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Abstract Article

The increased number of portable electronics and electric vehicles being put into use demands rapid and History
reliable methods of charging batteries. Among the variants of batteries, lithium-ion batteries are in wide usage
owing to their high energy storage capacity and long cyclability. However, charging them too quickly makes
them wvery susceptible to various forms of damage, which reduces their safety and cycle life. Fast charging
would require certain appropriate protocols. These protocols can add stress to the battery by exposing it to heat
and chemicals that may cause permanent damage, increase internal resistance, and result in degradation. This — Accepted:
review discusses methodologies that exist for controlling fast-charging protocols with the aim of mitigating 07.07.2025
such battery degradation. Various charging methodologies considered in this study include CC-CV, multistage
charging, pulse charging, model predictive control, and those methodologies using reinforcement learning.
These strategies are compared in terms of their charging time, temperature rise, SOH, and overall cycle life. We ~ Published:
merged experimental data with simulation models for electrochemistry, heat, and aging to find out how things 27.07.2025
degrade. Finding a balance between battery life and fast charging is one of the most in-demand questions. We
presented a hybrid adaptive control approach which would modify charge profiles according to states of the
battery and other environmental events. It does this by real-time monitoring, improvement using data-driven
approaches, and predictive analytics. Case studies show how up to 25% reduction in degradation rate can be
achieved without impacting charging time. Thermal management is considered along with current modulation
and SOC-dependent control in the suggested system regarding the efficiency of the charging process. This
work helps in the design of easily maintainable and people-friendly battery management systems and smart
charging infrastructure. In future work, we would like to bring together battery digital twins, cloud-based
predictive diagnostics, and V2G charging scenarios. The paper gives a full picture of the strategy of control for
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fast charging and shows how to build an energy storage system which is longer lived and more efficient.
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1. Introduction

A. Background and Motivation

LIBs have been the most common mode of energy storage amongst people in recent years because of the
popularity of electric cars and portable electronics. LIBs are very good at charge-discharge cycles, hold much
energy in a small space, and thus find their applications for EVs, smartphones, laptops, and large-scale energy
storage systems. But as the years of its usage are increasing issues started to arise. The most relevant point to be
noted is that rapid charging of batteries shortens its life. On the other hand, fast charges draw much more current
than the conventional charge, which results in rapid deterioration of the internal chemistry of the battery. Such
deterioration manifests itself in the form of reduced capacity, higher internal resistance, and less active lithium to
result in shortening of cycle life of the battery and safety. Further, charging with overly higher rates can be highly
unsafe, especially with very big battery packs such as those used in electric cars. This menace has been caused by
safety issues such as thermal runaway, electrolyte leaks, and internal short circuits within the device. Due to the
aforementioned issues, there is an urgent need for smart charging protocols capable of regulating the rate of charge
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input to the battery without causing damage to it. Further, technologies need to be developed that will be able to
optimize the balancing between battery cycle life and its charge speed for conserving energy, sustaining it longer,
and bringing convenience to the user. Now, control engineering is able to improve the charging operation by
developing dynamic charging profiles from the parameters of batteries in real time. The present study aims at
understanding and mitigating the factors responsible for deterioration in a battery by implementing advanced
control strategies so as to make such batteries safe, reliable, and more useful for the end-user.

B. Need for Fast Charging

Fast charging is important because it makes usage easier and functions well with portable devices and electric
cars. Many say that long charging times are among the major deterrents to buying an electric car. Charging of the
battery the old-fashioned way may take quite some time. This, of course, does not help those who got used to quick
refill of their gasoline-powered cars. Quick charging capability, or reaching 80% SOC in 15-30 minutes, is indeed a
game-changing feature that makes electric mobility much more palatable. Fast-charging capabilities in consumer
electronics allow people to have their devices quickly charged up instead of waiting for so long. In such a way, the
digital experience flows seamlessly. Yet, there are several concerns over fast charging. While the voltage and
current go up to shorten the charge time, heat and electricity also exert additional stress on the cells. Consequently,
this makes the battery hotter and speeds up side reactions, such as the decomposition of the electrolyte and
thickness increase of the SEI layer. Quick charging at low temperature or high SOC makes lithium plating far more
likely. That is a process whereby lithium metal starts depositing at the surface of the anode. It is impossible to
remove lithium plating; and it tends to reduce the power of the battery, induce interior short-circuiting within the
cells, and even become dangerous with the risk of a fire or explosion. For many users, EVs and high-performance
electronics need fast charging. However, doing it safely without excessive heating and harmful chemistry requires
smart control systems. That is probably why developing an optimum protocol for fast charging lately has become
one of the most critical areas of research in both battery technology and control engineering.

