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Nomenclature 

Steady State 
 

Ms Vehicle Sprung Mass (kg) 

Mus Vehicle Unsprung Mass (kg) 

M Total Mass (kg) 

Musf Front Corner Unsprung Mass (kg) 

Musr Rear Corner Unsprung Mass (kg) 

(H+h) Centre of Gravity Height (m) 

- Weight Split F:R (%) 

W Wheelbase (m) 

Tf Front Track (m) 

Tr Rear Track (m) 

rf Front Tyre Rolling Radius (m) 

rr Rear Tyre Rolling Radius (m) 

MRf Front Motion Ratio 

MRr Rear Motion Ratio 

Ksf Front Spring Rate (N/m) 

Ksr Rear Spring Rate (N/m) 

KWarbf Front Anti Roll Bar Wheel Rate (N/m) 

KWarbr Rear Anti Roll Bar Wheel Rate (N/m) 

Hf Front Roll Centre Height (m) 

Hr Rear Roll Centre Height (m) 

KWf Front Wheel Rate (N/m) 

KWr Rear Wheel Rate (N/m) 

Ay Lateral Acceleration (m/s2) 

H Height Between RC and CoG (m) 

θ Roll angle (rad) 

ᵹ Wheel Deflection 

Mθ Anti-Roll Moment (Nm) 

Kθ Total Roll Stiffness (Nm/Rad) 

KθF Front Roll Stiffness (Nm/Rad) 

KθR Rear Roll Stiffness (Nm/Rad) 

Mot Overturning Moment (Nm) 

WTs Sprung Mass Elastic WT (N) 

WTsf Front Sprung Mass Elastic WT (N) 

WTsr Rear Sprung Mass Elastic WT (N) 

WTsRCf Front Sprung Mass Geometric Weight Transfer (N) 

WTsRCr Rear Sprung Mass Geometric Weight Transfer (N) 

WTusf Front Unsprung Mass Geometric Weight Transfer (N) 

WTusr Rear Unsprung Mass Geometric Weight Transfer (N) 

WT Total Weight Transfer (N) 

WTf Front Weight Transfer (N) 

WTr Rear Weight Transfer (N) 
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Coast Down 
 

Flo Front Static tyre load (Left) (N) 

Fro Front Static tyre load (Right) (N) 

Rlo Rear Static tyre load (Left) (N) 

Rro Rear Static tyre load (Right) (N) 

V Velocity (m/s) 

Fl Front tyre load (Left) (N) 

Fr Front tyre load (Right) (N) 

Rl Rear tyre load (Left) (N) 

Rr Rear tyre load (Right) (N) 

CoP Centre of Pressure (%) 

T Time (s) 

A Acceleration (m/s2) 

Cda Coefficient of Drag * Area 

RR Rolling Resistance 

Vm Velocity Maximum (m/s) 

Ma Mass * Acceleration 

CoefLf Coefficient of Lift (Front) 

CoefLr Coefficient of Lift (Rear) 

CLa Total Coefficient of Lift * Area 

CD Coefficient of Drag 
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Introduction 

The aim is to produce two types of data using the Aston Martin DB9 race car model on the 

Base Performance Simulator; one showing the effects that the aerodynamic setups have on 

the Aston Martin DB9 in a straight line and the other to show how the roll stiffness 

distribution effects both the load distribution and the vehicle handling in steady state 

testing around three different radiuses.  

The objective for the coast down test is to evaluate how the front splitter and wing angle 

can affect the downforce on the Aston Martin DB9. In order to analyse these setups, 

calculations will be conducted to show which devices are more powerful to use in a straight 

line. In addition, the objective for the steady state test is to analyse the predicted weight 

transfer equations and comment on how well they work for load distribution.  
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Steady State 

Background Information 
 

The investigation carried out in group three contains the change in anti-roll bar wheel rates 

(N/m) and spring rates (N/m) for each setup shown in Figure 1. 

Figure 1: Group 3, Investigation on springs and anti-roll bar 

These values were stored in a setup sheet in MoTeC, which counteracts to the associated 

time where each stint number occurred using each of these setups. 

