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ABSTRACT Reheating furnaces are used to uniformly heat billets (blooms, billets, or slabs) to between
1000◦C and 1300◦C before hot rolling. Cascade control is widely used in temperature controllers of the
reheating furnace. Unfortunately, the relationship between temperature indicator controllers (TIC) and flow
indicator controllers (FIC) usually changes with a single slope. It means that temperature load disturbances
cannot be effectively resolved. In this study, the relationship between TIC and FIC is proposed to be nonlinear
with multiple slopes, which is used to accelerate the temperature response and increase the temperature
stability under high or low load conditions. The temperature controller parameters are more diverse, so this
study optimizes the temperature controller parameters and determines the characteristic curves between TIC
and FIC effectively and quickly by using the Taguchi method. The performance of the multi-slope method
and the single-slope method is evaluated in an actual heating furnace. The experimental results show that
the proposed method in this study improves the mean square error and standard deviation by 33.76% and
22.44%, respectively. After commissioning, the parameter combination (including the characteristic curve)
has a remarkable performance in the heating zone, which can be used to reduce temperature disturbance,
accelerate the temperature response, and increase temperature stability in the reheating furnace.

INDEX TERMS Taguchi method, combustion system, cascade control, furnace hearth temperature
controller.

I. INTRODUCTION
Hot rolling production line is a manufacturing process in
which metal materials such as steel and aluminum are heated
to a high temperature and then passed through a series of
rollers to shape and form them into desired shapes and sizes.
The high temperature and pressure applied during hot rolling
help to reduce the thickness of the metal and improve its
overall mechanical properties, making it more suitable for
various industrial applications [1]. Hot rolling production
lines typically consist of multiple stages, including reheat-
ing furnaces, roughing mills, finishing mills, and cooling
beds [2]. These production lines require precise control of
temperature, pressure, and rolling speed to ensure consistent
and high-quality output.

A reheating furnace is ascribed to upstream equipment in
the steel rolling line. It is used to heat the stock temperature
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and satisfy the rolling process requirement. A typical contin-
uous reheating furnace consists of three zones: the preheating
zone, the heating zone, and the soaking zone, respectively [3].
The heat convection design of the heating furnace allows hot
gases to flow from the equalization zone to the preheating
zone so that there can be no burner in the preheating zone,
shown in Figure 1. The heating zone is used to heat the steel
billet to a temperature ranging from 1000◦C to 1200◦C, while
the soaking zone is employed to uniformly heat the steel billet
to a temperature between 1100◦C and 1300◦C [4].
Directly measuring the surface temperature of steel billets

inside the furnace chamber is nearly impossible. Therefore,
temperature control refers to regulating the local temperature
measured by thermocouples within the combustion system of
the furnace rather than controlling the temperature of the steel
billets.

There are various methods for temperature control, includ-
ing manual control, fuzzy control, and PI/PID single-loop
control [5], [6]. Cascade control is the most common and
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FIGURE 1. Typical bird view of a reheating furnace.

widely applied in heating furnaces. Cascade control consists
of two control loops: the primary control loop and the sec-
ondary control loop [7]. The output of the primary control
loop is used to determine the setpoint for the secondary
control loop. One of the main functions of cascade control is
to eliminate load disturbance variations before the system’s
output loses its ability to closely follow the setpoint.

For temperature control, the temperature indicating con-
troller (i.e., TIC) serves as the primary controller for tempera-
ture regulation, while the flow indicating controller (i.e., FIC)
serves as the secondary controller for flow control. However,
when the TIC sets the flow rate for the FIC, the change is often
made with a single slope. This means that the slope of the FIC
flow rate setting change is the same regardless of whether
the temperature changes at low or high loads. Therefore, this
study proposes optimizing the setting of the FIC flow rate
change slope using the characteristic curve of the temperature
controller. An appropriate characteristic curve can provide
different slopes of fuel flow under various temperature load
conditions, thereby addressing disturbances caused by load
variations. Furthermore, since changes in the slope also affect
parameters such as the gain and integral time of the TIC, it is
necessary to include parameter optimization in the process.
Adjusting parameters of the on-site process affects the sta-
bility of temperature control. Prolonged or repeated use of
inappropriate parameters can also influence fuel consumption
and the quality of steel billets, potentially impacting factory
operations. Therefore, using a full factorial experiment to find
the optimal parameters is time-consuming and only allows
for discussing the best combination of these values. Another

issue of concern is how to obtain combinations of parameter
values using an effective and efficient method.

