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1. Introduction (Tom Lynn P148408, James Smith 1801879, Leighton Coughlin 1802971)
This shared introduction outlines of an investigation into the possible modifications to the Green Power Vehicle owned by the University. Specifically, this report details the investigation into lowering the rolling resistance of the vehicle, Chassis design, battery capacity and gearing efficiency. Chassis design is an important and key factor that is going to be analysed, to assess if a more suitable design can be produced. Research around the regulations for the racing event will be stated, to then further discuss new improved modifications that can be made to the vehicle. These will include possible material selection modifications that can be applied to increase strength or safety of the vehicle. The focus on rolling resistance was chosen as the tyres are the only contact the vehicle has with the ground so it should be a main area of concern on any vehicle competing in racing competitions. As the GreenPower vehicle has very limited physical power this energy needs to be applied as efficiently as possible. The battery and gearing will also be discussed together as they must both work in tandem with the electric motor in order to achieve as much power to wheels as possible. This will be done by researching typical setups and why they are used in order to bring the current driveline up to scratch. 

The report details the background of the project discussing the purpose of the project itself and outlining the rules and regulations of the competition the vehicle would theoretically be racing in. Details of the group management and planning are detailed with insights into the forms of communications used and software utilized in order to help manage the group. Details of the group’s overall aims, and the job roles assigned to each member are discussed along with a brief discussion on the loss of a group member and how it was managed. 

A full methodology is given into all the tests performed for each individual subject area. The rolling resistance methodology consists of a contact patch investigation and a rolling resistance test in order to determine the scope of modifications that are possible and finally a deflection test was carried out on the tyres in order to help simulate the wheel in Solidworks to help determine possible replacement wheels without the need to purchase them. 

In order to determine the strength of the current battery, driveline setup a steady state battery discharge test was first carried out to determine the performance of the battery in terms of capacity. A power run was then performed on the setup in order to determine the motors capacity as well has how well the gearing set up. By performing simulation testing on the chassis design, by simulating different materials will allow for an in-depth analysis of material selection, alongside literature reviews to support these findings.

An in depth analysis is given on each subject area. Analysis is given on the data gathered from the rolling resistance tests along with possible improvements. However, due to the outbreak of COVID-19 it was not possible to finish the analysis and any theoretical improvements as access to the University workshops and PC’s which had specialist software was off limits. In these cases, the analysis is substitutes with an outlook on what would have been investigated or improved and will use as much secondary research to validate these claims as possible. 

Once the research into chassis design is completed, a 3D computer aided design model will be created, using the program Solid Works. By obtaining the current parameters of the Green power kit car, as it stands in the University of Wales Trinity Saint David’s automotive workshop, will allow an accurate and precise model of the chassis design to be created. A brief material selection analysis would have already been stated in the research, to then allow for materials to be applied to the Solid Works model created, to carry out simulation testing.

This testing will include stress, strain and displacement of the chassis. By performing simulation and real life testing will prove if a modification is necessary to the design. Along with the physical testing for the gearing setup a CAD model was created along with a few calculations in order to verify data produced by an online simulator. The simulator was then used to predict how the current vehicle would perform as is but also after any potential modifications. The purpose of the physical testing was then to also verify the data produced by the simulator. This however didn’t come to fruition both due to resources available as well as the previously mentioned COVID-19 outbreak.




















