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ABSTRACT. The requirements of high production allied with product quality, process
safety and environmental regulation, lead control systems to play a key role in the operation
of chemical and biochemical plants. In petrochemical plants, furnaces are essential
equipments for process operation and due to energy costs, adequate operation and control
are of extreme importance for process economics. The search for new and more efficient
control laws led to the development of fractional PID control algorithm, which is based on
the use of fractional differential equations. In this work, a previously identified
mathematical model of an actual industrial furnace is used for fractional PID control
studies. Feedback loop in servo control was analyzed, focusing on the study of the influence
of the controller parameters over control loop performance. Particularly, P, fractional PI
and fractional PD controller were considered in this study. Simulations were carried out
showing that the fractional controllers were able to perform set-point transitions. The
control loop performance was evaluated by ITAE and ISE criteria, showing that, in this
study, fractional PI is the best algorithm.

Key words: process control, fractional differential equation, fractional control, furnace.

RESUMO. Controle fracionario de um forno industrial. A necessidade da elevada
produtividade aliada 3 qualidade dos produtos, seguranga dos processos ¢ a legislagoes
ambientais levaram sistemas de controle a possuirem papel fundamental na operagio de
plantas quimicas e petroquimicas. Em plantas petroquimicas, fornos sio equipamentos
fundamentais para a operagio do processo ¢, pelo custo da energia, a operagio e o controle
adequados s3o de essencial importincia para a economia do processo. A procura de novas e
mais eficientes leis de controle levou ao desenvolvimento do algoritmo de controle PID
fraciondrio, o qual é baseado no uso de equagdes diferenciais de ordem fraciondria. Neste
trabalho, um modelo matemitico previamente identificado para um forno real é utilizado
para estudos de controle fraciondrio. Foi analisado o problema de controle servo em malha
retroalimentada (feedback), focando o estudo da influéncia dos parimetros do controlador
sobre o comportamento da malha de controle. Especificamente, controladores tipo P, PI
fraciondrio e PD fraciondrio foram considerados neste estudo. Simulagoes foram realizadas
mostrando que controladores foram capazes de fazer a transicio de setpoint. O desempenho
das malhas de controle foi avaliado com os critérios ITAE e ISE, mostrando que, neste
estudo, o controlador PI fracionirio foi o melhor algoritmo.

Palavras-chave: controle de processos, equacio diferencial fraciondria, controle fracionirio, forno.

Introduction

Due to the needs of high production allied with
product quality, process safety and environmental
regulation, control systems play a key role in
chemical and biochemical plants operation
(SANTOS et al., 2005). Literature reports different
conventional control algorithms, which have been
successfully applied to the control of industrial
furnaces (SEBORG et al., 2003).

Furnaces represent an important category of
industrial equipment not only because of their

function of pre-heating chemical stream but also
because of energy consumption issues. As a
consequence, adequate performance of an industrial
furnace is important for process economical
performance (SMITH, 1995). Literature reports
different applications of furnace modeling and
control, ranging from lab to industrial scale. Neitzel
and Lenzi (2001) report the control of a lab scale
furnace modeled with a first-order integer model.
Radhakrishnan and Mohamed (2000) report the use
of neural networks for modeling purposes, however,
the demand of experimental data for obtained a
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trained and validated neural network is high, which
may not be available in every scenario. Liao et al.
(2009) present the use of fuzzy sets and logic for
furnace identification and control. Vodros and
Kollar (2003) report the identification of a furnace
using frequency domain based models. Finally,
Branan (2005) shows the importance of using
heuristic rules for furnace modeling.

Fractional differential order equations represent a
fast growing research field nowadays (OLDHAM,;
SPANIER, 2006). Difterent applications of fractional
calculus have been reported ranging from diftusion
studies (LENZI et al., 2009, 2010) to stock market
applications (BIANCO; GRIGOLINI, 2007). Further
details regarding the formalism of fractional calculus
(HILFER, 2000) and the physical interpretation of
fractional derivatives (MACHADOQO, 2003) are beyond
the scope of this work and can be found elsewhere.
Fractional control has been successfully applied to
mechanical (POMMIER et al, 2002) and
eletromechanical systems (SABATIER et al., 2004). To
our knowledge, this work reports the first application
of fractional control to industrial equipment. This
work reports an alternative innovative tool for the
identification of an industrial furnace, which was
validated with experimental data reported in the
literature (PODLUBNY, 1999).

