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Abstract: Keeping the level of steel in the mold of the continuous casting process constant is funda-
mental for the quality of the steel produced and, consequently, its commercial value. It is challenging,
considering the several disturbances that cause undesired variations in the mold level. The aim
of this paper is to apply a repetitive structure composed of two controllers, a generalized predic-
tive controller (GPC) and a repetitive GPC (R-GPC) with constraints to mitigate the bulging and
clogging /unclogging disturbances and the casting speed variation in the mold level of the process.
The R-GPC controller has the same characteristics as the GPC, such as performance, robustness to
disturbances, and insertion of constraints, and its advantage is the elimination of periodic distur-
bances. The repetitive structure will be implemented with a robustness filter and tuned by a genetic
algorithm (GA). The controller tests are performed by simulations of a nonlinear mathematical
model of the mold level, validated using real data from the steel industry. The proposed controller
reduces the bulging disturbance amplitude by 98.5% and at 25% of the frequency of reversions in the
valve. Consequently, the proposed controller allows an increase in the valve life span, a reduction in
maintenance costs, and quality improvement in the steel slab.

Keywords: mold level; continuous casting; repetitive generalized predictive controller (R-GPC);
bulging disturbances

1. Introduction

Continuous casting is a process in which molten metal is solidified in the form of
billets, blocks, or plates for later lamination. It is the process used to melt not only steel
but also aluminum and copper alloys [1]. Specifically, in steel slab production, the liquid
steel comes from the ladle as an outcome of stages prior to the continuous casting process.
The tundish receives this liquid steel and maintains its supply for the machine during the
exchange of ladles, directing the flow of steel into the mold, where the first solidification is
promoted on the surface of the slab.

During the first solidification of the liquid steel, a good “shell” or “skin” of solid steel
is made, which will ensure that the steel can be conducted directly inside the segments.
During the path between the steel rolls of segments, the cooling process continues with a
spray of water and air, causing the solidified layer to thicken until it is time for complete
extraction from the machine when the steel is completely solidified. The continuous casting
process appears in Figure 1.

The control of the level of steel in the mold is very important; it affects the quality
of the steel produced related to mechanical and metallurgical properties, such as center
segregation and absence of surface marks, cracks, inclusions, porosity, and other defects,
and, consequently, affects its commercial value [2—4]. The quality of the steel depends on
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the degree to which a predetermined liquid steel level can be kept within a specific range
(setpoint) during the many stages of the process.

/ Ladle

| — Tundish
/ Slide gate valve

/ Mold
Spray

=/r¢ ‘//Cooling
7/

7

Solid

Figure 1. Continuous casting process.

The steel level of the mold in continuous casters is affected by nonlinearities and
disturbances, such as bulging, mold oscillations, valve erosion, argon injection, and clog-
ging/unclogging [5].

In a continuous caster, one of the most severe disturbances is bulging, which produces
undesirable periodic oscillations [6]. The slight bulging of the slabs can cause defects, such
as central segregation and central cracks, decreasing the slabs’ commercial value. Severe
bulging conditions can cause the slab to jam or even lead to casting interruptions [2,7].

Mold slag (or mold flux) entrainment, also called emulsification, is characterized by
mold powder being drawn into the molten steel pool in the continuous casting process.
Mold slag entrainment can cause both surface and internal defects in the final product if
the entrained droplets became trapped in the solidifying metal, generating a significant
problem in the production of clean steel. The level fluctuation is related to the slag
entrainment [8]. As the liquid level fluctuation increases, the risk of slag entrainment
also increases [9]. Thus, it is necessary a controller that can minimize the fluctuation level
due to bulging and clogging disturbances and, consequently, reduce the negative effects of
the mold slag entrainment.

There are few studies that specifically aim to minimize the bulging disturbance. In [10],
the cooling rate of the strand in the secondary cooling zone is controlled to minimize the
bulging that occurs due to uneven cooling generated by the high casting speed, conse-
quently minimizing the mold level oscillations. Another way to minimize mold disturbance
is to act directly on the valve that controls the flow of liquid steel in the mold. An example
can be found in You et al. [6] that uses an adaptive fuzzy estimator to eliminate the bulging
disturbance. The work presented by another study [11] estimates the bulging disturbance
in plants with a long delay using the average current of several drive motors of the rolls.
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This signal is then predicted with an internal model observer and applied as disturbance
feed-forward to the control input.

In You et al. [2], to minimize the bulging disturbance, it is proposed an iterative
learning controller (ILC) type P for a nonlinear system, with a forgetting factor and a
switching mechanism that activates the ILC signal when the error signal exceeds a pre-
established threshold. In another study [12], the bulging estimation method was identical
to that considered in [11]. However, these authors used an adaptive controller because the
proportional-integral-derivative (PID) controller is not robust with respect to nonlinearities
and clogging disturbances [13,14]. The study by Shen [15] proposed a multiple periodic
disturbance rejection controller for the casting process by using the disturbance observer
and a bulging frequency detection system that used a group of filters, the fast Fourier
transform (FFT) algorithm, and the null crossing detection.

Clogging is the progressive increase in alumina or other products on the walls of the
submerged valve and/or the gate valve itself, reducing the passage of steel and conse-
quently decreasing the casting speed. In severe cases, it causes the total interruption of the
process, which in turn causes great economic loss. Thus, to minimize its effects, the control
system must be robust so that it functions in the best possible way, even with the variation
in steel flow. The effect of clogging has also been studied extensively from a metallurgical
point of view [5,16].

