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MODELS AND METHODS FOR IMPROVING
THE OPERATION OF THE ENERGY FACILITY
CONTROL SYSTEM

I1. I'piwwun, M. I'piwun, K. Kanvko. Mopaedi Ta MeTOAM AJIsl NMOKPALIeHHS] POOOTH CHCTEMH KepPyBAHHSI €HepPreTHYHHUM
00’exkTOM. 151 cTaTTsI MpUCBAYCHA BIOCKOHAICHHIO METOMIB 1 MOJENel UIsl KOMIT FoTepHO-iHTerpoBanoi cuctemu ynpasninus (KICY), sxa
KOHTPOJIFOE 3HOC TEIUIOOOMIHHUX HOBEPXOHb TPYO Yy NapoBHMX KOTJIAX Ha BYrinbHUX TeroBux enekrpoctanuisx (TEC), sokpema s
BYTUIIA 3 HEBIIOMHUM a0pa3suBHUM ckiagoM. CHcTeMa BHKOPHCTOBYE JaHi PO SKICTh BYTLLIL B PEXHUMI PealbHOTO 4acy I YIPaBIiHHSI
abpa3uBOM, ONTHMI3allii PO3MOALTY BYriUIl Ta MEPEeBipKH SIKOCTI BYri/UIs 3 METOIO 3HWKEHHs BHTpar. ONUCaHO, IO TPYIHOLII, 3 SIKUMHU
CTHUKA€THCS CBITOBAa BYTriJIbHA HMPOMHCIOBOCTb, ITOB’sI3aHi i3 MHTaHHAMM SKOCTi, LIHM Ta EKOJIOTii, a Mepexii IO cTajol eHEepPreTHKU
YCKITQIHIOETECS IUM PO3MaiTTsM. EdexTHBHE BHPOOHHNITBO €IEKTpOEHeprii 3amekuTh Bim TouHOi igeHTH(ikamil ckilamy HanuBa Ta
MiHiMi3allii MOMIKO/PKEeHb Bil aOpa3sHBHHMX JOMIIIOK MaluBa TEILIOOOMIHHHX TpyO. HesBaxkaroun Ha iCHYIOYi aHATITHYHI METOIH, iCHYE
notpeba B yJIOCKOHAJICHHI TEXHOJIOTIT JIarHOCTUKH, IO Nepeadadae iHTerpanio aBTOMaTH30BAaHUX CHCTEM JJIS ITiJBULICHHS e(heKTUBHOCTI
Ta ctanocrti. [IpeacTaBieHo MaTeMaTH4Hy MOJIEINb, SIKa PO3PaXOBY€E BILUIUB PI3HHUX THUIIIB BYTi/UIS Ta JOMILIOK Ha 3HOC TEIUNIOOOMIHHHX TPYO,
MaKCHMI3yIOUl TepMiH CIykOH Ta MiHIMI3yroun BHTpaTH. BoHa Bkimouae B cebe mpaBwio Binbopy npod Kokpana mis mokparmieHHs
KOHTPOJIIO SIKOCTI BYriuisi. Takox po3poOJeHO aBTOMATU30BaHHN METO]] YIIPABIIiHH SKICIO BYTiLIS ISl 3MEHIICHHS 3HOCY Bijl aOpa3suBHUX
BYTUIbHHMX JOMIIIOK. BiH Bkitouae B cebe moeranHuil BUOIp MMOCTa4aIbHUKA i METOJ] BUKOPUCTAHHS 3alaciB, HOCHIKOKYH KOHTPOJIb HaJ
3HOCOM 3a JIOIIOMOTOF0 METO/ly NMOKpokoBoi BuOipku Kokpana. Kpim Toro, kepyrounii mprcTpiii Ha 0OCHOBI HEHITKOI JIOTiKH PO3IOJIINISE TTOTIK
TaKMM YHHOM, LI00 3a0e3MeyuTH 3aJ0BUIBHY SKICTh BYTUUIL, MiJAKPECTIOYH HEOOXIIHICTh Oe3NepepBHOrO MOHITOPUHIY CHCTEMH.
CrtBopeno mozenbHo-opienToBany KICY, sika kepye MOTOKOM BYT1JIIs HA OCHOBI iIeHTU(IKALIIT TOMIIIOK Y peaJbHOMY 4aci, 110 MPU3BOIAUTD
JI0 3HAYHOI €KOHOMIi KOIITIB i 30i/bIICHHs MIKpDEMOHTHMX iHTepBaiiB. OOYMCITIOBANIBHI EKCTIEPUMEHTH MiATBEpKYI0Th, Mo KICY moxe
OLTBII HIXK TTO/IBOITH TEPMIiH CITy’XOH TEIIIOOOMIHHMX TPYyO 3a paxyHOK ITiITPUMaHHS 330BUIBHOI TOBIIMHY, THM CAMHM BiJTEPMiHOBYIOUH
PEMOHTH 1 3HIDKYIOUHM eKCIUTyaTalliiiHi BUTpaTd. B 1iloMy, B CTaTTi MpeACTaBICHO KOMIUIEKCHMH MiIXiJ J0 YIPaBIiHHSA Ta ONTHUMi3amii
3HOCY TeruooOMiHHUX TPYO Ha ByribHHX TEC 3 BUKOPHCTaHHSIM MOJEITIOBAHHS, aHANi3y NaHHX B peaJbHOMY Yaci Ta aBTOMAaTH30BaHUX
CHICTEM YIPaBIiHHS UL i JBUILCHHS e()eKTHBHOCTI Ta CTIHKOCTI.

