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Abstract 

 

Efficient Energy Conversion Design for an Electric Vehicle Integrating Solar 

Energy with an Effective Braking System in Nicosia 

Assist. Prof. Dr. Lida Ebrahimi Vafaei 

MSc, Department of Mechatronics Engineering 

January 2023, 140 pages 

   

 

 

The goal of this study is to develop a solar-powered electric vehicle that is 

entirely powered by solar panels mounted on its horizontal surfaces. Solar cars 

help to reduce consumption of currently renewable energy sources because they 

lessen reliance on fossil fuels. Solar-powered vehicles will rule the automotive 

industry in the future because they are more attainable, simple to build, 

incredibly user-friendly, and need less maintenance than other conventional 

vehicles. Economical and environmentally friendly features are additional 

benefits of solar vehicles. A travel survey has been done to study the energy 

consumption required for the thesis. The design was therefore based on the 

correspondence feedback at a particular location in Cyprus. Solar energy for the 

Nicosia location region was considered as input into the simulation design, while 

the energy and power required to move the vehicle was mathematically 

modelled. To further add to the powertrain in driving the car, the integration of 

antilocking and regenerative braking system were being designed to further 

move the vehicle for longer range and provide additional energy to the vehicle. 

It is also considered that the vehicle can choose what braking system is needed 

to obtain the required braking torque energy. The integration of both sources of 

energy , that is the solar energy and braking energy further produced enough 

power required in driving the vehicle as designed from the mathematical model. 

Key Words: Solar Energy, MPPT, RBS, Simulink. 
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Summary 

 

Efficient Energy Conversion Design for an Electric Vehicle Integrating Solar Energy 

with an Effective Braking System in Nicosia 

Otepola, Adeleye Adeoluwa 

MSc, Department of Mechatronics Engineering 

January 2023, 140 pages 

  

 

       The goal of this study is to develop a solar-powered electric vehicle that is 

entirely powered by solar panels mounted on its horizontal surfaces. Solar cars 

help to reduce consumption of currently renewable energy sources because they 

lessen reliance on fossil fuels. Solar-powered vehicles will rule the automotive 

industry in the future because they are more attainable, simple to build, incredibly 

user-friendly, and need less maintenance than other conventional vehicles. 

Economical and environmentally friendly features are additional benefits of solar 

vehicles. A travel survey has been done to study the energy consumption required 

for the thesis. The design was therefore based on the correspondence feedback at 

a particular location in Cyprus. Solar energy for the Nicosia location region was 

considered as input into the simulation design, while the energy and power 

required to move the vehicle was mathematically modelled. To further add to the 

powertrain in driving the car, the integration of antilocking and regenerative 

braking system were being designed to further move the vehicle for longer range 

and provide additional energy to the vehicle. It is also considered that the vehicle 

can choose what braking system is needed to obtain the required braking torque 

energy. The integration of both sources of energy , that is the solar energy and 

braking energy further produced enough power required in driving the vehicle as 

designed from the mathematical model. 

Key Words: Solar Energy, MPPT, RBS, Simulink. 
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CHAPTER I 

 

Introduction 

 

 

1.1 Background of Study  

One of the most urgent engineering problems at the moment is the need for 

clean energy sources. Electricity is frequently produced using coal and natural gas 

in many regions of the world. It has been demonstrated that this power source, 

despite being plentiful, increases global warming. Furthermore, it has been 

demonstrated that extraction techniques like fracking harm the environment, 

particularly earthquakes. One type of energy that is the subject of extensive 

research is solar energy. Prior to now, solar energy wasn't a viable substitute for 

fossil fuel-based energy because solar panels' efficiency was too low. Utilizing 

solar energy as a renewable resource that is progressively meeting society's 

energy needs is now possible thanks to modern materials. Transportation 

accounted for 26% of all greenhouse gas emissions in 2014, according to the US 

Environmental Protection Agency (EPA). (Manivannan & Kaleeswaran, 2017). 

Over the past 12 years, there has been a rise in demand for renewable 

energy sources due to various global factors such as the declining availability of 

fossil fuels, instability in fuel-producing countries, intensifying impact of climate 

change, and declining costs of renewable energy technologies. These 

developments have led nations to revaluate their energy sources. The increasing 

adoption of photovoltaic systems is largely attributed to the lower cost of 

installation and greater government support in the form of renewable energy 

programs, tariffs, tax incentives, etc. Similarly, the growing popularity of electric 

vehicles can be attributed to advancements in battery and electric drive 

technology, as well as the pressing need to reduce air pollution in cities. (Bhusal, 

2018). 

Ndyamukama; (2017)The transition to renewable energy sources today is 

facilitated by several factors, including government policies encouraging its use, 

business competition for market share, and homeowners' lower energy costs as a 

result of renewable energy sources' lower cost. In contrast to conventional energy 

sources, renewable energy sources are more difficult to manage because it is 

difficult to balance production with generation when there is unpredictable 

generation. But we can strike a balance by overseeing our consumption. 

This study focuses on the incorporation of solar PV energy into an electric 

vehicle that is entirely powered by solar PV panels fixed to its horizontal 

surfaces. Because solar cars reduce reliance on fossil fuels, they help to reduce 

consumption of currently renewable energy sources. The automotive industry will 

be dominated by solar-powered vehicles in the future because they are highly 
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realizable, easy to construct, incredibly user-friendly, and require less 

maintenance than other conventional vehicles. Economical and environmentally 

friendly features are additional benefits of solar vehicles. The drawbacks of solar 

vehicles include high initial costs, a restricted range of speeds, and an 

unsatisfactory energy conversion rate of around 17% (Connors, 2007). 

Photovoltaic (PV) panels, which are another name for solar cells, are 

merely converters. The ability of solar cells to produce electricity when exposed 

to light without endangering the environment or the device suggests that power 

can be generated for a long time with little maintenance and operating costs 

(Bhatti & Salam, 2013). Due to their lack of tailpipe emissions, which enhance air 

quality and reduce health risks, electric vehicles also assist the country in 

reducing its reliance on foreign fossil fuels (Robinson et al., 2014). Electric cars 

are essential for reducing carbon emissions and keeping the environment clean. 

When your electric vehicle (EV) or pure electric vehicle (PEV) is charged using a 

photovoltaic system (PV) with photovoltaic solar panels, which are typical grid 

sources, it will produce less pollution (Valero et al., 2013). The integration of PV 

with the electric vehicle (EV) charging system has increased due to several 

factors, including the ongoing decline in the cost of PV modules, the quick 

growth of EVs, and concern over the effects of greenhouse gases (Bhatti et al., 

2016). A thesis titled "An Electric Charging Method for Automobiles Using 

Photovoltaic Cells" has been started to design and implement a dependable 

system to charge the vehicle using solar energy power sources (Latha et al., 

2014). 

In this thesis, I will analyze the daily energy demands of passenger vehicles 

in Cyprus to create a load profile. Then I determine how much energy the electric 

car's solar panels can produce at each of the locations. Finally, we calculate the 

amount of energy that can be produced to meet the energy needs of passenger 

vehicles. 

1.2 Problem Statement 

At the background of this chapter, some problems were highlighted to the need 

of solar electric vehicle. The Environmental pollution or hazards; noise and air 

pollution by fossil fuel vehicles is a challenge that needs to be treated, but with the 

advancement in the use of renewable energy as seen in solar, there are Shortage of 

Solar Charging Stations, with these shortages, we have High cost of charging at the 

few Charging Stations provided because of the scarcity of charging stations. As a 

fact we have high cost in building a solar charging station as well. With this scarcity, 

there is the problem of the electric vehicle recharging at longer distance, this has 

posed the problem of long-range distance movement deficiency with limited speed 

range, and this can all be attributed to Energy management systems knowledge 

Limitations.  

In addition to these problems, it should be noted that, electric vehicles which 

are recently gaining acclaim and use due to their environment friendly operation, 
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require a braking system that allows for short braking distance, manoeuvrability 

while braking, as well as a means for reducing the heat energy being dissipated to 

the environment when the brake callipers clamp on the rotating tyres. This braking 

system should also have a means of energy conservation by converting this wasted 

heat energy into a form useful energy to the vehicle, in terms of electrical energy. 

 

1.3 Significance of the Thesis  

 

This thesis seeks to provide an energy management system that solves the 

design of solar electric vehicles in Cyprus. This is accomplishable by gathering 

load data for vehicles in the region and solar energy potential, in turn how much 

energy needed can be generated to meet the energy demand of passenger vehicles. 

The design will help to provide longer distance range electric vehicles in the 

region. To further boost the design longer distance and overcome speed 

limitations, the thesis seeks to provide control strategies for the synergistic 

integration of the two important braking system types being equipped in electric 

vehicles; the Antilocking braking system which provides a means of emergency 

braking without skidding, and the Regenerative braking system for energy 

conservation and conversion while still providing smooth steering control while 

braking to avoid collision with obstacles. The result of this synergy also provides 

a braking system that brings the vehicle to rest in short braking distances, while 

considering the intentions of the driver as to which braking system would be of 

priority, but mostly the choice braking system will be the regenerative braking 

system for energy conversion system. 

1.4 Aims and Objectives  

The aim of this thesis is to enhance the efficiency of an Electric Vehicle using 

Solar PV energy for longer range distance and design an effective braking system 

for sustainable energy supply when the Electric Vehicle is in motion and storage to 

battery. 

To meet these aims, the following Objectives are highlighted as a means of 

designing an efficient solar electric vehicle based on the solar energy in Cyprus. 

• Data Collection of Solar Energy in Cyprus. 

• Analysis of data collated for optimization design.  

• System design of solar PV inputs 

• Design of efficient braking system 

• Battery modelling and SOC design  

• Integration of Solar and Braking systems Energy  
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1.5 Scope of the Thesis  

The main scope of the thesis is to design a Solar electric Vehicle for longer 

range distance, providing an efficient braking system and an energy management 

system for electric vehicles using solar by; 

• analyzing passenger vehicle travel patterns in Nicosia, Cyprus  

• and then developing a load profile based on the energy demand of the 

passenger vehicle per day.  

• Then  calculate how much energy the solar panels on the electric vehicle can 

generate in the location.  

• Finally, estimate how much energy can be generated to meet the energy 

demand of passenger vehicles. 
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CHAPTER II 

 

Literature Review 

 

Solar energy is becoming more and more popular due to the abundance of 

solar energy on Earth's surface as well as its non-polluting and silent properties. 

The weather and environment have an impact on how much electricity the PV 

system produces, and the PV system operating on its own is typically unreliable. 

Contrarily, PV modules stand out due to their straightforward design, compact 

size, light weight, and stability during installation and transport. Additionally, the 

PV system is easily installed with other power sources, has a quick construction 

time, and can be used in homes or public areas. A charging station-based energy 

storage device can significantly reduce the variability of PV power output [(Han et 

al., 2018), (Hill et al., 2012)]. PV solar panels are used to charge EVs for a variety 

of reasons, including: 

1. Solar PV costs have steadily declined in recent decades.  

2. In addition to parking spaces close to electric vehicle charging stations, 

rooftops can also be used to install PV panels. 

3. Because the charging power is generated in part by PV panels, the peak 

demand for EV charging is reduced on the grid. 

4. PV charging systems store the energy produced by PV panels using an 

ultracapacitor and lithium batteries. By doing so, daytime, and seasonal 

climate variations that have an impact on solar production can be managed. 

5. Solar energy is less expensive than grid-based systems for charging EVs. 

As a result, the utilization of a solar PV system and the addition of other 

energy sources is designed in this thesis. Incorporating a regenerative braking 

system and energy storage that encourages a greater range of velocity for the EV, 

this chapter provides a thorough literature review of the many topics involved in 

the design of a solar electric vehicle. 

2.1 Solar Irradiance 

The sun provides energy to the earth every day. On the other hand, the amount 

of energy varies with the time of day, the environment, and the place.It is common to 

measure solar energy insolation or irradiance in terms of watts per square meter, or 

w/m2 (Chukwuka, 2013). The figure 2.1 below shows an example image graph of 

solar isolation. 
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Figure 2.1: Solar insolation on a typical sunny day (Chukwuka, 2013). 

The three parts of solar irradiance are also referred to as direct beam, diffuse, 

and ground-reflected irradiance. 

Global irradiance is defined as the sum of these components. A variety of factors 

influence the amount of irradiance that falls on a surface, including the time of year, 

the angle of the surface cloud cover and the location of the sun in the sky. 

These elements should be considered when designing the solar array. Figure 2.2 

below shows how the solar energy that the sun emits toward the earth is properly 

broken down, showing how much energy is lost to the atmosphere, reflected off the 

surface, and returned to space. 

 

Figure 2.2: Breakdown of Solar energy (Sunrator, 2019). 
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2.2 Solar Panels 

When French physicist Edmund Becquerel discovered that when certain 

materials were exposed to sunlight, they produced an electric current in 1839, solar 

energy was recognized for the first time. For his contributions to photovoltaic 

technology, Albert Einstein won the Nobel Prize in Physics in 1905. In 1954, Bell 

Laboratories created the first photovoltaic module, though it had no known uses at 

the time. A spacecraft's dependability and usability were improved in the 1960s 

thanks to the use of solar energy for power generation. Solar energy finally became 

widely used in the 1970s energy crisis (Kretchmer et al., 2017).Consequently, what 

precisely are photovoltaic (or solar) cells? A thin semiconductor wafer undergoes a 

specialized treatment to establish an electric field with a positive charge on one side 

and a negative charge on the other, which is essential for solar cells to function. In 

the figure 2.3 below, electrons from the atoms of the semiconductor material are 

ejected when light strikes a solar cell. Electrons can be captured as an electric current 

if the positive and negative sides of the cell are connected to electrical conductors to 

form an electrical circuit.(Kretchmer et al., 2017). 

 

Figure 2.3: Solar panel diagram (Wisniewski, 2010). 

The solar energy is captured and transformed into usable electrical energy by 

photovoltaics, also known as solar cells. They are constructed from silicon by joining 

two silicon semiconductors, one n-type and one p-type, to form an electron-rich layer 

and an electron-poor layer. In response to photons striking the cell, semiconductor 

atoms release their electrons, leaving behind positive charges. The diagram below 

(Figure 2.4), demonstrates how this produces an electromotive force that drives 

current to charge a battery or power a motor, as well as an electron flow that results 

from this. (Wisniewski, 2010).  



 23 

 

Figure 2.4: Solar panel operation diagram (Kretchmer et al., 2017) 

 

Multiple modules make up an array, and multiple cells make up a module. 

Standard 12-volt electrical systems can use these arrays without a problem. 

Additionally, panels for personal use that have been treated can be produced. The 

operation and effectiveness of the solar module were investigated through several 

tests and experiments. A positive and a negative electrical lead are attached to the 

panel's back, allowing for the measurement of the current. With the aid of a solar 

analyzer and the software that works with it, voltage and current curves can be 

produced. Additionally, the leads for the positive and negative sides of the panel will 

be connected to the solar analyzer. Irradiance, date, temperature, and solar cell area 

are some of the variables that can be entered into the analyzer to improve the 

precision of the outcomes. The solar panel can be angled towards the sun for an 

analyzer scan to be performed, measuring the voltage and current generated by the 

photovoltaic process and evaluating the panel's total efficiency. 

2.3 Electric vehicle (EV) Operation Description 

To move, all vehicles need to rotate. This object faces four major obstacles 

that it must get past to move: rolling resistance, wind resistance, potential energy, 

and kinetic energy. As the vehicle moves forward, air molecules disperse to the 

sides, causing wind resistance. This explains why most vehicles have similar frontal 

shapes. Because air density varies with temperature, wind resistance varies 

throughout the day. The more wind resistance there is, the more energy is required to 

propel the vehicle forward. The deformation of the vehicle's tires on the road surface 

is the primary cause of rolling resistance. Resistance is always present because of the 

vehicle's mass and stationary tires. As the car accelerates, it also gains kinetic energy; 

when the propulsion stops, the energy is lost but makes up for it by allowing the car 

to travel further. It's critical to understand how the car uses its energy. Braking 

energy, for example, can be regenerated as electrical energy in electric vehicles via 

motor recuperation, reducing energy loss. To stop a moving vehicle with an internal 

combustion engine (ICE), the kinetic energy or potential must be converted into 
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another form. Braking causes the vehicle to come to a stop, producing heat in the 

process. Auxiliary consumption, also known as idle consumption, refers to the 

energy used to power a car's heating system, headlights, air conditioning, and 

ventilation. The battery powers heating in electric vehicles, whereas thermal energy 

loss in the motor and energy loss in vehicle powertrains power heating in internal 

combustion engines. This is the energy lost because of the gearbox, ball bearings, 

and differential drive characteristics. Because electric vehicles do not require a 

transmission, this energy loss is avoided. The motor has the ability to rotate the 

wheel directly. (Ndyamukama; 2017) 

2.4 Solar Electric Vehicle and its Main Design Components   

A solar car is an electric car that utilizes solar energy to charge its batteries and 

increase its range using photovoltaic cells built into the vehicle. (Wisniewski, 2010). 

The solar car is made up of an array of solar panels, a system for storing energy, and 

a system for powering an electric motor. In the figure 2.5 below, a schematic sketch 

is displayed. The energy storage system can be recharged through the photovoltaic 

(PV) array, and these two components can work together to power the motor and 

achieve the desired velocity for the vehicle. (Mills & Stumpges, 2013). 

 

Figure 2.5: Solar Car design (Wisniewski, 2010). 

2.4.1 Solar Array  

Multiple individual solar cells are linked together in a variety of series and 

parallel configurations to increase the voltage or current output of a solar array. (Said 

et al., 2012). Thin film solar panels made of amorphous silicon, cadmium telluride 

(CdTe), and copper indium gallium selenide (CIS/CIGS) are available in 
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monocrystalline silicon, polycrystalline silicon, and all three types of thin film.—are 

the three categories into which solar panels are currently divided (Ahmad et al., 

2010). The characteristics of various types of solar cells vary. Usually, it is advised 

to connect the PV panels in parallel to get around the shading effect. 

 

 

Figure 2.6: Hierarchy of Solar PV Array (Sunrator, 2019). 

2.4.2 Maximum Power Point Tracker (MPPT)  

Photovoltaic cells have a single operating point where their current and 

voltage can produce the most power.(Wisniewski, 2010). For photovoltaic cells, 

there is a single operating point where the maximum amount of power can be 

produced by the cell's current and voltage. As seen in figure 2.7 below, the MPPT is 

essentially a DC/DC converter that is installed between the solar array and the DC 

bus. The PV output voltage is set by the MPPT in order to get the most power out of 

the cell and deliver it to the load. (Wisniewski, 2010). 

