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Development of an Automated Irrigation System for Enhancing Water-Use Efficiency


ABSTRACT
This paper presents the development and calibration of an automated irrigation system designed using Arduino Uno, a micro pump, soil sensors, a relay module, and programmed in C++. The system aims to enhance irrigation efficiency by delivering water to crops based on real-time soil moisture levels. The Arduino Uno serves as the central control unit, continuously receiving data from the sensors embedded in the soil. When the moisture level falls below a predefined threshold, the Arduino activates the micro pump through the relay module to initiate irrigation. The system was programmed using C++ to ensure precise sensor readings, responsive control actions, and reliable operation. Calibration of the sensors and pump operation was conducted under controlled conditions to ensure accurate detection of soil moisture and appropriate water delivery. The developed system, powered by a solar-rechargeable battery setup, successfully automated irrigation based on real-time soil and environmental data, reducing water usage by an estimated 30–40% compared to manual irrigation methods. Key components included an Arduino Uno microcontroller, DHT22 sensor, 4-in-1 soil sensor (temperature, moisture, pH, EC), and a micro pump controlled via a relay module. Sensor calibration ensured high accuracy, with moisture and pH readings showing deviations within ±3% and ±0.2 pH units, respectively. The system maintained operational stability for over 48 hours without sunlight and responded to soil moisture changes within 2–3 seconds, triggering timely irrigation. Results demonstrate the system's capability to reduce water waste and support optimal soil moisture maintenance. This low-cost, scalable solution is suitable for small- to medium-scale farming applications and contributes to sustainable water resource management in agriculture.
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1.0 INTRODUCTION
The scarcity of water resources and the increasing frequency of severe drought conditions pose a significant threat to food production, particularly in arid and semi-arid regions. These challenges limit crop growth and hinder the capacity of existing water sources to meet plant requirements [1]. Drought, in particular, disrupts the delicate balance between precipitation and evaporation, increases water demand, and underscores the critical need for effective water management strategies to mitigate the adverse impacts of climate change. Climate change is broadly defined as the gradual and persistent alteration of weather conditions over an extended period, typically characterized by shifts in rainfall patterns and a rise in extreme climatic events, including heatwaves.[2].
Water conservation begins at the foundational level of crop production and serves as the cornerstone of modern irrigation practices. It is of particular importance to specialists in irrigation water management. Modern irrigation methods enhance users’ understanding of the movement of water from soil to plants, allowing for more efficient water use [3]. Several factors affect the efficiency of water transfer through the root zone, including soil type, crop variety, climate conditions, limited financial resources, and water replenishment schedules. Traditional irrigation techniques often result in significant water wastage. Consequently, numerous studies have explored new strategies for irrigation scheduling, aiming to determine optimal water quantities and timing. This has led to a shift toward simple, user-friendly modern irrigation machinery [4]. 
Numerous academic studies support the benefits and necessity of modern irrigation practices, particularly under the looming challenges of climate change. Hence, the role of efficient irrigation systems in achieving sustainable agriculture, especially in water-stressed areas, cannot be overemphasized. Adopting precision irrigation technologies such as drip systems can significantly reduce water consumption while maintaining crop yield [5] as irrigation scheduling to improve yield and conserve water [6]. Furthermore, previous research highlights how deficit irrigation strategies, when combined with modern irrigation tools, can enhance water productivity without compromising food security [7]. Other studies emphasize the necessity of integrating climate-resilient irrigation design into agricultural planning to adapt to shifting climate patterns and ensure long-term sustainability [8]. These studies collectively underline the importance of innovation, precision, and sustainability in irrigation practices for the future of agriculture.
Efficient water management is a critical component of sustainable agriculture, especially in regions facing increasing water scarcity due to climate change and population growth. Automated irrigation systems have emerged as an effective solution to optimize water use by delivering precise amounts of water based on real-time data and crop needs. These systems not only reduce water wastage but also contribute to higher crop productivity and resource conservation.
Recent advancements in embedded systems and renewable energy integration have significantly enhanced the performance and reliability of irrigation automation. For instance, Manfo and Şahin (2024) developed an automatic photovoltaic (PV)-battery powered water irrigation system utilizing Arduino software, showcasing a fully off-grid and sustainable solution tailored for remote agricultural environments [9]. Their study demonstrates how solar-powered systems combined with microcontroller-based automation can reduce dependency on conventional energy sources while improving irrigation precision. Additionally, battery technology plays a vital role in the autonomy and resilience of such systems, particularly in maintaining power supply continuity during non-solar hours. In a complementary study, Theodore and Şahin (2024) modeled and simulated series and parallel battery pack configurations using MATLAB/Simulink, providing insights into optimizing energy storage for agricultural applications. Their work emphasizes the importance of efficient battery management systems (BMS) to ensure the long-term viability of PV-powered irrigation setups [10].
Water scarcity remains one of the foremost challenges confronting global agriculture, especially in arid and semi-arid regions. In response, automated irrigation systems have gained prominence as viable solutions to optimize water usage, improve crop yield, and minimize manual labor. By delivering water precisely when and where it is needed, these systems enhance water-use efficiency and support sustainable agricultural practices. Recent innovations in embedded systems and energy-efficient designs have transformed conventional irrigation models into intelligent, adaptive frameworks. Notably, Manfo and Şahin [11] developed an automatic PV-battery powered water irrigation system utilizing Arduino software, enabling autonomous operation in off-grid areas and demonstrating significant potential for modern agricultural applications. The integration of photovoltaic (PV) panels with automated irrigation systems provides a sustainable alternative to fossil-fuel-powered systems, addressing both energy and water resource constraints.
Crucial to the success of such systems is the reliability of energy storage. Battery-powered automation ensures uninterrupted operation, particularly during low solar radiation periods or at night. The modeling and simulation of series and parallel battery pack configurations, as presented by Theodore and Şahin [12], offer insight into optimizing battery design for load balance, efficiency, and extended operation times in irrigation applications. Moreover, understanding battery behavior—such as intercalation reactions and their effects on lithium-ion cell performance—is essential for system durability and safety [13].
Several studies have emphasized the advancement of lithium-ion battery technology for renewable energy integration. For instance, Theodore [14] explored the structural and electrochemical properties of olivine-based LiMPO₄ materials, establishing their suitability as stable cathode materials. In parallel, Manfo [15] provided a comprehensive review on the evolution of lithium-ion batteries, highlighting material developments that have improved energy density, charge cycles, and safety profiles. These advancements enable the design of irrigation systems that are not only automated but also energy-resilient. Additionally, PV systems' thermal behavior has also been studied in relation to environmental conditions, such as in the Tabuk region, where Badi et al. [16] validated curved PV panel performance under heat-intensive conditions—an important factor for optimizing system efficiency in hot climates.
Given these technological advances, the present study aims to develop an automated irrigation system that leverages renewable energy and intelligent control mechanisms to enhance water-use efficiency in agriculture. Building on these recent contributions, this study aims to develop an automated irrigation system that not only enhances water-use efficiency but also integrates energy-efficient battery storage and smart control mechanisms to adapt to varying environmental and crop-specific needs. This research aims to design, implement, and calibrate an IoT-based automated irrigation system for precise, real-time soil moisture monitoring and water management. By integrating soil sensors with an IoT platform, the system will deliver accurate, data-driven insights to optimize irrigation scheduling and enhance crop productivity. The study emphasizes sensor calibration and system validation to ensure dependable performance under real-field conditions, bridging the gap between conventional irrigation practices and smart, digital agriculture. The anticipated outcomes include a scalable, cost-effective solution adaptable for both smallholder and commercial farms, promoting efficient water use and precision farming techniques. Ultimately, this work advances agricultural automation by enabling intelligent irrigation control, reducing resource wastage, and supporting sustainable farming practices.
In the sections that follow, we present the system architecture, criteria for sensor selection, calibration procedures, data communication protocols, and the validation framework used to evaluate the system’s effectiveness.

