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2. Introduction
This project consists of a team of engineers set with the task of turning an internal combustion engine (ICE) powered formula 750 car into a fully electric powered vehicle. This is done by replacing the original 1108cc Fiat “FIRE” engine with an EMRAX 268 EV motor along with other electrical components like a Sevcon controller. All these electrical components are placed into a Falcon RaceKits rolling chassis with the main goal as a group to compete against other ICE powered formula 750s. Due to the size of the team, members were split into 2 subgroups depending on their skills and attributes, these subgroups being the mechanical and EV drive line side as shown in table 1. This report outlines the progression made from the mechanical team with each engineer taking responsibility for a different mechanical part of the formula 750.

	Mechanical Team
	EV Drive Line Team

	Name
	Role/Responsibility
	Name
	Role/Responsibility

	Oliver Moss
	Leader & Driveshaft
	Owen Roberts
	Leader & DVT Software

	Freddie Watkins
	Packaging
	Luke Dyas
	Data & Simulation

	William Hare
	Cooling System
	Peter Grima
	Battery Management System

	Ryan Calderon
	Differential & Final Drive
	Daniel Hannis
	Safety System

	Nick Davey
	Brakes & EV Regen
	Rhys Tremelling
	Wiring 

	
	
	Ross Burnside
	Charging Trolley


Table 1 - Teams & Responsibilities



3. Regulations
Regulations are a crucial factor to motorsport however, the formula 750 regulations lack a lot of guidance for a bespoke vehicle like ours because the championship doesn’t consist of any EV powered vehicles at the moment. This meant that we as a team had to use other motorsport regulations from different championships for guidance throughout this project. These regulations included;
· Motorsport UK
· Formula E
· World Rallycross
· Formula Student
Even though the Formula 750 motor club regulations lacked guidance, there were still some important points to abide by (750 Motor Club, 2024);
· Torque biasing locked or limited slip differentials are all prohibited. 
· Minimum weight of 480Kg, including driver.
· The use of electric water pumps is prohibited.
The final point about electric water pumps being prohibited is a good example of where the 750 motor club regulations oppose a bespoke vehicle like ours because our cooling system must be electrically powered as the whole car is electrically powered so this meant we ignored this regulation with the intent that it would be changed if our car was to enter the championship.

4. Leadership (Oliver Moss)
The first important role to assign to a team is a leader of each group. This meant that for the mechanical team, Oliver Moss was assigned as leader due to his leadership qualities outlined using Belbin’s model as shown in table 2.
	
	Implementer
	Coordinator
	Shaper
	Plant
	Resource Investigator
	Monitor Evaluator
	Team Worker
	Complete Finisher

	Average Score
	10.0
	8.8
	11.6
	7.3
	7.8
	8.2
	10.9
	5.5

	My Score
	4
	5
	4
	10
	13
	12
	13
	9

	Variance
	-6
	-3.8
	-7.6
	2.7
	5.2
	3.8
	2.1
	-3.5


Table 2 - Belbin's Model
He used these skills to firstly delegate roles to other members that suited their engineering ability so that they produced high quality work due to their interest in that segment. Many books, like “The Leadership Book” by Mark Anderson (2012), state certain responsibilities a leader has including:
· Motivating Colleagues
· Keeping Communication High
· Making Decisions
· Setting Deadlines and Helping to Meet Them
· Monitoring Progression
· Delegating Tasks
To help the team understand the project at hand he produced a group Gantt chart that is figure 51 in the appendix, which consists of broad tasks that each person should complete for their section along with an expected time to do so. Also, the chart included important milestones to outline important points in a project’s progression which the team works towards. These milestones included;
· Interim VIVA – 11th December 2023
· All Components are Sourced – 1st February 2024
· Start Practical Work on the Car – 1st February 2024
· The Car can be Switched on – 8th March 2024
· Project Report – 17th March 2024
· Final VIVA – 19th March 2024
However, due to various reasons we were unable to abide to the Gannt chart and its timings which is explained later on.

5. Driveshafts (Oliver Moss) 
As well as being a project manager, Oliver Moss was assigned to research and acquire 2 driveshafts that suit the environment the car is experiencing. A driveshaft is a component of the drivetrain system that transmits the torque from the engine or motor to the wheels, which for the formula 750, is after after it has been through other components like the differential and final drive. They consist of a cylindrical shaft with a cv joint and spline at either ends as shown in figure 1, which for this project will be attached to the rear wheels making it a rear-wheel-drive car.
[image: ]
[bookmark: _Toc161606654][bookmark: _Toc161608104]Figure 1 - A Driveshaft Example (Halfords)
5.1. Factor of Safety
Before any calculations could be made, Oliver had to decide on a sensible factor of safety value, when choosing the right driveshaft properties, to reduce the risk of failure so that the driveshaft isn’t always running at its maximum torque for example. After research, Oliver found Russell Huff tested multiple rear-axle steel driveshafts, where then he calculated an average factor of safety of 2.6 as seen in figure 2. This meant that Oliver chose a factor of safety value of 2.6 which is complimented by figure 3 from the engineering toolbox as a driveshaft is similar to a rotating turbine component.
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[bookmark: _Toc161606655][bookmark: _Toc161608105]Figure 2 - Factor of Safety of Multiple Driveshafts		    Figure 3 - Typical Factor of Safety Values (Engineering
Huff.R, 1916)					    Toolbox, 2010)


5.2. Max Grip Torque
To start, Oliver made some calculations to help understand the forces the driveshaft would experience and whether they could withstand the environment experienced. Most importantly, the max grip toque was calculated which outlines the maximum amount of torque the wheels and driveshafts will experience as the car accelerates from stationary. If the torque increased any more than the calculated value, there would be small amounts of traction and the wheels would spin. The max grip torque was calculated by taking a measured wheel radius of 0.26m, assuming the coefficient of friction (µ) of the tires is equal to 1.4 and taking an estimated assumption of the total mass = 700Kg. Then we can assume all the weight is at the back of the car with a bit extra to accommodate for weight transfer due to the sudden acceleration from stationary meaning the total mass on the rear axle = 750Kg. 





5.3. Driveshaft Calculations
Some other calculations were made and are shown below however they do not account for factor of safety.
Mass = 700Kg
Max Motor Power = 200Kw = 268.1Hp
Max Velocity = 160Km/h = 44.44m/s (limited to)
Wheel Radius = 0.26m


Max Motor Speed = 4500 rpm

Max Motor Torque = 500Nm

 
This is the torque experienced once the car has accelerated and is moving.


5.4. Driveshaft Materials
From these calculations, Oliver’s next task was to research different types of materials used to make driveshafts like carbon fibre and steel and decide on the best option that suited the calculations and environment it would be placed in. Overall, steel was a better option due to its wide availability and lower costs as well as it being structurally strong enough to withstand the maximum grip torque of 2700Nm which is crucial as it cannot break under maximum load. This led to him to outlining 2 possible steel alloys, AISI 4130 and AISI 4340, however comparing the 2 options using table 4 from Capital Steel, 4340 was a better option as it is commonly used in trucks and high-performance vehicles due to its higher tensile and yield strength as well as it being a harder material due to its Brinell hardness value. Some of 4340 steel’s properties can be seen below in table 3 from ASM Aerospace Specification Metals Inc.
	Density, ρ
	7.85 g/cm3

	Ultimate Tensile Strength
	1.11 GPa

	Yield Tensile Strength
	0.71 GPa

	Modulus of Elasticity
	205 GPa

	Poissons Ratio
	0.29

	Shear Modulus
	80 GPa

	Brinell Hardness
	321

	Elongation at Break
	13.2%

	Specific Heat Capacity
	475J/Kg°C

	Shear Modulus
	80 GPa


Table 3 - Steel 4340 Properties (ASM)
	[bookmark: _Hlk161242998]Mechanical Properties

	
	4130
	4340

	Normalised
	
	

