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Abstract: The increasing environmental concerns and the need for sustainable energy solutions have accelerated the development of
hybrid electric vehicles (HEVs). This study focuses on the design and development of a hybrid electric vehicle powered by a battery pack
and its performance analysis using machine learning techniques. The HEV combines the efficiency of electric power with the range and
convenience of traditional internal combustion engines. The design phase involves selecting an appropriate battery pack, optimizing its
placement within the vehicle, and integrating it with the vehicle's powertrain system. Advanced simulation tools are employed to model
the vehicle dynamics and evaluate different design configurations. Emphasis is placed on maximizing energy efficiency, reducing
emissions, and ensuring optimal performance under various driving conditions. Machine learning plays a crucial role in analyzing the
vehicle's performance. Data collected from various sensors during test drives is used to train machine learning models that predict energy
consumption, identify driving patterns, and optimize the control strategy. Techniques such as regression analysis, clustering, and neural
networks are employed to derive insights from the data.
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Introduction

There are a variety of batteries utilized in the electric
vehicle business. In essence, the battery must have
sufficient power to run the vehicle. The needs of an
electric car's battery are significantly different from those
of a gasoline-powered vehicle's battery. The alternator of
a gasoline-powered vehicle may recharge the battery so
that it can continue to run for a few more minutes. The
alternator charges the standard automobile battery, which
is a single cell that stores energy for a brief period of
time, whenever the engine begins. When compared to
gasoline-fueled  vehicles, electric vehicles have
significantly different average i.e. kilometer per liter
expenses when powered by batteries or generators.
Although electric vehicles have several advantages, their
limited battery capacity and short driving ranges prevent
them from being widely used. Therefore, for electric
vehicles, the most pressing concerns going forward will
be energy-optimized driving and the precise forecasting
of remaining cruising range. Therefore, fuel-saving or
energy-efficient concepts are the primary focus of
research in the automotive industry and battery-powered
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cars. Estimating the electrical properties of the electric
vehicle's battery is the primary goal of the current study
as it is the single most essential component in
determining the potential achievable driving range. It
would be helpful for drivers to be able to see how much
juice is still in the battery so they can schedule charging
accordingly. Understanding how batteries react in varied
environments requires familiarity with a number of
battery performance metrics. Concern for the
environment is the primary element that will determine
how widespread the use of electric cars become. In
several countries, leaded gasoline is already illegal. As a
result, several governments have tried to mandate that all
new cars have zero emissions. Innovations in battery
technology, fuel cells, and electric cars may be greatly
accelerated by the country's rather convoluted regulatory
framework. Measuring battery performance
characteristics, creating a battery management system,
and verifying BPP in EVs using hardware in the loop
(HIL) have been the main focuses of this study. An
approach that anticipates the state of charge (SOC) and
efficiency that is near to the vehicle's management
strategy makes it feasible to estimate the mileage of
electric vehicles (EVs). The battery's specific gravity,
temperature, terminal voltage, and state of charge (SOC)
are all factors in the model. The findings of the models
and simulations reveal that the state of charge (SOC) of
the battery has a substantial and type-and amount-
dependent effect on the number of deaths. You can tell
whether the battery is charging or draining by looking at
the kind of discharge current. One of the most important

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(21s), 4676-4681 | 4676



aspects of electric and hybrid cars is the performance of
the battery. There are several electrically controlled
sections and components in each modern vehicle, each
with its own unique power needs. The battery is the
central component of an electric vehicle or hybrid
electric vehicle, and it controls the vehicle's acceleration,
mileage, and the design of all electrical systems,
including the air conditioner (AC), heating, power
windows, and power steering.

Future automobile safety and key application capabilities
can only be improved via the use of dynamic system
modeling and simulation. The current study will provide
the groundwork for future studies in the area of electric
car and battery technology. In order to define battery
attributes or functionalities, battery ratings are derived
from long-term testing and secondary data provided by
manufacturers. The features of an electric vehicle's
battery performance may be better understood with this
information. Integrating into standard information that
may grow to include system needs and requirements is
the current research work's aim. A better knowledge of
an electric vehicle that uses rechargeable batteries or
dynamic applications may be achieved via the modeling
and simulation of electrical characteristics connected to
the batteries.

