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Abstract—Tobacco is one of the leading agricultural
commodities in Indonesia, making a significant contri-
bution to the local economy, particularly in tobacco-
producing regions. However, tobacco cultivation, which
generally takes place during the dry season, faces chal-
lenges such as limited water availability and the high
labor intensity required for irrigation. The research
aims to develop an Internet of Things (IoT)-based drip
irrigation system to enhance water-use efficiency and
simplify the irrigation process for tobacco farmers. The
system integrates a DHT11 temperature sehsor, a soil
moisture sensor, and a soil pH sensor. An Arduino/Uno
and an ESP8266 microcontroller are used to" process
sensor data and transmit it in real-time“to Firebase.
Moreover, Mamdani fuzzy logic dnethod is applied to
determine irrigation duration based en temiperature and
soil moisture readings. Experimental resilts indicate that
the system can reduce water usage by up te 36.67% com-
pared to conventional manual watering metheds, with an
average water consumption 0f,297.32 mL per automated
irrigation cycle. Moreover, the 'system demonstrates high
accuracy, with an“average'deviation,of only 0.33 between
fuzzy logic results generated by the Arduino Uno and
MATLAB simulations.“The novelty of the research lies
in the integrationof an IoT=based drip irrigation system
utilizing Mamdani fuzzy logic, specifically designed for
tobacco cultivation, which enables real-time monitoring
by farmers. This system is expected to offer an innovative
solution to support precision agriculture and promote
efficient water resource management.

Index Terms—Internet of Things (IoT), Drip Irrigation
System, Tobacco, Fuzzy Logic

I. INTRODUCTION

HE agricultural sector plays a significant role
in the development of the overall economy of
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many coudtries.” The global sapid increase in popula-
tion makes foodgand crop production important [1].
Tobacco, (Ni€otiana \tabacum L.) is a commercially
ciltivated plant whese leaves are primarily used for
cigarette, manufacturing and chewing. It is the most
widely grown non-food crop worldwide, with its leaves
representing’the most economically significant part of
the plantd Consequently, tobacco is regarded as a valu-
able cash crop [2, 3]. In the agricultural sector, tobacco
iSmwidely cultivated in Indonesia as a key commod-
ity that supports the economic development of local
communities, particularly in regions where tobacco
is produced. The country’s tropical climate provides
favorable conditions for tobacco cultivation. According
to data from the Directorate General of Plantations,
tobacco accounted for approximately 0.30% of the
agricultural sector and 0.03% of the national GDP, with
an average annual production of 198,296 tons during
the period from 2010 to 2017 [4].

Although tobacco requires relatively little water and
can grow during the dry season, farmers must still
pay close attention to its water requirements. Adequate
water supply is essential to maintain the appropriate
temperature and humidity for optimal plant growth [5].
Hence, water scarcity is a major factor contributing
to reduced yields and crop failures. It is a challenge
exacerbated by climate change in many regions world-
wide, thereby necessitating improved food production
efficiency [6, 7]. Drought is one of the most limiting
factors in crop production, as moisture plays a crucial
role in plant growth by maintaining turgor pressure
in cells [8]. To address water shortages during the
dry season, drip irrigation technology is required to
conserve water and enable the automated watering of
tobacco plants. At present, various smart technologies
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are developed in the agricultural sector. Smart agricul-
ture refers to the integration of advanced technologies,
such as robotics, Artificial Intelligence (Al), and the
Internet of Things (IoT), into farming practices [9]. Au-
tomated drip irrigation systems represent an innovative
approach to irrigation management, enabling continu-
ous real-time monitoring of soil moisture, maintaining
specified soil water levels to prevent plant stress,
and optimizing harvests in terms of both quality and
quantity [10].

Internet of Things (IoT) is a concept that aims to
expand the benefits of continuous Internet connectivity,
allowing people to connect machines and equipment,
manage their performance, and enable machines to
collaborate and even act on newly acquired information
independently [11]. In recent years, advances in low-
cost sensor technology and IoT-based solutions have
allowed the implementation of new multi-pollutant
monitoring systems. They have helped overcome short-
comings of traditional monitoring methods, such as
cost, interference with local activities (due to noise),
and the need for specialized human resources [12—14].

Previous research has demonstrated that an IoT-
based drip irrigation system, equipped with an ESP32
microcontroller, solenoid valves, and various sensors
(including soil moisture, temperature, air humiditys
and water flow), can significantly save water usdge
significantly. It is controlled through the Blynk“loT
application [15]. Meanwhile, another researchshas used
six soil moisture sensors, a DHT11 sensor; a BH1750
light intensity sensor, and a relay, with_ an Arduino
Uno microcontroller and ESP8266. Data aréysentto the
ThingSpeak server in real-time to support thedrtigation
system during the germinatiofi Jprocess, resultihg in
optimal seedling growth at a specifie moisture thresh-
old [16].

