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Abstract: The increasing demand for energy and the limited availability of diesel fuel have

encouraged the development of biodiesel as a renewable energy source. Temperature stability
during transesterification is important because it affects reaction performance and biodiesel
yield. This study aimed to experimentally compare conventional PID, adaptive PID, and
hysteresis temperature control in a laboratory-scale biodiesel reactor. The system was tested
using palm oil and castor oil at setpoints of 50°C and 60°C with conventional PID, adaptive
PID, and hysteresis control. Each combination of control method, feedstock, and temperature
was evaluated in a single experimental run. The system consisted of a Type-K thermocouple,
temperature controller, solid-state relay, heating element, magnetic stirrer, RS-485 module,
and computer. Performance was evaluated based on rise time, overshoot, settling time, steady-
state error, density, and yield. Under the tested conditions, adaptive PID produced no overshoot
and showed the lowest observed controller-indicated steady-state error of 0.056°C. Hysteresis
control produced the shortest rise and settling times but showed the highest observed steady-
state error of 0.625°C and overshoot under several conditions. The highest observed yield in

the single-run experiments was 95.423%, obtained from castor oil at 60°C using adaptive PID.
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Introduction

The continuing growth of global energy demand, the finite availability of fossil-fuel resources,
and concerns regarding greenhouse-gas emissions have intensified the search for renewable
transportation fuels. Biodiesel has emerged as a renewable and sustainable alternative to

petroleum-based fuels (Mhetras & Gokhale., 2025). It can be produced from various

renewable lipid feedstocks, including edible and non-edible vegetable oils, thereby offering an
alternative pathway for reducing dependence on fossil-based fuels (Naseef & Tulimat, 2025).
Biodiesel is generally produced through transesterification, in which triglycerides contained

in vegetable oil react with an alcohol in the presence of a catalyst to form fatty-acid alkyl esters

and glycerol (Naseef & Tulimat, 2025; Haryono et al., 2025). The effectiveness of this reaction
is influenced by the alcohol-to-oil ratio, catalyst concentration, mixing conditions, reaction
duration, feedstock properties, and reaction temperature. Among these variables, temperature
requires particular attention because it affects reaction kinetics, mixture viscosity, mass-
transfer behavior, and methanol evaporation. An insufficient temperature may reduce the
reaction rate, whereas an excessive or unstable temperature may increase methanol loss and
promote undesirable reactions, thereby affecting the amount of recovered biodiesel. An
appropriate temperature-control system is therefore required to bring the reactor temperature
to the intended setpoint and maintain it during the transesterification process. In laboratory-
and pilot-scale biodiesel systems, conventional PID control has commonly been applied
because of its simple structure and compatibility with commercial process controllers. (Fong

and Abu Bakar .,2023), for example, evaluated PID tuning for the heating process of a

biodiesel pilot plant using fixed controller parameters selected through trial-and-error testing.
Another experimental study compared PD, PI, and PID operating modes in a biodiesel pilot-
plant vessel and selected fixed PID parameters based on overshoot and rise time (Musa.,
2023). These studies demonstrated the practical applicability of PID control, but the selected
parameters remained unchanged during operation and were obtained for particular plant
conditions. Consequently, the controller could not automatically compensate for changes in
the process response caused by different feedstocks and setpoints. Simple temperature-
regulation systems may also employ ON/OFF control, in which the heater is switched
according to the difference between the process temperature and the setpoint. The addition of
a hysteresis band can reduce repeated switching around a single threshold and makes this
method relatively easy to implement using a commercial temperature controller. However,
ON/OFF hysteresis control does not continuously regulate the heater output and may produce
cyclic temperature fluctuations or overshoot because heating energy remains in the system
after the heater is switched off. Although this approach is suitable for low-cost thermal

systems, its response-speed advantage must therefore be considered together with its
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potential limitations in steady-state temperature stability. More advanced control approaches
have been proposed to overcome the limitations of fixed PID and ON/OFF control. (Cagatay

and Karacan., 2022) experimentally compared discrete-time PID with nonlinear generalized

predictive control for temperature regulation in a reactive-distillation biodiesel process.

(Martinez-Sanchez et al.,2022 ; Manimaran et al., 2023 ; Patti et al., 2024) investigated

plantwide, model-predictive, and hierarchical control structures for continuous biodiesel

production. (Maya-Rodriguez et al., 2023) also developed a neuro-fuzzy temperature
controller optimized using a metaheuristic technique to improve biodiesel-reactor
performance. These approaches offer advantages in handling multivariable interactions,
disturbances, and nonlinear process behavior. However, these approaches generally require
process models, system identification, optimization procedures, and multiple computational
stages, which can increase implementation complexity and development time. Therefore,
more practical control alternatives are needed. Adaptive PID can modify its controller
parameters according to the observed temperature response, while hysteresis control can
adjust its switching band based on the process behavior. Both approaches can be implemented
without requiring a complete process model or extensive optimization procedures. Adaptive
PID control has also been investigated in several process-control applications because of its
ability to adjust controller parameters in response to changes in system behavior. (Adriansyah
et al., 2025), for example, applied an adaptive PID strategy in a dynamic control system, while

(Yulianto et al., 2023) discussed the development of adaptive and predictive control for

thermal and pressure regulation. These studies demonstrate that parameter adaptation can
improve controller flexibility under changing operating conditions. However, the reported
applications were not focused on batch biodiesel transesterification and did not examine the
online adjustment of PID parameters in a commercial temperature controller using the
measured temperature response as supervisory information. In addition, the direct
experimental relationship between dynamic temperature-control performance and recovered
biodiesel yield was not explicitly evaluated in the reviewed studies. Recent studies have
demonstrated the potential of large language models (LLMs) as supervisory components in

adaptive control systems.( Zahedifar et al., 2025) showed that an LLM-based controller could

adapt a robot-control strategy in response to changes in system dynamics, reference signals,
disturbances, and unmodeled behavior. More specifically, (Arif and Rahim., 2025)
experimentally implemented LLM agents for real-time PID tuning in a servo-motor system,
where the agents monitored performance indicators and updated PID parameters within
predefined safe limits, resulting in reductions in several control-error metrics. A recent
process-control study also reported that an LLM-assisted supervisory PID architecture
improved the response of a nonlinear water-tank system, whereas direct LLM control alone

was unable to achieve stable regulation, supporting the use of LLMs as supervisory tuners
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rather than replacements for deterministic feedback controllers (Wen et al., 2026). Based on

these findings, the present study employed Llama 3.1 8B Instruct as the supervisory model
because its 8-billion-parameter size was considered suitable for local execution with lower
computational requirements than larger LLMs, while retaining instruction-following
capability for processing structured temperature-response information. The model was
therefore used only to generate bounded parameter-adjustment decisions, while the
commercial controller remained responsible for real-time PID calculation and heater
switching. Palm oil and castor oil were selected as the feedstocks because they represent
vegetable oils with different practical and physicochemical characteristics. Palm oil is widely
available and commonly used as a biodiesel feedstock, particularly in tropical countries,
whereas castor oil is a non-edible feedstock with a distinctive fatty-acid composition and

relatively high viscosity (Angassa et al., 2023; Naseef & Tulimat, 2025). These differences may

affect heat transfer, mixing behavior, and the temperature response during transesterification.
Evaluating both feedstocks therefore provides a practical basis for examining whether the
control system can maintain its performance under different process conditions. However,
this study does not attempt to determine the intrinsic effects of feedstock properties because

viscosity, heat capacity, and fatty-acid composition were not independently characterized.

