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Abstract:

To achieve optimization and automation of the con-
verter process, it is important to perform appropriate
operations based on internal state information such as
the composition of molten metal and slag. However, due
to high temperature and explosive reaction inside the
converter, it has been difficult to measure the internal
state during processing. Therefore, JFE Steel has devel-
oped a model to estimate the internal state of the con-
verter in real time, aiming to build a cyber-physical sys-
tem of the converter. This model solves the conventional
problems of decreased estimation accuracy caused by
unknown disturbances and measurement errors, and
achieves high-precision and real-time internal state esti-
mation.

1. Introduction

The converter steelmaking is a refining process
which is used for hot metal (molten pig iron) after tap-
ping from the blast furnace and various pretreatment
processes. In the converter process, sub-materials are
added to the hot metal and high-pressure oxygen blow-
ing is performed to control the contents of elements
such as C, Si, Mn, P, etc. in the hot metal within the
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appropriate range and raise the temperature of the
molten steel. Since real-time observation and dynamic
control of the internal state of the converter are
required to achieve high efficiency and low-cost con-
verter operation, JFE Steel aims to achieve optimiza-
tion and automation of converter operation by building
a cyber-physical system (CPS) for the converter.

When applying CPS to the converter, observation of
the internal state of the converter is extremely import-
ant. However, due to the high temperature, explosive
reaction environment in the converter, it was difficult to
measure the internal state during processing. Therefore,
in the current operation, as shown in Fig. 1, the blow-
ing conditions are determined based on the hot metal
temperature obtained before the start of blowing, and
the final operations are determined based on the C
concentration in the hot metal and the temperature
obtained by sampling the molten metal only one time
after the start of blowing, that is, just before the end of
blowing.

In operation as described above, the accuracy of
composition and temperature controls of the hot metal
is reduced by the effects of unknown external distur-
bances, etc. during blowing, which frequently cause the
end-point composition and temperature to deviate
from the target values. To solve this problem, JFE Steel
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Fig. 1 Converter process
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converter.

2. Conventional Converter State Estimation
Model

Various models for estimation and prediction of the
internal state of the converter have been proposed up
to the present. For example, these include models for
predicting the molten metal temperature, C concentra-
tion and P concentration at the end of blowing by uti-
lizing data-driven models '®. However, since the pur-
pose of the present development is to estimate the
converter internal state in real time during blowing, a
mass balance model and chemical reaction model suit-
able for that purpose were adopted. First, this chapter
explains these models.

2.1 Mass Balance Model

An overview of the mass balance model is shown in
Fig. 2. In the converter, Oz from the top-blown lance,
sub-materials and outside air are introduced into the
converter as inputs, and CO and CO; are discharged
from the converter in the off-gas as outputs. In the
mass balance model, the C concentration in the molten
metal [C] and the amount of formed iron oxide in the
slag [Fe(O] are estimated based on a balance calculation
for the C and O> inputs and outputs of the converter
from the start of blowing up to the present time .

2.1.1 C balance calculation

The C charged into the converter consists of C in
the hot metal, C in scrap and C in the sub-materials. C
is discharged from the converter in the forms of CO
and CO;, which are formed in the decarburization
reaction and discharged from the converter as off-gas.
The C concentration in the molten metal [C] uass
(10 kg/kg-metal) is calculated as shown in Eq. (1).
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Where, Ciy (10'2 kg/kg-metal) is calculated as shown in
Eq. (2).

B pICJMWHM + zi(PicscyVVim ) + Zj(P/CmbW/mb )
= W,

Where, pCHM (10 kg/kg-metal) is the C component
ratio in the charged hot metal, p;%” (10 kg/kg-scrap)
is the C component ratio in scrap brand i, p;*
(10" kg/kg-sub) is the C component ratio in sub-mate-
rial brand j, Wapy (kg) is the weight of the charged hot
metal, W;*" (kg) is the weight of charged scrap brand i
and W (kg) is the weight of charged sub-material
brand i. The weight of the molten metal W, (kg) is

calculated as shown in Eq. (3).
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Where, p;" (10 kg/kg-scrap) is the total component
ratio of only the components (Fe, C, Si, Mn, P) of the
molten metal in scrap brand i, and p;** (107 kg/
kg-sub) is the total component ratio of only the
above-mentioned components in sub-material brand ;.
The off-gas discharged from the converter, Coc
(10 kg/kg-metal), is calculated as shown in Eq. (4).

