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Blast furnace operational management automation using modelling and real-time predictive
solutions for the object control are considered. Main features of the proposed control are: using of
an operational data mining software to identify effective clusters of the furnace regime parameters
values; real-time software for identification of the furnace cohesion zone parameters for the opera-
tional management correction; dynamics forecasting of the furnace thermal state indicators when
charge load and blast parameters change.

Usage of the software permits to achieve effective values of the furnace regime parameters with
high productivity and reduced coke consumption. It is effective in conditions of the significant
charge parameters changes, due to using of source materials from different suppliers. Therewith, fo-
recasting of parameters dynamics allows supervisor to stabilize the blast furnace process in the effec-
tive regime.

The system is based a joint development of the South Ural State University (National Research
University), “Polytech-Automatica” Research & Production Ltd. (Chelyabinsk) and “AKOMM?” Ltd.
(Moscow).

Keywords: blast furnace process, model predictive control.

Introduction

A promising work direction to improving the efficiency of blast-furnace processes control is appli-
cation of methods, based on modeling and predictive solutions.

In general, the use of blast furnace models has a great history and a large number of sources on this
topic is available.

It is necessary here to note the works of national authors I. Tovarovskiy, A. Gotliba, G. Efimenko,
A. Gimmelfarb, A. Pokhvisnev, O. Onorine, N. Spirin, A. Ramma, A. Dmitriev [1-26]. The works of
V. Parshakov [12—15], devoted to study of influence of the cohesion zone parameters on the blast fur-
nace process efficiency, deserve special attention. It is necessary to note among foreign authors
the works of J. Kule, M. Sasaki, K. Ono, A. Suzuki, J.M. Burgess, D.R. Jenkins, K.L. Hockings,
S.A. Kumar, N. Suresh, C.P. Jeffreson, M. Gobetto [27—41].

However, as far as the blast furnace process is quite sophisticated and its parameters are not fully
observable the specified problem is not completely solved now and studies on the topic are still con-
ducted.

The main features of the proposed approach are:

— usage of the operational data mining software to identify effective regions of the blast furnace
technical parameters values, providing productivity increase and coke consumption reduction;

—real-time software for identification of the furnace cohesion zone current parameters for the ope-
rational management correction;

— forecasting of the blast furnace thermal state indicators dynamics when the blast parameters or
charge load change.
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1. The blast furnace control model general structure

The main difficulties preventing the achievement of high technical and economic efficiency levels are:

1) partial observability and controllability of processes;

2) the need for the processes stabilization in extreme boundary conditions;

3) incomplete knowledge about the current process state due to its complexity.

To overcome the above difficulties an advanced methodology of model predictive management is
now developed. The peculiarity of this methodology comes from usage of controlled object modelling
software with permanent on-line updating based on constant parameters identification by the real opera-
tional data for the observability and controllability of processes.

Therewith, each managing step solves the problem of control action on technical and economic in-
dicators optimization.

The general structure of the model-predicative management is shown on Fig. 1.
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Here in u, — the controlled parameters of the blast furnace process (BFp); z, — measured uncon-
trolled parameters of the BFp; w, — unmeasured disturbance factors of the BFp; g _— the blast furnace
process efficiency indicator:

1, if BPf is satisfied with determined performance efficiency;
9k = .
0, otherwise,
y,— the output measured parameters of the BFp; x, — the blast furnace process state vector, for a satisfac-
tory prediction of BFp characteristics; p, — the measured parameters of the blast furnace process used to

estimate its state vector; {(u, X, Z, y, p, 9): k=1 ... k— 1} — previous BF melting parameters statistics;
Mod, — the i-th model representation of the BFp, which provides state vector estimation according to

technological instructions; MPC — the program of the model-predictive management calculation;
k — the current melting index.

One BFp model representation for the state vector evaluation is the “AKOMM” Ltd. “Cohesion”
system, which provides a quantitative assessment of the melting zone parameters.

2. Effective regions of the operating parameters clustering

The effective operating parameters regions are determined by the blast furnace target indicators set-
tings, such as productivity, coke consumption, theoretical combustion temperature, furnace thermal state
indicators (the cast iron silicon content, titanium module, blast-furnace gas utilization, etc.)
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For instance, Fig. 2 represents effective region detection, based on the target function:
e, =a,n, +ab’, a

niwr c’c n’
where n;, — relative cast iron perfomance; b, — the relative specific coke consumption; a,, 0. — weights of

partial indices » and c respectively as a part of a generalized target, reflecting the importance of perfor-
mance and coke saving in the overall target structure.
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Complexity of the considered effective region of operating parameters clustering task, in accor-
dance with the division into target areas defined by specified levels of the target function (Fig. 2) caused
due to is its high dimensionality. The number of operating parameters can be more than 70. To simplify
the problem solution we used the method of exact area decomposition on the two-dimensional cross-
section, analytically described by second order elliptical regions [42—43].

