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Abstract: This study presents the design, implementation, and performance analysis of a smart 
Automatic Transfer Switch (ATS) based on Low Voltage Disconnect (LVD) for reliability 
enhancement in hybrid Solar Photovoltaic (PV) and grid-connected power systems. The proposed 
system is developed to enable automatic switching between renewable energy sources (solar PV) 
and conventional utility grid supply based on real-time battery voltage conditions. The LVD 
mechanism serves as the primary control component to disconnect or reconnect the load when 

the battery voltage falls below or exceeds predefined thresholds, ensuring continuous power 
supply without manual intervention. Experimental results demonstrate that the system operates 
with high measurement accuracy, with battery voltage deviation ranging from 0.03 to 0.05 V and 
an average accuracy exceeding 99.8%. Furthermore, the LVD protection mechanism exhibits a 
fast response time between 0.45 and 0.60 seconds, indicating effective detection of under-voltage 
conditions and seamless transfer to the grid source. The developed ATS-LVD system 
successfully enhances the operational reliability of hybrid power systems, protects energy storage 
from deep discharge conditions, and ensures power availability for end users. 

Keywords: Automatic Transfer Switch (ATS), Low Voltage Disconnect (LVD), Solar 

Photovoltaic (PV), Hybrid Power System, Grid Connection, Reliability Enhancement, Battery 
Protection, Renewable Energy Integration 

1. INTRODUCTION 

The rapid growth of electric vehicles (EVs) has become a key component of global 

strategies aimed at reducing greenhouse gas emissions and mitigating climate change. 

Transportation accounts for a significant portion of worldwide carbon emissions, 

motivating governments and industries to accelerate the adoption of electrified 

transportation systems [1], [2]. The successful deployment of EVs, however, depends 
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not only on vehicle technology but also on the availability of reliable charging 

infrastructure. Consequently, Electric Vehicle Charging Stations (EVCSs), commonly 

referred to as Electric Vehicle Supply Equipment (EVSE), have emerged as critical 

elements in supporting large-scale EV adoption [3], [4]. 

In recent years, the integration of renewable energy resources into EV charging 

infrastructure has received considerable attention. Solar photovoltaic (PV) technology 

is particularly attractive due to its declining installation costs, scalability, and 

environmentally friendly operation [5], [6]. Solar-powered charging stations can reduce 

dependence on conventional utility grids while contributing to the decarbonization of 

transportation systems [7]. Furthermore, the integration of battery energy storage 

systems (BESS) enables excess solar energy to be stored and utilized during periods of 

insufficient solar generation, thereby improving energy utilization and operational 

flexibility [8], [9]. 

Despite these advantages, hybrid PV-grid charging systems face several 

operational challenges. Solar power generation is inherently intermittent because it 

depends on weather conditions and solar irradiance levels [10]. In addition, utility grid 

disturbances such as voltage sags, blackouts, and power quality issues can negatively 

affect charging station performance and service continuity [11], [12]. These challenges 

become increasingly critical in public charging facilities where uninterrupted operation 

is essential to ensure customer satisfaction and charging reliability [13]. 

To address these issues, hybrid energy management architectures have been 

proposed to coordinate power flow among PV arrays, battery storage systems, and 

utility grids [14], [15]. Such systems generally employ intelligent control strategies to 

determine the most appropriate energy source based on operating conditions, battery 

state-of-charge, and load demand [16]. However, many existing energy management 

systems rely on complex optimization algorithms and communication infrastructures 

that increase system complexity and implementation costs, particularly for small- and 

medium-scale charging stations [17]. 

An important component for enhancing system reliability in hybrid power systems 

is the Automatic Transfer Switch (ATS). ATS technology enables automatic switching 

between multiple power sources when abnormalities or failures occur in the primary 

source [18]. Previous studies have demonstrated that ATS-based systems can 

significantly reduce transfer time and improve service continuity in distributed energy 

systems, microgrids, and backup power applications [19], [20]. Nevertheless, most 

ATS implementations focus primarily on source availability and transfer logic without 

considering the protection of battery storage systems during prolonged backup 

operation [21]. 

