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Abstract
This paper presents a closed-loop fast charging system for lithium-ion batteries based on the Constant-Current Constant-Voltage (CCCV) method enhanced with a Proportional Integral Derivative (PID) controller. The proposed system dynamically regulates the charging parameters by using real-time feedback from voltage and current sensors, with the aim of improving the efficiency of the charging and ensuring battery safety. Experimental results demonstrate that the PID-controlled method maintains a higher current during the initial bulk charging phase, significantly reduces total charging time, and avoids harmful voltage overshoot. Compared to conventional CCCV charging, the system achieves more stable voltage regulation and gradual current tapering, effectively minimizing thermal stress and preventing overcharging. A comparative analysis shows that the PID approach outperforms traditional methods in terms of energy efficiency, thermal management, and operational safety. The system architecture is suitable for integration into Battery Management Systems (BMS) of electric vehicles, portable electronics, and renewable energy storage. This research not only validates the practicality of using PID in fast charging applications but also lays the foundation for future enhancements using intelligent control strategies and adaptive learning algorithms. The findings suggest that PID-controlled charging systems offer a promising solution to the challenges of rapid, reliable, and safe energy replenishment in modern battery-powered technologies.
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Introduction
Lithium-ion batteries (LIBs) are widely used in various applications, including electric vehicles (EVs), portable electronics, and renewable energy storage, due to their high energy density and long cycle life [1]–[4]. However, conventional charging methods can be inefficient and can lead to battery degradation, overheating, and safety concerns. Fast charging techniques are essential to meet the growing energy demands and reduce charging times without compromising battery lifespan.
Traditional charging methods, while effective, often suffer from inefficiencies that can lead to battery degradation, increased internal resistance, overheating, and safety risks. These issues are particularly critical in EV applications, where reducing charging time without compromising battery health is essential for widespread adoption. Fast charging techniques, such as the CCCV method, provide a structured approach to optimize the charging process [5]–[8]. However, the implementation of additional control mechanisms, such as PID controllers, is necessary to enhance efficiency, regulate thermal conditions, and prevent adverse effects such as overcharging and thermal runaway[bookmark: _Hlk91702109]* Corresponding Author. 
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The primary challenge in fast charging LIBs is balancing speed and safety while minimizing adverse effects such as overcharging, thermal runaway, and capacity degradation. The conventional CCCV charging method provides a structured approach, but additional control mechanisms are required to optimize performance and ensure stability [5], [9], [10]. The conventional CCCV charging method provides a structured approach by initially applying a constant current until a predefined voltage is reached, followed by a constant voltage phase where the current gradually decreases [11]. However, without proper feedback control, this method may not optimize efficiency and battery longevity. Additional control mechanisms, such as a PID controller, are required to dynamically adjust charging parameters based on real-time battery conditions, ensuring stability and optimal performance.
Several recent studies have focused on improving lithium-ion battery charging using control-based strategies. PID controllers, in particular, have shown potential in achieving fast and safe charging through feedback mechanisms. For instance, Kaleem et al. [8] developed a closed-loop PID-controlled fast charger and demonstrated improvements in current regulation. Wang et al. [12] implemented an optimization-enhanced PID approach using particle swarm optimization (PSO) for lithium-ion batteries, achieving better response and efficiency. In addition, relevant research from the Journal of Electronics and Telecommunications supports the integration of PID and embedded control systems in battery applications. For example, Rospawan and Simatupang [13] developed a microcontroller-based battery balancing system for electric vehicles, while Irawan et al. [14] implemented a smart power bank with battery monitoring and protection. These studies highlight the importance of intelligent control and real-time feedback, which underpin the proposed PID-based fast charging method in this work. 
This paper aims to develop a PID controller-based closed-loop fast charging system using the CCCV method to: improve charging efficiency while maintaining battery safety; Regulate temperature and voltage fluctuations during the charging process; Minimize capacity loss and extend battery lifespan. The key contributions of this research include: Design and implementation of a closed-loop PID controller for CCCV-based charging; Analysis of current and voltage regulation under different charging conditions; Experimental validation of the proposed system against conventional charging methods.