Knouogi cnosa: MopenbHa CHCTEMa, CIIANOBAHHS, iACHTHQIKALis CKIagy MajinBa, KOMII FOTEPHA-aBTOMAaTH30BaHA CHCTEMA,
MaTeMaTH4YHa MOJIENb, OapabaHHMIT MaporeHepaTop, KOHTPOJIEP PEabHOrO Yacy, CHCTeMa aBTOMATUYHOTO YIPABIIHHSA, CHCTEMa HE4iTKOTo
YHPABIIiHHS, ONTUMAIIbHUI METOJ MOLTYKY pillleHb

P. Hrishyn, M. Grishyn, K. Zhanko. Models and methods for improving the operation of the energy facility control system. This
article is devoted to improving methods and models for a computer-integrated control system (CICS) that monitors the wear of heat
exchange surfaces of pipes in steam boilers at coal-fired thermal power stations (TPP), in particular for coal with unknown abrasive
composition. The system uses real-time coal quality data to 1manage the abrasive, optimize coal distribution, and verify coal quality to
reduce costs. It is described that the difficulties faced by the global coal industry are related to quality, price and environmental issues, and
the transition to sustainable energy is complicated by this diversity. Efficient power generation depends on accurate identification of fuel
composition and minimizing damage from abrasive impurities in the fuel of heat exchangers. Despite the existing analytical methods, there is
a need for improved diagnostic technology, which involves the integration of automated systems to improve efficiency and sustainability.
The paper presents a mathematical model that calculates the effect of different types of coal and impurities on the wear of heat exchange
tubes, maximizing service life and minimizing costs. It includes a Cochran sampling rule to improve coal quality control. An automated coal
quality management method was also developed to reduce wear from abrasive coal impurities. It includes a stepwise supplier selection and
stock utilization method, enhancing wear control using the Cochran stepwise sampling method. In addition, a fuzzy logic-based control
device distributes the flow in such a way as to ensure satisfactory coal quality, emphasizing the need for continuous system monitoring. A
model-based CICS has been developed that controls coal flow based on real-time impurity identification, resulting in significant cost savings
and extended overhaul intervals. Computational experiments confirm that the CICS can more than double the service life of heat exchange
tubes by maintaining a satisfactory thickness, thereby postponing repairs and reducing operating costs. Overall, this article presents a
comprehensive approach to managing and optimizing heat exchanger tube wear at TPP using modelling, real-time data analysis, and
automated control systems to improve efficiency and sustainability.

Keywords: 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

Introduction

Coal is an important global source of energy, providing 36% of the world’s electricity in 2019. It
is also essential for the production of cement and steel, with two-thirds of all production used in the
electricity sector and the rest in metallurgy, cement production and other sectors. China dominates
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production and consumption, producing 3,550 million tons, or 45% of global production in 2018, and
consuming 49% of the global volume [1]. Coal consumption is predominantly domestic, with 82% of
the fuel used in the country of origin, in stark contrast to oil (42%) and gas (68%), due to coal’s lower
energy density and higher transportation costs. Coal with low energy density, below 20 GJ/t, is mostly
used near the place of its extraction [2, 3].

