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Abstract This paper describes a solution to the problem of
energy-saving optimal control over heating of continuous
cast billets in a transient operation of high-performance hot
rolling mills. We set forth a technique for forecasting a total
time of heating by the moment of charging billets into a fur-
nace and suggested a technique for prompt calculation and
optimal control following the surface temperature of heated
billets subject to generation of set points for temperature
controllers in heating areas and objective control of a ther-
mal state of every heated billet before its discharge from the
furnace and forecast of expected temperature of the feed-
stock after roughing mills. All studied techniques focus on
software implementation entailing insignificant economic
costs and guaranteed success.

Keywords Energy-saving mode - Metal heating before
rolling - Thermal state of billets - Billet surface
temperature - Temperature set points

1 Problems of optimal control over heating
of continuous cast billets

Modern metallurgical plants include many processing
stages, each of them has tasks of finding an optimal batch
composition [1], optimal cooling [2, 3] or heating modes,
and assessment of the quality of finished products [4, 5].
All developed measures aim at achievement of maximum
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performance, energy-saving, and high consumer properties
of finished steel products. Billets transferring from steel-
making facilities to high-performance rolling mills should
be heated in continuous heating furnaces consuming large
volumes of fuel. In view of a current economic situation,
reduction of specific fuel consumption during heating of
continuous cast billets in a transient operation of high-
performance hot rolling mills is a complex problem of
current importance. Changes in the quantity of billets rolled
per hour on mill 2500 at OJSC Magnitogorsk Iron and Steel
Works within 24 h are given in Fig. 1.

Another problem occurring during energy-saving heating
of continuous cast billets on hot rolling mill 2000 at OJSC
Magnitogorsk Iron and Steel Works is heating of lots of bil-
lets, which vary in steel grades and initial thermal states, at
the same time. A share of billets having a mass-average tem-
perature of 500°C and over (hot charge) is within a range of
42-87 %.

Energy-saving heating modes are feasible, if heating fur-
naces do not limit performance of a complete hot rolling
complex for products with a specific size, which requires
maximum performance of furnaces.

It is justified in theory and proven in practice that energy-
saving heating modes minimizing fuel consumption are
applied when heating is intensified at a final period of heat-
ing time [6-8]. In this case, less heat energy is consumed
to maintain the billet temperature at a higher level, waste
heat of combustion products is used more efficiently, and
metal loss through oxidation is reduced. When mill perfor-
mance shows variable and unpredictable changes, process
personnel reasonably have to maintain a required stock of
billets ready for discharge, but in excess. Thus, intensive
heating of billets starts almost at the entry of first top
and bottom heated zones of continuous furnaces. More-
over, such mode of maximum performance is stipulated by

@ Springer


mailto:logunova66@gmail.com
mailto:andreev.asc@gmail.com

1798

Int J Adv Manuf Technol (2015) 79:1797-1803

wn
(=}

~
(=)

383
S

Productivity, tons/hour
W
<)

—_
(=}

(=]

1 3 5 7 9 11 13 15 17 19 21 23
Time, hour

Fig. 1 Changes in the quantity of billets rolled per hour on mill 2500
at OJSC Magnitogorsk Iron and Steel Works

low-powered soaking (holding) zones at the exit of furnaces,
i.e., during a final part of total heating time, whose heat load
is only 12—15 % of total furnace heat load. These factors
cause major problems when applying energy-saving optimal
heating modes.

The mode of heat load distribution along the length
of an operating area and a design of the operating area
should be universal in the future as distinguished from cur-
rent continuous furnaces; it means that they should provide
for switching from the maximum performance mode into
the energy-saving mode and backward depending on actual
processes.

In view of existing conditions, a main objective of the
energy-saving mode is prompt and task-oriented adjustment
of fuel consumption in first heated zones subject to the cur-
rent furnace capacity and an initial thermal state of charged

continuous cast billets to ensure absolutely guaranteed qual-
ity of their heating even at a maximum capacity of the mill
and minimum fuel consumption.