C. Challenges in Battery Degradation

With fast charging, there are a lot of problems with your phone, and the batteries tend to die faster. These are
some of the issues that are required to be known in order to devise strategies for control that will keep people safe
and at the same time not hurt the performance very much. One of the most important considerations is heat
variation. Due to internal resistance, the battery is surely going to get hot when it has to handle a lot of current in
charge. The rising temperature will make the electrolyte degrade faster, and the growth of the SEI layer on the
anode is going to be accelerated too. These chemical side reactions consume the active lithium ions, and in the
meantime, they alter the electrode properties. Another major issue involves mechanical stress on the machine. This
is due to continuous volume expansion and shrinkage of electrode materials during lithiation and delithiation
cycles. When charging rates are high, the volume change becomes much larger. This may trigger small cracks in
the structure of electrodes. Such tiny cracks can break the contact between the active material and the current
collector. This could consume the battery and increase the difficulty of using the battery further. Likewise, lithium
plating might occur when a battery is nearly full or is charged at low temperature. In this case, lithium ions flow
into the graphite anode more slowly compared with the number moving to the surface of the electrode. This leads
to the accumulation of lithium. Not only does lithium plating weaken a battery irreversibly, but it also creates a
danger for people. Moreover, local hotspots may be exacerbated by constructing electrodes differently or by
uneven distribution of the electrolyte, further accelerating degradation. For solving these issues, much knowledge
about the electrochemical, thermal, and motional operation of batteries is needed. All these things are to be thought
over while making control systems for fast charging.

D. Control Strategies as a Solution

The researchers have found that new control methods of the charging process reduce problems arising from
fast charging. These methods determine in real time an optimal profile of charging current and voltage, depending
on the instantaneous state of the battery and surroundings. Newer generations make use of data to make
adjustments and adapt in accordance with cell performance. CC and CV charging had rule-based methods which
never changed. Not so with these control methods. These methods can identify significant thresholds instead, and
modify the path of charging, with continued monitoring of the SOC, voltage, current, internal resistance, and
temperature. For example, a model predictive control can estimate how the battery is going to behave, making
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necessary alterations to the input provided for charging early enough to avoid rising lithium plating or excessive
heat generation. Other methods, such as fuzzy logic control, neural networks, and reinforcement learning, have
also been evaluated by the researchers for nonlinear dynamics developed by batteries. It is also possible for the
control methods to avail themselves of thermal and electrochemical models in understanding the degradation
processes, and what happens over time using different modes of charging. This ability of prediction allows you to
charge your battery quickly while eliminating the change in chemicals inside the battery or increased wearing of
the machine. Hybrid techniques integrating physics-based knowledge with data-driven models are even more
flexible and useful. Such control systems also extend the scope of BMS usage to a wide array of applications,
including smartphones and electric buses. All this comes to a proper trade-off between the performance of the
battery and its rate of charging. It means you can have fun without concerns about your safety and/or battery life.
The present study has been designed to assess and improve the control methods in devising a novel adaptive
protocol intelligently balancing all the involved parameters during rapid charging.

E. Objectives of the Study

The main objective of this present study is to find and improve safe and effective means of managing the fast
charging of lithium-ion batteries while reducing degradation. There are various objectives which this research
relies on while attempting to attain its results. The first one is to learn as much as possible about how the fast-
charging protocols alter the course through which lithium-ion batteries degrade. It involves the determination of
variations in temperature, electrochemistry, and mechanics that a battery undergoes when the current charging
rates are extremely high. These fluctuations may drive capacity down, resistance up, and safety risks higher. The
second objective will be to obtain a critical view of how the current fast charging systems are conducting
themselves. These may include: Classic PID controllers, rule-following charging systems, model-based predictive
controllers, and machine learning-based methods.

