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[bookmark: _Toc103831926]Introduction
	The aim of this paper is to analyse the Ferrari’s all wheel drive torque vectoring system. This firstly required establishing a base data for the vehicles, this can be obtained through research. Whilst doing this research will be conducted into basic torque vectoring systems. Once research has been conducted on the base model calculations can be done to achieve a number of useful information from the vehicle. This information includes the vehicles CoG, dynamic index and calculation of potential longitudinal acceleration. After these calculations are done, more research will be conducted into looking at the future for control algorithms and how these will have an effect on vehicle dynamics.
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[bookmark: _Toc103831928]Lumped Mass Model
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[bookmark: _Toc103831580]Figure 1 - Ferrari FF lumped Mass Model (The Blueprint, 2013)
	A lumped mass model is created to display the position of the masses inside of the vehicle. This allows for a clear visual representation of where the vehicle will be affected by mass. By doing this, the information can be used with the calculation of the centre of gravity calculations due to the masses being located around the wheel axles which will be used to help with calculations. The masses depicted in the model show the driver and passengers in the vehicle drawn in green. Whilst having the Ferrari’s engine just behind the front axle as well having its separate gearbox in the front of the vehicle. Whilst the rear of the vehicle contains the controllable E-differential.
[bookmark: _Toc103831929]Calculation of the CoG position 
	The CoG (Centre of Gravity) of the vehicle is calculated by using some of the base information that is available. The base information needed is the wheelbase size and the rear bias. To calculate the CoG from the side view of the vehicle. The CoG is calculated by multiplying the front and rear bias respectively by the wheelbase. The wheelbase has a value of 2990mm as it was found in the Ferrari’s Technical hand shout sheet. It was also in this sheet where it showed the rear bias as 53%. Meaning to calculate the CoG the wheelbase of 2990/1000 to convert it into 2.99m, multiply that by 0.53 and a value 1.5847m was given. Then to calculate the distance from the front axle, it is 2.99m * 0.47 which equals 1.4053 m.
[bookmark: _Toc103831930]Calculation of the Vehicle’s Moment of Inertia
	To calculate the vehicle's moment of inertia it required the front and rear mass of the vehicle. To calculate the mass an equation is used. Firstly, the vehicle's kerb weight was used and divided by the percentage of the bias for both the rear and the front. This gave the front a weight of 883.6kg and the rear a weight of 966.4kg. Since having both the figures to calculate the mass at both rear and front of the vehicle, the weight is multiplied by the distance from its distance from the CoG squared.

 Doing this gave a front mass of 1661.45kg.m2and a rear mass of 2407.56kg.m2, adding these two numbers together gives the total inertia of 4069kg.m2.


[bookmark: _Toc103831931]Position of the inertia conjugate and dynamic index.
	If the value is greater than one the rotation of the vehicle will be In front of the rear axle line. The dynamic index is calculated using the equations seen below, 
DI = I/a*b*m
	The I value is the previously calculated inertia value of 4069kg.m2,, a is the rear distance from the CoG of 1.5847m with the b value is the front distance from cog with a value of 1.4053m. The mass was given as 1790kg. From the equation, the calculated value of the dynamic index was 1.02. This number seems a little too high when compared to other SUVs style vehicles, as their dynamic index value normally clocks in around the high 0.9 values.

[bookmark: _Toc103831932]Clutch Pack Calculations
	To calculate the clutch packs torque capacity, through research the clutch disk size was able to be determined. The outermost diameter was found to be a value of 190mm, which would be determined at a radius of 95mm. With an inner diameter found to be 135mm and can be divided by 2 to find the inner radius of 67.5mm. The coefficient value of the brake was determined through research, it was first found out that the Ferraris brakes with carbon ceramic brakes. It was then determined the value of the coefficient of carbon ceramic brakes is 0.4. The normal force was determined at a value of 250N. The value of z is the number of clutch plates multiplied by 2 due to the amount of clutch plates. This gives a value of 4. Using the equation seen below, it can be used to calculate the clutch pack torque capacity.
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[bookmark: _Toc103831581]Figure 2 - Clutch Pack Equation (X-Engineer, 2022)
The clutch pack torque capacity was calculated at a value of 32.81Nm.
[bookmark: _Toc103831933]Longitudinal Acceleration Calculations
	To calculate the longitudinal acceleration to be calculated a number of calculations. Firstly, the vertical load needs to be calculated, this is firstly done by multiplying the vehicle's mass by the gravitational constant. This value is then multiplied by the CoG height and divided by the vehicle's wheelbase. The vehicle's vertical load is calculated by multiplying the vehicle's mass by the gravitational constant  then being divided by 2. The load on the rear is then calculated to by adding the two previously calculated values and dividing the value by the number of wheels for the force to be acting one, in this scenario for calculating the acceleration on rear wheel drive means this value will be 2. The force is calculated for both the right and left rear wheels. The pull away force is calculated by multiplying the force acting on the right wheel whilst the handbrake is on and multiplying the value by 2. To calculate the longitudinal acceleration the previously calculated rear axle force has the value of the pull away force subtracted from it. Dividing this value by the vehicle's mass leads to the calculation of the longitudinal acceleration with the unit m/s2 .The equations enlisted to calculate the acceleration can be seen below.
	Force Rear Axle
	17559.9
	N