2 Test methods under production conditions

Under production conditions in heating furnaces of high-
performance hot rolling mills up to several hundreds of
continuously cast billets are heated following an individ-
ual temperature—time curve and the length of the operating
area of the furnace. Transient heating conditions require an
increased promptness of control actions in case of an opti-
mal energy-saving heating mode. A generally accepted and
standard temperature parameter used for automatic control
is the operating area temperature of the furnace or the heat-
ing medium temperature measured by platinum-containing
thermocouples in carbide and ceramic protection sheaths.
This method for collecting information about the current
temperature mode of heating billets in steady operating con-
ditions of the furnace gives an ambiguous characteristic of
the current state of heated billets [9]. Dynamic parameters
of the information channel when measuring the operating
area or heating medium temperature by different means are
given in Table 1.

Lifetime of the Type S thermocouple is 2 months which is
also unacceptable. An experimental transient response curve
of the heated billet surface temperature measured by the
total radiation pyrometer in the first heating zone of the con-
tinuous furnace on mill 2500 at OJSC Magnitogorsk Iron
and Steel Works is given in Fig. 2.

Table 1 Dynamic parameters

of the information channel Parameters Symbols Values Unit of measurement
Platinum-containing thermocouples [5]
Time delay T4 40-+-60 S
Time constant To 210+252 S
Transfer ratio Ko 0.14+-2.8 °C /% of the stroke
of the actuator
Total radiation optical pyrometer
Time delay T4 3540 S
Time constant To 145150 S
Transfer ratio Ko 2.0 °C /% of the stroke

of the actuator

Type S thermocouple in a standard ceramic sheath

Time delay T4
Time constant To
Transfer ratio Ko

1618 S
85+96 S
2.8+3.2 °C /% of the stroke

of the actuator
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Fig. 2 Transient response curves of the heated billet surface tempera-
ture in the first heating zone of the continuous furnace on mill 2500 at
0OJSC Magnitogorsk Iron and Steel Works

High-frequency components of the information measur-
ing signal were averaged by means of software ensur-
ing double averaging of the information signal. Dynamic
parameters of the billet surface temperature were tg =
1.5+23s; Ty = 15+225s; Ky = 2.0 +2.5°C/% of the
stroke of the actuator depending on installation of a sensor
along the furnace length.

A main deterrent to the use of the billet surface tem-
perature measured by the optical pyrometer is a theoret-
ically justified objective statement on a significant error
occurred when measuring the billet surface covered with
scale through a selective radiating layer of combustion prod-
ucts influenced by a reflected radiation of a flame and lining
of the operating area. Steps aimed at reducing an error
of billet surface temperature measurement on the site and
experience of using the billet surface temperature for effi-
cient control over fuel consumption in first heated zones of
the furnace by means of prompt and task-oriented adjust-
ment when changing the operating speed of the rolling mill
and the initial thermal state of heated billets are described in
papers [7, 8, 10, 11]. Perhaps, thermocouples may provide
for quite accurate measurement of the operating area tem-
perature or the heating medium temperature, but the ther-
mocouple tip temperature in dynamically transient modes
being main operating modes of the furnace does not give
an objective and prompt evaluation of a current thermal
state of heated billets [6, 9]. Given a complex and critical
problem to be solved, we have developed efficient infor-
mation application and software for successful performance
of the control task following values of billet surface tem-
peratures in real time to perform optimal energy-saving
control over continuous cast billets when mill performance
is variable.

Under conditions of variable mill performance, the
applied optimal energy-saving heating mode should not be

a factor increasing risk of discharging billets which do not
accumulate enough heat or entailing negative consequences.
Mandatory compliance with technological conditions of bil-
let heating provides for a priority of a reliable forecast of
a billet heating period as of the moment of its charging to
the heating furnace and adjustment of such period during
heating. Under conditions of transient operation of furnaces,
available methods for prediction of a heating period fac-
toring into the speed of rolling facilities and consecutive
measurement and smoothening of operation of billet trans-
ferring mechanisms do not ensure a required accuracy of
prediction. To increase the accuracy of the forecast, the
authors of the paper suggest methods based on determina-
tion of maximum performance of the technological section
heating furnaces rolling mill coiler or a maximum period
of billet processing during rolling according to the required
standard size of a strip [12].