Through each one of them, the ability to ensure the protection of persons while maximizing the longevity of
the battery and the speed at which the battery gains full charge can be determined. The third objective is to design
a new hybrid adaptive control system with the capability to run the battery charging process according to its
present condition. The use of Al algorithms, physics-based modelling, and real-time condition monitoring is
involved. This hybrid approach attempts to leverage the strengths of both model-based and data-driven
approaches toward the assurance of robustness and swiftness in the response of the system. The fourth objective is
to perform extensive hardware-in-the-loop (HIL) testing and simulation of the proposed control strategy. The
simulated scenarios involve different levels of cell damage, temperatures, and user requirements. Tests shall prove
the efficiency of the plan in the real world. The objective of this investigation is finding an intelligent, scalable way
of managing fast charging so as to enhance the technology of the battery by making it faster, safer, and longer-
lasting.

2. Literature Survey

A. Traditional Charging Methods

conventional lithium-ion battery charging methods have simple, easy-to-operate systems but are not that
flexible. The most common method put into practice is the Constant Current—Constant Voltage (CC-CV) method.
This method supplies constant power to the battery until it gets to a pre-set level; thereafter, the voltage remains
constant while current tapers off. Many people use CC-CV because it is simple to understand. However, this has
some drawbacks in the case of fast charging. The constant current can make the battery hotter and make lithium
plating more possible, especially toward the end of charging when the anode's lithium intercalation rate falls.
Another method of charging your phone is pulse charging. It works on the principle of short spurts of power
transmission followed by breaks. During this time, the lithium ions cool the battery and evenly distribute
themselves. This can reduce some thermal effects and make things easier for the ions to move around, but to
operate practically, it requires complicated control electronics, and may operate less effectively with all types and
states of a battery. Another older approach is multistage charging. It operates on the principle of charging with
different currents according to the level of SOC. As the level rises, it normally reduces the current in order to
prevent deterioration. It offers better protection compared to CC-CV, but the generation and calibration of multi-
stages are challenging, and this technology greatly relies on the chemistry behind the battery. These three are the

Page | 30



Publication: Sammy Brandon, Volume 1, Issue 3 (Jul-Sep, 2025), 28-37, IJETD.

most frequently used methods of charging a battery these days, but because they do not change with respect to the
fullness of the battery, they are not that useful when a person wants quick recharging. Because of the problems
they possessed, new control methods were developed for the battery. New methods monitor thermal,
electrochemical, and mechanical status of the battery. These states are crucial to maintaining the safety and
prolonging the life of the battery.

B. Advanced Control Strategies

Therefore, researchers are looking at more sophisticated control methodologies which may adapt to the
changing state of the battery and optimize performances. Normal charge methodologies work poorly for systems
that need fast charging, and that is why advanced charging methodologies have come into being. The best among
them is Model Predictive Control. This uses an associated mathematical model of the dynamic system of the
battery to compute the expected future evolution in order to optimally adjust parameters. As applied to charging,
MPC rapidly computes the most effective solution to an optimization problem. This has a cost function that often
contains constraints on temperature, voltage, and SOC. Because of its eventual forecasts, MPC might prevent
problems like lithium plating and thermal overrun from arising in advance, thus maximizing the life span of the
battery. Besides MPC, another very important methodology is Reinforcement Learning. This learns the best
charging policies by means of trial and error. The battery system continuously interacts with the RL agent. The
agent receives rewards or penalties following its actions; therefore, it infers how to swiftly charge with minimum
battery degradation. RL bears better performances with nonlinear time-varying systems like lithium-ion batteries,
though it may require very long learning times. Another related development is Neural Network Predictive
Control. When the battery receives different forms of charging inputs, this system uses artificial neural networks to
forecast events. As is the case with most battery models, this method has good representational capabilities, though
nonlinear and not always straightforward. The good thing with neural networks is that they can make fast
predictions with minimum additional processing power once they have been trained. That is why they are suited
for embedded systems. These new methodologies for control represent a big step forward for charging technology,
as they are highly accurate and tuneable. Energy systems have urgent requirements for fast and safe systems.
However, there are still challenges in deploying it in real time, to work with diverse chemistries, and
understanding, particularly for Al-based methods.