In previous research, numerous drip ifsigation sys-
tems have been developed and implemented for various
crops, including tomatoes, and“shallots, utilizing IoT
technology. However, studies,on the implementation of
IoT and fuzzy logic methods for tobacco plants remain
quite limited. For this reason, the researchers aim to
develop an IoT-based drip irrigation system specifically
for tobacco plants. In the research, unlike previous
research that has applied automatic irrigation systems
to horticultural crops such as tomatoes, the irrigation
parameters are further adjusted based on the specific
watering needs of tobacco plants, which are sensitive to
soil moisture and air temperature. These implemented
parameters are then processed using Mamdani fuzzy
logic to produce a more optimal watering duration out-
put. The Mamdani fuzzy system, in particular, relies on
a set of human-defined fuzzy rules to make decisions,
providing a more intuitive approach to control [17, 18].
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Fig. 1. Design of a drip irrigationiSystem for tobacco plants.

Il. RESEARCH METHOD

The reSearch is conducted on approximately 100 m?
of tobacco farmlanddigBojonegoro Regency, East Java.
The tebacco variety used in the research is Javanese
tobaccoy@which is avidely cultivated in the Bojonegoro
region. This, variety is selected for its distinct charac-
teristics, thin leaves, bright coloration, and relatively
low nicotine content, which make it a preferred raw
material for producing light clove cigarettes. Hence,
this variety is recognized for its distinctive quality
and flavor in the production of cigarettes. Moreover,
the soil in the experimental area is alluvial, typically
found in riverine regions and formed from river silt
deposits. The soil used in the Internet of Things (IoT)-
based drip irrigation trials is fertile, with the capacity
to retain nutrients and moisture over extended periods.
The experiment was conducted over one month, in
September 2024.

A. System Design

The system design implemented in the IoT-based
tobacco plant drip irrigation system is illustrated in
Fig. 1. Several components are integrated into the
system design. These components include the Arduino
Uno, which serves as a widely recognized microcon-
troller. It is often regarded as a cornerstone of various
electronic applications due to its powerful and versa-
tile capabilities. It enables the connection of different
sensors, actuators, and other electronic components via
its digital and analog input/output ports, based on the
ATmega328P microcontroller [19]. Arduino boards can
be used to measure various parameters, such as light,
temperature, pressure, sound, and digital signals, for
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which corresponding electronic sensors exist [20]. In
this system, the Arduino Uno microcontroller controls
multiple sensors and pump relays within the IoT-based
tobacco plant drip irrigation setup.

In addition to the Arduino microcontroller, the
system also employs a relatively low-cost chip, the
ESP8266 System-on-Chip (SoC), which forms the
basis for the development of open-source software
and hardware known as Node Microcontroller Unit
(NodeMCU). The ESP8266 firmware is open source
and developed using the Software Development Kit
(SDK) provided by the chip manufacturer. It utilizes
the Lua programming language, which is known for
being quick and easy to use, supported by a large
developer community [21]. With the built-in wireless
module, the ESP8266 in this system functions to
receive data from all sensors connected to the Arduino
Uno, which is then transmitted to Firebase Realtime.
The use of ESP8266 is considered an appropriate
choice for this IoT-based irrigation system due to its
advanced wireless communication capabilities, which
simplify the creation of IoT projects.

This system also incorporates a soil moisture sen-
sor, widely used in monitoring soil moisture content
and providing data for decision-making in precision
agriculture [22]. Soil moisture sensors are commonly
applied in agricultural and environmental gontexts to
measure the water content of soil [23]. Vatious types
of soil moisture sensors are availablegon, thetmarket.
The sensor used in this system canddetermine whether
the soil condition for the tobacc@ plant is dry, normal,
or wet.

Furthermore, a DHT11 sensor is employed to mea-
sure temperature and hdmidity. They are two key pa-
rameters for assessing envitonmental conditions [24].
The DHT11 readspambient temperature and humidity
around the tobacco plant to €nsure watering is only
triggered undes, specific conditions (e.g., when the
temperature is low). Henge, it can optimize irrigation
for tobacco cultivation.

Additionally, one of'the important factors supporting
agricultural success is soil quality, which determines
the plant’s growth medium and influences productiv-
ity [25]. The system includes a pH sensor, which
measures the acidity or alkalinity of a solution by
evaluating the hydrogen ion concentration. Soil pH
influences chemical reactions, enzyme activities, and
overall ecosystem health [26]. In this system, the pH
sensor plays a crucial role in monitoring soil acidity
or alkalinity, which in turn affects nutrient availability,
plant growth, and microbial activity. A pH calibration
with two points or more must be possible with the pH
measurement system. The Calibration section provides
a comprehensive overview of the accuracy of the pH

measurement system. The pH measurement system
should have a resolution of at least 0.01 pH. Calibration
is performed using standard buffer solutions with pH
values of 4.0 and 7.0 prior to data collection in the
field. To minimize potential sensor reading drift caused
by temperature fluctuations or electrode degradation,
recalibration is conducted weekly [27].

To enable real-time data monitoring, this system
uses Firebase. Firebase serves as a cloud-hosted real-
time database, where data is stored in JavaScript
Object Notation (JSON) format, facilitating real-time
synchronization with each connected client. Firebase
receives data from the ESP8266, which previously
establishes serial communication with the Arduino
Uno. In addition to menitoring sensor data, Firebase
is also used to menitor the relay system. A relay is
an electronic componentgthat functions as an electric
switch, operated by electrical power. It consists of two
main partsi an-electromagnetdnd switch contacts. The
relay module, opesable“at"5V and accommodating a
current \Of 1OA; 1s equipped with a 2-channel relay
interface board [28].