The aim of this work is the study of fractional
control of an industrial furnace. Fractional
controllers of the PID family were used in feedback
loop for servo control. Particularly, P, fractional PD
and fractional PI controller were used to control the
temperature of the leaving gas stream of furnace,
which is described by a previously identified
fractional model.

Theoretical framework

A fractional derivate can be obtained by several
approaches. However, in this work, only the Caputo
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“T}’ (1)

The first advantage of this representation is the
fact that of the
differential equations can be expressed in terms of

P = 1_ 5 {[ (1)
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a

initial conditions fractional
integer order derivatives, which usually have a
Secondly, for this
representation, the fractional derivate of a constant
function is zero allowing the use of deviation
variables (SEBORG et al., 2003), which considerably

simplify the mathematical analysis when using

physical  interpretation.

Laplace transform because the initial conditions
become zero. The feedback loop for servo control is
illustrated by Figure 1.

The loop transfer function is given by Equation.
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In this work, both actuator and sensor are
assumed to have no dynamics, consequently,

Ciancruaron(8) = Goenapn(8) =1 3)

The process transfer function can be obtained
from fractional identification techniques and is
given by Equation (4).

1
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Figure 1. Feedback loop for servo control.
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Finally, the P, fractional PD and fractional PI
controllers are, respectively, given by the following
transfer functions

qconrmouem(s) = Kc (5)
C(conmaouem(s) = Kc : (:L + TD ’ Su) (6)
1
Clcom*aouea(s) = K“G 1 T - gk (7)
|

Material and methods

The furnace model is given by Equation (8), which
was identified from an actual industrial furnace data
reported in the literature, using the identification
technique reported by Isfer et al. (2010).

1

1.0252

®)

C’PRDCESS ( S )

6.2992-5"77 +1.2148

This work addressed the study of fractional
control loops, particularly focusing on the influence
of the parameters of the control loop transfer
function over the behavior of the controlled
variable. Considering the above equations, the
following control loop transfer functions can be
obtained for P controller, fractional PI and fractional
PD controller, respectively.
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One can observe that parameter p is a real
number which can be set greater than 1.0252, so the
transfer function needs to be rewritten as
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(12)

As mentioned before, only the servo control
problem will be considered. Setpoint changes
considered in this study consist of a unity step
change, which is mathematically given by the
Heaviside function.

Results and discussion

According to previously reported results
(PODLUBNY, 1999), fractional controllers applied
to processes described by fractional transfer functions
(fractional process) provide better results when
compared to integer controllers applied either to
integer processes or even fractional processes and
fractional controllers applied to integer processes.
Consequently, this study analyzes only fractional
applied

controller simulation is a benchmark for comparison.

controllers to fractional processes. P

P Controller

The inverse Laplace transform of the P
controller loop is given by Equation (13), which
described the behavior of the controlled variable.

— Kc .
4= L%ﬁ%} -

(t; s, ]

(13)
; 1.0252; 2.0252
&.299= J

This inverse transform is obtained with the aid
of Mittag-Leftler function given by Equation (14).

€, (t, ,x;a,B)z R (x-t*)
o (j+r)-(x-t9) (14)

)= 3

Jzojl-F(OLJJrOL'VeJrB)

Table 1 presents the values of K. used for
simulation of the control loop. Is must be stressed
that the values were chosen in order to evaluated the
influence of K. over the behavior.

