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Abstract: In Indonesia, there are approximately 27,368,114 households that
work as farmers. Generally, farmers use diesel-fueled pumps for rice field
irrigation, but in the current era, diesel is becoming scarce. Trials have been
conducted with electric pumps, but they are not supported in areas far from
residential areas. Therefore, in this research, a pump drive system was created
using an induction motor controlled by an ESP32, with sensor integration for
monitoring, solar energy as the Power supply, and the BLYNK application for
remote monitoring. The results of the study show that solar panels can produce
580.6 Watts of Power in 8 hours, with a maximum Power of 87.4 Watts at
100,000 lux and 35°C. The sensor accuracy is also perfect, with an average error
below 2%. The system also successfully regulated automatic irrigation based on
soil moisture levels using the Capacitive Soil Moisture v1.2 sensor: the pump
turns on when soil moisture is <40% and stops when it is >60%. Scientifically,
this research contributes to the development of an intelligent irrigation system
based on solar energy and IoT for remote agricultural areas. However, the
control system remains static and is not fully adaptive to changing
environmental conditions. Therefore, further research is recommended to
integrate artificial intelligence methods, such as fuzzy logic or machine
learning, to enhance the system's flexibility and performance across diverse soil
conditions. With these developments, this system could become an innovative
and sustainable agricultural solution in areas without access to PLN electricity.
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1. Introduction

Indonesia is an agricultural country, with the majority of its population relying on the agricultural sector
for their livelihood, especially in rural areas [1]. In Indonesia, tens of millions of households work as
farmers [2]. As reported on the Indonesian Central Bureau of Statistics website. Agricultural processing
is inseparable from irrigation systems, which aim to regularly and efficiently circulate water to
agricultural land to maintain optimal productivity [3].

Currently, farmers still use diesel-fueled pumps [4]. However, fuel prices continue to rise due to
declining domestic crude oil production [5]. As recorded on the Ministry of Energy and Mineral
Resources website, the cost of diesel fuel, which was originally Rp5,500, has now risen to Rp7,500.

To address this issue, trials using electric pumps have been conducted. However, further problems
arise in remote areas where there is no PLN electricity network to supply the pumps' energy needs [6].
If this problem is not resolved immediately, farmers will likely switch professions, leading not only to
rising fuel prices but also to higher food prices.

A previous study by Pamuji et al. (2024) on an integrated On-Grid Photovoltaic water pump system
and electrification of rice fields to reduce irrigation costs [7]. The results of this study indicate that with
the help of solar panels, it can reduce operational costs incurred by farmers regarding water problems,
but the system used is still less than optimal in its maintenance because it is not equipped with a
monitoring system and still uses a Power supply from PLN [8].

Another study conducted by Alam et al [9] on the planning of SPP for rice field irrigation pumps in
Ulak Aurstanting Village, Pemulatan Selatan District, Ogan Ilir Regency. Based on the research, 50
solar panels with a capacity of 500 W are required to Power two pump units to meet the water needs of
20 ha of rice fields. However, this study did not implement automation in the system's operational
method, nor did it integrate the system with an Internet of Things (IoT) platform; therefore, the approach
is considered suboptimal for application in the current era [10].

Based on the problems encountered, this research aims to develop a diesel pump drive system using
a single-phase induction motor integrated with an off-grid Photovoltaic System to provide continuous
electricity from renewable, environmentally friendly energy [11]. With this research, it can reduce the
burden of farmers' expenses regarding rice field irrigation problems, where this system is also equipped
with automation and connects it to the Internet of Things (IoT) platform in the form of BLYNK, so that
farmers can monitor the condition of the irrigation system even though they are not at the rice field
location [12]. This research contributes to the development of sustainable IoT- and renewable energy-
based agricultural automation systems.

2. Literature Review

2.1. Solar Panels

Solar panels, or photovoltaic modules, are renewable energy devices that convert solar radiation into
electrical energy via the photovoltaic effect in semiconductor materials [13]. Solar panel performance
depends on several key factors, including solar radiation intensity, panel surface temperature, tilt angle,
and weather conditions [14]. In off-grid solar Power systems, solar panels are generally combined with
batteries and solar charge controllers to maintain a stable energy supply [15]. Various studies have
shown that the use of solar panels in irrigation systems can increase energy efficiency and is a viable
solution for remote agricultural areas without access to conventional electricity [7] [8] [9].