The Taguchi Method is characterized by a comprehen-
sive and efficient experimental design approach, enabling
the identification of optimal parameter combinations with
a relatively small number of experiments. It simultaneously
takes into account the stability and robustness of the system.
This study is based on the Taguchi method to determine
characteristic curves of the temperature controller and adjust
the slope, gain, and integral time parameters of the cas-
cade control. This paper introduces the proposed temperature
control method for combustion systems and demonstrates
its performance. Integrating multiple slopes and parame-
ter optimization strategies can alleviate temperature control
disturbances and accelerate response times. Parameter adjust-
ments were conducted on the temperature controller of the
on-site heating furnace, and the temperature control per-
formance of single-slope and multi-slope strategies was
compared. The results indicate that the method outperforms
typical single-slope cascade controllers regarding tempera-
ture stability.

The remainder of the paper is organized as follows.
Section II surveys the techniques of temperature control and
optimal solution. Section III describes a method for optimiz-
ing cascade control parameters based on the Taguchi method.
Section IV presents the experimental results and analysis.
Finally, conclusions are given in Section V.

II. RELATED WORK
This section reviews recent research on temperature control
and parameter optimization. Reference [8] proposes a cas-
cade fuzzy PID (C-Fuzzy-PID) complex control method to
regulate the outer ring temperature and inner ring fuel flow.
Using Levinson’s prediction combined with fuzzy PID to
control the inner ring fuel flow not only overcomes the large
inertia of the fuel supply and the effect of transmission lag
temperature response but also suppresses temperature varia-
tions, disturbances, and other factors. The proposed control
algorithm is proved to be robust and adaptable to the tem-
perature control of high-speed airflow wind tunnel (HAWT).
Reference [9] proposes a cascaded control scheme combining
Levinson prediction with fuzzy PID control for fuel flow and
Smith predictionwith fuzzy PID control for airflow to achieve
precise gas temperature control. Experimental results demon-
strate that the proposed algorithm can achieve fast, stable, and
non-overshooting gas temperature control on the Supersonic
Hot Gas Test System (SHSTS) simulation testbed. The con-
trol accuracy can reach ±5◦C.

Reference [10] proposes the Fuzzy logic Taguchi method
(FLTM) for optimizing the parameters of the wire bonding
process. This process has 5 parameters with 3 levels for each
parameter and 243 parameter combinations. Only 27 experi-
ments are required to obtain the optimized parameters using
Taguchi method. This study shows that the proposed F LTM
provides the characteristics of smaller ball size and larger ball
shear in the wire bonding process. In reference [11], gated
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FIGURE 2. The configuration of the proposed cascade control system.

recurrent unit (GRU) is predicted Dissolved Oxygen Con-
centration (DOC) in aquaculture water, aiming to enhance
the efficiency of aquaculture production. This study employs
the Taguchi method to optimize hyperparameters, including
the number of hidden layer neurons, iterations, batch size,
learning rate, and dropout rate.

Experiments demonstrate that the proposed method
improves the accuracy of GRU predictions for DOC, effec-
tively increasing the survival rate of cultured fish. In refer-
ence [12], the optimization of parameters for a tapping center
machine is achieved by integrating uniform design, Adap-
tive Neuro-Fuzzy Inference System (ANFIS), and Multi-
Objective Particle Swarm Optimizer (MOPSO). An ANFIS
model is constructed using synchronization errors and cycle
time, and then the MOPSO algorithm is employed to search
for the optimal parameter combination for two ANFIS mod-
els. Experimental results demonstrate that this method can
shorten processing time, reduce synchronization errors, and
improve production output.

