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1.0 – Introduction
[bookmark: _Toc98749229]1.1 - Abstract
 This document will show how the 2011 Ferrari FF’s all wheel drive system worked. Base vehicle data will be given along with the torque vectoring strategy that was designed for this car. The effects that this system can produce on other vehicle dynamics around the car will also be looked at along with multiple equations and calculations will be done in order to try and understand the system better. The dynamic index, inertial conjunction, and the consideration of how the vehicle dynamics could change when the system goes from being on throttle, to off throttle along with the vehicle being at steady state to being thrown into a corner. 

[bookmark: _Toc98749230]1.2 - Generic Torque Vectoring Systems
 A torque vectoring system can help in any type of car, whether it be for a sports car or family SUV. Torque vectoring is an intelligent system that sends torque to an individual wheel depending on the scenario. It does this by having multiple of sensors across the car, communicating together to reach an output. These sensors include the wheel speed sensors, steering angle sensors, accelerator sensor and the yaw sensor. When these sensors receive inputs of the vehicle changing direction, a loss of traction or simply acceleration, they change the amount of torque going to the wheels. 
 When going round a right-hand corner, no matter the speed of the vehicle, the system will make changes to the drivetrain to ensure an easier and smooth ride is given to the operator. When going round a right-hand corner, the system sends the torque from the engine to the outside wheel, pushing the car around the corner. This is due to the vehicle leaning on that side of the car, resulting in that side of the car having more traction and more grip allowing for more power to be placed on that wheel. The amount of torque on the outside wheel depends on the radius of the corner, the speed of the vehicle and the yaw angle of the vehicle. This means that not all 100%of the rear power always goes to the outside wheel, only the amount needed.
 Main types of vehicles that have torque vectoring are those with rear or all-wheel drive as when accelerating, the car leans back, putting more weight on the rear axle creating more traction. For this reason, torque vectoring isn’t normally found on a front wheel drive car. 
[bookmark: _Toc98749231]2.0 - Vehicle Data
[bookmark: _Toc98749232]2.1 – General

	Price
	£280,000

	Body Type
	Coupe

	Seats
	4

	Segment
	H (Sport)

	Introduction
	Apr-11

	End
	Jun-16

	Dimensions (m)

	Length
	4.9

	Width
	1.9

	Height
	1.3

	Wheelbase
	2.9

	Front Track
	1.6

	Rear Track
	1.6

	Kerb Weight
	1880kg

	Weight Distribution (F-R)
	47%-53%



[bookmark: _Toc98749233]2.2 – Powertrain/Performance

	Transmission
	7 Speed Duel Clutch Semi-Automatic (4RM)

	Driven Wheels
	AWD

	Fuel
	Petrol

	Power (hp)
	660

	Torque (nm)
	683

	Engine
	V12 @ 65°

	Engine Displacement
	6262 CC

	Valves
	48

	Bore Stroke
	94.0mm x 75,2mm

	Compression Ratio
	12.3:1

	Peak RPM
	8000

	Top Speed (mph)
	208

	0-60 (s)
	3.7

	
	



[bookmark: _Toc98749234]2.3 – Base Vehicle Specification
 The Ferrari FF is one of Ferraris most innovative cars due to its unique powertrain and its 4RM assembly. With the 4RM system, it is able to be the fastest accelerating car on any surface on average, all while being a 4-seater. 










[bookmark: _Toc98749235]2.4 - Lumped mass model
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Figure 2

	KEY

	Colour
	Meaning
	Estimated Weight (kg)

	 
	Driver/Passenger
	80 (Per Person)

	 
	Engine and Frontal Gearbox
	340 (V12 Engine) + 40.8 (4RM Gearbox)

	 
	245/35/20 Wheels
	37.6 (Per Wheel)

	 
	Fuel Tank (Brimmed)
	68.15

	 
	Front to Rear Driveshaft 
	9.3

	 
	Rear Gearbox
	70

	 
	Luggage 
	23 (Max Per Person)



[bookmark: _Toc98749236]3.0 – Longitudinal COG Calculation
Weight distribution (F-R) = 47%-53%
Wheelbase Length = 2.9m
COG = 47% of 2.9m
COG = 1.363m from front axle and 1.653m from rear axle
 This calculation shows that the Centre of Gravity of the car is more front biased, resulting in a car that should in theory be stable at the rear when corning hard due to the excess weight that is over the rear axle. This means the amount of weight over the rear axle is (0.57 x 1880) 996.4kg with the front axle having a weight of (0.47 x 1880) 883.6kg.
[bookmark: _Toc98749237]4.0 - Moment of Inertia
I=mr²
m=Mass
r=Perpendicular distance to the rotation axis = Wheelbase x Front Weight Distribution
r=2.9 x 0.47 = 1.363m
I=mr² = 1880 x 1.363 = 3492.6kg/m² 
[bookmark: _Toc98749238]5.0 - Inertial Conjugate
 The Inertial Conjugate is normally referred to as the centre of percussion. The force application is created with the front wheels and is the resolved at the longitudinal COG point. 


