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@ ® ©@ ABSTRACT

Keywords: Temperature control in a feedwater heater system is essential for maintaining stability and
Feedwater Heater efficiency in water heating processes, yet conventional systems without control tend to produce
PID uncontrolled temperature oscillations. This study aims to design and implement a temperature
PSO control system for a feedwater heater using PID control tuned with the Particle Swarm
PLC Optimization (PSO) method based on a Haiwell PLC. Optimal PID parameters were obtained
Temperature Control through PSO simulation on a transfer function model derived from open-loop testing using ITAE

as the objective function, resulting in parameters Kp=600, Ki=1.345, Kd=200 with a 30-particle
configuration. Testing was conducted by comparing three conditions: without PID, PID with trial
and error tuning, and PID-PSO, using 18 liters of water across setpoints of 40°C, 50°C, and 60°C.
Results show that PID-PSO achieved the best performance with overshoot below 2% and steady-
state errors of 0.2°C, 0.15°C, and 0.1°C at each respective setpoint, outperforming both the non-
PID and trial and error methods. This study proves that the combination of PID control and PSO
tuning is effective for temperature control of a PLC-based feedwater heater system.

INTRODUCTION

Temperature regulation is a critical requirement in many industrial heating processes,
including the feedwater heater is a pre-heating device used to raise water temperature
before it enters subsequent processes such as boilers, steam systems, or heat-exchange
units. At laboratory scale, a feedwater heater is typically operated at a relatively low
temperature of around 60°C, since it does not require the high pressures found in
industrial-scale systems (Prasetya et al., 2021). Although the process appears simple,
precise temperature control is still required to avoid overshoot, fluctuation, and process
instability. Conventional on/off control is still widely used, but it produces coarse
temperature rises, large oscillations around the setpoint, and a thermal response that is
difficult to stabilize. Proportional-Integral-Derivative (PID) control is widely applied to
reduce error, smooth temperature changes, and accelerate setpoint tracking (Rahmadini
et al., 2023), and when implemented on a PLC such as the Haiwell AT12MOT used in this
study, PID control can run reliably in real time. However, PID performance strongly
depends on the selection of the Kp, Ki, and Kd parameters. Conventional tuning methods
such as trial and error or Ziegler-Nichols often yield suboptimal responses, particularly
for thermal systems with slow dynamics. Particle Swarm Optimization (PSO), a
population-based metaheuristic that mimics the foraging behaviour of bird flocks, has
been shown to improve PID performance in other dynamic systems, such as DC motor
speed control, where it produced faster responses, negligible overshoot, and a steady-
state error below 5% even under varying load. PSO has also been reported to yield more
stable and consistent PID parameters than manual tuning, with faster rise time and
shorter settling time (Rahayu et al., 2022). These successes motivate the application of
PSO-based tuning to water-heating systems, which are generally non-linear and slow-
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responding. Building on this need, this study focuses on the design and implementation
of a temperature control system for a feedwater heater using PID control tuned with PSO
on a Haiwell PLC and HMI, and compares the resulting response against a system
without a controller and a PID tuned by trial and error

RESEARCH METHOD

A. Research Design

This study used an experimental research method to design, implement, and evaluate a
PLC-based feedwater heater temperature control system using PID-PSO control. The
research stages consisted of hardware design, software/PID-PSO programming, and
overall system testing. Testing was carried out on a laboratory-scale prototype using 18
litres of water, comparing three control conditions without a controller (Non-PID), PID
tuned by trial and error, and PID tuned with PSO at setpoints of 40°C, 50°C, and 60°C.
System responses were analysed using rise time, peak time, overshoot, settling time, and
steady-state error as the primary performance indicators.

B. System Architecture

The proposed system consists of a Haiwell AT12MOT PLC as the main controller, a
Haiwell A16XDR digital expansion module and a Haiwell AO4Al analog module, an RTD
PT100 temperature sensor with a 4-20 mA transmitter, two 400 W electric heaters
actuated through LY2N 24 VDC relays, and a Haiwell C7S-W HMI for setpoint entry and
real-time monitoring. Power is supplied through a 2-pole MCB, which protects the
system against overcurrent and short-circuit conditions (Gading et al., 2020). The PLC
reads the actual water temperature from the PT100 sensor (Li H., 2024), computes the PID
control action, and drives the heaters through the relays, while the HMI allows the
operator to set the target temperature and observe the temperature response in real time.
PID parameters obtained offline through PSO tuning in MATLAB are downloaded into
the PLC prior to testing. Figure 1. shown the wiring and system architecture of the plant.

