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Abstract: This paper explores an innovative approach to optimize the energy management of hybrid
vehicles by integrating regenerative braking and solar panels. Regenerative braking recovers kinetic
energy during braking, reducing the dependence on mechanical energy sources, while solar panels
convert solar energy to power the electric propulsion system. The study uses computer models and
simulations to look at an advanced hybrid system. It focuses on the hybrid inverter and optimization
algorithms, like the maximum power tracking (MPPT) algorithm to get the most power from the sun
and genetic algorithms to make the best use of energy. Controls like pulse width modulation (PWM)
and proportional integral (PI) are used to improve system performance. The vehicle performance is
evaluated under various driving conditions, considering variables such as speed, battery charge,
current, voltage, acceleration, and flux. Results show that the integration of these technologies
reduces fuel consumption and greenhouse gas emissions, contributing to sustainable mobility. This
work provides practical recommendations for the automotive industry to promote hybrid vehicles
with advanced energy solutions.

Keywords: parallel hybrid electric vehicles; regenerative braking; solar panels; Genetic Algorithm;
Hybrid Inverter

1. Introduction

In a context where environmental issues related to transport occupy a central place, the
optimisation of parallel hybrid vehicles is a crucial necessity [1] to reduce greenhouse gas emissions
and limit fuel consumption. These vehicles, which combine an internal combustion engine and an
electric motor [2], embody a transition towards more sustainable mobility by combining energy
efficiency and carbon footprint reduction [3]. However, the quest for a balance between performance,
profitability and autonomy remains a major challenge. This research proposes an integrated
approach that combines regenerative braking and the use of solar panels, two complementary
technologies with promising prospects. Regenerative braking, by recovering the kinetic energy
dissipated during braking, offers an opportunity to extend the autonomy of vehicles while reducing
their energy consumption [4-7]. The integration of solar panels on the body or roof of vehicles, on
the other hand, allows exploiting a renewable energy source to power the electrical systems and
complement the hybrid powertrain [8-10]. These solutions, although innovative, raise challenges in
terms of design, efficiency under various climatic conditions, and technological integration.

Many studies have been conducted in the field of hybrid and solar vehicles. For example, in [11],
the paper explores the fundamental reasons for studying and developing hybrid solar vehicles
(HSVs). It focuses on the hybridization of solar energy and internal combustion engines, thus
enabling combined propulsion by electric motors and traditional combustion engines. In [12], the
authors focus on the hybridization of solar vehicles with internal combustion engines. Their work
demonstrates the possibility of driving these vehicles by both solar energy and electric motors while
highlighting the associated environmental and energy benefits. In [13], a fuzzy logic-based control
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strategy is developed for energy management in a parallel hybrid vehicle. This approach allows for
efficient energy distribution among the different vehicle components. In [14], the paper introduces
digital twin modeling for solar vehicles. It proposes a hybrid modeling method, combining
mechanistic and artificial intelligence-based data. The cloud platform and TCP protocol used enable
efficient interaction between physical and digital entities. In [15], the authors present a prototype of
a solar hybrid vehicle converted from a conventional car. Innovations include the integration of
motors in the rear wheels, the addition of flexible photovoltaic panels, and a vehicle management
unit, all tested in road trials. In [16], the paper proposes advanced concepts for solar hybrid vehicles,
combining internally ignited engines with solar-powered batteries. The use of lightweight materials
such as carbon fiber is also highlighted to reduce the overall weight of the vehicles and optimize their
energy efficiency. In [17], a method to convert conventional vehicles into solar hybrid vehicles is
presented. Using the GREET tool, a life cycle analysis demonstrates the energy and environmental
benefits of this approach in the short and medium term. In [18], the paper deals with the simulation
and implementation of a solar-powered electric vehicle. The authors focus on the different
components, including solar panels, power converters, and BLDC motors, in order to maximize the
energy performance. The work presented in [13,19], and [20] analyzes the optimization of parallel
hybrid vehicle components, with a particular interest in regenerative braking and fuel consumption
reduction. However, these studies do not consider the joint integration of solar panels. The study [21]
highlights the use of genetic algorithms to develop advanced energy management strategies adapted
to hybrid electric vehicles. In [22], a detailed review of energy storage technologies is provided,
highlighting the advantages of lithium-ion batteries and ultracapacitors for electric vehicles, as well
as an in-depth comparison of their performance. The study [23] proposes a control strategy based on
the FQL algorithm to optimize regenerative braking. Furthermore, [19] develops a multi-objective
genetic algorithm (MOGA) to optimize the dimensions of powertrain components and reduce
emissions. Unlike these works, our method also integrates the management of solar panels into the
overall optimization.

