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Abstract
The modern grand prix motorcycle, requires strong performance in acceleration and deceleration. This means a high power/ high torque engine is required and therefore all of the dynamic complexities that accompany it. Manufacturers and teams of engineers are constantly developing new ways to minimalize these resulting effects, In order to have a bike that is controllable, whether that be in a straight line or during a corner. This paper looks into the key role of which modern Traction control systems play in this task, the hardware used to produce and monitor it, how different manufacturers achieve it, and how it will progress technologically in the future. It will also explore how the past advancements have been applied to modern road going motorcycles, and how the current technology can be used in order to make faster and safer handling road- going motorcycles. Three separate sections of acquired 2D data, will be analysed to explain the effects the TCS has upon the bike and how it combats and reduces three main negative effects happening upon the motorcycle during these parts of the track. These 3 sections will look into the control and its effects under cornering, braking and acceleration on 3 separate sections of the Motegi (Twin Ring) circuit. TCS has been hindered in recent years due to software limiting regulations within the MotoGP series, disallowing self-learning/ adaptive software’s. This has meant that more responsibility has been placed on the rider, in order to implement and achieve a similar effect of using maps and strategies for different sets of conditions. The relationship between rider input and how the motorcycles control systems react will also be observed.

Introduction
Within Braking, acceleration and cornering, high powered motorcycles struggle with 3 main dynamic affects respectively; 
· Over-revving of the engine under engine braking into a corner. In order to achieve a high responsive engine crankshafts are made ever lighter, this results in less resistive force when it comes to the grip of the rear wheel turning over the engine when letting off the throttle.

·  Modern Moto GP motorcycles, are equipped with engines that produce much more power to the rear wheel than what the grip through the contact patch of the tyre can convert into forward motion without excessive slippage, not only resulting in excessive tyre wear, but also excessive fuel usage. Even though the slippage of the rear tyre is present, the differences in acceleration of the two ends of the body still enable the motorcycle to lift the front under acceleration, the magnitude of the effect without TCS is entirely dependent upon the current geometry of the motorcycle.  

· The slippage effect is also enhanced through cornering. The inefficiency of suspension units beyond 35 degrees, joined with the reducing contact patch of the tyre, reducing direct load and increasing lateral forces all decrease the bikes capability of gripping to the track and therefore struggles to transfer the acceleration of the wheel into horizontal acceleration along the track through tyre grip.

Although physical changes are constantly being made to the geometry and design of the motorcycle in order to maximise the bikes power transferred to the track, fuel efficiency and ride-ability, these adaptations are also helped considerably with the use of traction control methods. These methods all controlled by a high-powered ECU, work concurrently, utilising control of the ignition system, fuel injection system, the transmission and air inlet system. These work according to the constant feedback of the data acquisition sensors of up to 100 times per second, to produce the perfect amount of power to the rear wheel in order to accelerate and decelerate as fast as physically possible.
Current industry technology
Data acquisition
Data systems are what enable MotoGP traction control systems to work at such an effective rate. Only when a bike has over 100 different dimensions constantly being monitored at a rate of up to 100 times a second can the traction control system work as accurately, effectively and mainly safely. Without these monitors, the calculations and algorithms used to work out the TCS % will have much larger margins of inaccuracy in order to produce a safe result. An anti-wheelie system purely relying on Front- Rear wheel speed difference, not taking into consideration tyre aspect ratios, would have to have a larger margin in terms of set up, and therefore a less efficient system.
Sensors
Potentiometers
Potentiometers, are large variable resistors. Mainly used for monitoring suspension travel, they have a fixture on each end of the suspension system and depending on the travel the sliding effect of the tubular based design, adjusts how much voltage gets through the sensor, which is then translated into a measurement.
6 axis Gyroscopes
Gyroscopic sensors are one main gyroscope, based on a driving arm, with multiple sensing arms situated around the gyroscope depending on what axis the gyroscope is designed to detect. When the unit is moved in any way, the sensing arms and driving arm detect the resistance force of the spinning gyroscope and transfer this data as a value in each axis.
3 axis Accelerometers
There different designs of accelerometers, but the most reliable and therefore most commonly used version use two micro structures and measure the capacitance between them. When the accelerative forces move the micro structures, the capacitance between them changes. Circuitry is added to convert the capacitance into a voltage, and therefore gives a reading which can be translated into a vector measurement.
Laser sensors
Laser sensors are used similarly to potentiometers. Mainly used for measuring changing distance measurements, however are more commonly used in situations (larger distances) where it isn’t practical for a potentiometer to be used. An example of this would-be seat – swing arm, or ride height measurement. A laser sensor works by transmitting a beam of light towards a surface, and timing how long it takes for the beam to reflect/ travel back.
Infrared heat sensors
“Infrared temperature sensors sense electromagnetic waves in the 700 nm to 14,000 nm range. While the infrared spectrum extends up to 1,000,000 nm, IR temperature sensors do not measure above 14,000 nm. These sensors work by focusing the infrared energy emitted by an object onto one or more photodetectors.” [1]
The photodetectors convert the energy into an electrical signal which is directly proportional to the amount of infrared energy being emitted by the tyre. The amount of IR being emitted is directly proportional the heat being produced and therefore this makes the electrical signal directly proportional to the heat emitted and therefore temperature value.
Heat sensors are mainly used for monitoring tyre surface temperature.
Torque sensorsFigure 1. Magneto-elastic Pin within sensor housing.


