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Abstract— The rapid evolution of electric and hybrid
vehicles (EVs/HVs) has precipitated significant
advancements in embedded systems that control their
operation. This review paper examines the state-of-the-art
embedded systems technologies employed in modern
EVs/HVs, with particular focus on powertrain control,
battery management systems (BMS), energy-efficient
routing algorithms, and regenerative braking systems.
Through a systematic review of recent literature, this
paper identifies key technological trends, integration
challenges, and future research directions. The analysis
reveals that while embedded systems have substantially
improved EV/HYV efficiency and performance, significant
challenges remain in terms of system complexity,
reliability, security, and standardization. The paper also
highlights the growing importance of vehicle-to-grid
(V2G) communication systems and their role in energy
optimization. This comprehensive review serves as a
valuable resource for researchers, engineers, and
policymakers working on the next generation of
sustainable transportation technologies.
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I. INTRODUCTION

The global automotive industry is undergoing a
fundamental transformation driven by environmental
concerns, regulatory pressures, and technological
advancements. Electric vehicles (EVs) and hybrid
vehicles (HVs) have emerged as viable alternatives to
conventional internal combustion engine (ICE)
vehicles, offering reduced emissions and potential for
improved energy efficiency [1]. Central to this
transformation is the development of sophisticated
embedded systems that control various aspects of
EV/HV operation, from powertrain management to
battery health monitoring.

Embedded systems in automotive applications refer to
specialized computing systems that are integral parts
of the larger vehicle system, designed to perform
specific functions with real-time constraints [2]. In
EVs and HVs, these systems play a crucial role in
managing power flow, optimizing energy
consumption, ensuring safety, and enhancing the
overall driving experience [3]. The complexity of
these systems has grown exponentially in recent
years, driven by the need for more efficient energy
management, improved range, and enhanced user
experience.

This paper provides a comprehensive review of the
current state of embedded systems in EVs and HVSs,
with a particular focus on:

1. Powertrain control systems that manage the flow
of power from energy sources to the wheels

2. Battery management systems (BMS) that
monitor and control the state of the high-voltage
battery

3. Energy-efficient routing algorithms that
optimize vehicle routes for energy conservation

4. Regenerative braking systems that capture and
store Kinetic energy during deceleration

5. Vehicle-to-grid (V2G) communication systems
that enable bidirectional power flow between
vehicles and the electric grid

Il. BACKGROUND
A. Evolution of Electric and Hybrid Vehicles

The concept of electric vehicles dates back to the 19th
century, with early prototypes developed by
inventors like Thomas Davenport and Robert
Anderson [4]. However, the dominance of internal
combustion engines throughout the 20th century
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relegated EVs to niche applications. The resurgence
of interest in EVs began in the late 1990s, driven by
environmental concerns and advances in battery
technology.

Hybrid vehicles, which combine conventional internal
combustion engines with electric propulsion systems,
emerged as an intermediate solution, offering
improved fuel efficiency without the range limitations
of early EVs. The Toyota Prius, introduced in 1997,
marked a  significant  milestone in  the
commercialization of hybrid technology.

The past decade has witnessed exponential growth in
the EV/HV market, with major automotive
manufacturers  committing to  electrification
strategies. This growth has been accompanied by
rapid advancements in embedded systems that control
these vehicles.

B. Embedded Systems in Automotive Applications

Embedded systems have been integral to automotive
design since the introduction of electronic control
units (ECUs) in the 1970s. Initially used for engine
control and emissions reduction, the role of
embedded systems has expanded to encompass
virtually all aspects of vehicle operation, from safety
systems to infotainment.

In EVs and HVs, embedded systems face unique
challenges related to power management, battery life
optimization, thermal management, and integration
with charging infrastructure. These challenges have
driven  innovations in  system  architecture,
communication protocols, and software design.

The architecture of automotive embedded systems has
evolved from stand-alone ECUs to integrated
networks of controllers communicating over
standardized protocols such as Controller Area
Network (CAN), Local Interconnect Network (LIN),
and more recently, Automotive Ethernet. This
evolution has enabled more sophisticated control
strategies and better integration of subsystems.

