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[bookmark: _Toc98747864]Abstract
This Technical contain a full analysis of the AWD system present on the Ferrari FF 2011. It will include an investigation on the effects the Ferrari AWD has on the overall vehicle’s dynamic behaviour. It will also investigate the centre of gravity, the Dynamic index and moment of inertia of the vehicle. This report will then show the calculation of torque capacity of an estimated clutch for the front AWD module. To finish, this report will analysis how the AWD system is improving the vehicle’s cornering behaviour by doing a longitudinal and yaw rate study of the vehicle. 
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The Ferrari FF AWD is a luxury, high performance vehicle produced from 2011 to 2016. The FF is officially the first Ferrari commercialised vehicle with an integrated four-wheel drive (4WD) system call the PTU (Power Take-off Unit). Although, performing as 4WD system, the 4M PTU module has nothing in common with a conventional AWD unit. The aim of this report is to analysis and interpret the design of the AWD system installed on the Ferrari FF 2011. The report will first look at the car’s geometry design and how it is is affecting the vehicle’s centre of gravity (COG), position of inertial conjugate and its dynamic index, compared to similar vehicles with a more conventional AWD design. The report will then be orientated to a more technical aspect of the PTU by calculating the clutch torque capacity of the system, a deep calculation of the vehicle’s longitudinal acceleration and analysis on the acceleration on different surfaces and will finish by calculating the Yaw rate that the AWD unit could potentially bring to the vehicle’s cornering ability. 
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Ferrari FF AWD 2011 specifications:
Powertrain:
6.3l V12 65deg inclination
660 bhp @ 8000 Rpm, 
683 Nm @6000 RPM
Compression Ratio: 12.3:1
Bore and Stroke: (94 mm x 75,2 mm)

Drive train:
AWD system with E differentials front and rear also known as 4RM PTU module
Length: 4.907m
Wheelbase: 117.7 in (2990 mm)
Front track: 66.0 in (1676 mm)
Rear track: 65.4 in (1660 mm)
Kerb weight: 4145 lb (1880 kg)
Weight distribution: 47% front / 53% rear

AWD 4M PTU system:
Only 2 ratios available; 1ratio engages for 1st and 2nd gearbox gear.
Second ratio engages during 3rd and 4th. After 4th gear, the system is fully RWD.
Connected directly to the crankshaft, at the front of the engine
The PTU system only receive 20% of the total engine peak torque to limit stress and fatigue on components. 

(www.ferrari.com, n.d.)
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Torque vectoring systems consist of an intelligent module constantly controlling the torque distributed to the wheels of a vehicle, in order to give a smoother and more pleasant experience for the driver during cornering. The System sends, via a complex computer-controlled module, the signal to distribute torque to the wheels that sees a change in resistance.
During cornering, the inner wheel will always experience less resistance force due to the mass being transferred to the outer wheel. As such, during hard corning with a basic open differential, the inner wheel will tend to receive all the torque from the engine, making the wheel spin therefore losing grip. 
Torque vectoring systems could be found in many different forms such as E diffs and torque vectoring through the braking system. However, this report is focused on torque vectoring from the driveline system. (carwow.co.uk, n.d.)
A conventional form of torque vectoring system would be a mechanically operated system such as a limited slip differential (LSD). An LSD diff mechanically and progressively locks the wheel that shows less resistance. The evolution of the LSD is the newer system of torque vectoring from the differential but electronically controlled. Using wheel speed sensors, throttle and steering input sensors, the E diff controls the torque delivery to the wheels related to those inputs. A differential such as the sport differential used by Audi in their Quattro system, is using an open differential, coupled with electronically/Hydraulically controlled clutches, individually controlling the torque distribution to each wheel, regarding of the situation. (CarExpert, n.d.).
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[bookmark: _Toc98747870]Looking at the repartition of the masses on the Ferrari FF, the engine being on a front mid position, the main gearbox being positioned on the rear axle, and the driver’s seating position perfectly at the middle of the two axles, it explains why the mass repartition on this vehicle is 53% at the rear and 47 % at the front.
Centre of Gravity position 