Despite these significant contributions, there is a lack of integrated approaches that
simultaneously exploit the potential of regenerative braking and solar panels in parallel hybrid
vehicles. This work stands out by filling this gap with a holistic methodology aimed at:

1. Maximizing energy recovery during regenerative braking through optimized management
and storage systems.

2. Evaluating the impact of solar panels on autonomy and energy efficiency under different
usage and climatic conditions.

3. Designing aesthetic and efficient solutions to integrate solar panels while ensuring safety.

4. Analyzing the economic viability of this approach by comparing the costs of the technologies
with the savings achieved in the long term.

5. Identifying the barriers and levers of adoption to propose effective awareness-raising
strategies.

Building on these objectives, this research aims to contribute to the design of more efficient and
environmentally friendly parallel hybrid vehicles. It directly addresses sustainability issues and
offers an innovative response to mobility challenges, paving the way for a simultaneous reduction in
carbon emissions and dependence on fossil fuels.

2. Materials and Methods
2.1. Hybrid System Description

2.1.1. Block Diagram

In a parallel hybrid electric system, a heat engine and an electric motor work in parallel to
provide power to the vehicle wheels [20]. This type of system combines the energy of the two motors,
allowing optimizing fuel consumption and reducing emissions. In the diagram, the two motors can
operate independently or in combination. The system alternates between several operating modes
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(electric, pure, heat, hybrid) depending on the power demand and the battery charge level. The heat
engine, the electric motor, the battery, the supercapacitor or generator, and the power management
system that interact to propel the vehicle are illustrated in Figure 1.

Thermal

. Gear Box
Engine

Differential ——  Tires

Battery

Figure 1. Block diagram of Hybrid Electric Vehicle.

The main components and their role in the block diagram are presented as follows.

The heat engine generates mechanical energy that is sent to the controller to be used as needed.
The controller manages the energy sent to the electric motor, either in hybrid mode or in all-electric
mode, depending on the energy management strategy. The energy from the electric motor is sent to
the gearbox, which distributes this energy to the wheels for propulsion. The heat engine can also send
energy to the gearbox for propulsion or to charge the battery in hybrid mode. The gearbox manages
the power coming from the motors and transmits this power to the wheels. In a hybrid vehicle, the
gearbox can have fixed or variable ratios. After the gearbox, the differential is placed to distribute the
power to the wheels while allowing them to rotate at different speeds. The drive wheels receive
mechanical or electrical power and are driven by the gearbox and the differential.

2.2. Different Categories of Vehicle Hybridization

We are now interested in hybrid vehicles, and we classify vehicles by hybridization range, then
according to the architecture of the vehicles.

2.2.1. Electric Hybridization Range

Depending on the degree of hybridization, several ranges of hybrid vehicles exist:

* Micro hybrid: the electric machine will be low power compared to the total traction power. It
will function, for example, as an alternator-starter. An interesting application is the star/stop, which
allows the combustion engine to be stopped during a traffic jam or in front of traffic lights in order to
save fuel. This solution is marketed, for example, on the Citroén C2 and C3 models and is in the
process of being generalized on European passenger vehicles. The electric power is in this case less
than 10% of the total power.

* Mild hybrid or semi-hybrid: the level of hybridization is slightly higher than the micro hybrid.
The Start/Stop application is also possible, but the electric machine is then able to operate as a
generator during braking, which allows the kinetic energy to be recovered and stored in electrical
form in the batteries/supercapacitors. However, when the vehicle is operating at low speed, the
electric machine cannot drive the vehicle on its own. This solution is used, for example, by BMW,
Honda (Honda Insight), Mazda, Demio, and Ford and is called Urban Hybrid by PSA (concept car
C5-airscape). The electric power in this case is between 10 and 30% of the total power.

