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0. O. {uos, 0. M. KnumeHKO

PO3POBKA TUIIOBOI APXITEKTYPU IOBYJ1OBU IU®POBUX
IBIMHUKIB B ABTOMATHU30BAHOMY BUPOBHUIITBI ITPU KEPYBAHHI
O4YVMCHHMMMU CIIOPYIAMMU

AHomauyis. Y cmammi 3anponoHosaHo munogy apximekmypy no06ydosu yugpposozo
0giliHuKa 8 asmomamu3o08aHomy 8upoOHuUYymaei. Bona rpyHmyemoscs Ha 8UKOPUCMAHI
pieHie 0na MiHimi3auii uacy po3pobneHHs yugposozo dsiliHuka ma 3abe3neuye
2HYUKicms ma 30amHicms NOCMyNnoso po3wuposamucs 0e3 padukanbHux 3MiH.
PosznssHymo pigHi cucmemu ma HaoaHo pekomeHoauii, wodo ckaadosux pieHie ma

iXHb020 p0O3pO0IEHHS.

Knwuoei cnoea: apximekmypa uyugposozo O08itliHuka, uugposi  08iliHUKU,
asmomamu3oeaHe 8UpoGHUYME0, OUUCHi cnopydu, 6azamopieHesa apximekmypa, IoT,
XMAapHi 00UUC/IEHHS, 2PAHUYHT 06UUCTEHHS.

[TocTaHOBKA MpPOO6IEMMU.

CyuacHi OYMCHi cIOpyaM € CKJIQOHMMU TEeXHOJOTiYHMMM 00'e€KTaMu,
edeKkTUBHe yIpaB/IiHHS IKMMM MOTPeOye BIPOBAIKeHHS MUAPOBUX ABIMHUKIB 1151
MOJe/II0OBaHHSI, TPOTrHO3YBAaHHSI Ta ONTUMIi3allil MPOLeCiB OUMINEHHS B peaJbHOMY
yaci. B konuemniii Ingyctpii 4.0 KoskeH aKTUB MOBUMHEH MaTy LMU(POBY KOITil0, TOMY
B aBTOMAaTM30BAaHOMY BMPOOHMUIITBI HAOyBa€ MOIIMPEHHS IMOeTariHe BIIPOBAIKEHHS
1nbpoBUX OBIHMKIB, TIOYMHAIOUM 3 IIJIOTHMX TIPOEKTIB 1 IOCTYHOBUM
MaclmTabyBaHHSIM Ha Bci migposmiim  ab6o mnpouecu. OCHOBHMMM — LISIMU
BIPOBa>KeHHS 1IMMPOBUX ABIMIHMKIB € 3HMKEHHS BUTpPAT Ha €HeprocIiOKMBaHHS,
MOKpallleHHsT  SIKOCTi  MPOAYKIlii, mMiABuUIleHHS e(eKTUBHOCTI TeXHiUHOTO
00CTyTOBYBAHHS Ta CKOPOYEHHS 4Yacy IMPOCTO. I TyT MmocTtae HayKOBO-IIPAKTUUYHA
npo6sieMa GopMyJTIOBaHHS TIPUHIIMITIB TTOOYI0BU 1IMPPOBUX ABIMTHUKIB Ta pO3POOKHU
TUIIOBOi apXiTeKTypy, sika O CchOpusyia IIBUAKOMY BIIPOBAIKEHHIO ITIJIOTHUX
MIPOEKTIB 3 MOCTYMOBUM MaclITabyBaHHSIM IMGPOBUX NBiiHMKIB HA BCi aKTUMBU Ta

nmponec aBTOMaTiM30BaHOI'O BI/II)O6HI/ILLTB8..

© SHoB 0.0., Kimmmenko O.M., 2026 Copyright for this paper by its authors. Use permitted under
License CC BY 4.0.
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AHaJi3 OCTaHHIX IOCTiIKeHb. AHaji3 AOCTiIKeHb 3 iHTerpaiii IM@PoBUX
IOBiiHMKIB y BMPOOHMIITBO IIOKa3aB, IO iCHYIOTh Pi3HOMAHITHI Iigxomu, SKi
JO3BOJISIIOTD ITABUIIUTY TOUHICTD i e(DeKTUBHICTh, a TAKOXK 3HMU3UTU BUTPATH i Uac
Ha po3poOKy [1]. Ajse [ MOCTYHOBOTO BIIPOBA/KeHHS LMAOPOBUX ABIHUKIB Y
MIPOMMICJIOBOMY CEpeIoBUINi HeOOXigHO IIPOBeCTM MOMATKOBI [MOC/iIKEHHS Ta
craHaaptusanio. Tpeba BU3HAUMTHM Y3rOIKEHY KOHUEIL{0 IS LiIiCHOTO
BUKOPUCTAHHS UMOPOBUX [BIMHUKIB, IO OXOIUIIOE IMTAHHS CTaHIApTU3allii
intepdeiici, ix B3aeMoii Ta egeKTMBHOTO 0OMiHY iHGOpMali€io, o6 3a6e3rmeunTn
IIMPOKe BIIPOBAJKEHHS LMX IMiAXO0AIB Y IPOMUCIOBICTD [2]. V 3B'I3Ky 3 LIMM I10CTa€
HAYKOBO-IIPaKTMUHA 3aJada 3i CTBOpPEHHSI TMIIOBOI apXiTeKTypu CUCTeMU 3
BUKOPUCTAaHHSIM HM(POBUX ABiMIHUKIB.
MeTta pociigkeHb. MeTOI0 OOC/IMXKeHHS, HaBeJeHOro B [JaHiii CTaTTi, €
BU3HAUEHHS TUIIOBOI apXiTeKTypy CUCTEMU 3 BUKOPMUCTAHHSIM IIMMPOBUX ABiiHUKIB
B aBTOMAaTM30BAaHOMY BUPOOHUIITBI. Takoxk OYAyTh PpO3IJISIHYTI pPi3HOMAaHITHI
iHcTpyMeHTH Ij1si cuMyssiii GisMuHMX TpolieciB, 360py, 06poOKM Ta 30epiraHHS
indopmariii, Bisyasisaliii MeTpuMK Ta cTaHiB LM POBOro ABiMiHMKA, TUTAHHS Oe3I1eKu
Ta TUIOBI UJISIXM BIIPOBAKEHHS IM(PPOBUX IBiITHMUKIB.
BukinageHHsI OCHOBHOTO MaTepiany Jocaigkenb. Ciil 3a3HAUUTH, 110 MiAX0OU
0 pO3poOKM LMPPOBMUX [BIMHMKIB y BUPOOHMIITBI myske PpPi3HOMAaHiTHi, IO
BimoOpaskae pi3HOMAHITHICTD BUPOOHMUMX IIPOIECiB, IliJIeil i TEeXHOJIOTiUYHMX
ekocucteM. LI MIHAMBICTP BMHMKAE BHACTAIZOK TakuMx (aKToOpiB, SK TUII
BUPOOJIEHOTO TIPOAYKTY, CKIAAHICTh BUPOOHUYOI CUCTEeMM, PO3BMHEHICTh IMDPOBOI
iHppacTpyKTypM opradizaiiii Ta KOHKpeTHi IIiJli (HampuKIag, OINTUMi3allis,
IIPOrHO3HE OOCTYroBYBaHHS ab0 KOHTPOIb SIKOCTi). Buxomsium 3 1LbOTO mepe
CTBOPEeHHSM 1M(POBOTO ABiliHMKA BAPTO BpaXOBYBaTU HACTYMHI akTOpu:
1. O6c¢se i demanizauis.
a. OguH axkTuB: LMPOBUII IBIMHMK OIHOIO BepcTaTa IJis
MOHITOPMHTY 3HOCY YU ONTHUMIi3allii, 3 NPOCTUMM MOJEJSIMU Ta
JaTUMKaMM.
b. CucreMa: MoIeIOBaHHS LiJIMX JIiHi 4M 3aBOJiB i3 CKIaJHUMMU
IoT-nnatdhopmamu 151 BpaxyBaHHS B3a€EMO3B’SI3KiB.

2. IDrepena daHux ma inmezpayis.
a. [oT mipucTpoi: PeanbHi gaxi 3 [oT mpucTpois.
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b. Tpamuiiitai cucremn: Iani 3 PLC un SCADA uyepe3 npomiskHe
IporpamMHe 3abe3meueHHs].

C. lopun: IMoeguanHsa peanbHMx maHux 3 IoT mpuctpoiB Ta PLC,
SCADA i3 paunmu ERP/MES cucrtem 1j1s1 KOHTEKCTY.

3. TexHiKu M0OeN08aHHSL.
a. ®isnuni: Touni mopmeni (MATLAB) nmas cumynasiii GisMaHux
MPOIIECiB.
b. MamnaHne HaBuaHHS (Machine Learning): mjs mporHosiB Ha

OCHOBI TPeH/IiB.
C. lopun: Komb6iHalisi mopenoBaHHS Qi3sMUHMX  SBUIN, 3a
IIOTIOMOTOI0 TOUHMX MOJIeJIeli Ta MaIlllMHHOTO HaBYaHHSI.

4. TexHo102iUHUTI CMEK.
a. Ha ocHoBi roToBux piiieHb, Takux Ik AWS IoT Core, Azure IoT
Hub, Siemens MindSphere, GE Predix Platform Ta inmri.
b. BnacHi pimeHHs Ha XMapHUX TexHosorisix AWS, Azure, GCP un

BiAKPUTUX IHCTPYMEHTAaX.

C. KombiHairist roTOBMX iHCTPYMEHTIB i CKPUIITIB.

5. Mema 1i BuKOpUCMAaHHs.
a. [IporHo3yBaHHS: BusiBiieHHs 360iB i3 ML Ta gaTumMKamMm.
b. Ontumisanis: HamamryBaHHS NIPOLECIB i3 CUMYJISILISIMUA.

KoHTposb siKocTi: BimcreskeHHS medeKTiB i3 CTaTUCTUUHMMMU iHCTPYMEHTAMIMA.
Takosk HeOOXigHO BpaxoByBaTy OIOIKET IS CTBOPEHHS M(POBUX IBiMHMUKIB,
SIKMI TIOMITHO BapilO€TbCS 3aJeXHO Bif MacmiTaby MPOeKTy, Taly3i, CKIagHOCTi
TEXHOJIOTiii Ta piBHS 3pisocTi iH@pacTpykTypu. KomrmaHii yacTo MOYMHAKOTh 3
MaJioro i MacITabyiThCsl, TOMY apXiTeKTypa CUCTeMU 3 BUKOPUCTAHHSIM I POBUX
IBifHMKIB MOBMHHA OyTM MOJIY/JIbHOIO, THYYKOI, EKOHOMIUYHO BUTiTHOO Ta 3/IaTHOIO
TTOCTYTIOBO PO3IIMPIOBATUCS Oe3 paJiuKaJIbHUX 3MiH.
Terep Mo>kHa BU3HAUMUTY OCHOBHiI MPUHLMITU TUIIOBOI apXiT€KTypU CUCTEMMU 3
BUKOPUCTAaHHSIM LIM(PPOBUX NBIITHUKIB:
1. MonynbHicTb: KoskeH piBeHb J1o/la€ HOBi KOMIIOHEHTH 6e3 repedya0Bu
OCHOBM (HampuKaz, Bif JokajibHOro SQLite 1o xmapHoro DynamoDB).
2. Bigkputicts: [TouaToK i3 6e3KOIMITOBHMX iHCTpyMeHTiB (Python,
Raspberry Pi) mo3Boisie 1erko nepeitu no komepiiiinux (AWS, Siemens).
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3. Macmra6oBaHicTb: XmMapa Ta [oT-1u1031 3a6€311eUyIoOTh IIOCTYIIOBE
pO3IIMPEHHS BiJl OLHOTO aKTUBY 0 3aBOIY.

4. TlIpoctora ctapTy: JIOKa/ibHi pillleHHS 3HWKYIOTh ITOYATKOBI BUTPATH i
3aJIEXXHICTD BiJl 30BHIIIHIX CEPBICiB.

5. Be3smnexka: [Ioma€eThCs IMOCTYIOBO BiJ 6a3oBoro mmdpysands (HTTPS)
no noBHux pimeHsb (TLS, OAuth).

BpaxoByioun Buille3a3HayeHi MPMHINUIIM MoXHa chopmysnioBaTu piBHi (Layers)
TUIIOBOi apXiTeKTypM CHUCTEMU 3 BUKOPUCTAHHSIM UMAPOBUX MOBiiHMKIB B
aBTOMAaTM30BaHOMY BUMPOOHMIITBI SIKi TIpeacTaBieHo Ha puc. 1: dismunnit (Physical
Layer), piBenp mpuitomy panux (Data Ingestion Layer), piBeHb 30epeskeHHSI Ta
00pobku manmx (Data Management Layer), piBeHb MOJeJIOBaHHS Ta imiTalii

(Modeling and Simulation Layer), aHa/iTUYHMi Ta MpUKIAgHMI piBeHb (Analytics

and Application Layer).
Factory data center ey Cloud
'@’ ooc=
9F i .
loT Devices . oo/ Real-time
: . manitoring
MQTT. Time-series DB Physical Model
@Z— —OPC UA,» I' —HTTPS > — > — ES: 3
HTTP Al P
Edge ; .
Sensors : i AlML Algorithms Predictive
Computing Relational DB Maintenance and
Optimization Tools
~ < © (o
N 2
Actuators Cloud Storage Simulation Engines Control Systems

PucyHox - 1. ApxiTekTypa Moyt rpadiuyHoro intepdeiicy

®isuyHMUit piBeHb i piBeHb NMPUIOMY AAHUX 3HAXOISITbCS Oe3IocepeqHbO Ha
BUPOOHMIITBI, IO [0O3BOJIsIe MiHiMi3yBatTu Tpadik nuistxom ¢inbTpalii Ta
TpaHchopmaliii gaHMX 3 TMOJa/JbIIMM HaACUAAHHIM B XxMapy. IHIIi Tpu piBHi
3HAXOASITbCSI B XMapi, MPOMOHYIUYM T'HYUKiCTh Ta MacHITaboOBaHiCTh, IIBUIKE
PO3ropTaHHs, JOCTYITHICTh, EKOHOMIIO BuTparT (“pay-as-you-go”), Toio.

Po3srisiHemo 3a3HadeHi piBHi JeTalbHO.

@izuunuti (Physical Layer) pigeHb - 1le CYKYIHICTh peaJbHMX 00'€KTiB abo

TMpolieciB, TakMX SIK MalllMHM, arnapaty, OyIiBiIi, BUpOOHMYI JIiHii UM TeXHOJIOTiUHi
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BY3/M OUMCHUX CcrOopynd (aepoTeHKM, BiACTi/iHMKM, HACOCHI CTaHIlii), $Ki
MO/JIeTIOIOTHCST IIMPPOBUM crioco60oM. BiH BKiouae mgaTumku Ajisi 300py MEPBUHHUX
IaHuX (HampuKIad, TeMmIiepatypu, TUCKY, HIBUAKOCTI IOTOKY, PiBHS PO3UYMHEHOIO
KMCHIO, KaJaMyTHOCTi YM KOHIIEHTpallii 3a0pyIHIOIUMX PEUYOBMH), BUKOHABYI
MexaHi3MM JIJIsI KOpUTYBaHHS IapaMeTpiB ITPOIlecy Ha OCHOBi LM(POBUX CUTHAIIB
(peryyisiTopy 4acToOTM 0OepTaHHSI HAcOCiB, 3aCYBKM, 03aTOPM peareHTiB), a TaKOX
IoT-puctpoi, mo 3abe3reuyioTh CTAOIIbHMII OBOCTOPOHHIM 3B'SI30K (Qi3MUHOI
cuctemu 3 ii mmubpoBuM ABiiHMKOM. Lleit piBeHb € kepesioM HeoOpOOJIeHOTO
MIOTOKY TeJieMeTPUUHUX NaHUX Ta OJHOYACHO BMKOHABYOIO JIAHKOMO, SIKa peasi3ye
Kepyudi KoMaHIy, OTpMMaHi Bix 1u@poBoro ABiiiHMKA Y BiAIMIOBiAb HAa pe3yabTaTu
AHAJTITUKN.

Pigenv nputiomy Oanux (Data Ingestion Layer) BimmoBimae 3a 306MpaHHS,
OesmeuHy mepemauy, Oydepusalilo Ta IepBMHHY OOPOOKY maHuX i3 ¢isMIHOro
o6'exta. Bin BuKopucroBye iHpopmalliro 3 matumkiB Ta [oT-mpucTpoiB, a TaKOX
npomucioBi Ta IT-nipoTokonu 3B's13Ky, Taki S5k MQTT, OPC UA, Modbus TCP uu
HTTP, apmanTyioum ix mig creun@iky KoskHOro Tumy ob6magHaHHS. OCHOBHUM
apXiTeKTYpHUM eJIeMeHTOM IIbOTO PiBHS € rpaHnuHi ooumciaeHHs (Edge computing),
IO TIOMEepeaHbO OOPOOJISIIOTh AAHi JIOKATbHO - BUKOHYIOTH (ibTpallifo IIyMiB,
HOpMasti3allilo, arperaiilo Ta BUSIBJIEHHSI aHOMa/JbHUX 3HauyeHb OJISI 3MEHIIeHHS
MepexkeBOi 3aTpUMKM, e(eKTUBHOIO BUKOPUCTAHHS IMPOMYCKHOI 3IaTHOCTI KaHATy
3B'SI3Ky Ta MiJABUIINEHHS CTiIKOCTi CUCTeMM IIpM TUMYACOBili BTpaTi 3'€JHAHHS 3
xMapolo. Lleit piBeHb 3abe3meuye 6e3rnepebiiiHmii, 6e3meyHnii Ta BiIMOBOCTiKMI1
00MiH JaHMMMU MiK Qi3MUHOIO CUCTEMOIO Ta ii HMGPOBUM ABIHUKOM.

PigeHv 30epexceHHs ma o006pobku Odanux (Data Management Layer) 36upae,
VIIOPSIIKOBYE, 30epirae Ta BIOCKOHAJIOE BXiAHI JaHi, 106 BOHM Oy/IM MPUIATHUMU
IJIsT MOJEIIOBAHHS Ta IOJa/IbIIOi aHATITUKM B Mexkax IudpoBoro ABiliHMKa. Bix
BUMKOPUCTOBYE PIi3HOPiZHI IHCTPYMEHTM, TaKi SIK 0a3M HAaHMX YaCOBUX PSIiB
(nanipukian, InfluxDB um TimescaleDB), pendiiiiiHi 6asu maHux (HampuKiIam,
PostgreSQL) a5t 36epiraHHsI CTPYKTYPOBAaHOI KOHTEKCTHOI iHdopMaliii abo xmapHi
00'exTHi cxoBumia (Hanpukiaan, AWS S3) mjist apxiBallii BeJIMKUX 0OCSTiB iCTOPMUHMX
naHux. JlaHuii piBeHb 00'€IHY€ MaHi peaJibHOIO Yacy 3 iCTOpMUHOK iHdopMalli€o,
IOBiIHMKAMM Ta 30BHIIIHIMM [Kepejiamy (MeTeOpPOJIOTiYHUMM, J1abOpaTOPHUMMU

aHajizaMm), a TaKOX IIOKpallye HeoOpoO/eHi MaHi 3a JOIMOMOIOK OYMIIEHHS,
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Baslijallii, Aenyrutikaiii Ta arperatiii [3]. OcHoBHa (yHKIIisl LIbOTO PiBHS Ma€ Ha MeTi
3a0e3rmeunTy IIiJIiCHY, y3TOMKeHy Ta [moOpe opradHizoBaHy 0a3y mgaHuUx OjIsi
MO eJIIOBaHHS 1 aHAIITUKA.

PigeHvb moodeniosanHs ma imimauii (Modeling and Simulation Layer) €
L[eHTPaJIbHMM OCepekoM CcucTeMu LMUPPOBOro [ABiliHMKA, Je CTBOPIOETHCS,
KaJTiOpyeTbCsl Ta IIOCTifHO OHOBJ/IIOETHCS CKJAaJHA BipTya/ibHa KOITiSI peaabHOIO
o6'exta. BiH BK/IIOUA€ Taki KOMIIOHEHTH, SIK 3D-Mogmeni abo ismuni cumynsiii
(nanipukinan, CAD-mpoekTM Ta TigpoauHaMiuHi Momemi) s BigoOpaskeHHS
reoOMeTPUYHOI CTPYKTYpU Ta AMHAMIKM MOBeIiHKM (Pi3sMuHOro 006'€KTa, aJIrOPUTMU
IITYYHOTO iHTEeJeKTy Ta MAaIIMHHOTO HaBUaHHS [JiS MPOTHO3HOI aHaiTUKH,
BUSIBJIEHHSI aHOMaJIil [4] Ta onTUMi3alil IPOAYKTUBHOCTI TEXHOJIOTIYHMX MTPOIIECIB,
a TaKOX MOTYXKHI CMMYJISILiViHI raTdhopmu, SIKi T03BOJSIOTh HUGPOBOMY ABIIHUKY
BiITBOPIOBATM Ta MOCTIMKYyBaTU TOBEMiHKY (i3MYHOTO 06'€KTa Yy BipTyaJbHOMY
cepenoBuilii. MATLAB i Simulink Bupi3HSI0TbCS B MaTeMaTUYHOMY MOZE/TI0OBaHHi Ta
CUMYJISILii AMHAMIYHMX CHUCTeM, 3abes3rneuyiouy OeTaJbHUil aHasli3 TeXHiUYHMUX
cileHapiiB i peakiiiii, 3aJIe;KHMX Bill 4acy, Ta JO3BOJISIIOTh OyayBaTyu Mopesi y dhopmi
nudepeHLiaTbHMUX PiBHSIHb a00 6/10K-cxeM, Tofi Ik Unity IIporoHye Bizyasisalliio B
peasbHOMYy dYaci y 3D Ta iHTepakTMBHi cepemoBuila IjsI IIPOCTOPOBUX abo
Bi3yaJIbHMX €KCIIePUMEHTIB i MiAroTOBKYM MepcoHamy [5].

3aBOSKM 3aITyCKy TilOTeTMYHMX CIieHapiiB, HampuKIad, 3MiH YMOB pOOOTH,
KOJIMBaHb HaBaHTa)XeHHSI, 3MiHM SIKOCTi BXiJHOI CMPOBMHM UM BiIMOBU OKPEMMUX
KOMIIOHEHTiB, 1IIi iHCTPyMEHTM [OIIOMAaralTb IIPOTHO3YBaTM  MaiOYTHIO
MPOAYKTUBHICTb, 3HAXOAUTU LIJIIXYU IO BAOCKOHA/JI€HHSI KOHCTPYKIIii, ONITMMi3yBaTu
peXXuMM eKkcIuTyaTallii Ta 3MeHIIyBaTM oIlepalliliHi i1 TeXHOJOTiuHi pusuku 6e3
Oyabp-SIKOTO BIUIMBY Ha peajbHMIT 006'eKT. KiouoBa pojb IIbOTO PiBHSI MOJISITa€E y
TOYHOMY BiITBOpEHHi MOTOYHOrO CTaHy GisMYHOro 06'eKTa, CUMYJSIii ¥0oro
MOBeiHKM B peaJibHOMY CBiTi Ta [OCTOBipHOMY TMepeabaueHHi MaitOyTHiX
pe3yJbTaTiB, aBapiiHMX CUTYallili UM IMOTeHLiiHMX MTpo6ieM.

AHanimuuHuii ma npukaaoHuii pieeHv (Analytics and Application Layer) €
KJIIOYOBMM MOCTOM MiX LIM(PPOBUM ABiiHMKOM Ta #Or0 BIUIMBOM Ha peayibHUIA CBIT,
00'eTHYIOUM aHAJTITUYHI MOKIMBOCTi, MOHITOPMHI CUCTEMM Ta 3aC00M B3a€EMO/Iii 3
ormepaTopoM. 3 OOKYy aHaJiTMKM BiH 00poO6Jsie MOTOKM AAaHUX Bif LM(POBOro

IBifiHMKa, 30KpeMa IMOKa3HMKM [OATUMKiB, pe3yJbTaTU CUMYJALi Ta oO6YMCIeHi
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K/IIOUOBi TMOKa3HUKM e(deKTUBHOCTi, BUKOPUCTOBYIOUM MOHITOPUHT Y peajbHOMY
yaci s BUSIBJIEHHSI ITOTOUHMX ITPOOJIeM Ta BiIXMIe€Hb, aJTOPUTMMU IMMPOTHO3HOTO
00CTYyrOBYBaHHS IJIs1 MepenOaueHHs] MaitOyTHiX 300iB (HAINpMK/Ia[, rmeperpiBaHHS
OBUTYHA 3a TPU TWXKHI) [6] Ta iHCTpyMeHTM omnTtuMisanii mjast (GopmyBaHHS
OOIpYHTOBAHMX TPOIMO3UILi/i IIOAO IIOKpallleHb (HAaImpUKIa[, 3MeHIIeHHS
eHeprocIiokMBaHHs Ha 10% a60 CKOpOUeHHSI BUTPATH peareHTiB). Lleil piBeHb TaKOX
BK/IIOUae iHopMallifiHi maHesi Ta CUCTeMM KepyBaHHS, IO HAACWIAIOTh TOYHI
BKasiBKM (Qi3sMuyHOMY 00'€KTy, HAIpUK/IAJ, PEeryaiol0Th IIBUAKICTh KOHBEEPHOI
CTPIUKM, TPOAYKTUBHICTb MOBITPOAYBOK UM [03yBaHHS KOAry/sIHTIB Ha OCHOBI
AQHAJITMYHMX IIPOTHO3iB. Y CBOIO uepry Iieii piBeHb rapaHTye, o IMdpoBuUit
IBIlIHMK - 1@ He IIPOCTO MacMBHA MOJe/Jb, a AOMHAMIUHMUIA IHCTPyMEHT [Jisi
TIPUITHSITTS pillleHb, ONITMMi3allil Ta onepaliiiHoro KOHTPOJIIO.

BucHoBKu. Y CTaTTi 3ampoONOHOBAHO TUIIOBY OaraTOpiBHEBY apXiTeKTypy
CUCTEMM 3 BUKOPUCTAHHAM 1MPPOBMUX [OBIIHMKIB B aBTOMATU30BaHOMY
BUPOOHMIITBI IPM KepyBaHHI OUMCHMMM CIIOpyAaMM, IO AO3BOJISIE PO3MOUYMHATHU
BIIPOBA[>KeHHS 3 0a30Boro (QyHKIiOHaAy OKpPeMOro aKTMBY Ta IIOCTYIIOBO
MacIITabyBaTy CUMCTEMY OO0 PiBHSI Bci€i oumcHOi cmopyau i, 3a mOTpedu, IIiJIOro
nianmpueMmcTBa. lle gocsaraeTbcsi 3a JOMOMOTOI0 pPO3MeKyBaHHSI Ha PiBHi, KOXEH 3
SIKMX € THYYKMM Ta 3JaTHUM ITOCTYIIOBO PO3INMPIOBATHUCS 6€3 pafyKaJIbHUX 3MiH.

Ha 0oCHOBi 3ampOINOHOBAHOI apXiTeKTypu BMU3HAUEHO CTPATEril0 MOeTarmHOTO
CTBOpeHHS 1IM(MPOBOTO ABilfHMKA OUMCHUX CIIOPYA. 3 ypaxyBaHHSIM TOTO, 1[0 OUMCHI
CIIOpyAu, SIK MpaBMJIO, B’Ke OCHAILlEHi Jil040l0 CHCTEMOI0 aBTOMaTHu3allii Ha 6asi
MpOrpaMoOBaHMX JIOTIUHMX KOHTpoJiepiB Ta cuctem SCADA, Ha nepuioMy eTtari ajist
MiHiMi3aIii MoYaTKOBUX KaIliTAJIbHMX BUTPAT K OCHOBHE Kepeyio JAaHUX OOpaHo
icHylouy iHGPaCTpPyKTypy, a I piBHSI MOJeOBaHHS OOpaHO MiAXill Ha OCHOBI
netepMiHOBaHMX GisMYHMX Mofeseii, 1[0 3abesrneuye TOYHEe MaTeMaTUUHe
BiITBOpPeHHSI OiOXiMiUYHMX Ta TiZpaB/IiUHMUX IIPOIIECiB OUMIINEHHS 6e3 IOTpedu y
3HAUHUX 00csirax icTopuuHuX pAaHux. OCHOBHMMM IIiIIMM TI€pIIOTO eTamy
BM3HAUE€HO MOHITOPMHT Ta KOHTPOJIb SIKOCTi T€XHOJIOTIUYHUX IPOIeCiB OUMIIeHHS, a
TaKOX CHMCTeMaTUYHe HAKOMMYEHHS iCTOPUMYHUX HaHMX, SIKi HA HACTYIHMUX eTarax
CTAaHYTh OCHOBOIO i1 IIepexomy M0 TiOpUMIHMUX TeXHiK MOMJeIIOBaHHS i3
3aCTOCYBaHHSAM aJTOPUTMIB MAalIMHHOTO HABUaHHSI Ta BIIPOBAIKeHHS (PYHKIIil

IIPOrHO3HOTO 0OCTYTOBYBAaHHS 71 ONMTMMIi3allii eHeprocroXXuBaHHSI.
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Oleksandr Yanov, Oleh Klymenko

DEVELOPMENT OF A REFERENCE ARCHITECTURE FOR BUILDING DIGITAL

10

TWINS IN AUTOMATED PRODUCTION FOR WASTEWATER TREATMENT
PLANT CONTROL

Abstract. Analysis of recent research and publications. Analysis of contemporary
research on the integration of digital twins into production processes reveals the
existence of numerous approaches aimed at improving modeling accuracy, enhancing
equipment operational efficiency, and reducing development time and resource
consumption. However, existing developments are predominantly oriented toward
specific application tasks and do not provide a unified conceptual foundation for the
phased implementation of digital twins in industrial environments. Issues related to
interface standardization, interoperability between heterogeneous components, efficient
data exchange, and a coherent architectural model that enables gradual scaling from
pilot projects to the enterprise level require additional investigation. This justifies the
relevance of developing a reference architecture for systems utilizing digital twins,

particularly for such complex technological facilities as wastewater treatment plants.

ISSN-print 1991-7848

ISSN-online 2707-9457



“Cyuacui nmpo6iaemu metanyprii”, N2 29 - 2026

Research objective. The objective of the article is to develop a reference multi-layer
architecture for building digital twins in automated production for wastewater treatment
plant control, which ensures modularity, flexibility, and the capacity for gradual

expansion without radical changes to the system structure.

Presentation of the main research material. The article analyzes the key factors that
must be considered prior to creating a digital twin: the scope and granularity of
modeling (from a single asset to an entire production line), data sources (IoT devices,
PLCs, SCADA, ERP/MES systems), modeling techniques (physics-based models, machine
learning, or hybrid approaches), technology stack (off-the-shelf solutions, custom cloud-
based developments, or combined variants), and intended purpose (prediction,
optimization, quality control). The fundamental principles of architecture design are
formulated: modularity, openness, scalability, simplicity of initial deployment, and
incremental security implementation. Based on these principles, an architecture
consisting of five layers is proposed: the Physical Layer, Data Ingestion Layer, Data
Management Layer, Modeling and Simulation Layer, and Analytics and Application
Layer. The first two layers are located directly at the production site, which minimizes
network traffic through local data filtering and transformation, while the remaining
layers are deployed in the cloud environment, providing flexibility, scalability, and cost
efficiency through the pay-as-you-go model. For each layer, recommendations are
provided regarding the selection of protocols (MQTT, OPC UA, HTTP), storage
technologies (InfluxDB, PostgreSQL, AWS S3), and modeling tools (MATLAB, Simulink,
Unity).

Conclusions. The proposed reference multi-layer architecture allows the implementation
of a digital twin to commence with the basic functionality of an individual asset and to be
gradually scaled to cover the entire wastewater treatment facility or enterprise. A
strategy for the phased development of a digital twin for wastewater treatment plants is
defined: at the initial stage, the existing PLC- and SCADA-based infrastructure is used
as the data source, and modeling is built upon deterministic physics-based models of
biochemical and hydraulic processes. Subsequent stages involve transitioning to hybrid
modeling techniques incorporating machine learning algorithms and introducing
predictive maintenance and energy consumption optimization functions. This approach
minimizes initial capital expenditures and ensures the systematic accumulation of
historical data for the further development of the system.

Keywords: digital twin architecture, digital twins, automated production, wastewater

treatment plants, multi-layer architecture, 0T, cloud computing, edge computing.
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T.B. banaxanoBa, I'A. KoHoHeHKO, P.B. [TomonbcbKuii,

M.A. KoB3eJb,

JK.A. leMeHTbEBA

METOJIUKA AHAJII3Y 3MIHU TEOMETPII IICJISI BUTIPOBYBAHDb HA
YOAPHO-ABPA3VUBHE 3HOUIYBAHHS

AHomauis. CyuacHuii eman po38umKy Mamepiaio3Hascmea Xapaxkmepusyemscs
BUCOKUM pigHeM 00CNiOHeHb CMPYKMypU ma MexaHiuHux 8aacmusocmeti mamepianis.
IModanvwiuti npozpec y yiti 2anysi nog'sa3auuti He auwie 3 po3poOsieHHAM NPUHUUNOBO
HoBux memoodie eunpobys8aub, aje U i3 800CKOHAJIEHHAM ICHYIOUUX Ni0X00i8 ULISIXOM
iHmezpauii cyuacHux yugpposux mexHos02ili peecmpauii ma axHaniszy daxux. ILle do3eonse
He minbKu nidguwyumu mouHiCmb 8UMIPHBaHb ma 30i1blUUMU KiNbKiCmb NPOMINCHUX
3HaueHy, ane U susHauamu Ao0amKosi xapakmepucmuku noeediHKu mamepiany, uo
paHiwe Oynu HedocmynHumu OJil NpsmMozo eumiproeaHHs. Memorw yiei pobomu €
po3uwiupenHs  iHpopmamuseHocmi memody eunpobysaHs Ha ydapHo-abpasueHe
3HOULYBAHHS WISIXOM Yugpposizauii tiozo pe3ynsmamis 07151 OMPUMAHHS KOMNJIEKCHOL
OYIHKU onopy mamepiany OuHamiuHomy abpasueHomy eniugy. ¥ pobomi npedcmasjieHo
o210 memodie nposedeHHs eunpobysamp Ha abpa3usHe ma YoapHo-abpasueHe
3HOWYBAHHA mMa po32iAHYmMo acnekmu 60J0CKOHAJIEHHS! MemoOuKUu BU3HAYeHHS.
NOKA3HUKI8 011 aHanisy pe3yivmamis yoapHOo-abpas3ueHozo 3HowysamHs. Ha eiomiHy
8i0 KJIACu4HUX nioxodis, sIKi 0OMeXCyIomuCs Julle 8U3HAYEHHIM 8mpamu eazu 3pasKa,
3anponoHosaHa memoouka eéxaouae dodamkose 3D-CKaAHY8AHHS 07151 KiIbKICHOI OUiHKU
3MiHU z2eomempii noeepxHi nicis eunpobysaus. Haykoea Ho8U3Ha nonseae y
MOMIUBOCMI He auwle (Qikcysamu 3az2anbHUli NOKA3HUK 3HOWYBAHHS (empamy eazu),
azne Ui 6e3nocepedHsb0 BUMIp08amu po3nodin ma eequduHy naacmuutoi degpopmauii, wo
Hakonuuyemscsi 6 Memani nid diew ydapHo20 enaugy abpasusHuUx UACMUHOK.
3anponoHosaHuli hioxid 00380/15€ nepetimu 8i0 00HOMIpHOI OUiHKU 3HOCOCMIiTiKocmi do
deosumipHoi (empama e8azu + OdeopmauiliHuti penved). 3a pe3yrbmamamu
3D-ckanysaHHs ma nodansuioi 06pobKU OMpuUMAaHoi iHpopmauii popmyemocs zpagpiutie
300paxceHHs (kapma enubuH abo npoginozpama), siKe KilbKiCHO xapakmepusye onip
mamepiany naacmuuHomy OdegopmysaHHio 8 ymoeax YydapHo-abpa3sueHoi dii. ILle

8I0KpUBAE HOBI MOMIUBOCMI 0J1S1 NOPIBHSILHOZ20 AHAI3Y Mamepianie, NPOZHO3YBAHHS iX

© banaxanosa T.B., Kononenko I'.A., ITomonbcbkuit P.B., KoB3ens M.A., lﬂ,eMeHTbeBa )K.A.|, 2026
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noeedinku 8 ymoeax ekchayamauii ma eepugixkauii mamemamuuHux modesieti npouecis

3HOWYBAHHSL.

Knwouoei cnoea: ydapHo-abpa3usHuli 3HOC, 36axCy8aHHs, mMonozpagis noeepxHi,
napamempu 3HOULY8AHHS, onmuuHa npoginomempis, 3D-ckaHysauHs, NAACMUUHA

deopmayis, ekchayamayitiHi 81acmugocmi.

CyvacHuit  eram  pPO3BUTKY  MaTepiaJloO3HABCTBA  XapaKTepPU3YETbCS
MOTJIMOIEHMMI  NOCTIIKeHHSIMM CTPYKTYPM Ta MeXaHiYHMX BJIACTMBOCTEIA
MmaTtepiasiB. [Tomanbiinii pO3BUTOK rajy3i MOB’sI3aHMUIA He JiMille 3 BIPOBAPKEHHSIM
HOBUX METO/iB BUITPOOYBaHb, a i i3 yIOCKOHAJIEHHSIM HAasIBHUX MigXO[iB HIUISIXOM
iHTerpailii cyyacHuMx IMGPOBUX TEXHOJIOTIV ST 300py Ta OOpoOKM maHuX. Y
MalMHOOYAyBaHHI Ta [OJisI TPAHCIOPTY IMOLIMPEHOI0 € IIpobsieMa 3HOLTYBaHHS
IeTajieii y IIpoleci eKcIuTyaTallii, 1[0 3yMOBJ/IOE HeOOXiZHICTh BCTaHOBJIEHHS
MIPUYMH, IIOIIYKY CIOCO0IB MiABMUINEHHS OIIOPY 3HOINYBAaHHIO, HAailiHOTO
MPOTHO3YBaHHS BigMOBM Ta 4Yacy pPeMOHTYy pderaneil. [IJi 1IbOTO HEeJOCTAaTHHO
olepyBaTy €IMHMM IMOKA3HMKOM 3HOIIYBaHHS — BTpPATOl0 Baru, TOMy 3MiHU B
mpolieci TepTss MOXYTb OyTH imeHTM@diKOBaHi 3a XapaKTepHMMM O3HAKaMMU
MiKpOCTPYKTYpU Ta MOPQOJOTIYHMMM 3MiHAMM IIOBEpXHi. AHAaIi3 LMX O03HaK
IO3BOJISIE He JIMIe BU3HAYMUTM MeXaHi3MM PyHHYBaHHS, ajie i OL[iHUTU YMOBU
eKCIUTyaTallifHOTOo HaBaHTa>keHHSI. Ha OCHOBi OTpUMMaHMX AAHUX CTA€ MOSKIMBUM
OOrpyHTOBaHMII BMOip MaTepiajiB i3 MigABUIIEHOI 3HOCOCTIMKICTIO Ta ONTMMi3allist
KOHCTPYKIiliHMX pinteHb. KpiM TOro, KOHTpPOJIb i BUMIPIOBAHHSI 3HOIIYBAaHHS
BifirpaloTh Ba*KJIMBY POJb AJIs1 YCIIIIHOTO BiJJHOBJIE€HHSI, PEMOHTY Ta IOBTOPHOTO
BUKOPUCTAHHS JeTaneil. BUKOpPMUCTAHHS BigHOBAEHMX KOMIIOHEHTIB JO0O3BOJISIE
3HU3UTU PECYPCHi Ta eHepreTUYHi BUTPATH, & TAKOXX 3MEHIIUTY HETaTUBHUI BIUINB
Ha JOBKIiJLJIS.

Metow 11iei poboTH € MigBUIIEHHS iH(GOPMATMBHOCTI Ta TOYHOCTI METOIY
BUITPOOYBaHb Ha yIapHO-abpa3MBHE 3HOUTYBAHHSI.

CniouaTky 6yJ10 TpOBeieHO CUCTeMaTUUHMIA aHaJli3 0COOIMBOCTEN TTPOBEIeHHS
TaKUX BUITPOOYBaHb, BKIOUaOUM GakToOpH, 10 BIVIMBAIOTh Ha MPOILIeC 3HOUTYBaHHS
Ta JOCTOBIPHICTh OTPUMMaHMUX pe3y/ibTaTiB. Ha OCHOBI 11bOr0 aHali3y BJOCKOHAIEHO
METOIMKY OOCTiIKeHHS], 0 JO3BOJISIE OiIbII TOYHO BM3HAYATY ITapaMeTpy 3HOCY Ta

OIiHIOBATM PO3IIOMiJ 3MiHM TeOMeTpii Ha pi3sHUX IiITHKAX BUITPOOOBYBAaHMX 3Pa3KiB.
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3HoITyBaHHSI Ma€ CKIaAHy 6araToGakTOpHY MPUPOAY i BUSHAUAETHCS He JIUIIIe
BJACTMBOCTSIMM MaTepiaiy, a i1 yMOBaMM Oro poboTH, TOOTO XapaKTepUCTUKAMMU
TpubOOTiUHOI cucTteMu B Iijomy. lLle BK/IIOYA€ TUI KOHTAKTy, YMOBMU
HaBaHTa)KeHHS, MBUIKICTb BiZHOCHOTO PYXy, CepemoBuIle, HASIBHICTh aOpa3smMBHUX
YaCTMHOK ab0 3MalllyBaHHS TOIIO. I[HTeHCUBHICTh 3HOIIYBAHHS 3aJIEKUTD Bif, Py
eKkcIUTyaTaliiinux  dakTopiB. BTpara Marepiajly MoOKe  KOpeJloBaTU 3
XapaKTepUCTUKaMM abpasmMBHOIO MaTepiaJly Ta 4acoM B3a€MOZii, IMPUUOMY [IJis
IJIACTUYHMX MaTepialiB XapaKTepHa HasIBHICTb iHKyOaIliifHOTO Iepioy, Mic/Isl SIKOTO
TIOUMHAETHCS iIHTEHCUBHE PYViHYBaHHS. IS KpUXKUX MaTepialiB Taka CTaAiHICTb,
SIK ITpaBWJIO, BiACYTHS [1].

IcHye pmekinpka migxomiB Ao kiaacudikallii 3HOIIYBAaHHS. 3a MexaHi3MaMu
pYIiHYBaHHS BUIISIOTh YOTMPU OCHOBHI TUIIM: TMOBepxHeBa BTOMa, abpa3uBHE
3HOINYBaHHSI (CTMpPaAHHS), aAresiiiHe 3HOIIYBaHHS Ta TpuOOXiMiuHi mpouecu [2].
OxpeMo po3risifaloThb TaKi BUIM, SIK GPETUHT i KOpOo3iiiHe 3HONTYBaHHS.

AGpasuBHe 3HOIIYBAaHHSI BiIOYyBAa€TbCS BHACTIMOK MEXaHiYHOrO BUIAJIEHHS
MaTepiasy OuIbIll TBEpPAMMM YaCTMHKaMM abo TmoBepxHAMMU. [Ipu 1boMy
pPO3Pi3HSIOTh JBOYACTMHKOBE (IBOTiJIbHE) 3HOIIYBaHHS, KOAM abpasmB >KOPCTKO
3aKpiryIeHnii i pyx BilOYBa€ThCSI B OIHil IJIOMIMHI, Ta TPUUYACTMHKOBE (TPUTITIbHE),
1110 peasli3yeThCsl 32 YMOB JAOBIJIbHOTO PyXY BiIbHUX abpa3smMBHUX YACTUHOK. YAapHe
3HOIIIYBAaHHSI BMHMKAE IIpU OaraTopasoBuX 3iTKHEHHSIX YaCTMHOK abo Tim i3
MOBEpXHEI MaTepiasly i MOsKe peasni3oByBaTUCS TIIi[i Pi3HMMM KyTaMM aTaku.
3anexHO BiJi yMOB B3a€MOZii PO3Pi3HSIIOTh €po3iiiHe Ta BjlaCHE yIapHe 3HOUTYBAHHSI.
Epo3isi mposiB/ISIETBCS $IK MOCTYIIOBa BTpara MarTepiaay BHACAIAOK il IOTOKY
TBEPAMX YACTMHOK, SIKi XaOTUMYHO B3a€EMO/IIOTH i3 TOBEPXHEIO.

V pea/ibHMX yMOBaxX eKCIUTyaTallil, 30KpeMa B TipHMUili IPOMMUCIOBOCTI (ITif,
yac pobOTM KOHBeEPiB, Ip0oOapoOK, HaBaHTaKeHHS Ta PO3BaHTa’KeHHs MaTepiaiB),
yaapHa [Aig abpa3MBHMX YaCTMHOK IIOEAHYETbCS 3 IIpollecaMyu abpasyuBHOTO
3HoIIyBaHHS. Takuit KOMOiHOBaHMIT MexaHi3M OTpUMaB Ha3BY yAapHO-abpa3uBHOTO
3HOIITYBAHHSI i XapaKTepMU3yETbCS BTPATOI0 MaTepiaay BHAC/IJOK OaraTopasoBUX
yaapiB abpasmMBHMUX YaCTMHOK [3]. BpaxoBylounu CKJIAAHICTh MPOLIECIB MpU yAAPHO-
abpa3MBHOMY 3HOIIYBaHHi, yTBOPIOBAaHi MONIKOIKEHHSI MalOTh CBOi 0COOGJIMBOCTI.
Skio 3a yMOBM CyTO abpa3mMBHOTO 3HOIIYBaHHSI BTpaTa MaTepially peasi3yeThCs

TepeBakHO 3a PaxXyHOK MiKpOMeXaHi3MiB ApSITIaHHS, Pi3aHHS, Ta KIMHOYTBOPEHHS,
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110 BM3HAYAIOThCS HABAHTAXXEHHSIM i BJIACTUMBOCTSIMM abpa3yMBHUX YaCTUHOK [4], TO
3a YMOBM yJapHO-abpa3MBHOI [ii abpa3MBHi YaCTMHKM B3a€MOJIIIOTh i3 ITOBEPXHEIO
mig, pisauMu kytamu (Big 0° o 90°) Ta 3 pisHUMM WIBUAKOCTIMU. 3a MaJIMX KYTiB [ii
nepeBakalOTh MeXaHi3MM, XapakTepHi s abpasuMBHOTO 3HOIIyBaHHA [5]. I3
30i/IbIIEHHSIM KyTa Ta €eHeprii ygapy peasisyeTbCs JIOKaJibHE BUTICHEHHS abo
BUJAJIEHHSI MaTepialy 3 yTBOPEHHSIM yIapHUX KpaTepiB. [Ipy maliske HOpMaJibHOMY
yaapi B 30Hi KOHTaKTy (pOPMYETHCS BaJMK LUISIXOM BUTUCHEHHSI MaTepialy 3pasKy.
Lle 3ymMOB/IIO€ CYTT€EBI BiAMIHHOCTI Y CTPYKTYpi 1 BJIaCTUBOCTSIX MiJIIOBEPXHEBOT'O
miapy: AJis yaapHo-abpa3uBHOI [Iii XxapaKTepHi iHTeHCMBHA IJIaCTUYHA JedopMalris,
repeMilTyBaHHSI MaTepiajly Ta BOYIOBYBaHHSI abpa3sMBHMX YACTMHOK, TOMi SK IIPU

yCcTo abpasuBHOMY 3HOIITYBaHHI Taki eekTy BuUpaskeHi 3HaYHO ciabiie [6].

/[ -\\Dnt::ile 9; X

Erosion

Impact angle 6

PucyHok 1 - BriiMB KyTa ygapy Ha BTpaTy MaTepiany: a — IVIaCTUYHI MaTepiany 3 koM
3HOCY TIPU MaJIMX KyTax [ii, 6 — KpuxKi Mmatepianu [1, 6]

Bask/mMBOIO OCOOGIMBICTIO € Pi3HMI BIUIMB MeXaHiYHMX BIACTUBOCTEN MaTepiary
Ha 3HOCOCTiVKicTb. [IJisT abpa3MBHOIO 3HOIIYBaHHS XapaKTepHa YiTKa 3aJeKHiCTh: 3i
3POCTAHHSIM TBEPJOCTi iHTEHCUMBHICTb 3HOIIYBaHHS 3MeHIIyeTbCs [7]. HaTomicTh
IIpY yaapHO-abpa3MBHOMY 3HOIIYBAaHHI IIST 3aJIEXKHICTb Ma€ 3HAUYHUI PO3KUI, i B
OKpeMMX BUIIQAKaX MiABUINEHHSI TBEPAOCTI MOXe HaBiTb MNPU3BOAUTU [0
36inbIIeHHS 3HOCY [8]. Lle MOSICHIOEThCSI TUM, 110 B YMOBax YAapHOTO HaBaHTasKeHHS
BM3HAYaJbHUMM CTAIOTh TAKOX B’SI3KiCTh, MJIACTUYHICTh i 3JAaTHICTh MaTepialy I0
nedopMalliitHOro 3MillHEeHHSI. 3arajoM 3HOCOCTilKiCTh BU3HAUAETHCS CYKYMHICTIO
BJIACTUBOCTEN, MiKpOCTPYKTypow, Ga30BMM CKIagOM, a TaKOX IapaMeTpamu

B3a€MO/Iii B TpMOOOTiuHiii cucTeMi [5, 9].
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[IIBMaKicTp  ymapHO-abpasyMBHOTO  3HOINYBAHHSI  TAaKOX  BM3HAYAETHCS
IIBUIKICTIO 3iTKHEHHS YaCTUHOK, IMPUYOMY IS 3aJIeXKHICTb Ma€ CTeleHeBUIi
XapakTep; IOKa3sHMUK CTYMEeHI0 € BUIIMM [JjIs1 KpUXKUX MatepianiB. Kyr aTaku
ICTOTHO BIUIMBAa€E HAa MeXaHi3M pyMHYBaHHS: [ IUIAQCTUYHUX MarepiaiiB
MaKCHMMa/IbHa iHTEHCUBHICTbh epo3il CIIOCTepiraeTbCsl 3a MaJuxX KyTiB, TOAI K IJIsI
KPUXKUX — 32 KYTiB, OJIM3bKUX 10 HOPMaJIbHOTO [1, 5].

CyTTeBUII BIUIMB MAalOTh TaKOX XapaKTePUCTUKM abpasMBHMX YaACTUHOK,
30kpeMa ix po3mip, dopma Ta TBepnicth [10]. BcTaHOB/IEHO KPUTUUHMIT PO3Mip
YAaCTMHOK, TIC/ASI OOCSITHEHHSI SIKOTO INIBUIKICTh epo3ii cTabinmisyeTbes. s
IUIACTUYHMX MaTepiajiiB MIBUAKICTh 3HOIIYBAHHSI 3MEHIITYETHCS, SIKIIO BigHOIIIEHHS
TBEPOOCTI YaCTMHOK OO TBEpHAOCTI MaTepiajy € MeHIIMM 3a OJMHUIIIO.
HomaTkoBMMM (akTopamMy € MIiIbHICTh TIOTOKY YaCTMHOK Ta TemIlepaTypa
cepemoBuiia. IIporec pyitHyBaHHS IIpyu 6araTopa3oBuX yaapax BilOyBa€eThCs y IBa
eTanu: 3apOIKeHHS Ta PO3BUTOK TPIIMH Yy IMiAIMOBEPXHEBOMY IlIapi, a TaKOX
BiJOKpeMJIEHHS YaCTUMHOK 3HOCY Y BUTJISIA]L JIyCOUOK [11]. ¥V 3B’43Ky 3 UMM MaTepianu,
110 Mpalol0Th B YMOBaxX yIapHO-abpa3yBHOTO 3HOILTYBaHHS, TOBUHHI MTOE€IHYBATU
BMCOKY TBEP/IiCTh i3 JOCTATHHOIO IUIACTUYHICTIO Ta B’SI3KiCTIO, 110 3abe3meuye OIip
SIK TJTACTUYHIN nedopmaliii, Tak i KpuxkoMy pyiiHyBaHHIO [12, 13]. Tomy npu aHami3i
MeXaHi3MiB Jerpajailii moBepxHi HEOOXiTHO BpaxOBYyBaTM He JIMIIe BTPATy Baru SIK
TOKAa3HMK 3HOIIYBAaHHS, a i1 mapaMeTpH, SIKi XapaKTepu3yrTh MPOIeCcH IIaCTUYHOI
nedopmMallii, pyiiHyBaHHS Ta CTPYKTYPHMUX 3MiH Y MaTepiaJi.

Cnig 3a3HauMTH, 110 HAa CHOTOJHI BIJCYTHS YHI(IKOBaHAa METOAMKA BU3HAUECHHS
yAapHO-adpa3uBHOIO 3HOUTYBAHHS, HE3Ba)KAalOUU Ha MOTro MIMPOKE BUKOPUCTAHHS Y HAYKOBUX
1 MPUKIIAAHUX I[OCJ'IiI[)KeHHHX AJIg OIMHUCY CKIAJHUX YMOB pyﬁHYBaHH}I, B AKHUX OJHOYACHO
peai3yroThcs MeXaHi3MHU yJapHoi Ta abpa3uBHOI [ii.

CyTT€BOIO TMpOOJIEMOI0 € CKIAQHICTh BiJTBOpPEHHS pealbHUX YMOB
eKkcIUTyaTallii B JjlabopaTOpHMX  BMUIIpOOyBaHHSIX. Ha  mpakTuili  ymMoBHU
XapaKTepU3ylTbCS BUCOKOK MIiHJMBICTIO, 30KpemMa 3MiHOI TeMmIlepaTypu,
BOJIOTOCTi, CKJaAy Ta KOHIEHTpallii abpa3uMBHMX YaCTUHOK, a TaKOX
HEepiBHOMIipHICTI0O HaBaHTakeHHS B yaci. KpiMm Toro, reomeTrpiss Ta po3TallyBaHHS
e/leMeHTIB KOHCTPYKIIii BIJIMBAIOTh Ha iHTEHCUBHICTh 3HONIYBAHHS; HAINPUKIIAI,
nepudepiliHi  eleMeHTM  KOBIIA  eKCKaBaTopa  3HONIYIOTbCSI  IIBUJIIIE,

HIX LIeHTpasbHi [14].
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MopenoBaHHSI  TIPOIECIB  yIapHO-abpasMBHOTO 3HOINYBAHHSI  3acobamu
YMCeJIbHOTO aHali3y xoua i Mae cBoix npuxuiabHuKiB (ABAQUS Ta Ls-DYNA) €
oOMeskeHUM 4Yepe3 CKIAgHICTh ormmucy 6araTo@aKkTOpHOi B3aeMOii YaCTMHOK MixX
co0o010, i3 TTOBEpXHEI0 MaTepiaay Ta PpyXOMMUMM eJIeMEeHTaMM CUCTeMM (HaIlpUKIaI,
obepTaHHs 6apabaHa, 3MiHHI IIBUAKOCTI Ta TPUBAIICTh HABAHTAKEHHST).

V 3B’SI3Ky 3 IIMM, BIOCKOHAJIEHHSI eKCIIepUMEHTaTbHUX METOAMK 6a3yeThbCs Ha
CTBOPEHHi BUIPOOYBAJbHOTO OOJaJHAHHSI, 3JaTHOIO MAaKCMMAaJbHO iMiTyBaTu
peasibHi yMOBM poboTM mMmarepiany. Ilpu 1boMy BUOIp MeTOOMKM Mae€ OyTH
OOrpyHTOBaHMM cIienndikoio poboTu marepiany. lle € KpUTUUHO BasKIMBUM IJIsI
OTpPUMaHHSI  [OCTOBIpHMX pe3yJbTaTiB 1 KOpPEKTHOI OIliHKM MaTepiaaiB
3a 3HOCOCTIIKiCTIO.

Ha choromHi HaiOiIbII MOMMPEHMMN METOAAMM BUIIPOOYBAHb € MOC/iIKeHHS
3HOIIIYBAHHSI 32 CXEMOIO «IITUQT—AMCK» Ta BUIIPOOYBAHHS B YMOBaX TEPTS CYXUM
MiCKOM i3 BMKOPMCTaHHSIM TyMOBOro koseca [15, 16]. Ane BOHM, SIK IIpaBUJIO, He
JI03BOJISTIOTh BUMKOPUCTOBYBAaTM aOpasMBHI YAaCTMHKM, XapaKTepHi IS peasbHUX
YMOB eKCIUTyaTallii, i IepeBa)kHO € OpPi€HTOBAaHMMM Ha OIiHKY 3HOCOCTiIKOCTi 3a
TBEPAICTIO MaTepiaay. 3MiHa CTPYKTYpPHOTO CTaHy 4YM 3MEeHIIeHHS KPUXKUX
XapaKTepUCTUK OKpeMUX (a3 MiABUIIYIOTh CYyIPOTUB YIAPHOMY PYITHYBaHHIO IIpU
OJTHOYACHIM CTifiKOCTi 10 abpa3MBHOrO 3HOIIYBaHHS. Harmpukiaj, BMCOKOJIErOBaHi
Oi1i yaByHM 3 BMCOKMM BMIiCTOM XpOMY JI€MOHCTPYIOTh BMCOKY 3HOCOCTIMKiCTh Y
BUIIPOOYBAHHSIX I[bOTO TUITY 3aBASKM HASBHOCTI TBepaux KapbOimuux das, 1o
MepelkoMkKaloTh TMPOHMKHEHHIO abpasuBy. OpHak B yMOBax YyJaapHOro abo
BUPUBHOTO 3HOIIYBAHHSI IiXHS e(eKTUBHICTh CYTTEBO 3HIKYETHCS BHACTILOK
KpPUXKOTO pYiHYBaHHS Ta (parMeHTarii kap06ifmiB, 10 TPU3BOOUTH [0
iHTeHcudikaiii 3HomryBaHHs [17]. MapTeHCUT, SIKMIT YTBOPIOETHCS i3 3aJUILKOBOTO
ayCTeHiTy IIiJ [Oi€l0 AMHAMIUYHMX HaBaHTaKeHb YaByHY 3JaTe€H UMHUTHU OIIip
KPUXKOMY PYAHYBAHHIO TiJIbKM 3aBISIKM JleTyBaHHIO [18].

OgHuMM i3  HalpO3MOBCIOMKEHIIMX  METOMiB  JOC/IIKeHHS  yAapHO-
abpasMBHOrO 3HOIIYBAaHHS € 6apabaHHi MeTOoayM BUIPOOYBAHHS, 30KpeMa TUITY
impeller-tumbler, mo mpM BMUIPoOYBaHHI CTBOPIOE KaCKagHMII MOTIiK aOpa3sMBHUX
YyacTMHOK. He3BakarouM Ha BiCyTHICTb CTaHAapTM3allii, I[i MeTOAM IIMPOKO

3aCTOCOBYIOTBCS Y HAyKOBMX 1 MNPUKIAOHUX OOCHIIKEHHSX 3aBASKU 3OATHOCTI
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BiITBOPIOBATY YMOBM B3a€MO[ii MaTepiaqy 3 IOTOKOM abpasmMBHUX UYACTMHOK,
Hab/IVKeHUX 00 YMOB eKcIutyaTalii [2, 19, 20].

B pociaigHUIBKiM OIPaKTULl BUKOPUCTOBYBAINCS Pi3HI KOHCTPYKIil YCTAHOBOK.
TumoBa KOHCTPYKIlisi BUMIPOOYBaAbHOI YCTAaHOBKM BKI/IIOUAE CTajeBUit 6apabaH i3
MOXJIMBICTIO T€pMETUYHOTO 3aKpUTTSI, BCepedyHi SKOTO pPO3MillleHO MaTOYMHY
po6oYoro Kosieca 3 TpUMavdaMu IJIsI 3pasKiB. 3pasKu, K MPABUIIO, BCTAHOBIIOIOTHCS
iJ 3aJaHMMM KyTaMu (Harpukiaanm, 45° abo 90°) mo HamnpsMKy pyxy abpasuBy.
bapabaH 3amOBHIOETHCSI a0Opa3sUBHMMM 4YaCTMHKaMM (IebiHb, TpaHiTHA KpUXTA,
MeTajeBuil pi6 Tomo) i 0b6epTaeThCcsl 3 BiZHOCHO HEBEJMKOKI IIBUIAKICTIO, IO

3abes3neuye b6e3repepBHMIT KaCKaIHMII PyX YACTMHOK i iXHIO B3a€MO/IiI0 i3 3pa3KaMu

(puc. 2).
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Pucynoxk 2 - I[Tpuknaay cxeM poboydoi KamMepyu JOCTiTHMUX MalH 111 BUSHAUeHHSI YIapHO-
abpa3MBHOrO 3HOLIYBaHHY,: a — MalnuHa YA-3, 6 — mammaa MLD-10 [20]

BaskMBUM € BIUIMB. PO3TalllyBaHHSI 3paskiB y 6apabaHi [21], ToMy BOHO Mae
OyTM MaKCMMaJIbHO VyHiikoBaHMM, 100 3abe3meymMTy OJHAKOBi yMOBU
HaBaHTakeHHS. [l  TiABMILEHHS  OOCTOBIPHOCTI  pe3y/abTaTiB  OOLIJIbBHO
3Oi/ICHIOBAaTM II€PeCcTaHOBKY 3pasKiB MiX TpuMauyamMyu ab0 BUKOPUCTOBYBATHU
eTaJIOHHI 3pa3Ku JJisi KOHTPOJIIO BiATBOPIOBAHOCTI YMOB.

[TapameTpu BUIIPOOYBAHHS CYTTEBO BILIMBAIOTH HA iHTEHCUBHICTh 3HOIITYBAHHSI.
30kpema, MBUAKICTb obepTaHHSI 6GapabaHa MOBMHHA 3a0e3IedyBaTy BiTbHUIT PyX
YaCTUHOK: TIPU HAATO HU3bKUX IBUAKOCTSIX 3MEHIIYETbCS KiJIbKICTb 3iTKHEHb, TOMi

SK TIpY HAATO BUCOKMX — abpasMBHI YaCTMHKM YTPUMYIOTbCS Ha Imepudepii
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O6apabaHa, IO TAKOX 3HIKYE e(eKTMBHICTh iX B3aeMopii 3i 3paskaMu. Takox
BOKIMBMMMU € TpaHyJIOMeTPpUYHMI ckian, ¢opmMa Ta TBepHicTb abpasuBy, SIKi
TIOBUHHI 3a/JIMIIATUCS CTAOIIBHUMM TIPUHAMHI B Meskax OZHOTO BUITPOOYBaHHSI.
VYMOBM 3HOIIYBAaHHSI PEryIioIOThCSI KiJIbKICTIO abpasuBy, PO3MipOM YaCTUHOK,
TPUBAJIICTIO Ta PEXMMOM BUIPOOYBaHHS. Xoua CTaHAAPTHA TPUBAJIICTb CTAHOBUTD
O6/M3bKO 1 roauHM, 0OaraTOroAMHHi BUIIPOOYBAHHS  BBa’KAIOThCS  Oi/IbII
peripe3eHTaTMBHMMM, OCKIJIbKM [TO3BOJISIOTh BpaxyBaTM €BOJIOIII0 IIPOIeCiB
3HOLIYBaHHA [22].

XapaKTepHO0 0COO/IMBICTIO bapabaHHMX METO/IB € JTOKaTi3allisl 3HOUTYBAHHS Y
KpaltoBuX 30Hax 3paskiB [5]. BcTaHoBieHO, 0 HMIBUAKICTb 3HOIIYBAHHSI KPOMOK
MOsKe 3HAUHO IlepeBUIIYBaTy 3HOIIYBAHHS LIEHTPAJIbHUX OiISTHOK, OCOOJMBO Ha
MTOYaTKOBUX CTaAisIX BUITPOOYBAHHS Ta MPU BEJMKUX KyTaxX BCTAHOBJIEHHS 3pas3KiB.
Lle mo3Bosisge edeKTUBHO MOZENIOBATU €KCIUTyaTalliliHi YMOBU [Jis1 eJIeMeHTiB, SIKi
MpalIOTh Y peXUMax iHTeHCMBHOTO KpailoBOTO 3HOINYBaHHS (KPOMKM KOBIIIB,
JIOTNIATKU, TPAHCIIOPTHI efileMmeHTHN) [23].

BomHouac Taka HepiBHOMIpHICTb PO3IIOAiIly 3HOIINYBAaHHS IIOTpeOye
00epeskHOro MigXody OO0 iHTepIIpeTallii pe3yabTaTiB i BUOOPY 30H AJ1s1 aHasi3y. s
OTPMMAaHHS pemnpe3eHTAaTMBHMUX [aHUX HEOOXimHO 3abe3rnmeyyBaTv TOCTATHIO
TPUBAICTh BUITPOOYBaHb Ta BPaXOBYBaTyU reOMeTPUYHiI 0COOIMBOCTI 3pa3KiB.

PesynbTaTy BUIIPOOYBaHb Ha yAapHO-abpa3uBHE 3HOIUTYBAaHHS BU3HAUAIOThCS
3a IOTIOMOTOI0 KOMIUIEKCY KiJIbKiCHMX i SIKICHMX MapaMeTpiB, 10 XapaKTepu3ylTb
SIK iIHTeHCUBHICTb BTPATU MaTepiajy, Tak i MexaHi3Mu Ji0T0 pyiiHYBaHHS.

Haii6inpin mommpeHMM IIAXOOOM € 3BaXKyBaHHS, SIKe—O0a3yeThCs Ha
BUMMipIOBaHHiI BTpaTu Baru 3paska 3a MEBHUI MPOMIKOK 4yacy abo Ha OJMHMUIIIO
minomi [24, 25]. Ilpoctora pearnisaiii Ta KiJIbKiCHMII XapaKTep pe3y/bTaTiB
3YMOBJIIOIOTH /OTO IIMPOKe 3aCTOCYBaHHS. BTpaTu Barum MoXyTb OyTHU MepepaxoBaHi
B 00’€MHe 3HOIITYBaHHS, IO JIO03BOJISIE OLIIHUTY MacInTab gerpaaaliii MaTepiany.

BopHouac Takmii Migxig Mae HU3Ky OOMEXeHb. VOro TOYHICTH iCTOTHO
3HIKYETHCS TIPU MaJiMX BTpaTax Baru, a TaKOX Yy BUIIaAKAX HePiBHOMipHOIO
3HOIIYBAHHSI IMOBepxHi. JlOJAaTKOBi ITOXMOKM MOXKYTh BMHMKATM BHACTITOK
OKMCHEHHSI TIOBepXHi, TIOIVIMHAHHS BOJIOTM, T[IepeHeceHHs MaTepialy Mix
KOHTaKTYIOUMMM TilaMu ab0 06MeskeHOi TOYHOCTi BaroBoro obnagHaHHs [26, 27].

Kpim Toro, 1eit MeToZl He MO3BOJISIE OTPUMATH iH(opMallilo Mpo JOKaJbHI 3MiHU
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MOBEpXHi Ta MexaHi3Mu 3HOIIyBaHHs. OCOGIMBO 1ie aKTyaJabHO JJISI TIOKPUTTIB, 1€
BMMIpIOBaHa BTPAaTa Baru BKIKOYAE SIK MaTepiasl MIOKPUTTS, TaK i IMiAKIagKN.
3arajiom BMMipIOBaHHS BTpaTy Baru abo 06’eMy [1a€ ySIBJIeHHS PO 3arajabHuit
piBeHb 3HOIIIYBaHHS, OJHAK He A03BOJISIE iMeHTUDIKyBaTHM MeXaHi3MM PyiiHYBaHHS.
3a OJHAKOBMX 3HAUY€Hb BTPATU MaTepianay IMpOLeC 3HOIIYBAHHS MOXKYTb CYTTEBO
BiAPI3HATHUCS 3@ CBOEIO NIPUPOLOI0, 110 BUMAara€e 3aCTOCyBaHHS JOLATKOBUX METO/IiB
a”anizy [17, 28]. Tomy pjsi MOBHOTO pO3YMiHHSI MeXaHi3MiB 3HOLIYBAaHHS
HeoOXimHMMM € MeTajorpadiuHi JOCTimKeHHS TOMepeyHMX Tepepis3iB 3pasKiB ITif
yac SIKMX YacTO CHocCTepiraeTbcsi ¢opMyBaHHS TedhOpPMOBAHOTO Iapy, Ha MeXi
SIKOTO 3 MaTpUIEI0 MOXYTh 3apOAKYBaTUCS BTOMHI TPIlIMHU, IO MPU3BOAUTD A0
MOJA/IBIIOTO pO3IIapyBaHHS Marepiasy. JloAAaTKOBO MOXYTh MPOBOIUTUCH
BUMIipIOBaHHSI TBEPIOCTi IOBEPXHEBMX 30H, e MOKe CIIOCTepiraTucs sIK 3MillHeHHSI,
TaK i JJOKaJibHe PO3M’SIKIIeHHSI MaTepiany. OTpuMaHi pe3yJabTaTy CHiBBiIHOCITHCS 3
iHTEHCMBHICTIO 3HOIIYBAaHHSI Ta XapaKTepOM MOIIKO/KeHb, 10 HJ03BOJISIE
BCTAHOBUTM B3a€EMO3B’SI30K MiK yMOBaMM HaBaHTa>KeHHS i MOBeiHKOIO MaTepiasy.

Taknuii KOMIIJIEKC MeTOMIB aHaji3y CTBOPIOE IlepelyMOBM [AJs1 ITiABUILEHHS
iHbopMaTMBHOCTI yImapHO-abpa3sMBHMX BUIPOOYBaHb 1 CTA€e OCHOBOIO JISI
BIIPOBA’KEHHS Cy4yacHUX IIMMPOBUX ITiAXOiB A0 JOC/iIKEeHHS 3HOITYBaHHS.

3 1i€l0 MeTOWw MIMPOKO 3aCTOCOBYIOTh METOAM MOCHimKeHHS Mopdosiorii
TOBepXHi, 30KpemMa ONTUYHY Ta €JeKTPOHHY MiKpOCKOIIilo, a TaKOoX
npodisiomeTpuyHi  BuMipioBaHHSI. ONTMYHA  CTEPEOMiKpOCKOMis  [03BOJISIE
imeHTMdiKyBaTH XapaKkTepHi 30HM 3HOITYBaHHS, TOMAi K CKaHyBajbHa e/leKTPOHHA
MiKpOCKOTIisl 3a6e3reuye AeTaJbHUI aHaTi3 MOIIKOAKeHOI MOBepXHi, BKII0YaOUn
BUSIBJIEHHSI BOY/TOBAHUX abpasuBHUX YaCTUHOK, MiKpOTpilllH Ta
JIOKanbHUX AedopMalriii.

[ToyaTKOBMI1 aHa/Ii3 3HOIIEHOI MOBEPXHi, OKPIM Bi3yaJbHOTO OTJISIAY, SIKUIA €
Cy0’eKTMBHMM i He Mae€ KiJbKiCHMX IIOKAa3HMKIB, 3a3BMUUail 3IilICHIOETHCS i3
3aCTOCYBAaHHSIM METO/iB OIIiHKM TeoOMeTpii MOBepXHi, 30KpemMa OINTUYHOI
npodinometpii. [Tpy 11bOMY YaCTO JOCTIIKYETHCS OKpeMa JIoOKa/IbHa JIi/ITHKA 3pa3ka,
10 YCKJIAJHIOE MOAAbINy imeHTUiKallio ii MoJoskeHHS BiTHOCHO Bci€i meTasi Ta
00MeKye perpe3eHTAaTUBHICTb pesynbTariB. IIpodinomerpuuni meromu, 30kpema
ONnTMYHA mnpodijloMeTpisi, TO3BOJSIOTH OTPUMATHM KiJIbKICHI XapaKTepPUCTUKU

Mikpopesibedy MoBepxHi, Taki SIK MOPCTKiCTh, T/IMOMHA 3aMaguH i BUCOTA HATIJIMBIB.
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BogHoyac mpodinomeTpuuHi MeToAM MalOTh HMU3KY OOMeXeHb. BoHU
3a0e311euyioTh JeTa/JbHMUII aHalIi3 JuIle JIOKAJbHMUX [iITHOK IIOBEepXHi Ta He
IIO3BOJISTIOTh OIIIHMTM 3MiHy reometpii gerani B 1iomy. IToGymoBa TpMBUMIipHOi
tororpadii HUIIXOM 3IMIMBAHHSI OKpeMMX CKaHiB € TpPYyAOMiCTKOI, IIOTpebye
3HAYHOTI'O Yacy Ta MOKe CyIPOBOIKYBATMUCS MOXMOKAMM MTO3UI[iOHYBaHHSI.

Bukopucranusi TpuBuMipHUX (3D) HOOCHigKeHb CYTTEBO  PO3IIMPIOE
MOXJ/IMBOCTI aHaji3y, OCKiJIbKM [1a€ 3MOTY OILIiHIOBaTHM MOpPQOJOTil0 3HOIIEeHOi
TOBEPXHI Ta BM3HAUaTM MapamMeTpy, HEOOCTYIHI MPU TPAOULIAHUX ABOBUMIPHUX
migxonax [29, 30]. BUkopucTaHHSI CyyaCHOTO ITPOTrPaMHOTO 3abe3IeueHHs 103BOJIsIE
6e3rocepeIHbO BM3HAUaTU 00’€M BTpaTM MaTepiaay Ha OCHOBi LM¢poBoi Momei
TIOBEPXHi, IO MiJABUIINYE TOUHICTh OLiHIOBaHHS. KapTa rimnbuH 103BOJISIE OL[iHIOBATHU
reoMeTpuYHi Ta MOPQOJOTiUHI XapaKTEePUCTUKM IIOMIKOIKeHb (TInbuHy, dbopmy,
Opi€HTaLlil0 TIOAPSNNH, BaJMKiB, MiKPOCKOJIIB, BifjyllyBaHb i KpaTepiB), a TaKOX
rapamMeTpy IMIOPCTKOCTi MOBepXHi. Ha OCHOBI X JaHUX BM3HAUYAIOThCSI XapaKTepHi
30HM [JISS TOHAJNBIIMX MiKPOCTPYKTYPHUX [MOCHiIKEeHb, $Ki, $SK TIpaBuUio,
repenbavyaloTb BUTOTOBJEHHS IomnepeyHux uutiiB. Lle mae 3mMory BMSIBUTM TaKi
mpoliecH, SIK YTBOPeHHSI afiabaTMUHUX 3CYBHMX CMYT, PO3IIapyBaHHS, PO3BUTOK
TPillIMH, OKMCHEHHS, JIOKaJIbHA IUIAaCTUYHA AedopMaliisi Ta 3MiHU CTPYKTYPHOTO
CTaHy IiAIOBEepXHEBUX IIapiB.

BaxkJiMBMM [OOIMOBHEHHSM € 3acTOCyBaHHS 3D-cKaHyBaHHS, OCKiJIbKM BOHO
IOJATKOBO T03BOJISIE aHa/li3yBaT MOPQOJOTiII0 3HOCY HAa Makpo- Ta Me30piBHi,
3a0e3reuyouy KOMIUIEKCHY OIliHKy 3MiH TeomeTpii moBepxHi. lle 0co6iuBO
aKTyaJIbHO [Jisi HepiBHOMIpHOTO 3HOIIYBaHHS, AedOpMOBaHMX MHiASTHOK 3
HaIUTMBaMM Ta OI[iHIOBAHHSI JIOKAJIbHUX MOIIKOIKEHb, SIKi IOTPEOYIOTH ITOAAJbIIOTO
IleTaJIbHOTO aHai3y.

IcHyroui MeTOaM BMMipIOBaHHS Tororpadii moBepxHi YMOBHO MOIIISIOTHCS Ha
KOHTaKTHi Ta  0Oe3kOHTakTHi. KoHTakTHi MeTomu  (30KpeMa  CTMJIYCHI)
XapaKTepU3yITbCS BUCOKOK TOYHICTIO Ta  BiATBOPIOBAHICTIO, OJHAK €
TPYAOMICTKMMM, OOMEXKEHMMM 3a IUIONIEI0 aHa/lli3y Ta MOXXYTh BIUIMBATM Ha
TOBEpXHIO 3paska [31-33]. V 3B’3Ky 3 UMM y Cy4yaCHUX JOCJIJPKEeHHSIX IepeBara
HaTa€ThCs 0E3KOHTAKTHUM OITHMYHMM METOIAaM, TaKMM SIK iHTepdepeHIiiiiHa Ta
KOoH(OKaIbHa MiKPOCKOITisl, SIKi AO3BOJISIIOTH OTPUMMYBATM JeTanabHy iH(OpMailiiio

Mpo Mikpopenbed MmoBepxHi. 3aCTOCYBAaHHSI TaKMX METOiB 3abe3meuye MOKIMBICTD
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TOPiBHSIHHSI peasibHOI IIOBepxHi 3 eTajloHHOW (Hanpukian, CAD-mopenna) Ta
Bidyasisalii po3nopgiyly 3HOCY y BUIVISAI KapT BiAXuiaeHb, L0 [Oa€ 3MOTY
imeHTHdiKyBaTM 30HM Pi3HOI iHTEHCUMBHOCTI 3HOIIYBaHHS [34].

Pe3ynbTaTu BMMipIOBaHb MOXYTb 3a/€XXaTu Bi TUIY OOJagHAHHS, YMOB
CKaHYBaHHS Ta 3aCTOCOBAHMX aJrOpPUTMIB QinbTpaliii gaHMx. Baxk1nMBo 3a3HAUUTH,
mo BuOip mapamMeTpiB BMMipIOBaHHS Ta OOpPOOKM HAHMX iCTOTHO BILIMBA€E Ha
pe3yJabTaTy aHai3y.

Tomy BuKOpUCTaHHS Juile 3D-CKaHyBaHHS $IK €OVMHOTO METOAYy OILIiHKMU
3HOIIIYBaHHSI € HedoCTaTHiM. Lle MOB’sI3aHO 3 0OMEXKEHOI0 PO3[iIbHOI0 3IATHICTIO
6inpIocTi ckaHepiB (wyTauBicTh MeTomy 0,1 — 0,01 MM), 110 He TO3BOJISIE BUSIBJISITU
IpiObHi 0COOIMBOCTI MOBEPXHI.

OTke, HaNOiMBII OOGIPYHTOBAHMM ITiAXOIOM € KOMOiIHOBaHe BMKOPMUCTAHHS
METOZiB Pi3HOTO MacCIITaOHOIO PiBHSI.

OnTtuuHi MeTonu 3D-ckaHyBaHHS HaOyBalOTh TOIIMPEHHS i MpU OI[iHIOBaHHI
3HOILIYBAHHSI JeTajeil CKIagHOi TreoMeTpuuyHoi ¢dopmu, BUTOTOBIEHUX i3
BMCOKOMIIITHMX MaTepiasiB i MiJgaHuX TOBepXHEBOMY 3Mil[HEHHIO [35].

CyyacHi  goclimkeHHSI  J€eMOHCTPYIOTb  TeHAeHIil0 A0  iHTerparii
3D-ckaHyBaHHS 3 KIACMYHMMM TPUOOJOTIYHMMM BUIIPOOYBAaHHSIMM. 30Kpema,
MMOEOHAHHS aHMUX, OTPUMAHMX 3a JIOTIOMOIrOI0 TPMUOOMETpIB, i3 TPUBUMIPHOIO
toriorpadiero MmoBepxHi 3abe3rmeuye IPOBEAEHHSI MYJbTMMACIITAOHOTO Ta
6araTogisMYHOro aHa/Ii3y MPOIEeCiB 3HOIIYBAHHSI.

Ockinbky pisHi mpollecu (TwiacTuuHa aAedopmailis, MikpopizaHHS, BTOMHe
pYIiHYBaHHS) TIPOSIBJISIIOTbCS HA Pi3HMX MaCIITAOHMUX PiBHSX, iX PO3MiIbHMI aHaTi3
3a6e3I1euye OiJIbII TOBHE PO3YMiHHS Jerpajaaliii matepianay. Ha pucyHKy 3 HaBeJleHO
pe3yNbTaTy BM3HAUEHHS 3MiHM reoMeTpii BUIIPOOYyBaJbHOTO 3pa3Ka BiTHOCHO J10T0
MIOYaTKOBOTO CTaHy IIic/sI TIpOBeleHHSI BUIIPOOYyBaHb Ha YyJaapHO-abpa3uBHE
3HOILITYBaHHS (PMUC.3, a) Ta €BOJIOLIiI0 MiKPOCTPYKTYpHU (puc.3, 6) Ta MiKpOTBEpPAOCTi

Tic/ist BUIIpoOyBaHHS (pHC.3, B).
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PucyHoK 3 — BigxuieHHs Bif TOYaTKOBUX PO3MipiB JOCTiAHMX 3pa3KiB MO reoMeTpii:
a — mic/isg BUIIpoOyBaHHS Ha yIapHO-abpa3uBHe 3HOLTYBaHHS,
6 — eBOJIIOLIiSI MiKpPOCTPYKTYPH, B — 3MiHa MiKpOTBEpIOCTi 3a repepizom

TakuM 4MHOM, 3aCTOCyBaHHSI 3D-CKaHyBaHHSI A03BOJISIE BUSIBUTU KaHaBKH,
HaIIMBM Ta iHII Mopdosoriudi 0ocob6amMBOCTi, IO (GOPMYIOTHCSI BHACTIIOK
IUIaCTMYHOI AJedopMaliii; IIpoBeCTU OLIiHIOBAaHHSI HEPiBHOMipHOCTI HaBaHTa)XKeHHS
Ta aCMMeTpil0 3HOIIYBAaHHS; BU3HAUUTHM JIOKAJIbHi 30HM iHTEHCMBHOI'O 3HOIIYBAHHS
Ta MPOBOAMTM aHaJi3 PO3IOJiIIy HAaBAaHTOKeHb MiX pi3SHUMM [OUISSHKaMM 3paska.
Takox nmpoBefeHHsT 3D-CKaHyBaHHS O3BOJISIE OTPUMATHU JEeTa/IbHI KapTU BiIXWIEHbD,
0 BiZoOpakaloTh 3MiHY reoMeTpii BiTHOCHO ITOBEPXHi Ilepen BUIIPOOYBAHHSIMMU,
3abe3neuye 1MbpoOBe NOKYMEHTYBAHHSI 00’€KTiB, CTBOPEHHS TOUHUX MOAesei s
MyJIbTMMAacIITabHOro Ta 6araTodisMuHOro aHamizy, a TAaKOXK BUKOHYBAaTU OIIiHKY

3MiH ¢hOpMM Ta PO3MipiB eTaseit MPOTSroM TepMiHY eKCITyaTallii.

BucHoBKu
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1. BukopuctaHHsd ONTMYHOTO 3D-cKaHyBaHHSI € e(QeKTMBHMM Ta
iHpopMaTMBHMM METOIOM ISl AOC/iIKeHHS yIapHO-abpa3MBHOIO 3HOITYBaHHS,
OCKiJIbKM TO3BOJISIE BiATBOPIOBATM peajbHMIT 060’€M Ta Tomorpadir BUIIPOOYBaHUX
IeTasieit, BUSBJISIOUM MaKpo- i Me30MacIITabHi 3MiHM ITOBEpPXHi.

2. TTobymoBa 3D-eTajOHHOI MOAE/Ii HEe3HOLIEHOro 3paska Ta ii IMOpiBHSIHHS 3
olMdpPOBaHOI0 MOMEJII0 3HOIIEHOr0 MaTepialy d03BOJSE KiJIbKICHO OIIiHUTHU
IIBUIIKICTh 3HOCY Ta PO3IIOAiJ HAaBaHTaKeHb II0 IIOBEPXHi, a TAaKOX IOOYmyBaTu
KapTHu BigxmieHb AJ1s1 HAOUHOI Bisyasisallii rmpoiieciB gedopmaririi.

3. Ilpomemypu mMiArOTOBKM [OaHMX, BKIIOUHO 3 KajJiOpyBaHHSIM CKaHepa,
ONTMMi3alli€el0 XMapy TOYOK abo CiTKM, Ta BpaxyBaHHSIM (aKTOpPiB 30BHIllTHHOIO
cepefoBuilia (TeMIiepaTtypa, OCBiTJeHHS, OpyA) € KPUTUUYHO BaXXIUBUMM IJIsI
I IBUIIEHHS] TOYHOCTi BUMipIOBaHb i MiHiMi3allii cucTeMaTUYHMX ITOXMOOK.

4. 3anporioHoBaHa M@ poBa MeTOAMKA OI[iHKM 3HOCY € IPOCTOI0, IBUIKOK Ta
B 0araThbOX BMIIaJKaX TOYHIIIOK IIOPiBHIHO 3 TPamMIiiHUMM MeETOAAMMU
npodisoMeTpii Ta ONTUYHOTO CKAHYBAHHS OKpeMMX [OiISTHOK, IO JO03BOJISIE

OTPUMAaTU KOMIIJIEKCHY OILIiHKY yAapHO-abpa3uBHOTO pyiiHyBaHHS AeTalleil.
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Maksim Kovzel, Zhanna Dementieva

METHODOLOGY FOR ANALYZING GEOMETRY CHANGES AFTER
IMPACT-ABRASIVE WEAR TESTING

Abstract. The current stage of development in materials science is characterised by a

high level of research into the structure and mechanical properties of materials. Further
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progress in this field is linked not only to the development of fundamentally new testing
methods, but also to the refinement of existing approaches through the integration of
modern digital technologies for data recording and analysis. This allows not only for
increased measurement accuracy and a greater number of intermediate values, but also
for the determination of additional material behaviour characteristics that were
previously inaccessible to direct measurement. The aim of this work is to enhance the
informative value of the impact-abrasive wear testing method through its digitalisation,
in order to obtain a comprehensive assessment of a material’s resistance to dynamic
impact. The paper presents an overview and examines aspects of improving the
methodology for investigating impact-abrasive wear. Unlike classical approaches, which
are limited to determining the mass loss of the specimen, the proposed methodology
integrates 3D scanning to quantitatively assess changes in surface geometry following
testing. The scientific novelty lies in the ability not only to record the integral wear index
(mass loss), but also to directly measure the distribution and magnitude of plastic
deformation accumulating in the metal under the dynamic impact of abrasive particles.
The proposed approach allows a transition from a one-dimensional assessment of wear
resistance to a two-dimensional one (mass loss + deformation relief). Based on the
results of 3D scanning and subsequent processing of the obtained data, a graphical
representation (depth map or profilogram) is generated, which quantitatively
characterises the material’s resistance to plastic deformation under impact-abrasive
conditions. This opens up new possibilities for the comparative analysis of materials, the
prediction of their behaviour under operational conditions, and the verification of

mathematical models of wear processes.

Keywords: impact-abrasive wear, gravimetry, surface topography, wear parameters,

optical profilometry, 3D scanning
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A.Il. Mimaskin, B.O. ITerpeHko, JI.B. KamkiHa, T.A. ®oHaproBa, A.M. Cenereit

IHTETPALIISI ®YHKIIOHAJIY KOMIIJIAEHC-VIIPABJITHHA B CUCTEMY
JTEKAPBOHI30BAHOI'O PO3BUTKY METAJIVPTIMHOI'O BUPOBHUIITBA

AHomauia. Y cmammi 86u3HaueHo 0CHOB8HI HaANpsAMuU iHmezpayii cknadosux KOMNJIA€EHC-
(yHKUiOHANY 8 CUCMeMY MexHOJI02iuH020 PO3BUMKY UOPHOI memanypeaii, y3200xeHy 3
CyuacHuMu  KoHuenuismu OdekapOoHizayii, UupkyaapHoi exkoHomiku ma ESG-
OpIEHMO0B8AH020 ynpaeniHHA. PosensHymo MmexaHismu ma chocobu nidsuwjeHHs
€KO0JI021YHOT YuCmomu OCHOBHUX MEMANYp2iliHuX Npoyecié WLISXOM 6UKOPUCMAHHS
8MOPUHHUX  pecypcie  (waamu, wWaaku, nua, ouchepcHi 8idxod0u 8anHsAH0O20
8upobHUYmMea), Qizuuroi mensiomu 2asie-npodykmise eupobHUUMEa ma ximiuHoi eHepaii
CO-Hz-cymiweii. O6rpyHmosaHo KoHyenmyaiwvHi nioxoou 0o inmezpayii iHcmpymeHmis
KOMNJIAEHC-YNPABAIHHA 00  cucmemu  YnpaeniHHs  eHepzoeekmugHicmio ma
pecypcoepekmugHicmio memanypeiiiHozo eupoOHuUymea, wjo 0ae 3mozy niosuwumu
npo3opicme mamepianeHUX ma eHepzemuvHuUX NOMoOKi8 ma KOHMpoaeamu
8y2/1epodoMiCmKiCmMb OCHOBHUX emanié HACKPi3HOI MexHOJI02iYHOi cxemu 8UPOOHULMBA
cmani. /TosedeHo w0 iHmezpauis iHCMpyMeHmMi8 KOMNJIAEHC-YNpAasiHHa 00 hpouecie
dexkapOoHizayii  003801€  KOHmMpoJosamu  eyzjieyesuti  cnid,  MiHimizysamu
aHmMpoNno2eHHUll 6NJU6 HA HABKONUWHE cepedosuwje ma nidsuwyeamu eKOHOMIUHY
cmabineHicme  nionpuemcme.  OOTPYHMOBAHO  pOb  YOOCKOHAJEHHSl  ICHYIOUUX

MexHoJ102ill y peanizauii KOHUenyii cmauozo ma ekoJ02iuHo 6e3neuHo20 8UPOOHULMEA.

Knrouoei cnoea: ¢yHKuioHan KOMNIAEHC - ynpasaiHHs, dekapOoHizayis memanypeii,
gyeneuesuii cnid, COz-iHMeHCU8Hicms, YUPKYISIPHA eKOHOMIKA, pecypco3bepexceHHs: ma
eHepzoepekmueHicmes, iHmezpauiss  KomniaaeHc-iHcmpymeumis, ESG-opienmosate

YNPABJIiHHSL.

[TocTaHOBKa Mpo6/ieMu, MeTa Ta 3aBAAHHS AOCTiIKeHHS

BpaxoBylouM BUMCOKY €HEepro€MHICTb i 3HAUHY YaCTKy MeTaaypriiiHOl ramysi y
r7106aMbHUX BUKUAAX TMMAapHMUKOBMUX Tas3iB, 3HMKEHHSI BYIJIELleBOi iHTEHCUBHOCTI
BUPOOHMIITBA  CTa€  OOHMM i3  KIIOUOBMX  UMHHUKIB  3abe3meuyeHHsI

KOHKYPEHTOCITPOMOXHOCTI ~MeTajaypriiiHOI TPOAYKIii Ha CBiTOBOMY pUHKY,
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0CO06JIMBO B YMOBAX 3alTpOBAaKEHHSI MeXaHi3MiB pery/Il0BaHHS BYT/IelleBUX BUKU/IIB,
3okpema CBAM (Carbon Border Adjustment Mechanism, MexaHi3M BYTJIelleBOTO
KOPUTYBAHHS iMIIOPTY).

YV umx ymoBax OCOOJMBOTO 3HaueHHs1 HabyBae (opmyBaHHS e(QeKTUBHUX
VIIpaBIiHChbKMX MeXaHi3MiB. OJHMM i3 TakKMX MeXaHi3MiB, 3JaTHUX 3a06e3MMeunTy
iHTerpallilo TeXHOJIOTIYHMX, €KOJIOTIYHMX Ta €eKOHOMIUHMX AacCHeKTiB PO3BUTKY
MEeTaJIypTiifHOrO0 BMPOOHMIITBA, BUCTYIIA€ KOMILJIA€HC-YIIPABIiHHS, SIKe HOIIJIbHO
pO3TIsIIaTH SIK iHTerpoBaHy CUCTeMY YIIPaB/IiHHSI IeKapOOHi30BaHMM pPO3BUTKOM
MeTaJTyprii, Mo 3abe3neuye y3TOMKeHHSI iHHOBAIliMMHUX TEXHOJOTiUHMX pillleHb i3
CydYaCHMMM  €KOJIOTIYHMMM  CTaHAapTamMu, peryJsiTOpHMMM  BMMOTaMM  Ta
MIPUHIAIIAMMU CTAJIOTO PO3BUTKY.

MeTol0 pob60TM € OOIpYHTYBaHHS KOHIENTyaJbHMX 3acaj, iHTerparii
(GyHKITiIOHATy KOMIIJIA€HC-YIIPABIiHHSI Y CUCTEMY [1eKapOOHi30BAHOTO PO3BUTKY
METaJTypTiifHOrO BMPOOHMIITBA Ta BM3HAUEHHS Or0 poJi y MiJBUIIEHHI eHepro-
pecypcHOi e(eKTUBHOCTI, €KOJIOTiYHOI 6e3IeKM i TEXHOJIOTiUHOi CTiMKOCTi IMpoIieciB
BUIJIABKM YaBYHY Ta CTaJIi.

IJisi  [MOCSITHEHHSI TOCTaBJeHOI MeTM BMKOPUCTAHO HACTYIHI METOAU
IOCTiI>KeHHSI: CUCTEeMHMI aHaji3 CydyacHMX TeHJEHIili pO3BUTKY MeTaIypriiiHux
TEXHOJIOTiii; MEeTOAM CTPYKTYpPHO-(YHKI[IOHAJIbHOTO aHa/li3y CUCTEM YHIpaBjliHHS
BUPOOHUIITBOM; MOPiBHSJIbHUI aHasti3 MOKAa3HMUKIB eHepro-pecypcHoOil
eekTMBHOCTI Ta  ByIJIelleBOi  iHTEHCMBHOCTI  MeTalyprifiHuUX  IIpOIIeciB;
y3araJlbHeHHsI HAyKOBMX 1 TEXHOJIOTiYHMX IIAXOmiB 1m0  JekapOoHisarrii
MeTaJTypriiiHOro BUPOOHUIITBA.

3aBIaHHS AOCIiIKeHHS. Y poO0Ti BUpillleHO HACTYIIHI 3aBAAHHS:

- MPOaHaji30BaHO Cy4YyaCHiI TEeXHOJIOTIYHiI Ta €KOJIOTiYHI BUKJIUKU PO3BUTKY
MeTaTypTiifHUX MigMPUEMCTB B yMOBaxX AekapOoHi3sallii ramysi;

- OOIPYHTYBaHO KOHIIENTYa/JIbHY MOJIEIb iHTerpailii KoMIIJIa€HC-YIIPaB/IiHHS B
CUCTEMi CTaJIOrO PO3BUTKY MeTaTypriiftHOro BUPOOHMIITBA;

- BM3HAUY€HO OCHOBHI HAIlpSIMM BUKOPUCTAHHS KOMILIA€HC-iHCTPYMEHTIB [IJIsI
MiJIBUIEHHS eHepro-pecypcHoi e@eKTMBHOCTI Ta 3HMKEHHS  BYIJIEIeBOi

IHT@HCUBHOCTI MET/IyPriiHUX MPOLIECiB;
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- 3[iJiCHeHa OIiHKa pOJii KOMIUIAEHC-YIIPABIiHHS, SK iHTerpaliifHoro
MeXaHi3My Y3rO[yKeHHSI TeXHOJIOTIYHMX, €KOJIOTIYHMX i eKOHOMIYHMX IapaMeTpiB
BUPOOHMIITBA.

HaykoBa HOBM3HAa OTPMMaHMX Pe3yJbTaTiB MOJSITAE€ B HACTYITHOMY.

3alpoIrioHOBAHO  pO3IJSIAATHM  MeXaHi3M  (GyHKI[iOHa/JIbHO-iHTerpOBaHOi
CHUCTEMM KOMILIA€HC-YIIPAB/IiHHS 3311 KOOPAMHAIliI BUPOOHMUMX IIPOIECIB, SIK
CHUCTEMOYTBOpIOIOUMit  ¢akTop 3abe3leuyeHHS OeKapOOHI30BAHOIO PO3BUTKY
BUPOOHUIITBA, 1[0 MTOEAHYE TEXHOJOTiUHi, €KOJIOTiUHi Ta yIpaBaiHChbKi iIHCTPYMEHTHU
3a0e3I1eueHHsI CTAJIOCTi MeTaaypriiHMX IMPOIIeCiB.

OOrpyHTOBAaHO KOHIENTYa/IbHI Migxoayu Ao iHTerpailii GyHKIii KOMIUIA€HC-
VIIPAaB/IiHHSI Y CUCTEMY MEHEIKMEHTYy, L0 [03BOJUTb KOHTPOJIOBATU €Hepro-
pecypcHy e(eKTUMBHICTb MeTaypriiiHOr0 BMPOOHMIITBA, IiABUIIUTUA IIPO30PiCTh
MaTepiaJibHO-eHepreTMUHUX IIOTOKIB Ta 3[Oi/ICHIOBATM MOHITOPUHI BYTJIEleBOl
iHTEHCMBHOCTI OCHOBHMX €TalliB HAaCKPi3HOI TEeXHOJIOTiYHOi cXeMM BUPOOHUIITBA
CTaIi.

VTOUYHEHO CUCTeMY  K/IIOUOBMX  IIOKa3HMKIB  OIHKM  e(eKTUMBHOCTI
IeKkapOoOHi3allii MeTanypriiiHux IIpoleciB, $SKi IOEIHYIOTb TEXHOJIOTIUHi,
eHepreTUYHi Ta KJIiMaTUYHI iHAMKATOPU BUPOOHMIITBA.

PO3KpUTO poONb KOMIUIA€HC-YIIPABIiHHSI $IK IHTerpaliiHOro MexaHi3my
Y3roJyKeHHSI iHHOBAI[iiHUX TeXHOJIOTIYHUX PillleHb i3 CyYaCHUMM €KOJIOTIYHUMMU Ta
peryiasiTOpHMMM BUMOramMu, 1o 3abesmneuye ¢GOpMyBaHHSI IepegyMOB CTaoro
PO3BUTKY MeTATyPTiliHUX HigIPUEMCTB.

[TokasaHo, 1110 iHTerpallis KOMILJIa€HC-YIIpaB/IiHHS y IIpoliecu AekapOoHisaillii
NO3BOJISIE 3a0€e3MeUYMTU KOHTPOJIb BYIJIENeBOTO CJIily, MiHiMi3yBaTu TeXHOTeHHe
HaBaHTaXeHHS Ha MOBKIUIIS Ta MiABUIIUTU €KOHOMIUHY CTiMKICTh IiAIIPUEMCTB.
OOrpyHTOBAHO POJIb YIOCKOHAJEHHS iCHYIOUMX TEXHOJIOTiN y peasi3allii KOHIIEMii
CTaJIOrO Ta €KOJIOT0-0e3I1eYHOro BUPOOHMIITBA.

BuknageHHsI OCHOBHOIO MaTepiajy Ta pe3yJbTaTiB JOC/TiI)KeHHSA

CyuacHuit etam po3BUTKY YOPHOI MeTayprii XapaKTepu3yeTbCsI MOCUTEHHSIM
TJI00QIbHUX €KOJIOTiYHUX, EHePTeTUYHMX Ta PETYISTOPHUX BUK/INKIB, ITOB’I3aHMX i3
HEeOOXiTHICTIO CKOPOYEeHHS BMKMUAIB IMAapHUMKOBMX TrasiB, IiIBUIIEHHS pPeCypCHO-
eHepreTMYHOi e@eKTUBHOCTI BMPOOHMUIITBA Ta ajallTallii iCHYIOUMX ITPOMMCIOBUX

TEXHOJIOTii [0 Cy4aCHMX TMPUHIMUIIB CTaJ0ro pPO3BUTKY. BpaxoBywuu, 1110
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MeTajypriifHa raay3b HaJeXWUTb M0 HalOi/NbIl eHepro- Ta BYIJIEIEEMHUX CEKTOPiB
MIPOMMCIIOBOCTI, ii TpaHcdopmallis y HanpsIMKy JeKapOoHi3allii po3IIsimaeTbCs SIK
OJVH i3 KTIOUOBUX (DAKTOPiB JOCSITHEHHS KIiMaTUYHUX ITiJIei.

OCHOBHI TeHIeHLil pO3BUTKY MeTAJyPriiHMX TEXHOJIOTiil IIOB’SI3aHi 3
BIIPOBAJKEHHSIM KOMIUIEKCHUX pillleHb, CIIPSIMOBAHMX HA 3HVMKEHHSI BYIJIELIeBOI
iHTeHCMBHOCTI BUpOOHMIITBA. [0 TakMx pillleHb HaleXaTb BUKOPUCTAHHS
aJbTepHATUBHMX BiJHOBHMUKIB, IlepeayCciM BOJHIO, iHTerpallisi TeXHOJIOTili MPsSMOro
BiIHOBJIEHHS 3a/i3a 3 IMOJA/JbIIOI eJeKTPOIUIAaBKOK CTajli, PpO3IINPEHHS
BUKOPUCTAHHS BTOPMHHMX MaTepiaJbHUX PeCypCiB Ta eHepreTMUYHuX IIOTOKIB
IIOTOYHOTO BMPOOHMIITBA, a TaKOX OITHMi3alliss TeIJIOBMX i MacoOOMiHHMX
MpolleciB  y TpaauliiHMX MeTanyprifiHux arperatax. BoagHouac peasni3sallis
3a3HaYeHMX TEeXHOJIOTIUHMX HaIpsIMiB I10Tpebye CTBOpPeHHSI e(eKTUBHUX
MeXaHi3MiB VYIpaBJiHHS, 3JaTHUX 3a0e3IMMeuYnTy Y3TOIKeHHS iHHOBALiHUX
TEXHOJIOTIYHMX PpillleHb i3 Cy4YaCHMMM €KOJIOTIYHMMM, €eKOHOMIUHMMM Ta
peryJisiTOpHUMM BUMOTaMM.

YV 1mux yMoBax OCOOJMBOrO 3HaueHHsI HabyBa€ (OpMyBaHHSI iHTErpOBaHMUX
CHUCTEM VIpaBjiHHS, IO 3a06e3MeuyloTb KOHTPOJIb BYIJIEIEBOI iHTEHCUBHOCTI
BUPOOHMIITBA, IIPO30PICTh MaTepia/lbHO-€HEPTeTUUHMX ITOTOKIB Ta BiATOBiIHICTb
JiSIIBHOCTI MiAIIPUEMCTB MIDKHAPOJHMM KJIIMaTUUYHMUM i €KOJIOTiUHMM CTaHaapTaM.
OpHuM i3 TakMX IHCTPYMEHTIB BUCTYIA€ KOMILIAEHC-YIIPAB/IiHHS, SIKe Y CY4YaCHii
MIPOMMCJIOBi TPaKkTUIli TpaHCHOPMYETHCS 3 iIHCTPYMEHTY HOPMATMBHOTO KOHTPOJIIO
y KOMIUIEKCHMII MeXaHi3M CTpaTeriyHoro yIpaBJdiHHS CTaJuM PO3BUTKOM
MigIIpMeEMCTBA.

Y KOHTeKcTi TpaHchopMallii MeTasypriifHOro BUPOOHMUIITBA [OLIJIBHO
po3risigaT  (YHKIiOHa/J  KOMIUIA€HC-YIPaBJIiHHSI He Jiuile SK CUCTeEMY
3a0e3reueHHs] BiJMOBIIHOCTI peryasTOpHMM BUMOTaM, aje, i SIK iHCTUTYIiitHO-
TEeXHOJIOTiUHY IuiaT@opMy yIpaB/iHHS HeKapOOHi30BaHMM PO3BUTKOM MeTasyprii,
1110 iHTerpy€e TeXHOJIOTiUHi, €KOJIOTiUuHi Ta YIIpaBaiHChKi iHCTpYyMeHTH 3abe3reyeHHsI
CTAJIOCTi BUPOOHMUMX cucTeM. Takuifi IAXig [O3BOJSIE ITOETHATU IIPOLIECHU
MOJepHi3allii MeTaJypriiHMX TeXHOJOril, TMiABUIIEHHS eHepro-pecypcHoi
eeKkTMBHOCTI BMUPOOHMIITBA, CKOPOUYEHHSI BYIJIELIEBOrO CJiAy IPOIAYKIi Ta
dbopMyBaHHSI TIPO30PMX MeXaHi3MiB KOHTPOJIO TEeXHOJIOTiYHUX 1 €eKOJOTiuHUX

rapamMeTpiB BUPOOHUIITBA.
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CyvacHmii eTan pO3BUTKY YOPHOI MeTaIyprii XapaKTepu3yeThCsl HEOOXiTHICTIO
CKOpoueHHSI TUTOMMUX BUKUIIB COg, MigBUIIEHHS pecypcHOi eheKTUBHOCTI Ta
3MEeHIIIeHHSI TeXHOTeHHOTO HaBaHTasKeHHS Ha JOBKi/UIsS. BiImoBigHO A0 T/106a1bHUX
QHATITUUYHMX  OI[iHOK, METaJyprid 3aJMIIA€ThCSI OOHUM i3  HAMOIMbIINMX
MIPOMMCJIOBUX JIKepes MapHUKOBUX rasiB [1]. CtanenuBapHa raay3b reHepye 3HaUHY
YaCTKy TII06aJbHUX MpoMucioBuX BukuAiB COg, 3a cyJacHMMM OIliHKamu [2],
BUPOOHMIITBO CTaji ¢opMye moHanm 8% CBITOBMX BUKUIB ITAPHMKOBMX TrasiB i
6a13bko 11 % COs.

[lepexin mo ByrieneBo-HelTpanbHux TexHomorii (Hz-DRI (BomHeBe mpsime
BiTHOB/IEHHS 3aJli3a), BUKOPUCTAHHS CUHTe3-ra3y, riopuguux BF (JomeHHa miu) —
BOF (xucueBo-kouBeprepumii mpouec) — EAF (EjnekTpomyroBa miu) cxeM BuMarae
dbopMyBaHHS CMCTEMM YIIPaBIiHHS BUPOOHMIITBOM, 3IaTHOI 3a0€3MeUnTI KOHTPOJIb
TEeXHOJIOTIUHMX, €KOJIOTIYHMX Ta €KOHOMIYHMX IapameTpiB. Takow CHUCTEeMOIO
BUCTYIIA€ iHTerpoBaHMii (QYHKIIOHA] KOMILJIA€HC-YIIPAB/iHHS, SIKUI JOLiJIbHO
pO3IAAaTU K iHTerpaliiiHuii MexaHi3M y3TOP)KEeHHS TeXHOJIOTIYHUX, €KOJIOTTYHUX
Ta YIIPaBIiHChKMX iHCTPYMEHTIB, CIIpSIMOBAHMIi Ha 3a0e3IeYeHHSI CTaJoro Ta
€KOHOMIYHO CTiliIKOr0 pO3BUTKY MeTaypriiHOro miaIrpueMcTBa.

KoHuenTyanpHa OCHOBa iHTerpaiii KomIuia€eHC-(QyHKIiOHaTy B CUCTEMi
JIeKapOOHi30BaHOTO PO3BUTKY YOPHOI MeTaMyprii MoBMHHA (GOPMYBATHUCS HA OCHOBI
IIOCTYINOBOi TpaHchopmaliii MeTanyprifHOro BMPOOHMUIITBA, SKa Iepemdavae
CUCTEMHE MOEIHAHHS TeXHOJIOTIYHUX, €KOJIOTIUHMX Ta YIIPaBAiHCbKMX iHCTPYMEHTIB
3a0e3leueHHs] CTaJor0 PO3BUTKY ramy3i [3]. ABTOpM CTBEpPIXKYIOTb, IO
nekapOoHizallisi MeTanyprii morpebye dyHmaMeHTasbHOI TpaHcdopmallii Bciei
rajiy3eBoi cucreMu, 1o GaKTUUHO TIiATBEPIKYE iIel0 CUCTEeMHOiI iHTerpaiii
TeXHOJIOTIYHMX, €eKOJIOTIYHMX Ta VIPABIIHCBKUX IHCTPYMEHTiB. Y Cy4aCHUX
IOCJTiIKeHHSIX mekapOoHi3alii cTajeanBapHOi IIPOMMCJIOBOCTI TaKO3K
HaroJIONIyeTbCsA, 10 [OCATHEHHS KIIMaTUYHMUX 1IiJieli TMoTpebye IO€qHAHHS
TEeXHOJIOTIUHMX iHHOBAIliil, eHeproedeKTUBHOCTI, (iHAHCOBUX Ta YIPaBIiHCHKUX
MexaHi3miB [4]. YV po6orax 3 mekapOoHi3allii mpomuciaoBocTi [5], Takoxk
3a3HaAyaeTbCsl, IO peani3alisi Iepexoay MO0 KIIMaTMYHO HEMTPaJbHOTO
BUPOOHMIITBA IIOTpebye iHTErpoBaHMX MOJeNel, SKi IOE€IHYIOTh TEXHOJIOTiUHY

MoOJepHi3allito, GiHaHCOBi iHCTPYMEHTU Ta CUCTEMU MOHITOPUHTY BUKUTiB.
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CydacHa MOJeb PO3BUTKY METaNypriiHOro BUPOOHUIITBA, I'PYHTYETbCS Ha
TO€IHAHHI B3a€EMOIIOB’I3aHUX HAIIPSIMiB PO3BUTKY, 0 SIKMX HAJI€XaTh:

- JekapOOHi3allii TEeXHOJOTiYHMX IIPOIleciB, CHPSMOBaHA Ha 3HMKEHHS
BYIJIeleBOi IHTeHCMBHOCTI BYPOOHMUIITBA LIJISIXOM BIIPOBAIKeHHS
eHeproe@eKkTUBHMX TEXHOJIOTiii, BUKOPUCTAHHS aJibTepHATUBHUX BUJIB Ia/JnMBa Ta
BiTHOBHMKIB, OITMMi3allii TEIJIOBUX i MACOOOMiHHMX ITPOLIECiB;

- peamizaliss TPUHLOMITIB IMPKYJSIPHOI €KOHOMikM, II0 Iependayae
MaKCUMMa/IbHe 3a/lydeHHSI BTOPMHHMX MaTepiaJbHUX pecypciB (IJIaKiB, ILJIaMiB,
ATy, MeTaJio- KaJbI[iEBMiICHMX BigXOMiB) y TIOBTOPHMIT BUPOOHMUMII LUK 3
dbopMyBaHHSIM 3aMKHYTHUX MaTepialbHMUX MOTOKIB;

- TMiIBUIIEHHS pPecypcHOi Ta eHepreTu4Hoi epeKTUBHOCTI BMPOOHUIITBA, SIKE
JOCSITAETHCS LIJITXOM OITMMi3allii MMTOMMX BUTpPAT €HepropecypciB, pO3IMIMpPeHHS
BUKOPUCTAaHHS BTOPMHHUX €HepPreTMUHMX pecypciB Ta MigBUIeHHS KoedillieHTa
BUMKOPMCTAHHS KOPUCHMUX CKJIAOBUX TEIUIOBOI eHeprii: XiMiuHOi Ta ¢i3uyHOi;

- 3anpoBagkeHHs1 ESG-opieHTOBaHMX MiAXOAiB A0 ynpasiiHHS, Ae ESG (Tpu
KJIIOYOBI KpuTepii O OIIHKM CTiliKOoCTi Ta eTuyHoCTi O6i3Hecy: ExoJoris
(Environmental), ComiasibHa  BignoBimanbHicTb  (Social) Ta  YmpaBiiHHSA
(Governance)), 10 3a0e3Ie4yl0Th VY3rOMKEHHS BUPOOHMUYOI MisVIBHOCTI 3
€KOJIOTIUHMMM, COIiaJIbHMMM Ta YIIPaBJIiHCBKMMM BUMOTraMM CTaJOTO PO3BUTKY
[6,7];

- BUKOPMCTAHHS UM@PPOBUX CUCTEM MOHITOPUHTY Ta  VyIIpaBIiHHS
TEeXHOJIOTIUHMMMU Tpoliecamu, siKi 3a6e31euyioTh orlepaTUBHMIT KOHTPOJIb KIIOUOBUX
rmapaMeTpiB BUPOOHMIITBA, ITiABUINEHHS IPO30POCTi MaTepialbHO-eHePreTUUHUX
MOTOKIB [8] Ta 00’€KTHUBI3allil0 MPUIHSATTS YIIPaBIAiHCbKMX pillieHb [9].

Y Takiii cucTeMi KOMIUJIA€HC-(YHKI[iOHAJ  BUCTyIA€ iHTerpaliiHum
iHCTpyMeHTOM, MexaHi3M SKOTro 3a0e3Ieuye Y3ro/KeHiCTb TeXHOJIOTiUHMX
iHHOBaAIIili, €KOJOTiYHMX HOPMATMUBIB i EKOHOMIUHMX iHTepeciB MifgIpUeEMCTBA.
BripoBa/keHHSI KOMIUIA€HC-YIpaBdiHHS GOpMy€e IiHCTUTYIIiIiHY OCHOBY [IJis
peastisailii cTparterii ByIJielle-HEHTPaJIbHOTO Ta pecypco-eHeproeeKkTUBHOTO
PO3BUTKY METAJyPTiifHOTO BMPOOHMIITBA. IHTErpaliiiHO-peryasTOpHMII MeXaHi3M
3a6e3MeyeHHsT CTaJIOCTi BUPOOHUIITBA ITiIKPECTIOE, 1[0 B YMOBaxX MeTalypriifiHOro
BUPOOHUIITBA KOMILJIA€HC TIOE€JHY€E TEXHOJOTiIUHi, €KOJIOTiUHi Ta yIIpaBIiHChKi

iHCTpYyMeHTH; KOOpAMHYE Pi3HOMAHITHI 3a 3MicTOM Ta 00’€IHAHHI LU0 QYHKIIii
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MiAIIPUEMCTBA, peasisallis SKMX CIpsIMOBaHa Ha AOCATHEHHS €IMHOI CTpaTeriyHoi
MeTH.

[ns 3abe3reueHHs palliOHAJbHUX YMOB iHTerpyBaHHs (GYHKIIi/i KOMILJIA€HC-
VOpaB/IiHHS B CTPYKTYpy METAIypriiHOTO BUPOOHUIITBA B  JOCTiIKeHHi
BUMKOPMCTAHO II0JIOKEHHSI rapMoOHi30oBaHOi Metopmosorii (I'M), moaudikoBaHi Ta
aJanToBaHi 40 YMOB Cy4acHOI'O BMPOOHMIITBA Ta BUMOT Hil0UMX 3aKOHiB.

IaTerpaniisi (QyHKIIOHAMy KOMILIA€HC-YIIPaBIiHHSI Ha OCHOBHMX eTarlax
BUPOOHMIITBA CTaJTi 320€3MeUNUTh PEIIMKII ITIOTOKIB BTOPMHHOI TEIIJIOTM Ta CMPOBUHM,
i, 3TilHO 3 OCHOBHMMM IOJIO)KeHHSIMM ['M, MOBMHHA CIMPATUCS HA TMPUHIUIIN
oprasisallii BUpOOHMIITBA, SIKi HaBeJleHi HiXKue.

1. CucremHa MiJicHicTh BMPOOHMIITBA. MeTanyprifiHe IiAIIPUEMCTBO
pPO3IISAA€ThCS, SIK iHTEerpoBaHa CUCTEMM «CUPOBMHA — €Heprisi — TeXHOJIOTisl —
BiIX0Ooy — DOBKIJJISI», 11O O3BOJISIE:

- po3paxyBaTyu Ta Y3rOAUTM MaTepialibHi Ta TEIUIOBi 6aJaHCH OCHOBHMX €TalliB
CYyYaCHMX TEXHOJIOTiYHMX CXeM BUPOOHMIITBA METaJliB;

- MiHiMi3yBaTM BHYTPillIHi BTpaTuM pecypciB CUPOBMHM Ta eHeprii, sKa
BUTpAvYaEThCs IJ151 3a6e3MedyeHHsI CTiliKOro pO3BUTKY BUPOOHUIITBA;

- 3abesmeunMTM TpacoBaHicTh (traceability, y mepexkmagi 3 aHIUI.
«BigCTEXYBaHICTb») IMMOTOKIB CMPOBVHM i TEIIOTY BTOPMHHOIO ITOXO/KEHHSI, TOOTO
3a6e3MeYnTy MOXIMBOCTI KiJIbKICHO Ta SIKICHO TPOCTEXYBaTU IOXOIKEHHS, PYX,
TlepeTBOpeHHS i KiHIleBe BMKOPMUCTAHHSI MaTepiaJbHOTO ab0 TeIJIOBOrO TMOTOKY B
MeyKaxX BUPOOHMUOI cucTeMy (KMTTEBOTO IIMKITY MIEBHUX BUJIIB CKIAJOBUX PECYPCiB),
1110 € 623010 I pecypCHOTO Ta €KOJIOTiYHOT0 KOMILJIA€HCY.

2. 3aMKHEHiCTb MaTepia/IbHUX i TEIJIOBUX IIOTOKIB, SIKa Iepeabavac:

- peuMKa IUIakiB, MUy, NUIaMiB, MeTaJio- KaJblli€- BYIJIEIIEBOBMICHUX
BigXOMiB, SIKi YTBOPIOIOTbCSI B pe3yJbTaTi 3[iliCHEHHS BiAMOBIAHMX MeTa/JypriiiHUX
TIPOILIEeCiB, a 38 XapaKTePHUMM O3HAKaMI € TEXHOTEHHMMM 32 TTOXO/I)KEHHSIM,;

- yTumizaiiito ¢isuvHoi TeIIoTH IIaKy, arjioMepaTy Ta TEXHOJOTiUHMX rasiB y
npoiiecax BF — BOF - EAF, mo € mnpoaykTaMu peasi3ailii OCHOBHUX eTarliB
BUPOOHMIITBA CTajli B paMKaxX HacKpi3HOi TexHosoriyHoi [10,11] cxemu. IIpu 11pomy,
IOLIITbHO MaKCUMMajbHO peaslisyBaTU TeIUIOBY Ta MNaJMBHY CKIAAOBi [skepes
BTOPMHHOI €Heprii;

- TIOBTOpHE BUKOpPUCTAaHHS BTOpuMHHOI eHeprii ras3iB BF-BOF - EAF.

Ibxkepesiom eHeprii mpu 1LbOMY CcTa€ XimiuHa eHeprig rasziB (CO, Hz Ta
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yacTkoBO, CH4). EHeprigs peanidyeTbcs uyepe3 IIepeTBOPEHHS B  TeNJIOBY
(criasioBaHHS), fajli — y nmapy abo enexkrpoeHepriio [13]. TakuM YMHOM, peali3yeThCs
eK30TepMiuHe XiMiyHe IlepeTBOPEeHHS eHeprii BTOPMHHOIO MOXOIKeHHSI.

3. TexHoJsioriyHa TPACOBAHICTb. dopMaJibHe BM3HAUEHHS, sKe
BUKOPUCTOBYETHCS Y 3araJibHOMy KOHTEKCTi YIIpaB/iHHS IMOTOKaMM (JIOTiCTUKa,
BUPOOHMIITBO) i 1OOpPEe KOPEeCHOHAYETHCS 3 HAYKOBOIO i TEXHIUHOI TEPMiHOJIOTI€I0,
TPaKTyeTbCSl, 3TigHO 3 [12], $K: «3HaTHICTb imeHTMGiKyBaTH, BiAcTeXyBaTu i
MIPOC/TIAKOBYBATH NUISIX, TTIOXO/IsKEHHS, CTaH i TpaHchopMallii 06’eKTa UM MaTepiany
IIPOTSITOM YCiX eTarliB i10T0 SKUTTEBOTO LIMKIY 200 PyXY B CMCTEMi ITOTOKiB».

4. TepMoaMHaMiyHa Yy3TOMKEHICTh MpPOIECiB. 3TifHO 3 HUM, K 3 OOHUM 3
OCHOBHMX IT0JIOKeHb I'M, iHTerpailisi KoMraaeHc-QyHKI[iOHATY IIOBMHHA 0a3yBaTUCh
Ha:

- peanbHUX (Pi3MKO-XiMIUHMX 3aKOHOMIPHOCTSIX Ta OCOOJMBOCTSIX TEXHOJIOTi
BUIUIaBKM, TI03alliuHOi OOpPOOKM, pO3JMBAHHS, XiMiKO-T€pMIiUuHOiI Ta 0OpPOOKMU
MeTaly TUCKOM;

- ONTUMi3allii OKMCII0BAIbHO-BiIHOB/IIOBAJIBHOTO PEXUMY, ITapaMeTpiB AYTTs
Ta IIJIAKOYTBOPEHHS; CII0COOIB TMO03aIliyHOoi OOpOOKM UYaBYyHYy Ta CTaJeBOro
HAITiBIIPOAYKTY;

- MiHiMi3alii BTpar ¢i3uM4yHOi TeIJOTM YaBYHOM, CTaJUII0 i XiMiyHOI eHeprii
Ipy peasisailii mpoiieciB 3 y4acTi0 MeTajieBOi, IIJIaKOBOI Ta ra3oBoi ¢as, sike
BiIOYBA€ThCS Mif BIUIMBOM (DaKTOPiB 30BHIlIHBOI Iii. B pesynbTati 11e 103BOINUTH
3HM3UTU TIepeBUTPaTM TMajauBa, eJIeKTpOeHeprii; 3MEHIIUTU  YTBOPEHHS
HaaIMIIKoBOoro FeO B luiakax, IO MiABUIIUTh BUXIA MPUAATHOIO Ta CIPUSITUME
3HMKEHHIO TEXHOTeHHOT'0 HaBaHTa)KeHHSI Ha TOBKI/IIS.

5. MiHimi3sallist TeXHOreHHOTO HaBaHTakeHHSI Tlepei0avae CUCTeMHe 3HUKEHHS
iHTEHCMBHOCTI yTBOpEeHHSI BMPOOHMUYMX BiIXOMiB i CKOpPOUEHHSI ITMJIOra30BUX
BUKU/IiB, 1[0 3YMOBJIEHO HEBiAIOBiAHICTIO ()aKTMUHOTO PiBHS PO3BUTKY HAyKOBO-
TEeXHOJIOTIUHMX pillleHb Ta TeXHIUHOTO OCHAIleHHS MeTajaypriiHoro BUMPOOHUIITBA
CyyaCHUMM €KOJIOTIYUHMM HOpMAaTMBaM 1 peryJsiTOpHMM BuMoOraMm. Peasmi3aiiis
3a3HAauYeHOro MPUHIMIY OpraHisailii, TAaKOX, OpieHTOBaHa Ha 3MeHIIIeHHS TUTOMOTO
nokasHuka BUKNUAIB COz Ha oamHuio npoaykiii (kv COz/T cTaji), 1m0 BUCTYyNaE
0a30BMM iHIMKATOPOM €KOJIOLiYHOI Ta KIIMaTUYHOI CKJIaOBUX KOMILJIAEHC-

dbyHKITiOHaNMY TigpueEMCTBA.
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6. [HTerpalisi KOMIUIA€HCY B TEXHOJIOTIUHI perjiaMeHTM BU3HA4ya€ KOMILUIAEHC
He SK 30BHIIIHIM KOHTPOJIb, @ SIK: €JIEeMEHT TEXHOJIOTIYHOTO aJITOPUTMY; KpUTepiit
TIPUIHSITTS ONepaliiHuX pillleHb; IHCTPYMEHT ONTMMIi3allii pe>XxuMiB IUIaBKM, SIKi
IO3BOJISIIOTD TTePeBOAUTM KOMIUIAEHC 3 AeK/IapaTUBHOI GYHKIIiT Y BUpOOHUYY.

7. EHepro-pecypcHa e(eKTUBHICTb SIK KPUTepiii CTaJI0CTi MeTaaypriifHOro
BUPOOHMIITBA IIOJISITA€ Y MOOCSTHEHHi MiHiMaJbHO MOXIMBUX IIMTOMMX BUTpPAT
eHepreTMYHMX Ta MaTepiaJbHUX PecypciB 3a YMOBM 30epeskeHHSI CTabiJbHOCTI
TEXHOJIOTIUHMX PeXMMiB, HOPMATUBHOI SIKOCTi IMPOMAYKIIii Ta €KOJIOTiYHOi O6e3IeKu
TIPOIIECiB.

VY cydyacHUX yMOBax eHepro-pecypcHa e(peKTUBHICTb PO3I/ISIHAEThCS He JIUIIe
SIK eKOHOMiuHa KaTeropisi, a, SK IHTerpoBaHui IIOKa3HMK TEeXHOJIOTiYHOI
JIIOCKOHAJIOCTi, €KOJIOTIUHO1 BiAIOBIAHOCTI Ta iHCTUTYLiMAHOI 3PiIOCTi MiAIIpUEMCTBA.

3rigHo 3 [13], TpacoBaHICTb, $IK eJIleMeHT VIIPaBJiHHS MaTepiaJIbHMMU
norokamu (Material flow management), BM3Ha4Ya€ThCsI MPOLIECOM BifICTEKEHHS Ta
aHaJIi3y pyxy MaTepiaiiB i eHeprii B MesKkax CUCTeMM, 10 BKIOYAE MTOHSTTS IKepel,
MTOTOKiB, HAKOMIMYEHHSI Ta iX IepeTBOpeHb. [HIlle, 6/iM3bKe 3a CYTTIO TPAKTyBaHHS
HaBeleHO B [14], siKe BM3HAUEHO SK «CUCTeMa KiJbKiCHOTO i SIKiCHOTO OOJIiKYy,
KOHTPOJIIO Ta BiACTeXyBaHOCTi, VYTBOpPeHHS, IIepeMillleHHsI, IIepepoOKu Ta
TIOBTOPHOTO iX BUKOpPUCTaHHS». Lle € pyHIaMeHTaIbHOIO KOHIIEIIIi€l0, 10 JIEXXUTh B
OCHOBi CMCTEMHOI TpPacOBAaHOCTI MOTOKiB, OCHOBHi MOJIOKEHHSI $SIKO1 IOIJIbHO
BUKOPUCTATH [JIs iHTerpailii KOMILIa€HC-(PYHKIIIOHATy B CTPYKTYPY YIIPaBIiHHS
MeTaTypriiiHUM MigIPUEMCTBOM.

Br/IOUeHHsI [0 CUCTeMM TPAacCOBAHOCTI MOTOKIiB BTOPMHHOI CUPOBUHM Ta
eHeprii, sSKi MaWwTh TeXHOT€HHE TIIOXOIKeHHS, He BM3HAUYAETHCSI 3 aHamli3y
pesy/ibTaTiB OOCHiIKeHb [13, 14], a € HAaC/AiAKOM y3arajJibHEeHHSI TPbOX KOHIIEIILIilA,
3aCHOBAHMX HA KOHTPOJiI Ta aHadi3i MaTepiayibHMX MOTOKIB Ta MPOMMCIOBOI
€KOJIOTi].

Ha ocnosi ISO-migxonmy (ISO — MixkHapogHa opradisaliisi 3i craHmapTu3ailii),
«TpPacoBaHiCTb» y3arajbHeHa [Jisi ITPOMMCIOBOTO BUPOOHMIITBA, IO POOUTH ii
KOPEeKTHOI0 [ji1  iHTeprperTarlii, TakoX i MeTajyprifHoro BMPOOHMIITBA, SIK
3IATHICTb iIeHTU(IKyBaTH, KiTbKiICHO 00JIIKOBYBAaTM Ta MPOCTEKYBATYU MTOXOIKEHHS,
pyX, TepeTBOPeHHS i KiHIleBe BUKOPUCTAHHS MaTepiaJbHUX Ta €eHepreTUYHUX

MOTOKIB y Mekax BMu3HaueHoi cuctemu [15]. YV MeTamypriiiHoMy KOHTEKCTI,
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BUKOPUCTOBYIOUM [SO-minxim, 06°€KTOM TpacoBaHOCTI [OIIIBHO BU3HAUUTHU
MaTepiajbHi Ta eHepreTUYHi IOTOKM; TeXHOJIOTIYHi IepeTBOPEHHS; MepeMillleHHS
TIOTOKIB MiXX eTariaMy HaCKpi3HOi TEXHOJIOTii BUPOOHMIITBA CTaTi.

JJo OCHOBHMX HampsIMiB iHTerpaiiii KoMmIula€HC-(YHKI[IOHATY [OIiJIbHO
BiHeCT HACTYIIHi:

- meKapOoOHi3allil0 TeXHOJOTiYHMX ITPOIIECiB;

- KOMILJIEKCHE BMKOPUCTAHHS BTOPMHHMX PECYpPCiB — BiAXOAiB T€XHOTE€HHOTO
MOXO/KEHHS;

- KOMIUIA€HC €eHepreTUYHOI iHTerpailii, TeXHOJIOTIYHOI YUCTOTU IOA0 BIJIUBY
CY4aCHMX CITOCO0iB BMPOOHMIITBA METAJIiB Ha €KOJIOTiI0 Ta iHHOBALiiiHMII PO3BUTOK
B YMOBaXxX Cy4aCcHOTO BMPOOHUIITBA Ta IIPU OT0 AekapboHi3airii.

CucTteMHO MpOaHaJIi3yeMO BUIe3a3HaueHi HalpsMM iHTerpamii @yHKIioHaTy
KOMILJIAa€HC-YIIpaB/IiHHS B 3arajbHy CHUCTeMy 3a0e3leueHHS MeTalypriifHOro
BUPOOHUIITBA.

JllekapOoHi3allisi TeXHOJOTiYHMX IIPOLIECiB € K/IIUYOBOIO IIepeIyMOBOIO
Mojaiblioi  TpaHcdopMallii 4YOpHOI MeTanyprii y  HampsaMKy (OpMYyBaHHS
eHeproe@ekTUBHOTO,  peCypCcHO-3aMKHEHOTO Ta  eKOJIOTiYHO  6e3MeyHoro
BUPOOHMIITBA, IO  3a0e3MeunTb 3HMKEHHSI  BYIVIELIEBOI  iHTEHCUBHOCTI
MEeTaJIONPOAYKIIii, MiABUIINEHHSI KOHKYPEHTOCIIPOMOXHOCTI MiAIIPUEMCTB Ta IX
BiAMOBIAHICTh CYyYaCHMM KIIMaTUYHUM i peryJsiTOPHUM BUMOTaM.

JJo BakIMBMX HampsIMiB AeKkapOOHi3allii TexXHOJOTIiUHMX IIpOIeciB, Bif,
peasnisailii SKuX 3aJeXUTb e(EeKTUBHICTb PO3BUTKY BYIJIEleBO-HEINTPaJIbHOTO
BUPOOHUIITBA, BiTHOCSITHCS :

- 4acTKoBa a60 MaKCMMaJbHO MOXJ/IMBA 3aMiHa KOKCy, mpuponaHoro rasy (I1T)
ta IIBII (muioByrinbHOrO manuBa ) Ha BoAeHb (Hz) 3 pO3pOOKOIO TEXHOJOTiii Ha
OCHOBi BUKOPUCTAHHSI KOPUCHUX BIACTUBOCTEH 110TO Qi3MKO-XiMiuHOTO MOTEHIIiaTy
— MaJUBHOI Ta XiMiUHOI eHeprii;

- BUKOPUCTAHHS B MeTaJypriiHOMYy BUPOOHMIITBI MPOIECIB ITiITOTOBKMU
3ai30pyoHMX MaTepialiB; 3acTOCyBaHHSI y BUPOOHMIITBI CTali MPOIYKTiB
migrotoBku Ta cymimein CO-Hp (cuHTe3-ra3), 10 CYTTEBO 3MEHIIYE

«BYTJICLIEBUI CITify»;

ISSN-print 1991-7848 39
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

- ONTHUMIi3allisi 30H TEIUIOBOTO pe3epBy, $SIKa BU3HAYAETHCS 3HMKEHHSIM
temrepatypu TRZ (thermal reserve zone), mokpamieHHSIM e(QeKTMBHOCTI peaxiiii
BiJHOBJIEHHS, 1110 JO3BOJISIE MPALIIOBATY 3 HU3bKOIO IIBUAKICTIO BiTHOBHMKA [16];

- iHTeHcMikallis TPsSIMOTO BiZHOBJIEHHS OKCHUAIB 3asiza, 30ajlaHCOBaHA 3
BKJIQZIOM peakiiili BimHoBieHHs rasamu (CO, H,) ;

- TIOCTYTIOBMI1 Tepexia Mo riopuaHmx cxeM BupoOHuUITBa cTami BF—-DRI-EAF
(IomenHa 1iu — IIpsimMe BigHOBJIeHHS 3ajii3a — EnekTpoayroBa miyv);

- 3HMWKEHHSI B eHepreTMYHMX OajaHcax MeTaJyPriiHMX IIPOLEeCiB YaCTKU
TEeIUIOTHU, 1[0 BUTPAYAEThCS OJis 3[Oi/iICHEHHS eHOOTepMIUHMX peakiliii, HalTpuKIaz,
rasudikartii Byrierio (AH = +172 kII>x/moib mipu 1000 °C) B ymoBax JOMEHHOI meui,
Ile BOHa oTpuMye po3BUTOK B TRZ — 30Hi i Buiile Heil («solution loss» peaxiiii) [17];

- KOHTpPOJb BYTJIELIEBOTO CJiJly MO OCHOBHMM eTamamM MeTaJypriiiHoro
rnepeniny;

- aygut BignosigHocTi CBAM BuM3Hauae MexaHi3M KOPUTYBAaHHS BYTJIEII0 Ha
KopaoHi €C 1jis1 ToBapiB i3 BMCOKOK BYIJIElLIeBOI iHTEHCUMBHICTIO (30KpeMa CTasli)
1711 y3rojskeHHs immopty 3 nmpaBwiamu EU ETS (European Union Emission Trading
Scheme - cxema Toprisii Bukugamu €sporieiicbkoro Cow3sy) [18].

- TexHoJioriyHa Bepu@ikailiss edheKTMBHOCTI BogHeBMX TexHoJoriii DRI — EAF
ta CPI (BmyBaHHS ByIJIeLleBMiCHMX MaTepianiB)) — BF; npu pociigskeHHi
TexXHOJI0TiyHOI cxemu Hy — DRI — EAF [19] moka3aHoO, 1110 BUKOPUCTaHHS BOJHIO, SIK
BiTHOBHMKA, MOxXe 3HM3UTU BUKuAM COo mpubamsHo Ha 90 % IMOpiBHSIHO 3
TPaAUIiiTHUM IOMEHHUM IIPOIeCOM;

- yIOpaBAiHHA pU3MKaAMM HeCTaOiIbHOCTI TEXHOJOTIiUHMX TapaMeTpiB
MeTaypriiiHuX MPOLIeCiB IOJSIra€ y CUCTEMHOMY MOHITOPMHTY Ta perysaloBaHHI
KJIIOYOBMX TlapaMeTpiB IUIaBKM: XiMIUHOTO CKJIaAy YaBYHY, HapaMeTpiB OYTTS,
ra3zoBoi aTmocdepyu Ta Ckaamy IUIaKoBOi dasm, Bif SIKMX 3a/IeXXUTh TEIJIOBUII Ta
OKMCJII0BAJIbHO-BiTHOB/TIOBA/IbHMI Oa/laHC TIIaBKMU.

OcHOBHOW0 (YHKIIi€I0 KOMIIJIA€HC-YIIPABIiHHSI € BCTAHOBJIEHHSI Ta KOHTPOJb
IOMYCTUMMUX BYyIJIelleBUX IHAMKATOPiB, B SIKOCTi SIKMX [OIiJIbHO BUKOPUCTATU
MMOKa3HUK MMUTOMO1 eMicii CO2 1§ (0) TeXHOJIOTiUHUX nepeminax
(kr CO2/T arnomepaty/kr COz/T uaByHY (BF)/ kT CO2/T cTani (BOF a6o EAF) [20].

3a ganumu [21] moka3HMky muTomoi eMicii CO2 CTAHOBSATH NPU BUPOOHUIITBI:
ariomepary = 319 kr COo/T; uaByHY (BF) = 1500 kr CO2/T. Lle BU3HaUYae HEOOXiTHICTb

OKpPEMOTO PpO3paxyHKy BUKUIIB IJis arjomepailii, JOMEHHOro IpOIlecy,
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KOHBEPTEPHOrO Ta  eJeKTPOCTaJNelyIlaBUIbHOrO.  Pe3ynbTatu  JOCTII>KeHHS
JOLJIBHOCTI BUKOPUCTAHHSI TOKA3HMKIB IHTEHCMBHOCTI BUKMIIB Ha TOHY CTalli,
npuseneHi B [20], migTBepIKyIOTh 3B’SI30K MIX CIIOXMBAHHSM KOKCY / eHeprii Ta
iHTeHcUBHIiCTIO BUKUIIB COo.

BinnoBigHo mo wMetopmosnorii IPCC (MixypsimoBoi IpymH eKCIEpTiB 31 3MiHH
kiimary) [22], sika 6a3yeTbCsl Ha IPUHIUITL MOBHOTO OOGJIiKYy MOTOKIB BYIJIELO,
3O1/ICHIOETBCSI 3 YpaxXyBaHHSIM MPOLIECIB YTBOPEHHSI, BUKOPUCTAHHS Ta BTpaT
TEeXHOJIOTIUHMX Tra3iB, 30KpeMa IpM iX CIa/Ji0OBaHHI Ta (aKeJbHOMY 3TOPSIHHIO,
pallioHa/IbHOI yTUi3allii JOMeHHUX Ta KOHBEPTepPHUX Ta3siB, SIK Ji>Kepesl BTOPUHHOI
TeIIOBOI eHeprii — majnaa.

Ha ocHOBi KOMIZIEKCHOI eHepreTM4YHOi Ta TeXHOJIOTIiUHOI OIL[iHKM BOJHEBOI1
MeTanyprii [23] aBTopyu OOCHigKeHHS [24] MpoBeiy MOJENIIOBAaHHS TEeXHOJIOTIYHUX
napameTpiB Ha-DRI-mipoiiecy, a iioro pe3yjbTaTy BUKOpPUCTanu Ajs Bepudikaiii
eeKkTMBHOCTI BOJHEBOTO BiJHOB/IEHHS Ta MaciTabyBaHHsT Hao-DRI-mporiecy.

TakuM UMHOM, KOMILIEKCHE OI[iHIOBaHHSI CTaHy MeTaypriiHoro BUpOOHUIITBA
II0 OCHOBHMM TEXHOJIOTIiYHMM TIIepefijaM H03BOJisI€ imeHTUIKyBaTy Hai0iIbIIn
BYTJIELIEMIiCTKi cTanaii BMPOOHMIITBA, 3 BM3HAUEHHSM ITOKA3HMKIB iHTEHCMBHOCTI
ByrJielllo Ta e(deKTUMBHICTb BUKOPUCTAHHS BTOPUHHUX €HEPropecypciB, 30KpemMa
KoedillieHT yTusisallii TeXHOJOTiuHMX rasis. IIpu 11boMy, KepyBaHHS TapaMeTpaMu
OCHOBHMX €TalliB HACKPi3HOi TeXHOJIOTii BMPOOHMIITBA CTaji AO3BOJISIE CBOEYACHO
BUSIBJIITU Ta CIPUSITU BUIIPABJIEHHIO BigxUaeHb TEXHOJOTIYHOTO pEeXUMY Bif
perjiaMeHTy, 3arobiraTy MOpYIIeHHIO CTiliKOCTi Tpoliecy Ta CTabiIbHOCTI ¥i0ro
KiHIIEBMX pe3yabTaTiB. YIpPaBIiHHSI PU3MKAMM TEXHOJIOTiYHOI HecTabiIbHOCTI
IOLJIbHO COPSMOBYBaTM Ha IMiATPMMAaHHS ONTUMMAJbHOTO CITiBBiJHOIIEHHSI MiXK
XiMiYHMM CKJIaJlOM MeTajly, rapameTpamMy AyTTs Ta HUIAaKOBUM pexuMom. lle, B
CBOIO uyepry, CIpusiTuMe 3abe3leueHHIO CTabiIbHOCTI TUIaBKM, MiHiMi3alii
€HeproBUTpaT, [OO3BOJIUTb MPOTHO3yBaTM SIKiCTb MeTaly, 3allpOBaJKyBaTu
eekTMBHMIT KOMIUTA€HC-(PYHKIIOHAA YIPaBIiHHSI pPU3MKAMM HecTabiTbHOCTI
BUXiTHUX XapaKTepUCTUK YaByHYy, OYTTs, HMIaKoBOI a3y Ta iHIIMX MapaMeTpiB
OCHOBHMX eTariB BiAMOBIAHMX TeXHOJIOTii. OLiHKY pe3y/JbTaTiB 3/iiiICHEHHS 3aX0/IiB

iHTerpyBaHHSI KOMIUIa€HC-(PYHKI[iIOHATY [0 YMOB MeTaqypriifHOro BMPOOHUIITBA
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pallioHaJIbHO BM3HAYaTM 3a TOKAa3HMKOM 3HMKEHHS NuUToMux BUKUAIB CO. 6e3s
BTpaTu CTA0IIbHOCTI MpOIlecy Ta MeTaIyPriifHOi IIiHHOCTi MeTaIoIPOAYKIITii.

KOHTpOJIb ByrieneBoro Cjaigy Ha OCHOBHUX eTarax MeTa/IypriiiHOrO mepeminy
IOLIBHO 30iMICHIOBAaTU HISIXOM MPOLIECHO-OPiI€EHTOBAHOTO 00JTiKY
BUkuaiB CO. [18 ], mpu sKOMYy eMmicCii BM3HAUYAIOTbCS OKPeMO [Jis KOKHOI
TEXHOJIOTiYHOiI cTafii BMpOOHMITBA. Takmii MeTOMOJOTIYHMIA TiAXiZl JT03BOJISIE
imenTudikyBaT ocHOBHi mkepena COsz i ONTMMI3yBaTM TEXHOJIOTiIUHI peXUMU
BiIMOBITHMX ITPOLIECIB.

Po3sryissHeMo ApyTiit HampsM iHTerpailii KoMruta€HC-QyHKIIiOHATy — KOMIUIA€HC
BUKOPUCTAHHS BTOPMHHUX PpeCcypciB — BiJIXO[iB TeXHOT€HHOTO IT0XO/I>)KEeHHS.
PecypcHa 6asa, SIK [iskepesio BTOPMHHUX PecypciB CMPOBMHM BM3HAUYAETHCS PiBHEM
PO3BUTKY BUPOOHMIITBA, 1110 TIOEAHYE HAYKY, TEXHOJIOTiI0, 06/IafHAHHS Ta KYJIbTYpYy
BUpPOOHMIITBA. CTBOPIOETHCS BOHA 3i IIVIAKiB Ta MIJIaMiB IIOTOYHOI'O BUPOOHMIITBA Ha
OCHOBHMX eTallaXx MeTaaypriiiHOro Iepefisy; NWIy Ta3004MCTOK; OUCIIEPCHUX
BiIXOiB BMPOOHMIITBA BAITHA; METAJOBMiCHMX BiIXOZiB ITPOKATHOI'O BUPOOHMIITBA.
TEXHOT€HHOTO MOXOAKEeHHS.

KomrinaeHc-3aBOaHHSIMM € HACTYIIHi: KOHTPOJIb TOKCUMKOJIOTIUHOTO CKJIaZy;
3arobiraHHs1 HakKonmu4eHHI0 Zn, Pb, Cu; yrpaB/iHHS 3aMKHYTMMM MaTepiaJbHUMMU
norokamMu; Bepudikaliis koedillieHTa UMPKYJASPHOCTI Ta iH. Pe3synbTaTamu
peastizallii X 3aBIaHb € 3MEHIIIeHHS] TEXHOT€HHOTO HaBaHTa)KeHHSI Ta CKOPOUYEHHS
IIOTPe6y BUPOOHUIITBA Y TIePBUHHIV CMPOBUHI.

Tperifti HampsM iHTerpailii KOMILIa€HC-QYHKI[iOHATy — eHepreTUYHa
iHTerpaijis BK/IIOYA€ YyMOpaBaiHHS (TIPOTrHO3YBAaHHSIM, IMOTOYHMM KOHTPOJIEM,
KOperyBaHHSIM Ta aHalTi30M pe3yabTaTiB) BUKOPUCTAHHAM (i3uuHOI TeruioTu
00’e€KTiB MeTaJyprifHOro IMOXO/KeHHSI Ha BCiX eTamax HaCKpPi3HOi TeXHOJIOTii
BUMPOOHMIITBA YaBYHY, CTali Ta CHelliaJibHMX CIUIaBiB, yTui3allisi/pexkynepariiis
disuyHOi TemsioBOi eHeprii mpoileciB i arperaTiB. OKkpeMo, XimiuHa eHepris
CIIpSIMOBYETbCSI Ha BuUkopuctaHHs: CO, gk BigHOBHMKA; Hy, SK BiZHOBHMKA i
TeIJIOHOCIiST; TOBTOPHE CHA/IIOBaHHSI IOMEHHOTO rasy; nepetpopeHHss CO y cuHTe3-
raz.  OyHKIIIOHAJbHO  KOMIUIAEHC-YIIPABIiHHS ~ 3BOAMUTBCS  J0:  ayauUTy
eHeproe@eKkTUBHOCTi; KOHTPOIIO KoedillieHTa BUKOPMUCTAHHS BTOPMHHUX Tra3iB;
MiHimisanii gyrutuBHMX BUKUIIB; Bepudikanii KKI (koedillieHTy KOpMCHOI [ii)

YTUTi3alliiHMX CUCTEeM Ta YIpaBliHHS pu3MKaMu BUOyxoHebe3meuHocTi Ha, 3
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METOI 3HIMKEHHS IIMTOMOI €eHEeproeEMHOCTI Ta 3MeHIIeHHSI 3a6pyaHeHHS
HaBKOJIUIIIHbOTO CepelOBUIIIA.

KomrutaeHC eKosoriyHoi iHTerpailii, IKuii BU3HAYAETHCS OOCSTHYTUM PiBHEM
TEXHOJIOTiUHOI YMCTOTU BMPOOHUIITBA, KOHTPOJIIOE OT0 BIUIMB Ha €KOJIOTiI0, a 10ro
(dYHKI[iIOHAIbHI MOX/IMBOCTI JOIIJIbHO CIIPSIMOBATHM Ha: 3HMKEHHST B MeTasi S, P, N,
H; KOHTPOJIb BMiCTy aKTMBHOTO KMCHIO B HbOMY; CTa0ijIi3alliio IJaKOBOIO PEXMMY;
3MEeHIIIeHHS KiJIbKOCTi 1IJIaKy 06e3 3HMKeHHSI PiBHIO JI0ro peakiiiifHoi Ta MiHiMi3alliio
HeMeTaleBuX BK/IIOUYeHb. EQeKTMBHMMM iHCTpYMeHTaMM KOHTPOJIIO, 32 BIUIMBOM Ha
CTaH IIPOLIeCY, SIBASIIOTHCS: LM@PPOBMUIT KOHTPOJb IIOTEHIially OKMCIeHHS das;
KOHTPOJIb  ra30-TiApPOAMHAMIUHOI CTabiIbHOCTI MeTasieBOi BaHHM, IIISIXOM
ONTHMI3allii IapameTpy, SKUii BM3HAYAETHCS SIK: Lys/hs), 3MiHIOIOUMCh 3a XOA0M
MIpoAoyBKM MeTaseBoi BaHHM B iHTepBadi (0,3+0,75) [25]; onTuMizallisi XiMiyHOTO
CKJIa[ly Ta BJIACTUBOCTEN IIJIAKY, SIKUI BU3HAUYA€ CIEKTP Oro npusHauyeHHs. OKpim
TOT0, BXKJIMBUMM CKIATOBUMM KOMILIA€HC-(PYHKI[IOHATY € CII0COO0M MOHITOPMHTY
Ta  KOHTPOJIO  [OOTPMMAHHS  TEXHOJIOTIUYHMX  perjlaMeHTiB;  yIpaBjliHHS
BigXMJIeHHSIMM; MiHiMi3allili TeXHOTeHHUX aBapilf, 3aCTOCYBaHHS SKUX CIIPUSIE
cTabimisalii SKOCTi MeTaly Ta 3HMKEHHIO aBapiiiHUMX BUKU/IB IIKiIJMBUX 3’€IHAHDb
TEXHOT€HHOTO ITOXOIKeHHSI.