“The sensor is made up of two main components:
A stainless steel shaft, dimensioned for the appropriate torque, and a second metal ring, which fits tightly on the shaft. Although the ring appears to be normal steel, it is actually a special titanium-nickel material which has the property of being magneto-elastic.” [2]
When at rest, the material that the ring is made of, produces no external magnetic field, but as soon as the pin experiences any change in shape due to applied stress, the magnetic field twists, and the field lines intersect the external part of the ring. The amount of magnetic field that intersects with the surface of the ring, is directly proportional to the amount of torque applied.
The amount of magnetic force produced is measured by a fluxgate magnetometer. The FMG will be an integral part of the electronic sensor part, which will convert the force into an electrical signal that’s directly proportional giving a force reading.
Torque sensors are mainly used for detecting the amount of resistive forces produce by parts of the transmission when changing gear, or when TCS is applied.
Analysing and Recording Findings
Several software’s are used to record, adjust and manipulate the data including 2D analyser, MotoSpec and database software such as excel.


Traction Control System
Conventional Traction Control Systems
It’s the standard for modern production bikes to now come with some variation of TCS. However, these systems gauge on differences in wheel speed which due to many variables such as difference in front – rear tyre radius’ and difference in tyre temperatures soon become rather in accurate. Therefore, the system must operate in one of two ways; potentially dangerously and more efficient, or safely with a much larger margin of setup, and therefore won’t push the traction as close to the limit and in turn losing performance.
Short term improvements can include taking potentiometer readings into consideration. However, the use of such technology could also increase danger if the maintenance of the equipment, or even the suspension system is poor which is likely of road going vehicles.

Self-Learning Traction Control Systems
Pre-2016 Dorna unified control Software, Yamaha were in the advanced stages of developing a self-learning system. 
“Yamaha started with a system that calculated exactly where it was on track and which learned from each corner how much wheel spin the bike was generating at certain throttle applications and lean angles.” [3]
This system was named the ‘Mu Learning’ System. Although, sometimes it still needed manual input for calibration, the software would show clear signs of learning throughout sessions, reacting to information and techniques learned from the previous lap. A clear case of this system in action was when a wet map was accidentally assigned in dry conditions, yet by the end of the race the bike was consistently running competitive lap times due to the system learning what grip was available and how to manage it for the full race distance.

Assigned strategy based Traction control systems
In 2016, Dorna applied a standard software package that all teams had to use to the regulations. The control measure was designed to entice other manufacturers into joining the series, as they were being put off by the electronic advantage that Yamaha and Honda had gained over the rest of the field. It also allowed the satellite and independent teams with smaller budgets to avoid the ever more expensive software development. Dorna had been developing this software package for multiple years with the help of manufacturers within the MotoGP series, also the electronic hardware manufacturers, Marelli. “The system was kept simple by banning strategies that adapt during the course of a race. Fuel consumption management, where the remaining fuel is always being monitored and rationed was out; Likewise, ‘Mu Learning’, Yamaha’s constantly adapting traction control.” [3]
This meant that more responsibility becomes placed up on the rider and their experience. Rather than the software adapting to the conditions, multiple maps are now stored and given to the rider as options, (a choice of coloured buttons based on the handle bars) of which they must decide which suits the conditions and race distance the best.
TCS Based on the static motorcycle model
Whilst the SAE Technical paper produced by Honda Racing Corp [4] referred to in this section focuses purely on the motorcycle during acceleration, similar principles apply to other studies such as TCS in cornering and braking situations. The following calculations and findings are that of Honda Racing Corp and not my own.

