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[bookmark: _Toc194263888]Introduction
In this project our goal was to design, code and test an active rear wing system that reacted to the different inputs accordingly allowing for downforce to be more efficiently applied in the necessary circumstances. We were split into subgroups to help divide the work between us equally these subgroups were: MATLAB (focusing on coding and creating the circuit), Mechatronics (main focus being deciding parts and costs of the circuit systems), Design (designing the actual wing and making sure its structurally sound), Materials and Cost (choosing the most beneficial material for us and calculating the cost of the wing parts), Aerodynamics (doing calculations to help work out the required strength of the wing and if it will do its job), Simulation (collect track data to give to the MATLAB group so they can meet the requirements).



[bookmark: _Toc194263889]Project Organisation
	People in Group
	Group Subject

	Preston Thomas and Jacob Ling 
	MATLAB

	James Evans
	Mechatronics

	Jacob Gough
	Design

	Nevin Jyothis
	Materials and Cost

	Mohammed Mahmood
	Aerodynamics

	Emily Dawes and Angel Stanley
	Simulation
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To make sure the appropriate aerofoil shape is selected first off. A CFD run was conducted to get an understanding of the aerodynamics of the Morgan plus four.
[image: A model of a car

AI-generated content may be incorrect.]
Figure 1- Morgan CAD model

Setting up the Morgan in CFD there were a few things that needed to be done. Following a Paper written by Marco Lanfrit. This is paper that is commonly used in the industry and is well known. It has good practices so it was used as reference to set up the Morgan in Geometry. The table below shows the sizes of the geometry positions used according to the Lanfrits Paper.


Table 1- Showing the enclosure sizes used for the Morgan
	Geometry positions
	Size (M)

	Inlet
	11,490

	Outlet
	19,150

	Left side + Right Side 
	4,950 (Each way)

	Topside 
	3,750



[image: A computer generated image of a rectangular object
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Figure 2- Shows the Morgan in Ansys when the geometry is being created.

The Floor of the geometry was pulled up and made to sit as close to the contact patch of the tires as possible. This is so that when the vehicle is placed in the solution phase and is being set up. Ground effect. can take place. Also the vehicle is split in half before being meshed this is because. The vehicle is symmetrical. It means the results are still accurate but it’s more time effective.

Once the Morgan was meshed. And put in for the Solution to run the CFD calculation. The velocity for the air moving over the vehicle was set at 20m/s. From the inlet and also the floor.

20m/s as chosen as this is a speed that could also be matched by the wind tunnel which has a maximum velocity of 24m/s so if wind tunnel testing was also conducted this is one way to ensure correlation between CFD and the wind tunnel testing.

The turbulence model used for all calculations was K-Epsilon. Realizable,  non-equilibrium walls. K-Epsilon is a good turbulence model to use. It has a good overall package of accuracy and efficiency. Along with this when the aerofoils were run in CFD K-Epsilon can provide a more precise picture of flow separation and when the wing was about to stall.

Table 2- Mesh sizes used for Morgan
	Face + BOI
	Size (M)

	Near BOI
	0.25

	Far BOI
	0.35

	Morgan
	0.15





Table 3- Coefficient data gathered from CFD test of Morgan
	Coefficient
	Number (Unitless)

	Drag 
	0.053

	Lift
	0.708




After conducting a CFD run and getting the coefficient of both lift and drag. An investigation on aerofoil shapes was undertaken and after conducting research and looking at different series of aerofoils from various sources such as NACA, S etc. Four aerofoil shapes were chosen to test . The pictures below show the four selected aerofoils that were chosen.
[image: A shadow of a plane
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Figure 3- Naca 6412 Aerofoil shape (Uploaded wave dynamics.medium Author wave dynamics.medium)
[image: A shadow of a plane wing
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Figure 4- NACA 6312 Aerofoil shape (Uploaded wave dynamics.medium Author wave dynamics.medium)
[image: A close up of a wing
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Figure 5- NACA 6512 Aerofoil Shape (Uploaded wave dynamics.medium Author wave dynamics.medium)
[image: A graph with lines and lines
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Figure 6- S1210 Aerofoil shape e (Uploaded Airfoil tools)

The aerofoils were tested at all  angles of attack that are permitted by the regulations Starting from 0 all the way up to 60. Going up in 5 increments. The reasoning behind taking this approach is that it gives the best trade off of time and accuracy. Meaning that for the time and effort required to set up and run a CFD calculation. The results will also be fairly accurate. 

The wings were all tested using a basic endplate. The reasoning behind this decision was to ensure a fair test for all the wing profiles and to use ideal scenarios. It was also done to eliminate the element of flow spill over the edge of the wing meaning the results obtained from testing would not have to account for flow spilling over the edge thus eliminating a variable that would have affected the results. 
[image: A long rectangular object with a black shadow
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Figure 7- S1210 Wing CAD model

Whilst testing was being conducted a series of excel spreadsheets were created for each and every aerofoil shape to keep track of results and to get an understanding of the results collected from CFD across the series of different angles.

Excel Graph 1- NACA 6412 Lift Graph
[image: A graph with a line and numbers
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Excel Graph 2- NACA6412 Drag Coefficient 
[image: A graph with a line and a line
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Excel Graph 3- NACA 6512 Lift Graph
[image: A graph with blue lines and numbers
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Excel Graph 4- NACA 6512 Drag Graph
[image: A graph with blue lines and numbers
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Excel Graph 5- Naca 6312 Lift Graph
[image: A graph with a line
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Excel Graph 6- Naca 6312 Drag Graph
[image: A graph with a line graph
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Excel Graph 7- S1210 Lift Graph
[image: A graph with a line
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Excel Graph 8- S1210 Drag Graph
[image: A graph with a line
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Once the data for all four wing profiles was collected. They were then placed into an excel spreadsheet and plotted against each other to compare results and to see which aerofoil would best fit the Morgan for our application.
[image: A graph of a graph showing the angle of attack
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Excel Graph 9- All aerofoils plotted together 

After comparing and analysing the results from the Graph above. Showing all the aerofoils. It was decided that the S1210 Aerofoil would be the best aerofoil for our application on the Morgan. As shown it has a clear outline and has a much more linear pattern compared to the other profiles. Along with producing more downforce

After Selecting the S1210 Aerofoil.We then proceeded to place the wing onto the vehicle to  gain a basic understanding of the effects of the wing on the vehicle.
[image: A long rectangular object with a black shadow
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Figure 8- S1210 Wing CAD model
[image: A grey rectangular object with black lines
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Figure 9- Zoom in section of aerofoil shape in solidworks#

After this, testing began on optimising the position of the wing on the vehicle to get most performance out of the vehicle.



[image: A green and white background
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Figure 10- Morgan Velocity Contour in Ansys post processing 
[image: A white grid with a green and red gradient
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Figure 11- Morgan Pressure Contour in Ansys Post processing


After conducting the test we found that mounting the wing close towards the roof of the vehicle gave the best results.[image: A black car with large wheels

AI-generated content may be incorrect.]

Figure 12- Morgan with floating wing CAD model
[image: A green and white grid
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Figure 13- Morgan width Floating wing Velocity contour Post Processing
[image: A white grid with a green light
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Figure 13- Morgan width Floating wing Pressure contour Post Processing




Table 4- Coefficients data after running wing in CFD
	Coefficient 
	Number (Unitless)

	Drag
	0.59968

	Lift
	0.34678
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[bookmark: _Toc194263894]Work content 

Design with SolidWorks
For the design stage of the work content, I used SolidWorks to conduct my modelling. SolidWorks allowed me to use my ideas and visualise them while following boundaries of our designs. Taking in feedback from my peers and ideas of my own to develop a suitable design for the morgan plus. With SolidWorks parametric modelling capabilities, the wing and structures geometry can be shaped, allowing quick adjustments to angles, dimensions, and curves to achieve the desired aerodynamic profile of the wing, and a strong load bearing structure. The software's assembly tools ensured that the wings integrate seamlessly with the car's chassis, addressing mounting constraints and guaranteeing structural compatibility.

Load Testing and Forces
I had to consider loads that would be acting on the wing and structure, this included.
Aerodynamic Forces
These forces included lift and drag for aerodynamic properties, these forces were provided by our group’s aero leader.
Structural Forces
Load bearing forces that account for the bending moments, for this I used bending moment calculations use a UDL distributed force.
shear forces, and torsional loads due to the aerodynamic pressures acting on the wing and structure. These can be simulated using SolidWorks Simulation (FEA), ensuring the whole structure resists deformation and fatigue during dynamic conditions. All these types of structural forces were assessed and conducted using SolidWorks FEA.






Finite Element Analysis (FEA) in SolidWorks
The FEA is used to determine the strength of a model, by giving a load restraining point. For example, a mount point and applying the forces acting on the wing. While doing this the FEA gave me 3 different force reactions from the structure and the forces being applied to it. It gave stress, displacement and strain. Depending on the given yield strength of the chosen material. The yield strength is indicated on a colour chart, and the model indicates the change in colour depending on the stresses distributed through the structure.

Hand Calculations
As we were given the aerodynamic forces, I still had to calculate some forces to show credibility to our designs. This a including a simple by useful hand calculation of the UDL, a uniform spread load of the down force spread across the length of the wing. 
Other potential calculations include, the lift, coefficient of drag and resultant forces of the wing and structure.