Fig. 3 represents an example of an increased efficiency area in the coordinates of the “specific coke
consumption — cast iron silicon content” including furnace thermal state constraints.
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The basic task of effective solutions definition lies in selecting the BF managed parameters

{x;: iel,} under the given unmanaged parameters constraints {x; :i e/, }. In general, the exact values

of uncontrollable parameters are unknown and they are defined as areas of possible values. Managed
and unmanaged (defined for operational control) parameters are shown in Tables 1 and 2, respectively.

Table 1
Managed parameters
Parameter Unit
xiiel,} The skip coke consumption (FR.+40) (abs) kg/t
{x,:iel,} Blast moisture t/m3
{x;:iel,} Natural gas consumption M*/h
Table 2
Unmanaged parameters
Parameter Unit
g0 1€ Ly} The hot blast oxygen content (only for fall) %
xs:iel,,,; Sokolowski pellets charge share shares
{xg:iel,,} Mickhailovski pellets charge share shares
{x;:iel,,,} Lebedinski pellets charge share shares
{xg:iel,,,} Kostomukshski pellets charge share shares
{xg:i€l,,} Kostomukshski non-flux pellets charge share shares
X0 i€l,,,} Agglomerate share shares

To solve this problem a quadratic solution residual of inequalities system is formulated:

n n " 2
£2 =053 (70 x)) . (1)

i=l j=I
Ji(xis x;), i fi(x, x;)>0;

(ﬁf(xi’xf)) :{0, if f;(x;, x;)<0, ¥

where f; — discriminant function analytically describing the effective region of the BF parameters.
The valid values of the parameters are restricted by inequalities:
M <x <M, iel 3)

Quadratic constraints residual (3):

£ 052[(( ) (e ))J @

The residual of the solution (1) is based on the technological process monitoring statistics.
This statistics may be incomplete. In this case, the minimizing of solution residual problem formulation
will be incorrect. We introduce the additional regularizing constraint to streamline problem formulation.

E2=0,5)(x; —xz)’ - (5)
i=1

Herein {xp;} — valid values of operating parameters used for regularization; for example, the base

parameters values obtained on the basis of technological calculations. Regularization usage is the central
point of the approach proposed. Regularization allows generating consistent solutions based on both ope-
rating data and technological calculations.

The total residual of the inequalities solution (3) including constraints (5) is formulated as a penalty
function:

E; =(1-a)E* +ME? +0Ep. (6)
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The task is to find valid values of managed parameters by the criterion of minimum constraints re-
sidual (1) considering that the uncontrollable parameters within defined limits are streaming to provide
the maximum of specified residual. This problem is a minimax mathematical programming problem:

min  max Ez({xl.: iel}). @)

{xiely} {xi€lypm}

In general, the solution of the problem will be implemented by the gradient descent method. In this
case, the recurrence algorithm for solving the problem would be as follows:

OE* _OE®>  OFE2
xi,k+1=xi,k_Y[ tA—2to—L |, iel,;

OX; ox; OX;

OE%  OE?  OE2

X =X =Y —E+A—2+a—L |, iel,,;

i,k+1 i,k Y[ 6)6[ axi ax[ unm

OE? B X i L .
T RN B e T L W B Rl
x; G; =l ~ ~ k=1 c O;

i J i J k i
J#i k#i

aE)% min \+ max \+

o (( X +x ) H(x—x) ),

OE;

If the recurrent process converges, the result is a generalized solution of problem (7) under the given
constraints.

For testing the BFp model-predictive control algorithms reporting forms are generated daily. They
display BFp technological parameters of the current day, including the targets and factors of adaptive
control. Based on reporting forms, a comparison is held between the actual values of factors influencing
the BFp efficiency and an effective regime.

Developed algorithms based on the models produced in SCADA “PolyTER” are clarified to specify
the area of high quality thermal state including the effective values of the current mode.

In addition, the approach for constructing the set of Pareto-optimal non-improvable solutions was
implemented, when solving the blast furnace modes optimization problem.

