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 a b s t r a c t

In continuous casting of steel slabs, the ferrostatic pressure in the liquid core of the strand causes bending 
(also called bulging) of the strand shell between the guiding rolls. Unsteady bulging refers to a time-varying 
bending of the strand shell, leading to unwanted mold level fluctuations that can degrade the quality of the 
cast strand. Most mold level controller designs presented in the literature do not explicitly account for this 
disturbance due to the absence of suitable unsteady bulging models. As a result, these controllers often fail 
to sufficiently suppress unsteady bulging or even provoke it. This work presents a novel robust model-based 
controller design that systematically considers unsteady bulging by incorporating a control-oriented unsteady 
bulging model. Unlike previous approaches, the proposed method also accounts for variations in plant parameters 
to ensure robust suppression of unsteady bulging and consistent control performance across the entire range of 
operating conditions. The proposed controller is validated on industrial continuous slab casters, where it is now 
permanently used and achieves a significant reduction in mold level fluctuations.

1.  Introduction

In a continuous caster, liquid steel is cast into semi-finished products 
like slabs. The upper section of a continuous slab caster is shown in 
Fig. 1.

Liquid steel flows from a tundish through a submerged entry noz-
zle (SEN) into a water-cooled copper mold with rectangular cross-
section (area 𝐴 = 𝐻𝑊 ). Inside the mold, also known as the primary 
cooling zone, the steel begins to solidify from the outer surface, form-
ing a solid strand shell, i.e., a rectangular tube. Below the mold, the 
strand shell is supported by an array of rolls (on the wide face), which 
also transport the strand with casting speed 𝑣. Water sprays further 
cool the strand in this region, referred to as the secondary cooling 
zone. The rolls are grouped into segments numbered by 𝑛. Within 
segment 𝑛, the individual roll distances 𝑙𝑘, where 𝑘 denotes the roll 
number, are equal to (or non-uniformly distributed about) the spe-
cific roll pitch 𝐿𝑛 (Murakami et al., 2004). The ferrostatic pressure 𝑝
in the liquid core of the strand leads to the bending deflection 𝑏, so-
called bulging, of the wide-face shell between the supporting rolls, see
Fig. 1.
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The mold level 𝑦m represents the spatially averaged height of the 
liquid steel surface (meniscus) in the mold. This surface is covered by a 
slag layer, which protects it from exposure to ambient air and thus oxi-
dation. Furthermore, liquid slag is drawn into the narrow gap between 
the strand shell and the mold wall, where it functions both as a lubri-
cant and for regulating heat transfer (Craig et al., 2001). Maintaining 
a flat and constant liquid steel surface is essential for consistent pro-
cess conditions, uniform (initial) growth of the strand shell, and thus 
for producing high-quality slabs. Fluctuations of the mean mold level 
occur if the inflow 𝑞 of steel through the SEN is unequal to the outflow 
from the mold, see Fig. 1. Such fluctuations can lead to a non-uniform 
initial shell growth or entrapment of particles from the slag layer into 
the strand, thereby compromising product quality (Cukierski & Thomas, 
2008; Zhang et al., 2020). Slabs affected by surface defects typically re-
quire postprocessing, such as scarfing (Lee et al., 2024), which is both 
time-consuming and cost-intensive.

Therefore, feedback control is essential to keep the mold level at 
its constant set point and to reject disturbances. To this end, the mold 
level is measured, e.g., by electromagnetic field sensors (eddy-current 
sensors) (Saleem et al., 2020). The steel inflow 𝑞 into the mold is
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Fig. 1. Upper section of a continuous slab caster with a detailed view of bulging 
of the strand shell between the rolls.

Fig. 2. Transfer function model of the overall mold level control loop, including 
the basic mold level control loop (black) and the bulging loop (red), for constant 
casting speed (Δ𝑣 = 0).

controlled by a valve equipped with a vertically actuated stopper rod, 
where 𝑢 denotes its position, cf. Fig. 1. This results in the basic mold 
level control loop shown in Fig. 2 in black.

Unwanted variations in the steel inflow 𝑞 and resulting mold level 
fluctuations can be caused by turbulent flow patterns in the SEN (Tacke, 
2014), clogging, which is the accumulation of aluminum oxide on the 
stopper rod or inside the SEN, or unclogging, where deposits are par-
tially dislodged. In industrial practice, clogging and unclogging are mit-
igated by injecting argon gas into the submerged entry nozzle (SEN) 
at the tip of the stopper rod (Bai & Thomas, 2001), and both the SEN 
and the stopper rod are regularly replaced. The steel outflow can be dis-
turbed, e.g., by (fast) changes of the casting speed or unsteady bulging. 
Unsteady bulging refers to a time-varying bending deflection 𝑏 of the 
strand shell between the rolls in the secondary cooling zone (see Fig. 1), 
which induces periodic changes in the volume enclosed by the strand 
shell. This results in periodic variations in the steel outflow and mold 
level fluctuations. Figure 3 presents the amplitude spectrum of measured 
mold level fluctuations caused by unsteady bulging.

This amplitude spectrum indicates harmonic oscillations (approxi-
mately) at the so-called bulging frequencies 
𝑓𝑖,𝑛 = 𝑖 𝑣

𝐿𝑛
𝑖, 𝑛 ∈ ℕ, (1)

where 𝑣 is the casting speed and 𝐿𝑛 is the roll pitch in segment 𝑛. These 
frequencies correspond to integer multiples of the frequency 𝑣

𝐿𝑛
 with 

which a point on the strand passes support rolls of segment 𝑛. At the fre-
quencies 𝑓𝑖,𝑛 according to (1), the individual time-varying bending de-
flections between the rolls of segment 𝑛 are synchronous, i.e., in phase. 

Fig. 3. Typical amplitude spectrum of the mold level disturbed by unsteady 
bulging measured on a continuous slab caster.

The individual effects of synchronous variations in the bending deflec-
tions on the mold level sum up and can thus cause high mold level 
fluctuations, cf. (Landauer et al., 2024). In contrast, the individual ef-
fects of non-synchronous variations in the bending deflections on the 
mold level (partially) cancel each other out and are thus not critical. At 
the considered industrial slab caster, measurable mold level fluctuations 
caused by unsteady bulging are observed at frequencies associated with 
the segments 𝑛 = 1 to 8 and up to the multiple 𝑖 = 7.

Lee and Yim (2000) showed that unsteady bulging can result from 
variations Δ𝑑 of the thickness of the strand shell (with wavelength 𝜆), as 
indicated in Fig. 1. Such thickness variations stem from an uneven solid-
ification of the strand shell, which can be caused by mold level fluctua-
tions, cf. (Azizi et al., 2020). These mold level fluctuations, in turn, may 
result from unsteady bulging, which creates an internal feedback loop, 
the so-called bulging loop (Furtmueller & del Re, 2008; Hirschmanner 
et al., 2011; Lamant et al., 1990; Landauer et al., 2024; Yoon et al., 
2002). This loop is shown in Fig. 2 in red. Landauer et al. (2024) pre-
sented a control-oriented model of the bulging loop. They showed that 
the emergence of unsteady bulging with continuously growing ampli-
tudes, so-called self-excited unsteady bulging, is related to an unstable 
overall mold level control loop, which is the combination of the basic 
mold level control loop and the bulging loop, see Fig. 2. The control 
behavior of the basic mold level control loop plays a significant role in 
the emergence and behavior of unsteady bulging. This will be discussed 
in more detail in Section 2.3.

Typically, PI/PID control (Kong & de Keyser, 1993; Lamant et al., 
1990), lead-lag compensation (Kong & de Keyser, 1993), fuzzy control 
(Feng et al., 2020; González-Yero et al., 2021; Zhang & Ji, 2014), it-
erative learning control (You et al., 2011), model predictive control 
(De Keyser, 1997), 𝐻∞-control (Iijima & Mizuno, 2007; Kitada et al., 
1998; Kurokawa et al., 1993; Schuurmans et al., 2005), and adaptive 
control (González-Yero et al., 2018; Jabri et al., 2010) are used to feed-
back control the mold level. In the design of these controllers, the inter-
nal feedback loop associated with unsteady bulging is typically ignored. 
As a result, the control action often fails to sufficiently suppress unsteady 
bulging or may even provoke it. Therefore, disturbance-feedforward 
concepts are often used in addition to the basic mold level controller 
to selectively suppress identified mold level disturbances caused by un-
steady bulging, see, e.g., (Furtmueller et al., 2012; Jabri et al., 2008, 
2011; Kim et al., 2011). In this case, unsteady bulging is considered as 
an unknown exogenous harmonic disturbance. Its frequency, amplitude, 
and phase are estimated by an observer. Tests on the considered indus-
trial slab caster showed that even small estimation errors can signifi-
cantly degrade the performance of this disturbance-feedforward control 
approach. Reliable estimation requires a low model-plant mismatch of 
the observer model and sufficiently long measurements (depending on 
the signal-to-noise ratio), which introduces an additional delay in the 
control loop and limits the control bandwidth.