Based on the reviewed studies, a research gap remains in the experimental implementation of
fixed PID, adaptive PID, and hysteresis control using the same laboratory-scale biodiesel
reactor, commercial temperature controller, sensor, actuator, initial parameter baseline,
feedstocks, and temperature setpoints. Previous studies have generally evaluated individual
control methods, applied advanced model-based strategies, or focused on continuous
production systems. Limited attention has been given to a practical supervisory architecture
in which PID parameters and the hysteresis band are adjusted according to the observed
temperature response without requiring a complete mathematical process model. To address
this gap, the present study proposes a response-based supervisory control approach in which
an LLM-assisted supervisory layer evaluates the measured temperature behavior and
generates bounded adjustments to the PID parameters and hysteresis band. The supervisory
mechanism considers indicators such as temperature rate of change, proximity to the setpoint,
overshoot, and steady-state error. LLMs have shown potential as supervisory components for
interpreting process information and supporting controller-parameter adjustment while
conventional controllers continue to perform deterministic real-time control. In this study,
Llama 3.1 8B Instruct was selected because its instruction-tuned architecture and relatively
compact 8-billion-parameter size were considered suitable for local execution and structured
decision-making. The model was used only for supervisory parameter-adjustment decisions

and did not directly calculate the control output or switch the heater. Therefore, the novelty of
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this study lies not only in comparing three temperature-control methods, but also in
implementing a locally executed, response-based supervisory mechanism that adjusts
controller parameters according to the observed process behavior without requiring a
complete mathematical process model or extensive optimization procedures. Accordingly, this
study aims to experimentally compare conventional PID, adaptive PID, and hysteresis
temperature control in a laboratory-scale biodiesel reactor using palm oil and castor oil at
setpoints of 50 °C and 60 °C. The study provides descriptive experimental information on how
the adaptive PID system responds to changes in feedstock and temperature setpoint compared
with conventional PID and hysteresis control under the tested conditions. The use of the same
reactor hardware and common initial PID baseline provides a consistent basis for the
comparison. The observed results may serve as an initial reference for future studies involving

replicated experiments and larger reactor capacities.

Research Method

Materials and Instruments

The materials and instruments used in this study are presented in Table 1 and Table 2. The
experimental system was a custom-built laboratory-scale setup based on the general
configuration of a stirred-tank reactor, consisting of a reactor vessel, heating system, and
mixing system. A 1000 mL borosilicate measuring cylinder was used as the reactor vessel, with
an approximate total working volume of 900 mL per batch, including vegetable oil, methanol
at a methanol-to-oil molar ratio of 9:1, and NaOH catalyst at 1% (w/w) of the oil mass. A
magnetic stirrer provided continuous mixing, while a 350 W electrical heating element
supplied heat to the reaction mixture. Temperature measurement and regulation were
performed using a Type-K thermocouple, an Autonics TK4S temperature controller, and a
Fotek 40DA solid-state relay. The system was therefore configured as a custom-built
laboratory-scale stirred reactor equipped with temperature-control and monitoring
components. The effective thermal capacity, thermal inertia, process time constant, and dead

time were not independently characterized in the original experimental design.

Table 1 Biodiesel Research Material

Classification Material

Reactants Sodium hydroxide (NaOH)
Industrial-grade methanol

Main feedstocks Sunflower seed oil (CXS, 1999)

Castor oil (Ricinus communis) (SNI, 1990)
Palm oil (SNI, 2019)

Supporting material Distilled water
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The research materials were classified into three groups: reactants, main feedstocks, and
supporting materials. Reactants are chemical substances involved in the transesterification
reaction, consisting of industrial-grade methanol and sodium hydroxide as the catalyst. The
main feedstocks are vegetable oils used as the primary source of triglycerides, including
sunflower seed oil, castor oil, and palm oil. Distilled water was used as a supporting material
during the biodiesel washing process. During transesterification, the borosilicate measuring-
cylinder reactor was covered with plastic wrap to limit direct vapor release. The vessel was not
hermetically sealed, was not operated under pressure, and was not equipped with a reflux

condenser.

Table 2 Biodiesel Research Instrument

Classification Instrument
Process equipment 1000 mL measuring cylinder
350 W heating element
Control equipment Magnetic stirrer

Type-K thermocouple temperature sensor with an accuracy of
+0.4% of the measured value (ASTM, 2024)
Fotek 40DA solid-state relay

Autonics TK4S

Supporting equipment Computer
1000 mL separating funnel
RS-485

Software Python 3.11

Visual Studio Code 1.129.1
Llama 3.1 8B Instruct

The research instruments were classified into four groups: reactor and process equipment,
control and instrumentation equipment, supporting equipment, and software. The reactor and
process equipment represented the main components of a laboratory-scale stirred reactor. The
measuring cylinder served as the reactor vessel, the heating element supplied thermal energy,
and the magnetic stirrer maintained uniform mixing of the reactants. The control and
instrumentation equipment was used to measure, regulate, and monitor the reactor
temperature. The Type-K thermocouple measured the process temperature, the Autonics
TK4S processed the temperature signal and generated the control command, and the Fotek
40DA solid-state relay regulated the electrical power supplied to the heating element. The RS-
485 interface enabled communication between the temperature controller and the computer.
Supporting equipment was used for system operation and product separation, while the

software was used for control supervision, data acquisition, and processing.
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Temperature Control System Component Configuration

The design of the research equipment used for biodiesel production in this study is presented

in Figure 1.