However, the use of coal as a fuel for power plants poses certain challenges, including the depo-
sition of slag and ash in boilers, which has been a problem for fifty years. Advances in analytical
methods and combustion testing over the past twenty years have improved the understanding and
management of ash deposition, and some management techniques have been developed for power
plant operators. These documents provide solutions for pulverized coal and cyclone boilers by provid-
ing diagnostic methods to identify problems, determine causes, implement corrective actions, and
monitor results [4, 5].

Coal-fired boilers also suffer from erosion, which threatens the integrity of pipes and equipment,
which can lead to power plant shutdowns. The process of diagnosing such damage is thorough, often
relying on interpolated measurements during maintenance due to financial constraints, and replace-
ment occurs when wall thinning is critical. Identification of erosion-prone areas is crucial [6, 7].

In Ukraine, the problems of energy infrastructure are exacerbated by targeted attacks by the ag-
gressor country, which threatens to cause unpredictable power outages that are critical for the country.
The war complicates fuel supplies and requires further research into fuel quality and its impact on
thermal power plants. Immediate solutions and strategies are needed to restore and preserve energy
facilities, and computer technology plays a key role in modelling and solving problems.

Analysis of recent publications and problem statement

The article [7] summarizes that coal quality has a significant impact on the productivity and effi-
ciency of a power plant, as changes in coal quality affect the calorific value, which causes economic
and environmental problems. Accurate sampling, which provides equal probability for all coal parti-
cles and a sufficient sample size, is essential for quality analysis.

It is also described in [7, 8] that quality control affects numerous operational aspects, including
emissions, heat, and costs due to equipment breakdowns, and requires detailed research.

New advances in analytics and modelling are helping to address the problem of ash deposition in
boilers and develop mitigation strategies, as well as find applications for ash utilization as described in
[4], [9, 10]. Diagnostics of boilers, especially for problems such as wall thinning, is crucial, even
though it is labour intensive. New tools described in [11], including EMAT, offer the potential to as-
sess corrosion without descaling.

Erosion in coal-fired boilers can now be predicted and repaired using tools such as Ansys. Fluent
[12, 13], which emphasizes the need for improved diagnostic and prevention strategies to ensure the
longevity of power plants.

References [14, 15] discuss advanced coal preparation systems (ACPS) for pre-combustion
treatment, focusing on grinding, beneficiation, and minimizing environmental impact. Ultra-clean coal
(UC) and ashless coal (AC) are considered, which play a role in reducing the ash content. In [16, 17],
automated coal quality improvement systems are described to reduce costs and environmental damage,
with machine learning (ML) and artificial intelligence (Al) applied to coal flotation processes.

In [18], chemical methods of coal enrichment and the effectiveness of organic solvents at high
temperatures to reduce ash content are investigated, although economic estimates are not available,
which indicates areas for future research.

The coal quality prediction model from [19, 20] based on genetic algorithms demonstrates im-
proved accuracy, indicating the potential for integrating sensor networks and genetic algorithms in
coal preparation for better predictability and environmental efficiency.

Research [9] analyses model-based control and management in coal-fired power plants with a fo-
cus on in-combustion sampling and diagnostics and emphasizes the importance of ASTM D7430 rec-
ommendations for designing and maintaining samplers to ensure objective results. Predictive mainte-
nance using artificial neural networks is also discussed in [21, 22] to improve boiler efficiency.

Key indicators of coal quality include carbon, ash, and moisture content, as well as changes in the
calculation of the water-fuel mixture to improve thermal efficiency [8]. Measurement of coal ash con-
tent complies with ASTM D-3174 standards [22].
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Particular attention in [10, 23, 5] is paid to the diagnosis of boiler tubes due to erosion-related
failures. Systems for measuring coal dust parameters using the Lambert-Beer law and active thermog-
raphy for boiler diagnostics are notable advances that affect maintenance strategies.

Avrticle [22] discusses the deterioration of TPP infrastructure, drawing attention to the lack of
adaptability of methods in emergency conditions, which can lead to fuel shortages and equipment
damage. The combustion of high-ash fuel accelerates the erosion of heat exchanger tubes, and impuri-
ties cause permanent damage.

