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[bookmark: _Toc103983867]	1. Ferrari 4RM 
Ferrari FF (FF means "Ferrari Four" and denotes four seats and four-wheel drive. (Williams, 2015)) was launched by Ferrari and was the first four-wheel drive sports car in Ferrari's history. (NA, 2011) (Ferrari, 2022)
It features the new Ferrari-designed 4RM four-wheel drive system, which is around 50% lighter than the conventional system thanks to a new front-wheel power transmission unit, the PTU, which is directly connected to the engine above the car's front axle. In the 4RM system, the PTU is its main mechanical component and it is responsible for controlling the difference between the engine output torque and the wheel speed. It controls the amount of torque sent by the engine to the front wheels and distributes torque differently between the left and right wheels depending on the car's driving requirements. the PTU also receives its power and torque directly from the crankshaft via the gearbox ratio system. (Weinberg, 2014)
The system takes its power from the front of the engine and provides power to each wheel independently as required. The gearbox (PTU) has only two forward gears (2nd and 4th and the gear ratio is 6% higher than the corresponding ratio in the main gearbox), so the system is only in gears 1 to 4. (English, 2011) Due to the different gear ratios, the "clutch keeps slipping" and can only transmit up to 20% of the engine torque. (Strong, 2011)
The system helps to achieve a 47/53% weight distribution between the front and rear of the Ferrari FF. And it allows control of the distribution of torque vectoring across the individual wheels. This type of transmission allows the Ferrari FF to be driven easily even on extremely slippery surfaces such as snow. Ferrari says that the front wheels will only receive power when four-wheel drive is required, so on dry asphalt the car should run as rear-wheel drive.
Its basic data are shown in the chart below：
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Figure 1: Basic data of the Ferrari FF

[bookmark: _Toc103983868][bookmark: _Hlk103905980]2. TORQUE VECTORING SYSTEMS
The most common use of torque vectoring today is in all-wheel drive vehicles. The concept was developed by Ricardo in 2006. Torque vectoring systems are used to obtain maximum performance by combining hardware and electronic systems to deliver the right amount of torque to the wheels according to the driver's intentions and driving conditions. Most systems involve the use of a clutch on the drive shaft to keep it in constant slip in order to turn the inner and outer wheels at different speeds during cornering. Torque vectoring is subdivided into "torque vectoring using a differential" and "torque vectoring using a brake". The former is achieved by using a small clutch in the differential, while the latter is achieved by using the brake to stop the wheels from slipping. (Shah, 2020)
[image: ]
Figure 2: TORQUE VECTORING SYSTEMS (Radu, 2020)
For example, if understeer is created when the car is turning, more torque can be supplied to the outside wheels to provide more grip, for example. This then overcomes the loss of traction and allows the car to corner easily. This is also known as the increased yaw effect. (Radu, 2020)









[bookmark: _Toc103983869]3. Lumped mass model for Ferrari FF
Before creating a lumped mass model of the Ferrari FF, we first need to understand the mass distribution of the various components of the car. Mass distribution is a very important basis in the design of a car. This is because the mass of each component of the car not only affects the Centre of gravity of the car, but also has an impact on the static load on each wheel (Seward, 2014) (Kiencke, 2003). The individual block masses in the Ferrari FF are shown below：
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Figure 3: Lumped mass model of Ferrari FF

The diagram above shows the concentrated mass model of the car. The Ferrari FF uses a 6.3L engine to power the front PTU and rear gearbox. The front mass of the car is made up of the front body mass of the car and the engine mass of the car. The rear mass of the car is made up of the rear gearbox and the rear body mass of the car. The front mass of the vehicle and the rear mass of the vehicle account for 47%-53% of the Kerb mass(1880KG) of the vehicle respectively. The passenger mass of the car is determined by the number of passengers. Assuming that the car is occupied by two people and the mass of each person is 80 KG, then the total mass of the passengers is 160 KG.






