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[bookmark: _Toc29765208]Introduction
In the quest for perfection, the racing-car engineer uses data acquisition equipment to study the car and its parts. The fundamental purpose of acquiring data from a racing car is to reduce lap times by:
· Improving the driver’s performance by identifying areas for improvement
· Optimising the set-up of the car for the operating environment
· Compromising the optimum set-up with driver preference
A thorough understanding of how to interpret the raw data is necessary to achieve optimum gains. There is a vast array of sensors available to acquire data with, including:
· Accelerometers
· Gyro sensors
· Potentiometers
· Strain gauges
· Piezo tubes
· Thermometers
· Hall-effect sensors
The data from these sensors can provide a detailed insight into the many aspects of the dynamic vehicle.
In this report, data from the UWTSD simulator was analysed to characterise the handling of an Aston Martin DB9 racing-car. Two one-hour sessions in the driving simulator at UWTSD were used to gather data for the analysis. Different set-ups were tested, changing one variable at a time so that it was clearer what caused any resulting effects.

[bookmark: _Toc29765209]Aim of Report 
The aim of this report is to accurately model the aerodynamic and handling characteristics of the Aston Martin DB9 under steady-state and dynamic conditions around Pembrey Circuit. 

[bookmark: _Toc29765210]Creating the test plan
To develop an effective test plan, the final goal must be kept in mind: the characterisation of the vehicle’s dynamics. The decision was made to explore the full range of settings for each variable in turn, while all other variables (other than the one being varied) set at a standard, base setting. 
It was decided that the first session would focus on changes to aero, springs, ARB and ride height; and the second session would focus only on changes to the dampers. 

[bookmark: _Toc29765211]Three types of data
Three forms of data were identified as being relevant to the tests:

[bookmark: _Toc29765212]Data that stays the same throughout all tests (controlled variables) - Basic vehicle data either provided or calculated before tests.


[bookmark: _Toc29765284]Table 1. Data that stays the same throughout all tests (control variables)

[bookmark: _Toc29765213]Data that changes between tests (independent variables) - Car settings and static data. 
These constitute the main variables available during testing:
· Aero settings (affecting Cl and Cd) – Three options
· Spring settings – Three options
· Damper settings – Three options (Tested in the 2nd session)
· ARB settings – Three options
· Static ride height (a result of spring rates and their “pre-load”) – Three options
· Static rake angle (also a result of spring rates and their “pre-load”) – Three options


[bookmark: _Toc29765285]Table 2. Data that changes during tests (dependent variables)

[bookmark: _Toc29765214]Data that varies during tests (dependent variables) – data traces from sensors
These are the results from the simulated sensors that are analysed. 
This data that varies during tests can be further divided into:
· Static data - For each run, data was recorded before the car had started moving. This benchmark data enables changes under various states of motion to be measured.
· Steady state data – when there is constant driver input and constant vehicle motion in a constant environment, i.e. in equilibrium. It is necessary to define how steady is “steady-state”, as both the human and environmental elements are not very steady. It was decided that <2% of max reading / 0.2s could be considered steady state.
· Dynamic data - dynamic driver input and/or dynamic motion of the whole or part of the vehicle. Dampers should have negligible effect under steady state conditions, as there is minimal suspension movement. The results of steady state can be compared with dynamic, and the damper effects are the result.
A set-up sheet was used to store the basic vehicle data and the set-up changes between tests. This provides an easy way of comparing the effects of set-up changes on the data traces.

[bookmark: _Toc29765215]Breaking down the corner
To simplify the task, the negotiation of a corner is split into three parts, the entry, apex and exit. As there are significant aerodynamic effects at the higher speeds, high and low speed apexes are differentiated.

