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AnHOTanua. AKmya1sHOCMb, ANOMUHYEBas NPOMBILIEHHOCTD SIBIAETCA OJIHOM U3 3HAYMMbIX MUPOBBIX OTpac/iel U OTJ/IH-
YaeTcs BBICOKOM 3KOJIOTMYECKOW HarpysKOW, peCypCOeMKOCTBIO M 3HEPrOeMKOCTbIO. /Il CHUXKEHHsI HEeTraTUBHOTO BJIMAHUSA
QJIIOMHUHHUEBOTO MTPOM3BO/CTBA BEJYTCS PabOThI IO COBEPIIEHCTBOBAHHUIO €r0 TEXHOJIOIMYECKHX MPOLECCOB, HalleJIeHHbIE Ha
MOBBILIEHHE JI0JIU U3BJIeYeHHs alTIOMHUHMUS, CHIKeHHe 060 beMOB OTXO0/I0B M CHH)KEHMe 3Heprosarpar. 3aZiaya CHIKeHUs SHep-
rOEMKOCTH MPOM3BO/ACTBA pellaeTcss B TOM 4YMC/Ie 3a CueT BHeJAPEeHUsl CUCTEM YIpaBJieHUsl sHepromnorpebieHueM. B cuiy
CJI0KHOCTH M MHOT'OCBSI3HOCTH TEXHOJIOTMYECKHUX MPOLeCCOB MPOM3BO/CTBA aJIOMUHUA AJIsl TAKUX CUCTEM yIpaBJeHUs Head-
$eKTUBHO NpHUMeHeHHe TPAaJUIMOHHbIX JUHEHHBIX MOAX0/0B U TpebyeTcsl IOCTPOeHHe a/leKBaTHbIX MaTeMaTHYeCKUX Mo/e-
Jieit. [Ipy 3TOM Ha ypoBHe NPOU3BO/ICTBA UCIOJIb30BaHUE MaTeMaTUYeCKUX MO/ieslel, ONMparoluxcs Ha GeHOMeHOI0rnyecKoe
onucaHue MPoTeKaIKUX GU3NIECKUX NPOLECCOB, YpE3MEPHO YCJI0XKHAET 3aa4y YIpaB/eHUs, BCIeCTBUE Yero aKTyaJlbHbIM
SIBJISIETCSI MCI0JIb30BaHKMe HHTe/JIEKTyaIbHBIX U a/JallTUBHBIX OJX0/J0B U K IIOCTPOEHUI0 MO/ieslel TeXHOJIO0THYeCKHUX MpoLec-
COB, U K pelleHHI0 3a/iay ONTHMAaJIbHOTO yNpaBJeHUs sHepronotrpebieHreM. 06seKmbl: TEXHOJIOTUYeCKHe KOMILJIEKChI IpeJ-
NPUATHUH a/JlOMUHHAEBOW NMPOMBIIIJIEHHOCTH, 06J1a/jalolllie CBONCTBAMY WHEPLMOHHOCTH, HEJIMHEHHOCTH U 3aMKHYTOCTH; CH-
CTeMa yIpaBJ/ieHHUs] Ha OCHOBe MeTO/J0B UCKYCCTBEHHOTO HHTeJlJIeKTa. B kauecTBe WIIIOCTpaLMY BbIGPAHO TPOU3BOACTBO IJIH-
Ho3eMa. IJesw: pa3paboTka MoJesel, CIOCOOHBIX afleKBaTHO ONMMChIBAaTh B3aWMOCBSI3aHHbIe NMPOIlecchl, IpOoTeKarllle B pac-
CMaTpHUBaeMbIX TEXHOJIOTMYECKHUX KOMILIeKcaX, a Takke pa3paboTkKa CUCTeMbl yIpaB/eHUs, 03BOJIALIeH pelaTh 3afayuu
ONTHMaJIbHOTO yNpaBJieHUs] S3HepronoTpebieHneM. Memodsl: 1151 MOAeJNPOBaHUA TEXHOJOTHYEeCKUX NPOL,ecCOB MPOU3BO/-
CTBa /JIOMUHUS Ha OCHOBe 6a/IaHCOBBIX YPaBHEHUH B YCJIOBUSX HEOIIPE/IeJIEHHOCTH TPUMeHEeHa TeOPHsl HEYETKUX MHOMKECTB,
a TakXKe MeTOJ| IPaZJMEHTHOTO CIyCcKa JJist U eHTUOHUKALIMY TapaMeTPOB MOJIe/IH; B 3a/la4ax ONTHMH3aLMH UCII0JIb30BaH Me-
TO/, TEHETHYECKOr0o aJroputMma. Pezyibmamsl. PazpaGoTaHbl Mo/ie/Ib 6a/laHCa MaTePHaIbHBIX TOTOKOB U MO/ie/Ib U3MEHEHUs
TEXHOJIOTMYECKUX PEXHUMOB, ONpe/iesIsolie S3HePronoTpedjeHHe TeEXHOJIOIMYeCKUX KOMIIJIEKCOB NPEeANPHUATHS allOMUHHe-
BOM NPOMBILIJIEHHOCTH C HeNpepbIBHBIM MHEPILMOHHBIM HEJMHEHHBIM 3aMKHYTBIM NPOM3BOACTBOM. Ha 6ase mosiydeHHbIX
Mo/ieJsiel onpeziesieHbl AUHAMUYECKHe XapaKTepPUCTHUKH 3HePronoTpebeHNs, a TaKXKe TapaMeTpbl IPOTeKaHUs TEXHOJIOTHYe-
CKHX MPOLECCOB B 3aBUCHMOCTH OT OCHOBHBIX YIIpaBJ/IsIeMbIX IapaMeTPOB, YTO N03BOJIIET Npe/icKa3blBaTh aBapUNHbIE CUTya-
1uu. PelleHa onTMH3alMOHHAsA 33/ja4a yIpaBJeHNs 9HEPronoTpebIeHNeM HePePhIBHOTO MPOU3BO/ICTBA C yY€TOM TEXHOJIO-
TMYeCKHX TapaMeTPOB U CTOUMOCTHBIX GAaKTOPOB.
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Jna purupoBanu: 3anuesa H.M., CembiknHa U.10. Co3aHue HHTE/JIEKTYa/IbHOM CUCTEMbI yIIpaBJIeHUS JJIs TEXHOJIOTHUY e-
CKHX KOMILJIEKCOB MPEeANPUATHH aTIOMUHHUEBOU npoMbliieHHoCTH // U3BecTusa ToMCKOTO MOJIMTEXHUYECKOTO YHUBEPCH-
TeTa. UHXKUHUPUHT reopecypcoB. — 2024. - T. 335.- N2 11. - C. 119-132. DOI: 10.18799/24131830/2024/11/4613

119



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 11. P. 119-132
Zaytseva N.M., Semykina I.Yu. Intelligent control system for technological complexes of aluminum industry enterprises

UDC 004.021
DOI: 10.18799/24131830/2024/11/4613

Intelligent control system for technological complexes
of aluminum industry enterprises

N.M. Zaytseval, L.Yu. Semykinaz®

I Toraygyrov University, Pavlodar, Republic of Kazakhstan
2 Sevastopol State University, Sevastopol, Russian Federation

arinasemykina@gmail.com

Abstract. Relevance. Aluminum production is one of the most important industries all over the world. It has a high
environmental load, resource and energy intensity. To reduce the negative impact of aluminum production, efforts are
underway to improve its technological processes, aimed at increasing aluminum recovery rates, reducing waste volumes, and
lowering energy consumption. The reduction of energy consumption can be achieved, among others, through implementing
control systems that provide energy management. Due to the complexity and multiplicity of technological processes in
aluminum production, the use of traditional linear approaches for such control systems is ineffective, and adequate
mathematical models are required. At the same time, for the production level, the use of mathematical models based on a
phenomenological description of the ongoing physical processes overly complicates the control task. As a result, the use of
intelligent and adaptive approaches to both the mathematical description of technological processes and the optimal energy
consumption management is relevant. Objects. Technological complexes of aluminum production, which have the properties
of inertia, nonlinearity, and closedness; and the control system based on artificial intelligence methods. Alumina production
is chosen as an illustration. Aim. To develop mathematical models capable of adequately describing the interrelated
processes in the technological complexes under consideration, as well as the control system that allows optimal energy con-
sumption management. Methods. For the mathematical model based on balance equations under uncertainty, the fuzzy-set
theory was used along with the gradient descent method to identify the model parameters; for the optimization task, the
genetic algorithm method was used. Results. The mass balance model and the process conditions changing model have been
developed to determine the energy consumption for the technological complexes of aluminum production with continuous
inertial nonlinear closed production. Based on these models, the dynamic characteristics of energy consumption and the pa-
rameters of technological processes were determined depending on the main controlled parameters, allowing us to predict
emergencies. Considering technological parameters and cost factors, the optimization task for energy consumption manage-
ment was solved.

