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[bookmark: _Toc161601195]Introduction
The group project that the team has taken on is to covert a Formula 750 Falcon chassis to run on an EMRAX 268 motor utilizing a SEVCON Gen 4 Size 10 motor controller. Originally the Formula 750 racing cars are powered by a rear-mounted transverse FIAT Seicento engine and gearbox. This presents challenges such as packaging, motor control, battery selection and much more. The end goal is to have a fully bespoke electric-powered race car that will be competitive with the ICE engine vehicles in the Formula 750 Races.


[bookmark: _Toc161601196]Project Organisation
[bookmark: _Toc161601197]Allocation of roles/tasks
In the driveline side of the project, the different roles are:
Drive Line/EV 
	Team Member 
	Roles/Responsibilities  

	Owen Roberts 
	Leader & DVT 

	Daniel Hannis 
	Safety 

	Ross Burnside 
	Charging Trolley 

	Rhys Tremelling 
	Wiring 

	Peter Grima 
	Battery Management System  

	Luke Dyas
	Data and Sim




	Team Member 
	Roles/Responsibilities  
	Tasks
	Time to complete

	Owen Roberts 
	Leader & DVT 
	1. CAD of Chassis 
2. Configuration of controller IO, CANBus, motor parameters & vehicle drive performance parameters     
3. Controller status and fault diagnosis  
4. Data logging of controller/motor performance on test bench or vehicle 
5. Lead the team 
	1. 6 – 8 hrs.
2. 5 – 6 Weeks
3. 3 – 4 Weeks
4. 2 -3 Weeks
5. Start - Finish

	Luke Dyas

	Data & Sim
	 
1. Obtain Quantifiable Data 
2. Analyse Data 
3. Create MATLAB base model 
4. Research Battery Capabilities 
5. Determine Realistic and Possible Energy Recovery Amounts 
6. Determine what amount of Energy can be Recovered at different Velocities and Regen Amounts 
7. Modify and Refine Simulation Data with Real World Results 
8. Vehicle Data Fact File 

	1. 1 – 2 Weeks
2. 2 Weeks
3. 1 Week
4. 2 Weeks
5. 1 Week
6. 1 Week
7. 4 Weeks
8. 2 Weeks

	Daniel Hannis 
	Safety 
	1. Fire Extinguisher  
2. Sort location for Fire Extinguisher in car and CAD 
3. Sort the exact extinguisher positives and negatives of different ones 

4. Crash Protection 
5. Chassis rigidity 
6. Further research crash protection in Formula 750 
7. Cut Offs 
8. Handle for driver to pull and two for marshals, work alongside wiring and CAD model it in. 
9. Adhering to safety regulations 
10. Researching all aligned safety regulations 
11. Ensure Final car is legal
	1. 2 – 3 hrs.
2. 2 – 3 hrs.
3. 1 - 2 hrs.
4. 5 – 6 hrs.
5. 4 – 5 hrs
6. 1 – 2 hrs
7. 2 – 3 hrs
8. 6 – 7 hrs
9. Start – Finish
10. 3 – 4 hrs.
11. 3 – 4 hrs

	Ross Burnside 
	Charging Trolley 
	1. Establish a charging method using the I-Pace battery pack including charge controllers/mobile DC to DC capabilities. 
2. Research the I-Pace cooling system and develop it to work on/with the trolley. 
3. Develop a trolley idea to best suit the I-Pace battery pack layout. 
4. CAD design of trolley/battery pack/dolly extension/cooling system. 
5. Theoretical charging times. 
6. Materials/manufacturing price list. 

	1. 1 – 2 hrs.  
2. 3 – 4 hrs. 
3. 2 – 3 hrs.  
4. 2 – 3 hrs 
5. 1 – 2 hrs. 
6. 1 – 2 hrs. 


	Rhys Tremelling 
	Wiring 
	1. Design a mount for the throttle potentiometer 

2. Research into wiring diagrams for the switching/safety wiring harness 

3. Design and build engine harness

4. Carry out tests to make sure that everything works correctly 
	1. 1 – 2 weeks
2. 1 – 2 weeks
3. 6 – 7 weeks
4. 2 – 3 weeks

	Peter Grima 
	Battery Management System  
	1. Research Battery Management system  
2. Find optimal BMS for our car  
3. Purchase/create BMS  
4. Mount into vehicle  
5. Program BMS 
6. Integrate to driver display 

	1. 4-6 hrs
2. 2-3 hrs 
3. 6-12 hrs 
4. 2-3 hrs 
5. 4-6 hrs 
6. 3-5 hrs  
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[bookmark: _Toc161601198]Owen Roberts – Leader & DVT

There are two main tasks that have been allocated to Owen, these are group leader, and DVT motor control software. For the role as group leader, it is important to strike a balance between fulfilling the DVT tasks and duties, as well as overseeing the overall project. The role of using DVT software to control the motor unit using CAN Bus systems allows for the ability to control different variables of the system such as Configuration of controller IO, CANBus, motor parameters and vehicle drive performance parameters, Controller status and fault diagnosis, and Data logging of controller/motor performance on test bench or vehicle. In addition to this, one of the other tasks fulfilled is to Measure and create a CAD model of the chassis for packaging purposes. 

[image: Image][image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc161600605]Figure 1 CAD model of Formula 750 chassis vs real life

The motor controller being used for the project is the Sevcon Gen4 size 10, this will be controlling the EMRAX 268 motor as the main traction motor for the vehicle.







 Initially, to begin learing to use the DVT software, Owen had attempted to plug in and communicate with the electric go kart in the workshop as it uses a Sevcon Gen4 size 4 controller that operates off the same DVT software. However, after experiencing issues with communication via CAN with the go kart due to a locked controller unit. It was decided that the next best option was to build a bench testing rig operating off of a 48 volt system. This test rig utilises a Sevcon Gen4 size 6 controller and an ME1507 motor and 4 12 volt leisure batteries hooked up in series. The Sevcon Gen4 size 6 was chosen because it uses the same DVT motor control software and has a minimum supply voltage of 39.1 volts so it can operate off a 48 volt supply unlike the size 10 which has a minimum supply voltage of 50 volts. The ME1507 motor was selected because both the EMRAX 268 and ME1507 are axial flux synchronous permanent magnet electric motors and they both have sine / cosine encoders to establish motor position.
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[bookmark: _Toc161600606]Figure 2 Initial Wiring Diagram for Bench testing
[image: A close-up of a machine
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[bookmark: _Toc161600607]Figure 3 Initial bench testing rig
Once successful communication with the Gen4 size 6 controller and ME1507 motor was established, this allowed the ability to edit the DCF file. This allows the configuration of motor parameters and throttle mapping. The throttle mapping is controlled using PI loops. Essentially in PI loops, P stands for proportional, this reads the current error difference between a desired setpoint and the actual process variable, the idea is that for a bigger issue, a bigger correction will be applied. I stands for integral, this is based off the accumulation of errors over time, this helps to eliminate any long-term steady state errors that might persist in the proportional unit alone. There are two main traction modes in the motor controller, these are torque mode and speed mode, they affect how driver demands are interpreted by the controller, in torque mode, the throttle push simply translates to a torque demand, in speed mode, the throttle push translates to a speed demand, the controller then calculates the torque required to maintain the speed. However, speed mode cannot be used in this application as in the event of a loss of traction, it can cause the motor to brake severely or even lock up.
In order to bench test safely, Owen fabricated and TIG welded a mount for the motor so that it was secure on the bench and not free to move.
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[bookmark: _Toc161600608]Figure 4 CAD Design of Motor Mount
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[bookmark: _Toc161600609]Figure 5  CAD Mock-up vs Real

The first steps of configuring the DCF files for bench testing was to change the torque map so that the motor would have limited torque whilst on the bench. To do this, the original DCF file was taken and altered to have a maximum motor speed of 500 rpm and just 6 Nm of torque compared to the original 8000 rpm and 120 Nm. To maintain the original motor performance characteristics, each value of the original torque map was scaled down to maintain the same shape curve.
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[bookmark: _Toc161600610]Figure 6 Standard Torque Map
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[bookmark: _Toc161600611]Figure 7 Modified Bench Testing Torque Map
 The next step was to define the thermister map. The purpose of this is so that the temperature of the motor can be monitored in order to prevent exessivly high temperatures within the motor from damaging it. The ME1507 uses the KTY84-130 temperature sensor. The KTY84-130 datasheets show the resistance values for each temperature. This can be used to create the User Defined Thermister Map. 
[image: ]
[bookmark: _Toc161600612]Figure 8 User Define Thermistor Map
Another important function of the DVT software that would be used is the data logging function, this allows the real-time monitoring of the following parameters:
-Battery and Capacitor voltage
-Motor current
-Motor Speed
-Controller temperature
Data logging is a crucial function as it allows the diagnosis of any issues and that all parameters are within safe limits.
Even once the Sevcon motor controller and DVT software were successfully communicating, another challenge was presented- the Sine/cosine encoder. The main purpose of the sine/cosine encoder is to measure motor position. Compared to other methods of measuring motor position such as a UVW system, sine/cosine delivers a higher precision and instantaneous signal. It works by a hall effect device responding to a shaft mounted magnet. The hall effect sensor then delivers two outputs- sinusoid and co-sinusoid. When these two signals are represented as x-y polar coordinates, they give accurate information of rotor position.
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Description automatically generated]In order to establish the encoder and check that it is functional, an oscilloscope is used to scope out which signal is which. By scoping the voltage between the encoder ground and each of the signals when the motor is rotated in the forward direction, the scope should show the cosine signal leading the sine signal.[bookmark: _Toc161600613]Figure 9 Oscilloscope depicting Cosine and Sine Signals from the Encoder

