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[bookmark: _Toc98746211]Abstract
This report details an investigation into the AWD torque vectoring 4RM system found in the Ferrari FF. This report covers a description of torque vectoring systems and a history of Ferraris 4RM system in comparison. It also features calculations of the moment of inertia and inertia conjugate to gain a value for the vehicles dynamic index. The report also contains information on the vehicles torque paths and calculations of the forces on the multi clutch packs before investigating the effects of the 4-wheel drive system and different surfaces on the longitudinal acceleration. Finally, the report considers the potential impact the system could have on the yaw rate of the vehicle. 

1.0 [bookmark: _Toc98746212]Introduction 
Launched in 2011, the Ferrari FF became the first all-wheel drive production to come out of Maranello. The car featured Ferraris patented 4RM technology in place of a standard all wheel drive system. 4RM, which stands for 4 Ruote Motrici, simply means 4-wheel drive in Italian. The system is claimed to weigh 50% less than the equivalent standard all-wheel drive system and has the bonus of being selectable, meaning the 4-wheel drive system is only active when in Comfort or Snow mode. (Lammers, 2022). 
In addition to the selectable 4-wheel drive the system also features torque vectoring to control the amount of power sent to each individual wheel while driving. This report will cover an investigation into the Ferrari FF 4RM system and how it performs by making various calculations to assess its performance across a variety of different areas. 
[bookmark: _Toc98746213]2.0 Torque Vectoring
Torque vectoring is becoming more and more common in road cars as a way of aiding the handling and driveability of modern road vehicles. The system works by controlling the direction and magnitude of torque transmitted between the left and right wheels, which results in driving force acting on one wheel and braking force acting on the other wheel. This then generates longitudinal driving force difference and, as a result, yaw moment acts on the vehicle. This can then be divided out between the left and right wheels. (Sawase, 2008) 
Most systems involve the use of clutches on the driveshafts in a constant state of slip to allow the inner and out wheels to turn at different speeds when cornering. The torque vectoring system will send more power to the outside wheels based on data from monitoring the throttle and steering inputs from the driver. Other torque vectoring systems use the vehicles brakes to slow the wheel speed as required. 
[bookmark: _Toc98746214]2.1 Ferrari 4RM
Ferrari’s 4RM system was first developed in the 1980’s with a prototype car called the 408 4RM. This vehicle never made production and simply served as a test bed for the technology which was rejected in 1991 by Piero Ferrari on the grounds of it making the vehicle too heavy. (Ferrari, 2021) 
In 2011 Ferrari launched their first four-wheel drive production car with the FF. The FF featured Ferraris updated patented 4RM technology as an alternative to generic four-wheel drive systems. The 4RM features a standard 7 speed double clutch F1 gearbox providing power to the rear wheels only through an Electronic Differential along with a 2 speed Power Transfer Unit (PTU) driving the front wheels. 
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Figure 1: Ferrari 408 4RM (Lammers, 2022)
Ferrari chose this system as the front wheels in the system never apply more than 20% of the overall driving force to the road. Furthermore, the system is only active when in comfort or snow mode and is inactive beyond 4th gear. The first ratio on the PTU covers 1st and 2nd gear on the standard gear box and the 2nd ratio covers 3rd and goes slightly beyond 4th. (Ferrari, 2011)
Ferrari claim the 4RM system is 50% lighter than a generic four-wheel drive system with the PTU weighing 43kg (Ferrari, 2011). A full base specification of the Ferrari FF can be found in Appendices a.1.  
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Figure 3: Ferrari FF (The Blueprints, unknown)
[bookmark: _Toc98746215]3.0 Lumped Mass Model
In this investigation a lumped mass model was created for the Ferrari FF’s main driveline components. The lumped mass model helps to simplify the cars greatest masses and assumes that they can be grouped into boxes representing each major sub assembly. In this case the engine and gearbox assembly and the rear electronic differential are considered as shown in Figure 4. The position of these components estimated centre of mass is measured to the longitudinal position of the centre of gravity, also marked on the model. 
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Figure 4: Lumped Mass Model of Ferrari FF
To create this model the image of the Ferrari FF was imported into Solidworks for the cars dimensions to be applied. The two oval shapes to the right of the engine represent the mass of the driver and passenger and the circle in between represents the measured centre of gravity measured from the front axle.  
[bookmark: _Toc98746216]4.0 Centre of Gravity Position
The centre of gravity is the average location of the weight of an object (NASA, 2021). Its position can be calculated in the longitudinal direction using Equation 1, in this case only the longitudinal position can be calculated due to the information known about the FF. 

Equation 1: Centre of Gravity Position
In this case the centre of gravity was found to be 1.5847m from the front axle and 1.4053m from the rear axle as shown in Figure 4. The FF has a front to rear weight distribution of 47:53 without driver and passenger (Ferrari, 2011).

