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[bookmark: _Toc156057755]Introduction
This assignment focuses on analysing the impact of integrating a Kinetic Energy Recovery System (KERS) to improve the fuel efficiency of the 1994 McLaren F1. The investigation involves subjecting the vehicle to a simulated Worldwide Harmonised Light Vehicles Test Procedure (WLTP) cycle to reveal the cumulative tractive and braking energy demands at the wheel. The moments of the highest possible kinetic energy recovery power inputs will be identified. An appropriate Kinetic Energy Recovery System can then be specified to recover otherwise wasted energy during braking to be stored and used under acceleration to reduce fuel consumption.
The WLTP serves as a global benchmark for gauging the fuel consumption, CO2 emissions, and pollutants emitted. It was developed to provide a more realistic portrayal of real-world driving conditions. It was developed to replace the New European Driving Cycle (NEDC) as the more dynamic and comprehensive driving conditions, encompassing higher speeds and realistic acceleration and deceleration patterns, is more realistic than the outdated and inaccurate cycles of the NEDC.





[bookmark: _Toc156057756]Dynamic Characteristics
The vehicle in question is the 1994 McLaren F1. It is a high-performance super car powered by a 6.1-liter V12 engine, it held the record as the world's fastest production car for many years, reaching a top speed of 240.1 mph. it has a lightweight carbon fibre construction. The relevant specifications of the F1 are listed below:
· [image: The Story of the McLaren F1 | Rush Magazine]Power : 461kW

· Total Mass : 1138kg

· Frontal Area : 1.79m^2

· Rolling Resistance Coefficient : 0.015

· Drag Coefficient : 0.32[bookmark: _Toc156049705][bookmark: _Toc156053781][bookmark: _Toc156057716]Figure 1 Mclaren F1 https://www.rushmagazine.co.uk/the-history-of-the-mclaren-f1






[bookmark: _Toc156057757]Selection of Appropriate Worldwide Harmonised Light vehicle Test Procedure (WLTP)
There are 3 main WLTP classes, these classes are specified by taking the ratio of the rated power of the vehicle in Watts over the vehicle curb mass. Class 1 is for vehicles with a ratio of rated power in W / kerb mass in kg <= 22. Class 2 is for vehicles with a ratio of rated power in W / kerb mass in kg <= 22 but <= 34. And class 3 is for vehicles with a ratio of rated power in W / kerb mass in kg >  34.
Power: 461,000W
Mass: 1138kg
Calculation = Power (Watts) / Kerb Mass (kg)
 = (461,000) / (1138) = 405
The McLaren F1 has a ratio of rated power / kerb mass of 405. This means it fits into Class 3 of the WLTP procedure.
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Description automatically generated with medium confidence]It is also worth noting that If the v_max  of the vehicle is less than 135 km/h, phase high is replaced by a repetition of phase low. However, due to the fact that the maximum speed of the McLaren F1 is 386.4 km/h, this will not be necessary.[bookmark: _Toc155991006][bookmark: _Toc156049706][bookmark: _Toc156053782][bookmark: _Toc156057717]Figure 2 WLTP excel Spreadsheet



Figure 2 shows the Excel spreadsheet created to calculate the forces applied to the Vehicle during the WLTP cycle for each second. Acceleration force is calculated by multiplying the Vehicle mass by the acceleration for each second.

The rolling resistance force is calculated by multiplying the vehicle mass by the gravity and the Rolling Resistance coefficient.

The Aerodynamic force is calculated by taking the coefficient of drag multiplied by the frontal area, density of air and the velocity squared, then all that over two.

The power is calculated by multiplying the total force by the velocity for each given second.

[bookmark: _Toc156057758]
WLTP Results
[bookmark: _Toc156057759]Graphical Results
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[bookmark: _Toc155991007][bookmark: _Toc156053783][bookmark: _Toc156057718]Figure 3 Tractive Forces vs Time
As can be seen in figure 3, with a higher given velocity, the aerodynamic forces that the vehicle experiences are higher. This also means that there is less required deceleration force as the vehicle is already being slowed down by the effects of the aerodynamic resistance.
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[bookmark: _Toc155991008][bookmark: _Toc156053784][bookmark: _Toc156057719]Figure 4 Total Force vs Time
Figure 4 shows the total forces against time. This is the combined force of acceleration, aerodynamic and rolling resistance forces.
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[bookmark: _Toc155991009][bookmark: _Toc156053785][bookmark: _Toc156057720]Figure 5 Traction and Deceleration Energy vs Time
Figure 5 shows how much traction energy and braking energy is required throughout the WLTP.
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[bookmark: _Toc155991010][bookmark: _Toc156053786][bookmark: _Toc156057721]Figure 6 Power vs Time
Figure 6 shows the power required against the total elapsed time. The power is calculated by multiplying the total force by the velocity for each second increment. This Graph shows the max power required by the motor is 34kW, the selected motor will be appropriately sized in conjunction with this.