The maximum and minimum values for the sine and cosine signal are then put into DVT. Once this is done, the controller can then read the motor speed, in RPM.
The next process is to determine the offset of the EMF from the zero angle point, this is done by using an oscilloscope to measure the back EMF for each phase of the motor. The motor has 3 phases-  these phases are called UVW. The phases have to be in the order of U, V and then W in order for the motor to operate properly. Whilst there are proper methods and techniques that exist in order to set the encoder offset, it can be difficult to carry these methods out without specialist equipment. The main purpose of setting the encoder offset is to maximise the efficiency of the motor. The main technique is using the voltage of the d-axis to observe how much q-axis current is going into the d-axis. With the motor properly aligned with proper offset, this effect should be minimised. The way to do this is to set a constant torque demand and have the motor spinning at a constant rotational velocity and adjust the offset until the motor spins steadily and the d-axis voltage is as low as possible.
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[bookmark: _Toc161600614]Figure 10 Encoder Alignment tool in DVT
Unfortunately, due to the project being behind schedule, the SEVCON Gen4 Size10 controller has not been connected to the EMRAX 268, and due to the EMRAX 268 minimum supply voltage of 100 Volts, it would be considered dangerous to do this with bench testing. In order to make the best effort to stay as close as possible to the Gantt chart schedule, a preliminary DCF file has been configured for the SEVCON Gen 4 size 10 controller and battery pack using all the information available. Obviously, parameters such as encoder alignment would have to be measured once the car is assembled, but the DCF file is mostly configured so that it would save time when the car is assembled. 
Calculations to configure DCF file.
The EMRAX 268 motor and SEVCON Gen4 Size 10 controller are powered by  2 packs of 9 battery modules each having a nominal voltage of 43.2 volts. This gives a nominal power supply of 388.8 Volts. The motor outputs a peak power and torque of 210 kW and 500 Nm respectively. And a continuous power and torque of 117 kW and 250 Nm respectively. The current is 500 ARMS at its peak, and 220 ARMS continuous.
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[bookmark: _Toc161600615]Figure 11 DVT Software Power Limit Map Calculator
As can be seen in Figure 11, these are the parameters required in order to calculate the power limit. The variables filled in are ones that can be found on the manufacture supplied data sheets, but in order to find Ke in VRMS/(rad/s) and the Field Weakening Limit (Id Min amps), some calculations are required.
Ke in VRMS/(rad/s) represents the electromotive force (EMF) constant, this is the induced voltage in the motor’s windings as a result of the angular velocity. The datasheet gives Ke in VRMS/RPM, to convert the RPM to rad/s it is multiplied by (2*pi)/60. This gives a value of 0.00817 VRMS/(rad/s).
The next thing to calculate is the Field Weakening Limit (Id Min amps). The purpose of field weakening is to increase the motors RPM speed. It does this by reducing the magnetic field strength, or flux, to allow the motor to operate at an increased rate of speed. In order to reduce the magnetic field strength, the d-axis current is reduced to its minimum current without causing a loss of control. 
The equation for the minimum d-axis current is: 
Where Vdc is DC link voltage, Rs is stator resistance, ωm is angular velocity and ψ is flux per pole.
For the leadership half of the responsibilities allocated to Owen there were various roles and responsibilities, these include ensuring that there is communication between each member of the team and assisting wherever necessary. In addition to this, there is creating a layout for and assembling the interim and final Viva PowerPoint presentations and making sure that they are handed in on time. A Gannt chart of the main tasks was created with the associated timings and the tasks on the Gannt chart were allocated to each member of the team to help guide the team for the best possible chance to successfully complete the project in the time given.
Unfortunately, due to various reasons, the project is behind on the original schedule by a considerable margin despite the leader’s best efforts. This could be put down to the overall project being split into two teams. This causes both teams to rely on each other as a lot of tasks are dependent on other tasks being fulfilled outside of the Driveline/ EV teams responsibilities. Whilst there has been a lot of theoretical work carried out, such as CAD and various calculations, they generally have not been put into a real life application, this could be put down to the time constraints of the project and members of the team having external responsibilities to focus on. Overall though, there has been no real practical work done to the Formula 750 Falcon chassis which means that some tasks that otherwise would have been completed such as data logging and fault diagnostics, and any other tasks that depend on a working and driving vehicle, cannot be completed.



[bookmark: _Toc161601199]Ross Burnside – Charging Trolley
“Since its debut in 2014, Formula E, the all-electric motorsport series, has now become the fastest-growing series in motorsport […] now officially known as the ABB FIA Formula E World Championship”(Everett, H – 2023). In partnership with the series’ vehicle in-pit charger manufacturer, “ABB has designed a compact, reliable, and safe solution for charging the new Gen3 cars before race day and between sessions”. (Everett, H – 2023).
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Description automatically generated][bookmark: _Toc161600616]Figure 12An expanded view of the ABB company’s “bespoke race charging technology” currently used by the Formula E racing series (Everett, H - 2023).

In order to explore the engineering involved, and advantages of mobilising the vehicle charging component, an investigation into the required operating systems and charging opportunities of utilising an Electric Vehicle (E.V.) battery pack was accepted as one of the group project's research roles. The development of a mobile charging trolley designed to work in the pits alongside the vehicle at Formula 750 series race events was undertaken by Ross Burnside (2110614).


Three design concepts were introduced to the project, with the final model considered best suited to the unit size and battery pack configuration requirements, manoeuvrability, and handling characteristics. 

Initial Design Considerations:

The availability of a workshop-provided Jaguar I-Pace vehicle battery and required operating systems enabled a foundation for trolley development and a basis for unit dimensions. Utilising the wiring, cooling, and charging systems already present in the vehicle, in addition to the ‘flat-packed’ and systematic layout of the battery pack’s “432 high energy density Lithium-Ion pouch cells, arranged in 36 modules of 12”, including the recyclability of battery packs, with Jaguar’s “plans to prolong the life of I-Pace batteries [using] new recycling partnerships and second-life energy storage trials” (media.jaguar.com – 2018), would be advantageous to the project due to the re-usability and availability of second life batteries, and their simplistic module and wiring layout.
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Description automatically generated][bookmark: _Toc161600617]Figure 13 An image to highlight the specific battery cooling circuit featured in the Jaguar I-Pace’s cooling system, including radiator mapping and expansion tank location.
[bookmark: _Toc161600618]Figure 14 A used Jaguar I-Pace Battery, to be recycled for “one of the largest energy-storage systems in the UK to harness solar and wind power”
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Description automatically generated]The battery pack design consists of 5 key elements, forming the structure and layout of the battery pack:[bookmark: _Toc161600619]Figure 15 An expanded view of the I-Pace battery pack module layout and Battery Energy Control Module.


1. A Welded aluminium frame with aluminium cooling plates.  
2. A single-layer module bed.
3. 36 Modules in series through copper busbars.
4. 432 High-Energy-Density Lithium-Ion Pouch Cells.
5. Integral fire-retardant material.

The specification sheet for the battery pack energy, capacity, power, mass, cooling, and charge type are listed below:
· Energy Consumption   =        90.2kWh		
· Usable Soc Range 	 =	96 – 2 %
· Nominal Voltage	 = 	388V
· Average Capacity 	 = 	232Ah
· Instantaneous Power    =	321kW (@ 96% SoC) 287kW (@ 50% SoC)
· Continuous Power	 = 	110kW
· Mass			 = 	606kg
· Unit Dimensions	 =	(2280*1474*300)mm  	
· Configuration 		 = 	108S 4P
· Coolant Type 		 = 	Ethylene Glycol 		
· Coolant Temperature   = 	11˚C
· Coolant Pump 	 = 	Electric, 12V system operated.
· Charge Type 		 = 	Type 2 (7kW and 22kW chargers)
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This graph shows a 10 second discharge of power (in kW) from a Jaguar I-Pace battery, at the beginning of its operational life (listed BoL); and at different operating temperatures (˚C) and various states of charge (SoC).

(all battery pack dynamic ratings and specifications taken from X590 cell, module, and pack specifications (ROW/China) PDF document, supplied by Lecturer Ryan James, created by Jaguar Land-Rover during development of the Jaguar I-Pace E.V. Model)
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Description automatically generated]Battery Pack Prediction Calculations:[bookmark: _Toc161600620]Figure 16 Exploded view of the I-Pace X590 Battery Pack PDF document, supplied by Lecturer Ryan James, created by Jaguar Land-Rover.

Prediction calculations enabled estimations of charge requirements, vehicle charge times, charge rate, and the number of charges available per pack charge; alongside the module dynamics, layout, and thermal management systems needed to support the pack during operation to create a reusable charging system capable of being transported between races and through pit lanes in a safe and efficient manner.  

Charge/Discharge Calculations:

Charging from trolley to car		= 	40kW
Vehicle Battery 		= 	100Ah

I-Pace (trolley) battery		= 	86.592kWh
Trolley Battery		= 	232Ah

Both vehicle and trolley batteries share a nominal voltage of 388V, allowing for charging to be calculated through battery capacity ratings:
Number of charges available = 

Due to battery restrictions and charging rate limitations presented by the vehicle battery system, energy into the vehicle battery is capped at 40kW, resulting in a 40kW charging rate.







Vehicle Battery Max. Energy		=	139,968kJ

Max. Trolley Output		= 	144,000kJ/h







It should be noted that this value considers the initial battery charge rating as 0%, and that the final 20% of charge will be reduced from a rate of 40,000J/s, due to the varied charging speed at the beginning and end of the charge cycle where “as a battery reaches its maximum capacity of 100%, its charging speed slows down, because the electrons coming in have to work harder to find space”, reducing the charging speed to preserve overall battery health and operational capacity (bppulse.co.uk – 2024). 
It was also discussed that, in correspondence with group member (2104531) Luke Dyas’ lap energy consumption calculations, the vehicle would only require ‘top-up’ charges in between practice sessions, qualifying, and race events; alongside routine maintenance charges in between race weekends, in order to avoid battery discharge and damage from infrequent use.

I-Pace Battery Pack Recharge Times:




0-80% ‘Rapid Charge’ Recharge Time:










Predicted Battery Pack Heat Generation:

1 hour (3600s) of battery use	= 	232Ah (average capacity)	=	Current (I).
Nominal Voltage	= 	388V
Internal Resistance	=	1.672ohms			=	Resistance (R).
Time 	=	1 hour				=	3600 seconds.









Predicted Pumping Power Requirements:

Est. battery pack coolant pipe meterage	=	73m	(33m per side + 10% f.o.s)
Est. cooling system total meterage		=	100m	(+ 27m radiator / pipework)
Av. E.V. cooling system flow rate		=	8 l/min		=	0.48m³/h
Ethylene Glycol (60% C2H602 @ 20˚C)	=	1095kg/m³







Mk-1, Support-Dolly – Electric Pallet Truck

[image: A drawing of a bed

Description automatically generated]The initial design incorporated the use of an electric pallet truck supplied by a forklift company (www.JungHeinrich.co.uk) and support-dolly framework consisting of steel box section and plating as the structural and driving/mobility systems. This design was investigated due to the operational benefits of a 2200kg load capacity, 122mm lift height, and 6km/h (1.6m/s) maximum laden travel speed; alongside the “short charging times” and “zero maintenance” advantages of the Lithium-Ion batteries and 24v system (www.Jungheinrich.co.uk – 2023).[bookmark: _Toc161600621]Figure 17 CAD model of the Mk-1 Charging Trolley design layout, created in Solidworks.

[image: A white rectangular object with two black objects

Description automatically generated][bookmark: _Toc161600622]Figure 18 CAD model of the Mk-1 Charging Trolley fork/battery pack size comparison and layout, created in Solidworks.

