ D’ + f) [cosﬁ(cosﬁ —Tf,cos B /7er2)+1]2)2 _. 25)

sing, | =-

TCOS’B\/f2 [cos,B cos [ — TfCOSﬁ/ﬂsz +1] —cos” 3

BignoBizno 1o piBHsHHA (24) 3D rpadiuni 3anexHocTi Oynmm moOymoBaHi AK  (QyHKILIS
sin(DP1 = f(D,T), puc. 4.

205
04

sz

015 0.1 0
T .o 0.l T:m 025

Puc. 4. 3ane:xknicTs 3MiHM KyTa BiIXWICHHH ¢, MaTepiaabHOI YaCTHHKH Bin Di T

Ak Qpynkuis sing, = f(D,T)
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Ha ocHoBi aHani3y rpadi4HuX M00Y10B BCTAHOBIICHO, IO KYT BIAXWICHHS () , YaCTUHKH 3CpHA MiJ

qac il pyxy IO cHipajdbHOMY BUTKY LIHEKA 3MIHIOETHCS B Aiama3oHi 0...72 rpaf., IpUUOMY 3aJIeHO Bix
30inbenns giamerpa D mHeka Ta Kpoky 1 IIHeKa BiIXHMJIEHHsS YaCTUHKH IIPU 3MiHI KyTa B MeXax
45...72 rpaa. Mae IpsAMHA Xapaktep, a B gianasodi 0...45 rpagyciB — 3BOpOTHHIM XapakTep.

Y 1bOMy BHUIIAJIKY 33 YMOBH. [, > 0 MOXXHA IICHTH(IKYBAaTH HAOIP AOIYCTHMHUX TapaMeTPiB MOJIeII,

BUXOASYM 3 TOUKH 30pYy ii aeKBaTHOCTI Ta CTIHKOCTI CTalliOHapHUX pilleHb Oe3BiOpaliifHOro mporecy
po6oru LK.

UucenpHe gocmimkenas MateMatnaHoi mozeni (18), (19) peanizoBaHo 3a TOMOMOT0I0 TTPHKIIATHOT
nporpaMy JAjsl IEpCOHANBHOIO KOMIT'IOTepa, a B pe3ysbTaTi 3amiHu 3anexHicts (18) mpuBemena no

CHCTEMHU (p(l ) =y (t ) nudepeHIiagbHUX PIBHAHD NEPIIOT0 HOPAIKY.

BucnoBku.

1. 3ampomoHOBaHO METONOJOTII0 Ta NPHUHIMII PO3POOKH MaTeMaTHYHHX MOJENeH, IO
(YHKLIOHATIBHO ONMHUCYIOTH MPOLIEC PYXY 36PHOBOI'O MaTepialy B ITHEKOBOMY KOHBEEP] THEBMOIIIHEKOBOT'O
TpaHCIOpTEpa 3 ypaxyBaHHIM MOXIIMBUX BiOpaliiHUX MPOLIECIB.

2. Ha anamiTH4HOMY piBHI BH3HA4YEHO CWJIM PpeakKlii CHipaJbHOrO BUTKA IIHEKa Ta KOPIYCY
IITHEKOBOT'0 KOHBEEPA, BEIMUMHA SKUX (DYHKIIOHATIBHO 3aI€KUTH BiJl KyTa IIOBOPOTY Ta KyTOBOI IIBUIKOCTI
ILITHEKA.

3. Pe3ynpTaTé mOCTIKEHHS IOLTBHO BUKOPUCTOBYBATH B MPOLECi ONTUMI3alil KOHCTPYKTUBHO-
KiHEMaTUYHHX [TapaMeTPiB 1 peKUMiIB PoOOTH IIHEKOBUX KOHBEEPHUX MEXaHI3MiB.
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b. B. Ilerpumun, O. 1. O3umok
Hayionanvnuti nicomexniynuil ynigepcumem Yxkpainu

JOCHIIZKEHHA BIVIMBY 'OCTPOTHU HOKA HA AKICTH CTPYT'AHOTI'O LITIOHY

Haeedeno ymoeu 3abe3neueHHA OmMPUMAHHA AKICHO20 cmpyzanozo wnony. Ilpoananizoeano ocodnueocmi
3A20CMPIOGAHHA HOMCI6 UWINOHOCIMPY2ATILHUX 6EPCINAMIB,6CINAH08IEHO HEOO0IIKU NPOUecy 2O0MY6ants HOXHCie 00 podomu, AKi
3HUMCYIOMD 11020 nPoOyKmuenicmo. IIposedeno 00cnidriceHHA WOPCMKOCHI 6UZOMO6T1EHO20 CIMPY2AHO20 WINOHY HA éepcmami
Cremon TZE 40. Ilooyooeano diazpamy 3anexcHocmi wiopcmkocmi noeepxui 6io padiyca 3a0Kpy2ieHHA pi3anbHOi KPOMKU
HOXca ma KinbKocmi noosiiinux xo0ie éanueca.

Knrouosi cnosa: winonocmpyeanbHuil 6epcmam, His, RPUMUCKHA JIHIUKA, WOPCMKICMb NOBEPXHI WNOHY, 8aHYeC.

B. Petryshyn, Yu. Ozymok
STUDY OF THE IMPACT OF BLADE SHARPNESS ON SLICED VENEER QUALITY

This study outlines the conditions necessary to produce high-quality sliced veneer. We analyzed the specifics of
sharpening knives for veneer slicing machines and identified deficiencies in the knife preparation process that reduce
productivity. Research was conducted on the surface roughness of sliced veneer produced on a Cremona TZE 40 machine. A
diagram was then constructed to show the relationship between surface roughness and the knife&#39;s cutting edge radius, as
well as the number of double strokes of the flitch.

Key words: slicing machine, knife, pressure bar, veneer surface roughness, workpiece.

Beryn. Crpyranuii mmoH € OZHUM 13 HalBaXIMBIMIMX MaTepialiB y JIepeBooOpoOHii
IPOMHCIOBOCTI. MOro OTPHMYIOTh WLIAXOM CTPYraHHs AEPEBMHM HA TOHKi JIMCTH, sKi 30epiraroTh
NPUPOAHY CTPYKTYPY 1 TEKCTypy BOJIOKOH. 3aBISKH BHCOKHM JIEKOPAaTHBHUM BJIACTHBOCTSM, IIIMOH
IIMPOKO BUKOPUCTOBYETHCS Y BHPOOHHMILITBI MeOJiB, OONMIIOBaHHI MJIMTHUX MaTepialiB, BUTOTOBJIECHHI
JBEpeii, maHenel Ta iHIINX eIeMEHTIB iHTep  epy.

TexHomoriss MOro BHUTOTOBJIECHHS BHMAara€ peTEIbHOrO MiAOOPY CHUPOBHHHM, IOTPUMAaHHS
TEMIIepPaTypHO-BOJIOTICHUX PEXHUMIB MiATOTOBKH IEPEBHHHU, TOYHOI'O HAJALITYBaHHS OOJIaJHAHHS Ta
ONTHUMAJILHOTO KyTa 3arOCTPEHHS CTPYraHUX HOXIB.

SIKiCTh CTpyraHoro WINMOHY 3aJeXHTh HE JIMIIE Bill TEXHIYHOrO CcTaHy oOJanHaHHA, a H Big
napamerpiB 00poOKH, SAKOCTI pi3albHOrO IHCTPYMEHTY Ta MpogeciiHOCTI 00CTyroBYIOUOro IEpCOHAIY.
ToMy BHUBYEHHS OCOOMMBOCTEH IBOrO MPOLECY € aKTyalbHUM MJIS MiABHIUEHHS NPOAYKTHBHOCTI
BUPOOHUIITBA, 3HIKEHHS BUTpAT MaTepialiB Ta 3a0e3neueHHs CTablIbHOI IKOCTI TOTOBOT MPOIYKITii.

IMocranoBka 3aBaanb: OJHUM 13 KIIOUYOBHX MOKA3HUKIB SIKOCT1 CTPYTaHOI'O IIIIOHY € MIOPCTKICTh
Horo moBepxHi, sika Oe3MocepeIHbO BIUIMBAE HA MOJANBIIE CKICIOBAHHSA, 03100JICHHS Ta eKCIUTyaTamiiHi
BIIACTHBOCTI TOTOBOT MPOAYKII.

Ha ¢opmyBaHHS HIOPCTKOCTI IIMTOHY BIJIMBAIOTh Pi3HI YMHHUKU: BIACTUBOCTI ACPEBUHH, TEXHIUHUI
CTaH IIIOHOCTPYTaHJIBHOTO BEpCTaTa, TeOMETPIsl Ta CTYIiHb 3arOCTPEHHS HOXIB, PEKMMHU Pi3aHHS TOLO.
HeBinnoBigHicTe Xx0ya 6 OAHOrO 3 HMX MapaMeTPiB MOXE 3HU3UTH SKICTh LINOHY, IIO CBOEIO YEpProio
BILIMBAE HA 3aTalbHYy SKICTh KIHIEBOT'O IPOIYKTY.

V 3B’A3KY 3 IIUM aKTyaJbHHUM € 3aBJaHHs 3a0e3MeUeHHs CTaOlIbHOrO OTPUMAHHS CTPYTaHOT o IIOHY
3 ONTHUMAJbHUMHU TOKa3HHUKAMU IIOPCTKOCTI IUIIXOM ONTHMI3allil TEXHOJOTIYHOro Mpolecy, BHOOpY
e(eKTHBHOrO Pi3aJbHOTO IHCTPYMEHTY Ta JOTPHUMAHHS BiIMOBITHUX PEKUMIB 0OpPOOKH.

Bukiaag ocHoBHOro Mmarepiany. 3a0eslieueHHS HOPMaJbHOI POOOTH BCIX BY3JIB Ta CHCTEM
BEPCTATIB Il OTPUMAHHS SIKICHOI'O IIMOHY 3 TEXHIYHOro OOKY AOCSTa€ThCsl TOYHICTIO BUTOTOBJICHHS
BEPCTATIB, IX HAJIATOKEHHSM Ta MIArOTOBJICHHS Pi3aJIbHOIO IHCTPYMEHTY.

[linroToBKa IMOHOCTPYTAIILHOIO BepcTaTa 10 pOOOTH BKIIOYAE BCTAHOBJICHHS HOXa 1 IPUTUCKHOL
JHIAKY, pETyIIOBaHHS MOJOKEHHS KyJIayKiB, IO OOMEXYIOTh XiA cynoprta (mpu 3yOuactiii mepemaui),
NepeBipKy yNopiB MPOTH BUIIBOTY CYIIOPTAa, HAJIArOLKEHHS 3aTHCKHUX MPUCTPOIB, CIIPaBHICTh MAaCTUIIBHUX
CHCTEM 1 TaKe iHIII.

TexHiuHe HaNaro[UKEHHs NPUCTPOIO Ui BHHECEHHS JHCTIB LINMOHY 3 TOPOXHHHU CYyIOpTa
XapaKTepU3YEThCS EPEBIPKOI0 MEXaHI3MY IPUBOIY, CTYIIEHS HATATy TATOBUX OpraHiB (maciB) Ta ix pyxy
0e3 mpoOyKCOBKH, IMEPEeBIpKM SKOCTI MOBEPXHI MIKiBIB (BiACYTHICTH ONMBH), 3LUIMBKH MAcCiB, MEPEBIPKH
MexaHi3My HiTioMy, a TAKOXK CHCTEM Oe3MeKH.

SIKIIo TATOB1 OpraHM BUKOHAHI y BUIJISII JIAHLIOTIB, TO CTYIIHb HATATY HE MEPEBIPAETHCS, OCKUIBKH
BOHA 3a0€311e9y€ETHCS 3a PaXyHOK KOPCTKOTO KIHEMAaTUIHOTO 3B'A3KY.
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HanaromxeHnHsi BKIIIOYAa€e TaKOX BU3HAUCHHS PEKUMY poOOTH BepcTaTa - YHCIO XOAIB CymopTa i
KUIBKICTh BAaHYECIB, IKi CTPYraloTh OJHOYACHO.

PosmipHe HasmamryBaHHS IIIIOHOCTPYTAJIbHOTO BEpCTaTa IOB'SI3aHE 3 HOr0 HAJIATOKEHHSM 1
MOJISIra€ B PO3paxyHKYy HEOOXiAHMX BiACTaHEH MK JIE30M HOXa 1 KPOMKOIO MPHUTHUCKHOI JIHIWKH,
HaJAIITYBaHHI MOAa4l Ha PO3PaxyHKOBY BHCOTY HiAHOMY cTOJa 3a OAMH XOJOCTUH abo0 MOABIMHMIA Xix
CyIopTa.

3a0e3neyeHHsT 3aaHoi TOBLUIMHM IIMOHY 3aJISKUTh BiJl TEOMETPHUYHOI TOYHOCTI BepcTara, sKa
BHU3HAYAETHCS B3a€EMHUM PO3TALIyBaHHAM IIOB3YHIB Ta HAaNpSIMHHUX, pOOOYMX IEpEeMillleHb HOXKOBOI Ta
MPUTUCKHOI TpaBepc, a TaKOX BiJ MKOPCTKOCTI CHCTEMH BepcTaT-iHCTpyMeHT-BaHuec. OCTaHHS yMOBa €
HEOOXiZHOI0, TOMY IO B MpOILECi CTPyraHHA Ha BaHYeC HiIOTh HE TUIBKM CHJIM pi3aHHs, ane 1 iX
TOPU30HTAJIbHI Ta BEPTHKAIbHI CKIJ0BI, IO MPU3BOAUTD 0 3MiHH B3a€EMHOTO MOJOXKEHHS miatdopmu,
cynopra Ta BaHueca. [y 3a0e3neueHHs BUCOKO] SKOCTI IIMOHY Hepes MOYaTKOM KOXKHO1 3MIHH HEOOX1JHO
CTaBUTH 3aroCTpeHUH HDK (TOHKMH abo0 TOBCTHIl), MPaBHJIBHICTH 3arOCTPEHHS SIKOTO BHU3HAYAETHCS
MNPSIMOJIIHIMHICTIO JIe3a 1O BCill MIIOMIKHI.

3arocTproBaHHS IIIMOHOCTPYTAIbHUX HOXIB € CKIaJHUM 1 OaraToeTalmHuM MporecoM. Y Xoai Horo
BUKOHAaHHSI HEOOXiTHO BpaxoBYyBaTH crelM(idHi KOHCTPYKTHBHI OCOOJMBOCTI IMX IHCTPYMEHTIB —
30KpeMa, Manui KyT 3aroctpeHHs (B = 18...21°) ta Benuky miomry 3axHboi moBepxHi. Yepe3 3HauHY
JOBXKMHY HOXIB iX 3aroCTpIOBaHHs BUKOHYETHCS Ha CIelialni3oBaHOMY oOsaqHaHHi. JJocSTHEeHHS BHCOKOT
SIKOCT1 3aTOCTPIOBAHHS MOXKIIMBE JIMIIE 332 YMOBH MPaBWIBHOTO MinOopy aOpa3MBHOIO iHCTPYMEHTa Ta
JOTPUMAaHHS ONTHMAaJbHUX PEXUMIB 00poOiieHHs. Bubip aOpa3uBHOro Kpyra € OMTHUM 3 KJIIOUOBHX €TaIliB
MiATOTOBKM A0 3arocTpeHHs. Ilpu mpoMy moTpiOHO BpaxoBYyBaTH Taki MapaMeTpH, SK Marepian Hoxa,
croci0 Horo 0XonoKeHHs i yac 00poOIISIHHS, a TAKO)K KOHCTPYKTHBHI XapaKTePUCTHKH 1HCTPYMEHTA.

Jnst 3arocTprOBaHHS LIMOHOCTPYTalbHUX HOXIB 3a3BUYall BUKOPHCTOBYIOTHCSI CYLUIbHI YaIIKOBI
abpasusHi kpyru BignosinHo 1o ICTY ISO 603-6:2019. PekomennoBani po3mipu Kpyris: aiamerp — 150—
250 mm, ToBmmHa — 63—100 MM. AOpa3suBHUM MaTepiaioM CIYTye eleKTPOKOPYHJ, 3B’si3Ka Moxe OyTu
KepaMmiuHOr abo0 GakemiToBoro, TBepaicTs — Big CM2 no CT1, 3epuucticte — 1640 [2].

[HTEHCHBHICTh MpOLECY 3aroCTPIOBaHHS TAKUMHM KpPyramMd MOpPHU3BOAUTH [0 HiIBUILICHHS
TeMIIepaTypH Ha TOBEPXHi HOXa, 1110 HEraTUBHO BIUIMBAE HA SKICTh 3arOCTPIOBAHHA Ta 3HMWKYE CTiHKICTh
IHCTpyMeHTa A0 crpaioBaHHs. [liqroropka HOXIB 10 poOOTH 3aiiMae 3HAYHMKA Yac — sSIK Ha came
3aroCTpEHHs, TaK i Ha 3aMiHy a0pa3uBHUX KpyTiB. Lle cyTTeBO Mo3HauaeThCs Ha 3arajibHii MPOLYKTUBHOCTI
HpOLECY.

[IpuTuckHy NiHIAKY 3MIHIOIOTH 3HaYHO piame (OAWH pa3 Ha MIcALb), ajie Micis YCTaHOBKH HOXa 1l
00O0B'SI3KOBO PETYIIOIOTh IJISl 1OCATaHHA HeoOXiMHOro ooTuckanHs. OTpuMaHHS IINOHY 3a4aHO01 TOBIIMHU
TaKOX 3aJICKUTH Bl HANAIITYBaHHA MEXaHi3My MigioMy cTona.

CrpyranbHi HOXi BUKOPHCTOBYIOTBCS IJIS1 OTPUMAHHS CTPYT@HOTO INMOHY Ha IIIOHOCTPYTalbHUX
BepcTaTtax. BUroTOBISAIOTECA HOXI JOBXHHOIO A0 5500 MM, mupuHoio B = 150...265 MM 1 TOBIIMHOIO
S =4..22 mm (3a 3Buuail 15 mm). {1 kpimuieHHA B CynopTi HOXi MaroTh npopi3u. KoHcTpykuii HOXiB
CTpYraJbHHX BEpcTaTiB HaBeneHo Ha puc. 1 [2].
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Puc. I Koncrpykuii HOKIB | NPUTHCKHUX JiHIHOK IIMOHOCTPYTaJbHUX BEPCTATIB: a — HixK 10
yecbkoro sepcratra ®MM-3100 ToBcTHif; 0 — Te A TOHKHUII; B, T — MONePeYHi Nepepi3n NPUTUCKHUX
JIHIHOK 10 IIMOHOCTPYTraJbHUX BepcTaTiB: 1 — KopIyc HoKa; 2 — po0oya (pi3ajibHA) YACTHHA
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[Ipopisu mig 60nTH, U0 BUXOAATH Ha MO3I0BKHIO MOBEPXHIO HOXA, HE TEPIEHINKYIISPHI 10 Hel, a
posMimieHi mig KytoM 5....10°. Lle 3yMOBICHO HaxXWiIEHHMM DPO3MILICHHSAM CYMOPTa IIMOHOCTPYTaJIBbHOIO
BepcTaTa Ha HanpAMHUX. TOBCTI HOXI1 BUTOTOBIIAIOTH 3 JBOIMIAPOBOI cTaii (kommayn). Poboya gactuna - 3
neroBanoi ctani Tamy 9X5B®, 9XC, xopmyc - 3 M sikoi ctam 15. ToBmmHa po0040i YaCTHHH ~ CKJIaJia€
Bix 1/4 no 1/3 ToBmmHYM HOXa, a muprHa - Bix 1/3 mo 1/2 umpuan Hoxka. Teepaicte HRC po6ovoi yactuam
HO’Ka ITOBMHHA CTAHOBUTH 56...62 OIMHMUIII.

19

& . |

Puc. 2 3aranbHuil BUTJISI HOKA BEPTHKAJIBHOI0 IIIIOHOCTPYraJabHoro sepcrara Cremona
TZE 40, sixuii BAKOPHCTOBYBABCH i/l 4aC eKCIHEPUMEHTY: a — 3araJbHH BUIJIAL; O — cxeMa 3
JIHIHHAMH Ta KyTOBUMH NTapaMeTpPaMHu.

[Ipouec cTpyraHHsl IIMOHY MPOXOAMB 3a HACTYIIHUX YMOB: MOpOAA NEPEBHHU — OyO; BOJIOTICTH
nepesuHU — 60%; noBxuHa 3arotiBku — 4000 MM; ToBIMHA mMoHy — 0,5 MM; IIMpUHA JKCcTa WHOHY — 20
MM; KUIBKICTh NOABIMHMX XoniB 3a xBuiauHY 20...80 XomiB/xB. EKcCIIepUMEHT BHKOHYBAaBCS CIIOYATKY
TOCTPHM HOXKEM paiyC 3a0KpYIJICHHS pi3aibHOI KPOMKH CTaHOBUB p=10 MKM, a TIOTIM B 3aTYIUICHHM,
paziyc 3a0KpyIJIeHHS Pi3ajJbHOI KPOMKH CTAaHOBUB p=8(0 MKM.

Excnepumenmanvti 00CnioHceHHs WiOPCMKOCHE CIPY2an020 WNOHY

JlocniKeHHsT IIOPCTKOCTI BUTOTOBJIEHOTO cTpyraHoro mmoHy Ha Bepctati Cremon TZE 40
BHKOHA€MO Y BUIJISIIII aKTHBHOIO EKCIIEPUMEHTY 3a B-1mutaHoM 3 1BoMa ynHHHMKaMH [3].

Ha ocHoBi aHamizy YMHHUKIB BIUIMBY Ha LIOPCTKICTh CTPYIaHOTO IIMOHY BCTAHOBIICHO, LIO
HaWOIIBIIKI BIUIMB cepell yCiX HasBHMX YMHHHKIB Ma€ KiIbKiCTh MOABIMHMX XOmiB n (X6”) MexaHizmy
pi3aHHs 32 OJHY XBHJIMHY. TaKo)X YNHHUKOM BHOMPAEMO TOCTPOTY HOXKa IIITOHOCTPYTAJIbHOTO BepcTaTa,
sKa XapaKTEepU3yeThCA PafiycoM 3a0KPYIJICHHA PLKY4YOi KPOMKH p (Mxm). 3 JiTepaTypu Biomo, IO 3i
30UTBIIEHHSM 3aTYIUICHOCTI 1IHCTPYMEHTY SIKICTb OOpOOJICHHS NEpeBUHH 3HIKYeTbcsa. OOIpyHTYBaHHS
BHOOpY YMHHHUKIB onucaHo Buiue. [lapamerpom omiHIOBaHHS MPUHHATO MOPCTKICTH 00p0OIeH01 MOBEpXHi
Rm max-

Otxe, B pe3yabTaTi eKCIEpUMEHTAIbHUX JOCIIIKEHb HEOOX1HO BCTAHOBUTH TaKy 3aJICKHICTh:

R max = f(n;p),'.

OO6nacte BH3HAYEHHS KUIBKOCTI MoABiiHMX xomiB craHoBuTh 20...90 xoxis/xB. BpaxoByroum
peajbHI PEeXHMMH, NMPH SKUX 3IIHCHIOETbCS CTPYraHHS INNOHY Ha BUPOOHHULTBI, 00NacTh iHTEpecy
BrOHpaemo B Mexax 20...80 xomiB/xB.

l'octpoTta HOXa MIMOHOCTPYTajbHOTO BEPCTaTa BU3HAYAETHCSA PajiycoOM 3aO0KPYIJICHHS pi3anbHOI
KPOMKH, 3HA4eHHs SKOro MOokyTb OytH B Mexax 10...80 mxm. Came mi 3HaueHHS BapTO NPUHHATH 3a
o0nacTb iHTepecy, OCKUIbKH BOHH BU3HAYaIOTh pPealbHUI NEepioA TPUBKOCTI IHCTPYMEHTY.

3BezieHi JaHi obnacTi BU3HAUEHHs Ta 0071acTi IHTepecy OCHOBHUX YMHHHMKIB ITOKa3aHO B Ta0. 1, a B Talu.
2. Posnumemo obnacts iHTEpecy 1Mo PiBHAX.
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Taban. 1
O0J1acTi BU3HAYeHHSI Ta 00J1aCTi iHTepecy OCHOBHMX YMHHMKIB BIIMBY HAa IIOPCTKICTh CTPYTraHOT O
IIIOHY
3HaYeHHS
HasBa ynnnuka [To3nau. Oﬂ.’ Obaacts .O6HaCTB
BUMID. BH3HAYCHHS IHTEpeCcy
MiH. MakKc. MiH. MakKc.
KiipKkicTh TOABIMHUX XOIIB n XOI./XB 20 90 20 80
Paniyc 3aokpyrieHHs HOXxa p MKM 10 100 10 80

B GinbriocTi BUNaAKIB IMij] 9ac TOCTiHKEHHS MPOIECciB MEXaHI9YHOTO 0OpOOIICHHS JIepEeBUHU 3B’ 30K
MiXX YUHHUKAMH i BUXITHUMH ITapaMeTpaMH 3 JOCTaTHHOK TOYHICTIO MOXKHA OMVCATU PIBHSIHHSM HE BUIIE

JPYTrOro MOPSIKY.

PiBHsiHHS perpecii B KOMOBUX 3HAUYECHHSX IS JOCIIDKYBAHOI 3aJISKHOCTI Ma€e BUTISA [3]:

ne, by, b, bz, bi> — xoediieHTH PIBHAHHS perpecii.
[ nnaHyBaHHA eKCIIEpUMEHTY BUOWMpaeMo B-miaH, Tak SK BiH Ma€ TOPIBHSHO BHCOKI
XapaKTepUCTUKU TOYHOCTI KoedilieHTiB piBHAHHA perpecii. OcobnuBicTio B-11any € Te, 1110 30psiHe mieue
y BCiX BHNAAKax AOpiBHIOE onuHMLI (-1).

y=>b,+b X, +b,X,+b,X X,

(1)

Tabn. 2
O0sacTh iHTEpecy OCHOBHMX YMHHMKIB BINIMBY HA IOPCTKICTh CTPYTaHOIO INOHY
.\, Konose
.o AV Huxniit InTepBan
YuHHIK OcHoBHui piBeHb | BepxHiii piBeHb . . 3HAYCHHS
piBeHb 3MIHU
YMHHUKA
KinmpkicTh
.\, . 50 80 20 30 Xi
MOJBIMHMUX XOJIB
Paniyc
a4 45 80 10 35 X
3a0KpYIJICHHS Jie3a

Peanizaniss anroputMmy 0O0poONEHHS pe3ysbTaTiB 0araTOUMHHUKOBOI'O €KCIIEPUMEHTY y BUTIISAL
npuknanHoi nmporpamu Ha EOM 3abe3nedye BHCOKY IIBUAKICT Ta TOYHICTH BUKOHAHHS TPOMIZIKHX
PO3paxyHKIB 1 BHKJIIOYa€ MOXIIMBICTH NOMUJIOK. BuKopHcTaHHsS s po3poOieHHs AaHoi mporpamu
cepenosumia MS Excel noszBomse y 3pyuniii ¢opmi BHBOAWTH TPOMDKHI PE3yJIbTaTH MOETAITHOI'O
BHKOHAHHS pO3paxyHKiB, 110 3a0e3MeYy€e MOXKIIMBICTD iX MOCIIZIOBHOTO aHANI3y Ha KOKHOMY 3 €TalliB.

MeTtoanka BU3HAYEHHSI HIOPCTKOCTI 00po0/1eHOol MOBepxHi
B pesynbraTi npoBeAeHHS JOCTiAKEHb BiAMOBIAHO IUIaHY EKCIEPUMEHTY, OTPUMAaHO B3ipLli MIMOHY
(puc. 3) npu pi3HUX 3HAYCHHS YMHHMKIB BIUIMBY BiIOBIAHO 10 HOMEpa JOCTiy.

Puc. 3 B3ipui cTpyranoro mmnony oTpuMaHi il Yac NPOBeJAeHHS eKCIIePUMEHTAIBHUX
HOCIIIZKeHb

OTtpuMaHi B3ipIli MIMOHY PO3TISAAIUCH 3 JOIOMOTOK MIKPOCKOIA JUTsl BUMIPIOBAHHS IIOPCTKOCT1
TCII 4 (puc. 4) y naboparopii kadeapu TEXHOIOTYHUX MAIINH 1 TEXHIYHOTO CEpBicy.
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Jnst 00poOIeHHS OTPUMAaHMX PE3YIbTATIB HOCTIIKEHHS [OPCTKOCTI MOBEPXHi CTPYTaHOIO IITOHY
NOTPiOHO 3acCTOCyBaTH NMPHKJIAAHY mporpamy matplan y cepemosumi Excel, mo no3somuTe oTpumarn
piBHSHHA perpecii Ta moOyayBaTH rpadiuHi 3a1eKHOCTI.

Puc. 4 BumiproBaHHSI IIOPCTKOCTI IIMOHY 3a JonoMoror mikpockona TCII 4

Pezynvmamu 00cnioiceHHa WopCcmMKOCmi NOGEPXHI WINOHY

PesynbpTati eKcriepuMEHTaNbHUX JOCHIIKEHb, BHKOHAHOIO 3a B-muiaHoOM apyroro mopsiaky
BIMOBiAHO A0 MIiATOTOBIEGHOI METOAMKH, TOKazaHo Yy Tabn. 3. OOpoOneHHA pe3yibTaTiB
eKCIIEPUMEHTAIBHUX JOCIIIPKEHb BUKOHAHO 33 JOMOMOT0I0 IPUKIIaHOI TporpaMu matplan y cepemoBumi
Excel.

Tabn. 3
PesysabTaT ekcnepuMeHTAIBHHUX AOCTIAKeHb IIOPCTKOCTI MOBEPXHi IINOHY, BAKOHAHOTI'0 32
B-niianom
Komosi Har .
3HAYEHHS YpaulbHl Rin max, MKM
No . 3HAYCHHS YNHHHKIB
YHHHUKIB
AOCI. PesynpraTi mOBTOpEHH TOCTiAIB Cep
X X5 n, XoI./XB | p, MKM )
1 2 3 3HAY.
1 -1 -1 20 10 35 30 40 35
2 +1 -1 80 10 45 50 40 45
3 -1 +1 20 40 65 60 70 65
4 +1 +1 80 40 80 85 90 85

PiBHSIHHS 17151 SIKOCT1 IOBEPXHI CTPYTaHOro MIMOHY OTPUMaHE i/ 4ac MPOBEICHUX EKCIIEPUMEHTIB
B KOJIOBHX 3HAYCHHSX Ma€ BUTIILL:

Rivine = 5854 T5%; + 17,55+ Z5E.% @)

YMOBa aIeKBaTHOCT1 OI€PKaHOT'0 PiBHSHHS BUKOHYETHCS, TOMY BBXKAEMO ILIO PE3Y/IbTATH PIBHAHHS
perpecii 3 10CTaTHbOIO TOYHICTIO Y3IOMKEH]1 3 pe3y/IbTaTaMH eKCIIEPUMEHTY.

Otxe, 3a ofep>kaHUM PIBHSIHHSAM MOXKHA aHAII3yBaTH BEJIMYMHY BIUIMBY KOXKHOTO 3 YAHHHKIB Ha
3Ha4YeHHS MapaMeTpa IOPCTKOCTI MIMOHY CTPYTraHOTO IIMOHY, a TAKOXK MPOTrHO3YBATH BEIMYUHY KOKHOTO
3 TapaMeTpiB NpH Oyab-IKUX 3HAYEHHSIX YMHHHUKIB, 10 3HAXOIATHCS B MEKaX MUK BepXHiM (+1) Ta HIKHIM
(-1) piBHsAMH.

Ha ocHoBi ananizy piBHSHHA perpecii A1 BU3HaUYEHHS [IOPCTKOCTI LIIMOHY MO>KHA BUALIUTH TaKe:

- BeJINYMHA MEPLIOro YUHHKKA (KUJIBKOCTI XO/iB) BIUIMBAE HA SKICTh IIMOHY Y 2,3 pa3u MEHILE, aHK
BEJIMYHMHA APYTOr0 YMHHUKA (TOCTPOTH IHCTPYMEHTY);

- 13 30inbIIeHHAM KoedimieHTa 1 mepuioro, i Ipyroro YMHHMKIB PiBHSHHSA perpecii, siki MaroTh
JOAaTHE 3HaYEHHS SIKICTh IIMOHY MOTipIIyBaTUMEThCS

- MIHIMaJIbHOTO 3HaYEeHHSI IOPCTKOCTI IIOHY MOKHA JOCATTH MiJ 4ac poOOTH TOCTPUM HOXKEM MPH
MiHIMaJBHIA KUTBKOCTI MOABIHHUX XOJIIB/XBUJIMHY;

- HalOUIBILOI0 HIOPCTKICTh IMOBEPXHI IUMOHY OyAe B MpOIECi CTPYraHHSA HPH MaKCHMaJIbHHX
3HAa4YCHHSX BEJIMYUH pajiyca 3a0KpYIJICHHS PIXKY40l KDOMKM HOXa Ta KUTBKOCT1 MOABITHUX XOiB/XB CTONA
3 BaHYECOM;

- AKIIO 3HAYCHHSA 00MIBOX YNHHHKIB 3HAXOAUTHUMYTHCS Ha HYJIbOBHX PIBHSX, IIOPCTKICTh MOBEPXHI
cTpyraHoro mmoHy Ha Bepcrari Cremona TZE 40 cranoButuMe 57,5 MrM, 110 i BiAMOBifae 3HAYEHHIO
BUIBHOT'O WIEHA OJEP>KaHOTO PIBHSHHS;
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- koediwieHT b;, CBIXYHTH MPO Te, MO ICHYE B3aEMOMis YNHHHUKIB, TOOTO Paiiyc 3a0KPYIJICHHS
piXy4oi KpDOMKH HOXKa Ta KUIbKICTh OABIMHUX XOAIB BaHYeca BIUIMBAIOTH OJMH Ha OHOTO.

[I1o6 Ha ocHOBI PiBHSIHHS perpecii B KOIOBUX 3HAUEHHIX YMHHUKIB OTPUMATH PIBHSHHS perpecii B
HATypaJbHUX 3HAUYECHHSIX YMHHHKIB, CKOPHCTAEMOCH (HOPMYJIOI0 3TiJHO METOOWKH IJIaHyBaHHS
CKCIICPUMEHTY.

PiBHsIHHS perpecii HIOPCTKOCTI B HATypaJIbHUX 3HAYCHHSAX YMHHUKIB Ma€ BUTIIAL;

Ryywmaw = 53,071 — 0,857n +10,952p + 0,0294np 3)

PiBHsiHHS perpecii B HaTypalbHUX 3HAYCHHAX YMHHUKIB J1a€ MOXJIMBICTH MOOYIYBaTH Iiarpamy
3aJIeKHOCTI IIOPCTKOCTI OBEPXHi BiJ BIUIMBY LIMX YMHHUKIB, 32 SIKOIO MOXXHA IIPOBECTH OUIBII JETaTbHUN
aHawi3.

BukopucroBytoun piBHSHHS perpecii y HaTypalbHHX 3HAUYEHHSX BHKOHYEMO 32 IOTOMOIOIO
nporpamu MS Excel moOyzoBy niarpamu 3aieKHOCTI IIOPCTKOCTI MOBEPXHI pajiyca 3aOKpyTJICHHS
pi3asIbHOI KPOMKH HOXKa Ta KUIBKOCT1 MOABIMHMX X0MiB BaHYeca (pHC. 5).

Rymaxs MKM

220 T T m=190220
190 T T m160-190
160 - T =130-160
130 T - =100-130
o ——— =70-100

70 T =40-70

‘;g T 510-40

= 625 ", § I 65.00 80,00
Pr MEM™ g5 T~ — 35,00 . Die/x6
1020,00 n, X0

Puc. 5 Jliarpama 3a71€KHOCTI 32J1€2KHOCTi IIOPCTKOCTI MOBEPXHi pajiyca 3a0KpyIrJIeHHSs
Pi3aJIbHOI KPOMKH HOKa TAa KiJIbKOCTI MOABIHHUX X0JiB BaHYeca

3 pmiarpamMy IIOPCTKOCTI MOBEPXHI BHIHO, IO 38 YMOBU MiHIMaJdbHUX 3HaYeHb YMHHUKIB BIUIUBY
BHJTHO, 1110 3HAYCHHSI IOPCTKOCTI € HalMEHIIUM 1 cTaHOBUTH 13,73 MkM. I1ix gac poboTu rocTpuM HOXKEM,
13 30UTBIIEHHSAM KUTHKOCTI TIOJIBITHUX XOiB/XB, MOPCTKICTh TTOBEPXHI JACIIO 3HIKYEThCA. TOi K Iij] yac
poOOTH 3aTyIJICHUM HOXEM, i3 30UIbIIEHHSIM KUTBKOCTI MOABIHHUX XOMIB/XB, IIOPCTKICTH IOBEPXHI
30inbIIyeThcs. ToOTO, yMOBOIO 3a0e3MeueHHs] HalAKICHIIOT TOBEPXHI IINMOHY MOXKHA BBa)KAaTH CTPYTaHHS
LIMOHY TOCTPUM HOXKEM IPU MaKCHMaJbHIH KUIBKOCTI1 MOABIMHMX XOZIB (Ha MAaKCUMAalbHIA IIBHIKOCTI
pizanust). [To Mipi 30ibIIEHHS 3aTyIJICHHS HOXA SIKICTh ITOBEPXHI LIMOHY MMOCTYIIOBO MOTIPIIYETHCS.

3 miarpamMu BUAHO IO TOCTPa HOXKA Ma€ 3HAYHO OUTHIIMI BIUIMB Ha IIOPCTKICTH MOBEPXHI IINOHY,
MOPIBHSIHO 3 KUIBKICTIO MOABIHHUX XOAiB. BpaxoByioun BUMOrM MpPOBITHHX €BPONEHCHKUX BUPOOHUKIB
Me61eBo1 MpoxyKLii A0 mopcTKocTi mmony Ha piBHi 100-120 MKM Ta aHami3ylo4d OTPUMAaHi pe3yabTaTu
JOCTIPKEHb MOKHA 3pOOUTH BUCHOBOK, 1110 IJIsI OTPUMAaHHS SKICHOTO LIITOHY NOTPiOHO 100 HIX IpalioBaB
B Mekax nepiofy crifikocti 10...60 Mxm.

Jani pe3yabpTaTH OTPUMAHO Micis poOOTH HOXKa BOPOIOBXK 4 TOM, KOJIH paAiyc 3a0KpYTICHHS Jie3a
HOXa cTaHoBUB MpuOIm3HO 80 MkM. ITicis X 4OTHPHOX rOAMH POOOTH HIXK HA MIANPHUEMCTBI 3HIMAIOTh
JUISL TIEPErOCTPEeHHS. 3 BHILE CKAa3aHOTO BUILIMBAE, IO U OTPHUMAHHS SKICHOTO IIMOHY HIX MOTPiOHO
3HIMATH Micis 3 Tox poOOTH, KOJIU PaAlyC 3a0KpYIJIEHHS pi3ailbHOI KPOMKH CTAHOBUTH OMM3BbKO 60 MKM.

Takox 151 301MbLIEHHS MEpioy CTIHKOCTI HOXa BapTO PO3IIISLIATH CIIOCOOU 3MILHEHHS TIOBEpXHIi
Horo piza’bHOT YACTUHH, 3aTOCTPEHHS HOXKa KPYTaMH 3 IIEpEpBHOI0 pOO0UOI0 MoBEpXHEIO [7].

