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VY cydacHii NPOMHUCIOBOCTI BHUPOOHHUIITBO BYTJCLEBUX BUPOOIB € BaKIUBUM
MPOLIECOM, OCKUIBKM MPOAYKIis JaHOTO BHUPOOHMIITBA IIMPOKO BHKOPHUCTOBYETHCS B
PI3HOMAaHITHHX Taly3siX MPOMHUCIOBOCTI, SKI HEPO3PUBHO TOB’S3aHI 3 HEOOXITHICTIO
BUKOPUCTAHHA €JEKTPOTEPMIYHUX TMpOIECIB. 30KpeMa, [0 TaKuX BUPOOHUUTB
BIJIHOCATHCS TMIANPUEMCTBA YOPHOI Ta KOJHOPOBOI METANyprii, MallMHOOYTyBaHHS,
XIMIYHOI MPOMUCIIOBOCTI Ta 1HIII.

BupoOHuntBo ByriierpadiToBoi MPOJYKINT CKJIANAETHCS 3 PSIAY TEXHOJIOTTYHUX
MPOIIECIB Ta OMeparliil 1 XxapaKTepU3yeThCsl 3HAYHOIO PECYPCO- Ta eHeproemMHicTo. OKpiM
TOTr0, ICHY€ TEHJEHIIS J0 TMOCTIMHOTO 3POCTaHHS BHUMOT IIOAO SKICHMX MOKA3HUKIB
MpOAYKIi Ta 00’€éMiB BUPOOHMIITB, TOMY aKTyaJbHOIO € 3ajiada IIiIBUIICHHS
€(EeKTUBHOCTI JAaHOTO BUPOOHUIITBA MIJISXOM BIPOBAKEHHS ONTUMAIBHUX PEKUMIB
poOOTH Ha KITFOYOBHX €Tarax BUPOOHMIITBA.

B naniit po6oti OyB mpoBEACHHUI aHali3 TEXHOJOTIYHUX OCOOJIUBOCTEH MPOIECY
BUpPOOHMIITBA BYIJIELIEBUX BHUPOOIB, a TAKOXX BUMOI /O CHPOBMHHU, HEOOXITHOI IJId
BUPOOHMIITBA Ta AKICHUX MOKA3HUKIB KIHIIEBOI MpoaykKiii. Ha oCHOBI aHaii3y oTpuMaHo,
[0 OJTHUM 13 BU3HAYAJBHUX TEXHOJOTIYHUX TMPOIIECIB Y BUPOOHUIITBI BUPOOIB € MPOIEC
dbopmyBaHHs ByrenieBux BUpoOiB. [IpoaHasni3oBaHO TEXHOJIOTIYHI Ta KOHCTPYKIIiHHI
0COOJIMBOCTI IaHOTO TIPOIIECY, BUIIJICHO JIBA OCHOBHI eTam# (IiIr0OTOBKA Ta MPECyBaHHS).

Ha ocHOBI mpoBeneHOro aHaii3y BCTAHOBJIEHO KJIIOYOBY pOJib €Tally MNpPEeCyBaHHS
nporiecy (OpMyBaHHSI sIK OCHOBHOI CTaJii 3 TOUKH 30py IMapaMmeTpiB SIKOCTI TOTOBOI
MPOJYKINIi 1 MOTEHIay IJIs TMiIBUIIECHHS €(EKTUBHOCTI PECYpCO- Ta €HEPro30epeKeHHS

poiiecy BUPOOHMIITBA ByTierpadiToBUX BUPOOIB B IIIIOMY.



[TinBumeHHs €PEeKTUBHOCTI JAHOTO MPOIECY MOXKJIMBE JIMIIE MPH BIPOBAKEHHI
HOBHUX, ONTHUMAJIBHUX TEXHOJIOTIYHUX PEXKHUMIB IJIs 3a0€3MeUeHHS 3aJaHUX SIKICHUX Ta
TEXHIKO-€KOHOMIYHUX TMOKA3HUKIB MPOAYKIi. JlaHI MOKa3HUKHM B 3HAYHIA MIp1 3aJIe)KaTh
BiJl TeMIIEpaTypHHX Ta IBUIKICHUX PEXKUMIB TPECYBaHHs, a TPOIECH 3aBaHTAKCHHS
€JIEKTPOJHOT Macu JIOCTaTHRO AaBTOMATH30BaHI Ta MalOTh HHU3BKUM BIUIMB Ha SIKICHI
MOKa3HUKH MPOAYKIlli. ToMy MOUUIBHO B JOCIIKEHH] MPUJIIJIMTH YBary came Tik 4acTHHI
MIPECOBOTO amapary, B SKiil 3a0e3MeuyloThCsl TEMIEpaTypHI Ta MIBUAKICHI PEXKUMHU
peCcyBaHHs, TOOTO MyHAIITYKY.