C. Battery Degradation Mechanisms

Knowing how batteries break down will help in making good control plans that reduce bad effects brought
by fast charging over time. One of the main things that makes things worse is the growing Solid Electrolyte
Interphase or SEI on the anode. This passivation layer thickens as the battery charges. It happens in the first few
cycles. This consumes lithium ions already in existence, which makes the resistance inside the battery high. The SEI
layer is very important to maintain the stability of the electrolyte interface; if the growth of it gets too fast, it could
result in batteries being less efficient and losing capacity. Next to this, deterioration of electrolyte and cathode
materials advances the aggravation. At quick charging, high temperatures and overpotentials make the active
materials in the cathode degrade much quicker. Particularly, this will apply to both spinels and layered oxides.
This can let oxygen out and stop the materials from doing electrochemistry. The electrolyte can also give or take
electrons at the anode or cathode. This creates gas and other dangerous things that make things less safe. An
extremely bad and permanent way for lithium ions to destroy the surface of the anode is lithium plating. They do
not mix with the graphite structure; instead, they settle as lithium metal. When the temperature is low during the
fast charging of a battery, or when the anode is almost full, this happens most of the time. Lithium plating lowers
the amount of active lithium and raises the cell's resistance, which may result in the dendrites' growing through the
separator, leading to a short circuit and overheating in the device. Lastly, changing the volume of electrodes over
and over again while lithiation and DE lithiation breaks the particles that make them up. These cracks break up the
active materials; that reduces the diffusivity of charging the battery and makes its performance poorer. These
degradation paths need charging plans that take weather into consideration and are able to quickly reduce these
effects.

D. Summary of Existing Works
Different researchers have been investigating various rapid charging control strategies in order to prevent
early battery degradation. Zhang et al. did an exemplary work of MPC, which was able to extend the battery life by
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as much as 20% compared to other approaches. Using precise electrochemical models together with real-time
feedback, the approach by the MPC method maintained the voltage and temperature within a safe operating
window during the charge cycle. Lee et al. also explored Pulse Charging and established that it kept the
temperature from getting too high during the rapid charging of the cells. This approach worked well in slowing
thermal degradation; however, it called for additional hardware. It might also be a good approach to maintaining
temperature stability when demand for power is great. Another important contribution came from Kim et al.
through a control strategy founded on the concept of Reinforcement Learning. In this work, the system learned the
pattern of the battery during charging and automatically amended this pattern. Doing so caused immediate
prevention of lithium plating without decidedly slowing down the process of charging. Compared to older rule-
based systems, the controller based on RL was better at halting and altering processes of degradation, not
excluding those involved with temperature and health conditions of the battery. All these studies underscore the
need to develop charging schemes able to learn and adapt. These studies present the complex trade-offs that
human beings make within real environments involving how secure, exact, and computationally intensive their
decisions are. There is no single answer that will suit everyone since battery systems vary greatly in nature and
complexity. Each of the plans, however, functions appropriately within specific contexts. The current study
purports to go further in extending the previous research through the incorporation of hybrid control mechanisms
that integrate the predictive capabilities of Model Predictive Control (MPC) with the adaptive characteristics of
Reinforcement Learning, thus achieving an optimal trade-off between the speed of charge, safety, and longevity of
the battery.

3. Methodology

A. System Architecture Overview

The modular, hierarchical system architecture provides a recommended method for managing fast charging
to prevent rapid degradation of the battery. The system can be divided into three major sets of components: input,
control algorithm, and output. As shown in Figure 1, the first step of the system is to monitor, in real time, the
battery SOC, SOH, and temperature. These inputs are based on the ship's sensors and estimates. The second most
important component is the central hybrid adaptive controller because it is the one making decisions based on its
inputs. This controller makes use of rule-based logic to respond rapidly to safety limits, model-based predictive
control to predict how the battery may degrade over some period, and machine learning modules to adapt to long-
term trends in the battery's degradation. The controller formulates the charging profile in real time and dispatches
it to the charger. Voltage and current setpoints are part of these profiles. These outputs vary in real time to prevent
stressful conditions from occurring, such as high temperatures or lithium plating; however, energy can still
penetrate quickly. This system possesses a closed loop so that on change of the state of the battery, reaction would
be pretty quick. In this way, it becomes safe and helps elongate the life span of the battery. Further, this system is
modular; hence, any control algorithm change can be affected without redoing the hardware. In this sense, it will
be able to function on batteries and perform numerous tasks.

