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Abstract: A dead-time compensator robust Hoo state feedback controller (DTC-Heo-SFC) for the
temperature control in a precalciner of a cement rotary kiln is designed. A mathematical model of
the process under study with ARMAX structure was obtained. A dead-time compensator robust
Hoo state feedback controller is therefore designed. The results of the comparative evaluation of
the DTC-Hoo-SFC vs. DTC+PI designed controllers showed that the DTC-Heo-SEC gives improved
performance of the control system.

Keywords: robust Heo state feedback controller; dead-time compensator; systems identification;
precalciner; cement rotary kiln

1. Introduction

At present, the cement industry is developing an increasing level of automation [1,2].
Increased automation has been motivated by the new demands of this industry for high-
performance in terms of cement quality, productivity, efficiency, and lower costs in produc-
tion and maintenance [3].

Likewise, in the last few decades, universal cement output has increased significantly,
in emerging and non-emerging states. Consequently, studies related to increasing the
efficiency of the productive process in this industry are highly relevant to today’s scientific
interest [4-6].

Cement manufacturers face major challenges. First, they must master increasingly
stringent environmental regulations because it is an industry with rather high carbon
dioxide emissions and secondly, they face increasing pressure to reduce costs due to
excessive competition worldwide [7-9].

The key apparatus used in this industry is the rotary kiln [10], which is an enor-
mous, slightly inclined cylinder that gradually turns on its axis, moved by a powerful
electrical motor, while its content (the raw meal) is heated to extremely high temperatures
(1350-1500 °C) [11]. The raw meal is loaded at the kiln superior end and moves toward the
burner flame located at the inferior end as the kiln rotates. The high temperature occasions
the raw meal to react and this reaction creates the clinker [10].

Once the clinker is manufactured, it is chilled quickly to minimize the creation of a
glass phase and guarantee the maximum yield of alite (tricalcium silicate) formation, a vital
component for the cement hardening properties [11].

After cooling, to produce powdered cement, the clinker nodules are ground with ap-
proximately 5% gypsum and other minor mineral additives to the consistency of powder [5].
Therefore, clinker manufacturing is of significant value [10].

Different approaches have been proposed in recent decades concerning the mod-
elling [12-14] and control of cement rotary kilns [15-17].
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In most modern cement factories, rotary kilns are equipped with a cyclone preheater,
a precalciner, and a cooler [18-20]. The cyclone preheater consists of a vertical tower
containing a series of cyclones stages with an auxiliary combustion system (precalciner)
located at the bottom of the preheating tower to increase the temperature of the raw meal
before putting it in the rotary kiln [10]. Raw meal enters the precalciner [21].

The preheater heats the raw meal using warm scape fumes from the rotary kiln, while
the precalciner provides additional heat to the raw meal until it reaches a temperature
between 860 °C and 950 °C, producing the decarbonizing process. This process is highly
dependent on temperature and directly affects energy consumption [22]. It is well known
that up to 70% of the energy consumption during the clinker manufacture process in
modern rotary kilns is produced in the precalciner [23].

The decarbonizing process of the raw meal is one of the most important processes in
the manufacturing of clinker, which is based on the endothermic calcination reaction [11].
The decarbonized raw meal then come in the rotary kiln where the clinker is produced [10].

Currently, the control and optimization of the precalciner temperature plays a vital role
within the cement manufacturing process [24,25]. If poor temperature control is performed
in the precalciner, a modification is generated in the grade of decarbonizing of the raw
meal that enters the kiln affecting the rank of the clinker without the option of offsetting
it in its entirety in the later stages of the production process [20]. This generates large
material losses due to the damages produced in the refractory of the rotary kiln owing to
the temperature increase and generates higher maintenance and production costs [26,27].

The precalciner is characterized by its ability to improve thermal efficiency and reduce
heat waste in the cement kilns [11]. However, a deficient control leading to an excessive rise
in temperature can cause high fuel consumption and generate high pollution by emitting
toxic gases into the environment [28]. Consequently, effective temperature control in the
precalciner is decisive to guarantee a high-quality clinker and efficient energy use [29].

Currently, the precalciner temperature control is mainly carried out using conven-
tional PID controllers [24,30,31]. However, the dynamic performance of the precalciner is
characterized by non-linear behaviour, time delays [32,33], parameter uncertainties, as well
as large disturbances [34,35]. Thus, the precalciner is categorised as process with complex
dynamic behaviour [36,37].

It is well-known that when processes have complex behaviours, the PID must perform
well, see, e.g., [38—40]. Moreover, processes with time delays are problematic to control by
conventional controllers due to control system instability [41-43]. Accurate control of these
processes is very important [44—46].