The minimum coke consumption was used as the target function. Calculations were made for
the following dependencies P(C., Wiapor)s S Wyapor)s Mio(Wyapor)s Wiapor When setting the desired BF
operational mode, along with thermal state constraints considering different silicon content.

Fig. 4 represents the dependence between the optimal cast iron performance and coke quality (M)).
As we can see from the graph, cast iron performance increases while M, falls, therewith decreasing
the M, productivity growth rate slows significantly. This is particularly evident when the values of M,
are close to a 8.0 and 8.2.
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Fig. 4. Pareto region dependency between the cast iron performance andcoke quality (M1o)
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Fig. 5 shows the obtained dependency between the optimal values of coke consumption and coke
quality (M,o). Decreasing the M, leads to coke consumption decrease, however the significant decelera-
tion of coke consumption rate is not observed, when reducing M.
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Fig. 5. Pareto region dependency between the coke consumption and coke quality (M)

The dependencies, shown in Fig. 4-5, were built when processing statistical information for the pe-
riod from 12.04.2014 to 07.02.2016, BF Ne 10 OJSC “MMK” excluding the downtime periods.

3. Operational BF real-time management

The solution of the BF operational management problem is implemented from point of view assum-
ing the regime parameters dynamic stabilization in the defined increased effectiveness regions. The solu-
tion to this problem is very difficult, since the blast-furnace process as a controlled object has very com-
plex properties:

1) BFp dynamics, taking long time intervals (up to 40 hours);

2) nonlinear nonstationary characteristics;

3) distributed parameters;

4) high level of disturbances;

5) low observability of many process characteristics.

4. Methods of operational management

To illustrate the operational management techniques we will consider the example of cast iron sili-
con content regulation via the channel of specific coke consumption influence (B, ).

The transfer function between the cast iron silicon content (Si) and the specific coke consumption
can be represented by two sequential dynamic delays: transport and inertial.

The transport delay estimation is based on calculating correlation function between the cast iron
silicon content and B,. Correlation function maximum defines the value of transport delay. A recur-
rence relation describes the inertial delay:

Siy =aSi;_ +bB, 1 » (8)

where a, b — unknown coefficients, identified on current operational data; k — current time.

Identification of the a, b coefficients is carried out with synchronized real time operational silicon
and B, data.

For silicon level regulating using the recurrent formula (8) necessary correction of the coke flow is
calculated to achieve the required level of the cast iron silicon content. The required amount of silicon
content is set through the previously discussed optimization problem based on the usage of efficient BF
mode clusters.

For instance, Fig. 6 represents an example of silicon level regulation in an operational environment
of SCADA “PolyTER”.

Currently implemented operational management uses the following parameters:the cast ironsilicon
content, iron temperature,titanium module, furnace shaft temperature, furnacehearth temperature.

The framework of SCADA “PolyTER” is displayed in Fig. 7.
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The left part of the diagram shows the graphs of the BF thermal state indicators: cast iron silicon
content, titanium module, furnace shaft temperature and furnace hearth temperature. Here each indicator
matches its current value (gray-green color), filtered current values (black color), forecast values (yellow
color), target values (red color) and its visual level (purple color).

The middle part of the graphs shows current values of the controlled parameters: steam consump-
tion for humidification, natural gas consumption, oxygen content in the blast, theoretical combustion
temperature, and control parameters values 2-hour averaged: coke consumption per feeding, specific
coke consumption per ton of calculated iron, ore load. Moreover, system displays job graphs for the spe-
cific coke consumption:

1) defined according to the desired value of the cast iron silicon content (red line);

2) based on weighted decision (blue line). Weighted decision is using specific coke tasks defined by
the required values of the BF thermal state indicators.

Coke consumption per feeding considering cast iron per feeding is counted through the framework
charts of specific coke consumption.

Conclusion

1. To improve the blast furnace process efficiency we propose a model predictive control approach,
based on clustering of blast furnace process effective parameters values regions and operational parame-
ters stabilization within an efficient cluster using the forecast based on their dynamics.

2. We introduce method of multidimensional blast furnace effective parameters values regions de-
composition using two-dimensional cross-sections and their analytical representation based on second
order elliptic regions.

3. We provide the algorithmic solution for the optimal choice of blast furnace process controlled pa-
rameters with uncontrollable parameters possible variations using the multidimensional effective para-
meters values regions.

4. It is shown that using Pareto regions in the blast furnace process parameters coordinates, derived
from the optimization problem solution, allows to assess the potential boundaries of high performance
efficiency depending on the operating parameters. The obtained dependences can be used for technolo-
gical calculations of the mode parameters estimating potential attainability of the effective values.