Under the handling characteristics testing methods, the constant radius test is runned on a 

closed skidpad as the vehicle accelerates slowly left or right around a constant circle until 

reaching the maximum speed possible and then kept constant. This can be validated by 

Panke & Ambhore (2014), Mohan & Shankapal (2005), Kraaijeveld, et al., (2019), Blundell 

(2010), Gupta, et al., (2019) and Naren, et al., (2016). 

Determining the understeer level from the vehicle from the steady state test procedure, “At 

the same time a higher understeer level means a lower maximum cornering speed since the 

lateral tyre forces on front and rear axles become less balanced” (Kraaijeveld, et al., 2019, p. 

3). This can be seen in Figure 8, where it shows ‘the lower the corner radius, the higher the 

understeer level’, as this results in the front and rear axles being unstable. In addition, to 

level the amount of understeer and oversteer around a constant radius, the driver needs to 

pay attention to how much required steering wheel angle is needed for each lateral 

acceleration, allowing the steering wheel angle to sustain minimal and predictable. This can 

be validated by Heißing & Ersoy (2011). 

The roll moment distribution allows the vehicle to roll to the outside corner under a lot of 

lateral acceleration. The roll moment is different for the front and rear axles which affects 

oversteer and understeer, as it is relative to the stiffness in roll in the suspension spring 

rates at either axle. This can be validated by Santos (2015), Hassan, et al., (2016) and 

(Milliken & Miliken, 1995).  
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Anti-Roll Bars 
 

Anti-roll bars are the most efficient ways to influence how the vehicle handles. Their 

purpose is to reduce body roll as the vehicle corners without stiffening the spring rates. 

“Stiffening the rear axle can reduce understeer or induce oversteer, and stiffening the front 

axle can reduce oversteer or induce understeer” (Motorsport Essentials, 2017). However, 

during wet conditions, softening both front and rear anti-roll bars will increase stability. 

Figure 2 shows the roll angle characteristics against lateral acceleration with and without 

anti-roll bars. As shown in the graph, (Fig.2), using anti-roll bars, the vehicle has half body 

roll while corning at maximum speed than not using anti-roll bars. 

 

 

 

 

 

Figure 2: Roll Angle (deg) vs Lateral Acceleration (m/s^2) (Gupta, et al., 2019, p. 6)  
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Methodology 
The equations used to calculate the predicted load transfer follows: 

Front Wheel Rate 

(Ksf * MRf
2) + Kwarbf 

Equation 1: Front Wheel Rate 

Rear Wheel Rate 

(Ksr * MRr
2) + Kwarbr 

Equation 2: Rear Wheel Rate 

Ay 

G Force Lat * G 

Equation 3: Lateral Acceleration 

Anti-Roll Moment  

MΘ = (T2 * Θ * Kw) / 2 

Equation 4: Anti-Roll Moment 

Roll angle 

Θ = ᵹ / (0.5 * T) 

Equation 5: Roll Angle 

Front Roll Stiffness 

Kθf = (Tf
2 * Kwf) / 2 

Equation 6: Front Roll Stiffness 

Rear Roll Stiffness 

Kθr = (Tr
2 * Kwr) / 2 

Equation 7: Rear Roll Stiffness 

Total Roll Stiffness 

Kθ = Kθf + Kθr 
Equation 8: Total Roll Stiffness 

Overturning Moment 

Mot = Ms * ay * H 

Equation 9: Overturning Moment 

Roll Angle 2 

Θ = Mot / Kθ 

Equation 10: Roll angle 2 
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Front Sprung Mass Elastic WT 