These arguments constitute a strong motive for the design of advanced controllers [47,48]
that will enable effective temperature control in the precalciner, as well as improve the clinker
production process, reduce damage to mechanical equipment, increase the quality of the
powdered cement and reduce energy-consumption and environmental pollution.

The dead-time compensator robust Hoo state feedback control (DTC-Heo-SFC) is a
novel advanced control technique that could greatly contribute to the improvement of
productive processes because it combines the advantages of the robust Hoo state feedback
control with the advantages of the dead-time compensator (Smith predictor) [49-51]. A
review of time delay control systems and of the Smith predictor control system can be
found in [52,53].

Robustness is of vital significance in controller design, since real industrial processes
are susceptible to external disturbances, measurement noises, and unmodelled plant dy-
namics [54-56].

The objective of this work is to design a DTC-Heo-SFC controller for the operative
temperature control in a precalciner of a cement rotary kiln.

The DTC-Hoo-SEC controller harnesses a mathematical model of the controlled process
to compute control signals through the state feedback, which allows the controller to
develop while taking into account only the free part of the process model without the time
delay because the time delay is removed from the state feedback [57,58].
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Unlike the PID controllers, the DTC-Hoo-SFC controller shows a certain insensitivity
to disturbances that take place in the productive processes allowing for a compensation of
the time delay effect in the feedback.

Among the characteristics of the DTC-Hoo-SFC controller is the need to have an
accurate process model and continuous feedback on the state of the system to achieve
closed-loop stability [59,60]. A benefit of this controller is the option of having state
feedback and output feedback [61]. A sequence of controller actions is estimated and these
are computed considering the process dynamics. The first component of the sequence
becomes a reference point of the actuator element. If the system receives new sensor
measurements, the calculation is repeated, and a new sequence is estimated.

The key results of this paper are the following: (1) A mathematical model that accu-
rately described the temperature in a precalciner is obtained; (2) A DTC-Heo-SFC controller
for the operative temperature control in a precalciner is developed.

This paper is planned as follows. In Section 2, a mathematical model of the process
studied is obtained using systems identification techniques, and the design of the DTC-
Hoo-SFC controller is developed. Section 3 shows the discussions of the attained results.
Lastly, a few conclusions are given in Section 4.

2. Materials and Methods
2.1. Identification of the Temperature Dynamic Behaviour in a Precalciner

The precalciner considered in this paper is the cement rotary kiln precalciner of the
Cementos Lima company, Peru.

In this paper a DTC-Hoo-SFC controller for the operative temperature control is
designed. For the design of this controller, it is necessary to own a mathematical model that
adequately depicts the temperature behaviour in the precalciner under study. However,
obtaining a phenomenological model, based on the physical laws is very difficult due to
the complex dynamic behaviour of the precalciner [35,37].

Currently, the system identification constitutes a potent tool for attainment adequate
mathematical models of the dynamic behaviour of productive processes, see, e.g., [38,62].
For this reason, in this paper, the systems identification procedures are used to obtain an
adequate mathematical model of the temperature dynamic behaviour in a precalciner based
on the real time data observed (measured) of its input/output variables.

The precalciner considered is equipped with a temperature sensor (TT), a fuel flow
sensor (FT), and a control valve of the fuel flow entering the precalciner burner. In addition,
the cement rotary kiln has a SIMATIC S7-300 PLC and a control station (industrial PC) that
is provided with a SCADA system for the supervision of the entire productive process,
which facilitates the data collection and storage.

For the evolution of the system identification experiments, we considered as the input
variable (manipulated) the variation of the fuel flow (Q f(t)) that feeds the burner of the
precalciner (u(t) and as output (controlled) variable the temperature variation of exhaust
gasses of the precalciner y(t). This process is affected by disturbances, such as the raw flour
flow variation to the precalciner, the fuel calorific value, the air temperature, etc.

In Figure 1 the experimental arrangement under operating conditions carried out
for the data collection of the considered precalciner in open loop is shown, where PLC is
the Programmable Logic Controller, PC is the Personal Computer, TT is the temperature
transmitter, and TF is the fuel flow transmitter.
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Figure 1. Diagram of the data collection in the precalciner.
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For the development of a mathematical model of temperature in a precalciner, a
pseudo-random binary sequence (PRBS) as input was applied [62].

The data were sampled with a sampling period Ts = 60 s. The data collected were
separated into data for estimation and data for validation, and are displayed in Figure 2.
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Figure 2. Results of the experiment with a pseudo-random binary sequence (PRBS).