A dolly-structure was engineered to accommodate the un-supported length of the battery pack housing with construction consisting of 50x50mm steel box section and 5mm steel plating (fig. 17).
By utilising an additional cross-sectional support alongside the dolly extension, the I-Pace battery pack is left free-standing of the pallet truck’s forks, minimising thermal conduction between the two surfaces, improving the efficiency and operation of the battery.
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Description automatically generated][image: A drawing of a metal object

Description automatically generated with medium confidence][image: A blueprint of a forklift

Description automatically generated]In addition to this, the framework’s construction allows sections directly supporting the battery pack to flex as required when experiencing ground undulations and/or weight transfer, without applying significant pressure to any small/direct area of the battery pack housing. However, it was noted that the dolly would be attached through one crossmember length, creating concerns of fork material/leg distortion and structural separation during operation. The middle section of the support dolly features cross-bracing (5mm steel plating) set at 45˚ from the central axis, tying the two crossmembers into position, whilst still allowing torsional flex to occur along the central length of the support-dolly’s framework. [bookmark: _Toc161600623]Figure 19 CAD model of the Mk.2 charging trolley with conceptual cooling system and BECM model.


PUWER UK regulations specified a 3-day course, resulting in 3-year certification before a course refresher is required alongside BRITTOp and/or RTITB Card and certification, for “pallet trucks […] both manual and powered […] through examination in accordance with LOLER as well as a PUWER inspection” (hesluk.com – 2023).

Due to the unit size, handling qualifications involved, including structural and transportation concerns, this trolley design was not developed further; with an alternative ‘reduced-size’ trolley design investigated, by decreasing the overall length of the battery pack and by splitting the pack and stacking each half. 
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Description automatically generated]It was also acknowledged that, due to the battery pack’s operating system and running requirements, a cooling system would need to be incorporated to enable the “cooling passages beneath the pack [to] circulate conventional ethylene glycol/water coolant to keep temperatures in the cell’s operating range” (Carney, D. – 2018)[bookmark: _Toc161600624]Figure 20 Flex-Fab 5780 High Temp. Coolant Hose


[bookmark: _Toc161600625]Figure 21 Drawing sheet to show the dimensions and layout of the electric pallet truck.





Mk-2, Stacked Packs – Electric Pallet Truck:

[image: A close-up of a grey object

Description automatically generated]To optimise load distribution and unit size without using a support-dolly, the I-Pace battery pack model was split in a 50:50 ratio with each half-section stacked (fig. 22), featuring a fascia-plate concept to seal the coolant water-ways, modules, and high/low voltage connection points in a loop between each half. In addition to this, the I-Pace’s battery-specific cooling system was developed to work as a standalone unit (fig. 23), with a conventional thermostat-controlled electric radiator fan to provide airflow/movement through the radiator fins.[bookmark: _Toc161600626]Figure 22 CAD model of the Mk.2 battery pack layout, featuring stacked half-packs, separated by 5 support pads, with a 50mm air gap to minimise thermal conduction and reduce convection.


To ensure safe, practical, and thermally efficient coolant transfer between the two half-packs, high-temperature coolant hose was researched to provide reliable longevity, withstanding hardening, and cracking. 
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Description automatically generated with medium confidence]The Flex-Fab 5780 series high-pressure coolant hose is described as built to withstand oil-splashes, direct sunlight and ozone degradation, temperature extremes between -50-260˚C, and a working pressure rating of 12.066Bar (175PSI), alongside a Burst Pressure Rating (BPR) of 41.369Bar (600PSI). Furthermore, the 5780 “high temp coolant hose is resistant to aging and chemicals, including coolant additives” (flexfab.com – 2024).[bookmark: _Toc161600627]Figure 23 CAD model of the Mk.2 charging trolley with conceptual cooling system and BECM model


A Battery Energy Control Module (B.E.C.M) was moved from the battery pack model’s original location (fig. 23) to the upper half into the module housing to provide better access to high/low voltage connection points including pack charge/vehicle charge points. The use of the original and intended B.E.C.M system enables quantifiable reports on charging rates based on the battery pack’s state of charge, efficiency, temperature, charging source, and discharge control; including the maintained constant temperature of 11˚C (Carney, D. – 2018).

It was noted that, due to overall unit size and required transportation for this particular charging rig involving additional vans, loading, and set up; in conjunction with instability fears/limited terrain abilities of an electric pallet truck, this design was not developed further.

In addition to this, it was acknowledged that in future design concepts, the originally proposed battery pack split of 50:50 would not be achievable, due to the spacing of the integral module layout (fig. 21). A new assumed value of 40:60 (F:R) was agreed upon unanimously by the group and incorporated into the next part of the design process.
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Description automatically generated]Mk-3, Stacked Packs – Trailer/Motorised Wheel Gear:[bookmark: _Toc161600628]Figure 24 Model of a single-axle trailer frame from GrabCAD. (Szymon – 2019).
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Description automatically generated]The group stipulated without opposition that the time and cost implications of additional training for the machinery operation, alongside the limitations of a low-ground-clearance, Polyurethane-wheeled pallet truck subject to 606kg of battery pack (weight not including cooling system or 12v system) could pose handling/manoeuvrability issues throughout the various pit-lane and garage terrain layouts featured in each of the series’ visited paddocks.  [bookmark: _Toc161600629]Figure 25 Image of the EM203 Chain Driven Caravan Mover.


To overcome this, a trailered frame used to mobilise the initial split battery-pack concept was discussed in association with simplifying transportation of the charging-facilities between different circuits, with the proposed set-up consisting of a single-axle trailer (fig. 24) and framework, alongside a motorised caravan mover (fig. 25) attached to one side of the trailer, for mobility and incline assistance during manual movement during the charging station set-up tasks.
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Description automatically generated]The battery-pack model was re-designed (fig. 26) using Solid-Works and dimensioned in accordance with the assumed 40:60 split; the upper battery pack was raised above the BECM by 4 200x200mm support pads, enabling continued use of the original BECM location, avoiding increased cost and work spent on unit relocation.[bookmark: _Toc161600630]Figure 26 A CAD model to demonstrate the external wiring structure of the H.V./L.V. wiring system.


Upper Battery Pack (UPB)	=	912*1474*300mm

Lower Battery Pack (LBP)	=	1368*1474*300mm
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Description automatically generated][bookmark: _Toc161600631]Figure 27 A battery pack CAD model to demonstrate the internal structure of the cooling system, module, and H.V./L.V. wiring system.

The Mk.3 battery pack design model featured high and low voltage connection points, coolant circuit inlet and outlet valves, and a concept of the battery pack’s internal layout (fig. 27) including a base of coolant piping, of which the modules are situated on top of, in turn supporting the high voltage wiring systems/busbars, and low voltage harness that run under the top layer of battery pack casing.

In order to provide a model of the trailer’s layout and dynamics, CAD assemblies were constructed using Solid-Works, accurate to the ‘real-world’ dimensions of each component, including fixtures such as:

· Cooling/Water-Pump System Concept.
· 12v Battery System.
· Fascia Plate Concept.
· Single-Axle Trailer/Framework Concept.
· EM203 Motorised Caravan Mover.
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Description automatically generated][bookmark: _Toc161600632]Figure 28 A CAD model to demonstrate the external wiring structure of the H.V./L.V. wiring system.
[bookmark: _Toc161600633]Figure 29 A CAD model to demonstrate Fascia-Plate side view of the charging trailer, created in SolidWorks.
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Description automatically generated][bookmark: _Toc161600634]Figure 30 Initial Design Considerations



The entire trailer unit boasts an ergonomic and compact design housing all essential components such as the cooling and water pump systems, wiring systems, and fascia-plate design concept within a confined 1500x1500mm trailer bed. This meticulous arrangement maximises space utilisation while ensuring seamless functionality. The efficient layout facilitates ease of access for maintenance and operation, optimising convenience for users. By integrating these vital systems within a compact footprint, the trailer unit achieves a harmonious balance between functionality and space-saving design, offering a versatile solution for various transport and operational needs.
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Description automatically generated][bookmark: _Toc161600635]Figure 31 A battery pack CAD model to demonstrate an isometric view of the structure of the cooling system, pack layout, and H.V./L.V. wiring system.
[bookmark: _Toc161600636]Figure 32 A CAD model to demonstrate the structure of the cooling system, its coolant pipe plumbing methods, and H.V./L.V. wiring system.





Cooling System/Water-Pump Design Concept:

Due to the limited research surrounding the vehicles battery-specific cooling system, a large proportion of the pack’s inner dynamics had to be assumed. Figure 32 demonstrates three main pack layers (right) consisting of module layouts and split dimensions, the cooling system loop, and high/low voltage connections. In order to gain an understanding of heat generation and rejection principles, an experiment run by UWTSD Senior Lecturer Robert Goodson, using the TD1007 Water to Air Heat Exchanger produced by TecQuipment Ltd. was analysed to investigate the heat rejection of a cooling system across a decreased mass air and water flow rate over 2100 seconds (35 minutes); to help predict what heat rejection is produced by the cooling system whilst operating over a 35 minute ‘vehicle charge’.

The Density and Specific Heat Cp of Ethylene Glycol (40% dilution in water) values were added in order to calculate an accurate depiction of what the coolant fluid’s resultant Heat Rejection in Joules per second would be when confined to these parameters, using the formula: 
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Description automatically generated]The experiment revealed a notable trend showcasing a decrease in both air and water mass flow rates, coinciding with a noticeable increase in heat rejection. As the flow rates of both mediums is diminished, there is a corresponding rise in the amount of heat being rejected from the system. This inverse relationship between flow rates and heat rejection underscores a crucial aspect of the system’s behaviour, highlighting how variations in flow rates can directly impact the thermal dynamics of the system.[bookmark: _Toc161600637]Figure 33 A table consisting of UWTSD experiment results displaying water temperature input and output values, mass flow rates, and flow rate in L/min; supplied by Senior Engineering Lecturer Robert Goodson, results analysed and updated
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Description automatically generated with medium confidence][bookmark: _Toc161600638]Figure 34 A graph produced from the experiment results to show a decrease in Air and Water flow rate resulting in an increase of heat rejection.  (Burnside, R. – 2110614 – 2024).
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Description automatically generated][bookmark: _Toc161600639]Figure 35 A picture to show the TecQuipment displays and VDAS interface system.
[bookmark: _Toc161600640]Figure 36 A picture to show the TecQuipment Standard 32 Tube Heat Exchanger

It was noted that, due to the coolant flow circuit design (fig. 37), the bottom battery pack would suffer greater heat generation, as the heated coolant from the upper battery pack is carried through the lower battery pack before any cooling has taken place. Mitigation of this could be obtained through development of the cooling system to use two heat exchangers/radiators, utilising one radiator per battery pack and two fans per radiator, increasing the cooling capabilities of the system and unit thermal efficiency.
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Description automatically generated][bookmark: _Toc161600641]Figure 37 A cooling system directional flow example to demonstrate water movement.
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Description automatically generated][bookmark: _Toc161600642]Figure 38 A cooling system CAD model to demonstrate the radiator and expansion bottle location.
[bookmark: _Toc161600643]Figure 39 A cooling system CAD model to demonstrate the external pipework structure and twin fan system.