The longitudinal centre of gravity of a vehicle is an imaginary point that locates on where the longitudinal load transfer is going to rotate. Same principle as a Roman scale that will incline on either side of the scale that as the more weight on it, the longitudinal COG point determines where the car will have its axis point where the load transfer between the front and the rear of the vehicle will be balanced on.
The longitudinal COG position has a massive impact on how the vehicle will behave only depends on the vehicle’s geometry and mass repartition.
The Longitudinal COG is found by finding the distance from both front and rear axles to the centre of gravity.  The process starts by measuring the weight repartition of a given vehicle, multiplying the vehicle’s wheelbase by the percentage of weight repartition ratio to the front. Next, to find the position the COG to the rear axle, subtract the distance from front axle to C of G to the wheelbase value. The position of the longitudinal COG is exactly at the meeting point between the two distances of both axles from centre of gravity.
In this case, the weight repartition of the Ferrari FF 2011 being 47% to the front axle and 53% to the rear axle, and the wheelbase being 2.99m, the formula to find the COG is the following:

	Factor
	Distance to COG 
	Mass Value

	COG to front axle with passengers
	1.539 M
	

	Front axle to COG
	1.58m
	883.6kg

	Rear axle to COG
	1.40m
	996.4kg

	Driver mass
	2.05m
	90kg

	Passenger mass
	2.05m
	90kg

	Vehicle total mass
	1880kg
	



Figure 2: Data COG







If integrating the masses of a driver and a passenger in the formula, both 90kg and both estimated to have their mass concentration point at 2.05m from front axle, the equation is the following:







This section proves that having passengers in a car modifies the location of the COG of a vehicle. The second equation give a more realistic COG position as it integrates. 

(www.formula1-dictionary.net, n.d.)
[bookmark: _Toc98747871]Vehicle’s moment of inertia 

The moment of inertia is defined as a moving object’s capacity to resisting any change of motion. In the case of a vehicle, the inertia is the force generated from the motion, the pushes against the vehicle when breaking or cornering. A vehicle itself when rolling generates its own inertia. The passengers inside that vehicle will also have their own inertia which will be added to the overall inertia generated by the car as passengers are additional masses to the vehicle. When cornering (change of motion), inertia will be pushing on the vehicle, from the opposite direction of the corner’s direction. This effect is experienced by load transfer to the outside of the corner and gives vehicle’s body roll.

The calculation of inertia is simple and straight forward when having the corresponding data. In this case, the inertia of the Ferrari FF is calculated using the following equation: 





  
(ritzel.siu.edu, n.d.)
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The inertial conjugate is defined as the location of the point at which an object is likely to spin on itself, according to its mass distribution and the forces applied in order to make the object spin. On a vehicle, the inertial conjugate determines the axis on which the vehicle will spin.
In the case of the Ferrari FF, the calculation of the inertial conjugate of the Ferrari FF starts by finding its distance from the axis of rotation (K) using the following equation:





Once the distance K is found, the inertial conjugate can be found using K squared divided by the distance from front axle to COG. The value of inertial conjugate comes up as 1.265.





The calculation shows that the inertial conjugate is located at 1.m from the front axle, placing it further forward that the COG located at 1.543m from front axle. 
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The Dynamic index (DI) of a vehicle is described as the factor of the relationship between the vehicle’s mass and its wheelbase geometry. DI has a great influence on the centre of rotation of the vehicle as it determines if the vehicle has a tendency for oversteering or understeering. The DI greater than 1 shows a DI further back of the rear axle. Bringing stability in straight line but poor cornering ability. A DI lower than 1 means a vehicle has a better corning agility bur a les balanced vehicle in straight line. In this case, DI is found by using the following equation:






The dynamic index value in this case is 0.709. The Value of the Dynamic index being smaller than one means that the position of the inertial conjugate, axis of which the car will rotate on itself, is before the rear axle. A DI smaller than 1 means that the FF has great agility when cornering as the rear wheels will naturally tend to be pushed towards the outside of a corner and the front wheels will tend to be pushed in the corner.
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The torque path on the Ferrari PTU is very similar to the Audi Quattro sport differential design. It has torque vectoring system that includes two electronically/hydraulically controlled clutches each one of them controlling the torque delivery to one wheel. Torque from the engine crankshaft is sent to the PTU input shaft. The torque is then transmitted to the layshaft. The layshaft has an electronically controlled gear selector changing from 1 and 2nd gear when the main gearbox is between 1st and 4th gear. The torque is then transmitted to the main shaft that is connected to the differential. The differential is an open differential with a clutch on both sides controlling the torque distributed to the half shafts then to the wheels. 
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The process starts by finding more information that will be needed later in the equations. The maximum torque taken by the PTU unit from the engine. Dan Edmunds, states that the Ferrari PTU only receive 20% of the maximum engine peak torque. Max torque to PTU is then calculated as: 

First gear ratio = 2.19 * 0.6 = 2.3214






Same process applies to the engine power: 




Values multiplied by 1.341 to convert from bhp to kW.

