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Abstract
This paper reviews the ways in which motorcycle manufactures are implementing traction control systems within their race machines. The abundance of torque available and fine margins between the elite riders in the premier class combine to create an ultra-competitive environment. Using reliable data from a flying lap of Motegi Grand Prix Circuit the following paper explains how teams are reducing torque at critical moments in a bid to reduce their lap times and improve rider safety.
To maintain a level of traction at the rear wheel and prevent the front from lifting excessively under hard acceleration several options of varying magnitude are available to engineers: Reducing ignition advance, ignition cut and reduction of throttle opening. That list is in order of speed at which they intervene, electrical signals altering the spark are fastest whilst closing of the throttle is considered slow (Spalding, 2017)
The author studies each of the above-mentioned methods and where applicable uses real data to validate findings.
2D Data software has been used to analyse the given data however Microsoft Excel has been used in conjunction primarily for initial understanding and secondarily when 2D images aren’t clear.
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Introduction
The current selection of MotoGP machinery boast some pretty impressive power figures with many manufactures producing over 1000bhp per tonne! With such masses of power just a twist away and sometimes a contact patch no larger than a few credit cards it’s no wonder electrical aids are becoming more and more prevalent. In an era of ever increasing technological assistants Dorna made the decision to replace the factories open software with control software in a bid to reduce electronic costs and also reduce their use as a performance aid. Traction control, anti-wheelie, multi axial accelerometers are a few phrases that have filtered down to modern sports bikes where rider safety is a major concern and it’s thanks to the continuous development of high level motorsport that road going machines now benefit from such advancements. 
Data processing
[bookmark: _GoBack]To first make sense of the given data a track map is necessary to assist with the interpretation. (before the author began using 2D) (Collins & Tipton, 2018) [image: ] Turn 10
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Figure 1 Motegi track map and Excel correlation.
Traction control
Slip
Slip or better described as the velocity difference between front and rear wheel, is the foundation of traction control mechanisms. Typically a tyre performs best in a small window where it’s providing maximum drive grip, this usually involves a small amount of spin. However the key is to develop that drive but not let it go too far.
Slip channels from the data can be seen below, the data displayed is covering a whole lap to help illustrate the similarities between pre-existing data and calculated slip generated from the subtraction of rear wheel velocity from front wheel velocity.
This self-calculated channel confirms the pre-titled channels are in fact wheel slip.

Figure 2 One full lap, displayed in Microsoft Excel.

It is important to remember there can be discrepancies in wheel slip. Engineers need to understand how the tyre circumference changes with roll angle. As the vehicle enters a corner and roll angle increases, the circumference will decrease as the tyre rolls from the centre towards its outer. [image: ]The largest radius when the motorcycle is upright.
As the motorcycles roll angle increases the contact point shifts from the centre, reducing the rolling radius.

Figure 3 Self sketched example of tyre circumferance reducing with roll angle.


In addition to radius changes, engineers must also consider radial and lateral deformation. The tyre will physically change shape depending on temperature, pressure and carcass elasticity. (Cossalter, 2006)
It is important to remember the slip limit of the rear tyre varies greatly according to the vertical load on the rear wheel and the lateral force on the tyre, this is why pitch and yaw values are necessary to accompany TCS. (Yukihide, 2012)

Focusing on turn 10, more specifically the apex to corner exit, accelerating from 1st gear (72km/h). Three variations of slip are available to study here, SLIP (cyan), SLP_TCS (mauve) and ATCS_SLP (green). Both the cyan and mauve traces follow one another very closely however they appear sluggish in their response to changes. The green trace mimics both cyan & mauve but appears to have a faster refresh rate thus giving more accuracy. The author believes it’s this trace that plays a significant part in engaging TC. (Fig 4)
[image: ]
Figure 4 Slip channels.
Positive slip and negative slip
Positive slip is more commonly referred to as just “slip”.
In this instance the rear wheel has a greater angular velocity than the front. When the situation is reversed and the front wheel has a greater angular velocity than the rear it’s referred to as “negative slip”.
When slip readings begin to exceed engineers’ parameters or approach the limits too quickly (the rate of change of slip is increasing too rapidly) traction control intervenes to reduce torque and restore an acceptable amount of slip.
Multiple factors govern what is an acceptable amount of slip. Gear position, rpm range, throttle position, roll angle, load shift and suspension travel.
Torque reduction
Ignition retard
Electrical signals are the quickest to react to slip increase and can offer aggressive or gentle torque reduction. Typically a gentler approach to torque reduction is to retard the ignition when the ECU detects too much slip for a given situation (gear, roll angle, pitch etc…dependant)
An ICE (internal combustion engine) will produce maximum output at a predetermined ignition timing, when this timing is altered the torque output will reduce. This strategy of reducing torque is favoured during the period of closed throttle to full throttle, this also usually corresponds to high roll angles where vehicle stability is crucial.
Again, focusing of turn 10 apex to exit this situation would see gradual torque request through the radius until maximum torque at corner exit, for the most part at maximum roll angle. 
[image: ]
Figure 5 Ignition timing varying with load.
Ignition is being retarded (salmon trace) from its base (white trace) the very moment the throttle is opened (orange trace) (Fig 5)