Battery protection is a crucial consideration because excessive discharge can lead 

to irreversible battery degradation, reduced capacity, shortened lifespan, and safety 

risks [22], [23]. To mitigate these issues, Low Voltage Disconnect (LVD) mechanisms 

are commonly employed to automatically disconnect loads when battery voltage falls 

below a predefined threshold [24]. LVD technology has been widely utilized in off-

grid photovoltaic systems and battery-powered applications to prevent deep discharge 

conditions [25]. Although numerous studies have investigated battery management 

systems and energy storage protection strategies [26], [27], limited research has 

explored the integration of ATS and LVD functionalities within hybrid EV charging 

infrastructures. 
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Several studies have investigated renewable-powered EV charging stations and 

hybrid energy management systems. Yilmaz and Krein [28] reviewed charging 

infrastructure requirements for EV deployment, while Richardson [29] discussed the 

role of battery storage technologies in transportation electrification. Mohamed et al. 

[30] examined intelligent energy management strategies for hybrid renewable systems, 

whereas Sbordone et al. [31] investigated PV-assisted EV charging architectures. 

However, these studies primarily focus on energy optimization and charging 

performance rather than transfer reliability and battery protection during source 

interruptions. 

A critical research gap therefore exists in developing a practical and cost-effective 

reliability enhancement mechanism capable of seamlessly transferring loads among 

grid, photovoltaic, and battery sources while simultaneously protecting battery storage 

against deep-discharge conditions. Existing solutions often address either automatic 

source transfer or battery protection independently, resulting in increased hardware 

complexity and limited coordination between operational reliability and energy storage 

preservation. 

To address this gap, this study proposes a Smart Auto Transfer Switch Using Low 

Voltage Disconnect for Reliability Enhancement in Solar PV and Grid-Connected 

Hybrid Systems. The proposed system integrates ATS functionality with LVD-based 

battery protection to provide automatic source switching and intelligent load 

management under various operating scenarios. The system is designed to maintain 

uninterrupted power delivery to EV charging loads while preventing battery over-

discharge during extended grid outages. Experimental evaluations are conducted to 

analyze transfer performance, voltage stability, switching response, and battery 

protection effectiveness under normal and fault conditions. 

2. METHODOLOGY 

The research methodology consists of several sequential stages, as illustrated in 

Figure 1. The study begins with problem identification to investigate reliability issues 

in hybrid Solar PV–Grid systems, particularly those related to power interruptions and 

battery protection. This is followed by a literature review to establish the theoretical 

foundation and identify research gaps associated with Auto Transfer Switch (ATS) and 

Low Voltage Disconnect (LVD) technologies. 

Next, a system requirements analysis is conducted to define the operational and 

technical specifications of the proposed system. Based on these requirements, an LVD-

based Auto Transfer Switch system is designed and verified. If the design does not 

satisfy the specified requirements, revisions are performed until the desired criteria are 

achieved. 

The validated design is then implemented and integrated with the hybrid power 

system. Subsequently, system testing is carried out under various operating conditions, 

including grid outages, photovoltaic power fluctuations, and low-battery scenarios. 

Any identified deficiencies are corrected through implementation improvements. 

Finally, the system undergoes performance evaluation and data analysis to assess 

switching performance, battery protection effectiveness, voltage stability, and overall 

reliability enhancement. The results are then used to validate the effectiveness of the 

proposed Smart ATS-LVD system for hybrid Solar PV–Grid applications. 
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Figure 1. Flowchart 

3. DISCUSSION 

The proposed Smart Auto Transfer Switch (ATS) integrated with a Low Voltage 

Disconnect (LVD) mechanism is designed to enhance the operational reliability of a 

Solar PV–Grid hybrid Electric Vehicle Charging Station (EVCS). The primary 

objective of the system is to ensure continuous power delivery to EV charging loads 

while protecting the battery energy storage system from excessive discharge conditions. 