The authors [5] used an adaptive architecture with a nonlinear proportional-integral
(PI), based on a fuzzy inference system (ANFIS), and online identification to compensate
for the slow disturbances (erosion and clogging) in mold level. To stabilize the mold level
in consideration of the clogging and unclogging effects, a researcher [13] designed a fuzzy
PID controller with a nonlinear compensation term. The parameters of the fuzzy controller
were optimized by using a particle swarm optimization (PSO) algorithm.

The control systems of the mentioned works do not consider the physical constraints
inside the controllers, such as opening of the gate valve, its slew rate, and the mold level
height. Furthermore, most of the cited works used robust controllers, since there are
uncertainties in the model and the need of keeping the level constant, even in different
operational conditions.

The generalized model predictive controller (GPC) is recognized by many researchers
as a robust optimal controller. An optimal control law is designed by minimizing a cost
function, which is composed of the difference between the desired output and the reference
trajectory [17,18]. The aim of the GPC is to use the process model to explore the best control
signals. For this purpose, a cost function must be optimized, considering some constraints
of the plant. One of the advantages of the GPC is to consider the constraints within the
control law, and thus allow the operation of the process in a region close to its limitations
and increasing the productivity of the industrial plant [17,19,20]. Another advantage is
that the GPC controller can deal with open-loop unstable and non-minimum-phase plants,
considering uncertain or unknown dead time [21]. These characteristics motivated us to
use the GPC controller to control the mold level.

The repetitive GPC (R-GPC) is a predictive controller that associates the performance
and robustness features of the GPC with the offset-free characteristics of the repetitive
control (RC) for periodic disturbances as well as allowing the insertion of constraints. The
R-GPC controller has been used in several applications, such as medicine, robotics, and
mechanics [22-24].

This article is an extension of the work presented previously [25], given that this new
work has a repetitive structure composed of two controllers, the GPC and the R-GPC.
The GPC controller follows the setpoint, and the R-GPC rejects the periodic disturbance.
The structure also considers the constraints associated with the opening of the gate valve
and its slew rate and the mold level height. Tests are performed through simulations of
the mold level affected by periodic bulging and clogging /unclogging disturbances, and
variations in the speed of the continuous casting process, showing the efficiency of this
structure. To our credit, there is no other work that used this repetitive structure, which
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considers clogging and bulging disturbance simultaneously, to control the mold level of
the continuous casting.

The literature presents a variety of tuning guidelines for GPC controllers. However,
the R-GPC controller has a parameter that weighs the periodic control signal, a parameter
that does not exist in traditional algorithms and is not found in tuning guides. In light of
this, our controller is adjusted by a genetic algorithm [26,27].

For a better understanding, in this work, the term GPC refers to the GPC controller, R-
GPC refers to the R-GPC controller, and “repetitive structure” refers to the whole structure
composed of both the GPC and R-GPC controllers.

The repetitive structure calculates the control action in two optimization steps. In
the first, it uses a classic GPC with an incremental internal model, and, in the second, it
considers a GPC with an N-periodic internal model (R-GPC). This implementation avoids
the occurrence of interference between the incremental and repetitive models, allowing
researchers to obtain different dynamic characteristics to follow references and to reject any
bulging disturbances [28]. It is important to note that the constraints are inserted within the
control law, avoiding the need for anti-windup techniques [29]. The mathematical models
used in these controllers were obtained from a big steel industry located in Brazil.

The text is organized as follows. Section 2 explains the bulging and clogging /unclogging
disturbances and presents the modeling of the control loop of the mold level from real
data and its nonlinear mathematical representation. In Section 3, controllers are explained.
Section 4 presents the linear CARIMA model. Section 5 presents the test results, and
Section 6 is the conclusion.

2. Mold Level Process and Disturbances
2.1. Nonlinear Modeling of the Mold Level Loop

In this section, the mold level mathematical model is presented, a model that was
validated using real data from a steel industry obtained from another study [26].

Figure 2 shows the steel flow from the tundish to the mold. For modeling, it is
established that, in a steady-state, the amount of steel that enters the mold must be the
same amount as what exits so that the mold level / is kept constant. This process can be
shown as follows:

Slide gate —»

Submerged
valve

mEEmmmmm——— Vns

Mold level 1‘E
v “— Mold

Figure 2. Steel flow from tundish to mold.
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where:

Vs 1s the flow of steel into the slide gate valve,

Vs is the casting speed,

As is the effective slide gate valve area for steel passage,
Ay, is the mold area,

| is the mold level, and

h is the distributor height.

Therefore, in a steady-state, the change in the steel volume inside the mold is given by
Equation (1).

dt
The slide gate valve is located next to the outlet of the tundish and is responsible for
transporting the flow of steel into the mold, through the submerged valve. The flow of

steel into the slide gate valve according to [5] can be written as Vs = /2gh. Thus, from
Equation (1), we obtain Equation (2):

dl
Am( > = AsVns - Achs (1)

dl 1

(i) = 2, (V25— auve) @

The slide gate valve is a device with three overlapping plates that have circular holes
with identical radius. The center plate moves horizontally (Xs¢) inside two fixed plates to
adjust the openness area for steel flow, defined by the intersection of the circular concentric
holes as shown in Figure 3.