[bookmark: _Toc103983870]4.The longitudinal C of G position
The Centre of gravity (COG) of a car is the point at which mechanical forces are applied through the car (Kiencke, 2003). The longitudinal Centre of gravity position of the engine can be calculated by first calculating the moment from the lumped mass of the car and then calculating the longitudinal Centre of gravity distance of the engine by balancing the front and rear moments (Seward, 2014).
The calculation equation is as follows：

          Equation 1: Centre of Gravity Position (Seward, 2014)
The distance of the car engine and gearbox from the Centre of gravity is calculated based on the length of the car's wheelbase. The distance between the front and rear masses of the car body and the Centre of gravity is calculated from the length of the car body. The front mass of the car is 883.6 kg and the rear mass of the car is 996.4 kg.
When the car has no passengers, the Cog of the car is 2.99*53% = 1.5847m

[bookmark: _Hlk103906295]     When the car has two adult male passengers, the Centre of gravity of the car shifts assuming that the driver's cab is positioned behind the Centre of gravity, i.e., the mass at the rear of the car increases. The new position of the Centre of gravity is calculated in an Excel sheet using Lumped Mass and Moment Balance theory. It is also possible to calculate the distance into the passenger from the Centre of gravity.
Table1: Centre of gravity without(with) passengers
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The new position of the car's centre of gravity at this point is 1.601. As the mass at the rear of the car increases, the cog of the car shifts towards the rear.



[bookmark: _Toc103983871][bookmark: _Hlk103906388]5.The vehicle’s moment of inertia (about Z-Z axis)
The resistance of an object to rotation is a function of the mass of the object, and the location of the mass with respect to the center of rotation, and is known as its moment of inertia, I (Constant, 2013).
For cars, for inertia around the Y and X axes, only the suspension masses need to be taken into account, but inertia around the Z axis is calculated using all vehicle components. The calculation formula is shown below.


Equation 2: moment of inertia
-moment of inertia
m- Lumped masses of the various parts of the car
r- Distance of each component from the Centre of rotation
Table 2: Calculated value of rotational inertia
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But as the Lumped model is divided up more and more carefully. I found that the calculated inertia of the car was getting smaller and smaller. When only the front and rear masses are considered, the inertia value is 4186.7203 kg.m2, but when the PTU + engine mass and rear tacho mass are considered, the inertia is 3053. 0604kg.m2. But these results are dependent on my positional assumptions. However, the value of 4186.7203 kg.m2 is too large and 3053. 0604 kg.m2 is too small, so the middle value of 3619. 89kg.m2 was chosen.

[bookmark: _Toc103983872][bookmark: _Hlk103862611]6.Inertial conjugation
Inertial conjugation is the preferred term for a position where a free body with a fixed mass and inertial properties will not translate when loaded in a direction that does not pass through its Centre of gravity. During the application of a load, no translation occurs at this point, regardless of whether the load is impacting or not. This phenomenon gives rise to the behavior of some 'rigid' bats in motion (Sandford, 2022)
The inertia conjugate is calculated by rearranging the above equations for calculating the moment of inertia

[bookmark: _Hlk103906461]Equation 3: Inertial conjugation
c - distance of the inertia conjugate from the Cog
R - distance of each component from the Centre of rotation
a - distance of Cog
The calculation leads to a value of 
[bookmark: _Toc103983873]7.Dynamic Index DI
The dynamic index(DI) is a value used to assess the agility of a car. It is "the product of the square of the radius of gyration (k) of the spring mass around the transverse axis passing through the Centre of gravity, divided by the product of the two longitudinal distances (a and b) from the Cog to the Centre of the front and rear wheels".

[bookmark: _Hlk103945773]Equation 4: Dynamic Index DI

When the DI value is less than 1 (inertial conjugate in front of the rear axle), the rear of the car moves outwards. The inertia effect increases the slip angle of the rear tyre. When the DI value is greater than 1 (the inertial conjugate is behind the rear axle), the rear of the vehicle moves inwards and the inertial effect is a reduction in the slip angle of the rear tyres. (Sandford, 2022)
A lower DI value means that the vehicle is more responsive. But too low a DI can make the vehicle jerky and uncontrollable. And a higher DI value means that the vehicle is less responsive and harder to control. As you can see from the pictures below, many extremely good cars have a DI value between 0.9 and 0.92, and vehicles in this range should have a good compromise between control and agility. (Sandford, 2022)
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[bookmark: _Hlk103906580]Figure 4: DI values for different cars
The DI of the Ferrari is calculated to be 0.81, which is less than 0.9, but proves that the Ferrari is extremely responsive for a sports car.
[bookmark: _Toc103983874]8. Torque Path Diagram
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Figure 5: Ferrari FF Mechanical Torque Path Diagram


The diagram above 6 shows the mechanical torque path diagram of the Ferrari FF. The PTU system is directly connected at the front of the engine. 20% of the torque is then transmitted to the left and right wheels of the front axle by the PTU system in combination with the wet clutch pack and coupling.
For the rear wheels, the engine torque is transmitted to the electronic differential via a 7-speed dual-clutch gearbox. The torque is divided between the left and right wheels of the rear axle in the electronic differential. A wet clutch pack on both sides then controls the exact torque vector currently required by the rear axle wheels.
[bookmark: _Toc103983875]9.The clutch packs
[image: ]
  Figure 6: Ferrari FF PTU system (Wood, 2011)