B. System Block Diagram

In the design of this IoT-based tobacco plant drip
irrigation( system, several sensors are integrated to
assist_ farmers in monitoring key parameters, namely
temperature, soil moisture, and soil pH. The sensor
data obtained are then processed by an Arduino Uno
microcontroller, and a fuzzy algorithm is implemented.
In addition to using the Arduino Uno, the system is
connected via serial communication to the ESP8266,
allowing data transmission to Firebase. The overall
system design is illustrated in Fig. 2.

Figure 2 presents a block diagram of the tobacco
drip irrigation system, which consists of three main
components: input, fuzzy logic control, and output.
The inputs include soil pH, soil moisture, and ambient
temperature sensors. Then, the Arduino Uno functions
as a fuzzy logic controller, in which the Mamdani
fuzzy algorithm is embedded to process sensor data
and determine the appropriate watering duration. The
outputs are a relay to control the water pump and a
NodeMCU ESP8266 module to transmit sensor data
and pump status to Firebase in real time. However,
the research is currently conducted using a small-scale
prototype (one set of sensors and one pump). For
large-scale farms, the system can be expanded with
multiple sensor nodes and microcontrollers in either a
distributed or centralized configuration.

C. System Flowchart

The algorithm used in the research is the Mamdani
fuzzy method, which controls the drip irrigation system
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Fig. 2. Block diagram of the tobacco drip irrigation system.

based on soil moisture conditions and ambient temper-
ature. The pump operates according to the rules defined
by the Mamdani fuzzy system. This method is chosen
because it is capable of handling uncertain, vague, and
linguistic data, such as soil moisture levels and temper-
ature conditions. The Mamdani fuzzy approach enables
more flexible decision-making compared to determin-
istic methods. One of the applications of fuzzy logic is
in controlling variables, parameters, or processes [29].
A fuzzy set is characterized by a membership function
that assigns a degree of membership to each element
of the universal set [30]. Fuzzy logic is particulafly
useful when the available sources of information are
qualitative, inexact, or uncertain.

In addition, the Fuzzy Inference Systend (FIS),\de-
veloped based on fuzzy logic, servesgas a powerful
tool to assist decision-makers in solvingyreal-world
problems through approximate reasoning and linguistic
terminology. It uses fuzzy “ifsthen” rules totmodel
the qualitative aspects of human<knowledge without
requiring precise quantitative analysish[31]. The drip
irrigation system for tobaece, plants,#hich,require spe-
cial watering conditions, employs this fuzzy method.
Fuzzy control systems generallyhconsist of four main
components: fuzzification; fule base, fuzzy reasoning,
and defuzzification [32].

The initial stage of the tobacco plant drip irrigation
system using the fuzzy method, as illustrated in Fig 3,
begins by reading data values from the temperature
and soil moisture sensors. These values are used to
determine whether to activate the irrigation system.
The sensor data is then fuzzified. Numerical values
are converted into linguistic categories, such as hot,
normal, or cold for temperature data, and dry, medium,
or wet for soil moisture data. Fuzzification is the
process of converting precise numerical input into
fuzzy membership functions [33].

Next, fuzzy rules are applied to evaluate the sensor
conditions. The evaluation results are then processed
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Fig. 3. Flowchart of IoT-based drip irrigation system for tobacco
crops.

through the defuzzification stage, which produces
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Fig. 4. Soil moisture membership function.

a clear decision regarding irrigation. This decision,
whether or not to water the plants, is then sent to
Firebase, allowing farmers to remotely monitor their
tobacco crops. In the Mamdani system, each output is
derived from the output fuzzy membership function us-
ing an implication method. The final result is obtained
through the defuzzification process [34].

D. Fuzzy Logic Design

The research utilizes the Mamdani fuzzy method
due to its superiority in handling various complex and
non-linear characteristics in control systems, particu-
larly in managing input variables that are linguistic
and uncertain, such as temperature and humidity. The
development of membership functions in the,reseatch
considers three primary approaches: expest knowledge,
literature review, and empirical adjustments. Inithe
expert knowledge approach, thed@range of snembership
functions is determined through iaterviews and con-
sultations with local tobacco farmersiand agricultural
practitioners who have“@aydeep understanding of the
watering needs of tobacco“plants. A literature review
of previous studiesgis, also conducted to ensure that
the range of membership functionyvalues has a sound
scientific basish For “instance, previous research has
suggested that 'soil moisture depletion for tobacco
plants should be approximately between 50% and 55%
to initiate irrigation [35]” Additionally, empirical tuning
is performed through field tests to align the output of
the Mamdani fuzzy system with actual field conditions.

Several membership functions are utilized in the
research. For the soil moisture sensor, the categories
considered are dry, normal, and wet. The membership
functions for soil moisture are presented in Fig 4.
These functions are defined using trapezoidal shapes
to represent the gradual transitions between different
soil conditions in tobacco cultivation. The dry category
corresponds to low soil moisture, the normal category
represents sufficient water content for optimal plant
growth, and the wet category indicates excessive soil
moisture. This classification enables the fuzzy logic

system to interpret sensor data more effectively and
make appropriate decisions regarding the irrigation of
tobacco plants.