[bookmark: _Toc29765216]Entry
· Begins either when: 1. The steering angle deviates from its steady course on the preceding straight; or 2. When the brake pedal is first pressed at the end of the preceding straight, whichever is first
· Ends at the apex 
· Negative longitudinal acceleration (deceleration) increases and then decreases
· Decreasing speed and downforce

[bookmark: _Toc29765217]Apex
· Momentary
· Zero longitudinal acceleration (the point at which it changes from negative to positive)
· High lateral acceleration

[bookmark: _Toc29765218]Exit
· Begins at the apex
· Ends when lateral acceleration reaches zero
· Positive longitudinal acceleration increases and then decreases
· Increasing speed and downforce

[bookmark: _Toc29765219]Low speed apex, Pembrey, turn 6 
~90kph apex speed, little downforce at apex

[bookmark: _Toc29765220]High speed apex, Pembrey, turn 7
~150kph apex speed, significant downforce at apex
[image: ]
[bookmark: _Toc29765254]Figure 1. Turns 6 and 7 of Pembrey circuit
Two corners of Pembrey circuit, turns 6 and 7, were chosen to gather data for the high and low speed data required. Corner 7 is the fastest corner on the track, but corner 6 is not the slowest. The slowest is the hairpin, immediately after the fastest straight on the track. This was not chosen as more emphasis would have been on the braking zone (mainly longitudinal acceleration) and less on the turn-in (both longitudinal and lateral acceleration) than turn 6 (the second slowest corner), whereas change to both longitudinal and lateral accelerations for as much of the entry or exit as possible would yield more dynamic, rich data. (Archive, 2017)

[bookmark: _Toc29765221]Test procedure
To get an adequate sample of data over the widest possible range of set-ups in a limited time period, care was taken to maximise the efficiency of the test sessions. The time taken for changes to set-up, an out-lap, and one flying lap was calculated to be nearly three minutes, so 20 test runs were possible for each of the two one-hour sessions. One flying lap of each set-up option was driven by Tim Tudor. 

[bookmark: _Toc29765222]First test session
The first session was to get data on aero, springs, ARB, ride height and low speed cornering. The first test set-up was a medium setting for everything, this formed the base set-up. Subsequent tests in the first session altered one element at a time to get the widest disparity between front and rear. In the last test of the session, a low constant speed with a constant radius was used to calibrate the logged steering wheel angle with the steered wheel angle, assuming negligible tyre slip. Coefficients of lift and drag for a variety of aerodynamic set-ups were found from previous coast-down data from the same car, so were not necessary to include in the tests.
 [image: ]
[bookmark: _Toc29765286]Table 3. Test schedule for session 1.

[bookmark: _Toc29765223]Second test session
The second session, focussing solely on dampers, did not use the same approach. Instead of testing opposite settings front-to-rear (creating disparity), all the set-up changes (in the second session damper tests) were made equally to both front and rear. The result of this is that set-up changes are not primarily indicated by oversteer or understeer, as in the first session, but by other means such as tyre load fluctuation and weight transfer.
 [image: ]
[bookmark: _Toc29765287]Table 4. Test schedule for session 2.

[bookmark: _Toc29765224]Calculations and maths channels
[bookmark: _Toc29765225]The coefficients of lift Cl and drag Cd
Using the available coast-down data for the same car with three different aerodynamic set-ups, the Cl and Cd were calculated. The aero set-ups used were:
· Minimum front and rear
· Max. front, min. rear
· Maximum front and rear
The coast-down speed / time trace for the three set-ups is shown in Figure 2. The top speed was limited by the rev limiter.
The trace shows that:
· As soon as the power is stopped, the speed reduces with a diminishing rate of negative acceleration (or deceleration), the rate being dependent on the speed
· The car does not come smoothly to a halt due to the rolling resistance becoming an increasingly significant factor as the inertia decreases
· As expected, increasing “wing” increases the resistance force, exhausting the kinetic energy of momentum in a shorter time and distance

[image: ] 
Min. front and rear | Max. front, min. rear | Max. front and rear
[bookmark: _Ref29553806][bookmark: _Toc29765255]Figure 2. Coast down data: Speed / Time for three aero set-ups

[image: ] 
Min. front and rear | Max. front, min. rear | Max. front and rear
[bookmark: _Toc29765256]Figure 3. Coast down data: Speed / Distance for three aero set-ups

[bookmark: _Toc29765226]Calculating the coefficient of lift (Cl)
The aerodynamic downforce (negative lift) at speed that many racing-cars produce can be measured on the simulator with the tyre load channels by subtracting static tyre loads from dynamic tyre loads (assuming no change in gradient). 
The resulting trace for downforce (N) / time (s) during the coast-down is shown in Figure 4.
[image: ] 
Min. front and rear | Max. front, min. rear | Max. front and rear
[bookmark: _Ref29553873][bookmark: _Toc29765257]Figure 4. Coast down data: Downforce / Time for three aero set-ups
For each of the three set-ups, the rate of deceleration and speed were applied to the equation for calculating the Coefficient of lift. The air density was assumed to be 1.22.
Cl = 2 x Lift force / ( Density of air x Velocity^2 x Frontal area )
Cl = 2 x Lift force / ( 1.22 x V^2 x 1.5 )

