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[bookmark: _Toc215959447]1 Introduction
The following report aims to create a detailed lap simulation around Donington Race Circuit with the Ducati 1199 Panigale S. The report will compare real world data to simulated calculations and identify where data may or may not align with the theoretical calculations presented by the lap simulations. The report will also touch on the limitations of the lap simulation.



[bookmark: _Toc215959448]2 Track Segments and Circuit Analysis
An ideal line of Donington Park has been plotted onto a scaled birds-eye view of the circuit. The choice of racing line has been allocated using data from roll angle data, whereby the beginning of a turn has been identified where a constant and increasing roll angle is occurring. Figure 1 demonstrates how this has been done, where the banking into turn one has been located as 229m into the lap, this signifies the start of a turning radius.

[bookmark: _Ref215509834]Figure 1 - Point of turn entry
The apex of the turn has been determined by use of the wheels speed data and on board footage from a fast lap of the circuit (Figure 3). For most corners, the throttle is applied at the apex, to encourage the motorcycle to right itself. With this in mind, where the wheelspeed has increased, and the lean angle decreases, this is a clear indication of the apex point. Measuring this point, the distance from turn in to apex can be calculated, as seen in Figure 2.

Figure 2 - Instance of apex
[image: ]
Figure 3 - On board footage at apex point, turn one
The racing line can be seen in Figure 4, whereby the point mass utilises the track width as much as possible. The racing line model assumes that curves use a constant radius and occupies the largest radius possible for the width of that section of track. The solid state/velocity model has its limitations, which will be discussed later.
[image: A screenshot of a computer
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Figure 4 - Racing line
For straights, a point “A to B” approach has been used. This is the most direct route from corner exit to corner entry at a straight start and end. The result is a full racing line, as seen in Figure 5, which will be used for the point mass model.
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Figure 5 - Complete racing line1
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The configuration defines 16 segments comprising of 3 straights, and 13 arcs (turns).
[image: A screenshot of a data
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The total length of the racing line was 3899.11m (Table 1) which is results in a 3% shorter distance than the official track length of 4.02m (Donington Park Racing Circuit - Goldtrack, n.d.). There is a difference of 45.89m between the calculated track length (Table 1) and the distance covered from the benchmark lap. This is an acceptable value, as the racing line loosely moves towards the shortest path around the circuit, where as the official track length uses the path along the median width of the track.


[image: A aerial view of a race track
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Figure 6 - Total track length
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Figure 7 - Benchmark track length



[bookmark: _Toc215959449]3 Velocity Profile Development  
Essential data has been gathered to build a suitable model for specific segments. The mechanical maximum velocity of the motorcycle has been calculated with the use of power curves and gearbox data and used to calculate a theoretical maximum velocity of the motorcycle and rider given the combined aerodynamic drag resistance. A tucked cross sectional area of 0.55m2 and untucked cross sectional area of 0.65m2have bee used respectively.
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Figure 7 - Driving Force diagram
Figure 7 demonstrates the driving force of the motorcycle at different engine speeds per gear. This plot is useful to calculate the shift points of the motorcycle to optimise the acceleration profile. Given that none of the curves cross, the shift points default to the maximum RPM point.
[image: A graph with a line going up
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Figure 8 - Maximum Velocity plot
Figure 8 uses the driving force calculated in figure 7 and plots the aerodynamic drag force. The point where these curves cross is the calculated maximum velocity: Top speed: 83.68 m/s  = 301.2 km/h.
There are 2 distinct phases of the track for rider position: tucked and untucked. The simulator has been modelled to utilise tucked aerodynamic profiles on straights. Some “corners” use the tucked profile, thus treated as straight due to the corner radius being very large. Segments 12 and 14 fall into this category respectively.

[image: A screenshot of a computer screen
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Figure 9 - Maximum banking angle
Reviewing the data from the benchmark test, the maximum lean angle was achieved was 56.9o at turn 3. This lean angle appears close to the limits of the tyre, since
Tan-1(56.9) = 1.534G
Whereby “1.5G” (Oxley, 2021) is the limit of grip for a performance tyre in a corner. The grip profile of 1.5G will be used as a more realistic target for the simulator instead of the lean angle limit of 56.9o.
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Figure 10 - Maximum longitudinal and lateral accelerationMax m/s2 long and lat values 



A maximum banking rate has been assumed between 2 of the maximum lean angles between segment 3 and 4. Maximum lean at segment 3 being 56.9 and segment 4 being 53.3 respectively. This occurred during a time of 5.565 seconds, giving a banking rate of 19.802o/s. This rate can be utilised to aid the maximum velocity at any point during a turn, between 0o and maximum lean angle. Essential in chicanes where the transition time to roll the motorcycle will limit the velocity the motorcycle can pass through the chicane, given the velocity to transit section is capped by time to move from max + lean angle to max - lean angle.
A friction ellipse has been calculated using maximum longitudinal acceleration and lateral accelerations from live data. This data has been used to aid the corner friction model in the simulator. The circular Kamm Circle model is less applicable to the real dynamics of motorcycles, even the ellipse is a poor model, see figure 12. Although, the values taken in figure 9 will be used to create the most accurate ellipse as possible.
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Figure 11 - Roll rate calculation
Braking forces in superbikes have seen momentary forces of up to 1.5G (Biral & Lot, n.d.). Given the elliptical model being used, a calculated value derived from