	
	1936.875
	N

	Vertical Load
	8779.95
	N

	
	
	

	For Rear Wheel Drive

	Load on Rear
	2679.206
	N

	
	
	

	
	
	

	Left Wheel
	2679.206
	

	Right Wheel
	1071.682
	

	
	
	

	Hand Brake On
	
	

	Left Wheel
	16488.22
	N

	Right Wheel
	1071.682
	N

	
	
	

	Pull away
	2143.365
	N

	
	
	

	Longitudinal Acceleration
	8.612589
	m/s2


[bookmark: _Toc103831582]Figure 3 - Longitudinal Acceleration Calculations
[bookmark: _Toc103831934]Yaw Rate Calculations
	Potential yaw rate increases can be calculated through a number of equations. Firstly, the turning moment will be calculated by dividing the force on the rear axle by 2 and then subtracting the force acting on the right wheel. This value can then be divided by half of the track width to establish the force per metre. The moment around the CoG is calculated by subtracting the left wheel force by the right wheel and then multiplying that value by the height of the CoG of the Ferrari FF. The vehicle's available grip can be determined by adding the two forces being applied to the vehicle's wheels. A new acceleration value is calculated through dividing the vehicle's grip by the vehicle's mass. A force value is calculated from subtracting the force value applied on the right wheel from the vehicle's total mass. This calculated value is then multiplied by the CoG height to find the Nm value. To calculate the yaw rate the calculated the previous forces value is divided by the originally calculated inertia value, doing this gives the value in rad/sec. For the value to be in the correct units the value is multiplied by (180/PI), this will give in the correct units of deg/sec2. The equations used to calculate this value can be seen below.
	Turning Moment 
	7708.268
	N

	
	6397862
	Nm

	
	
	

	Moment  around CoG
	5084.373
	Nm

	
	
	

	Available Grip
	3750.889
	

	Acceleration
	2.095468
	m/s2

	
	
	

	
	718.3175
	N

	
	236.9011
	Nm

	
	
	

	
	0.058221
	rad/sec

	
	3.335816
	deg/sec2


[bookmark: _Toc103831583]Figure 4 - Yaw Rate Calculations
	To find the change in hand position, a force is calculated by dividing the previously calculated Nm value by the distance from the CoG from the front of the vehicle. To calculate the change in hand position the standard value is determined as 876 for a tarmac road. This value can be multiplied by 0.1 and 0.4 depending on the different types of surfaces the vehicle can be on. This value should be determined by which wheels the surfaces are on. An example can be seen with one wheel on ice and one wheel on tarmac would lead to a value of 963.6N/deg. This value should be divided by the previously determined force value in this section, this value is then multiplied by the standard value of 15:1 to achieve the change in hand position value.
	
