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[bookmark: _Toc35844616]1. Abstract
To create a simulation of an Idealised lap around a circuit, incorporating rider data measured using 2D dataloggers for comparison against a theoretically predicted and simulated timed run, considering real-world limitations for a motorcycle racing scenario. 
[bookmark: _Toc35844617]1.1 Background
	Used by millions across the globe for entertainment, racing simulators have been around for generations and people have played countless hours on them. For most individuals, the concept of being able to drive (or ride) your favourite car/ bike around a track and to compete with friends for fun is more than exciting. However, with the obvious advantage of having less safety risks, and being significantly cheaper than real-world testing, top level manufacturers also use simulators to predict possible outcomes to expected, or sometimes experimental, situations e.g. when demonstrating impact forces during a vehicle crash test.
 In this case, I will be creating a lap simulator in the interest of attaining the theoretical quickest time possible for a chosen motorcycle to travel around a specific track, under controlled conditions and considering expected physical limitations. 
[bookmark: _Toc35844618]2. Selection
[bookmark: _Toc35844619]2.1 Motorcycles + Specifications 
For this task I have chosen to use measurements recorded by the 2D datalogger from the 2006 Tech 3 MotoGP competition entered motorcycle. Some properties have had to be assumed and others have been calculated based on various formulas, of which I will cover and explain in their own respective chapters throughout the report.
[image: ][image: ]I have also chosen to use specifications for a 2005 Kawasaki Zx6r 636 C1h to compare against, for some realistic expectations of a perfect lap from an average road-going, middle-weight sports bike. I decided to use this bike for ease of access and availability of specification to help with validating results and to give a realistic comparison for an average rider.

Tech 3 Yamaha M1 2006 MotoGP Prototype             Kawasaki Zx6r 636 2005 Road Sports Bike
[bookmark: _Toc35844620]2.1.1 Motorcycle Specifications
	Specification
	Tech 3 Yamaha YZF-M1 2006
	Kawasaki Zx6R 636 C1h 2005
	Notes

	Engine Configuration
	4 stroke, inline 4
	4 stroke, DOHC, 4 cylinders
	

	Power
	176 kw
	90.5 kw
	

	Torque
	100+
	70.5 nm
	

	Dry Weight
	157 kg
	192 kg
	

	Wheelbase 
	1.45 m
	1.39 m 
	

	Gears 
	6 speed
	6 speed
	




[bookmark: _Toc35844621]2.2 Rider + Setup
From the 2d data provided, I believe the rider to be the professional rider James Ellison on-board the 2005 Tech 3 Yamaha M1. The rider has mass of 68kg and this must be taken into consideration when calculating the values needed to produce the ideal lap. The motorcycle has been specifically set-up to the rider’s preference.
[bookmark: _GoBack]The rider for the Kawasaki Zx6r is an average skilled rider with a full road license, having a mass of 59kg when in full riding gear. The motorcycle is stock set-up with factory settings.

[bookmark: _Toc35844622]2.3 Track + Conditions
[image: ]The track ‘Motegi’,(ツインリンクもてぎ, Tsuin Rinku Motegi) is located in Motegi, Tochigi Prefecture, Japan and was constructed by ‘Honda’ in 1997. It has a relatively flat elevation, however, racing is hard-wearing on components,  as it is the track on which produces the most braking forces, due to the stop-start hairpin style bends and is the only track whereby regulations requires the use of bigger 340mm braking discs, as opposed to the usual 320mm required. Track surface is considered good, which can also prove hard-wearing on tyres and the continued bursts of acceleration followed by heavy braking and slow (1st/2nd gear corners) also add to the effect.
Track Map of Motegi.  
[image: ]Image taken from https://photo.gp/wp/wp-content/uploads/2015/10/Motegi-track-map-telemetry-Yamaha.jpg









Diagram showing Braking Analysis.    Image taken from https://www.brembo.com/en/company/news/maxi-discs-at-motegi
[bookmark: _Toc35844623]3. Mapping the Track
[bookmark: _Toc35844624]3.1 Importing Track Image into Software
	To enable the design and analysis of the simulated lap, the recorded data from the Tech 3 Yamaha ridden by James Ellison was used to select the ideal racing line and corner lean angles based on the data produced. This involved the process of exporting the recorded racing line from 2D and overlaying it onto a scaled image of the track. I used a combination of ‘2D datalogging’, ‘Google Earth’ and ‘Solidworks’ software to do this, enabling me to plot the desired racing line, straight / corner lengths and corner radii.

