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Abstract – This study conducts a battery charging simulation using the Constant Current/Constant Voltage (CC/CV) method to analyze the behavior of lithium-ion batteries during the charging process. Using MATLAB and mathematical algorithms, the simulation results were analyzed in depth to evaluate the battery's charging efficiency, usable capacity, and internal impedance under various operating conditions. The simulation results show how the battery reaches its total capacity safely and efficiently in the initial stage, followed by safer and more controlled charging in the final stage, to avoid the risk of overcharging and ensure long battery life. The results from the simulation show that using the CCCV method can optimally manage battery charging by maintaining a balance between charging speed and operational safety, making it an ideal choice for charging lithium-Ion batteries in various applications.
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Introduction
[bookmark: _heading=h.30j0zll]The need for efficient and environmentally friendly energy resources is increasingly urgent in the modern era characterized by rapid technological development. Batteries, especially lithium-ion, have become one of the main components in energy storage, and they are used in various applications ranging from electronic devices to electric vehicles[1][2]. One of the main challenges in battery use is understanding how the battery reacts during the charging and discharging process, especially in the Constant Current/Constant Voltage (CC/CV) charging mode. The CC-CV method is the most widely adopted charging method for developing chargers for Li-ion batteries, and it has several improvement methods. As listed in [3] and [4], Li-ion battery internal resistance compensation is used in CC-CV-based chargers in some studies. This is not only for low-power Li-ion chargers; the CC-CV method is also applied to high-power Li-ion battery chargers [5]. CC-CV-based chargers are also used in various charger topologies, including LLC resonant converters[6][7] and Sheppard Taylor PFC converters [8]. A deep understanding of battery behavior during these charging modes is critical to improving efficiency, safety, and lifespan.
Various studies have been conducted to model and simulate battery behavior during the charging process. Previous studies mainly focused on characterizing key parameters such as State of Charge (SOC)[9], terminal voltage, current, and power during the charging process[9]. Simulation using software such as MATLAB has been widely used for its ability to visualize results and provide deeper insight into the internal dynamics of a battery. However, although many studies have discussed battery charging simulation, there are variations in the approaches and results obtained, so a more comprehensive analysis is needed to obtain a more holistic understanding.
Although much research has focused on battery charging simulation, several aspects must be explored in depth. For example, many studies only focus on one or two parameters without considering the interactions between various parameters during the filling process. Additionally, existing simulations often do not involve in-depth analysis of how changes in parameters such as current and voltage affect SOC and overall battery performance. Therefore, studies need to model, simulate, and analyze multiple parameters simultaneously to provide a more comprehensive picture of battery behavior during the charging process.
This research uses MATLAB to simulate battery cell behavior during the charging process in CC/CV mode. This simulation analyzes changes in SOC, terminal voltage, current, and power during the charging process. Utilizing various graphs for visualization provides deeper insight into the interactions between these parameters and how they affect overall battery performance.Rp

This research's main contribution is providing a comprehensive simulation model that can be used to analyze battery behavior during the charging process. This model is expected to help researchers and engineers better understand the internal dynamics of batteries and provide guidance for optimizing the charging process to increase efficiency and battery life. Apart from that, the results of this simulation can become a reference for future battery technology development, especially in the context of electric vehicle applications and more efficient energy storage.

