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Abstract

Racing motorcyles need to accelerate and brake at the maximum permissible limit that traction and geometry allows in order to complete laps as fast as possible. Even the most capable riders are unable to always ride on this limit without exceeding or falling short of it and so an advantage can be gained from using electronic control systems to help the rider stay closer to the limit more of the time. In this paper the control methods used by the 2007 Yamaha Tech-3 team on the YZR-M1 motorcycle are analysed to determine the methods used. Traction control, wheelie control and braking control are looked at through a period of 17 race laps to determine what data is being processed by the ECU in real time to determine the level of intervention required. Some research is also carried out into the advancements since 2007 and what methods modern Moto GP motorcycles are using.

Introduction

As motorcycle technology has progressed, the modern racing motorcycle has become a very powerful and capable machine. To help the rider use the motorcycle to its fullest potential, control systems or ‘rider aids’ have been implemented which can intervene with the engines torque output to prevent wheelies or maintain traction for example. The modern Moto GP motorcycles are at the forefront of this technology and it is now essential in order to be competitive. 
In this paper 2D data from a Moto GP motorcycle during a 2007 race is analysed to determine what control systems were in place and how they were implemented using the motorcycles controls. Some of the current methods are then discussed to show how the technology has moved on since 2007.

2D Data

The data being analysed is of the last 17 laps of the 2007 Moto GP race at Motegi circuit in Japan. The rider was Sylvain Guintoli on the Yamaha YZR-M1 riding for the Tech-3 team. The race started off as a wet race on wet tyres and on the 7th lap the rider pulled in to the pits and swapped to their second bike with cut slick tyres on and is the bike where the data originates from.



Traction control

The traction control system (TCS) appears to work, in simple terms, by monitoring the slip occurring between the front and rear wheels and intervening to reduce the torque supplied to the rear wheel when the slip becomes too great. The traction control system can intervene with three different methods, retarding the ignition, cutting the ignition and closing the throttle bodies. Retarding and cutting the ignition are the fastest to intervene and closing the throttle bodies take slightly longer to take effect. [1]

The ‘ICS’ channel, presumably inlet control system, appears to control at least one of the throttle bodies, closing to reduce the intake of charge and therefore the torque ultimately produced. From the data provided, it is not possible to determine which throttle bodies are being controlled on the ICS channel and which may follow the ‘ICSOPN’ channel however, it is easier to control the output torque with a large closing of one throttle body than a small closing of all of them. [1]
In the data provided, the ICS channel regularly moves 30% within 0.2 seconds meaning it would be reasonable to assume this is only effecting one cylinder, possibly two, as that much throttle movement for all cylinders would have a very drastic effect. 

The other throttle bodies are assumed to follow the ‘ICSOPN’ channel which still differs from the rider’s throttle input but isn’t effected by traction control. The ‘ICSOPN’ channel can be seen in ‘figure 1’ to reduce the riders input by an increasing rate through the first 15% of throttle opening where the reduction then levels out at roughly 7%. This will have the effect of softening the initial throttle response during small throttle openings whilst the rider is at very high lean angle where smoothly introducing the torque is very important to maintaining traction. This 7% reduction gradually returns to 0% between 65% throttle opening and 100% 

The movement of the throttle bodies is used for traction control and also during braking. Therefore, there are four channels that can be seen in the data to be effecting the overall ICS position, ‘ICS_Slow’, ‘ICS_Dec’, ‘ICS_CltCorrP’, ‘ATCS_Tq’ and two more, ‘ICS_CltCorrl’ and ‘ICS_Fast’ and which play no part in this data set but may be there for other purposes, possibly used on different maps. 

The ECU appears to calculate a target for the ICS to meet depending on the intervention demands. There is an ‘ICS_Trgt’ channel which is assumed to be the target as the name suggests and also the two channels follow each other very closely. 

Ignition

Retarding the ignition reduces the torque by firing the cylinders at a non-optimum point. For maximum torque
the ignition would be fired at the point where maximum energy recovery of the combustion occurs and by 
retarding the ignition, the energy recovered is reduced thereby reducing the torque output. 

[bookmark: _GoBack]By cutting the ignition, the combustion event will not occur at all. The ‘IGN_CUT’ channel responsible for cutting the ignition is in a percentage suggesting only a percentage of the sparks are cut during that time. This can be proven in ‘figure 2’, In between the measurement lines in the image it can be seen that the TCS asks for a 6% ignition cut over a period of 0.5 seconds at an average RPM of 12500. With two ignitions for every revolution, simple maths shows that to be 208 ignitions over that half second period with 6% of those being cut, making that 13 cuts to the ignition. In the air fuel ratio section at the bottom, 14 peaks can be seen between the four cylinders with the cuts equally spaced apart and in the order of cylinders 1,4,2,3. 

