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Abstract. Increasing competition in the markets for metallurgical products issues a challenge for enter-
prises to increase production efficiency in economic term. One of the most important segments of the metal-
lurgical industry is considered to be blast furnace ironmaking, which accounts for more than 50% of the ener-
gy costs of a metallurgical enterprise; in addition, there is a large consumption of resources for manufactu-
ring. Aim. The article is aimed at increasing the efficiency of blast furnace smelting both from an economic
point of view and from the technological process itself through the introduction of an automated infor-
mation-control system for optimal planning of the work of a blast furnace shop. The system is capable of
recommending optimal production of a blast furnace shop in terms of the minimum cost of cast iron, as well
as making recommendations to personnel to correct operating parameters of blast furnaces in order to
increase productivity and reduce coke rate. Materials and methods. It is proposed to use artificial intel-
ligence methods in work to achieve these goals. In particular, clustering and dimensionality reduction
methods are used to determine the optimal operating modes of technological equipment, and the problem of
increasing the efficiency of the blast furnace shop is solved using nonlinear programming methods to plan
blast furnace ironmaking, taking into account technological and economic limitations. The initial data for
setting up and operating of optimal planning system is the production statistics of a metallurgical enterprise,
the sources of which are monitoring and control systems for technological processes, the laboratory ana-
lyses of charge materials and smelting products, as well as expert assessments of the technological equip-
ment state. Results. The results of the optimal value of blast furnace ironmaking seeking in terms of
the minimum cost of cast iron and maximum efficiency of blast furnace smelting as well as the coefficients
of the influence of production factors on the main indicators of blast furnace ironmaking: the productivity
of blast furnaces and coke rate are shown. Conclusion. The developed automated information-control sys-
tem for optimal planning of blast furnace ironmaking can be used as a decision support tool for both fore-
men, the head of the blast furnace shop, and the economic services of an industrial enterprise. Specialists
can apply the obtained results for master production schedule of the sinter-coke-blast furnace ironmaking.
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tOxHo-Ypanbckuli 2ocydapcmeeHHsil yHugepcumem, YensbuHck, Poccus

