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[bookmark: _Toc98748588]Abstract 

This report analyses the all-wheel-drive system of the Ferrari FF and understands the effects on the vehicle dynamics and potential control strategies from front-wheel-drive torque vectoring systems. The Ferrari base data is collected to analyse the longitudinal centre of gravity and calculate various vehicle dynamic behaviour, Vehicle moment of inertia, 'Dynamic index'. Identification of the mechanical torque path and potential longitudinal acceleration on different surfaces such as snow and possible control algorithms. A Summary of all calculations and findings conclude the report.





[bookmark: _Toc98748589]1 Research
The Ferrari FF released in 2011 is Ferrari's first four-wheel-drive car in production hence the name (FF) "Ferrari Four" for four-wheel drive and four seats. Table 1 provides essential data published by Ferrari.
	Wheelbase
	2990mm
	Displacement 
	6262cc

	Front track
	1676mm
	Max Power @ 8000rpm
	486Kw

	Rear track
	1660mm
	Max Torque @ 6000rpm
	683 n/m

	Length 
	4907mm
	Compression ratio 
	12.3:1

	Kerb weight
	1880kg
	Max speed 
	208mph

	Width
	1953mm
	0-62
	3.7s

	Height 
	1379mm

	Weight distribution 
	Front = 47% Rear = 53%


[bookmark: _Toc98748406]Table 1- Ferrari FF Data (Ferrari,2011)
Table 1 provides the data where calculations can be created to determine the longitudinal centre of gravity, dynamic index, etc.

The Ferrari FF has a 4RM system; this system aims to send power/torque/drive to the front wheels only when there is slip detected on the rear wheels; this then keeps the drive at the rear in normal conditions to keep the Ferrari RWD experience. (Wood, 2011) To do this, Ferrari uses a (PTU) power take-off unit, this unit controls and delivers torque directly from the crankshaft to each front wheel individually. this results in the power distribution, which can be individually distributed between the left and ride sides on the rear and front axle for maximum grip.(Wood, 2011) The unit delivers power through a series of gearbox ratios; this consists of using two independent wet carbon fibre clutch packs with half shafts to each wheel. This allows the system to perform fully to the rear wheels when no slip is detected.(Ferrari, 2011) 
An advantage of having this (PTU) is that it is lighter in mass than a traditional 4-wheel drive by 50% (Ferrari, 2011) and is 170mm in length. This is complemented by an F1 dual-clutch, which offer improved gearshifts which perform quicker changes than standard automatic transmissions by changing gears in milliseconds, making it responsive.



[bookmark: _Toc98748590]2 Torque vectoring systems
In simplistic terms, torque vectoring systems are computer-controlled systems that manage the power output the engine sends to each wheel. This control system allows the vehicle to have more grip on a slippery surface and accelerate quicker than a vehicle without this system. Different vectoring systems operate differently but have the same aim of grip and performance.

[bookmark: _Toc98748591]2.1Torque vectoring using differential
A differential takes torque and power output from the engine and distributes it evenly between the drive wheels. However, a regular (Standard) differential which is also known as an open differential, cannot control which wheel receives the most torque; if there is a slip-on a wheel due to surface condition, the power from the engine will take the path of the least amount of resistance, this continues to spin the wheel which is experiencing slip rather than the wheel that still has traction.
A torque vectoring system electronically controls how that power is distributed to the wheels. This is done by using small clutches within the differential, which precisely control the amount of torque is sent to each wheel and therefore control how much the wheel is allowed to slip depending on the available grip and driver input. (Hirons, 2022)
A limited-slip differential (LSD) works similarly but is a mechanically controlled system compared to electrically. An Electronic system can actively redistribute the power and torque to the wheel with the most grip compared to the mechanical system (LSD), limiting the power to the wheel with the least grip. (Hirons, 2022)

[bookmark: _Toc98748592]2.2 Torque vectoring using brakes
Torque vectoring systems can also use brakes instead of a differential for this application; it works by using the brakes to stop a wheel from slipping to create a yawing motion. This allows more power to be sent to the driving wheels that have grip, which improves the acceleration of the vehicle on slippery roads or corner exits.
An advantage of having this sort of system is that its much cheaper and less complex to put into a vehicle. An example of a vehicle with this system is a Volkswagen polo GTI; due to the size of the vehicle and its price range target, a Differential Torque vectoring would be too expensive for the market. A significant disadvantage for these systems is greater wear and tear of the brake components in comparison to a differential system (Shah, 2020)