WTsf = (Kwf * Tf * Θ) / 2 

Equation 11: Sprung Mass Elastic WT 

Rear Sprung Mass Elastic WT 

WTsr = (Kwr * Tr * Θ) / 2 

Equation 12: Rear Sprung Mass Elastic WT 

Front Sprung Mass Geometric WT 

WTsRCf = (Msf * ay * hf) / Tf  

Equation 13: Front Sprung Mass Geometric WT 

Rear Sprung Mass Geometric WT 

WTsRCr = (Msr * ay * hr) / Tr  

Equation 14: Rear Sprung Mass Geometric WT 

Front Unsprung Mass Geometric WT 

WTusf = (Musf * ay * rf) / Tf  

Equation 15: Front Unsprung Mass Geometric WT 

Rear Unsprung Mass Geometric WT 

WTusr = (Musr * ay * rr) / Tr  

Equation 16: Rear Unsprung Mass Geometric WT 

Front Weight Transfer  

WTsf + WTsRCf + WTusf 

Equation 17: Front Weight Transfer 

Rear Weight Transfer  

WTsr + WTsRCr + WTusr 

Equation 18: Rear Weight Transfer 

Total Weight Transfer 

WT = WTsf + WTsr 

Equation 19: Total Weight Transfer 

Magic Number 

WTsf / WT 

Equation 20: Magic Number 
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Figure 3 shows the math channels created in MoTeC using the predicted equations, (Eq.1 –Eq.20 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: MoTeC math channels
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Figure 4 shows the setup sheets recorded in MoTeC, by using these values as constants within each time and date of each stint number, they 

will be implemented into the predicted equations shown in Figure 3. 

 

 

Figure 4: MoTeC Setup sheet 
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Results 
 

Figure 5 shows the predicted and actual lateral acceleration (m/s2) at four different setups 

over the corner radius (m). The actual lateral acceleration was calculated at one point in 

time in MoTeC using (Eq.3), compared with the predicted lateral acceleration using the 

equation (V2 / R).  By comparing the predicted and actual lateral acceleration shows the 

trends being constant throughout the corner radius, allowing to show a higher G force 

during the tighter corners with means more steering angle will be applied. 

Figure 5: Lateral Acceleration (m/s^2) vs Corner Radius (m) 
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Figure 6 shows the predicted and actual magic number across each of the setup numbers. 

As shown from the graph, (Fig.6), the predicted magic number using (Eq.20), gives a low 

coefficient of weight transfer at setup one and four, where the spring rate at the front is soft 

and stiff in the rear, resulting in a low proportional load distribution. However, setups three 

and six shows a high coefficient using a stiff spring rate at the front and a soft suspension at 

the rear.  

 

 

 

 

 

 

Figure 6: Predicted & Actual Magic Number vs Setup Number 

 

Figure 7 shows the same coefficient of load distribution plotted against the roll stiffness 

distribution (%), showing a linear line throughout each of the setups. This shows when the 

front roll stiffness is increased, the load distribution on the front axle increases also. 

Therefore, the front axle turning force decreases as the under-steer ability increases, 

allowing to keep the handling behaviour and stability at maximum speeds. This is validated 

from Yang, et al., (2007). 

 

 

 

 

 

 

Figure 7: Predicted & Actual Magic Number vs Roll Stiffness Distribution (Setup: 1, 2 and 3) 
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Figure 8 shows the lower the corner radius the higher the understeer level is, as this results 
in the front and rear axles being unstable. However, they all result in the same trend over 
the stiffness distribution at the front. This can be validated from Kraaijeveld, et al., (2019). 

 

 

 

 

 

 

 

 

 

Figure 8: Understeer (%) vs Roll Stiffness Distribution (%)  

 

Figure 9 shows the percentage applied to the steering wheel during each corner radius. As a 

result, the graph, (Fig.9), shows as the corner radiuses increases, the less steering wheel 

percentage is applied. However, the actual and predicted wheel steering percentage shows 

the same trends as the corner radiuses increases. 

 

 

 

 

 

 

 

 

 

Figure 9: Actual vs Predicted Wheel Steering Percentage (%) 
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Figure 10 and Figure 11 show an inaccurate representation of understeer vs proportional 
load distribution. In addition, the data in MoTeC could have been faulty or not calculated 
correctly, unfortunately resulting to create an inaccurate representation of proportional 
load distribution over understeer.  

Understeer should occur at the most proportion of load distribution, then decrease. 
However, the graphs, (Fig.10) and (Fig.11), shows an understeering increase, which is not 
correct. This validates according to Kraaijeveld, et al., (2019). 

 

 

 

 

 

 

 

 

Figure 10: Understeer (%) vs Magic Number across Setup 1, 2 and 3 

 

 

 

 

 

 

 

 

Figure 11: Understeer (%) vs Magic Number across Setup 4, 5 and 6 

 

  



 
 

17 
 
 

Coast Down 

Background Information 
 

This investigation is involved by testing the aerodynamic performance of the vehicle in a 

straight line test to determine the most powerful device either front splitter or wing angle. 

