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Abstract—This paper deals with control of a laboratory binary
distillation column used for separation of methanol from water.
The focus of this paper is the tutorial demonstration of the
model-free fuzzy control design for the laboratory device. The
performance and the control synthesis of the fuzzy control
approach are moreover compared with classical PID controller.

I. INTRODUCTION

In this paper, we present the fuzzy control application of
a well-equipped binary distillation plant. Distillation is one
of the most common and best understood separation methods,
widely used in the process industries, e.g. in partial fractiona-
tion of crude oil, separation of noble gases, and production of
distilled alcoholic beverages, etc. Hence design and operation
of the distillation columns has been studied in many textbooks
e.g. [1]–[3]. The separation of the liquid mixture is based
on the evaporation and condensation, where the individual
substances are separated based on their relative boiling points.

The control of the temperature is therefore the necessity
for the efficient and safe operation of the distillation process,
and become a standard in process industries, see e.g. [4]–
[7]. However as particular distillation units vary in many
parameters [8], there is no standard control structure that fits
all the units and scenarios. Thus, an individual approach must
be chosen for control of a particular column with given speci-
fications. There are many distinct approaches in the controller
design for distillation columns. A survey has been published
in [9] where the focus is on the construction of the SISO
loops governed by PID controllers. Design of the stabilizing
controllers for unstable distillation columns was given in [10].
Robust H∞ control of the distillation process was described
in [11]. Control of the distillation processes based on Model
Predictive Control (MPC) was introduced in [12] and since
than become a flagship of process control. However to design
of the well performing MPC is dependent on the sufficiently
accurate model of the system, which is usually time consuming
and not straightforward task. In practice, if there is for any
reason a substantial obstacle in developing the accurate system
model, a model free fuzzy logic can act as a remedy for the
fast design of the well performing controller.

Fuzzy control provides a formal methodology for imple-
menting a knowledge of human about a system. Since it gives
a convenient method for constructing nonlinear controllers via
the use of heuristic information, it is a practical alternative for
a variety of control applications [13]. The heuristic information

can be obtained from an operator who acts as a “human-in-the-
loop” controller for a process [14]. The operator formulates
a set of rules how to control the process, which are applied
in a fuzzy controller imitating the human’s decision-making
process. Or the information may be provided by an engineer
who performed mathematical modeling of the process. In both
cases, fuzzy control offers a user-friendly tool for designing a
high-performance controller. Simply said, there is a language
difference between fuzzy and conventional control: ordinary
differential equations are the language of conventional control,
and linguistic rules are the language of fuzzy control [14].

Improving temperature control has been an important prob-
lem in the recent years. To make it cost effective and less
time consuming, fuzzy logic seems to be a convenient option
[15]–[18]. In recent years, multiple fuzzy control setups were
independently investigated and verified for different distillation
columns mainly on simulation scenarios, see e.g. [19]–[23].
Despite the increased academic interest in fuzzy process
control, the papers about the actual applications of the fuzzy
controllers in the experimental setups are rare. Direct fuzzy
control of the batch distillation columns was studied in [24],
[25], while in [26] the supervisory fuzzy system for adjusting
the parameters of the classical PI controllers is proposed for
a binary distillation column.

In this paper we design a fuzzy PD controller and fuzzy PI
controller of binary distillation plant. Purely human experience
was used in order to guide the fuzzy control design, without
using any system model. The experience was obtained from
previous attempts for control of the laboratory distillation
process as described in [27]–[29]. Our fuzzy PI controller
performs better than PD when the goal is to achieve the
best temperature control regardless the control actions. On
the other hand, the fuzzy PD controller performs better than
PI when the smoothness of the control actions are of high
importance. The main added value of this paper lies in the
experimental verification of the model free fuzzy control
approach based exclusively on the human engineer experience
on the laboratory process.

The paper is organized as follows. Section II presents a
detailed description of the distillation column. Section III is
devoted to fuzzy controller synthesis. Experimental results are
presented in Section IV. Conclusions are drawn in Section V.
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II. PLANT DESCRIPTION

The key function of a binary distillation column is to
separate a liquid solution of two substances based on their
different volatilities (boiling points). The laboratory distillation
column UOP3CC is a self-contained continuous distillation
process consisting of two interconnected units [30]. First, the
floor standing process unit, which is responsible for the separa-
tion process. Second, the bench-mounted control console with
information gathering and processing function. The process
unit of the laboratory column considered in this paper is shown
in Fig. 1, with its corresponding process and instrumentation
diagram in Fig. 2.