Failure of a control concept means that the amplitudes of unsteady 
bulging continuously increase, which can cause serious defects in the 
cast strand or, in the worst case, a breakout of the strand shell. A com-
mon strategy to prevent this situation is to reduce the casting speed. 
This measure suppresses unsteady bulging by increasing the strand shell 
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thickness, as discussed in (Landauer et al., 2024). However, the draw-
back of this strategy includes reduced plant throughput and additional 
costs. In contrast, employing a suitable mold level controller that effec-
tively suppresses unsteady bulging by rejecting the associated mold level 
fluctuations, thereby fostering uniform growth of the strand shell, is a 
more efficient solution. Based on this solution idea, the present paper 
introduces a novel robust controller design. Unlike previous approaches 
presented in the literature, this design systematically incorporates the 
bulging loop. To this end, a control-oriented model of the bulging loop 
presented in (Landauer et al., 2024) is utilized.

1.1.  Related work

There are a few works like (Iijima & Mizuno, 2007), where 𝐻∞-
synthesis is used to design a controller with increased control action 
in the typical frequency range of mold level fluctuations caused by un-
steady bulging. However, Iijima and Mizuno (2007) did not systemati-
cally consider the dynamic behavior of unsteady bulging by means of a 
model of the bulging loop and tested their solution only in simulations. 
The analysis conducted in Section 2.1 of the present paper reveals high 
(temporal) variations in the plant parameters. Such variations should 
be considered in the design of a mold level controller to ensure robust 
stability and sufficient control performance across the entire range of 
plant parameter values. González-Yero et al. (2018) account for these 
variations by means of a gain-scheduled PI controller. However, they 
did not account for the bulging loop or variations in the dead time of 
the plant.

1.2.  Contribution of this work

This work presents a novel, robust mold level controller design, 
specifically aimed at suppressing unsteady bulging. Unlike existing mold 
level controller designs in the literature, the internal feedback mech-
anism associated with unsteady bulging is systematically considered 
in the controller design by incorporating a control-oriented unsteady 
bulging model. The outcome is a novel gain-scheduled controller that 
dynamically adapts its parameters in response to variations in the plant 
parameters. To support this adaptability, a method for online estimation 
of the relevant plant parameters is also introduced.

1.3.  Outline of this work

A model of the overall mold level control loop, including the basic 
mold level control loop and the bulging loop, is presented in Section 2. 
Furthermore, this section summarizes key insights from (Landauer et al., 
2024) relevant for the design of a mold level controller to systematically 
suppress unsteady bulging. Section 3 presents the design of two robust 
controllers, which can suppress unsteady bulging. The first controller 
has fixed parameters. The second controller incorporates gain schedul-
ing to account for variations in the plant parameters. While both con-
trollers effectively suppress unsteady bulging, the gain-scheduled con-
troller achieves notably better control performance. Section 4 presents 
the validation of the developed gain-scheduled controller and shows a 
significant reduction of mold level fluctuations associated with unsteady 
bulging. Finally, Section 5 presents some concluding remarks.

2.  Model of the overall mold level control loop

This section recaps the transfer-function model of the overall mold 
level control loop presented in (Landauer et al., 2024). This model de-
scribes the plant behavior in terms of small deviations (denoted as Δ) 
from the steady state. Additionally, this section summarizes key insights 
relevant to the systematic design of a controller for suppressing unsteady 
bulging. The overall mold level control loop consists of the basic mold 
level control loop and the bulging loop, shown in black and red, respec-
tively, in Fig. 2.

2.1.  Basic mold level control loop

The transfer function1 describing how changes of the stopper rod 
position Δ𝑢 influence fluctuations in the inflow rate Δ𝑞 of liquid steel 
into the mold is typically considered in the form (Furtmueller & del Re, 
2008; González-Yero et al., 2018; Jabri et al., 2011; Kim et al., 2011; 
Lamant et al., 1990) 

𝐺S(𝑠) =
Δ𝑞(𝑠)
Δ𝑢̂(𝑠)

=

√

ℎt
ℎ0t

𝑉S exp(−𝑠𝜏S). (2)

Here, 𝑉S denotes the gain and 𝜏S the dead time between a movement 
of the stopper rod and the reaction of the mold level. This dead time 
can significantly influence the achievable control performance of the 
basic mold level control loop (Asano et al., 1996; Jabri, 2010). The term 
√

ℎt∕ℎ0t  accounts for the dependence of the steel flow 𝑞 through the 
SEN on the steel level ℎt in the tundish relative to the nominal level ℎ0t , 
see Fig. 1. The position 𝑢(𝑡) of the stopper rod is feedback controlled 
by a hydraulic system that uses a separate (cascade) controller whose 
bandwidth exceeds that of the basic mold level control loop by more 
than an order of magnitude. Consequently, the actuator dynamics are 
approximated by the transfer function 1 within the considered frequency 
range.

The relationship between changes in the steel inflow Δ𝑞 and resulting 
fluctuations in the mean mold level Δ𝑦𝑢 can be expressed through the 
transfer function 

𝐺m(𝑠) =
Δ𝑦̂𝑢(𝑠)
Δ𝑞(𝑠)

= 1
𝑠𝐴

(3)

derived from a volume balance, where 𝐴 = 𝐻𝑊  denotes the mold area, 
see Fig. 1. The transfer function, relating changes in the stopper rod po-
sition Δ𝑢 to resulting mold level fluctuations Δ𝑦𝑢, is given by the product 
of (2) and (3)

𝐺(𝑠) = 𝐺S(𝑠)𝐺m(𝑠) =

√

ℎt
ℎ0t

𝑉S
𝑠𝐴

exp(−𝑠𝜏S). (4)

The dynamics of the mold level sensors used at the considered indus-
trial caster exceed the control bandwidth of the basic mold level control 
loop by more than an order of magnitude. Consequently, within the 
considered frequency range, the sensor is approximated by the transfer 
function 1 and additive sensor noise Δ𝑛s (see Fig. 2).

During normal operation, the casting speed 𝑣 is typically constant 
or it changes slowly enough to be considered quasi-constant, i.e., Δ𝑣 =
0. Significant (temporal) variations in the plant parameters 𝑉S and 𝜏S
can be observed during casting. These variations are mainly caused by 
clogging or wear of the stopper rod and the SEN and changing casting 
conditions (Asano et al., 1996; Furtmueller et al., 2012; Jabri, 2010; 
Lamant et al., 1990). To explore variations in the plant parameters in 
detail, dedicated measurements were conducted at an industrial plant. 
The mold level was excited by harmonic oscillations Δ𝑢e applied to the 
stopper rod, cf. Fig. 2, with frequency 𝑓e and amplitudes that do not 
compromise the product quality. The frequency response of 𝐺(𝑠) can 
then be estimated (pointwise) according to 

𝐺e(𝑗2𝜋𝑓e) =
Δ𝑦̂m(𝑗2𝜋𝑓e)
Δ𝑢̂(𝑗2𝜋𝑓e)

, (5)

where Δ𝑦̂m(𝑗2𝜋𝑓e) and Δ𝑢̂(𝑗2𝜋𝑓e) correspond to the frequency compo-
nents of the measured mold level Δ𝑦m and the stopper rod position Δ𝑢, 
respectively, at the frequency 𝑓e. Comparing (4) and (5) gives the esti-
mated plant parameters 

𝑉 e
S = 2𝜋𝑓e𝐴

√

ℎ0t
ℎt

|

|

|

𝐺e(𝑗2𝜋𝑓e)
|

|

|

, 𝜏eS = − 1
2𝜋𝑓e

(

arg(𝐺e(𝑗2𝜋𝑓e)) +
𝜋
2

)

. (6)

1 Henceforth, a hat on a symbol refers to the corresponding Laplace-
transformed quantity.
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Fig. 4. Comparison of the frequency response of the model 𝐺(𝑠) defined in (4) 
with measurements 𝐺e(𝑗2𝜋𝑓e) according to (5).

For a typical operating scenario, Fig. 4 compares the obtained measure-
ment results and the model 𝐺(𝑠) with identified parameter values. This 
corroborates that the structure of the model 𝐺(𝑠) according to (4) is ap-
propriate for describing the measured dynamic behavior of the plant 
within the shown frequency range.

Repeating this identification for other operating scenarios and other 
conditions (clogging, wear) of the stopper rod and the SEN revealed that 
the estimated parameters can vary within the ranges 
𝑉 e
S ∈ [0.5, 2.1]m2∕s, 𝜏eS ∈ [0.2, 0.8] s. (7)

The corresponding uncertainty of 𝐺(𝑠) is indicated by the gray hatched 
area in Fig. 4.

In the continuous caster considered for this work, a manually tuned 
PI controller with the transfer function 

𝐶PI(𝑠) = 𝐴

√

ℎ0t
ℎt

⏟⏟⏟
𝐾

(

𝐾p +
𝐾i
𝑠

)

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
𝐶0
PI(𝑠)

(8)

has been used so far, with parameter values of 𝐾p = 0.81m−2 and 𝐾i =
0.0541m−2s−1. The mold area 𝐴 and the steel level ℎt in the tundish are 
accurately known parameters that vary only slowly over time. With the 
choice of the gain 𝐾 in (8), the parameters 𝐴, ℎt , and ℎ0t  cancel out 
in the open-loop transfer function 𝐺(𝑠)𝐶(𝑠) for 𝐶(𝑠) = 𝐶PI(𝑠), cf. (4), and 
therefore do not influence the control performance (in terms of rejection 
of output disturbances).

