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[bookmark: _Toc632906335][bookmark: _Toc1908858891]Vehicle Selection
For this assignment, I have decided to pick a F10 body BMW 520D as I personally have this car so I can relate to this car well. However, where mine is a 2013 it predates the Worldwide Harmonised Light Vehicles Test Procedure (WLTP). The WLTP was introduced in 2018 so I will be using a range of data from across multiple years where the model range was made.
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Figure 1.1[footnoteRef:29564] [29564:  ggg] 




[bookmark: _Toc839681520][bookmark: _Toc508512562]Dynamic Characteristics of the Vehicle
[bookmark: _Toc1000030968][bookmark: _Toc1024467291]Test Mass 
The WLTP test-procedure specification defines the "test mass" as kerb mass plus 100 kg (to reflect a nominal driver plus standard load), plus any additional standard load and optional equipment as needed. [Mock et al.,2014]
The Curb weight for an F10 body BMW 520D starts around 1,650kg but can change depending on the spec of the vehicle. [BMW Group, 2013]
With both of those pieces of information we can work out that the test mass for the WLTP would be:

[bookmark: _Toc2114665320][bookmark: _Toc1025953246]Frontal Area 
The estimated area of an automobile when viewed from the front is known as the frontal area. Put otherwise, it is the car's airflow-facing profile, measured in square meters (m²).
For the F10 BMW the frontal area is:
 [Carfolio.com, 2020]
[bookmark: _Toc2078333575][bookmark: _Toc11690018]Rolling Resistance Coefficient
The rolling resistance coefficient, which is typically represented by the symbol , is a dimensionless figure that expresses how much a wheel resists rolling across a surface. It has a significant impact on both fuel efficiency and vehicle dynamics.
The        for a standard passenger car is between approximately 0.008 - 0.015. For this assignment I will assume that I have midrange tyres on the car so I will go for a figure in between the approx. measurements which will be:

[bookmark: _Toc657895220][bookmark: _Toc453011104]Coefficient of Aerodynamic Drag
The dimensionless coefficient of drag, commonly represented by the symbol , measures how aerodynamically "slippery" an item is when it passes through a fluid, such as air. It indicates the amount of aerodynamic drag that an object or vehicle produces in relation to its size and speed.
The coefficient of drag for an F10 BMW is:
              [Carfolio.com, 2020]



[bookmark: _Toc386193651][bookmark: _Toc931765246]Worldwide Harmonised Light Vehicle Test Procedure (WLTP)
The WLTP is a testing program designed to give a more accurate picture of fuel consumption and CO2 levels in the real world by simulating how people actually drive their automobiles on a daily basis. Low, high, extra high, and combined speed zones that alternate between acceleration and deceleration make up the test. This makes it even more active than the NEDC (New European Driving Cycle) test, which only evaluated urban, extra-urban, and combination areas. [Vehicle Certification Agency,2021]
[image: ]Figure 3.1: Graph shows the WLTP class 3 cycle, using time over speed.





[bookmark: _Toc216275874][bookmark: _Toc924496835]Cumulative Energy
[bookmark: _Toc1078181488][bookmark: _Toc1840213549]Tractive Energy at the Wheel
The total energy required by a vehicle's wheels to overcome all resistive forces and drive the vehicle over a specific distance is known as "tractive energy at the wheel." In essence, it is the amount of energy needed to move the vehicle down a path, measured at the wheels instead of the engine. 
The “tractive energy at the wheel” is measured in joules (J) or kilowatt-hours (kWh). It is calculated based on the forces that resist motion such as:
· Aerodynamic Drag = 
· Rolling Resistance = 
· Gravitational Resistance (such as sloped) = 
· Inertial Resistance (such as acceleration) = 
The tractive energy over distance:

Where:


[image: ]
Figure 4.1: Graph shows all forces required in the movement of the vehicle.