[bookmark: _Toc35844625]3.2 Determining Scale and Overlay of Rider’s Lap 
[image: ]	For the lap sim to be accurate and to calculate the forces and speeds involved, it was a crucial element to ensure that the track and the corresponding rider line taken was to scale. This was completed by importing the image from ‘Google Earth’ into ‘Solidworks’, selecting a known marker on the track and calculating the distance between the two points. I then traced over the track in ‘Solidworks’ and used the ‘Smart Measure’ feature to calculate the radius of the corners.
Overlay of 2D Lap onto Google Earth Image


[bookmark: _Toc35844626]3.4 Line Adjustment for Widest Arc (Smoothing)
[image: ]	From the data obtained, I believe that there was a slight malfunction from the GPS. When plotted, the rider’s racing line seems to cut across two corners over the grass outside of track limits. This is clearly an error, as this would have likely caused the rider to crash the bike. This line had to be adjusted to compensate for this and I used the average corner radius and lean angle of the bike to make an approximation as to where the rider would have been in relation to the track at these corners, labelled as R54.32 and 60.41 on the diagram below.
Diagram to Show Line Smoothing and Mapped Distances
[bookmark: _Toc35844627]3.5 Track Sections
[image: ]Once the track had been mapped and plotted, I then split the track into individual sections based on the riding situation and action of the rider. The criteria for organisation of sections, being whether the motorcycle was accelerating, braking or cornering. I then analysed the rider’s data from 2D and entered these values into a Microsoft Excel spreadsheet, based on the speeds involved, the duration of time and the distance over which the actions occurred. This led to discovery that the fastest lap completed by the rider was 1 minute 52 seconds, over 1155 metres with a ‘flying’ lap. This means the lap timer started when the rider crosses the start/finish line from the previous lap and so starts with a moving velocity of 177.1 kph (110 m/s). 
[bookmark: _Toc35844628]4. Forces Involved
[bookmark: _Toc35844629]4.1 Driving Force
This is the thrust force needed to accelerate the motorcycle. It is given by the equation:
S=Fd + Fw
Where;
S = driving force (N)
Fd = Aerodynamic Drag (N)
Fw = Rolling Resistance (N)
As the motorcycle accelerates, it’s velocity increases and, therefore, the opposing drag force also increases.  For the motorcycle to keep accelerating, the driving force must be higher than the drag produced and the rolling resistance combined. Once the drag force and rolling resistance is equal to the driving force, the motorcycle will not accelerate any more and will stay at constant velocity. When the motorcycle is static, driving force is equal to the aero drag and rolling resistance which equal zero. 
The rolling resistance is equal to approximately 2% of the total mass of the motorcycle with rider on-board, multiplied by the acceleration due to gravity. Values calculated are:
Tech 3 Fw = ((68kg rider mass + 157kg bike mass) * 9.81) *0.02 = 44.15 N
Zx6r Fw = ((59 + 192) *9.81) *0.02 = 49.25 N

