AHOTAIIS

Kopomuncekuit A. Il. ABTomaTu3ailisi npouecy KepyBaHHs 0araroKaMepHUMU
ne4yamMH BUNAJIOBAaHHS ByrierpagiroBux BupodiB. - Kpaiigikauniiina HaykoBa

npaus Ha MpaBax PyKoOIMuUcy.

Jucepramiss Ha 3400yTTS HAYKOBOTO CTymHeHs JokTopa (iumocodii 3a
cremiaypHicTIO 151 «ABTOMaTM3allisl Ta KOMIT FOTEPHO-IHTETPOBaHI TEXHOJOTI». -
HanionansHuit TexHiYHUN yHIBepcUTET YKpainu « KuiBCbkuil MOMITEXHIYHUM 1HCTUTYT
imeH1 Irops Cikopebkoro» MOH Ykpainu, Kuis, 2020.

BupoOHUIITBO BYyIJIEIEBUX BUPOOIB BIJIIrpa€ BaXKIUBY pOJIb [JISI PO3BUTKY
HapOJHOTO TOCHOJAapCTBAa KpaiHU, OCKUIBKM CaMe€ MPOIYyKLIs JAaHOTO BHPOOHUIITBA
HIMPOKO 3aCTOCOBYETHCS B PI3HUX Tally3sX NPOMHCIOBOCTI. Jlo Takux BUPOOHHIITB
MO>KHA BIJTHECTH MIANPUEMCTBA YOPHOI Ta KOJIHOPOBOI METaIyprii, MaliuHOOYyBaHHS,
XIMIYHOI MPOMUCIIOBOCTI Ta 1HIII.

Cy4acHi CBITOBI TeHJICHIIII PO3BUTKY rajy3ei MPOMHCIOBOCTI, 1110 € CIIOKUBAYaMHU
BUPOOHMIITBA BYTJEUEBUX BUPOOIB, OOYMOBIIIOIOTH MOCTIHHE HapOLlyBaHHS OOCSTIB
BUPOOHMIITBA Ipa)iTOBAHUX Ta BYTJIEIIEBUX BUPOOIB.

BupoOHHUIITBO ByTJIEeBUX BUPOOIB € HAA3BUUAWHO PECYPCO- Ta EHEPro3aTpaTHUM
yepe3 3HAuHMM BUX1JA Opaky B KIHIEBIA MNPOAYKIIT Ta 3HAYHOI TPHUBAJIOCTI
eHepro3aTpaTHOTO BHpOOHHUIITBA. I[ligBHUINEHHS €(EKTUBHOCTI JTaHOTO BHUPOOHHIITBA
HAaBITh HA HE3HAYHUU PIBEHb MPU3BOAUTH 10 3HAYHUX (hIHAHCOBUX 320IIA/KEHB, a TOMY
€ AaKTyaJbHOI HAYKOBO-TIPAKTUYHOIO MPOOJIEMOI0, OCOOIMBO B Cy4YyaCHHUX YMOBax
MOCTIITHOTO 3POCTAaHHS BapTOCTI EHEPTOHOCITB.

B pobGori nmnpoBeneHuM aHaji3  TEXHOJIOTIYHMX  OCOOJMBOCTEH  mpolecy
BUPOOHMIITBA BYIJICUEBUX BHUPOOIB, @ TaKOXX KOHCTPYKTUBHHMX OCOOJMBOCTEMN
TEXHOJIOTIYHUX arapatiB JJAHOTO BUPOOHUIITBA MOKA3aB, 110 OJHUM 13 BUSHAYAJIbHUX 3
TOKU 30py KOCTI KIHIIEBOI MPOJYKIII Ta €HEpro3aTpaTHUX TEXHOJIOTTYHUX MPOIIECIB Y
BUPOOHMIITBI BYIJICIICBUX BUPOOIB € MpoIleC BUMaTtOBaHHA. [IpoaHanizoBaHO OCHOBHI
TEXHOJIOT1YHI €Taly MPOLeCy BUMAIIOBAHHS BYIJICLIEBUX BUPOOIB y OararokamepHHX

neyax Ta JIOCTiHKEHO 0COOIMBOCTI MPOXOHKEHHS KaMMaHii Ha 1iux eramax. [IpoBeneHo
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napaMeTpUYHUM aHalli3 BCIX TEXHOJIOTIYHUX €TalliB BUIAIIOBAHHS, Y Pe3yJIbTaTl SIKOTO
cOopMOBaHO OCHOBHI BXiJHI Ta BHUXIJHI HapaMeTpH, BU3HAYCHO 30yprOBaJbHI Ta
KepyBaJIbH1 BIJTUBH.

