University of Wales Trinity Saint David
Wales Institute of Science & Art
[image: Press Releases 2020 | University of Wales Trinity Saint David]







Kinetic Energy Recovery
Alternative Propulsion Systems ACHA5010

Elliot Woodhouse

Student ID: 1908452
Date: 12/2022


Contents
1.	Introduction	1
2.	Vehicle Choice – Triumph Thruxton R	2
3.	Calculating Resistive Forces	3
3.1	– Aerodynamic Resistance	3
3.1.1 Resistance Equation	3
3.1.2 – Frontal Area	4
3.2	– Rolling Resistance	5
4.	Data Analysis	6
5.	KERS Specification	9
5.1– Component Efficiencies	9
5.2 – Braking System	9
5.3 – Storage System	11
5.3.1 – Supercapacitor Choice	12
5.4.MGU	13
6.	Usable Stored Energy	14
7.	Conclusion	15
8.	Reference List	16








1. [bookmark: _Toc124708072]Introduction
With increasing pressure on automotive industries to improve their vehicles efficiencies, manufacturers are exploring methods of reducing their vehicle’s fuel consumption whilst still satisfying their customers. One method of doing this is using a hybrid kinetic energy recovery system (KERS) that gathers and redeploys the kinetic energy of the vehicle during braking/acceleration that would otherwise be wasted from the brakes.
This report will analyse the data obtained from running a motorcycle, specifically the Triumph Thruxton R, through the WLTP stop-start cycle to see how much energy can be gathered over typical day-to-day riding. It will also be discussed which energy storage and deployment system is best for this type of vehicle and how it would best help reduce it’s fuel consumption.


2. [bookmark: _Toc124708073]Vehicle Choice – Triumph Thruxton R
The Triumph Thruxton R, seen in Figure 1, is a motorcycle from Triumph’s modern-classic range, combining retro café-racer styling with modern technology such as a fly-by-wire throttle, traction control and ABS. It uses a 1200cc parallel twin engine, described by Triumph as one of their “high power” engines, outputting 96 brake horsepower and 112Nm of torque (Triumph,2018). This comes at a cost however, with the bike averaging a relatively low 50 miles per gallon.
The installation of a KERS could significantly reduce the fuel consumption and emissions of this bike, especially in slower speed areas such as town centres.
[image: A black and silver motorcycle

Description automatically generated with medium confidence]
Figure 1 -Triumph Thruxton R (MotorcycleNews,2021)

3. [bookmark: _Toc124708074]Calculating Resistive Forces
The Thruxton has a power to weight ratio of 353W/kg and therefore fits into Class 3 of the World Harmonised Light Vehicle Test Procedure (WLTP), a drive cycle used to simulate and measure the fuel consumption and CO2 emissions of vehicles through a typical day-to-day drive (WLTP,2022). Class 3 of the WLTP consists of four sections of increasing vehicle velocity, simulating the different scenarios of a normal drive, ranging from slow speed start-stop traffic in town up to 130kph speeds simulating motorway driving.
To determine the potential energy that can be captured and redeployed by the KERS, the resistive forces working against the bike must first be calculated. The two main forces working against the vehicle during the WLTP cycle are aerodynamic drag and rolling resistance. It’s assumed that the vehicle is permanently travelling on level ground and therefore there is no gradient resistance.
3.1 [bookmark: _Toc124708075]– Aerodynamic Resistance
[bookmark: _Toc124708076]3.1.1 Resistance Equation
The equation for drag force is as follows below:

Where:
ρ= Air density (kg/m^3)
CD= Drag Coefficient
A= Frontal area of motorcycle (m/s^2)
V= Vehicle velocity (m/s)
For these calculations, it was assumed that air density stayed constant at 1.167kg/m^3 which is the density of dry air at 20°C at atmospheric pressure, as stated by Cossalter (2006).
Whilst it would have been possible to perform a coastdown test to calculate the CD value, for this investigation a general CD value will be used. Cossalter (2006) states that the drag coefficient of a motorcycle is greatly dictated by the shape of the motorcycle, with the presence (or lack of) of fairings making a significant difference to the CD value as a significant amount of vortices are created when there are no fairings to help guide the air over the motorcycle. As such, a CD value for un-faired (naked) bikes must be used, a value of 0.691 being used for this investigation (Palanivendhan et al.,2021).
[bookmark: _Toc124708077]3.1.2 – Frontal Area
[image: A person wearing a helmet and riding a motorcycle