2. Background
This section of the report details the background research done on the history of the Green Power competition along with its rules. Background research was also completed on the batteries and wheels of the green power kit car.
2.1 What is Greenpower?
Greenpower Education Trust (shortened to Greenpower) is a charity based in the UK which hold yearly competitions to build, design and race and electric powered car. The aim is to get young people interested in science and engineering (About Greenpower, 2019)
There are 3 categories of Greenpower races held yearly. IET Formula Goblin (ages 9 – 11); IET Formula 24 (ages 11 – 16) and IET Formula 24+ (ages 16-25). Each category has its own set of rules and regulations. (Greenpower Categories, 2019)
IET Formula 24+ - This is the theoretical competition that the universities car would be entered in. 9 events held throughout the UK with 1 60-minute race is held per event. Unlike Formula 24, only 1 driver is required per race, but the driver can be switched. The winner of each race is determined by the car that travels the furthest distance in each race. (IET Formula 24+ Guide, 2019)
2.2 Regulations
In this section general regulations are discussed as well as the regulations related to the work carried out by Tom. Full regulations can be seen in Appendix A.
Car Dimensions - The car cannot exceed 2800mm (L), 1200mm (W) and 1200mm (H). Greenpower sell a kit car for £2950.00 which comply to both Formula 24 and Formula 24+ Regulations.
T3 - Wheels & Track
There is not a great deal of regulations that stipulate the type of wheels and tyres that can be used for the vehicle. There are 5 rules in total:
· T3.1. Tyres must not be less than 300 mm nor greater than 520 mm in diameter.
This rule stipulates that the size of the wheel and tyre cannot be less than 11” or greater than 20”. Green Power supply 16” wheels or 20” wheels with their Kit Car. The current wheels on the universities car are the 20” variant.
· T3.2. There must be four wheels located as a matching front and matching rear pairs, symmetrically about the longitudinal centerline of the vehicle.
· T3.3. The track of the vehicle must not be less than 500 mm front or rear. The track is deemed as the measured width between centre of tyres where they contact the ground. The track may vary front to rear. 
· T3.4. Tyres must be pneumatic
· T3.5. Plastic spoked wheels are not permitted.
This is down to safety. Plastic wheels can warp and bend under load and could possibly cause a crash. (Tones, 2013). This rule does not stipulate that the wheels must be metal. Only that they cannot be plastic. Compound materials could be investigated. (Greenpower Regulations, 2019)
2.3 Current Setup
[image: F24 20" Wheel inc Rim Tape]The current wheel supplied with the GreenPower car is a Halo SAS 20” wheel. Based on the research done the wheel has been discontinued by Halo as the wheel cannot be found for purchase anywhere online. As such there isn’t much information of the specification or materials used for the wheel. (Greenpower F24 20" Wheel, 2019)





Figure 1: Green Power Wheel (Greenpower F24 20" Wheel, 2019)
An extremely similar wheel was chosen as a substitute in order to gain the relevant information. The wheel chosen was a Halo SAS 26” Rim which is the same wheel just in a different size. The wheel features an anodized T10-Alloy construction and weighs 785g. The measurements of the wheel are outlined during the analysis of the CAD drawing. (Halo Wheels, n.d)
The standard tyres supplied with the Kit Car are Kenda K121 20 x 1.75. The maximum PSI is 40. (F24 20" TYRE, 2019) Similarly to the Wheel, the tyres have been discontinued by Kenda and as such there isn’t much information around the construction of the rubber its specification. A general rubber was chosen as a material in Solidworks to aid in simulating the properties of the tyre.









3. Management
This section of the report details the management and communication side of the project. Insight into the methods of management and communication is detailed and analysed.
3.1 Job Roles
	Name
	Research Area
	CAD Modeling Area

	Tom (Project Lead)
	Wheels and Tyres
	Wheels and Suspension

	Leighton (Scribe)
	Motor and Gearing
	Motor and Gearing

	James
	Chassis
	Chassis

	Gareth
	Battery Cooling
	Battery Components

	Daniel
	Energy Recovery Systems
	Steering Components


Table 1: Job Roles
Initially the group had 5 members but due to personal circumstances Dan withdrew from the course and was no longer a member. Dealing with this was challenging as the member had initially done some stress testing on the chassis that had to be picked up by another member of the group and due to the lack of communication by the leaving member the exclusion from the group and passing the work on to another member took some time. Each member chose their subject area based on their personal preference of what they were interested in researching. 
3.2 Communication Methods
The main form of communication was a Facebook group chat. This was chosen as the primary form of contact as it was quite difficult as the project moved on to have frequent meetings with everyone present. A weekly meeting was still held with a member keeping minutes however, keeping in contact throughout the week even after school hours through Facebook was extremely valuable. Weekly Meetings with Andrew helped gather everyone together and steer the project in the right direction
Another valuable form of communication was the creation of a shared OneDrive folder. The folder allowed for any member of the team to add any work that had been completed along with gaining access to the joint PowerPoint created for the 1st Viva.
[image: ]







Figure 2: Shared File System
3.3 Management Software
[image: A close up of a map

Description automatically generated]Microsoft Project was used in order to create a Gantt Chart to help organize what each member of the group was doing and by when. A Gantt Chart was chosen as it gives a clear representation of project tasks and is extremely good for time management.( AnalysisTabs, 2019)Microsoft Project was chosen to create the Gantt Chart as each member of the team’s email could be linked to their profile on the Gantt Chart and would get weekly or daily reminders of tasks or deadlines that were approaching.  Figure 3 Displays a Gantt Chart for Semester 1 leading up to the 1st Viva. Unfortunately, due to the circumstances surrounding COVID-19 the Gantt Chart for Semester 2 was unable to be accessed to display in the report. 