Some discrete model structures (ARX, OE, Box-Jenkins and ARMAX) with dissimilar
model orders were evaluated to decide which of them better depicted the temperature in

the precalciner.

The estimation of the parameters was developed by means of the Prediction Error
framework [62]. The parameters were computed for diverse model orders and time delays.
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2.2. Model Validation

The model validation was performed based on the cross-validation method [62]. The
model that better replicated the temperature behaviour in the precalciner was selected by
quantifying the degree of accuracy with respect to the validation data. This was carried out
by mean of a performance index (FIT), which was attained by the following expression [62].

FIT = |1- =901, 1000 1)
Jv=v]

where y(f) is the measured output, §(t) is the estimated output, and ¥(t) is the mean of
y(t). The obtained validation results are shown in Table 1.

Table 1. Validation results.

Model Model Order Performance
Structure na nb nc nd nf nk Index(FIT)
ARMAX 4 4 - - 10 90.04%

BJ - 4 4 4 9 86.72%
ARX 4 4 - - - 10 84.25%
OE - 2 - - 2 11 85.45%

Table 1 exhibits that the better attained model is a fourth-order model with ARMAX
structure and time delay, which is characterized by the expression [62]:

y(t) = fl((z))q‘”ku(t) + fx((gie(t) )
where:
A(q) =1—1.783g7 " +0.03569 % +1.729g > — 0.54894* ®
B(q) =19.9197" — 4614972 +33.197° — 6.8429 " (4)
C(q) =1—-11649~" —0.1099~% +0.56687 > — 0.2937q " ®)

and e(t) is the uncorrelated random white noise with zero mean.

The validation results of the mathematical model attained are shown in Figure 3 and
depict a high adjustment index (FIT).

The obtained discrete-time mathematical model (1) of the precalciner temperature can,
thus, be characterized by the next transfer function with dominant time delay:

19.9123 — 46.1422 + 33.1z — 6.842 s
G(z) = z (6)
z4 — 1.78323 + 0.035622 + 1.279z — 0.5489

2.3. Design of a DTC-Hoo-SFC Controller

The Heo controller design is a current and active research area [49,63,64]. From its
beginnings to the present there has been made substantial growth in this field [50,51,54]. It
has been extensively proposed to solve diverse complex industrial and academic control
problems [55-57]. In this paper Heo-based robust controller is proposed to solve the
problem of operative temperature control in a precalciner.

The control system is characterized agreed to configuration showed in Figure 4, where
P is the generalized plant or interconnected system, w represents all the external inputs, that
includes reference signal and disturbances, z denoted the output signals to be to minimized
(consisting of all error signals), y is the vector of measurements available to the controller
K, and u is the vector of control signals [57,59]. The measured variable y is used in K to
calculate the control signals u (1 = Ky).
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The controller design trouble is to meet a stabilizing controller K that produces a signal
u regarding the information from y to decrease the effect of w on z, minimizing the closed
loop norm from w to z [50]. It is correspondent to minimizing the Hoo-norm of the transfer
function from w to z [51].

The generalized plant P is partitioned as:

P Ppp ]
P= 7
{ Py Py @

Therefore, the control system can be represented as:

HE RS ®
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From (8) it is obtained:

z = [Pll + PpK(I— P22K)71P21]w )
z:= F(P,K)

where F(P,K) is the lower linear fractional transformation of P and K [50]. Thus, the

controller design objective becomes [51]:

i F(P,K 10
Kst%}f}zmg” 1(P, K)o (10)

where the expression (10) is denoted as the Heo optimization problem [55].

However, in industrial controller design it is enough to meet a stabilizing controller K,
such that the Hoo-norm of the closed-loop transfer function is minor than a given positive
number 7 [50,57]:

IE(PK) [l < 7 a1

where y > 0 := Ming gapitizing || Fi (P, K) ||

The Hoo controller commonly uses a state-space model to obtain the control signals
u(k) [65]. Therefore, from the derived model in z-domain of the precalciner temperature (6),
the following process model was obtained in discrete-time states-space with time delay:

x(k+1)= Ax(k) + Byw(k) + Bou(k — nk)
z(k)= Cyix(k) + Driw(k) + D1ou(k — nk) (12)
y(k)= Cax(k) + Dyw(k) + Dapu(k — nk)

where x(k) € R" is the state vector, w(k) € R? is the disturbance input, u(k) € R"
is the control input, y(k) € R is the measurement, z(k) € %7 is the controlled out-
put, nk is the discrete-time delay, A, By, By, Ci, C3, D11, D12, Dy1, Dy are matrices
appropriately dimensioned,

—0.0356 —1.279 0.5489 8
0 0 0 0
. 0 o |/Bi=B=| | G=[000 1]
0 1 0 0

Cp=[2489 -5768 4138 —0.8552 |, Dy; = [0], D1z = [1], Dy = [1], Dy = [0],

nk = 10T = 600 s is the time delay.