As can be observed in the diagram above, the engine PTU system uses two sets of wet multi-plate clutches to distribute torque to each of the two front wheels of the Farleigh FF. There are four clutch plates in each clutch, so there are eight surfaces in each clutch that are in contact with each other. There are 16 surfaces in the total PTU system.
The axial force applied to the clutches is the compression force applied to the clutch plates and when the PTU is activated, these clutches are disengaged or engaged due to usage requirements. The clutch packs generate different frictional forces due to the slippage of the clutch plates, which affects the axial load forces. Also the axial force generated by the clutch varies with the outer and inner radius used.
Wet clutches vary the contact area of the friction surfaces by slipping, thus varying the amount of torque transmitted by the engine to the front axle and thus achieving a different output of axial force. In contrast to dry clutches, multi-disc wet clutch packs have a greater resistance.
Clutch axial forces
Because clutches transmit torque by slipping and friction, they must incur frictional losses. Assuming constant wear, the axial force transmitted by the clutch is calculated using constant wear theory. The calculation formula is shown below.



[bookmark: _Hlk103946038]Equation 5: Clutch axial forces (Sandford, 2022)




Equation 6: Clutch axial force Rearrange (Sandford, 2022)
Where T is the clutch torque, n is the number of individual clutch faces, Mu is the friction coefficient of the clutch face, r1 is the inner radius of the individual clutch face, r2 is the outer radius of the individual clutch face and W is the axial force of the clutch.
The PTU is designed to allow a torque of 20% of the maximum torque through the front (Strong, 2011). The maximum torque of the Ferrari FF is 683Nm at an RPM of 6000rpm (Ferrari, 2022)。Then the maximum torque at the front is 136.6Nm.
[image: ]
Figure 7: Ferrari FF clutch packs (JENKINS, 2011)

The dimensions of the outer and inner radius of the clutch are roughly determined by the pictures above. The outer radius is 0.08m and the inner radius is 0.05m.
The clutch is a carbon/rigid combination so the Mu value is 0.1. The data is entered into the EXCEL clutch group calculation where the axial forces are derived as shown in the table below：
Table 3: Clutch pack related data and axial forces
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[bookmark: _Toc103983876]10.longitudinal acceleration
The longitudinal acceleration of a car depends on the force that drives it forward. The driving force of the car at initial start-up is determined by the maximum engine torque. This is because its torque determines the maximum driving force applied by the wheels on each axle of the car in question. In the case of the Ferrari FF, the vehicle is used as a 4WD drive system. It is available in two modes, rear-mounted AWD and 4WD. For the maximum driving force that can be exerted by the wheels, it is related to the µ of the surface that the wheels are touching. the higher the µ value, the greater the traction force.

 RWD SYSTEM

In rear wheel drive, all engine torque can be transferred to the rear as the PTU is not activated.
The PTU system is only engaged until the car is in fourth gear, so in rear wheel drive, the gear at this time is fifth gear. (Anon, 2022)
 At this point the engine torque at the rear is 683Nm. and the engine torque is transmitted to the rear via the transmission. So the torque at the rear is related to the gear ratio.

Equation 7: Rear torque

Equation 8: Rear axle drive force
Ti is the Final Drive Ratio, Ta is the 5th gear ratio and Rr is the size of the rear wheels of the car. These data are known in the appendix. The final calculated rear torque is 683*1.03*4.38=3081.2862Nm and the rear drive force is 3081.2862/0.328=9394.1652N

4WD SYSTEM

When the Ferrari FF is in four-wheel drive, the front wheels also provide traction to accelerate the car. At this point the PTU is activated, so the front torque of the car is 20% of the engine torque, which is 683*20% = 136.6Nm. The rear torque of the car is 80% of the engine torque, which is 683*80% = 546.4Nm. As can be learned from the Ferrari documentation (Anon, n.d), the PTU 1st and 2nd gears are 6% longer than the gearbox 2nd and 4th gears respectively (assuming the final drive is the same as the main gearbox). And the PTU makes the maximum torque transmitted to the front axle 20% of the engine torque), so the required transmittable torque can be considered by：

