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ABSTRACT

This work presents an approach to implement and assess fractional controllers in an extractive
distillation system. The experimental dynamic data for an extractive distillation column is used as
a case study. A strategy is developed to fit the operation data to fractional-order transfer func-
tions. Then, the fractional controllers are designed in the Simulink environment in Matlab, tuning
the controllers through a hybrid optimization approach. First, the approach uses a genetic algo-
rithm to find an initial point, and then the solution is improved through the fmincon algorithm. Ac-
cording to the results of the design of fractional controllers, the sum of the square of errors is
below 2.9x10°¢ for perturbations in heat duty, and 1.2x10° for perturbations in the reflux ratio.
Moreover, after controller tuning, a minimal value for ISE of 1,278.12 is obtained, which is approx-
imately 8% lower than the value obtained for an integer-order controller.
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INTRODUCTION

Process intensification is a strategy applied to
chemical engineering which is devoted to the develop-
ment of technologies that enhance the performance of
the operations in a chemical process. The philosophy of
process intensification can be summarized through its
four principles: (i) maximizing the effectiveness of intra
and intermolecular events, (ii) giving each molecule the
same processing experience, (iii) optimizing the driving
forces at every scale, and (iv) maximizing the synergistic
effects from partial processes [1]. This is achieved
through the implementation of modified equipment
and/or multi-tasking equipment, among other ap-
proaches. Among the common operations in chemical
processes, distillation is a candidate for intensification,
since it is a separation process with high energy require-
ments and, consequently, high operational costs and
high environmental impact. Diverse approaches have
been proposed to intensify distillation structures, such as
thermally coupled distillation schemes, where modified
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configurations are used to make a proper use of the heat
of the internal streams and the composition profiles to
reduce the energy requirements (e.g. [2]); or reactive dis-
tillation, where the operations of reaction and distillation
are performed in a single unit [3]. Extractive distillation is
another example of an intensified distillation operation,
where an entrainer is employed to allow the separation of
azeotropic mixtures [4]. Further enhancements can be
obtained by using advanced entrainers [5] or with the im-
plementation of thermal couplings to the extractive dis-
tillation system [6].

Various studies have demonstrated that the dy-
namic properties of intensified systems can be, for some
cases, better than those of conventional configurations
(e.g. [7]). In the case of extractive distillation, there are
various aspects that may affect the performance of the
control structure, such as the kind of solvent employed
[8], the solvent flow rate [9], and the pressure [10]. In a
study presented by Yi and Chien [11], a modification of
the steady-state design is proposed to enhance the per-
formance of the control system. This indicates that the
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development of better control structures is still neces-
sary [12]. The use of fractional controllers can be an al-
ternative to achieve this target.

Fractional PID controllers (or PI*D* controllers) take
advantage of the concepts of fractional calculus, increas-
ing the flexibility and robustness of the controller by al-
lowing fractional orders for the derivative and the integral
actions. These characteristics make fractional controllers
adequate to be implemented in systems with complex
dynamics, which may be difficult to control with classical
PID controllers [13]. However, the additional flexibility im-
plies a higher complexity to perform the tuning of the
controller, since additional parameters must be included
in the analysis. Fractional order controls have been
widely implemented to process units like reactors [14,15].
Only few works have reported the implementation of
fractional controllers for distillation systems. Mishra et al.
[16] assessed the performance of a fractional order fuzzy
PID controller for a binary distillation column, reporting a
superior performance when compared to a fuzzy PID
controller. Haji Haji and Monje [17] used a dynamic ver-
sion of the metaheuristic bat algorithm to perform the
tuning of a fractional-order PID controller in a distillation
column. Marques de Almeida et al. [18] reported the im-
plementation of a decentralized fractional-order Pl con-
troller on a TITO distillation column, reporting a superior
performance of the fractional system in comparison with
integer-order controllers and model predictive control
structures. In the case of intensified distillation systems,
to the authors knowledge, the only antecedent is given
by the work of Edet [19], who reported the implementa-
tion of a fractional Pl controller to a reactive distillation
system. However, the implementation of PI*D* controllers
for intensified distillation systems has not been reported.
Thus, in this work a fractional-order model, based on
transfer functions, is developed for an extractive distilla-
tion system. The model is obtained through experimental
data to ensure that the proposed fractional approach
properly represents actual operational data. A fractional
controller is implemented in the model, developing a tun-
ing strategy based on rigorous optimization. The perfor-
mance of the fractional controller is compared with that
of an integer order controller.

