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This two-part paper will be exploring the effects of vehicle suspension setup on load transfer and subsequently handling characteristics and ability and the aerodynamic effects of varying the front and rear aero devices, both in conjunction and independent of each other. It will also highlight the success and limitations of mathematical modelling versus data collected from simulation software. 
This will be achieved by using the Base Performance Simulator on campus and the MOTEC data acquisition software together to produce one set of results. The results can then be compared to the results produced by inputting known constants and data, such as vehicle dimensions and masses, into a series of formulas. The two sets of data produced aren’t expected to be the same due to some reasonable assumptions made, however they should produce correlating characteristics. 
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The table to the left shows the known specifications of the vehicle. These can be inputted into our setup sheet and used in formulas to calculate our predicted weight transfer results.
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The first task consisted of collecting steady state load transfer data form the simulator and comparing it to calculated data using the test vehicle’s properties. Steady state cornering consists of running a vehicle around an arc of constant radius at a constant speed. By using the MOTEC software and inputting maths channels it was possible to produce figures for weight transfer and subsequently magic number and compare them to predicted results from calculations. The calculations made could be done by using the setup sheet to input the relevant values and within the spreadsheet on excel alongside the simulation results making them easy to compare.
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 For this test it was decided that the vehicle would navigate an arc of 25m radius at 50 km/h. Various setups were explored with varying combinations anti-roll bar stiffness against a constant spring stiffness.

Before taking measurements, it is important to eliminate variables. This was done by running the vehicle around the arc in both directions and comparing the results. We did this with the springs and anti-roll bars set to their medium stiffness. The car was also tested with the aerodynamics set to the minimum value. Before testing the vehicle was also driven around the arc at 10km/h in order to note its Ackermann steer properties. Having completed the validation runs, all subsequent tests were done in one direction.

The anti-roll bars were adjusted in nine different combinations between their minimum, median and maximum values with springs being set at their median stiffness. With the extra time available it was also possible to collect some data for maximum against minimum values of spring stiffness against constant anti-roll bar stiffness and maximum against minimum data of spring and anti-roll bar stiffness in conjunction with each other. Four combinations of spring stiffness and two combinations of anti-roll bar stiffness were calculated respectively. 

Having collected the values required from the software it was possible to begin comparing them with the calculated results. These values were found by inputting any known data into the correct equations. The data produced in the simulator was inputted into the spreadsheet containing the calculated data for easy comparison. In order to do this some assumptions were made. As a result, the figures produced aren’t exactly the same as those measured, but this was expected. 
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Varying ARB
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[image: ]The above image shows the MOTEC software being used to obtain data from the simulator in order to produce the measured values needed to complete the task. In order to ensure the data used is the most accurate possible it must be taken as an average across a data range with as few anomalies whilst remaining as close to 50km/h as is possible. With this being a steady-state test, we are looking for values such as corner radius, speed and throttle position to remain as uniform as possible. The lateral G line remains desirably straight during the measured part of the run.
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The figure to the left shows the maths channels required to complete both task 1 and 2. These were created within Motec and were accessible in every log file within the project. They required the constants below to produce the results.
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The measured data from the simulator provided much of what had been expected. Total weight transfer figures fluctuated within a range of around 100N which was reasonable and front rear balances varied as was expected. The best way to illustrate that the results match the theory was by looking at the extremes. The image below compared the anti-roll bars at their minimum stiffness at the front and maximum at the rear with the opposite setup. 
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The total weight transfer is similar, 2045 & 2076, but the balance is completely different. As a result, the magic number for the two setups vary by almost 0.1, which greatly effects vehicle balance. Having one end of the vehicle ‘stiffer’ than the other can generate greater slip angles and consequently higher grip levels on that side of the car. Knowing this allows us to manipulate the magic number to suit the application. There are however many variables to consider besides steady state cornering; in real world applications, braking forces and power delivery must be considered before settling on a set up as do driver preferences. 