Keywords: aluminum production, energy consumption management, modeling under uncertainty, optimal control, fuzzy set,
genetic algorithm
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BBeaeHue

[Ipon3BOACTBO ANIOMHHMS HMMECT KPHTHYECKYIO
BAXXHOCTb JUII MUPOBOW AKOHOMHKHM KaK ChIpbe s
COBPEMEHHOI CTPOUTENbHON MPOMBIIUIEHHOCTH, JIET-
KOBOT'O U KEJIE3HOJOPOKHOIO TpaHCIOpTa, aBUaCTPO-
SHHS, TIPOU3BOJICTBA DJICKTPOOOOPYTOBAHNS.

Haubonee gacTo anoMUHUI U3BIEKAIOT U3 OOKCHU-
TOB, JOOBIBaEMBIX Ha KPYIHBIX Kapbepax [1-3], koTo-
pbie 00padaThIBAIOT TOPSIYUMHU PACTBOPAMHM IHEIOYCH
no Meroany baiiepa, ¢ mosyueHuem B pe3yabTaTe TUA-
POKCHIOB QJIFOMHHUS U KPACHOTO IIlIaMa, SIBJISOILETO-
cs onacHbIM 0Tx0210M [4]. Exeroansiit mpupocT MUpoO-
BbIX 00BEMOB CBAJIOK KPAaCHOTO 1lI1aMa OLIEHUBAETCS B
120-10° T, uTo GNU3KO K TrOJ0BOMY MHUPOBOMY ITPOU3-
BOJICTBY [IEPBUYHOIO aIIOMUHUA [5].

Crienyromieil cTaane MpOn3BOJICTBA SIBISICTCS T10-
JTy4eHUE TIIMHO3eMa, AJIS 4eTO THIPOKCHIBI ATFOMIHUS
OTJIEJIAIOT, BBICYHIMBAIOT M KalbUUHUPYIOT. Cpen-
HEMHPOBOW ypPOBEHB DIICKTPOMOTPEOICHUS MPU ITOM
oxoo 6000 kBtu/T [6].

Jlanee raMHO3eM BOCCTAHABIMBAIOT METOJOM DJIEK-
TPOJIN3a B PACIUIABICHHOM KPHOJIUTE, TJIe B KauecTBE
aHOJIa UCTIOJNIB3YIOT YroJbHbIE OJIOKH, B PE3YJIbTATE YETro
BbLIEIsIFOTCST Ooubiiine 00bembl CO; [1]. Tlpu onenke
smuccnn CO, TaKkxKe CIeIyeT yIUTHIBATh, MOTPEOIeTCS
JH B TIPOIIECCE TIEKTPOIHEPTHS OT YTOJIBHBIX AJICKTPO-
cranuuii [7, 8)]. IloTpebneHue »IeKTpOIHEPTUU HA J1aH-
HOUW CTaJIMM 3aBHCUT OT MHOTHX (haKTOPOB M B CPEITHEM
no mupy cocrapisger 14000-15500 kBru/t [9]. Tlpu
9TOM cpenHuil ko3 duuueHT BHIOPOCOB B Mepecuere
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Ha smuccuio CO; coctaBiseT 9,9 T CO,-9kB Ha TOHHY
amomuans st Uramum m 16,5-21,7 T CO,-5kB Ha
TOHHY amoMunus it Kurast [6].

Jons u3BneueHus: allOMUHUS B MpoLeccax Mpou3-
BOJICTBA TJIMHO3EMa U DJIEKTPOJIUTUICCKOTO aIFOMUHUS
B MHUpE COCTaBIAIOT mnpumepHo 81,76 u 96,75 %, a
3HAYUT TOJBKO HA ITHUX JIBYX CTaIUSIX MPOM3BOJCTBA
tepsiercst okoso 20 % [2].

Wznenust u3 W3BICUCHHOTO AIOMHHHUS H3TOTABIIHU-
BalOT MYyTEM JIUThs, MPOKATKM WIIM DKCTPY3uu. ITa
CTaaus TPOM3BOJCTBA TAaKKE BEChMa HHEProeMkKa.
Hanpumep, B Muauu moTpebieHHe 3IEKTPOIHESPTUU
pu nipokaTtke coctapiseT 1650—1800 kBtu/T, a B MH-
poBoii npakTHKe Hanbonee 3(PEeKTUBHBIC TEXHOJIOTUN
TpeOyroT oKoso 775 kBTu/T [9].

[Ipou3BOACTBO AMIOMHHUS MAaTEPHAIOEMKO, BIUSICT
Ha OKPYKAIOLIYI0 CPeJy M TECHO CBSI3aHO C MPOM3BOJI-
cTBOM 3JeKkTposHeprun [10], kak B 006JIaCTH HCXOIHO-
ro ceipbs [11, 12], Tak mpenMyIIecTBEHHO U B 00JIaCTH
norpebnenus siekrposHeprun. B [13] ormeuaercs,
YTO aFOMHUHHUEBAsI MIPOMBIIIIEHHOCTh COCTABISIET 0O-
nee 3,5 % oT 0oOImEeMHpPOBOTO MOTPEOIICHHUS AIIEKTPO-
sHeprud, a B Kurae — 1o 4,43 % [14]. Hons 3aTpaT Ha
AJIEKTPOIHEPTHIO B CEOSCTOMMOCTH ANFOMHHHUS JIOXO-
mat 1o 35 % [15].

st CHYWOKEHHsI HeTaTHBHBIX (PaKTOPOB aTFOMUHUC-
BOTO TIPOM3BOJICTBA BEIYTCS MCCICOBAHUS MO COBEP-
[ICHCTBOBAHMIO TEXHOJIOTHUECKOTO IIpoIecca, Harle-
JICHHbIE Ha IMOBBIIICHUE JOJIM W3BJICUEHUs AIIOMHUHUS
[16, 17] nnmu cHmxeHus oobeMoB oTX010B [18-20], u
MOJIXOJIOB K YIMPABICHUIO TPOU3BOJICTBOM, HAIlCTICH-
HBIX, KaK TIPaBUJIO, HA CHUYKEHUE dHepro3aTpart [21-24].
[IpennpusaTusiM  aJIIOMUHUEBOW  MPOMBIIUICHHOCTH
Poccun n ctpan LleHTpanpHOM A3uHM Takke HEOOXO-
JIIMO TIOBBIIIATH CBOIO TEXHUYECKYIO OCHAIICHHOCTD 1
BHEJIPATH MEPEI0BbIe TEXHOJOTHH yIpaBieHus [25].

B nanHOM mcciieoBaHMM B KauecTBe OOBEKTa pac-
CMaTPHUBAIOTCS TEXHOJOTHYECKHE KOMIUICKCH Tpea-
NpUATHN  AJIOMUHUEBOW MPOMBILIIEHHOCTH (IIPOU3-
BOJCTBO TnuHO3eMa B [laBmomapckoit obnactu Pec-
nyonukn Kaszaxcran), a mnpeaMeToM HCCIIe0BaHUS
BBICTYIIACT CHUCTEMa YIIPABJICHUS, pEIIAroIias 3aaady
ONTUMAIBHOTO  YNPABJICHUS JHEPronoTpeOICHUEM.
Lenpio mccmenoBanms SBISIETCS pa3paboTka MOIETCH,
CHOCOOHBIX aJeKBATHO OIUCHIBATHE OOBEKT HUCCIIECIOBA-
HUs 1 (HOPMUPOBATH Ui HETO ONTUMAJIBHOE yIpaBiie-
HHUE B paMKaXx MOCTaBJICHHOM 3aJ1auu.

MaTepuaJjibl ¥ METO bl

B cucremax yrpaBJ€HUsI TCXHOJIOTMYCCKUX IIPO-
LECCOB IPOM3BOJCTBA ATIOMHMHHUS HCIIOJIb30BAHUE
[IOJIXOJI0B JIMHEMHOH TEOpUU aBTOMATUYECKOIO yIpaB-
JIeHns 00s1agaeT HU3KoH 3(h(heKTHBHOCTHIO, TTOCKOIBKY
c1ab0 yYUTHIBaeT B3aUMHOE BIIMSHHE TEXHOJIOTHYeE-
CKUX KOHTYPOB U 3a4acCTyI0 TpeOyeT pydHOIl HacTpoii-
ku. Hampumep, B [26, 27] paccmarpuBaercs 3amada

ABTOMATHUYECKON CTaOMIM3alMu  ypOBHS KPAacHOTO
nuiamMa B 0akax MOEUYHOIO IT0e€3[1a, M IOKa3aHo, YTO
CUCTEeMa JIMHEHHOTO YIpaBJICHUS 3HAYUTEIBHO YCTY-
MaeT B TOYHOCTH CHCTEME C ONTHUMAJbHBIM YIIpaBlie-
HHEM Ha 6a3e ypaBHeHMs Ditnepa—Jlarpamka.