Fig. 1. The process unit of the laboratory distillation column.

Process unit consists of two sections, each with four plate
trays with 50mm diameters. The peristaltic pump continuously
feeds the preheated mixture into the central section of the
column. The reboiler with the capacity of 20 l and 2.5 kW
immersion type heating element boils the mixture of water
and methanol. The waste product is being withdrawn from the
reboiler through the bottom-flow valve. The methanol enriched
vapour flows from the reboiler through the column and con-
denses in the coil-in-shell condenser to the liquid phase, which
flows to the distillate accumulator. The condensate is brought
to the reflux solenoid three-way on-on valve. Hence it can only
be returned to the column as reflux or removed as a product.
The reflux ratio is limited to R ∈ [0, 100], where R = 0 stands
for fully closed reflux valve with 100% return of the distillate
into the column, and R = 100 for fully open reflux valve
with 0% distillate returned to the column. Temperatures in the
column are monitored by 15 thermocouples. The insulation
minimises the energy loss and decreases the effect of the
external temperature fluctuations on the process dynamics.

The multiconductor cable connects the process unit with the
control console. Here, the thermocouples signals are converted
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Fig. 2. Process and instrumentation diagram of the process unit.

to the unified signal with range 0–5V, representing tempera-
ture span 0–150 ◦C. The feed pump speed is controlled by
the variable frequency drive (VFD). The heating power of 0–
2.5 kW in the reboiler is controlled via UOP3CC console with
input signal 0–5V. The solid-state relay controls pre-heating
of the feed mixture via pulse width modulated (PWM) signal.
The computer is connected to two I/O PC cards (MF 624),
controlled directly from Matlab/Simulink environment, which
is capable of either real-time sensing and generating analogue
and digital signals.

The compact electrical instrumentation scheme is given in
Fig. 3.

III. FUZZY CONTROL

We follow the standard notation with respect to fuzzy sets,
see e.g. [31]. A fuzzy set A in a universe X is given by a
mapping (membership function) µA : X → [0, 1]. The general
scheme of a fuzzy logic system is shown in Fig. 4. The design
of fuzzy controller consists of two phases.

I Preliminary phase
I.1 Construction of Data base: determination of the

input and output variables (linguistic variables), their
linguistic values and the corresponding fuzzy sets
(membership functions).

I.2 Construction of Rule base: formulation of rules.
I.3 Determination of inference method (Decision-

making unit), fuzzification and defuzzification
method.

II Computational (iterative) phase
II.1 Normalization of the inputs.
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Fig. 3. Implementation scheme of the electrical wiring and instrumentation
for laboratory distillation column UOP3C.

II.2 Fuzzification of the normalized inputs.
II.3 Inference - computation of the fuzzy output from the

given fuzzy inputs in Decision-making unit.
II.4 Defuzzification of the fuzzy output.
II.5 Denormalization of the defuzzified output.

Fig. 4. Fuzzy logic system.

The fuzzy controller applied in this paper was designed in
the following way:

I.1 Since the crisp inputs of designed system are error
e(t) (the difference between setpoint and actual value), error
variation de(t) and the crisp output is reflux variation du,
the input linguistic variables are Error E, Error variation dE
and output linguistic variable is Reflux variation dU . All the
three linguistic variables have the same seven linguistic values
LN (Large Negative), MN (Medium Negative), SN (Small
Negative), ZE (Zero), SP (Small Positive), MP (Medium
Positive), LP (Large Positive) with corresponding fuzzy sets
shown in Fig 5.

I.2 All the rules are of the type:

If 〈E is . . .〉 and 〈dE is . . .〉, then 〈dU is . . .〉, (1)

for instance:

If 〈E is MP 〉 and 〈dE is SN〉, then 〈dU is SP 〉. (2)

Fig. 5. Membership functions of linguistic values for linguistic variables E,
dE and dU .