By equally spacing the cuts and changing the cylinder used, the drop in power will be smoother to avoid abrupt decelerations of the rear wheel and therefore weight transfer and pitching. Further, the peaks to the air fuel ratio are showing the cylinders becoming lean suggesting that during an ignition cut, there is also no fuel injected, which over an entire race will equate to a very small but maybe not insignificant fuel saving. 

Slip

Accurately measuring the slip between the front and rear wheel isn’t as simple as measuring the difference in wheel speeds. The active circumference of a motorcycle tyre will reduce as it leans over due to the curved nature of the tyre, and the front and rear tyre circumferences will change at different rates with lean angle as well as being different to begin with. [1]

In order to accurately measure the slip between the wheels, the ECU will need to be programmed with information on the front and rear tyre profiles to know the circumference of each at all lean angles and will need to monitor the lean angle to accurately calculate the slip.

The slip channels in the data are ‘SLIP’ as a percentage, ‘SLIP_TCS’ as a percentage and ‘ATCS_SLIP’ in Km/h. 
The ‘SLIP_TCS’ channel is most likely what the TCS system monitors to determine its intervention as the channel reacts much faster to changes in wheel speeds and the channel name would support this. The TCS system also appears to take into account other channels when determining its intervention such as lean angle and throttle position as will be shown below.

Example

‘Figure 3’ is an image of data showing the rider exiting turn 9 in first gear onto the back straight.

 At the point the rider opens the throttle, the ‘IGN_Base’ channel advances the ignition up to around 60 degrees from 50 degrees. This non optimum ignition timing would reduce the torque output of the engine to soften the response of the throttle whilst the rider is at high lean angle to give them smoother initial input. The ignition base stays advanced very close to 60 degrees until the rider is at around 50% throttle where it then generally decreases back to 50 degrees over the second half of the throttle travel. 

In the ‘figure 3’, there is a small rise in the ignition base at around 50% throttle before it starts to decrease. This may be because as the revs rise, the ignition is generally advanced to maintain optimum firing time, so to maintain the softer throttle response the ignition would need to advance with the rise in revs.

It would appear that, in the period where the rider is rolling on the throttle, the only TCS intervention is that of retarding the ignition. When the rider reaches roughly 15% throttle, there is a sharp spike in the revs which very shortly after results in a small spike to the slip channel and the TCS intervenes by retarding the ignition to reduce torque and the slip returns to normal levels.

 The ‘TCS_Torque’ channel controls the ignition cut and the correlation between the two channels is clearly seen. The severity of the ignition retardation seems to be determined by the amount of slip occurring and also what value the ignition base channel is at.

 During the period where the ignition base is advanced to 60 degrees, retarding the ignition by 5 degrees to 55 might actually bring the ignition closer to optimum timing and increase the torque, so whilst the ignition base is advanced, the severity of the ignition retardation is much higher to ensure there is actually a reduction in the torque rather than an increase. The reason the ignition can’t be advanced further instead is advancing the ignition too far before top dead centre will cause very high peak pressures before top dead centre and potentially damage the engine.
 
During the period where the rider is opening the throttle to where they are nearly at 100% throttle opening, the TCS allows the rider total control of the throttle bodies, other than reducing the input by a seemingly fixed amount, and this can be seen even when the rider rolls off the throttle and back on, as happens between corners 6 and 7 where the rider transfers from left lean to right lean shown in ‘figure 4’. 

The period where the rider is increasing the throttle input as they stand the bike up from high lean angle is one of the most critical points where crashing can easily occur. During this time, it may be that the rider asks for the smallest amount of intervention from the TCS system in order to have the best feel from the bike and have the result of any throttle inputs fully felt. The TCS allows a set value of sliding during this period before slight ignition retardation occurs rather than trying to totally prevent slides and in this case the maximum slip seen is 105% and remains mostly at 102% to 103% with no intervention. Should a very large amount of slip occur during this period then there may be more severe TCS intervention to prevent a crash.

 It is also possible that during this time the ICS is not used to intervene as the response time may be too slow to effectively control a slide.

Once the rider reaches 100% throttle the ‘ICSOPN’ channel is also at 100% however the ICS channel is now used heavily to control slides and wheelies. As discussed earlier, the ‘ICSOPN’ channel is likely to be three of the throttle bodies or possibly two, and the ‘ICS’ channel is the remaining.

The ‘ATCS_Tq’ channel appears to be the intervention that the ECU is asking for from the ICS channel, as the correlation between the two channels is easily seen. It can be seen in ‘figure 3’ that the ‘ATCS_Tq’ channel is building up slowly as a result of the increasing slip but doesn’t take effect on the ICS channel until the rider is almost at 100% throttle where the ICS then deviates from the riders input. As the slip channel starts to decrease, the ‘ATCS_Tq’ channel also drops and the ICS opens more to allow more torque again. Once the slip increases again it repeats this to bring the slip down again. 

