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Abstract
This paper will provide a clear and detailed explanation and analysis of the control systems used in competition motorcycles. Systems considered include traction control, ignition control, wheelie control and the use of inertial measurement units. These systems are used to varying degrees in motorcycle racing competitions to aid handling performance and increase safety. For the purposes of this paper, data from an unnamed MotoGP motorcycle completing one lap of Japan’s Twin Ring Motegi circuit was used to ascertain the mechanisms through which these stability systems operate. Although the information contained within this paper is applicable to systems used throughout all motorcycle racing competitions. Several journal and research papers have been published on the use of electronic rider aids within motorcycling with particular attention being paid to traction control systems. This paper will go beyond these papers in considering the systems acting during cornering and braking as well as describing the technology currently available and highlighting further developments that can be made in the foreseeable future. 
Introduction
Since the inaugural season of the then World Championship in 1949 [1], MotoGP and the machines used in the competition have been at the forefront of motorcycling technology, with many technologies and systems being adopted from competition use to incorporation on road-going motorcycles. The most prominent electronic rider aid currently utlilised in MotoGP is traction control, the importance of which is highlighted by Pol Espargaro quoted in an interview with Cycle World in 2015 as saying “It would be impossible to ride our bikes without traction control because of their power, the speeds that we reach and also the inclination we do.” [2]. All electronic systems and rider aids used in motorcycle racing competitions are subject to regulation by their respective organisers. The regulations of MotoGP, in particular mandate that both GPS systems and ECUs used in motorcycles in the competition are provided by, in the case of GPS systems, the competition’s organisers and, in the case of ECUs, Italian manufacturer Magneti Marelli [3]. Furthermore, while the use of ABS is prohibited in MotoGP it is currently allowed in other motorcycle racing competitions such as WSBK. In an interview with Cycle World in 2014, Brembo engineer Lorenzo Bortolozzo stated that the prohibition of ABS within MotoGP was to maintain that racing be a test of the rider and emphasized that the rider should be in control in a racing environment [4].
For the purposes of this paper, data for a MotoGP motorcycle completing one lap of Japan’s Twin Ring Motegi circuit was used. A map of the circuit is shown below [5]:
[image: Course Map]
Figure 1. Circuit map of Twin Ring Motegi
As can be seen from the circuit map, the circuit features a varying range of corner dynamics and several straights, the longest of which is 762m in length. The circuit is 4.801km in total length and contains essentially all of its elevation in its latter half. As this circuit is a clockwise circuit it contains more right-handed corners than left-handed corners.

Figure 2. Velocity (km/h, blue) & gear number against lap time (seconds)
Figure 2 shows the velocity and gear of the motorcycle in question for the entirety of the considered lap. From figure 2 the lowest speed attained on track can be seen to be approximately 75km.h-1 and the highest speed attained can be seen to be approximately 300km.h-1 during the longest straight on the Motegi circuit. This point is also the only point on this track where the rider is using the highest gear available.
Traction Control and Ignition Control Systems
Traction control systems govern the relationship between the power that the rider demands from the motorcycle through the throttle and the power that is delivered to the rear wheel from the engine. These systems are essentially dependent simply on the engine’s ability to deliver power and the rear tyre’s ability to transfer said power to the track surface. While a cornering situation requires more variables to be considered, a straight-line acceleration and braking situation can be simplified to the factors outlined above. Modern competition motorcycles allow the collection of data relating to acceleration in all three axes of movement of the motorcycle as well as the suspension extension of both front and rear suspension systems. The competition motorcycle’s acceleration in the x-axis and the extension of the front suspension system, during acceleration and braking, are pivotal in assessing the action of TCS and ICS and are shown in figures 3 and 4 respectively.