LITERATURE REVIEW 
Lithium-Ion Battery Charging Methods 
Several charging techniques have been explored for lithium-ion batteries (Lithium-Ion Batteries or LIBs), along with the increasing need for battery efficiency, safety, and longevity. These techniques are designed to optimize the charging process to match the chemical and physical characteristics of lithium-ion batteries, as well as to avoid conditions that could lead to battery degradation or even failure [1], [15]–[17]. One of the most commonly used methods is the Constant Current (CC) technique [2]. In this method, the battery is charged using a predetermined fixed current. Charging takes place at a constant rate until the battery voltage reaches a certain threshold, usually close to the maximum voltage allowed for that type of battery. This technique is relatively simple and efficient in the early stages of charging, as it allows for rapid transfer of energy into the battery. Once the maximum voltage is reached, the charging process is usually continued with the Constant Voltage (CV) method. At this stage, the voltage is kept constant while the charging current gradually decreases. The drop in current occurs naturally because the potential difference between the power source and the battery gets smaller over time. The CV stage aims to slowly and safely charge the remaining battery capacity while reducing the risk of overcharging that can damage the internal structure of the battery. The combination of CC and CV techniques is often used in modern filling systems to ensure a fast, yet safe, and efficient filling process. This approach not only extends the battery life but also helps maintain optimal performance throughout its lifecycle. Figure 1 illustrates the standard CCCV charging profile commonly used for lithium-ion batteries. The charging process begins with a C) phase, where the battery is charged with a fixed current until it reaches the maximum voltage threshold. Once this voltage is achieved, the charger transitions to the CV phase, where the voltage is held steady, and the current gradually decreases. This two-stage process helps ensure fast initial charging while protecting the battery from overvoltage damage in the later stage. The figure visually represents this transition and the typical behavior of current and voltage over time. Research is constantly being conducted to refine these techniques and develop new methods that are more adaptive to the specific conditions and needs of battery users [10].[image: ]
Figure 1. Standard CCCV Method 


Control Strategy in Battery Charging 
In battery charging systems, there are two main approaches to process control, namely open-loop and closed-loop methods. The open-loop method is a traditional approach that works without considering the feedback of the system [18]–[20]. This means that the charging process is carried out based on predetermined parameters without any adjustment to the actual condition of the battery during charging. Although simple, this method has limitations in terms of flexibility and response to changing conditions, such as battery temperature, cell life, or system load. In contrast, the closed-loop method offers a more adaptive and responsive solution. The closed-loop system uses feedback from important parameters such as voltage, current, and battery temperature to make real-time adjustments. This approach allows the charging system to respond to the dynamics of the battery more accurately, thus improving the efficiency and safety of the charging process. One of the most commonly used forms of closed-loop control is PID control [8].
The use of PID control in battery management systems (BMS) is very broad due to its simplicity of implementation and its ability to provide stable and accurate responses. The PID controller works by calculating the difference between the actual value and the desired value (setpoint), and then adjusting the control signal to minimize the difference. The proportional component is in charge of responding to current errors, the integral component takes into account the accumulation of past errors, while the derivative component predicts future errors. The combination of these three components allows the system to keep battery charging conditions within safe and optimal limits [21]. With the application of PID control, the battery charging system can precisely regulate the charging current and voltage according to the actual condition of the battery. This not only improves energy efficiency, but also helps extend battery life and reduces the risk of damage due to overcharging or uncontrolled temperatures. Therefore, the closed-loop approach with PID control is becoming an increasingly adopted standard in modern battery charging technology, both for portable devices and electric vehicles.