Annomayus. YcuieHne KOHKYPEHLIMHM Ha PBIHKAX METAJUIyprU4ecKodl NPOAyKIHMH CTaBUT IEpen
NpEANPUATHAME 3a/ady MOBBIECHUS 3P ()EKTHBHOCTH IPOU3BOJCTBA C S3KOHOMHYECKOHW TOUKH 3peHus. On-
HUM W3 HanOojiee Ba)KHBIX 3BEHHEB METAJUTYPTHUECKOM OTpPAciHM CUMTACTCSl JJOMEHHOE NPOHM3BOACTBO, HA
JIOTI0 KoToporo mpuxonurcst 6onee 50 % 3HEpreTHUECKHX 3aTpaT METaJUTypTHUECKOTO MPENIpHUsTHS, 10-
MHMO 3TOTO IPH MOJIYYEHHU NMPOAYKIHHU HAeT Ooibpioit pacxon pecypcos. Leab uccnenosanmsi. CraTps
HalpaBjeHa Ha MOBbIIIeHNE (P PEKTUBHOCTH TOMEHHOM IUIABKH KaK C SKOHOMUYECKOH TOUKHU 3PEHHMS, TaK U
CO CTOPOHBI CaMOT'0 TEXHOJOTMYECKOT0 IpoIlecca 3a CueT BHEIPEHHS aBTOMATH3MPOBAaHHON HMH(OpMaIu-
OHHO-YTIPABJIAIONICH CHCTEMbI ONTHMAIBHOTO IJIAHUPOBAHHUS pabOTHI JOMEHHOTO IieXa, CIIOCOOHOH peKo-
MEH/IOBATh ONTHMAaJIbHOE IIPOMU3BOJICTBO JOMEHHOTO I[e€Xa C TOYKH 3pEHHUS MHHHUMYyMa Ce0ECTOMMOCTH dy-
TyHa, a TaKkXKe BBIJaBaTh PEKOMEHJAIMU IEPCOHATY IO KOPPEKLUUH PEKUMHBIX ITapaMeTpoB paboTHI 10-
MEHHBIX Ieueil C IeIbI0 YBETHMUCHHS MPOU3BOAUTEIHOCTH M CHIDKEHHUS yIIENBHOTO pacxo/a Kokca. MaTte-
pHAabI U MeToAbl. J[Is TOCTHKEHHUS THX Lieiel B paboTe MpeiaraeTcsi HCTIONb30BaTh METOIBI HCKYCCT-
BEHHOT'O MHTEJUIEKTA. B 4acTHOCTH, [UIsl ONpeeNIeHUs] ONTHMAIIbHBIX PEXUMOB pabOTh TEXHOJIOTHYECKOTO
000pyIOBaHUs MIPUMEHSIOTCS METOJBl KJIACTEPU3ALMN M CHIDKCHUSI Pa3MEPHOCTH, a VISl TIaHUPOBAHUS
JIOMEHHOTO TIPOU3BOZICTBA C YYE€TOM TEXHOJOTHYECKHX M SKOHOMHYECKHX OTpaHWYEHHH periaercs 3agada
HOBBIIIEHUS 3()(HEKTUBHOCTH JOMEHHOTO IIeXa ¢ NMPUMEHEHHEM METO/0B HEJIMHEHHOro IporpaMMHpOBa-
HUS. B KauecTBe MCXOAHBIX TaHHBIX JUISl HACTPOWKU M pabOTHI CHCTEMBI ONITUMAJIBHOTO TUIAHUPOBAHMUS BbI-
CTyIaeT NMPOU3BOJICTBCHHAS CTATHCTHKA METAIypTHYeCKOTO MPEANPUITHS, HICTOUHUKAMH KOTOPOH SIBIIS-
FOTCSI CHCTEMBI MOHUTOPHHTA M YIPABICHUS TEXHOJOTMUECKUMH MPOLIECCaMU, Pe3yIbTaThl aHAJIH30B J1abo-
paTopuil HCXOJHBIX MaTepHAJIOB U TOTOBOM MPOAYKIIMH, a TAK)KE IKCIIEPTHBIC OIICHKH MO COCTOSHUIO TeX-
HOJIOTHYecKoro obopynoBanus. Pesynabtarhl. [IpuBeneHsl pe3ynbTaThl pelICHHS 3aJadd ITOMCKa OINTHU-
MaJIbHOTO 3HaYCHHsI IPOU3BOJICTBA IOMEHHOTO II€Xa C TOUYKH 3PEHHS MUHUMYMa ce0eCTOMMOCTH YyTyHA U
MakcuMyMma (G (GEKTUBHOCTH BEICHMS JOMEHHOI IUIaBKH, a Takke KOd((UIMEHThI BIUSHUS TPOU3BOACT-
BEHHBIX (DaKTOPOB HA OCHOBHBIE MOKA3aTEIH JOMEHHOTO NPOM3BOICTBA: MPOU3BOANUTEIHHOCTh JOMEHHBIX
neyei M ynenbHbBIM pacxo] Kokca. 3ak/oueHne. PazpaboTaHHas aBTOMaTH3MpOBaHHAs WH(OpMaINOHHO-
YIpaBIsfoNIas CUcTeMa ONTHMAIBHOTO IUIAHMPOBAHMS JOMEHHOTO ITPOM3BOACTBA MOXKET OBITH MCIIOIH30-
BaHa B KQUECTBE MHCTPYMEHTA MOAEPKKHU NMPUHATHS PEIICHUH KakK sl MacTepoB, Ha4albHUKA JOMEHHOTO
1exa, Tak ¥ JJIsl SKOHOMHUYECKHX CITyO IPOMBIIUIEHHOTo npeanpusatus. [loxydeHHsle pe3ynbTaThl MOTYT
MPUMEHSTHCS CHEeNHMAINCTaMH Ul 0OBEMHOTO IUIAHUPOBAHUS PaOOTHI arjio-KOKCO-IOMEHHOTO MPOU3BOJ-

CTBa B LICJIOM.

Knrwouesvte cnosa: HCKyCCTBeHHHfI HUHTCJJICKT, JOMEHHOC ITPOU3BOACTBO, KIIACTCpU3alrd, OIITUMHU3a-
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Introduction

The iron and steel industry plays an important role in the global economy, influencing key indus-
tries. The largest countries all over the world support and develop the metallurgical products production
as one of the promising areas of economic development. Due to increasing competition on the metallur-
gical products markets, enterprises need to solve problems to increase economic efficiency.

