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[bookmark: _Toc100067360]Introduction
The FF was Ferrari’s first foray into a four wheel drive vehicle for the road using the 4RM (4 Ruote Motrici, which translates to 4 wheel drive from Italian to English) four wheel drive system. It is unique amongst it’s contemporaries in the nature of its drivetrain, with the engine attached to 2 different gearboxes at either end of the crankshaft with the front gearbox, or PTU (Power Take-off Unit) capable of using 2 gears to enhance 4 of the gears in the rear mounted transaxle. Roberto Fedeli, Ferrari’s technical director tells that the PTU does not have a differential but rather uses wet carbon haldex type clutches to distribute the power to either or both wheels to varying amounts via continual slip up to 20% of total engine torque and weighs only 90 lbs (40.8 kg). (Forza, 2022) After this, the PTU is declutched to allow rear wheel drive only. The system intrudes less into the cabin space of the vehicle and improves the weight distribution. It was developed in conjunction with ex WRC champion Markku Alén to ensure the system worked correctly on all surfaces. Ferrari did not want to make a permanent 4 wheel drive system as they prefer rear wheel drive for dry conditions,  “We don’t think it is the solution for dry conditions,” Fedeli explains. “It’s a compromise between the weight gain and the performance gain. For example, because we don’t think a supercar must deliver very high performance in the wet or on the snow, we don’t think we would use this kind of solution.”. Here, the system will be analysed with conclusions on the advantages or disadvantages compared to more conventional four wheel drive systems using 1 gearbox and multiple differentials to split the torque to all 4 wheels.
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Fig 1. Ferrari FF PTU (Forza, 2022)







[bookmark: _Toc100067361]Base vehicle specification

Length 4907mm
Width 1953mm
Height 1379mm
Wheelbase 2990mm
Front track 1676mm
Rear track 1660mm
Kerb weight 1880kg
Fuel tank capacity 91 litres
Front tyres 245/35/20
Rear tyres 295/35/20
Power 660cv/486kw@8000rpm
Torque 683nm@6000rpm
0-100kph 3.7secs/ 35 metres

Mass distribution: 47% FRONT / 53% REAR   
(Ferrari, 2022)
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Fig 2. (Radu, 2022)
Torque vectoring, a term coined by Ricardo, in its simplest form, is directing the torque output of either output side of a differential to achieve the requested direction of travel for the vehicle by the driver. The increase of torque to an outside wheel will decrease the radius of the turn for a given input, whereas a reduction in torque will increase the radius of the turn, this is lateral torque vectoring. This can be seen in fig 3. A similar outcome can be achieved through longitudinal torque vectoring, with the dominant yaw authority given to the end of the vehicle with the most slip. In this manner a vehicle with predominantly rear biased power distribution could turn in quickly with rear yaw authority, allowing for oversteer, and then, as the requirement for increased yaw is reduced, the torque distribution can be managed to the front end, donating yaw authority, and understeer, to the front end, allowing the car to be more stable and controllable later in the corner. This can be seen in fig 4, on the left hand side, the car understeers naturally, but with longitudinal torque vectoring, the power distribution is varied to reduce the understeer moment by applying more power to the rear wheels. On the right hand side the oversteer prone vehicle is balanced by reducing power to the rear and increasing power to the front, allowing the vehicle to follow the requested path. 
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Fig 3. Lateral torque vectoring to correct under or oversteer in a vehicle (Jalali, Uchida, Lambert and McPhee, 2013)
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Fig 4. longitudinal torque vectoring in understeer and oversteer situations (Jalali, Uchida, Lambert and McPhee, 2013)

Lateral and longitudinal torque vectoring can be used in conjunction with each other to achieve increased results. This is seen in not only the Ferrari FF, but in more conventional vehicles such as the Ford Focus RS Mk3 and Range Rover Evoque. The benefit of these systems is also that it can keep each tyre within its traction ellipse, maximising the potential performance of the vehicle in any given situation.
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Fig 5. Ford Focus RS torque vectoring differential unit with spool drive and clutch packs for either side (GKNautomotive, 2022)
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Due to the known weight distribution of the car, 47% front and 53% rear, this can help deduce the centre of gravity longitudinally on the vehicle. If the front and rear masses are taken as the forces in opposing moments about the centre of gravity then the distances must be of the opposite percentage of length to each end as the percentages of mass. Therefore the front with 47% mass must have 53% of the wheel base to the front wheel to equal a moment at the other end with a mass of 53% of the overall, which must then act at 47%of the wheel base. As shown in fig 6.
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Fig 6.moments about CofG
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Fig 7. lumped masses
Generic values based on research were used for each of the lumped masses, and then these masses were compiled into an excel spreadsheet to calculate the mass moment of inertia of the vehicle. The remaining mass of the car was distributed between the front and rear of the car whilst keeping the front and rear moments equal based on their position and masses.
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Fig 8. excel spreadsheet to calculate mass moment of inertia