B. Modelling Battery Behaviour

Work For any intelligent control system to work, you have to know how to model batteries correctly. This
research takes a multi-domain approach toward the simulation of battery performance, factoring in
electrochemistry, temperature, and age. The electrochemical model is based upon the DFN model. It shows how
lithium ions move through electrolytes and electrodes. This model can show how SOC changes over time by
utilizing ideas of charge conservation, reaction kinetics, and diffusion mechanisms. The thermal model, especially,
is important in finding out how hot it is inside and outside, especially when the battery charges quickly. It applies
heat transfer equations, showing its losses, including entropy changes and generated heat by resistive losses.
Partial differential equations model these dynamics, showing how the temperature varies with location and time.
This aging model will show how the SEI layer thickens, the capacity decreases, and internal resistance grows over
time. This model makes educated guesses on how different charging options will affect battery health over some
time using real data combined with the laws of degradation. An aging model will show how these different
elements interact with each other, using both the thermal and electrochemical models. For example, it will show
how, when the temperature is higher, the SEI forms more quickly. All models are solved numerically using
MATLAB/Simulink and other simulation tools. Then they are compared with actual real-world data to verify their
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accuracy. These comprehensive models develop a digital twin of the battery system that helps you make good
guesses and stay in control where you need to.

C. Control Strategy Development

(a) Hybrid Adaptive Control Design

The control algorithm of this study uses a hybrid adaptive control framework that amalgamates different
smart methods to prevent the failure of batteries and hasten the charging process. There are three layers to the
control strategy, namely rule-based logic, model predictive control, and machine learning adaptation. The rule-
based layer monitors immediately for voltage, temperature, and current in order to ensure all are fine. Every time
the cell overheats, the charging current is always less than the SOC. This ensures all things are safe, and there will
not be a big issue with that. The MPC layer makes a guess as to what will happen in the future based on what is
happening in the immediate present using the digital twin of the battery. It finds the profile of the charging current
that gets the SOC to the correct level and slows down degradation quickly by solving an optimization problem. Its
objective function is to reduce thermal stresses, inhibit lithium plating, and ensure that charging takes place as fast
as possible. Lastly, the neural network regressor figures out how aggravation in the system takes place over time
and changes the settings of the MPC to fit. The battery and the environment can make the system work differently.
For instance, a battery with worn-out electrodes will require a softer charging method. This hybrid control system
is ideal for both EVs and consumer electronics, as it can rapidly adapt to fit new needs.

(b) Mathematical Formulation
Let

»  V,(t): Charging voltage at time ¢
» I.(t): Charging current at time ¢
. T(t): Battery temperature

» H(t): Health index of battery

The control objective is to:

_ o , dH(t)\? .
L(I:I)l.lvl',lmﬁ [“'(T(” Lot} 4 ﬁ'( dt ) -7+ (SOCuurger — SOC(1))? | dt

Subject to constraints:

‘[HJ'.'(H. g I((t) g IHJ.(L.L‘

T(t) S Taufr:

Where «, {3, Y are weight factors and Tf is the total charging time. These constraints ensure safety, efficiency, and
longevity of the battery.

D. Simulation Environment

A full environment tests the functioning of the suggested control strategy with both real-world and
theoretical tools. ANSYS Twin Builder and MATLAB/Simulink are the two most important tools in making and
modelling controls. We make heat and electric models using MATLAB and Simulink. Further, we leverage the
power of ANSYS Twin Builder to develop a digital twin framework that supports real-time operating systems.
Neuro-network training and data-driven model creation with TensorFlow and Scikit-learn are two Python-based
tool options. The simulation utilizes normal datasets and those specifically created for the simulation. The dataset
of the NASA Prognostics Centre depicts the failure of lithium-ion batteries during different utilization methods.
We utilize this information with regards to modelling becoming too aged or hot. Another dataset, containing
private experimental data from controlled charging situations, is employed to train machine learning parts and
enhance the MPC. There are several test cases included in the simulation workflow, such as uncontrolled fast
charging, standard CC-CV charging, and the suggested hybrid adaptive control. Each such situation can be judged
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for its performance based on charging time, temperature rise, deterioration rate, and power consumption. The
strength can also be portrayed by changing the temperature, starting SOH, and SOC of the area. The strengths of
this mixed simulation environment provide an excellent way of demonstrating how things really work. We are
convinced that the suggested methodology will work and be superior to the other alternatives.

