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[bookmark: _Toc33871263][bookmark: _Toc35179538]Abstract
The study is to observe how adjustments in aerodynamic and suspension setups affect the Aston Martin DBR9’s handling, balance and efficiency. Next, was to test a predicted model of the suspension against the measured data to observe error and the relationship of assumptions made in the model. Overall, centre of pressure was found and most of the vehicle’s downforce is generated at the rear with the downforce most efficient when downforce was greatest. 
As roll stiffness is increased in steady state cornering at the front, there is an increase of weight transfer and therefore the vehicle is more likely to understeer. The use of aerodynamics, particularly at the front of the vehicle, could then combat this understeer or alternatively the rear of the car could be stiffened and the front softened. 
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1. [bookmark: _Toc33871265][bookmark: _Toc35181895]Introduction
To make a race car perform well, the car must be predictable and balanced. The aim is to test a range of aerodynamic setups to observe its effect on the vehicle’s balance and downforce to calculate the optimum set up. After this, a test adjusting the roll stiffness distribution in steady state cornering is used to measure the change in balance, roll and steering. 
2. [bookmark: _Toc33871266][bookmark: _Toc35181896]Straight Line Aerodynamics
2.1. [bookmark: _Toc33871267][bookmark: _Toc35181897]The Theory
The test is to adjust the Aston Martin DBR9’s aerodynamic settings front and rear on the Base Performance simulator and then record and calculate the steady state downforce, centre of pressure, rolling resistance, coefficient of drag and also the coefficient of lift. The prediction is that as the aerodynamic surfaces are adjusted for more downforce there will be greater drag. The rear of the car will create greater downforce than the front.
2.2. [bookmark: _Toc33871268][bookmark: _Toc35181898]The Setups
Variables to configure on the car were the Front and Rear aerodynamic surfaces. There were 3 main settings minimum, medium and maximum. Maximum being the greatest angle of attack of the surface. Ride height was also adjustable from minimum, medium to maximum but when unstated, the ride height was set at the default value. The aerodynamic surfaces were adjusted to observe the centre of pressure and efficiency of the vehicle change to apply this knowledge of the vehicles balance to its performance around a circuit. 
2.3. [bookmark: _Toc33871269][bookmark: _Toc35181899]Tests and Maths Channels
Constants were assumed as Gravity =9.81m/s2. Mass of the car is constant throughout the run at 1134Kg. Density of air is equal to 1.223Kg/m3. Figure 2.3. shows the maths channels in the Motec software.Figure 2.3. shows the Maths channels in the Motec software. [image: ]

2.4. [bookmark: _Toc33871279][bookmark: _Toc35181900]The Results
An Excel spreadsheet was created to pull the results from Motec (See Appendix 1). 
[bookmark: _Toc35181901]2.4.1. Downforce
Total downforce for the set-ups ranged from 3298N to 4828N with front and rear settings set to minimum, minimum and maximum, maximum respectively. Error was introduced into the downforce figure as it was calculated from tyre loads and therefore the assumption of constant vehicle mass was made. Figure 2.4.1. shows as the front and rear aerodynamic surfaces become more aggressive in angle the downforce increases more than 1500N. The surface shows the relationship is linear in gradient. However, the rear aerodynamic surface has greater affect compared to the front as run Min Max has greater downforce than the run Max Min.
 [image: ][image: ]

2.4.2. [bookmark: _Toc33871281][bookmark: _Toc35181902]Centre of Pressure
Centre of Pressure varied from 18%, meaning 18% of the vehicle’s downforce on the front axle, to a near balanced value of 49.8% at the front with Maximum, Minimum settings front to rear. The graph shows the relationship is near linear. However, setting Mid, Min is visibly greater in the graph. From the results, the car will be stable at speed but may tend to understeer. A rearward shift of the centre of pressure in relation to the centre of gravity will increase a vehicle’s high speed stability. (Katz, 2004, p.174)Figure 2.4.2. shows centre of pressure against front and rear settings. As expected with one side minimum and the other maximum there are the extremes of centre of pressure. [image: ][image: ]





2.4.3. [bookmark: _Toc33871282][bookmark: _Toc35181903]Coefficient of Lift 
As figure 2.4.3. shows, the graph follows the same trend as that of total downforce. On the run Mid, Min, the driver overheated the tyres in a burnout before the run which could have introduce error in stickier tyres therefore greater rolling resistance or even a larger circumference of the tyre as it will be hotter. As seen in the figure, this line appears non-linear, and the heated tyres could be the reason. Error is introduced as frontal area is assumed constant even with the angle of attack on the surfaces changing. ClA is positive as was calculated from tyre load but these values are representing downforce.Figure 2.4.3. shows coefficient of lift against front and rear settings. This graph mirrors that of total downforce as the equation is based on those values. 
[image: ][image: ]

2.4.4. [bookmark: _Toc35181904]Coefficient of Drag
Coefficient of drag was calculated for each setting and represents the trend of aerodynamic drag. Figure 2.4.4. shows a minimum Cd at the least aggressive setting and peaks at the most aggressive which fits the prediction. The trend appears near linear. The values of Cd appear large in comparison to similar cars. However, this value is the constant CdA so is multiplied by the frontal area. Drag was calculated using the coast down test to find average rolling resistance at low velocity then subtracted from the drag force at full velocity. Error was also reduced by repeating the run in the opposite direction to mitigate error from headwind or gradient of the road. Figure 2.4.4. shows coefficient of drag against front and rear settings. [image: ][image: ]