The behavior of the controlled variable after a
unity step set-point change is shown in Figure 2. It
can be observed that the offset is present; however,
it can be reduced by increasing the value of k.. The
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independent  variable, time, represents a
dimensionless time. The presence of offset occurs
because the P controller does not change the order
of the differential equation that describes the
process, as it can be observed by comparing
Equation (8) to Equation (9). In this case, the
fractional order is close to 1, so offset is expected to
occur. However, care should be taken on the choice
of K¢, because the higher the value, the higher the
process sensitivity to small errors.

Table 1. P controller parameter value used for simulation.

Case
1 11 111 v
K. 0.5 1 10 15

Parameter

Fractional PI controller

The main advantage of PI controller is the offset
elimination. This happens due to the integral action,
which mathematically leads to an increase in the order
of the differential equation that describes the process.
This can be observed by comparison of Equation (8) to
Equation (10). On the other hand, actuator saturation
may be an important issue to be addressed when
dealing with PI controllers. The inverse Laplace
transform of Eq. (10) is given by Eq. (15).

R [ EDT (ke "Z.
d(t)_[@?@?i} [Z k! [1;@.2992]

ac[t, —M; 1.0:252,L9252+k—7me+1}+ (15)
: 6.2992

1, [, +1,2142]
g, £, —————"——; 1.0252,1.0252-A-k+1

2992
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1
—+—/——0—00—C0—0—0—0—0——0
= 08
L
= 06
S
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Figure 2. Controlled variable behavior — P Controller.

One can observe that fractional PI controller has
three tuning parameters, given by K¢, T and A. It
should be stressed that the value of A represents the
desired increase of the order of the control loop
differential equation and is given by a real number.
Table 2 lists the parameters values used for
simulation purposes.

Isfer et al.

Table 2. Fractional PI controller parameters values used for
simulation.

Parameter Case

1 11 111 I\
K¢ 5 5 5 1
T 2 1 1 1
A 0.1 0.1 1.1 1.1

Similarly to P controller, parameters values were
chosen in order to evaluate the influence over the
control loop behavior. The influence of K. is
analyzed by comparison of cases III and IV, 7, is
analyzed by cases I and II, finally, A is analyzed by
cases II and III. Figure 3 presents the simulation
results showing the behavior of the controlled
variable. The main consequences of increasing Kc
correspond to an offset reduction and also an
increase in the loop velocity by reducing the time
needed to get closer to the desired set point. T
directly influences the offset, which can be removed
by proper parameter selection. Finally, depending
on the values of K. and T, parameter A may
introduce an oscillatory behavior, as it represents the
integral action and directly affects the order of the
differential equation that describes the control loop.

Fractional PD controller

According to Equation (11) and Equation (12),
fractional PD
parameters; K, Tr, L. Two different scenarios can be

controller has three tuning
visualized and will be further considered for
analysis. In the first, the value of p is smaller than
the order of the transfer function that describes the
process. In the second scenario, the value of p is
greater than the process order.

In the first scenario, given by Equation (11), the
fractional PD response is expected to have the same
behavior of the P controller as the order of the
system is not changed. The main advantage of the
PD controller is that the controlled variable reaches
the set-point faster when compared to P controller.
The control loop behavior is given by Equation (16),
while Table 3 lists the values of the parameters used
for simulations.

Figure 4 presents the
behavior, according to the used parameter values.

controlled variable

Again, tuning parameters were not optimized. Cases
I and VI and cases III and IV address the influence of
Ke. The influence of 7. is evaluated by cases II and
I, cases IV and V, cases VI and VII. Finally,
parameter W is studied by comparing cases I and II,
cases V and VI, cases IV and VII. One can observe
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that by increasing the values of K. and 1. offset is

reduced. By increasing p controlled variable offset
tends to increase. However, an initial higher speed
of the control loop is observed due to the sharp
increase of the values of the controlled variable.

ok Jfecy (reaee, )
W)_L.:e%zM; ! [ 62992 ]

ool
7 e

1.0252 —W; 1.0252 — -k + 1J+

0 _ R © 16
TD'Z( 1) '[1814?+KCJ ) (16)
= Rkl 6.2992
[ [Tb 'Kc] 3 . J j
g, &, —=————; 1.0252 —; 1.0252 —-R+1—U
2992

Table 3. Fractional PD controller parameters values used for
simulation — Scenario 1.

