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Abstract. The demand for renewable energy continues to increase alongside the depletion of fossil resources and the growing awareness of the importance of using environmentally friendly energy. One potential solution to meet this demand is by utilizing solar panels as a source of electricity. This study aims to design and build a Smart Inverter and Automatic Transfer Switch (ATS) system based on the Internet of Things (IoT) to optimize the use of solar energy efficiently and automatically. The developed system uses an Arduino Mega microcontroller equipped with an ESP8266 module to support IoT connectivity, and utilizes PZEM-004T and ACS712 sensors for accurate monitoring of electrical parameters. Remote monitoring and control of the system are carried out through the Blynk platform, which is directly connected to the user's mobile device. The system can automatically detect the power supply condition from either the solar panels or the PLN grid, switch the power source automatically via the ATS module, and adjust the inverter output according to the current load requirements. The designed inverter is also equipped with intelligent features such as automatic energy conversion with plug and play capability, remote inverter control, real-time voltage monitoring, self-awareness ability to detect internal faults or damages, battery management combined with load reduction to maintain device durability, and adaptability that enables the inverter to work harmoniously with other devices in the system to overcome imbalances and maintain stable power distribution. Testing results show that the system operates stably and automatically, while providing ease of monitoring and remote control. Thus, the IoT-based Smart Inverter and ATS system developed in this study has great potential to increase the efficiency of solar energy utilization as well as strengthen the reliability of electricity supply, especially in areas prone to power outages.
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INTRODUCTION
Electric energy in the modern era has developed rapidly since its discovery and has become not only a subject of research but also the main driving source for human activities such as heating, driving, lighting, and automation. The demand for electricity in Indonesia continues to grow by an average of 6.9% per year, while the availability of fossil fuels as the primary energy source continues to decline. To overcome this challenge, the Indonesian government has targeted 31% utilization of New and Renewable Energy (NRE) by 2050[1], [2]. At the same time, global issues such as climate change and greenhouse gas emissions from fossil fuel consumption further emphasize the urgency of developing Renewable Energy Sources (RES) including solar, wind, hydro, and biomass[3], [4], [5]. Among them, solar energy has great potential in Indonesia due to its tropical location, with an average solar irradiation of 4.8 kWh/m² per day, equivalent to a potential of 207,898 MW[6], [7].
Despite this high potential, the utilization of solar energy in Indonesia remains limited. Conventional solar panel systems still face several challenges, particularly in power management, real-time monitoring, and automated switching between power sources. These limitations reduce the overall efficiency and reliability of solar energy systems, especially in conditions of fluctuating irradiation or unexpected grid outages[8], [9]. In addition, existing inverters in conventional systems mainly function to convert DC to AC but do not provide intelligent features such as fault detection, automatic protection, or adaptive control. Similarly, Automatic Transfer Switch (ATS) systems often rely on manual or semi-automatic operation, which can cause delays in power recovery during outages[10], [11].