Figure 3. Throttle demand from rider (%, blue), throttle provided by ICS (%, red) & ignition cut (%, green), all against lap time (seconds)
Figure 3 shows the relationship between the throttle demanded by the rider (%), the throttle provided by the ICS (%) and the amount of ignition cut (%) for the entire lap of Twin Ring Motegi circuit. Although variations can be seen throughout the throttle traces, two noteworthy patterns can be highlighted in understanding how ICS aids in controlling a competition motorcycle.
Acceleration
During areas of hard acceleration, the rider applies the throttle aggressively while still varying throttle application in order to maximise available traction. This throttle varying effect is due to MotoGP’s mandated ECU being less optimized for race performance than previously allowed factory manufacturer’s ECUs as verified by Mat Oxley’s article for Motor Sport Magazine in 2016 [6]. Most notable, however, within figure 3 are the periods which the rider spends at either 100% throttle or 0% throttle. During these periods the ICS intervenes and prevents the application of the intended throttle percentage. During the approaches to 100% throttle application the ICS acts as an additional system to vary throttle application according to rear wheel traction, artificially feathering throttle application to ensure smooth power delivery.
Figure 4 shows how the motorcycle’s acceleration in the x-axis and action of the ICS varies with lap time. This shows that as the acceleration in the x-axis increases in the positive direction, that is as the motorcycle pitches backwards under heavy acceleration, the ICS allows more throttle as the available traction at the rear wheel increases. However, what can be seen from figure 3 is that the positive acceleration in the x-axis decreases over each period of acceleration of the motorcycle. This is due to the motorcycle accelerating as the rider progresses through the available gears and the torque at the rear wheel decreases with the increasingly longer gear ratios.

Figure 4. X-Axis acceleration (ms^2, blue) and ICS (%, red) against lap time (seconds)

Figure 5. ICS (%, red) & front suspension travel (mm, blue) against lap time (seconds)
Figure 5 shows how ICS (%) and front suspension travel (mm) vary against lap time (seconds) for the entire lap considered in this paper. As can be seen from figure 4, upon heavy acceleration, as the front of the motorcycle begins to lift up and the ICS detects the loss of front wheel traction, the ICS cuts the power delivery to the rear wheel causing the front wheel to return. This is most noticeable just after the 70 second mark when the ignition cut reaches around 70%. This point coincides with entry onto the downhill straight, the longest straight on the circuit. 
Braking
As mentioned previously in this paper, MotoGP does not allow the implementation of ABS systems. This leads to the noteworthy situation where the rider is in full control of the application of the braking systems but not of the power delivery systems. Under heavy braking, figure 4 shows that there is no ICS being utilized.

Figure 6. ICS (%, red), rear wheel slip (%, green) & front suspension travel (mm, purple, inverted), all against lap time (seconds)
Figure 6 shows how the ICS (%), rear wheel slip (%) and front suspension travel (mm) vary with lap time over the entire lap time considered in this paper. The axis of front suspension travel has been inverted in figure 6. Figure 6 shows that under heavy braking, when the rider is demanding 0% throttle application, the front suspension compresses rapidly towards the limit of its travel of approximately 120mm, that is, the motorcycle is under heavy braking. However, the ICS intervenes and prevents the application of 0% throttle and continues to provide approximately 10-15% throttle. This provides a torque at the rear wheel, pivoting the motorcycle towards the rear in order to place additional load on the rear tyre and provide additional rear wheel traction.
Interestingly, the points shown in figure 6 where the ICS prevents the engine from delivering 0% throttle all peak at approximately the same amount of ignition cut, around 16%. This would suggest that for this motorcycle, with this rider, around this track, the ignition control systems in place have been optimized to allow the greatest race performance. A key anomaly in this observation is the presence of a spike in ICS at approximately 110s where the ignition cut exceeds the previously noted amount of around 16%. Although this increase may be deemed an insignificant amount of variance, it highlights the fine tolerances at play in the higher levels of competition motorcycle racing.
Additionally, in competitions where ABS is permitted the activation of ABS will play a large role in stability control of the motorcycle under braking. Modern ABS configurations utilize a toothed ring around the wheel axle with a magnetically activated solenoid that varies brake fluid pressure to the caliper as the wheel in question gains and loses traction based on wheel rotation speed. Therefore, for a competition motorcycle equipped with ABS, the trace of brake pressure would be of particular importance as this would show an oscillation where the ABS activates and varies the brake pressure within the caliper. Traction and ignition control systems would then have additional parameters to incorporate as the oscillation of brake pressure could cause a corresponding oscillation of load on the wheel in question and, therefore, a corresponding effect on the respective suspension. A typical ABS setup is shown in figure 7 below [7].
[image: https://upload.wikimedia.org/wikipedia/commons/thumb/9/9d/ABS-Sensor.jpg/1024px-ABS-Sensor.jpg]
Figure 7. A typical modern ABS setup
Control in Cornering

