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1. INTRODUCTION

Tilapia (Oreochromis Niloticus) represents a pivotal species within the
domain of freshwater aquaculture, necessitating meticulous water
quality management to guarantee its optimal growth and health. A
deviation in water pH that is either too acidic or too alkaline can result
in a reduction in appetite and an increased mortality rate in tilapia. The
objective of this research is to develop an intelligent control system for
monitoring and regulating the pH and temperature of tilapia culture
ponds, employing the Sugeno Fuzzy method integrated with the Internet
of Things (IoT) technology. The system demonstrates how Internet of
Things (IoT) technology and Sugeno Fuzzy logic can be integrated to
provide a robust solution for water quality management, which
significantly improves the sustainability and productivity of tilapia
farming. The findings indicate that the proposed system is effective in
maintaining water quality, ensuring that pH and temperature remain
within ideal ranges, which has a direct impact on reducing mortality and
improving feeding efficiency. This marks an important advancement in
the application of IoT technology for the improvement of sustainable
aquaculture practices.

system that not only continuously monitors water

Tilapia (Oreochromis Niloticus) is one of the most
widely cultivated freshwater fish species globally due to its
high protein content and significant economic value.
According to the Food and Agriculture Organization
(FAO), the global production of tilapia reached
approximately 6.4 million tones in 2020, making it one of
the top aquaculture species in terms of volume and value.
However, maintaining optimal water quality is crucial for
the health and growth of tilapia, particularly in terms of pH
levels. Deviations in pH, whether too acidic or too alkaline,
can lead to decreased appetite and increased mortality rates
in tilapia [1], [2]. The advancement of information and
communication technologies, particularly the Internet of
Things (IoT), offers opportunities to enhance the
effectiveness and efficiency of managing pond water
quality in aquaculture [3], [4], [5]. The IoT enables the
integration of various sensors and devices to collect real-
time data, process it, and perform corrective actions
automatically. This technological approach addresses the
core challenges faced by tilapia farmers by providing a
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conditions but also implements necessary adjustments in a
timely and precise manner. This allows for the
maintenance of water parameters within ideal limits and
significantly reduces the risk of loss. The Sugeno Fuzzy
method represents an effective fuzzy logic technique for
decision-making based on uncertain and complex data,
such as water pH regulation [6], [7], [8].

The selection of the Sugeno fuzzy method in this
research is based on its superiority in handling data
variability and uncertainty, particularly in applications that
require rapid and precise decision-making. In comparison
to alternative fuzzy methods, such as the Mamdani
approach, Sugeno Fuzzy can generate a more quantifiable
output (i.e., a crisp output) using linear or constant
functions. This characteristic renders it particularly well-
suited to the control of automated systems, such as those
employed in the regulation of pH levels in Internet of
Things (IoT)-based tilapia aquaculture. In this context, the
fluctuating variability of temperature and pH sensor data
necessitates an approach that can produce a rapid and
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precise output response. Sugeno Fuzzy offers a distinct
advantage in this processing as it does not require complex
defuzzification, thus minimizing delays in the execution of
corrective actions [9].

Furthermore, Sugeno Fuzzy is more advantageous in
IoT-based applications due to its superior computational
efficiency. In the context of IoT systems that involve
hardware with limited resources, such as the ESP32, the
utilization of methodologies that necessitate less
computationally demanding operations is of paramount
importance. Sugeno Fuzzy enables the execution of more
straightforward calculations in comparison to the Mamdani
method, which typically entails the implementation of
intricate logical operations. This enhanced efficiency
enables the IoT system to effectively manage sensors in
real-time with optimized performance, as well as to
maintain water quality stability with accurate responses
based on sensor data [10]. Recent advancements in IoT-
based water quality management systems have shown
promising results in enhancing aquaculture practices. For
instance, [oT frameworks have been developed to monitor
critical water parameters such as temperature, pH, and
dissolved oxygen, which are essential for maintaining fish
health and growth [11], [12]. These systems use various
sensors to collect data and cloud-based platforms for real-
time monitoring and analysis, enabling timely
interventions and improved resource management.
Moreover, integrating fuzzy logic with IoT technology has
proven effective in handling the variability and uncertainty
inherent in water quality management. Fuzzy logic
controllers have been successfully applied to manage
parameters such as ammonia and dissolved oxygen levels
in aquaculture, offering a robust solution for maintaining
optimal conditions [11], [12]. This approach allows for
more adaptive and precise control strategies, which are
critical for the sustainable growth of aquaculture
operations.