¢ Full hybrid: Compared to mild hybrids, in this range of hybrids, the electric machine is able to
drive the vehicle on its own. This solution is used by the Toyota Prius II, as well as the Lexus RX 400H
and GS 450 H. The electric power in this case is greater than 30% of the total power.

¢ Plug-in hybrid: This is a full hybrid with a larger battery capacity that can be charged via a
conventional 110 V or 220 V electrical outlet. Therefore, this solution provides greater autonomy in
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all-electric mode. The first prototype of a plug-in hybrid was designed in 2004 by the non-profit
organization The California Cars Initiative, created in 2002.

Our vehicle's study, which combines regenerative braking with solar panels to recharge its
battery, falls into the categories of full hybrid. The vehicle uses the energy recovered by regenerative
braking to recharge its battery, but it does not recharge from an external source. This vehicle is
equipped with solar panels to supplement the charging, although this remains rare and limited to a
small amount of energy due to the available surface area.

2.1.2. Hybrid Electric Architecture

The first hybrid thermal-electric vehicle was produced in 1898. It was the Lohner-Porsche known
as "the chair," equipped with a combustion engine and electric motors located in the hubs of the front
wheels. This series hybrid vehicle was initially an electric vehicle presented at the Paris World's Fair,
to which F. Porsche added a thermal engine and a dynamo. To return to our time, we analyze below
the three major hybrid electric structures currently encountered [24].

1). Serie hybrid architecture

In this architecture, the thermal engine provides the energy to power the electric generator, this
electrical energy being used to drive the electric motor, which provides mechanical power to the
vehicle's wheels. The advantage is possibly the recovery of energy in the batteries/supercapacitors
during braking operation. This architecture is equivalent to the all-electric architecture by adding a
generator. In this case, the thermal engine does not directly drive the wheels. The energy conversion
flow is thermal, mechanical, and electrical. These multiple energy conversions limit the maximum
efficiency of this drive chain. Regarding the regenerative braking function of the full hybrid vehicle,
since the battery capacity is low, the energy that can be recovered is limited. As an advantage of the
architecture, less relative pollution and ease of control, and as a disadvantage, low overall efficiency
and a large electric motor, high cost (three maximum power machines). The block diagram of the
series hybrid architecture is given in Figure 2.

Electrical
energy

Thermal
engine

Generator

Figure 2. Serie architecture.

2). Parallel hybrid architecture

In this configuration, the heat engine and the electric motor can each transmit their power to the
wheels without directly depending on each other, thanks to mechanical transmissions. This system
has several advantages, including increased efficiency in all-electric mode, energy recovery during
braking, and automatic shutdown of the thermal engine when not required [21]. On the other hand,
a weak point lies in the interruption of torque observed during gear changes. Figure 2 illustrates the
general principle of the parallel hybrid architecture.
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Figure 3. Parallel hybrid architecture.

3). Series/parallel hybrid architecture

We can also call this architecture Split, ‘power derivation,' or mixed.

¢ The series/parallel hybrid architecture solution allows the coupling of thermal and electric
engines thanks to a dedicated transmission using clutches. This is the type of transmission used for
the Nissan Tino hybrid vehicle.

¢ The series/parallel hybrid or power derivation architecture has also been implemented on the
Toyota Prius vehicle. The coupling of the engines is provided here by an epicyclical gear train, which
is a mechanical device allowing the distribution of mechanical powers according to the operation. It
is then theoretically possible for the thermal engine to operate almost continuously at its best
operating point (in terms of efficiency). As an advantage, it combines the advantages of the series
hybrid and the parallel hybrid, and as a disadvantage, it has control complexity and high cost. Figure
3 below is a representation of the series/parallel architecture.