Description automatically generated with medium confidence]To accurately calculate the frontal area of the bike a frontal picture was taken, as far away as possible to reduce perspective distortion, of the bike with the rider on in a neutral riding position.Figure 2 -Triumph Thruxton R with Rider Front Image


This image was uploaded to Solidworks, scaled using the known distance between the ends of the handlebars and the outline was sketched (Figure 3). Solidworks was then able to calculate the frontal area of the bike, coming out to 0.7229m^2, shown in Figure 4 below.



3.2 [bookmark: _Toc124708078][image: Map

Description automatically generated][image: A person in a space suit

Description automatically generated with low confidence]– Rolling ResistanceFigure 4 -Frontal Area
Figure 3 -Scaled and Sketched Image

Cossalter (2006) explains that to calculate the rolling resistance of motorcycles, it’s generally accepted that the rolling resistance force is equal to 2% of the weight of the motorcycle. This gives the equation:

Throughout all calculations, the weight of the KERS is not considered.

4. [bookmark: _Toc124708079]Data Analysis
The following section will outline and analyse the data calculated for the Thruxton during the WLTP cycle.
[image: Chart, bar chart, histogram

Description automatically generated]Figure 5 below shows the Class 3 cycle of the WLTP, presenting both the velocity and acceleration of the vehicle during the cycle.Figure 5 -Class 3 WLTP Cycle

[image: Chart, line chart

Description automatically generated]As discussed previously, there are four sections of the WLTP cycle shown in Figure 5 ranging from low to very high vehicle velocity. The data used to create these graphs, with the equations shown in the previous section, were used to calculate and plot both cumulative tractive and braking energy of the bike. The results of these calculations are shown in Figure 6 below.Figure 6 -Cumulative Tractive and Braking Energy


Figure 6 shows that over the entire cycle, the Thruxton reaches a cumulative tractive energy of 0.96kWh, however only 0.289kWh of this energy is potentially recoverable.
[image: Chart, line chart

Description automatically generated]It’s noticeable that during the first 600 seconds of the cycle only a small amount energy is lost, however as time goes on and therefore the average velocity of the bike increases due to the nature of the cycle, energy loss begins to drastically increase. This is primarily a result of aerodynamic drag, as drag force has a squared relationship with velocity. Therefore, as velocity is doubled, the drag experienced by the bike is quadrupled, consequently causing much more energy to be lost. This is demonstrated well in Figure 7 below, found in Tony Foale’s publication (2002) and Figure 8. The rolling resistance also plays a significant part in energy loss; however it isn’t the dominant resistive force.Figure 7 -Velocity vs Drag Force (Foale,2002)
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Description automatically generated]Figure 8 -Aerodynamic Resistance vs Time

It’s to be noted however that the calculated frontal area is assumed to stay the same throughout the entire cycle. In reality, this would not be the case as throughout a ride on the roads, the rider changes position constantly and as stated by Winski (2022), significantly impacts the drag force. Not only that, but Van Dijck (2015) explains in his publication that as lean angle increases, the aerodynamic drag also increases due to increased frontal area, alongside a shift of high pressure moving further towards the rear of the bike. All of this combined means that whilst a significant amount of energy was lost during the WLTP cycle, in real life application the Thruxton would almost certainly lose even more energy.