I1l. LITERATURE REVIEW
A. Powertrain Control Systems

The powertrain of an EV/HV consists of energy
storage (typically a high-voltage battery), power

conversion systems, electric motors, and in the case of
hybrids, an internal combustion engine. The
embedded systems that control these components
must optimize power flow to maximize efficiency,
performance, and driving range.

Wang et al. [5] developed a model predictive control
(MPC) strategy that uses real-time traffic information
to optimize the power split in hybrid electric vehicles.
Their approach demonstrated a 7-10% reduction in
fuel consumption compared to rule-based control
strategies.

Recent advances in artificial intelligence have led to
the exploration of machine learning techniques for
powertrain control. Hu et al. [6] implemented a
reinforcement learning algorithm that adapts to driver
behaviour and road conditions to optimize energy
usage. Their approach showed promising results in
simulation, with energy efficiency improvements of
up to 12% compared to traditional control strategies.
The integration of powertrain control with other
vehicle systems, such as thermal management and
driver assistance systems, remains an active area of
research. Zhang et al. [7] proposed a holistic control
framework that coordinates powertrain operation with
thermal management to optimize overall vehicle
efficiency, demonstrating that such integration can
extend battery life by up to 20% under certain
operating conditions.

B. Battery Management Systems

Battery Management Systems (BMS) are critical
components of EVs and HVs, responsible for
monitoring battery state, ensuring safe operation, and
maximizing battery life. The complexity of these
systems has increased with the adoption of lithium-
ion batteries, which offer higher energy density but
require careful management to prevent safety hazards
and premature degradation.

Xiong et al. [8] conducted a comprehensive review of
state-of-charge (SoC) estimation techniques for
lithium-ion batteries, comparing the accuracy and
computational requirements of different algorithms.
Their analysis revealed that while Kalman filter-based
methods offer good accuracy, they may be
computationally intensive for real-time
implementation in vehicular systems.

Battery thermal management is another critical aspect
of BMS design. Ineffective thermal management can
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lead to reduced battery life, diminished performance,
and in extreme cases, safety hazards. Liu et al. [9]
proposed an adaptive thermal management system
that adjusts cooling strategies based on battery
operating conditions and state of health. Their
experimental  results demonstrated a 15%
improvement in battery cycle life compared to
conventional thermal management approaches.

The long-term health of the battery, often quantified
as state of health (SoH), is another key parameter
monitored by BMS. Accurate SoH estimation is
essential for predicting remaining useful life and
optimizing vehicle operation.

C. Energy-Efficient Routing Algorithms

Energy-efficient routing is particularly important for
EVs due to limited battery capacity and relatively long
charging times. Embedded systems that provide
routing recommendations must consider factors such
as topography, traffic conditions, weather, and the
availability of charging infrastructure.

Basso et al. [10] developed an energy-aware routing
algorithm that incorporates real-time traffic data, road
gradient information, and vehicle-specific energy
consumption models. Their approach demonstrated
energy savings of up to 25% compared to shortest-
path routing for electric vehicles in urban
environments.

The integration of charging stop planning with route
optimization is another active area of research. Yi and
Shirk [11] proposed a multi-objective optimization
approach that balances travel time, energy
consumption, and charging costs. Their algorithm
adaptively plans routes and charging stops based on
real-time battery state and charging station
availability.

Machine learning techniques have also been applied
to predict energy consumption more accurately for
different routes. Wu et al. [12] trained a deep neural
network on historical driving data to predict energy
consumption under various conditions, achieving a
prediction accuracy of 94% in urban driving
scenarios.

D. Regenerative Braking Systems

Regenerative braking systems capture kinetic energy
during vehicle deceleration, converting it to electrical

energy that can be stored in the battery. The embedded
control systems for regenerative braking must balance
energy recovery with traditional friction braking to
ensure safety and comfort.

Zhang et al. [13] proposed an adaptive regenerative
braking strategy that adjusts the regeneration level
based on driving conditions, battery state, and driver
behavior. Their approach demonstrated a 20%
improvement in energy recovery compared to fixed
regeneration strategies, without compromising
braking performance or driver comfort.