Figure 3: Semester 1 Gantt Chart














4. Methodology
In order to determine what improvements could be made to the Green Power vehicle baseline testing needed to be carried out. This section details the methodology of the 4 baseline tests carried out.
[bookmark: _Hlk38222697]4.1 Corner Weighing and Tyre Deflection
The Vehicle was in desperate need for repair before any testing was carried out. Push rods were modified, and a full shakedown was completed 
The car was then placed on 4 corner weighing scales (ensuring they were level) with a driver in the vehicle.
The corner weights were then displayed on a laptop nearby.
[image: ]
Figure 4: Greenpower corner weights with driver
[bookmark: _Hlk38222709]4.2 Rolling Resistance
Ideally in order to complete the rolling resistance test the car would be running on its own power on the Dynamometer. Unfortunately, on the day of testing the batteries were not working. Based on Leighton’s research he calculated the max speed of the vehicle to be ~20mph. This speed was then applied to the rollers to simulate the propulsion of the vehicle.
The tyres were pumped up to 50 PSI which is 10 PSI greater than the manufacturers specification. The Dynamometer was then powered up for 30 seconds with the roller speed at 20mph. The rolling resistance was then calculated via the Dynamometer software.
The tyre pressure was then reduced by 5 PSI increments and the test was carried out again. This was done until the tyres reached 10 PSI. The test was stopped in order to limit any damage to the tyres and for safety.
The Dynamometer software then produced a graph of the rolling resistance at each 5 PSI increment.





[bookmark: _Hlk38222724]4.3 Contact Patch
The contact patch of the tyre at every PSI (5 PSI increments) was captured in order to validate the results of the rolling resistance test. If the results were a match then the rolling resistance of a theoretical tyre could be simulated and then a conclusion on the size of the contact patch could be made.
The car was placed onto the same Dynamometer used for the rolling resistance test in order to aid in validation. The tyres were once again pumped up to 50 PSI and had the same driver in it that was used when cornerweighing. 
Chain Wax was used to spray the wheel which would leave a mark on the paper that was placed under the contact patch of the wheel. Chain wax was used as it left a good imprint on the paper and it is a volatile substance which required little cleanup. 
The car was then lowered onto the rollers and the contact patch imprinted onto a sheet of paper. Once again the tyre pressure was reduced by 5 PSI and the test continued down to 10 PSI.
[bookmark: _Hlk38222733]4.4 Tyre Deflection
The vehicle was placed on the same rolling road used for the rolling resistance and contact patch experiments in order to help validate any results.
The tyres were once again pumped up to 50 PSI and had the same driver in it that was used when cornerweighing. The car was then lowered onto the rollers and a set of Vernier Calipers were used in order to measure the deflection of the tyre. Once again the tyre pressure was reduced by 5 PSI and the test continued down to 10 PSI.
As the car had been cornerweighed prior to testing the deflection could be calculated via the following equation:



Where Force is the downward weight on the tyre and the lateral deflection is the deflection measured with the callipers.
The tyre deflection value was then used in Solidworks to help simulate the movement and rolling resistance of the wheel. This data could then be validated against the rolling resistance data gathered prior in order to aid in getting a conclusion on the benefits of a new wheel and tyre combination.