For two input variables with 7 different values, there are
72 = 49 rules. The list of rules is given in Tab. I. The rules
reflect our knowledge of the distillation plant, however, they
were formulated without knowledge of mathematical system
model.

TABLE I
THE RULE BASE OF DESIGNED FUZZY CONTROLLER.

E
dE

LN MN SN ZE SP MP LP

LN LN LN LN LP LP LP LP
MN LN LN LN MP LP LP LP
SN LN LN LN SP MP LP LP
ZE LN LN LN ZE SP MP LP
SP LN LN LN SN ZE SP MP
MP LN LN LN MN SN ZE SP
LP LN LN LN LN MN SN ZE

I.3 The singleton fuzzification was used, i.e. the fuzzy set
A with membership function µA was assigned to each crisp
input value a (real number):

µA(x) =

{
1, if x = a,

0, otherwise.
(3)

The center of gravity [32] was chosen as the defuzzification
method. If a fuzzy set B in a universe Y is the fuzzy output,
then the crisp output is

∫
Y y · µB(y) dy∫
Y
µB(y) dy

. (4)

Finally, Mamdani’s model [33] was used in the inference
process, the minimum was used as ’And method’ and ’Impli-
cation method’, and maximum was used as ’Or method’.

II.1 Before computation in each iteration (steps II.2-II.4) the
crisp inputs e(t) and de(t) are normalized, i.e. their natural
scale is changed to interval [−1, 1]:

en(t) = min (1,max(−1, k1e(t))) (5)

and
den(t) = min (1,max(−1, k2e(t))) . (6)

The constants k1 and k2 were used in controller tuning.
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II.2 – II.4 The basic computational steps, that is fuzzi-
fication, inference and deffuzification, were performed by
MATLAB’s Fuzzy Logic Toolbox as described below.

II.5 After computation in each iteration (steps II.2-II.4), the
crisp output dun(t), which is in the scale [−1, 1] as a result
of steps II.2-II.4, is denormalized to desired scale:

du(t) = dumax · dun(t). (7)

The constant dumax was used in controller tuning too.
Above described controller is a fuzzy PD controller (its

inputs are Error and Error variance). In order to construct a
fuzzy PI controller (whose inputs should be Error and Integral
of error), it is necessary to consider input Integral of error,
denoted by δe(t), instead of input Error variance de(t), where

δe(t0) =

∫ t0

0

e(t) dt (8)

for all t0 ≥ 0. All the other specifications of fuzzy PI controller
designed in our study remained the same as those of fuzzy PD
controller described in this section

Both fuzzy controllers, PD as well as PI, were performed
in MATLAB’s Fuzzy Logic Toolbox and MATLAB Simulink.
The schemes of the controllers are shown in Fig. 6.

Fig. 6. The schemes of the designed controllers in MATLAB Simulink. Top
figure: fuzzy PD controller. Bottom figure: fuzzy PI controller.

The two fuzzy PD controllers were tuned. The fuzzy PD 1
was tuned with respect to provide steady control actions. The
fuzzy PD 2 was tuned in favor of the temperature reference
tracking regardless the control actions aggressiveness. Simi-
larly the fuzzy PI controller was tuned in favor of the best
temperature control regardless the control actions. The values
of constants k1, k2 and dumax for optimal control are shown
in Tab. II.

TABLE II
THE OPTIMAL VALUES OF CONSTANTS OF DESIGNED FUZZY

CONTROLLERS.

controller k1 k2 dumax
fuzzy PD 1 35 1 20
fuzzy PD 2 12 12 40
fuzzy PI 12 12 40

PID Control

For comparison with fuzzy controllers the classical PID con-
troller was devised based on the identified model of the process
as given in [28]. Subsequently, to improve the performance the
controller was tuned based on real experiments. The ideal form
of the designed PID is given as,

uk = Kp(ek +
∆t

Ti

k∑

i=1

ei +
Td

∆t
(ek − ek−1)), (9)

where Kp = 4.94, Ti = 3.13e+ 03, and Td = 0.05.

IV. EXPERIMENTAL RESULTS

This section presents experimentally collected data under
the proposed control strategies. We remind that the objective of
the designed controllers is to operate the reflux valve such that
the temperature at the head of the column follows a prescribed
reference. To demonstrate the controller’s performance, we
performed a series of step changes of the reference signal.
Three consecutive steps with an increase of the reference
temperature by 5 ◦C were performed, followed by a step with
the decrease of reference temperature by 5 ◦C.

