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Optimization of temperature setpoints in combustion control
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Abstract: A method was developed to set the optimal setpoints of temperature through adjusting the temperature-rising-ra-
tio (TRR) of preheating to heating zone. In addition, control loops were built to validate the effect of the proposed method.
The calculation of optimal setpoints was a repeating procedure and could compensate the uncertainty of furnace. It is shown that
the heating system obtained via this method can reduce the fuel consumption to some extent and the heating quality can be guar-
anteed as well.
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1 Introduction

Reheating furnaces consume much energy in the pro-
duction. To save energy, many researchers tried to re-
duce energy consumption and improve the efficiency of
fumnace!! ~5} . These researches mainly depended on pre-
cise models, which are difficult to obtain in practice.
Facco G et al built air-to-fuel ratio setting curves to
guarantee the optimal combustion for different velocity
of fuel flow!s’. Yang proposed multi-model determina-
tion approach, which takes the diversity of furnace states
and requirements of control into account to reach energy
saving goall”? .

In this paper, we focus on how to get setpoints of
temperature in automatic combustion control ( ACC).
Currently, the setpoints of furnace temperature are calcu-
lated according to a constant temperature-rising-ratio
(TRR) of preheating zone to heating zone. This is not
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reasonable especially when the state of milling line is not
steady or the charging temperatures of slabs have great
changes. Unfortunately, the two cases often occur in
practice, which requires a new method to solve the prob-
lem. Our proposed method adjusts the TRR of preheat-
ing zone to heating zone in each computation to get the
optimal temperature trajectory of each slab and obtain the
optimal temperature setpoints of each zone. Consequent-
ly, the energy-saving goal can be realized online.
2 Problem description

The structure of the reheating fumace is shown in
Fig.1. It is divided into 4 zones: tail, preheating, heat-
ing and soaking zone. The last three zones are further
divided into upper zone and lower zone.

Our objective is to get the optimal setpoints of furnace
temperature of preheating upper and lower zone, heéling
upper and lower zone, soaking upper and lower zone to
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reduce the expenditure of energy in heating process.
According to the energy balance, the heat energy gen-
erated by combustion can be divided into three parts: en-
ergy absorbed by slabs, energy taken away by waste
gas, and energy lost in radiation, heat conduction in
walking beam and various leakage of furace. The last
part is determined by the structure and material of fur-
nace and cannot be reduced for a certain furnace. We
will focus on how to decrease the energy taken away by
waste gas and, at the same time, increase the energy ab-

sorbed by slabs. !
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Fig. 1 Structure of furnace

In the proposed method, the optimal temperature tra-
Jectory of each slab is calculated according to the slab
distribution in the fumace, the state of fumace and
milling line. The optimal temperature trajectory is a
heating curve. If the slab is heated according to this
curve, the heating quality of slabs can be guaranteed and
energy can be saved. The difficulty lies in how to adjust
the optimal temperature trajectory according to the
changing states of furnace and milling line so that the in-
fluence of these changes can be compensated. The opti-
mal trajectory can be illustrated in Fig. 2. From Fig. 2,
it can be clearly seen that the optimal trajectory is closely
related to TRR of preheating zone to heating zone,
which is denoted as and can be calculated as:

a = (temperature increment in unit time at preheating
zone) / (temperature increment in unit time in heating
zone) .

For a certain slab in preheating zone, the discharging
temperature is predefined and its current temperature can
be calculated. a can be regulated by adjusting the slab
temperature at the exit of preheating zone. Hence, our
objective changes to regulating a to decrease furnace
temperature setpoints as much as possible under the con-
dition that the heating quality of slabs can be guaran-
teed. This objective is the same as the original one.