[bookmark: _Toc156057760]Specification of KERS
The purpose of implementing a KERS system within this application is to reduce fuel consumption of the vehicle, the electric motor can be controlled to operate as a generator to convert the otherwise wasted and unutilized kinetic energy when braking into electric energy stored in an energy storage system in order to be reused when accelerating to reduce fuel consumption.
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[bookmark: _Toc155991011][bookmark: _Toc156053787][bookmark: _Toc156057722]Figure 7 Deceleration Period to the battery after losses
Figure 7 shows the total recoverable energy for each braking system. There is a maximum deceleration point of 173kj, however this is from a braking zone of 130km/h to zero. Due to this being very rare or uncommon in regular driving, the next highest point will be taken as that is more accurate to day to day driving habits. This point is at 125kj of recoverable braking energy to the battery after efficiency losses.
There are three primary methods of kinetic recovery systems; the first two are using a motor and an energy storage device, either a battery or capacitor. The other way is mechanical, through the use of a flywheel.
In the Mechanical KERS system, utilizing a flywheel, the kinetic energy is stored in a rotating mass, energy is transferred into the flywheel during braking, causing it the spin at high speeds. During acceleration, when the extra propulsion is required, the energy is transferred back into the vehicle’s driveline. Advantages of the flywheel include its simplicity and high energy density. Despite the advantages, there are still some disadvantages, the extra weight from the flywheel and supporting equipment such as the vacuum chamber to reduce windage losses can significantly affect the overall efficiency.
Battery based KERS systems store energy in chemical form by converting the kinetic into electrical energy, which is stored into the battery. When additional power is needed for example under acceleration, the stored electrical energy powers an electric motor that drives the wheels in conjunction with the internal combustion engine.
The capacitor based kinetic energy recovery system works in a similar manner to the battery based KERS. However, the capacitor can rapidly charge and discharge due to their high power density that enables the rapid energy transfer. This trait means they are often employed in motorsports and high-performance applications. These reasons are why the Capacitor based KERS has been selected for this application.
[image: Capacitor Discharging- Explained]
[bookmark: _Toc155991012][bookmark: _Toc156053788][bookmark: _Toc156057723]Figure 8 Graph of a capacitor discharge voltage vs time  https://www.learningaboutelectronics.com/Articles/Capacitor-discharging.php
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[bookmark: _Toc156053789][bookmark: _Toc156057724]Figure 9 Discharge efficiency of a Capacitor vs Voltage Modern Electric, Hybrid Electric and Fuel Cell Vehicles
The discharge rate of a capacitor is illustrated in Figure 9. It shows that it is not possible to use all the stored energy in the capacitor due to the low power in the low state of energy or low SOE. Because of this, ultracapacitors are typically given a bottom voltage, this is the voltage at which the ultracapacitor stops discharging. Due to how the discharge rate of a capacitor works, it was decided that an energy storage system with around 250kJ was the best option. This is to keep the discharge rate efficiency high. In order to size the components of the KERS System, a 62 volt system was selected the capacitance necessary of the capacitor can then be calculated using the formula:
 
Given that there is 250kJ of energy and a 62V system:
Energy (Joules) = 250kJ x 1000 J/kJ = 250,000J
 Farads
 farads
C = 130.22 farads

Using this calculated figure for required capacitance, the Eaton 130F Super capacitor was selected. This supercapacitor module requires no battery management system (BMS) due to Eaton’s patented active cell balancing technology. And also has up to a 20 year lifespan with an efficiency of 98%. The specifications of the Eaton 130F Supercapacitor are listed below:
	Attribute
	Value

	Capacitance
	130F

	Voltage
	62.1V dc

	Min Operating Temp
	-40°C

	Max Operating Temp
	+65°C

	Dimensions
	634.9 x 176.2 x 173.3mm

	Weight
	16 kg

	Capacitor Family
	Supercapacitor

	Price
	£1944.01 (exc. VAT)



The EMRAX 188 motor was then selected as it can run on 62V and can output around 37kW of continuous power on its low voltage mode. The Specifications of the EMRAX 188 motor are listed below:
	Attribute
	Value

	Weight
	7kg

	Min Voltage
	36V

	Max Voltage
	100V

	Diameter / Width
	188 mm / 77 mm

	Continuous Motor Power
	35 kW








To control the motor unit, the Sevcon gen 4 size 2 was selected, this is because it has a minimum supply voltage is 39.9 volts and a maximum supply voltage of 116 volts so it would be capable of running on the 62V system. The unit also supports regenerative braking to reduce power consumption. The Specifications of the Sevcon gen 4 size 2 Motor Controller are listed below:
	Attribute
	Value