[bookmark: _Toc645851701][bookmark: _Toc1572402858]Braking Energy at the Wheel
The kinetic energy that a car's brakes or regenerative braking system must dissipate when it slows down, or stops is known as braking energy at the wheel. It refers to the energy that was previously applied to the wheels as tractive energy and must now be extracted in order to lower the speed of the vehicle.
Braking energy at the wheel is measured in joules (J) or kilowatt-hours (kWh). The energy that is absorbed has only a few areas where it can go while slowing down the car:
1. Friction Brakes 
This is when the energy that was put into the wheel is converted into heat though the friction brakes to slow down the vehicle.
2. Regenerative Braking 
Where the energy that was in the wheel is converted to electricity and stored into the battery or other kinetic energy recovery system (KERS). However, it is almost impossible to store all the energy through the KERS as it is never one hundred percent efficient meaning that there will still be losses to heat or friction but not as much as the friction brakes.
Energy when braking is calculated by:

Where:



[image: ]Figure 4.2: Graph shows all the braking lost over the WLTP cycle.



[bookmark: _Toc556492538][bookmark: _Toc796447571]Kinetic Energy Recovery Requirements
[bookmark: _Toc552786182][bookmark: _Toc1580607314]Largest Possible Kinetic Recovery Input
[bookmark: _Int_zDP8dTJu]To work out what size the type of KERS (Kinetic Energy Recovery System) needs to be, I need to find the highest possible input to know how much it needs to store. To do this. I look at the graph (Figure 4.2) above to understand where the biggest loss of energy due to braking is and calculate it over that point. This tends to happen over the higher speed areas so I have decided to use the final braking zone as the zone I will calculate (as shown in graph (..) below. Over this area, the total energy used under braking is 31,913.19J or 31,913kWh. This means that whatever KERS unit that is going to be used must be able to store as much of that power as possible.Figure 5.1: Graph shows the WLTP class 3 cycle. The red circle highlights where the calculations are based.
[bookmark: _Toc309300145][bookmark: _Toc1480595684]Energy Storage Requirements
As stated previously, the total energy in the braking area that I’m focusing on is 31,913.19J
The total possible KERS input would be calculated by:



However, that is just the total possible KERS input. Any kinetic energy recovery system can’t store one hundred percent of the energy as to harvest the energy back some of it will naturally be converted to heat. To work out the total kinetic energy recovery you need to find how much efficiency that system has, e.g. 75% efficient. 


[bookmark: _Toc152471824][bookmark: _Toc481306592]Kinetic Recovery System Selection
There are a number of kinetic recovery systems that I can choose from, and they all have their own pros and cons. I have decided, as it has a very high-power density, to go with a flywheel kinetic recovery system. The flywheel KERS is used in multiple different types of vehicles such as motorsport cars all the way to buses. 
It works by when you’re breaking it drives a motor-generator that spins a flywheel up to 60,000 rpm and uses all that stored energy in acceleration to provide more power that helps you get up to speed quicker. 
[bookmark: _Toc1334063485][bookmark: _Toc1208704665]Component Sizing
For the flywheel to store all the required energy it would have to be a curtain size and weight. To calculate this, I have to decide how fast I want it to spin. For a steel flywheel, it can spin up to 10,000 rpm to 20,000 rpm however a composite flywheel can spin up to 30,000 rpm to 60,000 rpm safely. It also matters on how big I can afford to make the flywheel as you can go with a lighter one and have it spin slower than a small heavy one. For this assignment I have decided to have a composite flywheel spinning at 40,000 rpm so it is safe but still not large enough that it takes up a lot of space. This flywheel will be around 0.2m which is 20cm in diameter making it easy to add the storage into the vehicle.
But for it to hold the total possible amount of energy that I calculated earlier I need to calculate the weight of it by converting the rpm into rad/s:


Then I have to work out the moment of inertia using the total possible kinetic energy I calculated earlier and the speed in rad/s:



And using the calculation to solve a solid cylindrical flywheel, and the fact that I want it to be at most 0.2 meters in diameter, I can solve it for mass to work out how heavy it would be:




[bookmark: _Toc1849016567][bookmark: _Toc1503874292]Efficiency of Component

The efficiency of a Kinetic Energy Recovery System describes how effectively the system can capture, store, and reuse energy that would normally be lost during braking. In practice, a KERS is never 100% efficient because energy is lost at each stage of the process. Mechanical KERS, such as flywheel systems, also experience additional losses through bearing friction. Higher efficiencies are achievable in more advanced systems, particularly those using low-loss magnetic bearings and vacuum-sealed flywheels, but all KERS designs must balance efficiency against factors such as packaging and power limits.
For a flywheel KERS, the efficiency drops around 5%-8%. This means that it may not be the most efficient but for the size and power delivery it is a good option for my application.
To calculate the total energy stored and able to be used you would have to take into account for the efficiency percentage for the storage of the energy and for the use of it going back to the wheel. For my calculations I will make the efficiency to be at its worse of 92%.
Energy stored:


Energy back to wheel:





[bookmark: _Toc1016053935][bookmark: _Toc1852058121]System Operation
[bookmark: _Toc307730500][bookmark: _Toc1425601922]Kinetic Energy Recovery System Operation
[image: ]
Figure 7.1: Graph shows energy returned to wheel via KERS.

[bookmark: _Toc113893502][bookmark: _Toc971863494]Assumptions Made
[bookmark: _Int_HjCO0sts]A number of assumptions were made in order to simplify complex real-world behaviour into feasible engineering calculations in order to finish this study and model the behaviour of a flywheel KERS fitted to a BMW 520d F10. These presumptions guarantee the model's consistency while recognising any variations from actual performance.
· The WLTP speed–time trace is followed precisely 
The vehicle is supposed to follow the WLTP Class 3b speed trace precisely and without variation.
 In practice, small errors are introduced by dynamometer control systems and human drivers, which may have an impact on KERS harvesting potential as well as brake energy.
· Road conditions are ideal and consistent
The model assumes:
· perfectly smooth, level road surface
· no wind or crosswinds
· no tyre slip
· constant tyre pressure
These factors are normally variable in real driving and can influence rolling resistance, aerodynamic drag, and braking performance.
· Tyre Rolling Resistance Coefficient (Crr) stays constant
A single Crr value of 0.012 is used, even though:
· tyre temperature changes over the cycle
· tyres heat up under load
· rolling resistance typically decreases as tyres warm
· Crr varies with speed and inflation pressure
This simplification is common in WLTP energy modelling.
· Aerodynamic drag coefficient and frontal area are constant
A constant drag coefficient (Cd = 0.25) and frontal area (A = 2.35 m²) are assumed.
 Where aerodynamic drag can vary with yaw angle, crosswinds, and turbulence from surrounding vehicles, but these effects are neglected.
[bookmark: _Toc303722922][bookmark: _Toc1501779457]Diver Experience 
The driving experience of a BMW 520d F10 would be significantly changed by adding a flywheel KERS. The stored kinetic energy would provide an additional power boost during acceleration, shortening the time between 0 and 100 km/h and creating a more responsive, sporty feel. Additionally, the flywheel captures energy and produces a tiny resistance when braking, which significantly enhances engine braking and makes the car seem a bit more balanced when coasting. Drivers would also notice subtle changes when braking.
 Improvements in efficiency would also have an indirect effect on the driver: the engine would use less fuel by recovering energy that would otherwise be lost as heat, which would improve urban and combined-cycle fuel economy and possibly reduce operating expenses.
There are certain trade-offs, though. In a car like the BMW F10, which is built for elegance and silent operation, the spinning flywheel can give off a high-frequency whine. The noise is a minor change from the car's original NVH (noise, vibration, harshness) characteristics, even though it might not be annoying. Furthermore, the flywheel increases the drivetrain's weight and complexity, which may have a minor impact on handling if not installed properly, though at 27 kg, these effects would probably be negligible.
 In conclusion, the KERS would increase fuel efficiency, improve acceleration, and provide smoother, more energy-efficient braking; but it would also introduce some noise and slightly change the driving experience. All things considered, the system enhances efficiency and performance without sacrificing driver comfort.


[bookmark: _Toc2033457892][bookmark: _Toc1617622545]Conclusion
The installation of a flywheel KERS in a BMW 520d F10 shows how regenerative technology may be used to improve vehicle performance and efficiency. The technique improves responsiveness and lowers fuel consumption by conserving braking energy and reusing it during acceleration. The advantages in energy recovery, acceleration, and efficiency make KERS a feasible upgrade for a mid-size sedan like the 520d, despite a few minor NVH and integration issues.
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