12 %100
224

Coc = (Vcooc + Vcooi ) x

Where, V0% (Nm?/kg-metal) is the volume of CO in
the off-gas per unit weight of molten metal, and
Vc02°C¢ (Nm3/kg-metal) is the volume of CO; in the
off-gas per unit weight of molten metal.
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2.1.2 O; balance calculation

The O inputs to the converter are the O, blown by
the top-blown lance, the O in scrap, the O» in sub-ma-
terials and the O» of the external air entrained in the
off-gas. When the inert gas components (N2, Ar) in the
off-gas cannot be measured because a mass spectrome-
ter, etc. has not been installed, the volume of oxygen in
air entering from outside the converter, oz (Nm?/
kg-metal), is calculated by Eq. (5).

ir 21
VOIZ :%(VOG _VC%G _Vcooi _VOOZG _VBOT) ...... (5)

Where, V9¢ (Nm?/kg-metal) is the volume of the off-
gas per unit weight of molten metal, V02°¢ (Nm?/
kg-metal) is the volume of O in the off-gas per unit
weight of molten metal and V2T (Nm?*/kg-metal) is
the volume of bottom-blown gas per unit weight of
molten metal.

The volume of oxygen consumed by oxidation of
Si, V02%%? (Nm?/kg-metal), the volume of oxygen con-
sumed by oxidation of Mn, Vo M"0 (Nm3/kg-metal),
and the volume of oxygen consumed by oxidation of P,
V0229 (Nm*/kg-metal), are calculated by Egs. (6) to

(8).
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Where, p% g, p™ gy and pPuyr (107 kg/kg-metal) are
the component ratios of Si, Mn and P in the charged
hot metal, p>7;, p™™; and p*™; (107 kg/kg-scrap) are
the component ratios of Si, Mn and P in scrap brand i,
p5s, pMrsub. and pf; (10 kg/kg-sub) are the compo-
nent ratios of Si, Mn and P in sub-material brand J, ks;,
kmy and kp are the oxidation rate constants of Si, Mn
and P and Vo222 (Nm?/kg-metal) is the volume of O

in the top blown gas per unit weight of molten metal.
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On the assumptions that the iron oxide formed by
the oxidation reaction during blowing is all FeO, and
the formed FeO is all absorbed into the slag, *
(FeO) mass (kglkg-metal) is calculated as shown in Eq.

).

(Fe0),, =(Voy Vg )xo—=x2xT185 ... ©9)

mass

224

Voo™ (Nm?/kg-metal) is calculated as shown in Eq.

(10).

VOIj\I — VO}jLW + Z ; (pi()schViscr)

AT (10)
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Where, p;% (Nm?/(kg-scrap-kg-metal) is the unit con-
sumption per molten metal weight of the O volume in
scrap brand i and p,%** (Nm*/(kg-sub-kg-metal) is the
unit consumption per molten metal weight of the O»
volume in sub-material brand ;.

V02°%T (Nm?/kg-metal) is calculated as shown in
Eq. (11).
Veo
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That is, the FeO concentration is calculated by Eq. (9),
assuming that the remainder of the O inputs to the
converter, after excluding the fraction discharged from
the converter or consumed in the oxidation reactions
of other components, is consumed in oxidation of Fe.

2.1.3 Problems of mass balance model

In the mass balance model, estimation of the off-
gas flow rate and the concentrations of the components
(CO, CO») of the off-gas is extremely important. How-
ever, because converter off-gas is a high-temperature
gas and contains a large amount of dust, errors fre-
quently occur in measurements of these values. Thus,
reduced accuracy of the mass balance model due to
this type of measurement error was a problem, which
made it difficult to maintain long-term operation of
actual converters using only the mass balance model.

2.2 Chemical Reaction Model

A large number of chemical reaction models formu-
lated on the basis of reaction kinetics models, equilib-
rium models, rule-based models, etc. have also been
developed in contrast to the mass balance model
described in the previous sections '°'¥, but when the
aim is real-time state estimation, a comparatively sim-
ple model with a low computational load is preferable.
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Therefore, in this development, a simple model with a
long history of use in estimation of [C] and (FeO) was
adopted.

