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[bookmark: _Toc71385062]Abstract
The Ferrari FF was the manufacturers first foray into a four-wheel drive, four seat, production car. This was made apparent when Ferrari released the description of the 4WD system, which comprises of a gearbox positioned in the typical location, however there was no transfer case or drive shaft sending the power to the front wheels. Instead, they created a separate, smaller gearbox that only transfers torque up to fourth gear (Ferrari FF Info Scan, 2020), and mated it to the front of the engine taking drive from the front of the crankshaft. This un-traditional way of sending drive to the front wheels has its advantages, however there are some drawbacks as well. The general vehicle dynamics of the FF show the inherent sporty characteristics desired in a Ferrari, however a GT trait can also be seen.
[bookmark: _Toc71385063]Base Vehicle Data
The Ferrari FF specs are shown in Appendix 1 (Cars-Data, 2011).
[bookmark: _Toc71385064]Torque Vectoring
Torque vectoring is a very simple premise, however there are many different types of torque vectoring used, with varying levels of complexity built into them. FWD/RWD, AWD, and EV vehicles all use different types of torque vectoring set-ups, albeit with some similarities in the end result. Its important to not that torque vectoring is speed control and not torque control, torque control is a resultant of the speed control factor.
[bookmark: _Toc71385065]Front/Rear wheel drive
[image: Diagram

Description automatically generated]Torque vectoring on front or rear axles only is the simplest form of the technology, as the torque is varied between only the wheels through the differential. FWD systems must account for steering, braking, accelerating, and suspension forces, while RWD systems do not need to account for steering, and have reduced braking responsibility. Figure 1 - RWD Torque Vectoring System

[image: Torque Vectoring: The Hyper-Smart, Fuel-Efficient Future of All-Wheel Drive]Torque can be varied from wheel to wheel using clutches, applying different levels of slips to each wheel when any loss of traction occurs. This can help in adverse weather conditions, as more torque can be sent to the wheel with the most available traction. In a performance environment this can help with corner entry and exit, as the torque can be directed to the wheel with the most grip when weight transfer has taken place. This can allow braking to take place later, and for application of throttle to occur earlier. Most torque vectoring differentials work with a set of clutch packs attached to each side of the differential with the clamping force of each side controlled electronically.  Commonly referred to as an E-Diff, the electric motors can infinitely vary the clamping force of the clutch packs with the use of a small gearset and a cam. As the cam is rotated it compresses the clutch plates, increasing the clamping force, transferring more power to that wheel. Figure 2 - Torque Vectoring Differential (Popular Mechanics, 2009)

Torque vectoring systems can also have a safety benefit. This technology can be applied to help control a vehicle that is sensed to be out of control, more so than the traditional anti-lock braking systems. ABS can brake wheels individually, helping to control loss of traction, however torque vectoring could send power to the wheel with highest grip level. This can help the driver regain control quicker, potentially saving them from an accident.
[bookmark: _Toc71385066]All wheel drive
Torque vectoring has been traditionally applied to AWD vehicles, with torque transfer being split between from and rear axles. Some platforms also have the ability to further split the torque between the right and left wheels, effectively making the system a constantly variable torque split. 
The operation of the front and rear diffs in an AWD system is similar to a FWD or RWD set up, however with the added benefit of the ability to vector engine power to each on independently. A center differential can send drive front or rear the use of clutch packs, which when slip is applied, can deviate the torque delivery to suit what is required.
[image: New Dynamic Torque Vectoring AWD and E-Four 4WD Systems | Toyota's New  Powertrain | TNGA | Mobility | Toyota Motor Corporation Official Global  Website]During hard acceleration, a small percentage of torque can be sent to the front wheels in order to aide traction and provide the best launch possible. To negate some mid-corner understeer than some AWD cars inherently have, the torque can also be vectored from left to right, improving turn in and mid corner characteristics. Figure 3 - AWD Torque Vectoring with Side to Side Capabilities (Toyota, 2020)

Modern torque vectoring systems on AWD vehicles monitor speed, yaw rate, lateral G, gear selection, steering wheel position, individual wheel speeds, and will send power from front to rear and side to side in order to improve corner entry or help corner exit speed. The most prominent form of motorsport that uses AWD is rallying.
[bookmark: _Toc71385067]EV 
Torque vectoring an electric vehicle is the easiest form of the system. If the vehicle has multiple motors, torque vectoring takes place by simply controlling the power distribution to each motor. If the vehicle has multiple motors per axle, one on each wheel for example, the torque vectoring can be infinitely variable. This is extremely effective at reducing the understeer characteristics that many EVs have due to their incredibly high mass and narrow eco friendly tyres. 
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[bookmark: _Toc71385069]Longitudinal CoG
[image: ]To calculate center of gravity, there are some values that are needed. These include wheelbase, mass placed on each corner of the vehicle, and the distance that the front and rear axles are from the center of mass.Figure 4 - Longitudinal Center of Gravity (Omni, 2017)

