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Abstract Precise air temperature control remains a critical yet challenging task in modern industrial and 
agricultural systems due to high thermal inertia and heater non-linearity. Furthermore, implementing 
intelligent control on low-cost Internet of Things (IoT) devices is often hindered by digital conversion 
resolution and quantization errors. These limitations can induce thermal oscillations and energy waste if 
tuning criteria are sub optimally selected. Therefore, this study comparatively evaluates actual thermal 
performance using Integral Absolute Error (IAE), Integral Squared Error (ISE), and Integral Time Weighted 
Squared Error (ITSE) as objective functions for Ziegler Nichols (ZN) Type 1 Proportional-Integral-Derivative 
(PID) tuning. A key contribution of this work is mitigating quantization errors by integrating a 5x analog 
amplifier circuit with an LM35 sensor and utilizing high frequency (1000Hz) Pulse Width Modulation (PWM) 
via a custom-built Solid-State Relay (SSR) on an ESP32. The system was evaluated through physical closed 
loop testing on a 650 Watt air heater, monitored in real time the MQTT protocol. To ensure robustness, tests 
were cross validated at 50°C and 60°C setpoints with three replications. Experimental results demonstrate 
that IAE tuning offers the most balanced performance at the moderate target (50°C), achieving the fastest rise 
time (5.58s), minimal overshoot (0.42%), high precision (Steady-State Error/SSE: -0.11), and optimal control 
effort (average PWM: 52.61). Conversely, at the higher target (60°C) which presents a massive initial error 
deficit ISE tuning proved significantly more robust. It suppressed overshoot to 0.86% while achieving a 
superior settling time of 15.35 seconds. In conclusion, the IAE criterion is recommended for efficient heating 
applications with stable loads, whereas ISE is critical for regulating high-inertia thermal loads to prevent 
extreme overshoot in IoT control actuators. 
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I. Introduction 

Precise air temperature regulation remains a critical 
challenge across various technical processes, including 
automated egg incubation [1], solar heater thermal 
management [2], and laboratory environment 
standardization [3], [4]. Stable thermal control is vital for 
ensuring product quality and operational efficiency [5]. 
However, air heating systems are inherently difficult to 
regulate due to high thermal inertia, susceptibility to 
convective disturbances, and the non-linearity of resistive 
heating elements. To address these challenges, the PID 
controller is the most widely adopted algorithm in the 
industry [6], [7]. PID control is highly effective across 
diverse applications, from glucose regulation [8] and ball-
and-beam balancing systems [9] to multirotor navigation 
[10]. However, its effectiveness relies heavily on the 
precise calibration of proportional, integral, and derivative 
gains. The classical Ziegler-Nichols (ZN) methodology 
provides a solid empirical framework for deriving these 
base constants from the system’s open-loop response 
[11], [12]. Recent PID optimization methods, such as 
Particle Swarm Optimization (PSO) and Genetic 
Algorithms (GA) [13], [14], offer strong global search 
capabilities. Nevertheless, these metaheuristic 
approaches demand heavy computational loads and 

complex mathematical iterations, making them less ideal 
for direct implementation on memory constrained, low 
cost IoT microcontrollers like the ESP32. As a lightweight 
yet reliable state-of-the-art alternative, the empirical ZN 
approach evaluated via integral objective criteria namely 
Integral Absolute Error (IAE), Integral Squared Error 
(ISE), and Integral Time Weighted Squared Error (ITSE) 
offers a practical adaptation solution without 
overburdening the IoT microcontroller core [15], [16], [17], 
[18]. 

Despite this, a significant limitation of prior studies is 
their dominant focus on tuning algorithm simulations, 
often ignoring the practical constraints of low cost 
actuation hardware [19]. They rarely analyze the physical 
system's behavior when specifically tuned using IAE, ISE, 
and ITSE objective functions on low resolution hardware. 
Improper selection of tuning criteria in physical setups can 
lead to excessively aggressive control efforts, risking 
mechanical actuator wear [20] or continuous digital 
oscillations [21]. Compared to previous thermal 
optimization studies, metaheuristic methods often leave 
gaps concerning hardware implementation delays. For 
instance, systems tuned via thermodynamic genetic 
algorithms by Francis et al. [14] frequently exhibited 
overshoots above 2% due to metric adaptation complexity 
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straining the computation. In contrast to fractional DC 
motor actuation control [22], pneumatic PSO optimization 
[20], non linear performance studies [23], and glucose 
regulation [8], the FOPDT-Ziegler-Nichols architecture 
coupled with integral evaluation in this study proves 
significantly more straightforward and stable for 
microcontroller processing. Furthermore, the LM35 signal 
amplifier modification and 1000Hz high-frequency SSR 
actuation directly resolve the precision limitations of low 
cost IoT actuation. These limitations are typically the weak 
points in similar thermal management research [2] and 
system delay compensation studies [24]. 

This research gap motivates the present comparative 
study. There is a lack of studies demonstrating actual 
thermal behavior when IAE, ISE, and ITSE indices are 
utilized as tuning objectives on modern IoT 
microcontrollers, alongside robustness validation across 
different setpoints. Although IoT is widely adopted in 
sectors ranging from livestock to greenhouses [25], [26], 
[27], [28], [29], high precision control on devices like the 
ESP32 is frequently hindered by 12 bit Analog to Digital 
Converter (ADC) resolution limits, quantization errors, 
and communication network latency.  This study aims to 
evaluate an IoT air heater prototype by comparing the 
actual thermal performance of a PID-ZN controller tuned 
using IAE, ISE, and ITSE objectives. The system utilizes 
an ESP32, a custom-built SSR, and an LM35 sensor. The 
sensor is integrated with a 5x analog amplifier circuit to 
physically overcome ADC resolution constraints [30], [31]. 
As an added novelty, the Message Queuing Telemetry 
Transport (MQTT) protocol is implemented not only for 
low-latency data logging but also for real-time remote 

monitoring and control, leveraging task separation on a 
dual-core architecture [32], [33], [34], [35]. The specific 
novel contributions of this research are: (1) Integrating a 
5x amplifier circuit and an SSR driver (MOC3020 and 
BTA20 TRIAC) to mitigate quantization errors in low cost 
microcontrollers; (2) Implementing stable MQTT based 
remote control functionality without interrupting the PID 
control's computational sampling precision; (3) Mapping 
the physical test endpoint formulations where IAE, ISE, 
and ITSE criteria modify the controller's effort behavior; 
and (4) Providing practical recommendations for 
automation engineers, validated through replications at 
moderate (50°C) and extreme (60°C) target 
temperatures.  

II. Materials and Method 
A. Experimental Setup and Component Integration  

The primary actuator in this study is a 650-Watt AC air 
heater (hair dryer) element. Airflow is directed through a 5 
cm diameter PVC duct. For feedback, an LM35 
temperature sensor (accuracy ±0.5°C) is positioned 15 
cm in front of the heater nozzle. The ambient room 
temperature is maintained at a stable ±28°C. 

The ESP32 microcontroller serves as the main 
computational unit. Given its 12-bit ADC resolution, the 
LM35 sensor's output range of just 10 mV/°C is highly 
susceptible to quantization errors (±1 LSB). To overcome 
this limitation, the LM35  is connected to a CA3140 
operational amplifier (Op-Amp). This non-inverting circuit 
is constructed using tight-tolerance (1%) resistors (40 kΩ 
feedback and 10 kΩ ground). 

Based on the analog sensor calibration specifications, 
the stages of converting the digital signal into an ambient 

 

Fig. 1.| Block diagram of the proposed IoT-based air-heater temperature control system. 
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temperature representation are formulated via Eq. (1) 
[30], [31]: 

𝑉𝑎𝑑𝑐 =
𝐴𝐷𝐶𝑣𝑎𝑙𝑢𝑒×3.3

4095
,  𝑉𝑠𝑒𝑛𝑠𝑜𝑟 =

𝑉𝑎𝑑𝑐

5
 , 𝑇 =

𝑉𝑠𝑒𝑛𝑠𝑜𝑟

0.01
.    (1) 

In this formulation, the variable 𝑉𝑎𝑑𝑐 represents the 

converted voltage at the ESP32 microcontroller’s ADC pin 
(in Volts), while 𝐴𝐷𝐶𝑣𝑎𝑙𝑢𝑒 is the raw digital reading with 12-

bit resolution (0–4095). The value of 3.3 Volts denotes the 
ESP32’s maximum operational reference voltage. The 
variable 𝑉𝑠𝑒𝑛𝑠𝑜𝑟 indicates the actual voltage from the LM35 

sensor prior to signal amplification, and the figure 5 

represents the pure gain factor provided by the CA3140 
operational circuit. The variable 𝑇 indicates the actual 

ambient temperature resulting from the final conversion in 
degrees Celsius (°C), obtained by dividing the sensor 
voltage by 0.01 the sensitivity value of the LM35 
temperature sensor (10 mV/°C). The AC power interface 
is controlled by a custom-built Solid-State Relay (SSR) 
actuator based on the MOC3020 optocoupler and BTA20 
TRIAC. This non-mechanical SSR design is capable of 
accepting a high-frequency (1000 Hz) Pulse Width 
Modulation (PWM) signal from the ESP32 [21], [36]. The 
hardware system design block diagram is shown in Fig. 1. 
The research tool for testing the air heater temperature 
can be seen in Fig. 2. 

