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[bookmark: _Toc176730792]Abstract
In order to improve the handling stability, acceleration and braking performance of racing cars, active aerodynamics has been widely used in the field of vehicle engineering. In this project, a control strategy for the active rear wing of a race car is proposed to optimise the laptime. 

Firstly, the whole vehicle model of Morgan Plus 4 is constructed and simplified, and its CFD simulation is analysed. Subsequently, the simulation results are compared and verified with the experimental data to ensure the accuracy of the simulation. On this basis, the installation position of the active rear wing was determined and the modelling and simulation analysis are carried. This allowed verification the effectiveness of the rear wing on the improvement of the aerodynamic performance of the whole vehicle. In order to construct the Aero map of the aerodynamic characteristics of the whole vehicle under different body states and rear wing attack angle, 27 sets of CFD simulations were designed by DOE. After completing all the simulations, the Aero map equation was established with the vehicle attitude parameters and rear wing as independent variables and the frontal area, drag coefficient and lift coefficient as dependent variables.

Finally, two fuzzy control rules were designed based on different control system inputs. And then the control system of the active rear wing was built in Matlab/Simulink. At the same time, the multi-body dynamics model was built in VI-CarRealTime. The effect of the active rear wing control strategy was verified by real-time co-simulation with VI-CarRealTime and Simulink. The effect of the active rear wing control strategy was verified under three working conditions, namely, straight braking, impulse steer and full lap test. The results show that the active rear wing control strategy significantly improves the lap time and handling stability of the racing car, which provides an important reference for the design of future racing cars.


Table of Contents
Acknowledgement	2
Abstract	3
Table of Contents	4
List of Figures	7
List of Table	9
1.	Introduction	1
1.1.	Background	1
1.2.	Research Aim and Objective	1
1.3.	Methodology	2
1.4.	Structure of the Dissertation	2
2.	Literature Review	3
2.1.	Conventional Automotive Aerodynamics	3
2.1.1.	Fundamentals of Automotive Aerodynamics	3
2.1.2.	Key Technologies and Applications in Conventional Automotive Aerodynamics	4
2.2.	Active Automotive Aerodynamics	6
2.3.	Research Gap	9
3.	Vehicle and Rear Wing Model Construction and Simulation Analysis	10
3.1.	Prototype Model Construction and Simulation Analysis	10
3.1.1.	Geometric Model Processing and Computational Domain Construction	10
3.1.2.	Mesh Generation	12
3.1.3.	Numerical Calculation of the External Flow Field	14
3.1.4.	Experimental and Simulation Comparison Verification	17
3.2.	Rear Wing Model Construction and Simulation Analysis	20
3.2.1.	Rear Wing Model Construction	20
3.2.2.	Full Vehicle Simulation and Result Analysis	23
4.	Construction of the Aero Map	26
4.1.	Box-Behnken Design and Results	26
4.2.	Data Analysis	29
4.2.1.	Frontal Area Analysis	29
4.2.2.	Drag Coefficient Analysis	31
4.2.3.	Lift Coefficient Analysis	33
4.2.4.	Aero Map Validation	35
5.	Active Rear Wing Control Strategy Design and Validation	36
5.1.	Control Method of Active Rear Wing	36
5.2.	Fuzzy Control Rule	38
5.2.1.	Rule 1	38
5.2.2.	Rule 2	42
5.3.	Co-simulation Construction	46
5.3.1.	VI-CarRealTime Dynamic Model Construction	46
5.3.2.	Simulink Control Model Construction	47
5.4.	Simulation and Analysis of Driving Conditions	49
5.4.1.	Straight Braking	49
5.4.2.	Impulse Steer	50
5.4.3.	Full Lap Test	52
6.	Result and Discussion	55
7.	Conclusion	57
7.1.	Limitation	57
7.2.	Ongoing work	57
7.3.	Conclusion	58
8.	Reference	59
9.	Appendix	62
9.1.	Appendix A	62
9.2.	Appendix B	63
9.3.	Appendix C	65
9.4.	Appendix D	67



[bookmark: _Toc176730794]List of Figures
Figure 2‑1 The Forces and Moments on The Car (Ding, Yin and Ma, 2021)	3
Figure 2‑2 F1 Drag Reduction System (F1 racing guide: What is DRS?, 2024)	6
Figure 2‑3 Bugatti Veyron Rear Wing Modes (Piechna, 2021)	7
Figure 3‑1 Morgan Plus 4 Appearance (Plus 4 - Morgan Motor Company, 2024)	10
Figure 3‑2 Morgan Plus 4 Full Vehicle Models	11
Figure 3‑3 Computational Domain	12
Figure 3‑4 Volume Mesh Cross-section	13
Figure 3‑5 Steady-state Simulation Residual Curves	15
Figure 3‑6 Simulation Results of Vehicle External Flow Field	16
Figure 3‑7 Sensor Placement Diagram	18
Figure 3‑8 Comparison of Experimental Results and CFD Data	19
Figure 3‑9 The Longitudinal Symmetry Plane Velocity Contour of The Rear Area	21
Figure 3‑10 Streamlines of The Rear Area	21
Figure 3‑11 NACA 6412 Wing Cross-section (NACA 6412, 2024)	22
Figure 3‑12 Aerodynamic Performance Changes for NACA 6412 (NACA 6412, 2024)	22
Figure 3‑13 Airflow Overflow at the Top Creates a Vortex (Bebeselea, 2022)	23
Figure 3‑14 Rear Wing Model	23
Figure 3‑15 Full Vehicle Model with Rear Wing Installed	24
Figure 3‑16 Simulation Results of the External Flow Field of the Full Vehicle with Rear Wing Installed	25
Figure 3‑17 Rear Wing Surface Pressure Contour	25
Figure 4‑1 Morgan Plus 4 Simulation Body Attitude Data	27
Figure 4‑2 Vehicle Coordinate System	28
Figure 4‑3 Rear Wing Attack Angle	28
Figure 4‑4 Comparison of Simulated and Predicted Values of Frontal Area	31
Figure 4‑5 Comparison of Simulated and Predicted Values of Drag Coefficient	32
Figure 4‑6 Comparison of Simulated and Predicted Values of Lift Coefficient	34
Figure 5‑1 Membership Function Plot of Velocity	39
Figure 5‑2 Membership Function Plot of Brake Padel Position	40
Figure 5‑3 Membership Function Plot of Throttle Padel Position	40
Figure 5‑4 Membership Function Plot of Rear Wing Attack Angle	41
Figure 5‑5 Rule1 Input-output Relationship Surface Diagram	42
Figure 5‑6 Membership Function Plot of Steering Angle	44
Figure 5‑7 Membership Function Plot of Desired Acceleration	44
Figure 5‑8 Rule2 Input-output Relationship Surface Diagram	45
Figure 5‑9 Schematic Diagram of the Active Rear Wing Control System	46
Figure 5‑10 Simulink Active Rear Wing Control System	48
Figure 5‑11 Simulation Results of Impulse Steer in 100km/h	51
Figure 5‑12 Simulation Results of Impulse Steer in 112km/h	51
Figure 5‑13 Pembrey Circuit (‘Pembrey Circuit’, 2024)	52
Figure 5‑14 Full Lap Test Simulation Result against Time	54
Figure 5‑15 Full Lap Test Simulation Result against Distance	54
Figure 9‑1 Interaction Results of Factors in the Frontal Area Model	65
Figure 9‑2 Interaction Results of Factors in the Lift Coefficient	66



[bookmark: _Toc176730795]List of Table
Table 3‑1 Morgan Plus 4 Geometric Parameters	11
Table 3‑2 Surface Mesh Dimensions for Each Part of The Body	12
Table 3‑3 Volume Mesh Dimensions for Each Part of The Body	13
Table 3‑4 Calculation Domain Boundary Condition Settings	14
Table 3‑5 The Steady-state Physical Model and Solver Setup	14
Table 3‑6 Full Vehicle Simulation Results	17
Table 3‑7 Simulation Results of Full Vehicle with Rear Wing Installed	24
Table 4‑1 Experimental Factor Setting	27
Table 4‑2 Fit Summary of Frontal Area	29
Table 4‑3 Significance Test for the Coefficients of the Frontal Area Model	30
Table 4‑4 Fit Summary of Drag Coefficient	31
Table 4‑5 Significance Test for the Coefficients of the Drag Coefficient	32
Table 4‑6 Fit Summary of lift coefficient	33
Table 4‑7 Significance Test for the Coefficients of The Lift Coefficient	34
Table 4‑8 Aero Map Validation	35
Table 5‑1 Fuzzy Control Rule for the Angle of Attack of the Rear Wing for Rule 1	41
Table 5‑2 Fuzzy control rule for the angle of attack of the rear wing for Rule 2	45
Table 5‑3 Straight Braking Simulation Results	49
Table 5‑4 Lap Time Simulation Result	53
Table 9‑1 Sensor Position	62
Table 9‑2 Prototype Experimental Data and CFD Data	62
Table 9‑3 Box-Behnken Simulation Design	63
Table 9‑4 Simulation Result	64




1. [bookmark: _Toc176730796]Introduction
1.1. [bookmark: _Toc176730797]Background
Automotive rear wings are important in increasing vehicle speed and enhancing vehicle handling stability. In recent years, not only racing cars and supercars, but also more and more passenger cars have started to install rear wings to improve performance. By dynamically adjusting attack angle of the rear wing during driving, the aerodynamic drag and lift at high speed can be changed. This improves the handling stability and fuel economy of the vehicle(Ni et al., 2012). In addition, the rear wing also acts as an air brake, and its effect on braking performance becomes more pronounced as vehicle speed increases(Devanuri, 2018).

With the rapid development of automotive aerodynamics and control systems, active rear wings that are able to adaptively adjust their attitude based on the driving conditions of the vehicle are attracting much attention. Active rear wing systems also involve the integration of sensors and control systems to enable precise sensing and response to racing conditions. The optimisation of the system helps to maintain optimum performance in complex track conditions, especially during cornering and straight-line acceleration. As is well known, the Drag Reduction System (DRS) in Formula One is a classic example of the use of active rear wings.

Although active rear wing technology has a promising application in racing car. However, to give full play to its potential, it is still necessary to develop more precise and efficient control strategies. So that it can change the state of the rear wing in real time to adapt to a variety of complex driving conditions.

1.2. [bookmark: _Toc176730798]Research Aim and Objective
Research Aim: The aim of this study is to develop an active rear wing control strategy for racing cars. The strategy is able to adaptively adjust the angle of attack of the rear wing in real time according to speed, acceleration, throttle pedal position and other vehicle parameters. At the same time, the study will also analyse the effects of rear wing angle changes and body attitude changes on the aerodynamic characteristics of the whole vehicle. This can ensure that the full vehicle aerodynamic forces can be calculated more accurately under different rear wing attack angle. The control strategy aims to improve the aerodynamic performance of the vehicle under various driving conditions. It enhances acceleration, braking performance and handling stability during high-speed cornering, thus achieving the goal of shortening lap times.

Research Objective: To achieve the above aim, firstly the vehicle and rear wing will be modelled in this study. Then an Aero map is constructed to calculate the aerodynamic forces of the whole vehicle under different rear wing attack angle and body attitudes. Then, the active rear wing control system based on fuzzy control is constructed, and real-time co-simulation is set by VI-CarRealTime and Matlab/Simulink. Finally, the effectiveness of the control strategy is verified under different test conditions.

1.3. [bookmark: _Toc176730799]Methodology
The methodology used in this project consists of the following main steps: 1) Literature review and analysis; 2) Vehicle and rear wing modelling; 3) CFD simulation and analysis; 4) Evaluating simulation accuracy; 5) DOE Simulation Design; 6) Constructing aero map; 7) Active rear wing control strategy design; 8) Setting up co-simulation; 9) Validation of control strategy; 10) Discussions and conclusion.

