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[bookmark: _Toc98749649]1: Introduction 
This report will investigate the Ferrari FF AWD vehicle and analyses how its 4RM transmission system operates and introduce the problem of whether the vehicles systems are suitable, as well as what the vehicle data says about its characteristics and performance. The first section of this report will look at the vehicle base data, which includes mass distribution, drive line layout. This section will also look at torque vectoring systems and how they operate and finally a lump mass model of the Ferrari will be produced. The second section of the report will look at the different calculations associated with the vehicle’s dynamics such as C of G, dynamic index of the vehicle and the torque path of the vehicles drive line. The last section of the report covers dynamic improvements of the vehicle, looking at the on & off power acceleration, straight line and corner acceleration, lane change maneuvers and how AWD systems inter-react with other dynamic control systems. Following all these sections will be a summery/conclusion of the findings based on the vehicle within this report. 
[bookmark: _Toc98749650]2: Acronyms & tables 
AWD: All wheel drive
FWD: Four-wheel drive 
DI: Dynamic index
ESP: Electronic stability program
[bookmark: _Toc98749651]3: Graphs, figures & Equations 
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Figure 1: Above is the lump mass model of the Ferrari FF. 
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Figure 2: Above is the torque path through gearboxes highlighted by the black lines. 

Equation 1: Location of the longitudinal center of gravity of a vehicle. 

Equation 2: Moment of Inertia in the Z-Z axis. 

Equation 3: Inertial conjugate 

Equation 4: Dynamic index 

Equation 5: Max torque 

Equation 6: Torque capacity relative to mult-plate clutches.

Equation 7: The Axle force rearranged from Tmax. 

Equation 8:  Uniform pressure on clutch plate.

Equation 9: Uniform wear on clutch plate.

Equation 10: Acceleration µ forces (Changes depending on coefficient).  

Equation 11: Acceleration 

Equation 12: Front and rear vehicle forces. 