Fig. 2 Experimental hardware implementation of the 
IoT-based air heater temperature control system using the 
ZN-PID method.The prototype consists of (1) an LM35 
analog temperature sensor, (2) a 12 VDC blower, (3) an 
air heater (hairdryer) serving as the thermal plant, (4) a 
center-tapped transformer used for power isolation and 
zero-crossing reference generation, (5) a signal 
conditioning circuit providing approximately fivefold 
voltage amplification to enhance ADC measurement 
accuracy, (6) an ESP 32 microcontroller executing the PID 
algorithm and managing MQTT based wireless 
communication, (7) a voltage-to-phase angle converter 
that produces synchronized firing pulses for phase-angle 

control, and (8) Custom Heater Driver (MOC3020–BTA20 
TRIAC) – A custom-built AC power driver employing an 
MOC3020 optically isolated TRIAC driver and a BTA20 
power TRIAC. The circuit provides galvanic isolation 
between the low-voltage control electronics and the AC 
mains while receiving synchronized firing pulses from the 
voltage-to-phase angle converter. By varying the TRIAC 
firing angle, the driver regulates the RMS voltage applied 
to the heating element, thereby controlling the heater 
power and air temperature.  The LM35 sensor measures 

the temperature of the air heater directly from the 
hairdryer funnel, the sensor output is connected to a 
signal conditioning circuit as a 5-fold voltage amplifier, the 
signal conditioning output is connected to pin 33 of the 
ESP32 and pin 4 of the PWM is connected to a signal 
conditioning circuit as a 5-fold voltage amplifier, the signal 
conditioning output is connected to pin 33 of the ESP32 
and pin 4 of the PWM is connected to a voltage to phase 
angle converter circuit, this output is connected to a 
heater driver that functions as a signal output regulator to 
control the air heater and the phase angle trigger is set 
between 0º and 180º. The ESP32 as the main controller 
and connected to Wi-Fi, sends data to the cloud and 
hosting server as MQTT web storage. All control 
parameter data and sensor readings are published to the 
MQTT broker every 1 second to monitor the dynamic 
transient behavior of the hairdryer actuator. The system 
flow diagram can be seen in Fig. 3. 

B. Experimental Testing Procedure and Design  

To ensure data validity and eliminate thermal build-up, a 
12V DC forced cooling fan is activated to return the heater 
to the ambient temperature (±28°C) before initiating any 
new trial. Each setpoint loading scenario is evaluated 
using three replications. The overall research flow is 
depicted in Fig. 4. 

 

Fig. 2.| Experimental hardware implementation of the IoT-based ZN-PID air-heater temperature control 
system. 
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1. Analysis: Conducting an open-loop physical response 
test by injecting a constant 100% PWM signal cycle. 
Temperature data was recorded to develop a 
mathematical model of the system. 

2. Design: Calculating the basic PID constant 
parameters (𝐾𝑝, 𝐾𝑖 , 𝐾𝑑) using the Ziegler-Nichols Type 

1 method. These values were then independently 
tuned for the IAE, ISE, and ITSE functions. 

3. Implementation: Integrating the entire hair dryer air 
heater hardware, ESP32, LM35 sensor with 5X 
amplifier, MOC3020 & BTA20-based actuators, and 
so on into a prototype, and translating the PID 
mathematical equations into a discrete algorithm in 
the ESP32’s memory. 

4. Testing: Practically executing the system (closed-
loop) at medium (50°C) and extreme (60°C) 
temperature targets. This testing is accompanied by 
real-time telemetry variable data acquisition to the 
server using the MQTT protocol every 1 second. 

5. Maintenance: Evaluate test data to extract system 
transient quality metrics (rise time, settling time, 
overshoot, SSE) and actuator workload efficiency 
(PWM). The results of this analysis serve as a 
reference for future evaluation and improvement of 
device performance. 

C. FOPDT System Modeling and Ziegler-Nichols 
Tuning  

The thermal system dynamics are approached using the 
First-Order Plus Dead Time (FOPDT) model, which is 
formulated in Eq. (2) [11], [12]: 

𝐺(𝑠) =
𝐾.𝑒−𝐿𝑠

𝑇𝑠+1
.      (2) 

In this model, 𝐺(𝑠) is an approximate transfer function 

representing a complex air-heating system. The 
parameter 𝐾 defines the process gain the ratio of the 

temperature response to the actual actuator power while 
𝐿 represents the real-time process delay in seconds. The 

variable 𝑇 acts as the heater's inertial time constant in 
seconds, and the variable 𝑠 is the complex frequency 

 

Fig. 3.| Flowchart of the ZN-PID Model Air Heating 
System. 

 

 

 

 

 

Fig. 4.| Flowchart of the Experiment Research Stages. 
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variable from the Laplace transform used in the analysis 
of system dynamics. 

Based on open loop testing, the empirical parameters 
obtained are = 0,85; 𝐿 = 2,5𝑠;  and 𝑇 = 12,5𝑠. To 

formulate initial control values, the ZN Type 1 tuning 
parameters are calculated by referring to standard 
industrial regulation system formulas via Eq. (3) through 
Eq. (7) [7], [12]:  

𝐾𝑝 = 1.2(
𝑇

𝐾.𝐿
),      (3) 

𝑇𝑖 = 2. 𝐿 ,      (4) 

𝐾𝑖 =
𝐾𝑝

𝑇𝑖̅
,       (5) 

𝑇𝑑 = 0,5𝐿,      (6) 

𝐾𝑑 = 𝐾𝑝. 𝑇𝑑 .      (7) 

In the set of equations above, the variable 

𝐾𝑝represents the value of the fundamental proportional 

constant derived from empirical tuning. Meanwhile, 𝑇𝑖 

deno tes the integral reset time constant in seconds, 

which correlates with 𝐾𝑖, the controller's integral action 

rate constant. Regarding the predictive response, 𝑇𝑑 

defines the derivative reaction time constant measured in 

seconds, and the variable 𝐾𝑑 serves as the final multiplier 

the derivative action rate constant for the physical PID 

controller. 

By substituting empirical values, the basic control 
parameters are obtained: 𝐾𝑝 = 7.05, 𝐾𝑖 = 1.41, and 𝐾𝑑 = 

8.81. These initial parameters will be specifically tuned 
according to objective criteria. These mathematical 

values form the basis for calibration. To modify the actual 
physical behavior of the controller, a heuristic fine-tuning 
calibration is applied to these values to minimize the 
objective functions (IAE, ISE, and ITSE). 

The continuous PID equation is discretized using a 
backward numerical integration approach to ensure 
compatibility with the ESP32 sequential computing 
architecture [11], [19]. 

D. ESP32 Discrete Control Structures and 
Algorithms 

First, the instantaneous temperature error value, ⅇ(𝑘) 
is calculated as the difference from the reference based 
on the conventional feedback control principle in Eq. (8) 
[7], [19]: 

ⅇ(𝑘) = 𝑟(𝑘) − 𝑦(𝑘).     (8) 

In this equation, ⅇ(𝑘)represents the system error 

difference signal at the (𝑘)th calculation interval iteration, 

expressed in degrees Celsius. This variable is calculated 

by subtracting 𝑦(𝑘)representing the actual ambient 

temperature output value measured by the sensor module 

during that iteration (℃) − from 𝑟(𝑘), which is the heater 

temperature reference or desired target setpoint (℃). 

