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ABSTRACT The integrated Electronic Control Unit (ECU) plays a pivotal role in optimizing energy
efficiency within electric vehicles (EVs) by coordinating various subsystems, including the Vehicle Control
Unit (VCU), Electrical Power Steering (EPS), Electronic Stability Control (ESC), and Body Control Unit
(BCU). Our comprehensive review deeply explores the various aspects of integrated ECUs and their sub-
disciplines, emphasizing development approaches and algorithms specifically designed for mobility energy
efficiency. The study shows the effect of various control units on energy efficiency by carefully examining
case studies and real-world applications. Employing a critical assessment, the paper examines the advantages
and disadvantages of various control systems utilized in electric vehicles (EVs), providing insight into their
effectiveness in various situations. The presented study is typically related to the relationship between ECUs
and their sub-branches through an integrated approach. By comparing current control approaches, the study
offers a deep knowledge of the role of these units in improving vehicle performance, stability, and overall
control. Furthermore, we evaluate the strengths and limitations of integrated ECU algorithms in the context of
EV control by comparing them in a fair amount of detail. We identify important research gaps by integrating
knowledge of multiple control areas in EV. The research effort will give researchers a path forward and
make it possible to pinpoint the prospective dimensions that need further exploration in advancing the area
of integrated ECUs in EVs.

INDEX TERMS Electronic control unit, vehicle control unit, electrical power steering, electronic stability
control, body control unit.

I. INTRODUCTION
In recent years, the global automotive industry has wit-
nessed a significant shift towards electric vehicles (EVs)
as a promising solution to mitigate environmental chal-
lenges associated with traditional internal combustion engine
(ICE) vehicles [1], [2]. The need to reduce greenhouse
gas emissions and tackle climate change has propelled
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governments, organizations, and individuals to embrace
cleaner and more sustainable transportation options. The
transition to electric vehicles offers a clear pathway to
achieve these environmental goals, primarily focusing on
reducing carbon dioxide (CO2) emissions, air pollutants, and
dependence on fossil fuels [3].

Fig. 1 shows the graph obtained using the data sourced
from the International Energy Agency’s Global EV Data
Explorer [4], which provides comprehensive information on
EV charging points, EV stock, EV sales, and other data
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of different countries. For our analysis, we use stock and
sales data for battery electric vehicles (BEV) and plug-in
hybrid electric vehicles (PHEV) worldwide. In addition,
it presents the EV (BEV, PHEV) stocks and sales worldwide
from 2020 in projections to 2030. We indicate the years
2020–2030 on the x-axis to provide the pattern of EV sales
and stocks chronologically. The sales data for BEVs and
PHEVs are displayed on the left y-axis, highlighting the
rising demand for electric cars worldwide. The stocks of
BEVs and PHEVs, representing the total number of these
cars in the market, are on the right y-axis. The graph shows
that with the sales of 2 million BEVs and 970,000 PHEVs,
the EV market started slowly in 2020. Sales of BEVs and
PHEVs saw notable increases by 2022, hitting 7.3million and
2.9 million units, respectively. While PHEV stocks steadily
increased to 7.9million units, BEV stocks reached 18million.
2025 is predicted to be a significant turning point, with BEV
sales rising to 16 million units and exceeding PHEV sales
of 4.5 million units. In conclusion, the graph illustrates a
steady growth in EV adoption over the five years, with sales
increasing substantially yearly. The noteworthy finding is the
increase in BEV sales, which is more than PHEV sales. The
graph shows a sharp increase in BEV sales between 2025 and
2030, pointing to a clear shift towards BEVs worldwide.

FIGURE 1. Overview of the EV statistics.

The continuous advancements in electric vehicle technol-
ogy have further bolstered the case for their widespread
adoption and continued development. In [5], authors exam-
ined how the market for EVs is changing, focusing on
technology developments and how they contribute to the
goal of a carbon-neutral society. With ongoing research and
development efforts, innovative solutions have emerged in
areas such as battery technology [6], charging infrastruc-
ture [7], and control units, driving significant improvements
in EV performance, range, and overall user experience. In [6],
the authors explored the most recent advances in battery
technology developments for EVs, including a thorough
summary of the latest battery charging and switching
vehicles. In [7], Acharige et al. provide insights into the
changing environment of EV charging systems by consider-
ing dedicated converter topologies, control techniques, and

standard compliance to improve charging efficiency and
grid support. Future trends indicate integrating advanced
control units in electric vehicles, enabling enhanced Vehicle-
to-Grid (V2G) capabilities, intelligent energy management
systems, and seamless connectivity with smart grids [8].
These developments aim to optimize energy consumption [9],
minimize charging times [10], and maximize the utilization
of renewable energy sources, thereby strengthening the
environmental benefits of electric vehicles [11].

Electric vehicles (EVs) have witnessed significant
advancements in control technologies, contributing to
improved performance, efficiency, and overall driving expe-
rience. Modern EVs incorporate various control technologies
to manage multiple aspects of their operation [12]. These
include powertrain control systems, energy management
systems, regenerative braking control, and vehicle stability
control. Powertrain control systems optimize the coor-
dination between the electric motor, battery, and other
components to deliver efficient and responsive power
delivery [13]. Energy management systems monitor and
control the energy flow within the vehicle, ensuring optimal
utilization of the battery’s capacity [14]. Regenerative
braking control technologies capture kinetic energy during
braking, converting it into electrical energy for recharging
the battery [15]. Vehicle stability control systems utilize
sensors and actuators to enhance safety and stability during
acceleration, deceleration, and cornering [16].

Much research on EV powertrain control systems has been
done recently in the literature. The authors of [13] provide
a novel method for hybrid Deep Reinforcement Learning
(DRL) strategy-based powertrain control optimization in
Hybrid Electric Vehicles (HEVs). Using preexisting vehicle
data, the authors pre-train offline neural networks (NNs) com-
bined with an online DRL method. This combination method
effectively achieves optimal power source management for
HEVs while speeding up the learning process and improving
fuel efficiency in simulated instances. In [14], authors
addressed energy management systems in EVs. They carried
out an extensive investigation that centered on the creation of
an Energy Management System (EMS) for a plug-in hybrid
electric vehicle (HEV) through the use of deep learning
techniques, particularly Recurrent Neural Networks (RNNs).
Based on Real Driving Emissions (RDE) compliant vehicle
missions, the AI models were trained offline to decrease
carbon dioxide emissions. The integration of regenerative
braking control technology has also gained attention in recent
research. With an emphasis on energy savings and increased
driving distance, [15] investigated the regenerative braking
control approach for EVs with four in-wheel motors. The
approach involves splitting the braking force between the
hydraulic and motor braking systems and between the front
and back axles. The efficacy of the suggested fuzzy control-
based method, which uses a Mamdani fuzzy controller,
is confirmed by simulation, indicating that it can improve
regenerative braking efficiency for EVs. Within vehicle sta-
bility control systems, the study of [16] is noteworthy. Their
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study concentrated on the advantages of using axle electric
motors for vehicle stability control in hybrid electric vehicles
(HEVs). It presents a combined electrohydraulic braking and
axle motor torque control technique for differential braking
and driving stability management. The devised technique
is compared with current vehicle stability control systems
using real-time simulations of intense steering maneuvers,
assessing energy consumption, performance, and stability
characteristics for hybrid electric sport utility vehicles. Our
review study analyzes these different control technologies in
a unified form under different control units in EVs to evaluate
their capabilities, benefits, and challenges, advancing EV
performance, efficiency, and sustainability while ensuring
optimal energy management and vehicle control.

The significant contributions of our research study are
listed below:

• The study provides a detailed review of different
development strategies and control algorithms that can
be adapted to efficiently control different EV control
units.

• The study highlights the configuration and sensors
utilized in each control unit of EVs.

• Moreover, the comparison of different control algo-
rithms adopted to control EVs for mobility energy
efficiency is presented.

• Finally, the current research challenges are highlighted
to pave the way for future research directions.

The proposed study is organized as shown in Fig. 2.
After the introduction section, development strategies and
algorithms of integrated ECU for mobility energy efficiency
are presented in section II followed by the development
strategies and algorithms of VCU, EPS, ESC, and BCU in
the next sections III, IV, V, and VI. The comparison of
integrated ECU algorithms for mobility energy efficiency
is summarized in section VII. Section VIII highlights the
shortcomings of available solutions and future directions.
Finally, the conclusion is presented in section IX.

A. THE RESEARCH METHODOLOGY FOR ECU
This section highlights a comprehensive overview of the
detailed methodology followed for the research. Electronic
Control Unit (ECU) and its various types are chosen as
research methods for determining electric vehicle control
strategies.