The Ignition is still also being retarded alongside the ICS to control the slip. Should a very large amount of slip occur at this point, it is assumed more aggressive intervention would be implemented such as cuts to the ignition.

The amount the traction control intervenes and at what values of slip can all be adjusted to suit the riders preference and their riding style. Recently, a style of largely sliding the bike at the apex and during part of the corner exit has been observed with many riders and so the traction control could be programmed to allow large values of slip at high lean angles with no intervention and then allow less slip as the lean angle reduces. All aspects of the TCS can be changed. 

Wheelie control

In ‘figure 5’ is the same data set as ‘figure 3’, moved along slightly and with front suspension and front wheel velocity included. 

Looking at the front suspension travel, it can be seen that shortly after the rider has reached full throttle, the front suspension is then approaching almost no compression as the wheel starts to lift off the ground. To further see when the bike is wheeling, the front wheel speed trace levels out whilst the front wheel is in the air and jumps up suddenly when the front touches back down as it speeds up to the bikes velocity.

At the point where the front suspension first reaches full extension and seems to be wheeling, it is in fact just hovering on the ground as the wheel speed doesn’t level out momentarily. There is still slip of the rear wheel at this point and interventions being implemented to control this rear slip seem to bring the front down again slightly.

 The second time the front suspension travel tops out, does result in a wheelie and can be seen on the front wheel velocity trace. As the front wheel velocity stops increasing because it is in the air, the rear velocity continues to rise due to acceleration and so the wheelie shows up in the slip channel. The rise in the slip causes a retardation of the ignition and a slight closing of the throttle bodies which isn’t enough and the slip is still increasing so a 6% ignition cut is also implemented. Once the slip returns to normal as the front wheel touches back down and accelerates, the ignition cut and retardation is removed and the throttle bodies start opening again. Another wheelie starts as a result of this and is dealt with identically to the first one. The first wheelie begins whilst the slip is already at 105% and so the wheelie and slide are dealt with using the same methods at the same time.

It appears that the wheelie control is essentially a part of the TCS. When the front wheel stops accelerating due to a wheelie, it causes the slip to rise and therefore the TCS intervenes to correct this. Once the front wheel touches down and returns to the road velocity, the slip returns to normal and the interventions are removed. The ECU doesn’t appear to distinguish between a wheelie and a slide, it just intervenes when the slip rises which corrects both problems. This can be seen in the period after the first gear change. To remove the tension on the gearbox in order to change gear, the ignition is retarded to -3 degrees which would be 3 degrees ATDC and the injectors are momentarily cut to stop fuel going in. As this happens the rear wheel velocity suddenly decreases slightly as the torque is removed causing the slip to drop very quickly and the bike to pitch forwards slightly. Torque is returned very quickly and the slip channel returns to 101 briefly before dropping down to 96 again, caused by the fluctuations in engine rpm from the sudden deceleration of the engine speed. Whilst the slip is at 96, the bike has begun to wheelie but because the slip channel is still very low, no intervention is bought in at first. As the slip channel rises very quickly, the system retards the ignition but because the slip still isn’t showing the full extent of the wheelie, no further intervention is taken and a half second wheelie results.  

Braking control

‘Figure 6’ shows a data set of the braking period into corner 10 at the end of the back straight.

When the rider shuts the throttle to start braking, the engine stops producing torque and so the connection to the rear wheel forces the engine to turn, causing a drop in the rear wheel speed creating negative slip, which in turn causes a slight increase of the ‘ICS_Slow’ channel. The ‘ICS_Slow’ channel normally effects the ICS channel however, in this instance both the ‘ICS_OPN’ and ‘ICS’ channels appear to be capped at 3% as their lowest value, showing all the throttle bodies are open 3%. This is likely implemented to control the amount of engine braking during the very small period between the rider rolling off the throttle and pulling in the clutch when more ‘ICS’ intervention is implemented. 

Once the rider pulls in the clutch, the rpm of the engine begins to decrease rapidly as it is no longer being forced to rotate by the rear wheel. This causes very large slip between the engine and rear wheel speed and can be seen on the ‘Clt_Slip_SLC’ channel as a percentage monitoring the slip in the clutch. The slip in the clutch causes the ‘Ics_CltCorrP’ channel, presumably clutch correction, to rise which is another input into the ICS and therefore causes the ICS to rise, opening a throttle body to rev the engine. The ICS opening appears to be capped at 13%. The reaction of the Clutch correction to the clutch slip and the 13%opening cap means the engine rpm settles between 12500rpm and 12800rpm for the period of the clutch being pulled in. This rpm range appears to be a target as the system is set up to achieve this at every corner. 