Figure 2. Static model of a motorcycle. HRC. [4]
Refer to table 1 of the HRC SAE Technical paper [4] for dimensions definitions.














Figure 3. Static model of a motorcycle pitch considered. HRC. [4]
Refer to table 1 of the HRC SAE Technical paper [4] for dimensions definitions.













All Equations from this point referred to in brackets e.g. (#) have been taken from the HRC SAE Technical paper [4]
‘Geometry limited’ or ‘wheelie limited’ acceleration, is the maximum acceleration achievable until the load on the ground from the front wheel becomes zero, resulting in the front wheel raising. This happens when the direction of the resultant force required to combat the lift needs to be applied behind the rear contact patch of the rear wheel. (See Figure 2) (A longer swing arm and therefore larger wheelbase would be a solution)
The wheelie limited acceleration can be calculated using the equation (1)
(1)


This equation can be applied whilst the front wheel is still situated on the ground. Once the pitch of the motorcycle is changed due to the lift of the front wheel (See figure 3), the wheelie acceleration limit lowers, in relation to the increase of the pitch angle of the body. Equation (2) calculates the wheelie limit when the pitch angle of the body is also taken into consideration.
(2)


These cases are purely static, due to the acceleration of MotoGP being so quick, the inertial forces, resistive forces of air at 200+ Mph, contact patch-track grip limits and more have such a large effect on the model, they cannot be ignored and therefore need to be taken into consideration to achieve an accurate and highly effective system.
TCS Based on the dynamic motorcycle model
“The values of Mfs, M, L, and H are substituted by Mfs′, M′, L′ and H′ considering influences of turning, aerodynamics, pitching motions and rolling motions to modify the static model to a dynamic model.” [3]
Traction control systems have now developed into, highly accurate highly responsive systems that are able to produce the perfect amount of power in the first place, rather than having a system that produces too much power and then restricts it like before which gives a very aggressive less predictable torque curve as opposed to a much smoother more controllable one of the new system.
Three examples of just some of the dynamic effects, that are now taken into consideration when Traction control systems are calculating just how much power the bike can use on the road are as follows:
Dynamic CoG height (H’) and Dynamic Wheelbase (L’)
Before in conventional TCS, these were shown by suspension travel. This was not an accurate representation and although are still used, the dynamic values of these measurements use a geometrical relational equation as a function of the suspension travel, to take into consideration, the dynamics of the motorcycle under different situations.
Ratio of dynamic load on the front wheel (Mfs’)
The main changes to the monitoring the load of the front wheel that Honda seem to have focused on are the effects of aero dynamic lift and changes in CoG due to pitch of the body. HRC call this the ratio of dynamic load on the front wheel (Mfs’) and is shown by equation (3). To find the coefficient of lift acting up on the front of the body, they used results from CFD software and testing in a wind tunnel. This is show in equation (3a)
The dynamic load is calculated by:
(3)


(3a)


Dynamic vehicle mass (M’)
Whilst in motion, multiple types of acceleration are constantly acting up on the vehicle in addition to gravity also acting up on it.
HRC calculate the inertial acceleration forces acting upon the vehicle as changes in the vehicles mass. 
These factors are the centrifugal force from turning, the angular acceleration from pitching, the pitch angular velocity, the roll angular velocity and the aerodynamic total lift. 
There is also a factor of compensating the gravitational acceleration acting upon the body during cornering, due to centrifugal forces. This is done similarly to the way that the inertial forces are taken as a change in vehicle mass.
Refer to the HRC Technical Paper [3] to see all the dynamic changes made in the calculations of the traction control system in 2012 in more depth each dynamic alteration and its calculation can be seen labelled (0) – (12).