Several studies have explored the application of PID control for battery charging to improve system responsiveness and stability. For example, Kaleem et al. [8] proposed a closed-loop fast charging system based on feedback PID and demonstrated improved regulation of charging current and voltage in real time. Wang et al. [12] employed an enhanced PID algorithm optimized via particle swarm optimization (PSO) to further improve accuracy and response time. Similarly, Rad et al. [22] developed a nonlinear PID control strategy for battery charger evaluation using a CHIL (Controller Hardware-in-the-Loop) setup, showing significant improvements in stability and overshoot suppression. These works support the feasibility and effectiveness of PID implementation in dynamic charging environments, which is the basis for the approach presented in this document.
Challenges in Fast Charging 
Fast charging has become an important feature in a variety of applications, especially in portable electronic devices and electric vehicles. However, in addition to its advantages in saving time, fast charging also presents a number of technical challenges that are quite complex. These challenges relate to the safety, efficiency and long-term durability aspects of the battery itself [1][23].
One of the main problems with fast charging is overheating or an excessive increase in temperature. When high charging currents are used to speed up the process, the internal resistance of the battery causes a significant increase in temperature. If not properly controlled, overheating can trigger harmful chemical reactions, accelerate the degradation of battery cells, and even pose a risk of fire or explosion. Therefore, thermal management is a critical aspect in the design of a fast-charging system. Active or passive cooling systems are often applied to keep the temperature within safe limits [4], [21], [24].
In addition to heat, overcurrent and overcharging are also serious challenges. Too high a current not only accelerates heating, but can also damage the internal structure of the battery, accelerate electrolyte wear, and reduce overall efficiency [25], [26]. Meanwhile, uncontrolled charging beyond the maximum voltage limit can lead to permanent degradation of capacity. Overcharging also has the potential to create chemical instability in the battery, leading to cell bulging or even leakage.
To address this risk, a reliable overcharging prevention system is required, such as real-time voltage and current monitoring, as well as the implementation of smart controls that can stop charging when the parameters have reached safe limits. Efficiency optimization is also an important focus, where the challenge lies in how to balance charging speed with minimal energy loss. Inefficient fast charging not only wastes energy but also accelerates battery aging. In general, while fast charging offers convenience and time efficiency, its implementation must take into account a variety of technical challenges that can affect battery safety and life [27], [28]. 
SYSTEM DESIGN AND METHODOLOGY 
1. Overview of the Charging System  
The architecture of the PID-based fast charging system and the CCCV method are designed to provide efficient, safe, and adaptive charging to battery conditions. The system combines several essential components that work in an integrated closed-loop control framework, allowing dynamic adjustments during the charging process.
One of the key components of this architecture is the power supply that provides electrical energy with the appropriate capacity and voltage for fast charging. This energy is then fed to a CCCV charger controlled by the PID algorithm, which is in charge of regulating the charging process with two main stages. In the first stage, the battery is charged with constant current until it reaches a certain voltage limit. After that, the charge continues with constant voltage while the current gradually decreases until it reaches the minimum threshold.
The PID controller sets the charging parameters in real-time. These controllers receive input from various sensors, such as voltage and current sensors, which monitor the condition of the battery during the charging process, and which monitor the condition of the battery during the charging process. Based on these data, the PID controller adjusts the control signal to maintain current and voltage stability according to the predetermined setpoint [12], [22]. This allows the system to respond quickly and precisely to changes in battery conditions, avoiding the risk of overcharging, overheating, or damage due to voltage instability.
The entire process is controlled and coordinated by a microcontroller, which serves as the brain of the charging system. The microcontroller runs a closed control algorithm, processes sensor data, and adjusts the output of the charger to meet optimal charging needs. With this approach, the charging system architecture not only ensures energy efficiency, but also extends battery life and increases operational safety levels, especially in the context of fast charging that demands high performance.
1. PID Control Strategy 
The PID controller is a type of control system that is widely used to regulate various variables in an engineering system, including voltage and temperature. In its setup, the PID controller works by combining three main components, namely proportional (P), integral (I) and derivative (D). The integral component (I) has an important function in reducing steady-state errors over time, by accumulating errors and adjusting the output to slowly but surely correct deviations. Meanwhile, the derivative component (D) plays a role in predicting future errors by analyzing the rate of error change, so that it can help prevent overshoots or excessive spikes in the system. By combining these three components, the PID controller is able to provide stable and responsive control to changing conditions, making it very effective in maintaining voltage and temperature stability in the system it controls. It shows in Figure 2.