 

Figure 2.7: MPPT block diagram(Wisniewski, 2010) 
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The output power of a photovoltaic (PV) string has an inverse correlation 

with its operating voltage. As the voltage increases, the power output of the PV 

string increases steadily until it reaches a maximum, then decreases as the voltage 

approaches the open-circuit voltage. The PV string can always operate at its most 

productive position thanks to a tracker, regardless of battery voltage. The tracker 

output is 2.4A x 100V = 240W if your battery voltage is 100V, and the optimal 

operating point for an array string is 2A x 120V = 240W.Tracker electronics 

inefficiencies cause a loss of 1-2 percent. MPPTs are divided into three categories: 

down (buck) converters, up (boost) converters, and dual (buck-boost) converters, 

which can convert in both directions but at a cost to efficiency. 

2.4.2.1 Choosing the Most Powerful Power Point: The maximum power point 

can be determined in two ways.  

1. Open circuit voltage (VOC) tracking: The tracker continuously monitors 

the VOC of the PV string and sets the operating voltage to,V-mp.=,k-VOC, 

where k is a constant. The procedure is straightforward and largely 

effective. This method is used by AERL trackers. 

2. Power tracking: As the operating point is gradually changed, the tracker 

monitors changes in output power and modifies the operating point to 

increase output power. 

2.4.3 System of Energy Storage 

In solar cars, the battery is the most used energy storage system. However, 

ultra-capacitors are also used for short bursts of power. The ultracapacitor and 

battery pack are connected in parallel. It is possible to manage the energy in both 

steady and dynamic states to deliver the required current while driving in situations 

like normal, accelerating, decelerating, or braking by combining the two storage 

systems.1) Power Source: A battery pack is a necessary part of any electric vehicle. 

Three purposes of the battery pack are to: (I) provide a backup energy source for use 

when the solar panel system is not producing enough power, (II) when necessary, 

supply direct current to the motor, and (III) reduce fluctuations in the current and 

voltage output from the PV system into the loads.(Alnunu et al., 2012). Performance, 

expense, and safety are carefully considered when choosing solar car batteries. When 

using any battery with a battery protection system (BPS), which includes battery 

isolation contactors, safety always comes first (Wisniewski, 2010). 2) Ultra 

Capacitors: These systems for short-term energy storage can store and releasing 

energy quickly and effectively. To put it simply, they are very effective in these 

applications because they can quickly supply a large amount of energy when power 

demand is greatest. Also, if a battery or fuel cell is unable to continuously provide or 

handle short bursts of power, ultra-capacitors can act as a backup source of energy. 

(Wu et al., 2011). 
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2.4.3.1 Battery Selection Options: A solar vehicle's battery is an essential 

component in its design and implementation. To power and move the vehicle, the 

solar panel must first charge the battery. The driver must feel secure in this setup. 

These are the three most crucial things to consider when purchasing a battery. These 

specifications are met by deep cycle lead acid and lithium-ion batteries. When 

choosing which battery to buy, these factors were considered, but the most crucial 

consideration was whether the battery would work with the car's motor. The motor 

type affected the final battery choice (Kretchmer et al., 2017). 

2.4.3.1.1 Lead Acid: The lead acid battery was the first battery type considered. 

A solar-powered electric vehicle could use some specific types of lead acid batteries, 

but none of them are practical. For instance, the battery that typically kicks in an 

engine in a gasoline-powered car would not be appropriate for this thesis. Prior to 

being recharged by the alternator while driving, starter batteries have a finite amount 

of energy. Any electric vehicle needs a deep cycle battery. Long-lasting, dependable 

power is what deep cycle batteries are intended to offer. The ability to repeatedly 

discharge deep cycle batteries from full capacity to empty is one of their most crucial 

properties. Unlike starter batteries, which can only be fully discharged about ten 

times, deep cycle batteries can be fully discharged hundreds of times before losing 

their ability to hold a charge. Although it is very simple to charge deep cycle lead 

acid batteries with a solar panel, a charging controller is required to ensure the 

battery has a long lifespan and high performance. By charging the battery three 

times, the charging controller makes sure of this. The bulk charge is the initial stage. 

Before stopping when the voltage reaches just under 14 volts, the battery is charged 

to about 80% of its maximum voltage, amps, and capacity. The battery is gradually 

charged to almost 98 percent capacity during the second stage, absorption charge. 

The third and last stage, known as a "float charge," fully charges the battery without 

going overboard or boiling the acid. (Kretchmer et al., 2017). Because it can run a 

car and be recharged by a solar panel, a deep cycle lead acid battery is a good 

solution. Deep cycle lead acid batteries can be divided into two categories: sealed 

batteries and flooded batteries. Flooded batteries require routine maintenance to keep 

them functioning properly and prolong their lifespan. The battery is maintained in 

good condition by adding distilled water to each individual cell and using a 

hydrometer to gauge the specific gravity. To maintain the battery's effectiveness, the 

case must be taken off and changed about once a month (Kretchmer et al., 2017). 

Since a sealed battery is, as its name suggests, permanently sealed, this is not 

necessary. When considering a flooded battery, there is a safety concern because, 

even with the necessary safety measures, accidents are more likely whenever 

exposed acid is involved. Consequently, a flooded battery was dead. Safety comes 

first, so sealed batteries are preferred even though they are roughly twice as 

expensive as flooded batteries. Based on this knowledge, it was decided that a deep 

cycle sealed battery would be used in place of a lead acid battery. 
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2.4.3.1.2 Lithium Ion: Electric vehicles powered by the sun are best suited by 

lithium-ion batteries. Due to lithium's superior electrochemical potential and specific 

energy compared to all other metals, pound for pound, most lithium batteries can 

cycle well over 1000 times regardless of the cathode material. A simple controller is 

all that's needed to charge many lithium-ion battery chemistries, which were created 

specifically to be charged by solar panels. The only thing that can affect charge rate 

is the solar panel. The fact that lithium-ion batteries require little maintenance and 

only a basic battery management system (BMS) to ensure battery longevity is an 

additional advantage of using them.(Tinnemeyer, 2011). To determine which type of 

Lithium-ion battery to use, it was crucial to first consider the various options 

available. Cobalt Oxide (LCO), Nickel Cobalt Aluminium Oxide (NCA), Nickel 

Cobalt Manganese Oxide (NCM), Manganese Oxide (LMO), Titanate (LTO), and 

Iron Phosphate (LFP) are the most used lithium-ion battery types. The active 

materials used in lithium-ion batteries, known as cathodes, are named after the 

batteries. These cathode materials all benefit the battery in different ways. Cobalt 

Oxide, for instance, has poor thermal stability while Iron Phosphate provides the 

battery with excellent thermal stability. The initial step involved getting rid of 

Lithium-ion batteries that aren't suitable for use in electric vehicles. Lithium Cobalt 

Oxide is a better fit for laptop batteries, but Lithium Titanate and Lithium Nickel 

Cobalt Aluminium Oxide have more power than what is needed for a small device 

like a laptop. (Buchmann, 2009). Cost, performance, life span, and safety were the 

criteria used to compare the three remaining battery types as seen in the figure 2.8 

below. 

 

Figure 2.8:  Lithium-Ion Battery Type Comparison (Kretchmer et al., 2017). 

The cost and performance of the three battery types were found to be 

comparable during research into the various battery types, so the emphasis was 

instead placed on life span and safety. Because it was created to replace lead acid 

batteries, the iron phosphate battery earned the moniker superior. Because it was 

made to be used at high voltages for extended periods of time, it is by far the safest 

option since other batteries would malfunction in these circumstances.(Buchmann, 

2009). The battery can be used for about 2000 cycles if it is properly used and stored. 

Compared to Manganese Oxide and Nickel Cobalt Manganese Oxide, this is very 

different. Iron phosphate offers the advantages of durability and safety in addition to 

having a good specific power and a relatively high specific energy. The distinction 
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between specific energy and specific power is the amount of energy stored in the 

battery per unit of mass or volume, respectively. The battery will be kept in a 

relatively small space, and the weight of the car is limited. The two essential things 

to be aware of are these. By doing this, the vehicle will be able to perform at its best 

without adding weight or taking up a lot of space. After considering all the pertinent 

factors, when it came to choosing a battery for a vehicle that would run on a lithium-

ion battery, lithium iron phosphate (LiFePO4) was found to be the best option. 

 

2.4.3.1.3 Super Capacitor (SC): Ultra-capacitors are capacitors with much 

higher capacitance compared to regular capacitors but have low voltage limitations. 

Ultra-capacitors are a combination of rechargeable batteries and electrolytic 

capacitors. They can discharge and charge faster than batteries, can handle more 

discharge and charge cycles than rechargeable batteries, and store 10 to 100 times 

more energy per unit volume or mass than electrolytic capacitors. According to 

(Kumar et al., 2020); (Zhao et al., 2021); (Wang et al., 2016). 

Devices with electrostatic double-layer capacitors (EDLCS) that are significantly 

higher than electrochemical pseudo capacitance use carbon electrodes or carbon 

derivatives as their electrode material. As a result, charge separation is possible at the 

interface between the electrode and the surface of the conductive electrolyte, where it 

occurs in a Helmholtz double layer. The separation of charges is only a few 

angstroms (0.3-0.8 nm), which is much smaller than the separation of charges in a 

typical capacitor. 

Electrochemical pseudo capacitors are made using metal oxide or conducting 

polymer electrodes. These electrodes can be used in a variety of applications due to 

their high double-layer capacitance and electrochemical pseudo capacitance. Effects 

of faradic electron charge transfer in conjunction with redox processes include 

intercalation, electrosorption, and pseudo capacitance. 

Composite capacitors Hybrid capacitors, like lithium-ion capacitors, employ 

electrodes with contrasting characteristics: one electrode has a predominance of 

electrostatic capacitance and the other one has a predominance of electrochemical 

capacitance, with the former being more common. 

2.4.4 Electric Motor  

The motor should be selected first because its needs determine the battery 

pack and PV array's output requirements (Menasce et al., 2013). In addition to 

having the necessary power and speed ratings, this motor also needs to be highly 

efficient, light in weight, and have sufficient starting and rated torques (Menasce et 

al., 2013). Most solar cars use three-phase brushless DC (BLDC) permanent magnet 

motors to convert electrical energy into mechanical torque, according to a review of 

the solar car literature (Mangu et al., 2010). The reason for using three-phase 

brushless DC (BLDC) permanent magnet motors in solar cars is due to their 
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favourable power-to-weight ratio, high efficiency, and ease of control. (Menasce et 

al., 2013). The BLDC motor is a mathematically similar alternating current electric 

motor that uses direct current electricity to excite it (Wisniewski, 2010). The axial 

flux's "pancake" shape BLDC motor uses a stationary wound stator, two magnetic 

rings, and a wheel to turn the vehicle. (Wisniewski, 2010). PWM is a common 

method for controlling the speed and torque of a BLDC motor by adjusting the 

electrical power delivered to it through a power electronics converter. By adjusting 

the duty cycle of the PWM signal, the average voltage applied to the motor can be 

controlled, leading to control of its speed and torque. (Mangu et al., 2010). This 

means that when the brake is used, the motor switches its function from driving the 

vehicle to generating power and sending it back to the storage system via the motor 

controller. (Mills & Stumpges, 2013). Because it uses the strong braking forces to 

generate electrical energy that can be used to recharge the batteries, this technique is 

known as regenerative braking (Mills & Stumpges, 2013). Despite the small amount 

of energy returned to the storage system, every little bit helps to raise the vehicle's 

efficiency. 

Electric motors are the main structural element of electric vehicles. They 

cause the vehicle to accelerate by converting electrical energy into mechanical 

energy. The vehicle is typically made up of two battery packs with distinct voltages. 

For better balance, the main battery, which is heavier and has a higher voltage, is 

typically mounted at the bottom of the vehicle. Either an AC charge or a DC charge 

provides it with energy. It is frequently charged by AC, which is changed to DC by 

the rectifier, which is connected to a higher voltage battery. Three electric converters 

comprise electric vehicles. Direct current (DC) is transformed into the alternating 

current (AC), also referred to as the inverter, by the DC-AC converter, which is also 

used with electric motors. In an electric vehicle (EV), there is a high voltage battery 

which is used to power various electrical components in the car such as the 

dashboard, lights, and alarm system. Along with this high voltage battery, there is 

also a 12 V low voltage battery that is commonly found in conventional cars and is 

used for the car's low voltage consumers. The DC-DC converter is necessary to 

convert the direct current from the high voltage battery to the alternating current 

required to recharge the low voltage battery. The main battery pack is also connected 

to the heating and air conditioning systems, which are powered by the main battery 

(Ndyamukama, 2017). The central drive powertrain, which is shown in figure 2.9 

below, is the most widely used technology for EVs and conventional vehicles. 
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Figure 2.9: View from the top of an electric car(Ndyamukama;, 2017). 

2.5 Types of Electric Vehicles  

Electric vehicles come in four different varieties: BEVs (battery powered), 

HEVs, PHEVs and fuel cell powered vehicles. 

2.5.1 Battery electric vehicle  

BEVs are also referred to as "undefined vehicles" because they are entirely 

electric-powered and do not have a gas tank to store extra fuel. BEVs don't release 

any harmful gases into the environment and are controlled by large batteries (Li et 

al., 2017). A connection allows the battery to be recharged from the network or 

another external power source (Schuller et al., 2014). Also, not very heavy is the car 

itself. A high-force footing engine is a necessary but inefficient requirement for 

BEVs. When it's necessary to stop, pause, and run, BEVs are the right choice. The 

two primary drawbacks of BEVs are recharging times and battery executives. BEVs 

include vehicles like the Tesla Model S. 

 2.5.2 Hybrid electric vehicles (HEV)  

In comparison, EVs have limited range and take longer to refuel due to their 

dependence on electrical charging. However, they offer advantages in terms of fuel 

efficiency, reduced emissions, and decreased dependence on fossil fuels. According 

to (M. Sabri et al., 2016), (Taylor, 2008), and (Poullikkas, 2015), the main 

drawbacks of ICE are its high fuel costs and related pollution; (Sandy Thomas, 

2009). This is because the fuel efficiency parameters of the engine do not match the 

operational parameters. K.E dissipation occurs when a vehicle is operating in an 

urban environment. Operations that stop and start have poor hydraulic efficiency. 

Battery-powered electric vehicles (EVs) are extremely energy-efficient and 

environmentally friendly. This combination is popular because it combines the 

benefits of traditional internal combustion engines with modern power electronics, 

resulting in a highly efficient and effective vehicle.  
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Generally speaking, a hybrid vehicle is an electric car that also has two or more 

other power sources, like gasoline or diesel, and energy converters (Battery-electric 

motor system).Electric power is added to HEVs to transform them into hybrid 

electric vehicles. A bidirectional power source and a converter are typically used in a 

hybrid drive train to recover some of the braking energy, which is heat transfer in 

ICE vehicles. Transmission that goes both ways is an alternative. 

2.5.2.1 Series hybrid Electric vehicles: In a series hybrid drive train, a single 

electric motor, and the vehicle it drives are powered by two different energy sources. 

The series of the hybrid drive system is shown in Figure 2.10 below. The 

unidirectional power source on the IC engine is the generator and generator output to 

power converter. A battery, solar panel, or ultra-capacitor are examples of devices 

that can be used in both directions. The term "bidirectional power sources" is also 

used to describe them. connecting the traction electric motor and the power 

converter. Both a generator and a motor can be used to power this motor in forward 

and backward motion. (Emadi et al., 2003). 

 

Figure 2.10: Series hybrid electric vehicle schematic diagram(Emadi et al., 

2003). 

2.5.2.2 Parallel hybrid Electric drive trains: As shown in figure 2.11 below, 

vehicles with equal hybrid drive systems combine internal combustion engines and 

electric motors to produce the force necessary to move the wheels.(Sperling, 1995); 

(Sandalow, 2009); (Armaroli & V Balzani, 2011). 

 

Figure 2.11: Parallel hybrid electric vehicle schematic diagram (Emadi et al., 

2003). 
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2.5.2.3 Series- Parallel Hybrid Electric vehicle: The integration of both 

parallel and series HEV features into the structure is shown in Figure 2.12 below. 

The need for an electric machine and an auxiliary planetary gear unit complicates the 

control of this structure. 

 

Figure 2.12: Series- Parallel hybrid electric vehicle schematic diagram(Emadi 

et al., 2003). 
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2.5.3 sources of energy for hybrid electric vehicles 

2.5.3.1. Fuel cell: Using chemical reactions, a fuel cell generates energy. Two 

electrodes make up a fuel cell: the anode and the cathode. Electrodes are the places 

where electricity is produced (Kirubakaran et al., 2009). In a fuel cell, where charged 

particles are transferred from one electrode to the other using an electrolyte, the 

process at the electrode can be sped up using a catalyst. hydrogen is a fuel. Oxygen is 

required by fuel cells, however. Water is a non-polluting by product of most of the 

oxygen and hydrogen used in the generation of electricity ((Mahato et al., 2015); 

(Larminie & Dicks, 2013); (Aksu & Halicioglu, 2018)). 

2.5.3.2 Regenerative braking system: A kinetic energy recovery system, or 

RBS, lowers the speed of a moving vehicle and increases fuel efficiency by 

converting the kinetic energy of moving objects into potential energy or stored 

energy.  

2.5.3.3. Photovoltaic systems: Solar energy is used to create electricity by PV 

(Photovoltaic) systems, which are made up of solar panels, inverters, and other 

mechanical and electrical parts.(Wilson et al., 2020). PV systems come in a variety 

of sizes, from modest portable or rooftop units to sizable utility-scale power plants. 

Even though they can function independently, off-grid photovoltaic systems (Uddin 

et al., 2018). 

2.5.3.4. Super Capacitor or ultra-capacitor SC (super capacitor): Ultra-

capacitors provide a solution by combining the high energy storage of rechargeable 

batteries with the fast discharge and charge rate of electrolytic capacitors. They have 

high capacitance values, can withstand multiple discharge, and charge cycles, and 

store more energy per unit volume or mass compared to electrolytic capacitors, 

making them useful for a variety of applications. Ultra-capacitors have advantages 

over other energy storage devices, such as being able to discharge and accept charge 

much quicker than batteries, have a higher energy storage capacity per unit volume 

or mass compared to electrolytic capacitors, and can endure more discharge and 

charge cycles compared to rechargeable batteries. (Scibioh & Viswanathan, 2020); 

(Zhao et al., 2021); (Wang et al., 2016). 