1.4. [bookmark: _Toc176730800]Structure of the Dissertation
Chapter 2 introduces the traditional aerodynamics and active aerodynamics, focusing on the research and application of active rear wing control systems in recent years. Chapter 3 involves modelling the vehicle and rear wing, followed by an external flow CFD simulation analysis of the full vehicle. Chapter 4 constructs the aero map with different vehicle attitude and rear wing attack angle as independent variables and aerodynamic force as dependent variable. Chapter 5 constructs the active rear wing control strategy based on the fuzzy control algorithm and carries out the simulation validation under three driving conditions. Chapter 6 summarises the main results of this project.


2. [bookmark: _Toc176730801]Literature Review
This section focuses on advances in the study of conventional automotive aerodynamics and active aerodynamics. The application of active aerodynamics in changing the airflow direction is highlighted. At the same time, the deficiencies and gaps in the existing research are analysed to clarify the research gap in the active rear wing control strategy for racing cars.

2.1. [bookmark: _Toc176730802]Conventional Automotive Aerodynamics
2.1.1. [bookmark: _Toc176730803]Fundamentals of Automotive Aerodynamics
This part mainly introduces the basics of automotive aerodynamics and provides the necessary theoretical support for subsequent research and analysis.

The total aerodynamic force acting on the vehicle is obtained by integrating the aerodynamic forces at every point on the surface of vehicle across its entire exterior surface area. For calculation and analysis purposes, the aerodynamic forces are usually transferred to a special point called the centre of pressure. When the vehicle is in motion, the airflow generates aerodynamic forces and moments on the vehicle, as shown in Figure 2-1.
[image: ]
[bookmark: _Toc176730846]Figure 2‑1 The Forces and Moments on The Car (Ding, Yin and Ma, 2021)

The point of action of the aerodynamic force is transformed to the centre of gravity of the vehicle, and the aerodynamic force is discretised along the coordinate system into the x, y and z axes. The force on the x-axis is called the aerodynamic drag force , or  in the figure, and the force on the y-axis is called the aerodynamic lift force , or  in the figure.
In this study, all CFD simulations of the external flow fields of the body are mainly concerned with the aerodynamic drag  and aerodynamic lift , so they become the focus of the study. Their calculation formulas are respectively:
						(Equation 2-1)
						(Equation 2-2)

where  is the air density,  is the airflow velocity,  is the frontal area,  is the air resistance coefficient, and  is the lift coefficient.

2.1.2. [bookmark: _Toc176730804]Key Technologies and Applications in Conventional Automotive Aerodynamics
In motorsport, improving the aerodynamic performance of a vehicle involves more than just increasing aerodynamic downforce, but also balancing the increase in aerodynamic drag(Katz, 2021). Usually, although the addition of aerodynamic components can increase the downforce of the vehicle, it also leads to an increase in drag, which seriously affects straight-line acceleration performance. Therefore, how to optimise the lift-to-drag ratio of a vehicle becomes an important issue(Marqués-Bruna and Grimshaw, 2011).

(Wang et al., 2018) proposed an optimisation design method based on genetic algorithm aimed at improving the aerodynamic performance of the rear wing of a Formula SAE racing car. Its design experiment method was used to select the rear wing attack angle and relative position parameters as design variables. Lift and drag data were obtained in conjunction with Computational Fluid Dynamics simulation, and an approximate model was constructed by the response surface method. Subsequently, a genetic algorithm was used to optimise on this model to obtain the optimal lift-to-drag ratio.

(Zhang et al., 2022) obtained the full vehicle aerodynamic performance of the FSAE racing car under different pitch angle and crosswind angle conditions by numerical simulation and wind tunnel experiments. The closed-loop design process was developed by STAR-CCM+ and CarSim software. It was determined that the full vehicle has the best lift-to-drag ratio when the pitch angle is -1° under different driving conditions, when the aerodynamic characteristics and aerodynamic efficiency are the best. Finally, by adjusting the attitude parameters of the racing car, the purpose of significantly improving its handling stability and overall performance is achieved.

Extensive wind tunnel experiments and CFD simulations are often required during the development of a racing car. In order to simplify the development of racing car aerodynamics, (Mohrfeld-Halterman and Uddin, 2015) developed a quasi-static aerodynamic model of a racing car by using experimental data from wind tunnel experiments. The model includes key variables such as front ride height, rear ride height, roll angle, pitch angle and yaw angle. The aerodynamic forces and aerodynamic moments of the full vehicle can be accurately predicted. The model reduces complexity while maintaining predictive accuracy, thus reducing the need for wind tunnel testing and CFD simulation during the development of a race car, and reducing testing time and cost.

CFD analyses of the external flow field of racing cars are currently of great interest, with particular focus on the study of fluids in the wake region. (Martins, Correia and Silva, 2021) explored the effect of the front splitter pressure distribution on the aerodynamics of the wheel wake in a Formula One car by CFD simulation analysis. The results show that different front splitter positions directly affect the shape and extent of the tyre wake. The study also analysed the effects of transient oscillations in drag and downforce generated by the front splitter and found that as the separation point is moved backward, the downwash increases and the wake becomes shorter and more extensive. Hence the important influence of the front splitter design on the tyre wake and overall aerodynamic performance.

(Guerrero and Castilla, 2020) conducted a study on the performance of F1 car designs under wake conditions. When a car is in the wake of the car ahead, its aerodynamic performance significantly decreases. The wake from the leading car increases turbulence, disrupting the aerodynamic characteristics of the following car, particularly in terms of downforce and drag, which severely affects its performance during following and overtaking manoeuvres. Therefore, this study focused on analysing the aerodynamic parameters of the car at different wake distances, providing valuable insights for the future design and development of F1 cars.
2.2. [bookmark: _Toc176730805]Active Automotive Aerodynamics
In recent years, active aerodynamic devices that modify the airflow around the car body have received a lot of attention. Active aerodynamics optimises aerodynamic performance by modifying the aerodynamic components of the body to improve handling stability, reduce aerodynamic drag and in some cases increase energy recovery. The most typical application of active aerodynamics is the Drag Reduction System (DRS) in Formula 1. As shown in Figure 2-2, when the DRS is turned off, the rear wing generates more downforce. This increases tyre grip and vehicle handling stability. When DRS is activated, a movable plate in the middle of the rear wing will open, thus reducing the drag and downforce of the vehicle. The acceleration of the car is greatly improved. However, there are many limitations to the opening of the DRS system and it is not possible to adaptively change the rear wing attack angle based on racing car driving conditions (Loução, Duarte and Mendes, 2022).
[image: ]    [image: ]
(a) DRS off                          (b) DRS active
[bookmark: _Toc176730847]Figure 2‑2 F1 Drag Reduction System (F1 racing guide: What is DRS?, 2024)

The Bugatti Veyron is a classic example of the application of active aerodynamics in a production supercar. As shown in Figure 2-3, when the vehicle speed exceeds 180 km/h, the rear wing rises to enhance handling stability; when the vehicle speed exceeds 375 km/h, the rear wing attack angle decreases to reduce aerodynamic drag. When braking, the rear wing attack angle increases rapidly to 55° in less than 0.4s, which moves the rear airflow separation point forward and creates more turbulence at the rear of the vehicle, helping the vehicle to slow down quickly. However, this technology can also only activate the active rear wing at fixed vehicle speeds, and it is not possible to adjust the rear wing in real time to achieve optimal results (Piechna, 2021).
[image: ]
[bookmark: _Toc176730848]Figure 2‑3 Bugatti Veyron Rear Wing Modes (Piechna, 2021)

(Kurec, 2022) studies active aerodynamics from the perspective of CFD simulation analysis. The effect of positional changes of active aerodynamic components on the aerodynamic performance of the full vehicle is investigated. The optimization effects of rear wing and front splitter are mainly analysed in detail. The rear wing is adjusted to a reasonable position is that its downforce can be increased by 80% when the car is in maximum performance mode. Compared to the rear wing, the downforce of the front splitter can be increased by up to 30%. The designed active aerodynamic device has a great potential for aerodynamic performance improvement and can be used as a basis for the design of an active aerodynamic control system.

In addition to these cases of adjusting active aerodynamic structures, active flow discharge is another promising active aerodynamic technology. It rams air flow to simultaneously reduce both downforce and aerodynamic drag. Research has shown that when the airflow discharge position on the rear wing is located at 75% of the chord length, the aerodynamic drag and downforce are reduced by 3.4% and 19.3%, respectively. Furthermore, this technology is most effective when the discharge speed reaches 40% of the driving speed. By altering the wake of vehicle, fluid discharge can optimize the overall aerodynamic performance, reduce drag, and improve driving stability (Lee and Kim, 2019).
Some other researchers have also studied active aerodynamics from the perspective of control strategies. (Hosseinian Ahangarnejad and Melzi, 2018) investigated the effect of active rear wing control system on the handling performance of a sports car. The attack angles of the front splitter and rear spoiler were adjusted to optimise the vertical loads on the tyres, which in turn improved the handling and safety of the vehicle during high-speed cornering. Although the front splitter and rear spoiler attack angles are considered in this study, it lacks a solution for the aerodynamic forces on the full vehicle. The rear wing and the vehicle body are treated as independent aerodynamic components in this study without considering the interaction between them, and this simplification may lead to some errors in the results.

Meanwhile, (Georgiev et al., 2023) creatively combined active aerodynamics with energy recovery, focusing on how energy recovery can be maximised by controlling the active rear wing during track driving. It was shown that when a car is braking at high speeds, an active rear wing can increase energy recovery by up to 37% and reduce braking distance by 2% compared to a passive rear wing. In addition, the active rear wing was also able to reduce the energy loss due to tyre slip. However, similar to the previous study, it mainly focuses on the detailed study of the control strategy, while the comprehensive analysis of the full vehicle aerodynamics is insufficient, which may affect the accuracy of the results.

Although active aerodynamics has received widespread attention, there are very few studies that conduct detailed research on both the CFD analysis and control strategies of active aerodynamic devices simultaneously.


2.3. [bookmark: _Toc176730806]Research Gap
The active rear wing, which has been widely used in racing cars and supercars, usually can only be deployed at a fixed angle at a specific speed, and it is not possible to adaptively adjust the attack angle of the rear wing in real time according to the real-time driving status of the vehicle. Although some studies have made progress in the adaptive adjustment of the rear wing, these studies mainly focus on the control strategy of the rear wing, and most of them have only carried out independent CFD simulations of the rear wing, lacking a comprehensive analysis of the aerodynamic performance of the full vehicle. The common practice is to simply add or subtract the drag and lift values of the rear wing to the vehicle body, ignoring the complex effects on the aerodynamic characteristics of the full vehicle after the installation of the rear wing. In addition, existing studies seldom consider the effects of body attitude changes on the aerodynamic performance of the full vehicle. This simplified treatment may lead to a lower accuracy of control strategies for full vehicle aerodynamic calculations in practical applications. Therefore, there is an urgent need to further investigate how to combine the CFD simulation of the full vehicle to more accurately calculate the aerodynamic forces of the whole vehicle under different rear wing attack angles by considering the body attitude changes, so as to develop a more accurate active rear wing adaptive control strategy to enhance the aerodynamic performance and overall handling performance of the racing car under many driving conditions.



3. [bookmark: _Toc176730807]Vehicle and Rear Wing Model Construction and Simulation Analysis
After modelling and simplifying the prototype, the aerodynamic simulation analysis of the vehicle is carried out in Star-CCM+. The validity of the simulation results is verified by experimental data. Subsequently, the installation position and model of the rear wing were determined according to the aerodynamic characteristics. Finally, the whole vehicle model equipped with rear wing is simulated and analysed in terms of external flow field to ensure the effective enhancement of the aerodynamic performance of the whole vehicle by the rear wing.

3.1. [bookmark: _Hlk176405290][bookmark: _Toc176730808]Prototype Model Construction and Simulation Analysis
In this section, the 3D model of the vehicle used in the study is constructed and simplified, and the full vehicle is analysed by simulation of the external flow field. Subsequently, the simulation data are verified by comparing them with the experimental data to ensure the validity and accuracy of the simulation, thus laying a foundation for the subsequent research.