Equation (1) represents the membership function
for dry soil conditions. A membership value of 1 is
assigned when the soil moisture is between 15% and
40%. The x denotes the soil moisture level measured
by the sensor, expressed as a percentage (%). Values of
x below 15% indicate very dry conditions, gradually
increasing toward full membership, while values above
40% decrease in membership until reaching zero at
60%. This formulation enables the fuzzy logic system
to model the gradual transition between non-dry and
dry soil states. By incorporating these boundaries, the
system can more accurately represent real-world soil
conditions and prgvide a reliable basis for irrigation
decision-making in tobae€o cultivation.

0
22000 < 0 or z > 60
- 15
HDry (g 7 0<z<15 M)
1= 15 <z <40

Equation @)pdefines the membership function for
soildn tobacco plants under normal conditions, with
a‘membership value of 1 when soil moisture ranges
betweend@0% and 60%. For values of x between 25%
and 40%, the membership value gradually increases,
indieating the transition from dry to normal condi-
tions. Conversely, when the soil moisture of tobacco
plants ranges from 60% to 80%, the membership value
decreases, representing the shift from normal to wet
conditions.

0 xr < 25 o0r x> 80

=25 25 <z <40
— ) 15 ==
uNormal(x) = | 10 < 2 < 60 (2)
8026“” 60 < z < 80.

Equation (3) represents the membership function
for wet soil conditions, with full membership values
ranging from 90% to 100%. When z ranges from 70%
to 90%, the membership value gradually increases,
reflecting the transition from normal to wet soil condi-
tions. Beyond 90%, the soil is classified as completely
wet, corresponding to excessive water content in the
soil. This representation enables the fuzzy logic system
to effectively capture conditions of over-irrigation and
adjust the control of the irrigation system to prevent
waterlogging in tobacco cultivation.

0
x—"70
_ %0 x < 70 or x > 100
pWet(z) =4 7 0<z<90 O
09z 90 < x < 100.

For the temperature sensor, the membership func-
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tions consist of three categories: cold, medium, and
hot, as illustrated in Fig. 5. The cold membership
function covers the low-temperature range, where the
degree of membership gradually decreases as the am-
bient temperature increases. The medium category
indicates that the temperature is within a normal or
comfortable range, neither too cold nor too hot, making
it suitable for the growth of tobacco plants. In this
category, temperature is often considered a transitional
point that bridges the conditions between cold and hot.
The hot membership function corresponds to the high-
temperature range, where the degree of membership.
rises sharply once the temperature exceeds the mediim
threshold.

The cold membership function in Eq. (4)diasa value
range between 10°C and 25°C, with theé membership
degree decreasing outside this interval, 3Withift this
range, the function gradually reduces the membership
degree as the temperature increases, indicating a, tran-
sition from cold to medium conditions. Temperatures
below 10°C are considered to have full membership
in the cold category, while Values,above 25°C are
no longer classifiedhas coldy, This design ensures a
smooth transition in the fuzzy ‘system, thereby prevent-
ing abrupt changes between, categories.

0
z—0
_ ) 55 x<0Qorz>25
uCold(z) = 1 0<2<10 “)
2= 10 <z < 25.

Equation (5) defines the medium temperature range
between 25°C and 30°C. Within this range, the mem-
bership function reaches its peak, representing an op-
timal environmental temperature condition. Tempera-
tures between 20°C and 25°C gradually increase their
degree of membership in the medium category, while
values between 30°C and 35°C gradually decrease.
The overlapping design with both cold and hot cat-
egories enables the fuzzy system to handle uncertainty

0 20 40 60 80
Duration (minutes)

Fig. 6. Watering duration membership function.

and ensure smoother temperature transitions.

0 @z 20 or x > 35

. z—20) 20 < x<25
uMedium(z) = ? S50 < 30 %)
35230 < 2 < 35.

5

In Eq. (6), ghe temperature is categorized as hot
when it falls withinthe range of 40°C to 50°C. In the
hot category, the membership function gradually in-
creasg$ from 30°C t@40>C, then reaches its maximum
val@e at higher temperatures. Temperatures between
40°Cand(50°C haye full membership in the hot cate-
gory, while, valués above 50°C are no longer included
in this categofy. This design provides a more realistic
répresentation of how high-temperature conditions are
perceived in the Mamdani fuzzy logic.

0
x—30
o 5~ *<30orz>50
pHot(z) = 4 30 < x < 40 ©)
0=z 4 <z <50

The outputs used in this drip irrigation system are
based on the duration of watering the tobacco plants,
which is determined using the membership functions
of off, short, medium, and long, as shown in Fig. 6.
The duration of watering is calculated based on the
results of the fuzzy logic process. It considers input
from the soil moisture sensor and the ambient temper-
ature sensor. With this categorization, the system can
automatically adjust the watering duration, ensuring
that the plants receive the optimal amount of water ac-
cording to their needs. This approach aims to increase
water-use efficiency while maintaining plant health and
productivity.

The membership function for the watering duration
in the off condition is defined in Eq. (7). This equation
indicates that the watering system is categorized as off
within the value range of 0 to 5, where the membership
degree gradually decreases as the duration increases.
For values less than or equal to 0, the membership
degree is 1, representing a completely off condition.
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In the range between 2 and 5, the membership degree
decreases progressively, while values greater than 5 are
no longer classified as off. This design ensures that
the Mamdani fuzzy logic can represent the gradual
transition from an inactive to an active watering state
without abrupt changes.