[bookmark: _Toc35844630]4.2 Aerodynamic Drag
This is an opposing force acting against the motorcycle, caused by the frontal surface area of the motorcycle making contact and causing friction with the air as the motorcycle accelerates. The value of drag increases as the velocity of the motorcycle increases and is given by the formula:
0.5ρ.CD.A. V^2
Where;
ρ = density of air @ 1.167 kg/m^3
CD = co-efficient of drag – superbike range 0.3-0.35m^2, motogp bikes can reach 0.22m^2 or smaller
A = frontal area (m^2)
V^2 = forward velocity squared
[bookmark: _Toc35844631]4.2.1 Aerodynamic Lift
The aerodynamic drag force also creates a pressure force which acts in a way such that a pitching moment is created trying to ‘lift’ or raise the front of the motorcycle and is given by the formula:
0.5ρ.Cl.A.V^2
Where: ClA = co-efficient of lift, approximately 0.1
[bookmark: _Toc35844632]4.2.1 Calculating Frontal Area
To determine an approximate value for the frontal area of the motorcycle, I selected an image of the motorcycle being ridden on track mid-corner that gave a good view of the frontal area. I then used ‘Solidworks’ to trace an outline around the rider and then another outline around the front of the motorcycle to obtain a value for the area covered. From this process I then compared the value I calculated, against a value given in ‘Vittore’s Motorcycle Dynamics’ book for validation.
  I obtained an area of 0.33m^2 for the frontal area of the motorcycle and 0.14m^2 for the rider, giving a combined result of 0.47m^2. I used the known width of the front tyre at 120mm to give scale to the outline.
I believe the result to be accurate as it agrees with the ranges given by Vittore which are:
	0.40 to	0.60 m^2	for	sporting models	
[image: ][image: ]	0.40 to	0.50 m^2	for	Grand Prix motorcycles.

Solidworks Sketch Outline of Frontal Area of Motorcycle 
*NB bike in background used as gave better angle for viewing the front – same bike, different rider
[image: ]







Solidworks Sketch Rider Outline 
*NB Rider in foreground used as is the same rider the 2D Data was produced from
[bookmark: _Toc35844633]4.3 Equivalent Driving Force and Equivalent Acceleration
	As the driving force, velocity and aero drag values constantly change during a race, it is important to calculate the instantaneous driving force being produced and the equivalent acceleration produced as a result, considering all possible combinations of engine speed, gearing ratios, losses produced and traction available.
 As Force = Mass x Acceleration, we must also obtain values of inertia that the bike will possess whilst travelling. This is considering the rotating parts of the motorcycle including the reciprocating mass of the crankshaft, inertia of the wheels and the chain and sprockets.
As the motorcycle accelerates, inertia also increases and so requires more force to slow down. This gives the motorcycle an overall increase in mass and so the equivalent driving force needed will be less for the same velocity. This also means that the more velocity the motorcycle has, the more driving force is needed to accelerate the motorcycle.
4.3.1 Equivalent (reduced) Mass
This is the equivalent mass of the bike considering inertia given by the formula:
m* = m+Iwr.τ^2r+Iwf.τ^2f+Iwm.τ^2m+Iwp.τ^2p+Iws.τ^2s
where;
m* = reduced mass
Ѡ = angular acceleration
T = torque
I = inertia
[image: ]
[image: ]
[bookmark: _Toc35844634]4.4 Tables
[image: ]
Driving Force of Kawasaki Zx6r

[image: ]
Road Speeds and Equivalent Driving Force Kawasaki Zx6r
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Equivalent Acceleration of Kawasaki Zx6r








[bookmark: _Toc35844635]5. Dyno and Gearing Calculator
[image: ]To establish the road speeds (velocity) of the motorcycle based on the instantaneous available power to the wheel and the reduced mass, given the drive losses and resistance forces, a gearing calculator was needed. I created a gearing calculator based on specifications from the ‘Kawasaki Workshop Manual’ and then also ran the motorcycle on a dynamometer to measure power output at each Rpm (revolutions per minute) for validation.
[image: ]Power/ Torque curve generated from Dyno
Power/Torque Curve Plotted in Excel


[image: ]Table Showing Power Output for Engine RPM for Kawasaki Zx6r
[bookmark: _Toc35844636][image: ]
Table Showing Speeds and Rev Falls for Kawasaki Zx6r