2.2. Single-Phase Induction Motor

Single-phase induction motors are alternating current motors commonly used as water pump drives due
to their simple construction, reliability, and low maintenance costs [16]. These motors require auxiliary
circuits, such as capacitors, to produce starting torque and are classified based on their starting method
[17]. Several studies have shown that single-phase induction motors can operate stably in off-grid solar
Power systems, making them suitable for irrigation applications in remote areas without access to
conventional electricity [16] [18].

2.3. Centrifugal Pump

Centrifugal pumps are dynamic pumps that use centrifugal force to move fluids from the suction side to
the discharge side [19]. These pumps offer simple construction, relatively high discharge capacity, and
ease of maintenance, making them widely used in irrigation systems [20]. Various studies have shown
that centrifugal pumps operate reliably and efficiently when driven by induction motors, making them
suitable for use in renewable energy-based irrigation systems, including off-grid solar power systems
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[21] [22].

2.4. ESP32

The ESP32 is an embedded system-on-chip microcontroller equipped with a high-performance
processor, diverse 1/O interfaces, and wireless communication support, including WiFi 802.11 b/g/n and
Bluetooth version 4.2 [23]. Several studies have shown that the ESP32 can integrate sensor data
acquisition, actuator control, and real-time data communication into a single centralized system [24].
Therefore, the ESP32 is considered suitable for use as the central controller in the renewable energy-
based innovative irrigation system in this study, especially for remote monitoring and control [23] [24]
[25].

2.5. Electronic Sensors for Monitoring Systems

Electronic sensors are an essential component of a monitoring system that detect and measure physical
and environmental parameters in real time [26]. In this study, the researchers used multiple sensor types,
including the Capacitive Soil Moisture Sensor v1.2 to detect soil moisture levels in rice fields [27], the
DHT11 sensor as a temperature and humidity detector on the solar panel control box [28], the RPM
Meter (Tachometer) sensor used to determine the motor rotation speed when the system is working [29],
the Flowmeter sensor used to determine the water discharge released by the diesel pump when the
system is working [30], the PZEM-004t sensor used to determine the amount of Power generated by the
solar panel [31], and the LDR sensor used to detect the intensity of sunlight absorbed by the solar panel
[32]. Various studies have shown that the use of electronic sensors in monitoring systems can improve
the efficiency of water and energy management and support adaptive, sustainable system control [25]
[26] [27] [30].

2.6. BLYNK

BLYNK is an Internet of Things (IoT) platform that provides an application-based interface for remote
monitoring and control of electronic devices over the internet [33]. This platform supports integration
with various microcontrollers, including the ESP32, and enables real-time visualization of sensor data
and actuator control [34]. Several studies have reported that using BLYNK in agricultural monitoring
and automation systems can improve ease of monitoring, control flexibility, and operational efficiency
in innovative irrigation systems Powered by renewable energy [25] [33] [34].

3. Methodology

3.1. System Design

The system design provides an overview of the components used as inputs and outputs, along with the
process stages from start to finish. The overview, presented as a system block diagram, is shown in
Figure 1.

SINCEE SENTRIFUGA
PHASE by
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RPM | FLowmETER PZEM-004t
=2 || sensor R || sEnsoOF R

Figure 1. System Block Diagram
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Figure 1 shows that several sensors are used as inputs, namely the soil moisture sensor, RPM meter
sensor, flowmeter sensor, DHT11 sensor, PZEM-004t sensor, and LDR sensor. All sensor data will be
sent to the ESP32 microcontroller for processing.
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The sensor data received by the ESP32 microcontroller is forwarded to the BLYNK application for
remote monitoring. A single-phase induction motor is used as a centrifugal pump driver, driven by
commands from the ESP32 microcontroller. The electrical energy required by the ESP32
microcontroller and the single-phase induction motor is supplied by a solar Power generation system.
An explanation of the tool's overall working system is shown in Figure 2.