TYPE K THERMOCOUPLE
COMPUTER

HEATER

MEASURING AUTONICS

CYLINDER

MAGNETIC
STIRRER

Figure 1 Design of the Biodiesel Research Reactor

Based on Figure 1, the research setup consisted of a measuring cylinder as the biodiesel
reactor, a magnetic stirrer, a heating element, a Type-K thermocouple, a solid-state relay
(SSR), an Autonics temperature controller, an RS-485 communication module, and a
computer. The measuring cylinder was used as the transesterification vessel, while the
magnetic stirrer was used for the stirring process. The heating element served as the heat
source, and the Type-K thermocouple was used to measure the actual reaction temperature.
The temperature data were received by the Autonics controller and compared with the setpoint
values. The RS-485 communication module was used to connect the Autonics controller to the
computer, enabling temperature monitoring, data logging, and control parameter
communication during the experiment. The computer was used for temperature monitoring,
data logging, and supervisory support during the experiment. The interconnection diagram of

the temperature control system components is presented in Figure 2.
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Figure 2 Interconnection Diagram of the PID, Adaptive PID, and Hysteresis Control System Components

The system consisted of a Type-K thermocouple as the temperature sensor, an Autonics
temperature controller as the main controller, a solid-state relay (SSR) as the electronic
switch, a heating element as the actuator, an RS-485 communication module as the interface
between the controller and the computer, a computer for monitoring and data logging, and a
220 V AC power source. The thermocouple measured the actual temperature during the
heating process and sent the signal to the Autonics controller. The Autonics TK4S served as
the main controller in which the conventional PID, adaptive PID, and ON/OFF hysteresis
control methods were implemented. The control parameters, including the proportional,
integral, and derivative parameters for PID control and the hysteresis value for ON/OFF
control, were applied and stored in the Autonics controller. Based on the measured
temperature and the selected control parameters, the controller generated an output
command to the SSR. The SSR then connected or disconnected the electrical current supplied
to the heating element according to the command from the Autonics controller. The computer
was connected to the Autonics TK4S controller through RS-485 communication for process-
temperature monitoring, data logging, and supervisory parameter adjustment. The Autonics
TK4S, as a commercial controller, provided the built-in autotuning function, real-time PID
calculation, ON/OFF hysteresis operation, and output switching of the solid-state relay. In

conventional PID control, the PID parameters obtained from the Autonics autotuning process
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were stored in the controller and remained fixed throughout the experiment. In adaptive PID
control, the Autonics TK4S continued to execute its built-in PID algorithm, while an external
supervisory module developed by the authors evaluated the measured temperature response
and transmitted updated PID parameter values through RS-485 communication. The external
supervisory system consisted of a Python 3.11 application and a locally executed Llama 3.1 8B
Instruct model. Python handled data acquisition, communication with the Autonics
controller, parameter-limit checking, and transmission of updated PID values. The
supervisory decision logic evaluated the temperature rate of change, proximity to the setpoint,
overshoot, and steady-state error before recommending bounded adjustments to the P, I, and
D parameters. In ON/OFF hysteresis control, the Autonics TK4S independently switched the
heating element according to the upper and lower temperature limits defined by the stored
hysteresis parameter. Therefore, the commercial controller provided the real-time control and
actuator-switching functions, whereas the authors’ original contribution consisted of the
external supervisory software, response-evaluation logic, bounded PID-parameter adjustment
mechanism, and RS-485 communication procedure. Therefore, the three control methods
used the same basic hardware configuration. Their main differences were the control mode,
the source of the control parameters, and the parameter-adjustment mechanism.
Conventional PID used fixed parameters, adaptive PID used externally updated parameters
generated by the supervisory module, and ON/OFF hysteresis used the hysteresis setting

stored in the Autonics controller.

Experimental Design and Procedure

The experimental design was established to assess the temperature control performance of the
proposed supervisory adaptive PID strategy and to compare it with the conventional hysteresis
control method under the same operating conditions. All experiments were conducted in the
same biodiesel reactor, heating element, temperature sensor, controller configuration, and
operating parameters to ensure a fair comparison. The dynamic response of the control system
was analyzed in terms of rise time, overshoot, settling time, steady-state error and temperature
stability during the transesterification process by continuously always recording temperature

data during each experiment.

The full sequence of the experimental procedure is shown in Figure 3. The procedure begins
with system initialization and sensor calibration, and then the biodiesel reactor is prepared
and the heating and mixing systems are activated. During the experiment the controller
continuously measures the temperature and based on the selected control strategy it adjusts

the heating process. After the reactor reaches the desired operating temperature, the
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temperature response is recorded for the duration of the reaction, and the data is analyzed to

assess the effectiveness, stability and control performance of the proposed method.

START

SYSTEM PREPARATION AND
COMPONENT INSPECTION

<

DO ALL SYSTEM COMPONENTS
OPERATE PROPERLY

| SYSTEM ADJUSTMENT
AND RETESTING

BASELINE PID TUNING

¥

EXPERIMENTAL CONDITION
CONFIGURATION

¥

CONVENTIONAL PID
TEMPERATURE CONTROL TEST

-

ADAPTIVE PID
TEMPERATURE CONTROL TEST

v

HYSTERESIS TEMPERATURE
CONTROL TEST

¥

EXPERIMENTAL DATA
ACQUISTION

¥

TEMPERATURE RESPONSE ANALYSIS
DENSITY AND YIELD CALCULATION

2

DESCRIPTIVE DATA ANALYSIS
AND CONCLUSION

Figure 3 Overall Workflow of the Experimental Procedure

Figure 3 presents the experimental workflow used in this study. The procedure began with the
preparation of the biodiesel reactor, temperature-control equipment, measurement devices,
and communication system, followed by an inspection to ensure that all components operated
properly. If a malfunction or communication problem was identified, the system was adjusted
and retested before the experiment continued. After the system had passed the functional
inspection, baseline PID tuning was conducted to determine the initial controller parameters
used as a common reference for the conventional and adaptive PID experiments. The
experimental conditions were then configured according to the predetermined combinations
of control method, vegetable-oil feedstock, and temperature setpoint. Conventional PID,

adaptive PID, and hysteresis temperature-control tests were conducted separately during the
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biodiesel transesterification process. Throughout each experimental run, the reactor
temperature was recorded for the evaluation of rise time, overshoot, settling time, and steady-
state error. After the transesterification and product-purification stages were completed, the
recovered biodiesel was evaluated through density measurement and yield calculation. The
resulting temperature-response and biodiesel data were subsequently analyzed descriptively
to compare the observed performance of the three control methods under the tested

conditions and to formulate the conclusions of the study.

The laboratory-scale biodiesel reactor and temperature control system used in this study are
shown in Figure 4. The system represents the implemented hardware configuration of the
laboratory-scale biodiesel reactor and temperature control system. It consisted of an Autonics
TK4S temperature controller, a solid-state relay, a 350 W heating element, a magnetic stirrer,
a Type-K thermocouple, an RS-485 communication interface, and a computer for monitoring,

data logging, and supervisory control.

Figure 4 Laboratory-scale biodiesel reactor and temperature control system

Figure 4 shows the laboratory-scale biodiesel reactor and temperature-control system used in
this study. The system consisted of an Autonics TK4S temperature controller (1), a solid-state
relay (2), a 1000 mL measuring cylinder used as the reactor vessel (3), a magnetic stirrer (4),
a heating element (5), a Type-K thermocouple (6), an RS-485 communication module (7), and
a computer (8). The reactor had a working capacity of 900 mL per batch. During the reaction
process, the magnetic stirrer was operated at a nominal setting of 600 rpm to mix the reaction
mixture, while the heating element supplied heat. The stirrer model was M-SCL-T 2000 mL,

and a magnetic stir bar with dimensions of 3 cm was used. The rotational speed was set using
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the stirrer control and was not independently verified using an external tachometer. Uniform
mixing was assessed only through visual observation of continuous circulation of the reaction
mixture; no quantitative mixing-time, velocity-field, or homogeneity test was performed for
the different vegetable oils. Therefore, differences in viscosity may have affected the mixing

behavior, although this effect was not independently evaluated in the present study.

