20XX-01-XXXX
The Mechanisms and Complexities of the Dynamic Handling of the Competition Motorcycle
Nicholas Long
University of Wales Trinity Saint David





Page 13 of 13
13/01/2018
Abstract
The modern MotoGP motorcycle has a phenomenal amount of power, often exceeding the grip of the tyre or, causing the motorcycle to pitch upwards (wheelie). This has created a new problem for motorcycle engineers in controlling the effective power delivery in multiple dynamic situations. Using the raw data from the 2007 Motegi Grand Prix it has been possible to analyse and identify some of the methods used by the Tech 3 Yamaha team to manage abrupt vehicle behaviours.  This paper focuses on the torque control systems of the motorcycle as it accelerates from a low speed corner onto a long straight. Specifically, how the Traction Control System (TCS) interprets the rider inputs for a given dynamic situation and then delivers the power to the rear wheel, in a manageable manner. The data will be examined in the 2D Datarecordings software package used by most teams in the MotoGP paddock. The data has also been exported to excel and MATLAB which has enabled the reverse engineering, of a fuel map and an ignition map which could be manipulated future to establish the base settings of the motorcycle. It is shown that the 2007 software was able to manage the acceleration of the motorcycle, through multiple interventions in the power delivery, dependant on the dynamic situation.
Introduction
The early generations of motorcycle TCS detected wheelie by the difference in wheel speeds; this method was also used to identify slippage. Unfortunately, this is a crude and inaccurate solution and had to allow a large margin of error to avoid any abrupt vehicle behaviour, or alternately it may produce a hunting phenomenon; both of which result in an inability to use the available power of the motorcycle in a given circumstance [1].
Several technological advancements in recent years have enabled more sophisticated TCS to be developed [2]. Modern accelerometers and gyroscopes now allow for pitch (wheelie or stoppie) and roll (lean angle) with accurate Global Positioning System (GPS) systems they can couple this information with the known gradient of the circuit and work out exactly what dynamic situation the motorcycle is in and what power can safely de delivered. 
The introduction of Throttle By Wire (TBW); removes the direct link between the riders input and the engine coupled with high precision data acquisition, thanks to improved attitude angle sensors now allow the software to make decisions in almost real time. This information is then coupled with other data inputs, such as speed, so the drag coefficient can be factored in. A very recent development in MotoGP has been the addition of wings, which have now morphed into internal aerofoils to comply with rule changes. One of the leading theories behind why these are used is that they will produce downforce keeping the front wheel from lifting and driving the rear wheel into the tarmac allowing more power to be delivered at the rear wheel. 
As there is now an excess of power, acceleration is more important than top speed, so the increased drag is a trade-off; however, given that Ducati has the biggest wings and the highest speed this thinking may need to be re-examined. 
The systems can adapt to changing conditions the best example being Mu learning (Mu Co-efficient of friction) where if a certain amount of slip is expected in a corner but is not present; then the bike will add more power each time at that point until the limit is reached. As demonstrated when Colin Edwards started a race on a wet map, but the system learned, allowing him to have the one of the fastest lap times at the end of the race. 
The data analysed is now more than ten years old and comes from the first year of the 800cc engines in MotoGP. The results from that year show that Ducati were ahead of everyone else and it was later admitted that the Yamaha system had issues that year.
‘Our previous system was a bit slow, but the more we control things precisely the more we need to know about the bike’s position and the available tyre contact patch.’ Masao Furusawa, Executive Officer, Engineering Section, Motorcycle Business Operations, Yamaha Motor Co. Ltd [5]
In response, the 2008 Yamaha set the benchmark for the rest of the MotoGP field moving forward [4]. Therefore, the 2007 data has a lot of carry over technology from the 990 era and as Tech 3 is the satellite team it may not have even had the most up to date equipment Yamaha had available at the time.
Acceleration
It is still possible to identify what was happening and how the electronics were controlling the power delivery. Focusing on the last lap of the race, which was the fastest. Motegi has a long straight, coming out of turn nine, a first gear hairpin, a detailed examination of the acceleration has been conducted for this paper. There are a number of complimentary systems controlling the power delivery coming onto the straight; initially the power is grip limited as the bike is at 52° of lean (Bank_GPS) when Guintoli starts to ask for the throttle, as the bike comes out of the corner and the lean angle reduces the power delivery becomes wheelie limited.
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[bookmark: _Ref503475472]Figure 1 Rider demanded throttle mid corner.
