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A multilevel resource-saving blast furnace process control is considered. The resource-saving
control is provided for operating, adaptation, technical and economic control in the automated sys-
tems of blast-furnace processes.

It is proposed to form optimal operation modes of blast furnace heating, metal charge structures,
natural gas and oxygen consumption. Decisions are made using Kohonen neural networks taking
into account current and planned parameters of coke quality, iron ore, raw materials and blast.

At the level of operating control, the work suggests a model predictive control to improve
the resource conservation indicators. The method is based on decomposition of the general problem
of the process dynamics identification on particular problems: dynamic synchronization and identifi-
cation of process transfer functions.

At the level of adaptive control, optimal operating modes of blast furnaces are expedient to be
developed with respect to blast furnace heating, structure of metal charge, natural gas and oxygen
rate considering the current and planned parameters of coke, blasting. The blast furnace operating
modes are suggested to be determined based on Kohonen neural networks.

In evaluating the efficiency of introducing the model predictive control, the existing actual sta-
tistics of scatter of BF mode parameters should be based upon. The fact is that the introduction of
model predictive control assumes no radical change of the BF melt technology. Like in all the control
systems, the BF process is considered as the set control object with all its characteristics. Changing
process settings, raw material content does not introduce any cardinal variation in the scatter of pro-
cess characteristics. However, in this case a transient process occurs which is necessary for the con-
trol system to identify the changing conditions. The transient process is inherent to all the control
systems and the blast furnace process is not an exclusion. As a result of transient process, the control
system is set to the optimal mode.

Keywords: blast furnace process, blast-furnace process optimization, self-organizing maps,
Kohonen neural networks, cluster analysis, U-matrix, model predictive control.

Introduction

The blast furnace is a complex object for control, since such processes as fuel burning, metal smelting,
iron reduction and carbonization etc. take place in it.

The modern methods for analysis of blast-furnace smelting processes are based on the achievements
of multiple fields of science and technology. The blast furnace process models have been studied for
over the course of many years [1-16]. Among the researchers, a considerable contribution into the deve-
lopment of blast furnace process studying were made by 1.G. Tovarovskiy [1-3], N.A. Spirin, V.V. Lav-
rov, V.G. Lisienko [4], V.G. Lisienko [5], X. Wen, H. Cao, B. Hon, E. Chen, H. Li [6], J. Kule [7],
M. Sasaki, K. Ono, A. Suzuki [8] et al.

One of the existing approaches to the blast furnace production maintenance is the use of the table of
factors influencing the coke rate and blast furnace performance [1]. The method was developed based
on generalization of the blast-furnace smelting dependencies and basic blast furnace process principles.
It includes the charge mixture characteristics (the contents of iron, ore), coke quality (hardness M25,
abrasion strength M10, size + 80 mm, ash), chemical composition of cast iron (Si, Mn, F, S), blasting
parameters (blast temperature, oxygen concentration, humidity) and etc. In employing this approach to
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analyze the impact of the factors onto the coke rate and performance, their linearity and independence
are assumed, however, in practice, the influence of the factors onto the coke rate and performance is
non-linear and their interdependencies should be considered as well. Also, any blast-furnace smelting
parameter should not be considered separately, since the process is influenced by the interrelated para-
meters. It should be noted that each particular blast furnace is unique in its operation and the values
of factors shown in the table should be specified for a specific blast furnace. This is due to the fact that
the raw material and process conditions of the blast furnace shops at metallurgical plants vary significantly.

In general, the blast furnace process monitoring and control requires considering multiple parame-
ters, and the artificial intellect methods are very promising here [17]. These methods are already being
actively employed in such fields as medicine, sociology, marketing etc. In the blast furnace practice, this
area has not been sufficiently developed yet, but the activity is already in progress [17-25].

1. The structure of a multilevel expert system

The work considers an automated system of the multilevel resource saving control of the blast fu-
rmace process (Fig. 1). This automated system consists of three control levels. The upper one, technical
and economic control level of the blast furnace process solves the problems of determining the process
parameters of blast furnaces in the blast furnace shop according to the criterion of cast iron or steel mini-
mum prime cost. At the medium level of adaptive control, optimal operating modes of blast furnaces are
developed with respect to blast furnace heating, structure of metal charge, natural gas and oxygen rate
considering the current and planned parameters of coke, blasting, technical condition of the equipment
which are intended for operation in an advisor mode for a foreman.

