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1. ABromaTH30BaHa cruCTeMa MOHITOPUHIY IIPOLeCiB BUPOOHUILITBA CIIUPTY Ta 6i0€TaHOJIY HA OCHOBI BipTyaslbHUX

IHCTPYMEHTIB KOHTPOJIIO
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Pedepar:

1. PoboTta npucesyeHa NigBUIIEeHHIO €(PEKTUBHOCTI CUCTEMU aBTOMATHU30BAaHOTO MOHITOPUHIY Ta KEpyBaHHS
TEXHOJIOTIYHUMU MTPOLIECAMU CIIMPTOBOI TPOMUCJIOBOCTI, 30KpEMA BUPOOHULITBA CIIUPTY Ta 6iOETAHOJTY LIJIIXOM
BUKOPMCTAHHS BipTYaJIbHUX IHCTPYMEHTIB KOHTPOJIIO. B epimomy po3pijii Ha OCHOBI aHasIi3y HayKOBOi JliTepaTypu
POBIJISIHYTi 0COOJIMBOCTI TEXHOJIOTIYHUX MIPOLIECiB BUPOOHUIITBA CIUPTY Ta 6i0€TaHOJIy, KJIIOUOBi IpobieMu
aBTOMAaTM3allii Ta IIEPCIIEKTUBY BIIPOBAKEHHS iHHOBaLiM [HaycTpii 4.0. BinoBigHO 0O BUSBIEHUX ONTUMI3aLINHUAX
npo6sieM 3[iiCHEHO [TOCTAaHOBKY 33/1a4 IOCII>KEHHS], 1110 BKJII0Uae po3pOoOKy MaTeMaTUYHUX MOJleJiel, CHHTEe3
BipTyaJIbLHUX CEHCOPIB Ta aBTOMATU30BAHOI iHTEJIEKTYyaJIbHOI CUCTEMU KEPYBaHHS IIPOL€CAMU CIIUPTY Ta

6ioeTtaHoJy. Y ApyroMy po3fiji IpoBeeHO CUCTEMHUN aHali3 TEXHOJIOTIYHMX BififliieHb CIUPTOBOTO BUPOOHULITBA