BucHoBku:

1. Bu3HaueHO OCHOBHI YMHHUKH BIUIMBY HA LIOPCTKICTh MOBEPXHI LIMOHY JUIA HPOBENCHHS
EKCTIEPUMEHTAIIBHUX JTOCTIIPKEHb: KUTBKICTh MOABIMHUX XOIB/XB Ta paliyc 3a0KpYIJICHHS Jie3a HOXa.

2. Ha ocHOBI OTpuMaHMX pe3yJdbTaTiB EKCIIEPUMEHTY Ha MIMOHOCTPYTraJlbHOMY BEpCTaTi
BCTaHOBJICHO, IO [UIs 3a0e3MeueHHs] HalsKiCHIIIO! MOBEPXHI IIITOHY MOTPIOHO pi3aTy FOCTPHUM HOXKEM TpH
MaKCHMAITbHIN KiTFKOCTI TONBIMHUX XOMiB (Ha MakCUMallbHIN IBUAKOCTI pizanHs). [licns 2 rogua pobotu
HOXa JUIs1 OTPMMAaHHS SIKICHOT'O IIIOHY PEKOMEHAYEMO 3HMKYBATH LIBUAKICT PI3aHHS.

3. BpaxoByloun BUMOTHU MPOBIAHUX €BPONEHCHKUX BUPOOHHKIB MeOIeBOT MPOAYKII O HIOPCTKOCTI
mrony Ha piBHi 100-120 MKM Ta aHami3ylo4d OTPHMAaHI PE3yabTaTH MOCIIIKEHb MOXKHA 3pOOHTH
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BHCHOBOK, IO JUIS OTPUMAaHHS SKICHOTO LIIOHY MOTPiOHO mI00 HiXK MPAIIOBaB B MEKaX Mepiofy CTIHKOCTI
10...60 MKM.

4. BigmoBigHO [UIA OTPUMAaHHS SIKICHOTO IIIOHY HDK MOTPiOHO 3HIMATH micis 3 rog poOOTH, KOIU
paziyc 3a0KpyTJIEHHS Jie3a HOXa CTaHOBUTH Onm3bko 60 MkM. OTxe, MOTpiOHO PO3POOMTH HAYKOBO-
oOrpyHTOBaHI CrOcOOM MiIBUILIEHHS MEPioAy CTIMKOCTI MIMOHOCTPYTaJIBHOIO HOXa UI MOXIUBOCTI
CTpPYTaHHS IITMOHY 3 BUCOKOIO AKICTIO BIPOJOBK po00ovoi 3miHH (8 Toxm).

CnucoK BUKOPUCTAHMX /IZKEpeI:

1. Kipuk M. JI. Mexaniune 00poOieHHs 1epeBUHH Ta JepeBHUX MaTepiaiiB: [ligpydHuK U1 BUIIMX
HaB4aJbHUX 3aknaniB / M. Kipuk — JIeBiB: KH, 2006. — 412c.

2. Kipuk M. 1., I'purop’es A. C. [liarotoBieHHs AepeBOpi3aJbHUX IHCTPYMEHTIB O pOoOOTH Ta iX
excruryaTanis: [linpydnuk ans Bunmx HaBuainbHuX 3aknaniB / M. Kipuk, A. I'purop’es — JIpBis: HIITY
VYkpainn, 2013. — 342c.

3. Mumumuyk M. 1., I'puropes A. C., Illocrak B. B. OcHoBu HaykoBux mociimkens: [limpydnuk /
M. I. Immunayk, A. C. I'purop’es, B. llloctak — JIbBiB: BugaBaumnso «3Hanus», 2007. — 270cC.

4. bineir I1. B., Joera H. JI., Xanuk 5. M. Ta iHm. Meromonoris HayKOBHUX IOCITiIKEHBb
TeXHONOriyHuX mporeciB: HaBuansamii mocionuk / I1. B. bineit, H. 1. [Josra, f. M. Xanwuk Ta inm. — JL.:
[Tanopama, 2003. — 182c.

5. Osumok O. I, Benp O. I. Ilocrak B. B. [locmimkyBaHHA Temmeparypd Ha IOBEpXHi
3arocTproBaHHs JyIniabHUX HOXiB. Haykoswuii Bicauk HJITY Ykpainu: 30ipH. Hayk. npais. JIbBis. 2020,
toMm 30, Nel. — C. 115-120.

6. Ozumok lO. L., Bens O. I. lllocrak B. B. BrmimB temmepaTypu, 110 BUHHMKAa€e Ha TOBEPXHIi
3aroCTPIOBAaHHS JIIIMJIBHUX HOXIB, Ha MIKpPOTBepAicTh Jje3a. 30ipHMK MatepianiB IV mixHapomHoi
HayKoBo-TipakTH4HOI KoH(epenuii "[Ipuknanni HaykoBo-TexHiuHi gocmimkenas” 2020. — C. 63-65 (m.
IBano-®pankiscek 2020).

7. Yuriy Ozymok, Ben Ihor, Shostak Volodymyr. Substantiation of regimes applied when sharpening
veneer peeling lathe knives by a multi-cup abrasive disk. Journal PRO LIGNO, Brasov, Romania, 16 (4),
2020.

8. loctak B. B., CaBuyk 4. 1., KoBanpuyk I'. M., O3umok IO. 1., CaBua M. M. OcHOBH po3paxyHKy
Ta KOHCTPYKIi NepeBo o0poOHoro obmagHanss: migpydnuk / B. B. Ilocrak, S. 1. CaBuyk, I. M.
KoBanpuyk, 1O. 1. Ozumok, M. M. CaBuu: 3a pen. B. B. Illoctaka. — JIbBiB: BumaBauntso JIbBiBChKOT
nomiTexHiku, 2012. — 392 c.

© b. B. llempuwun, 10O. I. O3umox

124



Misiceyziecvruti 30ipnux « HAYKOBI HOTATKH». Jlyywx, 2025, Ne§82

YK 674.028.3:621.941 DOI 10.36910/775.24153966.2025.82.20

b. 3. bapatam, I. T. Pe0e3niox
Hayionanvnuti nicomexniynuil ynigepcumem Ykpainu

EKCIIEPUMEHTAJIBHE BCTATKOBAHHSA JJI1 BUBHAYAHHS PAIIIOHAJIBHUX
PEKUMIB PI3AHHSA B BAPABAHHUX IIOJPIBHIOBAYAX JIEPEBUHHA

Ilpoananizoeano winaxu yOOCKOHANIOEAHHA NPUHYUNOGOT cXemU OApAdAHHUX NOOPIOHINEAUie OepesUHU 3a0s MO20
w06 ompumyeamu AKHAUOINLUIOZO 6I0COMKA MEXHONOZIUHUX MPICOK ROMPIOHUX po3Mipie | aAKocmu, Hacamnepeo ona
GUPOONIAHHA RATUGHUX ZPAHYI. 3A3HAYUEHO, W0 CKIAOHUKAMU OMPUMYBAHHA O0EPEGUHHUX MPICOK He6HUX po3Mipie y
bapabanHux noopioHIOEAUAX CIY2YE HUZKA YUHHUKIG, AKI 3A2A10M MOMCHA 00’ €OHAMU Y 06a: PEHCUM PI3AHHA MA KOHCIMPYKYIA
Kamepu noopioHI06AHHA MEXHON02IUHUX MPICOK.

Onucano 0cobnugocmi KOHCMPYKYIT 6UpoONIEHO20 eKCREPUMEHMANILHOZ0 YCINAMKOBARHA, HA AKOMY Oyoe ModcHa 3
UCOKUM CHLYHEeHeM MOYHOCHU 00CTiOUmU CKI1A0OHUKU 600CKOHANIO6AHHA HAPAdAHHO20 NOOPIOHIO6AYA Oepesun.

Knruoei cnosa: 6apabannuil noopioH8ay 0epeguHi, pexcum pizaHHs, Kamepa noOpiOHIO8AHHS, MEXHOIO02IUHI MpicKuU,
eKCnepuUMeHmanbHe yCmamko8aHHsL.

B. Z. Barabash, 1. T. Rebezniuk

EXPERIMENTAL EQUIPMENT FOR DETERMINATION
OF RATIONAL CUTTING MODES IN DRUM WOOD CHIPPERS

The ways of improving the schematic diagram of drum chippers of wood are analysed in order to obtain the largest
possible percentage of technological chips of the right size and quality, primarily for the production of fuel pellets. It is noted
that the components of obtaining wood chips of certain sizes in drum chippers are a number of factors that can generally be
combined into two: the cutting mode and the design of the chipping chamber of technological chips.

The features of the design of the experimental equipment produced are described, on which it will be possible to study
the components of improving the drum chipper of wood with a high degree of accuracy.

Keywords: drum wood chipper, cutting mode, chipping chamber, technological chips, experimental equipment.

Interpretation of the Problem.

Since the production of the first choppers for wood processing (the second half of the 19th century),
their designs have been constantly improved using established cutting schemes, primarily in accordance
with the need to obtain chips of certain sizes.

Due to a number of advantages of drum choppers [1] compared to circular ones, they are designed
and produced as both mobile and stationary. Mobile equipment can be used directly in the forest at wood
harvesting sites, where both tree trunks and branches, knots and other wood residues are chipped on it. After
chipping on such equipment, chips of relatively large sizes up to 200 mm are obtained, which are used as
fuel or rechipped to be used for the production of wood fuel pellets.

Stationary drum chippers are installed at enterprises as part of technological lines. Typically, wood
is chipped on such chippers into chips with dimensions not larger than 25 mm X% 25 mm x 2 mm. The
resulting chips are dried, then they are rechipped on hammer mills or chipping machines or disintegrators
to obtain fractions of no more than 6 mm. It is from chips of this size that wood fuel pellets are produced.

The components of obtaining wood chips of certain sizes in drum chippers are several factors: the
speed of feeding the material, the angle of feeding the wood, the speed of cutting, the number of knives on
the drum, the presence of bedknives, the design of the perforated sieve. In general, two components can be
distinguished: the cutting mode and the design of the chipping chamber.

Therefore, it is necessary to first investigate whether it is possible to obtain, by adjusting the wood
cutting modes and improving the design and arrangement of the components of the chipping chamber of
technological chips, only chips no larger than 6 mm in size as a result of chipping wood in drum chippers.

Analysis of Recent Research and Publications.

Today, the common scheme of a drum wood chipper is (Fig. 1.1) [2] the one in which a steel
perforated sieve of plate arc shape / located at a certain equal distance from the cylindrical surface of the
knife drum 2 of the chipper is used to screen out the homogeneous fraction of technological chips. The inner
working surface of the sieve / and the cylindrical surface of the knife drum 2 limited on both sides the
chipping chamber of technological chips 3.

The disadvantage of this design is the low productivity of obtaining chips of given sizes, since a
certain percentage of chips of large sizes that need to be rechipped are retained in the chipping chamber
after cutting wood.
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To rechip technological chips faster, chippers are designed and produced according to the scheme
(Fig. 1.2), in which the chipping chamber / in its upper part is limited by the bedknife 2 [3]. With this design
of the chipper, the technological chips fly out of the chipping chamber less, hit the edges and surfaces of
the bedknife 2 less, are partially rechipped and sifted through the sieve under the action of air flows and
centrifugal force.

I—sieve; 2—cylindrical surface of the knife drum;
3—<chipping chamber of technological chips.

Fig. 1.1. Common design scheme of a drum wood chipper [2]

The rear surface of the cutting knife of the drum 3 is made according to the Archimedes spiral. The
percentage of technological chips of large sizes that need to be rechipped in such a structure of the chipping
chamber, compared to the previous version of the chamber design (see Fig. 1.1) is somewhat smaller, but
is still high.

I—chipping chamber; 2—upper bedknife; 3—working surface of the drum.

Fig. 1.2. Design scheme of a drum wood chipper, the chipping chamber of which is limited from the
outside by the upper bedknife [3]

The next step in improving the design of the chipping chamber of the drum wood chipper is the
location of the sieve relative to the working surface of the drum [4]. In this design of the chipper (Fig. 1.3),
the chipping chamber of technological chips / is formed by: the rear surfaces of the cutting knife of the
drum 2 made according to the Archimedes spiral; the lower bedknife (in the cutting area) 3; the upper
bedknife 4; the steel perforated sieve 5, having a plate arc shape, envelops the working surface of the knife
drum 2 and is installed at different distances from the cylindrical surface of rotation of the cutting edges of
the knives: the largest one is near the lower bedknife 3, the smallest one is near the upper bedknife 4. This
arrangement of the sieve determines the formation of the edges of the holes as if in the form of microstairs,
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which rechip the technological chips in the chipping chamber as micro-bedknives. In this sieve arrangement,
the number of technological chips of large sizes decreases, but their chipping is also insufficient.

I—<chipping chamber of technological chips; 2—working surface of the drum; 3—Ilower bedknife; 4—
upper bedknife; 5—sieve.

Fig. 1.3. Design scheme of a drum wood chipper with a special sieve arrangement [4]

Based on the analysis of the structures of the chipping chamber, it follows that it is necessary to create
in it, in addition to the upper bedknife, several components that will act as mini-bedknives and will
accelerate the rechipping of chips to the desired fraction. Such a task can be solved by improving the design
of the sieve.

Setting the Task.

The solution of the task set is achieved by forming the sieve of the drum wood chipper as a stepped
plate structure, the steps of which work as additional mini-bedknives that reschip the resulting chips. [5, 6].

Sieve / of a drum wood chipper (Fig. 1.4) is made of steel, has an arc shape, and is located at a certain
distance from the cylindrical surface of movement of the cutting edges of the knives 2 of the drum 3, limiting
from the outside together with bedknives 4, 5 the chipping chamber of technological chips 6. The sieve / is
formed from rectangular lattice plate sections 7 interconnected by adjacent superposition of the longitudinal
edge & of one section 7 on the longitudinal edge of the other section 7, creating an integral structure. Due
to this connection of the sections 7, the inner working surface of the sieve / has a step-like shape, on which
the steps 9 are located opposite the direction of movement of the chips.

After the initial cutting of wood with a cutting knife 2, the resulting chips enter the chipping chamber
6, from where most of the chips pass through the holes of the plate sections 6 of the sieve /. The steps 9
formed on the inner surface of the sieve /, working as additional mini-bedknives, rechip the resulting chips
of large sizes to fractions of less than 6 mm, necessary for the production of fuel pellets.

The proposed design of the sieve makes it possible to obtain better results of wood chipping compared
to known methods due to the stepping design of the sieve, the steps of which work as mini-bedknives that
rechip the resulting chips to the above dimensions. To investigate how the use of a stepped plate sieve and
wood cutting modes will affect the performance of chipping wood into technological chips of the desired
fractions, it is necessary to develop special experimental equipment.

The purpose of the work is to develop a working model of a drum chipper of wood on the basis of
the analysis of the process of cutting wood on drum chippers of wood, the study of their design, the principle
of operation and the main parameters affecting the size and quality of the resulting chips, on which it will
be possible to study with a high degree of accuracy, while rejecting all side factors as much as possible, the
components of improving the equipment.

Solving the Task.
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Experimental equipment is a working model of a drum chipper of wood, which has all the features
of a commercial drum machine, and in structural terms, in order to thoroughly investigate the process of
chipping wood into technological chips, it has a number of features (Fig. 1.5).

I—sieve; 2—cutting knife; 3—knife drum; 4—lower bedknife; 5—upper bedknife;
6—chipping chamber; 7—plate section; —longitudinal edge of the plate section; 9—steps.

Fig. 1.4. The structure of a drum wood chipper with a stepped plate sieve [4]

The box-shaped frame [ is welded from steel plates 12 mm thick with jumpers inside and a welded
base flange with junction plates compatible with the third side rack, which form a rigid frame that can
withstand not only heavy mechanical loads, but also significantly absorb vibration and noise during
operation. To observe the movement of chips in and around the chipping chamber 2, the side of the frame
is made of transparent plexiglass. A hinged cover 3 is installed above the knife drum.

The cutting mechanism is a four-knife welded drum 4 with a diameter of @ = 400 mm, which is
cantilever mounted on the working shaft. The rear surfaces 5 of the cutting knives 6 of the drum 4 are made
according to the Archimedes spiral.

The shaft on radial ball bearings rotates in a flanged H-shaped housing fixed to two cheeks of the
frame, which is driven by an electric motor N = 15 kW, n = 1,460 rpm through a V-belt transmitter. The
main cutting process takes place at the ‘wood-knife-bedknife’ interaction site.

Thanks to the frequency converter, all processes can be investigated at different cutting speeds within
50 m/s.

The chipping chamber is a limited space where technological chips get into after being cut from
wood. In the design of the experimental chipper produced (see Fig. 1.5), the chipping chamber of
technological chips is formed by: the rear surface of the knife of the drum 5; the lower bedknife 7; the upper
bedknife &; the stepped plate sieve 9, which has an arc shape made of plate steel sections, envelops the
working surface of the knife drum 5 and is installed at the same distances from the cylindrical surface of
rotation of the cutting edges of the knives throughout the length of enveloping the surface of the drum. The
fundamental difference of the new scheme of the cutting process is that the sieve, located between the lower
and upper bedknives, not only acts as the sifter of chipped raw materials, but also actively participates in
the chipping process due to the cutting edges of each section. It turns out that the stepped sectional sieve
simultaneously performs the function of a number of mini-bedknives. To experimentally investigate the
effect of the number of plate sections on the performance of wood chipping, a plate sieve and three plate
sieves with the same cell of 8 mm X 8 mm and with different number of sections were developed and
produced: 3, 7 (Fig. 1.6), 11. The sieves are designed so that they can be installed at different distances from
the cylindrical surface of rotation of the cutting edges of the knives along the entire length of enveloping
the drum surface.
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The feed mechanism has structural differences from the mechanisms of typical drum chippers. In
developing such a mechanism, the main attention was paid to preventing the impact of all negative side
factors on the cutting process, such as: uneven filling of the feeder neck; intermittent nature of the feed due
to large dynamic loads in the cutting area, and, as a result, slippage of the feed rollers and conveyor belt.

I—frame; 2—chipping chamber; 3—hinged cover; 4—knife drum; 5—rear surface of the drum knife;
6—cutting knife; 7—lower bedknife; 8—upper bedknife; 9—sieve; /0—lower feed chain; / /—upper
feed chain; /2—feed table.

Fig. 1.5. Experimental drum chipper: a—general view;
b—schematic diagram
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Based on this, in the feeding mechanism (see Fig. 1.5), the lower /0 and upper /1 special six-row
chains with a pitch of 12.7 mm with sharp hooks on the outer side, directed at a certain angle to the direction
of movement, are used. These chains are mounted in the work table /2, the location of which can be changed
from ground (horizontal) to inclined at an angle of 30°, that is, the feed angle of wood can be changed.

/yjiﬂﬂ:u:rzt %“{%

R

a b
Fig. 1.6. Stepped plate sieve: a—general view; b—side view

The thickness of the blank is regulated: 50 = 1 mm. The distance between the lower /0 and the upper
11 feed chains is unchanged. Therefore, by feeding the calibrated raw material, the upper and lower feed
chains drive their hooks into the wood in mutually opposite directions, securely fixing it, thereby preventing
any axial displacement. This design of the mechanism makes it possible to objectively investigate cutting
processes in a wide range of feed speeds (up to 4 m/min). The lower and upper feed chains are moved by
two worm motor reducers i =100 and electric motors N= 250 W; n = 885 rpm.

Automatic machines are installed on the control panel, including the input machine, frequency
converters, relays of cutting and feeding mechanisms. On the panel, there is a control button, frequency
regulators of cutting and feeding motors, a digital data display. To control the operating mode of the drum,
a frequency converter is used, which operates in the vector mode of controlling the motor rotation speed
and makes it possible to accurately adjust the drum rotation speed in the range from 0 to 2,500 rpm.

Conclusions

The experimental drum chipper produced makes it possible to study the following with a high degree
of accuracy:

1 To compare the efficiency of the sieves of the plate form and the stepped structure, namely:

a) To analyse fraction by fraction in mass equivalent wood chips with the largest size of 6.0 mm.

b) To determine the energy consumption per unit mass of products (per-unit cutting work).

2 To determine the effect of cutting speed on per-unit cutting work and quality of products of the
desired fraction.

3 To investigate the influence of the number of sections of the stepped sieve on the technological

parameters.

4 To investigate the effect of the distance between the knife drum and the sieve on the productivity
of the technological process.

5 To set the rational feed angle of wood in the drum chipper.
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BIIMB IITYYHOI'O IHTEJIEKTY HA ONTUMIBALIIO JIOI'ICTUYHHUX ITPOLECIB
Y XAPYOBIA TPOMHUCJIOBOCTI YKPAIHHN

Cmammas 00cnioxcye poib WmyuHo20 iHmeneKkmy 6 Onmumizayii 102icmuyHUx npoyecie y xapuoeiii npomMucioeocmi
Ykpainu. Poszenadaromsca aemomamuszayia cknaoie, NPocHO3Y6AHHA NONUMLY, MOHIMOPUHZ MPAHCNOPMYBAHHA mMA
inmezpayia loT y nocicmuuni cucmemu. Onucani mexnonoziuni pivieHHA CRPUAIOMb 3MEHWIEHHIO Xap4o8ux 6i0xo0oie,
niosuwennIo eghekmuenocmi ynpaeninna 3anacamu ma 3HUMCeHH1o eumpam. Buxopucmanns inmenekmyansHux naiamegopm
3ab6e3neyye cHyUKicmb i CMadinbHiCMb ROCIMAYARD Y CYUACHUX DUHKOBUX YMOBAX.

Kniouosi cnoea: wmyunuii inmenexm, 102iCIMUKA, Xapio8a NPOMUCIOGICMb, AGMOMAMU3AYIA CKAAOi8, NPOSHO3Y8AHHA
nonumy, MOHimoputre mpaxcnopmyeansi, inmezpayis [oT, ynpaeninus 3anacamu, MiHIMI3aYist XapHosux 6i0xo0ie, eghexmueHicmo
JI02ICMUKY, 3HUJICEHHS BUMPAM, KOHKYPEHMOCHPOMOICHICMYb, CIANULL PO3GUMOK.

L. Y. Fedik, Y. V. Fedorus

THE IMPACT OF ARTIFICIAL INTELLIGENCE ON THE OPTIMIZATION OF
LOGISTICS PROCESSES IN THE FOOD INDUSTRY OF UKRAINE

The article analyzes the application of artificial intelligence in logistics processes within Ukraine's food industry,
specifically warehouse automation, demand forecasting, and transportation condition monitoring. The integration of Al with
1oT and robotic platforms facilitates the creation of intelligent logistics ecosystems that optimize inventory management and
minimize food waste. The use of analytical tools, such as Power BI and Tableau, enables companies to efficiently process large
data sets and improve forecasting accuracy. The described technological solutions help reduce costs, enhance logistics
efficiency, and contribute to the sustainable development of the industry. Al plays a key role in shaping competitive logistics
strategies, allowing enterprises to adapt to modern global standards and market challenges.

Keywords: artificial intelligence, logistics, food industry, warehouse automation, demand forecasting, transportation
monitoring, loT integration, inventory management, food waste minimization, logistics efficiency, cost reduction, competitiveness,
sustainable development.

IlocTranoBka npodsemMu. XapyoBa MPOMHCIOBICTD € CTPATErIYHO BAXIIMBOIO TaTy3310 €KOHOMIKH,
IO Bifirpae KJIIOYOBY poOJib y 3a0e3leueHH] HaceleHHs MPOAyKTaMu xapuayBaHHA. [locTiiiHe 3011bIIeHHS
MOIMUTY Ha BUCOKOSAKICHY Ta O€3MeYHy MPOAYKLII0, a TAaKOX HEOOXiOHICTh YAOCKOHAIEHHS JOTiCTHYHHX
MPOLIECiB, CIPUSAIOTH aKTyasli3allii BIpOBaXKEHHS Cy4acHUX TEXHOJIOTiH, 30KpeMa ITY4YHOro iHTeneKTy. B
YMOBaxX HOCTIHHOIO 3pOCTaHHS CHOXHMBYMX OUYIKyBaHb Ta 3arOCTPEHHS KOHKYpEHUil, epeKTHBHICTH i
IHHOBALi{HICTh CTalOTh BH3HAYaNbHUMH (akTopamu ycmixy. LITy4HH iHTENEKT BUCTyNa€e OXHUM i3
HalmepcrneKTUBHIIIMX IHCTPYMEHTIB [T BUPIIIEHHS IIUX 3aBlaHb. Ha cygyacHOMy erari po3BUTKY XapuoBa
MPOMHMCIIOBICTh aKTHBHO BIPOBAKYE IITYYHUH 1HTENEKT A TpaHcdopmaii orictnynux npouecis. Lle
J03BOJISIE 3HU3UTH BUTPAaTH Ha TPAHCIOPTYBaHHA Ta ckiamyBaHHi A0 30%, MiABUIIMTH TOYHICTH
MPOTHO3YBaHHS MONUTY A0 85% Ta CKOPOTHTH Xap4oBi Bigxonu Ha 20-25%. Interpanis poGOTH30BaHUX
CHCTEM 13 IITYYHUM IHTENEKTOM CHpHsi€ 30UIBLICHHIO MPOAYKTUBHOCTI ckianiB Ha 40%, 3abe3nedyroun
BHCOKHH PIBEHb TOYHOCTI, IIBUAKOCTI Ta Oe3mepeOiliHOCTI poOoTH. Y CTAaTTi PO3IIIAAAIOTHCS KIIOYOBI
ACIIEKTH BIUIMBY LITYYHOT'O iHTEJIEKTY Ha JIOTICTUYHI MPOLIECH B XapUOBil MPOMHCIOBOCTI, 10 CHPHUSIIOTH
MiABUIIECHHIO 11 epeKTHBHOCTI, EKOHOMIYHOI BUTOJIM Ta EKOJIOTIYHOI cTanocTi [1-3].

AHaJti3 ocTaHHiX A0caiTxKeHb i myOJikaniii. OcTanHi 1oCTIHKEHHS MIATBEPAKYIOTh BasKIUBY POJIb
LITYYHOT'O IHTENEKTY Y BIOCKOHAJICHH1 JIOT'ICTHYHUX MpoILeciB. ABTOMaTH3aLlis CKJIadiB Ta IPOTHO3YBaHHS
MOMUTY JO3BOJIAIOTH KOMIIAHISAM ONTHMI3YBaTH YNPABIiHHS 3amacaMd Ta CKOPOTUTH BHUTpaTH. Y
nocnimkerni Kupmuk H. FO. (2021) po3rnsaaioTsCcst METOAM aHali3y JaHMX, IO MiIBUIIYIOTH TOYHICTH
MPOTHO3iB, @ TAKOXK AITOPUTMH MAIIMHHOTO HAaBYAHHS JJ1s1 KOHTPOJIIO iHQOpMAIIfHUX MOTOKIB.

Hocnimxenns SAxumummna JI. . (2024) aknentye yBary Ha BriuBi loT, aBTOHOMHOT'O TpaHCHOPTY
Ta poOoTu3auii Ha epEeKTUBHICTh JOTICTUYHMX NpOoLeciB. BUKOpUCTaHHS IHTENEKTyaJbHUX CEHCOPHUX
CHCTEM Ta aBTOHOMHHX IIEPEBI3HUKIB TO3BOJISIE MIANPUEMCTBAM OIEPATHBHO aIanTyBaTH MapLIpyTH N
MiABHUITYBaTH NPOLYKTUBHICTh JOCTaBKH. Bu3HaueHo, mo texnomnorii Al cyTTeBo 3MeHIIYyI0Th Onepariiti
PHU3UKH Ta TOKPALIYIOTh YIIPaBIIiHHS TPAaHCIIOPTHUMH pecypcamu [4; 5].

Y pobGori Pamopnua H. ta ybuaka O. (2023) nmeranbHO aHANI3YIOTHCS KITFOUOBI AaCHEKTH
3actocyBaHHsl Al y norictumi, 30kpeMa ONTHMi3alis 3amaciB, NPOTHO3YBAHHS MONMTY Ta IUIAHYBaHHS
MapmpyTiB. JlocmimkeHHsT MOKa3zyoTh, o Al 103Bojsie CKOpOYyBaTH BHUTpAaTH Ha 30epiraHHs Ta
TPaHCIOPTYBAHHS IIUISIXOM BUKOPUCTaHHS aJlallTUBHUX MOJIENEH IPOrHO3yBaHHS.
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[Ty6nikamis Ckinpka B.I. (2023) posrmsgae nepcnektuBu sorictuku 5.0, ne Al iHTerpyerscs 3
JIIOACBKUM YIPABIIHHSM 751 JOCSITHEHHS CTaJIOr0 PO3BUTKY. AHAI3yIOTHCS COLIaIbHI Ta €THYHI aCIIeKTH
BIIPOBA/IKCHHS IHTENEKTYyaJIbHUX CHCTEM, 8 TAKOXK BUKJIMKH Y 3a0€3MeUeHHI eKOIOr14HO1 BiAOB1NAaTBHOCTI
Ta e)eKTUBHOT'O BUKOPHUCTaHHS pecypcis [6; 7].

i mochmimXeHHS NOEMOHCTPYIOTh, LI0 PO3BUTOK IITYYHOrO IHTENEKTY B JIOTICTHLI CHpUSE
aBTOMATH3allii, TiIBUIIIEHHIO TOYHOCTI IPOTHO3YyBaHHS Ta €PEKTUBHOCTI YIIPABIIIHHS PECYpPCaMH.

@opmyaoBaHHs uwijged crarri. JocmimpkeHHS cropsMOoBaHE Ha aHalli3 BIUIMBY TEXHOJIOTIH
LITYYHOrO iHTEJIEKTY Ha ONTHMI3allil0 JIOTICTHYHHUX TPOLECIB Yy XapyoBid MPOMHUCIOBOCTI YKpaiHH.
30Kpema, OWiHIOEThCS €PEeKTUBHICTh aBTOMATH30BAaHMX CHUCTEM YIPAaBIiHHA 3alacaMH, MPOTHO3YBaHHS
MOIMUTY Ta MOHITOPHUHTY TpaHCOpTyBaHH:. OcoOaMBY yBary NpuIiJIeHO iHTErpawii pO3yMHUX €KOCHCTEM
Ha ocHOBi IoT Ta poOoTM30BaHMX CHCTEM, IO CHPUSAIOTH MiABHILEHHIO €(pEeKTHBHOCTI JOTiCTHYHHX
onepauiil. JocaimKyOTbCA eKOIOrYHI NEPCIeKTUBY ITYYHOrO 1HTENEKTY, 30KpeMa Horo MOXJIMBOCTI Y
MiHIMi3aIlii Xap4oBUX BiIXOAIB Ta ckopodeHHi BUKUIIB COz, IO CIIPUSE CTATIOMY PO3BHTKY Taly3i.

BuxkinagenHst ocHoBHOro marepiany. LLTyuHunii iHTENEKT BXKe aKTUBHO BIIPOBAIXKYETHCS B XapUOBY
MPOMHUCIIOBICTh, CTBOPIOIOYM YMOBHU JISl 3HAYHOTO MiABUIIEHHS €()EKTUBHOCTI MPOILECIB T4 3MEHIICHHS
BTpart. SIcKkpaBHil MpUKIal TAKOTO 3aCTOCYBAHHS:

1. ABTOMATH30BaHi CKJIAAW: POOOTHU30BaHI CHUCTEMH, KEpOBaHI IITYYHHUM IHTEIEKTOM,
ONTHUMI3YIOTh YIPAaBIiHHA 3amacaMHd Ta BUKOHAHHS 3aMOBJICHb Y MaKCHMaJbHO KOpPOTKi TepMiHu. Lle
3a0e3neuye CyTTeBE 3pOCTaHHA MPOLYKTUBHOCTI Ta 3MEHIICHHS BUTPAT;

2. JluHaMivHe IHOYTBOPEHHS: IITYYHUH IHTEIEKT 3a0e31euye MOKINBICTh KOPUTYBaHHS LiH
Ha TPOAYKTH B PEKUMI PEANbHOrO 4acy, BPaxoBYIOUH (akTOpW CTPOKY MPHIAATHOCTI Ta CE30HHOCTI.
3aBAsSKU IbOMY IPOLYKTH 3 OJM3BKUM TEPMIHOM HPUAATHOCTI MOXKYTh peai3oByBaTHCS 31 3HHKKaMH, IO
JI03BOJISIE 3HAYHO CKOPOTUTH BTPATH Ta ONTHMI3yBaTH NPUOYTKOBICTD;

3. KoHTponb CTpOKiB NpPUAATHOCTI: BEIHKI CyNEpMapKeTH BIPOBAIKYIOTh CHUCTEMH
LITyYHOTO iHTENEKTYy Ul aBTOMAaTH30BAHOI'O MOHITOPUHIY CTPOKIiB MpuaaTHOCTI mpoaykuii. Le cripuse
MiHiMi3amii BTpaT 1 oONTHMi3alii YHpaBIiHHS 3amacaMmy, MiABHIIYIOYH €QEeKTUBHICTb JOTICTHYHHX
MIPOIIECIB;

4. KoHTponb yMOB TpaHCIIOPTYBaHHA: Cy4acHI CHCTEMHU IITYYHOTO iHTEIEKTY 0OpOOISIOTH
JaHi i3 CEHCOpiB, BCTAHOBJICHUX Y BaHTaXiBKax, 00 rapaHTyBaTH MiATPUMAaHHS ONTHMAJbHUX YMOB,
TaKuX SIK Temmeparypa Ta Bojoricte. Lle ocoOMMBO Ba)KIMWMBO IS MPOAYKTIB i3 KOPOTKHM TEPMiHOM
NPUIOATHOCTI, HANpPUKIad, MOPENPOAYKTIB UM CBDKHX OBOYIB, 3a0e3medyioudm iX sIKicTh mix dac
TPaHCIOPTYBaHHS;

5. CopTyBaHHs Ta NaKyBaHHS NPOAYKTIB: OpraHizamii, II0 3aiMaiOThCS BUPOOHHUIITBOM
3aMOpOKEHOI MPOAYKLil, BIPOBaKYIOTH poOoTH30BaHi cucteMu Ta Al-kamepu Uit BHCOKOTOYHOI'O
COPTYBaHHS MPOLYKTIB BiIMOBiIHO 10 iX dopmu, po3MipiB i sikocti. Lle mo3Bonse MiHIMI3yBaTH BIUIMB
JOACBKOT0 (hakTopa 1 MiABUIIMTH eeKTHBHICTh BUPOOHMYMX MporeciB [8].

ITy4Huii iHTENEKT 3HAYHO TOJIETLIYE IMPOLEC MPOrHO3yBaHHS IMOMNMTY, AHATI3YIOUM AaHi MPo
Mpojaxi, Ce30HHI TEHICHLII Ta CHOXHMBYI BMONOOAHHA. 3aBASKH IIbOMY MOXKHAa TOYHO BH3HAYaTH
ONTHUMAJIbHY KUIBKICTh MPOAYKLii, 3amobiratoun HaummkaMm uu aedinury. Hanpuknaa, Al-anropurmu
30aTHI Nepen0avynTy 3pOCTaHHS IMONHUTY HA MOPO3HMBO B CIIEKOTHHUI Mepion, IO J03BOJIsAE eeKTUBHIIIE
IUTaHyBaTH BUPOOHUIITBO Ta OPTaHi30BYBAaTH JOTICTHYHI Oneparii.

CucremMn NpOrHO3YBaHHA IOMUTY € KIIIOUOBHM EIIEMEHTOM CYYacHOTO YIPaBIIiHHS JIAHLIIOTAMH
MOoCTa4aHHs, OCKUTPKH BOHU JAONIOMAraroTh MiHIMI3yBaTH PU3HKH, OB’ s13aHi 3 AeiliuToM a00 HAITUIIIKOM
nponykuii. OnHUM i3 HalleeKTUBHIIINX IHCTPYMEHTIB Yy LiH ramysi € miatdpopma SAP Integrated Business
Planning, sixa 3a0e3nedye TOYHE MPOrHO3YBAaHHS Ta ONTUMI3ALI0 MPOLECIB y JaHI031 moctayanHs. Ll
iatgopma 3a0e3neyye BUCOKoe) eKTUBHE IPOTrHO3yBAHHS MOMUTY Ta ONTHMI3aLi0 YIIPaBIIiHH 3aacaMH,
110 7103BOJIsAE Gi3HECYy MIBUAKO pearyBaTH Ha 3MiHy PUHKOBHX yMOB. Ii iHTerpamis 3 ERP-cuctemamu
3HAa4YHO MiJBHILYE TOYHICTH MPOTHO3IB 1 crpuse ehEeKTUBHOMY PO3MOAITY PECypciB, ONTHUMI3YIOUM BCi
eTany yNpaBJIiHHS JIAaHIIOTaMH TOCTa4aHHS. 3aBISKH aHai3y iCTOPMYHUX JAaHHX, CE30HHHMX 3MiH Ta
PUHKOBUX TEHACHIIH, KOMIaHii OTPUMYIOTH MOXJIMBICTH 3HAYHO CKOPOTUTH BTPAaTH MPOMYKIIi.
BukopuctanHs anropuTMiB MaIlIMHHOTO HaBYaHHS 3a0e31edye BUCOKUI PiBEHb TOYHOCTI POrHO3YBaHHS,
akuil pocsarae 85%, mo crnpusie epeKTUBHOMY YIPABIIHHIO JAHIIOIaMH IIOCTaYaHHS Ta ONTUMI3amii
pecypciB.

Cepen BizomMux nporpam y cepi mporao3yBaHHs MOMUTY BapTo BuAinuTy miargopmy Blue Yonder.
Bona BUPI3HSETHCS CBOEIO 3AaTHICTIO CTBOPIOBATH TOYHI MPOTHO3HM 3aB/SKH aHATI3y MPOAAXKiB, IMHAMIKK
PHHKY Ta KniMaTHYHHX 3MiH. [InaTdopma BpaxoBye ce30HHI (paKTOpU Ta OBEAIHKY CIIOKHBAUIB Y PEXKUMI
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peabHOro uacy, 1o 3abe3neuye BUCOKHN piBeHb TOYHOCTI Ta OIIEPaTUBHOCTI Mporuo3yBanHs. Blue Yonder
HaJa€ TOTYXHI 1HCprMeHTH JUlsl aBTOMATH3allii IUIAHYBaHHs IIOCTaBOK 1 PO3pOOKH cueHapnB 110
CTIPHSIOTH YHUKHEHHIO PU3UKIB y JAHIIOraX MOCTavYaHHs. [1 BIpOBaKeHHs J103BOJISE KOMIAHIAM IBHIKO
aJanTyBaTHCS J10 3MiH IONHKTY, 3a0e3neuyBaTy eeKTUBHE YIIPaBIiHHS 3allacaMy Ta 3HWXKYBATH (iHAHCOBI
BTpaTH 10 MiHiMyMmy [9; 10].

Otxe, sk SAP Integrated Business Planning, Tax i Blue Yonder BucTynaioTh crpareriyHuMu
pilleHHAMHU Uil MPOTHO3YBaHHS IONUTY, IIO IO3BOJISIIOTH Oi3Hecy eEeKTHBHO pearyBaTH Ha Cy4acHi
BUKIMKM. Lli mmatdopMu crnpusitorh amanrtanii 40 AUHAMIYHHMX 3MiH PUHKY Ta 3HAYHO IiJBHUILYIOTH
e(eKTUBHICTD yNpaBIiHHS JOTICTHYHUMH MPOLIECAMH.