Figure 5 shows the diagram of the precalciner temperature control system with the
proposed DTC-Hoo-SFC controller, where Y, (k) is the model output without time delay
and Y (k) is the delayed model output.

It is well-known that a null steady state error is achieved both in the tracking of a
step command and in the rejection of a step disturbance applied to the process input if an
integral action is added to an SFC in the direct path [57,66]. Therefore, to guarantee a null
steady state error of the error signal e(k), a PI controller was added, which provides said
integral action and has two gains whose tuning allows improving the performance of the
control system.
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Figure 5. Diagram of the designed precalciner temperature control system with the designed DTC-
Hoeo-SFC controller.

Consequently, the discrete-time PI controller is represented by the expression [67]:

v(k) = Kce(k) + Kje(k) + Pr(k—1) (13)
where ;
P(k) = K;)_e(j) = Kre(k) + Pr(k — 1) (14)
j=0
K¢ is the proportional gain, K; = K%TS is the integral gain, T is the integral time constant.

The state feedback control law is described by the expression [49]:
u(k) = —Kx(k) + Fo(k) (15)

where K € R4 is the stabilizing controller, and F € R!*! is the tracking gain.
The next suppositions were considered:

(i) (A, By) is stabilizable and (Cy, A) is detectable;
(i) (A, By) is stabilizable and (Cy, A) is detectable.

Supposition (i) guarantees that internal stability of P is equivalent to BIBO (bounded-
input, bounded-output) stability from w to z.

Supposition (ii) is necessary and hopeful that P can be internally stabilized by
output feedback.

The Heo problem is to meet a stabilizing controller K that minimizes the Hoo-norm of
the transfer function from w to z [50,57]. The tracking gain F permits the system output y
to achieve the reference R by settling the non-zero reference tracking problem of the system
being the error e = R — y. Here, it should be complied:

F=[C(I—(A—BK) "By (16)

After inserting (15) into the discrete-time state space process model without time delay
(12) it is obtained:

x(k+1)= (A — BpK)x(k) + BoFv(k) + Byw(k)

2(K)= (€, — DaK)x(k) + DiaFo(K) + Dyrao(k) 47
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Thus, the controller K and the tracking gain F are determined as:

K=[ Ky Kip Kiz Kug ], F=[fu] (18)

The transfer matrix from w(k) to z(k) is obtained by means of:
Gu,z(2) = (C1 = D1aK) (21 — (A = ByK)) "'By + Dy (19)

Considering the process dominant time delay (nk = 10T; = 600 s) the use of a
dead-time compensator is proposed to compensate said delay in the feedback [32,66].

Therefore, the Hoo control problem studied in this work is specified as: to meet a
controller K such that (A — B;K) is Hurwitz and |Gy, ||, < 7y for the minimum value of
v > 0 that meets the following linear matrix inequality [50,57]:

(A—ByK)X + X(A—ByK)"T By X(Cy —DpK)"
BT —1I DI <0 (20)
(C1 — D;2K)X Dyq -1

X>0 1)

where, X is a symmetric matrix and v is a given positive number.
From (20) it was obtained:

K= [ —0.6982 —3.7307 —5.0445 —2.8008 }, and F = [1] (22)
Furthermore, as a result of tuning the PI controller, Ko = 80 and K; = 19.9 were obtained.

3. Results and Discussion

To assess the performance and accuracy of the DTC-Hoo-SEC controller designed
for precalciner temperature control, some tests based on simulations of real industrial
operating scenarios of the control system were developed.

The first test consisted of verifying the capacity of the DTC-Heo-SFC controller for
tracking variations in the command signal R(k). Figure 6 exhibits the time response of
the control system with the DTC-Heo-SFC controller designed, as well as the control effort
against a change in the command signal from 920 to 950 °C.

From Figure 6, it can be seen that the temperature in the precalciner reaches the new
reference value in a time period of approximately 1245 s, without overshoot and with a
steady state error e(k) = 0.

These results show that the designed DTC-Hoo-SEC controller has sufficient capacity
to effectively follow the variation in the command signal in a time period less than 1250 s,
and, therefore, it is within the established limits of nominal operating temperature in the
precalciner [6,11].