Jlist peaiizanii ONTUMAIbHUX PEXKUMIB HEOOX1HO CUHTE3YBAaTU €()EKTHUBHY CUCTEMY
KepyBaHHA IpoliecoM (opMyBaHHS BYyTIJIELEBHMX BHUpOOIB, sAKka O BpaxoByBasa
TEXHOJIOT1YHI BUMOTHU JI0 $IKOCTI TOTOBOi NPOJYKIli, KOHCTPYKIIIHHI OCOOJHUBOCTI
TIAPaBIIYHOTO TIpeCy 3 MYHJALITYKOM Ta CydacHI BUMOTH JI0 pecypco- Ta
eHepro30eperKeHHS.

OOrpyHTOBAaHO 3aCTOCYBAaHHSI METOJy MAaT€MAaTHYHOTO MOJEIIOBAaHHS SIK (PaKTUYHO
0e3aJIbTEPHATUBHOIO METOY AOCIIKEHHS Mpoliecy (hopMyBaHHS BYIJIELIEBUX BUPOOIB Ta
chopMyIbOBaHI 3a7a4i JAHOTO JOCIIIKEHHS.

VY pesynbTaTi NpOBEICHOr0 aHali3y BIIOMUX Ha CbOTOJHINIHIN JE€Hb MaTEMaTUYHUX
Mozenel mpoiiecy (OpPMYBaHHS Ta aHAJIOTIYHUX HOMY WPOILECIB EKCTpy3ii B’S3KO-
IJACTUYHUX MaTepialliB BU3HAY€HAa MOJEIb, HAa OCHOBI SKOi TIPYHTYETHCS IIOJAJIbIIE
JOCIIKEHHS! PEKUMIB MIATOTOBKU Ta MPECYBAaHHS .

PosrasnyTo BianmoBigHy (pi3uyHy MOJENh MYHJIITYKa TiIPaBIIYHOTO TMpeECy, a s
MaTEeMaTHYHOTO MOJEIOBaHHs (popMyBaHHs ByrjeneBux BUpoOiB B cepemoBuii ANSYS
peasi3oBaHa MaTeMaTWYHa MOJENb B PO3MOJIJICHUX MapaMeTpax Ha OCHOBI CHCTEMHU
PIBHSIHB, sIKa BKJIIOYA€ HECTAIIOHAPHI, HENIHINHI PIBHAHHS HEMEPEPBHOCTI, PyXy Ta
€Heprii s JaMiHapHOrO TMOTOKY HECTUCKYyBaHOi pinuHu Bingham-Papanastasiou nms
MpecMacu 1 PiBHSIHHS €HEPTii 3 BHYTPIIIHIM DKEPETIOM TeIuta JiJisi €JIEMEHTIB MPEecOBOTO
IHCTpYMEHTA.

CdopmoBaHo 3amadi JOCTIHPKEHHS BIUIMBY OCHOBHMX TEXHOJIOTIYHUX IapaMeTpiB
npoiiecy (opMyBaHHS BYIJICIIEBUX BUPOOIB Ha (i3WMUHI MOJS PoOOYOro MPOCTOPY Ta

KOpIyCy MYHAIITYKa TiJpaBiaidyHoro mpecy. Po3pobieHo MeToaukKy Ta TOpsIoK



NpOBEACHHS JOCHiKeHb. OCHOBHY yBary MpH JOCHIKEHHAX THpolecy (opMyBaHHS
BYTJICIICBUX BHUPOOIB MPUIIISETHCS BHU3HAYCHHIO: PO3IMOAUTY TEMIlepaTyp Mo 00’emy
po0oOYOro MpoOCTOpY Ta KOPIYCY MYHIIITYKa; BIUIMBY Ha TEMIIEpATypHI TOJIA TaKUX
TEXHOJIOTIYHUX TMapaMeTpiB, SK TMOTYXHICTh CTPyMy, IO MOAAETHCA Ha 1HIYKTOPU
dhopMyBaJIbHOI Ta KaaiOpyBaJIbHOT 30HU MYHJIITYKA, MOTYXKHICTh CTPYMY Ha CBIUKH JJIS
JI0JIAaTKOBOIO HArpiBaHHS Ta MIBUAKICTb NPECYBAHHS; 3MIHM TEMIEpAaTypHUX IIOJIB B
3aJICKHOCT] BiJ TTOYATKOBOI TEMIIEpaTypH 3aBaHTAKEHOI €JIEKTPOJHOI MacH; JTUHAMIKA
TEMIIEpaTypd B KOHTPOJBHUX TOYKAX IPHU PI3HUX TEXHOJOTIYHUX PEKUMAX; BIUIUBY
poOOTH HarpiBadiB Ha TEMIIEPATypy B PI3HUX 30HAX MYHJIITYKa; HOPIBHAHHIO TUHAMIKU
TeMIepaTyp B 3aJIeKHOCTI BiJl €Tally Impoliecy (eTam miAroTOBKU Ta MPECYBaHHS).

