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Abstract- Lithium-ion batteries (LiBs) are the cornerstone of modern energy storage, powering applications 

from consumer electronics to electric vehicles. Optimizing charging strategies is crucial to enhance battery 

performance, efficiency, lifespan, and safety. This review explores advanced charging algorithms, including 

Constant Current-Constant Voltage (CC-CV), Pulse Charging, Model Predictive Control (MPC), Machine 

Learning-based optimization, and Hybrid Adaptive techniques. A comparative analysis is conducted on key 

performance metrics such as charging time, energy efficiency, thermal management, degradation effects, and 

real-time adaptability. The impact of optimization techniques, including Particle Swarm Optimization (PSO), 

Genetic Algorithms (GA), and Reinforcement Learning (RL), on battery longevity and fast-charging 

capabilities is examined. Additionally, the review highlights challenges in real-world implementation, such 

as thermal constraints, aging effects, and safety concerns. The study aims to provide insights into the trade-

offs between charging speed and battery health while recommending future directions for intelligent and 

adaptive charging solutions. 

 

Index Terms - Lithium-ion batteries, charging algorithms, Optimization techniques, controllers.  

 

 

I. INTRODUCTION 

 

Lithium-ion (Li-ion) batteries have become the cornerstone of modern energy storage, powering applications 

ranging from consumer electronics and electric vehicles (EVs) to renewable energy integration and aerospace 

systems. Their widespread adoption is driven by their high energy density, long cycle life, and relatively low 

self-discharge rate. However, the charging process remains a critical factor affecting battery performance, 

safety, and longevity. Improper charging strategies can lead to capacity degradation, lithium plating, 

excessive heat generation, and, in extreme cases, thermal runaway [1]. Therefore, the optimization of 

charging algorithms is essential to enhance efficiency, prolong battery life, and ensure operational safety.   

Traditional charging techniques, such as the Constant Current-Constant Voltage (CC-CV) method, have been 

widely used due to their simplicity and reliability. However, CC-CV charging often results in long charging 

times and uneven current distribution, which can accelerate aging effects. To overcome these limitations, 

advanced charging algorithms have been developed, incorporating techniques such as Pulse Charging, Multi-

Stage Constant Current Charging, Model Predictive Control (MPC), and Adaptive and Intelligent Charging 

Strategies. These advanced approaches leverage real-time battery state estimation, dynamic charging 

profiles, and predictive optimization to minimize adverse effects and improve overall charging efficiency 

[2].   
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Optimization techniques, including metaheuristic algorithms like Particle Swarm Optimization (PSO) and 

Genetic Algorithms (GA), have been integrated into charging strategies to fine-tune parameters such as 

charge current, voltage limits, and thermal constraints. Additionally, artificial intelligence (AI)-driven 

methods, including Machine Learning (ML) and Reinforcement Learning (RL), have shown promise in 

dynamically adjusting charging profiles based on real-time battery health monitoring and historical 

degradation patterns. These methods aim to maximize charge acceptance, minimize resistive losses, and 

reduce degradation effects while ensuring fast and safe charging [3].   

A critical aspect of performance analysis involves evaluating key metrics such as charging efficiency, charge 

time, energy losses, state-of-health (SOH) estimation, and cycle life extension. Advanced modelling 

techniques, including electrochemical, thermal, and equivalent circuit models, play a vital role in simulating 

and predicting the impact of different charging strategies on battery performance. Moreover, experimental 

validation and real-world implementation are necessary to bridge the gap between theoretical advancements 

and practical applications [4].   

This review paper provides an in-depth analysis of various advanced Li-ion battery charging algorithms, 

comparing their optimization techniques, performance trade-offs, and implementation challenges. It also 

examines the impact of charging methods on battery aging mechanisms, such as solid electrolyte interphase 

(SEI) layer formation, lithium plating, and thermal degradation. Furthermore, future research directions are 

discussed, including the integration of ultra-fast charging, wireless charging technologies, and next-

generation battery chemistries, such as solid-state and lithium-sulphur batteries.   

By synthesizing recent advancements in battery charging optimization, this review aims to provide valuable 

insights for researchers, industry professionals, and policymakers in designing efficient, reliable, and 

sustainable charging solutions. The findings will contribute to the development of smarter Battery 

Management Systems (BMS) and the advancement of Li-ion battery technologies for future energy storage 

applications.   