3.1.1. [bookmark: _Toc176730809]Geometric Model Processing and Computational Domain Construction
In this project, Morgan Plus 4 is the main object of study, the appearance is shown in Figure 3-1 and the main geometric parameters are shown in Table 3-1. Morgan Plus 4 is a versatile and well-balanced sports car. it is equipped with a 2.0 litre BMW B48 engine with a maximum power of 265bhp. It offers great power and performance while maintaining good fuel economy(Plus 4 - Morgan Motor Company, 2024).
[image: ]
[bookmark: _Toc176730849]Figure 3‑1 Morgan Plus 4 Appearance (Plus 4 - Morgan Motor Company, 2024)
[bookmark: _Toc176730889]Table 3‑1 Morgan Plus 4 Geometric Parameters
	Parameter
	Dimension (mm)

	length ×width ×height（L×W×H） 
	3830 ×1650 ×1250

	Wheelbase
	2438



When analysing the aerodynamic performance of a vehicle, it is the shape of the vehicle and the associated aerodynamic package that affects the aerodynamic performance of the vehicle. The effect of some structures on the body of the vehicle on the aerodynamics of the full vehicle has less impact in terms of the computational resources required (Aultman, 2022). Therefore, it is necessary to simplify the model appropriately to save computational resources, simplify the structure of the vehicle mirrors, chassis, tyre surface pattern and air intake grille, and reduce the number of meshes on the full vehicle surface, and the processed passenger car model is shown in Figure 3-2.
[image: ]
[bookmark: _Toc176730850]Figure 3‑2 Morgan Plus 4 Full Vehicle Models

In order to accurately capture the flow field data around the passenger car, the selection of the computational domain of the full vehicle is particularly important. A large computational domain takes a long time to simulate and greatly reduces the computational efficiency. The smaller the computational domain, the greater the impact on the flow field around the passenger car, and the lower the accuracy of the simulation. The size of the computational domain should be at least 3 body lengths in front of the car and 5 body lengths at the rear. The frontal area of the car body should not exceed 5% of the entire cross-section of the computational domain (Lanfrit, 2005; Altinisik, Kutukceken and Umur, 2015). That is, the blockage ratio should not exceed 1.5 percent. The formula for this is shown in 3-1
 						(Equation 3-1)
where  is the body frontal area and  is the computational domain cross-sectional area.

The dimensions of the computational domain of this project are shown in Figure 3-3. The distance from the entrance of the computational domain to the front of the vehicle is 12m, the distance from the exit to the rear of the vehicle is 8m, the width is 12m, and the height is 6m. Meanwhile, the blockage ratio is calculated to be 1.3%, which meets the requirements.
[image: ]
[bookmark: _Toc176730851]Figure 3‑3 Computational Domain

3.1.2. [bookmark: _Toc176730810]Mesh Generation
a) Surface Mesh Generation
The size of the surface mesh directly determines the quality of the mesh. In this project, we mainly study the influence of the rear wing on the aerodynamic characteristics of the car body, so the surface mesh size of the rear wing should be fine enough, and the surface mesh size of the rest of the position can ensure that the body contour does not produce distortion. Although this part of the simulation does not include the rear wing, but the surface mesh size of the rear wing is also written here. Surface mesh dimensions are shown in Table 3-2.
[bookmark: _Toc176730890]Table 3‑2 Surface Mesh Dimensions for Each Part of The Body
	Region
	Dimension（mm）

	Car body
	8-16

	Tyre
	16-32

	Rear wing
	4-8



b) Volume Mesh Generation
In this project, the body mesh type is selected as trimmed mesh. In order to improve the accuracy of the calculation, 4 density domains are set around the body when dividing the body mesh, and the specific density domain and size are shown in Table 3-3.
[bookmark: _Toc176730891]Table 3‑3 Volume Mesh Dimensions for Each Part of The Body
	Density domain
	Density dimension (mm)

	0.2m around the vehicle and 2m behind the vehicle
	12

	0.5m in front, 0.5m to the sides, and 2m behind the vehicle
	32

	1m in front, 1m to the sides, and 8m behind the vehicle
	64

	2m in front, 2m to the sides, and 12m behind the vehicle
	128

	Whole domain
	512



The boundary layer is also a key factor to consider when generating a body mesh. The boundary layer is a thin layer of flow on the surface of a solid boundary. The velocity of the fluid within the boundary layer changes rapidly from the solid boundary to the boundary layer boundary to the free-flow velocity. In order to accurately simulate the fluid flow within the boundary layer, a prismatic layer mesh of a certain thickness needs to be generated on the outer surface of the passenger car.

The thickness of the prismatic layer is mainly related to the Y+ value, and different turbulence models have different requirements for the Y+ value(What y+ should I use? Part 3 – Understanding impact of Y+ and number of prism layers on flow resolution | Computational Fluid Dynamics (CFD) Blog – LEAP Australia & New Zealand, 2024). In this project, the number of prism layers is set to 5, and the growth rate of prism layers is 1.3, and the total thickness of prism layers is 6.77 mm when using the k-epsilon turbulence model for steady-state numerical computation, and the total number of meshes is about 31.36 million, and the mesh cross-section of the full vehicle computational domain is shown in Figure 3-4, which expresses the location and size of the encrypted domain around the body. The location and size of the density domains around the car body are visually expressed in the figure.
[image: ]
[bookmark: _Toc176730852]Figure 3‑4 Volume Mesh Cross-section
3.1.3. [bookmark: _Toc176730811]Numerical Calculation of the External Flow Field
After the pre-processing of the geometric model, numerical calculations are performed using the flow field simulation software. Steady state calculations are used to solve for the average state of the flow field. When the system reaches a stable equilibrium, the flow field no longer changes state with time. Whereas transient calculations are used to capture the flow field characteristics that change over time, especially the complex fluid flow situation changes. Since this study only focuses on the aerodynamic characteristics of the full vehicle, such as air drag and air lift. Therefore, only steady-state numerical calculations are performed in this project and ground effects are not considered.

a) Selection of boundary conditions for the computational domain
The selection of boundary conditions of the computational domain should be consistent with the actual working conditions, and the selection of boundary conditions is shown in Table 3-4.
[bookmark: _Toc176730892]Table 3‑4 Calculation Domain Boundary Condition Settings
	Boundary
	Parameter setting

	Inlet
	Velocity inlet, v=33.33m/s

	Outlet
	Pressure outlet, P=0pa

	Ground
	Slip wall

	Side and top
	Symmetry



b) Physical models and solver setup for steady-state calculations
The steady-state physical model and solver setup is shown in Table 3-5.
[bookmark: _Toc176730893]Table 3‑5 The Steady-state Physical Model and Solver Setup
	Item
	Parameter setting

	Turbulence modelling
	k-epsilon

	Wall functions
	Two-layer y+ wall function

	Gas state
	Constant density ideal gas

	Gas density
	1.1691 kg/m^3

	Dynamic viscosity of gas
	1.85508E-5 Pa-s

	Maximum number of calculation steps
	2000



c) Analysis of calculation results
After the setup is completed, the steady state is calculated for 2000 steps, and then the residuals of the steady state simulation are checked to judge whether the flow field is calculated correctly. It can be concluded from the residual curves as shown in Figure 3-5 that the residual values converge well and gradually stabilise at less than 0.001.
[image: ]
[bookmark: _Toc176730853]Figure 3‑5 Steady-state Simulation Residual Curves

The results of the external flow field simulation are shown in Figure 3-6. From the longitudinal symmetry plane velocity contour in Figure 3-6(a), it can be observed that there are distinct high-speed regions above the roof of vehicle and at the rear vortex area. This is typically due to the increase in flow velocity as the air flows over the roof. However, a noticeable low-speed region appears behind the vehicle, caused by flow separation which results in an enlarged vortex region. This vortex area is generally a significant factor contributing to increased aerodynamic drag.

From the longitudinal symmetry plane pressure contour shown in Figure 3-6(b), it can be observed that there is a distinct high-pressure region at the front of the vehicle. This occurs because the high-speed incoming airflow directly impacts the front, causing the kinetic energy of the air to be converted into pressure energy, resulting in a localized pressure increase. There are also noticeable low-pressure regions at the roof and rear of the vehicle. As the air flows over the roof, its speed increases, leading to a pressure drop. The low-pressure area at the rear is due to flow separation, which creates vortices, significantly reducing the pressure in that region. The combination of the low-pressure zone at the rear and the high-pressure zone at the front generates a significant pressure drag, which is another key factor contributing to increased aerodynamic drag.
[image: ]
(a) the longitudinal symmetry plane velocity contour
[image: ]
(b) the longitudinal symmetry plane pressure contour
[bookmark: _Toc176730854]Figure 3‑6 Simulation Results of Vehicle External Flow Field

The full vehicle simulation results are shown in Table 3-6. At high speeds, the airflow over the roof of the vehicle is typically faster than the airflow beneath the body. This is because the air needs to be accelerated to maintain the continuity of air flow as it flows over the curved roof. Underneath the body, on the other hand, the air flow may be affected by the shape of the ground and the underside of the vehicle and flow relatively slowly. Therefore the high speed flow of air will produce an upward lift force on the vehicle. With Equation 2-2, it can be seen that the aerodynamic lift is proportional to the square of the velocity. If the speed continues to increase, the aerodynamic lift will surge, and the stability of the vehicle decreases dramatically, which seriously affects the safety and manoeuvrability of the vehicle at high speed. Therefore, in this study, the addition of rear wing is considered to provide additional downforce.

[bookmark: _Toc176730894]Table 3‑6 Full Vehicle Simulation Results
	Item
	Value

	Frontal area (m2)
	1.76

	Drag (N)
	522.72

	Cd
	0.457

	Lift (N)
	643.03

	Cl
	0.562



3.1.4. [bookmark: _Toc176730812]Experimental and Simulation Comparison Verification
Road testing is an important method in automotive aerodynamics research to evaluate the aerodynamic performance of vehicles under real driving conditions. Compared with wind tunnel experiments and CFD simulations, road tests can provide data closer to the actual use environment, and are therefore important in verifying the design effect and optimising the aerodynamic performance(Aerodynamic testing without a wind tunnel!, 2021). In this project, the road test data of Morgan Plus 4 is compared with the CFD simulation data.

Efficient aerodynamic testing and development on the road or track is possible by directly measuring body surface pressure. Pressure sensors such as those shown in Figure 3-7 are used in testing. A series of pressure sensors are arranged on the body surface to measure pressure at different locations. These sensors are usually installed in key areas such as the front, roof, sides, and rear of the vehicle. By analysing the pressure data, it is possible to understand the pressure distribution on the body surface, especially identifying high- and low-pressure areas. This helps to analyse the sources of drag and lift.

The pressure sensors in this study were placed on two lines, centre line (y=0mm) and wheel arch (y=727mm) as shown in Figure 3-7. The sensor placements are shown in Table 9-1 and these can be found in Appendix A. The sensor position coordinates were calculated from the front of the vehicle.
[image: ]
[bookmark: _Toc176730855]Figure 3‑7 Sensor Placement Diagram

For the experiment, the pressure was measured at different vehicle speeds of 22m/s, 25m/s and 27m/s to calculate the pressure coefficients for different operating conditions. This is because the pressure coefficient is a dimensionless quantity that normalises the pressure data so that it is independent of external conditions (e.g. wind speed, air density, etc.). This allows direct comparison of pressure data for different conditions. Finally, the pressure coefficients for different vehicle speeds were averaged to eliminate measurement errors. The experimental results and CFD data are shown in Table 9-2.

Comparison plots of experimental results and CFD data are shown in Figure 3-8 (a) and (b). At the front-end position, there is some difference between the simulation and experimental results. It may be due to the complex airflow changes at the intake grille of the full vehicle in the experiment. However, the simulation simplifies the model of this part, so the simulation fails to complete to reflect the pressure variation in this part. Although there are some local differences, the overall trend shows that the simulation and experimental results are in good agreement, and the accuracy of the simulation is high, which can be used as the basis of the research in the later paper.
[image: ]
(a) Simulation and experimental data at centre line
[image: ]
(b) Simulation and experimental data at wheel arch
[bookmark: _Toc176730856]Figure 3‑8 Comparison of Experimental Results and CFD Data


3.2. [bookmark: _Toc176730813]Rear Wing Model Construction and Simulation Analysis
In this section, the installation position and wing shape of the active rear wing were first determined. Subsequently, the three-dimensional model of the active rear wing was established and the external flow field simulation analysis was carried out on the full vehicle model with the rear wing installed. Finally, the analysis determined that the rear wing design meets the expected effect and effectively improves the aerodynamic performance of the full vehicle.