Reservoir Planefary

gearirain

Thermal

engine

Cluteh
Electrical | | converter |-
Energy

Figure 4. Serie-parallel hybrid architecture.
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We have chosen the parallel hybrid architecture for this article just because, out of the two other
architectures, series and series/parallel, the parallel hybrid structure is characterized by the following
points:

— The parallel configuration allows the thermal engine and the electric motor to be used
independently or simultaneously, thus offering more flexibility to optimize energy consumption
according to driving conditions.

— As the electric motor is directly connected to the wheels, it allows for efficiently recovering
energy during braking, thus maximizing overall efficiency.

— Compared to a series-parallel architecture, the parallel architecture is simpler to design and
manage while offering excellent energy optimization.

— This configuration offers a good compromise between performance, complexity, and cost,
especially when trying to integrate technologies such as regenerative braking and the use of solar
panels.

2.1.3. Components of Hybrid Vehicles

1) Heat engine

The internal combustion engine works by burning a mixture of fuel and air, creating pressure
that moves a piston to generate mechanical energy. It is composed of several key elements, such as
the cylinder, the piston, and the crankshaft, and it also follows a four-stroke cycle. There are gasoline
engines and diesel engines, each with its own characteristics. Despite its efficiency and wide use in
vehicles, this type of engine is criticized for its polluting emissions, which encourages the
development of greener alternatives such as the electric motor.

2) Electric motor

The electric motor converts mechanical energy via magnetic fields that turn a rotor. There are
two main types: direct current (DC) and alternating current (AC), used in applications such as electric
vehicles and industrial devices. Among them, the permanent magnet motor is particularly efficient,
as it uses magnets to generate the magnetic field without an additional power supply, increasing
efficiency by often reaching 90-95% in the best conditions and reducing energy losses. This type of
motor is silent, without direct emissions of pollutants, and is preferred for its durability and
ecological efficiency.

3) Battery

Lithium-ion (Li-ion) batteries are among the rechargeable batteries that stand out for their large
energy capacity and high power [25]. This advanced technology is based on the central role of lithium
ions in electrochemical functioning. Li-ion battery cathodes are made from intercalated lithium
compounds, such as cobalt-lithium oxide (LiCoO,), manganese-lithium oxide (LiMn,Oy), or nickel-
lithium oxide (LiNiO:) [26]. As for the anode, it is generally made of graphite, used as an intercalation
material. These two electrodes are separated by an electrical insulator called a separator and
immersed in an electrolyte made up of organic solvents containing a lithium salt. Thanks to their
flexible structure and efficient chemistry, lithium-ion batteries are suitable for many applications,
ranging from common electronic devices to systems requiring high power, such as hybrid vehicles.
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Figure 5. Lithium-Ion Battery.

4). Converter

In electric vehicles, the converter adapts the voltage between the battery and the motor to
optimize performance. It converts the direct current (DC) of the battery into alternating current (AC)
for the motor and enables regenerative braking [27-30]. Modern converters use components like
Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) and Insulated Gate Bipolar Transistor
(IGBT), due to their efficiency and ability to handle power requirements. MOSFETs [22,23] are
suitable for low- to medium-power with fast switching requirements, while IGBTs are preferred for
high-power and high-voltage applications.

5). Hybrid inverter

For a hybrid electric vehicle combining regenerative braking and a solar panel, the properties of
the hybrid inverter include the ability to convert solar energy and energy generated by regenerative
braking into usable current to power the vehicle’s electrical systems. The hybrid inverter is also
capable of storing excess energy in the battery for later use, and it allows switching between energy
sources seamlessly to maximize the vehicle’s efficiency and range. The type of current in the hybrid
inverter mainly depends on the specific application and system components [31,32]. In the case of
hybrid electric vehicles, the current is direct current (DC) at the inverter input and then converted to
alternating current (AC) to power the vehicle’s electrical systems. The level of the inverter used for
the hybrid electric vehicle’s traction depends on various factors such as the required power, desired
efficiency, and system complexity. For vehicle traction applications, high-power and high-efficiency
inverters have been used to ensure optimum performance and long battery life. A medium- to high-
voltage inverter could be used to handle the high power requirements of vehicle traction.