For any fuel-efficient car, it is vital to determine a
number of factors, including power consumption,
efficiency, average, pickup, charging and discharging
time, and maximum distance traveled. For electric cars, it
is essential to model and simulate the electrical
properties of the battery and estimate them so that the
driver or user may obtain accurate information on the
battery's health. It is important for system designers to be
knowledgeable about power requirements and how to
manage them, as all electrical devices and systems
consume some power. The operation of any electrical
system necessitates the use of electricity. After a certain
amount of time has passed, the battery will die and need
charging in order to keep the automobile powered up and
able to run all of its electrical equipment. Users and
operators must be able to get information about the
vehicles' state based on their mileage.

Battery parameter estimate provides data derived from
the planned system. Some physical metrics often utilized
by the general public will be estimated using the
database of battery performance parameters. These
characteristics allow both technicians and laypeople to
make informed decisions regarding electric vehicle
performance, including how far to go and how to best
use the battery.

The high energy and power densities, together with the
lowering prices, of lithium-ion batteries are driving their

use in electric mobility. Despite their widespread use,
electric vehicle (EV) battery SOH prediction models are
lacking in precision. In order to fill this need, A model
that evaluates the health of lithium batteries according to
their parameters is trained using the Random Forest
method. The effectiveness of electric transportation
systems, the optimization of battery longevity, and
preventative maintenance all depend on accurate health
forecasts. Analyzing the state of electric vehicle batteries
using machine learning—and more especially, the
Random Forest algorithm—is an innovative and
encouraging strategy. Random Forest's strength is in its
ability to process large datasets and provide insights into
the significance of features, both of which are crucial for
comprehending battery health. The performance and
endurance of electric vehicle battery systems are
becoming more important as EVs gain traction as a
viable sustainable transportation option. For these
batteries to work and stay safe, it is essential to monitor
and manage them. Because of their reliance on empirical
models or heuristics, traditional approaches to battery
health ~ assessments could miss the complex
interrelationships between various battery characteristics.

The transportation sector is one of the largest
contributors to greenhouse gas emissions and
environmental pollution. The reliance on fossil fuels for
conventional vehicles exacerbates climate change and
depletes natural resources. In response to these
challenges, there has been a significant push towards
developing alternative, sustainable transportation
solutions. Among these, hybrid electric vehicles (HEVS)
have emerged as a promising option. HEVs combine the
benefits of electric vehicles (EVs) and traditional internal
combustion engine (ICE) vehicles, offering a balance
between efficiency, performance, and environmental
impact.

The core idea behind HEVs is to leverage both an
electric motor and an ICE to power the vehicle. This
hybrid approach can significantly reduce fuel
consumption and emissions, especially in urban driving
conditions where stop-and-go traffic is common.
Additionally, advancements in battery technology and
electric powertrain systems have made HEVs more
viable and attractive to consumers.

Fundamentals of Battery Technology

A battery is made up of many cells that are linked in
either series or parallel to achieve certain operating
ratings; each cell is an electrochemical unit. The BP5-12
battery, which consists of six cells linked in series, has a
nominal voltage of twelve volts, for instance.
Unfortunately, the voltage and current measurements
taken at the battery terminals don't tell us much about the
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electrochemical condition of individual cells in this
design since we can't reach their internal anode and
cathode terminals. Anodes, cathodes, electrolyte, and a
separator are the four main parts of an electrochemical
cell. The anode is the part of the cell's electrochemical
process that releases electrons to the outside circuit
during the oxidation reaction. With the anode sending
electrons to the cathode via the external circuit, the
cathode is where reduction takes place. Both the positive
and negative electrodes of a battery cell take on different
roles during discharge and charge: the positive becomes
the cathode and the negative becomes the anode [1].
Nonetheless, it is standard practice in the published
works to use the terminal names that are applicable
during the discharge operation. In a cell, the electrolyte
acts as a medium that carries ions from the anode to the
cathode. The separator acts as a barrier between the

cathode and anode terminals, allowing ions to pass
through but preventing a galvanic short circuit. An
essential area for battery-powered instruments or devices
is the acceptance of battery technology and the
knowledge of battery parameter performance. But the
battery acts as the most expensive, heavy, and space-
consuming component in almost all possessions. The
electrical characteristics of electronic devices are
determined in part by their batteries. One tool that may
transform chemical energy into electrical energy is the
battery. It is only a group of cells. Copper and zinc make
up the cell's electrodes, while citric acid serves as the
electrolyte. As seen in figure 1, the electrolyte is used to
submerge the electrodes. There are two main categories
of cells, primary and secondary, and each has its own set
of common uses.

