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1. BUpOo6GHUIITBO BYIJIEL€BUX BUPOOIB € HAZ3BUYANHO PECYPCO- Ta €HEePro3aTpaTHUM Yepe3 3HaYHUI BUXif, OpaKky B
KiHLeBill IPOAYKLii Ta 3HaYHOI TPUBAJIOCTi €HEPro3aTpaTHOro BUPOOHMLTBA. [ligBuleHHs €(DeKTUBHOCTI JaHOTO
BMPOOHMIITBA HABiTh HA HE3HAYHUI piBeHb NIPU3BOAUTD JO 3HAUHUX PiHAHCOBUX 3201IA/IKEHb, & TOMY €
aKTyaJIbHOIO HayKOBO-TIPAaKTUYHOIO IIPOGJIEMOIO, OCOOIMBO B Cy4YaCHUX YMOBAaX [IOCTiIHHOTO 3POCTaHHS BAPTOCTi
€eHeproHociis. Ha 0CHOBI IpOBeAEHOro aHai3y NPOLECY BUMATIOBAHHS BCTAHOBJIEHO KJIIOYOBY POJIb €TAIly «KaMepa
I1i1 BOTHEM SIK OCHOBHOI CTazii 3 Touky 30py GOpMyBaHHS IIapamMeTpiB SIKOCTi FOTOBOI TpoAyKii i moTeHLiany nis
nifgBUILEHHS e(PEKTUBHOCTI pecypco- Ta eHepro3bepeskeHHs Ipolecy BUPOOHULTBA ByriierpadiToBux BUPOOiB B
uinomy. IligBuieHHs e(PEKTUBHOCTI IPOLIECY BUMATIOBAHHS BYIJIeLleBUX BUPOOiB 6a3yeThCsl HA BUSHAYEHHI Ta
peasizanii y peabHOMY 4aci ONTUMaIbHUAX PEKUMIB PO6OTH Ieyi BunanioBaHHs. [locTaByieHa 3a5a4a MoXXe OyTH