Next, the Proportional 𝑃(𝑘), integral 𝐼(𝑘), and 

derivative 𝐷(𝑘) components are calculated based on the 

discrete-time mathematical approach for low-cost digital 

devices, as shown in Eq. (9) – Eq. (11) [21], [23]: 

𝑃(𝑘) = 𝑘𝑝. ⅇ(𝑘),      (9) 

𝐼(𝑘) = 𝐼(𝑘 − 1) + 𝐾𝑖 . ⅇ(𝑘). 𝛥𝑡,    (10) 

 

Fig. 5.| MQTT-based IoT network topology of the proposed control system. 
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𝐷(𝑘) = 𝑘𝑑 (
𝑒(𝑘)−𝑒(𝑘−1)

𝛥𝑡
).     (11) 

Here, 𝑃(𝑘) is the computed value of the proportional 

control effort, 𝐼(𝑘) represents the cumulatively 

accumulated integral control effort, and 𝐼(𝑘 − 1) is the 

historical value of the integral control effort from the 

previous iteration. On the derivative side, 𝐷(𝑘) represents 

the computed derivative control effort, which reacts to 

instantaneous changes in error. These values are 

calculated based on the factor Δ(𝑡) the microcontroller’s 

control execution sampling interval, fixed at 1 s and by 

comparing ⅇ(𝑘) with ⅇ(𝑘 − 1), which is the recorded 

temperature error signal from the preceding observation 

period measured in degrees Celsius (℃). The cumulative 

control effort signal, 𝑢(𝑘), is obtained by summing the 

three components mentioned above, based on the 

standard PID formulation in Eq. (12) [7], [21]: 

𝑈(𝑘) = 𝑃(𝑘) + 𝐼(𝑘) + 𝐷(𝑘).     (12) 

The variable 𝑈(𝑘) represents the total raw control effort 

signal commanded by the PID calculation. This 
accumulated value is what will be processed to control the 
hardware. Since the power actuation effort is realized 
through the modulation of an 8-bit resolution 
microcontroller pin, the signal value 𝑢(𝑘) is linearly 

converted to the PWM duty cycle range (0–255) with 
saturation limits adapted from the digital pulse modulation 
method in Eq. (13) [21], [37]: 

𝑃𝑊𝑀(𝑘) = 𝑚𝑎𝑥 (0, 𝑚𝑖𝑛 (255 (
𝑢(𝑘)

100
) x 255)).    (13) 

In this formulation for upper and lower limit constraints, 

the variable 𝑃𝑊𝑀(𝑘) defines the final PWM duty cycle 

percentage range used to control the SSR actuator. The 

output value of this equation remains stable and safe 

within the range bounded by a minimum of 0 and a 

maximum of 255. In addition to the duty cycle percentage, 

the actual heater power estimate 𝑃𝑒𝑠𝑡 (𝑘) can be 

approximated based on the linear ratio of the PWM to the 

actuator's maximum capacity, as shown in the load 

estimation formulation in Eq. (14) [19]: 

𝑃𝑒𝑠𝑡 (𝑘)  = (
𝑃𝑊𝑀(𝑘)

255
) × 𝑃𝑚𝑎𝑥 .       (14) 

The variable 𝑃𝑒𝑠𝑡 (𝑘) represents a mathematical 

approximation of the heating power rate delivered to the 
resistive element, measured in watts. This estimate is 
calculated using a multiplier based on 𝑃𝑚𝑎𝑥 the maximum 

power consumption capacity of the hairdryer tested in this 
study, which is 650 watts. To ensure the reproducibility of 
this mathematical computation, the design architecture is 
converted into an operational pseudocode structure, as 
shown in Fig. 5. The figure shows the architecture of a 
closed-loop temperature control system based on the 
ESP32, discrete PID, and the Internet of Things (IoT) 
using the MQTT protocol. The system is controlled 
through a Web Dashboard, which sends the setpoint 
value r(k) to the ESP32 via the MQTT Broker. Meanwhile, 
the LM35 sensor measures the hair dryer's output 
temperature. The signal is then amplified fivefold by a 
signal conditioning circuit based on the CA3140 IC before 
being read by the ESP32’s ADC as the actual temperature 

y(k) using Eq. (1). If the actual temperature is >75°C, the 
heater is turned off with a value (PWM = 0) to prevent 
overheating. The ESP32 calculates the error signal using 
Eq. (8). The error value is then processed by a discrete 
PID controller consisting of proportional, integral, and 
derivative components, each calculated using Eq. (9) – 
Eq. (11). These three components are summed into a 
control signal as shown in Eq. (12), which is then mapped 
to an 8-bit PWM signal (0–255) using the saturation 
function in Eq. (13). The PWM signal controls an SSR 
circuit consisting of a MOC3020 optocoupler and a BTA20 
TRIAC to regulate the power supplied to the hair dryer. 
The PWM value determines the heating power, which can 
also be estimated using Eq. (14) with 𝑃𝑚𝑎𝑥  = 650 Watts. 

Next, the ESP32 sends the actual temperature, error, 
PWM, and estimated power data to the MQTT Broker, 
which is then displayed in real time on the Web 
Dashboard. The entire process runs periodically with a 1 
second sampling time, enabling the system to maintain 
the temperature close to the setpoint through a closed-
loop feedback mechanism, while also enabling remote 
monitoring and setting of the setpoint over the Internet. 

E.  Dual-Core MQTT Network Integration 

The stability of the physical actuation loop must be strictly 
maintained to isolate it from IoT communication latency 
(such as ping jitter or wireless connection dropouts) [32], 
[34], [38], [39], [40], [41]. On standard single-core 
microcontrollers, waiting for an acknowledgement from 
the MQTT Broker can cause the system to stall for tens to 
hundreds of milliseconds. When this occurs, the time 
interval (𝛥𝑡) in the Derivative divider and Integral 

multiplier formulas becomes unstable, which instantly 
triggers uncontrolled oscillations (Derivative kick and 
Integral windup). To address this conventional 
architectural flaw, the ESP32 source code is 
fundamentally designed to utilize the internal Xtensa 32-
bit LX6 dual-core microprocessor. This modification 
involves task pinning through FreeRTOS. According to 
Algorithm 1, the PID metric computation (ADC reading 
and PWM writing) is fully locked to Core 0 (PRO_CPU). 
In parallel, the Wi-Fi network stack routines and Message 
Queuing Telemetry Transport (MQTT) transmissions are 
locked to Core 1 (APP_CPU). This synchronization of 
data movement between processor cores is 
accomplished securely using the RTOS Queues memory 
queuing mechanism. Core 0 is simply tasked with 
throwing temperature data into the queue (which 
executes in fractions of a microsecond) and then 
resuming its control loop. Core 1, on the other hand, is 
responsible for retrieving data from the queue and 
handling the Publish/Subscribe transmission process to 
the server over the internet. The MQTT Quality of Service 
(QoS) level is set to 0 (At most once) to minimize memory 
overhead. The dual-core split-brain topology, as seen in 
Fig. 6, effectively enables the 650-Watt heater actuation 
hardware to be remotely controlled without sacrificing the 
accuracy of thermodynamic observations. 

F. Thermodynamic Evaluation Endpoints  

The observation duration for each experiment was set at 
50 seconds (N=50), with every second recorded precisely 
[1]. The transient metric evaluation was validated using 
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mathematical calculations. The Overshoot (𝑀𝑃 ) formula is 

presented in Eq. (15) [2], [7], while the Steady-State Error 
(SSE) formula is presented in Eq. (16) [22]. 

𝑀𝑝 = (
𝑌𝑚𝑎𝑥  − 𝑟(𝑘)

𝑟(𝑘)
) × 100%,    (15) 

𝑆𝑆𝐸 = 𝑙𝑖𝑚
𝑘→∞

 ⅇ(𝑘).      (16) 

The parameter 𝑀𝑝 represents an evaluation of 

oscillation or the maximum transient overshoot value. Its 

calculation utilizes the 𝑌𝑚𝑎𝑥  value from the actual 

temperature recording at the highest peak experienced by 

the sensor during testing. Meanwhile, the SSE metric 

represents the margin of inaccuracy calculated over a 

long observation period, once the temperature has 

entered the steady state range. 

The endpoint of the parameter search is calculated by 

minimizing the values of three criteria of the integral 

objective function [6], [10]. The calculation is described in 

Eq. (17) to Eq. (19) [6], [10], [17]. 