	Weight
	2kg

	Min Supply Voltage
	39.1 V

	Max Voltage
	116 V

	Dimensions
	187 x 151 x 71 mm



The total added weight of the KERS system components is 25kg. With an estimated extra 25kg of bracketry, wiring and driveline components. So the total estimated weight of the KERS system is 50kg of added weight. This brings the total vehicle mass up to 1188kg from 1138kg, this has been accounted for in the subsequent calculations.
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[bookmark: _Toc155991014][bookmark: _Toc156053791][bookmark: _Toc156057725]Figure 10 Kinetic Energy Recovered that is returned to the wheel road contact.
The regenerative braking system introduces additional complexities and problems to the braking system. There are two main configurations of the KERS braking system: parallel hybrid braking, and a fully controllable hybrid brake system. The parallel brake system retains the major components of the original brake system, whilst the fully controllable hybrid system can control the braking force for each individual wheel.
For this application, the parallel hybrid system stands out for its simplicity, making use of the existing braking system. The mechanical brake system comprises a master cylinder, booster, brake calipers, and brake disks. In this setup, the electric motor directly applies braking torque to the drive axle, under the command of the vehicle controller. This control is based on signals from vehicle speed and brake pedal position, representing the desired braking strength and the braking control strategy embedded in the vehicle controller. Notably, the parallel hybrid brake system electronically regulates only the electric braking force (torque), leaving the mechanical braking force (torque) under the driver's control until the ABS initiates its function. When the wheels are about to lock up, the ABS takes charge of controlling the mechanical braking force. The primary challenge in designing and controlling this system is ensuring precise control of the electric braking force to maximize the recovery of braking energy.
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[bookmark: _Toc155991015][bookmark: _Toc156053792][bookmark: _Toc156057726]Figure 11 Braking Force ratios relative to vehicle weight varying with deceleration rate. Ehsani, Mehrdad, et al. Modern Electric, Hybrid Electric, and Fuel Cell Vehicles, Taylor & Francis Group, 2018. 
Figure 12 illustrates the combined braking forces, including regenerative and mechanical forces, applied to the front and rear wheels with the vehicle's deceleration rate.
To increase the driveability of the vehicle and increase driver comfort a limit on jerk is required. This is achieved by mapping the brake pedal to a driver-request curve, considering maximum torque and jerk values. The brake pedals travel translates into a braking command, distributed between the mechanical friction brakes and the regenerative brakes. Given the electric machine's connection to the rear wheels, a significant portion of rear-wheel braking can be effectively achieved through regenerative braking because only approximately a quarter of the total braking action is applied to the rear wheels.
In order to drive the wheels with the assistance of the electric motor, the McLaren F1 will use a parallel hybrid setup, this is where the electric motor and the internal combustion engine can simultaneously provide propulsion power to the rear wheels in this case. The internal combustion engine and electric motor are configured in a parallel setup. The torque from the ICE and the electric motor are blended through the use of a mechanical coupling with the goal to reduce the fuel consumption of the internal combustion engine by providing power through the electric motor which is powered by the energy recovered during braking from the kinetic energy recovery system.
The disadvantages of utilizing a parallel hybrid configuration as opposed to a series hybrid configuration are that the power has to be blended smoothly from the ICE and electric motor, this introduces complexities as this introduces the requirement of a complex mechanical device.
According to Iqbal Hussain in Electric and Hybrid Vehicles Design Fundamentals, through the use of the parallel configuration of the two ICE and electric motor propulsion systems, the fuel efficiency can be improved by about 20% - 30% when in comparison to an equivalent sized ICE vehicle.

[image: A diagram of a vehicle
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Figure 12 shows a mock-up of how the components would be arranged from wheels to driveline, including the kinetic energy recovery system and the existing internal combustion engine layout. This configuration is a parallel Hybrid Electric Vehicle (HEV) configuration, as the internal combustion engine and the electric motor can drive the wheels at the same time. This is as opposed to a series configuration in which would have no mechanical couplings between the engine and drive wheels, however, in a series configuration, there is an additional generator required which adds weight, which, in the application of a light weight performance car is something that is necessary to be avoided.
[bookmark: _Toc156057727]Figure 12 KERS Configuration



[bookmark: _Toc156057762]Conclusion

In conclusion, in order to reduce the fuel consumption of the 1994 McLaren F1 over the WLTP class 3 cycle, the forces experienced by the vehicle were analysed, and a suitable kinetic energy recovery system was specified. The KERS system best suited for the application of the McLaren F1 is using an Eaton 130F supercapacitor, in conjunction with an Emrax 188 electric motor and a SEVCON Gen4 size2 motor controller in a parallel hybrid electric vehicle configuration. Figure 11 shows how the kinetic energy recovery system reduces fuel consumption as it requires less tractive energy from the engine for the same given acceleration, leading to a reduction in fuel consumption and a better fuel economy. 
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FIGURE 13.12
Discharge efficiency of Maxwell Technologies 2600F ultracapacitor.

In real operation, it is impossible to completely utilize the stored energy because of the
low-power in the low state of energy (SOE). Thus, an ultracapacitor is usually given a
bottom voltage, Vi, below which the ultracapacitor stops delivering energy. Consequently,
the available or useful energy for use is less than its fully charged energy, which can be
expressed as

1
B = 5C(VEx - Vi), 1339

where Vg is the rated voltage of the ultracapacitor.

‘The usable energy in an ultracapacitor can also be expressed in SO, which is defined as
the ratio of the energy in the ultracapacitor at a voltage of Ve to the energy at full charged
voltage, Ver, as expressed by

_05CVE _ (Ve
SOE =) Sev, = (ch) (1334)

For example, 60% of the rated voltage is the bottom voltage, and 64% of the total energy is
available for use, as shown in Figure 13.1
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