This study aims to design an intelligent control system
capable of monitoring and regulating the pH and
temperature of tilapia aquaculture ponds in real-time using
IoT technology and the Sugeno Fuzzy method. The system
employs DS18B20 temperature sensors and E-201-C pH
sensors to collect data on pond conditions, which is then
processed by an ESP32 microcontroller. The obtained data
is mapped to corrective actions involving the addition of
pH buffers to maintain the water within the optimal range.
Furthermore, this data is transmitted to a web server to
enable real-time monitoring. It is anticipated that this
research will make a significant contribution to the field of
aquaculture, particularly in improving the quality and
productivity of tilapia farming through the application of
Internet of Things (IoT) technology and the Sugeno Fuzzy
method[13], [14].

2. RELATED WORK

Several related studies have been conducted with the
objective of monitoring and controlling water quality in
aquaculture using Internet of Things (IoT) technology and
fuzzy logic methods [5]. Research conducted by Martins A
et al. developed an automated fish feeding system utilizing
temperature and pH sensors and employed a fuzzy method
to adjust the feed dosage based on inputs from both
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sensors. This system successfully provided fish feed
according to a schedule with high accuracy [3]. In a further
study, Mashaii N et al. monitored pH levels and water
height in an aquaponic system using IoT. This system
employed a microcontroller and sensors to automatically
measure pH levels and water height, applying the
Tsukamoto fuzzy concept to regulate water balance. Test
results indicated that the system accurately measured pH
levels and water height [1]. Liu L and Deng H developed
an automatic control system to regulate the acidity (pH) of
water in gourami fishponds using the Mamdani fuzzy
method [7]. This study employed an Arduino Uno
microcontroller, a pH sensor, and an ultrasonic sensor to
measure water height. The Mamdani fuzzy method was
applied to determine the corrective actions necessary to
maintain optimal pH levels in the water. Kambalimath S
and Deka P employed the Sugeno Fuzzy method to
regulate water quality in tilapia fishponds. This research
utilized pH and temperature sensors, and an ESP32
microcontroller to process sensor data. The results
demonstrated that the Sugeno Fuzzy method was effective
in regulating water quality by considering complex input
variables [2].

The selection of an appropriate fuzzy logic method,
namely Sugeno, Mamdani or Tsukamoto, is largely
dependent on the specific requirements of the application
in question. Although the Mamdani method is widely
acknowledged for its intuitive approach and extensive
utilization in commercial applications, it necessitates
intricate defuzzification processes that may not be optimal
for systems with constrained computational resources,
such as IoT devices employed in aquaculture. Conversely,
the Tsukamoto method, while offering a direct crisp
output, may lack flexibility in handling the dynamic range
of water quality parameters observed in aquaculture
environments. The Sugeno method, employed in the
present study, represents an optimal compromise, offering
computational efficiency, which is vital for real-time
applications, while maintaining the capacity to handle non-
linearities in data through its piecewise linear or constant
output functions. This method's reduced computational
demand renders it particularly well-suited to the embedded
systems within IoT applications, thereby enhancing the
system's responsiveness and accuracy in water quality
management.

In a study by Tolentino L et al., the Internet of Things
(IoT) was employed to enhance the effectiveness of water
quality management in aquaculture [8]. Their developed
system utilized various sensors to monitor water conditions
in real-time, and data was sent to a server for further
analysis. The research indicated that the use of IoT could
significantly improve the efficiency of water quality
management. The studies demonstrate the efficacy of IoT
technology and fuzzy logic methods, including the Sugeno
method, in controlling and monitoring water quality in
aquaculture [14]. Recent advancements in loT-based
water quality management systems have shown promising
results in enhancing aquaculture practices. For instance, a
study by Syeda et al. presented an [oT framework for real-
time monitoring of water quality parameters such as
temperature, pH, and dissolved oxygen using smart sensors
and cloud-based platforms. This approach allowed for
timely interventions and improved resource management
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[15]. Another study by Zheng et al. implemented an IoT-
based intelligent water quality management system that
integrated fuzzy logic controllers to handle the variability
and uncertainty in water quality data, resulting in more
adaptive and precise control strategies [15]. Furthermore,
the integration of fuzzy logic with IoT technology has
proven effective in handling the variability and uncertainty
inherent in water quality management. Fuzzy logic
controllers have been successfully applied to manage
parameters such as ammonia and dissolved oxygen levels
in aquaculture, offering a robust solution for maintaining
optimal conditions [15]. This approach allows for more
adaptive and precise control strategies, which are critical
for the sustainable growth of aquaculture operations.