One of the key elements of the metallurgical industry is blast furnace ironmaking. It accounts for
50-75% of the energy costs of full-cycle enterprises. In this regard, it is necessary to reduce the energy
and resource intensity of the resulting products.

The literature presents several strategies for increasing the economic efficiency of blast furnace
ironmaking. The main strategy is to optimize the blast furnace smelting process itself. At different times,
well-known Russian and foreign researchers N.N. Babarykin studied this issue [1], S.A. Zagajnov and
L.Ju. Gileva [2, 3], Ju.N. Ovchinnikov [4], O.P. Onorin [5], N.A. Spirin [6], I.G. Tovarovskij [7],
V.N. Andronov [8], B.P. Dovgaljuk [9] and many others. Another strategy for increasing the economic
efficiency of blast furnace ironmaking is the optimal distribution of raw materials and fuel and energy re-
sources between blast furnaces. The solutions to the resource allocation problem are presented in [10—11].
This strategy is also successfully used in other sectors of the economy [12].

This article solves the problem of optimal planning of blast furnace ironmaking using artificial in-
telligence methods. These methods allow to analyze large volumes of data, determine hidden patterns
and dependencies, and solve complex optimization problems. In order to increase the efficiency and
economical operation of blast furnace smelting, an automated information and control system (AICS)
was developed. The functionality of the system determines the relevance of the research work. AICS
allows to plan optimal volumes of pig iron production, taking into account production, technological and
contractual restrictions, as well as the actual influence of quality indicators of coke, iron ore raw materi-
als and operating parameters of blast furnaces on the efficiency of the blast furnace process.

System description

The automated information and control system for optimal planning of blast furnace ironmaking is
a hardware/software package. It provides information resources and functionality for searching optimal
production parameters taking into account production, technological and contractual restrictions.
The system is flexible and adaptable to the operating conditions of the blast-furnace shop and the enter-
prise demands.

Fig. 1 shows a generalized functional flow diagram of the automated information and control sys-
tem for optimal planning of blast-furnace ironmaking.
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Fig. 1. The functional flow diagram of AICS of optimal planning of blast-furnace ironmaking
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The system receives input data from various sources, such as blast furnace process monitoring and
control systems, laboratory analyses of charge materials and smelting products, process reports, and log
books. The system's functionality also provides the ability to manual entry of economic and technological
constraints and expert assessments in the user interface. Based on this data, the system solves the optimiza-
tion problem and provides the user with recommendations on changing the parameter values, which will
increase the efficiency of blast furnace smelting and minimize the iron production costs. The obtained
results are available to blast furnace shop (BS) specialists for effective control of the technological process
and to economic services for volumetric planning of the metallurgical enterprise work as a whole.

Blast furnace efficiency index

To assess the efficiency of blast furnace smelting, it is proposed to use an indicator determined by
the formula:

-1
IP; SCR;

Bz ot (SCRE&“S) :
where i =1, 2, ..., k— blast furnace number;

E — efficiency index;

[P — predicted iron productivity, t/day;

I P axi — maximum iron productivity, t/day;

SCR — predicted specific coke rate, kg/t;

SCRBS_, — average specific coke rate of blast furnace shop for current period, kg/t;

a — weighting coefficient reflecting the importance of taking into account productivity and coke rate
as part of the efficiency index.

Nowadays, factor models are widely used to predict productivity and SCR. These models are based on
statistical data and do not require a detailed description of all processes occurring in the furnace. Factor mo-
dels have the form of linear functions with coefficients determined on statistical data and expert assessments:

SCR i
SCR; = SCRygse i + # S (KSR APG) + kPRE - ANGgy  + knGR 4 SCRyep;

IPpase i
IP; = [Pygge i + ﬁ ’ 2?:1("11];) ’ APij) + kiLPi,
where j =1, 2, ..., n — parameter number influencing the SCR and productivity;

SCRy4se i — specific coke rate of i-th blast furnace in base period, kg/t;
I Pp,se i — iron productivity of i-th blast furnace in base period, t/day;
AP;j — change of j-th technological parameter of i-th blast furnace relative to the base period;

kijR, k{f — coefficient of influence of the j-th parameter of the i-th blast furnace on the SCR and

productivity, respectively;
FSR — coefficient of influence of specific rate of natural gas of the i-th blast furnace on the SCR;

ANGygy, ; — change of specific rate of natural gas relative to the base period, m’/t;

SCRy¢p — specific coke rate for repairs, kg/t;

kSR — coefficient of technology nonuniformity for SCR of the i-th blast furnace, kg/t;

kP, — coefficient of technology nonuniformity for iron productivity of the i-th blast furnace, t/day.