 

2.6 Brakes  

Brakes are mechanical devices used to control motion by absorbing kinetic 

energy from a moving system. They are essential in automobiles because they are 

used for stopping and controlling speed. Automobiles typically use a friction braking 

system, which is comprised of mechanical, hydraulic, and electronic components. 

Kinetic energy is transformed into thermal energy through friction when the brakes 

are applied by the shoes that press against the brake drums or rotor. Brakes therefore 

act as a switch for different types of energy. A simple automobile braking system 

includes the following major components: a pedal, booster, master cylinder, 

combination valve, lines for the passage of brake fluid, emergency brakes, disc 

brakes, and drum brakes. The automobile friction type braking system is either a disc 
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system or a drum system, and the system is selected based on the task at hand. A 

detailed illustration is made in figure 2.13 below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: Automotive braking system (mechanicalbooster.com, 2018). 

 

2.6.1 Anti-lock braking system  

According to research, abrupt braking makes a car unbalanced and leads to 

collisions because the wheels become immobile when the conventional braking 

system locks them (Kayisoglu et al., 2019). To prevent the brakes from locking up 

while braking, the anti-lock braking system (ABS) was developed. The ABS is a 

braking system that guarantees complete steering wheel control by keeping the 

wheels from locking up in sudden braking situations in all road conditions and at all 

speeds, allowing the driver to exit the vehicle with a straightforward maneuver by 

turning the steering wheel lightly while the vehicle is skidding. As seen in figure 

2.14, the Brake Control Module, an electronic control device, regulates how many 

revolutions each wheel makes when ABS is applied to the brakes. It comes to a halt 

by sending commands to the wheels to activate and deactivate brake callipers at 

approximately twenty times per second. 
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Figure 2.14: ABS operation (Alqahtani, 2016). 

The Hydraulic Control Unit adjusts the brake cylinder pressure of each wheel using 

inlet and outlet solenoid valves in response to commands from the engine control 

unit (ECU). All electronic and electrical tasks as well as the system's control 

operations are carried out by the ECU. It determines the vehicle's wheel speed using 

signals from the wheel speed sensors. 

Wheel Speed Sensors that use a magnetic field to measure the speed and direction 

of rotation of the wheels without touching them. 

Deceleration sensors detect the vehicle's deceleration rate and send the signal to the 

ECU to determine the road surface conditions and make the necessary control 

measurements. The deceleration speed sensor is in the luggage compartment of 

passenger cars and in the engine compartment of other vehicles. 

The valves perform their functions in three different positions. In the first position, 

the valve is fully open, allowing the pistons to provide full power to the callipers. In 

the second position, the valve line is severed, limiting the flow of hydraulic fluid to 

the piston, and resulting in no power transmission. In the third position, the valves 

are half open, allowing a small amount of hydraulic fluid to flow and ensuring a 

controlled braking force. 

The hydraulic pump, which is connected to the valves and generates hydraulic 

pressure in the lines. 

The ABS Control Module is a microprocessor that evaluates the information from 

the wheel speed sensors and sends commands to the actuators as needed. It is located 

beneath the hydraulic unit and, if faulty, disables the ABS and all connected systems. 
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Modern technology uses the anti-lock braking system (ABS) and its techniques. 

(Bhasin, 2019). The anti-lock braking system, a safety feature in automobiles, 

regulates wheel slip to maximize friction application and maintain steering stability 

while braking. The ABS system consists of essential components including valves, 

an electronic Control Unit (ECU), and wheel speed sensors (Sensor ring & Sensor 

pickup).The callipers on the rotating wheel must be locked and released by hydraulic 

fluid flowing through the brake lines, which is controlled by valves. All ABS data 

and signal functions are handled by the electronic control unit. It receives, decodes, 

and employs voltage pulses generated by each wheel speed sensor to determine 

changes in wheel speed. In order to achieve the best braking performance, the ECU 

cycles the ABS modulator valves if it determines that the perceived wheels' pulse 

rates indicate an impending lock-up. The sensor ring and sensor pickup are the two 

main components of the wheel speed sensor. The sensor ring has notched teeth, the 

number of which varies according to system style. When the sensor ring's teeth cut 

across the wire coil/magnet assembly's magnetic field, electrical pulses are produced 

by the sensor pickup's wire coil/magnet assembly. The closed-loop ABS has several 

inputs and outputs. Wheel speed sensors provide the inputs, and brake system 

pressure control obtained through ECU commands provides the outputs. The ECU 

computes the acceleration or deceleration of each individual wheel by comparing the 

signals from all four wheels' sensors. As a result, the amount of brake pressure 

applied to one or more wheels can be altered as required. 

       The system proffers the following advantages over the conventional braking 

system.  

1. It prevents the wheels from completely locking, eliminating the 

possibility of the vehicle skidding. 

2. The likelihood of a collision is reduced because the driver has more 

control over the braking process. 

3. The ABS system provides more precise steering control. 

With the following drawbacks: 

1. Purchase and installation costs are exorbitant. 

2. Higher maintenance costs compared to vehicles with traditional 

braking systems. 

3. Expensive repairs and high operating costs for vehicles that use ABS. 

The study also considers other systems being developed to improve the 

functionality of ABS, such as Automatic Traction Control, which uses an identical 

component to ABS but operates at a slower speed. The brake is applied 10–14 times 

per second to slow the wheels and regain traction after measuring the speed of each 

wheel to predict when one or more will become loose and spin. 

2.6.2 Braking system in electric vehicles  

Energy recovery systems have been developed to mitigate the energy loss 

during braking in electric vehicles. These systems recover the kinetic energy that is 
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lost during braking and convert it into electrical energy that can be stored in the 

vehicle's battery. This helps to improve the overall efficiency of the vehicle and 

extend its range., In the article by Rama (2019), it was discussed that regenerative 

braking system can convert the car's mechanical energy and the heat energy that is 

usually lost during braking into electrical energy. This system aims to reduce the 

waste of energy in conventional braking methods. Then, by sending all of the 

accumulated momentum or kinetic energy to the generator, the vehicle is brought to 

a safe, gradual stop. The flow of energy in braking systems is depicted in a flowchart 

in figure 2.15. 

 

Figure 2.15: Energy flow in braking systems (Rama, 2019). 

Regenerative brake controllers, which are electronic devices, supervise this 

control and decide when and how quickly to apply the brakes. The brake controller 

uses braking to direct the motor's electricity into the batteries or capacitors. Make 

sure the batteries receive the appropriate amount of power and that the system's 

electricity intake does not exceed the batteries' capacity. Figure 2.16 below shows a 

diagram of a powertrain. 

 

Figure 2.16: Brake torque blending overview (Rama, 2019) 
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The regenerative braking system is therefore believed to have the following 

benefits. 

1. Conserving energy 

2. Reduced wear on vehicle brakes, resulting in a longer working period. 

3. Fuel efficiency has been improved. 

However, it appears to have the following limitations. 

1. the necessity of closely balancing the supply and generated electricity 

2. When the batteries are fully charged, regenerative braking is prohibited 

by the brake controllers because adding another charge from 

regenerative braking would raise the voltage of a fully charged battery 

above the permitted limit. 

3. Increasing the vehicle's total weight by 25-30 kg 

The following still applies when conventional friction-based braking is 

combined with regenerative braking: 

1. The friction brake is still required to bring the vehicle to a complete 

stop because regenerative braking is less effective at lower speeds. 

2. The rotor needs to be physically locked in order to stop cars from 

rolling down hills. 

3. If the regenerative brake fails, the friction-based brake serves as a 

backup. 

Many road vehicles with regenerative braking typically only have power on a 

few wheels, and the power only applies to those wheels; friction-based brakes are 

used on the other wheels to provide controlled braking in challenging conditions, like 

slick roads. 

To increase energy recovery effectiveness and take braking safety and stability 

into account, an article on a control strategy for a regenerative braking system in 

electric vehicles while traveling downhill was published by. In this study, changes in 

braking force distribution and stability, as well as the effects of slope on regenerative 

braking recovery and safety, are all examined. Based on the outcomes of simulations 

and downhill slopes, mechanical analysis is suggested. The vehicle under 

consideration is an electric single-shaft car with a front-wheel-driven, dual-stage 

braking system. In contrast to the second type of braking system, which uses 

electricity and is primarily made up of a battery, motor, and transmission system, the 

first type of braking system is hydraulic. The components in an electric vehicle, 

including the electronic control unit, battery management system, motor and brake 

controllers, and CAN protocol, work together to control its operation. During the 

braking process, the hydraulic actuator and generator act as the mechanical and 

electric braking components. The study found that the regenerative braking control 

strategy effectively recaptures energy and improves braking stability, as shown in the 

graph of braking distribution coefficients in Figure 2.17. 
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Figure 2.17: Braking distribution coefficients' range(Zhang & Cai, 2018) 

According to (Basrah, 2017), an ABS is a component of active safety systems 

that assists drivers in coming to a safe stop during panic braking while maintaining 

the vehicle's stability and steerability. Although the RBS is disabled in favor of the 

ABS at a safe (low) deceleration threshold, this is not always the case. Because of 

this safety margin, much less energy is recovered than would be possible if both RBS 

and ABS were permitted to operate concurrently. The integration of RBS and friction 

brakes may improve a vehicle's energy economy by allowing for more frequent 

energy recuperation activations, which is especially important when deceleration 

demands are high. The main objective of this doctoral thesis is to design and 

implement new torque blending strategies for wheel slip control systems for various 

vehicle topologies using various EM configurations, including four, two, and one 

Electric Machines EM. The combination of the two brake actuators will improve 

braking performance as well as the vehicle's overall energy efficiency in the future. 

ABS can also be enabled by pure EM in some cases when the regenerative brake 

torque is sufficient. 

Regenerative braking systems greatly enhance fuel efficiency and raise the 

appeal of the vehicle. There are many ways to recover energy from braking, 

including). 

a. The electric motor, which serves as both a motor and a generator, is the main 

moving part or regenerative braking system in the vehicle. 

b. Utilizing hydraulics and electrical/electronic components, a new system 

called Hydrostatic Regenerative Braking (HRB) is introduced to increase vehicle fuel 

efficiency. 

c. The air tank could be filled while braking using the energy produced by the 

regenerative braking system. by capturing kinetic energy, which is required for 

braking, compressing the air, and then using the compressed air to drive the vehicle. 
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d. Kinetic energy is converted to potential energy in a nitinol spring in a 

regenerative braking system. The wheels are powered by the stored potential energy 

when the system needs to accelerate. 

Due to its simplicity, low noise, light weight, and lack of leakage, the electric 

regenerative system was preferred over the hydraulic regenerative system. For fully 

electric vehicles with an electric motor, regenerative braking works better. This 

electric motor has some intriguing characteristics, such as the ability to transform 

electrical energy into mechanical energy when rotating in one direction while 

transforming into an electric generator when rotating in the opposite direction. Car 

batteries can be charged using this energy, among other things. Momentum becomes 

crucial in keeping the car moving after it reaches a certain speed. Energy from the 

battery, which is charged by the electric motor's reverse motion, is required to start 

the vehicle from a complete stop. electric motor with kinetic brake energy that runs 

on batteries. 

This outcome is shown in Figures 2.18, 2.19, and 2.20. The electricity 

produced by the motor must be directed into a circuit to reach the battery. A 

regenerative braking system that can transform kinetic energy into electricity is 

shown in Figure 2.21. The battery is then charged using this electricity. 

 

Figure 2.18: IC engines and electric regeneration systems together(Mandal et 

al., 2017). 
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Figure 2.19: Energy usage from the battery(Mandal et al., 2017). 

 

Figure 2.20: when the brake is applied, the battery charges(Mandal et al., 2017).  
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Figure 2.21: The generator, which is the electric motor in reverse direction, 

stores the energy in the vehicle's battery.(Mandal et al., 2017). 

 

2.7 Related Research 

 

Using design software, Al-Hussein Bin Talal University (AHU)/Maan-Jordan 

designed and modelled a 20-kW solar on grid power charging unit for electric 

vehicles. According to (Al-rawashdeh, 2019). Two scenarios were taken into 

consideration: one with five vehicles operating between 8 am and 12 pm and five 

operating between 12 pm and 4 pm, with a time of charge of four hours for each 

scenario, and the other with eight operating between 8 am and 12 pm with a charge 

time of four hours for each scenario. They concluded that the system is effective and 

helpful for those who use electric vehicles at the university. It was reported that the 

designed solar charging unit decreased CO2 emissions from power generation  . 

Thesis by (Fouad, 2014) employed a different similar design in which PV 

sources and the grid were combined to supply EV load. On the other hand, the PV is 

renowned for being sporadic and being strongly influenced by geographical and 

meteorological factors. To address the inconsistent output of photovoltaic (PV) 

systems, a battery storage system was integrated with PV in a grid-tied system to 

ensure steady operation of the hybrid charging station. The thesis proposes and 

implements an efficient hierarchical energy management strategy to maximize the 

use of on-site PV energy, accommodate the fluctuating demands of EVs, and reduce 
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the strain on the grid. The goal is to develop a hybrid-source charging station that is 

cost-effective, efficient, and reliable to meet the needs of EV charging in various 

conditions. The strategy increased all three metrics: overall performance, 

dependability, and cost. The interleave conversion stage of the hybrid charging 

system's overall performance, as well as the coordinated control mechanism's 

efficient design and corresponding energy management strategy, depended on it. 

Additionally, a solar-powered charging station for cities was developed by 

(Raghavan, 2018). The most well-liked commercial EVs on the market were 

considered when developing simplified EV load models. The designed solar-

powered charging station, which was chosen specifically for urban cities in Ontario, 

was used to test the developed EV load models. The architecture of the piece was 

selected with installation and operation costs in mind. By adjusting the power ratio 

and computing the annual energy yield for various types of orientation while 

considering all EV load models, optimization in the design of a solar-powered 

charging station was presented. Following that, a Net Zero Photovoltaic (PV) 

charging station was created, tested with a few different load models, and each 

design was subjected to an energy economic analysis. 

Most of the earlier studies that have been looked at deal with grid-connected 

solar power systems that require charging stations. (Ndyamukama; 2017) This 

research is much more closely related on the integration of solar systems for EV. It 

investigated a solar powered system for an EV to use solar energy instead of 

electricity from the grid to move the car. The location and weather forecast were 

used by the system to predict when solar panels would be produced. To meet the 

energy needs of passenger vehicles in some areas, solar energy was used. If the solar 

energy wasn't enough, the system was compelled to buy electricity from the grid. The 

system design's results showed that solar power usage was rising while grid energy 

use was falling. Testing of the system showed that as solar panel efficiency rises, so 

will the use of solar energy. In conclusion, the system's design lowers overall 

electricity costs while improving the efficiency of the solar-panel system. 

Another study by (Mohan et al., 2019) examined whether solar-powered plug-

in electric vehicles require little maintenance. The main drawback of electric 

vehicles, which is their short driving range, was discussed and addressed. The battery 

of the vehicle can be charged while it is moving by installing a solar PV module. 

They avoided using mechanical parts like the gearbox and differential in their work. 

In their opinion, driving is made possible by direct drive to wheels. 

In the works of (Benboubker, 2020), It was recommended to use a low-speed 

solar-powered electric vehicle for the analysis, design, implementation, and testing of 

an electric vehicle powered by a mounted PV solar panel. They first calculated the 

power output necessary by performing a simple mechanical analysis of the motion of 

the car on an incline to determine the specifications of the necessary components, 

which included the electric motors, batteries, solar panel, and charge controller. They 

also used aerodynamic drag to support the body design of our vehicle. The chassis' 
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structural analysis and 3D design were then carried out using the metrics of 

displacement and von Mises stresses. They also provided some safety advice, the 

most important of which is to consider conversion rather than new construction. 

By significantly improving the design for the fabrication thesis (Kretchmer et 

al., 2017). They produced a vehicle that meets the engineering requirements for an 

international competition. Designing and building a dependable electric vehicle 

powered by solar energy was the thesis's main goal. The goal of the thesis report was 

to create a comprehensive first iteration design with plans for fabrication. 

However, some students disassembled, altered, and produced an ICE vehicle 

into a fully electric vehicle (Nawaz et al., 2017). A strong brushless DC motor was 

installed in the back and connected to the driveshaft using a chain and sprocket 

system as the first stage of the modification. Battery-operated rechargeable motor (4 

lead-acid batteries, 12V each). By coupling these lead-acid batteries to the power 

grid (110V/220V), they can be charged externally. Their objective was to lessen the 

reliance of the vehicle on external power sources by using effective Solar Panels as a 

secondary source of power to charge the batteries. The car could reach a top speed of 

60 km/h, which is a steady and secure speed, according to their test results. 

Another method to include a secure energy source is regenerative braking. 

(Mandal et al., 2017) tried to recover energy from the vehicle's braking load. In their 

research, a model electric regenerative system was created, and its performance was 

experimentally tested. The prototype system was driven by a 12V motor that could 

recharge a 2.4V battery. The experiment measured the amount of time needed to 

store 0.84W in the battery using a variable load. The results showed that the battery 

was recharged by 0.80C after 8 seconds of rotation with a maximum load of 648g 

and by 0.15C after 1.5 seconds of rotation with a minimum load of 72g. It was 

discovered that the amount of energy stored in the battery increased along with the 

braking load. In some cases, this energy can be added to the primary power source 

and used to power auxiliary components like fans and lights. In a nutshell, the thesis 

has made the completely wasted energy that is produced during braking visible and 

paved the way for it to be used productively, possibly providing extra energy for 

solar-powered cars. 

Some modifications were made by (Selvan et al., 2018). In their design, they 

incorporated a safety system and a vehicle monitoring system. The vehicle 

monitoring system has several sensors that can pick up important information like 

engine temperature, energy level, and battery chamber temperature. Accelerometers 

and speed sensors also pick up unusual vibrations in vulnerable places and 

overspeeding. This information is sensed and stored in the cloud. This enables the 

remote observation of driver and vehicle behavior. 

The study, according to (Elmenshawy et al., 2016), examined how energy 

management technologies, such as photovoltaic and energy storage systems, affect 

the potential of solar vehicles. The objective was to monitor and optimize the 
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electrical power flow between the energy storage devices and PV. To achieve this, 

the thesis chose a 1035 W monocrystalline PV module, a 5-kWh lithium-ion battery, 

a 2 kW in-wheel axial flux permanent magnet brushless DC motor, and silicon 

carbide components in power converters. A secondary energy storage system that 

makes use of an ultra-quick capacitor's charging and discharging abilities. By 

creating Buck-Boost converters, the output voltage of three different sources—

photovoltaic panels, batteries, and ultracapacitors—was controlled. Simulations and 

tests were employed to validate the proposed design. 