5. [bookmark: _Toc124708080]KERS Specification
There are three main components to a KERS: A modified friction braking system, a motor generator unit (MGU) to gather/use energy and an energy storage system (ESS) so that any gathered energy can be stored and deployed at the rider’s demand.
To size the ideal components for a KERS on the Thruxton, first the amount of energy able to be captured during a single braking phase and the energy deployed over the next accelerating phase must be calculated.
[bookmark: _Toc124708081]5.1– Component Efficiencies
To calculate the energy the storage system must hold, the efficiencies of each component between the rear wheel and the storage system must be accounted for. If each of these components were 100% efficient, no energy would be lost, however in reality this isn’t the case as a small amount of energy is lost due to resistive forces.
Table 1 below shows a list of all components making up the KERS with their respective efficiencies.
[image: Table

Description automatically generated]Table 1 -KERS Components
[bookmark: _Toc124708082]5.2 – Braking System
As stated previously, there must be a new braking system on top of the traditional friction brakes to capture the kinetic energy of the bike. The friction brakes cannot be entirely replaced, as the MGU has limited braking ability, modern systems only managing around 0.1G of deceleration as stated by Oleksowicz et al. (2012) and would therefore be unsafe to solely rely on whilst trying to decelerate quickly (He et al.,2022).
[image: A red and black fire hydrant

Description automatically generated with low confidence]After researching available options, it’s concluded that a brake-by-wire system running in series with the friction brakes is the best brake setup for the Thruxton to maximise energy recovery. Brake-by-wire systems have been growing increasingly popular over the last few years, with companies like Brembo pioneering their development. Brembo (2019) states that when the brakes are applied, a signal is sent to the ECU which then controls the hydraulic brakes. They claim that not only does this reduce braking times with faster response times (down to a claimed 100 milliseconds), but a brake response simulator could also be used to give a sense of brake feedback to the rider. Through the use of an accelerometer and a closed loop system, the brake-by-wire system could also alter the braking force of the bike if it sensed something was wrong.Figure 9 -Brembo Brake-by-wire Master Cylinder (Greaser,2020)

This setup allows the bike to use the MGU to brake up until a set brake lever travel, slowing the bike at 0.1G and capturing as much energy as possible, before this travel is exceeded and the friction brakes are engaged.
As a failsafe if the brake-by-wire system fails for any reason as stated by Greaser (2020), a master cylinder valve could be opened and allow the brakes to still work using their hydraulic function.
It’s to be noted that if the MGU connected to the rear was used to slow the bike up to 0.1G of deceleration, when the rider first applies the brakes (most braking is done via the front brake) they will notice no front-end dive. As they request harder braking than a deceleration of 0.1G, the hydraulic brakes attached to the front wheel engage and the front end will begin to dive. This may feel strange to the rider initially as they are used to the front-end diving straight away as the brakes are applied. The use of the ECU controlled brake-by-wire system could also be used to assist in smoothing the transition from motor braking to friction braking, helping to ensure the rider doesn’t feel the transition.
[bookmark: _Toc124708083]5.3 – Storage System
There are many different types of ES systems, ranging from multiple battery types to flywheels to compressed air.
Each system has their own advantages, however there are specific requirements that an ESS needs to meet for optimal use in a KERS for this bike. These requirements are to have:
· A high energy density to store the energy from a large braking phase
· The ability to be charged/discharged rapidly
· Low mass and be compact
· Relatively high weather resistance
· A high cycle lifetime.
One ESS that meets these requirements are supercapacitors. As stated by Ibrahim et al.(2008) there are many benefits of using supercapacitors as an ESS including an extremely high cycle lifetime as no chemical reactions occur, unlike in batteries. Supercapacitors also have a much greater energy density than regular capacitors with densities ranging from 5Wh/kg to 15Wh/kg. During the largest deceleration period of the WLTP cycle, 39.19Wh is potentially able to be captured (after considering efficiencies), meaning that a bank of supercapacitors could potentially weigh as little as 2.6kg.
[image: Chart

Description automatically generated]Figure 10 -Energy Storage System Comparison (Ibrahim et al.,2008)


Figure 10 shows a comparison of ES systems. Whilst supercapacitors do have a low storage capacity compared to other ES systems, they’re able to store enough energy during a single braking phase of the WLTP cycle. Figure 10 also shows that supercapacitors can have an incredibly high power output, much greater than most batteries, meaning they can be charged and discharged extremely quickly which is an essential requirement for a KERS.
For this reason, a flywheel was also considered, however a flywheel would be difficult to fit into a motorcycle frame discreetly (as a lot of motorcycle sales are based off of looks, especially in the modern-retro market) and the gyroscopic forces of the flywheel could alter the handling of the bike.
[bookmark: _Toc124708084][image: Table