Co3zfiaHue CIOXKHBIX CHCTEM YIpaBJICHUs TpeOyeT
MOCTPOCHHSI MaTeMaTHUECKUX Mojeneit. J{iast moaenu-
POBaHHUsI TEXHOJIOTHYECKHUX MPOIECCOB MPOU3BOJICTBA
ATFOMHHHUS pa3pab0TaHO MHOXKECTBO TIOAXOJIOB, 3Ha-
YuTeIbHAS YacTh KOTOPBIX OMHpacTcs Ha (EHOMEHO-
JIOTHYECKOE OIMHCAHHE MPOTCKAONMMX (HUIUUSCKIX
TIPOIIECCOB.

Hampumep, B [28] 1151 TEXHOIIOTHYECKOTO TIpOIecca
KpI/ICTaHJII/I3a]_II/II/I rn)]paTa AJIOMUHATa HanI/ISI Hpe;[—
JOXKeHa MOJeNb Tpex(da3zHOW CUCTeMbl (KHIKOCTh W
JIBe TBepJbIe (hasbl) UIs PEaKTOPOB C BBITSDKHOM TPY-
0olf TepeMEIMBaHUs, OCHOBaHHAas Ha TPEXMEPHOM
3UJIEPOBOIl MOJIENN HECKOJbKUX KUIAKOCTEH COBMECT-
HO C MOJICJIbIO TYPOYJCHTHOCTH PEHOPMATU3AIIMOHHON
TPYIIIIBL

B [29, 30] mpemnoskeHa Mozienb OCaxIeHHs THOO-
CHUTa, TJIc KHHETUKA OCAXKJICHHS B KXKIOM pe3epByape
HETPEPHIBHOTO OCAXICHHUS MOJCIUPYETCS C HCIOJNb-
30BaHUEM JMHAMHUYECKOTO YpaBHEHHs OajlaHca KOIHU-
YeCcTBa OCAJKOB, BKIFOUAIONIETO KPHUCTAIIOO0pa3oBa-
HHUE, POCT KPUCTAJUIOB M KMHETUKY ariiomeparuu. [1o-
XOKUH MOAXO0J MCNOib30BaH B [31], rae mpemioxkeHa
MaTeMaTH4ecKas MOJEIb, OIMCHIBAIOMIAS JIHHAMUKY
MIEPUOTNYECKOTO OCITA0JICHUST 3aTPABOYHOIO OCaXK]Ie-
HUs paCTBopa aJJlOMUHaATa HanI/Iﬂ HpI/I HpOI/ISBOI[CTBe
OKCHuJga aJrOMHHUA, I/ICHOHB?)yIOH_Iaﬂ METO HOHyHHHI/I—
OHHOTO OayiaHca Ui OMNpPENACICHUS PacIpeeICHHs
YACTHII [T0 pa3MepaM OCaIKOB THAPOKCUIA ATFOMUHHS.
MeTos momyJSIMOHHOTO OajaHca HMCIONb3yeTCs TakK-
ke B [32] ans Moaenu mporecca M3MENbYeHHs U Kitac-
cuUKAIUH TUACTIOPOBBIX OOKCHTOB.

B [33] nnsa BelmenaymMBaHUs OKCHIA ATIOMUHHS B
mporiecce PaslioKEHHUs] TIIMHO3eMa IPEUIOKEHA MO-
JIeNIb, TOCTPOCHHAS HA OCHOBE MEXaHHCTHYECKOTO
aHallM3a IMpolrecca JIBYXMOTOYHOTO pPacCIISTUICHUS |
KHHETHKHU PaCIICIUICHUs Auacropbl. Hen3BecTHBIC Mma-
pameTpsl MOJEIH OICHHBAIOTCA C HCIOJIb30BAHUEM
ITOPUTMA [EPEX0/ia COCTOSHUN U B JIOTOTHEHUE HC-
TOJIb3YETCS MOJICNIb KOMIICHCAITUH OIIMOOK, TMOCTPO-
€HHAasl Ha OCHOBE MAIlMHBI SKCTPEMAIILHOIO O0YUYCHHSI
saapa, a TaKKe MOJETb IPOTHO3UPOBAHUS CKOPOCTU
BBIIICJIIAYNBAHUA TJIMHO3CMaA. AHLTCpHaTHBHBIﬁ METOQ
JUTSL OTIPEJICIICHUS] HEM3BECTHBIX MapaMeTpOB MoJIeiei
npeuiokeH B [34], rae ucHonb3yroTcs poOacTHBIE
NpPOICAYPbl COIJIACOBAHUS IAHHBIX, OCHOBAHHBIC Ha
M-o1ieHKaX, KOTOpPbIE SBISIOTCS 00OOIIEHUEM OICHKH
MaKCHMAaJIbHOTO MPaBIOMOI00US.

Jlst MosienupoBaHUsS IPOMBIIIUICHHOTO UCTIAPUTE-
Ji4 ¢ majarouiell IIeHKON NpH MPOU3BOJICTBE TIIMHO-
3ema B [35] mpeniiokeHa MaremaTH4ecKas MOJCIb,
o0beMHSAIONIasE MOJIETh C COCPEOTOYCHHBIMH Mapa-
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METpaMH, OMPEIEISIONIYI0 KOHIEHTPAllUU BEIIECTB
Ha BBIXOJIE UCIIAPUTEIIS, U MOJIENb C PACIIPE/ICIICHHbI-
MU TTapaMeTpaMH, OTPEACIIIIONIYI0 BpeMsl BEITTApUBa-
HUS, TOJNIIMHY TUIEHKH, )KUJKOCTHYIO Harpy3Ky ChIpbs
Y BEJIMYMHY TEIJIONEpe aun B 3aBUCUMOCTH OT MPO-
IOMBHOTO PACIIONIOKEHHST BHU3 IO TPYOKE OTHOCH-
TEJIbHO BXOJ1a.

Monens SHEpromnoTpeOIeHUsT MpPU  BBHITAPHBAHUH
npeaiokena B [36], Tie UCTonb30BaH METO/T HepapXH-
YECKOI'0 COTJIacOBaHUs JAaHHBIX, YYWUTBHIBAIOLIUHA pac-
MpeJieJIeHue TEXHOJIOTHYECKUX TPOIIECCOB BO BPEeMEHHU
u mpocTtpaHcTBe. [ moydeHust GpakTHIeCKuX IaH-
HBIX O IPOTEKAHWU TEXHOJIOTHYECKOTO IpoIecca HC-
MOJIb3YETCA CTpaTerusi CBEPKM Ha MHOXKECTBEHHBIX
WHTEpBaJax BPEMEHHOM 3a/JC€pKKH, OCHOBaHHAs Ha
OayaHce MaTepHANBHBIX TIOTOKOB M OallaHCce TEILTOBOI
sHepruu. A B [37] NpeasioskeHO HCIOJIb30BaTh METOJ
JIMHAMHYECKOTO COTJIACOBAHUS JIaHHBIX, KOTOPBIA MO-
CTpPOEH Ha HEHpOHHOH ceTu DiMaHa, Ille B KauecTBe
1eneBoil (GyHKIMKM UCIONBb30BaHA OIIEHKa KOPPEHTPO-
M1 Y.

B [38] mpuBemeHa Mojiellb dHEProNoOTPEOICHUS
ANEKTPOTEXHUYECKUX KOMIUIEKCOB MPOU3BOJCTBA TJIH-
HO3€Ma C HENPEPHIBHBIM MHEPIIMOHHBIM HEJIWHEHHBIM
3aMKHYTBIM ITPOM3BOJCTBOM, ITOCTPOCHHAsT HA OCHOBE
0aJaHCOBBIX ypaBHEHUH M METOIOB HCKYCCTBEHHOTO
WHTEIUICKTA.

