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I'pimuun M. B. KoMITIOTEpHO-IHTEIpOBaHAa CHCTEMa KOHTPOJIIO 3HOCY TpyO
TEIJIOOOMIHY TBEPIOMAIUBHUX MapOreHEPATOPiB TCIUIOBUX CICKTPHYHUX CTAHITIH.

JHuceprairist Ha 3M00yTTS HayKOBOTO CTYIEHS MOKTOpa (imocodii 3a creriaabHiCTIO
151 — aBTomaTu3allis Ta KOMII IOTEPHO-IHTErpoBaHi TexHousorli. — Haronansuuii

yHiBepcureT «Onecrka nositexnikay MOH Ykpainu, Ogneca, 2023.

Hucepramiitna po0OoTa TpPHUCBAYEHA BJOCKOHAJIEHHIO METOMIB 1  MOJeiei
KOMIT FOTEpPHO-IHTETPOBAHOT ~ CUCTEMHU  YINPABIIHHA 3HOCOM TpyO  TEII000MiHYy
TBEPJONAIIMBHUX IMAapOTreHEePaTOPIB TEIUIOBUX EJIEKTPUUYHUX CTAHIIIH, III0 BUKOPUCTOBYIOTh
BYrUUIA 3 HEBIJOMHM 30JIbBHUM CKJIaaoM. [Hdopmailisi mpo MOTOYHY SIKICTh BYTULIA
BUKOPUCTOBYETHCS JIJISl BAMIPIOBAHHSM BMICTY TBEpPAUX MIHEPAIbHUX JAOMIIIOK, a TAKOXK
B MEBHUX KOHTypax ymnpaBmiHHS. J[0 HUX BIAHOCATHCS: PO3MOJLI MOTOKY BYTULIS MIXK
KEpyIOUMMU BIUIMBAMU, BABAHTAKEHHS 1 epeBipKa AKOCT1 BYTULIS JIs MiHIMI3al(li BUTpaT.

VY nepmomy posaim «Jlocmimkenns 3actocyBanns KICY nmns xkepyBaHHST 3HOCOM
MoBepxHi TpyO TersooOMiHy OapabanHoro maporereparopy TEC» onepkaHo Taki
pe3yNbTaTy.

— BcraHoBIIeHO, IO CKIQAHICTH CBITOBOI BYTUIBHOI IPOMHCIOBOCTI BH3HAYAETHCS
TakuMHU (pakTopamMH, SIK SKICTh BYTULIS, LIHA Ta €KOJOriyHi mpobnemu. Kpainu, mo
PO3BUBAIOTHCS, BCE I11€ 3HAUHOKO MIPOIO 3aJIeKaTh BiJl BYT'ULIA 1] BIUTMBOM MIKHAPOIHOI
MOTITUKH Ta TOPTiBiai. Ilepexin 10 cTamoi eHepreTHKY 3aJIUIIAETHCS CKIAHUM 3aBIaHHIM
3 OIJIAly Ha PI3HOMAHITHICTh TalTy3l.

— BusBneno, mo edekTUBHE BUPOOHUIITBO EJNEKTPOCHEPrii Ha BYTUIBHUX
CJICKTPOCTAHIIISIX 3aJIeKUTh BiJl HAJIEKHOI 17eHTHdIKAIT CKIaay MajuBa Ta CTpaTerii
MiHIMI3aIlli IIIKOU Bij 3HOCY MOBEPXHI TPyO TErI000MiHy OapabaHHOTO MaporeHepaTopy
TEC Big TyrominaBKMX CHOJYK. ICHyroul MeETOAM aHajii3y JAONOMararoTh, ajie ix
HEJIOCTaTHBO, 10 MIAKPECTI0E HEOOXITHICTh MOJANIBIIOI0 TEXHOJIOTIYHOTO MPOrpecy B