Expert system

Technical and
economic level

v

Adaptable control
Cluster data module

v

Operations
control

\ A

Blast Furnace

A4

Fig. 1. Expert System Flow Chart

The criteria of the optimal adaptive control are the maximum cast iron production and the minimum
coke rate.

Implementation of adaptive control is based on finding real effective characteristics of the blast fu-
rnace process for each blast furnace.

The adaptive control of the blast furnace mode ensures developing multidimensional solution re-
gions on basic parameters characterising the blast furnace melting including quality characteristics of
coke, metal charge, hot blasting for the subsequent use in solving the optimization tasks at the technical
and economic level of control of sintering, coke and blast furnace production.

At the operational level of blast furnace process control, the problem of stabilizing the thermal con-
dition of blast furnace production is solved.

A peculiar feature in developing the mathematical relations represented in the work is the use of
the software tools for the in-depth analysis of the operational statistic data (the so-called Data Mining),
cluster analysis based on the Kohonen neural network training [24] to detect the dependencies of effect
caused by the control parameters onto the economic parameters of the blast furnace process, perfor-
mance and coke consumption to improve the energy efficiency.
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2. The method of adaptive control level

The existing control level of mode parameters of blast furnace is aimed at maintaining the parame-
ter values within the admissible limits defined by process instructions and set process conditions. Such
kind of control may be called admissible. In this kind of control makes mode parameters sporadically
fluctuating within the admissible values. According to the studies, the fluctuation swing is frequently
beyond the boundaries of the effective region of values of mode parameters. This results in the reduced
furnace performance and increased coke rate. Therefore, stabilization of fluctuations of mode parameters
within the effective region of their values with the use of current methods of model predictive control
and intellectual technologies is a topical problem.

This problem is rather complex because the swing of mode parameter values is determined by mul-
tiple reasons, such as incompleteness of measured factors causing effect on the blast furnace process,
low measurement precision, impossibility to measure the internal parameters of the blast furnace pro-
cess, accidental fluctuations of the input parameters of charge, blast and etc. Accurately considering all
this factors is extremely difficult at a modern level of the blast furnace process measurement and control
technology. Therefore, the most expedient solution is determining current operating modes of blast fur-
nace based on the cluster analysis in teaching the Kohonen neural network.

Let’s consider building the mode diagrams in detail. Let’s consider a set of unordered pairs of
values of input parameters and output value obtained as a result of a set of observations over the BF
{(xs, ¥5)} as the source diagram. The diagram is given in Fig. 2.

The diagram x;, y, shows the values of some input and output parameters used for illustrating building
of the mode diagram; {(x;, y;)} —an ordered pair of the values of an input and output parameters.

These pair dependencies, while being built for the entire set of statistic observations of the depen-
dence of the output parameter y over the input parameter x allows building a kinetic diagram of modes
represented in Fig. 3.
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Fig. 2. The source diagram of blast Fig. 3. Kinetic mode diagram
furnace operating modes

As a result, in a chaotic set of values of mode parameters (see Fig. 2) an order is introduced in
a form of mode parameter variation lines. In fact, such a dependence will be stochastic, since it is
impossible to consider all the BF input parameters. Therefore, in building such diagrams, the method
of principal components shall be employed. In accordance with this method, the input parameter is
determined first, which produces the maximum effect on the output parameter with building a diagram
based on this method. Further, the next parameter in terms of the effect significance, shall be selected and
the diagram building process proceeds iteratively until the significant input variables are no more left.

Based on the BF control practice, the principal input components are the volume of coke supply, ore
burden, blast humidity, and, if justified, a number of other factors, A non-linear mode diagram is built
for principal components. For other components, building non-linearized diagrams used to adjust
the solution obtained with principal components, is sufficient.

Based on the diagrams built, a problem of selecting the input parameter values can be solved based on
the condition of minimum deviation of the current value of the output parameter () from the set value (y,):

(v —»)” — min. (1
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The solution (1) may be found, for example, by the gradient method:

xj,k+1zxj,k—Y(J’k—yz)aj,k- 2
Here it is recommended to employ the coordinate-wise optimization method, since the simultaneous
change of multiple input parameters is not allowed by the technical instructions.

The considered statistical calculation diagram is simplified since it does not consider a number of
factors which stipulate the use of a considerably larger quantity of outgoing parameters for more accu-
rately evaluating the BF condition.