3.2.1. [bookmark: _Toc176730814]Rear Wing Model Construction
a) Rear wing installation position
Based on the vehicle fluid simulation analysis from the previous section, the airflow velocity maps for the trunk and rear area of vehicle are shown in Figures 3-10 and 3-11. To ensure the rear wing functions effectively, it needs to be positioned in a region of smooth and high-speed airflow, allowing the air flowing around the wing to pass smoothly over the wing surfaces and generate sufficient downforce. As shown in the velocity contour map in Figure 3-9, the airflow over the trunk area is relatively smooth, with speeds reaching up to 40 m/s. However, as depicted in Figure 3-10, directly above the trunk, the airflow does not adhere to the vehicle’s surface, leading to flow separation. The airflow over the trunk creates two vortices that reverse each other, and this is the area of complex vortices in the rear flow field of the vehicle. The direction of gas flow here is complex, and should be avoided placing the rear wing here.

In summary, the area inside the box in Figure 3-9 is suitable for the installation of the rear wing. This location ensures that the airflow through the rear wing is in a front-to-back direction and has a high flow velocity.
[image: ]
[bookmark: _Toc176730857]Figure 3‑9 The Longitudinal Symmetry Plane Velocity Contour of The Rear Area
[image: ]
[bookmark: _Toc176730858]Figure 3‑10 Streamlines of The Rear Area

b) Selection of wing shape
The selection of a rear wing is primarily concerned with the air drag and downforce it produces. Different rear wings produce different aerodynamic properties. On the one hand, a rear wing usually creates additional drag, so a wing with less drag should be preferred. At the same time, the rear wing usually brings more downforce to the car at high speed to improve the stability and handling stability. On the other hand, the main objective of this project is an active rear wing that can change the angle of attack, so the selected wing should have a large change in drag coefficient and lift coefficient when the angle of attack changes.

In summary, the NACA 6412 airfoil is selected in this project. As shown in Figure 3-11, this kind of rear wing has a drag coefficient of only 0.007 when the angle of attack is 0, but the lift coefficient can reach 0.6. At the same time, when the angle of attack is changed from 0-20°, the lift coefficient and the drag coefficient appear to have a large change. It meets the requirement of wing type selection.

However, there is a significant difference between automotive rear wings and aircraft airfoils, with the former focusing primarily on generating downforce, while the latter focuses on boosting lift. Figure 3-12(a) illustrates the standard NACA 6412 airfoil. However, when it is used as an automotive rear wing, the standard airfoil should be flipped to produce downforce more efficiently, as shown in Figure 3-12(b).
[image: ][image: ]
          (a) Standard NACA 6412 Airfoil        (b)Inverted NACA 6412 Airfoil for Automotive Rear Wing
[bookmark: _Toc176730859]Figure 3‑11 NACA 6412 Wing Cross-section (NACA 6412, 2024)
[image: ]  [image: ]
(a) Variation of drag coefficient with angle of attack   (b) Variation of lift coefficient with angle of attack
[bookmark: _Toc176730860]Figure 3‑12 Aerodynamic Performance Changes for NACA 6412 (NACA 6412, 2024)

The main function of the end plates on both sides of the rear wing is to prevent air pressure from dissipating from the upper and lower surfaces of the wing edge. At the same time, it prevents the airflow on the upper and lower surfaces from flowing out from the side of the rear wing and forming a vortex, which consumes energy. As shown in Figure 3-13, the airflow above the airfoil overflows the end plates to the outer low-pressure area, forming vortices that consume kinetic energy and increase air drag while losing downforce. Therefore, end plates are added to the ends of the rear wing.
[image: ]
[bookmark: _Toc176730861]Figure 3‑13 Airflow Overflow at the Top Creates a Vortex (Bebeselea, 2022)

In this project, the aerodynamic characteristics of the full vehicle with the rear wing installed and the control strategy of the active rear wing are investigated. It does not focus on the mechanical structure of the active rear wing. Therefore, the rear wing bracket is simplified   designed to be fixed directly on the rear wing from the bottom end. In summary, the model of the rear wing in this project is shown in Figure 3-14.
[image: ]
[bookmark: _Toc176730862]Figure 3‑14 Rear Wing Model

3.2.2. [bookmark: _Toc176730815]Full Vehicle Simulation and Result Analysis
Based on the previously discussed rear wing installation position and the specific design of the rear wing structure, the vehicle model with the rear wing installed was determined. The complete vehicle model is shown in Figure 3-15.
[image: ]
[bookmark: _Toc176730863]Figure 3‑15 Full Vehicle Model with Rear Wing Installed

Next, the full vehicle equipped with an active rear wing is simulated with the external flow field under the base condition of the rear wing attack angle of 0°, and the setup and meshing method of the simulation are the same as those in the previous section. The simulation results of the full vehicle are shown in Table 3-7. The frontal area after installing the rear wing is increased from 1.76 m2 to 1.78 m2 .

[bookmark: _Toc176730895]Table 3‑7 Simulation Results of Full Vehicle with Rear Wing Installed
	Item
	Value

	Frontal area (m2)
	1.78

	Drag (N)
	551.03

	Cd
	0.476

	Lift (N)
	389.57

	Cl
	0.336



As shown in Figures 3-16(a) and (b), when high-speed air flow from the front of vehicle towards the rear wing, a low-speed vortex region appears behind the wing. The presence of this vortex region slightly increases the overall aerodynamic drag of the vehicle, with the drag increasing from 522.72 N to 551.03 N, and the drag coefficient rising from 0.457 to 0.467. Additionally, a positive pressure zone is observed above the rear wing, while a negative pressure zone forms below it.

As shown in Figure 3-17, the flow separation points on either side of the underside of the rear wing are positioned further rearward compared to the separation point at the centre, indicating that the central part of the wing cannot provide as much downforce as the sides. Additionally, the pressure on the underside of the wing is generally lower than the pressure on the upper surface. Consequently, the lift decreases from 643.03 N to 389.57 N, and the lift coefficient drops from 0.562 to 0.336. At an angle of attack of 0°, the rear wing generates a downforce of 253.46 N, demonstrating that the design of rear wing meets the expected performance by providing sufficient downforce.
[image: ]
(a) the longitudinal symmetry plane velocity contour
[image: ]
(b) the longitudinal symmetry plane pressure contour
[bookmark: _Toc176730864]Figure 3‑16 Simulation Results of the External Flow Field of the Full Vehicle with Rear Wing Installed

  [image: ][image: ]
(a) Rear wing upper surface                               (b) Rear wing lower surface
[bookmark: _Toc176730865]Figure 3‑17 Rear Wing Surface Pressure Contour
4. [bookmark: _Toc176730816]Construction of the Aero Map
In this chapter, an Aero map will be constructed with different vehicle attitudes and rear wing angles of attack as independent variables and aerodynamic forces as dependent variables. This Aero map will support the full vehicle aerodynamic force calculation for the active rear wing control strategy in the later section.

4.1. [bookmark: _Toc176730817]Box-Behnken Design and Results
In order to determine the relationship between the aerodynamic characteristics of the full vehicle as a function of the vehicle attitude parameters and the angle of attack of the rear wing, design of experiment (DOE) is employed. Among them, Box-Behnken design is a response surface method widely used in DOE. This design of experiment method is very popular in industry and scientific research as it requires only a small number of experiments to assess the effects of multiple variables and their interactions. It has high efficiency, good applicability and high flexibility(Box-Behnken Design - an overview, 2024).

In order to better optimise the experimental conditions using the response surface method, the highest and lowest points of each parameter need to be determined. The pitch angle, roll angle and ride height were set based on the body condition data from the flying lap simulation of the Morgan plus 4 at Pembrey Circuit in VI-Grade, as shown in Figure 4-1.

Firstly, the pitch angle of the body varied between -1° and 1° throughout the run. Next, although the actual roll angle of the body varies between -2° and 2°. However, because the body is longitudinally axisymmetric, the full vehicle has the same drag and the same lift when the body is tilted to the same angle to the left and right. Therefore, the parameter of roll angle is set to 0° to 2°, which can more accurately reflect the effect of the change of roll angle on the aerodynamic performance of the full vehicle in the aero map. Then the ride height of the body is varied between -50mm and 50mm. Finally, the variation range of the rear wing angle of attack is shown in Figure 3-12, when the rear wing angle of attack is varied between 0° and 20°, the drag coefficient and lift coefficient have a large change. This can satisfy the mechanical property requirements of the active rear wing in this project.
[image: ]
[bookmark: _Toc176730866]Figure 4‑1 Morgan Plus 4 Simulation Body Attitude Data

In summary, based on the principles of Box-Behnken design, a response surface methodology with four factors at three levels was employed to investigate the effects of pitch angle, roll angle, rear wing attack angle, and ride height on the frontal area, drag coefficient, and lift coefficient, in order to construct the aero map. The experimental factors are set as shown in Table 4-1, and the centre point per block is set to 3. This indicates that three sets of repeated simulations will be designed across all simulations to minimize errors. The simulations were designed using Design Expert 11 software, and the Box-Behnken experimental design is shown in Table 9-3, which can be found in Appendix B.
[bookmark: _Toc176730896]Table 4‑1 Experimental Factor Setting
	
	Name
	Units
	Low
	High

	A
	Pitch angle
	degree
	-1
	1

	B
	Roll angle
	degree
	0
	2

	C
	Attack angle
	degree
	0
	20

	D
	Ride height
	mm
	-50
	50



The range of variation of the four factors has been determined in the previous section. As shown in Figure 4-2 for the vehicle coordinate system, the positive direction of Roll angle is a positive rotation around the x-axis, the positive direction of Pitch angle is a positive rotation around the y-axis, and the positive direction of Ride height is up along the z-axis. The positive direction of the angle of attack of the rear wing is shown in Figure 4-3. Therefore, when modifying the vehicle model, each factor should be adjusted according to these definitions to accurately simulate the dynamic response of the vehicle under different conditions.
[image: ]
[bookmark: _Toc176730867]Figure 4‑2 Vehicle Coordinate System
[image: ]
[bookmark: _Toc176730868]Figure 4‑3 Rear Wing Attack Angle


4.2. [bookmark: _Toc176730818]Data Analysis
According to the experimental design in Table 9-3, all 27 sets of simulations were completed. All simulation results are shown in Table 9-4. As shown in Equations 2-1 and 2-2, the air density and vehicle speed are known parameters. Therefore, to calculate the aerodynamic drag and lift, the frontal area, drag coefficient, and lift coefficient of the vehicle need to be determined. Therefore, the Aero map constructed in this section focuses on these three key parameters: frontal area, drag coefficient and lift coefficient.

4.2.1. [bookmark: _Toc176730819]Frontal Area Analysis
In this part, the frontal area is used as the response value, and Pitch angle, roll angle, attack angle and ride height are used as independent variables to build the regression model.

Firstly, it is judged which model should be used to predict the frontal area more accurately. As shown in Table 4-2, the Adjusted R² of all three models is close to 1, indicating that all of them can explain the responding variable frontal area better. However, the Sequential p-value of the 2FI model is greater than 0.05, indicating that the corresponding variable of this model is not significant(Dahiru, 2011). Meanwhile the linear model is not as good as the Quadratic model in predicting the new data. Therefore, the Quadratic model is chosen. Its formula is shown in equation 4-1.
[bookmark: _Toc176730897]Table 4‑2 Fit Summary of Frontal Area
	Source
	Sequential p-value
	Adjusted R²
	Predicted R²
	

	Linear
	< 0.0001
	0.8747
	0.8400
	

	2FI
	0.9909
	0.8356
	0.6938
	

	Quadratic
	< 0.0001
	0.9922
	0.9793
	Suggested



 (Equation 4-1)

In the above equation, as well as in the following sections, A is defined as pitch angle, B as roll angle, C as attack angle, and D as ride height.

