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 Abstract 
This report explains and analyses the All-Wheel Drive system Ferrari unveiled in their FF 

model. The aim is to understand the effects the system has on vehicle dynamics and 

potential control strategies. In short, Ferrari has created a four-wheel drive car by using a 

power transfer unit, which incorporates torque vectoring, in the front of a rear wheel-drive 

car. They unveiled the FF in March of 2011 (Cropley, 2011). The report investigates at the 

rotational inertia and the dynamic index alongside the torque vectoring clutch pack 

specification analysing its effect on the dynamics. 

 

 Base Vehicle Data 
 

For this investigation, many items of data were needed. These were sourced and the 

essential information was extracted into Table 2-1. The full information set can be seen in 

Appendix A. Other information was also sourced throughout this project and referenced in 

their various locations, such as gear ratios in Section 6. 

Table 2-1 Base Vehicle Data (Ferrari, 2011) 

 
 

  



 Generic Torque Vectoring Systems 
 

Torque vectoring allows more torque to be delivered to one wheel than the other on the 

same axle, allowing each wheel to have different velocities. This change in wheel speed 

helps a vehicle’s dynamic performance when the yaw rate of the vehicle does not match the 

input from the driver.  

Torque vectoring also allows for the optimal maximum available torque to be given to each 

wheel even when they are cornering or are on different surfaces. This means the maximum 

drive force can be applied at all turning radii and multiple coefficients of friction. This allows 

for improved efficiency of the torque delivery during cornering by improving the difference in 

torque at each wheel for maximum benefit (Auto Ferrari, 2011). 

For a tyre to produce a driving force it must produce a slip ratio. The ratio of slip effects the 

value of the driving force the tyre produces. This means that the vehicle can monitor and 

adjust the torque at each wheel to achieve the optimum slip ratio so that the maximum drive 

force can be produced. This ratio is approximately 15% for all surface conditions, see Graph 

3-1. 

 

Graph 3-1 (Park, et al., 2015) Drive Force Coefficient against Slip Ratio for multiple μ values 

Torque vectoring can also optimise performance by monitoring lateral and longitudinal G 

forces. This information produces a friction ellipse for the vehicle, see Graph 3-2. The 

system can then be used to ensure the car remains inside this ellipse under normal 

conditions as well as under racing conditions the system can ensure the vehicle is as close 

to being on the limit of the ellipse at all points under acceleration. By controlling the contact 

patch of the tyre allows the optimum control of the vehicle. 



 

Graph 3-2 (Blundell & Harty, 2015) Friction Ellipse 

 

  



 Lumped Mass Model 
 

A lumped mass model is a model in which the car is broken down into a few masses, each 

with its own centre of gravity. This allows for the rotational inertia and dynamic index to be 

calculated. The more accurate the model, the more accurate the results of the calculations 

will be. 

The first part of building a lumped mass model is to identify the longitudinal location of the 

centre of gravity for the entire vehicle, distance a in Figure 4-1. 

 
Figure 4-1 Longitudinal Centre of Gravity 

The distance from the front axle to the centre of gravity was calculated using Equation 4-1.  

𝑎 = 𝑤ℎ𝑒𝑒𝑙𝑏𝑎𝑠𝑒 × % 𝑜𝑓 𝑅𝑒𝑎𝑟 𝑀𝑎𝑠𝑠 𝑑𝑖𝑠𝑡𝑟𝑢𝑏𝑢𝑡𝑖𝑜𝑛 

Equation 4-1 Longitudinal Centre of Gravity 

From Table 2-1, the car's wheelbase is 2.99m and the percentage of rear mass distribution 

is 53%. This means that the distance from the front axle to the centre of gravity, a, is 1.58m, 

Equation 4-2. 

a = 2.99 × 0.53 

Equation 4-2 

To complete the lumped mass model the vehicles total mass had to be split into smaller 

masses. For this model, the masses considered were the mass of the engine and power 

transfer unit, PTU, the transaxle and finally a uniform car body mass. The engine and PTU 

were assumed to be acting just behind the front wheels, the transaxles mass was assumed 

to be acting directly over the rear wheels and the body was assumed to have half of its mass 

over the front wheels and the other half over the rear wheels. These mass locations are all 

depicted in see Figure 4-2. 