Parameter Case

1 11 m v Vv VI VII
K. 1.5 1.5 15 03 03 0.3 0.3
T 2 2 5 5 2 2 5
u 1.01 02 02 02 02 1.01 1.01

—0-Kc=5t=2lambda=0,1(I) -0-Kc=5t=1lambda=0,1(ll) -a-Kc=5tl=1lambda=1,1(lll)

—0-Kc =11l =1lambda = 1,1 (IV) —+ set-point
1.4

121 oS0y

1

0.8

e
o

Controlled Variable - [y]

Time - [t]

Figure 3. Controlled variable behavior — Fractional PI Controller.

In the second scenario, given by Equation (12),
the controlled variable is described by the following
expression obtained after inverse Laplace transform.
Table 4 reports the used values of the control loop
tuning parameters.

The influence of parameter K. is observed from
cases III and IV. The influence of 7 is evaluated

from cases II and III, and cases IV and VI. Finally,
parameter W is addressed by cases I and II, and cases
IV and V. Figure 5 presents the simulations of the
PD control loop behavior.

An increase in K. and a decrease in T: lead to
an offset reduction. Parameter p plays a key role
in the controlled variable behavior. This happens

283

because in scenario 2, u influences the order of
the closed loop transfer function, consequently,
higher values of p may introduce an oscillatory

behavior. A proper parameter selection can
considerably reduce offset not introducing
oscillations.

RERRE (—1)‘@ €,2992 ;2_
o {2

k=0 T, K

( [Le14ak,] , ) j
gt ——————; U—10252u—1,0252k+1 |+
TR,
‘ (17)
i(—l)k £,2992 )

k=0 Rl Tb : K’c

[1e14aK,]
gt ——————; u—1,0252U—1,0252R+1—
‘Cb : KC,

Table 4. Fractional PD controller parameters values used for
simulation — Scenario 2.

Parameter Case

1 1I m v v VI
K. 5 5 5 20 20 20
T 10 10 5 5 5 1.2
0 1.03 1.21 121 121 2 1.21

Performance evaluation

The control loop performance was evaluated
using ITAE and ISE criteria, given by the
following expressions, whose values are presented
in Table 5.

(TA€=jt Je()|tt =jt . ‘g(t) ~Yaerromrdt (18)

ISE:j‘[e(t)]Qo{t =j[g(t)— Yeerrom ]Zoit (19)

Table 5. Control loop performance criteria.

Controller ITAE  ISE
P 5.41 0.42
Fractional PD — Scenario 1 (I) 12.06  0.93
Fractional PD — Scenario 2 (II) 4.53 0.32
Fractional PI 3.01 0.61

Considering the chosen tuning parameter
values, fractional PI controller is the best if one
considers ITAE, while fractional PD is the best if
one considers ISE. It can be observed from the
values of Table 5 and from Figure 6 that fractional
control can be successtully used for servo control
tasks.
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Figure 4. Controlled variable behavior - Fractional PD

Controller — Scenario 1.
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Figure 5. Controlled variable behavior — Fractional PD
Controller — Scenario 2.
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Figure 6. Comparison of the best controllers.

Conclusion

This work addressed the study of fractional
control loop of an industrial furnace. P, fractional
PD and fractional PI controllers were considered in
this study. A fractional model of an industrial
furnace previously reported in the literature was
used for loop simulation. The influence of the

Isfer et al.

tuning parameters was analyzed showing that oftset
and oscillatory behavior can be eliminated by proper
parameter selection. Although the parameters used
were not optimized, they are able to allow the
controlled variable to reach a new steady state close
to the desired set-point. Finally, the control loop
performance was evaluated by ITAE and ISE
criteria, showing that each criterion has a different
best controller.

Acknowledgements

The authors are thankful to CNPq, Fundagio
Arauciria and PRH24/ANP (Brazilian Agencies) for
providing financial support for this project.