[bookmark: _Toc98746217]5.0 Moment of Inertia
Moment of Inertia can be defined as a quantitative measure of the rotational inertia of a body—i.e., the opposition that the body exhibits to having its speed of rotation about an axis altered by the application of a torque (turning force). The axis may be internal or external and may or may not be fixed. (Gregerson, 2022). In this instance the inertia is measured from the centre of gravity position. As the individual masses for components such as the engine gearbox and differential are unavailable when calculating the moment of inertia for the Ferrari FF moments will only be taken about the front and rear axle. Equation 2 was used to calculate the moment of inertia of the FF. 

Equation 2: Moment of Inertia
Where m is the component mass and r represents the distance from the centre of gravity, the moment of inertia was calculated to be 4186.720351N. 
[bookmark: _Toc98746218]6.0 Inertial Conjugate
The inertial conjugate can also be referred to as the radius of gyration, this is defined as the radial distance to a thin strip which has the same area and the same moment of inertia around a specific axis as the original shape (Baker, unknown). To solve the inertial conjugate for the Ferrari FF the following equations, three to five were used. 


Equation 3: Alternative moment of inertia equation


Equation 4: Rearrangement of equation 3 to make k the subject


Equation 5: Inertial conjugate
The results of this calculation gave the inertial conjugate as 1.4053m from the centre of gravity. This puts the inertial conjugate in the same position as the rear axle from the measured centre of gravity. 





[bookmark: _Toc98746219]7.0 Dynamic Index
The dynamic index of a vehicle is a value used to describe the basic handling characteristics of a vehicle. A dynamic index greater than one indicates that the car will have a delay in its response to steering inputs, this generally applies to heavier vehicles and vehicles built for comfort instead of sportiness. A dynamic index less than one indicates that the car will be able to change direction very quickly. However, as the dynamic index value moves further away from 1 in either direction the car will become less stable, if the cars DI is a lot lower than one the car will have very ‘pointy’ steering characteristics, for example lightweight track cars. In the case of the Ferrari FF, it is expected that the dynamic index will be close to 1 as while the car has performance characteristics the size and weight will make it less responsive to direction change. 
The dynamic index can be calculated using the formula shown in equation 6 where m is the vehicle mass, a, the distance from CoG to the front axle and b, the distance from CoG to the rear axle. 


Equation 6: Dynamic Index
The dynamic index was calculated for the Ferrari FF as . This shows that the Ferrari will have stable handling characteristics and will be good at coping with fast direction change. Due to the assumptions made about the FF in earlier equations this result may be inaccurate, however the true value would be expected to be close to this. 

[bookmark: _Toc98746220]8.0 Torque Path Diagram
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Figure 5: Ferrari FF Mechanical Torque Path Diagram
Figure 5 shows a mechanical torque path diagram for the Ferrari FF to visualise the way the engines torque is transferred to the wheels. 
As mentioned before the 4RM system features a 7-speed dual clutch gearbox sending torque to the rear wheels and a separate 2 speed PTU driving the front wheels. At the front of the vehicle the PTU is driven directly from the engine and applies torque to the front wheels through a 90-degree pinion coupling and a wet clutch pack allowing the front axles to slip and drive the wheels at different speeds left to right when cornering. 
For the rear wheels the torque is sent through the 7-speed dual clutch gearbox to a driveline and then into the rear electronic differential. The power is split in the differential and set to the rear wheels through wet clutch packs on each side which control the torque vectoring of the vehicle. As with the front the clutches are in a constant state of slip. 

[bookmark: _Toc98746221]9.0 Clutch Packs
As mentioned in the previous chapter the 4RM drivetrain uses a series of wet clutch packs to transfer power to the 4 wheels. There are several advantages to using clutch packs over a standard single clutch plate. The main advantage is packaging, by using clutch packs the individual clutch plates can be made smaller as the increased number of clutch plates accounts for the difference in surface area between that of a standard large clutch plate. This is especially useful in a vehicle such as the FF as it is designed as a more practical grand tourer type vehicle cabin and boot space is essential and can be maximised by reducing the size of the diameter of the clutch plates and keeping the housing size to a minimum. By using wet clutches within the clutch packs the frictional losses are reduced and therefore the system is more efficient than that of a dry clutch system.
The downside to using clutch packs with multiple clutch plates is the increase in cost over a standard clutch setup. This system will cost more to manufacture making it a non-viable option for lower end vehicles and will also cost more to repair or replace in the event of a failure potentially landing the customer with a large bill. In the case of the Ferrari this is not a big issue as the cost of the system can easily be offset by the high asking price as the Ferrari falls into the high-end luxury category of the market. It is also unlikely that buyers would be deterred by the potential cost of fixing the system. 
[bookmark: _Toc98746222]9.1 Calculating the Force on the Clutch Plates
Based on information from the original Ferrari patent for the 4RM system the number of clutch plates in the system is 12 (Cimatti, 2007). The force on each individual clutch was then calculated by dividing the total force in the system by 12 for constant pressure and constant wear. Constant pressure states a condition where the clutches are brand new while constant where states a condition where the clutches are worn in and can therefore take more force. 