 
Figure 4-2 Lumped Mass Model 

The mass of the engine is 225kg (Wan, 2002) and the PTU is 40kg (Edmunds, 2011). This 

means the total mass of the engine and PTU is 265kg. The transaxle was assumed to have 

a mass of 241kg which meant the uniform body will have a mass of 1374kg. This distribution 

of mass across the entire car must be the same as in Table 2-1, with 47% at the front. From 

this, moments were taken around the rear wheel to calculate the location of the engine 

mass, Equation 4-3. This was then recorded with the rest of the data in table 4-1. 

𝑟𝑒 =
𝑏(𝑚𝑡 +

𝑚𝑏
2

) + 𝑎(1880 × 0.47) − 𝑎
𝑚𝑏
2

− 𝑏(1880 × 0.53)

𝑚𝑒
 

Equation 4-3 Location of Engine 

 
Table 4-1 Lumped Mass Model 

 
 

 Moment of Inertia 
The lumped mass model was used to calculate the moment of inertia of the vehicle. This 

was calculated using Equation 4-4 for each mass, Table 4-2. 

𝐼𝑧𝑧 = 𝑚𝑟2 

Equation 4-4 Moment of Inertia about the ZZ axis 



The sum of the inertia of each mass was calculated and this produced the total moment of 

inertia for the vehicle about the Z-Z axis, 3733.05kgm2.  

 
Table 4-2 Moment of Inertia 

 

This calculation assumes there are no occupants in the car, however, these masses could 

affect the calculation. After inspection of where the passengers are located, it is unlikely they 

would have a noticeable effect on the moment of inertia. This is due to how small the 

distance from the occupants to the centre of gravity is, the difference is probably less than 

50kgm2. 

 

 Position of the Inertial Conjugate 
 

The position of the inertial conjugate is also known as the centre of percussion. This is the 

location at which a body will rotate when a force is applied. For a vehicle, this is the lateral 

force that is caused by the tyres when a steering angle is applied. This distance from the 

centre of gravity can be seen in Figure 4-3, c. 

 

Figure 4-3 Inertial Conjugate  

The distance c is calculated using Equation 4-5, where the inertia used is found in Table 4-2, 

the mass is 1880kg and a is the distance found in section 4, 1.59m. This resulted in a 



distance of 1.25m which means that the location of the inertial conjugate is just in front of the 

rear wheels. 

𝑐 =
𝐼𝑍𝑍

𝑚𝑎
 

Equation 4-5 Inertial Conjugate 

 

 Dynamic Index  
  

The dynamic index describes the location of the point of the inertial conjugate in relation to 

the rear wheels. The value is calculated by dividing the distance of the inertial conjugate to 

the centre of gravity by the distance of the rear wheels to the centre of gravity. This can be 

written as equation 4-6. 

𝐷𝐼 =
𝑐

𝑏
=

𝐼𝑍𝑍

𝑚𝑎𝑏
 

 

Equation 4-6 Dynamic Index 

 

The result of this calculation gives a dynamic index, DI, of 0.89 for the Ferrari. This confirms 

that the point of the inertial conjugate is in front of the rear wheels. A DI of 1 means that the 

point lies on the rear wheels whereas a DI greater than one indicates it is behind the rear 

wheels. If it is behind the rear wheels this means the vehicle is very stable but can be 

reluctant to ‘turn in’ resulting in the rear wheels moving in when turning reducing the slip 

angle. Whereas a DI between 0.8 and 1 is stable but is easy to ‘turn in’ which means the 

rear wheels move out when turning increasing the slip angle. When the DI is less than 0.8 

this causes a very unstable vehicle which will ‘turn in’ easily but is a challenge to control the 

balance of the vehicle. 