The moment of Inertia is calculated using the sum of the masses multiplied by their respective radii squared from the CofG:
Izz=Σmr2                                                                                                            (1)
The masses were either taken as a longitudinal distance from the CofG if the mass is centrally located in the plan view, or in the case of passengers or wheels etc…the distance was calculated using Pythagoras theorem for the diagonal component of distance from the CofG for a more realistic value of Inertia.

[bookmark: _Toc100067365]Dynamic Index
Dynamic Index denotes the relationship between the rear axle and the centre of rotation of the car. A typical value of between 0.8 and 0.9 was found for regular road going vehicles, and a value of 0.52 being calculated for a Formula Student race car. From these values it is evident that the lower the figure, the easier it is to change direction quicky, but this figure also makes the car less stable in a straight line. It is therefore reasonable to expect a figure between these 2 values for a top of the range Ferrari, which will be expected to handle nimbly if required.
The equation to calculate the dynamic index is:
DI =                                                                                                              (2)
Where Izz is the inertia in the ZZ plane, m is mass, a is the front wheel to CofG position distance and b is the rear wheel to CofG position distance.
The final value based on The masses used for the Ferrari FF is 0.75. 
Althought the dynamic index is low, the overall length of the car is quite long at 2990mm, and due to the parallel axis theorem, also known as Huygens or Steiner ((Rouelle, 2022), the vehicle will be stable in longer flowing corners rather than in tighter corners, which would be expected from a grand tourer type vehicle such as the FF. With the 47/53 balance of the car, the dynamic Index will be very close to its minimum for the given yaw inertia of the vehicle as seen in fig 9 (Sandford, 2022)
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Fig 9. Dynamic Index comparison (Sandford, 2022)
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Fig 10. Dynamic index vs weight distribution split. (Sandford, 2022)
[bookmark: _Toc100067366]Inertial Conjugate
The Dynamic Index is a ratio of the centre of rotation from the CofG vs the rear axle position distance from the CofG. 
DI = Inertial Conjugate distance/ rear axle distance                                                            (3)
As both the DI and the rear axle distance from CofG are known, the equation can be rearranged thus:
Inertial conjugate distance = DI*rear axle distance                                                              (4)
Giving a value of 0.75*1.41=1.05m
[bookmark: _Toc100067367]Vehicle design specification
The Ferrari FF is designed to be a grand tourer with its long wheelbase and large engine, however the low dynamic index of the vehicle due to the layout of the vehicle, such as the position of the engine inside the wheelbase, allows the naturally stable vehicle to also be used in a spirited fashion on smaller curves and corners. The front mounted gearbox with 6% additional slip vs the rear drive portion of the vehicle would suggest that this can be used to bring the vehicle back under control, reducing oversteer in tight bends when desired by increasing the yaw authority of the front end. This torque vectoring allows the car to be naturally agile, allowing greater turn in when required, with the ability to control excessive oversteer should the back end come around too aggressively for the driver.
With the long wheelbase, low dynamic index, and torque vectoring, this platform can potentially be used in any situation that is required by the driver, from straight line GT driving to tight cornering. The relationship between yaw authority, wheelbase and dynamic index can be seen in fig 11. The Ferrari FF seems to have been designed with the best of both worlds in mind with a low dynamic index and long wheel base.
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Fig 11. Yaw authority vs wheelbase and dynamic index. (Sandford, 2022)
[bookmark: _Toc100067368]Mechanical torque path
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Fig 12. (Toyota introduces all-new RAV4 in Japan; new Dynamic Torque Vectoring AWD system, new hybrid, 2022)
Fig 12 shows a torque vectoring torque path as per the Ferrari FF, but with the system working at the rear end of the vehicle. The theory, however, is the same. The power is supplied to the axle through the gearbox, whereupon couplings, or clutch packs, are placed between the gearbox and the wheels to be driven.  The amount of lock applied to each clutch pack determines the slip, and therefore the drive to each wheel, resulting in the shown torque difference. The Ferrari splits the power 20:80 front to rear instead of the shown 50:50, however, the left to right is the same as either side can have 100% of the power to the forward gearbox distributed to its respective driven wheel.
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Fig 13.x-engineer.org