A total period of rolling of all billets which will be dis-
charged from furnaces before the billet is to be charged
again to the furnace will be an anticipated period of such
billet heating [9, 10, 13]. An unpredictable period of sched-
uled, emergency, and undetected mill downtimes is a source
of errors when forecasting a total heating cycle of billets.
Therefore, it is necessary to adjust an estimated period in
10—15-min subject to a mill utilization factor and periods of
scheduled and emergency downtimes [13]. The mill utiliza-
tion factor characterizes a value of undetected downtimes
and changes within a range of 0.87-0.95. An indirect indica-
tor of undetected downtimes due to unsteady mill operation
is frequency distribution of pauses between rolling of neigh-
boring strips. While a standardized period is 5 s, under
production conditions of mill 2000 at OJSC Magnitogorsk
Iron and Steel Works, it is 5-60 s [6]. The adjustment pro-
cedure for a heating cycle and assessment of the accuracy of
forecasts are stated in papers [6, 13]. The analysis of heating
of 457 billets within a range of +3 min revealed a 90.6 %
deviation of an estimated heating cycle from the actual one
for mill 2000 at OJSC Magnitogorsk Iron and Steel Works,
when a heating cycle of cold billets is over 150 min.

3 A mathematical model to describe heating
of the continuous cast billet under energy-saving
optimal control

At present, significant results have been achieved in a the-
ory of energy-saving optimal control over metal heating.
Application of received results on the production site causes
difficulties. The reasons are processing limits imposed on
heating, design features of the operating area, and the
adopted control strategy that focused on achievement of a
maximum rate of response. When determining an optimal
energy-saving curve of changes in a priority temperature
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parameter during heating, a main objective is to develop an
appropriate dynamic model to calculate optimal temperature
paths according to an actual heating process. The dynam-
ics of thermal energy transfer during metal heating may be
expressed as a system of equations given in [6]:

E=5lU@-m@];

& =4l (@) — 15 (O] ()
= L ls () —10 (D],
where g (1), s (T), fo (r) are the temperatures of heat-
ing medium, billet surface, and core of a heated billet,
°C; Ty, Ty, T» are the time constants in accordance with
channels “control action—heating medium temperature,”
“heating medium temperature—surface temperature,” and
“surface temperature—temperature in the billet core” deter-
mined during adjustment of the heating model under actual
conditions; U (1) = K - Vg (7) is the control action, propor-
tional to fuel consumption, Vg (1), m3 / h; K is the transfer
ratio for the channel fuel consumption characteristic control
temperature, °C/ m?3; T is the current time, s.

As an optimality criterion, we have selected a criterion of
minimization of fuel consumption:

Th
J = f [U (v)]*dt — min, )
0

where 1y, is the estimated heating time, s.

It is necessary to select a control that upon expiration of
the heating cycle, temperature of the heated billet transfers
from an original state to a final set one, and the functional J
takes on the lowest value.

To solve the problem of minimization, Pontryagins maxi-
mum principle was used [14]. When applying the maximum
principle, it is important to select original values of the func-
tion of conjugate variables. In this case, to perform optimal
energy-saving control over heating of many billets in the
furnace in real time, it is required to increase computing
power of control hardware. Therefore, to reduce the required
computational resources, we have developed an analytical
interpolation method for determination of original values of
conjugate variables [6]. Calculated paths of temperature at
optimal unrestricted energy-saving heating of a slab with
a thickness of 120 mm, an original surface and core tem-
perature of 0°C to a set final surface, and core temperature
of 1250°C for a set heating time of 70 min are given in
Fig. 3.