Several recent studies have demonstrated technological advances in integrating smart inverters and ATS with IoT. For example, an ATS system integrated with the Blynk IoT platform achieved fast switching delays of only 20–26 ms[12]. A Smart Home system with ATS and Automatic Battery Charging (ABC) also showed reliable performance with 2–4 s switching response and real-time monitoring via IoT[13]. Furthermore, Nagesh et al. (2025) introduced an automatic hybrid solar power inverter with IoT-based real-time monitoring through mobile applications[14]. Meanwhile, a comprehensive review highlighted challenges such as interoperability, cybersecurity, and regulatory issues that still hinder the full adoption of next-generation smart inverters[15]. These findings confirm the need for further research to develop systems that combine intelligent inverter functions, reliable ATS switching, and seamless IoT-based monitoring.
To address these challenges, this study proposes the design and development of a Smart Inverter integrated with an Automatic Transfer Switch (ATS) based on the Internet of Things (IoT). The smart inverter is designed to operate efficiently with features such as automatic plug-and-play energy conversion, real-time voltage and current monitoring, intelligent protection against overheating and low battery conditions, and adaptability to load variations. The ATS module is designed to switch automatically between solar panels, batteries, and the utility grid, ensuring uninterrupted power supply. Furthermore, IoT integration using the ESP8266 module and Blynk platform enables remote monitoring and control via mobile devices, allowing users to access system status anytime and anywhere. The main contributions of this paper are: (1) developing an IoT-based smart inverter system with advanced monitoring and protection features, (2) integrating ATS for reliable automatic power source switching, and (3) validating the system’s performance through testing under various load and supply conditions.
METHODS
System Design
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FIGURE 1.Comprehensive System Flowchart
This flowchart illustrates the workflow of the IoT-based Smart Inverter and ATS system, which starts with system activation. Electrical energy is generated by the solar panel and regulated by the solar charger controller to charge the battery, which then supplies power through the inverter along with backup power from the PLN to meet the load demand. The Arduino Mega microcontroller controls the entire system by reading data from the DS18B20 temperature sensor, ACS712 current sensors on the solar panel and battery, as well as PZEM modules to monitor electrical parameters on the inverter and load. Monitoring data is transmitted via the ESP8266 module to the internet, allowing users to access and control the system in real-time through the Blynk application on Android devices or a web dashboard. This system ensures an efficient, stable, and remotely monitored power supply.
Inverter Circuit Schematic
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FIGURE 2.Inverter circuit schematic
The Smart inverters are generally as inverters which are charged through solar energy and which can perform solar tracking[16]. An inverter is an electronic device that works on the principle of converting a Direct Current (DC) power source into an Alternating Current (AC) power source. The inverter can be used by utilizing a DC power source from a battery[17]. An inverter is considered smart if it operates efficiently and automatically with minimal operator intervention. Its functions go beyond DC to AC conversion, including automatic plug-and-play energy conversion that allows the system to be used immediately without manual configuration, as well as real-time detection of current, voltage, and temperature. The inverter can be remotely controlled via the Blynk app or Web Dashboard. The system monitors battery voltage, disconnects the load if it drops below 10V, switches to the grid via ATS, and reactivates when stable. The self-awareness feature detects overheating and provides automatic protection with notifications. Its adaptability adjusts operation according to load and disturbances, along with intelligent relay control. The inverter must also cooperate with other devices to maintain system stability. The inverter is integrated with an ESP8266 microcontroller, which enables remote monitoring and control via a smartphone application. The Blynk platform is used to display real-time data such as voltage, current, power, frequency, and power factor[18].
	SelfAwareness Components
	Status
	System Implementation