AHaniz iCTOpUYHMX JAaHUX, CE30HHUX 3MIH 1 PHHKOBUX TPEHIIB cHpusie e(eKTUBHILIOMY
YIpaBIiHHIO 3allacaMy Ta 3MEHIIIEHHIO BTPAT NPOAYKLii. 3aBASKU BIPOBAIKEHHIO aITOPUTMIB MaIIMHHOT'O
HaBYaHHS IOCATA€ThCA TOYHICTH IPOrHO3YBaHHS Ha piBHI 85%, 110 A03BOJSE 3HU3UTH BTpaTh Ha 15-25%
1 IOKPAILUTHU 3araibHy eeKTHBHICTD JAHLIOTIB OCTAYaHHS.

SAP Integrated Business Planning € ontumansHuM BHOOpPOM Ui BEIMKHX KOPIIOpALii, sKi
OIEPYIOTh MI00AILHUMH JIaHLIoramu rnocradanss. [Inatdopma Hagae HeOOXiJHY THYYKICTh Ta MOXKJIMBICTh
MaciuTaOyBaHHS, LIO BiANOBiZae mnorpedaM ckiIagHux onepamid. OpHak ans Manoro OizHecy Ti
BIIPOBAKCHHSI MOXKe OyTH OOTSDKIMBHMM yepe3 3HauHi (iHAHCOBI BUTpATH Ta CKIATHICTh ajamnTauii o0
cnenudiunux BuUMor. HesBaxkarouum Ha i BukiaukH, SAP Integrated Business Planning 3amummaertscs
KJIIOYOBHM IHCTPYMEHTOM [UIsl ONTHMi3alii MOCTavyaHHS Ta MiABHILEHHS €PEeKTUBHOCTI POOOTH BETHKHX
kommaHii [11].

ryunnit inTenexkt (ILI) BinkpuBae HOBI TOPU3OHTH B ONTUMi3alii JOTICTUYHUX MPOLECIB,
NPOMOHYIOYM PI3HOMAaHITHI MporpaMHi pimeHHs. Jlo HafOumbm momynaspHUX IUIATPOPM, aKTUBHO
3aCTOCOBYBaHHX Y cdepi XxapuoBoi norictuku, Hanexatb SAP Integrated Business Planning, Blue Yonder
ta iHmi. Lli iHCTpyMeHTH nomoMararoTh e(peKTUBHO YIPABJISATH 3alacaMH, MPOTHO3YBaTH IIONMHUT Ta
3MEHILYBAaTH BTPaTH, 3a0e3Meuyi0ur KOHKYPEHTOCIIPOMOXKHICTh Oi3Hecy.

ABTOMAaTH3allisl CKIAgiB € HEeBi €MHOI0 YaCTWHOIO 1HTerpauii ITyYyHOro iHTEIEKTy B CY4acHHH
6i3Hec. Cucremu ynpasiinas ckiaazoM (Warehouse Management Systems, WMS) BifirpatoTs LIEeHTpaIbHY
POJb y MiABHUILEHHI e)eKTUBHOCTI poOOTH cKIaiB. 3aBIsSKH BUKOPUCTAHHIO alropuTMmiB Al, mi cucremun
ONTHUMI3YIOTh YIPaBIIIHHS 3allacaMi, aBTOMAaTHU3YIOTh MPOLEC COPTYBAaHHS MPOAYKLII Ta 3a0e3MevyIoTh
eexTrBHE IUlaHYBaHHS omnepamii Ha ckiagi. PoboruszoBaHi cucTeMu, iHTErpoBaHi 31 IUTYYHUM
IHTEJICKTOM, BHMKOHYIOTh TaKi 3aBIaHHs, SK COPTYBaHHS, NaKyBaHHA Ta PO3MILICHHS MPOLYKLIi,
3abe3neuyroun ii epextuBHe 30epiranns. Lle cnpuse cyTTeBOMY MiABHILEHHIO MPOAYKTHBHOCTI CKJany,
CKOPOYEHHIO BUTpAT Ha PYYHY Mpalli Ta TOYHOMY KOHTPOJIO CTPOKIB IPUAATHOCTI TOBAPiB. 3aBASKH UM
TEXHOJIOTIM MOKHA ONEpPaTHBHO BHIy4daTh 3 OOy HENpHIaTHI TOBapu ab0 MPOBOAWTH AaKILiiHI
MPOMO3ULIT 17151 X IBUAMIOTO MPOAAXKY, IO MIHIMI3y€e BTpaTH.

Iarerpanis WMS i3 ERP-cucremamu 3abe3neuye CHHXpOHI3aLiIo JaHUX Ta MiABUIIYE eEeKTUBHICTD
VIOpaBIiHHS CKIaACBKHMHK omepauisimu. Buxopuctanns RFID-texHonorii 103Bons€e BigCTEeXyBaTH
MPOAYKIII0 B PSKUMI PEabHOTO 4acy 3 BUCOKOIO TOYHICTIO, ONTHMI3YIOUM YHpaBIiHHA 3amacamu. Kpim
TOro, Il pillIeHHS BPaxoBYIOTh cHelM(ivuHI TeMIepaTypHi PeXUMHU CKJIAICHKUX MPHUMILIEHb, IO CIPHUSE
30epexxeHHIo skocti mpoxykuii. Oracle WMS Cloud € ogHuM i3 NpOBiZHMX I1HCTPYMEHTIB JUIs
aBTOMAaTH3aLlil CKJIalyBaHHs, IKUH aKTHBHO BUKOPUCTOBYETHCS Y BEIMKHX JIOTICTUYHUX LEHTpaX. 3aBAsSKU
CBOiM ()yHKLIOHAJIBHOCTI Ta aJaNTHBHOCTI I TuaTgopmMa 3abe3neuye BUCOKHI piBeHb eEeKTUBHOCTI B
yIpaBIiHHI CKIaJCHKIMH ONEPalLisiMH, ONTUMI3YI0UH poOOTY CKIaly ¥ MiABUIIYIOUH NPOAYKTUBHICTH [12;
13].

BrpoBamxennss WMS y 0i3Hec-Tipoliecu CrpHsie 3HAYHOMY MiJBHILEHHIO €EeKTUBHOCTI CKIamy,
3a0e3Mneuyourd 3pocTaHHs MpoxyKTuBHOCTI Ha 25-50%. Buxopuctanns RFID-texHomorid mo3Bosse
JOCSIrTH 10 99% TOYHOCTI BiACTEKEHHS TOBApiB, L0 € KPUTHYHO BAXKIMBUM IS SIKICHOTO YNPaBIiHHS
3amacaMy. ABTOMATH3alis MPOLECIB TaKOXK CKOpodye 4ac oOpoOku 3amoBieHb Ha 30%, mo crpuse
ONITUMI3allii OIepaImiifHol JiSUTBHOCTI Ta 3HWKEHHIO BUTpaT. Y Mepexi cymepmapkeriB Carrefour
BIIPOBaKeHHST WMS mponeMOoHCTpYBao Bpakalodi pe3ysibTaTh: 4ac 0OPOOKH 3aMOBJICHb 3MEHIIUBCS Ha
25%, a piBeHb MOMWJIOK MiJ Yac iHBeHTapu3auii 3Ha4yHo ckopoTucs. Oracle WMS Cloud takox Bigirpae
BaYJIUBY POJIb Y BIOCKOHAJICHHI JIOTICTHYHHMX MPOLECIB, CHPUSIOUM 3HIDKEHHIO BTpaT MPOAYKLIl Ta
MPUCKOPEHHIO BUKOHAHHS 3aMOBJICHD, 110 MiABHIIYE e()eKTUBHICTH 1 peHTabenpHICTh Oi3Hecy [14].

Pob6otorexniune mnporpamue 3abe3neueHHs (RPA), manmpukman, ABB RobotStudio, Bimirpae
KIIOYOBY poOJb B aBTOMAaTH3alil MNPOLECiB COPTyBaHHA Ta NAaKyBaHHS Ha BUPOOHUYMX JIHIfX.
BrpoBamxkenas RPA nosonmmo BupoObHmumMm 1ieHTpam Coca-Cola CKOpOTHTH Yac, HEoOXimHWH Ha
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nakyBaHHs, Ha 30%, a TakoX 3HAYHO MOKPALIUTH SIKICTh BUKOHAHHS PYTMHHMX 3aBAaHb, LI0 CIIPHE
MiJBUIIEHHIO 3araibHOi e)eKTHBHOCTI BUPOOHMYHMX mporieciB [15].

Onrtumizanis TpaHCIIOPTHOI JOTICTHKH 3a JOIOMOI'OI0 IITYYHOr'O iHTEIEKTY € Ba>KIIMBUM KPOKOM 10
MiABUIICHHS e(QEeKTUBHOCTI mpomeciB nocTaBku. Al aHamizye NOpOXKHI YMOBH, TEpPMiH NPHIATHOCTI
MPOAYKLii Ta BUTPATH HA NAIMBO, 100 BU3HAYMTH HAWIIBHINI Ta €KOHOMIYHO BHUTiAHI MapmpyTu. Lle
JI03BOJISIE 3HAYHO MIPUCKOPHUTH JAOCTaBKY, 30epiratouu sIKicTh TOBapiB 1 CKOPOUYIOUM BUTPATU. MOHITOPUHT
YMOB TPaHCHOPTYBaHHS, TAKUX SK TeMIepaTypa Ta BOJOTICTh, € KPUTUYHO BAXKIMBHUM JUIA 3a0e31eUeHHS
SKOCTI CBDKHX TPOAYKTIB, 30KpeMa (pyKTiB i Mopemnpoxnykris. Lli ToBapm morpeOyioTh OCOOIMBOIO
migxomy o 30epiraHHS IMiJ 4Yac TepeBe3eHHs, a/pKe HaBiTh HE3HAYHI BiIXWJICHHS BiJl ONTHMAJIbHUX
napaMeTpiB MOXKYTh BIUTMHYTH Ha iX CBUKICTh. 3aBASKUA BUKOPHCTAHHIO TEXHOJOTIH IITYYHOrO iHTEIEKTY
Ta CEHCOPHUX CHCTEM 3a0e3MeuyeThbcs KOHTPOJIb Ta KOPEr'yBaHHS YMOB TPAaHCIIOPTYBaHHS B PEXHMI
peajbHOro yacy.

BrpoBajxeHnHs1 cydacHUX MmiaaT(opM Ha OCHOBI IUTYYHOTO iHTENEKTY 3AIHCHIOE PEBONIIOLIHHUIMI
BIUIMB Ha JIOTICTUYHI IPOLECH. 3aBISIKH [IUM PILICHHIM 30 CHIOETHCS MOHITOPUHT KIIIOUOBUX ITapaMeTpiB
TPaHCIOPTYBAHHS B peajbHOMY Yaci, TAKHX SK TeMIepaTypa, BOJOTICTh 1 MicienepeOyBaHHs BaHTaxy. Lle
3a0e3neuye He TUIbKH 30epeKeHHS SIKOCTI MPOMYKILii, aje i icTOTHO BIOCKOHAJIOE YIPABIiHHSA JIAaHLIIOTaMU
nocTadyaHHs, poOistun iX OinbII THYYKUMH Ta eekTuBHUMH [16; 17].

Fresh Food Planner — inHOBauiiiHa mporpama, po3po0JieHa CHeliaIbHO AJISl CylepMapKeTiB, fKa
aBTOMATHU3Y€ KOHTPOJIb CTPOKIB MPHAATHOCTI mponykuii. CucrteMa BUKOPHCTOBYE iHTErpoOBaHi AaHi Ui
MPUHHSTTS PIllIeHb 010 MTPOBEACHHS aKIIiid 31 3HIKKaMu a00 yTUIIi3allii TOBapiB, 10 CIpHsie MiHiMi3allii
Xap4oBHX BiIXomiB i 3a0e3neuye eeKTUBHE YIPABIiHHS 3alacaMu.

Robotics Process Automation (RPA) — poGoTorexHiune nporpamue 3ade3neyenns, Hanpukiag ABB
RobotStudio, sike akTHBHO 3aCTOCOBYETBCS IJIs1 BAOCKOHAIECHHS aBTOMAaTH30BAaHUX JIiHIA COpPTYBaHHS Ta
MaKyBaHHS MPOAYKLii. 3aBASKU IIUM CHCTEMaM J0CATAE€THCSI BUCOKA MIBUIKICTH Ta TOYHICTh OMEpaLii, o
ICTOTHO 3HMKY€ PH3UK BUHUKHEHHS IIOMHJIOK 1 IIOKpAIIly€ 3arajbHy e(eKTHBHICTh BUPOOHUYIHX MTPOLIECIB.

Zeo Route Planner — e moTy>XKHUH CydyacHMH iHCTPYMEHT Ul ONTHMi3allii MapIIPyTiB JOCTaBKH,
mo 0a3yeTscsl Ha aNropuTMax INTY4YHOro iHTenekTy. Ilmatdopma BpaxoBye KIIBKICTh 3YHMHHOK,
MpPIOPUTETHICTh JOCTaBKM Ta JOCTYNHICTh BOAIiB, IO 103BoJs€ (popmyBaTH HalOUIBII edeKTUBHI
Mapupyti. Kpim nporo, Zeo Route Planner nagmae ¢yHkuii aBroMaTu3amii ympaBiiiHHS BONIIMH Ta
3a0e3nevuye MOKIMBICTD BiICTEXEHHSI BUKOHAHHS MapLIPYTiB Y peabHOMY Yaci, CIIPHUSIIOYH MMiJBUILEHHIO
MPOAYKTUBHOCTI JoricTHYHUX Tporieci [ 18-20].

Bukopucranus miei miat¢opMu J03BOJSE 3HAYHO CKOPOTUTH BHTPATH HA MAIHMBO Ta MOKPAIIUTH
e(peKTUBHICTB JIOTICTHYHHX MPOLIECIB, 0 POOUTH HOTr0 0COONMBO LIHHUM iHCTPYMEHTOM JUIS CTapTaIliB Ta
Manux i cepenHix mignpueMctB. [lompu oOMexxeHy (QyHKIIOHAJIBHICTH IUIA BEJMKHX KOpIIOpalid, wLs
wiatpopMa BUCTYIAE ieaJbHUM pilIeHHSIM 1751 Oi3Hecy, OpieHTOBaHOTO Ha IHHOBALi, 3a0e3nedyroun
ONTHMI3ali0 JOCTABKH Ta MiABUIICHHS KOHKYPEHTOCIPOMOXKHOCTI.

Cuctemn ympaBmiHHS TpaHcmopToM (Transportation Management Systems, TMS) sinmirparots
KJIIOYOBY POJIb Y BIOCKOHAJICHHI JIOTICTHYHMX onepaniid. BoHr 103BONSAIOTE aBTOMAaTHU3YBATH MJIaHYBaHHS
MapUIpyTiB, 3AICHIOBATH MOHITOPUHT YMOB TPaHCIIOPTYBAaHHS Ta IPOBOAXTH JCTAILHUI aHai3 BUTpaT Ha
JOTicTUKY. 3aBISKM IbOMY, [TMS CHpHSIOTH onTHMi3amii MpPOLECiB JOCTaBKH, CKOPOYYIOUM dac
TPaHCIOPTYBAHHSA 1 3MEHIIYIOUM BUTPATH, IO MiABUIIYE 3arajbHy e(eKTHBHICTH JAHIIOTB IOCTAYaHHS.
Iarerpanis TMS 3 GPS-tpekepamu Ta loT-ceHcopamu BigKpuMBa€ HOBI MOMIJIMBOCTI ISl YHPaBIiHHS
JIOT1CTUKOI0, OCOOHMBO Y chepi TpaHCIOPTYBAHHS IIBUIKOIICYBHUX MPOMYKTIB. 3aBASKH [IUM TEXHOIOTiIM
3a0e3MeuyeThCsl KOHTPOJIb TEMIEPaTypy Ta BOJIOTOCTI MiX 4Yac MepeBe3eHHs, IO rapaHTye 30epexeHHs
sakocti ToBapiB. o Toro x, TMS aHami3yloThb €KOJOIiYHMH BIUIMB TPAHCHOPTYBAaHb, ONTHMI3YIOUH
MapmpyTd A 3MeHmeHHs BUkuAiB CO2, mo poOuTh iX 0COONMMBO aKTyaJlbHUMH B YMOBaX 3pOCTaHHS
MOIMUTY Ha €KOJIOTTYHO BiANOBiNaNbHI pimeHHs [21].

3okpema, komnaHist FedEX akTHBHO BUKOPUCTOBY€E CUCTEMH yIpaBiiHHs TpaHcrmopToM (TMS) mis
MOHITOPHHTY INTOOAIbHUX JIOTICTHYHUX OMepamii, Iio Aae 3Mory o0poOsisaT 10 12 MinbHOHIB BiinpaBieHb
IIOICHHO 3 BUCOKOIO TOYHICTIO tocTaBKU. [HTerpanis TMS nonomarae 3MeHIIMTH BUTPATH Ha TPAHCHIOPT
Ha 10-20%, a 3aBOSKM BAOCKOHAJCHOMY IUIAHYBaHHIO MAapLIPYTIB i3 ypaxyBaHHSAM JIOPOXKHIX YMOB
BIAETHCS CKOPOTHUTH BUTpaTH Ha mnamuBo Ha 15%. Take BHUKOpHUCTaHHS TEXHOJNOTIH 3a0e3meuye
ONTHMI3aLilo IPoLEciB 1 3MILHIOE Mo3uLii Komranii Ha puHKY. Kommanist DHL Takox akTHBHO 3aCTOCOBYE
cucreMu ympasiiHHA TpaHcroproMm (TMS) mns aBromaTH3auii mpoieciB MapuipyTH3amii Mi>KHAPOIHUX
noctaBok. Lle 1o3Bons€e e)eKTHBHO ONTHUMI3yBaTH IUIAXH AOCTAaBKHU, IO CIPHUSAE 3HAYHOMY CKOPOUYCHHIO
BUTpAT Ha MajMBO. 3aBASKH BIPOBAPKEHHIO Takux TexHoiorid, DHL 3abe3sneuye BucOKHH piBeHb
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MPOLYKTUBHOCTI JIOTICTUYHHX OIlepaLiif Ta MiABUIIYE KOHKYPEHTOCIPOMOXKHICTD Ha TTI00aJbHOMY PUHKY
[22; 23].

Cucremn ympasninas Tpancnoprom (TMS) mpeacraBmsore co0o0  yHiBepcalbHEe —Ta
OaraToyHKIiOHATbHE PILIEHHS Ul MOKpALIEHHs JOTicTHYHUX omepauiid. Lli cucremu 103BONISIOTH HE
TiINBbKH €EKTHBHO MiHIMi3yBaTH BUTPATH, ale i 3a0e3MeuyroTh BUCOKUH PiBEHb KOHTPOMIIO 32 YMOBAMHU
MEpEBE3CHHs, TaKUMHU SIK TEMIIEpaTypa, BOJOTICTh 1 CTPOKM JAOCTaBKM. BOHHM € He3aMiHHUMH IS
TPaHCIOPTYBAHHS IIBUAKOIICYBHHUX MIPOAYKTIB, THYYKO aJaNnTyIOUYHCh A0 INI00aIbHUX BUKJIMKIB Ta IOTPeO
CYYaCHHX JIOTICTUYHHX JIAHLIOT1B, HIATPUMYIOUH eEKTHBHICTh Ta SIKICTh 0OCITYTOBYBaHHSI.

Cuctemn ynpaBiiHHA TpaHcropToM (TMS) BigKpUBAIOTH MOMKIMBOCTI sl MaKCHMAaJIbHOI
ONTHMI3alii MapIIPyTiB TOCTaBKH 3aBASKH BPaxXyBaHHIO TAKMX KIIOYOBUX (DAKTOPIB, SIK BUTPATH, IIOTOTH1
YMOBH Ta CTpOKH HocTaBKH. Lle mo3Bonsie xommaHisM gocsraTd Okl eeKTHBHOTO TPaHCIOPTYBaHHS,
3HaYHO CKOPOUYYIOUM dYac 1 BUTpaTu Ha Joricthuyi mpouecu. Kpim Toro, inrerpauis TMS cnpuse
MiZBUIICHHIO PO30POCTi MepeBe3eHb 1 CTabLIBHOCTI OIepaLii, 110 € KPUTHYHO BasKIMBUM JJIsl CY4aCHOTO
0i3HeCy, OpiIEHTOBAHOT'O Ha BUCOKY SIKICTbH 1 €)EKTUBHICTb.

Oracle Transportation Management € NpoOBiAHOIO MIATGOPMOIO Ui ONTUMI3aLii JOriCTHYHHX
MPOLIECiB, 30KpeMa MJIaHyBaHHS MapLIPYTiB TOCTABKH Ta YIPaBIiHHS TPAaHCIIOPTHUMH 3acobamu. Crcrema
aHaJli3ye peajbHi JOPOXHI YMOBH, BUTPATH Ha MajMBO Ta TEPMIHOBICTH MOCTABOK, 3a0€3MEUYIOYH TOUHE
IUTaHyBaHHS MapuipyTiB. Lle mormomarae MiHiMi3yBaTH BUTPATH Ta MiABUIINTH €()EKTUBHICTH JOCTABKH, 1110
€ BuUpilanbHUM (axkropom ans cydacHoro Oi3Hecy. Oracle Transportation Management no3Bossie
CKOPOTHTH BHTpaTH Ha mamuBo A0 15%, COpusiouM BAOCKOHAJIEHHIO MPOXYKTUBHOCTI JIOTICTHYHHX
npoueciB. [Ipore BapTo 3a3HauMTH, IO iHTerpauis wiei miatdpopMu norpedye 3HaYHUX (PIHAHCOBUX 1
TEXHIYHUX PECYpCiB, IO MOXKE CTBOPUTH CKJIAJHOLII Ui KOMMIAHIM i3 OOMEKEHUM OIOIKETOM.
HesBaxaroun Ha 1e, cuctemMa € ifgealbHUM BHOOPOM sl TPAHCHOPTHUX KOMHOAHIM Ta JOTICTHYHHX
OIepaTopiB, SIKi MPAarHyTh ONTHMI3YBaTH CBOI IVIOOAJIbHI JAHLIOTH ITOCTAYaHHS Ta 3a0e3MeUUTH BUCOKUN
piBeHb edekTuBHOCTI [24; 25].

BucokoedexktuBHO0O m1aTdopMoro, sika Halae MOKIMBICTH MOHITOPHHTY YMOB TPaHCIIOPTYBAaHHS
nponykuii B peansHoMyY 4yaci € AWS loT. Bona no3Bosisie BincTexyBaTu KPUTHYHO BayKJIMBI MapaMeTpH,
BKJIIOYAIOYM TEMIIEpaTypy, BOJOTICTh Ta MicuenepeOyBaHHS BaHTaXiB. 3aBISIKM Il TEeXHOJIOTIi
3a0e3MeuyeThCsl KOHTPOIIb SIKOCTI MPOAYKLii Ha KOKHOMY €Talli JIOTICTUYHOTO JIAHLIOTa, MiHIMIi3yloun
PU3UKM Ta MiABUINYIOYM e(eKTUBHICT TpaHcrnopTyBaHHs. IHterpanis loT-texHonoriii no3sonse
KOMITaH1sIM CyTTEBO 3MEHILIHUTH BTPATH MPOAyKUii, ckopouytoun iX Ha 20—25%. Lli pilieHHs NiATPUMYIOTh
ONTHMAJIbHI YMOBH IJISl TPAHCIOPTYBaHHS, OCOOJIMBO Ul LIBHIKOIICYBHHX TOBapiB, TaKUX AK (PYKTH,
OBOYi Ta MOPEMPOAYKTH. 3aBASKU MOCTIHHOMY MOHITOPHHTY Ta KOHTPOJIO KIIOYOBUX IMapaMeTpiB, TAKHX
K TeMIeparypa 1 BOJOTiCTb, 3a0e3meuyeTbcss 30epeKEeHHS CBDKOCTI MPOAYKLii Ha BCIX eramax
JIOTiICTHYHOTO TIporiecy [26].

AWS IoT He nuie 3aifiCHIOE MOHITOPHHT, ale W aKTUBHO 30Mpae Ta aHalli3ye JaHi PO yMOBH
30epiranHs 1 MiClle3HaXOMKeHHs BaHTaxiB. Lle rapaHTye cTaGiIbHICTD SKOCTI MPOAYKUii HaBITh MiA Yac
TPUBAJMX TPAHCIOPTYBaHb, IO € KPUTUYHO BAXKIMBUM MJIS IIBUAKOICYBHHX ToBapiB. OnmHak ciix
BpaxoBYBaTH, IO e)EeKTUBHICTh MIAT(HOPMH 3aJ€KHUTH BiJ CTaOLTBHOrO iIHTEPHET-3’€JHAHHS, a 16 MOXKeE
cTaTy OOMEKEHHSM Y PerioHax i3 HoraHuM HOKPHUTTSIM, CTBOPIOIOYM BUKJIMKH U1 TOBHOLIHHOI IHTErpaii.
HesBaxxaroun ©Ha MoxiuBi oOMexeHHs, AWS IoT 3amumaeThcss ONTHUMAIBHUM PINICHHAM YIS
TPaHCIOPTYBAaHHS MPOAYKLii, fika MOTpedye CTPOroro KOHTPONO yMOB 30epiranHs. IHTerpamis miei
mw1atpopMyu B JIOTICTUYHI MPOLIECH HE TUIBKM IOKpAIIy€e SIKICTh TOCTaBKH, alleé M CIpHs€E CYTTEBIH
ONTHMi3alii BChOT0 JIAHIIOTa MOCTa4aHHsl, MiABUIIYIOUH HOro eeKTUBHICTD Ta HAaIIHHICTb.

[HTenekTyanbHi CHUCTEMHM YINpPaBIiHHS JIOTICTHKOIO MIHCHO € iHHOBAaLiMHUMH pIIICHHSAMH, SKi
iHTerpytoTh QyHKIioHan WMS, TMS Ta iHCTpyMEHTIB IPOTrHO3YBaHHS ONUTY B €AWHY mIatdopmy. Bonn
3a0e3MeuyI0Th HEHTPai30BaHNi KOHTPOJb 32 BCiMa JIOTICTUYHUMH IPOLIECAMH, BKITIOYAI0YH ONTHMI3aLio
BUTpAT, aHaNi3 MPOAYKTUBHOCTI, aBTOMATH3aLlil0 BUOOPY MOCTaYaNbHUKIB 1 OLIHKY PU3UKIB Y JAHLIOTY
noctadyaHHs. 3aBISKM iX BUKOPHUCTaHHIO KOMIaHil OTPUMYIOTb MOXKJIHMBICTH €EKTHBHO pearyBaTH Ha
3MiHy PWHKOBHX YMOB 1 3a0e3neuyBaTH CTaOUIBHICTh Ta KOHKYpPEHTOCIPOMOXKHICTH CBOIX OIepaiii.
BripoBajkeHHS! iHTENEKTyadbHHUX JIOTICTUYHUX CHUCTEM JO3BOJISIE KOMIIAHIIM 3HAYHO 3MEHILUTH Yac
MPOCTOiB, CKOPOTUBLIM Horo Ha 15-30%, a TakoX MiABUILMTH MPO30PICTh JaHIOra mocrayands a0 80%.
Bpaxarounii npuknag — xomraniss Nestlé, ska aKTHBHO BUKOPHUCTOBYE IIi TEXHOJOTIi IS ONMTHUMIi3aIii
MDKHapOAHUX MOCTABOK. 3aBIsKH ix iHTerpauii Nestlé Boamocs ckoporuTu jnorictudsi BuTpat Ha 10%,
OZIHOYACHO 3a0e3Meuyroun eheKTUBHICTh 1 cTabUIBHICTh CBOIX oneparii [27].
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VY kommanii Danone BHpoBa/KeHHS IHTENEKTyalbHUX CHCTEM YIPABIIHHS JIOTICTUKOIO CTajo
BaYXJIMBUM KPOKOM JI0 BJIOCKOHAJICHHS TPAaHCIOPTYBAHHS MOJIOYHUX MPOAYKTiB. 3aBISKH ONTHMi3amii
MapLIpyTiB BIAJIOCS CKOPOTUTH BUTpPATH Ha TpaHcmopTyBaHHS Ha 10%, mo 3a0e3nedye MmigBUILEHHS
eEeKTUBHOCTI Ta EKOHOMIYHOCTI JIOTICTUYHHMX TmporeciB. Taki iHHOBamii JgomoOMararTh KOMIIAHIi
MiATPUMYBAaTH BUCOKY SIKICTh CBO€1 MPOMYKIIl Ta AOcsraTH OUIbII CTIHKHUX pE3YyNbTaTiB y TI00aIbHOMY
MacmTa0Oi. [HTeNnekTyanbpHi maTdopMu, SKi IHTErPYIOTh CKIAaJIChKE YIPaBIiHHS, TPOTHO3YBAHHS MOMUTY
Ta TPAHCIOPTHI MPOLIECH, BUCTYNAIOTh NOTYKHUM IHCTPYMEHTOM JUIsl ONTHMI3aLlii IOTICTUYHUX OTepartiil.
3aBagkd X MOEIHAHHIO KOMIAHIi IOCATal0Th MaKCUMalbHOI e(EeKTHBHOCTI, IO J03BOJSE CKOPOTHTU
BUTPATH, MIABUIIUTH IPO30PICTh MPOILIECIB Ta MIHIMI3yBaTH PU3UKH y CKIAJIHUX MIKHAPOJHUX JIAHIIOTaX
noctauaHHs. Lli TexHomorii 3a0e3meuyloTh THYYKICTh 1 CTaOlIbHICTB, SIKI € BUPILIAJBHUMH B YMOBax
ri1o0aabHOI KOHKYpeHIii [28].

Cuctemn ynpasiiHHS JaHIoroM nocradanus (SCM) BifirparoTe BUpIlIaibHYy pONb y 3a0e3MedeHH1
edexTrBHOI KOOpAMHALIl MDK NOCTaYaJbHUKAMH Ta CIOXHBadyaMH. BOHM HO3BOJSIOTH KOMIIaHIAM
OIEpaTHUBHO aJaNTyBaTHCA A0 3MiH PUHKOBUX YMOB, ONTHMI3yBaTH B3a€MOII0 B paMKaX JOTICTHYHOIO
MPOIIECY 1 CTBOPIOBATH PE3EPBHI ILIAHU JJIs 3MEHIIICHHS PU3MKIB Yy pa3i HenepeadaueHux 3001B. 3aBasIKH
BHUKOpUCTaHHIO SCM 3HA4YHO MiABUIIYETHCS CTIMKICTh 1 THYUYKICTh JAHLIOTIB TOCTAYaHHS, 10 € KPUTHYHO
BaYIMBUM JUIA CydacHOro Oi3Hecy. [HTerpamis mrydHOro iHTEIEKTY Y CHCTEMH YNPaBIiHHS JAHIIOTOM
noctadauHs (SCM) BigKpuBae MUPOKI MOXKIUBOCTI AJ1s onTUMi3allii. 3aBAsSKH aBTOMAaTH30BaHOMY aHAJI3y
nanux Al 30aTHUE OWIHIOBATH aNbTEPHATHBHI MapLIPyTH IOCTABOK, IOINOMAaralo4yd MiHIMi3yBaTu
JIOTICTUYHI BUTPATH Ta MiABUIIUTH IIBUAKICTh peakuii Ha 3MiHU. KomIlekcHe ynpaBiiHHA 3aKyMiBIsIMU
CTa€ 3HAYHO e(EKTHBHILIMM, a 4ac MPUUHATTA pimieHb ckopoudyeTbes Ha 30-50%, mo crpuse Oimbiiii
THYYKOCTI Ta CTIMKOCTI JJaHIIOTIB MOCTa4YaHHSI.

Unilever akTHBHO BHMKOPUCTOBYE CHCTEMH YIPaBIiHHA JaHIioroM noctadaHs (SCM) mns
KOOpIMHALIi CBO€T MacIuTaOHOI JOTICTHYHOT MEpexKi, sKa oXOorIroe nmonay 190 kpain. 3aBIsku iHTerpamii
LUX TEXHOJOT1M KOMITaHii BAAJI0Cs CKOPOTHTHU 4ac mpocToiB Ha 30%, MOKpammTy e eKTUBHICTh B3a€EMOII1
MDK TOCTadaJIbHUKaAMH Ta CIIOKMBadyaMH, a TaKOX 3MEHIIUTH BTpaTH y mnoctadanHi Ha 20%. Ile
JIEeMOHCTPYE, K BIpoBaxeHHs: SCM crpusie JOCATHEHHIO ONTUMANIbHOI MPOAYKTHUBHOCTI Ta 3a0e3nedye
cTabinpHICTh omepanii Ha riobanbHOMY piBHI. CHcTeMH YOpaBiiHHA JaHUoroM nocradaHHs (SCM)
HAJaI0Th MOXKJIMBICTH OUTBII TOYHOI ONTUMI3allii MapIIPyTiB MOCTABOK, OEpydH A0 yBaru JOPOKHI YMOBH
Ta TEPMIHOBICTH 3aMoOBIeHb. lle cmpuse mposzopocTi mporeciB i CTaOUTBHOCTI Ha KOXHOMY eTami
MOCTavyaHHsI, JONOMAaraloyl YHUKHYTH 3aTPUMOK 1 MiHIMI3yBaTH pU3UKH. 3aBASKH TakuM QyHKisM SCM
CTalOTh HE3aMiHHUMU 711 TOOYZA0BY e()eKTUBHUX 1 HAAIHHUX JOTICTUYHMX omnepauiil [29; 30].

Cucremu ympaBiiHHA JaHOOroM moctadanHs (SCM) HamaloTe MOXKIHMBICTH OUTBII TOYHOT
ONTHMI3alii MapIIpyTiB MOCTaBOK, OEpydH OO yBaru JOPOXHI YMOBH Ta TEPMIHOBICTH 3aMoBJeHb. Lle
CHpHUSE MPO30POCTi MPOIECIB 1 CTAOLTHPHOCTI HA KOXXHOMY €Talll MOCTa4YaHHS, JOIMOMaralodu YHUKHYTH
3aTPUMOK 1 MIHIMI3yBaTH PU3HKH. 3aBAskd TakuM GyHKUisiM SCM craioTh He3aMIHHUMH Ui 100y I0BU
e(EKTUBHUX 1 HAMIMHUX JIOTICTHYHUX OTIEePaIlii.

Fresh Food Planner — 11e BUCOKOTEXHOJOTTYHHUIA IHCTPYMEHT, SKHU MIATPUMY€E MPUHIMIIN CTaIOro
YOpaBIiHHS pecypcaMH B PpO3IpiOHIA TOpPriBmi, 30KpeMa B CylepMapKerax. 3aBIsSKd (QYyHKIIOHATY
1aThOPMHU CTa€ MOKIIMBUM ONEPAaTUBHUI KOHTPOJIb TEPMiHIB MPUAATHOCTI TOBApiB, aHAJI3 IX ITOTOYHOI'O
CTaHy Ta MPUUHATTS OOTPYHTOBAHUX PIlIEHb IIOIO 3aCTOCYBAHHS 3HMXKOK a00 yTwiizauii mpomykuii 3
HEBENTMKUM 3QJIMIIKOBUM TepMiHOM 30epiranHs. Lle nomomarae 3MEHIIMTH XapdoBi Bigxoau i
ONTHMI3YBaTH yrpaBiiHH: 3anacamu [31].

[IporpaMu aHamiTHKH Ta 3BITHOCTI, Taki sk Tableau i Power BI, € HezamiHHMMU iHCTpyMeHTaMu ISt
VIOpaBIiHHS JaHUMU B cydacHOMY Oi3Heci. BoHu 3a0e3neuyroTh eeKTUBHY Bizyalizawito iHdopmarii,
JleTani30BaHUH aHali3 omepauid Ta MiATPUMYIOTh MPOLIEC NPUNAHATTSA CTPATEeTiYHUX pillieHb. 3aBASKU
iHTerpauii ajJropuTMiB IUTYYHOTO IHTENEKTY Wi MiIaThOpMH AO3BOJSIIOTH aBTOMATH3YBaTH CTBOPEHHS
IHTEpaKTUBHUX 3BITiB, BUSBIATH IPOOJIIEMHI 30HU Ta IPOTHO3YBATH IOBTOCTPOKOBI TPEH M, IO JOIIOMArae
KOMITaHISIM  3ajMINATHC KOHKYPEHTOCIPOMOXXHMMH B yMOBax JauHaMmidyHoro puHKy. Coca-Cola
JEMOHCTpY€ ycIliliHe BUKopucTanHsa Power Bl mis BrockoHaneHHS MOHITOPHHTY Ta aHAJITHKU JIAHIIOTa
nocTadyaHHs. 3aBASKMA LbOMY IHCTPYMEHTY KOMIIaHisl 3MOIJIa CKOPOTUTH 4ac, HeOOXiTHHMI Ha aHANITHUHY
poboty, Ha 20%, a TakoXX 3HAYHO MOKPAIUUTH TOYHICTb CTPATEriYHOTO IUIAHYBAaHHS, AOCATHYBIIN
noka3auka B 90%. Take edeKTHBHE BOPOBAKEHHS TEXHOJOT1H CIIpHsI€ MiABUIIEHHIO MPOAYKTUBHOCTI Ta
ONTHMi3alii JIOTICTHYHHUX MpoOLeciB, W0 3abe3neuye CTaOUIBHICTE 1 KOHKYPEHTHY IIepeBary Ha
rinobansHOMY piBHi [32; 33].
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[HTerpamis cy4acHMX aHaliTHYHUX cHcTeM, Takux sk Tableau i Power BI, nmosBomsie cyrreBo
3MEHIIUTH 4Yac, HeOOXiOHWN Ui CTBOpEHHS 3BiTiB, Ha 40% 3aBIsKM aBTOMaTM3auil aHanisy ganux. Lli
w1athopMyd HE JIMIIE ONTUMI3YIOTh ONepauidHy e(eKTUBHICTh, aje i 3abe3nedyroTh TIMOOKHMN Ta
BceOIYHMI aHaNi3 BENMMKUX MacuBiB iH(opManii. Lle 0co0auBO BaXXIMBO I MPUHHATTS OOTPYHTOBAHUX
CTpaTeriyHux pilleHb, MO AONOMAaraloTh KOMIAHiAM 3aJMINATUCS KOHKYPEHTOCHPOMOXKHUMH Ta
aJanTyBaTHCA 10 IIBUAKUX 3MiH PUHKOBUX YMOB. IHTerparist Takux iHCTpyMeHTiB, sik Tableau ta Power
BI, nagmae Oi3Hecy NOTY)XHI MOMJIMBOCTI Ul TNPOTHO3YBAaHHS TMOTEHUIMHUX MpoOneM, aHamizy
eeKTUBHOCTI JOCTaBKH MPOAYKIIii Ta amamnTamii 70 3MiH PUHKOBHUX YMOB. 3aBJISKH IXHIM aHAJITHIHUM
(GYHKLIAM KOMIIAHIT MOXYTh HIiITPUMYBAaTH BHCOKMH piBEHb TOYHOCTI MPOTHO3IB, MIO JOMOMAarae
ONTHMI3YBaTH JIOTICTHYHI MPOLIECH, MiHIMI3yBaTH PHU3HKH Ta HPUHAMATH CTPATETiyHO OOIPYHTOBaHI
pillIeHHS B AMHAMIYHUX PUHKOBUX YMOBAX.