 

Fig. 7.| Temperature responses at the 50°C setpoint (a) IAE, (b) ISE, (c) ITSE, (d) IAE, ISE, ITSE 

 

 

 

Fig. 6.| MQTT-based IoT network topology of the proposed control system. 
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𝐼𝐴𝐸 = ∑ |ⅇ(𝑘)|𝛥𝑡𝑁
𝑘=1 ,     (17) 

𝐼𝑆𝐸 = ∑ ⅇ2(𝑘)𝛥𝑡
𝑁

𝑘=1
,     (18) 

𝐼𝑇𝑆𝐸 = ∑ (𝑘𝛥𝑡)ⅇ2(𝑘)𝛥𝑡
𝑁

𝑘=1
.     (19) 

In the calculation of these indices, IAE measures the 

magnitude of absolute deviation, ISE is a metric that sums 

the squared error areas, and ITSE incorporates a time 

based penalty weight into the equation. The 𝛴 symbol 

represents the total accumulated sum derived from 

iterations starting at the initial observation (𝑘 = 1)up to 

the final target variable, 𝑁. The variable 𝑁 represents the 

total number of samples in the observed data recording 

period, fixed at 50 data points. Meanwhile, the parameter 

𝑘 denotes the count or sequence of the current sampling 

iteration; in the case of the ITSE criterion, this parameter 

also functions directly as a multiplier for the temporal 

penalty weight applied to the actuation response. 

 

III. Results 
A. Cross-Setpoint Fine-Tuning Parameters 

To ensure the system produces compensation behavior 
that uniquely reflects each criterion, the basic ZN 
parameters were fine-tuned to minimize each objective 
function at two different setpoints. Table I presents the 
final parameters applied. At the intermediate setpoint of 
50°C, the ISE criterion tuning was formulated with the 
highest proportional gain (𝐾𝑝) (8.50) to aggressively 

suppress initial transient deviations. Conversely, the ITSE 
criterion emphasized the largest derivative gain (𝐾𝑑) 

(6.50) to provide rapid braking action to dampen 

oscillations in the steady-state phase. Meanwhile, the IAE 

operated with a more moderate and balanced 𝐾𝑝 

parameter of 7.10. 

When the target temperature was increased to the 
more extreme level of 60°C, the control parameters 
logically adapted to the larger energy deficit. The IAE and 
ITSE criteria responded by increasing the Kp value to 8.00 
and Ki to ensure the system had sufficient thrust to pursue 
distant targets. Interestingly, however, in the ISE criteria, 
the 𝐾𝑝 value was actually lowered slightly (from 8.50 to 

8.20). This makes mathematical sense; since at the 60°C 
setpoint, the initial error squared spike is already very 
large, maintaining a Kp value that is too high would cause 
the system to experience excessive actuator saturation 
and trigger the danger of extreme overshoot. The 
parameter values for the 50°C and 60°C setpoints can be 
seen in Table 1. 

B. Integral Error Calculation Evaluation 

Table 2 reports the actual calculated values of the integral 
index during the 50 second observation phase, derived 
directly from real-time thermal response data recordings. 
This data confirms that the tuning parameters performed 
precisely according to their mathematical design; the 
controller with the IAE configuration consistently 
produced the lowest accumulated absolute error (IAE) at 
each setpoint, as did the ISE and ITSE configurations for 
their respective specific functions. In the 50°C target test, 
the controller parameters using the IAE objective 
successfully achieved the smallest accumulated absolute 
error (94.62) compared to those using the ISE (108.35) 
and ITSE (102.18) parameters. The same mathematical 
proof consistently applied to the ISE criterion tuning, with 

the lowest value of 1050.80 and the lowest ITSE value of 
1980.55 when measured in their respective functions. 

Table 1. Fine-tuned PID parameters for the IAE, ISE, 
and ITSE criteria. 

Criteria Setpoint Kp Kd Ki 

IAE 
50°C 7.10 0.65 5.20 

60°C 8.00 0.80 5.20 

ISE 
50°C 8.50 0.80 4.50 

60°C 8.20 0.75 5.00 

ITSE 
50°C 6.80 0.55 6.50 

60°C 8.00 0.90 5.00 

 

Table 2. Experimental integral error indices at the 
50°C and 60°C setpoints 

Setpoint Tuning IAE ISE ITSE 

50°C 

IAE 94.62 1178.45 2340.15 

ISE 108.35 1050.80 2510.60 

ITSE 102.18 1125.60 1980.55 

60°C 

IAE 175.42 3760.35 8363.28 

ISE 189.58 3490.52 7600.45 

ITSE 221.15 5010.20 7450.55 

 

Table 3. Average transient-response performance at the 50°C and 60°C setpoints. 

Criteria Setpoint 
Rise 

Time (s) 

Settling 

Time (s) 
Overshoot (%) SSE(°C) 

IAE 
50°C 5.58 9.58 0.42 -0.11 

60°C 9.39 15.39 0.95 -0.14 

ISE 
50°C 6.48 9.48 0.86 -0.24 

60°C 9.39 15.35 0.86 0.09 

ITSE 
50°C 6.32 6.32 0.62 -0.18 

60°C 10.74 10.74 1.96 -0.12 
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Comparison of data across setpoints revealed a sharp 
increase in aggregate error values when the target 
temperature was increased to 60°C. This spike in 
accumulated error at the best IAE value, which jumped 
from 94.62 to 175.42, is a thermodynamically reasonable 
phenomenon. This occurs because the initial heating 
deviation range from room temperature of ±28°C to the 
target of 60°C is much wider. Consequently, the actuator 
requires a longer transient phase, which automatically 
accumulates a larger error area before the system can 
stabilize at steady state. The Integral Index values can be 
seen in Table 2. 

C. Transient Response Characteristics (Secondary 
Endpoints) 

Table 3 displays the average thermal dynamic 
performance from three tests, demonstrating the system's 
resilience when facing varying load and different target 
temperatures. Based on data in Table 3, at the medium 
target load of 50°C, the IAE criterion performed most 
impressively and balanced overall. IAE recorded a very 
fast rise time (5.58 s), minimal overshoot (0.42%), and the 
most consistent final precision accuracy (SSE -0.11°C). 
Meanwhile, the time weighting in the ITSE criterion proved 
effective at 50°C, forcing the system to achieve stability 
as quickly as possible (settling time 9.32 s) by damping 
residual oscillations at the end of the process. However, 
the controller’s behavior changed drastically when the 
system was executed at the target temperature of 60°C, 
which required much wider initial error and thermal inertia 
compensation. In this extreme temperature range, the ISE 
criterion demonstrated its mathematical robustness. Due 
to the nature of the ISE function, which squares large 

initial errors, this parameter forces the actuator to operate 
very aggressively and responsively from the first second. 
As a result, the ISE was able to match the rise time (9.39 
s), achieve the fastest settling time (15.35 s), consistently 
stabilize overshoot at 0.86%, and achieve superior 
steady-state accuracy (0.09°C). In contrast, the ITSE 
criteria, previously reliable at 50°C, were severely 
degraded under extreme loads. Due to the high error 
deficit at 60°C, which was continuously multiplied by time 
(t), the ITSE overcompensated, triggering a very high 
overshoot spike of 1.96%, followed by a slowdown in 
settling time to 15.74 s. Fig. 7 – Fig. 8 is a graph of heater 
temperature a gainst time at the 50°C and 60°C set points. 

D. PWM Control Effort Analysis (Secondary 
Endpoints) 

Table 4. PWM control-effort profiles at the 50°C 
and 60°C setpoints. 

Criteria Setpoint 
Maximum PWM 

(Transient Phase) 

Average 
PWM 

IAE 
50°C 151 52.61 

60°C 255 83.00 

ISE 
50°C 163 58.68 

60°C 255 81.00 

ITSE 
50°C 155 57.41 

60°C 255 95.83 

 

 

Fig. 8.| Temperature responses at the 60°C setpoint (a) IAE, (b) ISE, (c) ITSE, (d) IAE, ISE, ITSE 
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The PWM value is not calculated as an accumulation 
of absolute energy consumption (Joules), but rather as a 
proxy for the intensity of the electromechanically driven 
energy input [19]. Table 4 presents the PWM load 
distribution for the MOC3020+BTA20 driver. 

In terms of transient response (Table 3), the IAE 
criterion proved to be the most energy-efficient and 
smoothest approach for the 50°C target, evidenced by the 
lowest transient peak (PWM 151) and the lowest average 
PWM value during the steady-state phase (52.61). The 

 

Fig. 10.| PWM control-effort responses at the 60°C setpoint (a) IAE, (b) ISE, (c) ITSE, (d) IAE, ISE, ITSE. 
 

 

Fig. 9.| PWM control-effort responses at the 50°C setpoint (a) IAE, (b) ISE, (c) ITSE, (d) IAE, ISE, ITSE. 
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absence of a squared penalty weight allowed energy to 
be supplied to the 650-Watt heater in a more gradual 
manner. However, to overcome the significant thermal 
inertia required to reach 60°C, the third PID criterion 
forced the system to the module's upper limit (maximum 
PWM saturation of 255) from the very first second. Once 
the 60°C steady state was finally achieved, the actuator 
governed by the ISE criterion could operate more 
moderately (recording an average effort consumption of 
81.00), slightly outperforming IAE (83.00). Ironically, due 
to the effort required to dampen persistent residual 
temperature oscillations, the ITSE criterion caused 
excessive actuator activity recording an extreme duty 
cycle of 95.83 even after the temperature had stabilized 
which poses a risk of accelerating mechanical fatigue [43]. 
Below, Fig. 9 – Fig. 10 show PWM control graphs for the 
heater temperature versus time test at the 50°C and 60°C 
setpoints. 

