


Abstract

Research assignment into the workings of 2011 Ferrari FF’s unique AWD system, its effect on vehicle dynamics, and the influence control systems on its torque vectoring capabilities.

Base Vehicle Data

The Ferrari FF is a front-mid engine, all-wheel-drive (AWD) grand tourer. It is powered by a 6.3 litre naturally aspirated V12 producing 650hp at 8000RPM and 683Nm of torque at 6000RPM. Primary drive is transmitted through a 7-speed, dual clutch, paddle-shift transmission located in a transaxle. It is also capable of sending up to 20% of the motor torque to the front wheels through a 2-speed transmission. This Power Take-off Unit (PTU) is mounted in front of the engine and uses clutches on either side to perform torque vectoring. Vehicle dimensions are as follows:

	Mass (Kerb) (kg)
	1880

	Wheelbase (m)
	2.99

	Mass Distribution
	0.53

	CG longitudinal (m)
	1.5847





Torque Vectoring Systems

Torque vectoring systems are “a driveline device capable of controlling the magnitude and direction of torque to influence traction and vehicle dynamics” (Wheals, et al. 2004)
Torque vectoring is a method used to alter the torque demanded by each wheel to aid traction, both in corners or on straights, or to induce a yawing moment. Several different systems are used by manufacturers with varying complexities. It can be achieved by using torque vectoring differentials or by individually braking wheels. Electric vehicles can do so by altering motor torque to each of the driven wheels. Wheals found that “an AWD vehicle with a variable bias coupling and yaw rate control is able to safely negotiate an aggressive double lane change manoeuvre whereas the same vehicle with a fixed bias ratio is unable to maintain stability” (Wheals et al. 2004)


Mass Distribution
Lumped Mass Model
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Description automatically generated with medium confidence]The lumped mass model highlights the lumped masses which will contribute to the yaw inertia of the car. Despite being front-engined, it is mounted as far back as possible, both to increase agility and make room for the PTU in front of the engine. The rear transaxle is another attempt to shift mass rearward giving the 47:53 weight distribution claimed (Edmunds, 2011). The slightly rearward weight distribution of the car is desirable in a high-powered, rear-biased powertrain as it provides a greater normal force on the driven wheels, aiding traction. 

Longitudinal centre of gravity (CG)

There are several methods of calculating the longitudinal CG. One can weigh the corners of the car and use the following equation to give the CG (Milliken & Milliken, 1995):



Another method is to consider the lumped masses mentioned above and to take their moments about a point in space. A point 0.1m ahead of the front axle was chosen and with masses estimated it was possible to calculate the CG.

	CG calculated
	Mass
	Distance x
	

	Engine mass (kg)
	400
	1.1
	440

	Transaxle (kg)
	300
	3.4
	1020

	Fuel Tank (kg)
	110
	2.6
	286

	Front Axle (kg)
	300
	0.1
	30

	Front Subframe (kg)
	200
	0.1
	20

	Rear Subframe (kg)
	300
	3.1
	930

	Driver (kg)
	80
	1.4
	112

	Position (m)
	1.50957447
	
	2838



These calculations are fairly accurate when considered alongside the claimed figures.
Moment of Inertia 
The yawing moment of inertia is the opposition that a body exhibits to having its speed of rotation about an axis altered by the application of a torque (Britannica, 2021). Thus, a car’s moment of inertia heavily dictates its ability to change direction. The lumped masses outlined above are the primary influences on yaw inertia. While CG location can explain tyre loading and grip levels during steady state cornering, it has less of a baring on transient manoeuvres; a car with a less desirable CG location, but lower yaw inertia will respond better to driver inputs.
 The moment inertia about the ZZ (vertical) axis will be considered here.

Where m is mass and k is the radius of gyration. 

	Inertia
	Mass
	R
	Izz

	Engine mass
	400
	0.40957447
	67.100498

	Transaxle
	300
	1.89042553
	1072.11261

	Fuel Tank
	110
	1.09042553
	130.793062

	Front Axle
	300
	1.40957447
	596.070054

	Front Subframe
	200
	1.40957447
	397.380036

	Rear Subframe
	300
	1.59042553
	758.836012

	Driver
	80
	0.19042553
	2.90095066

	total
	1690
	
	3025.19322



Note that while the total mass is below the claimed kerb weight of 1880kg, the other masses such as the bodywork can be considered to be spread evenly across the wheelbase, having a lesser influence on the inertia.
Inertial Conjugate
Also known as the centre of percussion, this is the point along an axis at which there is zero rotation and translation at the instant a force is applied. In vehicle dynamics, this dictates the point about which the vehicle yaws. This effects rear tyre slip angles which in turn effects yaw-response hence agility.