	Wheel Base: 2.990m
Mass: 1880kg
Mass Distribution: 47%/53%

	(using figure 3)
a = .47 * 2.99
a = 1.40m
b = .53 * 2.99
b = 1.59m

	Center of gravity = 1.4m from 
front axle and 1.59m from rear axle



[bookmark: _Toc71385070]Moment of Inertia
The moment of inertia is calculated using the formula:

To calculate the moment of inertia for the FF, first the moments for all the mass points are calculated. Adding these values together is the total moment of inertial for the whole vehicle. Mass points from the lumped mass model are used, as well as the mass of the body shell, as this is the single heaviest component. It was split into a front and rear chassis to help with calculations (MacInnis, 1997).
As shown in figure 5, the total yaw inertia (Izz) is 3837 kg/m2.
[image: ]Figure 5 - Moment of Inertia (Yaw Inertia Izz) Calculations

[bookmark: _Toc71385071]Inertial Conjugate
The inertial conjugate is the distance from the rear axle that the vehicle will rotate when a force is applied.




m from rear axle
[bookmark: _Toc71385072]Dynamic Index


The dynamic index is a metric used to describe the handling characteristics a vehicle will have. If the value is less than 1, the inertial conjugate is ahead of the rear axle, the effects of inertia will add to the rear tyre slip angle (Sanford, 2020). This promotes a more agile feel, as the car will turn in more readily, however if this value is too low, below .87-.9 then the car will feel unstable and skittish. This can be desirable on cars that need high levels of agility for low-speed cornering, such as in auto testing, however, for cars that can cruise at 175mph on the autobahn, a low D.I. would not be desirable. A D.I. of between 0.9 and 0.92 can be considered a good compromise between agility and stability (Sanford, 2020). The Ferrari FF’s value of 0.92, with two people in the front seats and half a tank of fuel, represents this sporty handling characteristics, [image: ]but with a good amount of control for high-speed driving. Figure 6 shows the comparison of some well known ‘sporty’ vehicles and their D.I. As shown, the MG-F represents a low DI, which corroborates the reputation for tricky handling it has, a result of the mid-engine configuration. The Ferrari FF has the same DI as cars such as the MX-5 and Mondeo SI, both cars that represent sporty handling characteristics, but also a smooth and safe driving experience.Figure 6 - Dynamic Index Comparison

[bookmark: _Toc71385073]Base Vehicle Spec
Analyzing the values generated in the previous sections, it is clear that the Ferrari FF was designed to be a GT car with an edge of sportiness. This can clearly be seen in the dynamic index value of 0.92 shows the compromise between stability, and the agility factor that is desired in a sporty vehicle. (Blundell, 2015) This value is comparable to other sporty GT cars, such as the BMW M5, which blends a good mix of comfort and agility.
With a DI value larger than one, the inertial conjugate is behind the rear axle. This means the vehicle will yaw about this point, which under tyre slip angle means the car will slide. With a DI value above 1, and a inertial conjugate behind the rear axle, the dynamic characteristics of the vehicle can be described as stable. If the DI value is lower than one, this means the inertial conjugate is in front of the rear axle, in turn allowing the car to rotate, or yaw, about this point. With this comes the decrease in time it takes for the car to begin to initiate into its yaw phase. (Baston, 2014) With this rapid on set of yaw, the vehicle will often be described as ‘skittish’ or ‘unstable’. Vehicles such as the Lancia 037 and original Audi S1 were cars that yawed very quickly, which was used to their advantage in the WRC. 
The Ferrari FF strikes a good balance between yaw rate and stability, allowing for the car to feel like it has a good turn in response and rotation (yaw) under corner entry, but while also still maintain the traction to accelerate from the corner and maintain stable characteristics at higher speeds. Once adjustable dampers, all wheel drive, torque vectoring, and a raft of other dynamics changing controls are added to the vehicle, the possibilities for a sporty yet stable platform are enhanced.
[bookmark: _Toc71385074]Mechanical Torque Path
[image: ]The torque path of the Ferrari FF is very unconventional in the way it gets from the crankshaft to all four wheels. Figure 7 shows the path the power will take, with power take off points on the front and rear of the crank shaft. To send power to the rear, a driveshaft take drive directly from the rear of the crank, which is then sent to a dual clutch patch is used on the front of the transaxle. This then sends drive from the clutch pack, to the gearset, and then through the differential and out to the rear wheels.Figure 7 - Ferrari FF Torque Path (US Patent Agency, 2010)

