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Introduction

The burgeoning field of electric vehicles (EVs) necessitates sophisticated energy
management strategies to optimize performance, longevity, and integration with
the power grid. Advanced techniques are being developed to enhance battery effi-
ciency, reduce charging times, and extend the operational lifespan of these critical
components.

One pivotal area of research focuses on optimizing the intricate energy flows within
EV systems. This involves not only managing the battery’s performance but also
improving the efficiency of the charging process and the overall energy consump-
tion during operation. Techniques such as predictive control, regenerative braking
optimization, and smart charging protocols are instrumental in achieving these
goals, ultimately contributing to increased driving range and reduced charging
durations. Furthermore, the integration of Vehicle-to-Grid (V2G) capabilities is
emerging as a crucial aspect, offering potential benefits for grid stability and eco-
nomic advantages through intelligent algorithms that manage complex energy in-
teractions. [1]

The impact of various charging methodologies on the degradation of EV batteries
is a subject of significant investigation. Studies are analyzing how factors like the
speed of charging (fast versus slow), the state of charge at which charging occurs,
and the ambient temperature influence the long-term health of the battery. The
goal is to devise optimized charging profiles that minimize battery degradation
while maintaining user convenience, thereby prolonging battery life and reducing
the need for costly replacements. [2]

Artificial intelligence (Al) is increasingly being leveraged for intelligent energy man-
agement in EVs, with a particular emphasis on optimizing regenerative braking
systems. Deep Reinforcement Learning (DRL) has shown promise in dynamically
adjusting braking force based on real-time traffic and road conditions, thereby max-
imizing energy recovery and significantly improving energy efficiency and driving
range. [3]

The seamless integration of EVs into smart grids is another critical area of de-
velopment, with Vehicle-to-Grid (V2G) technology at the forefront. Novel control
strategies are being proposed to manage bidirectional power flow, enabling EVs
to support grid frequency regulation and alleviate peak load demands. Research in
this domain evaluates the economic feasibility and grid-level benefits of V2G de-
ployment, aiming to establish frameworks for optimal coordination between EVs
and the wider electricity network. [4]

Efficient battery thermal management is paramount for ensuring the optimal perfor-
mance and longevity of EV batteries. Model-predictive control (MPC) approaches
are being explored, which take into account both the electrical and thermal dy-

namics of the battery pack. These optimized thermal management systems have
demonstrated the ability to significantly reduce temperature fluctuations, thereby
enhancing battery efficiency and extending its lifespan under diverse operating
conditions. [5]

While much focus is on pure electric vehicles, hybrid electric vehicles (HEVS)
also benefit from advanced energy management. Rule-based and optimization-
integrated control strategies are being developed to intelligently manage the power
distribution between the internal combustion engine and the electric motor. These
strategies aim to minimize fuel consumption and emissions, with simulations and
real-world data validating substantial improvements in energy efficiency. [6]

For fleet operations, such as electric buses, comprehensive energy management
systems are essential. These systems often consider factors beyond mere energy
consumption, including passenger comfort and operational costs. Predictive en-
ergy management, utilizing real-time traffic information and route profiles, plays
a key role. Adaptive charging strategies are also incorporated to ensure service
availability while minimizing electricity expenditures. [7]

Advanced Battery Management Systems (BMS) are fundamental to enhancing both
the energy efficiency and safety of EVs. Sophisticated algorithms for estimating
the state of charge (SoC) and state of health (SoH) are crucial, alongside inte-
grated thermal management strategies. The accuracy of these estimations directly
impacts optimal energy utilization and the overall lifespan of the battery. [8]

Finally, the concept of distributed energy management in EV charging infrastruc-
ture is gaining traction, with federated learning (FL) emerging as a promising ap-
proach. FL enables the learning of optimal charging schedules across multiple
stations without centralizing sensitive user data. This decentralized methodology
not only enhances privacy but also facilitates more efficient load balancing, con-
tributing to greater grid stability. [9]

The growing complexity of electric vehicle powertrains and their interaction with
external systems demands intelligent and adaptive energy management. This in-
cludes not only optimizing internal vehicle operations but also considering external
factors like traffic flow and grid conditions. The development of sophisticated con-
trol frameworks is crucial for maximizing efficiency and functionality. [10]

Electric vehicles (EVs) represent a significant paradigm shift in transportation,
driven by the global imperative to reduce carbon emissions and transition to sus-
tainable energy sources. The core of an EV's functionality and efficiency lies in its
sophisticated energy management systems, which orchestrate the complex inter-
play between the battery, powertrain, and external environments. This introduction
will explore the multifaceted advancements in EV energy management, highlight-
ing key research areas and their implications for the future of electric mobility.



Nowak K.