B. PLANNING THE REVIEW
Review planning involves key components such as formulat-
ing research questions, identifying relevant data sources, and
creating search strings.

C. RESEARCH QUESTIONS
The research questions addressed in this review are:
RQ1: What are the different types of electronic control units
used in electric vehicles?
RQ2: What are the emerging control techniques in electronic
control units for electric vehicles?

FIGURE 2. Detailed flow of the proposed research study.

D. DATA SOURCES FOR LITERATURE STUDY
An iterative technique was utilized to comprehensively
explore various scientific databases and digital libraries. The
selection of these libraries was based on current research
trends. Data sources included are:

• Google Scholar
• Science Direct
• Wiley Online Library
• IEEE Xplore Library

E. SEARCH STRINGS
In this research study, we derived keywords from the existing
literature that aligned with our research questions to construct
the search strings. Boolean operators ‘‘OR’’ and ‘‘AND’’
combine these keywords effectively. The search strings used
to explore online databases were as follows: (‘‘Control
Technology’’ OR ‘‘Control Method’’) AND (‘‘Electronic
Control Unit’’ OR ‘‘Vehicle Control Unit’’ OR ‘‘Electrical
Power Steering’’ OR ‘‘Body Control Unit’’) AND (‘‘Electric
Vehicles’’ OR ‘‘Hybrid Electric Vehicles’’ OR ‘‘Autonomous
Vehicle’’) AND (‘‘Energy Management’’ OR ‘‘Energy
Efficiency’’).

II. INTEGRATION OF VARIOUS CONTROL UNITS IN EV
FOR ENHANCING ENERGY EFFICIENCY
As Electric Vehicles (EVs) continue to gain popularity,
the automotive industry is constantly evolving to meet
the demands of this emerging market. One crucial aspect
of EV development is integrating various control units to
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ensure the efficient and coordinated functioning of different
vehicle systems. In this context, the concept of an integrated
Electronic Control Unit (ECU) has emerged as a significant
advancement in EV technology. An integrated ECU combines
multiple control units into one unit, streamlining communi-
cation and enhancing overall vehicle performance [17].

The integrated ECU in an electric vehicle typically
incorporates four main control units: Vehicle Control Unit
(VCU), Electric Power Steering (EPS), Electronic Stability
Control (ESC), and Body Control Unit (BCU). All these
control units are crucial in ensuring the safety, efficiency, and
smooth operation of EVs [18].

Furthermore, the VCU acts as the central brain of
the integrated ECU system, managing and coordinating
various subsystems and components of the electric vehicle.
It controls the powertrain, battery management system,
and other auxiliary systems. The VCU receives data from
multiple sensors and makes real-time decisions to optimize
the vehicle’s performance, including torque distribution,
regenerative braking, and energy management [19].
The EPS control unit gives the driver precise and effortless

control over the vehicle’s steering. It uses sensors to
measure driver input and vehicle parameters, allowing the
EPS system to adjust the steering assistance accordingly.
Integrating the EPS control unit into the ECU allows the EV
steering response to coordinate seamlessly with other control
functions, enhancing overall vehicle stability and safety [20].
Similarly, the ESC control unit is designed to ensure

vehicle stability and prevent loss of control in critical
situations. It monitors various parameters, including steering
angle, wheel speed, and yaw rate. By applying individual
wheel braking and adjusting power distribution, the ESC
control unit can selectively intervene to correct understeer
or oversteer conditions. Integrating the ESC control unit
with the integrated ECU allows faster and more precise
response times, enhancing vehicle safety during cornering
and emergency maneuvers [21].

Furthermore, the BCU controls various electrical and
electronic systems within the vehicle’s body, including
lighting, climate control, door locks, windows, and other
comfort and convenience features. Integrating the Body
Control Unit into the integrated ECU allows the coordination
and management of these body-related functions to be
streamlined, enhancing overall vehicle functionality and user
experience [22].
Moreover, Fig. 3 shows the layout of ECU in EV. The

front axle is driven by a permanent magnet synchronous
motor connected to a transmission. The motor is regulated
by a Motor Control Unit (MCU) supervised by VCU. The
Battery Management System (BMS) controls the battery
pack, supplying energy to move the vehicle and storing
recovered electric energy. Each wheel has a disc brake,
monitored by the Electronic Stability Control (ESC) system.
Electric Power Steering (EPS) assists in controlling the
vehicle’s steering, reducing energy consumption, and ensur-
ing stability. Additionally, BCU manages various electronic

FIGURE 3. Layout of integrated ECU control in EV.

systems in the vehicle, including exterior and interior lighting
and windshield wipers. The ECUs coordinate the control of
all these components by communicating and exchanging their
requests. [23].

A. ELECTRIC VEHICLE CONTROL CONCEPT
Electric vehicle control plays an important part in EVs’
efficient operation and optimization. As the world shifts
towards sustainable transportation, developing advanced
control systems for EVs becomes increasingly important.
These control systems are responsible for managing and
coordinating different units of EV, such as the powertrain,
energy storage system, and auxiliary systems. By intelligently
controlling these components by introducing integrated
ECU control, EVs can achieve optimal performance, max-
imize energy efficiency, and enhance the overall driving
experience [24].

Effective control of electric vehicles offers several sig-
nificant advantages [25]. Firstly, it optimizes power distri-
bution and utilization within the vehicle, improving energy
efficiency. By effectively regulating the power transfer to the
motor using the battery, control systems can optimize energy
usage, minimize losses, and extend the vehicle’s driving
range [26]. Moreover, efficient control of EVs helps achieve
better overall performance, including acceleration, braking,
and handling. Moreover, ensuring effective control of EVs
is critical for upholding vehicle safety. Control systems
are responsible for monitoring and protecting the battery
pack, ensuring proper charging and discharging behavior,
and preventing hazardous conditions, such as overcharging
or overheating [27]. Additionally, control algorithms play a
crucial role in integrating various safety features, such as
regenerative braking and stability control systems, in enhanc-
ing the overall safety of the EV [28].

To enable effective control of electric vehicles, certain
requirements must be fulfilled. These include precise sensing
and measurement systems to provide accurate data on vehicle
parameters like speed, position, battery state of charge,
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and temperature [29]. Additionally, sophisticated control
algorithms are needed to process this data and make real-time
decisions regarding power distribution, torque control, energy
management, and vehicle dynamics. These algorithms should
be capable of adapting to changing driving conditions,
optimizing power flow, and ensuring the seamless integration
of different vehicle subsystems [30]. Moreover, electric
vehicle control requires a reliable and robust communication
network to facilitate the exchange of information between
various components, such as the battery management system,
motor controller, and vehicle control unit. This network
enables coordinated control actions and ensures the proper
functioning of the entire EV system [31].

B. ELECTRIC VEHICLE AND ITS TYPES
Much research is going on on electric vehicles, which
promise future solutions to environmental issues. The goals
of these research studies are the focus of many electric
vehicle configurations and their control. Battery Electric
Vehicles (BEVs) run entirely on electricity and are powered
by rechargeable batteries. Hybrid Electric Vehicles (HEVs)
combine an internal combustion engine with an electric motor
and a battery; Plug-in Hybrid Electric Vehicles (PHEVs)
have both an internal combustion engine and a rechargeable
battery, and Fuel Cell Electric Vehicles (FCEVs) use a
fuel cell to generate electricity on board by combining
hydrogen gas from a tank with oxygen from the air are
examples of EVs [23]. BEVs often face challenges primarily
related to their batteries, making them more suitable for
smaller electric vehicles with short distances and lower
speeds in local transportation. These vehicles require smaller
battery capacities. While cost remains a significant concern,
HEVs can meet consumer demands and offer additional
benefits. FCEVs have the potential to become popular
vehicles in the future. However, the technology is in its
early stages, with price and fueling infrastructure being the
main areas of concern [24]. The user’s daily commute,
availability of charging infrastructure, financial restraints,
and environmental concerns are some variables that influence
the choice of EV. While some consumers choose PHEVs
because of their flexibility and extended driving range, others
may emphasize lowering the environmental impact and go for
BEVs [8]. The EV types and their characteristics, along with
issues in each type and the example models, are explained
in Table 1.