IuTerpaunis Takux iHCTpyMeHTIB, sik Tableau Ta Power Bl, Hagae 6i3Hecy MOTYXHI MOMIJIMBOCTI AJIs
MPOTHO3YBaHH MOTEHIIHHUX MpoliieM, aHalli3y e eKTUBHOCTI JOCTaBKH MPOAYKLil Ta aganTarii 10 3MiH
PUHKOBUX YMOB. 3aBISIKH IXHIM aHAJITHYHUM (YHKLISIM KOMIIaHi1 MOXYTb MiATPUMYBAaTH BUCOKUI PIBEHb
TOYHOCTI TMPOTrHO3iB, IO JONOMAarae ONTUMI3yBaTH JIOTICTHYHI MpPOLIECH, MIHIMI3yBaTH PU3HMKH Ta
MpUAMATH CTPATErivHoO OOIPYHTOBAHI PIlLICHHS B AMHAMIYHUX PHHKOBHX yMOBax [34].

Kommnanis Maersk nemonctpye ycmimne Bukopuctanasi AWS [oT amst MOHITOpHHTY KOHTEHHEPIB,
30KpeMa THX, L0 MICTATh MOPENPONYKTH, 3a0e3Meuyloun 30epeKeHHsl IXHbOI CBDKOCT1 HaBiTh Mmif 4ac
TPUBAJNX TPAHCIOPTYBaHb. 3aBASKHM IHTErpallii TaKMX IEPEAOBHX TEXHOJOTIH KOMMAaHig HE TLIbKH
nigBHIIYe e)eKTUBHICTH MOCTABOK, ajle i 3MEHIIy€e BTPaTy NPOAYKLii, JOTPUMYIOUM BUCOKUX CTAaHAAPTIB
sxocti. Lle cTae kmo4oBUM (HaKTOPOM y CKIAIHUX MDKHAPOAHUX IMEPEBE3CHHAX, nonomaratoun Maersk
MiATPUMYBATH JIIAEPCHKI NO3ULIT HA PUHKY.

ITy4Huii iHTENEKT CTa€ KIIOYOBHM KOMIIOHEHTOM Yy BJIOCKOHAJICHHI €HEeproedeKTHBHOCTI Ha
CKJIaZiaX, ONTHUMI3yloUd pPOOOTY CHCTEM OXOJOKEHHS Ta BEHTWIALIl. 3aBASKMA IHTENEKTyalbHUM
anroputMaM Al MO)XKHa TOYHO HAJIAIITOBYBATH MapaMeTpH LHMX CHUCTEM, BPaxOBYIOUM TEMIIEpaTypHi
YMOBH, BOJIOTIiCTh Ta 00cArH nponaykuii. Lle qormomarae cyTTeBo CKOPOTUTH BUTPATH €HEPTil, TIATPUMYIOUH
MPUHLUIN CTAJIOr0 PO3BUTKY, a TAKOXK 3HIKYIOUH BIUIMB Ha JOBKULIA [35; 36].

BucnoBku. lITyunnii iHTENEKT 3HAYHO MOKpPAILLy€ JIOTICTUYHI IPOLIECH Y Xap4OBiii MPOMHUCIOBOCTI
Vkpainu. Bin pmomomarae kpamie yHOpaBisATH 3amacaMd, HPOTHO3YBATH TOHNUT 1 KOHTPOJIIOBATH
TpancnoptyBanHs. laterpamis IoT 1 aBTOMaTM30BaHWMX CHCTEM pOOHMTH MOCTAYaHHS THYYKIIIAM 1
CTa0IIBHIIINM, @ BUKOPUCTAaHHS Al cripusie 3MEHIICHHIO Xap4OBUX BiIXO/iB 1 CKOpOUEHHIO BUTpaT. Takox
TEXHOJIOrl IITYYHOrO IHTENEKTY IOMOMararoTh 3HM3UTH BHKHIM CO2, 1m0 NMO3UTHBHO BIUIMBAE Ha
exojorito. ['apMoHifiHe TOenHaHHA IHHOBAaLid, EKOHOMIYHOI e(pEeKTHBHOCTI Ta EKOJIOTiYHO1
BiJMIOBiAaIbHOCTI CTaHE BUPIIAILHUM (DAaKTOPOM Y (POpMYBaHHI KOHKYPEHTOCITPOMOXKHOI, TEXHOJIOTTYHO
nepenoBoi Ta cramoi jorictuuHoi cucremu. OmHAaK A MOBHOLIHHOTO BIpoBajkeHHS Al morpiGHO
BUPILINTY TUTAaHHSA 3aKOHOJIABCTBA, (JiHAHCYBAaHHS Ta €TUYHUX HOPM.
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EKCIHEPUMEHTAJIbHE BUSHAUEHHS 3HAYEHb ®YHKIIA ITOJIOKEHHSA
POBOYMX OPI'AHIB MAIIIMH JAHIIIOTOBOI'O CTIEKA THITY 101 TA IOBYJOBA iX
CHUHXPOI'AMH
Kuiscokuii nayionanvbhuii ynieepcumem mexnono2iti ma ousatiny’
Jlyybkuii HayionanbHuti mexuivnuil ynisepcumen’

Y pobomi 0ocnidsceno npouec popmysanns 00HOHUMKOB020 NaAHUI0206020 cmioka muny 101 6 ymosax 3minHuX 11020
mexnonoziunux napamempie. /lna weeiinoi mawunu muny GK-9-2 excnepumenmanvho eusnaueni @yHKUii nonoxiceHHs
Ppobouux opzanie — zonku S(@) 3ybuacmoi peiiku T(@), pozwuprosaua L(@)ma Z(@) numkonooasaua U(@), a makosxc ynxuit
Oiiicnoi P(p) i neo6xionoi P'(p) nodaui numku 3a 00un yuK1 06epmanHa 201061020 éana. /lna ecix gyuxyiii noo6yoosano
anpoKcumMayiii noAiHOMU 6-20 ROPAOKY 3 6UCOKUM cmynenem oocmogiprnocmi (R? = 0,998+0,9999) ma noxuéxor ne dinvuie
+0,25 mm abo £1,5° 3a Kymoeumu Koopounamamu.

Ilopienanna pesynomamie, OmMmpumaHux zpagiunum ma GHATIMUYHUM MEMOOAMU 003607IUI0 NPOGECU
eepudpikauyiro mooeneii i ymouHumu Ki0406i MoMeHmMu 63A€EMOOII 6UKOHAGUUX OP2aHi6 (3aXonieHHA nemui-nanyckKy ma it “
3akony” zonkomw). Ilodyoosani Qpynxuii guKopucmano ons MoOen06aHHa nPouecy 3UMUGAHHA i3 8PAXYEAHHAM 3MIH MOGUUHU
Mmamepiany it 006cuHU CIMIOKA, WL0 003801UN0 CPHOPMYBAMU Y3A2AIbHEHY CUHXPOZPAMY POOOMU MAWIUH.

Ananiz ¢ynkuiin P(p) i P'(p) euneus 3nauni po3oircnocmi: npu MiHIManNbHIll moewuHi Mamepiany ma Kopomkomy
cmioKy nepesuujeHH Oilichoi nodayui HumKku cmanoseums 64,4 %, a npu makcumanvHux 3Hauyenuax — it Hedocmaua cazae 6,2%.
Ilpuuunomn € ghikcosanuit 3aKkon nodaui 6 NOG3YHHOMY MeXAHIIMI, AKUIl He nepeddauac pezyno8aHH.

Ompumani pezynsmamu RniOKpecnioioms OOUIILHICING PO3POONEHHA AOANMUGHUX MEXAHIZMIE nodaui HUmMKU,
30amuux 3min0eamu ii 6e1UYNUHY 3AN1€HCHO 6i0 mexHoNoziunux napamempis. Ilpedcmaeneni ananimuuni mooeni moxicymo
Oymu euxopucmani aK 06a3a O1a NEOANLUIOZ0 NPOEKMYBAHHA MeXAHI3MI6, AKI 3a0e3neyamsv Hadiline 3’€OHanHA wiapie
bazamowiaposux meKCMunbHUX KOMRO3UYILL.

Knrwuosi cnoea: oononumrosuil aanyrozosuti cmiook muny 101; nooaua Humku, weeluHa MAawluna;, CUHXpOZpama,
PO3UUPIOSAY, (PYHKYIsL NOOAYi HUMKU; MEXHOLO02IYHI napamempu cmibKa; apmy8anHs HACKPIZHUM 3UUBAHHSIM, MEXAHIZM nooayi
HUMKU; MOGUWIUHA MAMEPIaNy, 008ICUHA CMIOKA, NOMTHOMIAIbHE (DYHKYIL.

O.P. Manoylenko, D.M. Bezuglyi, V.A. Gorobets, V.S. Puts, A.S. Alieksieievets

EXPERIMENTAL DETERMINATION OF THE VALUES OF THE FUNCTIONS OF
THE POSITION OF THE WORKING BODIES OF CHAIN STITCH MACHINES OF TYPE 101
AND CONSTRUCTION OF THEIR SYNCHROGRAMS

The paper investigates the process of forming a single-thread chain stitch of type 101 under conditions of variable
technological parameters. For the GK-9-2 type sewing machine, the functions of the position of the working bodies - the needle
S(@), the gear rack T(@), the expander L(@) and Z(@), the thread feeder U(q), as well as the functions of the actual P(p) and the
required P'(p) thread feed per one cycle of rotation of the main shaft - were experimentally determined. Approximation
polynomials of the 6th order with a high degree of reliability (R’ = 0.998+0.9999) and an error of no more than £0.25 mm or
+1.5°in angular coordinates were constructed for all functions.

Comparison of the results obtained by graphical and analytical methods allowed us to verify the models and clarify
the key points of interaction between the actuators (gripping the loop and its “stabbing” with the needle). The constructed
functions were used to model the stitching process, taking into account changes in material thickness and stitch length, which
made it possible to form a generalized synchronization of the machine.

The analysis of the functions P(p) and P'(p) revealed significant discrepancies: at the minimum material thickness
and short stitch, the excess of the actual thread feed is 64.4%, and at the maximum values, its shortage reaches 6.2%. The reason
is the fixed feed law in the slider mechanism, which does not provide for adjustment.

The obtained results emphasize the feasibility of developing adaptive mechanisms for thread feeding that can change
its value depending on technological parameters. The presented analytical models can be used as a basis for further designing
mechanisms that will ensure reliable connection of layers of multilayer textile compositions.

Keywords: single-thread chain stitch type 101; thread feed; sewing machine; synchronogram; expander; thread feed
function, technological parameters of the stitch, reinforcement by through stitching; thread feed mechanism; material thickness;
stitch length, polynomial functions.

IMocranoBka nmpodiaem. CyJacHi TeHIACHLI] y ramysi CTBOpEeHHs 0araTolapoBUX KOMIIO3UIIIHHUX
MaTepiajiB JAemani yacTime nependavaloTh BHUKOPUCTAHHS TEXHOJOIIH 3 MEXaHIYHUM apMyBaHHS
TEKCTWJIBHHUX TpedopM 3a JOMOMOroro ImBeidHuX omeparliil [1-10]. OgHUM i3 TEepCIeKTUBHUX METOIIIB
TAKOr0 apMyBaHHsI € 3aCTOCYBaHHS OJHOHUTKOBHX JIAHIIOroBUX cTiOKiB Tuiry 101 [1-7], ski 3a6e3neuytoTh
HaZiliHE MOLIapOBE 3aKpPIlUIEHHS! TEKCTHJIBHOI OCHOBH Kpi3b YCIO il TOBIIMHY. 3aBASKHM TEXHOJOTIUHIN
THYYKOCTI Ta MEHILIM BUOATrIMBOCTI 10 YMOB IIUTTS, cTiOkH Ty 101 cTanu akTyadbHUMU AJIs 3IIMBAHHS
CYXUX apMOBAaHMX TEKCTHWJIBHUX HpedopM, MPU3HAUYCHHUX Ul MOAAJIBIIOr0 MPOCOYEHHS IMOoJiMepamMH B
MaTPUIISIX.
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[Ipore, 3acTocyBaHHS BiIOMUX IIBEHHHMX MAIlMH OAHOHUTKOBOTO CTiOKa B MPOMHCIOBUX YMOBaX
norpedye yIOCKOHAJICHHS 1X MEXaHi3MiB AJisl TOro, mio0 BOHM OynM 31aTHI 3a0e3nedyBaTd HEOOXiOHY
SKICTh TEXHOJOTTYHOTO MPOLIECY, 30KpeMa CTIHKICTh YTBOpPEHHS CTiOKa MpH 3MiHI HOr0 TEXHOJOTTYHHX
napaMerpiB: TOBIIMHU MaTepiaiy, JOBXKHHHU CTiOKa Ta 3yCHJUISl 3aTATYBAaHHS HUTKU. 3MiHA OCTaHHIX MiX
yac BUKOHAHHI orepalii yCKJIaIHIOE TpaHCIIOPTYBaHHs MaTepiaty Ta BUMarae KOpUryBaHHS 10oJlaqi HUTKH
Oesnocepenubo npu (opmysanHi criOka. Lle, B cBOIO depry, morpeOye y3roKeHOi poOOTH poOOYHMX
opratiB (TOJIKH, PO3IIMPIOBaYa Ta 3y04acToi peikr) MallMHK Ta PEryJIbOBAHOI MOAa4Yl HUTKH BiIMOBIAHO
70 YMOB 3LIMBaHHS, IO TO3BOJIUTH MIHIMI3yBaTH BIIXWJICHHS Bifl 3alaHMX 3HA4YCHb 1 TapaHTYBaTH SIKICTh
3’€IHAHHSA TEKCTWJIBHUX aPMOBAaHUX CJIEMEHTIB.

VY 1pOMy KOHTEKCTi aKTyaJbHHMH € IOCIHIIKEHHS 3aKOHOMIPHOCTEH YTBOPEHHS JAaHLIIOTOBOI'O
crioka Tumy 101 Ta mpoexTyBaHHS MexaHi3MiB, IO 3a0e3Me4yIOTh CTa0iTBHY pPOOOTY HpU 3MiHi
TEXHOJOrYHUX mapaMerpiB. Peamizamiss Takux pilleHb € BaXJIMBOIO IEPEAYMOBOIO ISl SIKICHOT'O
BUTOTOBJICHHSI 0araTolIapoBUX TEKCTHJIBHHX apMOBAaHHMX EIEMEHTIB, SIKi 3aCTOCOBYIOTbCA y BUpoOax 3
KOMITO3UILIIHHUX MaTepiaiiB.

OnHUM i3 KIIOYOBHUX €JIEMEHTIB Y IOCATHEHH] 3a3Ha4€HOI METH € pOo3poOJIEHHS MeXaHi3My noaadi
HUTKH, 3 MOXIIMBICTIO MUTTEBOI afanTalii i TEXHOJOrYHI mapamerpu crioka. Lleit MexaHi3m 3a3Buyaii
PO3POOISETHCS HA 3aBEpILATLHOMY €Talli MPOEKTYBAaHHS MAIMHU, TOMY BHHHKA€ 1MOTpeda B y3rOMKEHHI
poboTH ycix poboYMX OpraHiB MallMHU Ta BU3HAYCHHI TEXHOJIOTTYHHMX (DaKTOpiB, IO BIUIMBAIOTH Ha
(dopmyBaHHS CTiOKa, 30KpeMa MmapaMerpiB, sIKi BU3HAYalOTh 3aKOH 1 BETMYNHY HEOOXIAHOI MoJadi HUTKU
[11].

Meror0 OOCHIHKEHHS. € PO3pOo0IeHHsI METOIMKM MPOEKTYBAaHHS CHHXPOrpaM IIBEWHUX MAaIlWH
naHuoroporo crioka tumy 101. Meronuka 0a3yeTbcsi Ha eKCIIEPUMEHTAIbHOMY BU3HAUCHHI (QYHKIIIH
MOJIOKEHHSI BUKOHABYMX OpraHiB (TOJKH, PO3IIUPIOBAaYa Ta 3y0UacToi peiKu), MOJaNbIIii anpoKCHMaIii
nux (yHKUOIH TOMHOMIaJIbBHUMH MOJEISIMH Ta TepeBipmi X aJeKBaTHOCTI IUIAXOM IOPIBHAHHA 3
(dakTHUHUMU TiepeMilleHHAMH. Ha oOCHOBI OoTpuMaHuMX Mozenedl nepeadadaeTbcsi BHUABICHHS
3aKOHOMIPHOCTEH BIUTMBY TOBLIMHU MaTepiaidy H JOBXUHU CTiOKa Ha (a3oBy B3a€MOMII0 MEXaHi3MiB, IO
3abe3nevye MAIPyHTS A po3poOsIeHHs palioHanbHUX (YHKLIN AiHCHOT Ta HeOOX1AHOI Moxavi HUTKH 1 €
OCHOBOIO JJIsl MPOCKTYBaHHS MEXaHI3MiB, 3JaTHUX [0 aJanTailii MmiJ YMOBH 3IIMBAaHHS OaraToIapOBHX
TEKCTHIILHUX NpedopM.

AHani3 octaHHiX gociimkeHb i myOaikaniii. Bukopucranus crioka tumy 101 y TexHOmorisx
MOLIAPOBOr0 3’€IHAHHS KOMIIO3ULIMHMX IMAKeTiB, 30KpeMa MPH BHUIOTOBJIEHHI TEKCTHIBHHUX MpedopM,
00yMOBJICHO TPOCTOTOIO MpOILECY HOro yTBOPEHHS, €KOHOMIYHICTIO Y BHUTpPaTi HUTKH Ta 3AaTHICTIO
3a0e3nevuyBaTH HacKpizHe apMmyBaHHs Matepiany [1-8]. Lli >k mepeBaru poOisTh HOro mpUIaTHUM JUIS
AaBTOMATH30BaHMX OIepaliil y BUpOOHHULTBI OaraTomapoBUX KOHCTPYKLIH, 0 MIATBEPIKEHO Y podoTax
[9, 10].

Pazom 3 tum, pocmimkenns [1, 5, 6] cBim4yarh, 10 MOPIBHSIHO 3 ABOHUTKOBHUM CTiOKoM Tumy 401,
cribok tumy 101 mocTymaeTbes B PIBHOMIPHOCTI PO3MOAINY HaBaHTaKEHHS, OJHAK XapaKTEPU3YETHCS
MPOCTOTOIO HAJAIITYBaHHA MEXaHI3MIB Ta aJalTUBHICTIO 10 BapiaTUBHUX YMOB 3LIMBaHHS.

B nitepaTypHux mxepenax B OCHOBHOMY BUKOHAHMH aHalli3 0araTOHUTKOBUX JIAHITIOTOBUX CTiOKiB
knacy 400. 3 meroro 3a0e3neyeH sl CTaOUIBHOCTI CTPYKTYPH JIAHIIOTOBUX cTiOKiB Kiacy 400 y miTepatypi
[11, 12] 3HauHy yBary npuAijeHO BIUIMBY 3MiHH PEryJIbOBaHUX MapaMeTpiB Ha QYHKIIO AIHCHOI mogadi
HUTKH Ta BIUIMBY TOBILMHHM MaTepialliB Ha HEOOXinHY mojady HUTKH B Ipoleci yrBopeHHs cTiOka. [lpu
OMY BCTaHOBJICHO, IO 3HAYHE BiOXWiIeHHS (PyHKUIl (aKTHUHOI mojavi HUTKH BiJ HEOOXiAHOI iCTOTHO
BILIMBAE HA SIKICTh HUTKOBOT'O 3’€HAaHHA 1 Horo cTpykTypy [13, 14]. B ananoriuanx mocuimkenns [15-17]
mpoaHamizoBaHo (YHKIT [ificHOI Ta HeoOXimHOI Mojayi HUTKHA, IO JO3BOJSE OIIHUTH BIUIAB
TEXHOJIOTTYHUX MapaMeTpiB Ha SAKICTh (OPMYBaHHS HUTKOBOI'O 3’€qHaHHS. BogHouac cucremarn3oBaHi
JOCIIIKEHHS MPOLECIB YTBOPEHHS OJHOHMTKOBOI'O JIaHIIOroBoro crioka tumy 101 mpakTuuHO He
MpEeACTaBIeH] B HAYKOBIill JiTepaTypi, IO YCKIAJHIOE PO3pOOJICHHS BiANMOBIJHUX MEXaHI3MIB HIBEHHHUX
MaIlWH JUI foro peasizaii.

Oco0nuBicTs MPOEKTYBAHHS HIBEHHUX MAIIMH JIAHIIOTOBOTO CTiOKa PI3HMX THIIB IOJNATAaE Y
moOyMoBi CHHXpOrpaM poOOTH MalllvH, SKi JO3BOJNSIOTh BH3HAYWUTH OCHOBHI IapamMeTph MeXaHI3MiB i
pobounx opranis [15]. Taki uukiaorpamMm po3po0OiieHi Ui TUIIOBUX MIBEHHUX MAIIHH JIAHIIFOTOBOT'O CTi0OKa
1 BpaxoBYIOTb OCOONHMBOCTI mpouecy ix yrBopeHHs. CuHXporpamu, HaBedeHi B poOortax [15-17],
MpHU3HAYCH] JUIA MPOEKTYBAaHHS IIBEHHMX MAIIMH JaHLIOroBoro crioka tumiB 401 ta 402, a BU3HaYeHHS
napaMerpiB MexaHi3MiB aHaJOTTYHUX MAIllMH 3 PEBEPCUBHUM IEPEMILICHHSAM MaTepially MpeacTaBiIeHO B
[17]. Jnst mpoekTyBaHHS CIielialbHAX IMBEHHUX MAIlMH JIAHIIFOTOBOTO OJHOHUTKOBOTO CTiOka Tumy 101
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BIJINOBiIHI CHHXPOTpaMy HaBeZeHO B poOoTi [18], i MammH noTaifHOTo JIaHIIOTOBOro CTiOKa THIry 103
— y poborax [19-21], a mia MammH, IO YTBOPIOIOTH 3UI3aronofiOHi cTiOku, — y pobortax [22, 23],
30KpeMa JIsl HOBHX CIIoco0iB 1X yTBOopeHHs — y [24-27].

BonHovac HasiBHI CHHXpOrpaM# 37€01IbIIOT0 BUKOPUCTOBYIOTHCS ISl BU3HAYEHHS T€OMETPHUYHUX
napaMerpiB B3aemMozii poOO4MX OpraHiB, 30KpeMa MiHIMAJIbHHX XOJiB, JOBXXHHU BICTPS TOJIKHM, HOCHKA
posimpioBaya (METeNbHUKA) TOIIO, 1 HE BPaxOBYIOTh BIUIMBY 3MiH TEXHOJOTIIYHUX mapameTpiB [28].
BigcyTHicTh y CydacHHMX AOCTIJDKEHHSX aHAJITHYHOTO BpaxyBaHHS BIUIMBY TOBIIMHHM MaTepialiiB Ta
JOBXXKMHU CTiOKa Ha CHHXPOTpaMy yCKJIaJIHIOE MT00yJ0BY MaTeMaTHYHOI MoJeNi HeoOXinHOT mogadi HUTKU
i po3p0o0IeHHS MEeXaHi3MiB IOAAYl HUTKH, 30aTHUX 3a0€3MEYUTH aBTOMATHYHE PEryIt0BaHHS ii BETHUUHH
3aJIeXHO BiJl yMOB 3IIMBaHHA 0araTomapoBUX TEKCTUIBHUX MaTepiamis [29-31].

Bigomi MeToauku He 1O3BOJISAIOTH BU3HAYUTH MapaMeTPH OKPEMHUX MEXaHi3MIiB IIBEHHUX MAaIllUH
11l YTBOPEHHS! OAHOHUTKOBOTI'O JIAHIIOTOBOTO cTiOKa Ty 101, ockiapky Opakye Onmucy He JHILIE 3aKOHIB
pPyXy poOoumx opradiB, a BiIOMOCTEH HpO MmapaMeTpd iXHBOI B3aeMofil. 3okpema, sl KyJauKOBHX
MeXaHi3MiB pO3IIMpPIOBaya, M0 3a0e3MeUyI0Th HOro MepeMillleHHS Yy MO3JO0BXHBOMY Ta IOINEPEYHOMY
HanpsAMKax, BIICYTHI aHATITHYHI 3aJISKHOCT] U1 BU3HAUYEHHS (PYHKIIN MONIO0XKEHHS pOOOYUX OpPraHiB, IO
YCKJIQZHIOE aHalli3 1 CMHTE3 LUX MexaHi3MiB. BomHouyac Bu3HaueHHA (QyHKUIIA MOJIOKEHHS POOOUYMX
Opra”iB y aHajiTH4HiA (opMi YCKIaJHEHE depe3 BiACYTHICTh TOUYHHUX TEOMETPHYHHX XapaKTEPHCTHK
BeAy4YHuX JIaHOK. KpiMm Toro, y HassBHUX JDKepenax He MPeACTaBICHO CHHXPOTrpaM MalliH 3a3HaYeHOr0 THUITY
3 PO3IIMPIOBAYEM, 110 MAE CKIAAHY IPOCTOPOBY TPAEKTOPIELO.

i oOcraBuHH OOYMOBIIOIOTH HEOOXIAHICTH CTBOPEHHS HOBOI METOIMKM IPOEKTYBAHHS
MEXaHi3MiB I[IBEHHUX MAIIMH /I YTBOPEHHS OJHOHUTKOBOI'O JIAHIIOroBoro cribka tumy 101,
Opi€eHTOBaHOI Ha YMOBM apMyBaHHs OaratomiapoBUX MartepiamiB ab0 BHIOTOBJIEHHS 00’ €MHHX
TEKCTUIBLHUX BUPOOIB.

O0'ektn Ta Meroaum jociaimxkeHHs. OO0’exktamu JOCHiKeHb Oynmu 0a30Bi  MaluH
koHCcTpykTHBHOTO psany GK-9 (GK9-2, Gk9-10, GK9-18A, GK9-202, GK 9-500, GK9-801, Gk9-886,
GK9-890C, GK-9000A), Gk26-1A, GK 35 GK 35-8), GK-3700, KP3000, RG-900D (RZ-668, RG-555)
[32, 33], sKi MIMPOKO 3aCTOCOBYIOTHCS Ha ITIIIIPHEMCTBAX JIETKOi i xapuoBoi mpomucioBocti. Ilpomec
BUKOHAHHS JIAaHIIOTOBOTO CTi0OKa Ha IMX MAallMHAX 3IHCHIOETHCS TOJIKOIO, 3y0UacTol penKolo
pO3LIMpIOBAYEM Ta MeEXaHI3MOM mopayi HUTKH. [Ipm nmpoMy MexaHi3M po3IMIMpIOBaYa MICTUTH IBa
KiHEMaTUYHHX JAHIIOTH KyJIauKOBOIo TUITY 1 3a0e3medye mpoCcTOPOBUH PyX PO3LIMPIOBAUY 3 BUCTOEM.

VY Mexax IOCHiKEHHs eKCIIepUMEHTaIbHO BU3HAUCH] 3HAUYCHHS (PYHKIIH MONI0KEHHS poO0ounx
opraniB mBeriHoi Mmaman GK-9-2 (puc. 1) npu MiHIMaIbHHUX 1 MAKCUMAJIBHUX 3HAYEHHSIX TEXHOJIOTTIHUX
napamerpiB cTiOka — TOBIIMHM MaTepiaidy (m) Ta JOBXHHU CTiOKa (t).

OxpiMm GyHKIIH MONOXKEHHS pOOOYNX OpraHiB, BUXiJHUMHU JaHUMH AJIS TOOYZOBU CHHXPOIpaMH
€ TaKOXX XapaKTepHI MOMEHTH MpOLECY YTBOPEHHS CTiOKa Ta TEXHOJOTiYHI MapaMeTpd 3IIMBHUX
MaTepiajiB, SIKi BIUTMBAIOTH Ha (a30By B3aEMOJiI0 POOOYMX OPraHiB MeXaHi3MiB, BIiIMOBiAHI 3HAYCHHS
HaBeeHo B Tadmui 1.

Taba. 1
MoMeHTH npouecy YTBOPEeHHS O/THOHNTKOBOI0 JIAHIIOTOBOI0 CTi0Ka

3HadeHHs KyTa
Mos MoMeHTH Tpolecy YyTBOPEHHSI OAHOHHUTKOBOIO JAHIFOTOBOT'O MTOBOPOTY
’ cTibka TOJIOBHOTO
BaJy
%o Kpaiine BepxHe TONOXEHHS TOJIKH Ta KpailHE TIpaBe 0° (360°)
MOJIOKEHHS! PO3IIMPIOBAYa
Qte. | 3aKiHUYEHHs TPAHCIOPTYBAaHHS MaTepiary 40°
@12 | Bictps BXoguTh B Marepiany m; Ta mp 35-40°
0B BicTps Tonku BUKOHYE «3aKO0J» MONEPEAHBOT ETIi HUTKU 172°
0] Kpaiine HUKHE TOT0XKEHHSI TOIKU 180°
o VYTBOpEeHHS «IeTJi HamycKy» 1 3aXOIUIEHHS HOCHKOM 290°
po3HIMproBaya
Qis. | [loyaTok mepemilieHHs: MaTepiany 315°

OyHKIIT TOTOKEHHS! poOOYNX OpraHiB BU3HAYECHO IUIIXOM allPOKCHMALlii eKCIIEpUMEHTAIbHUX
JaHMX 32 METOIUKOIO [34], pe3ynbTaTH AKO1 HaBEACHO B Tal. 2.

© O.11. Manoiinenxo, /[ M. Bezyenuii, B.A. I'opobeyw, B.C. Ilyyv, A.C. Anexceeseynp

142



Miscsysiscoruii 30ipnux « HAYKOBI HOTATKHy. Jhybsk, 2025, Ne§2

Jlnst oninku poOOTH MeXaHi3MiB TOAadi HUTKH BU3HAYCHO JiarpaMu MoAadi HUTKH 332 METOJMKOI0
nmapamerpiB  criOka, 3
eKCIIEpUMEHTAIILHOI YCTaHOBKM Ha 0a3i mBeitHoi MmammHn GK-9-2 (puc. 2, 3).

[11], mpu TpaHMYHMX 3HAYEHHAX TEXHOJOTIUYHUX

BUKOPHUCTAaHHAM

Tabn. 2

3HavYeHHSA MOJIHOMIATBHUX MO/eJiell (YHKIIH IM0105KeHHs] po004MX OpraHiB MIBeiHOI
MamuHu GK-9-2 npu pisHUX 3HAYEHHSIX IapaMeTpiB cTi0ka

[NoninomiansHa MoAenb QYHKIIT MOTOXKEHHS Jiama3on 3HaYeHb Koediuient
pobounx oprasis ¢ nerepMiHanii
S(p)=0.0891-0° ~0.00438-¢° +0.00347 -¢* —~1.33-107 -’ — 0-360 R?=0,9997
—2.06-10"% -9 +1.26-10" -9 ~1.12-107"
Z(p) =-5.38-10"0° +7.96-10" - ¢° 424107 - ¢* + 60-230 R* = 0.9978
+0.0102-¢* —1.233-¢> +67.16-¢ —1191.87
L(p)=—-8.479-107" - 9° +9.639-10" - ¢° —4.422-107° - p* + 125265 R* = 0.9991
+1.044-107 - @* —1.337 - @* +86.005 - ¢ —1944.642
T(p),, = 642:10"-9°-1.70-10" ¢’ +1.18-107 -p* - 0-360 R = 0.9971
-2.99-107 -¢* +2.26-107 -¢* +3.74-107 - 0 + 0.382
T(p). . = —1.41-10™ 9" ~4.78-10" - ¢° +4.81-10™ -¢* - 0-360 R® = 0.9981
-1.27-107 9> +6.97-10™" - 0> +4.41-107 - +0.168

a)

12

10

B)

L,Z, mm
14

nﬂ"&\
1

@, deg.
0 30 60 90 120 150 180 210 240 270 300 330 360

8
6
a4
2
6 i
-2
-4
6
-8

Puc. 1. EkcriepuMeHTalIbHE AOCTINKeHHA PyHKIIH M0J10KeHHA POO0YHX OPraHiB: a — roJIKH
S(¢), 6 —po3mnproBaya B310B:x L(¢{) Ta monepex Z(¢p) cTpouku, B — peiiku B310BxK cTpouKu T (),
1 — excepuMeHTAJNBHI IHI, 2 — aPOKCUMOBAaHi JaHi
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Cunxporpama pobouux opranis Mammuu GK-9-2 naniiorosoro crioka tumy 101, mo BpaxoBye
MiHIMaJbHI 1 MaKCUMaJIbHI TEXHOJOTTUHI MMapaMeTpy MallMHU M Ta t mpuBedeHa Ha puc. 4. MoMeHTH
B3aeMOii poOOYMX OpraHiB FOJNKH 3 PO3IHUPIOBAYEM B IIPOLIEC] 3aXOIUICHHS CIIETIi-HAITyCKY» Ta «3aKOIIy»
BIJIOBiAHO NIOKa3aHi Ha Hill Toukamu A Ta B. Ha cunxporpami 3a mouaTKoBe IMOJI0KEHHS TOJIKUA IPUHHSTO
ii BepxHe KpaiiHe monoxenHs (puc. 4). OpieHTaniro oci opauHaT A1 QyHKIIT MOJ0KEHHS TOJIKH 3a1aH0 Y
3BOPOTHOMY HampsMKy (BHH3), 110 3a0e3meuye KOPEKTHY BiINOBIAHICTH MK HAaIPSMKOM PYXy TOJKH Ta
MOMEHTaMH i1 B3a€MOJIii 3 MaTepiaioM y da3i mpoKoIy.

3 MErTor OLIHKA TOYHOCTI OTPUMAaHUX 3HAYCHb (YHKIIH MOIOXKEHHS poOOYMX OpraHis
BHM3HAYEHO KYTOB1 MOJOXKEHHS TOJOBHOTO Bajia MAIMHH NpU Hapamerpax (puc. 4) sK aHATITHYHHM
LUISIXOM — 32 MOJIiHOMiaIbHUMHK QYHKIIsIMHU (Tab:. 2), Tak 1 rpadiuHo — 3a o0y 10BaHOIO CHHXPOIPaMOoIo,
OTpHUMaHi 3HaYCHHS OPIBHIOIOTHCS ISl BUSBICHHS Y3TOKEHOCTI METOIIB.

BN
O\
BTN

1434

B

a) 0)

1 — mBeiina mammna GK-9-2, 2 — innukarop , 3 — mratus, 4 — epcoOHANbHUI KOMIT I0TEp
(HOYTOYK), 5 — KHOMKa, 6 — MAarHITHUH MaxOBHK, 7 — IaTYHK, 8 — HU(POBUI AUCIUIEH 11 BUMIpY KyTa
MOBOPOTY TOJIOBHOT'O Bally MaIlliHU
Puc. 2. ExcriepuMeHTa/IbHE A0CTINKeHHA QYyHKIIA Mogavi HUTKU: a —IiliCHOI Moxa4i HUTKH

P(¢), 6 — HeoOxignoi mogavi HuTku P'(¢)

15

P'((p)min
-25
PI((‘p)n1HX

-35

-45

s 1P Pa| | [P P34 TPg Pe.7 Pz Po

Puc. 3. diarpamu nogavi Hutku: P(¢p) —niiicnoi moga4vi HUTKH; P’'((P)max — HeoOXiaHOI mogaui
HUTKH NPH MAKCUMAIBHUX P'(P1)min T2 MiHiMATBHUX P'((2)min 3HAUEHHS TEXHOJIOTIYHUX

napaMeTpiB
PospaxyHkoBe 3Ha4YeHHS BEIMYMHHM IIEPEMIIIEHHS TONKH B Marepiali Smi2, BH3HAYAETHCS
TEXHOJIOTTYHIUMH TapaMeTpaMH — TOBIIMHU MaTepiady ml,2, a TakoX KOHCTPYKTHBHHMX IapaMeTpiB

MammHu (a7 ronku ¢. Raly, mogens GK9, Ne230 — h=8 mm, reoMeTpruHi XapaKTepUCTHKH [T IIBEHHOT
Mamman GK-9-2: e=4 MM, S=4 MM, a=2 MM, c=4 MM, 61=1 mMm) [15]:
S,=m+S,+a+e+d +c+h, (1)

m

S

ne: ®4 —HeoOXigHa BeNWYHHA TIepPEMIleHHsI TONKH Il YTBOPCHHS «IIETIi-HAYCKY» (SA z3MM);
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l'apanToBaHWil «3aKoM» TOJKOIO TOMNEPEIHbOI MeTdi BigOyBaeThCs B MOMEHT, KOMW ii BicTps
nepeOyBae Ha PiBHI Sp BITHOCHO HOCHMKa po3muupioBada (puc. 4), i e TONOKEHHS BHU3HAYAETHCA
BiJINIOB1THUM BUPA30M:
S, =8,+a+e+h, )
3a3HaueHni mapameTp 3a0e3ledye po3TallyBaHHS BICTPSl TOJKM HW)KYE IJIOMIMHU MONEpPenHbOI
MeTi, SIKa BU3HAYAETHCSI KyTOM 0. Ta 3aJISKUTH BiJ] MOJOKEHHS PO3LIMPIOBAayYa i JOBXKHUHU CTiOKa t (pHc. 4).
B meii xe wyac B HactaHoBax 3 ekcruryatanii mMammHu GK-9-2 «3akom» TapaHTYETbCS MOJIOKEHHAM
pozumpioBada L Lx npu #oro kpailHboMy npaBoMy HOIOKEHH] (puc. 4) TAKUM YMHOM 1100 BiACTaHb BiX
HMOro 3aJHbOI YaCTHHHM J0 BICI FOJIKH CKiIagana 1,5 mm.

(8) (A) N |
0 30 60 90 120 150 180 2’70 220 270 300 330 360:” 777777777 f i, ) KBl
| S 7::_’:‘:77_52fi’,f’:’:::Ji::ifﬁ\:::f:::K??ff:::..?’;s::f:: :: ey >
o e TR AR
I I =i S = 15 @
v 1k | w1 AT LA
o A | < i
| , | | | | | ~ (%}
Kl L(fo) B R 9, 2pa0. iT ko Lk
‘ ! ‘ LT X . ¥
UW" | \@/‘u/( — i A S
s 2 R I
A b |
ZM’/ | Z{?/ l S 0, zpaﬁ.%{/;& } -
[l SESES IR SN M S S
foly 97 18 o s ng
aﬂxw_ff L Tl |
L&, ?n ‘ / 9, epad.