	Tensile Strength
	669 MPa
	1279 MPa

	Yield Strength
	434 MPa
	862 MPa

	Elongation (2”)
	25.5%
	12.2%

	Reduction in Area
	55.6%
	49.9%

	Brinell Hardness
	197
	363

	Annealed
	
	

	Tensile Strength
	560 MPa
	745 MPa

	Yield Strength
	361 MPa
	472 MPa

	Elongation (2”)
	28.2%
	22.0%

	Reduction in Area
	55.6%
	49.9%

	Brinell Hardness
	156
	217

	
	
	

	Chemical Properties

	
	4130
	4340

	Carbon, C
	0.30%
	0.40%

	Manganese, Mn
	0.40-0.60%
	0.60-0.80%

	Chromium, Cr
	0.80-1.10%
	0.70-0.90%

	Molybdenum, Mo
	0.15-0.25%
	0.20-0.30%

	Silicon, Si
	0.15-0.35%
	0.15-0.30%

	Phosphorus, P (max)
	0.035%
	0.035%

	Sulfur, S (max)
	0.040%
	0.040%


Table 4 - AISI 4130 Vs AISI 4340 Comparison (Capital Steel, 2015)
5.5. Driveshaft Measurements
After this, he investigated the dimensions required for the driveshafts by firstly measuring the amount of travel the rear wheels have. This was measured by removing the springs off the rear suspension system but keeping the dampers on and then measuring the travel from the wheel’s lowest to highest points. He found that the wheels have a maximum vertical travel of 60mm, figure 4 & 5, which the CV joint must accommodate for and there was a latitudinal travel of 20mm. He then measured the length from each rear wheel hub, which was 1300mm.
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[bookmark: _Toc161606656][bookmark: _Toc161608106]Figure 4 - Wheel at Lowest Vertical Position		           Figure 5 - Wheel at Highest Vertical Position
However, he had to considering that the driveshafts won’t touch due to the differential meaning there will be a 20mm gap to accommodate for. Therefore, the 2 driveshafts must have a combined length of 1280mm however, how that is split is dependent upon where the differential is placed. This meant relying on other team members to complete the packaging and placement of the differential however this was not completed in time as battery and motor placement became higher priority. Nevertheless, figure 6 shows that Oliver took an estimate of a given area that the differential could be placed in so that some progression can still be made and point A on figure 6 shows the perfect position he would want the differential to be placed as the more central and closer to the rear axle, the better.
[image: ]
[bookmark: _Toc161606657][bookmark: _Toc161608107]               Figure 6 - Estimated Area Differential Placement
5.6. Max Shear Stress Through Driveshaft
Producing the estimated area meant that driveshaft lengths can be assumed so that more calculations and more understanding can be gained. The left driveshaft could range from 0.5m to 0.75m meaning the right will respectively range from 0.78m to 0.53m. Using this and other important pieces of data, Oliver could use the shear stress equation below to analyse how different variables affect it.
· Different shaft lengths are used.
· The driveshaft is either solid or hollow.
· The wall thickness changes.
· [image: A diagram of different types of objects

Description automatically generated]A different material is used.


The Polar Second Moment of Area/J is a measure of the object’s resistance to a twisting moment by taking into account the cross-sectional area of the object along with its distribution from the axis of rotation. For a shaft the polar second moment of area can be calculated using the formulas shown in figure 7.
[bookmark: _Toc161606658][bookmark: _Toc161608108]      Figure 7 - Polar Second Moment of Area for a Shaft
      (Dequilla. E, 2019)
5.6.1. Different Shaft Lengths
For this analysis, the options of driveshaft lengths ranged from a minimum of 0.5m to a maximum of 0.780m, as stated before. These lengths were used to calculate how much shear stress is required to rotate the driveshaft 90°. Figure 8 shows that there is a decreasing exponential relationship between shaft lengths and its respective max shear stress as, when a shaft gets longer, it has a smaller max shear stress meaning it can bend easier. It is important to note that the main lengths are from 0.64m to 0.78m and this is because at 0.64m both the left and right driveshafts have a length of 0.64m. After this, for example 0.65m and 0.63m from table 5, the longer length shaft will result in a smaller shear stress value and this means that, even though the 0.63m is stronger and requires more shear stress to rotate 90°, the longer shaft is weaker therefore maximum stress that can be put on both driveshafts is the smaller of the 2 values otherwise the longer driveshaft could fail. 
[image: ]
[bookmark: _Toc161606659][bookmark: _Toc161608109]Figure 8 - Max Shear Stress for Different Shaft Lengths
	[bookmark: _Hlk160992217]Left Length 
(m)
	Shear Stress 
(GPa)
	Right Length 
(m)
	Shear Stress 
(GPa)
	Max Shear Stress (GPa)
	Max Shear Stress with FOS (GPa)

