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Abstract: In the modern era, characterized by an increasing demand for mobility and energy efficiency, fast-charging 

technology plays a crucial role. With the increasing use of electronic devices and electric vehicles, the demand for more efficient 

and energy-saving charging systems is also on the rise. One of the key components in these systems is the lead acid battery and 

capacitor bank, both of which have the ability to store and release energy quickly. Therefore, these components are essential in 

enhancing the effectiveness of the charging process. However, a major challenge in fast charging systems is optimizing the 

configuration of lead acid batteries and capacitor banks to minimize charging time while reducing power losses during the 

process. Addressing this challenge requires an intelligent approach to determining the optimal power distribution path to ensure 

a stable and efficient charging process. The Ant Colony Optimization (ACO) algorithm is used in this study to enhance the 

arrangement of lead acid batteries and capacitor banks in a fast-charging system. Drawing inspiration from how ant colonies 

locate the shortest path to food, the ACO algorithm has been effectively applied to real-world optimization tasks, including power 

grid distribution and efficient energy charging systems. By implementing this algorithm, the system can identify an optimal 

charging pattern, reducing voltage fluctuations and maximizing energy efficiency throughout the charging process. The main 

goal of this study is to design an efficient and energy-saving fast charging system capable of adapting to different operating 

conditions. The optimization process involves applying the Ant Colony Optimization (ACO) algorithm to enhance the 

performance of lead acid batteries and capacitor banks, this system is expected to accelerate the charging process without 

compromising reliability and battery lifespan. The findings of this study are anticipated to contribute to the advancement of 

smarter charging technology, supporting high mobility needs in the modern era, and providing a more sustainable solution for 

energy management.  
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1. Introduction 

Fast charging is gaining more significance as the need for 

mobility increases and time pressures mount. Fast charging is a 

technology that enables electronic device batteries to charge 

much faster than standard charging methods. The increasing 

demand for fast charging for portable electronic devices such as 

smartphones, laptops, and tablets has surged significantly in 

recent years. These devices require high battery capacity and are 

frequently used, making regular recharging necessary. 
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Traditional charging methods take a long time and are 

impractical, especially for users who travel frequently or have 

busy schedules. As a result, fast charging technology has gained 

popularity. Fast charging allows users to power up their devices 

in a short amount of time, often within minutes. This enhances 

user convenience and mobility, Enabling longer device usage 

without the need for long recharging times [1][2].  This 

technology was first introduced by Qualcomm with Quick 

Charge, but today, various fast charging technologies with 

different names exist from various device manufacturers. Fast 

charging works by intelligently regulating the current and 

voltage entering the battery. Unlike standard charging, which 

uses a fixed current and voltage, fast charging can gradually 

increase both until reaching a certain safe limit. This increase 

accelerates the charging process. However, fast charging is not 

without drawbacks. Higher current and voltage levels can 

generate more heat during charging. This increased heat can 

reduce battery lifespan over time, making an optimized charging 

method necessary [3][4].   

There are several charging methods that can be used during 

battery recharging. These methods define the form and 

magnitude of current/voltage applied during the charging 

process. Some commonly used methods include constant 

current (CC), constant voltage (CV), and float charging. Using 

the CC method, the current is held constant for the duration of 

the charging process, while the battery voltage increases as more 

energy is stored. This method is highly effective during the 

initial charging phase when the battery is empty, but it must be 

carefully controlled to prevent overheating [7].  

As the battery nears full capacity, the constant voltage (CV) 

method is applied, the voltage is held at a fixed level while the 

current gradually drops, eventually reaching a minimum that 

signifies the battery is fully charged. This method called float 

charging, is used to maintain a full charge in the battery while 

avoiding overcharging. It involves applying a low voltage level, 

sufficient to keep the battery charged without causing gas 

buildup or cell damage [7].  

Besides these methods, there are also fast charging systems 

for rapid power replenishment and automatic charging systems 

that can adjust the charging method according to the battery’s 

health status [7].   

A capacitor bank is a collection of capacitors connected in 

parallel, capable of storing large amounts of energy and 

releasing it quickly. In fast charging systems, capacitor banks 

store the energy required to rapidly charge a device [2].   