	168.5769
	

	Road Value
	963.6
	N/deg

	
	0.174945
	

	Hand to Wheel Degree
	2.624173
	


[bookmark: _Toc103831584]Figure 5 - Hand Wheel Movement Calculation

[bookmark: _Toc103831935]Torque Vectoring Systems
	Torque Vectoring systems ‘are designed to improve a car’s grip, and when driving quickly or in slippery conditions’ (Carwow, 2022). The ‘torque vectoring is a computer-controlled system that controls how much power your car’s engine or motors send to each individual wheel’ (Carwow, 2022). This benefits the vehicle as ‘By controlling power more effectively, a car with torque vectoring will have more grip on slippery surfaces and can accelerate more quickly’ (Carwow, 2022). It also allows for the ‘the cornering capabilities and stability of their cars’ (Piston Heads, 2018). The basic idea of a torque vectoring system ‘torque vectoring system is to redistribute torque between the driven wheels. When cornering, for example, such a system could send more torque to the wheel on the outside of a corner’ (Piston Heads, 2018).  Doing this gives the vehicle an ‘extra 'push' from the driven outside wheel generates a yaw moment which helps the turn the car into the corner, tightening its line’ (Piston Heads, 2018). This leads into the two different types of torque vectoring systems, first there is the ‘simple and inexpensive 'torque vectoring by braking'’ (Piston Heads, 2018). This leads into the second type of torque vectoring system, which is ‘more complicated but capable active differential-based torque vectoring, which is far more expensive and often utilised in performance applications’ (Piston Heads, 2018).
  	Brake based torque vectoring ‘is a less sophisticated system that attempts to replicate the capabilities of the mechanical system above through simpler, cheaper means’ (Car Expert, 2018). This means that ‘rather than torque being shuffled through a differential, this system momentarily applies the brake to one of the wheels’ (Car Expert, 2018).  This leads to a ‘reduction in speed of the inside wheel creates a similar speed differential across the inside and outside wheels as a mechanical system, increasing yaw and helping rotate the car’ (Car Expert, 2018). ‘The key disadvantages of a brake-based system concern outright speed and durability’ (Car Expert, 2018). This tends to make the system lean to more automotive-based applications rather than motorsport, as ‘in performance applications, using the brakes to improve cornering can result in inherently slower lap times than a differential-based system’ (Car Expert, 2018). On the durability side of brake based vectoring ‘the use of brakes through turns over an extended period of time will cause greater wear and tear, resulting in more frequent replacement of the brake pads, or potential overheating on track days’ (Car Expert, 2018).
  	Most torque vectoring systems using differentials are found on all wheel drive vehicles, ‘One such basic differential oscillates torque between the front and rear wheels. This means that under normal driving conditions the front wheels get a predetermined percentage of the engine torque while the rear wheels receive the rest’ (Auto Evolution, 2020). This means that ‘when the situation demands it, this percentage can vary to increase stability and performance’ (Auto Evolution, 2020).  In the early days of the developments of differentials for torque vectoring ‘Mitsubishi was among the first manufacturers to use an early version of this technology with its Active Yaw Control on the Lancer Evolution IV rear axle’ (Auto Evolution, 2020). This was achieved as ‘It managed which rear wheel got more power with an electronically controlled wet clutch pack on either side of the differential gears in the rear axle, minimizing understeer’ (Auto Evolution, 2020). This development allowed to help ‘the rally Evo car driven by Tommi Makinen dominate the World Rally Championship in the late ‘90s’ (Auto Evolution, 2020).  Modern day differentials have advanced, these ‘differentials have the ability to adjust torque between each individual wheel, making the vehicles even more stable and manoeuvrable’ (Auto Evolution, 2020). The newer ‘advanced differentials use the torque vectoring system to monitor each wheel independently and distribute available torque to match driving conditions’ (Auto Evolution, 2020).
  	Electric vehicle torque vectoring is seen in electric motors, as they are ‘able to respond instantly to inputs from an on-board computer or the driver, and are able to rapidly vary the amount of power and torque they produce’ (Car Expert, 2018). Electric vehicles are the best form of torque vectoring as ‘they offer the ideal foundation for the holy grail of torque vectoring – all-wheel torque vectoring’ (Car Expert, 2018). This type of system can be seen in the electric Rimac Concept One hyper car. The system is on the vehicle as it allows for a ‘discrete electric motor being mounted to each wheel’. This allows ‘each wheel can be individually controlled’ (Car Expert, 2018). Having them individually controlled allows ‘torque and power levels can be adjusted constantly, and can be combined with regenerative braking to precisely control the distribution of power across all four motors during both acceleration and braking’ (Car Expert, 2018). This allows the system to have a greater control of the vehicle's stability and ‘At the push of a button, the driver can choose whether they would like their car to oversteer, understeer, or have a neutral handling balance’ (Car Expert, 2018). With the implement comes a higher level of complexity, but with the higher level of complexity comes with a ‘the system overall offers a very high degree of flexibility as to how torque is distributed between the four wheels, enhancing handling’ (Car Expert, 2018).
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[bookmark: _Toc103831585]Figure 6 - Motor torque comparison for the pickup vehicle with (red) and without (blue) torque vectoring (Modelon, 2021)
	When using torque vectoring systems there are numerous benefits that come along with the implementation of these systems. These systems are helpful when under wet conditions, as ‘torque vectoring can help stop you from getting stuck in slippery conditions’ (Carwow, 2022). Benefits also include improvements to ‘cornering stability’ (Carwow, 2022); these benefits are gratefully beneficial for the use in tracks as ‘the tech was developed in motorsport’ (Carwow, 2022). The system also comes with some negatives for them, first of all most people will not see a benefit for the use of this technology, ‘Unless you drive down muddy country roads or you drive a car enthusiastically, you won’t really feel the benefit of torque vectoring’ (Carwow, 2022). ‘As a result, it’s not worth buying a car just for the technology unless you plan to make use of it’ (Carwow, 2022). This technology is also contained in, ‘a lot of performance cars will come with the tech as standard, torque vectoring can also be an expensive option’ (Carwow, 2022).