	0.5
	4.35
	0.78
	2.79
	2.79
	7.25

	0.51
	4.26
	0.77
	2.82
	2.82
	7.34

	0.52
	4.18
	0.76
	2.86
	2.86
	7.44

	0.53
	4.10
	0.75
	2.90
	2.90
	7.54

	0.54
	4.03
	0.74
	2.94
	2.94
	7.64

	0.55
	3.95
	0.73
	2.98
	2.98
	7.75

	0.56
	3.88
	0.72
	3.02
	3.02
	7.85

	0.57
	3.82
	0.71
	3.06
	3.06
	7.96

	0.58
	3.75
	0.7
	3.11
	3.11
	8.08

	0.59
	3.69
	0.69
	3.15
	3.15
	8.19

	0.6
	3.62
	0.68
	3.20
	3.20
	8.32

	0.61
	3.57
	0.67
	3.25
	3.25
	8.44

	0.62
	3.51
	0.66
	3.30
	3.30
	8.57

	0.63
	3.45
	0.65
	3.35
	3.35
	8.70

	0.64
	3.40
	0.64
	3.40
	3.40
	8.83

	0.65
	3.35
	0.63
	3.45
	3.35
	8.70

	0.66
	3.30
	0.62
	3.51
	3.30
	8.57

	0.67
	3.25
	0.61
	3.57
	3.25
	8.44

	0.68
	3.20
	0.6
	3.62
	3.20
	8.32

	0.69
	3.15
	0.59
	3.69
	3.15
	8.19

	0.7
	3.11
	0.58
	3.75
	3.11
	8.08

	0.71
	3.06
	0.57
	3.82
	3.06
	7.96

	0.72
	3.02
	0.56
	3.88
	3.02
	7.85

	0.73
	2.98
	0.55
	3.95
	2.98
	7.75

	0.74
	2.94
	0.54
	4.03
	2.94
	7.64

	0.75
	2.90
	0.53
	4.10
	2.90
	7.54


Table 5 - Max Shear Stress for Formula 750 Driveshaft Lengths
Table 5 also proves why the differential should be as central as possible because the driveshafts required the most amount of shear stress to rotate them 90° so therefore can experience the most amount of shear stress.
5.6.2. Solid Vs Hollow Driveshaft
Driveshafts can either be solid or hollow with a wall thickness all depending on context as a solid driveshaft is simpler to design and manufacture and it can handle greater amounts of torque however, a hollow driveshaft offers as a weight saving option that can reduce rotating mass. Figure 9 shows the relationship between solid and hollow driveshafts along with the effect wall thickness has on the shaft’s maximum shear stress.
[image: ]
[bookmark: _Toc161606660][bookmark: _Toc161608110]Figure 9 - Max Shear Stress at Different Wall Thicknesses
Analysing figure 9 shows that a hollow driveshaft experiences more shear stress for the same amount of torque than a solid shaft. As well as that, there is an exponential relationship between wall thickness and shear stress experienced which means that as the thickness of the shaft decreases, it experiences more shear stress for the same amount of twisting moment making it more likely to fail the thinner the shaft is if it was to be hollow. However, at a wall thickness of 0.2m, Oliver could save 0.155m diameter of material by having a hollow driveshaft as the shear stress only increases by a small amount and the weight saving has a greater affect.
5.6.3. Different Materials
Using different materials can affect the maximum shear stress on the driveshaft due to the modulus of rigidity, otherwise known as shear modulus, changing as it is a constant value that is a measure of the shear elasticity of that material, similar to Young’s modulus. Figure 10 shows the positive linear relationship between shear modulus and shear stress meaning that, if a high shear stress was required, a material with a high shear modulus is necessary as shown in figure 11 which is a plot of different materials and their maximum shear stress values. It is important to note most of these materials cannot be used to produce driveshafts but offer as context to why steel is a popular choice of driveshaft material.
[image: ]
[bookmark: _Toc161606661][bookmark: _Toc161608111]Figure 10 - How Shear Modulus affects Shear Stress
[image: ]
[bookmark: _Toc161606662][bookmark: _Toc161608112]Figure 11 - Max Shear Stress of Different Materials
5.7. Fatigue Failure
To finish Oliver investigated the possibility of the driveshaft failing due to fatigue even though it is uncommon to fail this way as frequently driveshafts fail due to shear stress. Research was conducted and Çalışkan, S & Gürbüz, R, (2021), produced a report on the endurance limit of AISI 4340 steel along with multiple methods to calculate the fatigue limit and standard deviation as shown in figure…. 
[image: ]
[bookmark: _Toc161608113]Figure 12 - Fatigue Failure Methods (Çalışkan, S. Gürbüz, R. 2021)
The best method for calculating stress past the fatigue limit is ASTM E739 for a high or medium number of cycles and Stussi is effective for a low cycle of 4340 steel. However, this is for stresses more than the fatigue limit and we want to run below the fatigue limit so that we can have an “infinite” number of cycles. Therefore, figure… which is an S-N curve using The Dixon-Mood method, shows the that the fatigue limit from tested data, the black line, is about 685MPa which is at 95% confidence however we want to apply a factor of safety, the red dotted line, which makes the measured fatigue limit is 563.8MPa and a standard deviation of 56.92MPa. This fatigue limit of 563.8MPa proves from figure…(hollow vs solid) that if the shaft was hollow and had a wall thickness of less than 0.065m, the shaft could fail due to fatigue if it hadn’t already failed due to shear stress. This is why, as important as it is for fatigue to be considered, it is unlikely that a steel 4340 driveshaft fails due to only fatigue.
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[bookmark: _Toc161608114]Figure 13 - Steel S-N Curve (Çalışkan, S. Gürbüz, R. 2021)
6.8. Further Progress
As stated before, Oliver was prevented from making physical progress due to time issues and battery storage and placement taking priority so if we had more time, we would like to have the differential placed so that Oliver can source 2 driveshafts suit the Fiat seicento wheel hubs and 2 shafts that suit the Toyota Aygo differential. Then he will cut and sleeve these either personally or professionally by a company like BAR Propshafts resulting in 2 driveshafts at the required lengths ready to be placed on the car.

6. Packaging (Freddie Watkins)
6.1. Overall Progress
In this section of the Formula 750 project, the goal has been to finalise the designs for both battery housings along with all the appropriate bracketry and motor mounting mechanism needed to have the system packaged in CAD. After this the aim was to begin the manufacturing process for these parts based off the final SolidWorks designs and implement them into the Formula 750 chassis. Unfortunately, due to several factors such as unrealistic deadlines and some unexpected issues with the project, the manufacturing phase has been unable to begin so far. 
At this point in time, there is a final design in place for both battery casings along with a plan on how to run cables to and from the cells, coolant feed and return lines, as well as the fire extinguisher hose which will all be ran separately to each casing. There is a final chassis location in place for each housing and the required mounting bracketry has been incorporated into each design. There is also a design in place for the motor mounting hardware which includes an adjustment mechanism for fitting the drive belt. The model of electric motor being used in this project is an EMRAX 268.
The original design for the rear housing has now changed to allow for better balanced left-to-right weight distribution. This new design also leaves more room for the motor and differential to be mounted giving us more options when it comes to installing the drivetrain. 
6.2. Design Process
6.2.1. Battery Configuration
For the battery cells to work most efficiently with the rest of the car under the conditions it will likely be subject to, the most appropriate configuration for the project is to include two sets of nine battery cells (5Ah cells sourced from a Jaguar i-Pace), with them being wired in series, and then each cell housing wired in parallel to increase the overall storage capacity to 10Ah. 
Using this method achieves a total nominal voltage of 388v, fellow team member Luke Dyas (2104531) was able to calculate that this leaves enough capacity for the car to complete approximately 40 minutes of racing before needing to be recharged (enough for a full race in the 750 series). 
This configuration has not changed, however the placement of these batteries within the chassis has changed to allow for an improved roll centre and clearance for other driveline and suspension components behind the driver. 
The decision to make this change to the design was made after working alongside Ryan Calderon (2102952) and Peter Grima (2219937) to build a model battery out of MDF and test fit it within the chassis. It was very quickly apparent that the placement of the springs and dampers (not present in the SolidWorks model) in the chassis would interfere with the original idea (Figure 14) of mounting the cells to the right side of the chassis.  
[image: A metal frame with a fan and a wheel
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[bookmark: _Toc161606663][bookmark: _Toc161608115]Figure 14 - Original Battery Housing Locations
To rectify this, the decision was made to remove the left-hand column of batteries from the original arrangement and rotate them perpendicular to the rest. This allowed the housing to be placed more centrally within the chassis yet still allowing enough clearance for the motor and differential. This arrangement is shown in Figure 15.
 [image: A 3d model of a machine
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[bookmark: _Toc161606664][bookmark: _Toc161608116]Figure 15 - Rectified Battery Layout
6.2.2. Battery Housing Design
When designing individual housings for each set of battery cells, there were certain limitations and constraints within the chassis which needed to be considered along with internal packaging concerns. The main aspects that were considered when coming up with the designs are as follows.
-	Fitting the housing within the available space in the chassis
-	Secure mounting locations
-	Allowing room between the cells for a thin layer of protective foam
-	Allowing room for cooling plates between each layer of cells
-	Accommodating for all the necessary internal wiring, coolant hoses and fire extinguisher system
-	Weather resistance / ingress protection
-	Integrated ports for battery terminals, fire extinguisher hose and coolant feed/return lines
-	Material properties such as durability, cost, corrosion resistance and thermal dissipation 
All the above was considered when designing the housings, before using SolidWorks to construct the design, a technical drawing was made using pen, paper and a calculator to work out the required dimensions. These calculations were based off the total volume of the internal components and a tolerance to allow for human error. 
The material of choice was 5mm sheet aluminium due to its resistance to corrosion, affordability and relative mass. Excess space was left in the ‘corners’ of the housings to allow for cable routing and coolant lines. Additionally, a 10mm gap was also accounted for between each cell for this reason, and a 15mm gap was left between each layer to accommodate for the cooling plates which benefit from the increased contact area. The internal dimensions of each housing allow for a 5mm tolerance on each side, this space can be filled with a protective insulating foam to keep the cells in place.
The two battery housing interfaces were located where the housings are closest to each other within the chassis. This reduces the overall amount of cabling and hoses required and will keep them away from the motor and drive belt towards the rear of the vehicle, which was previously an overlooked safety concern. The final designs are shown in Figure 16 & 17.
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[bookmark: _Toc161606665][bookmark: _Toc161608117]Figure 16 - Rear Battery Housing Isometric View   
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[bookmark: _Toc161606666][bookmark: _Toc161608118]Figure 17 - Side Battery Housing Isometric View
6.2.3 Motor Mount Design 
Once the battery housings had been designed and their mounting location finalised, the process for designing a mounting solution for the motor could begin. When deciding on a location for the motor, the differential was placed in the chassis along with some steel bars which were used to imitate the driveshafts. This was done to ensure there was clearance for the driveshafts between the differential and the wheel hubs. After this was established, the mounting location for the motor could be finalised with the knowledge that the corresponding differential location would be suitable. 
The key features required in the mounts design are as stated below.
-	Keeping the motor perpendicular to the differential so it can be belt driven
-	Longitudinal adjustment mechanism to allow for drive belt tensioning
-	Keeping full range of suspension travel without interference
-	Allowing room for different length pulley shafts if the differential were to be relocated
-	Mounts that can be relocated by simply drilling and tapping new holes in the chassis
-	Mounting components must be able to withstand a minimum output of 500Nm from the motor without being prone to cracking or deformation
The decision was made to use a galvanized mild steel for the mounting assembly due to its cost, low-carbon content and subsequent ductility properties. Mild steel will deform under shear stress before it splits, meaning that any weak areas in the mount can be identified before it becomes a serious safety hazard. A galvanised finish will increase its resistance to corrosion. It also has relatively high tensile and shear strengths, being approximately 350-520 MPa and 200-300 MPa respectively.
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[bookmark: _Toc161606667][bookmark: _Toc161608119]Figure 18 - Final Motor Mount Design
Figure 18 shows the current design for the motor mounting mechanism for the Formula 750 car. It features two brackets which are bolted to the chassis and connected to the body of the mount via two M10 threaded rods. This mechanism allows for the motor’s position to be adjusted when fitting and tensioning a drive belt and secured into place using locking nuts, much like the chain adjustment mechanism present on most motorcycle swingarms.
One concern with this design is whether the supporting arms will be able to withstand deformation caused by both the torque output and the mass of the motor. Due to the high centre of mass and the offset mounting location there will likely be a high amount of torque applied between each supporting arm. Given more time, simulation stress analysis could be implemented here to determine the suitability of this design and whether an additional mounting bracket for the top half of the motor would be necessary.
6.2.4 Final Model
The final SolidWorks model of the Formula 750 chassis with both battery casings, motor and mounting hardware installed is shown below in Figure 19 & 20. Using SolidWorks as a primary tool in this project has been incredibly beneficial to the whole team and provided a cost-efficient means of designing and test fitting components into the chassis without the high cost of materials associated with prototyping.
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[bookmark: _Toc161606668][bookmark: _Toc161608120]Figure 19 - Final CAD Model
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[bookmark: _Toc161606669][bookmark: _Toc161608121]Figure 20 - Final CAD Model, Isometric View
It is important to note that throughout the design of this model, time has been spent working alongside the projects head of safety, Daniel Hannis (2102864), regarding the fitment and implementation of his fire extinguisher system. This system must also fit within the chassis and be plumbed into each battery housing to achieve full compliance with the FIA health and safety regulations for the Formula 750 racing series. 
6.3. Research
To make well-informed decisions during this section of the project, necessary research was undertaken in the following areas.
6.3.1. Material properties
When deciding on the materials to use during the manufacturing process of each component, it is crucial to understand the specific properties offered by each material. Not only is this regarding how the material responds under different loads, but also the cost and the manufacturability which all contribute to the overall viability of its use. 	
6.3.2. Lithium battery thermal properties and ventilation requirements
This was important to research when deciding on the material to use for the battery housings, on top of the ventilation requirements and the need for an internal cooling system. It was established that there is no real need for a specific ventilation system as this will be done passively through the wiring channels.
6.3.3. Battery systems for electric vehicles
Unfortunately, as the Formula 750 series is dominated by ICE vehicles, there are little rules and regulations which apply to electric vehicles, specifically the battery and motor systems as there has been no need for these parameters in the past. The decision was made to follow similar FiA and electric vehicle racing series regulations to ensure there are no apparent safety issues within the system. 
6.4. Further Work
In the future, the CAD models made in this section of the project could undergo a higher standard of simulation stress analysis to ensure they are suitable for racing and will not cause any safety concerns. It would also be a massive benefit to further analyse the impact on the suspension caused by the increased rear-ward mass and whether the car would benefit from a higher rear spring rate because of this.
With the knowledge that all the designed components are up to standard, fabrication could then begin in the workshop starting with the battery housings. This process would mostly be carried out with the use of a bandsaw, press brake and welding rig to form the shell out of aluminium, and then the mounting solutions and interfaces formed with a pillar drill and a metric tap set where necessary.
Building the EMRAX 268 mounting mechanism would likely revolve around the use of both a CNC and milling machine due to the design’s higher complexity and thicker components. A pillar drill and metric tap set would still be necessary to form the connecting areas, and some parts such as the chassis mounted brackets may need to be fabricated in two parts and welded together before assembly.