Equation 13: Circumference 

Equation 14: Lap time 

Equation 15: Yaw Rate in steady state. 
[bookmark: _Toc98749652]4: Ferrari FF vehicle  
[bookmark: _Toc98749653]4.1: Vehicle base data 
Characteristics of the vehicle: The Ferrari FF has different characteristics which make it a unique vehicle, one of the main features which makes it interesting is its utilization of AWD system with an extra rear ward gearbox which can vector the torque being utilized by each of the wheels. Another characteristic of this vehicle is the ability to drive on different surfaces with ease, an important consideration when designing the drive system. The Ferrari FF is advertised as a grand touring sports car meaning it has long distance driving performance while maintaining luxury and comfort to the driver and occupants of the vehicle. 
Drive line layout: The Ferrari FF utilizes an AWD system, this allows for drive to be distributed through all the wheels of the vehicle, which allows for different attributes such as, torque adjustments which is where the torque at each wheel can be altered for different driving scenarios such as cornering or long straights. A report looking at AWD systems found “All wheel drive vehicles are required to find a good balance between the conflicting requirements for dynamic performance and fuel economy” (Horie, 2019).
Mass distribution: The Mass distribution of the Ferrari FF is an important factor to its performance factor, the engine placement being behind the front axles is to bring that frontal mass closer to the C of G, this is important because it affects the overall balance of the vehicle. Another area of the FF is its 4RM rear gearbox and “A low center of gravity to be maintained and the retention of Ferrari’s sport car weight distribution with more that 50% of weight over the rear axle despite it being a front engine car” (Ferrari, 2011). Looking at the vehicle data the frontal weight distribution is 47% and the rear is 53%, this distribution split is caused by the positioning of components along the vehicle, whether that be over or behind axles for example. 
[bookmark: _Toc98749654]4.2: Torque vectoring systems 
Torque vectoring systems allow the vehicle “to achieve on-road cornering performance that matches the driver’s intention as well as excellent off-road driving performance by adopting electronically controlled independent couplings for both left and right rear wheels” (Horie, 2019). What this statement means is that torque vectoring systems give the driver of the vehicle more control over how torque is distributed, ideal for different driving scenarios as well as different surfaces from soft tarmac to black ice, which is one of the main focus points of the concept for the Ferrari FF vehicle.  
[bookmark: _Toc98749655]4.3: Lumped mass model 
The lumped mass model looks at the different masses of the Ferrari FF and its relative distances and the center of gravity point of the vehicle. This is usually shown as a diagram which is seen in figure 1, the diagram highlights the position of the center of gravity from the front of the vehicle, along with the masses and the Inertial conjugate which will become relevant to the rear dynamic index. 
[bookmark: _Toc98749656]5: Vehicle calculations 
[bookmark: _Toc98749657]5.1: Longitudinal C of G position 
The location of the engine relative to C of G can be calculated on the Ferrari FF using equation 1, you can see the three masses of the vehicle are taken M1 representing the Front chassis mass, M2 representing the engine and front gearbox, M3 representing the 4RM rear gearbox and M4 representing the rear chassis mass. Along with the masses are the distances from the front of the vehicle F is the area which is needed, “G” is the distance to the center of the vehicle and “L” is the distance wheel to wheel. Using Excel to calculate this, the figure of 1.19m for F was produced for the Ferrari FF, this will be used to calculate the moments of inertia for each of the masses.  
[bookmark: _Toc98749658]5.2: Vehicle’s moment of inertia 
The next calculation is the moment of inertia of the Ferrari FF, the moment of inertia measures the rotational forces of the vehicle, using equation 2. The units in the equation “m” represents the mass of the vehicle and “r^2” is the distance from the center of gravity. The vehicles moment of inertia worked out to be 2752kgm^2 which is to be expected for a vehicle of this size and weight, what does this mean for handling, the vehicle is going to have a slower response when transitioning through driving states than a lighter vehicle might, however the chance of the Ferrari going into under or over steer is reduced.
[bookmark: _Toc98749659]5.3: Position of the inertial conjugate 
The inertial conjugate is the next calculation, and this represents where the inertia at the rear of the vehicle is occurring and its affect on how the behavior of the rear in different driver settings, such as cornering or straight. Using equation 3 you can work out the inertial conjugate using the previous calculation, in the equation “k” represents the distance of the mass from the center of gravity point on the vehicle, “a” represents the distance from the center of gravity to the front of the vehicle and “c” is the inertial conjugate. The result that was produced for the Ferrari FF was 0.92. 
[bookmark: _Toc98749660]5.4: Dynamic index of the vehicle and base vehicle specification 
Dynamic index is the range which a vehicles ability to handle, “lower DI generally implies a more agile, nimble, lively feel, however an excessively low DI results in a twitchy, unmanageable vehicle.” (Sandford, 2022) Generally “capable vehicles which have a DI between 0.9 and 0.92 which may be an indication to a good compromise between agility and control” (Sandford, 2022). Looking at the Ferrari FF the dynamic index was worked out using equation 4, “Izz” representing the inertia, “m” the vehicle mass, “a” is the frontal distance from center of gravity and “b” is the rear distance. The output DI for the Ferrari was 0.66 which is significantly low which for a vehicle of this specification is not idea as the driver would expect more manageability for a vehicle which has a lot of torque, low DI means there is an increased chance of the driver having less control of the vehicle even with the torque vectoring assisting in the drivability. 
[bookmark: _Toc98749661]5.5: Mechanical torque path to front wheels 
The Ferrari FF mechanical torque path is demonstrated on figure 2, which shows the diagram the flow of the torque through the gearbox to the road wheels, the Ferrari FF data states there is 6% increase in torque to the front gears from the rear 4RM gearbox unit this is due to “first in the front box is some 6% taller than second gear in the main gearbox” (Ferrari, 2011). The 4RM is distributing “20% of the total torque to the front wheel” (Ferrari, 2011), with the remaining 80% transferring to the rear wheels, during a motorway drive, this would be idea distribution, providing adequate acceleration balance. When in a cornering drive the torque path would still remain same but the distribution will change depending on the friction coefficient of the surface and the speed the vehicle is travelling at. 
[bookmark: _Toc98749662]5.6: Clutch packs torque capacity, approximate sizing, axial force application values & power loss characteristics 
