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1.0 [bookmark: _Toc215432257]Introduction
[bookmark: _Toc215432258]1.1 Introduction
In this assignment the duty cycle of a specified vehicle is going to be analysed and used to investigate how a kinetic energy recovery system can be used to help fuel efficiency of the vehicle. Forces on the car during the duty cycle will need to be calculated and compared to see how much power could possibly be returned to the car. An appropriate KER System will need to be picked and evaluated to see how much power can be recovered from braking events and therefore improving fuel efficiency. The KER System will also change how the car feels, this will need to be talked about and how it will affect the driver. 
[bookmark: _Toc215432259]1.2 Vehicle Selection
The car selected for this assignment is the 2019 Porsche 911 GT3 RS. This is a high performance super car with high performance tyres as standard. It will be interesting to test this car as it does not have the best fuel consumption, and it can be seen how much energy can be recovered from a high performance car to try and make it more efficient. 
[bookmark: _Toc215432260]2.0 Research 
[bookmark: _Toc215432261]2.1 Dynamic Characteristics 
Frontal Area = 2.14m² (Porsche, 2019)
Drag Coefficient = 0.36 (Porsche, 2019)
Test Mass = 1430.177+42.6+250=1722.777kg 
· Test weight is the kerb mass off the car with some fuel, a couple of passengers, and some luggage in the car. 
· Kerb Mass = 3153lbs/1430.177kg (Porsche, 2019)
· Fuel Weight = 90% of capacity (16.9 gallons/64 Liters (Porsche, 2019)) = 57.6 Liters. 57.6 Liters of petrol (Density of 0.74 kg/Liter) in kg = 42.6kg
· Passengers and luggage approx. = 250kg
Rolling Resistance = 0.022 (This is a typical value for high performance tyres)
These values were found through research and will be used through the assignment to base calculations on. 
[bookmark: _Toc215432262]3.0 WLTP
[bookmark: _Toc215432263]3.1 Choice of Class
To choose the appropriate class for the 911 GT3 RS the ratio of rated power/kerb mass is needed. To do this the maximum rated power for the vehicle will have to be tested. Porsche say that the car has 520hp at 8500rpm (2019) so maximum rated power in W is 520*745.7=387,764W. Then the ratio can be found by dividing the maximum rated power of the kerb mass, which is 387,764/1430.177= 271.2 W/kg. Therefore the 911 GT3 RS is in class 3 of the WLTP because it is above the 34 W/kg of Class 3 (UNECE, 2018). There are 2 parts to class 3, A and B. A is for the high speed vehicles with a max velocity of above 120 kmh. the Porsche 911 GT3 RS has a max speed of 193 mph (Porsche, 2019) which in kmh is 310.6 kmh, this exceeds the 120 kmh so will use the extra high speed part of the WLTP Class 3.a

[bookmark: _Toc215432264]3.2 WLTP Class 3.a

The WLTP Class 3.a has 4 section the low, medium, high and extra high speed sections. It lasts for 1800 seconds and is a guide to what velocity and acceleration a car must have while testing, therefore there is a global started for testing the emissions of a vehicle. 
[bookmark: _Toc215432265]4.0 Energy Recovery
[bookmark: _Toc215432266]4.1 Recovery Opportunity
When the tractive force on the car is negative or at zero there is an opportunity to recover kinetic energy. So whenever the total power is negative kinetic energy can be recovered with a KER System. Looking at the WLTP there is many points where kinetic energy can be recovered whether it be due to braking or natural coast down. Natural coast down is when a car is slowed down fully by relying on opposing non-mechanical forces, some of these forces being fiction (Vibromera, 2025). For example from 1123 – 1137 seconds in the WLTP there is a large deceleration period which would be optimal for some energy recovery, this is shown below. 
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[bookmark: _Toc215432267]4.2 Forces on the Vehicle

Looking into that example area of where power could be recovered, it is a period of 14 seconds that has a velocity change from 18.03 m/s to 4.06 m/s. This decrease in velocity show that the car is decelerating meaning its acceleration force will be negative. Therefore we can look at how much force the car has acting on it to see if we can recover some power. 