7. Cooling System (William Hare)
The purpose this project was to design and implement a functioning and efficient cooling system for the electric Formula 750. The idea of designing a cooling system starts with the analysis of the generated heat with respect to the power output of each component. In addition to this, a heat transfer analysis must be performed allowing the dimensions of the heat exchanger to be calculated (Johnson, 2002). The heat producing components are the motor, controller, and batteries and the purpose of the cooling system is to keep them operating at their optimal operating temperature, improving vehicle performance (LaMarre, 2015).
7.1. Heat Generated
In any vehicle there will be components which generate heat as they operate, and the electric Formula 750 is no exception (Choudhari et al, 2020; Sharaway, 2002). In this case these components as mentioned above are the motor, controller, and the batteries. To find the heat generated, the total power output was first found for the three components and then the useful power output can be found from the efficiency of the individual component (Miri et al., 2020). This is shown below:

From figures 21 & 22, values of power and torque were found for 1000rpm increasing in 500 up to 4500rpm. Also, the efficiency of the motor also changes at different motor speeds because of increased friction (Demirel, 2018). The efficiency map from the Emrax motor technical data can be found below:
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[bookmark: _Toc161606670][bookmark: _Toc161608122]Figure 21 - EMRAX 268 Efficiency Map
In order to find the total power, the motor speed needs to be converted to angular velocity as seen below: 

From this, the varying torque can be read from the motor speed against torque graph found on the motor technical specifications under the Emrax 268 technical data. The total power output can be calculated from the multiplication of the angular velocity and the torque (Safi, 1995). The answer is to then be divided by 1000 to convert the answer from watts to kilowatts. The figure below shows the torque values obtained at each of the motor speed values mentioned above.
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[bookmark: _Toc161606671][bookmark: _Toc161608123]Figure 22 - EMRAX 268 Power & Torque Graph
The heat generated from the controller was found using the 94% efficiency rate. It was calculated by subtracting the useful power output from the total power output. The power output of the controller varies because of the motor speed like that of the motor.
For the batteries, the use of the technical data provided the values of current and voltage (Lithium-ion battery, n.d.). This allowed the total power output to be found using the equation: 

The batteries run at 95% efficiency therefore, the heat generated can be calculated by the difference of the total and useful power.
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[bookmark: _Toc161606672][bookmark: _Toc161608124]             Figure 23 - Heat Generated by Motor
Figure 23 shows the heat generated by the Emrax 268 motor with comparison to the speed of the motor. It shows a positive correlation with increasing gradient until 4500 rpm. This is due to the efficiency of the motor dropping off significantly due to increased friction meaning a greater amount of heat being generated (Demirel, 2018).
[image: ]
[bookmark: _Toc161606673][bookmark: _Toc161608125]   Figure 24 - Heat Generated by Controller
Figure 24 shows similar results to figure 3 with another positive correlation with respect to motor speed. However, another outlier occurs at 4500 rpm which is due to the controller maintaining a constant efficiency and the power output being lower than the output of the motor.
7.2. Heat Exchanger
In undertaking the electric powered Formula 750 project, the group was fortunate to be provided with the essential components: the motor, controller, and batteries. Already in possession of these, focus was next turned to the task of sizing up a suitable heat exchanger or radiator. As stated above, the aim is to ensure optimal thermal management within the system, vital for the optimal performance of the electric propulsion system in the Formula 750 project (LaMarre, 2015).
Vehicle radiators consist of two coolant tanks at either end of the radiator core. The core of a radiator is comprised of tubes and fins (Ibrahim et al., 2019). The tubes run from tank to tank and the fins are located in the spaces between the tubes. The fins are there to increase the heat transfer area of the radiator without affecting the mass flow rate of air across the radiator (Mittal et al, 2020). When the radiator is operating, coolant flows through the tubes as airflows through the core of the radiator and across the fins. This airflow across and through the radiator lowers the temperature of the coolant (Wang et al, 2001).
The inlet temperature of the radiator was calculated from the addition of the total heat generated by the system and was found to be 75 degrees whilst the outlet temperature of the coolant can be found on the motor technical data at (EMRAX 268 Technical Data Table, n.d.). The inlet air temperature was determined to be 25°C which has been taken as the ambient air temperature from the heat exchange lecture slides (Williams, 2023). Knowing that the first component being cooled is the motor, the outlet water temperature was determined to be 43°C based on the following calculations.