Lithium-Ion Battery Models
	Lithium-ion batteries, one of the most widely used types of batteries in portable electronic devices and electric vehicles, have unique characteristics[10][11]. To accurately understand and predict the performance of Lithium-ion batteries, researchers have developed the Equivalent Circuit Model (ECM)[12]. The ECM represents a Lithium-ion battery as a combination of ideal electrical components, such as resistors, capacitors, and voltage sources[13]. This model enables in-depth analysis of the behavior of Lithium-ion batteries under various operating conditions. Electrical models are generally described by equivalent circuits based on a combination of essential elements to approximate batteries' electrochemical processes and input-to-output dynamics. By combining these essential elements in various ways, electrical models can be divided into four classes: the Rint model, the radio control model, the Thevenin equivalent circuit model, and the Partnership for a New Generation of Vehicles model. Among these models, the Thevenin equivalent circuit model is widely used to model Lithium-ion batteries because it has a simple model structure and can capture the dynamic response of the battery well within an acceptable error limit. Therefore, we choose this model as the essential element of our proposed model.
	The equivalent circuit model is shown in Figure 1 and consists of three parts: (1) an equivalent ohmic internal resistor Rs; (2) a parallel resistor-capacitor (RC) network Cp//Rp (where Rp is the equivalent polarization resistance and Cp is the equivalent polarization capacitance), which is used to simulate the transient response of the battery during the charge-discharge transient; and (3) the VOC (h(t)), which is a nonlinear nonlinear function of SoC h(t). This equivalent circuit model considers current as the model control input and terminal voltage as the measured output.
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Figure 1. Equivalent circuit model of a lithium-ion battery[14].
	In theory, the equivalent circuit parameters , , and  in this model are functions of temperature and SoC. However, since the changes in SoC and temperature over time are minimal, these parameters can be considered quasi-stationary; they do not change over time within a short observation window. In addition, for real-time applications, parameter identification can only be performed within a finite sliding time window or an exponentially decreasing time window based on the latest measurements. Therefore, with a certain error tolerance, these parameters can be considered constant during the identification process. In other words, online identification can capture these parameters faster than the changes in temperature or SoC.
	Using Kirchhoff's laws, the dynamics of this circuit can be expressed as follows:

         (1)

                          (2)

Where  and  are the terminal voltage and current, respectively, and  is the voltage across the RC network, which cannot be measured directly[14].

CC-CV Method
	In the battery charging process, several methods can be used, including the constant voltage (CV) method, constant current (CC) method, and a combination of both, known as the constant current-constant voltage (CC-CV) method[15]. The CC-CV charging method is often used because it is considered safe and prevents overcharging. During the transition from CC to CV mode, the charging current in the battery will decrease, which also supports the safety of the charging process [10].
[image: ]

Figure 2. CC-CV method filling curve[16]