[bookmark: _Toc98748593]2.3 Electric torque vectoring
This system is more complex in terms of functionality than brake and differential systems. This system consists of having discrete electric motors mounted on each wheel of the vehicle. The motors can respond instantly to inputs from the driver or the onboard computer, enabling them to rapidly vary the power and torque they produce for maximum performance and stability. This system is known to be used in the Rimac Concept one hypercar; the system offers more flexibility on vehicle stability compared to brake and differential systems; this is due to the driver can choose the vehicle behaviour they desire through the onboard computer settings, for example, the driver can choose the car to understeer, oversteer or a balanced handling setting. Due to the flexibility of adjusting the power and torque on the Rimac, it works alongside the regenerative braking to precisely control the distribution of the power between the four motors during acceleration and braking.(Shah, 2020)
Another vehicle that combines this electric torque vectoring system and the differential system is the Honda NSX. Honda calls this system a super handling AWD (SH-AWD). This system consists of two electric motors on the front wheels to provide precise and flexible torque vectoring. The rear axle uses the mechanical LSD system. Honda channels instant power and torque through the LSD, which distributes it between the rear wheels by having a third electric motor that acts as a torque fill. While this system is complex, it offers a high degree of flexibility on torque distribution between the four wheels, enhancing the handling experience.(Shah, 2020)
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[bookmark: _Toc98748398]Figure 1-Honda NSX system Layout (Shah, 2020)    
[bookmark: _Toc98748594]3 Ferrari FF investigation 
For this section, an investigation is carried out for the Ferrari FF. A Spreadsheet is created based on published data from Ferrari from table 1. These calculations will be able to understand the vehicle performance and handling characteristics. One other investigation that can be carried out is the approximate specifications on the clutch package and the vehicle dynamic index.
[bookmark: _Toc98748595]3.1 lumped masses and dynamic index 
The first investigation which can be carried out is a mass distribution model. Stated in table 1, the Ferrari has a weight distribution of 47% at the front and 53% at the rear. By knowing the mass and length of the vehicle, the centre of gravity can be calculated using the equation 

By using the excel spreadsheet, this calculates to 1.57m from the front of the vehicle. The wheelbase of the Ferrari from the table 1 data is 2.99m; half this value equates to 1.45 to the nearest figure, which shows the Ferrari is rear bias weight distribution.
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[bookmark: _Toc98748399]Figure 2-Excel of lumped mass of Ferrari FF (Jenkins. R,2022)
Figure 2 shows the masses across the Ferrari with wheelbase and centre of gravity. By having these results, the Ferrari's inertia can be calculated with the equation. 


The inertia equation can be calculated for all the masses (M1, M2, M3), which will lead to calculate the theoretical dynamic index of the Ferrari with the equation


Where I total is the inertia for all masses, m is mass for the Ferrari, a is weight bias * wheelbase, and b is the wheelbase -a.
This is done through excel, which gives the following results
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[bookmark: _Toc98748400]Figure 3-Excel calculations for Ferrari inertia and dynamic index (Jenkins. R,2022)
By doing the calculations as shown in figure 3, the theoretical dynamic index for the Ferrari FF is 0.92 kg/m^2
The dynamic index value is used to determine the handling characteristics of a vehicle; when the value of the dynamic index is greater than one, the vehicle's inertial conjugate is behind the rear axle, which reduces the rear tyre slip angle. When the dynamic index is lower than one, the inertial conjugate is ahead of the rear axle, which results in the rear of the car moving outward, which adds to the rear tyre slip angle, resulting in a more agile characteristic.(Blundell and Harty, 2015) Due to the Ferrari FF having a dynamic index of 0.92kg/m^2, this is considered a good compromise between vehicle control and agility. Vehicles with a dynamic index less than 0.6-0.7kg/m^2 are considered to have unpredictable vehicle dynamic behaviour. Using the excel calculator generated, a calculation can be used on various vehicles. The Data for a Hyundai i30n is inputted to compare with the Ferrari.
[bookmark: _Toc98748407]Table 2-Hyundai i30n data/calculations (Car Expert, 2021) 
	Hyundai i30n
	