The overall system architecture is illustrated in Figure 2. 

The hybrid power system consists of three main subsystems: a photovoltaic 

generation unit, a battery energy storage system (BESS), and a utility grid backup 

source. The photovoltaic subsystem comprises two monocrystalline solar modules 

rated at 550 Wp each, providing a total installed capacity of 1.1 kWp. The generated 

DC power is regulated through a 24 V, 60 A Maximum Power Point Tracking (MPPT) 

charge controller, which continuously adjusts the operating point of the photovoltaic 

modules to maximize energy harvesting under varying irradiance and temperature 

conditions. 

The electrical energy produced by the PV array is stored in a battery bank 

consisting of two 24 V, 200 Ah batteries connected to provide the required storage 

capacity for the charging station. The battery bank serves as the primary energy source 
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during normal operation, supplying power to the EV charging load through a hybrid 

inverter. The inverter performs DC–AC conversion and manages the power flow 

between the photovoltaic system, battery storage, utility grid, and charging load. 

 

Figure 2. Block diagram 

To prevent battery degradation caused by deep-discharge conditions, a Low 

Voltage Disconnect (LVD) unit is incorporated into the control architecture. The LVD 

continuously monitors the battery terminal voltage and acts as the primary decision-

making element for source transfer operation. When the battery voltage decreases 

below the predefined cut-off threshold of 22.5 V, the LVD detects an undervoltage 

condition and immediately activates the control relay connected to the DC contactor. 

As a result, the battery is disconnected from the inverter input, preventing further 

discharge and protecting the battery from irreversible capacity degradation. 

Following battery disconnection, the hybrid inverter automatically transfers the 

load supply to the utility grid, ensuring uninterrupted operation of the EV charging 

station. This transition mechanism enables continuous charging service even during 

prolonged periods of low solar generation or excessive battery depletion. Once the 

battery voltage recovers to the reconnection threshold, typically between 23.0 V and 

23.2 V, the LVD deactivates the contactor control signal and reconnects the battery to 

the inverter. Consequently, the system resumes operation using renewable energy 

stored in the battery bank. 

The proposed control strategy employs a voltage-based supervisory algorithm that 

periodically samples battery voltage at intervals of approximately 200 ms. The 

measured voltage is compared against predefined protection thresholds to determine 

the operational state of the system. To avoid frequent switching caused by voltage 

oscillations near the threshold level, a hysteresis band of 0.5–0.7 V is implemented 

between the disconnect and reconnect voltage levels. Furthermore, a debounce delay 

mechanism is incorporated to ensure that switching actions are executed only when the 

measured voltage remains stable for a specified duration. This approach significantly 

reduces contactor chattering and improves overall switching reliability. 
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From a dynamic performance perspective, the ATS-LVD system is designed to 

achieve a transfer response time below 1 s, with an expected operating range of 0.3–

0.6 s. Such a response time is sufficient to maintain power continuity for the hybrid 

inverter and minimize disturbances to the EV charging process. Fast switching 

capability is particularly important in charging applications because prolonged power 

interruptions may terminate charging sessions and negatively affect user experience. 

To enhance operational safety and system robustness, several protection 

mechanisms are incorporated into the hardware design. Overcurrent protection is 

provided through appropriately rated DC fuses or miniature circuit breakers (MCBs) 

installed between the photovoltaic array, battery bank, and inverter. In addition, DC-

rated contactors are selected based on the maximum inverter input current to ensure 

reliable switching under load conditions. An RC snubber network is connected across 

the contactor terminals to suppress transient overvoltages and minimize arcing during 

switching events. Electrical isolation between the control circuit and power circuit is 

also implemented to reduce electromagnetic interference (EMI) and improve system 

safety. 

The proposed ATS-LVD architecture establishes a hierarchical source-priority 

strategy in which photovoltaic energy and battery storage are utilized as the primary 

power source, while the utility grid functions as a secondary backup source. This energy 

management approach maximizes renewable energy utilization while simultaneously 

ensuring continuous power availability. Through the integration of intelligent voltage 

monitoring, automatic source transfer, and battery protection functionalities, the 

proposed system enhances the reliability, operational stability, and lifespan of the 

hybrid EV charging infrastructure. 