 

 

 Base Vehicle Specification  
 

The dynamic index of the vehicle means that the car will be stable but still be agile to give it 

a sports car feel. Due to being able to seat four occupants, the car could have easily had a 

higher dynamic index. The effect of the dynamic index would have been considered by 

Ferrari in their design process to ensure the car feels and handles like a Ferrari. They would 

have investigated locations for the engine and transaxle as well as where the occupants are 

located. 



The mass distribution is also more forwards than other Ferraris at the time, such as the 458 

which has a 42% front distribution (Car Folio, 2020). This is due to the increase in mass 

caused by the PTU. However, it still managed to keep a slightly rear-biased mass 

distribution like many other Ferraris. The mass of the vehicle is much heavier than the other 

vehicles of the time such as the F12 which had a mass of 1525kg and the 488 GTB, which 

was 500kg lighter at 1370kg (Car Folio, 2020). 

Most cars have a dynamic index of approximately 0.9-0.92, including the Lotus Elan, the 

Mazda MX5 and the BMW M5. This could indicate that since most manufacturers of sports 

vehicles aim for this DI that it defines the best compromise of both agility and controllability 

of the vehicles. 

The mass distribution is related to the dynamic index for constant yaw inertia. The closer the 

vehicle is to 50% front mass distribution the lower the dynamic index. This is one reason why 

manufacturers aim for a 50% split in mass for sports cars as this gives the car more agile 

driving experience. 

  



 Mechanical Torque Path 
 

 Traditional Four-Wheel Drive 
 

Typically in a four-wheel drive, 4WD, vehicle the engine torque is passed through a gearbox 

to a transfer box and if 4WD is engaged the torque then travels along a driveshaft to the rear 

differential and another driveshaft to the front differential. To account for the speed 

difference front to back the transfer case often has a viscous coupling or a type of geared 

system. The torque is then split at the differential to each wheel at the front and the same at 

the rear (Nice, 2001). 

This type of system is very heavy causing the vehicle to have a higher rotational inertia. This 

means that for most sports cars this is not a viable option as the benefits of increase drive 

force at low velocities is outweighed by the effect the increase in mass causes to the 

vehicle’s performance. 

 Ferrari’s Four-Wheel Drive 
 

Ferrari has managed to develop a type of four-wheel drive system that is not like the 

traditional style. The torque from the engine travels through the gearbox and down the 

driveshaft to the rear transaxle where the torque is split between both rear wheels. This is 

the same as any conventional front-engine rear-wheel drive car (Wan, 2016). To allow the 

front wheels to also be driven, torque is taken from the front of the crankshaft and 

transmitted through a power transfer unit, PTU. This PTU consist of two gear pairs and two 

clutch packs (Auto Ferrari, 2011). Depending on the main gearbox gear, A PTU gear pair 

transfer the torque from the engine to each clutch pack which is assigned for each front 

wheel. Unlike the rear wheels, only 20% of the engine torque is transferred from the engine 

to the PTU (Edmunds, 2011). So only 10% at each front wheel. The use of clutches also 

allows the Ferrari to have front-wheel torque vectoring as well as four-wheel drive. 

This allowed for a huge saving in mass compared to other four-wheel drive systems due to 

not having a transfer case and a driveshaft to the front differential. This system is claimed to 

be half the weight of a conventional four-wheel drive (Auto Ferrari, 2011). This system also 

allows for a lower centre of gravity as the engine does not need to be high enough for a 

driveshaft to pass under it. However, to achieve this system the engine had to be mounted 

behind the front wheels. This would normally cause a loss in occupant space however 

Ferrari still managed to allow the car to be a four-seater. Mounting the engine behind the 

front axle is common with Ferrari and some of its rear-wheel drive cars, such as the 550 and 

F12. 



 Clutch Pack  
 

The clutch pack on each driveshaft consists of a multi-plate clutch. The following calculations 

into the specification of the clutch pack consider the clutches individually. 