	Mass (Kg)
	1509

	Weight distribution F/R
	63/37

	Wheelbase (m)
	2.65

	Calculated Dynamic index (kg/m^2)
	1.25



Table 2 shows the published information of the Hyundai i30n with the calculated dynamic index of 1.25 (kg/m^2). Due to the i30n being front-wheel drive, the vehicle has a front bias weight distribution. The disadvantage that occurs with many high-performance front-wheel drive vehicles is that the front tyres are required to handle the power and torque output while considering steering/handling input; this can cause the understeer in tight corners due to the tyres overheating, which is caused by tyre slip. In addition, the car being front weight biased reduces the work for the rear brakes, which results in less grip on the rear. Older front-wheel-drive cars have a similar issue and caused the rear inner turn wheel to be raised during the corner, which reduced the grip to the rear due to one tyre having contact with the surface.
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[bookmark: _Toc98748401]Figure 4-Clio Williams 'wheel cocking' (Dobie, 2013)
Figure 4 shows a Clio Williams. As the vehicle goes through the corner, the rear wheel is raised above the surface, which, as stated above, reduces the rear grip; this term is known as "wheel cocking". Also, by looking at figure 4, the weight transfer is acting entirely on the outside turning front wheel which is also responsible for power and torque output which will cause dramatic oversteer.
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[bookmark: _Toc98748408]Table 3- Ferrari calculated base data (Jenkins. R,2022)
	Ferrari FF base data calculated specification
	

	Front weight distribution (kg)
	883.6 (47%)

	Rear weight distribution (kg)
	996.4 (53%)

	Dynamic index (kg/m^2)
	0.92

	Inertial conjugate (m)
	1.46

	Longitudinal Centre of gravity (m)
	1.57
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[bookmark: _Toc98748402]Figure 5- Ferrari FF side view (Sportscar fan, 2012)
The Ferrari FF has benefits with the specification; Due to the Ferrari being rear weight bias of 53%, this results in a load increase acting on the rear tyres, which also increases rear braking. Furthermore, having an increase in the rear braking will increase the front handling due to less demand from the front tyres, which could cause slip, resulting in overheating. By considering these factors and its torque vectoring system capabilities to provide up to 20% power to the two front wheels, the Ferrari will experience less slip from the rear wheels while accelerating and more control through corners which would reduce lap times on tracks. Furthermore, having this system on the vehicle would give the driver more confidence to use the available power in various environments/situations such as wet asphalt or snow and through corners. Using the data from table 1 and the provided equations, the theoretical dynamic index is 0.92 kg/m^2. This value for dynamic index results shows that the inertial conjugate is ahead of the rear axle, which would result in a responsive handling dynamic characteristic.



[bookmark: _Toc98748597]3.3 Ferrari FF 4RM system Torque path  
The Ferrari FF uses a V12 engine positioned behind the front wheels for optimal weight distribution. To transfer this power, the Ferrari consists of two gearboxes: a transaxle F1 dual-clutch 7 speed box (placed in the rear) and the second gearbox (placed in front), which is driven by a conical gear off the nose of the crankshaft. (Austin, 2011) The second gearbox transmits up to 20% of the V12 engine power and torque to the front wheels. This gearbox is a helical gearset consisting of 3 gears: two forward speeds and a reverse.
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[bookmark: _Toc98748403]Figure 6-Ferrari 4RM system diagram(Ferrari, 2021)
Figure 6 shows the 4RM system components with engine and gearboxes
The gear ratio for reverse is the same as the reverse gear in the main F1 dual-clutch gearbox, But the forward speed gears work differently. The first gear in the second (front) gearbox is 6% longer than the second gear in the gearbox and the second gear in the second (front) gearbox is 6% longer than the fourth gear in the rear gearbox. So in more simplistic terms, the first gear in the front covers 1st and 2nd the second gear is for 3rd and 4th in the rear. 
When the car is at fifth gear and above, the system will not deliver power to the front wheels. This is due to the torque on fifth gear can be handled by the rear tyres alone, which is claimed by Ferrari (Austin, 2011)
The power is delivered through two electronically controlled hydraulic wet multi-plate clutches mounted to the front transmission. Depending on the amount of slip the clutch is experiencing, the front transmission can match the rear wheel speed and additionally use the Torque vectoring system to distribute power side-to-side. Using this technology and components, the entire 4RM system weighs approximately ninety pounds, equating to half the weight of a conventional system. (Austin, 2011)
To summarise the 4RM system, The Ferrari FF can output 20% of the power to the front wheels for reverse up to fourth gear, higher selected gears will result in the Ferrari FF driving only from the rear wheels; this meets Ferrari's target for this car to be a grand tour vehicle that can be driven in various conditions.