The overall surface area is what is needed to find what the dimensions of the radiator should be, and the number of tubes needed for effective cooling. Firstly, the amount of heat energy the radiator needs to dissipate can be calculated to ensure minimal energy wastage (Cooling Load Calculation, n.d). This is done by:

Where m is the mass flow rate of the coolant, c is the specific heat capacity and ∆T is the change in temperature of the coolant in, to coolant out. The answer will be given in watts which will then be used to find the temperature of the air leaving the radiator. This uses the same equation as the coolant above but rearranged to find the adjusted air temperature value. The equation is as follows: 

The value for T1 must be converted to kelvin therefore, the answer will be given in kelvin and can be converted back to degrees C. The next thing to find is the log mean temperature difference (LMTD). The LMTD is a measure of the heat driving force that creates the heat transfer (Williams, 2023). It is found by: 

Where ∆Ta is the warm coolant – warm air temperatures, and ∆Tb is the cold coolant – cold air temperatures. This gives us a value of temperature difference that is used to find the overall surface area for the radiator. In the following equation the value of Q has already been found, U is the heat transfer coefficient, A is the surface area needed and ∆T is the LMTD that has been calculated above. 

Figure 52 in the appendix shows an excel calculator that will find the surface area needed once the inlet and outlet temperatures have been found. These values will commonly be found in the individual component manuals. As shown, the top table has been filled in with information that has been found from the technical data of the few components already available. A total of 13,600W or 13.6kW have been calculated as the energy needed to be dissipated. From there the surface area was found to be 1.6m2. The second table in appendix A uses the calculations above to find the various values needed to obtain the area.
The overall surface area can be divided up into how many internal core pipes run from tank to tank and how many rows of pipes are needed to reach optimal cooling (Oliet et al., 2007). To find the number of pipes needed, the surface area is divided by the product of pi, radiator core height and the piping diameter. The equation looks like:

Once the number of tubes has been found, the height restriction of the radiator will be used to find how many tubes can be placed in each row. From there it can be decided how many rows are required. Figure 53 is another excel calculator that has made using the values from the heat transfer calculator to select the properties of the radiator using the equations seen above. It should be noted that due to packaging requirements the radiator size has been limited to a maximum length of 515mm and a height of 300mm.
7.3. Packaging and Placement
Despite a redesign in the bodywork being completed outside of this particular project, the placements described below are taken with consideration of the old/current bodywork that was available to the group.
The original plan was to have the radiator mounted at the front nose of the vehicle. However, the maximum height that the space allowed was too small for the required specifications that the radiator needed to be. It had to fit in the dimensions of 500mm x 245mm of which common performance radiators are too large. To overcome this issue, a bespoke radiator would have had to be manufactured. This however was not considered due to there being other places on the vehicle where the radiator can be mounted.
The second idea was to have the radiator mounted horizontally towards the rear of the car. In this case, a ‘hood scoop’, an inlet vent mounted on top of the vehicle bodywork, would be placed towards the rear of the vehicle with the radiator mounted approximately above where the motor is going to sit. To achieve this, the body work would have to be cut into to allow the air to be channelled through this inlet vent, so it is able to reach the radiator. The main problem with this was the packaging of components that would sit below the radiator. The heated air that Is pushed through the radiator will be pushed out onto these components which include the motor, controller, and part of the batteries. This is a particular problem as these are all components which will all lose performance if they get too hot or overheat (Hwang et al., 2023). There would have to be an air channel which distributes the heated air away from the components (Ng et al., 2005).
Another option is to have a vent cut out of the roll hoop structure of which the radiator can be placed in there. The radiator would be placed vertically in the structure. The radiator would have been at an angle so that as the air is sped up before being pushed through the radiator. The heated air can be removed through an outlet vent which can be cut into the bodywork to the side. This design would provide enough airflow to the radiator as well as a way for the heated air to escape without heating any of the components (Ng et al., 2005).
The last option would see two half size radiators that would make up one full size radiator that would match the dimensions of the one spoken about above. These two half radiators would be placed one in each of the sidepods. The sidepods on the vehicle aren’t being used to house anything so are unused space and the placement of the two radiators in these would provide the greatest ease in getting air to them. It also makes sense from a packaging perspective due to the heated air not being potentially stagnated in the vehicle, heating the other components (Ng et al., 2005). An inlet vent would have to be cut out of the existing sidepods where the channelled air can be sped up providing a high heat transfer rate where then it can be removed with the use of exit vents (View of Effects of Radiator Angle, n.d.)
Due to the restrictions, packageability and airflow trouble caused by the other designs, the fourth option using the two half size radiators will be what is chosen for the heat exchange system of the Formula 750. The use of two radiators benefits the cooling system as the batteries can have their own radiator with system attached and the motor and controller can have a similar but separate circuit (Kuntzer et al., 2015). To make this viable, two radiators of the same core size, 365mm width, 285mm height, and 40mm depth have been found to fit packaging requirements of the current bodywork. They can be found at (Rallydesign, nd.). The orientation of the radiator can be seen below in figure 25.
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[bookmark: _Toc161606674][bookmark: _Toc161608126]    Figure 25 - Engine radiator (300-260-40)
7.4. Design Layout
The cooling system must cool three things: the motor, the controller and the batteries which are all liquid cooled (Lithium Ion Battery, n.d.) As mentioned before, the radiator is required to properly cool the drivetrain. Since it was determined that the motor generates the most heat and it requires a lower coolant inlet temperature, the motor was placed at the beginning of the first cooling circuit (LaMarre, 2015). Therefore, it was determined that the cooling circuit would also consist of an electric water pump, the motor, the motor controller, and finally the radiator. This circuit and orientation are depicted in the schematic in the image below.
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[bookmark: _Toc161608127]     Figure 26 - Coolant System Design
The second circuit will operate similarly to the first cooling circuit except for the lack of motor and controller which have been replaced by two sets of battery boxes containing nine batteries each. In this case the pump, which has a flow rate of eight litres per minute would be placed like circuit one next to the radiator with the rear battery case next in line and the side battery casing to complete the circuit. It will be situated like this due to the rear battery casing being placed next to the motor which will give off a lot of heat (Chiu & Yang, 2019). The rear battery casing would benefit from being first in line and have access to the coolest temperature coolant.
7.5. Off-board Cooling
In addition to the cooling system on the car, there must be a way to cool the vehicle between events. For this, the idea of plug-in taps connected to the on-board cooling system which coolant lines can be attached to a larger radiator and fan which drags cool air through at a quicker rate (Teymourpour et al., 2020). The radiator can be mounted onto the battery trolley. However, this has not been researched into fully therefore requires more time in order to finalise a design for this concept.
7.6. Coolin System Conclusion
The purpose of this design process was to research, design, and create an effective cooling system for an electric Formula 750. The hope for this design is to not only be an effective and efficient system that guarantees the performance of the drivetrain components, but to serve as a guide for the electric vehicle’s cooling system design for years to come. Although the real-world performance of the design will not be known unless a testing is complete, it is believed that this system will have no issues providing the optimal cooling needed to prevent overheating. Future action would be taken to apply both cooling systems into the vehicle (LaMarre, 2015).