To calculate the Torque capacity the gear ratios of the gears in the power transfer unit were 

calculated. The first gear in the PTU is 6% taller than second gear in the main gearbox and 

the second gear in the PTU is 6% taller than the main gearbox’s fourth gear. The gear ratios 

were collated into a table the overall ratio was calculated using a final drive ratio of 3.88 

(Automobile Catalog, 2011). From these ratios, the PTU gear ratios could be calculated by 

multiplying second and fourth gears overall ratio by 1.06. This gave the ratio for first and 

second gear in the PTU, see table 6-1. 

Table 6-1 Road Wheel Speeds at Max Torque 

 

The rear-wheel speed and front wheel speed were calculated when the vehicle exhibits 

maximum torque. Equation 6-1 was used and the engine RPM at maximum torque is 

6000RPM. 

𝑊ℎ𝑒𝑒𝑙 𝑅𝑃𝑀 =
𝐸𝑛𝑔𝑖𝑛𝑒 𝑅𝑃𝑀

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑅𝑎𝑡𝑖𝑜
 

Equation 6-1 Wheel angular velocity 

To calculate the Torque at each clutch pack the amount of torque that is transmitted from the 

engine to the front wheels must be calculated. As mentioned before, 10% of the engine 

torque is transmitted to each wheel. Since the engine has a peak torque of 683NM only 

68.3Nm is transferred from the engine towards each wheel. However, this is not the torque 

at each clutch pack as the torque is increased as it passes through the gear ratios. The 



torque at each clutch pack when maximum engine torque occurs was calculated using 

equation 6-2, see table 6-2. 

𝑇𝑐𝑙𝑢𝑡𝑐ℎ = 𝑇𝑓𝑟𝑜𝑚 𝑒𝑛𝑔𝑖𝑛𝑒 × 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑅𝑎𝑡𝑖𝑜 

Equation 6-2 Torque across Clutch Pack 

The power dissipated across the clutch pack was then calculated. Since power is torque 

multiplied by the angular velocity, the maximum power dissipated would be the maximum 

difference in angular velocity of the input and output shaft of the clutch pack. The input shaft 

is the speed calculated at maximum torque in table 6-1. Whereas the output shaft speed is 

the actual wheel speed which is the same as the rear speed. The maximum difference 

occurs when the PTU and main gearbox are in first gear. Also when the PTU is in second 

gear the maximum difference is when the main gearbox is in third. The maximum power 

dissipated across each pack in 16.86kW in first gear, see table 6-2. 

Table 6-2 Torque and Power Dissipated Across each Clutch Pack 

 

The Maximum torque capacity of each clutch pack is the maximum torque that the clutch 

pack will receive and this is 546.51Nm. An approximate axial load can be calculted from the 

peak torque capacity using Equation 6-3. 

𝐹𝑎𝑥𝑖𝑎𝑙 =
𝑇

𝑛 𝜇 𝑟𝑚𝑒𝑎𝑛
 

Equation 6-3 Axial Load on the Clutch (Thomas, 2020) 

The axial force calculated was 6831N. This was assuming the mean radius was 0.2m, the 

number of clutch plates was 4 and the coeffcient of friction was 0.1. 

  



 Longitudinal Acceleration 
 

To investigate the potential longitudinal acceleration gains, by having this four-wheel drive 

system fitted, the acceleration of just rear-wheel drive needs to be calculated first. The 

maximum rear drive force across both wheels was calculated using Equation 7-1, where the 

radius of the rear wheel is 0.357m. This gave a maximum drive force of 25216N, this means 

that the limiting factor in acceleration will most likely always be the available grip. 

𝐹max 𝑑𝑟𝑖𝑣𝑒 =
𝑇𝑚𝑎𝑥

𝑟𝑤ℎ𝑒𝑒𝑙
 

Equation 7-1 Max Drive Force across an axle 

 

The actual drive force was calculated at a variety of surface conditions to see how the 

acceleration improvement is effected across multiple surfaces. Equation 7-2 was used to 

calculate the rear drive force. 