The control performance of the basic mold level control loop, 
cf. Fig. 2, is characterized by the transfer functions 

𝑆(𝑠) = 1
1 + 𝐺(𝑠)𝐶(𝑠)

, (9a)

𝑇 (𝑠) = 1 − 𝑆(𝑠) =
𝐺(𝑠)𝐶(𝑠)

1 + 𝐺(𝑠)𝐶(𝑠)
, (9b)

𝐶(𝑠)𝑆(𝑠) =
𝐶(𝑠)

1 + 𝐺(𝑠)𝐶(𝑠)
. (9c)

𝑆(𝑠) and 𝑇 (𝑠) are the sensitivity function and the complementary sen-
sitivity function, respectively. The sensitivity function quantifies the ef-
fectiveness of the mold level controller in rejecting output disturbances 
Δ𝑛𝑦, i.e., it describes the transfer characteristic from output disturbances 
Δ𝑛𝑦 to resulting mold level fluctuations Δ𝑦m, cf. Fig. 2. The complemen-
tary sensitivity function characterizes, among other things, the influence 
of sensor noise Δ𝑛s (see Fig. 2) on the mold level. The product 𝐶(𝑠)𝑆(𝑠)
describes the response of the stopper rod position Δ𝑢 to output distur-

Fig. 5. Frequency responses of 𝑆(𝑠), 𝐶(𝑠)𝑆(𝑠), and 𝑇 (𝑠) according to (9) for 
the PI controller 𝐶(𝑠) = 𝐶PI(𝑠) defined in (8) and different values of the plant 
parameters 𝑉S and 𝜏S.

bances Δ𝑛𝑦. These transfer functions will be employed in Section 3 to 
facilitate a systematic controller design.

Figure 5 shows the corresponding frequency responses of 𝑆(𝑠), 
𝐶(𝑠)𝑆(𝑠), and 𝑇 (𝑠) for different values of the plant parameters 𝑉S and 
𝜏S within the identified ranges according to (7) and the PI controller 
𝐶(𝑠) = 𝐶PI(𝑠) defined in (8).

From standard control theory, see, e.g., (Skogestad & Postleth-
waite, 2005), it is known that these frequency responses can be sep-
arated into three frequency regions based on the frequency response 
|𝐺(𝑗2𝜋𝑓 )𝐶(𝑗2𝜋𝑓 )| of the open basic mold level control loop, which is 
shown in Fig. 6. The following relations, which can be inferred from
(9), hold true:

1. |𝑆(𝑗2𝜋𝑓 )| ≈ 1∕|𝐺(𝑗2𝜋𝑓 )𝐶(𝑗2𝜋𝑓 )| and |𝑇 (𝑗2𝜋𝑓 )| ≈ 1 at low frequen-
cies 𝑓 where |𝐺(𝑗2𝜋𝑓 )𝐶(𝑗2𝜋𝑓 )| ≫ 1.

2. |𝑆(𝑗2𝜋𝑓 )| ≈ 1 and |𝑇 (𝑗2𝜋𝑓 )| ≈ |𝐺(𝑗2𝜋𝑓 )𝐶(𝑗2𝜋𝑓 )| at high frequencies 
𝑓 where |𝐺(𝑗2𝜋𝑓 )𝐶(𝑗2𝜋𝑓 )| ≪ 1.

Thus, at both low and high frequencies, |𝑆(𝑗2𝜋𝑓 )| and |𝑇 (𝑗2𝜋𝑓 )| are 
approximately independent of the dead time 𝜏S, which may also be in-
ferred from Fig. 5. However, in the intermediate frequency region where
|𝐺(𝑗2𝜋𝑓 )𝐶(𝑗2𝜋𝑓 )| ≈ 1, both |𝑆(𝑗2𝜋𝑓 )| and |𝑇 (𝑗2𝜋𝑓 )| depend signifi-
cantly on the dead time 𝜏S, cf. (9) and Fig. 5.

The control bandwidth, defined as the frequency where |𝑆(𝑗2𝜋𝑓 )|
first exceeds −3 dB (Skogestad & Postlethwaite, 2005), is strongly influ-
enced by the plant gain 𝑉S, as shown in Fig. 5(a). Within the control 
bandwidth, output disturbances Δ𝑛𝑦, see Fig. 2, are effectively attenu-
ated by the basic mold level control loop. However, due to the so-called 
waterbed effect (Skogestad & Postlethwaite, 2005), the magnitude of the 
sensitivity function |𝑆(𝑗2𝜋𝑓 )| inevitably exceeds 0 dB at frequencies be-
yond the control bandwidth, leading to a pronounced peak, commonly 
referred to as the sensitivity peak. At these frequencies, disturbances are 
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Fig. 6. Frequency response of the open basic mold level control loop 𝐺(𝑠)𝐶(𝑠), 
cf. Fig. 2, for the PI controller 𝐶(𝑠) = 𝐶PI(𝑠) defined in (8) and different values 
of the plant parameters 𝑉S and 𝜏S. The magnitude does not depend on the dead 
time 𝜏S and is therefore shown in black.

amplified by the basic mold level control loop. The height of the sensi-
tivity peak depends on the plant parameters 𝑉S and 𝜏S, which, in turn, 
depend on the casting conditions and the condition (clogging, wear) of 
the stopper rod and the SEN. The sensitivity peaks shown in Fig. 5(a) 
are especially high for large values of 𝑉S and 𝜏S. According to Skoges-
tad and Postlethwaite (2005), high sensitivity peaks are associated with 
low phase and gain margins of the control loop, as illustrated in Fig. 6. 
Consequently, a controller design that increases both the phase and the 
gain margin also reduces the height of the sensitivity peaks.

As demonstrated in the following section, high sensitivity peaks 
not only amplify disturbances in the related frequency range but can 
also destabilize the overall mold level control loop (see Fig. 2), lead-
ing to unsteady bulging. To avoid this, Section 3 presents a robust 
controller design that minimizes these sensitivity peaks across the 
entire range of plant parameter values (7) and, consequently, facil-
itates an effective way to suppress unsteady bulging in continuous
slab casters.

2.2.  Bulging loop

Figure 2 indicates that the bulging loop consists of two sub-models 
𝐺𝑦m ,𝑑0 (𝑠) and 𝐺𝑑0 ,𝑦𝑏 (𝑠), capturing an uneven growth of the strand shell 
in the mold (see Fig. 1) and the resulting unsteady bulging of the 
strand shell between the supporting rolls, respectively. As described 
in (Landauer et al., 2024), the local thickness variation Δ𝑑(𝑥, 𝑡) of 
the strand shell in the roll array (𝑥 > 0) originates from uneven (ini-
tial) solidification in the mold, caused by mold level fluctuations. 
The local thickness variations Δ𝑑(𝑥, 𝑡) are determined by the (har-
monic) thickness variation Δ𝑑0(𝑡) = 𝐷sin(2𝜋𝑓𝑡) leaving the mold at 
the mold exit (𝑥 = 0). It is assumed that this thickness variation 
approximately persists as it moves downward through the roll ar-
ray with the strand at the casting speed 𝑣, which can be expressed
as 
Δ𝑑(𝑥, 𝑡) = Δ𝑑0

(

𝑡 − 𝑥
𝑣

)

, 𝑥 ≥ 0. (10)

The uneven growth of the strand shell in the mold, caused by mold level 
fluctuations, is formulated by the transfer function 

𝐺𝑦m ,𝑑0 (𝑠) =
Δ𝑑0(𝑠)
Δ𝑦̂m(𝑠)

= 𝑉shell exp
(

−𝑠
𝑦m,s

𝑣

)

. (11)

It relates mold level fluctuations Δ𝑦m and resulting thickness varia-
tions Δ𝑑0 at 𝑥 = 0. 𝑉shell represents the sensitivity of the (initial) shell 
growth to mold level fluctuations and is especially high for peritectic 
steel grades, cf. (Azizi et al., 2020; Lei et al., 2023; Xia et al., 2011). The 
time delay 𝑦m,s

𝑣  represents the transport time of the strand shell through 
the mold, where the transport distance is the steady-state mold level 
𝑦m,s.

