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Abstract: Distillation column is an important unit operation for multicomponent separation.
However, its highly complex and nonlinear characteristics require an effective control strategy to
maintain consistent product purity. This work focuses on the design and performance evaluation of
an IMC-PI controller for a lab-scale distillation column. A First-Order Plus Dead-Time (FOPDT)
model is developed based on experimental data, with model accuracy evaluated using R*> and RMSE
values of 0.8857 and o.o119, respectively. Three PI controller tuning methods; AMIGO, Cohen-Coon,
and IMC are applied and assessed based on setpoint and disturbance rejection response using Scilab
XCOS simulation. The results show that IMC provides the best balance between overshoot and settling
time, with no oscillations occurring. Scilab XCOS simulations are used for tuning and robustness
analysis of the IMC PI-controller by introducing variations of the controller time constant, 7, and
process steady-state gain, Kp. Through optimisation and trial-and-error, larger 7. results in a more
robustly stable controller, slower response with a longer rise time. Among tested values, T, = 3.25 min
demonstrated the best robustness performance, exhibiting only a small overshoot and a short settling
time, indicating stable performance under Kj variations. In comparison to the other tuning techniques
examined, the suggested IMC-PI controller achieves better setpoint tracking, disturbance rejection,
and robustness.

Keywords: Controller design, IMC, AMIGO, Cohen-Coon, distillation column, FOPDT, dynamic
responses.

1. Introduction

In this study, a distillation column was selected for studying dynamic modelling, controller
design, simulation, and performance evaluation. Distillation is one of the important separation
processes in the chemical industry and was one of our previous laboratories works. A distillation column
separates a liquid mixture based on differences in boiling points [1]. In this experiment, a tray distillation
column was used to separate a binary mixture of ethanol and water, where vapor-liquid equilibrium is
established on each tray. Figure 1 shown the tray distillation column. When heat is supplied, the more
volatile component (ethanol) vaporizes first, travelling up through the column and condenses in the
condenser as top product, while the less volatile component remains mostly in the liquid phase and is
collected as bottom product [2].

The distillation column is known to be a highly complex and nonlinear process because it
involves dual composition control of high purity distillation process [2]. In a distillation column,
parameter uncertainty arises from measuring values due to the unknown system parameters, such as
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friction and mass coefficient [3]. In addition, distillation often exhibits a time delay, which refers to the
period between a change in process input and the observable response of the process output [4]. The
time delay in the distillation process can result from liquid hold-up in the column, which affects the
mass and heat transfer and consequently the whole dynamic response of the system [s].

Furthermore, distillation columns are costly to operate and energy intensive because
substantial energy is required to drive the separation process [6]. A poor control system may lead to
unstable operation, increase energy consumption and operation cost. Therefore, an effective process
control system is important for maintaining stable operating conditions and supporting energy efficient
operation.

This study evaluates PI controller model-based design for a laboratory-scale ethanol-water
distillation column. The experimental data collected are used to develop a First-Order Plus Dead-Time
(FOPDT) model. Based on this model, simulation and performance evaluation were conducted to
enhance process utilization using Scilab simulations. Controller design was developed using three
methods: PI-Cohen-Coon, PI-IMC, and PI-AMIGO. Each PI controller was evaluated under set-point
and disturbance changes. The performance of each method was analyzed, and the best-performing
method was selected through optimization and tuning, followed by a robustness analysis.

Figure 1. Distillation columns. (a): Tray column (used in this study), (b): Packed column.

2. Materials and Methods

2.1. Assumption and simplification

This study adopted several assumptions to simplify the dynamic analysis and controller design
of the distillation column. Based on the literature [7], experimental data obtained from several runs with
sufficiently long observation times indicated that the dynamic behavior of the ethanol-water distillation
system could be reasonably approximated as a First Order Plus Delay Time (FOPDT) model. Therefore,
the FOPDT model was adopted in this study to represent the dynamic behavior. In addition, a process
time delay of 2.25 min was adopted from the same literature due to the unavailability of precise time
delay data for the laboratory-scale distillation column used in this study [7]. For process analysis and
controller design, the reflux ratio was selected as the manipulated variable (MV), while the mole fraction
of ethanol in the top product was selected as the controlled variable (CV). Furthermore, feed
composition was considered as the main disturbance variable (DV) affecting the system dynamics. The
feed flow rate, condenser temperature and reboiler temperature were assumed to remain constant
throughout the experiment to reduce system complexity and simplify the analysis.