Since the flow direction of the waste gas in the fur-

nace is from soaking zone to tail zone and the flue of the
waste gas is located at tail zone, which is close to pre-
heating zone, the higher the preheating zone tempera-
ture, the more fuel consumed in this zone and the more
combustion energy will be taken away by waste gas.
So, in the heating process, the temperature of preheating

* zone cannot be too high. To decrease the energy taken

away by waste gas, the temperature of preheating zone
must be decreased while the temperature of heating zone
must be increased first. That is, part of the heating load
of preheating zone is transferred to heating zone.

In current practical application, the ratio a always e-
quals to 1. This is based on the assumptions that the
slabs have low charging temperature and the furnace state
is steady. Moreover, this has the advantage of easy
computation. However, it is not reasonable for slabs to
have high charging temperature and cannot deal with the
case of changing mill pacing. For example, for slabs
with high charging temperature, the enter-zone-tempera-
ture of preheating zone (the slab temperature when slab
moves into preheating zone) are high while exit-zone-
temperature of heating zone (the slab temperature when
slab moves out from heating zone), which is subject to
the constraints of temperature balance of slab and has no
change. As a result the exit-zone-temperature of preheat-
ing zone will be very high, which requires a high tem-
perature setpoint of preheating zone, and the fuel flux of
preheating zone will increase. Since slabs have high
charging temperature, the quantity of energy absorbed in
preheating zone is limited and most heat energy will be
taken away by waste air. Hence, the optimal trajectory
of this kind of slabs should be adjusted to prevent the
temperature rise in preheating zone while increase the
temperature in heating zone. This will increase furnace
temperature setpoint of heating zone. Although the heat-
ing energy taken away by waste gas flows from heating
zone will increase in this case, this waste gas can heat
the slabs in the preheating zone .

In this discussion, the tail zone and the soaking zone
are not taken into account. The reason is that the tail
zone is not a controlled zone and the slabs in this zone is
heated by waste gas. In addition, the main function of
soaking zone is not to heat the slabs but to balance the
inner temperature and surface temperature of slabs. The
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setpoint of furnace temperature with this zone is subject
to the constraints of heating quality and cannot be adjust-
ed with this method.
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Fig. 2 Optimal temperature trajectory of slab
3 Proposed method

In the following description, the fumace with the
structure shown in Fig. 1 will be discussed. For a fur-
nace with more zones, the method is valid too.

As shown in Fig.2, when a slab moves into preheat-
ing zone (at point A), its charging temperature is 6,
and target temperature is @4, the enter-zone-tempera-
ture of preheating zone, namely the slab temperature at
this time instance, is denoted as 8., , €xXit-zone-temper-
ature of heating zone is determined by the constraint of
temperature balance and denoted as 6,,,3. From 0,
0uz-a = 1, the exit-zone-temperature of preheating
zone G, can be calculated as follows.

Ooous = Gainz ; (1)

Oone = Osinz + tp + Iy ps
where ¢, and ¢y are predictive time that the slab will be
heated in preheating and heating zone respectively. 6,,.¢
is the exit-zone-temperature of preheating zone under the
condition that « = 1.

At the same time, from the furnace temperature of
heating zone Ty, the predictive slab heating time in
heating zone ty, and exit-zone-temperature of heating
zone 0,3, exit-zone-temperature of preheating zone
@ w2 can be calculated. That means a slab with 6, can
be heated to 4,3 with the mentioned condition. Thus,
@ ...2 can be regarded as optimal exit-zone-temperature of
preheating zone.

In heating process, the average heat conductivity of
slabs in heating zone, which is denoted as ay, can be
calculated as follows:

ap = ¢+ [(Ty + 273)? + (Bue + 273)%]

[(Tu +273) + (Bue + 273)]. (2)
The exit-zone-temperature of heating zone is
Gous = T+ (% — Ty) = exp (= ay* tu),
(3)
where c¢ is a constant, 8%, is the slab temperature at the
exit of preheating zone, Ty is the fumace temperature of
heating zone, and ty is the predictive heating time in
heating zone.