A control-oriented unsteady bulging model that captures the rela-
tionship between thickness variations Δ𝑑0 and mold level fluctuations 
Δ𝑦𝑏 caused by unsteady bulging (see Fig. 2) was first developed by Lan-
dauer et al. (2024). This model is suitable for stability analysis in closed-
loop simulations and for systematic control design and tuning using 
frequency-domain methods. It is based on a detailed bulging model de-
rived from beam bending theory. In this model, the solid strand shell is 
treated as a beam with a local thickness 𝑑(𝑥, 𝑡) and a time-invariant tem-
perature distribution 𝑇 (𝑥, 𝑧). These properties are assumed to be identi-
cal for both wide faces of the strand and independent of the transverse 
direction 𝑦 (see Fig. 1). The strand shell is supported by rolls and bulges 
between these rolls because of the ferrostatic pressure 
𝑝(𝑥) = 𝜌𝑔ℎ(𝑥), (12)

as illustrated in Fig. 1. Here, 𝜌, 𝑔, and ℎ represent the liquid steel den-
sity, the gravitational acceleration, and the vertical distance between the 
mold level and the cross-section of the strand at the position 𝑥, respec-
tively. The model captures elastic and viscoplastic (creep) deformation. 
The high temperature of the strand shell promotes viscoplastic deforma-
tion, which significantly contributes to the overall bulging deflections. A 
nonlinear bulging model is derived in (Landauer et al., 2024) by apply-
ing constitutive equations (including a nonlinear creep law) and mate-
rial parameters from (Kozlowski et al., 1992) together with basic beam 
bending theory. This model accurately captures the bending deflection 
𝑏 (see Fig. 1) and the bending moment 𝑀 , which are governed by the 
boundary value problem 
𝜕2𝑏(𝑥, 𝑡)
𝜕𝑥2

= 𝜅(𝑥, 𝑡), (13a)

𝜕2 𝑀(𝑥, 𝑡)
𝜕𝑥2

= −𝑊 𝑝(𝑥), (13b)

with the boundary conditions 
𝜕𝑏
𝜕𝑥

(0, 𝑡) = 0, 𝜕𝑏
𝜕𝑥

(𝑥𝑁 , 𝑡) = 0, (14a)

𝑏(𝑥𝑘, 𝑡) = 0 ∀𝑘 = 0, 1,… , 𝑁, (14b)

where 𝑥𝑘 denotes the position of roll number 𝑘. The curvature 𝜅 is the 
sum of an elastic component 

𝜅e(𝑥, 𝑡) = −
𝑀(𝑥, 𝑡)
𝜉(𝑥, 𝑑)

, (15)

where 𝜉 denotes the bending stiffness, and a viscoplastic component 𝜅c, 
governed by the nonlinear differential equation (inhomogeneous trans-
port equation)
𝜕𝜅c(𝑥, 𝑡)

𝜕𝑡
+ 𝑣

𝜕𝜅c(𝑥, 𝑡)
𝜕𝑥

= 𝜅̇c(𝑥, 𝑡) = (16)

−
𝑀(𝑥, 𝑡)−𝑀h(𝑥, 𝜅c, 𝑑)

𝐼c(𝑥, 𝑑)𝑐
(

𝑇̄ (𝑥)
) |𝑀(𝑥, 𝑡)−𝑀h(𝑥, 𝜅c, 𝑑)|𝑐

(

𝑇̄ (𝑥)
)

−1.

𝑇̄  is the local mean temperature of the strand shell averaged over z, see 
Fig. 1, and 𝑐 is known as the creep exponent. The term 𝐼c represents 
the so-called creep integral (Lamant et al., 1985) and can be understood 
as the resistance of the beam against viscoplastic bending deformation. 
In (16), 𝑀h represents an opposing bending moment that accounts for 
hardening effects. A more detailed explanation of the terms in (16) is 
given in (Landauer et al., 2024).

The nonlinear bulging model (12)–(16) describes the entire dynamic 
behavior of bulging, including the steady state denoted by the sub-
script s. However, the computational complexity of this nonlinear model 
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Fig. 7. Overview of considered bulging models.

makes it unsuitable for analyzing dynamic system behavior in the fre-
quency domain or in closed-loop simulations, which is essential for a 
systematic controller design. Therefore, the model is simplified through 
linearization around the steady state. This linearization step is accept-
able because unsteady bulging corresponds to small deviations from 
the steady state. Figure 7 provides a graphical overview of the bulging 
models and summarizes the related inputs and outputs. By applying the 
Laplace transformation to the linearized model, the transfer function 

𝐺𝑑0 ,𝑦𝑏𝑛
(𝑠) =

Δ𝑦̂𝑏𝑛 (𝑠)

Δ𝑑0(𝑠)
(17)

describing unsteady bulging is obtained. In fact, (17) describes mold 
level fluctuations Δ𝑦𝑏𝑛  associated with unsteady bulging in segment 𝑛
caused by thickness variations Δ𝑑0 of the strand shell. The contribu-
tions Δ𝑦𝑏𝑛  from the individual segments superpose and form the overall 
mold level fluctuations Δ𝑦𝑏 due to bulging. Although the linear unsteady 
bulging model from (Landauer et al., 2024) does not yield an analytical 
expression for (17), it can be numerically evaluated with 𝑠 = 𝑗2𝜋𝑓 for 
specific frequencies 𝑓 , to obtain the frequency response 𝐺𝑑0 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )
(pointwise).

The product of (11) and (17) then gives the transfer function 

𝐺𝑦m ,𝑦𝑏𝑛
(𝑠) = 𝐺𝑑0 ,𝑦𝑏𝑛

(𝑠)𝐺𝑦m ,𝑑0 (𝑠) (18)

of the (open) bulging loop, cf. Fig. 2, describing the relation between the 
total mold level fluctuations Δ𝑦m and mold level fluctuations Δ𝑦𝑏𝑛  due 
to resulting unsteady bulging for the individual segments numbered by 
𝑛. Figure 8 shows the corresponding frequency response 𝐺𝑦m ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )
for segment 𝑛 = 2 with roll pitch 𝐿2 = 185mm and a casting speed of 
𝑣 = 1.3m∕min (a detailed list of the operating conditions can be found 
in (Landauer et al., 2024)).

The frequency 𝑓 is normalized with respect to the first harmonic 𝑓1,2
of the bulging frequencies of segment 2, see (1). Significant peaks are 
observed at the frequencies 𝑓𝑖,2 = 𝑖𝑓1,2, 𝑖 ∈ ℕ. At these frequencies, an 
integer multiple 𝑖 of the wavelength 𝜆 of the thickness variation Δ𝑑, 
cf. Fig. 1, matches the roll pitch in segment 2, causing synchronous os-
cillations of the strand shell between the rolls of this segment, see (Lan-
dauer et al., 2024). The heights of these peaks asymptotically decrease 
by 40 dB∕dec. The high phase values result from the transport time of 
the strand shell from the mold level to the respective rolls.

2.3.  Stability analysis of the overall mold level control loop

BIBO (Bounded-Input, Bounded-Output) stability of the (closed) 
overall mold level control loop can be evaluated using the transfer func-
tion 

𝐿𝑛𝑦 ,𝑦𝑏𝑛
(𝑠) =

Δ𝑦̂𝑏𝑛 (𝑠)
Δ𝑛̂𝑦(𝑠)

= 𝐺𝑦m ,𝑦𝑏𝑛
(𝑠)𝑆(𝑠). (19)

Fig. 8. Frequency response 𝐺𝑦m ,𝑦𝑏𝑛
(𝑗2𝜋𝑓 ) of the (open) bulging loop in Fig. 2, for 

segment 𝑛 = 2 with roll pitch 𝐿2 = 185mm and a casting speed of 𝑣 = 1.3m∕min.

Fig. 9. Frequency responses of the sensitivity function 𝑆(𝑠) (of the basic mold 
level control loop) and the open-loop transfer function 𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑠) for segment 
𝑛 = 2. Case A with the parameter values 𝑉S = 1.8m2 s−1, 𝜏S = 0.57 s and case B 
with the parameter values 𝑉S = 1.5m2 s−1, 𝜏S = 0.3 s. 𝑉shell = 1.45 holds true in 
both cases.

It describes the relation between output disturbances Δ𝑛𝑦 and mold 
level fluctuations Δ𝑦𝑏𝑛  caused by unsteady bulging in segment 𝑛, con-
sidering an open bulging loop and a closed basic mold level control 
loop, cf. Fig. 2. According to (Landauer et al., 2024), the closed overall 
mold level control loop is potentially unstable if2 the open-loop gain 
|𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| exceeds 0 dB for any segment 𝑛 and at any frequency 𝑓 .
Figure 9 shows the open-loop gain |𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| for segment 𝑛 = 2
together with the sensitivity function |𝑆(𝑗2𝜋𝑓 )| of the basic mold level 
control loop for two different sets of parameter values (case A and B). 
Both (19) and Fig. 9 show that the height of the individual peaks in 
|𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| depends on |𝑆(𝑗2𝜋𝑓 )|. Active damping by the basic mold 
level control loop (|𝑆(𝑗2𝜋𝑓 )| < 1) is achieved only for the first peak in 
|𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| at 𝑓1,2 = 0.117Hz. The remaining peaks in |𝐿𝑛𝑦 ,𝑦𝑏𝑛
(𝑗2𝜋𝑓 )|

are located beyond the control bandwidth of the basic mold level control 
loop and are actually amplified, particularly within the frequency range 
surrounding the sensitivity peak.