Therefore, the diagrams of type shown in Fig. 4 shall be built for all the blast furnace process condi-
tion indicators. The blast furnace mode parameters are accidental processes depending on a large num-
ber of factors. Such factors are up to 70 parameters in number. Under such conditions, usual determinis-
tic control methods of furnace modes do not allow reaching optimal values of mode parameters as a re-
sult of a large statistical dispersion of their values.

Therefore, the work suggests identifying the effective regions of the blast furnace melt in a multi-
dimensional space of influencing factors by the cluster analysis methods.

The clustering tasks are of high dimensionality — they comprise more than 70 parameters including
the parameters of quality of coke, sinter, charge composition, chemical composition of slag, iron, hot
blast characteristics etc.

The example of the mode parameter chart of the blast furnace process obtained with artificial neural
networks is given in Fig. 4. Data clustering was performed using the distance U-matrix analysis of the
neural network trained at the statistical data over a long period of time.

The examples of the obtained BF flow charts are given in Figs. 5-7.
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Fig. 6. The process flow chart for BF coke rate Fig. 7. The process flow chart
for the BF coke quality (M10)
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In the clusters found, the influence factors of process factors on the blast furnace performance and
specific coke rate were determined. An example of the obtained influence factors of process parameter
such as Si is given in Table 1. Each cluster corresponds to its individual blast furnace operating mode

and an independent influence factor is determined in this mode.

Table 1

The impact factors of process parameters for the BF operating modes

Performance variation %

Specific coke rate variation %

Operating mode with silicon increase in iron by 0.1% with silicon increase in iron by 0.1%
1 —0.68 0.71
2 —0.58 0.60
3 —1.05 0.68
4 —-1.09 0.56
5 —0.74 0.65
6 —0.71 0.50
7 —1.04 0.73
Mean —0.84 0.63

Figs. 8 and 9 give an example of graphic representation of BF operating modes of depending on
the silicon content in iron. Furthermore, the non-stationary BF operating mode is indicated by black dots.
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Fig. 9. The graphic representation of the BF operating mode influence
on the specific coke rate depending on the silicon content in iron
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3. The method for operating BF control

The basic characteristics of the operating control of thermal state of the BF process.

The basic connections of control parameters are given in Fig. 10. Here x. — coke charge; {x;} — sup-
ply of adjusting materials; u sz, 1" s, V' sz — design value of specific fuel rate (FR), actual FR value and
estimated FR value following the melting results, respectively; {u;} — calculated values of specific
charge of the i-th adjusting materials; #", — indicator value of the process thermal state in the stack of
blast furnace; ", — indicator value of the process thermal state in the blast-furnace hearth; y*, — indicator
value of the process thermal state at the furnace outlet.

Fig. 10. The basic connections of control parameters

First of all, it should be noted that all the basic parameters given in (Fig. 10) are characterized by
time and value of the action. The connections between parameters are characterized by transportation
and inertial lag values. In addition, the main items in the operating control chart (Fig. 10): commands for
supply, charge, iron tap, receipt of laboratory data occur at discrete time moments. These time moments
are not well coordinated with each other, they have variable sequencing intervals. Such an asynchronous
manner of actions considering non-stationary nature of lags results in a fact that the control system in
general (furnace foreman — blast furnace process) are ill-defined coefficients of transfer between the set-
ting actions and output parameters of the process. In extreme cases, coefficients of transfer may vary to
the greatest extent up to the system stability loss and change of the response sign from negative to posi-
tive. For example, when a blast furnace foreman makes a decision following the results of current labo-
ratory data which reflect the results of past effects as a result of lagging actions in the furnace. These
effects are already implemented by the current moment of time and cannot be changed. All these may
contradict to the current BF state, however the information on the current state has not been received yet
or will be received with a delay.

Therefore it is no coincidence that one of the basic provisions of process instructions on maintaining
the blast furnace modes is the requirement that blast furnace foreman should make sure after the adjusting
action that the action is directed to the necessary direction. It is only after that when blast furnace fore-
man may perform the next adjusting action. This condition is the check of appropriateness of the action
sign. But in the system in general the action is characterized not only by its sign of the coefficient of
transfer but by its magnitude as well. The indefiniteness of the transfer coefficient value may result in
low stability margin in the system and the occurrence of self-oscillations, which is observed in practice.

The solution in this situation is the model predictive control. The strategy of the model predictive
control is implemented based on identification of the control object model based on current data and de-
velopment of predictive control on its basis.