Produces 1.09. This is close to a friction circle (1:1) but does show bias in the longitudinal profile, which would be expected.
[image: A diagram of a heart

AI-generated content may be incorrect.]
Figure 12 - G-G diagram(Biral & Lot, 2009)
Finally, the simulation calculated a time for a standing start and a flying start. It is useful to have a simulation from a standing start, as the shift sequence may be different for the first few corners of the track, before the motorcycle’s velocity is on par with the flying lap.
The simulation also makes recommendations for a more optimal final drive ratio and offers suitable sprocket recommendations to satisfy this ratio.

[bookmark: _Toc215959450]4 Full Lap Simulation
See MATLAB script.
Key points:-
· Max deceleration 13.73m/s2 = 1.4G.
· Maximum lean angle based on lateral trip profile 50.2o.
· Maximum roll rate hard defined at 19.8o.
· Maximum achievable velocity 301.2 km/h.
· Maximum achieved velocity 253.7 km/h.
· Flying lap time 1:32.313.
· Recommended final drive 2.7, 17t-46t arrangement.



[bookmark: _Toc215959451]5 ValidationGreater velocity


Figure 13 - Velocity distance overlay (Red benchmark, Blue Simulation)
Comparing the curves between the benchmark and the simulation model in the velocity distance graph, figure 13, it is evident that the simulation carries greater velocity in most corners, with the only exception being Redgate (segment 1) and the Foggy Esses (segments 10 and 11). The average velocity difference is 13.87% across positive segments, green in table 2.
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Table 2 - Velocity difference

The velocity distance graph also shows that a steady state cornering manner is occurring within the simulation. In contrast to the real results whereby the velocity is in one of two phases, accelerating or decelerating. This is evident when comparing the curves paths where the real data shows minimal distance where the gradient of the curve is 0 (horizontal). In contrast, the velocity in the simulation is at times close to horizontal, demonstrating a constant velocity, and a steady state corning manner.
The gradient of the velocity distance graph also tells us where the benchmark rider could be accelerating harder. In the final sector, 17, the gradient is almost identical between benchmark and simulation, demonstrating that the rider and machine can match the simulation. Although, in most other areas of the benchmark plot, the acceleration could be greater. Furthermore, the deceleration from the benchmark could be greatly improved, as every segment has a slower deceleration from the benchmark than the simulation.
It can be assumed that the simulation model is not optimised to replicate real world dynamics. This is likely due to the friction circle or the hard lean angle cap. In reality, the rider will continue to lean until the tyre grip limit is reached and the motorcycle will be designed to prevent body parts of the motorcycle not to have contact with the ground up to that limit. 
Short downshift
Multiple downshift

Figure 14 - Gear vs distance plot (Red benchmark, Blue simulation)
Figure 14 shows the ideal gear selection for each circuit segment, based on the tractive-force-per-gear plot. The simulation chooses the gear that provides the highest driving force at a given speed, ensuring the rider has the most usable power for acceleration. The simulated gear choices broadly match the benchmark data, particularly in the latter half of the lap, though the simulation tends to select lower gears in the early sectors. This corresponds with higher engine speeds in sectors 1–7, as shown in Figure 15.
Sectors 8 and 10 show very short shift times, and unlike the benchmark, sectors 7–10 are all completed in a single gear, suggesting that shift time and tractive drive limits may negate the need for downshifts. However, the friction circle may limit the usefulness of selecting the gear with the highest tractive force, as extreme lean angles greater than 45o significantly reduce the available lateral and, therefore, tractive availability (figure 12).
The simulation also models instantaneous multiple downshifts in sectors 10 and 12, which differs from real gearbox operation where each gear must be individually engaged. Additionally, the model does not include engine braking deceleration forces. Given that it always selects the gear offering the greatest drive, it may overlook situations where engine braking in a different gear would be more advantageous. The limitation lies with the simulation’s logic, which only evaluates driving force and lacks engine braking data.
The simulator makes recommendations for the best final drive ratio and calculates the best sprocket arrangement to achieve the closest final drive ratio possible. The simulator calculated that 0.200m/s could be saved by moving to a 3.2 final drive ratio, achievable through a 15t, 48t arrangement.

Figure 15 - Engine speed vs time (Red benchmark, Blue simulation)
Engine speed from the simulation sees similar results to the benchmark, when considering the gear selection difference between the benchmark and simulation (figure 14). The greater engines speeds are a result of the increased overall velocity per segment (figure 13). As mentioned, the simulation is not considering engine breaking, nor rear wheel slip. Naturally, the simulation is going to plot a much cleaner curve, as there is no loss of traction in the model, which translates to noise in the benchmark telemetry. 