III. PROPOSED METHOD
A. TAGUCHI METHOD
The Taguchi method is used to design a robust process or
product that is less sensitive to variation caused by external
factors. Its main feature is the optimization of process or
product parameters with minimal experimental cost in order
to achieve the goal of quality improvement. The two main
tools of the Taguchi method are the orthogonal arrays (OA)
and the signal-to-noise ratio (SNR) [13], [14], [15].

Select the appropriate OA based on the number of control
factors and levels. Themost important feature of an OA is that
any two rows are orthogonal, meaning that the frequency of
occurrence of each control factor level is the same. Table 1
is an L4 OA used for three control factors, each with two
levels, for a total of four experiments. An OAmatrix arranges
numbers in rows and columns, each representing a specific

TABLE 1. Orthogonal array (L4).

factor and each expressing the combination of factor levels
used in each experimental run.

SNR is used to verify the robustness of the design, and
determine the best combination of control factor values. SNR
can be divided into three types: smaller-the-better, larger-
the-better, and nominal-is-best. These three types can be
evaluated as:

ηi = −10log(
1
n

∑n

j=1
y2ij) (1)

ηi = −10log(
1
n

∑n

j=1

1

y2ij
) (2)

ni = −10log(
1
n

∑n

j=1
y2ij − m2

ij) (3)

where ηi is the objective function, yij is the experimental
output value of the ith row of OA, mij is the target value of
the ith row of OA, and n is the number of trials. A higher
ηi indicates better performance, and besides, chooses the
appropriate type based on the nature of the problem.

The response table can be constructed based on the
experimental results’ SNR. The response table facilitates
an intuitive understanding of the impact of different factor
levels on the experimental outcomes and aids in selecting
the optimal parameter combination to achieve the goal of
parameter optimization. Suppose the optimized parameters’
experimental results are worse than the combinations from
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the orthogonal array. In that case, it is necessary to reconsider
whether other factors are not considered or the factor levels
are inappropriate.

B. CASCADE CONTROL
Cascade control is a typical control system used for temper-
ature control; it’s widely used in the combustion system of
reheating furnaces. The characteristic of cascade control is
its ability to rapidly and effectively overcome disturbances
entering the secondary loop. Due to the cascade control with
the secondary control loop, it can rapidly mitigate distur-
banceswithin the inner loop, thereby enhancing the efficiency
of the control loop [16], [17], [18], [19]. It is suitable for
controlled processes with larger time constants and pure lag,
such as power plants [16], Steel plants [17], and so on.
The configuration of the proposed cascade control system

is shown in Fig. 2. TIC is the primary controller, FICf and
FICa are secondary controllers, TE is the measured tem-
perature of the furnace hearth, FTf is the measured fuel
flow, and FTa is the measured air flow. These controllers
(including primary and secondary) are all PID controllers.
In this study, the manipulated variable of the outer loop main
controller (TIC) is transformed through the characteristic
curve of the temperature controller to provide a setpoint for
the inner loop secondary controller (FICf ). It is also given
as a setpoint to the inner loop secondary controller (FICa),
passing through the air/fuel ratio (A/F ratio) at the same time
[20], [21].

The typical relationship between the manipulated variable
of TIC and the setpoint of FIC is linear. It means that regard-
less of the load conditions, a single slope is used for the
variation of FIC setpoints. Therefore, this study proposes a
non-linear relationship between the manipulated variable of
TIC and the setpoint of FIC, as the multi-slope relationship
provides different slopes for the variation of FIC setpoints
under different load conditions.

This study uses the Taguchi method to determine the
optimal parameters of the temperature controller. The cor-
respondence between the manipulated variable (MV) of the
temperature controller and the setpoint (SP) of the fuel flow
controller is expressed as Eq (4) and Fig. 3.

y =



Ai − 0
40 − 0

(x − 0) , for 0% ≤ x ≤ 40%

Bj − Ai
70 − 40

(x − 40) , for 40% < x ≤ 70%

100 − Bj
100 − 70

(x − 70) , for x > 70%

(4)

where y is the percent of fuel flow, x is the percent of TIC
MV, Ai is the point1 of the characteristic curve in Fig. 3, Bj is
the point2 of the characteristic curve in Fig. 3.