Forces Acting on the wing

Aerodynamic Lift and Drag 
These forces impact the wings’ ability to generate downforce and influence the car's performance. The Lift and Drag forces for our design were provided by aero. 
Pressure Distribution 
Uneven pressure can cause localized stress, affecting durability.
Structural Shear and Bending Moments
Generated by the mounting structure to support the wing against aerodynamic loads.
Downforce
Downforce is the opposite of lift and is created to support stability of the vehicle while cornering, its vital when designing a wing and structure and the forces must be calculated to suit. As I was given the downforce value from aero, I could this this value to conduct CAE on the designs. 


[bookmark: _Toc194263895]Experiments/Testing 
[image: A blue metal structure with a rainbow colored bar

AI-generated content may be incorrect.][image: A blue metal structure with a rainbow colored bar

AI-generated content may be incorrect.]For the testing and experimental stage of the design, I had to conduct a FAE on the most current design/final design. This test took place in SolidWorks. I used the software to select the applied forces on the structure, downforce of 539.4 N and a drag force of 54.28 N, then applying a material of choice being 5052 aluminium H32 grade. Applying a static fixture point, running the software and showing the outcome, we were within yield strength for this structure, so the outcome was pleasing.

[image: A blue and yellow metal structure

AI-generated content may be incorrect.][image: A blue and yellow metal structure

AI-generated content may be incorrect.]I applied the same method as mentioned above, while carrying out the same test. I wanted to show the strain on the structure through the given mounting points, as strain doesn’t have a unit, its shown unitless, but as you can see the change in colour, this indicates the change in the strain through the given structure and material.


[image: A car with wheels and a hood

AI-generated content may be incorrect.][image: A grey object with a black background

AI-generated content may be incorrect.]I had to extend the mounting plate from the structure itself, while making changes to the bracing bar at the back of the structure. While doing this, I also had to change the shape while adding a radius to the back of the structure, on the welded section. As the material choice is aluminium, I wanted to make sure the new and improved structure would be sound, so I conducted another stress and strain test within SolidWorks using the FEA software, as shown below.
During the final design phase, I noticed that although the framework was within the 100mm tolerance from the boundary box surrounding the morgan plus, the structure and wing was not. After trial and error, taking dimensions and altering the design. I found a solution to the problem.



[image: A blue and green object with green and blue elements
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AI-generated content may be incorrect.][image: A blue and green metal structure

AI-generated content may be incorrect.][image: A blue and green metal structure

AI-generated content may be incorrect.]The new and improved structure for the final design shows promise in both design and load bearing, as shown the stress is distributed quite evenly, showing the high stress/load points across the structure along with the change in colour to indicate the change force across the area, we are well below yield point as the yield strength is calculated at 1.95x10to8.
As for the stress shown below, the stress isn’t focused on one area of the structure, its spread quite evenly and distributes the aero and load forces well. As shown by the arrows, it indicated the force emitted on specific points, and the colours react based upon the specific strain emitted on those points. 




[image: A blue object with a white background
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[image: A piece of paper with writing on it
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[bookmark: _Toc194263896]Designs 
For our wing designs, I started with one design from the ground up. Taking into consideration measurements of the vehicle itself, including potential mass of the structure and structural rigidity. The design process is difficult, as you need to consider forces acting upon the structure of the mounting system and the wing, while interpreting given forces from aero testing.

Design 1 
[image: A screenshot of a video game

AI-generated content may be incorrect.]For our first design, I had to consider where the wing would be situated, where the forces would be acting on it and where the load would be distributed.
In the first image, this is the back profile of the wing featuring a singular arm chassis-mounted design, secured underneath the vehicle. The structure was designed anchor the loads to concentrated area.
The second image shows the side isometric view of the structure, where the wing itself is supported by a pivot action shaft, secured either side with the actuators.
The wing itself features an aero foil profile that sweeps from underneath, with a flat surface on top to reduce lift and increase downforce. Included are the endplates at each side.
The chassis-mounted structure features a 90-degree welded segment, indicating this with fillets and other contours. The triangular style cut out segments, decreases weight while still maintain strength. 









[image: A 3d model of a chair
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Design 2 
[image: A grey scale with two large objects
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[image: A grey object with a metal frame

AI-generated content may be incorrect.]The side profile of the design provides more insight to the position of it relative to the vehicle. As shown, provides a better view of the structure itself for the welded side plate edges and the triangular crossmember supports providing a better distribution of load on the overall structure, the curved design helps to improve load distribution.
For the second design, I had to change the structure, the wing itself stayed the same. After reviewing feedback from the first viva, I decided to change the structure completely. I realized the single arm design with the 90-degree pivot, was quite a poor design with little rigidity and was under more stress than it needed to be. By changing the structure, I improved overall stability of the wing, while keeping the same mounting method, I could include more efficient supporting crossmembers while having a more appealing design. The cross-member bars were supported directly centre to the loading point/vectors of the triangular support, helping to secure the structure more and improve the overall strength of it.

Design 3/ Final model

[image: A grey object with a metal frame
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The third and final design, I believe was by far the bets yet. This design was made due to the last final design being too far outside the boundary box. This is an issue as the wing would be stretched out too far beyond the boundary.
For this design I used the shape of the morgan plus to determine where I needed to add to it and remove. I used the dimensions of the vehicle to assess the capabilities of the structure, while also minimising the overall mass of the structure.
The wing stayed the same, with the same design as before following the aerofoil sweep from front to back, along with the risen edges and end plates.
The overall design features a more supported structure, along with more crossmembers, while also decreasing the weight, using the mass calculator on SolidWorks and material selector it weighed in at 9.2kg. 
The final design also features a cut out section on both side of the end panels, with triangular grooved cut outs for more load distributions across the areas of the design, and as shown in the testing. The structure is sound and well supported. Shown the design, is a mark up of a cylinder shaft to indicate the actuators for the wing.

[bookmark: _Toc194263897]Analysis

Finite Element Analysis (FEA) Overview
For the testing and experimental phase of the design, I conducted a Finite Element Analysis (FEA) using SolidWorks on the final design. I applied forces such as a downforce of 539.4 N and a drag force of 54.28 N and selected 5052 Aluminium H32 grade as the material. By setting static fixture points and running the software, I found that the structure remained well within the yield strength of 1.95 × 10⁸ Pa, which was a promising result. 
I also ran the simulation to visualize strain on the structure, particularly through the mounting points. Using strain distribution, indicated by changes in colour, I was able to clearly identify areas of strain and ensure the structure performed as expected. The results confirmed that the design successfully distributed stress evenly, avoiding high-stress concentration points.

Design Evolution
First Design:
When I started with the initial design, I focused on developing a single-arm, chassis-mounted structure. This design aimed to anchor loads to a concentrated area, while considering the vehicle's dimensions and forces acting on the wing. While the concept had potential, I realized that the structure lacked rigidity, resulting in concentrated stress points and overall instability.
Second Design:
In response to these issues, I revisited the structure and introduced key improvements. I added supporting crossmembers that aligned with the load vectors, which significantly enhanced rigidity and stability. The triangular support elements were instrumental in redistributing the stress while maintaining a more appealing aesthetic. However, this design extended too far beyond the boundary constraints, which became a limitation.

Final Design:
For the final design, I addressed the shortcomings of the second iteration. I ensured the structure fit within the boundary box by reshaping and refining its dimensions. Using the vehicle's specifications as a reference, I managed to minimize the overall mass to 9.2 kg, calculated through SolidWorks. I retained the aerofoil wing profile with a flat top and a sweeping underside for optimal downforce and lift reduction.
To improve strength and load distribution, I incorporated additional crossmembers and triangular cutouts. These cutouts not only reduced weight but also enhanced the structure’s ability to handle stress. The final design demonstrated excellent performance, as the stress was evenly distributed across the structure, with no weak points identified during testing. 

Observations and Improvements
I ensured the design provided structural rigidity while staying lightweight and aerodynamic.
The triangular cutouts optimized material usage and enhanced stress distribution.
Even under significant forces, the stress profile remained well-distributed, minimizing risk of failure.
Aerodynamic efficiency was maintained throughout, with the aerofoil profile contributing to increased downforce and reduced lift.

Improvements 
Reflecting on the process, I could enhance the testing further by introducing dynamic load simulations to analyse the wing's behaviour under real-world conditions, such as vibrations or variable forces. Additionally, I may explore topology optimization to refine material distribution even further, ensuring maximum efficiency without compromising strength.
































[bookmark: _Toc194263898]Nevin Jyothis (2205181)
[bookmark: _Toc194243016][bookmark: _Toc194263899]1 Work Content 
In this project I was tasked with focusing on identifying and evaluating materials suitable for the wing and mounting system. This involves considering factors like strength, durability and weight.
On the financial side, I conducted a detailed examination of the cost implications of different materials and their manufacturing processes. This included comparing market prices, and recommending cost-effective solutions while maintaining the structural integrity of the design. This aspect was essential in ensuring the project adhered to budgetary constraints and optimised resource allocation.


[bookmark: _Toc194243017][bookmark: _Toc194263900]2 Research

The research phase of the project was crucial for ensuring informed decision-making during the design and development of the wing. 

