. SBAI?UW + XIII Simpésio Brasileiro de Automacao Inteligente
e Porto Alegre — RS, 12 — 4 de Outubro de 2017

OPTIMAL CONTROL OF FUEL GASES ON CONTINUOUS ANNEALING
FURNACES OF STEEL COIL STRIP

FiLiPE A. T. SILVEIRA*T GUILHERME V. RAFFO*}

*Graduate Program in Electrical Engineering - Federal University of Minas Gerais
Av. Anténio Carlos 6627, 31270-901, Belo Horizonte, MG, Brazil

YPAI - Geréncia de Automagdo e Otimizacio de Processos - Aperam South America
Praca Primeiro de Maio, 85180-000, Timdteo, MG, Brazil

tDepartment of Electronic Engineering - Federal University of Minas Gerais
Av. Anténio Carlos 6627, 31270-901, Belo Horizonte, MG, Brazil

Email: filipeandersonn@gmail.com, raffoQufmg.br

Abstract— Continuous reheating furnaces are commonly used in the steel industry for annealing strips of steel
coils that was laminated in the cold rolling mills process for reconstitution of the grains. These strips must be
uniformly reheated following an appropriate profile so that they have the required mechanical and metallurgical
properties. In addition, an optimal control of the fuel gases used in the reheating furnaces is desirable in order to
reduce the costs of this production input, since it is responsible for one of the most costly portions of this kind
of process. This work aims to present an optimal control strategy of the fuel gases used in continuous reheating
furnaces of Aperam South America, which initially computes the furnaces energy efficiency, after performs the
constraints’ analysis, and finally obtains the optimal control input in order to reduce the natural gas consumption.
Experimental results are presented to corroborate the proposed optimal control, highlighting its efficiency.

Keywords— Process control, Optimal control, Energy efficiency, Continuous reheating furnaces.

Resumo— Fornos continuos de reaquecimento sdo comumente utilizados na industria siderirgica para recozi-
mento das tiras das bobinas de ago que passam pelo processo de laminacio para reconstituicdo dos graos. Essas
tiras devem ser reaquecidas uniformemente, seguindo um perfil apropriado, de forma que tenham as propriedades
mecanicas e metaldrgicas requeridas. Além disso, é desejdvel um controle 6timo dos gases combustiveis utilizados
nos fornos de reaquecimento a fim de se reduzir os gastos com este insumo, ja que o tal é responsavel por uma das
parcelas mais onerosas dos custos de operacao do processo. O presente trabalho tem por finalidade apresentar
uma estratégia de controle 6timo dos gases combustiveis utilizados nos fornos de reaquecimento continuo da
Aperam South América, que calcula inicialmente a eficiéncia energética dos fornos, realiza a andlise das restri-
¢Oes, para entao obter a entrada de controle étimo calculada para reduzir o consumo de gés natural. Resultados

experimentais sao apresentados para corroborar o controle 6timo proposto, destacando sua eficiéncia.

Palavras-chave— Controle de processos, Controle 6timo, Eficiéncia energética, Fornos continuos de reaque-

cimento.

1 Introduction

Continuous combustion reheating furnaces are
widely used in cold rolling areas in the steel indus-
try. In them, the strip shaped coils are annealed
in such a way that they have the required mechan-
ical and metallurgical properties. To achieve that
a proper temperature control of the strip, by con-
trolling the furnace, is necessary. Since the 1970s,
the modeling and control problems of continuous
reheating furnace have received considerable at-
tention (Yang and Lu, 1988). Two main reasons
can be raised for the interest in the study of this
type of furnace, one of them is that the temper-
ature control problem of the strip is not trivial
due to the complexity of the process (Yang and
Lu, 1986). The second one is that reheating fur-
naces are responsible for a significant amount of
energy consumption in integrated steel industries
(McBrien et al., 2016).

