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Design and Development of a Solar Controller for Irrigation and Farm Appliances

[bookmark: _GoBack]ABSTRACT 
This study aims to design, develop, and evaluate a smart solar pump controller to optimize solar energy utilization for irrigation and auxiliary agricultural equipment, thereby reducing energy wastage and improving efficiency in solar-powered farming systems. An experimental prototype was developed at the Department of Farm Machinery and Power Engineering, IGKV, Raipur, between January 2025 and July 2025, integrating a 2.2 kW solar photovoltaic (PV) system with a custom-designed controller, submersible pump, and various agricultural gadgets. The controller, featuring DC changeover and MPPT functionality, redirects solar power when irrigation is not required. Performance testing involved hourly measurement of voltage and current for both the pump and auxiliary devices, including a BLDC motor-driven flour mill, under no-load and load conditions using a digital voltmeter and DC ammeter. The controller successfully managed power distribution, maintaining voltage for the flour mill between 44-46 V with current varying from 1.64 to 2.51 A under no-load, while the submersible pump received 150-160 V and 7-10 A, delivering 1.3-1.46 kW and stabilizing at 1600 RPM. These results demonstrate the controller’s ability to regulate voltage and current effectively, maximizing energy utilization and ensuring stable performance across different loads. The developed system provides a reliable, efficient, and sustainable solution for rural agriculture, enabling simultaneous operation of irrigation and auxiliary equipment, reducing energy wastage, and enhancing the economic and environmental benefits of solar PV systems.
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INTRODUCTION 
As per Delhi EEREM, India receives over 5,000 trillion kWh of solar energy annually, which is far greater than its total energy consumption. With daily solar radiation ranging from 4-7 kWh/m² and about 250-300 sunny days each year, the country has highly favourable conditions for solar power. Considering its rapidly growing energy demand, India holds one of the greatest potentials for large-scale solar development (Vanitha et al., 2019).
 Solar water pumping systems, usually 3 hp or 5 hp, are promoted by both central and state governments. By 2019, about 1.8 lakh pumps were installed in India, with Chhattisgarh and Rajasthan leading. By 2024, Chhattisgarh alone had over 1.19 lakh pumps under the highly subsidized Saur Sujala Yojana, while Rajasthan also showed rapid growth. National schemes like PM-KUSUM and JNNSM, offering 30-95% subsidies, have boosted adoption. Between 2019 and 2023, Rajasthan’s installations grew by 123% and Chhattisgarh nearly doubled. These efforts highlight the government’s push for solar energy in agriculture, valued for being renewable, low-maintenance, and ideal for rural areas without reliable electricity (Gad et al., 2020).
As per a survey conducted by the Ministry of New and Renewable Energy (MNRE), solar energy is available for approximately 300 days annually, yet solar pumps remain unused for 200 to 220 days, resulting in a substantial loss of potential energy utilization. Solar panels produce electricity whenever there is sunlight, but if irrigation is not needed and no storage is available, this energy is wasted. Most controllers send all the power only to the pump, so when the pump is off, extra energy is lost. Studies show that 80-95% of the solar energy from such systems often goes unused, showing a big drawback of traditional solar pumping (Keskar et al., 2023).
This limited usage leads to inefficiencies, as a large portion of the energy generated by the photovoltaic (PV) panels remains unused when irrigation is not required. To address this challenge, there is a need to develop an intelligent solar pump controller capable of optimizing energy consumption and maximizing the utility of surplus solar power.
Design and development of solar controller 
The development of a solar water pumping system involves the integration of key components including solar panels, a submersible pump, a solar controller, and various agricultural gadgets to create a reliable, eco-friendly solution for water supply and farm operations without dependence on grid electricity or fossil fuels. The design of the solar photovoltaic (PV) system requires careful attention to panel selection, mounting structure, system sizing, and efficiency analysis to ensure optimal performance. A central feature of this project is the custom designed solar pump controller, which plays a critical role in maximizing the utility of the solar energy produced.
 The controller is primarily configured to operate a DC submersible solar pump for irrigation. However, when irrigation is not required, the same solar energy is intelligently redirected to power other agricultural equipment such as sprayers, chaff cutters, and grinders. This is made possible through an integrated changeover mechanism, which allows for manual switching of power between the pump and auxiliary devices based on operational needs. The system not only ensures efficient energy utilization and enhanced flexibility but also supports sustainable agricultural practices by making full use of the available solar resource.
Components used in controller
The solar controller system is made up of several essential components that work together to efficiently control and distribute the power generated by solar panels.
MCB (DC miniature circuit breaker) 
A DC MCB is a protective device designed to automatically disconnect the solar array from the rest of the system in case of overcurrent or short circuit. It plays a crucial role in ensuring electrical safety by preventing damage to system components due to faults or overloading commonly encountered in solar DC applications.
Motherboard (solar controller main PCB)
The motherboard, often referred to as the main printed circuit board (PCB) of the solar controller, acts as the central platform that interconnects all major electrical components. It houses control circuitry, power conversion elements, protection devices, and relay drivers, integrating power management and signal processing functionalities required for the efficient operation of the solar controller.
Heat sink 
A heat sink is a metallic component (usually aluminum or copper) attached to power electronic devices such as MOSFETs or voltage regulators on the controller's motherboard. It dissipates heat generated during operation, maintaining optimum temperature levels for sensitive electronics and thereby enhancing reliability and extending component lifespan.
Panel box 
The panel box serves as a protective enclosure where electrical connections from multiple solar panels are consolidated. It may house fuses, MCBs, terminal blocks, surge protection devices, and wiring for neat and secure assembly. The box provides environmental protection, insulation, and easy access for maintenance or inspection.
DC changeover
A DC changeover is a crucial component in solar powered systems that enables the switching of power supply between multiple DC operated devices. In this project, the DC changeover mechanism allows solar energy when not being used for the DC submersible pump to be redirected to other agricultural gadgets such as sprayers, chaff cutters, or flour mill. This system can be operated manually. This ensures continuous utilization of solar energy, reduces energy wastage, and improves overall efficiency of the PV system.