[bookmark: _Toc29765227]Cl channel
An equation channel was made in MoTec so that the speed and tyre loads could be used to generate the Cl result shown in Figure 5. (NASA, 2015)
-2 * 'Downforce' [N] / ( 1.22 * sqr('Corr Speed' [km/h] / 3.6) * 1.5 )


[image: ] 
Min. front and rear | Max. front, min. rear | Max. front and rear
[bookmark: _Ref29553922][bookmark: _Toc29765258]Figure 5. Coast down data: Coefficient of lift for three aero set-ups
Interestingly, the trace does not show a consistent value for the coefficient of lift. 
From 200 kph down to 50 kph the Cl value is relatively consistent from around -1 to -1.6 depending on the set-up, although these do become slightly less negative. Below 50 kph, however, the results become increasingly noisy, and head towards positive infinity.
Possible causes for this inconsistent Cl value could be:
· Changes in rake as the speed reduces
· Rolling resistance becoming increasingly significant as speed reduces
· Gradient of test track

[bookmark: _Toc29765228]Aero efficiency (Cl / Cd)
The aerodynamic efficiency is found by dividing the Cl by the Cd. 
[image: ]
[bookmark: _Toc29765259]Figure 6. Coast down data: Aerodynamic efficiency Cl / Cd

[bookmark: _Toc29765229]Effects of rake on Cl
To see whether rake affected the Cl value, a maths channel showing rake was made using front and rear ride heights and the wheelbase:
atan( 
( 'RH R' [mm] - 'RH F' [mm] ) 
/ 
( 'Wheelbase (WB)' [m] * 1000 )
) 
* (180/3.14159)

Static front and rear ride heights were recorded so that the static rake angle could also be produced.

[bookmark: _Toc29765230]Rake
Min. front and rear | Max. front, min. rear | Max. front and rear | Static rake
[image: ]
[bookmark: _Ref29553966][bookmark: _Toc29765260]Figure 7. Coast down data: Rake
The resulting traces for the changing rake of the different set-ups shown in Figure 7., along with the speed traces, show unexpected results. The rake at speed is always less than when static, but between around 40 km/h and 0 km/h, returns to the static value with rough oscillations of around 0.3 – 1Hz.
Looking at the ride heights for front and rear Figure 8. it became apparent that it was just the rear that changed:
[image: ]
Min. front and rear | Max. front, min. rear | Max. front and rear
[bookmark: _Ref29554028][bookmark: _Toc29765261]Figure 8. Coast down data: Front and Rear ride heights
This could be due to the rear wing stalling while the splitter does not.

[bookmark: _Toc29765231]Affected Cl
The changes of rake angle are very small and may not have a significant effect on the coefficient of lift. The point of sudden increase in rake, or dive, as the power is stopped was used to see if there was any noticeable change in Cl but there was not. See Figure 9.
[image: ]
Min. front and rear | Max. front, min. rear | Max. front and rear
[bookmark: _Ref29554070][bookmark: _Toc29765262]Figure 9. Coast down data: Cl and Rake
It appears that changes of rake of 0.1 degrees at 200 km/h have no noticeable effect on the Cl’s, so the increasingly influential rolling resistance as the speed decreases is the most likely culprit for the deviation from the Cl’s at top speed, especially since it can be assumed that the coast-down test track is flat.

[bookmark: _Toc29765232]Centre of Pressure
The centre of pressure is the point in space relative to the vehicle where the aerodynamic forces balance. At constant velocity, the horizontal element of this can be found by dividing the change in front tyre load by the change in rear tyre load, multiplied by 100. This will give the horizontal distance of the CoP from the rear contact patch as a percentage of the wheelbase.
When decelerating at a (near) constant rate however, as in the test, there is also longitudinal weight transfer. To calculate a dynamic maths channel for CoP that accounts for the weight transfer, the forces of simple theoretical longitudinal weight transfer WT = ( H * Mass * Acc ) / WB (along with static tyre loads) were subtracted from the front and rear dynamic tyre loads, leaving just the tyre loads that were due to aero effects. The front was then divided by the rear and multiplied by 100.