[image: ]
Figure 6 Ignition timing being altered up until 3rd gear.
And continues to deviate from its base setting until the bike is out of third gear. (Fig 6)

[image: ]
Figure 7 The amount of torque the ECU is restricting.
The author believes the spiked yellow trace (TCS_Torque) towards the bottom of the image shows how much torque is being restricted since the peaks and troughs match exactly that of the retarded ignition. (Fig 7)
It’s this initial “softening” of torque that helps the rider maintain a smooth and balanced trajectory.

Ignition cut
Also known as spark interrupt, this method for reducing torque is more severe and is typically used when the vehicle is closer to upright and a rapid intervention is necessary. Ignition cut is seldom used on its own as a method of torque control. 
[image: ]
Figure 8 Ignition cut as the RPM rise.
As the engine revs begin to build (blue) and peak power is being produced the ECU decides an ignition cut (yellow squared trace toward the bottom right of the image) is now necessary to keep slip within the predefined limits. (Fig 8)

[image: ]
Figure 9 Ignition being cut, likely to control wheelie as the bike drives out of the corner.
This is perhaps better illustrated through the exit of turn eight where the vehicle is transitioning from large roll angle to upright. The ECU cuts ignition (yellow trace), only by a small margin (6% in the first instance) as rear slip begins to climb beyond the set limits. It continues to cut ignition for a further 2.4 seconds. This can be verified by the small but noticeable spikes in AFR over the duration of cut (shown in the bottom half of the image)
The pattern in which the AFR peaks and troughs suggests ignition cuts are happening to each cylinder in the order, 3-1-4-2. (Fig 9)

Throttle restriction
Controlling throttle opening is considered the slower method of torque reduction, as in the mechanical rotation of throttle bodies takes marginally more time than the near instantaneous ignition pulses (Spalding, 2017).
With modern throttle body controls it’s possible to reduce/increase throttle to individual cylinders. In the case of a V configuration the ECU would likely control one bank of cylinders while the rider controls the other. This allows for a smoother torque delivery and helps to combat jerk (mechanical backlash through the drive train, from negative to positive torque) when the throttle is initially applied (Spalding, 2017). Similarly manufactures with an inline configuration may choose to split their throttle bodies into either three and one or, two pairs.
Engineers will set target values for throttle body opening in line with gear position and roll angle.

[image: ]
Figure 10 Throttle bodies trying to keep pace with the riders’ torque request.
In the case above the rider has begun to introduce throttle gently and the throttle bodies (ICS_red spiked trace) have followed suit up until roughly 65% request. During the next 0.2 seconds the rider is increasing his torque request, this rate of change is deemed too severe by the ECU and the throttle bodies delay opening any further. (Fig 10)
From here onwards the rider is requesting 100% output, however the throttle bodies are still limiting their aperture, trying to follow their target values (yellow spiked trace), just trailing ever so slightly.

[image: ]
Figure 11 Throttle bodies limiting torque through 1st and 2nd gear.
 The author believes RPM range, current gear selection, and roll angle contribute to determine the target values for ICS.
Firstly, as the RPM build towards their peak the ICS shows a sizeable reduction, suggesting too much torque is being produced.
Secondly, as the rider selects second gear the ICS is allowed to briefly match the riders request and from here on we see a difference between rider request and ICS of no more than 10%. Once third gear is selected, ICS matches the riders request suggesting the ECU no longer detects excessive slip, or a situation where excessive slip might occur. (Fig 11)
During this process roll angle is decreasing (green trace in the upper third of the image). Although difficult to distinguish, the roll angle has changed from 51° when the rider asks for throttle, to only 5° by the time ICS matches the riders request.
Primary and secondary injectors
Data suggests both primary and secondary injectors share the responsibility of delivering fuel in roughly equal measure.
[image: ]
Figure 12 Fuel delivery through the primary and secondary injectors.
It can be seen above how the primary injector (INJ#1_P, purple trace) is relied on to deliver fuel below roughly 30% throttle. Once this point is surpassed the secondary injector (INJ#2_S, green trace) begins to fire and together they deliver the desired fuel. (Fig 12)
Interestingly once 30% throttle has been surpassed the primary begins to reduce and the secondary injector provides the majority of fuel. 