	Condition Monitoring (CM)
	Active
	Temperature is monitored in real-time, and data is stored in the database.

	Diagnostics
	Available
	Temperature and system behavior are recorded, enabling analysis of disturbance causes.

	Diagnostics
	Available
	The system provides warning notifications before the temperature reaches a critical point to prevent damage.


TABLE 1.Overview of Self-Awareness Components in the System


Design Automatic Transfer Switch (ATS)
ATS stands for Automatic Transfer Switch. Based on the meaning of these words, ATS is a switch that operates automatically. Its automatic operation occurs when the power supply from the utility (PLN) is interrupted or experiences a blackout, at which point the switch transfers to another power source, such as an inverter[19]. The design of the Smart Automatic Transfer Switch (ATS) Electric Energy Monitoring System as an Energy Efficiency Effort Based on the Internet of Things (IoT) aims to improve the efficiency of electrical energy use by utilizing IoT technology. The system is designed to automatically switch electricity sources between the main provider, such as PLN, and backup sources, such as generators or solar power plants (PLTS), when there is a disruption in the main electricity supply[20]. The Automatic Transfer Switch (ATS) system will also be implemented using the NodeMCU ESP32 Microcontroller which hopes to be more effective because this Microcontroller has been designed as an IoT-based Microcontroller with a Wifi module that is already attached to the NodeMCU ESP8266[21].
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FIGURE 3. Flowchart ATS System
This system is designed to use solar panels as the primary power source, with batteries as backup, and the utility grid (PLN) as the last resort (backup). The energy source selection is performed automatically based on the voltage of the solar panels and the batteries, with the following conditions: (1) If the solar panel produces a voltage > 15 V and the battery is < 10 V, the load remains supplied by the inverter because the panel still has enough energy to charge the battery; (2) if the panel is < 15 V and the battery is > 11 V, the system continues to use the inverter because the battery is still capable of supplying the load; and (3) if the panel is < 15 V and the battery is < 10 V, the system automatically switches to the utility grid (PLN) as the final backup.						If the battery voltage is in the range between 10 V and 11 V, the system will not switch the power source (it remains on the previous source) to avoid excessive switching due to voltage fluctuations. The 10 V / 11 V threshold means that if the battery voltage drops below 10 volts, the system will switch to the utility grid (PLN), and if the battery voltage rises above 11 volts, the system will switch back to the inverter.


TABLE 2. Test results of the ATS system
	No
	Test Condition
	Solar Panel Voltage (V)
	Battery Voltage (V)
	Active Source
	Output to Load
	ATS Status
	Remarks

	1
	Condition A
	20 V
	12.7 V
	Inverter
	Load ON
	Not switching
	Panel and battery meet the requirements

	2
	Condition B
	12.6 V
	11.9 V
	Inverter
	Load ON
	Not switching
	Weak panel, battery sufficient

	3
	Condition C
	20 V
	10 V
	Inverter
	Load ON
	Not switching
	Panel meets requirements, battery weak

	4
	Condition D
	5 V
	5 V
	Utility grid (PLN)
	Load ON
	ATS switches to PLN

	Panel and battery insufficient


[bookmark: _heading=h.5lbv2dcz0ubb]The test results show that the ATS system is capable of automatically switching power sources quickly without disrupting load continuity. This response time is consistent with the study by Saputro et al.[21], which reported a switching delay of 20–26 ms using an IoT-based ATS, although the present research places greater emphasis on integrating the ATS with a smart inverter to ensure power supply reliability.

System Design Internet of Things (IoT)
The Internet of Things (IoT) is a concept that aims to extend the benefits of continuous internet connectivity. Basically, IoT (Internet of Things) refers to objects that can be uniquely identified as virtual representatives within an internet-based structure. The way IoT works is through automatic interaction between connected machines without user intervention, regardless of the distance between them.[22], [23]. The implementation of a smart inverter was proposed in [8] i.e a solar charged inverter that uses Wi-Fi technology to engage in a two way communication with the user, informing the user of both, the inverter as well as run time of the loads which the user chooses to run. Furthermore, wireless control of loads is implemented to increase human comfort [24].  Based on research that applies IoT technology using the ESP8266 Wifi module, so that it can send data to a computer device, but the distance that can be reached is only limited to the ability of the wifi module used (the computer must be connected to the wifi contained in the monitoring tool). Backup system / backup is absolutely necessary in electronic devices that require uninterrupted electrical energy. Reserves are used to replace PLN's main source[25].
Based on the description of the problems above, the research focuses on designing an IoT-based monitoring system that can send data to a database server, so that it can be monitored in real time by an Android smartphone anywhere and anytime without being constrained by distance. The PZEM-004T is a sensor that can be used to measure RMS voltage,RMS current, and active power, and it can be connected through Arduino or other open-source platforms. The physical dimensions of the PZEM-004T board are 3.1×7.4 cm[26].The monitoring system is connected via an ESP8266 WiFi connection, allowing data from the ACS712 sensor and the PZEM004T sensor to be displayed on the Arduino Mega 2560 serial monitor and simultaneo usly shown in real-time on the Blynk dashboard and smartphone for monitoring purposes. 