8. Differential (Ryan Calderon)
8.1. Overall Task
For this group project on the mechanical side, the task given out to Ryan was to concentrate on the differential. This means his responsibilities are to design the casings that enclose the differential and to develop mounts that allow the components to attach to the chassis of the formula 750. With this being Ryan’s main focus on the project, another task was assigned, this was selecting a drive mechanism to transfer the power for the electric motor to the differential.
8.2. Regulations
The first step that was taken for the development of the differential was to check the parameters of the formula 750 regulations, checking this would allow Ryan to decide what type of differential he can choose, he can also check what rules dictate what final drive ratios are allowed to be ran. After looking into the official MSUK rules that relate to the differential for the formula 750 class in relation to Ryans task he only managed to find one regulation that affects his area. Page 5, Regulation 5.9: transmissions: “Automatic transmissions are prohibited. Torque biasing, locked or limited slipped differentials are all prohibited.”
8.3. Differential Choice
Once the parameters via the regulations have been set out Ryan can now start a list of aspects he would like for the differential choice. These were aspects Ryan had in consideration when picking what differential to choose, firstly he wanted a differential that was open type this means the differential naturally would send power to the wheel with least traction, this won’t allow both wheels to loose traction together making the vehicle easier to control causing less opportunity for the vehicle to spin out. This choice was made also due to it being the only type of differential that is permitted by the regulations. Secondly open differentials tend to be a lot more budget friendly due to the simplicity of the mechanism and mass availability due to most road cars being equipped with it. Thirdly Ryan wanted to choose the differential from a road car, specifically a vehicle that would suit a category of being a low displacement lightweight front wheel drive hatchback that is commonly available in the UK. As stated earlier these aspects were chosen as it respects the regulations as well as it can be cheap to replace and it can be obtained at most breakers yards or found online making it a huge convenience when in a pinch during a race day. Ryan also felt this category of vehicle type felt most appropriate due to what would have previously powered the formula 750 chassis, this motor would have been a 1.1 litre motor from a Fiat Seicento which is a lightweight low displacement front wheel drive vehicle.
Now that Ryan had read over the regulations for his side of the project and had made a clear idea on what he wants he started to compile a list on what vehicles would suit the role the best for the given task. He made a document stating the relevant factors such as weight of the formula 750 to and the power that would be outputted from the electric motor as these pieces of data would be useful to have as a direct comparison so torque slip and power to weight can be calculated.
Ryan had made a list of vehicles, these vehicles consisted of:
· 2001 Renault Clio 1.2L
· 1999 Honda Civic 1.4
· 2007 Mazda 2
· 2003 Suzuki Swift
· 2006 Peugeot 206
· 2008 Toyota Aygo/ Citroen C1/ Peugeot 107
Ryan had analysed his options and had decided that the 2008 Toyota Aygo/ Citroen C1/ Peugeot 107 would be the best choice for this application. Now that Ryan had an idea on what vehicle he has selected he can start making the relevant calculations.
8.4. Differential Calculations
After Ryan had an idea of what vehicle he wanted to use for a potential differential he had started to make some relevant calculations to see if the differential could hold up to the given task. First off Ryan had calculated the power to weight of the formula 750 compared to the Toyota Aygo/ Citroen C1/ Peugeot 107.
To calculate power to weight Ryan had to gather an estimation on what the intended power rating that the team was going to run for the formula 750, as well as that this concept has never been done before in this category so another estimation on the weight of the formula 750 has been made. Ryan decided to use the peak output of the EMRAX which was 200Kw as a worst-case scenario as he felt it was better to make calculation at the higher end of the power, for the weight of the vehicle the team had decided to use an estimate of 750Kg as getting a accurate number for the car wasn’t possible at the time.
Formula 750 Power to Weight
200Kw / 750Kg = 0.26
Toyota Aygo/ Citroen C1/ Peugeot 107 Power to Weight
53Kw / 1000Kg = 0.053
After this had been calculated there was some initial concern about the differential being capable of the given application, but Ryan had felt confident that the differential from the Toyota Aygo/ Citroen C1/ Peugeot 107 would be more than capable of handling its given task as the team will be running the car at 200Kw.
Next Ryan worked with Oliver to calculate the torque slip value mentioned before in this report. This helped the team get an understanding of how much power they can put through the rear tires before they will start to wheelspin, this is important to know as tuning the electronic controller to have a steadier ramp of power will have a great effect on the differential as a more aggressive shunt of torque would be far more detrimental towards the drivetrain compared to a steady controlled ramp of power.
Formula 750 Torque Slip
Normal Force = 750 * 9.81 = 7357.5N
Torque Slip = 7357.5 * 1.4 * 0.26 = 2678.13 Nm
Torque Slip per Rear Wheel- 2678.13 / 2 = 1339.1 Nm
Toyota Aygo/ Citroen C1/ Peugeot 107 Torque Slip
Normal Force- 1000 * 9.81 = 9810N
Torque Slip- 9810 * 1 * 0.2778 = 2725.22 Nm
Torque slip per Front wheel- 2725.22 / 2 = 1362.6 Nm
8.5. Differential Chosen 
Once Ryan had figured out these calculations and confirmed with his team that they are coherent, Ryan had started to look for a gearbox from a Toyota Aygo/ Citroen C1/ Peugeot 107 so he can start the disassembly of the gearbox and obtain the differential to begin prototyping and placement of the component.

After searching around breakers yards for a gearbox from a Toyota Aygo Ryan had heard that there was an old gearbox and engine in a storage that belonged to the university from an old, abandoned project, this engine and gearbox so happened to be a Toyota Aygo gearbox and engine with permission he was granted the gearbox and engine that was previously no longer in use from other students.
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[bookmark: _Toc161606675][bookmark: _Toc161608128]             Figure 27 - Toyota Aygo Engine & Gearbox
Now that Ryan has a Gearbox to disassemble, he used the workshop in the university to remove the gearbox from the engine and then proceed to split the gearbox cases apart exposing the internals of the gearbox and the differential which then can be removed.
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[bookmark: _Toc161606676][bookmark: _Toc161608129]Figure 28 - Toyota Aygo Differential	   Figure 29 - Toyota Aygo Transmission      Figure 30 - Differential Without Ring Gear