From the significance of the model shown in Table 4-3, it can be seen that the three factors of pitch angle, attack angle and ride height have significant effect on the frontal area, but the P-value of roll angle is 0.9046, which is not significant for its effect on the frontal area. The quadratic terms AC, A2 and C2 have significant level of influence on frontal area (P < 0.05). The other factors are not significant and their p-values are greater than 0.05. Therefore, the insignificant terms in the regression equation are removed and Equation 4-2 is used to represent the corrected best aero map equation for the frontal area.

[bookmark: _Toc176730898]Table 4‑3 Significance Test for the Coefficients of the Frontal Area Model
	Source
	Sum of square
	df
	Mean square
	F-value
	P-value
	

	Model
	0.0742
	14
	0.0053
	238.12
	< 0.0001
	Significant

	A
	0.0151
	1
	0.0151
	676.29
	< 0.0001
	Significant

	B
	3.333E-07
	1
	3.333E-07
	0.0150
	0.9046
	

	C
	0.0447
	1
	0.0447
	2006.21
	< 0.0001
	Significant

	D
	0.0069
	1
	0.0069
	308.40
	< 0.0001
	Significant

	AB
	2.500E-07
	1
	2.500E-07
	0.0112
	0.9173
	

	AC
	0.0004
	1
	0.0004
	16.22
	0.0017
	Significant

	AD
	0.0000
	1
	0.0000
	0.0000
	1.0000
	

	BC
	2.500E-07
	1
	2.500E-07
	0.0112
	0.9173
	

	BD
	0.0000
	1
	0.0000
	0.0000
	1.0000
	

	CD
	2.500E-07
	1
	2.500E-07
	0.0112
	0.9173
	

	A²
	0.0059
	1
	0.0059
	266.25
	< 0.0001
	Significant

	B²
	4.537E-07
	1
	4.537E-07
	0.0204
	0.8888
	

	C²
	0.0005
	1
	0.0005
	23.76
	0.0004
	Significant

	D²
	9.259E-07
	1
	9.259E-07
	0.0416
	0.8418
	


[bookmark: _Hlk176410058]Note: R2=0.9964, R2Adj=0.9922


(Equation 4-2)

Secondly, the P-value < 0.05 in the model analysis is significant for the frontal area, which indicates that the model has a high level of confidence. The correlation coefficient of the model R2=0.9964, which indicates that the model fit is high and the error is small. The model correction coefficient of determination R2Adj=0.9922, which indicates that the model explains 99.22% of the variation in frontal area. As shown in Figure 4-4, most of the data points are closely distributed near the diagonal line. This indicates that there is a good linear relationship between the predicted and actual values of the model and that the model is good at predicting(Bhalla, 2024).
[image: ]
[bookmark: _Toc176730869]Figure 4‑4 Comparison of Simulated and Predicted Values of Frontal Area

Finally, the results of the factor interactions are shown in Figure 9-1 and can be found in Appendix C. There were only significant interactions between pitch angle and attack angle and between pitch angle and ride height. There were no strong interactions between any of the other factors.

4.2.2. [bookmark: _Toc176730820]Drag Coefficient Analysis
In this part, the drag coefficient is used as the response value, and Pitch angle, roll angle, attack angle and ride height are used as independent variables to build the regression model.

Firstly, it is judged which model should be used to predict the drag coefficient more accurately. As shown in Table 4-4, only the linear model has sequential p-value less than 0.05. Meanwhile, its adjusted R² and predicted R² are close to 1. It shows that the linear model has a better fitting ability and there is no under-fitting problem. Therefore, the linear model is chosen and its formula is shown in equation 4-3.
[bookmark: _Toc176730899]Table 4‑4 Fit Summary of Drag Coefficient
	Source
	Sequential p-value
	Adjusted R²
	Predicted R²
	

	Linear
	< 0.0001
	0.8780
	0.8386
	Suggested

	2FI
	0.3348
	0.8857
	0.7709
	

	Quadratic
	0.0774
	0.9206
	0.7889
	



 (Equation 4-3)
From the model significance shown in Table 4-5, it can be seen that the three factors of pitch angle, attack angle, and ride height have a significant effect on the drag coefficient, but the P-value of roll angle is 0.4854, and its effect on the drag coefficient is not significant. Therefore, the insignificant terms in the regression equation are removed and Equation 4-4 is used to represent the corrected best aero map equation for the drag coefficient.
[bookmark: _Toc176730900]Table 4‑5 Significance Test for the Coefficients of the Drag Coefficient
	Source
	Sum of square
	df
	Mean square
	F-value
	P-value
	

	Model
	0.0081
	4
	0.0020
	47.77
	< 0.0001
	significant

	A
	0.0041
	1
	0.0041
	97.63
	< 0.0001
	significant

	B
	0.0000
	1
	0.0000
	0.5026
	0.4858
	

	C
	0.0037
	1
	0.0037
	86.58
	< 0.0001
	significant

	D
	0.0003
	1
	0.0003
	6.38
	0.0193
	significant


Note: R2=0.8968, R2Adj=0.878.
 (Equation 4-4)

Secondly, the P-value < 0.05 in the model analysis is significant for the drag coefficient, which indicates that the model has a high level of confidence. The correlation coefficient of the model R2=0.8968, which indicates that the model fit is high and the error is small. The model correction coefficient of determination R2Adj=0.878, which indicates that the model explains 87.8% of the variation in drag coefficient. As shown in Figure 4-5, most of the data points are closely distributed around the diagonal line. This indicates that there is a good linear relationship between the predicted and actual values of the model and that the model is good at predicting.
[image: ]
[bookmark: _Toc176730870]Figure 4‑5 Comparison of Simulated and Predicted Values of Drag Coefficient
4.2.3. [bookmark: _Toc176730821]Lift Coefficient Analysis
In this part, the lift coefficient is used as the response value, and Pitch angle, roll angle, attack angle and ride height are used as independent variables to build the regression model.

Firstly, it is judged which model should be used to predict the lift coefficient more accurately. As shown in Table 4-6, only the linear and Quadratic models have sequential p-value less than 0.05. However, the adjusted R² and predicted R² of the Quadratic model are closer to 1. It shows that the Quadratic model has better fitting ability and there is no underfitting problem. Therefore, the Quadratic model is chosen. Its formula is shown in equation 4-5.
[bookmark: _Toc176730901]Table 4‑6 Fit Summary of lift coefficient
	Source
	Sequential p-value
	Adjusted R²
	Predicted R²
	

	Linear
	< 0.0001
	0.6883
	0.6210
	

	2FI
	0.8484
	0.6309
	0.4075
	

	Quadratic
	0.0017
	0.8715
	0.6583
	Suggested



 (Equation 4-5)

From the significance of the model shown in Table 4-7, it can be seen that all the three factors, pitch angle, roll angle and ride height, have a significant effect on the frontal area, but the P-value of attack angle is 0. 1526, and its effect on the lift coefficient is not significant. Among the quadratic terms only C2 has significant level of influence on frontal area. All the other factors are not significant, and their p-value is greater than 0.05. Therefore, the insignificant terms in the regression equation are removed and Equation 4-6 is used to represent the corrected best aero map equation for the lift coefficient.

Secondly, the P-value < 0.05 in the model analysis is significant for the lift coefficient, which indicates that the model has a high level of confidence. The correlation coefficient of the model R2=0.9407, which indicates that the model fit is high and the error is small. The model correction coefficient of determination R2Adj=0.8715, which indicates that the model explains 87.15 % of the variation in the lift coefficient. As shown in Figure 4-6, most of the data points are closely distributed near the diagonal line. This indicates that there is a good linear relationship between the predicted and actual values of the model and that the model predicts better.
[bookmark: _Toc176730902]Table 4‑7 Significance Test for the Coefficients of The Lift Coefficient
	Source
	Sum of square
	df
	Mean square
	F-value
	P-value
	

	Model
	0.0382
	14
	0.0027
	13.59
	< 0.0001
	significant

	A
	0.0257
	1
	0.0257
	127.76
	< 0.0001
	significant

	B
	0.0015
	1
	0.0015
	7.67
	0.0170
	significant

	C
	0.0005
	1
	0.0005
	2.33
	0.1526
	

	D
	0.0022
	1
	0.0022
	11.16
	0.0059
	significant

	AB
	0.0001
	1
	0.0001
	0.5488
	0.4731
	

	AC
	0.0004
	1
	0.0004
	2.09
	0.1737
	

	AD
	0.0009
	1
	0.0009
	4.33
	0.0595
	

	BC
	0.0000
	1
	0.0000
	0.1792
	0.6796
	

	BD
	0.0000
	1
	0.0000
	0.2103
	0.6547
	

	CD
	9.000E-06
	1
	9.000E-06
	0.0448
	0.8359
	

	A²
	0.0008
	1
	0.0008
	4.12
	0.0651
	

	B²
	0.0008
	1
	0.0008
	4.20
	0.0629
	

	C²
	0.0068
	1
	0.0068
	33.85
	< 0.0001
	significant

	D²
	0.0006
	1
	0.0006
	2.97
	0.1103
	


Note: R2=0.9407, R2Adj=0.8715.
 (Equation 4-6)
[image: ]
[bookmark: _Toc176730871]Figure 4‑6 Comparison of Simulated and Predicted Values of Lift Coefficient

Finally, the results of the factor interactions are shown in Figure 9-2 and can be found in Appendix C. There is a clear interaction between all factors.
Based on the established Aero map formulas and the analysis of the interaction between parameters, it can be concluded that as the rear wing attack angle increases, the drag coefficient gradually increases. Meanwhile, the lift coefficient shows a more complex pattern, initially decreasing and then slightly increasing, though the increase is limited. This indicates that when the angle of attack of the rear wing increases, the drag increases and the downforce increases.

4.2.4. [bookmark: _Toc176730822]Aero Map Validation
In order to verify the accuracy of the aero map equation calculation, firstly, Design Expect software was applied to predict the maximum wind drag coefficient. The results indicate that when the pitch angle is -0.972°, the roll angle is -0.968°, the attack angle is 19.75°, and the ride height is -24.5781 mm, the maximum drag coefficient is 0.5247. At this condition, the frontal projected area is 1.882 m² and the lift coefficient is 0.3844.

Under these predicted parameters, a simulation was run. The simulation results and the relative errors are shown in Figure 4-8. The model errors are relatively small, indicating that the predicted values and the simulation values are close. The aero map obtained through the Box-Behnken design can accurately calculate the frontal area, drag coefficient, and lift coefficient of the vehicle under different conditions.
[bookmark: _Toc176730903]Table 4‑8 Aero Map Validation
	Item
	Simulation value
	Predicted value
	Relative error

	Frontal area
	1.8889
	1.8820
	0.365%

	Drag coefficient
	0.5250
	0.5247
	0.057%

	Lift coefficient
	0.3938
	0.3844
	2.386%





5. [bookmark: _Toc176730823]Active Rear Wing Control Strategy Design and Validation
According to the influence of the active rear wing on the aerodynamic performance of the full vehicle, the design idea of the control strategy of the active rear wing is determined. Considering the driver's intention and vehicle dynamics parameters, combined with the fuzzy control algorithm, the control strategy of active rear wing is designed. Then the vehicle model and related simulation conditions are established in VI-CarRealTime. The active rear wing control system is built in Matlab/Simulink. The effect of the active rear wing control system is verified by co-simulation. Finally, the simulation is carried out under the straight braking, impulse steer and full lap test to verify the effectiveness of the active rear wing control strategy.

5.1. [bookmark: _Toc176730824]Control Method of Active Rear Wing
In this section, the control method of the active rear wing needs to be determined, where the control algorithm, input signals and output signals of the control system need to be analysed and determined.