70 mm hydraulic cylinder

— (ng)

I
; ”

4P
N
=

Area for flow of steel
Figure 3. The shape of the slide gate valve.

The effective steel flow area (As) in the valve, presented in Equation (3), is calculated
considering the intersection of the concentric holes and the displacement of the center
plate [26].

_ M X X 2
Ag =2 [Rz cos™! (RR2> — (R — S;“) \/RXSg - ( sg(t)) ‘ 3)

Figure 4 represents the control loop, considering the representation of Equation (2),
with the following parameters: Vs = 1.2 m/min, A,, = 250,000 mm?, h = 1200 mm,
Xsg =35 mm, and R = 35 mm that is the gate valve orifice radius.
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Figure 4. Block diagram of mold level control.

2.2. Bulging Disturbances

In the mold, there is an occurrence of a series of disturbances inherent to the metal-
lurgical process that affect directly and indirectly the stable regime of the level of steel
in the mold surface and can be interpreted as disturbances to be controlled or reduced
by the control system. The bulging disturbance is similar in shape to a superposition of
sinusoidal waves, which cause the mold steel level to oscillate periodically [2]. The bulging
disturbance and the consequent variation of the steel level in the mold has the ultimate
consequence of emergency defects in the slabs produced by the casting machine as well as
the risk of an overflow of steel on the mold and breakouts.

After passing through the mold, the steel slab within the segments (i.e., within the
casting machine) has a “skin” in which there is still liquid steel that will gradually be cooled
by the addition of water on its surface until it is completely solidified before leaving the
machine. This still liquid steel slab exerts a force that tends to push the liquid steel out
of the segment, a movement that is impaired by the rollers that comprise the segments,
which have a spacing D between them. When passing through the rollers, the slab will
simultaneously retract and expand, which is a phenomenon that occurs throughout the
machine wherever there is liquid steel inside, which reaches up to the mold. Given that the
machine has a speed of casting extraction for the slab inside, called V, the effect due to the
expansion and retraction of the internal board within the machine causes the appearance
of sinusoidal waves on the surface of the mold, which can be seen in Figure 5.

Mold Level

NV

™ Rall
b Liquid core
v
Bulging
Skin — variation

Figure 5. Formation of bulging effect.
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These waves are a consequence, therefore, of the changes in the volume of steel
inside the segments. The appearance of the bulging phenomenon mainly occurs within
the machine, next to the mold, where there is a greater volume of liquid steel within the
slab and, obviously, a less thick “skin” of solidified steel. Bulging disturbance is directly
related to cooling capacity and speed, the dimensioning of the distance of the rollers, and
the type of steel being produced at the casting machine (the lower the amount of carbon
in its composition together with the addition of alloys, the greater the amplitude of the
phenomenon), among other factors [7,10,26].

Another study [30] presents an overview of the most important perturbations and
uncertainties that affect the mold level, stating that bulging disturbance is the most critical
disturbance, with harmonics normally up to the sixth order.

The frequency of bulging depends on both the spacing between the respective rolls,
where the phenomenon occurs and the speed of extraction. According to [7], the oscillation
frequency is approximately determined by Equation (4):

Ves (m/min)

foscittation(Hz) = D(m) - 60

)

2.3. Clogging/Unclogging Disturbances

The progressive accumulation or deposition of alumina and other products on the
walls of the submerged valve and/or on the gate valve is known as clogging [31,32]. It
causes an increasing reduction in the effective passage for liquid steel through the valve.
This reduction is compensated by the controller, which regulates the slide gate valve
opening. In addition to this effect, the occurrence of an abrupt release of accumulated
alumina (unclogging) is quite probable whereby the sudden freeing of the steel flow
requires the controller to stabilize the process conditions as quickly as possible.

Observing the position of the gate valve and the mold level in a real plant during a
clogging /unclogging disturbance, we concluded that the effective gate valve area is given
by K = As-Agg, where A represents the clogging/unclogging rate of the gate valve
area, as defined by Equation (5) and illustrated in Figure 6a. When A., = 1, the gate
valve area is completely unclogged, and when A, = 0, it is totally clogged. Thus, we
can simulate the opening movement on the valve by an increasing random function in
time proportional to the gate valve obstruction [26]. After finishing the effect of clogging,
the slide gate valve reaches its maximum aperture and stays that way until unclogging
(unblocking) occurs a few seconds later. Thus, the simulation of the obstruction in the
gate and/or submerged valve area can be performed by multiplying the area of the gate
valve (A;) without obstruction by the unclogging rate (A.,). Figure 6b is a block diagram
showing the clogging /unclogging disturbances.

1-B1(t—=T1), T < T
Aclg(t) = Ymax , I <t<T;3 5)

Ymax +,32(t - T3), T3 <t< T4

where Tj is the time when gate valve clogging begins, T, is the time when the maximum
blockage occurs, T3 and Ty are, respectively, the beginning and end instants of the un-
blocking process, and 7,y is the maximum reduction factor such that 0 < 7,y < 1 and
Tmax = 1 — B1(To —T1) = 1 — Bo(Ty — T3). The variable 1 defines the clogging speed
and B, the unclogging speed. Based on practical observations of the real plant where
the modeling data were obtained, we can state that the time intervals in Figure 6a are
20s< (T, —T1) <120s,10s < (T3 — T) < 60s,and 0s < (Ty — T3) < 5s.
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Figure 6. (a) Graphic representation of the clogging/unclogging rate of the gate valve area; (b) block
diagram with the inclusion of the clogging effect.