5. Analysis
This section of the report will analyze the baseline testing done in order to determine if the vehicle can be improved.
[bookmark: _Hlk38222762]5.1 Rolling Resistance
The focus on rolling resistance was chosen as the tyres are the only contact the vehicle has with the ground so it should be a main area of concern on any vehicle competing in racing competitions. As the GreenPower vehicle has very limited physical power this energy needs to be applied as efficiently as possible.
The Dynamometer software gave the output of the test in a line graph format. This format was quite hard to read so the data was exported into excel where the average rolling resistance for each PSI could be taken and put into a more user friendly graph.
[image: ]









Figure 5: Greenpower raw dynamometer data










Figure 6: Graph Showing Rolling Resistance of Greenpower Vehicle
By looking at the data its clear to see the highest rolling resistance is at 10 PSI with a value of 74500 N. The lowest rolling resistance is seen at 50 PSI with a value of 49000 N which is nearly 1/3 lower. After 30 PSI the rolling resistance value flattens out. So, it’s clear to see that running the car at a higher pressure does reduce the rolling resistance only to a certain point. This is because the contact patch does not change much after a certain point due to factors such as tyre shape, rubber compound and rubber dampening and stiffness. On a completely smooth surface the higher the tyre pressure the higher the tyre pressure the lesser the deformation and rolling resistance. (Schwalbe, n.d) In order to test these 2 tests were performed. A contact patch test and a tyre dampening test.
[bookmark: _Hlk38222774]5.2 Contact Patch
As seen in figure 7 the rolling resistance data is validated as the contact patch doesn’t change much at all after 30 PSI. However, the contact patch at 10 PSI is considerably larger than at 50 PSI which again corroborates with the rolling resistance value. Figure 7 Shows that rolling resistance increases as the contact patch enlarges in both length and width. (Mardani, 2015)
[image: ]
Figure 7: Contact patch from 10PSI (left) to 50 PSI (right)
[bookmark: _Hlk38222793]5.3 Tyre Deflection
The tyre deflection test was performed for 2 reasons, it would validate the contact patch and rolling resistance data once more and it would allow for analysis and simulation to be performed on a CAD drawing of the GreenPower wheel and tyre.
“Rolling resistance is described as the parasitic energy dissipated by the constant deflections of traversing tire under acting load.” (Mardani, 2015)
 This statement implies that tyre deflection will have a direct effect on rolling resistance.  Figure 8 confirms this as the tyre deflects much more at 10 PSI than at 50 PSI and once again this is validated by the 2 previous tests.
[image: ]
Table 2: Greenpower tyre deflection vs. PSI


It’s worth noting that these baseline tests do not prove that the GreenPower vehicle does have an inherent issue with rolling resistance only that higher pressures can reduce the rolling resistance of the vehicle. As the max pressure of the tyre is limited to 40 PSI by the manufacturer then the potential lowering of the rolling resistance of the vehicle is reduced. 
According to Schwalbe Tires, wider tyres roll better than narrow tyres when ran at the same pressure as a narrower tyre will deflect more. Other factors such as tyre compound and material will have an effect as well but in general this statement is true. (Schwalbe, n.d)
“At the same inflation pressure, a wide and a narrow tire have the same contact area. A wide tire is flattened over its width whereas a narrow tire has a slimmer but longer contact area.” (Schwalbe, n.d)
In order to combat this narrower tyres can be inflated to a much higher pressure in order to lower their rolling resistance. (Taylor, n.d)
This is the basis for the modifications proposed for the vehicle.





















[bookmark: _Hlk38222822]6. CAD, Simulation and Costing
The Vehicle was measured in depth by each member of team in order to recreate the vehicle in Solidworks. Each member then used the 3D models for various reasons such as possible modifications drawn to scale or using simulation packages in lieu of real world testing.
The areas drawn for this report were:
· Wheels (incl. hubs and brake disks)
· Tyres
· All Suspension Components
The wheel and tyres were used for simulation testing but the suspension components were primarily drawn in order to allow for a complete vehicle to be drawn to scale.
[bookmark: _Hlk38222853]6.1 Wheel and Tyre Size
Most tyres are measured in ETRTO (European Tire and Rim Technical Organization). However, there are some tyre manufactures that still use the English measuring system. (Sheldon, 2007)
The tyre size for the standard Kenda K121 wheels supplied by Greenpower is 20 x 1.75 which follows the English standard. Table 3 Details the conversions of this figure. (F24 20" TYRE, 2019)
	