Firstly, the control algorithm for the active rear wing angle of attack needs to be determined. Fuzzy control is a control technique based on fuzzy set theory, fuzzy linguistic variables and fuzzy logic reasoning(Nguyen et al., 2019). It simulates the human fuzzy reasoning and decision-making process. It has the following advantages:
(a) If the controlled object in a control system does not have a specific mathematical model and using computer language directly for control becomes complex and resource-intensive, fuzzy control based on heuristic rules can simplify the design of control rules and improve computational efficiency.
(b) Fuzzy logic controllers control controlled objects mainly in the form of if-then statements, allowing different inputs to be combined in various relationships. The logic is simple to understand and easy to modify.

As the control of the rear wing is affected by many factors, the active rear wing control system has more input variables, and fuzzy control can effectively solve the multivariate and nonlinear problems in it. Therefore, using fuzzy control algorithm to regulate the angle of attack of the active rear wing is a suitable choice.

Next, the input and output signals in the control method need to be determined. Firstly, the output signal is analysed because in this project, the handling stability of the racing car and the aerodynamic performance of the full vehicle are only improved by adjusting the change of the angle of attack of the rear wing. Therefore, the angle of attack of the rear wing is the only output signal in this control method.

Then the output signal is analysed, the selection of the input signal is very important, different input signals means that different control rules can be designed, there will be different control effects to control the active rear wing. The control strategy of the active rear wing should consider both the driving state of the vehicle and the driving intention of driver.

The speed and acceleration of a vehicle are the physical quantities that most accurately reflect the state of the vehicle at each moment in time, and these can be used as inputs with respect to the state of the vehicle. In addition to this, the driver's driving intention should also be fully considered. Then the throttle position, brake pedal position, steering wheel angle and steering wheel steering speed, etc. can be used as input quantities of the driver's driving intention.


5.2. [bookmark: _Toc176730825]Fuzzy Control Rule
Based on the analyses in Sections 3.2.2 and 4.2, it can be seen that the installation of a fixed rear wing will provide additional aerodynamic drag and aerodynamic downforce on the vehicle. When the rear wing attack angle increases, the aerodynamic drag and total downforce provided by the rear wing increase, especially the rear downforce increases, and the aero balance is moved backward. When the rear wing attack angle decreases, the aerodynamic drag and total downforce decrease, especially rear downforce deceases, and the aero balance is moved forward. Therefore, when the car is cornering, a reasonable change in the angle of attack of the rear wing can effectively improve the handling stability of the car. Similarly, when the vehicle decelerates, changing the rear wing angle can provide additional resistance beyond braking. The specific fuzzy control rules for the rear wing angle will be designed based on the above analysis. In this project, two rules are designed based on different inputs.

5.2.1. [bookmark: _Toc176730826]Rule 1
Rule1 takes vehicle speed , brake pedal position  and accelerator pedal  as the inputs to the fuzzy controller, and the output is the rear wing attack angle .

The control rules are as follows:
(a) As the vehicle speed  is large and the brake pedal position  is large, it indicates that the driver has a significant braking requirement or is decelerating to make a turn. Therefore, increasing the rear wing attack angle ​ will provide greater aerodynamic drag and downforce, which helps to shorten the braking time and distance and improve the vehicle's stability.
(b) As the vehicle speed  is small and the brake pedal position ​ is small, it indicates that the driver has a low braking requirement. Therefore, decreasing the rear wing attack angle ​ will reduce aerodynamic drag.
(c) When the throttle padel position  is maximum, the angle of attack decreases regardless of vehicle speed. this is because when the driver's need to accelerate at this time must be maximum. So the air drag needs to be reduced.

The range of vehicle speed  is [ 0, 170 ], the fuzzy domain is [ 0, 170 ], its fuzzy subset is {NB, NM, NS, ZE, PS, PM, PB}, and the membership function of vehicle speed v is as follows, and its membership function plot is shown in 5-1.
NB：
NM：
NS：
ZE：
PS：
PM：
PB：

The boundaries on both sides of the domain, NB and PB, utilize the Gauss2MF function, allowing for flexible adjustment of the responses of boundary regions. This setup enables the system to operate smoothly while also responding quickly to extreme conditions. The central functions use GaussMF to ensure smooth control in the central region(Hamarsheh, 2024). The fuzzy controller inputs described in the following sections are configured according to these settings.
[image: ]
[bookmark: _Toc176730872]Figure 5‑1 Membership Function Plot of Velocity 

The range of brake padel position  is [0, 100], the fuzzy domain is [0, 100], its fuzzy subset is { NB, NS, ZE, PS, PB }, and the membership function of brake padel position is as follows, and its membership function plot is shown in 5-2.
NB：
NS：
ZE：
PS：
PB：
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[bookmark: _Toc176730873]Figure 5‑2 Membership Function Plot of Brake Padel Position 

The range of throttle padel position  is [0, 100], the fuzzy domain is [0, 100], its fuzzy subset is { NB, NS, ZE, PS, PB }, and the membership function of throttle padel position is as follows, and its membership function plot is shown in 5-3.
NB：
NS：
ZE：
PS：
PB：
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[bookmark: _Toc176730874]Figure 5‑3 Membership Function Plot of Throttle Padel Position 
The range of rear wing attack angle  is [0, 20], the fuzzy domain is [0, 20], its fuzzy subset is {NB, NM, NS, ZE, PS, PM, PB}. In the following sections, the domain and membership functions for the rear wing attack angle are the same. The membership function of rear attack angle  is as follows, and its membership function plot is shown in 5-4.
NB：
NM：
NS：
ZE：
PS：
PM：
PB：
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[bookmark: _Toc176730875]Figure 5‑4 Membership Function Plot of Rear Wing Attack Angle 

The active rear wing angle of attack fuzzy control rules for Rule1 are shown in Table 5-1. The fuzzy controller input-output relationship surface diagram is shown in Figure 5-5.
[bookmark: _Toc176730904]Table 5‑1 Fuzzy Control Rule for the Angle of Attack of the Rear Wing for Rule 1
(a) Relationship between velocity, braking, and attack angle 
	Attack angle 
	Velocity

	
	NB
	NM
	NS
	ZE
	PS
	PM
	PB

	Brake 
	NB
	NB
	NB
	NM
	NS
	ZE
	ZE
	PS

	
	NS
	NB
	NM
	NS
	NS
	ZE
	PS
	PM

	
	ZE
	NM
	NS
	NS
	ZE
	PS
	PM
	PM

	
	PS
	NM
	NS
	ZE
	PS
	PS
	PM
	PB

	
	PB
	NS
	ZE
	PS
	PS
	PM
	PB
	PB



(b) Relationship between velocity, throttle, and attack angle
	Attack angle 
	Velocity

	
	NB
	NM
	NS
	ZE
	PS
	PM

	Throttle
	PB
	NB
	NB
	NB
	NB
	NB
	NB
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[bookmark: _Hlk176419334](a) Relationship between velocity, braking, and attack angle 
(b) Relationship between velocity, throttle, and attack angle

[bookmark: _Toc176730876]Figure 5‑5 Rule1 Input-output Relationship Surface Diagram

5.2.2. [bookmark: _Toc176730827]Rule 2
Inputs related to driver steering are missing in Rule 1, but manoeuvring stability during high-speed cornering in a racing car is important for improving lap times. The steering wheel angle  is added as an input in Rule 2. However, since the control rules for steering wheel turning to the left and right are the same, the main purpose is to improve the stability of the car. So here  is the absolute value of the actual steering wheel angle.

Also simplify the brake pedal position and accelerator position in Rule 1 by replacing them with the desired acceleration . Where the formula for the desired acceleration  is as follows:


The driver's desired acceleration  is more reflective of the driver's actual driving intention than the actual acceleration of the car. The actual acceleration of a car is often affected by the vehicle state and road environment.

Finally, as shown in Figure 5-5(b), the rear wing attack angle is proportional to the vehicle speed when the throttle position is maximum. This is clearly unreasonable. This may be due to the rule of braking and speed set in Table 5-1(a) in Rule 1, which produces a relationship in which the vehicle speed is proportional to the angle of attack of the rear wing. So to avoid this unreasonable relationship, remove speed as a control system input in Rule 2.

Therefore in Rule 2 steering wheel angle  and desired acceleration  are used as inputs to the fuzzy controller.

The control rules are as follows:
(a) As the desired acceleration ​ is positive and large, and the steering wheel angle ​ is also large, it indicates that the vehicle is entering a corner and decelerating. Therefore, increasing the rear wing attack angle ​ is necessary. This adjustment provides greater aerodynamic drag and downforce, which helps to shorten braking time and distance when entering the corner and improves the vehicle's stability.
(b) As the desired acceleration  is negative and small,​ and the steering wheel angle ​ ​is also small, it indicates that the vehicle is in the final stage of exiting the corner and is in the process of accelerating. Therefore, reducing the rear wing attack angle ​ is necessary to decrease aerodynamic drag.

The range of steering angle  is [0, 120], the fuzzy domain is [0, 120], its fuzzy subset is { NB, NS, ZE, PS, PB }, and the membership function of steering angle is as follows, and its membership function plot is shown in 5-6.
NB：
NS：
ZE：
PS：
PB：
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[bookmark: _Toc176730877]Figure 5‑6 Membership Function Plot of Steering Angle 

The range of desired acceleration  is [-50, 50], the fuzzy domain is [-50, 50], its fuzzy subset is { NB, NS, ZE, PS, PB }, and the membership function of desired acceleration  as follows, and its membership function plot is shown in 5-7.
NB：
NS：
ZE：
PS：
PB：
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[bookmark: _Toc176730878]Figure 5‑7 Membership Function Plot of Desired Acceleration 
The domain and the membership function of the rear wing attack angle  are the same as in Rule 1.

The active rear wing attack angle fuzzy control rules for Rule 2 are shown in Table 5-2. The surface diagram of the fuzzy controller input-output relationship is shown in Figure 5-8.
[bookmark: _Toc176730905]Table 5‑2 Fuzzy control rule for the angle of attack of the rear wing for Rule 2
	Attack angle 
	Desired acceleration 

	
	NB
	NS
	ZE
	PS
	PB

	Steering wheel
 angle 
	NB
	ZE
	ZE
	NS
	NM
	NB

	
	NS
	PS
	PS
	ZE
	NS
	NB

	
	ZE
	PM
	PM
	ZE
	ZE
	NS

	
	PS
	PB
	PM
	PM
	PS
	ZE

	
	PB
	PB
	PB
	PM
	PS
	ZE
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[bookmark: _Toc176730879]Figure 5‑8 Rule2 Input-output Relationship Surface Diagram


5.3. [bookmark: _Toc176730828]Co-simulation Construction
In this section, a joint simulation will be built to implement the active rear wing control system. As shown in Figure 5-9, the real-time dynamic parameters of the vehicle are firstly obtained by the multibody dynamic simulation software. These parameters are inputted into the active rear wing control strategy to adjust the rear wing angle of attack in real time. Subsequently, the Aero map module calculates aerodynamic parameters based on the updated rear wing angle of attack and vehicle attitude parameters, and then feeds these results back into the dynamics simulation to continuously optimise the performance of the racing car.
[image: ]
[bookmark: _Toc176730880]Figure 5‑9 Schematic Diagram of the Active Rear Wing Control System

5.3.1. [bookmark: _Toc176730829]VI-CarRealTime Dynamic Model Construction
VI-Grade is a simulation and driving simulator company, of which VI-CarRealTime, as VI-grade's flagship real-time multi-body vehicle dynamics simulation software, brings users a lot of convenience in vehicle dynamics simulation. The main purpose of this software is to study the response of the vehicle model under the inputs of the driver and the external environment through the systematic modelling of the vehicle, the driver and the external environment by the user, and to calculate and analyse the response results to get the vehicle-related parameters required by the user and to evaluate them(VI-CarRealTime | VI-grade, 2023).

The software mainly consists of three parts: build mode, test mode and review mode. build mode is to set up the parameters of the full vehicle and the driver model, in which the parameters of the full vehicle include the body part, the body part, the suspension part, the tyre part, the steering part, the powertrain part and the brake part. At the same time, some sensors can be set up in the car to measure various parameters of the car. test mode is set up for the simulation conditions and the simulation solver, which contains a variety of test conditions. The simulation inputs can be set and the simulation calculations can be performed according to the settings. review mode is mainly for post-processing, which can present the simulation process in the form of video and data curves, and the relevant data can be processed according to the user's needs.