Finally, driving a solar-powered electric vehicle is practical. To ensure that 

once the system was installed and ready to supply these vehicles, energy generation 

would not result in any CO2 emissions, (Valero et al., 2013) investigated the 

viability of using solar photovoltaic modules to recharge various electric vehicles. 

The cost-benefit analysis of using a photovoltaic system versus buying electricity 

from the distributor was also included in the study. Finally, solar photovoltaic 

systems are regarded as more affordable for charging a pure electric vehicle (EV). 
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CHAPTER III 

 

Methodology 

 

  The proposed design in this thesis is the efficient energy conversion system 

for an electric vehicle. The design will incorporate the integration of solar energy 

with braking system energy for a longer range of velocity. This electric vehicle can 

also be referred to as a solar electric vehicle. 

The objective is to create an energy management system for a solar electric 

vehicle to enhance its efficiency. This will be achieved by utilizing solar PV energy 

for extended range and designing an efficient braking system to maintain a 

sustainable energy supply while the vehicle is in motion. Additionally, the system 

will store energy in the battery. This chapter provides information about the research 

design, having the following objectives to resolve. 

I. The current research work  is to study the travel behavior of 

passenger vehicles in Cyprus by conducting a survey using Google 

Forms E-Questionnaire. I will then create a load profile based on 

the daily energy requirements of the passenger vehicles.  

II. Next, I will determine the energy production capability of the solar 

panels on the electric vehicle in the chosen location. Lastly, I will 

estimate the amount of energy generated to fulfill the energy 

demands of the passenger vehicles.  

III. The design of the solar energy is based on the irradiance and 

temperature at the location. 

IV. Afterwards an effective braking system is designed to add to the 

solar energy designed.  

V. The integration of both energies requires a storage system which is 

designed using Simulink. 

 

3.1 Architectural model of the study  

The design structure of this study is illustrated below. There may be some 

changes towards the end of the design, but the architectural design is a guide into the 

achievement of the thesis’s objectives. 
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Figure 3.1: Block Diagram design of the SEV 

 

3.2 Northern Cyprus Climate Analysis  

Cyprus is an island republic in the eastern Mediterranean Sea, south of the 

Anatolian Peninsula, officially known as the Republic of Cyprus. Although 

geographically located in Western Asia, it is culturally and politically more closely 

associated with Southeast Europe. This island, located south of Turkey, east of 

Greece, and west of Syria, is the third largest and third most populous in the 

Mediterranean. The island is home to Nicosia/Nicosia, the nation's largest city and 

capital. 

Cyprus has an intense Mediterranean climate, with long, dry summers lasting 

from mid-May to mid-October and mild winters lasting from December to February, 

separated by brief autumn and spring seasons. The summer season is distinguished 

by high temperatures and clear skies, but the pleasant climate of coastal districts is 

aided by a gentle breeze from the ocean.  

 

Figure 3.2: Global horizontal irradiation GHI of Cyprus Island (Group, 2021). 
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The summer season (June-September) has longer days than the winter season 

(December-February), as illustrated in the graph below. The longest days of the year 

occur in June and can last up to 14 hours and 30 minutes. Winter, on the other hand, 

has the longest period of darkness. In December, Nicosia's nights last approximately 

15 hours, with days beginning approximately 2 hours later (Group, 2021). 

 

Figure 3.3: Day Light Graph in Cyprus (weather-and-climate.com, 2022). 

July has the most sunshine of the year, with an average of 397 hours of 

sunlight. January, on the other hand, has the least amount of sunlight with an average 

of 171 hours. 

 

Figure 3.4: Sun hours graph of Cyprus island (weather-and-climate.com, 2022). 

The graph displays that Nicosia experiences its highest temperature in August, 

with an average temperature of 25.6°C (78°F), while January is the coldest, with an 

average temperature of 11.15°C (52°F). 
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Figure 3.5: Monthly Average temperatures 

Over the years, Cyprus weather is defined by the figure 3.6 below,  

 

Figure 3.6: Historical Mean temperature of Cyprus for 20 years (weather-and-

climate.com, 2022) 
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Figure 3.7: Cyprus Maximum-Minimum Temperatures (weather-and-climate.com, 

2022) 

The Sun emits energy in the form of solar radiation, which travels through 

space as electromagnetic waves. This energy, produced through nuclear fusion in the 

Sun, plays a major role in atmospheric processes and is 10,000 times greater in 

power compared to the energy consumed by humans. One form of solar radiation is 

short wave radiation, which weakens as it passes through the Earth's atmosphere due 

to reflection, absorption, and diffusion by various substances like ozone, water vapor, 

and particles. Eventually, the radiation reaches the Earth's surface and either reflects 

or is absorbed, causing the atmosphere to heat up due to the emission of long-wave 

radiation from the surface. The wavelength and frequency of the electromagnetic 

waves are crucial factors to consider in determining their energy, visibility, and 

penetrative strength. (weather-and-climate.com, 2022). 

The electromagnetic waves produced by the Sun have a range of wavelengths 

and are collectively referred to as the "electromagnetic spectrum." This spectrum 

encompasses all visible light. The exact distribution of solar radiation across 

different parts of the spectrum is approximate. 

• Infrared -49% 

• Visible light -43% 

• UV radiation at 7% 

This section investigates the measurement of the total amount of shortwave 

solar energy that reaches the Earth's surface daily over a large area. The factors that 

are considered include the length of the day, the height of the Sun above the 

horizon, and the absorption of the energy by clouds and other components of the 

atmosphere. Shortwave radiation includes both visible light and ultraviolet 

radiation. Due to seasonal variations, the average daily incident of shortwave solar 

radiation changes greatly throughout the year. 
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Figure 3.8: Shortwave energy radiation graph in Cyprus 

 

The period with the highest intensity of shortwave solar energy lasts for 3.6 

months, from May 6 to August 25, during which the average daily incident of 

shortwave energy per square meter is above 7.3 kWh. From November 4 to February 

13, it is winter and the average daily incident of shortwave energy per square meter 

is less than 3.7 kWh. The darkest month in Cyprus is December, with an average of 

2.6 kWh per square meter. 

3.3 Travel Survey within North Cyprus  

The objective of this survey is to find the distance covered by drivers within 

north Cyprus to determine the energy demand required to be designed in the solar 

electric vehicle. This will help this study have a case study or in other words a 

research focus for the design of the SEV. Therefore, to gather the data needed for the 

design model, it is more effective to study the travel patterns of drivers. This data can 

be collected through an electronic questionnaire using Google Forms. The 

questionnaire will ask specific questions to accurately gather information related to 

travel research. Questions such as age, occupation on personal level are asked. also, 

date of travel, purpose of travel, distance travelled, and form of transportation were 

asked to narrow the collective data for objective of this survey. 

These data are collected for the two important seasons in North Cyprus, the 

winter and summer season as energy demand for both seasons are the consideration 

of this study.  

 It should be noted that this data collection is just basic in the sense that they 

are not elaborate data collection for a long period of time, but data collection for a 

daily purpose activity such as going to work, getting groceries or daily travel to 

school. 

The data collected are explained in the tables below.  
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The form of transportation has to do with what means an individual travelled 

from one location to another within the region of study (North Cyprus). This also 

shows the habit of movement of individuals within north Cyprus. Table below shows 

the listed forms of transportation used for data collection in the goggle forms e-

questionnaire.  

Table 3.1: Survey transportation mode 

S/N  TRANSPORTATION MODE EXPLANATION  

1 Private salon or SUV For individuals with their private vehicles 

2 Bus or coach  Mainly for University students or staffs in north 

Cyprus due to the university economic setup of the 

region  

3 Taxi  For individuals who probably take a public vehicle 

to work  

4 Ferry  Perhaps for individuals coming from Mersin in 

turkey or neighbouring islands into north Cyprus  

5 Public transport  These are paid for buses commonly used aside the 

taxi used for public transportation  

6 Cycling  Certain individuals may prefer cycling in their 

travels for health or other reasons form one place to 

another  

7  Walking  And some individual’s travels may be a short 

distance journey trekkable within their human 

strength limits. 

 

  All these forms of transportation are consideration in gathering the travel 

survey data. 

Whereas there is length coverage for these forms of transportation within the 

region of focus. The following distance ranges are set in the questionnaire.  

• Distance range from 0 to 1 km. 

• Distance range from 1 to 5 km. 

• Distance range from 5 to 10 km. 

• Distance range from 10 to 15 km. 

• Distance range from 15 to 20 km. 

• Distance range of more than 20 km. 
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Considering these distances, this are likely distance to be covered during travel 

within Nicosia. A distance covered from City Center to NEU site is about 12.37Km 

on the driving route. 

For the travel, the following purpose are listed in the table below to match up 

the reason for the distance covered with the choice of transportation mode. As earlier 

said, the questions are based on a one-time travel or a frequent travel in an 

individual’s itinerary. 

 

Table 3.2 Travel purpose list 

PURPOSES 

A. Trip to/ from work  

B. Business Trip  

C. Business trip on leave  

D. Grocery Shopping 

E. Other Shopping 

F. Errands 

G. Transporting another person  

H. Trip to/ from school or other educational institution  

I. Visiting friends, acquaintances, or relatives 

J. Exercise, Outdoor activities 

K. Social outings 

L. Trip related to Hobbies or other free times 

M. Driving around without specific destination 

N. Other leisure trip 

 The aim of this survey is to determine if there are any constraints related to the 

length and duration of the journey when an individual travels, to establish the 

limitations of the study. The overall survey result of the questionnaire is as follows in 

the following figures.  

According to the survey shown in the figure 3.9 below, there are 33 candidates 

in total in a short span of 3 months data collection. The basis is to have a quick case 

study and not a broad study data collection. 
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Figure 3.9 Survey Gender Chart 

Based on location, most correspondents are based in Nicosia. This has 

narrowed the survey study to focus on the Nicosia region. Figure 3.10 below depicts 

the statistics of correspondent’s location. 

 

 

 

 

 

 

 

 

 

Figure 3.10 Correspondence Location Statistics 

Moreso the work nature of correspondence matters as to determine the purpose 

of journey. The work nature of individuals is a major as it is a condition of the 

migration no of individuals from one part of the island to another. The figure 3.11 

below shows a chart o the correspondence work nature. Majority of correspondence 

are students. In further research study, I will employ more time in getting more 

correspondence to provide more data. Either way, on the island, students are 

common with renting private salon vehicles to travel from one destination to another 

on different purposes. 
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Figure 3.11 Correspondence work nature  

 

Analysis of Survey for winter and summer seasons 

After the collation of data, the time, purpose, length of travel and the mode of 

transportation are being analysed to better understand the demanded energy needed 

based for the correspondent individuals in this survey. It is already acknowledged 

that the majority correspondence is resided within Nicosia and mostly movement is 

restricted within Nicosia. 

Starting with the time of departure for travel, the chart figure 3.12 below 

illustrate the results from the survey gathered in the e-questionnaire.  

 

 

Figure 3.12 Timeline Factor of the survey 

Based on the chart above, there are more movements during the summer than 

in winter. and time of travel are earlier than for winter. Most of the movement in the 
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afternoon and evening are related to non-official purposes such as getting groceries 

and visitations while morning movements are related to work and school. Which 

means in the design of a SEV, it is a good idea that the cars would be have enough 

time to recharge for travels in the evening, after most of the correspondence are done 

with work or school as seen in the chart for both summer and winter. This study aims 

to determine the optimal time when the journey is less busy, and the conditions are 

suitable for the solar PV panel to generate and store energy in a battery for future 

use. 

Further analysis is on the length of travel, which is reviewed in figures below. 

It should be noted that the purpose of travel determines the length of travel. The 

average distance travelled within the case study region is 7.5km. This is reviewed in 

the purpose of travel which is mainly work and schooling within the time frame of 

8am in the morning and returned home 6pm in the evenings. The comparison 

between the figures for summer and winter reviewed that most movements within the 

range of 1km – 5km are based on walking, cycling and quick purpose events as the 

temperature in this season are quite conducive than the winter season where we have 

more distance covered based on usage of a vehicle.  

The purpose of travel is the main data that affects the outcome of this survey. 

For whatever reason individuals travels determines the distance covered and the 

opportunity for the aim of this study is achieved, which is for the vehicle to be able 

to recharge itself via solar. It's important to note that a significant number of 

responses in the survey are from individuals who travel for work and educational 

purposes. This is important to consider when analysing the data obtained from the 

survey. The diagrams below depict the result of the survey.  

 

Figure 3.13: Purpose of trip during Summer  
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Figure 3.14: Purpose of Trip during Winter 

Travel purposes are limited during winter but are more during the summertime. 

This is a great opportunity for the use of solar energy for the design of the sev. 

It is important to note if individuals use their private vehicles more during the 

summer or winter season. from the survey it is observed that many individuals 

preferred to use their personal vehicles more in the summer than winter. Whereas in 

the winter, buses, public vehicles are more preferred.  

This data is necessary to determine the load profile for the sev. This makes the 

approach of sev recharging during the summer possible as private vehicles are 

charged while parked based the time frame of correspondence in this survey analysis. 

 

 

 

 

 

 

 

 

 

Figure 3.15: Distance travelled during Summer. 
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Figure 3.16: Distance travelled during Winter. 

The analysis of the mode of transportation is as depicted in the figures 3.17 and 3.18 

below for both summer and winter season. 

 

 

 

 

 

 

 

 

 

Figure 3.17: Mode of transportation during Summer 

 

 

 

 

 

 

 

 

 

Figure 3.18: Mode of transportation during Winter 
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As analysed in the previous data collections, more travels are recorded in 

summer than winter. Also, the use of private vehicles is dominant in summer than in 

winter, with more public transport used in winter than in summer. Less cycling and 

walking are also in winter than summer. This assigns the possibility of the objective 

of this study to have a sev that can utilize solar energy especially with private 

vehicles as more solar radiation are more in summer than winter. 

3.3.1 The load profiles.  

In summary to survey, the average distance travelled is 7.5km within Nicosia 

region which is presently the area of study for the aquation of solar energy data, the 

total distance covered withing Nicosia according to correspondence is 15km range 

(resource app: https://www.distance.to/),which Gonyeli to Hamitkoy being the 

longest.  

Most correspondence are travelled for the main purpose of work and studies 

which makes this study design primarily for individuals with same purpose. the time 

frame starts from 7am in summer with about two hours movement to area of 

destination and a return trip of about 3-4 hours considering traffic within Nicosia. in 

addition, an energy usage of 1 hour for any further movement within the day, this 

brings total usage of vehicle to a 7-hour vehicle usage at an average distance of 

7.5km daily for mode of transportation such as the private salon or SUV. The busiest 

times are between 7am to 9am and between 4pm to 5:30pm in the evening when 

correspondence is back from work. 

The energy demand of the individuals in the survey is used as the basis for 

creating the load profile in this study. Considering the common location, which is 

Nicosia, with a total distance coverage of 15km travel length. The electric vehicle 

data considered is the solar electric vehicle lightyear 0, it is the first solar electric 

vehicle in production in the world started in summer of 2022. It is known with an 

energy consumption of 10.5kWh/100km. Therefore, based on this calculation, the 

required energy per day for the total distance travelled within 15km radius in Nicosia 

is 1.58kWh.  

This data is better illustrated for summer and winter in the figures 3.19 and 

3.20 below. The timeline is measured with the distance travelled. It is further 

analysed that 1km radius have an energy usage of 0.105kWh. 
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Figure 3.19: Summer Load Profile 

 

Figure 3.20: Winter Load Profile 

It should be noted that with the survey carried out, the data is inaccurate to 

determine what travel distance occur more in Nicosia in winter and summer as the 

survey is only limited to a few people. 

 

3.4 Solar powered vehicle design  

The exterior design of the vehicle features a solar module mounted on the 

horizontal surfaces of the hood, roof, and trunk. This module generates solar energy 

and charges the car battery through a charge controller. The battery is fully charged 

before being connected to the solar module, ensuring that it stays charged at all 

times. This is illustrated in the figure 3.21 below. 
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Figure 3.21: Vehicle design illustration with solar panels 

 

The electric vehicle's solar panel captures sunlight and converts it into 

electricity. The power tracker takes the power from the solar panel and transforms it 

into a form usable by the main battery. The power tracker changes the solar PV 

voltage to match the system voltage before sending the energy to the battery for 

storage. The motor uses the stored energy to power the wheels and the motor 

controller regulates the energy flow to match the driver's throttle input. This working 

principle is illustrated in the figure below. 

 

 

Figure 3.22: Working principle (Raghavendra. 2013) 

3.4.1 Design specifications of vehicle model 

This study focuses on the Tesla Model S electric vehicle and its mechanical 

specifications. The hood, roof, and trunk were identified as suitable locations to 

install solar PV panels in a horizontal position, with a total available area of 4.5 

square meters. 
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The Lightyear0 is considered for the electrical specifications of this study. The 

vehicle model shares the objective of this study, hence the reason for the study. The 

absence of certain technical data has put the study at a disadvantage, which opens the 

opportunity of using tesla model S for the mechanical specification. 

 

 

Figure 3.23: Tesla model S body specifications (Outlines Thesis. 2017) 

 

This study uses the Tesla Model S, and the following technical data is available 

for it. 

Table 3.3: Mechanical specification for the design study (Tesla Model S) 

S/NO DATA VALUE 

1 Tire radius front and rear 0.27m  

2 Length  4970mm 

3 Width  2187mm 

4 Height  1445mm 

5 Empty weight  2129kg 

6 Cd 0.208 

7 Frontal area 1.9707m2 

8 Boot area 0.415m2 

9 Roof area 2.065m2 

For the electrical specifications which influences the energy management result 

of this study design, the technical specifications of lightyear0 is shown in the table 

below. 
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Table 3.4:  Technical specification for the design study (Lightyear0) 

S/N0 DATA VALUE 

1.  NEDC range 625km 

2.  Max. Power  130kW 

3.  Max. Torque 1720Nm 

4.  Max. Speed  160km/h 

5.  Average consumption  10.5kWh/100km 

6.  Battery type Lithium ion 

7.  Battery capacity  60kWh 

8.  Cd value  0.175 

9.  Charging Speed 3.7 kW, Home ,32 km/h  

22 kW, Work ,200 km/h  

50kW, public,520 km/h  

 

3.4.2 Mathematical Modelling of the Solar Electric Vehicle for Power and 

Energy required. 