The location and height of this sensitivity peak, in turn, are influ-
enced by the plant parameters 𝑉S and 𝜏S, as indicated in Fig. 5(a). For 
the parameter set of case A, the peak in |𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| at the frequency 
𝑓3,2 = 0.351Hz exceeds the 0 dB-line. As a consequence, self-excited un-
steady bulging with growing amplitudes was observed near this fre-
quency, as reported in (Landauer et al., 2024). To demonstrate the in-
fluence of the location and height of the sensitivity peak on the stability 
of the overall mold level control loop, Fig. 9 shows |𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| and 

2 A detailed stability analysis based on the Nyquist stability criterion is con-
ducted in (Landauer et al., 2024).
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|𝑆(𝑗2𝜋𝑓 )| also for a second parameter set (case B). For this parameter 
set, the height of the sensitivity peak is significantly lower. In contrast to 
case A, none of the peaks in |𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| exceed the 0 dB line in case 
B, and unsteady bulging did not occur. This indicates that (self-excited) 
unsteady bulging is linked to an unstable overall mold level control loop.

Based on these insights, it can be concluded that effective strate-
gies for suppressing (self-excited) unsteady bulging should ensure 
|𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )|< 1 (0 dB) for all frequencies 𝑓 and across the entire range 
of plant parameter values (7). This can be achieved by a reduction of 
the height of the individual peaks in |𝐺𝑦m ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| or the height of the 
sensitivity peaks, cf. (19). A reduction of the height of the individual 
peaks in |𝐺𝑦m ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| can be accomplished by decreasing the casting 
speed 𝑣. This leads to an increase in the thickness of the strand shell 
and, consequently, reduces the impact of thickness variations on the de-
flection of the strand shell. The downside of this measure is a reduced 
plant throughput.

A less intrusive and inexpensive strategy to stabilize the (closed) 
overall mold level control loop and, consequently, to suppress unsteady 
bulging is an improved design of the feedback controller to reduce the 
height of the sensitivity peaks of the basic mold level control loop. This 
strategy is elaborated in the following section.

3.  Robust controller design

The purpose of a robust mold level feedback controller 𝐶(𝑠) is to 
guarantee stability of the overall mold level control loop (see Fig. 2) 
and to achieve the desired control performance across the entire range of 
plant parameter values, i.e., robust stability and robust performance. A 
sufficient (though not necessary) condition for the stability of the overall 
mold level control loop is that the magnitude |𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )|, as defined 
in (19), remains below 1 (0 dB) for any frequency 𝑓 , all segments 𝑛 of the 
roll array, and for the entire range of plant parameter values specified in
(7). Figure 8 shows the gain |𝐺𝑦m ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| of the (open) bulging loop 
for segment 𝑛 = 2. Its highest peak is located at 𝑓1,2 and has the value 
−4 dB. At the considered caster, this peak is the highest peak among all 
segments because segment 2 has the largest number of rolls with equal 
roll distances, and the strand shell in segment 2 is still relatively thin. 
Furthermore, the bulging loop gain in Fig. 8 is shown for a peritectic 
steel grade (see operation conditions in (Landauer et al., 2024)), which 
causes an extraordinarily high value of 𝑉shell in (11). This means that 
the maximum bulging loop gain of −4 dB shown in Fig. 8 is a worst-case 
value over all segments and operating conditions. As a consequence, 
|𝐿𝑛𝑦 ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| remains below the 0 dB line if |𝑆(𝑗2𝜋𝑓 )| does not exceed 
4 dB at any frequency 𝑓 and across the entire range of plant parameter 
values, as evident from (19) and Fig. 9. Note that this is a conservative 
criterion because it considers only the magnitude of the highest peak 
in |𝐺𝑦m ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| of segment 2, whereas other peaks in |𝐺𝑦m ,𝑦𝑏𝑛
(𝑗2𝜋𝑓 )|

would allow for higher sensitivity peak values. However, the criterion 
|𝑆(𝑗2𝜋𝑓 )| < 4 dB enhances robustness, as the positions 𝑓𝑖,𝑛 of the peaks 
in |𝐺𝑦m ,𝑦𝑏𝑛

(𝑗2𝜋𝑓 )| vary depending on the casting speed 𝑣, cf. (1).
A straightforward method to reduce the height of the sensitivity 

peak, which is also practical to test during industrial operation, is to 
decrease the overall controller gain. Figure 10 shows the frequency re-
sponse of the sensitivity function 𝑆(𝑠) for the PI controller defined in (8) 
with overall controller gain reduced to 40% of its nominal value, i.e., 
𝐶(𝑠) = 0.4𝐶PI(𝑠).

A comparison of Fig. 10 with Fig. 5(a) demonstrates that this re-
duction of the controller gain significantly reduces the height of the 
sensitivity peaks across the entire range of plant parameter values and 
ensures that they are below 4 dB, which is expected to be sufficient for 
suppressing unsteady bulging.

To validate the theoretical insights presented in Section 2.3, a test 
was conducted on an industrial continuous slab caster at voestalpine 
Stahl GmbH, in which the controller gain of the PI controller was man-

Fig. 10. Frequency response of 𝑆(𝑠) according to (9a) for the PI controller de-
fined in (8) with overall controller gain reduced to 40%, i.e., 𝐶(𝑠) = 0.4𝐶PI(𝑠)
and different values of the plant parameters 𝑉S and 𝜏S.

Fig. 11. Changes in the overall controller gain of the PI controller 𝐶(𝑠) = 𝐶PI(𝑠)
defined in (8) from 100% to 40% and back to 100% of its nominal value during 
a scenario with unsteady bulging, measured on an industrial slab caster, (a) 
spectrogram of the mold level fluctuations, (b) mold level fluctuations, (c) mold 
level fluctuations in a zoomed time interval with high unsteady bulging.

ually reduced from its nominal value to 40% during a scenario with 
unsteady bulging. Figure 11 shows the results of this test.

Initially, unsteady bulging resulted in significant harmonic mold 
level fluctuations at a frequency of approximately 0.34Hz. Both the mold 
level signal in Fig. 11(b) and its spectrogram in Fig. 11(a) indicate that 
mold level fluctuations due to unsteady bulging decrease as soon as the 
overall controller gain is reduced to 40% of its nominal value and slowly 
increase again after setting the overall controller gain back to 100%. The 
observed behavior confirms the findings of the conducted stability anal-
ysis and practically demonstrates that (self-excited) unsteady bulging 
can be avoided by a tailored tuning of the mold level controller, even 
with the basic PI controller (8). However, the reduction of the overall 
controller gain also leads to a reduced control performance regarding 
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rejection of (output) disturbances, as the sensitivity function increases 
within the control bandwidth in Fig. 10 compared to Fig. 5(a). Indeed, 
the spectrogram in Fig. 11(a) clearly shows an increase in mold level 
fluctuations for 𝑓 < 0.1Hz while the overall controller gain was reduced. 
Some of the peaks in the mold level signal during this time period can 
be attributed to unclogging events, as marked in Fig. 11(b). In total, this 
reduced disturbance rejection may lead to increased overall mold level 
fluctuations, despite the effective suppression of unsteady bulging.

To prevent this undesired reduction in control performance, the con-
troller design should aim to reduce the height of the sensitivity peaks 
compared to the PI controller, while maintaining comparable values of 
|𝑆(𝑗2𝜋𝑓 )| within the control bandwidth. This objective must be achieved 
across the entire range of plant parameter values. To this end, the de-
sign of two robust controllers is presented. The first controller em-
ploys fixed parameters, while the second incorporates gain schedul-
ing to adapt to changes in the plant parameters. Although both con-
trollers effectively suppress unsteady bulging, the gain-scheduled con-
troller demonstrates significantly improved control performance com-
pared to its fixed-parameter counterpart.

3.1.  Optimized controller with fixed parameters

To achieve this goal, the transfer functions defined in (9) for the basic 
mold level control loop are systematically shaped while accounting for 
the full range of plant parameter values. This is accomplished through 
optimal tuning of a mold level controller described by the transfer func-
tion 

𝐶𝑚(𝑠) = 𝐴

√

ℎ0t
ℎt

⏟⏟⏟
𝐾

𝑏𝑚𝑠𝑚 + 𝑏𝑚−1𝑠𝑚−1 +…+ 𝑏1𝑠 + 𝑏0
𝑠𝑚 + 𝑎𝑚−1𝑠𝑚−1 +…+ 𝑎1𝑠 + 𝑎0

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐶0
𝑚(𝑠)

, (20)

with the known gain 𝐾 from (8) and the nominal transfer function 𝐶0
𝑚(𝑠)

of (fixed) order 𝑚. 𝐶0
𝑚(𝑠) is characterized by 2𝑚 + 1 tunable parameters, 

which are assembled in the vector 𝐩 = [𝑎0, 𝑎1,… , 𝑎𝑚−1, 𝑏0, 𝑏1,… , 𝑏𝑚]T

and tuned using the Matlab function systune. This function uses the 
(nonsmooth) optimization algorithms described in (Apkarian et al., 
2015, 2014; Apkarian & Noll, 2006, 2007) to optimally tune these pa-
rameters in order to guarantee stability and the desired performance 
of the overall control loop across the entire range of plant parame-
ter values specified in (7). For this purpose, the desired magnitudes of 
𝑆(𝑗2𝜋𝑓 ), 𝐶(𝑗2𝜋𝑓 )𝑆(𝑗2𝜋𝑓 ), and 𝑇 (𝑗2𝜋𝑓 ), and thus the target control per-
formance, have to be defined by frequency-dependent weighting func-
tions |𝑤S(𝑗2𝜋𝑓 )|, |𝑤CS(𝑗2𝜋𝑓 )|, and |𝑤T(𝑗2𝜋𝑓 )|, respectively. For the de-
sign of these weighting functions, the following recommendations given 
in (Skogestad & Postlethwaite, 2005) are taken into account:

∙ |𝑆(𝑗2𝜋𝑓 )| should be small within the control bandwidth to get good 
rejection of output disturbances Δ𝑛𝑦 and good reference tracking, 
i.e., small control error.