The coast down test is to determine the characteristics of the aerodynamic drag coefficient 

by using aerodynamic devices such as spoilers. The principle of the coast down test: the 

vehicle accelerates on a smooth, aligned straight test track, without any movement of the 

steering wheel as possible, until the prescribed speed limit for the test. Once the vehicle has 

attained the speed prescribed, the driver neutralises the drivetrain as this allows the vehicle 

to freely coast until reaching a stop. This is validated by Emtage (1983), Katz (2006) and 

Preda, et al., (2010). 

The coast down test will involve reducing the amount of lift and drag acting on the vehicle. 

However, changing the wing angle and front splitter setup to apply downforce to actuate, 

without producing more drag. This is validated by Machin (2019).  

The aerodynamic principle is to “balance the front and rear distribution of downforce” 

(Technical F1 Dictionary, 2019). This is also known as the centre of pressure (CoP). In 

addition, this means to balance the amount of pressure acting on the front and rear wheels. 

This can result in oversteer (at the front) and understeer (at the rear) if too much is applied. 

Front Splitters 
 

Front splitters are manufacted to reduce the space from the ground and underneath of the 

vehicle, which blocks some of the air going beneath the vehicle. The front splitter tries to 

remain high amounts of air pressure on top of the vehicle instead of underneath as this 

creates downforce or negative lift. This can be validated by Kshirsagar & Chopade (2018) 

and Starvos (2014). 

Rear wing 
 

The aerodynamic principle of a rear wing is equivalent to the front splitter, both devices 

create downforce. However, the rear wing will create downforce for the rear to increase its 

stability and grip. This can be validated by Starvos (2014). 
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Research analysis 
 

The results to follow are from Le good, et al., (1998) report entilied A comparison of on-road 

aerodynamic drag measurements with wind tunnel data from Pininfarina and MIRA. 

Figure 12 shows how the drag coefficient is affected by the 

height of the rear wing, this graph, (Fig.12), shows by 

increasing the height of the rear spoiler, it will increase the 

coefficient of drag. 

 

 

 

 

 

 

Figure 12: Drag Coefficient vs Rear Spoiler 
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Figure 13 shows what happens to the drag coefficient when a front spoiler is added to the 

vehicle. The graph, (Fig.13), shows the coefficient of drag decreasing until the front spoilers 

length is reached and then rises if the spoiler has too much depth.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Drag Coefficient vs Front Spoiler 
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The results to follow are from Katz (1995) book entilied Race Car Aerodynamics. 

Figure 14 shows the effects of the rear spoiler angle aerodynamics, against the lift and drag 

of the vehicle. As shown in the graph, (Fig.14), the spoiler angle increases both drag and 

downforce is greater than before. This is because certain race car wing heights are limited 

so the wing angle becomes an important factor to change the drag and lift coefficients.  

To compare, the graph shown in Appendix 1, (Fig.22), shows a simular trend to Katz (1995), 

however, the coefficient of lift at the front is decreasing, instead of increasing with the 

degree of wing angle.  

 

 

 

 

 

 

 

 

 

Figure 14: Effects of rear spoiler angle on lift and drag coef  



 
 

21 
 
 

Methodology 

The equations used to calculate the performance of aerodynamics for each device. 

Static loads and Tyre loads were taken at one point in time from MoTeC, when the vehicle 

was stationary and when the vehicle was at maximum velocity. In addition, maximum 

velocity was recorded in m/s, V1, V2, (Start) V3 and V4 (End) were recorded within a second 

of each other, as can be seen by Figure 15 to calculate A1 and A2 shown in (Eq.25 – Eq.26).   