2.4.5. [bookmark: _Toc35181905]Efficiency
Figure 2.4.5. shows a non-linear relationship of efficiency to aerodynamic setting and the lower the value, the more efficient. This therefore shows that the optimum efficiency of the surfaces increases with the aerodynamic settings. However, some scenarios would require more downforce at a lower velocity or a high-speed track where less drag is more favourable. Therefore, this value is less important for setting up a race car as the requirement of the car per course is more important.Figure 2.4.5. shows aerodynamic efficiency against front and rear settings. [image: ][image: ]


2.5. [bookmark: _Toc33871285][bookmark: _Toc35181906]Ride Height
Five additional tests were completed by adjusting the ride height between minimum, medium and maximum. The same calculations as completed for the wing adjustments were repeated for the ride height settings. During the tests the aerodynamic surfaces were set to medium setting. However, due to the time constraints only 5 tests were completed at the extremes. This data is shown in figure 2.5. To create the 3D surface graphs similar to the aero tests, the mean average value was calculated for the tests not run on the simulator. This will generate a near approximation. However, as the data is non-linear, these values will not be reliable to read from but show the trend of the data. When the front suspension is set to minimum the front splitter may enter ground effect which would see a non-linear increase in downforce at the front of the car. With the rear higher than the front it will increase the angle of attack of the wing, increasing downforce. 
With the car in the lowest setting, downforce was greatest as the underbody is most efficient with less bleed of pressure. The car was most efficient in relation to drag when it was low as the underbody is the most efficient component. The DBR9 was limited to 150mm change in height between the diffuser and the flat floor (Racecar Engineering, 2005). However, from the data it is clear the diffuser is working effectively. “Downforce generated by ground effect is a function of many things including height of the vehicle from the ground.” (Scott-Floyd, 1994, p.341)

Figure 2.5 shows the ride height Excel spreadsheet and graphs from ride height runs. The values not measured are the mean average and therefore are assumed linear relationships. These are highlighted yellow in the tables. [image: ][image: ]
[image: ][image: ][image: ][image: ]


2.6. [bookmark: _Toc35181907]The Vehicle Balance
Using the data, greater downforce generates more drag which matches expectations. However, more downforce is more efficient. This Aston Martin DBR9 had the greatest centre of pressure at 49% which is still just behind the centre of gravity at 50%. Whilst turn in will be greater and the car will appear more agile, it still will be stable and be bias to understeer. This is ideal for predictable and a repeatable driving experience. The majority of the vehicle’s downforce is produced at the rear of the car. This will equate to good traction at speed, but the car will be hesitant to turn in and therefore have an understeer nature. The car also has high levels of drag related to regulations restricting the vehicles body shape to relate to the road car. Drag is also introduced with the large rear wing and limited underfloor bodywork. This is typical of a GT specification race car. (katz, 2004, p.11)
3. [bookmark: _Toc33871286][bookmark: _Toc35181908]Steady State Roll Stiffness Distribution and Weight Transfer
3.1. [bookmark: _Toc33871287][bookmark: _Toc35181909]The Theory
The test was to adjust the roll stiffness distribution of the DBR9 by adjusting the spring rate and the anti-roll bar rate and measure the weight transfer in steady state cornering. Steady state was used to remove error from the unmeasured dampers and to have constant lateral acceleration. A maths channel was created to compare a predicted and calculated weight transfer against the measured value using tyre loads. The aim is to validate the predicted trends against roll stiffness with the measured trends. 
3.2. [bookmark: _Toc35181910]The Setups
The main set up change was adjusting the spring rate from minimum to maximum front and rear. Nine tests were completed adjusting spring rate in steady state and a further five tests adjusted both spring rate and anti-roll bar rate to further adjust the roll stiffness distribution.
3.3. [bookmark: _Toc35181911]Tests and Maths Channels
Initially, the steady state was tested at a radius of 75m at 25m/s and then a 25m radius at 15m/s. However, the velocity was too slow for the radius of the corner so there was very little roll angle and therefore little weight transfer. The velocity was increased to 20m/s at 25m radius. To predict the weight transfer, Motec read the vehicle setup from an excel sheet shown in figure 3.3.1. A similar set up is used by Dixon (Dixon, 1991, p.220)Figure 3.3.2 shows the Maths channels and constants in Motec[image: ]
Figure 3.3.1 shows the excel sheet from which the Motec software read. [image: ]

3.4. [bookmark: _Toc35181912]Results
3.4.1. [bookmark: _Toc35181913]Roll Angle
The predicted value of roll angle was roughly half that of the measured roll angle as shown in figure 3.4.1. This is related to the assumptions made in the predictions. In the predictions, tyre deformation was not calculated. Also, roll centre heights may change with tyre deformation or even with camber change when the front wheels are steered. This change of roll centre height can impact the centre of gravity height used in the roll angle prediction, but this would be negligible in comparison to tyre deformation. An uneven road surface could also affect the wheel heights, so a smooth track was chosen. The test was repeated in the opposite direction to make sure error was not introduced from the road. As seen in Figure 3.4.1, at 0.74 roll stiffness there are two points. This is because one run was completed with aero at default. The run and the rest of the data was collected with aero surfaces set at minimum. During this calculation, it was assumed the body of the vehicle is torsional stiff in comparison to the roll angle. For cars, front and rear roll angles are assumed even (Dixon, 1991, p.223). If the maths channels were to be recalculated to calculate chassis stiffness, it will be related to suspension roll stiffness and could increase accuracy of roll angle (Deakin, 2000, p.8). Table 3.4.1. also shows the effect of using anti-roll bars on roll angle. Comparing spring 25m radius Max Min run against Arb 25m radius Max Min run, predicted roll angle is reduced 0.00087 rad which is significant for an otherwise identical set up. If the lateral acceleration was to increase, the difference between using anti-roll bars and not will increase in steady cornering (Pune-Amit, 2019, p.6).