JIIarHOCTHII.
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— OTpumaHo, 110 yIpaBIiHHS MPOLIECOM MIArOTOBKHM BYT/UISL JIJIsl CHATIOBAHHS Ha
€JIEKTPOCTAHIIIAX BKJIIOYA€E KUTbKA €TaIiB 1 TEXHOJIOT1H, B TOMY YXCJI1 MAallMHHE HaBYaHHS 1
yIJIOBIIIOBaHHSl BYTJEIIO. [HTerpailisi KOMMI'IOTEPHOI aBTOMAaTHM30BaHOI CHUCTEMHU MOXKE
M1JBUIIUTH €PEKTUBHICTh, €KOJIOTIYHY CTIMKICTh 1 CTaOUIBHICTh €HEProcucTeMu. TouHMiA
Bi0Ip mpoO BYruWIS Ta CHUCTEMH KOHTPOJIO SKOCTI MAalOTh BHpIIIAIbHE 3HAYECHHS B
yOpaBIiHHI BYTUIBHUMH €JeKTpocTaHIissMU. CydacHl TEXHOJIOTIi, Takl SIK HEYITKI
ANTOPUTMH KEPYBaHHS Ta IITYYHUH 1HTENEKT, MPOIMOHYIOTh MOTCHIIIIHI TMOKPAIICHHS B
eKCIUTyaTallii Ta TEXHIYHOMY OOCITyTOBYBaHHI.

— EeKkTUBHICTD BYTIJILHUX €JIEKTPOCTAHIIIN 3aJICKUTh BiJ IKICHOTO BYTULJISl, TOYHOTO
B1100py mpoO 1 mepeaoBOi AIarHOCTUKM. [HHOBalli B CHCTEMax MOHITOPUHIY Ta HOBI
TEXHOJIOT1i € KJIF0UeM JI0 MiABUIICHHS €()eKTUBHOCTI, OE3MEKH Ta IOBFOBIYHOCTI.

— BwusHayeHo, 10 KOHTPOJb 3HOCY TEIJIOOOMIHHMX TpyO y maporeHepaTopax
noTpedye ananTUBHOIO MIAXOAY B PEXKUMI pealbHOro yacy. ICHyroudl MeToau €
TPYJIOMICTKHUMH 1 HETIPAKTUYHUMH, 1110 MIJKPECITIO€ MOTPedy B KOMIUIEKCHIM MOJEIBHO-
OpIEHTOBAHIA CHCTEMI aBTOMATHUYHOIO KEPYBaHHS 13 KOHTPOJEPOM pEaIbHOTO 4Yacy,
aJanTOBaHIM 10 TUHAMIYHUX YMOB.

Y npyromy posaini «Po3poOka Momeni BIUIMBY SKOCTI BYTUUIS Ha 3HOC TpyoO
Termooominy 6apadanHoro naporeneparopy TEC» onepxkaHo Taki pe3yJbTaTH:

— Bnepiie orppuMaHo MateMaTHYHY MOJIENb, 1[0 TTOETHYE apTYMEHTH, SIKI BPaXOBYIOTh
yac eKCIUTyarailii, BUTpaTy PI3HUX BUAIB MaJIMBa MiJ 4ac CHAJIIOBaHHSA, a TAKOX JIETIOUOi
30J1M, TOKA3HUKU BMICTY TBEPAUX MIHEPATBHUX JOMIIIOK 13 (PYHKIISAMH, SIKI OMUCYIOTh
BUTpPATH 3arajibHOI KUIBKOCTI 30JI0IIIAKOBOT MyJbMH. MoJenb TOEIHYE CTpaTerii
BUKOPHUCTAHHS PI3HUX BHJIB MajiiBa 3a YMOBHM MaKCUMIi3allli TEpMIHY eKCIuTyartailii Tpyo
TeroooMiny OapabanHoro naporenepatopy TEC Ta miHiMI3aIli BUTpar. 3anmponoHOBaHa
MaTeMaTUYHa MOJIEITh J1ajia MOXKIIMBICTh PO3paxyBaTH BIUIUB TYTOIJIABKUX CITOJIYK BYT1JUIS
Ha BEJIWYMHY 3HOCY IOBEPXOHb TEIMJIOOOMIHHUX TPyO, 1, SIK HACIIIOK, HEOOXIIHICTh
MOTOYHUX PEMOHTIB.