[bookmark: _Toc29765233]CoP channel
(
('Tire load F' [N] - ( 'Tyre Load static FL' [N] + 'Tyre Load static FR' [N] + 'WTlong total pred' [N]))
/
('Tire load R' [N] - ( 'Tyre Load static RL' [N] + 'Tyre Load static RR' [N] - 'WTlong total pred' [N] ))
)
*100
[image: ]
[bookmark: _Hlk29590134]Min. front and rear | Max. front, min. rear | Max. front and rear
[bookmark: _Ref29554129][bookmark: _Toc29765263]Figure 10. Coast down data: Centre of pressure
The results in Figure 10. show relatively stable horizontal CoP positions between 200 km/h and 50 km/h. The trace for “maximum front, minimum rear” has a CoP in front of the front axle. 

[bookmark: _Toc29765234]Calculating the coefficient of drag (Cd)
The rate of deceleration is affected by:
· Aerodynamic drag Cd
· Rolling resistance of the tyres on the road
· Friction in the drivetrain, bearings etc.
· Mass of car causing inertia 
· Rotational inertia of parts causing “virtual mass” (assumed to be negligible)
· Air density
· Track gradient (assumed to be flat)
The coefficient of drag Cd was found using the following equation:
Force = 0.5 x rho x V^2 x Cd x Area
Cd = Force / ( 0.5 x rho x V^2 x Area )
(NASA, 2015)
The force in the equation is the air resistance slowing the car. There is another force slowing the car which is rolling resistance and mechanical friction. To account for this in the equation, the rolling resistance force was subtracted from the total force, leaving just the aerodynamic resistance force. (Pacejka, 2020)
Cd = (Total Force – Rolling resistance force) / ( 0.5 x rho x V^2 x Area )

Cd = ( ( Mass x deceleration ) - ( Rolling resistance force) ) / ( 0.5 x rho x V^2 x Area )
To calculate the rolling resistance, the deceleration was measured at low speed, where drag is insignificant. This was approximately 0.4 m/s^2 at speeds below 10 km/h. 
Using the formula F = M x A the rolling resistance was found.
Rolling resistance force = 1284kg x 0.4 = 514 N
The equation for Cd can now be used in a maths channel:
( 
( ('Tyre Load static Total' [N] / 9.81) * 'AccLong' [m/s/s] )
- 
( 514 )
) 
/ 
( 0.5 * 1.2 * sqr('Corr Speed' [km/h]/3.6) * 1.5 )

[image: ]
Min. front and rear | Max. front, min. rear | Max. front and rear
[bookmark: _Ref29554197][bookmark: _Toc29765264]Figure 11. Coast down data: Coefficient of drag Cd
The results (Figure 11.) show coefficients of drag between 0.75 and 1 at around 200km/h, depending on the aero set-up. It was noticed that increasing the value for rolling resistance to 550 N eliminated the gradual increase seen on the traces.

[bookmark: _Toc29765235]Calculating actual lift and predicted drag around Pembrey circuit
Unfortunately, the set-ups used for the coast-down data were not the same as the ones tested around Pembrey circuit. The coast-down data did, however, provide a range between minimum and maximum.
With the estimated (due to incomparable data) coefficients of lift and drag, and the speed, it was possible to predict the amount of lift and drag force that the car was subjected to at any point during the test laps. 
Values for the coefficients of lift and drag, found previously, were entered into the set-up sheet for each test and used to produce channels for estimated drag and lift, and maths channels created to predict lift and drag forces.
Cl = 2 x Lift force / ( 1.22 x V^2 x 1.5 )
Lift force = ( Cl x 1.22 x V^2 x 1.5 ) / 2
Drag force = 0.5 x rho x V^2 x Cd x Area

To verify the predicted lift equation, a channel was made to show the sum of the negative lift and measured increase in tyre load. The result was very similar to the measured downforce, see Figure 13.