[image: ]
Figure 13 The relationship between injectors and ignition.
The introduction of secondary injector coincides neatly with a retard in ignition suggesting the combined fuelling effort needs an earlier spark to achieve maximum power. (Fig 13)
Acceleration and braking
Anti-wheelie
AW systems monitor load shift front to rear, pitch rate and acceleration of suspension. [image: ]
Figure 14 Anti-wheelie in action
Although very difficult to see the author believes the above image displays the AW control working.
Exiting from turn ten the rider has requested torque. The blue trace (overlaid with a yellow curve to better show its trend) shows the rate of change of pitch (pitch occurs around the Z axis of the vehicle). The front suspension (light blue) is extending near to its full limit and an ignition cut can be seen spanning 0.8 seconds, while the front wheel velocity is dropping slightly. (Fig 14)
(Cossalter & Lot, 2002)[image: Related image]
Figure 15 A visual representation of roll, pitch and yaw.
Braking
During hard deceleration the vehicle will pitch forwards compressing the front suspension and unloading the rear. Because of this weight transfer it’s common to see front wheel velocity exceed that of the rear. (Fig 16)
[image: ]
Figure 16 Front wheel velocity in excess of the rear. (Right third portion of image)
[image: ]
Figure 17 Brakes being applied and the ECU sensing it should hold RPM.
Simultaneously the rider releases the throttle and applies maximum front break pressure, the front suspension compress (blue) and the rear (green) extends.
An increase in clutch pressure (Clt_prs, purple) indicates the rider has disengaged the clutch and shits down four gears. The fluctuations in clutch pressure are likely down to the riders’ muscle memory and his unknowing ‘squeezing’ of the lever since it appears he shifts all four gears before we see a decrease in clutch pressure. (Fig 17)
In an attempt to counter the negative torque at the rear wheel the ECU must maintain a level of RPM while the clutch is disengaged. This appears to be shown in the Ics_CltCorrP channel (light yellow, towards the bottom of image). RPM begins to fall but is then maintained around 12,500, perfectly in time with Ics_CltCorrP. (Fig 16 & 17)
The ECU then opens the throttle (Ics_slow, mauve) to better match rear wheel speed to crank speed and an increase in RPM can be seen (red, top image), however the rate of deceleration of the rear wheel appears to abruptly lessen, suggesting the system isn’t quite finely tuned. (Fig 16)

The current industry technology
Arguably 2007,2008 & 2009 saw the pinnacle in electronic rider aids. ECUs’ were capable of understanding their position on track and learning what grip levels were available as the race progressed.
2016 saw the introduction of control software and a new partnership with Magneti Marelli. As a result, current TCUs’ are in place primarily for safety, not so much for performance. (Smith, 2016)
Future developments
Chatter is caused by high frequency resonance generated from the tyres, chassis or suspension components. Th sum of these frequencies can overwhelm the suspension hydraulics and lead to an almost unmanageable vehicle. More commonly chatter affects riders with a smoother style particularly hampering their corner entry. (Cossalter, 2006)
Solutions to chatter are not always clear however adding mass has helped cure the phenomenon in some cases. 
Ducati are thought to be experimenting with jounce devices stored in the rear of their machines, at first glance adding mass so far from the COG seems counterintuitive. Typically, this would upset the finely balanced chassis and cause untold number of problems. However, if that mass is relatively small and given that the moment of inertia increases by the square of the distance, it would only take a small weight to have a significant effect (Oxley, 2017) and if successful would hopefully see Jorge Lorenzo return to form, however their legality remains ambiguous. 

Track map
MotoGP 4.8km
Given data suggests 4.81 km[image: ]
(TwinRing, Unknown)[image: ]
Figure 18 Detailed track map and statistics.
Time
2033s -1919s = 114s or 1min54
Circuit record set in 2014 @1:45.350 Lorenzo (MotoGp, 2015)
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When the author began to format the work into the Moodle template, it became apparent 2D screen shots were not suitable for a two-column layout.
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Km/h




Rear wheel slip
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Length 4.801km (2.849 Mile) | Longitudinal Gradient | 4.65 ~ 4.92%
Width 12~15m(37~46ft) | Cross Gradient 2~86%

Max.Straight Length | 762m Undulation 30.4m (827 ft)
Direction Clockwise Height above sea level | 180m (548 ft)
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