Control in Cornering 
Figure 4. Corners 7 + 8 of the Motegi circuit. (Cornering Study)












As mentioned Previously, HRC have developed a system compensating the gravitational acceleration acting upon the body during cornering, due to centrifugal forces.
the effective roll angle is noted as φ′, the centrifugal force generated by the bike turning can be shown as M × tan φ′ × g. However, the theoretical roll angle won’t be the same as the roll angle of the vehicle body due to the shift of contact point, which is caused by the shape of the tyre and the weight transfer of the rider and therefore HRC call this ‘the first order proportion of the vehicle body roll angle.’
HRC refer to the resultant of the gravitational effect on the bike with centrifugal force of turning taken into consideration as the ‘gravity compensated by the centrifugal force when turning.’
This can be shown by Figure 5 and equation (4)
(4)



Figure 5. Roll angle compensation. HRC. [4]
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As You can see from the data the sum of the TCS% is mainly made up of the inlet control system, the inlet clutch correction system, and a mixture of ignition cut and timing control. The data clearly shows that the calculations discussed in “Research on Engine Torque Control with Acceleration Performance for MotoGP Class Racing Motorcycles” Honda Racing Corporation, 10/23/2012. [3] are being take into effect by the influence that the accelerometers are having on the TCS%. From left to right you can see in relation to the banking that as the bike is leaning over right, the accelerometer X is gaining over the relatively neutral accelerometer Y, this indicates that the bike is gaining speed whist turning. Due to the rate at which these accelerometers work, they can be relaying information back to the TCS up to 100 times a second and therefore, as you can see in the accelerometer data trace, the acceleration of the bike is minutely, but constantly altering according to the input from the TCS. As the bike stands back up to change direction you can see that the Inlet control system starts to take action, allowing just enough slip to the rear wheel in order for the bike to accelerate as fast as possible in relation to the amount of grip on offer, then as the bike leans back over for the left hand corner the inlet control system carefully corrects the clutch in relation to the X accelerometer which is now registering negatively to cushion the amount of engine breaking as the bike leans. Note how on the exit of corner 8 the TCS generally must work much more abruptly due to the bike wanting to accelerate at a much higher rate, as compared to mid corner where it must accelerate carefully as to not upset the pitch and centrifugal forces of the bike.Figure 8. Corners 7 + 8 of the Motegi circuit. (2D Data) APP {}


Control Under Acceleration 
Figure 7. Corner 9 exit of the Motegi circuit. (Acceleration Study)











Wheelie limited acceleration
Wheelie behaviour is a pitching motion based around the rear axle. Therefore, the inertia force created by the pitch angular acceleration is classed as the rotation of CoG around the rear axle, now with this in mind, add the additional factors discussed in section “dynamic vehicle mass” [3] and the considerations due to resistance, and therefore the calculations mentioned in the section “Engine Crankshaft Target Torque” [3] are also added making the TCS according to the dynamic model, completely different to the TCS based on a static model.
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Figure 9. Corners 7 + 8 of the Motegi circuit. (2D Data) 
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As you can see in figure 8 The addition of the accelerometer Z clearly shows the yaw of the bike as it exits the corner, indicating rear wheel spin, but the inlet control system slow introduces softly decreasing the power to the rear wheel, this increases the drive out of the corner as you can see the Acceleration X trace pattern increases slightly, before them both slowly decreasing as the bikes acceleration decreases the further out of the corner it gets. In figure 9 you can then see the inlet control system and ignition cut working together to keep the front wheel speed relatively equal to the rear. The smooth increase in gradient of the front wheel speed, and decrease in gradient of the accelerometer X shows that this TCS is much more intricate in the way it is introducing and reducing the power as the bike exits the corner, where as in conventional TCS the traces would show a lot more bumps and un even increases. This is due to the TCS taking into consideration all aspects of the dynamic model mentioned earlier.