3. The Controllers

The repetitive structure used in this work, as shown in Figure 7, has been used by other
researchers [28,33] to combine a GPC controller in the direct loop and a repetitive GPC
(R-GPC) with an N-periodic internal model in the feedback. Reference tracking is ensured
by the GPC controller, which generates the control signal, u,,(k), for the process and the
model. The model output signal [, (k) feeds back to the GPC controller to detect changes
in the reference signal w(k), thus generating the error, which is inserted into the GPC
controller. The disturbance of the periodic signal and/or the modeling error is handled by
the R-GPC controller, through the I, (k) signal, given by I, (k) = I(k) — Ly,(k). If there is
no disturbance signal (d(k)) or modeling error, then I, (k) = 0, and the closed-loop control
system operates with only the GPC controller. If /,,(k) is different from zero, the R-GPC
controller starts to act in the control loop to maintain [, (k) equal or close to zero, reducing
undesirable disturbance signals and modeling errors. The control signal applied to the
process u(k) is given by u(k) = uy (k) + urp (k).

d(k)
w(k) Uy, (K) u(k) 1(k)
—» GPC Plant
yy
u - (k] I?’D (k)
R-GPC
Lin(k)
» Model

Figure 7. Block diagram of the repetitive structure used in the mold level control loop.

3.1. The GPC
The GPC controller requires a CARIMA model given by:

1 __dp(.1 oy el
A(z )lm(k)_z B(z )um(k 1)+ ©)
where A = (1 — z’l); A(z’l) and B(z’l) are polynomials of orders 1, and n,, respec-
tively; and e(k) is a zero-mean white noise. The GPC control law is determined by minimiz-
ing the following cost function:

Ny N,
Jope = Y lhm(k+jlk) — wlk+ )" + Y AlAup(k+j — 1)) @)

=M1 j=1
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where ¢ and A are weighting factors in the error and control signals, respectively; Ny and
N, are the minimum and maximum prediction horizon of output, respectively; and N, is
the control horizon. The terms I, (k + j) and w(k + j) represent the predictions of mold
level and reference signals j steps ahead, and Auy, (k) = uy (k) — uy(k — 1) is the control
signal variation or incremental action that must be integrated to determine the control
action uy, (k), to be applied in the mold level plant (see Figure 8).

Bty () i () . (i)
R -aBE™D
a-z9 A@D L (k)

Figure 8. Incremental model in series with the process.

The unconstrained minimization of Jgpc with respect to Auy,(k), shown in [19], is
given by:
Auy (k) = Kgpe(w — f) ®)

where K¢pc is a gain that depends on the CARIMA model, f is the free response, and w is
a reference as defined in [19]. The applied control signal is 1y, (k) = Auy, (k) + upm(k — 1).

3.2. Repetitive Generalized Predict Controller (R-GPC)

The repetitive controller (RC) uses the principle of the internal model and follows the
internal model of the periodic signal generator [34]. This principle states that, if a certain
signal must be tracked or rejected without steady-state error, the generator must be inside
the controller or in the plant itself [35].

A periodic signal r(t) with period T, can be represented in Fourier series [35], as
shown in Equation (9).

)= Y a ' ©)
n=—oo
and its transfer function using Laplace is:
27tn —sTp
153 T, Tpe =
R e R T w
s (32)

T

The term T)-e =" isa delay with a gain T,; therefore, it will be enough to include

1_e+5Tp inside the control loop to reproduce the periodic signal. Thus, Equation (10) can be
considered positive feedback with a delay, as shown in Figure 9.

A (-\_/r\\

R M 0 iy AT,

—

-+

e—sTp

Figure 9. Control law of RC.

sT

The Z transform of a pure delay e~*T is z=N, where N is the integer multiple of the

sampling period, Ts, such that N = %’, N € 7. Thus, the discrete internal model is
represented by:

IM(Z) e E——— (11)
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Ip(z) augments the system with all poles necessary to reproduce desirable periodic
signals and needs to be chosen considering T, = N - T; [29].

As a repetitive controller (RC), the N-periodic internal model (11) is used in R-GPC,
therefore it is necessary to insert it in series with the CARIMA model (6), thus we obtain:

_A(zfl)bw(k)::z*dB(zfl)unxk-—l)-+f%;% (12)

where AN = 1 — z7N. The repetitive N-periodic internal model in series with the mold
level plant is shown in Figure 10.

AUy, () Uy (k)
1 A B(Z:ll)
(1-z7) A Ly (K)

e(k)

Figure 10. Repetitive N-periodic internal model in series with the process.