Fascia-Plate Design Concept:
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Description automatically generated]The concept fascia-plate models featured a water temperature gauge located on the same side as the coolant inlet valve; where a resistance-based temperature sensor (fixed/threaded into a coolant hard-line) monitors fluid temperature as it enters the battery half-pack, enabling the charging-pack operator to consistently monitor the trailer’s current performance and witness early indication of pack or system overheating events.[bookmark: _Toc161600644]Figure 40 A CAD model made in SolidWorks to demonstrate the Water Temperature Gauge and Coolant Inlet points of the Fascia Plate Concept.


[image: A grey rectangular object with a white background

Description automatically generated]The integration of the water temperature gauge located within the coolant inlet valve provides a crucial mechanism for real-time monitoring of fluid temperature within the battery half-packs. The resistance-based temperature sensor ensures accurate measurement of temperature fluctuations as coolant enters the system. By detecting early signs of pack or system overheating, the charging-pack operator can promptly intervene to mitigate potential risks and damage.[bookmark: _Toc161600645]Figure 41 A CAD model made in SolidWorks to demonstrate the Low Voltage and Coolant Outlet points of the Fascia Plate Concept.


The fascia-plates feature both high and low voltage connection points to safely carry the required integral power between the stacked half-packs, allowing the efficient transfer of charge across the system.

This comprehensive design enhances both the safety and reliability of the charging pack system, facilitating seamless operation and maintenance.
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Description automatically generated][bookmark: _Toc161600646]Figure 42 A CAD model made in SolidWorks to demonstrate the Fascia Plate Concept fitted to the stacked half-packs.
[bookmark: _Toc161600647]Figure 43 A CAD model made in SolidWorks to demonstrate the Fascia Plate Concept in isometric view to display the 50mm unit thickness.










12v Battery System:

In order to operate the charging trailer’s thermal management systems of twin cooling fans and stand-alone water pump during the operation of the battery pack, a 12v battery system was designed to provide the electrical energy required for direct action of both systems.
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Description automatically generated][image: A diagram of a car fan wiring

Description automatically generated]For future project iterations, a charging system for this 12v circuit was noted as portable solar panels, or a battery upgrade to Lithium-Ion for greater efficiency, “but requires higher [solar] panel wattage” (ECOFLOW – 2022).[bookmark: _Toc161600648]Figure 44 A 12V wiring diagram, designed to constantly power the battery pack’s coolant pump, and added water temperature gauge; as well as intermittently power the twin radiator cooling fans.
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Description automatically generated]The twin cooling fans are operated through 2 independent and fused relays, with their operation controlled by a thermodynamic fan switch as the system reaches a predetermined temperature limit. The thermo-switch internals feature a “bimetal disc […] formed by two metals with different thermal expansion coefficients […] calibrated to snap at a specific temperature [causing] the pin displacement” which in turn contact and release the silver metal contacts (MTE-Thomson – 2024).[bookmark: _Toc161600649]Figure 45 A thermo-switch diagram to show the bimetal disc and silver metal contact points.


The cooling fans are intermittently engaged to maintain the operational coolant temperature of 11˚C (using a 10C/12C switch), by consistent pumping movement maintained by the circuit’s water pump; a permanently running fixture of the 12v system and wired directly into the ignition live feed.

In addition to this, the ignition live feed also features a water temperature gauge, controlled by a resistance-based temperature sensor, to allow the charging pack’s operator constant review of the trailer’s current operating temperature; ensuring safe operation of the pack, and allowing early diagnosis of over-heating in temperature extremes.
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Description automatically generated with medium confidence]Framework Design Concept:[bookmark: _Toc161600650]Figure 46 A CAD model to show the trailer’s cradle-frame layout.


The trailer frame was designed around a double cross-braced bed section, enhancing airflow around the battery pack; optimising cooling efficiency and mitigating overheating risks. The framework features seven 300mm upright struts (fig. 46) positioned around the outer frame-rails to cradle the battery pack securely in place, ensuring stability during transport and unit movements. 

The central positioning of the axle-base results in an easily manoeuvrable mobility unit, an even weight distribution, and maintains a balance between strength and weight.
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Description automatically generated]The inner length and width of the trailer were dimensioned appropriately to the lower battery half-pack specifications, with the inner width increased to accommodate the additional 50mm fascia-plate thickness.[bookmark: _Toc161600651]Figure 47 A CAD model to show the dimensions of the trailer framework.


The designed trailer is unbraked with independently mounted free-spinning wheels. Future development may consider a braked application depending on handling characteristics and final operational unit weight.

A 500mm L-shaped bracket affixed to the front length of trailer frame to prevent the battery from sliding and/or moving out of the cradle-frame under transportation forces was discussed, in addition to a front-mounted jockey-wheel attached to the towing structure as a handling aid and for stability when the trailer is free-standing.

Independent Project Conclusion:

Through examination of the requirements and dynamics of the Jaguar I-Pace battery as well as suitable adaptation of the existing pack infrastructure and cooling systems to inform and guide design decisions, an apposite mobilisation of the project vehicle charging element has been developed to form a research and manufacturing foundation for the necessary practical work of the charging trailer to begin. The ‘half-pack’ design was continued and developed into the finalised concept, optimising load distribution and unit size without compromising on cooling efficiency whilst mounted to a single axle trailer; incorporating a motorised caravan mover for ease of transportation and manoeuvrability across different terrain circuits.

In conclusion, the Formula 750 Mobile Charging Trailer project has resulted in a practical solution for the mobilisation of charging facilities and simplified transportation between 750 series events. Rigorous research and design iterations have optimised the battery pack layout, cooling systems, and mobility aspects to ensure an efficient and safe operation during race events. The charging trailer development project underscores a commitment to advancing sustainable motorsport while meeting the specific demands of electric vehicle racing and the accessibility of track-side maintenance.


[bookmark: _Toc161601200]Peter Grima – BMS
For this project, he was provided the responsibility of researching the Battery Management System (BMS). This meant that he had to research the role of the BMS in order to find what requirements the BMS on our car needs in order to function optimally.
The first step was to fully understand the role of the BMS within a car, in order to do this, he looked into two books, ‘Battery Systems Engineering’ (by Christopher D. Rahn and Chao-Yang Wang) and ‘Modern Electric, Hybrid Electric and Fuel Cell Vehicles’ (by Mehdrad Ehsani, Yimin Gao and Ali Emadi). In his research he found that the battery management system serves as a critical component in modern automotive technology, mainly in vehicles equipped with rechargeable battery packs like electric vehicles (EVs) and hybrid electric vehicles (HEVs). Its primary function revolves around monitoring, controlling, and safeguarding the battery pack to ensure optimal performance, safety, and longevity.
One of the fundamental tasks of the BMS is to monitor individual cells within the battery pack continuously. This monitoring involves tracking parameters such as voltage, current, and temperature. By doing so, the BMS ensures that each cell operates within safe limits and detects any discrepancies in performance. To maintain uniformity in cell voltages and maximize overall battery performance and lifespan, the BMS employs cell balancing techniques, ensuring that each cell is charged and discharged evenly. Additionally, the BMS plays a crucial role in estimating the State of Charge (SoC) of the battery pack. Accurate SoC estimation is essential for providing drivers with reliable range predictions and preventing unexpected shutdowns due to depleted batteries. To achieve precise SoC estimation, the BMS integrates various data sources, including voltage, current, temperature, and historical battery performance.
In parallel with SoC estimation, the BMS continuously monitors the State of Health (SoH) of the battery pack. SoH reflects the battery's overall condition and remaining capacity compared to its original specifications. By tracking changes in SoH over time, the BMS can provide early warnings of potential battery degradation or failure, enabling proactive maintenance or replacement. Thermal management is another critical function of the BMS. Maintaining proper temperature levels within the battery pack is crucial for safety and longevity. The BMS monitors and controls the temperature of individual cells or cell groups, preventing overheating or excessive cooling. This may involve employing active cooling or heating systems, such as liquid cooling or air cooling, based on temperature sensors' feedback.


Moreover, the BMS includes various safety features to prevent hazardous conditions, such as overcharging, over-discharging, short circuits, and thermal runaway. In the event of a fault or anomaly detected within the battery pack, the BMS initiates protective measures, such as disconnecting the battery from the vehicle's powertrain, to prevent further damage or mitigate safety risks. Efficiency optimization is also a key aspect of the BMS's role. By optimizing the charging and discharging processes, the BMS maximizes the battery pack's efficiency and lifespan. This involves adjusting charging rates, voltage levels, and current limits based on operating conditions, battery characteristics, and user preferences. Furthermore, the BMS facilitates communication between the battery pack and other vehicle systems, providing real-time data and diagnostics information. This enables remote monitoring of battery performance, diagnostics, and software updates, facilitating proactive maintenance and optimization of the battery pack's operation.
In summary, the Battery Management System plays a multifaceted role in ensuring the safe, efficient, and reliable operation of rechargeable battery packs in automotive applications. Its functions encompass monitoring, control, safety, and optimization, contributing to the overall performance, longevity, and user experience of electric and hybrid vehicles.

Initially, Peter looked into a ‘SimpBMS’ which is a scaled-down version of a traditional BMS, he quickly found that this BMS was not suitable for the project because although it offered accessibility and affordability, it came with certain drawbacks. Their simplified design often meant they lacked advanced features found in full-fledged BMS systems, potentially compromising performance and safety. Safety concerns might have arisen due to the absence of comprehensive safety protocols, increasing the risk of overcharging, undercharging, or other hazards. Also, the limited functionality and scalability of SimpBMS systems might have restricted their suitability for more complex or demanding applications, like our project car. Despite their benefits, careful consideration of these limitations was essential when choosing a battery management solution.
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[bookmark: _Toc161600652]Figure 48 Example of a SimpBMS (https://www.secondlife-evbatteries.com/products/simp-bms)


He then chose to look into a 2018 Range Rover Discovery Hybrid, this is because the batteries being used in the car are from this exact vehicle. He decided to investigate the usability of this BMS for a few reasons. Firstly, the stock BMS was specifically designed and optimized for the batteries we’re using, ensuring compatibility and optimal performance. This compatibility minimized the need for modifications or customizations, streamlining the integration process and reducing potential complications. Additionally, the stock BMS likely underwent extensive testing and validation by the manufacturer, ensuring reliability and safety in demanding automotive applications such as racing. Furthermore, utilizing the stock BMS provided access to advanced features and capabilities, such as sophisticated thermal management, precise state of charge estimation, and comprehensive safety protocols, enhancing the overall performance and longevity of the battery pack. Overall, leveraging the stock BMS offered a reliable, plug-and-play solution. However, after some considerations, Peter decided that the stock BMS was not a good idea due to the fact that we were using more batteries than the Discovery came with meaning the car was running higher Kilowatt output, therefore he needed to find a BMS that was tuneable for the exact specification of our car, which was not going to be possible using a pre-programmed BMS that was built for a very specific car and was not going to be easy to tune. 
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[bookmark: _Toc161600653]Figure 49 Range rover Discovery (2018 Land Rover Discovery: Review, Trims, Specs, Price, New Interior Features, Exterior Design, and Specifications | CarBuzz)