	The figure above shows a charging graph using the CC-CV method. In the constant current (CC) stage, the current remains stable while the voltage increases as the battery's State of Charge (SoC) increases. When the battery, such as a lead-acid battery, is close to total capacity, the charging method switches to the constant voltage (CV) stage, where the voltage is maintained at a certain level, and the charging current begins to decrease. This graph illustrates the safe and efficient transition from constant current to constant voltage charging, designed to prevent overcharging and ensure the battery reaches its maximum capacity without damage.
Method
This study conducted numerical simulations using MATLAB and mathematical algorithms to solve a system of nonlinear nonlinear differential equations that describe the complex behavior of lithium-ion batteries. The equivalent circuit model used in this simulation includes ohmic resistance, concentration polarization, and charge transfer polarization to represent the electrochemical phenomena inside the battery cell. Model parameters, such as nominal capacity, internal resistance, and open voltage, were obtained from experimental data on NMC 18650-type battery cells. The charging simulation used the CCCV (Constant Current Constant Voltage) profile by setting the charging current at 1C in the constant current stage, followed by a constant voltage of 4.2V in the constant voltage stage. The upper limit of the operating temperature was set at 45°C to evaluate the effect of temperature on battery performance.
The simulation results were analyzed in depth to evaluate the battery's charging efficiency, usable capacity, and internal impedance under various operating conditions. These simulation results can make a significant contribution to the development of a more intelligent and efficient battery management system, as well as extending the cycle life of lithium-ion batteries.
This battery charging simulation models and analyzes the behavior of a battery cell during the charging process with a constant current until it reaches a specified maximum voltage, then continues with charging using a constant voltage. This program's initialization parameters include simulation time (max time = 10001 seconds), operating temperature (T = 25 degrees Celsius), and several battery parameters such as q, RC, r, m, g, and r0 obtained from the model. mat battery model using the “getParamESC” function. The maximum voltage allowed for a battery cell is 4.15 V. The variables stored, stores, story, and stores are used to store State of Charge (SOC) data, terminal voltage, current, and power during the simulation. SOC initialization starts at 50% with a value of z = 0.5, current on the RC resistor irc = 0, and hysteresis voltage h = -1. The CC charging mode uses a constant current of CC = 9 A. 	The for loop runs as many as maximum time iterations during the simulation. The battery terminal voltage (v) is calculated based on the SOC (z) and other factors, while the charging current (ik) is calculated to achieve the maximum voltage (maxV). The current is limited to the CC value (9A) during CC charging mode, and the SOC (z) is updated based on the charging current (ik). The program also updates the RC resistor current (irc) and hysteresis voltage (h), and stores the SOC, terminal voltage, current, and power values ​​for each iteration. After the simulation, the results are visualized by creating several subplots showing the relationship between SOC, terminal voltage, cell current, and cell power over time, additional plots showing current and power simultaneously, and a combined plot of SOC and terminal voltage.
Results and Discussion
The following are the results and analysis of a lithium-ion battery charging simulation using the Constant Current/Constant Voltage (CC/CV) method that illustrates how the battery's State of Charge (SOC) changes over time during the charging process. The simulation results contain the dynamics of battery charging in two main phases of constant current and constant voltage and show how the battery reaches its total capacity safely and efficiently. Further analysis of these results will help understand the influence of the parameters used in the model on battery charging performance.
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Figure 3. SoC versus time graph
In the initial charging phase, the battery's State of Charge (SOC) increases rapidly from 50% to nearly 100%, as shown in Figure 3, which shows that the battery is charged with a constant current (CC) of 9 A. Since the charging current remains constant in this phase, the SOC increases almost linearly with time. After about 2000 seconds, the rate of increase in SOC begins to slow down, indicating a transition to the constant voltage (CV) charging phase, where the battery terminal voltage has reached the maximum set voltage of 4.15 V, and the charging current begins to decrease to keep the voltage constant. For the remaining simulation time of up to 10000 seconds, the SOC remains stable at nearly 100%, indicating that the battery is fully charged and charging continues in constant voltage mode with a tiny current. This graph illustrates the typical CC/CV charging characteristics for lithium-ion batteries, where the constant current phase increases the SOC rapidly, followed by the constant voltage phase that charges the battery safely to total capacity without exceeding the specified voltage limit. Based on the results of the State of Charge (SOC) analysis against time, it can be seen that the SOC increases significantly in the early stages of charging with constant current (CC) before reaching a constant voltage condition (CV), next for the "Terminal voltage versus time" graph where the battery terminal voltage changes during the charging process.
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Figure 4. Terminal voltage versus time graph
In Figure 4, the Terminal voltage versus time graph shows that at the beginning of charging, the battery terminal voltage increases rapidly from about 3.95 V. This increase occurs during the constant current (CC) phase, where the current remains at 9 A. The terminal voltage increases as the battery absorbs energy and as it approaches 4.15 V (the maximum allowable voltage), the rate of voltage increase begins to slow down. This indicates the transition from the constant current (CC) charging phase to the constant voltage (CV) phase.
After about 1500 seconds, the terminal voltage reaches 4.15 V, the upper voltage limit for charging. At this point, the program decreases the charging current to keep the terminal voltage constant at 4.15 V. The graph shows that after this transition, the voltage remains stable at 4.15 V for the remainder of the charging duration, while the current decreases slowly until the charge is nearly complete.
This analysis shows typical CC/CV charging characteristics, where the battery terminal voltage increases rapidly during constant current charging until it reaches the maximum voltage limit. After that, the charging system switches to constant voltage mode, where the current is gradually reduced to maintain the voltage at a safe level, avoid overcharging, and protect the battery. These results are essential for understanding how battery voltage should be managed during charging to maintain the performance and safety of lithium-ion batteries.