Considering that the heating of the strip is
obtained by the absorption of the energy supplied
by the atmosphere of the furnace, control prob-
lems of temperature and the air, besides burned
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fuel flows in each zone, arise. Added to these prob-
lems, the irregularities of the processed materials
must be considered, which are due to the contin-
uous process of annealing different types of steel
with different widths and thicknesses. In addi-
tion, each type of steel has a temperature profile
that must be guaranteed throughout the anneal-
ing process, which requires the control of different
temperature levels in each zone of the furnace.
Therefore, designing effective controllers and
implementing advanced control techniques, such
as optimal control in reheat furnaces, is a chal-
lenging task, considering the process complexity,
its nonlinear characteristics, significant time de-
lays, high time constants, disturbances and several
other factors of uncertainty (Zhang et al., 2002).
Additionally, as mentioned before, the reheat-
ing furnace is one of the main energy consum-
ing equipment in the iron and steel industries.
Its energy consumption accounts for 15—20% of
the total energy consumed, and 70% of the en-
ergy consumption of the rolling process (Hua-
Li et al., 2014; Guangjun, 2008). Consequently,
the energy consumption reduction of the reheat-
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ing furnace is a challenging problem for control
and optimization areas. According to the different
works, the research on energy saving of reheating
furnace mainly includes combustion process con-
trol, mechanism analysis of heat transfer process
and optimization dispatch model (Luet al., 2017).

This work presents improvements obtained in
the dynamic control of the fuel gases used in con-
tinuous reheating furnaces of stainless steel of the
company Aperam South America. In order to
achieve that, a methodology that consists in the
energy efficiency identification of furnaces, study
and control design to increase this efficiency, and
implementation of optimal control of the fuel gases
is used.

The rest of this paper is organized as follows.
Section 2 describes the process of stainless steel
reheating furnace. Section 3 presents the optimal
control problem of fuel gases and its solution. Sec-
tion 4 presents experimental results obtained in
a continuous reheating furnaces of Aperam South
America. Finally, some conlusion remarks are pre-
sented in Section 5.

2 Process description

This section describes the process of the stainless
steel continuous reheating furnace, from Aperam
South America, to be optimized in this work. In
Figure 1 it is presented the zones of the furnaces,
which in total are distributed in 3 furnaces. Zones
1 and 2 belong to the furnace 1, zones 3 to 5 to
the furnace 2 and zones 6 to 8 to the furnace 3.
These furnaces are used to perform heat treat-
ment in steel coils which were previously lami-
nated. In order to perform that, the temperature
of the steel strip measured in the outlet of fur-
nace, indicated in Figure 1 by “PIR-3.2”, must be
controlled through the temperature of each zone.

A temperature profile for the strip is required
for its annealing, making it necessary to expose
that to different temperature levels in each zone.
As it is a combustion furnace, gas burners are used
to heat their zones, where each one has eight burn-
ers. The gas used is a mixture of NG (Natural
Gas) and BFG (Blast Furnace Gas). A mixing
station, showed in Figure 2, controls the ratio of
these gases according to the LCV (Lower Calorific
Value) specified in an operational practice. The
blend is adjusted controlling the flow of NG in-
serted in BFG.

The furnace has an LCV adjustment of the
mixed gas, composed of blast furnace gas enriched
with natural gas, which determines the burning
power of the fuel gas, without taking into account
its condensation. The mixing station is in charge
of taking advantage of BFG, which is produced
in the blast furnace process. Then, the BFG has
no cost to the process. Therefore, the objective
of this station is to optimize the LCV in order
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to consume less possible NG, which has a high
cost, without harming the product produced in
this process. That is, the NG must be used when
the BFG is scarce and/or as energy complemen-
tation depending on the rate of operation of the
reheating process.

This adjustment is performed by controlling
the ratio of the BFG to NG blend. The BFG’s
LCV ranges from 700 to 1.100 Kcal/Nm? de-
pending of chemical composition. For LCV 1.000
Kcal/Nm3, the approximated composition is 30%
CO, 14% COs, 1% CHy, 2% Hs, 49% N and
4% H>0. The NG’s LCV is approximately 10.000
Kcal/Nm?. The set-point (SP) for the LCV is ad-
justed by the operator, which takes into account
the energy demand of the furnace according to the
production rate. The values are tabulated and
made available to the operator through a docu-
ment called standard practice. The LCV set-point
can be adjusted from 900 to 4500 Kcal/Nm3, but
the minimum LCV is related to the current value
of the BFG, while the maximum value is given
by the pipe limit. A block diagram is presented
in Figure 3, in which the BFG flow (gpry) with
the LCV setpoint (IcUsetpoint) are used to gener-
ate the NG reference (ggn—res), which is achieved
considering the gas flow dynamics.