This section includes a series of calculation on Microsoft Excel program. The data needed for the calculation of the clutch capacity are the following:

· r2= Estimated outer radius of the clutch plate = 0.108m
· r1= Estimated inner radius of the clutch plate = 0.079m
· Fa= Estimated force on pressure plate =2000N
· Cf = Coefficient of friction of the clutch plate material again the flywheel = 0.1 for Carbon fibre composite against 
· T = Max torque from engine = 136.6Nm
· Gr = 1st Gear ratio = 2.19 * 0.6 taller than gearbox 1st gear ratio = 2.3214
· np = The number of plates used in the clutch assembly = 4 clutch plates
· Tc= Torque capacity =?
· AxF = Axial force =?


The first step is to find the useable surface area of the clutch plate using the following equation: 




The next step is to find what pressure in Pascals is applied to the clutch surface area regarding of the force applied to it using the following equation: 





Next step forward is to find the Axial Force applied to the clutch, using the following equation:




The next step is to find the torque capacity of the clutch in Nm using the following equation:





The torque capacity of one estimated clutch for the Ferrari FF 2011 PTU module is 317.1 Nm.  The PTU having 2 identical clutches separately controlling one wheel, the torque is then divided by 2 to find the torque capacity for one clutch giving 158.5 Nm of torque capacity per clutch.
The clutch chosen in this section is estimated to be 216mm outer diameter and 158 to match the maximum torque delivered to the PTU module in order to create a realistic simulation of the torque delivered to the wheels. (x-engineer.org, n.d.)
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The longitudinal acceleration of a vehicle is described as the addition of all the positive Forces generated by a vehicle. Traction force is transmitted from the engine through the wheels. On the other hand, there are some negative forces such as the fractional loss from the tyre to the road, Aerodynamic drag or inertia resistance. The negative forces are creating resistance therefore being subtracted from the positive forces. If the total of the forces is negative it means the vehicle is decelerating. If the forces are positive means that the vehicle is accelerating. And logically, if all the forces added together is equal to 0, the vehicle is maintaining a constant velocity.

The process of finding the overall forces around a moving vehicle is calculated using the following steps and their equations:

	Front Track
	1.676
	m
	Road Surface
	mu
	Road load coef

	 Rear track
	1.660
	m
	Dry Tarmac 
	1
	0.015

	Vehicle mass
	1880
	kg
	Wet Tarmac
	0.7
	0.017

	Gravity
	9.81
	m/s
	Gravel
	0.6
	0.2

	Vehicle 's Velocity
	8
	m/s
	Snow
	0.15
	0.16

	Fw Radius
	0.340
	m
	Ice
	0.08
	0.014

	Rw radius
	0.357
	m

	driver and passenger mass
	160
	kg

	Mass Factor
	1.34
	For 1st gear

	Road Angle
	0
	rad

	Air Density
	1.225
	kg/m^3

	Ferrari FF drag Coefficient
	0.329
	

	Ferrari FF Frontal Area Estimated
	2.09
	m^2

	Corner radius
	30
	m

	Front driveline efficiency
	85
	%

	Rear driveline efficiency
	80
	%

	Tyre compression factor
	0.98
	

	Rear Final drive Ratio
	4..38
	



Figure 4: Data for long accel

The first step is to determine the front wheels traction forces by using the front wheel torque found previously, the front gear ratio also used previously, the PTU driveline efficiency and the dynamic wheel radius by following equations:





All the data needed is collected, the front tractional forces is calculated using the following equation:
The final drive used on the front gearbox is assumed to be the same as the rear gearbox.

 




Same equation applies to the rear traction forces with the values corresponding to rear traction. 