This strategy is based on consideration of the transportation and inertial lag of actions as well as non-
linear effects in the control system. In this case, the connection of the inlet design FR Augg(z,) with the re-
sulting value of output parameter Aysi(Z) is described in by a dynamic operator in the continuous case:

Ahg;(t,) = [ Mg (2, =T =) w(M)dh; (3a)
0
j wh)dh=1; (3b)
0
Aysi(ts) = F (Ahsi(t,)). (3¢)
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Here a non-linear static part (3¢) and a dynamic part (3a) with a unit transfer coefficient (3b) are distinguished
in the explicit form, where w(¥) — is the weight function, r;?i“ — the minimum value of transportation lag.

In the discrete option, the formulas take the form

Ahgi(t,) =Y g (t, =T =L ) weAh; (4a)
k
D wAhy =1; (4b)
k
Aysi(ts) = F(Ahs(t;)). (4¢)

In this case, the dynamic connection formula, for example, for the first order inertial process takes
the form

T
m 1 )\,
g (T 1) = [ By (1 = 1) 7-exp()d. 5)
0 TL TL
Where T, — time constant of lag; T}, — observation interval.
The formula of the forecast with the transportation lag value advance takes the form
Aysi(ts + 1" ) = appAher(Ty; ). (6)
The transfer coefficient for coke is determined based on the ratio

min .
dpp = Max g (T:?m, TL) _ (AySi (ts + T )’ AhFR (TL’ts ))s .
{ulis i} (Ahgp(Tp3t5), Ahgp(Tp5t,))g

Where Ahgz, Ays; — vectors of statistic data (-, -) — scalar vector product.

In a more general case, a considered strategy is being implemented at all the inlet adjusting actions
on the blast furnace process. The difference is that for many control actions having the gas nature,
the action lag is low in its value as considered to the coke supply therefore lag can be neglected here
which results in simplification of the identification problem solution.

(7

4. Evaluating the parameters of forecast precision and stabilization

of blast furnace parameters on its effectiveness

Stabilization of BF process parameter values (a smooth furnace operation according to the BF pro-
cess terminology) directly improves the process efficiency with implementing the model predictive con-

trol. It is demonstrable on Fig. 11. Here o, — rated root mean square deviation of actual data; 6,, —

optimal nominal root mean square deviation of actual data, 6, — target value.

Upon introducing the model predictive control, the root mean square deviation was reduced to o

opt >
which allowed bringing the process to the optimal mode.
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Fig. 11. The influence of stabilization of BF process mode parameters
on its efficiency with the model predictive control
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To illustrate this provision, Fig. 11 shows the ellipses of Si content scatter in iron based on the ac-
tual statistics of BF melts at a blast furnace. Here the effective mode is highlighted in red, which is dis-
tinguished subject to the blast furnace performance increase by 10% and corresponds to the conditions
of implementation of the expert system of model predictive control of blast furnace modes.

In the central part the mode with the allowable deviation of Si content in iron of £2% according to
the terms of reference. It is obvious that root mean square deviation of the Si content in iron 6, set by

the assumed terms of reference stipulates stringent and unrealisable frameworks of blast furnace process
with maintaining its basic technology.

Conclusions

The work suggests the method of multilevel resource-saving control of blast furnace process based
on implementation of the automated system for operating, adaptation and technical and economic con-
trol of the blast-furnace process.

Statistical data show that based on introduction of model predictive control 10% stabilization of
mode parameters can be reached. In this case the growth of profit of the blast furnace process exceeds
the costs of introduction of the model predicative control by many times.
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MHOIOYPOBHEBOE PECYPCOCBEPEIAIOLLEE YINPABJIEHUE
AOMEHHbIM NMPOLIECCOM

T.A. bapb6acoea
FOxHo-Ypanbsckuli 2ocydapcmeeHHbIl yHusepcumem, 2. HensbuHck, Poccus

PaccMoTpeHBl BOIPOCHI MOCTPOEHHST MHOTOYPOBHEBOTO PECYpPCOCOEpPErarolero yrnpaBiIeHUs
JOMEHHBIM TporieccoM. PecypcocOeperatoee ynpasiieHHE 11€7€c000pasHO BBINOJHATE HAa OCHOBE
BHEIPEHHUs aBTOMATU3UPOBAHHOM CHCTEMBI Al ONEPATUBHOIO, aJaNTHBHOTO M TEXHHKO-
SKOHOMHYECKOTO yNpaBJIE€HHs JOMEHHBIM IIPOLECCOM.