C. EV CONFIGURATION AND SENSORS
Sensors play a vital role in electric vehicles (EVs) by
providing crucial information to control units, enabling
precise monitoring and control of various subsystems [39].
These sensors serve as the sensory organs of the EV, capturing
real-time data on key parameters such as speed, position,
temperature, battery state of charge, and environmental
conditions. This information allows the control units to
make informed decisions and implement effective control

strategies, enhancing electric vehicles’ performance, effi-
ciency, and fault detection for vehicle safety [40].
The EV system can be categorized into three primary

blocks, shown in Fig. 4. To perceive the surrounding
environment, the EV is equipped with various sensors, which
are hardware devices responsible for collecting data. The
gathered sensor data is then processed in the optimal control
block, where different components work together to extract
meaningful information from the sensor inputs. The optimal
control block utilizes optimal control algorithms to generate
controlled commands for actuators. To ensure the following
path, the control module sends control commands to the
vehicle, thereby overseeing its movement and trajectory [41].

FIGURE 4. Block diagram of EV system based on installed sensing and
actuating devices.

D. DEVELOPMENT STRATEGIES OF INTEGRATED ECU FOR
MOBILITY ENERGY EFFICIENCY
The development strategy for integrated ECU in an electric
vehicle involves ensuring the system is reliable, efficient, and
safe. To achieve these goals, the ECU must be designed to
operate in various conditions and environments, including
extreme temperatures, high humidity, and high vibrations.
The ECU must also be designed to handle large amounts
of data quickly and efficiently while maintaining low power
consumption. Additionally, the ECU must be designed with
safety in mind since it controls critical systems in the vehicle.
This involves implementing fail-safe mechanisms, such as
redundant sensors and controllers, to ensure that the vehicle
can operate safely in case of a failure inside the system.
Overall, the design of an ECU for an electric vehicle requires
a balance of performance, efficiency, and safety [42].

Fig. 5 shows the main development strategies of integrated
ECU to improve mobility energy efficiency.

Development strategies for integrated ECU include pre-
dictive analytics, optimal operation based on machine
learning, thermal management, power electronics, and energy
recuperation. Predictive analytics can be used to analyze data
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TABLE 1. Critical analysis of the characteristics of EV types.

FIGURE 5. Taxonomy of the development strategies for integrated ECU.

from sensors and other sources to help optimize the operation
of the ECU and the electric vehicle. Predictive analytics
can anticipate driving behavior [43], road conditions for

route optimization [44], and other factors that can affect
energy consumption and adjust power distribution and
battery management accordingly. Machine Learning (ML)
algorithms can be used to optimize the operation of the
ECU and the electric vehicle. ML can identify patterns
in driving behavior and road conditions and adjust the
power distribution and battery management accordingly. This
can help to improve energy efficiency and reduce carbon
emissions [45]. Efficient thermal management of the ECU
can help to reduce power consumption and improve energy
efficiency. This can be achieved using advanced cooling
systems and heat-dissipation materials [46]. Advanced power
electronics, such as wide-bandgap semiconductors, can
improve the efficiency of the ECU and the electric vehicle.
Wide-bandgap semiconductors have lower resistance and
switching losses, which results in less heat generation and
higher efficiency [47]. Energy Recuperation involves using
energy recuperation systems, such as regenerative braking,
which can help capture the energy that would otherwise
be lost during braking and recharge the battery. This can
improve energy efficiency and reduce the need for external
charging [48].
Table 2 shows current developments in the field of EV tech-

nology, with an emphasis on development techniques for inte-
grated ECU. The table highlights several noteworthy research
papers demonstrating innovative methods to improve EV
performance, energy efficiency, and sustainability. The most
common development strategies include machine learning
algorithms to analyze data from the ECU and predict driving

15962 VOLUME 12, 2024



S. S. A. Naqvi et al.: Evolving Electric Mobility: In-Depth Analysis of Integrated ECU Development

behavior. This information can then be used to optimize the
performance of the EV and improve energy efficiency [49].
Integrating real-world data combines data from the ECU
with real-world data, such as driving conditions and weather
information, to develop more accurate and robust control
models [50]. Advanced electronics technologies, such as
field-programmable gate arrays (FPGAs), are used to develop
more efficient and powerful ECUs [51].

Table 2 offers a comprehensive overview of the latest
research on development strategies of Integrated ECU in
EVs. Bangroo et al.’s approach [52] utilizing AI-based
predictive analytics stands out for its potential to enhance
decision-making, energy efficiency, and cybersecurity in
electric/hybrid vehicles. However, using large datasets raises
concerns about data privacy that need to be addressed for
practical implementation. Canal et al.’s study (Ref. [53])
integrating real ECU data with machine learning algorithms
demonstrates impressive accuracy in identifying driving
patterns, emphasizing the real-world applicability of their
methodology. Nevertheless, concerns about overfitting and
the need for robust regularization techniques are vital
aspects to consider in further applications. Broatch et al.’s
research (Ref. [54]) on integrated thermal management
systems stands out for its incorporation of extensive real-
world data, enhancing the accuracy of simulation results.
However, expanding the scope to other vehicle platforms
like plug-in hybrids and fully electric cars could offer more
comprehensive insights. Gong et al.’s emphasis (Ref. [55])
on modern power electronics technologies in EV powertrains
paves the way for future innovations. Yet, the lack of
quantitative analysis regarding energy efficiency remains a
notable limitation. Chengqun et al.’s innovative regenerative
braking system ( [56]) stands out for its efficient energy
recovery, especially for aggressive driving styles, but could
benefit from adaptability enhancements considering diverse
factors affecting regenerative braking efficiency.

Each development strategy has advantages and disad-
vantages, as mentioned in Table 2. For example, Al-
based predictive analytics can effectively improve energy
efficiency, but it requires large amounts of data and can be
complex to implement [52]. Integration of real-world data
can improve the accuracy of control models, but it can be
challenging to collect and process large amounts of real-
world data [57]. Advanced electronics technology can lead to
more efficient and powerful ECUs, but it can be expensive to
develop and implement [51]. Integrated ECUs can potentially
improve EVs’ performance, efficiency, and safety. Still, they
are facing a few challenges mentioned in this section, which
can be addressed for future research to improve EV energy
efficiency.

E. CONTROL ALGORITHMS OF INTEGRATED ECU FOR
MOBILITY ENERGY EFFICIENCY
In an EV, the integrated ECU refers to the central electronic
control unit responsible for managing and coordinating
various electrical systems and components within the vehicle.

It serves as the ‘‘brain’’ of the EV, overseeing the operation
of critical functions and ensuring their proper integration.
An ECU is an embedded system in EVs that controls one or
multiple systems or subsystems within a vehicle. In modern
vehicles, numerous ECUs are utilized, including but not
limited to the powertrain control unit (PCU), transmission
control unit (TCU), engine control unit (ECU), brake control
module (BCM), suspension control unit (SCU), and body
control unit (BCU). [58].

Furthermore, Fig. 6 shows the sub-division of ECU, which
is required to be controlled in EV for energy management.

FIGURE 6. Taxonomy of the control algorithms of integrated ECU.

III. DEVELOPMENT STRATEGIES AND ALGORITHMS OF
VCU FOR MOBILITY ENERGY EFFICIENCY
A. VCU CONFIGURATION AND SENSORS
In an autonomous vehicle, the VCU has a critical role
in controlling various aspects of the vehicle’s operation.
To achieve this, the VCU relies on a range of sensors,
enabling it to make informed decisions and optimize the
vehicle’s performance. Several key sensor types used in the
VCU of autonomous vehicles include powertrain control
sensors, battery management system sensors, regenerative
braking control sensors, and thermal management system
sensors [59], as shown in Fig. 7.
Powertrain control sensors, such as the throttle position

sensor, measure the position of the accelerator pedal and
provide input to the VCU regarding the desired power output
from the electric motor. These sensors allow the VCU to
regulate the powertrain system and optimize its efficiency and
performance [60].

Furthermore, Battery management system sensors are cru-
cial for monitoring the battery pack’s state. They provide data
on parameters like the State of Health (SoH), temperature,
and State of Charge (SoC). By analyzing this data, the VCU
can ensure optimal battery performance, manage energy
consumption, and protect the battery from overcharging or
overheating [61].

In addition, Regenerative braking control sensors, includ-
ing wheel speed sensors and brake pressure sensors, enable
the VCU to engage regenerative braking, which converts
the kinetic energy into electrical energy for energy storage
in the battery. These sensors provide critical input for
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TABLE 2. Latest research on development strategies of integrated ECU in EV.

the VCU to adjust the regenerative braking force and
optimize energy recovery. Thermal management system
sensors monitor the temperature of various components in
the vehicle, such as the battery pack, motor, and power
electronics. These sensors provide feedback to the VCU,
enabling it to implement appropriate thermal management
strategies, including cooling or heating, to maintain optimal
operating temperatures and prevent overheating [62]. All
these sensors are controlled by the VCU and coordinated
by the Electronic Control Unit (ECU), which serves as
the central control hub. The ECU processes data from
these sensors and inputs from other subsystems to make
decisions and send control commands to various vehicle
components.