 

II. OVERVIEW OF CHARGING ALGORITHMS FOR LITHIUM-ION BATTERIES 

 

Lithium-ion (Li-ion) batteries are widely used in portable electronics, electric vehicles (EVs), and energy 

storage systems due to their high energy density, long cycle life, and efficiency. The charging process 

significantly impacts battery performance, longevity, and safety. Various charging algorithms have been 

developed to optimize charge time, efficiency, and degradation effects. The primary charging strategies can 

be categorized as follows [5-10]: 

 

1. Traditional Charging Methods 

 

(a) Constant Current-Constant Voltage (CC-CV) 

Principle: The most widely used method, involving an initial constant current (CC) phase followed by a 

constant voltage (CV) phase. 

Advantages: Simple, reliable, and widely adopted in commercial applications. 

Challenges: Long charging time due to the prolonged CV phase; potential for lithium plating at high currents. 

 

(b) Trickle Charging 

Principle: A low-current charging method used to maintain battery capacity after full charge. 

Advantages: Prevents self-discharge in idle states. 

Challenges: Inefficient for high-energy applications. 
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Fig. 1. A Novel Optimal Charging Algorithm for Lithium-Ion Batteries Based on Model Predictive Control 

[19] 

 

2. Advanced Charging Techniques 

 

(a) Pulse Charging 

Principle: Alternates between short charging pulses and rest periods to allow ion diffusion within the battery. 

Advantages: Reduces heat generation and improves battery lifespan. 

Challenges: Requires precise control systems; may not always be faster than CC-CV. 

 

(b) Multistage Constant Current (MCC) Charging 

Principle: Uses multiple CC stages with decreasing current levels before reaching the CV phase. 

Advantages: Reduces charge time while maintaining battery health. 

Challenges: Requires optimized current step transitions. 

 

(c) Adaptive/Fuzzy Logic-Based Charging 

Principle: Adjusts charging parameters dynamically based on battery state (e.g., voltage, temperature, SoC). 

Advantages: Enhances efficiency and reduces degradation. 
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Challenges: Complex control algorithms; computational overhead. 

 

(d) Model Predictive Control (MPC) Charging 

Principle: Uses a predictive model to optimize charging current and voltage dynamically. 

Advantages: Optimized charging with reduced stress on battery materials. 

Challenges: Requires real-time computation and accurate battery modeling. 

 

3. Fast Charging Techniques 

 

(a) Boost Charging 

Principle: Applies a high initial current to rapidly charge the battery before switching to a lower current. 

Advantages: Reduces overall charging time. 

Challenges: Risk of lithium plating and thermal runaway. 

 

(b) Hybrid Pulse Charging 

Principle: Combines pulse charging with other methods, such as CC-CV, for enhanced performance. 

Advantages: Reduces internal resistance effects and improves charge acceptance. 

Challenges: Requires precise control strategies. 

 

(c) Artificial Intelligence (AI)-Based Charging 

Principle: Uses AI techniques (e.g., machine learning, neural networks) to predict optimal charging 

parameters. 

Advantages: Real-time adaptation to battery conditions; maximizes charge rate without degradation. 

Challenges: Requires extensive training data and computational resources. 

 

4. Wireless Charging Techniques 

 

Inductive and Resonant Charging: Non-contact energy transfer for convenience. 

Challenges: Lower efficiency and increased thermal losses compared to wired charging. 

 

5. Performance Evaluation Metrics 

 

Charging Efficiency: Ratio of energy stored to energy supplied. 

Charging Time: Duration required to reach full SoC. 

Battery Degradation: Capacity fade and impedance increase over cycles. 

Temperature Effects: Heat generation and thermal management. 

Safety Considerations: Overcharge protection, short-circuit prevention. 

 

III. OPTIMIZATION TECHNIQUES IN ADVANCED CHARGING STRATEGIES  

 

Recent advancements in Li-ion battery charging optimization leverage mathematical modeling, control 

theory, and artificial intelligence to dynamically adjust charging parameters based on real-time battery state 

estimations. Some of the key optimization techniques include [11-18]:   

 

 Metaheuristic Optimization Algorithms 
 

   Particle Swarm Optimization (PSO): PSO is widely used to optimize charging parameters such as current 

profiles and terminal voltage limits, ensuring a balance between charging speed and battery health. It mimics 

the social behavior of particles to explore an optimal solution while minimizing energy losses.   