— OTpumana noJanblInil PO3BUTOK TUHAMIYHA MOJIENb BIUTUBY 3MIHH SIKOCTI BYT1JUIS
Ha 3HOC TpyO. Mogenb CKIaAaeTbcsl 3 TPAHCIOPTHOI MOJENI MOCTayaHHS BYTLLIS, sIKa

CHpSMOBaHa MOUTYK ONTUMAJIbHOTO PIIIEHHS, a TAKOK MOJIE1 KOHTPOJIIO SKOCTI BYT1UIA Ta



MOJENTl 30JIbHOCTI BYTULIS, a TaKoX TMOMIMOWIa PO3yMIHHS KOHTPOJIIO 3HOCY,
CIPUYMHEHOTO TYTOIJIaBKUMHU CHOJyKaMH BYTULIS Ha TpyOax. Ha BinmMiHy Bim BIZOMHX
Mojenei, 0yyo 3amydeHo mpaBuiio GopmyBaHHsS BUOIpkH 3a (popmyroro Kokpana, 110
JI03BOJIMIIO pO3paxyBaTH 3MiHY KPOKY BUOIPKH JIJIsl TPOBEICHHSI KOHTPOJIIO SIKOCTI BYT'LILIS
JUTSI BUSIBIICHHS JDKepelia HESKICHOTO TalliBa.

— Bepudikariis moaeni 103BoJiniIa 3p0OMTH BUCHOBOK MO ii aICKBaTHICTh Ha OCHOBI
JaHUX €KCIIEPUMEHTY, OTPUMAaHHUX B pe3ysbTati (JIOTAiHHIX BUMIPOOYBaHb Ta MOPIBHSIHHI
iX 13 BK€ ICHYIOUUMU JOCTIKEHHSAMH. 3MiHa ckiaay 30u (Ad) 1 BUXOy KOHIICHTpaTy 3a
PI3HUX YMOB CBIAYMTH PO aAaNTUBHICTB 1 THYUYKICTh MOJIEII IO PI3HUX 3a CKJIAJ0OM BHJIIB
BYT'UIbHOTO NanuBa. [[opiBHSIHHS pe3yabTaTiB AAJIO BIAHOCHI MOXUOKH, K1, X04a 1 BUSBHIIN
PO30DKHOCTI, BBaXKalOThCSA INMPUUHATHUMH B paMKax Bajijaiii mojeni. MakcumaiabHa
BiIHOCHA moxuOka ckiana 1.44%, minimanbHa 0.62%. 111 moxubku, Xxo4a 1 MPUCYTHI, aje
HE CWIBHO BIIXWJIAIOTBCS BlJ OYIKYBAHHUX pE3YyJbTaTiB, IO JOJATKOBO IIIATBEPIKYE
BaJIJTHICTh MOJIEIIL.

B TperboMy po3gim «MeTonq KepyBaHHS CTaHOM IIOBEPXHI TPyO TEIIO0OMIHY
6apabannoro nmaporeneparopy TEC 3a paxyHok 30ypeHHS KUIBKOCT1 TBEPANX MIHEPAITbHHUX
JTOMIIIOK y CKJIaJll BYT1/UIs» BUKOHAHO HACTYITHE:

— Po3po6iieHo aBTOMaTH30BaHUI METOJ KEPYBaHHS MPOILECOM OTPUMAHHS SKICHOTO
Byriuia Ha TEC 3a paxyHok 00po0ku iHGOpMAIIITHIX CKIaA0BHX PO MOTOYH1 BIIACTUBOCTI
najguBa JUisl 3MEHILEHHSI 3HOCY BIiJ TBEPAMX MIHEPAJIbHUX JOMIIIOK Ha MOBEPXHI TPyO
naporeneparopa TEC. BaxiuBOWO CKIagOBOIO CTPYKTYPHOTO METOIY TaKOXK € METO[
MONIYKY ONTHUMAJIBHOTO DIMICHHS IS TPAaHCIOPTYBaHHS TajWBa 3a YMOBHU
CTpUOKOMOIOHOI MOYEProBoi BiIMOBU Bl MOCTaYajlbHUKIB Ta BUKOPUCTAHI PE3EPBHUX
3anaciB. Ha BiAMiHY BiJ BiIOMHUX, B METOJ 3aJTy4€HO OCOOIMBICTh MOCTIHHOI 3MIHU KPOKY
BUOIPKH 3aJII3HUYHHUX BAroHiB, sika 0a3zyeThcs Ha miaxo/i KokpaHa, 1Mo 1aJo MOKIUBICTh
KOHTPOJIIOBATH 3HOC TPYO.

