[image: Press Releases 2020 | University of Wales Trinity Saint David]

University of Wales Trinity Saint David School of Engineering



Kinetic Energy Recovery (ACHA5010)








oliver powell
2206640
BEng motorcycle engineering
Janusry 2024

Contents
1 Introduction	1
2 Vehicle Selection and Data Acquisition	2
3 Worldwide Light vehicle Test Procedure (WLTP)	5
4 Choosing Kinetic Energy Regeration System	6
5 System Specification	7
4.1 Supercapacitor	9
4.2 Motor/Generator Unit	11
4.3 Suitability of the System	13
5 Riding Characteristics	14
6 References	15




2
[bookmark: _Toc156158338]1 Introduction
The following report will use calculation to determine an ideal Kinetic Energy Recovery System (KERS) for a Yamaha R6 SuperSport motorcycle. The report will align itself with the duty cycle outlined by the World Harmonised Light Vehicle Test Procedure (WLTP), the global standard to determine vehicle efficiency. The energy required to propel the vehicle at every given speed will be calculated. The wasted energy produced in decelerating points of the cycle will also be calculated to calculate the possible energy that could be recovered. A system will be recommended, and its application will be discussed and justified.

[bookmark: _Toc156158339]2 Vehicle Selection and Data Acquisition
The Yamaha R6 is a 4-cylinder 600cc SuperSport motorcycle. It has a wet weight of 188kg (Yamaha Motor Co, 2008). The rider with all riding gear (full leather suit, full size boots, cuffed gloves, and a helmet) totalled ~100kg. The total moving weight equalled 288.003kg. With respects to the WLTP, the refence mass and the test mass are required. The reference mass is used to decipher which testing procedure is used, and the test mass is the vehicle mass used for the chosen test procedure.
	Item
	Weight (kg)
	Source

	Rider
	92
	 N/A

	Leather Suit
	5.2
	 (HHR Performance)

	Boots
	1
	 (Copenhagen Motorcycles)

	Gloves
	0.42
	 (Biking Direct)

	Helmet
	1.383
	(Scorpion Helments USA )

	Motorcycle
	188
	 (Yamaha Motor Co, 2008)

	TOTAL
	288.003
	 


[bookmark: _Ref155729256]Table 1
The Yamaha R6 uses a 180/55R17 tyre (Yamaha Motor Co, 2008), with an average wheel radius of 310mm. The coefficient of tarmac, like that which is typical on British roads, is 0.02267, as calculated through the drag coefficient calculator, Table 2. With the information that can be gathered, the rolling resistance of the vehicle can be determined by equation:

Equation 1
Where, 
Fr = Rolling resistance
Cl = Coefficient of rolling resistance
W = Weight (reference mass x gravity)
Given the former,

Equation 2
Rolling Resistance will be taken as 64.05N for the reference mass and assumes no tyre deformation resistance.


To calculate the coefficient of aerodynamic drag, the frontal area of the motorcycle must consider the addition of a rider. Therefore, a silhouette has been sketched to determine an accurate frontal area. This frontal area assumes the most aerodynamic rider position (fully tucked), thus the smallest frontal area footprint. The overall frontal area in Figure 1 (SolidWorks, n.d.) can be seen in blue, with the determined frontal area being 0.58m2.
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[bookmark: _Ref155645784]Figure 1 (SolidWorks, n.d.)

The coefficient of aerodynamic drag has been calculated by conducting a series of coast down tests. The tests were conducted on public roads and some small undulations of the surface.
	
	Trials in Direction 1
	
	Trials in Direction 2
	
	

	time
	V1
	V2
	V3
	V4
	V5
	V6
	V avg

	sec
	mph
	mph
	mph
	mph
	mph
	mph
	mph

	0
	45
	45
	45
	45
	 
	 
	45.0

	10
	33
	32
	34
	35
	 
	 
	33.5

	20
	21
	23
	24
	25
	 
	 
	23.3

	30
	17
	16
	17
	19
	 
	 
	17.3

	40
	10
	11
	12
	10
	 
	 
	10.8

	50
	5
	6
	7
	5
	 
	 
	5.8

	60
	0
	0
	0
	0
	 
	 
	0.0

	70
	0
	0
	0
	0
	 
	 
	0.0

	
	
	
	
	
	
	
	

	rho
	1.22
	kg/m^3
	density of air (adjust for your altitude)
	

	g
	9.81
	m/s^2
	gravitational constant
	
	
	

	A
	0.58
	m^2
	frontal area
	
	
	

	M
	288.003
	kg
	mass of vehicle plus occupants
	
	



Table 2
Table 2 shows methodology of the coast down test, whereby the speed of the motorcycle was recorded 4 times over and the speed was recorded in 10s increments with an average for each set of results.

Table 3
The rate of deceleration is shown in Table 3, with a curve of best fit for the data obtained. With the data gathered, the coefficient of drag was calculated to be 0.751137559. This value is higher than the values that might be expected from a high-performance faired sports bike, but as mentioned, the coast down test is not accounting for tyre deformation, whereby the tyre pressure on test vehicle was 1.58Bar (23PSI) or road quality. Furthermore, the test was not conducted on a perfectly level surface. In addition to this, unfavourable wind conditions, that were gusting, and not constant velocity, made it difficult to factor into the calculations.