𝐹𝑚𝑎𝑥 𝑔𝑟𝑖𝑝 = 𝜇𝐹𝑛𝑜𝑟𝑚𝑎𝑙 = 𝜇 × (1880 × 0.53 × 9.81) 

Equation 7-2 Max Force available due to grip rear 

The acceleration for each surface condition was calculated using Equation 7-3. 

 

𝑎 =
𝐹

𝑚
 

Equation 7-3 Acceleration  

 

To investigate the improvement the same calculations needed to be carried out but to 

include the front-wheel drive force. The maximum front drive force was calculated using 

Equation 7-1 where the torque was twice the clutch torque capacity calculated in section 6 

and the wheel radius was 0.341m. This force was 3205N, which meant that this force would 

be a likely limiting factor at higher 𝜇 surfaces than the grip available. The available force was 

calculated using Equation 7-4 and compared to the maximum drive force, see Appendix B. If 

the available force was less than the driving force it was used in the calculation however 

when grip was not a limiting factor the maximum drive force was used. 

𝐹𝑚𝑎𝑥 𝑔𝑟𝑖𝑝 = 𝜇𝐹𝑛𝑜𝑟𝑚𝑎𝑙 = 𝜇 × (1880 × 0.47 × 9.81) 

Equation 7-4 Max Force available due to grip front 



The front and rear drive forces were then added together, and Equation 7-3 was used to 

calculate the new acceleration. The difference in acceleration was investigated to see how 

much quicker the vehicle could accelerate with the four-wheel drive system, see Table 7-1. 

Table 7-1 Longitudinal Acceleration 

 
 

The coefficient of friction values, μ, that were selected were 0.2, 0.6 and 0.9. These values 

represent road surfaces of snow, wet asphalt and dry asphalt (Engineering ToolBox, 2011). 

The front wheels were only grip limited for the first road surface whereas the other surface 

they where power limited. The improvement in acceleration was significant for all of the 

surfaces however it was more significant at low coefficients of friction. In snow, the car has 

the potential to accelerate nearly twice as fast with the four-wheel drive system. This means 

the system has huge benefits in conditions where there is minimal grip available. 

  



 Yaw Rate Moment 
 

The potential yaw rate increase that the system could offer would occur when one clutch 

pack is engaged to give maximum torque to one front wheel, as demonstrated with the green 

arrow in Figure 8-1. 

 

Figure 8-1 Yaw Rate Diagram 

 

To calculate the yaw rate moment, the purple arrow in Figure 8-1, the maximum drive force 

at one wheel is calculated using Equation 8-1. Where the torque is the clutch pack capacity 

and r is the front wheel radius, 0.341m.  

𝐹 =
𝑇

𝑟
 

Equation 8-1 Max Drive Force for 1 front wheel 

The maximum drive force, 1602.7N, is used in Equation 8-2 to calculate the yaw rate 

moment increase. 

 



𝑌𝑎𝑤 𝑅𝑎𝑡𝑒 𝑀𝑜𝑚𝑒𝑛𝑡 = 𝐹 ×
𝑇𝑟𝑎𝑐𝑘

2
 

Equation 8-2 Yaw Rate Moment 

The potential increase in yaw rate moment for the car with torque vectoring is 1343Nm. The 

increase in rotational acceleration is then calculated using Equation 8-3, where the torque is 

the yaw rate moment and Izz is the vehicles rotational inertia calculated in Section 4.1, 

3733kgm2. 

𝛼 =
𝑇

𝐼𝑧𝑧
 

Equation 8-3 Rotational Acceleration 

  



 Torque Vectoring effect on Vehicle Dynamics 
 

Torque vectoring affects many dynamic responses of a vehicle. For this to happen the 

vehicle must contain many sensors to understand the vehicles ‘live’ behaviour. Some of the 

types of sensors used can be seen in Table 9-1. 