Dynamic Index
The dynamic index is another value which dictates a car’s agility. It is “the square of the radius of gyration (k) of the sprung mass about a transverse axis through the center of gravity, divided by the product of the two longitudinal distances (a and b) from the center of gravity to the front and rear wheel centers” (Gillespe, 1992, p.381).
 A dynamic index of less than one will contribute to the rear slip angle aiding turn in; the opposite is true for a DI of more than one. It can be determined using:



Tabulated results are as follows:

	Izz = mk^2
	3025.19322

	k^2
	1.60914533

	c
	1.00571583

	DI
	0.79913177



Base Vehicle Appraisal

The figures calculated above suggest a very agile chassis. This is due to the centralised mounting of the lumped masses. The DI figure of 0.8 is much lower than that of the agile, mid-engined MGF at 0.83 (Sandford, 2021). While there may be inaccuracies due to assumptions, it is likely that the figure isn’t far-fetched. The DI found determines that a yawing force produced by the front tyres in turn-in will contribute to the rear slip angle and the vehicle will readily respond to inputs. These characteristics are often uncommon in a large, four seat, grand tourer.

Mechanical Torque Path
As mentioned previously, torque reaches the front wheels via the PTU. This, much smaller gearbox, is mounted directly to the crank shaft via the front of the engine. It contains only two gears with clutches either side; 1st and 2nd in the PTU sit 6% taller than 2nd and 4th respectively in the main gearbox (Fedeli, 2020). To match the ratios, the PTU’s clutches are required to slip and after 4th gear they remain fully open, and drive can only be sent to the rear wheels. Clearly, the constant slipping of the clutch will cause unnecessary wear, as such the car is kept in RWD unless power is required to aid traction; it is only operational in snow and comfort modes.

Clutch

The FF utilises multi disc wet clutches in the PTU and the rear trans-axle. These not only accommodate drive engagement and dis-engagement for shifting gears, but also allow for torque vectoring. Altering the hydraulic pressure on the clutches allows the slip which contributes to the torque vectoring (Edmunds, 2011).
It is possible to calculate the torque capacity and axial loading needed on the PTU’s clutches. 
Assuming include a frictional coefficient of 0.4, inner and and outer radiuses of 0.05 and 0.01. Peak torque assumed using a ratio of 3:1; replicating a gear slightly taller than 2nd. The constant wear theory is more considerate of true conditions and has been applied here. 

	PTU Clutch Packs
	
	

	Number of plates(n)
	2
	4

	Speed (RPM)
	6000
	

	Outside R (m)
	0.1
	0.0314

	Inside R (m)
	0.05
	0.00785

	Area (m2)
	0.02355
	

	mu
	0.4
	

	axial force (needed) (N)
	3600
	

	Tmax
	113.04
	

	Pmax (W)
	71023.032
	

	Pmax (KW)
	71.023032
	

	peak front torque (Nm)
	204
	

	At wheel (Nm)
	112.2
	



To transmit peak torque, an axial force of 3.6kN is required.

Longitudinal Acceleration Benefits
Considering the FF only uses the PTU as a traction aid, rather than as a full time AWD system. It is worth considering when it will be in use. By making a few assumptions it is possible to evaluate the benefits of the system. A claimed 0-62 time of 3.7s gives an average acceleration of 1.71ms-1. Using the known mass and wheelbase and an assumed centre of gravity height of 0.4m, the load transfer can be calculated. With a calculated figure of 453kg, or 226.5kg per corner, assuming a mu value of 1, the front wheels can only manage a drive force 2200N each. Considering the first gear ratio should be around 6:1 (Shojaeefard et al. 2013), peak motor torque is 20% (max capacity of front gearbox) of 683Nm and a rolling radius of around 0.55m, the maximum torque at the wheel is around 990N. This is well within the maximum tractive force of 2200N. Indeed, it would still be possible to induce wheelspin at mu values under 0.3, where this system will usually be utilised (Fedeli, 2020). 
In the rear, at peak weight transfer, the max tractive force is calculated at around 7000N per wheel. Using the same methods, max drive force is around 5000N. Using these assumptions, the added benefit of the front drive can heavily offset the loss of traction in low friction conditions. At mu values under 0.7, aid from the front wheels will be required to maintain peak longitudinal acceleration with peak acceleration possible to around 0.5 mu. As the mu values lower further, so too will the longitudinal weight transfer and the front wheels will have better traction in accordance with Fr=muR. A value of 0.7 would normally be considered normal for dry roads (Jones & Childers, 2001) but with the large grippy tyres found on the FF, the figure is likely closer to 0.9, meaning peak acceleration can be maintained even in damp conditions.