∙ In favor of attenuation of sensor noise Δ𝑛s (cf. Fig. 2) and robustness, 
the frequency response |𝑇 (𝑗2𝜋𝑓 )| should be small at frequencies be-
yond the control bandwidth.

∙ |𝐶(𝑗2𝜋𝑓 )𝑆(𝑗2𝜋𝑓 )| should be bounded to limit the control effort and 
oscillation amplitudes of the stopper rod due to output disturbances 
Δ𝑛𝑦.

Figure 5 also shows the chosen (inverse) weighting functions. Within 
the control bandwidth, |𝑤S(𝑗2𝜋𝑓 )|−1 is set equal to the sensitivity func-
tion achieved by the PI controller 𝐶PI(𝑠) defined in (8) for a typical 
(mean) plant gain 𝑉S = 1.3m2 s−1. For frequencies beyond the control 
bandwidth, |𝑤S(𝑗2𝜋𝑓 )|−1 is limited to a maximum value of 4 dB. These 
specifications are defined to ensure that the newly designed controller 
effectively suppresses unsteady bulging, cf. Section 2.3, while preserving 
the disturbance rejection performance typically achieved by the PI con-
troller. In the same way, the inverse weighting function |𝑤T(𝑗2𝜋𝑓 )|−1

is set equal to the complementary sensitivity typically achieved by 

the PI controller. This specification aims to achieve the same level 
of robustness and attenuation of sensor noise Δ𝑛s, cf. Fig. 2. Finally, 
|𝑤CS(𝑗2𝜋𝑓 )|−1 is set to 0 dB to limit stopper rod oscillations caused by 
output disturbances Δ𝑛𝑦 and generally the control effort. Based on these 
specifications, the Matlab function systune solves the constrained opti-
mization problem3

min
𝐩∈ℝ2𝑚+1

𝑀(𝐶(𝑠))
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

max
⎛

⎜

⎜

⎝

⎡

⎢

⎢

⎣

||𝑤𝑆 (𝑠)𝑆(𝑠)||∞
||𝑤𝐶𝑆 (𝑠)𝐶(𝑠)𝑆(𝑠)||∞

||𝑤𝑇 (𝑠) 𝑇 (𝑠)||∞

⎤

⎥

⎥

⎦

⎞

⎟

⎟

⎠

(21)

s.t. Stable basic mold level control loop (see Fig. 2)
with 𝐶(𝑠) = 𝐶𝑚(𝑠) defined in (20) and
plant parameter uncertainties specified in (7),
maximum value of the gain 𝐾 in (20),
||𝑤𝑆hard

(𝑠)𝑆(𝑠)||∞ < 1.

This formulation implies that the controller 𝐶𝑚 of (fixed) order 𝑚 is opti-
mally tuned to minimize the objective function 𝑀(𝐶(𝑠)) across the entire 
range of plant parameter values. For this optimization, the gain 𝐾 in (20) 
is set to its maximum value, which corresponds to a maximum mold area 
𝐴 and a minimum filling height ℎt of the tundish (during normal cast-
ing). This accounts for the worst-case gain of 𝐶(𝑠)𝑆(𝑠) in the optimiza-
tion. The objective function introduces soft constraints on |𝑆(𝑗2𝜋𝑓 )|, 
|𝐶𝑆(𝑗2𝜋𝑓 )|, and |𝑇 (𝑗2𝜋𝑓 )|, where exceeding the related desired fre-
quency responses |𝑤S(𝑗2𝜋𝑓 )|−1, |𝑤CS(𝑗2𝜋𝑓 )|−1, and |𝑤T(𝑗2𝜋𝑓 )|−1 at any 
frequency or for any combination of plant parameter values is pe-
nalized by a high objective function value 𝑀(𝐶(𝑠)) > 1. An objective 
function value below 1 indicates that |𝑤S(𝑗2𝜋𝑓 )|−1, |𝑤CS(𝑗2𝜋𝑓 )|−1, and 
|𝑤T(𝑗2𝜋𝑓 )|−1 are not exceeded, thereby ensuring that the specified con-
trol performance requirements are satisfied. However, to ensure robust 
stability of the overall mold level control loop and, thereby, effective 
suppression of unsteady bulging, maintaining |𝑆(𝑗2𝜋𝑓 )| < 4 dB takes 
precedence over all other specifications. The Matlab function systune
accepts additional hard constraints to enforce requirements like that. 
Hence, the hard constraint ‖𝑤𝑆hard

(𝑠)𝑆(𝑠)‖∞ < 1 is included in the opti-
mization, with the weighting function 𝑤𝑆hard

(𝑠) = −4 dB, cf. (21).
For the proposed controller design, robust stability of the overall 

mold level control loop is formally guaranteed only for constant plant 
parameters within the ranges specified in (7). Measurements at the con-
sidered industrial slab caster revealed that plant parameters vary signif-
icantly over time due to clogging or wear of the SEN or the stopper rod, 
or due to changes in casting conditions, e.g., casting speed, steel grade, 
or mold width. However, all these variations are much slower than the 
dynamics of the mold level control loop, i.e., its control bandwidth. Ac-
cording to (Khalil, 2002), stability can be still assumed for such slowly 
varying parameters. Although unclogging can lead to high mold level 
fluctuations and rapid changes in plant parameters, the measurements 
indicate that the magnitudes of these (temporal) parameter variations 
remain relatively small, as unclogging typically involves only partial de-
posit removal.

Values of the objective function 𝑀(𝐶(𝑠)) for controllers 𝐶𝑚 of order 
𝑚 = 1, 2,… , 7 are shown as blue circles in Fig. 12.

The case 𝑚 = 0 (P controller) is not included in Fig. 12 because the 
desired slope of 40 dB∕dec for |𝑤S(𝑗2𝜋𝑓 )| at low frequencies cannot be 
achieved with this controller and would result in 𝑀(𝐶(𝑠)) → ∞. Increas-
ing the controller order up to 𝑚 = 3 yields a significant reduction of the 
objective function values, indicating improved control performance. For 
orders higher than 𝑚 = 3, the improvements become negligible. This 
suggests that a controller of order 𝑚 = 3 provides an optimal balance 
between control performance and complexity.

3 The 𝐻∞-norm of a stable scalar transfer function is equal to the peak value 
of its frequency response, see (Skogestad & Postlethwaite, 2005).
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Fig. 12. Objective function value for the controller 𝐶𝑚(𝑠) with fixed parame-
ters defined in (20) and for the gain-scheduled controller 𝐶̃𝑚(𝑠) defined in (22), 
evaluated for different controller orders 𝑚.

Fig. 13. Frequency responses of 𝑆(𝑠), 𝐶(𝑠)𝑆(𝑠), and 𝑇 (𝑠) according to (9) for the 
optimized controller 𝐶(𝑠) = 𝐶𝑚(𝑠) of order 𝑚 = 3 defined in (20) and different 
values of the plant parameters 𝑉S and 𝜏S.

Figure 13 shows the resulting frequency responses |𝑆(𝑗2𝜋𝑓 )|, 
|𝐶𝑆(𝑗2𝜋𝑓 )|, and |𝑇 (𝑗2𝜋𝑓 )| for the optimized controller 𝐶(𝑠) = 𝐶3(𝑠) and 
different plant parameter values. The magnitude and frequency val-
ues relevant for the total objective function value of 𝑀(𝐶(𝑠)) = 3.98 in 
Fig. 12 are also shown in Fig. 13, marked by ◦.

The frequency response |𝐶(𝑗2𝜋𝑓 )𝑆(𝑗2𝜋𝑓 )| does not exceed the in-
verse
weighting function |𝑤𝐶𝑆 (𝑗2𝜋𝑓 )|−1 in Fig. 13(b).
Consequently, ||𝑤𝐶𝑆 (𝑠)𝐶(𝑠)𝑆(𝑠)||∞ = 0.78 is below 1. In contrast, 
|𝑆(𝑗2𝜋𝑓 )| and |𝑇 (𝑗2𝜋𝑓 )| exceed their respective inverse weighting 
functions, and the corresponding 𝐻∞-norms ||𝑤𝑆 (𝑠)𝑆(𝑠)||∞ and 
||𝑤𝑇 (𝑠) 𝑇 (𝑠)||∞ are both 3.98. This means that the inverse weighting 
functions |𝑤𝑆 (𝑗2𝜋𝑓 )|−1 and |𝑤𝑇 (𝑗2𝜋𝑓 )|−1 are exceeded by up to ap-
proximately 12 dB. Figure 13(a) shows that the sensitivity peaks are all 
below 4 dB, as enforced by the hard constraint ‖𝑤𝑆hard

(𝑠)𝑆(𝑠)‖∞ < 1 in

(21). Therefore, the optimized controller 𝐶3(𝑠) can effectively suppress 
unsteady bulging, cf. Section 2.3. However, the previously used PI 
controller 𝐶PI(𝑠) defined in (8) achieves lower sensitivity function 
values within the control bandwidth, see Fig. 5(a) in comparison 
to Fig. 13(a), indicating a higher control performance in terms of 
disturbance rejection. Clearly, lower values of the sensitivity function 
within the control bandwidth achieved by the PI controller come at 
the risk of high sensitivity peaks, which may destabilize the overall 
mold level control loop (trigger unsteady bulging) and amplify other 
disturbances in the corresponding frequency ranges. While the control 
performance of the optimized controller 𝐶3(𝑠) remains limited, it 
guarantees a stable overall mold level control loop and still surpasses 
the control performance of the PI controller with reduced overall 
control gain, see Fig. 10 in comparison to Fig. 13(a).