[bookmark: _Toc98748598]3.4 Clutch Pack 
The Ferrari can send 20% of the engine power to the front wheels, which results in the Ferrari sending up to 136N/m to the front wheels, which is done by two clutch packs; these clutch packs have four plates in each pack.
Two equations can be used to know the axial force required on the plates,



Uniform pressure theory is applied when the mating component in the clutch is in new condition, which means the contact between the surfaces remains good over the entire surface.
This theory is not valid for used clutches because the surfaces may have uneven friction, which is considered in the wear theory because the rate of wear is assumed to be proportional to the intensity of pressure and velocity of the rubbing surfaces.(Testbook, 2015)
A spreadsheet was created in excel to approximate the clutch size and torque capacity of the clutch packs. As used in the Ferrari FF, wet clutches (carbon fibre) have coefficient values between 0.1 and 0.14 (Stockinger et al., 2021). There are four Clutch plates which equate to having two contacted faces each. Due to the (PTU) in the Ferrari being 170mm wide means the clutch plate would not be larger than approximately 160mm.
The sizes of the plate diameter selected for the calculation is 110mm for the inner diameter and 160mm for the outer diameter for the maximum possible axial force.
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[bookmark: _Toc98748404]Figure 7-Clutch sizing results (Jenkins. R,2022)
Figure 7 shows that at 136N/m, the plates require 1290.55N of axial force each.


[bookmark: _Toc98748599]3.5 Maximum potential acceleration Ferrari FF
A spreadsheet can be used to calculate maximum initial acceleration by using Excel. 
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[bookmark: _Toc98748405]Figure 8-Calculated forces and acceleration (Jenkins. R,2022)
Using base data values from table 1 and calculated inertia values from figure 2 and using a perfect mu factor of 1 for maximum potential acceleration, by dividing the calculated combined forces with the mass of the Ferrari FF, Figure 8 shows the maximum potential acceleration is 6.1m/s^2.

[bookmark: _Toc98748600]3.6 Handwheel position
By using another set of calculations, and with data from figure 8, hand wheel angle can be calculated. To begin with, the asymmetric force needs to be calculated by using the value for tractive force right (front) and minus the tractive force left (front), which gives a value of 3250.5 N by calculating lateral force on the axle and knowing lateral tyre stiffness (1500 N) (Dudziak, Lewandowski and Waluś, 2020) the handwheel position is calculated at 13.7 degrees.

Rhodri Jenkins (1801396)


Page | 2 

[bookmark: _Toc98748601]4 Control algorithms 
One control algorithm used mostly on Electric vehicles is a direct yaw-moment control (DYC). On AWD electric vehicles, which have motors on each wheel, this controller monitors driving and braking torque on each wheel and independently. This is monitored by two controllers, a state feedback controller, which monitors the ideal transient response of yaw rate, which works alongside a sideslip angle observer and a steering wheel angle feedforward controller, which is designed to achieve the desired yaw rate steady gain.(Zhuoping et al., 2016)


[bookmark: _Toc98748602]5 Summary
To summarise the report, a full investigation is carried out on the Ferrari FF by researching base vehicle data to be able to create various calculations such as the centre of gravity and dynamic index and lead onto approximate clutch sizing and maximum acceleration values; further investigations in dynamic index values of the Ferrari 0.92kg/m^2 to understand what the dynamic characteristics the vehicle will have and compare it to another vehicle. In addition, research is done for the 4RM system for the Torque path and understanding how it operates and the gearbox system; this led to clutch sizing calculation for axial force on each plate to be 1290.55N.