4. Results and Discussion

A. Performance Metrics

We then prepared a list of performance metrics in order to understand the effectiveness of the new hybrid
adaptive control strategy. Then, substantial testing and working comparisons against other charging
methodologies were performed. Three key numbers include Peak Temperature, Charging Time, and SOH
Retention. These metrics have been selected to represent how the charging protocol performs in the short term-that
is, the charging speed and thermal behaviour-and how it will affect the long term: battery life and degradation rate.
SOH retention refers to the percentage of the battery's original capacity that is still remaining after 500 fast-
charging cycles. The battery will last longer and degrade more slowly with a higher SOH. Charging Time means
the time it takes to charge a battery from 10% to 80%. Many researchers take this as a method to look into the
driving habits of EVs. The cell temperature, also referred to as Peak Temperature, is the maximum temperature the
cell achieved during its charging. Always bear in mind the temperature, because too much heat can make things
degrade faster and affect safety. These numbers depict the effectiveness of various ways of charging in the same
conditions, considering all the factors related to safety, efficiency, and long-term effects. The simulations were
created on testbeds where environmental temperature was kept at 25°C and health level at 100%.

Table 1: Performance Metrics Definition

Metric Description

SOH Retention % capacity retained after 500 fast-charging cycles
Charging Time Time to reach 80% SOC from 10%
Peak Temperature | Maximum cell temperature during charging

B. Comparative Analysis

We did a comprehensive comparison to see how well the new Hybrid Adaptive Control strategy worked
versus the old CC-CV method and the MPC method that used a model. The hybrid adaptive strategy, after 500
cycles, keeps the SOH at its best level: 89%. This is shown by Table 2 and Figure 2. Contrarily, the old CC-CV
method had become highly worn out, as it only worked 72% of the time. On the other side, the MPC methods kept
about 82%. For charging, the hybrid method took 38 minutes, which is a little longer than the CC-CV method,
which only took 35 minutes. However, the extra time is worth it because it makes the battery last longer. But the
most important thing is that the hybrid method rose up only to 39°C, way lower than the temperature of 42°C that
MPC was able to attain, whereas CC-CV reached 48°C. The main reason all these thermal improvements were
possible is because the control logic could change at any time its own thermal limits. A hybrid strategy seems to be
a better avenue to ensure safety and improve performance. It actively prevents things that can worsen, such as
lithium plating and electrolyte breakdown. The data tells us that putting together rule-based logic with predictive
control and machine learning gives an improved approach to charge batteries in a safe manner and help in
longevity. Battery life will be of more paramount importance in electric cars and other high-power applications
because it highly pertains to their usefulness and cost-effectiveness.

Table 2: Comparative Performance Analysis

Method SOH (%) | Charging Time (min) | Max Temp (°C)
CC-CV 72 35 48
MPC 82 36 42
Hybrid Adaptive 89 38 39

C. Flowchart of Control Algorithm

The hybrid adaptive control algorithm needs to identify the optimum way of charging a battery while
minimizing power wastage. Figure 3 illustrates the general idea of how the control logic works on a flowchart. In
this algorithm, the first thing it does is collect cell data in real time, including temperature, SOC, and SOH of that
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cell. All these things are already not very safe. As soon as any of these parameters crosses its limit-for example,
more than 45°C-the control logic immediately switches to the safety subroutine. This then shuts off the charging or
reduces current. Or else, the system moves into the prediction layer, where the MPC module attempts to predict
what will happen with the battery at some future point in time. We compute the way of charging by taking into
account the limits on thermal and degradation states, along with desirable results. A machine learning module is a
neural network that has learned from data related to past degradation; it alters weights in the MPC objective
function simultaneously. Which implies that how we utilize the battery currently affects the decisions we make.
This change is highly relevant for aging batteries whose charging habits change over time. In the last step, the
calculated control action is utilized to update the voltage and current of the charging in real time. What we have
now is an optimal operating charging protocol created for each person specifically. It changes automatically under
conditions where the battery runs out or the weather changes.

D. Discussion

The results indicate that smart control methods are very useful in quick charging lithium-ion batteries. This
paper demonstrates that the Hybrid Adaptive Control approach far outperforms previous methods like CC-CV
and predictive-only MPC. Specifically, this is very valid with respect to maintaining SOH and safety against heat.
We learned one of the most important things: even minor changes in the nominal charge time, about 3-5 minutes,
can lead to long-term deterioration acceleration. This will be a good trade-off, especially for electric vehicles, as the
replacement cost of the battery is expensive. The battery will be charged fast and not damaged due to the hybrid of
the old models and thermal limits. Machine learning could alter the strategy to make the battery still functional,
even if it is aged. This represents a significant step beyond static control approaches. The control system also uses
real-time diagnostics and predictive analytics to prevent pathologies such as lithium plating and thermal runaway.
The results suggest that the use of Al, thermal management, and electrochemical modeling is the best way to
proceed. Making the adaptive models more general is how further progress could be made: for example,
discussing how people use them, the influence of the environment, and how cells share their work in a multi-cell
battery pack. Controlling safely and making longer-lasting energy storage systems in the future is the best way to
control them.