Ta pO3POGJIEHO MPUKIIAIHY OHTOJIOTII0 MAaTEMAaTUYHUX MOZEJIEH, y MeKax SIKOi IOCIiIP)KeHO BUKOPUCTaHHS
BipTyaJIbHUX CEHCOPIB 17151 MOHITOPUHTY TEXHOJIOTIYHMX 3MiHHUX 3 YpaxyBaHHSIM BiJlIOBIZHOCTI iCHYIOUMX MOJIeJIEN
IIO TIOCTaBJIeHUX 33124 JOCJIiIPKeHHsI. 3alIpOIOHOBAaHO aJIrOPUTM Ha ocHOBI Gaussian Mixture Model nJis
BUSIBJIEHHS] O3HAK HECTAb1/IbHOCTI TEXHOJIOTIYHMX ITPOLECIB B peaJIbHOMY 4aci. Y TpeTbOMY PO3isi BAKOPUCTAHO
NARX-mMopgeri st IpOrHO3yBaHHS HEBUMIPIOBAHUX 3MiHHUX, 110 4O3BOJIMIIO NTOSICHUTY 99% Bapiauiil LisbOBOI
3MiHHOI IIPM IPOTHO3YBaHHi KOHLEHTPALii eTaHoJy. Byslo AOCIiIKeHO BIUIMB 3MiHU rineprnapamMeTpis NARX-
MoJeJsiell Ha iX IPOAYKTUBHICTb. Takox 6yJsio BUKOHAHO NOPiBHSIHHA MeToliB XGBoost, Decision Tree, Gradient
Boosting, RNN ta NARX 1711 MOHITOpUHTY POOOTH Ta KOMIIEHCAllii BiIMOBU CEHCOPIB. 30KpEMA: ®* MOJIEIIOBaHHS
IaT4MKa BUTpaTu 6paxkku i3 TouyHicTio R?=0,96; * MozeI0BaHHS TUCKY B KOJIOHI 6PaXKKH i3 TOUHicTIO R?=0,98; ¢
nepenoadyeHHs TEMIIEPAaTypPHOro ceHcopa i3 TouHicTio R?=0,972. Po3pobsieHo ajiroOpuTMHU ONTUMIi3allii pe>kuMiB
po60TH 6POJIUIIBHOTO Bill[i/IEHHS 3 BAKOPUCTAHHSIM JIEPEB PETPecii 11 NOIIYKY ONTUMAJIbHUAX HAJIAMITYBaHb
BiITIOBiTHO 110 TIOCTaBJIEHOI ONTUMI3aLifiHOI 334a4i, 110 O3BOJINJIO MiBUIIUTY BUXiJ €TaHOJy Ha 8,4% abo
CKOPOTUTHU 4ac 6poniHHS Ha 12,2%. V yeTBepTOMY PO3[ijli peasi3oBaHO iHTeJIeKTyaJbHy CUCTEMY KEPYBAaHHS 3
BHMKOPHCTaHHSIM MeToziB Reinforcement learning. Haiikpaui pe3ysipraTu nokasas areHT Soft Actor-Critic (Entropy
weight 1), mo 3a6e3ne4nB BUCOKY TOYHICTb perymoBaHHs (<0,1%), HU3bKy AMHAMi4Hy MOXMOKY (21-26% Bix,
1Ii7IbOBOTO 3HAY€HHSI) i HAIMEHIITy CyMapHy IIOMUJIKY 3a iHTerpajbHO-KBaIpaTUYHUM Kputepiem. Byso
3aIIPOINIOHOBAHO aPXiTEKTYPy aBTOMATU30BAHOI CUCTEMY MOHITOPMHIY 3 BUKOPUCTAHHSIM BipTyaJIbHUX CEHCOPIB i
IIPOrpaMHO-TeXHIYHUX KoMIeKkciB Unity Pro, Node-RED, InfluxDB, Grafana Ta iHCTpyMeHTiB MalIMHHOTO
HaBYaHHS. 3alpONIOHOBAHA apXiTeKTypa 3abe3mnedye iHTerpallilo BipTyaJlbHUX iHCTPYMEHTIB Y BUDOOHNYY CUCTEMY
Ta 06MiH iHpopmaliielo B peasibHOMY 4daci. HaykoBa HOBU3HA pOOOTU 0OJIsAra€e B po3po0OLii HOBOI KOHILIEMIIii
aBTOMAaTM30BaHOI CHCTEMU MOHITOPUHIY Ta KEPYBaHHS BUPOOHMYMMM NIPOLi€CaMU CIIMPTY Ta 6i0eTaHOJIy Ha OCHOBI
BipTyaJIbHUX iIHCTPYMEHTIB KOHTPOJIIO. 3alIPOIIOHOBAHO OHTOJIOTIYHY CTPYKTYPY MOJEEN i3 BKIIOYEHHAM
BipTyaJIbHOT'O CEHCOpa SIK KJIIOYOBOT'O eJIEeMEHTA [1JIsl IPUNHATTS pilleHb. B po60Ti 3HaMIIN [TOJAbIINI PO3BUTOK
CHCTEMHU MOHITOPUHIY Ta aBTOMATU30BaHOTO KEPYBaHHS TEXHOJIOTIYHMMHU NPOL,ECaMU BUDOOHHUIITBA CIIUPTY Ta
6ioeTaHoJIy, IO 3aCHOBAHI Ha BUKOPUCTAaHHi BipTyaJIbHUX CEHCOPIB i MaTeMaTMYHUX MOJIEJISX, SIKi 3[[iICHIOIOTh
aHaJi3 cTabiIbHOCTI NPOLECiB, NPOrHO3yBaHHS Ta ifeHTUdiKallil0 KJII0UYOBUX [TapaMeTPiB Ha OCHOBI CYMyTHIX
3MiHHUX, ONITUMI3allil0 PEXUMIB Ta iHTeJIeKTyaslbHe yIpaBiliHHA. Briepie cqpopMOBaHO OHTOJIOTIYHY CTPYKTYPY
MaTeMaTU4YHUX MOJIeJIel TEXHOJIOTIYHUX NPOLIECIB i3 BKJIIIOYEHHSM BipTYaJIbHOTO CEHCOPA SIK KJII0UOBOTO €JIEMEHTA,
sIKa CJIyTy€e iHCTPYMEHTOM MiATPUMKU NPUMHSTTS PillleHb MiJ] 4ac BUOOPY afeKBAaTHUX MOJIeJIel, 3a0e3nedye
LiicHUH migXiz no ix kymacudgikarii Ta aHasi3y, CKOpodye Yac IOLIYKYy PeJjieBaHTHUX pillleHb i IOoJIeruye iHTerpariio
HOBMX 3HaHb y HasBHI CUCTEMU MOJe/0BaHHS. [IpakTu4He 3HaYEHHS OTPUMAaHUX PE3YJIbTaTIB I10JIAra€e y CTBOPEHHI
€(EeKTUBHUX IHCTPYMEHTIB NiJTPMMKU NPUUHSTTS pillleHb i MigBUIIEHHS HAAiMHOCTI BUPOOHULITBA CIIUPTY Ta
6ioeTaHosy. Po3po6sieHa OHTOJIOTIS MaTeMaTUYHUX MOJeJiel 3abe3redye 3pydHy CTPYKTYPU3allilo 3HaHb Ta
IIBUJIKUM IOCTYII 10 PeJIeBaHTHUX MiZIX0MiB MOZeI0BaHHs. Mogenp kinacudikaliii o3Bosisie ornepaTuBHO
OLIiHIOBAaTU CTabi/IbHICTB IIPOLIECIB B pe€albHOMY 4aci, BUSIBJISIIOYM HECTAOIIbHICTh Ha paHHIX eTanax. 3acToCyBaHH
MAaILIMHHOTO HaBYaHHY 7151 Iepe0aYeHHs] HEBUMIPIOBAaHUX 3MiHHUX MigBuiye iHpopMaLiiiHy 06i3HaHICTb IIPO CTaH
00'eKTa Ta [103BOJISIE 3BMEHIIUTH TEXHOJIOTiYHi BTpaTu. OnTUMIi3alifiHi alroOpuTMu 3a6€31Me4YyI0Th THY4YKe
HaJIAIITYBaHHS PEXMMIB BiJI[TIOBIHO 40 3MiHM CUPOBUHU. [HTE/IEKTyaNbHa CUCTEMA KEPYBAHHS HAa OCHOBI RL-
areHTiB 3a6e3e4yye BUCOKY TOUHICTb PETYJIIOBAHHY i CTabibHICTL po60TU 06s1agHAaHHS. OTpUMaHi pe3yabTaTu
3HAMIIM IPAKTAYHE 3aCTOCYBAHHS B OCBITHBOMY ITpoLieci Kadeapy aBTOMATH3allil Ta KOMITIOTEPHUX TEXHOJIOTIN
CHCTeM yIpaBiliHHA iM. Tpod. A.IT. JlanaHoka Ta B yMOBaxX BUPOOHUIITBA Ha «MapuiliBCbKOMY CIIMPTOBOMY 3aBO[Ii»,
IO IiATBEPIKYE iXHIO IPUKJIALHY LiHHICTb.