[bookmark: _Toc29765236]Lift maths channel
( 'Cl const' * 1.22 * sqr(('Corr Speed' [km/h]/3.6) * 1.5 )) / 2

[image: ]
[bookmark: _Ref29554725][bookmark: _Toc29765265]Figure 12. Coast down data: Predicted lift and measured downforce

[bookmark: _Toc29765237]Drag maths channel
0.5 * 1.22 * sqr(('Corr Speed' [km/h]/3.6)) * 'Cd const' * 1.5

Having verified the predicted lift equation and therefore (to some extent) the drag equation, lap data from Pembrey circuit was loaded into MoTec. The results are shown in Figure 14.
[image: ]
[bookmark: _Ref29590711][bookmark: _Toc29765266]Figure 13. Pembrey data: Calculated drag and lift, measured downforce (shown negative)

[bookmark: _Toc29765238]Lift / Speed channel
A scatter plot was created to graph predicted lift against speed in Figure 15.
[image: ]
[bookmark: _Ref29590830][bookmark: _Toc29765267]Figure 14. Coast down data: Lift / Speed

[bookmark: _Toc29765239]Predicted lift, measured lift
Figure 16. shows how predicted lift compares with measured lift, or downforce over a full lap of Pembrey.
[image: ]
[bookmark: _Ref29591350][bookmark: _Toc29765268]Figure 15. Pembrey data: Speed & Lift / time

[bookmark: _Toc29765240]Lat. acceleration / speed 
By plotting lateral acceleration over speed on a scatter graph it is possible to see the limits of grip increase as the speed increases. See Figure 17.
[image: ]
[bookmark: _Ref29591583][bookmark: _Toc29765269]Figure 16. Pembrey data: Lateral acceleration / Speed
The white line on the scatter graph shows the apparent limit of grip, limiting lateral acceleration. 
To compare the relationship between downforce and lateral acceleration, the lateral acceleration was converted to a force using F = M A.
[image: ]
[bookmark: _Ref29559961][bookmark: _Toc29765270]Figure 17. Pembrey data: Lateral force & Lift force
Figure 18. shows that lateral force does not appear to increase proportionally with downforce, the white line should curve upwards. The friction coefficient of the tyres would be expected to reduce as load increases, but it appeared to be losing performance too early. It was conjectured that over-inflation could cause this apparent reduction in grip due to the contact patch being smaller, and therefore more shear stress on the rubber of the contact patch. This would cause overheating of the tyre, so the tyre temperatures were looked at in Figure 19. 

[bookmark: _Toc29765241]Tyre temperatures
[image: ]
[bookmark: _Ref29573716][bookmark: _Toc29765271]Figure 18. Pembrey data: Tyre temperatures
The front left tyre temperature steadily increases throughout the test. The front right sees increasingly large changes between straights and corners, potentially improved by creating a little scrub with toe-out. Both front wheels appear to have too much negative camber, indicated by the higher “inner” temperatures. The middle temperatures are both a little below the average of the inner and outers’, especially the left tyre, so indicate that tyre pressure could be increased slightly on the right, and more-so on the left, to accommodate the higher average load around the complete lap. 
If the front tyres are not over-inflated, as it appears, the lack of front grip could be caused by too much front weight transfer overloading the front left tyre causing it to slide and over-heat, and / or incorrect damper settings causing inconsistent road contact, also causing slide and over-heating.
The rear tyres also appear to have too much negative camber, as the outer temperatures for both left and right are lower than the inner temperatures. The left tyre pressure could be increased, as the middle temperature is slightly low compared to the average of inner and outer, and so could do with more ground contact. The rear temperatures drop initially but then remain relatively stable, with the right tyre gradually increasing. A higher average temperature could be achieved by increasing toe-in. (Dixon, 1991)
The tyre temperature not only affects the stickiness and malleability of the rubber, but also the tyre pressure. The tyre pressure in turn affects the size of the contact patch, wheel rate and rolling resistance. Good tyre management (i.e. controlling temperature and wear) is one of the skills a good racing driver must acquire.

[bookmark: _Toc29765242]Understeer/oversteer
Before it was possible to calculate oversteer, it was necessary to know the steered angle of the front wheels (the actual steering wheel angle is irrelevant in this instance). To calculate the steered angle, the steering percentage channel was calibrated to the front wheels. This was done by performing a low constant speed, constant radius test so that tyre slip was negligible. (Wong, 1978)

[bookmark: _Toc29765243]Corner radius
With the low constant speed, constant radius data, it was then possible to calculate the radius using trigonometry from the lateral acceleration and speed.
Force lat. = (Mass x velocity^2)/radius
radius = (Mass x velocity^2)/ Force lat.