6). Supercapacitors

Due to their high capacity, instantaneous power, and durability, they play a key role in hybrid
vehicles as a complement to batteries. They are particularly effective for kinetic energy recovery
during braking, assisting starting and acceleration, and supporting auxiliary systems. Although they
have a lower energy density than batteries, their advantages include extended life and temperature
resistance. Supercapacitors complement hybrid vehicle batteries by absorbing power peaks, quickly
recovering energy during braking, and reducing battery wear. This extends the life, improves energy
efficiency, stabilizes the system, and optimizes performance, even in extreme conditions. Their use
reduces maintenance costs, enhances environmental sustainability, and provides an innovative
solution for high-performance and reliable vehicles.

7). Solar panel charging

Solar panels on hybrid electric vehicles help recharge the auxiliary battery, which can extend the
range by powering the vehicle’s electrical systems. However, their efficiency depends on factors such
as the size of the panel, sunlight, and vehicle use [33]. They generally cannot provide enough energy
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to power the vehicle alone, but they can contribute to reduced fuel consumption and emissions [34].
Since the vehicle has the panel on its roof, it only works whenever the vehicle is at rest. The equation
to calculate the maximum power that the solar panel can produce under ideal conditions is:

P=A XGXn €8]

n= Ps 100 )
P;

Where: is the power generated by the solar panel in watts (W), is the surface area of the solar
panel exposed to the sun in square meters (m?), is the average solar irradiance in watts per square
meter (W/m? ), which depends on the geographical location and weather conditions, 1 is the
efficiency of the solar panel, expressed as a percentage, is the output power of the panel, the power
actually produced by the panel, is the incident power on the panel which is the total amount of solar
energy that hits the surface of the panel.

PV | PVMPPT |DClink | Grid | AC
PﬂnEIS comverer Y lnverler | Gnd
10 KWp | (DC/og) | | (DCAC)

holted | ] ” .
: EV charger
(oC/oc)
i
v

Figure 6. Architecture scheme of PV-grid and EV charging [35].

8). Regenerative braking

Regenerative braking makes it possible to recover part of the kinetic energy produced during
braking to transform it into electrical energy, used to recharge the battery of a hybrid electric vehicle
[36]. When the driver brakes, the electric motors operate as generators, converting kinetic energy into
electricity stored in the battery. This mechanism increases the vehicle's autonomy while improving
its energy efficiency.

During braking, the permanent magnet synchronous machine (PMSM) behaves like a generator.
Under the effect of braking, the wheels drive the PMSM, which transforms the kinetic energy of
rotation into electrical energy. Furthermore, in hybrid vehicles, the thermal engine (ICE) intervenes
to recharge the battery when necessary. When the charge level is low, the ICE kicks in to generate
electricity, feeding the battery and helping to power the electric propulsion system.

Battery Battery Battery
Charging Discharging
Braking Acceleration

Drive Mode

Rege neratini Mode
c I]I:Transmiasiun:II )

Figure 7. Regenerative Braking.
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2.3. Integrated Energy Optimization Approach for Parallel Hybrid Vehicles

To model the systems related to energy recovery, battery charge management, and the use of
solar panels, the essential equations to describe the dynamics of energy flows in a hybrid vehicle are
described as:

The kinetic energy of a vehicle can be recovered during braking. This equation is translated by (3).

1
Ey = Emv2 (3)

v : Vehicle speed (m/s).
Taking into account the losses (efficiency 1,), the recovered energy E, is given by equation (4).

E. =1 1mv2 4)
r r'2

Battery dynamics can be modeled through energy flows (charge/discharge) and system voltage.
This equation is given by (5).

F = Pin — Pout = Prosses (5)

Pout: Power supplied by the battery to the engine or auxiliary systems;

Plosses: Internal losses of the battery (Pjosses = I%. Rp,), where I is the current and Ry, the internal
resistance.

The energy produced by the panels depends on the light intensity and their efficiency. The

equation for the captured solar power is given by (6).

Pgorar () = M. AL 1(t) (6)

A: Panel surface (m?);

I(t): Light intensity received (W/m?).