Table 1. Battery Voltage Measurement Results 

No. 
Battery Voltage (V) 

– Multimeter 

Battery Voltage 

(V) – Low Voltage 

Disconnect 

Voltage 

Difference, ΔV 

(V) 

Accuracy (%) 

1 25.00 24.95 0.05 99.80 

2 24.85 24.80 0.05 99.80 

3 24.70 24.66 0.04 99.84 

4 24.55 24.51 0.04 99.84 

5 24.40 24.36 0.04 99.84 

6 24.25 24.21 0.04 99.83 

7 24.10 24.06 0.04 99.83 

8 23.95 23.92 0.03 99.87 

9 23.85 23.82 0.03 99.87 

10 23.80 23.77 0.03 99.87 

The accuracy of battery voltage measurement is a critical factor in determining the 

effectiveness of the proposed Low Voltage Disconnect (LVD) system because the 

source transfer decision is entirely dependent on the measured battery voltage. Any 

significant measurement error may lead to premature battery disconnection or delayed 

protection actions, potentially affecting both system reliability and battery lifespan. 

Therefore, an accuracy assessment was conducted by comparing the voltage readings 
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obtained from the LVD module with those measured using a calibrated digital 

multimeter as a reference instrument. 

Table 1 presents the comparison results for battery voltages ranging from 23.80 V 

to 25.00 V. The measured voltage differences between the LVD and the reference 

instrument vary from 0.03 V to 0.05 V, with an average deviation of only 0.041 V. 

Considering the nominal battery voltage of 24 V, this deviation corresponds to an 

average measurement error below 0.2%, indicating excellent measurement precision. 

The obtained average accuracy of 99.83% confirms that the proposed voltage sensing 

circuit is capable of accurately monitoring battery operating conditions over the tested 

voltage range. 

The statistical analysis further validates the performance of the voltage monitoring 

system. The Mean Absolute Error (MAE) and Root Mean Square Error (RMSE) were 

both calculated as 0.041 V. The similarity between these two indicators suggests that 

the measurement errors are uniformly distributed and free from significant outliers. In 

practical applications, this characteristic is particularly important because it ensures 

consistent sensor behavior across different battery voltage levels. Furthermore, the 

coefficient of determination (R²) reached 0.9987, indicating an almost perfect linear 

relationship between the LVD measurements and the reference values. This result 

demonstrates that more than 99.8% of the measured voltage variation can be explained 

by the proposed sensing system, confirming its high reliability and linearity. 

From an instrumentation perspective, the high measurement accuracy can be 

attributed to the design of the voltage sensing circuit. The use of precision resistors with 

low tolerance values minimizes scaling errors in the voltage divider network, while the 

analog-to-digital converter (ADC) maintains a stable conversion process throughout 

the operating range. In addition, the implementation of RC filtering effectively 

suppresses transient disturbances generated by load fluctuations, inverter switching 

actions, and MPPT charging operations. Consequently, the measured voltage remains 

stable and representative of the actual battery condition. 

The high accuracy achieved by the LVD system directly influences the 

effectiveness of the Auto Transfer Switch (ATS) operation. Since source transfer 

decisions are triggered based on battery voltage thresholds, accurate voltage monitoring 

ensures that switching actions occur precisely at the predefined protection limits. This 

prevents unnecessary switching events while simultaneously protecting the battery 

from deep-discharge conditions. In hybrid Solar PV–Grid systems, such precise control 

is essential for maintaining uninterrupted power delivery and maximizing battery 

lifetime. 