Experimental results were obtained in the distillation col-
umn operated at atmospheric pressure. Measurements and
control evaluation was realized based on a steady state value
of the measured outputs. The steady state was maintained by
setting the waste valve fully open, with the reboiler power set
to constant 0.73 kW and the flow rate of the feed was 1mL s−1.
The temperature of the feed was maintained at the same value
as was the temperature of the mixture on the fifth tray. The
sampling time was equal to 1 s.

The experimental results of the classical PID, two
fuzzy PD and fuzzy PI controllers over the plant are de-
picted in Fig. 7, 8, 9, and 10 respectively. Specifically,
Figs. 7(a), 8(a), 9(a), and 10(a) show the temperature profiles
at the top of the column (T1) with time varying reference
yref, while Figs. 7(b), 8(b), 9(b), and 10(b) illustrate the
corresponding control actions of the reflux ratio.

The overall comparison of the performance of individual
controllers via various criteria is shown in Tab. III. We
choose two reference tracking performance criteria, where ISE
denotes the integral square error per sampling instant and
IAE stands for integral absolute error per sampling instant.
For evaluation of product quantity, we use the integral of
the control action divided by a number of sampling instants,
resulting in average control action per sampling instant (ACA),
which directly accounts for the amount of the distillate being
taken out as a product. In our control setup, the higher control
actions will provide higher product quantity.

From the performances of the evaluated controllers it is
clear that there is a trade-off between product quality and
quantity, as well as reference tracking quality and control
action steadiness. The first trade-off is caused by the nature
of the distillation process itself, while the second trade-off
is the property of the controller and its disturbance rejection
capabilities. By comparing the setups with different parameters
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Fig. 7. Control performance of the PID controller. Top figure: controlled
process variable, i.e. T1 (blue) w.r.t. the desired reference (red). Bottom figure:
profile of the control actions.
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Fig. 8. Control performance of the fuzzy PD controller with parameters setup
1 shown in Tab. II. Top figure: controlled process variable, i.e. T1 (blue) w.r.t.
the desired reference (red). Bottom figure: profile of the control actions.
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(b) Control action profile

Fig. 9. Control performance of the fuzzy PD controller with parameters setup
2 shown in Tab. II. Top figure: controlled process variable, i.e. T1 (blue) w.r.t.
the desired reference (red). Bottom figure: profile of the control actions.
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Fig. 10. Control performance of the fuzzy PI controller with parameters
shown in Tab. II. Top figure: controlled process variable, i.e. T1 (blue) w.r.t.
the desired reference (red). Bottom figure: profile of the control actions.
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we wanted to demonstrate the ability of the fuzzy controllers to
be tuned ad hoc with respect to particular control requirements.

TABLE III
THE PERFORMANCE CRITERIA COMPARISON OF THE INVESTIGATED

CONTROLLERS.

controller ISE [◦C2] IAE [◦C] ACA [%]

PID 1.1075 0.4754 50.5372
Fuzzy PD 1 1.3986 0.5530 53.7551
Fuzzy PD 2 0.9696 0.3492 22.0903
Fuzzy PI 2.4973 0.8507 60.7477

V. CONCLUSIONS

Fuzzy PD and PI controllers of binary distillation plant
were designed in this paper. Important feature of the proposed
controllers lies in the fact that they are model-free, i.e. they
were designed without knowledge of mathematical model,
only based on human operator experience with the system.
This approach has the following advantages comparing to
classic control:

• it offers a user-friendly (intuitive and easy understand-
able) tool for fast design of a high-performance controller,

• convenient especially for experienced engineers from
practice - there is no need to use mathematical tools and
difficult design of the advanced controllers,

• the possibility of a simple and intuitive correction in case
of significant change of system qualities,

• the possibility to use the same controller for many various
systems with different properties (after fast tuning).
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[28] J. Drgoňa, M. Klaučo, F. Janeček, and M. Kvasnica, “Optimal control
of a laboratory binary distillation column via regionless explicit mpc,”
Computers & Chemical Engineering, vol. 96, pp. 139–148, 2017.
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