[bookmark: _Toc156158340]3 Worldwide Light vehicle Test Procedure (WLTP)
The WLTP is divided into 4 classes, of which 2 are in class 3, A and B respectively. To correctly class the vehicle, its power and weight must be applied to the Power Mass Ratio, as outlined below.
“Three different driving cycles were developed and represent three different vehicle classes, based upon a vehicle’s power-to-mass (PMR) ratio and its maximum speed. The PMR parameter is defined as the ratio of rated power (W) / curb mass (kg).” (TransportPolicy.net)
As mentioned in Table 1, the curb mass of the motorcycle is 188Kg and produces 94900W of power. The resulting power to weight ratio is 505W/Kg.
[bookmark: _Ref155731116][bookmark: _Ref155731121][image: A screenshot of a computer
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Figure 2 - (TransportPolicy.net)
From the class explanation in Figure 2, The chosen vehicle will be tested against “Class 3b” testing procedures, below.
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Figure 3 - WLTP test procedure (TransportPolicy.net)

[bookmark: _Toc156158341]4 Choosing Kinetic Energy Regeration System
It would be impractical to use a flywheel KERS system due to motorcycle dynamics. A motorcycle almost exclusively uses the front brake only when decelerating aggressively due to dynamic load changing when motorcycles brake. It is stated that the rear brake is taken as “nearly negligible” (Cossalter, 2006) and 95%<Front load at 1G (Limpert, 2008). The front wheel can be assumed to carry out decelerating forces, where the rear wheel would manage driven and accelerating forces. Due to this, it would be very difficult to convert the braking force in the front wheel to a drive acting at the rear wheel.
Considering the above and given the size constraints of motorcycles, the area of research will be directed towards the application of a capacitor regenerative system. This is a more practical option than a battery regenerative system, since supercapacitors have a power density up to “10 times that of lead batteries” (Eaton Electronic Division, 2022). The absence of a heavy battery will minimise weight in the system, which is very important for a sports bike application. The system can also be designed to be as compact as a flywheel system.


[bookmark: _Toc156158342]5 System Specification
A capacitor regenerative system is made from 3 main components,
· A motor/Generator Unit (MGU)
· Power Control Unit (PCU)
· Supercapacitor Storage Device
  The reenergisation phase only occurs during deceleration phases of the driving cycle, where losses are created.

Figure 4
The graph in Figure 4 shows the cumulative tractive and braking energy over the course of the test. Given the very poor aerodynamic efficiency of the vehicle, as calculated in Table 2, much of the energy gained is wasted due to the aerodynamic losses when not accelerating. In addition to this, the maximum rate of deceleration was -1.49m/s2, as seen in figure 5. This is a much lower value than the maximum deceleration of the vehicle being tested, where a rate of 1.5G (14.7m/s2) (Coelho da Silva, 2019) can be achieved when used for its design purpose.
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Figure 5
The total forces, which account the deceleration of the vehicle, could be greatly increased. In turn, this would increase the lost force during deceleration phases of the cycle and increase the potential regenerative gain.
The small test weight of the vehicle also results in small momentum values for a motor vehicle, defined below.

The momentum of the vehicle will significantly increase in a heavier vehicle with the same velocity. This momentum opposed the deceleration forces, contributing to the high value of losses. Although, as seen by the curve in orange, there are some small losses during deceleration phases that could be gained.

Figure 6
Figure 6 shows the cumulative resistance on the vehicle during the test. The areas where the red curve is less than zero are areas where energy can be regenerated, as there is force being wasted. It is clear to see that a lot of energy is wasted due to the aerodynamic deficiency of the vehicle, as seen by the navy curve.
The maximum lost power through any of the regenerative phases was 13.69kW. 
The Yamaha R6 uses a native 12V across its electrical system. Using less than 50% of the system voltage will ensure that the system is safe from surge, therefore, 3V will be used to calculate the capacitance of the supercapacitor. The capacitance of the capacitor is determined by,

The capacitance of the supercapacitor must be equal or greater than 3042.22 Farads.


[bookmark: _Toc156158343]4.1 Supercapacitor
[image: undefined]Most supercapacitors have a similar construction, whereby conductive plates are layered, usually tightly wrapped around itself with a dielectric insulator separating them, Figure 7.Schematic construction of a wound supercapacitor 1. terminals, 2. safety vent, 3. sealing disc, 4. aluminium can, 5. positive pole, 6. separator, 7. carbon electrode, 8. collector, 9. carbon electrode, 10. negative pole

Figure 7 (Creative Commons, 2008)

To optimise the supercapacitors for this specific use, the plate size (the surface area of the conductive material in the capacitor) can be calculated. Barium titanate is a commonly used dielectric used in supercapacitors. It has a permittivity of 12.5x10-9 (B.Girirajan, 2020) and will be used in this application.
Plate Area, A = (C × V) / (ε × E)

where,
C is the desired capacitance of the supercapacitor in farads (F).
V is the operating voltage of the supercapacitor in volts (V).
ε is the permittivity of the dielectric material between the plates (in farads per meter, F/m).
E is the electric field strength across the dielectric material (in volts per meter, V/m).