The dynamics of the overall energy flows is modeled by the equation of the total energy available
in the system. This equation is given by (7).

Etotal = Eb + Emotor + Elosses + Eaux (7)

Ejosses: Total losses in the system;

E.ux: Energy consumed by auxiliary loads.

These equations allow optimizing the general energy behavior of the hybrid vehicle.

For a good modeling of these equations with the MPPT algorithm and the PI control, we must
note that the MPPT algorithm maximizes the power of the solar panels by dynamically regulating
their voltage: equation (8) allows understanding the relationship.

P=V.I (8

By deriving equation (8) with respect to the voltage, we obtain equation (9).

dpP 0 9
—_—
av 9

Relation (9) allows seeing that the solar panel operates at the maximum power point.

2.3.1. Proportional Integral (PI) Controller

The PI controller is integrated into the energy management system to optimize regenerative
braking. By dynamically adjusting the braking parameters according to speed variations and driving
conditions, it maximizes energy recovery while ensuring a smooth and safe driving experience. It

d0i:10.20944/preprints202501.1253.v1
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stabilizes the maximum power point by regulating the error between the measured voltage Vieasured
and the set point Vyppr: equations (10) and (11) provide a better understanding of this phenomenon.

e(t) = Vuppr — Vimeasured (10)

u(®) = Kpe(t) + K; j e(t)d(t) (11)

e(t): Error between the setpoint Vyppr and the actual measurement Veasureds
K, K;: proportional and integral gains. These two mechanisms work together to maximize and
stabilize the captured solar energy.

2.3.2. Maximum Power Point Tracking (MPPT) Algorithm

The maximum power point tracking (MPPT) algorithm optimizes solar energy capture by
dynamically adjusting the operating point of the panels to maximize power. The PI control stabilizes
this point by correcting the deviations between the measured voltage and the optimal one, ensuring
a stable and efficient power supply. Their interaction ensures optimal energy management, with a
maximum and stable transfer to the batteries or supercapacitors.

The maximum power point of the solar panels, thus optimizing the conversion efficiency of solar
energy into electrical energy, ensures that the solar panels always operate at their optimal efficiency
value, even in the event of variations in lighting or temperature conditions. Here is an example of a
flowchart representing a Perturb and Observe (P&O) MPPT algorithm, which we have adapted to
the case of the solar panel system of a hybrid electric vehicle with regenerative braking. With V, 1,
and P, the current voltage, current, and current power of the solar panel. , and respectively the
previous power, the initial voltage, and the initial current of the solar panel, AV is the small voltage
increment. The figure below represents our algorithm.

Initialization : V = Vi, I = Ly,

P, =V=l,
AV = small increment

v
Measure v and I

Calculate P=V =1

Continuing
Change of
in the same YES NO . g_
i ) direction
direction
¥ AV = —AV
V=V+AV
B =0 V=V+AV
¥
[ Pw=-p |

ow ]

Figure 8. Flowchart of an MPPT algorithm.

2.3.3. Genetic Algorithms (GA)

Genetic algorithms (GA) optimize energy management by simulating an evolution. The fitness
function guides the algorithm to minimize consumption and maximize efficiency. This is justified by
equation (12).

f(x) = wy.Ce + w2 g (12)

+ ws.
renewable socC
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Eenewabte: Energy from solar panels and supercapacitors,

SOC: Battery state of charge,

w;, W, , w3 : weighting according to priorities.

This equation evaluates the quality of each candidate solution.

Inspired by the concepts of natural selection and genetics, genetic algorithms (GAs) serve as
powerful tools for search and optimization. In our case, evolutionary algorithms (EAs), which
encompass GAs, were utilized. They combine genetic algorithms imagined by Holland [37],
evolutionary programming introduced by Fogel [38], evolutionary strategies initiated by Rechenberg
and Chwefel [39].

The selection, crossover, and mutation steps allow various combinations to be explored in order
to converge towards an optimal solution that balances fuel consumption, renewable energy, and
battery life. The diagram below illustrates how our algorithm works.

Crossover and mutation

Stopping
criterion

Yes

Figure 9. Flowchart of a genetic algorithm.