The technology nonuniformity coefficients provided in the formulas are determined by a BS spe-
cialist based on his experience and knowledge of the operating characteristics of blast furnaces. The ad-
dition of these coefficients into the model allows to take into account the influence of parameters that
are not included in factor models or cannot be measured and assessed quantitatively. Also, to improve
the accuracy of the forecast of productivity and SCR using factor models, data mining methods are used
in this research work to determine the coefficients of influence of parameters in the current operating
conditions of the blast furnace shop.

Cluster analysis of blast furnace operating modes

The cluster analysis methods allow to automatically divide the statistical data of blast furnaces into
groups (clusters) that correspond to different operating modes of the furnace. So, it becomes possible
to compare and select the most suitable modes, taking into account the current operating conditions of
the blast furnace shop.

Data pre-processing step is a necessary for the successful application of clustering methods, since
the interpretability and utility of the results directly depends on the data quality. To reduce data volume
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and highlight the most significant features the data preprocessing step includes removing noise and
omissions, converting data into a single format, aggregation and selecting. The random forest method
was used to fill in the data gaps. This method allows taking into account nonlinear dependencies be-
tween variables and is highly accurate and resistant to noise [13]. Data corresponding to non-steady-
state mode of blast furnace were also removed from the original data samples, as they could reduce
the accuracy of the analysis and cause erroneous results. Data were aggregated daily to average varia-
tions in parameters throughout the day.

For cluster analysis, we used self-organizing Kohonen maps — neural networks with unsupervised
learning. This method allows to display a multidimensional array of information on a two-dimensional
grid, preserving the data topological properties. At the beginning of training, each grid node is a proto-
type of a cluster with a certain vector of weights that characterizes its position in the original space.
When an input vector is received, the network finds the winning neuron that is closest to it, and adjusts
its weights and the weights of its neighbors so that they become more similar to the input vector. This
process is repeated for all input vectors until the specified accuracy or number of iterations is
achieved [14]. As a results of the neural network training, we obtain data divided into clusters. The final
number of clusters was selected using the silhouette coefficient.

After identifying the operating modes of blast furnaces, linear regression models were built and
the corresponding factor coefficients for the influence of parameters on the efficiency of blast furnace
smelting were determined in each cluster. Figs. 2—5 show the dependences of blast furnace productivity
and specific coke rate (SCR) on abrasion coke strength (M10) and iron content in the charge.
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Fig. 2. Graph of blast furnace productivity versus abrasion coke strength (M10)
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Fig. 4. Graph of blast furnace productivity versus the iron content in the charge
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Fig. 5. Graph of coke rate versus the iron content in the charge

The Table 1 contains coefficients calculated in each cluster for the influence of abrasion coke
strength and iron content in the charge on productivity and SCR.

Table 1
Coefficients of influence of abrasion coke strength (M10) and iron content in the charge
Change Change Change Change
. S . . o
Operating | in productivity (%) |in specific coke rate (%) n piilcidalilcgl\:rtza(sf) n Spiiilﬁ:nc?f:rzaat:e( %)
mode with an increase with an increase “i/n iron content V;]n iron content
1 0 1 0
in M10by 1 % in M10by 1 % in the charge by 1 % | in the charge by 1 %
1 -2.8 3.06 1.77 —0.88
2 -2.46 3.12 1.70 —0.85
3 -2.45 3.20 1.92 —0.85
4 —2.46 3.01 1.91 —0.90
5 —2.38 3.14 1.90 —0.86
6 -2.57 3.18 1.94 —0.87
7 -2.56 3.18 1.77 —0.86
Average -2.53 3.13 1.84 —0.87
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The cluster database is constantly updated and adapts to changes in blast furnace smelting technolo-
gy. The AICS for optimal planning of blast furnace ironmaking analyzes information about the opera-
tion of blast furnaces in the current period, determines the nearest cluster for each furnace and calculates
the coefficients of the influence of selected parameters on productivity and SCR which are used in factor
models.

The solution of the optimization problem

During planning of blast furnace ironmaking, the problem of multicriteria optimization is solved
using a generalized optimality criterion.