0 30 60 9? 120 150 780 2@7 220 270 300 330 360
(8) 4)
Puc. 4. CnﬂxporpaMa po6ouux opranis meeiiHol MamuHu GK-9-2 1anumoroeoro cridka
Ty 101 3 KOJIMBHUM pO3IIMPIOBAYeM
OxpiM 1BOro mapamMerpy B3a€MOZIl pO3LIMPIOBaYa IMOBHHHI 3a0e3MedyBaTH HadillHE 3aXOIUICHHS
«TEeTIi-HaIlyCKy» Ta «3aKO0J» TOJIKOIO MOMepeAHbO MeTIi TOIKOBOi HUTKH Y XapaKTepHUX Toukax A Ta B.
Takum yMHOM, TapaMeTpy B3aEMOII] pO3IIMPIOBaYa B3IOBXK CTPOUYKM BU3HAYAETHCS 3 CHHXPOTPAMH:

L((DA):LA:3’5MM’ L((DB):LB:L(gDA)JFA-FLSMM’ (3)

. L(gy).L(9s) _ : . . dA
ne: BEJIMYMHA MEPEMIllIEHHs PO3IIMPIOBAYA BiIIOBIIHO B MOMEHTH B3aeMOJii A Ta

P4.5 _ xyTit MOBOPOTY TOIOBHOrO BaJa, 1O XaPaKTEPH3yOTh MOMEHTH B3aeMOZii A Ta B.
A _ noBxuHa HocHKa posmmprosaya (2= 7 M),

B cBoI0 yepry nmojaokeHHs pO3IMIMPIOBaya MOMEPEK CTPOUYKH XapaKTEPHU3YEThCS BETHMYHOIO ZAp
MDK MHTTEBUMH MOMEHTaMH B3aeMozii A Ta B 3a1eXHTh TUTBKU Bil KOHCTPYKTHBHUX MTapaMETPiB TOJIKA
Ta PO3IIUPIOBaYa i TOBUHEH 3a0e3euyBaT yMOBY:

Z,,=d+b+0,+
4B 6,+0, s (4)

ne d — ZiaMeTp TroJIKU (d ~2,3 Mty

b — roBuHa posmmpioaya (=40 M),

%5 3a30p MDK pO3IIMPIOBaYEM TOJKOI0, BiIIOBIIHO MOMEHTH B3aemonii B Ta A
(52 =0, =0,1MM).

© O.11. Manoiinenxo, /[ M. Bezyenuii, B.A. I'opobeyw, B.C. Ilyyv, A.C. Anexceeseynp

145



Misiceyziecvruii 30ipnux « HAYKOBI HOTATKH». Jlyywx, 2025, Ne§82

BusnauenHss MomeHTIB B3aeMonii A 1 B pobounx opraHiB Ta BeIWYMHHU MEPEMIILICHHS TOJIKH B
MaTepiadi Smi2 NpH yTBOpeHHI criOka Tumy 101 3a pi3HMX mapaMeTpiB m 1 t JO3BOJSIE OLIHUTH
¢$yHKUIOHATBHI XapakTepucTuku MammHu GK-9-2.

[apamerput Smi2, Si2, Sas, Lap, Zap, Ta BeMmHuuuHU XOHiB Sy, Ly, Zy, Txi2 pobounx opraniB
CHHXPOTPaMH{ BU3HAYEHO HA OCHOBI T€OMETPUYHUX XapaKTEPUCTUK IIBEHHOI MAIIMHY, 1i HalalTyBaHb, a
TaKkoX 3a pospaxyHkamu (1-3), BiOmoBimHi AaHi y3arajabHEHO B TaOmumi 3. AHamiTH4YHE OOYMCIICHHS
MOJTIHOMIaJIbHUX MOzeNnel (PyHKIIH MOJI0KEHHS rOJOBHOTO Bajla BAKOHAHO 3 BUKOPUCTAHHSIM YHCEIBHOTO
MeTony B cepenosuii Microsoft Excel (icTpyment Solver) 3 nomycrumum BigxunenaaM e=10°. Taxa
TOYHICTh TapaHTYy€ CTIHKICTb Ta 301KHICTH OOYMCIIOBAIBHOTO MPOLIECY B MEKaX BUMOI JI0 PO3B’SI3aHHS
HeNiHIMHKUX anreOpaiyHuX piBHSIHD B iHKEHEPHUX LIUISX.

Pesynbratin 00paxyHKiB (MOMEHTH IPOLIECY YTBOPEHHS CTIOKa: Q1,2, Pa,B, PAB, PAB ) OTPUMaHI
oOoMa MeToJaMH, 3aHECEHO MO0 TaOmuill 3 3 METOI IXHBOrO 3ICTaBJIEHHS Ta OLIHKA TOYHOCTI
anpoKcUMAaLiMHUX Moaenel (GyHKLIH MOoJI0KeHHS poO0UnX OpTaHiB.

Tabn. 3
3HavYeHHs MapaMeTPiB B3aeMo/il po00YHX OPraHiB Ta BeJMYHUHH iXHIiX X01iB
Po3spa- Si Sa Sa S La Ls Zas | Sx Lx Zx | T\ | T,
XYHKOBI
napa-
4,0 12,0 | 3,0 | 17,0 | 3,5 11,0 | 6,5 | 32,13 14,5 | 6,67 | 7,5| 5
METpH,
MM
Kyrosi
napa-
MeTpH, ?1 02 O OB O OB OB Pmax ?1 02
rpaf.
I'pa- 36,05° | 68,54 o o 5 o 5 o 3,67 2,249
biuno | 323.93 29146 219,32°/84,52°| 220° | 144,15°| 150 | 180° |189,15°| 150 3.89] 2.83
Amnami- | 37,12° |70,24° o o o o o o 345 22
Tmuno | 323,92 29155 221,55° 84,62°| 221,26° 144,8° | 146,45|181,1° | 189,15° 146,45 371] 2.83
Binxu- 2,9 2,48 0,22] 1,8
J'IeI(;IHSI, 0 0.03 1,0 | 0,11 | 0,56 | 0,44 | 2,42 | 0,71 0 2,42 017 0
%o
BucHoBkn

1. AHami3z OTpUMaHUX pE3yNbTaTiB MHiATBEPAXKYE IOLIIBHICTD BHKOPHUCTAHHS MOJTIHOMIiaJdbHHUX
MoJernel 6-ro MopsAaKy Ui aHATITHYHOTO onucy (GyHKUiNd NonokeHHs podounx opradiB S(), L(¢), Z(9),
T () wBeiinoi mammnu Tury GK-9-2, ockinbku 3HaUeHHS KoeilieHTY AeTepMiHanii OMU3bKUI 10 OJUHULI
R?=0,998+0,9999. AxTyanbHICTh 3aCTOCYBaHHS MONIHOMIaTbHUX MOJIENEH IUId MOoOYJOBM CHHXPOrpaM
MIBEHHUX MAIIMH OZHOHWTKOBOI'O JIAHIIOIOBOIO CTiOKa MiATBEp/PKEHA IOPIBHAHHSAM pe3yJbTaTiB
rpadivyHOro (EMITIpUYHOT0) Ta AaHATITUYHOTO (TIOMIHOMIallbHOTO) METOIB, IO J03BONMJIO OIIHUTH
TOYHICTh IIMX MOJENe. AHami3 pe3ysbTaTiB BEIWYMHM XOJIB IMOKa3aB, mpakTuuHo 100% 30DKHICTB, 3
CKCIICPUMEHTAIbHUMH 3HAYCHHSIMM AaHANITUYHUX JaHuX. Lle TakoX MiATBEpIDKYEThCS 30KpeMa,
BH3HAYEHHS KIIOYOBMX MOMEHTIB — MOYATKy W KiHISI TPaHCIIOPTYBaHHs Matepiany (@i, @2), MOMEHTIB
«3aKomy» ((p) Ta 3aXOIUICHHS MNETIi-HamycKy (@) — TOKa3aJI0 BIOXWIEHHS MK METOAaMH B Mexax
0,1°+2,9°, mo € NpuAHATHAM y paMKaX iHKeHepHoi TouHOCTi. HaitOinpie BigxuneHHd, 3adikcoBaHe st
KyTa @i, CTaHOBUTHb 2,9%, aje B aOCOMIOTHOMY 3HaueHHI He mepeBuirye =+1,1°, mo miaTBepaKye
JOLIUIBHICTB ITIAXOMIB.

2. Anani3 ¢yHkuiit giicHoi P(¢) ta HeoOxinHoi P'(¢) momavi HUTKH BUSBUB CYTTEB] PO30IKHOCTI MiXk
iX 3HAYEHHSMHU 3aJEKHO BiJ TEXHONOTiYHHMX mapamerpiB. Ilpum MmiHIManbHIA TOBIIMHI Martepiany Ta
JOBXXHHI cTiOKa nilicHa monava P(¢) nepesuinye Heooxigny P'(¢) Ha 64,4% (52,6 mm npotu 32 MM), 110
MPU3BOAUTE A0 OCIA0JICHHSAM HUTKOBOTO 3’eTHaHHS. HaToMICTh Mpu MakcHMalbHUX 3HAUYEHHSIX — JificHa
nofaya Ha 6,2% MeHIIa 3a HEoOXiAHY, 110 MOXE MPHU3BOAUTH 0 MPOMYCKiB cTiOKiB. Take BimxuiaeHHs
MOSICHIOETHCSL THM, 110 B MexaHi3Mi mojadi HUTku (Mop. 1.1.1.3 [35]) xoHCTpyKIliero He mependadeHo
PEryJIIOBaHHS BEJIMYMHOIO YU 3aKOHOM Mojavi HUTKU. OTprUMaHi pe3ynbTaTH MiIKPECIIO0Th JOITBHICTD
YIOCKOHAJICHHA SIK KOHCTPYKIIl MexaHi3My oAayi HUTKH

3. BaxnmBo 3a3HauuTH, IO MOOYAOBaHI QyHKIII Ta CHHXporpaMa JO3BOJWIN BU3HAYUTH HE JIUILE
MOMEHTH B3a€MOJil poOOYMX OpraHiB, a W BENWYMHM IXHIX XOAIB A PI3HUX KOMOIHAWid TOBIIMHM
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MaTepiaiiB 1 JOBXHHU cTiOka. Takum yMHOM, cpopMOBaHi MOZEN MOXKYTh OyTH 3aCTOCOBaHi SIK OCHOBA
111 TOOYIOBH aBTOMAaTHYHHUX CHCTEM IMOJadi HUTKU 3 ypaxyBaHHSIM 3MiH TEXHOJIOTIYHUX mapamMerpis. Lle
BIIKpUBA€ MEPCIIEKTUBU BJOCKOHAIECHHS ICHYIOUMX MEXaHi3MiB, a TAKOXK PO3pOOKH HOBUX THUIIIB MAIlHH,
30aTHUX 3a0e3ledyBaTH CTaOlUIbHY SKICTh CTIOKIB NpH 3IIMBAaHHI 0araToMIapOBHUX TEKCTHIBHUX
MaTepiaiiB.
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BUKOPUCTAHHA BIOPO3KJIATHUX MATEPIAJIIB I3 HEJIIOJIO3HU OJIIMHOI'O
JBORY IJIsA XAPYOBOI YITAKOBKHA

Y cmammi oocnioxceno nepcnekmueu euKopucmanHa 0iOpoO3KIAOHUX MAmMePianie HA OCHOGI UeaI0N03U ONIIIHO20
JIbOHY 0711 6U2OMOBJIEHHA Xapu060i ynakoeku. Ilepexio 00 yupKynapHuoi ekonomiku ma HeoOXiOHicMb 3MeHUWEHHA 00cAzi6
RACIMUKOSUX 8I0X00i6 3yMOGIIOIOMb AKMUBHUIL NOWIYK AIbMEPHAMUGHUX €KOJI02IYHO Oe3neyHUx piuleHb y naxKyeanbHill
2any3i. Memooonozia 00cnioxcenns 0XONII0€ AHANI3 CYUACHUX MeHOeHYill Y 6UPOOHUYMEL Hiononimeprux mamepianie, OUiHKy
Qizuko-mexaniunux enacmueocmeii 6iopo3K1aAOHUX Mamepianie i3 Yenrn03u 01ilH020 1bOHY MaA NPOZHO3 IX 6NPOBAOIHCEHHS
Ha punky. IIpoeedeno nopienanvhuii ananiz enacmueocmeil Yeuio103u ONiliH0z0 1b0HY Y 3ICMABIeHHI 3 IHUWMUMU RPUPOOHUMU
Oiononimepamu. 3HAUHY yeazy NpPUOLIEHO MOMCIUGUM ChepaMm 3aCMOCYSAHHA J1bOHOGOT UENIN103U 6 DIZHUX 2aNy3AX
npomucnoeocmi. Y 0ocnioycenni noKazano 6UCOKUIl 6uxi0 0i06010KOH 3 auemamy uenro103u, AKi cmiiki 00 6éniugy
KUCTIOMHO20 MA CONbOGO20 CePe0osUly, W0 pOOUNMb IX NEPCHEKMUGHUMU 0Nl GUKOPUCIMANHA 6 XaAp406iil ma MeouuHil
npomucnosocmi. AHANI3 HCUMMEBO2O0 YUKTLY TIbOHOGUX 60J10KOH RIOMEEPONHCYe IXHI eKonoziuni nepeeazu ma MiHIMAIbHUIL
6énue Ha 006KinnA. Pezynomamu ceiouams npo me, wio 3acmocyeanns 6iopo3KIaOHUX mamepianie Ha OCHOGI ONiNH0O20 1bOHY
€ ehekmusHuUM 3ACO00M 3MEHUIEHHA 3A71eHCHOCII 6i0 cunmemuyHux nonimepie. /locniosycennn cnpusac enpoeadiHceHHIo
IHHOBAYIIHUX, €KOJI02IUHO 0e3neYHUX MEeXHON02l 6 YKPaiHCbKill NaKysanbHill IHOycmpii, uwio, C80€I0 uepzoio, CHpUAE
CKOPOUEHHI0 NACMUKOSUX 6i0X00i6. Bukopucmannsa yeniono3u 0niiinozo 1b0Hy MOdCE CYMNIECO NOKPAUUMU €KO102IUHY
cumyayilo ma CRpuAmMU CMaaomy po3GUIMKY aZPApHOZ0 CEKMOPY WLIAXOM CHMEOPEHHA 3AMKHEHO020 WUKTY GUPOOHUYMEa, 6
AKOMY 6Ci KOMROHEHMU POCTUHU 6UKOPUCIOBYIOMbCA 0e3 YMEOPEeHHA 6i0X00i6.

Knrwuoei cnosa: 6ioposknaoua ynakoska, ONitiHULL TbOH, TbOHOBA YENt003d, CIMALL Mamepianu, Gi00CHOBHI Noximepu,
YUPKYIAPHA eKOHOMIKA, Xap408a YNAaKosKd, YMunizayisa cilbCbKo20Cno0apCoKux 8i0xooie

S. Yaheliuk, V. Chasnikov

USE OF BIODEGRADABLE MATERIALS FROM OIL FLAX CELLULOSE FOR FOOD
PACKAGING

The article explores the prospects of using biodegradable materials based on oil flax cellulose for food packaging. The
transition to a circular economy and the need to reduce plastic waste drive the development of alternative environmentally
friendly solutions in the packaging industry. The research methodology includes an analysis of current trends in biopolymer
material production, an assessment of the physicomechanical properties of biodegradable materials derived from oil flax
cellulose, and a forecast of their market implementation. A comparative analysis was conducted to evaluate the properties of oil
flax cellulose against other natural biopolymers. Significant attention is given to the potential applications of oil flax cellulose
in various industrial sectors. The study demonstrates a high yield of cellulose acetate biofibers, that exhibit resistance to acidic
and saline environments, making them promising for use in the food and medical industries. The life cycle analysis of flax fiber
confirms its environmental benefits and minimal ecological impact. The results indicate that using biodegradable materials
based on oil flax is an effective tool for reducing dependence on synthetic polymers. The research contributes to the
implementation of innovative environmentally safe technologies in Ukraine’s packaging industry, thus contributing to the
reduction of plastic waste. The utilization of oil flax cellulose can significantly improve the ecological situation and promote
sustainable development in the agricultural sector by creating a closed-loop production system that fully utilizes all plant
components without generating waste.

Keywords: biodegradable packaging, oil flax, flax cellulose, sustainable materials, bio-based polymers, circular economy,
food packaging, agricultural waste utilization

Introduction. The transition to a circular economy and the reduction of waste have led to increased
production and consumption of biopolymer-based packaging solutions. In developed countries, there is a
growing trend of scientific research, development, and innovation for packaging materials aimed at
minimizing environmental impact.

Since 2022, due to the full-scale invasion of the Russian Federation, Ukrainian agricultural
producers have faced significant risks and have been forced to seek new opportunities to ensure the
sustainability and development of agribusiness. One of the niche technical crops that has gained increasing
relevance under wartime conditions is oil flax. This is a relatively uncommon technical crop that yields two
types of valuable products simultaneously: seeds and fiber. The efficient utilization of all parts of the plant
contributes to the creation of environmentally friendly products while reducing environmental impact,
aligning Ukraine with European eco-standards.

Thus, the production of food packaging from oil flax cellulose presents a highly promising direction
for agribusiness in Ukraine, given its projected high profitability and environmental benefits.

Analysis of recent studies. A review of recent scientific publications indicates an increasing
interest among researchers in the development and utilization of oil flax as a promising raw material for
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producing various materials. O. Havrylenko and B. Plishyvyi conducted a study analyzing the current state
and future prospects of the global market for biodegradable packaging materials [1]. T. Tovstanovska and
I. Polyakova examined the agrobiological aspects of oil flax cultivation in Ukraine. They identified optimal
growth conditions, including soil composition, climatic factors, and agronomic practices. Their research is
significant, as the quality of raw materials for cellulose production largely depends on cultivation conditions
[2]. S. Yaheliuk and V. Didukh analyzed the current state of oil flax and fiber flax processing, identifying
key directions for utilizing the obtained products. They emphasized the environmental advantages of flax
cellulose and its potential in the production of biodegradable materials. This study is crucial for
understanding the prospects of flax cellulose applications in the packaging industry [3]. O. Fursa, A. Arkhip,
and V. Yevtushenko examined the technological properties of oil flax straw and its suitability for cellulose
processing. They discovered that due to its chemical composition and physical characteristics, this raw
material can be used to produce environmentally friendly packaging materials. Their research contributes
to improving technologies for processing oil flax straw into biodegradable materials [4].

The study conducted by N. A. Mostafa and co-authors focused on an efficient method for obtaining
cellulose acetate biofibers from flax and cotton linters. The process yielded 81% for flax and 54% for cotton.
The resulting bioplastics are characterized by biodegradability and resistance to acidic and saline
environments, making them promising for applications in the food and medical industries [5]. A study led
by Baley examined the properties of flax fibers for use in composite materials. The authors analyzed the
mechanical characteristics, structure, and influence of various factors on fiber quality, highlighting their
potential in the production of environmentally friendly materials [6]. R. Kumar and co-authors conducted
an analysis of the bioenergy potential of livestock waste and agricultural residues in India. Their study
emphasizes the possibility of using these waste materials for energy and material production, including
biodegradable packaging, contributing to reduced reliance on traditional energy and material sources [7].
A. Goémez-Campos and colleagues presented a life cycle analysis of flax fiber intended for technical textiles.
Their research covers all stages of flax fiber production and utilization, emphasizing its environmental
advantages and potential to reduce ecological impact [8]. N. M. Stark and L. M. Matua reviewed
contemporary trends in bio-based packaging materials. The authors analyzed different types of biopolymers,
their properties, and application prospects, emphasizing the importance of developing sustainable
packaging solutions to mitigate environmental damage [9]. Boyko G. and co-authors explored modifications
of hemp and its potential industrial applications. The authors examined its properties for biomedical and
industrial purposes. [10]. They investigated the renewed interest in hemp as a sustainable material. The
authors emphasized that due to its natural properties and environmental benefits, hemp has become an
attractive choice for consumers and is gaining new relevance in modern sustainability-oriented
developments. A. Kulma and co-authors analyzed biotechnological approaches to flax cultivation and
processing in Europe and China. Their research covered genetic modifications aimed at increasing the
content of beneficial compounds in flax, such as polyhydroxybutyrate, which can be used in biodegradable
plastic production. The authors stressed the importance of international collaboration in flax research for
the advancement of new materials and products [11]. Yaheliuk, S and co-authors investigated the potential
of converting agricultural waste into value-added products. The authors analyzed the economic and
environmental benefits of this approach, highlighting the potential of flax waste for producing eco-friendly
packaging materials. This study underscores the importance of sustainable practices in agriculture and
industry [12]. P. Gupta and co-authors (2022) reviewed current trends in the development of biodegradable
packaging films using plant-based and food waste. The authors discussed various methods for obtaining
and modifying these films, their properties, and potential applications. Special attention was given to the
use of flax cellulose waste as a promising material for sustainable packaging solutions [13].

These studies highlight the wide range of possibilities for utilizing flax and its by-products in
biomedical and industrial applications, fostering the development of sustainable and eco-friendly materials.
This represents a crucial step toward sustainable development and reducing environmental impact.

The aim of this article is to explore and analyze scientific approaches to the development and
application of biodegradable materials based on cellulose derived from oil flax.

Materials and Methods. The research methodology employs a comprehensive approach that
integrates analytical, experimental, and predictive methods to assess the effectiveness of using oil flax
cellulose in the production of biodegradable packaging materials.

A review of literature sources enabled an evaluation of current trends in biopolymer material
production and identified the prospects of using oil flax as a raw material for packaging. Scientific
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publications were analyzed to highlight the chemical and physical properties of flax cellulose, along with
experimental findings related to its processing.

Experimental methods included the assessment of the physicomechanical properties of the obtained
materials, particularly their strength, flexibility, and moisture resistance. The research was conducted in
accordance with international packaging material evaluation standards.

The primary data sources for the analysis included the State Statistics Service of Ukraine, which
provided information on oil flax cultivation and processing volumes.[14] To visualize the results, a
graphical method was employed, allowing for the tracking of trends in the production and utilization of
biodegradable packaging materials based on oil flax. A forecasting method was used to estimate the
potential adoption of oil flax cellulose packaging materials in Ukraine and possible development scenarios
for this industry until 2030. The predictions were based on statistical reports and econometric models that
accounted for demand trends and environmental regulatory changes. The selected timeframe for the study
(2010-2023) was chosen to analyze long-term trends in oil flax cultivation and its application in the
packaging industry.

The obtained results provide insights into the efficiency of using oil flax cellulose for producing
environmentally friendly packaging materials, contributing to the implementation of a circular economy in
Ukraine’s agricultural sector.

Results. The development of the bio-packaging industry is particularly relevant for Ukraine due to
growing environmental challenges and the urgent need to reduce the use of conventional plastics. According
to the State Statistics Service of Ukraine, as of 2023, the country generates over 2 million tons of plastic
waste annually, of which only 7% are recycled [14].

Flax has historically been one of the oldest cultivated crops in modern Ukraine, grown primarily
for its fibers. Flax fibers were widely used for producing textiles, cords, ropes, and other essential goods,
playing a significant role in household and industrial activities. The peak of flax cultivation occurred in the
19th century. Following Ukraine’s independence, this sector experienced a gradual decline, but in the last
decade, a slow revival of flax cultivation has been observed. Modern flax farming in Ukraine is now
primarily focused on oil flax cultivation.

To analyze trends, we examine data from the State Statistics Service of Ukraine on sown area
dynamics, production trends, and yield changes [14].

Until 2010, oil flax cultivation areas remained relatively small (around 2,000—4,000 hectares).
However, there was a sharp increase, reaching 58,900 hectares in 2010 and further expanding to 62,200
hectares by 2015. In 2020, a significant decline in cultivated areas occurred, dropping to 13,800 hectares.
However, in 2021-2022, the areas began to increase again, reaching 33,100 hectares by 2022.

The primary driver of this growth has been agricultural enterprises, whereas households and small-
scale farms have almost ceased flax cultivation since 2015 (see figure).
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Fig. 1. Dynamics of Oil Flax Sown Areas (thousand hectares)
Source: Compiled by the authors using [5]

Between 2010 and 2015, oil flax experienced a peak in production, but after 2020, dynamics of
sown areas, production volumes, and yields declined. The primary contribution to oil flax cultivation and
production was made by agricultural enterprises, while households and small farms nearly ceased
cultivation after 2015 due to lower levels of mechanization and technology. However, in the last two years,
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signs of industry recovery have emerged, indicating the potential for a new development cycle. Enterprises
play a dominant role in this process.

Forecasting oil flax production in Ukraine during wartime conditions remains a complex task due
to numerous uncertainties. However, based on available data and econometric modeling methods, some
projections can be made. By 2022, oil flax sown areas were increasing, and data for 2022—-2023 indicate a
20% growth in sown areas compared to the previous season, reaching the highest level in the past five years.
This demonstrates a degree of resilience in the industry despite the war. The expansion of sown areas could
lead to higher production volumes, provided that weather conditions are favorable and major military
conflicts do not disrupt key agricultural regions. Yields are expected to remain at previous levels or slightly
decrease due to potential difficulties in accessing resources and equipment.

These findings are supported by a study by Yaheliuk, S., Fomych, M., & Rechun, O., which
highlights the increased relevance of oil flax production under wartime conditions. The author characterizes
the fluctuating dynamics of oil flax production in Ukraine, contrasting it with the dominance of cash crops.
The study reveals that nearly 70% of oil flax is sold within Ukraine for domestic processing, and purchase
prices for oil flax have traditionally remained high [15].

Thus, despite challenges posed by the war, oil flax production in Ukraine shows signs of resilience.
The increase in sown areas in 2022 and 2023 indicates that farmers are adapting to new conditions.
However, for a more accurate forecast, it is crucial to consider further developments in the military situation
and its impact on the agricultural sector.

Oil flax is a promising raw material for biodegradable packaging materials due to its high cellulose
content in its stems. Notably, flax straw contains up to 50% cellulose, making it suitable for the production
of various types of paper and cardboard [7].

The cellulose derived from oil flax offers several advantages over other natural biopolymers (see
Table).

Table 1.
Comparative Analysis of Oil Flax Cellulose with Other Natural Biopolymers
Biopolymer Main characteristic Advantage Disadvantage
High strength, Environmentally

Oil flax cellulose l?1odegradab1h.ty, friendly, can b; used in Requires spemal

resistance to moisture the production of processing
and chemical exposure bioplastics
Wood-derived High strength and Suitable for creating R\?Vc;l:érre;ns&irggcant
cellulose durability paper, textiles gy

consumption

Cheap raw materials,

Easy to decompose .
y POSE, environmental

Starch Low strength, high

affordable friendliness hygroscopicity
... . Ant1mlcrpb1al Used in medicine and High cost, need for
Chitin and chitosan properties, food industr special processin
biocompatibility Y pecialp &

Source: compiled by the authors based on multiple sources

Oil flax cellulose is one of the most promising biopolymers, widely used in industry due to its
unique physicochemical properties. According to Baley et al. (2019), the main characteristics of this
cellulose include:

e High cellulose content — up to 80% in processed flax fibers.

e High mechanical strength — flax fibers exhibit superior mechanical properties compared to wood
cellulose [6].

e Studies by Mostafa et al. confirm that flax cellulose has good moisture resistance and acid
resistance [5].

e Cellulose decomposes naturally by microorganisms without generating harmful residues [16].

The use of oil flax cellulose has significant potential in the packaging and textile industries due to
its unique properties. Further advancements in processing technologies will promote broader applications
of this material.

The extraction of cellulose from oil flax involves several key stages:

e Mechanical processing — shredding stems to separate the fiber portion.
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e Chemical treatment — using alkaline solutions (NaOH, H20-) to remove lignin and hemicellulose.
e Filtration and washing — cleaning fibers from chemical reagents.
e Drying and grinding — obtaining final cellulose in the form of powder or fibers.

Research indicates that efficient mechanical processing includes initial stem mixing, pre-drying,
repeated retting, and optimal blending of fibers from different stem parts. Additional fiber purification steps
can enhance product quality but may increase production costs.

In industrial flax production, key processing steps include breaking and scutching, which determine
fiber quality. Pre-crushing of stems facilitates easier removal of shives. However, intensive mechanical
processing can damage the fibers, highlighting the need for improved equipment.

According to Y. Berezovsky, one limiting factor is the lack of affordable equipment for small- and
medium-scale producers. Manufacturers are advised to implement double-pass processing of raw materials,
which enhances fiber quality. However, this technique disrupts process continuity, necessitating the
development of low-cost processing methods [17].

Improving oil flax processing technologies will contribute to:

e Higher long-fiber yield
e Reduced waste
e Expanded industrial applications

These advancements will strengthen the role of oil flax cellulose in the development of sustainable
and biodegradable materials across various industries.

Oil flax cellulose exhibits high mechanical strength, flexibility, and resistance to chemical
exposure. Due to its structural properties, it can be used as a base material for bioplastics and packaging,
reducing dependence on synthetic polymers. A life cycle analysis of flax fiber has confirmed its
environmental benefits and minimal ecological impact. Flax can be processed into cellulose acetate
biofibers with an 81% yield, which are characterized by high biodegradability and resistance to acidic and
saline environments. This makes them promising for applications in the food and medical industries.
Additionally, research has explored the potential use of flax waste for biogas and alternative fuel production,
further enhancing the environmental efficiency of this crop [15]. Oil flax cellulose possesses unique
properties that distinguish it from other natural biopolymers. Wood-derived cellulose is known for its high
durability and strength, making it suitable for paper and textile production. However, its manufacturing
process requires significant water and energy consumption, limiting its environmental sustainability. Flax
fibers have high mechanical strength and ecological advantages, allowing their use in composite materials.
Oil flax cellulose stands out for its high strength, flexibility, and resistance to chemicals, making it an ideal
material for biodegradable products, including paper, textiles, and bioplastics. Thus, using oil flax for
biodegradable packaging materials represents an environmentally friendly solution, reducing dependence
on synthetic polymers and minimizing negative environmental impact.

Oil flax cellulose is a promising material for eco-friendly products. It can be applied in various
industries, including paper production, textiles, and composites. Unlike synthetic materials, flax cellulose
contains no artificial additives, simplifying its biodegradation process.

Flax cellulose decomposes naturally with the help of microorganisms such as bacteria and fungi,
which break it down into simpler compounds. The byproducts of cellulose decomposition do not harm the
environment—instead, they return to the soil, enhancing fertility and supporting the natural nutrient cycle.

Microorganisms release enzymes that break down cellulose into simple sugars, which are easily
absorbed by other organisms. This accelerates and completes the biodegradation process, making flax
cellulose an excellent alternative to traditional polymers.

According to researchers, by 2030, the biodegradable packaging market is expected to reach 22
million tons, driven by stricter environmental regulations. The food industry alone is projected to account
for over 42% of this demand. Ukraine has significant agricultural potential, which can be leveraged to
develop biodegradable packaging materials. The advantages of bio-based packaging from oil flax include
substantial environmental benefits. Producing bio-packaging from agricultural waste significantly reduces
CO: emissions compared to traditional polymer materials. In EU countries, the implementation of
biodegradable packaging technologies has already led to reduced taxation on environmentally friendly
products. These findings highlight the growing importance of oil flax cellulose as a sustainable alternative
to conventional packaging, with significant economic and environmental benefits.

The obtained results confirm the promising potential of using oil flax in the production of
biodegradable packaging materials. An important aspect is that the production of such materials helps
reduce environmental impact and contributes to the development of the circular economy. A review of
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scientific sources indicates the high potential of oil flax cellulose as an alternative to synthetic polymer
materials.

Research has shown that biofibers derived from flax exhibit high strength, moisture resistance, and
environmental safety. These properties make them suitable for various applications, including packaging
materials, textiles, and bioplastics. At the same time, it is essential to consider the specifics of cellulose
extraction and processing, as they directly impact the final material properties.

The study highlights the importance of considering the mechanical characteristics of flax fibers
when developing composite materials. This opens up new opportunities for using flax cellulose in packaging
solutions for the food and pharmaceutical industries. Additionally, flax waste has been proven to be a
valuable raw material for bioenergy, supporting sustainable development strategies. A life cycle analysis of
flax confirms that its use contributes to reducing negative environmental impact.

A comparative analysis of oil flax cellulose with other natural biopolymers, such as wood cellulose,
starch, and chitosan, has demonstrated its competitiveness. It has better mechanical properties than starch
and is more environmentally friendly than chitosan, which is derived from animal-based raw materials.
However, for large-scale adoption, it is necessary to improve flax processing technologies and develop cost-
effective methods for cellulose extraction.

Future research should focus on optimizing cellulose extraction technologies, enhancing its
mechanical properties, and evaluating its long-term environmental benefits. An important direction is the
implementation of innovative cellulose modification methods, which will improve its strength, barrier
properties, and biodegradability.

Additionally, it is advisable to explore the possibility of combining oil flax cellulose with other
natural biopolymers to develop materials with enhanced properties. This opens the door to the development
of hybrid bioplastics, which could replace traditional petrochemical polymers in various industrial
applications.

Conclusions

Today, various countries are exploring ways to maximize the full potential of flax, as disposal
through burning poses both an environmental and economic challenge worldwide. With a well-structured
and stable approach, and considering the current unstable conditions, Ukraine has strong prospects for
profitable agribusiness and processing activities aimed at producing high-value-added products.

The dynamics of oil flax production in Ukraine show a trend toward recovery after a decline,
creating favorable conditions for further development. Using oil flax cellulose for food packaging is an
environmentally friendly solution that helps reduce dependence on synthetic polymers and minimize
environmental impact.

The use of biodegradable materials derived from oil flax is an effective strategy for reducing
reliance on synthetic polymers. These materials exhibit high strength, flexibility, and rapid biodegradation
without producing harmful residues. Ukraine has great potential for utilizing oil flax cellulose in the
production of biodegradable packaging materials. A review of scientific research indicates a growing
interest in this topic, particularly in agrobiological aspects of flax cultivation, processing technologies for
its straw, and methods for obtaining high-quality cellulose.

Thus, the production of biodegradable packaging materials based on oil flax cellulose represents a
promising direction for agribusiness, aligning with modern environmental trends and promoting the
sustainable development of the country. The utilization of oil flax cellulose can significantly improve the
environmental situation and contribute to the sustainable development of the agricultural sector by
establishing a closed-loop production system where all parts of the plant are used without waste.
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Jhybkuti HayioHanvHull MexHiYHUull YHigepcumem

BILJINB CUJIIKOHOBOI TOBABKH HA CTPYKTYPY I MEXAHIUHI
BJACTHUBOCTI HIIHONIOJITYPETAHIB

Y poboomi npeocmaeneno oocnidscenna eénnugy cunikonHoeoi 000asKku Ha cmpyKkmypy i mexaniuni enacmueocmi
ninononiypemanie (I1I1Y). ITIIY ompumani cnocooom 3anueKku y niacmukosi popmu énacniook cunmesy nonionvHozo (3
emicmom cninoeaua) ma noiizouianamHnozo0 KOMHOHEHMIE Y 6a2060My cniggionouienni 2:4. Moougixkyouy 006aeKy cunikomny
6600UIU HA emani 3MiULY8AHHA KOMNOHEHMIB Y PI3HUX 6a208UX ChigeiOHouienHAX 610 1 00 4 sazoeux uacmok. IIpoananizoseano
MIKPOCMPYKIYPY OMPUMAHUX RIHOMamMepianie 3 Pi3HUM 8A206UM EMICHLOM CUNIKOH060I 000asKu, ouineHo ix nopucmicms i
CIPYKMYpHO-MOponoziuni ocoonueocmi ma 0ocnioxzceno noeedinky mooughixoeanux III1Y 3paskie nio uac degpopmysanus
npu cmamuunomy cmucky. Onucano 3aKonomipuicms 3minu nopucmocmi i MeXaHiYHUX XAPAKMEPUCMUK GHACNIO0K
6apilO6aHHA 64206020 CNIGBIOHOUWIEHHA KOMNOHEHmI6. 30inbuleHHA YACMKU CUNIKOHO80T 000a6KU RNPU3600Umb 00
3POCMAHHAM MIYHICHUX MA MEXAHIYHUX XAPAKMEPUCIMUK 00HOYACHO 3i 3MeHuennam niacmuunocmi III1Y ma 3pocmanna
yacmku ¢iOKpumux nop y mamepiani. Onucani y po6omi nioxo0u moicyms oymu 6UKOPUCMAaHi nPU 6UZ0MO6G/1EHHI elleMenmis
KoHCmpyKuiil 3 ninomamepianis, wjo maroms Hanepeo 3a0aHi XapaKm epucmuKu.

Kniouosi cnosa: ninononiypeman, miynicmes, nopucmicms, mopgonoeis, mooyis FOuea.

O.A. Mikulich, T.V. Furs, N. Yu. Semenyshyn, O.I. Hulai, V.Ya. Shemet

INFLUENCE OF SILICONE ADDITIVES ON STRUCTURE AND MECHANICAL
PROPERTIES OF POLYURETHANE FOAM

The work presents a study of the effect of cilicone supplement on the structure and mechanical properties of
polyurethane foam (PPU). PPUs were obtained by the pouring in plastic forms due to the synthesis of polyole (with the content
of the foam) and the polyisocyanate components in the weight ratio of 2:4. The modifying silicone additive was introduced at
the stage of mixing components in different weight ratios from 1 to 4 weight particles. The microstructure of the obtained foam
with different weight content of silicone additives is analyzed, their porosity and structural and morphological features were
evaluated and the behavior of modified PPU samples during deforming with static compression is considered. The pattern of
change of porosity and mechanical characteristics is described due to the variation of the weight ratio of components. An
increase in the particle of silicone additive leads to an increase in strength and mechanical characteristics at the same time as
a decrease in PPU plasticity and an increase in the proportion of open pores in the material. The approaches described in the
work can be used in the manufacture of foam structures that have predetermined characteristics.

Keywords: polyurethane foam, strength, porosity, morphology, Young’s modulus.

IocranoBka npodJemu. [linononiyperanu (I1I1Y) — ue monimepHi criiHeHi MaTepiain 3 HOPUCTOIO
CTPYKTYPOIO, IO BOJOAIIOTH XOPOIIMMH i30JSLIHHUMH BIACTHBOCTSIMHM Y HMOE€AHAHHI 3 3aJ0BUIBHHUMH
MEXaHIYHUMH XapaKTEPUCTUKAMH, 3aBIJKH YOMY IIHPOKO BHKOPHUCTOBYIOTBCS y OydiBHUITBI,
aBTOMOOUTBHIMN, JIErKiid, MeOJIeBili MPOMHUCIOBOCTI Ta MOOYTi, epEeKTUBHO 3aMiHA0YHM iHIII MaTepianu [1].

[oniyperaHoBi MiHK MalOTh HU3KY BiIMIHHUX BJIACTUBOCTEH, SIKi BU3HAYAIOTHCS XIMIYHUM CKIIa10M
1 TEXHOJIOTIEI0 OfepKaHHs, 10 OOYMOBIIOE CTPYKTYpYy LBOro Mmatepiaimy. Tak, 3aBOSKH KOMipyacTiit
CTPYKTYp1 MIHOMOJNiypeTaH! MOETHYIOTh Y cO01 HU3bKY T'YCTHHY, XOPOIIl TEMIOi30MALiiH] BIaCTUBOCTI,
BHCOKY MEXaHI4YHYy MIIHICTh 1 XIMIYHY CTilKiCTb, 110 POOUTH iX yHiIBepcaIbHUMHU MaTepiajJaMu AJs Pi3HUX
ramyseii mpomucinoBocti. Takox IIITY BUPI3HAIOTHCA BUCOKUMH TEXHOJOTTYHHUMH MOXKIMBOCTSIMH, IO
J03BOJISIE OTPUMYBATH LIed MaTepiai pi3sHUX BHIIB: Bill )KOPCTKHUX 1 TBEPAMX NIO M’SKHUX Ta €IaCTUYHUX.
OcnoBunmu Heponikamu 1II1Y € uyrnuBicTe 10 ynbTpadioneToBOro BUIMPOMIHIOBAHHS, TOPIOYICTh, Ta
CKJIaIHICTh YTHITi3allii.