In Figure 1 (All figures are shown in larger scale in the appendices) the rider demanded throttle can be seen to open approximately 12% just before 35.10.7 the Ignition Base settings (IGN_Base) and the Ignition timing (IGN#1) channels immediately diverge, the base moving up before levelling of at 60° advance whereas the actual ignition timing retards from this setting and it can be seen adjusting with a hunting like phenomenon to smooth out the power delivery. The measuring lines clearly show the trend of how the ignition advance is being managed back into line with the base from 37.2° advance to 56.6° advance. 
It should be noted that the front and rear wheel speeds start to quickly diverge as the rear wheel spins up and slips; the ignition timing is trying to adjust but is unable to manage the slide as the bike is at a steep lean angle, ignition cuts would be to sever so the system manages the slip with clutch slip (Clt_Slip_SLC) which causes a slight spike in Revolutions per Minute (RPM) at 35.11. A brief role off of the throttle is seen at 35.11.1 to manage it, showing the speed of rider reactions, before the throttle demanded is increased again slightly as the bike rounds the apex of turn nine 
The bike has settled nicely at this point in the corner and the TCS is not interfering with rider input in any significant way. When the straight comes into sight the throttle demanded is rolled on to 100%. As the power is demanded the system is letting the rear wheel spin in a manged state with a slight correction by Guintoli at 35.12.65 where he rolls of the throttle and the IGN#1 channel can be seen helping smooth out the delivery, along with a slight slip of the clutch. However, no cause for this correction is immediately evident from the data, even though there is a wobble in the lean angle just after this correction.
Up until the point where throttle demanded reaches 100% the Throttle supplied (ICSOPN) has always followed the trace but been between 4%-10% less at 100% they both converge and remain coincident throughout the acceleration down the straight. The Ignition Control System Target (ICS_Trgt) and Ignition Control System (ICS) channels had initially also been closely following the throttle demanded, after 35.12.8 they diverge.
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[bookmark: _Ref503475607]Figure 2 ICS_Trgt and ICS channel smoothing power delivery.
Figure 2 shows with the measuring lines how the power delivery is smoothed out from 62.7% to 95.3% with a clear overall trend. There are also several other systems and events interacting over the measured period. The initial divergence of the ICS_Trgt and ICS channels coincides with the increase in Traction Control System Torque (ATCS_Tq) the spikes in the ATCS_Tq channel match up with the ICS spikes throughout this period.
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[bookmark: _Ref503475716]Figure 3 ICS_Trgt and ICS channels diverge from throttle demanded.
The front (Vfront) and rear (Vrear) wheel speeds are getting progressively further apart and while some difference is expected it appears that Yamaha have a limit with a Slip Traction Control System (SLIP_TCS) of 107%. Once the slip reaches this limit as can be seen by the measuring lines in Figure 3, where the spike in ATCS_Tq and the divergence of ICS and ICS_Trgt from throttle demanded are all coincident.
The bike is still at a steep lean angle at this point of over 40° so the TCS is correcting as smoothly as possible. As the power continues to roll on at 35.13.6 the slip reaches 107% again and the ATCS_SLIP shows a difference in wheel speeds of over 18km/h the IGN#1 has tried to control, what at this stage appears to be rear wheel slip. Unable to do so this time with the bike at less lean angle it cuts the ignition (IGN_CUT) altogether to control it. 
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[bookmark: _Ref503475767]Figure 4 Ignition cut.
The measuring lines in Figure 4 show the ATCS_SLIP and how it results in the 3 distinct ignition cuts in the measured period. The first cut controls a slide the difference in speeds is caused by the back wheel spinning up. The second ignition cut is to manage a wheelie, the rate of change of the front wheel velocity can been seen to level off then rapidly increase as the ignition cut takes effect. The ignition timing has been trying to manage the wheelie but has been unable to do so without a more severe intervention.  The third cut happens less than a quarter of a second later, as the bike has improving grip and the lean angle lessens while approaching the top of the rev range; a lot of power is available. Throughout these ignition cuts, the ATCS_Tq and ICS have all been working to control the bike as has the Clt_Slip_SLC, which has been fine tuning the ignition cuts to reduce their impact on the stability of the bike.
The 3-tall ignition cut spikes immediately after the wheelie has been controlled, is the rev limiter at 18,000RPM. The spikes indicate a more severe cut but all 3 are very short duration. Since the throttle has been rolled open, to hitting the rev limiter in first gear, has taken just over four seconds. In those seconds the system has corrected, interpreted and adjusted a lot of information. Multiple channels have all been feeding data to the Electronic Control Unit (ECU) and the map specifies which condition gets priority. The data indicates that between the first and second ignition cuts the systems changes from traction limited to wheelie limited. It also shows how the ignition timing is adjusted to manage the power in most circumstances, but when limits where exceeded it used the clutch to manage the slip at steep lean angles; whereas the ignition cut was used to manage the slip when the lean angle was reduced. At full throttle demanded the ignition base settles to 50° of advance. The ignition timing then adjusts from that point throughout the remainder of the acceleration down the straight.