This stored energy is delivered to the device through an 

inverter, it changes the direct current (DC) from the capacitor 

bank into alternating current (AC) that is compatible with the 

device. Optimizing the configuration of the capacitor bank to 

minimize charging time and energy loss is a significant 

challenge in fast-charging systems. An optimal configuration 

enhances system efficiency and extends battery lifespan. Key 

factors in this optimization include the number of capacitors, 

their capacitance values, and their connection configuration 

(series or parallel) [5][6].   

Both capacitor banks and lead acid batteries play essential 

roles in charging systems, particularly in energy storage and 

management. A capacitor bank serves as a temporary energy 

storage unit that can effectively charge a lead acid battery. In a 

charging system, the capacitor bank helps stabilize the voltage 

and current supplied to the battery, preventing potential damage 

from power fluctuations. When a lead acid battery is charged, a 

chemical process occurs between lead and sulfuric acid, 

converting electrical energy into chemical energy. The use of a 

capacitor bank ensures a stable and consistent charging current, 

which is crucial for maintaining battery health and longevity. 

Additionally, capacitor banks provide reactive power to balance 

inductive loads within an electrical system, thereby improving 

overall charging efficiency [8].   

The charging process of a capacitor bank is extremely 

fast, often completed within seconds, as it only requires 

reaching a specific voltage level. In contrast, lead acid 

batteries store energy through chemical reactions between 

lead and sulfuric acid, requiring a longer charging time and 

multiple phases, including bulk charging phase, absorption 

phase, and float phase. Throughout bulk charging, the 

current remains steady until the battery is roughly 70% 

charged, followed by absorption charging, which stabilizes 

the voltage until the battery reaches 100% State of Charge 

(SOC). This charging method is more complex compared to 

capacitor banks, which can charge quickly without requiring 

intricate control mechanisms.  

Furthermore, capacitor banks can instantly supply 

reactive power to support inductive loads, whereas lead acid 

batteries are primarily designed for long-term energy 

storage. Therefore, while both serve as energy storage 

solutions, their operational mechanisms and applications in 

electrical systems differ significantly [9][10].   

The Ant Colony Optimization (ACO) algorithm is 

employed to regulate the fast charging process of capacitor 

banks by identifying the shortest charging path and adjusting 

current and voltage levels as needed. This algorithm aids in 

determining the optimal charging current at each stage of the 

lead acid battery charging process, thereby maximizing 

efficiency and extending battery lifespan. Additionally, 

ACO manages the timing and duration of capacitor bank 

charging to minimize the risk of overcharging and ensure 

that capacitors operate at their optimal capacity. As a result, 

ACO enhances the efficiency of the charging process while 

providing a more adaptable solution to changing system 

conditions [14][15].   

Overall, the ACO algorithm demonstrates significant 

potential in improving energy efficiency and system 

performance when applied to capacitor banks and lead acid 

battery charging systems. This is due to its ability to leverage 

the intelligent behavior of ant colonies in finding optimal 

solutions [7][16].   
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2. Method  

2.1. Ant Colony Optimization  

Ant Colony Optimization (ACO) is a method of 

optimization that simulates the cooperative behavior of ants 

in finding the fastest path to food. Developed by Marco 

Dorigo in the early 1990s, the algorithm relies on 

pheromone trails as a form of indirect communication 

between ants. The artificial ants create solutions by 

following the pheromone trails, which are updated as they 

discover better solutions [17][18].   

This process enables the optimization of charging time 

and energy efficiency, ensuring that capacitor charging 

occurs effectively and safely. Through continuous 

pheromone updates and iterations, ACO helps determine the 

optimal charging strategy, enhancing the performance and 

lifespan of capacitor banks [19][20].  