B. DEVELOPMENT STRATEGIES OF VCU FOR MOBILITY
ENERGY EFFICIENCY
The development strategies of VCU focus on improving the
vehicle’s performance while reducing energy consumption.
This is achieved through advanced strategies that optimize
the vehicle’s systems operation. For example, the VCU can
be designed to optimize the regenerative braking system to
recover energy during braking [63].
Development Strategies for VCU to improve mobility

energy efficiency are illustrated in Fig. 8. Integrating
advanced sensors is crucial to enhance the capabilities of
the VCU. These sensors include position, wheel speed,
accelerometer, gyroscopes, and other environmental and
vehicle condition sensors. The VCU relies on accurate
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FIGURE 7. Sensors for vehicle control unit.

FIGURE 8. Taxonomy of the development strategies for VCU.

and real-time data from these sensors to make informed
decisions regarding powertrain control, energy management,
and vehicle stability [64]. Efficient powertrain control is also
required to maximize the performance and range of EVs.
The VCU should optimize powertrain components such as
the electric motor, battery, inverter, and transmission. Devel-
opment strategies involve fine-tuning control algorithms to
manage torque distribution, regenerative braking, energy
recuperation, and thermal management. This ensures smooth
power delivery, improved energy efficiency, and optimal
utilization of the electric powertrain system [65]. Effective
energy management is critical for electric vehicles. The VCU
should incorporate intelligent algorithms that monitor the
state of charge, battery temperature, and power demand.
By dynamically adjusting power distribution, the VCU can
optimize energy usage and balance the power demands of
various vehicle systems.

Additionally, the VCU can facilitate features like pre-
dictive range estimation, route planning, and energy-saving
modes to increase the overall efficiency of EVs [66]. The
VCU contributes to ensuring the safety and stability of EVs.

Development strategies involve integrating advanced stability
control systems, like Electronic Stability Control (ESC),
traction control, anti-lock braking systems (ABS), and torque
vectoring. The VCU should employ sophisticated control
algorithms that continuously monitor vehicle dynamics and
make necessary adjustments to prevent loss of control,
improve stability, and enhance overall driving safety [67].

Table 3 thoroughly reviews current research on VCU’s
development strategies in EVs. These strategies include
many innovative techniques and deal with multiple aspects
of VCU development. An EV transportation system that
uses supervised machine learning technologies to improve
incentive mechanisms for the betterment of security is
presented in the research by [68]. However, there is
room for future development in fine-tuning the system
for better response time and overall performance. A two-
step technique for accurate EV powertrain optimization is
presented in [65], greatly reducing computation time. The
article may, however, benefit from emphasizing the energy
efficiency gains made possible by well-optimized engine
components. Additionally, a new co-simulation method is
demonstrated by the study presented in [69], which carries
out extensive experimental measurements to explore the
integration of thermal fluxes. By developing integrated
thermal management systems specifically for different car
platforms, the research’s applicability might be increased,
and a more thorough comprehension of thermal management
strategies could be encouraged. Lastly, the examination
presented in [70] concentrates on EV powertrain power
electronics technology. The influence of power electronics
devices on energy efficiency in EV powertrains is not
quantitatively evaluated in the study, although it highlights
current technology and opportunities for future research
paths. These critical assessments underscore opportunities for
refinement and further exploration of VCU strategies in EVs.

C. VCU ALGORITHMS FOR MOBILITY ENERGY EFFICIENCY
The VCU is a control unit that controls various functions of
EVs, including steering, acceleration, and braking control.
The VCU is designed to optimize the performance of EVs
while also ensuring the safety of the passengers [71]. The
VCU can be designed to control the operation of various
powertrain components (engine, transmission, electricmotor)
to reduce energy consumption. This can be achieved through
optimal gear selection, intelligent engine starts/stop systems,
and regenerative braking [23]. The VCU can be designed to
control the battery pack that powers the vehicle. It manages
battery charging and discharging and monitors its tempera-
ture and state of charge (SoC) while ensuring battery safety
and efficiency [72]. VCU can be designed to capture and
store energy that would otherwise be wasted (e.g., through
regenerative braking or exhaust gas heat recovery) and use it
to power auxiliary systems, reducing the load on the primary
power source [73]. VCU can also be designed to ensure the
primary goal of EV thermal management is to control the
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TABLE 3. Latest research on development strategies of VCU in EV.

temperatures of the battery, motor, and crew cabin to ensure
that all are working at optimal temperatures. The vehicle’s
capacity for heat dissipation is coordinated and controlled
by a thermal management system [74]. Table 4 highlights
the control algorithms, strength, and limitation of VCU for
mobility energy efficiency in EVs.

IV. DEVELOPMENT STRATEGIES AND ALGORITHMS OF
EPS FOR MOBILITY ENERGY EFFICIENCY
A. EPS CONFIGURATION AND SENSORS
In EVs, precise and reliable steering control is paramount
for safe and accurate navigation. Steering control sensors
are crucial in providing essential input to the autonomous
vehicle’s control system [85]. Two key sensors involved in
steering control are the torque sensor and steering angle
sensor, which work in conjunction with the Electrical
Power Steering (EPS) system, ultimately controlled by the
Electronic Control Unit (ECU) as illustrated in Fig. 9.

The steering angle sensor measures the rotational position
of the steering wheel, providing real-time information on
the driver’s intended direction. It enables the autonomous
vehicle’s control system to accurately interpret the driver’s
steering inputs and translate them into appropriate commands
for the steering actuator [86]. On the other hand, the torque
sensor measures the level of torque applied to the steering
column. It detects the driver’s effort to turn the steeringwheel,
providing critical feedback on the driver’s intentions and

the resistance encountered while maneuvering the vehicle.
The control system utilizes This torque information to
enhance steering control precision and implement advanced
driver assistance features, such as torque-based steering
interventions and lane-keeping assistance [87].
Furthermore, the steering angle and torque sensors

are integrated into the EPS system, replacing traditional
hydraulic power steering with an electrically assisted mech-
anism. The EPS system utilizes electrical power, controlled
by the ECU, to assist the driver’s steering inputs and deliver
the appropriate steering response. The ECU processes the
steering angle and torque sensor data, applying sophisticated
control algorithms to regulate the EPS system’s behavior
and provide the desired steering assistance [88]. Integrating
these sensors and the EPS system into the overall control
architecture of autonomous vehicles enables precise and
dynamic steering control, allowing for smooth maneuvering
and accurate trajectory tracking. The ECU, the central control
unit, coordinates the interactions between the sensors, EPS
system, and other control modules to achieve safe and reliable
autonomous steering [89].

B. DEVELOPMENT STRATEGIES OF EPS FOR MOBILITY
ENERGY EFFICIENCY
Fig. 10 illustrates the main development strategies for EPS
to improve mobility energy efficiency. The development
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TABLE 4. Control algorithms of vehicle control unit in electric vehicles.

FIGURE 9. Overview model of the steering control based on different
installed sensors.

strategies for EPS in electric vehicles for mobility energy
efficiency revolve around efficient power assistance control,
regenerative energy harvesting, intelligent steering assis-
tance, variable assistance levels, vehicle dynamics control
systems integration, lightweight component design, and
advanced sensor integration. Implementing these strategies
can optimize the EPS system’s performance, minimize
energy consumption, and contribute to the overall energy
efficiency of electric vehicles.

Furthermore, EPS systems are more energy-efficient than
traditional hydraulic power steering systems. The electric
motor in an EPS system only consumes power when steering
assistance is required, whereas hydraulic systems consume
power continuously [90]. High-efficiency electric motors can
be used in EPS systems to reduce energy consumption.
These motors have higher efficiency levels, resulting in
lower energy losses during operation [91]. Another effective
strategy for enhancing mobility energy efficiency is the

FIGURE 10. Taxonomy of the development strategies for EPS.

implementation of regenerative energy harvesting in EPS
systems. By utilizing regenerative braking technology, the
EPS system can recover energy during braking or decel-
eration and convert it into electrical energy that can be
stored in the vehicle’s battery. This harvested energy can
then be utilized to power other vehicle systems, reducing
the overall energy consumption of the electric vehicle [92].
Integrating intelligent steering assistance capabilities in EPS
systems can significantly improvemobility energy efficiency.
This involves developing algorithms that adaptively adjust
the steering assistance based on various factors, such as
road conditions, vehicle speed, and driver behavior. The
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EPS system can minimize energy consumption and optimize
steering control by providing the right assistance at the
right time, resulting in improved energy efficiency [93].
Efforts to enhance mobility energy efficiency in electric
vehicles should consider lightweight component design for
EPS systems. Lightweight materials and efficient design can
help reduce the overall mass of the EPS components, thereby
reducing energy requirements for operation. Optimizing the
mechanical design, such as reducing friction and improving
bearing efficiency, can further contribute to improved energy
efficiency [94].