 In the figure below, the forces exerted on the SEV are illustrated in the 

diagram. With an ‘assumed’ average constant velocity of 5.56m/s going at a tilt angle 

ө 

 

Figure 3.24: forces acting on SEV on an inclined plane 
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At equilibrium the sum of the forces is zero that is; 

∑ 𝐹𝑥 = 0                                                                                                     (1) 

Therefore, along the x-axis, the net force 𝐹𝑡𝑜𝑡𝑎𝑙, is; 

𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑎𝑐𝑐 − 𝐹𝑑𝑟𝑎𝑔 − 𝐹𝑟𝑜𝑙𝑙 − 𝐹𝑊                                                            (2)                    

 

 𝐹𝑎𝑐𝑐   - Acceleration force which is 0 since the velocity is constant  

𝐹𝑑𝑟𝑎𝑔 - Drag force, also referred to as the aerodynamic the force of air 

resistance that opposes the movement of the vehicle. 

𝐹𝑟𝑜𝑙𝑙   - The rolling resistance force that opposes motion due to the deformation 

of the tires. 

𝐹𝑊 – The Slope force due to the total weight of the vehicle. 

Therefore, calculating the drag force , 

We know that; 𝐹𝑑𝑟𝑎𝑔 =  
1

2
𝜌𝑎𝑖𝑟𝐴𝐶𝑑𝑉𝑟

2                                                          (3) 

𝜌𝑎𝑖𝑟 (𝑘𝑔/𝑚3) – Density of air at specified altitude 

𝐴 (𝑚2) – Front area of the vehicle  

𝐶𝑑 – coefficient of air drag (I am using lightyear 0 specification) 

𝑉𝑟  - velocity of the vehicle relative to that of the wind. 

The air density varies based on the temperature, altitude, and weather 

conditions in the region. According to the Pvsyst application , the altitude of Nicosia 

is 150m, with an average air velocity of 3.7m/s. Using aerospaceweb.org, the air 

density of Nicosia is 1.2075𝑘𝑔/𝑚3. Figure 3.25 below shows the Pvsyst software 

topographical view of Nicosia with the altitude. 
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Figure 3.25: Geographical view of Nicosia.(Pvsyst , 2022). 

 

          Based on data, I will be using technical specifications of lightyear0 and 

mechanical body specifications of tesla model S for all calculations and analysis in 

this study. The tesla model S has frontal area of 1.9707𝑚2 and lightyear0 coefficient 

of air drag is 0.175. Therefore, the drag force ; 

𝐹𝑑𝑟𝑎𝑔 =
1.2075 × 1.9707 × 0.175 × (5.56 − 3.7)2

2
= 1.44𝑁 

 Calculating the slope force 𝐹𝑊, 

𝐹𝑊 = 𝑀𝑣𝑔𝑠𝑖𝑛Ө                                                                                             (4) 

Since most of the time, the SEV operates on flat surface with Ө = 0, 𝐹𝑊 = 0.  

𝑀𝑣(kg) - total mass of the vehicle  

𝑔(𝑚/𝑠2) – gravitational constant  

 Ө (rad) – road slope angle 

Assuming the surface is tilted at an angle of Ө = 10°, with a radian equivalent 

of 0.17rad. 

Approximately the total mass of the SEV is as estimated below. 

𝑀𝑣 = 𝑀(𝑏𝑜𝑑𝑦) + 𝑀(𝑑𝑟𝑖𝑣𝑒𝑟) + 𝑀(𝑏𝑎𝑡𝑡𝑒𝑟𝑦) + 𝑀(𝑃𝑉_𝑐𝑒𝑙𝑙𝑠) + 𝑀(𝑚𝑜𝑡𝑜𝑟𝑠)

+ 𝑀(𝑤ℎ𝑒𝑒𝑙𝑠) 

𝑀𝑣 = 500𝑘𝑔 + 60𝑘𝑔 + 350𝑘𝑔 + 20𝑘𝑔 + 20𝑘𝑔 + 50𝑘𝑔 = 1000𝑘𝑔  
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Therefore, 𝐹𝑊 at tilted angle is ; 

𝐹𝑊 = (1000)(9.81) sin(0.17) = 1660𝑁 

Calculating the rolling force 𝐹𝑟𝑜𝑙𝑙 

          𝐹𝑟𝑜𝑙𝑙 = 𝐶𝑟𝑊𝑐𝑜𝑠Ө = 𝐶𝑟𝑀𝑣𝑔𝑐𝑜𝑠Ө                                                       (5) 

𝐶𝑟 – Coefficient of road rolling friction  

𝑊(N) – Total weight of vehicle  

Ө (rad) – road slope angle 

To determine 𝐶𝑟 – at low speeds, the rolling friction varies linearly with speed 

such that.  

𝐶𝑟 = 0.012 {1 +
𝑣

100
}                                                                                       (6) 

𝑉𝑟 is in mph , therefore 5.56m/s ≡ 11.8mph 

𝐶𝑟 = 0.012 {1 +
11.8

100
} = 0.013 

𝐹𝑟𝑜𝑙𝑙 = 0.013(1000)(9.81) cos(0.17) = 126𝑁 

 

Hence the power required by the SEV is.  

𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑎𝑐𝑐 − 𝐹𝑑𝑟𝑎𝑔 − 𝐹𝑟𝑜𝑙𝑙 − 𝐹𝑊 

𝐹𝑡𝑜𝑡𝑎𝑙 = 0 − 1.44 − 126 − 1660 = 1787.4𝑁 (𝑎𝑙𝑜𝑛𝑔 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑥 − 𝑎𝑥𝑖𝑠) 

But at a flat surface, without the vehicle going up a hill, 

𝐹𝑡𝑜𝑡𝑎𝑙 = 0 − 1.44 − 126 − 0 = 127.44𝑁  (𝑎𝑙𝑜𝑛𝑔 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑥 − 𝑎𝑥𝑖𝑠) 

Power =𝑃𝑜𝑤𝑒𝑟 = 𝐹𝑡𝑜𝑡𝑎𝑙  ×  𝑣 = 127.44 × 5.56 = 708.57 ≅ 709𝑊 

In the diagram below is an inaccurate input data simulation of the forces acting 

on the SEV. In the next chapter , an accurate input data will be used for output of the 

forces acting on the SEV based on the modelling in this chapter . 
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Figure 3.26 Simulink model of forces acting on SEV. 

And the energy needed, based on the required hourly need from questionnaire 

survey which is a average travel of 7 hours daily 

𝐸 = 𝑃𝑜𝑤𝑒𝑟∆𝑡 = 709 × 7 = 4960𝑊ℎ ≈ 4.96𝑘𝑊ℎ 

 

3.4.3 Mathematical Modelling of the SEV for the Electric Motor 

Since the SEV operates mostly on flat surface, with energy required as 4. 

96kWh. Presumably, the power output of the electric motor should be. 

𝑃𝑜𝑢𝑡 = 5𝑘𝑊 

Each motor will be 2.5kW with an efficiency of 90% (assumably),  

𝑃𝑖𝑛 =
5

0.9
= 5.56𝑘𝑊 

 

𝐸𝑖𝑛 = 5.56 ×
7ℎ

𝑑𝑎𝑦
= 38.92𝑘𝑊ℎ 

3.4.4 Mathematical Modelling of the SEV for the Battery Capacity  

From the input of the motors, there is a supply of 5.56kW sustainable for 7 

hours. Therefore, it can also be calculated that.  

𝐸𝑜𝑢𝑡 = 5.56 ×
7ℎ

𝑑𝑎𝑦
= 38.92𝑘𝑊ℎ 

Assuming the allowable battery autonomy is 4 hours, with depth of discharge 

as 80%. The minimum battery capacity is calculated as  
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𝐶 = (
4

24
𝑑𝑎𝑦) (38.92) (

1

0.08
) = 81𝑘𝑊ℎ 

 

Converting to Ah, with a voltage of 12v  

𝐶 =
81000

12
= 6750𝐴ℎ 

This shows the SEV at a velocity of 5.56m/s will supply energy by itself with a 

battery capacity of 81kWh, 6750Ah for 4 days and few hours without recharging. 

The power is 709W, with a voltage of 12 gives 59.1A, and to get the number of 

days of continuous usage, we divide 6750Ah by 59.1A, you get 114hours of battery 

usage. 

3.4.5 Mathematical Modelling of the SEV from the Solar Panel  

This model is intended to determine the peak power of the solar panel. But first 

considering the Monthly and daily solar irradiation in Nicosia . The most recent data 

for the year 2022 was gotten from solacast TMY Met, using Pvsyst software. From 

the figure below . The data illustrated in the figure shows the monthly energy 

radiation in Nicosia and the second shows the average daily energy. 

 

Figure 3.27: monthly irradiation in Nicosia (Pvsyst, 2022). 
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Figure 3.28: Average Daily Meteo Data in Nicosia 

Considering for the year 2022, the monthly average for 255.1𝑘𝑊ℎ/𝑚2 and a 

daily average energy radiation of 8.5𝑘𝑊ℎ/𝑚2. 

To calculate the solar panel power peak, the formula 

𝑃𝑝 =
𝐸𝑅𝑠𝑡𝑑

𝜂𝑅𝑎𝑣𝑔𝐷
                                                                                               (8) 

𝐸(𝑘𝑊ℎ )- Energy from the battery capacity  

 𝜂 – PV yield and efficiency  

𝑅𝑠𝑡𝑑(𝑘𝑊ℎ/𝑚2) – Standard value of irradiance 

𝑅𝑎𝑣𝑔𝐷(𝑘𝑊ℎ/𝑚2)  – Average daily solar irradiance. 

 

Therefore, the peak power for the Nicosia region is  

 

𝑃𝑝 =
81000 × 1

0.8 × 8.5
= 11.91𝑘𝑊 

To regulate the power transmitted from solar panel to the battery , a charge 

controller is utilized. To do so we multiply the current by 1.25 for variable 

accountability in the power output.  

𝐼 = 1.25
𝑃𝑝

𝑣
= 1.25

11911

12
= 1240𝐴 

3.5 Pv Design Analysis 

The intended load from the modelling of the SEV is 4960Wh for 7 hours, 

making 17000Wh per day (24 hours). To design the technical data for the PV, the 

following steps are followed. 



 71 

Step 1: the total DC Amp-hours/ day  

           
𝑙𝑜𝑎𝑑

𝑠𝑦𝑠𝑡𝑒𝑚 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
=

4960

12
= 413.33𝐴ℎ/𝑑𝑎𝑦 

Step 2: total amp-hour/day with batteries 

           𝑡𝑜𝑡𝑎𝑙
𝐴ℎ

𝑑𝑎𝑦
× 1.2(𝑙𝑜𝑠𝑠𝑒𝑠 𝑎𝑛𝑑 𝑠𝑎𝑓𝑒𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟) = 413.33 × 1.2 =

496𝐴ℎ/𝑑𝑎𝑦 

Step 3: total pv array current 

             
𝑡𝑜𝑡𝑎𝑙 𝑑𝑎𝑖𝑙𝑦 𝐴ℎ 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

𝑑𝑒𝑠𝑖𝑔𝑛 𝑖𝑠𝑜𝑙𝑎𝑡𝑜𝑛 (𝑖𝑠𝑜𝑎𝑙𝑡𝑖𝑜𝑛 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑜𝑝𝑡𝑖𝑚𝑢𝑚 𝑡𝑖𝑙𝑡 𝑓𝑜𝑟 𝑠𝑒𝑎𝑠𝑜𝑛)
=

496

5
= 99.2𝐴 

Step 4:using pv model SunPower SPR-X21-345 for its high efficiency and 

high-grade silicon. The following are the specifications for the panel.  

Table 3.5 Solar Panel Specification for SunPower X- Series(Ndyamukama;, 

2017) 

 

Step 5: based on the above table , the number of modules in parallel is 

calculated as 

           
𝑡𝑜𝑡𝑎𝑙 𝑝𝑣 𝑎𝑟𝑟𝑎𝑦 𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝑚𝑜𝑑𝑢𝑙𝑒 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ×𝑚𝑜𝑑𝑢𝑙𝑒 𝑑𝑒𝑟𝑎𝑡𝑒 𝑓𝑎𝑐𝑡𝑜𝑟
=  

99.2

6.02 ×0.9
=

18 𝑚𝑜𝑑𝑢𝑙𝑒𝑠(1318 𝑐𝑒𝑙𝑙𝑠) 
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Step 6: number of modules in series 

            
𝑠𝑦𝑠𝑡𝑒𝑚 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑚𝑜𝑑𝑢𝑙𝑒 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
=

12

12
= 1 𝑚𝑜𝑑𝑢𝑙𝑒 

Step 7: Total number of modules= parallel modules × series modules = 18 × 1 

= 18 

Step 8: minimum battery capacity  

             
𝑡𝑜𝑡𝑎𝑙 𝑑𝑎𝑖𝑙𝑦

𝐴ℎ

𝑑𝑎𝑦
 𝑤𝑖𝑡ℎ 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 ×𝑎𝑢𝑡𝑜𝑛𝑜𝑚𝑜𝑢𝑠 𝑑𝑎𝑦𝑠 

𝑆𝑂𝐶
=

496 ×4

0.8
= 2480𝐴ℎ 

𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑡𝑦𝑝𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 ` 

3.6 Solar Energy mathematical model for Nicosia 

As seen in the figure below, the geographical parameter of Nicosia is used in 

the determination of the  the solar irradiance  input used in Pvsyst and for simulation 

in this Simulink model design for this study. The amount of solar radiation reaching 

the earth's horizontal surface, known as solar irradiance, was obtained from the 

Solcast database. Pvsyst calculates the average daily radiation based on the clearness 

index and the latitude. The coordinates for Nicosia, with a latitude of 35°17´31’’ N 

and longitude of 33°36´42.’’, were used to obtain the daily radiation data.

 

Figure 3.29: Nicosia Geographical Area 

The clearness index is a measure of the atmospheric clarity, and Pvsyst 

calculates the monthly average clearness index, K_T, which is a dimensionless value 

ranging from 0 to 1. It represents the fraction of solar radiation that reaches the 
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earth's surface after passing through the atmosphere, starting from the top of the 

atmosphere. Pvsyst calculates the clearness index using the equation: 

                                                                                   (9) 

 

The clearness index values are generally high on sunny and clear days, and low 

on cloudy days. The extraterrestrial radiation, G_o, can be calculated for any month 

of the year based on the given latitude. So, by knowing the clearness index and 

extraterrestrial horizontal radiation, the global radiation on the horizontal surface, 𝐺, 

can be calculated using equation 9. The extraterrestrial normal radiation, which is the 

radiation at the top of the earth’s atmosphere striking the surface perpendicular to the 

sun's rays, is calculated in Pvsyst using equation 10. 

                                               (10) 

 

In this study, the focus is on the extraterrestrial radiation on a horizontal 

surface and Pvsyst uses equation 11 to calculate this value. This equation is used by 

Pvsyst to calculate the extraterrestrial radiation on a horizontal surface. 

                                                                                    (11) 

 

The zenith angle is calculated using equation below. 

                                                   (12) 



 74 

 

The solar declination angle is calculated by Pvsyst using equation 13.

                                                              (13) 

The daily extraterrestrial radiation per square meter is calculated by integrating 

equation 11 for the solar radiation intensity at the top of the earth's atmosphere from 

sunrise to sunset. The result of this integration is equation 14.

                                  (14) 

 

 

Pvsyst calculates the monthly average extraterrestrial horizontal radiation by 

using the daily average extraterrestrial horizontal radiation, H_o as follows.

                                                                              (15) 

 

The solar PV output calculated by Pvsyst is based on the amount of solar 

radiation that reaches the PV surface/array. There are two types of solar radiation 

that reach the earth's surface - beam or direct radiation and diffuse radiation. Beam 

radiation doesn't scatter and travels directly from the sun to the earth's surface, while 

diffuse radiation scatters and originates from all parts of the sky. The global 

horizontal radiation on the earth's surface is the sum of beam radiation and diffuse 

radiation. 
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                                                                                          (16) 

 

Pvsyst uses the data on global horizontal radiation, obtained from the NASA 

database, to calculate the amount of solar radiation that falls on the PV panel/array. 

The software first splits the global radiation into its beam and diffuse components, 

and then uses this information to determine the total solar radiation incident on the 

panel. 

3.6.1 Mathematical of the Temperature input from irradiance to PV Panel 

Based on the location Nicosia, the average ambient temperature in the year 

2022 is 20.8 degrees Celsius. The temperature effect on the photovoltaic (PV) system 

is taken into consideration in the input parameters of Pvsyst. The program calculates 

the temperature of the PV cells based on the ambient temperature at each time step, 

which is then used to determine the power output of the PV array. During night-time, 

the PV cell temperature is typically the same as the ambient temperature, but during 

the day, when the sun is shining, the cell temperature can rise to 30°C or higher 

above the ambient temperature. The calculation of the PV cell temperature is based 

on the energy balance of the PV panel/array, using the equation from Duffie and 

Beckman (1991). 

                                                                 (17) 

 

Equation 17 demonstrates an equilibrium between the amount of solar energy 

absorbed by the photovoltaic array and its electrical output, including heat transfer to 
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the environment. Equation 18 is used to determine the temperature of the cells.

                                                                  (18) 

NOCT (Nominal Operating Cell Temperature) (
𝜏𝛼

𝑈𝐿
) is frequently cited by 

manufacturers as it is challenging to measure directly. NOCT represents the 

temperature of the cell when the ambient temperature is 20°C, the incident radiation 

is 0.8 kW/m2, and no load is being used (i.e., 𝜂 = 0). Equation 18 can be transformed 

into equation 19 by substituting these values. 

                                                                           (19) 

 

 

Assuming a constant value (
𝜏𝛼

𝑈𝐿
), Equation 18 can be substituted into Equation 

19, resulting in Equation 20. 

                                         (20) 

PVSYST adopts the proposal by Duffie and Beckman (1991) that the value of 

𝜏𝛼 should be 0.9. Furthermore, PVSYST assumes that the photovoltaic array 

operates at its maximum power point. This is equivalent to the scenario where the 

photovoltaic array is controlled by a maximum power point tracker. Hence, PVSYST 

assumes that the maximum power point efficiency is always equal to the cell 

efficiency. 

                                                                                                (21)                                       

 

Replacing 𝜂𝑐 with 𝜂𝑚𝑝 in eq. 20 to yield: 

                              (22) 
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However, the efficiency of the photovoltaic array at its maximum power point, 

𝜂𝑚𝑝, is dependent on the cell temperature, 𝑇𝑐. PVSYST assumes a linear 

relationship between efficiency and temperature, as described in Equation 23. 

                                                           (23) 

 

 

Typically, the temperature coefficient of power has a negative value, meaning 

that as the cell temperature rises, the efficiency of the photovoltaic array decreases. 