The result proves a basic statement. In case of available
time for heating, it should be intensified at the end of the
set time. The developed model of optimal control may be
used to calculate the path subject to compliance with all
processing restrictions [6].
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Fig. 3 Heating curves in compliance with processing restrictions

Ideally, every heated billet requires calculation and
implementation of the individual temperature curve. At a
fixed length of heated zones, all billets located in the zone
has one control action fuel consumption determined by a
temperature controller. To ensure the guaranteed quality of
heating, it is feasible to control temperature according to
the temperature curve of the coldest billet in the zone and
at the same time to control the surface temperature of hot
billets to avoid melting of scale. For this reason, determina-
tion of set points by a local controller in individual zones
is critical.

The temperature set point for the heating controller in the
zone is meant to be a set temperature of the billet surface
or the operating area of the furnace along the zone length
determined by location of a temperature sensor. To deter-
mine an optimal energy-saving distribution of heat loads
along the length of the operating area, subject to a known
time-temperature change, it is necessary to replace dt with
dl in used equations according to the expression:

di (1) _ V.th (0)

3

dt dl ©)
dt _ dts (I

s(@ _ 74t () @)

dt di

dty (1) —dty (I)

=V 5

dt dl )

where V = IL an average speed of conveying billets along

the furnace length L for the estimated time 1.
The current position of the billet in the furnace from the
charging place in a current moment is:
L

I=V.1=—.7¢ (6)
Th
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The calculated path of temperature distribution along the
furnace length should be divided into several parts, each of
them corresponds to the length of a specific zone. Temper-
ature in parts of every individual zone is calculated as a
weighted mean value along the zone length according to the
expression for temperature sensor set points in the center of
the zone:

15
ft,- (D dl
_ _
fop (1) = (M)

where fsp () is the weighted mean value of temperature;
t; (1) is the calculated temperature of billets located in the
zone; [, I are the coordinates of the beginning and the end
of the zone; 0 < i < n is the number of billets in every
zone.

In practice, temperature sensors are installed for two-
thirds of the length, nearer to the end of the zone. In
this case, to calculate the weighted mean temperature, we
use sections of the path where sensors are installed sym-
metrically with respect to the beginning and the end. To
calculate temperature paths, it is necessary to take a lower
limit of the control action at 600°C or higher at the fur-
nace entry corresponding to the temperature of combustion
products.

In case of variable performance, to guarantee heating and
stock of heated billets which is reasonable according to the
process, temperature set points in heated zones are feasible
to be set as maximum values out of required calculated aver-
age temperatures of billets located in the zone according to
the condition:

¥ :max{t_lsjp (l)},i =lLmj=1n ®)

where i is the number of the heated zone; m is the quan-
tity of furnace zones; n is the quantity of billets in the zone
as of the moment of calculation of set points; t_iS].P (D) is the
required set point in the i-th zone for the j-th billet.

To prevent frequent changes of temperature set points
when transferring a new billet to the zone, it is necessary
to set a temperature range of §—10°C as a dead band. Cal-
culation methods for set points of the controller for the
temperature of the operating area in bottom zones of the
furnace are given in [16]. As practical experience shows,
to increase the speed of control relying on the surface tem-
perature, it is feasible to control the heating rate in bottom
zones following the scheme of proportioning by volume
of fuel consumption in relevant top zones with a propor-
tionality coefficient of 0.85-1.0 depending on the furnace
performance.

Calculated set points of the working area tempera-
ture in zones of the continuous furnace of mill 2000 at

OJSC Magnitogorsk Iron and Steel Works for the optimal
energy-saving mode for heating of continuous cast billets
with a thickness of 250 mm of the cold charge within
230 min are given in Fig. 4.