The simulated vehicle in this project is Morgan Plus 4, so the parameters are set according to the real vehicle parameters of this model. Also, this study focuses on the aerodynamic performance of the vehicle. The aerodynamic drag and lift when the vehicle is at different ride height need to be set. When the vehicle rear wing is in a fixed state, i.e., the initial state of the vehicle aerodynamic parameters according to Table 3-7 and the default aero balance is 50%, which means the downforce of the front and rear wheels are the same. The specific setting text is shown in Appendix D. However, when the rear wing is in the active state, the aerodynamic parameters of the vehicle are obtained in Simulink through the control strategy to get the angle of attack of the rear wing, and according to the attitude parameter of the body, it is obtained through the formula for calculating the aero map.

5.3.2. [bookmark: _Toc176730830]Simulink Control Model Construction
In Simulink, the active rear wing control system is mainly composed of VI-CarRealTime input/output module, vehicle data processing module, active rear wing fuzzy control module, and aerodynamic calculation module, and the specific model is shown in Figure 5-10.
(a) The VI-CarRealTime input-output module provides the necessary inputs for the active rear wing control system, including vehicle speed, throttle pedal position, brake pedal position, steering wheel angle, and the pitch angle, roll angle, and ride height required from the Aero map. The rear wing attack angle is determined by the active rear wing control system. This angle is then used to calculate the aerodynamic drag and lift using the Aero map formulas, which are fed back into the VI-CarRealTime module to create a closed-loop feedback system.
(b) The Vehicle Data Processing Module is to pre-process the data output from VI-CarRealTime, e.g. converting the steering wheel angle to units.
(c) The active rear wing control module is the active rear wing control strategy based on the fuzzy control algorithm in Section 5.2.
(d) The aerodynamic calculation module uses the dynamic parameters of the vehicle at various moments and the rear wing attack angle determined by the control strategy. It then calculates the frontal projected area, aerodynamic drag, and lift of the entire vehicle at each moment using the Aero map equation outlined in Section 4.
[image: ]
[bookmark: _Toc176730881]Figure 5‑10 Simulink Active Rear Wing Control System


5.4. [bookmark: _Toc176730831]Simulation and Analysis of Driving Conditions
In this section, the active rear wing control strategy will be simulated and verified under three driving conditions: straight braking, impulse steer and full lap test.

5.4.1. [bookmark: _Toc176730832]Straight Braking
Testing the active rear wing control system in the Straight braking condition makes it possible to evaluate the role of the rear wing in the braking process. In particular, the role of the rear wing in reducing braking distance and optimising aerodynamic characteristics. This test helps to validate and optimise the active rear wing control strategy to ensure the best performance of the car during high-speed straight braking.

In straight braking test, three simulations will be run, fixed rear wing, active rear wing control strategy scheme 1 and scheme 2. compare the braking time and braking distance of the three simulations.

The simulation settings are as follows: simulation time is 5s, initial speed is 150km/h, and initial gear is 6. The simulation results are shown in Table 5-3. Compared with the fixed rear wing, both Rule 1 and Rule 2 using the active rear wing control strategy significantly reduce the braking time and braking distance. The braking effects of Rule 1 and Rule 2 are comparable. This indicates that the active rear wing control strategy is more effective in straight line braking. The braking effect of Rule 2 is slightly better than that of Rule 1. Compared with the fixed rear wing, the braking distance of Rule 2 is reduced by 2.44 m, which is 2.76%.

In summary, the straight braking condition simulation verifies the effectiveness of the active rear wing control strategy under the extreme condition of high-speed braking. It proves that the braking effect of Rule 2 is better than that of Rule 1.
[bookmark: _Toc176730906]Table 5‑3 Straight Braking Simulation Results
	Item
	Braking Time (s)
	Braking Distance (m)

	Fixed Rear Wing
	4.296
	88.27

	Rule 1
	4.23
	85.87

	Rule 2
	4.227
	85.83


5.4.2. [bookmark: _Toc176730833]Impulse Steer
The Impulse Steer condition simulates the transient response of a vehicle following a sudden steering input. This test evaluates the stability of the active rear wing control system as the vehicle manoeuvres during rapid steering. This is because in the impulse steer condition, the vehicle may experience dangerous oversteer. The active rear wing control system can compensate for these deficiencies by adjusting the rear wing angle, thus improving the handling of vehicle under extreme steering conditions.

The simulation settings are as follows: simulation time is 10s, initial speed is 100km/h, initial gear is 5, steering start time is 1s, impulse duration is 1s, and impulse amplitude is 120°. First, simulate the impulse steer scenario under the same conditions for the vehicle with two different active rear wing control rules and the original vehicle, starting with an initial speed of 100 km/h. If all three can stably complete the impulse steer scenario, gradually increase the speed until one of the vehicles can no longer maintain stability in this scenario.

The simulation results at an initial vehicle speed of 100km/h are shown in Figure 5-11. As can be seen in Figure 5-11(a), the active rear wing control strategy using Rule 1 and Rule 2 resulted in an increase in the turning radius of the vehicle, as well as an increase in the tendency to understeer, compared to the fixed rear wing. This characteristic allows the driver to control the vehicle more accurately and predict the body dynamics more accurately. During race car driving, the larger turning radius and understeer characteristics allow the driver to enter corners at higher speeds, which leads to faster cornering and ultimately helps to shorten the overall track time. From 5-11(b), it can be seen that the vehicle with fixed rear wing has the lowest point of side deflection of -13°, while the body side deflection of both Rule 1 and Rule 2 is around -12°. Also from 5-11(c), it can be seen that the yaw rate of both Rule 1 and Rule 2 vehicles can be stabilised faster.

Next, the speed was gradually increased to 112 km/h. The simulation results are shown in Figure 5-12. From Figure 5-12(a), it can be seen that under the same steering angle driving condition, the vehicle with the fixed rear wing lost control and deviated significantly from the normal driving route. Figure 5-12(b) shows that the sideslip angle of the vehicle with the fixed rear wing reached -26°, further indicating its deficiency in lateral control. Figure 5-12(c) shows a noticeable yaw rate peak at 6 seconds for the vehicle with the fixed rear wing, and the time it took to return to a stable state was later than that of Rule 1 and Rule 2. This indicates that, compared to the active rear wing strategies of Rule 1 and Rule 2, the vehicle equipped with the fixed rear wing exhibited significant yaw instability during the steering process, with overall poorer vehicle stability.
	[image: ]
(a) Path tracking
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(b) Sideslip angle
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(c) Yaw rate


[bookmark: _Toc176730882]Figure 5‑11 Simulation Results of Impulse Steer in 100km/h
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(a) Path tracking
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(b) Sideslip angle
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(c) Yaw rate


[bookmark: _Toc176730883]Figure 5‑12 Simulation Results of Impulse Steer in 112km/h

In summary, Impulse steer working condition simulation verifies the effect of active rear wing control strategy under the extreme working condition of high-speed cornering. It further proves that the control effect of Rule 2 is better than that of Rule 1.

5.4.3. [bookmark: _Toc176730834]Full Lap Test
The Full Lap Test covers a wide range of driving situations on a race track, including straights, high-speed corners, sharp bends, and braking points. This test provides a comprehensive assessment of the performance of the active rear wing control system in a wide range of driving conditions. This test helps to validate and optimise the active rear wing control strategy to ensure the car achieves optimum speed performance in complex track conditions.

The Full Lap Test was simulated on a model of the Pembrey circuit located in Wales, the map of which is shown in Figure 5-13. The simulation was set to flying lap, which meant that the car was already at high speed before arriving at the start line, and lap times were measured straight away. This test is typically used to assess the fastest lap capability of a vehicle.
[image: undefined]
[bookmark: _Toc176730884]Figure 5‑13 Pembrey Circuit (‘Pembrey Circuit’, 2024)

Lap time simulation results are shown in Table 5-4. The effect of different rear wing control strategies on the lap time of the car is significant. With the fixed rear wing, the vehicle takes 80.09 seconds to complete one lap, which is the longest among the three strategies. In contrast, the Rule 1 active rear wing control strategy resulted in a significant improvement in lap time, which was reduced to 78.58 seconds. The Rule 2 strategy performed the best, further reducing the lap time to 77.87 seconds, a reduction of 2.77%. This shows that the active rear wing control strategy can significantly improve the lap performance of the car, especially Rule 2, which shows a superior control effect and enables the car to complete a lap of the circuit faster.

[bookmark: _Toc176730907]Table 5‑4 Lap Time Simulation Result
	Item
	Lap time (s)

	Fixed rear wing
	80.09

	Rule 1
	78.58

	Rule 2
	77.87



The Full Lap Test simulation results are shown in Figure 5-14 and 5-15. The speed of the car with fixed rear wing is always lower than that of the car with Rule 1 and Rule 2 active rear wing control strategies. The car with Rule 2 strategy has the most superior speed performance and is able to maintain a higher speed throughout the track, especially its entry speed in each corner is the fastest. This indicates that the Rule 2 rear wing control strategy has a clear advantage in optimising the speed of the car.

As the racing car departs from the starting point and approaches Turn 1, the speed decreases significantly. Both Rule 1 and Rule 2 result in a rapid increase in the rear wing attack angle to enhance deceleration and improve vehicle stability during cornering. The timing of when the rear wing attack angle reaches its peak differs between the two rules, which can be attributed to the following reasons: In Rule 1, speed is used as the input, before the vehicle reaches the mid-corner, the speed has already decreased to a reasonable turning speed, and the rear wing attack angle peaks at this moment. In Rule 2, however, the steering wheel angle is used as an input. Therefore, the steering wheel angle reaches its maximum only when the vehicle is in the mid-corner, and consequently, the rear wing attack angle also peaks at this time. Thus, the difference in the timing of the rear wing attack angle reaching its peak under Rule 1 and Rule 2 can be attributed to this factor.

When the car left Turn 1, the angle of attack of the rear wing of both Rule 1 and Rule 2 decreased rapidly, but the decrease of Rule 2 was greater, while the angle of attack of Rule 1 never decreased to the minimum value. This may be due to the fact that speed is used as an input in Rule 1, as shown in Figure 5-5(b), the angle of attack of the rear wing is proportional to the speed, and it is impossible for the speed to be close to zero while the race car is travelling, so the angle of attack is kept at a high level. Therefore, the inability of the rear wing angle of attack to approach 0° under the Rule 1 strategy throughout the race car's travelling could be a result of this.
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(a) Velocity
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(b) Rear wing attack angle


[bookmark: _Toc176730885]Figure 5‑14 Full Lap Test Simulation Result against Time
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[bookmark: _Toc176730886]Figure 5‑15 Full Lap Test Simulation Result against Distance


In summary, Full Lap Test simulation verifies the effect of the active rear wing control strategy under complex track conditions. It proves that the control effect of Rule 2 is optimal.


6. [bookmark: _Toc176730835]Result and Discussion
The results of this project are as follows:
a) Construction and validation of 3D models
This study selected the Morgan Plus 4 as the research subject, first constructing and simplifying its 3D model. CFD simulations of the vehicle's external flow field were performed using Star-ccm+ software, and the simulation results were compared with experimental data. The results showed a high level of agreement between the simulation and experimental data, demonstrating the effectiveness and accuracy of the CFD simulations. Based on these results, the optimal installation position for the active rear wing was further analysed and determined, ensuring that the rear wing could effectively perform its aerodynamic function.

b) Selection and modelling of rear wing 
Based on the relationship between the lift coefficient and drag coefficient with the variation of the angle of attack of the rear wing, the NACA 6412 airfoil was selected as the design airfoil for the active rear wing. Subsequently, the full vehicle model with the active rear wing installed was constructed and analysed by CFD simulation of the external flow field. The simulation results show that the aerodynamic performance of the full vehicle changes significantly after installing the active rear wing, thus verifying the effectiveness of the rear wing design.

c) Construction of Aero Map
To further refine the control strategy of the active rear wing, 27 sets of simulations were designed using Box-Behnken in DOE. Aero map equations were established with the vehicle attitude parameters and rear wing as the independent variables, and the frontal area, drag coefficient and lift coefficient as the dependent variables. These equations provide accurate aerodynamic data for subsequent control strategy development.

d) Construction of active rear wing control system
In VI-CarRealTime, the full vehicle multibody dynamics model was built according to the specific parameters of the vehicle. Meanwhile, the active rear wing control system was built in Matlab/Simulink. Subsequently, the control strategy was comprehensively validated by real-time co-simulation tests between Simulink and VI-CarRealTime under three typical working conditions, including straight braking, impulse steer and full lap test. The results show that the active rear wing control strategy using Rule 2, which incorporates desired acceleration and steering wheel angle as inputs, exhibits significant advantages over the fixed rear wing in all tests. In the straight braking test, the braking distance was reduced by 2.44 meters. In the impulse steer test, Rule 2 demonstrated the best high-speed cornering stability. In the full lap test, the lap time was shortened by 2.77%. These results thoroughly validate the effectiveness of the active rear wing control strategy in enhancing vehicle handling stability, steering stability, and reducing lap times.