[bookmark: _Toc103831936]	Implementation of control algorithms
	‘‘The number of auxiliary electric-powered devices has been constantly increased in modern vehicles, e.g.  Active suspension, electric brakes, catalyst heaters, etc’ (Nguyen, 2014). This then leads to ‘increasing demand tends to double or triple the current vehicle electric load’ (Nguyen, 2014). One solution would be to look to improve the electric efficiency of the electrical components; an alternative solution is the implementation of an ‘effective energy management strategy (EMS)’ (Nguyen, 2014). The purpose of this device would ‘aims at  assisting  the  main  turbocharger  to  reduce  the effects  of  "turbo  lag",  i.e.  Slow engine torque dynamics and lack of torque at low speeds’ (Nguyen, 2014). It was found that ‘Pontryagin’s Minimum Principle (PMP) based strategies are developed to “optimally" control the vehicular electric power systems’ (Nguyen, 2014). This style of system can be seen to have several ‘advantages for real-time implementation’. Firstly, ‘causal strategies, which can mimic the behaviour of optimal solution, can be easily obtained with a simple feedback control scheme’. Secondly, ‘it is very efficient in terms of time computation  because  it  is  based  on  the  instantaneous  minimization  of  the  Hamiltonian’ (Nguyen, 2014).  This method's effectiveness is ‘pointed out through several simulation results’ (Nguyen, 2014).  The implementation of this software comes with great financial costs but ‘the dual storage electric power system offers a limited fuel saving performance compared to single storage electric power system for the given parameter values in the simulator’ (Nguyen, 2014). The system highlighted in this section ‘can be directly applied to parallel hybrid electric vehicles.  They are also easily generalized to others hybrid architectures with some slight modifications’ (Nguyen, 2014). This proposed system will help control the power loss seen in hybrid electric vehicles for on and off power control.

[image: ]
[bookmark: _Toc103831586]Figure 7 - Hybrid electric vehicle configuration showing the engine (red), inverter (orange), battery (light blue), and electric machines (yellow) (Malikopoulos, 2014)
	The implementation of control algorithms for straight line and cornering as well an on-limit lane change manoeuvre. These points can be achieved through autonomous vehicle identification software. Doing this can also look to improve the safety on the road, especially in areas involving vulnerable road users. As studies ‘have shown that the root cause of frequent traffic accidents is vehicle instability and the degree of seriousness of traffic accidents is aggravated further by vehicle over speed and overload, driver fatigue, and sideslip caused by low adhesion pavement under severe weather conditions’ (Cao, 2019). With the implementation of this technology a new ‘era of automatic driving, intelligent vehicles can replace humans partially or completely in driving tasks, which has far-reaching significance in improving road traffic safety and protecting human life and property’ (Cao, 2019). For this type of technology ‘trajectory tracking control is a key technology in the research and development of autonomous vehicles’ (Cao, 2019). These technologies are also used for ‘lane-keeping, autonomous lane changing, and adaptive cruise control in the advanced driving assistant system are all related closely to the trajectory tracking control’ (Cao, 2019). For the use of ‘tracking accuracy and average control calculation time of the controlled vehicle, the designed trajectory tracking controller has obvious advantages, which conducive to enhancing the tracking stability and driving safety of autonomous vehicle in complex extreme condition’ (Cao, 2019). This was achieved using a ‘linear time-varying model predictive control algorithm’ (Cao, 2019). Other vehicle based identification systems as well as lane tracking models can be achieved with a YOLOv2 (You Only Look Once) object detector. The system can be created with the use of MATLAB and can come pre-trained on different dataset to help with vehicle identification and lane tracking.
            	Different control systems can interact with each other. An example of this can be seen when ‘Torque Vectoring (TV) or Electronic Stability Control (ESC) can be applied to distribute the torque applied to the wheels separately or their intervention can be coordinated, thus leading to enhanced results’ (Velardocchia and Vigliani, 2013). This can also be seen in other systems where ‘Active Roll Control (ARC), Active Front Steering (AFS) and Traction Control (TC) can be integrated to increase handling and comfort. The list of active systems goes on and new solutions are continuously under investigation due to development of new sensors and actuators’ (Velardocchia and Vigliani, 2013). Improvements can also be seen using ‘chassis systems integration’. This is used as it ‘offers a positive impact to improve on vehicle efficiency and saving energy, e.g. integrating active roll-bars with active braking’ (Velardocchia and Vigliani, 2013). Other positive effects can be seen with the ‘optimizing the drivability, e.g. coordinating powertrain control, active suspensions and active braking’ (Velardocchia and Vigliani, 2013).