Description automatically generated]5.3.1 – Supercapacitor ChoiceTable 2 -Types of Supercapacitors (Vinatech,2022)

Listed above in Table 2 are various sizes of 2.7V supercapacitors that could be viable for a KERS. Out of these options, the best supercapacitor for use is the bottom option, part number VEC2R7507QG, as it has a greater capacitance and higher energy density than the other options.
Using the equation:

Where:
W= energy stored (J)
C= capacitance (F)
V= Voltage (V)

Therefore, to store 39.19Wh (141102 Joules) 75 of these capacitors wired in series are required. Assuming that each of these capacitors takes up the volume of a cuboid (35x35x82mm), the total volume of the capacitor bank would be 0.0075m^3, or 7.5 litres. This is the main downfall of using supercapacitors as an ESS as it will be troublesome, but possible, to find storage space for this on a motorcycle. This would be easier to do on a motorcycle with fairings than a naked bike.
[bookmark: _Toc124708085][image: Graphical user interface

Description automatically generated]5.4.MGUFigure 11 -Tractive Power Graph

Figure 11 above shows the tractive power required of the bike to reach the velocities of the WLTP cycle. If the motor was expected to make the bike reach top speed, it would need to be a 16.8kW motor. However, most cases during the cycle could be covered using a 6kW motor. This would benefit the bike as it would draw less energy from the storage system and avoid increasing fuel consumption by adding an over-specified motor.
It’s also assumed that the motor has a constant efficiency across it’s entire speed range, whilst in real life this is entirely dependent on the type of motor chosen.
As the bike uses a fly-by-wire throttle, it could be possible for the ECU to detect when the supercapacitors are running out of energy and begin bringing in engine power, ensuring a smooth transition between the two.


6. [bookmark: _Toc124708086]Usable Stored Energy
Previously the energy capable of being recovered was calculated, however as this potential energy is transferred from kinetic energy of the vehicle into electrostatic energy stored in the supercapacitors, (and vice versa) some energy is lost due to inefficiencies in the system.
[image: Chart, line chart

Description automatically generated]With these known efficiencies, shown in Table 1, it’s possible to calculate the potential cumulative energy available for deployment at the rear wheel over the WLTP cycle.Figure 12 -Cumulative Usable Energy

The efficiency of the KERS is calculated to be 50.2%, meaning that just under half of the energy potentially able to be captured is lost in the KERS. This results in a total usable energy of 0.145kWh to drive the rear wheel gathered over the entire WLTP cycle.
The overall percentage of cumulative usable energy to the cumulative tractive energy comes out to 15.51%. This may not seem a lot, but it’s a substantial amount of usable energy that would have otherwise been lost. As discussed previously, during the slower speed sections of the cycle the KERS system is much more efficient as less energy is lost to drag. This suggests that this system would be ideal for smaller capacity bikes used for commuting/delivery companies through town, saving these companies significant amounts in fuel costs and decreasing the emissions coming from their vehicles.

7. [bookmark: _Toc124708087]Conclusion
The findings of this investigation show that the implementation of a KER system to vehicles can significantly increase their fuel efficiency. Even with the naturally terrible drag coefficient of motorcycles, it’s shown that 15% of the energy of the bike during a day-to-day ride up to motorway speeds can be recovered, meaning if this system was used in mass production the overall decrease in fuel consumption of vehicles, especially at low speeds, could be significant.
That being said, it’s clear that this system is ideal for vehicles with better aerodynamics than the Thruxton, for example faired motorcycles, or vehicles that are not expected to reach such high speeds, such as 125cc bikes or mopeds. The storage capacity of this system may not need to be as large as it is, as during most stops it won’t reach anywhere near capacity but after a long-distance stop charging the supercapacitors up to full, the stored energy could be used to solely run the bike at slower speeds for a significant time.
The main drawbacks of systems like these are that they’re expensive and the components could be difficult to fit to the already limited spaces in motorcycles. However, large amounts of effort are currently being put into the development of supercapacitors and motors to further increase their efficiency, hopefully meaning that as time progresses the practicality of these systems will only increase.
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