Figure 1. Wiring and system architecture of the PLC-based feedwater heater
temperature control system
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The plant transfer function was first identified from open-loop step-response testing, in
which the heater was driven with a fixed input while the resulting water temperature
rise was recorded. From this test, a first-order model was obtained relating the change in
water temperature to the change in heater input, together with the time constant of the
thermal response. This transfer function was then used as the basis for offline PID tuning
in MATLAB using Particle Swarm Optimization with an Integral of Time-weighted
Absolute Error (ITAE) objective function, chosen for its sensitivity to long-term error and
its tendency to produce a smooth, quickly-settling response.

PSO searches for the combination of Kp, Ki, and Kd that minimizes the ITAE cost by
iteratively updating a population of candidate solutions (particles) based on each
particle's personal best position and the swarm's global best position. Particle-count
configurations of 10, 20, 30, 40, and 50 were compared, each run five times; the 30-particle
configuration produced the lowest best cost together with the smallest overshoot, and
was therefore selected. The resulting parameters Kp = 600, Ki = 1.345, and Kd =200 were
then implemented in the PID block on the Haiwell PLC, as illustrated in the control block
diagram in Figure 2.

u(t) Suhu Air
Setpoint PLC HAIWELL Relay + Heater

Suhu~C Kontrol PID | GPWM suhu y(t) °C

4 Umpan balik

Sensor Suhu

4 RTD PTI00

PSO (MATLAB)
Tuning Kp. Ki, Kd

Figure 2. Block diagram of the PID-PSO feedwater heater temperature control system.

System testing was performed under two main conditions: without a PID controller, to
obtain the natural response characteristics of the heating process, and with PID-PSO
control, to evaluate the resulting performance improvement a PID tuned by trial and
error was included as an additional comparison. Test data were analysed in terms of rise
time, overshoot, settling time, and steady-state error, with steady-state error computed
as the absolute difference between the setpoint and the average midpoint of the
temperature oscillation once the response reached a relatively constant state.

RESULTS AND DISCUSSION

A. PSO Tuning

Open-loop testing showed the water temperature rising from an initial 30°C toward 40°C,
from which a first-order transfer function was derived. PSO tuning of this model using
the ITAE objective function, with a 30-particle configuration, produced a best cost (ITAE)
of 55,553.705 together with a near-zero simulated overshoot and steady-state error. When
the resulting parameters (Kp = 600, Ki = 1.345, Kd = 200) were implemented on the real
plant, the actual response reached its first overshoot of 0.8°C at 883 seconds and settled
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more slowly than the simulation predicted, with rise time and settling time roughly 3.7
and 13.9 times longer, respectively. This gap is attributed to the simplified first-order
model not fully capturing the plant's non-linear heat distribution, dead time, and heat
loss, as well as to the non-ideal, relay-based PWM actuation and environmental
disturbances present in the real laboratory setting.

B. Testing at Various Setpoints

At each setpoint, the temperature response of the Non-PID, PID trial-and-error, and PID-
PSO systems was recorded for 18 litres of water, and rise time, peak time, overshoot,
settling time, and steady-state error were computed for each. Figure 3 shows the
comparative response of the three control methods at the 40°C setpoint. Figure 4 shows
the comparative response of the three control methods at the 50°C setpoint. Figure 5
shows the comparative response of the three control methods at the 60°C setpoint.
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Figure 3. Temperature response of Non-PID, PID Trial and error, and PID-PSO control
at setpoint 40°C.
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Figure 4. Temperature response of Non-PID, PID Trial and error, and PID-PSO control
at setpoint 50°C.
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Perbandingan Respon Sistem Pada Setpoint 60°C

SUHU °C
BS B S S B BB G0 DI UGGy
SRROm B < BB S (0 B < GO SR R

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
FNFNOXRNONMTORXO I NTNOINONMT ONRO N T

mmmmmmmmmmmmmmmmmmmmmmmm

Figure 5. Temperature response of Non-PID, PID Trial and error, and PID-PSO control
at setpoint 60°C.