Despite the accuracy of the measurements made, there are some limitations to using a simulator with data acquisition software. Replicating conditions from run to run relied heavily on the driver. In order to make the tests entirely fair it would require the driver to maintain perfect throttle position and steering angle for an extended period of time. As a result the data set produced may not be exact but is as close as could be humanly achieved. 

The values produced by using given data and making calculations, whilst yielding different results, still showed similar and expected patterns. The below figure shows the predicted results as calculated for the same setups as above.
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There are several factors which can contribute to the difference between the predicted and measured results. The equations used relied on a series of reasonable assumptions to simplify the calculations. In the real world a vehicle’s roll centre and centre of gravity will move whilst cornering; as these changes are small it was reasonable to ignore them. Another factor to consider is the tyre radius when static as opposed to when cornering. This influences the unsprung weight transfer both front and rear. Again, it was considered reasonable to ignore these changes as they aren’t significant.




Below are the results from testing the minimum and maximum stiffness combinations of spring rates against front and rear anti-roll bars set to their median settings.
	Setup
	V (km/h)
	V (m/s)
	WTf
	WTr
	WTt
	Magic No.
	PWTf
	PWTr
	PWTt
	PMN

	F min R max
	49.8
	13.83333
	1271
	792
	2063
	0.616093
	1057.654
	599.7779
	1657.432
	0.638128

	F max R min
	50.2
	13.94444
	1402
	703
	2105
	0.666033
	1185.309
	472.1229
	1657.432
	0.715148

	F max R max
	50.3
	13.97222
	1366
	740
	2106
	0.648623
	1097.611
	559.8217
	1657.432
	0.662236

	F min R min
	50.2
	13.94444
	1366
	740
	2106
	0.648623
	1149.94
	507.4923
	1657.432
	0.693808


When comparing the measured results for front and rear stiffness at maximum against front and rear stiffness at minimum there is very little difference as expected. The predicted results however have a great disparity; this is due to the failure to account for certain variables such as tyre radius change and wheel rate change.
Despite this, calculating weight transfer with maximum stiffness front, minimum rear and vice versa produced the change that was expected and mirrors the trend visible in the measured results.

Finally the springs and anti-roll bars were adjusted together to their maximum and minum stiffness respectively. When adjusted together the total weight transfer and magic numbers remained similar as expected.


	Setup
	V (km/h)
	V (m/s)
	WTf
	WTr
	WTt
	Magic No.
	PWTf
	PWTr
	PWTt
	PMN

	F min R min
	50.1
	13.91667
	1317
	759
	2076
	0.63
	1121.067
	536.3651
	1657.432
	0.676388

	F max R max
	50.2
	13.94444
	1358
	746
	2104
	0.65
	1137.763
	519.6693
	1657.432
	0.686461




Comparing the measured and calculated values proved to be a worthwhile exercise providing the vehicle remained in a steady state. The calculations, and their assumptions, however, fall short when the vehicle is in a non -steady state. The calculations require that the vehicle maintain several constants such as turning radius, lateral acceleration value and tyre radius; as such it is difficult to accurately analyse behaviour throughout an entire lap without the aid of a simulator and data acquisition software. With Motec is possible to view data at close intervals and to determine averages therein. 
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Task 2 is a straight-line constant speed and coast down to zero test. The aim of the test is to produce and compare data collected in runs with various levels of front and rear downforce. Straight line testing is the best way to understand how aerodynamic loads can influence vehicle balance and as a result effect handling and aero efficiency. This task should provide information such as varying centre of pressure and lift against drag forces for the various setups. Data such as this allows us to predict not only the balance of the car but also the most efficient setup depending on application. 
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Following an Ackermann test as done with the previous task, the car is positioned at the start of the drag strip. The driver is instructed to wait for a few seconds at the start line before accelerating at full throttle from zero to flat out in 4th gear, roughly 6600 RPM and 206 km/h. Having held it at full speed for a few seconds the driver must then switch to neutral while maintaining maximum throttle and then allow the car to coast down to zero. This process is repeated for every combination of minimum, median and maximum aero force for both front and rear. The initial test is done in both directions in order to eliminate any variables that could affect the results, namely in this experiment, wind.