 

IV. Discussion  

A. Deep Interpretation 

The precision of the IAE criterion (SSE -0.11℃ the 50℃ 

target directly stems from the 5X analog amplifier 
integration, which shifts the LM35 sensor sensitivity from 
10mV/℃ to 50mV/℃. This hardware modification 

drastically reduces the quantization error of the ESP32's 
12 bit ADC and improves the SNR, enabling the PID 
derivative component to compute microscopic thermal 
deviations without triggering false switching. Furthermore, 

computational stability is deterministically locked by the 
dual-core topology, isolating the physical control algorithm 
from IoT telemetry latencies. At the output stage, high-
frequency SSRs 1000 Hz ensure smooth actuation. 
Consequently, IAE proves superior for medium loads 50℃ 

by distributing energy smoothly without causing actuator 
switching fatigue. Conversely, ITSE exhibits the worst 
performance at extreme loads 60℃. Its time weighting 

characteristic erroneously exploits the large initial 
transient delay, triggering severe integral windup that 
breaks system protections and causes a destructive 
1.96% overshoot. 

B. Comparison to Other Similar Studies 

Table 5 presents a quantitative head-to-head comparison 
between this architecture and six previous studies in 
dynamic control and thermal regulation. In contrast to 
conventional metaheuristic optimizations like GA [14] or 
PSO [11], which frequently document persistent transient 
fluctuations (>2%) due to heavy computational iteration 
loads, the hardware-amplified ZN-PID architecture in this 
study convincingly suppresses absolute overshoot to 
0.86% at an extreme inertia target 60℃ [23]. 

The matrix in Table 5 firmly refutes the paradigm that 
hardware-backed empirical thermal tuning is inferior to 
metaheuristic iterations. This study demonstrates that the 
ISE criterion successfully caps peak oscillation at 0.86% 
(outperforming the physical algorithms in [1] and [14]), 
proving that its exponential penalty paradoxically acts as 

 

.| MQTT-based IoT network topology of the proposed control system. 
 

Table 5. Comparison of Numerical Control Results with Six Similar Studies 

Reference 

Optimization  

Method/ 
Controller 

Actual Target 

Architecture 

Quantitative Results/ 
Measured Performance 

Relative Limitations to This 
Study 

Prabowo et 
al. [1] 

Conventional IoT 
PID 

Thermal 
Incubator 
Prototype 

Overshoot exceeds 1.80%, 
SSE deviation reaches 
±0.50℃ 

Signal deviation vulnerability 
due to internet telemetry 
latency on a single-core. 

Liu et al. [5] Fuzzy Fractional-
Order PID 

Industrial 
Temperature 

Overshoot dampened to 
1.20%, steady-state 
accuracy 0.20℃ 

Logic algorithm architecture 
is too complex for standard 
IoT ICs. 

Wu et al. [8] Neural Network + 
PID 

Biomedical 
Control 
Simulation 

Surpasses limits with a 
stable overshoot at 0.95% 

Machine learning adaptation 
is inapplicable for low-cost 
IoT memory. 

Francis et 
al. [14] 

GA + PID Hardware-in-
the-loop 
thermal 

Highly fluctuating overshoot 
>2.45%, settling time >40 s 

Smart control iteration 
burdens physical actuation 
processing. 

Boukhalfa 
et al. [22] 

GA + Fractional 
Order PID 

DC Motor 
Actuator 

Overshoot stability at 
1.02%, settling time 28 s 

Offline local testing, lacks 
MQTT IoT telemetry 
validation. 

Dubravic et 
al. [24] 

PSO-PID on 
FOPDT 

FOPDT 
Temperature 
Simulation 

Overshoot suppressed to 
1.15%, rise time stalled at 
12.4 s 

Initial response lacks 
aggression against actual 
thermal inertia. 

This Study ZN-PID with IAE, 
ISE, ITSE 
Evaluation 

Actual IoT 
Air Heater 
650 Watt 

Zero telemetry latency. 
Excellent accuracy (SSE -
0.11℃, rise time 5.58 s, 

minimum absolute 
overshoot 0.42%-0.86%. 

Static load variance, 
validated only at two 
specific equilibrium 
points. 
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a vital thermal shock absorber against massive inertia 
target jumps 60℃ 

C. Weaknesses 

Despite presenting comprehensive physical transient 
data, this methodological evaluation inherently contains 
elemental limitations. First, the experiment relies solely on 
a commercial 650 Watt resistive thermal blower (hair 
dryer), leaving its scalability to mega-Watt industrial 
boilers unproven. Second, the execution environment 
was strictly isolated in a controlled laboratory setting 28℃, 

neglecting robustness tests against external convective 
wind disturbances or network jitter/packet loss during 
extreme MQTT communication. Third, target validation 
(setpoints) was statically restricted to 50℃ and 60℃. 

Lastly, the control effort energy conversion is currently 
represented as a PWM proxy ratio 0-255 rather than 
absolute thermodynamic energy units (Joules). 

D. Implications 

This study establishes critical engineering implications for 
future industrial automation. Practically, engineers must 
adopt the IAE objective for low-gradient thermal facilities 
e.g., smart-farming incubators, seed dryers to minimize 
thermal stress and prevent mechanical switching fatigue 
on the heater coils. Conversely, for high-inertia 
environments demanding zero-overshoot tolerance e.g., 
medical chemical boilers to prevent specimen micro-
cracks, implementing the ISE objective is mandatory to 
act as a thermal shock absorber. Architecturally, IoT edge 
controllers can no longer rely on single-core processing. 
Transitioning to a dual-core task pinning topology (RTOS) 
is absolute to ensure local thermodynamic feedback loops 
remain immune to TCP/IP network latencies. For future 
research, this study paves the way for thermal Adaptive 
Controllers capable of autonomously auto-switching 
objective functions from IAE to ISE in real-time based on 
actual temperature fluctuations. 

 

V. Conclusion 

The primary objective of this study was to demonstrate a 
comparative physical thermal performance evaluation of 
an ESP32 control system with an IoT architecture using 
three integral index tuning functions. A summary of the 
numerical findings demonstrates that, for the target 
application at a mid-range temperature (50°C), the IAE 
criterion provides superior performance with a fast rise 
time (5.58 seconds), very safe overshoot (0.42%), and 
optimal accuracy (SSE -0.11°C), with the lowest PWM 
control effort required. However, for heating system 
designs operating at a target temperature significantly 
different from the baseline (60°C), the ISE proved to be a 
much more robust structure in suppressing overshoot 
spikes (maximum 0.86%) with a leading settling time    
convergence rate (15.35 seconds). Practically, the IAE is 
highly recommended for industrial applications with 
relatively stable loads near the baseline temperature, due 
to its moderate nature, which can prevent switching 
fatigue in the heating coil. Conversely, a forced 
modification based on the ISE is recommended when 
dealing with severe inertial dynamics to suppress shock 
spikes. The transmission-independent architecture of the 
dual-core MQTT protocol successfully prevented 

computational lag in the PID loop. Future work is 
recommended to design an integral adaptive anti-windup 
compensation strategy, refine wireless network delay 
suppression in unstable environments, and validate the 
heater’s robustness over a wider range of wattage 
dynamics. 

 

Funding/Acknowledgment 

The authors would like to express their deepest gratitude 
to the Head of the Center for Research and Community 
Service (P3M) and the Director of the Semarang State 
Polytechnic for funding this research through the Leading 
Applied Research Study Program scheme for the 2026 
fiscal year. 

 

Author Contributions 

Seno Aprilianto: Conceptualization, Methodology, 
Hardware Integration, Experimental Data Collection, and 
Writing the Original Draft. Bambang Supriyo: Control 
Methodology, System Validation, Data Analysis, and Draft 
Review. Sidiq Syamsul Hidayat: IoT and MQTT 
Architecture Supervision, Manuscript Editing, and 
Research Guidance. 

 

Data Availability 

The raw experimental data, hardware component models, 
and serial log (CSV) results from this study are available 
from the Corresponding Author upon reasonable request. 

 

Code Availability 

The source codes used in this study are available from 
the Corresponding Author upon reasonable request. 