2.2. Transfer Function Development
A FOPDT model was developed based on the experimental results. The transfer function
describes the behaviour of the system and how the input influences the output [8]. The steady state
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gain, K, represents the ratio of the change in output to the change in input at steady state. The time
constant, T, describes how quickly the system responds to the input change, while the time delay, 6
represents the time before the output begins to respond. The process can be approximated using the
FOPDT structure given by:
Ke—es
s+1 W
In this study, the values of K and t values were determined from the empirical data as 0.0642
and 26.94 min, respectively. The time delay was taken as 2.25 min [7]. The ethanol mole fraction was
recorded until the system reached steady state, increasing from 0.6854 at the start of the experiment to
0.8031 at 60 min, while a step change from o to 1.8333 of reflux ratio was introduced to the system, and
was kept constant at 1.8333 throughout the experiment. Using the values of K, T and 6, the transfer
function was developed as shown below:

G(s) =

0.0642e-225s

G) =—eoas 11

(2)

2.3. Model Validation

For the model validation, a step input 0f1.8333 of reflux ratio was introduced into the distillation
column system. The Laplace transform was applied to obtain a linearized model. The experimental data
were obtained directly from the experiment, while the model response data were calculated using the
developed transfer function, with a detailed sample calculation shown in the appendix. Figure 2
illustrates the profiles of both the experimental and FOPDT model, which were used to analyse the
model mismatch and evaluate how well the developed model fits the experimental data.
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Figure 2. Comparison of ethanol mole fraction over time between experimental data and the
FOPDT model.

Figure 2 shows that both experimental and model responses show a similar increasing trend,
indicating that the FOPDT model fit well with the experimental data and successfully predicts the
system behaviour. However, the ethanol mole fraction obtained from the model is consistently lower
than the experimental data over time. This discrepancy may be attributed to the simplification of the
actual distillation process into a FOPDT model, which may not fully predict the non-linear vapor-liquid
equilibrium behaviour in the distillation process. To further evaluated how well the model fits the
experimental data, the discrepancy between the generated model and the actual data was evaluated
using the root mean squared error (RMSE) index and the R? value. The formula for calculating R? as
shown in Equation 3 [9], while the formula to calculate RMSE is shown in Equation 4 [10].
Determination of R?:

S — 92
2 - 7 -
== = 3)

Determination of RMSE:

2 (i =92
n

RMSE = 4)
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where y; and ¥, are the experimental and model-predicted data at the time t;, while ¥, is the mean
experimental data (y) and n is the total number of data points.

An R? of 1and an RMSE of o indicates a perfectly fitted model with experimental data, meaning
the transfer function accurately represents the data [10]. In this study, the developed transfer function
obtained a R* value of 0.8857 (close to 1) and RMSE of 0.0119 (close to 0), confirming strong agreement
with the experimental response. Additionally, since this study assumes an FOPDT system, the high R*
and low RMSE values demonstrate that the FOPTD transfer function is reliable for controller design
and analysis.

2.4. Dynamic Behavior

In this study, the process exhibits a time delay of 2.25 min, meaning the output starts to respond
2.25 minutes after a control is applied [11]. Time delay commonly occurs due to transport delays between
the actuators and sensor, sensor processing time, and actuator reaction time [12]. Besides that, the small
K. of 0.0642 in this process indicates low sensitivity, meaning the output responds slowly and slightly to
input changes, resulting in a stable but sluggish system performance [13].