2.2.1 Decarburization reaction model

As an example of a decarburization reaction model
for estimation of [C], models ™' that describe decarbu-
rization oxygen efficiency have shown high accuracy in
the end period of decarburization reaction and are also
widely used in current operations. According to the
model proposed by Fukumi et al., decarburization oxy-
gen efficiency dC/dO, ((107 kg/kg-metal) / (Nm?/
kg-metal)), which indicates the amount of decarburiza-
tion per unit of input oxygen, is calculated as shown in

Eq. (12).
ac ¢, -[C]
dOZ =m, {1 —exp (WJ} ......... (12)

Where, C, (107 kg/kg-metal) is a constant expressing
the lower limit of the C concentration, Wsie (kg/
kg-metal) is the weight of slag per unit weight of mol-
ten metal, m; is a constant expressing the maximum
value of decarburization oxygen efficiency, and n» and
ms are constants. The C concentration [Clyes (107 kg/
kg-metal) calculated by the decarburization reaction
model is expressed by Eq. (13) by rearranging Eq. (12).

o)
I:C:Imod = CL _(m2WSLG +m3)ln 1 —%

my

Here, decarburization oxygen efficiency (dC/dO»)
(10 kg/kg-metal) / (Nm?*/kg-metal)) can be calculated
by Eq. (14) based on measured off-gas data.

),mp 12 x100

24 14
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Where, ( )smp expresses the amount of change in a
recent predefined time period. Specifically, the numera-
tor shows the total CO and CO; discharged from the
converter in the recent time period, and the denomina-
tor shows the total top-blown oxygen blown into the
converter and amount of oxygen in the charged
sub-materials during that time period.

2.2.2 (Fe{O) generation model

Formation of FeO by oxidation of Fe in the molten
metal can be modelled based on a reaction kinetics

12

model'”. Assuming that all the iron oxide formed by
blowing is FeO, and this FeO is also absorbed in the
slag”, the formation reaction rate of FeO is calculated
as shown in Eq. (15).

d(FeO
(d: )=—’§;4{(F60)—(F80)e}+eFoz ...... (15)

Where, 4 (m?) is the interfacial reaction area (bath sur-
face area), Vs (m°) is the slag volume, (FeO), (10~ kg/
kg-slag) is the equilibrium iron oxide concentration in
slag, e is a constant expressing the oxidation reaction
efficiency of Fe with respect to the input oxygen blown
by the top-blown lance and Fp» (Nm?/s/kg-slag) is the
oxygen flow rate by the top-blown lance per unit weight
of slag. The iron oxide concentration in slag (FeO)mua
(107 kg/kg-slag) calculated by the (Fe:O) generation
model from Eq. (15) is expressed by Eq. (16).

1
(FeO) = rAT

XH kA (FeO). -eF, }exp[—ksAtJ +eF, }
VS i 2 VS 2

Where,  (s) is time, and (FeO); (107 kg/kg-metal) is the
initial iron oxide concentration. ks (m/s) is the mass
transfer coefficient in slag, and is calculated as shown
in Eq. (17).

155000
kszBexp(— o7 J(.g,oﬁgm) ............... (17)

Where, R (J/mol-K) is a gas constant ( = 8.314), T'(K)
is temperature and B is a constant parameter.
€10p (W/m?) is the stirring power of the oxygen from

the top-blown lance, and is calculated as shown in Eq.
(18)"%.

0.137cosd Qy,'N
fo =Ty T D

m

Where, 0 (rad) is the tilt angle of the top-blown lance,
V,, (m?) is the molten metal volume, Qo2 (Nm¥/s) is the
oxygen flow rate of the top-blown lance, N is the
molecular weight of the gas, A is the number of holes
of the top-blown lance nozzle, D (m) is the diameter of
the top-blown lance nozzle and / (m) is the height of
the top-blown lance.

€p0t (W/m?) is the stirring power of the bot-
tom-blown gas, and is calculated as shown in Eq.
(19",
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Fig. 3 Combination of mass balance models and chemical reaction models
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£y = 2T {1 —273+1n[1+ZJ} ......... (19)

Where, O (Nm¥/s) is the flow rate of the bottom-blown
gas, and Z (m) is the molten metal depth.

2.2.3 Problems of chemical reaction model

Using the chemical reaction model described above,
highly accurate estimation is possible in laboratory
experiments and actual converter experiments. How-
ever, in converters in actual operation, there are many
unknown external disturbances which cannot be
expressed by mathematical formulae, such as changes
in the interfacial reaction area, nonuniform tempera-
ture distribution conditions, and changes in the equip-
ment conditions. As one example of a measure to mini-
mize decreased accuracy of the chemical reaction
model caused by these factors, development of a model
that can express the process in greater detail is conceiv-
able. However, models of this type are generally com-
plex, and require a larger number of measured data
and tuning of many parameters, which easily increases
the maintenance load of the model. For this reason,
high-accuracy control in actual converter operation
using only a chemical reaction model is not considered
easy to be implemented.