[bookmark: _Toc194243018]2.1 Material Analysis

Below we have a table for the 5 different materials we  alloys 5032, 6061, and 7075and how they were assessed for their suitability in the wing frame. Their mechanical properties were analysed through a comparative graph, which highlights their respective strengths and limitations in terms of stiffness with Young’s Modulus, tensile strength, and density. These properties played a key role in determining the suitability of each alloy for the specific demands of the wing frame and other parts of the design.
Figure 1 showing a material analysis table 


[image: A black and white chart with white text

AI-generated content may be incorrect.]





[bookmark: _Toc194243019]2.2 Material Properties and selection

[image: A graph of aluminum alloy properties]Figure 2 showing a stacked bar chart of the different chosen alloys properties.


The graph provided a clear overview of how the three alloys compared across the following properties:
· Young’s Modulus: Representing stiffness, Young’s Modulus is critical for reducing deformation under load. Aluminium 5032 displayed the highest stiffness at 75 GPa, making it the most effective at maintaining structural rigidity. Aluminium 7075 followed with a value of 71.5 GPa, while Aluminium 6061 was the least stiff at 68.5 GPa. These results positioned Aluminium 5032 as a top candidate for components where flex prevention is paramount.

· Tensile Strength: Tensile strength measures the maximum stress a material can endure before failing. Aluminium 7075 excelled in this category, with a tensile strength of 535 MPa, significantly outperforming Aluminium 5032 (312.5 MPa) and 6061 (275 MPa). This made Aluminium 7075 highly suitable for high-stress components, such as joints and mounting systems. However, tensile strength was less critical for the wing frame, which experiences lower stress levels compared to other parts.

· Density: Density directly impacts weight, which is a critical factor in aerospace applications. Aluminium 5032 emerged as the lightest alloy, with a density of 2.65 g/cm^3, while Aluminium 6061 and 7075 were slightly heavier at 2.7 g/cm^3 and 2.81 g/cm^3, respectively. The lower density of Aluminium 5032 aligns well with the need for weight optimisation in the wing frame, making it a strong candidate for this application.
after comparing the properties, Aluminium 5032 was chosen as the primary material for the wing frame due to its combination of high stiffness, low density, and excellent corrosion resistance. These factors made it an ideal material for providing structural stability while minimising overall weight.
Corrosion resistance was a particularly important factor, given the wing's exposure to varying environmental conditions. Aluminium 5032’s ability to resist corrosion enhances the durability of the wing frame and reduces the need for frequent maintenance, which is a significant advantage in both operational and economic terms.
Another key consideration was the alloy's machinability. Aluminium 5032 is easier to process and weld than Aluminium 7075, simplifying fabrication and reducing production costs. This practical advantage aligned with the project's budget constraints and streamlined the manufacturing process.
Although Aluminium 7075 offers superior tensile strength, its higher density and cost made it less suitable for the wing frame, where weight reduction was a priority. Instead, it was decided that Aluminium 7075 would be incorporated into high-stress sections of the design, such as joint assemblies, to take advantage of its strength while keeping its use targeted and economical.

The decision to use Aluminium 5032 for the frame was supported by research methods such as CAE Simulations to evaluate the deformation and stress distribution of Aluminium 5032 under the expected aerodynamic loads. These tests confirmed that the material’s stiffness was sufficient to prevent significant flex and maintain structural integrity as shown below .
[image: A blue metal structure with a blue background

AI-generated content may be incorrect.]Figure 3 showing wing frame undergoing max down force of 549.4N and a drag force of 54.28N with the material Aluminium 5032


After completing the analysis and selecting Aluminium 5032 for the frame of the wing, the focus shifted to determining the best material for the wing itself. While aluminium alloys like 5032 and 7075 provided excellent stiffness and strength in certain applications, further analysis and testing revealed that they couldn't fully address issues like flex and deformation in the wing surface under aerodynamic loads. To enhance performance, Carbon Fibre Reinforced Polymer (CFRP) was chosen as the material for the wing.
CFRP was chosen to use for the wing due to its properties which include 
· High Stiffness: CFRP has one of the highest stiffness-to-weight ratios among engineering materials. This ensures that the wing surface maintains its shape and resists flexing under aerodynamic forces, improving stability and efficiency.
· Lightweight: CFRP is significantly lighter than aluminium, which reduces the overall weight of the wing structure. This contributes to better fuel efficiency and performance, particularly in aerospace applications where weight is critical.
· Superior Tensile Strength: With tensile strength levels that rival, and often exceed, those of high-performance metals, CFRP ensures durability and reliability in areas subjected to heavy loads.
· Fatigue Resistance: CFRP performs well under cyclic loading and resists fatigue, making it highly suitable for long-term use in dynamic environments.
· Corrosion Resistance: Unlike metals, CFRP does not corrode or degrade due to exposure to environmental factors, reducing maintenance requirements and extending the wing's lifespan.
[image: A blue object with white text

AI-generated content may be incorrect.]Figure 4 shows the wing undergoing max down force of 549.4N and a drag force of 54.28N using the material CFRP 

This analysis demonstrates how the wing, made from carbon fibre reinforced polymer (CFRP), handles the forces of 543.9 N downforce and 54.28 N drag. The FEA simulation shows the distribution of stress across the wing surface. In this instance, the maximum stress observed is 3.407 × 10x8 N/m^2, exceeding the yield strength of CFRP, which is 1.950 × 10x8 N/m^2.
This suggests that the CFRP material is being pushed beyond its elastic limit in certain regions, meaning those areas are at risk of experiencing permanent deformation or potential material failure if the forces continue to act on the wing. These high-stress zones are likely to be concentrated at load transfer points, such as the mounting regions or leading edges, where both aerodynamic forces and structural constraints converge.
The analysis also showcases the strengths of CFRP elsewhere on the wing. Large portions of the surface remain well within the material's capacity, effectively resisting deformation and maintaining their structural integrity under these loads. This speaks to CFRP’s exceptional stiffness and strength, which allow it to perform under significant stress while keeping weight to a minimum.
To mitigate the risk of failure observed in the overstressed areas, additional reinforcement may be necessary. Increasing the number of CFRP layers in these zones or modifying fibre orientation to redistribute stress more evenly could improve performance. Alternatively, incorporating hybrid solutions, such as metal inserts or additional support structures, could strengthen these critical sections.
CFRP’s overall performance is impressive in how it handles aerodynamic forces, but the analysis points to the importance of optimising the layup process to address stress concentrations effectively
[bookmark: _Toc194243020]2.3 Cost Considerations
Aluminium 5032: Among the three alloys, Aluminium 5032 was the most cost-effective option. Its lower price per kilogram, combined with its lightweight nature, meant less material was needed to achieve the required performance. This made it a practical choice for the wing frame, where cost-saving measures could be applied without sacrificing stiffness or weight efficiency.
Aluminium 6061: Slightly more expensive than 5032, Aluminium 6061 offered moderate strength and good machinability. However, its lower stiffness and marginal cost increase reduced its appeal for the primary frame structure, as Aluminium 5032 provided similar or better performance at a lower cost.
Aluminium 7075: This alloy was significantly more expensive than the other two due to its high tensile strength and superior mechanical properties. While ideal for high-stress components, its cost limited its use to critical sections of the design, such as joints and connection points, rather than extensive use across the entire wing.
CFRP: is more expensive than aluminium alloys, its performance advantages justified its targeted use in the wing surface. By limiting CFRP to areas where its properties provided the greatest impact, the design achieved a balance between cost and performance. 















[bookmark: _Toc194243021][bookmark: _Toc194263901]3 Developments
During the development of the wing, Aluminium 5032 was selected as the primary material due to its favourable properties, including its high strength-to-weight ratio, corrosion resistance, and ease of fabrication. However, during testing using fea in solidworks we noticed significant flex which happened when the wing was subjected to a load of . This unexpected behaviour raised concerns about the structural integrity and performance of the design under operational conditions.
To address this issue, we opted to explore the use of carbon fibre for the wing itself while maintaining aluminium for the mounting system. Carbon fibre, with its exceptional stiffness, strength, and superior strength-to-weight ratio, provided an effective solution to reducing flex under load. It also offered resistance to corrosion, minimal thermal expansion, and design flexibility—critical factors for achieving the performance goals of the wing. However, as carbon fibre is more expensive and involves complex manufacturing processes, these aspects were carefully evaluated in the context of budgetary and practical constraints.
Retaining aluminium for the mounting system was a deliberate decision to leverage its mechanical strength, durability, and cost-effectiveness. Aluminium's ability to endure high stresses and its compatibility with other materials, including carbon fibre, made it a suitable choice for this application. This hybrid approach allowed us to optimise the structural integrity of the wing while managing costs effectively.
This phase underscored the importance of material selection and iterative testing in meeting performance objectives. It also highlighted the trade-offs between cost, weight, and manufacturing complexity that informed our design choices.