Using the uniform pressure equation:
Tc = nµ Fa                                                                                                                                                                                 
Where Tc is the clutch torque, n is the number of clutch faces, µ is the coefficient of friction, r1 is the inner radius of the clutch face, r2 is the outer radius of the clutch face, and Fa is the applied force axially to the clutch pack.
The maximum torque of the engine is rated by Ferrari at 683Nm at 6000 RPM. The PTU is designed to allow 20% of engine power through it, and as power is a function of torque and engine speed, the maximum torque rating for this clutch pack should be 20% of this figure, which is equal to 136.6Nm. This figure will be used for each side so that the torque vectoring system can send all of the power to one wheel in extreme conditions.
Assuming a carbon/steel combination (Forza, 2022) of clutch plates and pressure plates the coefficient of friction is 0.1 wet with a maximum axial pressure of 3MPa. (Friction Materials - Roy Mech, 2022)
An assumption of 4 clutches, based on fig 1. or 8 surfaces per side has been made leaving only the inner and outer radii to be determined.
Using an excel calculator, with the coefficient of friction and plates set, the clutch radii were set to 50mm and 75mm respectively, with an axial force of 2700N. Using the radii to calculate the area of the clutch surfaces and the axial force, the pressure achieved is 0.28MPa, which is far below the maximum pressure of 3MPa allowable in this case.
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Fig 14. Excel calculator for clutch torque capacity
[bookmark: _Toc100067370]Potential longitudinal acceleration improvements on a variety of surfaces

MU: 0.1 ICE, 0.4 SNOW, 1.0 TARMAC
A) RWD
B) AWD
Using ∆Wx = x W x Ax
Where ∆Wx is the increase in rear axle load, l is the wheelbase of the vehicle, h is the CofG height, W is the total car mass and Ax is the longitudinal acceleration one can calculate the longitudinal weight transfer. Due to a lack of ability t physically measure the centre of gravity height with a real Ferrari FF, and a lack of data available from Ferrari, a nominal CofG height of a Jaguar race car has been used due to the similarity in vehicle layout.
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Fig 15. nominal CofG height. (Suspension Secrets, 2022)

This will be taken as 0.3935m, wheelbase is 2.99m, total mass is 1880kg and Ax can be calculated from the official acceleration figures of 0-100kph in 3.5 seconds, or 7.94 m/s2, which can be divided by 9.81 for acceleration in g: 0.8
Therefore the equation becomes ∆Wx = x 1880 x 0.8 = 200.25 additional load on the rear axle from weight transfer. Added to the 53% rear weight distribution of 996.4kg = 1116.65kg or 10954.34N of load.
For a µ of 1.0, the equation F = ma can be rearranged for acceleration, giving a =  or  = 5.83m/s2. Which is the best case scenario for rear wheel drive only. For snow with a  of 0.4 this becomes  = 2.34m/s2 and for ice, with a µ of 0.1 it is  = 0.583m/s2.
For 4wd we must account for the front drive wheels as well. Due to the weight transfer in acceleration the weight acting on the front wheels, and therefore useable load, reduces at the front end. However, the front wheels are now producing forward thrust in addition to the rear wheels.
The starting point is 47% of the 1880kg mass, being 883.6kg or 8668.12N. removed from this is the 200.25kg weight transfer calculated earlier, leaving 6703.66N. The acceleration at µ = 1 is therefore  = 9.39m/s2, acceleration on snow is  = 3.76m/s2 and ice is  = 0.94m/s2. The official times differ from this, however, the CofG height can be adjusted from the assumption made against the Jaguar to give a closer acceleration value. The results given however, show a significant improvement in all acceleration values due to the additional force available at the front wheels.
[bookmark: _Toc100067371]Control algorithms, sensors required and potential vehicle dynamic improvements