Figure 2 illustrates the implementation of PID control in both current and voltage regulation. In part (a), the PID controller regulates the charging current during the constant current (CC) phase by comparing the measured current with the reference set point and adjusting the duty cycle accordingly. In part (b), during the constant voltage (CV) phase, the controller maintains the output voltage at the predefined level by modifying the control signal based on the voltage error. Both sub-figures highlight the real-time feedback loop that ensures the system operates within safe and efficient charging parameters.
The PID controller used in this study was implemented using the PID_v2 library in embedded C. The tuning parameters were selected on the basis of iterative trial-and-error testing to achieve a balance between fast response and stability for current regulation during the constant current (CC) phase. The final PID gains used were proportional gain (Kp): 1.0; Integral gain (Ki): 0.5; Derivative gain (Kd): 0.0. The PID controller was configured in Direct mode, and the initial setpoint for current was set to 1.0 A. The output of the PID algorithm was used to adjust the duty cycle of the charging circuit via PWM control. Given that derivative action can introduce noise and instability in real-time embedded systems, the derivative gain was deliberately set to zero. The sampling time was implicitly controlled by the main loop execution, which was designed to run at approximately 100 ms intervals. This configuration allowed the system to maintain current within the desired limits during charging, providing smooth and safe operation without overshoot.
1. Closed-Loop Control Implementation 
The implementation of a closed-loop control system is essential in the battery charging process to ensure efficiency and safety. In this system, sensors are used to continuously monitor the voltage and temperature of the battery during the charging process. The data obtained from this sensor are then sent as feedback to the PID controller. Based on this real-time information, the PID controller will adjust the charging parameters, such as current and voltage, to keep the charging condition stable and in accordance with the safe limits.[image: ]
(a)
[image: ]
(b)
Figure 2. PID Controller Schematic: (a) Current, (b)Voltage


The charging method used is CCCV. In the CC stage, the system controls the charging current to remain constant with the help of feedback from the current sensor. Once the battery voltage reaches a certain limit, the system switches to the CV stage, where the voltage is kept stable while the current slowly decreases. Voltage control at this stage is highly dependent on the system's response to voltage feedback. By integrating the closed-loop control system and the CCCV method, the battery charging process becomes safer, more efficient, and able to extend the battery life. The flow chart of the CCCV method is shown in figure 3.
Experimental Setup 
The design and testing of the charging system involves the integration between hardware and software that support each other. A prototype charger was developed specifically by embedding a PID controller inside. These controllers are implemented in the form of embedded software that runs on microcontrollers or other embedded systems. The main function of this software is to process the sensor data and provide an appropriate response to changes in voltage and temperature during the battery charging process.[image: ]
Figure 3. The Flow Chart of the CCCV Method


To thoroughly test the performance of the prototype, a series of tests were carried out using various battery models. Each type of battery has different characteristics, so it is important to ensure that the charging system is able to flexibly adjust the control parameters. Through this test, the performance of the PID controller can be evaluated, including its effectiveness in regulating current and voltage during the charging process. The results of this test are also the basis for improving the hardware and software so that the charging system is more optimal and adapts to various battery conditions. A prototype charger is developed with an embedded PID controller, and tests are conducted using different battery models. The photograph of the experimental setup of the system is shown in Figure 4.
Results and Discussion 
The measurement results show in Figure 5 that the charging process occurs in three main phases that are common in PWM-based battery charging systems: bulk, absorption, and float charging. In the initial phase (0–30 minutes), the charging current is in a relatively stable high range, around 0.8 A. This indicates that the system prioritizes fast charging to efficiently fill the battery capacity. After the 30th minute, the current begins to decrease gradually until it reaches 0 A at the 90th minute, indicating the system's transition to the absorption phase and then the float phase, where charging is carried out more slowly to maintain battery life and avoid overcharging.