OmnmcaHHBIE MOJETH Yalle BCETO HCIONB3YIOTCS
JUTSL TUTAHUPOBAHUS U OLIEHKU NMPOTEKAHUS TEXHOJIOTH-
YEeCKHUX MPOIECCOB, U BBUIY UX BBICOKOW CIIONKHOCTH B
[eNsSX ONTHMHU3AIMM OHW TPHUMEHSIOTCS HEdacTo.
Hampsimyro onTHMHU3anus ¢ HCHOIb30BAaHHEM MaTeMa-
TUYECKOH MOJIENH TEXHOJIOTHYECKOTo Ipolecca MpH-
MEHSUTaCh JIMIIbL B padortax [26, 27, 39, 40]. B [39] mus
IpoIlecca BBITAPUBAHUS TIMHO3EMa IpPEIIOKeHa Ma-
TeMaTH4YecKasi MOJIeNIb ¢ KPaTHBIMM BPEMEHHBIMH 3a-
nep)kkaMu. B kxavectBe 1eineBod (yHKIMHM 3a7aHO
OTIPEIICNICHHOE KAaueCTBO PACTBOPA aIFOMHHATA HATPHUS
MpY HaMMEHBIIEM MOTPEOJIEHUH PHEPTUU U C (PUKCHU-
POBAaHHBIMH OTPAHHUYCHHSIMH COCTOSHHSI CHCTEMBI, a
JUTSL pearTi3alii ONTHMAIFHOTO YIIpaBIeHHUs pazpabo-
TaH 4ucleHHbIN anroputM. A B [40] paccmarpuBaercs
TEXHOJIOTUYECKHI TMPOLECC CMEUIMBAHUSA TIIMHO3EMA,
OIMMCHIBAEMBI BBHUIY BapHUATHBHOCTH IIapaMETPOB
CBIPbST MAaTEMAaTUYECKOW MOJIETBI0O C HEONpeIeIeHHO-
ctsamu. [Ipensioxkena IByXypoBHeBasl cHcTeMa, TJe Ha
MIEPBOM YPOBHE OCYIIIECTBIISCTCS] ONTUMAJIbHAS OlICHKA
MOJICITH CMEIIMBAHU, a Ha BTOPOM peIIacTcs 3agada
CTOXAaCTUYECKON ONTHUMM3ALNHU, TJEe HEONpeaAeTeHHO-
CTH ONMCHIBAIOTCS KaK KOHCYHBIE OTPaHHUYCHHSL.

Jns mpeononeHus CIOXHOCTH W HEOoIpeIeIeHHO-
cTi (PEHOMEHOIIOTHYECKIX MOJAEICH TEXHOIOTHIECKO-
ro Tpollecca B 3ajadax ONTHMHU3AIMKM TEXHOJIOTHYE-
CKHUX TIPOIIECCOB AIOMHHHAEBON MPOMBIIUICHHOCTH
BBICOKYIO 3((QEKTUBHOCTb IMOKA3ald WHTEIUICKTyallb-
HBIC U aJIAITHBHBIE CUCTEMBI.

Tax, juia mpotiecca MPUTOTOBIICHUS CBIPOW CYCIICH-
3uM B [41] mpeasiokeHa MByXdTarHas WHTEIUIEKTYallb-
Has cucTeMa onTuMM3auuu. Ha mepBom sTtamne crpout-
csl AMHAMHUYEcKas MOJIENIb TEXHOJIOTHYECKOTo MpoLec-
ca ¢ HEWPOHHBIMU CETSAMH JUIA TPOTHO3UPOBAHUS Ka-
YEeCcTBa ChIPHEBOrO LUIaMa M MPeAIaraeTcss MHOTOKPH-
TepUajbHas HepapXuyecKass OKCIEpTHas CTpaTerus
JUISL OIpe/ieJIeHUs] ONTUMAIbHON 3aJ]aHHOW TOYKU JO-
3upoBaHusd. Ha BTOpoM 3Tame CTpOUTCS ONTUMAalIbHAs
MOJIeNIb JIAHWPOBAaHUS C HEONpeAeTIeHHOCThI0, obec-
MIEYHBAIOIIAs ONTHUMATIbHYI0 KOMOMHAIINIO BRIOPaHHBIX
E€MKOCTEHN.

CX0XHii OJX0/ UCTONB30BaH B [42], T1e i orm-
TUMAJIBHOTO YIPABJICHUSI TPOIECCOM CMEIIMBAaHUS
IIPUMEHAETCSI MEXaHUCTUYECKas [POrHO3UpYIOLIast
MOJIeNIb C MHTEJJIEKTYalbHbIM KOMIIEHCATOPOM Ha OcC-
HOBE HEHpOHHBIX ceTeil. OnTuManbHOE 3aJaHue s
JIO3UPOBAHUS CBHIPbSI OMPE/ICIACTCS MyTeM HUepapXuye-
CKOTO BBIBOJIA 10 OTKJIOHEHHIO MEXKIY pe3yjibTaTaMH
MIPOrHO3UPOBAHMS M LEJIEBBIMH IOKa3aTeNsiMU Kaue-
CTBa.

HenuneiiHoe nporuosupytoliee ynpasjieHue npea-
noxeHo Takxke B [43]. B xadecTBe 00BbeKTa paccMoOT-
pPEH TPOMBIIIICHHBIH YeTHIPEXCTYICHYAThI HCIapH-
Tenb. s TMKBUIAINN CTATHYECKON OIIMOKU MCIONb-
30BaH METOJ aJanTaliy apaMeTpoB.

B [44] nnsa npouecca MHOTOCTYIIEHYATOrO BhIAPH-
BaHUS NPEUIOKEHa alallTUBHAsI CUCTEMa ONTUMaJIbHO-
ro ympaBiieHusi Ha 0a3e IIyOOKOro oOy4eHHus C Moi-
KperuieHneM. Ha mepBoM aTane 3aa4a ONTUMAIbHOTO
ynpasjieHus cHopMylIupoBaHa KaK MapKOBCKHMA IMPO-
Lecc MPUHATUS pelleHuil ¢ orpaHudeHusMu. [lainee,
MIPUHUMAs COBOKYITHYIO OLIMOKY OTCIEKHUBAaHUS ILJIOT-
HOCTH JXKUJIKOCTH Ha BBIXOJIC B KaUeCTBE OIpaHUYCHUS,
Ha 0aze ypaBHeHUs Jlarpanxka pa3paboTaH ajJrOpUTM
ONTUMU3AIUK, TJe KOPPEKTHpYIOIee BO3ACHCTBHUE
dopmupyercss Ha 0a3e CIy4allHbIX BEKTOPHBIX CETEH
(YHKITMOHATBHBIX CBSI3CH.

Jng HenMHEeWHBIX KacKaIHBIX TEXHOJOTMYECKUX
MIPOIECCOB, TAKUX KaK OOOrailieHue reMaturta, B [45]
MIPEUIOKEHO MHTEJJIEKTYalbHOE YIIPaBJIEHHE C Hepe-
KIIIOYEHHEM, KOTOpOe BKJIIOUaeT B ceOs OJIoOK mpenBa-
PUTEIBHON HACTPOWKM BHYTPEHHErO KOHTYpa C IMOMO-
LIbI0 CTAaTUYECKOM MOJENIH CHUCTEMbI, KOMIIEHCATOP
3a/laHHOT'O 3HAYEHHUS HAa OCHOBE HEUYETKHX PacCyxke-
HUH, CPEICTBO MOAJIEP)KAHUS 3aJaHHOTO 3HAYCHHS H
MEXaHU3M TIePEKITFOUCHUS, UCTIONB3YIOIINN paccyxie-
HUS Ha OCHOBE NpaBUIL.

Eme ogHuM BapraHTOM pElICHHUs 3a/1a4ll yIpaBiie-
HUS JIUIS TIPOM3BOJICTBA AIIIOMUHMUSI SIBJIIETCS YCOBEp-
LIEHCTBOBAHHOE YIPABJIECHUE TEXHOJIOIMYECKUMHU IIPO-
L[leCCaMM, OCHOBAaHHOE Ha aJIFOPUTMaXx MHOTOMEPHOTO
MporHo3upytoiiero ympasienus [46]. A B [47] npen-
JIOKEHO MCII0JIb30BaTh NPOTHO3UPYIOILEE yIpaBIeHUE
Ha OCHOBE PEKYPPEHTHOM HEHPOHHOM CETH C MpuMe-
HeHWeM i oOyuyeHus anroputma JleBeHOepra—

122



H3BecTust TOMCKOro MOJIUTEXHUYECKOTO yHUBepcUuTeTa. MHXXUHUPHUHT reopecypcoB. 2024. T. 335. Ne 11. C. 119-132
3anuesa H.M., Cembiknna U.10. Co3ganue UHTe/IeKTya/IbHOM CUCTEMBI YIIPaBJIeHUs [J11 TEXHOJIOTMYeCKUX KOMILJIEKCOB ...