Having completed the necessary runs and validated them, it was possible to collect the data from the Motec simulation and input them into the formulas in the excel spreadsheet and produce all the required data. From here the data could be analysed to better understand the vehicles aerodynamic properties.
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The above image shows the MOTEC software in use during a coast down test in order to analyse the effects of aerodynamic loading on the vehicle. The red engine RPM line clearly shows the vehicle accelerating though the gears before lifting off in neutral and the engine idling as the blue line representing speed gradually tails off before reaching zero. This run was suitable for use as lateral inputs were at a minimum and the deceleration force gradually reduced as expected.
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 Having acquired all data from the simulation software it was possible to plot it into a spreadsheet and analyse it. It was immediately obvious that the higher the total aero force produced from each setup, the higher the drag force and subsequently the deceleration force. The inverse was true for lift coefficient against the aforementioned phenomena. This proved that producing downforce on the vehicle must be a compromise between drag reduction for straight line speed and cornering capability.  Despite this it was also clear that the vehicle was at its most aerodynamically efficient, that is lift against drag, at its most aggressive setup.

It was also possible to compare the differing centre of pressure values for each setup. The rear downforce capabilities of the car were much higher than the front. As a result, the centre of pressure would typically shift rearward. Being a high powered rear wheeled drive car however this shouldn’t pose much of an issue. The weight transfer typically moving frontward during braking and turn-in should redress this balance somewhat also when front end grip is needed most.    

The findings also showed that the amount aerodynamic force produced by a one end of the car was dependant on the setup of the other end. For example, the maximum aero force produced by the front was 1924N when the rear is at its least aggressive and 16261N when the rear is at its most aggressive. The same behaviour also occurs with the rear end when the front is adjusted. There could be several causes for this; rear wing adjustment could affect underbody flow, likewise, adjusting front aero could cause disturbances to airflow across the rear wing.

The results highlighted the drastic change in aero force during acceleration and deceleration. This change would greatly alter the frictional force produced by the tyres whilst cornering and must be considered throughout a lap. The centre of pressure produced by the most aggressive setups is also far more rear-biased than the centre of gravity. As a result, during a highspeed corner the car’s overall balance would be rear-biased but in slower corners would shift back to the middle again. This could cause the vehicle to be unpredictable throughout the course of a lap.

There are some drawbacks to the nature of the testing conducted; the primary being the reliance on a human pilot to replicate conditions for each run. It is impossible for a driver to lineup the vehicle on the start line perfectly parallel to the drag strip and as a result, minor steering corrections are to be expected. Despite this, it was possible to produce the best possible results be repeating any runs that weren’t completed to the desired standard.

With regards to aero setup limitations, there was no clear ‘aero stall’ found in the results making aero changes linear and more predictable for the driver. Non-linear aerodynamic changes during a lap can be catastrophic and hinder drivability.
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(Jazar, 2008) (Chu & Jones, 2008) (Marqués-Bruna & Spiridon, 2013)
Coefficient of lift against Drag

Drag (N)	1.6304345481891895	1.8380795559980863	2.0833880974429642	1.808607182539923	2.0187309203289048	2.2706980767219096	1.6336842881140741	1.9473818047562321	2.1589344271535271	2.4137422622163087	1.6349888298550703	1553	1709	1894	1679	1823	1993	1556	1787	1930	2108	1556	Cl 


Drag (N)