The R-GPC control law is determined by minimizing the cost function given by
Equation (13):

Npoo Nurp
Trape(k) = Y 8lhp(k+ )1 + Y Arp[ANupp(k +j — 1) (13)
j=N1 j=1

The repetitive internal model in its pure form, given by Equation (11), has infinite
gain in harmonic frequencies of the periodic signal. This makes the closed-loop system
very susceptible to measurement of noise and modeling errors because these elements
usually are influenced by terms of high frequencies. So, it is necessary to add a filter that
compensates for this problem, and, in this way, AN is changed to AN/ =1 — H(z) - z7N,

where, in this work, the low-pass FIR filter H(z) is given by Equation (14):
H(z) = iz +q0+ quz " (14)
where0 < gp < landg; = @

The filter shown in Equation (14) has null phase and unit gain to attenuate the gains of
harmonics at high frequencies without dislocating its phase [35]. This is an effective feature
for systems that have a repetitive loop because, if a filter that modifies the phase of the
system is used, all gains present in the harmonics will be displaced, altering the learning
and reproduction capacity of the periodic signal.

To define the internal model with a filter in the system, the CARIMA model is modified
again as follows:

-1 __—d -1 -~ e(k)
A(z )l,p(k) =z B(z )urp(k 1)—|—ANf (15)

In this way, the R-GPC control law with filter is determined by minimizing the cost
function (13), A by ANf as shown in Equation (16).

Nurp

N, .
Trope = Y. ollp(k+ 07 + Y Arp[AN yp (k +j — 1)) (16)
=N j=1

In a real process, constraints are a result of field equipment limitations (such as hy-
draulic/electrical capacity for moving actuators, stroke limitation for valves, and tank capac-
ity) [19]. In this work, the constraints on the control signal u(k), as well as on the output signal I(k),
and its slew rate Au,, (k) will be considered. In predictive controllers, constraints can be
inserted inside the controller, and, when considered, there is no explicit solution for the
cost function. Thus, the quadratic programming problem must be solved, requiring the
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use of specific routines for the AN/ urp(k) calculation. Constraints can be written in the
form of matrix inequalities considering the matrices and vectors I, So, G, max, Winin, Imax,
Lyin, €0, Y,,5 and y,,;. according to [29] and inserted into the optimization problem within
the controller algorithm. In this work, the inequality must be written as a function of
ANf iy (k) = ttrp (k) — urp(k — N), as it is the decision variable of the cost function. Thus,
the optimization problem in the presence of constraints is determined by solving the
following mathematical problem:

Tg}}'n JrGpc sa AinquNf Urp < Dineg (17)
Urp
where:
1
-1
S
Aineq = _go
G
-G (4N, +2N,) XN,
and

Umax — Urp(k — N)
~Upin + ttrp(k — N)
b | Tmax + coANuyp(k — 1) — Augy(k — N)
meq Lin — coANuyp (k — 1) + Auugy(k — N)
Ymax 7f
~Yin +f (4N, +2N,) X1

The applied control signal is u,p (k) = ANuyp (k) + upp (k — 1).

As shown in Figure 7, the control action applied in the process will be given by
u(k) = um(k) + urp(k), where uy, (k) is the action responsible for reference tracking and
ury(k) is the action responsible for rejecting disturbances. This form of implementation
avoids the occurrence of interference between the incremental and repetitive models. So, it
allows the control structure to obtain different dynamics characteristics to follow references
and reject disturbances.

3.3. The Genetic Algorithm (GA)

The good performance of the R-GPC controller is obtained only if the tuning param-
eters prediction horizon (N;), control horizon (N,,), the weighting of the prediction error
(6), suppression factor (A), constant of the reference trajectory («), and periodic signal
suppression factor (A;p) are properly defined by the designer. In general, the tuning is
performed through heuristics, based on trial and error, and is viable only in the predictive
controller tuning of processes that have stable behavior in open loops. However, in cases
where the process is unstable in open loops (as the level of the continuous casting mold),
this procedure is difficult and may not obtain a stable response in a closed-loop or if the
controller performance is below expectations. As far as we know, the existing tuning
guidelines in the literature do not include the A,, parameter. So, the repetitive structure
will be tuned by a Genetic Algorithm.

The execution of the GA is performed as follows: First, the process model must be
provided. Then, the necessary parameters for the execution of the GA must be defined,
such as population size (M), the number of generations (G), crossover rate, and mutation
rate, and the type of fitness function and the criterion of selection must be considered.
Afterward, M individuals are randomly created by a GA, according to [18]:

[Nll/ N2/ ‘X/ 5/ )\/ A}'p} (18)
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Then, each individual is applied, in simulation, within the repetitive structure algo-
rithm to control the process and calculate the fitness of each individual within the initial
population. Through the fitness function in Equation (19), individuals are classified in
descending order, from the best to the worst.

1
r(1—w)?

where [ is the output of the process and w is the reference.

Following, the GA selects the best individuals through the roulette method, where,
using Equation (19), the portion that the individual will have inside the roulette is deter-
mined. To select individuals, (M — 1) roulette runs are made. Parallel to roulette selection,
the elitism technique is used, where the best individual of each generation is copied di-
rectly to the next generation. After the selection process, genetic operations (crossover and
mutation) will be performed, in which new individuals will be generated to compose the
population of the next generation.

The GA will run a loop of G generations, and, at the end of the last one, it presents the
best individual, containing the parameters of the best tuning, which must be effectively
applied in the control of the plant. The flowchart of GA is shown in Figure 11.

