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Abstract: This paper deals with the analysis of vehicle handling with the variation of downforce. A vehicle with aero 

package were taken and the values of aerodynamic downforce and front downforce distribution for different front and rear 

ride heights were taken. This was followed by the generation of yaw moment diagram at original ground clearance of 
30mm. Aero map data were collected and individual yaw moment diagrams were collected from which vehicle handling 

parameters are noted. Different contour plots were made to understand the variation of vehicle handling with different ride 
heights (aerodynamics downforce and downforce distribution). The paper concludes with the sensitivity study where effects 

of aerodynamic downforce were recorded on vehicle control and stability.  
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Introduction 

Aerodynamics and vehicle dynamics are inter-related. Change in aerodynamics in a vehicle brings about a massive change in vehicle 

handling. Aerodynamic loads (drag, downforce and side force) can change the vehicle behaviour. Understanding the fundamentals  of 

vehicle dynamics is key in order to predict vehicle handling. Any change in vehicle feature will impact vehicle behaviour. Similar to 

aircrafts, when vehicle aerodynamic characteristics are altered, vehicle behaviour will also be affected. Hence to ensure that there is a 

positive change in vehicle behaviour due to change in aerodynamic characteristics, vehicle dynamics is important. Factors affecting 

vehicle dynamics include: aerodynamics, powertrain, tires, weight distribution and suspension. This paper deals with the effect of 

aerodynamics on vehicle control and stability. The parameters of aerodynamics that affect vehicle handling include: aerodynamics  

forces (downforce. drag force and side force) and the distribution of these forces about the 4 wheels. Aerodynamics can cause two 

types of change in vehicle behavior: positive change (improves handling) and negative change (deteriorates handling). Hence 

aerodynamics must be designed to produce a positive change in vehicle behavior. Vehicle handling is quantified by 4 key parameters: 

Grip, Balance, Control and Stability. These vehicle parameters are found from the yaw moment diagram. For varied amounts of 

steering angle and body slip angle, a graph between yaw moment in the y axis and lateral acceleration in the x axis  is called a yaw 

moment diagram. At a given vehicle speed and configuration, the yaw moment diagram depicts the vehicle handling envelope.  At a 

given vehicle configuration, grip is the maximal lateral acceleration produced by the tyres. The yaw moment of t he vehicle 

corresponding to maximum lateral acceleration is called balance. The amount of yaw moment produced by the vehicle when the driver 

changes the steering angle by one degree is referred to as control. When an external disturbance produces a change in body slip angle 

of the vehicle by one degree, stability is defined as the quantity of anti-yaw moment produced by the vehicle. 

Vehicle Parameters used for Analysis of vehicle control and stability 

Vehicle handling depends on many parameters such as vertical loads on tires, wheelbase, trackwidth, center of gravity and roll 

center height, suspension setup and aerodynamic forces. Hence, it is crucial to know the vehicle parameters for analysis. In this 

paper, the vehicle prototype used was from a formula student team with aero package. 
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Table 1 shows the vehicle parameters used for the study of the effects of aerodynamic downforce on vehicle control and stabil ity. 

Table 1. Vehicle parameters used for the analysis  

            

                                                                                                                                                                    

 

Yaw Moment Diagram of the vehicle 

Yaw moment diagram is a graph between yaw moment (units: Nm) in y axis and lateral acceleration (units: m/s2) in x axis for different 

values of steering angle and body slip angle.   The yaw moment diagram consists of 2 sets of lines: iso-beta lines and iso-delta lines. 

Iso-beta line is a line where body slip angle is constant and only steering angle changes along the line. Iso-delta line is a line where 

steering angle is constant and only body slip angle changes along the line. The yaw moment diagram shows the vehicle handling  

envelope at a given vehicle speed and vehicle configuration. From the yaw moment diagram, vehicle handling parameters such as grip, 

balance, control and stability are found. Four-wheel lateral dynamics model is a vehicle dynamics model for analysing vehicle handling 

while considering all 4 wheels. This is a 3 degree of freedom model where steering angle, body slip angle and yaw rate are the input 

to the model. Yaw moment diagram is generated by using this model.  From the yaw moment diagram, vehicle handling parameters  

such as grip, balance, control and stability are found. The tip (on the right) of the yaw moment diagram gives 2 vehicle handling 

parameters called grip and balance. The x coordinate of the tip indicates grip in m/s2 and y coordinate of the tip indicates the balance 

in Nm. The change in yaw moment when traversing from one iso-beta line to another iso-beta along the same iso-delta line gives the 

stability (in Nm/deg) for that steering angle input and for that change in body slip angle. The change in yaw moment when traversing 

from one iso-delta line to another iso-delta along the same iso-beta line gives the control (in Nm/deg) for that body slip angle input 

and for that change in steering angle. Fig 1 shows the yaw moment diagram of the vehicle.  
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              Fig 1. Yaw Moment Diagram 