[bookmark: _Toc29765244]Radius calculated from lateral acceleration
(('Tire load total' [N] /9.81) * sqr('Corr Speed' [km/h] / 3.6))/(('G Force Lat' [G]*9.81) * ('Tire load total' [N] /-9.81)  )

[bookmark: _Toc29765245]Steered radius
'Wheelbase (WB)' [m] / tan('steer angle' [deg] * (3.1416 / 180))

 The correct ratio for the steering percentage to match the angle of the front wheels was found to be 1:16.5, or 100% steer = 16 degrees of wheel angle. The results for the radius calculated from lateral acceleration had a lot of spikes, but some areas of the data were smooth enough to get the ratio. Figure 20.
[image: ]
[bookmark: _Ref29591297][bookmark: _Toc29765272]Figure 19. Constant speed and radius test to calibrate steering angle and direction of front wheels

[bookmark: _Toc29673081][bookmark: _Toc29765246]Slip angles
To calculate the under/oversteer, the amount of front and rear wheel-slip was found. The absolute front slip angle was subtracted from the absolute rear slip angle, leaving just oversteer. 
The rear slip angle was found using the lateral and longitudinal velocities, and trigonometry:
atan('Velocity x' [m/s] / 'Velocity z' [m/s]) * (180/3.1416)

The front slip angle was found by adding the rear slip angle to the steered angle. (Wong, 1978)
[image: ]
[bookmark: _Toc29765273]Figure 20. Calculating slip angles
[image: ]
[bookmark: _Toc29765274]Figure 21. Pembrey data: Front and rear slip angles
The Forces generated at the different angles of slip are shown in Figure 22.
[image: ]
[bookmark: _Ref29741666][bookmark: _Toc29765275]Figure 22. Force / slip

[bookmark: _Toc29673082][bookmark: _Toc29765247]The oversteer channel
To get an oversteer channel, slip angles were made absolute (positive) and the front subtracted from the rear. Figure 21. shows the three fastest laps. All the set-ups showed a large amount of understeer. 
[image: ]
[bookmark: _Ref29553690][bookmark: _Toc29765276]Figure 23. Pembrey data: Oversteer for three fastest laps

[bookmark: _Toc29673083][bookmark: _Toc29765248]Dampers
Before looking at the damper data, some damper characteristics were identified. They should:
· Help maintain steady tyre load/contact patch
· Control transitional weight transfer
· Dissipate the reaction force from high speed bumps 
· Reduce body roll, dive and squat
The second session’s data was examined for evidence of these characteristics being influenced by the changes to the damper settings.

[bookmark: _Toc29673084][bookmark: _Toc29765249]Steadiness of tyre load 
Pneumatic tyres have a load range, beyond which lateral grip rapidly reduces. For this reason, tyre loads should be equalised (as much as possible) left to right.
When the suspension components move, the dampers create a resistive force dependent on the speed of the movement. This is an effective way of reducing oscillations from the springs which can severely reduce tyre load consistency.
[image: ]
[image: ]
[bookmark: _Ref29725331][bookmark: _Toc29765277]Figure 24. Pembrey data, turns 6 & 7: Tyre loads
Looking at the baseline set-up around turns 6 and 7 of Pembrey, the first observation was the vibration at around 5Hz. It was noticed that this appeared to be linked to pitch, see Figure 24. As this causes rapid load variations of around 500N it would be useful to remedy it by adjusting wheel rates so that the frequencies quickly go out of phase. ( Gator Motorsports, 2013)
[image: ]
[bookmark: _Ref29725293][bookmark: _Toc29765278]Figure 25. Pembrey data: Pitch
The tyre loads in Figure 23. show large amounts of front-end weight transfer. The front left tyre is loaded up to around 10x more than the right, whereas the rear left only 2x more, these decrease through the corner. Along with the evidence of large amounts of understeer, this would suggest that the percentage of lateral weight transfer should be balanced between front and rear. This could be done by:
· Softening the front ARB
· Softening the front springs
· Stiffening the rear ARB
· Stiffening the rear springs
[bookmark: _Toc29765250]Lateral weight transfer (from tyre loads)
Maths channels were created to show the percentage of weight transfer front and rear, and the percentage of WT at the rear. 
Front WT maths channel
('Tire Load - FL' [N] - 'Tire Load - FR' [N])
/
('Tire Load - FL' [N] + 'Tire Load - FR' [N])
*100