An overview of current research on EPS system devel-
opment strategies in EVs is given in Table 5. Although the
table provides insightful information on novel strategies for
improving torque output and energy efficiency in EPS, a few
important points need to be addressed. Firstly, questions
concerning the Differential Drive Collaborative Steering
(DDCS) control system’s adaptability to a range of working
situations and vehicle characteristics are raised by the
system’s lack of real-time optimization and performance
assessment metrics [95]. Secondly, the study concentrating
on torque production enhancement via flux-switching Per-
manent Magnet Machines (FSPMMs) shows encouraging
results; however, the absence of a thorough assessment
regarding its improvement in energy efficiency leaves room
for additional research on this topic [96]. Furthermore,
examining the energy efficiency of electric SUVs in
real-world driving situations gets recognition for its practical
methodology, even though the complexity brought about
by the variety of real-world driving scenarios may make
energy efficiency assessments more difficult [97]. Finally,
a promising technological advancement is presented by the
creative application of a triboelectric nanogenerator (TENG)-
based sensor for driver intention detection in EPS [98].
However, consistent performance of the sensor requires
addressing its sensitivity to environmental factors. These
important elements draw attention to areas that need more
research and improvement in EPS strategies for EVs.

C. EPS ALGORITHMS FOR MOBILITY ENERGY EFFICIENCY
EPS is a system that uses an electric motor to assist in
steering a vehicle. EPS is designed to improve the efficiency
and performance of the vehicle’s steering system while
reducing its energy consumption. EPS focuses on reducing
the energy consumption of the vehicle’s steering system
while improving its performance. This is achieved using
advanced control algorithms that optimize the electric motor
operation [99]. For example, the EPS system can be designed
to adjust the electric motor’s level of assistance based on the
vehicle’s speed and steering angle. The EPS system can adapt
the necessary steering effort required by the driver for turning
the steering wheel. Making it easier for the driver to steer the
vehicle [100]. The EPS system can adjust the responsiveness
of the steering, making it more or less sensitive to driver
input [101]. The EPS system can adjust the steering assist

to help stabilize the vehicle in different driving conditions,
such as during high-speed driving or in crosswinds [102]. The
EPS system can also adjust the feedback the driver receives
from the steering, providing a more or less connected feeling
between the driver and the road [103]. Table 6 summarizes the
EPS control algorithms for mobility energy efficiency in EVs,
including strength and limitation.

V. DEVELOPMENT STRATEGIES AND ALGORITHMS OF
ESC FOR MOBILITY ENERGY EFFICIENCY
A. ESC CONFIGURATION AND SENSORS
Electronic Stability Control (ESC) systems in electric
vehicles rely on sensors to accurately determine the driver’s
intentions and monitor the vehicle’s response. These sensors
play a crucial role in ensuring the effectiveness of the ESC
system. One key aspect is using speed and steering angle
measurements to ascertain the driver’s desired heading [111].
Concurrently, onboard silicon-based sensors, manufactured
using micromachining technologies, measure the vehicle’s
lateral acceleration and yaw rate. Over the past decade,
these Micro-Electro-Mechanical Systems (MEMS) sensors
have revolutionized ESC systems by significantly enhanc-
ing their size, cost, and reliability, surpassing traditional
high-precision mechanical sensors [112].

Furthermore, the ESC system’s control algorithm, residing
in the ESC controller, continuously receives data from the
wheel speed sensors, steering angle sensor, and yaw rate
sensor, as illustrated in Fig. 11. The controller stores an
application algorithm that incorporates equations represent-
ing the vehicle’s dynamics [113]. By comparing driver inputs
to the vehicle’s response, the control algorithm determines
the need for intervention, such as applying the brakes through
hydraulicmodulator valves or adjusting the throttle.When the
vehicle’s yaw rate aligns with lateral acceleration and speed,
it indicates a balanced response to the steering input [114].

In addition, the ESC controller can exchange data with
other controllers in connection with the vehicle network
(controller area network). This capability enables further
enhancements to the stability and control of EV [61].
Additionally, ESC systems typically offer an option to disable
the function, which proves beneficial in specific off-road
driving conditions or when using a smaller spare tire that
may interfere with the sensors. Some vehicle manufacturers
even provide an additional mode that allows drivers to explore
the limits of tire grip with reduced electronic intervention.
However, the ESC system automatically returns to normal
operation upon ignition restart, ensuring continued safety and
stability control [115].

B. DEVELOPMENT STRATEGIES OF ESC FOR MOBILITY
ENERGY EFFICIENCY
The development strategies for ESC in electric vehicles are
similar to those in traditional combustion engine vehicles.
The system typically uses sensors to monitor various vehicle
parameters, including speed, acceleration, steering angle, and
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TABLE 5. Latest research on development strategies of EPS in EV.

TABLE 6. Control algorithms of electric power steering in electric vehicles.

FIGURE 11. Overview of the stability control using different installed
sensors [116].

wheel rotation. Using this information, the ESC control unit
can detect when a loss of traction is about to happen and
intervene by reducing engine power or applying individual

brakes to specific wheels. However, in an electric vehicle,
there may be some differences in the design strategy for
ESC. For example, because electric motors can deliver instant
torque, ESC in an EV may need to respond even more
quickly than in a traditional vehicle. Additionally, some EVs
may use regenerative braking, which can complicate the
control strategy for ESC, as the system needs to balance
the regenerative braking force with the conventional friction
brakes to maintain stability [117].

Furthermore, Fig. 12 illustrates the main development
strategies for ESC to improve mobility energy efficiency.

ESC can be designed to encourage smoother driving
by reducing unnecessary acceleration and deceleration.
By minimizing sudden speed changes, the vehicle can
maintain a more consistent energy output, which can help
improve efficiency and extend the battery’s range [118].
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FIGURE 12. Taxonomy of the development strategies for ESC.

The vehicle’s design, including the placement of the battery
and electric motor, can affect the stability of the vehicle and
its energy efficiency. By optimizing the weight distribution,
ESC can help ensure that the vehicle stays stable and
balanced, reducing the need for corrective maneuvers that can
waste energy [119]. ESC can be designed to handle sensor
fusion, which involves combining data from multiple sensors
such as LIDAR (light detection and ranging), RADAR (Radio
detection and ranging), wheel speed sensors, steering angle
sensors, and gyroscope, etc., to integrate data for real-time
monitoring resulting in enhanced accuracy [120].

A thorough summary of current research on ESC system
development techniques in EVs can be found in Table 7.
Although the table presents novel strategies to improve the
effectiveness and functionality of ESC, there are significant
factors that require taking into account. Firstly, handling
stability and motor efficiency are significantly improved in
the study using a torque distribution strategy based on Deep
Reinforcement Learning (DRL) [121]. Future improvements
will likely be necessary because of the computing demands
of large-scale implementations, whichmight provide difficul-
ties. Secondly, it is noteworthy that Phase Change Material
(PCM) has been included in Battery Thermal Management
Systems (BTMS) to improve thermal efficiency [122]. How-
ever, long-term dependability issues with PCM deterioration
and ideal material combinations indicate areas that needmore
investigation. Lastly, to maximize energy efficiency without
sacrificing perception performance, Adaptive Sensor Fusion
with Energy Awareness for object detection in autonomous
vehicles (AVs) presents a potential method [123]. However,
given the model’s restricted application to particular settings,
more research should be conducted using comparative assess-
ments and thorough data-driven analysis. These important
considerations highlight areas where ESC techniques for EVs
should be worked upon to advance the research in this field
for further energy efficiency improvement.

C. ESC ALGORITHMS FOR MOBILITY ENERGY EFFICIENCY
ESC is a safety system in EVs designed to help drivers
maintain control of their vehicles during emergencies or in

hazardous road conditions [124]. ESCworks by detecting and
reducing instances of oversteer or understeer, which occur
when a vehicle loses traction with the road surface, causing
it to spin or slide out of control. In an electric vehicle,
ESC can also play a role in improving energy efficiency
and range [125]. By monitoring the vehicle’s stability and
reducing unnecessary acceleration or deceleration, ESC can
help prevent wasteful energy consumption and extend the
battery’s range. To provide stability, the ESC monitors
the yaw rate and steering wheel sensors to detect a lack
of steering control. Once detected, the ESC activates the
ABS (Antilock Braking System) and ECM (Engine control
module) to reduce the vehicle’s speed. The ESC system can
detect when one or more wheels are slipping and apply the
brakes or adjust the power to the motor to help maintain
traction and prevent the vehicle from skidding or spinning
out of control. The ESC system can detect when the vehicle
is starting to oversteer or understeer and apply the brakes or
power adjustment of the motor to help keep the vehicle on
the intended path [126]. The ESC system can detect when
the vehicle is at risk of rolling over and apply the brakes
or adjust the power supply to the motor to help prevent the
vehicle from rolling over [127]. The ESC system can also
hold the brakes for a short period when the vehicle is stopped
on a hill, allowing the driver to start the vehicle without
rolling backward [128]. Table 8 shows the ESC control
algorithms for mobility energy efficiency in EVs along with
their strength and limitations.