This research builds upon these findings by focusing on
the application of the Sugeno Fuzzy method and IoT
technology to regulate the pH and temperature of water in
tilapia aquaculture ponds.

3. METHODOLOGY

The objective of this study is to develop an intelligent
control system capable of monitoring and regulating the
pH and temperature of tilapia aquaculture ponds in real-
time using IoT technology and the Sugeno Fuzzy method.
The pH value of tilapia pond water can fluctuate due to
various activities such as rain, leftover food, and fish
waste, which can affect the health of tilapia. To maintain
the pH stability of the pond water, an effective control
system is essential. This research project aims to develop a
system that accurately controls the pH level using Internet
of Things (IoT) technology in conjunction with the Sugeno
fuzzy method. The system integrates an ESP32
microcontroller as the data processing center, E-201-C pH
sensors for measuring water acidity, DS18B20 temperature
sensors for monitoring water temperature, and 12V DC
pumps for dispensing pH Buffer Up and pH Buffer Down.
Furthermore, a two-channel relay module controls the
pumps, an ADSI115 serves as an analog-to-digital
converter, and a 16x4 LCD provides local display of
information. The integration of these components into a
cohesive IoT system is intended to ensure optimal water
conditions for tilapia, thereby enhancing their overall
health and growth.

3.1 Data Collection

Data collection is conducted using advanced IoT
sensors to obtain real-time measurements of water
temperature and pH levels. The DS18B20 temperature
sensor operates within a range of -55°C to +125°C with an
accuracy of +0.5°C, ensuring precise monitoring of the
pond's environmental conditions [15]. The E-201-C pH
sensor, with a measurement range of 0 to 14 pH and an
accuracy of +0.1 pH, provides accurate readings of the
water's acidity. These sensors are strategically placed in the
pond to continuously capture data, which is then
transmitted to the ESP32 microcontroller for processing.

Recent advancements in IoT technology have
facilitated the development of smart aquaculture systems
that integrate multiple sensors for comprehensive water
quality monitoring. For example, systems that incorporate
turbidity, dissolved oxygen, and ammonia sensors in
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addition to temperature and pH sensors have been shown
to provide a more holistic view of the aquaculture
environment. These integrated systems enable real-time
monitoring and timely interventions to maintain optimal
water conditions for fish health and growth [16].

The temperature variable is categorized into three fuzzy
sets: "Cold," "Normal," and "Hot," while the pH variable
is divided into five fuzzy sets: "Very Acidic," "Acidic,"
"Normal," "Basic," and "Very Basic." The classification of
these variables into fuzzy sets is detailed in Table 1, which
illustrates the specific ranges and membership functions
used for each set. Figures 1 and 2 visually represent the
membership functions for temperature and pH,
respectively [17].

TABLE 1. FUZZY SETS FOR TEMPERATURE AND PH VARIABLES

Universe of

Function Variable Set

Discourse
Input Temperature Cold 0-25°C
Normal 20-35°C
Hot 30-45°C
pH Very Acidic 0-4.5pH
Acidic 4-7pH
Normal 6.5-8.0pH
Basic 7.5-9pH
Very Basic 8.5-14pH
Output pH Up Empty 0 ml
Slight 50 ml
Normal 100 ml
Much 150 ml
Very Much 200 ml
pH Down Empty 0 ml
Slight 50 ml
Normal 100 ml
Much 150 ml
Very Much 200 ml
Temperature Variables
10
E 08
5
5_ 08 —— Cold
'_% — Normal
nEJ 04 fot
£
£
E‘ 02
0.0
0 0 20 0 ©

Temperature value (°C) (x)
FIGURE 1. MEMBERSHIP FUNCTIONS FOR TEMPERATURE VARIABLE

pH Variable

— Very Acidic
Acidic
— Neutral
— Basic
— Very Basic

Fuzzy membership function values

°

2 4 6 8
pH Value (x)

FIGURE 2. MEMBERSHIP FUNCTIONS FOR PH VARIABLE

To provide further illustration of the fuzzy logic control
system, the triangular membership functions for
temperature and the trapezoidal membership functions for
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pH are defined as follows. These membership functions are
of critical importance in the fuzzyfication process,
whereby real-world measurements are converted into
degrees of membership that the system can utilise for
decision-making.