Blynk is a platform for iOS and Android operating systems that serves as a controller for Arduino, Raspberry Pi, ESP8266, and other similar devices via the internet [27], [28]. The testing process involves several important stages to ensure that the system functions properly. These stages include testing the WiFi connection to confirm the device can successfully connect to Blynk through the ESP8266, verifying that the sensor parameter readings displayed on the Serial Monitor match those shown on the smartphone and web dashboard to guarantee the accuracy of the IoT system, and testing real-time updates to ensure that the values in the Blynk application are periodically refreshed[28].
[image: ]
FIGURE 4.Smart inverter OFF condition
In OFF mode, the inverter is in standby condition and does not supply power to the load. This is indicated by the control button on the application showing the status as “OFF,” and the absence of current and power on the load side. The solar panel voltage (PV Volt) reads 0.0 V, and the panel power (PV Power) also shows 0.0 W, indicating that the panel is either not connected or not receiving sunlight. The load power is also 0 W, and the load current is nearly zero, confirming that no power is being consumed. The system temperature is at 28.2°C, indicating a cool state since the system has not yet started operating. In this mode, the system functions solely to monitor status without distributing any energy.
[bookmark: _heading=h.ltb9tineizni][image: ]
FIGURE 5.Smart inverter in ON condition
In the ON condition, the application button displays the status "ON", indicating that the inverter system has been activated. However, at this moment, the solar panel is either not connected or not generating power, as indicated by the PV Volt reading of 0.0 V and PV Power of 0.0 W. Despite this, the inverter continues to supply power to the load with an output voltage of 220V, inverter current of 5.4A, and a load power of 5.4W, which most likely comes from the battery as the backup source. The system temperature is recorded at 28.1°C, indicating that the inverter has just been turned on and the components are still cool. This demonstrates that the system is capable of supplying power even when the solar panel is inactive, supporting the smart inverter’s functionality with automatic alternative power sourcing.
The developed system is also capable of performing automatic protection when the temperature exceeds the threshold and when the battery voltage is low, and it can be monitored in real time through the Blynk application. These results are comparable to the study by Maghfiroh et al.[29], which implemented IoT-based monitoring in a Smart Home with ATS, but this research adds intelligent protection functions as well as adaptive control for load variations.
System Testing
System testing was conducted to ensure that the performance of the features aligns with the designed specifications. One of the main features tested was remote inverter control using the Blynk application and web dashboard. The test results showed that the system can activate and deactivate the inverter responsively via mobile devices without significant issues. The automatic temperature control feature was also tested by gradually heating the system. When the temperature exceeded the set threshold, the system successfully cut off the load to prevent overheating. After the temperature stabilized, the system automatically reactivated the inverter. This indicates that the temperature protection logic works well and effectively maintains system stability. The ACS712 sensor was used to monitor current in real-time. 
Testing showed that the sensor could read load current steadily and send data to the NodeMCU for display on the dashboard. When a current surge beyond the normal limit occurred, the system detected the change and responded according to the programmed logic. Tests were also performed under low voltage conditions. The system successfully detected voltage drops and implemented protection by temporarily cutting the output, then reactivating once the voltage returned to normal. This demonstrates that the system can adapt to electrical disturbances. All important parameters such as temperature, current, and inverter status can be monitored through the web-based interface and Blynk application, allowing users to stay connected to the system remotely, even when out of town or abroad. Data logging via USB-serial was also successfully carried out for local monitoring purposes.
The overall system testing was conducted to evaluate the performance, reliability, and integration of all components, including the inverter, ATS, sensors, IoT connectivity, and protection features. This comprehensive test aimed to ensure that the system operates effectively under various scenarios and load conditions.
Key aspects of the testing included:
· Functional Testing: Verifying the ability of the system to switch power sources automatically based on voltage thresholds, and ensuring seamless transitions between solar, battery, and PLN power.
· Stability Testing: Running the system continuously under different load conditions to monitor temperature, voltage, and current stability using ACS712 and PZEM004T sensors.
· IoT Monitoring: Ensuring real-time data transmission to the Blynk dashboard via ESP8266, allowing remote monitoring and control through a smartphone.
· Protection Testing: Validating that safety components such as MCBs and relays respond effectively to overcurrent or overheating conditions.
· Control System Testing: Confirming that the Arduino Mega and switching relays function correctly in managing power flow and system logic.
[bookmark: _heading=h.yg9xbec8rrua]The test results showed that the entire smart inverter system, including the ATS and IoT-based monitoring, functioned reliably and was able to respond dynamically to changes in power availability and load demands.
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FIGURE 6.Blynk dashboard display on the website
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FIGURE 7.Blynk dashboard display on the Android application
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FIGURE 8.Blynk dashboard display on the website