For a closed-loop system, the settling time is approximately 57 to reach the final state value [14].
Thus, the system requires about 134.7 min to reach a steady state, confirming that the process responds

slowly and takes a long time to settle. The process is also considered a lag dominant process as the % ratio
is calculated to be 11.9733, which exceeds 4. gratio exceeding 4 indicates the system is easier to control

and perform well, making PID control effective for this type of process [15].

The dynamic behaviour of a transfer function model can be characterized by the locations of its
poles and zeros [14]. Poles and zeros are the roots of the denominator and numerator polynomials of the
transfer function, respectively. Poles and zeros calculations are shown in the appendix. In this study, the
system has a pole of —0.0371 located in the left half plane (LHP) with s < o at denominator, indicating a
stable system [16]. The zero is 0.4444 is in the right half plane (RHP) with s > o0 at numerical. These zero
results from the Taylor series approximation of the time delay and does not affect system stability but can
cause an inverse response to a step change in the input, reflecting the effect of the time delay on the
system’s response [14,17].

2.5. Stability Analysis
For the stability analysis, a proportional (P) controller was used, and the characteristic equation
is presented in Equation 5. By substituting G,, = G,G,G.G,, into Equation 5, as shown in Equation 6,

—2.25s8
where G, = %, G. = K. and G, = G,, = 1. Thus, the stability range of K. can be determined, as

shown in Equation 6, by Pade approximation and the Routh array criterion. The detailed calculations are
shown in the appendix. The characteristic equation for a closed-loop system:
GoL+1=0 (5)
Simplified characteristic equation:
30.3075s2 + (28.0650 — 0.0722K.)s + 0.0642K. + 1 = 0 (6)
Stability Range of K:
—15.5763 < K, < 388.7119
The system is stable when K, ranges from —15.5763 to 388.7119. This stability limit was
determined based on the P controller only. However, if P controller remains stable within this range, the
PI and PID controllers will also be stable within the same K, range. Thus, this stability ranges of K can
be applied to all three controller types for further controller design in this study.

2.6. PI Controller Design (SISO)

PI control is one of the most commonly application in industry due to its simple structure, good
robustness and wide application range. In this study, PI control was selected because the integral (I)
action eliminates steady state error while avoiding the added complexity of derivative (D) action [14]. This
provides a suitable balance between control performance and robustness while maintaining a simple
controller structure. Besides, PI controller tuning method are commonly developed based on proves
models, especially for FOPDT model. Thus, it is essential to tune the controller to get the optimal values
of K. and 7, to achieve the desired performance parameter, such as system overshoot, rise time and
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settling time [18]. In this paper, the PI tuning method were used based on Cohen-Coon, Approximate M-
constrained Integral Gain Optimisation (AMIGO), and Internal model control (IMC) methods. All three
methods are model-based with controller parameters derived from the FOPDT function developed in
Section 2.2.

The Cohen-Coon tuning method is primarily applied to single-order systems with clearly
identifiable mathematical models, especially plants that exhibit noticeable dead-time characteristics [19].
This method provides explicit formulas for calculating the PI controller parameters, namely the controller
gains K and the integral time ;. The procedure for determining these parameters using the Cohen-Coon
method is shown below:

11p/9 0
c=__P(_+ P) @)
Kp 0p\10 127
30+3§—P
0= — ()
9 +20=L
Tp

The AMIGO tuning rules were selected as a point of comparison because they provide controllers
with good performance and robustness characteristics [20]. Moreover, AMIGO supports general
nonlinear dynamic models through a simple and flexible tuning framework [21]. The AMIGO tuning
approach is based on the 63% step response experiment, where model parameters are identified from the
process reaction curve. The primary design objective is to minimize the integrated error (IE) resulting
from the load disturbances while satisfying specified robustness constraints. The corresponding tuning
rules are given as follows:

K—l 015+035T r 9)
CKp\ UL (L+T)?
13LT?
T; = 0.35L + (10)

T2 + 12LT + 712
where T represents the time constant, and L is the time delay.