The objective function is obtained by combining the weighted values of partial criterions and has
the following form:

By -PC—B,-YK E, - min,
where 3,1, B, — weighting coefficient;

PC — production cost of cast iron;

E — efficiency index of i-th blast furnace.

The goal of optimization is to find such values of technological parameters that provide maximum
efficiency and minimum costs for the production of cast iron under given constraints.

To calculate the production cost of cast iron, we use models obtained from the subsystem for opti-
mizing the supply and consumption of coal and iron ore raw materials [15]. In this subsystem, the selec-
tion of the share participation of suppliers is carried out according to the criterion of minimum costs for
the purchase and transportation of raw materials, taking into account technological and economic con-
straints. At the output of the subsystem, several charge variations are formed, for each of which their
qualitative and quantitative characteristics are given, as well as the cost of coke and iron ore raw materi-
als. One of the tasks of the AICS is to select the optimal charge option from those presented at the output
of the subsystem to ensure a minimum of the objective function.

The production cost of cast iron also depends on the blast operating mode of blast furnaces. There-
fore, the model takes into account not only the characteristics of the charge, but also the following pa-
rameters: oxygen content in the blast, specific rate of natural gas, rate of enriched blast, its temperature,
pressure and humidity.

In this optimization problem, the following constraints were set:

1. The values of the optimized technological parameters should not exceed the minimum and maxi-
mum limits determined by the technical capabilities of the equipment, as well as the requirements for
the quality of the products:

Pminij < Pij < Pmaxija
where P;j — predicted value of j-th parameter of i-th blast furnace;

Prinij» Pmaxij — minimum and maximum values of j-th parameter of i-th blast furnace.

2. The volumes of natural gas, blast and oxygen, as well as the volume of top gas should not exceed
the permitted maximum value for the blast furnace shop:

VG < VNG max V62 < Vo2 maxs Vilast < Valastmaxs V16 < VFc maxs
where Vg3, V&5, VB ., VES — predicted volume of natural gas, blast, oxygen and top gas for blast fur-
nace shop respectively, m’;

VES max> V& max> Viooist maxs VT%umaX — maximum values of volume of natural gas, blast, oxygen
and top gas for blast furnace shop respectively, m’.

3. The theoretical combustion temperature for each blast furnace should not exceed the prescribed
limits:

TCTmini < TCT; < TCTaxis
where TCT; — calculated theoretical combustion temperature for the i-th blast furnace in the forecast
period, °;

TCThini> TCTmaxi — specified minimum and maximum values of the theoretical combustion tem-
perature for the i-th blast furnace, °.

4. Constraints on SCR and blast furnace productivity should not exceed the prescribed limits:

SCRyini < SCR; < SCRyaxis

IPmini < IP; < IPpax;-
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5. The value of the ratio of natural gas and oxygen content in the blast for each furnace should be
close to the optimal value from the forecast cluster:
QngG i
Opt; = Aope< 7 < Opt; + Agp,

02i
where Qp¢ ; — natural gas content in the blast for the i-th blast furnace, %;

Qo2 ; — oxygen content in the blast for the i-th blast furnace, %;

Opt; — optimal value of the ratio of natural gas and oxygen content from the forecast cluster;

Aopt — permissible deviation of the ratio of natural gas and oxygen content from the optimum.

To solve the problem under discussion, we used the differential evolution algorithm for global op-
timization with nonlinear constraints and self-adaptive parameters [16]. Fig. 6 shows an example of how
the objective function depends on pig iron production of the blast furnace shop per month. In this case,
the optimal production of cast iron was 843 thous. tons.

on
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™
b

L)
w

Iron production, thous. t
Fig. 6. The results of optimal productivity value search

As a result of solving the optimization problem, the optimal values of the technological parameters
of the blast furnaces operation were obtained according to the criterion of minimum costs and maximum
efficiency of blast furnace smelting.

Conclusion

During the study, an automated information and control system for optimal planning of blast fur-
nace production was developed. AICS is based on modern technologies for data processing and analysis,
as well as artificial intelligence methods, such as clustering, dimensionality reduction and nonlinear
optimization.

This system makes allow to evaluate the influence of technological factors on the efficiency indica-
tors of blast furnace smelting under various operating modes of blast furnaces and to predict the optimal
values of the blast furnace shop operating parameters, taking into account the given constraints. The re-
sults obtained in proposed system can be useful for making decisions at the technical and economic level
of managing metallurgical production.
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