This section demonstrated that suppressing unsteady bulging by a 
feedback controller with fixed parameters entails a reduction of the con-
trol performance regarding disturbance rejection compared to the pre-
viously used PI controller (8). This performance limitation stems from 
significant variations in the plant parameters specified in (7). The op-
timized controller 𝐶𝑚 was designed to handle the entire range of plant 
parameter values while maintaining the stability of the overall mold 
level control loop, even for the worst-case combination of the possi-
ble plant parameter values. To overcome the performance limitations 
of controllers with fixed parameters, the following section introduces 
a gain-scheduled controller that dynamically adapts its parameters to 
variations in the plant parameters.

3.2.  Gain-scheduled controller

As already mentioned in the previous section, significant variations 
in the plant parameters 𝑉S and 𝜏S typically evolve at a rate significantly 
slower than the control bandwidth. Gain scheduling can thus be an ef-
fective approach for enhancing the control performance by adjusting 
the controller parameters in response to changes in the plant parame-
ters, see, e.g., (Khalil, 2002; Rugh & Shamma, 2000; Shamma & Athans, 
1992; Wang & Sundararajan, 1995). This requires that the parameters 
𝑉S and 𝜏S are estimated online, i.e., in real-time, e.g., in the same way 
as described in Section 2.1 using (6). To facilitate this online estima-
tion, an additional harmonic oscillation Δ𝑢e with a specific frequency 
𝑓e is continuously commanded to the stopper rod (see Fig. 2), inducing 
small mold level fluctuations. The amplitude of these fluctuations is se-
lected small enough not to affect the product quality, but high enough 
to ensure a sufficient signal-to-noise ratio for accurate online parameter 
estimation, i.e., 𝑉 e

S ≈ 𝑉S and 𝜏eS ≈ 𝜏S. Tests conducted on the real plant 
revealed a high accuracy of this online parameter estimation. Remain-
ing minor inaccuracies can be tolerated, as they are accounted for by 
the robustness of the controller. Therefore, for the sake of simplicity, 
𝑉 e
S = 𝑉S and 𝜏eS = 𝜏S are assumed in the following.
The estimated parameter values are then used to adapt the controller 

transfer function (20) in the form

𝐶̃𝑚(𝑠, 𝑉S, 𝜏S) = 𝐴

√

ℎ0t
ℎt

1
𝑉S

⏟⏞⏞⏞⏟⏞⏞⏞⏟
𝐾̃(𝑉S)

⋅
𝑏𝑚(𝜏S)𝑠𝑚 + 𝑏𝑚−1(𝜏S)𝑠𝑚−1 +…+ 𝑏1(𝜏S)𝑠 + 𝑏0(𝜏S)

𝑠𝑚 + 𝑎𝑚−1(𝜏S)𝑠𝑚−1 +…+ 𝑎1(𝜏S)𝑠 + 𝑎0(𝜏S)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝐶̃0
𝑚(𝑠,𝜏S)

. (22)

In contrast to (20), 𝐾̃ is additionally adapted based on the estimated gain 
𝑉S to eliminate the influence of 𝑉S on the open-loop transfer function 
𝐺(𝑠)𝐶(𝑠) and, consequently, on the control performance. The remain-
ing controller parameters 𝐩̃ = [𝑎0, 𝑎1,… , 𝑎𝑚−1, 𝑏0, 𝑏1,… , 𝑏𝑚]T in (22) are 
thus adapted based on the dead time 𝜏S only. The optimal gain sched-
ule is determined by sequentially solving the constrained optimization 
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Fig. 14. Optimal gain schedule for the PID controller (24). The parameter val-
ues are normalized with respect to their maximum values.

Fig. 15. Frequency response of the open basic mold level control loop 𝐺(𝑠)𝐶(𝑠), 
cf. Fig. 2, for the gain-scheduled PID controller 𝐶(𝑠) = 𝐶̃PID(𝑠, 𝑉S, 𝜏S) defined in
(24) and different values of the dead time 𝜏S. The dependence on 𝑉S is canceled 
out by 𝐾̃(𝑉S) in (24).

problem

min
𝐩̃∈ℝ2𝑚+1

𝑀(𝐶(𝑠))
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

max
⎛

⎜

⎜

⎝

⎡

⎢

⎢

⎣

||𝑤𝑆 (𝑠)𝑆(𝑠)||∞
||𝑤𝐶𝑆 (𝑠)𝐶(𝑠)𝑆(𝑠)||∞

||𝑤𝑇 (𝑠) 𝑇 (𝑠)||∞

⎤

⎥

⎥

⎦

⎞

⎟

⎟

⎠

(23)

s.t. Stable basic mold level control loop (see Fig. 2)
with 𝐶(𝑠) = 𝐶̃𝑚(𝑠, 𝑉S, 𝜏S) according to (22),
maximum value of the gain 𝐾̃ in (22),
𝜏S ∈ 𝜏designS ,

||𝑤𝑆hard
(𝑠)𝑆(𝑠)||∞ < 1

for different dead times 𝜏S selected from the set 𝜏designS =
[0.2, 0.25, 0.3,… , 0.8]s, see also (7). Similar to (21), the optimiza-
tion is performed for maximum gain 𝐾̃, which occurs for maximum 
mold area 𝐴, minimum filling height ℎt of the tundish, and minimum 
plant gain 𝑉S, cf. (22). In this way, the worst-case gain of 𝐶(𝑠)𝑆(𝑠) is 
considered in the optimization. Figure 12 also shows the objective 
function values for 𝐶̃𝑚(𝑠, 𝑉S, 𝜏S) of orders 𝑚 = 1, 2,… , 7, defined in
(22). It demonstrates that the gain-scheduled controller 𝐶̃𝑚(𝑠, 𝑉S, 𝜏S)
significantly reduces the objective function values and improves 
control performance compared to the controller 𝐶𝑚(𝑠) with fixed 

Fig. 16. Frequency responses of 𝑆(𝑠), 𝐶(𝑠)𝑆(𝑠), and 𝑇 (𝑠) according to (9) for the 
gain-scheduled PID controller 𝐶(𝑠) = 𝐶̃PID(𝑠, 𝑉S, 𝜏S) defined in (24) and different 
values of the plant parameters 𝑉S and 𝜏S.

parameters defined in (20). Furthermore, Fig. 12 indicates that the 
low objective function values are already achieved for a controller 
of order 𝑚 = 2. For gain-scheduled controllers of order 𝑚 > 2, only 
marginal performance improvements are observed. Consequently, the 
gain-scheduled controller 𝐶̃𝑚(𝑠, 𝑉S, 𝜏S) of order 𝑚 = 2 is examined in 
more detail in the following analysis. To simplify implementation at the 
real plant, the controller of order 𝑚 = 2 is restricted to a PID controller 
by forcing one pole to the value 𝑠 = 0 (ideal integrator). This is done 
by setting 𝑎0 = 0 in (22). This restriction does not compromise the 
achievable performance because the optimal objective function value 
𝑀(𝐶2(𝑠)) = 1.66 in Fig. 12 is still attained. The gain-scheduled PID 
controller can be expressed in the (parallel) form 

𝐶̃PID(𝑠, 𝑉S, 𝜏S) = 𝐴

√

ℎ0t
ℎt

1
𝑉S

⏟⏞⏞⏞⏟⏞⏞⏞⏟
𝐾̃(𝑉S)

(

𝐾p(𝜏S) +
𝐾i(𝜏S)

𝑠
+

𝑠𝐾d(𝜏S)
1 + 𝑠𝑇f (𝜏S)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐶̃0
PID(𝑠,𝜏S)

, (24)

with the parameters 
𝐩̃ =

[

𝐾p 𝐾i 𝐾d 𝑇f
]T. (25)

𝐾p, 𝐾i, and 𝐾d denote the gains of the proportional, integral, and deriva-
tive parts of the PID controller, respectively. Solving the optimization 
problem (23) with 𝐶(𝑠) = 𝐶̃PID(𝑠, 𝑉S, 𝜏S) defined in (24) gives the opti-
mal gain schedule shown in Fig. 14. The proposed gain-scheduled PID 
controller decreases its proportional and integral gain and increases its 
derivative gain as the dead time increases. Figure 15 shows the fre-
quency response of the open-loop transfer function 𝐺(𝑠)𝐶(𝑠) for the gain-
scheduled PID controller 𝐶(𝑠) = 𝐶̃PID(𝑠, 𝑉S, 𝜏S). The open loop no longer 
depends on the plant gain 𝑉S when using the gain-scheduled PID con-
troller instead of the PI controller (8) (with fixed parameters ), cf. Fig. 6. 
This is because the dependence of the open loop 𝐺(𝑠)𝐶(𝑠) on 𝑉S is can-

Control Engineering Practice 169 (2026) 106768 

10 



J. Landauer et al.

Fig. 17. Comparison between the PI controller (previously used controller with 
fixed parameters) defined in (8) and the gain-scheduled PID controller defined 
in (24) during unsteady bulging, measured on an industrial slab caster, (a) spec-
trogram of the mold level fluctuations, (b) mold level fluctuations, (c) mold level 
fluctuations in a zoomed time interval with high unsteady bulging.

celed out by 𝐾̃(𝑉S) in (24) (assuming exact estimation, i.e., 𝑉 e
S = 𝑉S). 