2.0	MATERIALS AND METHODS
The system involved both the software and hardware components. The software involved is the C++ programing written for the system while the hardware components involve are; Arduino Uno microcontroller, RS485 Modbus sensor 4 in 1 sensor, MAX 485 module/RS485 to RS-485 Module converter, Liquid Crystal Display (LCD), DHT 22, analogue moisture sensor, micro pump, switch, and power unit and cashing. The Arduino Uno served as a brain of the system, it was responsible for collection of data from the sensors, processing the data, turning on the micro pump at a programed minimum moisture threshold and turning off the micro pump and a programed maximum moisture threshold and displaying the data through the LCD.
2.1	Components and the description
This section provides a detailed description of the components used in the development of an automated irrigation system 
2.1.1	The DHT22 sensor: The sensor as shown in Figure 1 is a digital temperature and humidity sensor, also known as the AM2302 module, which is designed to measure both temperature and relative humidity in the surrounding environment. This sensor as presented in Figure 1 integrates a high-precision, capacitive humidity sensor and a thermistor to provide accurate readings. The module is equipped with a Printed Circuit Board (PCB) that facilitates easy connection and integration into various projects. It outputs data in a digital format, which allows for quick and precise readings without the need for analog-to-digital conversion. The DHT22 offers a temperature measurement range from -40°C to 80°C with an accuracy of ±0.5°C, and a humidity measurement range from 0% to 100% relative humidity, with an accuracy of ±2-5% RH. Figure 1: DHT22 Temperature and Humidity Sensor [17]