The triangular membership function is defined
mathematically as follows:

0 ifx <aorx = c
x—a ;
u(x; a, b, c) = /b—a ifa<x<b )
CTX._p iUb<x<c

The trapezoidal membership function is defined
mathematically as follows:

x—a? ifx <aorx =d

b—a ifa<x<b

H(x; a,b, ¢ d) = 1 i};b <x<c @
d—x/d_c ifc<x< d

3.2 Rule Formation

The Sugeno Fuzzy method is employed to process the
collected data and determine the appropriate corrective
actions. The fuzzy logic control system includes the
fuzzification of input variables, rule evaluation, and
defuzzification. The temperature variable is categorized
into three fuzzy sets: "Cold," "Normal," and "Hot," while
the pH variable is divided into five fuzzy sets: "Very
Acidic," "Acidic," "Normal," "Basic," and "Very Basic."
The membership functions for these variables are depicted
in Figures 1 and 2. The fuzzy rules are formulated based
on expert knowledge and previous research, as outlined in
Table 2.

TABLE 1. FUzZY RULE FORMATION

No  Code Condition

1 R1 If the temperature is COLD and the pH is VERY
ACIDIC, then pH UP is VERY MUCH, and pH DOWN
is EMPTY

2 R2 If the temperature is COLD and the pH is ACIDIC, then
pH UP is MUCH, and pH DOWN is EMPTY

3 R3 If the temperature is COLD and the pH is NORMAL,
then pH UP is EMPTY, and pH DOWN is EMPTY

4 R4 If the temperature is COLD and the pH is BASIC, then
pH UP is EMPTY, and pH DOWN is LITTLE

5 RS If the temperature is COLD and the pH is VERY BASIC,
then pH UP is EMPTY, and pH DOWN is MUCH

6 R6 If the temperature is NORMAL and the pH is VERY
ACIDIC, then pH UP is MUCH, and pH DOWN is
EMPTY

7 R7 If the temperature is NORMAL and the pH is ACIDIC,
then pH UP is LITTLE, and pH DOWN is EMPTY

8 R8 If the temperature is NORMAL and the pH is NORMAL,
then pH UP is EMPTY, and pH DOWN is EMPTY

9 R9 If the temperature is NORMAL and the pH is BASIC,
then pH UP is EMPTY, and pH DOWN is LITTLE

10 RIO If the temperature is NORMAL and the pH is VERY
BASIC, then pH UP is EMPTY, and pH DOWN is
MUCH

11 RI1 If the temperature is HOT and the pH is VERY ACIDIC,
then pH UP is MUCH, and pH DOWN is EMPTY

12 RI2 If the temperature is HOT and the pH is ACIDIC, then
pH UP is LITTLE, and pH DOWN is EMPTY

13 RI3 If the temperature is HOT and the pH is NORMAL, then
pH UP is EMPTY, and pH DOWN is EMPTY

14 RI14 If the temperature is HOT and the pH is BASIC, then pH
UP is EMPTY, and pH DOWN is LITTLE

15 RIS If the temperature is HOT and the pH is VERY BASIC,

then pH UP is EMPTY, and pH DOWN is VERY MUCH

The codes are employed to facilitate referencing or
calling during the inference engine stage of each rule. The
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conditions produced are based on the statement, If the
temperature is (temperature variable) and the pH is (pH
variable), then pH UP is (pH Up variable) and pH DOWN
is (pH Down variable). Recent advancements have
highlighted the effectiveness of fuzzy logic in managing
water quality parameters in aquaculture systems. For
instance, a study developed an IoT-based intelligent water
quality management system that utilized fuzzy logic to
manage temperature, pH, and turbidity levels. This system
employed an ESP32 microcontroller to receive data from
sensors and communicate with a cloud database,
demonstrating the practical application of fuzzy logic in
real-time water quality management [18].

Furthermore, another study implemented fuzzy logic to
optimize the control of aerators and water pumps in
aquaculture, showing significant improvements in
maintaining stable water quality conditions. This research
utilized trapezoidal membership functions for input
parameters such as temperature, dissolved oxygen, and
salinity, demonstrating how fuzzy logic can effectively
handle the variability and uncertainty in water quality data
[18]. The rule formation process is crucial in fuzzy logic
systems as it directly impacts the decision-making process.
The fuzzy rules are formulated by combining different
input conditions to determine the appropriate actions. For
example, if the water temperature is low and the pH is
highly acidic, the system will add a significant quantity of
pH Buffer Up to balance the water conditions. These rules
are based on expert knowledge and empirical data from
previous studies, ensuring that the system's responses are
both accurate and effective.