According to empirical rules, TIC is divided into three
different slopes: below 40%, 40% to 70%, and above 70%.
According to empirical rules, TIC is divided into three dif-
ferent slopes: below 40%, 40% to 70%, and above 70%. The
ranges 0 to Ai (point1) determine the slope below 40%, Ai

FIGURE 3. The characteristic curve of the temperature controller.

(point1) to Bj (point2) determine the slope between 40% and
70%, and Bj (point2) to 100 determine the slope above 70%.
In total, there are 9 combinations of characteristic curves.
Among them, the typical characteristic curve is the one rep-
resented by A2 and B2.

IV. EXPERIMENTS AND RESULT ANALYSIS
This study found the most suitable parameter combination
by using Taguchi method. Next, we compare parameter
combinations before and after commissioning. The experi-
mental process was carried out at a steel factory in Tainan,
Taiwan.

FIGURE 4. Charge side of reheating furnace.
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A. DATA AND ENVIRONMENT
The reheating furnace used in the experimental implemen-
tation employs the SIEMENS CPU416 as the controller for
combustion control. There is no burner in the preheating
zone of the reheating furnace, which relies solely on ther-
mal convection to transport hot gases from the heating and
soaking zones to the preheating zone. Therefore, this study
doesn’t discuss the preheating zone in this paper. The drawing
of the section view of the reheating furnace was shown in
Fig. 5. Each zone can be divided into top and bottom zones;
therefore, this study targeted four zones for parameter opti-
mization, namely heating zone 1 (heating zone top), heating
zone 2 (heating zone bottom), soaking zone 3 (soaking zone
top) and soaking zone 4 (soaking zone bottom). Each zone
has two thermocouples, and the process value for the TIC is
obtained by taking the maximum value of the two thermocou-
ples, recorded every second.

FIGURE 5. Section view of reheating furnace of each zone.

B. OPTIMAL RESULTS
This research plan proposes to optimize the parameters of
the temperature controller using the Taguchi method. These
parameters include the relationship between the output of
the temperature controller and the fuel flow rate, as well as
the Gain and Integral Time of the temperature controller.
The original temperature controller parameters were point
1 of the curve (factor A) of 40 and point 2 of the curve
(factor B) of 70 for each zone. Moreover, the parameters of
heating zone 1, heating zone 2, soaking zone 3, and soaking
zone 4 were respectively 0.06, 0.06, 0.01, and 0.01 in pro-
portional gain (factor C) and 30, 40, 25, and 30 in integral
time (factor D). At the same time, the Level 2 parameters
are currently used in the original process. In other words,
A2B2C2D2 are each zone’s original temperature controller
parameters. The parameters and levels of the temperature
controller for each zone are shown in Table 2. The three levels
of point 1 of the curve (factor A) were 20, 40, and 50, and
those of point 2 (factor B) were 55, 70, and 90. The three
levels of proportional gain (factor C) were 0.04, 0.06, and

0.08, and those of integral time (factor D) were 20, 30, and
40 in heating zone 1. The three levels of proportional gain
(factor C) were 0.04, 0.06, and 0.08, and those of integral
time (factor D) were 30, 40, and 50 in heating zone 2. The
three levels of proportional gain (factor C) were 0.05, 0.1, and
0.2, and those of integral time (factor D) were 15, 25, and
35 in soaking zone 3. The three levels of proportional gain
(factor C) were 0.05, 0.1, and 0.2, and those of integral time
(factor D) were 20, 30, and 40 in soaking zone 4. Instead of
81 experiments, the L9(43) OA required only 9 experiments.