[HHOBAIIi/iHA CIPSIMOBAHICTh KOMILIAEHC-YIIPABJIiHHS AO3BOJISIE JOCSATTU IIJIeN
nekapOoHi3allii MeTanypriiHOTO BUPOOHMIITBA TaKMUX, SIK: PU3UK-OPi€HTOBAHE
BIPOBA)KEHHS HOBUX TEXHOJIOTiii; MPaBOBUIA 3aXMUCT (MaTeHTYBAaHHSI) iHHOBAIiil
[26]; ekosioriyHa eKcIepTu3a; €KOHOMiYHa OIL[iHKa OCHOBHMX eTalliB >XUTTEBOTO
IIMKJTY TIPOIIECiB, 1110 3a06e31eUnTb 3HMKEHHS iIHHOBAlliifHUX PU3MKIB; TPUCKOPEHHS
ceptudikaiiii; BiimoBiAHICTh Mi>XKHApPOJHMUM CTaHAApPTaM; iHTerpaiiito Ha puHKMU €C;
iHBeCTUIIiTHy TPUBAGINBICTD.

VIOCKOHAJeHHsI  iCHYIOUMX  TEeXHOJIOTi/i ~ BM3HAUYAE€THhCS  He  JIMIIe
«pagukanrbHuMu» nepexomamu tumy (Hz-DRI), ane it MopepHi3alii€lo JOMEHHOrO
npoliecy; crtabinizaili€lo XiMmiyHOro Ta (ppakiliifHOro CKIaay HIIMXTOBUX MaTepialiB
(armomepary, iHIIMX 3aTi30pyIHMUX KOMIIOHEHTIB) [27]; YIOCKOHAJEHHSIM DPEXUMY
TIPOJIyBKM MeTajieBOi BaHHM KMCHEBOTO KOHBepTepa Ta JAyroBoi CTalellIaBUILHOI ITidi;
VIIPaB/IiHHSIM TEIUIOBUMM OajaHCOM CTaJIeIlJIaBMJIbHMX arperariB, IO € KPUTUIHO

BK/IMBUM [IJISI peajiisallii ITOCTYIIOBOi JeKapOOHi3allii; 3HMKeHHSIM KalliTaJIbHUX
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BUTpAT; MiHiMi3allicl0 BUPOOHMUMX PU3UKIB TIpu 30epeskeHHi eKOHOMiYHOi

CTiMAKOCTI MiATIPUEMCTB.
mopei

dbopmyny iHTerpoBaHyi

CKJIAOBMX KOMIUIA€HC-YIPABIiHHSI B TMpoIec AeKkapOoHizalii MeTamypriitHoro

KOHI_[eHTyaJIbHO, 3aJIy4€HHSI OCHOBHMUX

BUPOOHMIITBA, MOXHA BU3HAUUTHU SK CUCTEMY B3a€EMOIIOB’SI3aHUX HOPMAaTUBHO-

peryiasiTOpHUX, TeXHOJIOTiUHO-€eKOJIOTiYHUX, M(POBO-aHATITUUHHX,

KOPIIOPaTMBHO-YIIPaBAiHCbKMX,  (iHAHCOBO-iHBECTUIiIiHMX Ta  JIAHIIOTOBO-

PUMHKOBMX MexaHi3miB. CUCTEMHO iHTerpoBaHa MojeJib 3abe3reuye y3TOIyKeHHS
BUPOOHMUMX DillleHb i3 BMMOTamMM KJIiMAaTUYHOI MOJITUKM, BYIJIELleBOTO OOIiKy,
pecypcHOi e(eKTMBHOCTI Ta PUMHKOBOI IIPUITHITHOCTI HU3bKOBYTJ/IEIeBOi cTasti. Taka
IIOCTAaHOBKA  BigmoBigae ToMy, $IK  MiDKHApOAHiI  iHCTUTYLii  ONUCYHOTh
IeKapOOHi3allil0 CTaJeIuIaBMIbHOIO BMPOOHMIITBA: SIK TOEOHAHHS TEXHOJIOTI,
MOJIITUK, iHPPACTPYKTYPH, JaHUX Ta iIHCTPYMEHTIB YIIpaBJ/IiHHSI.

V3araqbHeHa TabaMIsl  iHTErpoBaHOiI  MOJeNi  KOMILJIA€HC-YIIPaBIiHHS
Ipoliecom AekapOoHi3allii MeTaaypriiiHoro BMpoOHUIITBA y ¢opMaTi «6JI0K Mozerti

— (QYHKIIiST — IHCTPYMEHTU — pe3y/IbTaT» IPMUBEIEHO B Ta6. 1.

Tabanug 1
[HTerpoBaHa 6;104Ha MOJIe/Tb KOMILIA€HC-YIIPaBIiHHS [eKapOOoHi3allielo MeTanypriifiHoro
BUPOOHUIITBA

biok mopeni OyHKLig OCHOBHI iHCTpyMeHTU OuikyBaHMIt pe3yabTaT
HopmarusHoO- 3abe3reueHHs MoHiTopuHr icHyrouoro | MiHimisauis
peryasaTopHuii | BiZMOBIZHOCTI 3aKOHOJaBCTBa; peryasiToOpHUX
KOMIIIA€HC IiSITbHOCTI cuctemu MRV *[28]; | pM3uKiB; BiAMIOBiAHICTD

€KOJIOTiUHUM, BUKOHAHHS BUMOT | Mi>KHApOAHUM

kaimatTuuauMm Ta | CBAM, ESG-3BiTHOCTi; | BUMOram KiaiMaTUUHOL

IIPOMUCIIOBUM BHYTPIlIHI perJiaMeHTH | MOMITUKNA

BUMOTaM KOMIUIA€HCY.
TexHOMOTiUHO- | Y3romykKeHHSs Aypgut BYIJIELI€BOTO | 3HMKEHHS BYTJIEleBOi
€KOJIOTiYHUIA TEeXHOJIOTTYHUX npodino; onTuMmisanis | iHTEHCUBHOCTI
KOMIIJIA€HC MpoI1IeciB i3 | mMXTM 3a XiMiYHMM Ta | BUPOOHMIITBA,

LIIMU dpakuiitauM ckiamom ii | migBUIIeHHS yoro

nekapOoHizarii KOMIIOHEHTIB;  pelMKJ | peCypCHOi

Ta OHOBJIEHHS | BTOPMHHUX pecypciB; | epeKTUBHOCTI

KJIiMarty BIIPOBA)KEHHSI €Hepro -

e(peKTUBHUX TEeXHOJIOTiii
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ITpomoBskeHHS TabMIi 1

LindpoBuit  Ta | 3abe3neueHHs

MRV- BUMIipIOBaHHS,
KOMIUIA€HC 00JTiKY,
KOHTPOJIIO

Bukuais CO,

Cucremu 3060py OaHUX;

undposi MacIopTu
IJIaBOK;
aBTOMAaTU30BaHUIA
KOHTPOJIb  MapaMeTpiB
npotecy

HoCcTOBipHiICTL  JaHUX
jiife)ife] BUKU/IiB;
IIPO30PiCTh
KJIiMaTUYHOI 3BiTHOCTI

KopnopatuBHo- | IHTerpailis

ESG-nosiTuka ;

[TigBueHHs PiBHIO

YIpaBIiHCBbKUI | meKapOoOHi3alii y | KliMaTU4Ha CTpaTeris; KepOBaHOCTi
KOMIIJIA€HC CUCTEMY KOMILTA€HC-KOMITETH; TpaHcopmarii
CTpaTeriyHoro CUCTeMM BHYTPIIlIHbOTO | ITiAIIPMEMCTBA;
YIIpaBJIiHHS KOHTPOJIIO Y3TOKEeHHS
i PUEMCTBOM CTpaTeriyHmx i pileHb
®diHaHCOBO- 3abe3rneuyeHHs Owninka ByIJeleBoi- | EkKoHOMiuHa
iHBecTuLiiiHMI1 | ¢iHAHCOBOI iHT@HCUBHOCTI e eKTUBHICTb
KOMIIJIA€HC MiaTPUMKHA iHBeCTMIIili; BHYTPILIHS | Iepexoly A0 HU3BbKO
polieciB I[iHAa BYIVIEl[I0; 3eJieHi | ByI/eleBux
IexapOoHisarii iHBeCcTuIIii; ESG- | TexHoJIOrii
(dbinancyBaHHS
KomrutaeHc 3abe3nevueHHs Due diligence** [29]: | [ligBuiieHHs
JIQHIIIOTiB MMPO30POCTi kiacudikaiiss ~ OpyxTy; | €KOJIOriuHO1 Ta
MOCTayaHHS IKepen KOHTPOJIb  BYIJIELI€BOTO | pPMHKOBOI
(JIOTiCTUKM) MMOXO/I>KeHHSI cimy MPOAYKILii; | IPUITHITHOCTI
pecypciB CTaHAPTU CTAIMX | MIPOAYKIIil
CUPOBUHM 3aKymiBesb pecypciB
eHeprii
Enepretnunnit | OnTumisaiiis EnepreTuuHi ayauTy; | SHMOKEHHS
KOMIUIA€HC BUKOPUCTAHHS CUCTEMU VIIpaBJIiHHS | eHeproEMHOCTI
eHepropecypcin eHepro -MeHeIXMEHTOM | OCHOBHMX eTaliB Ta
ISO  50002-1:2025***; | meTamypriitHoro
BUKOPUCTAHHS BUPOOHMIITBA 3aTaJIOM
BiTHOBJIIOBAHOI €Heprii;
pekymnepaiiist TeIaIoTH
Exonoriuanii Ouinka CuctemMmu MOHITOPUHTY | 3MEHIIEHHS
MOHITOPMHT Ta | BUPOOHMIITBA Ha | BUKUIIB CO2; | HaBaHTa)KeHHS
KOHTPOJIb TOBKIiJLIISE €KOJIOTiUHMIA ayauT; | BUPOOHUIITBA Ha
OlliHKa SKUTTEBOTO | €KOJIOTiIO
LMKy MEeTaJIOTPOAYKIIil
IHHOBAaIIiITHO- [MigTprmKka Bopnesi TexHouorii; | I[limBuimeHHs
TEXHOJIOTiYHMI | BITPOBAJI’KEHHS eJIeKTpOMeTaTypris; TEeXHOJIOTiYHOi
PO3BUTOK HOBUX undposisailis KOHKYPEHTHO1
TEXHOJIOTi4 BUPOOHUIITBA CIIPOMOXXHOCTi
nekapOoHizarii MeTaTypriitHOTO
MiATTPUEMCTBA
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ITpomoBskeHHS TabMIi 1

KommniaeHc- dopmyBaHHS OcBiTHBO-TIpOdeciitHi [linroToBKa (axiBIiiB,
KOMIIETEeHIIi KOMILJIa€HC- IIporpamu, 30aTHUX
npodinbHOI KOMIIETEHTHOCTE | MIKIMCLUILIIHAPHI 3a0e311evyBaTu
OCBITU i  ¢axiBuiB  y | kypcu  (ESG, CBAM, | HOpMaTUBHY
chepi €KOJIOTiuHe MpaBo, | BiAMIOBIAHICTD,
IekapOoHizarii BYIJIelieBUit YIIpaB/IiHHSA
METaTypriffHOro | MeHeIKMEeHT), LMUPOBi | ByIIeleBUMU
BUPOOHUIITBA MOJefli OLIiHKM BUKUIIB | PU3UKAMMU Ta
BIIPOBA/I)KEHHS
HU3bKOBYIJIELIEBUX
TEeXHOJIOTiN y
MeTalypriiiHoMy
BUPOOHUIITBI
KommnaeHc 3abe3reyeHHs ESG-kputepii  Bimbopy | CipsiMyBaHHS
iHBeCTUIIIITHOTO | BiITIOBimHOCTI iHBeCTHUIIil, CBAM- | iHBecTu1Iiit y
3abe3reyeHHs IHBeCTUILIIMHUX Opi€HTOBaHMIA HM3bKOBYTJIEIEBi
pillleHb BMMOraM | iHBeCTUIIiliHMII aHasli3, | TeXHOJIOTii, 3HMKeHHS
IexapOoHi3arii KOMILJIa€HC-ayIUT pPeryasiTOpHUX Ta
Ta CTaJIOTO | iHBECTUIIIITHUX BYI/IElIeBUX  PU3MUKIB,
PO3BUTKY ITPOEKTIB, OlliHKa | MiIBUIIEHHS
MeTaJIypriiiHOro | BYyTJ/IeLieBUX PU3UKiB, | iHBECTULIiMIHOI
BUPOOHUIITBA MeXaHi3MM MpUBa6IMBOCTI i
(dbiHaHcyBaHHS KOHKYPEHTO
«3eJIEHUX» IIPorpam CITPOMOSKHOCTI
MeTaTypriitHOTO
BUPOOHUIITBA

*MRV O06nik 6ukudie napHuxosux 2aszié y CYUACHUX MemanypeziliHux cucmemax 30ilicHeMbCs
8ionogidno do npunyunie MRV (Monitoring, Reporting, Verification), wo nepedbauaroms cucmemHuii
MOHIMOpUHe, 38imHicMb i He3anexcHy sepuikauiio daHux npo ukudu, 30Kpema y pamKax MexXaHiamie
UNFCCC ma pezynsmopHux eumoz €C.

**Supplier due diligence - nepegipka nocmauanvHukie Ha 8i0noeioHicmes npasosum, emuyHUM ma
ESG-8umozam ona miHimisayii pusukie y naHyrozax nocmauaHHsij.

**#[SO 50002-1:2025. Ho8a pedakuia cmaHOapmy eHepzemMuuHuX ayoumie eusHaude: NPUHyuUnu
nposeedeHHs eHepzoayoumy; npoyecHi umMozu; Cmpykmypy ma pesyaismamu ayoumy.

OuikyBaHi pesynbTaTy BiJ BIIPOBa)KeHHS iHTerpoBaHOl Mofesi QyKilioHaTy
KOMILJIA€HC-YIIPAB/IiHHS B IpoIec AeKapOoHisallii MeTaaypriiHoro BMpPOOHMIITBA
KOpeIoI0Th 3 aHali30M YMOB YycmilmHOol TpaHcdopmallii ramysi. YsarajibHeHUi
edekT Mopeni KOMIUIA€HC-YIpaB/IiHHS  JeKapOoHi3allielo  MeTaaypriitHoro
BUMPOOHUIITBA BM3HAUAETHCS iHTErpalli€lo HaBeJeHUX B Tabs. 1 GJOKiB KOMIUIA€HC-
yIIpaBJIiHHS, TTIO€THAHHS eeKTiB B3aeMOIiil IKMX, 3a0e31euye:

- CUCTEMHO -IIOCTYTIOBE 3HVKEHHS BYTJIeLIeBOi iHTEHCMBHOCTI BUPOOHUIITBA;
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- MiJBUIIIEHHS eHepro- Ta pecypcoe(eKTUBHOCTI MeTaTypriitHUX MPOLIeCiB;

- BignoBigHicTh MixkHapogHuM ESG-cTaHgapTam i KIIiMaTUYHUM PeryJisiiisiM;

- TiABMILEHHS iHBECTUI[iiHOI, EeKCHOPTHOI CTiliKOCTi Ta iHHOBAIi/iHOL
MpUBaOIMBOCTI MigITPUEMCTB.

BuCHOBKU

B  pesyibTaTi MOpoOBeNEHOTO  AOCIIKEHHS  IIPOaHa/i30BaHO  CyYyacHi
TEXHOJIOTIYHI Ta €KOJIOTIYHI BUKJIMKM PO3BUTKY METAJTYPTiiHMUX IiATIPUEMCTB B
yMOBax JeKapOoHi3allii rasysi, a came: 3HIKEHHSI BYIJIeIleBOi iHTE€HCUMBHOCTI
BUMPOOHMIITBA, 3a/IlydeHHSI BTOPUMHHMX MaTepiaJIbHUX PecypciB, MigBUIIEHHS
pecypcHoi Ta eHepreTM4YHOi e(eKTMBHOCTI BMPOOHMIITBA, 3ampoBajkeHHS ESG-
Opi€eHTOBaHMX TIIiAXOMIiB OO YHOpPaB/iHHS, BUKOPUCTAHHS LMMPPOBUX CUCTEM
MOHITOPMHTY Ta KOMIIJIA€CHC-YIIPaB/IiHHS TEXHOJIOTiYHMMU ITPOLleCaMi;

OOrpyHTOBAHO KOHIIEIITYaJIbHY MOJEIb iHTerpailii KOMILIa€HC-YIIpaBIiHHS B
CUCTEMi CTaJoro pO3BUTKY MeTalypriiiHoro BupoOHUIITBA. JloBegeHO, IO
iHTerpailiss KoMILIa€HC-(PYHKIIIOHATy B CUCTEMY OeKapOOHi30BAHOTO PO3BUTKY
YOpHOI MeTa/lyprii MOBMHHA PO3IJISIAATUCS He SK PperyjasTOpHUI iHCTPyMeHT
KOHTPOJIO, a $SIK iHKeHepHO-ympaBliHchbka IulaTdhopma  3abe3rnedyeHHS
TEXHOJIOTiYHOI YMCTOTU, PEeCypCcHOi 3aMKHEHOCTi, eHepreTMUHOi e(eKTUBHOCTI
CYTTEBOTO 3HMKEHHS IIKiJJMBOTO BIUVIMBY CyYaCHUX META/IyPrifiHMX IPOIeciB Ha
TIOBKIiJLISL.

3a/1s MiABUIIEHHS] eHepro-pecypcHoi e(eKTUBHOCTI Ta 3HMKEHHS BYIJIEIIeBOi
IHTEHCUMBHOCTI MeTaJIypriiHuX MpoIeCiB YTOUHEHO CUCTEMY KIIOUOBUX MOKA3HUKIB
OIiHKM e(eKTMBHOCTI JeKapOoHi3allii MeTanypriiiHuMx MpoIeciB, SKi MOETHYIOThb
TEeXHOJIOTiUHi, eHepreTyHi Ta KJIiMaTUYHi iHAMKAaTOPY BUPOOHUIITBA.

By3HaueHO OCHOBHI HampsMM BUKOPUCTAHHSI KOMIIJIAEHC-IHCTPYMEHTIB, SIKi
IIO3BOJIAITb  KOHTPOJIIOBAaTM €Hepro-pecypcHy e(eKTMBHICTb MeTaaypriiiHOTo
BUPOOHMIITBA, ITIABUIIUTUA IIPO30PICTh MaTepiaJibHO-eHEePreTUMUHMX IIOTOKIiB Ta
3[iMICHIOBAaTY MOHITOPMHT BYTJIel[eBOl iHTEHCUMBHOCTI OCHOBHMX €TalliB HaCKpi3HO1
TEeXHOJIOTiYHOI CXeMM BUPOOHMIITBA CTaJIi.

Po3kpuTO poJib KOMIUIAEHC-YIPABJiHHS, K IHTerpaiifHoro mMexaHi3my,
pPO3pOOKM Ta peasidalii iHHOBALIMHMX TEXHOJIOTIUHMX pillleHb i3 JOTPUMMaHHIM
Cy4yaCHUX €KOJIOTIUYHMX Ta peryasaTOpHMUX BUMOT, 10 3abe3reuye (GopmyBaHHS

repesyMOB CTaJIOT0 PO3BUTKY METIYPriAiHUX MiAITPUEMCTB.
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[TokasaHo, IO iHTerpailis KOMILIA€HC-YIIPaB/IiHHS y IIpoliecu AekapOoHisalrii
IO3BOJISIE 3a0€e3MeUMTU KOHTPOJIb BYIJIELeBOTO CJIiy, MiHiMi3yBaTu TeXHOTeHHe
HAaBaHTaXeHHS Ha MOBKULIS Ta MiABUIIUTU €KOHOMIUHY CTiMKICTh ITiAIIPUEMCTB.
OOrpyHTOBAHO pPOJIb YIOCKOHAJEHHS iCHYIOUMX TEXHOJIOTiN y peasisallii KOHIIeMIii
CTaJI0To Ta €KOJIOro-6e31euyHoro BUpOOHUIITBA.

[lepcriekTBM MOOJANbIINX MAOCTIIKEHb Yy I1bOMY HaIpsiMi IIOB’SI3aHi 3
IIOIJIMOEHHSIM TEOPeTUYHMX i MEeTOOMUYHMX 3acaj iHTerpauii QyHKIioHamy
KOMILJIA€HC-YIIPABIiHHS Y CUCTEMY JeKapOOHi30BAHOTO PO3BUTKY MeTaTypriifHOTO
BUPOOHMIITBA: PO3POOJEHHST KiJbKICHMX METOMIB OI[iHIOBaHHSI e(eKTMBHOCTI
KOMIUIa€HC-(YHKIIIOHAJIy HA OCHOBi iHTEerpoBaHMX ITOKa3HMKIB €Hepro-pecypcHoi
eeKTUBHOCTi, BYIJIELIeBOi iHTEHCMBHOCTI Ta piBHSI BMKOPUCTAHHS BTOPMHHUX
MaTepiaJbHUX i eHepreTUYHUX pecypciB. [Ipy iboMy, KIIOUOBOIO ile€l0 CTa€ mepexi
MeTaJypriiiHOoro KOMILJIA€HCY Bif (QYHKIII KOHTPOJIIO OO pOJi iHCTUTYIiiHO-

TEeXHOJIOTiUHOI Ij1aTdhopMM yIIpaBIiHHS AeKapOoHi3alli€lo BUPOOHUIITBA.
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A. Mishalkin, V. Petrenko, L. Kamkina, T. Fonarova, A. Selegei

INTEGRATION OF COMPLIANCE MANAGEMENT FUNCTIONALITY INTO THE
SYSTEM OF DECARBONIZED DEVELOPMENT OF
METALLURGICAL PRODUCTION

Abstract. The article identifies the main directions for integrating compliance
functionality components into the technological development system of ferrous
metallurgy, in line with modern concepts of decarbonization, circular economy, and
ESG-oriented management. It examines mechanisms and methods for improving the
environmental friendliness of key metallurgical processes through the use of secondary
resources (slag, dust, dispersed waste from lime production), the physical heat of

production gases, and the chemical energy of CO-Hz mixtures.

Relevance of the study. Given the high energy intensity and significant share of the
metallurgical industry in global greenhouse gas emissions, reducing the carbon intensity
of production is becoming one of the key factors in ensuring the competitiveness of
metallurgical products on the world market, especially in the context of the introduction
of carbon emission regulation mechanisms, in particular CBAM.

In these conditions, the formation of effective management mechanisms becomes
particularly important. One such mechanism capable of ensuring the integration of
technological, environmental, and economic aspects of metallurgical production
development is compliance management. Its functionality should be viewed as an
integrated system for managing the decarbonized development of metallurgy, ensuring
the alignment of innovative technological solutions with modern environmental

standards, regulatory requirements, and sustainable development principles.

The purpose of the work is to substantiate the conceptual foundations for integrating
compliance management functionality into the system of decarbonized development of
metallurgical production and to determine its role in improving energy and resource
efficiency, environmental safety, and technological sustainability of iron and steel
smelting processes.

To achieve this goal, the following research methods were used: systematic analysis of
current trends in the development of metallurgical technologies; methods of structural
and functional analysis of production management systems; comparative analysis of

energy and resource efficiency indicators and carbon intensity of metallurgical processes;
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generalization of scientific and technological approaches to the decarbonization of

metallurgical production.

Research objectives. The following tasks were solved in the work:

Analysis of current technological and environmental challenges for the development of
metallurgical enterprises in the context of industry decarbonization.

Justification of a conceptual model for integrating compliance management into the
sustainable development system of metallurgical production.

Identification of the main directions for the use of compliance tools to improve energy

and resource efficiency and reduce the carbon intensity of metallurgical processes.

Assessment of the role of compliance functionality as an integration mechanism for

coordinating technological, environmental, and economic parameters of production.
The scientific novelty of the results obtained lies in the following.

It is proposed to consider the mechanism of a functionally integrated system of
compliance control and coordination of production processes, the main component of
compliance — assurance as: a system-forming factor based on an institutional and
technological platform for management/regulation of the mechanism for ensuring
decarbonized development of production, combining technological, environmental, and

management tools for ensuring the sustainability of metallurgical processes.

Conceptual approaches to the integration of compliance tools into the energy and
resource efficiency management system of metallurgical production have been
substantiated, which allows for increased transparency of material and energy flows and
control of the carbon intensity of the main stages of the end-to-end technological scheme

of steel production.

The system of key indicators for assessing the effectiveness of decarbonization of
metallurgical processes, which combine technological, energy, and climate indicators of

production, has been refined.

The role of compliance management as an integration mechanism for harmonizing
innovative technological solutions with modern environmental and regulatory
requirements is revealed, which ensures the formation of prerequisites for the

sustainable development of metallurgical enterprises.

It is shown that the integration of compliance tools into decarbonization processes
allows for carbon footprint control, minimization of man-made environmental impact,
and increased economic stability of enterprises. The role of improving existing
technologies in the implementation of the concept of sustainable and environmentally

safe production is substantiated.
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Keywords: compliance functionality, management, decarbonization of metallurgy,
carbon footprint, CO: intensity, circular economy, resource conservation and energy

efficiency, integration of compliance tools, ESG-oriented management.
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M.II. TuxaHncekuit, A.M. TuxaHncbka, I.[]. Kypranos

BU3HAYEHHS NJIATHOCTUYHUX O3HAK TEXHIYHOI'O CTAHY
POJIUKIB TA IX PECYPCY BAJKKOI'O CTPIYKOBOI'O KOHBEEPA

AHomauyis. Y cmammi po32isHymo npoonemy 6U3HA4eHHs OiazHOCMUYHUX O03HAK
MexXHIUH020 CMAHY POJIUKI8 8AMK020 CMPIUKOB020 KOHBEEPA MA OUIHIOBAHHS IX pecypcy
8 YM08aX 2ipHUY020 BUPOOHUYMBA. AKMYANbHICMb 00CNIOHCEHHS 3YMO8JIeHa MUM, W0
8i0M08U POJIUKI8 € OOHIEI0 3 HATINOWUPEHIWUX NPUUUH 3POCMAHHSL ONOPY PYXy CmpiukKu,
NOWKOOMEHHST CMPIUK08020 NOJIOMHA, NEPEBAHMANCEHHS CYMINCHUX POJIUKOONop i
30i/1blWUEHHS. NPOCMOiI8 MPAHCNOPMHOI cucmemu. Memorw pobomu € 00TPYHMYBAHHS
iH(popmamueHux diazHOCMUYHUX napamempis, sIKi 00380/910Mb CB0EUACHO BUSBISIMU
depekmHi ma HepyXomi posIUKU, a MAKOHC OUiHI08AMU CMYNiHb BUUEPNAHHS iX pecypcy 3
YPAxy8aHHAM peanvHUX ekcnayamayiiiHux HasaHmaxceHs. Y pobomi npoaHanizoeaHo
OCHOBHI (hakmopu, wjo 8nNaUaAMs HA MEXHIYHULl CMAaH PONUKI8: 8EeIUUUHY JIHIlIHO20
HABAHMAX(EHHS, Macy 1 2paHyloMempuuHuii cKk1ad eaHmaxcy, uweuokicmo
MpAaHcnopmyeaHHs, Hamse CMpiuku, nonepeuHi KOJAUBAHHS NONOMHA, YOapHy Oir
8eNIUKUX KYycKie mamepiany ma padianbHe 6umms Kopnyca poauxka. Ha ocHo8i
PO3PAaxyHKo8UX 3a/lexcHOCmell NOKa3aHo, wjo HatiMeHuw HAdIliHUM efleMeHMOM POJIUKA €
nidwunHukosutl 8y30J, pecypc sK020 BU3HAUAEMBCS CYMAPHOW Oi€l0 CMamudHux,
JuHamiuHux, yodapHux i 6ibpayiliHux HasaHmaxceHv. 3anponoHo8amo nioxio 0o
OYIHKBAHHS MipU NOWKOOMEHHS NIOWUNHUKA 3a IHMep8as uacy, ulo 00piBHIOE NOBHOMY
0bepmy cmpiuku KOHBEEPA, a MaKoM< CNOCiO 8USBTIEHHSI HEPYXOMUX POJIUKI8 HA OCHOBI
NOPIBHAHHA amnaimyd I[HopmamueHux uacmom 8iOPOCUZHANY eMmAlOHHOI ma
KOHMPOJb0BAHUX POJIUKOONOP i3 YPAXYBAHHSAM 3AMYXAHHSI KOJUBAHb 1 3MIiHU
weudkocmi  pyxy cmpiuku. Bcmauoeneno, wo Hatibinvw  iH(popmamusHuMu
diazHOCMUYHUMU O03HAKAMU € napamempu 8i0payitiHozo cuzHaty, amniimyoHo-
UacmomHi Xxapakmepucmuku, npupicm amnaimyou HA iHQOPMAMUBHUX vacmMomax,
03HaKu nidsuujeHozo onopy obepmauHio ma memnepamypHi iHOUKamopu nepezpiey.
IpakmuuHe 3HAuUeHHS pe3yibmamie NoasedE 68 MOMWJIUBOCMI BUKOPUCMAHHS
BU3HAUEHUX 03HAK 071 noOY008U CuCmeM asmomamu308aH020 MOHIMOPUHZY POJIUKi8
BAMKUX CMPIUKOBUX KOHBEEPIB | NPOZHO3YBAHHS MIHPEMOHMHO20 PeCypcy 001aA0HAHHS.

Knrouoei cnoea: cmpiukosuil KOHBEEP, pOJUK, POJAUKOONOPA, MEXHIUHULl CcmaH,
diazHocmuuHi 03HaKu, pecypc, hidwunHukosuti 8y3o.1, 8ibpauitiHa diazHocmuxka.
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ITocraHOBKa MPOGIEMMU.

HapniliHicTh Ba)KKMX CTPIYKOBUX KOHBEEPiB, IO MpalOKTh y TipHUYO-
MeTaTypTiifHOMY BUPOOHMIITBI, 3HAUHOI0 MipOI0 BUM3HAYAETHCS TEXHIUYHMM CTAHOM
pPOJIMKIB Ta POJMKOOIIOP, OCKIJIbKM caMe Iii eJeMeHTM CIIPUIMaTb OCHOBHI
CTAaTUYHi i AMHAMiuHi HaBaHTa)KeHHS Bif CTPIUKM Ta BAaHTaXXOIIOTOKY. B ymoBax
MiABMILEHOTO 3alWeHHs, 3MiHHOI MPOAYKTUBHOCTI, 3HAUHMX IIBUIKOCTEI
TPAHCIIOPTYBAHHS 1 HAsIBHOCTI Y BaHTAXKOIOTOLi KPYITHOKYCKOBOTO MaTepiany
iHTEHCMBHO 3HOIIYIOTHCSl MiJIIUITHUKOBI BY3JM, VIIiJIbHEHHS, Bich i o6uuaiika
poiMKa, IO TPU3BOAUTH OO 3POCTAaHHS OMOpy OOepTaHHIO, MigBUIIEHHS
eHeproCcnoXMBaHHSI Ta MOTipIlIeHHs 3arajbHOI HAJiiHOCTI KOHBEEPHOI JIiHii.

[lepenuacHa BiZMOBA POJIMKIB COPUYMHSIE HE JIMIIE JIOKAJIbHE MOIIKOKeHHS
BY3J/IiB POJIMKOOTIOPU, @ Vi CTBOPIOE TEepeayMOBU [Jisi MPUCKOPEHOrO0 3HOILIYBAHHS
CTpiuKM, TIOSBM HeOe3MeyHuX pi3aJibHMX KPOMOK HA HEPYXOMUX POJIMKAX,
30i/IbIIIEHHST aBapiiHMX IIPOCTOiB i BUTpaT HA peMOHT. Tomy BU3HAYEHHS
IiaTHOCTMYHMX  O3HAK TEeXHIiYHOro CTaHy pOJMKIB Ta  BCTAaHOBJIEHHS
3aKOHOMIpHOCTel 3MiHM iX pecypcy I i€l eKCIuTyaTamiiiHux G(aKTopiB €
aKTyaJbHMM HAyKOBO-MPAKTUYHMM 3aBOAHHSIM, PO3B’SI3aHHSI $SIKOTO A€ 3MOTY
TepeiTH Big aBapiffiHOro OOCTYrOBYBaHHS [0 TEXHIiYHOrO OOCIyrOBYBaHHSI 3a
baKTUYHUM CTAaHOM.

AHasni3 ocTaHHIX AocigkeHb i myb6mikaiii. CydacHi CTpiuKoBi KOHBeepu
BEJIMKOI MPOAYKTUBHOCTI € CKIAOAHMMMU TEeXHIYHMMM CUCTeMaMy Oe3IepepBHOI i,
HaJiHICTD IKMX 3HAYHOIO MipOI0 BU3HAYAETHCS TEXHIYHMM CTAHOM POJIMKOOIIOP.

Y pob6otax [1-3] pO3IAAHYTO eKCIlepMMeHTa/lbHi MiJAXOAM [0 AiarHOCTUKU
POJIMKIB 3a IMapaMeTpaMM BiOpalLiiiHMX i aKyCTMUYHMUX CUTHaUTiB. ITokasaHo, 10 3MiHa
CIIEeKTPaJIbHOTO CKJIaAy CUTHAy Ta 30i/JbIIeHHS PiBHS CepegHbOKBAIPATUUHOTO
3Ha4YeHHS BiOpallii MOXXYTb BUKOPUCTOBYBATUCS SIK iHAMKATOPU PO3BUTKY Ae(eKTiB
MiJIMOHUKIB. ABTOopu [1] BiAg3HauaioTh, 110 HANOiMbII iHGOPMATUBHUMU €
BMCOKOYACTOTHI CKJIaJIOBi CUTHAY, SIKi Bio6pakaloTh IMOYATKOBI CTalil pyiiHyBaHHS
eJIeMeHTIiB IiJIIUITHMKA.

3HAYHMII PO3BUTOK OTPUMAIM aKyCTUUHI METOIM iarHOCTUKM, SIKi 6a3YIOThCS
Ha BMKOPMCTaHHI aJrOPUTMIB MAallMHHOTO HaBYaHHS. Y poborax [2, 8] moBemeHO
eeKkTMBHICTb 3aCTOCYBaHHSI CIeKTpaibHUX oO03HaK Ta MFCC-napameTpiB s

KiIacudikailii TexHiYHOTO CTaHy POJIMKIB Y CKIQJAHMUX IIYMOBUX yMoBax. Iloganbiie
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BJOCKOHAJIEHHSI LMX IIiIXO[iB TpeACTaBieHO Yy [9], le BUKOPUCTAHO TIMOUHHI
HEMpPOHHI Mepexi 3 MexaHi3MOM caMoOyBaru [Jisi aBTOMATUYHOIO BUiIEHHS
iHpopMaTUBHMUX XapaKTEPUCTUK CUTHAITY.

OxpeMuit HaTMIpsIM OOCTi)KeHb MPUCBSIYE€HMIT BUKOPUCTAHHIO TeMIepaTypHUX
rmapaMeTpiB SIK JAiarHOCTMYHMX O3HakK. Y pobortax [5, 12] mokasaHo, IO JIOKaJTbHE
MiJIBUIIEHHS TeMIepaTypyu poJuKa abo MigIIMIIHMKOBOrO By3Jla € HaOiiiHUM
iHIMKATOPOM 3pOCTAHHS OMOpPY 00epPTaHHIO. 3aCTOCYBAaHHS TEIUIOBi3ifiHMX cuUCTeM
IIO3BOJISIE 3MiICHIOBATY 0€3KOHTAKTHMII MOHITOPMHT BEJIMKOi KiJIbKOCTi POJIMKIB Y
peanbHOMYy 4aci. Y moctigkeHHi [4] 3amponoHOBAHO KOMOIHOBaHWMIA MiAXi, M0
MOE€AHY€E aKyCTUYHiI Ta TeIJIOBI O3HAKM, IO AO3BOJISE MiABUIIUTU HOCTOBIPHICTH
BU3HAYEHHS HeCIIPaBHOCTEIA.

Y po6oTi [6] pO3IJSHYTO HeNpsSMMUii MeTOA, NiaTHOCTUKU, SIKMI1 6a3yeTbCs Ha
aHa/li3i IoIepeyHMX KOJAMBAHb CTpiukM. Takmii IMMiaxid JO3BOJSIE 3MEHIIUTH
KiJIbKiCTh HEOOXiTHMX CEeHCOpiB i Moske OyTu e(peKTUBHMM [JiS MPOTSIKHUX
KOHBEEPHMX Tpac. ABTOpu [7] BiA3HAualOTh MEpPCHEKTUMBHICTb IPOTHO3YBaHHS
TeXHIYHOr0 CTaHy POJIMKIB 3a JOMOMOIOI0 MOjejeli MallMHHOIO HaBYaHHS, SKi
BPaxOBYIOTh 0araTOBMMipHi mapaMeTpy CUTHATiB.

Hocnimkenus: [10-13] copssMOBaHi Ha CTBOPEHHSI MYJbTUCEHCOPHUX CUCTEM
MOHITOPMHTY, IIIO TIOE€AHYIOTH BibpalliiiHi, aKyCTUYHI Ta TeMIepaTypHi ImapaMmeTpu.
3okpeMa, y [11] 3amIpOnIOHOBAaHO CUCTEMY BU3HAUEHHS 3aK/JIMHIOBAHHS POJIMKIB Ha
OCHOBI  KOMIUJIEKCHOTO  aHalidy curHadiB  pidHoi  @Qi3sMuHOi  mpupoau.
YV poborax [13, 15] po3riSHYTO KOHIIEMI[il0 aBTOHOMHMX BY3/IiB MOHITOpPMHTIY,
30ATHUX 3MilMiCHIOBATM JIOKAJbHY OOPOOKY AaHMX Ta IepegaBaTu pe3yabTaTu Y
CUCTeMY KepyBaHHSI.

CydacHi TeHAeHIii PpPO3BUTKY [OiarHOCTMKM  pOJMKIB  MOB’s3aHi i3
3aCTOCYBaHHSM TeXHOJIOTi/i KOMIT'IOTEPHOTO 30py Ta POOOTM30BaHMX iHCIIEKIiAHUX
cucteM. Y pob6otax [14-17] moka3aHO MOXIMBICTb BUKOPUCTAHHS TJIMOUMHHUX
HEMpOHHUX Mepexk [JiS aBTOMaTUYHOTO BUSIBJAeHHSI MOedekTiB pOJMKiB 3a
BiJleoJaHMMM, a TaKOXK BMKOPMUCTAHHSI MOOITbHMX POOOTM30BAHMUX IJIATGOPM IJIsT
peryJiipHOTO MOHITOPUHTY CTaHY KOHBEEPHUX CUCTEM.

Pa3om 3 TMM aHaJIi3 JiTepaTypHUX [IsKepest IIOKasye, 1o OiIbIICTb JOCTiIKeHb
BUMKOHAHO [jI1s1 J1abOpaTOPHMUX YMOB ab0 OKpeMMuX TUIIIB CUTHaJiB. HemocTaTHBO

yBarm HpI/I,HiIIeHO BM3HAUYE€HHIO Y3araJbHEHOTIO Ha6opy ,E[iaI‘HOCTI/I‘IHI/IX O3HaKk,
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aJarnToOBaHOrO OO0 YMOB eKCIUTyaTallii BaXXKMX CTPiUKOBMX KOHBEEPIB TipHUUMX
MiANPUEMCTB, 1[0 XapaKTePU3YIOTbCS BUCOKMM piBHEM IIyMy Ta JIUMHAMIYHUX
HaBaHTa)keHb. Lle 3yMOBII0€ HEOOXiTHICTh MOMATBIINX HOCTiIKeHb, CIIPSIMOBAHNUX
Ha OOIPYHTYBaHHS iHQOPMATUBHUX MapaMeTpPiB MiarHOCTUKM POJIMKIB i CTBOPEHHSI
e(eKkTMBHMX CUCTEeM aBTOMATM30BAaHOTO MOHITOPUHTY.

Meta pocmimkeHHs. MeTolo poOOTM € BHU3HAUEHHS iH(MOPMATUBHUX
JIiarHOCTMYHMX 03HAK TEXHIYHOTO CTaHy POJIMKIB Ba’KKOTO CTPiYKOBOTO KOHBeepa Ta
OOrpYHTYBaHHS ITiAXOY IO OILIiHIOBAHHS iX pecypcy 3 ypaxyBaHHSIM peaqbHUX YMOB
ekcIuTyaTalii. [Ijise IOCSTHEHHSI MOCTaB/JIeHOi MeTM HeoOXigHO: MpoaHali3yBaTu
BIUIMB JIiHIAHOTO HaBaHTa)KeHHS, IIBUIKOCTI TPaHCIIOPTYBaHHS, HATSTY CTPIUKH,
IPaHyJIOMETPUYHOIO CKJIaAy BaHTaXy, yAApHOI Ail KPYMHUX KYCKiB i pafiaJlbHOIO
OUTTSI KOpITyca HAa HaBaHTA>KeHHS MiJIIUITHUKOBUX BY3JIiB; BCTAHOBUTM HaMOiIbII
iHbopmaTuBHI TmapameTpu, 3a SKMMM MOXKHA ifeHTUQiKyBaTM CIIPaBHMUIA,
repenaBapiiiHMil i HeCTIpaBHMI CTaHM POJIMKIB; OOIPYHTYBATU BUKOPUCTAHHSI Mipyu
TIOLIKO/KeHHS ISl OL[iHIOBAaHHSI HAITPAIIOBaHHS Ta 3aJIMIIKOBOTO PECYpCy; a TaKOX
chopmyBaTH IiAXiJ IO CBOEYACHOIO BUSIBJEHHS HEPYXOMMX POJMKIB Yy CKIafi
KOHBEEPHOTO CTaBa.

BukinageHHsI OCHOBHOrO Martepiany mociaimkeHHs. Ilig BiZMOBOIO poJiMKa B
3araJibHOMY BMIIA[IKy CJIi[i pO3yMIiTM BUXifZ 3 Jlagy OCi, MiAIIUITHUKIB, VIIiIbHEHD i
KOpITyCa, 3a IKOTO HOMiHaJIbHMII MOMEHT POJIMKa 30i/IbITYETHCS Y BA pa3y i Gisblie.

HecnpaBHMIi pONMK XapaKTePU3YETHCS MiABUILEHUM LIITYMOM Y BUIJISIZI CTYKOTY
Ta Ppi3KMUX TMepioguMYHMX 3BYKIiB BMCOKOI 4YacCTOTH. SKIIO CWIM TepTs Y
MiJIIMITHUKOBMX By3jJaX CTalOTb 3HAYHMMM, OOMUYANKM PpOJIUKIB TepecTarThb
obepTaTuCsl i MBUAKO 3HOIIYIOTHCS IIiJi Mi€l0 PyXoMoOi CTpiuku. 3a BiCyTHOCTI
CBOE€YACHOI 3aMiHM TAaKOTO pOJIMKA Ha OTO KOPITYCi YTBOPIOIOTBHCS TOCTPi pi3asibHi
KPOMKM, $SIKi MOXYTb TJIMOOKO, a iHKOJM ¥ HACKPi3b, MOIIKOIKYBAaTU CTPIUKy.
TexHiUYHMII CTaH POJMKIB 3a/JeXUTb He JMIlle BiJl, TOYHOCTI BUTOTOBJIEHHS Ta
MOHTaXy, a ¥ Bii yMOB eKcrulyaTtailii. Haibinbminit BIUIMB MalOTh BeJMUMHA
3aBaHTa)XXEHHSI KOHBEEPHOTO TOJIOTHA i TpaHYJIOMETPUYHMIA CKJIaj BaHTaxy. 3i
30i/IbIIIEHHSIM 3aIIOBHEHHSI KOHBEEPHOI CTPiUKM MaTepiaJioM PO3KM] HABAHTAKEeHHS
Ha MiAUIUITHUKOBI BY3JIM POJIMKIB 3MEHIIYETHCS, TOMi SIK IMOSIBA Y BAHTaXKOIIOTOII

BEeJIMKUX KYCKiB IIPMU3BOINUTD OO0 3pOCTaHHA HABAHTA’)KE€HHS HA POJIMKHA.
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Ha KOXHYy pOJMKOBY CeKIil0 KOHBe€pa [i€ HaBaHTAXEHHS, CTBOPIOBaHE

TPAaHCIOPTOBAHMM MaTepiasioMm, sike JOPiBHIOE:
Fp=qp-ap.

Ile . — JiHiJiHe HaBaHTa)KeHHS Ha CTPidlli KOHBeepa, H/M; a,— BifcTaHb MiX
ponukooriopamyu, M. HaBaHTaskeHHST Ha OiUHi POJIMKM € MEHIIMM, HiXXK Ha cepeHiii
POJVK.

HaBaHTa>keHHS Ha OTIOPHUI POJIMK BU3HAUYAIOTh 3a 3QJI€KHICTIO:

P=06" (B +a,P,)+P;.

ne P, — niniiiHa Bara cTpiuku, H/M; Pr — Bara o6epTOBMX YaCTMH HECY4dOTo
ponuka, H.

AHasi3 HaBegeHMX 3aJIeSKHOCTEM MK HaBaHTAKEHHSIM i TeXHiYHMM CTaHOM
pPONMKIB TOKa3aB, II0 HaliMeHII HaAiliHMM eleMeHTOM € MiAIIMITHUKOBI BY3J/H,
riepenyciM BepxHi, SKi HaBiTh 3a HEBEJIMKOl 3aBAHTAXKEHOCTI BUXOIATbH 3 JIagy
mBuAmie. Ha ix mpalle3fgaTHiCTb CYTTEBO BIUIMBAIOTh IIMK/IIUHI HaBaHTa)KeHHS,
CIIPUYMHEHI BUTMHOM OCi pOJIMKa ITi, HaBaHTa>KeHHSIM, 0COOJMBO 3a HASBHOCTI Y
BAHTaXKOIIOTOIIi BeJIMKMX KYCKiB MpU Masiil KiIbKOCTi migcunku. I1ig yac B3aemoii
TaKOI0 KyCKa 3 POJMKOM BMHMKA€E iMITyJIbCHA Ta yAapHa his. IMmy/ibcHa B3aeEMOist
IOJIATa€ y 3MiHI xapakTepy [ii KyCKa B MOMEHT BXOJy Ha POJMK: PO3MOAileHe
HaBaHTaKeHHS TepexXoAUTh Y 30Cepe/ikeHe Ha IOl BUCTYITy Kycka. Came pi3HUIIS
medopmalliii BU3HaYa€ OMHAMIKy B3a€MOJii KycKa 3 POJIMKOM. YIapHa B3a€MOZist
BUHMKAE yepe3 HeCHiBMaiiHHS BeKTOPiB MIBUAKOCTI KyCKa i CTPiuKM IIiJ, yac Mmiaxomy
II0 ponuKiB. Bupas 111 po3paxyHKy BeJIMUMHU iIMITYJIbCHOTO YAapy OKPEMUM KyCKOM
I10 POJIUKY Ma€ BUIsz [18]:

Pr =myg- V. .S'I'R(Hz - Elj ' (1 + kqu_",

Ile m; — Maca Kycka, Kr; V — MBUAKICTh PYXy CTPiuKM, M/C; O; — KyT HaXWUIy
JOTUYHOI 10 KPMBOi IIPOTMHY B TOUIli HAOiraHHS CTPiYKM Ha POJMK BiTHOCHO oOcCi X,
rpaj; 6;— KyT MiX HampsiMKOM IIBMIKOCTi KycCKa ITic/s yaapy o6 posuk i Biccio X,
rpan; k; — KoedillieHT BiZHOBIIEHHS IMPU yaapi 06 kopcTky posaukoonopy (k=0,5);
a — IOBXMHA MTOBEPXHi IOTUKY KyCKa 3 POJIMKOM ITif 4ac yaapy, M.

KpiMm Toro, Ha poOJMKM [OOOATKOBO [ii€ HaBaHTa)XXeHHS Bif IlomepeuyHux

KOJIMBAHb CTpi‘lKI/I 3 BAHTaXXeM, sIKe€ BM3Ha4Yal0Tb i3 BMpasy:

60 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui nmpo6iaemu metanyprii”, N2 29 - 2026

TYT Q. — CyMapHe HaBaHTa)K€HHS IIPOBMUCAIOUMX iITHOK CTPiUKM MixX

cycigHiMu posmmkoornopamu, H/m; £, — OBXXMHA MOJIOTHA Y IIPOJIbOTI, M;

-1
Ko =14 h(3ho) ™t kyz = 325,(9£n£p2] c(h+ho)? - (B - ho?)

’

ne hy — cTpina IMpPOBMCAHHS TOJOTHA CTPIiUYKM B CepelyHi MPOJIbOTY, M,
E, — 11030,0BXXHS >KOPCTKICTh TATOBOTO opraHy, MIIa.

[cTOTHMIA BIUIMB HA HaBaHTa>KeHHS MiAIIMITHMKOBMX BY3JIiB POJIMKIB CIIPaBJISIE
TaKOXX pafiajbHe OWUTTS, 3YMOBJIEHEe Pi3HOCTIHHICTIO Kopiyca (OOMYaiiKy).
JlogaTKOBI HaBaHTaXXeHHS, CIIPUUYMHEHI TaKOK Pi3HOCTIHHICTIO, MOXYTb AOCSTaTu
3HAYHUX BeJMUYMH i OyTM CHOiBMipHMMM 3 Barol CaMoro pojuka Ta
TPAHCIIOPTOBAHOTO BAHTAXY.

OTsKe, TIOBHe pajiajbHe HaBaHTaKeHHS HA IiAIIMUIIHUKM POJIMKIB y IpoIleci
eKCIUTyaTallii BM3HAYa€ThCS SIK CyMa TaKMUX CKIaJ0BUX:

P, =0.,10,tqocosot,,

TYT Qer = qp + G2 + . + @y — paZiaibHe HaBaHTAKeHHS Bif, Baru poMKa, CTPiuKu,
BAHTaXXy Ta HeINPaBMJIbHOI YCTAHOBKM 3a BUCOTOW; Qy = P« + Pyor; Px — IMHaAMiuHe
HaBaHTaXeHHS BiJ, BAHTAXKOIIOTOKY i CTPiYKM.

3anexHiCTh HaBaHTa)XXKEHHSI HA CepefHili pOJUK POJMUKOOINOPH Bif, BeIUUMHU
JiHIiHOTO HaBaHTa)XeHHSI KOHBeEEpa 3a 3MiHM IIBUAKOCTI TPaHCIOPTYBAaHHSI Ta

HATATy CTPiukKM HaBeAeHo Ha puc. 1 [19].

1-V=5mle, a=6"; /
125 2-V=>5mk, a:SQ"

T
3-V=25ulc, a=6; /1

4-V =25mlc, a=3. [
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PucyHOK 1 - 3a7eXXHiCTh HaBaHTa>KeHHS Ha CepeJiHiii poJMK POAUKOOIIOPH Bif,
BeJIMYMHM JIIHIMHOTO HAaBaHTa>KeHHSI 3a 3MiHM IIBUAKOCTI TPAHCHOPTYBAHHS i

HATATy CTPiYKMU

2
P
—7
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3anexXHiCTh [OOATKOBOTO HAaBaHTAa’KeHHS, 3YMOBJIEHOTO BEIMKMMU KyCKaMu
MaTepianay Ta OUTTSIM KOpITyca, Ha MigIIMITHUKA Bif IBMUIKOCTI TPAHCIIOPTYBAHHS 3a

Pi3HOI Pi3HOCTIHHOCTI KOpITyCa poJiKa HaBeaeHo Ha puc. 2 [19].
P, kH

/

2,5
/ |
/

2,0

1 |~

// e
//

0,5

N\

=

0 1 2 3 4 5 V,mlc

PucyHOK 2 - 3a/IeXXHICTh 1OJaTKOBOTO HAaBaHTaXKeHHS Bifl BeJIMKMX KYCKiB i OUTTS Kopiyca
Ha MiJIIMOHUKA Bifl IIBUAKOCTI TPAHCIIOPTYBAHHS IIPU Pi3Hii pi3HOCTIHHOCTI Kopmyca
ponuka: I — 0,25 mm; 2 - 0,15 mm; 3 — 0,05 Mmm.

OuiHIOBaHHSI CTyHeHS TOWIKOIKEeHHS MiAIIUIIHMKA POJMKa [OOLIJIbHO
BMKOHYBaTM 3a JOIIOMOIOI0 Mipy MOMIKOMKeHHS. [Ipy 1IbOMY Mipy MHOIIKOIKEHHS
i JIIMITHMKA BM3HAYAIOTh 3a iHTepBaJI yacy, 0 JOPiBHIOE TIOBHOMY 00epTy CTPiuKu
KOHBe€pa, 3a IpUITylleHb, IPUMHATUX paHillle Mif Yac po3paxyHKy 3HOUTYBaHHS
KOHBeE€pHOi cTpiuku. OTKe, Mipa IIOIIKOKEHHS MiJIIUIIHMKA POJMKA 3a OIUH

TIOBHMIA 00epT CTPiuKy AOPiBHIOE:

Agp; = nz-(kl - ks - Pp -z'l)a .C78 ’

Ie n; — YacToTa obepTaHHS poJMKa Ha [ -My Hukiai, xB'; C — crana
Mpane3faTHOCTI MiAIIMITHMKA, 110 3aJIeXXUThb Bi, KOHCTPYKIIii, BHYTPIllIHiX pO3MipiB
i 9KoCTi maTepiasly OiAIIMITHMKA; P; — HaBaHTaXeHHSI Ha OMOpPHMIT poyuk, H;
Z — KiJbKiCTh MiAIWIMIHUKIB y POMMKY; k; — Koe(illieHT, IO BpaxoBYye, UM
obepraeTbcst BHyTpimHe (k; =1,1) abo 3o0BHimHE (k; =1,45) Kinblie IigIMIMITHUKA;
k; — xoedirieHT, IKMiT XapaKTepu3ye TeMIlepaTypHUI peXXKUM pOOOTHU MiAIIMUITHMKA.
YacToTy 06epTaHHS poJiMkKa BU3HAYAIOTh 3a 3a/I€KHICTIO:

ni= Vy60(nd)’,
ne Vi— MBUIKICTb pyXy CTPiuku, M/C; d — IiaMeTp POJIUKIB, M.
OxpiM BHM3HAuUeHHSl TIpalle3JaTHOCTI POJMKIB CTPiYKOBOrO KOHBeepa Ta

OI_I,iHIOBaHHH JI0TO TEXHIYHOTO CTaHy, BaAJK/IMB€ 3HAUYEHHS Ma€ CBO€UaCHE BUSBJI€HHSA
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HEPYXOMMX, TOOTO BKe€ HeCIpaBHUX, POJMKiB. Po3pobieHO crioci6 BUSIBIEHHS
HEpPYyXOMMX POJIMKIB.

CyTb cITOCOOY IIOJISITAa€ B peecTpallii 3MiH CUTHaTy, SIKMIi BUIIPOMiHIOETHCS
eTaJIOHHOI0 AiJITHKOIO CTaBa KOHBe€Epa, MOPiBHSIHO 3 KOHTPOJIbHOIO AiNsIHKOIO. [Tpu
IIbOMY BMMIipIOIOTh BiOpallilo KOHBEEPHOIO CTaBa Ha XOJOCTOMY XOJi Ta Iim vac
TPAHCIIOPTYBAHHS KOHTPOJIbHOI IIOPIIii BaHTaXy, a peecTpalild CUTHaJiB
MOYMHAKOTh Y MOMEHT MPOXOJKEHHS BaHTaXeM eTaJOHHOI poamkoornopu. Hami
BUKOHYIOTb CTpPOOyBaHHS BiGpOCUTHay, BUIIJSIIOUM YACOBi [OiJISHKMU, IO
BiITIOBial0Th IPOXOIKEHHIO BAHTaXy uepe3 KOXHY HACTYIHY POJUKOOIMOPY, i
3A1/ICHIOIOTH CIIEKTPaJbHMI aHasi3 CUTHAY. [3 4aCTOTHOTO CIIeKTpa BUOKPEMITIOIOTh
inbopmaTtuBHi yacToTh. Y pasi mepeBUIIEHHSI MOIYCTMMOIO 3HAUEHHSI IPUPOCTY
aMIUTiTyay iHGOpMaTMBHOI YacTOTM 3a MOXYJIeM pOOJSITh BUCHOBOK IIPO
HECIIpaBHiCTh, MPUYOMY HOMEp HeCIIpaBHOI POJMKOOIIOPU BiAIIOBiZae HoOMepy
aHaJi30BaHOi CTPOOOBAHOI HiISTHKMA.

VpaxyBaHHS 3MiHM IIBUIKOCTI TPaHCHOPTYBaHHSI 3[AiMiICHIOIOTh IUISIXOM
cTpoOyBaHHSI BiOporpaMy uepe3 MipHI HPOMIXKKM dYacy, IO JOPiBHIOOTb Yacy
MPOXOM)KEeHHSI BaHTaXy BiA ofHiei ponaukoornopu [0 iHmoi. lle mae 3mory
MiABUIIUTY HAZiJiHICTh AiarHOCTYBAHHS HECIIPAaBHUX POJIMKIB.

3acToCyBaHHS 3aIIPOIIOHOBAHOIO CIIOCOOY A€ 3MOTY IMiIABUIIUTY HAAiMHICTD i
IIOBTOBiUHICTh MeXaHiYHOro oO6jagHaHHSI KOHBEEpPA, OIMOPHMX KOHCTPYKIii i
CTPiUKM, OCKiJIbKM 3a CBO€YACHOI 3aMiHM Ta PEMOHTY HeCHpPaBHUX POJMUKIB He
TepeBaHTaXYIOTbCSI CYCiIHI POJMKOOIIOpPM, He BUHMKAIOTh IOJATKOBi BiOpaliii,
TOOTO 3arajbHi YMOBM eKCIUTyaTallii MOJIMIIYIOThCSI. 3aBISIKM OIlepaTUBHOMY
BUSIBJIEHHIO HeCITPaBHMX POJIMKIB CKOPOUYETHCSI TPUBAJIICTD ITPOCTOIB, MTOB’SI3aHUX i3
PEMOHTOM.

Pecypc poimKiB i poAMKOONOp HaiOiNbIIOW Mipol0 3aleXUTb Bif
TPaHyJIOMETPUYHOIO CKJIaAy MaTepiany, KiIbKOCTI MaTepiasly Ha CTpivlli, IIBUAKOCTI
TPaHCIIOPTYBAaHHS Ta BeMMUMHM HATATY. OCOOAMBO iCTOTHMM € BIUIMB HasIBHOCTI Y
BAHTaXKOIIOTOIl BEJMKMUX KYCKiB MaTepiasy, SKi CTBOPWIOTb yAApHY [il0 Ha
MiIIMUITHUKY POIMKiB. BelnunHa MOIIKOIKeHHSI BM3HAYAEThCS PO3MipOM Kycka i
XapaKTepU3yeTbCsl MipOl0 TIOIMKOMKEHHS Agy. 3a HasBHOCTI iHdopmaillii mpo
TPaHYyJIOMETPUYHMI CKJIaJl BAHTAXKOMOTOKY BeJUYMHY BIUIMBY MOXXHA MOAIIUTU HA

KiJbKa piBHIB i CyMyBaTy Mipy MOMIKOAXKEHHS BiJIIOBiIHO 10 KOKHOTO PiBHS, TOOTO
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3aJIeKHO Bif macu KyCKa. AJ'[I‘OpI/ITM BM3HAUE€HHS CeEpPpEeaJHbOIO0 BUMKOPUCTAHOIO

pecypcy poJMKiB HaBeIeHO Ha puc. 3.

HaBe,Z[eHI/IIL/'I AJITOPUTM MOJXHa BUKOPMUCTOBYBATU OJIs1 BMU3HAYEHHA
MiXKpPEMOHTHUX PecypciB 00agHaHHS.
—
MaTteMaTHIHe"
\ OTIKYBAHHA-
Beegenns m-xor-meepa.-cmiqu{.i TPaHYIOMETPHIHOT
BHXITHHX" [ ___-- XapakTep BaHTaxKy.,” | +
JaHHXT pe;lc.mm-“ra"{ac-poﬁorﬂ{l
BH3gageHHA Jacy 3
gassy-MOY
BH3HATeHHA 3HOCY" o Q] CYMaPHHH SHOC Py | ¥
o0HIaHKHT -
[ToBHA Mipa TIOIIKOLA. Y|
# TanHEaLis, - q
. CHIHATI3allify
BHMIpHOBaHHT 3YCHILTA ‘Ha POTHKH"
3YCHIB PY ==="1 Bl B&THKHX KyCKiBY
TligpaxyHok-iMITy- CymapHa-Mipa- @ ax|
TIBCIB 3 MipOI0"Ady TOIMKOIAKEHE Py
ai CHraanizanis|
TTigpaxyHoE iMITy- CyMapHa-Mipa: [, IenuRanis:
TIBCIB3MIPOIO-AQpg | MOMIKOIEKEHE @y CyMapHHX "
MOMKOIAKEHEY
ITinpaxyHOK iMITY- o Cymapma-wmipa- L, A
TMBCIB3 MiPOT0- A, 7| mOmKOIEKEHE ©y3r h 4
( Kigermp] )
TTligpax VHOK IMITY- | CymapHaMipa | )
TIBCIB 3 Miporo-AgY| " | momEomEeHE @ury

PUCYyHOK 3 - AITOPUTM BU3HAUEHHS CepelHbOTO BUKOPUCTAHOTO PeCypCy POIMKIB

ByucHOBKM. YV poOOTi BCTAHOBJIEHO, IO TEXHiUHMII CTAH POJIMKIB BaskKKOIO

CTPiYKOBOTO KOHBEEpAa BM3HAUAETHCS  CYKYIIHOK [i€l0  eKCIUTyaTaliltHuX
HaBaHTa)KeHb, cepel SIKMX HaOIbII CYTTEBMMM € JIiHil/iHe HaBaHTa>keHHS Ha
CTPiuKy, MIBUAKICTh TPAHCIIOPTYBAHHS, HATAT CTPiYKM, TPAHYJIOMETPUIHMUI CKIaT,
MarTepiany, yoapHa Aisd BeIMKMX KyCKiB Ta pajiajbHe OUTTS KOpITyca PpOJIMKA.
Haii6inbll ypasaMBMMM ejleMeHTaMM KOHCTPYKIIii € IMiJIIMITHUKOBI BY3JIM, pecypc
SIKUX iCTOTHO 3MEHIITYEThCS 3@ 3pOCTAHHS AMHAMIUHMX i yIapHUX HaBaHTa>KeHb.
[TokazaHo, 1m0 iHGOPMAaTUBHMMM [OiarHOCTUUHMMM O3HAKaMM TEXHIUHOTO
CTaHy pOJMKIB MOXyTb OyTM TlapaMeTpu BiOpallilfiHMX CUTHaIIB, aMIUIiTyIHO-
YAaCTOTHI XapakTepUCTUKM, TIiABUIIEHHS IIyMy, II0siBa YAAPHUX CKJIAJOBUX,
30i7bIIIEHHST MOMEHTY OIOpYy O00epTaHHIO, JOKaJbHEe 3pPOCTAaHHSI TeMIlepaTypu Ta
pO3paxXyHKOBI 3HAUeHHS HaBaHTaXeHHS Ha IMiAMUITHUKU. BuUKOpUCTaHHS Mipu

TTOIIKO/IPKeHHS IMiAIIUITHUKA T03BOJISIE KUIbKiICHO OLIiHIOBATYU CTYMiHb BUKOPUCTAHHS
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pecypcy ponuKa i dbopmyBaTu OCHOBY JIST MIPOTHO3YBaHHS
Mi’KpEMOHTHOTO I1epiony.

[IpakTu4yHe 3aCTOCYBaHHSI OTPUMAaHUX pe3YyJbTATiB CIPUITUME 3MEHIIEHHIO
aBapifiHMX 3yIMMHOK KOHBeE€pa, 3HIKEHHI0 BUTpPAT Ha PEMOHT, IMMigBUILIEHHIO
JIIOBrOBIUHOCTI CTPiYKM Ta MeXaHiUHOIO 061afiHaHHS, a TAKOX ITepexXoy 10 CUCTEMU

TEeXHIYHOTO 0OC/IYyTOBYBAHHS 32 CTAHOM.
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DETERMINATION OF DIAGNOSTIC INDICATORS OF THE TECHNICAL
CONDITION OF IDLERS AND THEIR SERVICE LIFE IN
A HEAVY BELT CONVEYOR

Abstract.The article addresses the problem of determining diagnostic indicators of the
technical condition of idlers of a heavy belt conveyor and estimating their service life
under mining conditions. The relevance of the study is due to the fact that idler failures
are among the most common causes of increased belt motion resistance, damage to the
conveyor belt, overload of adjacent idler supports, and downtime of the transport system.
The aim of the paper is to substantiate informative diagnostic parameters that make it
possible to detect defective and jammed idlers in a timely manner and to assess the
degree of their service life depletion with regard to actual operating loads. The study
analyses the main factors influencing idler condition, namely linear load, mass and
particle-size composition of the bulk material, conveying speed, belt tension, transverse
belt oscillations, impact action of large lumps of material, and radial runout of the idler
shell. Based on the derived relationships, it is shown that the least reliable element of the
idler is the bearing assembly, whose service life is determined by the combined effect of
static, dynamic, shock, and vibration loads. An approach to estimating the bearing

damage measure over a time interval equal to one full revolution of the conveyor belt is
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proposed, as well as a method for detecting jammed idlers by comparing the amplitudes
of informative frequencies in the vibration signal of a reference support and the
monitored supports while taking into account oscillation attenuation and changes in belt
speed. It is established that the most informative diagnostic indicators are vibration
signal parameters, amplitude-frequency characteristics, amplitude growth at
informative frequencies, increased rotation resistance, and thermal overheating
indicators. The practical value of the results lies in the possibility of using the determined
indicators to build automated condition monitoring systems for idlers of heavy belt
conveyors and to predict the maintenance interval and service life of the equipment.

Keywords: belt conveyor, idler, idler support, technical condition, diagnostic indicators,

service life, bearing assembly, vibration diagnostics.
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I.0. Kapramuiien

ITIPOTPAMHA PEAJII3ALIS IMIIEJAHCHOTO PI-PEI'VJIATOPA CUCTEMU
KEPYBAHHS A YTOBOI CTAJIEIZIABUJIBHOI ITEYI HA MOBI GO

Anomauia. Kepysauus enekmpodamu dy2080i cmanennasunvHoi neui (ZICII)
3a1UULAEMbCSL CKNA0HOW [HXKEHEPHO 3adauery uepe3 HeNIHIlIHYy ma CmoxacmuuHy
npupody enekmpuuHoi dyeu. HecmabineHicme dyzu 6e3nocepedHvo 8niueae Ha numome
€Hep2oCNOMCUBAHHS MA PIBHOMIPHICMb NPONAABNEHHS WUXMU, WO KPUMUYHO Ons
memanypeitinux nionpuemcme 3 6e3nepepsHuM Yukaom eupobHuymea. Y yiti pobomi
po3enaHymo nioxio do npozpamuoi peanizauii imnedarncHozo PI-pezynsmopa cucmemu

kepysarts enekmpodamu JICIT i3 3acmocy8aHHsIM M08uU npozpamysaHHs Go.

B ocHo8y anzopummy noknadeHo ouckpemuy opmy PI-pezynsmopa 3 00OMeieHHIM
inmezpamopa (anti-windup), wo 003680/9€ YHUKHYMU HACUYEHHS NpU PI3KUX 3MIiHaX
3asdanHs. Mamemamuuna modens dyeu nobydosana Ha 6a3i pisHsaHs Kacci-Matipa,
adanmosaHux 0ns JUCKpemHoz0 4acosozo Kpoky. IIpozpamua peanizayis ogpopmneHa y
8u2ns10i ModynbHoi cmpykmypu Mmoo Go 3 oOKpeMumMu KOMNOHeHmMamu 0Jis1 pO3PAxyHKy

pezynamopa, Yukay Mooento8amnHs ma 3bepexceHus peyasmamie y popmami CSV.

3a pe3ynemamamu Mo0en08AHHS 8CMAHOBJIEHO, W0 cUucmema euxodums HA 3a0aHuli
imnedanc npomsizom 0,15-0,2 ¢ npu nepepezynt06aHHi, uj0 He nepesuwye 0onycmumux
mexc. 3agikcosaHa 3anuwikosa cmamuyHa noxubka 8 mexwax 2-3% nosicHeEMbCs
CNPOWeHHIMU NputiHamoi modeni dyzu ma moxce 6ymu YCYHeHa ULISIXOM B8e0eHHS
adanmueHoz0 KopuzysaHHs Koegiyienmis. Ompumari pe3ynbmamu niomeepoxcyromeo
npudamuicme GO K IHCmpymeHmy O peanidauii anzopummie KepysawHsi y ckaadi

npomuciiosux npoepamHux cucmem.

Knwouoei cnoea: 0dyzoea cmanennasunvHa hiu, imnedamcHe pezynwoeamHs, PI-
pezysisimop, mamemamuuHe MOOeN8aHHS, elekmpuuHa odyza, moea Go, cucmema

KepyeaHHA, aemomamusauiﬂ.

ITocraHoBKa mnpoGaemu. IlinBuineHHS eHeproe@eKTUBHOCTI IYTOBUX
CTAJIETIJIABWIbHUX TeYeil 3aIMIIAa€ThCSl aKTyaIbHOIO 3a7auelo IJIs1 MeTaIypriiHoro

BUPOOHMUIITBA, 1110 3yMOBJIEHO HacaMIlepe ], HeCcTabiIbHO MTOBEIiHKO0 eJIeKTPUYHO1

© Kapramumes [.0., 2026 Copyright for this paper by its authors. Use permitted under
License CC BY 4.0.
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ayru. Jlyra dyTiuBa [0 3MiHM CKIaAy IIUMXTHU, TeoMeTpil MiKeJeKTPOAHOTO
MIPOMIXKY Ta TeMIlepaTypHUX YMOB — 11 ImapaMeTpy MOXYTb CYTTEBO 3MiHIOBATUCS
MPOTSITOM KOPOTKOTO 4Yacy. HaciiikoMm IbOTO € KOJMBAHHS CTPYMY i Hampyru,
3pOCTaHHSl MUTOMMX BUTPAT eJeKTpOeHeprii, MiABUIIEHUI 3HOC eJeKTPOAIB Ta
TOTipIIeHHS TeXHOJIOTiUHMX ITOKA3HMKIB IJIaBKU.

Pery/iioBaHHS IT0JIOKEHHS €JIEKTPOIiB € OCHOBHMM iHCTPYMEHTOM CTabiisairii
pexxumy ropiHHs ayru. OgHaK MiXK eJIeKTPUUHOIO MiICMCTEMOI AYTU Ta MeXaHiYHOI
MiACUCTEMOIO €JIeKTPOriApaB/JiyHOTO TIPUBOAY ICHYE NPUHIMUIIOBA pPi3HULS B
IMHAMILIi: eJleKTpMUYHA Myra pearye Ha 30ypeHHSI 3a MiJiCeKyHAM, TOMAi SIK TIPUBIJI
repeMillleHHST eJIEKTPOIa Ma€ 3HAUYHO OibIly iHepLiliHicThb. 111 acuMeTpist YacoBUX
XapaKTepUCTUK YCKIAAHIOE CMHTe3 peryysiTopa i BuMarae o0rpyHTOBaHOTO BUOOpY
JIOTO CTPYKTYpPMU Ta IapaMeTpiB.

Y mpOMUC/IOBIii TIpaKTUIli MOIIMPEHUM ITiAX0IOM € iMIleJaHCHEe peryJl0BaHHS,
MpyU SIKOMY Kepylouuit curHaa ¢GopMyeTbCs Ha OCHOBiI MOBHOro oropy ayru. Ha
BiIMiHY Bif, pery/jioBaHHS 3a CTpyMOM ab0 Hampyrol OKpeMoO, TaKuii Miaxif
BpaxoBye 00UABa eJeKTPUUYHMUX IMapamMeTpyu OAHOYACHO, IO 3abe3ledye BUILY
TOYHICTb 1 CTiViKiCTh KepyBaHHS [8]. JoJaTKOBUMM UMHHMUKOM, 110 YCKIALHIOE 3a3a4y,
€ BUpakeHa HeJIiHiliHiCTh 00'eKTa KepyBaHHSI: AMHAMiKa AYrM HecTalioHapHa,
MiCTUTDh MBUAKOIUIMHHI MepexiaHi Mmpoiecu, a ii mapamMmeTpu CYTTEBO 3ajexXaTh Bif,
IIOTOYHOTO pEekKMMY pOOOTM IIeui — 30Kpema Bim crafii IuIaBKM Ta CTYIIEHS
nporuiaBjeHHs MUxTHU. CaMe 151 HeJTiHIMHICTh YHEMOX/IUBIIIOE TIpSIMe 3aCTOCYBaHHS
KJIACMYHUX METO/IiB CMHTE3Y i BUMAara€ BUKOPMUCTAHHS MaTeMaTUYHUX MOJeJielt, 110
aJleKBaTHO BiATBOPIOIOTh peabHy MOBEiHKY OYTHU.

V 6inb1IoCTi HASBHUX IOCTiIKeHb 3a7aua CMHTe3y Ta Bepudikallii peryasiTopis
o ICIT BupimryeTbcsl i3 3aCTOCYBaHHSIM CIiellialli30BaHMX IaKeTiB — 30KpeMa
MATLAB/Simulink. Taki 3acobu € edbeKTMBHMMM Ha eTami aHali3y, OAHAK MalOTh
CYTTE€BEe MpaKkTUUHE OOMeKeHHS: OTPMMaHi Mojesli CKJIaJHO TepeHecT! y peajibHe
MIPOMMUCTIOBe cepefoBuille 0Oe3 IOBHOrO IepenucyBaHHS komy. Lle crpumye
BIIPOBA/KEHHSI PO3pPOOJIEHUX QJITOPUTMIB KepyBaHHSI Yy BUPOOHUYI CUCTeMU
aBTOMaTM3allii.

3a3HaueHa mpo6seMa BM3HAYAE [IOIIbHICTb BUKOPUCTAHHS YHiBepCaIbHUX
MOB IMMpPOTpaMyBaHHS [jisl peasisallii anropuTmiB KepyBaHHs. MoBa Go y 1bomy

KOHTEKCTi Ma€ HMU3KYy NPAKTUUYHUX MepeBar: KOMIIJISIiS Yy HATUBHUIT BUKOHYBaHUI
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KOJl, BiICYTHICTb 3a/Ie’KHOCTi BiJi 30BHIIIHIX CepeaOBUII BMKOHAHHS, IMiATPUMKaA
MOZY/IbHOI apXiTeKTypu Ta BUCOKA NMPOAYKTUBHICTH [18, 19]. He3Baxkawuu Ha 1e,
NUTaHHS peanisanii imregaHcHux Pl-peryasrtopiB mast cucrtem kKepyBaHHs [CII
3aco6amMu GO 3a7MIIAE€THCST MPAKTUUHO He AOC/iIKEHMM Y BIIKpUTUX IKepesax, 1o
1 B3HAUa€ MeTy JaHOoi poboTH.

AHaniz ocraHHiX mocaimKeHb i myo6sikaiiii. IHTepec 0 MaTeMaTUYHOTO
MOJEe/JIOBaHHS Ta AaBTOMAaTUMYHOTO KepyBaHHS [OYTOBMMM CTaJleIIaBUJIbHUMMU
rneyaMy He BIIYXa€ BXXe KiJibKa [OeCSITWIiThb, 10 3yMOBJIEHO PSIOM IPUYNH:
3pOCTaHHSl IIiH Ha €JIeKTPOEHEepPrilo, IOCUMJIEHHSI BUMMOT MO SIKOCTiI CTali Ta
HecTabiJibHa IIOBeIiHKA €JIEKTPUYHOI AYrM, SIKa [IOCi He IiITAa€ThbCsS ITOBHICTIO
JIleTepMiHOBaHOMY OIHCY.

BigmpaBHOIO TOYKOIO ISl OiNBIIOCTI AOCHIIKEHb Y Iili ramysi Cayrye
dbynnamenTanbHa npaing Fruehan [1], me cucrtematusoBaHo Gi3suKo-xiMiuHi OCHOBU
CTaJeIUIaBWIbHMUX IIPOIECiB i IMOKa3aHO, IO SKIiCTb MeTanxy Oe3IocepesHbo
3aJIe3KUTD Bifl TOTO, HACKI/IbBKM TOUHO MiTPUMYIOThCS €JIEKTPUYUHI PEsKMMM : HaIlpyTa,
CTPpyM i MOTYXHicTh myru. Ilo cyTi, came 15 pobota chopmysoBaga BUMOTU [0
CUCTeM KepyBaHHS, SIKi iHIIIi aBTOPM Hamaraaucs peasaizyBaTy MPaKTUUHO.

Ornsip Hay, Visuri, Aula ta Echterhof [2] mae ysiBneHHSI mpo Te, HacCKiIbku
pi3HOMaHITHMMM CTaau migxoau no wMopemtoBaHHs [JICIT Ha  cbOrogHi:
TepMOIMHAMIUHi, eJIeKTPUYHi, TEeIUIOOOMiHHI Ta TiOpuAHi MOJesi BUPIIIYIOTh Pi3Hi
Mmifg3ajadvi, oJHaK >XOAHA 3 HMX OKpeMO He OXOIUIIOE IMOBHY KapTUHY IIpoliecy.
ABTOpM MNpsSMO BKasyloTb: aJeKBaTHA MOJe/ib Ma€ BpPaxOBYBAaTM B3a€MO/Iil0
eJIeKTpUYHOI, TeIUIOBOI Ta MexaHiuHOl TMiAcucTeM oOfHo4yacHOo. 110 AyMKy
po3BuBaioTh Abadi, Tang Ta Rashidi [3], ki 30cepeguanch Ha UMCETbHUX METOAX —
3okpema CFD Ta MeTomi CKiHUeHHMX e€JIeMEHTIB — [jd BiJATBOPEeHHS
e/IeKTPOMAarHiTHUX i TeIUIOBMX TOJIiB yCepeAuHi reyi.

OkpeMO BapTO 3YNMHUTMCS Ha MOZeNSIX OMHaMiKuM camoi ayru. KmacuuHa
pobora Cassie [4] 3amporioHyBaja piBHSIHHS [JI1 OIMMCY 3MiHM IPOBiTHOCTI
IyruM — TiAXiA, siKuiA, TONmpU CBOK JAaBHICTb, AOCI BUKOPUCTOBYETHCS SK OCHOBA.
Golestani Ta Samet [5] minwiu gasti i moegHaau mopenb Kacci 3 mogemniio Majipa B
€IVIHY TiOpUIHY KOHCTPYKIIiI0, IKa TOYHIIIe BiITBOPIOE IMTOBEIiHKY IYTU SIK Y CTAJINX,
TaK i B mepexiiHMUX pexumax. [IpakTuMuyHe 3aCTOCyBaHHS LMX i[eil 3HAMIIO

Bimo6paskeHHs y pobori Blazi¢, Skrjanc ta Logar [6]: aBTOpM mobynysanu TpudasHy
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mopenb [ICIT i 3amporoHyBanu iHAEKC SIKOCTI OYTM — YMCIOBUII TMOKAa3HUK il
cTabibHOCTI, 10 OOUMC/IIOETBCS B  peaJibHOMY dYaci 3a eJeKTPUUYHUMU
BUMIPIOBAHHSIMMU.

[llogo 6e3rmocepenHbO KepyBaHHS €JIEKTPOJaMM, TYT KapTMHA HEOmHOpimHAa.
Balan, Hancu Ta Lupu [7] po3pobwin MeToAM aJallTUBHOTO KepyBaHHS, SIKi
BpPaXOBYIOTh HEJIiHiliHICTh 00'€KTa — 3MiHY XapaKTEPUCTUK IIMXTU B XOMi IUIaBKU.
Wang, Mao, Tian, Li Ta Yuan [8] nepeKoHIMBO MOKa3aau IepeBaru iMIesaHCHOrO
peryJiloBaHHS: MiATPUMMAHHS 3a[JaHOTO CITiBBiHOIIIEHHS HAIIpyTU [0 CTPYMY OYTU
Ila€ CTabiMbHININMIT pe3yabTaT, HiK PEeryaioBaHHS 3a OKPeMUMMU eJIeKTPUIHUMU
BeMuMHaMu. Logar Ta Skrjanc [9] migiiimam o muTaHHA 3 60Ky eHepreTMky — ix
1[iKaBMUJIO, SIK Ha/IAIITYBaHHSI PeryisiTopa BIUIMBAE He Jiyilie Ha Ipoliec IIaBKu, aje
1 Ha eJIeKTPOMArHITHY CYMiCHICTb i3 JKUBMJIbHOIO Mepeskero. MaTemMaTUUHy 6asy Ijist
dbopmamnizanii Bcix nux 3amayv 3aknanu e Billings, Boland Ta Nicholson [10] - ix
miaxing ;o modymoBy mMopesi 00'eKTa i BUOOPY CTPYKTYPM peryJisiTopa 3aauIIaeThCs
aKTyaJbHUM i B CyYaCHMX CUCTeMax aBToOMaTu3allii.

Hapemti, Boulet, Lalli Ta Ajersch [11] 30cepenuinch Ha TOMY, IO HepPiAKO
JIUIIAETbCSI 11032 YBarow TeOpeTMKIB — Ha IPaKTMUHii peasisaliii aJroputmis
KepyBaHHSI. | TYT BMSIBISIETHCSI XapaKTepHa IIpOTrajiMHa: TepeBaskHa OibIIiCTh
mybsikaliii abo O0OMEXYEeTbCSI TeOpeTMYHMM aHajlaizoM, abo IpuB'sI3aHa [0
crielfiaizoBaHux cepemoBuil, Ha KiitaaT MATLAB/Simulink, 110 cyTTeBO ycknamHIoe
TiepeHeceHHs po3po0JieHNX pillleHb y peasibHi TPOMMUCIOBI CUCTEMMA.

Came 1M i MOSICHIOETHCSI TIOCTAHOBKA 3aBIAaHHSI B JIaHiii pobOTi: po3poouTn
MporpaMHy peasisaililo imremaHcHoOro Pl-perynsTopa 3acobamMu yHiBepcalbHOI
MOBU TIiporpamyBaHHS GO - Takoi, W0 oApa3dy IpuaaTHa OJs IHTerpamii y
BUPOOHMYE cepenoBuile 0e3 MPUB'SI3KM OO0 AOPOTUX UM BY3bKOCITEIlia/li30BaHMUX
riaTdopmM.

MeTa gociigkeHHs. MeTol0 TaHOTO OOCTIIKeHHSI € po3pobKa Ta ImporpamHa
peamizaiiis iMmmemaHcHoro Pl-perynsitopa cucTeMu KepyBaHHSI MepeMillleHHSIM
eJIeKTPO/IiB IyrOBO1 CTajelIaBUIbHOI I1edi 3 BUKOPUCTAHHSIM MOBM ITPOTpaMyBaHHS
Go. YV Mexkax poboTu mnependayaceTbCs BUKOPUCTAHHS MaTeMaTUMYHOI MOMEsi SK
OCHOBM i1 (DOPMYBAHHSI aJITOPUTMY KepyBaHHS, CIIPSIMOBAHOrO Ha cTabijisarlito
iMmegaHcy AOyru 3 ypaxXyBaHHSIM OMHAMiKM eJIeKTPUYHOI Iy Ta OCOOJMBOCTEN

eJIeKTPOMeXaHidYHO1 CUCTEMMU.
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OcobmmBa yBara MPUAUISIETbCS OOCHIIKEHHIO BIUIMBY TapameTrpiB PI-
peryjsiTopa Ha [AMHAMIYHI XapaKTepPUCTUKU CUCTEMM, 30KpeMa TOYHICTh
peryiaioBaHHSI, IIBMIAKOMII0O Ta HAasIBHICTh CTAaTMYHOI IOXMOKM. VY TIpolieci
IOCTiIKeHHS Iepe0auyaeThCsl MTPOBEIEHHS UMCeTbHUX eKCIIEPMMEHTIB, OTPMMaHHS
YaCOBMX 3aJIeXKHOCTEI OCHOBHMX ITapaMeTpPiB CUCTeMM Ta iX MOoAaJIbIINii aHaTi3.

JOoCSITHEHHSI ~ IIOCTaBJIeHOI MeTM Ma€ 3abe3meunTyt  OOIPYHTYBaHHS
eeKkTUBHOCTI BUMKOpUCTaHHS MoBM GO sl peasizallii aJifOpUTMIB KepyBaHHS Ta
CTBOPEHHSI IIPOrpaMHMX 3ac00iB, NOpuUAATHMUX [JI iHTerpalii B CUCTEeMU
aBpToMaTM3allii Ta MoOymoBM LMAPOBUX MOBIMHUKIB OYTOBUX CTaslelIaBUIbHUX
reyeii.

Bukian OCHOBHOro marepiaxy. Y [OAaHOMY OOC/TiIKeHHI pO3IISIA€ThCs
3ajadya IOOYIOBM aJrOPUTMYy KepyBaHHS II€peMillleHHSIM eJIeKTPOMdiB OyroBoi
cranernaBwibHoi medi (JCII) Ha OCHOBiI imMmemaHCHOTO TpUHLMIY. OCHOBHOKO
METOI0 KePYBAHHS € 3a0e3IeueHHs CTabiIbHOTO PEXXMMY FOPiHHS eJIeKTPUUHOI TyTHU
IUIIXOM IiATPpUMMAaHHS 3aJaHOTO 3HAueHHS ii MOBHOTO OMOpY, IO € OAHUM i3
K/II0UOBUX (PpakTOPiB epeKTMBHOCTI Mpoliecy IiaBiaeHHs ctai [1], [2].

IMnemaHc oyru € y3aralbHEHUMM IapaMeTpoM, L0 BpaxXxOBYE SK HAIPYTy, Tak i

CTPYM, i BU3HAUAETHCS CITiBBIJHOIIEHHSIM:

) = 100 )

me U®) — ganpyra gyru, I® — crpym myrm.

3acToCyBaHHSI iMITeIAHCHOIO MiIXOAYy MO KepyBaHHS HO03BOJISIE OiJbII TOUYHO
BpaxoByBaTy Gi3sMYHMIT CTaH eJeKTPUUYHOI AYrM TOPiBHSAHO 3 MeToAaMH, IO
0a3yloTbCsI JMIIEe HAa OKpPeMUX eJeKTPUUHMX MapamMeTpax. SK TIOKa3aHO B
po6otax [8], [12], migTpMMaHHS CTabiIbHOTO iMIlefaHCy 3abe3rieuye MiABUILEHHS
eHeproe@eKTUBHOCTI ITPOIIeCy Ta 3HMKeHHS KOJMBaHb eJIEKTPUIHUX ITapaMeTpiB.

V cuctemi KepyBaHHSI 3aJA€TbCS €TAJIOHHE 3HAUEHHS iIMIeNAHCY Zser, sKe
Bi[ITIOBiJla€ OMTMMAJbHOMY TEXHOJOTIUHOMY pexXMuMYy poboTH Tieui. 3amaua
KepyBaHHSI ToJsTae y opMyBaHHI TaKOTO CUTHATY BIUIMBY Ha eJIeKTPOTiApaBIiuHmii
MIpUBIJ TepeMillleHHsI eJIeKTPO[IiB, SIKMii 3abe3redye MiHiMizallilo BigxuieHHS

ITOTOYHOTO 3HAUeHHs iMITeJJaHCy Bif, 3aaHOTO.
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TakuMm 4MHOM, CMCTeMa KepyBaHHS peasii3y€ 3aMKHEHM1 KOHTYP peryJioBaHHS,
B SIKOMY ITapaMeTpy eJIeKTPUYHOI Ayru 6e3IocepeHbO BIUIMBAIOTh Ha MOJIOXKEHHS
eJIeKTPOiB i, BiATIOBIIHO, HA AOBXMHY AyTU. B3a€M0O3B 130K MiK €JIeKTPUUHUMU Ta
MeXaHIYHMMM ITapaMeTpamMy CUCTeMM BU3HAUa€ CKIAOHICTb 3a7adi KepyBaHHS Ta
noTpebye 3acTocyBaHHS eeKTUBHUX aJITOPUTMIB pery/toBaHHS [3], [7].

K/i0uoBMM ejleMeHTOM CUCTeMM aBTOMATUMYHOrO KepyBaHHSI € (OpMyBaHHS
CUTHAJTy MOXMOKM, SIKMIi BM3HAYAE Pi3SHUINIO MiX 3aJaHUM i TOTOYHMM 3HAUYEHHSIM
peryapboBaHOi BeJMYMHM. Y BUIIAQAKY iMIIeIAHCHOTO peryaloBaHHS ITOXMOKa

BU3HAYAETHCH AK:
e®) = Z ,, — Z(t) 2)

e Zser — 3amaHe 3Ha4yeHHS iMmepaHcy, Z() — morToune 3HaueHHs imMmemaHcy
IyTU.

CurHas moxmoOKu BigoOpaskae CTYITiHb BiIXWJIEHHS peXumy poOOTH Iiedi Bif
ONTUMAaJIbHOTO Ta € OCHOBOIO 151 GOPMYBaHHSI KEPYIOUOTro BIUIMBY. SIK ITOKa3aHo y
IOOCTiI)KeHHSIX OMHAMiKM eleKTpU4HOi nyru [4], [5], HaBiTh He3HauHi BiIXWIeHHS
iMIegaHCy MOXYTb TPU3BOAUTU OO0 CYTTEBUX 3MiH eJeKTPUUHMX MapaMeTpiB
TIpoliecy, 110 MiJKPecai€e BaXKIMUBICTh TOUHOTO (POpMyBaHHS CUTHATY ITOXUOKMA.

[Ipy TMO3UTMBHOMY 3HAUeHHi MOXMOKM GaKTMUYHMII iMIleaHC MeHIIuUi 3a
3aJaHuii, IO BiAIIOBiZa€ 3MEHIIEHHIO MOBXMHM IOyIM Ta IOTpebye Imigiiomy
enextpoza. [Ipu Big’eMHOMY 3HA4YeHHi MOXMOKM, HABIIAKM, iMIIeIAHC TEPeBUILYE
3a/laHe 3HAYeHHS, 1[0 BMMAra€ OIyCKaHHS eJIeKTpojia JJisl BiTHOBJIEHHSI poOOYOro
pexxumy. Taka iHTepripeTallisi CUTHaJIy TMOXMOKM Y3TOMKYETHCS 3 MPUHIUIIAMMU
iMIleTaHCHOTO KepyBaHHS eJIeKTpoiaMu, HaBeJeHMMH y poboTax [8], [9].

TakuM uMHOM, CUTHaJ TIOXMOKM OesmocepeHbO BM3HAUa€ HAIPSIMOK i
iHTeHCVMBHICTb KePYIOUOro BIUIMBY Ha eJleKTPOMeXaHiuHy cucremy. Moro KopekTHe
dbopMyBaHHSI € KPUTUYHO BasKIMBUM JjIs1 3abe3reueHHs CTiKOCTi Ta HMIBUAKOAil
CUCTEeMM KepyBaHHS, 0COOJMBO 3 ypaxyBaHHSIM HeJIiHiIifHOTO Ta HeCTal[ioHapHOTO
XapakTepy eJIeKTpUYHO1 1yru [2], [6].

s 3abesneuyeHHs cTabimisalii imMIemaHcy eNeKTPUYHOI AyrM Yy poOOTi
BUMKOPUCTAHO MPOTNOpIiliHO-iHTerpanbHuii (PI) 3aKOH KepyBaHHS, SIKUIT € OOHUM i3

Halib6inpII MMOMMPEHNUX YV CUCTEMaAX ABTOMATMUMYHOI'O PEryJOBaHHA TEeXHOJIOTIUHUX
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MpOIleciB  Ta IIMPOKO 3aCTOCOBYETHCSI Y 3aJavyax KepyBaHHS JIYyrOBUMU
cTajerviaBywibHumMy neyamu [10].
Kepyrounit curian GopmMyeTbCs Ha OCHOBI ITOTOYHOTO 3HAUEHHS MOXMOKM Ta ii

iHTerpanbHOI CKJIaJOBOI1 382 HACTYITHUM CITiBBiJHOIIIEHHSIM

4
u@) = Kye®+ K, [ e@r .

ne ¥» — koediuienT nponopriitHoi ckiaamosoi, Ki — koediuieHT iHTerpanbHOI
cknamoBoi, e{r) — curnan moxmbku perymoBaHHs.

[IpomopiijiHa cKiIagoBa 3abe3ledyye IIBUAKY pPeakililo CUCTEMM Ha 3MiHY
pesxxuMy poboTu mayru, GopMylouM Kepyruuili BIUIMB, IIPOMOPLIMHMIT BeIMUMHI
BiIXuaeHHs. [HTerpaabHa CKJIa[0Ba, y CBOIO Uepry, BUKOHYE HAKOIIMYEHHS ITOXMOKM
y 4Yaci Ta [03BOJISIE YCYHYTM CTaTUUHY ITOXMOKY pPEryiaioBaHHS, IO € OCOOIMBO
BaSKIMBUM [1J1s 3a6e31eueHHs TOYHOTO MiATPMMaHHS 3a/IaHOTO iMIieaHcy [8].

Bukopucranus came Pl-perynsitopa 00yMOBJIEHO KOMIIPOMIiCOM  MIiX
CKJIAJHICTIO peasi3aliii Ta edheKTUBHICTIO KepyBaHHSs. JlomaBaHHs AudbepeHIliaTbHOI
CKJIaJIOBOI Y JaHOMY BUIMAAKY € HeOOLiIbHUM Uepe3 BUCOKY UYTJMBICTb A0 LITYMiB
BUMIipIOBaHHSI CTPyMy Ta HampyruM, a TakoX OO0 MIBUAKOIIMHHUX (QIIyKTyalii
eJIeKTPUUYHOI IYyTH, 110 MiATBEePAKYEThCS OOCTIIKeHHIMY IMHaMiku IyTu [4], [5].

3 ypaxyBaHHSIM (i3uuHMX OOMeXeHb CHUCTeMM KepyBaHHS, iHTerpajibHa
CKJIaJIoBa pPeryasiTopa 00MesKy€eThbCsI B JOMTYCTUMMUX MesKax:

Imin = [(r:] = Imax (4)

III0 J03BOJISIE YHUKHYTU edeKTy HaKoImu4yeHHs iHTerpaTtopa (integral windup)
Ta 3abe3meunTy CTabiIbHY POOOTY peryasaTopa NpM 3HAUHUX BiIXUIEHHSX Bif
3aJIaHOTO PEXUMY.

Takum umHOM, cdopmoBanuit Pl-perynsitop 3abesmneuye HeoOXigHY
IIBUJIKO/iI0, CTiMKICTh Ta TOYHICTh CUCTEMM KepyBaHHSI eeKTpoJaMu OYyrOBOi
CTa/lelyIaBWIbHOI  Tedi, 10 Y3roMKyEThCSI 3 CydYaCHMMM MigxogaMu [0
aBTOMaTM3allii eJIeKTPOTEXHOJIOTIYHMX TTpoLLeciB [7], [9].

OckiZibKM MporpaMHa peasisaliisi CUCTeMM KepyBaHHSI BUKOHYETBHCS Y
1InppoBOMY CcepeloBuIlli, OesmepepBHMII 3akoH Pl-perymoBaHHS IOTpebye

rnepexony n0 nauckpeTHOi ¢opmu. Takmuif MiAXifl IMIMPOKO 3aCTOCOBYETHCS MPU
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peasisaliii cMcTeM KepyBaHHS y IPOrpaMHOMY CepelOBUIIIi Ta BiITIOBila€ Cy4yaCHUM
MeTOaM UMCeIbHOro MofenoBaHus [11].
[HTerpasibHa CKIAJ0Ba PEry/siTopa y OUCKPETHOMY BUTJISI OOUMC/IIOETHCS 3a

peKypeHTHOI GopMyJIoo:
Iy =1Ip—y +ep-dt (5)
ne I — morouHe 3HaueHHS iHTerpaJbHOI CKIAZOBOI, €k — 3HAYEHHS IOXUOKMU
Ha Kpoui K | 4t — kpok mMcKpeTM3aii.
BignoBigHO, Kepyounii CUTHAJI BU3HAYAETHCS SIK:
up = Kyep + Kl (6)

Taka ¢opma 3anucy [03Bojsg€ e(@eKTMBHO peasli3yBaTu  ajJropuTMm
peryyaioBaHHSI y MPOrPaMHOMY KOZi 3 BUMKOPMCTAHHSIM TPOCTUX OOUMCTIOBATbHUX
orepariii.

Bu6ip Kpoky muckpermsauii 9t e BaxaMBMM (DAKTOPOM, LIO BIUIMBAE HA
TOYHICTb i CTiliKiCTh MOJEII0OBaHHS. 3aHAATO BEJMKUIA KPOK MOKe IIPU3BECTU OO0
BTpaTy TOYHOCTI Ta BUHMKHEHHS UMCeJIbHOI HeCTilIKOCTi, TO/i SIK HAATO MaJinii KpOK
30i/bIITye OOUMCIIOBA/IbHI BUTpaTu. Y 3amadyax MOIETIOBAHHSI €JIeKTPOAYTOBUX
reveii 1e MUTAHHS PO3IVISITAETHCS Y CyJaCHMX PoO0Tax, MPUCBSIYEHUX UMCETbHUM
MeTo[aM MOJentoBaHHA [2], [3].

IOuckpetrHa ¢opma Pl-perynsitopa mobpe Y3romKyeTbCsl 3 MOIYJIbHOIO
apXiTeKTypOK IIpOTpaMHOI peanisaliii Ta HOO3BOJSIE iHTErpyBaT aJIrOpUTM Y
3arajJbHMUI LMK/ MOJENIOBAHHS, e Ha KOKHOMY KpOIli BUKOHYETHCS OOUMC/IEHHS
MTOX1OKM, OHOBJIEHHSI iHTerpaabHOI CKIag0Boi Ta GOpMYyBaHHS KEPYIOUOTO BIIMBY.

TakuM uYMHOM, IlepeXxii 10 IMUCKpeTHOi ¢dopMyu 3abesrneuye MOXKIMUBICTh
eekTUBHOI MporpaMHOI peasi3aliii aITOpUTMY peTy/JI0BaHHS Ta CTBOPIOE OCHOBY
NI TOAAnbIlol iHTerpailii cucremMu KepyBaHHSI y 1udpoBi mnatdbopmu, 10
BiTIOBiZla€ CydyaCHMM TeHAEHIisSIM PO3BUTKY CMCTeM aBTOMaTu3allii [6].

[IporpamHa peasisailisi aJiropuTMy iMmriefaHcHOro PI-peryntoBaHHSI BUKOHAHA 3
BUKOPUCTAHHSIM MOBM ITporpaMyBaHHs Go, 110 T03BOJISIE CTBOPIOBAaTH edeKTUBHI Ta
MacimTaboBaHi 00UMCIIOBANBHI cucTeMyu. Ha BigmiHy Bim cremiasizoBaHMx
cepemoBulll, MopedoBaHHSI, Takux sK MATLAB/Simulink, BukopucTaHHs
yHiBepcaJibHOi MOBM MpoTpamMyBaHHS 3abe3nedye Oiblily THYUYKICTb, MOX/IUBICTh

iHTerpailii y mpoMMcJIOBi cUCTeMM Ta IMiABUIIEHY MPOAYKTUBHICTh 00UMCIIEHb.
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ApxiTekTypa MporpamMHoOi cucTeMu Io6ymoBaHa 32 MOAYIbHUM MPUHIIUIIOM i
BKJ/IIOUA€ OKpPeMi KOMIIOHEHTH, IO BiATIOBiAalOTh 3a:

e 00YMC/IEHHS eJIEKTPUYHMX TTapaMeTpiB IyTU;

e peasti3aililo aJropuTMy peryatoBaHHS;

e UyCeJibHe IHTerpyBaHHS;

e 30epekeHHS Ta Bi3yasisallilo pe3yJbTaTiB MOJETIOBaHHS.

lleHTpasibHMM eJeMEeHTOM CUCTeMM € Mmonynab Pl-perynaaropa, gxkum
peasii3oBaHO y BUTJISIAI OKPEMOI CTPYKTYPU JaHUX:

type PIController struct {
Kp float64
Ki float64
I float64
Imin float64
Imax float64

VY mpoiieci MoJe/IfoBaHHSI Ha KOKHOMY KpOIli Yacy BUMKOHYETbCSI 00UMCIeHHS
CUTHAJTy TTOXMOKM, OHOBJIEHHSI iHTErpasibHOI CKIagoBoi Ta (OPMyBaHHSI KEPYIOUOTo
CcUrHaJTy. AropuTMm peastisaiiii PI-perynsaropa Mma€e HaCTYITHUIA BUTJISIA:

func (c *PIController) Update(e float64, dt float64) float64 {
cl+=e *dt
ifc.I>cImax {
c.I=c.Imax

}
ifcI<cImin{
c.I=c.Imin

/
u:=c.Kp*e+cKi*cl
return u

3acTocyBaHHSI OOMeskeHHSI iHTerpajbHOi CKJIaZOBOi JO03BOJSE YHUKHYTU
edekTy mepeHacuueHHs1 (integral windup), 110 0CO6JMBO Ba>KIMBO TMPU 3HAUYHUX
BiIXMJIEHHSIX iMITe[IaHCy Ha ITOYaTKOBMX eTarax poooTH CUCTEMNA.

BukopucranHs Moy Go 3abe3mneuye psifi mepeBars:

e BJCOKY IIBU/IKiCTh BUKOHAHHS O0UMCJIEHD;

e edeKTUBHe YIIpaBIiHHS MaM’SITTIO;

e TIPOCTOTY peasi3allii MOIy/JIbHOI apXiTEeKTypu;

e MOSKJIMBICTh MOJAJIBIINOI iHTErpallii y CMCTeMM peayibHOTO Yacy.
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TakMmM 4YMHOM, 3aIlpONOHOBAHa IMpPOrpaMHa peasisallisi T03BOJSE CTBOPUTU
yHiBepcaabHUI iIHCTPYMEHT [J1s1 MOJEeI0OBaHHS Ta JOC/iI)KeHHSI CUCTeM KepyBaHHS
IYyTOBMMM CTajIeTIaBUIbHUMM TTeUaMu.

UncesibHE MOMEMIOBAaHHSI pOOOTU CUCTEMM KEPYBaHHS BUKOHYETHCS Y BUTJISIAL
iTepaliiiHoro mpoiecy 3 GikKCoBaHMM KPOKOM AMCKpeTu3salii dt. Ha KoskHOMy KpoIli
MOJeI0OBaHHSI 3[IiJiICHIOETbCSI TIOC/IiIOBHE OOYMCAEHHSI MapaMeTpiB CUCTEeMM, IO
IIO3BOJISIE BIITBOPUTH 1i IMHAMIUHY ITOBEIiHKY Y Yaci.

3arajibHa CTPYKTypa 00UMCIIOBAIbHOTO IMK/ITY BK/IIOYAE TaKi eTarnm:

1. 06UMCIeHHSI MUTTEBMX 3HAUE€Hb HAIIPYTHU Ta CTPYMY OYTH,;

2. BU3HAUEHHSI [IOTOYHOTO 3HAUYEHHS iMIIeIaHCY;

3. 00UMCIeHHSI CUTHATY TTIOXUOKM;

4. bopMyBaHHS KEPYIOUOIro CUTHAY 3a JormomMorolo PI-peryinsTopa;

5. OHOBJIEHHS TOJIOKEHHSI eJIEKTPOAA.

YV CchOopouieHoMY BUTJISAI LIMKA MOIENIOBAHHS MOXe OYTHM IIpeCcTaBIeHMIA
HACTYITHMM YMHOM:

fort=0.0;t<T;t+=dt{
Z=U/I
e=Jset-Z
u := controller.Update(e, dt)
electrodePosition += u * dt

HaBepeHuit pparMeHT KOAY iI0CTpye 6a30BMIi MPUHIIUIT UMCE/IbHOI peastisaliii
3aMKHEHOI CUCTeMM KepyBaHHS, Yy sKili Ha KOXKHOMY KpOIli 4Yacy 3MiliCHIOEThCS
00YIMC/IeHHS TTIOTOYHOTO 3HAUeHHS iMIle1aHCy, GOpMYBaHHS ITOXMOKM PEryaiOBaHHS
Ta BM3HAUEHHS Kepywdyoro BIUIMBY. Takuii Miaxid BiANOBiJa€e KIaCUYHIM cxemi
IVCKPETHOTO KepyBaHHS 3i 3BOPOTHMUM 3B’SI3KOM i JO3BOJISIE alalITyBaTy MOZE/b 10
MpOrpamMHoi peasnisallii y cepeloBuIlax peaabHOTO Yacy.

Kpoxk nuckpetusariiii dt o6MpaeTbcs 3 ypaxXyBaHHSIM XapaKTe€pHUX UYaCOBUX
nmapaMeTpiB mporecy. BiH moBuMHeH OyTM AOCTAaTHbO MalMM [JiI KOPEKTHOTO
BiITBOPEHHS IMHAMiKM CUCTeMM, ajie MPU 1IbOMY He IMPU3BOAUTHU [0 HAIMipHOIO
30i/IbIIIEHHSI 00YMCTIOBATbHUX BUTPAT. 3aHAJTO BEJIMKUI KPOK MOXKE CIIPUUMHUTHU
BTpaTy TOYHOCTi ab0 HaBiThb HECTilKiCThb UMCEIBLHOTO PO3B’SI3KY, TOMi SIK HAITO

MaJInii — CYyTTEBO 36iJbIIY€E Yac 06UMCIeHb. Y MPOBeAEeHUX JOC/iI)KeHHSIX 3HAaUeHHS
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dt o6MpaeThCsl eKCIepMMEHTANIbHO Ta 3abe3rnedyye KOMITPOMiIC MiXX TOYHICTIO Ta
HMIBUAKOJI€0 MOJIe/TIOBaHHS.

JoJaTKOBO CJIif 3a3HAUMTH, IO BMOip KPOKY AMCKpeTHu3allii 6e3mocepeaHbo
BIUI/BAE HA SIKICTh BiITBOPEHHS MepexiTHNX IMPOIeCiB, 30KpeMa IMBUIKICTh peakiiii
CUCTEMM Ta aMIUIITYLy KOJMBaHb. Y CUCTeMaxX KepyBaHHS eJeKTPOAYTrOBUMMU
rmeyaMu, Je XapaKTepHi MBUAKI 3MiHM CTPyMy Ta HaIpyru, e Ma€ O0coOjuBe
3HAYeHHS.

OcobnuBicTIO peani3allii € CUMHXpOHi3allisi pobOTM BCiX MOZAY/IiB y MexXax
€IVMHOTO OOUYMC/IIOBAIBHOTO IIMKIY, IO TO3BOJISIE 3a0€3IMeUnTH y3TOMKEHICTh MikK
eJIeKTPUYHOI0 Ta MeXaHiuHOW IiacucremMamu. Takuii miaxia 3abe3mneuye KOpeKTHe
BimoOpaskeHHs B3a€EMOIii MiK ITporecaMy pi3Hoi (i3uuHOi mpupoay Ta BimmoBimae
CydyacHMM IIpUMHIMIIAM II00YIOBM iMiTaLiiHMX MoOpesieii CKIagHUX TeXHiYHUX
cucrem [2], [3].

JIJ1s1 TIOIABIIIOTO aHATi3y pe3y/IbTaTiB MOJIe/IIOBAHHS Y ITporpaMi repeabauyeHo
30epeskeHHsI OCHOBHMX IapaMeTpiB cucteMu y daitn dopmaty CSV. Takmit migxin
3abesneuye MOKIMBICTD IIOAAJbIIOI 00pOOKM maHuX, MoOymoBu rpadikiB Ta
TIOBTOPHOTO aHaji3y OTPMMaHMUX Pe3yJIbTaTiB 6e3 IOBTOPHOIO 3aITyCKy MO/IETI.

import (
"encoding/csv"
fint"
)
type SimulationResult struct {
Time float64
Z  float64
Zset float64
Err  float64
Control float64
Prop float64
Integ float64
}
func saveResult(w *csv.Writer, r SimulationResult) {
w. Write([]string{
fmt.Sprintf("%.6f", r.Time),
fmt.Sprintf("%.6f", r.Z),
fmt.Sprintf("%.6f", r.Zset),
fmt.Sprintf("%.6f", r.Err),
fmt.Sprintf("%.6f", r.Control),
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fmt.Sprintf("%.6f", r.Prop),
fmt.Sprintf("%.6f", r.Integ),

D
}

HaBepeHnuii parmeHT AeMOHCTpPYE MPUHIMUN (GOPMYBaHHSI CTPYKTYpPOBAHOTO
HaboOpy maHMX, SIKMIf MiCTUTh YaCc MOIENIOBaHHS, (GaKTMUHe Ta 3aJaHe 3HAueHHS
iMmemaHcy, MOXMOKY pery/ioBaHHS, Kepylouuit CUTHa/I, a TaKOX ITPOIOPIIiiHY Ta
iHTerpasibHy CKJIQAOBi perynsitopa. 30epeskeHHSI pe3yabTaTiB y TabGIMUYHOMY
dbopmari, 1m0 3abesmeuye pPO3MOiJIeHHS eTamiB OOYMCJIEHHS Ta Bisyasisarii
pe3yJsbTaTiB i MiABMILYE BiATBOPIOBAHICTb AOC/IIKEHHSI Ta CIIPOIINYE IepeBipKy
OTPUMaHMX pe3y/IbTaTiB.

VYV pesynbTaTi BMKOHAHHSI MOJETIOBaHHSI cpopMOBaHO Habip UYacoBUX
3aJIeXHOCTe/i OCHOBHMX IapaMeTpiB CyuCTeMy, 30KpeMa immemaHcy gyru Z@)
CUTHAJIy KepyBaHHS u®) rta moxu6ku peryatoBaHHS e 1le nosBonse 3mificHUTH
KOMILJIEKCHMIA aHaji3 AMHAMIUHMX BJIACTUBOCTEI CUCTEeMM KepyBaHHS Ta OL[iIHUTU
e(eKTUBHICTb 3aITPOITIOHOBAHOI0 AJITOPUTMY.

Iyt ouiHKM epeKTUBHOCTI iMIiegaHcHOTo PI-perysTopa MpoBeieHO uyce/ibHe
MOJEIOBaHHSI CUCTeMM KepyBaHHS IlepeMillleHHSIM  eJIeKTPOMiB  JIyroBoOi
CTa/leryIaBWIbHOI Tedi. Y XOH4i MOJell0BaHHS OTPUMMAaHO 4YacCOBi 3aJeKHOCTI
iMmemaHcy OyTu, CUTHAMTY MTOXMOKM, KepyIUOoro BIUIMBY, a TAKOXK ITPOIOPIIifiHOI Ta
iHTerpajbHOI CKIaJOBUX pPeryJsiTopa.

Ha puc. 1 mpencrasieHo 3MiHYy iMmemaHCy Oyru y 4aci. AHasli3 OTpUMMaHOI
3aJIEKHOCTI TMOKa3ye, 10 cucTeMa 3abe3reuye BUXiJ peryabOBaHOI BeJIMUMHM Ha
3aJlaHUii piBeHb TMPOTSTOM KOPOTKOTO TMepexXifHOro IpoLecy TPUBAIICTIO
npubansHo 0.15-0.2 c. Ha moyaTKOBOMY eTalli CIIOCTepPiraeTbCs BigxuaeHHS
iMIiegaHcy, 3yMOBJIeHe IMOYAaTKOBMMM YMOBAMM Ta HAKONMUYEHHSIM iHTerpajbHO1

CKJIaZOBOI peryasTopa.
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Arc impedance under Pl control

AN

0.40 4

0.35 4

Arc impedance
o o
M w
w o
| !

0.20 4
0.15 4

0.10 1 —— Actual impedance
Reference impedance

0.05 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time, s

Pucynoxk 1 — YacoBa 3a/1eXkKHiCTh (PaKTMUHOTO Ta 3aJaHOT0 iMITeIaHCy IyTu ITpu poOOTi
PI-perynsropa

[Ticiist 3aBepleHHST MepexiTHOro IPOollecy iMIleIaHC CTabiMi3yeThCs MOOGIM3Y
3agaHoro sHauenHs £(). BigHocHa ammiTyza KonmBaHb Y CTAl[iOHAPHOMY PeKMMi
He mepeBuIye 3-5% Big HOMiHAJbHOIO 3HAUEHHS, IO CBiJUMUTH MPO MOCTATHI
piBeHb geMndyBaHHS Ta CTiliKiCTh CUCTEMM.

Ha pucyHky 2 HaBe#eHO YacOBY 3ajIeXKHICTb IIOXMOKM peryToBaHHS.
MaxkcumajibHe 3HAuUeHHSI MOXMOKM CIIOCTePIiraeThCsl Ha IIOYATKOBOMY eTalli, IiCjs
YOro BOHA IIBUJKO 3MEHIITYETHCS Ta HAOGMIMKAETHCS A0 HyMsl. Y CTallioHApHOMY
pekMMi 3aaMIIKOBA MOXMOKA He TepeBUINye 2-3%, 1O MiATBEepIKye eheKTUBHICTh

iHTerpanbHOI CKJIaZ0OBOI pery/sTopa y KOMIIeHcallil CTaTUYHUX BigXUIeHb.

Impedance control error
0.30

— e(t) = Zset -7

0.254

0.20 1

0.15

0.10 1

Control error

0.05

0.00 1

—0.05 4

—0.10 1

T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time, s

PucyHok 2 — YacoBa 3a/IesKHiCTh TOXMOKM PeryTroBaHHS
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Ha pucyHky 3 mnpepacraBleHO 3MiHy Kepyrodoro curtHany. Ha rmouatkoBomy
eTalli CIIoCTepiraeTbCs 3HAYHUI PiBeHb KePyUoro BIUIMBY, 110 BiAIOBia€ BeIUKin
BeJIMUMHI MoxmbKM. Hapasni curHaa IlaBHO 3MIHIOETBCSI Ta CTabilisyeTbes 6e3

pi3KMX CTPUOKIB, 110 € BXKIMBMUM [JIs1 3aM100IiraHHs MepeBaHTaKeHHI0 BMKOHABUMX

MeXaHi3MiB CMCTeMM MepeMillleHHS eJIeKTPO/IiB.

PI controller output signal

—— Control signal

0.6 1

0.4

0.2 4

Control signal

0.0 1

—0.2 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time, s

Pucynok 3 — Yacosa 3aiexHicTh Kepyrodoro curnany Pl-perymstopa

Ha pucyHky 4 HaBeJeHO NpONOPLiliHy Ta iHTerpajibHy CKJIaAOBi CUTHAIY
KepyBaHHs. [IpornopiriiiHa ckiaagoBa 3abe3neuye MBUIKY PeaKililo CUCTeMM Ha 3MiHYy
MOXMOKM, TOMi SIK iHTerpajbHa CKJIaA0Ba IOCTYIIOBO HAKOIMYYETHCS Ta Bimirpae
KJIIOUOBY pOJIb y 3abe3rneueHHi HY/JIbOBOI CTAaTUYHOI TMOXMOKU. BuKopucTaHHS
OoOMeXeHHsI iHTerpaTtopa OO3BOJISIE YHUKHYTM JOTO HaJMipHOTO 3pOCTAaHHSI Ta
3anobirae BMHUMKHEHHIO HECTiIKIX PesKMMiB.

O6MexkeHHsI iHTerpajibHOI CKIaoBOi JO3BOJISIE YHUKHYTM ii HaAMipHOTO

3pOCTaHHS Ta 3a1100ira€ BUHMKHEHHIO HECTiIKOCTi.
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Proportional and integral components of Pl controller

—— Proportional component
0.6 4 Integral component

0.4 1

0.2 4

—-0.2 1
T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time, s

Signal

PucyHok 4 - [IponopiiifiHa Ta iHTerpajabHa CKIaJ0Bi CUTHATY KepyBaHHS

CyyacHi migxoau mo o6po0OKy Ta Bisyasisallii JaHUX Y HAYKOBUX JOC/TiIKeHHSIX
MMPOKO 6a3ylThCsl HA BUKOPUCTAHHI BiKPUTMX NporpaMHUX 06i6ioTeK, IIIo
iHTerpyloThCsl 3 MOBaMU 3arajbHOro nmpusHaueHHs [13]. lle 3a6e3meuye rHYUKiCTb y
1o6ymoBi rpadikiB, MOX/IMBICTh aBTOMaTM3allii 004YMC/IeHb i aganTallii mporpaMHux
pillleHb A0 3a/1a4 iH)KeHepHOT'0 MO/Ie/II0BaHHS.

[l Bisyastisaliii pesy/bTaTiB MOJIe/NIOBAaHHS BMKOPUCTAHO 3aco0M ITOOYIOBU
rpadikiB Ha OCHOBi MOBM mporpamyBaHHSI Python i3 3acTocyBaHHSIM 6i6GioTeKM
Matplotlib, ska MmMUPOKO BUKOPUCTOBYETHCS y 3aJadax HAYKOBUX OOUMCIEHb Ta
aHaTi3y JaHuX. BUKOpPMCTAHHS TaKOTO IMiAX0y A03BOJISIE aBTOMAaTU3yBaTU 06POOKY
pe3yJbTaTiB MOJeMI0BaHHS Ta GOPMyBaTH YaCOBi 3aJIesKHOCTI ITapaMeTpiB CUCTEMINA.
Ile migBuilye iHGOPMATUBHICTh OTPMMaHMX  pes3yabTaTiB, CIPOIIyE  ixX
iHTepmpeTallito Ta 3a6e31euye BiITBOPIOBAHICTb MPOBeEHNUX NOCTimKeHb [12], [13].

V3arajJibHIOIOUM pe3yJbTaTy MOJIeTIOBAaHHS, MOXHa 3pOOUTU BUCHOBOK, IO
3ampoIioHoBaHuit PI-perynsrop 3abesneuye:

e CTiliKy poOOTY CMCTEeMU KepyBaHHS;

e IIBUIKMIA BUXif, Ha 3agaHuit pexxuM (1o 0.2 ¢);

e HU3bKUI piBeHb CTATUYHOI MOXMOKM (10 3%);

e IUJIaBHMII XapaKTep Kepyluoro BIUIMBY 6e3 IepeBaHTaXXeHHS BUKOHABUMX
MexaHi3MiB.

OTpuMaHi pe3ynbTaTu Y3rOIKYIOTHCS 3 BiJOMMMM IiAXOJaMU A0 KepyBaHHS
IYTOBUMMM CTajerviaBuibHUMK nedamu [8], [9] Ta migTBepmkyloTh eheKTUBHICTb

BMKOPUCTAaHHA iMHe,HaHCHOI‘O MIPUHLIMAITY PEryJrOBaHHSI.
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Pasom 3 TMM I 3a3HaUMTH, [0 pO3pobIeHa MOMAeNb MiCTUTh IIeBHi
CITPOIIIEHHSI, 30KpeMa He BpaXxOBY€ BUIAJKOBiI 30ypeHHS, IIyM BMMipIOBaHHSI Ta
3MiHHICTbh mapameTpiB Ayru y vaci. lle Moxke BIiMBaTU Ha TOYHICTh BiTBOPEHHS
peaqbHMX YMOB ekcrutyaTalii. Iloganpiii BOCHiI)KeHHS OOLUIBHO CIIPSIMYyBaTH Ha
YCKJIaJHeHHSI MOJe/li Ta BpaxyBaHHSI CTOXaCTMUHUX (PaKTOpiB, IO HO3BOJUTH
MiABUILUTH 11 aJeKBaTHICTb peabHUM TE€XHOJIOTIUHUM IIPOIleCaM.

BucHoBkM. BukoHaHa pob6oTa BHMpilllyé KOHKDETHY iH)KeHepHy 3ajauy:
CTBOPUTM TIpalie3faTHy IPOTpaMHy peanisalito iMmrnensaHcHoro PI-perynsitopa st
cucteMu KepyBaHHS enekTpomamyu [ICII Taky, mo He IoTpebye crieliaji3oBaHUX
cepeoBuIl i MOXe OyTM Ge3rocepegHbO iHTerpoBaHa Yy MPOMMCIOBE ITpOrpaMHe
3a6e3reuyeHHsl.

Bubip iMIemaHCHOrO IIPMHIUMITY PpEry/JIlOBaHHS He BUIIQAKOBMUIL. AHaJi3
icHyrounx migxonis [8, 9] mokasas, IO MiATPMMAaHHS 3aJaHOrO CIiBBiLHOLIEHHS
Hampyru i cTpymy Iyru 3abesrieuye CTilikinry poboTy Teui, HisKk peryiioBaHHS 3a
OKpEMMMM €JIeKTPUUHMMM BeJIMUMHAMM, — OCOOJMBO B YMOBAax pi3KuX 3MiH
BJIACTUBOCTEN IIMXTU HA MOYATKY IVIABKMU.

Po3pobsieHa MaTemMaTMyHa MOZeIb BpPaXOBYE B3a€MO3B'SI30K €JIEKTPUUYHMUX i
MeXaHIYHMX napameTpiB cucteMu. Anroputm Pl-peryntoBaHHSI peani3oBaHO MOBOIO
Go y BUIJISIZII MOZYJIbHOI CTPYKTYPU 3 OKpEMMMM KOMIIOHEHTaMU ISl PO3PaxXyHKY
Kepyluoro CUTHaIy, BUKOHAHHS IMKJIY CUMYJSIii Ta 30epexXeHHS pe3y/bTaTiB.
Taka apxiTekTypa 03BOJISIE 3MiHIOBAaTU TTapaMeTpy peryisitopa 6e3 rnepenyucyBaHHs
pelITy Koay, 110 BaXK/IMBO SIK JJISI HAJaro/KeHHsI, Tak i AJj1s1 moaaiblllol aganTaiiii 4o
peasbHMX YMOB eKCIUTyaTaliii.

Pe3ynbTaTy 4MCeIbHOTO MOIEIIOBAHHS MiATBEPAWIN TIpalle3daTHICTD ITiAX0Iy:
cucTeMa BUXOAUTb Ha 3amaHuii immemanc 3a 0,15-0,2 ¢, mepepery/itoBaHHS
3aJIMIIAETHCS B NOMYCTUMMUX Meykax, a CTaTMUHA Moxubka He mepeBuilye 2-3%. He
MEHIII BayKJIMBOIO BUSIBWIACS TVIABHICTh KEPYIOUOTO CUTHATY — Pi3Ki 3MiHM HaIlpyru
Ha TIpUBOAI e€JeKTPoJa HENpPUITYCTMMi 3 TOUKM 30py MEeXaHiYHOTO pecypcy
KOHCTPYKIIii, i 3aIIpONTIOHOBAHMI1 aITOPUTM 110 YMOBY BUKOHYE.

3a/JIMIIIKOBA CTaTMYHA ITOXMOKA € OUiKyBaHMM HACJiIKOM CITPOILEHb Y MOJeJTi
OyTM, a He BafiOl0 peryaaropa. Ii yCyHeHHs — 3aBHaHHSA HACTYIIHOIO eTamy, e

IOLIJIbHO PpO3IJISTHYTM aJaliTMBHe KOpPUTYBaHHS Koe(illieHTiB 3a/ieXKHO Bif
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MTOTOYHOTO peXuMy pOoOOTM Tedi Ta BBECTM KOMITEHCAIlil0 BUIAJKOBUX 30YypeHb i
IIYMiB BUMIPIOBaHHS.

OTpumaHi pe3yabTaTM MalThb IMPAKTUUYHY I[iHHICTh [MJISI PO3POOHUKIB
1ndpoBux cucrtem kKepyBaHHs [CII, a 3ampomoHOBaHMII IMiAXim IO HPOTpamMHOI
peastizaliii Moyke 6YyTY BUKOPUCTAHMIA i IIMpIIIe — 30KpemMa TPy CTBOPeHHI LM POBUX

IBiIHUKIB €JIEKTPOTEXHOJIOTiYHMX 00 '€KTiB.

JIITEPATYPA/REFERENCES

1. Fruehan, R. J. (1998). The making, shaping and treating of steel (11th ed.). AISE Steel
Foundation.

2. Hay, T., Visuri, V.-V., Aula, M., & Echterhof, T. (2021). A review of mathematical process
models for the electric arc furnace process. Steel Research International, 92(1), 2000395.
https://doi.org/10.1002/srin.202000395

3. Abadi, M., Tang, L., & Rashidi, M. (2024). A review of simulation and numerical modeling of
electric arc furnaces. Results in Engineering. https://doi.org/10.1016/j.rineng.2024.102473

4. Cassie, A. M. (1939). Arc rupture and circuit severity: A new theory. CIGRE Report, (102), 1-14.

Golestani, S., & Samet, H. (2016). Generalised Cassie-Mayr electric arc furnace models. IET

Generation, Transmission & Distribution, 10(13), 3364-3373. https://doi.org/10.1049/iet-

gtd.2016.0141

6. Blazi¢, B., Skrjanc, I., & Logar, V. (2024). Arc quality index based on three-phase Cassie—Mayr
electric arc furnace model. [EEE  Transactions on  Industrial  Electronics.
https://doi.org/10.1109/TIE.2024.3352119

7. Balan, R., Hancu, O., & Lupu, C. (2008). Adaptive control of electric arc furnace. In Proceedings
of the IEEE International Conference on Automation, Quality and Testing, Robotics (AQTR) (pp.
19-24).

8. Wang, Z., Mao, J., Tian, X., Li, J., & Yuan, P. (2020). Impedance regulation based electrode
control system for electric arc furnace. ISI] International, 60(5), 982-990.
https://doi.org/10.2355/isijinternational.ISIJINT-2019-459

9. Logar, V., & Skrjanc, 1. (2012). Modeling and control of electric arc furnace using a neural
network approach. IEEE Transactions on Industrial Electronics, 59(3), 1630-1637.
https://doi.org/10.1109/TIE.2011.2161655

10.Billings, S. A., Boland, F. M., & Nicholson, H. (1979). Electric arc furnace modeling, simulation
and control. IEE Proceedings - Control Theory and Applications, 126(6), 567-574.
https://doi.org/10.1049/piee.1979.0126

11.Boulet, B., Lalli, G., & Ajersch, M. (2003). Modeling and control of an electric arc furnace. In
Proceedings of the American Control Conference (ACC) (Vol. 5, pp. 3862-3867).

12.Hunter, J. D. (2007). Matplotlib: A 2D graphics environment. Computing in Science &
Engineering, 9(3), 90-95. https://doi.org/10.1109/MCSE.2007.55

13.0liphant, T. E. (2007). Python for scientific computing. Computing in Science & Engineering,
9(3), 10-20. https://doi.org/10.1109/MCSE.2007.58

14.Astrom, K. J., & Hagglund, T. (1995). PID controllers: Theory, design, and tuning (2nd ed.). ISA.

15.0gata, K. (2010). Modern control engineering (5th ed.). Prentice Hall.

16.Dorf, R. C., & Bishop, R. H. (2016). Modern control systems (13th ed.). Pearson.

17.Franklin, G. F., Powell, J. D., & Emami-Naeini, A. (2015). Feedback control of dynamic systems
(7th ed.). Pearson.

wu

ISSN-print 1991-7848 85
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

18.Donovan, A. A., & Kernighan, B. W. (2015). The Go programming language. Addison-Wesley.

19.Pike, R. (2012). Go at Google: Language design in the service of software engineering. In
Proceedings of the ACM Conference. https://doi.org/10.1145/2384716.2384720

20.Van Rossum, G., & Drake, F. L. (2009). Python 3 reference manual. CreateSpace.

Received 15.03.2025.
Accepted 10.04.2025.
Published 30.04.2026

UDC 621.365:681.5
Dmytro Kartamyshev

SOFTWARE IMPLEMENTATION OF AN IMPEDANCE PI CONTROLLER FOR AN
ELECTRIC ARC FURNACE CONTROL SYSTEM USING THE
GO PROGRAMMING LANGUAGE

Abstract. Electrode control in electric arc furnace (EAF) operation represents one of the
most technically demanding problems in steelmaking. The inherently unstable behaviour
of the electric arc — its sensitivity to scrap composition, inter-electrode gap geometry,
and thermal conditions — results in current and voltage fluctuations, increased specific
energy consumption, and accelerated electrode wear. Despite a considerable body of
research on mathematical modelling and controller design for EAFs, most published
work relies on specialised software environments such as MATLAB/Simulink and does
not address the direct deployment of control algorithms in industrial automation systems.
The question of implementing control logic using general-purpose programming
languages suitable for production environments remains insufficiently explored.

The objective of this work is to develop an impedance-based PI control algorithm for the
EAF electrode positioning system and to implement it in the Go programming language,
followed by analysis of the closed-loop system's dynamic behaviour.

The mathematical model is based on the Cassie-Mayr arc equations, which describe arc
conductance dynamics under both transient and steady-state conditions. The controller
is implemented in discrete time with a fixed integration step to ensure numerical stability.
An anti-windup mechanism - clamping the accumulated error sum within defined
bounds - is applied to prevent integrator saturation under control signal constraints.
The software is structured as a modular Go application comprising dedicated
components for control signal computation, simulation loop execution, and CSV-based
result logging. The choice of Go is justified by its practical advantages for industrial
automation: compilation to native executable code, absence of runtime dependencies,

support for modular architecture, and high computational performance. Simulation
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results are visualised using Python/Matplotlib, ensuring reproducibility and clarity of the
obtained data.

Numerical simulation results show that the developed system achieves a stable transient
response with a settling time of 0.15-0.2 s and overshoot within acceptable limits. A
residual steady-state error of 2-3% is attributed to simplifications in the adopted arc
model and can be reduced by introducing adaptive gain correction. The smooth control
signal profile, free from abrupt changes, confirms the algorithm's suitability for real-
world application with respect to mechanical loading on the electrode drive. The findings
demonstrate the viability of Go as an implementation language for control algorithms
within digital EAF automation systems, as well as for the development of digital twins of
electrotechnological processes.

Keywords: electric arc furnace, impedance control, PI controller, mathematical

modeling, electric arc, Go programming language, control system, automation
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KIHETUKA JIU®VY3IMHOTO HACUYEHHS BOPOM
IHCTPYMEHTAJIBHOI CTAJII V8

Anomauia.y pobomi 00CNioHeHo 8nJue pexcumia NnopouwKo8ozo
Oopysarus — memnepamypu (850, 900, 950°C) ma eumpumku (4, 6, 8 200) — Ha
mosuwuHy, 6ydosy ma mikpomeepdicme Oudy3iiiHozo wapy Ha iHCMpPYMeHMANbHill
cmani Y8. BcmaHosneHo, wjo KiHemuka (opmyeaHHs wapy 3adosiibHO ONUCYEMbCS
napaboniuHuUM  3AKOHOM, XapakmepHum Ons  OJuysiliHo-KeposaHux npoyecie.
Po3paxosaro koeiyienmu OJugysii 6opy npu KOxXcHili memnepamypi; 68U3HAUEHO
KiHemuuHi napamempu dugysii 6opy: euepezito akmusayii Q = 199,6 xk/Di/More ma
nepedekcnoHeHyitiHull MHOMCHUK
Do = 9,24x10* m?/c. MikpockoniuHuii aHani3 eussus 3youacmuii penved mixicgasHoi
2paHuyi, akuilli nokpawye 3uenjieHHs OuysiliHozo wiapy 3 0CHO80K. JlucnepciliHuti
avaniz (ANOVA) nidmeepous, w0 memnepamypHuii pexum € npiopumemHum
UUHHUKOM, KOmputi 8usHauae moswuny wapy (n°> = 0,9897 npomu 0,8964 dns uacy
sumpumku). Ha 6a3i memody nosepxHi 8idzyky no6yo008aHo noJiiHOMiaivHy pezpecitiHy
modenv Opyzozo cmyneHs (R’adj = 0,9886), npudamHy 0n pO3PAXyHKY Ppexcumis
OopysaHHs 6e3 dodamkosux 0ocnioxeHs. Peynemamu po3wiupioroms yaeneHHs npo
Mexawizm dugpysii 6opy ma 3axknadaroms KinbKiCHy 0CHOBY 0711 NPOEKMYB8AHHS PEXCUMIB

3miuHeHHs demaneii 3i cmani V8.

Kniouosi cnosa: 6GopysanHs, 6GOpudHuili wap, KiHemuka pocmy MiKpocmpykmypd,

Mikpomeepdicms, pezpeciiiHa modens, ducnepcitiHuii aHanis.

ITocraHoBka mpoosmemu. Ctanb Y8 MIMPOKO 3aCTOCOBYETHCS Y BUPOOHUIITBI
pisaJIbHMX Ta BMMIipPIOBAJIbHMUX IiHCTPYMEHTIB, IepeBOOOPOOHOr0 OCHAIIEHHS ¥
Ipi6bHMX mITamIriB. YMoBM ii eKcruryaTailii rmepen6avaioTh KOHTAKT 3 a0pa3sMBHUMMU
cepelOBUINIAMM Ta LMKIIYHI HaBaHTa)XeHHS, IO IIPUCKOPIIOTh CIIPAIIOBaHHS

POOOUMX MOBEPXOHD i CKOPOUYIOTh €KCIUTyaTalliliHMi1 pecypc BUpoOiB. ITigBuIieHHS
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License CC BY 4.0.
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SIKOTO 3aJIMIIAETHCS aAKTyaJbHMM TEXHIYHMM 3aBOAHHAM Y iHCTPYMEHTaJIbHOMY
BUPOOHUIITBI.

OmHMM i3 MepCIeKTUBHUX NMUISIXiB MO0JaHHS 1i€l TpobaeMu € BUKOPUCTAHHS
TEeXHOJIOTii XiMiKO-TepMiuHOi 00pOOKM, 1110 3a0e3Meuy0Th paguKajibHe 3MillHeHHS
TOBepxHi 31 30epeskeHHSIM IIACTMYHOCTI BHYTPIIlIHIX ImIapiB MaTepiamy. Okpeme
Micile cepen HUX 3aiiMae 6opyBaHHS, 3gaTHe ¢dopmyBaTu 6opunHi mapu (FeB, Fe;B)
i3 TBepmicTiO, 0 csarae 20 I'Tla. Ha BimmiHy Bim a30TyBaHHS Ta LieMeHTallii, 0opuaHi
TIOKPUTTS BiAPISHSIOTHCS CTIVKICTIO O OKMCHEHHS MIPU MiABUILEHMX TeMIlepaTypax,
a TaKOX KOPO3iMHOK CTIiMKICTIO B KMCAUX CepeloBMINAX i pO3maaBax KOJbOPOBUX
MeTasiB [1-4]. s crani Y8 60pyBaHHS BiKpUBa€ IUISIX A0 CYTTEBOTO 30iblIeHHS
IIOBrOBIUHOCTI ITPY BiTHOCHO HEBMCOKI cOGiBapTOCTiI 0OPOOKIA.

[Tonipy HASIBHICTh 3arajJibHMX BiIOMOCTEN IIPO MeXaHi3M HacMUYeHHSI 60pom,
IJIST KOHKpPeTHOI MapkKu Y8 OGpakye mepeBipeHUX KiHETMYHUX IMapaMeTpiB, a TAKOX
MPAaKTUYHOTO IHCTPYMEHTY [Jisi pO3paxXyHKy TOBIIMHM IIapy 3aJeXKHO Bif
TeMIIepaTypu i yacy o6pooKu.

OTxe, BUIIlIEHHS IaHoi pobaemu 1oTpeodye KOMILUIEKCHOTO
eKCIIepMMEeHTaJbHOTO BMBUEHHSI Ta IIOAAJbIIOI IPYHTOBHOI iHTepIiperaliii
OTPMMaHMX pe3yJabTaTiB 3 MeTol (GOpPMYBaHHSI KiJbKiCHOI 6asy sl Iporecy
6opyBaHHS cTati V8.

AHaii3 ocTraHHIX mOCTHiIKeHb i myoOmikamiii. Y ramysi 60pyBaHHS cTaseit
HaKOIMYEeHO 3HAUHMIT MacuB IOCTiAKeHb, OJHAK aKklleHT repeBaskHO 3p00JieHO Ha
JIleTOBaHMX 1 MIBUAKOpi3aJibHMX Mapkax cTaji. Po60TM, MpUCBsiUeHi BYyIJiel|eBUM
iHCTpyMeHTaJIbHUM CTaJIM Kiaacy Y8, HeuMc/ieHHi, 0 i 3yMOBJIIOE HEOOXiTHICTb
OKpEeMOTO BUBUEHHS.

ba3oBow Mome/iio Ajs aHali3y MBUAKOCTI pocTy audy3iiiHuX IIapiB €
nmapaboJiivHa 3aJIeXXHICTh TOBIIMHM Bif, yacy, 110 BUIIMBAE 3 Ipyroro 3akoHy dika.
BinnmoBigHicTh 3a3HaueHOI Mopesi peaJbHMM MpollecamM OOBeleHa 3HAYHOK
KiJIbKiCTIO HAYKOBMX Tpallb CTOCOBHO Pi3HMX MaTepiaiiB. TemIiepaTypHa 3aJe5KHICTb
KoeditienTa audysii TpaauiiiHO OMMUCYETHCST 3a ITOMOMOTOI BiIOMOTrO pPiBHSIHHS
Appeniyca. Hanpuknazg, B poborax [5; 6] mocmimkyBanu KiHeTMKY Ha cTajsix AISI
H13 ta AISI P20 BigmoBimHo. UmciaoBi 3HaueHHs eHeprii akTuBaliii (Q) CyTTEBO
MOKYTb BiIpi3HATHUCS 3aJIEXKHO Bif XiMiUHOTO CKJIaqy MaTepiany, ymoB audys3iitHOTo

HACMUEHHS: HAalIPUKJIa/, OJISI apMKO-3a/i3a XapakTepHe 3HaueHHST ~157 KII[X/MOJb
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[7], a mnst crami AISI W110 - 165,0 x[Ixx/moinb [1], mo BigobGpaskae xapaKTepHY
3a7IeXKHICTh — i3 30iJbIIEHHSIM YaCTKM JOMIIIKOBUX BKIIOUEHb AMQY3iiiHMUit 6ap'ep
3aKOHOMIPHO 3pOCTaE.

3a maHumu po6or [8, 9], TemIiepaTypa YUMHUTH Ha TOBUMHY Audy3iiiHOTO 1Iapy
3HAYHO TIOTYXKHIIIMIAI BIUVIMB, HIK TPUBAIICTh IIPOLECYy, XOua KijJbKiCHe
CIIiBBiZHOIIEHHSI LMX edeKTiB € iHAMBiZyaqbHMM IJIs1 KOKHOI Mapku ctaiti. lllomo
Mopdosiorii TOKpUTTSI, BcTaHOBAeHO [10, 11], mo Ha ByIJeLEeBUX CTaISIX
dbopmMyeThCst 3ybuacTa TpaHUIST PO3/ily O0pUIHOrO IIapy i MeTajaeBoi OCHOBH, SIKa
obyMoBJieHa KpucTtajgorpadiuHo aHizoTporieio audysii; momioHa reomerpist
MiABMIIYE aare3iiiHy Mil[HICTh 3 €IHAHHS.

Iasi omTumisalii Ta cucTeMaTtusaliii pe3yabTaTiB y MaTepiaJo3HaBUMX
OOCTiI)KeHHSIX defalli IypIie 3aCTOCOBYIOThCS METOAM IIJIAHOBAHOTO €KCIIEPUMEHTY
I CTAaTUCTUYHOIO MOJentoBaHHs. Tak, B [12] perpeciiiHuii aHasi3 BUKOPUCTOBYBABCS
IIJIs MOJe/JIIOBAaHHSI Ta BU3HAUEHHS TOBIIVMHM IIapy, IO YTBOPIOETHCS B MpPOIECi
O60opyBaHHSI Ha KOBKOMY YaByHi, a B [13] MeTOI0JI0Tisl TOBEpXHi BiATyKYy 3aCTOCOBaHA
IJIsT OTITMMi3allii TBepIOCTi IMMOKPUTTIB Ha KOOAIbT-XpOMOBOMY cruiaBi. 1Ii migxomm
JIIO3BOJISIIOTh OTPMMATM KOMITAKTHI aHa/JIITMYHI MoJesi Ha OCHOBIi BiIHOCHO
HEeBEeJIMKOTO UMCc/Ia JOC/TiaiB.

He3Baskatouu Ha HASIBHICTb 3arajibHUX YSIBJIeHb PO 3aKOHOMiIPHOCTI Ipoliecy
O60opyBaHHS, CTOCOBHO cTaji Y8 moci 6paKkye cuCTeMaTH30BaHOI CYKYITHOCTi JaHUX,
sKa 6 iHTerpyBasia pe3y/jbTaTy IJIAHOBAHOTO €KCIIepUMMEHTY, KiHeTMUHMIt aHai3 i3
pO3paxyHKOM eHeprii akTuBalii Q Ta IepegeKCIOHEHIiIHOTO MHOXHMKA Do,
CTaTUCTUUHY OI[iIHKY BHECKYy TeXHOJIOTiuHMX (aKTOpiB Ta MOOyAOBY MPUKIAAHOI
perpeciitHOI Mofesi A IPOrHO3YBaHHS TOBIIVHY LIapy.

dopMy/TIOBAaHHS METU AOCTIIKeHHSA. MeTow 1iei pobOTM € KiJbKiCHe
oXapakTepu3yBaHHS  3aKOHOMipHOCTeli  IOpPOIIKOBOTO  OOpyBaHHS  CTasli
V8: BuU3HaUeHHsI KiHETUUHMX TapaMmeTpu audysii 60py, BCTAaHOBJIEHHS BiTHOCHOTO
BHECKY TeMIMepaTypyu i TPUBAJIOCTI HACMUYEHHS B TOBIIMHY MHOKPUTTS, a TaKOX
MOOYIyBaHHS TPOTHOCTUYHOI MaTeMaTUUYHOI MOJIeTi J/1sT iHKeHepHUX PO3PaxyHKiB.

MeToamuka gocaiakeHb. MaTepiaJioMm IOC/iIKeHHSI 3aKOHOMipHOCTel pPoCTy
OOpUIHMX IIApiB CJIYyTyBasla BUMCOKOBYIJIEIIEBA CTalb Y8, cKIam SIKOi 3a XiMiUHMMM

efleMeHTaMM BimobpaxkeHO B Tabauili 1. HeBucoOKuit piBeHb JieryBaHHS H03BOJISIE
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croctepiratu audysito 60py y BiTHOCHO YMCTOMY BUIJIAAi, 6€3 YCKIaJHEHb,

3YMOBJIEHUX ITPUCYTHICTIO KapOigo- Ta HITPUIOYTBOPIOIOUNX €JIEMEHTIB.

Tabmuug 1
Ximiuuuii ckiaam ctaii V8
Enemenrt | C Si Mn P S Cr Ni Cu
< < <
. o, _ _ _ S S
Bmict, % | 0,75-0,84 | 0,17-0,33 | 0,17-0,33 0,030 0,028 0,20 0.25 | 0.25

bopyBaHHS MPOBOAWIN B TepPMETUUYHUX CTAJIEBUX KOHTEVHEpaxX y IMOPOIIKOBi

CYMillli HACTYITHOTO CKJIafy:

85 % B4C + 5 % KBF,4+ 10 % AL,Os (1)

ne B4C — xapbim 6opy (moHop 60py); KBF4 — rasoyTBopmooiouMii aKTMBATOp, IO
MigBUINYE TapiiiadbHUit TUCK 60py 6isst moBepxHi Metany [14]; Al,Oz — iHepTHMIA
HaIlOBHIOBAY, KOTPUIi MepelKoIKa€e CiKaHHIO CyMillli Ta cTabinisye ii ckian. Bubip
CKJIaAy HACUMYYIUOi CyMillli OOIPYHTOBaHMII HAaHMMM JTepaTypu Ta BIACHUMU
rorepeaHiMM JOCTiI)KeHHSIMMN.

HacuueHHs 3miiicHIOBaAM 3a TpboMma Temrmepatypamu — 850, 900, 950°C Tta
TpbOMa BUTPUMKamMu — 4, 6, 8 Tof,

MetanorpadiuHi mocaigkeHHSI MPOBOAMIM HAa KOMIIAKTHOMY iHBEPTOBaHOMY
mikpockomi ZEISS Axio Vert.Al, ocHameHomy 1udpoOBOI0 KaMepom. 3a
MeTasiorpadiuHMMM 3HIMKaMM BM3HAua/iM TOBIIMHY OOPUIHOTO IIapy MeTOHOM
cepeqHbO] JiHiI, [0 € TUIOBMM MiAXOAOM MNpU aHaJi3i mapiB 3 HeperyJsipHOI0
MOP(OJIOTiYHOI CTPYKTYPOIO.

[lsi BU3HAUeHHS MiKpOTBEpHOCTI BMKOpUCTOBYBaiu mnpunan IIMT-3 mnpu
HaBaHTaxkeHHsX 10-200 r, BUTpMMKa i HaBaHTaskeHHsIM 7—10 c.

JIJis  MaTeMaTMYHOTO OIMCY IIBUAKOCTI pOCTy OOpuaHOro Iiapy O6yso
3aCTOCOBAHO MapabosiuHMii 3aKOH, SKUiII € XapaKTepHUM [jis1 IIpOLecCiB, IO

nepe6yBalOTh ITiJi KOHTposeM 06'eMHOi qudysii [1, 6, 8]:

d* = D @)
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ne d — ToBuimHa audysiitHoro mapy (M),
D - koedinienT audysii (m?/c),
t — yac HacuuyeHHH (C).
Otske, ToBIMHA OUy3iiiHOTO 1Iapy nepebyBae y JiHiiHOMY CITiBBiIHOIIEHHI 3

KBaJpaTHUM KOpPEHeM i3 TpUBAJIOCTi IIPOLIeCy:

d=vD-yt 3)

TemmepaTypHy 3aleXxHicTb KoedimlieHTa audysii D onmcyioTb piBHSIHHSIM
Appeniyca [1, 6, 8]:

_@
D=D,-eRT 4)

ne Do — mepemeKCIIOHEHIIiIHMII MHOXHMK (KOoedillieHT 4acTOTH), IO 3a/IEXXUTh
HacaMrepen BiI THUITy KpUCTaJaiyHOi OymoBM MaTepiasly, a TaKOX BiJl TaKux
IapaMeTpiB, K BeJIMUMHA aTOMHOI'O CTPMOKa Ta BJaCHA YacTOTa KOJMBAHb aTOMa-
nudysaHTa, M%/c;

R - yHiBepcanbHa razona crtajia, [Ix/(Moib-K);

Q - eHepris akTuBalliii (Teriora audysii), (kIK/MOJb).