2.3.4. Pulse Width Modulation (PWM)

This is a key technique for controlling inverters in hybrid power management systems, such as
those integrating solar panels, supercapacitors, and batteries. It efficiently converts energy between
these different sources by modulating voltages and currents to meet the needs of the loads. With
PWM,, inverters produce high-quality signals with minimized losses, thereby improving overall
system efficiency. The technique also optimizes the management of the state of charge (SOC) of
batteries and facilitates the integration of supercapacitors to meet rapid variations in energy demand.
By reducing thermal and harmonic losses, PWM improves system reliability and efficiency while
adapting to fluctuations in renewable sources such as solar panels.

2.3.5. Integration Logic

This methodological approach works in a synergistic way, where each component plays a key
role in the overall optimization:

The solar panels, optimized by the MPPT algorithm, produce maximum energy that is then
efficiently transferred to the batteries and motors thanks to the PWM control. The PI regulator
maximizes energy recovery via regenerative braking, exploiting the data collected on driving
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conditions. The genetic algorithm orchestrates the interaction between all subsystems, identifying in
real time the optimal configurations to minimize fuel consumption, maximize autonomy, and reduce
emissions. The advantages of this integration logic are:

¢ The unified method maximizes energy recovery and reduces energy losses at each stage of the
process.

* The integrated algorithms (MPPT and genetic) ensure optimal performance in various
conditions (climatic, road, etc.).

® The PWM control and the PI regulator improve overall efficiency, thus reducing dependence
on fossil fuels.

® The coordination provided by the genetic algorithm reduces the complexity of the systems
while increasing their robustness and reliability.

3. Results

Simulating the design of a hybrid electric vehicle is an important phase of the development
process, using cutting-edge technologies to create sustainable and efficient transport. Advanced
software and computer models are used by engineers and designers to plan, refine, and optimize
every aspect of the hybrid electric vehicle architecture. Our simulations take into account complex
interactions between parts such as the battery, supercapacitor, electric motor and engine, chassis, and
aerodynamics, ensuring seamless integration for the best performance and energy utilization. The
longitudinal driver, PWM voltage-controlled, H-bridge, single gear, differential tire, the vehicle body,
battery and electric motor, and combustion engine were all included in our simulation to fully
represent the behavior of a hybrid electric vehicle. We were able to measure the amount of energy
used, the voltage, the current flow, and the energy flow between the electric motor and the
combustion engine. We were able to gain important insights into the efficiency, range, and
performance of the hybrid electric vehicle (HEV) by running extensive simulations with these
interconnected building blocks using MATLAB/SIMULINK 2016 software. This information is crucial
to optimize design decisions, improve energy efficiency, and ultimately advance the development of
sustainable electric vehicles in our quest for a greener and more environmentally friendly
transportation future. To fully understand the underlying principles, validate our results, and ensure
their accuracy, we simulated our mid-size, four-wheeled, mild, parallel hybrid vehicle model, the
data of which are shown in Table 1.

Table 1. Parameters for the studied parallel hybrid electric vehicle.

Parameters Values

Rolling resistance coefficient Cy4 0.01
Air density  p (kg/m?) 1.3

Vehicle mass m (kg) 1500
Gravitational acceleration g (m/s?) 9.8
Frontal area Ag(m?) 2.8
Aerodynamic friction coefficient Cy 0.35
Auxiliary system Pg,, (kW) 0.5

Vehicle inertia (Kg.m?) 2630

Figure 4 shows the simulation of a hybrid electric vehicle.
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Figure 10. Simulation of the hybrid electric vehicle.

4.3. Regenerative Braking

Our study was comparatively studied, and the simulation results show waveforms with five
outputs, with and without optimization with the genetic algorithm (GA). The waveform showed the
battery charge level in seconds (represented by waveform a). The voltage and current of the hybrid

electric vehicle are represented by waveforms b) and c), its actual speed is indicated by waveform d)
while its longitudinal acceleration is indicated by waveform e).
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4.4. The Energy Flow Between the Different Motors

The objective of this study is to show how energy flows between the heat engine and the electric
motor in our hybrid system. During the acceleration phase, the heat engine provides mechanical
energy that is partially converted into electrical energy by the generator (electric motor operating in
generator mode). This energy directly powers the battery or supports propulsion via the electric
motor. During braking, the kinetic energy is recovered by the electric motor, reconverted into
electrical energy, and stored in the battery. Figure 13 below.