Specify the parameters for GA

Fit(Ny,No, a0, 6, A, Ayp) = (19)

A 4

Generate the initial population

Gen=1
< Gen=Gen+1
' f
Calculate the fitness value of each individual

Apply GA
operation:Selecti
on,Crossover and
Mutation

A

Termination
criteria are
satisfied?

Slections of
individuals

Initializes the GPC parameters :
Ny, N3, @, 68,2, 2,

Figure 11. Flowchart of GA.
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4. Obtaining the Linear CARIMA Model

The CARIMA model was determined from identification of the mathematical model
given in Section 2.1, by considering a random input u(t), satisfying the following opera-
tional conditions: maximum variation of the gate valve opening is equal to 70 mm; the
height of the tundish is equal to & = 1200 mm; the operational position of the gate valve
Xs¢ = 35 mm when the casting speed equals 1.2 m/min. The sample time used in the
simulation was 0.12 s.

Figure 12 shows the set of input-output data determined that was used for identi-
fication of the mold level model. It was separated into two subsets: training data and
validation data.
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Figure 12. Input and output data used for identification of the model.

Applying these data in the Identification Toolbox of MATLAB and using the least
square method, many CARIMA models were generated with different orders representing
the linear model. After this, Akaike’s Information Criterion and the Final Prediction
Criterion were used to select the best model [36].

The selected model has orders n;, = 2and n,, = 0 and d = 0, according to the following
discrete Equation (20):

I(t) = 1.8221(t — 1) — 0.822 I(t — 2) + 0.01924 u(t — 1) (20)

The comparison between the prediction made by the identified model 20 steps ahead,
with the simulation of the mold level process determined from Section 2.1, presented a
97.9% fitness rate. Therefore, we concluded that the model is sufficient to represent the
mold level process and in simulations.

5. Numerical Results

The repetitive structure with constraints will be applied in a mold level simulator that
represents a real plant when it is affected by the bulging, clogging /unclogging disturbances
and variations in casting speed. In Section 5.1, specifically, the tests will be carried out
comparing GPC with constraints with the repetitive structure.

For this, the reference mold level was set to 100 mm, and the bulging signal consisted
of sine waves with an amplitude of approximately 10.0 mm, peak to peak. It will be
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considered a more severe bulging effect, so a larger casting speed and a smaller roll spacing
will be considered, which, according to Equation (4), causes a higher frequency and makes
it even more difficult to control the level.

Thus, the velocity of the casting machine should be Vs = 2.0 m/min (the maximum
capacity of the machine), and it was considered the smallest physical roller spacing of
the real plant from which the model was obtained, which is D = 200 mm. Therefore, the
bulging frequency is given by:

foulging(hz) = m = 0.167 Hz 1)
To simulate the bulging disturbance as accurately as possible, harmonics of the bulging
signal were added with values 2, 3, and 4 times higher than the bulging fundamental frequency.
To test the controller robustness, variations in the casting speed would be made, which
would cause changes in both the plant model and the bulging frequency.
The range of variation of the casting speed would be from 0.6 m/min to 2.0 m/min,
complying with the operating range of the industrial plant modeled.
All controllers were tuned using a GA. The tests were performed with process con-
straints entered within the predictive control.

5.1. Comparison between GPC and Repetitive Structure

In this section, we will make a comparison of the efficiency using the GPC controller
and the repetitive structure when the process has periodic disturbances.

The tuned parameters for each controller can be seen below:
- GPC:N,=5Ny=5a=0092,§=270.95, and A = 420.66
Repetitive structure: N, =8, N, =9, « =0.98, 6 = 712.69, A = 297.35, and A, = 62.04
The response presented by the GPC algorithm and the repetitive structure can be seen
in Figure 13.
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Figure 13. GPC (red) and repetitive structure (blue) response.
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According to the level graph of Figure 13, the GPC was not efficient enough to reject
the bulging disturbance; the oscillation around the setpoint of the mold level (100 mm)
was from 97 mm to 107 mm with a maximum amplitude of 10 mm, which was inside the
disturbance amplitude range. Therefore, the GPC was not able to reduce the disturbance,
which caused an oscillation in the mold level. Using the repetitive structure, this oscillation
was between 99.95 mm and 100.1 mm, with a maximum amplitude of 0.15 mm, which is
low compared with the maximum amplitude of the disturbance. Therefore, the repetitive
structure was able to reduce the disturbance by around 98.5%. This happened because the
R-GPC controller can reject periodic disturbances. Due to these results, all tests from now
on will be made using only the repetitive structure.

The graph of the control signal in Figure 13 presents the control signal applied for
both controllers. It is observable that the control signal presented by the repetitive structure
shows a smaller oscillation since it has incorporated the disturbance rejection, which
does not happen with the GPC. The bulging graph in Figure 13 represents the bulging
disturbance. The fundamental frequency of the bulging disturbance was 0.167 Hz, and it
had four harmonics. The disturbance was applied starting with the 500th sample.

5.2. Comparison between the Repetitive Structure with and without a Filter

In this section, the performance of the repetitive structure, shown in Figure 7, with
and without filtering for processes with disturbances of bulging and clogging/unclogging
and variations in the casting speed are compared.

The parameters of the repetitive structure with a filter were the same as those presented
in Section 5.1. The parameters for the repetitive structure without a filter are N, =5, N, =9,
a=093,5=944.79, A =167.17, and A,y = 106.22.

