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[bookmark: _Toc1414560711][bookmark: _Toc215265843]Chapter 1: Introduction 
This report provides an in-depth look at the impact of integrating a Kinetic Energy Recovery System (KERS) into a vehicle, focusing on whether the system can reduce overall fuel consumption. The vehicle that was selected for analysis is the standard Tesla Model 3, chosen for its well documented performance. 
To conduct a detailed evaluation, several key vehicle characteristics must be researched or calculated, including the test mass, frontal area, rolling resistance coefficient, and aerodynamic drag coefficient. These characteristics are essential for accurately calculating the vehicles forces and energy demands. 
In addition, the report will dive into the Worldwide Harmonized Light Vehicle Test Procedure (WLTP). This includes selecting the ideal cycle for the Tesla Model 3, as well as an analysis of the cumulative tractive and braking energy over that chosen cycle. This provides an insight into how a KERS would perform under real-world driving conditions. 
Finally, the report will investigate various types of KER systems and will select the most suitable option for the Tesla model 3. The selected system will then be assessed to determine its potential effectiveness when applied to the vehicle and whether it can reduce overall fuel consumption. 
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Table 1: Researched Tesla Model 3 characteristics
	Characteristic 
	Value
	Reference

	Coefficient of drag (CD)
	0.23
	(Mark Reynolds, 2023)
	Rolling resistance coefficient (CRR)
	0.01
	(Gustavo Henrique Ruffo, 2020)
	Frontal area
	2.2m^2
	(Gustavo Henrique Ruffo, 2020)

Table 1 presents the key measurable characteristics of the Tesla Model 3, including its coefficient of drag, rolling-resistance coefficient, and frontal area. These parameters are critical for calculating both aerodynamic drag and rolling resistance, which together are a major portion of the vehicles opposing forces. Without accurate values for those resistances, it would not be possible to calculate the total tractive forces on the vehicle, as well as to perform analysis on its energy consumption and efficiency. 

Table 2: Tesla model 3 mass
	parameters
	Value
	Reference

	Kerb mass
	1760kg
	(Model 3 owner’s manual, 2024)
	Weight of driver
	75kg
	(Iddo Riemersma, 2016)
	GVW
	2192kg
	(Model 3 owner’s manual, 2024)
	Maximum vehicle load
	2192 - 1760                                = 432kg
	

	Mass representative of vehicle load
	15% (64.8kg)
	
(Iddo Riemersma, 2016)


	Constant mass
	25kg
	

	Test mass
	1760+75+64.8+25                  = 1924.8kg
	


Table 2 outlines the parameters required to accurately calculate the test mass of the vehicle. The test mas is calculated using the formula: Test mass = kerb mass + driver weight + constant mass + mass representative of vehicle load. The mass representative of vehicle load varies depending on vehicle classification. In this case, the Tesla Model 3 is categorized as a category 1 vehicle, meaning that 15% of its maximum vehicle load is used in the calculation (Iddo Riemersma, 2016)This formula for test mass reflects regular operating conditions, simulating how the vehicle would typically be driven with a normal load. As a result, the calculated test mass provides a more accurate basis for analysing vehicle performance, energy consumption, and resistance forces under everyday driving scenarios.
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Table 3: WLTC test cycles
	Category
	PMR, W/kg
	v_max, km/h
	Speed Phase Sequence

	Class 3b
	PMR > 34
	v_max ≥ 120
	Low 3 + Medium 3-2 + High 3-2 + Extra High 3

	Class 3a
	
	v_max < 120
	Low 3 + Medium 3-1 + High 3-1 + Extra High 3

	Class 2
	34 ≥ PMR > 22
	-
	Low 2 + Medium 2 + High 2 + Extra High 2

	Class 1
	PMR ≤ 22
	-
	Low 1 + Medium 1 + Low 1


(Source: Diesel net, no date)

Table 4: WLTP class characteristics 
	Characteristic
	Value
	Reference

	Kerb mass
	1760kg
	(Model 3 owner’s manual, 2024)
	Vehicle power output
	165KW
	(Tesla model 3 standard range, 2025)
	Power to mass ratio
	165000W/1760kg                  = 93.75W/kg
	(Good Calculators, no date)
	Maximum velocity 
	210km/h
	(Tesla model 3 standard range, 2025)


Table 3 (Diesel net, no date)presents the different WLTP classes along with their corresponding power to mass ratios (PMR) and velocity requirements. These criteria are established to ensure that vehicles can complete the full driving cycle without reaching their maximum velocity prematurely, particularly during the higher-speed phases. Most modern passenger vehicles fall under class 3, as they typically possess both a high PMR and high maximum velocity. However, the classification system also accommodates older or heavy-duty vehicles, which may struggle to achieve these higher velocities.

The WLTP cycle is divided into multiple phases designed to replicate real-world driving conditions. Low-speed phases simulate city driving, medium-speed phases represent town driving, high-speed phases reflect rural roads, and extra-high-speed phases correspond to motorway conditions (WLTP driving cycle, no date). By performing all phases, it is possible to evaluate vehicle performance effectively across a wide range of driving scenarios.