Acrticle [24] raises the issue that existing methods of coal quality control are inefficient, leading to
logistical delays and cost overruns due to non-adaptive sampling. It is also discussed in [18, 19] that
the presented mathematical models cannot accurately predict operational factors such as fuel con-
sumption and maintenance schedule, and the existing empirical methods for determining coal enrich-
ment factors are unreliable.

The literature review shows a discrepancy between the expected service life and the actual thick-
ness of boiler heat exchanger tubes at TPPs. This discrepancy arises due to the difference in the con-
tent of mineral impurities in coal at shipment and during combustion. This problem can be solved by
integrating two independent channels for monitoring the heat exchange surfaces of steam boiler tubes
into the CICS - one to check the composition of coal and the other to detect refractory compounds
(abrasive) in flue gases after coal combustion.

The purpose of the article

The purpose of the article is to improve methods and models for the thermal power plant steam
generator tube wear control system by controlling coal quality. The system should dynamically regu-
late the coal supply depending on its quality, avoiding the use of low-quality fuel and ensuring effi-
cient operation of the plant. To achieve this goal, the following tasks need to be solved:

1. To present a structural simulation model for assessing the impact of coal quality on pipe wear,
including mathematical models for minimizing costs and controlling fuel supply.

2. To describe the method of monitoring the condition of pipes, which involves a multicultural
approach to logistics, systematic control of fuel quality and an algorithm for managing the coal com-
bustion process.

3. Implement a pipe surface wear control system using fuzzy logic and the Cochran formula to
regulate coal flow and control coal quality.

1. Model of the influence of coal quality on the wear of heat exchange tubes of a TPP steam boiler

A comprehensive model (1) of the influence of coal quality on the wear of heat exchange tubes at
TPPs is proposed. It provides a mathematical basis for calculating the financial consequences of prem-
ature pipe wear due to abrasive impurities in coal, thereby helping to minimize the associated costs.
This includes a model for determining hard refractory mineral impurities in coal, which is critical for
assessing the quality of the fuel after combustion, as well as a system for ensuring coal quality using
algebraic equations. The model also outlines a structural approach to fuel supply logistics management
that takes into account potential consumption volumes and reserve losses arising from inconsistent
suppliers, with the effect of pipe wear [25]:
W=W_. (Ad,Vpurch);

L="Lu, (X Vo)
ZTPP =1 C=C.(Ad, T;); (1)
T =Tequip(Ad ,meh);

V :Vpurch (Ad)i

where: Wenrich (Ad, Vpuen) — is @ function that describes the costs associated with the fuel enrichment
process, depending on the solid mineral impurities content Ad and the purchase volume V pyech;

Liog (X, Vpurcn) — Is @ function that describes the costs associated with logistics, depending on the
purchase volume (Vpurcn);

Voureh (Ad) — is a function for determining the required volume for purchase, taking into account
the content of solid mineral impurities in coal,

Crep (Ad, Tequip) — is @ function that describes the costs of TPP related to environmental pollution,
repair and replacement of equipment due to the use of highly abrasive fuel, depending on the time of
operation before an urgent shutdown for repairs;
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Tequip (Ad, Vpuren) — function of calculating the time of current operation before repair.

Function (2) uses an algebraic formula to calculate the costs of a thermal power plant based on
variables such as fuel ash content, purchase price, fuel enrichment cost, logistics, environmental im-
pact, and equipment wear and tear:

Z=W

enricl

h + I‘Iog + CTPP . (2)

Assumptions underlying the model include on-site fuel enrichment, equivalence of ash and abrasive
content (also referred to as refractory compounds or solid mineral impurities), 87.6% recovery rate at en-
richment, and 95% carbon recovery rate at enrichment, with a range of fuel ash content of 0...40%.

The annual costs of TPPs, including repair costs due to abrasive wear from ash, are as follows:

U eq.rep. + U ash collectors rep. + U ash removal. + U ash collector rep. + U storage
Crep= )
365
pecific component costs are calculated using the formula:
U F +UWEC +USH +U CT
Y
Abrasive wear of the pipeline is taken into account in the model by means of:
5.55-107-C, -U? “ksio,
spec.h = Dz . mo,4 . kres

[ earer —

Ne:
efficient for the SiO, content is calculated as kSiO2 =%, where ngjo, — is the percentage of quartz.
0
The yield of useful components in the beneficiation process is:
Mconc i Ienrich
Ed =,
coal M

the cost of enrichment according to [26] is presented as follows:

! G
W, .. =24. E —n |-t
e [ (Iconc)n ‘M pos J el

n=0

carbone

Table 1 illustrates the relationship between ash content and fuel purchases, which is the basis for
developing fuel supply strategies for TPPs.