E 200 Demand and production of motors —_ -..E-hn:f,’;f;md
x I I I I I I I —— Electric motor
§ 200 -
E . ; : . ; .
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Figure 13. Variation of energy flows.

4. Discussion

The results of the first simulation demonstrate that from 0 to 35 seconds, as the speed and
acceleration increase, both the voltage and the state of charge decrease. And when the speed and
acceleration decrease, the voltage and state of charge increase due to regenerative braking, while the
current decreases, as shown in Figure 11. We observe that the SOC can drop quickly, leading to deep
discharge or overcharging, which affects the battery life. On the current, significant current peaks
occur during sudden acceleration or braking. On the voltage level, we note voltage variations due to
poorly synchronized energy sources.

The result of the second simulation confirms that, from 0 to 70 seconds and from 170 to 200
seconds, both the voltage and the state of charge decrease as the speed and acceleration increase. And
when the speed and the acceleration decrease, both the voltage and the state of charge increase due
to regenerative braking, while the current decreases between 150 and 170 seconds, as shown in Figure
12. For the SOC, the AG keeps it in an ideal range, balancing the charge/discharge cycles. This extends
the battery life. About the current, the AG adjusts the energy demands, limiting the peak currents
and reducing the Joule losses. Regarding the voltage, the GA balances the charge and discharge,
maintaining the voltage in an optimal range; this reduces the risk of cell degradation.

With the parameters raised by the GA, the PI controller optimizer allowed us to have the optimal
values of the gains after 102 generations under MATLAB (Global Optimization Toolbox); these values
are presented in the table below:

Table 2. (Kp, Ki) Values with and without GA.

Controller Gains Without GA With GA
Kp 2.48 3.612
Ki 22.433 0.936

The results of the third simulation highlight the interest of hybrid systems for optimal energy
management. The thermal engine provides basic power, while the electric motor offers flexibility and
adaptability to variations in demand. Here is an illustration of these flows.

In red, we have the energy supplied by the fuel to the thermal engine. In blue, we have the
electrical energy generated and used for propulsion or stored in the battery. In green, we have the
energy recovered during braking. We carried out the simulations during an urban cycle. And we
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collected the following concrete data: 60% of the mechanical energy of the thermal engine directly
powers the propulsion. 25% is converted into electrical energy to support the electric motor. 15% of
kinetic energy is recovered during braking, increasing overall energy efficiency by 20%.

These results clearly show the interactions between the two motors, with energy transfer
optimized to maximize efficiency and reduce losses.

5. Conclusions

This paper proposes an integrated and innovative solution to improve energy efficiency and
optimize energy flow management in a parallel hybrid electric vehicle (PHEV) by combining solar
panels and regenerative braking. The methodology is based on advanced synchronization of energy
sources, combining the maximum power point tracking (MPPT) algorithm, proportional integral (PI)
control, genetic algorithms (GA) for optimization, and pulse width modulation (PWM) control.
MPPT maximizes the energy harvested from renewable sources and ensures optimal operation of
batteries and supercapacitors via a DC-DC converter, while PI control ensures efficient management
of the power distribution between thermal and electric sources while stabilizing the DC bus. Genetic
algorithms dynamically optimize control parameters, including PI coefficients, to adapt the system
to changing driving conditions, and PWM control enables efficient energy conversion, minimizing
losses and optimizing motor control. The simulation results confirm the effectiveness of this
multidisciplinary approach, highlighting a significant reduction in fuel consumption and an
improvement in the overall performance of the PHEV in various driving scenarios. The comparative
study, including the evaluation with and without genetic algorithms, demonstrates that the proposed
integration strategy contributes substantially to the energy optimization objective. These advances
offer promising perspectives for the design of modern energy-efficient hybrid vehicles.
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