The Type-K thermocouple measured the process temperature and transmitted the signal to
the Autonics TK4S controller. Based on the selected control method and parameter settings,
the controller sent an output command to the solid-state relay to regulate the electrical power
supplied to the heating element. The computer was connected to the controller through the
RS-485 communication module for temperature monitoring, data logging, and supervisory
control. The same hardware configuration was used for conventional PID, adaptive PID, and
ON/OFF hysteresis control. The primary differences among the experiments were the control

mode and the parameter-setting mechanism applied in the Autonics controller.

The fixed process settings included a methanol-to-oil molar ratio of 9:1, a nominal stirring
speed of 600 rpm, a heating-element rated power of 350 W, a reaction time of 40 min, and a
NaOH catalyst concentration of 1% (w/w) relative to the oil mass. The experimental factors
were the reaction-temperature setpoint, vegetable-oil feedstock, and temperature-control
method. The temperature setpoints were 50°C and 60°C, the feedstocks were palm oil and
castor oil, and the tested control methods were conventional PID, adaptive PID, and ON/OFF
hysteresis control. The evaluated outcomes were the observed temperature response and
recovered biodiesel yield. Temperature response was described using rise time, overshoot,
settling time, and steady-state error. Energy consumption was not included as an
experimental outcome because electrical-energy input, controller-output percentage, and
synchronized heater-duty-cycle data were not measured for each run. The experimental
factors consisted of temperature-control method, feedstock type, and reaction temperature,
as shown in Table 3. The study evaluated all 3 x 2 x 2 combinations of three control methods,
two feedstocks, and two temperature setpoints, resulting in 12 experimental conditions. Each
condition was evaluated in a single experimental run. Therefore, the results were interpreted
descriptively, and experimental error, confidence intervals, and interaction effects were not

estimated.

Table 3 Experimental treatment combinations

Experiment Control Method Temperature (°C) Feedstock
Baseline PID 50 Sunflower oil
1 PID 50 Castor oil
2 PID 50 Palm oil
3 PID 60 Castor oil
4 PID 60 Palm oil
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5 Adaptive PID 50 Castor oil
6 Adaptive PID 50 Palm oil
7 Adaptive PID 60 Castor oil
8 Adaptive PID 60 Palm oil
9 Hysteresis 50 Castor oil
10 Hysteresis 50 Palm oil
11 Hysteresis 60 Castor oil
12 Hysteresis 60 Palm oil

Table 3 presents the experimental variables evaluated in this study. The main experiment
included all 3 x 2 x 2 combinations of three temperature-control methods, two reaction-
temperature setpoints, and two feedstocks, resulting in 12 experimental conditions. The
control methods were conventional PID, adaptive PID, and hysteresis control. The
temperature setpoints were 50 °C and 60 °C, while the feedstocks were palm oil and castor oil.
Each experimental condition was evaluated in a single run. Sunflower oil at a setpoint of 50
°C was used only during the preliminary autotuning stage to obtain an initial PID parameter
set before the main experiment. This condition was selected as a standardized preliminary test
because the initial controller commissioning and autotuning procedure were performed using
sunflower oil at the lower operating setpoint of the study. The resulting parameters were
subsequently adopted as a common baseline for all main experiments to ensure a consistent
initial controller configuration. This selection does not imply that sunflower oil at 50 °C was

the optimal or most representative condition for all feedstocks and setpoints.

The autotuning procedure produced PID parameters of P = 4.9, I = 359 s, and D = 75 s,
resulting in a rise time of 3 min, an overshoot of 1 °C, a settling time of 4 min, and a steady-
state error of 0.055 °C. Because overshoot was still observed, two manual tuning trials were
subsequently conducted. In the first trial, the proportional gain was increased to P = 5.5, while
the integral and derivative gains remained unchanged. This adjustment reduced the rise time
to 2.5 min, eliminated the overshoot, and shortened the settling time to 3 min, although the
steady-state error increased to 0.067 °C. In the second trial, the proportional gain was reduced
to P = 5.2, whereas I = 359 s and D = 75 s were retained. This configuration maintained a rise
time of 2.5 min, eliminated overshoot, achieved a settling time of 3 min, and reduced the
steady-state error to 0.040 °C. Therefore, P = 5.2, I = 359 s, and D = 75 s were selected as the
final baseline PID parameters because they provided the best overall control performance
among the evaluated settings. These parameters were subsequently used as identical initial
settings for both the conventional and adaptive PID controllers, ensuring that differences in
temperature responses reflected the effects of the control strategy and feedstock
characteristics rather than variations in the initial controller configuration. Nevertheless,
because the baseline parameters were obtained using sunflower oil at only one operating
condition, their suitability for palm oil and castor oil at different setpoints was not

independently evaluated and is acknowledged as a limitation of this study.
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The experimental procedure began with the autotuning process on the Autonics temperature
controller to obtain the reference PID parameters. The transesterification experiments were
then performed using conventional PID, adaptive PID, or hysteresis control according to the
assigned experimental condition. After the reactants were introduced into the reactor, heating
and mixing were initiated simultaneously, and the reaction time of 40 min was measured from
the start of both processes. Temperature data were continuously recorded throughout the
experiment. Rise time and overshoot were evaluated during the heating stage, whereas settling
time and steady-state error were assessed after the reactor temperature approached the
setpoint and throughout the remaining reaction period. Upon completion of the
transesterification process, the biodiesel product was washed with distilled water and
transferred to a separating funnel until complete phase separation was achieved. The upper
biodiesel layer was subsequently collected for density measurement and biodiesel yield

determination.

Conventional PID Temperature Control Process

The traditional PID control method consisted of the measurement of the reactor temperature
by a Type-K thermocouple connected directly to the Autonics temperature controller. The
process variable (PV) was the measured temperature, which was continuously compared to
the predetermined setpoint value (SV). The control error was defined as the difference
between the PV and SV and was used as the input for the proportional, integral and derivative
control actions. Based on this mistake, the control output was continuously adjusted by the
controller to minimize the temperature deviation and to maintain stable reactor operation
during biodiesel production process. The control output from the PID algorithm was sent to
the solid-state relay (SSR) which controlled the AC electrical power supplied to the heating
element. While reducing the overshoot and steady state error, the controller was able to keep
the temperature of the reactor close to the required setpoint by modulating the heater power
continuously. The temperature control process in this study is based on the conventional
closed loop process of sensing, error calculation, PID calculation and heater actuation. Figure

5 shows the supervisory process of conventional PID temperature-control process.
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Figure 5 Conventional PID Temperature-Control Workflow

In conventional PID control, the process began with the initialization of the baseline controller
parameters, namely P = 5.2, I = 359 s, and D = 75 s. These parameters were obtained through
a baseline PID tuning procedure that began with the built-in autotuning function of the
Autonics TK4S and was followed by two manual tuning trials. During the transesterification
experiment, the process variable (PV) was continuously read from the Type-K thermocouple
and processed by the Autonics controller using the fixed baseline PID parameters. The control
loop was repeated throughout the heating and reaction process until the reaction time reached
40 min. The baseline parameters were retained without online adjustment or re-tuning for all

conventional PID experiments using palm oil and castor oil at setpoints of 50 °C and 60 °C.

u(t) = Kpe(®)+ K; [ e(t)dt + Kq (1)

where u(t) is the control output signal, K, is the proportional parameter that remains
constant, K; is the integral parameter that remains constant, K; is the derivative parameter

that remains constant, and e(t) is the error between the set value (SV) and the process value
(PV).