3Baxaroun Ha mepeBarn ¥ Henomiku IIIIY, HUHI TPOTOBKYIOTHCS HAYKOBI PO3POOKH IIOIO
TEXHOJIOT'TYHUX aCIEKTIB OAEpKaHHs W MOKpAILIEHHS YM ONTUMi3alii iX BIACTUBOCTEH IJI1 KOHKPETHOT'O
3acTocyBaHHs. 30kpeMa, cydacHi nociimkenHs [IITY 3ocepemkeni Ha Moaudikarllii momionis (J1oxaBaHAIM
HAHOYACTHHOK, OIOIMONIONIB, CHJIIKOHIB), TOJINIICHHI BOTHECTIMKOCTI 3a JIOMOMOIOI0 BBCIACHHS
aHTUIIIPEHIB, eKoJori3alii ckiaay (BUKOpUCTaHHS 0I00CHOB, BOAU SIK MIHOYTBOPIOBada 3aMicTh (YPEOHIB),
3HIMKEHH] TEIJIONPOBIAHOCTI 32 PaxyHOK KOHTPOJILOBAHOI CTPYKTYpH IOp. Momyinioiodi BIacTUBOCTI
3a0e3nedyye BBEOCHHS JONATKOBHX KOMIIOHEHT, TAaKMX fK KaTali3aTOpH, CTa0ili3aTopu, MOBEPXHEBO-
AKTHBHI PEYOBUHH U 1HII JOOABKH.

PisHomaniTHICTB 3acTocyBanHs niHononiyperaHiB (I1I1Y) € npuunHOIO TOTO, 110 BUBUEHHS 3B SI3KiB
MDK X CTPYKTYpOIO 1 BIaCTHBOCTSAMHU B JaHUH Yac € MOMYJISIPHOIO TEMOIO JOCIIIKEHb CEepel HayKOBO-
JOCIIAHUX 1HCTUTYTIB 1 koMnaHii. Tomy Takuii Hanpsimok mocaimxens 1Y, sk MoaudikyBaHHs, HUHI
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Mae TPOJIOBXKEHHS, 1 I1i po3poOkH 3aTpedyBaHi MO0 pearizalii abo MOKpaIeHHS OKPEMHUX MPaKTHIHUX
pillIeHb y 3aCTOCYBaHHI MIHOMOJypeTaHiB.

AHani3 ocraHHiXx gocaimkens i myOuikamiii. Crioci0 ofepaHHS TOJIypEeTaHOBUX ITH JTOCHUTH
MPOCTUH, OfHAK MOTpeOye TOYHOTO OOTPUMAaHHS JO3yBaHHS KOMIIOHEHTIB, TEMIEPATYPHOI'O PEXKHUMY Ta
TIPOTHO3YBAHHSA i KOHTPOJIO iHIIMX TEXHOIOTiYHMX YHHHHUKIB. IX OTPHMYIOTH B pe3yNbTaTi CHHTE3Y
JBOKOMITOHEHTHOI CYMIiIlli TOJIIONY Ta 1301iaHaTy 3 AOJABAaHHSIM CITiHIOBaYa i IHIIMX 100aBOK [2].

Amnaniz pe3ynpTaTiB HaykoBHX JocmimkeHb [IIIY Bka3zye Ha Te, WO IIMPOKHHA CHEKTp iX
BJIACTUBOCTEH UIA PI3HUX NPAKTUYHMUX PIlIeHb JOCITA€ThCA NUIAXOM Moaudikamii ckiaxy OCHOBHHX
KOMITOHEHTIB (i3omiaHaTiB, mofiomiB) ab0 BBEOCHHSAM IHIIMX A00aBOK, SIKi MaroTh (YHKLiOHAJIbHE
npu3HadeHHs [3-6]. 3aneXHO BiA NpPU3HAYEHHS MIHONOMIypeTaHy, OO CKJIaay MOXYTh J0JaBaTHCA
aHTUMipeHn (A7 TMiABHILEHHS BOTHECTIMKOCTi), OapBHUKM, aHTHCTATHUKH, IJIacTU(IKaTOpu Ta iHIII
PEYOBHHY, IO MOKPALIYIOTh MEBHI eKCIUTyaTaliiiHi XapaKTepuCTHKH. 3a paxyHOK 1poro marepian [TITY
MOX€E MaTH Pi3HYy TYCTHUHY, CTPYKTYpY Ta BJIAaCTHBOCTI 3aJI&KHO Bif H00aBOK i TEXHOJOT1l BUPOOHULTBA.
3aBAsSKU IbOMY MIHOMOJiypeTaH MOXKE OyTH SIK M SIKUM 1 €TaCTHYHHUM, TaK 1 )KOPCTKUM 1 MILIHUM.

OnHa 3 OCHOBHUX TEHIEHIIN TOCTIDKEHb Y il Tady3i MoB'sI3aHa 31 3HIKCHHSIM BUPOOHUYNX BUTPAT
Ha [1VY ninn. Sk moka3yioTs octaHHi po3poOku B ramysi III1Y, miel MeTn MOXKHA YCHIIIHO AOCATTH LIISIXOM
BUKOPUCTAHHSl CUPOBHHM MPUPOAHOIO IOXOMKEHHS, IO MICTHTh HENOPOri Ta eKOJOridyHO Oe3medHi
MomuGikaTopy, Taki sk riinepuH [7-8], piaka 6iomaca [9-10], abo yTmmizamii BiTXo/iB SK OT moapiOHeHa
ryma 3 muH [11-12] Tomo.

MexaHiyHi BIacTUBOCTI MIHONOMiypeTaHy 3ajeXaTh BiJl XIMIYHOTO CKJIaTy, CTPYKTYpH MaTepiaiy,
HOro TYCTUHH 1 MOPUCTOCTI. 3MiHa CHiBBITHOIIEHb CKJIAZOBUX KOMIIOHEHT, III0 BUKOPHCTOBYIOTBCS IS
OTpUMAaHHSI MiHH, JO3BOJISIE OTPUMATH Pi3HI TUIHM MiH 3 PI3SHUMHU XapaKTEPUCTUKAMHU.

Tax, mpupoza Ta BMICT i301iaHaTy BIUIMBAE Ha XOPCTKICTh MiHKM. HaifuacTime BUKOPUCTOBYIOTH €
mermwienaudeninguizonianar (MDI) i Tonyonmuizouianat (TDI). Bonn cranoBmsate 6iamussko 90% Bin
3arajJbHOTO CIIOXKHUBaHHSA AnizoniaHaTy [13]. [3omianaT pearye 3 mosioaom, yTBOPIOIOYH YPETaHOBI IPyIIH,
1 3 BOZIOIO, YTBOPIOIOUYH Ipynu cedoBHHH Ta CO,. OparMeHTH ypeTany Ta CEHOBUHHU (DOPMYIOTH HKOPCTKi
cermentu [II1Y, a momion yrtBOproe M’siki cermentu IIITY [14]. Takum umHOM, 30iMBIIEHHS BMICTY
i30I1iaHaTy 3yMOBITIOE 3POCTaHHS KOPCTKOCT1 MiHOMOIiypeTaHy.

[HmmM BaromuM ¢axTopoM € (YHKUIOHAJIBHICTH MONIONY (BiJHOCHA KINBKICTH TiAPOKCHIIBHUX
rpyn). IlizBumenHs ¢yHKIioHaNIBHOCTI mofiony ©Oe3 3MiHM MOJNEKYSIpHOI Mach NpPU3BOAUTH [0
HE3HAYHOTo 301IbLIEHHS TBEPIOCTI MiHU Ta HEBEIMKOr0 3HM)KEHHSI MIITHOCTI Ha PO3PUB i BUIOBXKEHHS [3].

3a yuacTi mopoyTBopioBadiB (cHiHioBauiB) GopmyeThes Komipuacta crpykrypa [ITY. Buninsaiors
JIBA OCHOBHHX THUIIH CITiHIOBaYiB: (hi3MUHI CIiHIOBAYi (30KpeMa, POZUYMHHHUKHU 3 HU3HKOIO TEMIIEPATYPOIO
KUIIHHS: TICHTaH, alleTOH a00 reKcaH), SIKi pO3IIMPIOIOTh MOJTIMEp B PE3yJIbTaTi BUIIAPOBYBAHHS, Ta XIMIUH1
MiHOYTBOpIOBayi (BOAa), sIKi pO3LIMPIOIOTH MOJiMep 3a paxyHOK yrBopeHHs CO; [15]. AuctunsoBana Boxa
SK CIIHIOBaY BIUIMBa€ Ha TyCTHHY 1 Mopdomorito xopctkoro IIITY. 3okpema, 3a pe3yabTatamu
nociimkerns [16] rycruna [ITY 3meHmmiacs y maibxe Tpu pasu 31 30UIbIIECHHAM KinbKocTi Boau Bif 0,1
1o 3,0 gacTHH.

Jlirepatypauid aHami3 pe3yabTATIB AOCHIKEHb TEXHOJIOTii OJepKaHHS 1 BIACTUBOCTEH
MiHONOMiypeTaHiB CBIAYUTH Mo iX 6araToQyHKIIOHAIBHICTD 1 MEPCHEKTUBHICTH LIOA0 BIPOBAHKECHHS B
pi3Hi cdepu, MmO 00YMOBICHO iX PErylIbOBAHOI CTPYKTYpPOIO, MOXJIMBICTIO XiMiuHOI Monmudikamii Ta
BHCOKOIO e()eKTUBHICTIO y 3acTocyBaHHi. Tomy nutanua moaudikauii € akryansaum s [ITY.

IocTranoBka 3aBaaHHA. MeTa bOro MociKeHHs nosrana B MonudikyBanHi [TITY cunikoHOBOIO
N00aBKOIO (CHIIOKCAHOBUH Kay4dyK) i OL[IHIOBaHHI ii BINIUBY Ha CTPYKTYPY Ta MEXaHIYHi BIIaCTUBOCTI HiHH.

BuxkiageHHst o0cHOBHOro MaTtepiaiy. OCHOBHUMU KOMIIOHEHTaMH Il OTPUMAaHHS MOJIypeTaHOBO1
niHu OyiM momion (MICTHB CIIHIOBad) Ta MOJI1i30L10HAT, IO IUPOKO BUKOPUCTOBYIOTHCS Yy OyAIBHULTBI, 3
BaroBUM CITIBBiTHOIIEHHIM TIOJIION - Nonii3ouiaHar sk 2:4. Monudikyroya 1o0aBka CHIIIKOHY BBOAWIACS
Ha erTarli 3MillyBaHHA KOMIIOHEHTIB, Micis 4oro BinOyBanacs xiMiuHa peakuis cunresy I1I1Y, B xoxi gxoi
BinOyBaocs CIiHIOBaHHS CyMillli, IONPOYTBOPEHHs MaTepiaiy i popmyBanHa komnosuuii. ITITY Oymu
oJiepKaHi CrIoco0OM 3aTMBKHU B TUIACTHKOBI €MHOCTI [2].

CunikoHOBUHT ~ MomudiKaTop € HU3bKOMOJEKYJSIPHOIO IMMETHJICHIOKCAHOBOIO  PiAMHOIO,
CTabiTi30BaHOI0 OKCHIAOM KpeMHito. lleld martepian € BHCOKOETACTHYHUM, O10JIOTiYHO iHEPTHUM Ta
TEepMOCTIMKMUM y aiamazoHi Temmepatyp Bin -40°C go +100°C. XapaxrtepucTuku wi€l 100aBKH €
CTHOPiTHEHUMHU 3a TexHonoriuHicTio 1o [1ITY.

Jns mpoBemeHHS MOCTIKEHb Oyno OTpUMaHO 7 KOMIIO3HMLIH MiHOMarepialy 3 BMIiCTOM
CHJIOKCAHOBOT'O Kay4yyKy Bia 0 10 4 BaroBux 4acToK.
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3 orpumanux [1ITY-komno3uuiii Bupizanucs nocmigi 3pasku y ¢opmi napajiesneninena po3mMipoMm
30x30%30 mM. Y poOOTi IPOBOAMIIOCS TOCTIHKEHHS! MIKPOCTPYKTYPH MaTepiaily MiHH, ii MOPUCTOCTOCTI
Ta MEXaHIYHUX XapaKTEPUCTHUK MiJl Ji€I0 MEXaHIYHUX HABAaHTAXXEHb MPH CTATUYHOMY CTHCKaHHI 3pas3KiB.

JocnimkeHHs MiKpOCTYKTYPH IPOBOAMIIH 3 I0TIOMOT'0F0 METOAY ONTHYHOI MiKpockormii. st aHamizy
MOPHUCTOCTI OTPUMAHUX MiHOMAaTepianiB BUKOPUCTOBYBAJIM porpaMHe 3abe3neueHHs [16], pospobieHe Ha
MoBi Swift, 1110 103BOJIsIE BUKOHYBATH OOYHCIIEHHS Ha OCHOBI ()OTO3HIMKIB CTPYKTYpPHU Matepiaiy.

Hocnimxennas noseninku [ITY min miero MexaHIYHWX HaBaHTaXEHb BU3HAYAIH 32 Pe3yJIbTaTaMH
BUIIPOOYBaHHS JOCIIAHUX 3pa3KiB HA CTUCHEHHS METOAOM CTaTUYHOI'O HABAaHTAXXEHHS 3 BUKOPHCTaHHAM
BurpoOyBanbHOi MammHu Mapku MMUM-40KY. ExcnepumeHTanbHi BHUIPOOYBaHHS MPOBOAMIIKMCA MpPH
OChOBOMY CTHCKaHHi 3a Jii piBHOMIPHO NPHKJIAJCHOI'O CTUCKYIOUOI'0 HABaHTAKEHHS B3IIOBXK IeEpepizy
3paskiB. [1IBuaKiCTs 3MiHM IHTEHCUBHOCTI HABaHTA)KEHHS CTAHOBUIIA 2 MM/XB.

PesynbTat nmocmimpkeHb BKa3ylOTh Ha T, IIO YacTKa CHIOKCAHOBOI Kay4yKOBOI NOOAaBKH IpH
BEJIMKOMY BMICTi CYTTEBO BILUTUBA€E HA MIKPOCTPYKTYPY, MOP(OIIOrito i MOPUCTICTh MiHOMOIiypeTany (puc.

).

[ l)- 0 0
60,0%

50,0%

40,0%
30,0%
20,0%
10,0%

0,0%

1:2:0 2:4:1 2:4:15 2:4:2 2:4:2.5 2:4:3

Barose cmiBBIIHOIIEHHS KOMIOHEHTIB A:B:C*
* A —momoln. B — nmomiizomiagar, B — CHIIIKOHOBA JT00aBKa

a)

Puc. 1. TlopucticTts (a) Ta MmikpocTpykTypa IIITY (%30), mogudikoBanoro cuikonom (0)

)

Crocrepiraetbess BuIo3MiHa Mopdonorii mop Bix cepuunoi GopMu KOMIpOK 10 aCUMETPUYHOT 3
HEpIBHOMIPHOIO TOBIIMHOIO CTIHOK KOMIpOK IOp, L0 Ma€ BHPaKCHWH BHUIAAKOBHM XapakTep. 3i
30LTBIIEHHSM YacTKH CHITIKOHY Bim (0 1o 4 3pocTae TOBIIMHA CTIHOK KOMIPOK IOp, 3pOCTAa€ BiJICOTOK
BIIKpUTHX 1Op, ApiOHONopucTa ctpykrypa (0,01 ... 0,1 MM) 3MiHIOETBCS B HANPAMKY KpynHonopuctoi (0,1

3mMMm). Unm Oinbmmii BMicT cuimikony B [IITY, tum Oinbln BHpaskeHa Taka BHAO3MIHA CTPYKTYpH
Mmatepiany. [lopucricts IIITY cnouatky 3poctae Bix 37% 1m0 56,5% 31 3011bIIEHHSIM BMICTY CUIIOKCAHOBOT'O
Kay4dyKy Bix 1 10 2,5 MacoBHX 4acTOK, a P BMICTi Oinblie 2,5 MacOBHX YacTOK — 3MEHIIYETHCSA aX 10
25,5 % (mpu 4 mac. 4. cuiikory B [II1Y cymimri KOMIIOHEHTIB).

Ha ocHoBi aHani3zy MikpocTpykTypu mociinaux 3paskiB [1I1Y BcTaHOBIEHO, 1110 CHITIKOH BXOIHUTH Y
CTPYKTYpY HIHONOMIypeTaHy reTeporeHHO, yTBOPIOIOYH CaMOCTiHHY (a3y (BKIIOUEHHS 0i10r0 KOJIbopy Ha
MIKpO3HIMKax CTpYKTypH puc. 1, 0).

Hedopmaniiiny noseninky 1111V 3 pizHuM napiiaabHUM BMiCTOM MOIU(IKYIOYOi TOMIIIKHA CUIIKOHY
BiOOpakaloTh aHi JiarpaMy HaBaHTa)KEHb MPU CTaTHYHOMY CTUCKaHHI (puc. 2). Ha moyatkoBiit cranii
HABaHTA)XXyBaHHA YCiX IOCTIAHUX 3pa3KiB 3 pi3HUM BMICTOM CHIIIKOHOBOI 1o0aBku 3paskis I1ITY (Big 1 oo
4 BaroBMX YacCTOK B CyMillli KOMIIOHEHTIB) BHUSIBJIIETBCS JIiHIHHA 3aJISKHICTh MDK JeOpPMaLisIMH 1 CUIIOI0
CTHCKY, Martepian mimisirae 3akoHy ['yka. Xig Takux 3aleKHOCTeH MONIOHMH 3 aHaJOTTYHUMU
xapakrepuctukamu 1uis 3paskis [TV 6e3 cuinikoHoBoi 1006aBKH (CIIBBiIHOIIEHHS KOMIIOHEHTIB 1:2:0).

[Ipy mnopmanpmoMy 30iNbLIEHHI HABaHTAXEHb JIHIAHI 3aJ€KHOCTI MIDK CHIJIOI CTHUCKY 1
nedopmartlisiMu 3paskiB mopymryerbes. Jedopmarttii 3pocTaroTh 3HaYHO MIBUAIIE BiJ] HaBaHTaxeHHS. J[is
yCiX IOCHiTHUX 3pa3KiB (DiKCyeTbcs 30HA 3arajbHOi TeKydocTi. BTiM, 3HaueHHs Mexi Tekydocti ITITY
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3aJIeKHUTh Bill BMICTY KaydyyKoBoi 10o0aBKM (#aHi mpeacTaBieHi y Tabmumi 5). 31 30UIbLICHHAM BMICTY
CIIIIKOHY Bin 1 10 4 BaroBUX YacTOK Y CyMillli KOMIIOHEHTIB 3HAUEHHs MEXI TEKy4OCTi MOJIiypeTaHoBOi
miHK 3pocTae B Mexax 1,23-2,34 MIla.

3,5

3

P, kH

2,5

1,5

0 5 10 15 20 25
Al, mm

——1:2.0 —8—2:4:1 2:42 —@—2:43 —8—2:4:4

Puc. 2. liarpamu HaBaHTaKeHHA Hocaignux 3paskis IIITY

3a ananizom aedopmariiinoi moBeainku 3paskis I1I1Y npu craTH4HOMY CTHCKaHHI BCTAHOBJICHO, IO
30LTBIIEHHS BMICTY CHIIIKOHOBOI TOOABKH MPHU3BOAUTH TaKOX IO MiABUINEHHS TBEPAOCTI 1 KPUXKOCTI Ta
3HmxeHHs miactuanocTti [TV, mo oco0nrBo BUpaskeHO MPpH BMICTI CHITIKOHY Oinbie 2 Mac.4. 30BHILIHIN
BUTIIAA cTUcHEeHHX 3pa3kiB 111V B mopsiaky 3pocranus mac. 4. cunikony 0, 1, 1,5, 2, 2,5, 3, 4 npencrasieHi
Ha puc. 3.

Puc. 3. 3oBHimmniit Burasig crucHennx 3paskis IIITY, mogudikoBannx cuirikoHom

Ha ocHOBi pe3ynbpTariB eKClepuMEHTaIbHUX IOCHiIKeHb (HaHi rpadikiB puc. 2) po3paxoBaHO
3Ha4deHHs Moy IOHra £ Ta rpaHuIi TEKy4oCTi 0y OTPUMaHHX MiH. BinnoBigHi pe3ynabTaTé HaBeoeHi y
Tabm. 1.

AHaizyroun pe3yibTaTH, HaBeleHi y Tabmuii 1 MokHa 3pOOMTH BHCHOBOK, IIO MOIUQiKalis
MOJiypEeTaHOBUX IiH IUISIXOM BUKOPHCTAHHS KaydyKOBHX I0OaBOK JO3BOJISIE OTPUMATH BHI 3HAYCHHS
MeXaHIYHUX Ta MIIHICTHUX XapaKTEepUCTHUK JIMILE P MEBHIN YacTLi TakuxX 100aBOK, a camMe, KOJIH BMICT
CHITIKOHY JTOpPiBHIOE (3pa3ok 2:4:2) abo Oinbie BMicTy nomony. [Ipu MeHIMX 3HaYeHHSIX TaKUX JT00ABOK
BiOyBa€THCS 3MEHILEHHS MILIHICTHIX Ta MEXaHIYHUX XapaKTEpPUCTUK OTPUMAHHX ITIHOMaTepiaiB.

Jocnimkenas npoueciB aedpopMyBaHHS OTPUMAaHUX ITiH MOKA3ye, IO MPU HEBENHKHUX YacTKax
Kay4yyKOBUX 100aBOK, 10 HE MEPEBUIIYIOTh YacTKU IOJIONY, OTPUMaHi MaTepiaii MalOTh BIACTHBOCTI
MPAaKTUYIHO PIBHOMIPHOTO 3aKPUTTS IIOP MPH HABaHTAXXEHHI, 110 BIIMOBiga€ MEXi TEKy4OCTi MaTepiany. ¥
BHUIIA/IKy OUTBIIOrO BMICTY Kay4yKOBHX J100aBOK OTPUMAaHi IiHHU € OUIbII TBEPIAUMH 1 KPUXKUMH.
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Taba. 1
MexanivHi Ta MiIHiCHI XapaKTepuCcTHKH MOAM pikaniii miHOMOIiypeTany
Howmep cepii Baroge criBBigHOIICHHS E, Mlla om, Mlla
3pa3KiB xomnonentis A:B:C”
1 1:2:0 64 1,25
2 2:4:1 61 1,23
3 2:4:1,5 63,1 1,26
4 2:4:2 62 1,32
5 2:4:2,5 69 1,33
6 2:4:3 74 1,37
7 2:4:4 106 2,34

* A — momion, B — nomiizonianar, C — cuilikoHOBa J00aBKa

BucHoBkn

1. BcranoBneno, mo mnpu MmomudikyBaHHi [IIIY nobaBka CHIIIKOHY BXOAWTH Y CTPYKTYPY
niHoMaTepiaiy TeTeporeHHO, YyTBOPIOIOUN CaMOCTIHHY ¢as3y.

2. MoaudikyBaHHS CHJIIKOHOM MNPHU3BOAMTH A0 3MiHM MikpocTpykrypu IIIIY. Ilpu usomy
BinOyBaeThCs BUI03MiHA Mopdoorii nop Bix cdheprudnoi popmMu KOMIpOK A0 AOBUILHOI ACHMETPUYHOI Ta
3MiHA BEJIMYMHM TOPUCTOCTI Marepiamy. YuMm OiMpIIMH BMICT CHIIIKOHY, THM OUIbII BHpa)keHa TakKa
BUJI03MiHA CTPYKTYpH Matepiaiy.

3. 3i 30iMbLICHHSAM YaCTKH CHJIIKOHY KUIBKICTh BIIKPUTHX IMOP B OTPUMAHiM MiHi 30iMbLIyeTHCS.
OpHak, y UbOMY BHIAAKYy TOBIIMHA CTIHOK KOMIPOK TOp 30LTBLIYETHCS, IO CHOpPUSE 3MIITHEHHIO
OTPUMAHOT0 MaTepiany. Y BHIAJIKy BUCOKOIO BMICTY CHIIIKOHOBOI J0OaBKH (Bix 2 10 4 BaroBMX YacTOK)
MiABHUITYETHCS TBEPIICTh Ta KPUXKICTh IIHOMaTepiay.

4. 30inpiieHHs 4acTKM Moau(ikaTopa B NOMION-i30LiaHATHIA CyMillli KOMIIOHEHTIB, HOpAn 3i
30UTBIIEHHSIM MIIIHOCTI Ta MEXaHIYHUX XapaKTepUCTUK, INPHU3BOAWUTH 10 3HIDKEHHA IUIACTUYHUX
XapaKTepUCTHK TiHOMaTepiais.

5. Monuikaniss miHONOMIypeTaHiB CHIIIKOHOBOIO J00aBKOIO B ONTHMAaJIbHOMY CHiBBiAHOLIEHHI
KOMITOHEHTIB JJO3BOJISIE OTPHMATH MiHOMATepiald 3 BHULIMMH 3HAYCHHSIMHM MEXaHIYHMX Ta MIIHICHHX
XapaKTepUCTUK W 3 1HIIMM THUIIOM MOPHUCTOCTI (MEepeBakKHO 3MILIAHMK THI TOPUCTOCTI) MOPIBHAHO 3
BHXITHUM HEMOAM(IKOBAHUM MaTEpiaIoM.

6. Ilinxonu, ommcaHi B poOOTi, MOXYTh OyTH BHUKOPHCTaHi Uil BUTOTOBJIEHHS! KOHCTPYKLIHHHX
eJIEMEHTIB 3 TIIHOMaTepialiB i3 3aJaHUMH XapaKTePUCTHKAMH.
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Jhybkuti HayioHanvHull MexHiYHUll YHigepcumem

AITAPATHI IVIAT®OPMU JJISI ABTOMATHU30BAHOI'O KEPYBAHHS BILJIA:
MOPIBHSIIBHUAM AHAJII3 TA BUBIP OIITUMAJIBHOT' O PIIIEHHS

Y cmammi posenaoaromuvca naibinews onmumanwvui anapamui nanamgopmu 01A KePySAHHA Oe3ninomuHumu
nimanvnumu anapamamu (BIUVIA). Ananizylombca Kiio4osei acnekmu 6uOOpy KOHMPOAEPié NONbOMY, GKIIOUAIOUU
npoOyKmueHicms, RiOMPUMKY nepughepilinux npucmpoie, eHepeoCnoHcUBAHHA Ma CYMICHICIb i3 CUCINeMAMU PeaibHO20 YAC).
Ocoonuey yeazy npudineno cmafinbHOCHMI JCUBNIEHHA MA MONCIUGOCHMAM IHmezpayii 3 oamuuxamu, Kamepamu i
Komynikayiiinumu mooynamu. Ouyintocmuvca npuoamuicme naamgopm ESP32, Teensy 4.1 ma STM32 «Blue Pilly ona
CKJ1A0OHUX OPOHI8, NOPIGHAHO 3 AnbMeEpHamueHuUMU piwienHaAmuU, makumu Ak Raspberry Pi, Arduino Uno ma BeagleBone
Black. Pooumbca 6ucnHo6oK w000 HeoOXiOHOCHMI AKICHO20 NPOEKMYBAHHA HCUBIEHHA ONA 3a0e3neueHHA cmabiivhocmi il
eghekmuenocmi pobomu opoua.

Kniouosi cnosa: 6e3ninomuuil riimanvHull anapam, Kepyioua niama, cmadinenicms sicueneniiss, RTOS, nepugbepis, LIIIM,
oamuuxu, menemempis, ESP32, Teensy 4.1, STM32, Raspberry Pi, Arduino, enepeocnoswcugants, po3uupioganicms, no1bomua
cucmema.

L.S. Kondius, L. Yu. Fedik, T. Yu. Holikov

HARDWARE PLATFORMS FOR AUTOMATED UAV CONTROL: COMPARATIVE
ANALYSIS AND OPTIMAL SOLUTION SELECTION

This article examines the most optimal hardware platforms for controlling unmanned aerial vehicles (UAVs). It explores
essential factors in selecting flight controllers, including computational performance, peripheral support, energy efficiency, and
real-time operating system (RTOS) compatibility. Special emphasis is placed on power stability, integration with sensors,
cameras, and communication modules, and ensuring seamless operation in challenging conditions. The suitability of ESP32,
Teensy 4.1, and STM32 «Blue Pilly for advanced drone applications is assessed, comparing them with alternatives like
Raspberry Pi, Arduino Uno, and BeagleBone Black. The analysis highlights the advantages and limitations of each platform in
terms of power management, connectivity, and responsiveness. The conclusion underscores the necessity of proper power system
design, including high-quality voltage regulators such as UBEC and PDB, to ensure flight stability and efficiency.

Keywords: unmanned aerial vehicle, flight controller, power stability, RTOS, peripherals, PWM, sensors, telemetry, ESP32,
Teensy 4.1, STM32, Raspberry Pi, Arduino, energy efficiency, expandability, flight system.

IlocTranoBka npodJjeMu. Y cydacHHX yMOBaX pO3BUTKY Oe3nmioTHUX JitainsHux anapatis (BITJIA)
0COONIMBY POJIb Biflirpae aBTOMAaTH30BaHA CHCTeMa KEpyBaHHs, IO 3a0e3ledye CTaOlUIbHICTH MONBOTY,
MPOLYKTHUBHICTh, €()eKTUBHE CHEPrOCIOKMBAaHHS Ta IHTErpauio 3 nepudepiiHumMu npuctposmu. s
JOCSITHEHHST ONTHMAJbHOI POOOTHM TaKuWX CHCTEM HeoOXimHo BHOpaTu amapaTHy I1atdopMmy, sKa
BiJIIOBiAaTUME TEXHIYHUM BHMOTaM Ta 3a0e3edyBaTiMe peatizalilo aJropuTMiB KEPYBaHHS B pealbHOMY
qaci.

OcHoBHOIO TIP00IEMOIO € 30aTaHCyBaHHSI OOUMCIIIOBANBHOI MOTYKHOCTI, eHeproeeKTUBHOCTI Ta
PO3LIMPIOBAHOCTI IIaThopMu. B yMoBax aBTOMaTH30BaHOTO KEPYyBaHHS KPUTUYHO BaXKJIMBO BPAXOBYBATH
CYMICHICTh anapaTHOI YaCTHHU 3 ONepalifHUMH cucTeMamu peaisHoro yacy (RTOS), mo 3a0e3neuyoTs
cTabinbHy pOOOTY MOJIBOTHUX AJITOPUTMIB, a TAKOXK MIITPUMKY BHCOKOIIBHUIKICHOI 0OpOOKH AaHWX Bif
CEHCOpIB Ta MOIYIB 3B 53Ky [1].

AHani3 ocTraHHIX mocaimxeHb i myoOmikamiii. OcrtaHHi TocHi/DKEHHS B Tamy3i OOpTOBOIO
o0naiHaHHS Ta METOIIB KepyBaHHA Oe3MiNOTHUMHU JliTanbHUMU anapatamMu (BITJIA) oxXoIiroTh BaxInBi
ACIIeKTH, AKi BIUIMBAIOTh Ha e()EeKTUBHICTH Ta HAAIHHICTh X POOOTH.

Hocnimxenns BificbkoBoi akagemii Omecu (Mamiu B. Tta iH., 2023) 30cepemkyeTbcs Ha aHai3i
KOHCTPYKILIi Ta (yHKIIOHAJILHOCTI CUCTEM HaBiramii, TeneMerpii, 3B’43Ky Ta ymnpaBiiHHs. 3HAUHYy yBary
NPUIIIEHO CTa0OlIbHOCTI )KUBJICHHS Ta iHTErpaii ceHcopiB, 110 3a0e3meuye KOpEeKTHY poOOTy anapaTiB y
CKJIAJJTHUX YMOBaX eKcIuTyaTamii [2].

Pobota Jlep>kaBHOrO HaykoBO-focmimHoro iHctutyty aBiamii (Camoitmenko O. B. Ta iH., 2021)
JOCIIIKY€e MeXaHi3MH ynpaBmiHHS rpynamu BITUIA, BkiIroyaroun aaropuTMu aBTOMaTHYHOTO KEpyBaHHS
Ta KOOPAMHALIIO 3 MUIOTOBAaHMMH anapaTtamMy. BU3Ha4eHO KIIIOUOBiI acmeKTH eeKTUBHOCTI IPYIOBOTO
MOJBOTY, OCOOJIMBO 100 CHHXPOHI3aLii Ta 00MiHYy TaHMMH MiX ApoHamu [3].
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VY my6nikamii gocmigaukiB JIpBiBchKoi momitexHiku (Mukuitayk M. M., 3iranmmu H. C., 2019)
aKIEHTYETbCS yBara Ha METOJaX aBTOHOMHOI HaBiramii Ta craHaapTu3auii ynpaBmiHHS. Po3risHyTo
MEPCIIEKTUBU PO3BUTKY TEXHOJOTIH, 110 CIPUATHME MiIBUIICHHIO e()eKTUBHOCTI OE3MIIOTHUX cucTeM [4].

AxTyanbHI HAyKoOBi poOOTH Ta po3poOKu y cdepi aBTOMATH30BAHOTO KepyBaHHS Oe3MiIOTHUMH
nmitanpauMu anapatamu (BITJIA) akueHTyroTh yBary Ha poJii ONEpallifHMX CHCTEM pPEAIbHOrO Yacy
(RTOS), mo 3a6e3ne4yioTh CTa0UIBHICTD 1 MPOAYKTHBHICTH aBTOHOMHUX ITOJIBOTIB.

Kommnanis Espressif npeacrasuna ESP-Drone, mo peanizye npommBKy A KBaAPOKONTEPiB Ha 6asi
ESP32 (Espressif Systems). [IpoexT miaTpumye crabimizawiio, YTPUMaHHSI BHCOTH, MO3HULIOHYBaHHS, a
TAaKOX IHTErpamilo 3 MOOUIBHMMH IOJAaTKaMu Ta JOKOHCTUKaMHU. 3aBIsSKd BHKoOpucTaHHIO FreeRTOS
iatgopma 3abe3neuye TOUHE YIPaBIiHHS Ta MBUAKY 00p0oOKY TaHHUX BiJ CEHCOPIB 1 MOIYiB 3B 3Ky [5].

O6ctexenns inTerpaii sapa FreeRTOS na mmatdopmi Teensy 4.1, sika 6azyetscs Ha ARM Cortex-
M7 (Sandmann T., GitHub) 3ocepemkeHi Ha HajlalITyBaHHI MapaMeTpiB sAapa, ONTHMi3awii
eHeproe()eKTUBHOCTI Ta MiABUILEHHI NPOXYKTUBHOCTI y pealbHOMY dYaci, II0 KPUTHUYHO BAaXKJIMUBO IS
kepyBaHHs aBToHOMHUMH BILJIA [6].

i mocmimkeHHs] AEMOHCTPYIOTh TEHJEHIi0 10 3actocyBaHHs RTOS y kepyBaHHI 0€3MiIOTHUMHU
amapatam, IO CIPHSIE MiABUILEHHIO CTA0IIBHOCTI ONBOTHUX allTOPUTMIB, epeKTHBHOCTI 0OpOOKH TaHUX
Ta PO3ILUPEHHIO MOXKIIMBOCTEH iHTerpauii 3 nepuepiiHUMHI MPUCTPOSIMHU.

®opmy/loBaHHS wHijeil cTaTTi. MeToro CTaTTi € MOPIBHAUIBHUMA aHaNi3 anmapaTHUX miatdopm s
aBToMaTH30BaHoro kepyBaHHs BIIJIA, Bu3HaueHHA HaOiNbII 30aJIaHCOBAaHMX pIlIEHb 3 TOYKH 30PY
MPOLYKTUBHOCTI, eHeprocnokuBaHug 1a cyMmicHocTi 3 RTOS. Takox po3risgaeTscsi poib cTaOUIBHOTO
KHUBJICHHS Ta CIOCOOM HOro ONTHMI3allii Y MOIbOTHUX CHCTEMAX.

[Ipouec cTBOpeHHs iHAMBIAYyalbHOrO OpOHA Iependadae pereinbHUN BUOIp amapaTHOi miuatdopmu,
a/pke caMe BOHA BH3HAYa€ WIBUIKICTh pearyBaHHS CHCTEMH, MOXJIMBICTH IiHTerpauii AaT4HKiB,
KOMYHiKaliiHi (yHKLII Ta 3arajbHy cTaOLIbHICTD MOJIBOTY.

3aneKHO BiA BUMOTI JO NPOAYKTUBHOCTI, KEPyBaHHS B pPEAIBHOMY 4Yaci Ta MOXIMBOCTEH
0e3pOTOBOTrO 3B’SA3KY, PO3POOHUKH O0MPAIOTh Pi3HI TUIH IJIaT. Jleski miaatdopmu 3a0e31neuyioTh BUCOKHN
piBeHb OOYMCIIOBAIBHOI TOTYKHOCTI Ta CYMICHICTh 13 mepu(epiiHUMHU NPUCTPOsIMUA — TakuMH Kk GPS,
iHepuiliHi BUMiproBaibHI omuHUNl (IMU) uu npaiiBepu ABUTYHIB, IO € KIFOYOBUMH KOMIIOHEHTAMH B
MOBITPAHIN pobdoToTexHiwi [7; 8§].

Henpasunpauii BuOip amapatHoi miatdhopMu MOXKE HPU3BECTH OO 3aTPUMOK B 0OpoOLi NaHUX,
HecTablIbHOCTI MONIBOTY 200 0OMEXEHb Y Mmojanbliiid Moaugikanii Ta po3MmupeHHi GpyHKIioHaTy IpoHa.
BpaxoByroun mupokuii BUOIp AOCTYITHUX amapaTHUX pilleHb — Biag Arduino Ajsi OYaTKOBOrO PiBHS 1O
STM32 ta ESP32 nns mpodeciiHUX NPOEKTIB — BaXKIMBO MPOBECTH IOPIBHSUIBHUI aHai3 iXHIX
XapaKTePUCTHUK.

Jns ycmimHoi iHTerpauii Kepyodoi miaTi Y caMOpOOHHMI ApOH HEoOXiIHO BpaxoBYBAaTH TEXHIUHI
XapaKTePUCTUKHU NepudepiiiHuX MpUCTPOiB, i3 AKUMHU BOHA B3a€MOi€. PerynsTopu MBUAKOCTI ABUTYHIB
(ESC) minTpumytoTh pi3Hi npoTokonu kepyBaHHd, Taki sk PWM, OneShot ado DShot. Boru mparioots y
LIMPOKOMY JAiana3oHi HaIpyr —Bifg 5 10 25 BOJbT, a iXHI CTPYMOBI ITOKa3HUKH MOXYTH csratu 20—60 amrep,
3a0e3neuyour IMJIaBHE W TOYHE PEryyioBaHHS 00epTiB OE3IIITKOBHX OBUIYHIB. BaxknmuBo, mo0 miaTa
KepyBaHHsI MorJia iepefasatu curtaiu 10 ESC y BinmoBigHoMy ¢opmaTi 111 KOPEKTHOTO yIpaBIiHHA [7;
9].

Inepuiiini BumiproBanbHi 05oku (IMU), mo cknanaioThes 3 TPUBICHUX T1POCKOITIB, aKCEIEPOMETPiB
1 MarHiToMeTpiB, 3a0€3MeYyl0Th KPUTUYHO BayKJIMBI AaH1 PO OpieHTalliio Ta pyx ApoHa. Halimomupeninri
Moxymi, Taki sk MPU-6050 a6o MPU-9250, BukopucroBytots intepdeiicu [12C a6o SPI i maroTe 9acToTy
oHosineHHs 10 1000 ['1, 1110 103BOJIsIE€ OTPUMYBATH TOUHI Ta MIBUK] MOKa3HUKH Ui cTabiIi3amii moiaboTy.