Considering that, currently, the PI and the DTC+PI are the most used controllers for
precalciner temperature control of cement rotary kilns [30,31], the second test consisted of
comparatively analysing the tracking capacity of the DTC-Hoo-SFC vs. DTC+PI controllers
to variations in the command signal, as well as the rejection of the negative effect of external
disturbances in environments close to the nominal operating conditions of the precalciner
under study. Therefore, a discrete-time DTC with PI (DTC+PI) controller was designed. For
this reason, the model obtained from the temperature in the precalciner (6) was used as the
internal model of the DTC. The parameters obtained from the tuning of this PI controller
were: K¢ = 0.00575 and K; = 0.0008225.
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Figure 6. Time response of the control system with the DTC-Hoo-SFC controller designed, as well as
the control effort against a change in the command signal from 920 to 950 °C.

Figure 7 exhibits the time response of the control system with DTC-Hoo-SFC vs.
DTC+PI controllers against a change in the command signal from 910 to 950 °C. From said
figure it can be observed that with the DTC-Hoo-SFC controller the temperature in the
precalciner reaches the reference value in a time period of approximately 1400 s, while with
the PI controller the new reference is reached with overshoot and in a time period of 4000 s,
that is, in a time interval 2.85 greater.

From Figure 7 it is also observed that in time t = 4400 s an external step-type distur-
bance w(k) occurs due to a decrease in the opening magnitude of the control valve that
regulates the fuel flow to the burner of the rotary kiln (see Figure 1), causing a decrease
in said fuel flow of 5 m?/h. As a result, the hot gases that reach the precalciner (from the
rotary kiln) decrease in temperature and cause a variation in the precalciner temperature.
The DTC-Hoo-SFC controller completely rejects this negative effect in a time period of
approximately 800 s, while the PI refuses it in a time period of approximately 2300 s, that is
in a time interval 2.87 larger.

These results show that the DTC-Heo-SFC controller designed has sufficient capacity
to effectively reject the negative effects of external disturbances within the established limits
of nominal operation of the precalciner temperature.
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Figure 7. Performance comparative results of the control system with DTC-Hoo-SFC vs. DTC+PI
controllers against variations in the command signal, and external disturbance.

To assess the performance of the control system with the controllers designed, the
performance indexes of the integral squared error (ISE) and the integral absolute error (IAE)
were used, which are represented by the following expressions [67]:

N

Jise = Y e(k)? (23)
k=0
N

Jiae = Y_le(k)| (24)
k=0

Tables 2 and 3 show the comparative results of the ISE and IAE performance indices
defined in (23), (24) of the temperature control system in the precalciner with the DTC-
Hoeo-SFC vs. DTC+PI controllers, considering the effect of an external disturbance. Again,
the results obtained show that the DTC-Heo-SFC controller allows for significantly better
performance of the control system because it exhibits a lower ISE and a lower IAE.

Table 2. Comparative results of integral squared error (ISE) performance index of the control system
with the DTC-Hoo-SFC and DTC+PI designed controllers and external disturbance.

ISE ISE
(NOMINAL) (DISTURBANCE)
DTC+PI 14,149 140

DTC-Hoeo-SFC 13,230 45
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Table 3. Comparative results of integral absolute error (IAE) performance index of the control system
with the DTC-Hoo-SFC and DTC+PI designed controllers and external disturbance.

IAE IAE
(NOMINAL) (DISTURBANCE)
DTC+PI 302 42
DTC-Heo-SFC 277 17

Therefore, the DTC-Hoo-SFC designed controller provides important improvements
in the precalciner temperature control of the cement rotary kiln, producing higher rank
cement with lower energy consumption, and with lower emission of polluting gases.

4. Conclusions

Based on experimental real time data and system identification tools, a mathematical
model that adequately defines the dynamic behaviour of temperature in a precalciner
was obtained. The obtained model is given in fourth order discrete-time and presents a
dominant time delay.

A DTC-Hoeo-SFC controller was designed for the operative temperature control in a
precalciner, which is distinguished by using a dead time compensator (DTC) to compensate
the process time delay, and a state feedback Heo controller (Heo-SFC) modified by adding a
PI controller to reject the negative effects of external disturbances.

The obtained simulation results revealed that the DTC-Heco-SFC designed controller
exhibits sufficient capacity to effectively track variations in the command signal and re-
ject the negative effects of external disturbances in the time periods that are within the
established nominal operating limits of the precalciner temperature.

The results of the comparative evaluation of the DTC-Hoo-SFC vs. DTC+PI designed
controllers, through the indexes of the integral squared error (ISE), and integral absolute
error (IAE), showed that the DTC-Hoo-SFC gives significantly better performance of the
control system.

The next stage of our research involves the application of the DTC-Heo-SFC designed
controller in the precalciner of the rotary kiln of the company Cementos Lima.
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