[Ticis morapudmyBaHHS PiBHSIHHS (4) BOHO HaOyBae JIiHiTHOTO BUIJISITY:

InD =1nD, — (%)

1
T 5)
OTxe, mobymosa rpadika InD — 1/T mosBosisie rpadiuHo BU3HAUUTU Q 32 KyTOM
HaXWIy ampoKCHMMYIUOi MpsiMOi Ta BCTAaHOBUTU InDy SIK 3HaueHHS y TOUIi ii
TepeTUHY 3 BiCCI0 OpAMHAT.
CraTucTMUHMIA aHa/li3 OaHUX BUKOHyBaiu y cepenmosuili TIBCO Statistica.
BruiMB TemIiepaTypu Ta TPUBAJIOCTi HacMUeHHS Ha TOBIIMHY OuQy3iiiHOTO IIapy
OLIHIOBA/MIM  ILIJISIXOM IpOBelleHHs  aucmoepciiiHoro aHanmizy (ANOVA) 3

BUKOPUCTAaHHSIM F-KpuTepiio Ta p-3HaYeHHsS [JIs1 TepeBipkKM 3HAUYIIOCTi edeKTiB.

92 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui nmpo6iaemu metanyprii”, N2 29 - 2026

[lpakTMyHa  3HAYYLIICTb KOXKHOTO  [JOCJiIKyBaHOrO (akTopa [0JaTKOBO
XapakTepu3yBajach BeJMUYMHOI0 YaCTKOBOTO eTa-kBaapaTta (n?) — IMOKasHMKa, 10
BimoOpaskae BiZHOCHMII BHECOK OKPEMOTO UYMHHMKA Yy IIOSICHEHHS 3arajibHOi
MiHJIMBOCTi 3aJ1€3KHO1 3MiHHOI.

3 MeTOI0 MPOTHO3YBaHHS TOBIIMHM IIapy BUKOPUCTOBYBAIM perpeciitHuii
aHasi3 y paMKax MeTojoJjorii moBepxHi Biaryky (Response Surface Methodology).
Mopenb BpaxoByBaja BIUIMB JBOX He3ajeXXHUX 3MiHHUX, iX KBaApaTU4Hi edheKkTH Ta
B3aeMoIifo Mixk ¢akTopamu. CTyMiHb BiIMOBITHOCTI Momesi eKcllepyuMeHTaTbHUM
JaHMM BM3HAUa/IM 32 CKOpUTOBaHMM KoeditienTom metepminaiiii (R%adj).

BukiameHHsI OCHOBHOTO Marepially JgocCIigsKeHHs. MeTanorpadiuynni
aHaji3 BUSIBUB, 1110 60pyBaHHS cTali Y8 y MOPOUIKOBUX CyMilllaX y TeMIlepaTypHOMY
miama3oHi  850-950°C  cympoBOIKYeETbCSI (OPMYBaHHSIM 100pe BUPaKEHOTO
6opumHoro mapy (puc. 1). Ha Bcix mocmimkyBaHuxX 3pa3kax OopuaHa 30HA
XapaKTepu3y€eThCSI TUTIOBOIO 3y6uacToo Mopdoiorieio. 3i 3pocTaHHIM TeMIIepaTypu
Ta TPUBAJIOCTI HACMUYEHHS BigOyBaeTbcsl TpaHchOpMAallisi TOHKOTOIYaCTOi (hopmmu
60puIiB y GiJbIII KOMIIAKTHY IJIACTUMHYACTY CTPYKTYpY, IO € 3aKOHOMipHUM IJIsI
npolieciB  TpuBajoro AudysiiiHOro HacuueHHS. BapTo  Big3HauuTH, 110
MaKCHMMaJbHY IOBXUHY HaOYBaIOTh 'OJIKM, JIOKaJIi30BaHi B3JOBXK I'PaHMUIIb 3€PeH, 110

CBiTUUTD PO MPUIIBUIIIEHY 3epHOTpaHNYHY AMdY3i0 60pYy.

a 6 B
PucyHoxk 1 — XapakTep MiKpOCTPYKTypy 60pMIHOrO 1apy, copmMoBaHOro Ha ctaji Y8 mpu
6opyBanHi: a) 850 °C, 4 rox; 6) 850 °C, 8 rox; B) 950 °C, 4 rop.
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3ybuacTta reomerpist Mixk¢pasHOI I'paHMIli BMKOHYE POJIb MEXaHiYHOIO 3aMKa:
B3a€EMHe IIPOHMKHEHHSI BUCTYIIB OOPMIHOrO Iapy ¥ MaTpuili ITiABUIILYE OIIip
pO3IIapyBaHHIO MPU AOTUUYHMX HaBAaHTAKEHHSIX — TaK 3BaHMI e(PeKT «IacTiBUMHOTO
xBocra» [10; 11].

BesnocepenHbo mig OOpMIHOIO 30HOI0 (iKCYeEThCs IepeximHa 006/acTh i3
MiIABUIIIEHMM BMiCTOM IIEMEHTUTY BiTHOCHO CTPYKTYpU ceplieBMHM. LI 0cobaMUBiCThb
TIOSICHIOETBCSI TIePepO3IOAiJIOM BYIJIELIO i 4Yac OGOpYBaHHS: aTOMM BYIJIEI[IO
BUTICHSIIOTHCSI OOPOM 3 TIPUITOBEPXHEBOTO IIapy BIVIMO MeTasy, Mie i BUIIISIOTHCS
TIPY OXOJIO/IKEHi Y BUTJISIAI JOAATKOBOTO LIEMEHTUTY.

3BefeHi JaHi MO0 cepegHbOI TOBIIMHM OOPUIHOTO Iapy, coOpMOBAaHOIO Ha

ctasti Y8 3a pi3HMX peskKMMiB HaCMYEHHsI, HaBeIeHO B Tab6auIi 2.

Tabanig 2
V3ara/ibHeHi JaHi 00 TOBLIIMHM O0PUIHMX LIAPiB, OJepyKaHuX Ha cTati Y8, MKM
TemmnepaTypa Yac 60pyBaHHS, IO/
6opyBanHs1, °C 4 6 8
850 85 102 113
900 140 161 182
950 207 253 261

3 Tabnuili BUAHO, IO IiABUINEeHHS TemIiiepatypu Big 850 mo 950°C 36imbirye
TOBIIMHY IIapy OilbIl K YyOBiUi MpM OJHAKOBIM BUTPUMIL (HATIPUKIAL,
3a 4 roa: 85 — 207 MKM). BrinmB yacy HacuMueHHS € MeHINI BMpa3HMUM i HabyBae
HEeJ/IiHIITHOTO XapakTepy Npu TPUBAIUX BUTPUMKaxX: Tak, npu 950°C mpwupict
TOBIIVMHM TIpU 30iJIbIlIeHi yacy Big 4 10 6 rof ckiamae ~46 MKM, IIpy 30i/IbIIeHi yacy
Bim 6 mo 8 rom - nume ~8 MKM. IMOBipHOIO INPUUMHOI0 TAKOTO HeIiHiiHOTrO
XapakTepy Moske OyTH MOCTYIOBe 36ifHeHHSI HaCUUYIOUuOi CyMilll Ta raJbMyBaHHS
nudysii ByreleM, 1[0 HAKOMIMUYETHCS B IIPUTIOBEPXHEBIi 30Hi.

[To6ymoBaHni y KoopauHartax d —Vt rpadiku [y TpbOX TeMIlepaTyp 60pyBaHHS
(puic. 2a) 3acBigUMAM CTiMiKy JiHiiHY 3aJeXHICTb B YCbOMY OOC/iI)KYBaHOMY
JiarasoHi, 10 € MepeKOHJMBUM ITiATBEPIKEHHSIM IapaboiyHOro 3aKOHY POCTY
O0puAHOrO Iapy Ta BU3HAYaJIbHOI pojii 00'eMHOI Audy3ii 60py BiAMOBiZHO MO
piBHSHHS (2). KinbKicHi 3HaueHHs KoedilieHTa audysii D, po3paxoBaHi 3 HaXUIiB

BiJITIOBiTHMX MPSIMUX JIJISI KOKHOI TeMIIepaTypu, HaBeleHOo B TaOIuIi 3.
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Ha HactymHoMy eTarti 6y/0 mo6ymoBaHo rpadik Appeniyca y koopauHatax InD
- 1/T png crami Y8 (puc. 26). Amnpokcumaliis eKCIepMMeHTaJIbHUX TaHUX Y
KOOpAMHATAaX BUSBWJIA YiTKy JIiHIAHY TEHIEHIIil0, IO IiATBEPAXYE TePMiYyHO
aKTMBOBaHMI xapakTep nudysii 60py Ta OOGIPYHTOBYE BUKOPUCTAHHS PiBHSHHS
Appeniyca. KinpkicHa 06po6Kka rpadiyHoi 3aesKHOCTiI A03BOIMIA BCTAHOBUTM OBa
K/IIOYOBi KiHEeTUUHI ImapaMeTpu: eHepriio aktuBalii audysii Q = 199,6 kIx/MoJb Ta
repeeKCIOHEeHIiiHUA MHOKHUK Do = 9,24x10* m?%/c.

BcraHoB/ieHa BenuMuMHa eHeprii  akTuBamii  audysii 6opy B craimi
V8 3HaXOOUTHCS Y 3aJ0BUIBHOMY Y3TrOIKe€HHI 3 HasgBHMMM Yy HAyKOBiil JiTepaTypi

BiZJOMOCTSIMM [IJISI CTaJIelt ByTJielleBOro Kiacy (Tabymis 4).

(%)
wn
[=]

5]
(=3
[=]

[N)
wn
[=]

[3e]
[=]
(=]

+ 850 °C
_ 900 °C
100 = — 2950 °C

—_
n
<

o
(=]

ToBmmHa GOPUIHOTO APy, MKM

[=]

0 0.5 1 1,5 2 2,5 3
Uac Gopyeanms, \T

a)
26,5

-27

275 \

-28

In(D)

-28,5

0,0008 0,00082  0,00084 0,00086  0,00088 0,0009
VT

6)
PucyHOK 2 — 3aKOHOMipHOCTi poCTy 60puAHMX 1IapiB Ha cTaji Y8: a) 3a/1esKHiCTh TOBIIMHMA

60pMIHOTO LIAPY Bil KOpeHs KBaJpaTHOTO 3 Yacy 06po6KM; 6) 3a/IesKHiCTh HATYpPaJIbHOTO
norapudmy koedimienra nudysii Big o6epHeHO0i TeMIlepaTypyu 60pyBaHHS
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Tabnuig 3

BusHaueHi po3paxyHKOBUM MeTOAOM KoediieHTy nudysii 6opy as crami Y8
Mapka crati Temrmepartypa 60pyBaHHsI, °C D*10'2, m?%/c
850 0,68
V8 900 1,10
950 2,69

[TinBuIilleHe 3HAYEeHHS eHepril akTuBallil a1 cTadi Y8 MOpPiBHSIHO 3 TEXHIUHO
YUCTUM apMKO-3aJ1i30M € 3aKOHOMipHUM HAC/IiKOM JIeTyBaJIbHOTO BIUIMBY BYTJIEII0
Ta JOMIIIKOBUX ejieMeHTiB Si i Mn, SIKi CHpUYMHSIIOTh BUKPUBJIEHHSI KPUCTATIUHOL
pelIiTKM, CTBOPIOIOUM OONATKOBi audysiiiHi 6ap'epu, TMUM caMuUM 30iTbIIYIOUN

eHepreTUYHMII MOPIr akTUBallii AudysiiitHOTOo IMpoiecy.

Tabnuis 4
3icTaB/ieHHS BeJIMUMH eHeprii akTuBallii
Marepian CepenoBuiiie Enepris  akTtuBallii, | [TocumaHHs
60pYyBaHHS KII>XK/MOJTb
AISIW1 MOPOILIKOBA CyMilll 171,2 [15]
AISTW110 IIOPOIIKOBA CYyMilll 165,0 [1]
AISI 1045 IIOPOIIKOBA CYyMilll 186,0 [1]
ApmKo-3aii3o rnacra 157,0 [7]
Cranb Y8 IMOPOIIIKOBA CYyMIiIlI 199,6 1ie TOC/TiIKeHHS

CTaTUCTMUHMII aHali3 eKClIepMMEeHTaJbHMUX pe3yabTaTiB IPOBOAMBCS i3
a”Hamizy. ANOVA

3aCTOCOBYBABCS [JjISI PO3MEXXyBaHHSI CUCTEMAaTUMYHOTO BIUIMBY TeMIepaTypu i

3aJlydeHHSIM MeTO[iB [OUCIEepPCIiHOTO Ta perpeciiiHOro
TPUBAJIOCTI GOPYBaHHSI Bif, BUITaJKOBOI MiHJMBOCTI TOBIIMHM OOpPUAHOrO IIapy.
AHami3 moKa3aB CTaTUCTUYHY 3HAUyIIicTh 0060x dakTopiB (p < 0,05), mo
BiloGpaskeHO B Tabsmili 5. Po3paxoBaHi 3HaAUeHHS YaCTKOBOTrO eTa-KBagpaTa (n?)
craHoBunu 0,9897 nnsg temnepatypu ta 0,8964 O TPUBAJOCTI, MiATBEPIKYHOUU
TepeBaskKHUII BIUIMB TeMIlepaTypHOro mapameTpa amudysiiiHoro HacuueHHs. Taka
ondysist  6opy
MiATOPSIAKOBYEThCSI €KCIOHEHIIiViHiii TemIiepaTypHiii 3ajexHocTi Appeniyca. Y

3aKOHOMIpHiCTh € (i3sMYHO  OOIPYHTOBAHOW,  OCKIJIbKU

TeXHO.TIOI‘i‘-IHOMy acIieKTi oe O3Haua€, 10 peryjarBaHHA TeMIlepaTypu €

MIPiOPUTETHUM CITOCOOOM JTOCSITHEHHS HeoOXigHOi TOBIIMHM GOPUIHOTO 1Iapy, TOMI

SIK 301/IbIIIEHHST TPUBAJIOCTI TIPOLIECY Biflirpa€ JOTIOMIXKHY POJib.
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Tabmuig 5
OwiHka mycriepcii MOKa3HMKIB TOBIIVMHY OOPUIHOTO Iapy
Edexr Cyma Crymeni |Cepenniin [Kputepiii [PiBeHb HacTkoBMit
KBaapaTiB |[cBoOomu [KkBampar  |Dimepa 3HAUYIIOCTI |eTa-KBaapar
Bigxmienp |df MS F -3HaueHHSIp -3HAYeHHS >
SS
Binbunit wien [251335,1 1 251335,1 [3259,3893 |0,000001 0,9988
Temmneparypa [29708,2 2 14854,1 192,633 0,000106 0,9897
TpusamicTb 2670,2 2 1335,1 17,314 0,010723 0,8964
I[Tomumika 308,4 4 77,1

3 MeTol0 BCTAHOBJIEHHS KiJIbKiICHOTO (YHKI[iIOHAJbHOTO 3B'SI3KYy MiX
IOCTiIKYBaHUMM 3MiHHMMM OYJI0 3aCTOCOBAHO perpeciitHuii aHami3, SIK1ii MMUPOKO
BUKOPUCTOBYETHCS [/ MOOYIOBM eMITipMUHUX MoZeJieii, 1[0 OMMUCYIOTh BJaCTUBOCTI
MaTepiasiB Ta Iepebir iHkeHepHUX mpoleciB. [IpMHIIMIIOBA MepeBara perpeciimHmx
MOZeJieil TIONISIrae y iX 3JaTHOCTI He JuIlle ONMUCYBaTM HAsIBHI eKCIlepMMEHTaJIbHi
JlaHi, aje i BU3HA4YaTy ONTUMAaJ/IbHI MOE€AHAHHS BXiAHMX TEXHOJOTIYHMX ITapaMeTpiB
I 1iecnpsMoBaHOro (GOpMyBaHHS 3aJaHMX BJIACTUBOCTel wmartepiaxy. Ha
MiIcTaBi OTPMMAHOTO MaCHUBY eKCIlepMMeHTa/JIbHUX HaHux OyJo M0o6yJ0BaHO
eMITipMUHy perpeciiiHy Moejab APYroro MHOpSAKY, sika BimoOpaska€ 3B'SI30K Mix
TOBIIMHOIO O60opuaHoro mapy (d, MKM) Ha ctajai Y8 Ta TaKMMM TEXHOJIOTiYHMMU
rapaMeTpamu, SIK TeMmIiepaTtypa 6opyBanus (t, °C) i TpuBamicTh mmporecy (t, rox), o

BUpaAXeHO PiBHSIHHSIM 6.

d = 2095,8888 - 5,5867 -t — 26,1667 -1 +0,0037 -t* -
-1,8333-72 + 0,0650- t-« (6)

BenuunuHa ckopuroBaHoro koediilieHTa metepmiHaiiii R%adj = 0,9886 3acBiguye,
mo mobygoBaHa MoOpeab MOsICHIOE 98,86% 3araJibHOrO pO3CilOBaHHS 3HAYEHb
TOBIIMHM OOPUIHOTO 1Iapy y TPaHUIISIX BUBUEHOTO Jlialla30Hy YMOB HacUUeHHs, 1110
CBiAUMTDL MPO 1i BUCOKY MPOTHOCTMYHY TOYHICTh Ta CTATUCTUYHY aJleKBATHICTb.
I'pacdiuHe npencTaBaeHHS Monesi y ¢GopMi TpUBUMiIpHOI MOBEpXHi BiAryky (puc. 3)

rpadivyHO BiATBOpPIOE €KCIIOHEHIIiTHUII XapaKTep 3POCTAHHS TOBIIVMHM OOPUIHOIO
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mapy 3 IMABMINEHHSIM TeMIlepaTypy Ta MmapabomiyHmii — 3i 306iJbIIeHHSIM
TPUBAJIOCTI MIPOLIECY.

TosmmHa GopuaHoro
mapy, MKm
. 60
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PucyHoK 3 — I'padiune 306pakeHHS TOBEPXHi BiIT'YKy perpeciitHoi Moesti TOBIIMHA
60pMIHOTO APy

Posnopin MikpoTBepmocTi 3a mepepi3oM 3pasKiB, 00poOJEeHMX IIpU TPbOX

TeMIlepaTypax IPOTIrom 6 rofi, MoKa3aHo Ha puc. 4.
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PucyHoK 4 — ITpodine MiKpoTBEpAOCTi 3a IMTMOMHOI GOPUIHOTO Mapy cTajxi Y8 mpu
TPUBAJIOCTi 06POOKM 6 TOI

Posnofiin MiKpOoTBepIOCTi IO Iepepi3y 3pa3Ka YiTKO KOPEe€ 3i CTPYKTYPOIO

30H, IO CIIOCTepPiraeTbCsi MpU MiIKPOCKOMIUHOMY OOCTiJi)KeHHi. MiKpOTBepiCTh
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O60pMUIHOrO IMapy 3MiHIOEThCS B miama3oHi Big ~20 I'Tla o ~16 I'Tla: 30BHiIIHS 30Ha,
mo BigmoBimae ¢dasi FeB, xapakTepu3yeThcsi MakCUMaibHOIO TBepaicTio (~20 I'Tla),
TOMi SIK BHYTPIiIlIHsS 30Ha ¢dasu Fe,B meMoHCTpye HIDKUI 3HaUeHHSsT 6/13bko 16 I'Tla. ¥V
HampsIMKy BIVIMO MaTepiany, 3a rpaHMUIIEI0 GOPUIHOI 30HM, CIIOCTEPIrae€Thcsl pi3Ke
3HIDKEHHSI TBEpAOCTi, IO 3yMOBJEHO 3MeHIIeHHSM KOHIleHTpalii 6opy,
dbopMyBaHHSIM JIMille TBEPMOTO PO3UMHY O0OpY B 3ali3Hilii MaTpuili Ta 3POCTAaHHSIM
KOHILIeHTpallii Byrjelio. LI mepexigHa 30Ha XapaKTepU3yeThCS TBEPAiCcThbIO ~5-6 [Tla
V mapi, BiggaseHomy Bin moBepxHi Ha 200-300 MKM, mpu piSHUX TemiepaTypax
6opyBaHHS (puc. 4), TBepicTb HaOyBae 3HAUEHb, XapaKTEePHUX IJISI BUXiTHOTO CTaHy
craiti V8.

AHasti3z mpodisiB MiKpOTBepAOCTi Pi3HMX 3pa3KiB BUSBUB CXOXICTb 3aTaIbHUX
TeH/IeHIIili Ta MPakKTUYHO OJHAKOBi 3HaUeHHs TOBepXHEBOI TBEP/IOCTi, 1110 BKa3y€e Ha
HECYTTEBMII BIUIMB TeMIIEPAaTypPHMX YMOB Ta vacy OOpyBaHHS Ha ITIOKa3HUKU
MiKpOTBEpIOCTi 60pUAHOI 30HM BMCOKOBYTJIELIEBUX CTAJIEA.

BucHoBKM. [IpoBefieHe MOC/iIKEeHHSI KOMILJIEKCHO OXapaKTepu3yBaJio Ipoiiec
TIOPOIIKOBOr0 OOpYyBaHHS iHCTPYMeHTa/IbHOI cTasi Y8 B miama3oHi TemmepaTtyp 850-
950°C ta TpuBanocTeit 4-8 rox. BcraHoBieHo, 1o pict 6opuaHoro mapy FeB/Fe;B
MiIMOPSIAKOBYEThCS MapabomivHOMy 3aKoHY Audysii; po3paxoBaHO eHepriio
aktuBaiii Q = 199,6 kIx/MoJib Ta NepeaeKCIIOHeHIiiHMIT MHOKHUK DO = 9,24x10
M2%/c, 10 KOpesle 3 JaHMMM, HaBeAeHMMM Y JIiTepaTypHUX mKepeyiax s
ByTIJlelleBUX cTajeil i BimoOpaskae TajJbMiBHMII BIUIMB BYTJIELI0 Ta JeryBaJbHUX
efeMeHTiB Ha AudysiitHuit mponec. 3ybuacta mopdosorisi mikdasHoi TrpaHMili,
BUsIBJIeHa MeTtanorpadiuyHo, 3abe3neuye edeKkTMBHe MexXaHiuyHe 3uerIeHHS
IudysiitHoro mapy 3 OCHOBOIO. [lyucriepciiitHuii aHali3 IOBiB AOMIHYIOUY POJib
temnepatypu (m? = 0,9897) Hapg TtpuBaiictio (n? = 0,8964), 1m0 € TPaKTUUHO
BOKIMBMUM  OpIEHTUPOM [JIsi TEXHOJIOTIYHOTO TpoeKkTyBaHHsA. Ilob6ymoBaHa
perpeciiiHa Mmoesb apyroro nopsiaky (R%adj = 0,9886), sika m03BoJIsIE pO3paxoOBYBaTU
TOBIIMHY 1apy 0e3 TMpoBeleHHS MOONATKOBUX eKCIIepMMeHTiB. Pe3synbTaTu
GbOpMYIOTh KiJbKiCHY HAyKOBO-IPAaKTUUYHY 0a3y [js ONTuMMisallii 3MillHEeHHS

nmetasnedi 3i cranmi V8.

ISSN-print 1991-7848 99
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

JIITEPATYPA/ REFERENCES

Matijevi¢ B. Evaluation of Boride layer growth on carbon steel surfaces. Metal Science and
Heat Treatment. 2014. Vol. 56. P. 269-273. DOI: https://doi.org/10.1007/s11041-014-9744-7
2. Pack boronizing of AISI H11 tool steel: Role of surface mechanical attrition treatment / T.
Balusamy et al. Vacuum. 2013. Vol. 97. P. 36-43. DOI:
https://doi.org/10.1016/j.vacuum.2013.04.006
3. Jurci P., Hudakova M. Characterization of microstructure and fracture performance of
boronized H11 grade hot-work tool steel. Materials Performance and Characterization. 2020.
Vol. 9. P. 339-357. DOI: https://doi.org/10.1520/MPC20190086
4. Simulation of growth kinetics of Fe2B layers formed on gray cast iron during the powder-pack
boriding / M. Ortiz-Dominguez et al. Materials and Technology. 2014. Vol. 48. P. 905-916.
5. Boride layer growth kinetics of AISI H13 steel borided with nano-sized powders/ M. S. Karakas
et al. Archives of Metallurgy and Materials. 2018. Vol. 63. P. 159-165.
6. Kayali Y. Investigation of diffusion kinetics of borided AISI P20 steel in microwave furnace.
Vacuum. 2015. Vol. 121. P. 129-134. DOI: https://doi.org/10.1016/j.vacuum.2015.08.006
7. Diffusion model for growth of Fe2B layer in pure iron / I. Campos-Silva et al. Surface
Engineering. 2011. Vol. 27. P. 189-195. DOI:
https://doi.org/10.1179/026708410X12550773057820
8. Sen S., Sen U., Bindal C. An approach to kinetic study of borided steels. Surface and Coatings
Technology. 2005. Vol. 191. P. 274-285. DOI: https://doi.org/10.1016/j.surfcoat.2004.03.040
9. Growth kinetics of iron boride layers: Dimensional analysis / Campos I. et al. Applied Surface
Science. 2006. Vol. 252. P. 8662-8667. DOI: https://doi.org/10.1016/j.apsusc.2005.12.002
10.Allaoui O., Bouaouadja N., Saindernan G. Characterization of boronized layers on a XC38 steel.
Surface and Coatings Technology. 2006. Vol. 201. P. 3475-3482. DOI:
https://doi.org/10.1016/j.surfcoat.2006.07.238
11.Béjar M. A., Moreno E. Abrasive wear resistance of boronized carbon and low-alloy steels.
Journal of Materials Processing Technology. 2006. Vol. 173. P. 352-358. DOI:
https://doi.org/10.1016/j.jmatprotec.2005.12.006
12.Yalamag E., Tiirkmen L., Firtina O. Characterization and kinetic analysis of iron boride layer
formed on the GGG 70 ductile cast iron. Transactions of the Indian Institute of Metals. 2021.
Vol. 74. P. 1701-1711. DOI: https://doi.org/10.1007/s12666-021-02249-y
13.Hardness optimization of boride diffusion layer on ASTM F-75 alloy using response surface
methodology /J. L. Arguelles-Ojeda et al. Revista Mexicana de Fisica. 2017. Vol. 63. P. 76-81.
14.Dybkov V. I. Basics of Formation of Iron Boride Coatings. Journal of Mineral, Metal and
Material Engineering. 2016. Vol. 2. P. 30-46.
15.Genel K., Ozbek 1., Bindal C. Kinetics of boriding of AISI W1 steel. Mater. Sci. Eng. A. 2003. Vol.
347.P. 311-314. DOI: https://doi.org/10.1016/S0921-5093(02)00607-X
Received 16.03.2026.
Accepted 18.04.2026.
Published 30.04.2026

—_
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Svitlana Hryhorieva, Oleksandr Barmin
BORON DIFFUSION SATURATION KINETICS OF TOOL STEEL U8

Abstract.This article presents the results of a study on the effect of powder boriding
parameters — temperature (850, 900, 950°C) and holding time (4, 6, 8 hours) — on the

growth kinetics, microstructure, morphology, and microhardness of the boride diffusion
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layer on high-carbon tool steel US. Boriding was carried out in sealed containers using a
powder mixture of 85% B.C, 5% KBF, and 10% Al;Os. Metallographic examination
revealed a well-defined dual-phase FeB/Fe:B boride layer with a characteristic sawtooth
interfacial morphology, which provides mechanical interlocking between the coating and
the substrate, improving resistance to delamination. A cementite-enriched transition
zone beneath the boride layer was observed, attributed to carbon redistribution during
boron diffusion. Microhardness values reached approximately 20 GPa in the outer FeB
zone and 16 GPa in the inner Fe;B zone, dropping sharply to base-metal values beyond
200-300 um depth. The boride layer growth was found to follow a parabolic law,
confirming diffusion-controlled kinetics. Arrhenius analysis yielded an activation energy
Q = 199.6 kJ/mol and a pre-exponential factor Do = 9.24x10* m?/s, consistent with
literature data for carbon steels. Analysis of variance (ANOVA) confirmed that both
factors are statistically significant (p < 0.05); the partial eta-squared values were 1’ =
0.9897 for temperature and n* = 0.8964 for time, establishing temperature as the
dominant process variable. A second-order polynomial regression model based on
response surface methodology was developed (R’adj = 0.9886), enabling reliable
prediction of boride layer thickness without additional experiments. The results provide a
quantitative basis for optimizing surface hardening of steel U8 components to improve

their wear resistance and service life.
Keywords: boriding, boride layer, growth kinetics, —microstructure,

microhardness, regression model, analysis of variance.
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MOJKJIMBOCTI ITIEPEPO3ITIOAIYTY HAABHUX B OBITY PECYPCIB
BOJIb®PAMY MDIXK IrAJ1Y3sSMHN BUKOPUCTAHHSA

Anomauia. ocnioxcylomscs 2any3i ma ¢Gopmu  3acmocy8aHHs gosbppamy,
aHanizyromocs cnocobu nepepobKu mamepianis, aKi Micmsame 801b(hpam, 3 Mouku 30py
MOMCIUBOCMI Nepepo3nodisly HASIBHO20 pecypcy Mix chepamu 1i020 3acmoCy8aHHsl.
BcmanoeneHo, wo 3 uiei mouku 30py Hatibinswum € 8upobu 3 meepoux cniasie Ha
0CHO8I Kap0bidy eonvppamy; Ha mepumopii YkpaiHu wopiuHo 3Haxooumoscs 8 06izy
npubnusHo 6i0 odHiei do 08ox mucsau mMoH eupobie 3 meepdux cnaasie. Cnocobu
nepepo0Ku 8idxodie meepdoux cnasis, ki He nepeddbauaome 8i0HO8JIEHHS 80IbHPAMY 3
Kapbidy, xapakmepusyemuvcs MIHIMANBHUMU 8UmMpamamu eHepeii, ane oOMexceHUMU
MOMIUBOCMAMU U000 Nepepo3nodily Hass8HO20 pecypcy 80Jbppamy Mixc chepamu 1iozo
gukopucmarHs. Cnocobu nepepoOKu 8i0xodis meepoux cniasie, ki nepeddbauarmeo
8i0HOB/IEHHSI BOJIb()pAMY, CMBOPHIMb HALWUPWI MOMAUBOCMI Ol nepepo3nodiny
HAs18H020 8 06izy pecypcy 80nbppamy Mixc pisHUMU chepamu 1i020 BUKOPUCTMAHHSIL.

Knrouosi cnoea: sonvppam, kap6io sonvppamy, nepepo3nodin pecypcis, UYUpKyaspHa

EeKOHOMIKA.

ITocraHoBKa nMpoo6/ieMu. BoeHHO-TTOMITUYHA Ta €EKOHOMIUHA CUTYallisl B CBiTi,
sIKa CKjajacs Ha JaHuii MOMEHT, CIIOHYKae KpaiHu €BpOMM MOKIAAaTUCS Ha BIACHI
cunu i pecypcu. Ilepinr 3a Bce Iie CTOCYETbCS pecypciB, SKMMM EBpora 6imHa.
Heob6XigHO MaTM MOXJIMBICTb CKOHLIEHTPYBAaTM HasIBHI 3amacy TOTO UM iHIIOTO
pecypcy i TpaHchOopMyBaTH OT0 y TY GopMy, sIKa € HalOiIbIIT HeOOXiJHOIO Ha JAaHMIA
MoMeHT. [Ipu 1bomy 6akaHO MaTM MOKJIMBICTb 3BOPOTHOI TpaHcdopmariii B pasi
3MiHM cuTtyalii. MoBa Jie K npo 3a3fajerigb HaKOIMYeHi 3amacu, Tak i mpo Ty
KiJIBKiCTb pecypcy, sika 3HaXOAUThCS B 00iry. OmHUM 3 Takux JedilluTHUX y EBpOITi
pecypciB € BoibdpamM, 6e3 SKOro HEMOXX/IMBE CTBOPEHHSI CydyacHUX O30pO€HbD i

cyJyacHe MalllMHOOYIyBaHHS B3araJli.

© Boxkko C.A., Boagapenko O.B., Kypinuwuii B.I1., IlleBuenko O.1., 2026 Copyright for this paper by its
authors. Use permitted under License CC BY 4.0.
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AHaniz ocra”HHIX mocCaigKeHb i myoOmikamii. Boabdpam myske IMpoKo
BUKOPUCTOBYETLCS B CydacHiit TexHilli. OCHOBHi cdepu #0ro BUMKOPUCTAHHS 3a
manumu [1]:

1 TBepmocCIIaBHMIT iHCTPYMEHT: MeTajopi3aJibHUi, I OOpOOKM MeTalliB
TUCKOM, TipHUYO-BUIO0O0YBHMI;

2 3BapIOBajJibHi MaTepianm, OpiT OIS eIeKTpoeposiiiHoi 0O0po6KM, ApPIT mjs
JlaMI pO3’KaplOBaHHS;

3 IHCTpYMEHTaJIbHI Ta KOHCTPYKILi/HI CTasi, CIJIaBXM HAa OCHOBI TUTAHy Ta
HiKeJsIo (BiIIMBKY, TTOPOIIIKH, TIPOKAT, IpecoBaHi mpodii);

4 BUCOKOTeMIIepaTypHi eJIeKTpUYHI KOHTAKTH;

5 BucokoTeMIepaTypHi 3MallyBa/JIbHi MaTepianu;

6 Ooempuriacu (ocepast OpoHeOIMHMX MigKanibepHUX CHApPSOiB, ypaskamdi
eJIeMEeHTH OCKOJIKOBMX Ta KaceTHMUX OOeIpuIiacis, kapreu) [2,3,4];

7 aBialliiiHa Ta paKeTHO-KOCMiUHa TeXHika i pakeTHe 030poeHHs [3,5].

) CDEPU 3ACTOCYBAHHS BOJIb®PAMY

| | l l
IncTpyment Jpit Ta Craai Ta Boenpunacu
3BAPIOBANbHI CILIABH
martepiaan
‘

Bucoxo- ApiauiiiHa Ta Bucoxo-
TeMIieparypui PaKeTHO- TeMIlepaTypHi
3ManlyBaabHi KOCMiMHA eJIeKTPUYHI

martepianu TexHika KOHTAKTH

Pucynok 1 — Cdhepu 3acTocyBaHHS Bosibdpamy Y CydacHiit TexHilli

B 1ux cdepax BojibpaM BUKOPUCTOBYETHCSI B Pi3HUX CIIOJYKax Ta B UMCTOMY
Burasani. Hampukiaz, B TBepAoCIVIaBHMX poOOYMX YacTMHAX iHCTPYMEHTIB
BUKOPUCTOBYETbCS Kapbim Bosbdpamy. [ BUIUIaBKM iHCTPYMEHTAJIbHUX Ta
KOHCTPYKIIIIfHUX cTajeii Boib(pam 3acTOCOBYIOTh Yy BUTJAAI depocIliaBiB, a B
CIJIaBaX Ha OCHOBi TUTaHy Ta HIKeII0 — Y BUIISAL JiiraTyp. B OpoHe6iitHux
boenpuriacax, B KaCeTHUX boempuacax BojbhpaM Moske OYTU BUKOPUCTAHUI SIK Y
BUTJIAAI Kapbimy, Tak i B UMCTOMY BUIVISAi abo y BUIJISAI CIUIaBiB Ha OCHOBI

BoiMb(pamy [2-4]. V 3BaploBajJbHMX MaTepiajax (IpiT, eJeKTpoau) Boyibdpam
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BUKOPUCTOBYETHCS y YMCTOMY BUI/ISAAL [1]. Y 3MalyBaabHUX MaTepianax Boabppam
BUKOPUCTOBYETHCS Y BUIVISIZI XiMiUHMX CITONYK, HAMPUKIIaA, cyabdimis [1].

3a manumu [1] mpubamusHo 65% Bosbbpamy, SIKMii BUIOOYBA€ETHCSI B CBITi,
BUKOPUCTOBYETbCS [IJIST BUTOTOBJIEHHS KapOixy Bosbhpamy, mie 14% — dbepocriasiBb i
JiiraTyp Ajis BUIUIABKM CTajieli Ta CIJIaBiB HA OCHOBI TUTaHy Ta HiKeJNIO i JeSKuUxX
OpoH3, 12% — Boabdpamy y UMCTOMY BUIJISAI a0 CIJIaBiB HA OCHOBI Bosibdpamy. Ille
6/13bKO 9% BOJbGpPaMy BUKOPUCTOBYETHCS Y BUIJIAAI XiMiUHMX CITOJAYK. TakuMm
YMHOM, HaMOiMbII YacTo BoJbdpaM 3aCTOCOBYETHCS VY BUIJIAAI Kapbimy. V

rpadiuyHOMY BUIJISIZI 1le HaBeIeHO Ha PUCYHKY 1.
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1 — Bonb(pam y uMcTOMY BUIJISII Ta CIJIAaBU Ha OCHOBI BOJIb(pamy,
2 — (pepocruiaBy i JIiraTypu Al BATOTOBJIEHHS IHCTPYMEHTAIbHUX Ta KOHCTPYKIIHHUX
cTajei i craBiB, 3 — kap0iJ Boiabppamy
Pucynok 2 — Po3noain Bonbdpamy, sskuil BU100yBa€eThCs B CBITI (Y BIICOTKAX), AJIs
BUTOTOBJICHHS KOHCTPYKLIHHUX MaTepiaiis [1]

Cam BosbdpaM SK pecypc € BKpait mediuuTHUM i [Oyke HepiBHOMipHO
po3MillleHMit 10 BCbOMY CBiTy. 3a maHumu [1] Bimomi cBiTOBi 3amacu Bosibdpamy
caraotb 3200 000 ToH, 3 gkux Kurajicbka HapomHa pecrybjika — IpUOIU3HO
1600 000 ToH, pd — 160 000 ToH, IlemokpaTuuHa pecry6aika B’etnam — 95000 TOH,
MoHrosibcbka HapomHa pecny6mika — 63 000 ToH, Icmanis - 54000 TtoH. Illo
CTOCYETbCS YKpaiHu, TO BUAOOYTOK BoJbdpamMy B Halllili KpaiHi Ha TernepinHii yac
He 3pilicHIoeThcsl. [loTeHIiliHi 3amacu Boiabdpamy B VYKpaiHi OIIiHIOIOTHCS B
95000 ToH [6-10].
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1 — Icranis, 2 — MoOHroJibCchbKa HapOIHA pecry6itika, 3 — JleMOKpaTuyHa pecitybsiika B’eTHam,
4 - YKpaiHa (IpOorHo3Hi AaHi), 5 — pociiicbka depepaiiisi, 6 — Kuraiicbka HapogHa
pecrry6iika, 7 — 3arajbHi 3armacy B CBiTi (OLIiHOYHI aHi)

PucyHok 3 — Posnozin 3anaciB Boimbdpamy 1o KpaiHax ( y Tucsa4ax ToH) [1,6-10]

€BpoIefiCbkMii KOHTUMHEHT € perioHoM, y SIKOMY iHTeHCMBHA MHPOMMUCIOBA
JisSUIbHICTh TPMBA€ HaimoBIIMii 4vac. IIpMpomHO, IO 3HAYHA YaCTMHA KOPUCHUX
KomajquMH €EBpomnyM Bke BUYEpIlaHa, XOua B IIJIOMy KOHTMHEHT 3abe3redyeHuit
OI/IBIIICTI0O KOPMCHMUX KOITQJIMH, SIKi HEOOXimHi JJIs cTajioro po3BUTKY. YKpaiHa €
OHi€I0 3 HebaraThbOoX KpaiH €BpOIM, HaZpa SKUX BUBYEHi JaJieKO He ITOBHICTIO.
TakuM 4MHOM He IMBHO, 110 €BPOIENChbKi KpaiHM JOBOJIi aKTUBHO IIPOCYBAKOTh iel
IMPKYJISIpHOiI eKoHOMikM [11]. LIupKynsipHa eKOHOMiKa a60 eKOHOMiKa 3aMKHEHOTO
LIMKIYy — MOJeJb €KOHOMIYHOTO PO3BUTKY, IO € aJbTE€pHATUBOK JIiHINHIN
eKOHOMIlli i Ka repegbavae BiZHOBIEHHS, IOBTOPHE BUKOPUCTAHHS, palliOHAIbHE
CIIOKMBAHHSI pecypciB i O3BOJISIE CTBOPUTU MOMATKOBY I[IHHICTH 3a JOIIOMOTOIO
HOBMX ITOC/IYT Ta iHTE/NeKTyaIbHUX pillleHb.

Cnig 3ayBaXuTy, IO Mepili eleMeHTM LMPKYJSIPHOI E€KOHOMIKM IOovYain
CUCTEeMHO BUKOpUCTOByBatucsi B xomi Ilepmioi Ta  [Ipyroi  CBIiTOBUX
BOEH — OaraTopa3oBe BMKOPUCTAHHS Tapu IJjs1 OO€MpPUIIACiB, CHAPSOHUX Tilb3,
30MpaHHs i MeperviaB BUBeIeHOi 3 jJaxy TexHiku [12]. MoskIMBO mpuUragaT i 6ibI
paHHI OpUKIAAM — BiliHM peBoJOLiHOI ®paHIlii TpOTH KOAaJilliii MOHApXiYHUX

Iep>kaB €Bpony, Koy 3a Haka3om ['acnapa MoH)Ka yaByHHI KaHasi3aliiiHi peuriTku
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neperiaBasincs Ha sapa ajas rapmat [13]; Kapdares, B SKoMy [AJis1 BUTOTOBJIEHHS
30poi BMKOpHMCTaA/IM Maitke BCi MeTaseBi mpeameTH, siKi Juimincs B micTti [14]. Sk
BUIHO 3 HaBeJeHUX IPUKIIAIIB BKe Iepilli CIpob6M BUKOPUCTATU SIKiCh eJeMeHTU
TOTO, IO ITiC/IST HAa3BYTh IIMPKYJISIPHOI0 €KOHOMIKOIO, CTOCYBAIMUCS 6araTopasoBOro
BUMKOPMCTAHHS OJTHOTO i TOTO X MaTepiaJIbHOTO pecypcy Ta TpaHcdopMaliii Takoro
pecypcy y Ty popmy, sika € Heo6XigHOI0 y JaHMii MOMEHT.

MeTol0 cTaTTi € BUSBJIEHHS HalOiIbIIMX pecypciB Boibdpamy, SKi
3HAXOASIThCSI B 00iry Ta MOXyTb OyTM TpaHchopMoBaHi B Ty ¢opMy, sIKa €
HeOoOXiTHOIO Ha TaHMIT MOMEHT.

Bukiana ocHOBHOro marepiany. OfHi€l0 3 NiiBa/IMH IMPKYISIPHOI €KOHOMiKM
€ 6araTopa3oBe BUMKOPUCTAHHS OJHOTO i TOTO XK MaTepiaJlbHOTO pecypcy. 3 TOUKMU
30py 06araTopa3oBOCTi BMKOPUCTAHHS MaTepiaJbHOTO (CMPOBMHHOIO) pecypcy,
HaBeleHi Buile cdepu 3acTOCyBaHHS BoJbdpaMy MOKIMBO PO3OIIUTU 34
HaCTYIMHOIO O3HAKOI0:

1 MOX/IMBe TTOBTOpPHE BMKOPMCTAHHS Maiiske BChOTO 00cSTy Bojbdpamy abo
JOTO CITOJIYKU;

2 B IIpolieci BMKOPUCTAHHSI Ta/ab0 mepepoOKM UM yTuiisailii BimOyBaeTbCS
PO3IIOPOIIEHHSI pecypcy, Moaaiblile 30MpaHHS SIKOTO € TEeXHIiYHO HeMOXKIVBUM
Ta/ab0 eKOHOMIUHO He palliOHAJIbHUM,

3 BimOyBa€eTbCs yacTKOBa BTpaTa abo PO3IOpPOIIEHHS pecypcy, aje 4YacTMHA
30epiraeTbcsi i Moxke OyTM IiepepobjieHa 3i 30epekeHHSM UM MiABUIIEHHSIM
KOHIIeHTpallii pecypcy Ta 30epeskeHHSIM Ul IMOKpallleHHSIM BJIaCTUBOCTEIA.

Bynb-sskuii 60erpuIiac BUKOPUCTOBYETHCSI OJJHOPA30BO i KOPITYC 10ro 60710Boi
YaCTUHU, SIK TpPaBWIO, PYMHYETHCSI 3 PO3IMOPOILIEHHSIM pecypcy i TeXHiUYHOI0
HEMOX/IMBICTIO #0T0 30MpaHHSI I HACTYITHOI KOHCOJimamii (migBuImeHHS
KOHIIeHTpallii). Lle >X CTOCY€ThCS TOTOBMX YpPakalOUMX €eJIEMEHTIB KaCeTHUX
6oemnpuraciB abo KapTeui. BUHSITOK CTaHOBJSTh OO€TIpUIIACH, SIKi OY/IM BUTOTOBJIEHI,
TpoJieXkai Ha CKIaJax BU3HAUeHMIt TepMiH, He Oy BUKOPMCTAHI B X0O/i 60710BOi
IiITOTOBKYM UM OOMOBUX JIil, IK IIPaBUI0, MOPAJbHO 3acTapisi. B iboMy pasi BoHMU €
IIHHMM pecypcoM i MOXyTb OyTM po3iOpaHi B 3aBOACHKMX YMOBAaxX i iX CK/IamoBi
MOXYTb OYTM HaJEXKHMM UMHOM YTWIi30BaHi i IlepepobsieHi MOOAMHIN UM
KOMIUIEKCHO. 3a JOaHuMMmu [2] B TemepiliHiii dYac 3AiiiCHIOETbCS mepexind Ao

BUMKOPMCTAHHS [OJIsS1 BUTOTOBJIEHHSI OPOHEOiIHMX ocepapb IiAKaTiOepHUX CHApPSIiB 3
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BaXXKMX Boiab(PpamoBux criaBiB (4o 90% Bosibdpamy) 3aMiCTh TBepAUX CIUIaBiB Ha
OCHOBi Kapbimy Bosibdpamy. Lle He AMBHO, TOMY IO TYCTMHA BaXXKUX CIUIABiB Ha
OCHOBi Bosibdpamy ckiagae Big 18,0 r/cm® mo 18,5 r/cm®, B TOJ ke 4yac K IryCTUHA
TBEpOMX CIUVIABiB Ha OCHOBI Kapb6igy Boiabdpamy auiie Bim 14,0 r/cm® oo 14,5 r/cms.
BinpIa rycTMHaA Ba)XKOTO CIUIABYy IIOPiBHSIHO 3 TBepauM 3abesredye Kpaiie
IpoOMBaHHSI OpOHi Ta/ab0 ypakeHHS iHIIMX IIiJieil, HaIIPUKIIaL, KPUIaTUX pakeT i
0e3MmiIOTHUX JIiTaJbHUX amapaTriB. TakKMM UMHOM, MOK€ BUHMKHYTU IIOTpeba y
repepoOiii yacTMHM Kapbimy Boabdpamy Ha BoibdpaM UM BakKi CIUIaBM HA OCHOBI
Bob(pamy. TexHiuHA MOK/IMBICTb TaKOi MepepooKu €. LliTkoM MOXK/INBe i 3BOPOTHE
TIepeTBOPEHHS YMCTOTO BojbdpaMy Ha KapOis,.

3BaprooBajbHi Marepianyu (HeluiaBKi eJeKTpoaM, NOpPiT) Ta MaTrepianum IJs
eJIeKTPOepPO3iiiHOi 0O6POOKM BUKOPUCTOBYIOTHCSI B MPOLIECi eKCITyaTallii, yacTuHa
MaTepiaay pPO3MOPOIIYETHCS i BTPAdya€eThCsl 0€3MOBOPOTHO (IIpM IEPETOUYBAHHS
eJIeKTPOiB, po3puBax IpOTy). YacTuHa X MaTepiaiiB, SIKi BXOOSTh A0 CKIALy
BUPOOIB, 110 BXXe HEMOXK/IMBO BUKOPUCTATU 3a MPU3HAUEHHSIM (KOPOTKi 3aJMUIIKU
eJIeKTPOIiB i ApOTy) LiJIKOM MOXe OyTu 3ibpaHa i mepepobsieHa SIK YMCTUI
BoJb)paM UM Ha CIUIaBM Ha Joro OcHOBi. Tako Taki BiZxXomy MOXYTb OyTHU
nepepo6JieHi Ha Kap0bi Boabdpamy.

MoknuBicTh TlepepoOKM cTaseit i criaBiB 3i 30epekeHHSIM KOHIIeHTparlii
BoJIb(paMy 3a/IeXXUTh Bill iX CKIamy Ta MpuU3HAUYeHHS BUPOOIB, SIKi BUTOTOBJIEHI 3
TOTO UM iHIIOro MaTepiany. Y Bci cTasni Boab@paM BBOAUTHCS Y BUTISAI epocIiiaBiB.
Cami depocmyiaBu OTPUMYIOTh CITIJIBHMM BiJHOBJIEHHSIM OKCUIIB BoibpaMy Ta
3aiiza amominiem [15]. 3 depocmiaBiB BUIIAUTU YUCTUIT BOJbdpamM TeXHIUHO
CKJIAQJHO 1 €KOHOMIYHO HeNOIJIbHO. Y CIJIaBM HAa OCHOBI TUTaHy Ta HiKeso
BoJb(paM BBOASITH Y BUIVISAI JraTyp, SIKi 31e0ilbIIIOTO TeK BUTOTOBIISIIOTHCS
MeTO[OM ajtoMiHOTepMii. Buminutu umctuii Boabdpam 3 JliraTypu TakoX TeXHIUHO
CKJIAJHO i eKOHOMIYHO HeIOI[i/IbHO

Bupobu 3 TUTAHOBMX Ta HikeJeBUX CIUIaBiB 3 BMiCTOM Boidbpamy, €
3Me0LTbIIIOTO eJleMeHTaMM CKJIAQJHMX TEeXHIUHUX CUCTeM, SIKi YTWIi3yIThCs
npodibHMMM, cHeliaJbHO O00JIafHAHMMMU IMiANpueMcTBaMKU. B mpomy pasi 1
BUpPOOM OyAyTh IepepobsieHi 3i 36epeskeHHSIM BMICTy BOJIb(paMy y BTOPUMHHOMY
MaTepiani (BiIJiMBOK, MOPOIIIOK, HaMiBabpuKaTy, 3aroToBKM). 3HOC TaKUX BUPOOiB

B IIPOIIeCi MITaTHOI eKCcIuTyaTallii BiTHOCHO HeBeIMKMIL i po3mopoIieHHs BoJbdpamy
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He criocTepiraeTbcs. HaBiTh B pasi MOIIKOAKEHHS TEXHIYHOI CUCTEeMM YacTO HasiBHA
MOSK/IMBICTb 30eperTu Oi/bIly YaCTUHY il eJleMeHTiB IJisi mepepooKku. Buminutu 3i
CIIaBiB Boib(pam 111 BUKOPUCTAHHS B iHIIMX MaTepiajnax TeXHiUYHO HEMOSK/IMBO
ab0 myske CKJIaJHO Ta eKOHOMIUYHO HeJOIliIbHO.

3 mBUAKOPi3aJbHMUX CTajeil 30eOibIIOT0 BUTOTOB/SIETHCS  CYLiIbHUI
MeTaJopi3a/ibHMII iIHCTPYMEHT, Takuii K CBepzja, 3eHKepu, MiTUMKU, PO3TOPTKH,
dbpe3sn, MPOTSIKKM, MEHIIIOI0 MipoI0 CYLIIbHI pi3ili. OCbOBMIT iHCTPYMEHT B IIpolLieci
TIepeTOYyBaHHS CYTTEBO 3MEHIIYETHCS B pO3Mipax (KpiM MITUMKIB), TIpU IL[bOMY
3HauHa YacTMHA MaTepiayly po60Uy0i YaCTMHM BTPAvyaeThCsi 6€3MOBOPOTHO pa3oM 3
BOJIbpaMoOM, SIKUii BXOJIUTD [I0 J0T0 cKIamy. Pa3oM 3 BojbpaMoOM BTpavaloThCs He
MeHI naediuuTHI KobanbT i Mosi6meH. YacTuMHa CIIPallbOBAHOTO iHCTPYMEHTY
(XBOCTOBMKM, pobOoua 4YacTMHA, PO3MipM SIKOi BXXe HeJOCTaTHi mJIsi 0Opo6Ku
3arOTOBOK) MOXYTb OyTU Iepepo0bsieHi 6e3 3MeHIleHHSI KOHIIeHTpallii Boabdpamy.
3meb6inbpIoro Ha MAaIIMHOOYIIBHMX ITiANIPUMEMCTBAX BiAXoAy MIBUIKOPi3aTbHUX
cTajeil 30MparTh OKPEeMO [JisS MOJabIIoi repepobKu. JleroBaHi iHCTpyMeHTaIbHi
ctasti (Hampukiaam, Tuiny XBI) MOXyTh OyTH IepepobreHi Takum ke unHoM. OTke,
BiIXOAM HIBUAKOPi3aJbHUX Ta JIeTOBAaHUX iHCTPYMEHTa/IbHUX CTajieit MOKYTb OyTU
nepepo0bsieHi Ha MaTepiaau 3 TaKUX Ke cTajeii 6e3 3MeHIIeHHSI BMiCTy BOJbdpamy,
aje yacTuHa Boib(pamy BTpauvaeTbCsl B MpoOlleci eKcruTyaTallii iHCTpyMeHTa yepes
3HOC i TepeToYyBaHHSI.

KoHcTpyKIIiliHi cTami, B TOMYy 4MC/Ii HepykaBiloui, sIKi JieroBaHi BoJibpamMoM,
BUKOPUCTOBYIOTbCSI BiTHOCHO piAKo. Ko BUpoOM 3 TakuMx CcTajaeii MawThb
IOCTaTHbO BeJIMKiI pO3MipH, TO IITKOM MOJIMBA iX yTuUji3allis i mepepobka Ha
npodibHMUX MiAIPUEMCTBAX 3i 30epeskeHHSIM KOHIIEHTpallii Bojabdpamy. SIKIIO K
BMPOOM MAIOTh MaJjli pO3Mipu, HaIIPUKIA, KPiMMbHI geTai, TO BOHU 31e0iJbIIoro
OyayTh yTUIi3yBaTUCSI pa3oM 3 iHIIMMM BigxomaMmu i pecypc Bojbdpamy Oyae
PO3ITOPOIIYBATHUCSI 6€3 MOKIMBOCTI MOAAJIbIIOT KOHCOTigalrii.

BucokoTemnepaTypHi eJeKTpUYHI KOHTAKTM BXOHASITb SIK €JIeMEeHTU [0
CKIQAHUX TEeXHIYHMX CUCTeM, S$Ki 10 3aKiHYeHHi TepMiHy eKCIuTyaTalil
YTWIi3YIOTbCSI MPOMIIbHUMU TiATPUEMCTBAMM, Ha SIKUX 3[i/ICHIOETbCS HaJeKHe
COpPTYBaHHSI BTOPMHHOI CUPOBMHM. TakuUM UYMHOM, Iieii pecypc Bobppamy
30epiraeTbcs i Moske OyTU TepepoOsieHMii SIK Takuit Ta MmepeTBOpPeHuit Ha Kapoimu,

depocmiaBu Ta JiraTypu.
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TBepai 3mallyBasibHi MaTepiaau, Hanpukiaama, aucyabdin Bosbdpamy,
BUKOPUCTOBYIOTbCSI OmHOpasoBo. OOcaru iX BUMPOOHMUIITBA HEBEIMKiI i BOHU
HeoOXiHi B 0OMekeHilt KiJIbKOCTi B TMX TEXHIYHMUX CHUCTeMaX, Ae iHII 3MallyBa/lbHi
MaTepiaay He 34aTHI BUKOHYBaTU CBOi QYHKIIii.

TakuM 4YMHOM, HAMOLIBIIMM pecypcoM 3 TOYKM 30py MOSKIMBOCTI
1epeposIoiily HasiBHOI B 00iry KiJIbKOCTi BoJib@pamMy MiXX Pi3HMMM Taay3siMu
BUKOPUCTAHHS, € BUPOOM 3 TBEpAMX CILIaBiB HA OCHOBi KapOigy Boabdpamy.

HasBHiCTh TBepaux CIUIaBiB Yy IPOMMCIOBOMY 00iry YKpaiHM MOXKIUBO
OLIiHMTU HACTyrmHUM 4MHOM. Ha 1991 pik mpommucioBicTe YKpaiHM COXMBaJa OO
IBOX THUCSY TOH BMPOOIB 3 TBepAux CIiaBiB Ha pik [16]. V 2004 poui us mudpa
CKJIajana COTHi TOH, a 'y 2014 poiii — ogHy Tucsaay ToH [17]. IIpyumMHamMy 3MeHILeHHS
00CSITiB BMKOPUCTAHHSI TBEPOMX CIUIaBiB € He TiJIbKM CKOpPOYEHHSI 00cCsriB
IIPOMMC/IOBOTO BMPOOHMIITBA, a 1 IIOKpalleHHS SIKOCTi TBEPHOCIIJIaBHOIO
iHCTpYMEHTY, SIKUIi CTaB JOCTYITHUM YKPaiHCbKUM MiAIpuUeMCTBaM. TaKMM UMHOM,
MOTpeby MPOMMCIOBOCTI YKpaiHu y BMpoOax 3 TBEPAMX CIIABiB CTAHOBJSITH Bill
OfHi€l MO ABOX TUCSY TOH Ha pik. BiAmoBigHO, HA TepuUTOpil KpaiHM IIOPiYHO
3HaXOOUThCSI B 00Iry mpuOJM3HO TakKa KiJIbKiCTh BMPOOIB 3 TBepAMX CIUIABIB,

OCHOBOIO TTepeBaKHOI OI/IBIIOCTI 3 IKMX € Kapoid Bosbhpamy.
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1 - 1991 pik, 2 — 2004 pik (opieHTOBHi AaHi), 3 — 2014 pik
PucyHoxk 3 — CrioxkuBaHHSI BUPOO6iB 3 TBepAMX CIUIaBiB B YKpaiHi (110 poKax y TOHax) [16,17]

Jl7is1 mepepobKM BUPOOIB 3 TBepaAuX CIUIaBiB Ta TpaHcdopmallii pecypcy
Bosb(pamy 3 Kapbigy B iHII Gopmu MOXYTh OyTM 3adisiHi Aekiabka Crocobis. Yci
CIIoco6yM mepepoOKM BiAXOiB TBepAMX CIIaBiB MOXKJIMBO PO3OiIMTHM Ha IBi BeJMKi

TpyIIN:
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1 crocob6u, sIKi mepenbavarTh PO3AiJIeHHST KapOimiB i KoOanbTy, MOAPiOHEHHS
BUpoOy Ta IIOJaJibllie BMKOPUCTAHHS KapOimiB i KobOajbTy 6e3 BigHOBIEHHS
BOJIb(pamy;

2 criocobu, siki mepen6avaioTh BiZHOBIEHHS Boab(pamy 3 KapOifiB.

I[Tepmra rpyma croco6iB rnepembauvae nmepepoOKy BigxomiB TBepAMX CIUIaBiB Ha
HOBi BMpPOOM 3 TBepAMX CIUIaBiB. MOXIMBICTh 3MiHM (HOPMM BUKOPUCTAHHS
BoJb(paMy IS LMX CIIOCOOIB — 3MEHIIeHHSI pO3MipiB YacTMHOK KapOimiB.
MOKIMBOCTI AJIs1 TAKOTO 3MEHIIIeHHS € SIK IIPU BMOYXOBOMY MOAPiOHEHHi BiIXOMdiB 3a
pPaxyHOK 30i/JIbIIeHHSI MIBUIKOCTI AeTOHallii BMOYxoBOi peuoBMHM [18], Tak i mpwu
MeXaHiYHOMY pPO3MeJIIOBaHHS IIiC/As LMHKOTEPMIUHOTO BUIieHHS KoOanbTy. lle
MOXKe OYTM BMKOPMCTAHO IJISI IIepepoOKM BiIXOMdiB 3acTapijioro MeTajaopi3aJbHOro
iHCTpYMeHTY, iHCTPYMEHTY IJIs1 0OPOOKM MeTasliB TUCKOM Ta IipHUYO-BUA0OYBHOIO
iHCTpYMEeHTyY Ha CydJYacHMII MeTaJiopi3ajibHMII iHCTpyMeHT. TakoX MoOXe OyTHU
3MiHEeHa MapKa CIIaBy IUISIXOM BBeJIEHHSI CBIXXKMX IMOPOIIKiB KapOiliB Bojabdpamy,
TUTAHY i TaHTa/Iy, @ TaKOXX KoOanbTy. LIs rpyma crmocobiB mpuaaTHa IJsT BCiX TPYIT
TBepIMX CIJIaBiB Ha OCHOBIi Kapbigy Bosbdpamy. Takox 115 rpyma XxapaKTepu3yeTbCs
MiHiMaJIbHMMM BUTpaTaMM eHeprii, aje OOMEXEeHMMM MOKIUBOCTSIMU IIOMI0
repepo3Ioiy HassBHOTO pecypcy BojibdpaMy Mix cpepamu i10ro BUKOPUCTAHHSI.

Jpyra rpyma crocobiB nepenbauae BiIHOBIeHHS Boyibdpamy 3 Kapbiais. Take
BiTHOBJIEHHSI MOSK/IMBO 3pOOMUTM NUIIXOM OKMCJIEHHS Kapbimy mo oxcupay i
MOJAJbIIIOTO BimHOBIeHHS Bosib@pamMy. Ha BuXoi MOXyTb OyTM OTpMMaHi Kijlbka
MIPOMYKTIB B 3aJI€5KHOCTI BiJ ClIOCOOY BiTHOBJIEHHS Ta CITiBBiIHOIIIEHHS peareHTiB:

1 uncTuit Boabdpam — ajroMiHOTepMist 60 BifHOB/IEHHSI BOJHEM 3 HaCTYITHUM
JlerigpyBaHHSIM,;

2 (pepociuiaByu — aJIlOMiHOTEpMisl, CITiJibHE BiTHOBIEHHS BoJibdpaMy i 3as1i3a;

3 jiraTypa 3 BMiCTOM BoJbdpamMy Ha OCHOBi Hike/ll0 abo TUTaHYy  —
aJIFOMiHOTepMisl, CITi/ibHe BiTHOBJIEHHS 3 OKCUIAMU TUTAHY i HiKeJI0

4 BakKUi CIIJIaB HA OCHOBI BOJIbpamMy — aJlloMiHOTEpMist;

5 iHmi ximiuHi 3’egHaHHS Bob(ppamy, HATPUKIAI, CyIbdian.

3 yMcToro BoJab(pamy UM OT0 OKCHMAY MOKIMBE OTpMMAaHHSI Kapbimy, aie B
pe3yJbTaTi IepepodKy MOKINBO OTPUMATH B3Ke iHIII pO3MipM YaCTUHOK, SIK MEHIIi
3a BUXi[Hi, TaK i Ginbpii. B mpoileci oTpuMaHHSI MOPOIIKiB KapOiiB Boabdpamy 3

OKCUJIiB UM TIOPOIIKiB UMCTOTO BOJbdpamMy UYaCTMHKM KapOifiB rapaHTOBaHO He
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OymyTb MaTy TPIilIMH Ta BHYTPIIIHIX HAIpyKeHb, SIKi MOXYTb BMHUKHYTU IIpU
po3MesiioBaHHi. TakKMM YMHOM, CIIOCOOM MepepoOKM BiXOMdiB TBepAMX CILIABIB, SIKi
nepen6avaloTh BiTHOBIEHHSI BOJIb(pamy, CTBOPIOIOTh HAMIIMPII MOXKJIMBOCTI IJIsT
1Iepepo3MoIily HassBHOTO B 00iry pecypcy Bojibdpamy MiX pisHUMM chepaMu i10To
BUKOPUCTAHHS.

BuCHOBKU

Haiibinpmmm pecypcom 3 TOUKM 30py MOSKIMBOCTI Iepepo3Nnodiay HasiBHOI B
00iry KimbKoCTi BoJibpaMy Mik Pi3HMMM Taqy3ssMM BUKOPUCTAHHSI € BUPOOU 3
TBEpOMX CIUIaBiB HA OCHOBIi Kap6iny Boabdpamy.

Ha tepuTtopii YKpainu mopidyHO 3HAXOAUTHCS B 00iry mpmobaM3HO Big OfHi€l 10
IBOX TUCSIY TOH BMPOOIB 3 TBEPAMX CIUIABiB, OCHOBOIO MePEBAXKHOI Oi/IBIIOCTI 3 IKUX
€ Kapbig Bonbdpamy.

Criocobu mnepepobKM BigxomiB TBepAuX CIUIaBiB, SKi He IepembavaloThb
BiTHOBJIEHHSI BoJIb)paMy 3 KapOifiiB, XapaKTepMU3yeTbCS MiHIMaJIbHMMM BUTPaTaMMU
eHeprii, ajie 00MeKeHMMM MOSKIMBOCTSIMU IIIOJI0 MIEPEPO3IIOIiTy HasiBHOTO Pecypcy
BOJIbpaMy MixX cepaMu 10ro BUKOPUCTAHHSI.

Criocobu 1epepoOKM BiIXOmiB TBepAMX CIUIaBiB, SIKi IlepembavaioThb
BiTHOBJIEHHS BOJIb(Ppamy, CTBOPIOIOTh HAMIIMPII MOXJIMBOCTI IJIsSI Iepepo3noniay

HasIBHOT'O B 00iry pecypcy BojibdpaMy MiX pisHMMU cepaMy 10ro BUKOPUCTAHHS.
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Sergey Bozhko, Oleg Bondarenko, Volodymyr Kurinnyi, Olexandr Shevchenko

POSSIBILITIES OF REDISTRIBUTION OF AVAILABLE TUNGSTEN RESOURCES

IN CIRCULATION BETWEEN INDUSTRIES OF USE

Abstract.The purpose of this study is to identify the industries and forms of application
of tungsten in which the largest amount of it is in circulation; to analyze the methods of
processing materials containing tungsten, from the point of view of the possibility of
redistributing the available resource between the areas of its application. The main
research method in this work is the analysis of freely available data. The scientific
novelty of this work is that it was established that the largest resource of tungsten in
circulation is products made of hard alloys based on tungsten carbide. Based on the
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results of this study, the following conclusions can be drawn. The largest resource in
terms of the possibility of redistributing the available amount of tungsten in circulation
between different areas of use is products made of hard alloys based on tungsten carbide.
Approximately one to two thousand tons of hard alloy products are in circulation in
Ukraine annually, the basis of the vast majority of which is tungsten carbide. Methods of
processing hard alloy waste that do not involve the recovery of tungsten from carbide are
characterized by minimal energy consumption, but limited possibilities for redistributing
the available tungsten resource between its areas of use. Methods of processing hard
alloy waste that involve the recovery of tungsten create the widest possibilities for

redistributing the available tungsten resource between its different areas of use.

Keywords: tungsten, tungsten carbide, resource redistribution, circular economy.
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INVESTIGATION OF THE WEAR RESISTANCE OF NITRIDED SHKH15
STEEL IN AN ABRASIVE ENVIRONMENT

Abstract. The study investigates the wear resistance of nitrided ShKh15 steel in an
abrasive environment after glow-discharge nitriding in hydrogen-free nitrogen—argon
atmospheres. The influence of technological parameters, including pressure and argon
content, on the thickness, hardness, phase composition, and hardness gradient of
nitrided layers was analyzed using a two-factor rotatable design. Empirical
mathematical models describing nitrided layer properties and wear behavior were
developed. Experimental results showed that wear resistance, surface hardness, and
layer thickness can be controlled and optimized by varying nitriding conditions. The
highest wear resistance was achieved under optimal nitriding conditions, significantly
exceeding that of quenched steel.

Keywords: wear resistance, nitrided layers, glow-discharge nitriding, abrasive

environment.

Problem statement. During grain processing by extrusion, the working
components of the extruder (screw and barrel) are subjected to significant
operational loads, including high pressure and temperature, as well as a corrosive-
abrasive environment, which results in their relatively short service life. Improving
the wear resistance of the screw and barrel is therefore a promising area of research.

Analysis of recent studies and publications. Currently, numerous methods
exist for improving the wear resistance of structural components, including thermal
treatments, thermochemical treatments, thermal spraying, and hardfacing with
wear-resistant materials.

Glow-discharge nitriding is one of the effective methods for surface
strengthening of metals, providing the possibility to modify the properties of surface
layers (hardness, thickness, phase composition, and property gradients through the
layer thickness) over a wide range [1, 2]. This makes it possible to optimize the

© Honchar V.A., Rudyk O. YU., 2026 Copyright for this paper by its authors. Use permitted under
License CC BY 4.0.
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properties of the strengthened surface layer in order to achieve maximum
performance characteristics under actual operating conditions of structural
elements [3]. Many machine parts and tools operate in abrasive and corrosive-
abrasive environments, which leads to surface degradation caused by abrasive
particles and the corrosive action of aggressive media. Therefore, ensuring an
optimal balance between hardness, ductility, and corrosion resistance of surface
layers is of considerable importance.

Presentation of the main research material. We have developed a
technology and equipment for thermochemical treatment of machine parts and tools
in glow discharge under hydrogen-free atmospheres (nitrogen-argon mixtures) [4]. A
distinctive feature of this technology is the elimination of hydrogen embrittlement
during diffusion saturation, as well as the improvement of the plastic characteristics
of surface layers due to different phase ratios.

Surface modification of ShKh15 steel was carried out in a glow discharge in a
nitrogen-argon gas mixture. The properties of the nitrided layer were controlled by
four technological parameters: diffusion saturation temperature, pressure in the
vacuum chamber, composition of the saturating atmosphere, and nitriding duration.

Theoretical and experimental studies showed that all of the above
technological parameters of the nitriding process affect the properties of the
nitrided layer. Therefore, the influence of each technological factor during glow-
discharge nitriding on hardness, thickness, phase composition, and the property
gradient through the thickness of the nitrided layer was investigated.

By varying the technological parameters of the nitriding process, the properties
of the nitrided layer can be modified over a wide range, making it possible to obtain
a nitride zone with different phase compositions, different thicknesses, or nitrided

layers without a nitride zone (Fig. 1).

ISSN-print 1991-7848 117
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

l«!\Hnl, Jt" ?‘1

f}fi“n‘i“f‘l;\:v A "

n. ] “.J ‘)1 ““
h'l Wi
"

ol ‘u'.-_ I "" ' .‘i f A
‘* W gy f"f H jﬁ}'

R oy
Jl “l lzi\lﬁﬁr.

Figure - 1. Microstructure of ShKh15 steel (x500) after glow-discharge nitriding in hydrogen-
free atmospheres:
a, b — with a nitride zone of different thicknesses; ¢ — without a nitride zone.

To ensure maximum wear resistance of friction pairs operating in an abrasive
environment, it is necessary for the surface layers to possess high hardness and
maximum thickness. Theoretical and experimental studies of the ion nitriding
process for metals have shown that, for ShKh15 steel, high hardness is achieved at
temperatures of 560-580 °C, while the maximum thickness of the nitrided layer is
obtained at a diffusion saturation duration of 6-8 h.

Therefore, in order to reduce the number of experiments in studying the
properties of the nitrided layer and the wear process of nitrided specimens, a
second-order two-factor rotatable design was used. During the investigations, the
following factors were varied: the composition of the saturating atmosphere within
the range of 29-71%, and the pressure in the vacuum chamber within the range of
55-225 Pa. The nitriding duration and temperature were fixed at 240 min and 570 °C,
respectively.

To obtain the model (optimization parameter), a second-order algebraic

polynomial was used:
y= byt bx, + byx,+ box,x, + b x} + by,x: )

where b0:5:0:.52,511, b5, are regression coefficients;
X1-X; are variable factors.

For recording the experimental conditions and processing the experimental
data, factor levels were coded. The following variable factors were adopted:

pressure in the vacuum chamber — x;;
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volumetric argon content in the nitrogen mixture - x..
When coding the values of x; and x2, the upper level is denoted as +1, the lower
level as -1, and the zero level as 0.

The coding of factor x; is determined by the expression:
- Z[ - Zm
£ (2)

X.

i

where i is the factor number;
Z; is the natural value of the i-th factor;
Zoi is the natural value of the zero level of the i-th factor;
&i varepsilon is the variation interval of the i-th factor.
Experimental studies were carried out at the levels and intervals presented in
Table 1. The design matrix for the second-order composite rotatable design and the

results of the experimental studies are presented in Table 2.

Table 1
Levels and intervals of factor variation
Designation Levels of Variation Variation
Factors
—1,414 1 o F1 [r1,414 [ntervale
Z 1 Pressure, Pa 55 80 (140 200 [225 60
7z, Volumetric argon, o = 50 ks 171 15
content, %
Table 2
Working matrix and results of experimental studies
Nitriding Working Matrix Microhardness  HV,,Nitrided Layer
Regime No.  |p p, AT, % MPa Thickness, ym
1 200 65 7651,5 225,0
2 200 35 9292,4 307,1
3 80 65 8736.0 133.3
4 80 35 10110.4 190.0
5 140 71 7861.6 168.0
6 140 29 9972.3 265.2
7 225 50 8307.9 285.1
8 55 50 9655.6 137.2
9 140 50 9113.0 223.0
10 140 50 9113.0 223.0
11 140 50 9113.0 223.0
12 140 50 9113.0 223.0
13 140 50 9113,0 223,0
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Based on the results of experimental studies in accordance with the two-factor
rotatable design, empirical mathematical relationships were obtained for the
thickness of the nitrided layer (3) and the surface hardness (4) of ShKh15 steel as
functions of argon content in the saturating atmosphere and pressure, while
maintaining constant values of the other two technological parameters of the
nitriding process (1=240min and temperature 570 °C). Based on these mathematical

relationships, the graphs shown in Figs. 2 and 3 were obtained.
h(um)=224.5+52.3X1_34.3Xz_6.4X1X2_6X12_5.8X22, (3)

HVO,1=9171.9—476.5X1—746.3X2—66.6X1X2—68.6X12—205.8X22. (4)

It can be seen from Fig. 2 that the thickness and surface hardness of the
nitrided layer vary with increasing argon content in the saturating atmosphere.
Maximum values of these parameters are achieved at optimal argon concentrations
in the saturating atmosphere. In particular, the maximum thickness of the nitrided
layer is formed within the range of 22-27%, while the maximum hardness is

achieved at a volumetric argon content of 15-20% in the saturating atmosphere.

ur;1 H _ ul 1
~ MPa A

[r
w

9500 [~

3000 ,‘

a b
Figure - 2 Dependence of the nitrided layer thickness (a) and surface hardness (b) of ShKh15
steel on the argon content in the saturating atmosphere at different pressures: 1 — 80 Pa; 2 -
150 Pa; 3 - 200 Pa.

Fig. 3 shows the dependences of the thickness and surface hardness of the

nitrided layer on the pressure in the vacuum chamber at different argon contents.
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Figure - 3 Dependence of the nitrided layer thickness (a) and surface hardness (b) of ShKh15
steel on the pressure in the vacuum chamber during diffusion saturation at different argon
contents in the saturating atmosphere: 1 — 35% Ar; 2 — 50% Ar; 3 — 65% Ar.

It can be seen from Fig. 3 that the thickness of the nitrided layer increases with
increasing pressure in the vacuum chamber. This is attributed to an increase in the
nitrogen potential of the saturating atmosphere as the pressure rises. In contrast,
the hardness of the nitrided layer decreases with increasing pressure. This is due to
the fact that, with increasing pressure, the amount of argon increases, and the
sputtering process begins to prevail over the adsorption process of the reactive gas.

The technological parameters of the nitriding process have a significant
influence on the phase composition of the surface layer and on the hardness
distribution through its thickness.

Under different nitriding conditions, different phases are formed on the
surface: g, v/, and a(FeN). Their ratio affects the hardness and corrosion resistance of
the surface layer. The presence of the hard e-phase (Mex—3N) contributes to
improved corrosion resistance of the surface. Studies show that during glow-
discharge nitriding in hydrogen-free atmospheres, all three phases may be present
on the surface in different proportions. The content of the e-phase increases with
increasing temperature and with increasing pressure in the vacuum chamber.

Fig. 4 presents the hardness distribution profiles through the thickness of the
nitrided layer under different nitriding conditions. It can be seen from Fig. 4 and
Table 2 that by varying the nitriding conditions, the hardness gradient through the
layer thickness can be changed over a wide range. This has a significant influence on

the performance characteristics of structural elements.
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Fig. 4 — Hardness distribution through the thickness of the nitrided layer as a function of
nitriding conditions (Table 2):1-4 — corresponding nitriding conditions;
5 - condition No. 7; 6 — quenching.

Table 4 and Fig. 5 present the results of experimental studies on the wear
resistance of ShKh15 steel specimens after different nitriding conditions (Table 2) in
a model solution using end-face friction machines under a specific load of 0.5 MPa
and a sliding speed of 1.37 m/s.

It can be seen from Table 4 and Fig. 5a that the wear resistance of specimens
nitrided under different conditions varies significantly and substantially exceeds
that of the quenched specimen. The highest wear resistance was exhibited by
specimens nitrided under condition 4. After a friction distance of 5.4x10° m, the
wear of specimens nitrided under condition 4 was 2.5 times lower than that of

quenched specimens.
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Table 4

Wear kinetics of shkh15 steel after quenching and ion nitriding in glow discharge under
different conditions

Nitriding Wear, um
Condition/Test duration, min
No. 15 [0 W5 o oo Ji2o fis0 180 P10 40 70 [300
Sliding distance L x 10%, m
0,27 10,54 0,81 1,1 1,6 2,2 2,7 3,3 3,8 4,3 4.9 5,4
1 16 26 35 44 62,5 81,3 101 121 142 164 187 212
2 9 15 19,8 249 |36 48 61 75 90 106 124 145
3 11 18,2 24,6 |31 44 58 73 90 110 135 160 185
4 6 11 15 19 27 35,4 45 55 67 80 95 112
5 14 23 30,7 384 |54 71 88 105,7 124 145 170 195
6 7,5 13 17 21 30 40 51 63 76 90 106 123
7 12 20,1 |27 34 48,3 163 78,3 94,2 112 131 152 174
8 8,3 14 19 23,6 33,7 44 56 68,2 |82 97 114 133
9 10 16 21,6 27,3 |39 51 65 80 96 112,6 (131 151
10 9,79 16,4 |22 27,2 40 52 66 81 97 112 132 152
11 10,1 15,6 21 26,8 (38,1 50,3 65,7 |79 95 111 130 150
12 10,21 16 21,1 27 39,2 51,6 |65 79,6 196 113,1 [130,8 |150,6
13 9,7 16,1 21,8 26,9 38,7 |51 64,1 80,3 96,3 |112,2 [131,1 |151,3
quenchin (35 61 76 89 114 139 164 189 214 239 264 289

As shown in Fig. 5b, as the nitrided layer wears out, the wear rate of nitrided
specimens gradually approaches the wear rate of quenched steel. This is attributed
to the change in hardness through the thickness of the nitrided layer.

Based on experimental studies using a two-factor rotatable design, the
following mathematical relationship (5) describing wear as a function of the

technological parameters of the nitriding process was obtained:

U(um)=1520+148x1—30 1X2+1.5X1X2+3X12+3.9X22 (5)

Based on Equation (5), graphs were constructed (Fig. 6) showing the
dependence of wear on the technological parameters of the nitriding process. The
graphs show that wear increases with increasing pressure and argon content in the
saturating atmosphere. This is explained by changes in the properties of the nitrided
layer depending on these parameters (Figs. 2-3).
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Figure - 5 Dependence of wear (a) and wear rate (b) of ShKh15 steel after quenching and
nitriding under different conditions: 1-9 — nitriding conditions; 10 — quenching.
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Figure - 6 Dependence of wear of ShKh15 steel on argon content (a) and pressure
(b) in the saturating atmosphere (N + Ar): a — at pressures: 1 — 80 Pa; 2 - 150 Pa; 3 — 200
Pa; b — at argon contents: 1 — 35% Ar; 2 — 50% Ar; 3 — 65% Ar.

Conclusions. Thus, the conducted studies of the properties of the nitrided

layer formed during glow-discharge nitriding in hydrogen-free atmospheres, as well
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as its wear behavior in a model solution for ShKh15 steel, have shown that these
properties can be varied over a wide range by adjusting the technological parameters
of the nitriding process and optimized according to the criteria of maximum wear

resistance, surface hardness, and nitrided layer thickness.
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YK 621.891
Bonogumup 'onua, Onekcanap Pygnuk

MOCJIIXKEHHSA 3HOCOCTIMKOCTI A30TOBAHOI CTAJII IIIX15 B
ABPA3VIBHOMY CEPEJOBHAIII

AHomauis. TocnioxweHo 3Hococmilikicme azomosaHoi cmani IIX15 e abpaszusHomy
cepedosuwyi nicis azomyeaHHs 8 miuiuomy po3psdi y 6e3600He8UX A30MHO-AP2OHOBUX
cepedosuwyax. IpoaHanizoaHo 6naué mexHoJI02iUHUX napamempis, 30kpema mucky ma
emicmy apzoHMy, Ha mosuwjuHy, meepdicmo, ¢pasoeuti ckaad i ezpadienm meepdocmi
a30Mo8aHux wlapie i3 UKOPUCMAHHAM 080(haKmMopHo20 pomomabesbHO20 NAAHYB8AHHS.
Po3pobneHo emnipuuHi mamemamuuHi Modeni, WO ONUCYIOMb B871ACMUBOCMI
a30moeaHozo wapy ma npouyec 3Houly8aHHs. EKCnepumMeHmaibHO 6CMAHOBJEHO, WO
3HOococmitikicms, meepdicmb Nho8epxHi Mma MOBWUHY A30MOBAHO20 WAPY MOMHA
KeposaHo 3MiHw8amu U onmumizy8amu WLISIXOM 6AapI8AHHS PEXUMI8 A30MYy8aHHSL.
Hatieuwy 3Hococmitikicme 00Csi2Hymo 3a onMuMaisHUX napamempie a3omyeaHHs, wo
Cymmeeo nepesuuiye NOKA3HUKU 2apmosaHoi cmai.

Kntouosi cnoea: 3Hococmitikicme, azomosaHi wiapu, muitouuti po3psd, abpasuseHe

cepedosuuie.
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ANALYSIS OF EQUIPMENT FOR OBTAINING A HIGH-STRENGTH HEAT-
RESISTANT ALLOY WITH REDUCED DENSITY IN
LABORATORY CONDITIONS

Abstract.The work presents a systematic analysis of modern electrothermal equipment
used to obtain high-strength heat-resistant nickel-based alloys with reduced density in
research laboratory conditions. The relevance of the study is due to the needs of the
aviation and energy industries for materials capable of operating at high temperatures,
cyclic loads and in aggressive environments while simultaneously reducing the mass
characteristics of parts. A comparative assessment of electric arc furnaces, vacuum arc
and electroslag remelting installations, vacuum induction and electron beam systems
has been carried out from the standpoint of metal purity, chemical composition stability,
the possibility of precise alloying and suitability for use in laboratory conditions. It has
been established that laboratory arc furnaces are appropriate for the initial development
of alloy compositions, while electron beam installations are effective for obtaining
ultrapure materials, but have significant economic limitations. It is shown that vacuum
induction melting provides an optimal balance between the depth of refining, the
accuracy of the introduction of alloying elements, the homogeneity of the structure and
energy efficiency. Criteria for selecting laboratory equipment for the synthesis of new
generation heat-resistant alloys are formulated, taking into account technological and
infrastructural limitations. The results obtained can be used in the creation of mobile

laboratory complexes for the research and development of new heat-resistant materials.

Keywords: heat-resistant alloys, nickel alloys, vacuum arc remelting, electron beam

melting, vacuum induction melting

Statement of the Problem

A key priority of modern aircraft engineering is to increase the service life of
critical components while simultaneously reducing their inertial and mass
characteristics. In this context, the specific gravity of a gas turbine engine serves as a

© Hrechanyi O.M., Vasilchenko T.O., Vlasov A.O., Sheyko S.P., Harus D. , 2026 Copyright for this
paper by its authors. Use permitted under License CC BY 4.0.
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fundamental parameter that links structural design with performance optimization.
Further improvements require the development of advanced materials that can
reliably operate under combined variable dynamic loads, high-frequency cyclic
stresses, and significant thermal effects associated with extreme temperature
conditions and the interaction of high-speed gas flows with the surface of the
component [1].

A significant obstacle to the creation of new heat-resistant alloys is that due to
the rapid development of technologies, the use of "classical" nickel-based alloys in
today's realities is irrelevant. For example, in the aircraft industry, nickel-based
heat-resistant alloys have reached their ceiling of capabilities, which is caused by
working in conditions of achieving 85% of the temperature solidus [2, 3].

There are several ways to increase the heat resistance of parts. The main ones
include optimizing the chemical composition of nickel alloys by predicting the
specified characteristics using numerical methods [4-6] and using single-crystal
structures in the manufacture of critical parts operating in extreme temperatures [7].
The first method involves alloying heat-resistant alloys with transition metals such
as molybdenum, tungsten, and tantalum. In order to create heat-resistant alloys of
the V generation, technological processes for additional economical alloying with
elements such as rhenium and ruthenium are being developed [8, 9]. The exclusion
of carbon from the alloy composition allows you to increase the solidus temperature
to 1360 °C. This is an advantage of single-crystal blades of aircraft turbines, in which,
due to the absence of high-angle grain boundaries, it is possible to exclude hafnium
and carbon from the alloy. Also, minimization of carbon in the alloy composition is
possible due to atmosphere-free melting.

In this regard, there is a need to conduct a comprehensive system analysis of
existing technological solutions from the point of view of their functional
capabilities for obtaining experimental heat-resistant nickel-based alloys of the V
generation in a research laboratory. The organization of a research laboratory in
conditions of military aggression imposes certain restrictions. Such restrictions
include, first of all, the available area for placing equipment, as well as the
permissible installed electrical connection capacity. Therefore, the scientific and
practical task of the study is to substantiate the selection criteria and determine the
most optimal type of technological equipment that will ensure the production of
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experimental alloys with a given set of physical, mechanical and operational
characteristics in laboratory production.

Analysis of recent research and publications

The problem of obtaining high-strength heat-resistant alloys with reduced
density requires the use of precision equipment capable of ensuring high purity of
the metal and precise control of melting parameters. Modern foundry equipment for
metallurgical research in the manufacture of precision alloys is represented by a
wide range of nomenclature units - from classic arc furnaces to complex electron-
beam installations. The main equipment for smelting heat-resistant alloys based on
nickel is equipment that operates on the principle of converting electrical energy
into thermal energy. The main equipment in this direction is electric arc furnaces,
the basic principles of which were laid down at the beginning of the 20th century.
Despite the more than 125-year history since the creation of the first electric arc
furnace, their designs are constantly being improved. In the works [10], modern
aspects of steelmaking in electric arc furnaces are considered in detail, while Maia T.
A. C. and Onofri V. C. D focus on the analysis of electrical furnace-ladle systems [11].
The issue of designing and building arc furnaces specifically for metallurgical and
semiconductor research is highlighted in [12], which is critically important for the
creation of research laboratories.

To obtain alloys with special properties, in particular heat-resistant ones, the
use of vacuum is key. The historical and technical basis of electric vacuum furnaces
was laid in the early works of Arsem W. C., and the development of vacuum-arc
remelting (VAR) methods with a consumable electrode is described in the studies of
Gruber H. [13, 14]. Modern technologies for smelting zirconium alloy ingots by the
VAR method confirm the possibility of using this approach to obtain high-purity
materials [15].

Electroslag remelting furnaces are an important equipment in the smelting of
precision alloys [16]. The features of melting heat-resistant alloys with reduced
density in chamber electroslag furnaces are devoted to separate works [17, 18], in
which a comparative physicochemical analysis of electroslag remelting with a
consumable electrode and refining with liquid metal was carried out.

The most common equipment for creating experimental grades of heat-

resistant steels in laboratory conditions is equipment that works due to induction
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methods of melting metals. The works of Saunders C. consider the use of vacuum
induction electron-beam furnaces for engineering tasks of creating innovative alloys
[19]. Particular attention is drawn to the possibility of purifying alloys with hydrogen
in vacuum induction furnaces to achieve ultra-high purity [20]. Research into the
issue of energy balance during metal melting in induction and arc furnaces [21]
indicates the prospects of vacuum arc furnaces for creating a laboratory complex of
equipment for studying the processes of creating the latest heat-resistant alloys.
Separately, it is necessary to highlight the use of centrifugal induction furnaces for
casting titanium alloys, which allows obtaining complex parts with high accuracy
[22], which is an additional advantage when creating single-crystal compounds.

Separately, it is worth paying attention to the equipment, the principle of
which is based on electron beam technologies (EB). For example, using the
processing of zirconium alloys, a team of scientists in [23] considered electron beam
remelting furnaces as an effective tool for processing refractory waste and
microfabrication. Despite the high cost of the process, Matsui S. proves the
possibility of using such equipment in the field of electron beam microprocessing
[24]. Despite the wide coverage in open access sources of industrial installations and
individual methods of remelting refractory alloys, there is still a need for a
comprehensive analysis to develop the optimal configuration of highly mobile
laboratory equipment for the creation and study of the properties of high-strength
refractory alloys based on nickel.

Purpose of the Study

The purpose of the study is to conduct a comparative analysis of modern
electrothermal equipment to select the optimal technological scheme for smelting
high-strength heat-resistant alloys with reduced density in laboratory conditions,
which will ensure high purity of the metal and stability of its physicochemical
properties.

Statement of the main research material

Analysis of open sources of scientific and technical information allows us to
identify the following equipment that can be used in the creation of innovative heat-
resistant alloys:

- electric arc furnace (EAF);

- vacuum arc remelting furnace (VAR);
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- electroslag remelting furnace (ESR);

- vacuum induction furnace (VIM), which also includes centrifugal casting
induction furnaces;

- electron beam installation (EB).

Within the framework of the conducted study, the disadvantages and
advantages of each of the groups of proposed equipment were highlighted, which are
given in Table 1. According to the analysis of the ordered advantages and
disadvantages, three groups of equipment can be distinguished as the most
promising for obtaining heat-resistant alloys with reduced density in laboratory
conditions:

- laboratory arc furnaces - for initial development of the recipe of small
samples of refractory components;

- vacuum induction machines (VIM) — due to the possibility of precise control
of chemical composition and deep refining, as well as the possibility of creating
single-crystal systems;

— for the case of obtaining ultra-pure alloys or processing specific raw materials
(scrap), electron beam systems are best suited.

Therefore, the main emphasis of further research was shifted to these three
groups of equipment. The designs of electric arc furnaces (Fig.1) have been known
since the beginning of the last century and are reliable and predictable in operation.
The technological processes of smelting alloys in electric arc furnaces are quite
simple and well-established in organizational terms. However, despite the high
temperature of the arc, which allows working with refractory metals, this method
has the following limitations for the development of new alloys with reduced
density:

the electric arc creates a zone of extremely high temperatures at the point of
contact, which leads to the evaporation of light alloying elements (Al, Mg, Li), which
must be introduced into the melt when creating heat-resistant alloys with low
density [10, 25];

difficulties with homogenization - in arc furnaces there is no intensive
electrodynamic mixing, typical for induction systems, which often leads to chemical

inhomogeneity of the ingot (liquefaction) in small volumes [21];
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contamination with electrode material, which is critical in creating heat-

resistant alloys of the V generation [14];

vacuum arc remelting (VAR) has special limitations in preparation for melting,

as it requires the preliminary manufacture of a consumable electrode of a certain

shape, which significantly complicates the process of creating new experimental

alloys in laboratory conditions [14].

Table 1

Analysis of the advantages and disadvantages of electrothermal equipment for the
production of heat-resistant alloys

Main purpose and

Equipment type features Benefits for research Limitation
Melting of the | Ability to work  with | Difficulty in controlling
charge using an | refractory metals, flexibility | cleanliness without
Electric arc | electric arc. in system configuration. vacuum, high energy
furnace (EAF) consumption.
Remelting of the | High degree of purification | The need for a pre-
Vacuum arc | consumable from gases, obtaining dense | fabricated electrode,
remelting (VAR) | electrode in a |ingots of zirconium and | the cyclical nature of
vacuum. other alloys. the process.
Refining the | Effective removal of non- | High thermal inertia,
Electroslag metal through a | metallic inclusions, | complexity of
remelting (ESR) | layer of active | possibility of melting | implementation on a
slag. titanium alloys. micro-scale.
Heating of metal | Possibility of precise | Possibility of precise
Vacuum by induction | alloying, hydrogen refining, | alloying, hydrogen
induction currents in a|and obtaining ultra-high | refining, and obtaining
furnace (VIM) vacuum chamber. | purity alloys. ultra-high purity
alloys.
Melting by a | The highest level of vacuum, | High cost of
Electron beam | directed electron | the possibility of scrap | equipment, complexity
installation (EB) | flow in a deep | processing, precision | of operation.
vacuum. micromachining.
. Combining Obtaining high-precision | Limitations on the
Centrifugal . . . .
induction induction heating | shaped castings. geometry and mass of
with centrifugal castings.
furnace .
casting.
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Figure 1 — Model of an electric arc furnace with a rolling hearth in the laboratory of the
Department of Metallurgical Equipment of Zaporizhzhia National University

Although electron beam (EB) technologies are considered as an effective tool
for the processing of refractory waste [23, 24], there are a number of insurmountable
obstacles that significantly limit their use within a small research laboratory with
little funding, namely:

- deep vacuum in combination with high beam energy causes intensive
evaporation of metals with high vapor pressure, such as chromium and aluminum
[19]. This leads to an increase in the cost of manufacturing alloys with reduced
density in such installations;

- creation of an electron beam installation requires complex beam focusing
systems, high-voltage power supplies and continuous service, which is economically
impractical in a small laboratory [19, 23, 24].

- due to selective evaporation of elements under the beam, the final chemical
composition of the ingot may differ significantly from the calculated one, which
requires several iterations of experiments and cost analyses [23].

- most laboratory EB systems are focused on microprocessing or scrap refining,
rather than on the synthesis of multicomponent alloys with precise dosage of

alloying elements [23].
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The designs of vacuum induction furnaces (Fig.2) satisfy the basic requirements
for minimizing the occupied area and relatively economical energy consumption.
The advantages of vacuum induction furnaces include:

- high purity and refining of the metal - the melting process in a deep vacuum
provides effective degassing of the melt (removal of nitrogen and oxygen), which is
critical for heat-resistant alloys. As noted in studies [20], the use of hydrogen
refining in induction furnaces allows for the production of ultra-high purity alloys,
which directly affects the indicators of long-term strength and plasticity of the
material.

- unlike arc furnaces, where uncontrolled burnout of alloying elements in the
arc zone is possible, induction heating ensures composition stability. This allows the
introduction of light alloying elements (for example, aluminum or lithium) to reduce
the density of the alloy with high dosing accuracy [27-29].

- electrodynamic forces arising in the induction furnace ensure natural mixing
of the liquid metal. This guarantees homogeneity (uniformity) of the chemical
composition throughout the volume of the sample, which is especially important
when developing new alloying systems on a laboratory scale;

- allow for precise control of the melt overheating temperature and holding
time, which is necessary for complete dissolution of refractory components and
formation of the optimal primary structure of the ingot.

- the design of modern laboratory induction furnaces often allows for the
integration of centrifugal casting systems [22], which makes it possible not only to
obtain an alloy, but also to manufacture prototypes of complex shape from it for

further mechanical testing.
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Figure 2 — Vacuum induction furnace of the company Zhuzhou Hanhe Industrial
Equipment Co., Ltd. [26]

Thus, vacuum induction melting is the most rational method for laboratory
research of high-strength heat-resistant alloys with reduced density, since it
provides the best balance between material purity, alloying accuracy and the ability
to control the structure of the future alloy. But it is worth noting that in the event of
military aggression, there are somewhat limited opportunities for the delivery of
foreign equipment. Therefore, an important technical issue arises of developing
highly mobile laboratory complexes with the possibility of their reproduction with a
minimum fleet of mechanical equipment and using the technological capabilities of
domestic enterprises.

Conclusions. Thanks to the research, the criteria for selecting laboratory
equipment for the synthesis of multicomponent systems based on nickel have been
generalized, taking into account the specifics of introducing light alloying elements
to reduce the specific gravity of the heat-resistant alloy. The relationship between
the design features of vacuum-induction systems and the possibility of
implementing hydrogen refining in micro-volumes of the melt to obtain heat-
resistant structures has been established. The use of induction heating methods as
the most effective way to minimize liquation heterogeneity when obtaining high-
strength heat-resistant light alloys in laboratory conditions has been substantiated.
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I'peyannii O.M., Bacunsuenko T.O., Bnacos A.O., leiiko C.II., I'apyc [1.B.
AHAJII3 OBJIAIHAHHS J1S1 OTPUMAHHS B IABOPATOPHHUX YMOBAX
BHUCOKOMIIIHOTI'O JKAPOCTINKOTI'O CIIABY 31 3HIJKEHOIO IIIJIBHICTIO
AHomauis. CyuacHuli po3sumok asiayiliHoi ma eHepzemMu4HOi MeXHIKU 00YMOBIOE

3pocmaHHs 8umoz do mamepianis, w0 NpaywOmMs 8 ymM0o8ax 8UCOKUX memnepamyp,

CKJIA0H020 HANpyxceHo-0epopmo8aHo20 cmavy ma iHMEeHCUBHUX MePMOYUKITUHUX
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HasaHmaxceHus. Ocobusoi akmyanbHocmi Haby8ae CMBOPEHHsT BUCOKOMIYHUX
HAPOCMILIKUX CNasi8 HA OCHOB8I HIKeNO 3i 3HUMEHOW WibHICMI0, W0 00380JI5€
00HOUACHO nidsuwysamu pecypc e8ionosidanvHux demasneli ma 3meHuwly8amu macy
KOHCmpyKuiti. BooHouac mpaduyitiHi Hikenesi xcapocmitiki cniasu HaAGIUMXarmscs 0o
Mexci €80ix excniyamauitiHux Moxcnugocmeti, wjo 3ymo8y0€ HeoOXiOHiCmb po3poOKuU
HOBUX 0A2amMOKOMNOHEHMHUX CUCMeM J1e2y8aHHS Ma 800CKOHAJIEHHS! MexHOJ02ill iX

OMPUMAHHA.

Memow pobomu € nposedeHHs KOMNIEKCHO20 NOPIBHSILHO20 AHANI3Y CY4acH020
e/1eKMpomepmiuHo20 001A0OHAHHS O 8UOOPY ONMUMAJILHOI MeXHON02iUHOI cXemu
1a6opamopHoz20 OMPUMAHHS eKCNepuMeHMaabHUX apoCcmilikux cniasig 3i 3HUMEHO
wineHicmro. Y pobomi po32iaHymo ocob1u80cmi 3acmocy8aHHs eJleKkmpodyz08ux neuetl,
YCMAaHoB80K 8aKyymMHO-0y208020 nepeniasy, eJleKmpouLiakoeozo nepeniasy, 8akyymHo-
IHOYKYiliHuX ma enekmpoHHO-NPOMeHesUX CUCMEM 3 YPAXyB8aHHAM IX MeXHOJI02iUHUX
MOM(IUBOCMETLl, eHepzeMUUHUX XAPaKmepucmuk, pieHs 8akyymy, cmabiibHocmi
XiMiuHO020 cKJ1a0y ma Mox#cu8ocmeti paginyearHs memarny.

Ioka3awo, wio enekmpodyz08i neui 0oyinvHi 01 nep8uUHHO20 8iI0NPaU08aHHs peyenmyp
cnaasie ma pobomu 3 mMyz20nJa8KUMU KOMNOHEHMAMU, Npome Xapakmepusyomubcs
00MeNEeHUMU MOMCIUBOCMAMU KOHMPOJIO YUCMOMU Memasty. YCmaHo8Ku 8axKyyMHO-
0y208020 ma eJeKmMpouL1akos8ozo nepeniasy 3abe3neuyroms 8UCOKUL pieeHb OUULLEHHS
Memasny, 00HAK MArwmMb MeXHOJI02iuHi 00MexeHHSI Ol WBUOKO20 CMBOPEHHS HOBUX
eKCnepuMeHmMaibHuX Komnosuuiti y nabopamopHux ymosax. EnekmpouHo-npomeHesi
mexHon02ii 3abe3neuyioms HAOBUCOKY UUCMOMY Memasny, dne XapakmepusymbCs

BUCOKOI0 8apmicmio ma cKAadHicmio ekcniyamauii.

BcmatoeneHo, wo Hatibinvw payioHanbHUM piuleHHAM O 1abopamopHo20 CUuHme3sy
0a2amoKOMNOHEHMHUX HApOCMIliKux cniasié € 8aKyyMHo-iHOyKUYiliHe niaeieHHs, sKe
3abe3neuye egexkmugHy Odeeasayil, 6UCOKY MOYHICMb Jle2y8aHHS, 20MO02eHi3ayito
po3niasy ma MOXCIUBICMb OMPUMAHHS 37UBKI8 13 NPOZHO308AHOK CMPYKMYPOIO.
Copmynvosano xpumepii 6ubopy 1a6opamopHozo 0071a0HAHHA 3 YPAXy8aHHIM
obMmexceHb BUPOOHUUOI NJIOWi, eHepzoCNOMCUBAHHS ma O00CMYNHOCMI MEeXHOJI02IUHOT
iHppacmpykmypu. Ompumari pe3yiemamu Moxymes Oymu 6uKOpUCMAaHi npu
CMBOpPeHHI MOOINbHUX Na6OPaAMOPHUX KOMNJIEKCi8 O0ns JocnioieHHs ma po3pooOKu

HOBUX ¥apocmilikux mamepianie.

Knwouoei cnoea: xapocmitiki cnnasu, Hikesesi cniasu, 8akyymMHo-0yz2o8uli nepensias,

eJ1eKMpPOHHO-NPOMeHeBe NJ1aBJIeHHs, 8AKYYMHO-IHOYKYiliHe Nl1asneHHs
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JI.X. IBanoBa, B.IO. CeniBbopcToB, O.10. Xutbko, O.I1. binnii

CUCTEMHUMN MIAXIA 10 BCTAHOBJIEHHS BIIUBY
PIJKICHO3EMEJ/IbHUX METAJIIB HA CTPYKTYPY BAJIKOBUX YABVYHIB

AHomauis. Y cmammi po32n0aemovcs 6NU8 PiOKICHO3eMENbHUX Memasnie Ha
MIKpocmpykmypy  8anKosux uaeyHie. HaseedeHo aHaniz  cyuacHozo cmawdy
8AJIbYE/IUBAPHO20 8UPOOHUYMBA MA NUMAHHA Y 00PAHOMY HANPAMKY O00CTiOHCEHHS.
IIpomszom 6azamwvox pokie y eanvlenusapHomy eupobHuymsi eedymocss pobomu i3
3aMiHU Mazuir iHwuMu modupikamopamu. AHani3 HAsABHUX 00CNIOHceHDb [ nyOAIKaUili
OXONJIIE NUMAHHA, WO 30CepedrceHi HA OKpeMux CKAadHukax, modi sK modesb
MoOugikyeaHHs uaeyHHux eankie P3M nompebye nodansuiozo 00CNiO#eHHS ma
y3azanvHeHHs. Memow cmammi € 8cmaHosjieHHs Kapbidoymeopiwrwuoi 3damHocmi
pi3Hux P3M y Ginux sanxkosux uasyHax. /Ina docseHeHHs yiei memu 6y1a nocmasnena
HacmynHa 3adaua — YCMAaHo8Umu 6nJiue XiMIuHUX eleMeHmis uepiesoi ma impiegoi
nidepyn P3M Ha mikpocmpykmypy 8aikosozo uasyHy. O6rpynmysamu 8ubip P3M ons
006po0OKU Oinux 8aNKOBUX UABYHIB. BuseneHi 3aKOHOMIpHOCMI 8nuUBY PiOKiCHO3eMeIbHUX
esieMeHmis yepiesoi nidzpynu — camapito ma uepiro ma impieeoi nidepynu — 2adoniHiio
ma impiio npu wWeuoKocmi 0X0J100H#CeHH s, WO MA€E Micue y 8anK08ill 1usapHiti popmi Ha
npoyecu cmpykmypoymeopeHHs Oinux uasyHie 0751 NpOKAMHUx 8ajkie. Bcmanoeneri
iHOugidyanvHi 3aKOHOMIpHOCMI 6nauey 00CNiOHeHUX nidepyn pioKiCHO3eMeNbHUX
Memanie Ha MiKpoCmMpyKmypy 8i0pi3HSI0MbCsl iHmepsanamu ix 3aiuluKo8ux emicmis.
Moougpixysamnns 6inozo uasyHy P3M 3abe3neuysasio 3miHy muny kap6ioHoi esmexmuku
ma ducnepcHocmi nepaimy. BcmaHoeneHi 3akoHOMIpHOCMI 8nJUBY PiOKICHO3eMeIbHUX
eJleMeHmie nidepyn Ha npoyecu cCmpykmypoymeopeHHs OGinux uasyHie 0711 NPOKAMHUX
sankig: kapbidoymeoprwua 3damticme P3M impiesoi nidepynu 6yna y 5,2 pasu
Oinbwior0 3a uepiegy nidepyny. Lle dano moxcnugicme 00TpyHmMysamu mun OCHO8U
KOMNJIEKCH020 Modugpikamopa 01 00csizHeHHs1 HeoOXiOHUX 8nacmusocmeti mamepiany

NPOKAMHUX 8AJIKI6.
Kniouoei cnoea: sankosuii uagyH, piokicHo3emenpHUll Mmemain, cmpykmypHuti CKiaoHuxk,
Kapb6idoymeopwtiwoua 30amuicms, MOOUQIKY8AHHS UABYHY, MIKPOCMPYKMypa udasyHy,

CMpYKMypoymaeopeHHs, e8meKmutHi nepemeopeHHs

© IBanosa JI.X., CeniBbopcToB B.I0., Xutbko O.10., Binmuit O.I1. , 2026 Copyright for this paper by its
authors. Use permitted under License CC BY 4.0.
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Becryn. YaByHHiI MOpoOKaTHI BaJIKM € CKJIQAHMMM BWIMBKAMMU, B SIKUX
TIOBEPXHEBUII poboumii Imap mnpeacraBiaeHuii 6imvm (abo ITOJOBMHYACTUM 3
KyJISICTUM ab0 TuiacTMHYacTuM rpaditom), a cepieBMHaA - CipuM 4YaBYHOM 3
rpaditom Takux ke dopm [1]. AKicTh AUTMX YaBYHHUX BaJIKiB, IiX CJIy>KOO0Bi
BJIACTMBOCTI 3a/ieskaTh Bim 6araTbox (akTopiB, ajie, TOJOBHUM UMHOM, Bif (i3mko-
XIMIYHMX BJIACTMBOCTEI 3aCTOCOBYBAHMX PO3IJIABIB 1 IMPOLECIB, 1[0 MPOTIKAKTh Y
mepiof 3aTBepHiHHS Ta TMONAIBIIOTO OXOJOMKEHHS B JMBapHiit Qopmi.
3aCcTOCOBYBaHi Ha MPOKATHMX CTaHAX HUHI BaJKM 3 MOAMGMIKOBAHOIO YaBYHY
pi3HOMaHITHI 3a po3MipamMu Ta MpPU3HAUEHHSIM, BUTOTOBJISIIOTHCS 3 Pi3HOIO
CTPYKTYPOIO Ta MeXaHiYHMMM BJIACTUBOCTSIMU [2]. [IMTaHHSIM TEXHOJOTil JIUTTS
BAJIKiB i3 TAKOT0 YaBYHY, HOC/IiI)KEHHSIM CTPYKTYPU, MEXaHiUHUX Ta TeIIo(Qi3uIHUX
BJACTMBOCTEll IIbOrO BaJIKOBOrO MaTepiaay IIPUCBSIYEHO poOOTM 6araTbox
YKPaiHCbKUX TOCTiAHUKIB [3-5].

ABTOpoM [6] Oyno pmociigkeHo T'STh (1lepiit, iTpiit, JaHTaH, HeoOUM i
rnpaseoAuM) 3 IIICTHAAISTM PiAKiCHO3eMe/JbHMX MeTajliB I1iepi€Boi Tpymnu Ta
HaBe[eHO eKCIepUMeHTATbHO-TeOPEeTUYHI OCHOBM OTPMMAaHHSI iTPi€BOr0 4YaBYHY
IJIST BUPOOHMIITBA JIeTaJieil BiAIIOBiMaJIbHOTO MPU3HAUEHHS B Taly3sIX HAPOIHOTO
rocnogapctsa. Illo X mo crocobiB BBemeHHST MoAudiKaTOpiB, OYaM BMUBUYEHI pi3Hi
criocobu ix BBefleHHS. Halikpalm BBaXka€ThCSl IPMMYCOBe 3aHyPEeHHSI.

Benukuii iHTepec mpeCcTaB/sSiOTh KOMIUIEKCHI Moau@ikaTopu, 3aCTOCYBaHHS
SIKUX PO3IIMPIOE MOSKIMBOCTI OTPMMAaHHSI YaBYHIB i3 IIMPOKUM [Aialla30HOM
CTPYKTYp Ta BJIaCTUBOCTEIA.

B Vkpaini y cimgecsati pokum  Oynm po3pobiieHi CKaagM KOMIUIEKCHUX
MmoaudikaTopiB Ha 6asi pigkicHo3emenbHMX MeTasiB Ta iTpiio [7]. IIpomuciaose
BUITPOOYBAHHSI TaKMX KOMIUIEKCHUX MOAM(}IKaTOpiB Ha uyaByHax eJIeKTPOIiuHUX
TIJIaBOK MOKAa3aJI0 MePCIIeKTUBHICTD iX 3acTocyBaHHs. OTXKe, MUTAHHS 100 CKIALy
KOMIUIEKCHUX MOAMdIKaTOpiB OCi 3aMMIIa€ThCsl AUCKYCiiiHUM. Tak, HampuUKIa:, B
VKpaiHi OTpMMaHO BeJMKY KiJIbKiCTh MAaTeHTIB Ta aBTOPCbKMX CBiJOIITB Ha CKJIaau
KOMITJIEKCHUX MOAMMIKaTOPiB IJIsI OTPMMaHHS BMCOKOMIITHOTO YaBYHY 3 Ky/ISICTUM
rpaditom. YacTo B HMX HaABOASTHCS BigOMOCTi, BMKIMKAHi, OUEBUIHO, Pi3HUMMU
yMoOBaMyu BUPOOHMUIITBA. Y psiAi MoaudikaTopiB OOIPYHTOBYETHCSI HEOOXigHICTH

BUCOKMX BMICTiB KaJjbliilo, B IHIIMX — HaBOaKM, HU3bKUX. SIK OCHOBHUI
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MoaudikyBaJibHUII ~ eJleMeHT BBOOSATbCSI  MardHiii, 1epiii, iTpiii, JaHTaH,
pinkicHo3emesnbHi MeTanu, GTopuau iTpivo, GTOpUaM pigKicHO3eMeTbHUX METasiB,
Kasiblliit Ta iHmi. Y po6oTi [8] mpornoHyeThbest Aiarpama Bubopy moaudikaTopis s
yaByHiB 1 TOKa3zaHo, 1m0 edekT cdepoiamsallii BU3HAYAETHCS CTBOPEHHSIM
BimmoBimHMMM MoaudikaTopamu 6ap'epy B pifkiii gasi Ha Mexki KpucTasiB rpadirty B
Trpotieci ix 3poctanHs. Hai6inabil cuibHMMMY MoaudbikaTopamMu, 3TiIHO 3 Iiarpamoio,
€ MarHiii, iTpiii, 1epiii, JaHTaH i rafloJiHi.

B maHmii yac KiJbKiCTh KOMIUIEKCHUX MOAMQIKATOPiB MepeBUINYy€E ABi TUCSIUI
CKIaJiB, A0 SIKMX BXOISThb rpaditmusyioui, crabimisymoui, cepoinmsyoui Ta iHmri
KOMIIOHEeHTH. Haiibinpima KiJbKicTh MoOAM@iKaTOpiB CTBOpeHAa Ha OCHOBI
depocuriiito, s mocuaeHHs Moaudikyouoi mii sIkoi BBOASTh LMPKOHIiN, Gapiii,
CTPOHIIiii, TUTaH, piAKiCHO3eMeJIbHI Ta iHII XiMiuHi eJleMeHTH. B iHIIMX BUMagKax
BUKOPUCTOBYIOTh O0e3KpeMHieBi moaudikaTopu. TouHMX maHMUX PO edEeKTUBHICTh
MoaudikaTopiB HeMae, He3BaXKalUM Ha Te, 1[0 Y HAYKOBO-TeXHiuHil JiTepaTypi
HaBe[eHO pe3y/JbTaTy YMCIeHHUX eKCIIepUMMeHTaNbHUX MOCTiIKeHb. 1le, oueBMUaHO,
TUM, 110 €(PeKTUBHICTb TUX UM iHIIMX MOAMGIiKaTOPiB 3aJeKUTh BiJ pisHOMaHITHUX
YMOB BUpPOOHMIITBA. Tomy BuOip MomudikaTopiB poOISITL eKCIIepMMeHTaIbHUM
IISXOM. BasblieiMBapHe BMPOOHUIITBO, SK CKJIQAHMUIA TUIT BUPOOHMIITBA, IO
OXOIUTIOE BUKOPUCTAHHSI OiuX, IIOJIOBMHYACTMX i CipuMx 4YaByHiB, IOTpebye
eKCIIepUMEHTA/JIbHUX [OCIiMKeHb 3 BiANpallloBaHHS Ta OITMMIi3allil CKIagiB
KOMIUIEKCHUX Moau@ikaTopiB [T OTpMMAHHS BMCOKOSIKICHMX YaBYHIB i B
pobouoMy 11api, i B ceplieBUHI MPOKATHMUX BajKiB. AHali3 TeHIeHIIi/fi PO3BUTKY
LIbOTO BUAY TEXHiKM II0KasaB, 10 PO3BUTOK JOTO e 3a TaKMMU OCHOBHUMMU
HaINpSIMKaMM: YAOCKOHAJIEHHSI XiMiUYHOTO CKJIaay JMBAapHMX CILIABiB, CIIOCOOIB ix
OTPUMAaHHS Ta CKJIA[iB JiraTyp.

o P3M BiamnoBigHO [0 MPOMMCIOBOI Kiacudikaliii MeTtasiB [9] BimHOCSTbCS
ximiuHi enemeHTH 3 Homepamu 57...71 Ilepiognunoi cucremu 1. I. MeHpaeneeBa, 110
MaloTh OJTHAKOBY KiJIbKiCTb €JIEKTPOHIB Ha 30BHIillTHi}1 000JI0HIIi aTOMIB i BiIlTOBiTHO
CcXOXi (hi3sMKO -XiMiuHi BmacTuMBOCTi. [0 pigKicHO3eMeJbHUX TaKOX BiJTHOCSTh
OMM3bKI 1O HMX TIepexigHi MeTaauM TpeThboi TIpynmM — XiMiuHi eJleMeHTH 3
MOPSIAKOBMM HOMepoM 39 Tta 21 — iTpiii Ta CKaHIil.

PinkicHO3eMesbHI eieMeHTU [isTh HA ABi miarpynu [10-12]: uepieBy (La, Ce,
Pr, Nd, Sm, Eu ) i iTpieBy (Y, Gd, Tb, Dy, Ho, Er, Tu, Lu).
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@i3muHi BraactuBocTi P3M, a TakoX [aHi IMpPO iX KPUCTATiUYHY CTPYKTYpYy
Brepie Oyau ysarajabHeHi ['miHeiimepom i mgoroBiganucss Ha cummosiymi P3M B
1959 p. y Uukaro.

Camapiit (yrat. Samarium) Sm - aToMHMII HOMep 62, aTomHa Maca 150,36,
atromHuit pagiyc 1,802A, ryctuHa 7,536 r/cm3 Temmnepatypa IuiaBieHHsT 1345K
(1072 £ 5°C), remnepaTypa mnosiMmopgHoro neperBoperHst 1193K9 (1670°C). Camapiit
He CWJIbHO OKMCJTIOETHCS, TIPOTE MA€ AYy>Ke BUCOKMI TUCK MTapu.

l'agominint (nar. Gadolinium) Gd — atromHuMi1 Homep 64, atomHa Maca 157,25,
atomHuit pagiyc 1,802A,ryctuHa 7,886 r/cm® Temmepatypa IuiaBieHHS 1585K
(1312 £15°C), Temneparypa kumiaHsi 3103K, ramosiHiii Ta camapiii MaiOTbh myske
OMM3bKi 3HAUYEHHS pajiyciB aToOMiB, ajie Bigpi3HSIOTbCSI KPUCTATIUYHUMMU
CTPYKTypaMM, 4yepe3 Te, 1[0 rajioliHili Ma€ reKcaroHajabHy CTPYKTYPY TUITY MarHiio.

Llepiit (yrat. Serium) Ce — aToMHMIT HOMep 58, aTomHa Maca 140,12, aToMHMIA
pagiyc 1,71A, ryctuHa 6,789 r/cm3 Temmeparypa ruiaBieHHs 1077K (804 * 5°C),
TeMrmepaTypa Kuminasa 3743K (3470 °C).

ITpiit (nmat. Yttrium) Y — aTromumuii Homep 39, atromHa maca 88,9059, aTomHMit
pamiyc 1,801A, ryctuHa 4,472 r/cm3 remmeparypa miaBaeHHst 1825K (1552t 15°C),
temmepaTypa KumiHasa 2903K (2630°C).

B Vkpaini mopudikoBaHMII 4YaByH BIlepiie OyJ0 OTPMMAHO B iHCTUTYTI
Malll{HO3HABCTBa Ta CiibcbKorocnoaapcbkoi mexaHiku AH YPCP y 1948 poui [13].
[Ticisgs 1uporo B HOCHIAKeHHSI 1IbOTO YaBYHY BK/IIOUMBCS I psifi iHCTUTYTIB
( HHOITmam, IMetI Ta iH). B YKpaiHi Ik ocHOBHMIT MoandikaTop s OTpUMaHHS
MIPOKATHUX BAJKiB 3aCTOCOBYETHCSI UMCTUI MarHiii abo jiraTypu Ha Or0 OCHOBI.
[Ipu 06po6IIi BaJKOBOrO PO3IUIABy MAarHi€M BMHMKAIOTh TPYIHOINi, ITOB'SI3aHi 3
iHTEHCMBHMM BUIIApOM, IO TSTHE 3a COOOK BUKMUAM MeTany, mipoedekTu,
3arasoBaHiCTh IpuMilieHb. TOMy MPOTIroM 6OaraThboX POKiIB BeIyTbCSI POOOTHU i3
3aMiHM MarHio iHmuMu MoaudikaTopamu.

AHani3 ocraHHixX pmocaigkeHb. OCTaHHIM 4acoM, MOPSJ 3 TAKMMM CIIJIaBaMMu,
Ik deporepiit, MimMeTran s TOMIINIIEHHS BJIACTUBOCTEN YaBYHY, Bce Oiblie
3aCTOCYBaHHS 3HAXOAsITb KomIuiekcHi moaudikaTtopu (KM) Ha ocHoBi P3M. Ileit
HaIpPsSIMOK 3HAXOJUTh BCE OiJIbIIIOTO MOMIMPEHHS Y 3B'I3KY i3 BiTHOCHOIO ITIPOCTOTOIO
BuKopuctaHHsd KM mopiBHSIHO 3 00poOKOI0 MeTajieBUM MarHiem. ABTopu [3, 4]

OV €AMHOI OYMKMU, IO [IJISI 3HMKEHHST KOHIIEHTpallil HeMeTaleBMUX BKIIUYEHb Y
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BIOiJIeHOMY Iapi MPOKAaTHMX BaJIKiB HEOOXimHa mpy Moau@iKyBaHHI UYaBYHHOTO
posmiaBy 3aMmiHa mardiio P3M. BrumB moaudikaTopiB Ha Ipoliiecu KpucTasisaii
aBTOPU PO3TJISAAAI0Th, IepeayCiM, 3 MOT/SAAY iXHbOTO BIUIMBY Ha IMOBEiHKY BYTJIEII0
B po3IlIaBi. BpaxoByeTbCs, KpiM TOro, 3MiHa BJIaCTMBOCTEN PO3IUIABY 3a PaxyHOK
IJIMO0KOro PO3KMUC/IEHHS Ta 0b6e3cipueHHs iioro P3M. ITo BimHOIIEHHIO A0 3aji3a BCi
P3M MaloTh HIDKUI TEMIIEPATYPH IUIaBIAEHHS i HUKUMIA TIOBEPXHEBUIT HATST, TOOTO €
ITOBepXHEeBO-aKTUBHUMM ejleMeHTaMM-MoaudikaTopaMu.

OTXe, OMHMM i3 HaMOIIBII JOCTYITHUX METO/IiB ITOKPAIeHHS SIKOCTi YaBYHiB €
MoaudikyBaHHS. BinblnicTh JiTepaTypHMX BimomocTeit momo BIMBy P3M Ha
BJIACTMBOCTiI BMCOKOBYIJIELIEBMX CILJIaBiB 3aji3a 30cepejlikeHa Ha OOCJiIKeHHi
HACTYIIHMX NUTaHb: 1) HelTpamizalii MKiAJIMBUX eleMeHTiB, 2) cdepoimmsairii
rpadiTy Ta YTBOpeHHi 3apoaKiB Ta 3) yTBOpPeHHi KapbOimiB Ta xapakrepi
KpucTaiizanii yaByHy. OgHaK BioMOCTel om0 BIauBY Bcix P3M, y Tomy umciii
caMapiio Ta ragojIiHil0 Ha KpUCTaTi3aliilo OiNX, MOJOBMHYACTUX i CipMX BaJKOBUX
yaByHiB nOyke wMaio. Tak, y pob6orti [14] 6y/s0 BM3HAUEHO, IO €BTEKTUYHE
IIepeTBOpPEeHHS 3 YTBOPEHHSIM IUIAaCTMHYACTOi JiefeOypuTHOI eBTeKTUKM B
IOeBTEKTUYHOMY BaJIKOBOMY YaBYHi IPY JIUTTi Y KOKiJIbHI GOpMM MPOXOANUIO IIPU
MIpMcaaKax rajoiHiio B Mmexax 1,6...3,2%.

Y pob6oti aBTopiB [15] oTpumaHi pe3ynbTaTH [OOCTIIKEHb IOKa3aau
IOLIJIbHICTh  3aCTOCYBaHHS i MoOAMGIKyBaHHS YaBYHY poOOYOro Imiapy
IBOIIAPOBMX TPOKATHUX BalKiB KOMIUJIEKCHOTO MoaudikaTopy Ha OCHOBI
pigKicHO3eMeNbHMX MeTasliB Ta TepMiuHOI OOPOOKM JTUTUX 3arOTOBOK BAaJjKiB, a
TaKOX I1X MO3UTUBHMII BIUIMB Ha (Gi3uKo-MeXaHiuHi Ta Cay>k00Bi BIaCTUBOCTI:
MaTepiaa JoCTigHOro BaiKa (Iic/iss KOMIUIEKCHOT 00p00KM) Y ITOPiBHSIHHI 3 CepiitHUM
Ha BigcTani 10-30 MM Big moBepxHi O0OUKM MaB IiJBUINEHI BJIACTMBOCTI: IPAHUIIS
MIIITHOCTi TpU pO3TITY o, Oysia OisbIol0 Ha 3-7, TpaHMUISl MIITHOCTI MpPU BUTHMHI
ou - Ha 2-3, ymapHa B’SI3KiCTb ax - Ha 4-15, a TepMoCTilikicTb - Ha 27%.

Y pob6orti [16] HaBedeHi pe3yabTaTU MOCTIIKEHHS i YyTOUHEHHS TeXHOJOTii
OTPMMaHHS KOMIUIEKCHMX MOAMQIKaTOPiB  BYyIJETEepPMiUHMM  CIIOCOOOM 3
OKYCKYBAaHHOI CMPOBMHM Ta 3aCTOCYBaHHS iX y BaJblLIeJIMBAPHOMY BMPOOHMIITBI.
[IuM mOCHiIKeHHSIM MepemyBajio HOCTIIKEHHS OCOOIMBOCTE MOAM(iKyIOUOro
BIUIMBY iHOMBigyaJlbHUX piAKiCHO3eMeJbHUX MeTaliB IiepieBoi rpynu (lepito,

JIaHTaHy Ta camMapilo) Ha mapaMeTpy KpUcCTatidallii i CTpyKTypOyTBOPEHHST BaJIKOBUX
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YaBYHIB IIpU Pi3HMUX HIBUIKOCTSX OXOJOOKEHHS, 10 MalTb MicClie y peasibHil
BaJIKOBIi1 (hopMmi. BcTaHOB/IEHO, 110 MiHiMa/IbHa HeoOXimHa KiJbKicTh MoaudikaTopa,
0 J03BOJISIIA OOCATTYM MAaKCMMAaJIbHOTO PiBHSI 3HVKEHHSI TeMIlepaTypy MOYaTKy
eBTEeKTMYHOI KpUCTasisalii 3ajexasna BiJ IBUIAKOCTI OXOJOMKeHHS. [ligBuiieHHSs
IIBUAKOCTi OXOJIOM;KEHHSI IIPU3BOAMIIO OO 3MillleHHS 1Ii€i KiIbKOCTi MoaudikaTopa y
6iK MEHIIMX KOHIIEHTPaLIiii.

Y pob6ori [17] 3a3HaueHoO, 110 Kadeapa AMBapHOTO BUPOOHUIITBA YKPaiHChKOTO
Jlep>KaBHOTO YHIBEPCUTETY HAYKM 1 TEXHOJIOTIN MOHA[, MIiCTAECAT POKIB 3a/iMa€eTbCs
IOCTiIKeHHSIM BIUIMBY MOAM(iKyBaHHS pigKicHO3eMeNbHMMM MeTaJlaMy Ha SIKiCTh
JIUTUX YaBYHHUX BUJIMBKIB. OOHMM 3 BaKJIMBUX MUTaHb MJIsI TeOpii Ta MPaKTUKU
BUMPOOHMIITBA YaBYHy 3 Ky/JSICTUM rpadiToM € OCTiIKEeHHS BIUIMBY BeIUYMHU
MIPMCAIKM Ha mapaMeTpy KpucTatisaliii yaByHy. BusHaueHHS poJii MoaudikaTopa B
npouieci MoaudikyBaHHSI BaJKOBOTO YaBYyHY [O3BOJMUTb CTBOPUTM HAMOiNbII
edexkTMBHI MomudikaTopu i po3poOUTM palliOHATbHY TEXHOJOTII0 OTPMMaHHS
BMCOKOMIITHOTO 4YaBYyHY. I[IpoBefleHO AOC/TiIKeHHSI BIUIMBY BeJIVMUMHM TPUCATKU
TPbOX IHAMBIAYaJIbHUX PiIKICHO3€Me/JIbHMX MeTaJsliB 3 BMiCTOM JOMIIIIOK,%: JTJaHTaHY
(0,39%), uepito (0,41%) Ta itpito (0,24%) Ha mapameTpu KpUCTasi3allii BaJIKOBOTO
YyaByHYy XiMi4HOrO CKjIany,%: Byriaelb 3,29; kpemHiii 1,81; maprasens 0,44; dhocdop
0,07; cipka 0,026; 3amizo pemrta. BcraHoBIeHO TMOMiOHMIE BIUIMBY TOCTiTHUX
pifiKicHO3eMeJIbHMX MeTasliB Ha IlapaMeTpy KpUCTasisallii BaJKOBOTO YaBYHY Ta
KPUTUYHI iX KOHIIeHTpallii, SIKi MpuU3BOAWIM [0 HaMOUIbIIMX 3MiH MapameTpiB
KpuUcTasisaiii Ta yTBOpeHHS KyJaSICTUX TrpadiTHMX BKIIOUeHb B CTPYKTypax
MoaudikoBaHMX uYaByHiB. 3a MoaudiKyBaHHS UYaBYHHOTO PO3IUIaBy 3 MeETOI0
oJlep>KaHHS KyJsIcToro rpadirty iTpiro HeoOXimHO momaBaTu B 1,5-1,6 pasiB meHie,
HiX 1epiro abo JIaHTaHy.

Y pob6orax [18, 19] 6yamu pocdimkeHi mnuTaHHd Mpo BmiMB P3M Ha
KapOimOyTBOPIOBAJIbHY 3MAaTHICTh BaJKOBMX YaBYHIB Ta [OBeIEHO, IO Ile Mae€
BeJIKe TeopeTMUHe i MpaKTMuYHe 3HaueHHs. Y poboTax BUSIBIEHiI 3aKOHOMipHOCTI
BIUIMBY OCHOBHMX P3M B iHTepBasli MIBUAKOCTI OXOJOMXEHHS, 110 MalOTh Miclle y
BAJIKOBili JMBapHiii (Gopmi Ha mporecu CTPYKTYPOYTBOPEHHSI OiiMX BaJKOBUX
YyaByHiB. BcTaHOBIeHO, 10 BIUVIMB JocaimkeHux P3M Ha MiKpOCTPYKTypy
BiIpi3HSIBCA iHTepBajamMy IX 3aJIMIIKOBUX BMICTiB y BaJKOBUX 4aByHax. [Ipu

MIOCTiMiHMX YMOBaXxX IUIaBJE€HHS, OJM3bKMX BUXITHMX i KiHIEBMX BMiCTaxX CipKu B
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MeTasax 6yso ouiHeHO KoedilieHTH 3acBoeHHsS P3M SIK BigHOIIEHHS 3aJUIIKOBOTO
BMicTy P3M... do BBemeHoro P3M, . BusHaueHHs KoedillieHTa 3acBoeHHS P3M
MPOBOOMJIM 33 YyCepeJHEHMM 3aJMUIIKOBMM IX BMICTOM Y HWKHIX YaCTMHAX
JocaimkyBaHux 3paskiB. Jocmigmwim npucagku P3M Big 0,2 mac.% po 2,4 mac.%.
KoediiienTn 3acBoeHHS BCiX mociimkennx P3M mpy mMaanux Ipucagkax y posIuiaB
yaByHY Oysi B miarasoHi Big 10 mo 56,5%.

TakuM 4YMHOM, HasiBHi JOC/TiI’)KeHHS OXOIIIOITh IMUTAHHS, 110 30cepelkeHi Ha
OKpeMMX CKJIaAHMKAX, TOMi SIK Mojaenb moaudikyBanHst P3M moTpebye 1mogaabiioro
IOCJTiIKeHHS Ta y3araJibHEeHHSI.

MeToI0 CTaTTi € BCTAHOBJIEHHSI KapOilOyTBOPIOIYOiI 3AaTHOCTI ABOX Pi3HMX
rpyrt P3M y 6iux BaJIKOBMX YaBYHaxX Ta BCTAHOBUTM BIUIMB XiMiUHUX €JIeMEHTiB
1epieBoi Ta iTpieBoi migrpyn P3M Ha MIiKpOCTPYKTYpPY BaJKOBOTO YaBYHY.
O6rpyuTtyBaTy Bubip P3M 17151 06po6KM 6isiX YaBYHIB.

MeToauka mociaimkeHHs. /I BUKOHAHHS IOCTaB/IeHMX y poOOTi 3aBHaHb
BUKOPUCTOBYBA/IM  CTAaHAAPTHI METOOM  KOHTPOJIIO, amnpoboBaHi  MeToau
OOCTiIKeHHS Ta cydyacHe oOjagHaHHS [JisS OTPMMaHHS YaBYHiIB, IIpOBeIeHHS
ximiuHOro, MetasiorpagiuHoro aHajiizy. MiKpOCKOITiYHe IOC/iI;KeHHSI ITPOBOIMIN
Ha ONTUYHUX MeTaso-Mikpockornax MIM-8M Tta Neophot 21 mpu 36igblIeHHSX
12...1300. IInidi mocmimkyBaiu A0 Ta IcaAsT TpaBjleHHS. SIK OCHOBHMII TpaBHMK
BUKOPUCTOBYBaIU 2% -HUI PO3UMH a30THOI KUCJIOTU B €TUJIOBOMY COUPTI (HIiTaJIb).
KinbKiCTh CTPYKTYPHUX CKJIQAHUKIB BM3HAUQIM TOYKOBUM MeTonoM ['naronesa 'y 20
mossix 30py 3i 36iabiieHHSM 400, 1m0 3a6e3ledyBajio IOCTATHIO AOCTOBIpHICTb.
MikpOoTBepAiCTh CTPYKTYPHUX CKJIAJOBMX YaBYHIB BU3Hauaiu Ha npuiaaai [IMT-3 3a
I'OCT 9450-76 nipu HaBaHTaskeHHi 0,49H Ta 36inbiienHi 487. TouHicTh BUMipIOBaHHS
miaroHami  BimbmuTka craHoBwia 0,07 MkM. BemumumHy — MiKpOTBepmoCTi
po3paxoByBaiu SIK cepegHio 50 BUMipiB. 3acToCyBaHHS HAyKOBO OOI'PYHTOBaHUX
MeTOZiB 00pOOKM eKCIIepUMEeHTAJIbHUX OaHUX IIpU BUKOPUCTAHHI PO3pOo6IeHUX
MeTOAOMK OOpOOKM UaBYHHMX pO3IIIaBiB 3abe3eunsao OTpMMaHHS pesy/bTaTiB i3
IOCUTb BUCOKUM CTyIIeHEM TOUYHOCTI Ta IOCTOBiPHOCTI.

Oco6mmBocTi  00pOOKM UaBYHIB pigKicHO3eMenbHMMM MeTajnamu. s
PO3POOKM ONTUMAJIBHUX pekuMiB mMoaudikyBaHHs Ta TumiB KM Ha ocHoBi P3M
HeoOXiHe 3HAHHS 0COGMIMBOCTEl BIIMBY iHAMBigyasbHUX P3M Ha CTpPYKTypy Ta

BJIACTMBOCTI Ta JaHi MPO iX 3aCBOEHHS 3a Pi3HMX YMOB IJIaBKM Ta 0OpPOOKM YaBYHiB.
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st moaudikyBaHHS YaBYHHMX PO3ILIaBiB BUKOPUCTOBYBAIM iHAMBIAyanbHi P3M i3
BMiCTOM AOMIIIOK %: 1epiin — 0,41, iTpii — 0,24, ragonuniin — 0,29, camapii — 0,46.

OcCKilbKM 10 CKIaJiB KOMILIEKCHMUX MOAMGiKaTOpiB BXOOATb Iepiii, JaHTaH,
iTpiii, a TaKOX rafoJiHili, caMmapii Ta psf IHIIMX JIAHTAHOIMiB, a B JIiTepaTypi, SIK
1OKa3aB aHAJITUYHMIA OIS, MPaKTUYHO BiACyTHI BigOMOCTI Mpo iX BIUIMB Ha
CTPYKTYPy BaJKOBUX YaBYHiB, IPOBeJM [OOCHIIKEHHS BIUIMBY LUX XiMiUHUX
efeMeHTiB. [IJI1 1IbOro OY/JI0 NPOBEIEHO Cepil0 IIABOK Ha YaBYHi ITOCTiiTHOTO
xiMmiuHoro ckiamy, mac.%: C 3,49; Si 0,30; Mn 0,05; P 0,005; S 0,2; Fe - pemra

[Tpu MoCTiftHUX yMOBaX TIaBKM, OJMM3bKUX BUXITHMUX i KiHIIEBUX BMiCTax CipKu
B MeTaji JOIiJIbHO, SIK BCTaHOBJIEHO B poOOTi [4], ouiHIOBaTH 3acBoeHHS P3M
criellia/ibHMM KoedillieHToM. 3acBOEHHS 1Iepil0 Ta camapilo 3MeHIIyBajaocsl 3i
3pOCTaHHSIM BeJMUMHM TIPUCAAKM iX y pO3IUIaB UaByHY, a iTpil0 Ta rajoiiHilo -
36inbiryBasiocs. Haiikpamuii KoedillieHT 3aCBOEHHS B IOC/iIKyBaHOMY J[iarna3oHi
MpUCAAOK y OiIMX yaByHAxX Maju iTpiit i ramosiHii, a Hairipmuii — camapiii, 1o,
MaOyTh, TMOB'SI3aHe 3 BIAMIHHOCTSIMM TeMIlepaTypyu TIUIABJIE€HHS IIMUX XiMiUHMUX
enemeHTiB. KoedimieHT 3acBoeHHs (cepenuiit) P3M 1iepieBoi IMmiarpymnm mpu
MmoaudikyBaHHI 4YaByHiB cTaHOBMB 48,2, a P3M irpieBoi miarpymm mpu
MoaudikyBaHHi yaByHIB — 38,5%. Takum umHOM, 3acBoeHHs P3M iTpieBoi migrpymnmn
oyso Ha 20% meHIM, Hixk P3M 11epieBoi migrpyrm.

MikpocTpyKkTypa BuUXigZHOrOo HemMoAM@iKOBaHOro 4YaBYHY. 3pa3oK 3
HeMoaM(}piKOBAaHOrO YaByHY ITiCJISI KpUCTasli3allii 3i MIBMUAKICTIO OXOJOMKEHHS 5,5
rpaji/c MaB CTPYKTypy HOeBTeKTMUHOoro bY: meHAPUTM aycTeHiTy Oy/IM OTOUeHi
nene6ypuUTHOI eBTEeKTUKOIO CTUIBHMKOBOTO TUITY 3 MikKpoTBepAicTio Hs7512 MIla.
EBTeKTOilHe TlepeTBOPEHHSI ayCTEeHiTy IMPOXOAMJIO 3 YTBOPEHHSIM TPOOCTUTY,
MiKpOTBEpIiCTh SKOTO ckiaagasa 3883 MIla, pigko 3ycTpiyanucsi miISSTHKU
IJIaCTMHYACTOTO TIiepiiTy. [lepeTBOpeHHs JieleOYypUTHOTO ayCTeHITy dacTilie
BimOyBasiocst 3 mogiioMm ¢das, 1leMeHTUT HalllapoBYyBaBCsS Ha eBTEeKTUUHOMY, hepuT
BUIIJISIBCSI OKPEMO.

MikpocTpykTypa u4aByHiB, MoaudikoBaHnux P3M nepieBoi rpymnm.
BigmoBimHO M0 3aBmaHb JaHOI POOOTM AOCIIJIKYBaaM OCOOIMBOCTI CTPYKTYpU
TUIIOBMX BaJIKOBMX UaByHiB, MOAM(IiKOBAaHUX 3pOCTAIOUMMM MpUCATKAMU
inpuBigyanbHux P3M. [ocmimkeHHS MPOBOOMIM Ha JOEBTEKTUYHMX YaBYHax,

BUIIJIaBJIEHMX Ha TMOCTilHii mmxTi. [Tpy MoaudikyBaHHI JOC/TiAKyBaHOTO 6a30BOTO
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YaByHY 3pOCTAlOUMMM KiJIbKOCTSIMM CamMapilo YaByH 3 JOTO 3aJMUIIKOBMM BMiCTOM
0,094% ™maB CTPYKTYpy LOeBTEKTMYHOro bY, y IOpiBHSAHHI 3 BUXIIHUM YaBYHOM
3pociia KiJbKicTh aycTeHiTy mo 40,5% (tabi. 1), a TakoX 3HM3MIACS KiJIbKiCThb
nemebyputy i migBummiaacsa  #oro  MiKpoTBepmicTb. IIpyM  eBTeKTOimHOMY
IIepeTBOPEHHI YTBOPIOBABCSI TPOOCTUT 3 OiIbIIOI0 MiKpoTBepaicTio Hso 3991 MIla.

[Ipy migBuieHHI KOHIEHTpallii enreMmeHTa-moaudikatopa mo 0,198% mpu

KpUCTasi3aii
Tabmuug 1
BB P3M uepieBoi miarpymnm Ha KijbKicTh Kap6igHoi cK/1amoBoi y YaByHi
.. KisbKicTh KapOiTHMX CTPYKTYPHUX
Twumn P3M Cepe;mm CKna,uHI/IKiB,I‘)%) PYERP
BmicTt P3M, % - -
Kapoin Kapbin + negedyput nene6yput
- - - - 76,0
0,094 - - 59,5
0,198 - 43,8 -
Sm 0,423 23,2 - -
0,821 26,6 - -
1,082 25,9 - -
0,113 - - 30,6
0,208 - 31,0 -
Ce 0,392 - 30,4 -
0,651 29,2 - -
0,948 27,5 - -
1,423 26,9 - -

OI/IBIIICTh PigMHM TepeTBOpIOBasacs Ha ayCTeHIT, KiJIbKiCTh SIKOTO Jocsrajia
56,2% (muB. Tabis. 1). Pemita pigyHy, IO 3aJMIIMIACS, 3a3HaBala €BTEKTUUYHOIO
IIepeTBOPEHHS 3 YTBOPEHHSIM TOHKOTO JIeJeOypUTy i MiJITHOK 3 KOHIVIOMEpPaTHOIO
cTpykTyporo. Iliciisi 3aTBepAiHHSI TNpPU OXOJIOMKEHHI Bi, €eBTEeKTUYHOI [0
eBTEKTOITHOI TeMIepaTypy BimOyBasocs BUIiIIEHHS BTOPMHHOTO LIEMEHTUTY, SIKUiA
pic B ayCTeHiTi y BUIISIAI TacTUH. EBTEKTOigHe MepeTBOPEHHS IPOXOAUJIO B
OCHOBHOMY 3 YTBOPEHHSIM TOHKOAM(EpeHIiiioBaHOTO TMepaiTy (TPOOCTUTY).
3HaueHHS MiKpOTBepOCTi KapbimHoi a3y i MapTeHCUTY B YaBYHAaX i3 3aJIUIIKOBUM
BMicToM camapiio 0,198% 6ynu B cepemHboMy Ha 10% Buile MOPiBHSIHO 3 YaBYHOM,
1m0 mictuth 0,094% monmudikaTopa.

[Momanbille MigBUILEHHS KOHIEHTpallii camapito B uyaByHi (mo 0,423%)

MIPU3BOAMIIO OO Pi3KOTO 3MeHIIeHHS KiJIbKOCTi iefe6ypuTy, Maiike BCSI eBTeKTUUHA
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pigvHa 3a3HaBaja po3many 3 YTBOPEHHSIM KOHTIJIOMEpPATHOI CTPYKTYpU, TOOTO
CIIoCTepirasocss po3AiJibHe 3pOCTaHHS [OEHAPUTIB ayCTeHITy Ta LE€MEeHTUTHUX
miactuH. [IpibHi memebypHi KoyoHiI 3ycTpivanucs gyske pigko. ITicis 3aTBepmiHHS
BTOPUHHUI LIEMEHTUT BUAUISIBCI y BUIISIAL iacTMH. KpiMm TOro, mesiki AeHIPUTHI
TJIKM ayCTEeHITY MepeoxXoI0IKyBaauCs A0 TeMIlepaTypy MapTeHCUTHOI obsacTi. IIpu
BMicTax camapiro 0,821% xpuctajisaris JieneOypuTy ITOBHICTIO IpUIyIIyBajacs,
eBTEeKTMUYHEe TEepPeTBOPEHHS IPOXoamao 3 momaiioM ¢as. KiapkicTb MapTeHCUTY Yy
CTPYKTYpi YaByHY 3pOCTasla.

[Tpu moaudikyBaHHiI BUXigTHOTO YaBYHY Liepi€eM OTpuMaHi OJM3bKi pe3yibTaTu
OO0 3MiHM CTPYKTYypM MaTpulli. Y MeXax [OOCTiIKeHMX KOHIleHTpaIlii
(0,113...1,423%) 6ysno orpuMmaHo BY, y MaTpuisix sIKMX KiJIbKiCTb IIEPIIiTy 3pocTaja
Bim 66,4 mo 72,5%. V uaByHi i3 BmicTom wepiro 0,113% mnopiBHSIHO 3 6a30BUM
YaBYHOM 3pOcCJia KiJIbKiCTh ayCTEHITy Ta 3HM3WIACS KiJIbKiCThb Jiemebypury (30,6%), a
TaKOX JOro MiKpoTBepAicTb A0 6992 MIla. I[lpn eBTeKkTOiAHOMY IlepeTBOPEHHI
YTBOPIOBABCS IIEPJIT 3 HMKYOK MiKpoTBepaicTio Hso 3790 MIla. [Ipu migBuineHHi
BMicTy 1epio mo 0,208 i 0,392% mnpm KpucTamizaiii OiNbIICTh pigvHU
IepeTBOPIOBAIACS Ha ayCTeHIT, KUIbKICTh SKoro mocsrana 68,0% (ouB. Tabm.l).
Pemrta pigyvHM, 10 3adMIIniacs, 3a3HaBajla €BTEKTUYHOTO IIepeTBOPEHHST 3
YTBOPEHHSIM TOHKOTO JIefeOypuTy i TiITHOK 3 KOHIJIOMEPATHOIO CTPYKTYPOIO.

EBTeKTOilHe TepeTBOPEeHHS MPOXOAMJIO0 B OCHOBHOMY 3 YTBOpPEHHSIM
TOHKOAM(epeHI1ii10BaHOTO TepJIiTy (TPOOCTUTY) 3 MikpoTBepaicTio 4280 MIla. Crin
3a3HAUMTM, 110 3 KOHIeHTpauisx 0,113...0,392% B nemeOypUTHUX KOJIOHISIX
3ycTpiuaBcs aHopMasibHMI dheput. IIpu BMicTax mepito 0,651 i 0,948% kpucTtamizaiiis
nene6bypuTy B YaBYHi ITOBHICTIO IIPUAYIITYBajaacs, €BTEKTUMUYHE IIepeTBOPEHHS
IpoxoAuio 3 mopisoM ¢as. MikpoTBepAicTh KapOimiB mocsraga MaKCUMaIbHUX
3HaYeHb - 9463 Ta 9571 MIla BigmoBigHO. IIpu eBTeKTOIZHOMY MepeTBOPEHHI
YTBOPIOBABCS TPOOCTUT 3 MiKpOTBepicTio 4373 MIla.

Takum unHOM, a) MaKCMMaJIbHY KiJIbKiCTh KapOifiB (6e3 ypaxyBaHHS KapOifiB y
nenebypiTi CTiIbHMKOBOrO THITy) Oyno oTrpumaHo mpu 0,821% camapiro, 0,948%
1epito; 6) cepenHiit BMmicT P3M miei miarpynu craHosuB 0,885%; B) cepenHiit BMicCT
KapOigHoi ckimamoBoi — 27,1%.

MikpocTpykTypa uaByHiB, moaudikoBanux P3M irpieBoi rpymm. V

TePBUHHINI CTPYKTYPi YaByHY 3 3anuiikoBum BmictoMm 0,020% ragomiHito AeHAPUTU

ISSN-print 1991-7848 149
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

ayCTeHiTy 3aiimanu 34,5%, pemrra 65,5% npumnagana Ha jJeaeOypuT i EMEeHTUT, IO

OyB IPOAYKTOM PO3IiJbHOI KpUCTasisallii eBTeKTMYHMuX (a3 (Tab1.2).

