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Hot metal Abstract 

A nonlinear observer is developed for metal analysis 
in the top blown converter process. It is shown that 
the observer is asymptotically stable and a region of 
attraction, where the estimation error converges, is de- 
rived. Using real plant data from the converter at SSAB 
Oxelosund AB, the observer is shown to provide accu- 
rate estimates of the carbon content. Off-gases 

Fuel 

Coolants 

1 Introduction 

The top blown basic oxygen method was developed 50 
years ago and is today the predominant process for 
steelmaking. In 1995 it accounted for nearly 60 % of 
the world total crude steel production of almost 750 
million metric tons. 

The aim of the process is to reduce the contents of car- 
bon and silicon and other components in the hot metal 
from the blast furnace. The main quality measure of the 
final product is the carbon content. On the one hand, 
if the preset upper limit is exceeded, then the process 
must be repeated, which is very time consuming. 

On the other hand, there is a considerable cost in terms 
of consumption of resources, such as oxygen, energy, 
and production time, when the final carbon content is 
made unnecessarily low. 

Figure 1: The top blown converter process 

tiple information sources, i.e. both a model and the 
relevant measurements. This calls for feedback of the 
estimation error, i.e. constructing an observer. Since 
the process is highly nonlinear and has direct coupling 
between input and and output, this is a nontrivial task. 

Observers for nonlinear systems are for example treated 
in [2]. A number of methods exist, e.g. the extended 
Kalman filter and different linearization techniques. 
Each of these methods have their own advantages but 
also inherent drawbacks such as computational com- 
plexity and lack of stability guarantee. An exhaustive 
treatment of nonlinear systems regarding stability and 
other properties is [3]. 

Being able to  accurately estimate the metal analysis, 
especially the content of carbon, is thus important to  
ensure the quality of the steel, minimize the consump- 
tion of resources and to avoid re-blowing. The use of an 

ing this. 

2 Process description 

analytical process model is a promising way of achiev- Fig. 1 is a schematic drawing of the converter process 
with its raw materials and products. 

There exist a few commercial systems for on-line esti- 
mation of metal analysis, e.g. MEFCON [l], developed 
by the Foundation for Metallurgical Research, MEFOS 
in Luleb, Sweden. MEFCON has a carbon content hit- 
ting rate of 95 % in a window of f 0.007 - 0.012 % 
depending on the final carbon content. 

To obtain higher estimation accuracy and robustness 
against modeling errors, it is necessary to utilize mul- 
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The operation is started by charging hot metal, scrap, 
and slag forming agents into the converter. Other ad- 
ditives, such as fuel, in the form of ferrosilicon or coke, 
and cooling agents, in the form of iron oxides, can be 
added throughout the blow. 

Oxygen ( 0 2 )  is blown at a supersonic rate onto the 
metal surface and oxidises the metal components, 
mainly iron (Fe), silicon (Si), manganese (Mn), and 
carbon (C). The oxides, together with metal droplets, 
form a foaming slag, in which more carbon will react 
with the oxides and produce carbon monoxide (CO). In 
combination with oxygen, some of the carbon monoxide 
will produce carbon dioxide (COz). 
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The converter is controlled by an operator, who judges 
the state of the process based upon a number of mea- 
surements, e.g. a sound level measurement obtained by 
a sonicmeter and analysis of the off-gas [4]. The sound 
level gives information of the thickness of the foaming 
slag, while the off-gas analysis provides information on 
the decarburization rate, i.e. the rate at which carbon 
is oxidised. 

The process takes approximately 15-20 minutes and is 
stopped by the operator when the content of carbon 
in the metal is considered right, based upon the avail- 
able measurements. The quality of the final product is 
therefore highly dependent on the experience and the 
judgement of the individual operator. 

3 Process model of the steel converter 

A process model has been developed at the Division 
of Metallurgy of the Royal Institute of Technology in 
Stockholm. It can be simplified to 

(1) 
p = Ap+Bw+Ey  
Y = h ( P , U )  

T 
where the state vector p = [ psi p c  ] represents the 
total contents of C and Si in the metal, given in moles. 
The linear part of (1) is asymptotically stable since 
A = diag(-q, -az) where the coefficients a1 and a2 
are both positive. 