The codes are employed to facilitate referencing or
calling during the inference engine stage of each rule. The
conditions produced are based on the statement, "If the
temperature is (temperature variable) and the pH is (pH
variable), then pH UP is (pH Up variable) and pH DOWN
is (pH Down variable)." The rule formation table (Table 2)
outlines the fuzzy rules employed in the pH control system.
Each rule consists of temperature and pH conditions as
inputs and the corresponding actions as outputs. For
example, if the water temperature is low and the pH is
highly acidic, the system will add a significant quantity of
pH Buffer Up to balance the water conditions.

3.3 Inference Engine & Defuzzification

The inference engine is a critical component of the
fuzzy logic control system where it processes the fuzzy
input sets according to predefined rules to generate
appropriate outputs. The inference process involves several
steps, including rule evaluation, aggregation and
defuzzification. The rules in the fuzzy rule base are
evaluated using the minimum operator (AND) to determine
the degree to which the antecedent conditions are satisfied.
This degree is referred to as the firing strength (o-
predicate) of the rule. The output of each rule is then
calculated based on its firing strength and the
corresponding output values.

Table 3 shows the evaluation of the fuzzy rules. Each
rule is evaluated by calculating the minimum membership
values (i) of the input variables. The firing strength (a-
predicate) for each rule is determined and the
corresponding output values for pH Up (PHUP) and pH
Down (pHDown) are assigned based on these strengths.
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TABLE 3. RULE EVALUATION

Rule apredicate Output Values
RI apredicatel=min(uCOLD[x],uV z1PHUP=200,
ERY ACIDIC[y]) z1PHDOWN=0
R2 apredicate2=min(uCOLD[x],uA z2PHUP=150,
CIDIC[y]) z2PHDOWN=0
R3 apredicate3=min(uCOLD[x],uN z3PHUP=0,
ORMALJy]) z3PHDOWN=0
R4 apredicate4=min(uCOLD[x],uB z4PHUP=0,
ASIC[y]) z4PHDOWN=50
RS apredicate5=min(uCOLD[x],uV z5PHUP=0,
ERY BASIC[y]) z5PHDOWN=150
R6 apredicate6=min(uNORMAL[x z6PHUP=150,
1, uVERY ACIDIC[y]) z6PHDOWN=0
R7 apredicate7=min(uNORMAL[x z7PHUP=50,
1.UACIDIC[y]) z7PHDOWN=0
RS apredicate8=min(uNORMAL[x z8PHUP=0,
], uNORMAL[y]) z8PHDOWN=0
R9 apredicate9=min(uUNORMAL[x z9PHUP=0,
1,uBASIC[y]) z9PHDOWN=50
R10 apredicate10=min(uNORMAL| z10PHUP=0,
x],uVERY BASIC[y]) z10PHDOWN=150

apredicatel1=min(¢HOT[x],uV

z11PHUP=150,

Rl ERY ACIDIC[y]) z11PHDOWN=0
RI12 apredicate12=min(uHOT[x],uA z12PHUP=50,
CIDIC[y]) z12PHDOWN=0
RI3 apredicate13=min(¢HOT[x],u z13PHUP=0,
NORMAL[y]) z13PHDOWN=0
R14 apredicate14=min(uHOT[x],uB z14PHUP=0,
ASIC[y]) z14PHDOWN=50
RIS apredicate15=min(uHOT[x],uV z15PHUP=0,
ERY BASIC[y]) z15PHDOWN=200

The evaluation of these rules is based on the calculation
of the minimum membership values (p) of the input
variables. The firing strength (a-predicate) for each rule is
determined, and the corresponding output values (PHUP
and PHDOWN) are assigned based on these strengths. The
aggregation of the outputs from all the rules is performed
to obtain a single fuzzy output. The defuzzification process
involves converting this aggregated fuzzy output into a
crisp value. This is typically accomplished through the
weighted average method, wherein the weights are the
firing strengths of the rules. The aggregated fuzzy output
is then defuzzied to obtain a crisp value. In the Sugeno
method, this is typically accomplished through the
weighted average of the rule outputs.