If an obstruction interrupts the established path between the 

ant colony and the food source, ants promptly seek alternative 

routes around the barrier. Initially, each ant randomly chooses to 

go left or right, with equal likelihood. While moving, they 

maintain similar speeds and uniformly deposit pheromones 

along their respective routes. Consequently, the ants that (by 

chance) take the shorter route around the obstacle will return to 

the original path faster than those taking the longer route to 

bypass it. As a consequence, the shorter path around the obstacle 

experiences faster pheromone buildup. Given that ants typically 

prefer trails with higher pheromone density, they ultimately 

converge on the more efficient route [19].  

  

2.2. Block Diagram  

The block diagram is a visual model that shows the primary 

components and the relationships between them within a system 

including data flow and control between system parts.  

.  

  
Figure 1. Block Diagram Ant Colony Optimization  

  

This block diagram illustrates a charging system that utilizes 

a 220 VAC power source directed to the charging process. The 

generated energy is then distributed through two main paths: the 

Capacitor Bank, controlled by Relay 1, and the lead acid battery, 

managed through Relay 2, with monitoring from sensors. The 

sensors play a crucial role in overseeing the charging process and 

distributing power by sending signals to the Microcontroller, 

which then makes decisions based on the acquired data.  

Following the storage of energy in the lead acid battery and 

Capacitor Bank The system provides energy through two main 

output channels, namely the lead acid battery and the Capacitor 

Bank. Before being transmitted to the  

Microcontroller, the energy first passes through the ACO (Ant 

Colony Optimization), which functions as a regulator or switch 

for energy distribution. The Microcontroller also manages 

communication with an IoT (Internet of Things) monitoring 

system for remote supervision, as well as an HMI (Human 

Machine Interface), which allows users to monitor the system 

status in real time.  

Overall, this system is designed to optimize the charging 

process by utilizing a capacitor bank and lead acid battery as 

energy storage components, controlled by sensors and a 

microcontroller. With the added IoT-based monitoring feature and 

real-time HMI display, this system ensures an efficient charging 

process while providing users with ease of monitoring and 

control.  

2.3. Flowchart Ant Colony Optimization  

The flowchart above depicts the Ant Colony Optimization 

(ACO) process, a method used to determine the optimal path 

by mimicking the food-searching behavior of ants. Below, 

each step of the flowchart is explained  

    

  

  
Figure 2. Flowchart Ant Colony Optimization  

  

In this stage, various essential libraries such as 

*minimalmodbus*, *serial*, *time*, *requests*, *random*, 

and *numpy* are utilized to ensure smooth communication 

with hardware and facilitate numerical data processing.   

After the initialization phase is complete, the next step is 

to randomly place ants at various nodes within the network. 

This process is carried out using the *random* function to 

ensure that each ant starts its journey from a different initial 

point. With variation in starting positions, path exploration 
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becomes more effective, as ants have a greater chance of 

exploring various possible routes.   

The next stage in this algorithm is **pheromone 

updating**, which is performed after each iteration. 

Frequently used paths will have higher pheromone levels, 

whereas less optimal paths will experience gradual 

pheromone evaporation. This aims to reduce the 

attractiveness of inefficient paths, preventing ants from 

getting stuck in nonoptimal routes. Pheromone updates are 

conducted by adding a specific value to the paths traversed 

by ants based on their path length, while evaporation occurs 

by reducing pheromones using the *evaporation_rate* 

factor.   
An important feature of the Ant Colony Optimization 

(ACO) algorithm is path selection based on the 

concentration of pheromones. During this stage, ants are 

more inclined to choose paths with higher pheromone levels, 

which indicates that the paths have been frequently traversed 

and are likely to be more efficient. This process allows ants 

to adjust their search strategy and gradually discover the best 

route through a mechanism of exploration and exploitation. 

As a result, ants have a greater tendency to select proven 

efficient paths, but there remains a possibility of exploring 

new, less-traveled routes.  

After several iterations, the algorithm reaches the termination 

stage, where most ants converge on the same path as the best 

route. At this point, the system stores the shortest path as the 

optimal solution. This process involves comparing the latest path 

distance with the best path previously discovered. If the latest 

path is more optimal, it is saved as the best solution for efficient 

route discovery.  