Genetic Algorithms (GA): GA-based optimization is used to evolve optimal charging profiles by selecting 

the best-performing solutions through crossover and mutation. It is particularly useful in multi-objective 

optimization problems, such as minimizing charge time while maximizing battery lifespan.   

 Grey Wolf Optimizer (GWO) and Ant Colony Optimization (ACO):These bio-inspired algorithms offer 

efficient tuning of nonlinear battery models to optimize charging schedules and reduce aging effects.   
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 Model Predictive Control (MPC) 

 

MPC is a powerful control strategy that predicts future battery states based on system dynamics and applies 

optimal control actions to regulate current and voltage. This method minimizes overcharging and overheating 

while optimizing charge acceptance and cycle life.   

 Advanced MPC variants incorporate real-time State of Charge (SOC) and State of Health (SOH) estimations, 

enabling adaptive charging decisions based on real-time battery conditions.   

 

 

 Fuzzy Logic and Adaptive Neuro-Fuzzy Inference Systems (ANFIS) 

 

 Fuzzy logic controllers adjust charging currents dynamically by mimicking human decision-making based 

on **linguistic variables (e.g., "high SOC," "moderate temperature") rather than fixed equations.   

 ANFIS integrates neural networks with fuzzy logic to improve self-learning capabilities, enabling real-time 

adaptation to different battery chemistries and usage patterns.   

 

 

  Reinforcement Learning (RL) and Machine Learning (ML)-Based Charging 

 

 Deep Reinforcement Learning (DRL): DRL-based charging algorithms learn optimal charging policies 

through trial and error, using rewards based on charge efficiency and degradation minimization.   

Supervised Learning Approaches: ML models trained on battery degradation data help predict aging trends 

and adjust charging profiles accordingly. Techniques such as support vector machines (SVMs) and long 

short-term memory (LSTM) networks are used for accurate SOH prediction and charging optimization.   

 

 

  Multi-Objective Optimization (MOO) 

 

MOO techniques aim to simultaneously optimize multiple conflicting objectives, such as minimizing charge 

time while maximizing efficiency and cycle life.   

Pareto-based optimization and evolutionary algorithms help decision-makers select the best trade-off 

solutions for different operating conditions.   

 

 

  Hybrid Optimization Approaches 

 

Many studies have explored hybrid approaches that combine different optimization techniques to achieve 

superior performance. For example, PSO-MPC hybrids leverage PSO’s global search capability to optimize 

MPC parameters, resulting in highly adaptive and efficient charging strategies.   

 Fuzzy-PSO controllers refine charging currents by integrating rule-based decision-making with evolutionary 

optimization to minimize degradation effects.   

 

 

IV. CONCLUSION 

The optimization and performance analysis of advanced charging algorithms play a crucial role in enhancing 

the efficiency, longevity, and safety of lithium-ion batteries. This review highlights the comparative 

advantages and challenges of various charging strategies, including Constant Current-Constant Voltage (CC-

CV), Pulse Charging, Model Predictive Control (MPC), and Machine Learning-based optimization 

techniques. While traditional CC-CV remains widely adopted due to its simplicity and reliability, pulse and 

intelligent charging methods have demonstrated superior performance in terms of reduced charging time, 

lower heat generation, and extended battery lifespan. 

 

Optimization techniques such as Particle Swarm Optimization (PSO), Genetic Algorithms (GA), and 

Reinforcement Learning (RL) are increasingly being integrated into charging strategies to achieve adaptive 

control and efficiency improvements. These approaches enable dynamic charge profile adjustments based 

on real-time battery conditions, minimizing degradation while maximizing performance. Furthermore, 
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incorporating thermal and electrochemical modeling into optimization frameworks provides deeper insights 

into battery behavior under different charging scenarios. 

 

Future research should focus on developing hybrid charging algorithms that combine multiple optimization 

techniques to balance charging speed, energy efficiency, and battery health. Additionally, the integration of 

artificial intelligence (AI) and digital twin technology could enable predictive maintenance and real-time 

optimization, further improving lithium-ion battery performance in diverse applications such as electric 

vehicles and renewable energy storage. As advancements continue, the synergy between battery management 

systems (BMS), smart charging infrastructure, and fast-evolving optimization methods will be key to 

achieving sustainable and high-performance energy storage solutions. 
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