 
[bookmark: _Toc194243023][bookmark: _Toc194263902]4 Final Design 
[image: A grey scale with two lights
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The final wing design integrates structural efficiency with aerodynamic functionality. The wing features a vertical support that connects to a lattice framework, providing a balance between rigidity and weight reduction. The lattice structure enhances load distribution and stability without unnecessarily increasing material usage, aligning with the project's emphasis on lightweight design. The top section includes two horizontal arms that extend outward, ending in rounded, flat surfaces. These rounded edges are likely designed to minimise drag and improve the wing's aerodynamic performance.
[image: A grey object with a metal frame

AI-generated content may be incorrect.]The lattice framework, combined with the use of Carbon Fibre Reinforced Polymer (CFRP), reflects a focus on material optimisation. CFRP’s high stiffness and strength ensure the structure can withstand aerodynamic forces, such as a downforce of 543.9 N and a drag of 54.28 N, without significant deformation. Its lightweight nature reduces the overall mass of the wing, improving its aerodynamic efficiency. The design also benefits from CFRP’s resistance to fatigue and corrosion, enhancing durability over extended use.
Figure 5 of final design for the wing and mount 

[bookmark: _Toc194243024][bookmark: _Toc194263903]5 Analysis
Our investigation began by comparing three aluminium alloys 5032, 6061, and 7075 to determine the best choice for the wing frame. After looking at their stiffness, strength, and weight, we found that Aluminium 5032 was the best option. With a high stiffness of 75 GPa and a low density of 2.65 g/cm³, it delivers the rigidity needed without adding unnecessary weight. Although Aluminium 7075 boasts a higher tensile strength of 535 MPa, its added weight and cost made it less attractive for the frame, so it was reserved for specific high-stress areas.
Once the frame material was decided, we turned our attention to the wing surface. Tests and simulations showed that even with the advantages of aluminium, the wing surface experienced some flex under a downforce of 543.9 N and a drag of 54.28 N. To combat this, we opted for Carbon Fibre Reinforced Polymer (CFRP) for the wing surface. CFRP’s exceptional stiffness to weight ratio and excellent durability meant it could keep the wing shape intact and handle aerodynamic loads better than aluminium alone, even though it comes at a higher cost.
Our finite element simulations confirmed that most of the CFRP wing surface performed well, staying within safe stress limits. However, there were a few hotspots near the mounting and load transfer areas where the stress went above CFRP’s yield strength. 
On the cost side, using Aluminium 5032 for the frame helped keep our expenses down, leaving room in the budget for the premium CFRP used on the wing surface. By combining these materials, we managed to balance performance, durability, and cost effectively. This hybrid approach using Aluminium 5032 for the main structure and CFRP for the critical wing surface creates a design that is light, strong, and capable of withstanding real-world aerodynamic forces.


[bookmark: _Toc194263904]Mechatronics
[bookmark: _Toc194263905]James Evans (2104143)
[bookmark: _Toc194263906]Introduction 
In my section of the project, I will be researching and designing a real-world electric control system. The first thing we need to know is when the wing will be needed and how we can measure that situation through sensors.

[bookmark: _Toc194263907]Situations
Cornering 
Entering and taking the corner will require increased downforce we can measure this situation by paying attention to braking, acceleration, velocity data combined with track distances can give a fairly accurate indication of when the wing should start to deploy for the needed downforce to be in place when the car begins to corner this of course will be overridden if the accelerator is held down but a light should inform the driver if he has approached the corner too fast and will have decreased downforce.
When the car is exiting the corner, a low angle to provide a bit of downforce to aid in traction will be important, which is where the gyroscope in the IMU, along with the accelerometer, will be useful, as it will tell us when the car has reached the apex and is accelerating and straightening up 
Moreover, it is important for the driver to have an override which positions the wing where they want and ignores the sensors until auto is turned back on.


[bookmark: _Toc194263908]Primary Sensors 
The most important inputs will be velocity, acceleration, heading and braking.
Velocity: There are many ways we can measure velocity, including measuring wind speed using a barometer using a GPS tracker 
Acceleration: 
This should be easy, as accelerometers are simple and accurate 
Heading 
This could be done using a GPS, a compass, or a gyroscope 
Braking 
This could be measured by the accelerometer; however, it could be made more accurate using pedal position and wheel speed data 

[bookmark: _Toc194263909]An inertial measurement Unit (IMU)
What
This makes use of an accelerometer, gyroscope and sometimes magnometer to provide accurate data for acceleration on 6 – 9 axes, depending on the magnometer, Acceleration data could be run through a simple code to get velocity. 
Why
Using an IMU as opposed to velocity sensors or other methods of gaining speed and heading data will be advantageous due to their lightweight, compact designs. Their cost effectiveness and most importantly, their accuracy due to continuous measurements and the lack of a GPS signal needed. 
What design/ tech is important 
Accelerometer
[image: Diagram of a diagram of a device
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Figure 1 - (JOUAV, 2025)

We will want an IMU that makes use of silicone microelectromechanical systems. (MEMS) This type of accelerometer works by measuring the capacitance created by a mass attached to a spring. Capacitors messure the distance between them, which means that when the mass moves, the capacitance changes from its baseline. This change is then used to messure acceleration, which according to Newton's law will be proportional to the mass's movement and Hooke's law to decide the force needed to compress the spring. 
	
Gyroscope
[image: A diagram of a circuit
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Figure 2 - (Arar, 2022)
The most commonly used type of gyroscope makes use of a MEMS. They consist of a vibrating mass attached to an internal reference frame via a spring parallel to the drive axis, which is in turn attached to a sensor frame via a spring perpendicular to the first.
Using capacitors, we can messure the rotational motion inertia and relative displacement between the frames. Using the coriolis effect, which describes the deflection of the trajectory of an object within a rotating frame of reference, we know the perpendicular force measured will be proportional to the angular velocity of the system.

Brake pedal sensor 
This will tell us roughly how much the car is braking, providing data on the speed of the corner 
What design/ tech is important 
Ideally, we would use a Strain Gauge-Based sensor which measures the resistance of a material that is under strain by the pedal. As the material deforms, the resistance changes (Smith, 2023). This sensor has very high accuracy but generally costs a lot more than potentiometer-based sensors.
Wheel Speed sensor
This will help with the pedal sensor in deciding braking activity 
What design/ tech is important 
[image: A diagram of a sensor
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Figure 3 - (Actronics, 2025)
These sensors make use of a ring of alternating magnetic poles attached around the wheel bearing with a reference point that can determine the wheel's rotation.

Air pressure sensors 
As air density has a direct effect on the vehicle's aerodynamic needs we will need to messure it, specifically on the surface of the wing.
What design/ tech is important 
As we only really need the ambient air temperature of the track on the day, this can be done trackside and programmed into the ECU during the race startup procedure.
[bookmark: _Toc194263910]Feedback sensors 

Steering angle
The sensor will confirm heading by gyroscope and whether it is intentional, for example, if the car starts to slip, a low downforce warning could appear 
What design/ tech is important 
The steering angle sensor will work similarly to the wheel speed sensor above.

Wing position 
This will give feedback as to whether the wing is actually in its intended position, this could be achieved either by using a potentiometer on the actuator or an induction sensor on the wing itself 

What design/ tech is important 
In the case of an induction sensor like the one the used in F1 (Errington, 2023) A metal activator attached to the wing has its position is monitored by the sensor this sensor would be extremely accurate but also very costly as it is not a mass produced part, a simpler and cheaper way would be to use a potentiometer to control the voltage to an electric actuator (ProgressiveAutomations, 2013) 
Or a Linear Variable Differential Transformer (LVDT) could be used to messure the actuators' linear displacement to a high degree of accuracy (Futek, 2025). 

[bookmark: _Toc194263911]Failsafes
Sensors
Redundancy
 Having multiple position sensors, for example, will ensure that if one breaks, data can still be gathered accurately for the ECU.
Redundant communication links between the sensors and the ECU will also be important.
Force sensors
Force on the wing should be measured using a load cell (Proctor, 2023), which uses strain gauge technology and will tell us if the actuators are working within their designed limits, which can be useful in determining whether there is a mechanical jam or malfunction with the actuators as with the actuator position this is measured by the actuator itself.  
Current/Voltage sensors 
These will be implemented across each sensor and part of the circuit so the ECU can signal straight away if something is wrong. Depending on the part of the circuit that isn't working properly, a light for low downforce or even that the car should be stopped can be activated.
Temperature sensors
These should be attached to the actuators to give information on whether they are overheating; if they are, then the system should retract the actuators and inform the driver. To ensure accuracy, Resistance temperature Detectors will be used (AtlasScientific 2022).
Oil Pressure
In the case of a hydraulic system, oil pressure sensors should be placed before every weak point in the loop; this will allow the ECU to determine if there is a leak and where in the system.
[bookmark: _Toc194263912]Modes
  Safe Position Mode
In the event of A sensor failure or a measured actuator failure, the wing should default to a position that does not compromise the stability of the vehicle, which would be the original 0 angle of attack. Along with this, a light indicating No Aero should be presented to the driver. If the system cannot accurately determine what the fault is, this position should be locked.
Backup sensor mode 
If a primary sensor or its communication link fails, the system should switch first to the sensor's redundant link and then to the redundant sensor. If the connection to an input sensor cannot be reestablished, the system should go into safe position mode
Manual override mode 
In the event of a significant system communication failure, a light for manual override will be presented to the driver. In this mode, the aero system can be controlled directly using a dedicated two-position switch.
Aero Brake mode
If the system detects a problem with the vehicle's rear brakes during high-speed braking, the wing will compensate by increasing downforce to increase braking stability.
System lock mode 
If multiple sensors or actuators fail, the system should be completely locked in place to reduce further damage. in this mode, no adjustments can be made to the wing, and a warning light is activated.
Self-Diagnostic mode 
As part of the startup procedure, this should be run to check sensor and actuator health and communication. this mode should also periodically run throughout the race to provide early diagnostics of faults.
[bookmark: _Toc194263913]Designs 

[bookmark: _Toc194263914]Hydraulic System 
Design
The initial design philosophy for the project made use of a closed-loop constant-pressure hydraulic system with an axial piston pump driven by the engine. 
[image: Diagram of a engine with different components
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Figure 4 - (Molton, 2018)
As shown above, the engine would be connected to the input shaft (light blue) pistons connected to the shaft turn against a bent axis or swashplate which forces them to move up and down, the pistons retract to allow fluid under the pressure head, as the pistons extend the suction port is closed and supply opened providing pressure.
[image: A diagram of a machine
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Oil driven by the pump from the reservoir would fill two accumulators per actuator (one spare for redundancy), where it would be stored for operation. When the accumulators are full, pressure relief valves route the oil back to the reservoir. 
The system uses linear hydraulic actuators and servo solenoid valves. This design is similar to that used in F1 Drag reduction systems (Anderson, 2023). When the actuator needs to extend, oil is routed through servo solenoid 1 via solenoid 2 into the bottom chamber of the actuator, this forces the fluid out of the top portion via solenoid 3, which is set to return to the reservoir. Since the servo solenoids in question have built-in flow sensors (Impulse, 2022), the system can accurately decide how much pressure to supply the actuator.