Table 3.4.1 shows the excel sheet of predicted and measured roll angle at steady state.  
[image: ]
Figure 3.4.1 shows roll angle against roll stiffness distribution at 25m radius.
[image: ]

3.4.2. [bookmark: _Toc35181914]Weight Transfer
Weight transfer front and rear was calculated, then weight transfer total was calculated as the sum. Predicted weight transfer was then compared against measured tyre loads. Figure 3.4.2. shows weight transfer at 25m radius with only the spring rate varying the roll stiffness distribution. However, both predicted and measured values show identical trends which is validating the predicted value, even if the predicted is 20% less than the values of the measured channel. As mentioned with roll angle, this run included the error of aero set to default at roll stiffness 0.74. It is seen in the figure, including aero made little difference at the low velocity. As seen in table 3.4.2, at the greater velocity of 25m/s with aerodynamics there was 200N less measured weight transfer than with the aero set to minimum. With downforce, there could be a roll centre height change as the springs compress under load. With aerodynamics working, there will be less roll and therefore reduced elastic weight transfer. Temperature may be a factor in calculating weight transfer as it was assumed spring rate is constant and spring rate is affected by extreme changes in temperature. However, with small changes of temperature on track this will be negligible. To back up and check the weight transfer values, the calculation of mah/t can be used. For 25m radius spring rate change run Min Min using lateral acceleration measured. A weight transfer is calculated of 1722.1N total weight transfer which closely matches the total predicted value. As shown in Appendix 2, a test of adjusting ride height was done with spring and anti-roll bar rates set to mid mid and greater weight transfer was calculated as there was greater roll. Table 3.4.2 shows the excel sheet of predicted and measured weight transfer for each run
[image: ]
Figure 3.4.2 total weight transfer at 25m radius when only adjusting spring rate. 
Orange is measured. Blue is predicted. 
[image: ]


3.4.3. [bookmark: _Toc35181915]Magic Number
Magic number is the ratio of weight transfer distribution at the front to total. Figure 3.4.3 shows as the roll stiffness increases at the front, the ratio of weight transfer at the front increases which not only matches expectations it also matches that of measured. However, predicted magic number has a steeper gradient than measured. This steeper gradient may be related to the tyre deflection and chassis stiffness assumptions made when calculating roll angle. It also appears as roll stiffness distribution increases the difference in magic number decreases. 
Table 3.4.3 shows Excel sheet of predicted and measured magic number. 
[image: ]
Figure 3.4.3 shows the predicted magic number against measured magic number when both spring and anti-roll bar rates are adjusted and driven around a radius of 25m at 20m/s
[image: ]

3.4.4. [bookmark: _Toc35181916]Understeer
Understeer is expected when the front end has greater roll stiffness. “The reduction in front roll stiffness would tend to loosen the car (less understeer)” (Day, 1996, p.180). Figure 3.4.3 roughly shows this trend. It would have been preferable to increase the number of setups tested in this investigation to show a more accurate trend line to draw a solid conclusion. The variation in values may be related to the calculation of theoretical steer angle based on steady state cornering and Ackerman angle. Theoretical steer is the ratio of steady state hand angle divided by Ackerman at steady state. This value would have been more accurate with greater hand angle and less velocity to guarantee the vehicle is in steady state and reduce error. This is carried through to the understeer value. Another way to observe if the car is understeering or oversteering is by plotting longitudinal and latitudinal acceleration and observing a traction circle. “By plotting Long G/ Lat G you can see the data on a run and can see if the car is outside the traction circle to compare to understeer“ (McBeath, 2008, p.112). This method was not used in the calculations due to time feasibility. 




Table 3.4.3: steer measured and predicted in Excel spreadsheet
[image: ]
Figure 3.4.3 shows Understeer against magic number blue trendline is Excel generated. Orange is rough observed trendline. With ARB and spring change at 25m radius. 
[image: ]

3.5. [bookmark: _Toc35181917]Vehicle Balance
From the data, it can be concluded that with greater roll stiffness at the front of the vehicle, there is more weight transfer at the front and should therefore be more understeer. This should give the car a safe and predictable balance. However, as the Aston Martin DBR9 is a race car, a slight tendency to oversteer would be preferable for the fastest lap. Therefore, reducing the roll stiffness distribution which means greater roll stiffness at the rear would increase oversteer. Then a traction circle could be plotted to observe when and how the vehicle goes beyond traction to back the setting adjustment. Adding aerodynamics to steady state cornering reduced weight transfer and by tuning the surfaces to move the centre of pressure towards the front should reduce understeer for a balanced and faster car in steady state cornering. 
3.6. [bookmark: _Toc35181918]Non-Steady State
The predictions made were based on steady state cornering where the effect of components like dampers can be assumed insignificant to the data. However, when there is a change in lateral acceleration, dampers will affect the values. Figure 3.6 shows the vehicle in unsteady state as it navigates towards the steady data collection. The vehicle is travelling at 18m/s as the corner radius is decreasing rapidly. Roll angle values are observing a similar difference to that of steady state with predicted channel being half that of measured roll angle. Weight transfer sees the measured value around 1.3 times larger than predicted which is again like steady state. Dampers and tyre deflection can make the difference between the two channels. The vehicle is understeering, but this may be related to the vehicle longitudinally accelerating, lifting the front. Overall, multiple factors of non-steady state cornering affect the assumptions made for the predictions as roll centres move, chassis twists, tyres deflect, dampers compress and extend and tyres slip under change of steering angle. The values may not be reliable. However, the trends do agree with each other. “Theoretical suspension concepts alter once real-life cornering and other forces come into play, because the static data on which they are based alters” (Staniforth, 1988, p.177).