[image: ]
Graph Showing Rev Falls Changing Gear at 14k Rpm for Kawasaki


[image: ]Graph to Show Driving Force against Road Speed for Each Gear for Kawasaki
[image: ]
Power Vs Road Speed for Each Gear for Kawasaki


[bookmark: _Toc35844637]5. Calculated Motorcycle Performance

[bookmark: _Toc35844638]5.1 Simulated Lap Time

Once all the required values had been obtained for the Kawasaki, a lookup table was needed to ensure the variables would change depending on the situation and dynamic of the motorcycle. This included the variables for wheelie limited acceleration and traction limited acceleration, as well as combining the required forces that apply to the motorcycle for each metre of track distance. 
[image: ]
Example of Look Up Table in Excel
[bookmark: _Toc35844639]5.2 Assumptions

It was assumed that the Kawasaki would have the same lean angle as the motogp bike whilst travelling through the corners as mass is irrelevant to lean angle and both bikes can reach the maximum lean angle required at this track (-56 degrees)
It was also assumed that both bikes have the same co-efficient of traction. I calculated this to be 
µ= 2.35, based on the formula: 
coefficient of traction = Velocity^2 / (Corner Radius x acceleration due to gravity).
Although seemingly high, slick tyres especially designed for MotoGP have incredible levels of traction so I believe this to also be accurate.



[bookmark: _Toc35844640]5.2.1 Calculations

A few other calculations had to be made, including suspension traces, wheel loads and also timings for each section and relevant acceleration, braking distances, forces and reduced masses.  Please see Excell Sheet for full explanation and all formulas used.
[image: ]
Zx6r power map and gearing

[image: ]Zx6r Predicted Values

[image: ]Tech 3 Lap 



[bookmark: _Toc35844641][image: ]6. Track Maps and Comparison

Track map Showing Speeds and Braking Points
[image: ]









Graph to Show Velocity against Distance
[image: ]Track Map showing Speeds and Lean Angles
[image: ]
2D Graphical Representation of Fastest Lap
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Equivalent Mass:

Tr =  Ѡr/V = 1/Rr 3.18

Tf =  Ѡf/V = 1/Rf 3.40

Note: drive sprocket keyed on secondary shaft Ts =  Ѡs/V = (Ѡs/Ѡr) (Ѡr/V) = (Ts,r)(1/Rr) 9.10

Tp = Ѡp/V = (Ѡp/Ѡs) (Ѡs/Ѡr) (Ѡr/V) = (Tp,s)(Ts,r )(1/Rr) 6.57

Tm =  Ѡm/V = (Ѡm/Ѡp)(Ѡp/Ѡs)(Ѡs/Ѡr)(Ѡr/V) = (Tm,p)(Tp,s)(Ts,r)(1/Rr)

m* = m+Iwr.τ^2r+Iwf.τ^2f+Iwm.τ^2m+Iwp.τ^2p+Iws.τ^2s
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Gear (Ѡm/V) = 

1 50.29

2 35.26

3 28.67

4 24.95

5 21.89

6 19.85

Ratio Between Engine Speed (rad/s) and 

Forward Velocity (m/s)
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1st Gear 2nd Gear 3rd Gear 4th Gear 5th Gear 6th Gear