The tuning made for this test was for the bulging frequency of 0.167 Hz, with a
sampling time of 0.12 s and consequently with N = 50 samples. Therefore, the internal
model of R-GPC without a filter is given by Ij;(z) = 172%50’ and for the R-GPC with

filter Inif(z) = 1555 2_4970.8}5 —5 075 .=t {or g0 = 0.85, so g1 = 0.075, according to
Equation (14). These same parameters will be used for all simulations of mold level control
with disturbances.

The filter choice was made by trial and error. In the first moment, we started with a
small value of gg (90 = 0.6), and this value was incremented gradually. The final value of
go was defined considering the attenuation of the harmonics and the pole displacement for
stability, as shown in Figures 14 and 15. However, adding the filter modifies the internal
model since, as qo gets smaller, it makes a higher attenuation of the harmonics, modifying
the internal model. Although the system becomes more stable, the capacity of correctly
producing the signal that should be rejected is harmed, thus, reducing the capacity of
rejecting the disturbance, depending on the filter value. In Figure 14, it is possible to
observe the Bode diagram of the internal model without filter and with the adjusted filter;
it is shown that the gains in the harmonics of the model without filter are higher than the
gains of the model with filter.

Observing the pole placement in Figure 15, it is clear that the model without a filter
has the poles located on the unitary circle, while the model with a filter has the poles
slightly displaced toward the center of the unitary circle. Therefore, the displacement of
the model with a filter helps with stability and robustness.
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Figure 14. Bode diagram of the internal models (red, yellow, purple: with filter; blue: without filter).
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Figure 15. Pole diagram with zeros of the internal model with filter (red, yellow, purple) and without
filter (blue).

5.2.1. Process Simulation with Bulging Disturbance

The bulging disturbance was applied in our test, starting in the 500th sample. Figure 16
shows that the amplitude reduction in the bulging by the repetitive structure with a filter
was around 98.5%, as shown in Section 5.1. However, the repetitive structure without a fil-
ter showed an oscillation from 95.46 mm to 102.9 mm, which means a variation of 7.44 mm,
or a reduction of 25.6%, compared with the 10 mm amplitude bulging disturbance. The
small reduction using the structure without filter occurred because its control signal was
limited by the controller so as not to exceed process constraints.
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Figure 16. Comparison among the repetitive structures with filter (red) and without filter (blue) and
the bulging disturbance.

The control signal shown in Figure 16 presented by the repetitive structure with a
filter was softer than the repetitive structure without a filter, directly affecting the slide gate
life span.

Some studies, such as [37,38], used as a performance index of the control valve the
number of reversions, i.e., the number of times the valve changes its direction, since the life
span of the valve is directly related to the number of reversions. Therefore, the repetitive
controller with a filter showed a better efficiency compared with the controller without a
filter; the number of reversions for the same period using the repetitive controller without
a filter was 1065 compared to 791 with a filter, reducing by 25% the number of reversions.

5.2.2. Process Simulation with Clogging/Unclogging Disturbance

To compare the robustness of the R-GPC controller with and without a filter, both
were tested with the presence of clogging/unclogging disturbances. The reference mold
level was set to 100 mm, and the clogging /unclogging signal, shown in Section 2.3, was
simulated with a maximum clogging of 61%. A bigger clogging causes instability in the
system. The last graph of Figure 17 shows the passage area of the gate valve decreasing
from 100% to 39%.

Still, Figure 17 shows that, even with the clogging, the controller actuated to keep the
level constant. For the structure with filter, a clogging over 60.77% makes the steady-state
error greater than 2%, and for the structure without filter, a clogging over 50.42% already
makes the error greater than 2%. These behaviors are justified due to process constraints
inserted in the controller algorithm. In those cases, the control signal saturated due to valve
opening constraints, and, therefore, it was not possible to keep the mold level constant
during all the clogging. As soon as the unclogging process started, the controller could
bring the output to the desired setpoint. Moreover, in this performance test, the repetitive
structure with a filter had better results and a softer control signal than the repetitive
structure without a filter.



Metals 2021, 11, 1458 18 of 22

120 I
100 ’”v/' T
/ X: 681
E 80 AV Y:98.14
£ | Setpoint
3 60 ——R-GPC withfilter
5} | ——R-GPC without filter
- 40 .5
|
i
20 J‘
|
oH 1 |
0 500 1000 1500 2000 2500 3000 3500 4000
Samples
150 .
Control Signal with filter
T Control Signal without filter
< 100
(=2
B
5 | [
5 BN e L
5 50 D
. il
0 1 | \ ]
0 1000 1500 2000 2500 3000 3500 4000
Samples
g_g’ 1 |
g § X: 796
2805 - Y:0.3929 -
©5 X: 681
0 L0:1958 1000 1500 2000 2500 3000 3500 4000
Samples

Figure 17. Comparison among the repetitive structures with filter (red), without filter (blue), and
with the maximum clogging.

5.2.3. Process Simulation with Bulging and Clogging/Unclogging Disturbances

In this topic, the bulging and clogging /unclogging disturbances were added in the same
simulation. The bulging disturbance was applied in the 300th sample and was maintained
during the whole simulation. On the other hand, the clogging/unclogging disturbance was
applied in two moments, the first between 400 and 1600 samples and the second between
2400 and 3600 samples. Between the periods from 400 to 800 and 2400 to 2800 samples, valve
clogging occurred. From 800 to 1600 and 2800 to 3600 samples, the valve remained clogged at
61%. In the 1600 and 3600 samples, there was an abrupt unclogging of the valve, freeing 100%
of the passage area.