Adaptive PID Temperature Control Process

The adaptive PID method used the Autonics TK4S as the primary controller, while an external
supervisory layer implemented on the computer adjusted the PID settings online during the

heating process. The initial controller settings were taken from the baseline tuning result,
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namely P=5.2, [=359 s, and D=75 s. The supervisory algorithm evaluated the process
temperature, temperature rate of change, proximity to the setpoint, overshoot, and steady-
state error. During the initial heating stage, the temperature response was evaluated every 60
s. When the process temperature approached the setpoint, the evaluation interval was changed
to 120 s. The supervisory workflow of the adaptive PID temperature-control process is

presented in Figure 6, while the corresponding pseudocode is summarized in Table 4.

START

INITIAL PID PARAMETER INITIALIZATION

¥

READ PV,SV

i

READ THE RATE OF TEMPERATURE CHANGE, STEADY-STATE ERROR, OVERSHOOT, AND NEAR-SETPOINT CONDITION

YES

INITIAL HEATING PHASE

l

PARAMETER AD]USTMENT TO ACCELERATE SETPOINT ACHIEVEMENT

HAVE THE PARAMETERS
ETURNED
TO THEIR INITIAL RANGES

P AND | ARE ADJUSTED TO ACCELERATE INITIAL HEATING

]

NEW PID PARAMETER e

PARAMETERS ARE RETURNED
TO THE BASELINE RANGE
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TO THE BASELINE RANGE

v 1

P IS INCREASED
D IS INCREASED
115 ADJUSTED

|

PARAMETERS ARE RETURNED Mg l

MAINTAIN THE PID
ADJUST PARAMETERS BASED ON PARAMETERS

OVERSHOOT AND STEADY-STATE ERROR

Figure 6 Adaptive PID Temperature-Control Workflow

Figure 6 illustrates the workflow of the proposed Supervisory Adaptive PID controller,
showing how the temperature error is monitored, system performance is evaluated, and the
PID parameters are adaptively updated to achieve stable and accurate temperature regulation.
To facilitate implementation, the corresponding algorithm is presented as pseudocode in
Table 4.

International Journal of Engineering Continuity, ISSN 2963-2390, Volume 5 Number 2 September 2026
https://doi.org/10.58291/ijec.v5i2.639 67



https://doi.org/10.58291/ijec.v5i2.639

International Journal of Engineering Continuit

Table 4 Supervisory Adaptive PID Pseudocode

Step Procedure
1 Initialize baseline parameters: P = 5.2, 1 =359 s, and D = 75 s.
2 Define the adjustment limits: P £30%, I £25%, and D +20% relative to the baseline values.
3 Start heating, mixing, and temperature-data acquisition.
4 Read PV, SV, and the current P, I, and D settings.
5 Calculate the temperature rate of change, overshoot condition, and steady-state error.
6 Determine the operating phase based on the temperature response.
7 Use a 60 s evaluation interval during the initial heating phase and a 120 s interval near

the setpoint.

8 Send the structured process information to the Llama 3.1 8B Instruct supervisory model.

9 Receive the proposed adjustment decision for P, I, and D

10 Check the output format and verify that the proposed values remain within the
permitted

11 If the output is valid, transmit the updated parameters to the Autonics TK4S through RS-
485 Modbus RTU communication.

12 If the output is invalid or exceeds the limits, retain the previous valid parameters.

13 If the stability criteria are satisfied, maintain the current parameters.

14 Repeat Steps 4—13 until the reaction time reaches 40 min.

15 Stop data acquisition and end the experiment.

As shown in Figure 6, the adaptive PID supervisory process evaluated the process
temperature, temperature rate of change, proximity to the setpoint, overshoot, steady-state
error, and current PID settings to determine whether parameter adjustment was required.
During the initial heating phase, P and D were adjusted within the predefined limits to
accelerate the temperature response. When the process temperature entered the near-setpoint
region, defined as PV > SV - 2 °C, the PID settings were gradually returned toward their
baseline values. If overshoot or a tendency toward overshoot was detected, P was increased to
weaken the proportional action, I was temporarily reduced to limit integral accumulation, and
D was increased to provide additional damping. When the predefined stability criteria were
satisfied, the supervisory system entered a hold condition and maintained the current

parameter values.

The supervisory decision-making process was performed using a locally executed Llama 3.1
8B Instruct model integrated with a Python 3.11 application. At each evaluation interval, the
model received structured process information consisting of the process temperature,
setpoint, temperature rate of change, overshoot condition, steady-state error, current PID
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settings, and operating phase. Based on predefined supervisory instructions, the model
generated adjustment decisions for P, I, and D. The model did not directly control the heater
or solid-state relay. Python handled data acquisition, preparation of the model input, parsing
of the model output, validation of the proposed parameter values, and transmission of the
accepted settings to the Autonics TK4S through RS-485 Modbus RTU communication. All
parameter adjustments were constrained relative to the baseline settings, with limits of +30%
for P, £25% for I, and +20% for D. Near the setpoint, parameter changes were limited to
approximately +5% of the baseline values. Outputs that exceeded the permitted limits,
contained invalid values, or did not follow the predefined format were rejected, and the
previous valid settings were retained. After validation, the accepted parameters were
transmitted to the Autonics TK4S, which continued to execute its built-in PID calculation
using the most recently accepted settings. The RS-485 communication delay was not
measured independently; therefore, no quantitative latency value is reported. The internal
anti-windup, output-saturation, and derivative-filtering functions of the commercial
controller were not modified or separately characterized. The adaptive PID control action is

expressed by Equation (2) (Landau et al., 2011).

de(t)

u(®) = Kp(De(®) + Ki(D) [ e(Ddt+ Kq() =, (2)

where u(t) is the control output signal, K,,(t) is the proportional parameter that varies over

time, K;(t) is the integral parameter that varies over time, K, (t) is the derivative parameter
that varies over time, and e(t) is the error between the set value (SV) and the process value
(PV).