The table 2 below shows vehicle handling parameters of the vehicle 

 

Table 2. Vehicle Handling parameters of the vehicle 

Vehicle Handling Parameter Value Units 

Grip 21.18 m/s2 

Balance -118.73 Nm 

Control 694.76 Nm/deg 

Stability -212.82 Nm/deg 

 

Generation of Aero map data of the vehicle 

An "aero map" is a basic graph that expresses aerodynamic forces vs ride height created by wind tunnel Engineers. Drag, downforce,  

and relative distribution are all measured on a variety of front and rear ride heights. To produce an aero map, a baseline CF D simulation 

is performed at a specific attitude that is most typically experienced across a lap. Then, by adjusting parameters such as front and rear 

ride height, many CFD simulations are run. Aero maps can be used to show aero balance across the attitude range as well as analyse 

the sensitivity of aero packages to various parameters. Instead of focusing just on straight line performance, this technique allows an 

aero package to be changed to become less sensitive to dynamic situations on the track. Ride height is the parameter used in the paper 

to generate the aero map. Set of various ride height configurations were taken for which CFD simulations were done and the results 

(downforce and downforce distribution) were noted. Table 3 shows the variation of downforce with front and rear ride height and 

Table 4 shows the variation of downforce distribution with front and rear ride height. 
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Table 3. Aerodynamic downforce acting on the vehicle 

 

Table 4. Aerodynamic downforce distribution of the vehicle 

 

 

Aerodynamic effects on vehicle control and stability 

Using the yaw moment diagram, vehicle handling parameters for different ride heights were found. The main purpose of using aero 

map data is to understand the variation of vehicle handling parameters with ride heights as for different ride heights, there are different 

set of aerodynamic downforce values and front downforce distribution values.   

The Fig 2 shown depicts the variation of balance with ride heights. From the plot, it is evident that understeer characteristics increase 

when the front ride height increases. Similarly, when rear ride height increases, oversteer characteristics increase.  

 
 

Fig 2 Variation of Balance with ride heights 
 

The Fig 3 shown below depicts the variation of control with ride heights. As seen in the plot, vehicle control decreases when the front  

ride height increases. Similarly, when rear ride height increases, vehicle control increases. 
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Fig 3 Variation of Control with ride heights 

The Fig 4 shown below depicts the variation of grip with ride heights. From the plot, the grip decreases and then increases when the 

front ride height increases. Similarly, when rear ride height increases, grip increases. 

 
Fig 4 Variation of Grip with ride heights 

 

The Fig 5 shown depicts the variation of stability with ride heights. As seen in the plot, stability increases or manoeuvrability decreases 

when the front ride height increases. Similarly, when rear ride height increases, stability decreases and manoeuvrability increases. 
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Fig 5. Variation of stability with ride heights 

 

Sensitivity Study 

Sensitivity study is a method of understanding how changing certain vehicle parameters will affect the vehicle stability and handling. 

Sensitivity study parameters used in the paper includes 33% increase in downforce, front downforce distribution, front and rear ride 

heights. Table 5 shows the vehicle handling parameters for 33% increase in downforce, front downforce distribution, front and rear 

ride heights. Table 6 shows the percentage change in vehicle handling parameters for 33% increase in downforce, front downforce 

distribution, front and rear ride heights.  

Table 45 Vehicle handling parameters used in Sensitivity study  

 

Table 6. Percentage change in vehicle handling parameters 
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The Fig 6. shown is the pictorial representation of the above tabular column in the form of a bar chart.  

 

Fig 6. Bar chart of sensitivity study 
 

Based on the results obtained in the bar chart, the following conclusions can be drawn: 

1. Vehicle grip is highly sensitive to downforce. 

2. Vehicle balance is highly sensitive to downforce and front downforce distribution.  

3. Vehicle Control is insensitive to change in downforce, downforce distribution, front and rear ride heights.  

4. Vehicle stability is sensitive to change in downforce, downforce distribution and rear ride height.  

 

Conclusion 

The findings of this paper suggests that certain vehicle handling parameters such as grip, balance and stability are sensitiv e to 

aerodynamic loads (downforce). When the front ride height increases, understeer characteristics increase, and when the rear ride height 

increases, oversteer traits increase. Similarly, vehicle control reduces as front ride height increases, whereas vehicle cont rol increases  

as rear ride height increases. When the front ride height rises, the available grip drops, then increases. Similarly, as the rear ride height 

increases, so does the grip. When the front ride height is raised, vehicle stability improves while maneuverability falls. Si milarly, as 

rear ride height rises, stability falls and maneuverability rises.  
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