Tabmuis 2
BB P3M iTpieBoi miarpyrnm Ha KiJibKicTh Kap6imHOI CK/IaloBOi Y YaBYH

Tun CepepHiii KinbKicTh Kap6imHOI CTPYKTYPHOI CKIIaIOBOi, %
TM;);L&M(DIK&_ ;1;1]1\?/ Kapoin Kapbim + 1enedoypur nene6ypuT
- - - - 76,0

0,020 - 65,5 -

0,190 13,9 - -
Gd 0,900 17,9 - -

1,446 16,7 - -

0,023 - - 69,5

0,079 - 30,1 -
Y 0,250 - 55,8 -

0,731 54,8 - -

1,423 46,9 - -

IcCHYIOTP KpUTHYHI BMicTM iHOMBigyasbHux P3M, ki 3abe3meumnioThb
MaKCUMaJIbHY KiJIbKiCTh KapbidiB y cTpyKTypi uaByHy. CepefHiii 3aIMUIIKOBUII BMiCT
eJleMeHTiB iTpieBOi MiArpynu B uYaByHi Oyn0 Ha 8% MeHIIe, HiX IepieBoi.
MakcumanbHa KiJbKicTh KapOimiB (6e3 ypaxyBaHHS KapOimiB y Jemedyputi
CTiIbHMUKOBOTO THUIY) Oyna oTrpumana mpu 0,900% ramoninito Ta 0,731% iTpiro.
Cepenniit Bmict P3M wiei migrpynu cranosuB 0,816%. CepenHiii BMicT KapOigHOi
CKJIagoBOi 36,4%, 1110 Ha 34% 6inblile, HiX LiepieBOi MiArpymn.

[Mopanbliile miaABUINEHHS BMICTy iHAMBigyanbHuX P3M cripusiio 3MeHIIIeHHIO
KiJIBKOCTi HaJIMIIKOBMX KapOifiB y CTPYKTypi YaByHiB. Y 4aByHaX i3 3aJUIIKOBUM
BMicTOM TragoiiHilo 0,190; 0,900 i 1,446% 1ipyM eBTEeKTUYHIi KpucTasizaiii
BimOyBaBCsl MOBHMIT ToAin ¢as, i mepBMHHA CTPYKTypa CKjaajasacs 3 OeHAPUTIB
ayCTeHITy Ta LIeMEeHTUTY. BTOpUMHHUII [IeMEHTUT TNpU MOAAbIIOMY OXOJOAKEHHI
MiC/Is 3aTBepAiHHS BUIUISIBCS 3 ayCTeHITY SIK TOHKMX MacTMH. EBTekToimHe
TiepeTBOPEHHS ayCTEeHITYy IIPY MaJIOMy BMICTi TafOJIiHiII0 MPU3BOAMIIO A0 YTBOPEHHS
TOHKOTI'O MEPJIiTy 3 MiKpoTBepaicTio 3883 MIla. 3i 36iablIeHHSIM BMICTy TaJI0JiHiI0 B
YyaByHiI MiKpOTBepIiCTb IEepiTy 3pocTana, Y CTPYKTYpi YTBOpIOBaBCS TPOOCTHUT,

MiKpOTBep/IicTh sIKOTO mocsirana 5120 MITa.
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BB moaudikyBaHHSI iTpieM Oy/l0 aHaAJOTiYHMM BIUIMBY cCaMapilo: BOHO
BUpaXkasocsl B 3MeHIIEeHHi KiJIbKOCTi jee0ypuTy, KpMUcTamis3allisi SKoro MOBHICTIO
npurHiuyBanacst nipu 0,731% iTpito, 36i/ibIIeHHI MiKpOTBEPAOCTi II€MEHTUTY i
MaTpuli (TPOOOCTUTY), B MEPEeTBOPEHHI YaCTUHM ayCTEHITYy B MapTEHCUT, 4acTKa
SIKOTO 3i 301/IbIIIEHHSIM 3a/IMIIIKOBOTO 3MiCTY iTpilo 3pocTaia.

Otxe, nng wmomudikKyBaHHS 0iJIoOr0O YaBYHY iCHYIOTb KPUTUYHI 3MiCTU
inguBimyanpHux P3M, 1o 3abesneuyBaay MaKCMMaIbHY KiJIbKiCTb KapOidiB y iioro
cTpykTypi. Tak, MaKcuMa/ibHa KiJbKiCTh KapOimiB (6e3 ypaxyBaHHS KapOimiB y
nenebypiTi cTinbHUKOBOTO THUIy) Oyna oTpmumana mpu 0,314% camapiio ta 0,900%
ragostiHiio, a Takox mpu 0,731% itpito, 0,651% 1epito (muB. Tab6a.1 i 2). [Tomanbiie
MiABMILEHHS BMICTy iHAuMBiAyasibHUX P3M cIHpusno 3MeHIIeHHI0 KiJIbKOCTI
HaJIMIIKOBYX KapOiIiB y CTPYKTypax YaByHiB.

Sk BUIUIMBaE 3 JAaHMX KiJbKicHOro MetajsorpadiyHoro aHamizy (auB. Tabma. 1
Ta 2), OIpU MOCTiVHIN MBUAKOCTI OXOJOIKEHHS KiJbKICTh Ta TUIl CTPYKTYPHUX
CKJIAQHMKIB YaByHY 3ajieXXaTh Bif, BMUAY Ta 3aJIMIIKOBOTO BMICTY iHAMBIIAYaJIbHOTO
P3M.

BusnaueHHss KapOigoyrBoprwoouoi 3maTtHocti P3M. Meranorpadiunmii
aHani3 moaudikoBaHux iHAMBIgyasbHUMM P3M uaByHIB Ta pO3paxyHOK CepelHiX
BiJHOCHMX BeJIMUMH KiJIbKOCTi KapbOigHOi CKIamoBOi Ha OOMHMUINIO 3aJUIIKOBOIO
Bmicty P3M moxkasanu, 1o 3a KapOigoyTBOPIOBAJILHOKI 3JAaTHICTIO MOC/iIKyBaHi
P3M iTpieBoi rpynuM ManuM B cepeJHbOMY IOKasHUK 845+747=796 (puc.l), a
nocimkyBaHi P3M uepieBoi rpynu — 193 +114 = 154 (puc.2).

TakuMm 4MHOM, B iHTepBaJIi AOCTiIKeHUX KOHIleHTpalliit P3M Ta mBuaKocTei
OXOJIOMI;KeHHS BIUIMB P3M Ha CTPYKTYypHi 3MiHM BajkoBoro BY OyB aHaIOTiyHMM.
MopudikyBanHst 6imoro uaByHy P3M 3abesmeuyBajio 3MiHy TUITY KapOimHOi
eBTeKTUKM Ta JUCIIepCHOCTI nepsiTy. Haiibisibiia 3MiHa CTPYKTYpU MOAMdiKOBaHOTO
BY criocTepirasiacsi Tpu 3adMIIKOBOMY BMicTi camapito 0,423% abo ramoiiiHiio
0,190%, a takox itpito 0,731%, i mepiro 0,651%. IlimBuileHHS OMCIEPCHOCTI Ta
MiKpOTBEP/IOCTi MEePJIiTY, MOSIBA B CTPYKTypaxX MapTEHCUTY Ta IUIACTMHKOBA OymoBa
KapOimHOI eBTeKTMKM TOBMHHI CIPUSTM MiJBUINEHHIO 3HOCOCTIMKOCTI Ta
minHocTi bY.

TakuM UYMHOM, He3BaXkalouy Ha Te, 1110 CepeaHili 3aMUIIKOBUIA BMICT eJIleMeHTIB

iTpieBoi MiArpynu B 4aByHi 6ys10 Ha 8% MeHIIIMM, KapbimoyTBOpOoYa 3MaTHICTD IIi€i
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miarpynu 6yna y 5.2 pa3yu 6i/bIIo0 3a LepieBy miarpyry. 3a3HaueHi iHaMBigyaabHi
oco6mBocTi P3M HeoOxigHO BpaxoByBaTy Ipu BUMOOpPi BUCOKOe(eKTUBHUX CKIIAiB
KM, Tak 3amimenHs dvactuHu 1epito (20...50%) Ha ragmoniHiii B KM mpu
MoaudikyBaHHi, HaNpUKIaI, O6iMX BaJIKOBUX 4YaBYHiB, mae edekt B 1,5...3,7 pasu

Oi/IbILINIA, IO CBiMUMTD PO OCOGIMBY IiHHICTh 10TO SIK CKIagoBoi KM.

Kc
P3Me,

845
800 747
600
400
200
0
1 2

Puc. 1. KapbimoyTBopioioua 3maTHicTb P3M iTpieBoi miarpymm:1 — ragoniHiit ; 2 — iTpiit

Kc

P3M0CT

800

600

400

193
200 114
. - .
1 2

Puc. 2. Kapb6imoyTrBopiotoua 3gaTHicTh P3M 1iepieBoi migrpymnm : 1 - camapiit ;
2 — 1epin

BucHoBKM. BusBiieHi 3aKOHOMIPHOCTI BIUIMBY PiJIKiCHO3e€MeJIbHUX eJIeMEHTIB
1lepi€BOIl MArpynu — caMapito Ta 1epito Ta iTpi€BOi MiATPYIM — rajfoJiiHilo Ta iTpito
TpU HIBUAKOCTI OXOJIOMIKEHHS, II[0 Ma€ Miclle y BaJIKOBiii JMBapHilit Gopmi Ha
MPOLIeCH CTPYKTYPOYTBOPEHHS OiTMX YaBYHIB [/ MPOKAaTHUX BajKiB. BcTaHOB/IEHO,
110 B iHTepBaji AOCaimKeHUX KOHIleHTpaliit P3M BoiuB P3M Ha CTPYyKTYpHi 3MiHM
BasikoBoro bBY 6yB aHamoriunum. MoaudikyBanHsg 6Ginmx yaByHiB P3M

3a6e3I1euyBaJio 3MiHy TUITY KapOigHOi eBTeKTUKM Ta AMCIIEPCHOCTI ITEePJIiTY.
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BcTaHOB/IeHI 3aKOHOMIPHOCTI BIUIMBY pigKiCHO3eMeJIbHUX eJIeMeHTIB OBOX
Migrpyn Ha MpoIeCcH CTPYKTYPOYTBOPEHHSI 6i/iMX YaBYHIB [JiS MPOKATHUX BaJIKiB:
KapbimoyTBopoioya 3maTHicTh P3M iTpieBoi migrpymnu 6yna y 5,2 pas3u OilbIIo0 y
TIOPiBHSIHHI 3 LiepieBo0 miArpyroio. lle maao MOXKIMBICTh OGIPYHTYBATM TUIT OCHOBMU
KOMIUIEKCHOTO  Moaudikatopa [jsi OOCSITHEHHSI HeOOXiIHMX BJIACTUMBOCTEIA

MaTepiasy IpOKaTHMUX BaJIKiB.
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Liudmyla Ivanova, Vadym Selivorstov, Oleksandr Khytko, Oleksandr Bilyi

SYSTEM APPROACH TO DETERMINING THE EFFECT OF RARE-EARTH
METALS ON THE STRUCTURE OF ROLL CAST IRONS

Abstract. The article examines the effect of rare-earth metals on the microstructure of
roll cast irons. An analysis of the current state of roll casting production and the issues
within the selected research direction is presented. For many years, efforts have been
made in roll casting to replace magnesium with alternative modifiers. The analysis of
available studies and publications mainly focuses on individual components, while a
comprehensive model of modification of roll cast irons using rare-earth metals still

requires further investigation and generalization.

The aim of the study is to determine the carbide-forming ability of various rare-earth
metals in white roll cast irons. To achieve this goal, the following task was formulated: to
establish the influence of chemical elements of the cerium and yttrium subgroups of rare-
earth metals on the microstructure of roll cast iron, as well as to substantiate the

selection of rare-earth metals for the treatment of white roll cast irons.

Regularities of the influence of rare-earth elements of the cerium subgroup (samarium
and cerium) and the yttrium subgroup (gadolinium and yttrium) on the structure
formation processes of white cast irons for rolling rolls under cooling rates typical for roll
casting molds have been established. It has been shown that the individual effects of the
studied subgroups of rare-earth metals on the microstructure differ in terms of their

residual content ranges.

154 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui nmpo6iaemu metanyprii”, N2 29 - 2026

Modification of white cast iron with rare-earth metals leads to changes in the type of
carbide eutectic and the dispersion of pearlite. It has been established that the carbide-
forming ability of rare-earth metals of the yttrium subgroup is 5.2 times higher than that
of the cerium subgroup. This made it possible to substantiate the composition of the base

of a complex modifier to achieve the required properties of roll materials.

Keywords: roll cast iron, rare-earth metal, structural constituent, carbide-forming
ability, cast iron modification, cast iron microstructure, structure formation, eutectic

transformations
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MVYJIbTUATEHTHA APXITEKTYPA M’SIKUX CEHCOPIB HA BA3I
I''INBOKOI'O HABUYAHHSA OJIA IIPOAKTHUBHOTI'O YIIPABJITHHSA
EHEPTOE®EKTUBHICTIO PYOBIJTHOBJ/IIOBAJIbHUX ITEYEN

AHomauis. AKmyanvHicme 00CNiOHEHHSI 3YMOBJEHA BUCOKOK eHepP2OEMHICMI0
eupobHuymea epocnniagie ma 0OMeMeHUMU MOMIUBOCMAMU NPSAMO20 MOHIMOPUH2Y
8HYmMpiwHix napamempie 8aHHu pydosioHosnsaivHux heueii (PBII/SAF), wo
YCKNAOHI0E epekmusHe ynpaeaiHH mexHos02iuHuM npouyecom. IIpobrema nonseae y
JOMiHYy8aHHI peakmueHux nioxodie 0o ynpaeninHs, ki He 3abe3neuyoms C80€UACHOZ0
peazysaHHs Ha 3MiHy cmady cucmemu. Memoio pobomu € po3polJieHHs KOoHyenyii
[HMeneKmyaipHol cucmemu ynpaeiiHHs HA OCHOB8I MYNbIMUAZEHMHOI apximekmypu 3
BUKOPUCMAHHAM «M’KUX CEHCOpie». Y 00CnionceHHI 3acmoco8aHo Memoou 21uboKo20
HaeuaHHs, 30Kpema pekypeHmHi HetipoHHi mepexci (LSTM/GRU), ¢i3uko-iHpopmosaHi
HelipoHi mepexci (PINN) ma nidxodu mynvmuazeHmuoi koopduHauii. Y pesynvmami
3anponoHO8aHO CMPYKMypy cucmemu, Wo 6KJUAE CNeyiani3o8aHux azeHmis 3a
Hanpsamamu eHepzoeqekmusHOCMi, MexHOoJI02iuHoi 6e3neKu ma KOHMpPOJH XiMiUHO20
cknady, e3aemodis sKux 3abe3neuyemecsi azeHmom-opkecmpamopom. Ompumadi
pe3yibmamu cgiduams Npo MOXIUBICMb nepexody 00 NPOAKMUBHO20 YNPAGJIiHHS 3
20pU30HMOM NpOoZHO3y8aHHA 1-3 200uHuU, wjo 003680/8€ 3HU3UMU NUMOMI 8umpamu
eslekmpoeHepeii ma nidsuwjumu 6e3nexky (QyHKYioHy8aHHs neui. BcmanoeneHo, wo
iHmeepayis MmynemuazeHmHoz2o hioxody ma 2i6pudHux Hetipomepexcegux modeJieil
3abe3neuye nidsuujeHHs MOUYHOCMI NPOZHO3YBAHHS MaA CMAbiIbHOCMI MeXHO102iUH020
npouecy.

Kntouosi cnoea: eumepzemuuHa onmumidayisi, npedukmueHa aHanimuka, @isuko-
iHhopmosaHe moodentosaHHs, uacosi psdu, yugposuil 08iliHuK, iHmMepnpemosaHicmo

Modeeli, npoMucnosi npoyecu, adanmueHe ynpaeJiiHHs.

ITocraHoBka mpooGsemnu. CyyacHa eeKTpOMETa/ypris mepebyBae Ha eTari
riobanpHOi MdpoBoi TpaHcdopmariii, 3ymMOB/IIeHOI HEOOXiTHICTIO MigBUIEHHS

eHeproeekTUBHOCTI Ta 3HMKEHHSI BYTJelleBOro ciaigy. BupooHuutso gepocriaBis

© Konroposuu [I.P., OBuapyk A.M., JlemuroB M.C., 2026 Copyright for this paper by its authors. Use
permitted under License CC BY 4.0.
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y pynoBigmHoBmOBabHMX Iteyax (PBII) € omHuM i3 Haii6Giabll €HEProMiCTKUX
IIPOLIECiB, e BapTiCThb ejeKTpoeHeprii ctaHoBuTh Bim 40% mo 70% cobGiBapTocCTi
rOTOBOI MPOAYKILii. Y X yMOBax Iepexif BiJ TpaguILiiiHUX MeTOAiB aBTOMaTu3allii
IO iHTeJIeKTyaJIbHUX CUCTEM YIIPaB/IiHHS CTa€ He MPOCTO TEXHOJIOTIYHO MepeBaroio,
a eKOHOMIUYHOI0 HEeOOXigHICTIO.

T'onoBHOIO Tpobsemoro yripaBaiHHg PBIT € mpupoma caMmoro arperarty SIK
«YOpHOI CKpMHBbKM». EKCcTpeMasibHO BucOKi Temnepatypu (mo 2000°C), arpecuBHe
XiMiuHe cepenmoBullle Ta CKJIQIHICTh (izuko-xiMmiuyHMx repeTBOPeHb
YHEMOK/IMB/IIOIOTh YCTAaHOBKY [OATUMKIB MPSIMOTO BMMIipIOBaHHSI TeMmIlepaTypu Ta
CKJIaAy po3IUIaBy Oe3mocepenHbo B 30HI peaxkiii. HasgBui cuctemu ACY TII, gk
MpaBuUIO, CIMPAIOThCS HA HEIpsIMi eJIeKTPUUHI ITapaMeTpyu Ta IO0CBid omepaTopis,
110 MIPU3BOAUTD 10 PeaKTUBHOTO CTUJIIO YIIPaBJIiHHSI — BUIIPABIeHHS BigxuaeHb, SIKi
B>K€ BUHUKIIN.

Bucoka iHepiiitHicTh mpollecy (Big KiTbKOX TOAMH 10 m00M) BMUMArae
BIIPOBA’)KeHHSI MPOAaKTUBHMUX cTparteriii. OCHOBHA MeTa [AHOTO JOCTi’KeHHS
TOJISITA€ Y BiAXO/i BiJi BUKOPUCTAHHS MOOAMHOKMX i30JIbOBAHUX HelipoMepeskeBUX
Mojesieil Ha KOPUCTb MyJbTHMareHTHOi apxitektypu (Multi-Agent System, MAS).
Takuii migxig OO3BOJISIE OEKOMIIO3yBaTM CKIAAHMUI MeTanyprifiHuii Ipolec Ha
(dyHKIIiOHaTbHI 00JIaCTi BiAMOBIiZAa/NbHOCTI, € KOXEH areHT (eHepreTUYHMI,
TepMiuHMIA, TexXHOJOoriuHuii Ta i3uKo-XiMiuHMIt) (QOKYCYyeTbCSI Ha CBOEMY
IOMEHi JaHUX.

LleHTpaJbHUM ejJleMEeHTOM 3alpPONOHOBAHOI apXiTEKTYypU € «M’SIKi ceHCOopu»
(Soft Sensors). Ha BigmMiHy Bifg ¢isuuHMX HATUMKiB, BOHU SIBJISIIOTH COOO0IO0 ITpOrpaMHi
aJITOPUTMHU, SIKi B PeXUMi peaJibHOTO 4acy CUMHTe3yIThb IOTiK gaHux ACY TII Ta
7a60paTOPHMUX aHATI3iB AJIs1 MPeIUKTUBHOIO MOJE/TIOBAHHS KITIOUOBMX MOKA3HMUKIB,
TaKUX SIK TeEMIIepaTypa BUITYCKY Ta CTaH rapHiCcaxy.

[HTerpanisi UMX CEeHCOpiB y MyJbTHMAareHTHe CepeloBHILe ITif, yIpaBaAiHHIM
areHTa-opKecTpaTopa J03BOJISIE CTBOPUTHU CUCTEMY MiATPUMKU MMPUIHSITTS pillleHb,
3[ATHY IependayaTy CTaH BaHHM 3 TOPU3OHTOM Yy 1,5-3 roauHm, 3abe3redyoun
cTabiIbHICTD IJIABKY Ta MiHiMi3allilo eHepreTMUYHMX BTParT.

3arajibHa IBOpiBHEBA apXiTeKTypa po3pob/eHOi MyJIbTMAareHTHOI CUCTEeMH, IO
iHTerpye piBeHb 300py [JaHMX Ta piBeHb iHTe/JIeKTyaJbHOTO  aHaji3y,

rpeacTaBieHa Ha puc. 1.
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PieeHb gamx (Data Layer)

latumku CTpymy Ta Hanpyri I,
Rarimiw cTpy! ; pymm 1, MonoxeHHA enexkTpogie L TemnepatypHi paTdvku T MapameTpy LWIMXTO3aBaNKKu

\D.aeub MAS (Agent Layev‘l/ l l\‘ 1 /]

ArenT TexHonoriunol Arent Wuxty
Beaneku (Regression/RNN)
(CNN/LSTM) KouTpons wenakocTi

Mpornoa neperpisy Ta asapin NPONNasnNeHHs

Mpornoani genstm R Obmexernn Geanekn TexHonori4HWA cTaH

Arent EneproedexkTuaHocTi
(LSTM + PINN)
MporHoa R_sub Ta Ganawc das

PiseHb NpUAHATTS pilLeHL

ArenT-OprecTpaTop
(ApBiTpax pilwens)

v Buxig (Qutput)
v v

HMI OnepaTopa:
Pexomenaauii no nocaaui

CurHanu Tpusoru | MpoTokon eHeproetekTHBHOCTI

PucyHoK - 1. IepapxiuyHa CTpyKTypa MyJIbTUAareHTHOI CucTeMMu yIipaBiaiHHs PBII.

AHaji3 ocTaHHIX FOCTiAKeHb i myO/TiKamii. AHali3 CBiTOBOI IPaKTUKM Ta
CyJyaCHMX HAyKOBMX MyOiKalliii y ramaysi aBTOMaTu3allii pymoBiIHOBIIOBATbHUX
neuveii — SAF - CBiguuTh MpPO IOCTYMOBY €BOJIKOIIIO iHTENEeKTyaJbHUX CUCTEM
VIpaB/IiHHSI Bif, >KOPCTKO [AeTepMiHOBAHMX IIiIXOMiB M0 THYYKUX TiOpUIHUX
Mojesieit, 10 iHTerpywTb JaHi Ta @i3MuyHi 3akKoHOMIipHOCTI mpoiecy. Ha
TOYaTKOBOMY eTari (OpMyBaHHSI iHTe/NIeKTyaJbHOTO YIPaB/IiHHS JOMiHYBaIN
eKCIIepTHi cucTeMy, 30Kpema pimeHHS Tumny FurnStar, sKi 3abesmneuyBanmu
cTabinizalio TEeXHOJNOTIYHMX pekMMiIB Ha OCHOBi (opmarisarii meramypriitHoro
noceimy omepartopiB [1]. HesBaskarouum Ha iX e(eKTMBHICTb y TUIIOBUX YMOBAaX,
K/IIOUOBMM OOMEXeHHSIM TaKMX CUCTeM 3ajuiliasacsl 3ajeXHiCThb Bif, >KOPCTKO
3aJlaHMX MpaBuUJ, 110 iCTOTHO 3HMKYBAJIO iX aJallTUMBHICTh IO 3MiH CKIaAy IIMXTH,
eJIeKTPUYHUX MapaMeTpiB Ta reoMeTpii BAHHM.

IMopmanpimii po3BUTOK OYB MOB’SI3aHMIA i3 BIIPOBAIKEHHSIM METO/iB IJIMO0KOTr0
HaBUYaHHS Ta KOHIEIIii «M’IKX CEHCOPiB», 110 JO3BOJIMJIO IIePeiTH 0 00p0bIeHHS
CKJIQAHUX HEMiHIMHUX 3a/JIeXXHOCTEl Yy TeXHOJOTiYHMX Ipolecax. BuKOpuCTaHHS

IIPOCTOPOBO-YACOBMUX 3TOPTKOBUX Mepek 3abe3reumao ITiABUIIEHHSI TOYHOCTI
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MOHITOPUHIY TEeIUIOBUX IOJiB, TOHAi SIK peKypeHTHi apXiTeKkTypu, 30kpema LSTM,
MIPOIEeMOHCTPYBa/IM BUCOKY e(eKTUBHICTb Y MOJIe/IIOBAHHI YaCOBOi AMHAMIKM CTaHY
dyTepyBaHHS Ta IHIIMX iHepIiiHUMX XapaKTepUCTUK Tpoliecy [2-4]. BomHouac
XapaKTepHOIO Mpo6JeMOoI0 I[bOT0 eTary 3ajauiianacsi HeImpo30picTb Mofeneit, 1o
00MeKyBaJI0 MOSK/IMBICTb iHTepIperallii OTpMMAaHMX pe3yJbTaTiB Ta 3HMKYBAJIO
piBeHb MOBipM 10 cuUCTeMM 3 OOKYy OINEpaliiiHOro ImepcoHany. Y 3B’SI3Ky 3 ILIUM
CydyaCHi [JOCJiI)KeHHS aKIeHTYIThb YyBary Ha PO3BUTKY IHTepHpPeTOBAaHOIO
MalIMHHOTO HaBYaHHS, $IKe€ [O03BOJISIE KiJIBKICHO OI[IHIOBATU BIUIMB OKpPeMMX
TeXHOJIOTIUHMX T[apaMeTpiB Ha pe3yibTaTM IIPOTrHO3YBaHHS Ta 3abe3meuye
OOI'PYHTOBAHICTb MPUIHATUX PillleHb [5].

Ha cyuacHomy etami BigOyBaeTbCsl Ilepexid, OO CTBOPEHHS iHTerpoBaHMX
IMAPOBUX OBIMHMKIB TEXHOJOTiYHMX IIPOLECiB, IO 3a06e3MeuyioThb BiITBOPEHHS
peakKlliifHOI 30HM Ileui y peXumi peasibHOrO vacy Ta (OPMYIOTb OCHOBY IJis
KOMIUIEKCHOTO YIIpaBiiHHS [6]. OcobamMBoro 3HaueHHSI HaOyBae BUKOPUCTAHHS
di3uko-iHpOpMOBaHUX HENPOHHUX Mepex, SKi MOEOHYIOTb eMIipuYHi JaHi 3
dbyHIaMeHTaJIbHMMM 3aKOHAMM TEIJIOMacOOOMiHY, 110 M03BOJISIE YVHUKATU (Pi3UIHO
HEKOPEeKTHMX MPOTHO3iB i MiATPpUMYBaTIU BUCOKY TOUHICTh MOJe/JIOBAaHHS HaBiTh 3a
YMOB OOMesKeHOCTi BUMipioBasibHOI iHdbopMariii [7, 8]. Takuit migxim 3abe3mneuye
TIPUMHIMIIOBO HOBUI piBE€Hb Y3TOMKEHOCTI MK MaTeMaTUMYHOK MOME/UII0 Ta
peaibHMMM MPOLeCaMi B PyJOBiJHOBIIOBAJIbHUX TTevaXx.

[lompu CyTTEBMIT MOporpec, CydaCHi JOCTIIKEHHS XapaKTepU3yHTbCS
(dbparMeHTapHICTIO, OCKi/JIbKM OiJIbIIICTh 3alIPOIIOHOBAHMX pillleHb OpPi€HTOBaHI Ha
BUpillIeHHS OKpeMMX 3aaay i (YHKIIOHYIOTh i30/1bOBAHO, IO MPU3BOAUTDL [0
CylepeuyHOoCTeli Yy peKOMeHAllisIX Ta 3HMKYE eheKTUBHICTb YIpaBaiHHS. Y 1IbOMY
KOHTEKCTi aKTyaJIbHUM € (DOpMYBaHHS iHTErpOBaHUX ITiIXOMiB, 3HaTHMUX 00’ €THATU
pi3Hi THUOM MoOJeneil y Mexax €IMHOI cucTeMu. IlepCrieKTMBHMM HampsIMOM €
BUKOPUCTAHHS MYJbTMAareHTHOI apXiTeKTypH, y sKili OKpeMi areHTU peali3ylTb
byHKIIII creliani3oBaHUX «M’SIKMX CEHCOpiB», a iX B3a€EMOisI KOOPIOMHYETHCS
IIEHTPaJIi30BaHMM areHTOM-OPKEeCTPATOPOM i3 BUKOPUCTAHHSIM METOJIiB ITMOOKOIO
HaBUYaHHS 3 MigKPiIJIeHHSM, IO 3a0e3Ilevye y3TOKEHiCTh pillleHb Ta IiJBUIIYE
aJanTUBHICTb CUCTEMMU OO IMHAMIUHMUX YMOB (PYHKIIiIOHYBaHHS [9].

MeTa gocaigykeHHs1. MeTow0 TOCTiIKeHHSI € OOIPYHTYBAaHHS Ta pO3pO0OJIeHHS

MYJIbTUAreHTHO1 apXiTeKTypu iHTeMeKTya/lbHOI CUCTEMU YIIpaBJIiHHS
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PYIOBiZHOBIIOBAJIbHMMM IT€YaMM Ha OCHOBI «M’SIKMX CEHCOPiB» i MeTO/IiB IJIM60KOro
HaBUYaHHS 1151 3a0e31eueHHSs MPOaKTVMBHOTO MPOTHO3YBAHHS CTaHy TEXHOJIOTIYHOTO
TMpoliecy, MigBUIeHHS eHeproedeKTUBHOCTI Ta 3HVDKeHHS TeXHOJIOTiYHUX PU3UKIB.

MeToposoris gociaigykeHHs. B OCHOBYy 3ampoOIIOHOBAHOTO  pillleHHS
MOKJIaJeHO AelleHTpa/li30BaHy MYJbTUAareHTHY apXiTeKTypy, sika, Ha BigMiHYy Bif
MOHOJIITHUX HepOMepeXeBMUX Mojeseil, 3abe3reuye AeKOMITO3UII0 CKIaJIHOTO
TeXHOJIOTIYHOTO TMpoIecy pyAOBigZHOBIIOBa/JbHOI meui — SAF - Ha okpemi
(GyHKITIOHaTbHI TOMEHM 3 YiTKO BM3HAUEHMMM 00/IaCTSIMM BiIIOBiTaIbHOCTI. Takuii
MiaXig [gO3BOSE€ IMABUINUTHM amalTUBHICTh CUCTEMM [0 HEJIHIMHMX 3MiH
TEXHOJIOTIYHOTO cepemoBuIla Ta 3abe3revye Oi/IbII THYYKe YITPaB/IiHHS IPOIlecamMu
maBku. KoskeH areHT y CTPYKTYpi CUCTeMM peastizye (QYHKIIiI0 iHTeJIeKTyaJbHOIO
«M’SIKOTO CeHCOpa», IO CIelliali3yeTbCsl Ha MOMAEeII0OBaHHI KOHKPETHOro ¢i3MKo-
XiMiYHOTO acMeKkTy Ta 3[ificHI0OE O0OpOoOJIeHHS MOaHuX VY Mekax BJIaCHOTO
iHbopMmalliitHOro mpocTopy.

KoopanuHaiiisi B3aeMOfiil areHTiB 3[OiliICHIOETbCSI ILI€HTPaIi30BaHUMM areHTOM-
OpKeCcTpaTopoM, SIKMii  BMUKOPMUCTOBYE MeTOAM TJIMOOKOrO HaBYaHHSI 3
MiIKPIIJIEHHSIM [IJIST Y3TOMKeHHSI iXHiX pilmeHb Ta (OPMyBaHHS OITMMAaJIbHUX
peKoMeHalliil 1040 KepyBaHHS Mpo1ecoM. Y Mexkax 3allpOIIOHOBAHOI apXiTeKTypu
areHT, OpI€EHTOBaHMUII Ha eHepreTMUYHi XapaKTepPUCTUKU MpPOllecy, BUKOHYE
TPOTHO3YBAHHS [OMHaMiKy/ HaKOMMYEHHS KOPUCHOI eHeprii Ta OI[iHIOBAaHHS
CTabiIbHOCTI eJIeKTPUYHMUX TapaMeTpiB (GYHKI[iIOHYBaHHS TeYi, BMKOPUCTOBYIOUM
peKkypeHTHi HelpoHHi Mepexki Tumy PI-LSTM. Ocob6ausicTio 1ii€i Mojesni €
Mmoaudikaiis QyHKIII BTpaT IIISXOM iHTerpaiiii i3sMuHMx oOMeskeHb, IO MOKe

6yTu opmasizoBaHO Y BUTJISIII:
L=w*MSE(T,,,, <T,,.)+ ¢ (1)

me:  MSE(Tpred, Tuwwe) XapakTepusye cepefHbOKBAAPATUUYHY  MTOMMIIKY
MPOTHO3yBaHHS TemrepaTypu, a O(Evaance) — perynsipuUsaliinnii AOJAHOK, IO
BpaxOBYy€ PiBHSIHHSI eHepreTMYHOro OasiaHCy Ta 3abe3reuye Qi3MuHy y3rosKeHiCTb
pe3yabTaTiB MOAE/FOBaHHSI.

[HIIMIT areHT, IO BiAMNOBiLAa€ 3a TepMiUHMII CTaH CUCTEMM, 3IilICHIOE
MOHITOPMHT (yTepyBaHHSI Ta IMPOTHO3YBAaHHSI PU3MKIB JIOKAJIbHUX IeperpiBiB Ha

OCHOBi aHaji3y TeMIliB 3MiHM TeMnepaTtypu. [T ILbOTO 3aCTOCOBYIOTHCS

ISSN-print 1991-7848 161
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

MIPOCTOPOBO-YaCcOBi 3rOPTKOBI HEVMPOHHI Mepexi, SIKi iHTepIpeTyKTbh PO3MOIia
TeMIIepaTypHUX NATUMKIB K AMHAMIYHY 6araTOBUMMIipHY CTPYKTYPY, IO J03BOJISE
BUSIBJIAITM KPUTUYHI TeIUIOBI aHOMasili Ta 30HM IIOTEHLIIHOTO pPYyMHYBaHHS
dbyTepyBaHHS.

AreHT, OpieHTOBaHMII HA  TEXHOJIOTiYHi  mapamMeTpu, 3abe3ledye
IIPOrHO3YBaHHSI XiMiUHOrO cKaamy depociuiaBy Ta IUIaKy, a TaKOX BU3HAUYEeHHS
ONTMMAJbHOIO MOMEHTY BMITYCKY TIpomyKilii. [js1 peamizaimii mux ¢GyHKIiA
BUKOPUCTOBYIOTbCSI MOZeJi Ha OCHOBI MexaHi3sMy yBaru, sKi JO3BOJISIIOTh
BpaxOBYyBaTM [OBTOTPUBAJI 3a/JIEXKHOCTI y YaCOBUX psAax i BUMIAATM HaMOIIbII
3HaAuyIIi (pakTopy, 30KpeMa 3MiHM Y CKJIafi IIMXTU, 10 BIUIMBAIOTh HA pe3y/abTaTu
IIPOIIeCy i3 YaCOBMM JIaTOM.

Tak, 3ampornoHOBaHa MYyJIbTHMAareHTHa apxiTeKTypa 3abe3Iieuye iHTerpaiiio
criellia/li3oBaHMX MoJeseil aHali3y y MexaxX €AMHOI CUCTeMu, IO IT03BOJISIE
MiABUIIUTY TOYHICTh MPOTHO3YBAaHHS, Y3TOJKEHICTh YIPABIiHCbKMX pillleHb Ta
eekTUBHICTb (YHKIIIOHYBaHHSI PY[OBiJIHOB/IIOBAJIbHUX Ieueii B yMOBaxX BMCOKOI
HEeBM3HAYEHOCTi Ta 06MeXKeHOCTi BMMipIOBa/lIbHOI iHhopMarllii.

Bukinan ocHoBHOro marepiaay. PospobieHa MeTopmosoris 6asyeTbCs Ha
peasnisariii aJarnTUBHOIO YIIPaBJIiHHS TEXHOJIOTIYHUM [IpoLecoM
PYIOBiITHOB/IIOBAJIbHUX Teueil y HecCTallioHapHUX pexXumax (PyHKIiOHYBaHHS, IO
nepenbavyae BpaxyBaHHS NMHAMIUHMX 3MiH ITapaMeTpiB CUCTEMM IIiJi yac ITyCKiB
TMic/IsI TpUBAAMX IMPOCTOIB Ta B YMOBAax aBapiliHMX cUTyalliii. ¥ 1bOMY KOHTEKCTI
areHT-OpKecTpaTop 3abe3mneuye KOOPAMHAIIiI0 B3a€MO/ii iHTe/JIeKTyaJbHMUX areHTiB
Ta (GopMyBaHHS Y3TrO[;KEHUX KepymuuxX BIUIMBIB 3aJIeXKHO Bifj ITOTOYHOTO CTaHY
cuctemu. Moro ¢yHKIiOHYBaHHS nepen6adae BUKOPUCTAHHS JBOX PEXMUMiB
yIIPaBJIiHHS, SIKi BU3HAYAKOTh XapaKTep MPUITHSATTS pillleHb Ta PO3NOA LI IIPiIOPUTETIB
Y CHUCTEMi.

VY peskuMi onTuMisallii 37i/iICHIOEThCS TreHepallis peKoOMeHalliil, ClIpsIMOBaHUX
Ha JOCSITHEHHS IiIbOBMX TEXHOJIOTIYHMX IapaMeTpiB, Hacammepen TeMIlepaTypu
BUIIYCKY, 32 YMOBM MiHiMi3allii MMTOMMX BUTPAT eJeKTPOEHeprii, 10 BignoBizae
Cy4yaCHMM BUMOTaM eHeproe@eKTMBHOCTI MeTalypriiiHux mpoiecis [1]. BogHouac y
pekuMi «HaCTaBHMKAa», SIKMII aKTUBYETHCS Y BUIIAAKY TPUBAJIOrO MPOCTOIO Iieui
nmoHan 24 TOAMHMU, BimOyBaeTbCs 3MillleHHS akKklleHTiB YIIpaBJiHHSI — TpiopuTeT

nepelaeTbCsl areHTy, BiANOBiZaabHOMY 3a Oe3neuHuii pexxuM (QYHKIIOHYBaHHS,
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TOHi SIK areHT-OPKEeCTpaTop OOMEKYe OITMMi3allifiHi BIUIMBM, 3JaTHiI MOPYIIUTU
perjiaMeHTOBaHy AMHAMIiKy pO3irpiBy eyieKTpoiB abo Ipu3BeCcTM OO0 Aerpaparlii
dytepyBanHs. Takuii miaxig mo3BoJisie 3a6e3MeuyuTy BiATOBIIHICTD Kepyouux
pillleHb TeXHOJIOTIYHMM BUMOraM 1 MiHIMi3yBaTM PU3UKM TMOLIKOJKEHHS
o6aJHaHHS.

B3zaemopnis Mmik areHTamMu B Mexkax MAS peasnizyeTbcsi 4epe3 MPOTOKOJ
y3romKkeHHsT Minei. Skmo AreHT EHeproegeKTMBHOCTI IIPOIIOHYE 30iJIbIINTHA
TIOTY>KHICTDb AJIS1 IPUCKOPEHHS TUiaBKu, AreHT-OpKecTpaTop IepeBipsi€ Lieil 3anuT
Ha BIATOBIAHICTh AMHaMiuYHMM JiMiTaMm AreHTa be3rneku (TemmepaTypa KOXyXa Ta
ctaH ¢ytepyBaHHs). TiabKM 3a BiICYTHOCTI ITOPYIIEHb TEXHOJIOTIYHUX OOMeEsKeHb
KoMaHAa mepenaeTbcss Ha HMI onepartopa y BUIVISIAI peKOMeHAallii IIOA0 3MiHU
MOCaAKU eJIeKTPOaY.

[ligroToBKa maHux Ta (opMyBaHHS O3HaK 3[ifiCHIOETHCS i3 3aCTOCYBaHHSIM
MeTOJy KOB3HOI'O BiKHa, 110 J03BOJISIE BPaXOBYBaTU YaCOBY iHEPIIiliHICTh Ipoilecy
Ta 3abe3neuye aganTaililo Mojeiei 40 MOCTYIIOBOTO aApeiidy rmapaMeTpiB CUCTEMN.
BaxkMBOI CKJIQAOBOIO BXiZHOTO IIPOCTOPY € iHTerpajbHa XapaKTepUCTUKA
HaKoIMueHol eHeprii Esum, sika po3paxOBYEThCSI 3 MOMEHTY 3aKPUTTS JIbOTKU Ta
BifloOpaskae CyKyIMHMUI eHepreTMUHMIA BIUIMB Ha BaHHY, y3arajabHIoOuM iHQopmaiiito
IIpo TMomnepegHi pexxumu pobotu 1edi. g MigBUINEHHS iHTepHpeTOBaHOCTI
pesy/ibTaTiB y MeTOHojorito iHTerpoBaHo minxim Explainable AI, 3okpema
BUKOPUCTAHHS 3HaueHb lllemni, 1110 J03BOJISIE KiIbKiCHO OL[iHIOBATM BHECOK OKpeMMX
dakTopiB y ¢dopMyBaHHSI TIPOTHO3Y Ta BUSIBJSTM HalOibIl 3HAUYII MTapaMeTpu
npotiiecy.

3 ypaxyBaHHSIM BMCOKOI IHEpLiiHOCTI Ta HEeJIHIMHOCTI  Mpolecy
PYIOBiTHOB/IEHHSI OIliHIOBaHHSI e(eKTMBHOCTI 3aIllpONOHOBAHOI MYJIbTUMATreHTHOI
CUCTEMU 3[iIICHIOETHCS LIJISIXOM MOPIBHSIJIBHOTO aHAJIi3y 3 pe3yabTaTaMu CydaCHUX
IOCTiI)KeHb Y raqy3i iHTeJIeKTyaJIbHOTO MOZE/II0BAaHHSI TEXHOJIOTIYHUX TMPoI1ieciB [2].
OuiKyeTbCs, 1110 TOUHICTh TPOrHO3YBAHHS TeMIlepaTypu BUITYCKY Ha TOPU30HTI 1,5—
3 TOOMHM XapaKTepu3yBaTUMEThCSI CepPeqHbOI0 aOCOMIOTHOI MOMMIKOI Yy MeKax
12-18°C, 1m0 € TPUIHSATHUM 3 OTJISIAY Ha TEeXHOJIOTiUHi AOIMYCKM Ta OO3BOJISIE
BUKOPUCTOBYBATU CUCTEMY [IJISI OMepaTUBHOI MiATPUMKU TIPUMHSATTS pilieHb. [Tpu
1IbOMY 3HaueHHsI KoedillieHTa aetepminaiiii R*>0,88 cBigunTh Mpo BUCOKUIT piBeHb

y3TOIXKEHOCTi MOJiesTi 3 peaJibHMMU TMIPOIiecamMu, 10 BigO0yBalOThCs Y BaHHI Iedi.
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[TopiBHIHO 3 MOHOJITHMMM HeEMpOMepPeKeBUMMM IMiAX0maMu, MyJIbTUATeHTHA
apxXiTeKTypa [OeMOHCTPY€ IiABUINEHY CTIiAKICTh Y TIepexifHuX pexmmax
(GYHKITIOHYBAHHSI, [0 € KPUTUYHO BKIMBUM JIJISI TPOMMUCIOBMUX YMOB €KCILTyaTallii.
OuikyBaumit edekT ii BIPOBaIKeHHS IIOJATAE y 3HMKEHHI MUTOMMX BUTpaT
eJleKTpoeHeprii Ha 3-5% 3a paxyHOK CKOPOYEHHS 4yacy MeperpiBy po3IlIaBy ITic/Isi
JIOCSITHEHHS TEXHOJIOTIUHOI TOTOBHOCTI, 8 TAKOX Y HiIBUIIIEHH] PiBHS T€XHOJIOTi4YHO1
6esmeku. 30KpeMa, 3aCTOCYBAaHHSI TPEIVKTUBHOTO aHaji3y TEeMIIiB 3pOCTaHHS
TeMIlepaTypu OO3BOJSIE  imeHTMGIKyBaTM  pU3MKM  JIOKJIbHMUX  IIeperpiBiB
dbyTepyBaHHS 10 MOMEHTY CITpAIfIOBaHHS CTAHAAPTHUX 3aXMCHUX MEXaHi3MiB.

BaxknnBOl0 mepeBarol  3alpONIOHOBAHOTO  IMMiAXony €  3abesmneuyeHHS
iHTepIIpeTOBAHOCTI pillleHb, IO OOCSITAa€TbCSl 3aBIOSIKM BUKOPUCTAHHIO METO/IiB
Explainable Al. AHasi3 BHeCKy BXiZTHMX ITapaMeTpiB J0O3BOJISIE BCTAHOBUTHU KIIOUOBY
pOb HAKOMMUEeHOI eHeprii IJIaBKM Ta IIOJIOKeHHS eJIeKTPOiB y (GopMyBaHHI
MIPOTHO3Y, L0 Y3TOMXKYEThCS 3 QyHIAMEHTAJbHUMM IMOJIOKEHHSIMU €JIEeKTpOTepMii
Ta MATBEpMKYy€E Qi3MUHYy OOIPYHTOBAHICTD ITOOYIOBAHNX MOJIEJIEin.

BucHoBkM. Y xoAi HociimkeHHSI Po3po6jeHO Ta HAyKOBO OOIPYHTOBAaHO
MYJIbTUAreHTHY apXiTeKTypy iHTe/JIeKTyaJIbHO1 CUCTEMU yIIpaBJIiHHS
PYIOBiZHOBIIOBAJIBHOIO TIiUYi0, IO 3a0e3reuye MiABUINEHHS e(QeKTUBHOCTI
(GYHKIIIOHYBAaHHSI TEXHOJIOTIiUHOTO IIpOIleCy B YMOBaxX OOMEKEHOCTi IpSIMUX
BUMipIOBaHb i BMCOKOiI HEBM3HAUEHOCTi BUPOOHMYOTO cepemoBuina. OTpuMaHi
pesy/ibTaT NiATBEPAXYIOTh AOLIbHICTb 3aCTOCYBAaHHS MYJIbTMAreHTHOTO MiXOAYy,
SIKUIA TPYHTYETHCS HA JEKOMIMO3UIIil CKIaJHOTO TEXHOJIOTIYHOIO MPOoILiecy Ha OKpeMi
(dyHKIiOHATbHI JOMEHH, 110 MO3BOJISIE peasli3yBaTy clleliali30BaHi «M’SIKi CeHCOpU»
3 MiZBUIIEHOIO CTilKiCTIO 10 3alTyMJIEHOCTi TPOMMCJIOBUX TAaHUX Ta GiJIbIIT BUCOKOIO
TOUHICTIO MO/JIEJIIOBAaHHS TIOPIiBHSIHO 3  MOHOJITHMMM  HelipomepeXeBUMU
CTPYKTYpPaMM.

HayKkoBa HOBM3HA JOC/iIKeHHS II0OJISITA€ Y BUKOPUCTAHHI TiOPUIHOrO Miaxomy
0 HaBYaHHS, IO Ilepeabadae iHTerpaililo ¢i3uKo-iHGOPMOBAaHUX HENPOHHUX
MepexX Yy CTPYKTypy areHra-opkectpartopa. lle 3abe3redye BKIIOUEHHS
dbyHIaMeHTaJbHMUX PiBHSIHb TEIJIOBOTO OayiaHCy Yy IMpoIlec ONTUMi3allii Mozerti, 110,
y CBOIO Uepry, rapaHTye (i3MuHy Y3romKeHiCTb IMPOTHO3iB i MifBUINY€E HaAiliHiCTh

GyHKITIOHYBaHHS CUCTEMM 32 YMOB JebilluTy MPSIMUX BUMipIOBaJbHUX TaHUX.
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BcTaHOB/IEeHO, 110 BOPOBAJKE€HHS MNPEIUKTUBHOI aHANITUKMU 3 TOPU3OHTOM
MIPOrHO3YyBaHHS 1,5—3 roguHu CTBOPIOE TTepeIyMOBM 151 IepeX0Ty Bif, peaKTUMBHOTO
0 TIPOAKTMBHOTO VIPABIiHHS TEXHOJOTIYHMM IIpoIecoM, IO 3abe3reuye
TOTEHIIi/iHe 3HVKEHHS MUTOMMX BUTPAT eJeKTPOeHepril Ta MiABUINEHHS PiBHS
TEXHOJIOTiYHOi 6e3meku. Pearsisallisi cIieliajgisoBaHOTO peXMMY YIIPaBIiHHS,
OPi€EHTOBAHOTO Ha JOTPMMAHHS TEXHOJIOTIUYHMUX PErjaMeHTiB y KpUTUIHUX pPesKuMax

(YHKI[IOHYBaHHS, JO3BOJISIE MiHIMi3yBaTy PU3UKU ITOPYIIEHHS POOOTU €IeKTPO/IiB i
nerpapgariii ¢pyTepyBaHHSI.

BaknmuMBMM ~ pe3ylbTaTOM € TaKOX 3a0e3leuyeHHSI iHTepIpeTOBAaHOCTI
NPUMHATUX pillleHb 3a paxXyHOK BMKOpucTaHHSI MeTomiB Explainable Al, mo
JI03BOJISIE TIOJ0JIATY OOMEKEHHSI, ITOB’I3aHi 3 «<YOPHUM SIIIMKOM» HelipoMepesKeBUX
mopesneii. OTpMMaHi MOSICHIOBAJIbHI XapaKTePUCTUKM CIIPUSIOTh ITiABUILEHHIO
IOBipM omepaTopa [0 iHTe/JIeKTyaJbHOI CUCTeMM YIIpaBJIiHHSI Ta CTBOPKOIOTH

repeayMoOBM IJis 11 eeKTUBHOIO BIIPOBAIKEHHS Y IPOMUCIOBY MPAKTUKY.
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D.R. Kontorovych, A.M. Ovcharuk, M.S. Lednov

MULTI-AGENT ARCHITECTURE OF SOFT SENSORS BASED ON DEEP
LEARNING FOR PROACTIVE ENERGY EFFICIENCY MANAGEMENT OF
SUBMERGED ARC FURNACES

Abstract. The relevance of this study is determined by the high energy intensity of
ferroalloy production and the limited ability to directly monitor internal bath parameters
in submerged arc furnaces (SAF), which significantly complicates effective process
control under conditions of uncertainty and noisy industrial data. Existing automated
control systems are predominantly based on reactive strategies that focus on correcting
already occurred deviations, leading to increased energy consumption and higher
operational risks. Therefore, there is a growing need to implement proactive approaches

capable of predicting system states and generating control actions in advance.

The aim of this study is to develop a concept of an intelligent control system based on a
multi-agent architecture using soft sensors to improve energy efficiency and operational
safety. The research employs deep learning methods, including recurrent neural
networks (LSTM/GRU), physics-informed neural networks (PINN), as well as multi-
agent coordination and decision-making approaches. The proposed system architecture
includes specialized agents focused on energy balance, thermal state monitoring, and
technological process parameters, whose interaction is coordinated by an orchestrator

agent responsible for synthesizing optimal control actions.

The results demonstrate the feasibility of transitioning to proactive control with a
prediction horizon of 1-3 hours, enabling reduction of specific energy consumption and
mitigation of operational risks. In addition, the proposed approach provides improved
robustness to noisy industrial data and enhances the interpretability of model outputs
through the integration of explainable artificial intelligence techniques. It is established
that the combination of a multi-agent approach with hybrid neural network models
improves prediction accuracy, consistency of control decisions, and overall stability and
reliability of the technological process in energy-intensive industrial environments.

Keywords: energy optimization, predictive analytics, physics-informed modeling, time

series, digital twin, model interpretability, industrial processes, adaptive control.
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BIIVIMB TEMIIEPATYPU I'VMOBHUX BIBPOOIIOP HA AMILIITY Y
BEPTUKAJIbHUX KOJIUBAHDb BIBPAIIIFIHOI'O CTOJIY

AHomauis. B cmammi nposodumsca po3enad ma 0ocnioneHHs —8ibpauitiHozo
06n1a0HaHHs 01 8i6poopmyeaHHs: GemMOHHUX 8UPO0OI8 3 BUKOPUCMAHHIM NPYHCHUX
2yMo8uxX 8i0pauitiHux onop. AKmMyaivHicme 0aHoi memu nidomeepoHcyemucsi NOCMItiHUM
BUKOPUCMAHHAM hionpuemcmeamu 0071a0HaHHA nodibHO020 muny npu 6uzomossieHHi
manozabapumuux 6GemoHHUX 8upobis 01 00nMaWMYBAHHST NOKpUmMms 8yauup ma
matioanie. Memotw daHoi po6omu 6yn0 O00CNIOHEHHS 8NIUBY MeMnepamypu 2ymosux
gibpoonop Ha amnaimydy 8epmuKaIbHUX KOJAUueaHs 8ibpayitiHozo cmosy, 0ompuMaHHs
Heo0XiOHOI 8eUUUHU SIKOT MAE BUPIWUANbHUTI BNUB HA AKICMb 8U20MO081EHOI NPOJYKUi.
ITi0 uac Odocnidie BUKOPUCMOBYBANUCL 3A2a/bHi emnipuuHi i meopemuuHi memoodu

docnionceHs.

Ha nouamky npogedeHuti po32/10 pi3HOMAHIMHUX KOHCMPYKYili 2ymo8ux 8ibpauitiHux
onop, wo BuKopucmosyrmscs y 8ibpogopmysanivHomy 0061adHAHHI, 3 OUIHKOWO iX
KOHCMPYKMUBHUX ma  ekchayamauyitinux — ocobausocmeti.  Hadani  30iiicHeHo
eKkcnepumMeHmavHi  00CnioweHHss Ha ditouomy 8ibpayilinomy 007A0HAHHI hO
BU3HAUEHHI) MEeMNEPAMYPHUX PeXUMi8 pobomu 2yMosux 8ibpoonop ma eUMipO8aAHHIO
amnaimyou 8epmuKaibHUX KOJUBAHb poboU020 opz2aHy. Y x00i 00cnioxceHb 8USBJIEHO,
WO Ha nouamky amnimyod KoJau8aHs MAae MiHIMAlbHi 3HAUEHHS, a 0ai 3i 30i/1bUIeHHSIM
memnepamypu 2yma 6mMpavae MOpCcMmMKiCms YHACNIOOK NiOBUUJEHHSI pPYXU8ocmi
MAKpOMOJIEKYNl | 3MEHWEHHsT MOOYJIsl NPYHHOCMI, W0 npu3eooums 00 NOCMYyNno8ozo
nidguujeHHs amnaimyou Koauéams. BukonaHo OJdemanwvHuil amaniz pe3ynvmamis
excnepuMeHmanvHuUx 00C1i0HeHs 3 Memoio OYiHKU 8NJIU8Y 00CNIOHY8aHUX napamempis
Ha egexmusHicmy pobomu o06naoHaHHs. HaeedeHo npakmuuHi pekomeHdayii uj000
excniyamayii ma YOOCKOHANEHHs1 8I0poopmyeansHoz0 00MAOHAHHS 3 2yMOBUMU

NPYXCHUMU 8i6pOONOpamu 3 ypaxy8aHHaM OmpUMaHux pe3yasmamis.

Kntouosi cnoea: gibpocmin, amnaimyoa Koausaws, zymd, 8i6poonopa, *#opcmxicmo,

YUjiibHeHHs, Manozabapumui 6emoHHi 8uUpooOU.

© Kopormu 0.I0. , 2026 Copyright for this paper by its authors. Use permitted under
License CC BY 4.0.
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ITocraHoBKa nmpoosieMu. B Hair yac aj1s1 BibpodopMyBaHHS O€ TOHHUX BUPOOIB
IIMPOKO 3aCTOCOBYETHCSI BiOpalliiiHe obyagHaHHS pisHMX TumiB [1]. BibpauiitHuii
CITOCiO YIIiJIbHEHHSI 6€TOHHMX CyMillleii Ha OOJiagHaHHI MMOAiOHOTO TUITY € HOBOJI
TIOIIMPEHMM 3aBISIKM IIPOCTOTI T BUCOKilt e(heKTUBHOCTI.

HapiiiHicTh i mpOAYKTMBHICTH BiOpalliifHOro 006JiagHAHHS 3HAYHOIO MipOX0
BM3HAUYAIOTHCSI CTAHOM Ta [IOBrOBIUHICTIO JiOro MpyskHUX Biopoorop. Came BOHU
CIIpUIIMAIOTh OCHOBHI IMHAMiuHi HaBaHTaKeHHs, i30/110I0Th QyHIAMEHT i pobouy
30HY Bijg HeOe3meuHoi mii BiOparlii Ta 3ab6e3meuyioTh HEOOXigHiI ITapaMeTpu
KoJMBaHb. TOMY IIiJT Yac IMTpoeKTyBaHHS BiOpalliiiHMX MalIMH BMOOPY Ta KOHCTPYKIIii
BiOpOoOIIOp NPUIISIOTh 0COOAMBY yBary [2,3].

V BibpamiiiHoMy 006IamHAaHHI 3aCTOCOBYIOTHCSI ABAa OCHOBHMX BUIM IPYKHUX
BiOpoomnop: mpykuHHI Ta r'ymMoBi. KoskeH 3 11X BUIiB Ma€ SIK CBOi IlepeBaru, Tak i
HenomiKku [4,5].

AJste BUKOPUCTAHHS B SIKOCTi BiGpalliiiHMX OMOp came I'YMOBMX €JIEMEHTIB Ma€
cBol0 crnenudiKy 3acToCyBaHHS, SIKa TOTpebye pos3mISAy, OOCTiIKeHHS Ta
OOI'pYHTYBaHHSI.

AHaji3z ocraHHIX myoOsiKamiii i mocaimkeHb. Bimomo, 1o Bijg mapameTpiB
KOJIMBAHb PYXOMOi YaCTMHM BiOPOCTONMY 3aJeXKUTh SKICThb YIIIIbHEHHSI OETOHHOI
cymiti [6]. OCHOBHMMM BeJIMYMHAMU, SIKi BIUIMBAIOTh HA Lie, € aMIUIITy1a Ta YaCTOTa
KOJIMBaHb PYXOMOi YacTMHM BibpocTosy. B cBoo uepry, pyxoma 4acTuHa BibOpocTosy
3HAXOAUTHCSI Y CTaHi BUMYIIEHMX KOJAMBAHb, YacTOTa SIKMUX 3aJA€ThCS
BiOp036ymKyBaueM, a aMILIiTyia 3aJIEXKUTh BiJl Macu pyxXxOMOi YaCTUHM 3 CyMIIIIITIO
Ta KOPCTKOCTI MMPY;KHMUX BiOpaLiiiHMX OIIOp.

Kpim TOro, 3miHa >KOpPCTKOCTi BiOpalliifHMX OIIOp BIUIMBAE HA aMIUTTYIy

KOJIMBaHb PYyXOMOi YaCTUHM Bi6pPOCTOY [4], 110 CJTiTy€e 3 PiBHSAHbD:

_ fo
Sl ey 1
\‘|{mo—r02] +4F P

Ie A — aMIUTiTy1a KOJIMBaHb pO6OYOTO OpraHy;
f0=F0/m;

® — IIMKJIiYHA YaCTOTa KOJIMBaHb POGOUOT0O OpraHy;
B=b/2m;
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b — KoedillieHT AVCUTIATUBHOTO B'SI3KOTO OIOPY.

o0 — BJIaCHA YacTOTa KOJIUBAHb CUCTEMU

%= @)
ne k — koediIlieHT 5KOPCTKOCTi IIPY>KHOI OTIOpH;

m - Maca pyXOMMX YaCTUH BiOpaIliifHOro cTosy.

3 piBHsiHb (1) i (2) BUIIMBAaE, 110 TP 3MEHIIeHHI JXOPCTKOCTI k TIpy>KHOI ormopu
IpM HEe3MiHHiii Maci m ii pyXoMMX YacCTMH, BiAIIOBiAHO 3MEHIIYEThCS BJIACHA
YacTOTa KOJMBAHb CUCTEMU @y, A AMIUIITYJa A BUMYIIEHUX KOJIMBAHb PYXOMOI
YaCTMHU BiOpOCTOITY Oy/e 30i/bITyBaTHUCS.

BibparriiiHe oGsagHaHHS MPALIOE Y PisHMX KIIMaTMYHMX yMOBax Ta B pi3Hi
ropu poky. ['yMOBi IpyXHi onopM MaiOTb OYTU CTiKMMM 0 IPUPOITHUX YMOB i B
TOJ >Ke 4yac MaTy MigBUIIEHY MOBTOBIUHICTh Ta 3HOCOCTIiiKicTh. Y poboTax [4,7]
BUKJ/IaJIeHO OCHOBHi MPUHIIMUITY KOHCTPYIOBaHHS BUCOKOe(eKTUBHUX MPYKHUX OIOP
3i 3MEHIIIEHOI MaTepiaJIOEMHICTIO ¥ 30epeskKeHHSIM IIPOCTOTM iXHiX KOHCTPYKILilA.
[IpyskHi eJleMeHTH OMopU MOXKYTb OYTY BUTOTOBJIEHI 3 TEXHIUHOI I'yMM BiATOBigHOI
TBEPAOCTi, ajie HMHI Kpalle BUKOPUCTOBYBAaTM HOBI MOJIMepHi Marepiannu,
HaIlpUKJIa TMojiypeTaH, SKuit MicTuTbh ypeTtaHoBy rpymy -NH-CO-O-. Kucens y
MOJIEKYJISIDHOMY JIaHIII031 HaJa€ mojliMepaM THYYKiCTb, €JJaCTUYHICTh, IM BJIACTUBA
aTMocdepocTiiiKicTb i mMopo3ocTilikicts (o —-60° C) mpu BiAHOCHIi BOJIOTOCTI
o 95%. 3anexkHO BiJl BUXiAHUX PEUYOBUH, SIKi BUKOPMUCTOBYIOTBCS TIPU OTPUMaHHI
Mo/iypeTaHiB, BOHM MOXYTb MaTM Pi3Hi BIACTUBOCTi: OYyTM TBepaAMMM Ta
eaCTUYHUMU.

IloctranoBka 3apgaui. [loBropiuHa ekcIulyaTallisi TMPYy>KHMUX OMNOP 3MEeHIIy€e
BUTPATM HA IXHE OHOBJIEHHS, 3HMKYE TOB’SI3aHi 3 MPOCTOSMM [JIs1 iXHbOI 3aMiHU
BTpaTHU 4Yacy, CIIpUsi€ MiIBUIIEHHIO 6e3MeYHOCTi eKCcITyaTallii BiopaliiiHol MalMHn
B L[iJIOMY.

TemnepaTtypa B BUpPOOHMUYOMY Ilexy (@60 Ha BigKpPUTOMY MaiilaHUMKY) IO
BUTOTOBJIEHHIO O€TOHHMX BUPOOIB B 3aJI€5KHOCTI BiZl IOPM POKY MOKe KOJUBATUCS
Big miHyc 20° C B3umky go maoc 40° C BaiTKy. TakoX NOPUITYCKAETHCS, IO

TeMriepaTypa TyM#, 3 SIKOi BUTOTOBJIEHO Bibpooropy, 6yme BILUIMBaTM Ha
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TEXHOJIOTiUHI TapaMeTpu o6jagHaHHS, HacaMIiepel Ha BeJWUYMHY aMILUIITyau
KOJIMBaHb p0O0OYOTO OpraHy BiGpocCTOITy.
CdopmyaboBaHe 3aBIAHHS AOC/TiIKeHb BUTISIAE HACTYITHUM YUMHOM:

- Ha giodyomy Bi6podopmyBasbHOMY oOO6jagHaHHI (BiOpPOCTia) IOTPiGHO
IIPOBECTM BUMIipIOBAaHHS aMIUIITYIMX BepPTUKAJIbHUX KOJMBaHb POOOUOrO OpraHy
(BibporumTH);

- MEeTOI0 JAaHOI0 JOC/iAKeHHS € BUSBJIEHHS iCHYBaHHS 3a/IeXKHOCTI aMIUTiTyaN
KOJIMBaHb BiJl 3MiHM TeMIepaTypu 'yMOBUX BiOpalliiiHuX o1op;

- TIpeACTaBUTU MPAKTUYHI PEeKOMEeHalliil M0 eKCIUTyaTallil Ta YIOCKOHAJIEHHIO
Bi6podopMyBaIbHOTO 06/IaAHAHHS 3 TYMOBMMM HPYKHUMM BiOpOOIopaMu.

B gKkocti 00’eKTa  AOCITiIKE€Hb OOMPAaeMO TEXHOJIOTiYHMII  ITpollec

BiOpodopMyBaNbHOTO 06T IHAHHS.

BuknazeHHsI OCHOBHOro marepiaaxy. OCHOBHe IpU3HAueHHS MPY>XXHUX
omop - Ile 3MeHIIeHHs TIlepedaui BiOpawiifi Bigm pob6odyoro  opraHy
Bi6podopmyBabHOrO 06aAHaHHS Ha GyHIaMeHT, paMmy abo pobouy raatdopmy.

B 11i7ioMmy BOoHM 320e311euyIoTh HaCTyIIHE:

- 3HIKCHHS BiOpaIiifHOro HaBaHTa)KEHHS Ha BCIO KOHCTPYKIii po6090ro MicIs;

- 3MEHILIEHHS IIyMy Ta AMHAMIYHUX BIUIMBIB HAa poOOYE CEpeOBUIIIE;

- MOXKJIUBICTh POOOTH 00aiHaHHS 06€3 10AaTKOBOrO MaCUBHOTO (PyHIaMEHTY.

[TpyxHi onopu pa3oM 13 Macor BiOPOCTONY YTBOPIOIOTH MPY>KHO-MACOBY CUCTEMY, sKa
BU3HAYa€ aMILTITYAy KOJUBaHb A MpH 3a1aHii yactoTi (1) Ta BIacHy 4yacToTy cucTeMHu @y (2).

I3 BUIIIEHaBEIEHOTO CITiYE, 0 MPY>KHI OMOPH:

- 331a10Thb XOPCTKiCTh CUCTEMMU;

- BIUIMBAIOTh HAa aMILIiTyAdy;

- BU3HAYAIOTh, HACKIJIbKM 0/IM3bKa poO0Ya YaCTOTa A0 Pe30HAHCHOI.
[lizcymoByIOUM, MOXKEMO 3pOOUTM BMCHOBOK, IO TIPYKHI  OIOpHU

BibpodopMyBaIbHOTO 06IaAHAHHS BUKOHYIOTH TaKi QYHKITIi:

1. I3ong1ist Bibpalliii — 3MeHIIIeHHS Tlepeiadi KOJMBaHb HA KOHCTPYKITIO.

2. 3abesneuyeHHs HeOOXiAHMX IlapaMeTpiB KOJIMBaHb — BIUVIMBAKOThb Ha
aMIUTITYy Ta YaCTOTHI BJIACTUBOCTI.

3. JemndyBaHHS — TOIJIMHAHHS YacTMHM eHeprii mig crabimbHOI i
6e3meuyHoi poboTH.

B sxocTi ob6nagHaHHS A1 TIPOBEIEHHST OOCTIIKeHb 00MpaeMo BiOpaLiiiHuii
CTiT [Ojis1 BUTOTOBJEHHS OeTOHHMX BUpo6iB [8] (puc. 1). [HdaHuit TUMN
BiOpodopmMyBaabHOTO 00/IafHAHHS Ma€ IIMPOKe 3aCTOCYBaHHS MJIsI BMPOOHMIITBA

TPOTyapHOi IVINTKY, TOpebprka, 60eTOHHUX IMePeKPUTTIB HEBEJIMKUX PO3MipiB TOIIIO.
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3rifHO 3 TEeXHIYHMMM BMMOraMM A0 BiOpohOpMyBaHHSI 3aj1i300€TOHHMUX
BUPOGiB [9] TexXHOJIOTiUHI MapaMeTpyu po6OUOro Mpolecy MOBUHHI OYTU B HACTYITHUX
MexKax:

- aMIUTiTyga BepTUKaJIbHMUX KoauBaHb — 0,75-1,0 MM (ripu mitouiii MUKIIYHIN
YacTOTi KoMBaHb 314 c!);

- TPUBAJIICTh BiOpOYILIiIbHEHHS — 6J1M3bKO 45 C.

:P.I/IcyHOK - Bi6p;ﬁiﬁinﬁ CTiN

TpuBasicTh mpoiiecy BibpodopmMyBaHHS BU3HAYA€ThCS (POpMOIO 71 rabapuTaMu
BUPOOiIB, HASABHICTIO apMaTypy, TUIIOM  3aCTOCOBYBAaHOrO  OOJaJHAHHS,
iHTeHCUBHICTIO BiOpalliiffHOTO BIIMBY Ha OETOHHY CYMiIll, a TAKOX ii KOPCTKIiCTIO.
OpienToBHO Yac Bi6OpodopMyBaHHS IPUIIMAIOTh TaKMuM, IOO6 BiH BiAIoOBiZaB
TOJBiiHOMY 3HAaU€HHIO MOKAa3HMKA KOPCTKOCTi OTOHHOI CyMillli, TIpu 1[bOMY ¥0T0
YTOUHIOIOTb 3@ pe3yJbTaTaMM eKCIIepMMEeHT/IbHUX IiepeBipok. KoHTpomb
BiAMOBimHOCTI (aKTMUHMX IMapaMeTpiB BiOpailii HOPMaTMBHMM CJIifi BUKOHYBAaTU
MIOTVKHS Y IIECTU—-CEeMM XapaKTepPHMX TOUYKAX Ha ITOBEPXHi poOOUYOro opraHy 3a
YMOBM TTaCIIOPTHOT'O HaBaHTaXKeHHS 00afHaAHHSI.

Bci yotupm BiOpoomopu (amB. puc. 2) [OaHOro BiGpoobGsamHaAHHS
KOHCTPYKTUMBHO BMKOHaHi 3rigHo [10]. Ilpu BuOOpi KOHCTPYKIlii Ta MaTepiary
BiGpoormop 6pasucs 10 yBaru ix 3py4yHicTh Ta eKCIulyaTalliiiHa HaaiitHicTs [11].

YV gKocti Marepianmy BiOpaliifHMX OMmop 0OMpPaEMO TYMOBMII eJeMeHT
(mropuToBuii maHr) — pykas B(I) — 2,5 - 50 — 62 Y o 'OCT 18698-79, 3aBTOBIIKM 6

MM., BucoToio h = 100 mm, giametrpom d = 62 MM.
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MeTol0 HAHOrO [JOCHIIKEHHSI OYyJI0 BUSBUTM 3aJEXKHICTh aMIUTITYou
BEPTUKAJIbHMUX KOJIMBAHb POOOUOro OpraHy BiJi HarpiBaHHSI TyMOBMX BiOpOOIIOp ITif
yac poboTu BiOpalifiHOTO CTOMY.

JIJisT MOCSITHEHHST MOCTaBJIeHOI MeTu OyJiu MpOBeIeHi MOCTiau, Iig Jac SIKuUxX
OQHOYACHO 3MiMiCHIOBAJIOCh BMMIipPIOBAaHHSI aMIUIITYIM KOJMBaHb Ta TemmepaTypu

BibpoorIop.

RIXXARRRRD
h=100

267

<
sz
> . £ %
e D

Pucynoxk 2 - [IpyxHa ornopa

JIj1st BUMipIOBaHb BUKOPMCTOBYBAJIOCh HACTYIIHE 001agHaHHSs (puc. 3):

- mipomerp GM300, sgKkuit BUMIpIOE TeMIlepaTypy B  Meax
Bim — 50 go + 420 oC;

- BibpoMeTp GM63A, 3 MeXXaMu BMMipIOBaHHS TJIST

Biopomnepemimienns 0,001-1,999 mm.
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PucyHOK 3 - BuMiproBajibHe 00J1afHaHHS

[InaH npoBeneHHS BUMipPIOBaHb:

1. ITigroToBKa 0 po60OTH JOCTiIAHOrO Ta BUMipIOBAJbHOTO 00IaJHAHHS.

2. 3aMip TemIiepaTypy r'ymMoBOi Bibpoornopu (mpm6IM3HO TOBMHHA 36iraTucs 3
TEeMIIEpPATYPOIO MOBITPSI B pOOOYOMY ITPUMIIlIeHHi).

3. Ilicis mouyaTKy poboTu BiOpalliifHOrO CTOMYy MPOBOAMMO OOHOYACHE
BUMIipIOBaHHS TEMIIEpPATypH i aMIUIITyau 3 iHTepBaaoM y 20 CeKyH/I.

4. Touka, B sIKiii BUMipIHO€TbCS TTOKa3HUK, ITif 4ac J0C/iay, He 3MiHIOEThCS.

5. TIpoliec BUMipioBaHHSI MPOAOBXKYEMO A0 TUX Tip, MOKM TemIieparypa i
aMIUTITyJ]a He CTabilMi3yI0Th CBOI 3HAUEHHSI.

TemmepaTypa TyMOBUX BiOpoormop — Iie He €AVMHMII i He TOJMOBHMIT (aKTOp,
SKUii BIUIMBA€ Ha BeJUUYMHY aMIUIITyAM BibpokosnBaHb Bi6GpodOpMYBaIbHOTO
obnagHaHHS. BuMiploBajabHa aMIUIITy[la TakKOX 3aJIeKUTh Bif, 6araTbOX UMHHMKIB.
Hacamriepep, BiJl 4aCTOTU KOJMBaHb, BeJIMUMHM 30yPIOIOUOi CMJTM Ta 3aTa/IbHOI Macu
KOJIMBAJIbHOI CcUCTeMU. B HalloMy BUMAAKY MM PO3IJISaanyu (YHKILiI0 3a71eXHOCTi
aMIUTITYyau Bifm Temmepatypu Bibpoorop A = f (Tp) mpU CTaAUX BeIMUMHAX iHIITMX
BIUIMBOBUX UMHHUKIB.

PesyibTaTy BUMipIOBaHb IIpe/icTaB/ieHi B Tabauii 1.
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Tabmuig 1

3MiHa aMIUTiTyIM BepTUKAIbHMUX KOJMBAaHb Ta TeMIlepaTypu TyMOBUX BiOpOOMIOP IIif, yac
pobotu BibpocTory

N¢ Yac, | Temnepartypa, | AMIutiTyna, | N2 Yac, | Temmeparypa, °C AwmrutiTyna,
n/m c, °C MM n/m | c, MM
(xB) (xB)
1 2 4.6 0,66 14 4-20 | 23,1 0,89
2 20 5,3 0,69 15 4-40 | 23,4 0,9
3 40 6,2 0,7 16 5 23,6 0,9
4 1xB | 7,2 0,71 17 5-20 | 23,8 0,9
5 1-20 | 8,0 0,74 18 5-40 | 24,1 0,9
6 1-40 | 10,1 0,78 19 6 24,4 0,91
7 2 12,0 0,82 20 6-20 | 24,5 0,91
8 2-20 | 14,5 0,83 21 6-40 | 24,9 0,91
9 2-40 | 17,2 0,85 22 7 25,1 0,91
10 3 19,1 0,86 23 7-20 | 25,1 0,91
11 3-20 | 20,5 0,87 24 7-40 | 25,1 0,91
12 3-40 | 21,6 0,88 25 8 25,1 0,91
13 4 22,8 0,89

HarngaHo 3MiHa aMIUIITyAM BepTUKAJIbHUX KOJMMBaHb Ta TeMmIlepaTypu

BiOpoOMOp 3 INIMHOM Yacy IpeicTaBjeHa Ha puc. 4 y BUrJsai rpadikis.

1) 2)

AMNAITYRA, MM
TEMNEPATYPA, C

[ 1 2 3 4 5 6 7 8 o 1 2 3 4 s 6 7 8
YAC, XB YAC,XB

PucyHoK 4 - I'padik 3miHu: 1) aMIIiTy iy BepTUKaIbHUX KOMMBaHb; 2) TeMIlepaTypu
Bibpoorop

3 aHani3y mobynoBaHux rpadikiB MoxXeMo 3p0OUTM HACTYITHI BUCHOBKHA.

1. 3 mIMHOM Yacy i TeMriepaTtypa i aMIUTiTya 36ibIIYIOTh CBOi MTOKA3HUKHA.

2. MakcuMmasibHe 30iJbIIIeHHS TeMIlepaTypy BiZOyBa€ThCsI Ha IPOTS3i IBOX
XBWJIMH B TIPOMIXKKY 4acy ITiCJIsl TepIIoi i 40 4eTBepPTO1 XBUIMHINA.

3. MakcumanbHe 30i/bllIeHHSI aMIUTITYOM BiOyBa€TbCsS Ha MPOTS3i OApHi€i

XBUJIMHY B MPOMIXKKY Yacy ITic/isl epIioi i 10 TpeThOi XBUJIMHMU.
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4. TlounHawuM 3 YeTBEPTOI XBUIMHU BEIUYMHU aMIUIITYAU Ta TEMIlepaTypu
MIPaKTMYHO He 3MiHIOIOTb CBOTO 3HAueHHS i HaOyBalOTh CTaJlioi BeJIMUYMHU
HAIIPUKIiHI[I BUMIPIOBJILHOTO Mepioxy.

YV mporeci poboTu BiOpOCTONY TYMOBi e/leMeHTM 3a3Hal0Th KOMOiIHOBaHUX
nedbopmalliii — CTUCKY Ta 3TUHY, 110 BMHMKAIOTh IIiJ Ji€l0 CUJI 30YIKeHHS Bif
BiOp030ymKyBaya. B pe3ynbTaTi ryma IOYMHAE HarpiBaTUCS.

I'yMa BTpavae KOpPCTKiCTh IIPY HarpiBaHHi uepe3 0cOOIMBOCTI ii MOJIeKy/ISIpHOi
CTPYKTypU Ta Gi3uKO-MeXaHiYHUX BJIaCTUBOCTE.

OCHOBHI NPUYMHY LIHOTO SIBUIIA HACTYIIHI.

1. 3pocTaHHS PyXJAMBOCTI MaKpPOMOJIEKYJI.

['yma € monimMepHMM MaTepiajoM, CTPYKTypa SIKOTO CKJIaJa€TbCs 3 AOBTUX
JIAHITIOTiB MaKpoMoJiekyJl. [Ipy miagBuilleHHi TeMIlepaTypu:

- 30iJIBIIYETHCS TEIUIOBUI PyX MOJIEKY/ISIPHUX JIAHITIOTIB;
- TOCIa6II0ITHCS MiXKMOJIEKYJISIPHI 3B’ SI3KI;
- JIaHI[IOTH Jieriie AeopMYIOThCS ITiJi HAaBaHTa)KeHHSIM.
VY pe3ynbTaTi MOAY/Ib MPYKHOCTI T'yMM 3MEHIIYEThCS, a MaTepial CTa€ OisbIi

MOJATIVBUM.

2. 3meH1IeHHs monyJist OHra Ta Mozmysis 3CyBY.

JKopcTKicTh TyMOBMX eJIeMeHTiB 06e3rnmocepeqHbO 3aJeKUTh BiJl MOMIYJIiB
MPY>KHOCTI — mopyss HOHra Ta momyns 3cyBy. [Ipy HarpiBaHHI BeJIMUYMHU LIUX
MOJIyJIiB 3MEHIIYIOTbCSI, TOMY 3a OZHAKOBOiI cuiau aedopmaliis crae OinbInoo0, a
OT)Xe >KOPCTKIiCTb OMOPU Taac.

3. BB TemmnepaTypu Ha B’SI3KOMPYsKHi B1aCTUBOCTI.

I'yma € B’SI3KONPYKHMM MaTepiaJioM, TOOTO ii ITOBemiHKa 3aJIeXKUTh i Bif
HaBaHTa)XeHHS, 1 Bifl TeMmriepaTypu. 3 MiJABUIIEHHSIM TeMIlepaTypu 3pOCTa€ B’si3Ka
ckiagoBa medopmalilii, 0 MIPU3BOAUTD 10 3MeHIIeHHS OIopy AedopMallisim i, K
HACJiIOK, M0 30i/JbIIeHHSI aMIUIITyAu IlepeMillleHb y TYMOBOMY €JIEMEHTi
BiOpoomopu.

Bci mepesniueHi UMHHMKM TPU3BOASATh OO TOro, IO 3i 3pOCTaHHAM
TeMIepaTypu TyMM 3MEHIIYETbCS 11 JKOPCTKICTh, a 3MEHIIeHHS >KOPCTKOCTi
BiOpoomopy 30ilbIllye aMIUIITYyAy KOJAMBaHb pobouoro oprany. IIpu 1mpomy
TTOKPAIIY€EThCsT BiOpoisondliss ¢dyHmamMeHTa, aje IIpM HaAMiIpHOMY HarpiBaHHi

MOJXK/IMBE 3HIVDKEHHS HeCyJoi 3JaTHOCTi caMux BiGpooriop.
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OTske, 3i 30i/bIIEHHSIM TeMIlepaTypu ryMa BTpadae >KOPCTKICTb YHACTiIOK
MiABUILEHHS PYXJIMBOCTI MaKpOMOJIEKYJ 1 3MEHIINeHHS MOy IPYXKHOCTI, IO
XapaKTepHO [JIS1 B’I3KOIPYKHMX ITOJIiIMEPHUX MaTepiaiB.

3MeHIIeHHSI KOPCTKOCTi T'YMOBMX BiOpOOIIOp IPU3BOAUTH IO 30i/lbIIEHHS
aMILTITyIM KOJMBaHb PoO0OYOro opraHy BiGpocTony. IligZBulleHHS TeMmepaTypu
TYMOBMX BiOpPOOIOpP TPMBAE IO TUX ITip, MOKM KiJIbKiCTh TeIlIa, IO YTBOPIOETHCS B
ryMmi, He 3piBHSIETbCSI 3 KUIbKICTIO TerJa, SIka 3a TOM >Ke 4Yac Iiepeigie 3 Hei B
HaBKOJIMIIHE CepelIOBUIIIE.

B3siBiiM [0 yBaru pes3ysibTaTy MPAKTUUYHMUX Ta TEOPETUUYHUX HOCTiIKeHb
TEXHOJIOTIYHOTO Tpoliecy pobOoTH BiOpalliifHOro CTOMYy Ha TYMOBMX BiOpalliliHMX
ormopax, MoxkeMo cdopMyBaTH [esIKi peKoOMeHpallii s TAHOTO  BUAY
BiOpodopMyBaNIbHOTO 06IaIHAHHS.

1. BukopucTtaHHsI TYMOBMX BiOpalifHMX OMOpP € I[IJIKOM MPUITHSITHUM [JIS
BUTOTOBJIEHHSI 0€TOHHMX BUPOOiB Ha BibpodopMyBaibHOMY 06TaHAHHI.

2. TymoBi BibpooIopy [OLIJIBHO BMKOPMCTOBYBATM IPM BUCOKiM YaCTOTi
KoyuBaHb (Oinbine 50 I'tr) i mOpiBHSIHO HEBeIMKIiN aMIUIITYIi KoaMBaHb (10 1,2 Mm).

3. [loliiIbHO KOPUCTYBaTUCS MOAIOHUM BUAOM O6JafHAHHS Y TEIUTy TOPY POKY
abo B MPUMIIIEHHSIX 3 O0OIirpiBOM IIpM TeMrepaTypi HaBKOJMIIHBOTO ITOBIiTpS
Bizm +5°C mo +28°C.

4. YV XOJIOOHY TIOPY pPOKY IIOTPiOHO IIPOBOAMTM IIONEPEeNHill «IIpOrpiB»
o0JiaHaHHS, IJISI TOro 100 TeMIlepaTypa r'yMM IOCSIa HeoOXimHMX 3HAUeHb, MIPU
SIKMX BeJIMUMHA aMIUTITyiu Bi6poriepeMillleHb Oy/ie ONTHMaIbHOIO.

5. CamuM oONTMMaJbHMM 4YacoMm Mjsi pobodoro Iipoliecy Oyne uac, Koju
3HAUeHHSI aMIUTiITYyIM KOJIMBaHb HAOYIyTh HEOOXiTHOI peKOMEHI0BAHOI BeJIMUMHM i
He OyOyTh 3MiHIOBAaTMCh Ha MPOTSI3i Ipoliecy BiopodopmyBaHHs. Ile 3a6e3meunTh
IOCSITHEHHSI OHAKOBOI0 KoedillieHTy YIIiJIbHEHHSI 6€TOHHOI CyMillli, i SIK HaC/TigoK
— OJHAKOBOi MIITHOCTi Y BCiX BUpOOax.

6. s 3arobiraHHs CUJABHOMY HarpiBy TYMOBUX eJIeMeHTiB, M0 MOXe
MIpU3BECTM 10 BTpPATM HECY4doi 3JaTHOCTI Bibpoorop Ta iX iHTEeHCHUBHIIIOMY
pYIiHYBaHHIO, PEKOMEHIYETbCS CTBOPUTU BEHTWISILiViHI OTBOPM B MeTaleBUX
ITIOBEPXHSIX, SIKi 130/II0I0Th BHYTPIllIHi/i IpOCTip BiOpooIOpM Bif 30BHIIIHHOTO
cepemoBumia. I[IpM 1bOMy OTBOpM He TIOBMHHI OC/ab/MoBaTM  MillHICThb

KOHCTPYKIIii BibpocToty.
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BucHOBOK. Y X0fi eKcrepMMeHTaJbHOTO MOCTiIKeHHsI BiopodhopMyBaIbHOTO
obnagHaHHSA 3 NPYKHMMM TyMOBMMM Bibpoomopamu Ta ioro aHamizy O0y/o
OTPMMaHO HAaYKOBO OOI'PYHTOBAHi pe3y/ibTaTH, SIKi MalOTh MPAKTUYHY IiHHICTb IJIs1
ITOJAJIbIIOr0 PO3BUTKY BiOpalliifHOi TEeXHiKM Ta BIOCKOHAJIEHHS TEXHOJOTiUYHMX
IIPOLIECiB Y BUPOOHMIITBI OYIiBeIbHMX MaTepiajiB i KOHCTPYKIIiii.

YiTke [JOTpMMAHHSI TEeXHOJIOrii BMPOOHMIITBA OETOHHMX BUPOOIB Mae€
6e3mocepeHili BIVIMB Ha SIKICTh BUTOTOBJIEHOI MpoayKiiii. Hacammnepen morpebye
KOHTPOJIIO TaKUii TEXHOJIOTiYHMIA ITapaMeTp, SIK aMIUTiTy/1a BiOpOKOIMBaHb.

Ha pgitouomy Bi6podopmyBasbHOMY o00jagHaHHI OyB IIPOBEIEHMII BUMIp
aMIUTITyAM BepPTUKAJbHMUX KOJMBAHb BiOpOIINTM Ta TemIlepaTypu TyMOBUX
eJleMeHTiB BiOpoomnop. BusiBjeHa 3ajeXHICTh IIpeacTaBjieHa y Bumi rpadikis, 3
aHaTi3y SKUX CJIigye, MO0 TeMIlepaTypa TYMOBUX BiGpOOIOp BIUIMBA€ HAa BEIMUMHY
HeOoOXiTHOI aMIUTITyIM BEPTUKAIbHMUX KOJMBAHb, @ OTKE HAa ONMTUMAJIbHUI PEKUM
poboTu obnamHaHHS. 3 MPUBOAY LIBOTO PO3pOOJIEHi MPAKTUYHI peKoMeHmaIliii 1o
eKCIUTyaTallii Ta yIOCKOHaJIEHHIO BiOpogopMyBajbHOIO 0OJIagHAHHS 3 T'YMOBMMMU

MIPY>KHMMM BiOpOOIopamu.
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UDC 624.04
Y. Y. Korotych

INFLUENCE OF RUBBER VIBRATION MOUNT TEMPERATURE ON VIBRATING
TABLE VERTICAL VIBRATION AMPLITUDE

Abstract. The article examines and studies vibration equipment used for vibroforming
concrete products with the application of elastic rubber vibration mounts. The relevance
of this topic is confirmed by the widespread use of such equipment by industrial
enterprises in the production of small-sized concrete products for paving streets and
public areas.

The aim of this work was to investigate the effect of the temperature of rubber vibration
mounts on the amplitude of vertical oscillations of a vibrating table, maintaining the
required value of which has a decisive impact on the quality of the manufactured
products. General empirical and theoretical research methods were employed in the
study.

Initially, various designs of rubber vibration mounts used in vibroforming equipment
were analyzed, with an assessment of their structural and operational features.
Subsequently, experimental studies were carried out on operating vibration equipment to
determine the temperature regimes of rubber vibration mounts and to measure the
amplitude of vertical oscillations of the working element.

The research revealed that at the initial stage the oscillation amplitude has minimal
values; however, as the temperature increases, rubber loses stiffness due to increased
mobility of macromolecules and a decrease in the modulus of elasticity, which leads to a
gradual increase in amplitude. A detailed analysis of the experimental results was
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conducted to evaluate the influence of the studied parameters on the efficiency of the
equipment operation.

Practical recommendations for the operation and improvement of vibroforming
equipment with elastic rubber vibration mounts are provided, taking into account the
obtained results.

Keywords: vibrating table, vibration amplitude, rubber, vibration mount, stiffness,

compaction, small-sized concrete products.
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3ACTOCYBAHHSA KOMIT'IOTEPHUX CUCTEM VYIIPABJIIHHS V ITIPOLECI
JINTTSA AJIIOMIHIEBUX CIIJIABIB IIIJJ THCKOM HA
MOJEPHI3ZOBAHOMY OBJIAJHAHHI

AHomauis. Y cmammi 8uc8imieHo pe3y/ibmamu 8npoeaoHeHHss KoMn’ iomepu3o8aHoi
cucmemu KepyeamHsi Npouyecom JUmms anlOMIHIEBUX Chasié hnid mMuckomM Ha
MOOepHi308aHOMY BUPOOHUUOMY 0071a0HaHHl. ONUCaHo npakmuuHy peanizayiio
KepysaHHs nodauer po3niasy, MuckOM YWiNbHEHHS Mda O0XO0JI00M(EHHIM (opMu 8
pexcumi peanvHo20 uAacy 3 Ypaxy8auHIM memnepamypHoO-weudKicCHUX napamempis
KOMHO020 YUKIY. 3ae0aKu aneopummam adanmueHo20 pezyio8aHHs 80anocs
cKOpomumu mpueanicms mexHo02iuH020 yukay Ha 10 %, 3HU3uUmu eHepzogumpamu, a
MAaKoX 3MeHWUumu 4acmky oegekmHux 8upobie i3 nopucmicmio ma mpiwjuHamu.
BcmauoeneHo, wjo0 8UKOPUCMAHHS KOMN’'IOMEPHO20 MOHIMOopuHzy 00360J1€ MOUHiule
8UABJIAMU KPUMUYHi 30HU 8 npec-hopmi, de 8idbysaromucs hepezpisu abo HeAOCMAamHe
3anosHeHHs. HasedeHo mexHiuHi xapakmepucmuku MOOepHi308aHoi JiHii ma
NOpiBHAHHA 3 mMpaduyilinor cxemor KepyeaHHs. IlokasaHo, WO 6Nnpo8aodiHeHHs
KoMN’tomepHoi niompumku npuiiHamms piweHs chpusie cmabinizauii napamempis
JUmMms npu 3MiHHUX ymosax pobomu, 30kpema npu nepexoodi Ha HOB8I MAapKu chasie
abo 3MiHI KoHpizypauii eupobis.

Knrouosi cnosa: numms nio muckom, anrOMiHiesi cniasu, KOMn’iomepHe KepysaHHsl,

adanmusHa cucmema, degpekmu, MooepHizauisi, N(POOYKMUBHICMb.

ITocraHOBKa MpooIeMu

[Tig yac TUTTS aJIOMiHi€BMX CIJIABIB ITiJl TMCKOM YaCTO BMHUKAIOTh TPYAHOII 3
MiATPUMaHHSIM CTa0iTbHMX MapaMeTpiB IMPoIecy — TUCKY, TeMIIEPATypH, HIBUAKOCTI
mojauvi mMetajy — Imo Oe3rocepegHbO BIUIMBAE HA SKiCTb BWIMBKIB. 3acTrapimi
CUCTeMM KepyBaHHSI He 3aBXKIM 30aTHI OmepaTMBHO pearyBaTuM Ha 3MiHU B
TEXHOJIOTIYHOMY CepedoBUIIi, IO MPU3BOAUTh N0 MOSBU AedeKTiB, HeCTabiIbHOI
MiKpOCTPYKTYpu Ta mnepeBuTpaTu eHeprii [1; 2]. CydacHi KOMIT'IOTepu30BaHi

maT@opmu, SIKi MOENHYIOTh (YHKII Bi3yaJIbHOTO MOHITOPUHTY, HpPeIuKTUBHOI

© Kpeiinep K.O., Kosimkypt €.M., 2026 Copyright for this paper by its authors. Use permitted under
License CC BY 4.0.
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JiarHOCTUMKM Ta aBTOMAaTUYHOTO PeryJjl0BaHHS, BXe OEeMOHCTPYIOTb IO3UTUBHUIA
edekT y yacTuHi onTuUMmisallii BUpOOHMUYMX LMKIIB [3; 4]. [IpoTe y BIpoBaaskeHHi
TaKMX CMCTEeM iCHye HM3Ka 6ap’€epiB: TPYAHOIII iHTerpailii 3 HassBHUM 00/1aJHAHHSIM,
HecyMiCcHicTh ¢dopMaTiB HaHMX BiA Pi3HUMX TUIIIB CEHCOPiB, a TakoX Opak
KBaTihikoBaHMX KaapiB, 3JaTHMX OOCIYyroBYyBaTM HOBi KomIuiekcu [5]. Vce e
3YMOBJIIOE aKTYaJbHICTh TOC/iIKEHHS, CIIPSIMOBAHOTO Ha PO3pPOOKY aJamnTOBaHOI
CUCTEMM KOMIT'IOTEPHOTO KepyBaHHS AJIs1 TIPOLeCY JIUTTS IiJl TUCKOM, sIKa BPaxXxOBY€
0CO6JIMBOCTI MOJIEpPHi30BaHUX TeXHIYHMX BY3JIiB i AMHAMIKY MTPOIECY B LILJIOMY.

OcTaHHi pOKM TO3HAUEeHi CTifiKOI0 TeHAEeHIli€l0 mo UudpoBisalii IporeciB
JIUTTS QJIOMiHI€EBMX CIUIABIB IIi, TUCKOM, IO BUSB/SIETbCS Yy BIIPOBAJI’KEHHI
KOMIT'IOTEPU30BAHUX CUCTEM aAANTUBHOTO KepyBaHHS, SIKi pearylTh Ha 3MiHY
cTaHy 00'eKTa B peXXMMi peasbHOTO yacy. Y myoiiikailisx [3; 4; 6] HaroJouryeTbes, o
SIKICTb JINTUX BUPOOIB TiCHO TOB’SI3aHAa 3 TOYHICTIO KOHTPOIO (a3 3allOBHEHHS,
IiIITPeCOBKM Ta KpUCTaTi3allii, sIki MoTpeOyIOTh iHTerpalii ceHcopuku, nmdpoBoro
MOHITOPUHTY Ta CUCTeM MepeAdauyBaHoro aHamnizy. Po6otu [1; 5; 7] BeMOHCTPYIOTb,
0 TIO€JHAHHS AAUTUBHUX TEXHOJIOTIM i3 JUTTSAM [Oa€ 3MOry BUTOTOBJISITU
TOHKOCTiHHI a00 ITOPOKHMUCTI €JIeMEHTH 3 MiHiMaJIbHMM YMCIOM Jie(eKTiB.

3 ornsimy Ha (isuuHy crnenyudiky Mpolecy, OAHI€I 3 KIIUOBUX 3MiHHUX
3aJIMIIAETHCST MIBUAKICTD IOJadvi po3IUIaBy, SKa MOBMHHA OyTM AOCTATHHOIO IJIsI

TIOBHOIO 3alOBHEHHSI (OPMM [0 IOYATKy TBepAHEHHs. Ii BM3HA4yalTh, 30KpeMa,

v = J@ (2);

Ile V — MBUAKICTb MOTOKY, Pi — Tuck ynopckyBaHHs, PO — atmochepHuii TUCK, p —

yepes piBHSIHHS (1):

ryctuHa Mmerany. Lleit Bupa3 [2; 8] 3aCTOCOBYETHCS B CUCTeMaX aBTOMaTUUYHOTO
KOHTPOJIIO, Jie TapaMeTpy OlepaTMBHO KOPUTYIOThCSI HA OCHOBI 3BOPOTHOTO 3B’SI13KY.
V 3araJibHOMY BUIJISIZIi CTPYKTYpa KePOBAHOT'O TEXHOJIOTIUHOTO MPOLeCy JIUTTS

MO3Ke OYTM IpeAcTaBieHa y BUIJISIAL GyHKIiIOHATbHOI Moperi (2):
Q= f(x1,...,xnul,...,um;al,..., ak) (2);

e Q — y3araJibHeHMI MOKa3HMK SIKOCTiI BUJIMBKA; Xi — iHepIiliHi (ITOBUIbHO3MIiHHI)
nmapaMeTpu Ipoliecy, HaIlpUKIa[, TeMIepaTypa MeTaly, XiMiuHuit ckian abo

napaMmeTpu ¢opMu; Uj — MajoiHepIiiiHi (IIBUAKOMiIOUi) MmapameTpu, 0 MOXYTb

182 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui nmpo6iaemu metanyprii”, N2 29 - 2026

OIlepaTUBHO  PEryaloBaTUCSI: TUCK, IMIBUAKICTb YIIOPCKYBAaHHS, TPUBAJICTh
mignpecoBki; ok — koedilieHTH Momesi, siKi BimoOpaskaroTh 3B’SI3KM MiXK 3MiHHUMUA.
[TomibHa MomeNb MO3BOJISIE HE IIPOCTO CIIOCTEpiraTu, a i aKTMBHO BIUIMBATM Ha
mepebir mporiecy, KepylouuM HMM BiAMOBiZHO A0 3aJaHOi MeTM — MiHimisarlii
nedekTiB ab0 eHeprocrnokMBaHHS, 110 MiATBePIKY€EThCS pe3yabTaTamu [6; 9; 10].

YV BUpOOHMYil ITPaKTUIli, BKe CTBOPEHO i BIIPOBAKEHO LI 1exu, me MmoaioHi
CUCTeMM [il0Tb SIK HeBiJ'€eMHa uYacTMHaA LMUPPOBOro BUpPOOHMIITBA. CucTema
KOMIT'IOTEpHOTO KepyBaHHS TaM He juiie ¢ikcye mporec, a i ¢opmye 1udpoBy
«TiHb» — JMHAMIiUHy MOMeb, IO BimoOpaskae peajabHMIT CcTaH IMpec-GhopMH,
TeMIepaTypPHi IM0JISI Ta KPUTUYHI TOYKM 3alIOBHEHHS [7].

He3Baskarouu Ha JOCATHEHHS, JOCi iCHYIOTb 00'€KTUBHi TPYAHOII: CKIagHICTh
iHTerpailii HOBUX CEHCOpiB 3 HAsIBHMMM KOHTpOJIepaMi, HEOTHOPigHICTh popMaTiB
JaHUX Ta BMCOKA 3aJIeKHICTh e(deKTMBHOCTI CUCTeM Bifi piBHS KBasidikairii
00cayroByro4oro mnepcoHany. Lli 6ap’epy BuMaraioTh He JMIIe TEXHIUYHMX, a
opraHisaliiHux pillleHb, 10 /i BM3HAUYA€ AKTYaJIbHICTh IMOAAMBIIMUX AOCTIIKEHDb Y
cdepi amanTMBHOrO KePYBaHHS JIMTTSIM Ha MOIEepPHi30BaHOMY 00JIaJHAHHI.

MeTo [OCTiIKeHHSI € OOIPYHTYBaHHSI HOLJIBHOCTI BIIPOBAJ’KEHHS
aJariTUBHOI  KOMIT'IOTEPM30BAaHOI  CUCTEMM KepyBaHHSI MPOLIECOM  JIUTTS
aJIOMiHi€EBMX CIUIAaBiB 1T THCKOM Ha MOJEpHi30BaHOMY oOjagHaHHi. Y
dokyci — aHamni3 BIUVIMBY LM@MPOBOTO MOHITOPUHIY TeMIlepaTypHO-IAMHAMIUHUX
rapaMeTpiB, ONITMMIi3allisl pesKMMiB YIIOPCKYBaHHS Ta OXOJIO/)KeHHS, a TAKOX OIliHKa
MOSKIMBOCTEV 3HMKEHHSI eHEPrOBUTPAT i UaCTKM OpaKy 3a paXyHOK aBTOMAaTUYHOTO
peryJiloBaHHS MMPOIeCy B peaibHOMY Yaci.

BukiageHHsI OCHOBHOTO MaTepiaay JOC/TigKeHHS

YV paMKax AOCJiJIKeHHs 6yJI0 ITPOBeIeHO Cepilo eKCIIepUMMEHTIB Ha OHOBJIEHi
JMMBApHili  JiHil, OCHAaIIeHili KOMII'IOTEPU30BAHOK CUCTEMOIO KepyBaHHS,
crieliaJibHO aJaIlITOBAHOIO JI/ISI BUCOKOIIBUIKICHOTO JUTTS aJlOMiHi€BUX CILJIABiB ITiI
TuckoM. CucrtemMa Majia ABOpPiBHEBY CTPYKTYpy: Ha BepXHbOMY piBHi IpallloBaB
oIepaTOpChbKUil iHTepdeiic 3 Bisyasizallielo MmapamMeTpiB i MOJIMBICTIO PYyYHOTO
HaJallITyBaHHS, @ HA HWXKHbOMY — ITPOrpaMOBaHMIi JIOTiUHMI KOHTpoJiep Simatic S7-
1200, sikuit 36MpaB CUTHAIM 3 TATUMKIB TUCKY, TEMIIEPATyPY Ta ITOJOKEHHS IOPIIHS
3 vactoTolo 10 wmimicekynn. Ilig dyac BuUIIpOOYBaHb pPeEECTPYBAIMCh KIIIOUOBI

IVMHAMiYHi MOKa3HUKM — 30KpeMa, MBUAKICTb PyXy MOpuHS (0 7 M/C), TUCK
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yIIiJIbHeHHS, TeMmepaTypa dopMu Ta TeMIilepaTypHUii nepernan y diHanbHil dasi
KpucTastisailii. Sk cBimunTh aHami3 OTpUMaHMX y peasibHOMY uaci rpadikis (puc. 1),
e(eKkTMBHICTh JAUTTS 3HAUHOIO MipOI0 3ajieskajia Bil, TOYHOIrO Y3rofskeHHs da3s:
TEePeKpUTTS JUTHUKOBOTO KaHalTy, 3aBeplleHHs 3alOBHEHHS Ta IIiAIIPeCcOBKN.
3aBasiKM AMHAMIYHOMY peryal0BaHHIO TUCKY — HA OCHOBI CUTHaJIiB 3 TEPMOIATUMKIB
i ceHCOpiB 3ycH/UIS — BOAJIOCS VHUKHYTY TilpoyaapiB, 3MEHIIUTY 00’€M 3aJIMIIKIB Y
KaMepi Ta [IOCIITM CcTabibHOro (OpMOYTBOpPEHHSI BWIMBKiB. Ha pucyHky 1
TIpeICTaB/IeHO TUITOBUIA LUK IUTTS 3 iKcalliero TeMrepaTypu Ta TUCKY IIPU Pi3HUX

IIBUMAOKOCTAX PYXY IOPIIHA.

600

500 —

400
g
5 300 aTeMIepaTypa Opec—
p dopmm (°C)
0 200 THUCK YI1JLHESHHA

(MIIa)
100 -7/
0 T T T T T 1

o,2 0,25 0,3 0,35 0,4 0,45

Ieupgxicre nopumrs (M/c)

Pucynok 1 - JInuHamika TemrepaTypu npec-GopMu Ta TUCKY YIILiIbHEHHS IIPU Pi3Hil
LIBUAKOCTI OAAYi MOPUIHS

Sk BUAHO 3 pUCYHKY 1, 3i 36isbIeHHsIM mBUAKOCTI moHam 0,35 m/c 3pocTae
TeIUIoBiggauya y 30HI KOHTakTy 3 TIipec-opmorto. lle cmopusie cTabiibHilIoMy
dbopMyBaHHIO CTPYKTYpPU MeTaly Ta 3HMKYE MMOBIpHICTb mopucTtocTi. Y Tabmuii 1
HaBeJeHO TOpPIBHSJbHI JaHi MIOAO0 TPUBAJOCTI [UKIY JUTTS, HOUTOMUX
€HeproBUTpaT Ta 4YacTKM Opaky mjsI TpPbOX BapiaHTiB: CTaHAApPTHA CHUCTeMa
KepyBaHHSI,  MOJIepHi30BaHa  cucTemMa  0e3  3BOPOTHOrO  3B’SI3KY  Ta

HOBHO(bYHKI_[iOHaHbHa KOMH’IOTepI/IBOBaHa CCTeMaA 3 aJaIlITUBHUM PEryJIlOBaHHSIM.
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Tabmuig 1
[TopiBHSIHHS TEXHIKO-€KOHOMIUHMX ITOKA3HUKIB CMCTEM KePyBaHHSI ITPOIECOM JIUTTSI
Cucrema Cepegnst TpuBaiicth | EHeproButparu, | YacTka
KepyBaHHS LUK, C KBT-rom/1000 mt. | medexris, %
CranpgapTHa 46 138,7 7,8
MogepHizoBaHa | 43 132,4 5,6
ApanTuBHa 40 125,5 3,4

SIK BUIIHO 3 pe3y/bTaTiB, afalTMBHA CUCTeMA Ja€ BiquyTHMUI eeKT: LUK CTae
KOPOTIIMM Ha 6 CeKyHJ, eHeprOBUTPATU 3HIDKYIOThbCS Maiike Ha 10%, a KiJbKiCTh
nedheKTHUX BMUPOOIB — yABiUi MeHIA IMOPIBHSHO 3i CTAaHAAPTHOIO cxemolo. B xomi
OOCTimKeHHST OyJI0o 3aCTOCOBAHO €eMITipMuHy Mojenb (2), $5Ika BpaxXOBYE
B3a€MO3B’SI30K MiK TMCKOM YIIOPCKYBaHHSI Ta IIBUIOKICTIO 3allOBHEHHS. Mopesb
iHTerpyBa/sii B IporpamMHe 3a6e3IeueHHs Y KepyBaHHSI, [0 T03BOJIMIO aBTOMATUUYHO
KOpUTYBaTM TUCK MOAAUi y BMUIIAAKaX MeperpiBy abo HagMipHOi MIBMIKOCTi MOTOKY.
Ile BuSIBMIOCSI OCOOAMBO KOPMUCHUM IIpM pOOOTI 3 UYyTIMBUMM OO TeMIlepaTypu
CIJIAaBaAMMU.

Ha puc. 2 mpenacTaBieHO 3a/leXXHICTb 4YacTKM OedeKTHUX BUIMBKIB Bif
BigxuneHHs Temmepatypu dopmu y ¢iHanbHiii daszi Kpucraniszaiii. 3HMKEHHS
TemnepaTtypu Huxkdye ontumymy (< 210 °C) npmsBOOUTL OO 3POCTAHHS PU3UKY

HEIIPpOJINBY, TO,ELi K neperpiB CIIPUUYMHAC ITOABY YCaJOUHMX PAKOBHMH.
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BMIMEBKIE, %

YacTka gebeKTHHUX BMIMEKIE,
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Temneparypa npec—doprma, °C

PucyHOK 2 — 3anexxHicTb nedeKTHOCTI IUTTS Bif TeMmepaTtypu rnpec-dopmu y dasi
TBEPIHEHHS
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3 pucyHKa 2 BUAHO, IO SIKIIO TeMIiepatypa npec-hopMu repes, 3aBepiieHHIM
KpucTamiszaiii omyckaeTbcss Hwkdue 210°C, y BWJIMBKAx IIOYMHAKTh MacOBO
3’SIBJISITUCST HETIPOJMBYM — PO3ILIaB MPOCTO He BCTUTA€ MOBHICTIO 3alIOBHUTU opMy.
3 inmoro 6oky, ko opma neperpita — moHaz 250 °C, 3pocTae yacToTa ycaJouHnx
pakoBuH. Ile BimOyBa€eThCsl Uepes HaATO MOBiJIbHE OXOJIO/KeHHS MeTasy. HalimeHiie
o6paky @ikcyeTbest mipu Temrmepartypi 220-235 °C, To6TO came B 1IbOMY [Aiama3oHi
TIIpollec ifle HalibiabII cTabibHO, 6e3 medeKTiB.

OTxe, pe3yabTaTU €KCIIEPMMEHTIB MiaATBepAuIu edeKTUBHICTbh amaIlTMBHOI
CUCTEMM: BOHA [03BOJIM/IA He JIMIIe 3MEHIIUTU BUTpPATU €Heprii Ta CKOPOTUTU
TPUBAJIICTh BUPOOHMUOTO LIMKIY, a ¥ IMOMITHO BIUIMHYJIA HA TOKpAIEHHS SKOCTi
BiINIMBOK. 3 MPaKTUYHOTO OOKY BayK/IMBO i Te, 110 CMCTEMaA ITpaIfi0€ aBTOHOMHO, 6e3
IOTpebM y IIOCTiiHOMY BTpPyYaHHi omepaTopa, agalTylouuch 0 3MiH YMOB Y
npoueci JuTTS. lLle 3HAUHO CIIPOIIyE IIepexil Ha HOBI BUPOOM ¥ IiABUIIYE
CTabiIbHICTb TEXHOJIOTI].

YV xomi poboTH IPOTECTOBAHO KOMIT'IOTEpPU30BaHy CHUCTEMY KepyBaHHS,
NpU3HAUeHy M1 JIMTTSI aJlOMiHi€BMX CILIaBiB Mg TMCKOM. BoHa 3abesmeuye
MOCTiViHMIT 30ip JaHMX MOpPO TeMIepaTypy, TUCK, HIBUAKICTh II0Jadyi Ta YMOBU
oxonoaykeHHs. [liciss BOPOBaIyKeHHSI BHAJIOCS CKOPOTUTU TPUBATICTh ILUKITY
npubansHo Ha 10-12 %, 3HU3UTKU eHeproBUTpaTH OibIl HiX Ha 9 %, a KiAbKiCTbh
BiIIMBOK i3 medekTaMyu 3MmeHIIMIach yaBidi. IludpoBe MomentoBaHHSI BUSBUIOCS
KOPMCHUM He JIMille [IJII MOHITOPUHTY, a ¥ IJi BTPYyYaHHSI Y KDUTUUHUX TOUYKAX —
30KpemMa TIIpM KOJMBAHHSIX TeMmrmeparypu Iipec-popmu abo HecTabiNbHii
KpucTasisaiii. Minimym 6paky dikcyBaBcs mpu Temriepatypi 220-235 °C, 1m0 BapTo
BpaxOBYBAaTH IIiJi YaC HAJAIITYBaHHS OXOJIOJKeHHS. Y MOPiBHSIHHI 3 TpagULiiiHUMU
cxemMaMmu, 3aIllpOIIOHOBaHA CHCTeMa MPOJEMOHCTPYBaja He Jiuiie CTabiibHY SKiCTh
BiJ/IMBOK, a ¥ 3HAYHO Kpally 3[aTHICTb adanTyBaTUCS A0 3MiHM YMOB, HallpUKIIA[I,
Tepexo/ly Ha iHIMi criaB abo HOBY reoMeTpito BupoOy. lle mae TexXHiUHY THYUYKiCTb
Ta 3HIKYE 3aJIeKHICTb BiJ JIOACBKOTO (akTopa. 3 OISOy Ha CTabi/IbHICTD
rnapamMeTpiB i SKiCTb JIMTTS, Taka CUCTeMa NMpUAATHA A0 TMOJAIbIIOI iHTerpaiii B

aBTOMaTM30BaHe BUPOOHUIITBO O€3 BTpaTi KOHTPOIbOBAHOCTI IIpOIiecy.

186 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui nmpo6iaemu metanyprii”, N2 29 - 2026

JITEPATYPA

1. A. Anand, D. Nagarajan, M. El Mansori, T. Sivarupan. Integration of additive fabrication with
high-pressure die casting for quality structural castings of aluminium alloys; optimising
energy consumption. Transactions of the Indian Institute of Metals. 2023. Vol. 76, N2 2. P.
347-379. https://doi.org/10.1007/s12666-022-02750-y.

2. M. Bhaskar, G. Anand, T. Nalluswamy, P. Suresh. Die life in aluminium high-pressure die
casting industries. Journal of The Institution of Engineers (India): Series D. 2022. Vol. 103, N¢
1.P. 117-123. https://doi.org/10.1007/s40033-021-00317-7.

3. B. HopomieHko, O. JHYeHKO. 3aCTOCYyBaHHS KOMIT'IOTEpHUX CUCTEM IJIsI TPOEKTYBaHHS Ta 3D-
IPYKy IMBApHOi Mofesi 3 BeHTU/ISILIMHMMY KaHajaamu B ii cTinkax. [Hopmariiiai TexHosorii
Ta KOMIT'IoTepHa iHkeHepis. 2023. T. 58, N2 3. C. 53-58. https://doi.org/10.31649/1999-9941-
2023-58-3-53-58.

4. H. Mizgan, M. Ganea. Optimization of aluminium die-casting process through predictive
maintenance and parameter traceability systems. IOP Conference Series: Materials Science
and Engineering. 2022. Vol. 1256, N¢ 1. P. 012028. https://doi.org/10.1088/1757-
899X/1256/1/012028.

5. D. Lehmhus. Advances in metal casting technology: A review of state of the art, challenges
and trends - Part I: changing markets, changing products. Metals. 2022. Vol. 12, N2 11. Art.
1959. https://doi.org/10.3390/met12111959.

6. A. Chakrabarti, R. P. Sukumar, M. Jarke, M. Rudack, P. Buske, C. Holly. Efficient modeling of
digital shadows for production processes: a case study for quality prediction in high pressure
die casting processes. 2021 IEEE 8th International Conference on Data Science and Advanced
Analytics (DSAA). IEEE. October 2021. P. 1-9.
https://doi.org/10.1109/DSAA53316.2021.9564113.

7. W.Yi, G. Liu, J. Gao, L. Zhang. Boosting for concept design of casting aluminum alloys driven
by combining computational thermodynamics and machine learning techniques. Journal of
Materials Informatics. 2021. Vol. 1, N2 2. https://doi.org/10.20517/jmi.2021.10.

8. Y. Yang, J. Hong, Z. Li, C. Su, X. Wei. Robust parameter optimization of 7075 aluminum alloy
milling based on improved hunter-prey optimizer algorithm. International Journal on
Interactive Design and Manufacturing (IJIDeM). 2025. P. 1-23.
https://doi.org/10.1007/s12008-025-02322-6.

9. J. Ou, C. Wei, S. Logue, S. Cockcroft, D. Maijer, Y. Zhang Ta iH. A study of an industrial counter
pressure casting process for automotive parts. Journal of Materials Research and Technology.
2021. Vol. 15. P. 7111-7124. https://doi.org/10.1016/j.jmrt.2021.11.124.

10.]. Wen, F. Xie, X. Liu, Y. Yue. Evolution and development trend prospect of metal milling
equipment. Chinese Journal of Mechanical Engineering. 2023. Vol. 36, N2 1. Art. 33.
https://doi.org/10.1186/s10033-023-00865-X.

Received 11.03.2026.

Accepted 15.04.2026.

Published 30.04.2026
UDC 669.14:004.9

Kyryll Kreytser, Yevhen Kozishkurt

APPLICATION OF COMPUTER CONTROL SYSTEMS IN THE HIGH-PRESSURE
DIE CASTING PROCESS OF ALUMINUM ALLOYS ON MODERNIZED
EQUIPMENT

Abstract. The article addresses the implementation of computer-based control systems

in the high-pressure die casting process of aluminum alloys under conditions of
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equipment modernization. The necessity of ensuring high stability of technological
parameters — melt velocity, compaction pressure, and mold temperature — under
dynamic operational conditions is emphasized. The study presents a control architecture
based on a two-level system: the upper level features a fanless industrial panel PC for
visual supervision, while the lower level employs a programmable logic controller
(Simatic S7-1200) for real-time signal processing and control of casting phases. The
experiments were conducted on a renewed casting line equipped with adaptive control
algorithms that monitor dynamic parameters every 10 milliseconds. The system enables
precise coordination of the melt injection phase, cavity filling, and final compaction,
minimizing hydraulic shock and improving mold filling uniformity. Data visualization
modules capture casting temperature, piston velocity (up to 7 m/s), and pressure
fluctuations during solidification, allowing predictive adjustments and optimization of
process phases without operator intervention. The research results confirm a reduction
in cycle time by 10-12%, energy consumption per 1,000 units by nearly 10%, and the
share of defective castings (due to porosity or shrinkage cavities) by more than 50%. It is
demonstrated that maintaining mold temperature within the range of 220-235 °C is
critical for defect-free casting, and deviation from this range increases the occurrence of
misruns and shrinkage defects. The proposed control system adapts in real time to alloy
transitions and changes in mold geometry, supporting more robust, energy-efficient, and
quality-stable casting operations. The integration of computer control technologies into
die casting contributes to the advancement of digital manufacturing and supports the

broader goal of increasing productivity and product reliability in the foundry industry.

Keywords: high-pressure die casting, aluminum alloys, computer-based control,

adaptive system, defects, modernization, productivity.
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POWER QUALITY DISTURBANCES

Abstract. The paper presents a dynamic electromagnetic model of a three-phase
squirrel-cage asynchronous motor developed to simulate its operation under real power
quality disturbances. The relevance of this work is driven by the increasing impact of
electromagnetic compatibility issues and energy losses in industrial systems exposed to
voltage asymmetry and harmonic distortion—conditions typical for networks with

nonlinear loads such as welding equipment, arc furnaces, and frequency converters.

Traditional motor models, which assume ideal supply conditions, are not sufficient for
accurately predicting performance degradation under such disturbances. To address this
limitation, the proposed model is based on space-time complexes and an extended form
of the Park—Gorev equations. A key feature of the model is the inclusion of magnetic core
saturation, represented through a polynomial dependence of mutual inductance on
magnetizing current, enabling more realistic simulation under high-load and

unbalanced conditions.

The model was tested on an MTKH 112-6 motor (5.3 kW) under two scenarios: ideal
sinusoidal voltage and distorted asymmetric supply with harmonics up to the 10th order.
The results showed that voltage distortion leads to increased losses in the stator (from
491.3 Wto 498.3 W) and rotor (from 652.2 W to 661.5 W), a decrease in efficiency (from
81.4% to 81.2%), and a significant drop in power factor (from 0.98 to 0.90). Additionally,
distorted current waveforms and torque pulsations confirmed higher electromagnetic

stress.

The model demonstrated strong agreement with experimental data (RMSE < 4%),
confirming its reliability for applications in diagnostics, predictive maintenance, digital
twins, and simulation environments. Unlike traditional Fourier-based approaches, the
use of space-time complexes enables comprehensive modeling of both steady-state and

transient processes without explicit harmonic decomposition.

paper by its authors. Use permitted under License CC BY 4.0.
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This research contributes to the development of energy-efficient and intelligent industrial
systems. Future work will focus on incorporating stochastic elements to account for
dynamic variations in power quality, supporting predictive control and advanced

automation within Industry 4.0.

Keywords: asynchronous motor, power quality, dynamic model, voltage asymmetry,

harmonic distortion, electromagnetic simulation, efficiency.

Statement of the problem. Modeling of electromechanical systems
constitutes a fundamental component of modern engineering methodology,
particularly at the initial stages of design, where the conceptual and functional
foundations of technical systems are established. During the pre-project and
preliminary development phases, critical decisions are made that determine not only
the performance efficiency, but also the reliability, safety, and economic viability of
the system as a whole. Traditionally, engineering design relied heavily on empirical
approaches, simplified analytical methods, and iterative physical prototyping, which
often resulted in increased time consumption and resource expenditures. In contrast,
contemporary modeling techniques represent an advanced analytical framework that
enables the prediction of system behavior prior to its physical implementation.

Within the context of electric drive system development, modeling serves as an
essential tool for ensuring the coordinated and optimal interaction of system
components under a wide range of operating conditions. The design process involves
not only the selection of appropriate electrical machines and control strategies but
also the evaluation of their dynamic performance in regimes including startup,
steady-state operation, and emergency conditions. Through the application of
mathematical modeling and simulation, it becomes possible to represent both
electrical and mechanical subsystems within a unified computational environment,
thereby facilitating the analysis of their coupled behavior.

The use of modeling techniques significantly expands the scope of analytical
investigations. It allows for the identification of critical system parameters requiring
optimization, the localization of energy losses, and the assessment of component
durability. By systematically varying input variables—such as supply voltage,
frequency, and load torque-engineers can evaluate the sensitivity of system

responses and establish optimal operating conditions. This approach provides a
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rigorous basis for engineering decision-making, reducing uncertainty and
minimizing the need for costly design modifications at later stages.

Particular importance is attributed to the modeling of asynchronous
(induction) electric motors, which remain the predominant type of electrical
machines employed in industrial applications due to their structural simplicity,
robustness, and cost-effectiveness. Despite these advantages, the internal physical
processes of induction motors are inherently complex, involving nonlinear
electromagnetic interactions, transient phenomena, magnetic saturation, and phase
asymmetry. Accurate representation of these processes necessitates the use of
detailed mathematical models capable of capturing both steady-state and dynamic
characteristics.

The advancement of computational technologies and specialized software tools
has significantly enhanced the capabilities of electromechanical modeling. Modern
computer-aided design (CAD) systems and simulation platforms, including
MATLAB/Simulink, ANSYS, and PSCAD, enable the development of high-fidelity
models that incorporate a wide range of physical effects. These tools support the
transition from simplified equivalent circuit representations to multidimensional
models that account for spatial and temporal variations within the system.

Simulation environments provide the capability to analyze the dynamic
behavior of electric machines under various operating scenarios. This includes the
investigation of transient processes during startup and braking, response to load
disturbances, and system performance under fault conditions. The visualization of
mechanical characteristics, such as torque-speed dependencies, facilitates a deeper
understanding of system dynamics and aids in the identification of potential
instabilities, excessive thermal loading, and abnormal operating modes.

Furthermore, modeling enables comprehensive analysis of both transient and
steady-state regimes, which is particularly relevant for systems employing variable
frequency drives and advanced control algorithms. Through simulation, different
control strategies can be evaluated in terms of their stability, efficiency, and energy
consumption without the risks associated with experimental testing on physical
equipment.

An additional advantage of modeling lies in its ability to establish quantitative

relationships between input parameters and system responses. Variations in supply
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conditions or load characteristics can be systematically examined, allowing for the
development of adaptive control strategies that enhance system performance under
variable operating conditions.

Modeling also plays a critical role in the development of diagnostic and
predictive maintenance methodologies. By simulating various fault conditions—such
as phase loss, inter-turn short circuits, and load imbalances-it is possible to identify
characteristic signatures of system degradation and to design algorithms for early
fault detection. This contributes to increased operational reliability and supports the
transition from reactive maintenance approaches to condition-based and predictive
maintenance strategies.

In summary, modeling of electromechanical systems represents an integral
element of contemporary engineering science, providing a rigorous framework for
the analysis, optimization, and validation of complex technical systems. It enables
the integration of theoretical principles with practical design considerations,
thereby enhancing the efficiency, reliability, and sustainability of engineering
solutions. Under the conditions of increasing technological complexity and
performance requirements, modeling serves as a key enabler of innovation and
engineering advancement.

In recent decades, the development of quantitative modeling methods for
electrical machines has reached a high level of sophistication, enabling researchers
and engineers to simulate a wide range of operating conditions with considerable
accuracy. However, as practical experience in industrial environments increasingly
demonstrates, such models often remain insufficient when confronted with the
complexity of real-world power supply conditions. In particular, the presence of
qualitative characteristics of supply voltage-most notably voltage asymmetry and
nonsinusoidal waveform distortion-introduces a level of complexity that cannot be
adequately captured by conventional modeling approaches.

Voltage asymmetry, defined as the inequality of phase voltages in magnitude
and/or phase displacement within a three-phase system, represents a significant
deviation from the ideal symmetrical conditions assumed in classical theories.
Similarly, nonsinusoidal voltage distortion, commonly referred to as harmonic
distortion, arises from the superposition of higher-order harmonic components onto
the fundamental sinusoidal waveform. These distortions are not merely theoretical
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anomalies; rather, they are pervasive features of modern industrial power systems,
where the proliferation of nonlinear electrical loads has become the norm.

A closer examination of industrial settings—particularly within large-scale
manufacturing facilities—reveals the widespread use of powerful nonlinear
consumers such as arc furnaces, frequency converters, variable-speed drives, and
welding units. These devices, by their very nature, draw current in a discontinuous
and nonlinear manner. As a consequence, they inject harmonic currents into the
power network, thereby distorting the voltage waveform and contributing to phase
imbalances. The electrical grid, which serves as a common coupling point for various
loads, becomes a medium through which these disturbances propagate, inevitably
affecting all connected equipment, including asynchronous motors.

The asynchronous motor, being one of the most widely used electromechanical
energy converters in industry, is particularly sensitive to such deviations in power
quality. Under conditions of voltage asymmetry, negative-sequence currents are
induced within the motor windings, leading to the generation of counter-rotating
magnetic fields. These fields produce additional losses and localized heating, which
significantly degrade the thermal performance of the machine. Concurrently,
harmonic distortion introduces pulsating torques and electromagnetic forces,
resulting in mechanical vibrations, acoustic noise, and increased mechanical stress
on the motor components.

As the narrative of practical operation unfolds, it becomes evident that the
combined effect of asymmetry and harmonic distortion manifests in a series of
detrimental phenomena. Among these are excessive heating of stator and rotor
windings, increased copper and iron losses, magnetic core saturation, torque ripple,
and a marked reduction in overall efficiency. Over time, these factors accelerate the
aging of insulation materials, thereby shortening the operational lifespan of the
motor. Furthermore, the irregular operating conditions may lead to unintended
activation of protection systems, such as relay tripping, and may compromise the
performance of control algorithms that are typically designed under the assumption
of ideal, balanced, and sinusoidal supply conditions.

Recognizing these challenges, the scientific and engineering communities have
increasingly turned their attention to the development of more advanced modeling
frameworks capable of capturing the multifaceted nature of power quality
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disturbances. Traditional steady-state and simplified dynamic models are gradually
being supplemented-or even replaced-by approaches that incorporate the theory of
symmetrical components, allowing for the decomposition of unbalanced systems
into balanced sequence networks. In parallel, harmonic domain analysis provides a
means of examining the interaction of individual frequency components, offering
deeper insight into the effects of distortion on motor behavior.

In addition to frequency-domain techniques, time-domain modeling has
emerged as a powerful tool for capturing transient and nonlinear phenomena
associated with distorted supply conditions. Such models enable the explicit
representation of harmonic interactions, saturation effects, and dynamic coupling
between electrical and mechanical subsystems. Importantly, the reliability of these
models depends not only on their mathematical rigor but also on their validation
against empirical data obtained from power quality monitoring instruments
deployed in real industrial environments.

The integration of simulation platforms with advanced analytical tools—such as
Fast Fourier Transform (FFT) algorithms, harmonic analyzers, and power quality
assessment modules—has further enhanced the ability of researchers to investigate
complex electromechanical interactions. These tools facilitate the identification and
quantification of harmonic components, enabling more accurate parameterization of
models and more reliable prediction of system behavior under non-ideal conditions.

As the narrative progresses toward a broader perspective, it becomes clear that
the future of asynchronous motor modeling lies in the adoption of holistic, multi-
domain approaches. Such approaches must account not only for electrical
disturbances but also for their mechanical consequences, including vibration
dynamics, thermal effects, and material degradation. By bridging the gap between
electrical engineering, materials science, and mechanical dynamics, researchers can
develop comprehensive models that more faithfully represent the realities of
industrial operation.

In conclusion, while traditional modeling techniques have provided a solid
foundation for understanding the fundamental behavior of asynchronous motors,
they fall short when applied to the complex and often harsh conditions of modern
industrial power systems. The inclusion of voltage asymmetry and harmonic
distortion into simulation frameworks is no longer optional but essential. Only
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through the continued advancement of modeling methodologies—supported by
empirical validation and interdisciplinary integration-can engineers ensure accurate
performance evaluation, enhance energy efficiency, extend equipment lifespan, and
maintain the operational reliability of asynchronous motors in real-world
applications.

Analysis of recent research and publications. A substantial body of
scientific literature, including the studies presented in papers [1-7], provides a
detailed examination of the underlying causes of disturbances in power supply
systems, particularly focusing on voltage asymmetry and nonsinusoidal waveform
distortion. These works consistently highlight that such disturbances are primarily
generated by the widespread use of nonlinear electrical loads, rapid switching
processes in power electronic converters, unbalanced loading of three-phase
systems, and structural imperfections within electrical networks. As modern
industrial systems continue to evolve toward increased automation and
electrification, the prevalence of these factors has significantly intensified, making
the issue of power quality a central concern in both research and practical
engineering applications.

It is well established that deviations from ideal power supply conditions have a
pronounced negative impact on the operational characteristics of asynchronous
machines. Numerous experimental and theoretical studies confirm that even
relatively small levels of voltage asymmetry or harmonic distortion can lead to
disproportionately large adverse effects. These include additional power losses,
overheating of stator and rotor windings, deterioration of insulation systems,
increased electromagnetic torque pulsations, mechanical vibrations, and acoustic
noise. Furthermore, such conditions may result in reduced efficiency, decreased
power factor, and instability in motor operation, particularly under variable load
conditions. In extreme cases, prolonged exposure to poor-quality electrical energy
can lead to premature failure of the machine, resulting in costly downtime and
maintenance.

From a physical standpoint, the influence of voltage asymmetry manifests
through the emergence of negative- and zero-sequence components in the supply
system, which induce additional currents and counter-rotating magnetic fields
within the motor. These phenomena not only increase thermal stress but also
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disrupt the uniformity of electromagnetic torque production. On the other hand,
nonsinusoidal voltage distortion introduces higher-order harmonic fields that
interact with the fundamental magnetic field, giving rise to complex dynamic effects.
The interaction of these harmonics can lead to resonance phenomena, localized
saturation of the magnetic core, and irregular energy conversion processes within
the machine.

In order to systematically evaluate and quantify the influence of these negative
factors, it becomes necessary to develop an advanced mathematical model of the
asynchronous motor, particularly for the widely used configuration with a short-
circuited (squirrel-cage) rotor. Such a model must go beyond conventional
assumptions of symmetry and sinusoidality, incorporating instead a detailed
representation of power quality indices. These indices include, but are not limited to,
voltage unbalance factor, total harmonic distortion (THD), individual harmonic
amplitudes, frequency deviations, and phase angle distortions. Only by integrating
these parameters into the model can one achieve a realistic and comprehensive
analysis of motor performance under non-ideal supply conditions.

The proposed modeling approach should enable the analysis of power
dependencies of the asynchronous motor as a function of varying quality parameters
of the electrical grid. This implies the ability to simulate how input electrical power,
electromagnetic torque, efficiency, losses, and thermal states evolve in response to
changes in voltage asymmetry and harmonic content. Such a model must also
account for nonlinear magnetic properties, saturation effects, and the coupling
between electrical and mechanical subsystems. In addition, it is important to
consider the influence of load characteristics and operating pexxums, as these factors
can significantly alter the sensitivity of the motor to power quality disturbances.

Modern computational tools and simulation environments provide the
necessary framework for implementing such complex models. By combining time-
domain simulations with frequency-domain analysis techniques—-such as harmonic
decomposition and spectral analysis—it becomes possible to capture both steady-
state and transient behaviors of the motor. Moreover, the inclusion of real
measurement data obtained from power quality analyzers can significantly enhance

the accuracy and practical relevance of the model.
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Recent research published in the MDPI Energies journal reflects a clear and
consistent evolution in the understanding of how power quality disturbances affect
the performance of induction motors. While earlier studies typically examined
isolated disturbances—such as voltage unbalance, harmonic distortion, or voltage
sags—modern investigations increasingly recognize that real industrial power
systems are characterized by the simultaneous presence of multiple disturbances.
This shift has led to the development of more comprehensive analytical frameworks,
particularly those based on dynamic modeling approaches that capture the
interaction between electrical, mechanical, and thermal processes within the motor.

A key contribution to this integrated perspective is presented by Pawel
Gnacinski, Michat Gorniak, and Tomasz Tarasiuk (2026). Their work [8]
systematically investigates the energy-efficient operation of industrial induction
motors under conditions of multiple simultaneous power quality disturbances. The
authors demonstrate that even when individual disturbance indices-such as total
harmonic distortion (THD) or voltage unbalance factor-remain within standardized
limits, their combined influence can result in a disproportionately large increase in
power losses, reduced efficiency, and elevated thermal stress. This finding highlights
a critical limitation of conventional power quality assessment methods, which tend
to evaluate disturbances independently. The study further emphasizes that
nonlinear interactions between disturbances can amplify electromagnetic torque
oscillations and increase stator and rotor losses beyond expected values.
Consequently, the authors advocate for the adoption of integrated modeling
techniques that explicitly account for the superposition of disturbances, thereby
enabling more realistic prediction of motor performance in industrial environments.

The importance of transient phenomena in the context of power quality is
further elaborated in the work [9] of Marta Konuhova (2025), who develops a detailed
mathematical model to simulate the response of induction motors to voltage sags.
Unlike steady-state analyses, this study focuses on the dynamic behavior of the
motor during both the disturbance and the recovery phase. The results show that
voltage sags lead to a rapid decrease in electromagnetic torque and a corresponding
increase in stator current, which may trigger protective mechanisms or cause
mechanical stress. Of particular importance is the re-acceleration process following
voltage recovery, during which the motor may experience prolonged instability,
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oscillations in speed, and additional thermal loading. These findings underscore the
necessity of incorporating time-dependent variables into the modeling framework,
as steady-state approximations fail to capture the full extent of performance
degradation under transient conditions.

The interaction between induction motors and the power system is further
explored by Yuriy Varetsky and Marek Gajdzica (2024), who analyze power
compatibility in industrial grids that include synchronous generators. Their research
[10] highlights the bidirectional nature of this interaction: while poor power quality
adversely affects motor operation, the behavior of induction motors—particularly
during starting or large load variations—can also influence network voltage profiles.
The authors demonstrate that motor starting currents can exacerbate voltage dips
and distortions, thereby affecting other equipment connected to the same network.
This insight reinforces the concept that induction motors should not be treated as
passive loads but rather as active participants in the electrical system, whose
dynamic characteristics must be considered in system-level modeling.

A substantial body of work by Pawet Gnacinski and his co-authors (2024, 2022)
[11-13] provides a comprehensive investigation into complex and less conventional
forms of voltage distortion, including subharmonics and interharmonics. In their
2024 study [11], the authors analyze the combined effect of voltage unbalance and
subharmonics, demonstrating that this combination leads to significantly increased
torque pulsations, mechanical vibrations, and acoustic noise. These effects are
particularly detrimental in precision industrial applications, where even small
oscillations can compromise process quality. Earlier studies (2022) [12, 13] extend
this analysis to symmetrical subharmonics and interharmonics, showing that these
frequency components introduce additional losses in both stator and rotor circuits.
Moreover, the presence of negative-sequence subharmonics is found to be especially
harmful, as it produces reverse rotating magnetic fields that increase rotor heating
and reduce overall efficiency. Importantly, these studies reveal that such
disturbances are increasingly common in modern power systems due to the
widespread use of power electronic converters.

The influence of harmonic distortion on motor operation is further examined
by Tomas Drabek (2023), who focuses on the practical implications of high harmonic
content in supply voltage. The study [14] demonstrates that harmonics contribute to

ISSN-print 1991-7848 199
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

additional copper losses due to increased RMS current, as well as iron losses
resulting from higher-frequency magnetic flux variations. As a result, the thermal
limits of the motor are reached more quickly, necessitating derating to ensure safe
operation. The author provides quantitative relationships between harmonic levels
and permissible load reduction, offering valuable guidelines for industrial
practitioners. This work bridges the gap between theoretical analysis and practical
engineering application, highlighting the importance of incorporating power quality
considerations into operational planning and equipment selection.

Complementary to this, Alfredo Gudino-Ochoa and colleagues (2023)
investigate the generation of interharmonics in induction motors supplied by
variable frequency drives and AC choppers [15]. Their analysis reveals that modern
power electronic systems introduce complex spectral components that interact with
the motor’s electromagnetic processes, leading to additional torque ripple and
potential resonance phenomena. The study emphasizes that interharmonics are not
merely a byproduct of supply conditions but can also be generated within the motor-
drive system itself. This finding is particularly relevant for contemporary industrial
applications, where variable speed drives are widely used to improve energy
efficiency but simultaneously introduce new challenges in power quality
management.

From a methodological perspective, Lluis Guasch-Pesquer et al. (2022) propose
an improved approach for determining the voltage unbalance factor based on
induction motor behawior [16]. Traditional methods rely solely on voltage
measurements, which may not accurately reflect the actual impact on the motor. By
incorporating current asymmetry into the calculation, the proposed method
provides a more realistic assessment of the motor’s operating conditions. This
approach aligns with the broader trend toward integrating machine response into
power quality evaluation, thereby enabling more accurate and application-oriented
analysis.

Finally, the work of José Munoz Tabora et al. (2020) provides a comparative
analysis of the impact of harmonic distortion on induction motors of different
efficiency classes (IE2, IE3, and IE4). The study reveals that higher-efficiency motors,
while generally exhibiting lower baseline losses, may respond differently to
harmonic distortion compared to standard-efficiency machines [17]. In some cases,
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the relative increase in losses due to harmonics is more pronounced in high-
efficiency motors, challenging the assumption that improved efficiency inherently
implies greater robustness to power quality disturbances. This finding is particularly
important in the context of modern energy policies that promote the adoption of
high-efficiency equipment without fully considering the quality of the power supply.

The reviewed literature clearly indicates that the impact of power quality on
induction motor performance is a multidimensional problem that cannot be
adequately addressed using simplified or isolated analyses. Several important
conclusions can be drawn.

First, the combined effect of multiple disturbances-such as harmonics, voltage
unbalance, subharmonics, and voltage sags—results in nonlinear interactions that
significantly amplify their individual impacts. Second, transient phenomena,
particularly those associated with voltage sags and recovery processes, play a crucial
role in determining motor stability and reliability. Third, the increasing use of power
electronic converters introduces new types of disturbances, such as interharmonics,
which require advanced modeling techniques. Fourth, there is a growing recognition
that induction motors are active elements within the power system, contributing to
and being affected by network conditions.

Taken together, these findings strongly support the need for a dynamic model-
based approach to analyzing induction motor performance under non-ideal power
supply conditions. Such an approach enables the integration of multiple disturbance
types, the simulation of transient processes, and the evaluation of both electrical
and mechanical responses of the motor. Therefore, the methodology adopted in this
study is consistent with current research trends and addresses the limitations
identified in existing literature.

Objective of the study. The aim of this study is to develop a mathematical
model of an asynchronous motor that accurately reflects variations in its power-
related characteristics under different levels of supply voltage quality indices, as well
as to validate the effectiveness of its implementation in a software environment.

Developing dynamic electromagnetic am model operating in terms of
poor-quality electric energy.

A number of methodological approaches have been developed to account for
supply voltage parameters when modeling processes in electromechanical systems
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[18]. Among these, a particularly effective approach involves the use of differential
equations formulated with respect to space-time complexes (STC) [3]. In this
framework, the space-time complex-also referred to as a generalized vector-is
defined for each variable Y and is determined as follows:

Y:%(YA +aYy +a2YC) (1)

where Y, ,Ys ,Yc are values of the considered variable in terms of phases. The
projections of the space-time complex onto the phase axes correspond directly to
the instantaneous values of the respective phase variables. In other words, the
generalized vector representation enables a unified description of phase quantities
by mapping them onto a coordinate system that captures both spatial and temporal
variations of electromagnetic processes within the machine.

When the system of equations is formulated in terms of space-time complexes,
the classical Park—Gorev equations [3], which form the theoretical foundation of
widely used asynchronous motor models, can be expressed in a more generalized
and analytically convenient form. This transformation allows the originally phase-
based differential equations to be represented in a rotating reference frame,
significantly simplifying the analysis of electromagnetic interactions.

Such an approach provides important advantages for modeling, as it enables
the decoupling of variables, reduces the complexity of the system, and facilitates the
inclusion of non-ideal factors such as voltage asymmetry and harmonic distortion.
As a result, the Park—Gorev equations in the STC framework serve as a powerful tool
for describing both steady-state and transient operating conditions of asynchronous
motors, forming the basis for advanced simulation models used in modern

electromechanical system analysis:

U =R +I)Rp+ —dc%l : 2)

v, |
0=I,R, +I4R, +dd;t2—Jmmgz, (3)

where U; is STC of stator voltage, I,, I, I, are STC of currents of stator, rotor, and
magnetizing current, ¥ , ¥ are STC of stator and rotor flux linkages, o is angular

velocity of AM rotation, and R:, R; are active stator and rotor resistances.
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In the presented system of equations, U; denotes the space-time complex (STC)
of the stator voltage. The quantities I;, I, and I, represent the STCs of the stator
current, rotor current, and magnetizing current, respectively. The variables ¥; and
¥, correspond to the STCs of the stator and rotor flux linkages.

The parameter w, defines the angular velocity of the asynchronous motor’s
rotation, reflecting the mechanical speed of the rotor in electromagnetic coordinates.
The coefficients R;and R, denote the active (ohmic) resistances of the stator and
rotor windings, respectively.

Such a formulation enables a compact and comprehensive representation of
the electromagnetic processes occurring within the machine, allowing both electrical
and mechanical variables to be analyzed within a unified mathematical framework
based on space-time complexes.

A thorough analysis of asynchronous motor operation requires explicit
consideration of magnetic core saturation, especially when evaluating dynamic
behavior and energy-related performance indicators. This phenomenon represents a
strongly nonlinear effect that substantially influences the electromechanical
characteristics of the machine, including torque production, transient processes,
efficiency, and thermal conditions. Neglecting saturation in modeling and design
stages can result in significant discrepancies between simulated and actual
performance, particularly under heavy load or non-standard operating regimes.

Magnetic saturation originates from the inherent physical properties of
ferromagnetic materials used in the magnetic circuits of stator and rotor cores. At
relatively low levels of magnetizing current, the magnetic domains within the
material align progressively with the applied magnetic field, leading to a nearly
proportional increase in magnetic flux. However, as the excitation level grows, the
degree of domain alignment approaches its physical limit. Once this limit is reached,
further increases in current produce only marginal growth in magnetic flux, as most
domains are already oriented. This state corresponds to saturation and is
characterized by a pronounced reduction in magnetic permeability.

The onset of saturation significantly modifies the electromagnetic parameters
of the motor, particularly its inductive properties. Both self-inductance and mutual
inductance decrease under saturated conditions, which alters the electromagnetic
interactions within the machine. As a result, the motor’s ability to generate torque is
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affected, especially during transient events such as startup, sudden load changes, or
disturbances in supply voltage. Lower inductance also increases the sensitivity of the
motor to current spikes and reduces its capacity to dampen electrical perturbations.
Consequently, models that ignore saturation tend to produce overly optimistic
predictions, underestimating peak currents and overestimating system stability.

In addition to its impact on dynamic performance, magnetic saturation leads to
higher energy losses within the motor. The nonlinear magnetization process
intensifies hysteresis losses and promotes the generation of eddy currents in the
core material. These losses are dissipated as heat, increasing the thermal stress on
the machine. Elevated temperatures not only reduce operational efficiency but also
accelerate the degradation of insulation systems, thereby decreasing the overall
reliability and service life of the motor. Prolonged or repeated operation under
saturated conditions may result in overheating, increased mechanical vibrations,
and ultimately premature failure of critical components.

The influence of magnetic saturation is also reflected in the distortion of
current waveforms. Due to the nonlinear nature of the magnetization characteristic,
the resulting magnetic flux deviates from a purely sinusoidal form, which leads to
the appearance of higher-order harmonics in both current and voltage. These
harmonic components can spread throughout the power network, negatively
impacting other connected equipment, causing electromagnetic interference, and
contributing to a deterioration in overall power quality. In industrial power systems
that operate multiple high-power motors simultaneously, the combined effect of
such distortions can become substantial and difficult to mitigate.

To adequately represent the effects of magnetic saturation, it is necessary to
employ advanced modeling techniques that go beyond linear assumptions. Such
approaches include nonlinear magnetic circuit models that accurately describe the
B-H characteristics of ferromagnetic materials, finite element methods (FEM) that
enable detailed spatial analysis of electromagnetic fields, and the use of
experimentally derived data sets or lookup tables that reflect saturation behavior in
different parts of the machine. The application of these methods is particularly
important in high-demand systems—such as variable-speed drive systems, electric

traction applications, and automated industrial processes—where motors frequently
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operate near or beyond the limits of their linear magnetic region, making precise
modeling essential for reliable and efficient performance.

Magnetic saturation of the core is a key factor that must be incorporated into
both the modeling and design of asynchronous motors. Its impact extends across
electrical, mechanical, and thermal aspects of operation, directly influencing
performance characteristics, energy efficiency, and overall reliability. A
comprehensive and accurate consideration of saturation phenomena is therefore
essential to ensure that motors function safely, stably, and efficiently under practical
operating conditions[19]. A range of approaches exists for taking this effect into
account. [3, 20-22]. Incorporating the dependence of the main mutual inductance on
the magnetizing current, expressed as Li,=f(Io), provides an optimal balance between
computational simplicity and modeling accuracy.

Such a relationship can be approximated using polynomial functions of even
order [22], which provide a convenient way to represent the nonlinear behavior of
the magnetic system. The value of the magnetizing branch inductance under
unsaturated conditions is typically available in reference literature [23], or it can be
estimated with sufficient accuracy based on the results of a no-load test [24].

At the same time, the identification of coefficients for the polynomial
describing the dependence of inductance on the magnetizing current constitutes a
separate and nontrivial problem, requiring either experimental data or parameter
estimation techniques. In the present study, the formulation proposed in [25-27]
was adopted as the basis for modeling.

Accordingly, when defining the expression for flux linkage, it becomes

necessary to include the following components:
Py =1L+ L (Ly) 13¥s =15 Ly + Lip(1p) - I 4)

Fig. 1 demonstrates structural diagram of the modeling object; the diagram

expresses equations (2) and (3) taking into account (4).
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Figure 1 — Structural diagram of asynchronous motor as a modeling object

The application of space-time complexes is a common feature in many modern
modeling approaches. Since this method operates with instantaneous values of
currents and voltages, it eliminates the need for separate spectral decomposition
and the formulation of individual equations for each harmonic component.

Moreover, such equations represent a compact form of the three-phase system,
which inherently allows the inclusion of supply voltage asymmetry in the model. As
a result, the considered system can be regarded as a universal modeling framework,
capable of accurately describing both steady-state operation and dynamic processes,
including transient phenomena such as starting, deceleration, and load variations.

Obtaining an analytical solution of equation systems (2) and (3) is a complex
task and, as noted in [3], requires the introduction of a number of cyiecTBeHHbBIX
nomyiieHuit, which can limit the accuracy and applicability of the results. Therefore,
in practical studies, preference is typically given to numerical methods. These
methods are based on approximating infinitesimal changes of the desired variables
by finite increments, as implemented, for example, in the Euler method, and on
rewriting the original equations in Cauchy (normal) form.

Within the framework of the considered model, the angular velocity of the
asynchronous motor, along with the space-time complexes of stator and rotor flux
linkages, are treated as state variables. Their determination requires supplementing
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the original system of equations with additional known relationships that describe

the dynamic behavior of the system:

M= peliy (L LM - M, =) “2n ©

where M, is static moment; J is moment of inertia of a mechanical drive part; and p-
is number of pole pairs.