VI. DEVELOPMENT STRATEGIES AND ALGORITHMS OF
BCU FOR MOBILITY ENERGY EFFICIENCY
A. BCU CONFIGURATION AND SENSORS
The body control unit (BCU) in electric vehicles incorporates
various sensors to monitor and control different systems
within the vehicle’s body, as shown in Fig. 13. These sensors
enhance the occupants’ safety, convenience, and comfort.
Some of the key sensors used in the BCU of electric vehicles
include those for lighting control, windshield wipers, power
windows, door locks, and the HVAC (Heating, Ventilation,
and Air Conditioning) system [136].

Furthermore, lighting sensors enable the automatic control
of lighting systems, such as automatic headlights and interior
lighting. These sensors detect ambient light levels and adjust
the vehicle’s lighting accordingly, enhancing visibility and
reducing driver distraction. Windshield wiper sensors detect
rain or moisture on the windshield and activate the wipers
automatically. These sensors ensure optimal visibility for the
driver, enhancing safety during inclement weather conditions.
Power window sensors detect obstacles in the window’s path,
preventing injuries and damage. They automatically stop the
window movement if an obstruction is detected, ensuring the
safe operation of the power windows [137].
Similarly, door lock sensors are vital to the vehicle’s

security. They detect whether the doors are open or closed
and provide feedback to the BCU. This information is used
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TABLE 7. Latest research on development strategies of ESC in EV.

TABLE 8. Control algorithms of electronic stability control in electric vehicles.

for various functions, such as automatically locking the
doors when the vehicle is in motion or unlocking the doors
when the vehicle is parked. The HVAC system sensors
monitor parameters like temperature, humidity, and cabin
occupancy. They enable the BCU to control the HVAC system
effectively, maintaining a comfortable environment inside
the vehicle. These sensors work with the BCU to provide
intelligent control over various body systems in electric
vehicles, ensuring enhanced safety, convenience, and comfort
for the occupants.

B. DEVELOPMENT STRATEGIES OF BCU FOR MOBILITY
ENERGY EFFICIENCY
Different development strategies are presented in Fig. 14
for a BCU to improve mobility energy efficiency. These
strategies include power management, regenerative braking,
lightweight design, and V2V communication. The BCU can
manage the power consumption of various electronic systems
in the vehicle by turning them off when not in use. For

FIGURE 13. Basic configuration of BCU using input sensors and output
controls.

example, the BCU can turn off the climate control system
when the vehicle is not occupied [138]. Advanced thermal
control systems can be designed to guarantee that the BCU
operates within ideal temperature ranges, hence lowering
the requirement for energy-intensive cooling systems and
reducing the load on the electrical system by utilizing the
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thermal energy produced within the car for heating [74]. The
BCU can be designed to communicate with other vehicles
on the road. This can allow for more efficient driving by
sharing information about traffic conditions and optimizing
the operation of electronic systems in the vehicle [139].
Table 9 comprehensively describes current research on

the development approaches used for BCUs in EVs. These
strategies demonstrate creativemethods for improving energy
efficiency and maximizing vehicle performance. The study
introducing the Long Short-Term memory-based improved
Model Predictive Control algorithm (LSTM-IMPC) showed
promising results in increasing fuel efficiency, ultimately
resulting in improved energy efficiency [140]. However, it’s
crucial to remember that the algorithm solely addresses inter-
nal vehicle energy management; real-time sensor data and
significant external elements are not included, indicating a
potential area for future research. Additionally, it is notewor-
thy that Nonlinear Model Predictive Control (NMPC) is used
for cabin cooling systems since it may increase efficiency
while lowering energy consumption [141]. However, there is
still a need for more research and development into how resis-
tant the NMPC model is to uncertainties such as unmodeled
dynamics and disturbances. Furthermore, fuel consumption
is significantly reduced by the Multi-Agent Reinforcement
Learning (MARL) based optimal energy-saving strategy
for Hybrid Electric Vehicles (HEVs) presented by [142].
Nonetheless, optimization and practical application issues
may impact the method’s adaptability, which can be con-
sidered for future research. These considerations underscore
possible paths for future study in BCU techniques in EVs
and emphasize improving these strategies to guarantee their
efficacy in real-world circumstances.

FIGURE 14. Taxonomy of development strategies for BCU.

C. BCU ALGORITHMS FOR MOBILITY ENERGY
EFFICIENCY
The body control unit (BCU) is a component in electric
vehicles (EVs) that controls the various electronic systems
in the vehicle, including lighting, climate control, and the
locking system. By optimizing the operation of these systems,

the BCU can improve the vehicle’s energy efficiency. The
BCU controls the exterior and interior lighting systems,
including headlights, taillights, brake lights, turn signals,
and interior lights [143]. The BCU controls the windshield
wipers, including the speed and frequency of the wipers.
The BCU controls the power windows’ operation, including
the windows’ opening and closing. The BCU controls the
operation of the door locks, including the locking and
unlocking of the doors [136]. Besides, the BCU controls the
heating, ventilation, and air conditioning (HVAC) system,
including the temperature, fan speed, and airflow [144].
Table 10 illustrates the BCU control algorithms for mobility
energy efficiency in EVs, mentioning their strength and
limitations.

VII. COMPARISON OF INTEGRATED ECU ALGORITHMS
FOR MOBILITY ENERGY EFFICIENCY
Table 11 presents a critical analysis of existing control
approaches for energy efficiency in EVs using regenerative
braking. Different factors are considered to analyze existing
control strategies to highlight the research gap critically. The
factors incorporate the type of control method used, the main
objective of the proposed study, strengths, and limitations.

In [149], Adeleke et al. presented an in-depth torque
distribution approach for four in-wheel motor drive EVs.
With an emphasis on energy efficiency, they use the
dynamic programming (DP) technique to optimize the torque
distribution between the front and rear in-wheel motors. The
suggested DP algorithm has been shown through thorough
modeling and experimental research to dramatically reduce
the vehicle’s energy consumption across various driving
cycle situations, demonstrating notable increases in energy
efficiency. It’s important to remember that DP necessitates
more time and space due to its comprehensive computations.
Future areas for research need to concentrate on refining
the method to augment computational effectiveness while
maintaining the capacity for real-time monitoring.

In [150], Lee et al. proposed a model to reduce energy
consumption in autonomous EVs by optimizing speed in
various driving circumstances. The model-based Reinforce-
ment Learning (RL) method is used for eco-driving. The
RL algorithm outperformed the global optimum solution
by 93.8% using vehicle powertrain dynamics. Future work
could focus on experiments in the real world and more
validation under various driving circumstances. Reducing
algorithm complexity and increasing convergence speed via
techniques like transfer learning is crucial for improving
practical implementation, which can be explored in future
studies.

In [151], Pei et al. proposed an efficiency optimization
strategy for EV motors, enhancing efficiency by 4-7%
through a novel Loss Minimization Algorithm (LMA) based
on the motor’s energy balance equation. The LMA adjusts
excitation current, improving efficiency during steady-state
operations. However, the method assumes constant motor
parameters, limiting its applicability. Real-world experiments
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TABLE 9. Latest research on development strategies of BCU in EV.

TABLE 10. Control algorithms of body control unit in electric vehicles.

and parameter variations, such as temperature, are necessary
for comprehensive validation and practical implementation in
diverse EV scenarios, which can be researched in the future.

In [152], Nassar et al. developed multi-objective energy
management strategies for pre- and post-transmission par-
allel hybrid electric vehicles (HEVs). These strategies use
genetic algorithms to optimize fuel consumption, electric
system efficiency, and battery life. Results show improved
battery performance and varied effects on fuel consumption
compared to a baseline strategy. However, the study’s
limited applicability requires further validation, and real-time
implementation complexities suggest the need for adaptive
algorithms in future research.