The level graph in Figure 18 shows that both controllers could keep a stable mold
level, except during the periods from 800 to 1600 and 2800 to 3600 samples, where there is
a decrease in the mold level. However, this is due to the physical constraints of the process,
which are inserted in the controller and can be viewed in the control signal graph.

5.2.4. Process Simulation with Casting Speed Variation

A final simulation was performed by changing the casting speed, respecting the maxi-
mum and minimum speed of the continuous casting process used in this work. In Figure 19,
alterations in the casting speed appear. They caused alterations in the bulging frequency, as
demonstrated in Equation (4), and in the plant model, Equation (2), generating oscillations in
the mold level and variation in the plant model.

In Figure 19, it is also noted that, between the initial moment and the 1500th sample, the
value of the casting speed was 2.0 m/min, causing a fundamental frequency of bulging of
0.167 Hz, and bulging reductions obtained by repetitive structures with and without filters
were 98.5% and 25.6%, respectively, as shown in Sections 5.1 and 5.2.1. Between 1500 and
2500 samples, the casting speed was altered to 1.2 m/min, causing a fundamental frequency
of bulging of 0.1 Hz, and the reduction in both controller structures was approximately
10%. Subsequently, between 2500 and 3500 samples, the speed was changed to 0.6 m/min,
generating a fundamental frequency of bulging of 0.05 Hz, and the reductions obtained by
the repetitive structure with and without filter were 68.8% and 46%, respectively. Finally,
between 3500 and 5000 samples, the casting speed was changed to 1.6 m/min, thus causing
a frequency of bulging of 0.133 Hz, and, in this case, there was an oscillation increase in the
mold level.
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Figure 18. Comparison among the repetitive structures, with filter (red) and without filter (blue),
with bulging and clogging /unclogging disturbances.
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Figure 19. Process with casting speed variation.
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Even with the casting speed variation and consequent model change, the controller
could maintain the level at the setpoint. However, only with the 1500th sample could
the controller with a filter eliminate the bulging disturbance since the controller was
correctly tuned for 0.167 Hz. For the other speeds, the bulging disturbance did not reduce
significantly since the controller was not tuned for the new frequencies of bulging generated
by the speed changes. For a better reduction in bulging with the casting speed variation,
necessary alterations in the algorithm of the R-GPC would allow it to adapt to bulging
frequency variation. As seen in the level graph of Figure 19, the repetitive structure with a
filter had better or equal results compared to the repetitive structure without a filter.

6. Conclusions

This work proposed a repetitive structure composed of two controllers, the GPC and
the R-GPC, to control the mold level, which is subject to bulging and clogging/unclogging
disturbances, and variations in the speed of the continuous casting process. The parameters
of the proposed repetitive structure were tuned using a genetic algorithm since, as far as
we know, there is no tuning guide in the literature for this kind of repetitive controller
and the trial-and-error method is costly. Additionally, we added a filter to increase the
robustness of the repetitive controller; the nonlinear mathematical model used in this work
was obtained using real data from the steel industry. In this structure, the reference tracking
is guaranteed by the GPC controller, and the disturbance of the periodic signal and/or the
modeling error is handled by the R-GPC controller.

Simulations of the process with bulging disturbance were performed considering
the mold level with periodic oscillations with multiple frequencies with an amplitude of
approximately 10 mm, and the results showed that the repetitive structure with a filter
could reduce the bulging disturbance at 98.5% compared with GPC without the repetitive
structure. In relation to the clogging disturbance, the repetitive structure with filter could
control the mold level until 60.77% of clogging. On the other hand, the repetitive structure
without a filter could control only until 50.42%. After those values, the respective structures
could not keep the level constant due to saturation in the control signal, caused by the
valve constraints.

Even with the casting speed variation, and consequent model change, the controller
could keep the level in the setpoint. In the test with casting speed variation, the bulging
disturbance did not reduce significantly, since the N parameter was different from the
number of samples of the bulging frequency caused by the speed changes. For a better
reduction in bulging with the casting speed variation, it would be necessary alterations in
the algorithm of the R-GPC to allow it to adapt to bulging frequency variation.

Finally, the repetitive structure with a filter had better or equal results compared to
the repetitive structure without a filter. It is possible to conclude that the control signal
presented by the structure with the filter was softer in all tests, with less valve reversion, i.e.,
the number of times the valve changes its direction. There was a reduction in reversion of
25% compared with the structure without a filter, thus causing an increase in the valve life
span, which, in turn, causes less maintenance stoppage and generates higher productivity
in the process. The controller proposed can minimize the fluctuation level due to bulging
and clogging disturbances and, consequently, reduce the negative effects of the mold slag
entrainment. The average time for processing the algorithm that solves the quadratic
optimization problem is 0.0081 s, thus much smaller than the sampling time (0.12 s).

For future work, the proposal of this article will be implemented in a mold-level
simulator plant that is being built in a research laboratory at IFES/Serra. The proposed
controller has the potential to be implemented in real-time digital control of the mold level.
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