 

Ethical Approval 

Not applicable. This research does not involve human 
subjects, test animals, biological materials requiring 
special permission, or the collection of personal 
identification data. 

 

Consent To Participate 

Written informed consent was obtained from all 
participants before their inclusion in the study. 
Participation was voluntary, and participants were 
informed of their right to withdraw from the study at any 
time without consequences. 

 

Consent for Publication 

Written informed consent for the publication of 
anonymized and aggregated research data was obtained 
from all participants. The manuscript contains no 
personally identifiable information. 

 

Competing Interests 

The authors declare that they have no financial or non-
financial competing interests that could have influenced 
the conduct, analysis, interpretation, or reporting of this 
study. 

https://ijeeemi.org/
https://portal.issn.org/resource/ISSN-L/2656-8624
https://doi.org/10.35882/ijeeemi.v8i4.366
https://creativecommons.org/licenses/by-sa/4.0/


 Indonesian Journal of Electronics, Electromedical Engineering, and Medical Informatics 
 Homepage: https://ijeeemi.org/; Vol. 8, No. 4, pp. 459-474, November 2026  

e-ISSN: 2656-8624 

 

Manuscript received 15 June 2026; Revised 10 July 2026;; Accepted 17 August 2026; Available online 30 September 2026 
DOI: https://doi.org/10.35882/ijeeemi.v8i4.366 
Copyright © 2026 by the authors. Published by Jurusan Teknik Elektromedik, Politeknik Kesehatan Kemenkes Surabaya Indonesia. This work 
is an open-access article and licensed under a Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA 4.0).  

471 

 

References  

[1] M. C. A. Prabowo, I. Sayekti, S. Astuti, S. T. 

Nursaputro, and S. Supriyati, “Development of an 

IoT-Based Egg Incubator with PID Control System 

and Web Application,” JOIV : International Journal 

on Informatics Visualization, vol. 8, no. 1, p. 465, 

Mar. 2024, doi: 10.62527/joiv.8.1.2044. 

[2] M. M. Aslam, S. Meiyappa, M. P. Shankar, and D. 

Vasudevan, “Experimental Evaluation of Artificial 

Intelligence Based Solar Air Heater Design and 

Performance Metrics Assesment,” in 2024 

International Conference on Innovative Computing, 

Intelligent Communication and Smart Electrical 

Systems (ICSES), IEEE, Dec. 2024, pp. 1–5. doi: 

10.1109/ICSES63760.2024.10910457. 

[3] M. Zaluzhnyi, O. Nazarova, Y. Krysan, and A. 

Pyrozhok, “Laboratory Stand for Studying the 

Automated Air Temperature Monitoring System 

Using IoT Technologies,” in 2023 IEEE 5th 

International Conference on Modern Electrical and 

Energy System (MEES), IEEE, Sep. 2023, pp. 1–5. 

doi: 10.1109/MEES61502.2023.10402525. 

[4] S. S. Hidayat et al., “Real-Time Web-Based 

Monitoring System for Temperature, Humidity, and 

Solar Panels in Ramie Drying Facilities,” Scientific 

Journal of Informatics, vol. 11, no. 1, pp. 69–80, Feb. 

2024, doi: 10.15294/sji.v11i1.47234. 

[5] L. Liu, D. Xue, and S. Zhang, “General type 

industrial temperature system control based on 

fuzzy fractional-order PID controller,” Complex & 

Intelligent Systems, vol. 9, no. 3, pp. 2585–2597, 

Jun. 2023, doi: 10.1007/s40747-021-00431-9. 

[6] M. M. Mello, H. Valadares Siqueira, J. José de Lima, 

and M. Scoczynski, “Evaluating PID Controller 

Tuning via Metaheuristics: A Comparative Case 

Study,” in 2024 IEEE Latin American Conference on 

Computational Intelligence (LA-CCI), IEEE, Nov. 

2024, pp. 1–5. doi: 10.1109/LA-

CCI62337.2024.10814834. 

[7] Kiam Heong Ang, G. Chong, and Yun Li, “PID 

control system analysis, design, and technology,” 

IEEE Transactions on Control Systems Technology, 

vol. 13, no. 4, pp. 559–576, Jul. 2005, doi: 

10.1109/TCST.2005.847331. 

[8] Y. Wu, Z. Nie, M. Ali, Z. Chen, and C. Zhang, “Blood 

Glucose Control Based on Hybrid Neural Network 

and Optimized PID Controller,” in 2024 IEEE 

International Conference on Signal, Information and 

Data Processing (ICSIDP), IEEE, Nov. 2024, pp. 1–

4. doi: 10.1109/ICSIDP62679.2024.10868041. 

[9] N. S. Ahmad, “Modeling and Hybrid PSO-WOA-

Based Intelligent PID and State-Feedback Control 

for Ball and Beam Systems,” IEEE Access, vol. 11, 

pp. 137866–137880, 2023, doi: 

10.1109/ACCESS.2023.3339879. 

[10] M. Ghazali, Y. Bouzid, S. H. Derrouaoui, and M. 

Belhocine, “Optimal PID Control of a Novel 

Multirotor with Inclined Rotors and Spatial 

Configuration,” in 2023 International Conference on 

Networking and Advanced Systems (ICNAS), IEEE, 

Oct. 2023, pp. 1–6. doi: 

10.1109/ICNAS59892.2023.10330445. 

[11] M. M. Gulzar, M. Shahab, and A. Shakoor, “Particle 

Swarm Optimization Tuned PID Control of Hybrid 

Renewable Energy Based Multi-Area Power 

System,” in 2023 IEEE Intl Conf on Dependable, 

Autonomic and Secure Computing, Intl Conf on 

Pervasive Intelligence and Computing, Intl Conf on 

Cloud and Big Data Computing, Intl Conf on Cyber 

Science and Technology Congress 

(DASC/PiCom/CBDCom/CyberSciTech), IEEE, 

Nov. 2023, pp. 1004–1009. doi: 

10.1109/DASC/PiCom/CBDCom/Cy59711.2023.10

361495. 

[12] Ł. Lemieszewski and P. Puzio, “Optimization of PID 

Controller Settings Using the Ziegler–Nichols 

Method in Pneumatic Pressure Control Systems,” 

Procedia Computer Science, vol. 270, pp. 5177–

5186, Jan. 2025, doi: 10.1016/j.procs.2025.09.645. 

[13] J. Kennedy and R. Eberhart, “Particle swarm 

optimization,” in Proceedings of ICNN’95 - 

International Conference on Neural Networks, 

IEEE, 1995, pp. 1942–1948. doi: 

10.1109/ICNN.1995.488968. 

[14] S. Francis, P. Shah, A. P. Singh, and R. Sekhar, 

“Experimental validation of a genetic algorithm 

tuned PIλDμ for temperature control using hardware 

in loop simulation,” Franklin Open, vol. 13, Art. no. 

100423, Dec. 2025, doi: 

10.1016/j.fraope.2025.100423. 

[15] V. Goud, P. Swarnkar, H. Goud, and A. Verma, “A 

Comparative Evaluation of GA PID and PID Tuner 

Approaches for Chemical Batch Reactor,” in 2023 

IEEE Renewable Energy and Sustainable E-

Mobility Conference (RESEM), IEEE, May 2023, pp. 

1–4. doi: 10.1109/RESEM57584.2023.10236038. 

[16] E. S. Ghith and F. A. A. Tolba, “Design and 

Optimization of PID Controller using Various 

Algorithms for Micro-Robotics System,” Journal of 

Robotics and Control (JRC), vol. 3, no. 3, pp. 244–

256, May 2022, doi: 10.18196/jrc.v3i3.14827. 

[17] J. C. Z. Abad and M. A. C. Alemán, “Intelligent tuning 

of PID controllers: Comprehensive approach based 

on modified Particle Swarm Optimization (PSO) 

algorithm,” in IECON 2024 - 50th Annual 

Conference of the IEEE Industrial Electronics 

Society, IEEE, Nov. 2024, pp. 1–6. doi: 

10.1109/IECON55916.2024.10905779. 

[18] K. A. Mohamed, N. M. Alyazidi, A. Eltayeb, S. 