Equation 3.21 for efficiency is then substituted into the cell temperature equation 

3.18, resulting in Equation 3.24.

             (24) 

In Equation 3.24, all temperatures must be expressed in Kelvin. This is the 

equation utilized by PVSYST in each time step to compute the cell temperature. 

Finally, PVSYST calculates the power output of the photovoltaic array using 

Equation 3.25 as follows: 

                                                   (25) 
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3.6.2 Solar panel General Mathematical Model  

The I-V output behavior of a photovoltaic (PV) cell can be represented by a 

mathematical model based on an equivalent circuit. This model is commonly used to 

monitor and evaluate the performance of PV cells and to examine various Maximum 

Power Point Tracking (MPPT) techniques. The equivalent circuit, shown in Figure 

3.30, is comprised of a photogenerated current source, a diode, a resistor representing 

leakage current in parallel, and a resistor that represents the cell's internal resistance 

to current flow. The I-V characteristic equation for a PV cell can be expressed as 

follows: 

                                  (26)                

The photocurrent (I_PH) is generated by light and is influenced by the solar 

insolation and cell operating temperature, as expressed by the following equation: 

I_s represents the saturation of dark current, q is the electron charge (1.6 × 

10^(-19)C), k is the Boltzmann constant (1.38 × 10^(-23) J/K), T is the cell 

temperature, A is the ideal factor, R_sH represents the shunt resistance, and R_SRS 

is the series resistance. 

                                                       (27)                                           

The cells short-circuit current (I_SC) at a temperature of 25°C and an 

insolation of 1 kW/m^2 is represented by the following equation: 

In this equation, K_I is the temperature coefficient of the cell's short-circuit 

current, T_r is the cell's reference temperature, and λ represents the solar insolation 
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in kW/m^2. Meanwhile, the saturation current of the cell varies with temperature and 

can be described as follows: 

                                          (28) 

The reverse saturation current (I_RS) of the cell at the reference temperature 

and solar radiation is described by the following equation: 

In this equation, I_RS is the cell's reverse saturation current at the reference 

temperature and solar radiation, and E_G is the band-gap energy of the 

semiconductor used in the cell. The ideal factor A is specific to the PV technology 

and is listed in Table 6 according to (Hua & Shen, 1998). 

The reverse saturation current at the reference temperature can be estimated 

using the following equation: 

                                                                      (29) 

 

where  the open-circuit voltage of the photovoltaic (PV) cell at the reference 

temperature can be represented by 𝑉𝑜𝑐 

.  

Figure 3.30: PV cell circuit diagram 

Table 3.6:  PV technology as regarded to Factor A dependency.  
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3.7 Dc-Dc Boost Converter  

The energy management system of a Solar Electric Vehicle (SEV) is shown in 

Figure 3.31. This system is responsible for directing the input energy into the 

vehicle's motors, allowing the vehicle to move. All energy inputs into the vehicle are 

managed by this system. 

 

Figure 3.31: energy management system of three soured input 

The Multiport DC-DC converter is used in taking all three input energies, 

battery as related to the brake energy , supercapacitor and Pv to the electric motor . 

As illustrated in the figure 3.32 below  

 

Figure 3.32: DC-DC Converter 

In modeling the mathematical formula for this conversion , the model diagram 

below is illustrated below for a three-input dc-dc converter. 
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Figure 3.33: Three Input converter model 

 

The output can be as follows.  

𝐿1=𝑑1{𝑉𝑝𝑣−𝑟1𝑖𝐿1}+(𝑑2−𝑑1){𝑉𝑝𝑣−𝑟1𝑖𝐿1−𝑉𝑐1}+(1−𝑑2){𝑉𝑝𝑣−𝑟1𝑖𝐿1}                              (30) 

𝑉𝑐1 =
𝑉𝑝𝑣−𝑟1𝑖𝐿1

𝑑2−𝑑1
                                                                                             (31) 

𝐿2 = (1 − 𝑑2){𝑉𝑢𝑐 + 𝑉𝑐1 + 𝑟2𝑖𝐿2 − 𝑉0} + 𝑑2{𝑉𝑢 − 𝑟2𝑖𝐿2} = 0                  (32) 

𝑉0 =
(1−𝑑2){𝑉𝑝𝑣−𝑟1𝑖𝑙1}+𝑑2{𝑉𝑢−𝑟2𝑖𝑙2}

𝑑2−𝑑1(1−𝑑2)
                                                                   (33) 

The current second equilibrium is low more than the capacitors C1 and C0, the 

voltage of the C1is  

𝐶1 = 𝑑2 − 𝑑1 − (1 − 𝑑2)𝑖𝐿2 = 0                                                                   (34) 

𝐶0 = (1 − 𝑑2)𝑖𝐿2 =
𝑉0

𝑅𝑙𝑜𝑎𝑑
                                                                               (35) 

When the battery is not used  

𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 0 

𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 0 

3.8 Mppt Modelling Design  

In previous sections of the solar panel modelling, it was stated that the solar car 

must be able to efficiently absorb the maximum energy from the panels while in 

motion. To achieve this, the orientation and design of the panels must allow for fast 

Maximum Power Point Tracking (MPPT) algorithms to be used. A brief overview of 

MPPT was described in Chapter 2. 

The Maximum Power Point Tracking (MPPT) algorithm is used to ensure that 

the energy from the solar panels is efficiently transmitted to the battery and motor. 
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According to the Lightyear0 design, a 5m^2 surface of 782 cells can generate a 

power of 130 kW. 

The dc - dc converter as designed in the previous subchapter influences the 

output of the type of connection done on the solar panels wither series, parallel or 

mixed mounting on the SEV. Therefore, the power depends on the irradiance and 

temp as regards the location of vehicle usage. Figure 3.34 below shows the 

characteristics output of the power and voltage as regards to the irradiance and temp 

in this study design with the use of Simulink. 

The energy management system in the Lightyear0 design includes a solar 

photovoltaic (PV) array, a DC-DC converter, a battery, and an MPPT charge 

controller block. The MPPT charge controller block comprises of a Perturb & 

Observe MPPT algorithm and a lithium-ion battery three-stage charge controller, as 

seen in Fig. This is a common design used in many commercial solar PV MPPT 

battery charge controllers. The MPPT charge controller block outputs a Pulse Width 

Modulation (PWM) control signal to switch the switching device in the DC-DC 

converter. The models for the solar PV array and battery were directly obtained from 

the Simulink Simscape Electrical block set library. 

 

Figure 3.34: I,V irradiance characteristics graph 

The MPPT is found using the DC-DC converter and controlled by the "Perturb 

and Observe" (P&O) algorithm in Fig 3.35. The current and voltage of the PV cells 

are measured, and the sign of dP (the derivative of power) is used to determine the 

location of the MPPT. Based on this information, a decision is made to increase or 

decrease the duty cycle (D). 
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Figure 3.35: P & O Mppt Algorithm 

In this study , two types of Mppt control strategy are designed . The purpose is 

to compare the output voltages . The second uses fuzzy logic inference(explained in 

appendix B) to derive voltage load in comparison to the first design . This determines 

uncertainties in the design based on a variation of conditions that may be involved in 

the motion of the vehicle and power transmitted to the batteries and motor from the 

solar panels. 

 

Figure 3.36: Fuzzy logic MPPT design model 
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  3.9 Energy Management System  

An Energy Storage System (ESS) is used to either store excess energy 

generated during high irradiances or maintain a consistent power supply during low 

irradiances. Traditional energy storage systems consisted of battery banks, but their 

high energy density results in a short lifespan when providing large bursts of power. 

A hybrid system that combines batteries with high-power-density sources, such as 

super capacitors, offers a solution. The battery in the system provides a constant 

energy source, while the supercapacitor supplies short bursts of power to the load. 

This combination of a battery and supercapacitor is known as a Stand-alone 

Photovoltaic Battery-Supercapacitor Hybrid Energy Storage System and is controlled 

by an energy management system to manage the flow of energy. The energy 

management system is depicted in the diagram below. 

 

Figure 3.37: Simulink energy management system design 

In the design model, the input comes from the solar irradiance of 349W/m2 of 

average  year energy in Nicosia, 2022, and an average temperature of 20.8 degrees 

Celsius. The module is based on the mathematical model output designed in the 

beginning of the chapter to select SunPower x-series panels based on their high 

efficiency.  

As discussed, for the DC-DC converters, the PWM switches the boost 

converter which outputs the voltage load. The PWM is determined by the input of the 

battery SOC, the irradiance, temperature, and voltage load.  
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The bidirectional DC-DC boost converter is designed for a continuous cycle, in 

which the voltage load determined is  multiplied by the load current to give the 

output load power. The output load power is transmitted to charge the 

supercapacitors and the lithium-ion battery.  

 

3.10 Brake Design  

The proposed design aims to conserve energy in electric vehicles by 

incorporating an Anti-lock Braking System (ABS) and a Regenerative Braking 

System (RBS) for maximum energy conversion during braking. The main goal of the 

design is to create an energy-saving braking system for use in electric vehicles.The 

design would incorporate an Anti-lock braking system (ABS) as well as a 

regenerative braking system (RBS) for maximum conversion of the energy generated 

into useful energy.  

3.10.1 ABS Mathematical modelling using third vehicle dynamics / analysis. 

The vehicle dynamics and mathematical models are assumed to simplify the 

process of deriving the braking system model. Instead of trying to derive a complex 

and difficult-to-obtain physical model of the electric vehicle, a third-party vehicle 

dynamics model is used. This allows for the differentiation of the partial differential 

equations governing the behavior of the brakes. 

 

Figure 3.38:  Third vehicle model 

Assuming braking was applied to a wheel of a third electric car that was 

initially moving at linear speed v(t0) at time t = t0 = 0  

The electric vehicle decelerates slowly through stopping time t = tf = 0 until it 

comes to a complete stop at final linear velocity v(tf) = 0 

The dynamic model equations of the system's motion in linear (x) and vertical 

(y) directions, respectively, are obtained by applying Newton's second law of motion 

to the free body diagram previously shown. 
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∑𝑓𝑥 = 𝑚 ×  𝑎𝑥       (36) 

Since  𝑎 =
𝑑𝑣

𝑑𝑡
,          𝑎𝑥 =  𝑣�̇� 

          ∴  ∑𝑓𝑥 = 𝑚 × 𝑣�̇�    (37) 

Since ∑𝑓𝑥 =  −𝜇 ×  𝐹𝑁,        𝑚 × 𝑣�̇�  = −𝜇 × 𝐹𝑁 

          ∴  𝑣�̇� =  −𝜇 ×  
𝐹𝑁

𝑚
         (38) 

Where, 

m = a percentage of the mass of all electric vehicles that are wheels 

vx = Vehicle's linear speed changes over time. 

 = frictional factor between the tire and the road 

FN = the wheel's normal road reaction force 

ax = time-varying linear deceleration of the vehicle 

Since g=gravitational acceleration, 

Given as follows is the wheels vertical equilibrium equation:∑𝑓𝑦 = 0 

Putting 𝐹𝑁 = 𝑚 × 𝑔 into (37),        𝑣�̇� =  −𝜇 (
𝑚 ×𝑔

𝑚
) 

           ∴  𝑣�̇� =  −𝜇 × 𝑔      (39) 

Newton's second law of motion application to electric vehicles deceleration, 

equilibrium equation is given as.  

       ∑𝑀 =  𝐽𝑤 × 𝛼      

Since  𝛼 =
𝑑𝜔

𝑑𝑡
,           𝛼 = �̇� 

               ∴  ∑𝑀 =  𝐽𝑤 × �̇�  (40) 

Since ∑𝑀 =  𝜇 × 𝑅 × 𝐹𝑁 − 𝑇𝑏,        𝐽𝑤 × �̇� = 𝜇 × 𝑅 × 𝐹𝑁 − 𝑇𝑏 

            ∴ �̇� =
𝜇×𝑅×𝐹𝑁−𝑇𝑏

𝐽𝑤
   (41) 

 

Where,  

α = amount of electric vehicles deceleration  

Tb = applied brake force to the radius wheel 

R = wheel radius  

Jw = moment of inertia  

ω = angular velocity of wheel 
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Changes in the proportionality between the vehicle's linear velocity and the 

wheels angular velocity are caused by the application of braking torque to the wheel, 

which results in a reduction in wheel velocity and the generation of a frictional force 

between the tyre and the road as the vehicle continues with its linear velocity. The 

result is the slip ratio, which is the difference in ratio between the electric vehicle's 

linear velocity and the wheels angular velocity. 

𝜆 =
(𝑣𝑥−𝜔)×𝑅

𝑣𝑥
        (42) 

Where,  

 𝜆 = slip ratio 

The aforementioned equation is differentiated with respect to time t, 

�̇� =
𝑣�̇�(1−𝜆)−�̇�×𝑅

𝑣𝑥
        (43) 

Substituting values of 𝑣�̇� and �̇�,  

�̇� =
 
−𝜇 × 𝐹𝑁

𝑚  (1 − 𝜆) − [
𝜇 × 𝑅 × 𝐹𝑁 − 𝑇𝑏

𝐽𝑤
] × 𝑅

𝑣𝑥
 

           �̇� =
−𝜇 ×𝐹𝑁

𝑣𝑥
[

(1−𝜆)

𝑚
+

𝑅2

𝐽𝑤
] +

𝑅

𝐽𝑤 × 𝑣𝑥
 × 𝑇𝑏  (44) 

The primary variables to be adjusted are the stopping distance, the vehicle's 

linear velocity, and the slip ratio because the ABS directs the braking operation by 

controlling the input torque produced by the actuator in the hydraulic system. 

Using Burckhardt friction model to model tyre forces,  

𝜇(𝜆, 𝑣𝑥) = [𝐶1(1 − 𝑒−𝐶2𝜆) − 𝐶3𝜆]𝑒−𝐶4𝑣𝑥    (45) 

Where, 

C1 = the friction curve's maximum value 

C2 = shape of the friction curve 

C3 = Friction curve discrepancy between maximum value and value at 1 

C4 = Value of the wetness characteristic 

At a specific magnitude of the wheel slip ratio, the effective coefficient of 

friction between the tire and the road reaches its maximum value; however, this 

value varies depending on the type of road. 
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Table 3.7: Variation in the ratio of wheel slip to the coefficient of traction on 

the road 

Surface Types C1 C2 C3 C4 

Dry Asphalt 1.2801 23.99 0.52 0.03 

Wet Asphalt 0.857 33.822 0.347 0.03 

Dry Concrete 1.1973 25.168 0.5373 0.03 

Snow 0.1946 94.129 0.0646 0.03 

 

Substituting the information in the table above into and the Burckhardt friction 

model, the graph below shows the variation between the wheel slip ratio and the road 

coefficient of friction. 

 

 

Figure 3.39: Road friction coefficient versus wheel slip ratio (Zhang & Cai, 

2018) 

Based on the simulation above, the objective of the ABS controller is to use the 

block diagram below to control the wheel slip ratio () to fix on the estimated value of 

0.1 to obtain the maximum frictional coefficient () for different types of road 

surfaces; 
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Figure 3.40: System for Feedback Control in ABS Block Diagram 

The sensor continuously monitors and measures the slip ratio, which is the 

system's output, and feeds that information back to the system to generate the error 

signal by comparing it to the desired slip ratio value, which is the system's input. A 

Proportional-Integral-Derivative (PID) controller or discrete time controller receives 

this error signal and, depending on the error's sign, assigns the output. The PID 

controller's output response, which is composed of three stages—proportional, 

integral, and derivative terms—results from processing the error signal. 

As shown below, the controller's transfer function; 

𝐺(𝑠) = 𝐾𝑝 +
𝐾𝐼

𝑆
+ 𝐾𝐷𝑆      (46) 

Where,  

Kp = gain for the proportional term 

KI = gain for the integral term 

KD = gain for the derivative term 

The main parameters of the ABS are adjusted by a discrete-time controller by 

controlling the slip ratio because the ABS is a non-linear feedback model. 

The difference equation describes a first-order discrete-time system. 

𝑦𝑘+1 + 𝑎𝑦𝑘 = 𝑏𝑢𝑘       (47) 

The difference equation gives a description of a second-order discrete-time 

system, 

𝑦𝑘+2 + 𝑎1𝑦𝑘+1 + 𝑎2𝑦𝑘 = 𝑏1𝑢𝑘+1 + 𝑏2𝑢𝑘    (48) 

Where, 

yk = discrete-time system output 

uk = discrete-time system input 

K = constant  

a1, a2, a3 = controller gain 
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The desired slip ratio is considered when determining the appropriate values of 

the gains using the time discrete Simulink blocks tool. 

 

 

Figure 3.41: Simulation of ABS governing equations. 

 

The dynamic model equations derived in (38), (39), (42), and are then applied 

to the simulation of the anti-lock braking system described above (45). Two 

subgroups are used to reduce interference and streamline the simulation. 

The slip ratio  described in (43) is simulated below. 

 

 

Figure 3.42: Calculation of Slip Ratio Subgroup 

 

The road frictional coefficient  described in (45) is simulated below. 

 

 

Figure 3.43: Coefficient of friction Computation Subgroup 
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Given as a function of the braking constant torques Tb and u, the total affected 

torque used to stop the wheels' rotation is as follows: 

𝑇 = 𝑢 + 𝑇𝑏        (49) 

Where,  

T = total effected torque to stop wheel rotation 

u = control manipulating variable 
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Figure 3.44: Model for the ABS Feedback Control system 

3.10.2 Parallel RBS Mathematical modelling  

Optimal brake torque requirements, anti-lock braking system and regenerative 

braking system braking torques, and allocation controls are all considered. 

The electric motor provides the regenerative braking torque necessary for the 

regenerative braking system to function while decelerating. The electric motor 

powering the electric car under consideration is a three-phase permanent magnet 

brushless DC motor. 

The motor torque is set as a first order reaction regarding electric vehicle 

dynamics. 

𝑇𝑀 + (𝜏𝑀 + 𝜏𝐸)𝑇�̇� = 𝑇𝑀𝑅      (50) 

Where,  

𝜏𝑀 = Mechanical time constant 

𝜏𝐸 = Electric time constant 

𝑇𝑀 = Actual value of motor torque 

𝑇𝑀𝑅 = Motor reference torque 

The axle drive unit and differential distribute the electric motor's output torque 

during the regenerative deceleration process. The torque for regenerative braking on 

a driven wheel is therefore given as, 

𝑇𝑏𝑟 =  𝑇𝑀  ∙
𝑖𝑎𝑖𝑑

2
       (51) 

Where, 

𝑖𝑎= ratio of the axle's drive 

𝑖𝑑 = the transmission's gear ratio 

The braking slip ratio can be defined as, 

�̇�𝐼𝑤 = 𝜇𝐹𝑁𝑅 +
𝐶𝐷𝐴𝑣𝑥

2𝑅

21.15
− 𝑇𝑏      (52) 

𝑚𝑜𝑣�̇� =
𝐶𝐷𝐴𝑣𝑥

2

21.15𝑣𝑥
+ 𝜇𝐹𝑁       (53) 
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Where, 

𝐼𝑤 = Wheel’s inertia 

𝐴 = Frontal Area 

𝑚𝑜 = Wheel’s vertical load  

The ideal braking torque can be obtained by combining (42), (52), and (53), 

and this quickly drives the wheel slip ratio to its ideal value. 