8.6. Differential Casing
Now that Ryan has the physical differential, he can start trying to get an idea on design would be the most suited for his application, after consulting his tutors Ryan was advised to take an extra look at the previously used formula student race car as that vehicle has an external differential that is chain driven which would be like Ryans application. So, Ryan went to the storage locker where this vehicle was located at the time and took photos and analysed the position of the differential, the casing of the differential and how the differential is mounted to the chassis of the formula student car.
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[bookmark: _Toc161606677][bookmark: _Toc161608130]Figure 31 - Formula Student 	             Figure 32 - Final Drive of Formula          Figure 33 - Formula Student Differential Mounts
  Differential		               Student
Now that Ryan has taken photos and analysed the rear end set up of the formula student car, he can begin to focus on the rear drive of his project the formula 750. The first decision that was made before any CAD was done was that the rear drive of the formula 750 will be belt driven instead of chain driven. This choice made due to the ease of maintenance of a belt compared to the traditional chain drive.
Ryan proceeded to start working on SolidWorks, with this he had completely measured up the Toyota Aygo differential to complete a 1:1 prototype for his differential casing, this is to allow the plastic prototype to fit on the differential ensuring the concept can work. The reason why he makes a casing for the differential is for a few reasons. Firstly, its so the internals of the differential gears can become lubricated ensuring the longevity of the differential, secondly it to protect the sensitive components of the differential from any other outside aspects that could damage the differential lastly it’s a safety aspect that can ensure that no bodily harm can take place as all the gears are enclosed in the casing.
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[bookmark: _Toc161606678][bookmark: _Toc161608131]Figure 34 - Differential Casing CAD	   Figure 35 - Differential Casing CAD Drawing
  Model
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[bookmark: _Toc161606679][bookmark: _Toc161608132]Figure 36 - Differential Backplate               Figure 37 - Differential Backplate Casing CAD Drawing
  Casing CAD Model
Once Ryan had made the CAD model on SolidWorks, he was then able to make a 3D print of the casings to ensure that they are a working concept as printing them out in plastic is far cheaper and less time consuming than making it out of a CNC piece of billet. Ryan was fortunate enough to have a fellow team member, Rhys, who had a personal 3D printer at home and had offered to print out the prototype casings for Ryan speeding up the process much further.
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[bookmark: _Toc161606680][bookmark: _Toc161608133]   Figure 38 - Prototype Differential Housing
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[bookmark: _Toc161606681][bookmark: _Toc161608134]Figure 39 - Differential Inside Prototype Casing
Once Ryan had received his prototype plastic casings from 3D printing, he was able to check to weather his casings would fit the Toyota Aygo differential, Ryan had to press of the original needle bearings that sat on the machined faces of the differential as the casing would not fit with those bearings on as the new larger side casing would now sit on the face that the bearings did, this was pressed on with a tolerance press fit. The backplate of this design would utilize the original six bolt holes that was used for the ring gear to provide a solid mount onto the differential, alongside twelve more bolts around the perimeter of the larger side of the casing to allow a sturdy and secure bolt on fit for both halves of the casing. Ryan intends for a paper gasket to be between both halves of the casings to ensure a watertight seal so no internal oils would seep out.
Ryan wanted to include a fill hole for oil to be added in that also acts as a drain hole when the unit is rotated with the hole facing downwards. Ryan intents to block off the hole with a grub screw that sits recessed into the casing to eliminate any chance of anything getting caught whilst the diff spins around.

8.7. Differential Mounting
Once Ryan had felt satisfied that the differential casings were completed, he then started to aim his focus on the mountings and placement of the differential as this section remained untouched but critical due to it affecting multiple factors within the Formula 750. So, Ryan headed to the workshop alongside some team members in the relevant fields to gain some understanding on where these crucial components can be allocated.
[image: A cart with a box on it

Description automatically generated][image: A metal frame with a box and a box

Description automatically generated]
[bookmark: _Toc161606682][bookmark: _Toc161608135]        Figure 40 - Estimate Differential & Battery Box Placement
Now that Ryan had gained an idea with the space that he is dealing with he can start to CAD up in SolidWorks a design that implements differential mounts, axles and a drive pulley.
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[bookmark: _Toc161606683][bookmark: _Toc161608136]Figure 41 - Bearing Hangar CAD Model	          Figure 42 - Bearing Hangar CAD Drawing
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[bookmark: _Toc161606684][bookmark: _Toc161608137]Figure 43 - Stub Axle CAD Model	            Figure 44 - Stub Axle CAD Drawing
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[bookmark: _Toc161606685][bookmark: _Toc161608138]Figure 45 - Pulley CAD Model		            Figure 46 - Pulley CAD Drawing
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[bookmark: _Toc161606686][bookmark: _Toc161608139]Figure 47 - Differential Assembly CAD Model	 Figure 48 - Differential Assembly CAD Drawing
Once Ryan had made the CAD model, he showed the concept to his team members and with minor adjustments to the model this is what he managed to come up with, Ryan was happy with the result and with this he was able to place the 1:1 scale model of the rear end assembly onto the 1:1 model of the Formula 750 car.
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[bookmark: _Toc161606687][bookmark: _Toc161608140]Figure 49 - Rear Drive Assembly in Chassis
8.8. Belt Tensioning Pulley System
Ryan managed to make some calculations on the pulley system with the information he had on the EMRAX motor at max torque.
	
	Ratios

	
	2:1
	3:1
	4:1

	Front Pulley (m)
	0.1
	0.1
	0.1

	Rear Pulley (m)
	0.2
	0.3
	0.4

	Rear Tire (m)
	0.1
	0.1
	0.1

	Peak Torque/ (Nm)
	500
	500
	500

	Force from the Front Pulley 
	500 / 0.05 = 10,000N
	500 / 0.05 = 10000N
	500 / 0.05 = 10000N

	Force from the Back Pulley 
(Max Rear Wheel Force)
	10,000 * 0.1 = 1000Nm
1000 / 0.2     = 5000N
5000 * 1.4    = 7000N 
	10,000 * 0.15 = 1500Nm
1500 / 0.25m = 6000N
6000 * 1.4    = 8400N 
	10,000 * 0.2 = 2000Nm
2000Nm / 0.3 = 6666.6N
6666.6N * 1.4 = 9333.3N


[bookmark: _Toc161608141]Figure 50 - Belt Pulley Calculations
These calculations tell Ryan how much torque the pullies and the drive belt will sustain as well as the mountings for the differential, these calculations were made at the peak torque rating of 500Nm for the EMRAX motor, although the Formula 750 won’t be running no were near this torque output this was done to ensure a worst-case scenario so the belts and pulleys selected can hold up to the given task as well as the mountings can hold the differential in place.
8.9. Future Work
Unfortunately, there was a couple goals Ryan didn’t manage to reach the first goal was initialising prototyping stage of the rear drive assembly this due to 3D printing delays and constant change of model, but he believes that this concept is feasible. As well as that, Ryan felt he didn’t manage to go too far into researching pulleys and drive belts, Ryan was recommended to contact a pulley and belt company by the name of Gates, unfortunately after sending a request email to this company for their bespoke pulleys and belts Ryan never heard a response.