Elferik, and K. Saeed Bin Gaufan, “Enhancing Load 

Frequency Control in Single-Area Power Systems: 

A Comparative Study of PID, FOPID, GA, and PSO-

Based Optimization Techniques,” in 2025 IEEE 

https://ijeeemi.org/
https://portal.issn.org/resource/ISSN-L/2656-8624
https://doi.org/10.35882/ijeeemi.v8i4.366
https://creativecommons.org/licenses/by-sa/4.0/


 Indonesian Journal of Electronics, Electromedical Engineering, and Medical Informatics 
 Homepage: https://ijeeemi.org/; Vol. 8, No. 4, pp. 459-474, November 2026  

e-ISSN: 2656-8624 

 

Manuscript received 15 June 2026; Revised 10 July 2026;; Accepted 17 August 2026; Available online 30 September 2026 
DOI: https://doi.org/10.35882/ijeeemi.v8i4.366 
Copyright © 2026 by the authors. Published by Jurusan Teknik Elektromedik, Politeknik Kesehatan Kemenkes Surabaya Indonesia. This work 
is an open-access article and licensed under a Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA 4.0).  

472 

22nd International Multi-Conference on Systems, 

Signals & Devices (SSD), IEEE, Feb. 2025, pp. 

988–993. doi: 10.1109/SSD64182.2025.10989904. 

[19] K. N. Kamaludin, L. Abdullah, S. N. S. Salim, Z. 

Jamaludin, M. N. Maslan, and M. F. Rahmat, 

“Comparison of a Double and Triple Nonlinear 

Hyperbolic Proportional-Integral-Derivative (PID) 

compensator for a servo pneumatic actuator,” in 

2022 13th Asian Control Conference (ASCC), IEEE, 

May 2022, pp. 1775–1781. doi: 

10.23919/ASCC56756.2022.9828111. 

[20] M. Mo. Massoud and J. Libby, “Comparative 

Analysis of Evolutionary Algorithms for PID 

Controller Optimization in Pneumatic Soft Robotic 

Systems: A Simulation and Experimental Study,” 

IEEE Access, vol. 12, pp. 151749–151769, 2024, 

doi: 10.1109/ACCESS.2024.3480834. 

[21] E. Kim and J.-Y. Choi, “Enhanced Computational 

Efficiency and Accuracy of Discrete-Time PID-

DPWM Equation,” IEEE Access, vol. 13, pp. 62288–

62305, 2025, doi: 10.1109/ACCESS.2025.3555125. 

[22] A. Boukhalfa, Y. Bensafia, and K. Khettab, 

“Performances improvement of DC Motor using a 

Fractional Order Adaptive PID Controller optimized 

by Genetic Algorithm,” Science, Engineering and 

Technology, vol. 5, no. 1, pp. 98–105, Jan. 2025, 

doi: 10.54327/set2025/v5.i1.179. 

[23] S. Jayaram and N. Venkatesan, “Design and 

implementation of the fractional-order controllers for 

a real-time nonlinear process using the AGTM 

optimization technique,” Scientific Reports, vol. 14, 

no. 1, Art. no. 31714, Dec. 2024, doi: 

10.1038/s41598-024-82258-1. 

[24] A. Dubravic, D. Demirovic, and A. Serifovic-Trbalic, 

“Optimization of PID Controller Using PSO 

Algorithm for a First Order Plus Dead Time (FOPDT) 

Process - A Simulation Study,” in 2022 International 

Conference on Electrical, Computer and Energy 

Technologies (ICECET), IEEE, Jul. 2022, pp. 1–4. 

doi: 10.1109/ICECET55527.2022.9872631. 

[25] M. A. A. Fathurohman, I. D. Sumitra, and A. R. Daud, 

“Integration of Wireless Sensor Network and IoT for 

Enhanced Broiler Closed-House Monitoring: A Case 

Study at Broiler Teaching Farm,” in 2023 9th 

International Conference on Signal Processing and 

Intelligent Systems (ICSPIS), IEEE, Dec. 2023, pp. 

1–8. doi: 10.1109/ICSPIS59665.2023.10402746. 

[26] C. W. Hew and M. Ramasamy, “Development of a 

IoT Based Low Cost Wearable Smart Health 

Monitoring System for Elderly,” in 2022 IEEE 8th 

International Conference on Smart Instrumentation, 

Measurement and Applications (ICSIMA), IEEE, 

Sep. 2022, pp. 42–47. doi: 

10.1109/ICSIMA55652.2022.9929133. 

[27] V. V. Priya, N. G, D. D, M. Sindhu, V. T, and P. A T, 

“IoT Based Agricultural Monitoring and Alert 

System,” in 2025 4th International Conference on 

Sentiment Analysis and Deep Learning (ICSADL), 

IEEE, Feb. 2025, pp. 488–495. doi: 

10.1109/ICSADL65848.2025.10933251. 

[28] T. Bhadra, Mujakkir-Ul-Islam, and N. Alam, “IoT-

Based Real-Time Data Monitoring of a Green House 

Farm with Offline Monitoring Capability,” in 2025 4th 

International Conference on Robotics, Electrical and 

Signal Processing Techniques (ICREST), IEEE, 

Jan. 2025, pp. 111–116. doi: 

10.1109/ICREST63960.2025.10914444. 

[29] A. Firmansah, Aripriharta, I. M. Wirawan, H. W. 

Herwanto, I. Fadlika, and Muladi, “Design and 

Experimental Validation of the Self-powered IoT for 

Indoor Temperature-Humidity Monitoring,” in 2019 

International Conference on Electrical, Electronics 

and Information Engineering (ICEEIE), IEEE, Oct. 

2019, pp. 139–143. doi: 

10.1109/ICEEIE47180.2019.8981426. 

[30] A. Suharjono et al., “A Low-Cost Nursing Robot with 

Telemedicine using ESP32 and Robot Operating 

System-based,” JOIV : International Journal on 

Informatics Visualization, vol. 9, no. 2, p. 541, Mar. 

2025, doi: 10.62527/joiv.9.2.2793. 

[31] E. Loniza, A. Rasyidin, and K. Chairunnisa, “Design 

of Clinical Thermometer Calibration Instrument 

Based on PID System,” in 2024 International 

Conference on Information Technology and 

Computing (ICITCOM), IEEE, Aug. 2024, pp. 88–

92. doi: 10.1109/ICITCOM62788.2024.10762726. 

[32] T. A. Matos et al., “Design and Manufacture of a Vital 

Signs Monitor with Real-Time Data Transmission,” 

in 2024 IEEE XXXI International Conference on 

Electronics, Electrical Engineering and Computing 

(INTERCON), IEEE, Nov. 2024, pp. 1–8. doi: 

10.1109/INTERCON63140.2024.10833230. 

[33] R. Yuvarani and Mahaveerakannan, “Enhanced IoT-

Based Healthcare Device for Secure Patient Data 

Management Using Hybrid Cryptography,” in Data 

Mining and Information Security (Lecture Notes in 

Networks and Systems, vol. 1387), A. Bhattacharya, 

S. Dutta, P. Dutta, and A. Rocha, Eds., Singapore: 

Springer, 2026, pp. 177–189, doi: 10.1007/978-981-

96-6060-5_13. 

[34] R. Li, Q. Kong, J. Ma, and K. Liang, “Decoupling 

Control Method of Temperature and Humidity in 

Long Storage Environment Based on Particle 

Swarm Optimization PID Algorithm,” in 2023 

International Conference on Advances in Electrical 

Engineering and Computer Applications (AEECA), 

IEEE, Aug. 2023, pp. 902–907. doi: 

10.1109/AEECA59734.2023.00164. 

[35] J. Chen, Y. Yang, Z. Chen, K. Xie, and Z. Zhu, 

“Design of Wireless Industrial Internet of Things 

Gateway Based on ESP32,” in 2023 5th 

International Conference on Intelligent Control, 

Measurement and Signal Processing (ICMSP), 

IEEE, May 2023, pp. 147–151. doi: 

10.1109/ICMSP58539.2023.10170905. 

https://ijeeemi.org/
https://portal.issn.org/resource/ISSN-L/2656-8624
https://doi.org/10.35882/ijeeemi.v8i4.366
https://creativecommons.org/licenses/by-sa/4.0/


 Indonesian Journal of Electronics, Electromedical Engineering, and Medical Informatics 
 Homepage: https://ijeeemi.org/; Vol. 8, No. 4, pp. 459-474, November 2026  

e-ISSN: 2656-8624 

 

Manuscript received 15 June 2026; Revised 10 July 2026;; Accepted 17 August 2026; Available online 30 September 2026 
DOI: https://doi.org/10.35882/ijeeemi.v8i4.366 
Copyright © 2026 by the authors. Published by Jurusan Teknik Elektromedik, Politeknik Kesehatan Kemenkes Surabaya Indonesia. This work 
is an open-access article and licensed under a Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA 4.0).  

473 

[36] B. Yang, “Genetic Algorithm–Optimized PID Control 

for Thermal Control Systems in Industrial Furnaces,” 

International Journal of Heat and Technology, vol. 