1 xr <0
2—x
= 0<x <2
= 2 - -
wOff(x) s 9<r<h (7)
0 T > 5.

Equation (8) represents the condition for a short
watering duration. The membership value ranges from
1 to 35 minutes, which is categorized as short watering
for tobacco plants. Within this range, the membership
degree gradually increases from 1 to 15 minutes,
reaches its peak between 15 and 25 minutes, and
gradually decreases until 35 minutes. Values below 1
minute or above 35 minutes are no longer considered
part of the short watering category.

0 x<20o0rx>35

r—1
1<z2<15
— 14 ==
uShort(z) = | 15 <z < 25 (8)
=2 25 <z < 35.

Next, Eq. (9) describes the condition for nioderate
watering of tobacco plants. The membership values
range from 30 to 60 minutes, representing théymedinm
watering duration. Within this range gthéymembership
degree gradually increases from 30 to 40 minutes,
reaches its peak between 40 and 50 minutes, and
gradually decreases from 50 to 60ymiinutes. Values
below 30 minutes or above 60 minutesare not included
in the moderate watering €ategory.

0 < 30 or x > 60
x—30

' 30. < £ <40
h 10 — =
pMedium(z) = 1 40 <2 <50 ©)
R 50 < x < 60.

The condition for'a long watering duration is defined
in Eq. (10), with membership values ranging from
55 to 90 minutes. Within this range, the membership
degree gradually increases from 55 to 65 minutes and
gradually decreases up to 90 minutes. Values below
55 minutes or above 90 minutes are not included in
the long watering category. This fuzzy set allows the
irrigation system to provide extended watering when
soil moisture is low, and temperature conditions require
longer irrigation.

0
=55 4 < 55 or & > 90
_ 10
plong(r) =4 ' "<y 1O
0= 65 < a <90

TABLE I
FuzzYy RULES IN THE RESEARCH.

Temperature  Soil Moisture ~ Watering Duration

Hot Dry Long
Hot Normal Short
Hot Wet Off
Medium Dry Medium
Medium Normal Medium
Medium Wet Off
Cold Dry Short
Cold Normal Off
Cold Wet Off

Table I presents the fuzzy rules for determining the
watering duration of tobacco plants based on readings
from the temperatureqand,soil moisture sensors. Tem-
perature values argfcategorized into three membership
functions: hot, medium,@and eold, while soil moisture
values are classified”as dry, mormal, and wet. The
watering sduration, which sesves as the output of the
fuzzy system, is.divided into four levels: long, medium,
short, andyeff. These ‘categories correspond to different
irfigation times, enabling the system to adjust the wa-
tering schedulégaéeording to the combined conditions
of tefmperature and soil moisture.

E. System Validation

The validation stage is essential to ensure that the
IoT-based drip irrigation system for tobacco plants
operates accurately and reliably. The first validation
test involves testing the dataset. The system perfor-
mance is evaluated by comparing the sensor read-
ings and fuzzy logic output from the Arduino Uno
microcontroller with the simulation results obtained
using MATLAB software. The data used for validation
include soil moisture, air temperature, and watering
duration (determined through defuzzification). The pur-
pose of this validation is to assess the consistency
between the Arduino-based implementation and the
MATLAB simulation. The differences in the output
values are analyzed to ensure the system operates
within acceptable tolerance limits.

Furthermore, field testing is conducted for one
month in tobacco fields. The parameters observed
during field testing include the efficiency of water
use in tobacco plants by comparing traditional wa-
tering methods with the automatic irrigation system.
The watering duration is also monitored to determine
whether the system can operate in accordance with
environmental conditions, including soil moisture and
temperature. The system response is evaluated to assess
the ability of the automatic irrigation system to respond
dynamically to changes in environmental conditions.
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Fig. 7. Internet of Things (IoT)-based tobacco drip irrigation system.

III. RESULTS AND DISCUSSION
A. System Implementation Results

The research presents the findings from testing the
IoT-based drip irrigation system for tobacco plants.
The IoT-based drip irrigation system, as shown in
Fig. 7, facilitates automated watering by collecting data
from soil moisture and DHT11 temperature sensor;
When soil moisture readings fall below a pred
mined threshold and the surrounding air temperat
within the normal or cool range, the pump is_acti
and the system irrigates the plants autom
system has been successfully implemen
capable of optimizing soil moisture cor
water delivery according to the specific req

The outcomes gener
eters (soil moisture and erature) and the corre-
sponding irrigation duration reveal variation based on
the defuzzification process results. From the results in
Table II, it can be seen that the watering duration for
tobacco plants, determined using fuzzy logic with soil
moisture and ambient temperature parameters, varies
based on environmental conditions. A long watering
duration is observed when the temperature is high and
the soil moisture is low. For example, the condition
at 36°C with 28% soil moisture results in a watering
duration of 82.5 minutes. For a short watering duration,
when the temperature is 37°C and soil moisture is 45%,
the output is 15 minutes, classified as short. Mean-
while, under conditions with 62% soil moisture and
a temperature of 27°C, the system does not activate,

NOUTPUTS.

tering Duration

(minutes) Category
82.50 Long
52.50 Medium
15.00 Short
52.50 Medium
38.88 Medium
34.33 Short
52.33 Medium

0.00 Off

resulting in a watering duration of 0 minute, classified
as “oft”.