Table 4 Provides the relevant characteristics of the Tesla Model 3, including calculations for its PMR, which determine the appropriate WLTP classification. The Tesla Model 3 has a PMR of 93.75 W/kg, substantially exceeding the minimum requirement of 34 W/kg for class 3. Its maximum velocity of 210 km/h is also significantly above the class 3b threshold of 120 km/h. Based on these figures; the Tesla Model 3 is appropriately classified as class 3b. 
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Table 5: Tractive force calculations
	Characteristic
	Value
	Reference

	Torque from the motor
	400Nm
	(Tesla model 3 standard range, 2025)
	Total gear ratio
	9.03:1
	(Model 3 owner’s manual, 2024)
	Torque at the wheel
	400Nm x 9.03 = 3612Nm
3612 / 2 = 1806Nm (RWD)
	(How to calculate wheel torque from engine torque, no date)
	Tyres
	235/45 R18
	(Model 3 owner’s manual, 2024)
	Sidewall height
	(45/100) x 235 = 105.75mm
	
(Matt, 2025)

	Rim radius
	(18 x 25.4) / 2 = 228.6mm
	

	Rolling radius
	105.75 + 228.6 = 334.35mm
(0.33435m)
	

	Tractive force
	1806 / 0.33435 = 5401.5N
(at each wheel)
	(How to calculate wheel torque from engine torque, no date)

Table 5 presents the characteristics required to calculate the tractive force of the vehicle. Tractive force is the force delivered to the wheels that enables the vehicle to overcome all resistive force and initiate or maintain motion. It is calculated using the formula: tractive force = torque at the wheel / rolling radius
To determine the torque at the wheel, the motor torque must first be multiplied by the total gear ratio and then divided by 2 because the Tesla has 2 driven wheels. The rolling radius is calculated as the sum of the tyre’s sidewall height and the rim radius. 








Figure 1: Resistant forces graph

Figure 1 illustrates how the vehicle is affected by various resistive forces throughout the WLTC cycle. Specifically, it shows acceleration resistance, rolling resistance, aerodynamic resistance, and the total tractive force. The graph is divided into the four WLTC phases, using the red lines, with the first three phases displaying relatively consistent trends. 
In the final phase, however, the acceleration resistance spikes a lot lower than before. This reduction occurs because this phase contains fewer rapid acceleration events, instead, the vehicle gradually accelerates to higher speeds before decelerating. In contrast, aerodynamic resistance increases significantly during this phase due to the higher speeds, as aerodynamic drag scales with the square of velocity. 
The total tractive force curve represents the overall force the vehicle must generate to overcome all resistances and maintain motion. Since it is the sum of the individual resistive forces, it mirrors the changes in the individual forces. 




Figure 2: Cumulative braking and tractive energy graph

Figure 2 illustrates the cumulative tractive energy and braking energy over the WLTC cycle. The cycle includes repeated phases of acceleration and braking, causing both cumulative tractive and braking energy to increase throughout the cycle. However, the cumulative tractive energy is significantly higher than the braking energy due to the large amount of resistance the vehicle must overcome to move, including rolling resistance, aerodynamic resistance, and acceleration resistance. 
The cumulative braking energy represents the energy lost during braking, a portion of which can be recovered using a KERS, though full recovery is not possible. The gap between the tractive and braking energy curves indicates total energy losses in the cycle, which in this case is 8089 KJ.
The flat sections in the curves correspond to periods of constant speed or braking. For example, during braking, the tractive energy does not increase, resulting in a flat section on the tractive energy curve. Similarly, during acceleration, the braking energy remains constant. These step-like patterns reflect the acceleration and deceleration events throughout the cycle. 





Figure 3: Tractive force and total tractive force graph

Figure 3 illustrates the comparison between tractive force and total tractive forces throughout the WLTC cycle. Tractive force represents the force applied at the wheels that enables the vehicle to overcome resistive forces and produce acceleration, whereas total tractive forces represent the sum of all resistive forces acting against the vehicles motion. 
In the graph, there are points where the tractive force values are greater than the total tractive forces, this indicates that the vehicle is applying more force than is required to overcome resistance, resulting in positive acceleration. Conversely, there are points when the tractive force drops below the total tractive force and becomes more negative, this indicates that the vehicle is applying the brakes to decelerate quicker than using the resistant forces. 
Towards the end of the cycle, both tractive and total tractive force decrease as the vehicles rate of acceleration reduces, reflecting the direct relationship between these forces and the vehicles acceleration. 