Jnst BU3HaYEHHS [TOJIOKEHHS Y TPOCTOPi BUKOPUCTOBYIOThCs GPS-Moaymi, siki 3a3BHUail nparioloTh
gepes UART abo 12C intepdeiicu. Ilomymsapni mozem, Taki sk Ublox NEO-6M ato NEO-MSN,
3a0e3MeuyIOTh TOYHICTh TMO3MIIIOBaHHS OJNM3BKO 2,5 Merpa 1 MiATPUMYIOTH OHOBJICHHS KOOPAWHAT 3
9acTOTOIO Bifl OMHOIO /0 JECATH pa3iB Ha CEKyHIy. BOHM TakoX CyMICHI 3 CYNYTHHUKOBUMH CHCTEMaMH
GLONASS, Galileo Ta SBAS, 1110 103BOJIsI€ MiABUIUTH HAMIHHICTH CUTHATY.

Kamepu gacto iHTErpyroThesl y IpOHH ISl IOTOKOBOI Iepeaadi Bieo Ta po3Mi3HaBaHHS 00 €KTiB.
Mognymni Ha 6a31 OV2640 a6o Raspberry Pi Camera Module V2 niakmouatorscst uepe3 SPI, USB a6o CSI
inTepdelicn Ta MOXyTh 3abe3medyBaTh po3AUTEHY 3aaTHICTh Bim VGA nmo HD. lle mosBomse
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BUKOPUCTOBYBaTH iX SK Ui 0a30BOrO BifICOCIIOCTEPEKEHHS, TaK 1 Ui CKIaJHUX CHCTEM OOpOoOKH
300pa’keHb.

TenemeTpu4Hi CUCTEMH, IO 3aCTOCOBYIOTBCS Ul TUCTAaHIIMHOTO KOHTPOJIO Ta Mepenavi JaHHX,
3a3BHYail MpamioloTh Ha yactorax 433 MI'abo 2,4 I'T'n 1 BukopucroBytoTs npotokonn MAVLink, FrSky
g SBUS. Bonu miakmouarotecs uepe3 UART abo SPI i MoxxyTs 3a0e3medyBaTH 3B°5130K Ha BifcTaHi Bix
KUIBKOX COTEHBb METPIB 10 IEKLTBKOX KIJIOMETPiB, 10 € KPUTUYHO BAXIIUBUM JUI OE3IIEYHOT0 KEPyBaHHS
JPOHOM Ha BenmuKiil aucraniii [1-4; 8-10].

Taxum unHOM, BHOIp MIATH KEpYBaHHS IJIs1 KACTOMHOT'O IpOHA MAa€ BpaxOBYBaTH HE JIMLIE 11 BIACHI
TEXHIYHI MOXJIHMBOCTi, @ W CYMICHICTh i3 KIIOUOBHMH mepuepiiHuMH mpHCcTposiMH. 30anaHCOBaHE
MO€EHAHHS anapaTHUX XapaKTEpUCTUK Ta nepudepii rapanTye HaliiiHy poOOTy, CTaOUIBHICTD MOJIBOTY Ta
eeKTHBHE BUKOHAHHS ITOCTaBICHHUX 3aBJaHb, [0 OCOOJUBO Ba)KJIMBO IIPU CTBOPEHHI BIACHOI O€3MIIOTHOT
CHCTEMH.

VY pamkax AOCHiIKeHHS Al TOpIBHSAHHA Oyno 0OpaHO KigbKa HAaWOUIBII MOIIMPEHHX IUIAT
PO3pOOKH, OPIEHTOBAHUX Ha TXHIO aKTYaIbHICTh y c(epi CAaMOCTIHHOr0 KOHCTPYIOBAHHS IPOHIB.

Ho ananizy Oynm oOpaHi HadmommpeHinn mmiatGopMu, IO MaroTh AaKTYalbHICTh y cdepi
CaMOCTIHHOTO KOHCTPYIOBAaHHS IPOHIB.

3okpema: 1. Arduino Uno — nmomyssipHa iata Mo4aTKOBOIO PiBHS, L0 BiI3HAYAETHCS MPOCTOTOIO
BHUKOPHUCTAHHS Ta IIUPOKOIO MOMYJIIPHICTIO B OCBITHEOMY CEPEOBUII;

2. ESP8266 ta ESP32 — MIKpOKOHTpONEpH 3 IHTErpOBaHUM O€3APOTOBUM 3B’A3KOM, IO
3a0e3MeuyIOTh BJIaJIe OEJHAHHS BApTOCTI Ta 00YHMCIIOBANIBHOI TPOAYKTUBHOCTI;

3. Teensy 4.1 — BUCOKONIPOAYKTUBHA IUIATA 3 MIATPUMKOIO KEPYBaHHS B PEKHUMI PEasIbHOTO Yacy, 10
MiAXOIUTH AJISl CUCTEM 13 MiABUILEHUMH BUMOTAaMH JI0 IIBUAKOCTI 0OpOOKH CHUTHAIIB;

4. STM32 «Blue Pill» — Hegopora niara Ha 6231 MIKpOKOHTpOJIEpa IPOMHCIOBOTO KJIACY, sIKa YacTo
3aCTOCOBYETHCS B CUCTEMaX KEpyBaHHS MOIbOTOM;

5. Raspberry Pi 4 — opgHomyaTHMH KOMI'IOTEp i3 BHCOKOIO OOYMCIIIOBAJBHOIO MOTYKHICTIO,
PO3LIMPEHUMH MOXKIMBOCTAMH MigKMI0YeHHs nepudepii ta miarpumkoo OC Linux;

6. BBC micro:bit — HaBuasibHa muiaTgopma 3 BOyJOBaHUMH JaTYUKAMH Ta CIIPOLIEHUM CepeIOBHUIIEM
MporpaMyBaHHs, OpPIEHTOBaHA Ha OCBITHI Lii;

7. Particle Photon — mikpokoHTpoep, ontumizoBanuii 1ist loT-pitnens i3 XMapHOIO iHTErpali€o;

8. BeagleBone Black — moryxHa mnaTa s BOyZOBaHMX CHCTEM, LIO HiaTpumye 3amyck Linux i
MPONOHYE MIMPOKI KOMYHIKaIiiHI MOXKJIMBOCTI.

Korkna 3 npencraBneHnx miaTgopM Mae BIacHi IepeBart Ta OOMEKEHHSI, 10 POOHUTH 1X JOLTEHUMH
IUIS1 TIOPIBHSUTBHOI OLIHKHY y cepi po3poOKu Oe3NMIOTHUX JIiTaJbHUX anapaTis.

[Ipocrora HanmamTyBaHHS Ta I1HTErpalii € OJHMM i3 KJIIOUYOBHX UYMHHHUKIB y PO3poOLi IpoOHiB,
0COOJIMBO B IHAWBIAYaJIbHUX a00 EKCIEPHUMEHTAIBHUX MPOEKTAX, € BAXKIUBUMU 3AIUIIAIOTHCS LIBHIKE
MPOTOTUITYBAaHHS Ta HaliiiHE 3’ €JHAHHS KOMIIOHCHTIB.

[Inaty, MmO MONErmIyIOTh MiAKIIOYEHHS OCHOBHHX MOAYJIB — TaKuX SIK PEryJsTOpU IIBHUIKOCTI,
CEHCOpH Ta KOMYHiKalliiHi iHTep¢eiicn — Aal0Th 3MOTy CKOPOTHTHU 4Yac MiATOTOBKH CHCTEMHM, 3MEHIINUTH
HMOBIPHICTh TOMHJIOK Yy CXeMi 3’€JHaHb Ta 30CEPEOUTUCS Ha Ppo3poOLi JIOTIKM MOJBOTY W eramax
TecTyBaHHs. Takuil piBeHb TOCTYIMHOCTI OCOOJIMBO BXKIMBHUI Ul OKPEMHX PO3POOHHUKIB a00 HEBEIUKUX
KOMaH]I, IKi IPaLIOI0Th B yMOBaX OOMEKEHOI0 4acy Ta pecypciB.

Arduino Uno serko HanamryBatu 3a nonomoroio Arduino IDE ta mae mpocty cucteMy KOHTaKTiB,
OIIHAK MIiIKJIIOYEHHS! KUTBKOX KOMIIOHEHTIB, crelmM(iyHMX sl OPOHIB (TaKMX SIK PEryjsiTOpu PiBHSA
CNIEKTPOHIKM, TIPOCKONM Ta MpHMadi pagioKepyBaHHs), MoTpedye 30BHIMIHIX Oi0IIOTEK Ta pPy4yHOro
HamamrtyBaHHS. Lle 3yMOBIEeHO BiACYTHICTIO BOYJIOBaHMX MPOTOKONIB 3B 53Ky, TaKHX SK
MyapTuIUIeKcyBaHHS CAN [12].

ESP8266 tpoxu ckmagHimmii y HajmamryBaHHi, HDK Arduino Uno, OCKiNbKH 4YacTo mOTpeOye
npaiiepiB USB-to-Serial Ta HamamtyBans Wi-Fi. Bin minTpumye 0a3oBy iHTerpamiro 3 JaTYMKaMH Ta
peryssiTopaMu piBHS €IEKTPOHIKH, MpoTe 0OMEKeHa KUIBKICTh KOHTAKTiB Ta CIUJIbHA (YHKIIOHAIBHICTD
YCKJIAZHIOIOTH MIAKIIOYEHHS Ta HAJAIITYBaHHS IPOrPaMHOro 3a0e3MedeHHs i 0araTOMOAYJIFHUX IPOHIB
[13].

ESP32 npononye BOynosani Wi-Fi ta Bluetooth i nerko nporpamyetscs uepes cepenosuia Arduino
a6o ESP-IDF. Bin miaTpuMye MUPOKUHA CIEKTP TATUYUKIB Ta MOAYIIB, a ABOSACPHA apXiTEKTypa CIPOLIYE
KEepyBaHHs [IOJILOTOM, TeJIeMeTpieto abo MOTOKaMH KaMep, MiHIMi3yloun KOH(IIKTH Ha piBHI Koxy [14].
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Teensy 4.1 nobpe interpyerbes uepe3 Arduino IDE Ta miarpumye Benmukuii Habip 6i0mioTek
JaT4YMKiB, MPOTE€ KOro BUCOKA IIBHAKICTH Ta YHCIEHHI (PyHKUOII MOXYTh 3HaTHCA CKIAQOHUMH JUIS
noyartkiuis. BomrHo4ac BiH MpONOHyE BUHATKOBY THYUYKICTb JUIS PO3LIMPEHOI iHTErpawii 3 peryisropamMmu
piBas (ESC), inepuilinumu BumiptoBansHumu Onokamu (IMU) ta GPS-npuctposimu, ocobiauBo Koiu
noTpidHa TOYHICTH CHHXpOHi3aii [15].

STM32 «Blue Pill» mae xpyTy KpuBYy HaBYaHHS, 10 BUMarae BUKOPUCTaHHA TaKUX iHCTPYMEHTIB,
ak STM32CubelDE a6o PlatformlO 3 npommskoto ST-Link. Xo4a 1s nnara gyske noTy>kHa Ta MOAYJIbHA,
MOYaTKOBE HAJALITyBaHHS (3aBaHTa)KyBad, ApaiBepH, MPOIIMBKA) YacTO € MEPEIKOAOI0 Ul 3BUYaiHIX
KOPHCTYBadiB a00 MIBUIKOTO CTBOPEHHS MPOTOTHIIB [16].

Raspberry Pi 4 mpaitioe mig ynpaBiiHHSIM TOBHOLIIHHOI OIlEepalliifHOT CHCTEMH, TOMY HaJaIUTyBaHHS
BKIIO4Yae mpommBKy SD-kaptu Ta koHgirypamiro Linux, mo € CKIQIHIIIMM TIOPIBHAHO 3
MikpokoHTponiepHumy miaaramu. [linkmouenns ESC abo ripockonis morpedye nporpamysanns GPIO a6o
posumpenss UART, 1mo poOuTs Horo HalKpalimuM CIiBIpOLECOPOM, & HE KOHTPOJIEpOM MoiboTy [17].

BBC micro:bit opieHTOBaHW Ha MOYATKIBIIB 1 BiI3HAYAETHCA MPOCTOTOI0 HAJAINTYBAHHS Yepe3
penakropu MakeCode abo Python, mpore BiH Mae myxe 0OMeXeHY KUIbKICTh KOHTaKTiB 1 HE MIATPUMYE
CTaHIapTHI iHTepdeiicu 3B’ A3Ky U1 KOMIIOHEHTIB ApoHa. L{e 3HauHO ycKknaaHIoe cepilo3Hy iHTerpamito 0e3
JOAATKOBHX p03’€MiB ab0 ajanTepis.

Particle Photon opieHTOBaHM Ha XMapHi TEXHOJIOT1I Ta JIErKo HaJIAITOBYeThCs yepe3 Particle Web
IDE a6o CLI, omgHak 1s mpocToTa JOCSTa€eThesl HIHOK MHYYKOCTi. JIokanbHa iHTerpatist 3 KOMIIOHEHTaMU
IpoHa oOMeKeHa 1 3a3BUYail BUMarae CrieliajibHOl MPOIINBKH, a AJIs1 YHUKHEHHS IPoOJIeM i3 3aTPUMKOIO ii
NOTPiOHO BUKOPUCTOBYBATH JIMLIE JIOKAJIBHO.

BeagleBone Black mnorpebye kondirypamii Linux Ta wyacto CKIQZHOTO HaJalUTyBaHHS
nepudepiiiHux NpucTpoiB (HaKIaZaHHS AepeBa MPUCTPOiB, KOHDirypauis miamis). Bin notyxHui, ane
iHTerpamisi 3 KOMIIOHEHTaMH peanbHOro 4acy, Takumu sk ESC Ta matumku, 3aiimae Oarato yacy 6e3
rOOKKX 3HaHb Linux Ta amapatHoro 3abe3nedeHHs [18-20].

Pi3Hi MIKpOKOHTpOJIEpH Ta OJHOIUIATHI KOMIT IOTEpHU MAlOTh PIi3HUM CTYIiHb HPUAATHOCTI A0
BHUKOPHUCTaHHS y cUCTeMax OE3MIOTHUX JITaJbHUX alaparis.

Arduino Uno migxoauTh A7 IPOCTUX MPOEKTIB, a/HKE BUPI3HAETHCS JIETKICTIO OCBOEHHS, IPOTE MAE
00MeXeHHS 4yepe3 BiICYTHICTh BOYyJOBaHUX MPOTOKOIIIB O€3ApOTOBOrO 3B S3KY.

ESP8266 Ta ESP32 3abesneuyiors iHTerpoBany Wi-Fi-komynikanito, omnak ESP32, 3aBmsku
JBOSIACPHIN apXiTeKTypi Ta OUIbIIIN 00YMCIIOBAIbHIN MOTYKHOCTI, Kpalle MPUCTOCOBAHUN IO CKIIaJAHUX
3ajau.

Teensy 4.1 ta STM32 Big3HAaYarOTHCS BUCOKOIO MPOXYKTHUBHICTIO T4 TOYHICTIO POOOTH Y PEXHUMI
peanbHOro yacy, mpoTe iX BUKOPUCTaHHs MOTpedye rIMOLIIOro po3yMiHHA anapaTHUX iHTepQEicCiB.

Raspberry Pi 4, BeagleBone Black Ta Particle Photon uacrimie 3acTocoByIOTbCS SIK CHIBIPOLIECOPU
abo mepudepiiiHi By31HM 4Yepe3 3aTPUMKH B POoOOTI 3 HMU3BKOPIBHEBHM OOJaJHAHHSIM a00 CKJIaIHICTh
MIEpBMHHOrO HamamrysaHnHss [12; 15; 17].

VY cBoro uepry, BBC micro:bit Haiikpamie miaxXoAuTh ISl OCBITHIX Lijed, omHaK He 3abe3meuye
JOCTaTHBOTO PIiBHS NMPOAYKTHBHOCTI YM (DYHKLIOHANBHOI THYYKOCTI JUISI MPAKTHYHOTO BUKOPUCTAHHS Y
JpOHaXx.

OnHuM i3 KIIOYOBHX YMHHHKIB y MPOIIECi CTBOPEHHS 1HANWBIAYaJbHOrO OE3MITIOTHUKA € CyMICHICTh
amapaTHUX KOMIOHEHTiB. KoHTpoiiep monsoTy Mae 0e3nepeikoiHo B3aEMOIISTH 3 TAKUMH €JIEeMEHTaMH,
sk peryiastopu mBuakocti (ESC), inepuiiini BumiproBansai monymi (IMU), GPS-mpuiitmadui, momyini
paniokepyBaHHS Ta KaMEpH.

Henocratasa migrpuMka ab0 HECYMICHICTh MIXK IUIATOIO Ta Mepudepiero MOKe CIPUUMHATH Tepe0oi
y 3B’513Ky, HeCTaO1IbHY MOBEAIHKY APOHA ITifl Yac MOJIbOTY a00 HaBiTh Pi3HUHE MOIIKOKEHHS 00JIaAHAHHSL.

Bubip miaT 3 MUPOKOIO anapaTHOIO CYMICHICTIO Ja€ 3MOTY IOKPALIMTH iHTErpamito, 3MEHIIUTH
noTpedy y A0JATKOBUX aJanTepax Ta CIIPOCTUTH pOo3poOKy mporpamMHoro 3adesnedeHss. Lle, y cBoro gepry,
MiABUITYE HATIHHICTD 1 O€3MeKy eKCIuTyaTallii MpUCTPOIO.

Arduino Uno miatpumye 0a30By mHMpOTHO-iMIynbcHy wMopymsauito (IIIM) mma kepyBaHHS
neuryHamu Ta mpocti gataumkm [2C/SPI, Taki six ripockomm abo GPS-momynmi. Opnak #oro oOMexeHi
MOXJIMBOCTI BBOAY/BHUBOAY Ta MaM’sTi YaCTO BUMAraloTh 30BHIIIHIX IpaiiBepiB, Takux sik PCA968S5, mis
KepyBaHHsI OUIbII HIK ABOMA JBUTYHAMH a00 CKJIaJIHUMH CEHCOPHUMH MacuBamu [12].
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ESP8266 mpononye oomexkeni moxknueocti GPIO Ta LM, mo pobuTs HOro npuaaTHAM JIMILE IS
nyxe mpoctux ApoHiB. Bin migrpumye 12C ta SPI, ane He mMae creniaiapHOI NiATPUMKM KaMmepu 1 Mae
MPOOJIEMH 3 OJJHOYACHUM IiAKIFOUEHHSIM KOMITOHEHTIB [13].

ESP32 mae BHCOKY CyMICHICTh i3 KOMIOHEHTaMH IpOHIB, NMPONOHYIOUM Kinbka kaHaiis LM,
anapatHi taitmepu, minTpumky IMU ta GPS gepes [2C/SPI/UART. Bin Takox Mae BOy#oBaHy iHTErparito
KaMepH AJIsl MOAYyMiB, Takux Ak OV2640, mo poOuTh HOro inealbHUM SIK A7l KEpyBaHHS HONIbOTOM, Tak i
Ut TenemeTpii [14].

Teensy 4.1 BuUpi3HAETbCSA BETUKOK KibKicTIO BucokoTouHMX IIIIM-BHMXOAiB, a TaKOX HaMIHHOIO
niarpumkoro aatuukiB uepe3 UART, 12C ta SPI. Kpim Toro, BiH cymicHuil i3 mpoTokoiaamu RC, takumu
sk SBUS ta PPM. Obmexena miaTpuMka kamep noctymHa yepe3 USB abo cnenianbhe migkmouenss [15].

STM32 «Blue Pill» npononye noryxHi anapaTtai taiimepu ta LIIM, BOymoBaHy HiITpUMKY BCix
MOLIMPEHUX AaT4rKiB IpoHiB Ta GPS uepe3 kinbka iHTepdeiiciB. Takox BiH CyMICHHH i3 NepeloBHMU
nporokoiamu RC, 1m0 poOuTh HOro BiIMiHHUM BapiaHTOM JUISI CHCTEM KePYBaHHS MOJILOTOM Y PEabHOMY
gaci [16].

Raspberry Pi 4 He mae BOynoBanoi IIIIM mnst xkepyBaHHS OBUTYHOM, ajie MIATPUMY€E OLTBLIICTH
natuukis uepes [2C, SPI ta UART. Bin oco06nnBo noTyXHuH 17151 Bi3yalbHOT 00p0OOKHU 3aBIsSKM BOYAOBaHIN
niarpumui kamepu CSI, xoua kepyBaHHS B peajJbHOMY Yaci MOTpedye 30BHIIIHIX MOAYIIB Ta PETEIBLHOIO
HanamryBanHs OC [17].

BBC micro:bit 3a0e3neuye miniMansHuH iHTepdeiic LM Ta naTuukiB i Mae 0OMeXEHY HIITPUMKY
npaiiBepiB ABUTyHiB. BimcyTHicTh BXoAy Uil KaMepu poOWTH HOro HENpUIOATHUM AJsl APOHIB, OKpIM
JIEeMOHCTPALITHUX MPOEKTIB y HaBYaJIbHUX Kiacax [21].

Particle Photon mintpumye 6a30Bi nporokonu LIIIM Ta cranmapTHi IpOTOKOJIN JaTYMKIB, ane HOro
XMapHO-OpIEHTOBaHMHN AU3aiiH Ta oOMexxeHa KinbkicTe GPIO poOnsaTh Hioro HempakTHYHUM VIS IPSIMOTO
KepyBaHHsI JBUT'YHOM a00 KiJIbKOMa JaTYMKaMH B aBTOHOMHHX ApoHax [22].

BeagleBone Black mae posmmpeni moximocti LLIIM Ta BBOOY/BHBOLY, 110 T0O3BOJISIE IHTETPYyBaTH
JBUTYHU ¥ gaTauku. Bin Takox migrpumye kamepu yepe3 USB abo Momymi po3mmpeHHs, Xo4a CKIaAHICTh
HaJAIITYBaHHS Ta apxXiTeKkTypa Ha 0a3i Linux cTBOpIOIOTH TPYAHOLI [l BUKOHAHHA 3aBAaHb PEATbHOTO
yacy [23].

ESP32, STM32 Tta Teensy 4.1 BBakaroTbcsi HaiOuTbII (QYHKIIOHATBHHUMHU IUIATGOPMAMHU IS
peamizamii cucteM KepyBaHHS MOJBOTOM Oe€3MiNOTHHKA. BoHM 3a0e3meuyloTh PO3MIMPEHI MOMKIMBOCTI
KEepyBaHHsI 3aB/SIKH IIUPOTHO-IMITYIbcHIN Moayssiuii (LLIIM), miaTpuMyIoTh IIUPOKUI CHEKTP CEHCOpiB Ta
CYMICHI 3 KaMepaMH, 110 € BaKJIMBUM JJIs1 aBTOHOMHHX (YHKITiH.

Hatomicte Arduino Uno ta ESP8266 MatoTs oOMexeHy KiNbKiCTh BXOAIB/BUXO/IB Ta MEHII THYYKI
MOXJIMBOCTI MIAKITIOYEHHS, 10 YCKIAIHIOE IX BUKOPUCTaHHA y CKIagHImMX KoH(irypauisx. Raspberry Pi
4 neMOHCTpY€E BHCOKY MPOOYKTHUBHICTH y 3aJadax KOMII IOTEPHOTO 30py Ta 00poOKu 300pakeHb, IpoTe
MOCTYMAETHCS B 3a/1a4aX PeanbHOro 4acy 4epe3 BiICYTHICTh IETePMiHOBAHOI 3aTPUMKH.

BBC micro:bit ta Particle Photon MatoTs oOMesxeHi anapaTHi pecypcH il OpieHTOBaHi IepeBayKHO Ha
HaB4aJdbHi a00 loT-mpoexTH, 1m0 3HMXKYE IXHIO NPUAATHICTH Ui ABTOHOMHOIO JIpOHOOYZYBaHHS.
BeagleBone Black, xoua i mpornonye 3Ha4Hy OOYHCIIOBAIbHY MOTY>KHICTh, XapaKTEPU3YEThCS CKIaIHICTIO
KoH(pirypauii Ta moTpedoio B TAMOIINX 3HAHHSX onepauiiHoi cuctemu [12; 14-17; 22-23].

Po3muproBaHicTh 1 MOIYNBHICTD € KJIIOUOBMMH aCIEKTaMH IPU CTBOPEHHI JPOHIB Ha 3aMOBJICHHS,
OCKUTBKHM BOHHM 3a0€3MeuyI0Th aJanTalilo CUCTEMH A0 3MIHHUX BUMOI MIPOEKTY. MomynbHa apXiTeKkTypa
crpolrye iHTerpauito abo 3aMiHy KOMIOHEHTIB — 30kpema GPS-MonyitiB, 10AaTKOBUX CEHCOPIB, KaMep 4u
TeIEMETPUYHUX CHCTeM — 0e3 MoTpeOH MOBHOTO Meperisiny Beiel anapaTHol KoH(irypaiii.

Taka rHy4YKICTb HE JIMIIC MOJIETIIYE BIPOBAKEHHSI MaOyTHIX OHOBJICHb, ajie i CIIPOILYE MPOILEC
HaJAro/KeHHs, TEXHIYHOTO 0OCIyroByBaHHS Ta MacIuTaOyBaHHS Bix 0a30BOro MPOTOTHITY OO CKIATHOI
OaraTo(yHKIIOHAIBHOI IIATPOPMH.

Arduino Uno nporonye 6a30Bi MOMKIJIMBOCTI PO3IMIMPEHHS 32 JOMOMOIOI0 €KpaHiB Ta MEPEMHUYOK,
oHaK oOMexeHa KimbKicTh KoHTakTiB GPIO Ta mam’sTi 3MeHIIye KiTbKiCTh MOXYJIB (HAampHKIaf,
JATYNKIB, TUCILIEB, CBITIOIOIB), sIKi MOXKHA MIKITFOYATH OJHOYACHO O0e3 MyIbTHILIeKCYBaHH: [12].

ESP8266 mae neBenuky kinbkictb GPIO Ta yacto BUKOPUCTOBYE CHiTBHI KOHTAKTH MK (QYHKIISIMU
(mampuknazn, ¢puewm-mam’sTh Ta [°C), 1110 3HaYHO 00MEXYE MOKIMBOCT1 po3IIMpeHHs. BiH kpaiue miaxoanTs
IUIs1 MiHIMaJIBHUX HaJlallTyBaHb a00 BUKOPUCTAHHS B Mapi 3 po3IIKproBaYaMu BBoy/BuBoxy [13].
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ESP32 e BucokomoaynpHOIO MiaT(opMoI0 3 BEIMKOI KimbKicTIo KoHTakTiB GPIO, xinpkoma
mmHamu [?C ta SPI, amapataum LIM, a takox BOynoBanoro minTpumkoro Bluetooth Ta Wi-Fi. Bona
JIO3BOJISIE JIETKO IHTErpyBaTH TOJATKOBI MOAYII, TaKi sIK AUCILIE], TEleMEeTPpUYHI paaioCTaHIl] Ta JaTYHKH
HaBKOJIMIIHBOrO cepeaopuina [14].

Teensy 4.1 3a0e3neuye BeTUKY KUIbKiCTh HH(PPOBUX Ta aHAJIOTOBIX KOHTAKTIB BBOLY/BHBOAY, KiTbKa
UART Ta cymicHicte i3 Oibmiorekamu Arduino, mo poOuTth i OmHi€I0 3 HAWOUIBII PO3IIUPIOBAHUX
w1athopM 1S TPeur3iiHUX APOHIB Ta MYJIBTHCEHCOPHUX cUcTeM [15].

STM32 «Blue Pill» migrpumye mmpoke po3mmpenHs nepudepiiinux mnpuctpoiB uepes 1°C, SPI,
UART Ta CAN, npoTe HEe Ma€ CTaHAAPTH30BaHUX po3wIHpeHb plug-and-play. Bona Bumarae ramGmoro
HaJNAIITYyBaHHS MPOIIMBKY, ajle MOXKe MacIITa0yBaTHCA 10 CKIaJAHUX MOIYJIBHUX apXiTeKTyp ApoHiB [16].

Raspberry Pi 4 mpomonye USB, GPIO, I°C, SPI, UART, CSI/DSI ta 40-kOHTakTHHI pO3’€M,
HiATpUMYIOUYH MHUpOoKUi criekTp nonoBHeHb Ta HAT. Le Brmouyae LIDAR, kamepn, Moy Tenemerpii ta
HaBITh CIHIBIIPOLIECOPH, XO4Ya PO3MOALT >XMBIeHHSA Ta kepyBaHHi GPIO morpelyrores ocobmmBoi
obepexnocTi [17].

BBC micro:bit po3pobaenuii aist 6a30BOro po3LMIMPEHHS OCBITHIX MOMKIJIMBOCTEH 3a JOMOMOTOIO
nepudepiiiHux po3’emiB Ta miaaT. BiH oOMexxeHni mpocTUMH TOTTOBHEHHSIMHU, TAKUMHU SIK CBITJIONI0IN 200
HEBENHK] TaTYUKH, 1 HE MIAXOAUTH JJIsl MOAYIBHHUX CUCTEM IpoHiB [121].

Particle Photon mo3Bonsie momipHe PO3MIMPEHHS 3a AOMOMOIOI0 PO3’€MIB Ta XMapHO-CYMiCHUX
0i0mioTek, MpoTe Mae OOMEKEHY KUIbKICTh KOHTAaKTIB 1 Kpalle HiIXoAnuTh AJs 3aBOaHb [HTepHeTy pedeid,
HDK JJ151 CKJIaIHOTO PO3IIMPEHHS B peaJbHOMY 4aci 3 KiJIbKoMa MOIYJISIMHU, TTOB’ I3aHUMHU 3 MTOJIBOTOM [22].

BeagleBone Black mae Benuky KibKiCTb KOHTAKTiB BBOAY/BHBOAY Ta BOYIOBaHY MiATPUMKY
CKJIAJTHUX PO3IIMPEHb 3a JOMOMOIOI0 IUIAT PO3LIMPEHHs (KEeHmiB), 0 poOUTh HOro myke MOIYJIbHUM.
OpnHaxk #oro cKkmagHicTh Ta HaKJIaAHI BUTPAaTH Linux MOXXyTh YCKITaJHUTH peasli3alliio [bOro MOTEeHIiany B
yMOBax noasoty [23].

PizHi anapaTHi miaTgopMu MaroTh BapiaTUBHY MATPUMKY posmmpeHHs. ESP32, Teensy 4.1 Ta
Raspberry Pi 4 3a0e3meuyroTh BUCOKY THYYKICTh 3aBIISIKH BEIHKIH KUTBKOCTI BXOJIB/BHXOIB, ITiITPUMII
inTepdeiiciB (I*°C, SPI, UART) ta cymicHOCTI 3 YNCIIEHHUMH 30BHIIIHIMH MOIYJISIMH.

Hartomicts Arduino Uno ta ESP8266 oOMexeHi KUTBKICTIO JOCTYITHUX ITiHIB, 00CATOM IaM’STi Ta
O0UYHUCITIOBATBHUMH PecypcaMy, M0 yCKIaaHoe MacmTadyBaHHs npoekty. STM32 ta BeagleBone Black
MalOTh 3HAYHUH MOTEHILiaJ PO3LIMPEHHS Ta MaclITaOyBaHHs, MPOTE BUMAraloTh TNIMOLIOrO PO3YMIiHHS
apXiTEeKTYpH Ta CKIIAJHIIIOr0 MPOrpaMHOro HajJallTyBaHHS.

BBC micro:bit ta Particle Photon Ginb1e opieHTOBaHI Ha HaBYaIbHI 200 XMapOOPIEHTOBaH1 MPOEKTH
3 OOMEKEHOIO0 KIJIBKICTIO MiJKIIOYEHUX MOXAYJiB, TOMY HE MiAXOIATH Uil KOMILUIEKCHHX CHUCTEM i3
0araTOKOMIIOHEHTHOIO CTpYyKTyporo [12-15; 17].

[linTprMKa CHITBHOTH Ta SIKICHA JOKYMEHTALisl BiAirpaloTh KIIOYOBY POJb Y PO3poOLi ApOHIB Ha
3aMOBJICHHSI, OCOOJIMBO Ha eTarnax iHTerpauii YucIeHHUX amapaTHUX KOMIIOHEHTIB 1 JaTYUKIB.

[InatdopmMu 3 aKTHBHOIO CHUIBHOTOI0 KOPUCTYBadiB Ta JCTAJBHOIO TEXHIYHOIO JOKYMEHTAII€I0
3a0e3MevyIoTh AOCTYI 10 NMPUKIAAIB peaizamii, 010ai0TeK, IHCTPYKLIH 13 MiAKIIOUEHHs, a TAKOXK PillleHb
TUNOBUX TNpoOiieM. Taka MiATPHUMKa 3HAYHO CKOPOYYE Yac PO3POOKH, 3HIDKYE IOPIT BXOMKEHHS Ta
MOJIETIY€E YCYHEHHsI HenepeadadyBaHNX TEXHIYHUX CKIIaIHOCTEH.

Jns iHIUBiAyadbHUX PO3POOHHUKIB a00 ManMX KOMaHI MoAiOHa iH(QpPacTpyKTypa 3HaHb YacToO €
BUpIIATEHUM (aKTOpOM, MIO BiApi3HSE YCHIIIHMA (YHKUIOHAJIBHUH MPOTOTUIl Bil NPOEKTY, SKUN
3YIUHUBCS Ha €TaIll Hajnaro/pkeHHs [7].

Arduino Uno mae oaHy 3 HaHOIIBIINX Ta HAMAKTUBHIMINX CIUIBHOT y CBiTI BOYZOBaHHMX CHCTEM, i3
TUCSIYaMH HaBYaJIbHUX TOCIOHHKIB, 0i0NioTeK Ta (OPYMHHX TeM, IO OXOIUIIOIOTH yce: Bix 0a30BOro
KEepyBaHHsI JBUT'YHOM JI0 MIOBHOL[IHHUX MPOEKTIB ApoHiB. Lle podutk mnatdopmy izeanbHUM BUOOPOM ISt
MTOYATKIBIIIB Ta BHKIaaadiB [12].

ESP8266 minTpuMyeThcsi aKTUBHOK OHJIAWH-CHITBHOTOIO, IO Ma€ IIHPOKY JOKYMEHTAILilo,
0i0i0TeKH Ta MPOEKTH 3 BIOKPUTHM KOAOM. Xoua BiH MEHII JOCKOHAJIWH MOpiBHsAHO 3 Arduino, Ha
¢dopymax Takux sk GitHub Ta Stack Overflow, moctymao 6araTo mociOHUKIB Ta BUIPABIIEHb, OB’ I3aHUX
i3 nporamu [13].

ESP32 mae mepeBaru sk Bin odimiiiHoi moxymenrauii Espressif, Tak i Bil akTHBHOI CHIIBHOTH
po3poOHukiB. IlinTpumka € IIMPOKOIO, BKIIOYAIOUM HABYaJbHI MOCIOHMKHM, OpIEHTOBaHI Ha APOHH,
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MPUKIAIY 3aBIaHb y peaJbHOMY 4aci, a TAKOX MOBHY iHTErpalio NpOLMIMBKY aBTOILIOTA, HAIPUKIA 32
nonomoroio ¢popkiB FreeRTOS a6o ArduPilot [14].

Teensy 4.1 mae crnenianizoBany Ta 00i3HaHy 0a3y KOpPUCTYBadiB, 4y0BY OQilliiiHy TOKYMEHTALil0
Ta nobpe migrpumyBanuii popym. [lnardopma cymicua 3 Arduino IDE, a 6i0mioreku, mo HazaroThCs
CHIJIBHOTOIO, YacTO BiAMOBiaoTs ab0 nepeBepiyroTh odimiiii 3a skictio [15].

STM32 «Blue Pill» mMae cunpHy MATPUMKY y cIiIbHOTaX BOYyJOBaHUX CUCTEM Ta aMaTopiB, IpOTE
HaJNAIITyBaHHS MOXe OyTH CKJIAQIHMM 4Yepe3 HEBIANOBIAHICTH CTOPOHHIX HaBYAJIBHUX MOCIOHUKIB.
Odiuiiina goxkymenranis Bix ST € BUuepHoto, ajne CKIaJHOI0, YaCTO BUMArarodu MonepegHboro A0CBiay
JUTs HaBirarii [16].

Raspberry Pi 4 ne mae co0i piBHUX 32 pO3MIpOM CHIIBHOTH Cepell OJHOIUIATHUX KOMII IOTEpiB, 3
HE3JITYEHHOIO KiTBKICTIO HaBYAIbHUX MOCIOHUKIB, 06i0nioTek Ta iHcTpyMeHTiB plug-and-play. Xoua BiH He
€ MIKpPOKOHTpOJEPOM, HOro HIMPOKO BHUKOPHCTOBYIOTH Y IpPOHAX UL CYIYTHIX 3aBAaHb, TaKUX SK
KOMIT IOTEPHHH 3ip Ta HaBirauis, 3aBAsku Oaratiil nokymenTauii [17].

BBC micro:bit Mae BiAMiHHY TOKYMEHTALIO ISl OCBITHIX IiJIEH, 13 BEIMKOIO KUJIBKICTIO MaTepiaiB
JUISl TIOYATKIBLIB Ta IJIaHaMH ypokiB. lIpore Homy Opakye rimmOuHM I crieqU(iYHUX 3aCTOCYBaHb Y
JpoHax a0 pO3LMIMPEHOro anapaTHOro inTepdeiicy [21].

Particle Photon mae odiuifiny nokyMmeHTalito, 30cepeykeHy Ha XMapHii iHTerpaiiii, Ta akTUBHY, ajie
MEHIIY CHUTBHOTY pO3pOOHMKIB. Xoua JOmoMora AOCTYNHA Ui 3arajibHUX NPOEKTiB IHTepHery pedeH,
pecypciB, crienugiqHuX 118 IPOHiB, Maio [22].

BeagleBone Black mae cunbhy, ane HileBy MiATPUMKY, i3 A€TalIbHOIO O(IiLiHHOIO JOKYMEHTALI€0
Ta JeIKMMHU aKaJeMIYHUMH W IPOMHUCIOBHMHM BapiaHTaMH BHKOpUCTaHHS. CHilbHOTa MEHIIAa Ta OiIbII
TeXHIYHa, 0 YCKJIaIHIOE Ul aMaTOPiB MOLIYK JOCTYIIHUX MaTepiajiB, OB’ A3aHUX i3 ApoHamu [23].

Arduino Uno mae HaiOUIbIIy MATPUMKY CHUIBHOTH, L0 POOHMTH L0 IUIATPOPMY OCOOIMBO
npuBaOMMBOIO sl movaTkiBLiB. ESP32 Takok KOPUCTYEThCS aKTHBHOIO MIATPHUMKOIO, 30KpeMma Y
CHIJIBHOTAX, L0 3aiiMaloTHCsI pO3POOKOIO IPOHIB.

Teensy 4.1 Ta STM32 maroTe MeHIIi, ImpoTe OUTBII cIiemiaii3oBaHi Ta TEXHIYHO KBali(ikoBaHi
CHIJIBHOTH KOPHCTYBauiB, 10 3abe3nedye IIMOOKY TEXHIUYHY MIATPHUMKY, Opi€HTOBaHY Ha BOyIOBaHi
CHCTEMH Ta MPEUU3iiHI MPOEKTH.