Advantages of this design would be its explosive response time and high power-to-size ratio of the actuator, making for less of a footprint on the wings' aero 

However, this design has a few key problems. The parts used to make this system lightweight and durable in F1 come at a massive premium as they are usually custom-made by suppliers such as The Lee Company (Impulse, 2025). 
While the system can be made cheaper by using maritime hydraulic components, this will inherently make the system much heavier.

After discussing this design with the structural team, it was decided that, in addition to the weight benefits of not having the extra hydraulic components and oil, an electric system would be far cheaper, therefore freeing up funds for lighter wing materials, further increasing the weight and performance advantage.


[bookmark: _Toc194263915]System revision 
In the search for a different method of actuation, several key considerations emerged: the wing had already been designed to work with a linear actuator, the actuator should be both cheaper and lighter than the hydraulic system without compromising the speed of the wing's response. 
The maximum force the actuators will be required to counteract, multiplied by a design safety factor, as worked out by the aero team, is 900N between them
The team decided on a response time of 0.2 seconds
 For the Actuators, which are set 50mm behind the hinge of the wing to raise the wing to a 60-degree angle of attack, they would need a stroke of 87mm, which means the actuator will have to travel at 0.43 m/s 
The actuator that fits our needs best is a stepper motor Linear Actuator by Festo (RS, 2025). It has a maximum speed of 0.6 m/s and an acceleration of 15m/s, which makes it fast enough for us. It is the right size with a 100mm stroke and has a 450 N max torque.
It uses a ball screw spindle which has high accuracy and a long lifespan due to its lack of friction (RS, 2024) we can pair the actuator with a controller by Pololu which is designed to be a cost effective way to control bi-directional stepper motor actuators, It makes use of a potentiometer to identify how far the actuator has travelled this can be programmed to work with the ECU to implement failsafe modes.



[bookmark: _Toc194263916]Parts List 
	Part
	Name
	Link
	Quantity
	Cost (each)
	Lead Time

	Actuator
	Festo Stepper Motor Linear Actuator
	https://uk.rs-online.com/web/p/electric-linear-actuators/0196279?gb=s
	2
	£441.95
	1 Week

	Controller
	Pololu High-Power Stepper Motor Driver 36v8
	https://thepihut.com/products/pololu-high-power-stepper-motor-driver-36v8?variant=54167211966849&country=GB&currency=GBP&utm_medium=product_sync&utm_source=google&utm_content=sag_organic&utm_campaign=sag_organic&gad_source=1&gclid=Cj0KCQjw16O_BhDNARIsAC3i2GDoFZi6EC7ce6HGKa7bwQ_fv8bgxWOY7lwOB8TlVBK4JxtWZxzQk34aAvJ3EALw_wcB
	2
	£28.20
	1 Week

	IMU
	Bosch IMU Sensor MM7.10
	https://www.gomuchfaster.com/products/imu-sensor-mm7-10?srsltid=AfmBOoqYFywg5ZYjuYja02jF3i31JKGBZJsmWjV9vuDrQJ4T4S0ubyA4
	1
	£779.80
	1-2 Weeks

	Brake Sensor
	Sensata Micro Strain Gauge  01002-8090
	https://www.mouser.co.uk/ProductDetail/BEI-Sensors/01002-8090?qs=jcD%2FCkGBYePZ6fwb4%252Bn4Hg%3D%3D
	1
	£787.74
	16 Weeks

	Wheel sensor
	Bosch Speed Sensor Hall-Effect Mini-HA-P Sealed
	https://www.motorsport-systems.co.uk/product/speed-sensor-hall-effect-mini-ha-p-sealed/
	4
	£168.20
	1-2 Weeks

	steering angle sensor
	Steering Wheel Angle Sensor LWS
	https://www.motorsport-systems.co.uk/product/steering-wheel-angle-sensor-lws/
	1
	£133.62
	1-2 Weeks

	Temperature sensor
	STCN75
	https://uk.rs-online.com/web/p/rtd-sensors/3730372
	4
	£34.40
	1 Week



The Total Cost of the System will be £3,452 with a lead time of 16 weeks.


[bookmark: _Toc194263917]Simulation
[bookmark: _Toc194263918]Angel Stanley (2300932)
My role for the group project was managing the simulation, this was a shared role between me and Emily. The first part of our role was to attend a set of lectures that gave us information about the several types of simulations there were and the different software's available. Once we had attended the lectures, we then used all the information to decide on what the best option to take would be. We decided that a driver-out-the-loop simulation would be the best option as it removes and issues with relying on someone else’s timetable and removes any human error anomalies there might be. The first thing we did was pick our software, we decided on using both optimum lap and VI grade.
Optimum Lap is a tool used by race engineers and teams to simulate and optimize lap times by analysing the vehicle dynamics, track conditions and driver inputs. It can help with predicting lap times based I=on the car setup and track data, analyse the tyre performance and aerodynamics, optimise the racing lines and braking points, and assist teams in making data driven setup decisions.
The VI grade software we used is VI-Car Realtime. This is a real-time vehicle dynamics simulation software. It is widely used in both the automotive and motorsport industries for virtual prototyping, performance evaluation, and optimising vehicle behaviour before physical testing. Some key features of this software are:
· Real-time vehicle simulation – this allows engineers to simulate vehicle dynamics in real time for quick design and testing iterations.
· Integration with driving simulators – works with VI-drive Sim and other driving simulators to evaluate human-in-the-loop scenarios.
· Optimisation and tuning – help in optimising suspension, aerodynamics, tyres, and control systems.
· Track and manoeuvre simulation – simulates different driving conditions, including racetracks, urban roads, and off-road environments.

We were provided with a sheet of data that included the coefficients of drag and lift, the air density, the engine data, the gear ratio and more. I added this data onto optimum lap where needed, to create a usable sim vehicle, once it was all added I added a castle coombe for the track to be used. I then simulated the vehicle around the circuit and then asked it to plot a graph for the engine torque and power VS the engine speed, and show the speed reached around the circuit, the vehicle drag coefficient, and the downforce coefficient. When it came to the drag and downforce, I added in a request to see what would change if I gave the drag/downforce data a 10 +/- leeway. Once this was done the data was shared with the aero team, who shared the drag and downforce data with the wing profile added to the -vehicle. I then changed the data to add this in and re-ran the simulations to see what the new times round the circuit were.
Whilst using optimum lap I came across a range of advantages and disadvantages that this software produced, such as:
Advantages
· Fast and efficient lap time simulation – Optimum lap quickly estimates the fastest possible lap times by analysing vehicle parameters and track conditions.
· User friendly interface – The software is easy to use compared to more complex vehicle dynamics tools.
· Helps with car setup optimisation – it provides insights into aerodynamics, tyre performance, and suspension tuning for better performance.
· Ideal for early-stage vehicle development – useful for simulating different setups before physical testing, saving time and costs.
· Lightweight and easy to run – does not require high-end computing power like full scale simulation software.
· Useful for motorsport strategy – can help teams understand optimal racing lines, braking points, and acceleration zones for competitive advantage. 
Disadvantages
· Limited physics accuracy – it simplifies some vehicle dynamics aspects compared to more advanced software like VI-Car Realtime or Adams car.
· Lacks advanced Real-Time simulation – does not offer real-time vehicle-in-the-loop simulation like professional-grade software.
· Not a full vehicle dynamics model – while it helps in lap time estimation, it does not provide in-depth data on suspension kinematics, chassis flex, or powertrain dynamics.
· Limited customisation – some parameters may not be as customisable compared to some higher-end simulation tools.
· Not a replacement for track testing – while helpful, real-world conditions such as weather, tyre degradation, and driver behaviour still require physical testing.

We also had some struggles whilst doing the simulation role such as:
· The availability of both software downloading ability onto personal devices meaning that certain work could only be done whilst on the campus, which also meant that schedules had to line up to be able to work together and share data. We overcame this by designating specific dates and times to work purely on this section. 