Figure 8. Bank angle (°) against lap time (s)
Figure 8 shows the bank angle of the motorcycle for the Motegi circuit. Positive values correspond to right-handed corners and negative values to left-handed corners. The maximum lean angle can be seen as approximately 55° for both right and left-handed corners.
At these high levels of lean angle the stability control systems at play are required to incorporate more complex calculations to ensure optimum handling of the motorcycle at corner speeds and lean angles. During periods of high lean angle the acceleration of the motorcycle in the x-axis is minimal as the velocity of the motorcycle is relatively stable. However, throughout the corner, the motorcycle experiences a centrifugal force which translates to an acceleration in the y-axis of the motorcycle equal and opposite to the force which the rider experiences. This acceleration causes the tyres of the motorcycle to deform and this results in a much reduced amount of traction throughout corners. In order to maximise traction throughout corners, taking into account the points outlined above, the threshold for traction control and ignition control activation would be set much lower to enable maximum power throughout any corner but not so low as for the rider to feel these systems were acting prematurely or intrusively. 
Current Industry Technology and Further Developments
Current MotoGP regulations mandate the use of an approved and provided ECU which, since the 2013 season has been available from Italian manufacturer Magneti Marelli [3]. MotoGP teams are also required to use only GPS systems supplied by the competition’s organisers [8]. Currently, the use of ABS is prohibited within MotoGP although ABS is allowed in other motorcycle racing competitions such as WSBK. The traction and ignition control systems used in MotoGP both utilize IMUs giving them a greater level of application through varying lean angle.
Steve Moore, owner of BSB team Moto Rapido Ducati, stated in 44Teeth’s YouTube video “Close-up: British Superbike Electronics” that BSB teams are capable of collating, including calculated channels, approximately 2000 channels of data from a competition motorcycle [9]. While many of these channels will be unrelated to dynamic handling aspects this figure sheds light on the amount of data acquisition taking place within motorcycle racing competitions.
Regarding further developments of rider aids in MotoGP, the incorporation of ABS into the competition could aid in rider safety. However, as outlined by Lorenzo Bortolozzo [4] this could also be at the expense of the racing spectacle and could, therefore, result in decreasing viewership of the MotoGP competition. If ABS was to be implemented into MotoGP considerable development into ABS systems would be required to enable the use of such systems without riders viewing its operation as intrusive or detrimental to racing performance.
Further to this, and beyond the implementation of ABS, developments that could be made to rider aids within motorcycle racing competitions would be the increasing of the computational power behind existing rider aids. As Moore’s Law continues to drive computing power forward year by year the ability to fit faster processors to competition data acquisition systems also increases. As the power available from competition motorcycle racing engines continues to increase the use of more sophisticated, faster acting control systems is becoming more of a necessity, both from a rider safety point of view and from a performance enhancement point of view. 
While Dorna insists that the use of rider aids in MotoGP is primarily to assist rider safety, there can be no doubt that teams competing for the title will engineer ways in which such systems can yield a competitive advantage. Considering this, one unlikely progressive method could be to open the ECUs to all teams and allow unlimited access and customization of all parameters within these ECUs. In doing so Dorna would simultaneously negate any previous advantage held by factory manufacturers while allowing lower level racing teams to compete based almost solely on their application of rider aids and motorcycle control systems.
[bookmark: _GoBack]This strategy is not without risk, however. Any open system is vulnerable to abuse and corruption, and Dorna would still be required to review each team’s software to ensure that the motorcycles racing in its competition comply to its regulations, as well as safeguarding the riders participating in the competition.wr
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Definitions/Abbreviations
	TCS
	Traction control system

	ICS
	Ignition control system

	IMU
	Inertial measurement unit

	ECU
	Engine control unit

	WSBK
	World superbikes

	ABS
	Anti-lock braking system

	GPS
	Global positioning system
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VERTICAL GRADE = 49160% - 4650%

Length 4.801km (2.849 Mile) | Longitudinal Gradient | 4.66 ~ 4.92%
Width 12~15m(37~461t) | Cross Gradient 2~8%

Max Straight Length 762m Undulation 304m (827 1)
Direction Clockwise Height above sea level | 180m (548 ft)
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