The dynamic performance of the system also demonstrates its suitability for real-

time applications. The measured response time of less than one second allows the LVD 

to rapidly detect voltage drops and initiate source transfer actions before critical battery 

conditions occur. Fast response capability is particularly important in EV charging 

stations because charging interruptions can negatively affect charging continuity, user 

satisfaction, and overall system availability. By combining high measurement accuracy 

with rapid response characteristics, the proposed ATS-LVD architecture provides a 

robust mechanism for maintaining system stability during both normal and fault 

conditions. 

From a reliability standpoint, the obtained results indicate that the proposed system 

significantly contributes to enhancing operational security in hybrid EV charging 
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infrastructures. Deep battery discharge is one of the primary factors contributing to 

accelerated battery degradation, increased internal resistance, and reduced energy 

storage capacity. The accurate voltage monitoring capability demonstrated in this study 

enables the LVD to effectively prevent such conditions while ensuring smooth load 

transfer to the utility grid whenever battery voltage approaches the critical threshold. 

Consequently, the proposed system not only improves power supply continuity but also 

reduces long-term maintenance costs associated with battery replacement. 

Table 2. Statistical performance indicators of the proposed LVD voltage 

measurement system 

Parameter Value 

Mean Absolute Error (MAE) 0.041 V 

Root Mean Square Error (RMSE) 0.041 V 

Coefficient of Determination (R²) 0.9987 

Average Accuracy 99.84% 

Maximum Voltage Error 0.05 V 

Minimum Voltage Error 0.03 V 

Overall, the experimental results confirm that the developed LVD module exhibits 

excellent measurement accuracy, strong linearity, and high operational reliability. The 

low measurement error (<0.05 V), high average accuracy (99.83%), and near-unity 

coefficient of determination (R² = 0.9987) demonstrate that the proposed voltage 

monitoring system is highly suitable for integration into ATS-based hybrid renewable 

energy systems. These characteristics provide a reliable foundation for intelligent 

source transfer decisions, battery protection, and enhanced operational continuity in 

Solar PV-powered EV charging stations. 

4. CONCLUSION 

This study presented the design and implementation of a Smart Auto Transfer 

Switch (ATS) integrated with a Low Voltage Disconnect (LVD) mechanism for 

enhancing the reliability of a Solar PV–Grid hybrid power system intended for Electric 

Vehicle Charging Station (EVCS) applications. The proposed system was developed to 

ensure continuous power supply while simultaneously protecting the battery energy 

storage system from excessive discharge conditions. 

Experimental results demonstrated that the developed LVD module achieved high 

measurement accuracy, with a maximum voltage deviation of only 0.05 V and an 

average error of 0.041 V compared with a reference digital multimeter. The statistical 

analysis yielded a Mean Absolute Error (MAE) of 0.041 V, a Root Mean Square Error 

(RMSE) of 0.041 V, and a coefficient of determination (R²) of 0.9987, indicating 

excellent measurement linearity and reliability. The average measurement accuracy 

reached 99.84%, confirming the capability of the proposed voltage monitoring system 

to accurately detect battery operating conditions. 

The integration of the LVD with the ATS enabled automatic source transfer based 

on battery voltage conditions, allowing seamless switching between the photovoltaic-
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battery subsystem and the utility grid. The implemented protection strategy effectively 

prevented deep-discharge events while maintaining uninterrupted power delivery to the 

EV charging load. Furthermore, the fast response characteristics of the control system 

contributed to improved operational stability and reduced the risk of service 

interruptions during voltage fluctuations or prolonged periods of insufficient solar 

generation. 

From a reliability perspective, the proposed ATS-LVD architecture enhances 

system resilience by combining intelligent battery protection with automatic source 

management. This integrated approach not only extends battery service life but also 

improves energy utilization and charging service availability. Therefore, the proposed 

system represents a practical and cost-effective solution for renewable-energy-based 

EV charging infrastructures, particularly in regions where grid disturbances and 

renewable energy intermittency remain significant challenges. 

Future work should focus on integrating state-of-charge (SOC)-based decision-

making, predictive energy management algorithms, and Internet of Things (IoT)-

enabled monitoring platforms to further improve system intelligence, operational 

efficiency, and scalability for next-generation smart charging stations. 
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