	            [image: A white circuit breaker with black switches

AI-generated content may be incorrect.]
	            [image: A blue and black mechanical device

AI-generated content may be incorrect.]

	Fig. 1. DC Miniature circuit breaker

	Fig. 2.  DC changeover




Design and Operation of the Proposed Solar Controller System
The proposed solar controller system is designed to efficiently manage solar power distribution between a submersible pump and other agricultural or domestic gadgets. The system comprises a 2.2 kW solar PV array connected to a solar pump controller equipped with MPPT functionality and multiple protection features. The controller receives DC input from the solar panels and regulates it, ensuring optimal power output. The output of the controller is routed through a changeover box (MCB or switch) which allows the operator to manually select between two modes of operation:
Submersible Pump Mode: When irrigation is required, the power is directed to a DC submersible pump (rated at 160V, 10A max) for water pumping.
Agricultural Gadget Mode: When the pump is not in use, the same solar power can be diverted to run agricultural machinery, such as a small motor-based gadget or tool.
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   Fig. 3. Schematic diagram of the solar controller system
Measurement of current
The current (A) (in amperes) generated by the PV array under both tracked and non-tracked conditions was recorded hourly on a sunny day, using a DC ammeter with a range of 0 to 20 amperes. The ammeter was directly connected to the power output terminals of the PV array to accurately measure the output current.
Measurement of voltage
The voltage (V) generated by the PV array under both tracked and non-tracked conditions was recorded hourly on a sunny day using a digital voltmeter. The voltmeter was directly connected to the power output terminals of the PV array to measure the output voltage accurately.
RESULTS AND DISCUSSION
The system employs a 2.2 kW PV array feeding a smart controller that stabilizes voltage and current and routes power via a changeover switch either to a submersible irrigation pump or to farm tools such as a flour mill, as needed. Installed with care, the setup includes protections against under/over‑voltage, over‑current, dry‑run, and overheating to safeguard equipment and ensure reliable performance. During commissioning, electrical measurements verified stable operation under varying sunlight. The flour mill was tested both without grain and under load with grain to assess real‑world behavior. Across these scenarios, the controller maintained steady output and smooth load transitions. Overall, tests confirmed consistent, dependable operation for irrigation and productive farm uses.
Detail of developed controller
The developed solar pump controller is a vital component of the solar-powered system, receiving input directly from PV panels and regulating power for safe and reliable operation. A key feature is its built-in changeover switch, which allows users to direct power either to a submersible pump for irrigation or to agricultural equipment such as a flour mill. This flexibility ensures optimal utilization of solar energy, making the controller central to power management, protection, and efficient energy use in both agricultural and domestic applications.
Performance of controller
The performance of the developed solar pump controller was evaluated through prototype testing. Each solar panel produced an output of 46 V, and when four panels were connected in series, the total input voltage supplied to the controller was around 180 V. The controller was equipped with a changeover switch that allowed power to be supplied either to a submersible pump or to an agricultural gadget such as a flour mill. The submersible pump required about 160 V for proper operation, while the agricultural gadget required only 46 V. The controller efficiently managed these different voltage requirements by regulating the input power and delivering it according to the selected output. During testing, the output voltage was carefully monitored for both applications, confirming the controller’s ability to safely operate the pump as well as the flour mill, and to make full use of the available solar energy.