Lastly, Peter researched into the Orion BMS 2. The Orion BMS 2 presents a range of benefits for battery management applications. Its scalability allows for seamless integration into various battery pack sizes and configurations, catering to diverse project requirements. Advanced monitoring capabilities, including individual cell voltage tracking and temperature monitoring, ensure precise management of battery health and performance. Accurate State of Charge estimation facilitates efficient battery usage and range optimization. Safety features such as overcharge and over-discharge protection guarantee safe operation in different conditions. Additionally, the BMS supports data logging and analysis, enabling users to track performance trends and predict maintenance needs. The BMS is capable of managing 180 cells, our project is using 216 cells in total meaning that it would need 2 BMS’ in order to adequately run. It can also manage cells that have up to 5 volts, which makes it more than adequate because the battery voltage is 3.6v per cell in our car. The BMS also provides passive cell balancing, this is a method used in battery management systems to ensure all the cells in a battery pack have the same charge level, which is crucial for maintaining the pack's overall health and longevity. In this process, excess charge from cells with higher voltage is dissipated as heat through resistors. When a cell reaches its full charge before others, the balancing circuit diverts the excess energy away from it, allowing other cells to catch up. This method is simpler and less expensive compared to active balancing but is also less efficient because it wastes the excess energy instead of redistributing it to other cells that need charging. Passive balancing helps in prolonging the battery pack's life and improving its performance by preventing any single cell from being overcharged or undercharged compared to the rest of the pack. It is fully programmable through a dual-interface CANBUS system, A Dual CANBUS interface provides advanced connectivity options for complex electronic systems. It allows a device to simultaneously connect to and communicate with two distinct CAN networks. This dual-channel approach is ideal for managing large volumes of data traffic, ensuring redundancy for increased reliability, and segregating communication streams for enhanced system organization, allowing users to customize the handling, processing, and filtering of CAN messages according to specific application needs. To set up the BMS I would need to input a few variables, one of which being the minimum and maximum cell voltage as well as max current limit, individual cell voltage and optimal battery temperature in order for it to be able to compute how to manage the batteries at the most efficient rate.
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[bookmark: _Toc161600654]Figure 50 Orion BMS (Orion BMS 2 | Orion Li-Ion Battery Management System)


After Finding the optimal BMS, Peter’s next task was to produce an adequate wiring harness to connect the BMS to the rest of the car and its main harness. For this he had to collude with Rhys in order to see how to optimally connect and run the circuitry appropriately. Rhys was basing his harness on the MSUK spec harness, so the concept was to adapt his harness to connect to either a pre-made wiring harness or developing a custom harness. The first option was to buy a harness made by Orion specifically for their own branded products, seeing as we need to implement a SoC display or we can also implement a data logging display, it seemed optimal to purchase this as we can pair it with the other Orion products such as the SoC display or the data logging display. The Basic Display module designed for use with the Orion BMS offers a cost-effective solution to visually convey critical information regarding the battery pack's status. It serves as an interface for users to access essential data, including the state of charge, a power limited indicator that signifies reduced output power, and the current error code status. By providing this key information in an easily accessible format, the Basic Display module enhances user understanding and enables efficient monitoring of the battery pack's performance. This ensures that users can make informed decisions regarding battery usage and maintenance, thereby optimizing overall system reliability and longevity. The Data Logging Display module integrated with the Orion BMS offers comprehensive visual feedback on critical battery pack information alongside advanced data logging functionalities tailored for diagnostic purposes. This module serves as a robust interface, seamlessly connecting to the Orion BMS unit via the Controller Area Network (CAN) protocol. By leveraging this connection, the module not only presents vital data such as State of Charge, Power Limited indication, and Malfunction Indicator Status (error indicator) but also empowers users with the ability to log this data onto a memory card for detailed diagnostics and analysis. This dual functionality enhances user accessibility to essential battery metrics while facilitating in-depth diagnostic capabilities, ultimately bolstering system monitoring, troubleshooting, and optimization efforts. Seeing as the data logging display acts as a State of Charge display anyways, it seems like the best choice as it can help us gather information and meet some regulations by displaying required information. 

As mentioned previously, Orion sell wiring kits that work holistically to act as a type of large wiring harness. Firstly, they sell a ‘Cell Voltage Tap’ harness. This is an integral component, particularly for monitoring the individual cell voltages within a battery pack. Its main role is to enable a BMS to monitor each cell's voltage to detect imbalances, ensure all cells operate within safe voltage ranges, and maintain uniform charge levels across the pack, thereby enhancing the pack's overall performance and longevity. This harness comprises multiple conductive wires or leads, each connecting the BMS to the terminals of individual cells or cell groups, alongside connectors for secure attachment and insulation materials for protection against electrical shorts, physical damage, and environmental factors. Correct installation and connection of this harness to the BMS and battery cells are critical, as misconnections can lead to inaccurate monitoring, potential safety hazards, and decreased battery efficiency.  They also supply a ‘Total Pack Voltage’ harness, this harness links the BMS directly to the battery pack's positive and negative terminals, allowing the BMS to monitor the overall voltage level of the pack. By assessing the total pack voltage, the BMS can ensure the battery operates within its safe voltage range, optimize its performance, and protect against conditions that could lead to overcharging or deep discharging. The Main I/O harness is another harness that is available, it serves as the central nervous system that connects various components and devices within a network. It facilitates the distribution of power from the source to different parts of the system and enables the transmission of signal data between devices. This includes carrying analogue and digital signals, control signals, and communication data across the system's ECU, sensors, actuators, and other peripheral devices. This enables complex operations and functions to be executed seamlessly, its design and implementation are critical for the overall performance, reliability, and scalability of the system, impacting everything from basic operational efficiency to safety and user experience. Lastly, they provide a Current Sensor / Thermistor harness, which is a specialized wiring assembly designed for precise measurement of electrical current flow and temperature within electronic systems. Integrating current sensors and thermistors (temperature-sensitive resistors), this harness allows for real-time monitoring of the electrical current passing through a circuit and the associated thermal conditions. The current sensors provide vital data on the amount of current being used by various components, enabling the detection of overcurrent conditions, efficiency analysis, and power management. Meanwhile, the thermistors offer critical temperature readings, helping to prevent overheating by monitoring the thermal state of electronic devices and their environment. All these factors are required in our vehicle which is why it seemed to be a reasonable option for the project.
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[bookmark: _Toc161600655]Figure 51 Orion Wiring Harnesses (Pre-wired Harnesses | Orion Li-Ion Battery Management System (orionbms.com))


In recent events it was brought to attention by Rhys that there is a company he is speaking to that is willing to make a bespoke BMS for our car as they claim it to be superior to the Orion BMS. Due to its sudden appearance Peter did not have time to investigate further as they required information that was unavailable at the time, however moving forward, if there was more time available, he would do further research into this company’s claims. He would’ve also have liked to work with Owen and be introduced to the CANBUS software as well as learn how to programme the variables properly and improve his knowledge and gain further experience within a new area.  Unfortunately, the milestones he wanted to achieve were not met. 





[bookmark: _Toc161601201][bookmark: _Toc161563410]Daniel Hannis – Safety & Regulations
Work Content
Work content within this Formula 750 group project for Daniel Hannis included the fire suppression system, seat harness, and mounts, alongside the head restraint and foam. Work also included impact protection and crashworthiness. In terms of Daniel’s work content, the fire suppression system is vital for the safety of the whole race car in case of a fire. Work with the fire suppression system has been extensive, with multiple phone calls back and forth to companies regarding the seat harness, with the mounts and head restraints requiring further in-depth research and investigation to ensure compliance with the FSUK 2024 regulations.
Finally, Daniels's work content included ensuring that everyone else in both teams followed all regulations to coincide with the car correctly. His job was to be the point of contact for technicalities within the regulations.
Development Work Content
Through the development work, content has also included ensuring the other team members have followed regulations in their retrospective sections and tasks; this is to ensure not just regulations are met, but also visualising all safety aspects of the car, as something a team member in wiring or comprehensive design faults could jeopardise the safety and rigidity of the vehicle.
CAD/SolidWorks Content
Nearing the end of the academic year, once everyone who was making CAD models had done so, it was Daniels's responsibility to put all of these together and fix the CAD, ready to be shown in the presentation/Viva to include all the seat harnesses, fire extinguisher and plumbing.














Research Carried Out
 Research within this project section has been extensive to respect all regulations and safety measurements.
From the start of September, the research involved choosing a fire extinguisher suppression unit and kit. The following regulations were the ones that were studied in detail around not just safety regulations but amongst the team to analyse the variety of difficulties that will challenge the team in the project. The regulations the team has been following and which this section has followed closely are listed below. The Motorsport UK and Formula Student 2024 are the central regulatory bodies advised as the most relevant to the project. Within the Formula Student 2024 regulations, some updated regulations for EV teams significantly benefit the team and help us make amendments to the car.
-       Motorsport UK
-       Formula E
-       E-Rallycross
-       Formula Student 2024
Electrical Safety Advisor
 A main advisory point for the team is regarding the ESA (Electrical Safety Advisor) This person oversees all safety electrical concerns. This would highly likely be Mark Sandford, a competent professional. The concern is that all team members must also be “required to have basic electrical safety training” (Formula Student, 2024, p.18, A4 6.8). This is because we must ensure all team members get this training and pass it in time for when we start to race and/or test the car.	Comment by Vasilis Papanicola: Why was this a concern?
The research from this point until the new year and the start of the second term relates to the EV powertrain, ensuring all regulations were followed.
Fire Suppression System 
Following the second term, the goal was to ensure the CAD model was designed and effective in the complete assembly. For this, I researched a variety of compliant fire suppression systems to ensure they would work for the car and be the most cost-effective. Through extensive phone calls, emails and research, originally, the idea was to go for a Novec 1230 system without a control box, as it was unsure whether this was required. After further clarification from Rhys on the wiring harnesses and Peter with the BMS, it was decided to go for the Novec 1230 system with a control box. When the buttons are pushed (one internal next to the driver, two externals on either side of the vehicle for marshals), all high-voltage electrics are disabled. This meant a higher cost price compared to if this was an internal combustion engine vehicle.
“3M™ Novec™ 1230 Fire Protection Fluid is a next-generation halon and HFC clean agent replacement technology, designed to alleviate concerns for human safety, performance and the environment” (3m Novec, 2024). From this research and further team discussions, it was eventually decided to go for FEV, even though Novec 1230 was improved over FEV. This was decided because the Novec 1230 system cost £600.98 (721.18 inc. VAT). The FEV system costs £291.26 (£349,51 inc. VAT). In the end, the decision was to go for: “FEV 2.25KG 3M NOVEC 1230 ELECTRIC GAS FIA RACE CAR FIRE SUPPRESSION SYSTEM N-TEC2250EK” (f-e-v, 2024). 
[image: Image Zoom]
[bookmark: _Toc161600656]Figure 52 Novec 1230 System (f-e-v.co.uk, 2024)