Moreover, the IMC approach incorporates the process model into the controller structure,
enabling the development of a control system that is both stable and robust [22]. A stable control system
maintains appropriate control actions in response to dynamic changes within the process. One of the key
advantages of the IMC approach is that it explicitly accounts for model uncertainty and facilitates a
systematic trade-off between control performance and robustness [23]. The corresponding tuning rules
are given as follows:

1 T
Ke =K_p<rc+9) an
=1 (12)

2.7. Methodology

The methodology adopted in this study involved process identification, identification of CV,
MV and DV, development of the transfer function model, controller selection and tuning, and
evaluation of controller performance through setpoint and disturbance change. The reflux ratio was
selected as the manipulated variable (input), while the ethanol mole fraction in the top product was the
controlled variable (output). A constant reflux ratio of 1.8333 was applied to achieve a high distillate
purity. Top product samples were collected at 5-minute intervals to obtain the system’s response for
transfer function identification, as described in Section 2.3.

3. Results and Discussion

The three tuning methods, such as Cohen-Coon, IMC, and AMIGO, were applied to control the
ethanol mole fraction in distillate and evaluate the system’s response under setpoint changes and
disturbance conditions. For computational simplicity and in accordance with industry practice, the scaled
ethanol mole fraction in the distillate is represented by the setpoints of 9o, 180, and 270 used in the
setpoint changes and disturbance rejection test in section 3.1.1. Accordingly, PI controllers were designed
using parameters obtained from each of these methods. Table 1. presents the calculated tuning
parameters.
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Table 1. PI controller parameters for Cohen-Coon, IMC, and AMIGO methods.

Cohen-Coon IMC AMIGO
P 54344 93.2503 169.1485
I 3.6113 3.4614 26.5173

3.1. Simulation and Performance Evaluation

The simulation and performance evaluation were divided into three main sections. Section 3.1.1
involved determining the controller responses for both setpoint tracking and disturbance rejection
scenarios using all three tuning methods. Section 3.1.2 focused specifically on tuning and robustness
analysis based on the best method proposed in the first section. Section 3.1.3 discussed the limitations of
the current study and the corresponding recommendations for future work. This three-part evaluation
framework was used to systematically compare the methods, select the single best-performing tuning
approach for the system, and identify directions for further improvement.

3.1.1. Simulation for Setpoint and Disturbance Changes

For a well-designed controlled system, the output response should be smooth and stable, with
minimal or no oscillations when subjected to changes in the setpoint or external disturbances.
Subsequently, simulations were carried out using Scilab, as illustrated in Figure 3. The simulations
employ the designed PI controllers to examine system performance under both setpoint changes and

disturbance rejection for the three tuning methods.
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Figure 3. Simulation of setpoint tracking and disturbance rejection tests using Scilab.

3.1.1.1. Setpoint Change

Figure 4 illustrates the system’s output response to step changes in the setpoint. The setpoint is
adjusted sequentially from o to 9o, then go to 180, and finally to 270. All three controllers reached their
respective target values, indicating successful setpoint tracking. To further evaluate controller
performance, the dynamic behaviour of the underdamped process is assessed using six standard
performance criteria, which are overshoot, settling time, rise time, time to first peak, decay ratio, and
period of oscillation, as summarized in Table 2.

From Table 2, the Cohen-coon method exhibited significant overshoot across all setpoint changes
and produced significant oscillations. In contrast, the IMC method showed the lowest overshoot,
indicating lower risk of instability in the control system.

The IMC method also demonstrated the shortest settling time, where it shows a faster response
and better performance due to the reduced duration of deviation from the desired setpoint. On the other
hand, the Cohen-Coon method exhibited a slightly longer settling time than the AMIGO method, this
suggested that both require more gradual adjustments to reach the new steady-state conditions. This
demonstrated a comparatively slower convergence to the target operating point.
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Moreover, by comparing the rise time, Cohen-Coon method achieved the shortest rise time,
where this showed a faster response. However, this fast response comes at the expense of stability, as it
introduces a high percentage of overshoot. The IMC method exhibits a moderate rise time, while the
AMIGO method showed the longest rise time, indicating the slowest response among the three methods.