The defuzzification process is formulated as follows:
Tl SO Zi
Z o =i~ 3
o A3)
Where ai represents the firing strength of rule i, and zi
represents the crisp output of rule i.

3.4 Process Design

This section outlines the design process of the water
quality control system in tilapia aquaculture ponds,
utilizing the Sugeno fuzzy method and the Internet of
Things (IoT). The principal components employed include
the ESP32, pH sensor, DS18B20 temperature sensor, DC
pump, and relay module. The design process encompasses
several stages, including the system block diagram, wiring
diagram, and system flowchart.

3.4.1 IoT System Block Diagram

The IoT-based water quality control system
developed in this study consists of several key components,
including an ESP32 microcontroller DS18B20 temperature
sensors, E-201-C pH sensors, a two-channel relay module,
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and 12V DC pumps for dispensing pH Buffer Up and pH
Buffer Down. The system architecture is illustrated in the
block diagram shown in Figure 3. The pH and temperature
sensors are connected to the analog and digital pins of the
ESP32, respectively, to facilitate data collection and
processing.

pH E-201-C DS18B20
Sensor Sensor
ADS1115
ESP32  |------ » WiFi
v v v v
Relay pH Relay pH .
LCD 16x4 Buffer Up Buffer Dow Thingspeak
Y

DC Pump DC Pump

FIGURE 3. IOT SYSTEM BLOCK DIAGRAM
3.4.2 Wiring Diagram

Figure 4 illustrates the system's wiring diagram for
water quality control using fuzzy logic. The ESP32
microcontroller serves as the core, interfacing with various
sensors and modules via digital and analog pins.
Temperature and pH sensors connected to the analog pins
provide real-time water condition data. An LCD display,
connected through an 12C module, shows temperature, pH
levels, and system status. The relay module, linked to the
digital pins, controls the DC pumps based on ESP32's
instructions. Multiple 12V, 2A power supplies ensure
sufficient power distribution to all components. DC pumps
regulate water flow to maintain optimal water quality,
adjusting circulation and replacement as directed by the
ESP32's fuzzy logic-based processing. This system ensures
healthy environment for tilapia aquaculture by
dynamically adjusting water conditions based on sensor
data.

3.4.3  System Flowchart

The system flowchart explains the workflow of the
water quality control system, as shown in Figure 5. The
process begins with the initialization of the ESP32,
followed by starting the LCD and establishing a Wi-Fi
connection. The ESP32 then reads data from the pH and
temperature sensors. This data is processed using the
Sugeno fuzzy method to determine the amount of pH
buffer solution required. If the pH is less than 7, the system
activates the relay and the DC pump to add the pH buffer
up solution. If the pH is greater than 7.5, the system
activates the relay and the DC pump to add the pH buffer
down solution. The decision points ensure the precise
activation of the relays and pumps based on real-time
sensor data. The result of this process is sent to the relay
module, which controls the pump to adjust the pH level in
the pond. This automated feedback loop ensures optimal
water quality for tilapia aquaculture, dynamically adjusting

Anton Prafanto
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water conditions based on sensor data processed through
fuzzy logic.

L

® . /\ 12 dc pump

U |
(A — T T

No

LCD Start

WiFi Connection

Text

Activate pH Buffer Activate pH Buffer

[Read the Temperature Sensor,
Up Relay Down Relay

Read pH Sensor
pH buffer Up

Temperature Value
pH Value
@ ‘

FIGURE 5. SYSTEM FLOWCHART OF I0T SYSTEM USING Fuzzy LOGIC

—/

pH buffer Down

[Activate DC F'ump] [Activate DC Pump]

4. RESULT AND DISCUSSION

This section will present the results of data acquisition
from the sensors used. The acquired data includes pH
values and water temperature in the tilapia aquaculture
pond. This data is then processed using the Sugeno fuzzy
method to produce outputs that will be used to control
water quality. The pH and temperature values measured by
the sensors are displayed in graphical form for easier
analysis. The graphs displayed in Figures 4.1 and 4.2
illustrate the temporal changes in pH and temperature,
respectively, and the system's response to these
fluctuations.

TABLE 4. RULE EVALUATION

29 13-09-2022 17.02.26 5.53 29.94°C
30 13-09-2022 17.04.25 7.09 29.87°C

4.1 Test Result

The test results provide an assessment of the
effectiveness of the [oT-based water quality control system
using the Sugeno fuzzy method. The tests were carried out
by comparing the sensor measurements with manual
measuring tools to ensure accuracy. The tests focused on
pH and temperature measurements, as these are critical
parameters for maintaining optimal conditions for tilapia in
aquaculture ponds.