5. Conclusion

This research is about how lithium-ion batteries should be cared for in order to have a longer life after they
are charged quickly. The study points to a vital challenge in the domain of electric vehicles and portable
electronics, wherein their need to accelerate the charging times often confronts the requirement for extended
battery life and safety. We investigated previous approaches to charging, such as Pulse Charging and Constant
Current-Constant Voltage (CC-CV). We showed that these methods are not capable of preventing lithium plating,
thermal stresses, and the growth of the SEI. All these issues are major ones. The following methodology was
applied to remedy these shortcomings: design of a new hybrid adaptive control algorithm. This approach
integrates rule-based decision logic, model predictive control, and machine-learning-based adaptive tuning to
develop an intelligent, ultrahigh-rate charging solution compatible with batteries. Very detailed models of aging,
heat, and electrochemistry were used to determine how the battery would function. This allowed for the capability
of the control system to estimate and answer in real time the cell's temperature, SOC, and SOH. Simulations based
on datasets such as the NASA Battery Dataset, among others, and proprietary experimental profiles have
demonstrated that this hybrid control approach significantly enhances state of health retention-as much as 89%
after 500 cycles-reduces peak temperature rises, and maintains reasonable charging times. It also does a good job
with the hybrid strategy, keeping safety, performance, and its lifetime in focus. This turns out to be a very good
choice when you work with systems that store renewable energy, then utilize it by propelling people around. The
next step for this project includes the running of HIL tests. During operation, we can check the control algorithms.
You can connect it to cloud-based BMS and use it on a wider scale, learning from its usage. We shall also see how
well the system works when connected to V2G networks. Due to changing loads, the planning of battery charging
should work better, maintaining the grid's stability while using less energy.

Page | 35



Publication: Sammy Brandon, Volume 1, Issue 3 (Jul-Sep, 2025), 28-37, IJETD.

6. References

[1] Zhang, X,, et al. "Model predictive control for fast charging of lithium-ion batteries." Journal of Power Sources, vol. 405, 2018,
pp. 106-116.

[2] Kim, D, et al. "Reinforcement learning for battery charging control." IEEE Transactions on Industrial Electronics, vol. 67, no. 8,
2020, pp. 6825-6835.

[3] Lee,J., et al. "Pulse charging techniques for improving battery cycle life." Energy Conversion and Management, vol. 196, 2019,
pp. 951-960.

[4] Plett, G.L. Battery Management Systems, Artech House, 2015.

[5] Barai, A, et al. "A study on the impact of fast charging on battery degradation." Journal of Energy Storage, vol. 18, 2018, pp.
110-123.

[6] Kim, M., Schaeffer, J., Berliner, M. D., Pedret Sagnier, B., Bazant, M. Z., Findeisen, R., & Braatz, R. D. (2024). Efficient
computation of robust, safe, fast charging protocols for lithium-ion batteries. Journal of The Electrochemical Society, 171(9),
090517. https://doi.org/10.1149/1945-7111/ad76dd

[7] Kim, M., & Junghwan, K. (2024). Advanced integrated fast-charging protocol for lithium-ion batteries by considering
degradation. ACS Sustainable Chemistry & Engineering, 12(17), 6786—-6796. https://doi.org/10.1021/acssuschemeng.4c01673

[8] Lee, D, Kim, Y., Lee, Y., Kim, S., & Ko, J. (2025). Development of a fast-charging strategy considering degradation in
lithium-ion batteries. Case Studies in Thermal Engineering, 74, 107013. https://doi.org/10.1016/j.csite.2025.107013

[9] Zhang, Z., Guo, T., Liu, Y., Pang, X., & Zheng, Z. (2025). Fast-charging optimization method for lithium-ion battery packs
based on deep deterministic policy gradient algorithm. Batteries, 11(5), 199. https://doi.org/10.3390/batteries11050199