Meanwhile, the charging voltage shows an increasing trend from around 11.6 V to around 12.6 V. A significant increase occurs between the 30th and 35th minutes, coinciding with the decrease in current, indicating the system entering the absorption phase. After reaching the maximum point, the voltage tends to remain stable with small fluctuations, indicating precise voltage control during the charging process.
Furthermore, observation of the duty cycle strengthens the interpretation of the current and voltage behavior. The duty cycle value was initially stable at around 150%, then spiked to around 225% at the 35th minute, which was in line with the voltage spike. After that, the duty cycle decreased gradually until it reached 0% at the end of the charging process. This trend indicates that the system actively adjusts the PWM signal to control the amount of current and voltage transmitted to the battery.[image: ]
Figure 4. Experimental Setup


In general, the working pattern of the charging system recorded in the graph shows that the charging method with duty cycle control is effective in managing the charging process efficiently and safely. There are no abnormal voltage or current spikes, so it can be concluded that the system works stably and adapts to battery charging conditions. 
The energy efficiency of the proposed system was evaluated by comparing the charging time and current profile with that of the conventional CCCV method. The PID-controlled charger completed the charging process in approximately 85 minutes, compared to 145 minutes for the conventional method. This reduction in charge duration reflects a more effective energy transfer process and lower idle current losses, which translates to a reduction in overall power consumption. Furthermore, stable control of the charging current during the bulk phase, without overshoot or prolonged tapering, minimizes energy waste and enhances total system efficiency. 
Although temperature data was not explicitly recorded during testing, the design of the PID controller contributed to effective thermal management. The smooth transition from the CC to CV phase, without sharp current spikes, helps reduce thermal stress on the battery. Additionally, the absence of current overshoot and the gradual tapering of current imply that the system avoids sudden power surges that could cause overheating. In future work, thermal data logging will be incorporated to quantitatively validate this behavior.
The safety of the system is reinforced by the implementation of closed-loop PID control, which prevents both overcurrent and overvoltage conditions. Once the predefined voltage limit is reached, the system transitions to the CV phase, effectively stopping the current rise and avoiding overcharging. Throughout the charging process, the system maintained both voltage and current within the safe operating limits of the battery. No abnormal spikes or instability was observed in the measurements, indicating that the control mechanism ensures safe and reliable operation.
A.   Performance Analysis 
The results of the analysis show that the PID-controlled charging system is able to achieve a faster and more efficient charging process compared to the conventional CCCV method. On the basis of the graph, the charging current in the initial stage can be kept stably high, allowing the battery to be charged quickly in the bulk phase. Adaptive duty cycle control allows for a smooth transition to the absorption and float phases, with a gradual decrease in current and precisely controlled voltage. This not only improves charging efficiency, but also minimizes power losses. In addition, no significant voltage overshoot was detected, indicating that the PID system successfully stabilized the voltage within a safe range during the charging process. This reduction in overshoot is very important because it contributes to reducing the increase in temperature in the battery, maintaining thermal stability, and extending the service life. Thus, the PID-based charging system not only offers better energy efficiency but also improves overall battery charging safety and reliability. 
The precision of the controlled voltage can be evaluated based on the voltage trend shown in Figure 5. During the CV phase, the voltage stabilizes at approximately 12.6 V with only minor fluctuations of ±0.05 V, remaining within 0.4% deviation from the setpoint. This level of deviation is considered acceptable for lithium-ion charging systems and indicates effective voltage regulation by the PID controller. The absence of any voltage overshoot throughout the charging period further confirms the accuracy of the voltage control.