METHODOLOGY

The experimental dynamic data reported by Kumar
et al. [20] for an extractive distillation column has been
used as a case study. The column is used to separate the
mixture acetone-methanol, employing water as solvent.
In this study, changes in the measured variables reported
for perturbations in the reflux rate and the steam pres-
sure on the reboiler are used to perform the analysis.
Since the experimental data had been reported in graph-
ical form, the tool WebPlotDigitalizer4.6 has been used
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to extract the numerical data.

The experimental data has been fitted to fractional
order functions. The general form of the transfer function
is given by Equation (1).

Os

G(s) =~ (1)

s%+Bsk

Where 0 < a < 1 for a pseudo-first order model, and
1 < a < 2 for a pseudo-second order model. The numeri-
cal fitting has been performed in the FOMCON toolbox of
Matlab, using the Grinwald-Letnikov definition of the
fractional derivative [21]. The parameters of the model
are adjusted, aiming to minimize the deviation of the pre-
dictions of the model in comparison to the experimental
data. The effect of the step size h over the fitting is also
analyzed.

The implementation of the fractional controllers is
performed in the Simulink environment of Matlab. The re-
sponse of the fractional controller, u(t), is given by Equa-
tion (2).

u(t) = Kye(t) + K;D~*e(t) + KgD*e(t) (2)

Where Kp, Ki and Kq are the gains for the propor-
tional, integral and derivative actions, respectively. On
the other hand, A and x are the orders for the fractional
integral and derivative operators.

An LV configuration is employed, using the reflux
rate and the steam pressure in the reboiler as the manip-
ulated variables. The measured variables are the compo-
sitions on the distillate and the bottoms. Decoupling ele-
ments are added to the control structure to reduce the
interactions among the input and output variables of the
control loops. The implementation of the fractional ele-
ments is performed through the interaction between Sim-
ulink and FOMCON. The controllers are tuned using a hy-
brid optimization approach. First, a genetic algorithm is
used to find an initial guess. Then, the solution is refined
with the fmincon algorithm. The objective in the optimi-
zation procedure is to minimize the total value for the in-
tegral square error (ISE). A penalization term F is incor-
porated to avoid solutions with high overshooting. Thus,
the objective function f is given by Equation (3).

f=FXL, ISE; (3)

Where i represents the number of the corresponding
product stream. For the distillate, i = 1. On the other hand,
for the bottoms, i = 2.

RESULTS

For fitting the experimental data to a fractional order
function, a strong dependence of the fitting over the step
size h has been observed. Figure 1.a shows that, based
on the experimental data available, the fitting is adequate
only for a relatively large step size. As the step size is
reduced, the predictions of the model have a higher

Syst Control Trans 4:950-955 (2025) 951



0887

084 - Yy
|
A
1
1 ‘\
082 - e
&
\‘ ‘\
08- .

o

fard

®
x

acetone composition at distillate

o
b
@
i
s
)
y

074 *
80 100

time (min)

(a)

acetone composition at distillate

08

079

0.78

0.77

0.76

X Exp
- = = = Adjusted vector
h=0.170

80 100
time (min)

0 20 40 60

()

Figure 1: Effect of the step size in the adjustment of experimental data to fractional order transfer functions, (a)
adjustment with the original data, (b) adjustment with the interpolation of data.

deviation from the experimental data. For h = 12.136, an
acceptable fit is obtained, but there are still experimental
points out of the trend. To further enhance the prediction,
1000 additional points have been generated by interpo-
lating the experimental data. Using this approach, the
prediction produced with low step sizes is considerably
enhanced, as shown in Figure 1.b.

Tables 1and 2 show the parameters obtained for the
fractional transfer functions and the deviation for each
fitting, where 6 is given in minutes. It is important to no-
tice that the delay time considers the period before the
first experimental response is reported, which causes ap-
parently large values for this parameter.

In general terms, low deviations are obtained
through the fitting to fractional order transfer functions.
It is also observed that, for all the cases, the values of a
indicate pseudo-second order models. However, the val-
ues of that parameter for most cases are far from being
integer. A similar trend is observed for the values of B.
Thus, the relaxation of the order for the denominator in
the transfer function allows flexibility in the data fitting.
Although small deviations are obtained, it is important to
mention that the error obtained when using integer-order
transfer functions is similar to that obtained with the frac-
tional functions. Thus, the studied system does not show
a significant fractional response.

Table 3 shows the parameters of the fractional con-
trollers after the optimization of the objective function
given by Equation (2). It is observed that the integral and
derivative actions are both relevant for the controller of
the acetone composition in the distillate, with orders rel-
atively close to unity. However, for the control of metha-
nol composition in the bottoms, the derivative action has
a low order, relatively close to zero. The controller in the
distillate has a higher proportional gain, showing an
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oscillatory response.