Hysteresis Temperature Control Process

The reactor temperature was controlled by an Autonics controller based on the ON/OFF
hysteresis control strategy. The control action was established by the predefined temperature
setpoint and the selected hysteresis band. The reactor temperature was continuously
measured by a type-K thermocouple directly connected to the Autonics controller. Compared
with continuous control strategies, the hysteresis control keeps the current state of the heating
element until the measured temperature reaches the upper or lower threshold of the hysteresis
band. This leads to a lower switching frequency of the heating element, which improves the
durability of the actuator and ensures good temperature stability throughout the whole
biodiesel production process. The hysteresis band was first tuned in an effort to guarantee
stable operation during the heating phase and then tuned according to the measured
temperature response. When the reactor temperature approached the target setpoint a
narrower hysteresis band was used for better control accuracy and a wider hysteresis band was

used for larger temperature deviations to avoid excessive switching and unnecessary operation
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of the actuator. This adaptive hysteresis strategy offers an efficient trade-off between the
accuracy of temperature regulation, energy efficiency, and operational lifetime of the
switching components. The supervisory workflow of the proposed hysteresis control strategy

is shown in Fig. 7, and the corresponding implementation procedure is summarized as

| INITIAL HYSTERESIS I

L

READ PARAMETER AND SET VALUE

RATE OF TEMPERATURE CHANGE |
OVERSHOOT

STEADY STATE ERROR

pseudocode in Table 5.

NEAR
SETPOINT

NO

MAINTAIN THE
HYSTERESIS BAND

DT/dt >2°C OR
OVERSHOOT? OR
SSE >1°C

NO

IS THE REACTION
TIME
40 MINUTES?

HAS THE HYSTERESIS
VALUE BEEN REDUCED
TO 2°C?

ADJUST THE HYSTERESIS
VALUE TO 2°C

HAS THE HYSTERESIS
VALUE BEEN REDUCED
TO 1°C?

ADJUST THE HYSTERESIS
VALUE TO 1°C

4

Figure 7 Hysteresis Temperature-Control Workflow

Figure 7 illustrates the workflow of the proposed hysteresis temperature-control strategy,
showing how the hysteresis band is adjusted according to the system response to improve
temperature stability while minimizing unnecessary switching. The implementation

procedure of this control strategy is presented as pseudocode in Table 5.

Table 5 Hysteresis Temperature-Control Pseudocode

Step Procedure

1 Initialize the hysteresis band (HYS = 3 °C).

2 Start the heating process, agitator, and temperature-data acquisition.

Read the process value (PV), setpoint value (SV), current HYS, and temperature-

response indicators.
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4 Define the switching thresholds: Upper = SV and Lower = SV — HYS.
5 If PV < Lower, activate the SSR and turn the heater ON.

6 Else if PV > Upper, deactivate the SSR and turn the heater OFF.

7 Otherwise, maintain the previous heater state.

8 Check whether the process has entered the near-setpoint region (PV > SV - 2 °C).

9 If the near-setpoint region has not been reached, retain the current HYS value.

Otherwise, evaluate the temperature rate of change (dT/dt), overshoot, and steady-

state error (SSE).

10

If dT/dt > 2 °C/min, overshoot is detected, or |[SSE| > 1 °C, update the hysteresis
11
band according to the supervisory rules.

12 | If HYS = 3 °C, reduce HYS to 2 °C.

Else if HYS = 2 °C and overshoot persists during the next heating cycle, reduce HYS
13 . .
to 1 °C; otherwise, retain the current HYS value.

14 | If HYS =1 °C, maintain the minimum hysteresis band.

Transmit the updated HYS value to the Autonics TK4S via RS-485 Modbus RTU

15
communication.

16 | Repeat Steps 3—15 until the reaction time reaches 40 min.

17 | Stop temperature-data acquisition and terminate the experiment.

As shown in Figure 7, the hysteresis-control process began with the initialization of the
hysteresis band at 3 °C. During the reaction, the process value (PV), set value (SV),
temperature rate of change, overshoot condition, and steady-state error were monitored.
While the reactor temperature remained outside the near-setpoint region, the initial hysteresis
value was maintained. The near-setpoint region was defined as PV > SV — 2 °C. After this
condition was reached, the supervisory system evaluated the temperature response to
determine whether the hysteresis band required adjustment. The Autonics TK4S performed
the ON/OFF heater-switching action according to the upper and lower limits defined by the
current hysteresis value. The upper and lower switching limits are expressed by Equation (3)

(Seborg et al., 2011).

Tupper =Tset

Tiower =Tset — HYS (3)

where T,pper 1S the upper switching limit at which the heater is turned off, Tj,yer is the lower

switching limit at which the heater is turned on, T, is the temperature setpoint, and HYS is

the hysteresis-band width. All variables are expressed in degrees Celsius (°C). Accordingly, the
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heater is activated when PV < Tj,,.r and deactivated when PV > Type,. For example, at T, =

60°C and HYS = 3°C, the heater is activated when PV decreases to 57°C or below and is
deactivated when PV reaches 60°C. This mechanism prevents repeated switching at a single
temperature threshold. When the near-setpoint condition was reached, the supervisory
system evaluated the temperature rate of change, overshoot behavior, and steady-state error.
If the temperature rate of change exceeded 2 °C/min, an overshoot tendency was detected, or
the absolute steady-state error exceeded 1 °C, HYS was reduced from 3 °C to 2 °C. Otherwise,
HYS remained at 3 °C. After HYS had been reduced to 2 °C, the system monitored the
temperature response for one complete heating cycle. A heating cycle began when the heater
was reactivated after PV reached the lower switching limit and ended when the heater was
deactivated after PV reached the upper switching limit. If overshoot occurred again during the
following heating cycle, HYS was further reduced from 2 °C to 1 °C. If no further overshoot
was observed, HYS remained at 2 °C. Once HYS reached 1 °C, it was maintained for the
remainder of the process. Thus, the hysteresis band was adjusted within the range of 1—3 °C
according to proximity to the setpoint, temperature rate of change, overshoot behavior, and
steady-state error. The Autonics TK4S continued to perform real-time ON/OFF switching,
while the computer evaluated the recorded temperature response and transmitted the updated
HYS value through RS-485 communication using the Modbus RTU protocol. This supervisory

evaluation and switching process was repeated until the reaction time reached 40 min.

Data Analysis

The parameters analyzed in this study included temperature response, biodiesel density, and
biodiesel yield. The temperature response was evaluated using rise time, overshoot, settling
time, and steady-state error. Rise time was defined as the time required for the measured
temperature to increase from 10% to 90% of the total temperature change between the initial
temperature and the setpoint (Ogata., 2010). Settling time was defined as the time at which
the measured temperature first entered and subsequently remained within a fixed +3°C band
around the setpoint. A +3°C band was used consistently for the 50°C and 60°C setpoints
because the recorded temperature values were available in whole-degree increments. Steady-
state error was calculated using Equation (4) as the difference between the setpoint and the
average measured temperature after the system had reached the settling condition (Ogata.,

2010).