These results are further illustrated in the tempera-
ture sensor graph (Fig. 8), soil moisture graph (Fig 9),
and watering duration output graph (Fig 10). In Fig 8,
temperature variations recorded by the DHT11 sensor
in the IoT-based drip irrigation system for tobacco
plants are shown. The data are collected hourly each
day. The graph indicates a gradual temperature change,
starting with cooler conditions in the morning. During
the daytime, temperatures in Bojonegoro rise signif-
icantly before gradually decreasing in the afternoon
and evening. The highest temperature recorded by the
DHT11 sensor is 36°C at midday. The DHT11 sensor
demonstrates an accuracy of +2°C when compared
with the actual ambient temperature in the tobacco
plantation environment.

The graph in Fig. 9 illustrates changes in soil mois-
ture levels as measured by the soil moisture sensor,
with data recorded every 15 minutes. The sensor read-
ings range from 15% to 80%, exhibiting various spikes
and drops in moisture levels. Readings exceeding 70%
and approaching 80% are likely the result of increased
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Hourly Temperature Variation from DHT11 Sensor
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Fig. 8. The recorded temperature historical data.

irrigation or rainfall. Conversely, a drop to 15% is
likely attributable to evaporation and water uptake by
the tobacco plants.

The graph in Fig. 10 presents the recorded irrigation
duration for the tobacco plants. The longest re€orded
duration is 82.5 minutes, while the shortest was 15
minutes. Over the course of one month, the plantsdare
irrigated a total of 18 times. When issigationyds not
required, the recorded duration is Qfminutes.

C. Water Usage Comparison

The volume of watefhused in the “deip irrigation
system during the watering process can be calculated
using Eq. (11). The,V is the volume of water used (in
milliliters or liters). Then, @irepresents the water flow
rate or discharge (volume per unit time). Meanwhile,
t is the wateringiduration, (in units of time, such as
seconds or minutes).

Vi=Q+t (11)

By knowing the flow rate and watering duration,
the total volume of water delivered to the crop can
be accurately determined. In the research, the water
volume for each irrigation session is calculated using a
constant flow rate of 6.0 mL/min, based on the system’s
measured output. The amount of water applied to each
tobacco plant is determined by the watering duration
generated through the fuzzy logic algorithm. The wa-
tering volume data for each instance is presented in
Table III. The results indicate that, over one month,
the total water requirement for each plant is 4,180.26
mL.

», < o o
& ﬁC’n' c.»"’rL *5’9
Ny Y . ¥
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TABLE III

WATER VOLUME USED IN INTERNET OF THINGS (I0T)-BASED
TRRIGATION SESSIONS.

No~ Watering Duration ~ Water Volume
(minutes) (mL)

1 52.50 315.00

2 52.50 315.00

3 46.60 279.60

4 52.50 315.00

5 52.50 315.00

6 38.88 233.28

7 52.50 315.00

8 52.50 315.00

9 35.33 211.98

10 52.50 315.00
11 15.00 90.00
12 82.50 495.00
13 52.50 315.00
14 52.50 315.00
15 52.50 315.00
Total 4,180.26

For comparison, manual watering is performed three
times per week during the same growth phase. Based
on Table IV, manual watering of tobacco plants for one
month requires a total of 6,600 mL of water per plant.
Each watering session consumes 550 mL of water and
is conducted in the afternoon. This manual watering
schedule begins immediately after transplanting the
seedlings into the field. The frequency and volume of
water used are determined through interviews with lo-
cal farmers, representing conventional practices during
the early vegetative phase.

A comparison of the water volume requirements
between the IoT-based drip irrigation system and the
traditional manual method is illustrated in Fig. 11.
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Hourly Soil Moisture Data from Soil Sensor
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Fig. 9. Historical data of soil moisture recorded by the sensor.
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Fig. 10. Recorded irrigation ion based on fuzzy output.
TABLE IV

DATA ON TRADITIONAL WATERING OF TOBACCO PLANTS.

Week  Watering Frequency Water Volume (mL) One Week Total (mL) One Month Total (mL)

1 3 times 550 1,650 1,650
2 3 times 550 1,650 1,650
3 3 times 550 1,650 1,650
4 3 times 550 1,650 1,650

Total 6,600

Traditional manual watering requires 6,600 mL of This result represents 36.67% of water savings. There-
water per plant per month, whereas the IoT-based drip  fore, the IoT-based drip irrigation system is considered
irrigation system requires only 4,180.26 mL of water. effective in conserving water during the dry season in
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TABLE V
WEEKLY GROWTH IN PLANT HEIGHT UNDER TWO WATERING
METHODS.
Plant Height
Watering Method
Week

1 2 3 4
Automatic 6 cm 11 cm 18 cm 28 cm
Conventional 6 cm 9 cm 15 cm 25 cm

tobacco cultivation.