References

BIANCO, S.; GRIGOLINI, P. Aging in financial market.
Chaos Solitons and Fractals, v. 34, n. 1, p. 41-50, 2007.
BRANAN, C. R. Rules of thumb for chemical
engineers. Singapore: Gulf Professional Publishing, 2005.
CAPUTO, M. Linear model of dissipation whose Q is almost
frequency independent — II. Geophysical Journal of the
Royal Astronomical Society, v. 13, n. 5, p. 529-539, 1967.
HILFER, R. Applications of fractional calculus in
physics. Singapore: World Scientific, 2000.

ISFER, L. A. D; LENZI, M. K; LENZI, E. K
Identification of biochemical reactors using fractional
differential equations. Latin American Applied
Research, v. 40, n. 2, p. 193-198, 2010.

LENZI, E. K: LENZI, M. K: ROSSATO, R
MARTINS FILHO, L. C. Solugdes para a equagio de
difusio com um termo nao nao-local. Acta Scientiarum.
Technology, v. 31, n. 1, p. 81-86, 2009.

LENZL E. K;; ROSSATO, R.; LENZI, M. K.; SILVA, L.
R.; GONCALVES, G. Fractional diffusion equation and
external forces: Solutions in a confined region.
Zeitschrift fur Naturforschung Section A-A Journal
of Physical Sciences, v. 65, n. 5, p. 423-430, 2010.

LIAO, Y. X,; SHE, J. H.; WU, M. Integrated Hybrid-PSO
and Fuzzy-NN decoupling control for temperature of
reheating furnace. IEEE Transactions on Industrial
Electronics, v. 56, n. 7, p. 2704-2714, 2009.

MACHADQO, J. A. T. A probabilistic interpretation of the
fractional-order differentiation. Fractional Calculus and
Applied Analysis, v. 6, n. 1, p. 73-80, 2003.

NEITZEL, I1.; LENZI, M. K. A simple real-time process
control  experiment using  serial
Computer Applications in Engineering Education,

v. 9, n. 2, p. 101-104, 2001.

OLDHAM, K. B.; SPANIER, J. The fractional
calculus. New York: Dover Publications, 2006.
PODLUBNY, L. Fractional differential equations. 1st
ed. New York: Academic Press, 1999.

communication.

Acta Scientiarum. Technology

Maringi, v. 32, n. 3, p. 279-285, 2010



Fractional control of an industrial furnace

POMMIER, V. SABATIER, J; LANUSSE, P,
OUSTALOUP, A. CRONE control of a nonlinear
hydraulic actuator. Control Engineering Practice,
v. 10, n. 4, p. 391-402, 2002.

RADHAKRISHNAN, V. R;; MOHAMED, A. R. Neural
networks for the identification and control of blast furnace
hot metal quality. Journal of Process Control, v. 10,
n. 6, p. 509-524, 2000.

SABATIER, J.; POULLAIN, S; LATTEUX, P;
THOMAS, J. L; OUSTALOUP, A. Robust speed
control of a low damped electromechanical system based
on CRONE control: Application to a four mass
experimental test bench. Nonlinear Dynamics, v. 38,
n. 1-4, p. 383-400, 2004.

SANTOS, A. F.; SILVA, F. M.; LENZI, M. K.; PINTO,
J. C. Monitoring and control of polymerization reactors
using NIR spectroscopy. Polymer-Plastics Technology
Engineering, v. 44, n. 1, p. 1-61, 2005.

285

SEBORG, D. E.; EDGAR, T. F.; MELLICHAMP, D. A.
Process dynamics and control. New York: John Wiley
and Sons, 2003.

SMITH, R. Chemical process design. New York:
McGraw-Hill, 1995.

VODROS, B.; KOLLAR, I. Identification of a furnace
from quasi-periodic measurements. IEEE Transaction
on Instrumentation and Measurement, v. 52, n. 1,
p. 92-96, 2003.

Received on March 9, 2009.
Accepted on May 26, 2009.

License information: This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

Acta Scientiarum. Technology

Maringi, v. 32, n. 3, p. 279-285, 2010