Seat Harness & Mount
 The seat harness was a part of research involving talking with academic technicians and lecturers about possible routes.
First was a 6-point, 7-point system.
6-point harness includes:
“6-point harnesses have two lap or hip belts, two shoulder belts and two crotch belts. 7-point harnesses are a newer type meeting SFI 16.6 and include a Negative G strap that holds the Cam-Lock in position in addition to two lap belts, two shoulder belts and two anti-submarine belts.” (kangamotorsports.com, 2019). The 6-point harness typically used in motorsports has been the standard for most motorsports.
“7 point harnesses are a newer type meeting SFI 16.6 and include a Negative G strap that holds the Cam-Lock in position in addition to two lap belts, two shoulder belts and two anti-submarine belts.” (kangamotorsports.com, May 2019).
“All driver restraint systems must meet SFI Specification 16.1, SFI Specification 16.5, SFI Specification 16.6, FIA specification 8853/98 or FIA specification 8853/2016” (Formula Student 2024 Rules, 2024).
With this considered research, 6-point harnesses are the easiest to take off for drivers and are so widely known. The 6-point harness that has been selected is the “TRS Pro 6 Point Single Seater FIA Harness Belt” (sportseats4u.co.uk, 2024). This seat harness is ideal for our use in the Formula 750, which meets the FIA 8853-2016 approved regulation.
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[bookmark: _Toc161600657]Figure 53 (6 Point harness from TRS, www.sportseats4u.co.uk, 2024)

Head Restraint
The head restraint is a piece of foam which must be 38mm thick or 1.5”. This is in the FSUK rules 2024, which also require it to be 15cm wide and 15cm in length, so it is a simple piece that needs adhesive to place in it. Refer to T5.7 in the FSUK 2024 rules. I found the cheapest way of doing this with 1” thick pieces and investigated the rules and other teams, which all have confirmed that using a strong adhesive to stick two pieces together is acceptable.
This foam is the cheapest that is compliant with the FSUK 2024 rules: 
“Be an energy absorbing material that meets SFI Spec 45.2 or is listed in the FIA Technical List No. 17 as a “Type B Material for single seater cars”: CONFOR M foam CF-42 (pink) or CF-42M (pink). CF-42AC (pink) is acceptable” (FSUK, 2024).
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[bookmark: _Toc161600658]Figure 54 (SFI 45.2 EAM Rigid Energy Absorbing Foam, 1" thick sheet, 2024).
This costs $25.59 per sheet, which is far cheaper than some compared to £290. We can order this head restraint in multiple sizes to fit around the car perfectly.
The regulations also require a 12mm thickness or 0.5” around the roll bar/chassis, “which might be contacted by the driver’s helmet” (FSUK, 2024).
The roll bar padding chosen is the best value for money, as shown below:
OMP FIA Approved Roll Bar Padding (demon-tweeks.com)
£26.09 INC VAT £21.74 EX VAT
[image: A black rectangular object with a hole

Description automatically generated]
[bookmark: _Toc161600659]Figure 55 (OMP Roll Bar Padding, demon-tweeks.com, 2024)
 

Experiments Carried Out
Experiments through the project have theoretically taken place in CAD/Simulation.
The first experiment that was tested was different areas where the fire extinguisher could be situated to decide what would fit best and allow for better car weight distribution. Looking at how other designs had been made on the MCR and other race cars researched, it seemed viable for either under the driver’s seat, under the legs, or in front of the battery casings.
Ultimately, it was decided to put it in front of the batteries on the left-hand side.
Designs Carried Out
There were a few ideas for designing this safety section.
First, the team discussed how the chassis had already been made, and then this was researched to determine any improvements. With this, the designs furthered seeing what design of brackets and mounting was needed for the fire suppression system.
[image: Image Zoom]
[bookmark: _Toc161600660]Figure 56 (f-e-v.co.uk, 2024)
This design is for the Novec 1230 system which is just a simple illustration on its scale for designing in SolidWorks.
Final Fire Suppression Design
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[bookmark: _Toc161600661]Figure 57 (SolidWorks Design of Novec 1230 N-TEC2250EK).
 
This is very similar to the design shown with slight alterations to the straps which make it slightly smaller, allowing for clamping to portray easier.
Final Fire Suppression Design Strategy
The brackets were slightly redesigned within the final design due to the car layout with the bodywork. This was due to the constraints of the Formula car and the structural brackets that allow for optimal positioning for the plumbing.
This was implemented into the final design through multiple team discussions and measuring up the car in all aspects.


Current Finished Progress of Whole Formula 750 Car
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[bookmark: _Toc161600662]Figure 58 (Current progress of formula 750 car, including all fire extinguisher plumbing).
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[bookmark: _Toc161600663]Figure 59 Current physical progress of formula 750
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[bookmark: _Toc161600664]Figure 60 Seat harness mount
The current progress, which Daniel has pulled everyone’s parts together and ensured is ready to be presented, includes: - Chassis/Roll Bar (Made by Owen Roberts) - Both Batteries (Made by Freddie Watkins) - Differential (Made by Ryan Calderon) - Electric Motor (Made by Freddie Watkins) - Fire Extinguisher (Made by Daniel Hannis) - Fire Extinguisher Plumbing (Made by Daniel Hannis) - Seat Harness Mounts (Made by Daniel Hannis).
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[bookmark: _Toc161600665]Figure 61 f-e-v, 2024, Fire Suppression Plumbing)
Figure 61 shows the plumbing for the fire extinguisher assembly. After multiple phone calls to one of the directors (Tony), we have a much better understanding of how to plumb the system into the car considering it being electric to the most optimal extinguishment. 
Development Carried Out
Development for the Formula 750 car has been extensive in Daniels's retrospective area.
-       Fire Extinguisher Plumbing Arranged
-       Fire Extinguisher Order Placed (Awaiting Approval)
-       Seat Harness Arranged (Order Awaiting Approval)
-       Seat Harness Mounts Made
-       Head Restraint Arranged
-       Head Restraint Order Placed (Awaiting Approval)
-       Roll Bar Padding Arranged (Awaiting to Place Order)
All the development has been theoretically made and not physically so far. The future development plan is to install everything mentioned in the car. Development is prepared for future academic years to progress further with the project.

Future Development Plans
There are plans for future development of the car, whether this be something Daniel is involved in or not, but the following are the next steps for the safety aspect of the car.
For the fire suppression system development to take this further and for the next academic year, this would require having the physical system and following the SolidWorks design for the plumbing.
For the control box, it is now understood the student(s) who oversee this must relay further with other students, so it is connected correctly. The student in charge of wiring must make a wiring harness from the fire extinguisher button and control box to the BMS (battery management system) to create a function which disables all high voltage electrical circuits.
The future development plan for the seat harness system is to install the system in and weld the mounts. That is all that needs to be done. The flooring for the chassis would first need to be in place. Once this is completed, the harness is warrantied for ten years. (Motorsport UK, 2019)
Finally, the head restraint and roll bar padding is a simple installation for future students for hands-on work. All needed here is the adhesive used on the back of the driver's head/seat, but it must not be 25mm away from the back of the driver's helmet, as stated in FSUK 2024 rules and regulations. The roll bar padding is an easy installation, typically on either side of the driver's left and right side of the car and will suffice to meet regulations.



Testing Carried Out
[bookmark: _Toc161563426]The testing phase for the formula 750 for the Daniels side of the project involved most of the theoretical testing with trial and error for different harness mounting placements and designs for the seat harness. This also included the fire extinguisher plumbing system to minimise disruption to the rest of the car with any wiring and cabling needed to run through. Further testing required for the future would be the fire extinguisher, which requires testing with the extinguisher itself and the control box, ensuring it is armed with a test built into it. Further testing would include ensuring the Formula 750 race car driver could fit into the seat, comfortably enabled the driver to put the harness on, and take it off quickly.
Build  Carried Out
Building for the project has taken a back step to ensure theoretical ideas and propositions have been met. The future build would involve building up the fire extinguisher assembly and control box alongside the seat harness, roll bar padding and head restraints.
Analysis Carried Out
There is a wide variety of aspects to analyse in Daniel’s area of the project; some deadlines have been met, and some still need to be met.
First, the fire extinguisher suppression system changed along the way due to misinformation and misinterpretations regarding the extinguisher. From September to January, the focus was on the extinguisher system and ensuring the plumbing could be sorted effectively.
From January, the focus has been on seat harnesses, head restraints, and roll bar padding to ensure the driver is always safe in the event of a crash or impact. The Gannt chart displayed investigates crash protection and impact worthiness of the vehicle, but due to time constraints, the project needs to take more time into account for this. For the future, this would have been an area to put a lot of time and effort into even making CFD models and simulations.
The final analysis of Daniels's area in this project is that most tasks were completed with order forms sent in, but no physical build was pushed due to time constraints. If given more time, this would be pursued further with physical build and propositions for the project going forward.


[bookmark: _Toc161601202]Rhys Tremelling – Wiring & Throttle Potentiometer
Rhys’ first task in this group project was to use his mechanical design skills to create a mount for the potentiometer, which would act as the vehicle's throttle input. The Electric conversion kit that is being used came with a potentiometer sensor, specifically a PB-6 with a micro switch, which required mounting to the vehicle chassis and connecting up to the throttle pedal. The first thing that needed doing was to take the dimensions of locations on the chassis where a mount could be used. There were a couple of methods of where to place the potentiometer and how to actuate the switch: locating the switch in the rear and using a throttle cable to the pedal or mounting the potentiometer near the pedal and using a push rod. The initial idea was to place it near the pedal due to its ease of location, potential reduced weight and ease of future repairs. However, in the end, it was decided to place it towards the back of the vehicle and run the throttle cable to the pedal, much like the system that is used in a mid-engine internal combustion vehicle, due to the lack of space near the pedals, ease of design and manufacture and as the cable for the potentiometer is short in length, meaning it can be more easily connected to the drive unit. Locating it in the back also means that there will be less electric wiring, which should save weight over the front-mounted design. Additionally, if the potentiometer were placed towards the front of the vehicle by the pedals and actuated by a push rod, it would be subjected to higher forces than if it was mounted towards the rear of the car actuated with a throttle cable, meaning that if it was at the front, it would have to be heavier to cope with the increased forces and would be at a greater risk of failure.
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[bookmark: _Toc161600666]Figure 62 GrabCAD of Throttle Potentiometer
A grabcad file was found for the potentiometer to help design the mount, meaning that there would be no errors in the 3d model of the potentiometer, minimising the chance of creating a mount that does not fit the potentiometer. From that, the bracket's first version was developed and put into a Design Failure Mode and Effect Analysis (DFMEA) simulation. Due to the pedal having an over-travel stop, the force going through it is less than it could be, over one thousand newtons. However, considering a suitable safety factor for the design, the simulation was run with a 500N force.
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[bookmark: _Toc161600667]Figure 63 FEA of Throttle Potentiometer mount
The simulation results showed that the design could not withstand the forces it would experience, which meant it had to be reworked to increase stiffness. From that, Rhys could 3d print the bracket in PLA plastic, allowing him to test the bracket on the chassis physically to make sure that it fits correctly. However, it did not; therefore, more design changes were needed. If it hadn’t been for this test, then the design would have had the incorrect dimensions and would have been a waste of time, money and resources if it had been produced. While Rhys was waiting to hear back from suppliers for the components needed in the safety wiring harness, he used what he had learned in other modules. He conducted a topology optimisation to reduce the mass of the mount as much as possible while retaining all its strength and stiffness, as in a motorsport application, the aim is always to produce components that weigh as light as possible to improve multiple aspects of performance while being strong and not at risk of failure. Based on the topology analysis, the bracket was made 27% lighter while retaining the same safety factor.
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[bookmark: _Toc161600668]Figure 64 FEA of Throttle Potentiometer Mount
Rhys’ original idea was to produce the bracket by 3d printing it using powder bed fusion, where metallic powder is fused in the shape of the CAD model using a focused laser, creating a 3d printed part made of a particular metallic blend. This is because it is an additive manufacturing process, instead of a subtractive process such as CNC machining, as there is no waste material produced; only the powder needed to create the part is used, and the rest is used as support material, however with CNC machining all the material that is removed to make the part is waste material. Because of this, no specialised equipment is needed, and PDM 3D printing is instrumental in small batch production and one-off components like the bracket being created. However, the PDM 3D printer in the university has been down for maintenance, and there is no estimate as to when it will be functional, so the bracket may need to be CNC machined. Moving on from here, Rhys will have to decide on what method to use to produce the mount, get it sent off to be manufactured, purchase all of the additional components needed, such as fixings and a throttle cable, and install them into the vehicle.