[bookmark: _Toc98748603]6 Conclusion
To conclude this report, a successful investigation has been completed on the Ferrari FF with a new 4RM system to understand how it operates compared to other Torque vectoring systems.
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This is done through excel which give the following results

Figure 3-Excel calculations for Ferrari inertia and dynamic index (Jenkins.R,2022)

By doing the calculations as shown in figure 3, the theoretical dynamic index for the Ferrari
FFis 0.92 kg/mA2

The dynamic index value is used to determine the handling characteristics of a vehicle,
when the value of the dynamic index is greater than one, the vehicles inertial conjugate is

behind the rear axle which reduces the rear tyre slip angle. When the dynamic index is
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value between 0.1 and 0.14 (Stockinger et al., 2021) There are four Clutch plates which
equates to having two contacted faces each. Due to the (PTU) in the Ferrari being 170mm
wide means the clutch plate would not be larger than approximately 160mm.
The sizes of the plate diameter selected for the calculation is 110mm for the inner diameter
and 160mm for outer diameter for maximum possible axial force.
Figure 7-Clutch sizing results (Jenkins.R,2022)
Figure 7 show at 136N/m the plates require 1290.55N of axial force each.
Page | 12 B
Page 120f15  2883words [ X Accessibility: Investigate

H L Type here to search





image8.png
Page 13 of 15

2941words [
H L Type here to search

Autosave CED 3
File

Home
X cut
[ copy

Insert

Draw

Design
Paste

AWD Torque Vector

Layout
Calibri (Body)

< Format Painter

(Rhodri Jenkins 1801396) » Saving... ~
References  Mailings ~ Review  View
v v AA Aay A

I Uva x, X Av 2+ A~
Clipboard ~

Help

Font

Picture Format

]

AaBbCcDd

Paragraph

7 Normal

naBbCcDd AQBbLC( AaBbCcC AaBbCeD: 4asbcend AQB
1No Spac.. Heading1 Heading 2
&
3.5 Maximum potential acceleration Ferrari FF
,

Heading 3

U Comments & Share
LOFind ~
e 8 & @
. Replace
Heading 4 Dictate | Editor | Reuse
[» Select~ Files
Styles ~ Editing Voice Editor

Reuse Files| A

Title ;
By using excel, a spreadsheet can be used to calculate maximum initial acceleration

Figure 8-Calculated forces and acceleration (Jenkins.R,2022)

X Accessibility: Investigate

By using base data values from table 1 and calculated inertia values from figure 2 and using

a perfect mu factor of 1 for maximum potential acceleration, by dividing the calculated





image1.jpeg
Power Unit | System Layout

Intelligent Power Unit (IPU) Twin-turbo V6 Engine
v 8

Power Drive Unit (P

e ot Atk Whest-Drve




image2.png
Page 7 of 15

2883 words
H L Type here to search

File Home Insert

Draw

Design
Paste r3

AWD Torque Vectoring (Rhodri Jenkins 180
Layout  References
VA A Aav

Mailings ~ Review
Calibri (Body) v |12 Ao
< Format Painter

Clipboard [

View

I Uva x, X Av 2+ A~

Font

Help
2l

AaBbCcDd

5
e st mnvesugauon

T Normal
Paragraph

TNoSpac.. Heading1 Heading2 Heading3 Heading 4
st

1, the Ferrari has a weight distribution of 47% in the front and 53% at the rear. By knowing

I‘IEISUUEI. dudLeu i aduie
the mass and length of vehicle, the centre of gravity can be calculated using the equation

my*xG)+ (mg*L
Centre of gravity = (ma » €) + (ms + L)
my +my +ms
By using the excel spread sheet, this calculates to 1.57m from the front of the vehicle. The
wheelbase of the Ferrari from the table 1 data is 2.99m, half this value equates to 1.45 to
nearest figure which shows the Ferrari is rear bias weight distribution.
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Figure 2-Excel of lumped mass of Ferrari FF (Jenkins.R,2022)
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