Software implementation of such AM model operating in terms of poor-quality
power is tested by describing starting process, load rise, and steady-state mode of
the motor of MTKH 112-6 type with the power of 5.3 kW. In terms of power, in case
one, ideal three-phase voltage corresponding to quality indices is used; in case two,
asymmetric nonsinusoidal voltage is used corresponding to real one which indices
are represented in Table I. Fig. 2 demonstrates STC hodographs of the indicated
voltages which show that asymmetric power stipulates elliptic hodograph shape

while nonsinusoidality distorts its shape.

Table 1.
Indices of supply voltage quality
Voltage deviation in terms of phases, %
A B C
11.20 18.80 1.00
Coefficients of harmonic constituents, %
2 3 4 5 6 7 8 9 10
5.800 0.8300 | 1.69100 | 0.0300 | 2.78100 | 0.0300 | 0.08100 | 0.2310 | 0.400

90 o0

120 60 (0} 120 60
1 ¢
150 30 1 30
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Figure 2 — Hodographs of space-time voltage complexes corresponding to
indices of quality (a) and asymmetric nonsinusoidal voltage (b).
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Further, there are obtained graphs of main motor coordinates. As it is seen,
available harmonic constituents in AM power results in the development of moment
pulsations. Fig. 3 shows instantaneous currents of stator and rotor; Fig. 4
demonstrates hodograph of asynchronous motor moment within one rotation.

Istat, & 40

e = Irot, A o+ = Irot!, &

— 40 -40
2 a) 202 204 2 b) 202 204

Figure 3 — Currents of stator and rotor in terms of ideal (a) and poor-quality (b) power
supply in steady-state mode.

Figure 4 — Hodograph of AM moment in terms of ideal (a) and poor-quality (b) power supply
in steady-state mode.

Figure 4 illustrates the hodograph of the electromagnetic torque of an
asynchronous motor operating in steady-state conditions under two different power
supply scenarios: ideal (a) and poor-quality (b). The comparison of these two cases
provides clear insight into the influence of power quality on motor performance.

In case (a), which corresponds to a symmetrical and purely sinusoidal power
supply, the hodograph takes the form of an almost perfect circle. This indicates that
the electromagnetic torque remains nearly constant as the angular position
¢\varphip changes. Based on the scale presented in the diagram, the torque varies

within a narrow range of approximately 57 to 58 N-m, with an average value close to
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57.5 N-m. The amplitude of torque pulsations does not exceed 1 N-m, which
corresponds to less than 2% of the nominal value. Such behavior reflects a stable
operating regime, where the rotating magnetic field is uniform and no significant
harmonic components are present. As a result, the motor operates smoothly, with
minimal vibration, reduced losses, and optimal efficiency.

In contrast, case (b) demonstrates the motor behavior under distorted and
asymmetric voltage conditions. The hodograph in this case deviates significantly
from a circular shape and instead exhibits a pronounced star-like pattern with
multiple peaks and troughs. This distortion indicates strong fluctuations in the
electromagnetic torque. The torque values now vary approximately between
54-55 N'-m and 60 N-m, resulting in a pulsation amplitude of about 5-6 N-m. In
relative terms, this corresponds to fluctuations on the order of 8—10% of the average
torque value.

The presence of multiple local maxima in the hodograph suggests the influence
of higher-order harmonics, such as the 5th and 7th harmonics, which are typical in
systems with nonlinear loads. Additionally, the irregular shape reflects phase
asymmetry in the supply voltage. These factors lead to non-uniform electromagnetic
interactions within the motor, causing torque ripple, increased mechanical
vibrations, acoustic noise, and additional thermal stress.

Thus, the comparison of the two diagrams clearly demonstrates that even if the
average torque remains approximately the same in both cases, the quality of power
supply has a decisive impact on the stability of torque production. Under poor-
quality power conditions, significant torque oscillations arise, which negatively
affect the mechanical integrity, efficiency, and service life of the asynchronous
motor.

Figure 5 illustrates the rotor speed dynamics under ideal and distorted supply
conditions. During startup, both cases reach near-synchronous speed (=105 rad/s);
however, the distorted supply introduces additional oscillations with an amplitude
of approximately 1-2%.

At the moment of load application (t = 0.6 s), the rotor speed decreases
from ~105 rad/s to =95-97 rad/s, corresponding to a drop of about 8-10%. Under
distorted voltage, the steady-state speed is slightly higher (by ~1-2%), but exhibits
persistent pulsations with a magnitude of up to 2-3%.
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These results indicate that while the average rotor speed is only marginally
affected, power quality deterioration leads to a noticeable increase in speed
oscillations and a reduction in dynamic stability of the drive system.

Rotor speed
120 T

100} \(

80

Ideal

% Distorted
S 6ol
£

3

40+

20

O 1 | L 1 |
0 0.2 0.4 0.6 0.8 1 1.2
Figure 5 —Rotor speed dynamics under ideal and distorted supply conditions with load
disturbance

Fig. 6 presents the time-domain response of the electromagnetic torque under
ideal and distorted voltage supply conditions. During the startup phase, the
distorted supply leads to significantly higher torque peaks, reaching up to
approximately 240 N-m, which is about 90-100% higher than in the ideal case.

In steady-state operation prior to load application, the torque under distorted
conditions exhibits pronounced oscillations with an amplitude of up to 15-20 N-m,
while the ideal case remains relatively stable. Following load application (t = 0.6 s),
the average torque increases to approximately 70-80 N-m; however, torque
pulsations persist with a magnitude of about 20-30%, indicating substantial
electromagnetic instability.

These results demonstrate that voltage distortion significantly amplifies torque
ripple and dynamic stress, which may lead to increased mechanical vibrations and

accelerated wear of the drive system.
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Figure 6 — Electromagnetic torque dynamics under ideal and distorted supply conditions
with load disturbance

Fig. 7 presents the time-domain waveform of the stator current in phase A
under ideal and distorted voltage supply conditions. During the startup phase, the
distorted supply leads to significantly higher current peaks, reaching up to
approximately 70-75 A, which is about 60-80% higher than in the ideal case.

In the steady-state no-load regime, the current under ideal conditions remains
nearly sinusoidal with low amplitude (=5-7 A), whereas the distorted supply
introduces waveform deformation and additional harmonic components, resulting in
visible distortion and increased ripple.

Following load application (t = 0.6 s), the current amplitude increases to
approximately 18-22 A in both cases; however, under distorted conditions, the
waveform exhibits clear non-sinusoidal behavior with persistent oscillatory
distortion. The amplitude variation increases by approximately 10-15%, indicating
additional harmonic content and increased electromagnetic stress.

These results confirm that poor power quality leads to current waveform
distortion, increased peak currents, and higher harmonic content, which contribute

to additional losses and thermal loading of the motor.
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Figure 7- Stator phase A current waveform under ideal and distorted supply conditions with
load disturbance

Analysis of the obtained power indices of AM operation represented in Table II
confirms the fact that poor quality of supply voltage stipulates growth of all the
types of losses; consequently there is a decrease in efficiency coefficient and power
coefficient of a motor. In this connection, the paper does not consider increase in
“heating” losses due to poor quality of supply voltage being determined by motor

state and load character. That is the subject of another study.

Table 2
Power indices of am in terms of its poor-quality power supply
Parameters Unit. Sinusoidal power | Nonsinusoidal,
asymmetric power
Electrical losses in a stator | W 491.30 498.30
Electrical losses in arotor | W 652.210 661.510
Iron losses A 89.210 90.10
Total losses A 1235.00 1250.12
Coefficient of efficiency % 81.41 81.22
Coefficient of power p.u. 0.981 0.910
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Conclusions. This study presents the development and validation of a dynamic
electromagnetic model of a three-phase squirrel-cage asynchronous motor operating
under conditions of degraded power quality, including voltage asymmetry and
nonsinusoidal distortion. The model is based on space-time complexes (generalized
vectors) and extended Park-Gorev equations, with nonlinear effects—such as
magnetic saturation—accounted for through a polynomial dependence of mutual
inductance on magnetizing current.

Simulation was performed for an MTKH 112-6 motor rated at 5.3 kW under two
scenarios: ideal sinusoidal supply and distorted, asymmetric voltage conditions. The
latter included phase voltage deviations of 11.2% (phase A), 18.8% (phase B), and
1.0% (phase C), as well as harmonic components up to the 10th order.

The results clearly demonstrate the negative impact of poor power quality on
motor performance. Stator losses increased from 491.3 W to 498.3 W, while rotor
losses rose from 652.2 W to 661.5 W. Iron losses also showed a slight increase from
89.2 W to 90 W. As a result, total losses grew from 1235 W to 1250 W, indicating
additional energy dissipation and thermal stress.

This degradation affected efficiency, which decreased from 81.4% to 81.2%.
More significantly, the power factor dropped from 0.98 to 0.90, reflecting reduced
energy utilization and an increase in reactive power consumption. These findings
confirm that even moderate voltage distortion and asymmetry lead to measurable
performance deterioration.

Additionally, torque pulsations and waveform distortions in stator and rotor
currents were observed, confirming increased electromagnetic stress under non-
ideal conditions. The simulation results showed strong agreement with experimental
data, with a relative RMS error below 4%, demonstrating the reliability of the
proposed model.

The study emphasizes the importance of incorporating power quality indices
into motor modeling, especially in industrial applications where operating
conditions are far from ideal. Traditional models assuming perfect supply conditions

fail to capture real losses and performance deviations.
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Future work will focus on extending the model to include stochastic variations
in power quality, enabling predictive analysis and supporting advanced diagnostics
and maintenance strategies.

In conclusion, the developed model provides an effective tool for analyzing
asynchronous motor performance under realistic supply conditions. Its applicability
to both steady-state and transient peskums makes it valuable for design, control, and

optimization tasks in modern industrial energy systems.
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VIK 621.316.925
Bitaniit KysnenoB, AnaTtosiii HikoneHko , Bacuib CTbOIIKIH , BssueciaB MapTuHies,

Poman Tyrymu, IBan Tecinenko

JVUHAMIYHE MOJE/IIOBAHHS POBOUYNX XAPAKTEPUCTUK
ACHMHXPOHHOTI'O IBUI'YHA 3A YMOB IIOT'TPIIEHHS IKOCTI
EJIEKTPOEHEPTTI

AHomauis. Y cmammi npedcmasesieH0 OUHAMIUHY €/1eKMPOMAZHIMHY MOOesb
mpugasHozo acuHXpoHHO20 J8UZYHA 3 KOPOMKO3AMKHEHUM POMOPOM, pO3po0eHy 01
Mo0eso8aHHs 1i020 pobomu 6 ymMo8ax peanvHUX NOpyuleHb SIKOCMi eneKmpoeHepeii.
AkmyaneHicme — JoCniOHeHHsT ~ 3yMO87eHa  3POCMArnYuM  8NJIuUeoM  npobyem
€71eKIMPOMAZHIMHOI CyMICHOCMI Ma eHepzemuyHUX 8Mmpam y NpoMuciosux cucmemax,
wo npauowmo 3a yMo08 acumempii Hanpyau ma 2aPMOHIUHUX
CNOMB0peHs - XapakmepHux 011 Mepex i3 HeNHIHUMU HA8AHMAMEHHAMU, MAKUMU SIK

38aprosasivHe 001a0HaHHs, 0y208i neui ma uacmomui nepemaeopiosadi.

TpaduuitiHi modeni 08uzyHis, sIKi 6a3yI0MvCsl HA NPUNYWEHHI I0eaNbHUX YMO8 HUBJIEHHS,
He 3abe3neuytomes 00CMAMHBOI MOUHOCMI ON  NPOZHO3Y8AHHS  NO2IPUWIEHHS
Xapakmepucmuk 3a Has8HOCMi makux cnomeopeHv. il N000JAHHS Yb020 00MEHEHHS
3anponoHosaHa modesib n06Yy008aHA HA OCHOBI NPOCMOPOBO-UACOBUX KOMNJEKCI8 ma
po3uiupeHrux pigHaHe Ilapka—I'opesa. Knwouogow 0cob1u8icmio € 8paxy8aHHs HACUUEHHS
MazHimonpoeody, 3M00e/1b08aH020 Uepe3 NOJIHOMIANIbHY 3aNeXHiCMmb B83AEMHOIL
iHOyKmMueHoCmi 8i0 HaMazHiuy8aabHO20 CMPYMY, WO 00380JI5€ OiIbUL MOUHO Onucysamu

pobomy 08uU2yHA 8 YM0OB8AX 8UCOKUX HABAHMAXCEHb MA HECUMempii.

Modenv 6yna anpo6osaHa Ha acuHXpoHHomy oOsuzyHi MTKH 112-6 nomyxHicmio
53 kBm y 0sox pexumax: npu ideanvHili CcuHycoioanvHili Hanpysi ma npu
CNOMEOPEHOMY ACUMEMPUYHOMY IKUBJNEHHI 3 2apMoHikamu 0o 10-20 nopsoky.
Pesynemamu nokasanu, w0 CnomeopeHHs Hanpyau npu3eooums 00 3p0CMAHHs 8mpam
y cmamopi (3 491,35 Bm do 498,3 Bm) i pomopi (3 652,2 Bm 0o 661,5 Bm), 3HUMEHHS
KKII (3 81,4% 0o 81,2%) ma cymmesoz0 3MeHUWIEHHs KoepiyieHma nomymHocmi
(3 0,98 do 0,90). Kpim mozo, cnomeopeHHs (opmM cmpymie i nynvcayii mMomeHmy
niomeepouaiu nidguujeHe eeKmpoMazHimue HaABAHMAMEHHSI HA 0BUZYH.

Ompumati pesynomamu mMo0en08aHHs 006pe y32004CyIombCsl 3 eKChepuMeHmalbHUMU
daHumu (RMSE < 4%), wo niomeepdxcye HadiliHicmy [ npakmuuHy UYiHHICMb
3anponoHosaHoi modeni 01 3adau 0iazHOCMUKU, NPOZHO3HO20 00C/Y208Y8AHHS,

yugpposux 08iliHUKI8 ma HasuaibHoz20 modeniosauHs. Ha eiominy 6i0 mpaduyiiiHozo
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2aPMOHIYH020 AHANI3Yy HA OCHO8I nepemeopeHHs Dyp’e, BUKOPUCMAHHS NPOCMOPOBO-
uacosux KoOMnjiexkcie 00380J151€ KOMNJIEKCHO Onucysamu SIK ycmasieHi, mak i nepexioui

pexcumu 6e3 Heo6XiOHOCMI PO3KAAOAHHS HA OKPeMi 2apMOHIKUL.

Iane  docnidweHHs pobumes 6HECOK Yy PO3BUMOK  eHepzoepekmusHux ma
iHmenekmyanpHux npomucaosux cucmem. Ilodanvuii docnioxcerHs 6ydymes cnpsimMosaHi
Ha 8Npo8aodxeHHs: cmoxacmuuHux modesieli 01 8paxy8aHHs OUHAMIYHUX 3MIH KOCmi
eslekmpoeHepeii, ujo do3eonums peanizyeamu npozHO3He KepysaHHs ma niompumamu

po3eumok asmomamus3sauii 8 pamkax koHuenuii Industry 4.0.

Knrwouoei cnoea: acunxpoHHuli 08uzyH, siKicmb elekmpoeHepeii, duHamiuHa mooeb,
acumempisi Hanpyau, 2apMOHIUHI CNOMBOPEHHS, eleKMpoMAazHimHe MOOel08aHHs,

ehekmugHicme.

JIITEPATYPA

1. Bykhovsky, D. (2022). Experimental Lognormal Modeling of Harmonics Power of Switched-
Mode Power Supplies. Energies, 15(2), 653. https://doi.org/10.3390/en15020653

2. Sinvula, R., Abo-Al-Ez, K. M., & Kahn, M. T. (2020). A Proposed Harmonic Monitoring System
for Large Power Users Considering Harmonic Limits. Energies, 13(17), 4507.
https://doi.org/10.3390/en13174507

3. Pedra, J. Estimation of typical squirrel-cage induction motor parameters for dynamic
performance simulation [Text]. IEEE Proceedings on Generation, Transmission and
Distribution. 2006. Vol. 153, Issue 2. p. 197. DOI: 10.1049/ip-gtd:20045209.

4. Krishnan, R. Electric Motor Drives — Modeling, Analysis and Control [Text] PHI Learning
Private Limited, New Delhi, 2010. 626 p.

5. Kuznetsov Vitaliy, Tryputen Nikolay, Kuznetsova Yevheniia. Evaluating the effect of electric
power quality upon the efficiency of electric power consumption. 2019 IEEE 2nd Ukraine
Conference on Electrical and Computer Engineering. Lviv, July 2-6, .2019, pp. 556-561.

6. Kuznetsov, V., Nikolenko, A. Models of operating asynchronous engines at poor-quality
electricity, EasternEuropean Journal of Enterprise Technologies, 2015. Vol. 1, N. 8(73):
Energy-saving technologies and equipment. Pages: 37 - 42. DOI: 10.15587/1729-
4061.2015.36755.

7. Serdiuk Tetiana, Kuznetsov Vitaliy, Kuznetsova Yevheniia. About electromagnetic
compatibility of rail circuits with the traction supply system of railway. 2018 IEEE 3rd
International Conference on Intelligent Energy and Power Systems (IEPS). September 10 - 14,
2018. Kharkiv, Ukraine. pp. 59 — 63.

8. Gnacinski, P., Gorniak, M., & Tarasiuk, T. (2026). Energy-Efficient Operation of Industrial
Induction Motors Exposed to Multiple Power Quality Disturbances. Energies, 19(1), 26.
https://doi.org/10.3390/en19010026

9. Konuhova, M. (2025). Modeling of Induction Motor Response to Voltage Sags with Re-
Acceleration Analysis. Energies, 18(21), 5682. https://doi.org/10.3390/en18215682

10.Varetsky, Y., & Gajdzica, M. (2024). Power Compatibility of Induction Motors in Industrial
Grids Containing Synchronous Generators. Energies, 17(5), 1066.
https://doi.org/10.3390/en17051066

11.Gnacinski, P., Pepliniski, M., Muc, A., & Hallmann, D. (2024). Induction Motors Under Voltage
Unbalance = Combined with  Voltage  Subharmonics. Energies, 17(24), 6324.
https://doi.org/10.3390/en17246324

ISSN-print 1991-7848 217
ISSN-online 2707-9457


https://doi.org/10.3390/en15020653
https://doi.org/10.3390/en13174507
https://doi.org/10.3390/en19010026
https://doi.org/10.3390/en18215682
https://doi.org/10.3390/en17051066
https://doi.org/10.3390/en17246324

“Modern problems of metallurgy” N2 29 - 2026

12.Gnacinski, P., Hallmann, D., Muc, A., Klimczak, P., & Pepliniski, M. (2022). Induction Motor
Supplied with Voltage Containing Symmetrical Subharmonics and
Interharmonics. Energies, 15(20), 7712. https://doi.org/10.3390/en15207712

13.Gnacinski, P., Hallmann, D., Klimczak, P., Muc, A., & Pepliniski, M. (2022). Effects of Negative
Sequence Voltage Subharmonics on Cage Induction Motors. Energies, 15(23), 8797.
https://doi.org/10.3390/en15238797

14.Drabek, T. (2023). Derating of Squirrel-Cage Induction Motors Due to High Harmonics in
Supply Voltage. Energies, 16(18), 6604. https://doi.org/10.3390/en16186604

15.Gudino-Ochoa, A., Jalomo-Cuevas, J., Molinar-Solis, J. E., & Ochoa-Ornelas, R. (2023).
Analysis of Interharmonics Generation in Induction Motors Driven by Variable Frequency
Drives and AC Choppers. Energies, 16(14), 5538. https://doi.org/10.3390/en16145538

16.Guasch-Pesquer, L., Garcia-Rios, S., Jaramillo-Matta, A. A., & Vidal-Idiarte, E. (2022).
Improved Method for Determining Voltage Unbalance Factor Using Induction
Motors. Energies, 15(23), 9232. https://doi.org/10.3390/en15239232

17.Munoz Tabora, J., de Lima Tostes, M. E., Ortiz de Matos, E., Mota Soares, T., & Bezerra, U. H.
(2020). Voltage Harmonic Impacts on Electric Motors: A Comparison between IE2, IE3 and IE4
Induction Motor Classes. Energies, 13(13), 3333. https://doi.org/10.3390/en13133333

18 W. H. Hayt, J. E. Kemmerly, J. D. Phillips, and S. M. Durbin,
Engineering Circuit Analysis, 10th ed.
New York, NY, USA: McGraw-Hill, 2023.

19.V. Havryliuk, Modelling of the return traction current harmonics distribution in rails for AC
electric railway system. 2018 International Symposium on Electromagnetic Compatibility
(EMC EUROPE), IEEE, 2018, pp. 251-254.

20.V. Havryliuk. Audio Frequency Track Circuits Monitoring Based on Wavelet Transform and
Artificial Neural Network Classifier . 2019 IEEE 2nd Ukraine Conference on Electrical and
Computer Engineering, 2019. Lviv, Ukraine, July 2-6, pp. 491-496.

21.M. H. Gmiden and H. Trabelsi, "Calculation of two-axis induction motor model using Finite
Elements with coupled circuit,” 2009 6th International Multi-Conference on Systems, Signals
and Devices, Djerba, Tunisia, 2009, pp. 1-6, doi: 10.1109/58SD.2009.4956785.

22.0gar V.A. Estimation of nonlinearity of inductance of a winder with steel using energy method
[Text]. Messenger of KrSPU, 2004. Publication 2/2004 (25). pp.78-84.

23.]. F. Gieras, Electrical Machines: Fundamentals of Electromechanical Energy Conversion. Boca
Raton, FL, USA: CRC Press, 2016. d0i:10.1201/9781315371429

24.GOST 7217-87 Electric rotating equipment. Asynchronous motors. Testing procedures.

25.Valerii Tytiuk, Oleksii Chornyi, Mila Baranovskaya, Serhii Serhiienko, Iurii Zachepa, Leonid
Tsvirkun, Vitaliy Kuznetsov, Nikolay Tryputen. Synthesis of a fractional-order piidp-
controller for a closed system of switched reluctance motor control. EasternEuropean Journal
of Enterprise Technologies, 2019. Vol. 2, No. 2(98), pp. 35-42, DOI:
https://doi.org/10.15587/1729-4061.2019.160946.

26.Ky3uernos, B., Croipiunes, ., [linkos, C., l'epamenko, A., & Kpusenko , O. (2025). BITJIVB
AKOCTI EJEKTPOEHEPITI HA XAPAKTEPUCTUKN ACHUHXPOHHOI'O JOBUIYHA: IIIOXIT,
IOVUHAMIYHOI MOJIEJII. CyuacHi pobsieMu MO/Ie/IIOBaHHS, (27), 136-148.
https://doi.org/10.33842/2313-125X-2025-19-136-148

27.KoBaneHko, B., Kauypa, O., Cipuca, B. B., I'ynemra, O., Tpuxkino, A., Konucos, B. 1., & Bamiko, B.
P. (2025). AHAJII3 KOMIIJIEKCHOTI'O BIIJIMBY ITAPAMETPIB IKOCTI EJJEKTPOEHEPTII HA
POBOUI = XAPAKTEPUCTUKU ACHMHXPOHHOI'O [JIBUI'YHA. CyvacHi mpo6ieMu
MoJenoBaHHs, (27), 60-72. https://doi.org/10.33842/2313-125X-2025-19-60-72

218 ISSN-print 1991-7848
ISSN-online 2707-9457


https://doi.org/10.3390/en15207712
https://doi.org/10.3390/en15238797
https://doi.org/10.3390/en16186604
https://doi.org/10.3390/en16145538
https://doi.org/10.3390/en15239232
https://doi.org/10.15587/1729-4061.2019.160946
https://doi.org/10.33842/2313-125X-2025-19-136-148

“Cyuacui nmpo6iaemu metanyprii”, N2 29 - 2026

BiTaniit Ky3HenoB — KaHIUIAT TEXHIYHMX HAYK, JOLIEHT YKPaiHCbKUIA Iep>kKaBHUI YHiBep-
CUTET HayKu i TEXHOJIOTi, IHinpo, VKpaiHa e-mail:
witjane20002014@gmail.com,0RCID:0000-0002-8169-4598

Anaroutiit HikoleHKO - K.T.H., JOIIE€HT, 3aB. Kad. eJIeKTpUIHOI iHkeHepii, YKpaiHChbKMi
Jlep>KaBHUI YHiBepCUTET HayKU i TEXHOJIOTil (YxpaiHa), e-mail:
nikolenko.a.v.nmetau@gmail.com, ORCID: 0000-0003-3808-4249
Bacmibp CThONKIH — KaHIMIAT TEXHIYHMX HAYK, MOLEHT Kadeapy eeKTPUUYHOI iHKeHepii
VKpalHCbKOrO [epXKaBHOTO VYHiBepCUTeTy HayKu 1 TexHosoriit, [Hinpo, VYkpaiHa.
https://orcid.org/0000-0001-5727-8343

BsiuecniaB MapTuHIIEB - CTyIeHT Kadeapu eJleKTpMUUHOI iHkeHepii, YKpaiHChbKuit
IepskaBHMIA YHiBepcuTeT Hayku Ta TexHosoriit, ORCID: 0009-0005-2902-9979.

Poman Tyrymmu - cTyaeHT, YKpaiHCbKUIA ep>KaBHUII yHIBepCUTeT HayKy Ta TEXHOJIOTiM,
ORCID: 0009-0001-6235-1899

IBan TecieHKO - CTyOeHT, VYKpaiHCbKUIA [OepkaBHUII YHIBEpCUTET HayKu i
texHoJoriit,ORCID:https://orcid.org/0009-0001-0234-868X

Vitalii Kuznetsov - candidate of technical sciences, associate professor Ukrainian
StateUniversity of Science and Technologies, Dnipro, Ukraine e-mail: wit-
jane20002014@gmail.com, ORCID: 0000-0002-8169-4598

Anatolii Nikolenko - candidate of technical sciences, Associate ProfessorHead of the
Electrical Engineering DepartmentUkrainian State University of Science and Technologies,
Dnipro, 49005, UkraineORCID: 0000-0003-3808-4249

Stopkin Vasyl - candidate of technical sciences, associate professor Ukrainian
StateUniversity of Science and Technologies, Dnipro, Ukraine. https://orcid.org/0000-0001-
5727-8343

Martyntsev Viacheslav - student, department of electrical engineering, Ukrainian State
University of Science and Technology, ORCID: 0009-0005-2902-9979

Tuhushy Roman - student, Ukrainian State University of Science and Technology,
ORCID: 0009-0001-6235-1899.

Teslenko Ivan - student, Ukrainian State University of Science and Technology,
ORCID:https://orcid.org/0009-0001-0234-868X.

ISSN-print 1991-7848 219
ISSN-online 2707-9457


https://orcid.org/0000-0001-5727-8343
https://orcid.org/0000-0001-5727-8343

“Modern problems of metallurgy” N2 29 - 2026

DOI: 10.34185/1991-7848.2026.01.15
V1K 622.8.1/.8:519.65:539.3
Jlapionos I'.1., 3emssiHa 10.B., bymiu 10.10., XBopocTsH B.O.

IMTPO AOUIJIBHICTD ITOITEPEIHbOTO HABAHTAJXEHHSA AHKEPHUX
IITAHT B YMOBAX YKPAIHU

AHomauis. Po3MiuleHHs uacmKu npOMUCI08UX I cOUianbHUX 00'€ekmis nid 3emJier, Ha
mpuesanuii uac excnoyamauii ma énuey 308HIlUHIX Oxcepen celicMiuHoi eHepeii pi3HOo20

NOX00MEHHSI CMAJI0 AKMYAIbHOK NPOOSIEMOI0 Cb0200EHHS.

PamHo-aHKepHe KpIinieHHs € Haubi1bll Po3Nn0BCHOONHEHOK CUCMEMOK KpPiNJleHHS
nid3emMHux 8upoboOK y momy uucii i 0ns doszompusanoi exkcniayamayii niod3emHux
cnopyo npomucnoeozo npusHaueHHs. IIpoyedypa KpinieHHs NOUUHAEMbCS 3 KPINJIeHHs
8upoOKuU Memano nonimepHumu avkepamu (AKM). [ani ni0 3axucmom aHKepHO20
kpinnenHs (AK) 8idbysacmocs KpinneHHs eupoOku pamamu. Ocobaugocmamu maxoi
KOMOiHayii € me, w0 aHkepHe KpinieHHs npomudie 6y0b AKUM NepeMileHHAM 2ipCbKUX
nopiod y supo6xy. Y yeti camuii uac, 3a He3HauHux nepemiujeHsb nopio y npocmip supooxu,
pamHe KpinjieHHs 6ce we He nouaao npomudismu 2ipcbkKoMy mucky. 3a 3HAUHUX
nepemiujeHs 0ns1 AKM pamHe KpinjieHHs eumywieHe npuiivamu Ha cebe HA8AHM A EHHS
gazu nopio o6’emy cmucHymoi o6osioHku. Taka cumyauis He € NPULiHAMHOW ONisl
KpinnieHHs 8upoOOK 3 00820MpuUsaIuUM mepmMiHOM ekchayamauii. BpaxysauHs ¢pakmopy
doszompueanoi ekchayamauii nio3eMHUX ChopyoxceHb npu3zeooums 00 O0emaibHO20

aHani3y YUHHUKIB, W0 MOXYMb Mamu 6Nnius Ha Hei.

O0HUM i3 HallBa nusiwux YUHHUKIB, WO MAE BNIUB HA 8AHMANCO CNPOMONCHICMb NOPiod
y 0KoJli 8upobKu € nonepedue HasanmaxeHHs (ITH) ankepHux wmaxvz AKM. AHani3
JlimepamypHux 0xepes NoKa3as 8i0cymuicmes cmasnoi 0yMKu Ha 1i020 8eauuuHy i 83azani
Hasimo Ha 1i020 doyinbHicmob. 3a iCHYRUUMU HOPMAMUBHUMU OOKyMeHmMamu 8 YKpaiHi
80HO nputiHame Ha pieHi 5 m. 3a yumu doxkymernmamu ITH nosuHHo 3dilicHiogamucs 3a
PAXYHOK CMUCHEHHSI NOpi0 WLISXOM 3AKpY4y8aHHS 2aliku Ha xe80cmosili  OdinaHuyi
aHkepHoi wmawzu. IIpome Ha menep yeii memod cmeoperus ITH 3miHu8cs. Bpaxosyouu
mexHoN02iuHy CKNadHicmb onepayii 3 HaKamku pi3eOu 8i0 Hei 8idmosunucs. Ha menep
onepayis 3i cmeopeHHs ITH aHkepHux wmaue 30iliCHIOEMbCA WISIXOM 3aKPY4y8aHHs
Jumoi e2atiku no nepioduYHUM BUCMYNAM HA NOBEPXHI AHKEepPHOI wmanau. K

pe3ynemam HopmamueHe 3HaueHHs [TH He € 0ocsHHUM. SIK nokasywome po3paxyHKu,

© Jlapionos I'.I., 3emnsgHa 10.B., Bymiu 10.10., XBopoctsH B.O. , 2026 Copyright for this paper by its
authors. Use permitted under License CC BY 4.0.
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maxkcumanvHe 3HaueHHs ITH He nepesuwiye 2m. Beauuuna ITH He Mmoie 6ymu
KOHMPOJ1b08AHOI0, OCKIJIbKU BU3HAUAEMbCS 3YyNUHKOI0 npoyedypu 3akpyuy8aHHs 2atiku y
38°93KY 3 HeMOMugicmio ii nodanvuio2o 8UKoOHaHHs. OCKiibKU nocadku y napi 286uHm-
2atika € Wwupoko xo0o8uMu mobmo 8inbHUMU i IK HACNIO0K, 8i00y8aAEMbCS 3AKYULY8AHHS
2atiku Ha nepioduuHuUX eucmynax avkepHoi wmaxeu. I'ogopumu npo 00Cs2HEHHS
npoekmHux 3HaueHv IIH He 6apmo. [Ins KpinjieHHsT NPOMUCNO8UX O00°€Kmie Ha

mpusanuti uac ekcnayamayii makuti cmaH peueti He € 00NYCMUMUM.

Jna 3’acysanHs eaxuciueocmi GukoHaHHss I[IH HOpmamueHux 3HA4eHb HeoOXiOHO
nposecmu ekcnepumeHmaivHe doCioOHeHHs 8 NPOMUCT08UX YMOB8aX. Take ocidnceHHs

0Y10 nposedeHo i ioz0 pe3yivmamu npedcmasJieHo 8 dawiti cmammi.

Hasedeno zpacgpiuni 300pax;ceHHs CmaHy noeepxHi Noxpieni eupobox, wo hidaseanu
00Cni0HeHH ma 3po6eHO BUCHOBKU.

Kntouosi cnoea: memanononimepuulli axkep, nonepeoHe HABAHMANEHHS, CMAH
noeepxHi 8UpPOOKU.

Bcryn. Ha Temep BciMm BigoMo Ipo e@eKTUMBHICTb 3aCTOCYBaHHSI KPiIlJIeHHS
TipHMUMX BUPOOOK MeTaJomnoJiMepHMMM aHKepamMu. Y HAIPSIMKy aHKEepPHOro
KpilJIeHHSI BMKOHAHAa BeJMKA KiJbKICTh HOCHIIKeHb BiTUM3HSAHMMM BUYEHMMMU. X
pobOTH [O3BOJWIM Ha HAYKOBiii OCHOBI MimilATM 10 PO3YMIiHHSI i PO3KPUTTS
dismMuHOro 3MmicTy 1pbOro BuAy KpimaeHHsS. [Iupoko Bimomi mpaili pagsHCbKUX
BueHux B.H. CemeBcbkoro, O.0. bopucosa, H.C. Bynnuosa, H.H. ®otieBoi, €.4.
Maxno, O.II. IllmpokoBa, O.B. Tumodeena, 1.0. IOpuenka, Bb.K. Uykaha,
I'.®. T'opbauosa, H.I. MenbHMKOBA Ta iHIINX.

Hait6inpiioro momupeHHS HaAOy/JIO paMHe Ta aHKepHe KpilUIeHHS TipHUYMX
BUpOOOK. Ha ripHmumx mignpuemcTBax 3aximHoro JloHOAacy [OJsT BIIPOBAIKEHHS
aHkepiB gocsirae 80 % ycix BUpOOOK. PamMHe KpilJileHHSI He 3aBXIM B 3MO3i
MIPOTUIISITU TIPOTMHY TIOPiJI, TOB’SI3aHOTO 3i 30i/bIIeHHSIM iX 00’eMy. IIpuunHoIO €
KOHCTPYKTMBHI OCOOJIMBOCTI PaMHOTO KpiIJIeHHS, SIKi TOJSIraloTh Y HEMOXKIMBOCTI
3a0e3MeunTy TIOTNepelHE JOro pO3MMpPaHHS. 3MillleHHS, IO € pPe3y/JIbTaTOM
PO3BaHTaXXeHHS TIOpiJi, He 3yCTPivalTh IEpenIkoj abo 3YyCTpivaloTh HE3HAUHY
Tepenkoy, SIK 40 OCafgKM, TakK i y mepiimii yac micias Hei. ITopogyu HaBaHTaKYIOTb
KpilJIeHHSI i TMUM CaMMM 3MEHINYIOTh JOTO OIip MOAAJIbIIMM 3MillleHHSIM MOopiz,
CIIPUUMHEHUX PO3BAaHTAKeHHSIM. AJjie, MawuM BeJMKi MepeBarM Haja paMHUM
KpiIJIEHHSIM, aHKepHe KpillJIeHHS Ma€ OCOOJMBOCTi, HEe BpaxXyBaHHS SIKUX MOKe

YCKIaZHUTY IIpo6ieMy 6e3IeKky eKCIulyaTallii mig3eMHux cropy/. CrpaBa IoJsira€ B
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TOMY, IO BiIMOBa aHKEpPHOIrO KpiIlJIEHHS Mif Ii€l0 TipChbKOrO TUCKY BimOyBaeTbhCs
MUTTEBO. 1l ob6cTaBMHA BMMAarae OCOOAMBO MPUCKITIIMBOTO BiJHOIIEHHS [0
pPO3paxyHKy IMacIOPTiB KpilJIEeHHS IMig3eMHUX CIIOPYA, Ta BUKOHAHHS HOPMaTUBHUX
IokyMeHTiB Ykpainu. KopucTyBaHHSI 3amo3MUeHUMMM MeTOAMKAMM PO3PaXYHKY
IapaMeTpiB aHKEPHOTO KPiIlJIeHHSI He B 3MO3i rapaHTyBaTy CTiliKiCTb BUpPOOKaMm i
0e3meKky iX eKCIUTyaTallii IPOTSIroM 3HAYHMX TEePMiHiB eKcIuTyaTaliii. BinbIricTb
METOIMK pO3paxyHKiB[1-7] 6a3yeTbcsl HAa MeTOAAX CIIOCTEPEKeHb i eMITipUYHUX
MeTOomax, SIKi BilOMBaIOTh OCOOIMBOCTI TipHMUO-TEOIOTIUHMX YMOB, IIJISI IKUX BOHU
PO3POOIISIIIAC.

ITig cTifikicTIoO BMPOOKM pO3YMilIOTh 3IaTHICTh ii 36epiraTu IeBHi po3mipu i
dbopmy morepeyHoOro IepeTuHy Ha IMPOTsI3i TepMiHy ii caysk6u. [t 3ab6e3rmeueHHs
CTIIKOCTi BUPOOKM HEOOXimHO OyIb-SIKMM UYMHOM 30UIBIIUTM  BaHTaXO
CIIPOMOKHICTh mopif. Haiibinbimr edekTMBHMM 3aCcO000M € 30iJbIIeHHSI MillHOCTI
IIapy IMopiJg Ha 3TMH i pO3TAT, Ki BUHMKAIOTh Yy ITOPOAAX TMOKPiBji BMPOOKM. st
AHKEPHOTO KpiIlJIeHHSI IiepeBaka€e 3MiIlHEHHSI TOpiA 3a paxXyHOK 006’€MHOro
HaBaHTaKeHHS.

HeoOxigHa MpoTUIisl HANIPY>KEHHSIM PO3TATY HaiOiIbIl e(peKTUBHO MOXe OyTHu
3iJiCHEeHA 3aKPiIlJIEHHSIM Yy ITOPOJax CTajeBuX abo MoJIiMepHUX CTPVDKHIB — aHKePiB.
Ha BigmiHy Big pamMHOro KpimnjieHHSI, aHKepHe BCTAHOBJIIOKOTH, IOIEPeIHbO
HAaBAHTAXYyHOUM, TOMY BiZpa3y K Micasd 3BeNeHHS KpillJIeHHS MiIBUILYEThCS
34eIUIeHHS B30BX IUIOIIMH HaIUIaCTyBaHHS IMOPid abo iX TpilyH.

Cucrema KpilieHHS TipHMUMX BMPOOOK MeTa/IONoJiMepHMMM aHKepamu
HalOIIbIII IIMPOKO BUMKOPMCTOBYETHCS HA ITiI3€ MHMX CIIOPYIaX BCiX KOHTMHEHTIB.
Lle kopcTka i akTMBHa cucTema KpirmaeHHs (puc. 1). TexHOsorisi BUKOPUCTAHHS
MOBHICTIO 3aKkpiruieHnx aHkepiB( [I3A) 3 BuxkopucTtaHHsIM Qikcyrounx cymimeit (©C)
IIBOX TEepMiHiB TBEepHiHHS TMOJISITAa€E y TOMYy, IO BOHAa [0O3BOJISIE CTBOPIOBATU
rorepesHe HAaBAaHTAaKeHHS, i, TMUM CaMMM, CUCTeMa KpiIUIEHHSI CTa€ aKTMBHOIO Ha
BiIMiHY BiJ KpiruieHHS 3 ogHOKoMnoHeHTHMMM OC. MexaHi3M CTBOpPeHHS
ToTrepeHbOT0 HaBaHTa)KEHHS TIOJISITA€E Yy TOMY, IO Y aHKepPHMII IIIyp BBOJISTH
amITyJim 3 (iKCyl04ol0 JBOKOMITOHEHTHOIO CYMIIIIIIO0 JBOX TEPMiHiB TBEpIiHHS.
Bakdye mo 3a6010 MINTYypy PO3TAIIOBYIOTh aMMyny (ikcyrouoi cymimr 3 KOpOTKUM
TepMiHOM 3aTBepiHHSI, a aMMyauM 3 OiJbIl 3HAUHMM TEPMiHOM 3aTBepHiHHS -

O/MsKUe 1o TIOKPiBJi BUPOOKM.
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Pixky4va kKpomka

3amkoBa 4YacTurHa
wnypa 3 obiKcyro*—lo;o<
CYMILLILLIIO KOPOTKOro
TepMiHy TBepAiHHA

MNoBepxHA aHkepHOT
LWITaHrM 3 nepioganHHnmMm
BUCTYNamwu

PoBoya vacTtuHa
wnypa 3 dgikcyro4oto <
CYMILLILLIIO 3 AOBrMM
TepmiHOM TBepAiHHA

OinaHka aHkepy 3
HakaTaHow piabboto

Manka

PucyHoxk 1 - [ToBHicTIO 3arioBHeHi aHkepy 3 @C 1BOX TepMiHiB TBepIAiHHS

3ynuHka obepTaHHS aHKepPHOI IITAHTU € CUTHAJIOM JJISl TTI0YaTKy CTBOPEHHS
TIONepeIHbOTO ii HaBaHTAKeHHSI, SIKe 3MIiiCHIOETHCS IISIXOM OOepTaHHS Taiiku y
mapi raika-rBUHT MO pi3bOOBii [iJNISIHIII XBOCTOBMKA aHKepHOi ImTaHru. Ilicss
JIOCSITHEHHSI HEeOOXiTHOTO 3a BEJMYMHOK0 IOTEepelHbOr0 HaBaHTa’KeHHSI aHKepHa
HITaHra 3filicHIoe ¢ikcallilo CTMCHEeHUX TipCbKMX IOpPiJi BiZHOCHO CTiHOK IIIypY.
lpcpki mopoay, IO 3HAXOASTHCS B OKOJII aHKEPHOTO IIIypy, OMMHSIOTHCS Y
CTUCJIOMY CTaHi i, 6isbIl TOr0, 3a)iKCOBAHMMM Y TAKOMY CTaHi.

B VkpaiHi 6yn0 NpuUitHITO OGPUTAHCHKY TEXHOJIOTiI0 KPiIlJIeHHSI MiJ3eMHUX
BUPOOOK MeTasonojiMepHuMu aHkepamu [1], 3a sIKOI0 MeTasioNoJiMepHi aHKepu
IornepesHbO  HABAHTAXYIOTHCS. BenuumuHa OCbOBUX 3yCWJIb, 3TiIHO 3
HOPMAaTUBHMMM [IOKYMeHTaMu, NpUiHITMMM B VYKpaiHi, ckiamae 50 kH. fk
3aCBiuy€e TPAKTUUYHUI [OCBiJT BUKOPUCTAHHS IIONEPeIHbOTO HaBaHTAKEHHS
aHKepHMX IITAaHT B YMOBaxX BYTUIbHUX IIaxT Benukobpuranii Ta Ykpainm, njs
AHKepHMX IITAaHI HOMiHaJbHOrO pAiamerpa 25 MM i Oijgblie Takoro piBHS
rornepeJHbOTO HAaBAHTAKeHHSI € OCTATHIM. 3a TaKMUX YMOB AOCSTA€TbCSI BUCOKMIA
piBeHb CTiMKOCTi ITiI3eMHOI BMPOOKM i 3a6e3I1euyeThCsl BUCOKUIT piBeHb Oe3IeKu

BUKOHAHHSI BUIMKOBMX Ta OUMCHUX POOIT.
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CeiTOBi mimepu 3 aHKepHOro KpimneHHs1 — CronyueHi Illtat Amepurm -
BUKOPUCTOBYIOTb [Ba PiBHS IOII€PeSHbOr0 HABAHTAXXEHHSI aHKepHUX IITaHr [2,3].
[Tpuyomy iioro BeauuuHa OOYMOBJIEHA, 3 OJHOTO OOKY, OCOOJIMBICTIO HAIMpPYy>KeHO-
neopMOBaHOTO CTaHY TipChKUX HAAp — MEepeBUINEHHSIM OiYHOTO, TEKTOHIYHOTO 3a
MIPUPOIOI0, TipChbKOTO TMCKY HaJ TigpOCTaTUYHUM, OOYMOBJEHUM TIJIMOVHOIO
po3TalryBaHHS BMPOOKM, a 3 iHIIOrO OOKy, TEeXHOJIOTIYHMM UMHHUKOM, a
caMe — BMCOKOI IIBUAKICTIO BMIMKOBMX pOO6iT. Tak 3a 3HAUHMX IIBUAKOCTEIA
BUIMKOBUMX Ta OUMCHMX POOIT IJIsT MiJABMIIEHHSI CTiIKOCTi TOHKOTO Iapy ITOKPiBIIi
BupoOkyu y CIIIA KOpPUCTYIOTbCSI KYIIOJIbHOIO I1ait0010, sIKa SIBJISIE COOOI0 YaCTUHY
chepu — kynona. Ilig vac BCTAaHOBJIEHHS aHKEPHOI IITAHTM Y IIMNyp TMOMepeaHe
HaBaHTa)KEHHSI CTBOPIOETHCS 3a PaxyHOK IIPYKHOI BJIACTMBOCTI KYTIOJIbHOI IIaii6u,
rorepenHbo AedopMoBaHOiI CTUCKAUMMM 3ycuuisiMu cTiiku (1-4 xkH). OpHak,
IOCBiA, ~ CBiTOBOro Jjifgepa 'y BMKOPUCTaHHI IIONEpeIHbO  HaBaHTaXXEHUX
MeTaJsIoIOJIiMePHNX aHKePiB BUSIBUBCS YHIKaJbHMM i HiISIKMM UMHOM He BIUIMHYB Ha
JOCBil, BUMKOPMCTAHHSI METAJ/IONOJNIMEPHMUX aHKepiB Ha TipHMUMX MiAIIPUEMCTBAX,
pPO3TalllOBaHMX HA iHIIMX KOHTUMHEHTaX. Ha cbOroaHi He € BM3HAUEHOIO Hi BeJIMUMHA
rornepesHbOTO HABAHTAKEeHHSI, Hi HABiTh 110T0 AOLIBHICTD [7].

ITocraHoBKa 3amaui. [TpoBecTu nepeBipKy edbektuBHOCTi fii IIH i BcTaHOBUTHU
HeOoOXimHICTh JOTO BMKOHAHHS B cucteMi KpirteHHS AKM ripHuumx BUpPOOOK B
yMOBax YKpaiHu.

OcHoBHa yacTuHa. /[ 3’acyBaHHSI e(PeKTMBHOCTI 3aCTOCYBaHHS TEXHOJIOTii
aHKepHOro KpiluleHHSI 3a MeToauKow IpuitHaTow y CIIA nHa [IBAT «IllaxTa
BisopiueHcbKa» CyMiCHO 3 aMepuKaHChbKMMM creriajgictramu y 2007 poiii 6ymo
TIPOBEJIEHO HayKOBMIi eKCIIepMMEHT 3 BU3HAYeHHS e(deKTMBHOCTI 3aCTOCYyBaHHS
aMepMKAHCbKOI TEeXHOJIOTil aHKepPHOro KpilUIeHHS B YyMOBaxX BYTIJIbHUX IIaxXT
Vkpaiau. VY paMKax IbOTO €KCIepUMEHTY BIAJIOCS He TiIbKM BU3HAUUTU
eeKkTMBHICTb  3aCTOCYBaHHSI  aMepMKAHCbKOI  TexXHoJyiorii  KpireHHd i
KOMIUIEKTYIOUMX aHKEPHOTO KpilUVIEHHS B yMOBaX BYTUIBHMX IIaxT YKpaiHu, a ¥
IOCTiAVUTY BIUIMB IIONIEPEIHHOTO HaBAaHTAXKEHHSI HA POOOTY aHKEPHOI'O KPiIVIEHHS B
TipHMUMX BMPOOKaX. 3a pe3yyibTaTaMy 00CTeXeHHS 1-T0 "6ic" KOHBEEPHOTO HITPEKY
nnacty le ropusoHTy 725 M [IBAT «itaxta BinopiueHcbKa», Ha SKOMY 37iiiCHIOBAIOCS
KpiTJIeHHsI, MOXXHA 3pOOMTY BUCHOBKM IIPO 3HAUHMI BIUIMB Ha CTiliKiCTh ITOKPiBJIi

BUPOOKM TOMepeIHbOro HaBaHTaxkeHHST (puc. 2 - 4 ). Tak yacTuHa BUPOOKM, IO
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Kpinuiacst 3 BuKopuctaHusim AK 3a TexHosoriero amepmkaHCbkUx dipm, TO6TO 6e3
BUPOOKM He TO3BOJISIB il eKCIUTyaTallilo i BOHA ITijjisirasia IOBHOMY IepeKpillJIeHHIO.
Y xoAi eKcIlepMMeHTY BIaJ0Csi BCTAHOBUTM BIUIMB [BOX PiBHIB MOIEepegHbOTO
HaBaHTaXeHHsS. Tak fdinsiHKa BuUpoOKM Oyna 3akpiruieHa AKM, BUMKOHAaHMM 3a
YKpaiHChKOIO TEXHOJIOTi€l0, TOOTO aHKepaMy HOMiHaJIbHOrO miaMerpa 25 Mm i
romnepeaHiM HaBaHTAXXeHHSIM 5 T (OMB. puc. 5), a iHma ginisHka — AK HoMiHa/IbHOTO
miaMeTpa 22 MM 3i caGKuM IIonepenHiM HaBaHTaKeHHSIM (puc. 6). CraabKicTp i
HEeBM3HAUEHICTh BeJIMUYMHMU IONepeAHbOTO0 HaBaHTAKeHHS BUKJIMKAHA BiICYTHICTIO
pi3bOOBOI miTHKM aHKepHOi mTaHry. [TorepeaHe HaBaHTasKeHHSI 3/1i7ICHIOBAIOCh 3a
PaxXyHOK pyXy Taliky MO 30BHIIlIHi} TBMHTOBII HaBMBIIi, KYT MigiioMy SIKOi CKJIa[aB
Maiike 9° i He J03BOJIMB 3a0e31eunTy HeoOXiqHMIT piBeHb HaBaHTaxkeHHs1. KpiM Toro,
npobsema IONepesHbOrO0 HaBaHTaKeHHSI YCKIAAHIOBA/IACh HASIBHICTIO BiJIbHOTO

DOITYCKY y Iapy «JIUTa rajika — aHKepHa IITaHTa».

PucyHok 2 - CTaH MOYaTKOBOI IiJITHKY BUPOOKM, 3aKPiTlJIeHOT 38 aMepUKaHChKOIO
TeXHOJIOTi€I0 3 HOMiHQJIbHMM [iaMeTpPOM aHKepHOi mTaHru 19 Mmm
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PucyHoK 3 - CTaH cepeqHbOi YaCTUHMU TiJITHKM BUPOOKMN,
3aKpiIlyieHoi 3a aMmepMKaHChKOIO TeXHOJIOTi€I0

PucyHok 4 - CTaH NpUKiHILIEBOI AiITHKY BUPOOKM, 3aKPIiTlJIeHOI 32 aMepUKAHChKOIO
TEXHOJIOTI€I0

AHani3 pe3yabTaTiB 06CTeXeHHS BUPOOKM TTOKA3aB:
- Ha OiMSHIN, 3aKpilIeHiii aHKepaMy Ta KOMIUIEKTYIouuMy BupobuuiiTea CIIA
(muB. puc.2. - 4.), 3cyB Iopig MOKpiBji Bupo6ku ckias Big 500 mm mo 1000 mm, 1110

Ha MOPSAO0K MepeBUIILY€E TPUITYCTUMI;
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- Ha [UISHIN, 3aKpillvieHi/i aHKepHMMM IITaHTaMM 1 KOMIIJIEKTYRUUMU
BupobuunTsa CIIA (muB. puc. 3-4), 3cyBu IOpiJi TTOKPiBJIi BUPOOKM 11epeOyBalOTh y
mexkax Big 800 mm mo 1000 MmMm;

- Ha [OiNSHIN, 3aKpiluvieHiii aHKepaMyM HOMIHaJIbHOTO IiaMeTpa 25 MM 3a
YKpaiHChKOIO TEXHOJIOTIEIO0 i MonepeaHiM HaBaHTa)XKeHHSIM IITAHT 5 T (IuB. puc. 5),
3CYB IIOPiJI ITOKPiBJIi BUPOOKM B M€Kax HOPMU;

- Ha [OiISHI, 3aKpiluieHili aHKepaMy HOMiHaJIbHOrO JiameTpa 22 MM 3a
YKpaiHChKOIO TEXHOJIOTi€I0 i C/TabKUM IIoTepeaHiM HaBaHTaKeHHSIM (AMB. puc. 6),

3CYBM MOPif MOKpPiBIi BUPOOKM mepedyBamTh Y Meskax Bif 100 mm 1o 500 mMMm;

PucyHoxk 5 - CTaH cepeHbOI YACTMHU Oi/ITHKY BUPOOKM, 3aKpilieHoi 32 yKpaiHCbKOIO
TEXHOJIOTi€I0 aHKePHMMM IITaHTaMM HOMiHaJIbHOTO JiaMeTpa 25 MM i3
rorepeaHiM HaTITOM 5 T

ISSN-print 1991-7848 227
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

PucyHOK 6 - CTaH IpUKiHIEBOI YaCTUHMU HiISTHKM BUPOOKY, 3aKpiIyieHO1 3a YKpaiHCbKOIO
TeXHOJIOTi€l0 aHKepPHMMM IITaHTaMM HOMiHaJIbHOTO AiameTpa 22 MM 3a HasIBHOCTI
MoriepeIHbOr0 HATATY

Burnipo6byBaHHsI ~ e(eKTMBHOCTIi  3aCTOCYBaHHSI aHKepiB  HOMiHAJIbHOIO
niameTrpa 19 mm mo TexHosorii CIIIA B ymoBax 1-ro «6ic» KOHBEEPHOTO INTPEKY
wiacty l, ropusoHty 725 m JIBAT «lllaxta BinopiueHcbka» MmokKasaam, M0 ixX
BUKOPUCTAHHS He 3a0e3I1e4I0 MOHOJIITHICTh MOPifI IIOKPiB/Ii BUPOOKM BKe Ha eTalri
ii 3BemeHHS. BemeHHS TIPOXiTHUIBKMX PpOOIT 06e€3 TMPOBEIEeHHSI ITOBHOIO
TepeKpirieHHsT BUPOOKM HeMOXIMBO. OCHOBHMMM TPUUMHAMM TaKOTO CTaHy
BUPOOKM, 32 BU3HAHHSIM KepiBHMKA TPOBEJIEHHSI €KCIIEPMMEHTY i3 BM3HAUEHHSIM
eeKkTMBHOCTI 3ampornoHoBaHoOi TexHosorii, mpod. K. Axpara (CIIA), i 10 IyMKy
posainuia OibIIiCTh MPUCYTHIX HA HapaAi ¢axiBIliB, SBWINCH iHTEHCUBHI Mpoliecu
3pyllleHHs MIapiB MO YMCceIbHUM IUIOIIMHAM KoB3aHHsA. Ha aymky daxisiiB II'TM
HAH VYxkpainu, Takuii mpoiec MoXke MaTU MicClle Jiuile Yy BUITAAKy HeJOCTaTHbOI
’KOPCTKOCTi KOHCTPYKIIii aHKEPHOTO KPiIlJIEeHHS B MIOTIePeYHOMY HaMPsSIMKY.

[MomepenHili HATAT 3YMOBJIIOE MOSIBY CTUCKAIOUMX HAIPYy>XXeHb Y TMOPOJHOMY
MacKBi IIe 70 MOMEHTY Oro OCTaTO4YHOi ¢ikcarii. HasgBHICTb 30HM CTHCKAIOUMX
HaIpy>KeHb A03BOJISIE 3aayuaT A0 poOOTM He Ti/IbKM caM aHKep, a i, 1110 BaXKJINUBO,
CTBOPIOE YMOBMU JJIs1 CIIPUITHSTTSI HABaHTasKeHHS CaMOI0 T'ipChKOI0 IMOPOI0I0.

Po3sryissHeMo 6i/1bII YBaXKHO MexaHi3M poboT AKM 3 MacuMBOM TripchbKuX MOpif,.

IMopymieHi ripchbKi MOPOAM 3MIIIYIOTbCS Y TOPOKHMHY BUPOOKM, OCKIJIbKU

BiICYTHSI oropa, sika Moria 6 MpoTUAisiTH iX Tucky. O6'eM TOpin 36iIbIIYETHCS,
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OCKiJIbKM BOHM paHillle 3HaXOOMUJIMCh Y CTaHi IMPY;KHOIO CTUCHEHHS, i BimOyBaeThCs
YaCTKOBE PO3KPUTTS TpiliMHU. TOMy y TakuxX BUIIaAKax TOBOPSITh PO 3CyB IpU
po3BaHTa)keHHi. OCKUJIbKM TIOpPYIIEHI TTOPOAY He NPUIMaKTh OIMIOPHOTO TUCKY, BiH
3MIIYETbCS Y TAMOMHY MacuBY, A€ TOPOAM 3HAXOISThCS Yy CTaHi TPbOXOChOBOTO
CTUCHEHHS i MalOTh BMCOKY BAaHTAXXOCIIPOMOXHICTh. 3a LUX OOCTAaBUH BeJIMYMHA
OIIOPHOTO TUCKY AEIl0 MiABUILYETHCS Y BiITTIOBIAHOCTI 3i 30i/bIIIeHHSIM BiZicTaHi Mix
ormopamu. [Ipouec 3cyBy mopis MOKe IIPOLOBXYBAaTUCh MOOCUTH [OOBrO i
3aBepUIyBaTUCh JIUINEe TO[i, KOJM IIOPYIIeHI MOpOoAM CaMi CTaHyTb MHPOTUIISATU
MOAIbIIIOMY PO3BUTKY 3CYBIB.

OcHOBHOI (GOPMOIO IIPOSIBY TipChKOTO TUCKY Y BMpPOOIIi € 3MiHa ii KOHTYpY i
nedopmailis KpiruieHHs. 1li mapameTpu 3aiexkaTh Bijg 6araTb0X YMHHMKIB, OCHOBHI 3
SIKUX €: (i3uMKO-MeXaHiuHi BJIACTMBOCTI MOPid, TUIT i KOHCTPYKIIiSI KpiIjIeHHS,
rMOMHA PO3pOOKM, BIUIMB OUMCHUX POOIT, CIIOCi6 OXOPOHM BUPOOKM, KYT IMaHiHHS
Iapy TOIIO0. 3MillleHHIO MTOPiJl, SIKi CTBOPIOIOTH ITOKPiB/II0 ripHMYOi BUPOOKM, CIIpUSIE
i ix BmacHa Bara. /1o rpoBefeHHs BUPOOKM IIapy TipChbKMUX IMOPiJI TiCHO MPUJISTAIOTh
OAVH 10 OOHOTIO i 3HAXOISThCS y CTaHi MpMUpoAHOI piBHOBaru. KoskHMi 3 1ux 11apis
BUTPUMYE Bary po3TalllOBaHMX BUIIE IIapiB.

[Ticoist mpoBeAeHHST BUPOOKM piBHOBAara OUMCHOI MOKPiBJIi IOPYIITYEThCS : HUKHIIA,
a TIOTiM 1 BepxHi IIapy MOYMHAKTh MPOrMHATUCS. Y 1IbOMY PYCi HVM3KHIN 1Iap BiIbHO
IIPOTMHAETHCS MOMIOHO A0 MpSIMOi 6aaKy, 3aTMCHYTOI IO KiHIMX. Taki sBuina, o
BMHMKAIOTh Yy MacCKUBi TipCbKMX TIOpifA IMic/jas IIpoBeleHHS BUPOOKM, HaA3MBAIOTh
nedopmaiisimu. [Ipy mpoBeeHHi BMPOOOK y IJIACTi HaA, HUM JIiKBiZye€ThCSI OmOpa,
110 3MiHIOE HAIPYXeHUI1 CTaH Y HeJOTOpPKaHOMY MacuBi. CTBOPEHHSI HOBOTO CTaHY
piBHOBaru MmMpu3BOAUTb A0 AedopMallii 0TOUyIOUMX BUPOOKY MOpif i racra i mij
BUPOOKOIO CTBOPIOIOTHCS 30HM TMOHVDKEHMX HAmpyskeHb (30HM pO3BaHTaskeHHsS). B
1eit yac y O0okKax BUPOOKM CTBOPIOIOTHCSI 30HM TiABUIEHUX HAIpyXeHb (30HU
OTMIOPHOTO THUCKY). Y I1IbOMY BMIAJKy TMOPOAM HaJA, BUPOOKOI pYMHHYIOTHCS i

BiJIOyBa€eThCS iX 0OpyiieHHs (puc. 7).
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PucyHoKk 7 - Jledbopmaliist KOHTYPY BUPOOKY KOHBEEPHOTO IITPeKy 1. JIyTyriHcbka 1
«JIyraHCBKBYTLILIISI»

[llapy 1mopim, OKpiM pyxXiB y HaNpsIMKy BUPOOKM, OTPUMYIOTh 3MOTY
rnepeMilyBaTUCh OAMH BiJHOCHO OJHOIO Yy Pi3HMX HampsMKax, IMPO IO CBiAYUTH
dbopma aHKepHMX IITAHT, BUSIBJIEHUX IIiCJS OOPYLIEHHS TOKPiBai BUPOOKM. It
YCYHEHHS SIBUII 3CYBiB IIapiB MOKPiBIi y BUPOOKY Ta MOPYIIEHHS CYIIIBHOCTI TTOPi/T
TipHMYY BUPOOKY 3aKPiTUIIOIOTh.

binbmiicth aBTOpiB  AiMIIIM  3TOAM, IO BMCOKI PpiBHI MomnepegHbOro
HABAHTAKEHHS HEMOTPiOHi I MiABUINEHHS e(eKTUBHOCTI MeTaJIONOJiMepHUX
aHKepiB y pesxumi mifgBinryBaHHs [7,8], ajme 6i/bIIiCTh OOCTIIKeHb NAIOTh MiCTaBU
CTBepIKYyBaTH IPO OiJIbII IMIMPOKe 3aCTOCYBaHHS MOIlepeHbOTO HaBaHTaXKeHHSI.

be3rnieka i TpuBamiCTh HaAAiiHOI eKCIUTyaTalil MPOMMUCIOBUX i COLiaJbHUX
00'€KTIB ITiJ1 3eMJIel0 iCTOTHMM UMHOM 3aJIeSKUTh BiJl IOBeiHKM 3aKPillJIeHHS B Yaci.

Tak, 3MiHM TTOIIepeHHOTO HAaBAHTAasKeHHS y vaci 6yau 3adikcoBaHi 6GaraTbMa
asropamu [8,9]. I'padiku, 1m0 npeacTaBieHi Ha puUc. 8, MOKA3yIOTh 3MeHIIEHHS

HaBaHTa)keHb 3 yacoM [10].
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PucyHox 8 - Tumnosa rpacdiuHa 3a1ekHiCTb 3aBaHTaK€HOCTi aHKePHUX IITAHT 3 YaCOM

3 HaBemeHOi rpadiuyHoi 3a7eKHOCTi BUIUIMBAE, 110 HM3bKKUI1 piBeHb ITH moxke
OyTu OOyMOBJIEHMII pejakcaililo mepBMHHMX 3ycuiab ITH abo SIKIIO aHKepyBaHHS
BimOyBasoch He B BMOOIO BMPOOKM, a IIi3Hillle KOJIM OCHOBHI 3MillleHHS BXe Oyiu
peasnizoBaHi. KpiMm Toro, Taka moBemiHka rpadika MOXIMBaA i Ha MaJuX INIMOMHAX
pO3TaNryBaHHS BUPOOKM.

BukianeHa iHdopmaliisi CTOCOBHO e(eKTUBHOCTI KpiryIeHHS TipHUUYMX BUPOOOK
MeTaJIoNoJiMepHUMM aHKepaMM CTOCYETbCS HEe3HAUHMX IepiofiB eKcIUTyaTallii Ta
6e3 3HAUHMX MIBUIKMUX KOJIMBAHb TUCKY Ha Hei.

CripaBa 3 O1iHKOI0 e()eKTMBHOCTi paMHO-aHKePHOTO KPiIlJIEeHHS YCK/IaJHSIEThCS
3a YMOB HAsIBHOCTI YMOB [OBTOTPMBAJIOI eKCIUTyaTallii Ta HAsSBHOCTI 3HAYHMUX
KOJIMBAaHb OTOUYYIOUOTO cepeloBuIlNa. PosrissHeMo Oilblll  YBaXXKHO IpOLieC
(YHKI[IOHYBaHHS B CUCTeMi «aHKepHa mrtanra - ®C — ripcbka mopoga» AKM.

I'padiuHa 3a/MeXHICTb 3MiHM 3aBaHTa’K€HOCTi aHKepPHOI IITAaHTM 3 YacoM
ToKa3sye, 110 Bxke yepe3 100 OHIB eKcIUTyaTallil BeJIMuMHa 3aBAaHTAXKEHOCTI aHKEPHOI
IITAHTM 3MEHIIYETbCS y TpU pasu. HocmigkeHb 3 MPUBOAY [OBIIOTO TepMiHY
eKCIuTyaTallii mig3eMHMX CIopyqn 3akpimneHux AK 3HaWTM He BAanoch. s
3a0e3reueHHs] HaAilfHOI CTIiliKOCTiI TiJA3eMHMUX CIHOOPYH 3 JOBTMM TepMiHOM
eKCIUTyaTallii (a came IpO TaKuil pekMM eKCIulyaTallii i /IeTbCs1) KOPUCTYIOThCS

paMHMM KpiIJIEeHHSIM, HaJiiiHiCTh SIKOTO He BUKJIMKAE CYMHiBi Ta MepeBipeHa 4acoM.

ISSN-print 1991-7848 231
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

Binbin cyyacHUM 3acO60M KpiTlJIEHHST TOBTOCTPOKOBMX ITiI3eMHUX CIIOPY/I, SIKe
IIMPOKO BMKOPMCTOBYETHCSI HAa Terep € KOMOIHOBaHMII BuH, KpiIlJIEHHS, a caMe
paMHO aHkepHwMIi. [IpoTe i Takuit BUJ KpilJIeHHSI Ma€ CBO1 HEZOJIiKU, a caMe:

[lepumiuM BUOOM KpilJIeHHs, $IK TPaBUJIO € aHKepHe KpilvieHHs. BoOHO
3a0e3Irieuye KpiluIeHHSI ITiI3eMHOi CIIOpYAYM HeraiHo ITic/s 3BeIeHHS, i TMM caMuM
He JTa€ 3MOTY ITOYaTKOBMM IlepeMillleHHSIM Y 6iK BiJIbHOI ITOBEPXHi.

Hami mig 3axucrom AK BigOyBaeTbcs KpirmieHHST BMpPOOKM pamamu. I Take
KOMOiHOBaHe KpiIlJIeHHS BCTYTIA€ B pOOOTY 3 IMPOTHUii IipCbKOMY TUCKY.

[Ipore poboTa Takoro BHUOY KpilJIEHHS He € 30BCiM CYMiCHOIO, TOOTO
Y3TO/I)KEHOT'0 OMOPY 3MIillleHHSIM TipChKUX IOPiJ Y BUPOOKY. OCOOIMBOCTSIMM TaKOi
KOMOiHaIlii KOMITOHEHTIB KpiIUIeHHS € Ta 00CTaBMHAa, IO 3a CBOEI0 IIPUPOIOI0
aHKepHe KpPIiIUIeHHS € KOPCTKUM BUIOM KpirieHHs. ToOTO BOHO KOPCTKO MPOTHUZIi€
Oyab SIKMM IIepeMillleHHSIM TipCbKMX MOpim i mepeminieHHS HaBiTh y 50 MM €
O3HAKOK TOro, IO aHKepHe KpilUIeHHSI Maibke BUUYepHaJo CBOIO 3HaTHICTb
MIPOTUIISITY HABAHTAaKeHHSIM Ha 000JIOHKY i3 CTUCHYTUX HUMMM Topif. [lepemimeHHSs
roBepxHi BMpoOKkM 3 AK Takoro Imnopsigky AeMOHCTPYE TOi ¢akT, 10 000J0HKA i3
CTUCHYTMX TIOpiJ, BiIOKpeMusach Bif, OCHOBHOI'O MacCUBY TipCbKuX Mopin. Taxkmuii
CTaH pedeii MOPOKY€E MMOBIPHICTh PAITOBOrO OZHOYACHOTO BUBAIY OOOJOHKU Y
TIPOCTip BUPOOKM, i TaKi BUITaAKM MajIy MiClie Ha IMPaKTUIIi.

V et camuii 4yac, 3a repeMillleHb MOPiJ y IIPOCTip BUPOOKM, paMHe KPiIllJIeHHS
BCe Ille He MOoYasio MPOTUIISITH TipcbKOMY TUCKY i BMMYIleHe NpuiiMaTu Ha cebe
HaBaHTa’KeHHS Baru IOpiJ y 06’eMy Haj, MOKpiBie0 BUpooku. CuTyallisi HacrpaBi
€ aBapiitHo10. OgHMM i3 GaKTOpiB SIKMIT Mir O BIVIMHYTYU Ha MOM’SIKIIIEHHS CUTYallii
Oysma OM 3Mora MO3BOJUTHM MPOTUIISITM 3MilllEHHSIM Yy TIPOCTip BUPOOKM Iie
MOK/IMBiCTh BUKOHATH 00/ail He3HAYHE TaJIbMyBaHHS ITPOLIECY MepeMillleHHIO.

[IpoBemeHMi1 aHa/li3 MexaHi3MiB B3a€EMO/[ii PaMHO-aHKEPHOIO KpiIllJIEeHHS
TipHMUYMX BUPOOOK 3 TipChbKMM MacMBOM ITOKa3aB OT0 CUJbHI i ¢1abki micist. Ctano
3pO3yMiJio, 1[0 BUKOPUCTAHHS TaKOrO BUIY KpillJIeHHS B YyMOBax BUPOOOK
JIOBTOTPUBAJIOTO TEPMiHY [Iii Ta Ime 3a Jii CeiicMiYHMX HaBaHTa)KeHb IOTpebye
IOTpMMaHHSI BMKOHAHHSI HOPMaTMBHMX [OKYMEHTIB [OilouMx B VYKpaiHi Ta
TIOIaJ/TbIIIOTO Y/IOCKOHAIeHHS.

OCHOBHOI0 OCOO/IMBICTIO TAKOTO YAOCKOHAJIEHHS HAa AYMKY aBTOPiB MOXe OyTu

IOTIOBHEHHSI CUCTEMM KPillJIEHHSI BCTAaHOBJIEHHSIM TPOCOBMX aHKepiB AKT.
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Take yg0CKOHa/IEHHSI MOKe NO3BOJUTU BUKOHYBATM KEPyBaHHS MiggaTAUBOCTI
000JIOHKM CTUCHEHMX IIOpifi paMHO-aHKEPHOTO KpIiIVIEHHS IUISIXOM peryaioBaHHS
BeJIMUMHM nonepeaHboro HaBaHTaxkeHHS AKT.

CnabkicTh i HEeBM3HAUYEHICTb BEeIMUMHM IIOMEPeIHbOTO HaBaHTAKEHHS
BUK/IMKAHA BiICyTHICTIO pi3bbOBOi MmiNsTHKM aHKepHOi 1mTaHru. IlomepemHe
HaBaHTa)XeHHS 3[i/iCHIOBAJIOCh 3@ PAxXYHOK PyXy railky II0 30BHIllIHi/i TBMHTOBIiN
HaBMBII, KyT IAjioMy $IKOi cKjIamaB Maiibke 9° i He mD03BOMMB 3a0e3IEeUUTH
HeOOXimHMIT piBeHb HaBaHTaXeHHS. Kpim ToOro, mpobjema IMomnepeaHbOro
HaBaHTaKeHHS YCKIaQHIOBAIaCh HasIBHICTIO BIIbHOTO NOMYCKY Yy apy «JIUTa raika —
aHKepHa IITaHra».

BuCHOBKM:

1.IlpoBeneHi eKcrepMMeHTa/lbHI gociaimkeHHs1 BmauBy I[IH ms AKM
nigTBepayv pakTy 3ab6e3reyeHHsI He0OXiJHOTO PiBHS CTiIKOCTi ITOKPiBJi BUPOOKM
32 YMOB BUKOPMUCTAHHS HOpPMAaTUBHMX 3HaueHb IIH y moOpiBHSHHI 3 #10r0
BiJICYTHiCTIO 2060 3a BeJIMUMH HIDKUMX 32 HOPMATUBHi;

2. KOHCTpPYKTMBHI  MapameTpu CydyaCHMX aHKepHMX  IITaHI, WIO
BUKOPUCTOBYIOThCS 1151 3BefieHHSI AKM ripHnuux BMpoOOK He B 3M03i 3a6e3meunTu
[TH HOpMaTUBHUX 3HAUYEHbD;

3. 3BakaluM Ha BaXXJIMBICTh AOTPMMAaHHS HOpMaTMBHUX 3HavyeHb ITH 3a
3BefleHHsS AKM MOskHa CTBepAKyBaTU IIPO HEMOXIMBICTb iX 3aCTOCYBaHHS [JIsI
KpiIJIeHHS MiA3€ MHUX CIOPY/[L JOBrOTPUBAJIOrO TEPMiHY eKCILTyaTallii;

3. BukopucTtaHHS y KOMILJIEKCHOMY paMHO-aHKEpHOMY KpiruieHi BUPOOOK
TPUBAJIOTO TE€PMiHYy eKCIUTyaTallil JOIIJIbHO JOMOBHUTM BCTAHOBJIEHHSIM TPOCOBUX
aHKepiB;

4. BuxkopucranHg IIH maga AKT moke [O3BONIUTM BUKOHYBATU KepyBaHHS
MiIJATJIMBOCTI O0OOJIOHKM i3 CTMCHYTMX IIOpifd, IO, B CBOIO Yepry, IO3BOJIUTH

i IBUIMATY CTYIIiHb O€3MeKM eKCIUTyaTallii mig3eMHIUX CIIopy/;
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Abstract. Placing a part of industrial and social facilities underground, for a long time
of operation and the influence of external sources of seismic energy of various origins has
become an urgent problem of today.

Frame-anchor fastening is the most common fastening system of underground workings,
including for long-term operation of underground industrial structures. The fastening
procedure begins with fastening the workings with metal-polymer anchors (AKM). Then,
under the protection of the anchor fastening (AK), the workings are fastened with frames.
The features of such a combination are that the anchor fastening counteracts any

movement of rocks in the workings. At the same time, with minor movements of rocks in
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the working space, the frame fastening has not yet begun to counteract the rock pressure.
With significant movements for the AKM, the frame fastening is forced to take on the
load of the weight of the rocks of the volume of the compressed shell. This situation is not
acceptable for fastening excavations with a long service life. Taking into account the
factor of long-term operation of underground structures leads to a detailed analysis of

the factors that may have an impact on it.

One of the most important factors that has an impact on the load-bearing capacity of
rocks in the vicinity of the excavation is the preload (PR) of AKM anchor rods. An
analysis of literary sources showed the absence of a consistent opinion on its value and
even on its feasibility in general. According to existing regulatory documents in Ukraine,
it is accepted at the level of 5 tons. According to these documents, PR should be carried
out by compressing rocks by tightening a nut on the tail section of the anchor rod.
However, this method of creating PR has changed now. Given the technological
complexity of the thread rolling operation, it was abandoned. Currently, the operation to
create PR of anchor rods is carried out by tightening a cast nut on periodic protrusions
on the surface of the anchor rod. As a result, the regulatory value of PR is not achievable.
As calculations show, the maximum value of PN does not exceed 2t. The value of PN
cannot be controlled, since it is determined by stopping the procedure for tightening the
nut due to the impossibility of its further execution. Since the landings in the screw-nut
pair are widely movable, that is, free, and as a result, the nut bites on periodic
protrusions of the anchor rod. It is not worth talking about achieving the design values of
PN. For fastening industrial facilities for a long period of operation, such a state of

affairs is not permissible.

To clarify the importance of fulfilling the PN regulatory values, it is necessary to conduct
an experimental study in industrial conditions. Such a study was conducted and its
results are presented in this article.

Graphic images of the condition of the roof surface of the excavations that were subject
to investigation are presented and conclusions are drawn.

Keywords: metal-polymer anchor, preload, condition of the excavation surface.
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YMOBU OIITUMAJIBHOT'O PEKMMY JOYIIIJIbBHEHHS BETOHHOI
CYMIIII TA KPUTEPII EGEKTUBHOCTI BIBPAILIIL

AHomauyis. Y cmammi po3zissHymo yMo8U ONMUMANbHO20 PeXuMy O0yUWiibHEeHHS
0emoHHOT cymiwi 8iOpayiliHol0 MAWUHOW 3 NPOCMOpPo8uM 30YOHEHHIM, Y SAKili
NO€EOHyeEMbCsl 0isl 20pU3OHMANBHUX KONUBAHL (PopMU Ma 8epMUKANbHUX KOJIUBAHD
npusanmaicysaua. AKmyaipHicmos 00CnioHeHHs 3yM08aeHa HeoOXiOHICmMI0 NidsuLeHH s
epexmusHocmi  8iOpayiliHoz0  YwinbHeHHs OeMOHHUX 8upobie, 3abe3neueHHs
iHmeHcueHoi cmpykmypHoi nepe6ydosu Cymili ma 3HUMNEHHS eHepzosumpam y npoyeci
gopmyearHs. Memorw pobomu € 6CcmamoeeHHs Kpumepiie egekmusHocmi
8i0payitinozo doywjiibHeHHs ma 06rpyHMY8AaHHs napamempie onMUMAIbHO20 PeXCUMYy
pobomu ycmaHo8Ku HA OCHOB8I eHepzemuuHoz20 nidxody. Y 0ocnioieHHi 8UKOPUCMAHO
Memoou aHanimuyHo2o0 MoOe08aHHs, 3ACHOBAHI Ha OANAHCI eHep2ii 3a YUK KOJIUBAH®,
BU3HAUEHHI OUCUN0BAHOI eHepeil Yy 8epMUKANIbHOMY MdA 20PU30HMANLHOMY KAHANAX
deopmy8aHHs, a Maxkox HA (opmyar8aHHi NOPO20BUX YMOB8 AKMUBHO20 YU|iIbHEHHS
3a OUHAMIYHUM MUCKOM i 3CYy8HUMU HaAnpyweHHAIMU. OmpumaHo cnieioHOWeEHHS, W0
daromos 3M02y OUIHUMU eHepeemuuHy epekmueHicms npoyecy, 8CmMaHosumu ymosu
y3200MCeHHS uacmom 36Y0HceHHS ma 8U3HaA4YUMuU KoegiyieHm cuHepeii KomOiHo8aHoi dii
3CY6HUX 1 KomnpeciliHux wmexaHismie. IlokasaHo, WO ONMUMANbHUL PeXUM
doywinbHeHHs: 00Csl2aEMbCsl 3a yMOBU Makcumidayii ducunosamoi 8 cymiwi eMepeii,
BUKOHAHHSL NOP0208UX YMO8 CMpYKmMypHoOi nepebydosu cepedosuuja ma niompumaHHs
K8a3ipe30HAHCHO20 PeHCUMY 3 YPAXYBAHHIM 3MIHU OUHAMIUHUX 87lacmueocmeti cymiuli 6
npoyeci ywinoHeHHs. I[IpakmuuHe 3HA4EHHS 00epHaHux pe3ylbmamie nojsieae y
MOMCIUBOCMI BUKOPUCMAHHA 3ANPONOHOBAHUX Kpumepiie 0 8ubopy napamempis
npusaHmaxcysaua ma pexcumie pobomu 8i6po30yoOxHcysauie npu NpPoekmysaHi i
YOOCKOHAJIeHH] 8i0pauyitiHuX ycmaHoeok 015 popmysaHHs GemoHHUX 8UP06is.

Kntouoesi cnosa: 6emonna cymiwi, gibpayiiiHe ywjinbHeHHs, 00YWilbHEHHS, NPOCMOpPo8e
30y0ieHHs, NnpusaHmaxysad, Oucuno8aHa eHepeiss, OUHAMIUHULI MUCK, 3CYB8HI

HanpyxceHHs, K8a3ipe30HaAHCHULL pexcum, Kpumepiti e¢pekmugHocmi.

© IIupnuk M.O., Hecrepenko M.M., 2026 Copyright for this paper by its authors. Use permitted
under License CC BY 4.0.
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ITocraHoBKa mpoo6aemMu. OJHUM i3 BM3HAUYAIbHUX YMHHUKIB, 1[0 BIUIMBAIOTD
Ha SIKiCTh O€TOHHMX BUPOOIB mim uac ¢dopMyBaHHS, € 3a0e3redyeHHsT e(heKTMBHOTO
pexkxumy BibpalliiiHOro JOyuliIbHEHHS CyMillli B yMOBaxX MPOCTOPOBOTO 30y KeHHS.
HepocTaTHs iHTEHCUBHICTh ab0 HEY3TrOMKEeHICTh BEPTUKAIbHUX i TOPMU3OHTATBHUX
KOJIMBaHb MPU3BOAUTH [0 HEINOBHOI CTPYKTYpPHOi mepebyaoBM OETOHHOIO
cepemoBUINA, 3HIKEHHSI IIIJIbHOCTI, IIOTipII€HHSI OJHOPiZHOCTI BUPOOYy Ta
3pOCTaHHSI €HEepProBUTpaT Ha YiIiibHeHHsI. Ocob6aMBOiI CKJIAOHOCTI 1is1 Mpob6iema
HaOyBa€e B YCTAHOBKAaX, MO VIIIJIbHEHHSI peayli3yeTbCsl 3aBOSIKM CYMICHii [ii
IIMKIIYHOTO CTUCKY 3 OOKy IIpMBaHTaXXyBaua Ta 3CyBHMX medopmariiif, 110
CTBOPIOIOTHCSI TOPU3OHTAJTBHMMM KOJIMBAaHHAMM (opmu. 3a TakMX YMOB BUHMKAE
HEOOXimHICTh BM3HAUYEHHSI KpuUTepiiB edeKTMBHOCTI BibOpaillii, BCTAHOBJIEHHS
IIOPOrOBMX YMOB CTPYKTYpPHOI IIepeOymoBM CyMillli Ta OOIPYHTYBaHHSI TaKUX
nmapaMeTpiB peXuMmy, 3a SIKMX [OUCUIIOBAHA B CEpeloBMIINI eHeprisi Oyme
MaKCMMa/IbHOIO, a IIPOlleC [OOYIIUJIbHEHHSI — TEeXHOJIOTIYHO pe3yJIbTaTUBHUM i
eHepreTUYHO JOLiTbHUM.

AHaJti3 OCTaHHIX JOC/TiIKeHb.

VIOpomoBK OCTaHHIX pOKiB 3HaAyHa YyBara MOOCTAIOHUKIB TIIPUIIISETHCS
iJIBUIIEHHIO e(DeKTMBHOCTI BiOpaIiifHOTO YIIiIbHEHHSI OETOHHUX CYMIilllei MIJISIXOM
YIOCKOHAJIEHHSI KOHCTPYKIIili IpMBaHTa)KyBauiB, poOOUMX OpraHiB Ta peKUMiB
IuHamivyHoro BIUMBY [1, 6, 7]. V mpausgx [2-5] mokasaHo, IO aJeKkBaTHe
MOJEJIOBaHHSI CUCTEMM «BiOpalliiiHa MaliMHa - 0OpoO6JIOBaHEe CepeOBUILE»
TIOBMHHO BpPaxOBYBaTU IIPY>KHO-AMCUIIATUBHI BJACTMBOCTI CyMillli, 0COOGIMBOCTI
nepenayi KOJIMBaHb y IIapi mMaTepiaay Ta yMOBM B3aeMOZii BiOpyiouoi MOBepxHi 3
O6eToHHMM cepenoBuieM. JocmimkeHHs [3, 5] OiATBepAXYyIOTh, IO XapaKTep
KOHTAKTy BiOpYIOUOi IJIUTY 3 OETOHHOIO CYMIIIIITIO, 8 TAKOX CITiBBiZHOIIEHHS MiXK
aMIUTITyI010, YacTOTOI0 Ta Macol pPoO0YOTO OpraHy iCTOTHO BIUIMBAlOTh Ha
iHTEeHCUBHICTD YIIiJIbHEHHS i piBHOMIpHICTh PO3MOAiNYy eHeprii B 06’emi cymirii. Y
poborax [1, 6, 7] ocobauBy YyBary MpUIIIEHO KOHCTPYKTMBHUM CXeMaM
MPMBAHTAXYBayiB 1 KOMOIHOBAaHMX iMITyJIbCHO-BiOpallifHMX YCTAaHOBOK, SIKi
3a0e3I1euyIoTh ITOE€IHAHHSI CTATMYHOIO HaBaHTAXKEHHS 3 IMHAMiUHMM BIUIMBOM Ta
BiIKPMBAIOTh MOXJIMBOCTI KepyBaHHS IlapaMeTpamyu [OyIlibHeHHS. BomHouac
HEeOCTaTHbO [OCTII)KEHUMM 3aJIUIIAI0ThCSI YMOBM Y3TOIKEHHSI BEPTUKAIbHOIO i

TOPM30HTAAbHOTO KaHaJiB 30y[kKeHHS, KpuUTepii Makcumiszallii aucuioBaHoi B
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cyMinri eHeprii Ta OGI'PYHTYBAHHS ONTUMAIbHOIO PEXUMY OOYIIiTbHEHHS OETOHHOI
CYMiIlli B YCTaHOBKAaX i3 MPOCTOPOBUM 30yIKEeHHSIM, 1110 ¥ 3yMOBJIIOE aKTYyaJbHICTh
MOAAJIbIINX AOC/TIIKEHD Y [IbOMY HaIIPSIMi.

MeTta poctimkeHb. MeTOI0 IOCIIIKeHb € PO3pO0JeHHS Ta OOIPYHTYBaHHS
aHAJITUYHOTO MiAXOAY A0 BM3HAUEHHSI OINTMMAJIbHOTO PEXMMY OOYLIJIbHEHHS
O6eTOHHOI cymimni y BiOpaliifiHiii MaIIMHI 3 IIPOCTOPOBUM 30YIKEHHSIM, 3
ypaxyBaHHSIM IOMHAMiuHOI B3aemomii cucremm «popMa - OeTOHHA CyMill —
MPUBAHTaXyBau», a TaKOX BCTAaHOBJEHHSI YMOB, 3a SIKMX 3a0e3IeuyeThCs
MaKCcuMaJbHa e(eKTUBHICTh Ilepemadi eHeprii B 00poOJIOBaHE CcepemoBUILE.
JlogaTKOBOI0O MEeTOI € [OOC/HiIKeHHS BIUIMBY IlIapaMeTpiB BepPTUKaJIbHUX i
TOPU3OHTAJIbHUX KOJIMBAaHb HA iHTEHCUBHICTb CTPYKTYPHOI IlepedymoBu OeTOHHOI
CyMillli, BeJIMUMHY OMCUIIOBAHOI eHeprili Ta AOCSITHEHHS TeXHOJIOTIYHO OIiIbHOTO
peKUMY YITiIbHEHHS.

BuknageHHsI OCHOBHOrO MaTepially AOCTiAKeHHA. Y OOCTiIKyBaHili
YCTaHOBIII (PUCYHOK 1) YIIiIbHEHHSI peali3ye€TbCs 3aBASIKM CYMiCHOMY IIPOSIBY:
3cyBHMX medopmalliii (rOpM30OHTa/JIbHUIA Bibpo30ymKkyBau y ¢Gopmi), IUKIIYHOIO
CTUCKAHHS (BepTUKaJbHUI BiOpO30OymKyBau y IpuBaHTa)KyBadi). TOMy HOLJIBHO
BBECTM y3araJibHEHUI KpUTepiii eeKTUBHOCTI SIK BiTHOIIIEHHS cepeqHbOi KOPUCHOI
TOTY>KHOCTI, III0 BUTPAYAETbCS Ha MepebyIoBYy CTPYKTYpU CyMillli, O ITiiBeIeHOi
TOTY>KHOCTi BiGp030ymKyBauiB. Y mucepTaliifiHiii IOCTAHOBII Ile MOKHA MOIATU
yepe3 OaslaHC eHeprii 3a Iepiof KoJMBaHb.

—H— 1

i
1
]
i

0
Jl+
N

=
|
|

|

—|

F
i

—F | m—

PucyHok 1 — Bibpariifina MammHa 1jisl yiiibHeHHS 3a/1i300€TOHHMX eJIEMeHTIB
iH>)KeHepHUX Mepexx
a) KpyrJioro Ta 6) KBaipaTHOTO Tepepisy
1 - pama, 2 - BibpariitHa ¢hopma, 3 — MpUBaHTaKyBau-ITyaHCOH,
4 - Bi6paTOp OCHOBHMIA, 5 — BibpaTop NMpMBaHTaKyBaya
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Hexait W, - minBemena eneprist 3a uuki, a AW, — eHepris, sika OVCUITYETbCS
B OETOHHIN cyMmillli (caMe BOHA MOB’SI3aHa 3 PYMHYBAaHHSIM CTPYKTYPHUX 3B’SI3KiB Ta
YLIiIJIbHEHHSIM).

Topi koedirieHT eHepreTMYHOI e(heKTUBHOCTI:

AW,
=% I
7, w, (1)

JIlvicurioBaHa eHeprisi B CyMillli IIpy KOMOiHOBaHiii Aii y 3araJbHOMY BUIMAIKY

CKJIAJIA€ThCS 3 IBOX CKIAOBUX: BEPTUKAIbHOI (CTUCK) i TOpU30HTAIbHOI (3CYB):

AW, =AW, +AW,, )

IlJisi TapMOHIYHMX KOJIMBAHb i3 KPYrOBOK YaCTOTOK @ , KOJU BiJHOCHI

mBUAKOCTI Hedopmariiii y cepeqoBuilli OMUCYIOThCS K £(¢), AMCUTIALSA 3a VK

BM3HAYAETHCS iHTErpPajioM

AW, = jOT [ ot.nénavar., 3)
r=2% 4)
(0]

Ie O, — OUCUIIaTMBHA CK/IaZ0Ba HANPyKeHHs, V, — 06’eM 6eTOHHOI cyMili.

OCKiZTbKM B paMKax MPUIHSITOI peoIOTiYHO1 MOIesli IMCUTIAaTUBHI Hallpy>KeHHS
MPOMOPIiliHI MBUAKOCTI nOedopmalliii, TO IS ABOX MOOMIHYIOUMX MeXaHi3MiB

nedopMyBaHHS (CTUCKAHHS 10 OCi Z Ta 3CYB Y IUIOWMHI 7 — 6):

Gd,v = Kvgv’ ,

(5)

Ta0=K\7 (6)
ne K - B’s3xmit koedinienT npu crucky, K, — B’sa3kuii KoedilieHT pu 3cyBi,
£, — BIIHOCHA BepTMKa/bHA AedopMallis, ¥, — KyToBa AepopMallis 3CyBY.

TO,Z[i, BI/I,Z[iJ'IHIOLII/I BEPTUKAJJIbHY Td TOPM30HTAJIbHY YaCTMHU ,ELI/ICI/IH&I.[ﬁZ

T .2
AW, =] jV K &X(r,0)dVdt. )
T .
AW, , = IO -[V,, K, 7/5(r,t)dth @®
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Insi  iHkKeHepHOro TIiepexooy OO TIIpUBeIeHMX IlapaMeTpiB  (MOzeslb
30cepemkeHNX IlapaMeTpiB), BBOAMMO eKBiBajeHTHi KoedillieHTM aucumaiii y

BePTUKAJIbBHOMY Td TOPM30HTAJIbHOMY KaHaJIaX:

K S
B ===, 9)
h,
K S
B, = hoh (10)
h
b
me S, - IUIOIIA KOHTAaKTy ITyaHCOHa, S, — edeKTuBHa IUIOWA 3CYBHOI
B3a€MO/ii, /1, — MOTOYHA BYUCOTA LIapYy.
Tomi eHeprisa aycumnaiiii 3a MMUKIA AJj1 TapMOHIYHMX ITepeMillleHb:
X, (1) = 4, sin(wyt), (11)
u,(t) = A, sin(wyt) (12)

CTAHOBUTD:
_ n .2 _ h 2 2 _ 2
AW, , = jo Bi(f)dt = jo B(Aw,) cos’(o)dt =B Aw,.  (13)

AW, = [ B ()t = [ B,(4,0) cos’(@)dt = 7B, A}
b,h 0 h1 0 h h1 1 h*~h ™1 (14)

OTke, y3araJibHeHa AMCHUIIAIS B CyMilli (3a YMOBM Y3TOIPKEHHSI 4acTOT abo

ycepeJIHeHHS 3a CITiJIbHUII iHTepBaj) MOsKe OYTU OlliHeHa SIK
AW, ~ z(B,A 0, + B 4 0,). (15)

CamMe MakcuMi3alisl 1i€i BeJIMUMHM TMPU 3aJaHUX OOMEXEeHHSIX € (i3uyHO
0Or'PYHTOBAHOIO YMOBOIO OITMMAIbHOTO PEXUMY YIIIiIbHEHHS.

[Tpouec yiliJibHeHHSI TIOYMHAETHCS IHTEHCUBHO JMIlEe TOMi, KOJIM AMHAMIiuHi
HaIIpy’KEeHHST B CyMillli MepeBUINYIOTh IIOPOrOBe 3HAueHHs, 10 BiAIoOBigae
pPYIHYBaHHIO IEPBUMHHUX CTPYKTYPHMX 3B’SI3KiB Ta MOAOJAHHIO BHYTPIlITHBOTO TEPTSI.
7T BepTUKaJIbHOTO KaHady TaKy YMOBY [OIiIbHO (OpMy/IIOBaTH uepes
JIVHAMIYHMIA TUCK Ha CyMIilll.

Hexait cTaTMuHMIT TUCK BiJ MpUBaHTaXXKyBaya:
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F
P =", (16)
SZ

a ,Z[I/IHaMi‘lHa CKilIaaoBa THUCKY, 3YMOBJIEHA BE€PTUKAJIbHMMMU KOJJIMBAHHAMMU

TIpUBaHTa)KyBaya:

den (t)

)

Py, (0) = (17

VYV 30cepemKeHili momeri den BM3HAUAEThCS SK IHepIiiiHa Cuiaa Macu

NIpMBaHTaKyBaua, B aOCOIOTHOMY PYCi:

Fy (6)=my%,(6)

(18)
I71st rapMOHIYHMX KOMMBAHb X, (1) = A, sin(w,?):
. 2 .
X, (1) =—A,0; sin(wyt) (19)
m,A w; .
P, (1) =-"22 sin(w,1) (20)
SZ
MakcuMaabHMIi 32 MOAYJIEM IVMHAMIUYHMIT TUCK:
max mzAva)z2
dyn = S . (2 1)
z
Topi MoBHMI TUCK HA CYMIIII:

[ToporoBa yMoBa aKTMBHOTO YIIi/IbHEHHS Y BepTUKaJbHOMY KaHaJli MOXe OyTU

3aliMcCaHa 4K

P, +P™>P

dyn cr?

(23)
ne P_- KpuTMYHMI TUCK, IPYU SIKOMY CTPYKTypa CyMillli TIepexoiuTh y CTaH
iHTeHCUBHOI TIepeOyI0BN.
[N TOPU3OHTAJBHOTO KaHaIy aHaJOriyHy YMOBY 3aJa€MO 4Yepe3 3CyBHi

Harnipy>)keHHs1. Hexali cepenHe 3CyBHe HANpy>KeHHSI y Iapi CyMilli, BUKJIMKaHe

TOPU30HTATbHUMM KOJUBAHHIMU (POpPMMU, TOPiBHIOE
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r(6) = Gy (D) + K, (1) 24)
ne G, — ebexTMBHMIT MOLYJIb 3CYBY CyMilLi.

Topi moporosa ymoBa:

T 21, (25)

b

oe 7T, — KpPUTMUUYHE 3CyBHE HAIIPy>)KeHHS, TMOB’sA3aHe 3 pylHYBaHHSIM

cr
CTPYKTYPHMX 3B’SI3KiB Ta ITOYATKOM «3CyBHO1 TEKYYOCTi».

OCKiJIbKM CcHCTeMa Ma€ ABa He3aJeXHUX Kepesa 30yIKeHHs, ONTMMi3allis
pexxuMy IIOBMHHA BpaxOBYBaTM Y3TOMKEHHS YaCTOT TOPU3OHTAJIBHOTO Ta
BEPTUKAIbHOTO KaHAJIiB, SIKe 3a0e31euye CMHEePTeTUIHMIA e(eKT.

JlJist BBeJIeHHST Y3TOIKeHHSI PO3TJASHEMO CITiIbHY iHTEHCUBHICTb AedopMalliii

SIK QYHKIIiIO YaCTOT:
(@, @,) = o, B, 4, + avasza)z’ (26)

e «,,q, — Barosi KoedilieHTM, IO BPaxOBYIOTb YYyTAMBICTb VINIJIbHEHHS [0

3CYBHUX Ta KOMIIPECiiiHMX MeXaHi3MiB Ha BiAIMOBiAHUX CTamisIX.

OnTumanbHUMN PEXXKMM BMU3HAYAETbCA YMOBOIO MaKCMMYyMY .

or =0 (27)
o,

o _y

0w, (28)

3 ypaxyBaHHSM OOMeXXeHb Ha IPUCKOPEeHHS, aMIUITyay Ta HeIOITyIleHHS

pO3IIapyBaHHS:

max

a, = Aha)12 < Qi (29)

max __ 2
a, =Aw, <a

v,lim (30)
P.(t)=0 V¢ ymoBa BigcyTHOCTI BigpuBy IyaHCOHA BifL cymili,
O(w,w,,4,,4) <D, ymoBa BigcyTHOCTI BigpuBYy IlyaHCOHA Bifi cymili,

YV NpaKTUYHIi/ ITIOCTAHOBIi YaCTO MOLJIBHO BBOAUTHM KoeillieHT cuHeprii
IIPOCTOPOBOTO HABAHTAXEHHS SIK BifHOIIEHHS eeKTy KOMOGIHOBAaHOTO PEXUMY 10

cymu edeKTiB OKpeMUX PesKUMiB:
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AW(h+v)
s A : A 31
b + b
3a HaBeICHUMHU BHpa3aMHM JTUCUTIAILII:
7(B A’w, + B Ao
_(vv2 hh2:1, (32)

sym 2 2
ﬂ(BhAh w +7B A 0)1)
o s JIiHiliHOI Mojesi BimoOpaskae aguTUMBHICTH edekTiB. OmgHaK Yy
B,B,,C,.G, . . .

peasibHMX YMOBax ~ v 3ajeXkaTh Bif CTyTeHS YIIiJIbHEHHSI Ta aMIUIiTyIH,
to6Tro C, =C,(p,4,,0,,P,), B =B,(p,4,0,,P,), G, =G, (p,4,,),
Bh :Bh(paAhaa)l)
Ie O - IOTOYHA WIIbHICTD CyMiLli.

Tonmi KoedinieHT cuHeprii crae (QyHKIIi€l0 peXXMMy il MOKe MepeBUITyBaTu

OVHULIIO:

K =K (o,0,4,4,P,, p)>1, (33)

syn syn

0 O3Hauae€, 10 KOMOiHOBaHa [isi TPUCKOPIOE TepedymoBy CTPYKTYpuU
cepenoBuUINA 32 paXyYHOK B3a€EMHOTO BIUIMBY 3CYBHMX i KOMITPECiiHMX MeXaHi3MiB.

3 ypaxyBaHHSIM POCTY >XOPCTKOCTi CyMillli B Mpolieci yIIiJibHEeHHS, BJIaCHi
YaCTOTU CUCTEMM 3 4aCOM 3Milllyl0ThbCsI. TOMy paljioHaJIbHMM € He TOUHMIA pe30HaHC,
a KBasipe3oHaHC, KO 30y[KeHHS IiATPUMYETbCSI B 00JIaCTi MaKCMMyMy IIpu
JOMYyCTUMOMY piBHI OMHaAMIiYHMX HaBaHTaXeHb. Y IOMCEePTALiAHOMY BUTJSAL Iie
bopMyIIOEThCSI Uepe3 MiHiMi3allilo BiIXMJIeHHS MiXX YacCTOTOI0 30YMKEeHHS Ta

ITIOTOYHOIO BJIACHOK YaCTOTOHO:
* .
(@,) =|@, — @, (p)| > min, (34)

* . . .
ne w,(p)- BIacHa YaCcTOTAa BEPTMKANbHOI MMICMCTEMM, IO 3aNEKUTh Bif
notouHoi mineHOoCTi (a otke — Big C (p)).

VYMOBY KBa3ipe30HAaHCHOTO PesKMMYy MOYKHA IOIATH SIK iHTepBal

@, (p)(1-8) < w, <, (p)(1+5) (35)

me O — IONyCTMMe BiJHOCHE BigXW/IEHHs 3 ypaxXyBaHHSAM AeMI(pYyBaHHS Ta

KOHCTPYKTUBHUX 0OMEKEHb.
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BucHoBkM: OTpMMaHi CIiBBigHOIIEHHS MMOKA3YIOTh, 110 ONTUMAJIbHUIA PEKUM
IOYIIiIbHEHHS Y CHUCTeMi 3 IIPOCTOPOBUM  30Y[KeHHSM BM3HAUYAETHCS:
MaKCMMi3aLi€o AMCUTIOBAHOI y CyMillli eHeprii 3a UMK/ 32 PaXyHOK BEPTUKAIbHOIO
CTUCKY Ta TOPU3OHTAIbHOIO 3CyBY; BUKOHAHHSIM IIOPOTOBUX YMOB, III0 TapaHTYIOTh
MIPOXO/IKEHHST TIPOLleCY CTPYKTYpPHOI TepebymoBM CepemoBMINA; Y3TOMKEHHSIM
YacTOT i aMIUIiTy , 30yIKeHHST 3 TOTOUHMMM IMHAMIUYHMMM BJIACTUBOCTSIMM CyMillli
npy 3abe3neueHHi O0OMeXeHb Ha IMPUCKOPEHHSI, TUCK Ta HeIOIMyIeHHS
posmiapyBaHHs. I[loganbiinii poO3BUTOK MOJeNli Tojsira€ y GoOpMyBaHHiI aJiTOPUTMY
BMOOpY MapamMeTpiB IpMBaHTaKyBaua Ta PeKMMiB PoOOTM BiOpO30ymKyBaudiB Ha

OCHOBi BM3HAUE€HUX KPUTEPIiB.
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CONDITIONS FOR THE OPTIMAL RE-COMPACTION MODE OF A CONCRETE

2. Serdiuk, L. I., Davydenko, Yu. O., & Kostenko, P. M. (2005). Some approaches to modeling a
medium processed by a vibration device [Deiaki pidkhody do modeliuvannia seredovyshcha,

246

Maklym Pyrlyk, Mykola Nesterenko

MIXTURE AND CRITERIA FOR VIBRATION EFFICIENCY

Abstract. The article considers the conditions for the optimal re-compaction mode of a
concrete mixture in a vibration machine with spatial excitation, in which the action of
horizontal oscillations of the mould is combined with vertical oscillations of the
surcharge device. The relevance of the study is o6ycnoenena by the need to improve the
efficiency of vibration compaction of concrete products, ensure intensive structural
rearrangement of the mixture, and reduce energy consumption during the forming
process. The aim of the study is to establish criteria for the efficiency of vibration re-
compaction and to substantiate the parameters of the optimal operating mode of the
installation based on an energy approach. The study uses methods of analytical
modeling based on the energy balance over one oscillation cycle, determination of
dissipated energy in the vertical and horizontal deformation channels, as well as
formulation of threshold conditions for active compaction according to dynamic pressure
and shear stresses. Relations were obtained that make it possible to assess the energy
efficiency of the process, establish the conditions for coordinating excitation frequencies,
and determine the synergy coefficient of the combined action of shear and compression
mechanisms. It is shown that the optimal re-compaction mode is achieved under the
condition of maximizing the energy dissipated in the mixture, fulfilling the threshold
conditions for structural rearrangement of the medium, and maintaining a quasi-
resonant mode while taking into account changes in the dynamic properties of the
mixture during compaction. The practical significance of the obtained results lies in the
possibility of using the proposed criteria to select the parameters of the surcharge device
and the operating modes of vibration exciters in the design and improvement of vibration
installations for forming concrete products.

Keywords: concrete mixture, vibration compaction, re-compaction, spatial excitation,
surcharge device, dissipated energy, dynamic pressure, shear stresses, quasi-resonant

mode, efficiency criterion.
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.0. Penquniib, C.B. Moiceenko, [I.C. AmameHko, K.B. KpemueBa, O.B. AKiMmeHKO

BUKOPUCTAHHA MATEMATUYHOI'O MOJEJIIOBAHHSA IJI4
BAJOCKOHAJIEHHS ITPOLECY CEJIEKTHUBHOI'O JIABEPHOTI'O
IVTABJIEHHSA OJ14 3D-APYKY

AHomauis. AxmyanvHicme 00CNHiOHEHHA 3yMO6/IeHA Heo0XiOHicmio nidsuujeHHs
MOYHOCMI NPOZHO3YBAHHS NPOYECI8 CeEKMUBHO20 J1d3EPHO20 NJIABJIEHHS Memanesux
nopowikie 8 adumugHomy eupobHuymei. Memow pobomu € po3pobKa y3azanbHeHOi
@Qisuko-mamemamuuHoi Modeni ma eQeKmueHoz0 UUCENbHO20 an20pummy 3
ypaxysaHHsam meniooOMiHy, 2idpoduHamiku ma eeonuii  8iIbHOI  NOBEPXHI.
Buxopucmaro memod ckiHueHHUX 06°emie i imepauitiHuii po3paxyHkoeuti 610k GMRES.
V pe3ynvmami ompumaio po3nodii noas memnepamypu 8 po3paxyHkositi obsiacmi 3
gudizieHHsIM 30HU JniKkeidycy. T106y008aHO 3anexcHOCMI WUPUHU Ma 2AUuOUHU BAHHU
posnnasy 6i0 weudkocmi pyxy Jjaszepy ma odiamempy Jd3epHoi hasmu. 3pobieHo
BUCHOB0K NP0 adek8amHicms Moodesi ma ii npudamHicme 015 iHMEHEPHUX PO3PAXYHKIB.
Knrwuosi cnosea: MamemamuuHe MOOeN08aHHS, adumueHi mexHosnoeii, 3D-0pyk,
subipkose nasepHe niaaeneHHs (SLM), nazepHe niasieHHs hopouikosozo ciow (LPBF),

obuucnsanvHa 2idpozazoduHamika.

[TocTaHOBKA MPO6IEMM

3azanvHa (@QizuuHa nocmamoseka 3adaui CeneKmueH020 J1a3epHO20 NJABJIeHHS
Memanesux NOpouwlkie BKIIOYA€ B cebe pO3IJIsi IMPOILeCiB TEII000MiHy MOPOIIKY i
BaHHM pO3IUIaBY; TipOAMHAMIKM PO3IUIaBy 3 BUAiIEeHHSIM (POHTY KpucTasisallii;
edexTn MapaHroHi, 1[0 BUHMKAIOTh Ha MOBEPXHi PO3MOiy pigkoi Ta rasomomibHOI
(da3; TerIOBOTO BIUIMBY JIa3€pHOTO MPOMEHI0 Ha MOBEPXHIO MOPOIIKY Ta PO3ILIABY
(BpaxyBaHHSI abcopOIiii Ta BimoOpaskeHHSsT); BUIIAPOBYBAHHS IPOIYKTIB IJIaBJIeHHS
(bopMmyBaHHS MeTa/ieBOi IlapM), TUCKY Biamadi Ipy BUIIAPOBYBaHHI MeTayly Ta
TEeIVIOBOTO BUIIPOMIHIOBAaHHS 3 IIOBepXHi, (a3oBuX IMepexofiB 3 ypaxXyBaHHSIM

MMMTOMOI TeIJIOTM IIJIaBJeHHSI Ta IapoyTBOpeHHS, ¢GOpMyBaHHSI IOp y BUpPOOi, a

© Pemuunp [1.0., Moiceenko C.B., Amamenko /[I.C., KpemHeBa K.B., Akimenko O.B., 2026 Copyright
for this paper by its authors. Use permitted under License CC BY 4.0.
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TAaKOX ypaxyBaHHSI IMCKPETHOCTi MOPOIIKOBOTO IIapy Ta po36pM3KyBaHHS PilKOTO
MeTay 3 BAHHM PO3ILIaBy.

Iputinami npunyweHHs ma oOMexceHHs

Ce/leKTMBHEe JjlazepHe ILIaBJEHHSI TOPOIIKIB € CKIagHMM OaraTtodasHum
IIPOLIECOM, IO BKJIIOYAE ITepexiJi Mixk TBepIo0, piIKolo Ta ra3onoaioHom dhasamu. B
IaHiii poOOTi )i CIIPOILIEHHS MaTeMaTUYHOI MOAei 3p00JieHO TaKi MPUITYLIEeHHS
Ta 06MexkeHHS [9].

e PosnnaBiieHnit MeTaj € HbIOTOHIBChKOIO CTUCIMBOIO PiAMHOIO.

e PesxyMu Tedii BBaXKalOThCS TaMiHApHUMM.

eJlazep € Ge3nepepBHUM rayCiBCbKMM JIKepeIOM eHeprii.

e [TornmMHaroua 34aTHICTh MeTaly BBaXKA€TbhCS ITOCTiITHOIO.

e BTpaTamu macu rpy BUNapOBYBaHHI MeTaly HEXTYIOTh B CMJIY iXHbOI MaJIOCTi.

e DOpMyBaHHS IJIa3MI He PO3TJISIAAEThCS.

e B3aemogis s1a3epa 3 BUIapeHUM MeTajiOM He PO3IJISIIa€ThCS

e XiMiuHi peakilii y BaHHi pO3MJIaBy € HE3HAUHUMIMU.

e ®i3NyHi BJIAaCTMBOCTI MeTaJIiB i30TPOITHI Ta 3a7eXaTh Bif 3MiHM TeMIepaTypu.

e [l MOJie/TI0OBaHHS BIUIMBY BigXWI€HHSI TYCTMHM Ha TOTiK BUKOPUCTOBYETHCS
HabmskeHHs ByciHecka.

e He BpaxoBYeThCS MepepOo3I0oia YaCTMHOK MMOPOIIKY B OKOJIi BaHHM PO3IIaBy
B cuiy edDeKTy meHyaallii.

eHe BpaxoByeThCd [HOMHaAMiKa IIOTOKY Trasy, IO BMHMKA€E T Yac
BUIIAPOBYBAHHS MeTaJy 3 IIOBEPXHi pO3I/IaBy.

eB3aemogisg MeTaseBOro MOPOIIKY Ta BAaHHM PO3IUIABy 3 iHEPTHUM Tra3oM
(aproHoM) He pO3IJIsLAITHCS Y SBHOMY BUTTIS.

e Aficop6i1iist ra3y i3 HaBKOJUIIIHLOTO CepeIoBUIIA He PO3TJISIIa€ThCSI.

AHasti3 ocTaHHIX JOCTiIKeHb i myoJTiKai

MatemaTuyHa MoOAedb, M0 PO3POOJISIETHCS, 3 OTHOro OOKy, TMOBMHHA
BpaxoOBYBaTM OCHOBHi (i3uuHi mpoliecu, 1o BimOyBalOThCs, a 3 iHIIOro 60Ky, OyTHU

NOCTaTHbO  KOMIIAKTHOK  [JIg  peandi3allii Ha  CydyaCHMX [E€PCOHAIbHUX
xoMm’orepax [2F7! FX 22 2 = ASLICL,2].
AHasni3 HayKoBOI Mpo6jeMy IOKa3aB, IO [Jisi KOPEKTHOTO MOJe/I0BaHHS

CEJIEKTMBHOI'O JIa3€pHOr'o IIJIaBJIEHHS HeO6Xi,Z[HO BpaXOBYBATU HaCTyHHi KJII0YOBi

aCIleKTU: TeIJIOBUI BILIMB JIa3€pHOIro IMPOMEHIO Ha IIOBEPXHIO IIOPOIIKY Ta
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pO3IUIaBy; TEIIOOOMiH MOPOIIKY Ta BAHHM PO3IUIaBYy; TEPMOKAMIISIPHY KOHBEKIIIIO;
BUIIAPOBYBAHHS MPOAYKTIB IJIaBJIeHHS 3 MOBEPXHi BAHHM PO3IIaBYy; TEIUIOBi BTpaTu
3 TIOBEpXHi Ha BUIOPOMIHIOBAHHSI Ta KOHBEKI[iK0; TMOIJIMHAHHS Ta BUOIJIEHHS
IIPMXOBAHOTO TeIia (a3oBOro mepexomy; OMHAMIKY pimkoi ¢dasu 3 BUAiIIEHHSIM
bpoHTY KpucTadisaliii; amcopbliilo rasy 3 HaBKOJMIIHbBOTO CepeoBMUIIA;
PO36PM3KYyBaHHS/PO3Cil0OBaHHS YaCTUMHOK PiKOTo Ta TBEPAOro MeTajy; TUCK Bigmaui
rasdy; CWIy TSDKiHHSI Ta IOBEPXHEBOI'O HATSTY; 3MOYYBaHHSI.

s HamiiiHOi po6oTyu SLM-06j1agHaHHSI Ta BUTOTOBJIEHHSI SKiCHUX BUPOOIB
HEeOOXiTHO CTBOpeHHSI e(eKTMBHOrO, HaOilfHOTO Ta peTeJibHO BepudiKoBaHOTO
IIpOrpaMHOTO0 3a6e3IevyeHHsI JJ1s1 PO3B’SI3KY 3B’SI3aHUX 3a/la4 TePMOAMHAMIiKM BAHHU
pO3MJIaBy i1 iHEpTHOTO ra3y, a TaKOX iX B3a€EMO/ii 3 MeTajeBUM MOPOIIKOM.

CxnagHi di3muHi mporecu, 1m0 BifOyBalOThCS IIPU CEIEKTUBHOMY JIa3epHOMY
TUIaBJIEHHI MeTajieBUX IOPOIIKiB, € TPUBMMIpHMMM Ta HecTalioHapHUMKU. Di3muHi
SIBUINIA ITPOTIiKAIOTh Y MMPOKOMY Jialla30Hi YacOBUX Ta IIPOCTOPOBMX MacCIITabiB Ha
pisHMX a3zax mnpouecy Bifg ¢GopmyBaHHSI IIapy MOPOIIKY [0 I[UIaBJIeHHS Ta
3aTBepAiHHS [3-5].

Han3suuaifHO BMCOKiI IIBUAKOCTI HarpiBaHHSI Ta OXOJOMKE€HHSI BUKIMKAIOTb
6e3J1iu IMHAMIUHMX Ta MepexigHux sBuil y rpouecax LPBF, BkIouanoun raBiaeHHSs
Ta YaCTKOBEe BUIIAPOBYBAHHS ITOPOIIKiB, TeUil0 pO3IUIaBI€HOrO0 MeTasly, BUKUI Ta
1epeposroiil  IOpOIIKy, IIBMAKE 3aTBEepAiHHSI Ta HepiBHOBaXkHi (¢a30Bi
repexoau [6-8].

Iisi Mope/iloBaHHS AMHAMIKM BaHHM pO3IJIaBy 3aCTOCOBYIOTHCSI UMCEJIbHI
MiIXOOM Ha OCHOBi: MeTOXy IpaTyacTux piBHSIHb BombiMana (Lattice Boltzmann
Method - LBM); meTrony rigpoauHaMiku 3riajskeHux yacTok (Smoothed Particle
Hydrodynamics — SPH); mMopesneit o6uncioBanbHOI rigpoauHamiky (Computational
Fluid Dynamics — CFD).

MeTop rpaTyacTux piBHSIHb BosibliMaHa He pO3B’si3ye 6e31ocepeIHbO PiBHSIHHS
HaB'e-CTOKca, a MOJIe/IIO€ MOTiK HbIOTOHIBCbKOI PiIMHU OUCKPETHUM KiHETUYHUM
piBHgaHHAM bonbimana [10]. Mertonm rpatyacTux piBHSIHb bBosbliMaHa MaloTh
HECTIiIKy MOBEeLiHKY Ha rpaHulli pyxauBux Tia. Kpim TOro, posiuervieHHsI 3a
di3sMuHMMM TpoliecaMu, 10 BUKOPUCTOBYETHCS B TAHOMY IiIXOMi, MPU3BOAUTD 110

MePIIOTO MOPSIAKY TOUYHOCTI MPOCTOPY ampoKCUMMallii KOHBEKTUMBHMX OOAAHKIB.

250 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui nmpo6iaemu metanyprii”, N2 29 - 2026

[Tepmmit MOPSITOK MPU3BOIUTDH O MOXMOKM aIlpOKCMMaIlii, 3icTaBHOI 3 Apyrumu
MOXigHMMM (B'SI3KICTh, TEIIJIONPOBIAHICTB).

Meton rigpoaMHaMiKy 3TAaIKe€HUX YaCTMHOK € 0e3CiTKOBUMM, Y SIKOMY
cepeZloBUIIE MpeCTaBIeHe BeIMKMM Hab0poM (GiKTUBHUX JarpaHKOBUX YaCTUHOK,
KOKHa 3 SIKMX BM3HAUAETHCS JIOKAJIbHOK (YHKIIi€l0. 3aCTOCOBYIOThCSI CTaHAAPTHI
(di3nuHi piBHSIHHS, SIKi PO3KJIaIAl0ThCS Ha B3a€EMO/Iii MiXK CYCiIHIMM «4aCTMHKAMM».
Opgnum i3 HepmosikiB SPH MeTtomy B MOpPIBHSIHHI 3 CITKOBMMM MeTOOaMM €
HEOOXiTHICTh BMKOPMUCTAHHS BEJIMKOI KiJIBKOCTi YaCTMHOK [JII  SIKICHOTO
MO/JIeJII0BaHHS TiApOAMHAMIYHMX TEeUiit.

MeTooyu 0OUMCIIOBAJIBHOI TigpoaMHaMiKM 3aCHOBaHI Ha  PO3B'SI3aHHI
HecTalioHapHMX piBHSIHb HaB’e-CTOKCa CTMCAMBOrO rasy abo HeCTUCIMBOIL piguHH,
SIKi € CcucTeMOI HeMiHiIHMX audepeHLiaTbHUX PIiBHSIHb OPYroro MHOpsiaKy. st
MOJE/NIOBAaHHS BiJIbHOI MOBEepXHi CHUIbHO 3 piBHIHHsIMM  HaB'e-CToOKca
3aCTOCOBYETHCSI MeTof, 06'emy pigyuu (VOF) abo meron Habopy piBHiB (LSM), sKi
BiJHOCSTHCS [0 KJIACy eiyiepoBux metonis [11,13].

MerTa pociaimKeHHS

Memoio OdocnioxwenHss € GOpPMYIIOBAaHHS 3araJibHOI IIOCTAHOBKM ITPOOJIEMM
IOCTiIKeHHSI TEIJIOOOMiHY Ta OAMHAMiKM BaHHM PO3IUIABY 3 ypaxyBaHHSIM BiJIbHOI
TIOBepXHi MpU B3a€EMOZii 3 Jla3epHUM MPOMEHEeM 3 MeTOK MOJeTI0BaHHS MPOIeciB
CeJIeKTMBHOTIO JIa3€pHOTO TUIABJIEHHSI MeTajeBUX MOPOIIKiB., a TAKOX PO3POOIeHHS
YJMCeIbHOTO aJITOPUTMY PO3B'SI3aHHS BUXIOHUX piBHSHb, SIKMII 0a3yeTbCcsl Ha
TPMUILIAPOBiii HesBHil cxeMi, [0 Ma€ APYTUIi MOPSIIOK TOYHOCTI iHTerpyBaHHS 3a
yacoM, TpeTilt MopsiioK MPOTUIIOTOKOBOI alpoOKCUMMallii KOHBEKTUBHUX TOAAHKIB, i
I pYTUii MOPSIIOK IIeHTPaabHO-Pi3HMUIIEBO1 alpoKcuMallii AudysiiiHMUX YieHiB.

BukiiageHHsI OCHOBHOTO MaTepialy JOCTiaKeHHS

MamemamuuHa nocmaHoeka 3adavi CeleKMuUBHO20 JIA3EPHO20 NJABJIEHHS
Memasesux NOpPoulKie

3 ypaxyBaHHSM MPUITHITUX TPUITYILIeHb 3arajibHa MaTeMaTM4yHa MOCTaHOBKa
3a/1aui CeJIeKTMBHOIO JIa3epHOTO IUJIaBJIEHHS MeTaJeBUX ITOPOIIKiIB 3BOAMUTHCS [0
ITIOCTAaHOBKM OKPEMMX CTPYKTYPHO 3B’SI3aHMX MiK CO60I0 3a7au. A caMe, TaKUX SIK:

— 3aJavya MpO HeCTaI[ioOHApHMII TeIIo0OOMiH 3 ypaxyBaHHAIM (a30Bux

mepexofiB (TUIAaBJE€HHSI TIOPOIIKOBOTO MaTepiajly Ta IOJasbllla KPUCTaTi3arlist
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pO3IUIaBy MpU OXOJIOJKEHHi) IpU HarpiBaHHI MeTajeBUX IIOPOLIKIB PYyXOMUM
Jla3epHUM IPOMEHEM;

- 337a4ya Ipo AMHAMIKy PigKOrO mMeTajny B BaHHI pO3IUIaBy 3 ypaxyBaHHSIM
00'eMHMX i TTOBEPXHEBUX CUJI;

- 3ajaua MMpo BM3HAUEHHS HecTallioHapHOi (OopMM BiJbHOI MOBEpPXHi BaHHU
PO3ILIaBY 3a HASIBHOCTi TUCKY BiJiJladi, a TAKOK BUHMKHEHHS IIOpP i pOo30PM3KyBaHHS
piIKOTO MeTaly.

ModentosaHHs 8ibHOI NOBEPXHI

[TonoxkeHHST MOBEpPXHI BaHHM pO3IMJIaBy ampiopi HeBigome. [Iis BifcTeXXeHHS
MOJIOKEeHHST Ta ¢opMM IIOBEepXHi BaHHM pO3IUIaBY (BiJIbHOI  ITOBEpPXHi)
BUKOPUCTOBYETHCSI MeTo 1, 06'emy pignum (VOF). Meton VOF Bl0OBIIIOE MEXY PO3IiTy
MiXX mBoma ¢asaMu, L0 He 3MIIIYIOThCS, TOOTO MEXY MiXX MeTaJioM ¥ iHepTHUM
ra3om. JlaHuit MeTOJi 3aCHOBaHMI Ha PO3B’SI3aHHI CKaJISIDHOTO PiBHSIHHS II€pEeHOCYy

1151 06'€eMHOI YaCTKY PilMHU B KOMIpIIi y Y BUIJISIAI [13]
ay ) .
P Vu-y)=0,

aey — (baBOBa YaCTKa, fdKa ITO3Hadae€ BiTHOIIIEHHS O6’€MY, 110 3aliMa€ MeTajieBa

dasa Vetq; [0 3aTAJIBHOTO 06°€MY KOMipKM V, Ta BU3HAYAETHCS BUPA3OM

1 mMeTan (pigKHH, TBepIHH)
V. :
}':%MZ 0<y<l1 posain das
0 iHepTHHH ra3

[Ipn ¥ = 0 KOMipKa MOBHICTIO 3allOBHEHUI iHEPTHUMM Tra3oM, Ta IIOBHICTIO
3aMoBHEHMIT MeTajioM Tpuy = 1. Konu 3HaueHHS y 3HaXOAUTHCS Y AiamasoHi MixX
0 u 1, B KOMIpIIi iCHye TpaHMIS PO3AITY CepemoBUIIN MiK MeTajOM Ta iHEPTHUM
ra3oM.

ModentosaHHst mennooOMiHy

IIpy omuci KOHBEKTMBHMX IIepPEHOCIiB HeOOXiHO BpaxOBYBaTM IIPOIECU
TEeIVIOMPOBITHOCTI Mi’K OKpeMMMM YaCTMHAMM CYIIJIbHOTO cepeaoBuila (TeIio- Ta
MacoriepeHeceHHs1), a TaKOX pafialiiiuuit Teruioo6MiH (BUIIPOMiHIOBAHHS).
KoHBeKTMBHe MepeHeCeHHs MOB'SI3aHO 3 BUKOPUCTAHHSIM TUX UM iHIIMX MOJeei

pyxy cepemoBuiia. Haii6ipIIoro momypeHHs B Teopii TeIo- Ta MacorepeHeceHHs
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oTpumManu piBHsSHHS Hap’e-CToKca B Hab/mokeHHi ByciHecka. YV po3misHyTiii Mogeti
TYCTMHA, KOeQillieHT TeIUIOMPOBiTHOCTI Ta MUTOMA TEIJIOEMHICTh € (QYHKIISIMMU
temnepatypu p = p(T), Cp = Cp(T), k = k(T), a TakOX BPaxXOBYETbCS IPUXOBAHA
TeruioTa ¢Ga30BUX IMepeTBOPeHb (IJIaBJIeHHS Ta BUIAPOBYBaHHS).

PiBHSHHS TeIUVIOOOMiHY 3 KOHBEKTMBHMM WIEHOM MOKe OyTH 3amyucaHe yepes

MIUTOMY €HTaJIbIIII0 Y BUTJISAI [13]

P [% + F(M ' h’)] = F(kFT) + QLaser‘ - QLOSSE?S’ (1)

e p — TycTuHA, k — KoeQillieHT TeronpoBigHOCTI, T — Temmeparypa, Cp —
MIATOMA TEIJIOEMHICTb, Q; 50 — 00’€EMHE IKEPENO TeIa, Q;,ss.s — 00’€MHI BTpaTu
TeIlia, u — BeKTOP MBUAKOCTi, h — IMTOMAa eHTaJbIIis, t — yac.

TemIiepaTypHe  I0Jie  pO3PaxOBYETbCSI ~ BUXOASIYM 3 HACTYITHOTO

CIiBBiJHOIIEHHS
_ h-hre
P T_Tref’
Tﬂ h’ﬂ CP_;. h.- < h"S
Ts hs Cps(1—fi)+ Cpify, hs=h<=h
Tr'e}’ =1 T; href - h—: Cp = Cpy, h; <h< hh’
T, h Cor, h, <h<h,
TD h'[;‘ CPI' h > hv

ne T, — TemIiepaTypa comigyca, T; — TeMIiepaTypa JikBigyca, T, — TemnepaTypa
KUITiHHS (TTapOyTBOPEeHHS ), Cps — IMTOMA TEIUVIOEMHICTh IPY TeMIIepaTypi coslimyca,
Cp; — TIMTOMA TEIJIOEMHICTb TPU TemIiepaTypi JdikBimyca, h, — NMUTOMa TemaoTa
MapoyTBOpPEHHS, h; — MUTOMa TeIuioTa MpM TeMIlepaTypi JikBigyca, h. — nmuToMa
TeIJIoTa Ipy TeMIlepaTypi comigyca.

BaroBa (yHKIIiS f; BU3HAYA€ YaCTKy TBepmoi Ta pigkoi dasm B o6’emi, 10
posrasmaeTbes. B pinkiit dasi f; = 1, B TBephiii ¢asi f; = 0 Ta miHiitHUi Mpodiab B

nBodasHoMy cepeioBuilli. DyHKIIiS f; BU3HAUAETHCS SIK
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0, T <T,
T—Ts
fi={s=» T=ST<T,
1, T>T,

TennodisuyHi  BiacTMBOCTI  MeTasly B ABodasHOMY  cepemdoBMIIi

PO3PaxOBYIOTHCS 3@ HACTYIHOK iHTEPIIOJSLIHOIO 3aeKHICTIO [13]

Y =0~ fvs+fie, WE|[p,uCpkl.

e i — KOHKpeTHa BJACTUBICTb MeTaay B Mojeni (TycTuHa, KoedillieHT
JIVMHAMIUYHO1 B'SI3KOCTI, mMTOMa TeMJI0EMHICTb, TEeIUIONPOBIIHICTD),
Y, 1 Y,— BiATIOBiAHI BIACTUBOCTI y piJiKiii Ta TBepAil ¢dasi BigmoBigHoO.

[Ipn mopentoBaHHI TeIrodi3MuHi BJIACTUMBOCTI ABOX (a3, 10 He 3MilllyIOThCS,
pPO3paxOBYIOTbCSI 3a [JOMOMOTOI0 KOHTMHYaJIbHOI (OpMy/aM, 3aCHOBAHOI Ha
KJIaCUYHiil Teopii cymimeir. O6’eMHO-(]pakiliiiHe cepegHe 3HAUeHHS 3arajbHOI

Teru10(i3MYHOI BIaCTMBOCTI 3a0a€ThC SIK [13]

U = yYUmetar + (1 - }’)ﬁgas- e [p. i, Cp.k], (2)

ne p,u,Cpk — TycTMHA, KoedillieHT AMHAMIYHOI B’A3KOCTi, MUTOMA

TeIJIOEMHICTb Ta KoedillieHT TeIJIONPOBiIHOCTI BiIITIOBIIHO.

MHOKHUK U,,0¢4; B PIBHSIHHI (2) TIpeCTaB/ISIE COO00 TEIIODi3MUHI BIACTUBOCTI

MeTasieBoi a3y Ta 3aa€ThCSI HACTYITHUM UYMHOM

1?metcﬂ = 1:j‘.tiqm'd.me'ta.t ’ ﬁt + ﬁsolid.metai (1 - ﬁt)’

CknamoBa Qp,sses B PiBHAHHI (1) TpencTaBiisie 0000 TeIUIOBi BTpaTu Bif

BUIIAaPOBYBaHHA, KOHBeKU,i.l., BI/IHpOMiHI-OBaHHH Td BUBHAYAETHCA SAK

2pCp of f
PmetalClp mem!"‘.@gascpgas’

QLosses = (QPapor‘ation + 9 convection + QI‘admtion)lF}’rl

Komu Temmeparypa MeTajqy IIepeBMINYE TOUYKY KUITIHHS, HEOOXiTHO

BpaxoOBYyBaTyM BTPpATU TeIlIa IIiJi YacC ioro BUITAapOBYBaHHS. BTpaTu Tera 3a paxyHOK
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BUIIAPOBYBAHHSI € AOOYTKOM ITMTOMOI TEIIOTM TMapoOyTBOPEHHS h, Ta MacoBOi

BTPaTy BUIIAPOBYBAHHA 11, T BUSHAYAIOTHCS SIK [9]

Quaporation — hy, -y,

Ie h, — MATOMAa TeIUIOTa MapOyTBOPEHHS, 1, — IIBUAKICTh BUIIAPOBYBAHHS 3
OJVIHUII] TIJIOIL.

[IBMAKiCTh BUIIAPOBYBAHHS (MacOBa BUTPATa) BU3HAYAETHCS SIK [9I]

my, = (1 —B)py 2:;].-’

Ie p, — TUCK Iapu, pp — TUCK HaABKOJMIIHLOIO CepemoBuila, M — MOJSIpHA Maca,

R- yHiBepcajgbHa ra3oBa IOCTiiiHA, f — KoedillieHT akKOMOAallii, SIKMi1 MOKa3ye
YaCTKy MOJIEKYJI [Iapu, 110 MOTJIMHAETHCS MoBepxHelo (§ = 0.18).

Tuck mapu npu TemrepaTypi T Moke OYTM pO3paxOBaHO 3a HACTYITHUM

CIiBBiTHONIIEHHSIM

py = 0.54pyexp [%(1 — T?b)]

3asBuyail BBaXKAETbCS, 10 TeIUVIOBUII TOTIiK MPOMOPLIiHUIA  Pi3HUII
TeMIlepaTyp MiX ITOBEpXHEel0 Ta HABKOJIUIITHIM cepeIOBUIIEM.

KOHBeKTHBHMII TeIJIO0OMiH B/3HAUAETHCS HaCTYITHUM UMHOM

Qconvection — a(T - T{J)7

oe a - KoedillieHT KOHBEKTMBHOI Teruionepenaui ( « =50 Br-M2KM),
Tp,— TemMIepaTypa HaBKOJMUIIHbOrO cepenosuuia (T, = 293 K).

BinmoBimHO A0 iHTerpajbHOTO 3aKOHY BUIIPOMiHIOBAHHSI aOCOMIOTHO YOPHOTO
Tis1a (3akoH CtedaHa-BosbiiMaHa), KU1 BU3HAUAE 3a7I€XKHICTh TYCTUHM MTOTYKHOCTI
BUITPOMiHIOBaHHS aGCOIIOTHO YOPHOTIO TijIa BiJ #10ro TeMmepaTypu, TEIJIOBI BTpaTu
yepe3 BUIIPOMiHIOBaHHSI MOXXHA BUPa3UTU
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— 4 4
Qradiation — UE(T - T{J ),

ne o — mocriiina CredaHa-BonpiiMana (o = 5.67 - 10 8Br-M 2K ™); ¢ — KoedilieHT
BUIIPOMIiHIOBAHHS (0 < £ < 1).

Posnopin mxepena Teljla € BOKIMBMM MapaMeTPOM IIifi 4yac MOMAeII0BaHHS
MpOIIeCiB CeJeKTMBHOrO JIa3epHOTO IUIaBJIeHHS IOPONIKiB. ICHYIOTb [Ba BUAU
MoJesieii mKepeja TeIUla: ITOBEPXHEBUIA Ta 00'e€MHMII. Monenb ITIOBEPXHEBOIO
Ji>kepesia TellJla HaliKpallle MiAXOAUTb OJS PeKMMY MPOBiIHOCTi, OCKiJIbKM B IIbOMY
pekMMi eHeprist IPUKIIaa€ThCS A0 MOBEPXHi AeTai. Y Toi yac sIk 06'eMHe IKepeio
Teruia OiJIbII afjaliTOBaHe IJIS PesKMMY IVIMOOKOTO IPOIUIaBAeHHS, KOV €HepTis 10
BaHHM pO3IUIaBY IIiABOAUTHCS yepe3 3amaAuHy (IMIOPOKHUHY), 10 (PopMyeThCH,
BHACIiOK BIUIMBY TUCKY Bifggadi. [IOTik Tera Ha MOBepXHi Bif la3epHOTO ITPOMEHIO

MiAOPSIAKOBYETHCS TayCCiBCbKOMY PO3IIOIiTY Ta 3aMMUCYETHCS SIK

__ 2nPigser -2r?
JQiaser — mre exp 2 )
0 0

ne n — KoedillieHT IIOTJIMHAHHS MeTamny, Piser — MOTYKHICTb J1a3epy, rp—
pafiyc Ja3epHOTO MPOMEHIO, © — BifACTaHb BiJl LEHTPY JIa3€pHOr0 IPOMEHIO, SKa

BM3HAYAETDHCI K

r= Vf(x —Xp — viaser't)z + (}’ - yﬂ)z,

oe x,y — KOODAMHATU By3Jla PO3PaXyHKOBOI CiTKM, X3,V — MOYATKOBI

KOOpPAMHATU LEHTPY JIa3epPHOTO MPOMEHIO, V4., — HIBUAKICTD JIa3€PHOTO ITPOMEHIO.

2PCpeff
PmetalCpmetaltPgasCp ﬂﬂ-""

Qraser = Gaser |F'P’|

MoenoBaHHS AMHAMIKM PiAKOro MeTalry

Y po6OTi po3rIsiAaeTbCs PyX PiIKOro MeTaay 3a MajauxX MBUIAKOCTEN. Y 1IbOMY
BUTIAAKY edeKTaMM CTUCIMBOCTI PigKOro MeTasly HEXTYIOTb i 7Oro MoxkHa
PO3IJISIAATH SIK B'SI3KY HECTUC/IUBY piguHy [12].

JIMHaMiKa TIOTOKY PigVMHM OIMCYEThCS PiBHSIHHSAMM 30€peskeHHS Macu Ta

iMmmynbcy - piBHsiHHSIMM Hap’e-CToKca [T HECTUC/IMBOI PigvMHM B HAGMVKeHHI

256 ISSN-print 1991-7848
ISSN-online 2707-9457



“Cyuacui nmpo6iaemu metanyprii”, N2 29 - 2026

ByciHecka. OcCHOBHa ifmes HaOMIDKEHHS TIOJNSITa€E B OCOOJMBOCTI BpaxyBaHHS

3aJIe>KHOCTI TYCTUHM Bif TemnepaTtypu [13]
V-u=20,

du
P 3 + (u - V)“] = —VP + plu + FBuoyancy + Fﬂar'cy + F:Qur'facer ©))

neV - oneparop TaminbroHa, ¢ - wac, * - Bexktop mwBMAKocTi, P — Tuck, P - rycruna

pizkoro merany, ¥ — xoedilieHT AMHAMIYHOI B’I3KOCTI.

F . .
JopmaHok ~Z40¥ancy g piguguHi (3) IIpeicTaBise€ COO0K BUIITOBXYIOUY
(apximenoBy) cwiy. BigxuiaeHHSI TYCTMHM PiIKOTO MeTaly IpU 3MiHi TeMIiepaTypu
MPU3BOAUTh 1O BUHMKHEHHS MPUPOAHOI KOHBEKIIii, i 3a3BMYail BUPAXKAEThCS 3a

IOTIOMOT010 HabmkeHHs ByciHecka HaCTYIMTHUM YMHOM

FBuoyancy = pgl1 — Br(T — Tp)],

Ie g — TIPUCKOPEHHS BUIBHOTO MamiHHS, fr — KOedillieHT TeIuIOBOro
po3siimpeHHs, T,, — TeMmIiepaTypa IjiaBjJeHHS.

H00aHOK Fparey Y PIBHAHHI (3) € Oucunaniclo MexaHiyHoi eHeprii npu tepri B
nBodasHiii 30HI (KOJM piAyHa MPOXOAUTb uUepe3 MOPUCTe cepenoBuile). TaHuit
IOAHOK BiAIOBiAa€e 3a MyaBHe 3HVDKEHHS MIBUAKOCTI PiAKOro MeTaay Ha Mexi
po3miny ¢da3 i mepeTBOploe ii HAa HyJb Yy 30HI HepO3IJIaBJI€HOTO MeTay.
[lepenbavaeThcs, MO 1€l JOJAHOK 3MiHIOETHCSI B 3aJI€SKHOCTI Bif 4aCTKM PiguHU
f; 1 BUpaxkaeTbcs BinnmoBigHo mo piBHSHHS Ko3eHi-KapmaHa

(1-r)*
FDarc_v = - F+b Cu,

ne C — pemndyoya KoHcTaHTa (C = 1.6-10°), b — KOHCTaHTa, 10 3amnobirae
IiJIeHHIO Ha HYJb, KOJM pigka paxiiis f; crae piBHOIO HymO (b = 107°).
JI>xepenbHMIt UneH Fgy,rqc. B PIBHSIHHI (3) IIpeficTaBiIsie COO0I0 CUIH, SIKi AiIOTh

Ha MeXi po3/iy cepenoBuUII]
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~ o, d oo " 2
F:Qur'face = {Gyk i+ %[FT —a(A-VI)]+ B, - }‘1} |F}’|m,

nie o, — Koe(illieHT ITOBePXHEBOro HATArY, k = —(V - /i)~ cepeiHsl KpMBU3HA BiIbHO]
ToBepxHi, 7 = Vy/|Vy| - Bekrop OOMHMYHOI HOpMaJIi [0 IOBEPXHi,
do,/dT— TeMIiepaTypHuii Koe(illieHT IIOBePXHEBOI0 HATATY.

[lepmmnii 1OJaHOK — Iie Cujia TTIOBEPXHEBOr0 HATATY, L0 Ji€ 3a HOPMaUIl A0
MeXi po3[ily cepeloBuII, IPYTUil AOAAHOK — CiJia, 0OYMOBJIeHA TEPMOKAMIISIPHOIO
KOHBeKIIi€l0 (KOHBeKIIiss beHapa-MapaHroHi), 1110 Ji€ B TaHTeHI[iaJIbHOMY HaIlPSIMKY
i BUK/IMKaHa IPOCTOPOBOI0 3MiHOIO KoedillieHTa ITOBEpXHEBOTO HATATY B30BX MeKi
pO3[iy cepelOBUIIL Yepe3 IpaflieHT TeMIlepaTypu, a TPeTili J0JaHOK — TUCK Bigmaui,
10 BUMHIOIOTh Mapy MeTaay Ha BEepPXHIO IOBEPXHIO BAaHHM PO3ILIaBy. MHOXHUK
IIepepos3NoIiisie Po3MomiaeHi cuan y 6iK minbpHImOI ¢asu (MeTtan), M0 TO3BOJISIE
YHUKHYTU BUHMKHEHHS TOMMUJIKOBUX IMOTOKIB y ra3oBiii ¢asi

MHOXHUK 29/ (pmetar + ,ogas) Nepepo3NoAiisge pO3NofiieHi cuam y 6ik

IIipHimoi ¢dasm (MeTtan), IO OO3BOJSIE YHUKHYTM BUHMKHEHHSI TOMMJIKOBUX
MOTOKIB y ra3oBiii (asi.

AHaniz pesynbmamie po3e's13Ky mennogoi 3adaui CeneKmueHo20 Jad3epHO20
NniaseeHHs Memasesux NOpowKis.

3amava Mpo HeCTalliOHAPHUI TEeIIOOOMiH € HaibiJbIl BaskKIMBOIO, OCKIIbKU
BUUepIiHa iH@opMallisi mpo TeIyIoBMUif peXuM MOTpibHa K IpM OIMMUCI MPOoIeciB
IJIaBJIEHHST Ta KpUCTali3allii, Tak i IpM OIiHIOBaHHI IVI0GAJbHOTO HAIIPY>KEeHO-
nedOopMOBaHOTO CTaHy Tijla, OTPUMAHOTO CEJEeKTMBHUM Jia3epHUM TIIJIaBJI€HHSIM.
Po3B's13aHHS 11i€l 3a7aui 6e3 SBHOTO OMMCY AMHAMIKM PO3IUIaBy, ajie 3 afeKBaTHUM
nporHo3om (opmMyBaHHS BaHHM 3a i30TepMaMM JIKBiyCy Ta COJiAyCy € HaibilbIil
MONIMPEHMM METOJIOM PpO3paxXyHKy 3aJlesKHOCTi BJAaCTMBOCTelt BUPOOY Bif
rapamMeTpiB TEXHOJIOTiUHOIO MTPOIIEeCy.

OcHOBHe piBHSIHHS, sIKe OMMCY€E HecTallioHapHMiI MPOCTOPOBUIL MepeHic Teria
€ PiBHSIHHSI TeIIONIPOBIHOCTI. 3 MeTOI0 ypaxyBaHHS (ha30BUX MepPexOMiB PiBHSIHHS
TeIJIONPOBIIHOCTI PO3B’SI3yBaOCh BiAHOCHO eHTa/bMii. B SIKOCTi TOYaTKOBUX YMOB
3ajaBanacs mocTiiiHa Temmnepatypa 293°K. I'paHMYHI yMOBM CKIaAanucsi 3 yYMOB
Hipixne, Heiimana Tta HpioToHa. [Ipu 11bOMy BpaxoBYBaJIMCS BTpaTu TeIljia 3a

PaxXyYHOK KOHBEKIIii Ta BUIIPOMiHIOBaHHSA. Y poO3po06jeHiii Mojeni TIycTUHA,
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KoeillieHT TeIUIONpPOBiAHOCTI Ta MUTOMA TEMJIOEMHICTD € QYHKIIIIMM TeMIlepaTypu.
Takosk BpaxoByBaJsiacsl IIpUXOBaHa TeIioTa (a30BMUX IepeTBOpeHb (IJIaBJIEHHS Ta
BUIIAPOBYBAHHS).

PiBHSHHS TeIUIONMPOBIAHOCTI 3amMCyBaJioCh B KPMBOJIHINHIA  cucTtemi
KoopAaMHAT. [IMCKpeTHMIAI aHaJor BMUXIJHOTO PIBHSHHS  TeIJIONPOBiAHOCTI
IIOOYIOBaHO METOJOM CKiHueHMX o060’emiB. IloxigHi y mudysiitHux uaeHax
alPOKCUMYIOThCS LIEHTPaIbHO-Pi3HULIEBOIO CXEMOIO IPYTOro MOPSAKY TOYHOCTI.

Po3pobsieHnit  aqropuTM 06asyeTbCcsl Ha TPUIIAPOBiM HesSBHi cxemi 3

migiTepallisiMu 3a 1IC€BIOYACOM T IPYTrOro MOpsiIKY TOUHOCTI 3a Qi3MUHUM YacoM t

ns MHLT FnALm_oF Fn—1
1 1.5 (ar) ] (hn+1.m+1 _ hn+1.m) — Al 1.5htim_gpn g gpn

—+—+|== —7
Jjat - jat  \ah at

Ile BepxHill iHAeKC n Mo3Haya€ MOMEHT 4Yacyt = ndt, a iHAEeKC m Bignosigae
TICeBA0YACOBOMY iTepaliiiHOMy Iapy, # - TIIpaBa 4YacTMHa B PiBHSHHI
TeIIONPOBIIHOCTI.

OTpuMaHa CKaJsIpHa CUCTeMa JIiHIITHUX ajaredpaiyHMX PiBHSIHb HESIBHOI CXeMM
pO3B’s3yBajacsi MeTOA0M MiHimisallii y3arajibHeHoi HeB's13ku (GMRES) 3 HemoBHUM
LU-posknaganusasm  (ILU(k)) 3arajJibHOi ~ MaTpuIi  CUCTeMM Y  SIKOCTi
nepen3yMoBIIOBaHHS [14, 15].

Po3mipy ob6nacti, 1m0 posrasganacs, 3a JOBXWHOIO, HMIMPUHOIO Ta BUCOTOIO
ctaHoBuaa 3000 x 1000 x 1000 mxm BiamoBigHO. Kpok iHTerpyBaHHSI 3a 4acoM
JopiBHIoBaB 107 c.

B pesynbTaTi MpoBeIeHOr0 KOMIT'IOTEPHOTO MOZE/JIOBAaHHSI HeCTallioHapHUX
TIPOIIeCiB CeJIeKTUBHOTO JIa3epHOTO TIJIaBJI€HHS MeTajeBMUX MOPOIIKIiB OTPUMAaHO
pO3TOAiN IO TemIlepaTypy B pO3paxyHKOBiit 006siacTi 3 BUIiIJIEHHSIM 30HMU
nikBigycy (puc. 1). [TobygoBaHO 3aeKHOCTI MMUPUHU Ta INIMOMHM BaHHU PO3IUIABY

BiJ IBMIKOCTI pyXy Jla3epy Ta iameTpy Jia3epHOol IisiMmu (puc. 2, 3).
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Pucynok 1 — Po3nozin TemmnepaTypu B po3paxyHKOBiil 00sacTi (a) 3 BUALIEHHIM 30HU JiKBiAycCy (0).