J Electr Electron Syst, Volume 14:5, 2025

Optimizing battery performance and longevity is a primary concern in EV research.
The energy stored within the battery is finite, and its efficient utilization directly
impacts the vehicle’s range and the overall user experience. Strategies for man-
aging battery health, such as controlling charging rates and thermal conditions,
are essential for maximizing the lifespan of this expensive component. Advanced
control algorithms are continuously being developed to ensure that batteries op-
erate within their optimal parameters, thereby preventing premature degradation
and ensuring reliability. [1]

Beyond the battery itself, the efficiency of the entire energy conversion and uti-
lization chain is critical. This includes optimizing the electric motor’s efficiency,
minimizing parasitic losses, and maximizing the energy recovered through regen-
erative braking. Regenerative braking, in particular, offers a significant opportunity
to recapture kinetic energy that would otherwise be dissipated as heat, thereby ex-
tending the vehicle's range and reducing wear on friction brakes. [3]

The charging infrastructure for EVs presents another complex challenge. Smart
charging protocols are being developed to optimize the timing and rate of charg-
ing, taking into account grid conditions, electricity prices, and user needs. This
not only helps to avoid overloading the grid but can also lead to cost savings for
EV owners. Vehicle-to-Grid (V2G) technology further expands this concept, en-
abling EVs to not only draw power from the grid but also to supply power back to
it, offering valuable services for grid stability and load balancing. [1, 4]

Battery degradation is an inherent aspect of battery operation, and understand-
ing its causes and mitigation strategies is crucial for EV sustainability. Research
into the impact of different charging strategies, such as fast charging versus slow
charging, and varying states of charge, provides valuable insights into how to pro-
long battery life. By developing optimized charging profiles, manufacturers and
researchers aim to balance charging speed with battery health, ensuring a practi-
cal and long-lasting solution for consumers. [2]

Thermal management of the battery pack is a critical factor influencing both per-
formance and lifespan. Extreme temperatures, whether hot or cold, can signifi-
cantly degrade battery health and reduce its efficiency. Advanced Battery Thermal
Management Systems (BTMS) are being developed, employing predictive control
strategies that consider both electrical and thermal dynamics to maintain the bat-
tery within its ideal operating temperature range. This proactive approach is vital
for ensuring consistent performance and longevity. [5]

The application of Artificial Intelligence (Al) and machine learning techniques is
revolutionizing EV energy management. These technologies enable the devel-
opment of highly intelligent systems capable of adapting to dynamic conditions
and optimizing energy flows in real-time. Deep Reinforcement Learning (DRL),
for instance, is being employed to refine regenerative braking control, maximizing
energy recovery by learning optimal braking patterns from complex environmental
data. [3]

Battery Management Systems (BMS) are the brains of an EV's battery pack, re-
sponsible for monitoring and controlling its various functions. Advanced BMS are
crucial for enhancing energy efficiency and safety. They employ sophisticated al-
gorithms for accurate State-of-Charge (SoC) and State-of-Health (SoH) estimation,
which are vital for optimal energy utilization and predicting the remaining lifespan
of the battery. Integrated thermal management within the BMS further enhances
these capabilities. [8]

While much research focuses on battery electric vehicles (BEVs), hybrid electric
vehicles (HEVs) also represent a significant segment of the electrified automotive
market. Energy management strategies for HEVs aim to optimize the seamless
transition and allocation of power between the internal combustion engine and the
electric motor, thereby minimizing fuel consumption and emissions. Integrated
control strategies combining rule-based methods and optimization techniques are
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proving effective in achieving these goals. [6]

For specific applications like electric buses, energy management systems must
also consider operational constraints and passenger experience. Predictive en-
ergy management, which leverages real-time traffic data and route information,
can optimize energy usage and ensure reliable service. Adaptive charging strate-
gies are also employed to align charging schedules with operational demands and
minimize electricity costs, contributing to the economic viability of electric fleets.
[7]

Looking towards the future, advanced concepts like federated learning (FL) are
being explored for distributed energy management in EV charging infrastructure.
This decentralized approach allows for the optimization of charging schedules
across multiple charging stations without the need to centralize sensitive user data,
thereby enhancing privacy and improving load balancing for grid stability. [9]

Further advancements are being driven by the development of connected and auto-
mated electric vehicles (CAEVSs). These vehicles offer new opportunities for energy
management by integrating vehicle dynamics, traffic flow, and grid interactions
within a hierarchical control framework. Predictive acceleration and deceleration
profiles, coupled with V2G services, can significantly reduce energy waste and
enhance grid flexibility. [10]

Description

The advanced energy management strategies for electric vehicle (EV) systems are
comprehensively reviewed, focusing on optimizing battery performance, charging
efficiency, and overall energy consumption. Key techniques discussed include pre-
dictive control, regenerative braking optimization, and smart charging protocols, all
aimed at enhancing driving range, reducing charging times, and extending battery
lifespan. The integration of Vehicle-to-Grid (V2G) capabilities is highlighted for its
role in promoting grid stability and economic benefits, emphasizing the necessity
of intelligent algorithms to manage complex energy flows. [1]

