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Each question has its own figure and referencing system, and an independent bibliography


	Question 1

What is the “steering X constant” in the handling balance equations 3.6.3, where did these equations originate and how were they used in your project?

Question 1 Response (maximum 200 words)

Details of equations 3.6.3 were found in “Analysis Techniques for Racecar Data Acquisition” by Jörge Sergers [1], referencing Milliken and Milliken [2].

The ‘steering X constant’ is the ratio between the steering hand wheel percentage and the angle of rotation of the steering road wheels at low speed, within the limit of grip. This quantifies how much the hand wheel needs to be turned to achieve a desired road wheel angle [1], [3].

From this constant, the theoretical hand wheel angle required to navigate the corner can be calculated, which can be compared to the actual hand wheel percentage. If the driver has to steer more than expected, the vehicle is understeering, if less (or opposite), the vehicle is oversteering [1].

This approach is not completely trustworthy; tyre slip angle is not considered here. There is a difference in the angle of road wheel rotation and angle of vehicle trajectory, thus introducing error within the results [3]. Moreover, the Simulink model was intended to be accessible to any car, and the required logged data may not always be available. Because of this, these equations were not used within the project and were only part of initial research to help improve understanding of characterising vehicle balance.

	[1]
	J. Segers, “Cornering,” in Analysis Techniques for Racecar Data Acquisition, Warrandale, PA, SAE International, 2008, pp. 64-67.


	[2]
	W. F. Milliken and D. L. Milliken, “Simplified Steady-State Stability and Control,” in Race Car Vehicle Dynamics, Warrendale, PA, SAE International , 1995, pp. 582-583.


	[3]
	G. Templeman, “Handling and Steering,” in The Competition Car Data Logging Manual, Dorchester, Veloce Publishing Ltd., 2008, pp. 65-67.


 









	Question 2

Your tyre vertical stiffness testing results are very interesting. Why do you think that they show reasonably linear trends except near the “static loading” zero deflection region?

Question 2 Response (maximum 200 words)

Further research into this area suggests that the non-linear region of the graph may be largely down to the Payne effect; a theory stating that the behaviour of rubber depends on the deformation magnitude, even at small deformations [1]. The report “Analysis of Tire/Road Noise Caused by Road Impact Excitations” analyses this in the context of rubber in a pneumatic tyre; the larger the deformation, the less physical bonds in the material’s structure, thus decreasing the vertical tyre stiffness value, thus reducing the gradient of the graph [2]. This is clearly what is seen in figure 4.7.3. The report finds that the sidewall stiffness in particular is affected by the Payne effect.

As the sidewall deflection increases non-linearly with linear load increase, this will cause the hysteresis and overall dynamic behaviour of the air within the tyre to change non-linearly, again contributing to the results seen [3]. 

These trends are not uncommon and are seen in various similar studies. Figure one shows the gradient decreasing non-linearly as the load applied increases at similar tyre pressures as tested in the project, again confirming both the test’s results, and the research above.
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Figure 1 - Deflection vs load results from external test [4]


	[1]
	R. Payne, “The Dynamic Properties of Carbon Black Loaded Natural Rubber Vulcanizates,” Rubber and Plastics Research Association of Great Britain, Shrewsbury, 1962.


	[2]
	P. Kindt, F. De-Coninck, P. Sas and W. Desmet, “Analysis of Tire/Road Noise Caused by Road Impact Excitations,” Katholieke Universiteit Leuven, Flanders, 2007.


	[3]
	P. Haney, The Racing and High-Performance Tyre: Tuning for Grip and Balance, Warrandale, PA: SAE International, 2003.


	[4]
	P. Y. Mhaske, P. A. Narwade and M. P. Nagarkar, “Stiffness analysis of passenger car tire using Nitrogen,” International Journal of Scientific and Research Publications, vol. 6, no. 1, pp. 140-148, 2016.




Question 3

Figure 7.1.1 - you suggest the offset in the lateral accelerations are due to driving style. How confident are you that this is the case and that this is due to a later turn in – the offset appear relatively constant throughout,  is it not just the lap start positions are staggered?

Question 3 Response (maximum 200 words)

The main use of this test was comparing magnitude of lateral acceleration; therefore, trend offset was less important and not as closely analysed. 

Upon closer analysis, the offset does appear to be constant, making it seem likely that the lap start positions of real and simulator data do not match. The real-world start position is calculated by the on-board MoTeC GPS sensor, and the simulator start position by how the software is programmed; these are not in any way connected [1]. 