[bookmark: _Toc103831937]Data Used
	For the information used for the calculations, the base vehicle specifications were used. This information allowed calculations to produce accurate results. From the obtained results, a few pieces of information had to be found with research to fill out the final spots. An example of the missing information was for the sizing of the clutch packs as well as information pertaining for the calculation of the height of the CoG. 
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[bookmark: _Toc103831587]Figure 8 - Table of Base Data

[bookmark: _Toc103831938]Mechanical Torque Path and Results Discussion
	For the mechanical torque path devices can be implemented to help limit the torque, for this setup ‘pre-set torque is kept within an acceptable setting tolerance and ensures that even under highly dynamic drive conditions, the clutch disengages during overload’ (Machine Design, 2004). These devices have improved over the years ‘From the basic shear-pin or slip-clutch to state-of-the-art ball-detent clutches that provide backlash free torque transmission, internal splines or keyways subject to fretting and premature wear are eliminated’ (Machine Design, 2004). ‘The newest mechanical torque limiters also utilize special springs with negative spring rates, where increased deflection produces less end force’ (Machine Design, 2004). This allows for the elimination of ‘false trips and “breathing”, extending service life while providing much improved accuracy and repeatability’ (Machine Design, 2004).
            	From the use of calculations, it was able to determine the value for the vehicles longitudinal acceleration, yaw rate and this relation to the hand wheel. The results of these calculations can be seen in the figure below.
	Wheel on Top of Material
	Longitudinal Acceleration (m/s2)
	Yaw Rate (deg/sec2)
	Hand Wheel

	2 Ice
	9.21
	5.82
	4.58

	2 Snow
	7.42
	-1.64
	-1.29

	2 Tarmac
	3.82
	-16.57
	-13.04

	4 Ice
	19.02
	14.14
	11.12

	4 Snow
	17.23
	6.67
	5.25

	4 tarmac
	13.63
	-8.26
	-6.5


[bookmark: _Toc103831588]Figure 9 - Results of Calculations
	From the observed results, it shows the difference of acceleration, yaw rate and the relation to the hand on the wheel depending on the surface the Ferrari is on. The results of this table indicate the greatest acceleration can be found when the test is conducted on the ice surface. In real world situations, this perceived finding would be reversed as when ‘Low temperatures slow the battery chemistry, resulting in less energy for acceleration’ (Car and driver, 2021). This problem most likely occurred through the calculations of the results; to fix this further work could be conducted on a real life model Ferrari FF to correctly compare the results.
[bookmark: _Toc103831939]Conclusion
	This paper managed to outline the aims outlined in the introduction of the report. The paper outlined the previous and current torque vectoring systems, whilst highlighting both the benefits and the negatives of these systems. Three different torque vectoring systems were discussed about how the systems have developed over time and where the systems will go in the future with the implementation of electric vehicles to the automotive industry. The Ferrari FF based data was used to do calculations to generate a longitudinal acceleration value, yaw rate with how it relates to the hand wheel. Discussion was conducted on how possible control algorithms can be used to calculate vehicle driving, power controls as well as how AWD systems interact. From the calculations conducted in this paper the final results contradict the results that would be seen from real life situations from this, in further work it would be best if the results could be tested on a real life Ferrari FF for comparison.
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