A similar trend was observed for the time to first peak. The Cohen-Coon method has the shortest
peak time, meaning it reached the maximum value most quickly, followed by the IMC method and then
the AMIGO method. Despite its fast peak response, the Cohen-Coon method suffered from the
oscillatory behaviour, whereas both IMC and AMIGO demonstrated stable response without noticeable
oscillations.

Furthermore, only the Cohen-Coon method exhibited measurable decay ratio and oscillation
period across different setpoints as oscillations result in the appearance of the second peak. This indicated
an underdamped and less stable response compared to the other methods. Overall, the IMC method
demonstrated the best performance. Itachieved minimal overshoot with moderate settling, rise, and peak
times under varying setpoint changes. Collectively, these characteristics allow the IMC controller to
return to the setpoint and steady state more efficiently than the other tuning methods.

:s0

- AMIGO

e — l" Cohen — Coon

/ - IMC

» W

Figure 4. Simulation results of setpoint tracking at ysp= 90, 180, 270 using Cohen-Coon, IMC, and
AMIGO tuning methods.

Table 2. Performance Criteria for three different setpoints of ysp= 90, 180, 270 using different methods.

Ysp = 90

Performance Criteria Cohen-Coon IMC AMIGO
Overshoot (%) 83.56 4.05 9.90
Settling time, ts (min) 33.853 12.570 27.405
Rise time, t; (min) 4.449 8.416 13.614
Time to first peak, t, (min) 7.401 10.67 22.393
Decay ratio, DR 0.2373 - -
Period of Oscillation, P (min) 12.705 - -

Ysp =180

Overshoot (%) 83.60 4.04 9.90
Settling time, ts (min) 28.288 12.570 27.393
Rise time, t; (min) 4.45 8.416 13.623
Time to first peak, tp (min) 7.4 10.643 22.501
Decayratio, DR 0.2375 - -
Period of Oscillation, P (min)  12.698 - -

Ysp = 270

Overshoot (%) 83.60 4.05 9.90
Settling time, ts (min) 27.873 12.57 27.405
Rise time, t: (min) 4.449 8.417 13.615
Time to first peak, tp (min) 7-399 10.678 22.389
Decayratio, DR 0.2375 - -

Period of Oscillation, P (min) 12.701 - -
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3.1.1.2. Disturbance rejection performance of the flow control system

Some systems require a strong capability to maintain stability against high-frequency external
disturbances rather than responding primarily to set-point changes. This specifically referred to systems
that are affected by noise or external interference. A properly tuned control system should therefore
provide a reasonably damped response with minimum overshoot and fast recovery to the setpoint when
disturbances are imposed. The main disturbance rejection performance objectives are the minimization
of peak error and the integrated absolute error (IAE). Disturbance tends to push the process (controlled
variable) away from the desired setpoint [24]. Under such conditions, accurate setpoint tracking
becomes difficult. Hence, a controller is considered effective if it can reject disturbance, as this
capability directly contributes to the overall stability of the control system.

In this study, disturbance tests were conducted with a setpoint change at 250 and a final value
of 300. Figure 5 illustrates the response of all PI controllers, where the red circled region highlights the
disturbance more clearly. From the results, only small deviations due to disturbance are observed for
all three turning methods, this shows satisfactory disturbance rejection performance. Table 3 presents
a summary of the performance criteria for the three tuning methods.

Based on the disturbance rejection test, the IMC methods demonstrate the best overall
performance, as it achieves a balanced compromise between overshoot, settling time, and no
oscillations occurred. Although the Cohen-Coon method exhibits the lowest overshoot and the shortest
disturbance rejection time, but it suffers from oscillatory behaviour, which is undesirable for stable
control performance because it amplifies noise and may lead to instability. In contrast, AMIGO method
results in the highest overshoot and longest settling time, indicating weaker disturbance rejection.
Therefore, the IMC method is selected for further tuning and robustness analysis as it provides superior

overall performance compared to the other methods.