TABLE 3.Results of System Continuity Testing
	No
	Test Time
	Solar Panel Voltage (V)
	Battery Voltage (V)
	Inverter Temperature
(C)
	Active Source
	Load Output
	ATS Status
	Remarks

	1
	08:00

	13.07V
	12.27V
	25.7 C
	Inverter
	Load Off (Lamp, Bulb 2)
	Not Switched
	Battery insufficient, system does not charge battery

	2
	
09:00
	14.20V
	11.44V
	25.2 C
	Inverter
	Load On (Lamp, Bulb 2)
	Not Switched
	Battery charging, system starts charging battery

	3
	
10:00
	17.33 V
	11.46 V
	30.6 C
	Inverter
	Load On (Aroma Diffuser and CCTV)
	Not Switched
	Battery charging, system continues charging battery

	4
	11:00

	20.14 V
	11.61V
	32.1 C
	Inverter
	Load On (Lamp, Bulb 2)
	Not Switched
	Panel and battery sufficiently supplying load

	5
	12:00

	20.11V
	11.71V
	30.6 C
	Inverter
	Load On (Aroma Diffuser and CCTV)

	Not Switched
	Panel and battery sufficiently supplying load

	6
	13:00

	18.33V
	11.39V
	32.9 C
	Inverter
	Load On (Lamp, Bulb, and Laptop)

	Not Switched
	Panel and battery sufficiently supplying load

	7
	14:00
	17.69 V
	11.95 V
	34.8 C
	Inverter
	Load On (Aroma Diffuser)
	Not Switched
	Panel and battery sufficiently supplying load

	8
	15:00
	17.18 V
	11.53 V
	34.8 C
	Inverter
	Load Off (Lamp, Bulb 2)
	Not Switched
	Panel and battery sufficiently supplying load

	9
	16:00
	14.76 V
	11.46 V
	33.0 C
	Inverter
	Load On (CCTV 1)

	Not Switched
	Battery charging

	10
	17:00
	14.81 V
	10.80 V
	31.2 C
	Utility Grid (PLN)
	Load On (Lamp)
	Switched
	Panel and Battery do not meet the requirements



In addition, the test results prove that the smart inverter is able to maintain the efficiency of the power supply from solar panels, batteries, and the utility grid. These findings support the study by Nagesh et al.[30], who developed an IoT-based hybrid inverter; however, this research provides a further contribution through the full integration of the smart inverter, ATS, and IoT monitoring into a single centralized system. The findings of this study are also consistent with recent literature reviews[31], which emphasize the importance of next-generation smart inverters with protection features, real-time communication, and IoT integration. This research provides implementative evidence that such a concept can be realized on a small scale with stable performance.
CONCLUSION
This study successfully designed and developed a smart inverter integrated with an Automatic Transfer Switch (ATS) based on the Internet of Things (IoT) to optimize the utilization of solar energy. The system features real-time monitoring, automatic plug-and-play energy conversion, intelligent protection, and adaptive control, with seamless switching between solar panels, batteries, and the grid to ensure a stable power supply. Experimental results demonstrated that the system operates efficiently, reliably, and can be controlled remotely via the Blynk application, showing great potential to improve renewable energy utilization and enhance electricity reliability, particularly in areas prone to power outages.
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