Control Algorithms
Contemporary automotive design relies heavily on control algorithms to improve dynamic capability beyond mechanical means. With a peak power of 650hp and users unlikely to be trained driers, these measures also provide a computerised safety-net. These systems are usually controlled by the ECU. In their simplest forms, these include ABS (Anti-lock brakes) and traction control. ABS, like manual cadence braking, pulses the brakes to allow for steering whilst braking. Tyre frictional coefficients also decrease with lock-up (Milliken, 1995), with the temporary easing of the brakes helping the tyres to regain traction. Traction control works in a similar way but cuts power to the driven wheels to avoid wheel-spin. 

During cornering, it is possible to increase the yawing velocity by incurring a yaw moment with the driven wheels. This can improve cornering speeds and create better steering response for the driver. Porsche uses a system in its AWD vehicles which enables it to selectively apply brake pressure to individual wheels (Porsche, 2021)

It was noted in, Torque Vectoring AWD Driveline, that torque vectoring systems are also able to make vehicle handling more consistent. That is, a car can maintain a desirable under-steering characteristic throughout harsh maneuvers, improving driver confidence. It was found that deactivating the system made understeer/oversteer characteristics unpredictable. It was also found to positively benefit full throttle launch on surfaces of 0.4 mu and below, where traditional traction control hampered launch. This research was done on the AWD BMW X5. (Wheals, et al. 2004) 

On-limit lane changes are common feature of highway motoring, and as such, they must be considered with the control algorithms. In its simplest form, a lane change involves a momentary change of direction before resuming the previous heading. An intelligent vehicle should possess the ability to recognize the driving environments, realize its longitudinal control and to steer along reference trajectories (Guo, et al. 2014)
Control systems must be able to use the torque vectoring systems to aid the driver in regaining the original heading.

The torque vectoring and AWD capabilities at the front axle will work in tandem with these control algorithms. Indeed, the front axle will only become driven when the rear breaks traction (Jenkins, 2011).
In a vehicle with an open differential, torque to each wheel must be equal. As torque is reactive, reduced traction on one side will both engage traction control and cause the differential to limit torque to the other side; there will be zero yaw moment with this type of differential. With torque vectoring, it is possible to divert the torque to the wheel with traction and reduce torque on the other side. This system maximises longitudinal acceleration potential. The downside to un-equal forces is that it creates a yawing moment.

Yaw Rate Increase relative to Handwheel
These systems could create a yawing moment, equal to . Assuming maximum traction on one wheel and zero on the other, and lateral CG symmetry, the yawing moment would be:





Giving a yaw rate of:



Considering the handwheel angle:


Assuming tyre cornering stiffness of 867N/deg (Vorotovic et al. 2013):



Assuming handwheel to roadwheel angle of 15:1



It is worth noting that the AWD capability with rear axle vectoring could allow for this moment to be offset by the on-board computer. This affect could be exacerbated, however, if both wheels on one side are on the same low mu surface, e.g running off a track onto grass. Driver input would be necessary in these situations.

Concluion

The unique design of the FF allows it to effectively make use of its power in challenging conditions; indeed, it can competently use full power on surfaces of 0.5mu and above. 
The torque vectoring capabilities add another dimension to the package, allowing for enhanced control both in corners and on the straights. These improvements help to offset the relatively high kerb weight of the car and make better dynamic use of its long 3m wheelbase. The need for the front clutch pack to slip in order to allow for matching wheel speeds seems to be unproblematic; it is clear that the extent at which the front axle will be driven is low enough that wear and tear should not be an issue.
Due to the inherently different dynamic behaviour of a vehicle equipped with a torque vectoring differential, it is possible that professional instruction or training should be offered to customers. Despite their safety in manoeuvres such as on-limit lane changes, split mu surfaces causing a yawing moment will be unpredictable to drivers familiar with operating a car equipped with an open differential.
These features fail to also acknowledge the design’s ability to lower the CG height compared to conventional AWD systems which will in turn reduce load transfer and improve grip and steering response. 
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