4 Implementation of the software-based instrumental
control over heating of billets

When using the energy-saving heating mode minimizing
fuel consumption (Fig. 4), it is necessary to create a method
ensuring objective current control of a thermal state of every
billet prior to its discharging from the furnace to the mill.
For practical purposes, it is enough to determine the surface
temperature and difference in the surface temperature and
the core of the heated billet [15]. It is known that there are
methods for assessment of the quality of heating by the tem-
perature of the feedstock and load of the rolling mill at first
roughing passes which characterize the quality of heating of
discharged billets. In this case, it is not practical to correct
an error of heating. The developed method of assessment of
the current thermal state of the heated billet before its dis-
charge is based on the determination of thermal flows on the
surface of heated billets inside and outside the furnace at a
constant surface temperature of the heated billet. A full the-
oretical rationale of the suggested method is given in papers
[6]. A flow chart of the software-based instrumental qual-
ity control over heating of billets performed on continuous
furnace no. 6 of mill 2500 at OJSC Magnitogorsk Iron and
Steel Works is given in Fig. 5.
The system includes the following elements:

— heating medium temperature sensors, represented
by the thermocouple Type S installed in a side

o
1400 1312°C 1362°C 1307 °C

9 1000
g
2
g
(5]
2 600
5 ‘
= S
200 to
T T T 1
0 10 20 30 40 50

Length of the Heating Furnace, m

Fig. 4 Temperature set points in zones of the continuous furnace of
mill 2000 at OJSC Magnitogorsk Iron and Steel Works for the opti-
mal energy-saving heating mode for the cold charge (points indicate
set points of controllers in heating zones of the pusher-type heating
furnace)
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Fig. 5 Flow chart of the quality
control system for heating of

billets
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wall 300 mm higher than the level of the heated
billet,

— billet surface temperature sensor represented radi-
ation pyrometer installed in a side furnace wall
and aimed at the billet surface and used in a
loop of the stabilization temperature in the soaking
zone,

— aprocess interface unit represented by PLC “RK-131”
Russian controller which is interfaced with a Work-
station via RS-232C ensuring supervisory control over
heating of billets in the furnace.

In view of a definite thermal state of every heated billet,
actual operating conditions of the mill and location of the
furnace with reference to a roughing stand, we developed
a program to calculate the expected temperature of the
feedstock for every second billet in a sequence of billets
discharged from the furnace. To assess reliability and accu-
racy of the suggested method, we made a research on devi-
ation of the feedstock temperature from the actual value.
Heating parameters measured in the fifth zone of continu-
ous furnace no. 6 when controlling the thermal conditions
by the billet surface temperature are given in Fig. 6.
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Fig. 6 Heating parameters measured in the fifth zone of the con-

tinuous furnace: Vy is the gas consumption; t;i” is the measured

temperature of the feedstock after roughing mills; tf(flllc is the calculated
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5 Conclusions

In the course of pilot production at various heating control
modes, the difference between the measured temperature of
the feedstock after roughing mills and the calculated one
was within a range of £20° C. This guarantees prevention of
unauthorized discharge of underheated billets to the rolling
mill in case of the energy-saving heating control mode.
A technology-based mode of control over billet heating
subject to the billet surface temperature allowed reduction
of specific fuel consumption by 3.54+4 % and increase in
the average temperature of the feedstock only due to the
increased response rate and focus of control on furnaces of
mills 2350 and 2500 at OJSC Magnitogorsk Iron and Steel
Works.

Methods for improvement of information and software
support of the energy-saving heating control mode sug-
gested in the paper successfully solve the problem of
minimization of costs for expensive fuel consumed in vari-
able operating conditions of heating furnaces for high-
performance hot rolling mills. All reviewed methods focus
on software implementation, including the transfer of the
furnace to control by the billet surface temperature and may
be used in any pusher-type furnaces of any capacity entail-
ing no significant expenditures, but guaranteed economic
benefit.

6 Summary

Having analyzed the received results, we determined feasi-
bility, opportunity of implementation, and efficiency of the
optimal billet heating mode in heating furnaces under com-
plex variable operating conditions of high-performance hot
rolling mills.
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