3. Approach of this Research

3.1 Combination of Mass Balance Model and
Chemical Reaction Model

JFE Steel developed a technique that reduces error
by combining the mass balance model and the chemical
reaction model.

First, we assumed that the measured values of the
off-gas in the mass balance model and the calculated
values obtained by the chemical reaction model include
errors. Next, we introduced the following four correc-
tion parameters:
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* Coefficient o for correction of the off-gas flow rate
* Coefficient § for correction of the CO and CO: con-
centrations in the off-gas
» Constant y for correction of the estimated value of
[Clmod in the decarburization reaction model
» Constant o for correction of the estimated value
(FeO)moq in the (Fe.O) generation model
These correction parameters are determined so as to
simultaneously minimize the error between the mass
balance model and the chemical reaction model, mak-
ing it possible to calculate the estimated values of the
models so as to satisfy both model equations with high
accuracy. Figure 3 shows the mass balance relationships
for C and O when the correction parameters were
introduced.

3.2 Calculation of Correction Parameters

This section describes the method for determining
the four newly-introduced correction parameters. In
this method, the four correction parameters are deter-
mined so as to minimize the evaluation function J,
which is shown in Eq. (20), and can simultaneously
reduce the errors of the mass balance model and the
chemical reaction model.

J- {(CIN - aﬁcoc) _‘([C]mod +7)}2

2x71.85
(Vor =V )= 224
1
_((FeO)mod xW e Xﬁ+5j

P
O,

+

Where, otase and By, are the reference constants for cor-
rection parameters o and 8 for the measured values of
the off-gas, and o1 to o are weight parameters for each
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of the terms of the evaluation function J.
Vo2, which is included in Vo2 shown in Eq. (10),
includes o and 3, and is expressed as shown in Eq. (21).

ir 21
v, :%{a(v"‘;—vgf—vggf—vtg‘;)
VOG+V0G
21— co TV co,

+2a(1- ) 5

_yBor }

Similarly, V02°YT also includes o and B, and is
expressed as shown in Eq. (22).

oG
our _ Vco 0G 0G Si0, MnO
Vo, = aﬂ[ 9 +Veo, ] +aV, +V 2 +V,,

Py05
+ VO2

The first term of the evaluation function J expresses
error between the C balance and the estimated value of
[Climoa In the decarburization reaction model. The val-
ues of ¢, B and y that achieve consistency between the
C balance calculation and the decarburization reaction
model can be determined by using this term.

The second term of the evaluation function J
expresses the error between the O balance and the esti-
mated value (FeO)moq of the (FeO) generation model,
and makes it possible to determine ¢, 8 and J so as to
achieve consistency between the O» balance calculation
and the (Fe:O) generation model.

The third term and fourth term of the evaluation
function J express the errors between o and 8 and the
reference constants oape and Bave. Addition of these
terms in the equation has the effect of preventing sig-
nificant deviations of ¢« and 8 from the reference con-
stants. The average values of the true values of the cor-
rection parameters ¢ and 8 in multiple recent blowing
operations were used in the reference constants o g
and Ba. It may be noted that the true values of the
correction parameters o and 8 show the values
obtained by calculating o and 8 where the C balance
and the O balance have been aligned by using the
measured values of [C] and (FeO) obtained after blow-
ing. If these terms continue to take the minimum val-
ues, this means that there are no large changes in o and
B during blowing. In other words, these terms were
added based on the assumption that trends in the
errors of the off-gas flowmeter and the off-gas compo-
nent analyzer do not change greatly in the short term.

The fifth and sixth terms of the evaluation function
J are the absolute values of the correction constants y
and 6. Adding these two terms has the effect of pre-
venting significant deviations of [C] and (FeO) from

14

the values calculated by the chemical reaction model.

By minimizing the evaluation function J comprising
the four above-mentioned terms, it is possible to deter-
mine correction parameters that simultaneously
achieve consistency in the mass balance model and the
chemical reaction model, and as a result, estimated val-
ues appropriate for the respective model equations can
be obtained. It should be noted that off-gas measure-
ments are performed at a 1-second period, the parame-
ters are determined each time the measurement results
are obtained, and the parameters are updated in real
time during blowing. In minimization of the evaluation
function J in this research, we used sequential qua-
dratic programming (SQP), which can be applied to
both the nonlinear evaluation function and constraint
condition.