Ha ocHOBI mpoBefieHOro aHalli3y MPOIECY BUIAIIOBAHHS BCTAHOBJIEHO KIIOYOBY
pOJb eTamy «Kamepa IIiJl BOTHEM SIK OCHOBHOI CTajii 3 TOYKH 30py (GopMyBaHHS
rapaMeTpiB SKOCTI TOTOBOI MPOAYKINI 1 MOTEHIaNy A MiIBUIICHHS €(PEKTUBHOCTI
pecypco- Ta €Hepro30epeKeHHs MPOoIeCy BHUPOOHUIITBA BYIJeTpadiToBUX BUPOOIB B
iI0MYy.

[linBuiieHHs e€(QEeKTUBHOCTI TMPOIECY BUIMAIIOBAHHSA BYIJICIIEBUX BUPOOIB
0a3yeTbcsl HA BH3HAYEHHI Ta peanmi3alli y pealbHOMY Yacl ONTUMAJbHUX DPEKHUMIB
pobotu meui BunamoBaHHs. [locTaBneHa 3amaya Moke OyTH pPO3B’si3aHA IIISXOM
BIIPOBAKCHHS €(DEKTUBHUX CHUCTEM KEPYBaHHs JaHUM TEXHOJOTIYHHUM OO0 €KTOM Ha
OCHOBI #oro mareMmaru4Hoi Mojeni. I[Ipore Biomi Ha CHOTOAHINIHINA JEHH CUCTEMH
KEepyBaHHS MPOIECOM BHUITATIOBAHHS BYTJICLIEBUX BUPOOIB HE BIAMOBIJAIOTH CyYaCHUM
BUMOTaM JI0 iX €(EKTHUBHOCTI, a TOMY MOTpeOyIOTh ab0 iX YyJAOCKOHAJEHHsA abo
pO3p00JICHHS] HOBUX.

VY 3B’s13Ky 3 UM, IOTPeOye PO3B’SI3aHHS aKTyalbHE HAYKOBO-TIPAKTUYHE 3aB/IaHHS
PO3pOOIEHHS CUCTEMH ONITUMAIBHOTO KEPYBAaHHSI TIPOIIECOM BUITATIOBAHHS BYTJICIIEBUX
BUPOOIB, sika O BIJMOBIAaIa CYYaCHUM BUMOTaM PECypCo- Ta €Hepro30epeKeHHH.

OOTpyHTOBAaHO 3aCTOCYBaHHS METOAY MAaTEMaTHYHOTO MOJCIIOBaHHS, SK
dakTHyHO Oe3aTbTEPHATUBHOTO METOAY JIOCHIKEHHS TMPOIECy BHUMAIIOBAHHS,
ByTJIerpagiTOBOr0 BUPOOHUIITBA Ta CHOPMYITHOBAHI 3a/1a4l JAHOTO JTOCHIPKEHHS.

Y pesynbTaTi MPOBEAECHOIO aHANi3y BIJOMUX Ha ChOTOAHINIHIA  JCHB
MaTeMaTUYHUX MOJEJICH TMPOIeCy BUMATIOBAHHS Ta AaHAJIOTIYHUX HOMY IMPOIIECIB
BU3HAUEHA MOJIENIb, HA OCHOBI SIKOi I'PYHTY€ThCS MOJAjbIle IOCTIIKEHHS DPEKUMIB
poboTH OaraTrokamMepHOi Mevi BUMTAIFOBaHHS.