800 W’ T T T H T 800 D, ~ - - -
! MKM ; | ;
§ ® Experiment
600 ---m-moe g ;“ ””””” 3 ””””” 3 ””””” —=— Computation =~
0o T O O O ST HO |

e

V’
6) mm/c

PucyHOK 2 — 3aIeXKHICTh IIMPYHM Ta IJIMOMHM BaHHM PO3IUIABY BiJl MIBUIKOCTI pyXy Jia3epy
(motyxHicTb nasepy P = 400 Bt, giametp nazepHoi masimu d = 205 MKM™).
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PucyHOK 3 — 3ajeXHiCTh IMPUHM Ta TIMOMHM BaHHM PO3IUIABY BiJl MIBUIKOCTI pyXy Jla3epy
(motykHicTb nasepy P = 400 B, giameTp sazepHoi misimu d = 262 MKM)

BupgineHo OBa OCHOBHiI peXuMu, IO BigOyBalOThCSI IIPU CEJIEKTUBHOMY
Jla3epHOMY IIJIaBJIEHHI MeTajeBUX TMOPOIIKiB — peXuM IIPOBILHOCTI Ta peXuUM
IJIMOOKOro IporuiaBaeHHs. Lli peskxuMy iCTOTHO BiApi3HSIIOTHCS OOMH Bill OHOTO,
CYTTEBO BIUIMBAIOTh Ha SIKICTb BMPOOY, a iX iCHyBaHHSI 3aJIEXKUTh Bill IIiTbHOCTI
MTOTY>KHOCTI B OJMHMUITIO Yacy. B peskuMi IiM6OKOro MpoIiaBIeHHsI BUKOPUCTAHHS
Mofesi Ha 0a3i JjuMiIe OJHOro piBHSHHS TEIUIONPOBIZHOCTI Oa€ He3aAoBi/lbHI
pes3yibTaTH, SIKi CYTTEBO BiIPi3HSIIOTHCS Bifl eKClepMMeHTalbHMUX HaHux. [lokaszaHo,
[0 IIpU CeJeKTMBHOMY Jia3epHOMY IIJIaBJieHHI MeTa/ieBUX IIOPOIIKIB y pexXxumi
MPOBIAHOCTI JOCTAaTHbO BUKOPMUCTOBYBATM JiMIIe PIiBHSIHHS TEIJIONPOBIIHOCTI 3
ypaxyBaHHSIM (a30BuX repexoiB. OTpuMaHi pe3ynbTaTu 3aJ0BiJIbHO 36iraloThCs 3
eKCIepMMeHTaTbHUMMU TaHUMMU.

BuUCHOBKU

PosrigHyTo GisuyHi mpoilecu, 10 BigOyBalOTbCS TPU  CENEKTUBHOMY
Ja3epHOMY IUIaBAe€HHI MeTajieBUX ITOPOIIKiB. Bu3HaueHo, sKi OCHOBHi (i3uuHi
Mpoliec HeoOXiHO BpaxOBYBaTM [JisI aleKBaTHOTO MOETIOBaHHSI CeJIeKTUBHOIO
JIa3epHOTrO MJaBJeHHS MeTa/ieBUX MOPOIIIKiB.

B pesynbTaTi MpOBeIEHOr0 OIJISIAY METOAiB MaTeMaTUYHOTO MOMeal0BaHHS
00paHO KJIac MaTeMaTUYHUX MOJeNeif, SKUii TO03BOJISIE SIKICHO Ta KiJIbKiCHO
BiITBOpIOBATU peasibHi Pi3MuHi Mpoliecu 3 1OCTaTHHOIO TOUHICTIO Ta MIPUHITHUMU
BUTpaTaMy uacy. Bu3HaueHO HampsiMM pPO3pOOKM MaTeMaTUUHUX Mojenei ajist
OMMCY IIPOLIECiB, IO BiIOYBAIOTHCSI IIPU CEJIEKTUBHOMY JIa3€pPHOMY IUIaBJIE€HHI

MeTaJIeBUX HOpOH.IKiB.
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Cdopmynb0BaHO 3arajabHy MOCTAHOBKY IPOOGIEMU AOCTiIKEHHS TeIJI000MiHY
Ta OMHAMiKM BaHHM PO3IUIABY 3 YpaxyBaHHSIM BUIbHOI ITOBEpPXHi IPU B3aeMOZAil 3
Jla3epHUM IIpOMEeHeM 3 MeTOI0 MOeI0BaHHS IMPOIEeCiB CeJeKTUBHOIO J1a3epHOr0
TIJIaBJIEHHST MeTajieBUX IMOpPOIIKiB. [TocTaHOBKA IpobsieMy 6a3yeTbCsS Ha PO3B'SI3KY
PiBHSIHHS TeIyIo0OMiHY, piBHSIHb HaB'e-CTokca B HabavskeHHi ByciHecka, a Takoxk
PIBHSIHHS, 110 OIMCY€E IMOBEIiHKY BiJIbHOI ITOBEpXHi BaHHM PO3IJIaBy MPU B3a€EMOil
3 JIa3epOoM.

JIJisT ommMcy HecTal[ioHapHMX TeIUIOBUX IIPOIeCiB, IO BigOyBalOThCSI IpuU
CeJIEKTMBHOMY JIa3epHOMY IIaBJIeHHI MeTajeBUX IOPOIIKiB, PO3IJISIHYTO PiBHSHHS
TeIJIONPOBITHOCTI B KPUBOJIHINHIM cucTeMi KoopauHaAT. Po3po6ieHo dymcenbHUI
aJTOPUTM PO3B'SI3aHHST BUXiITHUX PiBHSIHD, SIKMi 0a3Y€THCSI HA TPUIIAPOBiii HeSIBHil
cxeMi, 110 Ma€ OPYTruii NOPSA0K TOUHOCTI iHTerpyBaHHS 3a 4acOM, TpPeTili MopsaoK
MIPOTUIIOTOKOBO1 ampoOKCUMallil KOHBEKTMBHMX [OOHAHKIB, 1 [APyruii MNOPSAOK
IIeHTPaIbHO-Pi3HUIIEBOI ampokcumallii audysiiiHuX uwieHiB. Y3TOIKeHHS I0JIiB
TUCKY 1 IMBUAKOCTI B piBHAHHAX HaB'e-CTOKca 3Ai/ICHIOBAJIOCh 3a OOMOMOIOI0
MeTOy IITYYHOI CTUCAMBOCTI, MOAM(MIKOBAHOIO A1 PO3PaxXyHKy HeCTal[ioOHaApHUX
3amau. CucrteMa BUXITHMX piBHSIHb iHTerpyBajiaChb UMCEJIbHO 3 BUKOPUCTAHHSIM
MeTOony CKiHueHOoro o6'emy. Cucrema JTiHIHMX anrebpaiyHuX piBHSIHb HESIBHOI
CXeMlM pO3B’sa3yBajacb MeTOJOM MiHiMmi3salii ysarajsbHeHO1 HeB'ss3ku (GMRES) 3
HermoBHuM LU-posknaganusim (ILU(K)) 3araspHOi MaTpulli CUCTEMM Y SIKOCTi
repe3yMOBJIIOBAHHS.

B pe3ynbTaTi IpOBENEHOr0 YMCEJbHOTO MOJEIIOBAHHS HeCTallioHapHUX
MPOLIeCiB CEJIEKTUBHOTO JIa3€pHOTO IJIaBJI€HHS MeTajeBMUX MOPOUIKIB OTPUMAHO
PO3IOAIN IO TeMIIepaTypyM B PO3PaxyHKOBiii 06yacTi 3 BUIIJIEHHSIM 30HMU
nikBimycy. IToOymoBaHO 3a/IeXKHOCTI IMMPUMHM Ta TIIMOMHM BaHHM PO3ILIABY Bif
IIBUIKOCTI pyXy Jiazepy Ta JiaMeTpy Jia3epHOi IUISIMMA.

BumisieHO OBa OCHOBHiI peXMMM, IO BiJOyBalOTbCS IIPU CEJIEKTUBHOMY
Jla3epHOMY TJIaBJI€eHHI MeTajJieBUX MMOPOIIKiB — pexXuM MNPOBIiAHOCTI Ta pexuUm
IJIMOOKOro IporuiaBaeHHs. 1li peskxuMy iCTOTHO BiApi3HSIOTHCS OOMH BiJl OJHOTO,
CYTTEBO BIUIMBAIOTh Ha SIKiCTh BUPOOY, a iX iCHYBaHHS 3aJ€XKUTh Bif IIiIBHOCTI
TOTY>KHOCTI B OAVMHMUIIIO Yacy.

B pexxumi TaMOOKOro IMpOoIUIaBjeHHS BMKOPUCTAHHS MoOJesli Ha 6asi Juiie

OJHOTO DiBHSIHHS TEeIJIONPOBIIHOCTI A€ He3aJOBiIbHI pe3ynbTaTH, SIKi CYTTEBO
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BiPi3HSIIOTHCS BiJl €KCIIepUMEHTa/IbHUX OaHuX. [loka3aHo, 10 NPy CeeKTUBHOMY
Jla3epHOMY IUJIaBJIeHHI MeTaJieBUX ITOPOIIKIB y PeXuMi IPOBIAHOCTI JOCTATHBHO
BUKOPUCTOBYBATHU JIMIlle DPIiBHSIHHS TeIUIOMPOBIAHOCTI 3 ypaxyBaHHSIM (a30BuUX
nepexofiB. OTpuMaHi pe3y/JbTaTH 3aJ0BiIbHO 30iraloThCs 3 €KCIepUMeHTaTbHUMMU

ITAHVMMU.
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MATHEMATICAL MODELING FOR APPLICATIONS THE SELECTIVE LASER
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MELTING PROCESS IN 3D PRINTING

Abstract. This paper provides an overview of the physical processes occurring during
selective laser melting of metal powders, as well as an overview of methods for
mathematically modeling these processes. The key physical processes that must be taken
into account for an adequate modeling of selective laser melting of metal powders are
identified. A general physical and mathematical model is formulated to solve the
problem of selective laser melting of metal powders. The assumptions and constraints
adopted for the formulated physical model are presented. The governing equations
describing heat transfer processes, liquid metal dynamics, and the shape of the free
surface are considered. The initial and boundary conditions are presented. Taking into
account the requirements for mathematical models, a numerical algorithm for solving
the governing equations has been developed, based on a three-layer implicit scheme with
second-order accuracy in time integration, third-order counter-current approximation of
convective terms, and second-order central difference approximation of diffusion terms.
The pressure and velocity fields in the Navier-Stokes equations were coupled using the
artificial compressibility method, modified for the calculation of unsteady problems. The
system of initial equations was numerically integrated using the finite volume method.
The system of linear algebraic equations of the implicit scheme was solved using the
well-known generalized misfit minimization (GMRES) method with an incomplete LU

decomposition of the total system matrix as preconditioning.
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Numerical simulations of the transient processes of selective laser melting of metal
powders have yielded a temperature field distribution in the computational domain,
highlighting the liquidus zone. Dependences of the width and depth of the molten pool on
the laser velocity and the laser spot diameter have been plotted.

Keywords: Mathematical modeling, additive technologies, 3D printing, selective laser
melting (SLM), laser powder bed fusion (LPBF), computational fluid dynamicsords.
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BITPOBA/I)KEHHS RFID-TEXHOJIOTII JJI IIEHTU®IKALII OB'€KTIB ¥
PITENJII: OITUMI3AILIISS ABTOMATHU30BAHUX JIIHIH COPTYBAHHSA

AHomauia. locnioxeHo npobaemamuky iHmezpauii cucmem padiouacmomHoi
idenmucpikauyii YBY-diana3oHy 8 anapamuo-npozpamHi KOMNaeKcu 8uUcoKow8uUdKicCHUX
KOHBEEPHUX NiHili pimelin-cknadis. TeopemuuHo 00TPYHMOBAHO APXiMeKMYpPHi pilueHHS
o1  MiHimMi3ayii  enauey  6azamonpomeHe8oz0  NOWUPEHHS  padioxsulb  ma
donsiepiecvpk020 3Cy8y uacmomu Ha UMOBIpHICMb 3UUMYBAHHS NACUBHUX MIMOK Y
JuHamiyi. Banidauito 3anponoHosaHoi 2ibpudHoi mamemamuuHoi Modeni 006poOKuU
KOJi3ill, sIKa noedHye demepmiHosaHy ceemenmauito npegixcHozo depesa (Query Tree) 3i
cmoxacmuuHum anzopummom DESA cmandapmy EPCglobal Gen2, 30iticHeHO WisIXOM
pPO3pOOKU KOMNJIEKCHO20 Uugposozo O0siliHuka 8 cepedosuuli MATLAB Simulink.
Imimayitine modentosaHHs doselo 30amHicme apximekmypu docsizamu po3paxyHKo8020
nokasHuxa Haditinocmi ideHmudixkauii 99.2% 3a niuiiiHoi wieudxocmi koHseepa 3.0 m/c.
BipmyanizoeaHo apximekmypy po3nooijieH020 NPOMIiHHO20 NP02PAMHO20 3a0e3neyUeHHs
(Middleware) Ha 6a3i napaduemu nepudepiiinux obuucneHs (Edge Computing) 01
npocmoposo-uacosoi Ginempauii cupux padiouacmomuux OdHUX ma JOKANbHO20
KewysamHss mabauys Mmapupymusayii. Pe3synemamu cmoxacmuuHoi —cumynayii
niomeepoxcyloms, Wo Mpamcaauis azpezosavux macusie y ¢popmam Application Level
Events i3 nodansuior acuHxpoHHow nepedaueto uepes inmepdeticu EPCIS do Warehouse
Management System 3HUMYE cucmemHy 3ampumky 00 42 mc. 3azanvHa po3paxyHKosd
NponNyckHa 30amuicme ONMUMi308aH020 KOMNJIEKCY 8 imimayitiHomy cepedosuuyi
cmanosums 10710 06pobaeHux o00uHUYb 3a 200UHYy i3 UACMKOW aN20PUMMIUHUX

nomunok copmyeanHs mexuie 0.08%.
Knrwouoei cnoea: RFID, asmomamu308aHa JiHis copmysaHHs, yugpposull O08iliHUK,
imimayiiive modenweanHsi, MATLAB Simulink, anzopummu aHmukonisii, nepucgepiiini
ob6uucnenns, WMS.
ITocraHoBKa mpoGemu. CydyacHi JIOTICTUYHI KOMIUIEKCH Ta PiTeiI-CKIaau
CTUKAIOTbCSI 3 KPUTUYHUMM OOMEXKEHHSIMM  IIPOMYCKHOi  3MaTHOCTi, SKi

Oe3mocepelHbO  3yMOBJeHi  (Qi3MUHMMM Ta  TeXHOJOriYHMMM  Oap'epamu

© Cemennos B.K., [lamap B.C., 2026 Copyright for this paper by its authors. Use permitted under
License CC BY 4.0.
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TPagULiHUX ONTUYHMX cUcTeM imeHTudikaiii. HeobxigHicTh MpsIMOi BUIMMOCTI
HITPUX-KOMiB YHEMOX/IMBI/IIOE MacoBe IapajiejibHe CKaHyYBaHHSI TOBapiB, IO CTa€
«BY3bKMM MicIleM» B yMOBax iHTeHcHpikallii BaHTaXKOMOTOKiB. X0ua BITPOBAIsKEHHS
TEeXHOJIOTii pamiodacToTHOi imeHTudikamii (RFID) TOTeHIiITHO BUpIIIye 1110
1pobyieMy, OMHAMiuHMii 36ip JAaHMX Ha BMCOKOUIBUAKICHMX KOHBEEPHMX JIiHIiSX
CYIIPOBO/IKYETbCSI HU3KOIO CKIaAHMX (i3MKO-TeXHIYHMX BUKIMKIB. 30KpeMa, IIi[
yac repeMilleHHsSI MapKOBaHMX 00 '€KTiB uepe3 MOPTaJM 3UUTYBAHHS BUHMKAIOTH
iHTEHCUBHiI  €JIeKTPOMArHiTHi  Iepemkonu, e(ekTu eKpaHyBaHHSI CUTHAITY
MeTaJIOBMIiCHMMM  BaHTaXaMM Ta eJieMeHTaMM KOHCTPYKIIiii, a TaKoX
dbyHmaMmeHTa/sbHA MpobieMa pamiovyacTOTHMX KOJi3iil mif yac crpob OJHOYAaCHOIO
3UMTYBaHHS BEJMKOIO MacMBY MiTOK B YMOBaX >KOPCTKMX YaCOBUX OOMeXKeHb.

AHajni3z ocraHHiX mocmimkeHb i myoOsikamiri. CucremaTusallist iCHYIOUMX
HAYKOBMX TMiAX0oniB A0 iHTerparii RFID y nOTriCTUYHI NpoLecu JeMOHCTPYE 3HAUYHY
yBary AOCJIiIHMKIB 70 po30ymoBy 6a30BUX apXiTeKTYpPHUX pillleHb MIJIsl CKIaJAChKOTO
cepemoBuilla Ta KoHUemuii JoT-iHTerpauiii. IIpoTe KpUTMYHMII  aHali3
OIpallbOBAHMX JI3Kepesl 3acBiiuye, 0 OiIbIIICTh HASBHUX pillleHb (DOKYCYETHCS HA
CTaTMYHMX YMOBax iHBeHTapm3allii abo HM3bKOMIBUIKICHMX Iporecax. Kmacuuni
aJITOPUTMU AHTUKOJi3ii BUSIBJISIOTb CYTTEBO 0OMeXeHY edeKTUBHICTh i TpMUBasuii
yac 30KHOCTI B yMOBax IIiJIbHOro, Oe3MepepBHOrO TIOTOKY OO'€eKTiB Ha
aBTOMATU30BaHMX JIiHIAX cOpTyBaHHS. lle MpmM3BOAUTH OO Aerpaaliii IMoKa3HMKaA
ycminHoro 3umTyBaHHS (Read Rate) Ta HEMOSKIMBOCTI TapaHTyBaTM IIiJTiCHICTb
JaHUX MIPY BUCOKUX JiHITHUX MIBUAKOCTSIX KOHBE€EPaA.

Mera mociaigskeHHs. 3 OIJIsIAy Ha BUSIBJI€HI T€XHOJIOTiUHiI ITPOrajuHu, MeTOIO
IaHOTO MJOCTIIKeHHS € po3pobKka Ta KOMIUIEKCHA OITMMi3allisi amapaTHO-
MpOrpaMHOi ~ Mofesi  iHTerpanii  TexHosnorii  RFID  cnoeniaabHO ISt
BUCOKOIIBUAKICHMX  aBTOMAaTM30BAaHMX  JIiHiNi  copTyBaHHS.  JlOC/TimsKeHHS
CIIpSIMOBaHe Ha CTBOPEHHSI apxiTeKTypu, sKa JO3BOJUTh QJITOPUTMIYHO
MiHiMi3yBaTM BTpaTM JaHMUX IIPY MacOBOMY CKaHYBaHHi 00'€KTiB Yy pyci, a TaKOX
3a0e31eunTh O0e3I0BHY, HM3bKO3aTPUMMOUHY CMHXPOHI3allil0 arperoBaHuxX ITOTOKIB
TOJIii i3 cucTemMaMu yripaBiiHHS ckiagoM (Warehouse Management System — WMS)
CYyYaCHUX PiTEMI-TIiAIIPUEMCTB.

BuknageHHsI OCHOBHOrO Marepiaaxy JgociaigkeHHs. [IpoeKkTyBaHHS

arapaTHO-IIPOTPaMHMUX KOMIUIEKCIiB auHaMiuyHOi imeHTMdikalii 00'eKTiB Ha
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aBTOMAaTM30BaHMUX JIiHISIX COPTYBaHHSI 0a3yeTbCS HAa PO3rOPTaHHI ITPOCTOPOBO-
po3nopuieHMx aHTeHHuX cucrtem YBU-piamazony (860-960 MI'n). BpaxoByroun
BMCOKY IIUJIBHICTD IIOTOKY TOBapHUX OJMHMUIb Y CY4YyaCHMX piTela-CKIanax,
apxiTektypa Qi3sMuyHOro piBHSI BUMAara€ 3acTOCYBaHHSI BMCOKOIIPOAYKTUBHUX
34MTYyBauiB 3 amapaTHoIO MmiaTpuMkow cranmapty EPCglobal UHF Class 1 Gen 2
(ISO/IEC 18000-63) [3, 5]. InTerpaiisi Takux pafiodaCTOTHUX CUCTEM Y KOHBEEpHi
By3/IM TIepenbavyae BCTAHOBJIEHHS TOPTAJIbHUX KOHCTPYKIIii, Jie TPOCTOpPOBE
po3HeceHHSI aHTeH QOpMye CYIiIbHY 00'€MHY 30HY ONMUTYBaHHSA. [jis1 mMiHimiszarii
CJINMMX 30H JOOLUJIBHO BUMKOPUCTOBYBATM aHTEHM 3 KPYrOBOIO ITOJISIpU3Alli€l0, IO
HiBe/MI0€ 3alexkHicTh KoedilienTa 3umtyBaHHSI (Read Rate) Bim BUIIAAKOBOI
MpOCTOpPOBOi opieHTalii aumonst RFID-miTku Ha 06'ekTi copTtyBaHHST [1].
3acTocyBaHHSI KPYroBOi IMOJsIpU3aliii CyMpOBOMXKY€ETbCSI BTpATOW 3 OB ImocuaeHHs
TIOPiBHSIHO 3 JIiHIMTHOIO, 1[0 KOMITEHCY€ETHCS ITiABUILEHHSIM ITOTY>KHOCTI mepeaBava
J10 MaKCUMMaJIbHO 103BOJIEHUX HOPMATUBHMMM akTaMu 2 BT ERP a60 3aCTOCYBaHHSIM
CIIPSIMOBAHMX aHTEHHMX PENIiTOK i3 (hba30BaHUM YIIPaB/IiHHSIM IIPOMEHEM.
QOyHKIIOHYBaHHS PaJio4acTOTHOTO TPAKTy B YMOBax JIOTICTHYHOI iH(pacTpyKTypu
KPUTUYHO YCKJIQJHIOETHCS SIBHIIAMH OaraTolpoMEHEBOT0 MOUIMPEHHS palioXBuiIb. MeTanesi
KOHCTPYKIIIi CTeNaXiB, POJIMKOBI HANPSMHI KOHBEEPIB Ta C€KPaHYIOYi BIIACTUBOCTI CaMUX
TOBapiB (30Kpema, PIAMH Ta METaJi30BaHUX YMAaKOBOK, TUHOBHX 1 FMCG-piteiiny)
TCHCPYIOTh CKIIaHY iHTep(I)epeHL[ifIHy KapTUHY [4, 7] Y 3oHax KOHCTp}/KTI/IBHO’l. Ta
JIECTPYKTUBHOI 1HTepdepeHIii BUHUKAIOTh TIIMOOKI MpOCTOPOBi (IyKTyallli Hampy>KeHOCTI
€JIeKTPOMArHiTHOTO TOJs, [0 PI3KO 3HIKYE WMOBIPHICTH YCHIIIHOTO €Heprozade3neyeHHs
MacMBHUX MITOK. PiBeHb MOTYXHOCTI CHTHaly 3BOPOTHOTO po3citoBaHHs (Backscatter

modulation), 10 HAaAXOAWTh Ha BX1J NpUiiMada 34YUTyBaya, MaTEMaTHYHO OMHCYETHCS

PO3LIMPEHUM PIBHSIHHSM pajioioKarlii:

A
Py = Prxerer(a)J‘Gl]tagx (D

ne P., — TOTYXHICTh BMXiJHOTO TpakTy mepenaBaua, G;, Ta G,, — KoedillieHTU
MiJCUIeHHS TepefaBajbHOI Ta IpUIIMaJIbHOI aHTEH BiAMOBIZHO, A — OOBXMHA
XBWJII HECYUYOi 4acTOTH, d — pafdiajbHa BifgCTaHb 0 MiTKM, 0 — e(eKTUBHA IIJIOIIa
pO3CiIOBaHHSI aHTEHU MITKU, Ntag — KOeillieHT edeKTMBHOCTI MoAy/sLii uuma,
¥ — cymapHmMit Kkoe@illieHT BTpaT Ha TOJSIpU3AII0 Ta  Y3TOMKEHHS

imrnienaHcis [6, 10].
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Ing  crabimisamii eHepreTMYHOro MOTEHIiaJly pamioXBWiai B yMOBax
OIVMHAMIYHOTO 3UYMTYBaHHSI peali3yloTbCsl aJITOPUTMU IIpocTopoBoro (Spatial
Diversity) Ta vactotHoro (Frequency Hopping Spread Spectrum) poO3HeCeHHS, IO
II03BOJISIE TEKOPeNIoBaTy TI/IMOOKI 3aBMMpAHHSI CUTHAIYy B 06araTormpoMeHeBOMY
cepeoBUIILi.

Bucoka mBUAKICTh MepeMillleHHS MAapKOBaHMX BaHTaXiB Ha aBTOMAaTM30BaHMUX
JiHIIX cOpTyBaHHS (SIKa Hepigko mepeBuinye 2.5-3 m/c) iHAYKYe HOILIePiBCbKMIL
3CYB YaCTOTH BigOMTOro CUTHAY, 1[0 BMMArae >XOpCTKOi arlapaTHOi KoMITeHcallii Ha
piBHI 1MbpOBOro cuUTHaAJILHOrO IMporecopa (DSP) mpwuitmMaua. 3MiHA YacCTOTH
fq 00UMCTIOETBCS SIK:

fa = %COS 6 (2)

Ile ¥ — BEKTOP JIiHiIfHOI MBUIKOCTI 06'€KTa Ha KOHBeEPi, 8 — MPOCTOPOBUIL KYT MiK
BEKTOPOM IIBUAKOCTI Ta TOJIOBHOIO TMEJIOCTKOK [iarpamMy HallpaBIeHOCTi
aHrtenu [9].

3MillleHHS HeCy4yOi 4YaCTOTM ITigKaHaIIB IHII[II0€ [Oerpajaiilo BiJHOIIEHHS
curHai/ityM (SNR) Ta HejliHiliHe 3pocTaHHS KoedilieHTa 6iToBMX MOMMIOK (BER)
IiJ1 yac meMoayssiiii curHany 3 kogyBaHHsIM FM0 a6o Miller. BignoBigHo, armapaTHa
apxiTeKkTypa 3uMTyBaua IMOBMHHA BK/IKOYATM MOAY/i (a30BOro aBTOIiAJIAIITyBaHHS
yactotu (PLL) 3 pO3IIMPEHOI0 CMYTOI 3aXOIUIEHHS Ta IWIBUIOKO[iNOYi amanTUBHI
11bpoBi GiNbTPU OJi MPUAYIIEHHS CIIeKTPaJbHOTO BUTOKY B CYMiXKHi pajiiokaHamu
B pexxuMi 1ijibHOTO onuTyBaHHS (Dense Reader Mode).

[lepBuHHa 060poOKa MacuBiB pamioyactoTHux paHux (Edge Processing)
iMIIeMeHTYyeThCs  Oe3mocepelHbO Ha  PiBHI  BOYZOBAaHOrO  IPOrpPaMHOIO
3a6e3reueHHsI MiKpOKOHTpoJiepiB RFID-miopTaiiB 3af/1s1 pO3BaHTaskeHHS JIOKa/IbHOI
MepekeBoi iHOpaCTPyKTypu Ta 1eHTpajabHOro simpa WMS (Warehouse Management
System). IIOTiK cupuX rekcagelMMaJbHUX TaHUX TeHepye 3HAUHMI1 00csr AyOIikaTiB
Ta XMOHMX cropauboByBaHb (Cross-reads), sIKi TIIPOBOKYIOTbCSI Iapa3’UMTHUM
3UMTYBAHHSIM MiTOK i3 CYMiXKHMX KOHBeEpHUX JIiHiii [2, 8]. [Iis1 mokasisanii 06'exra
CTPOro B MeKax IiJIbOBOi 30HM POOOTM MeXaHIUHMX OMBEPTEPiB 3aCTOCOBYETHCS
O6araToOKpuUTepiaJibHUI aHaJIi3 BeKTOpa MapaMeTpiB: PiBHSI MOTY;KHOCTiI 3BOPOTHOTO
curHainy (RSSI), pazoBoro kyta (Phase Angle) Ta anapatHoi miTku uacy (Timestamp).

AnHaniz auHamiku 3miHM RSSI [03BOJISIE 3 BUCOKOK TOYHICTIO aIllpOKCMMYyBaTy
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TPAEKTOPII0 PYyXy MiTKM uepe3 pobouy 30HY: rpadik 3HaueHb RSSI dopmye
XapakTepHy KpuBy Il'aycca, JIOKaJbHUI €KCTpeMyM SKOl BiAIIOBiga€e MOMEHTY
IIPOXO/I’KEHHST 00'€KTa Ha MiHiMaIbHili OPTOTOHAJIbHIN BifCTaHi Bi BUITPOMiHIOBaya.
MatemaTnuHmii amapat QinpTparii cupux maHUX HA PiBHI MPOMIKHOTO
nporpaMHoro 3abesneuenHs (Middleware) 3any4ae HemiHiitHI GinbTpy KasmaHa s
3IJIaJPKyBaHHS BMCOKOUACTOTHMX (uykTyaliii RSSI, CcOpUUYMHEHUX TeIUIOBUM
IIYMOM paJioOTpakTy Ta MepeBimOUTTSIMMU. Po3paxyHOK IIepIioi IOXiJHOi Bif
3raamkeHoi @yHKiii RSSI Hajae€ MOKIMBICTD 3 MijliCeKYHIHOIO TOUHICTIO (ikCcyBaTH
MOMEHT IepeTHHY ONTUYHOI OCi aHTEeHM, IO BUCTYIIA€ JIOTIYHUM TPUTEPOM IJIst
cuHXpoHi3zalii RFID-monii 3 pob60TOI0 COPTYBaJIbHMX MeXaHi3MiB KoHBeepa. Ha
arapaTHOMY PiBHi 1S CMHXPOHi3allisi 6e3II0BHO 3a0e3IeuyeThCsl yepes3 i30/boBaHi
inTepdeiicu 3araspbHoro mnpusHaueHHs (GPIO), ski iHTerpyiooTb RFID-KOHTpOJEp
OesmnocepelHbO 3 MPOrPaMOBAHMMU JIOTIUHMMU KOHTpoaepamu (PLC) niuii [5, 9].
CurHanu Big (OTOENeKTPUYHMX HATUYMKIB HASIBHOCTI 00'€KTa HAAXOASTh Ha BXigHi
TOPTMU 3UMTyBaua, IHIIIIOIOUYM CeaHC IiHBeHTapusallii BUKIKYHO B MOMEHT
(di3muHOro nmepedbyBaHHS BAaHTAKy B 30Hi 3UMTYBaHHS, IO ONTUMIi3ye pagioedipHe
HaBaHTaKeHHS. 3reHepoBaHMII MacCUB BajlilOBaHMX [OAHUX IHKAIICYJIOETHCS Y
CTPYKTypoBaHi dopmatu 3rimHo 3i ctangapToM Application Level Events (ALE), ne
BiIOYBA€THCS TPaHCALS GisuuHux imeHTudikatopis EPCy TpaH3aKIiliHMIi 6i3HeC-
KOHTEKCT JIJISI IIOAA/IbII0T MapIIpyTHU3allii 10 6a3 JaHUX piTeiI-cKiIamy.
3abe3reueHHs 1iJIICHOCTI 300py AaHUX Yy JIOTICTUUHUX BYy3JlaxX piTeii-cKiaaziB
YCKIAJHIOEThCS SBMILEM paAiovyacTOTHUX KOJi3ii, $Ki BMHMKAIOTh TMiJ 4ac
OJHOYACHOI BIiATIOBii MHOXMHM MacuBHUX RFID-MIiTOK Ha IIMPOKOMOBHMII 3alUT
3uMuTyBaya. B yMOBax aBTOMAaTM30BaHMX JIiHiii COPTYBaHHS, A€ IIiJIbHICTb MOTOKY
MOKe JIOoCSTaTy KiJbKOX COTeHb IPOMAapKOBaHMX OO'€KTiB y 30Hi ONMUTYBAaHHS
OJHOYACHO (HANpMK/IAM, MPU MPOXOMKEHHI 3MillaHMX MajeT), Koai3il Ha piBHI
yIpaBiaiHHS AoCcTyrnom A0 cepenoBuiia (MAC) cTalOThb KPUTUYHUM (PaKkTOpom
nmerpajailii mpoIycKHoi 3maTHOCTI cuctemu. Y crangapti EPCglobal UHF Class 1 Gen
2 peaji30oBaHO CTOXAaCTUYHMII aJTOPUTM aHTHKOMI3ii Ha 6asi [mMHaAMiuHOTO
KaapyBaHHs1 — Dynamic Framed Slotted ALOHA (DFSA) [3, 6]. ®i3uuHuii piBeHb
IIbOTO JITOPUTMY IIOJISITA€ Y PO3OMTTI yacy ONMMUTYBAHHS Ha OMCKPETHi CIOTH, IO

dbopmytoTs Kaap (Frame), po3aMip SIKOTO BM3HAUa€ThCS MapamMmeTpom (.
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3rigHO 3 MPOTOKOJIOM, 3YMTYyBad iHil[il0€ CceaHC iHBeHTapu3allii KOMaHJOI0
Query, mo micTuTh winouncenbuuit napamerp Q € [0,15]. Koxkua imentnudikariiina
MiTKa, SKa IOTpaIlisiE B eJleKTPOMarHiTHe IIojie aHTeHM IOpPTaly i OTpPUMYE
IOCTaTHbO €eHeprii il aKTUBallil 4uIila, TeHepye IICeBAOBUIAAKOBE YUCIO I Y
niamasoni Big 0 mo 29 — 1.

Lle 4ynca0 BM3HAYA€E MOPSAKOBUIT HOMEp CJIOTA B IIOTOYHOMY Kafpi, Y SIKOMY
MiTKa 3AiJiCHIOBaTMMe MOAYJ/SIiI0 3BOPOTHOTO po3citoBaHHS (Backscatter) cBoro
yHiKaJsbHOTO igeHTHdikaTopa EPC. SIKIIO0 KiabKiCTh MITOK y 30Hi Aii (momyssiist N)
CYTTEBO NEepPEeBMINYE KilbKicTb JocTymHMX caoTiB L = 29, imoBipHicTs Toro, mo aBi
ab0 OibIlle MiTOK 00epyTh OOHAKOBMIA CJIOT, €KCITOHEHIIiIifHO 3pOCTAa€E, MPU3BOISTUN
IO IeCTPYKTUBHOI iHTepdepeHIiii Ta BTpaTu nakeTiB faHux [4, 9].

MaTemaTnuyHa Mofesb npoiecy imeHTudikaiii B amroputmi DFSA ciMpa€eThes
Ha OiHOMiaZbHMIT po3moAia. IMOBipHICTb TOrO, IO KOHKPETHMIA CJIOT MiCTUTUME
piBHO k BigmoBimeii Bim 3arajgbHOi KibkocTi N MIiTOK IIpM po3Mipi Kaapy L,

06UMCITIOETHCS 32 POPMYJIOH0:

P09 = () () (1) ®

BigmoBigHO, CTaH KOXXHOTO YacoOBOTO CJIOTA KIacUGiKyeTbCSI Ha TpuU
B3a€MOBUKIIIOUHI 1ofii: mopoxHiit ciot (k = 0), ycnimHe 3untyBanus (k = 1) Ta

Koqizisg (k = 2). ImoBipHOCTI 111X moAii GopmastisyloThCsl CMCTEMOIO PiBHSIHb:

N
1
Pempry = (1 _E) (4)
N 1 N—-1
Psuccess = I (1 - E) (5)
Pcoilision =1- Pempty - Psuccess (6)

Makcumizanis QyHKLiI TPOMYCKHOI 30ATHOCTI Py pppcs JOCSATAETHCS 32 YMOBU
KOPCTKOI piBHOCTI KiJIbKOCTI C/IOTIB y KaApi J0 KiNbKOCTi He3unTaHuX MiToK (L = N).
V uiif Toulli eKCTpeMyMy TeopeTuMuHa Mexa e(eKTuBHOCTI anroputmy ALOHA
craHoBuTh 1/e ~ 36.8% [7, 10]. [lji1 BUCOKOIUBMIKICHMX KOHBEEPIB piTeily Taka
e(eKTUBHICTh € HEIOCTATHbOIO, OCKIJIbKY Yac repebyBaHHS BaHTaXy B poO0Uiii 30Hi
aHTEeHU OOMEeKeHMiII YacTKaMM CeKyHAM, [0 BMMAara€ IMHaAMiuHOI ajarTariii

pO3Mipy KaJipy B peaJibHOMY Yaci.
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[l BUpileHHs mpobjemMy onTuMisalii mapamerpa Q B ymMoBax HeBigomoi Ta
MOCTifHO 3MiHHOI TOMyJsIii MiTOK N Ha CcOpTyBa/lbHil JiHii, po3pobseHO Ta
iMIIeMeHTOBaHO AamalTUBHI aJropuTMM OLiHIOBaHHS. Ha piBHI 1udpoBoro
CUTHAJILHOTO IIpOIiecopa 3uMTyBada peai3ye€TbCs eBpUCTUYHMIA Q-aJTOPUTM, SIKUIA
Oe3nepepBHO KOPUIYE pO3Mip KaJipy Ha OCHOBi 3BOPOTHOIrO 3B'SI3Ky BiJ CTaHy
TornepenHix CI0TiB. SKIIO IMPUIIMaJIbHMII TpakKT GikCcye MOCTIIOBHICTb KOJIi3iii,
3HaYeHHS Q iIHKpeMEHTYEThCS, PO3IIMPIOIYM KaJip; Y BUMAAKY HAAJIMIIKY ITOPOKHIX
CJIOTIB — JeKpeMeHTyeTbCs. KimacmuuHa peasnmidalis LbOr0 MeXaHi3My ONMUCYETHCS

TaKUM IICEeBOOKOIOM:
Plaintext
// TlceBOKOZ, € BpUCTUYHOIO aJITOPUTMY ajarTallii mapamerpa Q
float Q = Q_initial,
float ¢ = 0.1; // KoediuieHT KpoKy aganTtanyii
int L = pow(2, round(Q));
Transmit_Command("Query", round(Q));
while (Inventory Round_Active) {
Slot_State = Receive_and Demodulate();

if (Slot_State == COLLISION) {
Q =min(15.0, Q + ¢);

} else if (Slot_State == EMPTY) {
Q =max(0.0, Q - ¢);

} else if (Slot_State == SUCCESS) {
Extract EPC();
Acknowledge Tag();

if (round(Q) !=1og2(L)) {

L = pow(2, round(Q));

Transmit_ Command("QueryAdjust", round(Q)); // 3miHa po3mipy Kagpy
}else {

Transmit_ Command("QueryRep"); // [lepexin 10 HACTYITHOTO CJI0OTa

}

OpHak [J1s1 3aCTOCYBaHHS Y CKIAACHKil JIOTICTUIII KIaCUIHUIT Q-aJITOPUTM Mae€
CYTTEBUIT HEOONIK — TPMBAIMIA yac 30iKHOCTI IpM Pi3KOMY BXOIKEHHi BeIMKOI
TPy MapKOBaHMX TOBApiB y 30HYy ONUTYBaHHS. EMITipMuHi JOC/TiAKeHHS TOBOISTh,

110 3aTPMMKa KOHBepreHilii mapameTrpa Q 40 ONTUMa/JIbHOTO 3HAUE€HHSI IPU3BOAUTD
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oo BTpatu A0 15% imeHTu@dikaTopiB Ha MIBUIAKOCTSIX KOHBeepa IMoHan 2 M/c [2, 8].
JlJis1 HiBe/TIOBaHHS 1IbOTO e(eKTy MPOIOHYEThCS TiOpMUIAHA apXiTeKTypa aHTUKOJi3ii.
CyTHicTp ribpuausariii mosisira€ y BUKOPUCTAHHI JeTepMiHOBAaHMX aJTOPUTMIB
npedikcHoro mepeBa (Query Tree) Ha IIOYATKOBOMY eTari iHBeHTapu3allii s
IIBMIKOI CerMeHTallil KO/i3ifiHOro AoMeHa. 34YMTyBad TPAHCIKE IOCTiJOBHICTh
6iToBMX mpedikciB, a MiTKM BiIIIOBiZaIOTh JMIIe 32 YMOBM ITIOBHOTO 306iry iXHHOIO
YVHiKaJIbHOTO imeHTHdikaTopa i3 3a4aHMM a6I0HOM.

IaTerpatist anroputmiB knacy Query Tree (QT) 3 mexanizsmamu EPCglobal Gen2
IIO3BOJISIE PO3OUIMTU 3arajJibHy MHOXMHY MITOK Ha IajeTi Ha MeHIli, i30/IbOBaHi
MiIMHOXMHM Ile A0 iHimiamizamii ¢asm ALOHA. 3acTocyBaHHSI MacOK BUMOipKU
(Select command) 3a mnpedikcamu GS1 (Global Standards 1), TakuMu SK
imenTudikaTop KOMMaHii-BMpPOOHMKA abO KaTeropis ToBapy, IITYYHO OOMEXYE
napametrp N [IJjis1 KOXHOro okpemoro Kanapy L [5]. Lle paaukajibHO 3MeEHIIyeE
IMCTIePCiI0 MTOMMJIKYM OIiHIOBAHHS KiJTbKOCTi 00'€KTiB Ta J03BOJISIE MiKPOKOHTPOJIEPY
RFID-3unTyBava BCTAHOB/IIOBATU 3HAUEHHS Qpipiq1, SIKE € ACUMIITOTUYHO OJIM3bKUM
IO ONTUMAJIbHOTO, MIiHIMI3ylOUM YacC IepexXifHUX TIpoIleciB 1 TrapaHTyHuu
3UMTYBaHHS TOHAZ 99.9% MITOK B yMOBaxX >KOPCTKMX YacOBUX OOMeXeHb
aBTOMAaTM30BaHOI JIOTiCTUKMA.

PosropraHHs amapaTHOi iHPpPacTpPyKTypM pamiodacToTHOi imeHTHdikalii Ha
BYCOKONIBUAKICHUX JIiHisIX COpTyBaHHS (OpMYy€E eKCIIOHeHIliliHe 3pOCTaHHS 00CsTiB
CUPpUX paiiouacTOTHUX JaHUX, [0 TeHePYIOThCS Ha ¢GisuyHOMY piBHi. BesmocepenHs
MapIlpyTu3aliisi 1bOr0 IIOTOKY [0 IeHTpajbHOTo siapa Warehouse Management
System (WMS) HeMuHyYe MPU3BOAUTDH OO0 KPUTUUYHOTO MepeBaHTAKEHHS JTOKAIbHOI
MepeskeBoi iHGpPacTpPyKTypM Ta Aerpajallii IMpOAyKTMBHOCTI TpaH3aKIifiHMX 06as3s
OaHuUx piTeit-ckaamy [3, 5]. BigmosigHo, apxXiTeKTypHMM iMIepaTUBOM €
iMIIeMeHTallis PO3IOIiIEHOT0 ITPOMIXKHOTO IIporpaMHoro 3abesmeueHHs (RFID
Middleware) Ta mnapagurmu Tnepudepiiiaux ob6uncienb (Edge Computing).
ITporpamumit komriekc Middleware BuCTymae aOCTPaKIifHMM IapoOM, SIKUIA
iHKarCy/t0€ HMU3bKOPiBHEBI MPOTOKOJIM B3a€EMO/ii 3i 3umTyBayammu, 30Kkpema Low
Level Reader Protocol (LLRP), Ta 3abe3reuye MepBMHHY arperaililo, CéMaHTUYHY
dinbTpallito i MpocTOpoBO-yacoBy TpaHcdopMallilo rekcagelMMaibHUX MacUBiB
IaHMX Oe3rmocepemHbO Yy By3/laxX iX reHepaiiii. B ymMoBax cy4acHOro JIOTiCTMYHOTO

xa0y, e KOHBeepHa CTpiuka 00C/IyroBye 3MimaHi moTtoku ToBapiB (Mixed SKU),
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nepudepiiini KoHTponepu Middleware po3ropTaloThbCsl Ha MTPOMUCIOBUX CepBepax
1mo6ymm3y RFID-miopTaltiB, IO paAMKaabHO MiHiMi3ye MepeskeBYy 3aTpuMKy (Latency)
TIIpY Nepefavi ariapaTHUX TPUTePiB HA MeXaHiuHi COPTYBa/IbHI AUBEPTEPH.
dyHAaMeHTaJbHMM 3aBIAHHSIM MOMYJSI MMPOMiKHOI 0OpOOKM € IPOCTOPOBO-
yacoBa GinbTpaliis Ta meoyIUlikallis HaIJIUIIKOBUX 34YMTYBaHb. Y 30HI mii
iHT@HCMBHOrO €JIeKTPOMAarHiTHOTO IOJIsS IOpTaay OgHA ITacMBHA MiTKa MOKe OyTu
YCITIIIHO imeHTudiKoBaHa MiKPOKOHTPOJIEPOM 34YMTyBaua Bif IEeCsITKiB OO0 KiJIbKOX
COTeHb pas3iB MPOTITOM MiiCeKYHIHOIO BiKHA CKaHYBaHHS, IeHepyluu MacuB
iIeHTUYHUX TOJili 3 Pi3HMMM amapaTHUMM MiTKaMM 4acy Ta (QUIyKTyaTUBHUMU
MOKa3sHMKaMM piBHSI MOTY>XHOCTi (RSSI) [2, 9]. g onTumisallii 1ipbOro npoiecy Ha
IIPOrpaMHOMY PiBHi 3aCTOCOBYIOThCS aJITOPUTMM KOB3HOrO BikHa (Sliding Window) 3
aJanTMBHUMM poO3MipomM. MateMaTuuHO Ipoilec (inbTpaliii ommcyeTbcsl uepes
(GYHKIIIIO HIiITbHOCTi IMOBipHOCTI TTepeOGyBaHHS MiTKM B JIOTiUHii 30Hi 3UMTYBaHHSI.
dkumo T,.pq — MHOXMHA YaCOBMX MITOK YCHIIIHUX 3YUTYBaHb YHIKaJIbHOTO
imenTudikaropa EPC;, TO MoAil0 Ba/liTHOI IMPUCYTHOCTIi 00'€KTa B 30Hi Z MOXKHA
IOCTOBipHO 3adikCcyBaTH, JIUIIE SKIIO IIJIbHICTh 3UMTYBaHb Y 3aJJaHOMY 4aCOBOMY

BiKHI At IepeBuIye eMITipMYHO BCTaHOBJIeHMI TTOPIr Thgensit i
1
52?115(% € [f,f + Aﬂ) > Thdensity (7)

ne M — 3arajibHa KiJbKiCTh 3uMTyBaHb MiTKM EPC; a 0 — iHOMKAaTOpHA (YHKIIis
Kponekepa.

Lleit maTemaTuuHMit amapat po3Bossie Middleware 3i CTOBiJICOTKOBOIO
MIMOBipHiCcTIO BimcikaTu mapasuTHi 3umTyBaHHSI (Cross-reads) i3 CyMiKHMX JIiHii
KOHBE€pa, SIKi XapaKTepuU3yIOTbCS HMU3bKOKW MIIJIbHICTIO, BUCOKOK OUCIIEPCi€l0
dba3oBoro Kyra Ta C;IabKMM eHepreTMUHMUM noTeHIliasioMm [7, 10].

Tpanchopmariisg BimdinbTpoBaHMx HabOPiB igeHTUdIKATOPIB Y BMCOKOPiBHEBI
6i3Hec-Tofii periaMeHTYEeTbCS apXiTeKTypHUM cTaHmapToM Application Level Events
(ALE), cnierindikoBaHUM MikHapOOHUM KoHcopiiymom GS1. [Isuryn ALE no3BoJisi€
KJIi€EHTCbKMM JojaTkaM, ToOTo iHTepdeiicHuM wMoaynasim WMS, nekiapyBaTu
aCMHXPOHHY MiAMMCKY Ha crielndivHi jorictuuHi noaii uepe3 mexaHism Event Cycle
Specification (ECSpec). Ha piBHi sniHiii copTyBaHHsI KOHirypailis ECSpec 3a6e3reuye
SKOPCTKY TPUB'SI3KY (i3MUHMX aHTEHHUX IOPTAJIiB IO JIOTIYHMX 30H (HaIllpuKIIaf,

«By30y1 aBTOMaTMYHOTrO MpuiiMaHHs» abo «CopTyBanbHMiT pyKaB N24»). IIporecop
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ALE arperye pafio4acTOTHi JaHi IPOTSIrOM CTPOTrO BU3HAUEHOTO POOOYOro LMKITY,
TPUBAIICTh SIKOTO arlapaTHO CMHXPOHI3YETHCS 3 TAKTOBOIO IIBUIKICTIO KOHBEEpa Ta
TiepepMBaHHSIMM Bifl IPOrpaMOBaHMX JIOTiYHMX KOHTpoepiB (PLC), 110 OTPUMYIOTh
CUTHAIM BiJi ONTUYHUX Oap'epiB MO3ULIIOHYBaHHS BaHTaxy [4, 6]. Pe3ynbTyiounii
3BiT ALE MiCTUTb BUKIIOUHO ONTUMi3oBaHuii MacuB EPC-igeHTuUdiKaTOpiB, CTATyC
SIKUX 3MiHMBCS BiTHOCHO TIOIEpemHbOro LUKy, Mmo36asisioun WMS HeoOXimHOCTI
aHaJIi3yBaTy CTaTUYHI 00'€KTU B IIOJIi 3UMTyBayva.

HacTtynmHuM eTarmoM IIMOOKOiI iHTerpaiiii € TpaHC/sIlis 3reHepoBaHux ALFE-
3BiTiB y IJT00QIbHMIT KOHTEKCT YIIPaB/IiHHS JAHI[IOTOM IT0CTa4YaHb i3 BUKOPUCTAHHSIM
npotokoyy Electronic Product Code Information Services (EPCIS). Iutepdeiicu EPCIS
3a0e31euyloTh  CTaHAAPTU30BaHMII  PEMO3UTOPiii,  CTPYKTYpylOUM  KOXHY
TpaH3aKIIiiiHy IIOil0 3a 4YOoTHMpMa iH(GOpPMaLiiHMMMU BuUMipamu: imeHTUdIKaTOp
o0'exTa, IyobanpHMIT HOMep JjokKallii GLN, TouHa MiTKa 4vacy Ta O6i3Hec-KpOK
(HanmpuKiaf, iHCIIeKTyBaHHS UM BilBaHTaXeHHs). IHTerpauis 3 supom WMS piteiin-
oriepaTopa peasi3yeTbCs uepe3 aCMHXPOHHI OpoKepy TMOBiZOMJIEHb KIaCTEPHOTO
TUITy, Taki SIK Apache Kafka a6o RabbitMQ, 1o rapaHTyIOTh BMCOKY IIPOITYCKHY
3paTHicTh (Throughput) Ta peani3yloThb CeMaHTMKY mocTtaBku Exactly-Once [1, 8].
[Ipuknan CTPyKTypu KOpucHOro HaBaHTaxkeHHS (Payload) mopii imeHTudikaiii Ha

COpTyBaJIbHIl JiHii y dopmaTi JSON-LD GopMy€eTbCSI HACTYITHUM UMHOM:

JSON

{
"@context": "https://ref.gs1.org/standards/epcis/2.0.0/epcis-context.jsonld",
"type": "ObjectEvent",
"eventTime": "2026-03-11T18:29:53.000Z",
"eventTimeZoneOffset": "+02:00",
"epcList": ["urn:epc:id:sgtin:0614141.107346.2026"],
"action": "OBSERVE",
"bizStep": "urn:epcglobal:cbv:bizstep:inspecting”,
"readPoint": {"id": "urn:epc:id:sgln:0614141.00777.0"}

1

3abe3reueHHs XKOPCTKMUX 0OMexkeHb peasbHOTO uacy (Real-Time Constraints) Ha

BUCOKOIIBUAKICHMX JIiHiSIX BMMarae abCOMIOTHOI MiHiMi3allii 3aTpuMMOK Mix
MOMEHTOM 34YMUTyBaHHSI RFID-MiTKM Ta aKTMBAIli€l0 MTHEBMaTUYHOIO BMKOHABUOTO

MexaHi3mMy copTyBaHHs. CepeliHiii yac 3aTpMMKM B Uep3i 6pokepa MOBiTOMJIEHb IIPU
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nepenaui mauux g0 WMS ampoKCMMYEThCSI KIACUMYHOK MOZE/UTI0 MacOBOTO
obciyroByBaHHs M/M/1:
2

W= (8)

plu—4)

ne A — iHTeHCUBHICTb HaJIXOMKEHHS 3reHepoBaHuX ALE-3BiTiB, 4 — iHTEHCUBHICTb
ix 06po6Ku siIpom 6a3u manux WMS [3].

SJKIIO anropuTM TIPUMHSTTS pillleHHSI II0J0 HAIpsSMKYy MaplipyTu3aliii
noTpebye CMHXPOHHOTO 3allUTY [0 LieHTpa/ibHOiI B/, 3arajbHa MepeskeBa 3aTpUMKa
(Round-Trip Time) Moke mepeBUIINTH (i3UIHO AOCTYITHE BiKHO Yacy JOXOIKeHHS
MaKkyHKa OO0 OuBepTepa, IO HeMMHy4Ye Mpu3Bede OO0 MOMWJIKM COPTyBaHHS. s
YCYHEHHSI 1IbOTO apXiTeKTypHOro BYy3bKOro wicusi Middleware ROTIOBHIOETHCS
vonpyasmu  In-Memory Data Grid (IMDG), $IKi JIOKaJbHO KeIIyIOTh TaGIMIIi
MapipyTtusaiii WMS. 3aBOsKy ibOMY IIPOMisKHE ITporpaMHe 3abe3IeueHHs 3JaTHe
aBTOHOMHO, 3 MiJliCEKYHIHOIO 3aTPMMKOI0, BU3HAUATU LIIbOBUII pyKaB COPTYBaHHS
Ha OCHOBIi mekomoBaHoro rnpedikca EPC Ta HeraifHO HaACWIATU KepiBHMIT CUTHAI Ha
PLC uepe3 mpomucioBi npoTokoau Modbus TCP a6o PROFINET. Y cBoOw uepry,
diHasbHa CMHXPOHI3allisi TpaH3akliii 3 0a3ow maHux WMS BimOyBaeThCs Yy
(bOHOBOMY aCMHXPOHHOMY peXMMi, TapaHTYIOuUlM JeTepMiHOBaHY poOOTYy KOHBeepa
He3a/IeXKHO Bifl TTOTOYHOTO ITiKOBOTO HAaBaHTaXeHHSI Ha cCepBepyu YIpaB/IiHHS
ckiagom [5, 9].

Bamimaniisi po3po6sieHOi  amapaTHO-IPOrpaMHOi  apXiTeKTypu AMHAMIYHOI
imenTMdikalii 3mificHIOBazacs ILIJSXOM CTBOPEHHSI KOMIIJIEKCHOIO IM@pOBOro
nBiitnuka (Digital Twin) y niporpamHomy cepenoBuili MATLAB Simulink. 3amicTb
HaTYpHUX BUIPOOyBaHb, SIKi MaiOoTb OOMeskeHy pelpe3eHTaTUBHICTb B yMOBax
CTOXaCTUYHMX eJIeKTPOMAaTrHiTHMX MePeNIKo/ JOTiCTMYHOro xaby, 6y10 po3pobaeHo
6araTopiBHEBY iMiTalliliHy MoOjesb, 1[0 iHTErpye KiHEMAaTUKY BMCOKOIIBUIKICHOTO
KOHBe€pa, eJeKTPOAMHAMIKY pajiiouaCcTOTHOTO TPAKTy Ta JIOTIKy MepeXXeBoi
B3aemopii 3 WMS. ®i3uunuit piBeHb cuctemu YBU-mianmasoHy MopenoBaBCs 3
BUKOPUCTAHHSAM  CIleliajli3oBaHMX  iHCTpyMeHTapiiB  mjsi  004YMCTIOBAIbHOI
eeKTPOAVHAMIiKM, 110 AO3BOJWIO BiATBOPUTU JliarpamMy HaIlpaBJeHOCTI YOTUPbOX
rMaTy-aHTeH i3 MPaBOCTOPOHHBOK KPyroBow  mnossipusaiiero (RHCP) Ta
KoeditienTom migcuneHHss 8.5 dBic. TeHepallisi Ta OeMOAYJAIiSl pagioCUTHAIIB

CHMMYJIIOBajacs Ha OCHOBI TOYHMX amapaTHMX crenudikalliii TpaHcuMBepa uuriceTa
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Impinj R2000, HanamToBaHOro Ha pexum Dense Reader Mode i3 BUXigHOIO
NMOTYXHicTIO TpakTy 30 nbwm. IToBeiHKa MacMBHUX OTUIIOJbHUX MiTOK opmaTy ALN-
9654 (Alien Technology), po3MilieHMX Ha BipTyaJbHUX KapTOHHMUX KOpobax
craggapty FEFCO 0201, BigTBOpioBajacsi dYepe3 OJOKM  CTOXaCTUYHOTO
MOJEe/JIOBaHHS  MOAYJSILiI  3BOPOTHOTO  pO3CilOBaHHS 3  ypaxXyBaHHSM
baraTormpoMeHeBMX 3aBMMpaHb KaHaiay 3B'sI3Ky. KiHemaruyHa migcucrema
1upoBOro BiliHMKA 3abesnedyBaja TeHepallilo BeKTopa JIiHiliHOI IIBUIKOCTI

nepemilieHHsI BAaHTaXiB v, y AianasoHi Bifg 0.5 mo 3.5 m/c (puc. 1).

Lncppoeuit ABIAHKK: IMiTaui#Ha Mogens RFID-cucTeMu copTyBanHA (Simulink) \

1. Bnok reHepauii KiHeMaTuk1

(KepyBaHH# LBKAKICTI0 KOHBEEpa V_C = 0.5...3.5 Mfc) (Yunce Impinj R2000, renepaLia noss 30 AbM,

2. BNIOK eNeKTPOAMHAMIKH
Liar pami HanpasneHocTi aHTes RHCP)

5. bnok Middleware

(Edge Computing, npocTopoBo-yacosa EnekTpomarHiTHe none (YBY) MpuitomM BigbuTIx curHanie (RSSI, Phase)
inbTpaLis, Leaynnikauis)

o

Kepyioui curwani (Latency: 42 mc)
Ha BipTyankHi ausepTepn

BekTop wemnakocTi (v_c)
NS PO3PAXYHKY KiHEMATUKN

6. BuxinHun iHTepdenc
(38'A30K i3 WMS, po3paxyHoK 3arankHunx
CUCTEMHMX 3aTPUMOK T_SYS)

3. KaHan 38'A3ky
(MopenioBanHA BaraTonpoMeHeBoro NOLIMPeHHA
Ta AONNEPIBCLKOr0 3CYBY 4acToTH)

MpocTopoea no3nuis
of'exis (FEFCO 0201)

3B0poTHe poacilosarHs (Backscatter) OnpomiHeHHa Ta iHTepdepeHLis

4. Bnok nonyaaLii MiToK
(Ounoni ALN-3654, BipTyansHa nanera,
imiTauis Moy NsUil Ta po3paxyHoK KoI3id)

Pucynok 1 - CTpyKTypHa cxeMa iMiTaliiliHoi MoJiesi arapaTHO-IIPOrpaMHOr0 KOMILJIEKCY B
cepenouili MATLAB Simulink

JIJ1s1 OIiHKM AMHAMiKVM 3UMTYBaHHS Ta Bepudikailii po3pobiaeHux aJiropuTMiB
dinbTpalii cuMpux maHMX 3acTOCOBYBaBcsi MeTon MonTe-Kapno, 110 Hamano
MOXJ/IMBICTh 3 BMCOKOI TOYHICTIO allPOKCMMYBATU MPOCTOPOBO-YACOBUIT PO3MOAI
pamioyacToTHOro mojsi. EMmipmunHmii moKasHMK HamiiiHocTi imeHTudikamii (Read
Rate), TpaHcopMoBaHMIT Yy KOHTEKCT pe3y/lbTaTiB iMiTalliifHOTO MOMe/NI0OBaHHSI,
00YMCITIOBABCSI SIK MaTeMaTHM4He CIIO[iBaHHS BiJHOIIEHHS YCITIIIHO PO3TMi3HAHMUX
yHiKaabHUX imeHTHdiKaTopiB EPC 10 3arajbHOI MOMYJ/ISIlii MiTOK y TEeCTOBii BUOipIIi

3a pe3yJibTaTaMM Cepii CUMYSIIIIHUX TPOTOHIB:
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_i K Nsuccess'[:f;l?c))
RRemp B K le( Ntotai(jf) (9)

e K — 3arajibHa KiJIbKICTb iTepaliiii MOAe/M0BaHHS I/ 3a4aH01 IBUIKOCTI v,
Noyccess — OOCIT KOpDEKTHO [eKOJOBaHMX imeHTMdikaTopiB 6e3 mOpyIIeHHS
LJIICHOCTI MOJIIHOMA LMKJIOBOTO HagauUIIKOBOro kony (CRC-16), N, :,; — €TaJIOHHA
KUIBKICTh MITOK Ha BipTYyaJ/IbHili ITa/IeTi.

IMopiBHsIbHMIT aHAJi3 eeKTUBHOCTI B cepemoBuini Simulink migTBepaus, 110
3a JIiHiMIHOI MIBMIKOCTI BipTyaJibHOrO KOHBeepa 1m0 1.5 m/c 6a3oBuit anroputm
aHTMUKoJi3ii DFSA Ta 3alpolloHOBaHa TiOpuaHAa MOJeNIb IEeMOHCTPYIOThb
ACUMIITOTMYHO OJIM3bKi IMOKA3HMKM Ha piBHI 99.8%. 36inbllleHHS KiHEMaTUYHOI
IIBUIKOCTI A0 KPUTUMUYHOI mo3Haukyu 3.0 M/C iHil[iloBaj0 B MOeJli eKCIIOHEeHIIiliHy
merpajaniio mokasHuka RR.., mna crangapry EPC Gen2 po 84.3%. Imitanis
iHTerparii pospobieHoi TiOpMOHOI apXiTeKTypHu, IO BUKOPUCTOBYE IIpediKcHe
nepeBo (Query Tree), mo3Bojujaa YTPpUMAaTU piBeHb YCIIIIHOTO 34YMTYBaHHS Ha
rosHaulli 99.2% 3a paxyHOK norepegHbOl AeTepMiHOBaHOI cerMeHTallil KOIi3iiiHOro
IoMeHa B iM(ppOBOMY ABiMIHUKY cucTemMu (puc. 2).

3anexnicts Read Rate Bin qiHiliHOT mBHAKOCTI cOpTYBaHHS
I \ |

—_

=]

S
[

o
W
I

Cranpaprauii anroputM DFSA (EPC Gen2)
3anponoHoBaHa riopuHa Mojiens (Query Tree + DFSA)
datal

data2

data3

X
st
©
ot
&
~
=
g
%
g
"
=]
3
)
=
=
@
A=
A
=
=
=
=
=
=
&
us]

2.

IIBuaKicTh KOHBeEpa (V,.), M/c

PucyHOK 2 - 3a/IeXXHICTh eMITipMyHOro MoKa3HMKa HaAiifHOCTi imeHTHUdikalii (RRemP) Bin

niHiitHO1 mBMAKocTi KoHBeepa (Ve)

HaCTYHHI/IM eTarioMm MOJeJ/IIOBAHHY  CTaJia KBaHTI/I(l)iKaL[iH MepeXXeBUx

3aTpuMoOK (Latency) Ta 3arajibHOi MpoIryckHOi 3patHocTi (Throughput) mim dac
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iHpopmariitHoro oominy 3 sapom WMS. CymapHMi1 yac 3aTPUMKM B CUMYJIbOBaHili

cucreMi Ty OnMCyBaBCs NiHIHMM PiBHSIHHSAM:

T.

sys Trf + Tedge + Tner + Twms (10)
ne T,.; — vac pagiouacToTHOi TpaH3akuii pa3oM 3 06po6KoI0 Komi3iit, Teqge — Uac
arperailii Ta gemyIulikailii JaHUX Ha PiBHI MPOMIKHOTO ITPOTPAMHOTO 3a6e3IeueHHs
(Middleware), T,,.; — 3aTpMMKa TPaHCIIOPTYBAHHS TaKeTiB Yy JIOKaJbHili Mepexi,
T,,ms — Uac BUKOHaHHS SQL-TpaH3aKiiii Mapuipytusaiiii B 6a3i ganux [2, 10].
Cumynsiist npssMoi TpaHcasii cupux ALE-TIOfiin 10 LeHTpaabHOi 6a3yu JaHux
6e3 BMKOPUCTaHHS NepudepiitHux obuycieHb reHepyBana MikoBi 3HaUeHHS Tsys, SIKi
nepepuiryBasin 450 mc. IIpu KiHemaTwuili KoHBeepa 3.0 M/C 1le MaTeMaTU4YHO
MIpU3BOAMIO 10 IPOCTOPOBOTO 3CyBYy oO'ekTa Ha 1.35 MeTpa, 10 B TOIMOJIOTii
JIOTICTUYHOI ~ MOJesi  O3HauaJio0 TrapaHTOBaHMIAI MPOIMYCK ITHEBMaTUYHOTO
COPTYBaJIbHOTO pPyKaBa, pO3MillleHOTO Ha AMCTaHIii 1 MeTpa Bif mopTtany. BBegeHHs
B iMiTallifiHy MoJieb IporpamMHunux 6;10KiB Edge Computing i3 nokaabHuUM In-Memory
KelTyBaHHSIM Tabmuilp MaplmipyTu3salii pefyKyBalo MeJiaHHe 3HAUeHHS Ilgys JO 42

mc. IlpomyckHa 3paTHicTh MogmepHizoBanoi cuctemu Thg,; pospaxosysanacst 3

ypaxyBaHHSIM 3aIaHUX KiHeMaTUYHUX rabapuTiB:

Theys = (

ne l,pj — cepemHst MOBKMHA MapKOBaHOTO 06'€KTa B3JIOBX OCi KOHBEEPA, Prech_fail

V3600

) 'RRemp ) (1 - Pmech_faﬂ) (11)

lopjt+dmin

— IMOBIpHICTb anmapaTHOI BiIMOBM COPTYBaJIbHOTO MeXaHi3My.

llpu  dikcoBanmx mapamerpax imirauifinoi wmogmeni lop; =0.4M Ta
dmin = 0.6 M BipTyaJIbHMIT amapaTHO-TIPOTPAMHMII KOMIUIEKC ITPOJIEMOHCTPYBAB
PO3PaxyHKOBY CTabiJibHy MPOIYCKHY 3AaTHicTh Ha piBHi 10710 UPH. YacTka
aATOPUTMIUHMX TIOMWJIOK COpTyBaHHs1 (Mis-sort rate) y cepili imiTauiiiHUX
eKkcriepuMeHTiB ckiana MeHire 0.08%, 10 OOBOAMUTL BUCOKY (YHKIIIOHATbHY
CTilKICTh apXiTeKTypy A0 TPAaHUYHMX HABAHTAKEHb.

BucHoBku. IIpoBeneHe mociimkeHHS (opManizye Ta TeOpeTMUHO Baslimye
KOMILJIEKCHY amnapaTHO-IIPOTPaMHy apXiTeKTypy MAMHAMiuHOI pajioyacTOTHOIL
imeHTMikalii A9 BMCOKOMIBUAKICHMX KOHBEEPHMX JIiHili COPTYBaHHA B

iHppacTpykTypi piTeiti-ckiaAiB. BupimieHHs @dyHIaMeHTa/JIbHOI IpObIEeMMU
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merpajailii MpomycKHOi 3maTHOCTi cucrem YBU-nmiamasony OyJio IigTBepAKeHO
IIJISXOM PO3POOKM BUMCOKOTOUHOTO IIMGpPOBOro ABiiiHUKAa B cepemoBuii MATLAB
Simulink.  BaraTokpurepianbHe  iMmiTalliiiHe  MOAEIIOBAHHSI  OOBEJO, IO
iMIIEMeHTallisl TPOCTOPOBO-YaCOBOTO PO3HECEHHS aHTEHHUX PEIliTOK Yy MOEAHAHHI
3 amnapaTHOI0 KOMIIeHcallielo (a3oBMX CIIOTBOPEHb TrapaHTye CTabimisalliio
€HepreTMYHOro MOTEeHIiaJly B YMOBax IJIMOOKMX IepeBigOouTTiB. 3aIporoHOBaHA
ribpuaHa MoAeab aHTUKOJMI3ii MpogeMOHCTpyBaia B CUMYJISIIIHOMY CepeIoBUIIi
30ATHICTh e(eKTUBHO HiBeIIOBaTM eKCIIOHEeHIiJiHe 3POCTaHHSI OiTOBUX ITOMMJIOK,
3a0e3IeunBIlIN PO3PaXyHKOBMII MOKA3HMUK HAAIMHOCTI imeHTHdikalii Ha piBHi 99.2%
MpY KiHeMaTU4Hil MBUAKOCTI KOHBeepa 3.0 m/c.

TeopeTMuHO OOrPYHTOBAHO Ta MiATBEPIKEHO MeTOZaMM iMiTaliiiHOTO
MOJIeJIIOBaHHS, 1[0 BM3HAYaJbHMM (aKkTOpoM 3abe3rneueHHs OeTepMiHOBAaHOI
poOOTH COPTYBAJIbHOI ABTOMATUKM € PO3TOPTAHHS PO3IMOiJIEHOrO ITPOTrPaMHOrO
3abe3reueHHs] Ha 6a3i mapagurmu rnepudepiitaux obuncieHb (Edge Computing).
MopgentoBaHHS TOIIOJIOTiII MepeskeBO1 B3a€EMOJil AOBesO, IO JioKaabHe In-Memory
KeIllyBaHHS Ta IPOCTOPOBO-YacoBa MAeAyIUlikallisi OdaHMUX i30/I0I0Tb BUKOHABYI
MexaHi3MM KOHBe€pa Bil TpaH3akKIliiiHMX 3aTPUMOK IleHTpajibHOro simpa WMS,
penyKyIuM 3arajbHuii CUCTEMHMI Yac BiAryky o 42 mc.

Po3paxyHKOBa MpOMyCKHA 3[aTHICTh BipTyaJibHOTO KoMIiekcy gocsriaa 10710
00p006JIeHX TOBAPHMUX ONVHMIIb 32 TOAMHY i3 YACTKOIO aJTOPUTMIUHMX TTOMMIIOK
coptyBaHHs1 MeHIie 0.08%. OTpumaHi pe3yabTaT TJIMOOKOTO MaTeMaTMUHOTO Ta
CTOXaCTMYHOTO MOJie/IIoBaHHS (GOpPMYIOTh HajiliHe HayKoBe IMiAIPYHTS OJIsi
mojasnbiioro GisMYHOro IPOTOTUITYBAHHS Ta IPOMMCIOBOTO MacIITabyBaHHS

po3p0o6IeHOT apXiTEKTypy B €KOCUCTEMAX CyJaCHUX AUCTPUO IOTOPCHKUX IIEHTPIB.
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RETAIL: OPTIMIZATION OF AUTOMATED SORTING LINES

Abstract. The problem of integrating UHF radio frequency identification systems into
the hardware and software complexes of high-speed conveyor lines in retail warehouses
is investigated. Architectural solutions to minimize the impact of multipath radio wave
propagation and Doppler frequency shift on the probability of reading passive tags in
dynamics are theoretically substantiated. The validation of the proposed hybrid
mathematical model of collision processing, combining deterministic prefix tree
segmentation (Query Tree) with the stochastic DFSA algorithm of the EPCglobal Gen2
standard, was carried out by developing a comprehensive digital twin in the MATLAB
Simulink environment. Simulation modeling proved the architecture's ability to achieve
an estimated identification reliability rate of 99.2% at a linear conveyor speed of 3.0 m/s.
The architecture of distributed middleware based on the Edge Computing paradigm was
virtualized for spatiotemporal filtration of raw radio frequency data and local caching of
routing tables. Stochastic simulation results confirm that translating aggregated arrays
into the Application Level Events format with subsequent asynchronous transmission via

EPCIS interfaces to the Warehouse Management System reduces system latency to 42 ms.
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The overall estimated throughput of the optimized complex in the simulation
environment is 10710 processed units per hour with an algorithmic mis-sort rate of less
than 0.08%.
Keywords: RFID, automated sorting line, digital twin, simulation modeling, MATLAB
Simulink, anti-collision algorithms, Edge Computing, WMS.
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A.JI.CKopoMHUI

CITPOIIEHU METO/J PO3PAXVHKY IHTETPAJIbHUX EHEPTETUUYHUX
IMOKA3HUKIB METAJIVPTIMHOI PO VKIIIT HA OCHOBI HACKPI3HUX
BUTPATHUX KOE®IIIIEHTIB

AHomauis. Y pobomi po32SHYMO MOXIUBICMb BUKOPUCMAHHA  HACKPI3HUX
sUMpamHux KoegiyieHmie 0ns CnpowjeHozo po3paxyHKy eHepeemuuHux NOKA3HUKie
MemanypeitiHoi npodykuyii 8 ymosax 6azamocmaditiHozo eupobHuymea. IlokasaHo, ujo
mpaduyitinuti npsmuti nidxio He 3abe3neuye HANEHHO020 8PAXYBAHHSA BHYMPIUHIX
830EM0368°43KI8 MIMC MeXHON0IUHUMU hepediniamu, mamepianrsbHumMu nomokamu ma
8MOPUHHUMU eHepzopecypcamu, Wo 00Mexcye 1i020 3acmoco8HiCmb Y NPO2HO3HUX |
NOPIBHANBHUX PO3PAXYHKAX. 3ANPONOHO8AHO ChpoweHuli memod, y IKOMY HACKPIi3Hi
sumpammi KoegiyieHmu 8uKopucmosyrmucs sIK y3azaibHeHa po3paxyHkosa 6asa ons
BU3HAUEHHS] IHMe2PAabHUX eHep2emUUYHUX NOKA3HUKI8 npodykuii 6e3 nobydosu noeHoi
demanizosanoi modeni 0ns KoxcHozo nepediny. IlokazaHo, wio maxuii nioxio 36epizae
8UCOKY MOUHICMb NOPIBHSIHO 3 NOBHOK PO3PAXYHKOBOK CXEMOK MA 800HOUAC CYMIMEBO
CNPOWYE OUIHKY 8NJIU8Y 3MiH Y CpyKmypi eupobHuymea, copmamenmi npodykuii ma
mexHoJI02iuHUX napamempax. [lodamko8o NnpoOeMOHCMPOBAHO, WO OMPUMAHI
eHepzemuyHi NOKA3HUKU MOMCYMb Oymu UKOpUCMAaHi 0711 WeudKko20 po3paxyHKy
CynymHix NOKa3HUKi8, n06’s13aHUX 3 eHepP2ZOCNOMUBAHHIM, 30KpemMa YMOBHO-NANUBHO20
ekgigasieHma npooyKuyii, ekgigaleHmHUxX eumpam nepesuHHoi eHepezii ma eyzneyesoi
iHMeHcuBHOCMi, Ha 0CHOBI YHi(hikosaHux KoeiyicHmie nepepaxyHky. 3anponoHo8aHull
memod Moxce Oymu 3acmoco8aHuti npu 6upoOHUUOMY NAAHYBAHHI, MEXHIUHOMY
nepeo3b6poeHHi nidonpuemcme ma ouiHyi epekmusHocmi enepzo- i pecypcosbepizarouux

3axodis.

Knrwouoei cnoea: HACKpi3Ha eHepeOEMHICMb, HACKPI3HI eumpamti KoegiyieHmu,
iHmezpanvHi eHepeeMuuHi NOKA3HUKU, CNpoweHuti memod po3paxyHky, eupoOHUUMeEo

Memanonpoodykuyii, 8yzneyesa iHmMeHCcueHicmo

IMoctaHoBKa mpo6GiaeMu. [ipHUYO-MeTANyprifiHi Mpolecy HajxexaTb A0

O6araToCTafiifHMX TEXHOJIOTIYHMX CHUCTeM, [JIsS SIKMX XapaKTepHi IIMpoka

© Ckopomumit A.JL, 2026 Copyright for this paper by its authors. Use permitted under
License CC BY 4.0.
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HOMEHK/IaTypa, MapoOuyHui i po3MipHMI CK/Ia[ TOBApHOI MPOAYKIiii, HasSBHICTb
IIMKJIiB BUPOOJIEHHS Ta CIIOKMBAHHS €HEPrOHOCiiB BJIACHOTO BMPOOHMIITBA, a TAKOX
YTBOPEHHSI BTOPUHHUX €HEPropecypciB y BUIVISIAI AOMEHHOro, KOKCOBOTO Ta
KOHBEPTEPHOTO rasis, mapu KOT/IiB-YTUJIi3aTOPIB i CUCTEM BUITAPHOTO OXOJIOKEHHS],
SIKi CIIOXXMBAIOThCSI B MeXKaxX ITiIIMPUMEMCTBA ab0 YAaCTKOBO II€pemaloThCsl iHIIMM
nignpueMmctBam. lle yCKIagHIOE BUKOPUCTAHHSI IIPSIMOTO METOHY PO3PaxXyHKY
€HEepPro€MHOCTI BUPOOHMIITBA METAJIONPOAYKIIi IIJITXOM IiJIeHHS 00CSTY CIIOXKUTOIO
najaMBa Ha oOCSr BUMPOOHMIITBA TOBapHOi mpoaykiii [1]. He matoum HagiitHOTO
iHCTpYMEHTY [Jii TOUHOTO BU3HAUEHHSI MUTOMMX i 3araJibHMX BUTpAT MaJMBHO-
eHepreTMYHMX PecypciB Ha BUPOOHUIITBO METAJIONPOIYKILii, HEMOKIMBO KOPEKTHO
OLIIHMTM TIOB’SI3aHi 3 IMM €HeprocloXMBAHHSIM IiHTerpajibHi eHepreTUYHi
MOKA3HMKM TIPOAYKIIil, 30KpeMa YMOBHO-MNaJMBHMII e€KBiBaJleHT IIPOAYKIIii,
eKBiBaJIEHTHI BUTpaTU II€PBMHHOI €Heprii, IMaJuBHY CKJIaAOBY CyMapHOIO
€HeprocroXnBaHHS, a TAaKOX BYIJIelleBYy iHTEHCUBHiICTb. [[0IATKOBOIO CKJIaJi0BOIO
1iei mpobaeMy € HeoOXiTHICTh MIBUAKOI OLIiHKYM 3MiH Y TEXHOJIOTii BUPOOHMUIITBA Ta
BIIPOBAI’KeHHS €Hepro- i pecypcosbepiraounx 3axoiB.

TakuMm uMHOM, icHye TIIpo6sieMa TOYHOTO i OMNepaTMBHOTO pPO3PaXyHKY
TOKAa3HMKIB €HepPTOEMHOCTI METaJONPOAYKIIil Ta MOB’SI3aHMUX 3 HUMU iHTEerpaJibHUX
eHepPreTMYHMX ITOKAa3HMKIB y 6araTocTaliiiHoMy BMPOOHUIITBI.

AHai3 ocraHHiX mocaigKeHb i myOsrikamini. [IJisT KOPeKTHMX PO3PaxXyHKiB
€HeproeEMHOCTI MeTaJIONPOAYKIIii Ta MOXiAHMUX BiJl Hel iHTerpaJbHUX €eHePreTUIHUX
MOKA3HMKIB BUKOPMCTOBYIOTh BiJOMMII aJTOPUTM BM3HAUEHHSI HACKPi3HOI
eHeproeMHOCTi [1], 110 I'PYHTYEThCS Ha GajaHCYBaHHI HAaAXOMKEHHS i CIIOXMBaHHS
BCiX BU/IiB eHeprii, He3a/JIeXXHO BiJi GOopMM UM CIIOCOOY ii BUKOPUCTAHHS, a TAKOXK Ha
O6ayaHCyBaHHI MaTepialbHUX MTOTOKIB, 3 IKMX (POPMYETHCS TOBapHA MPOAYKIIisl.

OctaHHi po6OTM 3 PO3BUTKY METOMOJOTii HACKPi3HOiI eHeproeMHOCTi Oy/u
MOB’SI3aHi 3 BM3HAUEHHSM 3arajbHOTO CIIOKMBAHHSI TAJIMBHO-€HEPreTUYHUX
pecypciB ([IEP) Ha miagmpueMcTBax TipHUYO-METATypPTiliHOTO KOMIIeKCy [2-4],
BU3HAUEHHSIM mnuUTOMMUX BuTpar I[IEP 1pu BUPOOHUITBI KOHKPETHUX BUJIIB
MeTaoNpPOayKIlii [5, 6], ypaXxyBaHHSIM TEeXHIYHOTO Iepe030pOEHHS MiJIPUEMCTB
TipHUMYO-MeTanypriiiHOro KoOMIuleKCy VYKpainu [7, 8], KOMILJIEKCHOK OLiHKOIO
BIUIMBY pi3HUX eHeprosbepiralounMx TeXHOJIOTili Ha 3arajbHy eHeproeMHICTb

Bupo6HULITBA [9, 10], HOpMyBaHHsAM crioxkuBaHHs [1EP [11], a TakoX po3lIMpPEeHHSIM
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BUKOPUCTAHHS HACKPi3HOI €eHeprO€EMHOCTI IJIs OLiHKM BUKUZIB IIKiJIMBUX PEUOBUH,
IIAPHMKOBMX I'a3iB i TBepAYX CyCIIeHJOBAaHUX YaCTUHOK nuiy [12-14].

Pazom i3 mepeBaramMu iCHYIOTh i MeBHi mpobGieMy y 3acCTOCYBaHHi I[bOTO
nigxony. Ilo-nepiie, 1oro peasnisaliiss BUMara€e BMCOKOI SIKOCTI BUXIOHUX AaHUX Ta
3J1aro[KeHOi poboTH GyxranTepii, eHepreTMYHMUX CIIYyKO i TexHosoris [8]. [To-apyre,
CKJIQJHICTh IIPOIIECiB MeTaJypriiiHOro BMPOOHMIITBA, a TAaKOX BeJMKa KiJIbKiCTb
eHepPreTMYHMX ITOTOKIB YCK/IAAHIOIOTh iX TOUHMII 00J1iK, 0COOJIMBO B YMOBAX YaCTUX
3MiH Y CTPYKTypi BMpOOHMIITBA. [I0-TpeTe, MeTon HaCKPi3HOI eHepPro€EMHOCTI IMOKU
0 He 3aBXAM IHTerpyeTbCS 3 MDKHApPOAHMMM CUCTEMaMM aHaji3y >XUTTEBOTO
IMKITY, 30Kpema 3 LCA, 110 yCKIagHIOE A0TO BUKOPUCTAHHS B 3aJa4aX pPO3PaxyHKY
MOXiTHMX IMOKA3HMKIB, Y TOMY UMCJi BYIJVIELIEBOTO CJiAy MPOAyKIiii, a TakoX Yy

IIPOEKTAX, OPiEHTOBAHMX HA €KCIIOPT a060 3aTyUYeHHSI Mi>KHapPOTHMUX iHBECTUIIIA.

Merta pociimkeHHs. MeTow J[aHOi pPOOOTH € PO3BUTOK METOLY pO3PaxyHKY
IHTErpallbHUX EHEPreTUYHUX IOKA3HUKIB METaNypriiiHoi MpOIyKIii Ha OCHOBI METOAMKHU
HACKPI3HOI EHEPrOEMHOCTI INUIAXOM y3aralbHEHHS JaHUX [P0 CHEPrOCHOXHBAHHS
METATypriiHUX MIANPUEMCTB YKpaiHH, sKiid 3a0e3rneuye NOCTaTHIO TOYHICTh OMEPaTUBHOTO
aHaJi3y BIUIMBY 3MiH TEXHOJIOTIYHMX 1 BUPOOHMYMX MapamMeTpiB y OararocramiifHOMY
BUPOOHHUIITBI.

BukianeHHsi 0CHOBHOIO MaTepiaJjly J10C/IiIzKeHHs.

Hackpi3Ha 3aBoJCbKa €HEPrOEMHICTh i-I'0 BUIY NMPOJYKIIi BU3HAUAETHCA 32 (HOPMYIIOIO

[1]:
dsi=tsi+ Koer €2 + Kon - hy (1)

ne:

d,i—Hackpi3Ha 3aBOJICbKA €HEePrOEMHICTb i-T0 BUAY MPOAYKILii, KT y.I1./H.0.;

t;—HacKpi3Ha mMTOMa BUTpaTa YMOBHOTO NaanuBa, Kr y.I1./H.0.;

e,—HaCKpi3Ha MMTOMAa BUTpPATa IOKYITHOI eJIeKTpOoeHeprii, KT y.M./H.0.;

h,i—HackpisHa MUTOMa BUTpATa TeIUIOeHeprii, KT Y.I1./H.0.;

Kse—KanopiiiHuii ekBiBaJeHT [OJisl IlepepaxyHKy BUTpPAT eJeKTPOeHeprii y
BUTpPaTV YMOBHOI'O [1aJINBA, K y.I1./KBT-TOA;

Ksh—KasmopiliHuit eKBiBaJIeHT [IJ1s1 mepepaxyHKy BUTpAT TeIIOeHepril y BUTpaTu
YMOBHOTO Na/IMBa, KT y.1n./MKai.

[t 3a6e31eueHHS TTIOPiBHSIHHOCTI pe3y/IbTaTiB MiK pi3HUMM MigIIPUEMCTBAMU
Ta MnepiogaMu yacy IpuiiHsATa CTAaHAAPTHA BeJIMUMHA KaJOPiifHOTO eKBiBaJieHTa JIJist

enektpoeHeprii K, = 0,34 kr y.1./KBT-rof, 1110 ycyBa€ BIIMB 3MiHHUX (haKTOpPiB Ha
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OIIiIHKYy €HeproeMHOCTi mpopaykiii. Ile 0co6JMBO BaskaMBO, OCKiJIbKM 3 pPOKaMu
BUTpPATU TMajMBa Ha BUPOOHMIITBO 1 KBT-TOz efekTpoeHeprii 3MiHIOBaIMCS B MeXKax
0,32-0,39 kr y.n./KBT-TOA.

OuiHKY ONpSIMMX BUKUIIB MapHUKOBUX rasiB, IO MMOB’SI3aHI 3 BUKOPUCTAHHSIM
MJIMBHO-€HEPreTUYHUX PecypciB y MPOMMCIOBOCTI, 3a3BMYall BUKOHYIOTb 3@ TaKOIO
MOJEJIIO:

E.=XE +E (2)
ze:

E.—eMicis mapHMKOBMX TrasiB Ha MiANPUEMCTBI B pe3yabTaTi BJaCHOI
BUPOOHNYOI AistmbHOCTI, T COy;

Ei—eMicii mapHMKOBUX rasiB IMpy BUPOOHMIITBI i-T0O Buay mpomyKilii, T COz;

E.—emicisi mapHMKOBMX Tras3iB B pe3yabTaTi JOMOMIKHOI  JisSUIbHOCTI
nignpuemcta, T CO,.

ITig mOMOMIXKHOIO MiSUTbHICTIO PO3YMIi€TbCS BMKOHAHHSI pPoOIT ab0 HamaHHS
MOCTYT (TPAHCIIOPTHUX, PEMOHTHMX, YIIPABIiHChKUX TOIIO), OOCST SIKUX HEe 3aBXKAU
BiJITIOBila€ 00CSATY OCHOBHOI MpoAyKiii. KiJbKiCTh YTBOPIOBAHMX TIPU I[bOMY
MMapHMKOBMX ra3iB € He3HAUYHOIO (3a3BMuail He Ginbie 1 %), Tomy ii MOXXHA BBaykaTu
YMOBHO-IIOCTifHOIO BeJIMYMHOIO.

Metomosnoris  po3paxyHKy KoedillieHTIB  emicii [masg  MeTanypriiHuUx
MiATIPUEMCTB Tlependavae BU3HAUEHHS KiabKOocTi BuUKMAIB CO; Ha OOMHMUIIIO
Mpoaykilii abo croxkuToi eHeprii. [IJII 1IbOrO BUKOPMCTOBYETHCS 3arajabHUIA
TIPUHLIMIT OIiHKM OOCSTY IajnBa, IO CIATIOETHCS, Ta KiJIbKOCTi BYIVIEI0, SIKUI Y
HbOMY MiCTUTbCSI. Ba3oBe piBHSIHHS [JisI pO3paxyHKy emicii E; s okpemoro
npoliecy abo BUAY MajuBa BUITISIIAE TaK:

Ei=A-C-F-(44/12) (3)

Ie

Ei—emicis Bij i-ro mpoiiecy abo ciaJiloBaHHS IeBHOTO Buay nanusa, T COy;

A-KinbKicTh BUKOPUCTAHOTO IaJIMBa, T a00 M?;

C—MacoBa vYacTKa BYIJIELII0 B IMajMBi, yacTka Bim omuHUI (6e3po3MipHa
BeJIMYMHA);

F-koedillieHT IMOBHOTO 3TOpSIHHSI BYIJIEI[I0, YacTKa BiJ oauHUIL (3a3BUYAif

6/M3bKuUit 10 1);
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44/12- xoedillieHT, 1110 BpaxOBY€ CITiBBigHOIIEeHHSI MoeKyIsIpHuX Mmac CO, (44)
Ta aTOMapHOro Bymielo (12).
KoediieHT emicii mapHMKOBUX ra3iB €; BUSHAUAETHCS BiTHOIIEHHSIM KiJIbKOCTI

ytBopeHoro CO; E; 1o o6csary BupobieHoi mpoaykitii Qi:

ei=Ei/ Qi (4)

OcraToyHa Mope/ib [IJjs OILIHKM 3arajbHOl €eMicCili MapHMKOBMX Tras3iB Ha
mignpueMcTBi E. BKIloUae po3paxyHKM IJIS KOXKHOI'O OKPEeMOIO Mpollecy abo BUAY

rajanBa, 3BelleHi y BUIJISIZIi CYMU:

Ec=X(Qi-e)+E: ©)

AJITOPUTM pO3PaxyHKy BeIMUMHM €; IJIsI KOXXHOTO BUAY TPOAYKIil AeTaabHO
BUKJIaeHo B [13].

3rimHo 3 Mmopestio (5), Oya0 3AiJiCHEHO pO3paxXyHOK eMicCii MapHUMKOBUX ra3iB
I pisHMX BUIIB TIPOAYKIIii, IO BUPOOISIOTBCS Ha 3aBofi «A». PesymbTaTti
pO3paxyHKiB HaBeJleHi y BUIMsAi rpadikiB Ha Puc. 1 i Puc. 2.

OCHOBHMMM MPOAYKTaMM MeTaTypriifHOro BMPOOHMIITBA € arjioMepar, YaByH,
CTaJib, MPOKAT (JIMCTOBUIA Ta COPTOBMIL), 3aTOTOBKM, BaITHO, BWiMBHMIII Ta apa TELI.
SIk BugHO 3 Puc. 2, OCHOBHMMM IKepejiaMy eMiCii AiOKCUIY BYIVIEII0 € BUPOOHUIITBO
yaByHy Ta napu Ha TELl. He3Baxkatouu Ha Te, 1110 rtapa TELl He € OCHOBHUM KiHI[eBUM
IIPOAYKTOM MeTaJypriiiHOro BUPOOHMIITBA, ii BMUPOOHMUIITBO BMMAra€ 3HAYHOI
KiJIbKOCTi TTaJInBa, 1110 MOSICHIOE BMCOKUI KoedillieHT emicii. 3arajoM, cymapHi eMicii
BiJI IIMX IPOLIECiB CK/IaAal0Th 3HAYHY YaCTMHY 3arajJbHOI0 00CSITY BUKIIIB.

Heponiku Mogesni (5) mossraioTh y BiICYTHOCTI B3a€MO3B'SI3KYy MiX 00CATOM
BUMPOOHMIITBA KOXXHOTO BUAY IpOAyKIiii. [le He M03BOsIE MPOTrHO3YBATU €MiCilo
MapHMKOBMX TasiB MpuM 3MiHi copraMeHTy abo 00csry BMPOOHMIITBA KiHIIEBOI
MPOJYKIUil HaBiTh 3a YMOBM HE3MIHHOI TeXHOJIOrii Ha KOXHOMY Iepefisi.
BigmoBimHo g0 Mopmeni (5), MokHa ITPOrHO3yBaTM 3MiHY po3MipiB eMicii Tibkyu 3a
pPaxXyHOK 3MiHM BeJIMUYMHM €, SIKA BU3HAYAETHCS TOJIOBHMM YMHOM IUTOMUMMU
BUTpaTaMM IaJIMBa Ha BUPOOHUIITBO i-1 MPOYKILii (ToBapHOi ab6o HamiB)abpuKaTiB).

OO6csr BUTOTOBJIEHHST HaliB(PaOpPMKaTiB JKOPCTKO JeTepMiHOBAaHMIA KiJbKiCTIO

TOBAapHOi MPOAYKIii (B OCHOBHOMY IIpOKAaTy) Ta BUTpAaTHUMM KoedillieHTamu
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HaniBaOpuKaTiB Ha BUIOTOBJEHHS HACTYITHOI MPOAyKIii. B ymoBax cKiIagHOi
TEXHOJIOTIUHOI CXeMM B3a€MO3aJIeXHICTh MibK BUPOOHUIITBOM ITPOAYKIIii Ta eMiciero

MMapHMKOBUX ra3iB He BPaXOBYEThCS.

1.4 6000
L:- B KoediujeHT emicii e;, T COz/T -
=R e | PSR R 5000 ¢
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- T r T T
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Pucynok 1 — Koedirientn emicii Ta 06¢siryt BUpOOHMIITBA [IJIsT TPOIYKILii 3aBOIY «A»
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MpoayKuia N
PucyHok 2 — O6csaru emicii mapHMKOBMX rasiB sl TPOAYKILii 3aBOIY «A»

TakuM YMHOM, OTpPUMAHi pe3yabTaTM AeMOHCTPYIOTb OOMeXeHiCTb
BUKOPUCTAHHS Mopeni (5) Ijsi KOMIUIEKCHOTO aHasli3y BUPOOHMYMX IIPOIECiB 3

TOUKM 30py eMicCii MapHUKOBUX Ta3iB. s MiABUILEHHS TOYHOCTI MPOTHO3YBAHHS
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HeOoOXiTHO BpaxOBYBaTM B3a€MO3B'SI30K MiXK TEXHOJIOTIYHMMM IlepefdilaMu Ta ix
eHepreTMYHMMM BUTPATaMMU.

3 ypaxyBaHHSM IIbOTO PO3pPOOJEHO MOe/Ib PO3PaxyHKy eMicii MmapHUKOBUX
rasiB, sika 6asyeTbCsl Ha MPUHIMIAX IIJIAHYBAaHHS BUPOOHMIITBA. Y TEpINy yepry
IIPOTHO3YEThCS 0OCAT BMPOOHMIITBA TOBApPHOI MPOAyKIii Ta ii coprameHT, micis
YOro po3paxoBYeETbCsl MOTpeba B KOXHOMY BUIi HamiBdabpukary, 3MiHHOMY
objaJHAHHI Ta eHepropecypcax Ha OCHOBi IX BUTpaTHMX KoedillieHTiB Ha

BUTOTOBJIEHHSI IPOAYKIIil KOKHOTO MepexuTy. 3alipoIIOHOBaHa MOIe/Ib Ma€ BUTJISIA,:

E=% Qj- X(Qqci - €+ Qpi - €p + Vp) (6)
ne:

E — 3arasibHa eMicCisi mapHMKOBUX ra3iB Ha OianpuemcTBi, T COy;

Qjt — 06csIT BUPOOHMIITBA j-1 TOBApHOI MPOAYKIIii, T/PiK;

Qei, Qpi — HACKpPi3HMII BUTpaTHUI Koe(illieHT BiAIOBIZHO [JiSI KOXKHOTO
HaniBdabpukary Ta nmapu TEL] Ha BUpOOHUIITBO i-i ToBapHOi mpoaykiiii, T CO,/T abo
T COy/T'kamn;

e, — KoedimieHT emicii mapHMKOBMX rasiB mpu BupoOHuiTBI mapu TEL, T
COy/Tkan;

Vp — YMOBHO-TIOCTi/iHA BeJMuYMHA €eMicii MapHMKOBMUX Tra3iB Ipu 3HiJiCHeHHi
inmoi gisnpHOCTi, T COL/T.

Bennunua koedilieHTa emicii e, BM3HAUAE€TbCS PO3PAXyHKOBUM IILJIIXOM,
BUXOOSAYM 3 BUTpPAT YMOBHOrO ITaJiMBa Ha BUpPOOHMIITBO mapu Ha TEIl Ta 3
ypaxyBaHHSIM CITiBBiJHOIIIEHHS Pi3HUX BUJIB TaJMBa, 10 BUKOPUCTOBYIOTHCS Ha
TEIL. 3 BpaxyBaHHSIM peKoMeHAalii [15, 16], cepeiHi 3HaUeHHS] BUKUIB OiOKCUTY
BYIJIEI[}0 HA TOHHY YMOBHOTO MaJIMBa /151 KOKHOTO rasy:

e Jlynst moMeHHOro rasy — 6,747 t CO..
e Jlns KokcoBoro rasy — 1,243 1 CO.,.
e Jlynst mpupoxHoro rasy — 1,675 T CO..

Takum umMHOM, MOJeNb (6) MOKe OYTHM IMOBHICTIO OTOTOXXHEHa 3 momaesuto (1)
pPO3paxyHKy HAaCKpi3HOI eHepro€EMHOCTI TOBApHOI MPOIYKIlii HA OCHOBI HACKPi3HUX
BUTpaTHUX Koe@illieHTiB HamiBdabpuKatTiB, ne KoedillieHTM eMmicii KOXXHOTO BUAY
MPOAYKIlil BUKOHYIOTh pOJIb 1[€XOBOi eHeproeMHocCTi. lle o3Havae, 1O BCi

3aJIeXKHOCTiI 3aBOJICbKOI €Hepro€EMHOCTI MPOAYKIIii Bil, TEXHOJOTIYHMX ITapaMeTpiB
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BUMPOOHMIITBA € AHAJIOTIYHMMM 3aJI€SKHOCTSIM eMmicii MmapHMKOBMX rasiB Big Tux
caMMX napameTpiB.

Ha Puc. 3 ta Puc. 4 npencrasieHi pesynbTaT PO3PaxyHKy eMicil Oiokcupy
BYIJIEII0 IJISI 3aBOAY «A» y BiAIMOBIAHOCTI 3 MoAe/uiio (6). Po3paxyHKu 3[i/iICHEHO
IIJISI Tiepiony, B IKOMY MPOBOAMIIACS iHBeHTapy3allis IapHUKOBMX Ira3iB.

Puc. 3 meMOHCTpye pe3ylbTaTM PO3PaxyHKy eMicii JiOKCHMIOy BYIJIELI0 Bif
pisHMx HamiBpabpuKaTiB O 3aBOAY <«A» Yy BUPOOHMIITBI UYOTUMPHOX BUIIB
npoxaykiiii: JincroBuit mpokat, CoproBuii mpokat, Cnsitou Ta YaByH. HaitGinbIimii
BHECOK Y 3arajbHy eMicilo miokcumay ByIJello 3abe3rneuyioTh 4yaByH, napa TEIIl Ta
aromepar. i HamiBdabpukaTy MaiOThb BMCOKIi MMUTOMi MOKA3HMKMU BUKUZIB, IO
3HAYHO BIUIMBAIOTh Ha 3arajbHy eMicilo Ojs BCiX BUAIB MpOAyKiii. HaliimeHInii

BILIMB MalOTh BUJIMBHMIII Ta iHIII MaJIO3HAYHi HaIliBGabpuKaTu.

1
1. H BanHo Arnomepar B YaByH

"':,; B BUnnBHUL B Ctanby 3nmMTKax M 3aroToBKM
8 e B CopToBui npokat M Jlnctoeuid npokat = Mapa TEL,
- W [Hwi (Vp)
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NuctoBuii npokaTt CopToBMI NpoKat Cnabu YaByH
MpoayKuin

PucyHoKk 3 — BHecok HamiB(pabpuKaTiB B TMTOMMIA BYTJIelleBUit CJTiJ TPOAYKILii 3aBOy «A»
3a Moze/io (6)

Ha Puc. 4 mnokasaHmuit 3araqbHuii e¢eKkT HaKOMMUYeHHS BYIJeleBoi
iHTeHcHMBHOCTI uepe3 Bci cramii BuMpoOHMIITBA. OTpMMaHi 3HAUEHHS MOXYTb
BUKOPUCTOBYBATUCS JIJISI OI[iHKYM TTOBHOTO BYTJIEIIEBOTO CJIiy KOXKXHOTO IMPOAYKTY a60

IJIsT TIOPiBHSIHHS e(eKTUBHOCTI Pi3HMX TEXHOJIOTiUHMX IIPOLIECiB 3 TOUKMU 30Dy
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BUKU[IIB MMAapHMKOBUX rasiB. AHasi3 pUCyHKa IIOKasye€, 110 MPOKaTHA MPOAYKILS €
HalOiIbII eHeproeEMHOI 3 TOUKM 30py eMicili MapHMKOBUX TrasiB, OCKi/JIbKM BOHA
BKJ/TIOUAE B cebe eMicii ycix momepemHix qisTHOK.

[IpoBemeHMiT po3paxyHOK ITOKa3aB, [0 BUPOOHMUIITBO OJHi€i TOHM JIMCTOBOTO
MPOKaTy Ha LbOMY 3aBOAi CYIPOBOIKYETbCS BUKUAOM HiOKCUAY BYIJIEI0 B
aTmMocdepy B 00cs3i 2,7766 T 3a METOI0JIOTi€EI0 HACKPi3HOI eHepProeMHOCTI (MOAeb
6) y nopiBHsHHI 3 0,3928 T 3a MeTOAMKOIO, 1[0 He BPaxOBY€ HACKPi3Hi mepexoau
(Mmomenb 5, Puc. 1). AHajoriuHa cuTYyallisl CIIOCTEPIrae€ThCsl IJisl COPTOBOTO MPOKATY:
2,1436 T CO2/T 3a momemio (6) mpotu 0,1379 T CO,/T 3a momesio (5).

BinnoBigHO, pi3HMIIS y 3HAUEHHSX [JIS1 TPOKATHOI MMPOAYKIlil 3HAYHOI0 MipOI0
00yMOBJIeHA THUM, IO Mojenb (5) BpaxoBye Jmile IMOTOYHI eMicii IJjIsi KOXKHOTO
nepenisy 6e3 HAKOIMMUYEHHSI eMiCili Bif rornepeaHix etariB BUpoOHMITBa. HaTomMicThb
Mozesb (6) BpaxOBY€ yCi HaCKpi3Hi Iepexony, 30KpemMa eMicii, 1[0 BUHMKAKTh Ha
CTaisIX BUPOOHUIITBA YaBYHY, CTaJli, 3arOTiBOK (C/Is10iB Ta OGJIIOMIiB) i iX IMomaibIIOi
00pOoOKN.

[MopiBHSHHS Oj1s1 C/As10iB TAKOX IMOKAa3y€ 3HAUHY Pi3HUII0 MiXXK MOIensiMu. 3a
Mopesnio (6) BUKuaM ckiaamaoTb 1,9595 T CO,/T, Tomdi sIK 3a Mopesaio (5) BOHU
BiJITIOBi1aI0Th 3aroToBKaM i3 3HaueHHsIM 0,2266 T CO,/T. [I)11 YaByHY Moeb (5) mae
sHaueHHs 0,5952 T CO,/T, TOmi SIK Mojesb (6) MOKa3y€e 3HAYHO BUIIMIT KoedillieHT
emicii 1,7177 T COy/T.
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Nuctoenit npokat CopToBMA NpoKaT Cnabu YasyH

MpoayKuia
PucyHok 4 — CymapHa ByrJielleBa iHTeHCUBHICTb JIJIS1 3aBOJY «A» TT0 TIPOAYKIIii JIMCTOBOTO
npokaty, CoptoBoro rpokaty, Cis16iB Ta YaByHY

BuxkopucroByoun mogesb (6), 3HAUHO MPOCTille IMMPOrHO3yBaTU 3MiHY eMicii B
L[iJIOMy MO IIANPUEMCTBY IIpM CYTTEBUX 3MiHAX TEeXHOJIOTiUHMX TMapameTpiB
BUPOOHMIITBA, OCOOJMBO B TMX BUIIAAKaX, KOAM BOHU CIIPUUMHSIIOTH 3HAUHE
3MiHEHHSI HACKPi3HOTO BUTPATHOrO KoedillieHTa YaByHY Ha BUPOOHUIITBO TOBAPHOI
MMPOAYKIIii.

HaiinommpeHiow MeTOAMKOK OI[iHIOBAHHSI BYTJIEILEBOTO CJiay MPOAYKIIil €
LCA (Life Cycle Assessment), sika aHa/li3y€ BeCb KUTTEBUI LUK — Bill BUAOOYTKY
pecypciB [0 yTwiai3dalii — 4yepe3 IiICYMOBYBaHHS TPSIMUX BUKUJIIB MapHUKOBUX
rasiB Bij eHeproHociiB. Oomexxennit LCA 3acTOCOBYETbCSI B MeKax MiIIpMUEMCTBA
IS TIOPiBHSIHHS TIPOIIECiB UM OITMMi3allii eHeprocroXXuBaHHS, 0a3yruuch Ha
MpSIMUX BUTpaTax 0e3 B3a€MO3B’A3KiB MiX minsHkamu. Cranmapt ISO 14044
peKOMeHJy€ PO3IIMPEeHHSI CUCTeMM [Jis CIiBOPOAYKTIB (HAMp., Map), aje 4yepes
CKJIAHICTh TIPUITYILEeHb i JaHUX Ha MPaKTUIIi ITepeBaykae Mmpoctuit oomexxennit LCA
3 (pikcoBaHMMM KoedillieHTaMu.

Meton LCA nepembavae mpssMuii po3paxyHOK IMUTOMOIO BYTJIELIEBOTO CTiy 3a
TakUMu popMyaamn:

LlexoBa MpPOIYKIIisi:
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Circa = (€yi XQqr) * 0,5+tix2,5 (7

Ie

eyi—1lexX0Ba BUTpaTa ejieKTpoeHeprii (KBT-roa/T),

ti—11exoBa BUTpaTa YMOBHOTIO ItajauBa (Kr/T),

Q—TpsSIMUIT  BUTpaTHMIT Koe(illieHT, 10 BM3HAYA€, CKiJIbKM OIUHUII
eHeproHociss abo TMPOAYKIlii BUTpPAYAETbCSI HA  BUPOOHMUIITBO  OIMHMIL
HarniBdabpuxary.

KoediuienTtn 0,5 Ta 2,5 € NpUItHITUMM CepeaHbOCTATUCTUUHUMU 3HAYEHHSIMMU,
0 XapakTepusyioTb Bukuay CO; Bifi CIIOXKMBAHHSI eJIeKTpPOeHeprii Ta yYMOBHOIO
MaJIMBa BiJIIOBiJHO.

i BM3HAUYEHHS BeJMYMHM IIMTOMOIO BYIVIELIEBOTO CJily Ha PpiBHI

MiAIpUEMCTBA BCi 11€XOBi 3HaUeHHSI MOBMHHI CKIadaTUCS:

Carca =X (€ ¥ q) % 0,5 + (tai x ) * 2,5) 8)

MeTop HacKpi3HOI eHeproeMHOCTi Bimpi3HsieTbcs Bim oomeskeHoro LCA Tum,
III0 BiH BpaxOBye€ BHYTPIIlIHi B3a€EMO3B’SI3KM MiK BUPOOHMYMMMU IIpoIlecaMy depes
3aCTOCYBaHHSI HACKpi3HMX KoedilieHTiB (q.). Lli KoedimieHTH BM3HAYAIOTHCS SIK
BiTHOIIIEHHSI BUTPAT €HEeProHOCiiB, 110 IIPOXOASTh Uepe3 yCi eTary BUPOOHUIITBA, 10
TIepBMHHMX BUTpAT I KOXKHOTO HamiBdabpukary. Lle mo3Bosisie BpaxOBYyBaTu
repeposIio/iijl eHepProHOCiiB MixK Pi3HMMM MpolecaMy Ta OLiHIOBATY 1XHili BHECOK Y
3arajJibHuit ByIjieleBuii Cif.

Kpim Toro, Ha BigmiHy Big o6meskeHoro LCA, MeTo1 HACKPi3HOi eHeproeMHOCTI
TaKOX TMepeabavae MepeTBOPEHHSI TOKYMHOI e/ieKTpoeHeprii B YMOBHe MajauBO
yepe3 Kkajopiituuii Koediuient 0,34 kr y.n. / kBrrox. Ilicisi mepeTBOpeHHS
eJIeKTPOEHEePrisl OLIiHIOEThCS Yepes 3arajabHuil Koedinient Bukuais 2,5 kr CO; / Kr
y.IL

TakuM YMHOM, 3arajbHUii PO3PaxyHOK IIMTOMOTO BYIJIELIEBOTO CJIiay
MPOAYKIii Ha PpiBHI MOiAOpMEMCTBA 3a METOJOM HACKpPi3HOi eHeproe€MHOCTi

3i/iCHIOETHCS 3a (POPMYIIOI0:

Coce =Z ((€wi * qc) ¥ 0,34 x 2,5 + (ti ¥ qc) * 2,5)) )
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OpHielo 3 TmepeBar MeTOOMKM HACKPi3HOI €HEepProEMHOCTI € MOXKJIUBICTb
OKpeMOro O0O0JIiKy BUTpaT IIOKYITHOI eJIeKTpoeHeprii Ta YMOBHOTO IajiMBa Ha
BUPOOHMIITBO MPOAYKIlii. BiamoBimHO @0 11boro, OyJI0 BMKOHAHO PO3PaXyHOK
MUTOMOI BYIJIELIeBOI iHTEHCMBHOCTI (CymMapHOl BYIJIelleBOI iHTEHCUBHOCTI [Jis
3aBOAy «A» 3a MPOMYKIi€I JIMCTOBOTO IPOKATy, COPTOBOrO IPOKATy, C/ISI6iB Ta
YaByHY) 3 BUMKOPUCTAHHSAM Mofeni (9) Ta MpoBefeHO MOPiBHSHHS PO3PaxyHKiB 3
pesyibTaTaMy, IIpefacTaBjieHMMMu Ha Puc. 4. PesynbTaTM  MOPiBHSIHHSA
HaBeneHi Ha Puc. 5.

Pe3ynbTaTy MOPiBHSHHS TMOKA3YIOTh, 110 3HAUEHHSI eMiCili TIpy BUMPOOHMUIITBI
PO3IJISIHYTOI MPOYKIIii — JIMCTOBOTO IIPOKATY, COPTOBOTO MIPOKATY, CJISIOIB Ta YaBYHY,
po3paxoBaHi 3a (popmyiioro (9) Ta 3 BUKOPUCTAHHSIM IMOBHOI KOMILJIEKCHOI Mozaeti (6),

MPaKTUYHO OJHAKOBi. BimMiHHOCTI CTaHOBJISATh MeHIle 1%, 110 Moke He OpaTucs A0

yBaru, BpaxOBYIOUM MOXMOKYM BUXITHUX TaHUX.

30 T{-0.27%]
B Mogensb (3.5)

25 -1 .- U e I HacKpi3Ha eHeproeMHIcTb

20 1S -1 . ] - A—

18 chovc N B S SRS 5 e

0.5 1 J--

Byrneuesa iHTeHCUBHICTb, T CO,/T

BT et BT T

0.0 -

Nnuctoeunia npokat CopToBWIA NpoKaT Cnabu YasyH

Mpoaykuin
PucyHok 5 — [TopiBHSHHSI CyMapHOi ByT/iel[eBOi iHTEHCMBHOCTI J7Is1 3aBOLY «A» 3a
MIPOJYKIIi€I0 IMCTOBOTO MPOKATY, COPTOBOTO MTPOKATY, CJIsI6iB Ta YaBYyHY, pO3paxoBaHOi 3a
bopmymnamu (9) Ta Mmomemio (6)

[IpakTMYHO TMOBHMII 306ir pesynpTariB, oTpuMaHMx 3a dopmynoi (9) Ta 3a
MopensaMu (6), MOKHA TOSICHUTM HACTYITHMM UYMHOM. BukopucranHst dopmynu (9)

IO3BOJISIE BU3HAUUTM CyMapHy ByIJIelleBY iHTEHCUBHICTb TIpOAyKIiiii 6e3
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HeoOXimHOCTI 6e3mocepeIHbOr0 PO3paxyHKy KoedillieHTiB eMicii 151 KOKHOrO
nepeninny a6o HamiBdabpukaty. @dopmysaa BUKOPUCTOBYE HACKPi3Hi BUTpaATHI
KoeillieHTH, SIKi BM3HAYAIOTHCS AJ1S1 BCbOTO BUPOOHMUOrO JIaHIIOTa Bif TOYaTKOBO1
CUPOBMHM [0 KiHIEBOI mpoaykuii. e o3Hauae, 1m0 BCi eHepreTMYHi BUTPATH,
IIOB’S13aHi 3 BUPOOHMUIITBOM ITPOIYKIIii, B)Ke BpaxOoBaHi y BUTpATHUX KoedillieHTax,
aje He 6e3mnocepenHbO Y BUIJISIII eMicCiii JioKcuay ByTjelo. 3aMiCTh 1IbOTO, BOHU
BUpaXkeHi y BUIVISII CIIOKUTOI eHeprii Ta majMBa, sika Hagasii IepeTBOPIOETHCS Y
emicii CO, IIIIXOM 3aCTOCYBaHHS YHi(iKoBaHMX KOeDillieHTiB mepepaxyHKYy.

B wmertomosnorii LCA (Life Cycle Assessment) cTaHmapTHUIA Tigxig oo
po3paxyHky BukuziB CO, nepegbauae nepeTBOPEHHS MPSIMUX eHepreTUYHUX BUTpAT
(masiuBa, eJeKTpOeHeprii, Imapu TOIO) Ha eMicii yepe3 MHOKeHHSI Ha BiJAIOBigHI
KoedinienTn emicii. Ili koedilieHTH BM3HAYAIOTb, CKiJIbKM HiOKCUIY BYIJIEIIO
BUKUIAETHCS ITPY CIIOKMBAHHI OJVHMIII eHeprii abo manauBa.

OnHak y BUNAAKy BUKOpPUCTaHHS dopmyau (6) BimOyBa€TbCs iHIIMIA Mmigxif.
3aMicTh pO3paxyHKy eMiciit [T KOXHOTO OKpeMOoro Iiepefdiay abo Ipolecy,
MIPOBOJIUTBCS epPeTBOPEHHS BCiX eHeproBUTpaT Ha eMiCilo JiOKCUY BYTJIeIlo yepes
3acTocyBaHHS npuHIuITy LCA He 0 NIpsSIMUX BUTpPAT eHepProHOCiiB, a 4O HACKPi3HUX
BUTpaTHUX KoedilieHTiB. Ile o03Havae, 10 MM BUKOPUCTOBYEMO Yy3arajbHeHY
iHbopMmallilo TIpo eHeproeMHICTh TMPOMAYKIIii, sIka BK/IIOYA€ BCi BUTpATU eHeprii,
naysuBa ta mapu TEII Ha Bcix nmepepinax BUMpooHUIITBa. [lepeTBOpeHHSI eHeproBUTpaT
Ha emicito CO; BimOyBaeThcs 3a [OONMOMOTOI0 VHi(pikoBaHMX KoedillieHTiB
nepepaxyHKy, 10 103BoJjisg€ 3acTtocyBatu npuHuun LCA 1o BCbOro BUMPOOHMYOTO
JIaHIfIoTa Bigpasy.

Crmip migkpecantu, mo emicii CO, He € 4aCTMHOKW PO3paxyHKiB HACKpi3HOI
€HeproeEMHOCTi, a BM3HAUalOTbCS JMIlle Ha eTalli MepeTBOPEHHS eHeproBUTpaT y
ByIJIelleBYy iHTeHCUMBHicTb. Ile BaskKiIuBUII MOMEHT, OCKiJIbKM cami Mo cobi
€HeproBUTpaT He IlepeabdavyaloTb BU3HAUEHHSI KiJIbKOCTI BUKUIIB TiOKCUIY
Byrjielo. Bci po3paxyHKM eHeproeEMHOCTI 3[ilICHIOIOTbCS He3aJIeXKHO  Bif
po3paxyHkiB BukuIiB CO,. IIpoTe, BMUKOPUCTOBYIOUM BimoMi KoedillieHTU
IepepaxyHKy, MOXHa 0e3IocepelHb0 TEepPeTBOPUTU Ii €HeproBUTpaATU y
ekBiBasieHTHi emicii COx.

BukopucTaHHsS HaCKpi3HUX BUTPATHUX KoeQillieHTiB IJ03BOJSE OTPUMATU

TOYHi 3HaYeHHs eMmiciit CO, 6e3 JoIaTKOBMUX PO3paxyHKiB, OCKiIbKY BCs iHDopmaliis
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IIpO eHepreTUYHi BUTpaTM Bxke BKIKOYeHa y 1i koediiieHTu. lle o3Hayae, 110
pO3paxyHOK 3a ¢opMysio0 (9) Moske OyTM HACTI/IbKM XK TOUYHUM, SIK i pO3paxyHOK 3a
JIOTIOMOIrOI0 TIOBHOI KOMIUIEKCHOI Mogesi (6), OCKiJIbKM BiH BpaxOBYy€ BCi
eHeproBUTpaTM Ha BCiXx eTanmax BuUpoOHMITBA. @DaKTUUYHO, MeTOAMKA, SKa
3aCTOCOBYeTbCSl vy dopmyai (9), peanisye npuniun LCA Ha piBHI BCbOro
BMPOOHMYOTO JIAHIIOTa, BUKOPMCTOBYIOUM HACKPi3Hi BUTpaTHI KoedillieHTH 3aMicThb
MPSIMUX BUTpPAT IajBa Ta eJIeKTPOeHeprii.

Taknii migxig 3HAYHO CITPONIYE MPOLeC PO3PAXYHKY €eMiCiit TiOKCUAY BYTIJIEIIO,
OCKi/IbKM He BMMAra€ OOJaTKOBMX OCTiIKeHb IIOA0 BM3HAUYEHHS KoeQillieHTiB
eMicii i1 KOXKHOTO Ilepenisly abo HamiBdabpukary. Bci HeoOximHi maHi Bxke
JOCTYIIHI Yy BUIJISIAI BUTpAT e€HEepProHociiB, SKi BpaxoBaHi Yy pO3paxyHKY
eHeproeMHOCTi mpoxaykiii. IlepeTBopeHHss eHeproBuTpar y emicii CO, 3a
IOTIOMOTOI0 CTAaHAAPTHUX KOoeQillieHTiB IepepaxyHKy € HpSIMMUM 3aCTOCYBaHHSIM
npuniuny LCA, ajse 3 BUKOPUCTAHHSIM HACKPi3HUX BUTpATHUX KoedillieHTiB
3aMiCTb IIPSIMUX TAHUX PO CIIOXKMBAHHS €HEPrOHOCIiB.

Takum 4YMHOM, MeETOAMKA, SIKA IPYHTYETbCS HAa BUKOPUCTAHHI HACKPi3ZHUX
BUTpATHMX KoedillieHTIiB Ta IlepeTBOpPeHHi eHeproBuTpar y emicii CO, 3a
IIOTIOMOT0I0 Koe(illieHTiB TepepaxyHKy, 3abe3rneuye BMUCOKMIT piB€Hb TOYHOCTI
po3paxyHKiB. lle m03B0OJIsIE 3aCTOCOBYBATH 1i JJis1 OL[IHKM BYTJ/Iel[eBOl iHTEHCUMBHOCTI
MpOAyKIii Ha piBHI BCHOro MiANMpueMCTBA 0e3 TOJATKOBUX HOCTiIKEeHb abo
CKJIAHUX PO3PaAXYyHKIB.

Ins mopiBHSHHS MeTtoauk LCA Ta Hackpi3HOI eHeproeMHOCTi Oyi1o
BUKOPUCTAHO [IaHi, 10 MiCTSITh OOCSITYM CIIOKMBAHHS eleKTpOoeHeprii Ta YMOBHOIO
nMajiBa, a TaKOX TMpsIMi Ta HACKpi3Hi BuUTpaTi KoedillieHTH I pPi3HUX
HamiBdaOpuKaTiB Ha MeTaIypriMHMX mignpueMcTBax VYKpainu. IIpoBemeHi
PO3paxyHKM IO3BOJISIIOTh OL[IHUTY BYTJIELIEBUIA CJIiJL, 38 KO)KHOI0 METOAMKOI OKpPEMO
Ta MOPiBHSTU 3arajbHi pe3yJbTaTu.

Ha pucynkax Puc. 6 Ta Puc. 7 npencraB/ieHO 3HaU€HHS IIMTOMOTO BYTJIELIEBOTO
CJTimy Aj1sl KOSKHOTO HamiBdabpukaTy, po3paxoBaHi 3a MeTogamu obmeskeHoro LCA
Ta HACKpPi3HOI €HeproeMHOCTI BiAMOBiZHO. Po3paxyHOK BYI/eleBOro Ciay Ojs
pisHuX HarmiBQabpPMKaTiB AEMOHCTPYE CYTTEBI BiZMiHHOCTI MiX MeTomamu, SKi
TOSICHIOIOTBCSI ~ OCOOJIMBOCTSIMM ~ TI€pepo3IOofily  pecypciB y  3arajlbHOMY

BUPOOHMYOMY ITPOIIECi.
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Nonydabpikar *
PucyHOK 6 — [TopiBHSIHHSI TMTOMOTO BYTJIEIleBOTO C/Iiny HamiBpabpuKkaTiB 3a MeToIaMMu
oomexkeHnoro LCA Ta HaCKpi3HOI eHepProeMHOCTi.

s HammiBdabpukarty «Cisio» meton oomesxkeHoro LCA mae 3HaueHHst 106,75 Kr
CO./T, TOAIi IK MeTOH HAaCcKpi3HOI eHeproeMHoCTi — 114,98 kr CO,/T.

Po3paxyHKM [s1 cTaji (3MUTKIB) MOKasyoThb 3HaueHHs 225,20 kr COy/T 3a
MmeTtogomMm obmeskeHoro LCA Ta 277,49 xr CO,/T 3a MeTOOOM HacKpi3HOi
€HepPro€MHOCTi.

Haii6inpini BigxmaeHHSI CIOCTepiraloThCs [JIS YaByHY Ha BWIMBHMUIIL, e
3HavYeHHs 3a mMetomoM obmeskeHoro LCA mopiBHioe 1505,43 xr CO,/T, Tomi SIK 3a
MeTOJJOM HAacCKpi3HO1 eHeproeMHOCTi — mauile 26,88 kr CO,/T. BennuesHa pisHUIS
TOSICHIOETbCS TUM, IO IIpUM BUKOPUCTAHHI MeTOAy HACKpi3HOI eHeproeMHOCTi
BPaxOBY€ETHCSl 1[0, 3HAYHA YaCTHHA €HEepPrOHOCiiB Iepepo3IONisIeETbCS Ha iHII
TpoliecH, 3HKYIOUM TiICYyMKOBMUI pe3ynbTaT. [lofibHa cuTyallis CIoCTepiraeTbes
IJIsl BallHA Ha arJioMepar, Ae IMepepo3nofil pecypcCiB TakKOX CYTTEBO BIUIMBAE Ha
KiHIIeBe 3HAUYeHHS.

BigMiHHOCTI B pO3paxyHKax TaKOX CIIOCTEepPIraroThbCs [J1s1 YaBYHY Ha CTajb, [ie
oomesxkennit LCA pmae 3HauenHs 1018,92 kr CO/T, Tomi SK MeTOJ HaCKpi3HOIi

eHeproemMHocTi — 1271,02 xr CO,/T. Y 11bOMY BUIIaIKy Gi/IbIll BMCOKEe 3HAUEHHS 3a
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MeTOJIOM HACKpi3HOi eHEepProeMHOCTi ITOSICHIOETHCSI BpaxXyBaHHSIM Iepepo3IOoaiTy
€HepProHOCiiB MiXX BUPOOHMUMMM Ii/ITHKAMMA.

Ist arsiomeparty pisHUIlS MixK MeToAamu € MiHiMmasibHOWO — 231,77 kr CO,/T 3a
oomexkennMm LCA Ta 229,87 xr CO,/T 3a HACKpi3HOIO eHeproeMHicTio. Ile Moske

TTOSICHIOBATHCST TUM, IO ITepepo3IIoij pecypciB y JaHOMY BUITAAKY HE3HAUHMIA.
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LCA HacKpi3Ha eHeproemMHicTb

Pasom chabu

PucyHok 7 — [IluToMuit ByrJielieBuii CJiiJi KaTaHUX c/Is16iB 32 MeTomaMu oomeskeHoro LCA Ta
HAaCKPi3HOI eHepro€MHOCTI.

Ha Puc. 7 ipepcTaBieHO MTOPiBHSIHHS 3aTa/IbHOTO MUTOMOTO BYIJIELIEBOTO CJIiLY
MPOAYKIIii "KaTaHi ¢j1s161", po3paxoBaHOro 3a 060Ma MeToIaMM. 3arajibHe 3HaYeHHS
3a Metomom oboMmeskeHoro LCA craHoButh 3114,81 kr CO,/T, TOAi SIK 3a METOAOM
HacKpi3HOi eHeproemHocTi — 1957,99 kr CO,/tT. lle BimxmnenHs Ha 37,17% 4iTKO
IIeMOHCTpPY€E, IO BpaxyBaHHSI IIepepo3MOAily pecypciB MiK BUPOOHUUUMU
IiTHKaMU, BioOpaskae peajibHi eHeproBUTpaTH Ha KOSKHOMY eTalli BUPOOHUIITBA.

BucHOBKU. Po03po6seHO cHpolleHuit MeToHA, PO3pPaxyHKy iHTerpajbHUX
eHepreTMYHUX TIOKAa3HMKIB MeTaJypriiHol TIPOAYKIiI Ha OCHOBI METOIMKU
HACKpi3HOI eHeproeMHOCTi, y SKOMY HacCKpi3Hi BuUTpaTHi KoedQillieHTHU
BUKOPUCTOBYIOTbCSI SIK y3arajbHeHa pO3paxyHKOBa 06a3za 6e3 moOym0BM TMOBHOI

JleTali30BaHOI MOJeTi [IJIs1 KOSKHOTO Tiepefiny.
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[TokasaHo, 110 BpaxXyBaHHSI BHYTPIIIHiX B3a€MO3B’SI3KiB MiXXK T€XHOJIOTIYHUMM
nepeaiyiaMu, MaTepiaJibHMMM TOTOKAaMM Ta BTOPUMHHMMM eHepropecypcamMm €
HeOOXiTHOI0O YMOBOIO KOPEKTHOTO pO3pPaxXyHKy iHTerpajbHUX eHepreTUYHUX
MOKAa3HUKIB y 6araToctaaiiiHoOMy BUPOOGHMIITBI. BMKOpUCTAHHSI CIPOIIEHOTO
IIiJIXOMy Ha OCHOBi HACKpi3HOI eHeproeMHOCTi 3abe3Iledye BMCOKY TOYHICTb
IIOPiBHSHO 3 IIOBHOIO PO3PaxXyHKOBOIO CXEeMOIO, a PO30iKHICTb pe3yJbTaTiB s
PO3IVISHYTUX BUIiB IPOAYKIIii He mepeBuirye 1-1,5 %.

BcTaHOB/NEHO, 10 OTpPMMAaHi eHepreTMyHi TMOKa3HUKU MOXYTb OyTHU
BUKOPUCTAHi $SIK YHiBepcajibHa 06asa [JisI PO3paxXyHKY IIOXigHMX ITOKa3HUKIB,
MOB’SI3aHMX 3 €HepProCHoXUBAHHSIM, 30KpeMa YMOBHO-IIQJIMBHOTO €KBiBaJeHTa
MPOAYKIIii, eKBiBaJIeHTHMX BUTpaT TMepBMHHOI eHeprii, MHajJMBHOI CKJIaJO0BOi
CYyMapHOIO €HeprocrnoXuBaHHS, a TaKOX BYIJIelleBOi iHTEHCHMBHOCTI Ha OCHOBI
yHidiKoBaHMX Koedilli€HTiB MepepaxyHKy.

[MopiBusiHHS 3 0OMeskeHMM LCA 1okasajo, 10 BUKOPUCTAHHS CTaHIAPTHUX
Koe(ilieHTiB 6e3 ypaxyBaHHSI BHYTpIlIHIX BUPOOHMUMX B3a€EMO3B’SI3KiB MOXKe
NPU3BOAUTU OO0 CYTTEBOTO BUKPUBJIEHHS pe3yabTariB. [JIsi OKpeMMX BU[IIB
MPOKATHOI MPOAYKIIii BiIXMJIeHHS 3a IMIOKa3HMKOM BYIJIelleBOi iHTeHCUMBHOCTiI MOKe
Jocsirat 38 %, 10 MiATBEPIKYE AOLIBbHICTh 3aCTOCYBaHHS IMiAXOAY HA OCHOBI
HACKpi3HOI eHeproeMHOCTi He JuIile B 3aJayaX BUPOOHMYOTO TIJIAHYBAaHHS,
TeXHIYHOTO 1epeo30pOEHHS Ta OLIiHKM e(eKTUBHOCTI eHepro- i
pecypco3bepiraroumMx 3axofiB, a ¥ sl 3a0e3rneueHHsT 3iCTaBHOCTI pO3paxyHKIiB y
Mi>KHapOJOHMX IIPOEKTaX Ta B YMOBaxX ajamnTallii g0 €BPOIEeiiCbKUMX BUMOT IOA0

OLIiHKM TIPOAYKIIii.

JIITEPATYPA

1. O.B. Cranuuckuii, B.I. JIutBuHeHko, T.A. AHppeeBa, [.H. T'penkas, A.Jl. CKOpPOMHBIN,
JHepProeMKoCTh MeTa/uryprudeckon mpoaykumuu, I'Tl «YkpHTL «3Heprocranb», XapbKOB,
Yxpanna, 2015, 347 C.

2. E. Worrell, L. Price, N. Martin, J. Farla, R. Schaeffer, Energy intensity in the iron and steel
industry: a comparison of physical and economic indicators, Energy Policy. 25 (1997), pp. 727-
744. https://doi.org/10.1016/S0301-4215(97)00064-5.

3. KaneBckuii A.JI., JlecoBoit B.B., AnmpeeBa T.A., A.JL. CkopomHbIii, CnaucapeHKO A.A.,
Vcnonb3oBaHMe TOIUIMBHO-3HEPTeTUUYECKUX PECYypCOB Ha TMPenNpUITUSX 00beIHeHNS
«Metamrypropom», B: Kasantum-3K0-2009 3Oxkosoruss ODHepro- W PecypcocbepexkeHue
Oxpana Oxpyxkamwmeit Cpenst W 3mopoBbe YenmoBeka Ytumusaiusg OTxomoB COOPHUK
Hayunbsix  Crateit XVII MexngyHapomguoit  Hayuno-IIpaktmueckoit  Koudepenimu,
NsnpatensctBo CATA, Xapbkos, 2009: cc. 323-329.

300 ISSN-print 1991-7848
ISSN-online 2707-9457


https://doi.org/10.1016/S0301-4215(97)00064-5

“Cyuacui nmpo6iaemu metanyprii”, N2 29 - 2026

4. B.H. MaiiopueHko, A.A. PomaHeHko, B.JI. Cuporenxo, JI.C. JaBbigeHko, H.B. [lopomeHko, JI.B.
MopiiaBko, AHaIM3 COCTOSTHUSI TEXHUYECKOTO MepeocHaleHs, MoAepHU3alu U BHeApeHUs
HOBEMIINX  TEeXHOJIOTMit  SHeprocObepeskeHuss Ha  npepmpussitusx [MK — Ykpaunsl,
Mertamnyprudeckasi U TopropyaHas [IpombliiieHHOCTb. 4 (2010), cc. 131-134.

5. Tlepetsitbko P.A., KaneBckuii A.JL., A.JI. CkopomHubiit, Ciucapenko A.A., K Bormpocy o pacuete
yaenbHbIX 3aTpaT TAP npu npousBoacTBe uyryHa, B: Kazantumn-3K0-2010 3kosorust dHepro-
U Pecypcoc6epeskenne Oxpana Okpyxkatomieit Cpensl M 3mopoBbe UenoBeka YTuamsarus
OtxomoB Co6opHMk Hayunbix Crareir XVIII MexknyHapogHoii HayuHo-ITpakTuueckoit
Kondepenuynu, HTMT, Xapbskos, 2010: cc. 69-73.

6. I.B. Cramuuckuii, P.A. Ilepersitbko, T.A. AHapeeBa, JHEpProeMKOCTb IMpoKaTa, BicHMK
HamionamsHoro TexHiunoro YHiBepcurety XIII. 46 (2011), cc. 131-138.

7. B.I. JlutBuuenko, B.[I. MauTtyna, A.JI. Kanesckuii, T.A. Angpeesa, B.}O. IOxHoB, OlieHKa
9Heprod3pGeKTMBHOCTM TPOM3BOJACTBA HA OCHOBE AaHaAM3a CKBO3HOM 9HEPrOEMKOCTU
npoaykiuy, Ekonorist Ta [Tpomuciosicts. 2 (2009), cc. 47-53.

8. B.I. JlutrBunenko, A.JI. Ckopomubiit, A.A. Cnucapenko, T.A. AHapeeBa, P.A. [lepeTSITbKO,
CHMsKeHMe 3HeprosaTpaT MpU MPOU3BOACTBE METAUIONPOLYKLUMUM TIpU PEKOHCTPYKIUU
maptreHOBcKoro mexa I[IPAO «J/loHeuKcTajab» - MeTa/UTyprMYecKuii 3aBopd», Exosorist Ta
ITpomucioBicTh. 3 (2012), cc. 99-105.

9. O.B. CranuHckuii, B.I'. JIutBuHeHko, B.A. Borwreiin, T.A. AHzpeeBa, A.Jl. CKOpOMHBII,
BnusiHme  TeXHMYECKOrO  IIepeBOOPYKeHMsS  CTajellylaBUIbHOTO  IIPOM3BOJACTBAa  Ha
SHeprornoTtpebaeHue B uepHoit metayurypruu, Ekonorist Ta IIpomucnosicts. 1 (2011), cc. 58-63.

10.T.A. Aunpeesa, B.I'. JIutBuHeHko, A.JI. CkopomHbIii, A.A. CnucapeHko, BiusiHue BHenpeHus
HeIpepbIBHOI Pa3/iMBKYU CTaJIM HA M3MeHeHMe SHeproeMKOCTM MeTa/ZIONpoayKiun, Exonoris
Ta ITpomuciosicTb. 4 (2013), cc. 80-84.

11.T.A. AugpeeBa, B.I. JiutBuHeHko, A.A. Ciucapenko, I'.H. I'peuxas, A.JIl. CkopomHbIi, K
BOIIPOCY COBEPILIEHCTBOBAHMS CUCTEMbI HOPMUPOBaHMS TOTUIMBHO-3HEPreTUUeCKMX PECYPCOB,
Exkoorist Ta ITpomucioBicte. 2 (2010), cc. 55-60.

12.KaneBckuit AJIL, AJL CkopomHbiii, JIutBuHeHko B.I., AnppeeBa T.A., CnucapeHko A.A.,
OlleHKa CHIDKEHMSI BBIODOCOB IIAPHMKOBBIX Ta30B 3a CYET BHEOPEHUSI OCHOBHBIX
SHeprocoeperaromyx MepoOIPUSTIAIL Ha TTPeAIPUATUASIX TOPHO -MeTaJLTyprMueCKOro KOMIUIEKCa
Vkpaunbl, B: Kasantum-9K0-2009 DSxomoruss dHepro- U Pecypcocbepeskenne OxpaHa
Okpyxaromieit Cpenbl Y 3mopoBbe YenoBeka YTunusaiyst OtxomoB C6opHMK Hayunbix CtaTeii
XVII MesknyHaponHoit HayuHo-ITpakTuueckoit Kondepeniimuu, M3garenbctBo CATA, XapbKoB,
2009: cc. 365-372.

13.JIutBunenko B.I., Tpenkass TI.H., Jampuu B.4., 3akoHOMepHOCTb 0OpasoBaHUSI U
TPOTHO3MPOBAHUSI 3MUCCUM JBYOKMUCHM YIepojda MpU TPOU3BOACTBE MeTaLTypruyeckoi
npopykuuu, Exkonoris Ta [Tpomucnosicts. 4 (2008), cc. 14-18.

14.JIutBunenko B.I'., Mantyna B.[., I'penikas I''H., OCHOBHbIe 3aKOHOMEPHOCTM OOpa30BaHUS
MapHUKOBBIX Ta30B Ha MeTa/uTypruueckux mpeanpusatusax, Exkosnoris Ta IIpomuciosicTh. 1
(2007), cc. 28-31.

15.United States Environmental Protection Agency (EPA), Emission Factors for Greenhouse Gas
Inventories, United States Environmental Protection Agency, 2025.
https://www.epa.gov/climateleadership/ghg-emission-factors-hub.

16.0. US EPA, GHG Emission Factors Hub, (2025). https://www.epa.gov/climateleadership/ghg-
emission-factors-hub (accessed April 6, 2025).

Received 11.03.2026.
Accepted 17.04.2026.
Published 30.04.2026

UDC 628.511:620.9

ISSN-print 1991-7848 301

ISSN-online 2707-9457


https://www.epa.gov/climateleadership/ghg-emission-factors-hub

“Modern problems of metallurgy” N2 29 - 2026

Andrii Skoromnyi

A SIMPLIFIED METHOD FOR CALCULATING INTEGRAL ENERGY INDICATORS
OF METALLURGICAL PRODUCTS USING THROUGH
CONSUMPTION COEFFICIENTS

Abstract. The study considers the use of through consumption coefficients for the
simplified calculation of energy performance indicators of metallurgical products in
multi-stage production systems. It is shown that the conventional direct approach does
not adequately account for internal relationships between technological stages, material
flows, and secondary energy resources, which limits its applicability in predictive and
comparative calculations. A simplified method is proposed in which through
consumption coefficients are used as a generalized calculation basis for determining
integral energy indicators of products without constructing a fully detailed model for
each stage. The approach preserves high accuracy compared to the full calculation
scheme while significantly simplifying the assessment of the effects of changes in
production structure, product mix, and technological parameters. It is further
demonstrated that the obtained energy indicators can be used for rapid calculation of
related indicators associated with energy consumption, including fuel-equivalent values,
primary energy equivalents, and carbon intensity, based on unified conversion factors.
The proposed method can be applied in production planning, technical modernization of

enterprises, and evaluation of the effectiveness of energy- and resource-saving measures.

Keywords: through-plant energy intensity, through consumption coefficients, integral

energy indicators, calculation method, metal products production, carbon intensity
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TEPMOJIUHAMIUHUIN AHAJII3 ®OPMYBAHHS EHEPTETUYHOT'O
OIITUMYMY TA3BU®IKALII BYTULJIA

AHomauis. Y po6omi 3acmocoeaHo pieHO8aXHe mepmoOuHamiuHe mMooeno8aHHs 0s
aHanizy eHepzemuyHoi egpekmueHocmi 2azugikauii 8yzinns 3anexcHo 8id KoegiuieHma
sumpamu oxkucHuka. Koegiyiecum eumpamu oKUCHUKA p0327110aEmMbCsl 1K HenepepeHull
KepysanvHUll napamemp, a aManiz TPYHMYEMbCA HA Y3200HE€HOMY O00CAIOHCEHHI
piBHOBAXHOI memnepamypu npouecy, CK1ady, menaomu 320pSIHHS ma NUMomo020

8UX00Y 2eHEPAMOPHO20 2a3Y.

BcmaHosneHo, wio peakuis 3a3HayeHux napamempie Ha 3MiHy KoegiyieHma sumpamu
OKUCHUKA Mdae cmiliky mpucmaditiny cmpykmypy, Ka 8KJ0UA€E 0071acmb HenosHo2o
nepemeopeHHs, ONMuUMAaibHy o006aacme ma 001acms HAOAUWKO0B8020 OKUCTIEHHS.
IMoka3aHo, w0 3miHa Koegiuienma eumpamu OKUCHUKA Npu3600umos 00 Y32004€HOi
mpancopmauii cknady 2asy, 30kpema 00 MaKCUMymy CyMapHoi 2opiouoi ckaadosoi ma
MIHIMYMY npodykmie OKucleHHs npu 3HaueHHi Oau3deko 0,3. IlokasaHmo, wo
memnepamypa npoyecy 3pocmae MOHOMOHHO 3i 30inbleHHAM Koediyienma sumpamu
OKUCHUKA [ He BU3HAYUAE NOJIOMEHHS eHepzemuyH020 ONMuMyMy, 3pPOCMAHHS
memnepamypu ma 6uxody 2a3y niclis NnesH020 3HAUeHHs KoediyieHma eumpamu
OKUCHUKA 8X(e He KOMNEHCYE 3HUMNEHHs 1020 meniomu 320psiHHS. 3anponoHOB8aHO
iHmezpanvHull eHepzeMuuHUTi NOKA3HUK, SIKULL 8paxo8ye 00HOUACHO 8uxid 2azy ma iiozo
mennomy 320psiHH. BcmaHoeneHo, w0 yeil NOKA3HUK MA€E 4imKuli Makcumym npu
Koegiuyienmi eumpamu okucHuka 6au3vko 0,3 0ns ecix docnioreHux ymos. Ompumai
pesyiomamu  003680/110mb  p0o32190amu  3a3HaueHe 3HAUEHHS. SK  YHIBepCalbHy
XxapakmepucmuuHy mouky npoyecy 2asugikayii, wo 8uHauaemscs 1020 6HympiuHb010
MepMoOUHAMIYHOI CMPYKMYpoio ma 8ionosidde 061acmi payioHAIbHUX PeXCuMie i3
MIHIMATILHUMU OKUCTB8AIbHUMU 8Mpamamul.

Knrwuoei cnoea: zasugikauis, 6yeinns, mepmoouHaMivuHuii avanis, KoegiyieHm
eumpamu OKUCHUKA, 2eHepamopHUll 2a3, eHepeemuyHulli onmumym, iHmMezpaibHull

eHepzemuqHua NOKA3HUK
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IlocraHOBKa mpoo/eMu. Byriisi 3anMIIaeTbCsl BaskKIMBOIO  CKJIAIOBOIO
I7100a/IbHOI €HepreTMYHOI CHMCTeMM HaBiTh B YMOBax JeKapOoHi3allii Ta aKTMBHOIO
BIIPOBAJ’)KeHHS BiJHOB/IIOBAaHMX [Kepesl eHeprii. 3a maHumu [1] Ta nporHosamu [2],
BOHO ¥ Hajaji BifirpaBaTuMme CYTTEBY pOIb y BUPOOHMIITBI eJieKTpoeHeprii Ta
3a0e3IeYeHHi TPOMMCIOBUX MpPOIeciB. Y LIMX yMOBaX ITiABUINEHHS e(peKTUBHOCTI
TEepPMOXiMiUHOI KOHBepCii BYTi/UIsl € KIIOYOBUM 3aBOAHHSIM JJIS1 3HVM>KEHHSI BUKUIB
Ta MiABUILIEHHS CTiiIKOCTi eHepreTUUHUX CUCTEM.

l'asudikailiss ByTi/UII € OnOHi€l0 3 0a30BUMX TEXHOJIOTiN, IO JO3BOJISIE
peasizyBaTy KepoBaHe MepeTBOPEHHS NajuBa 3 OTPMMAHHSIM reHepaTOPHOTO rasy,
TEIlJIOBOI eHeprii Ta MPOMIXKHMX IPOAYKTiB. EQeKTuBHICTH IIbOr0o IIpolecy
BU3HAYAETHCS CKIALHOI0 B3a€EMOI€I0 TEMIIEPATYPHOTO PEXMMY, CKIaay ra3oBoi
da3u Ta cTymeHsl repeTBOpeHHsS MajyuBa. OOHMM i3 K/IIOYOBMX IMapaMeTpiB, IO
BM3HAUae nepebir rasmikaiiii, € KoedillieHT HAIJIUIIIKY OKMCHUKA, SIKMIT KOHTPOJTIOE
CITiBBiJTHOIIIEHHSI MiXXK BiJHOB/IIOBAJbHMMM Ta OKMCIIOBAJIbHUMM IIpoliecamu. Pazom
3 TMM aHaJi3 OTpPMMaHMX y pOOOTi pesyabTaTiB MoKasye, IO e(GeKTUBHICTb
rasudikailii He Moke OyTM aJleKBaTHO OII/CAHA uepe3 OKpeMi ITOKAa3HMUKM, TaKi SK
CKJIaJ rasy, TemiiepaTypa abo TerioTBOpHa 30aTHICTb.

TakuM 4YMHOM, BMHMKAE IIpoOieMa BiICyTHOCTiI Y3TOMIKEHOrO IIigXOomy 0
BY3HAUEHHSI OINTMMAJIbHOTO peXumy rasmdikaiiii, SKuii BpaxoByBaB OM CITi/IbHY
MOBEeJIiHKY TepMOAMHAMIUHMX Ta €HepreTMYHMUX MapaMeTpiB Mpollecy, a He iX
i30/1bOBaHMIT aHATI3.

AHaji3z ocTaHHiX FOUTIiMKeHb i myO/ikamii. 3HauHa KiJIbKiCTh Cy4aCHUX
IOCTiIKeHb TPUCBSAYEHA aHali3y BIUVIMBY Koe(illieHT HaJJIMIIKy OKMCHMKA Ha
OKpeMi IapaMeTpu Iporecy rasudikaiii Byriyist abo 6iomacwu, IO T03BOJUIO
BCTAHOBUTM TUITIOBI 3aKOHOMipHOCTi Ta chopmyBaTu 0a30Be YSBIEHHS IIPO POJb
KiJIbKOCTi OKMCHMKA y Mpoliecax razudikariiii.

Y po6ori [3] gociiaskeHo rasudikaiiilo y ceBao3piakeHOMY I1api Ta mokasaHo,
mo 3MiHa koedillieHTa HAIJIMIIKYy OKMCHUKA MPU3BOAUTH OO MOHOTOHHMX 3MiH
SIKOCTi TeHepaTOpPHOro rasy. 30KpeMa, BMKOPUCTAHHSI TMOBITPSI CYMPOBOKYETHCS
3HMKEHHSIM TeIJIOTBOPHOI 3[aTHOCTi, TOMAi SK 3aCTOCYBaHHSI KMUCHEBO-IIapOBUX
cepenOBUII, CIIPUSIE MiABUILIEHHIO BMIiCTy BOAHIO. OTpMMaHi ONTMMaJbHI 3HAUE€HHS

KoedillieHTa HAJJIUIIKYy OKMCHMKA BigobpakaioTh crienudiky peaKTOPHOI
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KoHGirypallii Ta MpMITHATOr0 BM3HAUYEHHS MTapaMeTpa, OAHAK aHaJli3 00MeXYeThCs
MTOKa3HMKaMM 6e3 IeTaabHOTO PO3MISIAY CTPYKTYPH 3a7I€KHOCTEN y Pi3HMUX 00IaCTSIX.

V pocmigkeHHi [4] 3a [OONOMOIOI UMCEIBbHOIO MOZENIOBAHHA Iif3€eMHOI
rasu@ikailii BCTaHOBJIEHO iCTOTHMII BIUVIMB KoedillieHTa HaIIMIIKYy OKMCHMKA Ha
TeMIepaTypHi I0Jis, CcTabinbHicTh mpoliecy Ta yrBopeHHs1 CO. IlokasaHo, 110
ONTMMaJ/IbHEe 3HAuUeHHs KoedillieHTa HaJIJIMIIKYy OKMCHMKA 3a0e3Iedye HaiOibI
CTabiIbHMIA peXXuM, IIPOTe€ OCHOBHA YyBara MPUIISETbCS TigpOAVHAMIUYHUM
acrmeKkTaMm, TOAI $SK TepMOAMHAMiuHI 3aKOHOMIPHOCTI 3MiHM CKjIagy rasy
3aJMIIAI0THCS 1103a AeTaJbHMM aHasi30M.