In [153], Mehbodniya et al. investigated optimization
methodologies for three-phase induction motors, emphasiz-
ing field-oriented control and direct torque control tech-
niques. The study shows improved performance and energy
efficiency using fractional order Darwinian particle swarm
optimization (FODPSO), especially for the direct torque

control method. Nevertheless, comprehensive comparison
assessments of different optimization strategies should be
included in the work. Future work should incorporate
comprehensive performance comparisons and real-world
applications to facilitate decision-making in the real world
effectively.

In [154], Xu et al. investigate deep reinforcement
learning-based energy management strategy (EMS) for
hybrid electric vehicles (HEVs). The study investigates how
deep reinforcement learning (DRL) approaches might be
applied to transfer learning. It evaluates several exploration
methods inside the Deep Deterministic Policy Gradient
(DDPG) algorithm architecture, such as introducing noise
into the parameter and action spaces. The findings show
that, in comparison to the combination of parameter space
noise and action space noise, adding parameter space noise
in the network is more stable and converges faster for
transferable EMS. One limitation of the study is that it
investigates only the noise addition technique. It leaves up the
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potential for future research by investigating a wider variety
of exploratory approaches with robust DRL algorithms to
enhance EMS in HEVs.

In [155], Zhang et al. proposed and simulated a hierarchical
model predictive control algorithm for the thermal manage-
ment of EV by using the energy restored through regenerative
braking. The upper layer MPC controller optimally plans
the vehicle’s speed, while the lower layer focuses on imple-
menting thermal management strategies based on the planned
regenerative braking for energy efficiency. By conducting
experiments, the proposed method demonstrates a reduction
in energy consumption by 3.38% and a decrease in battery
aging of up to 29.15% when compared to the benchmark
method. The study may have focused on a specific vehicle
or air conditioning system, and the findings may not apply
to other vehicle types or HVAC (heating, ventilation, and
air conditioning) systems. The study may have yet to
fully consider the impact of other factors, such as weather
conditions or driver behavior. The cost and complexity of
retrofitting existing vehicles with the necessary equipment to
implement the proposed strategy may be prohibitively high,
limiting its adoption.

In [156], Satzger and Ricardo de Castroa introduce a
predictive braking control method for EVs that uses a
predictive control framework to optimize energy recuperation
and wheel slip regulation. The algorithm is designed for
EVs with redundant braking actuators. The algorithm was
experimented on the ROboMObil (ROMO) research vehicle,
and results showed up to a 60 percent reduction in torque
tracking error and a 10 percent improvement in emergency
deceleration compared to other control techniques.

There could be several limitations to this study. One
limitation could be the specific experimental setup used
for validation. The ROboMObil (ROMO) research vehicle
used in the study may only represent some types of electric
vehicles, which could limit the generalizability of the
findings. Additionally, the proposed algorithm’s effectiveness
may depend on specific driving conditions and scenarios not
explored in the study. Finally, the cost and complexity of
implementing the proposed algorithm in a production vehicle
may also limit its practical application.

In [157], Chen et al. proposed a hierarchical framework for
regenerative braking control in independently operated EVs.
The upper-layer sliding mode controller (SMC) estimates
vehicle states by a modular observer, which tracks desired
velocity profiles. After calculating the overall braking torque,
a lower-layer controller uses a control allocation algorithm to
split the braking torque between the front and rear wheels
as efficiently as possible to maximize energy recovery,
ultimately improving EV efficiency. Although useful, the
study’s dependence on certain tire characteristics for velocity
estimation has limitations and points to the need for adaptable
methodologies to be explored in the future.

In [158], Kousalya et al. proposed the implementation of
predictive torque control (PTC) as an energy-saving approach
for the motor used in EV. The PTC method was used to

overcome the torque ripple problem in conventional direct
torque control (DTC). The electric motor’s torque ripple and
speed response in EVs are analyzed across various operating
modes. This examination aims to generate an energy-saving
plan designed for the electric motor. The paper’s limitation
lies in the high computational burden, dependence on system
models, and challenges in tuning weighting factors for
Predictive Torque Control (PTC). Future studies could focus
on developing efficient computational methods, adaptive
algorithms for changing parameters, and automated tuning
techniques to enhance PTC’s applicability in traction motors.

In [159], Zerdali and Demir proposed a novel speed-
sensorless finite control set-predictive torque control for EVs
utilizing induction motor (IM) drives. The method combines
the advantages of IM with the ability to handle nonlinearities
and eliminates speed sensors, increasing reliability and
reducing costs. An adaptive fading extended Kalman filter
is introduced to approximate load torque and enhance
torque response. The proposed method shows improved
control performance, making it a promising solution for
electric vehicle propulsion systems. One potential limitation
of the research study is that the proposed method may
have limitations in high-speed applications due to the finite
control set and prediction errors. Moreover, the proposed
method requires an exact approximation of the load torque,
which can be challenging in some operating conditions.
Additionally, the experimental studies were performed on
a small-scale motor, and further research may be required
to validate the proposed method on larger-scale motors and
under different operating conditions. Finally, the cost and
complexity associated with implementing the adaptive fading
extended Kalman filter may be a limitation for practical
applications.

In [160], Vajedi and Azad introduced an ecological adap-
tive cruise control (Eco-ACC) system for plug-in hybrid EVs
that optimizes fuel economy and safety by utilizing nonlinear
MPC to adjust vehicle speed based on the surrounding
environment and adapts its driving behavior accordingly. The
developed model is tested and compared with PID and linear
MPC controllers in simulations. The findings demonstrate
that utilizing Nonlinear Model Predictive Control signifi-
cantly improves total energy cost, with an increase of up to
19 percent. while maintaining vehicle safety. The Eco-ACC’s
performance limitations under specific traffic conditions and
the critical influence of the prediction horizon parameter
highlight the necessity for future research in adaptive
systems. Developing advanced algorithms for autonomous
prediction horizon optimization based on real-time traffic
data can enhance Eco-ACC adaptability and efficiency across
diverse driving scenarios.

In [161], Zhu et al. presented an MPC approach for
EVs to accurately track a desired speed profile while
ensuring safety and stability. The proposed approach uses
a kinematic model to predict the vehicle’s future behavior
and adjust control inputs accordingly. Simulation results
validate the effectiveness of the proposed approach in
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TABLE 11. Comparison of integrated ECU algorithms related to EV control.
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achieving the desired speed profile with minimal tracking
error and smooth control actions. The proposed approach
only considers speed tracking and does not address other
aspects of autonomous driving, such as path planning,
obstacle avoidance, and decision-making. The approach may
be sensitive to the model’s parameters and assumptions,
affecting its performance in different scenarios.

In [162], Wu et al. introduced a hierarchical control
strategy for regenerative braking in hybrid electric vehicles
considering battery aging. The strategy involves two levels
of control: a high-level controller that determines the braking
force distribution and a low-level controller that regulates the
battery current. The proposed approach is evaluated through
experimentation and simulation, and the results affirm that it
can effectively prolong the battery lifespan while maintaining
good braking performance. This study has a few areas for
improvement in that it focuses solely on the battery aging
aspect of the regenerative braking system and does not
consider other factors that could affect the battery lifespan,
such as temperature and cycling rate. Also, this study assumes
a specific driving scenario. It does not consider the effects
of different driving styles or road conditions, which could
impact the performance of the regenerative braking system
and the battery’s lifespan.

In [163], Murilo et al. proposed a parameterized model
predictive control approach for the electric power-assisted
steering system, enabling tuning control parameters to meet
different performance objectives and handle various operat-
ing conditions. The approach relies on the Electric Power
Assisted Steering (EPAS) system model, utilizing real-time
optimization of control inputs to enhance the steering perfor-
mance of EVs. The simulation results demonstrate that the
proposed control strategy can outperform traditional control
methods, indicating its potential to enhance the overall
steering performance of EPAS systems. Future research
might improve the prediction horizon selection procedure to
improve the parameterized MPC’s robustness. Furthermore,
doing a field test on a vehicle will yield important information
on how well the suggested control technique works in actual
EPAS systems.

In [164], Changqing et al. suggested an integrated control
mechanism for EVs using active front steering and MPC
control. The strategy aims to enhance the vehicle’s stability,
energy efficiency, and driving comfort by coordinating
torque distribution between front and rear wheels and
adjusting the steering angle. Simulations show that the
proposed strategy surpasses traditional handling and energy
consumption control. The results indicate that an integrated
approach can enhance the overall performance of EVs. One
potential limitation of this study is that it only considers
improving driving torque distribution based on the wheel
slip ratio, potentially ignoring other important aspects that
significantly impact the vehicle’s performance and energy
economy. Subsequent investigations may examine a more
thorough optimization strategy considering other variables
besides the wheel slip ratio. This might result in a more

comprehensive and sophisticated control approach for EVs,
considering environmental parameters, vehicle speed, and
road surface conditions.