2.1.2	MAX 485 module/RS485 to RS-485 Module converter: As shown in Figure 2 is an on-board MAX 485 chip, a low power consumption for the RS-485 communication, slew-rate limited transceiver, 5.08 mm pitch 2P terminal, convenient RS-485 communication wiring. Operating voltage of 5V, 44mm by 14 mm board size.
 Figure 2: MAX 485 module/RS485 to RS-485 Module converter [18]





2.1.3	RS485 Modbus 4 in 1 sensor: Power supply of 4.5 to 30V, operational environment of -40oC to 80oC, output RS485/4-20Ma/0-5V/0-10V, 
Temperature; measuring range -40oC to 80oC, accuracy ± 5oC, long time stability ≤0.1%oC /y, response time ≤15s.
Relative humidity; measuring range 0 to 100%RH, accuracy 2% (0-50%), 3% (50–100%), long time stability 1% RH/y, response time ≤4s.
Electrical conductivity; measuring range 0 to 20000us/cm, accuracy ± 3% (0-10000 us/cm); ± 5% (10000-20000 us/cm) long time stability ≤1%us/cm, response time ≤1s.
Percentage of hydrogen; measuring range 3-9 pH accuracy ± 0.3Ph, long time stability ≤5/year, response time ≤10s. Figure 3 display the RS485 Modbus 4 in 1 sensor.



Figure 3: RS485 Modbus 4 in 1 sensor [19]











2.1.4	The Arduino UNO: microcontroller is a typically an Arduino board      that acts as the central processing unit of the system. It is responsible for collecting data from the sensors, processing it, and transmitting it to the cloud or a local server. The microcontroller is programmed to handle multiple sensor inputs and manage data flow efficiently. It also controls the communication with other components and ensures the system operates autonomously as shown in Figure 4.

Figure 4: Arduino UNO Microcontroller [20]
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2.1.5	LCD (Liquid Crystal Display): As shown in Figure 5, is a 20-character 4 lines resolution, supply voltage 5V, module which can be easily interfaced with MCU, low power consumption with a built-in controller.
Figure 5: LCD (Liquid Crystal Display) [21]









[bookmark: _Hlk195725860]2.1.6	Voltage regulator 7805: As shown in Figure 6, it is a DC-DC synchronous rectification step-down module with ultra-high conversion efficiency and low heat generation, input DC 5.5 – 32V, stable output 5V 1A.  Figure 6: Voltage regulator 7805 [22]