Rear WT maths channel
('Tire Load - RL' [N] - 'Tire Load - RR' [N])
/
('Tire Load - RL' [N] + 'Tire Load - RR' [N])
*100

Rear % of WT
(abs('WT f' [%]) 
/
(abs('WT f' [%]) + abs('WT r' [%])) )
*100
[image: ]
[bookmark: _Toc29765279]Figure 26. Pembrey data: Weight transfer from tyre loads

[bookmark: _Toc29765251]Conclusions 
The severe understeer in all the data is the most obvious problem. It may be possible to combine several set-up changes to create balance, but the car is a modern road car and therefore designed to understeer, hence the engine on the front axle. 
[image: ]
[bookmark: _Ref29741495][bookmark: _Toc29765280]Figure 27. WT balance: Front / rear ARB extremes
Even at the extreme opposites of front / rear ARB settings, the weight transfer is still generally between 60 % and 70 % at the front. The lap time for the blue trace, the more balanced trace, is 1.4 seconds faster than the grey one. Figure 27.
Figure 22. shows that the front outer tyre easily produces over 10,000 N of lateral force from around 7 degrees of slip, but the rear outer tyre rarely slips more than 4 degrees with lateral force around 8,000 N.
If lateral acceleration around a corner is increased by 10 % (by improving WT front/rear balance), velocity is increased by 4.88% which can be carried out of the corner and on to the straight. 
Acc = v^2 / r
v = Sqrt(Acc x r) 
A 4 % speed increase over a 53 second lap of Pembrey equates to a 2 second improvement, all else being equal. 
2335m / 53s = 44m/s
44m/s * 1.04 = 45.8m/s
2335m / 45.8 = 51s
During corners, both front and rear inner wheels produce very little lateral force. Reducing the apparent excess of negative camber (noted when looking at the tyre temperatures) could benefit this as there would be a larger contact patch. A 10 % increase in lateral force equates to a 10 % increase in acceleration, F = M x A, adding another potential 2 seconds of saved lap time. 
The front over-steer causes overheating of the front left tyre, up to 94 degrees C. Looking at the lateral tyre force / tyre temperature for all test runs, the temperature window for maximum grip appears to be between 75 and 85 degrees C. Above 85, the potential lateral force appears to rapidly decline to around half the grip (at 94 degrees C.) for that wheel. Since this is the wheel bearing most of the load, this decrease is at least 12.5 % of overall grip. At least another 2 seconds. 
[image: ]
Damper changes showed no significant effects, all but one of the damper tests were within 1.4 s of each other, while the two baseline lap times were 1.3s apart. Perhaps if front and rear settings were different some evidence may become apparent. 
[bookmark: _Toc29765252]Further work
If further investigations were to be conducted, the following items could be considered:
· Use a Formula 3 car, not a road car
· Use a balanced set-up as the baseline 
· Set camber and tyre pressures to evenly heat tyre surface
· Equalise lateral weight transfer % between front and rear
· Do more laps for each set-up to accustom driver and to get more data
· Driver - Keep the tyre temperatures in their operating window!
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Microsoft_Excel_Worksheet.xlsx
Sheet1

		Universal

		Sprung mass				Ms		1134		kg

		US mass x4				Mus		24		kg

		Weight distribution static (Supplied data)		Front				50		%		Does not match actual data. Fuel?

		Weight distribution static (Measured)		Front						%

		Wheelbase				WB		2.755		m

		Track width				Tf, Tr		1.636		m

		Steering ratio				SR		1 to 16

		Motion ratio				MR		0.69

		Rolling radius 		Front		RRf		0.325		m

				Rear		RRr		0.355		m

		CoGmid over RCmid		mid		Hmid				m



		Default suspension settings

		Spring rate		Front		Ksf		237		N/mm

				Rear		Ksr		237		N/mm

		ARB wheel rate		Front		Kwarbf		280		N/mm

				Rear		Kwarbr		36		N/mm



		Static data at default settings

		Roll Centre height		Front 		hf		0.00821		m

				Mid (50% f)		hmid		0.019665		m

				Rear		hr		0.03112		m

		CoG height H+h				H+h		0.28		m
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