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Abstract
MotoGP is the pinnacle of motorcycle racing, where the development and implementation of advanced control mechanisms and strategies are of vital importance to ensure optimal performance and efficiency. Typical MotoGP racing machines can produce 230hp with the mass of the motorcycle’s at less than 170kg without considering the rider. Historically this has meant that the performance is limited not by the amount of power available but by the ability of the rider and more recently by the electronic control strategy that is implemented. The development of advanced control mechanisms and strategies to optimise the amount of power available to the rider is now commonplace in production motorcycles. These systems are developed with rider safety and crash prevention in mind, however for the top tier of racing motorcycles where this technology was developed, the focus is on performance. Traction control and anti-wheelie are just a few of the systems which were originally designed for racing purposes with a view to utilize the systems for everyday rider safety.   
Introduction
The data that is analysed within this paper to establish the control strategies used within the MotoGP paddock has been taken from the Tech3 motorcycle of Silvan Guintoli from the 2007 Japanese round at the Twin Ring Motegi circuit. Guintoli’s fastest lap of 1:50.710, which was set on the final lap of the race is what will be analysed throughout this paper. The software is supplied by 2D and along with various other features, it allows for calculated channels to be graphed alongside the sensor data. This is of paramount importance to data engineers who may wish to look at first or second order derivatives of a given channel, such as suspension position to find velocity or acceleration of the suspension respectively. 
[bookmark: _GoBack]From this it has the capability to plot the calculated suspension velocity on a heated mapped scatter graph as seen in Figure 2. Where the x direction represents suspension position, the y direction is velocity and the heat in this case is throttle position. This graph shows that most of the high suspension velocities are present at low suspension position and high throttle position, indicating hard acceleration and quick load transfer from low speed corners, a prominent feature of Motegi.Figure 1
Figure 2

Traction Control in Acceleration & Corner Exit
When the rider attempts to exceed the limits of traction available at the road surface, the rear wheel will begin to slip. Small amounts of slip are desired and can be controlled through numerous means, slip is measured as a percentage of the difference in wheel speed from the front and rear wheels, where 100% would represent zero slip and 105% shows the rear wheel is rotating 5% faster than the front, indicating that the rear is slipping. 
It should be noted that the difference in tyre profile from front to rear must be accounted for, especially during the turn. As the motorcycle begins to roll, the effective tyre circumference at the road is less and the proportional difference between the front and rear circumference is greater. Without accounting for this, the value for slip would increase every time the rider is leaning the bike, even if the actual wheel speed is the same and no slip is present. 
If the rider twists the throttle and is given too much power which initiates excessive wheelspin or slip, the traction control system must interfere quickly to reduce the torque seen at the rear wheel. A mixture of various techniques can be used to achieve this, such as regulating the ignition timing, adjusting the amount of fuel injected into the cylinders, cutting the ignition to a cylinder and electronically controlling the throttle bodies. When and where the system interferes has historically been set prior to riding and if these limits were exceeded, action is then quickly taken by the system.
Figure 2 shows bike data on the back straight between turns 9 & 10 on Guintolli’s fastest lap. The rider exits this turn from 1st gear and accelerates to 6th gear until the braking zone is reached. The top data area shows the channels; RPM (blue), Slip (White), IGN_CUT (Yellow), IGN_Base (Grey), IGN#1 (Pink). While the bottom [image: ]window shows the channels; Thr_ECU (Orange), ICS (Red), ICS_Trgt (Yellow), TCS_Torque (Pink), ATCS_Tq (Blue). Figure 3