Control Under Braking
Figure 10. Corner 10 entry of the Motegi circuit. (Braking Study)












Although the HRC technical paper is based upon acceleration, the same principle of applying the dynamic model effects to the TCS for braking is still followed. 
Engine Braking
When the rider comes down the straight decelerating towards corner 10, they have three main brakes on the bike to do so, 2 being the actual front a rear brake, but also the use of engine braking.
Engine braking is the use of the differences in speed of the engine to the rear wheel. For example, dropping the engine into a lower gear so that effectively the rear wheel is having to fight the resistive forces of the combustion to turn over the engine. 
However, MotoGP crankshafts are very light weight as they help with power delivery. Combine with high amounts of grip generated by tyres used on a MotoGP bike, this often causes the engine to rev excessively or ‘over rev’ this can upset the pitch and geometry of the bike, unsettling the suspension due to excessive torque on the swing arm caused by the chain and cause increased gyroscopic forces into the corner.
Figure 11. Corner 10 entry of the Motegi circuit. (Braking Study)
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Manufacturers clearly now use the dynamic models in braking to as you can see in Figure 11 the rpm instantly spikes as the throttle is closed, however then backs off again due to the Inlet control system reactivating, using a mixture of ICS slow, and clutch correction (as shown in the bottom image). This strategy is a much more in control method of reducing over revving. If the bike was already pushing the rev limit, then a faster solution would have been used, such as reducing the advance on the ignition, or if in real trouble, ignition cuts would be the fastest solution. The ECU will use the data fed back from the accelerometers, gyroscopes, suspension monitors and ride height laser sensors to constantly monitor the pitch yaw and attitude of the bike heading into the corner, then decide which TCS strategy to use to control the engine revs in order to change and handle these characteristics to enter the corner under as much control as possible.
Torque control
The key factor to TCS in all situations is the control of the vast amounts of torque being applied. 
Honda’s Key method as to controlling the torque delivery was to split the throttle bodies up into 2 sub-systems, with the rider being able to control one and the ECU the other, the cylinders were either split 3-1 or into to pairs. The cylinders controlled by the rider gave that instant response to be able to ride the bike controllably, however the ECU controlled cylinders were then allowed to catch up, depending on how much of the torque was deliverable. “A really flat torque curve, with no surprise that can disturb traction is exactly what MotoGP engine builders strive for.” [3] Neil Spalding states that the flat torque curve was the most desirable but without losing the peak horse power, the system became less ride-by-wire, more torque-by-wire which is even now what the Dorna control electronics system is based on.
This made the control of torque much easier as the torque sensors mentioned in the first section of this paper, made it very easy to distinguish how much torque is currently being used compared to the torque demand by the rider.
Summary 
Future Developments

Software Unification
[bookmark: _GoBack]Although the Dorna software unification controls, have currently set back TCS development, allowing other manufacturers to join the series on a relatively level playing field will allow TCS development to be much more competitive, technologically and cost wise when the self-adaptive TCS systems do become legal in the regulations once again. However, for the evolution of the technology to advance at least at a similar rate to what it was, Dorna either need to incentivise manufacturers to work together to improve the Control TCS. Or allow manufacturers own developed TCS back in to the regulations once again.
Torque control of the rear wheel 
When working with systems that rely on sensors feeding back information100 hertz, the ‘slack’ or ‘slop’ delay in delivery, created by the transmission from final drive to the rear wheel is now what is holding systems back. For such quick, on the fly systems to be able to control the rear wheel so effectively, the transmission also must be able to keep up.Figure 13. Mechanical alignment of ECVT, Yamaha Motor Co. [5]

Another problem noticed with current systems is that there is only so much difference in the relationship between rear wheel torque and engine rotational velocity (and the forces that come with it) can be achieved. Yamaha Motor Co. are currently considering a system to combat both issues.
Research into integrated control of electronically controlled continuously variable transmission (ECVT) is currently being carried out as stated in a technical paper by Yamaha Motor Co. named “Torque Control of Rear Wheel by Using Inverse Dynamics of Rubber/Aramid Belt Continuous Variable Transmission”
Along with the use of an electronically- controlled throttle valve (ETV) (similar to current styles of throttle), the paper talks about designs to achieve required wheel torque, but also required engine rotational velocity whilst also maintaining efficient fuel consumption and high rates of acceleration. Yamaha are aiming to achieve this all at the same time, using an electric motor aided ‘aramid/rubber belt’ over sheath system to adjust the torque-engine speed ratio. Refer to the Yamaha Motor Co. SAE Int paper [5] and figures 12, 13.

Figure 12. Overview of the ECVT control system. Yamaha Motor Co. [5]
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