JI;1st MaTeMaTUYHOTO MOJICTIOBaHHS KaMIaHii BUITATIIOBAHHS BYTJICIIEBUX BUPOOIB
peamizoBaHa MaTeMaTWYyHa MOJAENTh B PO3MOAUICHWX TapaMeTpax Ha OCHOBI

ycepelHeHUX no PelHonbACY piBHSAHHSA HEPO3PUBHOCTI, 30€pEKEHHS KIJIBKOCTI pyXYy,
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TPAHCIIOPTY XIMIYHMX KOMIIOHEHTIB peakilii TOpiHHS, €HEprii B EHTaJbIIIHHOMY
BUTJIAI, TypOyJIEHTHOT KIHETHUHOT €HepTii 1 IBUAKOCTI il JucHmaiii.

CdopmoBaHO METOIUKY Ta MOPSAOK MPOBEACHHS AOCTIIKEHb BILUTUBY OCHOBHHX
TEXHOJIOTIYHUX TapaMeTpiB TPOLECYy BHUIIATIOBAaHHS BYTJENEBUX BHPOOIB Ha
NpOXO/PKeHHA Kammadii. OCHOBHY yBary Hpu JOCHIPKCHHSX MPOLECY BUIATIOBAHHS
«3EJICHUX» 3aroTOBOK Yy OaraTokaMepHUX IedaxX NpUIILISETHCS BU3HAUEHHIO: PIBHS
TEMIEPaTyp PI3HUX THUIIB 3arOTOBOK MPOTATOM BCHOTO MPOIECY BHUMAIIOBAHHS;
ONTUMAJIBHOTO BIAMOBITHO 0 JAaHOI KOHCTPYKIIIT Mevi 3aBaHTaKEHHsI 3arOTOBOK; PIBHS
TEMIIEpATyp 3aroTOBOK IPU HArpiBaHHI JUMOBUMH ra3aMu, IpU 3rOpaHHI IPUPOJIHOTO
razy, Mpu OXOJIOI)KEHHI TMOBITPsIM, IO #AE€ Ha CHAIIOBAaHHS; MIBUJAKOCTI POCTY
MIHIMaJbHOI Ta MaKCHUMaJIbHOI TEMIIepaTyp y 3aroToBKax; Hepernajgy TeMmIeparyp y
3aroTOBKax 1 MO KaMmepi Medi B [IJIOMY; 31CTaBJICHHS PIBHS TEMIEPATyp il CKICTIHHIM
neyli 3 TeMIepaTypaMu, SKI JOCATAlOTbCS Yy TNEpPEecUuNl 1 3aroTOBKax; BIUIUBY
PO3pLIKEHHsST Ha Tepenaj TeMIepaTyp IO 3aroToBKaM; BIUIMBY IpOLECY T'OPiHHS Ha
TEMIIEpaTypHI MOJs KaMepu Tiedl; 3aJIe)KHOCTI TMpOLECiB TOpPIHHS TNaluBa Ta
OXOJIO/PKEHHSI 3aroTOBOK BIJl KOE(IUI€HTa HAJUIMILKY IOBITPA 1, SIK pe3yibTaT, Horo
BIUIMBY Ha TEMIEpaTypHi MOJs KaMepH.

Pe3ynpTaT JOCHIKEHb TMOKa3aldd 3HAYHy PO3MOJUIEHICT TEMIlepaTyp 0
pobouomy 00’emMy OaraToKamMepHOI Ieul BUIAIIOBAHHS, JO3BOJIMIN BU3HAYUTH 30HU 3
MIHIMaJbHOIO Ta MAaKCHMAIBbHOIO TEMIEpaTypaMu, 3 MaKCUMAIbHUM TMEPeragoM
TEMIEpaTyp, a TakoX (aKTOpH, sIKI BIUIMBAIOTH Ha TEIJIOBHMA PEXUM, IO HAJAE
MOXXJIMBICTh ~ BpaxyBaTH Il OOCTaBUHM TIpu TOOYJOBI CHCTeM KepyBaHHS
TEXHOJIOTTYHUM IPOIIECOM.