Figure 4: Tractive power graph

Figure 4 illustrates the tractive power throughout the WLTC cycle. Tractive power is calculated as the product of tractive force and vehicle speed, representing the rate at which the tractive force performs work on the vehicle. As the cycle, progresses, tractive power increases due to the higher speeds reached in the later phases of the WLTC cycle. However, the rate of increase gradually tapers off because the tractive force decreases as acceleration diminishes. This relationship reflects how speed and acceleration influence the power placed on the vehicle’s wheels across the cycle.
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Figure 5: WLTC class 3 cycle graph


Figure 5 illustrates the WLTC class 3 cycle, showing the vehicle’s speed over time. The cycle is divided into four distinct phases, low, medium, high and extra-high which are indicated by the green lines. Throughout the cycle, the vehicle undergoes numerous braking points, each providing an opportunity to recover kinetic energy through a KERS, these are represented by the orange lines. 
The point in the cycle with the highest potential for kinetic energy recovery is indicated by the red line. At this point, the vehicle reaches a peak velocity of 36.5 m/s (131.4 km/h) and has a mass of 1924.8 kg, giving it a kinetic energy of 1282.16 KJ. This value represents the maximum recoverable kinetic energy from a single braking event during the WLTC class 3 cycle.
When selecting an appropriate KERS for the vehicle, it is essential to ensure that the energy storage system can accommodate the peak energy input of 1282.16 KJ. If the system’s storage capacity is insufficient, excess energy will be wasted, and it can lead to components overheating and later failing. 

[bookmark: _Toc215265848]Chapter 6: Kinetic Energy Recovery System (KERS)
A Kinetic Energy Recovery System (KERS) is a technology integrated into vehicles to capture kinetic energy that would otherwise be lost during braking. This energy is stored for later use, either for additional power or to prolong battery life. Various types of KERS exist, including regenerative braking systems, mechanical flywheel systems, and electro-mechanical flywheel systems, with their effectiveness depending on both the design of the system and how the vehicle is driven. 
The Tesla Model 3 utilizes a regenerative braking system to recover kinetic energy lost during braking, delivering it back into the battery to extend battery life and efficiency. When operating in Tesla’s “Hold” stopping mode, which rapidly decelerates the vehicle when the accelerator is released, the system achieves an efficiency of around 81.2%. Over the course of the WLTP cycle, the maximum kinetic energy available for recovery is 128.16 KJ. Accounting for the systems efficiency, the regenerative braking system can recover approximately 1041.11 KJ of energy, which will extend the vehicles battery life.















[bookmark: _Toc215265849]Chapter 7: Kinetic energy recovered
Figure 6: Kinetic energy recovered graph

Figure 6 illustrates the kinetic energy that can be recovered throughout the WLTC cycle in KJ. At any point in the cycle, if the Tesla model 3 were to come to a complete stop, the corresponding value represents the kinetic that would be captured by the vehicles regenerative braking system at that instant. For example, at approximately 650 seconds into the cycle, indicated by the red arrow, the regenerative braking system could recover around 200 KJ of kinetic energy.
It is important to note that the system is only 81.2% efficient, meaning that 18.8% of the kinetic energy is lost due to thermal dissipation and mechanical losses. Therefore, while the system can recover a substantial portion of energy during braking events, a fraction is inevitably lost. 





[bookmark: _Toc215265850]Chapter 8: System operation
The regenerative braking system in the Tesla Model 3 operates differently from many other regenerative systems. When the driver releases the accelerator, the system uses the electric motor to create a resistance which in turn slows the vehicle down without engaging the friction brakes. Simultaneously, the motor acts as a generator, converting the vehicles kinetic energy into electrical energy from the resistance. The energy recovered through regen braking is stored in the battery, helping to extend overall battery life and improve vehicles energy efficiency. This system reduces wear on the brake pads and discs, reducing the maintenance requirements and improving overall vehicle longevity (Kevin Armstrong, 2023). 
The Tesla Model 3 offers several regenerative braking modes that can be selected based on the diver’s preference: creep, roll, and hold, which adjust the strength of regenerative braking. In creep mode, regenerative braking is effectively disengaged, and the vehicle behaves like a traditional automatic car. Hold mode fully engages regenerative braking to maximise energy recovery and to slow the vehicle rapidly when the accelerator is released (Model 3 owner’s manual, 2024).
However, there are certain limitations to this system. When the battery is fully charged, regenerative braking is temporarily disabled, and the vehicle relies on the friction brakes to simulate the regenerative braking effect, as excess energy cannot be stored. Additionally, if the battery is cold, regen braking is limited because delivering large currents to cold lithium-ion cells can damage the battery (Model 3 owner’s manual, 2024). These constraints ensure that the system operates safely, when conditions allow the regenerative braking is re-enabled. 
This system functions very differently from a traditional braking setup from the driver’s perspective. Instead of relying on both the accelerator and brake pedals during normal driving, the Tesla Model 3 allows the accelerator pedal to act as the primary means of deceleration, lifting off the pedal engages regenerative braking, slowing the vehicle without the need to engage the brake pedal. As a result, the brake pedal is used mainly for emergency or hard-braking situations. This system can make stopping feel very harsh as the system engages abruptly, however, Tesla provide adjustable settings allowing the driver to tailor it to their preferred driving style.
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Tractive Power over the WLTC cycle
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 Kenetic Energy Recovered over the WLTP cycle
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Resistant forces over the WLTC cycle
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Cumulative Braking and Tractive Energy over the WLTC cycles
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