𝑇𝑏𝑜 =
�̇�𝐼𝑤

𝑟𝑜
[(𝜆 −

𝑣𝑥−𝜔𝑅

𝑣𝑥
) + (

𝑚𝑜𝑅2

𝐼𝑤
+  

𝐶𝐷𝐴𝑣𝑥
2𝑅2

21.15𝑣�̇�𝐼𝑤
+

𝜔𝑅

𝑣𝑥
)]   (54) 

Where, 

𝑇𝑏𝑜= Optimal braking torque of wheel 

Due to its precise control and quick response, the motor torque is desired at 

high frequency in dynamics control. Due to the existing lag between pressure 

variation and brake line valve action, it is impossible to adjust the hydraulic braking 

force accurately and quickly. As a result, the desired high frequency brake torque 

cannot be provided by the hydraulic brake. 

The optimal brake torque (,T-bo.) is divided into two parts based on the 

dynamics of the hydraulic and regenerative brakes that were examined. 

𝑇𝑏𝑜 = 𝑇𝑏𝑑 + 𝑇𝑏𝑠       (55) 

Where, 

𝑇𝑏𝑑 = Dynamic part of braking torque 

𝑇𝑏𝑠 = Steady part of braking torque  

The necessary, T-bs. is calculated based on the wheel-road adhesion that 

maintains the slip ratio in equilibrium. As long as the brake torque remains constant 

and is equal to T-bs, then; 

�̇� =
𝑣�̇�(1−𝜆)−�̇�×𝑅

𝑣𝑥
= 0        (56) 

Combining first two equations from earlier and most recent two,  

𝑇𝑏𝑠 = 𝑣�̇�𝑚𝑜𝑅 +
𝐶𝐷𝐴𝑣𝑥

2𝑅

21.15
+

𝑣�̇�𝐼𝑤

𝑅
(1 − 𝜆)    (57) 

To provide the dynamically demanding brake torque, T-bd. is required as slip 

ratio deviates from the ideal slip ratio,-o. It works in conjunction with T-bs to 

capacitively adjust the total torque to the ideal value and the slip ratio to the ideal 

value. As a result, the necessary dynamical braking torque can be calculated by 

combining the last four equations as follows: 

𝑇𝑏𝑑 =  
𝜆2+ 𝜆(Δ−1)

1− 𝜆
⋅  

𝑣�̇�𝐼𝑤

𝑅
      (58) 

Where ideal slip ratio 𝜆𝑜 =
𝛥𝜆

1−𝜆
, 
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Δ = Correction factor of slip ratio 

Two parameters are suggested to assess the braking energy efficiency 

performed by the ABS and RBS brakes to enhance the vehicle's energy efficiency 

during safety-critical driving situations; 

𝜀𝑠 = contribution percentage to the efficiency of steady braking 

𝜀𝑑 = ratio of the dynamic braking system's energy efficiency 

It is clear that, E-bs. given the energy consumption of the ABS while braking, 

optimal brake energy consumption (E-bo), and steady brake energy consumption (E-

bs). The contribution ratio to steady braking energy efficiency,-s. during braking is 

therefore given as, 

𝜀𝑠 =
𝐸𝑏𝑠

𝐸𝑏𝑜
=

𝐸𝑓𝑤_𝑏𝑟𝑘 + 𝐸𝑟𝑤_𝑏𝑟𝑘 + 𝐸𝑚𝑜𝑡_𝑏𝑟𝑘

𝐸𝑓𝑤_𝑏𝑟𝑘  + 𝐸𝑟𝑤_𝑏𝑟𝑘 + 𝐸𝑚𝑜𝑡_𝑏𝑟𝑘 + 𝐸𝑟𝑒𝑔𝑒𝑛
    (59) 

∴  𝜀𝑠 =
∫

𝑃𝑟𝑒𝑔𝑒𝑛 < 0
(𝐹𝑓𝑤_𝑏𝑟𝑘 + 𝐹𝑟𝑤_𝑏𝑟𝑘 + 𝐹𝑚𝑜𝑡_𝑏𝑟𝑘 )𝑢𝑑𝑡

∫
𝑃𝑟𝑒𝑔𝑒𝑛 < 0

(𝐹𝑓𝑤_𝑏𝑟𝑘 + 𝐹𝑟𝑤_𝑏𝑟𝑘  + 𝐹𝑚𝑜𝑡_𝑏𝑟𝑘 )𝑢𝑑𝑡 + ∫
𝑃𝑟𝑒𝑔𝑒𝑛 < 0

𝑈𝑏𝑎𝑡𝐼𝑏𝑎𝑡 𝑑𝑡 
 (60) 

Where, 

𝐸𝑓𝑤_𝑏𝑟𝑘 = energy use by the front wheel while braking 

𝐸𝑟𝑤_𝑏𝑟𝑘 = energy use by the rear wheel while braking 

𝐸𝑚𝑜𝑡_𝑏𝑟𝑘 = motor's energy usage while braking 

𝐸𝑟𝑒𝑔𝑒𝑛 = consumption of regenerative energy while braking 

𝑃𝑟𝑒𝑔𝑒𝑛  <  0 = a sign that the motor acts as a generator when the vehicle is 

braking efficiently 

𝑈𝑏𝑎𝑡 = Voltage during braking  

𝐼𝑏𝑎𝑡 = Battery current during braking 

𝐹𝑓𝑤_𝑏𝑟𝑘 = force of the front wheel's brakes 

𝐹𝑟𝑤_𝑏𝑟𝑘 = rear wheel braking power 

𝐹𝑚𝑜𝑡_𝑏𝑟𝑘 = Motor braking force 

It is clear that E-bd. when considering the energy consumption of the ABS 

during braking, the energy consumption of the optimal brake, and the energy 

consumption of the dynamic brake. Consequently, the contribution ratio to the 

energy efficiency of dynamic braking,-d. during braking is given as, 

𝜀𝑑 =
𝐸𝑏𝑑

𝐸𝑏𝑜
=

𝐸𝑚𝑜𝑡_𝑏𝑟𝑘+ 𝐸𝑟𝑒𝑔𝑒𝑛

𝐸𝑓𝑤_𝑏𝑟𝑘 + 𝐸𝑟𝑤_𝑏𝑟𝑘 + 𝐸𝑚𝑜𝑡_𝑏𝑟𝑘 + 𝐸𝑟𝑒𝑔𝑒𝑛
    (61) 

∴  𝜀𝑑 =
∫

𝑃𝑟𝑒𝑔𝑒𝑛 < 0
𝐹𝑚𝑜𝑡_𝑏𝑟𝑘𝑢𝑑𝑡 + ∫

𝑃𝑟𝑒𝑔𝑒𝑛 < 0
𝑈𝑏𝑎𝑡𝐼𝑏𝑎𝑡 𝑑𝑡

∫
𝑃𝑟𝑒𝑔𝑒𝑛 < 0

(𝐹𝑓𝑤_𝑏𝑟𝑘 + 𝐹𝑟𝑤_𝑏𝑟𝑘 + 𝐹𝑚𝑜𝑡_𝑏𝑟𝑘 )𝑢𝑑𝑡 + ∫
𝑃𝑟𝑒𝑔𝑒𝑛 < 0

𝑈𝑏𝑎𝑡𝐼𝑏𝑎𝑡 𝑑𝑡 
 (62) 



 95 

The difference in the vehicle's energy consumption between ABS and RBS can 

be seen by analysing the energy efficiency of regenerative braking with the help of 

the parameters, 𝜀𝑠. and 𝜀𝑑 The percentage of regenerative steady braking energy 

efficiency is described by parameter,-s, whereas the percentage of regenerative 

dynamic braking energy efficiency is described by parameter 𝜀𝑑. 

Combining from 𝑇𝑏𝑜 = 𝑇𝑏𝑑 + 𝑇𝑏𝑠 to the most recent equation, the required 

steady brake torque which is to be supplied by the ABS can be obtained by; 

𝑇𝑏_𝑓𝑟𝑖𝑐 =  𝑇𝑏𝑠𝜀𝑠 + 𝑇𝑏𝑑(1 − 𝜀𝑑)     (63) 

∴ 𝑇𝑏_𝑓𝑟𝑖𝑐 =  
𝑣�̇�𝐼𝑤

𝑅
(1 − 𝜆)𝜀𝑠 + 𝑣�̇�𝑚𝑜𝑅𝜀𝑠 +

𝐶𝐷𝐴𝑣𝑥
2𝑅𝜀𝑠

21.15
 +  

𝑣�̇�𝐼𝑤(1−𝜀𝑑)

𝑅
 ⋅

𝜆2+(Δ−1)𝜆

1−𝜆
                                                                                                                      (64) 

Combining from 𝑇𝑏𝑜 = 𝑇𝑏𝑑 + 𝑇𝑏𝑠 to ∴ 𝑇𝑏_𝑓𝑟𝑖𝑐 equation, the following methods 

can be used to obtain the intended electric motor's regenerative braking torque: 

𝑇𝑏_𝑟𝑒𝑔𝑒𝑛 =  𝑇𝑏𝑠(1 − 𝜀𝑠) + 𝑇𝑏𝑑𝜀𝑑                 (65) 

∴ 𝑇𝑏_𝑟𝑒𝑔𝑒𝑛 =  
𝑣�̇�𝐼𝑤

𝑅
(1 − 𝜆)(1 − 𝜀𝑠) + 𝑣�̇�𝑚𝑜𝑅(1 − 𝜀𝑠) +

𝐶𝐷𝐴𝑣𝑥
2𝑅

21.15
(1 − 𝜀𝑠) +

𝑣�̇�𝐼𝑤𝜀𝑑

𝑅
⋅

𝜆2 + (Δ−1)𝜆

1−𝜆
                               (66) 

 

3.10.3 Novel Regenerative Braking Control Strategy 

The novel serial regenerative braking control strategy being proposed for 

electric vehicles involves an affixing an ultrasonic sensor to the front of the electric 

vehicle to detect obstructions that could cause collisions. An ultrasonic sensor is one 

that measures distance by using ultrasonic sound waves. Ultrasonic pulses are 

periodically emitted by the sensor head, which then picks up the waves reflected 

from the target. By measuring the interval between the pulse's emission and 

reception, the sensor can then deduce the target's distance. The calculation of the 

object's distance from the sensor is shown below. 

𝐿 =  
1

2
× 𝑇 × 𝐶        (67) 

Where, 

L = Object distance 

T = Time between pulse emission and reception 

C =Speed of sound in air 

The value is multiplied by 
1

2
 because T is the total time of pulse travel. 

elapsed time between sending and receiving a pulse. 
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Figure 3.45:Distance covered by ultrasonic pulse [Source: maxbotix.com] 

 

 

 

Figure 3.46:Ultrasonic Sensor Operation (Transmission) [Source: 

maxbotix.com] 

 

Figure 3.47: Ultrasonic Sensor Operation (Receiving) [Source: maxbotix.com] 

 

Texas Instruments' TIDA-00151 reference design, which includes the 

PGA450-Q1 IC, a system-on-chip (SoC) sensor interface IC for automotive 

ultrasonic sensors, will be used as the ultrasonic sensor. For the purpose of 

determining the distance between the transducer and objects as well as signal 

conditioning and processing for the entire transducer echo signal. The 8051 cores in 

the MCU and the program memory enable complete configuration for the intended 

end use. The other systems in the vehicle are connected to this subsystem via a serial 

Local Interconnection Network (LIN) interface. 
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Figure 3.48: TIDA-00151 Ultrasonic sensor circuit diagram [Source: 

electronicdesign.com] 

The object distance to the electric vehicle is then fed to the electric vehicles 

Overall Control Unit (OCU) to; 

1. Determine the braking torque required to bring the electric vehicle to rest within the 

specified distance. 

2. Determine if the already generated rotary kinetic energy of the RBS can generate the 

required braking torque. 

3. Select the RBS to be used for braking if yes. 

4. Otherwise apply the ABS to bring about a halt or deceleration of the vehicles motion 

while preventing its skidding and yawing.  

5. To account for cases where direct hard braking is required by the driver to bring the 

vehicle to rest as soon as possible at his/her discretion, the OCU immediately activates 

the ABS to bring about this halt by receiving input from a rotary potentiometer 

installed at the brake pedal. The rotary-type potentiometer senses when the brake 

pedal is being pressed with more pressure that would give an equivalent brake pedal 

inclination angle range already calculated and preset by the manufacturer.  

To measure angular displacement, rotary-type potentiometers are used. The 

object whose angular displacement is to be measured is coupled to the shaft of the 

sensor's rotary knob. The potentiometer's knob can be turned to adjust the electrical 

resistance between two nodes' leads. It is recommended to use a single turn rotary-

type with the circuit diagram below to measure rotations up to one revolution. 
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Figure 3.49 : Single turn, rotary-type potentiometer circuit diagram 

  

𝑉𝑂𝑈𝑇 =
𝑥𝑉𝑠

1 + 𝑥(1−𝑥)
𝑅𝑃
𝑅𝐿

       (68) 

𝑅𝑃 =  𝑅1 + 𝑅2        (69) 

𝑅1 =  (1 − 𝑥)𝑅𝑃       (70) 

𝑅2 = 𝑥𝑅𝑃        (71) 

Where,  

𝑉𝑂𝑈𝑇 = Output voltage  

𝑥 = Slider position 

𝑉𝑠 = Supply voltage  

𝑅𝑃 = Potentiometer resistance  

𝑅𝐿 = Measuring device resistance  

The measured angle is obtained by multiplying change in slider position by 

potentiometer measurement range (𝜃) 
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Figure 3.50: OCU flowchart 

 

 

Figure 3.51:OCU Block Diagram 

 

 3.10.4 Mathematical Determination of Required Braking Torque 

The amount of braking force needed to bring the electric vehicle to rest or in 

other cases, reduce the velocity of the electric vehicle to a desired amount is an 

important factor to be obtained by the braking system of the electric vehicle. This 

novel regenerative system uses the information (distance between the electric 

vehicle’s front and the obstacle to be avoided) gotten from the ultrasonic sensor 

mounted at the electric vehicles front, as a key component alongside others, to 

determine how much force should be provided by the system to safely avoid 
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colliding with whatever obstacles lie in wait, by bringing the electric vehicle to rest 

before it even reaches said obstacles. The other variables needed for this 

determination are;  

1. The electric car's overall weight (m) 

2. the vehicle's speed at the moment (v) 

The electric vehicle's speedometer provides the vehicle's velocity, which is 

then fed to a microprocessor, which converts it using the formula below from the 

Km/h displayed on the digital speedometer to the m/s required to calculate the 

braking torque. 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑖𝑛 𝑚
𝑠⁄ =  𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑖𝑛 𝐾𝑚

ℎ⁄  × 0.2778 

3. The radius of the tyre (r) 

4. The Force which the moving electric vehicle produces (F) 

Such that;  

𝐹 = 𝑚𝑎        (72) 

   

𝑎 =  
𝑣2

2𝐿
         (73) 

a = Deceleration of Electric vehicle  

L = Distance from electric vehicle to obstacle 

5. The braking torque needed to bring the electric vehicle to rest (T) 

𝑇 = 𝐹 × 𝑟        (74) 
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Figure 3.52:MATLAB SIMULINK Simulation of required braking torque. 

 

3.10.5 Mathematical Determination of Torque produced by vehicle. 

The radius of the wheels, the mass of the electric vehicle, and other factors can 

all be used to calculate the torque that the electric motor-powered electric vehicle can 

produce at any given time. 

𝑇𝑏𝑠 = 𝑣�̇�𝑚𝑜𝑅 +
𝐶𝐷𝐴𝑣𝑥

2𝑅

21.15
+

𝑣�̇�𝐼𝑤

𝑅
(1 − 𝜆)    (75) 

Such that;  

𝑇𝑏𝑠 = Braking Torque produced by RBS 

𝐶𝐷 = Coefficient of air resistance  

𝐼𝑤 = Moment of inertia of tyre 

𝐴 = Frontal Area of Electric vehicle 
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Figure 3.53: MATLAB SIMULINK Simulation of RBS Braking Torque 

3.10.6 Mathematical Modelling of Novel Regenerative Braking Control 

Strategy 

Implementing the models developed above as subsystems, the designed system 

is simulated and tested on MATLAB using a SIMULINK model, such that the 

Lamps labelled “Range Indicator” and “Torque Indicator” represent the systems 

outcome in terms of choosing either the Anti-lock braking system or the 

Regenerative braking system to bring about a speed reduction or halt of the moving 

electric vehicle. The following table shows what the Lamp colours indicate.  

 

Table 3.8:Table showing meaning of Lamp colours. 

Range Indicator Torque Indicator Braking System to be Used 

Red Green Regenerative Braking System 

Green Red Anti-lock Braking System 

Red Red Anti-lock Braking System 

 

The brake pedal angle of operation is represented by a rotary switch that acts as 

the system's potentiometer output. The position of the pointer indicates the brake 

pedal's current position (angle) as determined by the potentiometer. The system also 

includes movable sliders to simulate the current speed of the electric car as 

determined by the speedometer. Boolean operators, switches, input, and output ports, 
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if blocks, and if action subsystems are used in the control action to produce the 

desired results. These components are programmed and connected via wires. 

 

Figure 3.54:MATLAB SIMULINK Simulation of Novel Control Strategy (OCU) 
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CHAPTER IV 

 

Results and Discussion 

 

In verification of the design analysis in the previous chapter, carrying out a 

survey analysis of energy potential in north Cyprus , determining the load profile 

based on the survey , and modelling the forces about the proposed designed solar 

electric vehicle. The following results are derived from the simulation and survey 

done in chapter three. 

4.1 Forces exerted on the SEV Simulink Model Result  

The proposed design speed, hour of usage and total area coverage are 20km/h, 

7 hours and 15km range distance for the solar electric vehicle. This is just a basic of 

what this thesis intends to achieve based on the survey done. Further improvements 

can be made based on imported survey analysis and other assumptions for the 

designed vehicle model. 