[image: ]
Figure 5. Cell current versus time graph
Next, in Figure 5, the Cell current versus time graph shows how the battery charging current changes during the CC/CV charging process. At the beginning of charging, the current is around -9 A, indicating the constant current (CC) phase, where the current is kept at a constant value to charge the battery quickly. The negative sign on the current indicates the direction of current flow into the battery during the charging process. The charging current remains constant at -9 A until around 1500 seconds, reflecting that the battery is being charged consistently at this stage.
When the terminal voltage reaches the maximum limit of 4.15 V (as analyzed in the voltage graph), the current graph shows that the current begins to decrease exponentially. This decrease marks the transition to the constant voltage (CV) phase, where the charging current is gradually reduced to maintain the voltage at a safe maximum level. The current decreases toward zero over time, indicating that the battery is almost fully charged and only requires a small current to maintain a constant voltage without the risk of overcharging.
This graph illustrates the CC/CV charging strategy, where a constant current is used to charge the battery quickly until the maximum voltage is reached. This is followed by a decrease in current to maintain a constant voltage and ensure safe and efficient charging. This analysis is essential to understand how the charging current is regulated during the lithium-ion battery charging process to maximize efficiency and extend the battery cycle life.

[image: ]
Figure 6. Cell power versus time graph
The last parameter is power, where the Cell Power versus Time graph shown in Figure 6 shows the battery charging behavior. At the beginning of charging, the power absorbed by the battery cell is negative, around -35 W, reflecting that energy is accumulated in the battery. During this stage, the terminal voltage increases as the State of Charge (SOC) increases, but the power remains negative because the charging current is still relatively large. Over time, around 1000 to 3000 seconds, the graph shows a rapid increase in power to near zero. This indicates that the terminal voltage is almost reaching the maximum allowable limit, so the charging current is reduced to keep the voltage within safe limits, which causes the power absorbed by the battery to decrease drastically. At the final stage of charging, after 3000 seconds, the power absorbed by the battery cell is almost zero, indicating that the battery is almost complete and the charging current is getting smaller to maintain the maximum voltage. At this point, the charge is in the Constant Voltage (CV) phase, where very little energy enters the battery, indicating that the battery is almost fully charged. 
Based on the battery charging process test using the Constant Current/Constant Voltage (CC/CV) method depicted in the four States of Charge, Terminal Voltage, Current, and Power graphs shows typical charging dynamics for lithium-ion batteries. The SOC increases rapidly in the early charging stages, reflecting the constant current (CC) phase where the battery is charged with a stable current of 9 A. The terminal voltage at the same time increases from around 3.95 V to a maximum of 4.15 V. When this maximum voltage is reached, the charge switches to the constant voltage (CV) phase, where the voltage is maintained at 4.15 V, while the charging current gradually decreases. This decrease in current occurs because the battery is approaching total capacity, which is also reflected in the power absorbed by the battery. In the final stages of charging, the power absorbed by the battery approaches zero, indicating that the battery is almost complete and only requires a small current to maintain a constant voltage. Overall, this CC/CV method enables fast and efficient battery charging in the initial stage, followed by safer and more controlled charging in the final stage, to avoid the risk of overcharging and ensure long battery life.

Conclusion

In conclusion, the battery charging method using the Constant Current/Constant Voltage (CCCV) approach has proven effective in safely and efficiently charging lithium-ion batteries. The charging process begins with a constant current (CC), which allows rapid charging until the terminal voltage reaches a maximum limit. After reaching the maximum voltage, the charging switches to a constant voltage (CV) mode, where the current is gradually reduced to maintain a stable voltage. This approach not only maximizes charging efficiency but also protects the battery from the risk of overcharging and overheating, which can extend the battery life. Analysis from the simulation shows that using the CCCV method can optimally manage battery charging by maintaining a balance between charging speed and operational safety, making it an ideal choice for charging lithium-ion batteries in various applications.
In conclusion, you might elaborate on the importance of the work or suggest potential applications and extensions.
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