Furthermore, Fig. 15 demonstrates that adapting the controller param-
eters according to Fig. 14 guarantees phase and gain margins of at least 
57◦ and 10 dB, respectively (compared to 10◦ and 1 dB for the PI con-
troller (8) in Fig. 6). This also indicates a high robustness of the basic 
mold level control loop with respect to errors in the estimation of the 
plant parameters 𝑉S and 𝜏S.

The frequency responses of 𝑆(𝑠), 𝑇 (𝑠), and 𝐶(𝑠)𝑆(𝑠) for the gain-
scheduled PID controller 𝐶(𝑠) = 𝐶̃PID(𝑠, 𝑉S, 𝜏S) are shown in Fig. 16. 
The objective function value 𝑀(𝐶̃PID(𝑠, 𝑉S, 𝜏S)) = 1.66 (see Fig. 12) is 
attained by both ||𝑤𝑆 (𝑠)𝑆(𝑠)||∞ and ||𝑤𝑇 (𝑠) 𝑇 (𝑠)||∞. Because the open-
loop transfer function 𝐺(𝑠)𝐶(𝑠) does not depend on the plant gain 𝑉S
for 𝐶(𝑠) = 𝐶̃PID(𝑠, 𝑉S, 𝜏S), it follows that the sensitivity function 𝑆(𝑠)
and complementary sensitivity function 𝑇 (𝑠) are also independent of 
it, cf. (9). This implies that the impact of plant parameter variations on 
the control performance is significantly reduced when using the gain-
scheduled PID controller (24) instead of a fixed-parameter controller 
((8) or (20)). This can also be inferred from a comparison of Figs. 16, 
13, and 5. Furthermore, the sensitivity peaks in Fig. 16(a) are all be-
low 4 dB, which ensures effective suppression of unsteady bulging. For 
low dead times, the desired curves |𝑤S(𝑗2𝜋𝑓 )|−1, |𝑤CS(𝑗2𝜋𝑓 )|−1, and 
|𝑤T(𝑗2𝜋𝑓 )|−1 are (almost) not exceeded, and the desired control per-
formance is therefore achieved. Even for high dead times, the desired 
frequency responses are only slightly exceeded. Hence, the proposed 
gain-scheduled PID controller effectively suppresses unsteady bulging 
and, at the same time, achieves a level of disturbance rejection perfor-
mance comparable to that of the previously used PI controller.

Fig. 18. Comparison of mold level fluctuations during the production of slabs 
using the PI controller (10015 slabs) defined in (8) and the gain-scheduled PID 
controller (7860 slabs) defined in (24).

Fig. 19. Overall result across all slab casters at voestalpine Stahl GmbH, com-
paring mold level fluctuations for 12372 slabs cast using the PI controller de-
fined in (8) and 9732 slabs using the gain-scheduled PID controller defined in
(24).

4.  Validation of the gain-scheduled PID controller on industrial 
slab casters

The gain-scheduled PID controller and the online estimation of the 
plant parameters 𝑉S and 𝜏S described in Section 3.2 were implemented 
on an industrial continuous slab caster at voestalpine Stahl GmbH. For 
that implementation, the gain schedule for the design points 𝜏designS =
[0.2, 0.25, 0.3,… , 0.8]s, shown in Fig. 14, is stored in a lookup table. Val-
ues between these points are computed by linear interpolation. The 
parameters 𝑉S and 𝜏S are continuously estimated and used for online 
(real-time) adaptation of the controller (24). The gain-scheduled PID 
controller was tested on an industrial continuous slab caster by alter-
nately applying the PI controller (8) (previously used controller with 
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fixed parameters) and the gain-scheduled PID controller (24) during slab 
casting. Figure 17 shows an example of these tests. During the first 57 
minutes, the gain-scheduled PID controller is active. Unsteady bulging 
is successfully suppressed, and the remaining mold level fluctuations are 
relatively low. For 𝑡 > 57 minutes, the PI controller is active, leading to 
increased mold level fluctuations and the onset of unsteady bulging with 
rapidly growing amplitudes, i.e., an instability of the overall mold level 
control loop.

These tests and validations were carried out over several months, 
covering a total of 17875 slabs (10015 slabs were cast using the PI con-
troller with fixed parameters and 7860 slabs using the gain-scheduled 
PID controller). The obtained measurement results indicate a reduction 
of mold level fluctuations across all operating conditions (i.e., casting 
speeds, steel grades, mold widths, etc.). The histogram in Fig. 18 sum-
marizes these test results. It presents the relative frequency distribution 
of the slabs grouped by specific ranges of the mold level standard devi-
ation stdslab(Δ𝑦m) (normalized), measured during their production. The 
number of slabs with normalized standard deviation greater than 0.35 
is significantly reduced by the gain-scheduled PID controller, resulting 
in 22% reduction of the mean value of the standard deviation. This 
improvement is primarily attributed to the suppression of high mold 
level fluctuations caused by unsteady bulging. In addition, the reduc-
tion of sensitivity peaks, see Fig. 16(a) compared to Fig. 5(a), leads 
to significantly lower mold level fluctuations in the corresponding fre-
quency range, which can be induced, e.g., by turbulent steel flow pat-
terns in the SEN and the mold. As a result, the number of slabs requiring 
postprocessing and the associated high additional costs are significantly
reduced.

Following this success, tests of the gain-scheduled PID controller 
were extended to all continuous slab casters at voestalpine Stahl 
GmbH, where an additional 4229 slabs were cast (2357 using the 
PI controller with fixed parameters and 1872 slabs using the gain-
scheduled PID controller). Figure 19 shows the overall result across 
all slab casters, which is consistent with the result shown in Fig. 18. 
Due to the significant reduction in mold level fluctuations across all 
casters, the previously used PI controller was replaced by the gain-
scheduled PID controller at each caster. The new controller has demon-
strated stable operation and excellent performance for over a year to
date.

5.  Conclusions

This paper presented a robust mold level controller design for con-
tinuous slab casters. Its main purpose is to suppress unsteady bulging. 
Landauer et al. (2024) showed that unsteady bulging is linked to an 
instability of the overall mold level control loop, including the basic 
mold level control loop and an internal feedback loop associated with 
unsteady bulging, the so-called bulging loop. In the literature, unsteady 
bulging is typically ignored or modeled as an exogenous harmonic dis-
turbance with constant amplitude for the design of the mold level con-
troller. Consequently, disturbance-feedforward concepts in addition to 
the basic mold level controller are often proposed to actively suppress 
mold level fluctuations caused by unsteady bulging. The drawback of 
these approaches is that even a small model-plant mismatch can signif-
icantly degrade control performance. In contrast to the existing litera-
ture, the present paper explicitly accounts for the bulging loop and its 
destabilizing effect by incorporating a control-oriented unsteady bulging 
model in the controller design.

It has been shown that reliable suppression of unsteady bulging does 
not necessarily require active damping, as introduced by an additional 
disturbance-feedforward controller, but can be achieved through a tai-
lored design of the mold level controller that ensures stability of the 
overall mold level control loop. Specifically, the peak of the sensitivity 
function of the basic mold level control loop (sensitivity peak) has to 
be kept below a certain maximum value. This is a challenging design 
problem due to high variations in plant parameters resulting from clog-

ging and wear of the stopper rod and the SEN, as well as changes in 
operating conditions. The problem is solved by a robust controller de-
sign using the Matlab function systune. This function optimally tunes 
the parameters of a controller to maintain robust stability of the overall 
mold level control loop, i.e., stability across the entire range of operat-
ing conditions, thereby suppressing unsteady bulging. Specifically, the 
development of a robust controller with fixed parameters and a robust 
gain-scheduled controller was presented. Both controllers were shown to 
reliably suppress unsteady bulging, in contrast to the previously used PI 
controller. However, achieving this with the fixed-parameter controller 
entails a considerable limitation in control performance. In contrast, the 
proposed gain-scheduled controller ensures robust stability while deliv-
ering high control performance by dynamically adjusting its gains in 
response to variations in plant parameters. For this purpose, a method 
for online estimation of the plant parameters was developed. The gain-
scheduled controller was successfully tested on the industrial continuous 
slab casters at voestalpine Stahl GmbH, where it has since been deployed 
and demonstrates excellent performance.
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