Table 9-1 Sensors 

Each Wheel Speed Handwheel Angle 

Vehicle Speed Brake Application 

Rotational Yaw Rate Throttle Request 

Acceleration in the X axis Driving Mode (sport/comfort) 

Acceleration in the Y axis Tyre Slip angle 

Acceleration in the Z axis Wheel Loads 

 

By monitoring the car’s behaviour, the system can manipulate the yaw damping when the 

car is accelerating. This will in turn, improve the vehicle handling response. The sensors will 

also be able to deduce the maximum grip available and ensure that under full acceleration 

the car is utilising the available grip on both left and right front wheels. This allows the car to 

use its available torque as efficiently as possible. This not only improves straight-line 

performances but also means when a vehicle is travelling around the corner more torque 

can be given to the outside wheel as it will be rotating faster. The system will also help when 

a vehicle carries out on-limit manoeuvres, which would normally cause instability. This could 

be reduced if the vehicle reduced torque to the outside front wheel if the cars yaw rate is 

much larger than the requested yaw rate from the driver. This would help in allowing the car 

to carry on in a straight path without spinning out of control. 

The system can also work alongside other vehicle dynamic control systems such as anti-lock 

brake systems, ABS. The system will consider which control systems are of higher safety 

and hierarchy so will prioritise those systems if more than one system is trying to work 

independently at the same time, such as prioritising ABS over torque vectoring. For 

example, the clutches of the torque vectoring system can either lock so the front wheels 

travel at the same speed or they can open completely to allow both wheels to be controlled 

independently, which is what would be needed when the ABS is effecting the vehicle 

dynamics. 

 

  



 Summary 
 

Overall, the four-wheel drive system on the Ferrari FF is a design which has a niche market. 

The system only benefits the car under ‘sporting’ driving conditions. This means if the car is 

only to be used as a ‘show’ car the system is unbeneficial however, very expensive. 

However, for a sporting driver or a driver which lives in an area prone to snow this vehicle’s 

system will be beneficial as it can drastically improve low-velocity performance. However, at 

high velocities, the system is not useful at all as once the car is above fourth gear the system 

is disengaged. 

Initially, the idea was desirable as in 2011 Ferrari sold 250 cars and then the following year, 

they sold 480 cars. However, this was their peak sales and in 2013 sales dropped to 208 

and by 2018 only 3 cars were sold (Demandt, 2019). This demonstrates that there was a 

buyer initially for the car however once the gimmick of the four-wheel drive system wore off 

not many people were interested in buying them. Initially, it was believed to feel nimble and 

have an excellent ride (Bovingdon, 2011) however in more recent years it was said to have a 

‘raw’ driving feel for a GT car (AUTOCAR, 2019). However, form the initial verdict of the four-

wheel drive system was negative, as it was said to be clumsy (Bovingdon, 2011). This is due 

to the car system improving traction in a corner sometimes yet others it reduces drive which 

reduces the yaw rate and the car starts to understeer. This unpredictability was not favoured 

from the start. Since the four-wheel drive system is quite a big selling point for the vehicle 

and yet it was the main component to be criticised. It can be deduced that the system’s 

algorithms will need a lot of work before the system will be accepted as sports car 

enhancement. However, for the average daily car which is not being driven sportingly, its 

torque vectoring could be a benefit to the safety and controllability of a non-Ferrari vehicle.  
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Appendices 
Appendix A – Vehicle Specification (Ferrari, 2011) 

 



 

 

  



Appendix B – Front Drive Force ‘IF’ Statement 

= 𝐼𝐹[((1880 × 0.47 × 9.81) × 𝜇) > 𝐹max 𝑑𝑟𝑖𝑣𝑒 , 𝐹max 𝑑𝑟𝑖𝑣𝑒 , ((1880 × 0.47 × 9.81) × 𝜇)] 

Appendix C – Excel Spreadsheet of Calculations 
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