Megative Electrode ¥

AN

4+1+———— Positive Electrode

“ Battery Case

Electrolyte

AN

Separator
(Insulating Material)

Fig. 1: Construction of Electrochemical Cell

Objectives

The primary objective of this study is to design and
develop a hybrid electric vehicle that utilizes a battery
pack as a key component of its powertrain. The paper
aims to:

1. Optimize the design of the HEV to ensure
maximum energy efficiency and performance.

2. Integrate a control strategy that effectively
manages the power distribution between the
electric motor and the ICE.

3. Use machine learning techniques to analyze
vehicle performance data and refine the control
strategies for better efficiency and reduced
emissions.

4. Validate the design and control strategies
through simulations and real-world testing.

Hybrid Electric VVehicle Technology

Hybrid electric vehicles have been researched
extensively over the past few decades. The basic
architecture of HEVs includes a combination of an
electric motor, a battery pack, and an ICE. Various
configurations exist, including series, parallel, and series-
parallel hybrids, each offering different advantages and
trade-offs in terms of efficiency, cost, and complexity

Series Hybrids: In this configuration, the ICE is used
solely to generate electricity, which then powers the
electric motor that drives the wheels. This design
simplifies the mechanical connection to the wheels but
may result in energy losses during the conversion
processes.

Parallel Hybrids: Here, both the ICE and the electric
motor can independently drive the wvehicle. This
configuration allows for more direct power delivery and
improved efficiency but requires a more complex control
system to manage the two power sources.

Series-Parallel Hybrids: Combining the features of both
series and parallel hybrids, this configuration offers
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flexibility in power management and can optimize
efficiency under various driving conditions. However, it
is also the most complex and expensive to implement.

Control Strategies

Effective control strategies are essential for maximizing
the performance and efficiency of HEVs. These
strategies involve managing the power distribution
between the electric motor and the ICE, optimizing
battery usage, and ensuring smooth transitions between
power sources. Various control algorithms, including
rule-based, optimization-based, and predictive control,
have been explored in the literature.

Rule-Based Control: Simple and easy to implement,
rule-based control uses predefined rules to switch
between power sources based on driving conditions.
However, it may not always provide optimal efficiency.

Optimization-Based Control: These strategies use
mathematical models to find the optimal power
distribution that minimizes fuel consumption and
emissions. While more efficient, they require significant
computational resources and real-time data.

Predictive Control: Leveraging machine learning and
predictive models, these strategies anticipate future
driving conditions and adjust power distribution
accordingly. This approach can enhance efficiency and
performance but requires extensive data and
sophisticated algorithms.

Machine Learning in HEVs

Hybrid electric vehicles (HEVS) represent a significant
advancement in automotive technology, designed to
reduce dependence on fossil fuels and mitigate
environmental impact. HEVs integrate an internal
combustion engine (ICE) with an electric motor, utilizing
a battery pack to store and supply electrical energy. This
combination allows HEVs to achieve superior fuel
efficiency and lower emissions compared to
conventional vehicles. The electric motor and ICE can
operate independently or in tandem, optimizing
performance based on driving conditions. The primary
challenge in HEV design is managing the complex
interactions between the electric and mechanical
components to maximize efficiency and performance.
Traditional control strategies, while effective, can be
limited in their ability to adapt to varying conditions and
optimize the vehicle's performance dynamically. This is
where machine learning (ML) can play a transformative
role.Machine learning has increasingly been applied in
the automotive industry to enhance vehicle performance,
safety, and efficiency. In the context of HEVs, machine
learning can analyze vast amounts of data collected from
sensors and vehicle systems to identify patterns, predict
future conditions, and optimize control strategies.

Techniques such as regression analysis, clustering, and
neural networks are commonly used for these purposes.