The electric field strength, E, required is calculated by, 



Using these values, the ideal (minimum) plate area should be,

There are readily available supercapacitor that would be an ideal candidate for the application. [image: A screenshot of a computer
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Figure 8 (Eaton Electronic Division, 2022)
This super capacitor meets voltage request specified above and has suitable capacitance values. The specified operating temperature range of -40oC – 65oC is also favourable, even when mounted in hotter areas of the motorcycle, such as next to the engine.  The supercapacitors should be connected in series, equation 3, to increase the overall capacitance of the pack.
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Equation 3
In this arrangement, the pack will require 9 capacitors, resulting in a total capacitance of 3330F, exceeding the required capacitance (3042.22F) for the maximum regenerative phase. 

[bookmark: _Toc156158344]4.2 Motor/Generator Unit
For the vehicle to be as efficient as possible, the vehicle should use its stored regenerated energy after each time it is charged. This will prevent any regenerative loses due to the capacitor reaching its maximum charge capacity.
The maximum cumulative kinetic energy loss in deceleration phases was 220.69kJ.
The maximum power used at any instantaneous point in the cycle was 16.67kW.
Modern motor generator units in racing applications are up to 95% efficient (Taffin, 2016), therefore, an MGU with a power output of 17.5kW will be required.


Due to the dynamic corning principles that surround 2 wheeled vehicles, it is important to keep the unsprung weight as low as possible to maintain handling characteristics. This is difficult, as the braking and driving wheels are independent, unlike other vehicles, 4-wheel drive as an example. The motor should be mounted in the sprung body of the motorcycle, and its drive should be linked to the output gearbox shaft (driving).
The generator could be mounted in a hub-centric configuration about the front wheel (braking). This would minimize any extra inertial forces that a larger generator might present. Furthermore, keeping mass close to the centre axis of the rotating body, the axle, and the steering axis, will minimise any momentum forces in a system, whereas a design mounted about the sweep radius of the wheel when turning could result in premature wheel chatter (M. Massaro*, 2013)
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Figure 9 – William F1/Flybrid flywheel KERS system
A proposed design would mount the Continuous Variable Gearbox (CVT) (Figure 8, item 1) in the wheel, as a stationary hub. The wheel could be mounted about the axial gear Figure 8, item2), which would have been mated to the drivetrain. The flywheel (Figure 8, item 3) would be removed, and replaced with the generator. In this configuration, the wheel would rotate about the CVT gearbox, minimising unnecessary inertial forces.
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Figure 10 - Feasible Design



This generator would then charge the supercapacitors mounted in the chassis of the motorcycle, where thy become part of the sprung weight to limit and handling deficiencies.


[bookmark: _Toc156158345]4.3 Suitability of the System
The top speed of the vehicle during the duty cycle was 36.5m/s. Given the vehicles test mass, the maximum kinetic energy harvest is calculatable by

This gives a peak energy harvest of 191.846J.
Considering the systems specifies a 17.5kW Motor Generator Unit, the charge time can be calculated using the power formula,

This results in a charge time of 10.96s at peak efficiency. This charge time seems reasonable under normal driving conditions such as those in the WLTP, where the braking time in each phase often exceeds ~10s. With this calculation, the systems can be assumed to be well optimised for the application, when specified for this duty cycle.



[bookmark: _Toc156158346]5 Riding Characteristics
As mentioned throughout, the system has been specified to minimise any detrimental affects on the dynamic handling of the motorcycle. The KERS system will be able to harvest more kinetic energy from the motorcycle as its velocity increases. With this, its braking force will also increase.
The rider would experience more braking force with a higher velocity, when solely relying on the KERS system. In addition to this, the system does implicate increase vehicle mass. With respect to this, the increase in mass will give the vehicle more kinetic energy and could compound the gains to be made from the system. Although, the increased weight, may make the vehicle harder to stop.
Finally, the design shown in Figure 10 seeks to eliminate large rotating masses as much as possible to eliminate inertial forces acting on a steering plane. The system will introduce some level of inertial forces to the motorcycle, and the rider would experience heavier/more resistance to steering at higher velocities.
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Energy (kWh)




Cumulative Resistance Chart
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'WLTP test cycles

Category PMR Speed phases Comments
Class 3 PMR>34 Low, Middle, High, Extra-High Ifv_max < 135 km/h, phase ‘extra-high is replaced by a repetition of phase ‘low:
Class2 342PMR>22 Low, Middle, High Ifv_max < 9o km/h, phase high is replaced by a repetition of phase ‘low

Ifv_max 2 70 km/h, phase low is repeated after phase middle:

Clas PMR< Low, Midl
ss1 22 ddle Ifv_max <70 km/h, phase ‘middle’ is replaced by a repetition of phase ‘low:
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