Figure 3.6. shows Motec data of spring rate only Min Min run in non-steady state.
[image: ]
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[bookmark: _Toc33871294][bookmark: _Toc35181920]Appendices
Appendix 1 shows Excel sheet of straight-line test data for straight-line testing. [image: ]








Appendix 2 shows Excel sheet of predicted against measured at steady state. [image: ]
Appendix 3 shows Excel graphs of aerodynamics tests. 
[image: ]
Appendix 4 shows Excel graphs of predicted against measured at steady state. Orange is measured. Blue is predicted. 
[image: ]
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5.6] 1097044 1034187 5.6 2.029782 2.021852049
6.4 1.102603 6.4 2.011414759.
o] 1133953 1108733 | 1961713 1.951276092
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Math kems

Name Summary
Expressions
Front Load Transfer [N] (Tre Load -FL [NFTre Load - FR' [ND/2
Front Aero Force N] (Tre Load - FL' [N+ Tre Load - FR' NJ-(FLO' N}=FRO' [N)-WT Long
WT Long [N] (Mass’ ka]'G Force Long [G]"G Im/s/s]"H' )/ Wheebase'[m]
Total Aero Force IN] “Front Aero Force' [N}+Rear Aero Force' [N]
Rear Aero Force [N] (Tre Load - RL'[NJ+Tire Load - RR' [NJ{RLO'[NJ*RRO'[N-WT Long [N]
Certre of Presssure Fatio] “Front Aero Force' [N Total Aero Force' [N]
Deceleraton Force IN] G Force Long'[GIG' fn/a/s]"Mass' kel
Rear Loadtransfer [N] (Tre Load - RL'[NFTire Load - RR' [N)/2
Total Load Transfer [N] “Front Load Transfer [N}+Rear Load transfer [N]
Actual Magic Number fatio] “Front Load Transfer' [N Total Load Transfer' [N]
Comer Radius fn] (Corr Speed fum/hl/3.6) (Corr Speed fam/h}/3.6)/(G Force Lat [GI'G' n/s/s)
Ackeman fad] Wheelbase' )/ Comer Radius'fn]
Theotetica Steer PCT [ato] “Ackeman' rad]"(-16.19/0.036)
Understeer abs(Steering Wheel Pet [1])abs(Theoretical Steer PCT [ratio)
P Rol Angle ad] ((Total Sprung Weight Front kgl Total Sprung Weight Rear’ kg "G Foroe Lat'[G]'9.81°CoG Height Above Roll As (H) )/ (RollStfness Frort N/fad+Rol Stffness Rear' [N/rad])
P Weight Transfer Sprung Front [N]  (Vihee! Rate Front fow) [N/ Track Front m]"P Rol Angle’ /2
P Weight Transfer Sprung Rear [N]  (Vihee! Rate Rear four) [N/m]“Track Rear [P Roll Andle' /2
P Front WT sprung at Rol centre [N] (Total Sprung Weight Front kg] G Force Lat'[GI'9.81"Static Roll Centre Height Front” m Track Front m]
P Rear WT Sprung at RollCertre [N] (Total Sprung Weight Rear' ka]'G Force Lat' [G]'9.81"Statc Roll Centre Height Rear [m])Track Rear' ]
PWT Unsprung Front [N] ((Staic Weight FL Unsprung' g} Staic Weight FR Unsprung’ fkg) "G Force Lat" [6]'9.81"Roling Radius Front )/ Track Front ]
P WT Unsprung Rear [N] ((Static Weight RL Unsprung' kg}+'Static Weight RR Unsrung' kal)G Force Lat' [GI'9.81"Roling Radius Rear mlTrack Rear'
P Total W Front [N] ‘P Weight Transfer Sprung Front' [NJ+P Front WT sprung at Rol certre! [N}+P WT Unsprung Fort’ [N]
P Total WT Rear [N] ‘P Weight Transfer Spung Rear' [N}+P Rear WT Sprung at Rol Centre’ NJ+P WT Unspung Rear'[N]
PWT Total IN] P Total WT Front’ [NJ+P Total WT Rear [N]
Measured Total WT Front [N] {Tie Load - FL' N} T Load - FR [N)/2
Measured WT Total Rear [N] {Tie Load - AL [N} Tre Load - RR' IND/2
Measured WT Total [N] “Measured Total WT Front *[NJ+ Measured WT Total Rear'[N]
Calc Measured WTtotal [N] ([Total Sprung Weight Front kgl Total Sprung Weight Rear’ g}« Static Weight FL Unsprung’ g}« Static Weight FR Unsprung’ g}« Static Weight RLL Unsprung’ g}« Static Weight RR Unsprung’ kg "G Force Lat'[G]'9.81"Centre of Graviy Height (Hehy m]
P Magic Number “P Total WT Front’[NJ/(P WT Total [N
Constants
FLON 049
FROIN] 027
Gim/s] 381
Him 02
Mass ko] 113
RLON] 240
RROIN] 257
Wheehbase [m] 27
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MoTleC