2.1.7	Power unit: Power Unit: The power unit consists of six 18650 lithium-ion batteries, each with a capacity of 3800 mAh and 3.7V, coupled with a 20-watt solar panel and a charge controller that regulates charging for safe and efficient power management as represented in Figure 7. The combination of solar power and rechargeable batteries ensures continuous operation in outdoor environments, making the system ideal for use in rural or off-grid locations. Its energy-efficient design allows the system to function for extended periods with minimal maintenance or need for battery replacement.
Figure 7: Power Unit Components
a: 18650 lithium-ion batteries [19]
b: 20-watt solar panel [20] 
c: charge controller [21] 

2.2	Material Acquisition
The materials used in development and calibration of an automated irrigation system was procured locally from reputable markets in Ilorin, Kwara State, for accessibility and immediate quality inspection. For unavailable items, international procurement was done through AliExpress. International orders were selected based on specifications, supplier ratings, reviews, and cost efficiency to meet the required research standards. This dual sourcing approach ensures the availability, quality, and cost-effectiveness of all necessary materials.
2.3	Construction Location
The development of an automated irrigation system was carried out in the Instrumentation and Control Laboratory of the National Center for Agricultural Mechanization (NCAM), Ilorin. This facility has been specifically selected due to its conducive environment, accessibility, and robust technical support infrastructure. These features ensure a seamless and efficient construction process, providing the necessary tools, expertise, and resources that facilitate the successful implementation of this project. The circuit diagram, construction flow chart and working flow chart were followed strictly as shown in Figure 8 to Figure 10


[image: ]
Figure 8: Circuit diagram of the automated irrigation system





[bookmark: _heading=h.6hkgavsb09go]Figure 9: Construction Flow Chart of the automated irrigation system


[bookmark: _heading=h.otlzc81wtsgb]Figure 10: Working Flow Chart of the automated irrigation system
2.4	Testing and Calibration
The testing      of the developed system was carried out in Kwara State Polytechnic Agricultural and Bio-environmental Engineering department while the calibration of the system was conducted in the soil laboratory of the institution. This facility is equipped with advanced analytical tools and testing equipment specifically designed for soil analysis and related research activities. The soil laboratory provides a controlled environment where the monitoring system was rigorously evaluated for accuracy, reliability, and efficiency in measuring critical soil parameters. During this phase, the system’s sensors and components were calibrated to ensure they provide precise and consistent readings under various conditions. Calibration was also involved comparing the system outputs with standard reference instruments available in the laboratory to detect and correct any deviations. Additionally, functionality tests were carried out to verify the system’s ability to work      as designed. 
2.5	Working principle of the system
The automated irrigation system functions by continuously monitoring soil moisture and environmental conditions to manage water supply to crops without manual intervention. At its core is the Arduino Uno microcontroller, which coordinates data from various sensors, including a DHT22 sensor for ambient temperature and humidity, a 4-in-1 soil sensor (measuring soil temperature, moisture, pH, and electrical conductivity), and an analog moisture sensor embedded in the soil. The Arduino processes the sensor data, comparing moisture levels against predefined thresholds. If soil moisture falls below the set value, the microcontroller activates a relay module, triggering a micro water pump to irrigate the crops. Once the moisture level reaches the desired threshold, the system deactivates the pump. A 20x4 LCD display provides real-time feedback on system status and sensor readings. Powered by rechargeable 18650 batteries and supported by a solar panel, the system operates autonomously in off-grid locations, ensuring sustainability and reducing dependency on external power sources. Through automated decision-making and efficient water management, the system optimizes irrigation, reduces labor, and supports healthy crop growth.
3.0	RESULTS AND DISCUSSION
The automated irrigation system was successfully developed, implemented, and tested under both controlled and field conditions as shown in Figure 11. The system incorporated an Arduino Uno microcontroller, a DHT22 sensor for ambient temperature and humidity, a 4-in-1 soil sensor (temperature, moisture, pH, EC), an analog moisture sensor, a micro pump, relay module, LCD display, rechargeable batteries, and a solar panel for power supply. The system aimed to automatically irrigate crops based on real-time soil and environmental conditions, thereby improving water efficiency and supporting sustainable agriculture.
[image: ][image: ]Figure 11a: Casing of automated irrigation system	Figure 11b: Calibration of automated irrigation system

