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[bookmark: _Toc41398566]Introduction
In 2011, Ferrari introduced the FF, an All-wheel drive with a novel system to drive the front axle off a second, two-speed gearbox off the front of the engine as opposed to the conventional layout, which uses a transfer case connected to the gearbox.
1. [bookmark: _Toc41398567]Aims
The aim of this assignment is to analyse the 4RM all-wheel drive system used in the Ferrari FF in order to understand the effects on the vehicle dynamics and potential control strategies used for the torque vectoring system on the front axle.
2. [bookmark: _Toc41398568]Objectives
The objective of this assignment is to use the base data for the Ferrari FF to create a lumped mass model, then calculate the position of the Centre of gravity of the car, which can then be used to calculate the moment of inertia of it. The position of the inertial conjugate can then be located and then the dynamic index of the car can be calculated. Control algorithms for the torque vectoring system, along with their applicable sensors and their improvements to the handling of the vehicle can then be discussed.

[bookmark: _Toc41398569]Baseline vehicle specification
The table below shows the baseline vehicle data for the Ferrari FF that shall be used throughout the calculations in this assignment. Additional data will be found in the 
Table 1 - a table of the basic specifications of the Ferrari FF.
	Length
	4907mm
	

	Wheelbase
	2990mm
	

	Width
	1953mm
	

	Height
	1379mm
	

	Front Track
	1676mm
	

	Rear Track
	1660mm
	

	Kerb weight
	1880kg
	

	Weight Distribution
	47% front
	53% rear

	Front tyre width
	245mm
	

	Rear tyre width
	295mm
	

	Maximum power
	486kw@8000RPM
	

	Maximum torque
	683Nm@6000RPM
	

	Peak RPM
	8000RPM
	

	Differential gear ratio
	4.18
	





[bookmark: _Toc41398570]Background research – Generic torque vectoring systems
Torque vectoring is the act of controlling the amount of torque available to each of the driven wheels when a vehicle is cornering. This can be done in numerous ways, but the basics of each system achieve the same outcome, which is optimising the amount of torque applied to each wheel.
[bookmark: _Toc41398571]Brake-actuated torque vectoring
This version of a torque vectoring is based upon the generation of a yaw moment within a vehicle by independently actuating the brakes upon the driven wheels. (Kakalis, A, & F, 2008) The focus of these systems is to enhance the performance of the vehicle within a corner, as with all vehicle dynamics systems. These systems also act on the throttle to try and avoid the reduction in vehicle speed associated with brake actuation.
An upside to this system is its relative ease to implement into an existing vehicle platforms, given that a modern vehicle will likely already have a brake-by-wire (BBW) setup on the braking system, so in theory, all that is required of the manufacturer is to feed wheel speed data into the vehicle’s ECU using wheel speed sensors, which can then be used to apply the brakes to an individual wheel if the difference between the two is too great in order to maintain traction. Another downside to this is that this system can lead to increased brake temperature compared to normal use, alongside potential lower service life for the brake components, which will increase running costs for vehicles fitted with it.
[bookmark: _Toc41398572]Clutch-actuated torque vectoring
This method of torque vectoring, as used on the Ferrari FF being discussed in this report, uses a clutch or series of clutches to vary the amount of torque being put through to the driven wheels. Compared to the brake actuated torque vectoring, this does not have the disadvantage of reducing vehicle speed when it is active within a corner, and thus allow for the throttle input to remain constant, instead causing the clutch packs to slip instead of applying the brakes on a given wheel if a wheel starts to slip
A downside to this style of torque vectoring is the relative costs to implement such a system into a road car, as the whole vehicle needs to be designed around such a system, for example on the front axle of the Ferrari FF discussed in this report. 
[bookmark: _Toc41398573]Electric torque vectoring using drive motors
This method of torque vectoring commonly found in fully electric vehicles (EV) or hybrid vehicles uses the drive motors on an axle to differ the wheel speeds throughout a turn. In terms of implementation, this method reasonably simple compared to using a clutch pack system as many higher end EV or hybrid powertrain applications use a motor to drive each wheel, which allows for the torque vectoring to be undertaken. An upside is that this can be implemented can be easily implemented into hybrid vehicles which can aid the handling performance of these vehicles, as found by (Knauder, 2014), who tested these systems on a converted Range Rover Evoque, which found a reduction in the understeer characteristics within their tests.


[bookmark: _Toc41398574]Mathematical calculations
[bookmark: _Toc41398575]Calculation of the longitudinal Centre of Gravity position
The Centre of gravity about the longitudinal axis can be calculated based on the weight distribution of the vehicle, where 47% of the mass is on the front axle, and with the wheelbase being 2990mm, then this means that the Centre of gravity is distance A behind the centreline of the front axle, and distance B ahead of the rear axle. The calculations for these distances are detailed below:

These two distances can be noted as A and B in figure 1.
[bookmark: _Toc41398576]Calculation of the moment of inertia about the Z-Z axis
The moment of inertia can be calculated by initially treating the car like a plain disc for the purposes of this calculation. Assuming the z-z axis is about the centre of gravity of the vehicle, the value of the radius of gyration (K) is given using the equation:

From this, we can calculate the value of the moment of inertia about the centre of gravity, shown as Izz in figure 1, using the equation:


[bookmark: _Toc41398577]Calculation of the Inertial Conjugate Position
Having calculated the Moment of inertia of the vehicle about the Longitudinal centre of gravity, the position of the inertial conjugate can be calculated. This is given as the distance behind the Centre of Gravity, shown as Izz in figure 1, as C. The equation used for this is shown below:

[bookmark: _Toc41398578]Calculation of the dynamic index of the vehicle
The Dynamic index (DI) of the vehicle can also be calculated at this point. The dynamic index can be used as a measure of how agile the vehicle is, with a higher dynamic index perceived to be “sportier”. This can be calculated using the equation:

[image: ]
Figure 1 - A Diagram of the distances listed in the calculations within this chapter
[bookmark: _Toc41398579]Creation of a lumped mass model of the vehicle
Having done these calculations, a lumped mass model of the vehicle can be created. Figure 2 shows a diagram of this model, based on the weight distribution of the vehicle, with 47% of the weight to the front and 53% to the rear. Also included in this diagram is a side view of distances A, B and C to within the longitudinal plane, as well as a rough view of the engine, with the accompanying drivetrain components rendered in green. 
[image: ]
Figure 2 - A diagram of the lumped mass model of the vehicle.
Given the calculations carried out here, the dynamic index appears reasonably low for a high-performance vehicle which markets itself as “delivering exhilarating driving pleasure” (Ferrari SpA, 2011). This means that the car almost certainly relies on its torque vectoring systems to aid the handling of the vehicle and aid the perceived agility of the vehicle. In theory, it could be summarised that without the assistance of its torque vectoring system, the vehicle may in fact exhibit understeer which could dampen the perceived driving dynamics.

[bookmark: _Toc41398580]Identification of the front torque path
[image: ]
Figure 3 - A diagram of the powertrain on the Ferrari FF, noting the front drivetrain in particular (US Patent No. 7,752,802, 2010).
Figure 3 shows a diagram of the powertrain on the Ferrari FF, taken from the patent application used at the time of the original release of the vehicle (US Patent No. 7,752,802, 2010). What this shows is the front drivetrain on the left of the diagram. What makes this solution novel is that the drive is taken off the front of the engine using a power takeoff unit (PTU) and then fed into a separate 2-speed transmission which exclusively drives the front differential. On either side of the front differential is a clutch pack, which how the front torque vectoring system affects the drive to each wheel. When cornering in conditions where the front wheels need to come in, the torque vectoring system can vary the amount of drive to each wheel based on the available traction to each wheel and ensure that the vehicle maintains its heading.
In terms of the amount of torque split created by this drive layout, the front wheels at most see 20% of the total power output of the vehicle whenever the conditions cause the rear wheels to slip. Knowing this, we can calculate the amount of torque going through the wheels, but first the wheelspeed needs to be known. These calculations will be using the final drive ratio of 4.18:1 at the differential, and assuming that the front gearbox in second gear is geared 6% taller than fourth in the rear gearbox which has a ratio of 1.19:1, giving a front final drive ratio of 4.68:1. This means that the power output from the front axle at 6000RPM engine speed in second gear is given by the equation:
This means that at the front wheels under peak torque see 175kw. This is also assuming that the clutch pack is always slipping about 15%, meaning that this value is at 85% total friction across the clutch pack. Assuming 100% perfect torque transfer through the clutch packs, the power and torque capacity of the front driveline would be as follows:



[bookmark: _Toc41398581]Discussion & Conclusion
1. [bookmark: _Toc41398582]Discussions
Initially, there is one question that needs to be answered here: that being why Ferrari would make the FF. When it came out, it replaced the 612 Scaglietti, a more conventional rear-wheel driven grand tourer without the usage of the torque vectoring system. The unconventional body shape of the FF allowed for increased rear headroom for the rear seat passengers compared to its predecessor and at the same time allowed for a larger load bay without changing the footprint of the chassis. Despite the extra technology added by the PTU system on the front wheels, the FF is only 10kg heavier than the aforementioned Scaglietti (ZePerfs, 2018), which is testament to the amount of design work that Ferrari put into the car.
Another point of consideration is the change in the automotive market since the FF came out. In the past 5 years or so a considerable shift towards larger crossover-type vehicles has been apparent, with many manufacturers having a “performance crossover” in the line-up or having one in development. Ferrari is no exception to this, with a crossover in the works for a release in 2021. (Brodie, 2020)
With all these manufacturers releasing higher end crossovers, the use of electronic programs to aid the performance of the car will inevitably increase to aid the suspension dynamics without affecting the overall look of the vehicle. For example, audi on the RS Q8 uses an electronic Anti-roll bar system that allows it to firm up in the event of heavy cornering, or disconnect the anti-roll bars in the event of the road conditions worsening to improve the quality of the ride for the occcupants. (Watson, 2020)
2. [bookmark: _Toc41398583]Conclusions
In conclusion, this report has gone over the handling of the Ferrari FF and covered the application of the clutch packs within its torque vectoring system, before going on to discuss the developments within the industry after its release, and discussing the driving aids within these models discussed from rival brands.
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