3.3 Weight Parameter Switching Logic during
Blowing

In this approach combining the mass balance model
and a chemical reaction model, which model is to be
prioritized can be adjusted by setting the weight
parameters o1 to o of the evaluation function J. In the
proposed method, the phase of the decarburization
reaction is judged by using the estimated value of [C],
the decarburization oxygen efficiency and other condi-
tions, and automatic changing among o1 to os is possi-
ble. Changing the model to be prioritized by switching
the weight parameters makes it possible to maintain
high estimation accuracy at any point in time during
blowing.

4. Evaluation of Accuracy of Proposed Model

Figure 4 shows an example of the results of an esti-
mation of the amounts of [C] and FeO formed during
one blowing operation using the proposed model. The
changes in [C] and FeO formation were in good agree-
ment with the following decarburization theory pro-
posed by Fujii et al.>”

» Blowing period I: In this period, the Si concentration
in the molten steel is still extremely high, the high
temperature of charged hot metal (molten pig iron) is
decreased by contact with scrap, etc., and a bath tem-
perature sufficient for the decarburization reaction to
proceed fully has not been reached. As a result, the
decarburization reaction is suppressed and the grad-
ual increase in the decarburization rate starts in this
period.

» Blowing period II: This is the period in which the
bath temperature increases, the arrival rate of C at
the reaction surface of the decarburization reaction
is sufficiently large, and substantially 100% of the
supplied oxygen is consumed in decarburization.

JFE TECHNICAL REPORT No. 35 (Mar. 2026)
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Fig. 4 Change in value of [C] and (FeO) calculated by
proposed model during blowing

Since the O, arrival rate at the reaction surface
becomes the rate-determining step, the decarburiza-
tion rate is determined by the oxygen blowing
amount.

» Blowing period III: Decarburization proceeds, and
the arrival rate of C at the reaction surface is slower
than that of Oz due to the decreased carbon concen-
tration. Therefore, in this period, the C arrival rate at
the reaction surface becomes the rate-determining
step, and the decarburization rate decreases basically
in proportion to the carbon concentration.

In blowing period I, the estimated value of [C]
decreased slowly, while the estimated value of FeO
increased. This is considered to be the result of the
slow decarburization rate, and consumption of the
excess oxygen for decarburization and oxidation of
impurity metal components in the formation of FeO.
In blowing period II, the rate of decrease in the esti-
mated value of [C] increased, and the estimated value
of FeO decreased slightly. This result is considered to
be due to FeO reduction becoming more dominant
than FeO formation, because decarburization efficiency
has increased to almost 100% and all the supplied oxy-
gen is used in the decarburization reaction. In blowing
period III, the rate of decrease in the estimated value
of [C] slowed, and the estimated value of FeO
increased once again. This result is attributed to the
decrease in decarburization reaction efficiency accom-
panying the decrease in [C], and the formation of FeO
using the resulting excess oxygen.

Good agreement was obtained between the esti-
mated values of [C] and the measured values by sam-
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Fig. 5 Histograms of [C] and (FeO) errors between proposed
model and measured value

pling performed two times, once during blowing and
once after blowing. Furthermore, the estimated value
of (FeO) showed an intermediate value between the
values of the mass balance model and the chemical
reaction model, and was in good agreement with the
analysis results obtained by slag sampling after blow-
ing.

Figure 5 shows the histograms of the error between
the estimated values of [C] by the proposed model and
the measured values obtained by sampling during
blowing, and the histogram of the error between the
estimated values of FeO calculated by the model and
the analysis value after blowing. Here, the proposed
model and the conventional mass balance model were
calculated using the actual measured data from 490
charges, and the measured values and the estimated
values were compared. The target charges were selected
with no particular restrictions on the steel grade or
other blowing conditions. Compared with the estima-
tion results using only the conventional mass balance
model, the average error in the estimation of [C] and
FeO when using the proposed hybrid model was close
to 0, the standard deviation of the estimation error of
[C] decreased approximately 41%, and the standard
deviation of the estimation error of FeO decreased
approximately 21%.

5. Conclusion

JFE Steel developed a new model which makes it
possible to estimate [C] and FeO in converter operation
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in real time and with high accuracy. To reduce the esti-
mation error caused by the measurement errors and
unknown external disturbances, which are typical
problems of the conventional technique, an approach
in which the mass balance model and a chemical reac-
tion model are combined, and the correction parame-
ters of both models are determined successively during
blowing, was established. In comparison with the con-
ventional technique, the proposed model successfully
achieved large reductions in the estimation errors of
both [C] and FeO. Since this development has made it
possible to estimate the internal state of the converter
continuously and with high accuracy, as future work,
the authors intend to promote dynamic control and
automation of converter operation by building a
cyber-physical system (CPS) utilizing this technique.
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