Table 1
Varying the volume of fuel purchases depending on Ad

Ad dvru Adyi Kmru Guru Qmru Gu S Pmru

15 87.60 7.80 1 3558.60 2160 4637.36 3 3749.76
20 87.60 13.24 1 3558.60 2160 4637.36 3 3749.76
25 76.74 11.79 2 3117.33 4320 5293.79 6 7499.52
30 67.22 10.72 3 2730.70 7920 6043.34 11 13749.12
35 58.89 10.09 4 2392.17 7200 6898.57 10 12499.20
40 51.58 10.00 5 2095.54 8640 7875.07 12 14999.04
45 45.19 10.53 6 1835.69 10080 8989.81 14 17498.88
50 39.58 11.79 7 1608.07 7920 10262.34 11 13749.12
55 34.68 13.91 8 1408.67 12240 11715.00 17 21248.64
60 26.61 10.00 10 1080.98 13680 15266.31 19 23748.48
65 20.42 7.38 12 829.52 15120 19894.17 21 26248.32
70 17.89 13.91 13 726.66 15840 22710.25 22 27498.24
75 12.02 8.49 16 488.47 18000 33783.88 25 31248.00
80 9.23 13.90 18 374.84 19440 44025.20 27 33747.84

Ad - ash content, %; dyy — is a fraction of the initial fuel mass after fuel enrichment, %; Adwry — is ash con-
tent after the enrichment stage, %; kyru — is the number of enrichment iterations; Gyey — is the final vol-
ume of fuel after enrichment, ton; Qy — is the amount of energy consumed for fuel enrichment, kW-h; Gy
—is the initial volume of fuel before enrichment, tons; Kyey — is the number of MFU-25 machines for non-
stop operation; Pyry — is the cost of consumed electricity, UAH
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In addition, the logistics costs of TPPs are considered, and the objective function (3) is intro-
duced, which takes into account the ash content of coal and its impact on fuel consumption. The ad-
justed formula for the daily fuel demand, taking into account the ash content, is as follows (4):

Z(W,L,C)— min, 3)
|
Nrep - Qy -(1- Ad)
A purchasing function is proposed for different values of ash content and beneficiation degree,

and the logistics costs Ly include the cost of fuel per ton, transportation tariffs, and distance to
unloading points:

(4)

Loy = Vo - (X+1-8),

log =

where x is the cost of a ton of fuel, | is the transportation rate, and S is the distance.

FLYING ASH
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| ¢ %
= Calculation of the current Ad (CAd) |< =

Fig. 1. Monitoring channel of the actual indicator Ad

To measure the actual Ad, we propose a measurement channel (Fig. 1) given in [27].

For automated control systems of TPPs, the principle of determining ash content without labora-
tory tests due to the changing quality of fuel is proposed, highlighting the advantage of the approach to
assessing the mass of ash in collectors, since it directly relates solid mineral impurities to ash content.
This is more practical for the operational management of TPPs.

2. Method of controlling the surface condition of TPP steam boiler tubes by disturbing the
abrasiveness of coal

A multilevel approach to maintaining a satisfactory thickness of heat exchange tubes of steam
boilers of thermal power plants aimed at combating the problems associated with abrasive impurities
in coal is presented. This strategy integrates:

— Coal supply management: Outlines the logistics plan for coal supply, including supplier selec-
tion, transportation and risk management.

— Quality control: Uses the Cochran formula to ensure combustion quality, initiate inspections
and manage coal inventory.

— Coal preparation: Offers recommendations for coal preparation to optimize combustion at the
power plant, including an algorithm for controlling coal feeding, combustion and exhaust.

— Impurities monitoring: Implements a system for monitoring mineral impurities in flue gases,
indicating changes in coal quality.