· The availability of the data and circuits available over the different software’s as Optimum lap had a wide range of circuits to use whereas VI grade did not, and VI grade had more options for data that could be altered. We overcame this by finding a common track across the two software is and by alternating between the two for different areas of data.

#
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[image: Uploaded image]The above graph shows the original Morgan round the Pembrey track. The outside line is the data using the original vehicle data without the active rear wing, it shows the engaged gear round the track. The inside line is the data having added the gathered data from the group initial presentation. The engaged gear graph shows how the vehicle is utilizing its gearbox throughout the lap. This graph helps to optimise gear ratios, shift points and overall drivetrain efficiency to achieve the fastest lap times. 












Braking point graphs are essential for analysing how and where a car decelerates around a track. They help in optimizing braking zones, improving lap times, and understanding the influence of aerodynamics on braking efficiency. 

Aerodynamics plays a crucial role in braking performance by increasing the downforce, which enhances tyre grip and reduces stopping distances. The braking point graph can reveal:
· High-downforce zones – shorter braking distances in high-speed corners due to increased aerodynamic grip.

· Low-downforce zones – longer braking distances on straights where the car relies more on mechanical grip.

· Brake balance adjustments – if the graphs shows early or inconsistent braking, it may indicate an imbalance in aerodynamic load distribution.


An analysis of braking efficiency with aero adjustments:
· Wing angle changes – increasing rear wing angle adds downforce, allowing later braking, but may reduce top speed.

· Diffuser and underbody effects – enhancing ground effect improves high speed braking efficiency.

· Drag vs. Downforce trade-off – high downforce setups allow later braking but may sacrifice straight-line speed. 

Optimising braking points using aerodynamics. 
· Fine tuning aerodynamic balance to allow later and more stable braking without inducing understeer or over steer.
· Comparing braking graphs for different aero setups to find the optimal compromise between top speed and braking efficiency.
· Adjusting brake bias in response to aero changes, ensuring the front and rear brakes work optimally with varying downforce levels.



Aerodynamic downforce VS aerodynamic drag force

[image: A graph with a purple and green line
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This graph presents the relationship between the aerodynamic downforce and the aerodynamic drag force for the morgan round Pembrey circuit. The X-axis represents the aerodynamic drag force in Newtons (N), whilst the Y-axis represents the aerodynamic downforce in Newtons (N). 
Two distinct data sets are shown, as indicated by the legend. The data shown in purple is data created by the vehicle without the active rear wing added, whilst the data shown in green is the vehicles data once the rear wing has been added. The green data appears to be relatively stable with a slight upward trend, whilst the purple data follows a rather steep downward trajectory.


The green data suggests that in one configuration, as the drag increases the downforce remains relatively close to zero or slightly positive. In contrast, however the purple data exhibits a strong negative correlation, indicating that in this case that as the drag increases the downforce becomes significantly more negative.
This visualisation likely compares different aerodynamic setups or vehicle configurations, thus highlighting how they influence the balance between drag and downforce, which are critical factors in motorsports and high-performance vehicle design.
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This is a track map of Pembrey circuit, illustrating the aerodynamic drag force experienced by the vehicle through out a lap. The colour scale shows that it ranges from minimal drag force (blue) to maximum drag force exceeding 1000N (red).
As seen above most of the circuit is shaded in blue and cyan, thus signifying relatively low aerodynamic drag, which likely corresponds to lower-speed sections. However, areas of green, yellow, and red appear, particularly on the longer straights and high-speed corners, thus indicating an increase in the aerodynamic resistance as the vehicles reaches its higher speeds.
This data is essential to understanding how drag varies around the track, influencing both the top speeds and fuel efficiency. Reducing the drag in key areas can help to improve overall performance, while balancing it with sufficient downforce ensures stability through corners.
The next step was to add the data on to VI grade, to be able to dive deeper into adding the wing data on to the vehicle, by being able to give a deeper dive into the attributes of the rear wing. This role was Emily's section. Whilst she was uploading all the data, we realised that the circuit that is provided for VI grade was Pembrey circuit, so I then went back onto Optimum lap and change the circuit and re-ran the simulations and gathered new data so that all the data lined up correctly. The new data gathered included graphs that presented the engaged gear, the speed, and the braking points round the track, this helps us to better understand the vehicle round the track and when to engage the rear wing and how much.


[bookmark: _Toc194263919]MATLAB
[bookmark: _Toc194263920]Jacob Ling (2204527)
[bookmark: _Toc194239572][bookmark: _Toc194263921]1 Work Content
In this project I have been tasked with designing and constructing a functional Simulink model that is capable of adjusting an active rear wing that can be used on the Morgan race car. This model will be demonstrated using provided Arduino Uno boards that can simulate how the code would work if applied correctly. The code used works using real Morgan motec data that was recorded at Llandow circuit. I have also used MATLAB and created physical circuits to demonstrate the project.


[bookmark: _Toc194239573][bookmark: _Toc194263922]2 Research 

[bookmark: _Toc194239574]2.1 Simulink Onramp
The first research included using Simulink Onramp to grasp the basics of how to create a Simulink model and how different blocks work together. It also allows you to learn how the code interacts with the circuit.

[bookmark: _Toc194239575][bookmark: _Toc193725796]2.2 Research into System options
[bookmark: _Toc194239576][bookmark: _Toc193725797]2.2.1 Closed Loop systems 
A closed-loop system refers to a system where the output is fed back into the input in order to adjust or control the system’s behaviour. It contrasts with an open-loop system, where the output has no influence on the input. Closed-loop systems are commonly used in control engineering, automation, robotics, and various engineering applications to maintain desired performance by continuously adjusting system variables.Table 1

	Benefits
	Drawbacks

	Improved accuracy and precision
	Complexity in design and implementation

	Error correction and adaptive behaviour
	Higher cost due to additional components

	Elimination of steady-state error
	Risk of instability if poorly designed

	Adaptability to changing conditions
	Slower response time due to feedback processing

	Stabilizes dynamic environments	
	Increased sensitivity to noise

	Reduced sensitivity to external disturbances
	Requires accurate modelling

	Increased robustness
	Higher power consumption

	
	Potential component wear and tear


[bookmark: _Toc193725800][bookmark: _Toc194239577]2.2.2 Pure Integrator
A pure integrator is a type of system or filter that only performs integration of an input signal. It is a fundamental concept in control theory, signal processing, and electrical engineering. A pure integrator has the transfer function 𝐻(𝑠)=1/𝑠 in the Laplace domain, which means the output is the time integral of the input.Table 2

	[bookmark: _Toc193725799]Benefits 
	Drawbacks 

	Ideal for accumulating signals over time.
	Instability with constant inputs.

	Provides exact integration.
	Amplifies low-frequency noise.

	Simple and predictable response.
	No constant output for constant input.

	Used in control systems (PID controllers).
	Slow response to input changes.

	-90° phase shift useful in signal processing.
	Can cause wind-up in control systems.



[bookmark: _Toc194239578]2.2.3 PI Derivative 
The Proportional-Integral-Derivative (PID) controller is the most widely used control algorithm, combining three control actions: Proportional (P), Integral (I), and Derivative (D). Each of these actions contributes to the overall performance of the controller in different ways.
Proportional Gain (Kp) - Increasing the proportional gain makes the system respond faster and reduces steady-state error but increases the risk of overshooting. Scales the error directly. Applies to the wing by moving it to the roughly wanted position within a certain range (back and forth). (Present)
Integral Gain (Ki) -The integral term reduces steady-state error by accumulating control effort over time but can make the system slower and more prone to oscillations. Integrates the error over time to address steady-state errors. Applies to the wing by making the final adjustments to get it to the exact point needed based off the data input. (Past)
Derivative Gain (Kd) - The derivative term adds error anticipation, reducing overshoot by damping the system, but it does not affect steady-state error. Computes the derivative of the error to predict and counteract rapid changes. Applies to the wing by predicting where the wing will need to be adjusted to make counter movements to slow down the input as it reaches its target (dampen the oscillation). (Future)Table 3

	Benefits 
	Drawbacks

	Improved system stability
	Increased sensitivity to high-frequency noise

	Faster response to disturbances
	Complex tuning

	Reduces overshoot and oscillations
	Potential for derivative kick during setpoint changes

	More responsive in high-speed dynamic systems
	Can cause instability in noisy systems

	Reduces steady-state error without excessive integral action
	Increased computational complexity

	Helps in applications with rapid changes
	Derivative term may not be necessary for some systems



All these factors made PID the best option to use in the system. 



[bookmark: _Toc194239579][bookmark: _Toc194263923][image: A diagram of a computer

AI-generated content may be incorrect.]3 Experiments
Figure 1

The first experiments consisted of creating basic Simulink code that could be used to demonstrate a basic PID (Proportional-Integral-Derivative) feedback loop (shown in Figure 1). The objective of this task was to use this code to move a plank of wood using the provided circuit to a position where it would receive data to keep it within a certain position range. This was done in an attempt to replicate how an active rear wing would adjust itself under stress to keep itself in position (by constantly checking if the wing is in the correct position). 
The code used works on 2 different inputs:
 one is an analog sensor (potentiometer) which is found on the Arduino board. This sensor measures the distance or displacement of an object in a linear or rotary motion and converts it into an electrical signal (Potentiometer Sensors, 2023). This allows for the board to read the actual position of the wing (plank) and feedback its position into the code. 
The other input is the Range Motion Oscillation which represents the desired oscillation range or input signal. This is then combined with the signal centre point which acts as a reference for the system's midpoint, ensuring consistent positioning. These two inputs combined give a theoretical ideal position for the wing to aim for.