4.1.1 pH Sensor Testing

The pH sensor test was carried out using the E-201-
C pH sensor and a pH meter for comparison. The results,
shown in Table 4.2, indicate the accuracy of the pH sensor
readings compared to the pH meter. Error percentages were
calculated to evaluate the performance of the sensor.

FIGURE 5. E-201-C PH SENSOR TESTING WITH PH METER

No pH Meter pFI?I-ZSOeil-sf)r Error (%)
1 7.0 7.1 1.43
2 6.5 6.4 1.54
3 8.0 7.9 1.25
4 5.5 5.6 1.82
5 7.2 7.1 1.39

The results show that the E-201-C pH sensor provides
accurate readings with minimal error, making it suitable for
real-time monitoring of pH levels in the aquaculture pond.

4.1.2  Temperature Sensor Testing
The temperature sensor test involved comparing the
DS18B20 sensor with a digital thermometer. The results,

shown in Table 4.3, show the accuracy of the temperature
sensor readings and the associated error percentages.

FIGURE 6. DS18B20 SENSOR TESTING WITH DIGITAL THERMOMETER

No Digital Thermometer DS18B20 Sensor Error (%)

1 25°C 24.8°C 0.80
2 27°C 27.1°C 0.37
3 29°C 28.9°C 0.34
4 30°C 29.8°C 0.67
5 26°C 26.2°C 0.77

No Date Clock pH Temperature
1 13-09-2022 16.07.53 7.30 30.50°C
2 13-09-2022 16.09.46 7.33 30.44°C
3 13-09-2022 16.11.43 7.35 30.44°C
4 13-09-2022 16.13.43 7.76 30.44°C
5 13-09-2022 16.15.35 6.90 30.50°C
6 13-09-2022 16.17.38 7.08 30.37°C
7 13-09-2022 16.19.31 7.52 30.37°C
8 13-09-2022 16.21.29 7.76 30.37°C
9 13-09-2022 16.23.28 6.98 30.31°C
10 13-09-2022 16.25.23 6.81 30.37°C
11 13 09 2022 16.27.19 7.14 30.31°C
12 13-09-2022 16.29.16 7.08 30.31°C
13 13-09-2022 16.31.10 7.05 30.31°C
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The DS18B20 temperature sensor exhibited
exceptional accuracy, maintaining low error margins
across various conditions, which underscores its reliability
for precise temperature monitoring within the system. Its
consistent performance, even in fluctuating environmental
factors, makes it an ideal choice for applications requiring
long-term stability and dependable data collection for
critical thermal management.

4.1.3  Fuzzy Logic Testing

The fuzzy logic control system was tested to evaluate
its ability to maintain optimal pH levels in the pond. Table
4.4 presents the results of the fuzzy logic evaluation,
showing the input conditions, the corresponding output
actions and the effectiveness of the system in maintaining
the desired pH range.
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FIGURE 7. FUzzy LOGIC CONTROL SYSTEM TESTING
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The fuzzy logic control system proved its effectiveness
in adjusting the pH levels to the optimum range, ensuring
an environment conducive to tilapia growth.

5. CONCLUSIONS

In this study, an IoT-based water quality control system
using the Sugeno fuzzy method for tilapia aquaculture was
successfully developed and tested. The system is designed
to monitor and regulate the pH and temperature of the pond
water in real time to maintain optimal conditions for tilapia
growth. The test results showed that the E-201-C pH sensor
and the DS18B20 temperature sensor have high accuracy
with minimal error, ensuring reliable data collection for the
control process. The Sugeno fuzzy control system proved
effective in adjusting the pH levels of the pond water to the
optimum range based on the detected temperature and pH
input conditions. In addition, the system is equipped with
real-time monitoring capabilities, allowing continuous
monitoring and immediate action, if necessary, thus
improving responsiveness to changes in water conditions.
Overall, this study demonstrates that the integration of IoT
technology and fuzzy logic can significantly improve the
efficiency and productivity of tilapia aquaculture, reducing
the risk of fish mortality due to sub-optimal water
conditions. The implementation of this system is expected
to make a significant contribution to the field of
aquaculture, particularly in improving the quality and
productivity of tilapia farming.
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