[ToxazaHo, 1110 MaTeMaTUYHA MOJEJIb MTPOLIECY BUMATIOBAHHS BYTJIELIEBUX BUPOOIB,
ska OyJila BUKOpPUCTaHA IS JOCTIIKCHHS PEXKUMIB pOOOTH JAHOTO TEXHOJOTIYHOTO
00’€eKTy, TOTpeOy€e 3HAYHOTO Yacy pPO3pPaxyHKY — B JEKUIBKOX TOJAWH JI0 JEKIJIBKOX
JECATKIB TOAMH — 1 TOMYy HE MOXe OYyTHM BHMKOpUCTaHa y CHCTEMax KepyBaHHS
peanbHOoro 4vacy. OOrpyHTOBaHa HEOOXIJHICTH MOOYAOBH CIPOIICHI MaTeMaTUYHOT

MoJienl, sIka He NOoTpeOye TPUBAJIOrO 4acy poO3paxyHKy a00 3HAUHUX PO3pPaXyHKOBX
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HOTY>KHOCTEH, @ TOMy MOX€ OyTH BUKOPHCTAaHA y CUCTEMAX KEPYBAHHSI TEXHOJIOTTYHUM
IPOLIECOM.

[IpoBeneno aHammi3 BIJOMHUX METOJIB CHPOIICHHS MAaTEeMAaTHYHUX MOJIEIIEH,
HaBeJCHO iX mepeBard Ta Hemoiiku. Ha ocHOBI aHamizy OOIPYHTOBAHO JOIIBHICTH
BUKOPHUCTAHHS METOMY, IO 0a3yeThCs HAa HAOMMHKEHOMY MOJaHHI TOYHHMX PO3B’SA3KIB.
Jis  noOynoBH — CHpPOIIEHOT MaTeMaTU4YHOI MOJEIl MpOLECy  BUMNAIIOBAHHS
BUKOPHCTOBYBaBCs MeTof posauieHHs 3miHHX @Dyp’e. Po3pobneni cropoiieHi
MaTeMaTH4Hl MOJeNl IS TPbOX PEKHUMIB pPOOOTH KaMepH BHIATIOBAHHA —
OXOJIOJIKEHHSI, HarpiBaHHs TUMOBUMHU ra3aMi Ta «Kamepa i BOTHEM.

[IpoBeneHe JOCHIIKEHHST TOYHOCTI Ta aJ€KBAaTHOCTI PO3POOJECHUX MOJENIEeH
NoKa3aja0 iX BHUCOKY €(QEKTUBHICTb. [l mepeBipku po3poOJieHUX MaTeMaTHYHUX
MoJieJel Ha aJeKBaTHICTh pEaJbHOMY TEXHOJIOTTUHOMY Mpolecy OyJlo OTpUMaHO
€KCIIEpUMEHTAJIbHI JJaHl TEMIIepaTyp 3aroTOBOK MPOTATOM KaMIlaHil BUIAJIOBaHHS Ta
OpU MOJEIIOBAHHI CIPOUICHMMHM MaTeMaTHYHUMU Mojensmu. llepeBipka Ha
aJIeKBaTHICTh ~MaTeMAaTHUYHUX Mojeneld Oyna TmpoBeneHa 3  BUKOPHCTAHHSIM
cTaTUCTUYHUX KpuTepiiB CthrogeHTa Ta dimepa.

AHani3 ICHYIOUMX Ha ChOTOJHINIHIA JI€Hb KPUTEPIiB SKOCTI TOTOBOI MPOMYKIIIT
MOKa3aB HEMOJKJIMBICTh iX 3aCTOCYBAHHS SIK KPUTEPIiB TOTOBHOCTI KIHIEBOI MPOIYKIIIi.
VY npaniii poOOTI 3aMpOMOHOBAHO PO3TISAATH EHTPOMII0 SK KPUTEPi TOTOBHOCTI
npoaykuii, Oa3yrouWch Ha TOMY, IO 3MIHAa CTaHy BYIVICLIEBUX MaTepiamiB, Kl
NIAAA0TECA TEPMIYHINA 00poOLl, CYNPOBOIKYETHCS 3MIHOKO iX TEPMOJMHAMIYHHUX
BJIACTUBOCTEM.