The output y denotes the decarburization rate and is a 
nonlinear function of the state p and the input y (see 
Appendix A). Since it represents the rate at which 
carbon is oxidized, it affects the derivative of the carbon 
content through the coefficient -1, which motivates the 
vector E = [ 0 -1 1'. 
3.1 Input signals 
Inflow of oxygen and the off-gas flow is represented by 
U .  The contribution of C and Si from scrap and other 
additives constitute the vector w. It is assumed that 
the additives dissolve at  a constant rate and thus the 
elements of w have the form 

mi/Ti ti + Ti < t < ti + Ti + Ti 
Otherwise Wi(t) = 

where ti is the time at which the amount mi of C or Si 
from additive i is added. The time it takes to heat the 
additive to the melting point is denoted ~i and Ti is the 
time it takes for the additive to  completely dissolve. 
The matrix B consists of two rows of zeros and ones 
which determines whether the corresponding additive 
contributes to the amount of C or Si. 

The time ti is completely known, but ~i and Ti as well 
as mi are parameters that account for the main source 
of uncertainty in the model. 
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Figure 2: Estimated decarburization rate. Open loop 
(dashed line), observer (thick solid line) and off- 
gas analysis (thin solid line) 

3.2 Output signals 
The decarburization rate y which is indicated as out- 
put signal in (1) is not an actual measurement. Instead, 
the off-gas flow and amounts of CO, Con ,  and 0 2  are 
measured, represented by fog and the vector $, respec- 
tively. The model of the relation between y, fog, and $ 
can be found in Appendix A. 

Since the three components in the off-gas analysis de- 
pend only on the decarburization rate, they can be re- 
garded as redundant measurements of the latter. An 
estimate of the decarburization rate is thus calculated 
by the control system of the plant and this estimate is 
used as a measured output. 

There is also a time delay in the measurement of 11, due 
to the time it takes to  transport the gas to the analysis 
equipment. This time delay is, however, neglected in 
the analysis, since the results do not seem to be affected 
by taking it into account. 

3.3 Model validation 
Fig. 2 (dashed line) shows a simulation of the decar- 
burization rate using (1) with real input data from the 
plant. Comparing it to the decarburization rate esti- 
mated from the off-gas analysis (thin, solid line) shows 
that although the model overestimates the decarbur- 
ization rate during the initial period (100 to  400 sec- 
onds), which results in a too early drop at the end of 
the blow, the levels agree fairly, and therefore the model 
is accepted. 

A comparison between the simulated carbon content 
(Fig. 3, dashed line) and the measured final value 
(cross), however, indicates that the open-loop model 
does not produce sufficiently accurate estimates of the 
carbon content. Feedback of the measured signals 
should therefore be applied to  improve the results. 
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Figure 3: Estimate of carbon content using no feedback 
(dashed line) and linear feedback (solid line): 
Cross marks measured final value 
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Figure  4: Sensitivity of the output to the silicon con- 
tent (dotted) and to the carbon content (dash- 
dotted) through an entire blow 

4 State estimation 

Designing a feedback from all three components of the 
off-gas analysis 11 to an estimate 5 of the state vector 
p is a complicated task, which is the reason for feeding 
back the estimated decarburization rate y instead. This 
signal is scalar and likely to contain the major part of 
the relevant information in the off-gas analysis. 

A linear feedback can be adjusted so that the estimated 
carbon content converges to the measured final value 
(Fig. 3, solid line). This is however accomplished at  
the price of unreliable estimates during the rest of the 
blowing period. The failure of the linear feedback can 
be explained with the sensitivity of the output with 
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respect to  the state vector, i.e. 

The lower part of Fig. 4 shows the sensitivity to the sil- 
icon content (dotted) and to the carbon content (dash- 
dotted). It can be seen that the output is sensitive 
to  the carbon content only during the last part of the 
blowing period. Intuitively, there is no point in feed- 
ing back the output error to influence the estimate of a 
certain state variable when the output is insensitive to  
that state variable. 

An observer is therefore proposed where the output er- 
ror is weighted by the sensitivity of the output with 
respect to  the state i.e. 