This research delves into the impact of various charging strategies on the degrada-
tion of EV batteries. It critically analyzes the effects of charging at different rates
(fast versus slow), at different states of charge (SoC), and the influence of am-
bient temperature on battery health. The study proposes an optimized charging
profile designed to minimize degradation while simultaneously ensuring user con-
venience, ultimately contributing to longer battery life and reducing replacement
costs. [2]

The application of artificial intelligence (Al) for intelligent energy management in
electric vehicles is explored, with a specific focus on optimizing regenerative brak-
ing. A deep reinforcement learning (DRL) approach is introduced, which dynam-
ically adjusts braking force based on real-time traffic and road conditions to max-
imize energy recovery. This innovative method is demonstrated to significantly
improve energy efficiency and extend the vehicle’s driving range. [3]

This study investigates the integration of electric vehicles into smart grids, empha-
sizing the significance of Vehicle-to-Grid (V2G) technology. A novel control strat-
egy for bidirectional power flow is presented, aimed at supporting grid frequency
regulation and reducing peak load demand. The research rigorously evaluates
the economic viability and broader grid benefits of V2G deployment, proposing a
comprehensive framework for optimal coordination between EVs and the electricity
grid. [4]

The paper addresses the critical challenge of optimizing battery thermal manage-
ment systems (BTMS) in electric vehicles to enhance both performance and lifes-
pan. A model-predictive control (MPC) approach is proposed, which effectively
considers both the electrical and thermal dynamics of the battery pack. The re-
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search provides evidence that an optimized BTMS can substantially reduce tem-
perature fluctuations, thereby improving battery efficiency and longevity under a
wide range of operating conditions. [5]

This work presents an energy management strategy for hybrid electric vehicles
(HEVs) that integrates rule-based control with optimization techniques. The pri-
mary objective of this strategy is to minimize fuel consumption and emissions
through intelligent management of power distribution between the internal com-
bustion engine and the electric motor. The effectiveness of the proposed strat-
egy is validated through comprehensive simulations and real-world driving data,
demonstrating significant improvements in energy efficiency. [6]

The research introduces a comprehensive energy management system specifically
designed for electric buses. This system takes into account crucial factors such
as passenger comfort and operational costs. It employs a predictive energy man-
agement approach that leverages real-time traffic information and route profiles to
optimize energy usage. Additionally, adaptive charging strategies are integrated
to ensure the buses are available for service while minimizing electricity costs. [7]

This paper examines the pivotal role of advanced battery management systems
(BMS) in bolstering the energy efficiency and safety of electric vehicles. The fo-
cus is on sophisticated algorithms for state-of-charge (SoC) and state-of-health
(SoH) estimation, as well as thermal management strategies integrated within the
BMS. The study underscores the paramount importance of accurate estimations
for achieving optimal energy utilization and extending the overall battery life. [8]

The article investigates the potential of federated learning (FL) for achieving dis-
tributed energy management within electric vehicle charging infrastructure. It pro-
poses an FL-based approach for learning optimal charging schedules across mul-
tiple charging stations without the need for centralizing sensitive user data. This
decentralized methodology not only enhances user privacy but also enables more
efficient load balancing, contributing positively to grid stability. [9]

This study explores the energy management strategies for connected and auto-
mated electric vehicles (CAEVs), considering the intricate interplay between vehi-
cle dynamics, traffic flow, and grid interaction. A hierarchical control framework is
presented that optimizes energy consumption through predictive acceleration and
deceleration profiles, while also managing V2G services. The research highlights
the substantial benefits of CAEV's in minimizing energy waste and bolstering grid
flexibility. [10]

Conclusion

This collection of research explores various facets of energy management in elec-
tric vehicles (EVs). Key areas include advanced strategies for optimizing battery
performance, charging efficiency, and overall energy consumption through tech-
niques like predictive control and smart charging. The impact of different charging
methods on battery degradation is analyzed, with proposals for optimized charging
profiles to extend battery life. Artificial intelligence, particularly deep reinforcement
learning, is being applied to enhance regenerative braking and energy recovery.
The integration of EVs into smart grids via Vehicle-to-Grid (V2G) technology is
examined for its potential to improve grid stability and economic benefits. Further-
more, research covers battery thermal management systems (BTMS) using model-
predictive control, energy management for hybrid electric vehicles, and specialized
systems for electric buses considering passenger comfort and costs. Advanced
Battery Management Systems (BMS) are highlighted for their role in energy effi-
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ciency and safety through accurate state estimation. Finally, federated learning
is explored for decentralized energy management in charging infrastructure, and
hierarchical control frameworks are proposed for connected and automated EVs
interacting with traffic and the grid.
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