  

2.4. Ant Colony Optimization Model  

The Ant Colony model consists of multiple paths with current 

magnitude variables. In this modeling, the process is divided into 

five stages, where each stage contains several possible current 

variables that will be analyzed using the Ant Colony to determine 

a safe and fast-charging current pattern. At this stage, the nodes 

are defined as follows:  

  

  
Figure 3. Ant Colony Optimization Model  

  

The figure demonstrates how the Ant Colony Optimization 

(ACO) algorithm is applied to optimize the battery's charging 

path. The diagram illustrates the process by which ACO 

determines the most efficient path based on current variations 

across five different stages, corresponding to the State of Charge 

(SOC) of the battery. The charging process begins with 0-50%, 

51-70%, 70-90%, 90-99%, and finally reach 100% at the last 

stage. Each stage contains multiple nodes representing possible 

current values that can be applied during the charging process.  

In this diagram, every node in a given stage is linked to several 

other nodes in the next stage through connecting lines. The black 

lines indicate the various possible paths that can be selected, 

while the green-colored nodes and green lines highlight the 

optimal path chosen by the algorithm. The optimal path 

identified by ACO starts from node 6 in the initial stage, then 

moves to node 5, followed by node 3, then node 2, and finally 

reaches node 0 (destination). This selection process is influenced 

by pheromone levels, where frequently used and high-

performing paths are given priority.  

Based on the selected path, in the initial stage (SOC 0-

50%), the algorithm determines node 6 as the starting point, 

likely indicating the use of high current to accelerate 

charging when the battery is still empty. As the SOC 

increases to 51-70%, the algorithm moves to node 5, 

suggesting that the current begins to decrease to maintain 

charging efficiency. In the 70-90% stage, the path shifts to 

node 3, showing that the current is further reduced to prevent 

overheating or overcharging. In the 90-99% stage, the 

algorithm selects node 2, ensuring that the charging process 

remains stable with a progressively lower current. Finally, at 

the 100% stage, the algorithm reaches node 0, indicating that 

the battery is fully charged with a gradually optimized 

current distribution.  

Overall, this diagram explains how the ACO algorithm 

aids in optimizing the charging process by adjusting current 

distribution at each stage. This approach enhances energy 

efficiency, prevents excessive charging speed in the final 

stages that could shorten battery lifespan, and ensures stable 

current flow throughout the process. By implementing this 

method, the charging system becomes more efficient, safe, 

and capable of maintaining long-term battery performance.  

3. Results and Discussion  

3.1. Data Description  

The data used in this analysis includes charging time in 

seconds (Time), the voltage measured on the lead acid 

battery and capacitor bank (Voltage), the current during the 

charging process (Current), and the estimated State of 

Charge (SOC). The data was collected during the charging 

period and recorded at fixed time intervals. The data source 

comes from direct measurements taken during laboratory 

experiments.  
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Table 1. Test Results with Lead Acid Battery without ACO  

Time (s)  

Voltage (V)  Current (A)  

Estimasi SOC 

(%)  
    

 Vmin  Vmax  Imin  Imax   

1 sd 350  13,5 V  17 V  3 A  10 A  65 %  

  

Table 2. Test Results with Capacitor Bank without ACO  

Time (s)  

Voltage (V)  Current (A)  

Estimasi SOC 

(%)  
    

 Vmin  Vmax  Imin  Imax   

1 sd 300  8 V  17,5 V  4 A  12 A  55 %  

   

Table 3. Test Results with Lead Acid Battery Using ACO  

Time (s)  

Voltage (V)  Current (A)  

Estimasi 

SOC (%)  
    

 Vmin  Vmax  Imin  Imax   

1 sd 890  13,3 V  14,1 V  2,03 A  5 A  58 %  

  

Table 4. Test Results with Capacitor Bank Using ACO  

Time (s)  

Voltage (V)  Current (A)  

Estimasi 

SOC (%)  
    

 Vmin  Vmax  Imin  Imax   

1 sd 360  11,1 V  15 V  1,58 A  3,5 A  63 %  

  

3.2. Measurement Results Without ACO  

Below are the measurement results of the lead acid battery and 

capacitor bank without using ACO.  