The actual position is then taken away from the theoretical to provide the difference error. There is then the proportional gain (Kp), integral gain (Ki) and derivative gain (KD) blocks which all individually adjust the wing in their own way. Kp determines where the wing is presently and keeps it within a certain range, Kd predicts where the wing is going and makes counter movements to correct the predicted offset position, Ki ensures that the wing is in the correct the final position. They are then summed together for an output.
The Sine block then converts the data to waves to visually demonstrate the code operating. The absolute value (|u|) converts the control signal to its absolute value, ensuring positive outputs for motor control. The convert block scales or formats the control signal for compatibility with Arduino Pin 6.
The compare to zero block labelled (if negative flip direction), evaluates whether the control signal is less than or equal to 0, also adjusts the signal direction accordingly for bipolar motor control.
The final output blocks do two separate things, Pin A0 sends the processed control signal to Pin A0 for additional system interactions. Pin 6 output drives the motor or actuator based on the control signal.
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Figure 2


Figure 2 shows the equipment used in the experiment. It has a battery, Arduino used for uploading and running the Simulink code, there is a motor that operates the movement of the plank and a potentiometer that reads the position of the plank. 
[bookmark: _Toc194239580][bookmark: _Toc194263924]4 Designs 
These first flow charts demonstrate basic logic maps that could be theoretically used on the Morgan to control the wing. These designs were made to outline ideas of how to create the code required for an active rear wing and take into account different aspects that may be required or considered such as safety concerns or which parts of code override others. 
[image: A diagram of a flowchart

AI-generated content may be incorrect.]This first flow chart (Figure 3) demonstrates a concept of how an active rear wing would interact with an ECU. This concept uses a feedback loop to constantly check if the wing position requires updating depending on the data that it reads through, if the values change past a certain number the wing angle changes to compensate. Figure 3

[image: A diagram of a flowchart

AI-generated content may be incorrect.]This second flow chart (Figure 4) shows how a GPS input would theoretically interact with an active rear wing. Using a feedback loop the wing can constantly check the position of the car on the track, it shows if the car is traveling in a straight line the wing will open up to reduce drag. If the GPS shows the car is approaching or in the process of travelling through a corner it will know to increase the wing angle to give the car more downforce. It could also work by preprograming where the wing would activate on the track using the GPS data.Figure 4

[bookmark: _Toc194239581]
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This code (Figure 5) was developed using MATLAB to be input into an SD card that could be uploaded onto an Arduino this was done as Arduino Uno’s can only handle a limited amount of data. This code takes actual Morgan motec track data from Llandow circuit reading directly from the vehicles speed, specifically GroundSpeed and Time. It uses detectImportOptions to specify which variables to extract and ensures that any NaN values at the start are removed, making the data cleaner and more robust. The RawV data is scaled to convert units to SI. Values are adjusted into integer bits (0-255) for further usage scaled down from HighBit 1023. This scaling ensures compatibility with systems that may require limited data resolution, such as the Arduino. The processed bitV data is converted to a table and prepared for saving as a .txt file, making it ready for external use, like further analysis or integration with another system. 






Figure 6
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The code provided creates this graph (Figure 6) that plots the track data (Raw Data), against lap time and breaks the data into bits that the code can read. The bits show where the wing would deploy at each angle depending on the velocity of the vehicle. If the velocity is above the yline labelled 20 degrees at 760 bits, the wing adjusts to 20 degrees. If the velocity is within the 2 ylines the wing deploys at 40 degrees and anything below will be output at 60 degrees. These parameters are only displayed on the graph they are not a practical part of the code. The blue line displays the raw data of the lap. The red line displays the bit line which indicates scaled data converted to integer bits, ranging from 300 to 1000 bits. These scaled values correspond to system limitations or thresholds, ensuring compatibility with an 8-bit system.




[bookmark: _Toc194239582][bookmark: _Toc194263926]6 Testing

Using this circuit that we made, we were able to test different variations of code that could have been used as a final build. Using this circuit (Shown in Figure 7), you can visibly see if the code you use is successful or not as if it is successful the motor will move when instructed. This is a good way to test the success of the code, however there can be issues that aren’t caused by the code such as faulty batteries. Issues like this slow down the testing process as its not always obvious what has caused the malfunction or what the necessary steps might be to correct it. 
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Figure 7 







[bookmark: _Toc194239583][bookmark: _Toc194263927][image: A diagram of a computer program
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The Simulink final build (Figure 8) consists of a data input which has been uploaded to an Arduino using a SD card. The code used on the sd card is in Figure 5. The system receives an analog signal from Pin A0, which is likely sourced from a sensor the SD card on a separate Arduino. This signal's voltage is converted into numeric values within a certain range ( 0–1023 for a 10-bit ADC on Arduino). This code uses compare to constant blocks read the data and determines if the number being output between 0-1023 is greater than 760 or less than 520. If the data reads to be greater than 760 then the car is traveling at a higher speed meaning the wing angle will change to 20 degrees to decrease drag and increase speed. If the data reads as less than 520 it is assumed that the car is travelling at a slower speed and the wing angle increases as the car is approaching or in the middle of a corner. If the number is between these 2 values it goes through the middle gain block which puts the wing to 40 degrees. The output block is the final result that moves the motor attached to the Arduino uno or the car wing actuator.  

[bookmark: _Toc194239584][bookmark: _Toc194263928]8 Analysis
This code works well for its intended purpose as its fairly simple and easy to run.
 however there are lots of features that could improve it given extra time and funding. For example this code has a lack of safety features that could highly benefit the driver, for example a sensor that can detect if the car is going backwards this could be used to tell the wing to open completely to prevent it from being ripped off the car. Another way it could be improved is by allowing it to read multiple data sets at once so the wing has all the data available to make the correct decision about which angle it should be at. This would include data such as GPS data or breaking data, this could hugely improve the performance aspect of the wing. 

Other improvements that could be made to the circuit:
Introduce a microcontroller or additional logic ICs to enable more complex processing. For example, you could implement multi-condition checks, error tolerance, or programmable behaviour.
Add a filter (low-pass RC filter) to smooth noisy signals, improving stability and reliability.


[bookmark: _Toc194263929]Preston Thomas (2305918)
[bookmark: _Toc194263930]Work Content
As part of the MATLAB subgroup my goal for the project was to work with the simulation and aerodynamics groups to create and code the rear wings motors so that it could move according to the data. In the lead up to the first viva I focused mainly on the planning of the circuits using flowcharts to simplify and demonstrate what information each part of the code required, making this plan was crucial for our development down the line as it allowed us to spend more time experimenting. I also assembled the physical circuit board so that we had a way of demonstrating the code in the final viva. Along the way I have also assisted with some managerial roles such as an analysis of the group’s performance together, planning for future changes and compiling and writing the final report. 
A key aspect of my work in the group was creating the circuit board. Without this we would have no way to prove the circuit functioned as stated without going through the code meticulously in the viva, which is just a waste of time. I tested each component and ensured they were all correctly placed and connected, before making the final circuit board a lot of testing went into trying to find a more efficient way of making it and our final outcome was what we believed to be the best. We used an Arduino, breadboard, and a combination of electrical components.
As aforementioned I have assisted with managerial roles due to our project manager being absent from the group, this entailed, writing the introduction and other necessary parts of the final report as well as evaluating the team’s structure at the midway viva and trying to organize changes for the group’s benefit.


[bookmark: _Toc194263931]Research
The research conducted was extensive and provided a strong basis for the success of this portion of the group project. The research that was conducted specifically for the MATLAB group focused on understanding the control systems and how they worked as well as circuit board designs and the typical programming logic that was needed for our system. We also made use of the Arduinos own forum site to find out if there was anyone who had previously done a similar task and find out if they had any problems along the way in the hope of streamlining our designing process. (Arduino Forum, 2013)
The first goal of our research was to explore control system variations such as closed loop systems and pure integrator to help find one that fits our original plan the best but that simultaneously gave us the ability to expand on our ideas if needed at a later date. We investigated the specifications for the group project and made sure that our desired plan and approach aligned with any limitations we had. We then looked into how feedback loops worked and which parts of the system they would apply to, looking into similar projects (He, 2013) and designs helped with this step to inspire us and show us what systems worked, and which caused issues down the line this improved our efficiency because it ruled out some early-stage ideas that had been proven to not work. We later decided on the use of PID (proportional-integral-derivative) controllers as these were the most common and easiest to understand for us along with benefits such as good response times and less errors when dealing with issues.
Once an understanding of the systems needed had been gained, I began to research how I could represent these systems and make effective plans for each system we were to create and make use of. The use of flowcharts seemed like it made the most sense as it was easy to format and universal, so we could easily convey what was needed from other members of the group. I made eight flow diagrams to represent these systems these contained: braking, steering angle, wheel position, GPS, wing angle along with others relating to the actuators to make sure they are working correctly, as well as creating a full flowchart connecting everything to represent how they all work in conjunction to each other and to display the effects each sensor has on each other such as the GPS sensor being overridden by the driver braking heavily (Pradeep Madane, 2020). Previously I was not aware of the typical flowchart requirements and just thought that the shapes did not particularly matter but after research I discovered that certain shapes meant certain operations and feedback loops had to be made in a certain way. (Miro, n.d.) 