	English
	ETRTO

	Size marking
	20 x 1.75
	44.45 - 406

	Outer diameter
	20 inches
	-

	Inner Diameter
	-
	406mm

	Tire Width
	1.75 inches
	44.45mm


Table 3: English vs ETRTO conversion
Each system displays the same information about each tyre but in different styles and different units. This can get quite confusing when combining two of the systems. In the case of the Greenpower wheels and tyres. They are sold as 20” wheels. (F24 20" TYRE, 2019) However, when measured the diameter measures 406mm (16”) but the tyres supplied are for 20” rims (20 x 1.75). 
So, in essence the wheel is both 20” and 16” depending on what measuring system is followed. The French and English systems measure the outside diameter of the tyre whereas the ETRTO system measures the inside diameter of the tyre.
If the ETRTO system was followed for both the tyre and rim then there would be less confusion. The tyre would read 44.45 – 406 which would indicate the wheel diameter is 406mm (16”).
[bookmark: _Hlk38222889]6.2 CAD DRAWINGS
The majority of the time of the project was spent on developing a 3D model of the vehicle. This section outlines what parts were drawn. A link to the 3D models can be found in Appendix A. If access to Solidworks was available. Full technical drawings for each part would have been produced.
[image: ]

Figure 8: Greenpower Brake Disk
This is the brake disk used on all 4 wheels of the car it is a standard bike brake disk. Drawing the disk didn’t provide much challenge however, measuring the diameter and internal cut outs provided some challenge.
[image: ]
Figure 9: Greenpower Rose Joint
The rose joint above is an assembly of the outer joint and the inner joint with the full range of movement expected. This rose joint is used on various components including both wishbones and steering rods.




[image: ]

Figure 10: Greenpower Wheel Hub
[image: ]This model is the wheel hub used on both front wheels, it connects to the body of the car and allows for the brake disk and wheel to be connected to the car. This model was very hard to draw correctly due to its location on the vehicle and limited access to measure it. However, the final result is dimensionally accurate.
[image: ]


Figure 11: Greenpower Wishbones
The wishbones were the first items to be drawn due to their simplicity. The shorter wishbone is the top wishbone and the longer wishbone is the lower wishbone. Both are connected to the vehicle using the rose joint drawn.








[image: ]
Figure 12: Greenpower Wheel
The wheel was by far the most challenging part to model due to its many complex parts and intricacy. However, after multiple revisions and changes the wheel was drawn in extreme detail with the correct spoke numbers, dimensions and tread pattern. Multiple new skills were required to draw the wheel fully with the use of the revolve tool, circular pattern tool and the creation of new planes in order to draw intricate components.
[image: ] [image: A close up of a bicycle

Description automatically generated]
Figure 13: Greenpower Full Assembly
Figure 13 displays all the components drawn in one assembly showing that all the parts were drawn to scale and accurately. All the parts have full range of realistic movements. And contact mates were set up in order to limit movement beyond what it can do in real life.



[bookmark: _Hlk38222911]6.3 Simulation 
Unfortunately, due to the outbreak of COVID-19 the simulation was unable to be completed. Any steps that were not completed are outlined and an explanation of what was expected is written and backed up via secondary research when possible.
Solidworks offers a Simulation Package which allowed for the rolling resistance to be calculated. A full methodology is listed below.
[bookmark: _Hlk38222929]6.3.1 Simulation Methodology
An assembly was created with the tyre, wheel and makeshift road. The tyre and wheel needed to be sperate parts in order to set different material properties for both.

[image: ]
Figure 14: Rolling Resistance Simulation
The correct materials were selected for the wheel and tyre based on the primary research outlined earlier. A tyre dampening was set using the following table.
[image: ]
Table 4: Tyre dampening calculations
The test was run at each tyre pressure running from 10 PSI to 50 PSI in 5 PSI increments.
A contact mate was made between the tyre and road. 3 forces were then applied to the assembly, gravity, a downward force on the axle pushing it into the ground and finally a small force pushing the wheel along the road. These forces were kept constant throughout testing.
Due to the factors out of the universities control the testing was not finished and therefore could not be validated against the real world testing.