[IpoBenenuii aHami3 ICHYIOYMX Ha CBHOTOJHIIIHIM JIEHb CHCTEM KepyBaHHS
IPOLIECOM BHUMAJIOBAHHS BUCBITJIMB IEPEBAard Ta HENONIKH 3allPOINOHOBAHUX CHUCTEM
KEepYyBaHHsI, a TAKOXK [MOKAa3aB, 1[0 OCHOBHUMH CKJIQJHOLIAMH MPU PO3pOOJICHHI CUCTEMU
KEpyBaHHA JaHUM MPOLECOM € HEBPaXyBaHHS MiJCOCY MOBITPs, TEMIEPATYPHU MOBITPA,
110 W/Ie Ha CTIATFOBAHHS, IHEPIIIHHICTD MPOIIECY Ta HOTo mepeperyItoBaHHs.

3anponoHOBaHO MLUISXM JJIS BUPIIICHHS ONHWCAHMX CKIAIHOIIIB, a caMe:
MpeCTaBJICHHs 00’ €KTa YIIPaBJIIHHS SK TMOCTIAOBHOCTI 3B’ sI3aHUX M1 COO0I0 OCHOBHUX

eTamiB KaMIlaHii BUOANIOBaHHS, Ta JOUUIBHICTH BuKopucTanHs MPC-kepyBaHHS.
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[IpoBeneHO MAOCHIAKEHHS BIUIMBY TOPU30HTIB NPOTHO3YBaHHS Ta KEPyBaHHS IMpU
po3po61tii MPC-perynsropis.

Jns pocnimxeHHsT epEeKTUBHOCTI po3polbsieHoi cucremMu kepyBanHs 3 MPC-
PEryasiTOproM MPOBEJCHO MOPIBHSAHHA OCTaHHBOI 3 KiacuyHuMm [IIJ[-perymnstopom,
HanamToBanuM MetoaoM llurnmepa — Hikonca, ta cenextuBauM [IIJ[-perynaropom.
Otpumani pesynbTaTd cBimyaTh, o [I[J[-perynsitop BUKOpPUCTOBYE HaMOUIbITY
BUTpAaTy NaJKWBa MPOTITOM BCHOTO €Tally KEpyBaHHA, CEpelHl 3HAYEHHS BUTPATU
manMBa CKIamaloTh 54.8 MY/rom I CHCTEMH KepyBaHHS 3 kiackarmM  I11JI-
perynsropoMm, 49.1 M>/TOX 3 CEICKTHBHHM [T 1-perynstopom, 44.1 MY /rox - I
3armponoHoBaHoi cuctemu 3 MPC-perymsitopom. O4ueBUIHO, 0 HAHOUIBIIT €KOHOMIYHO
BUT1IHOIO cucteMoro € MPC-peryndarop, sika 3a0e3neduye BUTpaTy NajiuBa MeHIIe Ha 24
% Ta 11 % Bi1AMOBIIHO Y MOPIBHSHHI 3 IHIIUMH JTOCHII)KYBAHUMU CHUCTEMaMH.

[lopiBHSABIIKM pe3yNbTaTH POOOTH HABEIEHUX CHUCTEM OTPUMAHO, L0 KIACHYHUN
[TIJI-perynsaTop mporpae mo BCIM PO3IJISSHYTUM XapaKTEPUCTHKAM OKpIM, Iepenany
TeMIepaTypyu MpU MEpPeXo]ly BiJ OAHOTO pexuMy podbotu a0 iHmoro. Haitbmmxkunm
KOHKYpYIOUMM aHajgorom OyB cenektuBHuid [IIJ[-perynstop, mo wmae xopouri
NOKa3HUKU Tepenaay Ta MPUPOCTIB TEMIEpaTyp MO BCbOMY MpPOLEC BUMATIOBAHHS.
Biarak, nepeBary otpumye MPC-perynarop 3 10CUTh XOpPOIIKUM MOKa3HUKOM Nepenany
Ta IPUPOCTIB TEMIIEPATYP MPOTATOM BCHOI'O MPOLIECY BUMAIIOBAHHS, TOCUTH MPOCTOIO
peanizalfi€lo KepyBaHHS Ta MOKJIMBICTIO JIOOMpAIOBAaHHS HEOOXITHUX OCOOJIUBOCTEH
3MIHOIO HaBEJEHUX FOPU30HTIB.