Equation 8: Front torque

Equation 9: Front axle drive force

Equation 10: Rear torque with PTU

Equation 11: Rear axle drive force with PTU
The PTU ratio is the maximum gear ratio of the PTU, which can be found in the appendix as 3.21. The final calculation of the front torque is 683*3.21*4.38*0.2=1920.569Nm and the front drive force is 1920.569/0.32=6001.777N
Rear drive 683*3.4*4.38*0.8=8136.989Nm ,rear drive 8136.989/0.328=24807.892N，
However, on different planes, the friction values of the surfaces are different, resulting in different grip forces. The wheel force is therefore not fully converted into driving force. It needs to be compared with the grip of the wheel at the time (mu x vertical load). The vertical load is related to the front and rear load of the vehicle (47%, 53%).
When rear wheel drive, the grip of the rear wheels is Mass*53%*g*mu (assuming Dry Asphalt. Mu=1)=1880*0.57*9.81*1=9774.684N When in four-wheel drive, the grip of the front wheels is Mass**47%*mu*g=1880*0.47*1*9.81=8668.116N When the drive force is greater than the grip force, the maximum drive force is the grip force. When the drive force is less than the grip force, the maximum drive force is the driving force. The acceleration of the rear axle drive and four-wheel drive can then be calculated at this point.
The different planes of the accelerator are shown in the table below.
Table 4: Longitudinal acceleration in different planes for RWD and 4WD
	Surface
	μ
	RWD 
	AWD

	Dry Asphalt
	1
	5.2
	8.31

	Wet Asphalt
	0.8
	4.16
	7.27

	Packed Snow
	0.3
	1.56
	2.94

	Ice
	0.1
	0.52
	0.981


It can be seen that the four-wheel drive becomes more and more effective as the drag coefficient gets lower and lower.
[bookmark: _Toc103983877]11.Yaw rate
When the wheels on different sides come to rest on different friction surfaces, different driving forces occur on each side. Due to the limited slip differential, the Ferrari FF generates a yaw moment. And from the yaw moment and the IZZ the yaw rate (and angular acceleration) can be calculated. The calculation formula is shown below:

Equation 12: Average yaw torque

Equation 13: Yaw rate calculation formula
The combined yaw moment of the car is calculated from the difference between the different driving forces on the two sides. It is therefore assumed that the left side of the car is on a wet asphalt surface (mu=0.8) and the right side is on a dry asphalt surface (mu=1).
The yaw moment is the yaw force multiplied by half the track width, and since there is a 16 mm difference between the front and rear track widths, the average of the front and rear track widths was taken. To obtain the position of the handwheel, the angle of the steering wheel is multiplied by the FF steering ratio of 11.5:1
Table 5: Yaw torque of the Ferrari FF
[image: 表格
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[bookmark: _Toc103983878]12.Potential requirements and improvements
- Driving in a straight line and turning.
The control system is used to ensure that the car drives in a straight line when the car is moving in a straight line. At this point the driver is not driving the hand wheel angle and the steering sensors need to recognize the situation. When the left and right wheels of the car are on surfaces with different friction values, there is a noticeable difference in wheel speed between the two sides of the same axle. The PTU system will be activated to stabilize the different speeds of the car.
When turning, the gear ratio sensor and the steering angle sensor detect the amount of slip of the inner measured wheel and increase the outer wheel speed by the detected yaw rate.


How the AWD system will interact with other vehicle dynamics control systems
The AWD system works in interaction with other systems such as the ECU, ESC etc. Their purpose is all to control the torque of the different wheels. When the car has limited grip, the torque vectoring system can be used to assist the driver's steering input, i.e. to reduce the torque to the front wheels on the inside of the turn they are trying to navigate.
In the event of an emergency stop, the ABS system may be activated and the torque vectoring system will need to be deactivated to obtain a different wheel speed.






[bookmark: _Toc71550328][bookmark: _Toc103983879]13.Conclusion
This paper investigates the performance improvements resulting from the use of the AWD system and torque vectoring in the Ferrari FF. The calculations clearly show the change in traction of the car in the longitudinal plane between rear-wheel drive and four-wheel drive. The dynamic index is still very good in road conditions with two adult males. However, there is a discrepancy in the calculation of the inertia, which becomes smaller as the lump mass is divided more and more, because the longitudinal distance of each component from the COG is not taken into account. This is due to the fact that the longitudinal distances of the components from the COG are not taken into account. Also, due to the secrecy of the Ferrari company, many of the data are approximate and therefore slightly biased.
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Table 6: Base dimensions for 2011 Ferrari FF (Anon, n.d)
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Table 7 Ferrari FF Gearbox and PUT gear ratios
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