As soon as the rider twists the throttle the traction control system begins to interfere, firstly it can be seen that there is a noticeable difference between throttle percentage asked for by the rider and what is supplied by the system. In this situation the rider has asked for full throttle 3 seconds before the system allows the throttle bodies to be opened to 100%. The Thr_ECU channel shows what the rider has requested, the ICS_Trgt channel shows the percentage of throttle opening the system has calculated is the best at that given time and the ICS channel which shows the actual throttle position, ICS tries to follow the target as closely as possible. The system is reducing the opening of the throttle bodies as seen in the ICS data plot, it does so in correlation with the ATCS_Tq channel, any time there is an increase in torque from this channel the throttle opening is reduced and as this value decreases the throttle bodies begin to open in direct correlation to ATCS_Tq. There is also a significant drop in throttle position the first time it almost reaches 100%, this drop is being done to combat the wheelie that the rider is getting which is indicated by the drop in front wheel speed versus the increase in rear.
There is also a similar relationship between the ignition timing and the TCS_Tq channel. For every increase in value in the TCS_Tq channel there is a retardation of ignition timing. Like before, when there is a decrease in the TCS_Tq channel the opposite occurs. The ECU has a base map for ignition timing which is shown as the grey line in the top data area, when the ignition timing is altered the IGN#1 channel deviates from the IGN_Base plot and shows the exact degrees at which ignition occurs. The action of retarding and advancing the ignition allows for careful application of power and torque based on inputs, both measured and calculated, to produce the right amount of drive rather than over or under producing and having to apply an intrusive interference such as a cut to ignition which can result in undesired pitching motion of the motorcycle. 
During the time of the reference data within this paper, the factories will have set targets for parameters such as slip and torque before the race. The ECU would then constantly evaluate the data it is being given, if slip is starting to increase towards the desired limit a less intrusive method of interference may be selected, such as adjusting the throttle position. If, however it see’s that the rate at which the slip is increasing is drastic and will likely result in a breach of limit without interference and may require a slightly more severe approach, it then may select to retard the ignition whilst reducing the throttle position also. In the case of the slip limit being exceeded, the system could look to use both aforementioned methods along with a cut to ignition to bring the desired value back below the limit.
Figure 3 shows an example of where an alteration to throttle position and ignition timing along with a cut to ignition is required. The top section shows ignition timing and cut, whilst the second window shows the throttle and ICS channels and the final area shows the TCS & ATCS torque channels used to determine ICS & ignition timing. The rider is exiting turn 4 on his fastest lap, it can be seen that as soon as the rider opens the throttle the ICS system is reducing the position and ignition timing is being altered almost instantly. The five small jumps in the top window show the where the ignition is cut, a 6% cut is applied in small amounts throughout a time period of 0.9 seconds. If the ECU determines that the situation has worsened, then it may choose to increase the amount of ignition cut it is applying. However, in this situation the rider reduces the request for power as he enters turn 5, the system then stops cutting the ignition and allows the ignition timing and the throttle control to take over.
When using the strategy of ignition cut to bring the bike to within the pre-defined limits, the engineers must decide how this is to be implemented. They can choose to cut one or multiple cylinders at the same time however using one allows for finer application of torque which is essential at high lean angles. It is paramount to the smooth running of the engine that the cylinder which is having its ignition cut is changed, Figure 4 shows the air fuel ratios for each cylinder on the bottom area, whilst the top area shows the ignition timing a where a cut occurs, whilst the centre area shows the throttle and ICS channels along with TCS & ATCS_Tq channels.
[image: ]
Figure 4
Throughout the section of data shown in Figure 4, an ignition cut of 6% is present along with ignition retardation and electronic throttle adjustment from the rider’s request. The spikes seen in air fuel ratio show that the ignition is being cut in alternating cylinders and that fuel levels are also being reduced to cause the sudden leaning of the air fuel ratio. This occurs during the exit of turn 7 and the ignition cut goes on to alternate between 6% & 13% until the rider begins to enter the braking zone, an interesting point in this section of the data is that the rider asks for full throttle from the exit of turn 7 to the braking zone of turn 8 but is given a reduced amount for the entire straight, showing that the electronic control strategy holds far more control over the power and torque output than the rider. 
It should be noted that there are a range of parameters that should be considered when dealing with motorcycle traction control that have not been discussed in this paper. Lean angle, yaw rate and pitch of the machine is of paramount importance and are calculated using inertial measurement units which house two six axis accelerometers and two gyroscopes. With this information along with bike geometry and suspension position, the system can determine the exact position of the bike at any given moment.
Limitations to Acceleration
The motorcycle ability to apply maximum acceleration to the road surface is limited by several factors such as the geometry of the machine and the traction available. The motorcycle’s propensity to pitch upon the application of power is greater than that of most four wheeled vehicles, this is largely due to the relatively short wheelbase and high centre of gravity required to attain fast changes in direction in a racing situation. 
The maximum rate at which a motorcycle can accelerate when negating traction and geometry limitations can be calculated using the vehicle power, velocity, drag force and reduced mass as shown in Equation 1, from Cossalter [1];