[10] Xie, W., Liu, X., He, R., & Yang, S. (2020). Challenges and opportunities toward fast-charging of lithium-ion batteries.
Journal of Energy Storage, [Volume/Issue], 1-20. (Review on degradation mechanisms and optimization approaches)

[11] Leijon, J. (2025). Charging strategies and battery ageing for electric vehicles: A review. Energy Strategy Reviews, 57, 101641.
(Overview of charging strategies and degradation trade-offs)

[12] Fuchs, L., Usseglio-Viretta, F. L. E., Finegan, D. P., et al. (2023). Optimal fast charging of lithium-ion batteries: Between
model-based and data-driven methods. Journal of The Electrochemical Society, 170(12), 120508. https://doi.org/10.1149/1945-
7111/ad0ccd

[13] Industrial & Engineering Chemistry Research (2024). Balancing charging efficiency and thermal safety: A comparative
analysis of multistage constant current charging protocols. Industrial & Engineering Chemistry Research, 63(22), 10054-10066.
https://doi.org/10.1021/acs.iecr.4c00971

[14] Xie, W., Liu, X., He, R., & Yang, S. (2020). Lithium-ion battery fast charging: A review. Journal of Power Sources, [Volume],
330-343. (Fundamental degradation processes under fast charging)

[15] Hannan, M. A., Hoque, M. M., Hussain, A., & Ker, P. J. (2020). Review of fast charging strategies in lithium-ion battery
electric vehicles. Renewable and Sustainable Energy Reviews, [Volume], 110 — 126. (Charging strategies overview)

[16] Shen, W., Vo, T. T., & Kapoor, A. (2012). Experimental comparison of charging algorithms for a lithium-ion battery.
Conference Paper. (Charging protocols and impacts)

[17] Chowdhury, M. A., Al-Wahaibi, S. S. S., & Lu, Q. (2024). Adaptive safe reinforcement learning-enabled optimization of
battery fast-charging protocols. arXiv preprint. (Adaptive control strategies for fast charging)

[18] Yuan, M., & Zou, C. (2025). Lifelong reinforcement learning for health-aware fast charging of lithium-ion batteries. arXiv
preprint. (RL strategies balancing speed and degradation)

[19] Lu, Z,, Tu, H,, Fang, H., Wang, Y., & Mou, S. (2024). Integrated optimal fast charging and active thermal management of
lithium-ion batteries in extreme ambient temperatures. arXiv preprint. (Control strategies including thermal effects)

[20] Azimi, V., Allam, A., & Onori, S. (2022). Extending life of lithium-ion battery systems by embracing heterogeneities via an
optimal control-based active balancing strategy. arXiv preprint. (Control for minimizing degradation)

[21] Cheng, Y., Bai, H., Liang, Y., Cui, X., Jiang, W., & Song, Z. (2024). Data-driven quantification of battery degradation modes
via critical features from charging. arXiv preprint. (Degradation analysis informing control)

[22] Barré, A., Deguilhem, B., Grolleau, S., et al. (2013). A review on lithium-ion battery ageing mechanisms and estimations for
automotive applications. Journal of Power Sources, 241, 680-689. (Classic ageing mechanisms context) (included for
foundational theory)

[23] Keil, P., & Jossen, A. (2016). Charging protocols for lithium-ion batteries and their impact on cycle life. Journal of Power
Sources, [Vol & Issue], 397-404. (Protocol impact on degradation)

Page | 36


https://doi.org/10.1149/1945-7111/ad76dd
https://doi.org/10.1021/acssuschemeng.4c01673
https://doi.org/10.1016/j.csite.2025.107013
https://doi.org/10.3390/batteries11050199
https://doi.org/10.1149/1945-7111/ad0ccd
https://doi.org/10.1149/1945-7111/ad0ccd
https://doi.org/10.1021/acs.iecr.4c00971

Publication: Sammy Brandon, Volume 1, Issue 3 (Jul-Sep, 2025), 28-37, IJETD.

[24] Notten, P. H. L. (2005). Boostcharging Li-ion batteries: Charging without degradation? Journal of Power Sources, 147, 203—
208. (Historical perspective on fast charge protocols)

[25] Xiong, R., Cao, J., & Zhang, Y. (2023). A model-based battery charging optimization framework for proper trade-offs
between time and degradation. Automotive Innovation, 6, 204-219. https://doi.org/10.1007/s42154-023-00221-8

Page | 37


https://doi.org/10.1007/s42154-023-00221-8