The graph above shows the forces acting on the wheel road contact and the total resistance to motion they produce. The total resistance to motion is given by adding the acceleration resistance, aerodynamic drag and rolling resistance together. This explains how the total resistance to motion is just above the acceleration resistance as it has the rolling resistance and aerodynamic resistance added on top. As the car is decelerating at this point in the duty cycle the acceleration resistance is negative as the car is decelerating. Therefore there is negative resistance to motion meaning power is going from road to wheel, not wheel to road. This means that we can recover that negative force as power. 

This graph now shows the power produced during that 14 second segment. As this power is negative, a KER system will be able to recover some of that power to be used by the car later therefore reducing its fuel consumption as it can use recovered power over using more fuel. 
[bookmark: _Toc215432268]4.3 Cumulative Energy  
For the whole WLTP cycle the cumulative tractive and braking energy can be worked out to get an overall value of energy that can be recovered. This is done by working out the total force that’s resist motion, find out the power produced then converting the power to energy (E=P*t) and adding the up over the whole cycle if they are either tractive or braking. Then plot them on a graph, flipping the braking forces shows the difference between tractive and braking forces easier. 


 The loss in energy is the difference between the tractive energy and the flipped braking energy this cannot be recovered and is lost to moving the car. But the braking energy can be attempted to be recovered by the KER System. 
[bookmark: _Toc215432269]5.0 KER System
[bookmark: _Toc215432270]5.1 Suitable KER System 
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A sustainable KER System for this car would be a motor-generator attached to the rear axle of the car. This means when the car is decelerating the energy going back through the wheels into the car is ran through the motor-generator as a generator and it recovers some of the energy. During the course of the WLTP in a decelerating event the car hits a maximum of 30kW of negative power. Therefore a 40kW motor-generator would be appropriate as it can capture all the power going for the wheels through the axel at its peak and will not saturate. This system will also need an inverter to convert the input AC voltage from the motor-generator to DC for the battery and then back again this inverter will need to be able to withstand 40kW of power same as the motor-generator. Furthermore this inverter will need to be hooked up to a battery with a size of 1.5kWh as this battery has more than enough room for multiple braking events which get up to around 0.02 kWh each and is still relatively small as to save space and not add lots of additional weight to the vehicle. 
[bookmark: _Toc215432271]5.2 Efficiency of the KER System
To get the efficiency of the system each components efficiencies will need to be multiplied together to get the overall efficiency and work out the energy recovered. Motor-generator have an average efficiency of around 96% (Emrax, no date), this value will be used for calculations. Inverters have an efficiency of around 95-97% as stated in many technical specifications so 96% will be used for inverter efficiency. The battery in the KER System will have a round trip efficiency (efficiency in and out the battery) of around 85% (Lin, Li and Zou, 2023), therefore this will use this in the calculations as well. 
Battery 
Inverter
Motor Generator




With this block diagram it can be seen that the energy has to go through the motor-generator and inverter twice so their efficiency will affect the output energy twice. 


So overall KER System efficiency will be 72% of the input energy. 
[bookmark: _Toc215432272]6.0 Recovered Energy to Wheel
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Using the efficiency of the KER System calculated above, the system recovers 0.533 kWh of the total 0.74 kWh of braking energy. This is a relatively affective KER System and will help the fuel consumption of the car greatly. This energy can be used to accelerate the car and save the use of fuel, therefore reducing the fuel consumption of the car when breaking and pulling off. This means that normal everyday driving like the WLTP represents with lots of breaking moments has a better fuel consumption rate than before because that is when the KER System takes effect. 
[bookmark: _Toc215432273]7.0 KER System Operation  
[bookmark: _Toc215432274]7.1 Operation of the KER System and Assumption
When the driver wants to decelerate as soon as they take their foot off the accelerator the motor-generator on the rear axle will apply a resistive torque to the wheel which will eventually stop the car but in doing so that turn the motor-generator and as its in its generator mode will produce AC power. This power is then run through the inverter to switch it to DC power as only DC power can be stored in a battery. Now the battery has power, the next time the driver accelerates it will send the power from the battery through the inverter and into the motor-generator now in motor mode which will apply a force to the rear axle to help the car start to accelerate. This saves fuel consumption as it is using recovered energy not energy produced from the engine. 
The calculated values for energy recovered assumes that all braking events are gentle as the KER System has a limit as to how much  torque it can resist. For heavier braking events friction brakes will need to be used and they are not part of the KER System and do not return energy from the wheel that energy is lost. This also assumes that the motor-generator works instantaneously and there is no delay in input. Another assumption is that all components are working at their optimal temperatures giving the best efficiency for that component. 
[bookmark: _Toc215432275]7.2 Driver Feedback
For the driver, the KER System will change the feel of the car. When the driver lifts their foot of the accelerator fully the car will now apply a slowing force and decelerate the car quicker than if there was no KER System as the motor-generator starts to apply a resistive force to capture the energy when not accelerating. Applying the brakes will also feel different as for light and normal braking events it will feel smoother to stop the car but not as forceful. If hard braking occurs the first part of the braking will feel smooth but there will be a change in pedal feel as the friction brakes kick in to stop the car intime. When accelerating the driver will now feel a little boost at the beginning as the recovered energy is being used in the motor to assist accelerating the rear wheels of the car. 
[bookmark: _Toc215432276]7.3 Wheel Lock
Wheel lock occurs when the rear wheels are being applied more braking torque than tyre to road contact can withstand (keep traction). This causes the tyres to “slip” over the road surface, and no braking torque will be applied so the car won’t slow. The Porsche has a 61% rear axle weight so:

Then the max braking force needs to be calculated:

This assumes that the road is dry and has a grip of µ = 1.0
Then the speed at which the load will overcome the grip can be calculated: 

Power is the max power from the KER System so 40kW as rated on the motor-generator. 

Therefore if the full 40kW is trying to be recovered the wheels will slip if the speed is over 3.88 m/s. 
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Vehicle Speed (km/h)



Velocity vs Time

1123	1124	1125	1126	1127	1128	1129	1130	1131	1132	1133	1134	1135	1136	1137	18.027777777777779	17.555555555555557	16.75	15.5	14.027777777777779	12.555555555555555	11.138888888888889	10.055555555555555	9.1388888888888893	8.2777777777777786	7.3888888888888893	6.3888888888888893	5.3888888888888893	4.5277777777777777	4.0555555555555554	Time (s)


Velocity (m/s)



Forces vs Time

Acceleration Resistance	1123	1124	1125	1126	1127	1128	1129	1130	1131	1132	1133	1134	1135	1136	1137	-598.18645833333335	-1100.6630833333354	-1770.6319166666681	-2344.8909166666663	-2536.310583333332	-2488.4556666666663	-2153.4712500000001	-1722.7770000000007	-1531.3573333333338	-1507.4298749999994	-1627.0671666666669	-1722.7770000000007	-1603.1397083333331	-1148.5179999999998	-502.47662500000035	Aerodynamic Drag	1123	1124	1125	1126	1127	1128	1129	1130	1131	1132	1133	1134	1135	1136	1137	153.35811409722223	145.42916888888891	132.38902687500001	113.36676750000001	92.853894097222238	74.386518888888887	58.547197430555563	47.712756388888884	39.410247430555557	32.333289722222233	25.762063055555558	19.260743055555558	13.703163055555558	9.6736990972222223	7.7610963888888875	Rolling Resistance	1123	1124	1125	1126	1127	1128	1129	1130	1131	1132	1133	1134	1135	1136	1137	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	371.80973213999999	Total Resistance to Motion	-73.018612096111099	-583.4241823044465	-1266.4331576516679	-1859.7144170266661	-2071.6469570961099	-2042.2594156377772	-1723.1143204294444	-1303.2545114711118	-1120.1373537627783	-1103.2868531377771	-1229.4953714711114	-1331.7065248044451	-1217.6268131377776	-767.03456876277755	-122.9057964711115	Time (s)


Force (N)




Power vs Time

1123	1124	1125	1126	1127	1128	1129	1130	1131	1132	1133	1134	1135	1136	1137	-1.3163633125104472	-10.242335644900283	-21.212755390665436	-28.825573463913322	-29.060603148153763	-25.641701551896535	-19.19357895811687	-13.10494814312618	-10.236810816332058	-9.1327633954182676	-9.0846046892032124	-8.5081250195839555	-6.5616556041313583	-3.4729620752314649	-0.49845128568839664	Time (s)


Total Power (kW)



Cumualtive Tractive and Braking Energy vs Time
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Energy (kWh)




Recoverable Energy
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