In this process there are still variations of strip
velocity within the furnace, which causes varia-
tions in the flow of incoming cold material, gen-
erating disturbances in the temperature. Besides,
there are disturbances generated by variations in
the internal pressure and the coupling between
zones into the furnace. This coupling occurs due
to the physical connection between the zones and
the internal pressure control system, which causes
a displacement of the generated heat in each zone
(Silveira and Raffo, 2016).

3 Optimal Control Design

In order to increase the energy efficiency of an-
nealing furnaces and, consequently, produce at the
lowest possible cost, this work proposes an opti-
mal control strategy of the fuel gases. Figure 4 il-
lustrates the interaction between the combustible
gases mixing station of NG and BFG with re-
heating zones of the furnaces. In this diagram
block, LCV_Opt represents the optimized compu-
tation of the LCV setpoint (Icvep:) according to
the flows of each zone (g, ); NG-Model(s) is the
dynamic model of the NG flow in the mixing sta-
tion; Gt,;(s) is the temperature dynamics model
of the zone i, and Gv,;(s) is the gas flow dynam-
ics model of zone ¢, whith ¢=1,...,8. In order to
prevent disturbances, we adjust the LC'V_Opt dy-
namics to be slower than Gt,;(s). On the other
hand, the NG_Model(s) and Guv,;(s) dynamics
are faster than Gt,;(s) and LCV_Opt.
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Figure 1: Continuous reheating furnace divided in zones.
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Figure 2: Mixing station.
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Figure 3: Block Diagram of the Natural Gas Mix-
ing Station.

3.1 Problem statement

Consider that the flow of the fuel gas mixture (NG
plus BFG) (gmg), in Nm?/h, combined with the
lower calorific value (lcvy,,), in Kcal/Nm?, pro-
duces the heat transfer rate in Kcal/h according
to:

€ = Qg * lCUmy. (1)

By expanding equation (1), it can be rewrit-
ten in function of the NG flow (gg4n), BFG flow
(gvfq) and their respective LCVs:

€ = qgn * [CUgn + Qbfg * lcUbtg. (2)

From equation (2), note that the heat trans-
fer rate necessary for the reheating process can be
produced in order to optimize the use of the fuel
gases, that is, by maximizing BFG, which does not

have significant cost, and minimizing the NG con-
sumption. Therefore, the proposed optimization
problem is given by:

Minimzize :
5emin(qmgi,lc'vmg) =

|((’7 * Qmaxi) - qmgi) * lC’Umgl
(3)

Furnace Pressure: pgy¢ < 4.5 mmCA
BFG flow: gptg < 4500 Nm3/h

LCV: ’
2000 < lcvmg < 4500 keal/Nm?

s.t.:

(4)

where dem;r is the function which represents the
minimum increment of heat transfer rate among
zones to be minimized, taking into account the
established percentage of the maximum zone flow
(7), the maximum flow rate (gmaz; ) of zone %, the
gas flow of the current mixture of zone i (gmyg;),
and the lower calorific value of the mixed gas
(levmg).

In order to solve this optimization problem in
an iterative way, the cost function (3), assuming
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Figure 4: Block diagram of the optimal control of fuel gases.
constraints (4), is rewritten as: 2. Define the priority zone:
A(‘lmgiJCUmgngrtaQbfg) = 6emin = MIN(éezni)7 (7)
p t /\p*lpgrtfpmax‘
d€min — [0€min * —- - with i=1,...8;
max
Qofg Aa*|bts —dmax| 3. Define the furnace j with the greatest internal
d€min * , (5)
dmax pressure:
where different weights A\, and )\, are considered
. . . . =MAX ), 8
for the constraints. The cost function A is associ- Pert (Prn;) (8)
ated with the constraints, p,qee is the maximum with j=1,...,3;
furnace pressure, where pg,¢ is the greatest inter-
nal pressure among the furnaces, )\, is the weight 4. Compute the cost function (5):
for furnace pressure constraint, ¢mqe is the maxi-
mum total flow rate of the BFG, gpzg is its actual A (Gung LCVmg Part s abig) =
total flow and A, is the weight for BFG flow con- P, Ap*| Pgrt — Pmax|
straint. In order, to solve this problem one must demin— |0€min * >
. . . Pmax
consider that there is only one gas mixture con-
trol station that feeds all the zones. Therefore, the Qofg **9fs—dmax]|
. . . - 6emin * ) (9)
calculation of the demiy is performed for the pilot max

zone chosen among other zones, de,,, which is
at its flow limit. Another consideration should be 5. Compute the optimal LCV blend:
due to the furnaces pressure, in which the great-