Figure 16 - Lean angle around circuit distanceScope to increase lean angle
Flat gradient, steady state cornering
Line of best fit, flatter gradient, not much change in lean angle

Much like the velocity distance graph, figure 13, the lean angle plot confirms that the simulation is operating in a steady state cornering manner, identifiable where the gradient of the simulation curve (blue) is 0. With this in mind, some segments demonstrate little gradient change from the benchmark plot. Tying this in with the velocity plot, the velocity and lean angle are not changing much. A line of best fit for the lean angles in these segments (1, 3, 6 and 10), the benchmark plot resembles steady state corning attributes.
Lean angles are of a similar magnitude, with segments 5, 9, 11 and 16 being within 15% of the simulated lean angle. Again, the simulated lean angle is capped due to the friction circle. Given that there is correlation in some of the lean angles, it can be assumed that the rider has scope to increase lean angle, and therefore velocity in sectors where there is a distinct difference in lean angle. A good example of this would be sector 13.

[image: A computer screen shot of a graph
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Figure 17 - Lateral acceleration around Donington
The G-G diagram shows lateral and longitudinal acceleration limits of 10.49m/s2 in acceleration, 9.69m/s2 in deceleration and 10.8m/s2 in the lateral directions. The friction circle hold almost a 1:1 ratio. Comparing this to elite rider data, (Biral & Lot, 2009), There is a lot to be gained by pushing the motorcycle closer to the limits defined in figure 12. The simulation uses a lateral friction factor of 10.7m/s2.


[bookmark: _Toc215959452]6 Further development
The simulation accuracy could be greatly improved by a better corner radius model. Ising GPS data, a meter by meter radius could be calculated. In turn, this could mitigate some of the steady state coring dynamics that the simulator shows.
Given that the model accounts for gradient which affects the acceleration and deceleration of the point mass, weather, such as wind (tailwinds and headwinds) could be accounted for and included. These would influence the acceleration, deceleration and corning of the motorcycle.
The point mass model does not account for any geometry changes within the motorcycle. Thrust and camber forces can affect the way the motorcycle would handle in braking and acceleration phases at lean angle.
A shift time could be added to account for a quick shifter. The down shift profile could also be better modelled to make downshifts sequential and not multi instantaneous. A logic to prevent shifting when the time in gear would be less than a short time (such as 2s) could also be used.
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image13.png
Segment | Type Length (m) Notes
1 Corner, 87.71 Redgate corner, high speed trail braking to apex.
> | comenll 289.95 Hollywood, fast righthand corner, trottle around corner. Late apex to
set up for descent into Craner curves.
3 Corner, 203.25 Craner curves > Old Hairpin > Starkey’s Bridge > Schwantz Curve. Series
4| Comner, 171.09 of esses, large lateral loads, full series lean angle flick, left, right, left.
5 Corner, 45167 Turns 3 and 4 downhill, 5 uphill
Meleans corner. Hard on the brakes, gradient uphill. Wide entry into 6,
6 Corner, || 137.73 ightens, late apex, uphill gradient may affect traction/geometry
handling.
7 | st | 2235 Full throttle, slight uphill to mid-point of straight, before downhill
entering Coppice.
8 Corner, 204.12 Coppice corner. Braking uphill, blind entry into apex. Double apex corner.
Hard acceleration from first apex of Coppice. 600+m before braking
° Staight 55530 point. Rear load transfer dominant.
10 Corner, 33.91 Foggy Esses, left right chicane. Hard braking, can ride curbs. Lots of rider
11 Corner, 121.63 input. Hard acceleration out from corner.
2| comenll 3300 Siight leftinto Melbourne, should be tucked, hard acceleration, hard
braking.
Melbourne hairpin, slowest turn on track, high rear load on corner exit.
1 Comer, i 9175 Late apex to stand the bike up and accelerate.
14 Corner, 304.50 Melbourne straight. Tuck.
15 Corner, 113.10 Goddards, tight left, caution left side tyre temperature.
16 485.91 Acceleration zone, use curbs.
Total 3899.11
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segment | type | benchmarkkm/s | simulation km/s | difference | difference %

1| straight 2186 2412 226
2 comer 846 869 23
3 comer 173.9 1978 239
4] comer

5 | comer 106.3 1308 245
6 | comer 189.3 2077 184
7 | comer 1013 1166 153
8 | straight 176 206.4 304
9 | comer 1008 1209 20.1
10 | straight 2267 2538 271
11| comner 828 76 6.8
12 | comer

13 | straight 2009 2223 214
14| comer 475 67 195
15 | straight 1735 208.1 346
16 | corner 569 771 202
17| straight 195.7 207.8 121
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