Therefore, the following are the results of the forces acting on the solar electric 

vehicle based on the designed model ana data provided in chapter 3. 

The figure below is a complete model of the forces acting on the designed 

electric model based on the technical data from the tesla model S and the lightyear0 

solar vehicle model. 

 

Figure 4.1: Simulink model for the forces about the SEV 

 

Based on the Simulink modelling , the following are the input data in table 4.1 

below. 
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Table 4.1 Technical Input Data for SEV Simulink model  

S/NO INPUTS VALUE 

1 Vehicle speed 20km/h 

2 Vehicle Mass 1000Kg 

3 Frontal Area 1.9707𝑚2 

4 Tire radius  0.27° 

5 Air resistance 𝐶𝑑 0.175 

6 Road friction coefficient  𝐶𝑟 0.013 

7 Slope force  0 

 

From the modeling the result of the forces acting on the SEV based on the 

Simulink model is illustrated in the figure below. The power output and torque 

output  from the 20km/h velocity  is 3.02Kw and 40Nm respectively. 

 

Figure 4.2 Simulink result of SEV required forces. 

The blue line indicates power while the green line indicates torque. These are 

the necessary outputs to power the SEV based on the input data at a constant velocity 

of 20km/h. The energy required for about 7hours would be 21.14kWh. 

Power  

Torque 
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4. 2 Energy Management System for Batteries 

The temperature and irradiance of Nicosia in 2022 were taken from the battery 

energy management system design and input into the Simulink model design, as 

shown in figure 4.2 below. 

 

Figure 4.3: Battery Energy Management system 

Based on the input data, the average irradiance value for the year, irradiance 

value for January representing the simulation for energy management system 

expected in the winter , and the irradiance value for July for the summer energy 

management system simulation are all simulated to present the expected energy in 

each of the seasons and the overall energy gotten for the year through the simulation 

model. 

The figures below are results of the simulation for each season and the overall 

energy for the year. For the average irradiance of the year 2022, the value is 

349w/m2 with a temperature of 20.8 degrees Celsius. Figure 4.4 illustrates the 

overall average power of the average irradiance input. 
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Figure 4.4 Overall Power simulation result from the Average irradiance input 

From the figure above , the first graph shows the output power of the PV 

stabilizing at an output of 2023kW. The third graph is for the storage with the purple 

line for the energy burst from the supercapacitor and the green line for the battery 

output power. The supplied load power is 509.3kW as seen in the second phase 

graph. 

Meanwhile for the summer season , with an irradiance value of 473w/m2 for 

the hottest summer month of July , and a temperature of 29.2, the power output is 

illustrated in figure 4.5 below.  

 

Figure 4.5: Summer Power output  

PV 

bat 

SC 

load 

load 

SC 

bat

ter 

PV 
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The supplied load is 542.5kW, from an input PV power of 2788kW, while the 

storage supplied power from supercapacitor and battery are -20.6kW and -632.6kW 

respectively as seen from their individual graphs. 

Finally for the winter month, using the coldest month of January as reference , 

with an irradiance value of 212w/m2 and a temperature of 14.7. Figure 4.6 below is 

an illustration graph of the power outputs. 

 

Figure 4.6: Winter power output 

In the winter simulation, with less irradiance for PV power supply of 1127kW, 

the output load power is 501.6kW, with supercapacitor and battery storage output 

power as -1.099kW and 649.1kW. 

The power outputs are illustrated in table 4.2 below. It should be noted that the 

output powers from the storage when shown negative means the storage is releasing 

power to the load while charging from the input of the PV. 

Table 4.2: Simulink Energy Management  Output Power Design  

S/NO DATA OVERALL 

AVERAGE  

SUMMER WINTER  

1 Irradiance value  349𝑤/𝑚2 473𝑤/𝑚2 212𝑤/𝑚2 

2 Temperature value 20.8 29.2 14.7 

3 PV Power 2023kW 2788kW 1126kW 

PV 

load 

bat 

SC 
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4 Battery Power -48.77kW -632.6kW 649.1kW 

5 Supercapacitor Power 7.89kW -20.6kW -1.099kW 

6 Load Power 509.3kW 542.5kW 501.6kW 

 

4.3 Braking System Simulink Model  Result 

To verify the proposed control strategy alongside its effectiveness in bringing 

about speed reduction to avoid collision and derivation of the converted torque to aid 

the SEV for longer range coverage, simulations and analysis in MATLAB Simulink 

software environment were conducted using parameters given in the table below.  

Varying road conditions across dry asphalt, wet asphalt, dry concrete, and 

snow to obtain different slip ratio values i.e., slip ratio values from Figure 3.39 

presented in the table below; 

Assuming a brake pedal angle range to be measured by the potentiometer 0 −

40° as the operating range for the driver’s intent to use the Regenerative Braking 

System, such that anything more than (40° ≤ 𝜃 ≤ 90°) signifies the driver’s intent to 

use the Anti-lock Braking System.  

Two sliders are provided to simulate the SEV’s speedometer, providing 

velocity values ranging from 0 – 100 km/h to the system.  

The system’s output is obtained by reading the light combinations of two 

Lamps labelled. 

Range Indicator and Torque Indicator having either green or red colours. Table 

3.7 is referred to for this.  

 

Table 4.3: Table of Parameters 

Parameter Character Value Unit 

Wheel Radius 𝑅 0.25 m 

Initial Velocity 𝑉𝑥 0 - 100 𝑘𝑚 ℎ⁄  

Moment of Inertia 𝐼𝑤 1.13 𝑘𝑔𝑚2 

Vehicle Mass m 350 kg 

Acceleration due to 

gravity 

g 9.81 𝑚 𝑠2⁄  

Coefficient of Air 

Resistance 

𝐶𝐷 0.75 - 

Frontal Area 𝐴 4 𝑚2 

Object Distance L 100-200 m 
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Substituting the information in Table 3.6 into and the Burckhardt friction 

model given in eq (45), the variance of road coefficient of friction to wheel slip ratio 

based on surface types is plotted below, from which Table 4.4 is gotten.  

 

 

Figure 4.7: Coefficient of road friction against wheel slip ratio 

Table 4.4 Road surface type against and corresponding slip ratio 

Surface Types Slip Ratio (𝝀) 

Dry Asphalt 0.17 

Wet Asphalt 0.15 

Dry Concrete 0.125 

Snow 0.03 

 

The simulations for the SEV moving at an assumed velocity of 56km/h, driving 

in snow with its brake pedal being pressed with an angle of 80° to bring the SEV to 

rest within 200m are shown below, highlighting the required braking torque to bring 

the SEV to rest, the braking torque to be provided by the RBS, and the Overall 

decision of the system in terms of Lamp colours.  
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Figure 4.8: MATLAB SIMULINK Simulation of above parameters for Required Braking 

Torque 

 

Figure 4.9: MATLAB SIMULINK Simulation of above parameters for RBS Braking Torque 
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Figure 4.10: MATLAB SIMULINK Simulation of above parameters for proposed system 

The parameters are inserted in the simulations such that the ultrasonic sensor 

output (object distance) is varied from 50m to 200m for the different surface types 

provided above to obtain Braking torque information, as well as verify the 

performance, accuracy, and effectiveness of the system. The results are presented in 

the table below; 

 

Table 4.5: MATLAB SIMULINK Table of Simulation Results 

Object 

Distance 

(m) 

Surface 

Type 

Velocity 

(km/h) 

Pedal 

Position 

(°) 

Required 

Braking 

Torque 

(Nm) 

RBS 

Braking 

Torque 

(Nm) 

Lamp 

Colour 

Decision 

(Braking 

System) 

50 Dry 

Asphalt 

40 50 108.20 117.22 R – Green 

T - Red 

RBS 

Wet 

Asphalt 

50 10 169.10 183.33 R – Red 

T - Green 

RBS 

Dry 

Concrete 

30 45 60.86 66.08 R – Green 

T - Red 

ABS 

Snow 50 25.3 169.06 184.38 R – Red 

T - Green 

RBS 
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100 Dry 

Asphalt 

49 60 81.18 91.24 R – Green 

T - Red 

ABS 

Wet 

Asphalt 

33 32 36.8 41.42 R – Red 

T - Green 

RBS 

Dry 

Concrete 

76 85 195.30 219.95 R – Green 

T - Red 

ABS 

Snow 45 50 68.47 77.45 R –Green 

T - Red 

ABS 

150 Dry 

Asphalt 

89 10 178.55 207.91 R – Red 

T - Green 

RBS 

Wet 

Asphalt 

18 40 7.30 8.51 R – Red 

T - Green 

RBS 

Dry 

Concrete 

34 25.3 26.06 30.40 R – Red 

T - Green 

RBS 

Snow 23 50 11.92 13.97 R – Green 

T - Red 

ABS 

200 Dry 

Asphalt 

72 10 87.64 105.60 R – Red 

T - Green 

RBS 

Wet 

Asphalt 

67 45 75.89 91.53 R – Green 

T - Red 

ABS 

Dry 

Concrete 

98 25.3 162.36 196.02 R – Red 

T - Green 

RBS 

Snow 56 80 53.02 64.27 R – Green 

T - Red 

ABS 

 

From the table above we see that the system correctly determines what braking 

system to use based on the current conditions such that the determination and 

selection process follows the stipulated operation, we also see that for various values 

of road type, velocity, and object distance the RBS was able to provide more than the 

required braking torque to bring the SEV to rest, indicating that not only is the RBS 
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capable of recharging the SEVs’ batteries, it is also very efficient in braking the 

vehicle before it reaches or collides with the upcoming obstacle.  

4.4 RBS Power Output integration with PV Load Power Output  

One of the objectives is integrating the solar energy output with the design 

braking system output. Having designed the PV and the braking system , a basic 

integration model is designed as seen in figure 4.11 below. The considered velocity 

is 5.56m/s as used in all the model designs being the minimal standard safe  velocity 

for any vehicle. 

 

Figure 4.11: Energy sources integration  

From the design , the power derived by the RBS is 15.69kW, from a velocity of 

5.56m/s. At each braking point and according to the velocity , an addition power is 

supplied directly to the load for further movement or range of drive.  

Modifying table 4.3, after the integration of RBS power at a constant velocity 

of 5.56m/s at each of the PV irradiance input value, the table becomes  

Table 4.6 Integration of PV source Power and RBS Source Power 

S/NO DATA OVERALL 

AVERAGE  

SUMMER WINTER  

1 Irradiance value  349𝑤/𝑚2 473𝑤/𝑚2 212𝑤/𝑚2 

2 Temperature value 20.8 29.2 14.7 
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3 PV Power 2023kW 2788kW 1126kW 

4 Battery Power -48.77kW -632.6kW 649.1kW 

5 Supercapacitor Power 7.89kW -20.6kW -1.099kW 

6 Load Power 509.3kW 542.5kW 501.6kW 

7 Load + RBS 524.99kW 558.19kW 517.29kW 
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CHAPTER V 

 

Conclusion and Recommendations 

The integration of PV and braking systems energy for further supply of energy 

to the electric vehicle has been the main objective of this thesis. This objective is 

achieved with certain designs made along the way. In a global scenario where 

environmental hazards from combustion engine vehicles are a problem to mankind, 

with the fact that , with upcoming designs of electric vehicles and shortage of solar 

charging stations or high cost of charging electric vehicles, the design of solar 

electric vehicle is an absolute solution to these crises. 

The design started with a collection of travel patterns in Nicosia, and distance 

covered which influence the decision of this thesis design  to be narrowed to the 

correspondence feedback. Modelling of the forces exerted on the vehicle design was 

the next approach , by taking technical specifications of the lightyear0 model and the 

mechanical specification of the tesla model S for the design of the SEV of this thesis. 

The forces design model , gave an abstract view of the power necessary to move the 

car at a constant velocity of 5.56m/s.  

Further modelling was done about the expected solar energy that can be gotten 

from the sun for the Nicosia region to power the vehicle based on previous model 

design when considering forces exerted on the vehicle. The PV design was furthered 

model in Simulink and done according to each season in the Nicosia region. Pvsyst 

was the tool for the collection of solar irradiances in the region. 

The braking system designed in this thesis has proved that efficient braking 

systems can be suppliant to aid the SEV for further distance, while still preventing 

excessive dissipation of heat energy via the brakes, through its conversion and 

conservation. 

Challenges were faced during the design phase in obtaining a 3-D model of the 

proposed system. The search and installation of a suitable simulation software to test 

and confirm results from the proposed design took a considerable amount of time and 

eventually had to be fast-tracked. However, the thesis was completed through all the 

challenges faced. There were some imprecisions (slight deviations) from the desired 

interface and interface of the simulation, this however produced similar and desired 

outputs still. 

The solar electric vehicle model design is nearly perfect ,as it requires many 

calculations and design specifications. In near future , it will be advisable to have a 

much better design for the mechanical parts, having considered the body materials 

which should be light weight , the tire of the vehicle which should have smooth 

friction surface and whose diameter should be reduced for better rolling force.  

Furter recommendation is about the solar panel, as most panels are glass 

natured, research into polymers type of panels and increase in their efficiency will 
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yield much power and cut off the weight of panels which will be suitable for the 

design of solar electric vehicles. 
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Appendices 

The following extra information as regards the thesis are attached to the 

appendices separately from the main report. 

 

Appendix A ( Answers from the Survey) 

From the E-questionnaire created from google forms, the link below is an 

attachment to the result gotten from the correspondence of the survey. 

https://drive.google.com/file/d/1fhKOh5CXu8VdbDz41wa-

Mb5f1ClMp_6Q/view?usp=sharing 

 

 

Appendix B ( Fuzzy Logic Inference for MPPT model) 

Fuzzy Logic Controller Design Model  

Fuzzy controllers are based on rule bases and membership functions for their 

design aspect. They are effective because they consider grey areas of design aspects. 

Fuzzy controllers are more robust and easier to implement as compared to classical 

control schemes. This is the main reason why fuzzy controller schemes are 

implemented in artificial intelligence papers because they cover the grey area aspects 

of design.  

In this thesis , I proposed fuzzy controller with two inputs, P_v and I_v and one 

output, PWM, to create the duty circle resulting in the control by the MPPT. 

Our fuzzy logic design is consisting of inputs, output, and Mamdani-Fuzzy 

inference engine. The output is the Duty cycle and is defuzzied using the centroid 

method. The block diagram below depicts that. 

 

 
Figure 1: Design Variables  

 

Membership Functions 

It is very important we implement the membership function in the fuzzification 

and the defuzzification steps of the FLC because it must perform evaluation of the 

non-fuzzy input values to the fuzzy linguistics terms and vice versa. More so, we 

implement the membership function to measure these linguistic terms. Below are the 

https://drive.google.com/file/d/1fhKOh5CXu8VdbDz41wa-Mb5f1ClMp_6Q/view?usp=sharing
https://drive.google.com/file/d/1fhKOh5CXu8VdbDz41wa-Mb5f1ClMp_6Q/view?usp=sharing
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membership function of the inputs and the output values showing their respective 

ranges. 

P_V – The power derived from the solar irradiance and temperature of the 

region into the simulation. 

Then, we divide the power  from -5 to 5 to 7 different ranges as follows: 

• Negative big (1,2,-5), gbellmf.  

• Negative medium (-4 ,2) trimf.  

• Negative medium (-3 ,1) trimf.  

• Zero (-0.5 ,0.5) trimf.  

• Positive small (1 ,3) trimf.  

• Positive medium (2 ,4) trimf.  

• Positive big (1,2,5) , gbellmf. 

 

I_V – The current derived from the solar irradiance and temperature of the 

region into the simulation. 

Then, we divide the current from -5 to 5 to 7 different ranges as follows: 

• Negative big (1,2,-5), gbellmf.  

• Negative medium (-4 ,2) trimf.  

• Negative medium (-3 ,1) trimf.  

• Zero (-0.5 ,0.5) trimf.  

• Positive small (1 ,3) trimf.  

• Positive medium (2 ,4) trimf.  

• Positive big (1,2,5) , gbellmf. 

 

PWM – Now for the output membership function, The Output is regarded as 

the duty cycle that is controlled by the MPPT to results to the boosting of the voltage. 

The PWM serves as the transducer for switching the pulses. 

The membership functions are classified as. 

• Negative big (-1, -0.6), trimf.  

• Negative medium (-0.8, -0.4) trimf.  

• Negative medium (-0.6 , -0.2) trimf.  

• Zero (-1.5 ,1.5) trimf.  

• Positive small (0.2 ,0.6) trimf.  

• Positive medium (0.4 ,0.8) trimf.  

• Positive big (0.6, 1) , trimf. 
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Table 1: Membership Functions 

 

 

 

 
 

Figure 2: Membership function P_v 

Input/output Parameters Membership Functions Ranges  

INPUT 

P_V NB, NM, NS, ZE, PS, PM, PB -5 to 5 

I_V NB, NM, NS, ZE, PS, PM, PB -5 to 5 

OUTPUT  PWM DL, DS, NBT, IS, IL -1 to 1 
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Figure 3: Membership function I_v  

 

 
 

Figure 4: Output Membership function PWM 

 

 

Design Rules base 

Therefore, the fuzzy rules for training with an IF-THEN condition and a 

conclusion used for this design is shown in Table 3.2 and Figure 3.4 below. The 

fuzzy rules are designed to track the maximum power point of the Pv system under 
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changing weather conditions. Rapid changing solar radiation is taken into account  

while designing these rules.  

 

Table 2: Fuzzy Rule based training 

∆𝑃𝑣
∆𝐼𝑣

⁄  NB NM NM ZE PS PM PB 

NB PB PB PM NM NM NB NB 

NM PB PM PM NM NM NM NB 

NS PB PM PS NS NS NM NB 

ZE NB NM NS ZE PS PM PB 

PS NB NM NS PS PS PM PB 

PM NB NM PM PM PM PM PB 

PB NB NM NM PM PM PB PB 
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 Defuzzification 

Finally, the process of defuzzification. The defuzzification process is a 

procedure of the quantitative outcome of the fuzzy logic design, the stated fuzzy 

sets, and the degrees of the membership function. Basically, it is needed in the 

arrangements of the fuzzy control and these arrangements contains many rules that 

will convert some variables into the result of the fuzzy design and then the variables 

that are converted are called the expressed results that are in the terms of the 

membership functions in the fuzzy sets. Furthermore, the defuzzification renders the 

fuzzy set degrees of the membership function into an output in the form of the 

output like the real values. 

 

 

Figure 5 :Fuzzy Knowledge Rule base viewer 
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Figure 6: Surface Viewer plot  
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