In [165], Nahidi et al. introduced a modular optimal
control method to highlight the challenge of integrated lateral
and longitudinal stability control for EVs. The proposed
system utilizes high and low-level controllers to regulate
yaw moment and longitudinal force, enabling real-time
optimization of torque distribution among the wheels. The
experimental tests on an electric Chevrolet Equinox show
improved vehicle stability and dynamic response. While the
system exhibits adaptability to various vehicles and com-
patibility with various actuation systems, a more thorough
study should include a wider range of EVs and actuation
systems. To ensure practical application, future research
should concentrate on expanding the control structure to a
larger range of vehicles and actuation systems.

Furthermore, EV data is acquired from the Kaggle website
to investigate the hidden patterns and trends of the different
models of Tesla EV [166]. This way, different analysis meth-
ods, such as correlation, boxplot, and comparison analysis,
are adopted to investigate the EV data. Our analysis revealed
interesting insights into the relationship between the selected
performance metrics and energy efficiency of electric cars
from Tesla, as shown in Fig. 15. Specifically, we investigated
the correlation between the following variables: Acceleration
Time (AccelSec), Top Speed (TopSpeed_KmH), Range
(Range_Km), Fast Charge (KmH) and Energy Efficiency
(Efficiency_WhKm).

FIGURE 15. Correlation of selected performance metrics and energy
efficiency of EVs.

We employed the Pearson correlation coefficient to
quantify the degree of correlation between variables. The
Pearson correlation coefficient measures the linear relation-
ship between two variables, ranging from −1 to +1. A value
close to +1 indicates a strong positive correlation, while a
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value close to −1 indicates a strong negative correlation.
A value close to 0 suggests a weak or no correlation.

To visually represent the correlations, a correlation
heatmap is generated as shown in Fig. 16. The heatmap illus-
trates the strength and direction of the correlations between
the variables of interest. The color gradient in the heatmap
helps intuitively identify the correlations’ magnitude. The
resulting correlation heatmap indicates that top speed has
the strongest positive correlation with energy efficiency,
followed by range and fast charge with a slightly lower
correlation. Acceleration time shows a negative correlation
with efficiency, indicating that if acceleration time increases,
then the efficiency of the EV decreases. Furthermore, the
correlation analysis and heatmap provide valuable insights
into the relationship between key performance metrics and
the energy efficiency of electric cars from Tesla. These
findings can assist researchers, manufacturers, and policy-
makers understand the factors influencing energy efficiency
in electric vehicles.

The findings of the correlation analysis are summarized as
listed below:

• Acceleration Time (AccelSec) vs. Energy Efficiency
(Efficiency_WhKm): A moderate negative correlation
is observed between the acceleration time and energy
efficiency of electric cars (-0.38). This suggests that
vehicles with high acceleration time have lower energy
efficiency.

• Top Speed (TopSpeed_KmH) vs. Energy Efficiency
(Efficiency_WhKm):Apositive correlation is observed
between the top speed of EVs and their energy efficiency
(0.36). This implies that vehicles with higher top speeds
exhibit higher energy efficiency.

• Range (Range_Km) vs. Energy Efficiency (Effi-
ciency_WhKm): A moderate positive correlation is
observed between the range of electric cars and their
energy efficiency (0.31). This implies that vehicles with
a longer range tend to exhibit higher energy efficiency.

• Fast Charge (Km_H) vs. Energy Efficiency (Effi-
ciency_WhKm): A positive correlation is observed
between the fast charge and energy efficiency of EV
(0.3). This implies that vehicles with a fast charge exhibit
higher energy efficiency.

In addition to the correlation study results regarding
rapid charging, it is critical to understand the fundamental
trade-off of fast charging rates because they may result in
a shorter battery life. Xie et al. [167] provided a thorough
analysis that clarified important variables in this trade-off.
Their results highlight the need for a balanced approach,
as they show that high-rate charging can have mechanical
effects on battery components, such as physical stresses
and strains, thermal runaway (a phenomenon marked by
an uncontrollably high battery temperature), and even loss
of lithium inventory, which denotes a gradual decrease in
the amount of lithium that is available in the battery cells.
In [167], optimum charging algorithms for Li-ion batteries

FIGURE 16. Correlation Heatmap of selected performance metrics and
energy efficiency of EVs.

are examined to avoid battery degradation and achieve the
shortest charging interval. Therefore, as we explore the
benefits of rapid charging for energy efficiency, we must
balance these advantages with potential effects on battery life.
This comprehensive approach ensures that the development
and utilization of fast charging for electric vehicles (EVs)
consider both performance enhancement and the long-term
sustainability of the EV batteries.

VIII. SHORTCOMINGS OF AVAILABLE SOLUTIONS AND
FUTURE DIRECTIONS
Considering the findings presented in our study on the
development strategies and algorithms of an integrated ECU
for mobility energy efficiency, it becomes apparent that
significant progress has been made in the overall EV control,
including VCU, EPS, ESC, and BCU. Even with these
developments, it is clear that every method and algorithm still
needs more advancement to guarantee a sustainable future for
the broad use of EVs.

• Shortcomings of Integrated ECU Development:
Despite the integration of predictive analytics, machine
learning, thermal management, power electronics, and
energy recuperation techniques, real-time data process-
ing and accuracy in predictive modeling persist.

• Shortcomings of VCU Development: While advance-
ments in sensor integration, powertrain component
optimization, and intelligent energy management have
enhanced Vehicle Control Units (VCUs), issues con-
cerning the interoperability of different components
and standardized communication protocols still pose
challenges.

• Shortcomings of EPS Development: Electric Power
Steering (EPS) systems have come a long way by
introducing high-efficiency motors and regenerative
energy harvesting. Yet, achieving a balance between
power efficiency and steering precision, especially in
diverse driving conditions, remains a challenge.

• Shortcomings of ESC Development: While smooth
driving and intelligent sensor fusion have improved
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the driving experience, thermal management and sensor
accuracy challenges during extreme driving scenarios
need to be addressed for enhanced safety and stability.

• Shortcomings of BCU Development: Power manage-
ment, thermal regulation, and V2V communication in
Battery Control Units (BCUs) have limitations, partic-
ularly in managing power distribution optimally and
ensuring seamless communication between vehicles.

The solutions of the problems mentioned above are
summarized in Table 12 below:

TABLE 12. Problems and solutions in EV control research.

Focusing on the challenges mentioned above and working
on possible solutions to these problems can open potential
directions for future research to improve energy efficiency
and ensure seamless integration of all control units. By direct-
ing research efforts toward refining control strategies and
algorithms, researchers can contribute to EV systems’ overall
efficiency and safety, thus laying the groundwork for future
advancements in this vital aspect of integrated ECUs.

Moreover, it would be beneficial to expand the analysis
by contrasting the conventional control units in non-EVs
to explore potential areas for research in EV control
units. This comparative analysis may highlight important
differences or similarities in the development processes,
offering suggestions for future advances across disciplines.
Furthermore, as this survey focuses on increasing energy

efficiency, future studies may examine the relationship
between electrical control units and sustainability. An in-
depth understanding of the wider implications of EV control
technology would be possible by considering environmental
factors and investigating how the findings contribute to more
environment-friendly electric mobility solutions.

IX. CONCLUSION
In this comprehensive study, we have examined and detailed
the development strategies and algorithms of integrated
Electronic Control Unit (ECU) and their crucial subsystems,
including Vehicle Control Unit (VCU), Electrical Power
Steering (EPS), Electronic Stability Control (ESC), and Body
Control Unit (BCU). By thoroughly examining different
development strategies and algorithms for each control unit,
we have highlighted their importance in attaining efficient
control in EVs, ultimately resulting in improved energy
efficiency.

Our research has emphasized the paramount importance
of an integrated ECU in optimizing the performance and
efficiency of diverse vehicle systems. The integrated ECU
enables energy management, refines vehicle dynamics, and
significantly enhances overall energy efficiency by facilitat-
ing seamless communication and coordinated control actions
across subsystems. A vital aspect of our research includes
carefully examining sensors incorporated into every control
module. Precise control decisions are greatly aided by these
sensors, which record real-time data on acceleration, steering
angle, yaw rate, battery state of charge, and ambient factors.
By utilizing this data, the integrated ECU can optimize energy
use and increase the efficiency of the vehicle by making well-
informed modifications.

Additionally, our study has included a thorough review
of the state-of-the-art control methods presented in recent
research publications, providing a strong basis for our
investigation and preparing for further research in this area.
The knowledge gathered from this in-depth analysis offers
researchers useful avenues to explore the field of EV control
systems further, enabling continued progress in the hunt for
more energy-efficient mobility solutions.
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