MapkBap/Ta ¢ aBTOMaTH4YeCKUM AU PepeHIIMPOBAHU-
eM MnapauleabHo ¢ KoHTypamu IIH-perynupoBanus.
Jns ucnapurens ¢ NPUHYIUTENIBHOW UPKYISIUEN B
[48] npemioskeHO MHTEIIEKTYalbHOE pa3BA3bIBAIOLICE
I[N I-perynupoBanue, Uil KOTOPOIO HCIIOJIb3YETCs
Pa3BA3BIBAIOIININ KOMIIEHCATOP U HEHPOHHBIA CETEBOM
KOMIIEHCATOp C MpPsIMOM CBs3bI0, a MapaMeTpbl omnpe-
JIENSTI0OTCS 0000IIEHHBIM 3aKOHOM TPOTHO3UPYIOIIETO
yIpaBJIeHHUS.

B [49-51] mpeioskeHO UCIIONB30BaTh HEJTMHEHHBIE
aJlaNTUBHBIC MOJIEIH JIJISi HENPEPHIBHBIX MPOU3BOJICTB
B aJIOMHHMEBOI NPOMBIIIJIEHHOCTH, METOABI HCKYC-
CTBEHHOT'O MHTEJUIEKTAa U CUTYalLIOHHOE yIpaBJIEHUE
MIPH TIOMCKE ONTHMAJIbHBIX 3HAYEHUH €ro TEeXHOJIOTHU-
YECKMX IapaMeTpOB Ha OCHOBE pEaJbHBIX LEH Ha
HEPropecypchl U ChIPbE.

B nanHOM HcceoBaHMM B KauecTBe OOBEKTa pac-
CMaTPHUBAIOTCST TEXHOJOTHUYECKHE KOMIUICKCH Mpea-
NPUATUN aTIOMUHUEBON MPOMBIIUIEHHOCTH HA MIPUMe-
pe TUAPOXUMHYECKOTO MPOU3BOACTBAa TJIUHO3EMa
MmotHocThi0 200 MBT B IlaBnonapckoit obsactu Pec-
nyOnukn Kaszaxcran. it JaHHBIX TPOM3BOJCTB Xa-
paKTepHBI: HEIMHEHHOCTh, MHOTOCBSI3HOCTb, IPEBbI-
mIeHne 00bEMOB IUPKYIUPYIONIUX MaTEPUATBHBIX TO-
TOKOB HaJ OOBEMAaMHU MPSMBIX MAaTCPHATBHBIX ITOTO-
KOB, OTCYTCTBHUE Ul OTHENbHBIX TEXHOJIOTMYECKUX
MIEPE/ICIOB MPONOPUNOHAIBHON 3aBHCUMOCTH MEXKAY
BXOJIOM M BBIXOJIOM, HEOIPEIEIIEHHOCTh [1apaMeTpoB,
CBSA3aHHAS C PA3IMYAIONIMMCA XUMHUYECKUM COCTaBOM

CBIPbSL.
[IpenmeToM ucciieoBaHUsl BBICTYIAE€T CUCTEMA
yIOpaBleHUs, pellaromas 3ajadyy  ONTHMalbHOIO

yIOpaBJICHUs dHepronorpedieHneM. BaxHbIM acrek-
TOM SBIISIETCSI HEOOXOAUMOCTh PEIICHHUS JTaHHOW 3aja-
YK B YCIOBHSIX MEpexojia 00bEeKTa YIPaBICHHS HA pa3-
JIMYHBIC KOHIICHTPAIIMOHHBIC PEKUMBI PaOOTHL.

C yd4eToMm TpOBEJCHHOTO aHajun3a, B KaueCTBE OC-
HOBHOTO IOJX0Jia K TIOCTPOCHHUIO MaTeMAaTHYEeCKON
MOJICIIM TIpEJIaraeTcsl pa3/esieHne TEXHOJIOTHUECKOTO
Ipoliecca Ha OT/ICNBHBIC MePEIeNbl U COCTABJICHUE JIJIS
HUX MOJIeNU OajlaHca MaTepHalbHBIX IMOTOKOB. Jlist
OTIPEJICJICHNS] HEW3BECTHBIX MapaMeTPOB MOJEIU HC-
MOJIB3YeTCA TEOpUsl HEUSTKHX MHOXecTB [52, 53] Ha
OCHOBAHHH DKCIICPTHBIX OIICHOK.

Jls KOMIIEHCAIMK OIMOOK MOJIENN TpeJyiaracTcs
BBOJUTHh WACHTH(UKAIIMOHHBIC MapaMeTphl, OTHICKHBA-
€MbIE METOJIOM TPAJMEHTHOTO CIycKa. MaeHTudukanu-
OHHBIM KPUTEPUEM BBICTYITACT KBAJ[PATHYHOE paccoria-
COBaHHUE 3HAYEHUSI MApaMETPOB, MOTYUYECHHBIX AKCIIEPH-
MEHTAJIBHO U C TTOMOIIBI0 MOJICTTUPOBAHHUS, OTHECEHHOE
K JIUCTICPCHH MECSYHBIX 3HAYCHU I BEITMYHH.

JIis IpUMEHEHHST MOJICITH B YCIIOBHSIX M3MCHCHUS
TEXHOJIOTUYECKUX PEKUMOB MOJIEIh OallaHca MaTepH-
QIBHBIX TIOTOKOB IMpeljiaracTcs JIOMOJHUTh Tudde-
PEHIMATBHBIMU YPABHEHUSIMH, YIUTHIBAIOIIIUMH H3ME-

HEHUs TapaMeTPOB BO BPEMEHH, BhI3BaHHbIE HanOolee
3HAYMMBIMH MHEPIHUOHHBIMH 3JEMEHTAMH TEXHOJIOTH-
YEeCKOTO Mpolecca U 00OOMICHHBIMU OY(EpHBIME EM-
KOCTSIMH, UMEIOIIMMU HauboJiee BBICOKYIO yIep>KuUBa-
OIIYIO CITIOCOOHOCTB.

[Mony4eHHy0 MOIENb MpemIaraeTcsi HCIOIb30BaTh
JUISL ONITUMU3AIMK DHEpromnorpediieHus. B kadectse
KPUTEPUEB ONTHUMU3AIMN TPEIIaraeTcsi OJHOBPEMEH-
Hasi MHUHUMH3AIMS DJICKTPONOTPEOICHUS W pacxona
mapa MpH OTPaHMYCHUSIX HA LEHBI, 00BEMBI CHIPbS U
SHEpruM M 0e3 yBeIMYeHHUs ceOecTOMMOCTH TOTOBON
MPOIYKINU W TIPOU3BOIUTEIBHOCTH. JI1 momcka or-
TUMAaJBHOTO PEIICHHUs] MpPEAaracTcsi HCIIOIb30BaTh
METO/1 FTeHETHUECKOro ainropurma [53].

TeopeTnueckas 6a3a
Modesv 6anaHca MamepuaabHuIX NONMOK08

DJIEeKTPOnOTpedICHNEe B pacCMaTPUBAEMBIX TEXHO-
JIOTUYECKUX KOMIUIEKCAX MPEearpUsaTuil allOMUHUEBON
MIPOMBIIINIEHHOCTH PacXoJlyeTcsi B OCHOBHOM Ha Tiepe-
MelIeHne U (PU3NKO-XUMHYECKOe MTpeodpa3oBaHue 10-
TOKOB BEIIECTBAa, MPOXOAALIMX IO TEXHOJOTHYECKUM
y4acTKaM, BCIIEACTBUE Yero 00beM 3IeKTponoTpediie-
HUS OTIpEJIeNIIeTCs 00beMaMu repepadaThiBAEMbIX T10-
TOKOB, a CaMH OOBEMBI ONPEICIISIOTCS KOHIICHTPAIIH-
OHHBIMH TEXHOJIOTUYECKMMHU pexkumamu. s ommca-
HUsT OajaHca MaTepHAJIbHBIX ITOTOKOB COCTaBJCHA
CTPYKTYpHast cXxemMa IT'HJpOXUMHUYECKOT0 IPOU3BOICTBA
no Mmerony baliepa, mokazaHHast Ha puc. 1, comepxka-
masi CeMb OJIOKOB, OINHMCBHIBAIOIINX TEXHOJOTHUYECKUE
Hepeesbl, B3aUMOCBSA3aHHBIE Yepe3 MaTepuajibHbIE
MIOTOKH, a TaKKe YEThIpe KOHTYypa YIpaBlIeHUs, C I10-
MOIIBI0 KOTOPBIX TMOJIEPIKUBACTCS KOHIICHTPAIIMOH-
HBII TEXHOJIOTHYECKUN PEKUM.