— IlpencraBineHo METOAMKY HaJaIITyBaHHS KOHTpoOJepa Ha 0a3l HEYITKOI JIOTIKH Ha
TEC 3 0OCHOBHOIO METOI KOHTPOJIO MOTOKY BYTL/UIS, 3MIHU KPOKIB B110OpY MpoO IJis
KOHTPOJIFO SKOCTI Ta (DOpMyBaHHSI HOBMX IMAapTId BYTULISA y BIAMOBIAb HA 1A€HTU(DIKALIIIO

BMICTYy TYTOILJIaBKUX CIIOJIYK B CKJIAJll IIOTOYHOTO MajuBa. MeToauka, 1o CKIaJAaeThes 3
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JBAHAISATA KPOKIB, OXOIUIIOE TOYATKOBE HAJAIITYBaHHS KOHTpoOJiepa, KiacuQiKalliio
AKOCTI BYTULIS, BU3HAYCHHS KOHTPOJIBHUX i JUIsI KOXKHOTO KJacy BYTULIS Ta
IporpaMyBaHHsl TIPABUJI HEUITKOTO KEpYBaHHS, SIKI PEryJIIOIOTh peakilii KOHTpoyiepa Ha
OCHOBI SIKOCTI BYTUUIS Ta CTaHy CKJanay. Po3poOiieHHil BUMIpIOBaJIBHUN KaHal 3i
BCTAHOBJICHUX BUTPATOMIPIB Ha/1a€ iH(YOpMaIIii PO MOTOYHUIA MOTIK TBEPAUX MIHEPATHHHUX
JOMIIIOK 13 TUMOBUMHU razamu. Ll Meroauka momomarae miATPUMYBAaTH ONTUMAIbHUN
MOTIK BYTUIA, TMOKPAIYyBaTH SKICTh CIANIOBAaHHA Ta CHOpUATH e(EeKTHBHIM poOOoTi
eJNeKTpocTanLli. Takox MiIKPECTI0eThCA HEOOX1IHICTh MOCTIMHOTO MOHITOPUHTY CUCTEMU
Ta CBOEYACHUX KOPUTYBaHb JIJIs 3a0€3M€UE€HHS POOOTH CUCTEMH B peabHOMY Yaci.

B uerBepromy po3aini «MonensHo-opieHTOBaHa KICY 3HOCOM moBepxHI TpyO
TeroooMiny OapabanHoro maporeneparopy TEC» nocsirHyra meTa AuCEpTaliifHOTO
JOCHIIKEHHS, a caMe:

— CrBopena HoBa mojenbHO-opieHTOBaHa KICY 3HOCOM MOBEpXHI TEMIOOOMIHHHUX
Tpy0 maporeHeparopa TEC. g KICY Bxitoyae po3moaiioM MOTOKY BYTUUISL MIX
30araueHHsIM, TOTIOBHEHHSM pPE3EpBHOTO 3amacy, CHANTIOBAaHHSAM 1 TIEpexoJoM Ha
BHUCOKOSIKICHE pe3epBHE mnanuBo. llell po3mojin 3alexuTh BiJl MOTOYHOTO 30YypEHHS,
CIPUYUHEHOTO 17IEHTU(IKAIIIEI0 BMICTY TBEPAMX MIHEPAIHHUX JOMIIIOK Yy CKIIa Al BYT1JUIS,
a TaKOX B1Jl HaJAIITYBaHb aBTOMATH30BAHOTO KOHTPOIIIO B1I0OpY 1mpo0. Lle HoBoBBeAEHHS
cripusiiio miHiMizamii Butpatr TEC Ha 3a0e3nedeHHs 3a1aHOT0 MDKPEMOHTHOTO 1HTEPBATY.