A simple way to check this is to overlay the two track map renders from MoTeC, for each data source. By putting the cursor at the very start of the data, it can be seen on the map where the data starts logging on each lap. Figure one shows there is indeed a clear difference, with the real-world data logger starting much later; this coincides with the lateral acceleration changes being seen much sooner in figure 7.1.1.

The difference between these points was found from the data, and the real-world data was altered using the “set offset” feature in MoTeC, producing the data in figure 2. It is clear that the data matches much more closely, although a difference in driving style is still seen in the later part of the lap, past turn 7.
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[image: ]Figure 1 - MoTeC track map with overlaid starting positions

Figure 2 - Lateral acceleration check with offset altered

	[1]
	MoTeC, “GPS Units,” 2020. [Online]. Available: https://www.motec.com.au/s-ac-gps/gp-aboutgps-ov/. [Accessed 24 04 2020].





	Question 4

You have discussed the possible inaccuracy of the pushrod load measurements of the real contact patch loads. Have you thought about the implications of the pushrod loads only measuring the elastic loads (+ static offset) and therefore these may not capture the geometric components of the dynamic load transfer?

Question 4 Response (maximum 200 words)

Within the results analysis, the implications of this were somewhat overlooked. Upon further research, this would appear to be a significant contributing factor to the areas of poor correlation.

The pushrod sensors are mounted from the rocker, onto the upright. Because of this, they transfer load that passes through the springs and ARBs as the body rolls (elastic load transfer); therefore, body roll contributes to all values these sensors calculate [1]. 

Some load transfer, however, happens independently of body roll. Geometric load transfer acts directly through the suspension linkages, through the roll and wheel centres. This value is not affected by body roll, thus will not be measured by the pushrod sensors [2].

To confirm this source of error, it was seen that the consistent over-prediction front and rear was not seen on the simulator, where contact patch loads are calculated by the software, not from pushrod sensors, eliminating this error.

There is currently no other way of measuring MCR contact patch loads to validate against. For a more accurate comparison, accelerometers and capacitive strip sensors would have to be placed within the tyre, which is expensive and against regulations, or strain gauges could be put on the wishbones to carry out further calculations [3]. Neither of these options are currently viable.


	[1]
	M. Doumiati, A. Victorino, A. Charara and D. Lechner, "Lateral Load Transfer and Normal Forces Estimation for Vehicle Safety: Experimental Test," Laboratory Department of Accident Mechanism, London, 2009.


	[2]
	D. Bastow, G. Howard and J. P. Whitehead, "Suspension Calculations and Worked Examples," in Car Suspension and Handling, 4 ed., Bury St. Edmunds, Professional Engineering Publishing, 2004, pp. 410-411.


	[3]
	F. Braghin, M. Brusarosco and F. Cheli, "Measurement of Contact Forces and Patch Features by Means of Accelerometers Fixed Inside the Tire to Improve Future Car Active Control," Vehicle System Dynamics, vol. 44, no. 1, pp. 3-13, 2006.


	
	






















	Question 5

Section 7.3 indicates an over prediction of load transfer by your simulation model (gradient less than 45 degrees) – What do you think is the most significant contributor to this discrepancy? 

Question 5 Response (maximum 200 words)

The biggest contributing factor to the overprediction of load transfer within the model is likely down to inaccurate vehicle data. This is more likely than calculation error as in the simulator data, the front over predicts more than the rear, suggesting incorrect data at the front.

Where tests were carried out, they were done so to the highest degree of accuracy possible and repeated three times to reduce the chance of random error; however, due to systematic error or inaccuracy within measuring apparatus used, results may still be inaccurate.

The results in section 7.3 suggest that one or more data collected were too high, which would carry error forward to the weight transfer calculations. For example, if spring or ARB rate, or motion ratio values were too high, the roll stiffness value would be too high. This would result in the value of overturning moment being too high, increasing roll angle, which would increase elastic weight transfer [1]. As seen in section 7.3, this would result in an over prediction of contact patch loads at high lateral accelerations.

Further research and more accurate measurement is necessary to fully establish the source of this error, moreover less assumptions within the model and more measured data could reduce the over prediction seen.

	[1]
	D. Bastow, G. Howard and J. P. Whitehead, "Suspension Calculations and Worked Examples," in Car Suspension and Handling, 4 ed., Bury St. Edmunds, Professional Engineering Publishing, 2004, pp. 410-411.
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