Hie Vaues | Date Time
set
set
Difference. o ol o o e o o o o o ol o ol o o o ol o o o o 4 o] o ol o o o o o o 0
01-Jan96 | 09.00:00 | Defaut from 275, 2755 16% 1637 Se77 ST 0287 13775 24 26 24 24 0325 03% 36000237000 237000 237000 2570007 0.00G217 0.03112 0697 0697 0697 069 1 1’59253 148536 025034 G25712 198178
sheet 2755,
TiFeb20 | 125400 | Minlin 2785 27557 2755 163 16%] Se17 ST 0287 13775 26 26 2 24 0325 0355 550000 36000 202000202000 202000 2020007 0.006217 0.03112 0697 0697 0687 069 1 17576172/1a21727 026034 503412 176878
11-Feb20 | 124500 | Min Min Void 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 250000 36000 202000202000 202000 2020007 0.008217 0.03112 0697 0697 0697 069 1 1'37617271321727 026034 503412 176879
T1Feb20 | 125900 | madmid 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 2500007 36000 254000254000 254000 2540007 0.006217 0.03112 0697 0697 0697 069 1 1700828 "155820" 025034 536543 210010
T1Feb20 | 130200 | maxmax 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 2500007 36000 307000307000 207000 3070007 0.006217 0.03112 0697 0697 0697 069 1 1%2616371a21637 026034 570311 243778
T1Feb20 | 130600 | minmax 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 250000 36000 202000202000 307000 3070007 0.006217 0.03112 0697 0697 0697 069 1 1737617271a2163" 025034 503412 243778
T1Feb20 | 130700 | maxmin 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 2500007 36000 307000307000 202000 2020007 0.006217 0.03112 0697 0697 0697 069 1 1%2616371321727 026034 570311 76578
T1Feb20 | 130900 | midmin 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 250000 36000 254000254000 202000 2020007 0.008217 0.03112 0697 0697 0697 069 1 1%008287132172" 026034 536543 176879
T1Feb20 | 151100 | minmid 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 2500007 36000 202000202000 254000 2540007 0.006217 0.03112 0697 0697 0697 069 1 1'376172/155820" 025034 503412 210010
TiFeb20 | 131200 | maxmid 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 2500007 36000 307000307000 254000 2540007 0.006217 0.03112 0697 0697 0697 069 1 1%26163/155920" 025034 5703117210010
T1Feb20 | 131500 | midmax 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 2500007 36000 254000254000 307000 3070007 0.006217 0.03112 0697 0697 0697 069 1 1%0082871a2163" 026034 536543 243778
11-Feb-20 | 151900 | min max Sor 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 250000 36000 202000202000 307000 3070007 0.006217 0.03112 0697 0697 0697 069 1 1737617271a2163" 026034 503412 243778
11-Feb-20 | 13:20.00 | midmid Sor 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 2500007 36000 254000254000 254000 2540007 0.006217 0.03112 0697 0697 0697 069 1 1700828 7155920" 025034 536543 210010
11-Feb20 | 13:2200 | max min Sor 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 2500007 36000 307000307000 202000 2020007 0.006217 0.03112 0697 0697 0697 069 1 1%2616371321727 026034570311 176879
11Feb20 | 132600 | minmin arb 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 "160000” 12000 202000202000 202000 202000 0.008217 0.03112 0697 0697 0697 069 1 1'261727108172” 025034 42622 a7
T1Feb20 | 132900 | midmidarb 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 2500007 48000 254000254000 254000 2540007 0.006217 0.03112 0697 0697 0697 069 1 1%00928 7168620 ” 026034 536543 225069
T1Feb20 | 133100 | maxmax ard 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 "400000" 72000 307000307000 307000 3070007 0.006217 0.03112 0697 0697 0697 069 1 1'546153 72181637 025034730901 291955
11-Feb20 | 133500 | min max arb 2755 27557 2755 163 16%] Se17 ST 0287 13775 26 26 24 24 0325 0355 "160000” 72000 202000202000 307000 3070007 0.006217 0.03112 0697 0697 0697 069 1 1'256172/2181637 025034 42822 291955
11Feb20 | 133900 | max minard 2755 27557 2755 163 16%7 se1” SeT 0287 13775 26 26 24 24 0325 0355 "400000" 12000 307000307000 202000 202000 0.008217 0.03112 0697 0697 0697 069 1 1's461637108172" 025034 730801 M4e78

TiFeb20 | 134300 | ride height 2788 72755 163 16 ser” &7 0287 13775 24 24 24 24 0325 0355 2800007 36000254000 254000 254000 2540007 0008217 003112 0697 069" 0697 089 1 1%00929'156929” 0.26034 536543 210010