1843.09 1296.09 1050.88 914.27 802.49 727.53

1881.49 1323.09 1072.78 933.32 819.21 742.69

2150.27 1512.11 1226.03 1066.65 936.24 848.79

2221.95 1562.51 1266.90 1102.20 967.45 877.08

2280.59 1603.75 1300.34 1131.29 992.98 900.23

2269.73 1596.11 1294.14 1125.91 988.26 895.95

2315.68 1628.42 1320.34 1148.70 1008.26 914.08

2406.25 1692.12 1371.99 1193.63 1047.70 949.84

2436.97 1713.72 1389.50 1208.87 1061.07 961.96

2553.45 1795.62 1455.91 1266.64 1111.79 1007.94

2698.38 1897.54 1538.55 1338.54 1174.89 1065.15

2787.39 1960.14 1589.30 1382.69 1213.65 1100.28

2753.85 1936.56 1570.18 1366.06 1199.05 1087.05

2867.03 2016.14 1634.71 1422.20 1248.32 1131.72

2969.42 2088.15 1693.09 1472.99 1292.91 1172.14

3062.51 2153.60 1746.17 1519.16 1333.44 1208.88

3022.84 2125.71 1723.55 1499.49 1316.17 1193.23

2986.49 2100.15 1702.82 1481.45 1300.34 1178.88

2981.71 2096.79 1700.10 1479.08 1298.26 1176.99

2922.16 2054.91 1666.14 1449.55 1272.33 1153.48

2867.03 2016.14 1634.71 1422.20 1248.32 1131.72

2739.03 1926.13 1561.73 1358.71 1192.59 1081.20

2471.57 1738.05 1409.23 1226.03 1076.14 975.62

Max Driving Force (N) =  3062.51

Mean Average Driving Force (N) = 1551.71

Driving Force (N)


image16.emf
rpm Rad/s

 1st Gear 2nd Gear 3rd Gear 4th Gear 5th Gear 6th Gear 1st Gear 2nd Gear 3rd Gear 4th Gear 5th Gear 6th Gear

7.29 10.36 12.78 14.69 16.74 18.46 3500 1358.28 955.16 774.46 673.78 591.40 536.16 366.52

8.33 11.85 14.61 16.79 19.13 21.10 4000 1386.57 975.06 790.59 687.81 603.72 547.33 418.88

9.37 13.33 16.44 18.89 21.52 23.74 4500 1584.66 1114.36 903.53 786.07 689.97 625.52 471.24

10.41 14.81 18.26 20.99 23.91 26.38 5000 1637.48 1151.50 933.65 812.27 712.97 646.37 523.60

11.45 16.29 20.09 23.09 26.30 29.02 5500 1680.70 1181.89 958.29 833.71 731.79 663.43 575.96

12.49 17.77 21.91 25.19 28.70 31.65 6000 1672.69 1176.26 953.73 829.74 728.30 660.27 628.32

13.54 19.25 23.74 27.29 31.09 34.29 6500 1706.55 1200.08 973.03 846.54 743.04 673.64 680.68

14.58 20.73 25.57 29.39 33.48 36.93 7000 1773.31 1247.02 1011.09 879.65 772.11 699.99 733.04

15.62 22.21 27.39 31.48 35.87 39.57 7500 1795.94 1262.94 1024.00 890.88 781.97 708.92 785.40

16.66 23.69 29.22 33.58 38.26 42.20 8000 1881.78 1323.30 1072.94 933.46 819.34 742.81 837.76

17.70 25.17 31.04 35.68 40.65 44.84 8500 1988.59 1398.41 1133.84 986.44 865.84 784.97 890.12

18.74 26.65 32.87 37.78 43.04 47.48 9000 2054.18 1444.54 1171.24 1018.98 894.41 810.86 942.48

19.78 28.13 34.70 39.88 45.44 50.12 9500 2029.47 1427.16 1157.15 1006.72 883.65 801.11 994.84

20.82 29.61 36.52 41.98 47.83 52.75 10000 2112.87 1485.81 1204.71 1048.10 919.96 834.03 1047.20

21.87 31.09 38.35 44.08 50.22 55.39 10500 2188.33 1538.87 1247.73 1085.53 952.82 863.82 1099.56

22.91 32.57 40.17 46.18 52.61 58.03 11000 2256.93 1587.11 1286.85 1119.56 982.68 890.89 1151.92

23.95 34.05 42.00 48.28 55.00 60.67 11500 2227.70 1566.56 1270.18 1105.06 969.96 879.36 1204.28