Equation 1		
The reduced mass can also be calculated in each gear if the moment of inertia of multiple components are known along with various transmission ratios as shown in Equation 2;
Equation 2	
The maximum geometry limited acceleration is present due to the motorcycles tendency to pitch towards the rear to the point where the front wheel is no longer in contact with the road surface, known as a wheelie. If the rider were to continue to apply full power at this point the bike could continue to pitch and eventually result in front wheel lift. The value for maximum geometry limited acceleration is a dynamic value as it relies on the value of drag force which in turn is a function of the velocity of the machine, as shown in Equation 3;
Equation 3		
From this it can be said that moving the centre of gravity in both height and distance to the rear wheel can have drastic effects on the maximum available acceleration without a wheelie. 
We can calculate the maximum acceleration limited by traction when assumptions for the traction coefficient ‘’ are made. In perfect racing conditions with high performance slick racing tyres we can assume a traction coefficient average of 0.9, using Equation 4;
Equation 4	
It should be noted that the geometry limited acceleration is equal to that of the traction limited acceleration when the traction coefficient ‘µ’ is as shown in Equation 5;
Equation 5		
Acceleration is then;
Equation 6		
Control in Braking & Corner Entry
The physical limits surrounding deceleration are like those on acceleration in that the motorcycles ability to utilise maximum braking force is restricted by both traction and geometry. Under hard braking the load on the rear tyre is reduced often to zero, ending in rear wheel lift. Equation 7 shows how to find the maximum rate that a given machine can decelerate at from a given velocity when accounting for aerodynamic resistance force.
Equation 7	 
The position of the centre of gravity largely controls the limit at which a motorcycle can decelerate before rear wheel lift occurs. To increase this limit the centre of gravity should be moved as low and as far back as possible, however by moving the centre of gravity back the limit at which a bike can accelerate before front wheel lift occurs decreases.
[image: ]
Figure 5
There are limited amounts of electronic control under braking when compared to the traction control seen under acceleration, however there are still interesting strategies being deployed. The data shown in Figure 5 shows the braking zone and entry into turn 10. The yellow and red lines that begin at the top and end at the bottom of the chart are the ICS channels and although it is difficult to see, there is an orange trace which is the riders throttle request, this follows the ICS channels however drops to zero stays there. The grey remains as the ignition timing whilst the ignition cut channel is white, interesting to note that there is no deviation in ignition timing from the base line under braking. Banking angle is dark green, the light green and purple are the secondary and primary injectors respectively and the stepped red line shows gear position. 
The first action from the system is that the ignition is cut by 20% for small amount of time, 0.08s and shortly after advances the ignition timing by 18°. Then after the rider has reduced throttle input to zero, it opens the throttle position to reduce the large reverse torque effect that is present during strong engine braking during deceleration. When looking to compare the ICS channels with ignition and fuel It is clear that the ignition timing follows a similar trace to that of the ICS channels and the primary injectors, it is also clear that the system reduces its intervention with higher lean as when banking angle is increased all channels begin to return to normal values. 
Future Industry Technology
There has been many publications surrounding the application of traction control to the motorcycle in recent both internally at motorcycle manufacturers and externally [2],[3],[4]. The electronic control technology seen in the MotoGP paddock today is less complex than what was being used up until the end of the 2015 season. After this point a control ECU had been forced onto the manufacturers and had limited what could be done, things such as throttle bodies cannot not be controlled individually but are now in two groups. Individual control of throttle bodies, injectors and spark plugs allow for more fine tuning of control strategies however it can be expensive and time consuming, therefore the governing body introduced the control ECU to level the playing field. Before this change however, Honda & Yamaha had developed a control strategy which could tell exactly where the bike was on the circuit, and from the previous laps data calculate exactly what inputs would be required to generate more, or less, of a desired output, such as slip. [5] 
Previously, R.S Sharp[6] had developed equations of motion that apply the Lagrange equations to describe the motorcycle in a dynamic situation. This, along with the progression of computing power has allowed for the application of integrated ECU’s that can take live data and determine the significance of the contributions of various parameters. The recent advancements in recurrent neural networks and machine learning algorithms have allowed self-driving cars to be developed, the focus is on safety and efficiency with these advancements however similar methods could be used to develop predictive control strategies for race teams. The main benefit of a system such as this, is that once fully developed and trained, it could calculate and produce the exact amount of power & torque required to optimise acceleration. It does this through learning what change in inputs result in which change in outputs, for example a very well-trained network of this type would be able to predict with great accuracy, the change in torque if it were to alter the ignition timing by a given value. For it to do this well, it would require knowledge of every input that can affect the desired output, which in the case of an engine could be in the region of 20 and in the case of the motorcycle, the number of inputs would range into the hundreds if not thousands. This would have to be a massively complex system that would require vast amounts of training data and time to become accurate in its predictions. 