— A fuzzy logic controller: A regulatory mechanism that directs the flow of coal based on ash
content, sampling frequency, and coal batch composition.
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Ad (16...29.99%) 12

For optimal coal logistics, a twelve- Ad
step method is introduced, starting with 3

° i 10

demand estimation using the Vpucn(Ad) gg n N Ad (30...35%) 8

function and ending with process analysis 20 6

and improvement, as described in [25]. The g A
choice of supplier is crucial based on the 1g r r Ir

. . r 2

assessment of cost, quality, reliability, and g ./ - )

0 1 2 3 4

emphasizes logistics planning, including
with reference to the data of Ukrzaliznytsia
for rail transportation [28, 29, 30].

The coal quality control algorithm
involves accurate sampling according to
the Cochran formula (5), adjusting procedures depending on the quality, and thorough testing to classi-
fy coal. The results of quality control influence inventory management and unloading decisions, as
detailed in Figure 2 and Table 2.

r = sampling step

Experiment number

Fig. 2. Sampling recommendations for the content
of refractory compounds for unsatisfactory quality

Table 2

Setting control influences to the relevant coal classes

Ad fuel class min, years | max, years controlling influence

0...5% Ideal - 17.75 Transfer to the reserve warehouse

5...9% Good 17.69 9.43 Use for incineration

9...16% Normal 9.42 4.89 Partially enrichment or mix with reserve
16...30% Unsatisfied 4.89 2.17 Enrichment, or enrichment and mix with reserve

30+% Bad 217 - Mix with the reserve, or use only the reserve

n, =n.(Ng, X);
Slyy = X =X(p); ®)

FPC = FPC(Ng, X),

where n; — is the sample size;
Ng - size of the general population, which is equal to Ng =Vpumh/nW , Where n,, — is the specific

load of a railroad car; specific load of a railroad car;

X — sample size (calculated for FPC);

p — is the expected probability of leakage of low-quality fuel,

FPC —is the limited population correction.

Since the preparation for combustion begins with screening and grinding of coal, it is necessary
to consider potential beneficiation, namely wet flotation for low-quality fuel according to mathemati-
cal models (1) and (5), and as shown in Fig. 3.

A real-time fuzzy controller was built to control the coal
flow and take samples for quality control. Coal is classified JB
into five qualities, each of which has certain control actions /4 Foam
(Table 2). The controller ensures the distribution of coal for = — product
combustion, reserve replenishment or enrichment, depending
on the need, with adjustments for the current fuel quality.

3. Model-oriented CICS wear of the surface of heat
exchange tubes of a steam boiler in TPP

A CICS developed in MATLAB® and Simulink® (LI-
CENSING 110721904 — MathWorks Trial — 22 Oct 2022) is
presented, designed to monitor and control pipe wear by dis- 1 57
tributing coal flow and quality control in order to improve the
economic efficiency and reliability of thermal power
plants (Fig. 4).

Fig. 3. Schematic diagram of the
flotation process: 1 — casing; 2 — mixing
and aeration unit; 3 — foam separator

INFORMATION TECHNOLOGY. AUTOMATION



90

[Mpani Opecbkoro nojitexHiyHOTO yHiBepeutety, 2023. Bur. 2(68)

ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

ower Set point
Z_Power

storage

A4

Power

| Ash_measure

#{ 1M_Coal

J M_in
Storage In Control
Concentrator In

M_conc

T.

M_in
Stock

M_conc

A_out —,—

A_conc
Control

"#l

A_Out

~C)

stock

A in M_fuel —

Co Out

Storage Out[——

Concentrator

A_in

Storage

control in mass flow rate

Coal Pipe

flow opening level of buming ——

1

Grand Controller

Acceptance, o

ntrol and url

loading of fuel

M_coal out

(Ad infact)

Ad_in

5
=

2

— M flow epening level of burning

Aln

Control (4

A_coal Power

power

v v

M_coal  A_measure

Coal Pipe

M_Out
el

uzm

Power Unit

Fig. 4. Simulation system of TPP operation

The system uses fuzzy logic to control wear and tear through coal quality management, based on
a study covering nine Ukrainian coal suppliers, one sea delivery route, and includes the Cochran for-
mula to ensure the quality of the coal shipped.