OOTrpyHTOBaHO JOIIIBHICTh CHUHTE3y CHCTEMH KEpyBaHHS Ha 0a3i IITy4HHX
HEHPOHHMX MEpPEX g BUPILNIEHHS 3a7adl BU3HAYEHHS MWMOBIPHOCTI AEPEKTIB Yy
3aroToBKax. BupimeHa 3agada oOMEXEHOCTI HEOOXIMHMX MJIS HABYAHHS HEHUPOHHOT
MepexKi JaHUX IIJITXOM 3aCTOCYBAaHHS OCOOJIMBOI CTPYKTYpPH — aBTOEHKOAEpa.

B nopiBHsSHHI 3 cucTemMol0 KepyBaHHsA 3 kiacuuHuMm [IIJ[-perynsaropowm,
po3pobiieHa cuctema 3abe3nedye MEHIIY BUTpATy MajvBa JUIS JOCATHEHHS MPOIYKIIil
HEOOX1THO1 SKOCTI. 3amponoOHOBAHUM PETYJIATOP 3abe3neuye MEHII mepenaau Ta

NPUPOCTU TEMIEPATYP HNPOTATOM BCHOTO MPOILECY BUMATIOBAHHS.
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MoMBICTh BUOOPY KPOKY CIyCKY BU3HAa4a€ TOYHICTh TPAEKTOPIi ONTUMAIBHOIO
CIYCKY, a TOMY 1 TOYHICTh KE€pPYBaHHS IPOIECOM BUIMATIOBAHHS B LIJIOMY CHCTEMOIO
KepyBaHHsI Ha 0a31 IITyYHUX HEUPOHHUX MEPEXK.

Bubip xpuTepito onTUMaIbHOTO CITYCKY POOUTH pO3pOOICHUHN PErYISATOP THYUYKUM
IpU BHUKOPUCTaHHI B PI3HUX yMOBaxX Ta 3pYYHUM [UIS JIOCSTHEHHS PI3HUX IMLIeH
KEpPYBaHHS.

3acToCyBaHHS JAHOTO aNTOPUTMY B OYIb-SIKHH MOMEHT 4acy HANpHKIaJ, Miclis
aBapiifHOl cuTyalli, Ja€ 3MOTry CIPOTHO3YBAaTH [OIUIbHICTh Ta €(EeKTUBHICTD
IPOJOBKEHHS KaMIlaH1i BUMIATIOBAaHHS.

Po3pobnenuit miaxija, 1o JISKUTh B OCHOBI JJAHOI CUCTEMU KEPYBaHHS, JT03BOJISIE
CHPOTHO3YBaTH Yac BEJCHHs KaMIaHil BUNAIIOBaHHS Ta 3HAYEHHS BUTPAT NalMBa, a
TOMY CIPOTHO3YBaTH €KOHOMIYHY €()EeKTUBHICTh BUPOOHHUIITBA.

EdeKkTuBHICTD yCiX PO3pO0JICHUX CUCTEM KEPYBAHHS MIATBEPIKEHA pe3ybTaTaMu

MPOBEJICHUX IMITAIIIHHUX MOJICTIOBAHb.

KuarwouoBi cioBa: OaraTokamMepHa M4 BHUIAIIOBAaHHSA, BYIJIELEBl BUPOOH,
MaTeMaTUYHE MOJEIIOBaHHs, CIpPOIIeHa MaTeMaTHYHa MOJeNb, KPUTEpid SIKOCTI
KEpyBaHHA, CUCTEMa KEpYyBaHHs 3 MPOTHO3YIOYOI MOJEIUII0, CUCTEMA KEepyBaHHS Ha

0a31 MTYYHUX HEUPOHHUX MEPEXK.