1. Current and Voltage Stability 
The stability of current and voltage are crucial factors in maintaining battery performance and longevity. The PID control system applied to the charging process has been proven to minimize temperature fluctuations by dynamically adjusting the charging current according to the real-time conditions of the battery. From the graph, it can be seen that the current gradually decreases over time, without any sharp fluctuations, indicating a stable system response to changes in charging status. This has a direct impact on the thermal stability of the battery, reducing the risk of overheating during charging.[image: ]
Figure 5. Graph of the Relationship Between Current, Voltage and Duty Cycle


However, the voltage is also controlled very stably. After experiencing a gradual increase at the beginning, the voltage is maintained at a safe upper limit without experiencing an overshoot. This control plays an important role in preventing overcharging, which can damage the chemical structure of the battery and reduce the cycle efficiency. With consistent voltage stabilization, the system not only maintains safety during charging but also significantly increases overall battery life.
The PID control system applied to the charging process minimizes current fluctuations by dynamically adjusting the charging current according to the real-time condition of the battery. Although temperature monitoring was not implemented in this experiment, gradual current tampering and absence of current overshoot inherently reduce the risk of thermal stress. Future studies will include integrated temperature sensing to directly validate the thermal behavior of the system.
Comparison with Conventional Methods
[bookmark: _GoBack]The comparison graph between the PID-controlled charging method and the conventional method is shown in figure 6. Significant differences in current and voltage characteristics during the battery charging process. In the left graph, it can be seen that the PID-controlled system maintains the charging current at a high level, which is around 0.85 A, for almost the first 40 minutes. In contrast, the conventional system shows a faster current decrease, starting to drop drastically after the 10th minute. This indicates that the PID-controlled system can provide a consistent charging current for a longer period of time, directly accelerating the total charging time.[image: ]
Figure 6. Graph of Comparison PID Controlled CC-CV with Conventional Charging

After the 40th minute, the current in the PID system begins to decrease gradually and ends at the 85th minute, while the conventional system takes about 145 minutes to reach zero current. This fact shows that the PID system not only charges the battery faster, but also regulates the current decrease more efficiently, which is important for maintaining the temperature and preventing battery degradation.
In the right graph, it can be seen that the charging voltage in the conventional method increases rapidly and reaches a peak above 12.7 V, even showing a tendency to overshoot before finally decreasing slightly at the end of charging. In contrast, the PID-controlled method gradually increases the voltage and keeps it stable at around 12.6 V without showing sharp spikes. This stability of voltage indicates that the PID system is more effective in controlling the charging conditions to keep them safe and within the limits of the battery specification.
In general, it can be concluded that the PID-controlled system provides better performance than the conventional method, both in terms of charging time efficiency and electrical parameter stability. With more precise current and voltage control, this system is able to maintain optimal battery conditions, extend battery life, and improve safety during the charging process.
The faster charging time observed in the PID-controlled method, as shown in Figure 6, is mainly due to the ability of the PID controller to maintain a higher and more stable charging current during the CC phase. Unlike the conventional method, which begins to reduce current prematurely or responds slowly to voltage feedback, the PID system continuously adjusts the duty cycle to keep the current closer to the setpoint until the target voltage is reached. This optimizes the rate of energy transfer in the early phase of charging. In addition, the smooth and controlled transition to the CV phase prevents unnecessary delays or oscillations, allowing the overall charging process to be completed more efficiently. This real-time regulation accelerates the bulk charging stage without compromising voltage stability or safety.
Conclusion
This study has demonstrated the effectiveness of a PID-controlled fast charging system using the CCCV method for lithium-ion batteries. The implementation of a closed-loop PID controller enabled dynamic adjustment of charging parameters, resulting in a more stable and efficient charging process compared to conventional methods. Experimental results showed that the PID-controlled system maintained a higher charging current for a longer duration, significantly reduced the total charging time, and minimized the voltage overshoot. In addition, voltage and current remained stable throughout the process, reducing thermal stress and improving battery safety.
The PID control system not only improved energy efficiency but also contributed to extending battery life by preventing overcharging and overheating. Compared to conventional CCCV charging, the proposed method showed superior current and voltage regulation performance, making it suitable for applications requiring rapid and safe charging, such as electric vehicles, portable electronics, and renewable energy storage systems. Future research may explore the integration of AI-based or adaptive control algorithms and advanced thermal management systems to further optimize performance and safety.
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