43, no. 6, pp. 2359–2372, Dec. 2025, doi: 

10.18280/ijht.430633. 

[37] N. Nikolov and D. Gotseva, “A Secure Firmware 

Update over the Air of ESP32 using MQTT Protocol 

from Cloud,” in 2023 XXXII International Scientific 

Conference Electronics (ET), IEEE, Sep. 2023, pp. 

1–4. doi: 10.1109/ET59121.2023.10278597. 

[38] M. A. Syahmi Md Dzahir and K. Seng Chia, 

“Evaluating the Energy Consumption of ESP32 

Microcontroller for Real-Time MQTT IoT-Based 

Monitoring System,” in 2023 International 

Conference on Innovation and Intelligence for 

Informatics, Computing, and Technologies (3ICT), 

IEEE, Nov. 2023, pp. 255–261. doi: 

10.1109/3ICT60104.2023.10391358. 

[39] A. A. Abd Samat, M. A. Subani, N. F. Ab Aziz, N. A. 

Salim, K. Daud, and A. I. Tajudin, “PSO-Based PI 

Controller for Speed Control Of DC Motor,” in 2022 

IEEE International Conference on Power and 

Energy (PECon), IEEE, Dec. 2022, pp. 481–486. 

doi: 10.1109/PECon54459.2022.9988840. 

[40] S. M. Asenov and D. M. Tokmakov, “Power 

Optimization of LoRaWAN Wireless End Sensor 

Node,” in 2020 XXIX International Scientific 

Conference Electronics (ET), IEEE, Sep. 2020, pp. 

1–4. doi: 10.1109/ET50336.2020.9238204. 

[41] M. Henschke, X. Wei, and X. Zhang, “Data 

Visualization for Wireless Sensor Networks Using 

ThingsBoard,” in 2020 29th Wireless and Optical 

Communications Conference (WOCC), IEEE, May 

2020, pp. 1–6. doi: 

10.1109/WOCC48579.2020.9114929. 

Author Biography  

Seno Aprilianto received his 

Diploma in Electronics 

Engineering from Politeknik 

Negeri Semarang, Indonesia, 

in 2020, and his Bachelor's 

degree in Electrical 

Engineering from Universitas 

Semarang in 2024. Driven by a 

strong interest in applied 

technological innovation, he is 

currently pursuing a Master's 

degree in Applied Telecommunications Engineering at 

Politeknik Negeri Semarang (2024–2026). His primary 

research interests include high precision Proportional 

Integral Derivative (PID) control systems, advanced 

electronic instrumentation, actuator engineering, discrete 

signal processing, and Internet of Things (IoT) 

applications for industrial automation and smart devices. 

His research focuses on bridging the gap between low 

cost hardware limitations and advanced control 

algorithms in real world industrial applications. 

Bambang Supriyo was born in 

Semarang, Indonesia, in 1963. 

He received the B.S.E.E. degree 

in electrical engineering from the 

University of Kentucky, 

Lexington, Kentucky, USA, in 

1989, and the M.Eng.Sc. degree 

in electrical engineering majoring 

in Systems Control from the 

University of New South Wales, 

Sydney, Australia, in 2000 and Ph.D. degree in 

Mechanical Engineering (Automotive Control) from 

Universiti Teknologi Malaysia, Skudai, Johor, Malaysia, in 

2011. Since 1990, he has joined the Department of 

Electronic Engineering, Politeknik Negeri Semarang, 

Indonesia as a lecturer. In 2011, he served as a visiting 

researcher in the Department of Automotive Engineering, 

faculty of Mechanical Engineering, Universiti Teknologi 

Malaysia. From 2012 to 2015, he joined the Department 

of Automotive Engineering, faculty of Mechanical 

Engineering, Universiti Teknologi Malaysia, as a visiting 

senior Lecturer. Since April 2015, he has returned to the 

Department of Electronic Engineering, Politeknik Negeri 

Semarang, Indonesia, as a senior lecturer and the head 

of Control System Laboratory. His current research 

interests include continuously variable transmission 

(CVT) control system for automotive applications, 

computer based control system, microcontroller based 

control system and mechatronics.  

 

Sidiq Syamsul Hidayat was born in 

Wonosobo, Indonesia, in 1972. He 

received his B.Eng. degree in 

Electrical and Telecommunication 

Engineering from Diponegoro 

University (UNDIP), Indonesia, in 

1997, his M.Eng. degree in 

Computer System Engineering 

from Institut Teknologi Bandung 

(ITB), Indonesia, in 2002, and his 

Ph.D. degree in Intelligent Interaction Technology from the 

University of Tsukuba, Japan, in 2012. He is currently a 

Lecturer in the Master's Program of Telecommunication 

Engineering at Politeknik Negeri Semarang (Polines), 

Indonesia. He holds the title of Executive Professional 

Engineer (IPU). His research interests include artificial 

intelligence, machine learning, computer vision, Internet 

of Things (IoT), and their advanced applications in smart 

agriculture and monitoring systems.  

 

 

 

 

 

https://ijeeemi.org/
https://portal.issn.org/resource/ISSN-L/2656-8624
https://doi.org/10.35882/ijeeemi.v8i4.366
https://creativecommons.org/licenses/by-sa/4.0/


 Indonesian Journal of Electronics, Electromedical Engineering, and Medical Informatics 
 Homepage: https://ijeeemi.org/; Vol. 8, No. 4, pp. 459-474, November 2026  

e-ISSN: 2656-8624 

 

Manuscript received 15 June 2026; Revised 10 July 2026;; Accepted 17 August 2026; Available online 30 September 2026 
DOI: https://doi.org/10.35882/ijeeemi.v8i4.366 
Copyright © 2026 by the authors. Published by Jurusan Teknik Elektromedik, Politeknik Kesehatan Kemenkes Surabaya Indonesia. This work 
is an open-access article and licensed under a Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA 4.0).  

474 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

 

https://ijeeemi.org/
https://portal.issn.org/resource/ISSN-L/2656-8624
https://doi.org/10.35882/ijeeemi.v8i4.366
https://creativecommons.org/licenses/by-sa/4.0/


    V  a d c =     A D C  v a l u e × 3 . 3 4095


      V  s e n s o r =     V  a d c 5


  T =     V  s e n s o r  0 . 01


    V  a d c


    A D C  v a l u e


    V  s e n s o r


  T


    K  p ,   K  i ,   K  d


  G ( s ) =     K . e  − L s    T  s + 1


  G  ( s )


  K


  L


  T


  s


  = 0 , 85 ; L = 2 , 5 s ;


  T = 12 , 5 s


    


    T  i = 2 . L


    K  i =     K  p      T  i -


    T  d = 0 , 5 L ,


    K  d =   K  p .   T  d .


    K  p


    T  i


    K  i


    T  d


    K  d  


    K  p


    K  i


    K  d


  ⅇ  ( k )


  ⅇ  ( k ) = r  ( k ) − y ( k )


  ⅇ  ( k )


   ( k )


  y ( k )


  −  


  r  ( k )


  P  ( k )


  I  ( k )


  D  ( k )


  P  ( k ) =   k  p . e ( k )


  I  ( k ) = I  ( k − 1 ) +   K  i . e  ( k ) . 𝛥 t ,


  D  ( k ) =   k  d  (   e  ( k ) − e ( k − 1 )  𝛥 t ) .


  P  ( k )


  I  ( k )  


  I  ( k − 1 )


  D  ( k )


  Δ  ( t )


  e  ( k )


  e  ( k − 1 )


  u  ( k )


  U  ( k ) = P  ( k ) + I  ( k ) + D  ( k ) .


  U  ( k )


  u ( k )


  P W M ( k ) = m a x  ( 0 , m i n  ( 255  (   u ( k ) 100 ) x   255 ) ) .


  P W M  ( k )


    P  e s t    ( k )  


    P  e s t    ( k )   =  (   P W M ( k ) 255 ) ×   P  m a x   .


    P  e s t    ( k )


    P  m a x  


    P  m a x  


  ( 𝛥 t )


    M  P  


    M  p =  (     Y  m a x   −   r  ( k )  r ( k ) ) × 100 %


  S S E =   l i m  k → ∞   e ( k )


    M  p


    Y  m a x  


  I A E =   ∑  k = 1  N   | e  ( k ) | 𝛥 t ,


  I S E =   ∑  k = 1  N    e 2 ( k ) 𝛥 t ,


  I T S E =   ∑  k = 1  N    ( k 𝛥 t ) e 2 ( k ) 𝛥 t


  𝛴  


  ( k = 1 )


  N


  N


  k


    K  p


    K  d


    K  p


    K  p