 

 

 

 

 

Figure 15: MoTeC Coast down test 

Front Aero 

(Fl + Fr) – (Flo+Fro) 

Equation 21: Front Aero 

Rear Aero 

(Rl + Rr) – (Rlo+Rro) 

Equation 22: Rear Aero 

Total Aero 

Front Aero + Rear Aero 

Equation 23: Total Aero 

Centre of Pressure (CoP) 

(Front Aero / Total Aero) * 100 

Equation 24: Centre of Pressure 

A1 

(V2 – V1) / (T2 – T1) 

Equation 25: A1
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A2 

(V4 – V3) / (T4 – T3) 

Equation 26: A2 

Cda 

(2 * (Ma1 - Ma2) / (1.223 * Vm2)) 

Equation 27: Cda 

Ma1 

(Ms * A1) * -1 

Equation 28: Ma1 

RR 

(Ms * A2) * -1 

Equation 29: RR 

Vm 

(V1 + V2) / 2 

Equation 30: Vm 

CofLf 

-((Fl + Fr) – (Flo + Fro) / ( 0.5 * 1.223 * Vm2) 

Equation 31: CofLf 

CofLr 

-((Rl + Rr) – (Rlo + Rro) / ( 0.5 * 1.223 * Vm2) 

Equation 32: CofLr 

CLa 

- (Total Aero) / (0.5 * 1.223 * Vm2) 

Equation 33: CLa 

Drag Force 

0.5 * CDa * 1.223 * (V2) 

Equation 34: Drag Force 

Efficiency 

CLa / CDa 

Equation 35: Efficiency
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Figure 16 shows the aerodynamic calculations, using the equations, (Eq.21 – Eq.35). 

Figure 16: Excel Aerodynamic Calculations 
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Results 
 

The values according to front splitter length and wing angle are just a setup number 

according to its aerodynamic use. For example, front splitter length ‘1’ means it is at its 

minimum setup and wing angle ‘12’ meaning the maximum degree of wing angle applied. 

Figure 17 shows the pressure (downforce) created according to each aerodynamic device, 

such as ‘front splitter length’ and ‘wing angle’. The graph, (Fig.17a), shows as the splitter 

length increases in size, the downforce increases dramatically. However, increasing the wing 

angle will balance the amount of downforce acting on the front of the vehicle. In addition, 

the graph, (Fig.17b), shows as the wing angle increases the downforce also increases 

dramatically, however, due to centre of pressure shown in Figure 18, the aim is to balance 

the amount of pressure on the front and rear wheels. Finally, the graph, (Fig.17c), shows the 

total downforce reacting on the vehicle; however, during the coast down test, the vehicle 

should have as little drag for the best aerodynamic performance in a straight line. The 

graph, (Fig 19), shows the minimum aero setup resulted drag to become as miniature as 

possible. However, comparing these results to Figure 20, the downforce created from 

negative lift will increase the vertical load on the tyres and improve the stability and grip of 

the vehicle. This can be validated from Beeton (2012). 

 

Figure 17: Front, Rear and Total Aero 

 

  

a b c 
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Figure 18 shows the centre of pressure, this is where the downforce reacts on the vehicle. 

However, the centre of pressure should be optimised so it sinks in with the centre of mass. 

This is an important factor because if the vehicle is designed with a lot of downforce, no 

drag and the centre of pressure is incorrect, it will not make use of its downforce created. If 

the centre of pressure is less than the centre of mass, this means too much downforce is 

created on the front and if the centre of pressure is more than the centre of mass, this 

means too much downforce is created on the rear, or not enough on the front. To make 

changes to the centre of pressure is relatively easy, simply increase or decrease the rear 

wing angle. By doing so, it is unlikely to affect the airflow against the rest of the vehicle 

shown in Appendix 2, (Fig.23). This can be verified by Machin (2019).  

As validated by Machin (2019), shown in the graph, (Fig.18), as the wing angle increases the 

centre of pressure drops. As the front splitter length the frontal downforce increases making 

the centre of pressure rise, this could appear to have too much downforce or too little. 

As can be seen by the graph, (Fig.18), the trends for each splitter length follow the same 

decline as wing angle increases. 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: CoP 
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Figure 19 shows the coefficient of drag created from the front splitter and wing angle. As 
can be seen from the graph, (Fig.19), using the minimum aerodynamic setup will create the 
least drag. In comparison, according to the graphs in Research analysis, during the coast 
down test at setting 2 on the front splitter creates the least drag. However, the difference 
for the coefficient of drag against the front splitter are not dramatically noticeable. 