[image: A diagram of a process
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Fig 1 GPS Sensor Flow Diagram

[bookmark: _Toc194263932]Experiments 
Experiments were carried out throughout the project to test and solidify our control system before finally applying it. Conducting these experiments was imperative to creating a system that followed the guidelines and our flowcharts accurately, this also allowed us to keep better track of our milestones when they are reached as deviation from the plan could lead to unnecessary confusion amongst members. Experimenting with different flowchart layouts gave us a better idea of what the final control system must contain, and which parts were more novelty so we could do the basics first and build on it if we had enough time. To do this we manually spoke through each flowchart making sure it followed an efficient process and did not have any unneeded steps. This also helped us prevent accidental infinite loops that we did not need and allowed for us to create a hierarchy of process to make sure that two systems were not trying to give two contrasting signals to our motor.
When creating the circuit hardware, assembling prototypes and creating sketches beforehand proved to be incredibly helpful for the final design as this allowed us to try different set-ups and find which ones work best with our system and allowed us to gain a greater knowledge of how it functioned best. I also assessed individual components, making sure that the components could withstand the voltage necessary to power our system.


[bookmark: _Toc194263933]Designs Conducted 
In the design process I created many different circuits and flowcharts to evaluate and try out. The flowcharts were used as a guidance tool when creating the circuits and the final flow chart to display our hierarchy of control systems which is below. It took a lot of time and careful consideration to decide what systems should be checked first and which ones should override other ones we came to the conclusion that braking should be the most important as the biggest safety concern would be the car not slowing down at the expected rate because the driver is on a straight.
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Fig 2 Hydraulic Sensor Flow Diagram
[image: A diagram of a flowchart
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Fig 3 Full ECU Flow Diagram
This is our final circuit system it took some trial and error to reach the point where we would be happy with the result unfortunately, we discovered we were over complicating our design which was leading to more issues down the line. With our code only working with velocity we needed an efficient and precise system that would make up for the lack of data and the below picture shows what we came up with. Our final circuit contained an Arduino Uno, a motor to show the wings movement, a battery and a cable to download the Simulink code to the Arduino.
[image: A circuit board with wires
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Fig 4 Final Circuit Build
[bookmark: _Toc194263934]Testing 
During our testing stage we attempted many different ways of coding the motors and using different systems such as velocity, braking and yaw. We decided these were some of the sections that were the most pivotal so needed the most amount of work put in. Developing a list of potential failsafe ideas to try out and test was a key part of this as we wanted to make sure it was as safe as we could make it. Due to our limited information, we only had a few sets of data to code with this meant we had to decide what was most important for us to test and put into the final build.
We evaluated different set-ups with LEDs to notify the driver when the fail safes were in place due to an error with our track data, we felt this was important as the driver would need to be informed of when they had full control over the wing. We also decided that the drivers braking input took priority over the velocity because if there is a reason the driver has to slam on the brakes, but the wing is still at 20 degrees they won’t be able to get full braking potential and could cause further injury to themselves or others.
In the graph below we have displayed how the data is used when the code is running the blue circles is our raw velocity data against time and the red line underneath is the bits  (the data broken down for the code to understand) against time this allowed us to place in some horizontal y-lines at the selected points where we thought it was integral for us to increase/decrease the wing angle these were 760 bits and above the wing would change to 20 degrees 520 bits and above the wing would change to 40 degrees and anything below 520 the wing would change to 60 degrees. Using this graph, we could have calculated the rate of velocity decrease using differentiation, however we did not get round to this. If we had it would have included scopes and variables to find specific points in the data, then using the differentiation code to decide whether or not the wing [image: A graph with blue lines

AI-generated content may be incorrect.]angle should change.Fig 5 Raw Velocity Data Graph



[bookmark: _Toc194263935]Build
When building the circuit, we used two Arduinos, one that was connected to the breadboard with the motor and the other connected to the buttons to control the wing. We used a series of capacitors, resistors, and wires to make the connections between our components safe and we coded using MATLABs Simulink. The first step in this part was to plan the circuit we used diagrams of potential designs and then used the help of an example circuit to help give us an idea of the most basic functionality we could have. With this information we were then able to start building prototypes and making progress towards our final build that has full functionality using the data given to us.
Our build would have used velocity data and braking data which overrides the latter. We decided on this as a base which we had further plans for, however, due to a lack of data provided we were not able to advance our systems and incorporate the braking data. If we had all the data necessary, we would have coded some more fail safes to help protect the driver such as if the driver’s car turns around to reduce the wing down to zero to prevent the car from flipping over.
The Simulink code ended using code from an SD card supplied to us, when a signal is sent to our Arduinos Pin: A0 the voltage of this signal is changed into numbers from zero to 1023. Based on the signal the code will react accordingly as shown in the graph the 760-point marks whether or not the wing will change to 20 degrees and the 520-point marks whether or not the wing will change to 60 degrees. The higher the bits the higher the cars velocity therefore the lower the wing angle needs to be, this system will also be a simplified and unpolished version of our braking system because when the vehicles velocity is lower the wing angle increases slowing the car faster. 


[bookmark: _Toc194263936]Analysis 
Our final circuit and code are functional, however only limited functions were able to be completed due to a multitude of factors such as missing data and lack of group coordination. If we had worked together more, we may have been able to achieve a higher standard of work, unfortunately this was not the case as we also lost our project manager around December. The loss of our project manager resulted in everyone’s workload increasing and caused the group to suffer as we also lost a lot of information and had no way of recovering this work. Our project manager was also part of our Aerodynamics team which slowed down the process severely, we considered a group restructure to commence in January however this did not come to fruition because we decided it would be difficult to catch up on the subgroups knowledge and make it  harder for the individual’s that made the change to help in the areas they changed to.
Despite this our subgroup managed to make and code a system that worked to a low standard. We were able to work with the structure subgroup in order for them to be able to meet our requirements and the aerodynamics subgroup so we could discover the capabilities needed by the actuators. 
Overall, I would say I am happy with where our subgroup ended up however, I do believe had the circumstances been different an increased amount of work could have been achieved as we had a lot of plans that never came to fruition.


[bookmark: _Toc194263937]Achievement and progress
[bookmark: _Toc194263938]Success
As a group, we managed to respond well to the absence of the project manager, by sharing the load and individually contributing to this role, to ensure everything was completed. By doing this, we made sure that all necessary tasks were done, without any one person being given an unfair amount of extra work. Where we were able to, we stuck to our initial plan to ensure that we stayed on track, but we were also able to adapt when we came across challenges. This allowed us to solve problems and complete work which was not allocated to a specific group member.
Whilst we did come across challenges – discussed in our failures section – we worked well as a group to rectify these. When we noticed that we were struggling in areas due to the absence of group members, we solved this by communicating and redistributing the workload.
[bookmark: _Toc194263939]Failures
Our group suffered from a lack of coordination and communication between the subgroups this caused us to fall behind drastically. This was partly because we had no project manager to connect us but also due to a lack of meetings and attendance to meetings when they were on.  We also failed to take minutes for the meetings as there was no one dedicated to doing it, so it was never picked back up.
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1 clc, clear, close all

2 %% Read data

3 opts = detectImportOptions("Llandow best lap.csv"); % read the variables in the excel
4 opts.SelectedVariableNames = ["GroundSpeed”]; % select the variable to read---

5 RawV = readmatrix("Llandow best lap.csv",opts)./[3.6,1,1,1]; % read in variable and convert to SI---
6 while isnan(RawV(1,:))

7 T RawV = RawV(2:end,:); % crop out the begining NaN

8 end

9 opts.SelectedVariableNames = "Time"; % read in the Time variable to plot against

10 Time = readmatrix("Llandow best lap.csv",opts); % read in variable and convert to SI
1 while isnan(Time(1,:))

12 T Time = Time(2:end,:); % crop out the begining NaN for motec data

13 end

14 Varys = ["Velocity m/s"]; %% table titles based on your read in -

15 %% turn in to bit No. @-255

16 HighBit = 1023;% evuivalent to 5V max

17 ScaleBit = HighBit./[max(RawV(:,1)),(1.5%2),(96%2),(1.5%2)];% Velocity is scaled by max yaw rate +/- 9@deg/s, accel +- 1.5G
18 bitV = (RawV.*ScaleBit); % scales based on above

19 bitV(:,2:4) = bitV(:,2:4)+(255/2); % makes the ones that go + and - have © at 127.5
20 bitV = round(bitV); % only integers

21 %% Plot

22 ii=1;

23 figure;

24

25 yyaxis left; plot(Time,RawV(:,ii), 'ob');ylabel('Raw Data');

2 yyaxis right;plot(Time,bitV(:,ii));ylabel(’ Bits');

27 hold on

28 yline(760,'-','20 Degrees')

29 yline(520,'-','40 Degrees')

30 hold of f

31 axis tight; xlabel('Time (s)'); title (Varys(ii));

32 grid on;

33

34

35 %% write to txt file

36 % bitV = array2table(bitV);

37 T % bitV.Properties.VariableNames=cellstr(Varys);

38 % writetable(bitV,"G5.txt")% save as G1 G2 G3 G4 etc
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