Raspberry Pi 4 BupizHsA€TbCS MMPOKOIO 0a3010 HABYAJIBHUX DPECYpPCiB, OPIEHTOBAaHMX Ha 3ajadi
BUIIOrO PiBHA, 30KpeMa 00poOKy 300pakeHb Ta CKIIaJHI OOUUCIIOBAIbHI POLIECH.

Inmi mnatdopmu, taki sik BBC micro:bit ta Particle Photon, marore oOMexeny abo HimeBy
HiATPUMKY, 110 YCKJIQAHIOE IX BUKOPUCTAHHS B KOHTEKCTi ApoHOOyyBanHs [12; 15-17; 19].

Bubip amapatnoi miatdopmu Ui KACTOMHOTO JIpOHA 3HAYHOIO MIpOIO 3alISKUTh Bill BapTOCTi Ta
JOCTYIHOCTI OONafHaHHS, a/uke Li (akTopu BIUIMBAIOTH HA MAcIITa0OBaHICTh IMPOEKTY Ta HOTro
CKOHOMIYHY e()eKTUBHICTb.

JlocTymHi 3a LIHOIO IJIaTH 3HMWKYIOTH (hiHAHCOBI PU3HUKH, TIOB’sI3aHi 3 BiAMOBaMH 00JaHaHHA a0o
0araTopa3oBUM ITEpaTHBHHM TPOEKTYBaHHsIM. Lle poOUTh eKCIepuMEHTH MAOCTYMHIIMMHU JUIs
PO3pPOOHHUKIB 3 0OMexeHUM OromxeToM. KpiM Toro, mmpoka JOCTYMHICTh AO3BOJISE ONEPaTUBHO MPHI0ATH
3aracHi YaCTUHH, IO € KPUTUYHO BOXKIMBUM y BUNAJKaX TEPMIHOBOTO CKJIaJaHHS a00 IMOJILOBUX PEMOHTIB.

VY Takux perioHax, sk YkpaiHa Ta €Bpoma, MiClIeBi LiHU Ta TEPMiHU JOCTABKH MOXYTH CYTTEBO
BILIMBATH HA IIBUAKICTH peajti3alii MpoeKTy Ta Horo 3aranbHy peHTabenbHicTs [2; 7-8].

Arduino Uno: mmpoko AOCTYNHHH sSIK B opuriHambHoMy BUrisimi (500-8002 / €12—€18), tak 1 B
kiIoHax (250-4002 / €6—€10). IIpomaetsca Ha Prom.ua, AliExpress, TME Ta y micueBux pecenepiB
OCBITHBOTO 0ONaHaHHA [24-26].

ESP8266 (NodeMCU/Wemos D1 Mini): onun i3 Haiinemesmux BapiantiB (100-1802 / €2,5—€5),
nocrynuuii Ha AliExpress, MakersLab ta B Marazunax €C mist 1ro0uTemiB.

ESP32: komrye Bix 180 mo 3502 / €5—€9, 3anexuo Big tuny moayns (ESP32-WROOM, WROVER
Tom10), focrynHuit Ha Prom.ua, TME ta RadioChip.

Teensy 4.1: mae momipay miny (1000-13002 / €24—€32). Xowa 1ns Iiata HE TaKk LIHPOKO
MpeACTaBlIeHa B MiCLIEBUX Mara3uHax, ii Mmoxxna npundatu yepe3 PJRC, Mouser a6o Digi-Key, 3 mBuakoio
nocraBkolo 3 €C.

STM32 «Blue Pill»: nyxe mocrynna (100-2002 / €3—€6), yacto nmocradaeTbes 31 ckinanis €C abo
AliExpress. fIkictb MoOXe BapiloBaTHCs, ale BOHA 3aJMINAE€THCI OOHMM 13 Halkpamux BHOOpPIB 3a
CHIBBIIHOLIEHHSM LiHA-TIPOAYKTUBHICTH IS JOCBiTYEHUX KOPUCTYBAUiB.
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Raspberry Pi 4 craGinbeHO n0ocTyIHA, a 11 1iHa BapitoeThes Big 2500 mo 40002 / €55—€85 3anexHo Bifg
Bepcii onepatuBHoi nam’saTi (Big 2 I'b no 8 I'b). IIpundatu moxua Ha Brain, Prom.ua, a Takox y npsmux
noctayanbHuKIB 3 €C, Takux gk ThePiHut ta Reichelt.

BBC micro:bit mponaeTbes B Ykpaini 3a 5507502 / €13—€18. Kommuiektn 1ocTynHi uepe3 oCcBiTHI
auctpu6’totopu Ta odiniiiai kananu €C, Xoya BiH HE € ONTHMAJIBHUM BapiaHTOM JAJIsl BUKOPUCTAHHS Y
JpOHaXx.

Particle Photon komrye 550-8002 / €14—€20, ane ioro Baxko 3HaWTH JoKajdbHO. Haituacrime
iMnopryetbcst 4yepe3 auctpud’iotopiB Digi-Key abo SparkFun y €C, mpote pimko 3ycTpidaeTbcs B
YKpaiHCBKHX Mara3uHax BUPOOHUKIB.

BeagleBone Black mae niny 2200-30002 / €50—€70, 3anexxHo Bin Bepcii Ta mocTayanbHuKa. Bin
nocrymauid y €C uepes Mouser, Farnell, a iHoni i yepe3 Prom.ua, Xxo4a TepMiHHM TOCTaBKH 3a3BHYail TOBIIII.

Cepen posrsinytux miargopmu ESP8266 Ta STM32 «Blue Pill» € naligoctynHimmmy, ix J1erko
npuadaT Ha MOMYJSIpHUX Mapkeriuieiicax. Arduino Uno ta ESP32 Ttakox mmpoko mpencraBiieHi Ha
PHHKY, IPONOHYIOYH BENUKUN BUOIp OPUTIHAIBHUX 1 CyMICHHUX IJIAT-KJIOHIB.

Hatomicte Teensy 4.1 Ta Particle Photon € MeHm mnommpeHMMH 1 MalOTh BHILY LiHY, TOHI fK
Raspberry Pi 4 Ta BeagleBone Black BizHOCATBCS 10 TpeMiabHOTO CErMEHTY, IO YCKJIAAHIOE JIOTICTUKY
Ta 301IbILY€E TEPMiHU TOCTaBKH.

BBC micro:bit 3aiimae cepenHiii I[iHOBUH Iiana3oH, aie 3Ae01IbIIOro OPiEHTOBAHM Ha OCBITHI IIilTi,
a He Ha cepilo3He 3aCTOCYBaHHS y ApoHax [24-26].

CrabinbHICTh POOOTH APOHIB Y Pi3HOMAHITHUX YMOBaX HAaBKOJMIIHBOTO CEPENOBHIIA € KPUTHYHO
BaYKJIUBOIO Yepe3 BUCOKY JUHAMIYHICTH ekcrutyartauii. KonTponep moiasoTy mMae 3abe3neuyBaTy HaIiiiHe
(GyHKLIOHYBaHHSA B yMOBax BiOpalii, KOJMBaHb >KUBJICHHS Ta 3MiH IapaMeTpiB CEPEAOBHUINA, TAKUX SIK
TeMIiepaTypa Ta BUCOTA.

OxpiM 11p0T0, 00pOoOKa JaHUX y PESKKMMI peallbHOrO 4acy rapaHTye MUTTEBY PEaKIilo Ha Kepyrooui
CUTHAJIM, BKJIIOYAIOUM PEryJIIOBaHHS JBUTYHIB, IHTErpalilo JaTYMKIB Ta cTadiiizamio miaTdopmu. Ko
I1aTa He BiANOBiA€ UM BUMOTaM, 1€ MOXKE CIIPUYMHHUTH 3aTPUMKH B 00p0oOLIi, HECTA0IIBbHICTh ONBOTY
a0o HaBiTh aBapiitHi 3001, 1110 POOUTH 11i KpUTEPii BU3HAYAILHIUMH ITPH BUOOP1 00s1aJHAHHS 11 KACTOMHHX
npowis [1].

Arduino Uno Mae HHU3bKE EHEPrOCHOXHBAHHA, IO POOMTH HOro MeXaHiYHO NPUIOATHUM IS
BHUKOpHUCTaHHS Ha ApoHax. OnHak oMy Opakye omepauiiHoi cuctemu peanbHoro dacy (RTOS), a ioro
oOMexxeHa MBUAKICTE 00poOku (16 MI'm) Moke mpu3BeCTH O MOBUIBHUX a00 HECTaOLTPHHMX IUKIIIB
KEepyBaHHs y CKJIaJIHUX CLeHapisixX moisoty [12].

ESP8266 Takox KOMIAakTHUH Ta eHeproeeKTUBHUM, IPOTE YYTIUBHUI 10 KOJHBAaHb KHUBJICHHS 1 HE
3a0e3medye CrpaBXHbOI 00pOOKK B peadbHOMY Yaci. BiH He ifeambHO MiAXOMUTH I 0arato3agadHoCTi
a00 TOYHO1 cHHXpOHi3awii y monbsoTi [13].

ESP32 € BucokoedexkTnBHOIO miIaTGopmMoio, PO3POOICHOI 13 pEeXUMaMH  HHU3BKOT'O
CHEProCHOXXKMUBAHHA Ta CTIHKICTIO O €IEKTpOMarHiTHuX nepemkon. Ilintpumye aBosinepHy oOpoOKy Ta
FreeRTOS, mo pobutes #oro onTuMaibHUM BHOOPOM /ISl 3aBIaHb PEAbHOrO yacy, Takux sk PID-
peryiroBaHHs, 00’ €JHAHHS TAaTYHUKIB Ta TEJIEMETPis, HABITh i HABaHTAXECHHSIM IIpouecopa B moBiTpi [14].

Teensy 4.1 € onmniero 3 Halikpamux mIaTGopM Aisl poOOTH B peajbHOMY Yaci 3aBISKH BHCOKIH
mBuAKocTi (600 MI'm), HU3BKIHA 3aTPUMIL Ta JIETKii KOHCTpYyKIii. BoHa 4yq0BO MiAXOMUTH AJIST TOYHOL
crabinmizanii moiapoTy Ta OOpOoOKM NaHMX JAaTYMKIB y pekuMi peasbHoro yacy. OmHak depe3 BHUCOKY
LIBUJIKICTH POOOTH BOHA BUMArae cTabiIbHOTO KUBJICHHSI Ta PETENbHOro 3a3eMiieHHs [15].

STM32 «Blue Pill» — 1ie HanifiHa 1u1aTa, 37aTHA MPAMIOBATH B PEXUMI PeaTbHOTO 4acy 3aBISKH
MpOorpaMyBaHHIO Ha ronoMy 3amisi abo BukopucranHio RTOS (manpuknaz, ChibiOS). Bona 3abe3neuye
TOYHE KEPYBaHHS 4acoM, J0Ope MpaLioe B yMOBax BiOpallii Ta MOXKe OTHOYaCHO 0OpOOIATH MTOTOKH JaHUX
BiJI KUTBKOX JATYHKIB, 110 POOUTS ii ifjeallbHUM BUOOPOM ISl BAMOTIIUBUX JIpoHiB [16].

Raspberry Pi 4-noryxHa matdopma, mpote BoHa He Oe3neyHa i poOOTH B peasIbHOMY Yaci uepes
onepauiiiny cucremy Linux. Ilmara eHeproemHa, Bakua Ta MOXKE 3HWKYBaTH NPOAYKTHBHICTH IPHU
HarpiBanHi. BoHa d4ymoBO MiAXOAWTH SK CYHYTHA IUlata A 3aBJaHb KOMII IOTEPHOTO 30py abo
KapTorpadyBaHHs, ane HeHaailiHa AJIsl OPSAMOTrO KepyBaHHS JBUTYHOM O€3 30BHIIIHIX MIKpOKOHTPOJIEPiB
[17].
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BBC micro:bit € nerkum Ta eHeproeeKTUBHHM, IMPOTE HOTr0 OOYMCIIOBAIbHI MOKIHBOCTI
HEIlOCTaTHI U1 poOOTH B peajbHOMY daci. BiH 31e011b1110r0 BUKOPUCTOBYETHCS TS IEMOHCTpALiN Yy Kiaci
a00 U1 HaANPOCTHX APOHIB, TAKUX SK CYAHA Ha MOBITPAHIN momymmi [21].

ono ouinku maTgopMm A KepyBaHHS IMOJBOTOM Yy peasbHOMy daci, To Particle Photon €
KOMITAaKTHUM Ta €Heproe()eKTUBHUM, IPOTE HE MPU3HAYECHUH A1 KpUTUYHOI IPOAYKTHBHOCTI B pealbHOMY
gaci. BiH Moxe MaTH 3aTpUMKY IiJ 4ac MOBTOpHOro mifkiatodeHHs 1o Wi-Fi abo xmapHux ¢QyHKIiH, 1m0
PU3HUKOBAHO 7151 CUCTEM MONbOTY [22].

BeagleBone Black, six i Raspberry Pi 4, 6a3yetscs Ha Linux, ane mae PRU (nmporpamoBani npuctpoi
peajbHOro 4acy), o poOUTh HOro Kpaiie HPUCTOCOBAaHMM U KEPYBAaHHS B PEXHMI peaJbHOro dacy.
OnHak BiH BiAHOCHO BaXXKHMH 1 CKIAAHUM, TOMY HaiKpalle MiAXOOWTH JUIS BEHKUX IOCTIIHUIBKUX
wiatpopm BIJIA, a He x006i-aponiB [15].

Cepen po3rIAHYTUX MIATGOPM HAMOUIBII MPUAATHUMH AJIS 33Jad peajbHOro 4acy B YHpaBIiHHI
nponom € ESP32, Teensy 4.1 ta STM32 «Blue Pill», ski 3a0e3neuyioTh OOCTaTHIO OOUHCIIOBATIBHY
notyxHicTs, mATpUMKY RTOS (Real-Time Operating System) Ta MiHIMalbH1 3aTPUMKH.

Arduino Uno ta ESP8266 miaxomdTe mepeBa)XHO IJISi MPOCTUX 3aBIOaHb 1 HE CHPABISIOTHCS 3
BHCOKMMH HaBaHTAKEHHSMH B PeaIbHOMY Yaci.

Raspberry Pi 4 ta BeagleBone Black, yepe3 BukopucTaHHs 3arajJbHONPHU3HAUCHUX OIEpaLlifHUX
CHCTEM, MalOTh OOMEKEHHS Yy 3aJauax peajbHOro 4acy, aje MOXyTh e()eKTUBHO BUKOHYBATH JOTIOMIKHI
00uYHUCTIOBAIBHI (HYHKII.

BBC micro:bit Ta Particle Photon He 3a0e3nedyioTh MOCTaTHBOI CTaOLIBHOCTI Ta TOYHOCTI JJIS
KepyBaHHS MOIIOTOM Y CKIAIHUX cleHapisx [12; 13; 17; 22; 23].

CrabinbHa Ta epekTUBHA TOAaYa eHeprii € HeoOXigHoIo Wi Oe3mepediiiHol podoTH Beix OOPTOBUX
cucreM gpoHa. [IpaBunbHe KepyBaHHA JKUBJICHHSAM JO3BOJSIE YHUKaTH 300iB, MIATPUMYBAaTH
MPONYKTHUBHICT IJIaT(QOPMHU Ta TAPAHTYBATH CTAOUIBHICTh MOIBOTY.

[lix yac poboTu ApoHA KOJIMBAHHS HANPYTW 4acTO BUHUKAIOTH IPH PO3TOHI IBUTYHIB a00 Pi3KHX
MaHeBpax, M0 MOXXE CIPUYMHATH MPOBAIM KUBJICHHA Ta CIEKTPUYHI LIYMH, 3/JaTHI AectadinmizyBaTu
qyTauBi KomMnoHeHTH. OOpaHa IjaTa MOBHHHA BUTPUMYBAaTH TaKi yMOBH a0O0 JIETKO iHTErpyBaTHCA i3
30BHILIHIMU cTa0iMi3aTopaMy HANPYTH Ta PETYIATOPaMHU KUBJIEHHs. HenoctaTHe KepyBaHHS KUBJICHHAM
MOX€E MPHU3BOAMTH 0 CKUAAHHS HAJAIITyBaHb, BTPaTd 3B’S3Ky a00 KPUTHYHUX 300iB CHCTEMH, TOMY
BaYJIMBO OOMPATH IIJIaTy 3 YpPaXyBaHHSAM CHEPreTHUYHUX MOTPed IpOoHa Ta XapaKTEPUCTHK aKyMYJIATOPHOI
Oarapei [10].

Arduino Uno npuiimae Bxigay Hanpyry 7—12 B uepe3 VIN Ta mae BOynoBaHy JniHiliHY cTabimizamiio
Hanpyru. BoHa cTaGinpHa U1 JaTYMKIB OCBITJICHHS Ta JIOTIKM KEpyBaHHA, IPOTE HE ONTHMIi30BaHa Ui
BHCOKOE()EKTUBHOI'O BUKOPHCTAHH OaTapei Ta MOXe MeperpiBaTics Npy KOJMBAHHAX HABaHTAXXEHHS a00
B EHEProeMHHX KoHQirypamisx [12].

ESP8266 mpautoe Ha BHYTpimHii Hampysi 3,3 B Ta myxe 4yTnuBHHA 1O CTaOlIBHOCTI >KHMBIICHHS.
Binprricts Mmopymi (Hanpukian, NodeMCU) marots BOynoBani LDO, npore BoHH HE CIIPaBISIOTHCS 3
panToBUMHU CTpHUOKaMU HAIPyTW BiA IBUTYHIB. TOMy peTeNpHHH PO3MOIT Ta PO3B’sI3Ka JKUBJICHHS €
HeoOXiAHUMHU, 00 3an00irTH NaAiHHIO HANIPYTH MiJ Yac noasoty [13].

[ig "ac omiHKK CTIHKOCTI M0 XWBJIEHHS Ta eheKTUBHOCTI eHeprocmoxuBaHHS ESP32 mokpamrye
CTIHKICTh 110 J>KMBJICHHS, MiATPUMYIOUM INUPOKi [iama3oHW BXiIHOI HANpyrd 3aBASKH BOYZOBaHHUM
peryiasitopaM. BiH Mae peXuMH HHU3BKOTO CHEPrOCHOXHMBAHHS Ta BUSBJICHHS MAIiHHSA HAIPYTH, IIO
3a0e3rnedye Kparry cTaOUThHICTh y MoiboTi. TuMm He MeHin, sk i ESP8266, BiH BUTpae Bin 30BHINIHBOL
crabinizauii Hanpyru. Lle pobuts fioro xopomum BUOOPOM AJIsl IPOHIB, SIKi JKUBJIATHCS BiJ aKyMyJATOpa,
y MO€IHAHHI 3 HaAiHOO 1iaToto posnoniny xusieHHs (UBEC a6o PDB) [14].

Teensy 4.1 Mae BUCOKe eHEeprocnoXuBanHA yepes notyxuui 600-MI ' mpowecop, npote eheKTUBHO
00po0Jisie eHepriro 3aBISKH BHYTPIIIHBOMY IMIYJIbCHOMY peryistopy. BiH morpeOye perymboBaHOro
Bxony 5 B (me uuctoro LiPo) Ta mMae oOMexeHy TOJIEpaHTHICTH OO HECTaOUIBHOTO KUBIEHHS. s
HaAIHHOCTI MOJBOTY PEKOMEHAYETHCS KUBJIEHHS BiJl crienianbHoro S-sonsroBoro BEC [15].

STM32 «Blue Pill» npaioe npu 3,3 B, npore He mae HaailiHOro BOyzmoBaHOro peryistopa. Bin
0YiKye CTaOlIbHOTrO 30BHIIIHBOTO KUBJICHHS, HAPUKIIAA, YUCTOr0 IIOHMKYBaJIBHOTO NIepeTBopioBaya 5 B
1o 3,3 B. Bucokuii mrym abo mynbcarii MOXyTh CIPUYHHATH 3001 CHCTEMHU, TOMY PO3IIOALT JKUBJICHHS Ma€
OyTH peTeNnbHO CIPOEKTOBAHUH MTPHU BUKOPHUCTaHHI B ApoHax [16].
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Raspberry Pi 4 mae Bucoke eHeprocnoxuBaHHs (pekoMeHnoBaHo 5 B pu 3 A) Ta myxe 4yTauBHid
JI0 Ta/liHHS HANpyru. BiH He MoXke KMBUTHCS 0€3M0CEepPeTHBO Bifl aKyMyJsiTopa ApoHa 6e3 epeKTHBHOTrO
BrucokoctpymoBoro BEC. PantoBe ciokrBaHHS eHeprii Bifl BUTYHIB MOKE IPU3BECTH 10 APOCEIIOBAHHS
a0o mepe3aBaHTaXEHHS, SAKIIO0 HeMae OyQepuzarii [17].

CToCOBHO BIUIMBY JKUBJICHHS Ha poOoTy Kepyrouux IiatdopM y aponax BBC micro:bit mae gyxe
HU3bKe eHeprocnoxkuBaHag (3 B-3,3 B), ane iioro nmpocte KepyBaHHS XHUBJICHHSM HE MpU3HAUEHE IS
po0OTH 3 IIyMHUMH a00 CIUTBHUMH IIMHAMH KUBJIEHHS, TakuMu sk ESC abo monyni kamep. Haiikpamie
BHKOPUCTOBYBAaTH B HAaBUAJIBHUX MiHi-IpOHAX, fKi KUBJATbCSA depe3 USB abo KommakTHiI peryistopu
Hanpyru [21].

Particle Photon npartoe npu 3,3 B ta mintpumye Bxig USB a6o VIN. Bin edextuBuuii 1ist Intepaery
pedeid, ane y ApoHax BUMAara€ 4ucTOro Ta PErylibOBaHOrO JKepena KuBieHHs. HectaOinpHICTh Hanpyru
MOXE MPHU3BECTH [0 IEpPE3aBaHTAKEHHsS, OCOONMBO NpPU BUKOPHCTAaHHI XMapHuUX (YHKUIH abo
BHCOKOYAaCTOTHOTO 3B s3Ky [22].

BeagleBone Black mae perynsoBanuii Bxig 5 B 3 BOyZoBaHOIO MiKpOCXEMOIO KEpYBaHHS KUBICHHIM
(PMIC), arne fioro criokuBaHHS €HEPTii B PEXKUMi OYIKYBaHHS T4 aKTUBHOI'O PEKUMY € BiTHOCHO BUCOKHM.
Sx 1 Raspberry Pi, BiH morpebye nobpe OydepusoBaHOro Ta peryipoBaHoro mkepena 5 B; kpamie
MEPEHOCUTDH KOJMBAaHHS HaBaHTaKEHHS, HIX Pi, ane Bce 0gHO BUMarae perenbHoro mianyBaHus [23].

OLiHIOIOYN EHEPrOXHBICHHA SIK KPUTUYHUHN (akTop npu BubOopi miardpopmu Arduino Uno Tta
Teensy 4.1 ocnHamieni 0a3oBUMHM cCTa0UTi3aTOpaMH HAaNpyrd, ajié HE PO3PaxoBaHi Ha EHEPrOEMHi
KoH(pirypaumii.

ESP8266 Ta ESP32 uyrnuBi 10 KOJMBaHb HANpPyrd Ta BUMAaraloTh PETEIbHOTO MPOEKTYBAHHS
CHCTEMH XHMBJICHHS AJIs1 3a0e3MedeHHs CTa0iIbHOT pOOOTH.

STM32, Raspberry Pi 4, Particle Photon ta BeagleBone Black notpeOyioTs BHCOKOsSIKICHOTO Ta
CTabIIBHOrO JKepesa >KUBJICHHS U1 KOPEKTHOr'0 (DyHKLIOHyBaHHS.

BBC micro:bit He npu3HaueHHi 11 POOOTH Y CHCTEMax i3 CHUIbHUMU €HEPreTHYHUMHU MIMHAMHU
JpoHa.

Hapiiine 3oBnimme mkepeno xusneHHs (BEC, UBEC, PDB) e neoOxiguum s OimbLiocTi
1aThopM, 0COOIMBO MPHU BUCOKMX HABAHTAXKEHHSX M1 4ac MOJIbOTY.

Haii6inpm 36amancoBaniMHu Ta (YHKLIOHATBHUMH AJISI CTBOPEHHS CHCTEM KEpyBaHHS IOJBOTOM
BusiBuincst ESP32, Teensy 4.1 ta STM32 «Blue Pill». Li mnatdopmu moegHYyIOTh: BUCOKY OOUHCITIOBAIEHY
MOTYXHICTh, po3BUHERY minTpuMKy nepudepii (LM, UART, 12C, SPI), moxxnuBicTs poOOTH 3 TaTYNKaAMH
Ta KamepamH, cyMicHIcTh i3 RTOS, 1m0 € KpUTHYHO Ba)XJIMBUM Ui 3a7ad peansHoro yacy. ESP32 mae
JIOJIATKOBY TiepeBary y Burisai BoOymoBanoro Wi-Fi ta Bluetooth, a Teensy 4.1 Bupi3HA€TbCS HAWBUIIION
TAKTOBOIO YaCTOTOIO Ta TOUYHICTIO TaitMepiB. STM32, monpu HU3bKY BapTiCTh, 3a0e31euye cTaOIbHICTh Ta
PO3LIMPIOBAHICTh, X04Ya BUMArae MNeBHOT0 JOCBiAY Ui HanamrtyBanHs [12-17; 21-23].

MeH1I onTUMalIbHIMHY BapiaHTaMHU BUSABUIIMCA:

1. Arduino Uno ta ESP8266, sxi migxoasaTh Julle A7 HaBYaJIbHUX YK IPOTOTHITHUX MTPOEKTIB Yepes
o0MeXeH1 pecypcH Ta BiACYTHICTh MOBHOLIIHHOI MIATPUMKH 3aJiad PEaIbHOTO Yacy;

2. Raspberry Pi 4 ta BeagleBone Black matoTs BCOKY 0OYHCITIOBAIBHY MOTYXHICTh Ta PO3BUHEHE
MpOrpaMHEe CEPEAOBHUINE, MPOTE iXHA CKIATHICT Yy KEpyBaHHI XHUBJICHHSAM Ta BiJCYTHICTh TrapaHTii
peajbHOro 4acy poOJsaTh iX KpallMHM JUI JOMOMDKHUX OOYHMCIIOBAIBHUX 3aAad (HAaIpUKIal, Bi3yalbHOT
00poOku abo TenmeMeTpii) 3amMicTh OCHOBHOT'O KOHTpOJIEpa MOJIbOTY;

3. BBC micro:bit Ta Particle Photon uepe3 anapaTHi oOMexeHHs, CIIPOIIEHE EHEPTrOKUBICHHS Ta
oOMexeH1 iHTepdelicu HenpruaaTHi Al CKIagHuX apoHis [12-17; 21-23].

Bucnosku. [IpoananizoBani miatdopmu nmokazamu, mo ESP32, Teensy 4.1 ta STM32 «Blue Pill» €
HaiOuIbI mouiabHUM BuOOpoM i kepyBaHHS BIIJIA 3aBasku BHCOKiIH NPOXYKTHBHOCTI, MIATPUMIL
nepudepii Ta MOXKIUBOCTSIM 00poOku B peasibHOMY uaci. Arduino Uno ta ESP8266 marote oOMmexeHy
MPUAATHICTE JUIA CKJIaJHUX TOJILOTHUX 3aBlaHb. Raspberry Pi 4 ta BeagleBone Black, He3Baxxarouu Ha
00YHUCITIOBAIbHY HOTYXHICTh, MalOTh OOMexeHHs 4yepe3 BiacyTHicte RTOS Tta cknamHicTh ynpaBiiHHS
KHUBJICHHSIM.

IepcnexkTBY MOAAIBIIUX AOCTiIKeHb. [loganpin HOCTIIKEHHS MOXYTh OyTH 30cepellKeHi Ha
ONTHMI3alii EHeProCcnOXUBAHHA, PO3pOOLI aTallTUBHUX aJrOPUTMIB KEpyBaHHS IMOJBOTOM Ta iHTErpaLii
OUIBII CKJIAJJHUX CEHCOPHMX CHCTEM JUIS MiABHILEHHS aBTOHOMHOCTI ApOHIB. Takoxk MepcreKTHBHUM
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HaNpsAMOM € BUKOPUCTAHHS LITyYHOTO iHTEIEKTY Ul ONTUMI3alLil MappyTy Ta cradiiizamii moJbOTHIX
XapaKTePUCTHUK.
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MPABUJIA O®OPMJIEHHS TA IOJAHHS CTATEA

CrarTs HagCUIIA€ThCS IO pelakiii 30ipHUKa y ManepoBOMY BapiaHTi 3 MiANKUCAaMHU aBTOPIB
Ha azapecy: 43018, m. Jlyupk, Byn. JIeBiBcbka 75, Jlyupkuit HTY; B eneKTpoHHOMY BHUIJISIL Y
¢dopmati MS WORD- Ha enektponHy azapecy: naukovi_notatki@lutsk-ntu.com.ua. O6uasa
BapiaHTH MOBUHHI OyTH 11€HTUUYHUMH.

HaykoBa crarrs 000B’SI3KOBO NOBHMHHA MATH HACTYNHI HeOOXiHI ejleMeHTH:
[IOCTaHOBKAa MpoOJeMU y 3arajJbHOMY BHIVIAAI Ta il 3B'I30K 13 BaXJIMBUMHU HAYKOBUMH YU
MPAKTUYHUMHU 3aBIAHHIMH;, aHAI3 OCTAaHHIX MOCTIKEHb 1 MyOMiKalliid, B SKUX 3all09aTKOBaHO
PO3B'sI3aHH AaHOT MPOOIEeMH 1 Ha SIK1 CIIUPAETHCS aBTOP, BUALICHHS HEBUPIILIEHUX paHillle YaCTUH
3arajibHOi MpoOIEeMH, KOTPUM NPHUCBIUYETHCSI O3HAYEHA CTATTSA; (POPMYIIIOBAHHS LUIEH CTaTTi;
BUKJIa/l OCHOBHOT'O Matepiany JOCTHKEHHS 3 MOBHUM OOIPYHTYBaHHSM OTPUMAaHUX HayKOBHUX
pe3ybTaTIB; BUCHOBKH 3 JAHOTO JOCTIHKEHHS 1 IEPCIIEKTUBU MOAATIBIINX JOCTI/DKEHb Y TaHOMY
HanpsMKY.

1. CraTTioO MOKHA NOAABATH YKPAIHCHKOI0 a00 aHIJIIiCbKOI0 MOBOI. CTaTTs IOBUHHA
Oyt HaOpaHa y TekcToBoMY peaakTopi He Hikde MS WORD 97/03 1 HagpykoBaHa TUTbKH
Ha JIa3epHOMY ab0 CTpyHHOMY NpHHTEpi Ha OuMxX Jnuctax ¢opmaty A4 (297x210 mMm).
Hymepartito cTopiHOK He BUKOHYBaTu. OOcsr cTaTTi Bifg 4-9 CTOPIHOK.

2. TlapameTpu CTOpPIHKH: BEpPXHE, HIXKHE Ta JIiBE MoJie — 2 cM, IpaBse noJie 2,5 cM. Bix kpato
JI0 KOJIOHTUTYJIa BEpXHBbOTO — 1,25 cM, HUxkHBOTO — 1,25 CM.

3. IHanxka crarti: inpeke YK, iHiianu Ta npi3BHIa aBTOPIB PO3MIIIYEThCS HA OJUH a03all
Hkue mpudTom 11 1T, Ha3Ba opranizaiii — HAOMPaAIOTHCS 3 HOBOTO psiaKa mpudTom Time
New Roman Cyr po3mipom 11 0T 3 OAMHapHUM MDKPSJIKOBUM IHTEpBAJIOM 1
BUPIBHIOIOTBCS MO IIeHTpY. Ha3Ba craTTi po3MmillyeThbCcsi Ha OAMH ab3all HUXKYE Ha3BU
opranizaiii, Habupaerbca mpuprom Time New Roman Cyr posmipom 11 nr 3
HaMBXXUPHUM BUIUICHHSM 1 BUPIBHIOETHCS 110 LICHTPY.

4. AHoTauii ykpaiHCbKOIO Ta aHIJIIMCHKOI0 MOBaMM HaOMpaOThCS 3 a03alHOTO BIACTYIY
mpugToM Time New Roman Cyr po3mipom 9, kypcus, Hanigxupauii 300-500 npykoBaHuX
3HAaKIB 3 OIMHAPHUM MDKPSAKOBUM IHTEPBAJIOM 1 BUPIBHIOIOTHCS O IIUPUHI; aHTJTIHCHKOIO
MoBamH posmmpena aHortauist 700-1000 qpykoBaHUX 3HAKIB.

5. Hwmxue anorariif 000B’43K0BO BKa3ylOThCs KJIFOUYOBI ciioBa mpudTrom Time New Roman
Cyr, KypcuB, HaIBXXUPHUIHA 9 MIT.

6. OCHOBHMH TEKCT pO3MIIIyeThCsl Ha | cM HMXK4Ye aHOTAIllld, HabupaeTbcs 3 a03aIHOTO
Bigctyny 1 cm mpudrom Time New Roman Cyr posmipom 11 0T 3 oauHapHUM
MDKPSIKOBUM IHTEPBAJIOM 1 BUPIBHIOETHCS MO HIMPHHI.

7. Hna HabupanHa QopMmyn 3acTocoByBatu  penaktop ¢opmyn MS  WORD
(BUKOPHCTOBYBATH HlpI/I(I)TI/I' Symbol, Time New Roman Cyr; po3mipu mpudTis:
3BUuaiiHuid 12 nt, KpynHUil iHAeKkc 7 0T, ApiOHMN HIEKC 5 NT, KpynHU cumBoa 18 mT,
npibHuit cumBosl 12 nit). PopMmyna BUPIBHIOETHCS MO LEHTPY 1 HE MOBUHHA 3aiiMaTH
OutbIIe 5/6 MUPUHU psTIKa.

8. Skmo B cTarTi MPHUCYTHI UIIOCTpalii, HEOOXIJHO pO3TAlIOBYBaTH IX IO TEKCTY,
BUpiBHIOIOUM minnucu (Puc. 1. Cxema ...) o mupuHi 3 ab3anHoro Biactyny 1 cMm. Apyruii
eK3eMIUIIp LTIoCTpalii HeoOXiTHO MoJaTH Ha OKpeMoMy JuCTi. mroctpanii moBuHHI OyTH
YITKUMHU Ta KOHTPACTHUMH.

9. Tabnuui po3TamoByBaTH MO TEKCTY, IPUUYOMY iX IIMPHUHA MOBUHHA OyTH Ha 1 cM MeHIIa
mupuHH psaka. Han tabauuero noctaButy ii nopsakosuit Homep (7a6a. 1) BUPIBHIOIOUU
10 MIPaBOMY Kparo, i SKUM PO3MICTUTH Ha3BY TaOJIMIIl BUPIBHIOIOUU MO LIEHTPY.
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10. Jlireparypa mojaeThcsi 3arajbHUM CIHCKOM B KiHII PYKONMMCY 3TiJHO 3 BHMOTaMH
Jep>KaBHOTO CTaHAAPTY yepe3 | cM BiJ OCTAHHBOTO PsIJIKA.

11. O60B’s13K0BO MOJATH CTATTIO. HA Ja3epHOMY JTUCKy. CTaTTi MOKHA TAaKOX MEpeCcHIIaTH
€JIEKTPOHHOIO TOIITOXO 3a Takoo azpecoro: naukovi_notatki@lutsk-ntu.com.ua

12. Jlo craTrTi 000B'SI3KOBO JI0JIA€THCS PeleH3ifl 6i0 NPOBITHOTO BYCHOTO 32 HAYKOBHM
CIIPSIMYBAaHHSIM CTaTTi Ta aBTOPChbKAa J0Bilka y NMCHbMOBOMY Ta €JIEKTPOHHOMY BUTJISAI1
3a BKa3aHOIO (hOpMOIO:

IpizBume, Im’s, Ilo-6aTbKOBI

Micue podoTu, mocaga, HAyKOBHH CTYNliHb, BYCHE 3BAHHS
Hayxkosgi inTepecun, ORCID

Ha3sga cratTi Ta 0co0MCTI mianmucu ycix aBTopiB

Anpeca 1Js1 JMCTyBaHHs, TeJeQoH, e-mail, KOHTAaKTHY 0c00y

14. B kinui crarti 000B’a3Kk0BO BKa3ytoThes [11b, mocany, HaykoBHii CTyMiHb, BUEHE 3BaHHS
pEeleH3eHTa CTaTTi.

15. Pykonucu, 1110 He BiANOBIIAI0TH BUIIIE BKa3aHUM BUMOTaM, HE PO3TJISAAIOTHCS 1 10 APYKY
HE [IPUHAMAIOTHCS.
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3PA30OK O®OPMJVIEHHSA CTATTI

YJK: 620.179.16
LI Isanos', ILIL Ierpos’
Jhybkuti HayioHanvHull MexHiYHUll YHigepcumem
TepHoninbcokuii HAYIOHATLHUL MEXHIYHULL YHIgepcumem

1
2

HABJIMKEHE BU3HAYEHHS OCI KOHOIIA, TPEJCTABJEHOI'O JIUCKPETHAM
KAPKACOM TBIPHUX

Po3pooneno anzopumm HAOAUIHCEHO20 GUBHAYEHHA OCI KOHOIOA, NPEOCMABNEeH020 OUCKPEMHUM KAPKACOM
CRIIbHUX MGIPHUX.
Knruoei cnosa: sicoy konoioa, Ouckpemuuil Kaprac, meipHa.

I. Ivanov, P. Petrov
AXIS APPROXIMATE DEFINITION OF CONOID DESCRIBED BY THE SET OF
STRAIGHT LINES

The algorithm of axis approximate definition of conoid described by the set of straight lines is made. The approximate
conoid axis is a lane. Conoid is created by straight lines.
Keywords: conoid axis, discretely carcass of straight lines.

IMocranoBka npodJjemu. Ha koHOiA1, pencTaBlIeHOMY AUCKPETHUM KapKacoM.. ...
AmHaJi3 ocTaHHiX JocTiTKenb i myOaikamii. Hackineku Biomo aBTOpYy 3......
IMocranoBka 3aBaanb. B po0oTi IOCTaBIEHO METY — PO3POOUTH AJITOPHUTM. ...
BuxkiagenHst ocHoBHOro marepiany. i1 HaOnmmkeHOro BU3HAUEHHS OCi BUKOPUCTOBYBAJIacs Taka
BJIACTUBICTH KOHOIMIB: YCi TBIpHI MOBEPXHi MepeTUHAIOTH 1i Bick [1].
(opmyra (1)
Pucynox

Puc. 1. Ha3Ba pucynka

Tabn. 1.
Ha3zBa Ta6anui

BucnoBku. B craTTi po3po0ieHo alnropuT™M HaOIMKEHOTO. . ..

Cnmncoxk BUKOPHCTAHUX JIKepeJI:

1116, mocajaa, HAYKOBHH CTYIiHb, BUCHE 3BAHHS PEIEH3EeHTIB CTATTI.
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Iina norosipna

MixBy3iBcbkuil 30ipHMK HaykoBHX npanb «HaykoBi HoTaTkm» 3a rajay3siMu 3HaHb
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