The gain k is chosen to be a scalar, which appears to 
give satisfying results for this second-order system. It 
can be shown, however, that the stability analysis in 
section 5, with only minor modifications, would work 
for a diagonal gain. 

The suggested observer could be compared to the Ex- 
tended Kalman Filter where the output error is fed back 
using the gain K ( t )  = P(t)h’@,u)R-l(t), where R(t) 
represents the covariance of the measurement noise and 
P ( t )  is an approximation of the covariance of the esti- 
mation error. The latter is obtained by solving a time- 
varying Riccati equation, which leads to  considerable 
computational complexity and makes it difficult to  ver- 
ify the stability of the observer. 

Analogies can also be made to the MIT rule for updat- 
ing parameters of an adaptive control system [5]. The 
parameters 8 are changed along the negative gradient 
of a quadratic loss function which leads to  

de 0 = -ye- 

where e is the output error and y is a weighting factor. 
Identifying 5 as the parameter vector and y - as the 
output error leads to 

de 

which is the feedback term of (2). The additional terms 
on the right hand side of (2) account for the fact that 
it deals with dynamical states rather than constant pa- 
rameters, which is the case of the MIT rule. 

5 Stability analysis 

A Defining the estimation error @ = p - lj and using (1) 
and (2) to  calculate 13 yields the estimation error process 

6 = A@ - kh’(p - @, U )  (h(p,  U )  - h(p - f i ,  U ) )  



According to the mean value theorem there exists a < E [0,1] such that p = p - tfi satisfies 

h(p, U )  - hO, - $, U )  = h"@, U)$ 

If p and U are regarded as functions of time t ,  then it 
is possible to express h'@, U )  and h'(p, U) as functions 
of p and t according to 

A 

A 
iLI@,t) = [ ki Pc 3' 
V@,t )  fi [ iiLi Pc 1' 

= h'@, U) = h' @(t) -@, u(t))  

h'@, U )  = h' (p( t )  -@, U ( t ) )  
a = 

The error equation can then be expressed as a non- 
linear time-varying system 

@ =  @@ 

t 

where @ = a(@, t )  = A - I&'@, t)&'(@, t)'. 

Proposition 1 Let l5,. be the open ball of radius r and 
A(x ,  t )  the largest eigenvalue of F ( z ,  t )  + F ( x ,  t )T.  If  
A(z,t) 5 A0 < 0 on b x [ O , o o ) ,  then the nonhear 
time-varying system 

f = F ( x ,  t)s (3) 
is asymptotically stable and b is a region of attraction 
for x = 0. 

Proof. Omitted. 

The eigenvalues X of @ + aT are given by the roots of 
the equation det (XI - (@ + @')) = 0. Straightforward 
calculations yield 

det (XI - (@ + aT)) = X 2  + d(fi, t)X + n($, t )  

where 

d(@, t )  = 2k(h;ih;i + A&) + 2 ( a 1  + a2) (4) 
? Z ( f i ,  t )  = 4UlU2 + 4k a2kkigi + a1f&&L 

2 
- I C 2  (A& - R;lESi) ( 5 )  

Lemma 1 If both roots of the second degree polynomial 
x 2  + ax + b are real and negative then they satisfy x < 
-b/a 

Proof. Omitted. 

The eigenvalues of @ + (PT must be real since it is sym- 
metric and thus, according to Lemma 1, the conditions 
d(@, t )  > 0 and n(fi, t )  > 0 guarantee that both eigenval- 
ues are negative and satisfy X < -n@, t ) / d@,  t ) .  Since 
a l ,  a 2 ,  kc, h& 2 0 and hSi 5 0, d@, t )  is always pos- 
itive and the only negative term in n($, t )  is the third 
one, which should therefore be limited. 