The solution of @, can be easily obtained through
difference function. Because of restriction of heating ca-
pacity, for a certain slab with exit-zone-temperature of
heating zone known as 3, the exit-zone-temperature
of preheating zone can not stay below a certain value,
say tmpl, to make sure that the slab can be heated to
@.us at the exit of heating zone. Hence, the solution of
6 .. must be in the interval [ tmp1, 6,5 ].

Now, let us determine 8.,,- Let 8,0, = tmpl and
substitute it into equations 2 and 3, the solution can be
denoted as @.,,,5. Comparing 0,5 With Gyus , if Guous is
higher than or equal to 6,3, then 82, can be regarded
as 8.0 If 0.5 is lower than 8, then let %, =
tmpl + AT and substitute into equations 2 and 3 again to
get a §..,3. This procedure is repeated until &,.,3 is high-
er than or equal to 0,,3. and this 6., is regarded as
0o~ In this way, the 6., can be determined. Gener-
ally, the interval [ tmp1, 6] is small and equation 2
and equation 3 are simple, and it is easy to get 0, on-
line.

To save energy as much as possible, we take 0, as
the slab exit-zone-temperature of preheating zone. Then
the TRR at this moment is

(es:utZt— est)/(gsouBt_ es:ua) (4)
H

a =
P

In the case of the heating quality, since 8., is a pre-
dictive value under current state, if we take G, as the
exit-zone-temperature of preheating zone, the heating
quality of slabs may be affected due to the change of
furnace state. To make the algorithm robust, we change
O sou 11O G-

esoutZ = es:utZ +A: (esoutz - es:utZ)’ A e [0’1]

(5)
and TRR changes to
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Blsou - 0si Bsou - Bsou
(Tt () (6)
H

a =
P

Next, those slabs that have been in preheating zone
will be considered. Suppose the slab mentioned above
moves to point B, the slab temperature is 8., which is
different from the predictive temperature at point A. The
calculation is the same and the temperature-rising-ratio
changes to

6sou'2 - 68)/( 6sout3 - 6sou'2). (7)
131 ty

a = (
Because slabs cannot emit heat energy during heating
process, 8.2 can not be lower than slab current temper-
ature 6,. That is, if 0., is lower than 4., let 0., =
0,. This may happen to slabs with high charging temper-
ature.
After the calculation of a of each slab in preheating
zone, the compensation of furmace temperature can be
obtained according to equation 8.

Mz%z

ATp=(a*t3+ X+Y)/(-a - AT, "=, ")

(8)
Y= _(oosoua—oosouu) * t%I+a(eosout3_00sou'2) ¢ t%” (9)
X = Oum - A0, — B (10)

where ATp is compensation value of temperature of pre-
heating zone. 4,;, is the target temperature and A4, is the
restriction value of temperature balance. ¢, is predictive
heating time in preheating zone or heating zone based on
its subscript.

Then, the setpoints of preheating zone at this time in-
stance Ts,( % + 1) can be calculated according to furnace
temperature of preheating zone at last time instance
T,(k) and the compensation value of preheating zone as
in equation 11.

Tso(k + 1) = Tp(k) + AT, (11)

The setpoints of heating zone can be calculated in the
same way.

The above calculation shows that for each slab in pre-
heating, a setpoint of preheating zone can be obtained
and for each slab in heating zone, a setpoint of heating
zone can be obtained too. Since slabs in the fumace
have different conditions and different o, the calculated
setpoints of preheating zone and heating zone T, T,
*y Tspk» Tt » Tz s> » Tsnio are different. The final

setpoint of preheating zone and heating zone should be
the optimization of these temperatures. The objective of
this optimization is defined as follows:

k k
J=min (a+ 2300 - Bum)?+ b+ D F)
i=1 j=1

(12)
where 0, is the predictive discharging temperature of
slabs in the furnace and F; is the fuel flux of each zone,
which are functions of setpoints of each zone.