Equation 7: Constant Pressure Force
Where T = the engine torque in Nm, r1 and r2 equal the outer and inner radius of the clutch plate,   N = the number of clutch plates in the system and μ = the coefficient of friction. 

Equation 8: Constant Wear Force
Information on the Ferrari FFs clutches is not available and therefore will have to be estimated to attain values for r1 and r2. The only available data for Ferrari clutches is the size of the clutch found on the Ferrari 348 which gave values of 0.074m for r1 and 0.1075 for r2 (FerrariChat, 2004).
The coefficient of friction was taken as 0.13 for a wet carbon to carbon contact  (EngineeringToolbox, 2004). 
The calculated constant pressure force was determined to be 180.825N.
The calculated constant wear force was determined to be 2412.234N. 
As predicted the constant wear force is greater than the constant pressure force as at this point the clutches are bedded in and capable of taking more force. 
[bookmark: _Toc98746223]10.0 Longitudinal Acceleration
To calculate the longitudinal acceleration the centre if gravity will need to be considered in a different plane to before. The centre of gravity height for the Ferrari FF is not available and cannot be calculated with the base data, therefore a value is estimated based on that of a comparative vehicle. In this case the value given is 0.3935m (Suspensionsecrets, 2021). 
As the manufacturer gives a statistic for the acceleration this can be calculated using SUVAT. 

Equation 9: Longitudinal Acceleration
Where v=27.78m/s, u=0m/s and t=3.5s
Therefore, a is calculated as 7.937m/s^2 to 3 decimal places. 
For the first instance the calculation will only consider the rear axle when the front PTU is disengaged. 

Equation 10: Weight transfer to rear axle under acceleration
Equation 10 is calculated for the FF to give a result of 1963.757144N which can then be converted into kg by dividing by G which gives a value of 200.179kg. Therefore, the total weight acting on the rear axle under acceleration will be 996.4 + 200.179 = 1196.579kg or 11738.441N. 

Equation 11: Longitudinal Acceleration
Equation 11 can then be used to calculate the acceleration based on the weight transfer when only the rear axle is driving the car. 
When on asphalt the coefficient of friction is taken as 1 and therefore a= 6.24m/s^2.
Other conditions were also considered as shown below
Snow:       
Ice:       
When the Ferrari FF’s four-wheel drive is engaged the front wheels will also give a tractive effort towards accelerating the vehicle which must be accounted for. The front end weight distribution will be affected by the weight transfer to the rear and therefore can be recalculated as 883.6-200.179=683.421kg or 6704.360N. This force is then added to force in Equation 11 to give the following result.:
Asphalt: 
Snow: 
Ice: 
The acceleration is greatly improved when four-wheel drive is engaged due to the extra forward thrust provided by the driven front wheels. 
[bookmark: _Toc98746224]11.0 Potential Yaw Rate Increase
Perhaps the main benefit of four-wheel drive and torque vectoring is the potential increase in yaw rate. The system is constantly monitoring driver inputs for throttle and steering and adjusting the power delivery accordingly to each individual wheel. This essentially creates an enhanced differential effect between the left and ride side of the vehicle as the electronic torque vectoring diff can react faster to changes in yaw rate than a standard mechanical differential. All of this makes for a confidence inspiring and forgiving driving experience perfect in a car such as the FF. 
All this makes the car stupefyingly easy to drive up to seven tenths of its limit – as much you can sanely expect to achieve on the road – and, as such, keeps all the power firmly hot-wired to the rear axle, where it should be (Cackett 2012). 
Reviews of the Ferrari FF prove that this system works as it should, offering a safe and enjoyable driving experience despite the cars large mass over its Ferrari stablemates.
12.0 Conclusion
To conclude, this investigation has shown the benefits of four-wheel drive and torque vectoring in a vehicle such as the Ferrari FF. Based on the findings in this paper it is easy to see how the 4RM system improves the handling and performance of the vehicle although the added complexity of the system over two-wheel drive or generic four-wheel drive doesn’t make it a viable option for use in many vehicles.
While the information in this report does give a good understanding of the 4RM system it is worth remembering that due to the secretive nature of Ferrari and their withholding of technical information many of the values used in the calculations have been approximated and could therefore lead to some significant error in places where the true values significantly differ from the estimated values. This experiment would be far more accurate and valid if given the opportunity to access the vehicle in order to measure the crucial values missing from the available data.
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Value Unit

curb weight 1880 kg

Dry Weight 1790 kg

length 4907 mm

wheelbase 2990 mm

distance to CoG front 1584.7 mm

distance to CoG rear 1405.3 mm

weight distrbution 47/53

front weight 883.6 kg

rear weight 996.4 kg

front track 1679 mm

rear track 1660 mm

Torque 683 Nm

Ferrai FF Base data