B pesynbpTaTi nochiakeHb, MPOBENEHUX 3a JONOMOIOI0 pPO3poOJeHOI Mojen,
BUSIBJICHO 3aJIEKHICTh TEMIIEPATypU B KOXKHINA 30HI MyHAIITYKA BiJ 3MIHU TEXHOJIOTTYHHUX
napameTpiB MpPOIECy, BCTAHOBJICHO HASBHICTh 3HAYHOI 1HEPIIMHOCTI JIEIKUX BIUIMBIB.
BusnaueHno, mo TteMmieparypa 3aBaHTaXEHOI MacH Ma€ JOCHUTh 3HAUYHUU BIUIMB Ha
PO3MOJIT TEMIIEpAaTyp B yChOMYy 00 ’€Mi poOOUYOro MpPOCTOPY MYHILITYKa 301IBIICHHS
HIBUAKOCTI MPECYBAHHS HETaTUBHO BIUIMBAE HA CEPEAHIO TEMIIEPATypy €JIEKTPOJIHOT Macu
Ta 30UIbLIYE Tpaji€eHT TEMIIEpaTyp BiJ LEHTPAJIbHOI YAaCTUHU pPOOOYOro MPOCTOPY
MYHJUITYKa 70 Horo Mex. /luHamika TemmepaTypu TaKOX CHJIBHO 3aJIeKHUTh BiJl €TaIy
TEXHOJIOTIYHOTO Tpotiecy. OTpumani pe3yiabTaTH JalOTh MOMKIIMBICTH BpaxyBaTH Il
0o0CTaBMHM TMpHU MOOYJIOBI CUCTEMH KepyBaHHS NpouecoM (QOpMyBaHHSA BYIJIELIEBHX
BUPOOIB.

ITokazano, 1O 4Yac po3paxyHKy Mojedal 00’€KTy Ha CY4yaCHOMY CTallilOHAPHOMY
KOMIT FOTEpi CKJIaJa€ IeKiIbKa rouH. Taka TpUBaIiCTh PO3PAXyHKY, CYTTEBO YCKIIATHIOE
0e3rmocepeIHbO JAOCTIHKEHHST TpoIriecy  (opMyBaHHS BYIJICIICBUX BHUPOOIB 1 pOOUTH
HEMO>KJIMBUM BHKOPHUCTAHHS TaKOi MOJIEJl y CUCTeMax KepyBaHHA peanbHOro dacy. Came
TOMY HarajapbHOO OyJia BU3HAHA 3aJja4ya CIIPOIIEHHS MOYaTKOBOI CKIIQAHOT MOJIENI.

[IpoBeneHo aHami3 METOMAIB CHPOIICHHS MAaTeMaTHYHUX MOJIEJel, HaBeIeHO
nepeBard Ta HEAONIKM iX 3acTocyBaHHsS. Ha OCHOB1I aHamizy NOpUUHATO PpIllIEHHS

BUKOPUCTOBYBAaTH METOJ po3AuleHHs 3MiHHUX Dyp’e i moOymoBH CHpOIIEHOT



MaTeMaTHYHOI MOJIeNl polecy (popMyBaHHs ByrielneBux BUpoOiB. Po3pobieHi crpoieHi
MaTeMaTH4YH1 MOJIEN1 JIJIs €TaIly MiAITOTOBKU Ta MPECyBaHHS.