 Equations 1 and 2 show that the inertial conjugate happens 1.591m back from the front axle. This is the point at which the rotational acceleration is zero as in front of 1.591m has more rotational acceleration and behind that point has less rotational acceleration. 


[bookmark: _Toc98749239]6.0 - The Dynamic Index of the vehicle







 Due to the Dynamic Index number being < 1, this suggests that the inertial conjunction is ahead of the rear axle. This then means the rear of the car moves outward with inertial effects adding to the rear tyre slip angle, basically resulting in a car that is lively and nimble. Comparing this number to a BMW Z3 with a DI number of 0.87 which is only rear wheel driven shows that the Ferrari is slightly my agile and lose at the rear end than the BMW. The DI influences the way the rear tyres act when corning, manoeuvring and a change of direction. 
 The main area that affects the DI is the wheelbase, a longer wheelbase results in a more stable DI while a shorter wheelbase results in a more lose, responsive and nimble feeling. 
[bookmark: _Toc98749240]7.0 - Mechanical torque path
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Figure 3²
 Figure 3 shows a colour coded mechanical map of the powertrain of a Ferrari FF. the two gearboxes can be seen circled in green wit the engine having a transparent orange colour to show what side is ²the front of the car. The rear gearbox can be seen to have 2 main shafts in this diagram with one output shaft, entering the E Differential. Within that E Differential is the two dual clutch plates that are controlled by the 4RM system (Shown on the outside to explain easier, however the clutches are in the differential system to save weight). 

[bookmark: _Toc98749241]8.0 - Calculate the clutch pack(s) torque capacity, approximate sizing’s, axial force application values and power loss characteristics


Clutch Torque Capacity = 20,531N
r1 (Inner Diameter) =250mm
r2 (Outer Diameter) =420mm
μ (Coefficient of Friction of Carbon Steel Clutch material) =0.25
n (Amount of Clutch Plates) =4
W (Axial Force on Cutch) =30N
 With clutch slip, the overall amount of clutch torque produced will decrease due to wear of the clutch material. 
[bookmark: _Toc98749242]9.0 - Potential longitudinal acceleration improvements on a variety of surfaces. 
Radius = 10m		Velocity = 5m/s	 	=20m		Circumference = 20×=62.83m 
²
²

Tractive Force Per Wheel = 

	Coefficient of traction

	Surface
	Coefficient
	Equation
	RWD Tractive Force (N)
	AWD Tractive Force (N)

	Tarmac
	1
	 
	9221
	18443

	Tarmac (Wet)
	0.7
	 
	6455
	12910

	Gravel
	0.6
	 
	5533
	11066

	Dry Earth Road
	 0.65
	 
	5994
	11988

	Wet Earth Road
	 0.55
	 
	5072
	10144

	Snow
	0.08
	 
	738
	1475


Table 1

 The table above of table 1 shows the tractive force for the Ferrari FF when driving under different conditions. As can be seen, the coefficient of friction steadily decreases. This then results in the total 
	Coefficient of traction

	Surface
	Coefficient
	AWD Tractive Force (N)

	Tarmac
	1
	20287.3

	Tarmac (Wet)
	0.7
	14201

	Gravel
	0.6
	12172.6

	Dry Earth Road
	0.65
	13186.8

	Wet Earth Road
	0.55
	11158.4

	Snow
	0.08
	1622.5


 amount of Tractive Force being reduced as well. There can also be a difference in the tractive force when different wheels are driven. As can be seen, the AWD (All Wheel Drive) system has a higher tractive force than just a RWD (Rear Wheel Drive) system.
 Table 1 does not include the Ferrari FF’s 4RM system either, suggesting the tractive force for that car to be greater. Adding this into account would arguably increase the tractive force by an estimated 10%, resulting in the AWD Tractive Force figures changing to those in Table 2: 
Table 2

