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Abstract
This study presents an active rear wing control strategy for racing cars with the aim of optimising aerodynamic performance under different track conditions. The angle and position of the rear wing are changed according to the speed, acceleration and other dynamic parameters of the racing car, to enhance the downforce and reduce the air resistance. In this study, Morgan Plus4 is used as the whole car model and NACA 6412 is used as the rear wing model. And a map of the variation of  and  for different pitch angle, roll angle and rear wing angle of attack is created by CFD simulation. Fuzzy control is used to obtain the most suitable angle of attack of the rear wing according to the various dynamic parameters of the racing car. Finally, the effectiveness of the control strategy is verified by comparing the lap times of the race cars with fixed rear wings and active rear wings.
1. Introduction
1.1 Background
One of the most important aspects of motorsport engineering is maximising aerodynamic performance to raise performance of racing cars. The max speed of cars has been steadily rising due to the quick advancement of racing technology. However, this rise in speed is typically accompanied by a rise in fuel consumption and a fall in handling stability. Researchers have shown that adding aerodynamic elements, such spoilers, may greatly increase the handling stability of racing vehicles while also boosting power output and cutting fuel consumption.

In addition to dynamically adjusting the rear wing's angle, the research of active rear wing systems include the integration of control systems for accurate reaction to the state of racing vehicles. The optimisation of such systems helps race cars to maintain optimum performance in complex track conditions, especially during cornering and straight-line acceleration. In addition, the development of these technologies has driven the evolution of race car design from traditional passive adjustments to intelligence and automation, enabling race cars to achieve greater economy and safety while maintaining top speed.

This active rear wing design from Bugatti is considered the first intelligent aerodynamic management system in the history of automotive design (Piechna, 2021). Bugatti Veyron rear wing modes are shown in Figure 1.1. The rear spoiler acts as an additional aerodynamic brake at speeds above 180 km/h. When the brake pedal is pressed, the spoiler lifts up and deploys at 55° in less than 0.4 s. It is clear from the figure that when the rear wing is open, the airflow separation point at the rear of the body is further forward and there is more turbulence in the rear airflow, both of which increase air resistance and help the car to reduce speed quickly.
[image: ]
Figure1.1 Bugatti Veyron rear wing modes
2.2 Research Gap
There are many kinds of racing cars equipped with adjustable rear wings, but they cannot automatically adjust the angle of the rear wing with the speed of the car, they can only be adjusted manually or automatically adjusted to a specific angle at a specific speed, for example, the Drag Reduction System in F1 cars is shown in Fig. 1.2, which is used to help the driver make overtaking manoeuvres more easily in the race. However, there are many restrictions on the switching on of this system. Only when a car is following another car and the time difference between the two cars is less than one second, the driver can activate the DRS, which opens a movable panel on the rear wing of the car. This reduces the air resistance of the car, which increases its speed and in turn helps with overtaking(Loução, Duarte and Mendes, 2022).
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Figure1.2 F1 Drag Reduction System
In this study, it is desired to develop an active rear wing control strategy that, by adjusting its angle and position in real time, is able to optimise the downforce and reduce the aerodynamic drag according to the speed, acceleration and other dynamic parameters of the racing car, so as to achieve the best aerodynamic performance under different track conditions.

2. Literature Review
In recent years, with the advancement of technology and the continuous change of racing competition rules, the control strategy of active aerodynamic elements, especially the active rear wing, has become a hot research area to enhance the performance of racing cars. Many researchers and scholars have been conducting research in this field.

In order to achieve direct yaw moment management and improve the vehicle's lateral stability, He (He, 2013) devised a closed-loop control method that allows the angle of attack of the rear wing to be adjusted in response to the dynamic condition of the vehicle during actual driving. Using X-Foil, Gambit, and Fluent software, numerical simulations were used to examine the impact of various airfoil characteristics on aerodynamic forces. In this process, alternative wing forms, drag and lift coefficients, and the impact of the wing angle of attack at various Reynolds numbers were all examined.

Cai et al.(Cai et al., 2017) investigated the effect of an active rear wing on the handling performance of a high-speed vehicle by combining CFD simulation data and a nonlinear vehicle model using co-simulation with Fluent and CarSim software. During high-speed cornering, the system demonstrated significant improvements in the vehicle's lateral acceleration, yaw rate, and lateral tilt, indicating its potential to enhance the vehicle's high-speed stability and handling capabilities.

Hammad et al.(Hammad, Qureshi and He, 2019) proposed a split rear wing control strategy. This design can independently control the angle of attack of the two airfoils, thus generating a lateral deflection moment and enhancing the lateral stability of the vehicle. And the use of LQR controller for rear wing control is also proposed to optimise the dynamic performance of the system.