At the 40°C setpoint, PID-PSO achieved the best performance across all indicators, with
the fastest rise time (601 s), the smallest overshoot (0.8°C, 2.0%), the fastest settling time
(3,110 s), and the smallest steady-state error (0.2°C), compared with 0.25°C for both the
Non-PID and trial-and-error systems. At the 50°C setpoint, PID-PSO no longer had the
fastest rise time (1,321 s, versus 1,304 s for Non-PID and 1,266 s for trial-and-error PID),
but it remained the best in overshoot (0.5°C, 1.0%), settling time (2,630 s), and steady-
state error (0.15°C, versus 0.2°C and 0.3°C respectively). The same trade-off appeared at
the 60°C setpoint: rise time for PID-PSO (2,102 s) was slightly slower than the other two
methods, yet PID-PSO still produced the smallest overshoot (0.5°C, 0.83%) and the
smallest steady-state error (0.1°C, versus 0.15°C and 0.25°C). This outcome is attributed
to the parameters Kp=600, Ki=1, and Kd=200 remaining unchanged from the 40°C
setpoint configuration, without retuning. At higher setpoints, the temperature
differential the system must bridge is greater, resulting in a faster initial rate of
temperature change. The Kd=200 setting reacts early to this rate of change, triggering
damping action sooner and slightly slowing the PID-PSO rise time. However, this initial
damping prevents a significant temperature spike, keeping overshoot minimal and
allowing the system to reach a steady state more quickly with the lowest final error. In
other words, the PID-PSO system slightly sacrifices initial speed to achieve a more stable
and precise response.

C. Comparison of Elctrical Energy Consumption

Cumulative energy consumption of the PID trial-and-error and PID-PSO systems was
measured while heating 18 litres of water from 30°C to 40°C, a process lasting
approximately 13 minutes. Table 1 presents the accumulated energy (in watt-hours)
recorded at each 1°C increase.
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Table 1. Energy consumption of the PID trial-and-error and PID-PSO at setpoint 40°C

No | swueo | Emorwae | FRFSO
hour)

1 30 0,002 0,005
2 31 0,018 0,015
3 32 0,040 0,032
4 33 0,061 0,049
5 34 0,080 0,068
6 35 0,101 0,087
7 36 0,122 0,105
8 37 0,145 0,125
9 38 0,167 0,146
10 39 0.189 0.166
11 40 0,214 0,187

At the very start of the process, PID-PSO consumed slightly more energy than the trial-
and-error PID (0.005 Wh versus 0.002 Wh) because its higher gain produced a more
aggressive initial control action to accelerate setpoint tracking. From 31°C onward,
however, PID-PSO consistently consumed less cumulative energy. By the end of the test,
at 40°C, PID-PSO had consumed a total of 0.187 Wh, which is 0.027 Wh (12.6%) lower
than the 0.214 Wh consumed by the trial-and-error PID. This efficiency gain is consistent
with PID-PSO's smaller overshoot and steady-state error, since fewer or smaller
corrective actions are required to counter temperature overshoot, reducing the energy
wasted through repeated heating/cooling correction.

CONCLUSION

The PLC-based PID-PSO feedwater heater temperature control system developed in this
study was able to maintain water temperature closer to the setpoint than either a system
without a controller or a PID tuned by trial and error, producing the smallest steady-state
error at every tested setpoint (0.2°C, 0.15°C, and 0.1°C at 40°C, 50°C, and 60°C,
respectively). The system also showed consistent behaviour across setpoint variations in
terms of accuracy and stability always producing the smallest overshoot and steady-state
error although its advantage in transient speed (rise time and settling time) was not
consistent, since the ITAE objective function used in PSO tuning emphasizes minimizing
cumulative error over time rather than the speed of the initial response. In addition, PID-
PSO consumed 12.6% less cumulative energy than the trial-and-error PID during a 30°C-
to-40°C heating cycle, despite a slightly higher initial power draw from its more
aggressive control action. Overall, these results demonstrate that combining PID control
with PSO-based offline tuning is an effective and energy-efficient approach for PLC-
based feedwater heater temperature control, and this work provides a practical basis for
further development for example, using a more accurate transfer-function model and
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higher-capacity, better-placed heating elements to achieve faster and more uniform
temperature distribution.
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