Figure 2 shows that the system begins with the absorption of solar energy converted into Direct
Current (DC) electrical energy by solar panels; the electrical energy produced is stored in the ACCU
via a Solar Charger Controller (SCC) to prevent overcharging or overdischarging. The DC current from
the ACCU is first converted to Alternating Current (AC) by a DC-to-AC inverter before being connected
to a single-phase MCB and a 2-pole MCB. The current from the single-phase MCB is routed to the
Power outlet as a Power source for the ESP32 via a 5V adapter and a contactor coil. After the ESP32
receives Power, data from each sensor will be read, and the resulting data will be sent to the ESP32 for
processing. Data from the soil moisture sensor is in the form of a soil moisture value as a determinant
of system operation; namely, if the soil moisture value is >40%, the sensor reading will continue to
repeat until the soil moisture value is <40%, then the ESP32 microcontroller will command the contactor
coil to turn on the pump until the soil moisture value is >60%. The ESP32 sends all data generated by
the sensor to the BLYNK application so the condition of the irrigation system can be monitored remotely.
In the BLYNK application, the display of the values generated by each sensor can be configured
according to the user's preferences. A 2-pole MCB is used as a connector for the single-phase induction
motor Power source via a contactor coil controlled by ESP32, namely the primary contact of the
contactor, which is initially Normally Open (NO) and will change to Normally Closed (NC), and the
electric current flows to the single-phase induction motor through the Thermal Overload Relay (TOR)
as a safeguard against overheating when the motor is working. The single-phase induction motor Powers
the pump, allowing it to flow water to the rice fields because the motor shaft is connected to the pump
shaft, so the pump rotates when the motor is running.

3.2. Solar Panel Planning

Solar panel design significantly impacts the efficiency and effectiveness of electrical energy use, so
solar panel and battery capacity must be considered, along with inverter selection. A detailed
explanation includes:

1) Solar Panel Calculation
This point explains the calculation of solar panels as a Power supply for 1 day. The calculation begins
by determining the amount of Power used using Equation (1).

Wh=Pxh (1)
Where:
Wh = Power consumption/day (Watt hours)
P = Load power used (watts)
h = Hourly usage (hours)

The Power capacity of each component over an assumed 12-hour period is shown in Table 1.

Table 1. Power Required by the System

No Components g;vt::) (gf:ﬁi) Total Tot?‘l;;(;wer
1  Single-Phase Induction Motor 750 2 1 1,500
2 Contactor 10 2 1 20
3 ESP32 Microcontroller 1.25 12 1 15
4  1-Channel Relay Module 0.4 12 1 4.8
5  Capacitive Soil Moisture Sensor v1.2 0.05 12 1 0.6
6 DHTII1 Sensor 0.0125 12 1 0.15
7  RPM Meter Sensor 0.1 12 1 1.2
8 Flow Meter Sensor 0.075 12 1 0.9

Total: 1,542.65
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Based on Table 1, the total Power required by the system is known, so the capacity of the solar panels
used can be calculated. Optimal solar energy absorption occurs during the day, when the sun's rays are
perpendicular to the solar panels, and the temperature is relatively high, specifically from 09.00-14.00
WIB. The capacity of the solar panels can be calculated using Equation (2).

Wp = Wh/5 hours 2)

where:
Wp = Solar panel capacity (Watt peak)
Wh = Power usage/day (Watt hours)

The calculation result using Equation (2) is 1,542.65 / 5 hours = 308.53 Wp, so that the system can
work optimally, a solar panel capacity of 400 Wp is used. The selection of solar panel type must also
be considered, as each panel significantly affects the system's efficiency. The solar panel used in this
study is a polycrystalline silicon solar panel because it is relatively inexpensive and can achieve an
efficiency of 17%.

2) Battery Capacity Calculation
Calculating battery capacity is essential to store electrical energy from solar panel absorption, and the
stored energy will be used when the system requires an electrical Power supply. Battery capacity can
be determined using Equation (3).

Ah=Wh/V (€)
where:
Ah = Battery Capacity (Ampere-hours)

Wh = Daily Usage (Watt-hours)
V' = Voltage (Volt)

Based on Equation (3), the required battery capacity is 1,542.65 Wh / 12 = 128.55 Ah. To ensure
optimal operation, a 12V 200Ah battery is used, with a total Power of 12V * 200Ah = 2,400 Watts.