image18.tmp
Roll Stiffness [Predicted  Measured
Distribution _[Roll Angle  Roll Angle.
Setting Nm/rad Rad Rad
Spring 25r  MinMin Aero | 073999509 00033 0.006676
15m/s Min Min 073999509 00057  0.00702
Mid Mid 0718593783 00034 0.008447
Max Max 0700550308 000834  0.0063¢
Min Max 0673739379 00034 0.008433
Max Min 0763274401 000345 0.006535
Mid Min 0752069503 00036 0.006731
Min Mid 0705630048 000358 0.008527
Max Mid 0730857169 000323 0.006153
Mid Max 0687591789 000341 0.006515
Spring 75r  MinMin Aero | 073999509 00035 0007779
25ms. Min Min 073999509 00041 0.008334
Mid Mid 0718693783 00037 0.007874
Max Max 0700533097 00034  0.0074
Min Max 0673721345 00037 0.007484
Max Min 0763274301 00037  0.008
Mid Min 0752089503 000391 0.008244
Min Mid 0705530048 000392 0.008145
Max Mid 0730857169 000356 0.007707
Mid Max 0687574166 000355 0.007587
Spring 25rad Min Max 0673721345 000565  0.01059
20m/s. Mid Mid 0718593783 000562 0.010733
Max Min 0763274401 000547 0.010804
ARB2Sr  MinMin 0703104907 000848 0.01377
15m/s. Mid Mid 0703559508 000523  0.01042
Max Max 0714568117 000394 0.008271
Min Max 0540085976 000847 0.011508
Max Min 0834583931 000463  0.00328
ARB7Sr  MinMin 0703104907 00057  0.0089
25m/s. Mid Mid 0703559508 000367 0.007331
Max Max 0714568117 000273  0.00635
Min Max 0540055976 0042 0.0085
Max Min 0834583931 000318 0.007867
Ride Height  Max Max 0718593783 000563  0.01156
Spring. Min Max. 0673721345 00063 001263
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image20.tmp
Roll stiffness  |predicted Predicted Predicted Measured Measured Measured WTF WTR WT Total
Distribution  [WTFront WTRear WTTotal WTfront WTRear WTTotal difference difference difference
Setting nits__|Nmyrad N N N N N N
Spring25r  Min Min Aero 072999509 11772 58169 175886 14785 7815 2231570.20378762 0.25567498  0.211803719
15m/s Min Min 0.73999509 1283.1 599 1882.15 1530 8485 2378.570.16137255 029404832 0.208681942
Mid Mid 0718693783 12288 6204 18452 14705 862.5 233370.16708603 0.28069565  0.209087012
Max Max 0700550308 124096  672.69  1913.64 1504 9155 2419.570.17489362 0.26522119  0.209076255
Min Max 0673739379 11602 6936 18538 14245 921 2345.570.18553879 0.24690554 0209635472
Max Min 0763274401 13143 5593 18748 1545 814 2368.570.15413316 0.31216216 0208444163
Mid Min 0752069603 12869 573 18599 1526 824 235070.15668414 0.30461165  0.208553191
Min Mid 0705630048 12089 643.1 1852 1458 £ 234270.17085048 0.27251131 0209222886
Max Mid 0730867169 123043 595.03 182546 14715 830 2307.50.16722166 028309633 0.208301408
Mid Max 0687591789 123043 699.53 1930.02 14385 942 2040.570.17885219 025739915 0.209170252
Spring75r  Min Min Aero 072999509 1243.67 61453 18582 14185 s125 233170.12324991 0.32654247 0202831403
25m/s Min Min 073999509 1363.57 636.58 200015 1527.5 984 2511.570.10731915 0.35306911  0.203603424
Mid Mid 0718693783 132843 67292 200041 14305 1017 2507.570.10869507 0.33832842  0.201830508
Max Max 0700533097 130237 70597  2008.34 1482 1051 253370.12120783 0.32828735 0207129886
Min Max 0673721345 12683 75813 202643 14525 1100 2552570.12681583 0.31079091  0.206099902
Max Min 0763274401 141579 602.84 201863 15765 9535 253070.10194101 0.36776088 020212253
Mid Min 0752069603 1399.8 6233 20231 1570 978.5  2548.570.10840764 0.3630046  0.206160487
Min Mid 0705630048 131686 700.51  2017.37 1485 10505 25365 011382234 033316516 0.204663907
Max Mid 0730867169 135865  657.04 201569 15255 1010 2535.570.10937398 0.34346535  0.205012818
Mid Max 0687574166 1280.96  728.22 200918 1468 1069 253370.12502732 031878391 0206798263
Spring 25rad  Min Max 0.673721345  1919.69  1147.51  3067.2 2386 1502.5 3888.570.19543588 0.23626622  0.21121255
20m/s. Mid Mid 0718633783 201838 10224 304078 2418 14305 3848.570.16526832 0.28528487  0.209879174
Max Min 0763272401 2077.44 88457  2962.01 2437 13085  3745.570.14754206 0.32398166 0209151685
ARB 257 Min Min 0703104307 13406 1042 29826 23335 1436 3769.5 016837369 0.27437326  0.208754477
15m/s. Mid Mid 0703559608 1883.1  1009.4 28925 2278 13785 3656.50.17335382 0.26775481 0208942978
Max Max 0714568117 19275 9917 29192 2303 1388 17 0.1630482 0.28551873  0.209103224
Min Max 0540065976 1528.327  1149.85 2678177 2055 17125 3767.570.25628856 0.32855474 0289136828
Max Min 0834683931 224026 7014 294166 2700 10305 3730.570.17027407 0.31935953 0211456909
ARB 757 Min Min 070310407 13138 70546  2019.26 1523 10225 2555013736047 0.31006357  0.206733451
25m/s Mid Mid 0703559608 1320 7076 20276 1520 10355 2555.5 013157895 031665862  0.206574056
Max Max 0714568117 13355 687.1 20226 15125 10305 254370.11702479 0.33323629 0204640189
Min Max 0540065976 1040.87  987.42 202829 13315 12295 256170.21827262 0.19689305  0.20800859
Max Min 0.834683931  1537.9 4815 20194 16915 852 2543.570.09080698 0.43485915  0.206054649
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image22.tmp
Predicted