Dimastrogiovanni et al.(Dimastrogiovanni, Reina and Burzoni, 2020) presents a complete design methodology for drag reduction systems, including computational fluid dynamics estimation of the forces acting on the rear wing, and dynamic analysis of the drag reduction system mechanism. Its specific analysis is carried out by means of a race car overtaking condition with activation of the DRS, a system that can effectively reduce the air resistance by adjusting the angle of attack of the rear wing of a race car, thus improving the acceleration performance.

Chiplunkar et al.(Chiplunkar et al., 2023) designed an active rear wing for Mustang GT 2017 high-performance car. Using the concept of lateral load transfer (LLT), they calculated the downforce required to stabilise the vehicle imbalance during cornering at different speeds, and provided this downforce by varying the angle of attack of the rear wing to sufficiently increase cornering speed.

3. Methods
3.1 Model
3.1.1 Vehicle Model
A car model of Morgan Plus4 will be used in this research as shown in Figure 3.1. This car is equipped with a 1999cc Ford GDI engine and a Mazda 5-speed manual transmission, capable of delivering a maximum power of 115 kW (154 bhp) at 6000 rpm and a maximum torque of 201 Nm (148 lb ft). It accelerates from 0 to 60 mph in 7.5 seconds and can reach a top speed of 118 mph (189 kph). Additionally, the vehicle has a CO2 emission rate of 205 g/km for combined driving and a total vehicle weight of 927 kg. These specifications highlight its robust performance and efficiency.
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Figure3.1 Morgan Plus4 model
Due to the availability of Average Cp data from the wind tunnel experiments for this vehicle, as shown in Figure 3.2, when the CFD simulation is completed, these experimental data can be used to compare with the data obtained from the simulation to verify the validity of the mesh and various settings in the simulation. This will ensure the accuracy of the CFD simulation in this study.
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Figure3.2 Average Cp for Morgan Plus 4 (Centreline and Wheelarch Upper Surfaces)
3.1.2 Rear Wing Model
The rear wing is not included on the aforementioned model, and you will need to choose a suitable rear wing model to apply to this racing car. The rear wing plays a crucial role in the overall performance of a racing car, and it needs to provide sufficient downforce to improve the handling stability of the car(Qiu and Zhang, 2023).

Since the main focus in this study is on the downforce and air resistance generated by different rear wing angles, it is necessary to select NACA 6412 as the cross-sectional model of the rear wing, as shown in Figure 3.3. Its  and  variation with attack angle  is shown in Figure 3.4 ( airfoiltools, 2024). The 6% thickness of this airfoil makes it suitable for use as a racing rear wing by providing enough downforce without too much drag because it is not too thick. And to the extent that the air lift and drag changes significantly when the angle of the rear wing is varied from -10° to 15°, it meets the requirements of this study.
[image: ]
Figure 3.3 Cross-section of NACA 6412
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Figure 3.4 Data on the variation of  and  with angle of attack 
3.2 CFD Simulation
The vehicle model and the rear wing model in the previous paper were combined to obtain the whole vehicle model. Then the steady state external flow field simulation of the whole vehicle is carried out in Fluent software to detect the air lift coefficient, drag coefficient, and the change of body surface pressure and surrounding airflow velocity of the vehicle.

The car produces different aerodynamic characteristics at different pitch angle, roll angle and rear wing angle of attack, so in order to determine the drag coefficient and lift coefficient of the car in different states. Through CFD simulation, a map of the variation of the sum at different pitch angle, roll angle and rear wing angle of attack is created. The range of variation of three of these influences is shown in Table 3.1 below.
Table 3.1 Range of change of the three influencing factors
	Factor
	Range of change

	pitch angle
	

	roll angle
	

	wing attack angle
	



3.3 Design of Experiment
The BOX-Behnken design method in DOE is used in this study to reduce the number of simulations. This is a design of experiments method that requires only a small number of experiments to evaluate the effects of multiple variables and their interactions, which makes it very popular in industry and scientific research. It has the following advantages(Ferreira et al., 2007).
1. Efficient: It provides an efficient way to explore and optimise the effects of multiple variables, requiring a relatively small number of experiments.
2. Applicability: It is particularly suitable for predictive modelling and finding optimality conditions.
3. Flexibility: Although it is commonly used for three variables, it can be extended to more variables and adapted to different research needs.
Figure 3.7 shows a 3-factor Box-Behnken design. The points on the diagram indicate the simulations or experiments that need to be carried out, and it reduces the 20 sets of experiments that would otherwise need to be carried out to 12 sets, dramatically increasing the efficiency of the experiments.
[image: ]
Figure 3.7 A Box-Behnken Design for Three Factors