The differential is and E-Diff, which can vary torque transfer from wheel to wheel. This is apart of the torque vectoring system that allows the FF to maintain a sporty driving characteristic, while promoting a high level of traction. This is not a main-stream method of drive transfer, however among cars with transaxles this is a common set-up.
The power transfer to the front wheels is very uncommon in road cars and is known as Ferrari 4RM. This is a system that takes drive directly off the front of the crankshaft into a secondary gearset and subsequent twin clutch pack, as shown in figure 7. This dual clutch pack is not the same as used in the transaxle, however it allows drive to be vectored from left to right front wheels. As the clutch packs are engaged and disengaged, the front wheels are sped up to cope with the grip level required. If a slip condition is detected on the rear wheels, in the case of oversteer, the front right or left clutch pack can be activated with a cam that applies a clamping force. By doing this, up to 20% of available torque can be sent to the front wheels, which will help to stop the slide. In the case of a hard launch, the system will detect slip coming from the rear wheels, and send drive to both of the front wheels to aid in acceleration.
[bookmark: _Toc71385075]Clutch Pack Specs
The approximate sizing of the clutch plates in the transaxle, a component of a known size must be used as scale. The clutch plates have an estimated outer diameter of 300mm and an inner diameter of 250mm. To calculate the Ferrari FF transaxle clutch pack torque capacity the constant wear theory must be employed:
	T
	Torque (Nm)
	?

	μ
	Coefficient of Friction
	0.3

	W
	Force (N)
	3500

	R2
	Outer Radius (mm)
	150

	R1
	Inner Radius (mm)
	125









[image: ]The axial force application values are estimated by using the constant wear theory formula, and adjusting W until a reason torque capacity value is reached. As axial force value of 7000N was determined to be reasonable when a coefficient of friction of 0.3 is used, as well as the clutch plate radii previously mentioned. A clutch pack torque capacity of 870 Nm seems logical, as the FF produces 683 Nm of torque, which can all be sent to the rear transaxle. 870 Nm capacity represents a 20% safety buffer on top of peak torque, which is a reasonable assumption. Figure 8 shows an upgrade it for the Getrag 7DCL750 DCT unit, which was used in all Ferrari’s during the production era of the FF. as noted by the name 7DCL750, it can be noted that it is a 7-speed dual clutch unit capable of a rated 750 Nm capacity. As all components are manufactured with a factory of safety, the 870 Nm calculated value is reasonable to inference. It should also be noted that while there is 12 clutch plates shown, there are 6 for either input shaft. As it is a dual clutch transmission, one clutch pack (6 plates) control gears 1, 3, 5, 7, and a second one controls 2, 4, 6.Figure 8 - GAD Motorsport Getrag 7DCL750 DCT Upgrade Pack

As the front wheels only ever receive a maximum of 20% torque transfer, the clutch packs can be relatively small. (Patni, 2011) Using the Front brake disc, with a known 360mm diameter, the front clutch packs can be estimated to be 110mm in diameter. (WeMotor, 2011) According to a YouTube video published by Ferrari describing their 4RM all wheel drive system, there are 4 clutch plates for each drive shaft. (Ferrari, 2011) These clutch packs transfer up to 130 Nm of torque, however their capacity will be higher than that. Using the constant wear theory, a calculated theoretical maximum torque capacity is set at 180 Nm, for a clutch pack unit (4 clutch plates). The torque level that these clutch packs are limited to allows Ferrari to use small and compact gears in the PTU.



[bookmark: _Toc71385076]Acceleration
[image: ]Calculating the maximum acceleration the vehicle can achieve on surfaces with varying coefficients of friction, the tractive forces for each axle must be found:Figure 9 – Maximum Acceleration Values on Asphalt and Snow



The values displayed in figure 9 show the maximum acceleration capability of the Ferrari FF while on asphalt and snow. Snow having an extremely low coefficient of friction means the vehicles acceleration is 95.5% slower than asphalt.
[bookmark: _Toc71385077]Sensors/Algorithms
[image: ]Control systems and algorithms rely on sensors to gather critical data so they can make changes and corrections to the vehicle dynamics. Figure 10 shows control systems that are used on vehicles, and what they rely on to gather data. The sensors touched on in the ‘sensors’ chart all need to have high resolution and refresh rates, 1000 Hz would typically be a good value to have, although these sensors are expensive to use.Figure 10 - Algorithm controls