BusnayeHni onTuManbHI CTPYKTYpPH CHPOIICHMX MoOJieJiell Ta TpoBelleHa iX
napameTpuuHa igeHTHdikarmis. [IpoBeneHe MOCTIIKEHHS BiIMOBIIHOCTI pe3yJIbTaTiB
pPO3paxyHKIB 3a CHPOLICHOI MaTEMaTUYHOIO MOJEUII0 pe3yjbTaTaM, OTPUMaHUM 3
MIOYaTKOBOI CKJIQIHOI MOJIENl MPOAEMOHCTPYBAIO BUCOKY €(DEKTUBHICTh 3alPONOHOBAHUX
CHPOIICHUX Mojeneil. [ mepeBipku aeKBaTHOCTI MoJeNl OyiM BUKOPHUCTaH1 KpHUTEpil
CrpronenTa ta ®imepa. B pe3ynbTaTi po3paxyHKy JaHUX KPUTEPIiB B yC1X KOHTPOJbHUX
TOYKax Oylo 3pOoO0JIEHO BHCHOBOK, 11O HEMae IMIJACTaB, 00 BIAKUAATH TIMNOTE3Yy IPO
PIBHICTh MaTE€MaTUYHUX CIIOJIBaHb Ta AUCIEPCIH, a, OTXKe, U TinoTe3y Mpo aJeKBaTHICTh
CHUHTE30BaHMUX MO/JIEJIEH.

[IpoBeneHmil aHaii3 nepeBar Ta HEJOMIKIB ICHYFOUUX CUCTEM KepyBaHHS 3aCBITUUB iX
Hee(eKTUBHICTh K HACHIIJIOK TOrO, IO KOJHA 3 HUX HE BPAXOBYE TEXHIKO-€KOHOMIYHI
MOKA3HUKH IIPOLIECY.

Ha ocHOBiI mpoBefeHOro aHami3y TEXHIKO-€KOHOMIYHUX IMOKA3HUKIB, 110 MOXYTh
OyTH BHUKOPHCTAaHI SIK KpHUTEpii ONTUMAJIBHOCTI y CHUCTEMI KEpyBaHHS IIPOILIECOM
dbopMyBaHHS BYTJELEBUX BHUPOOIB, OOIPYHTOBAaHO BHOIp HAWOUIBII JOIIIBHOTO
MOKa3HUKA - MUTOMOI COOIBapPTOCTI €KCILTyaTaIlifHUX BUTPAT.

ChopmynboBaHO y MaTeMaTUYHOMY BMIVISIL 3a/lady KEpyBaHHS JaHUM IPOLIECOM,
dKa BKIIIOYae y ce0e KpUTepid ONTHUMaIbHOCTI Ta OOMEXKEHHS, IO HAKJIaJaloThCs Ha
TEXHOJIOTIYHI 3MIHHI TPOIECY 3 YypaxyBaHHSM BHUMOT [0 SKOCTI MPOIYKIi, IO
BUPOOJIAE€THCA. 3allPONOHOBAHO KPUTEPIN ISl PO3PAXYHKY SIKICHUX MOKA3HHUKIB MPOLECY
dbopMmyBaHHS BYTJeleBUX BHUPOOIB. BHKOpUCTaHHA pPO3POOJIEHOTO KPUTEPIIO Jalo
MOKJIUBICTh C(HOPMYITIOBATH 3arajbHy MOCTAHOBKY 3a/ladyl KepyBaHHsS, pO3B’S3aHHS SKO1
HAJa€ MOXKJIMBICTh MIHIMI3yBaTH MHTOMY COOIBapTICTh MPOAYKLII 3 JAOTPUMaHHSIM
MOTPIOHUX SKICHUX MOKAa3HUKIB TOTOBOI MPOTYKIIIi.

OOrpyHTOBaHO BUKOPHCTAHHS CUCTEMU KE€PYBaHHS 3 BUKOPUCTAHHSM MPOTHO3YHOYOi
moaeni (Model predictive control, MPC) nnst po3B’si3ky mocrtaBjieHoi 3aaadi. IIpoBeaeHo
MOIIYK ONTUMaIbHUX HanamTyBanb MPC-perynstopy. [Ipu MogentoBaHH1 CHHTE30BaHOT 3

ONTUMAJIbHUMH TIapaMEeTpaMH CHUCTEMH KEpyBaHHS OTPUMAHO NUTOMY COOIBapTICTh



npoAykKiii 5.77 rpu/kr. Tako BUSBIEHO 3pOCTaHHS MPOTYyKTHUBHOCTI mpoiecy Ha 6% B
MOPIBHSHHI 3 TMPOAYKTHBHICTIO TMpecy, IO TPAIMoe 3a [IF0YAM TEXHOJOTTYHUM
pPETIaMEHTOM.