 Fig. 4. present the variation in output voltage of the controller for the submersible pump under no-load conditions, measured hourly from 11:00 AM to 4:00 PM. The recorded voltages ranged between 161 V and 164 V, with a mean value of 162.33 V, a standard deviation of 1.14, and a coefficient of variation (CV) of 0.007. These statistical values indicate very low variability in the output, reflecting the stability of the controller. The voltage gradually increased from 161 V at 11:00 AM to 164 V at 2:00 PM, corresponding to the period of maximum solar irradiance, and then slightly declined to 162 V by 4:00 PM as sunlight intensity reduced. The graph shows a clear trend of rising voltage with increasing solar intensity during midday, followed by a slight decrease in the late afternoon. This consistent and narrow voltage range demonstrates the ability of the controller to regulate power effectively and maintain the required voltage close to the pump’s operating need of 160 V, ensuring reliable performance despite fluctuations in solar radiation.
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Fig. 4. Variation of output voltage (V) of the controller at hourly intervals for the submersible pump

 Fig. 5. present the variation in output voltage of the controller for the flour mill terminal under no-load conditions, measured hourly from 11:00 AM to 4:00 PM. The voltage ranged between 44 V and 46 V, with a mean value of 45 V, a standard deviation of 0.89, and a coefficient of variation (CV) of 0.019. These values indicate that the output remained highly stable, with only minor fluctuations during the observation period. The graph shows that the voltage increased gradually from 44 V at 11:00 AM to 46 V at 1:00 PM, corresponding to peak solar irradiance, and then remained nearly steady until 3:00 PM before dropping slightly back to 44 V by 4:00 PM as sunlight intensity declined. This consistent voltage profile demonstrates the ability of the controller to regulate power effectively, ensuring that the flour mill receives its required 46 V for smooth operation. Such regulation is particularly important, as even small voltage drops could affect the efficiency of agricultural gadgets. Hence, the controller successfully provides a reliable and stable power supply for secondary agricultural applications in addition to pumping.
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Fig. 5. Hourly variation of controller output voltage (V) for the flour mill system

The results indicate that the developed solar pump controller effectively regulated power for both the submersible pump and the flour mill. It maintained stable voltage levels despite variations in solar irradiance, ensuring reliable operation of both high-voltage and low-voltage devices. The integrated changeover switch enabled flexible utilization of solar power, either for irrigation or for operating agricultural gadgets, thereby maximizing the use of available energy. This dual functionality demonstrates the controller’s adaptability to diverse farm requirements and its potential to reduce dependence on conventional energy sources.
Overall, the findings confirm that the developed controller can serve as a multifunctional and reliable solution for solar-powered agricultural operations, contributing to improved productivity and energy efficiency in rural applications.
Testing of controller for submersible pump
The performance of the solar pumping system was evaluated by recording operational data from the controller’s built-in display. During testing, the output voltage ranged between 150 V and 160 V, while the current varied from 7 A to 10 A, corresponding to a power output of 1.3-1.46 kW. These values confirm that the system can deliver sufficient power for reliable operation of the submersible pump under normal solar conditions.
The rotational speed of the pump was also monitored using the controller’s integrated RPM display. At startup, the pump operated at a lower speed as the controller stabilized the voltage, after which it reached a steady operating speed of 1600 RPM. This highlights the controller’s critical role in managing the startup process and ensuring stable and safe pump operation.
Testing of Controller for Flour Mill
The flour mill was tested under no-load conditions to evaluate the baseline electrical performance of the solar pump controller. In this test, the motor was allowed to run freely without any mechanical resistance, enabling observation of its natural operating behavior when powered through the controller.
	The graph in Fig. 6 illustrates the variation of voltage and current during the test. The voltage output remained stable within a narrow range of 44-46 V, indicating that the controller effectively regulated the supply voltage despite natural variations in solar input. In contrast, the current exhibited minor fluctuations, starting at 1.64 A, gradually rising to a peak of 2.51 A, and then slightly decreasing to 2.11 A by the end of the observation period. This trend reflects the initial stabilization of the motor during startup, followed by a steady-state operation with reduced current demand.
	Overall, the results confirm that the controller successfully maintained a consistent voltage output while accommodating small current variations inherent to no-load operation. This demonstrates its reliability in supplying stable power to auxiliary agricultural equipment, such as the flour mill, thereby validating its suitability for multipurpose agricultural applications.

Fig. 6. Graph of voltage and current for flour mill

CONCLUSION
This study demonstrates the potential of solar photovoltaic technology to address the growing energy demands of the agricultural sector through sustainable solutions. A solar pump controller was successfully developed and evaluated, showing reliable performance in operating both a submersible pump and auxiliary agricultural equipment. The controller ensured stable voltage regulation under varying operating conditions, thereby validating its effectiveness as a multifunctional system. These findings confirm its suitability for improving energy efficiency, reliability, and adaptability in agricultural applications.
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