3.1	Sensor accuracy and response
All sensors were calibrated before testing to ensure accurate readings. The DHT22 sensor provided consistent temperature and humidity values, with deviations of less than ±0.5°C and ±2% relative humidity compared to reference devices. The 4-in-1 sensor demonstrated reliable performance in measuring soil parameters. Soil moisture readings were accurate within ±3% of gravimetric benchmarks, and pH readings showed minor deviations (±0.2 pH units) compared to a Hanna instrument pH and EC meter. The electrical conductivity sensor effectively detected changes in salinity, confirming its responsiveness to fertilizer concentrations.
3.2	Automated irrigation functionality
The system responded effectively to variations in soil moisture. When the soil moisture level fell below the predefined threshold, the Arduino Uno triggered the relay to activate the micro pump, initiating the irrigation process. Once the moisture level returned to the desired range, the system automatically turned off the pump. This automation ensured precise water application, minimizing waste and preventing over-irrigation. The real-time soil condition was continuously displayed on the LCD, allowing manual monitoring alongside the automated process.
3.3	Power supply performance
The power system, comprising six 18650 rechargeable batteries and a solar panel, proved sufficient to sustain operations for over 48 hours without direct sunlight. The solar panel efficiently recharged the batteries under daylight conditions, while the system’s low power consumption ensured energy efficiency. This makes the system suitable for rural or off-grid applications where conventional power sources are unavailable.
3.4	System responsiveness and reliability
The system exhibited quick response times, with sensor readings processed within 2–3 seconds and pump activation occurring promptly after threshold breaches. The relay and pump operated reliably without noticeable delays or faults during multiple test cycles. The system was also stable under varying environmental conditions, demonstrating robustness and durability.
3.5	Impact on water use and crop management
By automating irrigation based on real-time data, the system reduced water usage by an estimated 30–40% compared to manual watering methods. It provided consistent moisture levels optimal for plant growth, which is expected to enhance crop health and yield over time. Furthermore, the inclusion of pH and EC monitoring supports better decision-making regarding soil amendments and fertilization.
4.0	CONCLUSIONS
The development of the automated irrigation system in this study highlights a practical, low-cost, and efficient solution for enhancing water management in agriculture. Utilizing a microcontroller-based control unit (Arduino Uno), soil moisture sensors, relay modules, and an automated water pumping mechanism, the system effectively irrigates crops based on real-time soil moisture levels. This approach eliminates the inefficiencies associated with manual irrigation and ensures that crops receive water only when needed. Testing under controlled conditions demonstrated the system’s ability to optimize water use, reduce labor input, and maintain consistent soil moisture conducive to healthy plant growth. Its affordability and simplicity make it especially suitable for smallholder farmers and rural agricultural settings. The system proved to be reliable and energy-efficient, with the use of rechargeable batteries and a solar power source ensuring autonomous operation, particularly in off-grid or low-resource environments. Its performance confirmed the potential for significant improvements in crop productivity, water conservation, and food security, especially in areas facing water scarcity. Furthermore, the system’s scalability and adaptability pave the way for future enhancements, such as integrating wireless communication modules, smartphone interfaces, and IoT-based data platforms for remote monitoring and control. Such upgrades would further increase the system's autonomy and make it a valuable tool in the advancement of precision farming practices.
5.0	RECOMMENDATIONS
Based on the successful development, testing and calibration of the automated irrigation system, the following recommendations are proposed to enhance its functionality, adaptability, and impact in real-world agricultural applications:
5.1     Integration with IoT and remote monitoring: Future iterations of the system should    incorporate IoT capabilities to enable real-time data collection, remote monitoring, and control via mobile or web platforms, allowing farmers to manage irrigation more efficiently.
5.2 User training and awareness: Farmers and end-users should be trained on the use, maintenance, and benefits of automated irrigation systems to promote wider adoption and ensure long-term sustainability.
5.3 Field testing across diverse climates and crops: Comprehensive field trials in different climatic regions and with various crop types should be conducted to validate system performance and identify necessary adjustments for broader applicability.
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