— IlepeBipeHo  poGoty  moaenbHO-opieHTOBaHOi  KICY  po3paxyHkoBuUM
EKCIIEPUMEHTOM. Pe3ynbpTaTu eKCrIepUMEeHTY JO3BOJIMIN 3pOOUTH BUCHOBOK, 1110 0e3 KICY,
TOBIIWHA TPYOH 70 KIHIIS POKY 3MEHITMIACS 0 8,3 MM, 10 3aJIHINAI0 eKCIUTyaTaIliiHun
nepios A0 peMoHTy npubmu3Ho 3 poku. OnHak, 3aBasku BrnpoBapkeHHo KICY, cuctema
BiJIpearyBajia Ha BUSBIICHHS TBEPAMX MiHEpadbHUX Aomimok Ha 90-ii 1 180-if neHp,
BIIXWJIMBIIIM BUKOPUCTAHHS BYT1JUISI HU3BKOI SKOCTI BiJl BIAMOBIJHUX MOCTAYAJIbHUKIB 1
BUKOPHUCTABILIM PE3epBHUN 3amac 3 MokasHUKOM Ad Ha piBHI 5%. Take kepyBaHHA
JI03BOJIMJIO MIATPUMYBATH TOBIIMHY TPYOW Ha piBHI 9,1 MM 10 KiHIISI POKY, 301IBIINBIIN
nepioa ekcrutyataiii g0 pemMoHTy A0 7.5 pokiB. KICY nae MOXIUBICTD 3HU3UTH
eKCIUTyaTalliiiHl BUTPATH 1 301IBIITUTH TEPMIH €KCIUTyaTallii MOBEpXHI TEJIOOOMIHHUX TPYO

6apabannoro naporeneparopy TEC OuIbII HIX B Ba pasu.
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ABSTRACT

Grishyn M. V. Computer-integrated system for controlling the wear of heat exchange
tubes of solid fuel steam generators at thermal power plants.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in specialty
151 — automation and computer-integrated technologies. — National University "Odesa

Polytechnic" of the Ministry of Education and Science of Ukraine, Odesa, 2023.

The dissertation is devoted to the improvement of methods and models of a computer-
integrated system for controlling the wear of heat exchange tubes of solid fuel steam
generators of thermal power plants using coal with unknown ash composition. Information
about the current coal quality is used to measure the content of solid mineral impurities, as
well as in certain control loops. These include: distribution of coal flow between control
influences, unloading and checking the quality of coal to minimize costs.

In the first chapter, "Investigation of the use of CICS for controlling the wear of the
surface of heat exchange tubes of the drum steam generator of a TPP", the following results
were obtained.

— It was found that the complexity of the global coal industry is determined by such
factors as coal quality, price, and environmental issues. Developing countries are still
heavily dependent on coal under the influence of international politics and trade. The
transition to sustainable energy remains challenging given the diversity of the industry.

— It was found that efficient power generation at coal-fired power plants depends on
proper identification of the fuel composition and strategies to minimize damage from
refractory compounds to the surface of the heat exchange tubes of the drum steam generator
of a thermal power plant. Existing analysis methods help, but they are not sufficient, which
emphasizes the need for further technological progress in diagnostics.

— It was found that the management of the process of preparing coal for combustion
at power plants includes several stages and technologies, including machine learning and
carbon capture. The integration of a computer-aided automated system can improve the

efficiency, environmental sustainability, and stability of the power system. Accurate coal
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sampling and quality control systems are crucial in the management of coal-fired power
plants. Modern technologies, such as fuzzy control algorithms and artificial intelligence,
offer potential improvements in operation and maintenance.

— The efficiency of coal-fired power plants depends on quality coal, accurate sampling
and advanced diagnostics. Innovations in monitoring systems and new technologies are key
to improving efficiency, safety and durability.

— It has been determined that monitoring the wear resistance of heat exchange tubes
in steam generators requires an adaptive approach in real time. Existing methods are time-
consuming and impractical, which emphasizes the need for a comprehensive model-based
automatic control system with a real-time controller adapted to dynamic conditions.

In the second chapter, " Development of a model of the influence of coal quality on
the wear of heat exchange tubes of the drum steam generator of a TPP", the following results
were obtained:

— For the first time, a mathematical model has been developed that combines
arguments that take into account the operating time, consumption of various fuels during
combustion, as well as fly ash, and indicators of solid mineral impurities with functions that
describe the consumption of the total amount of ash and slag pulp. The model combines
strategies for the use of different types of fuel, provided that the service life of the heat
exchange tubes of the drum steam generator of a TPP is maximized and costs are minimized.
The proposed mathematical model made it possible to calculate the effect of refractory coal
compounds on the amount of wear on the surfaces of heat exchange tubes, and, as a result,
the need for routine repairs.