The integration of regenerative braking with anti-lock
braking systems (ABS) and electronic stability control
(ESC) presents significant control challenges. Chen et
al. [14] developed a hierarchical control architecture
that coordinates regenerative braking  with
conventional  braking  systems, demonstrating
improved stability during emergency braking
situations while maintaining energy recovery.

E. Vehicle-to-Grid (V2G) Communication Systems

Vehicle-to-Grid ~ (V2G)  technology  enables
bidirectional power flow between EVs and the electric
grid, allowing vehicles to serve as distributed energy
resources. This capability requires sophisticated
embedded systems for communication, power
management, and coordination with grid operators.

Tan et al. [15] reviewed the current state of V2G
implementations, identifying key technical and
regulatory challenges. Their analysis highlighted the
need for standardized communication protocols,
improved power electronics for bidirectional power
flow, and more sophisticated battery management
systems that account for grid services in battery life
optimization.

The integration of V2G capabilities with renewable
energy sources has emerged as a promising
application. Lam and Leung [16] proposed a smart
charging and VV2G control system that coordinates EV
charging/discharging with local solar generation.
Their simulation results showed that such
coordination could reduce grid dependency by up to
40% for a residential microgrid.

IV. METHODOLOGY

This review was conducted by systematically
searching academic databases such as IEEE Xplore,
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Science Direct, and Google Scholar, as well as
reviewing conference proceedings and industry
reports. Keywords such as “embedded systems,”
“electric vehicles,” “hybrid wvehicles,” “battery
management,” “powertrain control,” “regenerative
braking,” “energy-efficient routing,” and “vehicle-to-
grid” were used. Inclusion criteria focused on articles
published in the last decade, with priority given to
peer-reviewed sources and reputable conference
papers. A total of more than ten key papers were
identified and synthesized. The selected literature was
categorized based on thematic relevance, and
comparative analysis was conducted to identify
convergent and divergent viewpoints, challenges, and
future research directions.

V. DISCUSSION
A. Current Trends and Technologies

The review of the literature reveals several significant
trends in the development and implementation of
embedded systems for EVs and HVSs:

Increasing System Integration: There is a clear trend
toward greater integration of previously separate
embedded systems. For example, powertrain control
systems are increasingly coordinated with thermal
management systems, battery management systems,
and energy-efficient routing algorithms to optimize
overall vehicle performance [7]. This integration is
enabled by advances in automotive communication
networks and middleware.

Adoption of Al and Machine Learning: Artificial
intelligence and machine learning techniques are
being increasingly applied to various aspects of
EV/HV control, from battery state estimation to
energy-efficient routing and powertrain control [6].
These techniques offer the potential for improved
accuracy and adaptability compared to traditional
model-based approaches.

Enhanced Connectivity: Modern EVs and HVs are
increasingly connected, both to infrastructure (V2I)
and to other vehicles (V2V). This connectivity
enables new applications such as collaborative
energy management, predictive maintenance, and
coordinated charging/discharging for grid services
[15].

Standardization Efforts: There is a growing
recognition of the need for standardization in EV/HV

embedded systems, particularly for charging
interfaces, communication protocols, and safety
requirements. Standards such as ISO 15118 for
vehicle-to-grid communication and SAE J1772 for
charging interfaces are gaining widespread adoption.
Focus on Security and Safety: As EVs and HVs
become more connected and software-dependent,
there is an increased focus on cybersecurity and
functional safety [17]. Standards such as 1SO 26262
for functional safety and ISO/SAE 21434 for
cybersecurity are being applied to the development of
automotive embedded systems.

B. Challenges and Limitations

Despite significant progress, several challenges and
limitations remain in the development and
implementation of embedded systems for EVs and
HVs:

System Complexity: The increasing integration of
embedded systems has led to greater system
complexity, which presents challenges for
development, testing, and maintenance. The
interactions between different subsystems can lead to
emergent behaviors that are difficult to predict and
validate.