When the rev limiter kicks in Guintoli quick shifts to second gear. The data sees this as major ignition timing change clearly visible in FIG 6 the IGN#1 trace drops from 50° to -3° it is far more likely this is an actual ignition cut when the gear change occurs.
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[bookmark: _Ref503475889]Figure 5 ICS_Trgt and ICS trendline.
The Measuring lines in Figure 5 show the continuing trend from Figure 2 of the ICS coming in line with the throttle demanded and the Ignition Control System percentage Open (ICSOPN). The acceleration in second gear is much calmer the bike is reducing its lean angle as it comes onto the straight. The most significant event is the apparent wheelie just after 35.15 the front wheel speed levels off, but both the rear wheel speed and Velocity according to the Satellite (V_Sat) are rapidly climbing. However, both the SLIP_TCS and the ATCS_SLIP are low so the system manages it with ignition timing IGN#1 and maintains excellent drive, and thus decides the wheelie does not require the same severe intervention required earlier.
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[bookmark: _Ref503476084]Figure 6 Second, third and fourth gear.
As wheelie is brought back under control the rev limiter kicks in again and the quick shifter is used to engage third gear (Figure 6). The same ignition cut seen as a major change in IGN#1 by the software enables the change up. The RPM fluctuates a little after the gear change which is reflected in the rear wheel velocity, which is all manged through the ignition timing. The bike is now upright on the straight and the changes in lean are Guintoli positioning himself on the track. In third gear the IGN#1 finally reaches equilibrium with throttle demanded after correcting the rear wheel spin and wheelie correction. 
Examination of the data shows that there are two wheelies a phenomenon often observed in modern MotoGP bikes, if you were watching the bike it would be driving forward with the front wheel seeming to gently bounce up and down. It is interesting that there are slight variations in the (Clt_Slip_SLC) clutch slip to help manage the power delivery, whereas in second gear the clutch slip remained constant. 
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[bookmark: _Ref503476252]Figure 7 Third, fourth and fifth gear.
The rev limiter is reached in third gear at the same instant the quick shifter is engaged for fourth gear (Figure 7). After the IGN#1 ignition cut for the gear change it becomes coincident with the IGN_BASE. The motorcycle would at this point have full power driving forward. The bike is upright and there are no ignition timing or ICS interventions in the data even the clutch pressure remains constant.
This creates a series of oscillations in the rear wheel speed (Vrear), which without the ignition timing (IGN#1) smoothing them out are reflected in the RPM as the rear wheel drives, bites, slips, then bites again. The front wheel velocity (Vfront) also dips and rises in a much slower oscillation continuing the phenomenon seen earlier of the front wheel gently bouncing up and down under power. In effect the motor cycle is spinning the rear wheel and in wheelie at the same time as driving forward right on the limits.
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[bookmark: _Ref503476349]Figure 8 Fourth, fifth and sixth gear.
Figure 8 shows the Guintoli shift into fifth is again right on the rev limit. As IGN#1 returns to base the unsettled velocities of the front and rear continue in the same manner with the bike driving forward on the limit of traction and wheelie with no apparent intervention of significance from the TCS system. 
This is a real indication that the days of making as much power as possible and controlling it are past. Now in the 800cc class the goal is to make the absolute maximum power the bike geometry and tyre can handle only when needed. This is probably due to the fuel limitations that were introduced in 2007 by Dorna of 21 litres per race [4].
 [image: ]
[bookmark: _Ref503476431]Figure 9 Gear change comparison.
It can be seen in Figure 9 that Guintoli short shifts slightly before the limiter into sixth gear. After the ignition cut and drive is restored there is an immediate spike in rear wheel speed and it continues to fluctuate. A large spin begins at 35.20.4 and the clutch slip (Clt_Slip_SLC) is the only system that appears to intervene, this causes a rise in RPM and the front wheel speed drops as it was in wheelie, but the rate of acceleration shown on the V_Sat also levels of at this point. The bike then stabilises with no further wheelie and the now familiar bite and slip of the rear tyre.
After 35.21.7 the bike hits the rev limiter in 6th gear just as the bike reaches the braking marker and begins to slow down for turn ten This would indicate that the gearing of the bike is ideal for the track and conditions.
Fuel Map
Exporting the data to excel it was possible to reverse engineer the fuel map used for the primary and secondary injectors. The data was taken from excel and processed in MATLAB; this was a difficult proposition as the data was converted to a matrix which was large, but sparsely populated resulting in significant interpolation. 
[image: ]
[bookmark: _Ref503632632]Figure 10 Fuel map showing primary injector opening.