The economic analysis also includes imports of coal from South Africa through the Pivdennyi port,
despite its lower quality, as it is more cost-effective due to the beneficiation processes. The three TPPs
listed in Table 3 were considered, and the annual coal consumption was estimated, including supplies from
the Donetsk coal basin. Mechanical flotation modeling shows that enriched coal, even taking into account
costs and carbon losses, optimizes long-term equipment wear and pays for itself [30, 31]. The coal distribu-
tion plan takes into account the ash content and quality of coal from various suppliers of the Donetsk coal
basin, in addition to the aforementioned imported coal from South Africa (Table 4).

Coal needs of TPPs

Table 3

TPP | Installed electric capacity, MW | Coal consumption, kg/s Consumption million tons/year
A 3600 290.32 9.16
A, 3600 290.32 9.16
As 2400 193.55 6.10
Table 4
Transportation task
useful volume real volume
348.45 124.77 68.64 1.438356 B;
1652.383592 1631.363195 365.4681826 4.062329 5.803326811 B,
757.6973391 1096.359289 1001.767503 4.062329 5.80332681 B*
182.78 54.42 663.97 2.734247 Bs
277.42 95.24 960.39 3.880822 B4
507.17 179.43 1672.46 6.981644 Bs
169.99 17.71 23.30 0.689041 Be
168.65 53.51 607.45 2.346575 B
195.79 219.61 428.72 2.465753 Bsg
1721.48 1603.28 8 451.18 38.23973 Bg
25.08705259 25.08705259 16.72470172 yA
Ay A, Az YA=2B,=66.9
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Fig. 5. Dependence of the coal flow distribution between the control influences and the time of the second
experiment

The main component of the system in Fig. 4 is the “Grand Controller” block, which regulates the
coal flow based on coal classes and control influences from Table 2. Defuzzification processes and
rules provide adaptive inventory management and coal flow distribution. The simulations demonstrate
the controller’s ability to effectively manage the fuel flow in response to different ash contents
(Figures 5, 6, 7).

The results are shown in Figure 5 as follows:

— At the initial Ad=14% (system operating time t,=0 s), almost the entire fuel flow is directed to
combustion.

— At the system operation time t;=50 s, Ad changes to 24%. As a result, the following distribution
of the fuel flow will be the controlling influence — half of the steam coal is sent for combustion, mix-
ing with the reserve fuel, and the rest is sent for enrichment.

— At the end of the experiment (t,=100), at Ad=35%, the largest share of the fuel burned will be
thermal coal from the reserve. At the same time, coal from the supplier will be partially burned and
partially sent for enrichment.
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Fig. 6. Random change of Ad in the range of 0...30%
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Fig. 7. Ad at the time of fuel quality sampling for Fig. 6

To validate the CICS as a whole, an A/B testing experiment is described to evaluate the impact of
the coal feed control system on the wear of the tubes at TPP. The experiment compares scenarios with
different average ash content (Ad_avg) from coal suppliers and monitors the thickness (H_tube, mm)
and service life (T_left, days) of the heat exchange tubes (Table 5). The following conditions are as-
sumed: TPP receives coal with a satisfactory Ad=10% from three suppliers during the year. The initial
thickness of the tubes is 10 mm, and they need to be replaced when they reach a thickness of 2 mm.
The perturbation is as follows: supplier B, provides 20% lower quality coal from day 90, and supplier
B; provides 30% from day 180.

Table 5
A/B Test
A (without CICS) B (Using CICS)

Day | Ad avg, % | H tube, mm | T left, days | Day | Ad avg, % | H tube, mm | T left, days