ABSTRACT

Korotynskyi A. Automation of the control process of multi-chamber furnaces
for baking carbon products. - Qualifying scientific work on the rights of the
manuscript.

Dissertation for obtaining a scientific degree of a Ph.D. degree in specialty 151
"Automation and Computer-Integrated Technologies." - National Technical University
of Ukraine " Igor Sikorsky Kyiv Polytechnic Institute”, Ministry of Education and
Science of Ukraine, Kyiv, 2020.

The production of carbon products plays an important role in the development of

the national economy of the country, since the production of this production is widely
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used in various industries. These industries include ferrous and non-ferrous metallurgy,
mechanical engineering, chemical industry and others.

Current global trends in the industries that are consumers of carbon products cause
a steady increase in the production of graphite and carbon products.

Carbon production is extremely resource- and energy-intensive because of the
significant shortage of output and the long duration of energy-consuming production.
Increasing the efficiency of this production even to a small level leads to significant
financial savings, and therefore is an urgent scientific and practical problem, especially
in the current conditions of constant increase in the cost of energy.

The analysis of the technological features of the process of production of carbon
products, as well as the design features of technological devices of this production,
showed that one of the determinants of the current production of bones and energy-
consuming technological processes in the production of carbon products is the baking
process. The main technological stages of the process of baking of carbon products in
multi-chamber furnaces are analyzed and the peculiarities of the campaign's progress at
these stages are investigated. Parametric analysis of all technological stages of baking is
carried out, as a result of which the main input and output parameters are formed, the
perturbations and control effects are determined.

Based on the analysis of the baking process, the main role of the stage “camera
under fire" as the main stage in terms of the formation of parameters of the quality of
finished products and the potential for increasing the efficiency of the resource and
energy saving of the process of production of carbon graphite products as a whole was
determined.

Increasing the efficiency of the carbon product baking process is based on
identifying and implementing in real time the optimum operating modes of the furnace.
This task can be solved by implementing effective control systems for this technological
object based on its mathematical model. However, control systems of the carbon
product baking process known to date do not meet the current requirements for their

efficiency, and therefore need to be either improved or developed.
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In this regard, the urgent scientific and practical task of developing a system of
optimal control of the process of baking carbon products that meets the modern
requirements of resource and energy conservation needs to be solved.

The application of the mathematical modeling method as a virtually non-
alternative method of investigation of the process of baking graphite production and the
objectives of this study are substantiated.

As a result of the analysis of the mathematical models of the baking process known
to date, and similar processes, the model was used, on the basis of which further study
of the modes of operation of the multi-chamber baking furnace is based.

For mathematical modeling of the campaign of baking carbon products, a
mathematical model in distributed parameters is implemented based on the Reinolds-
averaged equation of continuity, conservation of the amount of motion, transport of
chemical components of the combustion reaction, energy in enthalpy, turbulent kinetic
energy and velocity of its energy.

The methodology and procedure for conducting research into the influence of the
main technological parameters of the carbon baking process on the campaign progress
have been established. The main focus of research on the baking process of "green"
blanks in multi-chamber furnaces is to determine: the temperature level of different
types of blanks throughout the baking process; optimum in accordance with this design
furnace loading blanks; the temperature level of the blanks when heated with flue gases,
during combustion of natural gas, when cooled by combustion air; the rate of growth of
the minimum and maximum temperatures in the blanks; temperature differences in the
blanks and the furnace chamber as a whole; comparison of the temperature level under
the arch of the furnace with the temperatures reached in the filling and blanks; the effect
of the dilution on the temperature drop across the blanks; the effect of the combustion
process on the temperature fields of the furnace chamber; dependence of the processes
of combustion of fuel and cooling of the blanks on the coefficient of excess air and, as a
result, its effect on the temperature fields of the chamber.

The results of the studies showed a significant distribution of temperatures over the

working volume of the multi-chamber baking furnace, allowed to determine the zones
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with minimum and maximum temperatures, with maximum temperature difference, as
well as factors that affect the thermal mode, which makes it possible to take into
account these circumstances when building control systems of process.