- AMIGO
Cohen — Coon
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"
t

Figure 5. Simulation results of disturbance rejection test at ysp = 270 using Cohen-Coon, IMC,
and AMIGO methods.

Table 3. Performance criteria in disturbance rejection for Cohen-Coon, IMC, and AMIGO methods at
the setpoint, ysp = 270.

Ysp = 270

Performance Criteria Cohen-Coon IMC AMIGO
Maximum disturbance error 0.80 1.04 1.34

(%)

Settling time, ts (min) 79.146 89.883 90.580

Period of Oscillation, P (min) 12.925 - -

3.1.2. Simulation of Tuning and Robustness
3.1.2.1. Tuning Analysis
This tuning analysis is implemented to evaluate the sensitivity of the designed controller IMC to
variations in its controller time constant, T by increasing it from 2.25 to 3.25 and 5 min, and decreasing
it to 1.25 min. Figure 6 shows the responses of system to t. change for IMC. Table 4 shows the summary
of performance criteria for IMC controller tuning and robustness analysis. The results showed that when
the t. was reduced from 2.25 to 1.25 min, resulting in faster response time, as the rise time decreased from
8.417 to 6.130 min, but oscillation and overshoot were observed at T, = 1.25 min. This indicates that when
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T, decreases, the controller more aggressive and stability of the system reduces as reflected by the increase
in settling time, ts from 10.970 to 11.446 min when the t. decreased from 2.25 to 1.25 min. Conversely,
increasing t. from 2.25 to 3.25 min, the response time became slower as the rise time increased from 8.417
to 14.681. Further increasing T, to 5 min made the response time became even more slower as the rise time
was increased significantly to 46.232 min. However, no overshoot and oscillation occurred when T,
increased to 3.25 and 5 min. This indicates the system is capable of maintaining stable under these tuning
settings, although the response becomes slower to reach the setpoint. This can be explained by the
performance-robustness (stability) trade-off for IMC-PI/PID controller. A larger closed-loop time
constant results in a more robustly stable controller that produces a slower response with a longer rise
time, and vice versa [25]. In short, T, = 3.25 min provides the best controller performance, as the system
remains stable with no oscillation or overshoot, even though the response is slightly slower compared to
smaller T, values.

/ — 1, =225
i 1, =125
. - 1,=325

Figure 6. Responses of system to 7. change for IMC.

3.1.2.2. Robustness Analysis

The concept of "robustness" refers to maintaining numerous systems features as possible in the
face of uncertainties in the plant and controller model or signals [26]. More precisely, if the plant or
controller has uncertainties (and/or unmodeled dynamics) or there is disturbance and noise infiltration,
it is desired to maintain stability and even performance specifications [26]. Therefore, robust
performance can be utilised to determine the stability of the system. In this work, the process steady state
gain, Kp was varied by increasing it from 0.0642 to 0.07 and 0.1, and decreasing it to 0.03, to evaluate the
robustness of the system for each previously selected 7. value. Figure 7 shows the performance of
robustness for different Ky and 7, values. Based on the Figure 7, it can be observed that as the 7, increases,
the response curve become flatter and more stable system across all K, values. The results suggested that
a slower response time and the increase in ts and showed improved robustness of the system. These
findings are consistent with the tuning analysis, which showed that the higher the 7, values result in
slower response time with more robustly stable controller. Based on Figure 7(a), the system shows the
poorest stability at 7, = 1.25 min, as the response exhibits severe oscillations and overshoot, especially
when K;, = 0.1000. By increasing the 7. to 2.25 min, as shown in Figure 7 (b) the oscillations are still present
but the overshoot is significantly reduced compared to 7, = 1.25 min. At T, = 5 min, Figure 7(d) shows
that no oscillation and overshoot occur for any K;, value, but the time required to reach steady-state is
much longer for each K, values compared to smaller 7.. On the other hand, Figure 7(c) and Table 4
demonstrate that 7, = 3.25 min provides an optimal performance, with only one overshoot was observed
at K, = 0.1000 with a value of 3.03 %, while all other K, show no oscillatory and overshoot. This
demonstrated that the 7, = 3.25 min made the system remains stable across K, variations Therefore,
T, = 3.25 min shows the best robustness performance among all 7. . Although a small overshoot occurs
at Kp = 0.1000, but the ts remains short, indicating the system can quickly return to setpoint value and
maintain stability under K; variations.
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Figure 7. Robustness performance in different K, and 7. values (a) 7, = 1.25 min; (b) 7, = 2.25 min; (c) 7, = 3.25 min;