Jns pocnimpkeHHs e()eKTUBHOCTI PO3poOJIeHOi CHCTEMH BHMKOHAHO MOPIBHSUIBHHIMA
aHaJl3 3aIllpOIIOHOBAHOI CUCTEMM KEPyBaHHS Ta BUKOPUCTaHHs cuUcTeMH Ha ocHoBi [11/]-
perynaropiB,. OOIpyHTOBAaHO TPBOXKOHTYPHY CXEMY CHCTEMHM KEPYBAHHs, IPOBEICHO
HAJIAIITYBAHHS PETYJSITOPIB 32 IHTErpaIbHUM KBAJAPATUYHUM KPUTEPIEM IO BIIXUICHHIO
BIJ] 3aB/JIaHHA 3a JonioMororo meroay Ilayena. B pe3ynbrari HOpIBHAIBHOIO JOCHIKEHHS
BUSIBJIEHO, II0 MUTOMA BapTICTh NpoAyKuii A cucremu 3 IIIJ[-perynsitopamu ckiiagae
6.28 rpu/kr, mo Ha 0.51 Oimpme, HiXXK B cuctemu 3 MPC-perymsatopoM, a, OTXKe,
BUKOpHUCTaHHA cucteMu 3 MPC-perynaropoM mjis KepyBaHHsS mporiecoM (OpMyBaHHS
BYIJIELIEBUX BUPOOIB € OUIbII €()EKTUBHUM B TMOPIBHAHHI 3 KJIACUYHUMHU CHUCTEMaMH
KEepyBaHHS.

EdexTuBHICTh yCiX pO3pOOJIEHUX CUCTEM KEpyBaHHS MiATBEpPKEHA Pe3yJibTaTaMU
MPOBEJICHUX IMITAI[IMHUX MOJICTIOBAHb.

KiarouoBi ciaoBa: ¢GopmyBaHHS BYyIUICIEBUX BHUPOOIB, TIApaBIIUYHUNA TIpec,
MpeCcyBaHHS uYepe3 MYHAIITYK, MaTeéMaTHYHE MOJICIIOBAHHS, CIIPOIEHAa MaTeMaTH4YHa
mozenb, meron Dyp’e , kpurepiil KepyBaHHSA, ONTHMaJlbHE KEpPYBaHHS, CHUCTEMa

KEpYBaHHS 3 MPOTHO3YIOUOI0 MOJICIITI0, €PEKTUBHICTH CUCTEMH KEPYBaHHS.

ABSTRACT

Khibeba MG Automation of the process of controlling the formation of carbon
products. - Qualifying scientific work on the rights of the manuscript.

Dissertation for obtaining a Ph.D. scientific degree in specialty 151 "Automation of
control processes” - National Technical University of Ukraine " Igor Sikorsky Kyiv
Polytechnic Institute” MES of Ukraine, Kyiv, 2020.

In modern industry, the production of carbon products is an important process,
because the products of this production are widely used in various industries, which are

inextricably linked with the need to use electrothermal processes. In particular, such
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industries include ferrous and nonferrous metallurgy, mechanical engineering, chemical
industry and others.

The carbon graphite products production consists of a number of technological
processes and operations and characterized by significant resource and energy
consumption. In addition, there is a tendency to constantly increase the requirements for
quality indicators of production and production volumes, so the urgent task is to increase
the efficiency of this production by introducing optimal operation modes at key production
stages.

This research analyzes the technological features of the carbon products production
process, as well as the requirements for raw materials needed for production and quality
indicators of the final product. Based on the analysis, it is obtained that one of the defining
technological processes in this production is forming carbon products process.
Technological and design features of this process were analyzed, two main stages
(preparation and pressing) are allocated.

Based on the analysis, the key role of the molding process pressing stage as the main
stage in terms of finished products quality parameters and the potential for resource
efficiency and energy conservation of the carbon graphite products production in general
was found.

Improving the efficiency of this process is possible only with the introduction of new,
optimal technological regimes to ensure the specified quality and technical, economic
products performance. These indicators largely depend on the temperature and speed of
pressing, also electrode mass loading processes are quite automated and have a low impact
on product quality. Therefore, it is advisable in the study to pay attention to the part of the
press apparatus in which the pressing temperature and speed are provides, ie the
mouthpiece.

To implement optimal modes, it is necessary to synthesize an effective control system
for the carbon products formation, which would take into account the technological
requirements for the finished products quality, design features of a hydraulic press with a

mouthpiece and modern requirements for resource and energy saving.
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The application of the mathematical modeling method as a virtually no alternative
method of the carbon products formation process research was substantiated and the tasks
of this research were formulated.

As a result of the existed formation process and similar viscoplastic materials
extrusion processes mathematical models analysis, a model was determined, on the basis
of which further research of preparation and pressing modes is based.