Ha ypoBHe amanTHBHOTO yHpaBIICHHS LEJIECOOOpa3HO OCYHIECTBISATh (POPMUPOBAHUE OITH-
MaJIbHBIX PEKUMOB pabOTHl TOMEHHBIX I€UeH 110 HarpeBy Ieuei, CTPYKType METaJUIOIINXThI, pac-
X0y MPHUPOJHOIO ra3a, KUCIOpOoJa ¢ y4eTOM TEKYLIUX U MIAHUPYEMBIX MapaMeTPOB KauecTBa KOK-
ca, eIe30pyJHOTO ChIpbs, AyTbs. OIpenerncHUue peKUMOB pabOThl JOMEHHOH Me4M MpeAasaraercs
OCYILECTBIIAITH HA OCHOBE HEMPOHHEBIX ceTeil KoxoHeHa.

Ha ypoBHe onepaTHBHOTO ynpasieHUs B paboTe MPEIoKEH METOA MOJIEIbHO-YIIPEKAAIOIIETO
YIPaBJICHUsI, MOBBIIIAONIMN MOKa3aTeIn d(PPEKTUBHOCTH UCIIOIBb30BaHUs pecypcoB. Meroj ocHO-
BaH Ha JECKOMIIO3MLIUHU OOIIEH 3amaun OnpeaesieHus] TUHAMUYECKUX XapaKTepPUCTHK CIOXHBIX TeX-
HOJIOTHYECKHUX IPOLECCOB HA YACTHBIC 337a4 TUHAMHYECKON CHHXPOHM3AIMH W UICHTU(QHUKALIH
HepeaToOuHbIX CBOMCTB. JlJIsl pelIeHus CIOXHBIX 3a7ad WACHTH(QHUKAIUU MPEAJIOKEHO HCIONIb30-
BaTh HCKYCCTBEHHBIE HEHPOHHBIE CETH.

[Ipn ouenke >peKTHBHOCTH BBEICHHS MOJEIBHO-YIPEKAAIOIIETO YIPABICHHS HEOOXOIUMO
HCXOANTh W3 CYIIECTBYIOIIEH peasbHOI CTATUCTUKHU pa3dpoca PeXMMHBIX ITapaMeTpoB JTOMEHHOTO
nporecca. Jeno B ToM, 4YTO BBEJEHUE MOJEIBHO-YNPEKAAIOMIETO YIPABICHHS HE MIPEANOoaaraeT Ko-
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Bap6acoea T.A. MHozoypoeHeeoe pecypcocbepezaroujee
ynpaeneHue OOMeHHbIM MPoueccom

PEHHOI CMEHBI TEXHOJIOTHH JOMEHHOH IiaBku. Kak 1 BO BceX cucTeMax yIpaBiIeHUs, 31eCh JOMCH-
HBIA TIPOIECC paccMaTpUBACTCA KaK 3aJaHHBIA OOBEKT YIPaBICHHUS CO BCEMH CBOMMH XapaKTCpH-
ctukamu. V3MeHEeHHe yCTaBOK MPOIlecca, COCTaBa CHIPhS HE BHOCHT KapAWHAILHOTO M3MCHCHHS B
pa3dpoc xapaKTepuCTHK Mporecca. OTHAKO MPH STOM BO3HUKACT MEPEXOIHBINA MPOLECC, HEOOXOIH-
MBI CHCTEME YIpaBJICHUS IS WACHTU(PHUKAIIMKA W3MCHHUBIINXCS YCIOBHHA. [lepexomHBIl mporecce
MIPUCYI] BCEM CHCTEMaM YIIPaBICHUS, U JOMEHHEIN IPOIIecC He SABJSICTCS UCKIIOUCHHEM. B pesyib-
TaTe MePEeXOHOTO Mpoliecca CUCTeMa YIPABJICHUS HACTPAUBACTCA HA ONTUMAIIBHBIA PEXKIM.

Kniouesvie cnosa: domennulii npoyecc, onmumuzayusi OOMeHHO20 Npoyecca, CamoopeaHu3yio-
wuecsa kapmel, Hetiponnvle cemu Koxonena, knacmepuoiil ananus, U-mampuya, MoOenbHO ynpexic-
oarowee ynpasieHue.
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