As can be seen by the graph, (Fig.19), the trends for min and max splitter length show the 

same increase with wing angle. However, using the second setup for front splitter there is a 

distinct rise of drag compared to the other setups. 

 

 

 

 

 

 

 

 

 

Figure 19: CDa & CD 

Figure 20 shows the coefficient of negative lift acting on the vehicle, as can be seen from the 

graphs, (Fig.20a, Fig.20b), as the front splitter length increases the downforce on the front 

of the vehicle becomes much larger, resulting in a high amount of pressure acting on the 

front. However, as the wing angle increases, the downforce on the rear counteracts the 

amount of downforce on the front, as the rear downforce also increases, balancing of the 

front and rear distribution. 

As can be seen by the graph, (Fig.20), the trends for minimum and maximum splitter length 

show the same increase of negative lift with wing angle. Whereas, at minimum aero there is 

a slight increase of negative lift reacting on the vehicle. 

Figure 20: CLa & CL 

a b 

a b 
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Figure 21 shows the aerodynamic efficiency of the vehicle in a straight line. This shows CLa / 

CDa, as this compares the balance between downforce and drag acting on the vehicle. As a 

result, the best aerodynamic setup was setting 2 for front splitter and setting 12 for wing 

angle. 

As can be seen by the graph, (Fig.21), the trends for minimum and maximum splitter length 

show the same trends as wing angle increases the aero efficiency increases. However, front 

splitter length setting ‘2’, shows the wrong trend, meaning a fault in the coast down test. As 

it shows at minimum wing angle is more efficient than standard wing angle. It should follow 

the same trends for minimum and maximum splitter length. 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Aero Efficiency  
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Conclusion 

To conclude, the two main factors used for aerodynamic performance are negative lift and 

drag. This varies as the aerodynamic devices change, as shown in (Fig.17-Fig.21). From an 

aerodynamic point of view, having the least amount of drag and most amount of negative 

lift is described to be the most powerful. However, both devices balance the amount of 

downforce acting on top of the vehicle, but increasing the rear wing angle will allow the 

vehicle to be more stable, have more traction and also make the aerodynamics more 

efficient in which it balances the negative lift and drag acting upon the vehicle.  

In the steady state test, the predicted equations showed good results and analysis and 

showed the trends matching the actual load distribution. However, during the understeer 

channel there must have been an error, resulting in inaccurate results.   

During the coast down and steady state many assumptions were made: 

 Only the roll stiffness changed during the steady state test 

 The weather stayed constant throughout, no wind interactions. Shown in coast 

down test, during the reverse maneuver to show a constant result. 

 The tyres did not wear, also the tyre temperatures stayed constant 

  Fuel did not increase or decrease during the course of the tests 

 No damage or deformation to the car. 

 Same driver during coast down test for accurate results 

 Same driver during steady state test for accurate results 

 The simulation could not simulate the separation of airflow around the car, even 

though it constantly calculates the downforce even at 0kph. 

 Throttle remained flat for a consistent amount of time allowing maximum velocity to 

be reached until putting the drivetrain into neutral to eliminate any driveline drag – 

Coast down 

 Damping coefficient remained constant 

 Gravel strip between lane changes so the car was kept in the centre of the lane – 

Coast down 

 Rolling Resistance changed slightly through the simulation, whereas it should not 

have. 

 The air temperature pressure and density remained constant 

The limitations during the steady state method is having a set speed during a constant 

radius. However, the group tested set speeds of 60,70,80,90 and 100kph on a constant 

radius. The controlled limit was just under 100kph, reaching the end of our testing method.  
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Appendices 

Appendix 1 
 

 

 

 

 

 

 

Figure 22: Effect of Rear Wing on lift and drag at minimum front splitter length 

Appendix 2 
Figure 23 shows how a rear spoiler can obstruct with the airflow around the vehicle, which 

creates “a controlled segregation of the flow in a desired place.” (Kshirsagar & Chopade, 

2018), as this creates positive lift to the vehicle. 

 

 

 

 

 

 

 

Figure 23: Aerodynamic effect of a rear spoiler (Kshirsagar & Chopade, 2018) 

 