3.4 Co-simulation
In this study, Vi-Grade and Simulink will be used for the co-simulation, the schematic diagram is shown in Figure 3.8, and the specific simulation steps are as follows:
1. The steering wheel angle, vehicle speed, acceleration , roll and pitch angle at different times during the driving process from Vi-Grade.
2. Using fuzzy control method in Simulink, the most reasonable rear wing attack angle at this time is obtained based on steering wheel angle, vehicle speed, and acceleration.
3. Obtain the current  and  through the data in the map according to the roll and pitch angle and rear wing angle. And then send it back to vi-grade as the operation data of the next time step.
Simulink

The steering wheel angle，vehicle speed and acceleration，roll and pitch angle
Vi-Grade

Figure 3.8 Co-simulation schematic

3.5 Fuzzy Control
As mentioned in the previous section it is necessary to take the states of the vehicle such as steering wheel angle, vehicle speed, and acceleration as inputs and apply fuzzy control in Simulink to get the most reasonable angle of attack for the rear wing.

Fuzzy control is an intelligent control method that mimics the human fuzzy reasoning and decision-making process in terms of behaviour, and the fuzzy control structure is shown in Figure 3.9. This control method is different from the traditional control methods based on exact mathematical models in that it does not require precise inputs and does not depend on an exact mathematical model of the system. One of the most important parts is to set up Rule Base as Fuzzy Inference Rules by which the system can achieve the purpose of control(Chen, 1993).
[image: ]
Figure4.9 Architecture of Fuzzy Control

The Rule Base in this study is:
1. If the vehicle accelerates, the rear wing angle becomes smaller, reducing the drag and improving the speed.
2. If the vehicle brakes, the rear wing angle becomes bigger, increasing the drag and increasing the downward pressure is beneficial to reducing the speed.
3. If the car turns at a small angle, the rear wing angle becomes smaller, reducing the drag and increasing the cornering speed.
4. If the car turns at a large angle, the rear wing angle becomes bigger, increasing the downward pressure and tyre adhesion and the turning stability can be significantly improved.

3.6 Control Strategy Validation
In this study, the racing circuits were set as Llandow Circuit or Pembrey Circuit, and the simulation was carried out with the fixed rear wing and the active rear wing respectively, in order to compare and analyse the effectiveness of the active rear wing control strategy in optimising the acceleration and handling stability of the racing cars from the lap times.

4. Result
In this study, CFD simulation of a racing car under different roll angle, pitch angle and rear wing angle is carried out to obtain Cd and Cl. Based on the simulation data, an active rear wing control strategy that can be adjusted in real time is designed. The data collected during the driving process of the racing car, such as speed, acceleration, steering wheel angle, etc., are used to control the state of the rear wing in real time through fuzzy control, so as to provide the optimal aerodynamic force for the racing car under different working conditions and road conditions. This will help improve the car's cornering speed and acceleration out of corners, as well as enhance tyre adhesion, reduce braking distance and improve handling stability in corners. Finally, the effectiveness of the control strategy is verified by performing simulations on two different tracks, comparing the two types of racing cars with fixed rear wings and active rear wings, and analysing the lap times.

5. Evaluation
There are some limitations to this study:
1. This study was limited to a single aerodynamic component, the rear wing, in developing an active rear wing control strategy. The aerodynamic performance of a racing car is determined by the synergistic effect of several aerodynamic packages, including multiple components such as the front wing and diffuser. The scope of the current study does not include the combined effects of these components on the overall aerodynamic performance of the race car, and therefore may not fully reveal the aerodynamic changes that occur as a result of the interactions between the various components. Future research should extend to the full aerodynamic package of the car, exploring how the components are jointly adjusted to achieve overall aerodynamic optimisation, which could lead to a more comprehensive enhancement of the performance.
2. The control method in this study mainly uses fuzzy control, and although this control method has many advantages, this control method relies too much on experience to set the rule base, which may not be able to cover all potential racing dynamics and environmental changes. This reliance may result in a control strategy that is unable to adapt to all potential racing dynamics and complex environmental changes, limiting the scope of application and flexibility of the control system. Future research should use multiple control methods to adjust the racing rear wing angle, such as PID control, LQR control and machine learning control methods, to determine the best control method by comparing the accuracy of different control methods, which can make the research more comprehensive.
3. During the validation phase of this study, time constraints prevented the production of an actual active rear wing prototype that could be mounted on a full vehicle model and tested under real track conditions. This limitation may have led to a deviation of the simulation results from the performance in real-world application scenarios, as experimental data can provide direct feedback on the model assumptions and the accuracy of the simulation. A set of experimental samples could be developed in future research, and by combining simulation studies with field tests, not only could the accuracy of the simulation model be verified, but also the actual impact of the active rear wing on the overall performance of the racing car could be explored.

6. Time Table
The following is the timeline for this study, as shown in Figure 6.1.
Figure 6.1.[image: ] Time table
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