Many statistical indicators are used to determine the perfor-
mance of the parameters [2], [22], [23]. This study evaluated
the performance of the parameters by using the mean square
error (MSE), themean absolute error (MAE), and the standard
deviation (SD).
MSE , MAE , and SD can be evaluated as:

MSE =
1
n

∑n

i=1
(T_SPi − T_PV i)2 (5)

MAE =
1
n

∑n

i=1
|T_SPi − T_PV i| (6)

¯T_PV =
1
N

N∑
i=1

T_PV i

SD =

√
1
N

∑n

i=1
(T_PV i − ¯T_PV )2 (7)

where T_SPi is the setpoint of the temperature control,
T_PV i is the process variable of the temperature control.
When the MSE , MAE , and SD value verges on 0, the per-
formance of this parameter combination is outstanding.

TABLE 2. Parameters and levels of the temperature controller.

The optimization experiments were conducted in July
2023. During the continuous production process with the
same set point of temperature, data was collected continu-
ously for 60 minutes, with data recorded every second. Eq (5)
was used to evaluate the performance of the L9 parameters for
the four zones. Next, the MSE was converted by using SNR,
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which has the higher-the-better characteristic. The experi-
mental results for each zone are shown in Table 3 to Table 6.
Table 3 shows that factor levels 1, 1, 3, and 2 were selected
for factors A, B, C, and D, respectively. Thus, the best factor-
level combinations for the temperature controller in heating
zone 1 were A1: 20 (%), B1: 55 (%), C3: 0.08, and D2: 30.
The optimal characteristic curve is the one represented by A1
and B1 in Fig.3. Fig. 6 plots the effects of the factors on the
temperature controller in heating zone 1; the most important
factors were factors A and B.

TABLE 3. Experimental parameters and results for heating zone 1 in L9.

FIGURE 6. Plots of factor effects on heating zone 1.

Table 4 shows that factor levels 1, 2, 3, and 2 were selected
for factors A, B, C, and D, respectively. Thus, the best factor-
level combinations for the temperature controller in heating
zone 2 were A1: 20 (%), B2: 70 (%), C3: 0.08, and D2: 40.
The optimal characteristic curve is the one represented by
A1 and B2 in Fig.3. Fig. 7 plots the effects of the factors
on the temperature controller in heating zone 2; the most

TABLE 4. Experimental parameters and results for heating zone 2 in L9.

FIGURE 7. Plots of factor effects on heating zone 2.

important factor was factors D. Table 5 shows that factor
levels 1, 1, 2, and 2 were selected for factors A, B, C, and
D, respectively. Thus, the best factor-level combinations for
the temperature controller in soaking zone 3 were A1: 20 (%),
B1: 55 (%), C2: 0.01, and D2: 25. The optimal characteristic
curve is the one represented by A1 and B1 in Fig.3. Fig. 8
plots the effects of the factors on the temperature controller
in soaking zone 3; the most important factor was factors C.
Table 6 shows that factor levels 1, 1, 2, and 1 were selected
for factors A, B, C, and D, respectively. Thus, the best factor-
level combinations for the temperature controller in soaking
zone 3 were A1: 20 (%), B1: 55 (%), C2: 0.01, and D1: 20.
The optimal characteristic curve is the one represented by A1
and B1 in Fig.3. Fig. 9 plots the effects of the factors on the
temperature controller in soaking zone 4; the most important
factor was factors B.

The optimal parameter combinations for each zone are
different, but the factor A for each zone is consistently 1
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TABLE 5. Experimental parameters and results for soaking zone 3 in L9.

FIGURE 8. Plots of factor effects on soaking zone 3.

FIGURE 9. Plots of factor effects on soaking zone 4.

(20%). Increasing the slope can improve the performance
of the temperature controller under conditions with a load
above 40%.

C. EXPERIMENTAL VALIDATION
In the validation step, this study compared the performance
of optimal parameters with the original parameters for each

TABLE 6. Experimental parameters and results for soaking zone 4 in L9.

zone. For heating zone 1, the optimal parameters were A1,
B1, C3, and D2, and it was compared with the original param-
eters A2, B2, C2, and D2. For heating zone 2, the optimal
parameters were A1, B2, C3, and D2, and it was compared
with the original parameters A2, B2, C2, and D2. For Soaking
zone 3, the optimal parameters were A1, B1, C2, and D2, and
it was compared with the original parameters A2, B2, C2, and
D2. For Soaking zone 4, the optimal parameters were A1, B1,
C2, and D1, and it was compared with the original parameters
A2, B2, C2, and D2.