Computational Resources: Many advanced control
algorithms, particularly those based on machine
learning or model predictive control, require
significant computational resources [5]. This presents
challenges for implementation on resource-
constrained automotive embedded platforms.

Reliability and Robustness: EVs and HVs operate in
diverse and often harsh environments, requiring
embedded systems that can function reliably under a
wide range of conditions. Ensuring robustness
against sensor failures, communication interruptions,
and other anomalies remains a significant challenge.
Battery Technology Limitations: While embedded
systems can optimize battery usage, the fundamental
limitations of current battery technology (energy
density, charging time, cycle life) continue to
constrain EV performance and adoption [9].
Embedded systems must work within these
constraints while maximizing performance.

Standardization ~Gaps: Despite  progress in
standardization, there remain significant gaps,
particularly for newer technologies such as wireless
charging and advanced VV2G applications. These gaps
can lead to fragmentation and interoperability issues.
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C. Future Research Directions

Based on the review of current literature and
identified challenges, several promising directions
for future research emerge:

Advanced Predictive Control: Further development
of predictive control strategies that anticipate driver
behavior, traffic conditions, and energy availability
could significantly improve EV/HV efficiency and
performance [5]. These strategies could leverage big
data and machine learning to provide increasingly
accurate predictions.

Integrated Energy Management: Holistic approaches
to energy management that consider all vehicle
subsystems, as well as external factors such as grid
conditions and renewable energy availability,
represent a promising direction for future research.
Adaptive Battery Management: Development of
BMS that adapt to battery aging, varying operating
conditions, and different usage patterns could extend
battery life and improve performance over the vehicle
lifecycle [8].

Secure V2G Integration: Further research is needed
on secure and scalable integration of EVs with the
electric  grid, including robust authentication
mechanisms, privacy protection, and resilience
against cyber-attacks [18].

Standardized Software Architectures: Development
of standardized, modular software architectures for
EV/HV  embedded systems could reduce
development costs, improve reliability, and facilitate
the integration of new features and technologies.

Human-Machine Interaction: As EVs and HVs
become more sophisticated, research on effective
human-machine interfaces that provide appropriate
feedback and control to drivers becomes increasingly
important.

VI. CONCLUSIONS

This comprehensive review has examined the current
state of embedded systems in electric and hybrid
vehicles, focusing on powertrain control, battery
management, energy-efficient routing, regenerative
braking, and vehicle-to-grid communication. The
analysis reveals that embedded systems have become
central to the performance, efficiency, and user
experience of modern EVs and HVs.

Several key conclusions can be drawn from this

review:

1. The integration of previously separate embedded
systems is enabling more sophisticated control
strategies and improved overall vehicle
performance. This trend is likely to continue,
leading to increasingly holistic approaches to
vehicle control and energy management.

2. Artificial intelligence and machine learning
techniques are being successfully applied to
various aspects of EV/HV control, offering
improved accuracy and adaptability compared to
traditional approaches. However, challenges
remain in implementing these computationally
intensive techniques on resource-constrained
automotive platforms.

3. Vehicle connectivity is enabling new
applications and control strategies, from
collaborative energy management to predictive
maintenance. The full potential of these
capabilities is yet to be realized, particularly in
the context of smart cities and intelligent
transportation systems.

4. While significant progress has been made in
standardization, particularly for charging
interfaces and communication protocols, gaps
remain in newer areas such as wireless charging
and advanced V2G applications.

5. System complexity, reliability, and security
remain  significant challenges for the
development and implementation of embedded
systems in EVs and HVs. Addressing these
challenges will require advances in system
architecture, verification methods, and security
practices.

The continued development of embedded systems for
EVs and HVs will play a crucial role in the broader
transition to sustainable transportation. By enabling
more efficient energy use, better integration with
renewable energy sources, and improved user
experiences, these systems can help overcome many
of the current barriers to EV adoption.

Future research should focus on holistic approaches
to vehicle control and energy management, the
development of standardized and  secure
architectures, and improved human-machine
interfaces. Such research will be essential for
realizing the full potential of electric and hybrid
vehicles in a sustainable transportation ecosystem.
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