PO3B’s3aHa IIJISIXOM BIIPOBAIKEHHS €(PEKTUBHUX CUCTEM KePYBaHHS JaHUM TEXHOJIOTTYHMM 006’'€KTOM Ha OCHOBI



floro MaTeMaTUYHOI Moieli. Y 3B'SI3Ky 3 LIUM, IOTpeOye PO3B'SI3aHHS aKTya/lbHe HAayKOBO-IIPAaKTUYHE 3aBIaHHS
PO3pOOJIEHHS CUCTEMU ONITUMAJIbHOTO KEPYBaHHSI [IPOLI€COM BUIIAIIOBaHHS ByTJlelleBUX BUPOOIB, sika 6 Binmosinana
Cy4yaCHHM BHMOTaM pecypco- Ta eHepro3depeskeHHs. OOIpyHTOBAHO 3aCTOCYBaHHS METOLY MaTEMaTUYHOTO
MOJEJIIOBAHHS, SIK (PAKTUYHO 6€3a7IbTEPHATUBHOTO METOMY NOCJIiIKEHHS NIPOL,eCy BUNAIIOBAHHS,
ByrjierpaitoBoro BUpoOHUILITBA Ta CHOPMYJIbOBaHi 3a/1a4i JAHOTO NOCIIIPKEHHS. Y Pe3yJbTaTi IPOBEJEHOTO
aHaJIi3y BiJOMUX Ha CbOTOAHIIIHIN JE€Hb MATEMAaTUYHUX MOJIEJIEN ITPOLIECY BUIANIOBAHHS T aHAJIOTIYHUX MOMY
IIPOLIECiB BU3HAYEHA MOJEJIb, HA OCHOBI SIKOi I'PYHTYETbCS MOAAJIbLIE NOCIiIKEHHS PEXXUMIB pOOOTH
6araToOKaMepHOI [levi BUMaI0BaHHs. JI711 MaTeMaTUYHOTO MOJIEJIIOBAHHS KaMIIaHii BUTIAIIOBaHHS BYTJIELIEBUX
BHPOOIB peasizoBaHa MaTeMaTU4YHa MOJieJIb B PO3MOiJIeHNX [TapaMeTpax Ha OCHOBI ycepeJHeHUX 10 PeliHobaCy
PiBHSIHHSI HEPO3PUBHOCTI, 30€peXXeHHS KiJIbKOCTi pyxy, TPAaHCIIOPTY XiMiYHUX KOMIIOHEHTIB peakliii ropiHHs, eHeprii
B €HTAJIbIIITHOMY BUIJISi, TypOYJIEHTHOI KIHETMYHOI eHeprii i mBuaKocTi ii nucunanii. CpopMoBaHO METOOUKY Ta
MOPSJIOK NPOBEAEHHS NOCIII)KEHb BIZIMBY OCHOBHUX TEXHOJIOTIYHUX NIapaMETPiB MPOLIECY BUNATIIOBAHHS
ByIJIeLleBUX BUPOOIB Ha NPOXOIKeHHs KaMIlaHii. [TokazaHo, 1[0 MaTeMaTHyHa MOJIeJlb IIPOLIeCy BUIIAJIIOBAHHS
BYIJIELIEBUX BUPOOIB, s1Ka Oyjia BUKOPUCTaHA JJIs1 LOCiIpKEHHS PEXMMIB pOOOTH JAHOTO TEXHOJIOTIYHOTO 00’EKTY,
NoTpebye 3HAaYHOTO Yacy pO3paxyHKy — Bifj NeKibKOX FOUH IO [EKIJIbKOX NEeCATKIB FOJUH — i TOMy He MOXe 6yTU
BUKOPMCTaHA y CUCTEMaxX KEPYBaHHS PealbHOTO 4Yacy. [IpoBeneHo aHali3 BilOMUX METOIIB CIIPOLIEHHS
MaTeMaTUYHUX MOJleJlel], HaBeJleHO iX IepeBaru Ta HeJoJliky. Ha oCcHOBI aHasIizy 0OIpYHTOBAHO JOLIbHICTD
BMKOPHCTaHHS METOY, 110 6a3yeThCsl HA HAOIDKEHOMY [IOJAaHHI TOYHUX PO3B'si3KiB. 1151 00YOBYU CIIPOLIEHO]
MaTeMaTU4HOI MOZeJi IpoLecy BUIIAII0BAHHS BUKOPUCTOBYBABCS METO/, PO3isieHHs 3MiHHUX Qyp’e. Po3pobiieHi
CIIPOIIEHi MaTeMaTUYHi MOJeJi IJIs1 TPhOX PEKUMIB POOOTH KaMepH BUIATIOBAHHS — OXOJIOMKEHHS, HarpiBaHHS
IVMOBHAMM ra3zaMy Ta «Kamepa Iig BorueM». [IpoBefieHe JOCIiIKeHHS TOYHOCTI Ta afJleKBaTHOCTI pO3PO0JIEHUX
MoOJeJel] MOKa3ajlo iX BUCOKY €(PEKTHMBHICTb. AHaJII3 iCHYI0OYMX Ha CbOTOJHIIIHIN J€Hb KPUTEPIiB SIKOCTi TOTOBOI
IIPOAYKIii TOKa3aB HEMOSKJIMBICTD IX 3aCTOCYBaHHS K KPUTEPiiB TOTOBHOCTI KiHI[€BOI poAyKLil. Y naHiil po6oTi
3aIIPOIIOHOBAHO PO3IJISIIATH €HTPOIIIIO SIK KpUTEpill TOTOBHOCTI NPOAyKLii, 6a3yl0uCh Ha TOMY, 1110 3MiHa CTaHY
BYIJIELIEBUX MaTepiaJliB, sIKi MiAJal0TbCs TEPMIiYHiN 00poOLi, CyIPOBOAXKYETHCS 3MIHOIO iX TEPMOAVMHAMIYHUX
BylacTUBOCTEMN. [IpoBeeHnI aHasli3 iCHyI04MX Ha CbOTOJHIIIHIN JeHb CUCTEM KEPYBaHHS IIPOLECOM BUIIAIIOBAHHS
BUCBITJIMB II€PEBAru Ta HEJOJIIKM 3alIPOIIOHOBAHMX CUCTEM KEPYBaHHS, a TAaKOX I10Ka3aB, 110 OCHOBHUMU
CKJIaHOIIAMU [IPY PO3POOJIEHHI CUCTEMU KEPYBAaHHS JAaHMM ITPOLIECOM € HEBpPaxXyBaHHs MiJicoCy MOBITPS,
TEMIIEPATYpPH MOBITPS, 10 M€ Ha CIAJIOBAHHS, iHEPLiMHICTD IPOLIECY Ta MOT0 MEPEPETYIIIOBAHHS. 3alIPOIIOHOBAHO
IJISIXY 17151 BUPILIEHHS ONMCaHNX CKJIaHOMIIB, a CaMe: ITPeCTaBIeHHs 00’eKTa yIIPaBJliHHA K [10CJIiLOBHOCTI
3B'sI3aHUX Mi’K CO60I0 OCHOBHUX €TalliB KaMI1aHii BUIIaJIIOBaHHS, Ta JOLJIbHICTb BUKOpUCTaHHSI MPC-KepyBaHHsI.
[IpoBeneHO OOCiIKEHHS BIIJIMBY TOPU30HTIB IIPOTHO3YBAHHS Ta KePyBaHHS IpU po3pobui MPC-perymsrtopis. [Iys
IOCJIiIPKEeHHS e(PEKTUBHOCTI pO3p06s1eHOi cucTeMu KepyBaHHs 3 MPC-peryisiToprom rnpoBeieHO IOPiBHSHHS
OCTaHHbOI 3 KiacuyHuM [11]I-perynaropom, HaJaITOBaHMM MeTogoMm Llurnepa — Hikosca, Ta cenextuBHum [11]1-
peryastopoM. OGI'PYHTOBAHO JOLiJIBHICT CUHTE3Y CUCTEMU KEPYBaHHS Ha 6a3i IITYYHUX HEUPOHHUX MEPEX [JIs
BUpilI€HHS 337a4i BUBHAYEHHS IMOBIDHOCTI 1e(EeKTiB y 3aroToBKax. BupimeHna 3agaya 06Me>XXeHOCTi HEOOXiTHAX
IJ15 HABYaHHSI HEMPOHHOI MepeXXi JaHMX LUISIXOM 3aCTOCYBAaHHS OCOOJIMBOI CTPYKTYpH — aBTOEHKojepa. B
IIOPiBHSIHHI 3 CUCTEMOIO KepyBaHHS 3 KinacuyHuM I11JI-perynsTopoM, po3pobiieHa cucTeMa 3abesrnedye MeHIy
BUTpATy NajuBa JJis1 JOCSITHEHHS IPOYKLii HeoOXigHOI SIKOCTi. 3allpONIOHOBAHUI PETYJISATOP 3a0e3evye MeHIi

nepenany Ta IpUupoCTU TEMIIEPATYP MPOTITOM BChOTO NPOLECY BUNATIOBAHHS.

2. 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. 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. 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. 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 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. 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 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 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. The proposed controller provides smaller variations and temperature
increases throughout the baking process.
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