  

  
Figure 4. Voltage and Current of Lead Acid Battery without ACO  

  

The graph shows that voltage and current exhibit wave-like 

fluctuations with recurring peaks. This indicates that the system 

undergoes a periodic charging and discharging process, which is 

characteristic of a lead acid battery without optimization. Each 

time the voltage reaches its peak, the current also increases 

almost simultaneously, signifying a direct relationship between 

these two parameters. However, after reaching the maximum 

point, both voltage and current experience a sharp decline, 

approaching zero before rising again in the next cycle.  

This pattern indicates unstable fluctuations in the charging 

process, most likely caused by uneven charge distribution or low 

battery efficiency. Compared to a system optimized using the Ant 

Colony Optimization (ACO) method, this graph suggests that 

without optimization, voltage and current variations are more 

extreme and irregular. These uncontrolled charging and 

discharging cycles can result in lower system efficiency and 

potentially accelerate battery degradation.  

  

  
Figure 5. Voltage and Current of Capacitor Bank without ACO  

  

At the beginning of the measurement, the voltage was at 

a relatively high level, around 18V, but it experienced a 

drastic drop within a short period. This decrease was most 

likely caused by rapid discharge or changes in the system 

load. After reaching a certain value, the voltage began to 

exhibit an oscillating pattern with sharp periodic spikes. This 

phenomenon could indicate instability during the capacitor 

bank's charge and discharge cycles, making it difficult for 

the voltage to remain stable over an extended period.  
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From the graph pattern displayed, it is evident that the 

voltage undergoes significant fluctuations, particularly after 

approximately 50 seconds. At this point, a considerable 

voltage surge occurs before dropping again. This surge 

repeats multiple times during the measurement process, 

indicating an imbalance within the system. The current also 

shows an unstable variation pattern, with several sharp 

spikes at different time points, especially when the voltage 

experiences sudden increases.  

Such a pattern suggests that the system is undergoing 

oscillations or disturbances in power distribution, most 

likely due to instability during the capacitor bank's charge 

and discharge cycles. Voltage irregularities and current have 

the potential to reduce system efficiency and accelerate the 

degradation of connected electrical components. Therefore, 

an optimization method is needed to enhance operational 

stability.  

  

3.3. Results of ACO Algorithm Implementation  

The optimization of charging time through the 

implementation of ACO has successfully improved the 

charging process by maintaining stable voltage and current. 

The charging time can be minimized through the optimal 

configuration of capacitor banks and lead acid batteries. 

ACO is also effective in reducing power loss during the 

charging process. This is demonstrated by the increased 

charging efficiency and stability of the charging system. 

Below is the test result table using a lead acid battery with 

ACO implementation. Below is the table presenting the test 

results of the lead acid battery and capacitor bank through 

ACO.  

  

  
Figure 6. Voltage and Current of Lead Acid Battery with ACO  

  

This graph illustrates the relationship between voltage and 

current over time, with a pattern reflecting optimization within 

the system. The voltage gradually increases from approximately 

13.3 V to 14.1 V, while the current decreases from around 4.5 A 

to 2 A. The staircase-like increase in voltage indicates that the 

energy charging process occurs gradually and in a controlled 

manner. Meanwhile, the stable decline in current suggests 

effective regulation in power distribution to prevent unwanted 

surges.   

This system incorporates the Ant Colony Optimization (ACO) 

approach to achieve optimal voltage and current distribution, 

ultimately contributing to improved operational efficiency and 

reduced system instability. Compared to an unoptimized system, 

this graph demonstrates a more stable transition, without 

significant spikes or uncontrolled oscillations. Voltage and 

current exhibit an inverse relationship, where voltage gradually 

increases while current decreases. This pattern aligns with the 

principles of optimal battery charging, where the charging 

current gradually decreases as the energy storage capacity 

increases to avoid the risk of overcharging.   

By using ACO, power distribution becomes more efficient, 

reducing fluctuations and maintaining current stability. This not 

only enhances energy storage effectiveness but also contributes 

to extending the lifespan of the battery or capacitor bank in use. 

Therefore, this optimization method plays a crucial role in 

improving the performance and stability of electrical systems.   