As mentioned earlier, Rhys’ second role in the project was to produce the safety wiring harness for the car. This meant he was tasked with researching the regulations governing our car, locating all the components needed to meet the rules, sourcing the parts if required and not part of another group member's roles, and designing a wiring harness to connect all of these components. However, the first step was to research how these systems work in internal combustion and electric-powered vehicles to understand how they work and what components they use. The regulations that our team is using for this project are the Motorsport UK (MSUK) regulations for bespoke electric vehicles, as they are the most relevant to our project, which caters to electric vehicles. While the MSUK regulations regarding electric vehicles are 5.22.1 through 5.30.17.6, the regulations more specific to this area are 5.30 through 5.304 and 5.30.9 through. These specify the use of a driver master switch, allowing the driver to turn the high voltage system on and off, a high voltage Rechargeable Energy Storage System (RESS) status light, indicating to the driver, race team and all the track staff the safety status of the RESS. Finally, a ready-to-move light displays that the vehicle can move if there is a throttle input; as with an electric vehicle, there is no audible idle as you get with an internal combustion vehicle. Finding these parts turned out to be a lot more complex than initially thought, as electric vehicles are still slowly being brought in and are a new technology in the automotive sector, let alone the motorsport side. Therefore, almost all the parts found and purchased from motorsport component suppliers are only designed, tested and rated for use in an internal combustion vehicle with a voltage of around 12V, not in an electric vehicle with around 400V. During his research, Rhys was not able to find a single parts supplier who was able to provide the necessary components for our project, which is when he contacted a company specialising in electric vehicle management solutions, EvParts UK, based out of Devon, as they have experience of creating electric powered motorsport vehicles, the most well-known example being the 6500hp world record breaking electric powered VW beetle drag car. They provided much more information about the whole system and answered questions that could not be found online due to their experience. The most valuable information they could provide was that the equipment needed and how it interfaces into the system and the vehicle are specific to the Battery Management System (BMS) being used. They also provided a wiring diagram for the high voltage system to help us understand better how all components connect.
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[bookmark: _Toc161600669]Figure 65 Wiring Diagram of BMS unit
Since Peter had decided that the Orion BMS would be used in our project, Rhys contacted the manufacturer, Ewert Energy Systems, based in America, who were not able to supply any of the components needed; however, they were able to provide contact details for their UK distributor, Fellten. They said that while the system is BMS-dependent, it relies more heavily on the Vehicle Control Unit (VCU). He has contacted them to inquire more about the VCU, whether it is something that they would be able to supply and whether they have the components that could interface with the system we are using; however, he is currently awaiting their response. Moving on from here, if Fellten can provide the components needed, then Rhys will get an estimated price from them for everything required, confirm whether that price is acceptable, and, if so, purchase the components to be fitted. If they cannot procure the components, or if the cost of the components from them is high, then another supplier will have to be found that can supply the components that are compatible with the BMS and VCU we are using.


[bookmark: _Toc161601203]Luke Dyas – Data Gathering & Simulation
Introduction
The objective of this section is to determine if the implementation of regenerative braking is viable and if so, based on the vehicles estimated parameters, what are the predicted wheel locking speeds. Through the individual research and group work a selection of measured, estimated, and predicted vehicle specifications have been gathered. This section will overview how each objective was achieved, as well as the additional work to create an Excel Calculations Calculator. Created to improve the accessibility to help vehicle development decisions based on simulated results.
Data Gathering
Championship Calendar
Firstly, the objective to create an accurate prediction calculator required a large amount of data and information gathering. The data gathering first began with an investigation into the season’s circuits and session lengths in which the Formula 750 car is required to compete at.
The 2024 Formula 750 Season visits 6 tracks over the course of 12 races (2 races at each track). The season includes: 
Figure 66: a table displaying the 2024 Formula 750 Championship
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[bookmark: _Toc161600670]Figure 66
(Winstanley, 2024)





Circuit Session Details
Competitors' online videos from previous seasons, coupled with data from a specific qualifying session of a highly competitive Formula 750 car, were utilised to compile a comprehensive driver in loop dataset. The videos were sourced from YouTube (Boother, 2023) and a Data Logger. This dataset allowed for various predictions to be determined:
· Session Durations
· Approximately 20-minute Qualifying
· Approximately 25-minute Races
· Expected Qualifying and Race Lap Times
· Average Top Speeds
· Spread of and Average Cornering Speeds
· Speeds and Durations of Braking Zones

More specifically a model of each track was created from recording the speed of the cars at each second of their fastest, error free, clean air (no slipstream advantage) and dryest possible laps. The purpose of this specific isolation of data is to create an accurate estimated base model of the speeds and forces experienced, allowing further calculations to predict other components. (Meulen, 2022)
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[bookmark: _Toc161600671]Figure 67 an image of the Excel Predictions Calculator page titles
The Excel Calculator includes various tabs for each track, with a page displaying an easy to view comparison of each track and any changes made to the parameters. The simulation only includes data from 5 of the 6 circuits due to the lack of recordings and data readings of Thruxton.

Vehicle Measured Data
As well as the expectations of the Formula 750 car (duty cycle), numerous points of information were measured and recorded. Each aspect of the vehicle parameters is essential in further discussed calculations; the Formula 750 parameters recorded were:
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[bookmark: _Toc161600672]Figure 68 a table displaying the measured specifications of the Formula 750
Each of these figures were measured and recorded because discussions between the team members determined that very minimal, if any, changes were to be made to these aspects. These few figures can be used to improve the accuracy of the model compared to the actual car.

Electrical Data
With the original ICE Formula 750 car being converted to a fully electrical version, along with the objective of this section to determine the impact of regenerative braking, the electrical information is essential to be researched and recorded for further calculations. This provides limitations to improve the overall accuracy of the model. (SimulateVehicles, 2023)
The individual Module information is as follows:
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[bookmark: _Toc161600673]Figure 69 a table displaying the module information provided by manufacturer
The Modules being used to create the overall Formula 750 Battery originate from a Range Rover Hybrid Road Car. The Modules have been organised in a 9 by 9 configuration. Where two sets of 9 Modules are in Series with one another and then each pack Parallel to one another. This creates a nominal voltage listed below so that the overall battery can appropriately power the motor. Other configurations would lead to different nominal voltages. (Arote, 2022)
The Battery and Motor information is as follows:
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[bookmark: _Toc161600674]Figure 70 a table displaying the calculated battery specifications
Although the motor may be rated up to 150 kW, the rate in which the battery pack can charge, and discharge is limiting the overall system. The battery does have 3C discharge rate meaning it can discharge energy from the battery up to 3 times as fast as it can charge. Additionally, to the motor requiring energy to accelerate the vehicle, other subsystems/auxiliaries will be attempting to drain power from the battery as well. 









System Charging and Discharging Efficiency
Each component that converts the electrical energy into mechanical forces and visa versa, will have their own efficiencies. The conversion of energy within each component is never 100% efficient, energy is wasted due to various factors, friction, inertia, electrical subsystems to name a few. These inefficiencies build up over the entire system and an amount of energy is wasted when both harvesting energy and then discharging the energy. These estimated efficiency ratings are included in the calculations and predictions of energy. The estimated efficiencies are as follows:
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[bookmark: _Toc161600675]Figure 71 a table summarising the electrical components efficiencies
(insideevs,com, 2023)

These figures are based off of external research, numerous factors can impact the systems efficiency but an element of overestimating the impact of each component has been introduced into the simulation to provide a factor of safety within the predictions.
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[bookmark: _Toc161600676]Figure 72 a graph displaying the cumulative energy used, available under braking and actually harvested during a single lap of Cadwell Park
The graph above is showing how much energy is required to accelerate the car around the track of Cadwell Park, the amount of energy required/available during the braking zones and finally the amount of energy that is being harvested back into the battery pack during the course of a single lap. These figures consider both the charging and discharging inefficiencies. This amount of harvesting for an entire race, provides an extra 9 minutes of race pace energy or energy that can be used elsewhere to improve the vehicles lap time.

Vehicle Data Sheet
Now that Mechanical and Electrical information has been gathered, these figures, along with researched assumptions, can be implemented into various equations to build a greater understanding of what is to be expected from the Formula 750 car. The estimations and calculations are listed.
Within the predictions calculator the layout and ease of use has been taken into consideration. The overview of all vehicle specifications is clearly displayed as follows:
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[bookmark: _Toc161600677]Figure 73 a table displaying how all the vehicle specifications are displayed on the Excel Predictions Calculator










Estimations
Due to this model being based upon a vehicle still under development and construction, numerous estimations have been made. The estimations are derived from a combination of researched sources and physical vehicle geometry.
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[bookmark: _Toc161600678]Figure 74 a table displaying some of the estimations made
(thecartech, 2016)












Calculations
The calculations used in the first group of gathered data are listed below. Note that throughout the calculations the recorded data inputs are per second and therefore already in their SI unit.
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[bookmark: _Toc161600679]Figure 75 a table displaying the calculations used within the Excel Predictions Calculator
(thecartech, 2016)
























Resistance
Rolling resistance, the resistance experienced by a car tyre as it interacts with the road surface, is influenced by factors such as tyre pressure, tread depth, diameter, width, and the materials of both the road and the tyre itself, collectively contributing to the Rolling Resistance Coefficient. (Michelin, 2023) Additionally, the calculation of air resistance involves considering the Coefficient of Drag, which represents the mathematical relationship between pressure and shear stress forces on the vehicle's surfaces. Newton's First Law of Motion, known as the Law of Inertia, explains that objects at rest remain stationary, while moving objects maintain their velocity and direction unless acted upon by an external force. In the context of driving, inertia manifests as the resistance to changes in velocity, endeavouring to keep a vehicle moving at its current speed and direction. The Total Resistance encompasses Rolling, Inertia and Air resistance. (aboutmech, 2021)

[image: A white sheet with black text

Description automatically generated]
[bookmark: _Toc161600680]Figure 76 a table displaying the calculations completed to determine resistance
The decision was made to ignore any Gradient Resistance affects due to the complexity of data gathering methods. This decreases the level of accuracy within the calculations model.