Texnonoruueckue mnporneccsl B nepenenax [-VII
OMHCHIBAKOTCA HENUHEHHBIMU aNre0pandecKuMU ypaB-
HEHHSIMH, TAE HOMEpa MaTepHallbHBIX ITOTOKOB 000-
3HAa4YeHbl MHIEKCOM I, a HOMepa IepelesoB — HUHIEK-
COM J:

ZL,.].AiG,.F =0; ZH,.j.FiGi =0; ZKUBI.G,.F =0;

1 1
B,
p— . — . — 1
D IF=0; Y IFED =0, M, =1.645=5, (1)
i i i
rae F; — o0bemMHbIN pacxo] pacTBopa; D; — MIOTHOCTh
pactBopa; H; — BECOBOE COOTHOIIEHHE >KUIKOTO K
TBepaOoMY; M; — KayCTHUECKHI MOIYJb pacTBopa; A; u
B; — xonuenTpanus xuakoi daser Al,Oz u Na,Oy co-
OTBETCTBEHHO; (; — KOHIEHTpanus TBepHo (Hasbl
ALOs; 1, Kjj, Ly, H; — Henunelinple QyHKIUM {-TO 1O-
TOKa, UMEIOIINE MOJIOKUTEIbHOE 3HAYeHUE, eCI I0-
TOK BXOJSIINNA, OTPULIATEIbHOE, €CIM HCXOASIINN, U
paBHbIE HOJIIO, €CJIM JAHHBIA OTOK HE IPOXOAUT Uepe3
J-¥ mepenen.
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2 00OpOTHBII pacTBOP

11 MaTo4HBIN pacTBOP

4 xpacHp1il aM 15 OTMBITBIN mIam

Puc. 1.

Fig. 1.  Block-diagram of the mass balance model

JIOTIOTHUTENBHO TEXHOJIOTMYECKHEe MPOIECCH B Iie-
penene V ONMUCHIBAIOTCS HEIMHEHHBIM TU(QepeHIn-
aITbHBIM YPaBHEHHEM:

-4
Z—/;‘»‘ =-R,K, %(0,96 +0,298, ) x
)

O Fm radl)
XL3A9—AE—2 erAg Ja 2

rie R; — waeHtudukanuoHuelii kodddunment; Sy —
TUIONIAh KaTauu3aTopa; Ap — pPaBHOBECHAs KOHIICH-
tpamus Al,Os; [ — JNIMTENLHOCTD IEKOMITO3UINH; Ky —
CKOPOCTh Pa3JIOkKEHHUS, 3aBUCAIIAS OT KOHIICHTPAIIUU
menoun By, remnepatypsl 1 U III0IIA U TTOBEPXHOCTH
Karanu3aropa Sk, MPH 3TOM IOJIYYUTh OJIHO3HAYHYIO
AHATUTHYECKYI0 3aBUCUMOCTh i K, HE Tpe/CcTaBIs-
€TCsI BO3MOKHBIM.

B kauecTBe MeToJla pelICHUs] CHCTEM HEITMHEHHBIX
ypaBHeHHU# (1) BBIOpaH MeTOj MPOCTOW WTepanuu, a
JUTSL YUCJIGHHOTO MeToJia peteHus auddepeHuanbsHo-
ro ypaBHEHHs (2) BeIOpaH Meron Diniepa, Mpu 3TOM
JIOKa3aHa TeopemMa O pas3permnmocTd 3aaaun Kommwm n
ompejieNieHa BeJIMYUHA TII00aIbHON MOTPEIIHOCTH, KO-
Topast B MpoMmexxyTke mHTerpupoBanus B 100 dacos
npu nare uHTerpupoBanus £=0,05 yaca He mpeBbIIIa-
1a 3 %.

_ BeinapuboHue |«
3
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Z—» UaMensueHue ¥
O S 8 KOHLICHTPUPOBAHHBILI
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o
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CmpmeypHaﬂ cxema modeau 6aaaHca Mamepua/sibHblX NOMOKO8

[To uucny xonrypoB ynpasinenuss KY1-KY4 B no-
ny4yeHHol mojenu (1) u (2) B xauecTBE BXOJHBIX Ta-
paMeTpoB BBICTYMaeT BeKTOp X=[B,, M3, Bs, XZ], tne
XZ — 3arpaBoYHOE OTHOIICHHE, OIpEAeIIeMOe Kak
OTHOLICHUE 00beMa MaTEePUAILHOTO MTOTOKA KaTalau3a-
Topa F7 K mpsMoMmy NoToky Fs. KonTponupyemsiMu
BHEITHAMHU BO3JCHCTBHSAMHU BBICTYIAIOT IapaMeTPhI
CBIPBSl M TeMIIepaTypa MpoLeccoB. BrIxonHpIMU napa-
METpaMu SIBJSIIOTCSL DHEPronoTpeOICHHE U BEKTOpP
TEXHOJIOTHTIECKUX mapamMeTpoB MIPOM3BOCTBA
Y=[M,, B3, A4, B4, Ms, Bg, Mg, G, Go, B11, Bis, Mis].
DHepromnoTpedlieHHe BKIOYACT B ce0s 3JIEKTPOIO-
TpeOieHre, BEIYUCIIEMOE KaK:

WZKaZVVieF;" (3)

rae K, — nonpaBo4nbiii ko3 duiment; W;, — 3arparsl
3JIEKTPOIHEPTHU Ha i-bId MaTepUaIbHBIN MOTOK, OMpe-
JISJISIFOIIMECS] MOIIHOCTSIMU TIPHBOJIOB, HACOCOB, Me-
IIaJIOK U T. II., & TAKKE PACXOJ] rmapa:

er =K EZ’ (4)

BBIIT

rie Ky — K03 duImenT pacxona mapa Ha 1 M yma-
PEHHOH BOJBL.
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Juis ucnionb3oBanus (2) B yCIOBUAX HEOMpeaeseH-
HOCTH K; TPUMEHEHA TEOpUs HEUYCTKHMX MHOXKECTB.
OyHKIMK TPUHAUIEKHOCTH TSI KAXKIOTO M3 BXOIHBIX
napameTpoB 14(Ty), us(Bs) 1 uc(Sk), a Takke HEYETKO-
IO MHOYKECTBA BBIXOJHBIX HapameTpoB up(Ky) us(K,)
ur(K;) BEIOpaHBI TPEYTONBHBIMHU U OTIPEAEIIEHBI KO-
YEeCTBEHHO Ha OCHOBAaHMHU HKCIEPTHBIX OLEHOK. basza
MPaBWJI MPEACTaBIsACT cOOON COBOKYIHOCTB: 1) ecnmu
A(Ty), To D(Ky); 2) eciu B(Bs), To E(Ky); ecim C(Sk),
T0 F(K,;). HeueTkas UMILIMKALMS JIOTHYECKOTO 3aKITIO-
yeHus px(K,;) BbIonHEHa Mo MeToay Mawmpmanu. Jle-
(dazzuduranmy BEITOIHEHA METOJIOM IICHTPA TSKECTH:

_ jKdﬂz (K,)dK,

= (5)
jﬂz (K,)dK,

3HaueHus] KOHUEHTpPAlUU Bg U KayCTHUUECKUX MO-
JyJel pacTBOpoB M, u Ms HyXmalTcsi B WeHTH(HKA-
UM A7 KOMIIEHCAIlUM BO3MOXKHBIX HECOOTBETCTBUI
BBIXOJIHBIX MapaMeTPOB peasbHBIM 3HaueHusM. Ompe-
JIeNICHAE MACHTU(PHUKAUOHHBIX ITapaMeTpOB IIPOU3BO-
JWIOCh C TIOMOIIBIO alrOpuTMa aBTOMAaTHYECKON

UACHTU(DUKAMK METOJOM TPAJAUEHTHOTO CIyCKa C
WCIIOJIb30BAHUEM CIIEAYIONIETO KPUTEPHUSL:
2 2 2
(Bse_Be) (MSe_Ms) (Mze_Mz)

J= + +5 — min, (6)
DB D[M] D[M,]

I7Ie MHJCKCOM e 0003HA4YeHbI 3HAYCHUS MapaMeTpoB,
MOJTyYEHHBIC JKCICPHIMEHTAIBHO HA IPOW3BOJCTBE, a
D[Bg], D[M;], D[Ms] — nucniepcuu MECSIUHBIX 3Haye-
HUH BenuuuH. B pesynbrare npumMeHeHus (6) pacxox-
JICHAEC PACCUMTAHHBIX II0 MOJEIHM 3HAUYECHHH C IKCIIe-
PUMEHTAJIBHBIMU 3HAYCHHUSMHE, HAOIIONACMBIMH B Te-
YeHHe roja, He npesbimano 2 %.