2. The study is dedicated to enhancing the efficiency of the automated monitoring and control system of
technological processes in the ethanol industry, particularly in the production of ethanol and bioethanol, through
the use of virtual control tools. In the first chapter, based on an analysis of scientific literature, the features of
technological processes in ethanol and bioethanol production, key automation challenges, and prospects for
implementing Industry 4.0 innovations are examined. According to the identified optimization challenges, the
research objectives are formulated, including the development of mathematical models, the synthesis of virtual



sensors, and the creation of an automated intelligent control system for ethanol and bioethanol production
processes. In the second chapter, a systemic analysis of technological units in ethanol production is conducted,
and an applied ontology of mathematical models is developed, within which the use of virtual sensors for
monitoring technological variables is studied, taking into account the suitability of existing models for the research
objectives. An algorithm based on the Gaussian Mixture Model was proposed for real-time detection of indicators
of technological process instability. In the third chapter, NARX models are used to predict unmeasurable
parameters, allowing for the explanation of 99% of the variation in the target variable when forecasting ethanol
concentration. The impact of NARX model hyperparameter variations on their performance is investigated. A
comparison is made between XGBoost, Decision Tree, Gradient Boosting, RNN, and NARX methods for monitoring
system operation and compensating for sensor failures. Specifically: » modeling the mash flow rate based on other
sensor readings achieved a coefficient of determination R? = 0.96; * forecasting pressure in the concentration
column reached R? = 0.98; * temperature sensor prediction yielded R? = 0.972. Algorithms have been developed for
optimizing the operating modes of the fermentation section using regression tree models to find optimal process
settings according to the defined optimization task, enabling an average increase in ethanol yield by 8.4% or a
reduction in fermentation time by 12.2%. In the fourth chapter, an intelligent control system based on
Reinforcement Learning methods is implemented. Among various agents, the Soft Actor-Critic (SAC) agent with
Entropy weight 1 demonstrated superior performance, ensuring high control accuracy (<0.1%), low dynamic error
(21-26% of the target value), and the lowest total error according to the integral squared error criterion. The
architecture of an automated monitoring system for ethanol and bioethanol production was proposed, integrating
virtual sensors and implemented using software and hardware platforms such as Unity Pro, Node-RED, and cloud-
based tools (InfluxDB, Grafana, Grafana Machine Learning). This architecture enables the incorporation of virtual
instruments into the production system and facilitates real-time exchange of production data. The scientific
novelty of the study lies in the development of a new concept for automated monitoring and control of ethanol and
bioethanol production processes based on virtual control tools. For the first time, an ontological structure of
mathematical models for technological processes has been formulated, incorporating the virtual sensor as a core
element. The study advances methods for creating virtual sensors using machine learning to estimate and predict
key parameters in dynamic systems, allowing for fault detection, data loss compensation, and improved control
reliability. The practical significance of the research is reflected in the creation of decision support tools and the
increased reliability of technological systems in ethanol and bioethanol production. The proposed solutions enable
effective compensation for sensor failures, optimization of operating modes, and intelligent control of non-
stationary processes. The results have been practically implemented in industrial conditions at Marylivsky
Distillery and in educational practices at the Department of Automation and Computer-Integrated Control
Systems named after Prof. A.P. Ladanyuk.
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