5. Blast furnace process regime parameters stabilization should be carried out based on predicting
of their values using models of the dynamics. The real time dynamic models parameters identification
algorithms are developed.

6. The automated blast furnace process decision support system was developed based on the me-
thodical and algorithmic maintenance, implemented in SCADA “PolyTER”.
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ABTOMATU3ALNA ONEPATUBHOIO YINPABJIEHUA
AOMEHHbIM NMPOLIECCOM C UCMNOJIb3OBAHUEM
MOOENbHO-YNPEXOAIOLIENO NOAXOAOA

J1.C. Kaszapunoe', [J.A. lLiHalidep’, T.A. Bap6acoea’,
A.A. Bacanaee’, 0.B. KonecHukoea', B.A. JlunamHukoe?

" FOxHO-Ypanbckuli 20cydapcmeeHHbill yHusepcumem, 2. YensabuHck,
2 OAO «MazHumozopckuti Memarnsnypau4eckuli Kom6uHamy, 2. MazHumozopck

PaccmarpuBaercs 3agada aBTOMaTH3AIMK ONCPATHBHOTO YIIPABICHUS JOMCHHBIM IIPOILIECCOM C
HCTIOB30BaHUEM METOJIOB, OCHOBAHHBIX Ha MOJCIHPOBAHUH ¥ BEIPA0OTKE YIIPEIKTAIONINX PEIICHAN
B pPCaJbHOM BpeMeHH on-line ¢ 00beKTOM ympaBieHUs. XapaKTepHBIMH OCOOCHHOCTSIMH CO37aBae-
MO} CHCTEMbI OIIEPATUBHOTO YIIPABJICHHUS SBIISIOTCA:

— HUCIIOJIb30BAHUEC NPOrpaMMHBIX CPEACTB MHTCIUICKTYAJbHOI'O0 aHalin3a JAaHHBIX 3KCILTyaTalluu
JUisl BbIsiBIICHHS 9D (DEeKTHBHBIX 00acTeil 3HaUEHHI PEXKUMHBIX apaMeTPOB IeYH;

— HaJIMYUe IPOTrpaMMBbl HICHTU(UKAIIUN B PeaJbHOM BPEMEHH TEKYIIUX MapaMeTpOB 30HBI KO-
re3uH JOMEHHOTO Tpoliecca A KOPPEKIUH ONepaTUBHOTO YIPaBICHUS;

— MMPOTHO3UPOBAHNUE JUHAMUKHN U3MCHCHHA WHIUKATOPOB TCIIOBOTO COCTOSAHHA MEYX NPU U3-
MEHCHHAX MApaMETPOB MYThS M 3arPy3KU IIUXTOBBIX MaTEPUAIIOB.

B pesympraTe mpUMEHEHHS yKa3aHHBIX MPOTPAMMHBIX CPEACTB IOCTHTACTCS BHIBEICHHE pe-
KFMHBIX [TapaMeTPOB JOMEHHOTO Tporiecca B 3 ()eKTHBHYIO 00JacTh 3HAYCHUH MTOBBIIICHHOW IIPO-
M3BOJHTEIFHOCTH U CHIDKCHHUE MOTPEOIICHUS KOKCa MPH 3HAYUTEIBHBIX M3MCHEHUSIX MCXOTHBIX T1a-
paMeTpoB IIUXTHI, KOTOPBIE 00YCIOBICHBI UCIIOIF30BAHIEM IIUXTOBBIX MATEPUAIOB OT Pa3HBIX IMO-
CTaBIIUKOB. [Ipy 3TOM IPOTHO3MPOBAHWE TUHAMUKH PEKHMHBIX MapaMETPOB IMO3BOJSIET MacTepy
CTaOMJIM3UPOBATh TOMEHHBII Tpoliece B 3GEKTUBHOI 001aCTH UX 3HAYCHHH.

Cucrtema peanusyeTcsi B paMKaX COBMECTHOH pa3paboTku HOHO-YpanbCKOro rocyaapcT-
BEHHOTO YHHBEPCHUTETa (HAIMOHAIBHOTO UCCIea0BaTeNbckoro yauBepcuteta) (Yemssouuck), OOO
HITIT «ITomurex-ABToMaTtka» (Yemstbunck) 1 OO0 «AKOMM» (Mockga).

Kniouegvle cnosa: domennulii npoyecc, MooenbHo-ynpexcoarowee ynpasieHue.
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