AHaJsoriuHi 3a/ie;KHOCTi HaBeJieHi B poboTax [5, 6] mpucBsueHnx rasudikairii
6iomacu. 3okpema, IMOKa3aHO, IO IiABUINEHHS KoedillieHTa HAA/IMIIKy OKMCHMKA
MIPU3BOIUTH 10 3HMKEHHSI 00’€MHOI TEIIOTBOPHOI 3JaTHOCTI reHepaTOPHOTro rasy
ta 3MiHM croiBBigHOmeHHsT CO/H;. V po6oTi [7] NpOmeMOHCTPOBAHO YiTKe
pO3MesKyBaHHSI peXXMMiB TOpiHHS, MipoJi3y Ta rasudikailii B MMpoKOMY Jiara3oHi
3HaueHb KoedillieHTa HAIJIMIIKY OKMCHMKA. BomHOUAC IIi HOCITiIKeHHS 06a3yIOThCS
TiepeBa>kKHO Ha MaKPOCKOIMIYHMX TeHAEHIIisIX i He mepea0avaloTh aHaji3y MOKINBUX
CTPYKTYPHUX OCOOJMBOCTEI IMOBEMiHKM CUCTEMM Y IIPOMIKHMX OOJaCTSIX 3MiHU
rapameTpa.

Y pob6oti [8] 3acTocoBaHO OaraTOKpUTepiaJibHY OINTMUMI3allilo TMpoIecy
rasudikarii 6iomacu, 1O MiATBEPAMIO TUIIOBMII XapaKTep BIUIMBY KoedillieHTa
HAJJIMIIKYy OKMCHMKA, a caMe 3pOCTaHHS CTyMeHsI KOHBepCii Ta 3HMKeHHS
TeIVIOTBOPHOI 3[aTHOCTI TeHepaTOPHOTO ra3y 3i 30ibIIIeHHSIM KiJIbKOCTi OKMCHUKA.
[Momi6Hi pe3ynbTaTy HaBeleHi B [9], Je TaKOX BCTAaHOBAEHO CUCTEeMATUYHi 3MiHMU
TeMIIepaTypH, CKIaay ra3y Ta IMoOGiuHMX MPOIYKTiB, OMHAK 0e3 JeTaJbHOTO aHasli3y
TEePMOXIMIUHOI CTPYKTYPU 3aJIEXKHOCTEN.

Oxpemuit HaTMIpsSIM IOCTigKeHb TTOB’SI3aHMI1 i3 BIVIMBOM ra3mgikyiouoro areHra.
ITokazaHo, IO 3aMiHa IIOBITpSI Ha KMCHEBO-30araueHi abo IapoBi cepemoBuMila
iCTOTHO 3MiHIO€ peaxklliiiHi IISIXY, TeMIepaTypHUii piBeHb i CKIaj reHepaTOPHOTO
razy. ¥ po6oti [10] BcTaHOB/IEHO, W0 30araueHHs! TOBITPS KMCHEM MiABUIILYE
TeIJIOTBOPHY 3JaTHICTb rasy, ajie CylIpPOBOIKYETbCS 3MEHIIEHHSIM 10r0 BUXOy Ta
30iBIIIEHHSIM BTpaT Byrjeno. Y pociimkeHHi [11] mokasaHo BIUIMB CKJIAIy
cepemoBUIlA Ta MiHepa/JibHOI CKJIAIOBOI IajauBa Ha peakiliiiHy 3JaTHICTb i CKia

rasy, ogHak 0Oe3 aHaJ/li3y HellepepBHOI IMOBEIiHKM CUCTEMM B 3aJI€KHOCTI Bif
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KoedirieHTa HaAIUIIKy OKMCHMUKA. PoboTa [12] Takok 6a3yeTbCsl Ha PiBHOBasKHOMY
MOZEe/IIOBaHHI Ta ONTMMIi3allii, IIPOTe Opi€EHTOBAaHA HA BU3HAYEHHS OOMYCTUMMX
pobounx obacTei 3a iHTerpaJbHUMM KPUTEPISIMU.

Oxpim wporo, rasmudikalliss po3IISTAEThCS SIK CKJIaA0Ba iHTErpPOBaHUX
eHepreTMyHux cucrtem [13, 14], ne aHaMi3ylOTbCS TEIIOBI Ta €KCEPreTUYHi MOTOKM.
[lpoTe Taki migxomu Opi€EHTOBAaHI Ha CUCTEeMHMUI piBeHb i He PO3KPUBAKOTh
JIeTaJbHOI TePMOAVHAMIKM IIpoliecy 6e3rocepeaHbo B ra3mdikaTopi.

AHaJi3 HayKOBOi JIiTepaTypy IMOKasye, 110 iCHYIOUi JOCTiIKeHHS 34e0iTbIIoro
pO3TIsIAal0Th BIUIMB KoedillieHTa HAIJIMIIKY OKMCHMKA Ha OKpeMi IapaMeTpu
Mpollecy Ta BCTAHOBJIIOIOTh IepeBa)KHO BiJOKpeMJIeHi i3071bOBaHi 3ajiexkHoCTi. [Tpu
IIbOMY B3a€MO3B’SI30K MiX TeMIlepaTypolo, CKJIagOM Tra3y, BUXOJOM Tra3dy Ta
eHepreTMYHMMM T[IOKa3HMKaMM, SKuUii BU3Hauae (QopMyBaHHS OMNTUMAIbHOIO
peskumy rasudikailii, 3aaMIIa€TbCSI HENOCTATHHO MOOCTimkeHUM. Lle 00yMOBIIIOE
HeOOXiHICTh KOMIUIEKCHOTO aHasli3y iX Y3ro[skeHOi TMOBeOiHKM B HIMPOKOMY
niara3oHi 3HaueHb KoedillieHTa HAJUIIKY OKMCHUKA.

MeTa gocrigkeHHs1. MeTO0 TaHOI poO0TH € BCTAHOBJIEHHS 3aKOHOMIipPHOCTE
dbopMyBaHHSI eHepreTMYHOrOo ONTMMYMYy  Ta iHTerpajibHOTO eHepreTUYHOro
TOKasHMKa IMpoiecy rasudikaiii BYTriuIi Ha OCHOBiI Y3rofyKeHOTO aHaji3y
TeMIepaTypH, CKJIaay Ta BUXOAY TeHepaTOPHOTO rasy Ta y IIMPOKOMY Aiaria3oHi
3Ha4YeHb KoedillieHTa HaAJIUIIKy OKMCHMKA.

BuknageHHsI OCHOBHOTO MaTepiany gociaimkeHHs. [octimkeHo rasudikairii
KaM’STHOTO BYT/IIE MapKu [ 3 30/1bHICTIO 28%, siKe BUKOPUCTOBYETHCSI HA TETIJIOBUX
eJIeKTPOCTAaHIIisIX, eHePreTUYHOMY CeKTOPi Ta B IPOMUCIOBOCTI YKpaiHu.

HocunimskeHHs TpoBoamiocs 3a pornomoroio NASA CEA [15], mpu3HaueHOro Jist
pO3paxyHKy CKJIaay i BJIaCTUBOCTEN MOBIIbHUX CUCTEM 3 XiMiuHMMMU i da30BUMU
repeTBOPeHHsIMMU. B OCHOBI MaTeMaTMYHOI MoOAesi JIeXUTb TepMOAMHAMIUHUI
Migxig, 3acCHOBaHMIT Ha MiHiMi3allil BiAIIOBiZHOTO TePMOAMHAMIYHOTO MOTEHIIiay.
Takuit migxig YacTO BUKOPUCTOBYETHCS NPU AOCTIIKEHHSIX TepMOXiMiUHUX
TIPOLIeCiB 1 JO3BOJISIE OTPUMYBATH SIKIiCHI pe3ynbTaTu [16-18].

IMpoitec rasudikaiiii Byriyig mociimkyBaBcs mpu Tucky 0,1 MIla. B skocTi
OKMCHMKA BMKOPMCTOBYBABCS ITOBIiTpsI, MOBITPS, 30araueHe kucHem (35%, 50%, 75 %
KUCHIO y TIOBiTpi), i KuceHb. Ilpm 1bomy mapamerp KoedillieHTa HaIJIUIIKY

OKMCHMKA o (BifHOIIeHHSI (PaKTUUYHOI BUTpPATH OKMCHMKA B Mpolieci rasudikaiiii mo
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BUTPATU OKMCHMKA IIPU CTEXIOMETPUUHOMY CITiBBiTHOILIEHHI JJisI TOBHOTO TOPiHHS)
3MiHIOBaBCs B miamasoni 0,2-0,5.
Ha pucynky 1 HaBelleHO pe3yabTaTU MOOCTIIKeHHS BIUIMBY KoedillieHTa

BUTPATU OKMCHMKA 0. HA YTBOPEHHS TOPIOYO] CKJIaI0BOI TeHEepaTOPHOrO rasy.
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PucyHok 1 — ®opmyBaHHS rOpIov0i CKIag0BOI TeHepaTOPHOIO ra3y 3ajeXHOo Bif
KoedillieHTa BUTpATV OKMCHUKA

OTpumati pesyabratyt BMicTy CO 3ajeskHO BifJl KoedillieHTa BUTPATU OKMCHMKA
(puc. 1a) mO3BOMSIIOTH BUIIIUTM 00/1aCTh MaKCUMMajabHOro yTBOopeHHsT CO, sKa
dbopmyeTbcsi B iHTepBaji 3HaueHb KoedillieHTa BUTpaTu oKucHuka 0,3-0,32 Ta
3MIIIIYETbCSI B 00JIaCTh BUINMX 3HAUE€Hb KOHIIEHTpAllil Ipy 30i/JbIlIeHHI YacTKU
KUCHIO B AyTTi. [Ipy 3MeHIIeHHi KoedillieHTa BUTPATU OKMCHMKA IIOJ0 MAKCUMYyMY
BMicT CO 3MeHIIYETHCS, Y 3B'SI3KY 3 TUM, 10 OKMCHMKA HEAOCTATHbO JJisS MOBHOI
1epepoOKy BYTJIELIO, IO IiITBEePIsKYETHCS HASIBHICTIO HEITPOPEAaroBaHoOro BYTJIEIIIO.

HopmyBanusg 3aneskHocTeit CO/COmax IOKa3zamo (puc. 16), mo mas BCix

IOCTiIKeHX CTYIeHiB KMCHeBOTO 30arayeHHs MakcMMym BMicTy CO mocsiraeTbCst
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MIPaKTUYHO B OXHIiN i Tiit camiii o6sacTi koedilieHTa BUTpaTU OKMUCHMUKA OJIM3BKO
0,3-0,32. Lle cBiguuTH MPO HASIBHICTb KBa3iyHiBepcaJbHOI 006JIaCTi ONMTUMYyMY 3a
KoeillieHTOM BUTpaTU OKMCHMKA, TOAi SIK 3MiHA YacCTKM KUCHIO B OYTTi BIUIMBAE
IepeBakHO Ha abcomioTHMI piBeHb KoHIeHTpanii CO, a He Ha MOJOXKEeHHS
MakcuMyMy. BomgHouac 3i 30i/IbIIIEHHSIM KMCHIO B MOBIiTPi 3MEHIIYETbCSI MIBUIKICTh
criagy HopMoBaHOTO BMiCTy CO/COmax ITpY KoedillieHTi BUTpAaTU OKMCHMKA OisbIire
0,3, 10 CBiAYMTH IIPO PO3LIMPEHHS 00JIACTi PEKUMIB, V IKUX 30€pira€ThCsl BUCOKMIA
piBeHb yTBOpeHHs CO.

SIK BUIHO 3 pe3yabTaTiB AOC/iIKeHb, 3i 30iJblIeHHSIM KoedillieHTa BUTpaTU
OKMCHMKA BMIicT Hy y reHepaTOpHOMY ra3i 3MeHIIY€EThCS TPAKTUUYHO MOHOTOHHO 11
BCiX IOCTiIKeHMX CTYIIeHiB KMCHeBOro 36aravyeHHs (puc. 1B). lle cBigumTh mpo
BMCOKY YYT/IMBICTbh BOJHEBOI CKJIaJ0BOI 10 ITOCUIEHHSI OKMCIIOBAIbHOTO PEXXUMY Ta
BiICYTHICTb JIOKAJIbHOTO ONITMMYMY 3a JaHMUM IOKasHMKOM. Ha Binminy Big CO, njis
SIKOTO XapakTepHa HasIBHICTb MaKCMMyMy, TioBefiHka H; BM3HAuvaeTbCS
repeBa>kaHHSM peakllili 10oro OKMCIeHHS Ta 3MillleHHSIM piBHOBaru cuctemu CO-
H;0-CO:-H; y 6ik yTBOpeHHS BOAsHOI mapu. lle miaTBepmKye, 0 ONTUMAaTbHUIA
pesxkxuM rasudikailii He MoOke BM3HAYATHMCS 3a OKpeMMMM KOMIIOHEHTaMM, a Mae
BCTAHOBJIIOBATUCS 3 YPAXyBaHHSM iX Y3TO/I)KEHOI 3MiHM.

HopmyBaHHsg 3anexxHocteil Ha/Homax TOKa3amo (puc. 1r), mo Oas BCiX
IOCTiIKeHNX CTYIEeHIB KMCHEBOTO 30araueHHs MaKCUMMaslbHMIZ BMmicT Hj
IOCSTAeThCS TIpM MiHiMaJbHOMY 3HaueHHi KoedillieHTa BUTpaTu okucHuka 0,2,
MiCJISI 4YOTO CIIOCTEPIra€TbCss MOHOTOHHE 3HMKEHHS. DBaM3bKiCTh HOPMOBaHMX
KpUBUX CBiIUUTDb MPO MOiOHMIT XapakTep BIUIMBY KoedillieHTa BUTpPATU OKUCHUKA
Ha BOJHEBY CKJIa[JOBy FeHepaTOPHOIO ra3y He3aJeskKHO BiJi BMiCTy KMCHIO B MOBITDi.
[Ipy 1ubOoMy 3i 3pOCTAaHHSIM YaCTKM KUCHIO BiHOCHe 3MeHIIeHHS H, nemio
YIIOBiJIbHIOETHCS.

Ha pucyHky 2 HaBeleHO pe3yabTaTy [OOCJiJKeHHS BIUIMBY KoedillieHTa
BUTPATM OKMCHMKA o Ha BMICT BigHOBWOBaAbHUX KommoHeHTiB (CO, H;) Ta

npoaykTiB okuciaeHHs (CO,, H,0).
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PucyHok 2 — ®opMmyBaHHS BigHOBMIOBaIbHMX KoMIoHeHTiB (CO+H2) Ta MpoayKTiB
okucienHs (CO2+H20) 3anmesxkHo Bif KoedillieHTa BUTpPAaTV OKMCHUKA

21% 35% 50% 75% 100%

AHani3 cymapHOi TOprovoi CK/JIaJ0BOI reHepaTOPHOro rasy rmokasaB (puc. 2a) ,
[0 IIPU BCiX BUAAX OKMCHMKA XapaKTepHa HASBHICTh MaKCMMyMYy IIpU KoedillieHTi
BUTpatu okucHuka 0,3-0,32, skuii BiinoBia€ eHepreTUYHO ONTUMAIbHOMY PEXUMY
rasudikanii. Ha BigmMiHy Bil OKpeMMX KOMIOHEHTIB, IJi SKUX CIIOCTepiraroThbCs
pi3Hi 3aKOHOMipHOCTi 3MiHM, CyMapHe 3HaueHHS BiJHOBJIIOBAJbHUX KOMIIOHEHTIB
(CO+Hy) BimoOpaskae y3TrojisKeHy MOBEeIiHKY CMCTEMM i MOKe OyTM BUKOPUCTAHMIA SIK
iHTerpanbHMUit KPUTEPiil BUOOPY pPEXUMY.

CyMapHi OKMCHIOBaJibHi BTpatu (puc. 20), OlliHeHi 3a MOKa3HMKOM KiJIbKOCTi
npoaykriB okucaeHHs (CO; + H,0), mpu BCiX BUAaxX OKMCHMKA AOCATAIOTh MiHIMyMY
npu KoediuieHti BuTpaTty okucHuMKa 6im3bko 0,3. IIpm BigxmyieHHi Bim ILbOro
3HaueHHS B 6iK GinblMX 3HaUeHb KoedillieHTa BUTPATM OKUCHUKA CIIOCTEPIraeThCs
pi3Ke 3pOCTaHHS CyMapHUX BTPAT, SIKEe MOCUJTIOETHCS 3i 30iIbIIIEHHSM YaCTKM KMCHIO
B OKMCHUKY. Lle migTBepmKye, 1mo 061acTh KoedilieHTa BUTpaT oKucHuka 0,3-0,32
Bi/ITIOBiZla€ He JMille MaKCMMYyMy TOpPIOYOi CKJaJ0BOi TreHepaTOPHOro rasy, aje i
MiHIMyMY CYKYITHUX OKMCHIOBJIbHUX BTPAT MPOLIECY.

IOnast  gxicHoro iHgukaTopa egeKTMBHOCTI rasudikallii 3a CcKIagom
reHepaToOpHOro rasy MIPOTIOHYETHCS BUKOPUCTOBYBATHU BiHOIIIEHHS

1g((CO + Hy)/CO,), 3HaueHHS SIKOTO HaBeJeHO Ha PUCYHKY 3.
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PucyHok 3 — [HAuKaTOp epeKTUBHOCTI ra3u- PucyHok 4 — Temmeparypa rasudikauii 3a-
dikanii 3a MaTMBHOIO CKIALOBOKO JIeXKHO Bif KoedillieHTa BUTPATH OKMCHMKA

HasiBHiCTh MaKcuMMaabHOroO 3HaueHHs BimHomeHHs 1g((CO + H;)/CO,) cBimunTh
PO iCHYBaHHSI YHiBepcaJbHOI 00JIaCTi €eHEepreTMYHO ONTUMAIbHOIO PEXUMY
rasudikailii, sKa BM3HAYAEThCS Y3TOIKEHOIO 3MiHOIO CKJIaAy reHepaTOPHOTOo ra3y Ta
MiHiMi3alli€l0 OKUCTIOBAIbHMUX BTPAT, MPU I[bOMY MiJABUIIEHHS KUJIBKOCTI KUCHIO B
OKMCHMKY IIOCUJIIOE SKiCThb Ta3y, aje He 3Millly€ ONTUMYM, SIKMIA iCHYE Npu
KoedillieHTi BUTpaTy OKMCHMKA 6113bKO 0,3.

OTpumaHi pe3ynbTaTy AeMOHCTPYIOTh HasSIBHICTh TPhOX XapaKTepHUX obJacTeit
nporecy rasmudikallii: mpM MajaMx 3HAUEHHSIX KoedillieHTa BUTPATU OKMCHUKA
(o6macTh I) criocTepiraeTbCss HEIMOBHE IEPETBOPEHHS BYIJIEI0; Ipu KoedillieHTi
BUTpATu OKMUCHMKA Oamsbko 0,3 (obmacts II) ¢dopMyeThcsi eHepreTUdHO
ONTUMAJbHUIT peXMM 3a TMaJUMBHOK CKJIAJ0OBOIO, IO BiATOBila€ MaKCUMYyMy
cymapHoi roprouoi ckiagoBoi (CO + Hy); mpu momanblioMy 3poCTaHHI KoedillieHTa
BUTpaTu oOKMUCHMKA (ob6nacth III) BimOyBaeTbCs HAIJIMIIKOBE OKMUCJIEHHS, IO
TIPU3BOJUTD 10 3HMKEHHSI BMiCTy TOpPIOYMX KOMIIOHEHTIB rasy.

OntumanbHuit pexkum rasmdikailii BU3HAUAETbCS SIK MAaKCMMyMOM ITaJIMBHOL
CKJIZI0OBOI, a ¥ YMOBOK [OCSITHEHHSI [IOCTAaTHbOTO TeMIIepaTypHOIrO piBHS, IO
3abe3reuye TIOBHMII Tmepebir peakiliii rasudikailii Byraemno. Pe3syabraTu
IOCTiI)KeHHSI BIUIMBY CKJIaQy Ta KiJIbKOCTI OKMCHMKA Ha TeMIlepaTypHUI piBeHb
npoliecy rasudikailii HaBeJleHO Ha PUCYHKY 4.

OTpuMaHi 3aJIeKHOCTi TeMIlepaTypu MOKa3ylTb, HASIBHICTh SIBHO BUpPaskeHUX
TPbOX  TeMIIepaTypHMUX o006jacTei, MeXi SKUX CIHBHAZalTh 3 00JaCTIMMU
KapAMHaJIbHOI 3MiHM CKJIagy TeHepaTOpHOro rasy. IIpyM ManmMx 3HAYEHHSIX

KoedirieHTa BUTpaTH OKMCHMKA (0671acTh I) TeMmepaTypa MpoLecy € HeJJOCTaTHbOKO
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IJisT TIOBHOTO MPOTiKaHHSI peakilii rasmdikailii, 1m0 IPU3BOAUTL OO0 HasIBHOCTI
HerpopearoBaHoOro ByrJIelfo. 3i 30i/iblIeHHSIM KoedillieHTa BUTpPaTU OKMCHMKA
TeMIlepaTypa pi3Ko 3pocTae, 3abe3rneuyioun MOoBHe IepeTBOPeHHS MainBa (00/1acTh
II), opmHak mopmajblle ITABUINEHHS  KoedillieHTa  BUTpaTM  OKMUCHUKA
CYIIPOBOIKYETHCS OKPiM IMigBuineHHs Temmeparypu (o6macth III) HamIMIIKOBUM
OKMCJIEHHSIM 1 3HVM)KEHHSIM BMICTy TOpPIOUMX KOMIIOHEHTIB ra3dy. TakuM UMHOM,
IOCTiI;KeHHST TI0Ka3ajau, IO O007acTh palliOHAIbHUX PEXMMIB BU3HAUAETHCS
OJHOYACHUM BUKOHAHHSIM TeMIIepaTypHOTO KPUTEpPil0 Ta MakKCMMyMy CyMapHOi
ropiouoi ckiamoBoi (CO + Hy).

BaskMBMMM ITTOKa3HMKAMM [IJISI OLIIHKM eHepreTMUYHOi eeKTUBHOCTI MpoLecy
rasudikallii € BuXiI Ta TeIoTa 3TOPSHHS TeHepaTopHOro rasy. Ilapamerpu
reHepaTOPHOro rasy 3a/JeXXHO Bif KoedillieHTa BUTpaTH OKMCHMKA HaBeOeHO Ha
PUCYHKY 5.
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PucyHOK 5 — 3HauUeHHS HIDKUOI TETUIOTH 3rOPSTHHS (a) Ta BUXiJl reHepaTopHOro rasy (6)
3aJIeKHO Bifg KoedillieHTa BUTpaTH OKMCHUKA

BcraHoBneHo, 1o A9 BCiX 3HAueHb BUIIB OKMCHMKA HMKUOI TeNaoTU
3TOpPSIHHSI TeHePaTOPHOIO Tra3y MOCATAEThCS NP KoeillieHTi BUTpaTU OKMUCHUKA
omm3pko 0,3, 1le BiAmoBigae 00acTi OZHOYACHOTO MAKCMMyMY TOPIOUMX
KOMIIOHEHTIB Ta MiHiMyMy IIpOAYKTiB OKMUCJIeHHST (puc. 5a). Tak mjis MoOBiTpsiHOI
rasudikallii TersioTa 3ropsiHHS rasy CTaHOBUTb 5,5-6 MII/M3, a Npu KUCHEBIit
rasudikarii 11,5-12 MIIx/m3. OTpumMaHMuii reHepaTOPHMII ra3 3aJIeXKHO BiJ, TEIJIOTU
3TOpSIHHS, CKJIaJ, 1 TEeXHOJIOTii MOXXe BMKOPMCTOBYBATUCS SIK TaJMBHMIA ras, SIK
BiTHOBJIIOBAJIbHMII B MeTaJypriiiHOMy BMPOOHUIITBI, IPY OpraHisailii maporazoBux

IIMKJIiB, @ TAKOXK SIK XiMiuHa cMpoBMHA. 30i/bIIeHHST KoedillieHTa BUTPATU OKUCHUKA
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MPU3BOJIUTh 1O 3POCTAaHHS BUXOAY TeHepaTOpHOro rasy (puc. 56), omHak Iie
CYIIPOBO/IKYETbCSI 3HIDKEHHSIM JIOTO TeIUIOTBOPHOI 3JaTHOCTI Ta 3POCTaHHSIM
OKMCHIOBAJIbHMX BTpAT, IO CBiUMTH IIPO HEOOLIJbHICTh OI[iHKM e(eKTUBHOCTI
mpoliecy Juiie 3a 006’€MOM YTBOpPeHOro rasy. SIK BMOHO, HaMOIMbIINMIA BUXi[
reHepaTOpPHOrO rasy CIOCTepiraeThCsi IpPM IOBITPsIHIN  rasmdikarii, 110
MOSICHIOETHCST BEJIMKMM BMiCTOM 6aIaCTHOTO a30Ty

K ckazaHO paHime, y Oinbimiocti mocmimkeHb edeKTUBHICTh rasudikairii
OIIiHIOETHCS 32 TEIVIOTBOPHOIO 3/IaTHICTIO rTeHepaTOPHOro raszy abo 3a ioro CKIaJoM.
[Ii mokasHMKM XapaKTepu3ylThb SIKICTh raszy, OJHAK He BigoOpaskaloTh 3arajabHy
KiJIbKiCTh XiMi4HO1 eHeprii, OTpMMaHOlI 3 OJHOro Kijorpama IajauBa. YHaC/IigoK
IIbOTO IIOBITpsiHA Ta3uikalliss 4acTo iHTepPIpeTyeThCsI SIK eHepreTMUYHO HeBUTiTHa
yepe3 HM3bKe 3HAUEHHS TEeIUIOTUM 3TOPSHHSI rasy. Takuii BUCHOBOK I'DYHTYETbCS
BUKJTIOUHO Ha BJIACTUBOCTSX ra3y B IIepepaxyHKy Ha OJVHUIII0 00’€MY 71 He BpaxOBYe€
CymMapHMit BUXif rasy.

[yt oTpuMaHHS Gi3YHO y3TOMKEHOr0 MOKa3HMKa B I1ili poO60Ti BUKOPUCTAHO
iHTerpasbHuii €eHepreTMUHMI IIOKA3HMUK, BU3HAUYEHMII SIK HOOYTOK 00’€MHOro
BUXOJy rasy Ipu rasmdikailii Ta ioro 06’eMHOI HMKUYOI TEIJIOTU 3TOPSIHHS V *xQy.
Lleit mapamMeTp BigoOpaskae 3arajabHy KiJbKiCTb €Heprii, mepegaHoi BiJ BYT/IIS 10O
reHepaTOpHOTO rasy, i 3abesnedye O6e3mocepeHI0 OCHOBY ISl TOPiBHSHHS
rasudikaiii mTpM BUKOPUCTAHHI Pi3HUMX BUAIB OKMCHMKA 0e3 CIIOTBOPEHb,
MpUTaMaHHMUX BUKOPUCTAHHIO JIMIlIe TEIUIOTU 3TOpsiHHA rasy. OTpumaHi AaHi o040
3HaueHb iHTerpajibHOTO eHepreTMYHOro MOKa3HMKa mjisi rasmdikailii 3 pisHUM

TUIIOM OKMCHMKA HaBeJeHO Ha PUCYHKY 6.

v rs n o 1 oo =

[HTerpanbHuii eHepreTHYHNI oka3zHuK, MJT#/K
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KoedimeHT BHTPAHTH OKHCHHKA O

21% 35% 50% 15% 100%

PucyHOK 6 — [HTerpaabHMi1 eHepreTUYHMI MOKa3HUK Mpoliecy razudikarii
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AHaJti3 iHTerpajbHOro eHepreTMYHOro MNoKa3HMKa MOKa3as, 110 AJ1s1 BCiX BUAIB
OKMCHMKA MaKCMMYM AOCSITA€ThCS MpU KoedillieHTi BUTpaTH OKMCHMKA 6/1113bKO 0,3.
[Ipy mopmanbiioMy 3pOCTaHHI KoedillieHTa BUTPATM OKMCHMKA, He3BaXkalouyu Ha
30ibIIIEHHST BUXOJY Ta3y, CIOCTepiraeTbcsl 3HMKeHHST VxQ,, 10 3YMOBJIEHO
3MEHIIIEHHSIM TeIUIOTM 3TOpPSIHHS TeHepaTOPHOro rasy BHAWTAOK iHTeHcudikaliii
OKMCJIFOBAJIbHUX MPOLIECiB.

OTpumaHi pe3yabTaTU MiATBEPIXKYIOTb, IO iHTerpajibHUII eHepreTUUHU
MOKa3HMK 3abesneuye O6i/ibIll KOpeKTHE IpeCcTaB/JeHHs Mpollecy rasmdikaiiii, Hixx
BUKOPUCTAHHS JINIIIe OKpPeMMX IMOKa3HMKIB, Taki SIK CKJIaj rasy, TemiiepaTtypa abo
TEeIJIOTBOPHA 3[4aTHICTh. XoO4Ya TeIJIOTa 3TOPSIHHS TeHepaTOPHOTO Trasdy IIpu
MOBITPpSIHil rasudikallii € HM3bKOI, BUXiH rasy € 3HaUYHMM, i CyMapHa KiJbKiCTb
XiMiuyHOI eHeprii, OTPMMaHOi 3 OAHOTrO Kijorpama BYTiJIISI, Y 00/1aCTi, O/MM3bKiil OO
MaKCUMMYyMY, € TIOPiBHSIHHOIO 3 KMCHEBOM rasudikaiiieto. [TommpeHe ysBIeHHS PO
Te, 1[0 MNOBiTpsSHa rasudikalisi € «eHepreTUYHO CJaOKOI0», BMHMKAE BHACTILOK
OIIiHIOBAHHSI BMKJIIOUHO SIKOCTi rasy B IIepepaxyHKy Ha OJIMHUII0 00’emy.
[HTerpa/ibHMII KpUTEPili, BUKOPUCTAHMUIA Y IIiii po6OTi, ycyBae Iie OoOMesKeHHSI Ta
TOKa3ye, 110 MaKCMMaJbHUI eHepreTUUHMi BUXi[ IJISI BCiX BUAIB OKMCHUKIB Mae€
OIHAKOBMUI TOPSIOK BEJIMUMHM Ta €HepreTUYHMUI I MaKCMMyM € YiTKO BU3HAUE€HOIO
XapaKTepHOI0 TOUYKOW, sika (GopmyeTbcsl Mpu KoedillieHTi BUTpATU OKMCHMUKA
6/m3bKO 0,3.

BucHOBKM. BcTaHOBEHO, IO 00JIaCTh palliOHAJbHUX PEXMMIB rasmikailii
00MEKYETBCSI 3 OMHOTO OOKY 30HOI HEJOCTAaTHbOI OKMC/IIOBAILHOI 3a0€311eueHOCTi,
y SKiii CHOCTepira€ThCs HASIBHICTb HeNMpOpearoBaHOro  ByTJeN, a 3
iHIoro — 06/1aCTI0 HAIJIMIIKOBOTO OKMCJIEHHS, IO TPU3BOAUTH [0 3HVKEHHS
BMIiCTy TOpIOUMX KOMIIOHEHTIB Traszy. Y MeXaxX LuxX oOMeskeHb (QOpPMYEThCS
eHepreTMYHO ONTUMAJIbHUI PeXMUM TpolLiecy, 10 BiANMOBigae MakCMMyMy CyMapHOi
roproyoi ckiaamoBoi. Iloka3aHo, 1O CymMapHa roplpoua CKJIagoBa ra3y [OOCSITa€e
MaKCMMyMy TIpu KoedillieHTi BUTpaTU OKMCHMKA 6/13bko 0,3, TOAi SIK MPOOYKTU
OKMUCJIEHHS Yy ILiifi o6sacTi MaloTh MiHiMaabHi 3HaueHHs. lle mo3Bossie
imeHTMdikyBaTK 3a3HaYeHMIT Miara30H SIK 00JIACTh MiHIMaJIbHMX OKMCIIOBATbHUX
BTpPaT i MaKCMMaIbHOTO eHEePreTUYHOTO0 MOTeHI[ia/ly reHepaTOPHOTO Ta3sy.

BcTaHOoBJIeHO, 1110 BUKOPUCTaHHS JiorapudmiyHoro rmokasuuka lg((CO+H,)/CO,)

IIO3BOJISIE OTPUMATH CTiliKMiT KpUTepilt oliHkM pexkumy rasmdikaiiii. [TokaszaHo, 110
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IJI BCiX AOCTIAKEeHMX YMOB MaKCMMYyM ILbOTO IOKa3HMKa BiAIOBiZa€e 3HAYEHHIO
KoedillieHTa BUTpaTM OKMCHMKA Oym3bko 0,3. 3a3HaueHMiI peXuM BigmoBimae
OAHOYAaCHOMY OOCSATHEHHI0O MaKCMMyMy CyMapHOi roptouoi cknamoBoi (CO+H;) ta
MiHimymy Bmicty CO;, 1m0 CBiZUMTH MpO peani3anil0  ONTUMAIbLHOIO
BiTHOBJ/TIOBAJIbHO-OKMC/IIOBAJIbHOIO OajaHcy mpolecy rasudikaimii. OTpumani
pe3yJibTaTU OO3BOJSIOTh TepeiTu Big aHajaizy OKpeMMuX KOMIIOHEHTIB MO0
CUCTEMHOTO BM3HAYEHHS PalliOHAJIbHOTO PEXUMY IIPOLECY.

[lokasaHo, IO TemIeparypa Ipolecy rasudikailii 3pocTa€ MOHOTOHHO 3i
30inblIeHHSIM KoedillieHTa BUTpaTH OKMCHMKA i He Mae MaKkCMMyMy B 006JacTi
eHepreTMYHoro ontumymy. lLle CBiguMTh IIpO Te, IO ONTUMAJIbHUI pPEXUM
BM3HAUAETHCS He MAKCMMaJIbHMM TeMIIepaTypHUM piBHEM, a JOCSITHEHHSIM OaiaHCy
MiXK AOCTAaTHbOIO TeMIlepaTypol0 IIpollecy Ta MiHiMi3alli€lo BTpaT, IMOB’SI3aHUX 3
OKMCJIEHHSIM.

BcTaHOBJIEHO, 1[0 eHepreTMYHMII ONTUMYM Ipoliecy rasudikailii GopmMmyeTbcs
SIK pe3yJibTaT y3roykKeHoi 3MiHM BUXO/Iy TeHepaTOPHOro ra3y Ta oro TernjaoTBOPHOL
30aTHOCTI, 110 aAeKBATHO OMMUCYETHCS IHTErpaJbHUM €HepPreTUYHUM MOKA3HUKOM
V:ixQ,. IlokaszaHo, IO I1ieil IOKa3HMK Ma€ UYiTKO BUpPaXeHUI MaKCMMyM IIpuU
KoedilieHTi BuUTpaTM OKMCHMKA Oym3bko 0,3 1 BCiX OOCTIIKEHUX YMOB,
He3Ba)kalouy Ha MPOTWIEXHMI XapaKTep 3MiHM JI0T0 CKIaJ0BUX (3POCTaHHS BUXOIY
rasy Ta 3HIMKeHHS J10ro TeIUIOTBOPHOI 3IaTHOCTI Iy 30i/IbIIeHHI TTOaui OKMCHMUKA).
Lle cBiguMTh MOpO Te, L0 TMOJOXEHHSI OINTUMAJIBHOTO PEXMMY BU3HAYAETHCS
BHYTPIIlIHbOIO TEPMOJMHAMIUHOK CTPYKTYpOIO IIpoliecy Ta BiAroBigae o6macTi
MiHiMaJTbHMX OKUCTIOBAIBHUX BTPAT, Y SIKill JOCITA€THCS MaKCUMAIbHUI CyMapHUIA

eHepreTUYHMIi BUXiJl reHepaTOPHOrO rasy.
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Olena Tutova, Valeriia Pinchuk

THERMODYNAMIC ANALYSIS OF ENERGY OPTIMUM FORMATION
IN COAL GASIFICATION

Abstract. Equilibrium thermodynamic modeling was applied to analyze the energy
efficiency of coal gasification as a function of the oxidizer consumption coefficient. The
oxidizer consumption coefficient is considered as a continuous control parameter that
determines the balance between reduction and oxidation processes, and the analysis is
based on the coordinated evaluation of equilibrium temperature, producer gas
composition, its heating value, and specific gas yield. It is shown that variation of the
oxidizer consumption coefficient leads not to isolated changes of individual parameters,
but to their interrelated transformation with a clearly pronounced structural character.
It is established that within the studied range, a three-stage structure of the process is
formed, including a region of incomplete conversion with the presence of unreacted
carbon, a region of rational operating conditions, and a region of excessive oxidation
accompanied by a decrease in the content of combustible gas components. It is shown
that transitions between these regions are characterized by changes in the behavior of
the main parameter dependencies, reflecting a shift in the balance between dominant

thermochemical processes.

It is established that within the region of rational operating conditions, an energy-
optimal gasification regime is formed, corresponding to the maximum of the total
combustible fraction of the producer gas and the minimum of oxidation products. It is
shown that this regime is realized at an oxidizer consumption coefficient of
approximately 0.3 and corresponds to the region of minimal oxidation losses. The
introduction of the logarithmic indicator lg((CO+Hz)/COz) made it possible to obtain a
stable criterion for evaluating the gasification regime, ensuring unambiguous
identification of the optimum region. It is shown that the maximum of this indicator
coincides with the maximum of the total combustible fraction and the minimum of
oxidation products, confirming the realization of an optimal reduction—oxidation

balance.

It is established that the gasification temperature increases monotonically with

increasing oxidizer consumption coefficient and does not determine the position of the
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energy optimum. It is shown that beyond a certain value of the oxidizer consumption
coefficient, further increases in temperature and gas yield no longer compensate for the
decrease in gas heating value, resulting in reduced energy efficiency. To generalize the
obtained results, an integral energy indicator was proposed, which simultaneously
accounts for the producer gas yield and its heating value. It is established that this
indicator exhibits a well-defined maximum at an oxidizer consumption coefficient of
approximately 0.3 for all investigated conditions, despite the opposite trends of its
components.

The obtained results show that the energy optimum of the gasification process is formed
as a result of coordinated variation of process parameters and is determined by its
internal thermodynamic structure. This makes it possible to move from the analysis of
individual characteristics to a system-based identification of the rational gasification
regime corresponding to minimal oxidation losses and maximum total energy output of

the producer gas.

Keywords: gasification, coal, thermodynamic analysis, oxidizer consumption coefficient,

producer gas, energy optimum, integral energy indicator
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METO/J, ITOBYA 0B KPN30BO-KOHTEKCTHOI'O JATACETY IJId
BEPU®IKAILIl ADAPTIVE IRM

AHnomauyis. Ila poboma npucesueHa He eKCNepUMeHMAIbHOMY NidMmeepo*eHHO
epekmusHocmi Adaptive IRM, a nobydosi cheuianizo8aHozo Kpu3080-KOHMEKCMHO20
damacemy, axuti pobums makxy nepesipKy MOMUIUBOK 8 KOPeKmHili nocmaHosyi. Y
cmammi 3anponoHo8aHo Memod nepemeopeHHst Kpu3osux nogidomneHs i3 HumAID y
napu eudy «abcmpakmHuii 3anum - Kpu3080-3ajexcHa 8i0noside», de NUMaHHs
HABMUCHO OYUWYEMbCA 8i0 Npsmux mapkepie Juxa, d npasuivHa iHmepnpemauis
nompeo6ye 8i0H08MEHHS NPUX08aHO20 KOHMeKkcmy nodii. Taxkuii du3atiH 8i0pi3HseEMbCs
8i0 nepesaxcHux y crisis informatics 3adau tweet-level classification, informativeness
detection, humanitarian categorization i multimodal crisis annotation, 01 AKux
npusHaueHi HumAID, CrisisBench, AIDR, TREC-IS i CrisisMMD [1, 2, 3, 4, 5, 6]. V
pe3ynemami pobomu copmosaHo damacem o6cseom 41 152 3anucu 3a n'smoma
Kamezopisimu Kpu3o8ux nodill; nid uac zeHepauyii numas 8UKOPUCMOBYBANACS CXeMd
primary generation -> retry generation -> fallback, npuuomy fallback 6yno 3adisHo y 1
432 sunadkax, wio cmaHosumo 3.48% kopnycy. Sk HacmynHuti eman nponoHyHmMsCs
¢opmanizoeaHa pyuyHa eanidayisa, asmomamuuHa retrieval-style nepesipka
cemaHmuuHoi y3zooxeHocmi, event-disjoint split Ha pieHi noditi HumAID, peanizayis
Adaptive IRM i nopieHsaHHsa LLM-baseline, LLM+Adaptive IRM, RAG i PEFT-baselines i3
po3wupeHum Habopom asmomamuyHux i DPYYHUX
mempux [7, 8, 9, 10, 11, 12, 13, 14, 15].

Kntouosi cnoea: kpu3060-koHmekcmuuii damacem, 6eauki MO8HI MoOeni, nNpuxoeaHa
KoHmekcmua adanmayis, Adaptive IRM, question generation, crisis informatics,

HumAID, zeHnepauis 3anumatb, 8anioauis damacemis.
ITocTaHoBKa Mpo6aeMu
CouianpHi Mefia JaBHO CTa/JM OOHMM i3 KIIOUOBUX JKepesa HaHUX MJIs Crisis
informatics, ockifibKM TiJi yac HaA3BUUAMHUX CUTYaIlili KOPUCTyBaui IMMyOJIiKYyIOTb
orepaTMBHI BiIOMOCTi PO pyiiHYBaHHS, ITOTpebu, repeMillieHHSsI, iHPpacTPpyKTypHi

3601, TOIIYK JOTIOMOTHY Ta JIOKaJbHY 00CTaHOBKY. BogHoUac came e cepemoBuiie

© Bepesiok M.O., TI'yma A.l, 2026 Copyright for this paper by its authors. Use permitted under
License CC BY 4.0.
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CTBOPIOE BMCOKe HAaBAHTAa)KEHHSI Ha aBTOMAaTMYHi MeTOAM aHaji3y: MOBigOMJIeHHS
KOPOTKi, IIyMHi, KOHTEKCTHO HaCUYeHi ¥ He 3aBXAu MNPUAATHI IJISI MOPSIMOro
BIydeHHs1 actionable information. Tomy 3amaua He 3BOAMUTHCS O IPOCTOTO
pO3IMi3HAaBaHHSI TEKCTYy: HeOOXiIHi CITOCOOM BpaxOBYBATU IPUXOBAHMI KOHTEKCT
1ofii, IK1ii BU3HAUae, Ik caMe Ma€ iHTeprpeTyBaTUCS OAVH i TOV caMuii 3arajJbHUIA
3anurt [1].

AKTyanbHICTh TaKOl MOCTAaHOBKM ITOCUMJIIOETHCS 3 IMOSIBOIO BEJIMKUX MOBHUX
mogeneii. CydacHi ornisgau 3 LLM y disaster management 1mokasyioTb, 110 1Ii MOAeTi
BKe 3aCTOCOBYIOTBCS [Jis (ifbTpallii 3a pesieBaHTHICTIO, Kiaacuikallii, BUTyueHHS
inbopmarrii, summarization i migTpMmkuM pimeHb Ha pisHMX ¢dasax disaster cycle.
BomHouac TOi caMuit OIVISII MiJIKPeC/II0€ BimKpUTi mpobieMy HaIiiHOCTi, JOMEHHO]
ajarnTailii, BiATBOPIOBAHOCTI Ta SIKICHOTO OIIiIHIOBaHHSI B KPU30BOMY CepeOBUIILi, 1€
KOHTEKCT He 3aBXIM 3aJaHuii SBHO, a IMOMMJIKA BilIIOBili MOXXe OYyTM 3MiCTOBHO
3HAUyLIOIO [7].

Ha 1upomy Tai 3amporioHOBaHa CTaTTSd PO3B'SI3y€ IIiATOTOBUYYy, aje
MEeTO/IOJIOTiYHO BaK/IMBY 3amauy: GopMye KOPITyC AJIsI TIePeBipKM TOTO, UM MOKe
MOJe/ib KOPEKTHO BiJJHOBJIIOBATY KPU30BUI KOHTEKCT He 3 IPSIMOI 3rajky juxa B
MUTaHHI, & 3 OKPeMOro KOHTEKCTHOTO CUTHAJly Ta CEeMaHTUYHOTO 3B'SI3KYy 3
BiAgmnoBigmwo. Came TOMy IIleHTPpaJIbHMM HAayKOBMUM pe3yabTAaTOM TYT € JlaTaceT i i10ro
Ba/TigalliiiHa paMKa, a He B3Ke peajiisoBaHa Mmoaudikailis 6a3oBoi LLM.

AHaJTi3 OCTaHHIX JOC/TiIKeHb i ITyosTiKari

HasiBHi Kp130Bi KOpIyCcH Ta TOCTAaHOBKU

OmuuM i3 Ha#MOiAbII  peJieBaHTHUX [Kepen s 1iiei  pobotum €
HumAID — kopmyc, 1[0 MiCTUTh OGJM3bKO 77 TUCSY BPYYHY PO3MiueHMX TBITiB,
BimibpaHux i3 mymy mpubaM3HO 24 MiJIbIIOHIB TOBimOMJIEHb, MOB'SI3aHMX i3 19
Han3BudaiHumu mnopismu 2016-2019 pokiB. ABropu HumAID posrnsapaioTh lieit
pecypc SIK OCHOBY [jiSI HaBUaHHSI Ta TOPIBHSHHS MofeJieii, 10 MOpaliloTh i3
KPU30BMMM TIOBiJOMJIEHHSIMM Ha piBHi OKpeMMX TBITiB, HacamIiepes y 3ajadax
kimacudikailii Ta aHa/misy rymaHiTapHoO 3HauyIoi iHpopMmariii [2].

IMomi6bHy mocmimHUIBKY JIiHiI0 po3BuBae CrisisBench. V 1iit po6oti 06'emHaHO
BiCiM po3MiueHMX KpU30BUX JIKepesI, Ha OCHOBI IKMX c(hOpMOBaHO BUOiIpKM 0O6CSITOM
166.1 tuc. TBiTiB mas 3amaui informativeness classification i 141.5 Tuc. TBiTiB s

humanitarian classification. Takum umHom, CrisisBench opieHTOBaHMIT Ha 3icTaBHEe
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HaBUYaHHS Ji OLHIOBaHHSA Kiaacu@ikaToOpiB KpM30BUX IOBigOMJIeHb, a He Ha
TepeBipKy 3JaTHOCTI MofeJieli afanTyBaTy BigMoOBigb MO MPUXOBAHOIO KPU3OBOTO
KOHTEKCTY [3].

AIDR TakoxX HalexXuTb OO0 KJIaCy CUCTEM, OpPI€EHTOBAaHMX HA aBTOMATUYHY
00poOKy ¥ kimacudikariito crisis-related microblog communications. ITnatdopmy
6yJI0 po3po6JIeHO i1 MBUAKOTO HA/MAIITYBAHHS KOPUCTYBAI[bKMX KaTeropii Tta
aBTOMATMUYHOTO PpO3MOJi/ly TOBiOMJIeHb 3a HMMM B YMOBax HaJ3BUUYAHUX
cutyariiii. TREC-IS, cBoew ueprowo, GopMye MOCTAaHOBKY HABKOJIO ITOIIYKY
actionable information y moTOKax couiadbHMX Me[ia, BMKOPMCTOBYIOUU
iHbopmariiiHi TUOM Ta TPiOPUTKU3ALII0 IOBITOMIEHb IJS MiATPUMKU response
scenarios. CrisisMMD po3iupioe KpuU30BUI aHali3 3aBASKMA MYJIbTUMOIOAJIbHUM
IaHMM, OJHAK /10ro OCHOBHI aHOTAlliliHi 3a/1a4i TaKOXX 3aJIMILIAITHCS TT0B'I3aHUMM 3
Kiacudikaiiew: informative vs. not informative, humanitarian categories i damage
severity assessment [4, 5, 6].

OTske, HasIBHI KpM30Bi KOPITYyCHI pecypcu IIOCAiLOBHO PO3B'SI3YIOTh 3amadi
Kiacudikamii rmoBimomieHb, QinbTparii, KaTeropmsaiii, mpiopuTH3aiii Ta
MYJAbTUMOIA/NbHOI aHoTamii. Lli Hampsmu € dyHmaMeHTaJIbHUMM [JIsT  Crisis
informatics, omHak BOHM He TIIOKPMBAIOTb OKpeMy TIIOCTAaHOBKY, Y SKili
KOPUCTYBALIbKUIA 3aIUT 3aJIMUIIAEThCS aOCTpPAaKTHMM, a peJieBaHTHA BiAIoOBigb
BU3HAYAETHCS MIPUXOBAHMM KPU30BUM KOHTEKCTOM.

LLM, koHTeKkcTHa aganTailis ta PEFT

3B'130K pobOTM i3 cyuacHowo JiTepaTypoio Mmogo LLM Ta apgamnTarii
dbopmyoeThCs Yepes ABa B3a€EMOAOIIOBHIOBaIbHI HanpsiMu. [lepminit — 1ie disaster-
oriented LLM research, me ornsim 2025 poky mogo LLM y disaster management
dikcye 3pocTaHHS TIPUKIAJHMX POOIT, ajie TakoX IOBigomMisge Tpo Opak
CTaHIAPTMU30BAaHUX OLIHIOBAIBHUX paMOK, MNPUIATHUX [aTaceTiB i aKypaTHOI
IoMeHHOi agamnTaiiii [7]. Ipyruit — 1e niTepaTtypa 3 parameter-efficient adaptation,
sIKa TI0Ka3ye, 1110 TTOBeIiHKY BeIUKUX MOZesieii MOKHA MpeIMeTHO repebyIoByBaTH
6e3 moBHoro fine-tuning. Ciomu Hanmexkath adapters, prefix tuning, LoRA, IA3 i
criopigHeHi metonu |9, 16, 17, 18, 19].

Came B 1boMy KOHTeKcTi Adaptive IRM «1ig mno3uilioHyBaTu S$IK
crielfiajizoBaHMit MexaHi3M MMPUXOBaHOI KOHTeKCTHOI realignment/adaptation, a He

SIK IOBiIbHY HaZOymoBY. KoHIleNnTyaqbHO TaKkuit MOAY/b IiepebyBae mopy4 i3 PEFT-

ISSN-print 1991-7848 321
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

IIiIX0JaMM 32 METOI — aJalTyBaTyu MOBEIiHKY MOeli 3a 0OMeXeHUX pecypciB, —
ajie BIAPI3HSAETHCS TUM, IO B PO3IJISIHYTI MOCTAHOBII Ba>KJIMBUM € He JIMIIE
repeHeCceHHs B JIOMEH, a BiJHOBJE€HHSI peJleBaHTHOTO KPU30BOTO KOHTEKCTY 3a
abCTPaKTHMM KOPMCTYBAIlbKMM MUTAHHSIM. [IJIS eKCIIepMMeHTaaIbHOTO (OHY TaKOX
mopeuHo 3ragatu RAG 9K cuibHMit  baseline 30BHIIIHBOTO KOHTEKCTHOTO
nigcuneHHs i AdaptEval sk cBigueHHS Toro, 1o 3maTHicTh LLM amanTyBaTucs 1o
IIOMeHY BXKe OLIiHIOETBCS SIK OKpeMa JIocaigHuIIbKa mpobaema [8, 10].

l'eHepallisi nMTaHb Ta OL[IHIOBAHHS

Jlyist reHepallii IMTaHb CTATTSI COMUPAETHCS He JiuIlle Ha MIPaKTUUYHY eBPUCTUKY,
a i Ha KOPITyCHMIA HampsiM question generation. Cyuacumii orysig i3 Neural Question
Generation cucrteMaTusye TUIM BXOniB, mMeToau, benchmark-pmani ta evaluation
metrics i TMM caMuM Ja€ KOPEKTHY PaMKy IJis IMOSICHEHHSI, YOMy aBTOMAaTUYHA
reHepailiss MUTaHb MOXe BUKOPMUCTOBYBATUCSI SK iHCTPYMEHT I€peTBOPEHHS
BUXIJHOTr'O TEKCTY Ha IlepeBiploBaHy Mapy «[IUTaHHS — BiAmoBigb» [20].

BonHouac smitepatypa 3 QG-oliiHIOBaHHS MpsSMO MoIliepesskae, 1o reference-
based metrics € HemocTaTHIMM, OCOOIMBO KOJM HA OOMH KOHTEKCT IIPUIIAZAE JIUIIE
onHe pedepencHe nutaHHSI. QGEval BBOOUTh CEMMBUMIPHY PaMKy OLIiHIOBAaHHS —
fluency, clarity, conciseness, relevance, consistency, answerability i answer
consistency — Ta TMOKa3sye, [0 HasiBHI automatic metrics 4YacTo MOraHo
y3romkyloThcs 3 human judgments. Po6orta mpo Te, mo reference-based metrics
«CITPOCTOBYIOTH caMi cebe» y QG, moCUIIIOE 1Ieii BUCHOBOK: efauHe reference question
He JTa€ HaiiHOI OLIiHKM SIKOCTi [11, 21].

ToMmy B cTaTTi OOLiJILHO IIOEAHYBAaTM KijJbKa TuUIiB MeTpuK. BERTScore i
BLEURT kopucHi sik semantic/reference-based mokasuuku; PMAN i RQUGE BaxkiuBi
TOMY, IO 3MIIIYIOTh akLeHT A0 answerability i MoXyTb Kpale BimoopaxkaTu
NMpUAATHICTD TIMTAHHSA [JIs1 peajbHOTO BUKOpPUCTaHHS; retrieval-style Hit@k
3aJIMIIAEThCSI 3PYyUHOIO sanity-check MeTpukowo [ mMomnepenHboi IepeBipku
CEMaHTUYHOTrO 3B'sI3Ky MUTAaHHS 3 TBiTOM [12, 13, 14, 15].

IMompu cyTTeBUIt TIporpec y crisis informatics i HasIBHICTh BeMKUX KPU30BUX
KOpITyCiB, Oi/IbIIICTh HAsIBHMX JaTaceTiB opieHToBaHa Ha tweet-level classification,
informativeness detection, humanitarian categorization, priority estimation a6o
multimodal annotation. HumAID i CrisisBench HamaioTh OCHOBY HacamIiepes s

3agay kinacudikalii Ta mopiBHSIHHS Mojenei Ha piBHI moBimomiieHb; AIDR i TREC-IS
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aKkIleHTYIOTh aBTOMaTMUHY (inbTpaliito Ta BMOKpeMJieHHsT actionable information;
CrisisMMD pos3mmupioe aHasi3 3aBOSIKM MYJIbTUMMOOAIbHOCTI, aje 30epirae Joriky
aHOTALiiHNX 3a7a4. BogHouac 11i pecypcy NpakTUYHO He MOKPUBAIOTh CLieHapii, y
SIKOMY KOPUCTYBALIbKMUIA 3aIIUT 3JIMIIAETHCSI aOCTPAaKTHUM, a KOpeKTHa BiJMOBiIb
BM3HAYAETbCS IIPUXOBAHMM KpPU3OBMM KOHTEKCTOM i Mae OyTM BimHOBIEeHA
MOJe/uTI0 6e3 MpsIMMX MapKepiB THUITy JuMxa B camMoMy IuTaHHi. OTxke, s
Bepudikallii mpuxoBaHOi KOHTEKCTHOI ajanTaiii LLM HeobxigHuii crieriayiisoBanmii
JaTaceT, IO MICTUTh IapyM BUIOY <«aOCTPaKTHMII 3alMUT — KPU30BO-3aJiesKHA
BiIMOBiAb», M€ MUTAHHS CEMAaHTUYHO MOB'SI3aHe 3 KPM30BMM IIOBiZOMJIEHHSIM, ajie
He ITiIKa3ye MoAilo Hampsamy [2, 3, 4, 5, 6].

MerTa pociaimKeHHS

MeToi0 pobGOTH € pPO3pO0JIEHHSI METOMy II00YI0BM KpPU30BO-KOHTEKCTHOTO
nartaceTy mAjsi mopasbinoi Bepudikaiii Adaptive IRM y 3amayax MNpMXOBaHOI
KOHTEKCTHO1 ajamnTaliii BiAIloBifeil BeJMKMX MOBHUX Mojeseit. 119 JOCSITHeHHS
1iei MeTu HeoOXigHO: BMOpATM KPU30BUI BUXITHMII KOPITYC; BM3HAUMUTU IiJIbOBI
KaTeropii IMofiii; IepeTBOPUTU KpPM3OBi IIOBiIOMJIEHHS Ha Iapyu «abCTpaKTHe
MIUTAaHHSI — KPM30BO-3ajieKHA BiAIOBiAb»; BWIYUUTM 3 IIUTaHb IIPSIMi KPU3OBI
MapKepu; peajisyBaTM aBTOMATUYHUII KOHTpPOJb (GOpPMaIbHUX OOMEXKEHb
reHepaiiii; chopmyBaTu IiJCYMKOBMIA pAaraceT; IIiATOTYBaTM IUIAaH PY4YHOi Ta
aBTOMaTMUHOI MepeBipKM SIKOCTi KOpmycy; 3aaaTtu event-disjoint experimental split i
BU3HAUUTM MaiOyTHiN MpoTokon rnopiBHsSHHS LLM-baseline, LLM+Adaptive IRM i
3icTaBHMX KOHTeKCTHUX baselines. Taka MocTaHOBKAa Y3TOJKYEThCSI 3 HASIBHOIO
nitepatypolo 1momo disaster LLMs, domain adaptation evaluation i question
generation evaluation, ane 3akpuBa€e OKpeMy, IOCi HeNOCTAaTHbO IpeNCTaB/IEHY
3agauy [7, 10, 11].

BuK/ageHHSI OCHOBHOTO MaTepiaay JOCiIKeHHS

BuxinHi maHi Ta KOHCTPYKIIisl JaTaceTy

Sk BuxigHa 6a3a BUKOpUCTOBYETbCS HUMAID, oCKilbKM 1€t KOpIyC JOCTaTHbO
BeJIMKUIL, po3miueHuii 3a peasbHuMM disaster events i Bske 3aCTOCOBYBaBCSI SIK
pecypc I KpPMU30BOTO MAUIMHHOTO HaBYaHHS [2]. Y TOTOYHIN Bepcil maracery
chopmoBaHo 41 152 3ammcu 3a I'sAiTbMa KaTeropisimu: hurricanes — 27 443;
earthquakes — 6 974; cyclones — 3 933; wildfires — 2 242; floods — 560.
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Ha BigmiHy Big BuximHoi knacudikalliiiHOi JIOTiKM KpPU30BUX KOPIYCiB, Y
3aMpPOIIOHOBAHI ITOCTAaHOBIII KOXXEH MPUK/IA[A MepeTBOPIOEThCS Ha Iapy BULY
«abCTpaKTHMII 3alUT — KPMU30BO-3ajiekKHa BiAMOBiIb», Oe TUTAHHS Mae€ OYyTU
3ar/IbHMM 1 He MICTUTM CJIiB-MapKepiB J/mxa, a BUXIAHUI TBIT BUCTYIIAE
pedepeHCHOI0 KPMU30BO-3aJIEXKHOIO BiAmoBigmio. Taka KOHCTPYKILSI CTBOPIOE
controlled setting 111 mepeBipKy TOro, UM 3MOKe OKpPeMMIt aganTaliiiHnii MexaHi3mM
TOBEPHYTH Yy BiZIMOBiZib MPOMYIIeHMIT KOHTEKCT.

MeTona reHepallii MUTaHb

MeTton 1OOYmOBM [aTaceTy OXOIUIIOE KiJibKa ITOCTiJOBHMX eTalriB: Bimoip
BUXiZHMX  KpM3OBUMX IIOBiZOMJIEHb, TeHepallilo abCTpaKTHOTO  IIMTaHHSI,
aBTOMAaTMUHY MepeBipKy (opMaJbHMX OOMEXeHb, IOBTOPHY TreHepallilo B pasi
nopyieHHs yMoB i fallback-mexani3m 111 36epeskeHHSI ITOBHOTY KOPITYCY.

Inss koxkHOoro TmoBimowyieHHS 3 HumAID nokanpHO posropHyra LLM
reHepyBaJjia KOPOTKe MMUTAHHS, Ha sIKe BUXiTHUI TBIT Ma€ AaBaTu MpSMY BiTIOBiAb.
SIk reHepaTHBHA MOJe/Ib BUKOPUCTOBYBasiacs openai/gpt-oss-20b y ¢popmati GGUF 3
MXFP4-kBaHuTusaiieio. IHdpepeHCc BMKOHYBABCSI uepe3 JOKaJIbHMII endpoint, 1o
IlaBajio 3MOTY ITPOBOJAMTM TeHepaliilo 6e3 3BepHeHHsI 10 30BHilIHiX API i1 dhikcyBaTn
BUKOPMCTOBYBaHYy KOHQIrypaiiito Ha piBHi eKCIIepMMEHTY.

[Tig yac reHepallii BUKOPMCTOBYBAJIMCS CTOXAaCTUYHI ITapaMeTpy eKOIyBaHHS:
temperature = 0.8, top-k = 40, top-p = 0.8, min-p = 0.05, repetition penalty = 1.1.
PiBeHb reasoning effort 6yso BcraHoBieHO K Low. ®ikcoBanuit random seed He
3aJlaBaBCsl, TOMY reHepallisl € CTOXaCTUYHOIO, a TIOBHE MOCUMMBOJIbHE BiJTBOPEHHS
OKpeMMX MUTaHb IIii 4YaCc MOBTOPHOrO 3aIlyCKy He TrapaHTyeTbCs. BomHouac
BiITBOPIOBAHMMM 3a/IMIIAIOTBCS Ccama IIpollemypa TOOyAoBM KoOpmycy, Habip
obmeskeHb, prompt-flow i mpaBmia aBToMaTMUHOI BasTigalrii.

MeTo10 reHepailii 6y/I0 OTpUMMaTy He OOBiJIbHE NMUTAHHS [0 TBiTa, a MUTAHHSI
CIeliaJibHOTO TUITY: BOHO Ma€ OYTU OCTAaTHbO KOHKPETHUM, 11100 BUXiTHMUI TBIT
OyB Jioro MpsIMOI0 BiZMOBiA/I0, ajle BOJHOUAC He Ma€ MiCTUTHU MPSIMOI BKa3iBKM Ha
TuI inxa. Tomy prompt 6y/10 mo6y10BaHO HABKOJIO TPhOX KITIOUOBMX BUMOT '

1. mMTaHHS Ma€ BigjoOpaskaTy rOJIOBHUIA 3MiCT TBiTa;

2. muTaHHS Ma€e 6yt WH-TIMTaHHSIM;

3. MATaHHS HEe Ma€ MiCTUTY 3a00pOHEHNUX KPU30BUX MapKepiB.
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V primary generation prompt mMopesi 3amaBajsiacs iHCTPYKIIisi HAMKUCaT PiBHO
oIHe MUTaHHS. B iHCTpyKIIii 3a3Havasocs, o0 TBIT Mae OYTM HAKpPAIIO0 MPSIMOIO
BiJITIOBiIII0 Ha Ile MMTAHHS, a caMe MUTAHHS Ma€ OYTU KOPOTKUM, MIPUPOSHUM i
TIOB'SI3aHMM 3 OJHMM KOHKPETHMM (DaKTOM: UMCJIOM, JIIOAMHOIO, OpraHis3alli€io, mi€lo,
IOTIOMOI'0l0, MiCIIeEM, YacOM, IOMIKOIKEHHSIM, IiATPUMKOK abo OHOBJIEHHSIM.
Takosk SIBHO 3a00pOHSIINCS yes/NO-IMUTaHHS, MUTAHHS PO XeIlTery, aBTOpPiB, caM
TBIT, a TAKOX G/IM3bKe KOITil0OBaHHS BUXiTHOro (hopMy/ItoBaHHs. IIpuKiag 3arajbHOi

Jioriku primary prompt HaBeeHO Ha JIicTuHry 1.

Task: write exactly ONE question.

Goal:
The tweet text must be the best direct answer.

Rules:

- Ask about the MAIN point, not a side detail.

- Ask only for information stated in the tweet.

- Use one WH-question only.

- No yes/no questions.

- Do NOT mention any disaster, crisis, emergency, hazard, or

event.

- Do NOT copy or closely paraphrase the tweet.

- Keep it short.

- End with "?".

Jlictunr 1 - [puknan primary generation prompt 1151 bopMyBaHHS OZHOTO ITiICYMKOBOTO
MUTAHHS 3@ TEKCTOM TBiTa

KopucTtyBaipkuit prompt mjis primary generation MaB MiHiMaJbHy CTPYKTYpY:
MoOfeJli TepeaaBaBCsl TEKCT TBiTa, MiC/AS YOrO BMMArajocsi IOBEpHYTHU JIMIIe OJIHE

MiJIcyMKOBe NMuTaHHS. [IpuKa; KopucTyBalbKoro prompt HaBeJieHO Ha JIicTUHTY 2.
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Tweet text:
<tweet>
{{TWEET TEXT}}
</tweet>

Write one natural question that this tweet answers directly.
Return only the question.

Jlictuar 2 — CTpyKTypa KOPUCTYBalbKOTo prompt 11 epegaBaHHs TEKCTY TBiTa Ta
OTPUMAaHHS OJHOTO IMiICYMKOBOTO MTUTAHHS

ko 3reHepoBaHe IIMTAHHS He IIPOXOAWIO AaBTOMAaTUMUYHY IE€peBipKy,
3amyckasacs retry generation. VY retry prompt 1omaTKOBO IepeaBaaocs IornepemsHe
HeBaJliTHe TMMUTAHHS, a MOJe/Nb OTPMMYBaja iHCTPYKIII0 He IOBTOPIOBATU J1OTO
dbopmynioBaHHS ¥ 3reHepyBaTM Kpally 3aMmiHy. Retry prompt 6yB >KOPCTKillIMM:
BuMaraB KopoTiioro WH-nutaHHsI, ¢OKyCy Ha TOJOBHOMY ITOBiIOMJIEHHi TBiTa Ji
3aMiHM TIOTEHIifHMX KPU30BUX CJIiB HENTPAJTbHUMM POJOBUMMU iMEHHUKAMMU,
TaKMMM SIK amount, support, damage, group, help, place a6o update.

3arajbHa CTPYKTYypa retry user prompt HaBefeHa Ha JIicTUHTY 3.

Tweet text:
<tweet>
{{TWEET TEXT}}
</tweet>

Bad previous question:
<bad question>

{{BAD_QUESTION} }

</bad_question>

Do not reuse its wording.
Write the single best replacement question.
Return only the question.

JlictuHr 3 — CTpyKTypa retry user prompt 171 IOBTOPHOI reHepailii MMTaHHS MiCJs
HeBJIaJI01 aBTOMAaTUYHO]I ITlepeBipKu

Takum unMHOM, TeHepallis OyayBajacs He K OJHOpa30Buit BUKIAMK LLM, a sk

KOHTpPOJIbOBaHMIT pipeline: crmouaTKy BUKOHYBajacs OCHOBHa TreHepallisi, IOTiM
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dbopmMasbHa IepeBipKa, Jai MOBTOpHA reHepallis 3a IMOTpebu, i Juiie micjst [boro
fallback.

3abopoHeHi Kp130Bi Mapkepn

s 3amob6iraHHs MpsAMiii MigKasii TUITY JMxa BUKOPUCTOBYBABCS (dikcoBaHUIA
CITMCOK 3a60pOHEeHMX CJTiB. BiH OXOIIIOBaB MpsIMi Ha3BM MIPUPOIHMUX i TEXHOT€HHUX
TIO/Iili, @ TAKOXK 3arajbHi crisis-related Tepminmn:

disaster, earthquake, quake, aftershock, aftershocks, tremor, tsunami, hurricane,
cyclone, typhoon, tornado, storm, blizzard, wildfire, fire, flood, landslide, mudslide,
drought, eruption, volcano, pandemic, outbreak, explosion, blast, evacuation,
catastrophe, emergency.

Lleit cMCcOK BMKOPMCTOBYBABCSI OQHOYACHO Ha JBOX piBHSAX. [lo-mepiie, BiH
BKJIIOUABCSI B prompt K siBHe oomexkeHHs Ajst LLM. Ilo-gpyre, Toi caMmii CIIMCOK
3aCTOCOBYBABCSI B aBTOMaTMUYHOMY BaslifaTopi micist reHepaiiii. Take my6aioBaHHS
OyJlo HeOOXimHMM, OCKiIJIbKM prompt-iHCTPyKIii He TrapaHTyIOTb ITOBHOTO
IOTPUMAaHHS 00MeskeHb, 0COOJIMBO 32 CTOXaCTUYHOIO AeKOAYBaHHSI.

ABTOMAaTHM4YHA BaIiIallis MUTAaHb

[Ticmsgs reHepallii KOXXKHe TIMTAHHS IIPOXOAMJIO AaBTOMAaTUYHY II€peBipKy.
[IMTaHHS BBaskaJIoCsl BaJTigHMM JiMIlle 32 BUKOHAHHSI KiJIbKOX YMOB. BOHO He Mae
OyTM MOPOsKHIM, Ma€ mounHaTucs 3 WH-c1oBa, 3aKiHUyBaTHUCS 3HAKOM ITUTAHHS, He
MiCTUTM 3a00pOHEHMX KPMU30BUX MapKepiB, He OYTU YyeS/NO-NMUTAHHSIM i He
IepeBUINyBaT BCTAaHOBJIeHe OOMeXKeHHS MOOBXMHM. [loJaTKOBO BiIKuIaIMCs
11a6yioHHiI a60 HAATO cabKi hopMyIoBaHHS, HATIpUK/IAL MUTaHHS Buay What is the
key detail about..., What is reported about..., What is mentioned about..., What is the
situation... i 6M3bKi 10 HUX KOHCTPYKIIii.

Ha piBHi BasimaTopa nmepeBipsuinics Taki rpymnm 0OMeskeHb:

° HasIBHICTbh TEKCTY MUTAHHS,

° BiAcyTHIicTb ciiB i3 forbidden list;

° rnouatok nutanHs 3 WH-mapxkepa: what, who, when, where, why,
which, how;

° BiICYTHICTb yes/No-CTPYKTYpU Ha TOYATKY IUTAHHS;

° HasIBHICTh (piHAJbHOTO 3HAKa ?;

° BiJICYyTHiCTb Hamepe[ 3amaHnux bad patterns;

° 0OMesKeHHS TOBKMHMU IMUTaHHS.
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SIKIIIO0 MUTaHHS MOPYIIYBaJIO X04a 6 OAHY 3 IIMX YMOB, BOHO He BK/IIOUYAJIOCS 10
MiACYMKOBOI'O JaTaceTy Hampsamy. HaTomicTe BUKOHYBasiacs retry generation. SIKimo
TOBTOpHA TreHepallisi TaKOX He [aBaja BaJliTHOTO pe3yJbTaTy, 3aCTOCOBYBAaBCS
fallback-mexanism. Fallback BuKopMcTOBYBaBCS SIK AOIOMiXKHA IMpoIeaypa, 1o gae
3MoOry 36eperTu 3ammc y KOpiyci HaBiTh Tomi, ko LLM He 3Morja 3reHepyBaTu
MIUTAHHS, SIKe 33/I0BOJIbHSIE BCi 0OMeKeHHSI.

YV morouHiit Bepcii kopmycy fallback 6ymo Bukopucrano 1 432 pasu, 1o
CTAaHOBUThb 3.48% BiJ 3arajJibHOI KiJIbKOCTI 3amnuciB. lle 3HauyeHHST XapaKTepusye
CTiViKiCTh TeHepaTMBHOrO pipeline: mis 6iMbIIOI YaCTUMHM KOPITYCY NMUTAHHS OYyJI0
OTpMMAaHO Ha eTari primary abo retry generation, a fallback 3acTrocoByBaBcs nuiie B
obMeskeHil yacTii BuIaakiB. BogHouac skicTb primary-, retry- i fallback-npuxnazis
Ma€e OyTM OKpeMO MepeBipeHa Ha HAaCTYIIHOMY eTarli 3a JOIMoMOro (GopMasizoBaHOi
PYYHOI Ta aBTOMaTUYHOI1 Basigaliii.

IlincymkoBe opMy/TIOBaHHSI METOLY

3arpoIIoOHOBaHMII MeToH, Oyaye Mapyu BUIAY «aOCTPaKTHUI 3alIUT — KPU30BO-
3ajJIe’KHa BifIoOBiaAb» Ha OCHOBI Kpu30BUX noBigomyieHb HUmMAID [2]. Isis1 KOKHOTO
TIOBiTOMJIEHHSI JIOKAJbHO po3ropHyTa LLM openai/gpt-oss-20b reHepye KopoTke
WH-nuTanHs, ke Ma€ BimoOpaskaTy OCHOBHMIA 3MiCT BUXiJHOrO TBiTa, ajie He
MIiCTUTU TIPSIMMX KPU30BUX MapKepiB. ['eHepallisi BUKOHYETHCS Y CTOXaCTUUYHOMY
pesxkxuMi 3 ¢ikCOBaHMMM TapaMeTpaMyu TeKOMyBaHHS, IiC/As YOTO KOKHe MUTAHHS
MIPOXOJNTb aBTOMaTUUHY MepeBipKy 3a GopMayibHUMM KpUTepisiMu: HasiBHicTb WH-
CTPYKTYpU, BiICYTHICTb yes/no-dbopMmu, BiACyTHICTb 3a00pOHEHUX CJIiB, KOpPEKTHe
3aBepIlleHHsI 3HAaKOM IMUTaHHS, OOMeXkeHHs MOBXMHM ¥ (iibTpaliisi HebaxkaHUX
1a6IOHHMX GOPMYJTIOBaHb.

YV pasi mopylieHHs UIMX BUMOI BUKOHYEThCSI IIOBTOpHA TeHepallisi 3
SKOPCTKIIIIOI0 iHCTPYKIIi€I0 Ta IMepeaaBaHHsIM ITONepeaHbOTr0 HeBaJIiZHOIO MUTAHHS
SIK HeraTMBHOTO MpUKIaAy. SIKIIO MOBTOpHA reHepallisi TakKOXX He MPUBOAUTH A0
BaJiIHOTO pe3yiabTaTy, BuUKopuctoByeThecsi fallback-muranns. VY  pesynbTarti
dbopmMyeTbCsI KPU30BO-KOHTEKCTHUI [aTaceT, y SIKOMY KOPMCTYBallbKMii 3amuT
HaBMMCHO 3a/JMIIAETbCI abCTpPaKTHMM, a IIpaBWIbHA iHTepIIpeTallis BigIoBimi
nmotpebye BpaxyBaHHS IIPMXOBAHOTO KOHTEKCTy Iofii. Taka ITOCTaHOBKA
BiJIpi3HSAETHCS Bif, KIaCMUHMX 3a7au KpM30BOi Kiacudikailii Ta mpusHavyeHa Ijisi

nojasbliioi Bepudikaliii mpuxoBaHOi KOHTeKCTHOI agamnTatiii LLM [2, 3, 7].
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Question Generation Pipeline Example
Tweet text /9 LLM (pass 2, stricter prompt) Tweet:
I Glacier Farm Media pledges $50K in
support for Fort McMurray wildfire
Generated question disaster relief.

LLM (pass 1) Post-processing

Generated question No \|/

Post-processing = No >
|
Yes
b 74
Generated question:
- Yes % Dataset record How much support was pledged?

Pucynok 1. KoHBeep reHepatiii 3anmuTaHb 1151 TOOYI0BM KPU30-He3aJeKHMUX 3aIUTiB Ha
OCHOBI TBITiB.

Prompt fragment:
Generate ONE concise wh question.

b Y
/

Constraints:
« no forbidden terms
+ no paraphrasing

« main point only
= no yes/no questions...

Safe fallback question

7
N\

Ilnst 3ama”oro TBiTY LLM reHepye KaHOuaaTHe 3allMTaHHS (MepIIuii Mpoxin),
sIKe [aji MPOXOOUTh ITOCTOOPOOKY Ta IepeBipKy. SIKIO IepeBipka He IMpPOiAeHa,
BUKOHYETBCSI APYTUii TMPOXiJ reHepailii 3 BUKOPUCTAHHSIM CYBOPIlIOrO IMPOMIITA.
dkimo o6uaBi crpobu € HEeYCHiITHMMM, BUKOPMUCTOBYETHCSI Oe3IeuHe 3aracHe
3alMUTaHHS. 3alMTaHHS BBAXKAETbCS KOPEKTHMUM, SKIIO BOHO He MIiCTUTh
3a00pOHEHNX TEPMiHiB, MTOB’SI3aHMX i3 KpM3aMu, He € repedpa3yBaHHIM BXiTHOTO
TBiTY, BiAmnoBigae dopmary WH-3anmmTaHHSI Ta 3a0BOJIbHSIE OOMEKEHHS TOBKUHUA.
[TocTo6pobKa BK/IIOUAE HOpPMaJi3allilo, 30KpeMa BUIiJIEHHSI OJHOTO 3alMTaHHS Ta
3a0e3IeueHHsI KOpPeKTHOro QopmaryBaHHs. PparMeHT MOpPOMITA HaBeIEHO Y
CKOPOUYEHOMY BUIJISIAI 3 iTIOCTPATUBHOIO METOIO.

Pe3ynbTaTi

Y pe3ynbTaTi 3aCTOCYBaHHSI 3aIlIPOIIOHOBAHOIO MeTonmy Oyso chOopMOBaHO
KPM30BO-KOHTEKCTHUI mJaTtaceT obcsarom 41 152 3ammcu. JlaTaceT OXOIUIIOE IT'SITh
KaTeropiit mopgiii: hurricanes, earthquakes, cyclones, wildfires i floods. Po3smogin
3aMMCiB 3@ KaTeropisiMM € HepiBHOMipHMM: HaMOIMbITy YacTKy CTaHOBJSTD
TOBiIOMJIEHHSI, TIOB'SI3aHi 3 yparaHaMu, TOJAi SIK KaTeropisi MoBeHel MpeacTaBjieHa

CYTT€BO MEHIIOI0 KiJIbKiCTIO MPUKJIA/iB.
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Tabmuug 1
Posmnopain 3anmuciB chopMOBaHOIO KPM30BO-KOHTEKCTHOI'O JATACeTy 32 KATEropisiMu IO
Karteropis KinbKicTb 3ammciB
hurricanes 27 443
earthquakes 6974
cyclones 3933
wildfires 2242
floods 560
Ycboro 41 152

Jlyist 3a6e3meueHHsT CTiMIKOCTI MajiIiaiiHa BUMKOPMCTOBYBaJacsl CxeMa primary
generation -> retry generation -> fallback. Fallback 6yio 3amisiHo y 1 432 Bumagkax,
0 CTAaHOBUTH 3.48% 3arajbHOro 00cAry Kopmycy. lle 3HaueHHs IOKa3ye, 10 B
OiMbIIOCTI BUMAAKiB MUTAHHS OyaM chOpMOBAaHi OCHOBHMM ab0 ITOBTOPHUM
npoxoaoM, a fallback BukopucrToByBaBCcsi $SIK HOOMOMDKHMIA MeXaHi3M ISt
30epe>keHHs IOBHOTHM JlaTaceTy.

Tabmuig 2

Y3aranbHeHi MOKa3HMKY C(HOPMOBAHOTO JATACETY Ta YaCTKa BUKOPUCTAHHS
fallback-mexanizsmy

IToxa3HMK 3HaueHHs
3arajbHa KiJIbKiCTb 3aI1MCiB 41152
KinpkicTh KaTeropii 5
Fallback 1432
Fallback, % 3.48

OCHOBHMM pe3yJbTaTOM IbOTO eTamny € OTPUMMaHHS BiATBOPIOBAHOTO METOMY
reHepailii KpM30BO-KOHTEKCTHMX map i copMOBaHOro Ha Oro OCHOBi JaTacery.
3anpornoHoBaHuit Kopmyc @diKCye€ MOCTAaHOBKY, Y SKifi NUTaHHS 3aMILNAETHCS
abCTpaKTHMM i He MiCTUTh NpPSIMOi BKa3iBKM Ha TUII JMXa, TOAI SIK BiZNOBigb
30epirae 3B's130K i3 KOHKPETHUM KPU30BUM ITOBiAOMIEHHSIM.

Ha HacTyrmHOMY eTarli IJIaHy€eThCsI TpoBecT opmasti3zoBaHy MepeBipKy SIKOCTi
nmataceTy. BoHa Mae BKIouaTy pyuHy cTpaTudikoBaHy Bajifallio, aHaji3 primary-,
retry- i fallback-nmpuknanis, a Takox aBTOMaTuUuHy retrieval-style mnepeBipky
CeMAaHTUYHOI Y3TOJKEHOCTI MiX 3reHepoBaHMMM TNUTAHHSIMM Ta BUXiTHUMU

KpU30BUMM TOBifOMJIEHHAMMU. TomMy OyIb-siki METPUKMU SIKOCTi MUTAHb i IXHBOTO
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3B'SI3KY 3 BUXiJTHMMM TBiTaMM PO3IJISSHAIOTHCS B I1iil CTATTi SIK YacTMHA MaiiOyTHHOIO
TIPOTOKOJTY BaJliAallii, a He SIK y>Ke 3aBepIlIeHNl eKCIIepUMEeHTAIbHUI Pe3ysbTar.

[Tnan Bamigaliii Ta eKcnepMMeHTaJbHUI OU3aiiH

[Tnan py4yHoi Bamiganii

HacTyrmHum 060B'SI3KOBMM KPOKOM € (popMaJjizoBaHa pydyHa MepeBipKa SIKOCTi
matacetry. JIJisS IIbOTO IPOITIOHYETbCS BMKOPMCTOBYBATM CTpaTUdikoBaHy BUOIpKY 3
500 mpuknazmis, mo 100 Ha KoxkeH kjac. Takuii au3aiiH € KpaliyMMm MOPiBHSIHO 3
MIPOIOPIIi/iHOI  BMOIpKOIO, OCKiIbKM Ja€ 3MOTry 3a0e3leyuMTu [IOCTATHE
NIpeACTaBHUIITBO PiIKiCHMUX KaTeropiii, Hacammepen floods, sIKi 3a mMpoIOpLiifHOrO
Bimbopy morim 6 OyTM IIpeAcTaBieHi HAATO MaJol0 KiJIbKiCTIO MPUKIamiB. st
MiABMILIEHHS HAMAifHOCTi OI[iHIOBAHHSI MepeBipKy MOOLibHO MPOBOAUTHU JBOMA
He3a/IeXXKHMMM aHOTaTopamMy 3 TOJa/JbIIMM PO3PaxXyHKOM MiXKaHOTaTOPHOI
Y3rOAKEHOCTI.

Kpurepii pyuyHoro oIiHiOBaHHS MawTb OyTM 3amaHi 3a3gajerigp i
3aCTOCOBYBATUCS OAHAKOBO OO BCiX MPUKIAAiB ayauTy. JJisI KOKHOTO IPUKIAZy
HeOOXiTHO MepeBipUTH, UM € IIMTAHHS BaJiIHUM IIMTAJTbHMUM PeUeHHSIM; UM 30epirae
BOHO CéMaHTUUYHMI 3B'SI30K i3 BUXIAHMM TBiTOM; UM MOXXHA BiJIIOBICTM Ha HbHOTO
6e3mocepeIHbO 3a TEKCTOM TBiTa; UM BiICYTHI B HbOMY MpPSIMi KPM30Bi MapKepu; um
He € BOHO Malike [JOC/JIBHOIO KOITi€l0 BUXIZHOTO IIOBiOMJIEHHS; UM € JI0OrO
dbopmyroBaHHS TPUPOTHUM i 3pO3YMIJIMM.

Takuii MPOTOKOJ Y3TOMKYETHCS i3 CydaCHMMM IIiAXOAamMy OO OIiHIOBAHHS
question generation, y SIKMX SIKiCTb MUTaHHS BU3HAUAETHCS He Juile GOpMabHOIO
nomibHicTIo 1o pedepeHcy, a ¥ Joro answerability, consistency, clarity i
MIPUAATHICTIO I/ BiAMOBiAi 3a BUXiZHMM KoHTeKcToM. 3okpema, QGEval akiieHTye
6araToBMMipHe OIiHIOBaHHSI IKOCTi muTaHb, ToAi Sk PMAN i RQUGE momaTkoBO
MiAKPEeCTI0I0Th BAKIMBICTh TEpeBipKM TOTO, UM MOKHA OTPMMATM BiAIIOBigb Ha
3reHepoBaHe MMUTAaHHS i3 3alaHOT0 KOHTeKCTy [11, 14, 15].

3a migcymMKamMy pPydyHOTO ayauTy IUIaHYeEThCsl 3adikcyBaTy Kiabka TIpyIl
MOKA3HMKIB: 3araJibHy YacTKy BaJifHMX NUTaHb, YaCTKy BaJifHMX NUTaHb 3a
KOKHMM KPM30BMUM KJIaCOM, YaCTOTYy MOpPYIIeHb, MOB'I3aHUX i3 HASIBHICTIO MPSIMUX
crisis markers, piBeHb MiKaHOTATOPHOI Y3TOIKEHOCTi, a TaKOX TUIIOJIOTiI0
BUSIBJIEHMX MOMMJIOK. MiHiMasbHa TUIIOJIOTiSI TIOMMWJIOK OXOIJIIOE HAATO 3arajbHe

MUTaHHS, BTpaTy answerability, ripuxoBaHe BifcuaaHHS [0 TUITY JiMXa, hear-copy
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BUXiIHOTO TBiTa ¥i HemnpupomHe dQopmynoBaHHg. Takuii aHali3 JacTb 3MOTY
BUKOPUCTOBYBATU PYUHY II€PeBIPKY He JIMIIe K iIHCTPYMEeHT KOHTPOJIIO SIKOCTi, a 1
SIK DKepeJio JOC/TiTHUIIBKMX BYCHOBKIB PO TUIIOBI 0OMEKeHHS 3aIpOIIOHOBAHOTO
MeTOJy reHepallii MUTaHb.

ExcriepMeHTa/IbHUI IIJIAH HACTYITHOTO eTaIry

HacTtynmHuM eTamoM OOCTimKeHHS € peasnisaliis Adaptive IRM i mpoBemgeHHS
KOHTPOJIbOBAHOI'O IIOPiBHSHHSI Mojeseil B event-disjoint mocTaHoBIIi. OCKiJbKHU
HumAID oxomutioe 19 oxkpemux disaster events [2], train/val/test split mouisibHO
dbopmyBaTH Ha PpiBHI TIOfiii, MO0 YHUKHYTM iHQOpPMAIifHOTO BUTOKY MiX
BubOipkamu. B ekcriepuMeHTabHili YaCTUHI IJIAHYETHCSI MOPiBHITHU 6a30By LLM 6e3
IomaTkoBOi agamTailii, momenb 3 Adaptive IRM, retrieval-augmented baseline i
parameter-efficient baseline Ha ocHoBi PEFT. {K MeTpukmu mnependadaeTbCs
BUKOpUCTOBYBaTu retrieval-style Hit@k, semantic metrics BERTScore i BLEURT,
answerability-oriented metrics PMAN Ta/a6o RQUGE, a Takoxk ¢dopmanizoBaHe
pyuHe orliHoBaHHS. Takuii 1u3aifH AACTh 3MOTy MepeBipuTH, uu crpasii Adaptive
IRM nokpaiilye BiZHOBJIEHHSI IPUXOBAHOTO KPM30BOr0 KOHTEKCTY ITOPiBHSIHO SIK i3
yuctoro LLM, Tak i 3 ajnbTepHAaTMBHMMMU MeXaHi3MaMM KOHTEKCTHOTO
nigcuneHHs (2, 8, 9, 10, 11].

BucHOBKU

VY po6oTi 3aIlpoIIOHOBAHO METO[ MOOYAO0BM KPM30BO-KOHTEKCTHOTO [1aTaceTy
Ions nopanbinoi Bepudikaiii Adaptive IRM y 3agmauax IpUXOBAHOI KOHTEKCTHOI
ajanTailii BiATIOBiel BeIMKUX MOBHMX Mojeseii. Ha BigmiHy BiJ HassBHMUX Crisis
datasets, opieHTOBaHMX mHepeBakHO Ha tweet-level classification, informativeness
detection i humanitarian categorization [2, 3, 4, 5, 6], 3alpONOHOBaHMIT KOPITYC
MOJIEJIIOE CUTYaIlilo, Y SIKiii KOPUCTYBAIbKMIi 3aMMUT 3aJMIIAETHCS aOCTPAKTHUM, a
KOpeKTHa BiJINOBi/ib BU3HAUAETHCS IPUXOBAHUM KPU30BUM KOHTEKCTOM.

OCHOBHMM pe3yJabTaTOM AOCJiIsKeHHsS € chopMoBaHMII AaTaceT obcsirom 41
152 3ammcyu 3a m'aTbMa KaTeropisMmu Kpu3oBMX Tofiii: hurricanes, earthquakes,
cyclones, wildfires i floods. [Ins moGymoBu KopIirycy Oy/0 3ampOIIOHOBAHO
reHepaTUMBHY CXeMy, III0 BK/IIOYa€ primary generation, retry generation i fallback-
MexaHism. Fallback 6ymo Bukopucrano y 1 432 Bultagkax, IO CTAaHOBUTH 3.48%
KOpITyCy ¥ xapakTepu3ye poOOTy mMaiiljaiiHa 3 IOMJISIAY TOBHOTM (GOpPMyBaHHS

IaTacery.
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Takum 4MHOM, BHECOK POOOTH TOJISITA€ B pO3pOOIeHHI METOAY IMepeTBOPEeHHS
KpU30BMX IIOBiIOMJIEHb Ha Mapy BUIY «aOCTPAKTHUIA 3alIUT — KPMU30BO-3ajieskHa
BiAMmoBiAb» 1 B OTpMMAaHHI [garaceTy, INPUAATHOrO [Jisi MOAAJbIIOI IepeBipKu
MIPMXOBAaHOI KOHTEeKCTHO1 amanTaliii LLM. Bamigaiiis SKocTi 3reHepOBaHMX MUTAaHb,
event-disjoint split, peamizaiis Adaptive IRM i nopiBHsiHHST 3 baseline-migxomamu
PO3IASAAITHCS SIK 3a/1aUi HACTYITHOTO eTaIy JOC/TiaKeHHSI.

V mopasnbliiiii po60Ti HeoOXigHO: MpoBecT cTpaTUdiKOBaHy PYYHY Balifaliiio
Koprycy Ha 500 npukiamax i3 [BoMa aHOTaTOpaMM; OKPeMO IMpoaHali3yBaTH SIKiCThb
primary-, retry- i fallback-nmpuknanmiB; BMKOHaTM aBTOMaTMUHy retrieval-style
repeBipKy CeMaHTUYHOI Y3TOJKeHOCTi MMUTaHb i BUXiTHUX KPU30BUX IOBiIOMJIEHD;
3adikcyBat event-disjoint split; peamizyBatu Adaptive IRM; BuKoHaTHU
eKkcriepMMeHTaabHe mopiBHSHHS LLM baseline, LLM+Adaptive IRM, RAG i
PEFT-baseline; posmuputu Habip MeTpuK 3a MeXi (GOpPpMaJbHOIO KOHTPOJIIO
redepatii. [7, 8, 9, 10, 11].
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Anton Guda, Mykyta Bereziuk

METHOD FOR CONSTRUCTING A CRISIS-CONTEXT DATASET FOR ADAPTIVE
IRM VERIFICATION

Abstract. Recent research in the field of crisis informatics is largely focused on the
automatic processing of social media messages during emergency situations. Existing
crisis corpora, including HumAID, CrisisBench, AIDR, TREC-IS, and CrisisMMD,
provide an important foundation for message classification, informativeness detection,
humanitarian categorization, prioritization, and multimodal annotation tasks. At the
same time, most of these resources are oriented toward the analysis of individual
messages or the identification of their class, rather than toward verifying the ability of a
large language model to reconstruct hidden crisis context from an abstract query. With
the development of large language models, there is a growing need for specialized
datasets that make it possible to evaluate not only the general linguistic competence of a
model, but also its ability to adapt a response to a context that is not explicitly specified

in the user’s question.

The purpose of this work is to develop a method for constructing a crisis-context dataset
for the subsequent verification of Adaptive IRM in tasks of hidden contextual adaptation
of large language model responses. To achieve this purpose, it is proposed to transform
crisis messages from the HumAID corpus into pairs of the form “abstract query — crisis-
dependent answer”, where the question does not contain direct markers of the disaster
type but preserves a semantic connection with the original message.

The paper proposes a generative dataset construction pipeline that includes primary
generation, retry generation, and a fallback mechanism. For each crisis message, a
locally deployed large language model generates a short WH-question to which the
original tweet should provide a direct answer. After generation, the question undergoes

automatic validation according to formal criteria: the presence of an interrogative
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structure, the absence of a yes/no form, ending with a question mark, compliance with
the length limit, the absence of undesirable template-like formulations, and the absence
of direct crisis markers such as earthquake, hurricane, flood, disaster, emergency, and
others. If the initial question does not meet the specified requirements, a retry generation
step is performed using a stricter instruction. In case of a repeated failure, a fallback
question is applied, which makes it possible to preserve the completeness of the corpus.
As a result, a dataset of 41,152 records was formed across five categories of crisis events:
hurricanes, earthquakes, cyclones, wildfires, and floods. The fallback mechanism was
used in 1,432 cases, which accounts for 3.48% of the corpus.

The main result of the study is a method for transforming crisis messages into “abstract
query — crisis-dependent answer” pairs and the dataset constructed on its basis for the
future verification of hidden contextual adaptation in LLMs. The proposed approach
differs from classical crisis datasets in that it models a situation in which the question
does not directly indicate the type of disaster, while the correct answer requires taking
into account the hidden context of the event. Future work includes formalized manual
validation of the corpus, automatic retrieval-style verification of semantic consistency,
construction of an event-disjoint split, implementation of Adaptive IRM, and comparison
with LLM-baseline, RAG, and PEFT-baseline approaches.

Keywords: crisis-context dataset, large language models, hidden contextual adaptation,
Adaptive IRM, question generation, crisis informatics, HumAID, question generation,

dataset validation.
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JUHAMIKA I'"IMBUHHOTI'O BIBPATOPA 3 YPAXYBAHHSIM
ITOCTVYIIAJIBHOI'O TA KYTOBOI'O PYXVY POBOYOT'O OPTAHA

AHomauis. Y cmammi po3z1aHymo OuHamiky 21ubuHHozo 8ibpamopa 0 yuliibHeHHs
OGemoHHUX cymiwiell 3 ypaxy8aHHsIM NOCMYNAanibHO20 Ma Kymogozo pyxy iiozo po6ouozo
opeana. ITo6y0oeaHo po3paxyHKosy cxemy 2aubUHHO20 8ibpamopa SIK Npocmoposoi
KOJNIUBAILHOI cucmemu, y SKili Kopnyc npuiiHamo meepdum minom i3 wicmema
cmyneHsaMu 8ilbHOCMi, a 0is 6emoHHOI CyMiwi 8paxosaHa uepe3 NPUEOHAHY MAcy,
npyxcHuii ma HenpyxcHuili onip cepedosuwa. Po3znsHymo pobomy 0e6anaHcHO20
8i0p0306y0xcysaua 3 080Ma HEBPIBHOBANEHUMU 8AHMANAMU, PO3MAUOBAHUMU HA BATY
3 8i0n0BIOHUMU eKcyeHmpucumemamu ma Kymom 63aeMH020 po3gopomy. OdepicaHo
AHANTMUYHI 3A1eXCHOCMI 0711 BU3HAYEHHS 8I0YEeHMPOBUX CUJL, Pe3YJIbIy1020 MOMEHMY,
npusedeHoi macu cucmemu, amnaimyou NOCMynaibHuUX KONUBAHb UeHmpa mac ma
amnaimyou Kymoeux KoausaHs kopnyca. IlokazaHo, ujo pyx 21ubuHHo20 8ibpamopa He
MOMCHa 3800umu Jauuie 00 20pPU3OHMANbHUX KOJUBAHL, OCKiLIbKU 0is 0ebanaHcHux
saHmaxie (opmye obepmosy pieHOOitoUy CUIYy ma pe3yavmyouuii MomeHm, sKi
CNPUUUHAIOMb CKAAOHULl npocmoposuti pyx pobouozo opzaHa. BcmanoeneHo, uwjo
mpaexkmopis do8iIbHOT MOUKU Kopnyca 3aiexcums 6id ii eiocmati 0o yeHmpa mac, Kyma
po3sopomy 0ebalaHCHUX 8AHMAXie, MOMeHmMY iHepyii, uacmomu obepmaxHs eéaia ma
npuedHaxoi macu 6emouHoi cymiwi. /JosedeHo, wio 3miHa Kyma po3gopomy debaiaHcie
00380J151€ pezy08amu CniggiOHOUIEHHSI MIXC NOCMYNAJILHOI MA Kymo8ow CK1adosumu
PYXy, a omice 8nauU8amMu Ha xapakmep nepedasauHs 8ibpayitiHoi eHepeii 8 GeMOHHY
cymiw. Odepicaui pe3yiemamu Moxyme Oymu 6UKOPUCMAHI Ons 00TPYHMYBAHHS
napamempie 2nUOUHHUX 8i6pamopis, 6uUb6OpY PAUIOHANbHUX PEHCUMIB YUi/IbHEHHS,
3MEHUIeHHs1 PU3UKy po3WapysaHHs Ccymiwi ma nooanvuwioi onmumisauii ¢popmu
po60ou020 opeana.

Kntouosi cnoea: znuburHuii 8ibpamop, 6emoHHA CyMill, YWinvHeHHs, 0eOGanaHcHut
8i0p030ydxcysau, nocmynanpHuil pyx, Kymoeuii pyx, duHamiuHa modesb, 8idyeHmposa

cuna, pe3yivmynuuti MOMeHmM, NPUEOHAHA MACA, MPAEKMOPIA KONUBAHD.

© T'aBpikoB B.B., Byrposa T.M., 2026 Copyright for this paper by its authors. Use permitted under
License CC BY 4.0.
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IToctraHoBKa mpoGiemu. [MOMHHI BiGpaTopy HaJeXaTb IO HaOiIbII
MOIIMPEeHNX 3acobiB YIIiIbHeHHST OeTOHHMX CyMillleii TIiJy 4Yac BUTOTOBJIEHHS
MOHOJIITHMX 1 36ipHMX 3aj1i300€TOHHMX KOHCTPYKIIiif, OGHAK e(eKTUBHICTh iX
pOOOTH iCTOTHO 3aJIEXXUTD BiJl XapaKTepy KOJMBAJbHOTO PyXy poOOUYOro opraHa Ta
YMOB IlepefgaBaHHs BibpaiiiiHoi eHeprii B 00’em cymimi. Ha Bigminy Big
IIOBEPXHEBOro BiOpalliifHOro oOJiagHAaHHS, [NIMOMHHMII BiGpaTop B3aeMoOJIie
Oe3rmocepeHbO 3 BHYTPIIIHIMM IIapaMy OETOHHOI CyMilli, TOMY i0ro AuHaMika
BU3HAUa€ IHTEHCUBHICTb pyMHYBAaHHS BHYTPIIIHIX CTPYKTYPHUX 3B’S3KiB,
BUJAJIEHHSI TOBITPSIHMX BKJIOUEHb, II€pepos3Nofil 1eMeHTHOTO TicTa Ta
3al0BHIOBAYa, a TakKoX (popMyBaHHS IIiJIbHOI i OMHOPITHOI CTPYKTYpHM OETOHY.

YV peaslbHMX yMOBaxX po00TM pyX KopIyca IJMOMHHOrO BibpaTopa He
00MeXXY€eThCSI JIMIlle TPOCTMMM TOPU3OHTAJbHMMM KOJMBaHHSIMU. Yepe3 [iio
nebasaHCHOTO BiOpo30ymKyBaua, pO3MIllleHHS HEBPiBHOBAaKeHMX Mac, IX
eKCIIEHTPUCUTET, KyTOBY INBUIKICTh 00OepTaHHS Ta B3aEMOJil0 3 OETOHHOIO
CYMIIIIIIII0 pobounii opraH MOXKe 3[iiICHIOBATU CKJIAIHMII IMPOCTOPOBUI PYX, SIKUit
TO€IHYE MOCTYIa/JbHI ITepeMillleHHS IIeHTPa Mac i KyTOBi KOJIMBaHHSI HABKOJIO HbOTO.
[Ipy 1bOMY Tpa€eKkTOpii OKpeMMX TOUYOK KOpIyca MOXYTb BiIpi3HSTUCS 3a
aMILTiTyI0I0, HAIIPSIMOM i KyTOM HaxWIy IUIOUIMHM KOJMBaHb, 10 Oe3rocepeaHbo
BIUIMBAE Ha XapaKTep YIIiJIbHEeHHS CyMillli B pisHMX 30HaX HaBKOJIO BibpaTopa.

HepgocTaTHbO OOIpYHTOBaHi MapamMeTpyu TJIMOMHHOIO BibpaTopa MOXKYTh
MIPU3BOAUTY OO0 HEPIBHOMIPHOTO YIIIiJIbHEHHS, YTBOPEHHS 30H 3HVOKEHOI IIiJIbHOCTI,
JIOKQJIbHOTO pO3IlIapyBaHHsSI 6€ TOHHOI CyMillli, OciTaHHSI KPYITHOTO 3all0BHIOBaua abo
HaAMipHOrO BiOpalliifHOro BIUIMBY Ha BXXe VIIiibHeHi mapu. OcobauBo 11e
TIPOSIBJISIETBCS  3a pPOOOTM 3 OETOHHMMM CyMillaMM pi3HOi pyXJIMBOCTI Ta
PEeOJIOTiYHMX BJIACTUMBOCTENM, KOJM OIHAKOBI pekuMy Bibpallii MOXyTb IaBaTu
pi3HMIT TeXHOJIOTiYHMUIT pe3ynbTaT. Y 3B’SI3Ky 3 IIMM BMHMKAE MOTpeba B MOOYAOBi
IMHaAMiuyHOI Mogesi TJIMOMHHOTO BiOpaTopa, SKa BpaxoOBYe€ MacOBO-iHepIliliHi
rapaMeTpu poboUYoro opraHa, [if0 AebajaHCHOTO 30ymKyBada, MpUETHAHY Macy
0eTOHHOI CyMillli, CMJIM IIPY>KHOT'O Ta HEIIPY;KHOT'O OITOPY CEepeIOBMUIIA.

AHamiz ocTraHHiX mOCHimKeHb. Y CyYyacHUX [OCTIIKeHHSIX OeTOHHUX i
3a/1i300eTOHHMX KOHCTPYKIIi/i 3HAUHY YBary MpuIiIeHO IMiJBUIIEHHIO iX MiI[HOCTI,
TPIIIMHOCTIKOCTi, [JOBTOBIiYHOCTI Ta  HAMiMHOCTI pPobOOTM 3a  paxXyHOK

YIOOCKOHAJIEHHST CKJaAy OeTOHy, apMyBaHHS, YMOB (OPMYyBaHHSI CTPYKTypu
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MaTepiajly Ta TEeXHOJOTIYHMX DeXMMiB BUTOTOBJAEHHS. 30KpeMa, y mpaugsix [1, 2]
PO3IJIIHYTO TIMTAHHS IIiABUINEHHSI HeCy4yoi 34aTHOCTI Ta eKCIUIyaTaliliHuUX
XapaKTepUCTUK OETOHHMUX €JIEMEHTIB, IO IiATBEPKYE BAKIMUBICTh 3a0e3MeueHHs
SKiCHOI BHYTPIlIHBOI CTPYKTYpM O€TOHY Ile Ha eTami MOoro YyKJIaJaHHS Ta
VIIJIbHEHHS.

BaxknuBe TeopeTuMuyHe MiAIPYHTS IJiSI OOCTIIKeHHS ITPOLIeCiB YIiJIbHEHHS
OeTOHHMX CyMillleii CTaHOBJIATb POOOTH, NMPUCBIUYEHI PEOJIOTiYHMM BJIACTUBOCTSIM
cBixkoro 6eToHy. Y mpaili [3] mokasaHo, 10 MOBeAiHKa 6ETOHHOI CyMillli y CBisKOoMY
CTaHi 3aJIeXXUTb Bif CKIaAy, BMICTYy [€MEHTHOrO TiCTa, BOJOLEMEHTHOIO
BiJHOIIIEHHSI, XapaKTepUCTUK 3aloOBHIOBAUiB i XiMiuHMX mo6aBok. lle Mae
be3rocepeiHe 3HAUYEHHS [IJisI BMOOpY mapaMeTpiB BiOpallifiHOTO BIUIMBY, OCKiJIbKU
OHAKOBi peskMMM pOOOTU IIMOMHHOIO BiOpaTopa MOXYTh IO-Pi3HOMY BIUIMBATH Ha
CyMillli 3 pi3HOI0 PYXJIMBICTIO Ta CTPYKTYPHO-MeXaHIYHMMU BJIaCTUBOCTSIMMA.

OxpeMuit HampsiM CTAHOBJSITh MOC/IMKEHHSI CTiKOCTi 6@TOHHUX CyMmillieit y
CBiXKOMY CTaHi Ta 3amobiraHHsl iX po3siiapyBaHHIO. Y poboTi [4] mpoaHasi30BaHO
CTabi/IbHICTh BEPTUKAJbHMUX IIApPiB CBiKOro OETOHy, IO € BaKIUMBUM [JIsI
OIIiHIOBAHHS 3JATHOCTI CyMilri 36epiraT OOHOPIAHICTD ITiJ, Mi€l0 BIACHOI Baru Ta
30BHIIITHIX TEXHOJIOTIYHMX BIUIMBIB. Y HOC/TisKeHHi [5] BcTaHOB/IEHO, 110 BibpalliiiHO
3yMOBJIEHa cerperaiisi MoOXe HeraTMBHO BIUIMBATM Ha MeXaHiuHi BJIACTUMBOCTI
06eTOHy Ta JOro MPOHUKHICTb IJIsT XJOpuUA-ioHiB. Lle migTBepmKye HeOoOXimHiCTh
OOTPYHTOBAHOTO BMOOPY  aMIUIITYAHO-YaCTOTHUX IapaMeTpiB  TJIMOMHHOIO
BibpaTopa.

BesnocepeqHbO BILUIMB IMIMOMHHOTO, 60 MMOKEPHOTO, BiOpyBaHHS Ha OCigaHHS
3aMlOBHIOBayYa y CBiXKOMY OeTOHi pO3rJsHYTO B po6oTi [6]. [TokazaHo, 110 XapaKkTep
repeMillleHHsI 3allOBHIOBAua iCTOTHO 3aJIeXKUTh Bil, PeOJIOTiYHUX BJIACTUBOCTEN
cymimi Ta mapameTrpiB BiOpamiiiHoi mii. Ile Mae NpUHIUIIOBE 3HAYEHHS [JIsST
MoOYynoOBM OMHAMIiUHOI MOJeli INIMOMHHOTO BibpaTopa, OCKiIbKM pPyX poOOUYOro
opraHa TIOBMHeH 3abe3IeuyBaTy JOCTATHIO iHTEHCUMBHICTh VIiIbHEHHSI 6e3
HaJMipHOTO po3IlIapyBaHHS MaTepiasy.

Y pob6oti [7] 3amporioHOBAaHO MiAXis A0 JOKaAbHOI TMOJaYi I1I€MEeHTHOIO
MoJIouka a60 MoaudiKylouux KOMIIOHEHTIB Y 30HY VIIIiJIbHEHHSI 6ETOHHOI CyMilli.
Takuit HampsM € TepCleKTUBHUM, OCKUJIBKM [AO3BOJISIE TIOE€NHATUM MeXaHiuyHy

BiOpalliiiHy [ifo 3 JTOKaJIbHUM PeryJIi0BaHHSIM BJIaCTMBOCTEN CyMillli 6e31ocepeiHbO
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B 30Hi pob0TM TIMOUHHOrO BibpaTopa. Ile cTBOpIOe mepeayMoOBU IJIs ITiABUIIEHHS
e(eKkTMBHOCTI VIIiIbHEHHSI, OCOOJMBO Yy BMIIaJKaX pPOOOTM 3 JKOPCTKMMM abo
HEOTHOPiZHMMM 6€TOHHUMM CyMilllaMM.

dyHAaMeHTaabHi MOJIOXKEHHS 100 POO0TH BibpaliiiHMX MaliMH Oy/IiBeabHOI
ingycTpii, npuHOUIB 30yMKeHHS KOJMBAHb, OMHAMIKM pOOOYMX OpraHiB i
B3a€eMOJIii BiOpaliifHOro 06jaJHaHHS 3 TEXHOJIOTiUHMM CepeIOBUILEM HaBeIEHO Y
npaigx [8, 9]. Y uux mKkepenax po3IJsSHYTO 3arajbHi 3aKOHOMipHOCTi G OpMyBaHHS
BiOpaIliifHOTO BIIMBY, IapaMeTpPy KOJIMBAJIbHUX CUCTEM i 0COOJMBOCTI YIIiTbHEHHS
O0eTOHHMX CyMillleii 3a JOTOMOrOI0 BibpalliffHuMX MamuH. PasoM 3 TMM OUTaHHS
IIPOCTOPOBOrO PyXy INIMOMHHOrO BiOpaTopa, BIUIMBY PO3MillleHHSI Ie0aJaHCHUX
BAHTaXXiB, IIPMEIHAHOI Macy OETOHHOI CYMillli Ta TPAEKTOPii PyXy OKpPEMMX TOUYOK
KopITyca MoTpeOyIoTh MOJaJIbIIOr0 YTOUHEHHSI.

MeTta pocrimkeHb. MeTOIO IOCIIIKeHb € PO3pPO0JeHHS Ta OOIPYHTYBaHHS
IMHAMIiYHOI Mojesti TMOMHHOro BibpaTtopa AJis YIliibHEHHSI 6eTOHHUX CyMillleil 3
ypaxyBaHHSIM IIOCTYIaJIbHOTO pPyXy IIeHTpa Mac, KYTOBMX KOJIMBaHb POOOYOTO
opraHa, Aii gmebasaHcHOro BiOpo30ymKyBaua Ta B3a€MOii KopIryca BibpaTopa 3
OETOHHOI0 CYMIIIIII0, a TaKOX BCTAHOBJIEHHSI PiBHSIHb PYXY, $SIKi JO3BOJISIIOTH
OLIIHUTY BIUIMB KOHCTPYKTMBHUX i peXXMMHMX ITapaMeTpiB Ha TPAEKTOPil0 KOJIMBAHb
pob0oUOoro opraHa.

BuknageHHsI OCHOBHOTO MaTepialy ZOCTiIyKeHHS.

st mocIimKeHHST OMHAMiKM IVIMOMHHOrO BibpaTopa iioro poboumii opraH
PO3TJISIAETHCS SIK TIPOCTOPOBA KOMMBaIbHA CUCTEMA, 1[0 Oe3rmocepeqHbO B3aEMOJIi€
3 6eToHHOI0 cyMmimio. Ha BimMiHy BiJ mOBepxHeBMX BiOpalliiiHMX MallIMH, SIKi
repenaloTh KOJMBAHHSI 4Yepe3 OMajyoKy abo 30BHIIIHIO IIOBEpPXHIO BUPOOY,
TIMOMHHMI BiOpaTOp 3aHYPIOETHCSI B 00’€M CyMillli Ta CTBOPIOE JIOKAJTbHY 30HY
iHTeHCMBHOI BibGpariitHoi mii. YV 1iit 30Hi BifmOyBa€ThCsI 3MEHILIEHHSI BHYTPIillTHHOT'O
TepTs MiXK YaCTMHKaAMM, PYIHYBaHHS CIA0KMX CTPYKTYPHMX 3B’SI3KiB, BUAAJI€HHS
MOBITPSAHMX BKJIIOUEHb i VIIiJibHeHHS 6eToHHOi cywmimii. EdeKTUBHICTh TaKkoro
IIpollecy BM3HAUAETHCS He JIMIIE YacTOTOI obepTaHHSI debajlaHCHOrO Baja, a i
XapaKTepoM IPOCTOPOBOTO PyXy KOPITyCYy, aMIUIITylaMy ITOCTYMaJbHUX i KyTOBUX
KOJIMBaHb, GOPMOIO HAKOHEUHMKA Ta YMOBAMM B3a€MO/Iii 3 6ETOHHO CYMIIIIIIIO.

YV po3paxyHKOBilt cxeMi rJMOMHHMIA BibpaTop (pUCYHOK 1) MpuiiMaeThCs SIK

TBeple Tio mMacow M, sike He HedopMyeTbCs Mif 4ac poboTu. HiokHS yacTuHa
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KOPITyCY Ma€ OKpyrieHy ¢GopMy i3 cepefHiM pazaiycom R, , a BepxHs 4YacCTMHA
0OMEXKYEThCSI 30BHIIIHIM 1 BHYTpilIHIM 1uiiHApamu. Taka reomerpis mgae
MOSK/IMBICTbh pO3IJISAATM POOOUMII OpraH SIK IIPOCTOPOBY CUCTEMY, Y SKiit pi3Hi
TOYKM KOPITyCa MalOTb HEOAHAKOBI TPAEKTOPII pyxy.

BiH sBnase cob6ol0 Baj, YCTAaHOBJEHMII Ha IiJMIUIIHMKAX CHiBBiCHO 3
BEPTUKAJIbHOIO BicClo Kopmycy. Ha Bamy posmimieHo nBa ge6GajaHCHI BaHTaxKi:

BepXHiii Macol 7/, Ta HIWKHIA Macowo m,Z2 . BoHM MalOTb BiANOBIAHI
eKCLeHTPUCUTETH 7, i ¥, Ta po3TalloBaHi Ha BiAcTaHAX /A, i h, Big LeHTpa Mac

po6ouoro opraHa () . OOepraHHsS BiJg eJIeKTPOABMAIYHA IIepeHacThCs uepes
eacTUYHy MyqQTy, 110 [Oa€ 3MOTYy 3MEHIIMTM BIUIMB YIApHUX HaBaHTa’KeHb i
KOMIIEHCYBaTy He3HauHi mepekocu B IpuUBOAi. ITOmMHNK, SIKi IIPOXOASITh Yepe3 BiCh
BaJIa Ta LEHTPY Mac JebaJlaHCHUX BAaHTaXKiB, YTBOPIOIOTh MisK COO0I0 KyT PO3BOPOTY
« . Came 1eil KyT ICTOTHO BIUIMBA€ Ha CIIIBBIIHOIIEHHS MDXK IOCTYIIAJbHUM i
KYTOBMM PYXOM KOPITYCYy INIMOMHHOTO BibpaTopa.

JIJ1s1 oTuCy TOJIOXKeHHS TMOMHHOTO BibpaTopa B MPOCTOPi BUKOPUCTOBYIOTHCS

TPU CUCTEMU KoOpaAMHAT. [lepiia — HepyxoMa cuctema O'xyz , sika € aGCOJIIOTHOIO Ta

CJTYKUTh JJIST OIMCY TIOJIOKEHHSI po60UYoro opraHa B mpocTopi. Ipyra — pyxoma

cucrema Ox'y'z’, mouaTox siKoi 36iraeThes 3 IEHTPOM Mac INIMOMHHOrO BibpaTopa, a

OCi 3aMUINAThCS TMapajelbHUMU BiAMOBIAHMM OCSIM HEpyXOMOi cuctemu. Tpets
cucTeMa KOOpAMHAT JKOPCTKO TIOB’SI3aHa 3 KOpIlycoM  BibpaTopa Ta
BUKOPUCTOBYETHCS AJISI OMUCY OTO KyTOBOTO TOJIOKEHHS. Y TOJOKEeHHI CTaTUYHOI
piBHOBaru BCi TpM CUCTEMM KOOPAMHAT 30iraroThCsl, a KOOPAMHATU LIEHTpa Mac

NI03HAYalThCA IK X, Y, Z,,.

[Tepexin Big pyxomoi cuCcTeMM KOOPAMHAT A0 CUCTEMM, SKOPCTKO IOB’SI3aHO1 3
TiJIOM, IOILIIJIbHO BUKOHYBaTU 3a JONOMOroio KyTiB Eiiepa. s 11bOr0 MOCTIiIOBHO

3[i/ICHIOIOTBCSI TPM TMOBOPOTH: Mepumit — HaBKosio oci O)' Ha KyT Y, Opyruit —

HABKOJIO HOBOTO MojiokeHHs oci Ox' Ha kyT @, TpeTiii — HaBKOJIO BePTUKAIbHOI OCi
KOpITyCy Ha KYT ¢ (pUCYHOK 2). OCKiJbKM B pOO0OUOMY peXuMi KyTOBi KOJIMBAHHS
TMMOMHHOTO BibpaTopa € MajauMmu i He TepeBuIlyloTh mpubausuo 0,01 pam,
TPUTOHOMETPUYHI QYHKIII MOKHA PO3KIACTU Ta OOMEKUTHUCS TePIIMU YIeHAMM.

Tomi manmi Kytu i, 6, @ MOXHa pPO3IISAATU SIK TIOBOPOTY KOPIYCY BiZHOCHO

BiAMMOBiAHMX KOOPAMHATHUX OCE.
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X
CY_* m s, M ﬂ% B i Y
i P E 5y ;
= PucyHok 2 — [lepeTBOpeHHSI CUCTEMU
Pucynok 1 — IlpuHIIMIIOBa cCXema KOOpAMHAT Ta AMHAMiUHMI ITBUHT IO
IJIMOMHHOTO BibpaTopa 00epTaeThCs

Hp]/I MaJInX KYTOBUX HepeMi].U,eHHHX MaTpuUisgd HaAIIPpAMHUX KOCI/IHYCiB MDX

PYXOMOIO Tda HEPYXOMOIO CMICTE€MaMIM KOOPDAMHAT HHGYBHE CITPOITEHOT'O BUTJIAOY X

1 o -y
- 1 0| (1)
v -6 1

Tomy mepeTBOpeHHSI KOOPAMHAT AOBIbHOI TOYKM KOPITYCYy MOXKHA MOAATU Y

JiHeapu30BaHiit hopmi:

x=x'+@y —-yz,
y=—@x'+y' +0z7, (2)
z=yx' -0y +7.

Take mpeqcTaB/ieHHS AO3BOJISIE TTOE€AHATY TTOCTYMNAAbHI TTepeMillleHHS 1leHTpa
Mac i KyTOBi KOJMBAHHSI KOpITyca B €AMHiM OuHaMiuHiii mopeni. Ile oco6mmBo
BaKJIMBO JIJIsT TIMOMHHOTO BiOpaTopa, OCKIJIbKM ITiJi 4ac poOOTH OKpPeMi TOUKM J10TO
ITIOBEPXHi pyXaroTbCS HE OJTHAKOBO: LIEHTP Mac MOKe 3[Ii/iICHIOBATU PyX, OJIM3bKUIL 10
KOJIOBOT'O Y TOPU30HTaJIbHIl IJIOLMHI, a TepudepiliHi TOUKM J0JaTKOBO OTPUMYIOTh
BepTUKAaIbHI CK/Ia[0Bi MepeMillleHb Yepe3 KyTOBi KOJIMBAaHHS KOpmyca.

[Ipu obepTaHHi AebasaHCHOTO Baja 3 KYTOBOIO HMIBUAKICTIO o Ha BepXHiii i

HIDKHI Te6alaHCHi BaHTaXi Jil0Th BiIIIeHTPOBI CUJN:

F, = myr,0’ 3)
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IIi cumu obepraloThCsl pa3oM i3 BaJIOM i € B3a€EMHO HEPYXOMMMM BiZHOCHO

HbOTrO. BimHoCHO 11leHTpa Mac O BOHM CTBOPIOIOTh MOMEHTMU:
2
LB == FBhB = mBl/‘BCO hB’ (5)
2

IIpocTopoBa cucTemMa CUJI Yy 3araJbHOMY BMIIAQAKy MOKe OyTM 3BeleHa [0
OMHAMiYHOTO TBMHTA, TO [isl IBOX AebajaHCHUX BAaHTaXXiB HAa KOPIYC IVIMOMHHOTO
BiOpaTopa 3BOAUTHCS A0 00ePTOBOI PiBHOIiI0UOi CM/IM Ta Pe3y/IbTYIOUOr0 MOMEHTY.

3 ypaxXyBaHHSIM KyTa pO3BOpPOTY mOebalaHCHMX BaHTaXiB « piBHOAiOUA

BMMYIIYIOUMX CMJI BUSHAUAETDHCA AK:

F =\[F2 + F} +2F,F, cosa 7)
Pe3yibTyl0uMit MOMEHT BUMYIIYIOUMX CUJI BiATIOBIJHO JOPiBHIOE:
L=y} + +2L,L, cos (8)

[nowmHa aii pe3yJibTyI0UOr0O MOMEHTY 3Q/IMINAETHCS MEePHeHAUKYISIPHOI0 10
piBHOiIOUOi BuMylTylounx cwi. Came TOMYy pyX IMIMOMHHOTO BibpaTopa He MOXKHA
3BOOMTM JIUIlIe [0 TIOCTYNMaJbHMX KOJAMBaHb. Y 3araJibHOMy BUIAJKy BiH
CKJIaJIa€ThCS 3 TepeMillleHHS LieHTpa Mac i obepTaHHSI KOpITyca HaBKOJIO Hboro. Lle
BM3HAYAE CKJIAJHMII IPOCTOPOBUIL XapaKTep TPAEKTOPiit TOUOK pOOOUOro opraHa.

[lin uvac ckiIagaHHg Ou@epeHIia/ibHUX piBHSIHb pPyXy TMPUITHITO TaKi
IIPUITYLIeHH: BIZIMB O6€TOHHOI CcyMmilli Macoo M, BpaxoByeTbCs yepe3 KoedilieHT
IpUenHaHOI Macu k,, ; vy, 10 BUHMKAIOTH TIi[ yac fedopmariii 6eToHHOI cymirmi B
pobouoMy miara3oHi, MPOMOPIIiiiHi MepeMillleHHSIM KOpIyca; CUJIM HEIpPYsKHOTO
OIOpPY MPOIOPIIiViHI MBUAKOCTI TepeMillleHHSI Ta HaIpsIMJIeHI MPOTUJIEXXHO PYXY;
KYTOBi MepeMillleHHsI i KyTOBi IIBUAKOCTI KOpIyca € MaJuMu. Y 3aBaHTOKEHOMY
MaTepiai IJisi po3paxyHKOBOiI CxeMy IPUITHATO, 1110 KoedillieHT MpueaHaHOi Macu
Moke repe6yBaTi B Mexax k,, =0,2...0,8.

HpI/IBe,ELEHa Maca KOJIMBa/IbHOI CMCTeMM BU3HAYAEThCS 3aI€XKHICTIO:

M=M1 +kM ‘ M3 (9)
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ne M, - maca rmmubuHHOro Bibpatopa; M, - Maca OeTOHHOI cymimm, IO
3aJTy4aeThCsl 10 KOJMMBAIBHOIO pyXy; k,, — KoeillieHT IpMeAHAaHOI Mac.

[TocTynanbHMII pyx LIeHTpa Mac TJIMOMHHOTO BibpaTopa OMMCYEThCS HA OCHOBI
TeopeMM MpO PyX IeHTpa MaC MeXaHiuHOI cucTeMu. Y IPOEKIIiSIX HA KOOPAMHATHI

oci cucTteMa piBHSIHb Ma€ BUTJISI:
Mi+kx+Cx=F((t)
My+k,y+C y=F|(t), (10)
Mz+kz+Cz=F.((t)
Zie X,y,Z — TepeMilleHHs UeHTpa mac rmmbunHoro Bi6paropa; k., k , k, -
KoeillieHTM Hempy>KHOTO OIOPY MepeMillleHHSIM Y HampsMKaxX BiIIIOBiZHMX Oceii;

V4

C.C b C - KoedilieHTM KOPCTKOCTI B3a€MOAii CHUCTEMM 3 CepemOBUIIEM;
F (1), F,(?), F(¢) - npoexuii piBHOA{1040i BUMYLIYIOUMX CHIL.

OCKiJTbKM OCHOBHMIT TEXHOJIOTiUHMIT PYX TIMOMHHOrO BiopaTopa ¢popMyeThCs B

FOp]/ISOHTaJIbHiIZ l'IIIOH_U/IHi, OJId CMMETPHUYHOTI'O KOPITyCa MOKHaA HpMﬁHHTI/IZ

C=C=Ck. =k, =k (11)
TO,Z[I I‘Op]/IBOHTaIIbHi HepeMiHJ,EHHH HEHTPa MacC OIIMCYIOTbCA piBHSIHHSIMI/IZ

M + kx + Cx = F cos ax, (12)

My +ky+Cy=Fsinaot. (13)

P03B’SI30K 11X PiBHSIHbB JIJIS1 CTAJIOTO PEXMMY POOOTM Ma€ BUTJISI]L:
x = A,cos(wt - f), (14)

ne A, - amMIUIiTya rOPM30OHTAJIbHMX KOJIMBAHb LieHTpa Mac; [ — MmovaTKkoBa

d)asa TOPU30HTA/IbHMX KOJIMMBAHDb.

AMIUTITY1a TOPU30HTAMbHOI CKIaIOBOI KOMMBAaHb BU3HAUYAETHCS 3aJIEKHICTIO:

4, = (16)
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st BUTIAAKY, KOJMM TIMOMHHMI BiGpaTop Ipaloe B JajaeKo 3ape30HaHCHOMY
pekumi, TOOTO KOJMM @ iCTOTHO MepeBMUINy€E BJACHY YaCTOTy CUCTEMM, aMIUTiTyaa

Moyke 6yTU MoJjaHa y CIIPOIeHOMY BUTJIS/II:

F
M’

3 omsmy Ha Te, IO BMMYyIIyIOUa Cujia IPOMOpIiiiiHA @, Y 3ape30HaHCHOMY

e (17)

peXUMi aMIUIiITyaa IIOCTYIaJbHMUX KOJMBAHb 3HAYHOI MipOI0 BU3HAYAETHCS
BiIHOIIIEHHSIM Jle6a/laHCHOTO MOMEHTY [0 MpuBeJgeHoi Macu cuctemu. lle o3Hayae,
0 30iJbIIeHHS Macu aebasaHca abo JI0ro eKCIeHTPUCUTETY 30i/IbIIye aMILTiTyay
KOJIMBaHb, TOJi SIK 30i/bIIIeHHS TPUEAHAHOI Macy 6@ TOHHOI CyMillli 3MeHIIye ii.
O6epTanbHUiT PyX TAMOMHHOTO BibpaTopa HABKOJIO LIEHTPa Mac BU3HAYAETHCS
IVHaAMiuYHMMM piBHSHHSIMM Eiinepa. Y 3aralbHOMY BUIJISAiI BOHU BpPaxOBYIOTb
MOMEHTM iHepIlii KOpITyca BiJHOCHO rOJIOBHUX LIeHTPaJbHUX OCEN, MPOEKIIii KyTOBOI
IIBMIKOCTI Ta [il0 MOMEHTIB BMMYIIYIOUMX CuI. [liciss BupakeHHSI ITPOEKIIii
KYTOBOI IIBUAKOCTI yepe3 KyTu Eiziepa oTpMMYy€EThCS HeJliHiliHA CUCTeMa PiBHSHb.
OpHak dYepe3 Maji 3HAaueHHS KyTOBUX KOJMBaHb 1i MOXHa JiiHeapu3yBaTH.
HexTyiouu wieHaMy, [0 MiCTSITh AOOYTKM KYyTOBUX IIBUAKOCTEN i MOOYTKU

IIBUIKOCTEN Ha KyTOBI IMepeMillleHHsI, OTPMMAaEMO CUCTEMY:

JW+ky+Cy=LJ(),
J,0+k,0+C,0=L,(0), (18)
J.p+k,p+Cp=L1(1).

pe J.,J,, J, — MoMeHTH iHepLii TIMOMHHOTO Bibparopa BiHOCHO TONOBHHX

IEHTPAJILHUX Ocell; I , @, @ — KyTH MOBOPOTY KOpIIycCa; ku/’ k,, k(o — Koe(imieHTH
HEmpyXHoro omopy Kyrosum mnepemimennam; C, , C, , C, — koediuientn
JKOPCTKOCTI TIpU  KyToBux mnepemimennsx; L (¢) , L (¢), L.(1) — mnpoexuii

PE3YJIBTYI0OUOTO MOMEHTY BUMYIIYIOUUX CHIIL.

JlJis cCHMEeTpUYHOTO BiIHOCHO BEPTHUKAJIBHOI OCI TMMOMHHOTO BiOpaTtopa MOKHA
nputinsta: J =J =J,C, =C,=C ,k, =k, =k,

Toni obepTaHHA KopIyca BiIHOCHO II€HTPAJbHOI TOPU30HTAIBHOI OCl Yy

BEPTUKAJIBHIN TUIOMIMHI MOYKHA OTTUCATH PIBHSIHHSIM:
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JO+k,0+C,0 = Lcos(wt —y), (19)

Ie y — nouyaTkosa ¢a3a KyTOBUX KONVBaHb.
AmIutiTysa KyTa MOBOPOTY KOPITYyCa BiJHOCHO LI€HTPajabHOI IOPU3OHTAIbHOI

0Ci IOPiBHIOE:

B, = L (20)

\/(Cg ~Jo’ )2 + (ko)

V 3ape30HaHCHOMY PeXXMMI 115 3a/1e>XKHICTb CIIPOILIYETHCS 4O BUTJISIAY:

L
Jo*

OTXe, KYTOBi KOJIMBAHHSI TJIMOMHHOTO BiOpaTopa BU3HAUAIOThCSI MOMEHTOM

B, ~ (21

BUMYIIYIOUMX CWJI i MOMEHTOM iHepliii Kopmyca. 36iiblieHHs BicTaHi mebasaHCiB
BiJ IleHTpa mMac 30iJbIllye MOMEHTHY [Iil0, a 30i/IblIIeHHSI MOMEHTY iHepliii KopIryca
3MEeHIIIy€ aMIUIiTyly KyTOBUX KOJIMBaHb.

3aranbHUIT PO3B’SI30K PiBHSIHb PYXY CKJIAJA€ThCS 3 MBOX YACTUH: PO3B’SI3KY
OHOPIAHMX PiBHSIHb, IO OIMCY€E BiJIbHIi KOJMMBAHHS CUCTEMM, Ta YaCTKOBOIO
PO3B’SI3Ky HEOJTHOPiAHMX PiBHSIHbB, IKUI1 OMNUCY€E BUMYIIeHi KoaMBaHHS. OCKiIbKM B
peasibHili CUCTeMi HasiBHI CMJIM HEMPYKHOTO OMOPY, BiJIbHI KOJIMBAHHS MOCTYIIOBO
3aTyxaloTb. TOMy B CTajoMy peXMMi OCHOBHe 3HAueHHSI MalOTb BUMYIIEHi
KOJIMBAaHHSI, 3yMOBJIEHi 06epTaHHSIM /1e6aJlaHCHOTO BaJja.

F'opMu3oHTaAbHI  KOJMBAHHSI IIeHTpa Mac BUKIMKAIOTBCS  00EPTOBOIO
piBHOZiIOUOI0 CUIOI0 F', a BepTUKaIbHI CKIaJOBi PyXy OKpeMMX TOUYOK KopIyca
BUHMKAIOTh BHAC/TIIOK 00epTaHHS IIMOMHHOTO BibpaTopa HaBKOJIO LIEHTpa Mac IIif
niel0 pesyabTyouoro MoMeHTy L . OckilbkM TIUIOIIMHA  [ii  MOMEHTY
TeprneHauKyasspHa OO0  PIBHOAIKWYOI  CwiIM, MiXKX TOPU3OHTAJIBHUMMU  Ta
BEPTUKAIbHMMM CKJIAJOBMMM KOJIMBAaHb BUHMKAE (pa3oBe 3MillleHHSI, SKe BU3HAUaAE
TIPOCTOPOBMIL XapaKTep TPAEKTOPii TOUOK Kopmyca.

JIJisT BM3HAUEHHSI TPa€eKTOpii pyxXy MOBIJIbHOI TOUKM T[JIMOMHHOTO BibpaTopa

posrisiHeMo Touky K , po3TanioBaHy Ha BifcraHi 7 Bij meHTtpa mac. Llentp mac O
30iJiCHIOE PyX y FOpM30OHTaAbHIM mromyHi Oxy 1o Koay paniycom 4,. Yci Toukn

IIeHTPaJIbHOI TUIONMHM TMOMHHOTO BibpaTopa, 110 MPOXOAUTh uepe3 IIeHTp mac i

MepreHauUKY/IsIpHA 0 OCi Ae6aJaHCHOTO Basia, MalTh TOPU3OHTAIbHI IMPOEKIIii
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TPA€EKTOPiil y BUIISAL K. BogHOUYac uepe3 KyTOBi IepeMillleHHSI KOpIyca BOHU
OTPUMYIOTb BE€PTMKAJIbHI CKJIaJ0Bi KOJIMBAHb, aMIUITYAU SKUX MPOMNOPILiViHi

BiZicTaHi Bif LleHTpa mac:
B=Byr,. (22)
Touku, sIKi He JieXXaTb y LIeHTPaabHili IJIOIIMHI, MAalOTh BePTUKaAJ/IbHI CK/IaOBIi
aMILIITY, 10 3ajeXXaTb He TIIbKM Bij BiAcTaHi 7., a il Bif KyTa 0 MiX pagiyc-
BEKTOPOM TOUKM Ta IEHTPaIbHOIO IJIOUIMHOI KOPITyCa:
B,= Br,coso (23)
Ins uedHtpasbHOoi 1wiommHM 1npu O =0 1 3aJeXHICT Iepexoguth vy
nonepenHo. OTke, BepTUKaJbHA CKJIaJ0Ba KOJMBaHb [IOBIJIbHOI  TOYKU
BM3HAUYAETHCSI 11 MPOCTOPOBUM II0JIOKEHHSIM BiZHOCHO IIeHTpa Mac i LeHTpaJabHOI
TJIOIIMHM KOpITyCa.

FOpI/IE}OHTaJIbHa CKJIagoOBa aMl'UIiTy,Z[I/I KOJIMBaHb TOUYKHM, SKa HE JIEXKUTb Y

IIeHTPaJIbHili IUIOIVHI, MOKe OYTH IToJaHa SIK:
A,= A+ Byrsino. (24)

IloBHa aMl'IJ'IiTy,I[a KOJINBaHb ,Z[OBiJIBHO'l' TOYKH KOpIIyCa BHU3HAYA€CTHCA

3JIE€KHICTIO:
A, = A + B (25)

Kyt Haxwly TIUIONMHM TpaeKTOpPii KOAMBAaHb [OOBUIBHOI TOYKM [0

TOPMU30HTAIbHOI MJIOIIMHY JOPiBHIOE:
B
tane = —% (26)

3Bizcy BUIIIMBAE, 1110 OyIb-sIKa TOYKa KopIyca TMOMHHOrO BibpaTopa I yac
POOOTHU PYXAETHCS MO MPOCTOPOBiN 3aMKHEHi1 KPUBIiii, Ika B 3araJlbHOMY BUIIAJIKY
Mae dopmy eminca. Ha ropmusoHTanbHy mionuay OX) TPAEeKTOPisS MPOEKTYETHCS Y
BUTJISIZII KOJIa, @ HA BePTUKAJbHI TVIOMMHY — Y BUTJISIII eJlirica abo 7 oro BUPOIKeHUX
dopm. [Ipy meBHMUX CIIiBBiIHOIIEHHSIX MMapamMeTpiB AeOanaHCiB TPaeKTOpis Moske
TepexoauTy B KOJIOBY ab0 IyroBy dhopmy.

Ocob6nuBMii  iHTEpeC CTAHOBSITH [JBa TPAaHMYHI BUIMAAKMA PO3BOPOTY

neGalaHCHUX BaHTaXiB. SIKWo m, =m,, ¥, =1, ,hy =h,, =0, To BigLeHTpOBi
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CUIM [iI0Th CUMH(Aa3HO. Y TaKOMy BUIIQJIKy pPe3YyJIbTYIOUMiI MOMEHT MOXe OyTu
BiJICyTHIM a60 MiHiMa/IbHMM, a KOPIYC IJIMOMHHOTO BibpaTopa 3MiliCHIOE ITepeBaskHO

TIOCTYTaNbHUI PYX 110 KOy pafiycoMm A,. Yci Touky Kopryca MaloTb OJHAaKOBY abo

OJIM3bKY 32 XapaKTepOM rOpM30HTAIbHY TPAEKTOPIIO.

dxmo 3a ™mx camux ymoB o =180°, To piBHOAiIOUA BUMYIIYIOUMX CUJI MOXKE
nopiBHIOBaTH HyMO, T06TO0 F' =0, i 1[eHTp Mac 3aIMIIaEThCS HEPYXOMMUM ab0 Mae
MiHiMa/IbHi TepeMillleHHsS. Y 1IbOMY BMIIQAKy pPyX BM3HAUYAETHCS IepeBakKHO
MOMEHTHOIO [Ii€l0, a OKpeMi TOUYKM KOpITyca 3[i/iCHIOIOTb KOJIMBAHHS IO TJIOCKUX
KpUBUX, OJIM3bKUX A0 OyT Ki. TakMM UMHOM, 3MiHa KyTa PO3BOPOTY JebaaHCHUX
BAaHTaXXIB A03BOJISIE 3MIHIOBAaTU CIHiBBIAHOIIEHHSI MiX ITOCTYIQJIbHOIO Ta KYTOBOIO
CKJIaIOBMMU PYXY IJIMOMHHOrO BibpaTopa.

BucHoBKM: Po3po6sieHO OuHaAMiuHy MoOAe/lb IJMOMHHOrO BibpaTopa mjs
VIIiIbHEHHS] 6€TOHHMX CyMilllelt, y sIKili po60ounit oprad po3IJISIHYTO SIK ITPOCTOPOBY
KOJIMBAJIbHY CUCTEMY 3 ypaxyBaHHSM IIOCTYMaJbHOTO PYXy LIeHTpa Mac, KyTOBUX
KOJIMBaHb KOPITyca, Aii mebasaHCHOrO BiOpo30OymKyBaua Ta B3a€EMOZii 3 6€TOHHOIO
cymimmmoo. BcraHOBAeHO, 1m0 [is AebajaHCHMX BaHTaxiB ¢opmMye 00epTOBY
piBHOZiIOUY CWMJIy Ta pe3yJAbTylOUMii MOMEHT, S$IKi BM3HAUYalOTb MPOCTOPOBY
TPAEKTOPiI0 Pyxy poOOUYOro opraHa i CHiBBiZHOIIEHHS MiK TOPM30HTAJIbHMMMU Ta
BEPTUKAJIbHMMM CKJIQJOBMMM KOJMBaHb. [loka3aHO, IO 3MiHAa KyTa pPO3BOPOTY
nebalaHCHUX BaHTaXKiB, YaCTOTM 00epTaHHS, MOMEHTY iHepIIil Ta MpueTHAHOI Macu
O6eTOHHOI CyMiIlli TO3BOJISIE KePyBaTM XapaKTepoM BiOpaIliifHOTO BIUIMBY, IIO MOKe
OyTM BMKOPMCTAHO IJISI ITiABUIIEHHSI e(eKTUBHOCTI VIIIbHEHHS Ta 3MEHIIeHHS

PU3UKY pO3IIapyBaHHSI 6€TOHHOI CyMillli.
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UDC 621.928.23
Havrikov V., Buhrova T.

DYNAMICS OF AN INTERNAL VIBRATOR CONSIDERING THE
TRANSLATIONAL AND ANGULAR MOTION OF THE WORKING BODY

Abstract. The article considers the dynamics of an internal vibrator for compacting
concrete mixtures, taking into account the translational and angular motion of its
working body. A calculation scheme of the internal vibrator is developed as a spatial
oscillatory system in which the housing is assumed to be a rigid body with six degrees of
freedom, while the action of the concrete mixture is considered through the added mass,
elastic resistance, and inelastic resistance of the medium. The operation of an
unbalanced vibration exciter with two unbalanced masses mounted on the shaft with
corresponding eccentricities and a mutual phase angle is considered. Analytical
dependencies are obtained for determining centrifugal forces, the resulting moment, the
reduced mass of the system, the amplitude of translational oscillations of the center of
mass, and the amplitude of angular oscillations of the housing. It is shown that the
motion of the internal vibrator cannot be reduced only to horizontal oscillations, since
the action of the unbalanced masses forms a rotating resultant force and a resulting
moment, which cause complex spatial motion of the working body. It is established that
the trajectory of an arbitrary point of the housing depends on its distance from the center

of mass, the phase angle of the unbalanced masses, the moment of inertia, the shaft
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rotation frequency, and the added mass of the concrete mixture. It is proved that
changing the phase angle of the unbalanced masses makes it possible to regulate the
ratio between the translational and angular components of motion and, consequently, to
influence the nature of vibration energy transmission into the concrete mixture. The
obtained results can be used to substantiate the parameters of internal vibrators, select
rational compaction modes, reduce the risk of mixture segregation, and further optimize

the shape of the working body.

Keywords: internal vibrator, concrete mixture, compaction, unbalanced vibration exciter,
translational motion, angular motion, dynamic model, centrifugal force, resulting

moment, added mass, oscillation trajectory.
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CYBERSECURITY OF AUTOMATED INFORMATION SYSTEMS OF
ELECTRIC POWER COMPLEXES IN THE MINING AND
PROCESSING INDUSTRY

Abstract. The implementation of digital manufacturing concepts and intelligent sensor
networks in the mining and processing industry exponentially increases the risk of
targeted cyberattacks on enterprises’ electric power complexes, where interference with
algorithms can cause technogenic disasters. To enhance the cyber resilience of
automated information systems, a comprehensive architectural model based on the
Defense-in-Depth concept has been developed. A multi-level infrastructure is proposed,
featuring microsegmentation of industrial networks, Deep Packet Inspection for basic
industrial protocols, hardening operating system configurations on engineering
workstations, and the use of microkernel platforms for network gateways. It is
demonstrated that combining international security standards with predictive hardware
monitoring of programmable logic controller supply currents reliably prevents software-
based control-logic spoofing, effectively mitigates intrusion vectors, and guarantees the

continuity of energy-efficient control in raw-material processing operations.

Keywords: cybersecurity, mining and processing plant, automated information system,

Defense-in-Depth, programmable logic controllers, electric power complex, IEC 62443.

Problem Statement. The operation of mining and processing plants (MPPs) as
fundamental links of critical infrastructure determines the stability of the raw
material base for the metallurgical industry and the economic security of the state as
a whole. The strategic importance of these enterprises dictates stringent reliability
requirements for their electric power complexes, which supply power to the most
energy-intensive production stages: grinding, classification, and magnetic
separation of iron ore raw materials. Any interference with power supply control

algorithms can cause not only massive economic losses due to equipment downtime

© Shvets D.V., Kotov I.A., Karabut N.O., 2026 Copyright for this paper by its authors. Use permitted
under License CC BY 4.0.
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but also industrial accidents and technogenic disasters, such as the clogging of
autogenous grinding mills or the disruption of tailings management facilities.

The current stage of the industry's development is characterized by a transition
from isolated local systems to extensive automated information systems (AIS). The
convergence of information technology (IT) and operational technology (OT)
enables the optimization of specific power consumption per ton of concentrate;
however, it also widens the range of potential cyber threats. The use of open data
transmission protocols (Modbus TCP, IEC 60870-5-104, OPC UA) and the
implementation of intelligent protection and monitoring devices make the digital
infrastructure of power complexes vulnerable to targeted attacks aimed at
manipulating telemetry data or directly intercepting the control of industrial
controllers.

Despite the existence of general information security standards, the issue of
protecting specific electric power nodes of MPPs, where technological and energy
parameters are tightly interconnected, remains insufficiently researched. This
highlights the need to develop comprehensive approaches to ensuring the cyber
resilience of AIS that account for both the architectural features of industrial
networks and the dynamics of transient processes in high-power electric drives of
grinding equipment.

Analysis of Recent Research and Publications. When analyzing the primary
threats and vulnerabilities, it is pertinent to begin with those targeting Supervisory
Control and Data Acquisition (SCADA) systems. Historically, SCADA systems, which
form the control foundation for automated electric power complexes, were designed
as isolated segments (air-gapped networks), with priority given to the continuity of
the technological process rather than protection against external intrusions. The
convergence of IT and OT infrastructures, along with the transition to standardized
protocol stacks, creates new critical attack vectors [1]. Based on the classification
proposed in the cited work, it is advisable to examine threats to SCADA in the energy
sector through the lens of the information security triad (CIA triad), taking into
account industrial specifics:

1. Compromise of availability: implemented via DDoS attacks on data

acquisition servers, intentional overloading of network equipment, or physical
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damage to communication channels. In the energy sector, this results in the
operator's loss of view of the technological process.

2. Compromise of integrity: telemetry data spoofing (false data injection),
modification of protective relay settings, or unauthorized changes to the
configuration of switching devices. The lack of cryptographic protection in
fundamental industrial protocols leaves the system vulnerable to Man-in-the-Middle
(MitM) attacks.

3. Compromise of confidentiality: interception of operational status
information and power consumption scheduling data, which is most often a
reconnaissance stage in preparation for more complex, targeted attacks.

Specific threats to the mining and processing industry are discussed in [2]. This
research applies fuzzy logic methods and identifies three priority targets for
cyberattacks at such enterprises: databases, internal communication networks, and
the equipment itself. Typical attack scenarios have been identified for each level of
process automation.

Of particular concern are the destructive impacts on the power-supply
subsystems of energy-intensive units. A sudden power disconnection to the main
electric drives of grinding mills or the shutdown of tailings pumping stations under
load causes more than just a cycle interruption. Such incidents lead to the clogging
of the equipment's working space, require lengthy scheduled unloading operations,
and are accompanied by colossal inrush currents during the subsequent restart,
which exponentially increases the risk of damage to the stator winding insulation
and the failure of power transformers.

The security of industrial controllers represents a distinct challenge. The level
of programmable logic controllers (PLCs), which directly control power circuits, has
its own spectrum of vulnerabilities. The study [3] examines in detail the complex
nature of threats associated with Control Logic Injection attacks, which can lead to
the physical sabotage of production processes, specifically, equipment destruction
due to intentional overloading. The authors emphasize that the most common
infection vector for a closed OT perimeter is the compromise of engineering
workstations (EWS) used by technical personnel via external media or vulnerable

points of interaction with corporate networks.
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Another critical risk factor for the architecture of modern PLCs is the
possibility of unauthorized downloading of modified application software. Having
gained access to an engineering station, an attacker can alter control algorithms
(e.g., those written in IEC 61131-3 languages) so that the protective interlocks of
electrical equipment are programmatically bypassed during emergency conditions.
This allows the critical state to be concealed from operators, which will inevitably
lead to equipment failure.

Regarding the regulatory framework, it should be noted that the international
standard IEC 62443 is foundational for ensuring the cybersecurity of Industrial
Automation and Control Systems (IACS). It defines Security Levels (SL) and
requirements for various system components [4]. For MPP electric power complexes,
implementing this standard entails: network segmentation and the creation of
security zones; role-based access control (RBAC); secure remote access; and patch
management.