The rider uses the technique of disengaging the clutch, changing down all the gears necessary and then re-engaging the clutch, so when the rider re-engages the clutch, the engine is not rotating quite fast enough for the speed of the rear wheel and so the rpm rises and the rear wheel speed decreases as energy from the rear wheel is lost into accelerating the engine rpm. At this point the rear tyre is just hopping very slightly on the ground as can be seen on the rear suspension trace and so the wheel is able to have a large amount of slip from the velocity of the bike. 

In this scenario with no machine or rider input, the rear wheel velocity would drop far below that of the forward velocity of the whole bike, almost to the point of stopping. This is due to the wheel attempting to force the engine to rotate and pull in air despite the throttle bodies being closed, but not having enough grip to provide the required force to accomplish this. 
However, in the scenario above when the clutch is re-engaged, the rear wheel slip that occurs initially is not too drastic as the engine rpm was already at 12600rpm and the slip does occur causes a rise in the ‘ICS_Slow’ channel which is an input for the ICS. As the clutch is no longer slipping, the ‘ICS_CltCorrP’ channel returns to zero, but at the same time the ‘ICS_Slow’ channel increases and so the ICS remains at 13% open which is enough to stop the rear wheel from locking. The ‘ICS_Dec’ channel is also contributing to the opening of the ICS at this point and only when the sum of the two channels drops below 13 does the ICS begin to close from 13%. The ‘ICS_Slow’ and ‘ICS_Dec’ channels continue to adjust the ICS and control the engine braking to the point where no intervention is required anymore to keep slip above its limit. 

The change in wheel speed that occurs when the clutch is released could be made less severe by changing the ‘ICS_CltCorrP’ reaction to the clutch slip and by raising the ICS 13% limit to hold the engine at higher rpm before the clutch is released. The amount of engine braking and slip of the rear wheel could also be decreased by raising the ICS 13% limit and how much the ‘ICS_Slow’ channel reacts to the slip. This is all down to rider preference and what works best for their riding style.

More recently a style of ‘backing in’ has been observed with many riders, where during corner entry the rear wheel is displaced laterally. To aid this a rider may request more slip at the rear wheel or may request no slip at the rear wheel and use the rear brake instead to have more control.

Modern control methods

The drawback of the traction control method discussed above is that it can only react and intervene when the programmed limits are exceeded. Any time there is too much slip at the rear wheel and the torque is reduced, potential acceleration and drive has been lost. Also the ECU is not programmed with actual limits of traction, only to intervene when an amount of slip is met.
Modern TCS has changed since to calculate the available traction, and therefore how much torque can be applied to the rear wheel to use all of the available traction but not exceed it. In order to do this the bike has a very extensive inertial measurement unit to accurately calculate its position and accelerations in the X,Y and Z axis to know its lean angle, lean rate, yaw rate and pitch rate.  Knowing this and also the friction coefficient between the tyre and track surface and its position on the track to account for camber, the bike calculates the available traction at any point for its given lean angle and accelerations etc. By also knowing exactly the torque produced by the engine at all rpm’s and throttle positions, and the torque reducing effects of the TCS interventions, the bike can provide just the right amount of torque to reach the limit of traction but not exceed it. [1]

With this system the bike is actively controlling the torque supplied before any limits have been exceeded. Should the bike recognize that the torque is approaching its limit very quickly and is inevitably going to surpass the available traction, interventions can be introduced before any limits are exceeded to reduce the rate of increase of torque so it meets the available traction but does not exceed it. [1] 

Simulation of the motorcycle heavily played a part in calculating and developing this software which is discussed in this paper [2]

This was essentially started by Yamaha with ‘Mu learning’ first, followed by other manufacturers. This was a machine learning program that monitored the amount of slip happening at each corner for the giver throttle application and other factors to decide the available traction. Should it recognise more grip is available at one corner, it would start to allow more throttle at that corner each lap learning from all the previous ones. [1]

Another drawback of the system discussed above is with the wheelie control. As discussed, the wheelie control also runs off the slip difference which can fail to show the full extent of wheelies and drive is easily lost. In a similar method to the modern TCS, the wheelie control now calculates the acceleration possible without wheelie in the bikes current attitude and introduces interventions to keep the bike at this limit rather than exceeding it and then intervening. [3]

Conclusion

Since 2007 control systems have advanced with the introduction of faster and better technology allowing for more information to be processed in time for a meaningful intervention by the control system to be made. The interventions themselves remain the same as discussed in this paper, as does the premise of the control systems, but with more advanced technology the interventions can become much more refined and maintain the motorcycle much closer to the limit of traction or wheelie. 

Race class regulations still largely govern what technology is allowed in order to keep the racing competitive between manufacturers and will continue to do so meaning more innovations to negate these restrictions is required which helps drive forward the development of controls systems along with the competition of racing.
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