Measured

Magic Number

Magic Number _ Magic Number _ difference

Setting Ratio Ratio
Spring 25 Min Min Aero 056693 05457 -0.03016777)
15ms. Min Min 06817 05433 -0059692212)
Mid Mid 05638 05303 0053149294
Max Max 05285 05217 -0043107608|
Min Max 05359 05072 -0.04726614)
MaxMin 07018 05553 0068718574
Mid Min 0919 05452 -0085773253)
Min Mid 05528 05225 -00485745%)
Max Mid o087 05403 -0052631573)
Mid Max 05376 0516 0038436082
Spring 751 Min Min Aero 056693 05085 0099217831
25m/s Min Min 06817 05082 -0.120848405)
Mid Mid 05638 05982 -0.11675633)
Max Max 05285 05851 -0.108357545|
Min Max 05259 0563 01
MaxMin 07018 05231 -0.125652013)
Mid Min 0919 0515 0123214286
Min Mid 05528 osess  -0.113233268)
Max Mid o087 05017 -0.120159548]
Mid Max 05376 05779 -0.10330507)
spring 2572 Min Max 06259 05135 -0020045632]
20m/s Mid Mid 06638 05283 0056501671
MaxMin 07018 05505 0078081771}
aRB 25t MinMin 05505 0513 0051050081
15m/s. Mid Mid 0651 0523 -00sa04382)
Max Max 05603 052 0058173077
Min Max 05132 05455 0059211732)
MaxMin 07615 07238 0052220371
aRB 7St MinMin 05505 05083 0087414341
25m/s Mid Mid 0651 05928 009485541
Max Max 05603 05948 -0.110121049|
Min Max 05132 052 0013078923
MaxMin 07615 0565 0145263158
Ride Height  Max Max 06638 05307 -0.05228137)
|spring. Min Max 06259 05784 -0.089658774)
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image24.tmp
Roll Stiffness |Predicted |Measured steer

Diswribution [steer  [steer  Understeer |ditference
Setting Nw/rad & o %
Spring2sr  MinMinAero | 07399509 4937  -4108 8287 -0201801¢
15m/s. Min Min 073990509 4903 2025 87488 02181365
Mid Mid o7iseeaTss 47s1 3935 8562 02175348
Max Max 0700550308 4777 -39.89 8332 02096733
Min Max osTese 4172 3eas 84088 -0.210265
MaxMin o7ew7as0l 4823 3964 85871 02167003
Mid Min o7sa0ses0s 4779 3937 4182 0213868
Min Mid o70ses0eE 4783 398 83525 02125762
Max Mid o7soEsTise 4783 395 8588 02185967
Mid Max osezsaiss 477 37 80013 02008547
Spring 75t MinMinero | 073999509 83 1628 00859 00035945
25m/s Min Min 073999503 dss 1698 04393 0025974
Mid Mid o7iseeTEs 1643 1687 04538 00260818
Max Max 0700533097 1647 1594 04659 0027725
Min Max osTas  Ass8 17078 05205 00202172
MaxMin o7E27as01 851 1678 02882 00166765
Mid Min 075069603 1619 1698 04252 00865253
Min Mid 0705630088 65 1688 04813 00282585
Max Mid 0730867169 65 1652 04213 00248227
Mid Max ose7salss 64l 1638 04658 00278435
Spring 25rad_ Min Max oe73Tses  emss -sen 1057 07858
20m/s Mid Mid 0718693783 4832 5953 112058 01883084
MaxMin o7e27as0l 4572 s1e7 57468 01117156
ARB25t  MinMin 0703108907 453 4788 29512 00516126
15m)s. Mid Mid 703808 457 4655 1577 0033042
Max Max o7iessEly 4531 4801 25958 00562383
Min Max 050085976 4471 4803 33238 00591235
MaxMin 0834683931 es3 4955 43545 00859564
ARBTST  MinMin 0703108807 652 1701 0.4923 00288065
25m/s Mid Mid 0703559608 1669 72 05275 00298512
Max Max 078817 855 1703 04677 00275984
Min Max Osa0s5976 851 1727 05611 00382165
MaxMin oseEseil 652 1634 03241 00190024
Ride Height  Max Max o7is6e37Es 558 5808 51062 02083333
'spring. Min Max 0673721385 -1006  -3169 216287 0.6825497
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image27.tmp
Actual Comer Actual [FrontRoll Rear Roll RollStiffness [Predicted  Predicted Predicted Predicted Predicted Predicted [Measured Measured Measured Measured Measured Measured
Radius Velocity |stiffness _ tiffness _ Distribution _|Roll Angle WT Front WTRear WTTotal Magic Number Steer Roll Angle WTfront WTRear \WTTotal Magic Number Steer Understeer
Setting nits_|m ms__|Nmyrad  nmjrad  Nmjrad Rad N N N Ratio % Rad N N Ratio % %
Spring 251 Min Min Aero 25 144 503412 176879 073999509 00033 11772 58169 175886 05693 4937 0006676 14785 7815 22315 0ga97 4108 82897
15m/s Min Min 25 145 503412 176879 073999509 00067 12831 599 188215 06817 -4903 000702 1530  sess 23785 05433 4025 57488
Mid Mid 258 143 536543 210010 0718693783 00034 12245 6204 18452 06638 4791 0006447 14705 8625 2333 05303 3935 562
Max Max 259 152 570311 243779 0700550308 000634 124095 67269 191364 05485 4777 000636 1504 9155 24195 og217 343 332
Min Max 259 15 503412 243779 0673739378 00034 11602 6936 18538 05359 -4772 0006433 14245 s21 23455 og072 3943 -5.4089
Max Min 256 15 570311 176879 0763274401 000346 13149 5599 18748 07012  -4823 0006595 15545 816 23685 05563 3954 85871
Mid Min 259 15 536543 176879 0752069603 00036 1286 573 18599 0g919 4779 0006731 1526 826 2350 oses2 3937 -se1m
Min Mid 26 15 503412 210010 0705630048 000358 12089 6431 1852 05528 4763 0008527 1458 sse 2362 os225 3828 83525
Max Mid 259 143 570311 210010 0730867163 000323 123043 59503 1825.46 067d 4783 0006153 14775 830 23075 0503 3925 584
Mid Max 259 153 536543 243779 0687591789 000341 123049 69953 193002 06376 -4777 0006518 14985 sa2 24405 ofla 3978 50013
Spring 751 Min Min Aero 7568 255 503412 176879 073999503 00035 124367 61453 18582 06693 163 0007779 14185 9125 2331 05085 1624 00859
25m/s Min Min 75 265 503412 176879 073999509 00041 136357 63658 20005 06817 165 000833¢ 15275 sse 25115 os0s2 1634 04393
Mid Mid 753 265 536543 210010 0718693783 00037 132849 67292 200141 06638 1643 0007874 14905 1017 25075 05948 1657 04538
Max Max 751 265 570311 243799 0700533087 00034 130237 70597 200834 06485 1647 00074 1482 1051 2533 0585l 1634 04569
Min Max 765 265 503412 243799 0673721385 00037 12683 75813 2026.43 05259 1658 0007484 14525 1100 25525 oses  -17.079 05205
Max Min 765 265 570311 176879 0763274401 00037 141579 60284 201863 07014 1651 0008 15765 9535 2530 0s231 1679 02848
Mid Min 768 265 536543 176879 0752069603 000391 13998 6233 20231 06919 1619 0008246 1570 9785 25485 0515 1638 o0a4s52
Min Mid 75 266 503412 210010 0705630048 000392 131685 70051 2017.37 06528 165 0008145 1485 10505 25365 ossss 1638 04813
Max Mid 75 265 570311 210010 0730867169 000356 135865 65704 201569 067d 165 0007707 15255 1010 25355 05017 1632 04213
Mid Max 753 265 536543 243799 0687574166 000355 128096 72822 2009.8 06376 1641 0007587 1868 1089 2533 05779 1638 0554
spring 25rad_ Min Max 254 191 503412 243799 0673721345 000566 191969 114751 30672 05259 4863 001059 2386 15025 38885 05135 5921 1057
20m/s Mid Mid 256 191 536543 210010 0718693783 000562 201838 10224 304078 06638 4832 0010793 2418 14305 38485 05283 se53 112058
Max Min 27 193 570311 176879 0763274401 000547 2077.43 88457 295201 07014 4572 0010804 2437 13085 37455 08505 5147 57458
ARB25T MinMin 271 154 342822 144761 0703104807 000844 19406 1042 29826 05505  -4493 001377 23335 1436 37695 os1e 4738 29518
15m/s. Mid Mid 275 193 536543 226069 0703550608 000523 18831 10094 28925 0651  -4a97 001062 2278 13785 36565 0623 -a655 1577
Max Max 276 194 730301 291956 0714568117 000384 19275 9917 29192 06603 -4531 0009271 2303 1388 3691 og2s  -as01 26954
Min Max 276 195 342822 291956 0540065976  0.00647 1528327 114985 2678.177 05132 4471 0011808 2055 17125 37675 05455 -a803 33238
Max Min 273 154 730301 144761 0834683931 000463 224026 7014 294166 07615  -453 000928 2700 10305 37305 07238 -a956 43545
ARB7ST MinMin 765 265 342822 144761 0703104807 00057 13138 70546 201926 08505 1652 00089 1523 10225 25455 osess 1701 04923
25m/s Mid Mid 741 265 536543 226069 0703550608 000367 1320 7076 20276 0651 1669 0007931 1520 10355 25555 05948 172 05275
Max Max 767 265 730301 291956 0714568117 000273 13355 6871 20226 06603 1656 000695 15125 10305 2543 0598 -17.03 04577
Min Max 765 265 342822 291956 0540065976 0044 104087  987.42 202829 05132 1661 00085 13315 12295 2561 os2 1727 08611
Max Min 765 265 730301 144761 0834683931 000318 15379  48L5 20194 07615 1652 0007857 16915 82 25435 0665 1654 03281
Ride Height  Max Max 271 1965 536543 210010 0718693783 000563 303339 102435 405774 06638 4598 001156 2570 1505 4075 08307 5808 5.1062
Spring Min Max 1229 442 503412 243799 0673721345 00063 212548 127053 339602 06259 1006 001263 24485 1814 42625 05742 -3169 216287
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Expressions
Front Load Transter 1]
Front Aero Force IN]