0 - 10 - 0 - 10 -

1 10 9.997 3059.9 1 10 9.997 3059.9

2 10 9.995 3058.9 2 10 9.995 3058.9

3 10 9.992 3057.9 3 10 9.992 3057.9
89 10 9.767 2971.9 89 10 9.767 2971.9
90 13.33 9.764 2209.8 90 13.33 9.764 2209.8
91 13.33 9.76 2208.8 91 8.33 9.762 3629.9
103 13.33 9.717 2196.8 103 8.33 9.736 3617.9
104 13.33 9.713 2195.8 104 10 9.733 2957.8
179 13.33 9.442 2120.8 179 10 9.537 2882.8
180 20 9.436 1303.1 180 16.67 9.532 1600.2
181 20 9.43 1302.1 181 8.33 9.53 3521.8
193 20 9.36 1290.1 193 8.33 9.505 3509.8
194 20 9.353 1289.1 194 10 9.502 2866.9
363 20 8.36 1120.1 363 10 9.06 2697.9
364 20 8.353 1119.1 364 10 9.058 2696.9
365 20 8.347 1118.1 365 10 9.055 2695.9
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Fig. 6 shows the dynamics of the change in the random value of Ad from 0 to 30% over 100 time
units. In this scenario, the control device continuously adjusts the sampling depending on the detected
refractory compound content (Fig. 7). For example, at 0 s, when Ad is 19%, this resulted in a decrease
in the sampling step r=1 and forced the system to switch to signal 1092 due to a 4 s delay associated
with sample analysis. Another illustrative example is presented at 10 s of the simulation, when the ac-
tual content of refractory compounds is 12% (satisfactory quality), the sampling step at this time inter-
val is every 10th car, taking into account the transport delay, signal 840 returns for 52 s. Also, the sys-
tem operation is clearly demonstrated from 78 to 84.5 s, when the actual Ad becomes 15.5%, which
leads to a sampling step of 79 s — every 5th car. After the coal re-enters the furnace, between 81 s and
82 s, the sampling step is set to every 2nd car, and between 82 s and 83 s, every first car. At the 83rd
second, the actual value of Ad=17.5%, the sampling also showed Ad=17.5%, and the recommended
number of cars per day of intake is 1092.

Without the use of CICS, the average Ad rate from the three suppliers increases to 13.3% from
day 90, and to 20% from day 180. With the use of CICS, a high content of solid mineral impurities is
detected on the 90th day and on the 180th day. Accordingly, TPP refuses to use fuel from unscrupu-
lous suppliers. The pipe thickness at the end of the first day is 9.997 mm. Given Ad=10%, if not for the
disturbance, the pipes are expected to last 3060 days (about 8 years). However, these results change
due to the change in Ad. Without CICS, the pipe thickness at the end of the year will be 8.35 mm. This
means that the pipes will be able to serve for about 3 years before repair. With CICS, the end-of-year
pipe thickness is 9.06 mm, and the pipes can last approximately 7.5 years before needing to be re-
paired. The results show that the system extends the life of the pipes by strategically managing coal
quality, reducing wear and tear, and reducing the frequency of maintenance.

Conclusions

The paper presents a CICS for steam boiler tube wear at TPP by improving wear control through
real-time coal quality management and real-time coal flow control. CICS adjusts the coal flow and
quality checks at different Ad values in coal from different suppliers, optimizing costs and extending
the overhaul life.

A mathematical model (1) and a target function (3) were developed to predict the total costs as-
sociated with the use of high-ash coal, including beneficiation, logistics, environmental impact, and
equipment wear and tear. The model is aimed at optimizing fuel consumption by directly taking into
account the ash content of coal and the use of flotation equipment for coal beneficiation.

Given the variability of fuel quality and the limited resources of TPPs to conduct ongoing labora-
tory research, the paper emphasizes the importance of accurate ash content analysis using flow meters
to measure Ad. A mathematical model was also developed to control the quality of coal in railroad
transportation, which takes into account the variability of supplies to ensure efficient pow-
er generation.

To control the properties of fuel, the article describes methods that control the quality of coal by
constantly changing the sampling step according to the Cochran principle, ensuring combustion effi-
ciency and extending the service life of heat exchange tubes of the TPP steam boiler.

The logistics of coal supply for three Ukrainian TPPs were analysed, annual coal supplies were
balanced, and imports from South Africa were taken into account. The beneficiation process, which
significantly reduces ash content, proved to be cost-effective for ten years.

A control device based on fuzzy logic was created to manage the wear of the TPP heat exchange
surface, taking into account ash content and stock levels, which allows optimizing the distribution of
coal flows. In addition, a control device was implemented to manage the quality of coal from different
suppliers, allowing for real-time quality monitoring and supplier adjustments.

A CICS was also developed to allocate coal flow in response to changes in coal quality, maintain
pipe thickness and significantly increase pipe life before repair, improving TPP efficiency and sav-
ing money.

Finally, a computational experiment was conducted that confirmed the effectiveness of CICS by
increasing the overhaul life from 3 to 7.5 years, taking into account the disturbance.

In future, it would be preferable to consider the possibility of introducing machine learning for
coal quality control models in order to reduce the error and increase the stability of the models.
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