Lemma 2 Let f and g be differentiable functions on 
BR and let 0 5 < 5 1. Then 

lf(s)g(Cs) - f (Cx)g(x)I 5 

Proof. Omitted. 

on the ball f i  E BR, 

Replacing the first term in (4) and the third term in (5) 
by their upper bounds and replacing the second term 
in (5) by its lower bound, yields an upper bound on 
X which is reasonably tight provided that BR is small. . 
The bounds in Appendix B, are valid if R E 1 = [0, R I )  
where 

After some rearranging one obtains 

X < -N(R) /D(R)  

where 

N ( R )  = 

D(R) = 

The parameters v 1  and 212 are time-dependent and the 
set inside which every trajectory of [ VI v2 ] is con- 
tained is denoted V. Due to process technical reasons 
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I Final carbon content 1%1 I 
Measured I Estimated 

0.0830 I 0.0825 

this region is a subset of a rectangle in the first quad- 
rant. Error[%] 

-0.0005 
It is easy to  show that there exist No, DO, NA, and NI 
such that 

0 < No 5 N ( 0 )  
0 < D(R) 5 Do 

for all R E I and v E V. 

Since N ( 0 )  > 0 and N ( R )  is monotone decreasing on I, 
the equation 

has one root on this interval or otherwise N ( R )  > 0 
on I. Let r be this root, if it exists, and otherwise let 
it be the end of the interval I, i.e. R I .  Since N ( 0 )  
and dN(R)/dR are uniformly bounded from below, it 
is clear that r is uniformly bounded from below by 

N(R).= 0 ( 7) 

An upper bound for N ( R )  on I can then be expressed 
as N ( R )  2 ( R  - &)NA for all U E V, which, by (6 ) ,  
implies that X < -(R-Ro)NA/Do. Choosing a uniform 
upper bound A0 for the eigenvalues and solving - (R  - 
Ro) Nh / DO = A0 , yields R = -A0 DO /Nh + &I, which is 
the radius of a ball inside which X 5 A,. 

By letting A0 -+ 0, one obtains R = Ro, i.e. the radius 
of a ball inside which it is possible to find a uniform 
negative upper bound for~A. This implies that ~ B R ~  is a 
region of attraction for @. The radius Ro of this region 
is found by solving (7) for all possible combinations of 
U E a7 and taking Ro to be the smallest of all these 
solutions. Although N ( R )  is a polynomial of order 14, 
this is possible to do with reasonable accuracy, since 
there is only one root in the interesting interval. 

6 Experimental  results 

To find the best value for the feedback gain k, estima- 
tions of the final value of the carbon content have been 
performed with different values of I C .  Fig. 5 shows the 
estimated carbon content at the end of seven heats us- 
ing (2) with real data from the plant and gain IC = 320. 
It can be seen that the observer estimate of the carbon 
content converges to the measured final value of the 
carbon content (cross). 

The results in numbers are presented in Table 1. The 
deviation between measured and estimated final carbon 
content is small compared to e.g. the error window for 
MEFCON. The larger deviation obtained in one heat is 
believed to be caused by a large drop in the purge gas 
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0.0430 
0.0330 
0.0260 
0.0430 
0.0380 
0.0280 

Table 1: Comparison between measured and estimated 
carbon contents for seven heats 

flow, which occurred near the end of the blow. Insuffi- 
cient flow of purge gas results in slower oxidization of 
carbon. This effect is not accounted for by the model, 
which explains the underestimation of the carbon con- 
tent in this heat. 

Using (7) to calculate a domain of attraction for k = 
320 reveals that Ro x 1200 moles, which is well inside 
the accuracy of the hot metal analysis. 

The output of the observer is an estimate of the decar- 
burization rate (Fig. 2, thick solid line) which is very 
similar to the estimate obtained from the off-gas anal- 
ysis (thin solid line), but lacking the large disturbances 
of the latter. 

7 Conclusions 

It has been shown that by utilizing an analytical model 
and suitable feedback of the output error, it is possible 
to obtain accurate estimates of the metal analysis in 
a top blown converter process. The dynamics of the 
error when applying this feedback has been shown to 
be asymptotically stable and a region of attraction has 
been derived. 
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A Output t ransformation 

The off-gas analysis is modeled as 

$ = [ $CO2 $CO $ 0 2  I’ 

where 77 = MP, u)/fog. 

The decarburization rate is modeled as 

B Sensitivity functions 

The sensitivity function can be expressed as 

The derivatives of the sensitivity functions are 

Approximate upper and lower bounds on the sensitivity 
functions h’(p-@, U) and h‘(p-@, U) and their deriva- 
tives when f i  E BR, R E I[ are obtained as 
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