Monitoring the input and output is conducted for
one month during the early stages of tobacco growth,
specifically after transplanting 35-day-old seedlings in
the early vegetative phase. At this stage, tobacco plants
require relatively intensive watering due to the active
development of their roots and leaves. As the plants
mature, both the frequency and volume of watering
are gradually reduced. The one-month testing period is
relatively short. Therefore, additional testing is recom-
mended until the harvest stage to enhance the validity
and reliability of the findings.

D. Growth Analysis of Tobacco Plants

As shown in Table V, observations of tobac¢o plant
growth over a one-month period reveal differences
between the automatic drip irrigation methed, andéthe
conventional manual method in termsmof both plant
height and leaf count. Under the automatic irrigation
method, plant height increases ffom 6 cm in the first
week to 28 cm in the fourth week. In ontrast, under
the conventional method, plant heightialso begins at 6
cm in the first week but seaches only 25,cm by the
fourth week.

Table VI showsithat,tobacco plants receiving auto-
matic irrigation grow, faster-than those under conven-
tional irrigationaBoth'methods start with two leaves in
the first week. However, bythe fourth week, plants un-
der automatic irrigation reach six leaves, whereas those
under conventional irrigation reach only five leaves.
This result indicates that automatic irrigation provides
a more consistent water supply, promoting better leaf
development. Overall, automatic irrigation enhances
plant growth and has the potential to increase crop
yield more compared to manual watering methods.

E. System validation

System validation is carried out by comparing the
input and output results of the Mamdani fuzzy logic
system implemented on the Arduino Uno with simula-
tions conducted using MATLAB software. The purpose
of this validation is to determine the optimal irrigation

TABLE VI
WEEKLY LEAF COUNT OF TOBACCO PLANTS UNDER
AUTOMATIC VERSUS MANUAL IRRIGATION.

Number of Leaves

Watering Method
Week

Automatic 2 3 5 6
Conventional 2 3 4 5

duration for tobacco plants by evaluating the consis-
tency between the outputs from both platforms. The
results in Table VII indicate that the average difference
in fuzzy output between the Arduino Uno implemen-
tation and MATLAB stmulations is 0.33. This finding
demonstrates that/the Mamdani, fuzzy logic implemen-
tation on the ArduinefUno achieves high accuracy,
closely matching the results ©Obtained in MATLAB.
The small discrepancy iSywithin acceptable operational
tolerance, limits and his primarily attributable to the
pretision constraints Jof the Arduino’s numerical com-
putations. It stemsdfrom differences in data types and
the resolution of sensor input data when compared with
MATLAB simulations. These minor discrepancies do
not,significantly affect the overall performance of the
systemd[36].

Additionally, statistical testing of the IoT-based drip
irrigation system is conducted to evaluate its water-use
efficiency compared with manual irrigation. Table VIII
presents descriptive statistics of the water volume used
in both the automatic and manual systems. As shown
in Table VIII, the automatic irrigation system uses an
average of 297.32 mL of water per session, with a
standard deviation of 83.19 mL, ranging from a mini-
mum of 90 mL to a maximum of 495 mL. In contrast,
the manual irrigation method consistently uses 550
mL of water, with no variation (standard deviation =
0). These results indicate that the automatic system
not only uses less water on average but also adjusts
the water volume according to plant needs, whereas
manual irrigation applies a fixed amount regardless of
actual requirements.

Next, an independent two-sample t-test is conducted
to evaluate this difference further. The null hypothesis
(Hp) states that there is no significant difference in
the average water volume between the two methods.
The results show a t-value of -10.480 and a p-value
of 0.000, indicating a statistically significant differ-
ence [37]. However, due to the absence of variation
in the manual method data (standard deviation = 0),
the assumptions of normality and equal variances may
not be fully satisfied. Therefore, the results should be
interpreted with caution. Nonetheless, the findings sup-
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Comparison of Water Usage: Manual vs. Automatic Drip Irrigation
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Fig. 11. Comparison of water volume: Conventional versus Internet of Things (IoT)-based irrigation.

TABLE VII
COMPARISON OF Fuzzy OUTPUT FROM ARDUINO AND MATLAB.

No Soil Moisture (%) Temperature (°C) Fuzzy (Arduino) Puzzy (MATLAB) Data Difference
1 28 36 8250 82.80 0.30

2 30 31 52.50 52.20 0.30

3 45 37 15.00 14.85 0.15

4 47 32 52.50 52.20 0.30

5 25 23 38.88 38.08 0.80

6 27 221 35.33 35.50 0.17

7 38 34 52.50 52.20 0.30

Average Difference 0.33
TABLE VIII
RESULTS OF DESCRIPDLVE STATISTICS OF WATER VOLUME.

Method Mean (mL) Standard Deviation (mL) Minimum Value (mL) Maximum Value (mL)
Automatic 29732 83.19 90 495

Mafual 550.00 0.00 550 550

port that the automated irrigation system significantly
reduces water usage compared to the manual method.

FE. Firebase Integration and Monitoring Application

The serialized data are transmitted from the Arduino
Uno to the ESP8266 and subsequently sent to Firebase,
where they can be accessed in real time. The data up-
loaded to Firebase include soil moisture, temperature,
air humidity, soil pH, and pump output, all formatted
in JSON. Transmitting data to Firebase facilitates real-
time access for users, as illustrated in Fig. 12. Figure 12
presents the Firebase Realtime Database interface, in
which sensor readings are automatically stored and
updated. The hierarchical JSON structure simplifies

data organization and retrieval while enabling seam-
less integration with mobile applications for irrigation
system monitoring.