Battery Usage
The calculations used to determine the predicted battery usage per lap, as well as the amount of energy harvested at each circuit is listed below. Note each input of data is per second of time so a direct 1 to 1 conversion can be made between the power available and the energy in Joules. (W = J/s)
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[bookmark: _Toc161600681]Figure 77 a table displaying further calculations completed in the Excel Predictions Calculator

The battery usage calculations can be seen in the example graph below of Snetterton Circuit. This graph is provided in the Excel Calculator Overview for each circuit and updates live as parameters are changed. This graph helps to provide a visual representation of the vehicle during a lap and the impact of each change. Once again focusing on the accessibility of information for future engineers. The graph displays the estimated live state of charge, the speed, and the amount of energy being used to accelerate the vehicle as well as the amount of energy being harvested through the rear wheels.
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[bookmark: _Toc161600682]Figure 78 a graph displaying the live energy in/out, the live battery charge and the live velocity through a single lap of Snetterton. An example of what is displayed within the Excel Predictions Calculator.
Rear Wheel Locking Speeds
The calculations used to determine the predicted Speed in which the wheels will lock rotation are listed below. Additionally, a factor of safety calculation that states the m/s difference between the predicted vehicle velocity and the predicted live rear wheel locking velocity. This allows engineers to quickly reference the moments in which this is breached or close to occurring, once again allowing for an increased accessibility.
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[bookmark: _Toc161600683]Figure 79 a table displaying the calculations used to determine wheel locking speed
(Wright, 2005)

If each wheel was individually predicted then this Vertical Force would be halved or divided by the distribution, however it has been assumed both wheels are equal and all power is evenly distributed between the two, negating the calculations being divided by 2.
The graph below shows the moment within the race calendar in which the rear wheel factor of safety is indicated to be the least, this is with the appropriate parameters set. This graph visually shows due to the large deceleration, the vehicles mass is shifted forward, reducing the vertical force acting on the rear axle, slightly increasing the velocity in which the wheels would lock rotation and skid. Additionally, to this the vehicle is drastically reducing speed down almost to the point in which the rear wheels would lock. Once again, this graph updates as parameters are changed and the season overview would indicate if it were predicted that the rear wheels would lock rotation. (Wright, 2005)
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[bookmark: _Toc161600684]Figure 80 a graph displaying an example comparison between the velocity of the Formula 750 and the rear wheel locking speed

Vehicle Calculator Overview
With all these calculations comes a large amount of information, the decision was made to create an overview and filter down the required key information to be displayed. The displayed information on the Overview of the Predictions Calculator is:
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[bookmark: _Toc161600685]Figure 81 a annotated table displaying an example of what is displayed within the Excel Predictions Calculator
One of the fundamental aspects of the Predictions Calculator is that each input can be easily changed within the Calculator as more factors are determined within the creation of the car and the results are instantly displayed. Every track within the race season can be viewed on a single page simultaneously.

Data Analysis
Impact of Using Harvestable Energy
With all available information gathered and calculated together, the results of making changes can be used and analysed to help with the decision making within the development of the Formula 750. The main objective of this section was to determine the effectiveness of a regenerative braking system.
If implemented the system would only harvest energy through the rear wheels as the vehicle is already being set up as a rear-wheel-drive car, attempting to harvest energy through the front wheels would increase complexity and weight through additional components needed. Furthermore, as previously determined when the battery is charging, it is already charging at maximum rate, so more energy is not required.
By using the motor as a generator, energy that would be lost solely through frictional brakes would now be useful, this helps to reduce the amount of work in which the disc brakes would need to do, however, the system would not completely replace frictional brakes.
By using the Excel Simulation Calculator, it can be predicted that the implementation of regenerative braking would gain the battery an additional average of 10.4%.
This additional 10% could then be used elsewhere within the race, either improve lap times, through higher energy usage in the acceleration zones or to complete in longer race sessions.
Impact of System Efficiency
The electrical regenerative braking system requires a number of factors to be in play for the system to operate effectively. One being the temperature or state of charge within the battery pack. For instance, if a battery is running low on power then it cannot provide the energy as quickly. Or the battery could lose a large amount of energy and performance through heat, leading to a drop in efficiency/longevity/power output. The impact of poor efficiency can be seen by the exponential results in the graph below.
[image: A graph of a graph showing the impact of reduced output efficiency
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[bookmark: _Toc161600686]Figure 82 a graph displaying the exponential effect of reducing the energy system efficiency

Conclusion
Overall, the work completed is only a stepping stone into developing a highly accurate simulation of the Formula 750 car. The decision making of implementing a regenerative braking system shows that for very little cost to the car e.g. no additional weight, encourages the development of the system. As more factors and parameters are determined, incorporated, and finalised, the accuracy of this simulation and the effectiveness of the regenerative system will become clear. This section of the report helps guide, encourage, and demonstrates the impact of each other team members work.
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2110614 - Group Project Data Foundation Calculations

Water

Input temp. Output temp Flow [Heat Rejection AT Average T. Specific Heat, Cp (water + 40% Ethyl Glyc) |Density . | Mass Flow Rate . |Power Emitted, Q. n.

22 0 (L.min") Jrs) |co ("0 (J.kg K) (kg.m") (kg-s") (W) (%)
60.0 56.5 1.50] -336.67] -3.5; 58.3 4183.34; 2091.670; 1095.0 0.0246: 8.9: 3.5]
60.3 56.5 1.49| -362.56f -3.8 58.4 4183.42: 2091.710; 1095.0 0.0244 9.6 3.5]
60.6 56.4 1.30f -349.82f -4.2: 58.5 4183.46: 2091.730; 1095.0 0.0213; 10.6: 3.5]
60.4 55.5 1.10f -344.87] -4.9: 58.0 4183.25: 2091.625 1095.0 0.0180 12.4; 3.5]
60.2 54.3 0.90] -341.40f -5.9; 57.3 4182.93; 2091.465 1095.0 0.0148: 15.1 3.3
60.0 52.8 0.70} -323.70f 1.2 56.4 4182.61 2091.305 1095.0 0.0115 18.5: 3.2]
59.7 50.4 0.50] -298.10| -9.3; 55.1 4182.08: 2091.040: 1095.0 0.0082: 24.2 3.1
59.9 46.1 0.30] -264.217| -13.8 53.0 4181.37: 2090.685 1095.0 0.0049 35.8 2.7]

input output
61.2 41.1 0.20} -259.19| -20.1 51.2 4180.79; 2090.395 1095.0 0.0033 50.3 2.5]
59.4 41.1 0.19| -221.66f -18.3 50.3 4180.48: 2090.240 1095.0 0.0031 47.9; 2.5]
58.7 41.4; 0.20} -223.07] -17.3 50.1 4180.42: 2090.210: 1095.0 0.0033 46.4; 2.5]
58.7 42.0; 0.20| -215.34f -16.7 50.4 4180.54; 2090.270; 1095.0 0.0033; 44.9; 2.6|
58.9 431 0.20} -203.74f -15.8 51.0 4180.72; 2090.360; 1095.0 0.0033 425 2.8]
59.1 44.8; 0.19| -173.24f -14.3 52.0 4181.04; 2090.520: 1095.0 0.0031 38.5 3.3
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Track Date
Donnington Park x2 15t April
Thruxton x2 4" May
Snetterton 3000 x2 22" June
23 June
Cadwell Park x2 20" July
21t July
Silverstone National x2 17" August
Mallory Park x2 6" October
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Description Unit Figure
Vehicle Front and Rear Track m 1.35
Track
Vehicle Wheelbase m 235
Wheelbase
Wheel and Tyre Rolling Radius m 0.255
Radiusg,;
Vehicle Frontal Area (Bodywork, m? 0.9
Wheels, and Chassis Geometry)
Areag
Vehicle Corner Unsprung Weight kg Front - 20
Rear - 24

MynFront
Mynkear





image78.png
Description Unit Figure
Number of Modules N/A 18
Module Nominal Capacity Ah 50
Module Nominal Voltage N 432
Module Weight kg 1.9
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Description Unit Figure
Battery Capacity Ah 100
Battery Voltage 14 388.8
Battery Weight kg 2142
Motor Power In/Out kw 150
Powerygopo,
Battery/Motor System Max kw 40
Charge Rate 1C
Charge
Battery/Motor System Max kw 120
Discharge Rate 3C

Discharge
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Description

Estimated Efficiency

Battery 95%
Controller 99%

Motor 95%
Transmission — Mechanical 95%

Components

Overall Estimated Efficiency

85% (One-Way)
72% (Two-Way)
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‘Sprung Mass Centre of Gravity Height
Front Axle to Centre of Gravity Height (LAT)
Rear Axle to Centre of Gravity Height (LAT)

Mechanical Specifications

Wheelbase 2.35 m

Track Width 135 m

Wheel and Tyre Rolling Radius 0.255 m

Front Axle Unsprung Mass 4 kg

Rear Axle Unsprung Mass 4 kg

Estimated

Mass Distribution (Rearwards) 06 %

Total Vehicle W 700 kg

Centre of Gravity Height 03 m

Roll Centre Height 0.2 m

Car Frontal Area 0.9 m
Coefficient of Aerodynamic Resistance 0.78
Coefficient of Rolling Resistance 0.01

Calcualted - based on Estimations

Verticlea
Centre of Gravity Height above Roll Axis
Sprung Mass
Electrical Specifications
Module Speci
Number of Modules 18

Module Norminal Capacity 50 Ah

Module Nominal Voltage 3.2 v

Module Weight 119 kg

Battery Specifications
9 Modules in Seiries in Parallel with other § Modules in Series
B 100 An
Total Battery Capacity 360000 Coutomb.

Total Voltage 386.8 v

Available Energy 139968 K

Max Charge Current 1 G

Max Discharge Current 3 G
Battery System Charging Rate ) KW

Estimated Battery and Motor Charging Effi 0.85
Estimated Battery and Motor Discharging Efficiency 0.85