3) Inverter Capacity Calculation
Inverters convert DC current to AC so the Power source can be applied to a single-phase induction
motor. The inverter capacity can be calculated using Equation (4).

Ptotal = Wmax + (25% x Wmax) (4)

where:

Ptotal = Total required power capacity (Watts)

Wmax = Peak load power (Watts)

25% Safety factor/reserve power to accommodate initial starting currents (inrush current)

From Equation (4), an inverter capacity of 1,542.65 Wh + (25% * 1,542.65 Wh) =1,928.3125 Watts,
or 2,000 Watts, is required for the system to operate optimally.

In the inverter, there is lost Power, or the amount of Power lost when the system is operating, which
is calculated using Equation (5).

Pioss = Pin — Pou (5)
where:
Pioss = Power lost (Watts)

P;, = Input power (Watts)
P, = Power out (Watts)
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Pin comes from the total Power produced by the battery, which is 2,400 Watts, while to determine
the Poy value, Equation (6) is used.

Pout = Pin x Efficiency (6)

The inverter efficiency is 90%, so the Poy is 2,400 watts x 90% = 2,160 watts. The total Power loss
in this study is Pioss = 2,400 — 2,160 = 240 W; when expressed as a percentage, it is (240/2,400) * 100 =
10%.

3.3. Hardware Design Planning
Hardware design planning is a description of the hardware design used as a benchmark for implementing
the system in the real world. The explanation is as follows.

1) Design of Motor Connection with Pump

The type of connection selected in this study is a flexible coupling type, namely by positioning the motor
and pump parallel to the base plate to minimize changes in position due to vibration when the motor
rotates. The motor and pump shafts are connected with a coupling and tightened using nuts on each side
of the circle so that there is no change in torque when the motor rotates. Torque can be calculated using
Equation (7).

T = 9550XP
n
(7)
where:
T = Nominal motor torque (Nm)

P = Motor power (kW)
n Motor rotational speed (rpm)

The illustration of the motor and pump connection planning design is shown in Figure 3.

Flexible Coupling

Figure 3. Motor Connection with Pump

2) Monitoring System Design
A monitoring system design helps understand electronic circuits during implementation. This design
consists of input, process, and output components, as seen in Figure 4
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Figure 4 shows six sensors as inputs and relays as outputs connected to the ESP32 microcontroller
on different pins. The soil moisture sensor is connected to GPIO pin 34, the DHT11 sensor is connected
to GPIO pin 14, the RPM meter sensor is connected to GPIO pin 12, the flowmeter sensor is connected
to GPIO pin 13, the PZEM-004t sensor is connected to the Tx and Rx pins, the LDR sensor is connected
to GPIO pin 27, and the relay is connected to GPIO pin 17.

Capacitive Soul

Soil MOiStUI'e Hoisture Sensor v1.2 i
Sensor

DHT11 Sensor

RPM Meter
Sensor

—

Flow Meter
Sensor

A1

CONTACTOR
A2

PZEM-004T
Sensor

LDR Sensor

Figure 4. Monitoring System Design

The ESP32 microcontroller was chosen for this process because it has a built-in WiFi module for
sending data from each sensor to the BLYNK application, which will later be used for remote
monitoring. The Power supply for the ESP32 microcontroller is provided by a 5V adapter from the Solar
Power Plant (SPP) output.

3.4. Software Design Planning
The software design includes all input components used to monitor the system in real time via BLYNK.
BLYNK is an application that allows creating a Graphical User Interface (GUI) on smartphones by
selecting buttons, sliders, graphics, and other widgets without having to make a display from scratch.
The BLYNK application can be used by programming the ESP32 microcontroller in the Arduino IDE
using the C/C++ language.

The integration between the software architecture and the user interface is presented in Figure 5,
which details the BLYNK application program code, and Figure 6, which illustrates the resulting
BLYNK app view.
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@ sempro | Arduino 1.8.19

File Edit Sketch Tools Help

<WiFi.h>
$include <BlynkSimpleEsp32.h>

r auth[] = "AUTHENTICATION"; // Replace with
r ssid[] = "WIFI_NAME"; // Replace with

pass[] = "WIFI_PASSWORD"; // Replace w jour Wi-Fi password

your authentication

Wi-Fi name

) PIN 2 // Use GPIO 2 (ESP32 internal LED)

pinValue = param.asInt(); // Value of the virtual button (0 or 1)
gitalWrite (LED_PIN, pinValue);

up() {
in(115200);

Serial.