The corresponding hydraulic press mouthpiece physical model is considered, and for
mathematical modeling of carbon products formation, in the ANSYS environment the
mathematical model in the distributed parameters, based on the system of equations which
includes nonstationary, nonlinear equations of continuity, motion and energy for a laminar
flow and the energy equation with the internal heat source for the elements of the press
tool was implemented.

The research tasks of the carbon products formation process basic technological
parameters influence on hydraulic press working space and the case of a mouthpiece
physical fields were formed. The methodology and procedure for conducting research
have been developed. The main attention in the study of the forming carbon products
process is paid to determining: the distribution of temperatures in the volume of the
working space and the body of the mouthpiece; influence on temperature fields of such
technological parameters as current power supplied to inductors of the forming and
calibration zone of the mouthpiece, current power on spark plugs for additional heating
and pressing speed; changes in temperature fields depending on the initial temperature of
the loaded electrode mass; dynamics of temperature in control points at various
technological modes; the influence of heaters on the temperature in different areas of the
mouthpiece; comparison of temperature dynamics depending on the stage of the process
(stage of preparation and pressing).

As a result of the researches carried out by means of the developed model,
dependence of temperature in each zone of a mouthpiece on change of technological
parameters of process is revealed, existence of considerable inertia of some influences was

established.
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It is determined that the temperature of the loaded mass has a significant effect on the
temperature distribution in the entire working space of the mouthpiece. The dynamics of
temperature also strongly depends on the stage of the technological process. The obtained
results make it possible to take into account these circumstances when building a control
system for the process of forming carbon products.

It is shown that the calculation of the object model on a modern desktop computer
takes several hours. This duration of the calculation significantly complicates the direct
study of the forming carbon products process and makes it impossible to use such a model
in real-time control systems. That is why the task of simplifying the initial complex model
was considered urgent.

The analysis of mathematical models simplification methods was carried out, the
advantages and disadvantages of their application are resulted. Based on the analysis, it
was decided to use the method of separation of Fourier variables to build a simplified
mathematical model of the forming carbon products process. Simplified mathematical
models for the stage of preparation and pressing have been developed.

The optimal structures of simplified models are determined and their parametric
identification was carried out. The study of the calculations on the simplified mathematical
model results to the results obtained from the initial complex model correspondence
demonstrated the high efficiency of the proposed simplified models. Student's and Fisher's
criteria were used to test the model adequacy. As a result of calculating these criteria at all
control points, it was concluded that there is no reason to reject the hypothesis of
mathematical expectations and variances equality, and, consequently, the hypothesis of the
synthesized models adequacy.

The analysis of the advantages and disadvantages of existing control systems showed
their inefficiency as a consequence of the fact that none of them takes into account the
technical-economic indicators of the process.

Based on the analysis of technical-economic indicators that can be used as criteria for
forming carbon products process control system optimality, the most appropriate indicator

- the unit cost of operating costs, was chosen.
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The problem of this process control is formulated in mathematical form, which
includes the optimality criterion and limitations imposed on the technological variables of
the process, taking into account the requirements for the products quality. The criterion for
calculation of qualitative indicators carbon products formation process was offered. The
use of the developed criterion made it possible to formulate a general statement of the
control problem, the solution of which provides an opportunity to minimize the specific
production cost in compliance with the required finished products quality indicators.

The use of a control system with predictive model (MPC) to solve the problem was
justified. The search for the optimal settings of the MPC controller was performed. When
the synthesized control system with optimal parameters was modeled, the specific cost of
production was 5.77 UAH / kg. The productivity of the process was also increased by 6%
in comparison with the productivity of the press operating according to the current
technological regulations.

To study the developed system effectiveness, a comparative analysis of the proposed
control system and the system based on PID controllers was made. The three-circuit
control system scheme was substantiated, the regulators are adjusted according to the
integrated quadratic criterion for deviation from the set point using the Powell method. As
a result of a comparative study, it was found that the unit cost of the system with PID-
regulators is 6.28 UAH / kg, which is 0.51 more than in systems with MPC-regulator, and,
consequently, the use of the system with MPC-regulator to control the carbon products
formation are more efficient compared to conventional control systems.

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

Key words: formation of carbon products, hydraulic press, pressing through the
mouthpiece, mathematical modeling, simplified mathematical model, Fourier method,
control criterion, optimal control, control system with predictive model, control system

efficiency.