 Table 2 shows a more likely figure with the Ferrari’s 4RM system being involved with the tractive force. This tractive force increase would then also increase the longitudinal acceleration due to the traction from a standstill being greater. This can then also be improved by adding better tyres to the vehicle, ensuring the surface has a high coefficient of friction, such as tarmac along with having a heavier vehicle; however, this last suggestion would help the tractive force and acceleration of the line, but in the long run the added weight would slow the vehicle down. 
 As for the tractive effort of the car, the equation below shows how this can be calculated:


Aero Drag Force = 10.12N
RR (Rolling Resistance) = Mass x Gravitational Acceleration x Rolling resistance coefficient of tarmac  
RR (Rolling Resistance) = 1880 x 9.81 x 0.02 = 368.856N
Total tractive effort = Rolling Resistance + Aerodynamic Drag
Total Tractive Effort = 3778.976N
[bookmark: _Toc98749243]10.0 - Establish the yaw rate increase that the system could generate and relate this to handwheel position
 The Yaw rate relates to the handwheel position as it needs to work with the position in order to tell the differentials and 4RM system what to do. The yaw rate would differ when the vehicle is accelerating or going round corners. The information that the steering wheel brings is vital for the yaw rate to match up so the differential can be at its optimum setting. 
 With the maximum hand wheel rate being 1100 degrees per second, and with the typical hand wheel rate being less than 100 degrees per second, the yaw rate can react very quickly and sharply depending on how fast the vehicle has turned a corner. A more agile vehicle needs a higher yaw rate gain to maintain the same driver workload such as these hand wheel rates. 
Reducing the DI will result in a higher yaw acceleration however the yaw rate gain stays the same.
Yaw Rate Gain = 

[bookmark: _Toc98749244]11.0 - Discuss possible control algorithms, sensors required and potential vehicle dynamic improvements, consider:
[bookmark: _Toc98749245]11.1 - On power and off power
 When on power, differentials such as an LSD or E-Differential lock in an effort to create better handling for the vehicle. It creates a stiffer car and connects each driven wheel together, resulting in them having a similar rotational torque in an effort to increase grip. This therefore helps the outside tyre that has the majority of the cars load release and accelerate off a corner. 
 An open differential will have the opposite effect. A FWD vehicle having an open differential would result in a car that has heavy understeering when compared to one with an LSD. The car will wheelspin the inside wheel as majority of the power goes to that wheel, joint with the cars load being on the opposite corner. This therefore will result in a car that will not drive out of corners well. 
 The sensors within the car that effect the decisions made by E=Differentials include the yaw rate sensor, steering position sensor, throttle position sensor, and speed sensor. These work together to work out the radius of the corner, the speed the vehicle is travelling at and the potential acceleration rate to then make the best decision on how open or locked to make the differential(s). 

[bookmark: _Toc98749246]11.2 - Straight line and cornering 
 While the car is in a steady state or moving in a straight line at the same velocity, the differentials are in a state that ensures the vehicle stays stable, however when coming to a corner, the change that the sensors can indicate across the car result in the differential locking or opening depending on the steering input, speed sensor and yaw rate sensor. The steering input sensor can tell the system how tight the radius of the corner might be while the speed sensor lets the system know what sort of speed is being taken into the corner. Along with the yaw rate, the system can calculate how locked or open the differential should be to get the optimised traction. 

[bookmark: _Toc98749247]11.3 - On-limit lane change manoeuvres
 Sharp and quick manoeuvring would make the system also act quickly. It would have to react and understand what the driver is doing with quick calculations with inputs from steering sensor, throttle sensor and speed sensors. 
[bookmark: _Toc98749248]12.0 - How the AWD system will interact with other vehicle dynamic control systems
 An AWD system can affect other control systems within a car such as the powertrain and the braking system. Due to the engine having to power all 4 wheels, the engine would ideally be more powerful than one that powers just the rear or front wheels. This is due to the engine having more rotational weight to have to move with the two other wheels being driven; however, this does turn out to be an advantage when an AWD vehicle is launched as there is more traction. 
 The braking system has an impact due to all the wheels having engine braking. This means the brakes would not be worked so hard when cruising around a town and would help the braking performance when the vehicle is going round a track. A slight hinder would be that there would be driveshafts that go to the wheels meaning the brakes would need to be out the way for this to happen. 
[bookmark: _Toc98749249]13.0 – Summary
 Overall, this document has shown that the Ferrari 4RM system is a all-wheel drive engineering masterpiece with the way it can control the E-Differential in such a way to make the traction on the car as best it can be at all times. Calculations were run in an attempt to find estimated numbers for the torque capacity of the clutch, the longitudinal acceleration of the vehicle and the COG. 
[bookmark: _Toc98749250]References 
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