Summary/Conclusions
The electronic control strategies used by top flight MotoGP racing teams during the 2007 season is shown within this paper, it has been found that there are multiple strategies being deployed in order to control the application of torque to the rear wheel. The speed at which each strategy can be implemented, and its level of intrusiveness is key in understanding which intervention to select. The alteration of ignition timing, including partially cutting ignition is the fastest method of intervention along with the change in fuel amount being injected. The electronic control of the throttle is the slower option in regard to torque control due to the mechanical displacement required, however it is a technique used throughout the entire dataset in both acceleration and under closed throttle braking conditions, leading to the conclusion that the motorcycle shown in this paper use a fully electronically controlled throttle. It is unfortunate the channels available for review within this dataset only cover the first cylinder with regards to ignition, fuel and throttle body position as it would be interesting to review the control strategies in these areas across all cylinders to see whether individual cylinder control had been utilised. 
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Appendix
Notation

	Notation
	Term
	Units

	g
	Gravity
	m/s²

	m
	Mass
	Kg

	P
	Power
	W

	V
	Velocity
	m/s

	p
	Wheelbase
	M

	b
	X-CoG
	M

	h
	Y-CoG
	M

	Rf
	Front Tyre Radius
	M

	Rr
	Rear Tyre Radius
	M

	Iwf
	Front Wheel Inertia
	Kgm²

	Iwr
	Rear Wheel Inertia
	Kgm²

	Iwm
	Engine Inertia
	Kgm²

	Iwp
	Primary Shaft Inertia
	Kgm²

	Iws
	Secondary Shaft Inertia
	Kgm²

	Tr
	Front Wheel Velocity Ratio
	-

	Tf
	Rear Wheel Velocity Ratio
	-

	Τs,r
	Sprockets Transmission Ratio
	-

	Τp,s
	Primary-Secondary Shaft Transmission Ratio (6th) 
	-

	Tm,p
	Engine-Primary Shaft Transmission Ratio
	-

	m*
	Reduced Mass
	Kg

	
	Acceleration
	m/s²

	
	Geometry Limited Acceleration
	m/s²

	t
	Traction Limited Acceleration
	m/s²

	Nf
	Front Load
	N

	Nr
	Rear Load
	N

	Fd
	Drag Force
	N

	S
	Driving Force
	N

	
	Traction Coefficient
	-
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