Modeab uzmeHeHUs MEXHO102UYECKUX PEHCUMO8

DIEeKTPONOTPeOICHNE TEXHOIOTHUECKIX KOMILICK-
COB TIPEANPUSITHI ATIOMUHUEBON MPOMBINIIICHHOCTH
MOJKET PE3KO YBEINYHUTHCSA MO0 YMEHBIIUTHCS B pe-
3y/nbTaTe Mepexoja Ha JIpyrue TEXHOJIOTHUECKHE pe-
JKIMBI BBULy H3MECHCHHSI 00BEMOB IIOTOKOB BEIIICCTBA.
[ omucaHusl Takoro W3MEHEHUs 3JICKTPONOoTpedIe-
HUSI COCTaBJICHA CTPYKTYPHAs CXeMa Ha puc. 2.
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Puc. 2. CmpykmypHas cxema mMooenu U3MEHeHUs MexHO102U4ecKUX pexcumos

Fig. 2.

Block diagram of the model of changing process conditions
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ITo cpaBHEHUIO co cxeMoO#l Ha puc. 1 TexHonornye-
CKUH nepeien1 V pacKpbIT B BUAE [1OCIIEA0BATEIbHOCTH
O70KOB,  WMHTHPYIOIIMX  paboTy  ammaparoB-
JICKOMIIO3€pOB, a Takke 100aBJIeH TEXHOJIOTHMUYECKUN
nepepen VIII, umutupyronmii OydepHyr0 eMKOCTh
000pOTHOTO PacTBOpa, KOTOpas MMEET HaMOOJBIIYIO
yIEPKUBAIOIIYI0 CIIOCOOHOCTD, B CBSI3U C UM OHA BBI-
Opana B kauecTBe 00001IeHHOI Oy(hepHOH eMKOCTH.

Mopens KaXZOTO 7-0TO ammapara-IeKoMIIo3epa
TEXHOJIOTMYECKOro mnepefena V ONHMCaHAa CUCTEMOM
muddepeHanbHEIX ypaBHEHUI:

(. G

F_ =F +0,53V,V |1-—2|;

o o7 43)
d (G, )
V, —G =F G,  —FG, +1,53V, V. |[1-—=|;
Dn dt n n-1"n-1 non Dn nL 2’43J

Vo iAn [1— G” j:
dt 2,43
:F;FIAnil [1_£] _(F;lAn +VDann)[l_ _Gn J’
43 2,43
VDniBn [1_ Gﬂ_l] =
dt 2,43
G,y ) (G, )
=F B l-—L|—FB|1-—2|;
n-1 n—l[ 2’43J n nL 2,43J

Z ()

En

V = _Rdann

n

rae [, — pacxoj T'MApaTHON IyJIbIIbl HAa BBIXOAE M-TO
anmapata; 4, U B, — KOHIEHTpaIH >XUJKOH (asbl
AlO; u Na,O cooTBeTcTBeHHO; (G, — KOHIICHTpAIIUU
tBepoit ¢asel Al,Os; Vp, — 00beM KaXkI0TO 1-0T0 ar-
napara; V), — CKOpOCTh pa3lIoKeHHsI pacTBOpa B arla-
pare; Ap,=f(B,.1, Tps,) — paBHOBECHAasi KOHIICHTPALUs
ALO;s; Kyp=f(By-1,Tpn,Skn) — K03(pduument, onpene-
JISIONIMNA CKOPOCTh PA3JIOKESHUS MPH TeKyIIeH KOHIICH-
Tpaluu 1eno4u B,, temneparype 1p, U IUIOMAIN I10-
BEPXHOCTH KaTanuzaTopa Sk, KaKJOro 7-0ro ammapa-
ta. Benmunna K, paccuutbiBaeTcs cornacHo (5). 3Ha-
YeHHE HJICHTH(OUKAIMOHHOTO KO3 puimenTa R, Kax-
JIOTO 1-OTO ammapara ONpeJessieTcsl METOJIOM Tpajiv-
€HTHOTO CITyCKa MO aHAJIOTHH C MPHUBEJACHHBIM BBIIIC
OITMCaHHEM.

BydepHas emkocth o0OopoTHOro pactopa VIII
onuchiBaercs AuddepeHnrnanbHbIM ypaBHEHUEM:

dv
7f=Fn—F2, ®)

rae Vp — o0beM pacTBopa B 0000IIEHHON €MKOCTH.

VYpaBHeHue (8) UCHONB3yeTCs COBMECTHO C CHUCTE-
Mol ypaBHeHu#l (1), a cucrema ypaHenwit (7) 3ame-
maet (2). DuepronorpebieHue Beruucisgercs no (3) u
(4). BexTopsl BXOTHBIX M BBIXOJHBIX ITAPaMETPOB TE
e, 9TO U B HCXOJHOU MOJETH OajaHca MaTepHaIbHBIX
MIOTOKOB.

OnmumasbHOe ynpae ieHue 3Hep2onompe6aeHuem

Kontypsr ympasnenust KY1-KY4 paccmarpusae-
MOr0 TEXHOJOIMYECKOro KOMIUIEKCa MpeanpUusTuil
AJTIOMUHUEBON IPOMBIIIIEHHOCTH BO3/EHCTBYIOT Ha
KOHIIEHTPAIIMOHHBIM TEXHOJIOTUUECKUN PEXUM U OTIO-
CPEIOBaHHO Yepe3 HEro BIHSIIOT Ha dHEpromorpediie-
Hue. Clie0BaTeNIbHO, IOUCK 3HEProd3h(EeKTUBHOTO
pekuMa paboThI JODKCH BBIIOIHATHCS MO BCEM I1apa-
MeTpam, BXOJSIINM B BeKTOp X=[B,, M3, Bs, XZ].

Jna oOecrieueHHs] HAWIY4IIEro C TOYKH 3PEHHS
SHEPronoTPEeOICHNsT TEXHOJIOTHUYECKOTO peXHMa I10-
CTaBJIeHa ONTUMM3AallMOHHAs 3a1aya. B kauectBe kpu-
TEpHUEB ONTUMH3AIMK BBIOpaHBI cieayromue: 1) mu-
HUMM3AIMST  DIICKTPONIOTPEOICHUS; 2) MHHUMM3AIHS
pacxona mapa; 3) OrpaHWYCHHS Ha IEHbI, 00bEMBI ChI-
PBsl M DHEPTUH U 0€3 yBEIUUSHHsI CeOSCTOMMOCTH T'0-
TOBOW MPOJYKITUHN U TIPOU3BOIUTEIILHOCTH.

g cBeneHns MHOIOKPUTEPUAILHOW ONTUMU3ALU-
OHHOHM 3ajaud K OJHOKPUTEPHAJIHHON BBIOpaHHbBIE
KpUTEpUH OOBEIMHEHbI B OOOOIIEHHOM KPHUTEPHH, B
KadyecTBe KOTOPOTO HCIIONB30BaHa ceOecTomMOCTh | T
rOTOBOM MPOAYKLHH, B KOTOPOH YUHUTBHIBAETCS U IO-
TpeOJIeHHE STEKTPOIHEPIUH, U PACXOJ [1apa U ChIPbA:

S = C[KW(X), K,0,(X), K,F(X), K4F13(X)]TFL—>min, ©)

10

rae C — BEKTOp LieH, BKIIOYAIOLINH LIEHY Ha 3JIEKTPO-
SHEPTHIO, AP U ChIPbE COOTBETCTBEHHO, Ki—Ky — KO-
(PUIIMEHTHI, OTIPENIEIISIONIIE TOTI0 HEYYTEHHBIX 3aTpar.

B kaudecTBe Merona pelleHUs ONTUMHU3ALMOHHON
3a/la4ydl UCIOJIb30BAH METOJ] T€HETUYECKOTO aITOPUT-
Ma. KomupoBaHue 31I€MEHTOB TOIYJSIIAN BBITOJHS-
JIOCh B IBOMYHOM KOJI€ [UTSl BCCH 00JIACTH IOy CTUMBIX
3HAYeHUH TI0 YEThIPEM YNpaBJISIeMbIM MapaMeTpam B,
M3, Bsn XZ, a co3janue 4eThbIpex HadaJIbHbBIX TOIYJIs-
IIUH XPOMOCOM — C IOMOIIbIO CITy4aifHOTO BhIOOpa M3
BCeli 00J1aCTH pelIeH paccMaTpUBaEMOH 3a/1auH.