[image: ]Figure 11 - Sensors and their Effects

[bookmark: _Toc71385078]Conclusions
The Ferrari FF was a cutting-edge vehicle at the time of its launch. With an all-wheel drive system that has not been seen on a road car before, it created a dynamic characteristic that allowed the driver to have fun but still feel fully in control, as shown in its dynamic index value. The dual clutch gearbox, coupled with the torque vectoring front gearbox, allow for superior traction on many surfaces, while also allowing for slip angle to be generated. The weight distribution is on par with other 2-seat sports cars, which is impressive for a 4 seat GT car. 
The torque vectoring system in the FF is very unconventional, due the way drive is taken to the front wheels. With drive being taken off the front of the crankshaft, a set of small gears can be used. This is as a result of the torque limit of 20% at any given time. The clutch pack clamping force can be adjusted to speed up or slow down either front wheels independently from any other wheel. This promotes grip in conditions where other wheels have lower traction and can also help on corner entry and exit. As weight transfer occurs, and there is a lot of mass in the FF, the differentials will vector power from wheel to wheel, allowing the wheel with the most traction to be sent the most power. This system helps reduce mass when compared to a traditional 4WD system, However, has the drawback of not providing all wheel drive in all 7 gears. This system, along with all the control systems and algorithms, allow the FF to maintain a sporty driving characteristic, while a sense of control is still employed.
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ALGORITHM EFFECT ON DYNAMICS

ABS systems can be used to monitor each wheel 

speed, allowing for a broad picture on traction levels, 

if one wheel, or axle, is rotating faster than another, a 

slip condition can be determined, which allows drive 

to be sent elsewhere with higher grip levels throug the 

use of torque vectoring differentials

ESP can play a big role in stopping a slide just as it is 

about to happen. ESP control units monitor wheel 

speed, hand wheel position, yaw rate, and engine 

speed to determine if a slip condition is happeneing. 

Then to negate this, it either brakes an induvidual 

wheel using ABS, or if torque vectoring is applicable, it 

can send poewr to the wheel with most traction

Traction control is used to prevent wheel spin. Using 

the wheel speed sensors, the ecu can determine if the 

wheels are slipping. If slip is detected it will either 

brake the wheels slightly, or send power to the front 

wheels, is possible. Alternatively TC will cut  or retard 

spark to the engine to stop or reduce power being 

produced. In modern systems this  can be seamless, 

however in more primitive systems from the early 

2000s, it can feel like the engine completely cuts in 

and out quickly. This can sometimes be even more 

dangerous as going from 0% power, to 100% power, 

and back to 0% in a short time frame will catch 

inexperienced drivers out

Torque vectoring distributes drive from front to rear, 

and left to right. This system relies on wheel speed, 

yaw rate, and engine speed to determine where to 

send power. It can be used to help traction in adverse 

weather conditions, or in performance scenarios such 

as launching the vehicle.

ESP

TRACTION CONTROL

TORQUE VECTORING

ABS
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SENSOR EFFECT ON DYNAMICS

WHEEL SPEED

Wheel speed is one of the most critical paramters the 

control systems use. Wheel speed can show whether 

a slide is occuring, wheels are turning, and surface 

traction. The ABS system uses this sensor to 

determine if the wheels are turning, and if theres a 

speed differential between each wheel. Using the ABS 

pump, the braking system can be pulasated quickly 

when the brakes are firmly applied, allowing the 

braking system to take advantage of all available grip. 

TC and ESP use wheel speed to determine slip, and 

where to send power to. If one wheel is rotating 

significantly fast than the others, it will either send 

power to the others is possible, or brake the over-

speeding wheel using the ABS.

ENGINE SPEED

TC and ESP systems will used engine speed to 

determine if a sudden loss of traction has occurred. If 

the engine speed suddenly spikes, and the yaw sensor 

detects a sudden change in yaw, the systems will do 

their best to help stop the slide condition that is 

occuring

YAW SENSOR

ACCELEROMETER

Yaw rate sensors are used to measure a vehicles 

angular velocity around its vertical axis. The angle 

that is created between the vehicle direction, and the 

direction of the vehicle speed vector, is called slip 

angle. It is critical to measure slip angle as this will 

determine if the car is in a slip condition, or a slide. if 

this is determined, the TC and ESP  can use other 

systems to help stop the slide 

Accelerometers can be used to detect sudden 

changes in vehicle speed and direction. This can be 

used by the safety systems when deploying airbags, as 

the system can determine which airbags to deploy 

and when. These sensors can also be used by the 

suspension system to monitor surface conditions, and 

adjust the damping to suit, if possible.

HAND WHEEL POSITION

THROTTLE POSITION

The position of the steering wheel is critical to 

determining in what state of dynamics the vehicle is 

currently in. If the wheel is straight, and the yaw 

sensor doesn’t detect a moment occuring, then the 

algorithms can leave everything as it is. However, if 

the wheel position if showing a significant steering 

angle, the yaw sensor is sensing a slip condition, and 

the engine speed has increased. 

Throttle position can be used in the TC and ESP 

systems as a way to tell if the vehicle needs 

assistance. The systems can then control the throttle 

position in order to reduce the power produced by 

the engine
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