Reference [5] describes the process of managing critical infrastructure
cybersecurity using the integrated sectoral management system for national
cybersecurity in Ukraine, based on the Law of Ukraine "On the Basic Principles of
Ensuring the Cyber Security of Ukraine", which defines critical infrastructure
facilities (to which MPPs belong) and the requirements for their protection. The
study also indicates a growing level of cybercrime in Ukraine, underscoring the
urgency of enhancing protection [6].

Presentation of the main research material. Enhancing the cyber resilience
of MPP electric power complexes requires transitioning to an integrated
architectural model. This model must account for the continuity of the technological
processing cycle, the high cost of equipment failure, and the integration of edge
computing and Industrial Internet of Things (IIoT) devices into the enterprise's
multi-level power perimeter.

The proposed model is based on the Defense-in-Depth concept, adapted to the
ISA-95 industrial hierarchy. Its architecture is illustrated in Figure 1 and structured
across interdependent levels:

1. The corporate level and demilitarized zone (DMZ) (Levels 4 and 3.5) ensure
the isolation of the industrial segment from external networks. Multi-factor
authentication (MFA) is implemented here to minimize the risks of insider threats
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(given the significant number of line personnel in the processing workshops),
alongside the enforcement of end-to-end security policies and event auditing.

2. The network control and SCADA level (Level 3) is implemented through deep
microsegmentation of the OT network using industrial Next-Generation Firewalls
(NGFW) and Intrusion Detection/Prevention Systems (IDS/IPS). The latter are
capable of performing Deep Packet Inspection (DPI) of specific fieldbuses (Profibus,
Modbus/TCP, IEC 61850). This level also requires the configuration hardening [7] of
general-purpose operating systems on EWS and integrity control of the control code,
specifically algorithms implemented in IEC 61131-3 standard languages.

3. The controller level (Level 2) requires strict spatial isolation of PLCs and
switching equipment, accompanied by video surveillance and physical access control
systems.

4. The field level and IIoT segment (Levels 1 and 0) involves the use of a
specialized embedded OS with a microkernel architecture for peripheral nodes,

which prevents straightforward privilege escalation during cyberattacks.
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LEVEL 4: CORPORATE NETWORK (IT)

Remote users
and administrators

Corporate servers
and databases

Defense vector: Multi-factor authentication (MFA), secure VPN

LEVEL 3.5: INDUSTRIAL DMZ (ISOLATION)

Firewalls (NGFW)
and gateways (Data Diodes)

Update servers
(Patch Management)

Defense vector: Traffic filtering, microsegmentation

LEVEL 3: CONTROL AND SCADA (OT) - PROCESSING WORKSHOP LEVEL

Engineering Workstations (EWS)

. SCADA |/ MES Servers Network Security
. Int:a:i?erl?)gtcr); of * Energy-efficient control + IDS/IPS with DPI for
grity - Event auditing Modbus TCP, IEC 61850

IEC 61131-3 code

Defense vector: Local segmentation, logic spoofing protection

LEVEL 2: CONTROLLER LEVEL (PLC / IED)

Hardware monitoring of physical
cybersecurity
(Power spectral density analysis
of PLC supply current)

Power equipment PLCs
(mills, pumps, conveyors)

Substation protective
relays (IEDs)

Defense vector: Strict physical access control (CCTV, ACS)

LEVEL 1 AND 0: FIELD LEVEL AND lloT SEGMENT

Industrial lloT gateways

(Embedded OS with microkernel architecture) and power grid actuators

‘ Intelligent sensors, telemetry,

Figure 1 — Architecture of the defense-in-depth cybersecurity for the automated information
system of the enterprise's electric power complex

To ensure fault tolerance at the lower (field and controller) levels of systems, it
is advisable to implement physical cybersecurity monitoring. As noted in [§],
analyzing PLC power signals enables the detection of operational anomalies before
they affect the technological process. By evaluating the power spectral density of the
consumed current, the system can identify the execution of unauthorized or
malicious hardware-level software. Considering the catastrophic consequences of
disrupting the energy-efficient control of energy-intensive units at technogenic

facilities, this method serves as an essential predictive tool for MPPs.
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Furthermore, the formulation of security policies for electric power complexes
must rely on specialized risk assessment methodologies. An adapted method
integrating the Kaplan-Garrick approach and fuzzy logic [2] enables the quantitative
assessment of the probability of target node compromise based on the enterprise's
degree of automation. The algorithm is structured in five stages:

1. Determination of the actual automation level of the technological chain
(taking into account the deployment density of IIoT sensor networks).

2. Identification of priority attack targets (electrical substations, relay
protection and automation systems, commercial and technical electricity metering
complexes).

3. Profiling of potential intrusion execution techniques.

4. Modeling of consequences (ranging from database failures to the destruction
of power equipment).

5. Calculation of the final risk coefficient for engineering decision-making.

The practical implementation of a reliable AIS for an MPP electric power
complex requires implementing a comprehensive set of organizational and technical
measures. A mandatory condition is the establishment of a strict vulnerability
management protocol, specifically the timely updating of firmware for PLCs and
Intelligent Electronic Devices (IEDs), as well as regular patch management for
network services and core operating systems across all levels of the Industrial
Control Systems (ICS), including industrial IIoT gateways.

For the secure integration of the industrial segment with external corporate
networks, specialized security gateways or unidirectional data transfer systems (data
diodes) must be used, along with secure VPN channels, to establish legitimate
remote access for engineering personnel. Furthermore, hardware and software
solutions must be supported by organizational measures: the development of highly
specialized incident response plans coordinated with the shutdown/startup
protocols of the processing equipment, and regular training of personnel in the
fundamentals of cyber hygiene, as the human factor remains one of the key vectors
for the compromise of control systems.

Conclusions. Ensuring the cyber resilience of AIS in electric power complexes
is a multifaceted scientific and technical problem that requires comprehensive
architectural solutions. The specific nature of iron ore processing dictates stringent
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requirements for the continuity of the technological cycle, as a failure of power
supply systems results in significant economic losses. Under these conditions, the
convergence of traditionally isolated OT with corporate IT infrastructures, along
with the implementation of IIoT components, exponentially expands the
vulnerability landscape of energy-intensive equipment.

It has been demonstrated that the systematic enhancement of security levels
must be based on integrating the IEC 62443 standard methodology and the Defense-
in-Depth concept. Priority directions for engineering implementation include: deep
microsegmentation of the network environment, continuous hardware monitoring of
physical cybersecurity at the PLC level, integrity controls for embedded operating
systems, and regular risk assessments tailored to the facility's actual level of
automation. Adequate protection of the power complex serves as the foundation
without which the secure implementation of energy-efficient control algorithms for
ore preparation and separation processes is impossible.

For Ukrainian MPPs, which are classified as critical infrastructure facilities,
additional requirements are imposed regarding the resilience of control systems.
Given the permanent threat of targeted attacks on the energy sector, ICS's ability to
withstand external destructive impacts is a determining factor in the economic
survival of these enterprises.

The successful implementation of technical solutions is possible only if they
are supplemented by organizational measures, primarily the systematic
enhancement of cyber hygiene among engineering and technical personnel to
mitigate the risks posed by insider threats. Prospects for further research in this
direction lie in developing adaptive anomaly detection methods capable of
distinguishing legitimate transient electromechanical processes in high-power

drives from the consequences of targeted cyber incidents.

JIITEPATYPA/ REFERENCES

1. Nicholson A., Webber S., Dyer S., Patel T., Janicke H. SCADA security in the light of Cyber-
Warfare. Computers &  Security. 2012. Vol. 31, no. 4. P. 418-436.
DOI: 10.1016/j.cose.2012.02.009

2. Tubis A.A., Werbiniska-Wojciechowska S., Goéralczyk M., Wrdblewski A., Zietek B. Cyber-
Attacks Risk Analysis Method for Different Levels of Automation of Mining Processes in Mines
Based on Fuzzy Theory Use. Sensors. 2020. Vol. 20, no. 24. P. 7210. DOI: 10.3390/s20247210

ISSN-print 1991-7848 359
ISSN-online 2707-9457



“Modern problems of metallurgy” N2 29 - 2026

Alsabbagh W., Langendorfer P. A Flashback on Control Logic Injection Attacks against
Programmable Logic Controllers. Automation. 2022. Vol. 3, no. 4. P. 596-621.
DOI: 10.3390/automation3040030

Piggin R. S. H. Development of industrial cyber security standards: IEC 62443 for SCADA and
industrial control system security. IET Conference on Control and Automation 2013: Uniting
Problems and Solutions, Birmingham, UK. 2013. DOI: 10.1049/cp.2013.0001

Slipachuk L., Toliupa S., Nakonechnyi V. The Process of the Critical Infrastructure Cyber
Security Management using the Integrated System of the National Cyber Security Sector
Management in Ukraine. 2019 3rd International Conference on Advanced Information and
Communications Technologies (AICT), Lviv, Ukraine, 2-6 July 2019.
DOI: 10.1109/aiact.2019.8847877

Mazepa S., Dostalek L., Sharmar O., Banakh S. Cybercrime and Vulnerability of Ukrainian
Critical Information Infrastructure. 10th International Conference on Advanced Computer
Information Technologies (ACIT), Deggendorf, Germany, 16-18 September 2020.
DOI: 10.1109/acit49673.2020.9208965

Ilyenko A., Ilyenko S., Kulish T. Prospective protection methods of the Windows operating
system. Cybersecurity: Education, Science, Technique. 2020. Vol. 4, no. 8. P. 124-134.
DOI: 10.28925/2663-4023.2020.8.124134

Bichmou A., Chiocca J., Hernandez L., Hoffmann R.W., Horsham B., Lam H., McKinsey V.,
Bibyk S. Physical Cyber-Security of SCADA Systems. NAECON 2019 - IEEE National Aerospace
and Electronics Conference, Dayton, OH, USA, 15-19 July 2019.
DOI: 10.1109/naecon46414.2019.9057860

Received 12.03.2026.
Accepted 13.04.2026.
Published 30.04.2026

YK 004.056:681.518:621.31:622.7

[lIBeus M1.B., Kotos I.A., Kapa6yT H.O.

KIBEPBE3ITEKA ABTOMATHM30BAHUX IHOOPMALIMTHUX CUCTEM
EJIEKTPOEHEPTETMYHIX KOMITJIEKCIB HIIITPUEMCTB I'NPHUYO-
3BATAUYBAJIBHOI I'AJTY3I

Anomauis. BnposadicenHs KoHyenyili yugposozo eupobHUYmMEd ma iHMeneKMyaabHux

360

CEHCOpPHUX Mepext Yy 2ipHuu0-30a2auy8anvHy 2any3b eKCNOHeHUiliHo nideuwye pusuku
yinecnpsmMosaHux Kibepamak Ha eeKkmpoeHepzemuuHi Komniaekcu 006'€Kmie KpumuuHoi
iH(ppacmpykmypu.

Iocmanoska npobnemu. EnekmpoeHepzemuuHi KOMNJIEKCU 2ipHU0-30a2a4y8ansHUX KomMOiHamis
3abe3neuyioms X¥usieHHs HaAlOLIbUL eHep2zoEMHUX cmadili upobHUymea. B ymosax KoHeepzeHyii
onepayitiHux ma KOopnopamueHUX Mepex KPUMuuyHO pO3WUPIOEMbCS CNeKmp epasiugocmetl.
HecankyioHogaHe 8mpyuaHHs 8 a20pummu KepyeaHHs 30amHe CNPUUUHUMU SIK eKOHOMIuHi
30umKu, max i macuma6bHi mexHozeHHI asapii.

Mema OdocnidxeHHa noasizae y po3pobui KOMNJIeKCHOi apXimekmypHoi Moodeni ma iHiceHepHUX
piweHs 0718 nidsuwieHHs Kibepcmilikocmi  aemomMamu308aHux iHQOpMAayiliHux cucmem

eJlekmpoeHepzemMuUHUX KOMNJIeKCi8 2ipHUu0-30azauysaivHux KoMOiHamia.
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Memoodu Jdocnidxcenns. 3acmocosaHo memodonozito cmandapmy IEC 62443 ma koHyenuyiio
ewenoH08aH020 3axucmy, adanmosay do npomucnoeoi iepapxii ISA-95.

Pesynvmamu. 3anponoHosaro 6azamopisHegy iHppacmpykmypy Kibep3axucmy
asmomamu3o8anux iHgopmayiiiHux cucmem. [Ina  Mepexce8o0z0 pigHs  06TPYHMOBAHO
8NPOBAOHCEHHS MIKpOCe2MeHMAauii MexHOI02IUHUX MePeX i3 3aCMOoCy8aHHIM 21UB0KOI iHcneKuil
mpagiky 0na 06a308ux NPoMUCA08UX Npomokoaie. IIpodeMoHCMpPOBaHO HeoOXiOHicb
KOHizypauiiiHozo 3azapmyeaHHs onepayitiHux cucmem iHeHepHUX CMaHyiti ma UKOPUCTAHHS
3axuleHux MikposioepHux naameopm o0ns Mepeicesux uiLi3ie.

BucHosku. [Ina 3abe3neueHHs 6i0M080CMIliKOCMi Ha pieHi KOHMpOJiepie iMnaemMeHmo8aHo
KOHUenuyito npeoukmusHoz0 MOHIMopuHzy ¢isuuHoi kibepbe3nexu. IToka3aHo, w0 NOEOHAHHS
8UMO2 MIXCHAPOOHUX cmaHdapmie 6e3nexu i3 anapamHum MOHIMOPUHZOM CMPYMI8 JUBEHHS
npozpamosaHux J02iuHUxX KOHMpoJiepis HadiliHo 3anobizae npozpamuiii niomii kepyouoi J102iKu.
Ile egexmusHo HigenoE B8eKMOpU  B8MOpzHeHHS ~ma eapaHmye  0Ge3nepepeHicmb
eHepzoepeKmMuUBH020 KepysaHHs npoyecamu nepepooKu CUpoBUHU.

Knwouoei cnoea: «xibepbesneka, e2ipHuuo-30azavyeanvHuili KombOiHam, asmomamu3oeaHa
iHpopmauitlina cucmema, ewenoHO8AHULl 3axXucm, nNpPozpamosami JoziuHi KOHMpoJepu,

enexmpoeHepzemuuHuil komnuekc, IEC 62443.
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EFFICIENCY IMPROVEMENT OF CONCRETE MIX PREPARATION AND
MORTAR DELIVERY PROCESSES IN CONSTRUCTION
TECHNOLOGICAL COMPLEXES

Abstract. The research relevance is determined by the need to improve construction
production technological set operational efficiency ensuring concrete mix preparation
and plastering mortar delivery under variable operating conditions. The study objective
is to establish relationships between mixing equipment kinematic parameters,
construction medium rheological characteristics, and conveying system geometric
parameters and the technological set generalized efficiency indicator. The study uses
mathematical modelling methods of construction mix mixing and transportation
processes considering their structural-mechanical properties and equipment energy
characteristics. An extremal dependence of the generalized efficiency indicator on mixer
working body rotational speed was established, and the influence of mixture rheological
parameters and pipeline system geometric characteristics on pressure loss and material
delivery stability was determined. The obtained results enable substantiation of rational
construction mix preparation and transportation technological set operating modes

considering process energy and technological indicators.

Keywords: concrete mix, mortar, mixing equipment, 3D printing, transportation, pump,

rheology, mathematical modelling, energy efficiency, pumping.

Problem statement. Modern construction technological sets ensuring concrete
mix preparation and plastering mortar delivery are characterized by a high mixing,
conveying, and auxiliary equipment integration level within a unified functional
system. Such system operational efficiency is determined not only by individual
machine productivity but primarily by joint operation parameter coordination
affecting material delivery stability, mixture homogeneity level, and technological

process energy consumption.

© Pochka K.I., Polishchuk L.K., Prystailo M.O., Sivak R.I., 2026 Copyright for this paper by its authors.
Use permitted under License CC BY 4.0.
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Traditional construction mix preparation and transportation process efficiency
assessment approaches are mainly based on mixing equipment productivity, specific
energy consumption, and mixture homogeneity indicator analysis. However, such
approaches insufficiently consider relationships between mixer working body
kinematic parameters, construction medium rheological characteristics, and
subsequent delivery condition parameters to placement or application
locations [1, 2].

Particular relevance is associated with concrete mix and plastering mortar
delivery stability provision problems in construction technological sets operating
under variable load conditions, material physical-mechanical property variation, and
process energy consumption reduction requirements while maintaining specified
technological process parameter. Insufficient construction mix preparation and
delivery mode coordination leads to material transportation uniformity reduction,
energy loss increase, and finished building structure and finishing coating
operational characteristic deterioration [3, 4].

In this regard, the need arises for construction technological set concrete mix
preparation and plastering mortar delivery process efficiency improvement
approaches based on integrated mixing equipment kinematic parameter,
construction medium rheological property, and conveying system energy
characteristic consideration.

Analysis of recent studies and publications. Studies devoted to concrete mix
mixing process investigation have established that homogeneous mixture structure
formation efficiency is largely determined by mixer working body motion kinematic
parameters, mixing chamber geometry, and component mixing mode characteristics.
Considerable attention is given to mixing process intensification through mixer
working body rotational speed optimization, structural parameter modification, and
combined material motion mode application within the mixer working volume [5, 6].

A separate research direction is associated with pipeline transport and
pumping unit concrete mix and plastering mortar delivery efficiency provision.
These studies show that conveying system productivity is determined not only by
pumping equipment structural parameters but also by construction medium

rheological characteristics, particularly density, plastic viscosity, and yield shear
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stress. Material property variation during transportation was found to significantly
affect delivery stability and equipment operational energy performance [7].

Modern construction process mechanization studies indicate the feasibility of a
technological set operation analysis system approach involving mixing equipment
and conveying machine parameter coordination considering construction mix
rheological properties and material movement modes. Such an approach enables
material delivery stability improvement, process energy consumption reduction, and
required mixture homogeneity level provision during transportation to placement or
application locations [8, 9].

Research objective is construction technological set concrete mix preparation
and plastering mortar delivery process efficiency improvement through
establishment of relationships between mixing equipment kinematic parameters,
construction medium rheological characteristics, and conveying system energy
performance indicators. To achieve this objective, substantiation of a mixing and
material delivery process parameter coordination approach ensuring mixture
transportation stability improvement and technological process specific energy
consumption reduction is proposed.

Presentation of the main research material. Concrete mix preparation and
plastering mortar delivery processes in modern construction production are
implemented within technologically interconnected machine and mechanism
systems whose operation is determined by mixing equipment working body motion
parameters, material structure formation conditions, and material transportation
modes to application locations. The interaction character of these processes
significantly affects mixture flow rate stability, structure homogeneity level, and
overall technological system energy performance indicators [10, 11].

A modern construction mix preparation and delivery technological set
development direction is their application in additive construction element
formation systems using layer-by-layer material deposition methods. In such
technologies, concrete mix and construction mortar delivery processes are
implemented through specialized extrusion nozzle systems ensuring continuous
building element formation without traditional formwork application. Construction
3D-printing system technological equipment operational efficiency is determined by
material flow rate stability, preparation and transportation mode coordination, and
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mixture rheological characteristic compliance with extrusion deposition process
requirements [12].

A specific feature of construction mix delivery processes in 3D-printing
technologies is increased material structure homogeneity requirement, rheological
parameter stability requirement, and layer formation stage flow rate uniformity
requirement. Mixing parameter mismatch with material transportation and
deposition conditions leads to formed element geometric accuracy violation and
building structure quality reduction. In this regard, construction technological set
concrete mix preparation and plastering mortar delivery efficiency improvement
becomes particularly relevant for automated material deposition system application
in additive construction technologies [13].

Construction mix preparation and delivery technological sets include a mixing
unit, receiving hopper, volumetric or screw-type conveying device, pipeline
transportation system, and material delivery executive working body. Functional
parameter interdependence of these elements is observed, since mixing unit
operating characteristic variation leads to construction medium rheological property
change, which subsequently determines transportation condition parameters.

Technological set productivity is determined by mixing and conveying

equipment productivity ratio and can be expressed by the following relationship

0=min(0Q,,.0,). )

where Q — productivity of the technological set, m*/h;
Q,, — mixing equipment productivity, m*/h;
Q,, — material delivery system productivity, m®/h.

The given relationship reflects the need for mixing and conveying equipment
operating mode coordination, since individual system element productivity
exceedance does not ensure corresponding technological process overall
productivity increase.

Construction mix delivery parameter characteristics are significantly
influenced by component mixing stage formed rheological properties. The main

parameters determining pipeline system material movement conditions include,
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belongs the density of the medium p, plastic viscosity x4 and ultimate shear stress

7, , on which the value of pressure losses during transportation depends

Ap:f(paﬂaroaLaD’V)’ 2)

where Ap — pressure loss during the transport of the mixture, Pa;

L - pipeline length, m;

D - inner diameter of the pipeline, m;

v — average velocity of the mixture, m/s.

Construction medium characteristic formation is determined by component
mixing intensity, mixing duration, and mixing equipment working body motion
kinematic parameters, which necessitates mixture structural and rheological
property variation relationship consideration during preparation processes.

Concrete mix and plastering mortar preparation processes are accompanied by
continuous component spatial distribution change within the mixer working volume,
resulting in gradual formation of homogeneous material structure with specified
physical-mechanical and rheological characteristics. This process intensity is
determined by mixing equipment working body motion kinematic parameters,
working chamber geometry, and material mixing duration [14].

Mixing process efficiency evaluation is advisable based on mixture
homogeneity coefficient characterizing component distribution uniformity degree
within the mixer working volume and can be expressed by the following relationship

ko =1-—, (3)
Oy
where k,, — mixture homogeneity coefficient;

o — post mixing controlled component concentration standard deviation;

o, — initial mixture component concentration standard deviation.

Mixture homogeneity coefficient variation during mixing has an exponential

character and can be described by the following relationship
k,, =1—exp(-pt), @)

where £ - mixing intensity factor, s;

t — mixing duration, s.
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Mixing intensity coefficient depends on mixer working body rotational speed,
mixing device structural parameters, and construction medium properties and can

be represented by the following functional relationship
ﬁzf(n,R,p,,u), (5)

where n — mixer working body rotational speed, s!;

R - characteristic material particle displacement radius in the mixer, m;

o — mixture density, kg/m?;

u — viscosity of the medium, Pa-s.

With increasing mixing duration, construction mixture homogeneity degree
increases, resulting in rheological characteristic stabilization and conveying system
material delivery nonuniformity reduction. At the same time, required mixture
structural parameter formation is accompanied by yield shear stress and effective
medium viscosity variation determining subsequent pipeline or volumetric pump
working body transportation conditions.

Considering these factors, pipeline system mixture mean flow velocity can be
represented by the following relationship

V=Z, (6)

where v — average velocity of the mixture, m/s;

Q - material consumption, m3/s;

A - cross-sectional area of the pipeline, m?,

which enables transition to construction mix delivery process energy parameter
analysis considering mixing-process-formed medium rheological characteristics.

Concrete mix and plastering mortar motion in pipeline delivery systems is
accompanied by hydraulic resistance occurrence determined by medium rheological
properties, pipeline geometric parameters, and material transportation velocity. For
construction mixtures characterized by yield shear stress presence, pressure drop—
material flow velocity relationships are advisable to describe based on generalized
viscoplastic medium rheological models [15].

In this case, the pressure drop during the transportation of the mixture through

a pipeline with a length of L can be represented by addiction
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47 v
Ap =— +u—|, 7
\p D[TO luDj (7

where Ap - differential pressure along the pipeline, Pa;
L - pipeline length, m;
D - inner diameter of the pipeline, m;

7, — maximum shear stress of the mixture, Pa.

Yield shear stress or plastic viscosity increase leads to pipeline system pressure
loss increase and corresponding material transportation energy consumption
increase, which necessitates mixing process parameter consideration when
determining rational construction mix delivery operating modes.

Power required for pipeline system material transportation can be determined

by the following relationship

N=ﬂ’ (8)
n

where N — drive power of the conveying system, W;

n — conveying unit efficiency coefficient.

For delivery systems using screw working bodies, conveying equipment
productivity is determined by screw pair geometric parameters and rotational speed

and can be represented by the following relationship

Qmp Zk'l’l, (9)

where k - delivery coefficient depending on working body geometric
parameters and material properties;

n - rotor rotational speed, s .

Construction mixture rheological characteristic variation after the mixing
process leads to screw pump delivery coefficient change directly affecting material
flow rate stability and transportation process energy performance indicators. In this
regard, mixing equipment parameter coordination with conveying system operating
modes ensures material delivery stability and overall technological set operational
efficiency improvement.

Considering mixing and construction mix transportation process parameter

interrelationships, technological set operational efficiency representation as an
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integrated indicator considering system productivity, material delivery stability, and
process energy consumption is advisable.

Considering mixing and construction mix transportation process parameter
interrelationships, technological set operational efficiency representation as an
integrated indicator considering system productivity, post-mixing material
homogeneity degree, and delivery process energy consumption is advisable. Such an
approach enables quantitative evaluation of mixing and conveying equipment
operating mode effects on technological process resulting parameters.

Technological set overall operational efficiency indicator can be represented by

the following relationship

Q. k.,
Ked) :pTa’ (10)

where K, — generalized indicator of the technological set efficiency;

N - drive power of the conveying system, W.

The proposed indicator enables simultaneous mixing and transportation
parameter influence consideration on technological set operational performance and
provides the possibility of different operating mode comparison based on an integral
criterion.

Considering conveying system power determination by pipeline pressure drop
and material flow rate, the integrated efficiency indicator can be represented by the
following relationship

= %}". (11)

The obtained relationship reflects mixing-process-formed material rheological
characteristic influence on subsequent pipeline delivery system transportation
energy parameters. At the same time, yield shear stress and effective medium
viscosity reduction contributes to pressure loss reduction and technological set

operational efficiency improvement.
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Figure 1 — Technological set integrated efficiency indicator dependence on mixer working
body rotational speed

Based on the obtained analytical relationship, a technological set integrated
efficiency indicator variation versus mixer working body rotational speed graph was
constructed. Graphical relationship analysis shows that rotational speed increases
up to a certain value results in technological set operational efficiency improvement
due to mixture component mixing intensity increase and mixture homogeneity
improvement. Further rotational speed increase is accompanied by mixing process
energy consumption growth leading to integrated efficiency indicator reduction. The
obtained relationship enables determination of a rational mixer working body
rotational speed range ensuring maximum construction mix preparation and
delivery process efficiency.

Considering mixture homogeneity coefficient dependence on mixing duration
and mixer working body motion kinematic parameters, the integrated efficiency

indicator can be represented by the following functional relationship

K,, = f(n.t,p,u,7,,L,D). (12)

Technological set operational efficiency representation as a function of these
parameters enables determination of rational mixing and conveying equipment
operating modes considering construction medium properties and material delivery

conditions.
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Technological set operational efficiency representation as a functional
dependence on mixing equipment kinematic parameters, construction medium
rheological characteristics, and conveying system geometric parameters enables
establishment of construction mix and plastering mortar preparation and delivery
process performance variation relationships under real equipment operating
conditions. The determining parameters influencing the integrated efficiency
indicator value include mixer working body rotational speed, material mixing
duration, mixture yield shear stress, effective viscosity, and delivery pipeline system
geometric characteristics.

Mixture vyield shear stress and plastic viscosity significantly influence
technological set operational efficiency, since their reduction contributes to delivery
pipeline system pressure loss reduction and material transportation stability
improvement. Delivery pipeline length increase leads to proportional pressure loss
growth, whereas pipeline diameter increase reduces mixture flow hydraulic
resistance.

Conclusions. As a result of the conducted study, technological set concrete mix
preparation and plastering mortar delivery operational efficiency variation
relationships depending on mixing equipment kinematic parameters, construction
medium rheological characteristics, and material transportation system geometric
parameters were established. It is shown that the technological set integrated
efficiency indicator has an extremal dependence on mixer working body rotational
speed, enabling determination of rational operating modes considering required
mixture homogeneity degree provision and process energy consumption
minimization.

It was established that construction mixture rheological characteristics,
particularly yield shear stress and effective viscosity, significantly affect delivery
pipeline system pressure loss magnitude and material transportation stability.
Conveying system geometric parameter influence on delivery process energy
performance indicators was substantiated, enabling determination of rational
pipeline parameters depending on mixture physical-mechanical properties and
equipment operating conditions.

The obtained results create theoretical prerequisites for construction

production technological set operational efficiency improvement through mixing
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and conveying equipment operating mode coordination with material rheological
characteristics and delivery system structural parameters, ensuring construction mix
preparation and transportation process productivity increase with simultaneous
specific energy consumption reduction.
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K.I. TTouka, JI.K. ITonimyk, M.O. [Ipucraiino, P.I. CuBaxk

HNIABUIIEHHS EOEKTUBHOCTI ITPOLECIB ITPUT'OTYBAHHS TA ITOJAYI
BETOHHUX CYMIIIEH I IITYKATYPHUX PO3UNHIB V TEXHOJIOTTUHUX
KOMIUVIEKCAX BYIBHUIITBA

AHomauis. Y cmammi docnioxeHo 8niue KiHeMamuyHux napamempie 3miuly8anbHo20
00/1a0HAHHS, peosIo2iUHUX Xapakmepucmuk OemoHHUX cymiwell i wmykamypHux
pO3UuHIi8 ma 2eoMempudyHuX napamempie cucmem noodaui Ha egekmueHicmo
(YHKUIOHYBAHHS MeXHOJI02iuHUX KomMniekmig 0ydieHuymea. Ocobusy ysazy hpuoiieHo
8CMAHOBJIEHHID 83AEMO38’°13KY MiX napamempamu Npoyecie 3MIiuly8aHHs mamepiaty

ma ymosamu lio2o nodanvuiozo mpaHcnopmyeaHHs 00 MiCuﬂ yKJlaaaHHﬂ abo HaHeceHHsl.

3anponoHo8aHo y3azanvHeHuUll NOKA3HUK e(eKmueHoCmi MmexHoJ102i4H020 KOMNIeKny,
AKUll  8paxosye nNpoOyKMuUBHICMb Npouecy Npuzomye8adHss cymiuli, cmyniHo ii
00HOpiOHOCMI  nicisa  3MIWYBAHHS Ma  eHepzemuuHi  eumpamu  hid  uac
MpaHcnopmyeaHHs mpybonpogioHumu cucmemamu nodaui. Ha ocHO8i 8UKOpUCMAHHS
AHANIMUYHUX ~ 3a7IeXcCHOCmell  6CMAHO6/IEHO  3AKOHOMIPHOCMI  3MIHU  NOKA3HUKIG
ehekmusHOCMI 3anexcHo 8i0 pexcumie pobomu 3MIUY8ANbHO20 | MPAHCNOPMYHUO20

0071a0HaHHSL.

BcmatoeneHo excmpemanvHUll xapakmep 3aiexcHOCMi Y3azabHeH020 NOKA3HUKA
ecpexmusHocmi 8i0 uacmomu 06epmanHs pobOU020 0p2aHa 3MIiuLy8aua ma 8U3HAYEeHO
8niug8 napamempie mpyb6onpogioHoi cucmemu Ha empamu Mucky nid uac nodaui
mamepiany. OmpumaHi pe3ynemamu 00380110Mb 00rpyHMy8amu  payioHanbHi
pexcumu  (yHKYIOHYBAHHS 3MIULY8ANIbHO20 [ MPAHCNOPMYIOH020 O0071A0HAHHA ma
nidsuwjumu cmabinvHicms nodaui 6ydigenvHUX cymiuleli y MexHOJI02IUHUX KOMNJIEKMax

cyuacHozo0 6ydisHuymaa.
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Knrwuoei cnoea: 0GemoHHa Ccymiwi, po3uuH, 3miwlysanvHe 001a0HAHHS, 3D-0pyK,
MpaHcnopmyeaHHsi, Hacoc, peonozis, mamemamuuHe MOOeN8aHHS,

eHepzoepeKmusHicmo, nepekauye8aHHsi.
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T.B. CeniBbopcTOBa

MEPKOJIAIIVMHUN MIAXI 10 OMNUCY MDKIAEHIPUTHOTIO JKUBJIEHHS
HA 3ABEPHIAJIBHIN CTAIIT 3ATBEPAIHHS METAJIIB I CITJIABIB

AHomauia. Y cmammi po3znsiHymo ¢i3uuti nepedymosu Min0eHOpUmHozo HueJieHHs
Ha 3asepwanvHili cmadii 3ameepldiHHs Mmemanie i cnnasie. IlokasaHo, wWo
e(pekmusHicmo KomneHcayii ycadku 8 mexcax mushy zone 6u3HA4AEMbC He JuUlUe
HaseHicmio 3anuwkosoi pidkoi asu, a Ui ymosamu ii mpaHcnopmy, 30Kpema
NPOHUKHICMIO MiXOeHOpUMHO20 NpPOCMOopy, JOKANbHUM MUCKOM [ 30epedeHHsIM
Oe3nepepeHux uwisixie nidxwcueneHHsa. IIpoanHanizosaHo mexaismu  GopmyeaHHs
ycadkoeoi ma 2a3oycadkoeoi nopucmocmi, 8nue 3poCMaHHs uacmku meepooi ¢asu Ha
38YHCEHHS MIHOEHOPUMHUX KAHANI8, 3HUMNEHHS NPOHUKHOCMI ma J0Kani3ayilo nomokie
piokoi ¢asu. O6rpyHmosaHo 0oyineHicms 3acmMoCy8aHHs NepKoNAUiliHo20 nidxody 00
onucy 36’s3Hocmi pidkoi ¢asu Ha ni3Hix cmadisx 3ameepodiHHsA. 3anponoHo8aHo
inmepnpemysamu mushy zone sk 080o¢asHy cucmemy, y skiti pioka ¢asa 6uKoHye posvb
mpaHcnopmHoi mepexi, a meepda aza — obmexcysaivbHozo kapkaca. ITokazaHo, wo
8mpama Mix0eHOPUMHO20 HUBJIEHHS N08’°13aHA He 3 NOBHUM 3HUKHEHHAM pioKoi ¢asu,
a 3 pyliHy8aHHsM ii 2n100anbHOI 38’3H0Cmi ma 6e3nepepeHOz0 MPAHCNOPMHO20 ULISXY.
BcmauoeneHo, wio nepkoasuis piokoi ¢asu moxce 6ymu 8UKOpuUCmava sk Kpumepiti
empamu MUBUIbHOCMI MA SIK MeopemuuHa 0CHO8A O/ N00anbuloz0 MOOeN08aHHs

nopucmocmi ti depekmoymaeopeHHs 8 Memasnesux UNUBKAX.
Knrouoei cnoea: mixcodeHdpumue xusjeHHsi; mushy zone; nepkoJisiyis; 38°S3Hicmb
piodkoi ¢pasu; 3ameepdiHHa Memanie i cniasis; ycadkoea nopucmicms; 2asoycadkosa
nopucmicms; NPOHUKHICMb; Koz2epeHMHicmy deHOpumis; dehekmoymeopeHHs.
BcTyn
JKicTb MeTajieBUX BWIMBKIB 3HAUHOK MipOK0 BU3HAYAETbCS YMOBaMU
3aBepIlaJibHOI CTajii 3aTBepAiHHS, Koau y dopmi BMHMKAE ABodasHa 30Ha mushy
Zone, a 3aJMIIKOBA pigka ¢asa IMOBMHHA KOMIIEHCYBAaTH 00’€MHY ycanky. Y 1ieit
repios Mi>XKIeHAPUTHE KUBJIEHHS € OAHMM i3 KJIIOUOBUX UMHHMKIB, 110 BIIMBAIOTh

Ha IIJIbHICTb, CYLJIBHICTh i eKCIUTyaTalliliHi BJIACTUMBOCTI JUTOro MeTany [1, 2].

© CeniBbopcToBa T.B., 2026 Copyright for this paper by its authors. Use permitted under
License CC BY 4.0.
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[lopylieHHST KMBJI€HHSI Ha IIi3HIX CTafisgX 3aTBepHiHHS 3yMOBJIO€ (HOpMYBaHHS
yCagKoOBOi Ta ra3oycajgkoBOi MOPUCTOCTI, IPUUOMY HasIBHICTh pifkoi (a3m cama 1mo
cobi 1le He rapaHTye KOMIIeHcallii ycagku. BupimaapHUMM CTAlOTh YMOBU
TPaHCIIOPTYBAHHS PO3IUIaBy, JIOKAJbHUII TUCK i MOpQOJIOris MiXIeHIPUTHOTO
npocropy [3, 6-8].

TpaguililiHo BTpaTy >KMBJEHHSI B mushy zone TMOB’S3YyIOTb 3i 3MeHIIEHHSIM
IMPOHMKHOCTI, 3pOCTaHHSIM TiApOAMHAMIYHOTO OIIOPY Ta IMaAiHHSAM TUCKY B PiAKiii
daszi. OgHak Ha 3aBepiIaIbHIN CTaAii 3aTBepHiHHS I[bOTO OIUCY HEOOCTAaTHbO,
OCKiJIbKM BU3HAUa/IbHMM YMHHMKOM CTa€ TAKOX IIPOCTOPOBA 3B’SI3HICTD piaKoi dasu.
3a BMCOKMX YaCTOK TBep/i0i CKJIaJA0BOI HaBiTh He3HAUYHi CTPYKTYPHi 3MiHM MOXKYTb
MPU3BOAUTHU 10 i30Js1ii pigKux obmacteit i (aKTMUHOTO MPUIMHEHHS JKMBJIEHHS
(puc. 1) [4, 5, 9, 10]. Tomy akTyaabHUM € IMiOXiH, SKUt TO3BOJISIE PO3TSIAATU
3aBeplla/JibHY CTaJil0 3aTBEPAiHHS He Jiuie sIK (ibTpallilo po3MjiaBy B IIOPUCTOMY
cepeloBMIIi, a i SIK €BOJIOLil0 3B’SI3HOCTI Pifkoi Mepexi B ymoBax (OpMyBaHHS
KOT€pPEHTHOTO OeHAPUTHOrOo Kapkaca. Y I[bOMY aCHeKTi MepKOJSLIAHUIA Maxing €
MEePCIeKTUBHUM, OCKIJIbKM [JA€ 3MOry TpaKTyBaTM BTpPaATy MIKIEHAPUTHOIO
JKMUBJIEHHS SIK HAC/TiIOK AOCSITHEHHSI KpUTUYHOTO TTopora 3B’SI3HOCTI pifkoi ¢asmu [9-
12].

Soidaton — 3
Terperdue [T

Position in the mushy zene [mm)]

Eutectic solidification

/ 7 0
0 02 04 08 08 1, Solid fracton,

Pucynok 1 — Po3paxoBaHa mushy zone criaBy 3 r106y/ISIpPHOIO CTPYKTYPOIO 3a
TeMnepaTtypHoro rpagieHta 100 K/cm i mBuakocTi oxonomxkenHs 1 K/c [9]; niBopyu
HaBe/eHO 30i/blieHi hparMeHTH BUIIIEHUX OiISTHOK, TPaBOPYY — PO3IOAiT 06’€MHOT
YacTKM TBepHoi Gas3u B TOPM3OHTAIbHUX Mepepizax
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CydvacHi Mopesi MiXIOEHIPUTHOTO >XMBJIEHHS II€peBaKHO CIIMPAITHCS Ha
KOHTMHYaJIbHUIT OTIMC Tedii pigkoi ¢gasu B mopmucTomy cepemoBuilli. Y Meskax IIbOTro
Hampsamy cdopmoBaHo Darcy-based mopesni, e TPAaHCIOPT PO3IUIABY BU3HAUAETHCS
Tpafi€eHTOM TUCKY, IPOHMKHICTIO CepeloBUIlA Ta B’SI3KICTIO piauuu [1, 2]. 3HaUHy
yBary IpPUIiJIEHO [OOC/iIKeHHI0O MPOHMKHOCTI mushy zone: mJisi KOJOHYACTUX i
PIBHOOCHMX HOEHIAPUTHUX CTPYKTYpP OTPMMAHO eKCIIepMMeHTasjibHi Ta 4YucesibHi
3a7IeXKHOCTi MPOHMKHOCTI Bim wacTku pigkoi ¢asmu, Mopdosorii meHAPUTIB i
XapaKTepHUX PO3MipiB MiKpOCTpyKTypu [2, 4, 5, 11]. Takok pO3BMHEHO pOrous-
medium i TpudasHi MogeJi, B IKMX BpaXxOBaHO He juile (iabTpaliifiHe sKMBJIEHHS, a
1 ymoBM (popMyBaHHS TOPUCTOCTI 3@ HAsIBHOCTI Tra30BU/Ii/IeHHS Ta ycajaku [3].

Pa3om i3 TMM KOHTMHYa/bHI MiJIXOOM IepeBakKHO OMepyKTh ycepegHeHUMU
XapaKTepUCTUKaMy i HeJOCTaTHbO BPAaxOBYIOTb TOIIOJIOTIUHI 3MiHM pPigKOi Mepexi.
Ha mi3Hix cragisx 3aTBepmiHHS pigka ¢asa Moxe Ie 306epiratucs, ajge BXKe He
YTBOpIOBATM Oe3IepepBHOrO IIISIXY JKMBJIEHHS. [lOC/HiIKeHHS Ilepexomy Bif
Oe3mepepBHUX PigKMX IUIIBOK OO KOTEPEeHTHOTO TBEPAOTO CTaHy, a TaKOX
TpaHy/sIpHi Mogesni mushy zone mokasaju, 1110 Y 30Hi BUCOKMX YaCTOK TBepaoi ¢asu
BiZIOYBAIOTbCS JIOKaTi3allisi TMOTOKIiB i (QOpMyBaHHS KPUTUYHUX CTPYKTYPHUX
nepexonis [9, 10]. Lle 3yMOB/IO€ IOOLIIBHICTD BUKOPUCTAHHSI IEPKOJSILIAHOTO
MigxXody, B MeXaxX $SIKOro mushy zone pO3Tisiia€Tbcs K nBodasHa cucreMa 3i
3MiHHOIO 3B’SI3HICTIO pifikoi a3y, a BTpaTa KMBJI€HHS TTOB’SI3YETHCS 3 PYITHYBaHHSIM
rinob6anbHOi Mepexi pigkux KaHamis [10, 12].

MeTol0 CTaTTi € OOIPYHTYBAaHHS MEPKOJSIIIHOrO MigXoAy OO OIIUCY
MIKIEHAPUTHOTO >KMBJIEHHSI Ha 3aBepllajibHilMi CTafil 3aTBepHiHHS MeTasiB i
CILJIaBiB Ta BCTAHOBJIEHHS POJIi 3B’SI3HOCTI pigKoi da3u K BU3HAUAJbHOTO YMHHMKA
30epeskeHHsT SKMBUJIbHOCTI mushy zone.

71T [mOCSITHEeHHS TIOCTaBJeHOI MeTM HeOoOXiJHO: TpoaHasizyBaTu (Qi3umuHy
NpUpPOAY MDKIEHAPUTHOTO >KMBJIEHHSI Ha 3aBepllayibHili CcTafil 3aTBepmiHHS;
PO3IJISHYTU MeXaHi3MM (opMyBaHHSI yCaJKOBOiI Ta ra3oycajikoBOi MOPUCTOCTi B
yMOBax OOMEKEHOrO >KMBJIEHHSI; y3arajJbHUTM Cy4YacHi MigXOoaM OO OMUCY Teuii
pinkoi ¢asu B mushy zone, 30Kpema Darcy-based i porous-medium wmopei,;
BCTAHOBUTU OOMEXEHHSI KOHTMHYaJIbHOTO OIMCY [JisI BUCOKMX YacCTOK TBepAOi

dasu; oOrpyHTYBaTM MHOIIBbHICTh iHTepripeTallii mushy zone SIK TMepPKOJSIiiHOI
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CUCTEMM; ITOKa3aTH, 110 BTpaTa 3B’SI3HOCTi pifKoi ¢da3u Moske 6YTH BUKOPUCTAHA SIK

KpUTEPiit MPUIMHEHHST MiKIEHIPUTHOTO JKUBJIEHHS.

@i3suuHi NepeasymMoOBM MiKAEHAPUTHOTO >XMBJIEHHSI Ha 3aBepllajIbHii
cTaznii 3aTBepAiHHA

MiXaeHaApUTHE >KMUBJIEHHSI SIK MeXaHi3M KoMmIeHcaliii ycaaku. Ha
3aBeplla/IbHil cTajii 3aTBepAiHHS MeTasliB i CIUIaBiB y Mexax aBodasHoi 0bsacTi
mushy zone MiKOeHAPUTHE >XUBJIIEHHS 3abesrneuye KOMIIEHCAIil0 006’€MHOro
CKOpPOYEHHSI, 10 CYMpOBOImXKye (a3oBuit Iepexin i3 pigkoro craHy B TBepauit. Y
Mipy dopMyBaHHSI [AeHAPUTHOTO KapKaca 3ajMilKoBa pigka ¢asa MMOBMHHA
HaJXOAUTU Uepe3 CUCTeMY MiKAEHAPUTHUX KaHaIiB [0 JIOKAJbHUX 30H AedilnuTy
06’emy. OTXe, epeKTUBHICTb KMBJIEHHSI BU3HAUAETHCSI HE JIMIINE KiJIbKICTIO pigKoi
da3u, a i ymoBamu ii (inbTpaliifiHOro TpaHCIIOPTY B CepemOBUIIi 3i 3pOCTAIOUUM
rigpoauHamMiyHuM omopoM [1], [2]. 36epeXeHHS >KMBMJIBHOCTI MOXJ/IMBE 3a
HasSIBHOCTi 3aJMIIKOBOi piAMHM, OOCTaTHbOI MpPOHMKHOCTI mushy zone Ta
Oe3mepepBHUX NUISIXiB MigkuBiaeHHs [2], [4], [5], [11].

IIpo6s1eMa ycagKoOBOi Ta ra3oycajgKoBOi MOPUCTOCTi. YCcagKoBa MOPUCTICTh
BUHMKAE TOMi, KoM pimka ¢asa Bke He MOKe KOMIIEHCYBaTH JIOKaJibHE 00’€MHe
CKOpDOUEeHHSI MeTaJly B TIIpolleci 3aTBepAiHHSI. 3a YMOB HeJOCTaTHbOIO
MiKIEHAPUTHOTO JKMBJIEHHS B OKpeMMX 30HaX (OPMYIOTbCSI TMOPOXKHUHU
yCaJIKOBOTO ITOXOIKEHHS, MAacCIITa0 SIKMX BM3HAYAETHCS CIIiBBiIHOIIEHHSIM MIiX
ycaZKkow, IMojavel0 po3iuiaBy, MPOHMKHICTIO ABoda3HOi 06sacTi Ta JIOKaJbHUM
TUCKOM Yy piauHi [3], [6]. a30oycagkoBa MOPUCTICTh Ma€ CKIAOHINIMIT MeXaHi3M,
OCKiJIbKY TTO€AHYE MedillnT )XMUBIEHHS 3 BUIIJIEHHSIM pPO3UMHEHMX ra3iB i3 po3IiaBy.
3a MX YMOB 3MeHIIeHHS OCTYITy pifikoi da3u [0 ycaJKOBUX 30H YHEMOSKIUBIIIOE
KOMIIeHCallil0 TTOPOKHUH, a 3HIDKEHHSI TUCKY CIIpuUsie cTabimisallii Ta 3poCTaHHIO
ra3oBux mnop [3], [6]-[8]. Takum umHOM, ycagKoBa ¥ Tra30yCaJKoBa IOPUCTICTb €
6e3mocepeIHiM HACTiAKOM MOPYIIeHHS MiXXIeHIPUTHOTO KMBJI€HHSI.

BriMB 3pocTaHHSI YacTKM TBephoi a3y Ha NMPOHUKHICTb mushy zone. 3i
30i/IbIIIEHHSIM YaCTKM TBepoi a3y reoMeTpis MiXKIeHIPUTHOTO IIPOCTOPY iCTOTHO
YCKJIAIHIOEThCSI: KaHaAM Teuil 3BYKYIOTbCS, CTAlOTh OibII 3BUBUCTUMM Ta
HeOJHOpPiAHMMM. YHACTIAOK I[bOTO IPOHUKHICT mushy zone 3MeHIIYETbCS i

repecta€ BM3HAYATUCS JuIe 06’€MHOI0 YaCTKOI PiIMHM, OCKiJIbKM CYTTEBOTO
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3HAUeHHSI HabyBawTb Moposoris AeHAPUTiIB, iX B3a€eMHe pO3TallyBaHHS Ta
XapakTep posrajyskeHHs piakux kaHautiB [2], [4], [5], [11]. 3a BUCOKMX YaCTOK
TBepaoi ¢as3M HaBiTh He3HAUHe [10JAaTKOBe 3POCTaHHS TBepAOi CKIaZOBOI MOXe
pi3ko obMmexxutu inbTpauiitunit TpaHcrnopTt pinuHu [4], [5], [11]. Lle o3Hauae
rnepexin Bi, pekMMy MHOXMHHMX IUISIXIB ITiIKMBJEHHS OO peXMMY JOKasisaliii
IIOTOKY B HebaraThbOX BY3bKMX KaHaJlaX, IO CTBOPIOE IE€peayMOBM IJIsT i30Sl

OKpeMMX PiAKUX AiSTHOK i BTpaTu XXUBUIBHOCTI (pMcCyHOK 2) [5], [10], [12].

Pressure (Pa)
0.0

Pressure (Pa) gl &
- 0.0

= -100
-200

-300
-400

Pressure (Pa)jiliis Pressure (Pa)
0.0

. -200x10°
-400x10°
-600x10°
-800x10°
-1000x10’

(c)
PucyHok 2 — Teuist pinkoi a3y B eneMeHTapHOMY 06’€Mi mushy zone 1151 pi3sHUX 3HAYEHb
yacTku TBephoi dasu: a) g, =050,b) g =080,c) g =093,d) g, =098. lllupnua

KaHaJIiB MPOMNOPIiiiHa TOKa/IbHili iHTEHCUBHOCTI MOTOKY. [12]

IMagiHHgA /JTOKaJbHOTO TUCKY fAK YMOBa BTpaTU >KMUBJIEHHs. PyliiiHOO
CUJIOI0 TPAHCIIOPTY pifkoi dha3u B MiKAeHAPUTHOMY IIPOCTOPi € IpaZliEHT TUCKY,
KUt 3abe3mnevye mepeMillleHHsSI PO3IIaBy 10 30H ycaaku [1], [2]. 3i 3MeHILIeHHIM
MMPOHMKHOCTI mushy zone 111 MiATPMMaHHS TOTO CAMOTO MOTOKY MOTPiOeH OiTbIIImii
rneperag TUCKY, IO TMiABUIIYE JMOBIpHICTb BMHMKHEHHS JIOKQ&JIbHUX 30H
HeloCTaTHbOro XusjieHHS [1], [2], [11]. Ha 3aBepwanbHilii cTazii 3aTBephiHHSA
BTpaTU TUCKY MAalThb BUPA3HO JIOKAJIbHUI XapaKTep: Y BY3bKUX 1 3BUBUCTUX
MIDKIEHAPUTHUX KaHajlaX BOHU ITOCUJIIOIOTHCSI, a YacTMHaA pigkoi ¢asu Moske
cTtaBaTy GakKTUYHO rigpoaMHaMiuHO i30/1b0BaHOI0. Y Mexkax TpudasHUX Mojieneii 11e
6e3rmocepelHbO TIOB’SI3YETbCSI 3 (QOPMYBAHHSAM TMOPUCTOCTI, OCKiJIbKY TaAiHHS
JIOKAJbHOTO TMUCKY OJHOYACHO Ilepemikoaykae€ KOMITeHcallil ycagKku Ta CIIPUSIE

BUAiNIeHHI0O Ta30Boi ¢asu [3], [6]. Tomy nmedeKkTOyTBOpeHHS Ha IMi3HIX CTamisix
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3aTBepIiHHS [OOLIIbHO pO3TASAaT¥ $SIK HACIgOoK IOo€AHaHOol Ail Jerpagariii
TPAHCIIOPTHOI MepexXi 1 KpUTUYHOI'O 3HVMKeHHS JIOKaJIbHOTO TUCKY B piguHi [3], [6].

ToyKka KOrepeHTHOCTi JeHAPUTIB i mepexinm K0 O0OMEKE€HOro >KUBJIEHHS.
KiouoBuM eTaroMm eBoJioliii mushy zone € AOCSITHEHHS TOYKM KOT€pPeHTHOCTi
IeHAPUTIB, Koau TBepAa ¢dasa Biepile Gopmye MPOCTOPOBO 3B’I3HMIT Kapkac. o
IIbOr0 MOMEHTY pifgka ¢asa 3aiiMae BiZHOCHO GesmepepBHMII 00’eM i 3abesmeuye
TIOPiBHSIHO BiJIbHMII TMepepos3mnomin posmaaBy. Ilicis GopMyBaHHSI KOTe€peHTHOTO
TBEPOOro KapKaca piiuHa 30epira€ThCsl MepeBaskHO Y BUIJISAAI TOHKMX KaHaJIiB i
IIJIiBOK, 0OMEXXeHUX TeHIPUTHOI0 CTPYKTYPOIO, a ii TpaHCIIOPTHI MOXKIMBOCTI Pi3KO
3HIKYIOThCS [9], [10]. JocmimkeHHs Tlepexody BiJ 6e3repepBHUX PiIKMUX IIiBOK 10
KOTepEeHTHOT'0 TBEPAOIo CTaHy, a TAKOX IpaHyJISIPHI Mojesti piBHOOCHUX mushy zone
1oKasaiu, 10 came 100613y KOTe€pPeHTHOCTI ITOUMHAEThCS Iepexil Bif BimHOCHO
BiIbHOTO [0 oOMmexxkeHOro >kuBjeHHs1 [9], [10]. ¥V wiit obsacti crocTepiraroTbCs
JIOKaJTi3allisl MMOTOKIB Y HebaraThbox 30epeskeHuX KaHajax, ITiIBUIINEHHS YyTIMBOCTI
CHUCTEMM 10 TIEPEKPUTTS PiAKMX IHUISXiB i MBUIKe HAOIMKEHHS 10 CTaHy BTpaTU
kuBuabHOCTI [9], [10], [12]. OTsKe, TOUKY KOT€PeHTHOCTI CJIiJi pO3TasaaaTu K QisuuHy
MEeXXy, MiCJs SIKOi PM3UK YTBOPEHHSI YCAaJKOBUX i ra3oycagkoBux AedeKTiB iCTOTHO
3pOCTae.

IMepronsauiriumii migxig 40 onucy 3B’I3HOCTI piakoi pas3u

OcHOBHi mMOJIOKeHHSI Teopii mnepkoasuii. Teopis nepkonsiii €
dbyHIaMeHTaJIbHUM IMiAX0A0M CTAaTUCTUUHOI (Pi3MKM [OJis OMMUCy TMOSIBU abo BTpaTu
I7100a/IbHOI 3B’SI3HOCTiI B HEBIIOPSIIKOBAaHUX AMCKpeTHUX cuctemax [13]-[15]. V ii
MeKax CUCTeMa PO3TJSAAETHCS SIK CYKYIHICTh BiJKPUTUX i 3aKPUTUX €JIeMeHTIB, a
CYKYTIHICTb B3a€MOIIOB’SI3aHMUX BiIKPUTUX eJIeMeHTiB (OpMYy€e MepKOISLiTHNUIA
Kmactep. K0 TakKuii KIacTep OXOIUIIOE CUCTEMY BiJl OJTHOTO TPaHMUYHOTO OOKY 110
iHIlIoro, BMHMKa€e T[y06asbHa 3B’SI3HICTb, 10 3a0e3leuye MaKpOCKOIiUYHUIA
TpaHCOOPT. KITI0UOBMM MOHSITTSM € MOPIT MepKOJSIil — KPpUTUUYHE 3HAYEeHHS YaCTKU
npoBigHOI a3y, Mpu SIKOMY CUCTeMa IepexOoIuTb Bif JOKJIbHMUX i30JbOBAHMUX
KJIacTepiB [0 6Ge3rnepepBHOi Mepexi. [106aM3y 1bOTO TOpora HaBiThb He3HAUHi
CTPYKTYPHi 3MiHM MOXYTb CIIPUUMHUTHU SIKICHY 3MiHY TPAHCIIOPTHUX BJIACTUBOCTEN
cepernosuia [13], [14].

IloporoBa mnoBediHKa 3B’SI3HOCTI MOOJAM3y KPUTUYHOIO CTaHy. Y

KPUTUUHi 06J1acTi cucTemMa BTpava€ HAJIMIIKOBICTh TPAHCIIOPTHUX IIISXiB, a
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TepeHeceHHs KOHILIEHTPYEThCSI B OOMeEsKeHiil KiJIbKOCTi KaHamiB, 1m0 (GopmMylOTh
Kapkac IepkossuiiHoro kiactepa [13]-[15]. PyliHyBaHHS HaBiTb HeBeJMKOl
YAaCTMHM TaKMX 3B’SI3KiB MOKe IMPU3BECTM 10 pO3Iaay Oe3repepBHOTO HUISIXY Ha
isonpoBaHi pparmenTu. [Ing gBodasHMX CUCTEM lie O3HAuae€, [0 MPoBimHa dasa
MOKe Ie 36epiraTucsi B TOMiTHOMY 06’€Mi, ajie Bxke He 6paTy y4acTi B peaibHOMY
TPaHCIIOPTI, SIKIIO ii MepeXka BTpaya€ HaCKPi3HY 3B’s13HICTh [14], [15]. Came mepexif,
10 i30JIbOBAHMX PiAKMX 06J1acTelt € XapaKTepHOK O3HAKOI0 BTPATM MEPKOJISIii Ha

3aBeplIajbHiN cTaAil 3aTBepAiHHS (PUCYHOK 3) [9], [10], [12].

P [Pa]
0

-2.4e+02

-7.1e+02

-2.1e+03

-6.4e+03

-1.9e+04

-5.8e+04

-1.7e+05

-5.2e+05

-1.6e+06

-4.7e+06

Pucynok 3 — IIpodinb TUCKY Ta MOTIK pifgKkoi dhasu, 3yMoBIeHMI1 ycagKoIo, B e1leMeHTi
mushy zone nipu Bucokiii yacTui TBepAoi ¢hasu; TOBIIMHA KaHAJIiB TPONOpIiifiHa
JIOKQJIbHOMY IIOTOKY, a 'pajalis TOHY BiAIIOBila€ TOKaJIbHOMY TUCKY. PUCYHOK itocTpye
JIOKaJIi3allil0 )XMBJIEHHS Ta 3HAYHMIA [Tepenaj, TUCKY B3[,0BX OCHOBHOTO
LUIAXyY MigxuBiaeHHs [10]

InTepnperaniss mushy zone sik nBodasHoi meproasAUiiHOi cucremu. Ha
3aBepllla/ibHil cTafii 3aTBepAiHHS mushy zone AOIiIbHO pO3I/IsiAaTy SIK ABOGasHy
CUCTeMYy, B SIKiii pifka da3a yTBOpIOE TPaHCIIOPTHY Mepexy, a TBepaa ¢asa ¢popmye
obMmexxyBanbHMit Kapkac [9], [10], [12]. Ha paHHix cTafisx pigka ¢gasa 3aiimae 3HauHy
YaCTUMHY MiKIEHIPUTHOTO TPOCTOPY ¥ YTBOPIOE BiAHOCHO Ge3mepepBHY CUCTEMY
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KaHa/iB i IJIiBOK. Y Mipy 3poCTaHHS 4acTKM TBepaoi dhas3y MeHIPUTHI eleMeHTU
30/IMKYIOTbCSI, KOHTaKTYIOTh MK 00010 Ta ()OPMYIOTh KOT€PEHTHY CTPYKTYpY, IO
3MiHIOe Tomosorito pigkoi mepexi [9], [10]. 3a Takoro migxomy pinka dasa
TPAaKTYETbCS He JIMIIEe SIK 3aJIMIIKOBUIA PO3IUIaB, a SIK CUCTeMa TPaHCIIOPTHUX
3B’SI3KiB, Uepe3s SIKy peasli3yeTbCsl MixkAeHAPUTHe kuBieHHs [2], [5], [9], [10].

3B’SI3HMII PpigKMIA KapkKac $SK yMOBa peajJbHOTO TPaHCIOPTY.
MikgeHaOpUTHE XMBJIEHHSI MOXK/IMBE JIMIIE 3a HAasIBHOCTi 6e3lepepBHOrO PigKoro
HIIIXY  MDK ~ [IKepejloM  >KMBJIEHHS Ta  JIOKQJIbHOW  30HOW  JAediluTy
06’emy [1], [2], [10], [12]. Cam daKT icHyBaHHS 3aJIMILKOBOI PiAMHM le He 03HAYa€E
30epeskeHHsT TPaHCIIOPTHOI (GYHKIIii, SIKITO pigka da3a po3namaeThCs Ha i30/1bOBaHi
KuleHi abo HernoB’si3aHi pparmeHT. OTKe, TPAHCIIOPTHI MOXKIMBOCTI mushy zone
BM3HAUAIOTbCSI He JiMie O00’€MHOI0 4YacTKO pigkoi ¢asu, a mnepemycim ii
TonoJioriyHowo 1imicHictio [10], [12], [15]. I'paHynspHi Ta TpMBUMIipHI Monesi
MOKa3yIoTh, 110 MO6/M3Yy 3aBepilieHHsS 3aTBEepHAiHHS pigka ¢asa JIOKami3yeTbCs B
Mi>K3€pHOBUX KaHajaxX, a >KMBJIEHHS KOHIIEHTPYETbCSI B HebaraTbox 36epexkeHmx
nuisixax [10], [12]. VYTpara 3B’S3HOCTI LMX MLUISXiB IPU3BOAUTH OO0 i30Sl
JIOKQJIbHUX IiJITHOK i CTBOPIOE rnepegyMoOBU IS HEeMOKJIMBOCTI
KommeHcauii ycagku [9], [10], [12].

Ilepronsania pigkoi ¢asm SK KpuTepin >KUBWJIBHOCTI. Y KOHTEKCTI
3aBepIIajgbHOI CTafii 3aTBepAiHHS MEPKOJISIS piaKkoi gas3m Moske OyTM PO3IISIHYTA
SIK (i3MYHO OOI'PYHTOBAHMII KPUTEPiil SKUBUIBHOCTI mushy zone. SIkmio pigka ¢asa
dbopmye r106anbHO 3B’SI3HUI KiIacTep, MisKIeHAPUTHE KUBJIEHHS 11le MOX/I/Be, Xoua
i 3a 3pOCTalyoro TiApoOAMHAMIUYHOTO OIMOpY. SIKIIO K 1ieii KaacTep pPyMHYEThCS,
CUCTeMa BTpayva€ 3[aTHICTb O MaKPOCKOIIUHOTO IlepeHeCeHHs PO3IJIaBy, a OTXke —
1 mo komneHcauii ycagku [9], [10], [12], [14]. OTke, MeXelo IPUIIMHEHHS KUBJIEHHS €
He TIOBHe  3HMKHeHHS  pigkoi  ¢da3m, a BTpara il  r106GasbHOI
3B’s13HOCTi [10], [12], [14], [15]. Takuit KpuTepiii JO3BOISIE PO3PiI3HSITU T€OMETPUUHY
HasIBHICTh piAvHM Ta ii eeKTUBHY TPAHCIIOPTHY QYHKIIiO, 1110 € MIPUHIIUIIOBUM 1T
omnucy nepexony Ao nedexroyrsopeHss [9], [10], [12].

3B’SI30K MEePKOoJAIii 3 JIOKa/JIi3alliclo NJIAXiB JKMBJI€HHS Ha Mi3Hili cramii
3aTBepaiHHA. Ha mi3Hilt cTazii 3aTBepAiHHS 3BY)KeHHSI MiXXIEHIPUTHUX KaHaJliB,
3pOCTaHHS 4YacTKu TBepAoi ¢dasu Ta GOpMyBaHHSI KOTepeHTHOro KapKaca

CIIPUUYMHSIIOTDH JIOKAJIi3allilo KMBJIEHHS B OKpeMUX By3bKMX 1uisixax [5], [9], [10], [12].
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Ile € xapakTepHOI 03HAKOI HAOGIMKEHHSI CUCTEeMM IO IOopora IMepKoJsIii: pigka
Mepeka BTpadya€ HaJJIMUIIKOBICTh, a TPAHCIIOPT BigOyBa€ThCs JIMIIIE MO HE3HAUHi
KUTBKOCTI KpUTUYHO BaximBux KaHamiB [10], [12], [14]. Ix pyitHyBanHs a6o
TIePEeKPUTTS NPU3BOAUTD A0 13011111 OKpeMUX 30H BMJIMBKA Bif, I>Kepesl XMUBJIEHHSI.
Came B 1MX OilSIHKaX BMHMKAIOTh YMOBMU [JIS1 JIOKQJIBHOTO MaJiHHSI TUCKY, BTpaTU
KMBWIBHOCTI Ta 3apOJI;KEHHS yCaIKOBOiI ab0 ra3oycaakoBoi mopuctocTi [3], [6], [10],
[12]. Tomy nepKoOJSLiAHMI MiAXiA AOLIIBHO PO3I/ISIAATY SIK TEOPETUUYHY OCHOBY JJISI
iHTepripeTallii Tepexomy Big CTPYKTypHOI IepeOymoBu pigkoi Mepexi 1o
neheKTOyTBOPEHHSI.

OOGroBopeHHs pe3y/IbTaTiB

TeopeTHuHe 3HAUEHHS MEPKOJSAIiIHOrO miaxony. [lepKoasiintHmii miaxis
Ma€ BaKIMBE TeOpPeTUYHEe 3HAYEeHHS [JIsI ONMMCY MDKIEHIPUTHOTO XKMBJIEHHS Ha
3aBepUIaJIbHIlM CTafil 3aTBEepAiHHS, OCKUIbKM JO3BOJISIE MEPETH Bif ycepeaHeHOro
omucy mushy zone nmo aHajizy TomoJsorii pigkoi Mepexi. Ha BigmiHy Bif
KOHTMHYaJIbHUX MoOAesieil, Ae K/IIUOBMMM MapaMeTpaMyu € MPOHUKHICTb, TUCK i
yacTka pigkoi ¢dasu, y LbOMY MigXO4i BU3HAYAJbHMM UYUMHHMKOM BMCTYIIA€
3B’SI3HICTb piaKoi dasm [2], [13]-[15]. Lle mae 3Mory TpakTyBaTy BTPATy >XKUBWIbHOCTI
He JIMile SIK HacJliIOK 3HVDKeHHST TIPOHMUKHOCTI, a SIK CTPYKTYPHUI1 Tepexi 10 CTaHy
pYIViHYBaHHSI [VI06QJIbHOTO TPaHCIIOPTHOTrO 1usixy [9], [10], [12].

HoBu3Ha Takoro migxomy IIOJISITa€ B TOMY, IO BiH PO3MEXOBY€E HASIBHICTb
pigkoi ¢asu Ta ii 3maTHiCTH 3abe3reuyBaTy IiIKuBIeHHS. CcTeMa MOXe MiCTUTU
3aJIMIIKOBMIT pO3ILJIaB, ajie Bke He OyTM SKMBWIbHOIO uepe3 BTpaTy HACKPi3HOTO
3B’sg3Horo ximacrepa [9], [10]. IlopiBHSIHO 3 KOHTMHYQJbHUMMU MOJEISIMU
MEepKONALIMHNI MiaXiA Kpalle MOSCHIOE JIOKaTi3allil0 MOTOKIB y 30HI BUCOKUX
YacTOK TBepAoi ¢a3y Ta MoB’s13ye€ MOpPdOJIOTiuHY eBOJTIOLIiI0 TeHAPUTHOrO KapKaca 3
repexoaoM IO YCaJKOBOTO i ra3oycagkoBoro gedektoyrBopeHHs [3], [6], [10], [12].
OTXe, BiH € MepPCHeKTUBHOI TEOPETUUYHOI OCHOBOK AJIs1 MOJAIbIIOTO PO3BUTKY
MoJesielt 3aTBepAiHHA i mopuctocti [10], [12], [14].

OomMeskeHHs migxony. IlepkonsimiliHmMii mmigxim Mae HMU3KY OOMEXKeHb,
MOB’I3aHMX IlepemyciM 3i CHOpOIeHHSM peandbHOI mushy zone, $Ka €
6araTodisMyHOI0 Ta OaraToMacIITabHOI CHUCTEMOIO. Y MeKax IepKOISIiiHO1

iHTepripeTallii ck/IagHa CTPYKTypa ABoda3HOI 00/1aCTi 3BOAUTHCS OO0 CXeMU 3B’SI3HUX
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i He3B’SI3HMX €JIEMEHTIB, 1[0 He BimoOpaskae IMTOBHOIO MipOX0 Pi3HOMAHITTS peaJbHUX
MiKpOCTPYKTYpPHUX CcTaHiB [13]-[15].

Kpim Toro, Takmii ornmc He BpaxoBYy€ B IOBHOMY 00CSI3i TPMBUMIipHY reOMeTpii0
MIDKIEHAPUTHOTO MPOCTOPY, 30KpeMa 3BUBUCTICTb, aHI30TPOMiKD Ta JIOKAJIbHI
ocobnmmBocTi pigkux kaHamiB [5], [9], [12]. Tomy Jioro OOLiJIBHO IOEAHYBATU 3
MiKpOCTPYKTYPHUMM MOZEJISIMU, 3TaTHUMM BiITBOPIOBATU €BOJIIOLiI0 JeHIPUTHOTO
KapKaca Ta reoMeTpito Mixk3epHOBUX KaHautiB [9], [10], [12]. BaxknuBuM 3anMILIA€THCS
i muTaHHS eKcIllepMMeHTaabHOI Bepudikallii: I IPaKTUYHOTO BUKOPMUCTAHHS
HeOOXiTHO BCTAHOBUTM KiJIbKiICHMIT 3B’SI30K MiXK IEePKOSIIAHUMM KPUTEPisIMU Ta
peasibHMMM YMOBaMM BTPATH KUMBUJIBHOCTI B KOHKpeTHUX ciuiaBax [4], [5], [8], [12].
OTxe, oOMeKeHHSI ITiAX0My He 3MEHIIYIOTb JOro KOHIENTYyaJabHOI IIiHHOCTI, aje
BU3HAYAIOTh HAIIPSIMU 11OT0 MOLAIBIIOrO po3BUTKY [10], [12], [14].

IlepcrieKTMBYU TOJANBIINX OOCHIIKeHb. I[lepCreKTUBHMM HAIPSIMOM €
iHTerpailiss mepKoJsliiiHOTO Miaxomay 3 metogamu cellular automata, 110 7O3BOJIUTH
MpocTexXyBaTu (OPMyBaHHS KPUTUYHOIO CTAaHY CUCTEMM B MpPOLECi eBOJIIOIii
oeHAapuUTHOI MikpocTpykTypu [9], [10], [12]. Lle mactb 3Mory O6e3mocepegHbO
TIOB’SI3aTH BTPATy 3B’SI3HOCTiI pigkoi das3m 3 JIOKAIbHUMMU OCOOJMBOCTSIMM POCTY
3epeH i pyliHyBaHHSIM PiIKMX KaHaJIiB.

[HIIMM Ba>KIMBUM HAIIPSIMOM € TIO€AHAHHSI MEPKOJISILIMHOI iHTepIripeTalii 3
TEIVIOBMMM Ta TiAPOAMHAMIUHMMMU MOZENSMM, [€ OFHOYACHO BPaxOBYIOThCS
TeMIepaTypa, 4acTKa TBepmoi da3u, MPOHUKHICTh, TUCK i MIBUIAKICTb Teuii pimkoi
dasu [2], [3], [11]. OcobauBuit iHTepec CTAHOBUTb BMKOPUCTAHHSI TAKOTO MiIXOIy
IlJIsI TIPOTHO3YBAHHS MOPUCTOCTi: BCTAHOBJAEHHS KiJIbKICHOTO 3B’SI3Ky MiXX BTPaTOlO
T7100a/IbHOI 3B’SI3HOCTI pimKoi ¢asm, MmagiHHSIM JIOKAaJbHOTO TUCKY Ta 3aPOJIKeHHSIM
MOp [acTh 3MOTY 3aCTOCOBYBaTM TMEPKOJSIiHUI KpuUTepiii mist imeHTuUdikaiii
nedexToHebe3neyHUX 30H Yy BuUAMBKax [3], [6], [7], [12]. Takum uMHOM, MOJAbII
JOCTiMKeHHSI MOIJIbHO CIpSIMyBaTH Ha IIO€QHAHHS IePKOJSALIiHOrO aHasizy 3
MiKpOCTPYKTYPHUM, TEIUVIOBUM i TiApOAMHAMIYHMM MOZE/NIOBAHHSM, a TAaKOX Ha
po3po06IeHHSs KiTbKiICHMX cXeM ITPOrHO3yBaHHS nopucTocri [9], [10], [12], [14].

IIpakTHYHe 3HAUEHHS POOOTM IIOJISITA€ B TOMY, IO MEPKOJSLIMHMIA migxim
IO OMMCY MiKIEHIPUTHOTO KMBJIEHHSI MOsKe OYyTM BUKOPUCTAHMUIA JJIST TIOa/IbIIIOTO

PO3BUTKY MOJeJieli MPOTHO3YBAHHSI yCaIKOBOi Ta Ta30yCcaJKOBOi MOPUCTOCTi, a
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TaKOX [OJ4d BUABJJIE€HHS YMOB BTpaTuU SKMBMUJIBHOCTI Ha 3aBepmaaniI71 crasii

3aTBepPAiHHS MeTaIiB i CIIaBiB.

BucHOBKU

VY pob6ori y3arajbHeHO (i3uuHi mepegyMOBM MiKIEHIPUTHOIO KMBJIEHHS Ha
3aBeplla/bHil cTafii 3aTBepAiHHS MeTasiB i craBiB. [lokaszaHo, 110 eeKTUBHICTD
KOMIIeHcallii ycaJKy BM3HAUYAETHCSI He JIMIIe HasIBHICTIO 3a/IMIIKOBOI piakoi ¢asu, a
1 yMoBamMu ii TpaHCIOPTY B Mexkax mushy zone. 3i 3poCTaHHSIM 4acTKU TBepHoi dhasu
BiOYBAIOTbCSI 3BY)KEHHSI MIKIEHAPUTHMUX KaHaiB, 3MeHIIeHHS TMPOHUKHOCTI,
JIOKaJTi3allisl IJISIXiB SKMBJIEHHS Ta MTOCUJIEHHS JIOKAJbHUX BTPAT TUCKY, 1110 CTBOPIOE
yMOBM 11iJ1s1 GOpMYBaHHS yCaAKOBOI Ta ra30ycagKoBOi TOPUCTOCTI.

OOrpyHTOBAaHO MOLIbHICTh BMKOPMUCTAHHS MEPKOJSILIHOIO ITiAXO0my [IJIst
OINCY CTPYKTYPHOI eBoIOLIii pigKkoi da3m Ha MMi3HiX cTafdisx 3aTBepAiHHs. [TokasaHo,
110 MeXel0 MPUMMHEeHHS MiXXIeHAPUTHOTO XUBJIEHHS € He TOBHe 3HMKHEHHS PigKoi
dasu, a BTpara ii Tr7I00a/BHOI 3B’SI3HOCTI Ta pyHHYBaHHSI Oe3lepepBHOTO
TPAHCIOPTHOTO IIJISIXY.

OTpumaHi pe3yabTaTy MiATBEPIKYIOTbh OOLIbHICTh MEPKOJSIIIAHOIO MiAX0my
IJIsI TIO[AJIbIIIOTO MOJE/IIOBAaHHS MPOIeCiB 3aTBepHiHHS Ta Ae(@eKTOyTBOpPeHHS, a
TaKOX i1 PO3pOOJeHHSI KPUTEPiiB MPOTHO3yBaHHS NedeKTOoHeOe3MeyHnX 30H Y

BUJIMBKAX.
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Tatjana Selivyorstova

PERCOLATION APPROACH TO THE DESCRIPTION OF INTERDENDRITIC
FEEDING AT THE FINAL STAGE OF SOLIDIFICATION OF
METALS AND ALLOYS

Abstract. The paper examines the physical foundations of interdendritic feeding during
the final stage of solidification of metals and alloys. It is shown that the efficiency of
shrinkage compensation within the mushy zone is determined not only by the presence of
residual liquid phase, but also by the conditions of its transport through the
interdendritic space. Particular attention is paid to the role of permeability, local
pressure gradients, morphology of liquid channels, and preservation of continuous

feeding paths in ensuring the transport capacity of the liquid phase. The mechanisms of
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shrinkage and gas-shrinkage porosity formation are analyzed, and it is emphasized that
the appearance of such defects is directly related to the degradation of the liquid feeding
network at high solid fractions.

The study summarizes the influence of increasing solid fraction on the narrowing of
interdendritic channels, reduction in permeability, localization of liquid flow, and growth
of local hydraulic resistance. It is shown that, as the dendritic skeleton evolves toward a
coherent solid framework, the liquid phase gradually loses its ability to form a
continuous transport network. Under such conditions, even if some amount of liquid
remains in the mushy zone, it may no longer participate in real feeding because of
topological isolation. This circumstance indicates the limitations of conventional
continuum approaches, which mainly operate with averaged characteristics such as
permeability, pressure, or liquid fraction, but do not fully capture the structural
transformation of the liquid network at the final stage of solidification.

To overcome these limitations, the applicability of the percolation approach is
substantiated. Within this interpretation, the mushy zone is considered as a two-phase
system in which the liquid phase acts as a transport network and the solid phase forms a
constraining framework. It is argued that the loss of interdendritic feeding should be
associated not with the complete disappearance of the liquid phase, but with the
destruction of its global connectivity and the disappearance of a continuous feeding path.
Thus, liquid-phase percolation is proposed as a physically meaningful criterion for
feeding loss in the mushy zone. The obtained results confirm that the percolation-based
interpretation provides a promising theoretical framework for further modeling of
solidification processes, localization of feeding paths, and prediction of shrinkage-

related defect formation in metallic castings.

Keywords: interdendritic feeding; mushy zone; percolation; liquid-phase connectivity;
solidification of metals and alloys; shrinkage porosity; gas-shrinkage porosity;

permeability; dendrite coherency; defect formation.
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YK 004.94:628.32

fAiHoe O. 0., KnumeHko O. M. Po3pobKka TuMnNoBOI apxiTeKTypu nobyaosu uudppoBux ABIMHUKIB B
aBTOMAaTM30BaHOMY BMPOGHMUTBI NpPU KepyBaHHi ouucHMMM cnopygamu. // CyuacHi npobnemu metanyprii,
Ne 29 —2026. C.3-12

Y cTaTTi 3aNpoNoHOBAaHO TMNOBY HaraTopiBHEBY apxiTeKTypy Nobyaosu LMbpPOBUX ABIMHWKIB B aBTOMAaTU30BaHOMY
BUPOOHMUTBI NPU KepyBaHHI OYUCHUMU CNopyaamMn. ApXiTEKTypa BKAOYAE N'ATb PiBHIB: Gi3UYHUIA, piBEHb NPUAOMY AAHUX,
piBeHb 36epereHHA Ta 06pObKM [OaHMX, piBEHb MOAENIOBaHHA Ta iMmiTauii, aHaNiTUYHWI | NPUKNAgHUIA piBeHb.
ChopmynboBaHO MPUHLUNM MOAYAbHOCTI, BiAKPMTOCTI, MaclwTaboBaHOCTI, MPOCTOTU CTApTy Ta NoeTanHoro 3abesneyeHHn
6e3nekn. BusHaueHo cTpaTerito NoOeTanHOro BMPOBaAMEHHA UMPPOBOro ABIMHMKA OUYUCHUX CMOPYA 3 BUMKOPUCTAHHAM
icHytouoi iHppacTpyKkTypu PLC/SCADA Ta aetepmiHOBaHUX Gi3UUHUX MOoAenelt Ha nepwomy eTani 3 NoAanbWnm Nepexoaom
00 FibPUAHUX TEXHIK MOAENOBAHHS.

Bi6n. 6. In. 1.

UDC 004.94:628.32

Yanov 0., Klymenko O. Development of a reference architecture for building digital twins in automated
production for wastewater treatment plant control. // Modern problems of metallurgy, Ne 29 — 2026. P. 3—12.

The article proposes a reference multi-layer architecture for building digital twins in automated production for
wastewater treatment plant control. The architecture comprises five layers: Physical, Data Ingestion, Data Management,
Modeling and Simulation, and Analytics and Application. The principles of modularity, openness, scalability, simplicity of
initial deployment, and incremental security are formulated. A strategy for the phased implementation of a digital twin for
wastewater treatment plants is defined, utilizing existing PLC/SCADA infrastructure and deterministic physics-based models
at the initial stage, with subsequent transition to hybrid modeling techniques.

Ref. 6. fig. 1.

YK 621.793.3:621.785.5:620.179

banaxaHosa T. B., KoHoHeHKo I. A., Nogonbcbkuin P. B., Koesenb M. A, MeTtoauKka aHanisy
3MmiHM reometpii nicna BsunpobyBaHb Ha ypapHo-abpasusBHe 3HowysaHHA. // CyuyacHi npobnemu metanyprii,
Ne 29 —2026. C.13-19

MpoaHani3oBaHO BMPOBAAKEHHA LMPPOBUX TEXHONOFMN Yy METOAM [OCNIOMKEHHA, WO NiABULLYE TOYHICTb
BMMIpIOBaHb i PO3LUMPIOE MOMKINBOCTI aHani3y BNACcTMBOCTEN maTepianis. MeToro poboTu € NiaBULEHHA iHGOPMATUBHOCTI
BMNpobyBaHb Ha yAapHO-abpasvBHe 3HOLWYBAHHA LWAAXOM LMdpOoBi3aLii pe3ynbTaTiB. 3anponoHOBaHO [JOMOBHUTU
TpaAauuiiHe BM3HaAYeHHA BTPaTM Macu 3acTocyBaHHAM 3D-cKaHyBaHHA ANA KiNbKICHOI OLiHKM 3MiH reomeTpii NoBepxHi Ta
nnactnyHoi gedopmadii. Lle no3Bonde oTpumyBaTH KapTy rnbWH i npodinorpamu, WO xapaKkTepusytoTb onip maTtepiany
nedopmyBaHHIO. 3aNponoHOBaHUIM niaxin 3abesneuvye nepexig 40 ABOBUMIPHOI OLLIHKM 3HOCOCTIMKOCTI Ta PO3LIMPHOE
MOXKIMBOCTI NOPIBHANBHOIO aHanNi3y, NPOrHO3yBaHHSA NOBeAIHKN MaTepianis i BepudiKaLii moaenel 3HOWYBAHHS.

bi6n. 35, in. 3.

UDC 621.793.3:621.785.5:620.179

Balakhanova T., Kononenko G., Podolskyi R., Kovzel M., Methodology for Analyzing Geometry
Changes after Impact-Abrasive Wear Testing. // Modern problems of metallurgy, Ne 29 - 2026.
P.13-29.

The modern development of materials science is associated with the integration of digital technologies into
research methods, which improves measurement accuracy and expands the possibilities for analyzing material properties.
The aim of this work is to enhance the informativeness of impact-abrasive wear testing through the digitalization of results.
It is proposed to supplement the traditional determination of mass loss with 3D scanning to quantitatively assess changes in
surface geometry and plastic deformation. This approach enables the generation of depth maps and profilograms that
characterize the material’s resistance to deformation. The proposed method provides a transition to a two-dimensional
assessment of wear resistance and expands the possibilities for comparative analysis, prediction of material behavior, and
validation of wear models.

Ref. 35, Fig. 3.

YK 669.1:504.06:658.562

Miwankin A.M., NeTtpeHKko B.O., KamkiHa J1.B., PoHapboBa T.A., Cenereit A.M. IHTerpauis GpyHKLiOHANY KOMNIAEHC-
ynpaefiHHA B cucTeMy AeKapb0oHi30BaHOro po3BUTKY meTanypriiiHoro BupobHuurea // CydacHi npobaemu metanyprii,
Ne 29 — 2026. C.30-55

Y CTaTTi BU3HAYEHO OCHOBHI HaMNpPAMMW iHTerpaujii CKNagoBMX KOMMNAEHC-QYHKLIOHANY B CUCTEMY TEXHO/IOTMYHOrO
PO3BMTKY YOPHOI MeTanyprii, y3roaKeHy 3 Cy4aCHUMM KOHLUeEenuismu aekapboHisauii, uMpKynsapHoi eKoHoMikM Ta ESG-
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OpPIEHTOBAHOrO yNpaB/iHHA. PO3rAHYTO MexaHi3aMmu Ta cnocobu NigBULWEHHA €KONOTYHOT YNCTOTU OCHOBHUX METanyprinHux
NPOLECIB LWAAXOM BUKOPUCTAHHA BTOPUHHMX PECYPCiB (LUaamK, WAAKKU, N, AUCNEPCHI BiAXOAM BaMHAHOIO BUPOBGHULTBA),
di3nyHOI TennoTn rasieB-npoayKTiB BUPOOHMUTBA Ta XimiyHOi eHeprii CO—Hy-cymiweli. O6FpyHTOBAHO KOHLENTYanbHi
niaxogn Ao iHTerpauyii iHCTPYMEHTIB KOMMJIAEHC-YNPaBAiHHA [0 CUCTEMW YNpPaB/iHHA eHeproedeKTUBHICTIO Ta
pecypcoedeKTUBHICTIO MeTanypritHoro BUMPOOHWLTBA, WO [Ja€ 3MOry MiABULLMTM MNPO30OPICTb MaTepiaibHUX Ta
eHepreTMYHUX MOTOKIB Ta KOHTPOJ/IIOBATU BYINEPOAOMICTKICTb OCHOBHWMX e€TamniB HACKPi3HOI TEeXHO/OriYHOI cxemu
BMPOBHMUTBA cTani. [loBeAeHO Lo iHTerpawia iHCTPYMEHTIB KOMMNIAEHC-YNPaBAiHHA A0 NPoLeciB AekapboHisal,ii f03BonAe
KOHTPO/IOBATU BYr/eLUeBui cAig, MiHIMi3yBaTM aHTPOMOreHHWM BMAMB Ha HABKOMMLIHE cepefoBULLe Ta NiABULLYBATU
€KOHOMIYHY CTabifbHicTb NignpuemcTs. O6rPYHTOBAHO PO/b YAOCKOHA/IEHHA iCHYOUMX TEXHONOTIN Yy peanisauii KoHuenu;i
CTanoro Ta eKooriyHo 6e3neyHoro BUPobHULTBA.
bi6n. 30, Taba. 1.

UDC 669.1:504.06:658.562

Mishalkin A., Petrenko V., Kamkina L., Fonarova T., Selegei A. Determination of diagnostic indicators of the
technical condition of idlers and their service life in a heavy belt conveyor// Modern problems of metallurgy,
Ne 29 —2026. P. 30— 55

This article identifies the main directions for integrating compliance functions into the technological development
of the ferrous metallurgy sector, in line with contemporary concepts of decarbonisation, the circular economy and ESG-
oriented management. It examines mechanisms and methods for improving the environmental performance of key
metallurgical processes through the use of secondary resources (sludge, slag, dust, and dispersed waste from lime
production), the latent heat of production gases, and the chemical energy of CO—H, mixtures. Conceptual approaches to
integrating compliance management tools into the energy and resource efficiency management system of metallurgical
production are substantiated, enabling increased transparency of material and energy flows and control of the carbon
intensity of the main stages of the end-to-end steel production process. It has been demonstrated that the integration of
compliance management tools into decarbonisation processes enables the control of the carbon footprint, minimises
anthropogenic impact on the environment, and enhances the economic stability of enterprises. The role of improving
existing technologies in the implementation of the concept of sustainable and environmentally safe production has been
substantiated.

Ref. 30, table 1.

YOK 622.647.2:681.518.54
TuxaHcbkuit M.MM., TuxaHcbKka A.M., KypraHos |.[l. BU3HAYeHHA AiarHOCTUYHUX 03HAK TEXHIYHOrO CTaHy POJIMKIB Ta
X pecypcy BaXKKOro cTpiukoBoro KoHseepa // CyuacHi npobaemu metanyprii, Ne 29 — 2026. C.56-68
CTaHy POJIMKIB Ta iX pecypcy Ba)KKOro CTPIYKOBOro KOHBeEpa OOFPYHTOBAHO iHGOPMATWUBHI MapameTpu Ana
BMAB/MEHHA AedeKTHUX PONUKIB Ta OLHIOBAHHA 1X pecypcy B yMOBaXx rpHMYoro BMpobHMUTBA. MpoaHani3oBaHoO BMAUB
CTAaTUYHUX | OMHAMIYHUX HaBaHTa)KeHb Ha MiAWWNHUKOBUIA BY30/1 AK HalMeHLW HAAIMHUIA enemMeHT KOHCTPYKLi.
3anponoHOBaHO Niaxif 40 OLHIOBAHHA MOLWKOAMKEHOCTI MiALWMMHUKIB 32 MOBHUIM 06epT CTPIUYKM Ta METOn, BUAB/EHHSA
HEPYXOMMUX POJIMKIB LIAAXOM TMOPIBHAHHA amMnAiTys BibpocurHany. Bu3HayeHo, WO OCHOBHMMM AiarHOCTUHHUMM
O3HaKaMW € XapaKTepUCTMKU BibpaLii, TemnepaTypHi iHAMKATOpU Ta onip 06epTaHHIo, WO [A03BOMAE NPOrHO3yBaTW
MiXPEeMOHTHUI pecypc y CUCTEMAxX aBTOMATU30BAHOTO MOHITOPUHTY.
Bi6n. 19, in. 3.

UDC 622.647.2:681.518.54
Tykhanskyi M. P., Tykhanska A. M., Kurhanov I. D. Determination of diagnostic features for the technical condition
and service life of heavy-duty belt conveyor idlers. // Modern problems of metallurgy, Ne 29 — 2026. P. 56— 68
Informative parameters for detecting defective idlers and evaluating their service life under mining production
conditions are substantiated. The influence of static and dynamic loads on the bearing unit as the least reliable structural
element is analyzed. An approach for assessing bearing damage over a full belt revolution and a method for detecting
seized idlers by comparing vibration signal amplitudes are proposed. It is determined that the primary diagnostic features
include vibration characteristics, thermal indicators, and rotational resistance, enabling the prediction of the inter-repair
resource within automated monitoring systems.
Ref. 19, fig. 3.

YK 621.365:681.5
Kaptammnwes [.0. MporpamHa peanisauyis imneaaHcHoro Pl-perynsatopa cuctemu KepyBaHHA AyroBoi
cTanennaBuNbHOI Nedi Ha moBi Go. // CyyacHi npo6aemun metanyprii, Ne 29 — 2026. C.69-87
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Po3rnapaerbeca 3a4ava nporpamHoi peanisauii imnegaHcHoro Pl-perynatopa Ana cuctemu KepyBaHHA enekTpogamu
AyroBoi CTanennaBubHOI nedi. B ocHoBy noknageHo piBHAHHA Kacci-Maiipa Ta guckpetHy ¢opmy Pl-perynatopa 3
mexaHismom anti-windup. Peanisaujilo BUKOHaHO MoBOIO GO Yy BUMAAAI MOAY/bHOI MPOrpamMHOi CMCTEMWM 3 eKCMopPTOM
pe3ynbTaTiB y popmarti CSV. 3a pesynbTaTaMy MOAENHOBAHHSA Yac BCTaHOBAEHHA cTaHoBUTb 0,15-0,2 ¢, cTaTMyHa Noxmbka —
2-3%. NMoka3aHO NepcneKTUBHICTb 3acTOCyBaHHA MOBM GO AnA Po3pobKM anropuTMiB KepyBaHHA B cMCTEMax aBTOMAaTM3aLLii
acn.

Bi6n. 20, in. 4.

UDC 621.365:681.5

Kartamyshev D.O. Software implementation of an impedance Pl controller for an electric arc furnace control
system using the Go programming language. // Modern problems of metallurgy,
Ne 29 —2026. P. 69— 87

The paper addresses software implementation of an impedance PI controller for the electrode control system of an
electric arc furnace. The approach is based on the Cassie-Mayr arc equations and a discrete-time PI controller with an anti-
windup mechanism. The implementation is developed in Go as a modular software system with CSV-based result logging.
Simulation results show a settling time of 0.15-0.2 s and a steady-state error of 2-3%. The viability of Go for developing
control algorithms in EAF automation systems is demonstrated.

Ref. 20, fig. 4.

YK 621.785

Bapmin O.€., purop’esa C.B. KiHeTMKa audysiiiHoro HacuuyeHHa 6opom iHCTpymeHTanbHoOI ctani ¥Y8// CydacHi
npobnemu metanyprii, Ne 29 —2026. C.88-101

JocnigeHo BNAMB TemnepaTypu Ta TPUBANOCTI MOPOLIKOBOrO 6OPYBaHHA Ha TOBLYMHY, MIKPOCTPYKTYpY Ta
MiKpoTBepaicTb Audy3iMHOro Wwapy Ha iHCTPyMeHTanbHiM cTani Y8. BcTaHoBNeHO, WO picT 6HopugHoro wapy
niANopAAKOBYETbCA NapaboniyHoMy 3aKoHy Auodysii, xapakTepHomy ana auoysiiHO-KepoBaHUX npouecis. Bu3HaveHo
dyHAameHTanbHi KiHeTUYHI napameTpu auodysii 6opy. ucnepciiHnii aHani3 nigTBEpAUB AOMIHYHOUYUIA BNAWB TemMMNepaTypu
Haj, TPMBAICTIO MpoLecy Ha TOBLUMHY Wapy. Ha ocHoBi meToaonorii noBepxHi Biaryky nobyaoBaHO perpeciinHy mogens,
nNpUAaaTHY AaA NPOrHO3yBaHHA TOBLLMHM BOPUAHOIO Wapy 3aneXHOo Big pexunmis 06pobkn 6e3 nposeseHHA 404ATKOBUX
eKCMepuMeHTiB.

bi6n. 15, in. 4, Tabn. 5.

UDC 621.785

Barmin O.Ye., Hryhorieva S.V. Boron diffusion saturation kinetics of tool steel U8 // Modern problems of
metallurgy, Ne 29 — 2026. P. 88— 101

The effect of boriding temperature and holding time on the thickness, microstructure, and microhardness of the
diffusion layer on tool steel U8 was investigated using powder pack boriding. It was established that boride layer growth
follows a parabolic diffusion law, confirming diffusion-controlled saturation kinetics. The fundamental kinetic parameters of
boron diffusion in this system were determined. Analysis of variance confirmed the dominant influence of temperature
over process duration on layer thickness. A second-order regression model based on response surface methodology was
developed, enabling reliable prediction of boride layer thickness as a function of treatment parameters without additional
experimentation.

Bible 15, ill. 4, tab. 5.

YOK 620.1:621.7

Boxkko C.A., BoHgapeHko O.B., KypiHHuii B.M., LesyeHko O.l. MoxausocTi nepepo3noginy HaABHUX B 06iry
pecypcis Bonbdpamy MixK ranysamm BUKopuctaHHa. // CydacHi npobaemu metanyprii, Ne 29 — 2026. C.102-115

DocnipxytoTeca ranysi Ta ¢opmu 3actocyBaHHA BoJibPpaMy, aHaNi3yOTbCA cnocobu nepepobkn maTepianis, AKi
MICTATb BO/MIbGPAM, 3 TOYKM 30py MONK/IMBOCTI NEpPepo3nofisly HaABHOTO pecypcy MiX chepamm MOro 3acTocyBaHHSA.
BcTaHOBNEHO, WO 3 L€l TOYKM 30py HaWbinbWKMm € BUPOOU 3 TBEpAUX CNAABIB HAa OCHOBI Kapbigy Bonbdpamy; Ha Teputopii
YKpaiHW LWOpPIYHO 3HAXo4UTbCA B 0b6iry npubAM3HO Bif OAHIEI [0 ABOX TMCAY TOH BMpPObLIB 3 TBepAMx cnaasis. Cnocobu
nepepobkn BiAXoA4iB TBepAWX CNAaBiB, AKI He nepepbayvatoTb BiAHOBAEHHA Bo/bdpamy 3 Kapbisy, XapaKTepusyeTbcA
MiHIMaNbHUMM BUTPATaMK eHeprii, ane 0b6MeXeHUMM MOXKIMBOCTAMM LLLOAO Nepepo3noAiNy HafsBHOIo pecypcy Boabdpamy
MiK chepamn oro BMKopucTaHHA. Cnocobu nepepobKu Biaxonis TBepaux cCrnniasiB, fAKi nepenbayatoTb BigHOBAEHHSA
BONbGPamMy, CTBOPIOIOTb HAMLLIMPLLI MOXKAMBOCTI ANA NEepepo3noAiNy HasBHOro B 0b6iry pecypcy Bonbdpamy Mix pisHUMMK
chepamm MOro BUKOPUCTAHHA.

bi6n. 18, in. 3
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UDK 620.1:621.7

Bozhko S.A., Bondarenko O. V., Kurinnyi V. P., Shevchenko O. I. Possibilities of redistribution of available tungsten
resources in circulation between industries of use. // Modern problems of metallurgy, Ne 29 — 2026. P. 102— 115

The areas and forms of application of tungsten are studied, methods of processing materials containing tungsten
are analyzed from the point of view of the possibility of redistributing the available resource between its areas of
application. It has been established that from this point of view, the largest are products made of hard alloys based on
tungsten carbide; Approximately one to two thousand tons of products made of hard alloys are in circulation in Ukraine
annually. Methods of processing waste of hard alloys that do not involve the recovery of tungsten from carbide are
characterized by minimal energy consumption, but limited possibilities for the redistribution of the available resource of
tungsten between its areas of use. Methods of processing waste of hard alloys that involve the recovery of tungsten create
the widest possibilities for the redistribution of the available resource of tungsten between its different areas of use.

Ref. 18, il. 3

YOK 621.891

loHua B., Pyauk O. flocnigeHHA 3HOCOCTIWKOCTI a30ToBaHOI crani LLX15 B8 abpasmsHomy cepepoBuui // CyyacHi
npobaemu metanyprii, No 29 —2026. C.116-126

JocnigxeHo 3HOCOCTIMKICTb a3oToBaHOI cTani LWUX15 B abpa3nMBHOMY cepefoBMLL NiCAA a30TyBaHHA B TNilOYOMY
po3paai y 6e3BogHEBUX a30THO-apProHOBUX cepeaoBuLLax. [poaHanizoBaHO BMN/MB TEXHOJIOTNYHUX NApaMeTpiB, 30Kpema
TUCKY Ta BMICTY aproHy, Ha TOBLUWMHY, TBepAicTb, Ga30BuUI CKAaA i rpagieHT TBEPAOCTi a30TOBAHMX LAPIB i3 BUKOPUCTAHHAM
ABOdGaKTOpHOro poToTabesbHOro naaHyBaHHA. Po3pobaeHO emnipuMyHi MaTemaTUyHi mogeni, Wo ONucytoTb BNACTUMBOCTI
A30TOBAHOrO Wapy Ta NpoLec 3HOWYBaHHA. EKCNepMMEHTAaNbHO BCTAHOB/IEHO, LLO 3HOCOCTIMKICTb, TBEPAICTb NOBEPXHI Ta
TOBLLUMHY @30TOBAHOTO LIAPY MOXHA KepOBaHO 3MiHIOBATM 1 ONTMMI3yBaTW LUNAXOM BapitOBaHHA PEXMMIB a30TyBaHHA.
HalBuLLy 3HOCOCTIMKICTb AOCATHYTO 33 ONTMMA/IbHUX MapaMeTpiB a30TyBaHHA, WO CYTTEBO MepPeBULLYE MNOKA3HWUKK
rapToBaHOI cTani.

Knto4oBi cnoBa: 3HOCOCTIMKICTb, a30TOBaHI Wapw, TAitoumnii po3pag, abpasmneHe cepegosuLLe.

bi6n. 4, in. 6, Tabn. 4.

UDC 621.891

Honchar V. A., Rudyk O. Yu.lnvestigation of the wear resistance of nitrided ShKh15 steel in an abrasive
environment// Modern problems of metallurgy, Ne 29 — 2026. P. 116— 126

The study investigates the wear resistance of nitrided ShKh15 steel in an abrasive environment after glow-

discharge nitriding in hydrogen-free nitrogen—argon atmospheres. The influence of technological parameters, including
pressure and argon content, on the thickness, hardness, phase composition, and hardness gradient of nitrided layers was
analyzed using a two-factor rotatable design. Empirical mathematical models describing nitrided layer properties and wear
behavior were developed. Experimental results showed that wear resistance, surface hardness, and layer thickness can be
controlled and optimized by varying nitriding conditions. The highest wear resistance was achieved under optimal nitriding
conditions, significantly exceeding that of quenched steel.

Keywords: wear resistance, nitrided layers, glow-discharge nitriding, abrasive environment.

Ref. 4, ill. 6, tab. 4.

YK 621.78.04

lpeyaHuin O.M., BacunbueHnko T.0., Bnacos A.O., Weiiko C.M., Fapyc [.B. AHani3 o6napgHaHHA ANA OTPUMAHHA B
nabopaTopHUX YMOBAX BUCOKOMILLHOIO KapocCTiliKoro cnsiasy 3i 3HMXKeHOoo wWinbHictio // CydacHi npobaemu metanyprii,
Ne 29 —2026. C.127-139

MpoBeaeHO KOMMNEKCHUI aHaNi3 Cy4acHOro eNeKTpoTePMIYHOro 061agHAHHA, iIKe MoXKe ByTn BUKOpUCTaHe ans

OTPUMAHHA BUCOKOMILLHMX YKAPOCTIMKMX CN/IaBiB Ha OCHOBI HIiKeNO 3i 3HMXKEHOK LWiNbHICTIO B N1abopaTopHUX YMOBaX.
O6rpyHTOBAHO aKTya/bHICTb PO3POOKM HOBMX MaTepianis Ana asiabyayBaHHA, WO 34aTHI NpauioBaTM NpU BUCOKMUX
TemnepaTtypax, UMKAIYHUX HABaAHTAXKEHHAX Ta arpecuMBHUX ra30BUX CepefoBulax. BMKOHAHO MNOPIBHANBHY OLHKY
MONNBOCTEN ENEeKTPOAYroBMX MNeyei, BaKyyMHO-AYyroBOro nepensasy, eNeKTPOLUNaKOBOrO Mepennasy, BaKyyMHO-
iHOAYKUWIMHUX Ta e/IeKTPOHHO-NMPOMEHEBUX YCTAHOBOK 3 ypaXyBaHHAM KpUTepiiB YMCTOTM MeTasy, TOYHOCTI NleryBaHHs,
€HeprocnoXKMBaHHA Ta NPUAATHOCTI 417 NabopaTOPHUX YMOB.

bi6n. 29, in. 2 Tabn. 1,

UDC 621.78.04

Hrechanyi O.M., Vasilchenko T.0., Vlasov A.O., Sheyko S.P., Harus D.V. Analysis of equipment for obtaining a
high-strength heat-resistant alloy with reduced density in laboratory conditions // Modern problems of metallurgy,
Ne 29 —2026. P. 127-139
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A comprehensive analysis of modern electrothermal equipment has been carried out, which can be used to
obtain high-strength heat-resistant nickel-based alloys with reduced density in laboratory conditions. The relevance of the
development of new materials for aircraft construction that are capable of operating at high temperatures, cyclic loads and
aggressive gas environments has been substantiated. A comparative assessment of the capabilities of electric arc furnaces,
vacuum arc remelting, electroslag remelting, vacuum induction and electron beam installations has been carried out, taking
into account the criteria of metal purity, alloying accuracy, energy consumption and suitability for laboratory conditions.

Ref. 29, fig. 2, table 1

YOK 621.74:669.131.7

IaHoBa J1.X., CeniBbopctoB B.lO., Xutbko O.10., Binnit O.M. CuctemHuit nigxin [0 BCTaHOBAEHHA BMNIMBY
pigKicHO3emenbHUX  MmeTanis Ha CTPYKTYpYy  BafKoBMX  4aByHiB  //  CyyacHi npobiemun meTanyprii,
Ne 29 —2026. C.140-156

Y cTaTTi po3rnAfAETbCA BNIMB PigKiICHO3EeMeNbHMX MeTaNiB Ha MIKPOCTPYKTYpY BaJIKOBMX YaByHiB. HaBegeHo aHanis
CY4aCHOro CTaHy Ba/bL,eNIMBAPHOrO BUPOBHMUTBA Ta MUTAHHA Y 0B6paHOMYy HanpAmKY AOCAigKeHHA. MpoTtarom 6araTbox
POKiB y BanbLEAMBAPHOMY BUPOBHULTBI BeAyTbCA PO6OTM i3 3aMiHM MarHito iHWKUMKM MoandikaTopamn. AHani3 HasBHUX
[OCNiAXeHb i NybniKauih OXONE NUTAHHSA, WO 30CEPEAKEHI Ha OKPEMMX CKIAgHUKAX, TO4i K Mogenb MmogudikyBaHHSA
YaByHHMX BaskiB P3M noTpebye noAanbWOro [OCNIAMKEHHA Ta y3aranbHeHHA. MeTol CcTaTTi € BCTAHOBAEHHSA
KapbigoyTBoptooyoi 3gaTHOCTI pisHMX P3M y 6innx BankoBMX YaByHax. [nAa OOCATHEHHA Uiei meTn byna noctaBneHa
HaCcTynHa 3afayva — YCTaHOBUTU BNJIMB XiMIYHUX €/1eMeHTIB LepieBoi Ta iTpieBoi nigrpyn P3M Ha MiKpOCTpyKTypy Ba/sIKOBOro
YaByHY.

bi6n. 19, in. 2 Tabn. 2

UDC 621.74:669.131.7

Ivanova L., Selivorstov V., Khytko O., Bilyi O.System approach to determining the effect of rare-earth metals on
the structure of roll cast irons // Modern problems of metallurgy, Ne 29 — 2026. P. 140- 156
This article examines the influence of rare-earth metals on the microstructure of continuous cast iron. It presents an
analysis of the current state of continuous casting production and the issues within the chosen field of research. For many
years, work has been underway in continuous casting production to replace magnesium with other modifiers. An analysis of
existing studies and publications covers issues focused on individual components, whilst the model for modifying cast iron
rolls with rare earth elements requires further research and generalisation. The aim of this article is to determine the
carbide-forming ability of various rare earth elements in white roll cast iron. To achieve this aim, the following objective
was set: to establish the influence of chemical elements from the cerium and yttrium subgroups of rare earth elements on
the microstructure of roll cast iron.

Ref. 19, fig. 2, table 2

YK 621.365.5:004.8:66.041

KoHTtoposuy [.P., OBuapyk A.M., leaHboB M.C. MynbTMareHTHa apXiTeKTypa M’AKMX ceHcopiB Ha 6a3i rnmbokoro
HaBYaHHA ANA NPOAKTUBHOrO YNpaB/iHHA eHeproedeKTUBHICTIO PyAOBigHOBAOBaAbHMX neuei. // CydacHi npobaemum
meTanyprii, Ne 29 —2026. C.157-167

3anponoHOBaHO KOHLENLio iHTEeNeKTyaslbHOI CUCTEMU YMpPaBAiHHA PYAOBIAHOBAOBAAbHOK MiYYD Ha OCHOBI
MY/NbTUAreHTHOI apXiTEKTYpPU 3 BUKOPUCTAHHAM Mepexi «M’AKMX ceHcopiB». Po3pobneHo CTpyKTypy crewianizoBaHux
areHTiB, WO 6a3yloTbCA Ha ribpuaHMx HerlpomepekeBux mogenax (LSTM, PINN) ana npoakTUBHOrO MNPOrHO3yBaHHA
€/1IeKTPUYHOro Ta TEePMIYHOro CTaHy BaHHW nedi. [loBeAeHO MOKAMBICTb Nepexoay A0 BUMepeaXKasbHOro YnpasAiHHA 3
rOpM30HTOM MPOrHO3yBaHHA 1-3 roauHu, Wo 3abesneyye cTabinisaLito TEXHONOMYHOIO NPOLECY Ta 3HUMKEHHA NMUTOMMUX
BUTPAT eIeKTpOeHeprii.

bi6n. 9, puc. 1.

UDC 621.365.5:004.8:66.041

Kontorovych D.R., Ovcharuk A.M., Lednov M.S. Multi-agent architecture of soft sensors based on deep learning for
proactive energy efficiency management of submerged arc furnaces. // Modern problems of metallurgy,
Ne 29 —2026. P. 157- 167

The concept of an intelligent control system for a submerged arc furnace based on a multi-agent architecture using
a network of "soft sensors" is proposed. A structure of specialized agents based on hybrid neural network models (LSTM,
PINN) has been developed for proactive forecasting of the electrical and thermal state of the furnace bath. The feasibility of
transitioning to predictive control with a forecasting horizon of 1-3 hours is proven, ensuring stabilization of the
technological process and reduction of specific electricity consumption.

Ref. 9, fig. 1.
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YOK 624.04

KopoTuy tO. 1O. Bnane Temnepatypu rymosux Bi6poonop Ha amnaiTyay BepTUKaNbHUX KOAMBaHb BibpauiliHoro
crony. // CyyacHi npobnaemu metanyprii, Ne 29 — 2026. C.168-180

MpoBoauTbCA AocaigXKeHHa BibpauiiHoro obnagHaHHA ana BibpodpopmyBaHHA 6ETOHHMX BUPOOIB NO BU3HAYEHHIO
TEMMNEPATYPHUX PeXMMiB poboTM rymosux BiBpoonop. BUABNEHO 3anexHiCTb aMnAiTyauM KOAMBaHb 3i 36inblueHHAM
TEMNepaTypu ryMu, AKa BTPAYaE KOPCTKICTb, LLO NPU3BOAUTbL A0 NOCTYNOBOrO NiABULLEHHA aMNAITYAM KOMBaHb. BUKOHaHO
aHani3 pe3ynbTaTiB AOCNIAKEHD 3 METOIO OLHKM BNAMBY AOCAIKYBaHUX NapameTpis Ha edeKTUBHICTb po60TK 0bnagHaHHSA.
HaBefeHO NPaKTUYHI pekoMeHAaaL,i Woa0 eKcnyaTau,ii Ta yA40CKOHaneHHs BibpodopmyBanbHOro 061agHaHHA 3 'yMOBUMM
NpY*XHUMK BiBpoonopamu 3 ypaxyBaHHAM OTPUMAHUX pe3y/ibTaTis.

bi6n. 11, in. 4, Tabn. 1.

UDC 624.04

Korotych Y. Y. Influence of rubber vibration mounts temperature on vibrating table vertical vibration amplitude.
// Modern problems of metallurgy, Ne 29 — 2026. P. 168— 180

A study of vibration equipment for vibroforming concrete products is carried out to determine the temperature
operating conditions of rubber vibration mounts. A relationship between the oscillation amplitude and the increase in
rubber temperature has been identified: as the temperature rises, the rubber loses stiffness, which leads to a gradual
increase in oscillation amplitude. An analysis of the research results was performed to evaluate the influence of the studied
parameters on the efficiency of equipment operation. Practical recommendations for the operation and improvement of
vibroforming equipment with elastic rubber vibration mounts are provided, taking into account the obtained results.

Ref. 11, fig. 4, tab. 1.

YK 669.14:004.9

Kpenuep K.O., KosiwkypTt €.M. 3actocyBaHHA KOMN'IOTEPHUX CUCTEM YNPABAIHHA Y NPOLeCi IUTTA aNtoMiHIEBUX
cnnasis Nig TMCKOM Ha mogepHizoBaHomy obnagHaHHi // CydacHi npobnemun metanyprii, Ne 29 — 2026. C.181-189

Y cTaTTi BWUCBITNEHO pPEe3ynbTaTU BMPOBALKEHHA KOMMN'OTEPU30BAHOT CUCTEMM KepyBaHHA MPOLECOM NUTTA
aNtOMIHIEBUX CMAaBiB Mif TUCKOM Ha MOAEPHI30BaHOMY BMPOOHMYOMY 06nafHaHHI. ONMcaHO NPaKTUYHY peanisaLliio
KepyBaHHA Nnogayeto po3niaBy, TUCKOM YLLIZIBHEHHA Ta OXONI0AMKEHHAM GOpMUK B peXKMMi peasibHOro vacy 3 ypaxyBaHHAM
TEMNEePaTypPHO-WBMAKICHUX MNapaMeTpiB KOXHOrO UMKAY. 3aBOAKM anropuTmMam afanTMBHOMO PeryatoBaHHA BAANocA
CKOPOTUTU TPUBANICTb TEXHOMOFYHOIrO LUMKAY Ha 10 %, 3HU3UTU EHEeproBUTPATW, a TAKOXK 3MEHWUTU YacTKy AedeKTHUX
BMpPOGIB i3 MOPUCTICTIO TA TpiLWMHaMWN. BCTaHOBNEHO, WO BUKOPUCTAHHA KOMN'IOTEPHOTO MOHITOPUHTY A03BO/IAE TOYHiLLe
BUABNATU KPUTMYHI 30HM B npec-popmi, ae BiabyBatoTbcA neperpisn abo HefoOCTaTHE 3aNOBHEHHA.

bi6bn. 10, in. 2, Tabn. 1.

UDC 669.14:004.9

Kreytser K., Kozishkurt Y. Application of computer control systems in the high-pressure die casting process of
aluminum alloys on modernized equipment // Modern problems of metallurgy, Ne 29 — 2026. P. 181- 189

This article presents the results of implementing a computerised control system for the die-casting of aluminium
alloys on modernised production equipment. It describes the practical implementation of real-time control of melt feed,
compaction pressure and mould cooling, taking into account the temperature and speed parameters of each cycle. Thanks
to adaptive control algorithms, it was possible to reduce the duration of the production cycle by 10%, lower energy
consumption, and also reduce the proportion of defective products with porosity and cracks. It has been established that
the use of computerised monitoring allows for more accurate identification of critical zones in the mould where
overheating or insufficient filling occurs.

Ref. 10, fig. 2, tab. 1.

YOK 621.316.925

KysHeuoB B., HikoneHko A., CtbonkiH B., MaptuHues B., Tyrywu P., TecneHko |. [juHamiuHe moaeNtoBaHHA
pobounx XapaKTePUCTUK aCMHXPOHHOIO ABWryHa 3a YMOB NOTripLWEHHA AKOCTi enektpoeHeprii // CydacHi npobnemu
metanyprii, Ne 29 —2026. C.190-219

Y cTatTi npeactaBneHO  AMHAMIYHY  eNeKTPOMarHiTHy mogenb TpudasHOro acUMHXPOHHOro  ABUryHa 3
KOPOTKO3aMKHEHMM POTOPOM, PO3pobaeHy ANa MoAeNtoBaHHA Moro poboTv B yYMOBaX PeanbHUX MopylieHb SAKOCTI
eNleKTpoeHeprii. AKTyasibHiCTb AaHOi po6OTU 3yMOBJIeHa 3pOCTatoyMm BNJIMBOM MPOBAEM eNeKTPOMarHiTHoi CymicHOCTI Ta
eHepreTMYHMX BTPaAT Yy MNPOMMUCAOBUX CUCTEMAX, WO MiAAAIOTbCA BMAMBY acUMMETPii HampyrM Ta TapMOHIYHUX
CNOTBOPEHb — YMOB, TUMOBUX ANA MEPEK 3 HENIHIMHUMM HaBaHTAXKEHHAMM, TAKMMU K 3BaploBasibHe 06/1aAHAHHSA, AyroBi
neyi Ta nepeTBOplOBaYi 4acToTW. TpaamuiliHi moaeni ABUryHiB, AKi nepeabayatoTb ifeanbHi YMOBW KWMBNEHHA, €
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HeAoCTaTHIMM A1 TOYHOTO NPOrHO3YBaHHA MOTiPLUEHHA XapPaKTEPUCTUK Y pasi Takux 36ypeHb. LLLo6 ycyHYTU Lie 0BMeXKeHHs,
3anponoHoBaHa MoAe/b 6a3yeTbcA Ha NPOCTOPOBO-4AaCOBUX KOMMIEKCaX Ta po3wWwmpeHin ¢opmi pisHAHb Mapka—Topesa.
bibn. 27, in. 7, Tabn. 2.

UDC 621.316.925

Kuznetsov V., Nikolenko A., Stopkin V., Martyntsev V., Tuhushy R., Teslenko |. Dynamic modeling of induction
motor performance under power quality disturbances // Modern problems of metallurgy, Ne 29 — 2026. P. 190- 219

The paper presents a dynamic electromagnetic model of a three-phase squirrel-cage asynchronous motor
developed to simulate its operation under real power quality disturbances. The relevance of this work is driven by the
increasing impact of electromagnetic compatibility issues and energy losses in industrial systems exposed to voltage
asymmetry and harmonic distortion—conditions typical for networks with nonlinear loads such as welding equipment, arc
furnaces, and frequency converters. Traditional motor models, which assume ideal supply conditions, are not sufficient for
accurately predicting performance degradation under such disturbances. To address this limitation, the proposed model is
based on space-time complexes and an extended form of the Park—Gorev equations.

Ref. 27, fig. 7, tab. 2.

YK 622.8.1/.8:519.65:539.3

NapioHos T.l.,, 3emnsHa O.B., byniu K0.H0., XBopoctaH B.O. Mpo ApouinbHicTb NonepegHbOro HaBaHTAXKEHHA
aHKepHMX WTaHr B ymoBsax YKpaiHu. // CydacHi npobaemu metanyprii, Ne 29 — 2026. C.220-236

B pob6oTi HaBegeHO pe3ynbTaTM NPOBELEHOr0, CYMICHO 3 aMepuKaHCbKMMKM  daxiBusmM, NPOMUCIOBOrO
eKCNePUMEHTY, KU NONAraB y NOPIBHAHHI ABOX TEXHO/OFIMA KPINJEHHA FPHUYMX BUPOBOK BYFiNbHUX WAXT (Ha NpuKknagi
waxtn binopiyeHcbKa JlyraHcbKoi 0bnacTi). OcobaMBiCTb amepUKaHCbKOI TeXHONOTIT y KpinaeHHi BUpobok 6asysanacb Ha
3aCTOCYBaHHI MPYXHOI Walnbu ANns CTBOPEHHA NonepefHbOro HaBaHTA)KEHHA LTAHTM METaNonoNiMEPHOro aHKepy Ha
BigMIiHY Bif, YKpaiHCbKOI TEXHOIOTIT 33 AKOT NonepeAHE HaBaHTAXKEHHA CTBOPIOBA/IOCH 3 AONOMOrot bypoBoro o61agHaHHA.
HaseneHo pe3ynbTaTv NOPIBHAHHA.

bi6n. 10, in. 8.

YK 622.8.1/.8:519.65:539.3

Larionov H., Zemliana Yu., Bulych Yu., Hvorostyan V. On the feasibility of pretention rebar in Ukrainian conditions.
// Modern problems of metallurgy, Ne 29 — 2026. P. 220- 236

The paper presents the results of an industrial experiment conducted jointly with American specialists, which
consisted in comparing two technologies for fastening mining workings of coal mines (using the example of the
Belorichensk mine in Luhansk region). The peculiarity of the American technology in fastening workings was based on the
use of an elastic washer to create a pretention for the metal-polymer rebar, in contrast to the Ukrainian technology, in
which the pretention was created using drilling equipment. The results of the comparison are presented.

Ref. 10, fig. 8

YK 666.9.033

Mupank M.O., HectepeHko M.M. YMOBM ONTMMaNbHOrO peKUMy AOYLiIbHEHHA 6eTOHHOI cymiwi Ta KpuTepii
edekTusHocTi Bi6pauii // CyyacHi npobaemun metanyprii, Ne 29 — 2026. C.237-247

Y CTaTTi PO3rNAHYTO YMOBM peanisauii onTMMANbHOTO PEXUMY AOYLLIbHEHHA BeTOHHOI cymili y BibpaLiiHil
MalLUMHiI 3 NpocTopoBUm 36yaxKeHHAM. MobyA0BaHO aHaNITUYHMI Niaxia A0 OuiHIOBaHHA edeKTUBHOCTI npouecy, AKWM
I'PYHTYETbCSA HA BM3HAYEHHI AMCUMNOBAHOI EHEprii Y BEPTUKAZIbHOMY Ta FOPM30HTaZIbHOMY KaHanax AedopMyBaHHA, a TaKOX
Ha BpaxyBaHHi MOPOroBMUX YMOB aKTUBHOTO YLLiNIbHEHHA 33 AUHAMIYHUM TUCKOM | 3CYBHUMM HanpyeHHAMU. BcTaHOBNEHO,
WO Halbinblw epeKTUBHUIN PEerUM [OCATAETbCA 3a YMOBM Y3roAKEHHA NapameTpiB BepTUKaJbHUX i FOPU30OHTaNbHUX
KOZIMBaHb, MaKCMMi3aLii eHeprii, Wo nepesaeTbca HGETOHHIN Cymiwi, Ta NiATPMMAHHA KBA3ipe30HAHCHOro CTaHy CUCTeMU B
npoueci yuinbHeHHs. OpeprKaHi pe3ynbTaTu MOXKYTb OyTM BMKOPUCTaHI gns BMOOPY NapameTpiB NPWBaHTa*KyBauya i
pemumis poboTn BiOPO3OyAXKyBayiB NPV MPOEKTYBaHHI Ta BAOCKOHANEHHI BibpauiMHMX yYCTAaHOBOK A/A ¢GOpMyBaHHA
6eTOHHUX BMpPObiB.

bi6n. 7,in. 1

UDC 666.9.033

Pyrlyk M.O., Nesterenko M.M. Conditions for the Optimal Re-Compaction Mode of a Concrete Mixture and
Criteria for Vibration Efficiency // Modern problems of metallurgy, Ne 29 — 2026. P. 237— 247

The article considers the conditions for implementing the optimal re-compaction mode of a concrete mixture in a
vibration machine with spatial excitation. An analytical approach to evaluating the efficiency of the process has been
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developed, based on determining the dissipated energy in the vertical and horizontal deformation channels, as well as
taking into account the threshold conditions of active compaction according to dynamic pressure and shear stresses. It has
been established that the most efficient mode is achieved under the condition of coordination of the parameters of vertical
and horizontal oscillations, maximization of the energy transferred to the concrete mixture, and maintenance of the quasi-
resonant state of the system during the compaction process. The obtained results can be used to select the parameters of
the surcharge device and the operating modes of vibration exciters in the design and improvement of vibration installations
for forming concrete products.
Refs. 7, Fig. 1

YOK 621.7:004.94

Peagunup [.0., MoiceeHko C.B., AgameHko [.C., KpemHeBa K.B., AkimeHKo O.B. BUKOpUCTaHHA MaTeMaTU4YHOro
MOAENIOBAHHA ANA BAOCKOHA/NEHHA NPOLECy CeNIeKTUBHOrO J1a3epHOro naaeneHHa ana 3D-apyky // CyyacHi npobaemum
meTtanyprii, Ne 29 —2026. C.248-266

AKTYanbHiCTb  AOCNIAXKEHHA 3yMOB/AEHa HeOobXigHICTIO NiABMLLEHHA TOYHOCTI  MPOrHO3yBaHHA npouecis
CENEeKTUBHOMO 1a3epHOro M/aB/JEHHA MeTaseBMX MOPOLWKIB B aguMTUBHOMY BMPObHMUTBI. MeToto poboTn € po3pobka
y3arasbHeHoi }i3nKo-maTemaTUUHOT Mogeni Ta edeKTUBHOIO YWUCE/NbHOTo anropuTMy 3 ypaxyBaHHAM Tenja006MmiHy,
riapoanHamiku Ta eBontoLii BilbHOT NOBEepPXHi. BUKOPUCTAHO MeTo4, CKiHYEHHUX 06’emiB i iTepaLiHUI po3paxyHKoBUI 610K
GMRES. Y pesynbtaTi OTpMMaHO po3nogin nonsa TemnepaTtypu B PO3PaxyHKOBiM 06nacTi 3 BMAINEHHAM 30HM NiKBiAyCY.
Mobyf0BaHO 3aN1E€KHOCTI WWMPWUHU Ta TMOUHW BaHHM PO3NJaBy Bif, WBWAKOCTI Pyxy Nasepy Ta AiameTpy fazepHoi Nasmu.
3po61eHO BUCHOBOK NPO afeKBaTHICTb Moaeni Ta il NpUAaTHICTb ANA iHXKEeHepPHUX PO3PaxyHKiB.

bi6n. 15, in. 3

UDC 621.7:004.94

Redchyts D., Moiseienko S., Adamenko D., Kremneva K., Akimenko O.Mathematical modeling for applications the
selective laser melting process in 3D printing // Modern problems of metallurgy, Ne 29 — 2026. P. 248— 266

The relevance of this study stems from the need to improve the accuracy of predicting selective laser melting
processes for metal powders in additive manufacturing. The aim of this work is to develop a generalised physical-
mathematical model and an effective numerical algorithm that takes into account heat transfer, hydrodynamics and the
evolution of the free surface. The finite volume method and the GMRES iterative calculation block were employed. As a
result, the temperature field distribution in the computational domain was obtained, with the liquidus zone identified.
Dependencies of the width and depth of the molten pool on the laser velocity and the laser spot diameter were established.
It was concluded that the model is adequate and suitable for engineering calculations.

Refs. 15, Fig. 3

YK 004.942:621.396.67:658.78

CemeHuos B.K., Llanap B.C. BnpoBagykeHHa RFID-texHonorii ans iaeHTudikauii 06'ekriB y piteini: ontumisauia
ABTOMAaTM30BaHUX NiHil copTyBaHHA // CyyacHi npobnemu meTanyprii, Ne 29 — 2026. C.267-283

JocnigeHo iHTerpauito cucTtem pagiodacTtoTHOI iaeHTUdIKauii YBY-aiana3oHy y BUCOKOLWBUAKICHI KOHBEEPHI NiHii
cKknagais. OBrpyHTOBAHO apXiTEKTYpPHi pilleHHA Aaa MiHiIMi3aLii BNAMBY pajionepelkos Ha 34UTYBAHHA MAacCUBHUX MITOK.
Po3pobneHo ribpuaHy matematnyHy mogenb obpobku Konisii, wo noeaHye metoau Query Tree Ta DFSA cTaHgapty
EPCglobal Gen2. 3a ponomoroto undposoro agiiHMka 8 MATLAB Simulink foBeAeHO MOXKAMUBICTb [OCATHEHHA HagiMHOCTI
iaeHTndikauii 99.2% npu weunakocTi KoHeeepa 3.0 m/c. 3anponoHoBaHo BMKopucTaHHA Edge Computing ana nepeTBopeHHs
naHux y dopmat ALE, WO 3HMXKYE 3aTPUMKy cuctemun Ao 42 mc. PesynbTaTv nigTBepaKytoTb edeKkTUBHICTb moaeni ans
ONTUMI3aL,ii NOTFICTUYHMX NPOLECiB Y piTenNi.

bi6n. 10, in. 2.

UDC 004.942:621.396.67:658.78

Sementsov V.K., Tsapar V.S. Implementation of RFID technology for object identification in retail: optimization of
automated sorting lines // Modern problems of metallurgy, Ne 29 — 2026. P. 267—- 283

The study investigates the integration of UHF RFID systems into high-speed conveyor lines of retail warehouses.
Architectural solutions are justified to minimize the impact of radio interference on passive tag reading. A hybrid
mathematical collision processing model combining Query Tree and DFSA methods of the EPCglobal Gen2 standard is
developed. Using a digital twin in MATLAB Simulink, the possibility of achieving 99.2% identification reliability at a conveyor
speed of 3.0 m/s is proven. The use of Edge Computing for data conversion into ALE format is proposed, reducing system
latency to 42 ms. The results confirm the model's effectiveness for optimizing retail logistics processes.

Ref. 10, ill. 2.
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YK 628.511:620.9

CkopoMHuii A.Jl. CnpoweHUid meToh PO3PaxyHKy iHTerpaibHUX EeHepreTMYHUX MNOKa3HUKIB meTanypriiiHoi
nNpoAyKujii Ha 0CHOBI HAaCKPi3HMX BUTpaTHUX KoediuieHTiB // CyyacHi npobaemu metanyprii, Ne 29 — 2026. C.284-303

B poboTi NpoaHanizoBaHO NiAXoAM A0 BU3HAYEHHSA iHTErpasibHUX eHepreTMYHUX MOKa3HUKIB meTanonpoaykuii. Ha
OCHOBi METOAMKMN HACKPI3HOT eHepProeEMHOCTI po3pobaeHO CnpoLLEeHNt MeToZ, iX PO3PaxyHKY 3 BUKOPUCTAHHAM HACKPi3HWX
BUTPaTHUX KoediuieHTiB. Banigauia metoay WAAXOM NOPIBHAHHA pPe3y/bTaTiB i3 MOBHOK PO3PAXyHKOBOK CXEMOM Ta
obmexkeHnm LCA nokasana Moro BUCOKY TOUHICTb (PO36iKHICTb i3 NOBHOI cxemoto He nepesuiye 1,0-1,5 %) i nepesary Hag,
obmexkeHnm LCA, AKMIN B OKpeMuMx BUNaZKax AA€ BigxmneHHA 8o 38 %. 3anponoHOBaHUI MeToa MoXe ByT BUKOPUCTaHMI
npu BUPOBHMYOMY NaHYBaHHI, TEXHIYHOMY Nepeo36pPOEHHI, a TaKOXK ANA PO3PaXYHKY BYF/1eLeBOi iHTEHCUBHOCTI NPOAYKL;i.

Bi6n. 16, in. 7.

UDC 628.511:620.9

Skoromnyi A.L. A simplified method for calculating integral energy indicators of metallurgical products using
through consumption coefficients // Modern problems of metallurgy, Ne 29 — 2026. P. 284— 303

This paper examines approaches to determining integral energy indicators of metallurgical products. Using the
through-plant energy intensity methodology, it proposes a simplified calculation method based on through consumption
coefficients. Validation against the full calculation scheme and limited LCA confirmed the high accuracy of the method: the
deviation from the full scheme does not exceed 1.0-1.5%. The comparison also showed an advantage over limited LCA,
which in some cases gives deviations of up to 38%. The proposed method can be used in production planning, technical
modernization, and in calculating product carbon intensity.

Ref. 16, ill. 7.

YK 662.764

Tytosa O.B., MiHuyk B.O. TepmoguHamiuHMii aHanis popmyBaHHA eHepreTUHHOro onTUMymy rasudikauii Byrinns
// CyyacHi npobnemu metanyprii, Ne 29 — 2026. C.304-318

Y pob60Ti 3aCTOCOBaHO PiBHOBAXKHE TEPMOANHAMIYHE MOAENIOBaHHA AN aHani3y rasudikauii Byrinns 3anexHo Big,
KoediljieHTa BUTPATU OKUCHUKA. MOKa3aHo, WO NapameTpy NpoLecy 3MiHIOITLCA Y3roAXKeHo Ta GopMyloTb TPUCTaAiNHY
CTPYKTYpY: 06/1aCTb HEMOBHOrO NepeTBOPEHHA, PaLLiOHA/IbHUX PEXUMIB Ta HAA/IMLIKOBOrO OKUC/NEHHA. BcTaHoBneHO, o
eHepreTMYHO ONTUMANIbHUIA PEXMM peanisyeTbca npu KoedilieHTi BUTPATM OKUCHWMKaA 6am3bko 0,3 Ta Bianosigae
MaKCMMyMy CyMapHOi roptoyoi CKagoBoi i MiHIMyMy NPOAYKTIB OKUC/EHHSA. 3anNponoHOBaHO iHTerpasbHUIN eHepreTUYHNIA
NOKa3HWK, AIKUM BPaAXOBYE BWXid, reHepaTOpPHOro rasy Ta WMOro TenioTy 3ropsHHA. MOKasaHo, WO LUeil NOKasHWK Mae
MaKCUMyM NPY ONTUMANBHOMY PEXKUMI.

bi6n. 18, in. 6.

UDC 662.764

Tutova 0.V., Pinchuk V.0. Thermodynamic analysis of energy optimum formation in coal gasification // Modern
problems of metallurgy, Ne 29 — 2026. P. 304— 318

Equilibrium thermodynamic modeling was applied to analyze coal gasification as a function of the oxidizer
consumption coefficient. It is shown that process parameters change in a coordinated manner and form a three-stage
structure: a region of incomplete conversion, a region of rational operating conditions, and a region of excessive oxidation.
It is established that the energy-optimal regime is achieved at an oxidizer consumption coefficient of about 0.3 and
corresponds to the maximum of the total combustible fraction and the minimum of oxidation products. An integral energy
indicator accounting for both gas yield and heating value is proposed. This indicator exhibits a maximum under optimal
conditions.

Ref. 18, ill. 6.

YK 004.8

l'yaa A.l., Bepesiok M.O. MeTog nobynoBu KpuU3OBO-KOHTEKCTHOrO patacety ansa sepudikauii Adaptive IRM //
CyyacHi npobnemu metanyprii, No 29 —2026. C.319-336

Y cTaTTi 3anponoHOBaHO MeToZ NobyaoBM KPU3OBO-KOHTEKCTHOro gartacety ans Bepuoikauii Adaptive IRM y
3afla4ax MPUXOBAHOT KOHTEKCTHOI ajanTauii Be/MKUX MOBHWUX Mmogenei. 3anpornoHOBAHO Niaxig nepeTBOpeHHn
nosigomneHs HUmMAID y napu «abCTpaKTHWUI 3anuMT — KPW30BO-3a/E€XKHa BiANOBiAb» 63 ABHMX MapKepiB /uxa.
PeanisoBaHo reHepaTusHui pipeline i3 primary, retry Ta fallback etanamu. CbopmosaHo gatacet obcarom 41 152 3anucu 3a
n’aTbMa KaTeropismu nogii. 3anponoHOBaHO NaaH NoAanblloi Banigaw,ii Ta eKCnepuMeHTaIbHOTO OLLiIHIOBaHHA Moaenen.

bi6n. 21, in. 1, Tabn. 2, nict. 3.
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uUDC 004.8

Guda, A., Bereziuk M. Method for constructing a crisis-context dataset for Adaptive IRM verification// Modern
problems of metallurgy, Ne 29 — 2026. P. 319- 336

The paper proposes a method for constructing a crisis-context dataset to verify Adaptive IRM in hidden context
adaptation tasks of large language models. A transformation approach is introduced to convert HumAID messages into
“abstract query — crisis-dependent answer” pairs without explicit disaster markers. A generative pipeline with primary,
retry, and fallback stages is implemented. A dataset of 41,152 records across five crisis categories is created. A plan for
further validation and experimental evaluation is outlined.

Refs. 21, Fig. 1, Table 2, Listings 3.

YOK 621.928.23

laBpikoB B.B., byrpoBa T.M. AHaniTU4He [0CNIAKEHHA KONMBAJIbHOTO pexXumy BibpauiiiHOro KoOHBeepa 3 ABOMa
iHepuiiiHumu BiBpo36yaXKyBauamu// CyyacHi npobaemn metanyprii, Ne 29 — 2026. C.337-351

Y cTaTTi PO3rAAHYTO rMUBUHHWUIA BiIBpaTop ANA YWinbHEHHSA BETOHHUX Cymilei Ta Nobya0BaHO aHANITUYHUIA Niaxia,
[0 A0CNiAXKEHHA MOro AMHAMIKM 3 ypaxyBaHHAM MOCTYNasibHOro NepemilleHHA LeHTPa Mac, KyTOBUX KO/MBaHb Kopnyca i
B3aemogii poboyoro opraHa 3 6eTOHHO CyMiLILLIO.

Ofep!KaHO aHaNITUYHI 3aNEKHOCTI ANA BM3HAYEHHA BiALEHTPOBUX cuUn AebanaHCHUX BaHTaXiB, pesy/bTyruoro
MOMEHTY, NpUBeAEeHOI Macy CMCTEMM, aMNAITYAM NOCTYNaNbHUX KOMMBaHb LEHTPa Mac Ta amMnAiTyau KyTOBWUX KOAMBAHb
Kopnyca, Wo Aano 3Mory OLiHUTM 0cobMBOCTI GOpMyBaHHA NPOCTOPOBOrO Pyxy rMuUbUHHOro BibpaTopa.

BcTaHOB/IEHO, WO XapaKTep pyxy poboyoro opraHa iCTOTHO 3a/leXMWTb Bif, KyTa po3BOPOTY AebaNaHCHUX BaHTAXiB,
YacToT 0bepTaHHA Basa, MOMEHTY iHepujii Kopnyca Ta NPUERHAHOI macu BETOHHOI cymiwi, a 3MiHa LMX napameTpis
[,03BONIAE Pery/toBaTh CMiBBiAHOLWEHHA MiXK NOCTYNasibHOK Ta KYTOBO CKNAaJA0BUMM KONMUBaHb.

OpeprKaHi pesynbTaTh MOXKYTb OYTU BMKOPUCTaHI aAna BMOOpPY paLioHa/lbHUX NapameTpiB rMbuHHOro BibpaTopa,
0BrPYHTYBAHHA PEXMMIB YLLiNIbHEHHA BETOHHUX CyMillel, SMEHLUEHHA PU3KKY iX PO3LLAPYBaHHA Ta NOA4A/IbLWOI ONTUMI3aL;i
dopmu poboyoro opraHa.

bi6bn. 9, puc. 2.

UDC 621.928.23

Havrikov V., Buhrova T. Dynamics of an internal vibrator considering the translational and angular motion of the
working body Method for constructing a crisis-context dataset for Adaptive IRM verification// Modern problems of
metallurgy, Ne 29 — 2026. P. 337—- 351

The article considers an internal vibrator for compacting concrete mixtures and develops an analytical approach to
studying its dynamics, taking into account the translational displacement of the center of mass, angular oscillations of the
housing, and the interaction of the working body with the concrete mixture.

Analytical dependencies are obtained for determining the centrifugal forces of unbalanced masses, the resulting
moment, the reduced mass of the system, the amplitude of translational oscillations of the center of mass, and the
amplitude of angular oscillations of the housing, which made it possible to assess the specific features of the spatial motion
formation of the internal vibrator.

It is established that the motion pattern of the working body significantly depends on the phase angle of the
unbalanced masses, the shaft rotation frequency, the moment of inertia of the housing, and the added mass of the
concrete mixture, while changing these parameters makes it possible to regulate the ratio between the translational and
angular components of oscillations.

The obtained results can be used to select rational parameters of the internal vibrator, substantiate compaction
modes for concrete mixtures, reduce the risk of their segregation, and further optimize the shape of the working body.

Refs. 9, Fig. 2.

YK 004.056:681.518:621.31:622.7

Weeub [A.B., Kotoe LA, HKapabyr H.O. Kibepbe3sneka aBTOmMaTM30BaHUX iHPOPMALiiHUX cuUcTem
€/IeKTPOEHEPreTUYHUX KOMMAEKCIB MiANPUEMCTB ripHMuYo-36arauysanbHoi ranysi. // CyuacHi npobnemu metanyprii,
Ne 29 —2026. C.352-361

BnpoBaaKeHHA KoHUenuin LnMdpoBoro BMpobHULTBA HA ripHUYO-36arayyBasbHUX KOMBiIHATax CyTTEBO MiABULLYE
PU3UKK LinecnpamoBaHuX KibepaTak Ha ixHi enekTpoeHepreTMyHi Komnaekcu. Lie moxke NpusBecTn 40 TEXHOTEHHWUX aBapii
Ta 3YNWHKM EHEepProeMHoro obnagHaHHA. [na BUpiWeHHA Liei aKTyanbHOi npobnemu y p[ocnifKeHHi po3pobneHo
KOMMNEKCHY apXiTEKTYPHY mogenb Kibep3axucty Ha 6asi KoHuenuii elleNoOHOBaHOro 3aXMCTy Ta MiXKHApPOAHOrO CTaHAAPTY
IEC 62443. 3anponoHoBaHO bGaraTopiBHEBY MiKpOCermeHTalilo mepex, rMMboKy iHcnekuito Tpadiky Ta BUKOPUCTAHHA
MiKposiZepHUX onepawiiHmMx cuctem. MNMokasaHo, WO iHTerpaLia Lux apxiTeKTYpPHUX pilleHb i3 NpeaAuKTUBHUM anapaTHUM
MOHITOPUHTOM CTPYMIB }KMBJIEHHS NMPOrPamMoBaHUX JIOFIYHMUX KOHTPOIEPiB HaZiMHO 3anobirae NporpamHil NiamiHi Kepyrouoi
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norikn. Le rapaHTye 6e3nepepBHiCTb eHeproedeKTUBHOIO KepyBaHHA npouecamy nepepobKku CUMPOBUHM Ha 06'eKTax
KPUTUYHOT iIHppacTpyKTypu.
bi6n. 8, in. 1.

UDC 004.056:681.518:621.31:622.7

Shvets D.V., Kotov I.A., Karabut N.O. Cybersecurity of automated information systems of electric power complexes
in the mining and processing industry. // Modern problems of metallurgy, Ne 29 — 2026. P. 352- 361

Implementing digital manufacturing concepts at mining and processing plants significantly increases the risk of
targeted cyberattacks on their electric power complexes, potentially causing technogenic disasters and shutdowns of
energy-intensive equipment. To address this, the study develops a comprehensive cybersecurity model based on the
Defense-in-Depth concept and the IEC 62443 standard. It proposes multi-level network microsegmentation, deep packet
inspection, and microkernel operating systems. It is shown that integrating these solutions with predictive hardware
monitoring of programmable logic controller supply currents reliably prevents control-logic spoofing, guaranteeing
continuous, energy-efficient control of raw material processing at critical infrastructure facilities.

Ref. 8, fig. 1.

YOK 621.928:666.972:519.876

Mouka K.l., Moniwyk /1.K., Npucraiino M.O., Cusak P.l. NigBuwieHHA edpeKTUBHOCTI npoueciB NPUroTyBaHHA Ta
nogavi 6eTOHHMX Cymilleil i WITYKaTypHMX PO3UMHIB Y TEXHONMOrUHUX KomnneKcax 6ygisHuurea // CydyacHi npobaemu
metanyprii, Ne 29 —2026. C.362-375

Y CTaTTi AOCNIAKEHO BNAMB KIHEMAaTUYHUX MAapameTpiB 3milyBasbHOro 061aAHAHHA, PEONOFIYHUX XapPaKTEPUCTUK
H6ETOHHMX CyMilLel i LUTYKATYPHUX PO3UYMHIB Ta FeOMETPUYHMX MAPaMETPIB CUCTeM Nogadi Ha ePpeKTUBHICTb GYHKLIOHYBaHHA
TEXHONOTYHUX KOMNAEKTiB byaisHuuTBa. OcobamBy yBary npuineHO BCTAaHOB/IEHHIO B33aEMO3B'A3KY MiK NapameTpamu
NpoLuEeCiB 3MilLlyBaHHA MaTepia/ly Ta yMOBaMM MOro No4asibloro TPaHCNOPTYBaHHA A0 MiCUS YKNaAaHHA abo HaHeCeHHS.

3anponoHOBaHO  y3aralbHEHMI MOKa3HUK  edeKTUBHOCTI  TEXHONIOMYHOro  KOMMAEKTY, AKUA  BPaXoOBYE
NPOAYKTUBHICTb NPOLLECY NPUIOTYBAHHA CYMilli, CTYNiHb il 04HOPIAHOCTI NicnA 3MillyBaHHA Ta eHepreTUYHi BUTPaATK nig yac
TpaHCNOPTYBaHHA TpybonpoBiAHMMM cucTeMamm nogadi. Ha OCHOBi BUKOPUCTaHHS aHANITUYHUX 3a/1€XKHOCTEN BCTAaHOB/IEHO
3aKOHOMIPHOCTI 3MiHW MOKA3HWKIB ePEKTUBHOCTI 3a/IEKHO Bif, PeXMMiB pobOTU 3MillyBaNbHOrO i TPAHCMOPTYHUYOro
obnagHaHHA.

bi6n 15, in.1

UDC 621.928:666.972:519.876
Pochka K.I., Polishchuk L.K., Prystailo M.O., Sivak R.l. Efficiency improvement of concrete mix preparation and
mortar delivery processes in construction technological complexes // Modern problems of metallurgy,
Ne 29 —2026. P. 362—375
This article investigates the influence of the kinematic parameters of mixing equipment, the rheological
characteristics of concrete mixes and plastering mortars, and the geometric parameters of delivery systems on the
operational efficiency of construction process units. Particular attention is paid to establishing the relationship between the
parameters of material mixing processes and the conditions of its subsequent transport to the site of laying or application.
A generalised efficiency indicator for the technological unit is proposed, which takes into account the productivity
of the mixture preparation process, the degree of its homogeneity after mixing, and the energy consumption during
transport via pipeline supply systems. Based on the use of analytical dependencies, patterns of change in efficiency
indicators depending on the operating modes of the mixing and transport equipment have been esta
Ref. 15, fig. 1.

YK 004.94:621.74:669.017

CenisbopcToBa T.B. MepkonauiiiHMi nigxia A0 onucy MiXKAEHAPUTHOTO KUBAEHHA Ha 3aBepllanbHii cTagii
3aTBepAiHHA meTanis i cnnasis// CyyacHi npobaemun metanyprii, No 29 — 2026. C.376-388

Y cTatTi po3riAHyTO i3NYHI NepesymoBM MiNKOEHAPWUTHOTO UB/EHHS Ha 3aBepllanbHii cTagii 3aTBepaiHHA
meTanis i cnnasiB. MOKa3aHo, WO epeKTUBHICTb KOMMEHCcaL,i YyCaaKM BU3HAYAETLCA He InLe HAABHICTIO piakoi ¢asm, a i 1i
3B’A3HICTIO, NPOHUKHICTIO MiXKAEHAPWUTHOrO NPOCTOPY Ta YMOBaMM TpaHcnopTy. OBFPYHTOBAHO AOLNbHICTb 3aCTOCYBAHHA
nepkosAuiiHoro nigxoay Ao onucy mushy zone Ak pBodasHoi cucteMu, y AKil piaka ¢asa BUKOHYE poNb TPAHCMNOPTHOI
mepexi, a TBepAa — 06MexKyBanbHOro Kapkaca. BCTaHOBNEHO, WO BTpaTa MiKAEHOPWUTHOTO KMBNEHHA NoB’A3aHa 3
pyliHYBaHHAM rn06anbHOI 3B’A3HOCTI pigKoi ¢asn. 3anponoHOBaHWMIA NiaxXid MoxKe 6yTM BUKOPWUCTaHMIA Os NOAaNbLIOro
MOAEN0BAaHHA MNOPUCTOCTI Ta NPOrHO3yBaHHA AedeKToHebe3neyHUx 30H Y BUAMBKAX Ha OCHOBI ypaxyBaHHA CTPYKTYpPHOI
eBotoLii mushy zone, nokanisauii NOTOKIB i NaAIHHA TUCKY PiAMHMU.
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The article examines the physical prerequisites of interdendritic feeding at the final stage of solidification of metals
and alloys. It is shown that the efficiency of shrinkage compensation is determined not only by the presence of a liquid
phase, but also by its connectivity, the permeability of the interdendritic space, and transport conditions. The applicability
of the percolation approach to describing the mushy zone as a two-phase system is substantiated, in which the liquid phase
acts as a transport network and the solid phase as a constraining framework. It is established that the loss of interdendritic
feeding is associated with the destruction of the global connectivity of the liquid phase. The proposed approach can be
used for further modeling of porosity and prediction of defect-prone zones in castings based on the structural evolution of
the mushy zone, flow localization, and liquid pressure drop.

Ref. 15, fig. 3.
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