9. Brake and EV Regen System (Nick Davey)
From an engineering perspective, the Brakes in a Formula 750 race car show the use of intricate designs, material science and the uncanny pursuit of peak performance. Rather than the use of one component, these braking systems are made up of many finely tuned parts which are engineered to resist extreme conditions in race application all while maintaining and providing vast amounts of control and stopping power.
By taking a dive into the way the Brakes in a Formula 750 race car work, we can see the complex engineering ingeniousness behind them. From the almost effortless blend of lightweight materials, heat resistant materials and the advanced control systems behind them to achieve peak power and agility. The advanced engineering behind them allows a driver to push the vehicle to its limits on a track while staying confident in the race car to obtain the best outcome using the complex system to their advantage.
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[bookmark: _Toc161606688][bookmark: _Toc161608142]Figure 51 - Formula 750 Car
9.1. Research Carried Out
During the process of this project, lots of research had to be carried out so that the Formula 750 car could be competitive when in a race application. Research was used so that parts could be identified as suitable substitutes and be ordered for the vehicle.
9.1.1. Brake Pad Compounds
When looking into Brake Pad compounds, it is important to know that different types of compounds offer different advantages or disadvantages depending on their application. For a Formula 750 car, the Brake pad compound needs to be able to be durable so that it can withstand the high intensity and demand that is needed for a race.
It is also important that the compound can put up with the extreme temperatures experienced during a race. Through research, Formula 750 race cars can very quickly exceed 800 degrees Celsius during heavy braking. Brake pad compounds for this application must be able to combat these intense heat levels without deteriorating or undergoing excessive wear throughout the race. Higher resistance compounds ensure that overall, the braking performance stays consistent for the duration of a race which in turn prevents brake fade and allows the drivers confidence in the braking system to remain at a high level.
However, the compound used must also meet the regulations set by the governing body so that the car remains competitive in its races.
9.1.2. Brake Temperature Sensors
Brake Temperature Sensors play a pivotal role in Formula 750 race cars for a variety of reasons. While monitoring the Brake Temperatures, priceless data can be recorded to show the performance of the braking system over the course of the race / practice. From the data, you are able to identify specific points where the brakes are being used for prolonged braking periods or where harsher braking occurs which can lead to overheating or brake fade. By measuring the temperature that the brakes reach, adjustments can be made to the system to optimize cooling and possibly prevent brake failure.
Brake fade can occur when the brakes experience prolonged and excessive temperatures which in turn causes a decrease in braking performance. During a race, this can lead to a driver losing confidence in the brakes and thus being able to slow down effectively. Brake temperature sensors allow a racing team to monitor the temperatures at all times over the course of a race which means the team can take pre-empted action to counteract the brake fade and bring temperatures back to a sustainable level.
Lastly, by monitoring the Brake Temperatures on a Formula 750 car, a team can use this data to analyse brake behaviour, optimize their setups and adjust driver techniques. Using this data, teams can identify areas where improvements need to be made, fine-tune braking balance and improve the overall performance on the track.
9.1.3. Upgraded Brakes
Upgraded Brakes in a Formula 750 car play a major role in a vehicle’s competitiveness on track. A Formula 750 car will be working in a very intense environment often at high speeds on a racetrack for long periods of time. Upgraded Brakes can offer various benefits such as advanced stopping power, weight reduction, better thermal management, prolonged durability and offer safety benefits for the driver.
Due to the vigorous demands from a race, the braking components are subdued to a lot of stress which can cause premature wear to the brakes. Upgraded Brakes are able to withstand the punishing conditions caused from racing due to the advanced manufacturing techniques and reinforced structures which in turn improve durability and reliability.
Furthermore, with improved thermal management, the brakes can better manage the thermal loads that are generated due to racing conditions. A larger set of brake discs and callipers can dissipate heat more effectively which is beneficial in maintaining a consistent breaking performance during a race and can also benefit the reliability under extreme operating temperatures.
9.1.4. Kinetic Energy Recovery Systems
Kinetic Energy Recovery systems, or KERS is a technology typically used in race cars and some high-performance road cars that captures and stores energy when braking, which can then be used to aid propulsion after the braking segment. The main function of KER Systems is to recover as much kinetic Energy as possible that is lost during braking, and then convert it into a usable form of energy that can then be deployed as a ‘power boost’ for the vehicle when accelerating.
All in all, KERS technology offers multiple benefits to a driver in racing application. It allows for better fuel efficiency, reduced emissions and can increased performance.
In our electric Formula 750 car, the KER System will be used to aid the battery performance. During braking, the energy recovered from the KER System will be sent back to the batteries to recharge them while driving so that the vehicle is able to last longer and work at a constant level throughout the race. Using the KER System to recharge the batteries during a race means that the vehicle performance is less likely to be affected when the charge in the batteries gets too low.
9.1.5. MGU-K
An idea that needed to be investigated would be the makings of a Parallel KER System fitted to our Formula 750 car. If the group had gotten slightly further along in this project, I would have liked to look further into implementing a Parallel KER System into our car.
For this to work, first we would look into the purchase of a Motor Generator Unit – Kinetic device so that rather than wasting energy during braking, this energy can be stored and sent to the batteries.
Firstly, we would need to inspect the car to identify available space while also taking into consideration the placement of the batteries, drivetrain components and the overall vehicle layout without compromising other critical systems in the vehicle. Once we have chosen the ideal placement for the MGU-K, I would have liked to design and create mounting points for the unit so that it can securely fit to the chassis or drivetrain components. The mounting brackets for the unit must be able to withstand the forces and stresses endured throughout a race making sure they provide sufficient rigidity and vibration isolation.
The next step would be to establish connections between the MGU-K and the vehicles electrical systems such as the batteries and control systems. Electrical cables must be wired up and sized properly in order to minimize resistance and optimize electrical efficiency.
Furthermore, we would also need to find a way to integrate channels so that we could connect the MGU-K to the vehicles cooling system. In the Formula 750 vehicle, we will be using a Water-cooling system for the batteries. Had we got further along in the project I would have like to research a way in which we could use this same system so that it could be used to cool both the batteries of our car as well as the MGU-K unit. This is because in application, the MGU-K unit will get extremely hot and generate a lot of heat. Implementing channels to help cool the unit will keep it at the optimal operating temperature and make sure that it is working as efficiently and effectively as possible. However, this would be an expensive system which may not be an economically viable option.
An alternative to a water cooled MGU-K Unit could be the implementation of cooling fins which will allow the flow of air to be directed at the MGU-K unit during a race. During a race, as the car is travelling at speed, air will be forced through the cooling fins which as stated previously would be directed at the MGU-K which will cool the unit down. However, to keep the unit at the optimal temperature throughout the race, there would need to be a constant high-speed flow of air through the vents which cannot be guaranteed, hence why I believe the Water-cooled system would be a more viable option. The water-cooled system would keep the unit at the most optimal temperature throughout a race to ensure it remains as effective and efficient as it can to benefit performance.
Additionally, we would need to wire up the MGU-K unit to the vehicles control system. Once wired up to the control system, we could work on developing some control algorithms that we can manipulate to regulate the speed, torque and energy flow of the MGU-K.
Ideally after installing such a system, I would have lastly liked to have been able to organise a day of testing. If this was an option, we would be able to see how the car reacts when it is being driven in race like application. This would allow us to see how the vehicle performs under various operating conditions and allow us to fine tune the unit depending on driver inputs. We could also use this data to fine tune the MGU-K to verify and validate things such as its performance, efficiency, safety and reliability.
9.2. Developments
9.2.1. Brake Temperature Sensors 
Speaking to a company based in New Zealand, we have managed to find a system compatibly to help us measure the temperature of the brakes throughout a race.
The Hattech 9200 is a kit which comes with both front and rear infrared systems. The system allows us to measure the brake and tyre temperatures for all four corners of the car. It is a dual infrared sensor kit that can connect via Bluetooth to an IOS compatible device, such as an iPhone to monitor the temperatures of all four tyres and brakes throughout the duration of a race. It comes with two control modules, one for the front and one for the rear of the car which connect to their respective components. The kit uses a CAN-Bus integrated system (Electronic Communications System) which allows different parts of the car to communicate to each other, with a heads-up display for the driver which shows the individual temperatures of the tyres and brakes throughout the race. This data is also recorded so that adjustments can be made to optimize performance for future races.
For the full system to measure each brake rotor and tyre temperature, it would cost £1115.63.
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[bookmark: _Toc161606690][bookmark: _Toc161608144]Figure 53 - Recorded Data from the Hattach System
9.2.2. Pagid Racing Brake Pads – 8021 RSL 1
Looking into various different Pad compounds, we have identified a set of suitable compounds which can be purchased to offer better braking performance in race application. These pads are specifically designed for motorsport applications and uses ‘a low metallic resin bonded material containing steel and aramid fibres.
Being a very popular club racing compound, they have been proven in race application which means we would likely experience a strong performance from these specific pads which will benefit the driver and team overall.
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[bookmark: _Toc161606691][bookmark: _Toc161608145]        Figure 54 - Brake Pad Compound Chosen
9.3. Further Work
If we were able to get further along with this project, I would have liked to finally assemble the car so that we could take it a local track and test it under various driving conditions. Being able to test the car would be extremely beneficial to seeing how the brakes perform and where we can make adjustments so that we can optimize performance. Using the temperature sensors, we could see how much heat is being generated from the brakes and where we can change certain things to get the most out of them. We would also be able to see how the car reacts to different driver inputs and work out how effective they are.
This being said, if the brakes were not as effective as previously thought to be, we could potentially look into purchasing a upgraded set of brakes and see how they perform over the alternatives.
Furthermore, it would also be interesting to further investigate the idea of an MGU-K system that could focus primarily on the braking system which would help with brake regeneration. It would be interesting to see how effective this would be and how much brake regen would occur during a race.
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