The negative forces going against the positive forces can be calculated first by find the total vehicle mass in motion, with the following equations:





The next step is to find inertia resistance:





Next step is to find road slope resistance:



The road slope resistance has a value of 0N as no slope is being simulated in this example.

The next step to find the negative forces is to find the road load forces:





The final negative force to find is the Aerodynamic resistance or drag:

 




The substation of all the resistance forces from the positive forces will give the overall longitudinal acceleration. The acceleration could be negative, constant or positive.
The formula is the following:




The overall longitudinal forces are positive in this case, meaning that the vehicle sees fewer positive forces than negative. The vehicle is therefore accelerating. 

The next step is to calculate the forces of front and rear wheels by using the following equations:





Same equation applies to find the forces on the rear wheels



The combined force on wheels is found by simply adding the front and rear forces on wheels together.



The next step is to calculate the vehicle acceleration (A) by using the following equation:





The Ferrari FF 2011 produces an acceleration of 0.5 G on dry tarmac surface. As a comparison, it produces 0.3G of acceleration on Gravel surface which makes sense as less traction available from the tyres on gravel surface. On an icy surface now, the FF performs a much lower acceleration of 0.04G meaning that torque vectoring system is effective has it the front wheels experience more torque than the input torque going to it
(gaukmotors.co.uk, n.d.); (www.scuderiacarparts.com, n.d.)


Coeff of friction for different surfaces:
(hpwizard.com, n.d.)

Findings on aero (frontal area)
(hpwizard.com, n.d.)
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The yaw rate is defined as the angular velocity of which a vehicle can take a corner on its Yaw axis point. 
The calculation of yaw rate at steady state start by find the centripetal acceleration, by using the following equation:





The next step is to find the corner circumference using the following equation:





The next step is to calculate the time per lap of the previously found corner circumference by doing the equation:





And final step to calculate the yaw rate at steady state is with following equation:




At steady state, the Ferrari FF can perform an angular velocity of 15.27 deg/sec.
(Chess, n.d.)

findings on mass factor
(hpwizard.com, n.d.)
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The Ferrari PTU is an intelligent and innovative system that allows torque vectoring during multiple situations.  During cornering, on power, the Ferrari PTU module would monitor both front wheel speed sensors as well as steering wheel angle sensor, helping it to understand that the car is cornering. It will also read the signal from the throttle pedal input and will decide or not to send a signal to the e diff allowing the clutch on the inner wheel to limit the torque delivery to this wheel preventing it to lose traction. It would tell the E diff to send more torque to the outer wheel helping the vehicle to keep traction and its motion during the corner. Cornering during off power or braking, the PTU system would still be using the same sensors to monitor the driver’s demand. However, during off throttle or breaking the PTU, could decide to send less torque to the outer wheel and slightly more torque to the inner wheel, preventing the vehicle from oversteering due to the weight transfer having switched to front. 

During straight line, on power the PTU module will monitor wheel speed and throttle input sensors and decide to send torque to the front wheels in case of wheel spin on a slippery surface such as snow or ice for example. Passing 4th Gear, the vehicle will only be using the rear wheels for traction force. In this situation, with no loss of traction, the vehicle will be using its differential to distribute power to the wheels

During on limit lane cornering manoeuvres, the PTU system will adapt to the situation and will be constantly monitoring wheel speed sensors, steering wheel position sensor and throttle position sensors to decide where to send the torque. During a fast sharp left chicane, the E diff will switch from less torque the left wheel and more torque on the right wheel, to torque more torque on the left wheel and less torque on the right wheel. It will constantly be adapting to the situation in order to give the best corning performance possible

[bookmark: _Toc98747879]Conclusion

To summarise, the Ferrari 4RM PTU system is an innovative concept in the AWD world. It brings a better cornering agility, as well as comfort to the Ferrari FF without adding a huge amount of weight on the overall vehicle’s mass. Being equipped with E Differentials gives the Ferrari a big advantage amongst other vehicle of the same category, making it immensely polyvalent for relaxed motorway drive at 70mph as much as intense track days stresses with an amazing cornering capability. The Torque vectoring system installed, puts the Ferrari ahead of its category when driving on slippery surfaces such as snow or ice. 
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Screen shots of excel work carried out:
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[bookmark: _Toc98747827]Figure 5: COG calculation spread sheet
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[bookmark: _Toc98747828]Figure 6: Clutch Torque and sizing calculation
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