Furthermore, the data in Firebase are connected to a
smartphone application, enabling real-time monitoring.
To store the collected data, it is also saved to Google
Sheets. The developed application interface is shown in
Fig. 13. The homepage features a menu with options
for monitoring each sensor and the pump condition.
From each selected menu, sensor readings are dis-
played according to the current sensor status, allowing
users to monitor the drip irrigation system easily.

Figure 14 shows the dashboard of the application.
It displays information related to air temperature and

260



Cite this article as: P. Liana, M. U. H. Al Rasyid, and Setiawardhana, “Development of IoT-based Drip
Irrigation System for Tobacco Crops Using Fuzzy Logic: A Case Study in Indonesian Agriculture”, CommIT

Journal 19(2), 249-265, 2025.

<>
><

. Monitoring ~
E Realtime Database ( & need help with realtime database? Ask Gemini
<]
Data Rules Backups Usage % Extensions
+
s
® GD  htips:/monitering-64e51-default-ridb firebaseio.com > sensor_data o
sensor_data
@

Duration: "52.50"
Humidity: “57"

Soil moisture: "47"
Temperature: "32"

ph: "5.4"

Fig. 12. Real-time Firebase interface for sensor and pump monitoring.

Temperature
Humidity

Fig. 13. Homepage of the monitoring application for the drip
irrigation system.

humidity that farmers can monitor. The application
presents sensor data in an informative format.

Figure 15 illustrates the detailed page of sensor
readings, where farmers can access real-time data.
Each displayed value allows farmers to monitor the
moisture condition of the tobacco plant according to

Current Temperature

Air Humidity

Fig. 14. Dashboard display for DHT11 temperature and humidity
Sensor.

actual conditions. The page provides data on soil
moisture ranging from 0% to 100%.

In Fig. 16, the detailed page of the soil pH sensor
allows farmers to easily monitor soil fertility levels
for tobacco cultivation. The displayed values enable

261



Cite this article as: P. Liana, M. U. H. Al Rasyid, and Setiawardhana, “Development of IoT-based Drip
Irrigation System for Tobacco Crops Using Fuzzy Logic: A Case Study in Indonesian Agriculture”, CommIT

Journal 19(2), 249-265, 2025.

Soil Moisture

Fig. 15. A real-time soil moisture sensor dashboard in the applica-
tion.

them to take corrective actions if the soil pH is

G. Discussion

As shown in Fi
days old from the init
transplanted to the field. soil"is tilled and mixed
with mud to create a loose texture, enabling the roots to
grow more effectively and absorb moisture efficiently.
The drip irrigation system is controlled using fuzzy
algorithms, producing three distinct output durations:
82.50 minutes (long), 52.50 minutes (medium), and 15
minutes (short). These durations enable more efficient
irrigation, tailored to soil temperature and moisture
conditions.

Previous studies support the effectiveness of drip
irrigation. For example, previous research has reported
that drip irrigation on tomato plants saves 10% more
water compared to surface irrigation, with a soil mois-
ture threshold of 12% [15]. Similarly, another research
has demonstrated that drip irrigation on shallot plants

Soil pH

display for soil pH sensor monitoring.

an achieve up to 90% water savings [16]. In compar-
, the present research achieves a water-saving rate
of 36.67%. The differences in savings can be attributed
to variations in plant type, soil characteristics, and the
specific fuzzy logic configurations employed.

IV. CONCLUSION

Conventional irrigation methods for tobacco culti-
vation, still widely practiced by farmers, often result
in excessive water usage, insufficient responsiveness
to environmental conditions, and higher manual labor
requirements. These inefficiencies can adversely affect
the growth and development of tobacco crops. To
address these issues, the researchers develop an IoT-
based drip irrigation system utilizing the Mamdani
fuzzy logic method. The system utilizes one Arduino
Uno unit for fuzzy processing, coded directly on the
microcontroller, as well as one ESP8266 unit for data
transmission to Firebase. The sensors used in the
system include a temperature sensor (DHT11), a soil
moisture sensor, and a soil pH sensor.

The results demonstrate that the proposed IoT-based
drip irrigation system effectively automates and op-
timizes the irrigation process, achieving a 36.67%
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improvement in water efficiency compared with con-
ventional methods. Furthermore, the system exhibits
high accuracy, with an average fuzzy output difference
of 0.33 between the Arduino Uno implementation and
MATLAB simulation. This slight discrepancy confirms
the consistency of the Mamdani fuzzy logic imple
mentation across hardware and simulation platforms.
In terms of plant growth, under the automatic i
method, plant height increases from 6 ¢
week to 28 cm in the fourth week. Mean
the conventional method, plant heigh

result indicates that the auto
better plant development.

Despite these promisi
several limitations. It is
over a short period (one
for variable we
extreme temperat
soil. Sensor p
the system’s e
untested. Future research should expand the system
to different crops and soil types, conduct longer-term
trials under varying weather conditions, and integrate
predictive weather data to improve irrigation efficiency.
Testing on diverse soils and multiple seasons will
evaluate adaptability, while predictive models can help
prevent over- or under-watering and optimize overall
crop productivity.
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