1
€ss = 52?]:1(5‘/ — PVy) 4)
where e is the steady-state error, N is the number of temperature data points collected after

the settling condition was reached, SV is the setpoint value, and PV; is the measured process

value at the i-th observation.
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Result and Discussion

PID, Adaptive PID, and Hysteresis Temperature Control Performance

The temperature-response profiles for all 12 experimental conditions are provided in Figures
S1—-S12 of the Supplementary Material, while the corresponding response parameters are
summarized in Figures 8—13. Rise time was analyzed to evaluate the speed of the temperature
control system in reaching the target temperature. A lower rise time value indicates that the
system is able to approach the setpoint more quickly during the heating process. The rise time

test results are shown in Figure 8.
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Figure 8 Rise Time under Different Experimental Variables

Figure 8 presents the observed rise-time values for each experimental condition. The reference
test using sunflower oil at 50°C produced a rise time of 2.5 min. For palm oil at 50°C, the
observed rise times were 5 min for conventional PID, 5.5 min for adaptive PID, and 3 min for
hysteresis control. At 60°C, the corresponding values were 6.5, 5.5, and 3.5 min, respectively.
For castor oil at 50°C, the observed rise times were 6 min for conventional PID, 5.5 min for
adaptive PID, and 3.5 min for hysteresis control. At 60°C, the corresponding values were 7.5,
6, and 4.5 min, respectively. Among the tested single-run conditions, hysteresis control
showed the lowest observed rise time, followed generally by adaptive PID and conventional

PID. Longer rise times were observed at the 60°C setpoint than at 50°C for most tested
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conditions, indicating that more time was required for the measured temperature to reach the
higher target. Differences were also observed between palm oil and castor oil. However,
because each condition was evaluated in a single experimental run, the thermal properties of
the feedstocks were not independently characterized, and viscosity was not measured directly,
the observed differences cannot be attributed conclusively to specific feedstock properties
such as viscosity, heat-storage capacity, or heat-transfer behavior. Settling time was used to
describe the time required for the measured temperature to enter and remain within the
predefined settling band around the setpoint. A lower settling-time value indicates that the
measured response reached this condition more quickly. The observed settling-time values are

presented in Figure 9.
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Figure 9 Settling Time under Different Experimental Variables

Figure 9 presents the observed settling-time values for each experimental condition. The
reference test using sunflower oil at 50°C produced a settling time of 3 min. For palm oil at
50°C, the observed settling times were 6.5 min for conventional PID, 5 min for adaptive PID,
and 4 min for hysteresis control. At 60°C, the corresponding values were 8, 7, and 3.5 min,
respectively. For castor oil at 50°C, the observed settling times were 8 min for conventional

PID, 6.5 min for adaptive PID, and 4.5 min for hysteresis control. At 60°C, the corresponding
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values were 9, 7.5, and 5.5 min, respectively. Among the tested single-run conditions,
hysteresis control showed the lowest observed settling time under all tested conditions,
followed by adaptive PID and conventional PID. For conventional PID and adaptive PID,
longer settling times were observed at the 60°C setpoint than at 50°C. For hysteresis control,
the settling time increased from 4.5 to 5.5 min for castor oil but decreased slightly from 4 to
3.5 min for palm oil. However, because each condition was evaluated in a single experimental
run, the thermal properties of the feedstocks were not independently characterized, and
viscosity was not measured directly, the observed differences between palm oil and castor oil
cannot be attributed conclusively to specific feedstock properties. Overshoot was used to
describe the extent to which the measured temperature exceeded the setpoint during the
control process. A lower overshoot value indicates that the temperature response remained
closer to the target without excessive temperature excursion. The observed overshoot values

are presented in Figure 10.
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Figure 10 Overshoot under Different Experimental Variables
Figure 10 presents the observed overshoot values for each experimental condition. The
reference test using sunflower oil at 50°C produced an overshoot of 0°C. Conventional PID

and adaptive PID also showed no observed overshoot in the palm-oil and castor-oil tests at
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either 50°C or 60°C. Under the tested single-run conditions, the measured temperature
therefore did not exceed the setpoint when these two control methods were applied. For
hysteresis control, overshoot was observed in the castor-oil tests. The observed overshoot was
1°C at the 50°C setpoint and 2°C at the 60°C setpoint. These values remained below the 5%
tolerance limits of 2.5°C and 3°C for the 50°C and 60°C setpoints, respectively. The ON/OFF
switching mechanism and residual heat after the heating element was switched off may have
contributed to the observed temperature excursion. However, because heater thermal inertia
and heat-transfer behavior were not independently measured, this mechanism cannot be
confirmed conclusively from the present data. Among the tested single-run conditions,
conventional PID and adaptive PID showed lower observed overshoot than hysteresis control
because no overshoot was recorded for either method. However, each condition was evaluated
in only one experimental run; therefore, these results should be interpreted as descriptive
observations rather than statistically validated performance differences. Steady-state error
was used to describe the difference between the setpoint and the measured temperature after
the response had entered the stable region. A lower steady-state error indicates that the
measured temperature remained closer to the setpoint. The observed steady-state error values

are presented in Figure 11.
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Figure 11 Steady State Error under Different Experimental Variables

Figure 11 presents the steady-state error values calculated using Equation (4) from the
controller-indicated temperature data during the steady-state interval. The reference test
using sunflower oil at 50°C produced a calculated steady-state error of 0.040°C. For palm oil

at 50°C, the calculated steady-state errors were 0.088°C for conventional PID, 0.056°C for
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adaptive PID, and 0.575°C for hysteresis control. At 60°C, the corresponding values were
0.169, 0.090, and 0.625°C, respectively. These values represent averages calculated from
multiple temperature readings rather than individual sensor readings. However, values
smaller than the stated thermocouple accuracy should be interpreted cautiously because
averaging does not eliminate the measurement uncertainty of the thermocouple—controller—
data-acquisition chain. For castor oil, the steady-state error at 50°C was 0.108°C for
conventional PID, 0.059°C for adaptive PID, and 0.274°C for hysteresis control. At 60°C, the
steady-state error values were 0.254°C, 0.152°C, and 0.486°C, respectively. Overall, adaptive
PID produced the lowest steady-state error, followed by conventional PID and hysteresis
control. Under the tested single-run conditions, adaptive PID showed the lowest calculated
controller-indicated steady-state error values. However, all steady-state error values remained
below the tolerance limit of 2% of the setpoint; therefore, the system can generally be
considered stable. The controller comparison covered the complete 40 min reaction period,
beginning when heating and mixing were started after the reactants had been introduced. Rise
time and overshoot were used to characterize the initial heat-up phase, whereas settling time
and steady-state error were used to evaluate the response after the temperature approached
the setpoint and during the remaining reaction-holding period. Overall, palm oil and castor
oil showed longer observed rise times and settling times than the sunflower-oil reference test
at 50°C. Among the tested single-run conditions, adaptive PID showed no observed overshoot
and the lowest calculated controller-indicated steady-state error values, whereas hysteresis
control showed the shortest rise and settling times but larger steady-state errors and overshoot
in the castor-oil tests. Conventional PID also maintained the recorded temperature without
overshoot, although its rise and settling times were generally longer than those observed with
adaptive PID. During the reaction-holding period, temperature stability was assessed from the
recorded temperature data after the response had entered and remained within the predefined
settling band. Because each condition was evaluated in a single run and the measurement
uncertainty of the complete temperature-measurement chain was not independently
established, these results are presented as descriptive observations rather than definitive

statistical performance rankings.