It has been shown that a mathematical model of the carbon-baking process used to
investigate the modes of operation of a given technological object requires a
considerable calculation time - from several hours to several tens of hours - and
therefore cannot be used in real-time control systems. The necessity to build a
simplified mathematical model, which does not require a long calculation time or
significant calculation capacities, and therefore can be used in process control systems,
IS justified.

The known methods of simplification of mathematical models are analyzed, their
advantages and disadvantages are given. Based on the analysis, it is reasonable to use a
method based on the approximate representation of exact solutions. A Fourier variable
method was used to construct a simplified mathematical model of the baking process.
Simplified mathematical models have been developed for the three modes of operation
of the chamber - cooling, heating with flue gases and "chamber under fire".

The conducted study of the accuracy and adequacy of the developed models
showed their high efficiency. To test the mathematical models developed for the
adequacy of the real technological process, experimental data were obtained of the
blanks temperatures during the baking campaign and in the simulation of simplified
mathematical models. The adequacy of mathematical models was tested using the
statistical criteria of Student and Fisher.

An analysis of the existing quality criteria for finished products has shown that it is
impossible to use them as the criteria for the finished product readiness. In this paper, it
is proposed to consider entropy as a product readiness criterion, on the basis that the
change in the state of carbonaceous materials undergoing heat treatment is accompanied
by a change in their thermodynamic properties.

The analysis of existing control systems of the baking process has revealed the
advantages and disadvantages of the proposed control systems, and also showed that the

main difficulties in the development of the control system of this process is the failure
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to take into account the air intake, combustion air temperature, inertia of the process and
its overregulation.

Ways to solve these difficulties are presented: presenting the control object as a
sequence of related stages of the baking campaign, and the expediency of using MPC
control. The influence of the horizons of forecasting and control during the development
of MPC-controller is investigated.

To study the effectiveness of the developed control system with the MPC
controller, a comparison of the latter with a classical PID-controller, tuned by the
Ziegler - Nichols method, and a selective PID-controller was performed. The results
show that the PID-controller uses the highest fuel consumption during the entire control
phase, the average fuel consumption is 54.8 m3 / h for the control system with the
classic PID-controller, 49.1 m3 / h with the selective PID-controller, 44.1 m3 / h - for
the proposed system with MPC-controller. Obviously, the most cost-effective system is
the MPC-controller, which provides fuel consumption of less than 24% and 11%,
respectively, compared to other systems under study.

Comparing the results of the above systems, it is found that the classic PID-
controller loses all the considered characteristics except the temperature difference
during the transition from one mode of operation to another. The closest competing
analogue was the selective PID-controller, which has good differential and temperature
gains throughout the baking process. Therefore, the advantage is the MPC controller
with a sufficiently good rate of change and temperature increase throughout the firing
process, a simple implementation of control and the ability to refine the required
features by changing the above horizons.

The feasibility of synthesis of control system based on artificial neural networks to
solve the problem of determining the defect probability in the blanks is substantiated.
The problem of limited necessity for training of neural network of data by application of
special structure - autoencoder is solved.

Compared to the control system with the classic PID-controller, the developed

system provides less fuel consumption to achieve the products of the required quality.
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The proposed controller provides smaller variations and temperature increases
throughout the baking process.

The ability to choose the descent step determines the accuracy of the trajectory of
the optimal descent, and therefore the accuracy of control of the baking process in the
whole control system based on artificial neural networks.

The choice of the optimum descent criterion makes the designed controller flexible
when used in different conditions and convenient for achieving different control
objectives.

The application of this algorithm at any time, for example, after an emergency,
makes it possible to predict the feasibility and effectiveness of continuing the baking
campaign.

The developed approach, which underlies this control system, allows to predict the
time of the baking campaign and the value of fuel consumption, and therefore to predict
the economic efficiency of production.

The efficiency of all the developed control systems is confirmed by the results of

the simulations.

Keywords: multi-chamber baking furnace, carbon products, mathematical
modeling, simplified mathematical model, control quality criterion, control system with

predictive model, control system based on artificial neural networks.
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