7. [bookmark: _Toc176730836]Conclusion
7.1. [bookmark: _Toc176730837]Limitation
This section focuses on the limitations in the research in this project:
a) In this project, some of the parameters of aerodynamic performance are simplified, such as using total downforce instead of front and rear downforce. This simplification may lead to insufficient consideration of the aerodynamic properties of the downforce of the car, thus reducing the accuracy of the active rear wing control strategy to some extent.
b) This project was validated under three driving conditions: straight braking, impulse steer and full lap test. Although these conditions cover common track conditions, they may not be sufficient to fully reflect the dynamic performance of vehicles equipped with active rear wings under all driving conditions.
c) The research in this project mainly relies on simulation tests, and lacks the production of active rear wing prototypes and the verification of real-vehicle experiments. The real-vehicle test can provide more realistic performance data, verify the reliability of the simulation results, and reveal the real-world problems not considered in the simulation.

7.2. [bookmark: _Toc176730838]Ongoing work
This section focuses on future extensions that can be made to this study.
a) Future research could also use more advanced control strategies such as machine learning and MPC to improve the adaptivity and performance optimisation of active rear wing control strategies. These algorithms will be able to automatically adjust the angle of attack of the rear wing according to different driving conditions to achieve optimal vehicle handling performance.
b) In order to evaluate the control strategy of the active rear wing more comprehensively, the test conditions will be expanded in the future to include more complex driving conditions, such as Double Lane Change, continuous curves, and so on. In addition, future research can also be used to optimise the active rear wing control strategy for real-world applications by creating a prototype active rear wing and conducting more real-world experiments.
c) Future research could explore the potential of active rear wings in a broader range of applications, particularly in conjunction with vehicle energy management systems. The study could focus on how to optimize fuel consumption and reduce greenhouse gas emissions while maintaining high performance.

7.3. [bookmark: _Toc176730839]Conclusion
This project designs and validates an active rear wing control strategy for racing cars, aiming to improve the handling stability, acceleration and braking performance of racing cars. The study is conducted by constructing and simplifying the full vehicle model of Morgan Plus 4, and analysing its aerodynamic characteristics with CFD simulation. The accuracy of the simulation results is verified by comparing the experimental data. The optimal installation position of the rear wing is finally analysed and determined. NACA 6412 is selected as the active rear wing, and its improvement effect on the aerodynamic performance of the full vehicle is verified through simulation. 27 sets of simulation were designed based on the Box-Behnken design. The Aero map with vehicle attitude parameters and rear wing as independent variables and frontal area, drag coefficient and lift coefficient as dependent variables was constructed to provide data support for the fuzzy control system of the active rear wing. Subsequently, real-time co-simulation tests were conducted in VI-CarRealTime and Matlab/Simulink under three driving conditions. The results show that the active rear wing control strategy significantly improves the lap times and handling stability of the vehicle, especially the Rule 2 strategy, which uses the desired acceleration and steering wheel angle as inputs, demonstrates excellent performance in terms of shortening the braking distance and optimising the track performance.
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9.1. [bookmark: _Toc176730842]Appendix A
[bookmark: _Toc176730908]Table 9‑1 Sensor Position
	Sensor No.
	Centre Line (mm)
	Wheel Arch (mm)

	1
	70
	25

	2
	280
	215

	3
	385
	435

	4
	585
	605

	5
	1060
	805

	6
	1435
	985

	7
	1760
	1150

	8
	2000
	1485

	9
	2345
	2475

	10
	2650
	2605

	11
	2930
	2875

	12
	3220
	3160

	13
	3475
	3370

	14
	3690
	3640



[bookmark: _Toc176730909]Table 9‑2 Prototype Experimental Data and CFD Data
	Sensor No.
	Centre Line (mm)
	Wheel Arch (mm)

	
	Simulation
	CFD
	Simulation
	CFD

	1
	0.66257
	0.161582
	0.537079
	-0.03161

	2
	-0.65592
	-2.48626
	-0.7191
	-1.01112

	3
	-1.65991
	-1.24729
	-1.60899
	-1.1962

	4
	-0.96066
	-0.78634
	-0.97753
	-1.04266

	5
	-0.36419
	-0.3773
	-0.68989
	-0.7585

	6
	-0.02307
	-0.06835
	-0.53034
	-0.65906

	7
	0.205642
	0.141291
	-0.46742
	-0.51189

	8
	-2.73162
	-2.55183
	-0.41573
	-0.40922

	9
	-1.33433
	-0.96418
	-0.4427
	-0.39725

	10
	-0.73825
	-0.70799
	0.316854
	0.152098

	11
	-0.69878
	-0.64028
	-1.29888
	-1.41088

	12
	-0.66369
	-0.61457
	-0.86742
	-1.00904

	13
	-0.69455
	-0.46947
	-0.7191
	-0.77616

	14
	-0.6291
	-0.41949
	-0.68764
	-0.56191





9.2. [bookmark: _Toc176730843]Appendix B
[bookmark: _Toc176730910]Table 9‑3 Box-Behnken Simulation Design
	Simulation No.
	pitch angle
	roll angle
	attack angle
	ride height

	1
	0
	2
	0
	0

	2
	-1
	1
	20
	0

	3
	0
	2
	10
	50

	4
	-1
	1
	10
	-50

	5
	0
	2
	20
	0

	6
	-1
	1
	0
	0

	7
	0
	1
	0
	-50

	8
	-1
	0
	10
	0

	9
	0
	1
	10
	0

	10
	0
	1
	0
	50

	11
	1
	1
	10
	-50

	12
	0
	0
	10
	50

	13
	0
	1
	20
	50

	14
	0
	0
	0
	0

	15
	1
	1
	10
	50

	16
	-1
	1
	10
	50

	17
	-1
	2
	10
	0

	18
	1
	1
	20
	0

	19
	0
	1
	20
	-50

	20
	1
	1
	0
	0

	21
	0
	1
	10
	0

	22
	1
	0
	10
	0

	23
	0
	0
	10
	-50

	24
	0
	2
	10
	-50

	25
	0
	0
	20
	0

	26
	1
	2
	10
	0

	27
	0
	1
	10
	0





[bookmark: _Toc176730911]Table 9‑4 Simulation Result
	Simulation No.
	S
	Cd
	Cl

	1
	1.785
	0.475
	0.342

	2
	1.902
	0.522
	0.363

	3
	1.861
	0.503
	0.308

	4
	1.807
	0.524
	0.395

	5
	1.908
	0.516
	0.349

	6
	1.802
	0.484
	0.367

	7
	1.761
	0.469
	0.331

	8
	1.831
	0.503
	0.336

	9
	1.837
	0.489
	0.281

	10
	1.808
	0.488
	0.297

	11
	1.884
	0.463
	0.267

	12
	1.861
	0.497
	0.275

	13
	1.932
	0.517
	0.314

	14
	1.784
	0.476
	0.336

	15
	1.932
	0.483
	0.263

	16
	1.855
	0.512
	0.332

	17
	1.831
	0.505
	0.363

	18
	1.979
	0.49
	0.298

	19
	1.884
	0.503
	0.354

	20
	1.841
	0.457
	0.261

	21
	1.837
	0.489
	0.281

	22
	1.908
	0.464
	0.253

	23
	1.813
	0.493
	0.28

	24
	1.813
	0.491
	0.326

	25
	1.908
	0.511
	0.331

	26
	1.909
	0.47
	0.259

	27
	1.837
	0.489
	0.281
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(a) Interaction between pitch angle and roll angle
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 (b) Interaction between pitch angle and attack angle
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(c) Interaction between ride height and attack angle
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(d) Interaction between roll angle and attack angle
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(e) Interaction between roll angle and ride height
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(f) Interaction between ride height and attack angle


[bookmark: _Toc176730887]Figure 9‑1 Interaction Results of Factors in the Frontal Area Model
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(a) Interaction between pitch angle and roll angle
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(b) Interaction between pitch angle and attack angle
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(c) Interaction between ride height and attack angle
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(d) Interaction between roll angle and attack angle
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(e) Interaction between roll angle and ride height
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(f) Interaction between ride height and attack angle


[bookmark: _Toc176730888]Figure 9‑2 Interaction Results of Factors in the Lift Coefficient


9.4. [bookmark: _Toc176730845]Appendix D
$---------------------------------------------------------------------MDI_HEADER
[MDI_HEADER]
FILE_TYPE  =  'aer'
FILE_VERSION  =  5.00
FILE_FORMAT  =  'ASCII'
(COMMENTS)
{comment_string)
'Sample Aero Data'
$--------------------------------------------------------------------------UNITS
[UNITS]
(BASE)
{length  force      angle       mass    time}
'mm'   'N'   'degree'   'kg'    'sec'
(USER)
{unit_type    length  force  angle  mass  time  conversion}
'kmh'          1       0      0      0    -1    277.77778
'ride_height'    1       0      0      0     0    1.0
$----------------------------------------------------------------TEST_CONDITIONS
[TEST_CONDITIONS]
reference_velocity   <kmh>             =  120
reference_density                      =    1.1691
front_ride_height_min  <ride_height>   =    0.0
front_ride_height_max  <ride_height>   =  400.0
rear_ride_height_min   <ride_height>   =    0.0
rear_ride_height_max   <ride_height>   =  400.0
$----------------------------------------------------------------FRONT_DOWNFORCE
[FRONT_DOWNFORCE]
(Z_DATA)
{rear_ride_height <ride_height>}
0.0    
200.0
400.0
600.0
800.0
(XY_DATA)
{front_ride_height <ride_height>  downforce <force>}
0.0     194.785  194.785  194.785  194.785  194.785  
200.0   194.785  194.785  194.785  194.785  194.785  
400.0   194.785  194.785  194.785  194.785  194.785  
600.0   194.785  194.785  194.785  194.785  194.785  
800.0   194.785  194.785  194.785  194.785  194.785  
$-----------------------------------------------------------------REAR_DOWNFORCE
[REAR_DOWNFORCE]
(Z_DATA)
{rear_ride_height <ride_height>}
0.0    
200.0
400.0
600.0
800.0
(XY_DATA)
{front_ride_height <ride_height>  downforce <force>}
0.0     194.785  194.785  194.785  194.785  194.785  
200.0   194.785  194.785  194.785  194.785  194.785  
400.0   194.785  194.785  194.785  194.785  194.785  
600.0   194.785  194.785  194.785  194.785  194.785  
800.0   194.785  194.785  194.785  194.785  194.785  
$---------------------------------------------------------------------------DRAG
[DRAG]
(Z_DATA)
{rear_ride_height <ride_height>}
0.0    
200.0
400.0
600.0
800.0
(XY_DATA)
{front_ride_height <ride_height>  drag <force>}
0.0     551.03  551.03  551.03  551.03  551.03  
200.0   551.03  551.03  551.03  551.03  551.03  
400.0   551.03  551.03  551.03  551.03  551.03  
600.0   551.03  551.03  551.03  551.03  551.03  
800.0   551.03  551.03  551.03  551.03  551.03  
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