Energy Management and Optimization

One of the critical applications of ML in HEVS is in the
optimization of energy management strategies. HEVS
need to decide in real-time how to allocate power
between the battery and the ICE to achieve optimal fuel
efficiency and emissions reduction. Traditional rule-
based control systems rely on pre-defined conditions and
thresholds, which may not always be optimal under
diverse driving conditions.ML algorithms, such as
reinforcement learning, can be used to develop adaptive
control strategies that learn from driving data. These
algorithms can predict the most efficient power
distribution based on current and anticipated driving
conditions, such as traffic patterns, road type, and driver
behavior. By continuously learning and adapting, ML-
based systems can significantly enhance the energy
efficiency of HEVs. Another critical area where ML can
benefit HEVs is in predictive maintenance and fault
diagnosis. HEVs are complex systems with numerous
components that can degrade or fail over time. ML
algorithms can analyze data from sensors monitoring
various vehicle components to predict potential failures
before they occur. Techniques such as anomaly detection
and classification can identify patterns indicative of wear
and tear or imminent faults. Implementing predictive
maintenance reduces downtime and repair costs and
enhances the reliability and longevity of the vehicle. ML
models can continuously improve their predictions by
learning from historical maintenance data and real-time
sensor inputs, ensuring timely interventions and optimal
maintenance schedules.

Machine learning can be integrated into the battery
management system (BMS) of hybrid electric vehicles
(HEVs) in the following ways:

State of Charge (SOC) Estimation :Machine learning
techniques like neural networks, support vector
machines, and Gaussian processes can be used to
accurately estimate the SOC of the battery pack. This is
critical for optimizing battery usage and preventing over-
charging/discharging.

Remaining Useful Life (RUL) Prediction :Machine
learning models can be trained on battery aging data to
predict the remaining useful life of the battery pack. This
allows the BMS to proactively manage the battery and
plan for replacement.

Thermal Management: Machine learning can be applied
to thermal models of the battery pack to optimize cooling
strategies and prevent thermal runaway. This improves
safety and extends battery life.
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Energy Management: Advanced control strategies using
reinforcement learning or model predictive control can
be implemented in the BMS to optimize the power split
between the engine and motor, improving overall vehicle
efficiency.

Fault Detection

Machine learning algorithms can be used to detect
anomalies in battery behavior that may indicate faults or
impending failures. This allows the BMS to take
corrective action.

Adaptive Battery Modeling :The BMS can use machine
learning to continuously update its battery models based
on real-world usage data, improving accuracy over time.

Machine Learning algorithms for predicting HEV
battery performance.

Predicting the performance of hybrid electric vehicle
(HEV) batteries is crucial for optimizing energy
management, extending battery life, and ensuring the
reliability of the vehicle. Various machine learning
algorithms can be applied to predict battery performance
accurately. Analyzing the state of electric vehicle
batteries has never been easier than using the Random
Forest method. By combining extensive battery data
(voltage, current, temperature, and other relevant
parameters) with machine learning techniques more
especially, the Random Forest algorithm .This work
presents a new method for analyzing the health of
electric vehicle batteries The objective is to provide a
battery health evaluation that is more reliable and
precise. The proposed Random Forest algorithm-based
machine learning approach entails training the model
using historical battery data and then assessing how well
it predicts important health indicators like state of charge
(SOC) and state of health (SOH). By implementing the
learned model into real-time EV Dbattery health
monitoring, abnormalities and variables that might cause
deterioration can be identified earlier. In order to
determine the efficacy and dependability of the Random
Forest methodology, the study also includes a
comparison analysis that evaluates its performance
against standard methods of battery health analysis. This
study seeks to enhance the area of electric vehicle (EV)
battery management and make a contribution to the
creation of greener and more efficient transportation
networks by using machine learning and the Random
Forest method.

Conclusion

The effectiveness of a machine learning algorithm in
predicting HEV battery performance depends on various
factors, including the nature of the data, the specific
prediction task, and the computational resources
available. Each of the algorithms mentioned has its

strengths and can be chosen based on the specific
requirements of the application. Combining multiple
algorithms through ensemble methods often provides the
best results by leveraging the strengths of each
model.Future advancements in machine learning and the
increasing  availability —of  high-quality  battery
performance data will continue to enhance the accuracy
and reliability of these predictions, contributing to the
development of more efficient and robust hybrid electric
vehicles.
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