(d) . = 5.00 min.
Table 4. Summary performance criteria for IMC controller tuning and robustness analysis.

Tuning

7. (min) 1.25 2.25 3.25 5.00
Overshoot (%) 15.370 7.000 - -
Settling time, ts (min) 11.446 10.970 10.226 16.051
Rise time, t; (min) 6.130 8.417 14.681 46.323
Time to first peak, tp, (min) 8.400 10.700 - -
Decay ratio, DR 0.022 - - -

Period of Oscillation, P (min)  13.758 - - -

Robustness (. = 3.25 min)

K, 0.0300 0.0642 0.0700 0.1000
Overshoot (%) - - - 3.030
Settling time, ts (min) 41.630 16.065 14.050 11.956

Rise time, t; (min) 132.232 45.909 38.402 8.952

- 11.249
Decayratio, DR - - - -

Time to first peak, t, (min) -

Period of Oscillation, P (min) - - - -

3.1.3. Limitations and Future Work

The IMC-PI controller with 7, = 3.25 min demonstrated the best robustness and stable control
performance for the distillation process. However, several limitations should be considered when
analyzing the results. First, the process time delay of 2.25 min was obtained from literature rather than
determined directly from the experimental data. This estimated value may introduce discrepancies
between the developed model and the actual dynamic behaviour of the distillation process. Therefore,
the actual process time delay should be experimentally determined in future studies using a precise data
acquisition system, such as a SIMEX recorder, to record the process data at finer time intervals and
improve the accuracy of time delay estimation. Furthermore, only a single step change in the reflux ratio
was applied, which limited the assessment of system responses and controller performance under
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different operating conditions. This may restrict the ability to fully capture system behavior,
representing a limitation of the developed model in this study. Future studies should therefore apply
step changes of varying magnitudes in the reflux ratio to further validate the model and evaluate
controller performance.

4. Conclusions

In conclusion, the transfer function of the lab-scale distillation column was developed using

0.0642¢ 2258 . .
rvrywenl 2 controller tuning was performed using

Cohen-Coon, IMC, and AMIGO methods to determine stability and performance of the system. The
IMC PI-controller with P=93.2503 and [=3.4614 was selected as the best performing method. This is

experimental data and is expressed as G(s) =

because it achieved a balanced compromise between maximum disturbance error of 1.04 % and settling
time of 89.883 min, and no oscillations occurred in disturbance rejection test at ysp = 270. Besides, tuning
analysis was performed for the best IMC PI-controller method, showing that high 7, values, result in a
more robustly stable controller, but slower response with a longer rise time. Among variations of 7,
values, 7, = 3.25 min provided the best controller performance, maintaining system stability without
oscillation or overshoot. Additionally, 7, = 3.25 min also shows the best robustness performance,
producing optimal performance with short settling time, no oscillations, only one minor overshoot of
3.03 % at K, = 0.1000, indicating stable performance under K, variations. To further improve model
accuracy and enhance the applicability of the developed controller, future work should experimentally
determine the actual process time delay and assess controller performance using analysis of IAE, ISE,
or RMSE. In addition, step changes of different magnitudes in the reflux ratio should be investigated to
further validate the dynamic model and evaluate controller performance over a wider range of operating
conditions.
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