The primary injectors are used most throughout the race as the bike spends most of its time on part load [3]. The secondary injectors are used more in a full power scenario as analysed down the main straight. However, it is clearly evident when comparing Figure 10 and Figure 11 how the secondary injectors compliment the Primary injectors to give a smooth fuel map.  
[image: ]
[bookmark: _Ref503632658]Figure 11 Fuel map showing secondary injector opening.
Only the data from the fastest lap was used and it is assumed that using the full race data would help populate the matrix and give a more accurate picture. Figure 10 and Figure 11 do provide an insight into the fuel map used by Tech 3 team for the Motegi GP.
Ignition Map
The same process used to recreate the fuel map was used for the ignition map, fortunately there was more data to populate the matrix with in MATLAB, and therefore, less interpolation. 
[image: ]
[bookmark: _Ref503633027]Figure 12 Ignition map showing the IGN_Base.
The examination of the acceleration data shows the importance the ignition map has for the traction control system. It is the primary means of smoothing out the power delivery on the motorcycle. Figure 12 Shows the baseline settings the system has set and Figure 13 shows the deviation from base. With additional manipulation and incorporating data from the entire race it would be possible to provide an accurate replica of the ignition map used for the race.  

[image: ]
[bookmark: _Ref503633066]Figure 13 Ignition map showing the IGN#1.


Conclusions
The traction control system on the 2007 Tech 3 Yamaha is a major step forward from the 990 era. Despite having some legacy ideas, it would lead to the 2008 Yamaha, which dominated for 3 full seasons. The main system of power delivery control is the ignition timing (IGN#1), which is used to soften and smooth out the ride. There are a number of limitations programmed in, whereas, when the slip reaches 107% more severe action is taken; this can be safely assumed to be due to previous experience that greater slip than this result in abrupt vehicle behaviour a polite way to define the cause of a crash. The systems all have a complimentary delivery that shows a refinement form the early days of systems conflicting with each other.
The fuel and ignition maps with further work could be used to create an accurate representation of what was being used at the time. 
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Definitions/Abbreviations
	TCS
	Traction Control System

	GPS
	Global Positioning System

	TBW
	Throttle By Wire

	Mu
	Co-efficient of Friction

	IGN_Base
	Ignition Base setting

	IGN#1
	Ignition timing

	Clt_Slip_SLC
	Clutch Slip 

	RPM
	Revolutions per Minute

	ICSOPN
	[bookmark: _GoBack]Ignition/Inlet Control System percentage Open

	ICS_Trgt
	Ignition/Inlet Control System Target

	ICS
	Ignition/Inlet Control System (Throttle supplied)

	ATCS_Tq
	Traction Control System Torque

	ATCS_SLIP
	Traction Control System Slip

	IGN_CUT
	Ignition Cut

	ECU
	Electronic Control Unit

	V_Sat
	Velocity according to the Satellite tracking

	SLIP_TCS
	Slip Traction Control System

	Vrear
	Rear wheel velocity

	Vfront
	Front wheel velocity

	RPM_ECU
	Actual Revolution Per Minute

	Thr_ECU
	Throttle demanded

	Clt_Prs
	Clutch Pressure

	Gear_Nr
	Gear Number

	Slip
	Slippage at rear wheel (Spin)
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