Since the precise mathematical expression of this ob-
jective cannot be obtained in practical application, an
expert system is constructed to assign weighting factors
to the calculated setpoints and the final setpoint of pre-
heating and heating zone will be calculated by weighted
average . This method cannot guarantee the optimization,
but the rulebase can be adjusted to get a solution near
optimization.

Next, the control loops are designed to ensure that the
furnace temperature can reach the setpoints. The main
control loops include furnace temperature loops and the
fuel flux (gas flux and air flux) loops of six zones. The
fumace temperature and fuel flux loops form cascade
control loops. The steady state and performance of these
control loops have a direct influence on the heating qual-
ity of the slabs. In the current system, the loop con-
trollers are conventional PID controller. To validate the
effect of energy saving of the proposed method, the con-
trol loops of the furnace are built and the parameters
thereof are identical to the real system. In addition, a
system model is built to simulate the combustion process
in the furnace'®!. The model of the furnace is built
based on energy balance.

The cascade temperature control loop is shown in
Fig.3.

In Fig. 3, the outer loop is the temperature control
loop. ACC provides the optimal temperature setpoints of
each zone. The inner loops are the fuel flux control
loop. The output of outer loop is sent to cross limit,
which is not shown in Fig. 3, and the cross limit pro-
vides the setpoints of fuel flux. The valves of air and gas
are regarded as a first-order system with time delay. The
time-constant and time delay of the valves can be mea-
sured .
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Fig. 3 Structure of control loops

4 Application results

In this section, we calculate the setpoints of furnace
temperature with the proposed approach. The results of 5
hours are shown in Fig.4. The condition and distribution
of slabs, as well as the predictive heating time in each
zone are from the real system. A is 0.5 in all the 4 sub-

figures, the solid line is the setpoints calculated when a =
1 and dash line is the setpoints calculated by optimized « .

© 1200
w5 1180F<
g 1160}
& 1140f1
g
W20 ——=¢ 100 150 200 250 300
t/min
(a) Setpoints of preheating upper zone
o 1200
s el
g [
E 1140
a ¥
E 1120 f
£ 100 TR '
1 0 50 100 150 200 250 300
¢/ min
(b) Setpoints of preheating lower zone
~— l B
;325 1280 ™
8 1260
[=9
E 1240
12206——=5 100 130 200 250 300
t/min
(c) Setpoints of heating upper zone
o 1350
1300 | =2 a2 ===
a . E -
ek -
2 1250f % F30N 4
2 [} [ i ] : "’--,:__:’
1200036100 150 200 250 300
¢/ min
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Fig. 4 Comparison between setpoints got when
a = 1 and setpoints got by proposed method

The heating quality, which is measured by error of
discharging temperature and difference between slab in-
ner temperature and surface temperature, and the fuel

consumed in both cases is shown in Table 1.

Table 1 Heating quality and fuel consumed
value without value with
optimization  optimization

average temperature 6.38 6.87
€ITor
average temperature
22.5 24.3
fuel consumed 16031912 14551714

From the comparison, it is clearly seen that the set-
points of preheating zone temperature obtained with our
method is lower than setpoints when @ = 1 and the set-
points of heating zone temperature obtained with our
method is higher than setpoints when = 1. This indi-
cates that the heating load has transferred from preheating
zone to heating zone. The result corresponds to our anal-
ysis. In addition, from Table 1, it is safe to say that the
heating quality of slabs can be guaranteed and the energy
consumed can be saved to a certain extent. That is, the
proposed method is valid and reasonable.

5 Conclusion

In the paper, a new method to determine the setpoints
of furnace temperature to reach an energy-saving goal is
developed. In this approach, through adjusting TRR of
preheating to heating zone, the heating load is trans-
ferred from preheating zone to heating zone. Each slab
in preheating zone is calculated separately to take differ-
ent conditions of different slabs into account. At the
same time, this calculation is carried out repeatedly at
each period to compensate the uncertainties of slabs, fur-
nace, and milling line. The results show that this
method is valid and its energy saving effect is obvious.
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