; // LED turns off at startup

Figure 5. BLYNK Application Program Code

Figure 6. BLYNK App View
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4. Finding and Discussion

After the prototype was developed, testing was conducted, including sensor and solar panel testing, as
well as overall system performance testing. This testing aimed to evaluate system performance and
ensure its suitability for the design objectives. All testing was conducted in the rice fields of Ketapanglor
Village, Ujungpangkah District, Gresik Regency, East Java, Indonesia. The test data was then analyzed
to assess system performance and reliability. The results of the prototype are shown in Figure 7.

Figure 7. Prototype for an [oT-Based Irrigation Controller Driven by Solar Energy

4.1. Sensor Testing

Sensor testing involves comparing sensor output with reference (actual) values to evaluate system
accuracy and effectiveness. In this study, six sensors were tested ten times, and the measurement error
was calculated as a percentage using Equation (8). The average error for each sensor was then
determined using Equation (9). The test results for each sensor are presented in Figure 8.

__ (Real Value—Sensor Value)
E= Real Value x100 (8)
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R=—312F )
= Jo&n=1
where
E = error in one test data (%)
R = average error of one sensor (%)
N = test(1-10)

Figure 8 shows a relatively minimal average error on each sensor, namely the Capacitive Soil
Moisture Sensor v1.2 of 0.65%, the DHT11 sensor of 1.67%, the RPM meter sensor of 0.97%, the flow
meter sensor of 0.97%, the PZEM-004t sensor of 0.68%, and the LDR sensor of 1.03%.
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Figure 8. Sensor Testing

Once the average error for each sensor is known, the average error across all sensors can be

determined using Equation (10).

1
K= ng6n=1R
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where:
K = Average error of all sensors (%)
R = Average error of one sensor (%)

M = Sensor (1-6)

The calculation using Equation (10) yielded an average error of 0.99%, indicating that the sensor
exhibits high measurement accuracy. This result is consistent with the findings of Abdinoor et al. (2025),
who reported that the manufacturer-specified tolerance range for sensor error is 1%-3% [35].

4.2. Solar Panel Testing

The next stage is solar panel testing. This testing is conducted to determine the voltage, current, and
Power generated by the Solar Power Generation System (SPP) based on the intensity of sunlight
received. The solar panel testing process is shown in Figure 9.

Figure 9. Solar Panel Testing

Figure 9 shows solar panels arranged parallel to the building's roof to obtain optimal solar exposure
and minimize the risk of loss if placed in a rice field. The solar panel test results are presented in Table
2.

Table 2. Solar Panel Test Data

Time Voltage Current Power Light Intensity Temperature

WIB) (V) (A)  (Watts) (Lux) (W)
08:00 165 2.1 34.7 25,000 28
09:00  17.0 3.0 51.0 45,000 30
10:00 175 4.2 73.5 70,000 32
11:00  18.0 4.6 82.8 90,000 34
12:00 182 4.8 87.4 100,000 35
13:00  18.0 4.5 81.0 95,000 35
14:00  17.6 4.0 70.4 80,000 34
15:00  17.1 33 56.4 55,000 32

16:00 16.7 2.6 434 30,000 30
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According to Table 2, the solar panel test lasted 8 hours, from 8:00 to 16:00 WIB. The highest Power
generated, 87.4 watts, occurred at 12:00 WIB when the light intensity reached 100,000 lux, and the
panel temperature reached 35°C. During the test, the total Power generated by the solar panel reached
580.6 Wh. These results indicate that the Power generated is directly proportional to the intensity of
sunlight, adjusting to conditions during the day as the ambient temperature increases.

4.3. Overall Tool Testing

The final test was the overall system test. This test was conducted to determine the compatibility
between the hardware and software used. This test included the integration of the Solar Power Plant
(SPP), the sensors used, the monitoring system, and the automatic control system for rice field irrigation.
The results of the overall equipment test are shown in Table 3.