24.99 35.54 43.83 50.38 57.39 63.31 12000 2200.91 1547.72 1254.91 1091.77 958.29 868.78 1256.64

26.03 37.02 45.65 52.47 59.78 65.94 12500 2197.39 1545.24 1252.90 1090.02 956.76 867.39 1309.00

27.07 38.50 47.48 54.57 62.18 68.58 13000 2153.51 1514.38 1227.88 1068.25 937.65 850.07 1361.36

28.11 39.98 49.31 56.67 64.57 71.22 13500 2112.87 1485.81 1204.71 1048.10 919.96 834.03 1413.72

29.15 41.46 51.13 58.77 66.96 73.86 14000 2018.55 1419.48 1150.93 1001.31 878.89 796.80 1466.08

30.20 42.94 52.96 60.87 69.35 76.49 14500 1821.44 1280.87 1038.54 903.53 793.07 718.99 1518.44

Max (m/s)  = 76.49 Max (n) 2256.93

Mean (n) 1143.54

Equivalent Driving Force (N)   S*=T(Ѡ

m/V)

ROAD SPEEDS (m/s)         * *kph x 0.278* = m/s**
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1st Gear 2nd Gear 3rd Gear 4th Gear 5th Gear 6th Gear

5.41 3.81 3.09 2.68 2.36 2.14

5.52 3.88 3.15 2.74 2.41 2.18

6.31 4.44 3.60 3.13 2.75 2.49

6.52 4.59 3.72 3.24 2.84 2.58

6.70 4.71 3.82 3.32 2.92 2.64

6.66 4.69 3.80 3.31 2.90 2.63

6.80 4.78 3.88 3.37 2.96 2.68

7.06 4.97 4.03 3.50 3.08 2.79

7.16 5.03 4.08 3.55 3.12 2.82

7.50 5.27 4.27 3.72 3.26 2.96

7.92 5.57 4.52 3.93 3.45 3.13

8.18 5.76 4.67 4.06 3.56 3.23

8.09 5.69 4.61 4.01 3.52 3.19

8.42 5.92 4.80 4.18 3.67 3.32

8.72 6.13 4.97 4.32 3.80 3.44

8.99 6.32 5.13 4.46 3.92 3.55

8.88 6.24 5.06 4.40 3.86 3.50

8.77 6.17 5.00 4.35 3.82 3.46

8.75 6.16 4.99 4.34 3.81 3.46

8.58 6.03 4.89 4.26 3.74 3.39

8.42 5.92 4.80 4.18 3.67 3.32

8.04 5.66 4.59 3.99 3.50 3.17

7.26 5.10 4.14 3.60 3.16 2.86

Max =  8.99

Equivalent Acceleration f=ma,  a= equivalent driving force/mass 

(m/s)
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RPM Power (HP) Torque (Nm) Power (kw)

3500 18 27.01 13.42

4000 21 27.57 15.66

4500 27 31.51 20.13

5000 31 32.56 23.12

5500 35 33.42 26.10

6000 38 33.26 28.34

6500 42 33.94 31.32

7000 47 35.26 35.05

7500 51 35.71 38.03

8000 57 37.42 42.50

8500 64 39.54 47.72

9000 70 40.85 52.20

9500 73 40.36 54.44

10000 80 42.02 59.66

10500 87 43.52 64.88

11000 94 44.88 70.10

11500 97 44.30 72.33

12000 100 43.77 74.57

12500 104 43.70 77.55

13000 106 42.82 79.04

13500 108 42.02 80.54

14000 107 40.14 79.79

14500 100 36.22 74.57
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26.22 3500

1st gear 38 13 2.923 104.87 14000
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2nd gear 37 18 2.055 149.13 14000
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3rd gear 35 21 1.666 183.93 14000

12180 1820

4th gear 29 20 1.45 211.41 14000

12288 1712

5th gear 28 22 1.272 240.86 14000

12692 1308

6th gear 30 26 1.153 265.67 14000
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