Table 1: Results for the fitting of experimental data to
fractional-order transfer functions when a perturbation in

reflux rate occurs.

Acetone
composition
at distillate
K 0.00080453
A 267.27

B 1

¢] 415.444

a 1.7388

B 0.11565

D 3.2015x10°°

eviation

Methanol
composition
at bottoms
0.00014573
43.855

1

434.55
1.5568
0.29164
1.2120x10°

Table 2: Results for the fitting of experimental data to
fractional-order transfer functions when a perturbation in

steam pressure occurs.

Acetone Methanol
composition composition
at distillate at bottoms
K -0.0074095 -0.00069622
A 121.14 23.576
B 1 1
0 206.69 196.69
a 1.8119 1.6776
B 0.2643 0.41674
Deviation 5.2494x10°° 2.9317x10°¢
952
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Figure 2: Responses and control actions for the PI*D* controller, compared with a PID controller, (a) response for
the composition of acetone in the distillate, (b) response for the composition of methanol in the bottoms, (c) control
action over the reflux rate, (d) control action over the steam pressure on the reboiler.
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Table 3: Optimized parameters for the fractional control-
lers.

Parameter Distillate Bottoms
controller controller
Kp -128.0115 18.6006
Ki -3.2562 0.2160
Kd -0.7867 -9.2389
0.8587 0.8229
0.7091 0.1674

With the objective function used in the analysis, an
overshooting percentage of 9.622 and 0% for the con-
trollers in the distillate and the bottoms has been ob-
tained, respectively. This is a lower percentage com-
pared to that obtained if an integer-order controller is
used, where the optimized parameters lead to over-
shooting values of 14.593 and 4.502% for the distillate
and the bottoms, respectively. The objective function for
the fractional controller has a value of 1278.12, which is
approximately 8% lower than the value obtained for an
Flores-Gomez et al. / LAPSE:2025.0304
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integer-order controller.

Figure 2 presents the responses of the compositions
when the fractional-order controller is used. The re-
sponses are compared with those obtained with an inte-
ger-order PID controller, where an integer-order transfer
function is used to represent the dynamic performance
of the column. Both cases use the optimized parameters
of each controller. The optimized parameters for the in-
teger-order controllers are presented in Table 4. Figure 2
also shows the corresponding control action.

Table 4: Optimized parameters for integer-order control-
lers.

Parameter Distillate Bottoms

controller controller
Kp -120.1442 12.9061
Ki -1.8031 0.1253
Kad -2.3642 -6.3010

A similar performance is observed for the responses

953



of the measured variables for both kinds of controllers.
The time required to reach a new steady state is similar
for both kinds of controllers, with approximately 3,000
minutes needed for the stabilization of the response for
both, the acetone and the methanol compositions. How-
ever, a higher over-shooting is observed for the integer-
order controller, which is consistent with the over-shoot-
ing percentages described in the previous lines. The re-
duction on the over-shoot is highly desirable for the con-
trol of a chemical process [22,23]. Additionally, the frac-
tional controllers allow reaching the new steady state
with a lower increase in the control variables, as can be
observed in Figures 2.c and 2.d. Whereas the integer
controller requires increasing the reflux to a maximum
value of 2,000 ml/min, the fractional controller only re-
quires increasing the variable to approximately 1,300
ml/min. Similarly, the steam pressure in the reboiler
changes to a maximum of approximately 30 psi with the
fractional controller, whereas the integer controller re-
quires increasing the manipulated variable to a value of
approximately 70 psi. However, it is important to notice
that this may be associated with multiplicity, which is a
common situation in distillation systems [24]. Thus, the
comparison in terms of the control action must be care-
fully verified.

CONCLUSIONS

In this work, the use of fractional controllers in an
intensified distillation system has been proposed. The
studied system is an extractive distillation column. Exper-
imental data has been used to ensure that the model fits
actual operating trends. The data is successfully fitted to
fractional-order transfer functions, obtaining low devia-
tions after the fitting of parameters. However, to obtain a
better fitting, it is necessary to generate additional data
points. Although the fitting is adequate, the improvement
achieved with fractional control is not significant when
compared to that resulting from the use of an integer-
order transfer function; such result indicates that the dy-
namic response may not have significant memory ef-
fects. In fact, for the controllers, the dynamic responses
are not considerably different between the integer and
the fractional-order controllers. On the other hand, the
fractional controllers have been successfully designed,
showing that the use of such controllers allows reducing
the overshooting while obtaining responses with a lower
change in the control variables. Moreover, the changes
performed by the controller over the control variables to
achieve the new steady-state have lower magnitudes
than those required when the integer-order controller is
used.
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