— The dynamic model of the impact of changes in coal quality on the wear resistance
of pipes was further developed. The model consists of a transport model of coal supply
aimed at finding an optimal solution, as well as a coal quality control model and a coal ash
content model, and has deepened the understanding of controlling the wear caused by
refractory coal compounds on pipes. In contrast to the known models, the Cochran sampling
rule was applied, which allowed us to calculate the change in the sampling step for coal

quality control to identify the source of poor quality fuel.
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— Verification of the model allowed us to conclude that it is adequate based on the
experimental data obtained from flotation tests and their comparison with existing studies.
Changes in the composition of ash (Ad) and concentrate yield under different conditions
indicate the adaptability and flexibility of the model to different types of coal fuels.
Comparison of the results yielded relative errors, which, although discrepancies were found,
are considered acceptable within the framework of model validation. The maximum relative
error was 1.44% and the minimum was 0.62%. These errors, although present, do not deviate
much from the expected results, which further confirms the validity of the model.

In the third chapter, " Method for controlling the surface condition of heat exchange
tubes of the drum steam generator of a TPP by perturbation by solid mineral impurities in
the coal composition", the following was done:

— An automated method was developed to control the process of producing high-
quality coal at TPPs by processing information components about the current properties of
the fuel to reduce wear from solid mineral impurities on the surface of TPP steam generator
tubes. An important component of the structural method is also a method for finding an
optimal solution for fuel transportation under the condition of a stepwise alternate refusal
from suppliers and the use of reserve stocks. Unlike the known methods, the method
includes the feature of constantly changing the sampling step of railroad cars based on the
Cochrane approach, which makes it possible to control pipe wear.

— The paper presents a methodology for setting up a fuzzy logic-based controller at a
thermal power plant with the main purpose of controlling coal flow, changing sampling
steps for quality control, and forming new coal batches in response to the identification of
the content of refractory compounds in the current fuel. The twelve-step methodology
includes initial controller setup, coal quality classification, determination of control actions
for each coal class, and programming of fuzzy control rules that regulate controller
responses based on coal quality and composition. The developed measuring channel of
installed flow meters provides information on the current flow of solid mineral impurities
with flue gases. This technique helps to maintain the optimal coal flow, improve combustion

quality and contribute to the efficient operation of the power plant. It also emphasizes the
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need for continuous monitoring of the system and timely adjustments to ensure real-time
operation.

In the fourth chapter, " Model-oriented CICS of the surface wear of heat exchange
tubes of the drum steam generator of TPP", the aim of the dissertation research was
achieved, namely:

— A new model-based CICS of wear resistance of the surface of heat exchange tubes
of a TPP steam generator was created. This CICS includes the distribution of the coal flow
between enrichment, replenishment of the reserve stock, combustion and transition to high-
quality reserve fuel. This allocation depends on the current perturbation caused by the
identification of the solid mineral impurities in the coal, as well as on the settings of the
automated sampling control. This innovation helped minimize the costs of TPPs to ensure a
given overhaul interval.

— The operation of the model-based CICS was verified by a computational
experiment. The results of the experiment allowed us to conclude that without the CICS, the
pipe thickness decreased to 8.3 mm by the end of the year, which left an operational period
of approximately 3 years before repair. However, thanks to the implementation of the CICS,
the system responded to the detection of solid mineral impurities on the 90th and 180th day
by rejecting the use of low-quality coal from the relevant suppliers and using a reserve stock
with an Ad rate of 5%. This control helped maintain the pipe thickness at 9.1 mm by the end
of the year, extending the period of operation before repair to 7.5 years. CICS makes it
possible to reduce operating costs and increase the service life of the surface of the heat
exchange tubes of the drum steam generator of a thermal power plant by more than two
times.

Key words: model-based system, combustion, identification of fuel composition,
computer-automated system, mathematical model, drum steam generator, real-time

controller, automatic control system, fuzzy control system, optimal solution search method.
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