[bookmark: _Hlk38222947][bookmark: _Hlk38223083]6.4 Next Steps & Suitable replacement wheel and tyre
If the simulation could have been completed the next step was to design a new wheel and tyre setup that was narrower than the current setup. If the simulation testing validated against the real world testing for rolling resistance then a connection would be created between rolling resistance and contact patch. As previously discussed a smaller contact patch would reduce rolling resistance a narrower tyre at a higher pressure would result in a smaller contact patch due to the lower deflection and surface area (Relija, 2018)

The unbranded Rear 700c Bike Wheel in Black from Halfords (https://www.halfords.com/cycling/bike-parts/bike-wheels/rear-700c-bike-wheel-in-black-244124.html) was chosen as a suitable replacement for the GreenPower vehicle for two main reasons. The wheel costs £56.00 per wheel instead of £91.00 (plus VAT) for the replacement F24 wheels sold by GreenPower. In the case of failure or damage the unbranded Halfords wheel is 39% cheaper. The other factor is the availability. Halfords has around 460 stores throughout the UK. (Halfords About us, n.d) which would allow for easy access to replacement wheels in the event of a crash. As opposed to the online ordering system offered by Green Power.
The tyre was chosen for the same reasons. The tyre chosen was the Schwalbe Lugano Bike Tyre 700x23c (https://www.halfords.com/cycling/bike-parts/bike-tyres/schwalbe-lugano-bike-tyre-700x23c-368347.html) which costs £11 as opposed to the £30.52 (plus VAT) tyres supplied by GreenPower. (F24 20" TYRE, 2019)
The Rear 700c Bike Wheel in Black would allow for 23mm wide tyres to be fitted which is nearly a 50% reduction from the 45mm tyres fitted on the vehicle at present. As the 700c tyre can withstand more pressure. The tyre can hold a maximum tyre pressure of 115 PSI (Bierman, 2015)
















[bookmark: _Hlk38222995]

7. Conclusion (Tom Lynn P148408, James Smith 1801879, Leighton Coughlin 1802971)
A shared conclusion is given on the outcomes of the research and analysis along with an evaluation on how the group performed. To conclude the rolling resistance investigation, the outbreak of COVID-19 undoubtedly hindered the completion of this project. However, conclusions can still be made from the work done before the outbreak. The initial testing on the vehicle proved that with a higher tyre pressure the rolling resistance is lowered which was validated 3 times via, tyre deflection, rolling road test and a contact patch test. All of these tests indicate that a narrower tyre at a higher pressure would aid in lowering the rolling resistance of the car which in turn would allow it to travel further on the same power. This is backed up via secondary research referenced throughout the paper. 

If the facilities were available further analysis would have been done on simulating various other wheel and tyre combinations in order to prove or disprove that a narrower tyre would reduce the rolling resistance however this was not possible. The majority of the time spent on the project was creating a 3D model of the car in order to run it through various simulations which in the end was not possible. As such the report is lacking a definitive conclusion. Ideally a real world test would have been performed on the vehicle with a different tyre and wheel setup. The same 3 baseline tests would have been performed on the new setup which would allow for a direct comparison to be made.

To conclude the chassis investigation, by using the results and observations obtained from research and testing, the original material applied to the chassis can be improved by changing sections of the chassis to light weight and stronger materials. These materials as stated previously in the analysis and discussion sections include aluminium and carbon fibre sections, including changing the roll bar material to aluminium and the seating section to carbon fibre as stated. To conclude the battery and gearing investigation. Particular insight into how the motor, gearing and battery operate was gained however no exact conclusions into the benefit of any modifications can be made. This is both due to the incompletion of tasks due to the convid-19 outbreak but also due to the lack of resources available. 

It was concluded that the battery currently in the vehicle was completely worn out due to its age but also the condition that is was stored in. Any further modifications if undertaken would have relied heavily upon replacing the throttle with a potentiometer instead of switch. This would have greatly increased the range as the efficiency gained by having more than two throttle positions is paramount. Replacing the lead acid batteries with lithium ion variants would also highly increase the discharge efficiency but a major improvement would also have been made by repairing and or replacing the current batteries while also taking reasonable care.

Overall, by working in a team for this project has increased all team skills, allowing everyone to distribute areas of the vehicle to focus attention on. This has allowed our group to produce a stronger, more effective and overall, more professional Green power vehicle design. But due to the circumstance present at the moment, the actual chassis design could not be changed due to access to the software needed. Although by using a selection of literature reviews has allowed material selection to be sufficiently carried out without performing all the simulation work that was hoped to be performed and first set out to achieve.
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9. Appendices
Appendix A
This link can be used in order to access the 3D modelling files
Graph Showing Rolling Resistance of Greenpower Vehicle
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