  

 
Figure 7. Voltage and Current of Capacitor Bank with ACO  

When the measurement process commenced, the voltage 

was around 15.5 V and gradually decreased over time. The 

decline pattern was not linear but rather staircase-shaped, 

indicating discrete changes within the system. The voltage 

continued to decrease until it reached approximately 11 V 

at the end of the measurement period. Conversely, the 

electric current showed an increasing trend, starting from 

around 1.5 A and gradually rising to about 3.5 A by the end 

of the measurement. Although this increase in current was 

generally linear, several spikes indicated changes in the 

system's conditions. The Ant Colony Optimization (ACO) 

algorithm was utilized to identify the most efficient current 

and voltage distribution paths, aiming to reduce 

fluctuations and enhance overall system performance.  

From the pattern observed in the graph, it can be 

concluded that there is an inverse relationship between 

voltage and current. As voltage decreases, the current 

increases. This pattern is common in electrical systems 

involving resistive loads or capacitors undergoing charging 

and discharging processes. By implementing the ACO 

method, the system can optimize the use of capacitor banks 

to reduce voltage drops and maintain current balance, 

thereby enhancing the stability and efficiency of the 

electrical network.  
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Overall, this graph illustrates the characteristics of an 

electrical energy storage system, such as capacitors or 

batteries, during the discharge process. The small spikes in 

the voltage and current graphs are likely caused by load 

condition changes or control system interventions. In the 

context of capacitor bank optimization, the ACO method 

plays a role in finding the best configuration by considering 

the optimal path based on the pheromone levels left by 

previous solutions. With this approach, the system becomes 

more adaptive to load variations and achieves higher power 

efficiency.  

4. Conclusion  

Fast charging has become an essential requirement in the 

modern era, demanding solutions that are both efficient and 

effective. This study explores the application of Ant Colony 

Optimization (ACO) to enhance the performance of a 

fastcharging system using lead acid batteries and capacitor 

banks. The following section presents an analysis of the test 

results and data classification:  

A comparative analysis of graphical data from systems 

with and without the ACO method reveals significant 

differences in voltage and current stability within capacitor 

banks and lead acid batteries. The system without ACO 

exhibits an unstable pattern in both voltage and current, 

characterized by substantial fluctuations and unpredictable 

variations. The voltage drops sharply within a short 

duration, while the current experiences significant spikes 

and oscillations. This instability suggests that, without 

optimization, the system struggles to maintain a steady 

power supply, which could disrupt energy distribution and 

reduce the operational efficiency of capacitor banks and 

batteries.  

Conversely, in the system utilizing the ACO method,  

voltage and current behavior appears more stable and 

controlled. The ACO technique optimizes power 

distribution, enabling capacitor banks and lead acid batteries 

to deliver energy more efficiently and evenly. Voltage 

decline occurs in a more gradual and regulated manner, and 

current fluctuations are significantly reduced compared to 

the system without ACO. This indicates that optimization 

plays a crucial role in maintaining power balance, 

minimizing excessive load variations, and preventing 

premature degradation of electrical components.  

The contrast between these two systems underscores the 

importance of optimization in enhancing the performance of 

capacitor banks and lead acid batteries within energy storage 

applications. Without ACO, power distribution is less balanced, 

which can lead to system instability, accelerated device wear, and 

an increased risk of power loss due to uncontrolled oscillations. 

In contrast, implementing the ACO method allows the system to 

determine the most efficient power distribution path, reducing 

voltage and current fluctuations, extending the lifespan of 

components, and improving overall energy conversion 

efficiency.  

In summary, the ACO approach has demonstrated its 

effectiveness in improving system stability by mitigating voltage 

and current inconsistencies in capacitor banks and lead acid 

batteries. By employing this optimization method, capacitor 

banks operate more efficiently in distributing energy, while lead 

acid batteries maintain stable performance during charge and 

discharge cycles. As a result, the application of optimization 

methods like ACO provides an effective approach to improving 

the performance and dependability of electrical energy storage 

systems, especially in scenarios requiring steady power output.  
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