10

Cnmcok ony01ikOBaHHMX MPalb 32 TEMOI AUCepTALil
Momnocpadghii

1. Kyuenko O.A., Koportuncekuii A.Il., Xi6eb6a M.I'. MaTtemaTuuHe MoJieTtOBaHHS
C€HEpPro€EMHUX TEXHOJOTIYHUX TMPOIECiB ByriaerpadiToBOro BUPOOHHUITBA [TEKCT]
moHorpadis. —K.:KTII im. Iropst Cikopcekoro, 2019. — 344 c.:u1. — 300 mpum. ISBN 978-
617-7503-56-8. (nposedeno cucmemnuti ananiz npoyecy hopmysanus gyeneyesux supoois,
PO3POONEHl  CNpOWjeHi MamemMamuyti  Mooeli, Npo8eodeHi OO0CHIONCeHHs MeNIo8UX
PEHCUMIB OCHOBHUX emanis npoyecy Memooom MamemamuiHo20 MoOent068aHHs)

Cmammi y nepioouuHux HayKoeux 6UOAHHAX THUIUX 0ePIHCAs, AKI 6X00AMb 00

Opzanizayii eKOHOMIUHO020 CRIBPOOIMHUYMEA MA PO3ZCUMKY

2. Zhuchenko A., Khibeba M. Carbon product formation process optimal
technological mode designing / A. Zhuchenko, M. Khibeba // Slovak international
scientific journal. - 2020. - Vol.1, Ne37. — P. 35-41. ).(po3pobneno mexnixo-ekonomiunul
Kpumepiti 3 8paxy8aAHHAM SAKICHUX NOKA3HUKI8 NPOOYKYii)

Cmammi y naykoeux paxoeux euoannax YKpainu, aKi 6xo00amv 00
HayKkomempuuHnoi 6azu SCOPUS

3. Kyuenko O. A. CunHTe3 Ta JIOCHIUKEHHS CHCTEMH KEPYBaHHS IIPOIICCOM
dhopmyBanHs ByrieneBux BupoOiB / O. A. XKXyuenko, M. I'. Xi6e6a // m. Xapkis, Eastern-
european journal of enterprise technologies, Vol 2, No 2 (104) (2020): Information
technology. Industry control systems, 2020p. (pospobaeno ma oocniddxceno cucmemy
KepYBAHHsL NPOYECoM POPMYBAHHS 8yeieyesux supooie)

Cmammi y naykoeux paxoeux euoanuax Ykpainu, AKi 6xo0ams 00 MiXcCHAPOOHUX

HayKomempuuHux 0a3 0anux

4. Kyuenko O. A. Po3pobka cropomeHoi MaTeMaTUYHOI MOJENl MPOIECY
dbopmyBanns ByrieneBux BupoOiB / O. A. Kyuenko, M. I'. Xi6eba // Texnomoriunuu
aynmat Ta pe3epBu BupoOHunTBa. - 2016. - Ne 5(3). - C. 16-22. (BKIHOYEHO 10
HaykoMmeTpuuHoi 0Oa3u manmx Index Copernicus, WorldCat).(pospobreno cnpoweno

MamemamuyHy mMooeib npoyecy )opmy8anHs,)
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5. Kyuenko O. A. JlocmikeHHs TEMIEPAaTypHUX MONIB B mporeci (HopMyBaHHS
ByrieneBux BupoOiB B pexumi mpecyBanHs [ O. A. XKyuenko, M. I'. Xibe6a //
MixXHapo HUN HAyKOBO-BUPOOHUYHUH KypHalT «ABTOMAaTH3alllsl TEXHOJIOTIYHUX 1 Oi3HEC-
nporeciBy. - 2019. - Vol. 11, Iss. 4. - C. 16-27. (BKJIIOYCHO IO HAYKOMETPHUYIHOI Oa3u
nanux  WorldCat).(nposedene  docniooicennss  npoyecy — gopmyeanns — memooom
MAMeMAMUYH020 MOOCTIOBAHHS).

Cmammi y naykoeux ¢paxosux eudannax Yxkpainu

6. XKyuenko O.A. IlocraHoBka 3adadi KepyBaHHA IpoliecoM (HOpPMYBaHHS Yy
BUpOOHMITBI ByrieneBux BupoOiB / O.A. Kyuenko, M.I'. Xi6eba // 3araibHOAepKaBHUIMA
MDKBIZIOMYMI  HAyKOBO-TeXHIYHUM 30ipHUK "KOHCTpyroBaHHsS, BUPOOHUUTBO Ta
eKCIUTyaTarlisi ciibecbkorocnoaapcbkux mamun". — 2017. - Ne 47, 4. 2. - KponuBHUIIBKHUIA:
LIHTY. — C. 81-88. (chopmynvosana mamemamuuna nocmanoska 3a0a4i ONmMumMaibHO20
KepyBaHHs Npoyecom (hopmy8anHs,).