est 1pternal pressure \{alue is the one that must be Lcvopt = lcUmg — ? (10)
considered as constraints. dgn + Qbig
3.2 Algorithm 2000 < [cvops < 4500; (11)
In order to apply the optimization problem of fuel
gases, the algorithm was implemented in the pro- 6. Compute the optimal NG flow:
cess controller (PLC-5 Allen Bradley) with the fol- ; ;
: .. CUopt — lev
lowing steps: Qen = Qbig * pt bfg (12)

lcvgn — lcVopt
1. Calculate the heat transfer rate increment for en opt

h 0 Cq .
cach zone v About the task rate, considering the interac-

0€sn; = ((¥ * gmax) — Gmg) * lcUmg;  (6) tion of combustible gases’s blend with the furnace
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temperature control, it was necessary adjust the
maximum increase of optimum blend (LCV) to 1
Kcal/Nm? per second and maximum decrease 0.5
Kcal/Nm? per second to prevent disturbances on
the temperature control. The time constants of
temperature controls are around 45 seconds and
for flow controls are 5 seconds. The weights A,
and A\, were adjusting considering the influence of
each variables on process, in which a good adjust-
ment was achieved with A\, = 10 and A\, = 0.1.

4 Experimental Results

Several tests have been performed in the contin-
uous reheating furnaces of stainless steel of the
company Aperam South America, from which 640
tons of material have been produced using the op-
timal control of fuel gases proposed in this work.

Figure 5 to 10 show the process variables
behavior, which corroborate the improvement of
gases comsumption efficiency. The evolution of
the objective function associated with the con-
straints can be seen in Figure 5. When the optimal
approach is turned on, the value of the cost func-
tion converges to zero, as it is expected. In some
moments the cost function value increases or be-
comes negative due to process variations, but of-
ten the optimal control works to achieve the min-
imum cost function (5). On the other hand, when
it is turned off the fuel gases system returns to
work from away the optimal region.

«10° Objective; funtion associated to constraints
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Figure 5: Behavior of the objective function asso-
ciated to the constraints.

From Figure 6, note that when the optimal
approach is turned on, no changes on the mate-
rial temperature is observed. Some disturbances
has occurred on the material temperature, which
was due to the exchange of the type of material.
This was only possible because the heat trans-
fer rate was maintained approximately constant,
which can be observed through the compensation
between the flow of NG (Figure 8) and BFG (Fig-
ure 9). This enabled the reduction of NG con-
sumption. In addition, it is possible to note that
the constraints on the furnace internal pressure
(Figure 7), the BFG flow (Figure 9), and the LCV
(Figure 10) were respected.

In the production of 640 tonnes of several ma-

Optimized control switching
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Behavior of Material Temperature
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Figure 6: Result of the behavior of the strip tem-
perature.
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Figure 7: Result of internal furnace pressure be-
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Figure 9: Result of BFG flow behavior.

terials, a significant decrease in NG consumption
(Figure 11) and a significant increase in BFG con-
sumption (Figure 12) were achieved. However, for
each processed material the NG consumed reduc-
tion was different (see Figure 11) due to the LCV
parameter obtained from the operational prac-
tices, which was not set in an optimal sense.

Optimized control switching

Optimized control sw.

Optimized control switching

Optimized control switching
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This procedure is understandable since there was
nothing beyond the operator sensitivity and pa-
rameter standardization documents in order to
control the gas mixture. Future works goal in
designing an adaptive optimal control in order to
improve the energy consumed reduction and coun-
terattack the operational issues.
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Figure 10: Result of LCV behavior.
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Figure 12: Comparison of BFG consumption.

5 Conclusion

With the development of this work, according to
the presented experimental results obtained by an-
nealing several types of produced steel, a reduc-
tion in the consumption of fuel gas was achieved,
maintaining the same thermal efficiency of the fur-
naces. This reduction was possible by using the
gas mixing station, minimizing the natural gas,
which is one of the most costly inputs of this pro-
cess, and maximizing the usage of BFG that is
produced in the plant. The NG consumed reduc-
tion obtained was different for each annealed ma-
terial. However, the lowest reduction was 9.4 %,
which represents an average monthly savings of
approximately 66 thousand m? of gas.

During the experimental results, LCV param-
eters have been obtained from the operational
practices, which are not set in optimal values.
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