Table 3. Overall Test Results Data

08:00 16.00 2.00 34.0 50 27.8 0 0 24,540 OFF
09:00 16.54 2.80 49.8 48 29.5 0 0 44,307 OFF
10:00 16.97 4.00 70.8 44 31.6 0 0 69,765 OFF
11:00 17.89 4.50 814 40 33.8 0 0 88,532 OFF
12:00 18.00 4.75 85.6 35 34.5 1,484 738 97,689 ON
13:00 17.87 4.42 80.7 48 33.8 1,496 746 94,267 ON
14:00 17.23 3.80 69.8 61 34.0 0 0 78,542 OFF
15:00 16.67 3.20 55.4 60 32.7 0 0 53,865 OFF
16:00 16.00 2.49 41.8 58 29.8 0 0 27,865 OFF

Based on Table 3, the maximum voltage, current, and Power generated by the solar panel reached
18 V,4.75 A, and 85.6 W, respectively, at 12:00 WIB, when the sunlight intensity was 97,689 lux, and
the temperature was 34.5°C. In the automatic irrigation system, the soil moisture sensor detects a gradual
decrease in soil moisture levels as the surrounding environment warms. When soil moisture is <40% at
12:00 WIB, the pump runs until soil moisture>60% at 13:00 WIB. Readings from the RPM and flow
meter sensors then follow the pump. The implementation of the tool in the rice field area is shown in
Figure 10.

Figure 10. Pump and Motor Placement
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In Figure 10, the pump and motor are placed facing the rice field to facilitate irrigation, and a panel
box containing a monitoring and automation system is placed near the pump and motor to help farmers
perform maintenance. Each sensor is placed at a separate point: the soil moisture sensor is placed on the
rice field soil, the DHT11 sensor is placed in the panel box, the RPM meter sensor is placed on the base
plate between the pump and motor connections, the flow meter sensor is placed at the end of the water
outlet pipe to the rice field, and the PZEM-004t sensor and LDR sensor are placed on the solar panel
area. Data generated by the sensors when the system is operating will be sent in real time to the BLYNK
application, as shown in Figure 11.

Figure 11. BLYNK Display When the System is Working

Figure 11 shows that the solar energy optimization system, as an loT-based agricultural irrigation
and monitoring system, has worked optimally, starting from sensors and microcontrollers to solar Power
systems.

5. Conclusion

This study demonstrates that integrating an off-grid Solar Power Plant (SPP) with an automated
irrigation system and IoT-based monitoring is a technically feasible and contextually relevant solution
to support agricultural activities in areas not yet connected to the PLN electricity grid. Test results show
that all sensors used have high accuracy, with an average measurement error below 2%, enabling the
system to provide reliable data for real-time irrigation decision-making. In terms of energy performance,
the SPP system generated 580.6 Wh during the eight-hour test period, with a maximum Power of 87.4
Watts at a light intensity of 100,000 Lux and a panel temperature of 35 °C. These findings confirm that
solar energy can be effectively used as the primary Power source to operate an induction-motor-based
irrigation system in remote agricultural areas, thereby reducing dependence on fossil fuels and lowering
farmers' operational costs.

In practice, implementing an automatic irrigation system based on soil moisture (<40% for pump
activation and >60% for pump shutdown) has been shown to improve water-use efficiency and reduce
the need for manual intervention. The integration of an IoT platform via the BLYNK application makes
it easy for users to monitor land conditions and system performance remotely, thereby enabling more
efficient, responsive agricultural management. However, the implemented control system is still static
because it relies on threshold-based logic. This approach is not fully able to accommodate the dynamics
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of the agricultural environment, including variations in soil characteristics, changes in climate, and
differences in water requirements at each stage of plant growth. Therefore, further research is
recommended to integrate artificial intelligence methods, such as fuzzy logic or machine learning-based
approaches, and to systematically design and support them with historical data analysis to improve the
system's adaptability and autonomy.

Overall, this research provides scientific and practical contributions to the development of intelligent
irrigation systems Powered by renewable energy and loT, and opens opportunities for further
development towards the implementation of sustainable precision agriculture, especially in rural areas
with limited access to electrical energy.
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