7. Kyuenko O.A. Mojenb hopMyBaHHs BYTJIEIEBUX BUPOOIB B peKUMaXxX MiATOTOBKU
ta npecyBaHHsa / O.A. XKyuenko, M.I'. Xi0eb6a // Bueni 3anucku THY imeni B.L
Bepraacekoro. Cepis: texuiuni Hayku. — 2018. Tom 29 (68) U. 1 Ne 6. —C. 149- 156.
(po3p0obIeHO cnpoweri MamemMamuyHi Mooei npoyecy opmyeanHs).

Haykoe6i npaui, aki 3aceiouytoms anpobdauito mamepiaiie oucepmauii

8. Xib6eba M. I'. [ocmimkeHHsT BIUIMBY IIBHJIKOCTI NPECYBaHHS Ha TeMIIEpaTypHE
oJie MyHIITYKa rigpasiigydHoro npeccy / XKydenko A. 1., Xidoeba M. I'. // ABromaTu3artis
Ta KOMII FoTepHO-iHTerpoBani TexHousorii [Tekcr]: Te3m momosimeir XI-i HaykoBo-
npakTu4aHoi KoHdpepeniii ctyaeHTiB. KuiB, 06—07 rpynus 2017 p. [Enexrponnuii pecypc]
— K. KII im. Irops Cikopcekoro, 2017. — 91 c. C. 75. — Pexum pocrtymy:

http://ahv.kpi.ua/conferences/ACIT2017(winter).pdf

9. Xi6eb6a M. I'. Crnpomiennst mozen (popMyBaHHS BYTJICIIEBHX BUPOOIB Y PEKUMI
migrotoBku / XKydenko A. I., Xideba M. I'. // ABromaTu3aiiis Ta KOMII IOTEPHO-
inTerpoBani  TexHomyorii [Tekcr]: Tesu gomosimenr XIIlI-i HaykoBo-mpakTHYHOL
koH(pepenuii ctyaentiB. Kuis, 04-05 rpyans 2019 p. [Enextponnuii pecypc] — K.: KIII

iM. Irops Cikopcekoro, 2019. — 84 c¢. C. 75. — Pexum J0CTymy: http://ahv.kpi.ua/wp-



http://ahv.kpi.ua/conferences/ACIT2017(winter).pdf
http://ahv.kpi.ua/wp-content/uploads/2019/12/XIII-n-p-konferentsiya-stud-AHV_TEZY-dopovidej-z-PALITURKAMY-4-5-grud-2019-s-1-84.pdf
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content/uploads/2019/12/XllI-n-p-konferentsiya-stud-AHV TEZY-dopovidej-z-PALITURKAMY-4-5-grud-2019-s-1-

84.pdf

10. Xi6eba M. TI'. IlocraHoBka 3adadl ONTUMAJIBLHOTO KEpPyBaHHS MPOIECOM
dopmyBanus ByrieneBux BupodiB / O. A. XKyuenko, M. I'. Xibeb6a // Science, society,
education: topical issues and development prospects. Abstracts of the 1st International
scientific and practical conference. SPC “Sci-conf.com.ua”. Kharkiv, Ukraine. 2019. Pp.
207-210. URL.: http://sci-conf.com.ua.

11. Xi6e6a M. I'. JlocnimkeHHs BIUTMBY MIBHAKOCTI MPECYBaHHS HAa TEMIIEpaTypHE
moJie MyHAIITYKa rigpasiigaoro npeccy / O. A. Xyuenko, M. I'. Xi6eba // Komm'rorepHi
HayKu,iHQopMalliiHi  TexHojorli Ta cuctemu yopaBiaiHHS [Tekct]: Marepianu
MixxHapoHOT HAYKOBO-TEXHIYHOT KOH(EpeHIlii 3100yBayiB BHIINOI OCBITH Ta MOJOJIUX
BueHuX. IBaHo-®pankiBcbk, 27-29 rpynusa 2019 p. [Enextponnuii pecypc] — IBano-
O®pankiBebk: [Ipukaprnarcbkuil HaiioHadbHUM yHIBepcuTeT iMeHi Bacuns Credanuka,
2019.- 153 c. C. 129-131.

— Pexum nocryny: https://drive.google.com/file/d/1y9824d gIMT3Yyh3YrylacetanpdUFXi/view



https://drive.google.com/file/d/1y98z4d_gJMT3Yyh3YryJacetanpdUFXi/view