WT Long [N]

Total Aero Force IN]

Rear Aero Force [N]
Certre of Presssure Fatio]
Deceleraton Force IN]

Rear Loadtransfer [N]

Total Load Transfer [N]
Actual Magic Number fatio]
Comer Radius fn]

Ackeman fad]

Theotetica Steer PCT [ato]
Understeer

Constants
FLON
FROIN]
Gim/s]

Him

Mass ko]
RLON]
RROIN]
Wheehbase [m]

Summary

(e Load “FLUTNFTire Load “FRN/Z

(Tre Load - FL' [N}+"Tre Load - FR' N)-(FLO' N}=FRO' [N)-WT Long
(Mass’ ka]'G Force Long [G]"G Im/s/s]"H' )/ Wheebase'[m]

“Front Aero Force' [N}+Rear Aero Force' [N]

(Tre Load - RL'[NJ+Tire Load - RR' [NJ{RLO'[NJ*RRO'[N-WT Long [N]
“Front Aero Force' [N Total Aero Force' [N]

G Force Long'[GIG' fn/a/s]"Mass' kel

(Tre Load - RL'[NFTire Load - RR' [N)/2

“Front Load Transfer [N}+Rear Load transfer [N]

“Front Load Transfer' [N Total Load Transfer' [N]

(Corr Speed fum/hl/3.6) (Corr Speed fam/h}/3.6)/(G Force Lat [GI'G' n/s/s)
Wheelbase' )/ Comer Redius'fn]
“Ackeman'Frad]'(-38.65/0.1138391/100

abs(Steering Whe! Pet [} abs( Theotetical Steer PCT'[12)
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