There are many variables in the reheating furnace, so it’s
impossible to have the same situation in the test.

The validation situation is described as
1) The steel type was 303.
2) Slab Temperature before entry of reheating furnace is

30◦C.
3) The set point of heating zone 1 and heating zone 2,

before and after parameter adjustment, is 1200◦C.
4) The set point of soaking zone 3 and soaking zone 4,

before and after parameter adjustment, is 1280◦C.
5) Running times and production of the before and after

commissioning were 1 hour and 52 tons, respectively.
Fig. 10 presents the control effectiveness before and after

commissioning for each zone. The TIC_PV (Before com-
missioning) means that the temperature controller uses the
original parameters, and the TIC_PV (After commissioning)
means that the temperature controller uses the optimized
parameters. The results show that the process temperature
of TIC_PV (After commissioning) is closer to the setpoint
temperature. Since the temperature rise of the steel billet in
the heating zone has an extensive range (30◦C ∼ 1200◦C),
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FIGURE 10. Validation Compare.

TABLE 7. Validation result.

it can be regarded as an influential change in temperature
loading. Therefore, TIC_PV (After commissioning) has a
better performance in the heating zone.

However, the temperature rise range of the steel billet in the
soaking zone is small (1200∼1280), which can be regarded
as the temperature loading variation is slight. Therefore, the
performance difference between TIC_PV (After commis-
sioning) and TIC_PV (Before commissioning) in the soaking
zone is insignificant.

In order to further compare the parameter combination per-
formance before and after commissioning, the mean absolute
error (MAE) and standard deviation (SD) are added as evalu-
ation indicators at this stage. The closer the process variable is
to the setpoint in temperature control, the higher the stability.
When MSE, MAE, and SD values are more relative to 0,
it indicates better performance in temperature control. The
parameter combination After commissioning exhibited lower
MSE, MAE, and SD values in the heating zone 1 & 2 and
soaking zone 4, whereas the lower MSE and SD values in the
soaking zone 3. A lowerMSE indicates a more minor hunting
error, signifying that the temperature control strategy is more
capable of providing stability. In heating zone 1, the MSE for
the controller before and after commissioning is 10.71 and
2.76, respectively. The MAE for the same controllers is
2.60 and 1.44, and the SD is 3.25 and 1.66. In heating zone 2,
the MSE for the controller before and after commissioning
is 8.64 and 5.30, respectively. The MAE is 2.41 and 1.80,
and the SD is 2.93 and 2.15. In soaking zone 3, the MSE
for the controller before and after commissioning is 4.80 and
4.65, respectively. The MAE is 1.76 and 1.82, and the SD is
2.15 and 2.11. In soaking zone 4, the MSE for the controller
before and after commissioning is 3.05 and 2.47, respec-
tively. The MAE is 1.43 and 1.29, and the SD is 1.70 and
1.49. It means that the parameter combination After com-
missioning has more effective control over temperature. The
above values are listed in Table 5. Although the parameter
combination after commissioning has only slightly improved
the soaking zones 3 and the soaking zone 4, it has obvious
improvements in the heating zones 1 and the heating zone 2.

V. CONCLUSION
This study proposes changing the relationship between TIC
MV and FIC SP to a non-linear one, providing different
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FIC SP ramp rates for various load conditions. Addition-
ally, the optimization of four parameters is carried out and
compared with the original parameters by using the Taguchi
method. Experimental results show that increasing the slope
for loads above 40% and optimizing the temperature con-
troller parameters with the Taguchi method can enhance
temperature control stability, overcome disturbances caused
by load variations, and simultaneously improve the efficiency
of the heating furnace and rolling mill production line.

Different steel grades, like SS-304 and SS-316, have dis-
tinct material properties. Therefore, the characteristic curve
determined for SS-303 may not be optimized for other steel
types, implicating a multi-objective issue. In the future, our
research team will also explore multi-objective approaches.
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