Mepoii kadyecTBa KaXJI0H XpOMOCOMBI c/; B TpO-
CTPaHCTBE MOWCKA 3aJjaHa (DYHKIHSI TPHCITOCOOICHHO-
ctu G(ch;), ocHoBaHHast Ha KpuTepuu (9) mpu ycioBun
obOecrieueHus] CyIIECTBEHHON pasHHIIBI B 3HAYEHUAX
IUTSL KQJKIOH 0COOW TIOMYIISIINH:

G(ch) = MAX(S) — S(ch) — max,

rae MAX(S) — MakcUMaJlbHO BO3MOXHasi ceOecTou-
MOCTb FOTOBOM IPOAYKLMY IPU PELIEHUU JaHHOH 3a-
Jlayu.

Pe3ysabTaThl Mcc/ieA0BaHUSA

C wWcnoib30BaHMEM OIMMCAHHOH Mozenwn OamaHca
MaTepUaJIbHBIX TIOTOKOB Ui PacCMaTPUBAEMOIO TeX-
HOJIOTHYECKOTO KOMIUIEKCA MPEANPUATHI aTrOMHHUC-
BOI POMBIIIJIEHHOCTH OJIy4€Hbl CTATUYECKUE XapaK-
TEPUCTUKHU 3JIEKTponoTpedbnenus W B pacuere Ha 1 T
TOTOBOH MPOJYKIIMHU, TIOKa3aHHBIC Ha PUC. 3.
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Ha 0a3e mMozenu M3MEHEHHS TEXHOJIOTHUECKUX pe- AHanu3upyst pe3yJbTaThl MOACITUPOBAHHS, MOKHO
KUMOB IIOJyY€Hbl IEPEXOJHbIE IPOLECCHI, BO3HUKA-  ClENaTh BBIBOA, YTO pEaKUUs U3MEHEHUS SHEproro-
folMe NP u3MeHeHnn Bektopa X. Jlns wiumoctpanmu — TpebiieHus W Ha W3MEHEHHE BXOIHBIX IMapaMeTpoB M;
Ha puc. 4 mokazaHbl nepexoaHble mnpoueccsl W u Vp U Bs B 11€JIOM COOTBETCTBYET CTATHUECKONW XapaKTepH-
MpU CTYNEHYaTOM H3MEHEHWH BXOJHBIX IAapaMEeTpOB  CTUKE, TOKAa3aHHOM Ha puc. 3.

OTHOCHUTECJIBHO UX CPEAHCTO JOITYCTUMOI'O 3HAYCHU.
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Fig. 3.  Electrical consumption W per 1 ton of product de-  Fig-4.  Transients: 1) W when Ms changes; 2) W when Bs

pending on: 1) Ms; 2) Bs; 3) XZ

changes; 3) Vo when Bs changes
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Hanpumep, cHmxenue Mz Ha 6,4 % NPUBOAUT K
cHWKeHuto W Ha Benuuuny 10 15 %, a yBenuuenue Bs
Ha 4 % NpUBOIUT K KPaTKOBPEMEHHOMY CHIKEHHIO W
Ha BeIMUYUHY 110 9 % uuTenbHOCThIO 10 3 cyTok. On-
HAKO JOCTUTHYTas TAKMM 00pa3oM SKOHOMHS DHEPro-
MOTPEONICHUST MOKET CIIPOBOLUPOBATH aBAPUIHYIO
cutyanuto. Tak, mpu TakoM ke yBeJauueHuHn M3 Kak Ha
puc. 4-1 uszmenenue Vp pocruraer 202,8 %, a npu
cHmxkeHnn Bs Ha 8 % yBenmuenue Vp mocTtHraer
1374 % (puc. 4-3), 9TO CBUACTEIHLCTBYET O BO3HUKHO-
BEHUU aBAPUIHOIO IEepeIInBa.

Crenyer yTOYHUTbH, YTO B PEAIBLHOM IIPOM3BOJCTBE
BEKTOP BXOJHBIX IapaMETPOB HE MOXKET OBITh H3MCHEH
CTYNEHYATO, OJJHAKO JaKe MPH IJTABHOM HM3MEHEHHH X
BO3MO’KHA HECOPAa3MEPHO BBICOKAsl PEAKLMs CO CTOPOHbI
TEXHOJIOTMYECKOT0 IpolLiecca, MPUBOJLIAs K aBapUiHOM
curyaiuu. [loaToMy ynpagieHue BpyYHYIO U1l TEXHOJO-
TMYECKOr0 KOMIUIEKCAa NPEAIPUSITUM  aFOMUHHEBON
MIPOMBILIIEHHOCTU CJIEIYeT CBECTU K MUHUMYMY, a JUIs
aBTOMATHYECKOIO YIIPABICHHs LEIeCO00pa3HO IpHUMe-
HSTb MPEJIOKESHHBIH aJITOPUTM ONITUMH3AIUH.

AHanm3 pe3ynbTaToB PEHICHHs ONTUMHU3AIMOHHON 3a-
Jayd TOKa3all, 4TO IO CPaBHEHHUIO C PEXMMOM, KOrja
BXOJIHbIC TMapaMeTphl TOJUICPKUBAIOTCS Ha YPOBHE HX
CpPEIIHEro AOMYCTUMOIO 3HAUEHUs, IPU TEXHOIOIMYECKHX
rapameTpax, IMoJy4eHHbIX B XOJ/I€ ONTUMU3ALIIH, 3aTPaThl
AJIEKTPO3HEPT UM CHU3MIUCH Ha 7 %, a mapa—Ha 11 %.
06cyxAeHue U 3aK/II0YeHne

CITMCOK/IMTEPATYPbBI

B pesynbrate uccnenoBanusi pa3paboTaHbl MOJENb
6aHcha MaTEpHUaAJIbHBIX ITOTOKOB U MOJICJIb U3MCHECHU A
TEXHOJOTHIECKUX PEKUMOB, OMPEACISIONINE YHEPro-
MOTPEOJICHAE TEXHOJIOTHYECKUX KOMIUIEKCOB TIPEJ-
MpUATHA AIIFOMHUHUEBOU IMPOMBIIIIJIECHHOCTU € HEIpe-
PBIBHBIM HHEPIHOHHBIM HEITUHEHHBIM 3aMKHYTBIM
MPOM3BOICTBOM.

Ha 6a3e momyueHHBIX MoOJIeNiel ONpe/ieIeHbl THHA-
MHUYECKHE XapaKTePHCTUKH DHEPromoTpeONeHns, a
TaKkKe TapaMeTpbl MPOTEKAHHS TEXHOJIOTUYECKUX
MPOIIECCOB B 3aBHCUMOCTH OT BXOJHBIX MapaMeTpOB.
[Tpu pygHOM M3MEHEHUH BXOTHBIX HMapaMeTpPOB ITOY-
YeHHAs] MOJIENb TT03BOJISIET IPOTHO3UPOBATH HECOPA3-
MEPHO BBICOKYIO PEaKIIMIO CO CTOPOHBI TEXHOJIOTHYe-
CKOTO TIpOIiecca, CBHACTEIBCTBYIONIYIO O BOSHUKHOBE-
HUM aBapuitHOW curyanuu. CienoBaTeIbHO, PEKOMCH-
JyeTCsl BCE YIPABJISIOUIME BO3JCHCTBHUS HA PEKUMBI
MPOU3BOJICTBA BBUAY HX claboil mpencka3yeMocTH
MIEPBOHAYAIBEHO TIPOBEPATH C IOMOINBIO IPEIIOKCH-
HBIX MOJIETIEN.

Taroke B pe3ysibTare UCCIACIOBAHUS PEIlleHa OMTHU-
MH3aIMOHHAS 337a9a YIPaBICHUs YHEPronoTpeOIeHN-
€M HEIPEPBIBHOIO IPOU3BOJICTBA C YYETOM TEXHOJO-
TMYECKUX IapaMeTpOB U CTOUMOCTHBIX (I)aKTOpOB,
o0ecrieunBaromasl CHIDKCHHE 3aTpaT JICKTPOIHEPTUU
Ha 7 % u napa Ha 11 %. [Ipu none >nexTposHepruu B
cebecronmocT npoaykiuu nopsinka 30 % 1ocTUTHY-
Tas ONTHUMU3AIMS JHEPronoTpeOICHUs CHH3UT cebde-
CTOMMOCTD TIPOIYKIIUH Ha BETHIHHY OKOIIO 2 %.
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