Biodiesel Density and Yield

The density of the crude biodiesel was measured at 30°C using a 25 ml pycnometer. The empty,
clean, and dry pycnometer was weighed to obtain m,. The pycnometer was then filled with
distilled water and weighed to obtain m,,. Subsequently, the pycnometer was filled with the
crude biodiesel sample and weighed to obtain m,. The sample density was calculated using

Equation (5).
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_ ms—mp
Ps =t X Pw (5)

where p; is the density of the crude biodiesel sample (g/cm3), m,, is the mass of the empty
pycnometer (g), m,, is the mass of the pycnometer filled with distilled water (g), m, is the mass
of the pycnometer filled with the crude biodiesel sample (g), and p,, is the density of distilled
water at the measurement temperature (g/cm3). The biodiesel density test results are shown

in Figure 12.
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Figure 12 Biodiesel Density

Figure 12 presents the measured density values of the crude biodiesel obtained under each
temperature-control condition. The observed values ranged from 0.880 to 0.908 g/cm3. The
palm-oil-derived products showed density values between 0.900 and 0.908 g/cm3, whereas
the castor-oil-derived products showed values between 0.880 and 0.892 g/cm3. The lowest
observed density, 0.880 g/cm3, was obtained from castor oil using adaptive PID control at
50°C, while the highest observed density, 0.908 g/cm3, was obtained from palm oil using
adaptive PID control at 60°C. For palm oil, the observed density increased from 0.900 to
0.906 g/cm3 under conventional PID control, from 0.904 to 0.908 g/cm3 under adaptive PID
control, and from 0.902 to 0.906 g/cm3 under hysteresis control when the reaction
temperature was increased from 50°C to 60°C. Differences were also observed between palm-
oil-derived and castor-oil-derived products. However, because each condition was evaluated
in a single experimental run and the feedstock properties, including water content, acid value,
free-fatty-acid content, initial density, viscosity, and fatty-acid composition, were not
independently characterized, the observed density differences cannot be attributed

conclusively to feedstock type, reaction temperature, or temperature-control performance.
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The palm oil and castor oil used in this study were commercially available feedstocks selected
based on the applicable Indonesian quality specifications stated by the suppliers. However,
conformity with specific SNI parameters was not independently verified. Therefore, the
density results are reported as descriptive measurements of crude biodiesel and are not used
to claim compliance with a specific biodiesel standard. After the 40 min transesterification
reaction was completed, the reaction mixture was transferred directly to a separating funnel.
Distilled water at 60°C was then added using a water-to-reaction-mixture volume ratio of 1:1
(v/v). The contents of the separating funnel were gently agitated for approximately 2 min to
promote contact between the aqueous and organic phases while minimizing emulsion
formation. The mixture was subsequently allowed to stand for 24 h until distinct layers were
formed. The lower aqueous and glycerol-rich phase was removed by gravity, while the upper
crude biodiesel phase was collected. The recovered biodiesel was then heated at 100°C for 30
min while being stirred manually to maintain uniform mixing and reduce residual water and
volatile components, following the general purification procedure reported by (Arenas et

al.,2021). Yield was used to evaluate the amount of biodiesel produced under each

experimental condition. Biodiesel yield was calculated using Equation (6).

Yield(%) = % 100% (6)

where m,is the mass of the recovered and dried crude biodiesel (g), and m,is the initial mass
of vegetable oil used in the reaction (g). Yield was used to evaluate the amount of biodiesel
recovered under each experimental condition. The biodiesel yield results are shown in Figure
12. The initial oil mass and final dried crude biodiesel mass for each experimental condition

are provided in Table S1 of the Supplementary Material.
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Figure 13 Biodiesel Yield

Figure 13 shows the biodiesel yield obtained under variations in feedstock, temperature
setpoint, and control method. The highest biodiesel yield was obtained from castor oil using
adaptive PID control at 60°C, with a value of 95.423%. The lowest yield was obtained from
palm oil using conventional PID control at 50°C, with a value of 82.017%. In general, castor
oil produced a higher yield than palm oil under the same control method and temperature
setpoint. This difference may be influenced by feedstock characteristics, such as fatty acid
composition and physical properties, which affect the mixing process and the contact between

oil, methanol, and catalyst during transesterification (Angassa, 2023). Increasing the setpoint

from 50°C to 60°C was generally accompanied by higher observed biodiesel yield values,
which is consistent with the role of temperature in promoting the transesterification reaction

(Ojha et al., 2024). For castor oil at 60°C, hysteresis control produced an observed yield of

93.285%, which was lower than the value obtained using adaptive PID under the same
condition. Overall, adaptive PID showed the highest observed yield under several tested
conditions, while the effects of control method, feedstock type, and reaction temperature
should be interpreted descriptively because each experimental condition was evaluated in a

single run.

Study Limitations

This study has several limitations. Each experimental condition was evaluated in a single run;
therefore, experimental variability, confidence intervals, and statistical significance could not
be determined. The thermocouple—controller—data-acquisition chain was not calibrated
against a traceable reference, so small differences in the calculated steady-state error should
be interpreted cautiously. The feedstocks were not independently characterized for viscosity,
water content, acid value, or fatty-acid composition, and a complete batch mass balance was
not performed. In addition, the recovered product was evaluated only based on density and
mass-based yield; therefore, it is described as crude biodiesel rather than a fully characterized
fuel product. These limitations restrict the generalization of the results beyond the tested

laboratory-scale conditions.

Conclusions

The conventional PID, adaptive PID, and ON/OFF hysteresis temperature-control systems
were implemented in a laboratory-scale vegetable-oil biodiesel transesterification process.
The same reactor hardware was used at setpoints of 50°C and 60°C, while the control methods
differed in their parameter-setting and switching mechanisms. Under the tested conditions,
conventional PID and adaptive PID produced no observed overshoot. Adaptive PID showed

the lowest calculated controller-indicated steady-state error, while hysteresis control
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produced the shortest observed rise and settling times but showed larger steady-state errors
and overshoot in several castor-oil experiments. Because each experimental condition was
evaluated in a single run and the complete measurement chain was not traceably calibrated,
these results should be interpreted as descriptive observations rather than statistically or
metrologically confirmed differences. The observed recovered crude-biodiesel yield was
generally higher at 60°C than at 50°C and was higher for castor oil than for palm oil under the
tested conditions. Adaptive PID produced the highest average observed yield among the three
control methods. The highest observed yield was obtained using castor oil at 60°C with
adaptive PID control. These findings do not establish statistical effects or an optimal operating

condition because no independent replication or inferential statistical analysis was performed.

Future studies should include replicated and randomized experiments, traceable calibration
of the temperature-measurement chain, complete mass-balance evaluation, and additional
product-characterization tests. The control methods may also be evaluated at larger reactor
scales and compared with other strategies, such as model predictive control, using broader

feedstock and operating-condition ranges.
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