Total aero force against Drag

Drag (N)	3290	3709	4204	3646	4046	4551	3287	3903	4327	4833	3296	1553	1709	1894	1679	1823	1993	1556	1787	1930	2108	1556	Total Aero Force (N)
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Centre of Gravity Height (m) (H+h) | 0.280
Weight Split F:R (%) - 50:50
Wheelbase (m) w 2755
Front Track (m) T 1.636
Rear Track (m) T, 1.636
Front Tyre Rolling Radius (m) I 0.325
Rear Tyre Rolling Radius (m) I 0.355
Front Motion Ratio MR; 0.69
Rear Motion Ratio MR, 0.69
Front Default Spring Rate (N/mm) Ky 237
Rear Default Spring Rate (N/mm) Ky 237
Front Default Anti Roll Bar Wheel Rate (N/mm) | Kwape | 280
Rear Default Anti Roll Bar Wheel Rate (N/mm) | KWy 36
Front Roll Centre Height (mm) hy 8.21
Rear Roll Centre Height (mm) b, 3L12
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1 [setup V(km/h) V(m/s) WTf  WIr  WIt  MagicNo. PWTF PWTr PWIt  PMN  Uncertainty PKwf  PKwr  Roll Angle

2 |F mid R mid 496 137778 1327 746 2073 06401351 1121729339 5357029214 165743 0.67679 400929 168929 0.0031244

3 FminRmax 497 138056 1218 827 2045 0595599 9604992789  696.9329813 1657.43 057951 280929 192929 0.0037573

4 |F max R min 50 138889 1416 660 2076 0.6820809 1257.379795 400.0524654 1657.43 0.75863 520929 132929 0.002723

5 |F min R min 504 14 1329 771 2100 06328571  1085.67725 5717550098 1657.43 0.65504 280929 132929 0.004302

6 |F max R max 50 138889 1347 706 2053 0.656113 1159.855136  497.5771244 1657.43 0.69979 520929 192929 0.0024941

7 |F min R mid 503 139722 1261 815 2076 06074181 1006563515  650.8687451 1657.43 0.6073 280929 168929 0.0039578

8 |F mid R min 499 138611 1364 708 2072 06583012 1190.826046  466.6062142 1657.43 0.71848 400929 132929 0.003335

9 FmidRmax 503 13.9722 1354 802 2156 0.6280148  1080.31895 577.1133097 1657.43 0.6518 400929 192929 0.0029981

10|FmaxRmid 501 139167 1392 710 2102 0.6622265 1196.829286  460.6029746 1657.43 0.7221 520929 168929 0.0025809

i

12 setup Spring P Spring R ARBF  ARBR

13 |Min 202000 202000 160000 12000

14| mid 254000 254000 280000 48000

15 | Max 307000 307000 400000 72000

16

17

18|MR

19 069

20

21 ay

2 784 -

| aero | ARB | spring | ARE + Spring @ « >

H P Type here to search
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Y16 - % v
L M N o [ Q R s T Y v w X Y z[=

1 |Uncertainty PKwf  PKwr  Roll Angle WTsf  WISRCf Wiusf  WTsr  WTSRCr Wtusr  Roll Stiffness Front  Roll Stiffness Rear

2 400929 168929 0.0031244 1024.66 223079 747579 431736 2230791491 816587 536542.9677 226069.4317

3 280929 192929 0.0037573 863.433 223079 74.7579 592966 2230791491 BL6S87 375953.2077 258187.3837

4 520929 132929 0.002723 116031 223079 747579 296.086 22.30791491 816587 697132.7277 1778925037

5 280929 132929 0.004302 988611 223079 74.7579 467.788 2230791491 BL6S87 375953.2077 1778925037

6 520929 192929 0.0024941 106279 223079 747579 393.611 22.30791491 816587 697132.7277 258187.3837

7 280929 168929 0.0039578 909.498 223079 74.7579 546902 2230791491 BL6S87 375953.2077 226069.4317

8 400929 132929 0.003335 109376 223079 747579 36264 2230791491 816587 536542.9677 1778925037

9 400929 192929 0.0029981 983253 223079 74.7579 473.147 2230791491 BL6S87 536542.9677 258187.3837

10 520929 168929 0.0025809 109976 223079 747579 356.636  22.30791491 816587 697132.7277 226069.4317
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