The next calculation is of the clutch pack of the 4RM unit, this gearbox utilizes 8 clutch disks, connected onto the housing, which you can see represented on appendix 2. To calculate the torque capacity of the clutch pack, equation 5 and 6 was used. “n” representing the number of plates, “µ” which represents the surface coefficient, which can change depending on the surfaces, see appendix 3 for a chart of the different surface coefficients, but also a wet multi-plate clutch will have a µ of “0.25” (Sandford, 2021). The Ferrari FF Clutch pack capacity worked out to be 353Nm. The approximate sizing used for the clutches was based on previous examples of r2 being 0.075m and r1 0.04m. The axial force was calculated by rearranging the Tmax equation which is shown as equation 7 and this was needed to calculate the main torque capacity. Equations 8 and 9 calculate the uniform pressure which worked out to be 704MPa, is assumed as constant and wear on the clutch is 13, this is important in establishing the power loss characteristics. 
[bookmark: _Toc98749663]5.7: Acceleration improvements on variety of surfaces 
The acceleration of the Ferrari FF from 0-62 mile per hour, works out to be 16.76m/sec^2, which if you look at appendix 4 you can see that it isn’t as fast as other sports vehicles (Autocar, 2020), however this vehicle does weight more than most sports vehicles but also the intended used is more of a sports cruiser type vehicles for long distances in differing environments. Looking at the potential for improvement for acceleration of the vehicle, equation 10 looks at this with regards to different coefficients of friction surfaces, these include tarmac, snow, and ice conditions.  The Improved acceleration for the “20% of total torque to the front wheels” (Ferrari, 2011), was 1.00m/sec^2 and for the other 80% at the rear it was 2.90m/sec^2, bringing the total improved acceleration of the Ferrari FF to 20.67m/sec^2, in improvement of 3.91 which isn’t that much of a difference for this vehicle. 
[bookmark: _Toc98749664]5.8: Potential yaw rate increase that the system could generate and its relation to handwheel position 
The last calculation which is looked at in this report is the potential yaw rate increase that this system could generate, using equations 13 to 15, the yaw rate is calculated for different surfaces, and it is also calculated for the Ferrari FF. Yaw rate is an important aspect of the drivability of vehicles, Lower the yaw rate the better the vehicle will handle, less chance of over and under steer occurring, the higher the yaw rate, the more unstable and harsh the driving will be, which will lead to a unpleasant driving experience. The calculated yaw rate for the different conditions compared to the Ferrari FF is shown in appendix 5, the figure produced was 11.21deg/sec of yaw which when compared is high however still better than yaw moment on a regular road vehicle. The reason as to the yaw figure could be due to the mass of the FF and the weight distributions being fairly even. With regards to handwheel position the FF is more likely to follow the driver input that a normal road vehicle due to the added controls from the 4RM system and the torque vectoring. 
[bookmark: _Toc98749665]6: Dynamic improvements 
[bookmark: _Toc98749666]6.1: On & off power 
When the vehicle is accelerating “power on”, there are dynamic affects which are occurring, for example, a Front wheel drive car would have a tendency to understeer in a cornering scenario, and a rear wheel drive car would oversteer, 4WD would stay within the path which the driver is inputting, however without a torque vectoring system, there is a higher probability for understeer or oversteer to occur, with the Ferrari FF it utilizes AWD with a E-Differential at the back to aid in distributing the torque to where its needed depending on the drive scenario. 
[bookmark: _Toc98749667]6.2: Straight line and cornering 
During straight line driving the dynamics of the Ferrari won’t be so significant due to the liner travel, the torque vectoring adjusts the distribution to get ideal acceleration. When cornering the dynamic properties are more important, an example is for N-cap rating the moose test the vehicle is at a constant speed moving in and out of corners, the tendency for front and rear wheel drive vehicles is to have a swing motion of the rear of the vehicle, with the E-differential system the Ferrari there is more control over the behavior of the vehicle when accelerating through the corners, keeping to the driver input more, giving confidence in handling. 
[bookmark: _Toc98749668]6.3: On-limit lane change maneuvers 
Relating to on and off power, with different vehicle driveline setups, there will be different characteristics which can occur on the road, when “on-limit lane change” this can have interesting affects as changing to different lanes is more often than not a sudden moment, in a motorway scenario, which means the vehicle systems will need a quick response to adjust to the sudden change in torque demand. 
[bookmark: _Toc98749669]6.4: AWD systems will inter-react with other vehicle dynamic control systems 
The AWD system works in conjunction with different systems on the Ferrari FF, the common vehicle dynamic systems which it interacts with are the “wet” setting which changes the dynamics to cope with a more slippery driving surface. Sport mode and the race mode settings which will change stiffness of suspension, make “throttle will become more responsive, meaning the car accelerates more readily” (Simm, 2019). Yaw rate sensor is another component which works with the AWD system, the “sensor determines whether the car is developing a tendency to spin around the vertical axis” (Seat, 2022) this sends data to the electronic stability program (ESP) which helps determine the vehicles dynamic state. 
[bookmark: _Toc98749670]7: Summery/conclusion of vehicle findings 
Looking back at the different results of this vehicle and seeing if it answers the problem introduced, whether it is suitable vehicle to develop a vehicle of for the manufacture scenario this report is based on. It is determined that the torque vectoring and 4RM system would be good systems to invest in and create inhouse designs, as they provide accurate and controlled torque distribution to the wheels, however using it in a grand touring type of sports vehicle, I don’t believe its practical because it adds excessive weight to the system making the curb weight 1880kg nearly two-ton sports car, making it a heavy vehicle. The dynamics of the vehicle interestingly are well balanced, the yaw rate is modest enough and acceleration is desirable for the FF’s of its intended use. 
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Appendix 1: Manettino selector used in the Ferrari FF. 
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Appendix 2: Multi-plate clutch pack (YouTube, 2011). 
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Appendix 3: Friction coefficient chart Vs slip ratio (Bayani Khaknejad, 2012)
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Appendix 4: comparison of the Ferrari FF acceleration to other sports vehicles (Thomas, 2022). 

Appendix 5: Improved yaw rate of the FF Vs yaw rate in different road conditions (Thomas, 2022). 
Improved yaw rate of the FF Vs different Yaw conditions 

Yaw rate FF	yaw road	yaw snow 	yaw ice 	11.20614853281231	20.950968451822199	8.3803873807288802	2.0950968451822201	Different µ Values
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Comparison of different sports vehicles at 62mph
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