For this system to work correctly, the ECU must read data from various sensors’ inputs to achieve the required outputs. Firstly, for longitudinal and lateral situations the ECU should know the wheel speed at each corner vs the speed of the vehicle, this can be achieved with hall effect sensors (Wheel speed sensors, 2022) at each wheel and a GPS system for speed (bridgewaterelectronics.co.uk, 2022). Torque can also be sensed via sensors on the driveshafts which measure the deflection of the shaft along its length, giving resultant torque (Dynamic Drive Shaft Torque Sensor | KASensors, 2022). Load sensors at each corner can then be used for the load placed on each tyre (AIM Motorsport Car/Bike Suspension Potentiometer, 2022). Using data for the tyres as for their specific adhesion ellipses, the ECU can monitor each corner of the vehicle vs the load, wheel speed and torque, and vehicle speed. Atop of this, the ECU should consider the steering input via a steering angle sensor and the yaw rate of the vehicle using a yaw sensor (Yaw rate sensor - Car Terms | SEAT, 2022) to monitor the rate of yaw vs input. At a set ratio of these 2 inputs the ecu should start to intervene by increasing slip to the corner, side, or end of the vehicle affected to correct the yaw rate to a pre selected level. Levels of steering rate between 100-1100 degrees per second (Sandford, 2022) would result in ever increasing intervention by the system as practicable response from a human dwindles.
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Fig 16. torque vectoring control showing adhesion ellipses of tyres (dashed lines potential adhesion, solid lines actual friction ellipse). (Jalali, Uchida, Lambert and McPhee, 2013)

Jalai et al showed that during the ISO double lane change maneuver, or moose test, the torque vectoring system, when correctly set up, allowed the vehicle to follow a near perfect desired path at 75 kph with far better lateral acceleration results with torque vectoring, and yaw control torque vectoring systems. Vehicle speed was also far better maintained over the maneuver with the systems active than without.
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Fig 17. desired vs actual yaw rate in double lane change maneuver with torque vectoring) (Jalali, Uchida, Lambert and McPhee, 2013)
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Fig 18. Lateral acceleration and vehicle speed vs time for driver, driver plus torque vectoring, and driver plus yaw sensing torque vectoring system (Jalali, Uchida, Lambert and McPhee, 2013)
[bookmark: _Toc100067372]Conclusion

The Ferrari FF platform has been designed to allow the car to be proficient at both GT car type situations and tight track day type driving. The long wheelbase and inertial conjugate gives stable performance on long corners, with the low dynamic index giving a comparatively lively chassis for its length. To overcome any excessive oversteer at lower speeds, such as those encountered on a twisty road or track, the 4RM system is able to provide a corrective yaw moment to afford the driver a much easier drive at speed. At higher speeds, where there is less likelihood of tight cornering, the FF becomes rear wheel drive, giving a ‘pure’ Ferrari feel. This system allows for better handling and response across a variety of surfaces and allows less competent drivers to extract performance from the car without injury to themselves or damage to the vehicle. This unique system seems to be the forebear to future EV systems where the forward and rear drive units can be separate from each other, allowing a larger space in the cabin, and more favourable weight distribution.
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the available engine torque to the rear axle, where more
traction is available. Meanwhile, the active rear differential
splits the torque received from the center differential
asymmetrically by a ratio of 20:80 percent for the left and
right wheels of the rear axle, respectively.

Torque vectoring can also be used as a stability control
system, where the available drive torque is distributed among
the wheels in order to generate a corrective yaw moment
about the vertical axis of the vehicle. The corrective yaw
moment can be generated in a left-to-right torque vectoring
mode, where the available drive torque is distributed
asymmetrically to the left and right wheels of an axle, or in a
front-to-rear mode, where the available engine torque is
distributed asymmetrically to the front and rear axles. For
instance, an oversteering situation, in which the adhesion
potential has been reached at the rear axle, can be corrected
using left-to-right torque vectoring on the front axle, where
more torque is transmitted to the front-inside tire (Figure 4-a).
Conversely, an understeering situation, in which the adhesion
potential has been exceeded on the front axle, can be
corrected using left-to-right torque vectoring on the rear axle,
where a higher percentage of the available axle torque is
transmitted to the rear-outside tire in order to generate the
required corrective yaw moment (Figure 4-b).

The driving dynamics of a vehicle can also be influenced
by varying the front-to-rear torque distribution. The front-to-
rear torque vectoring mode takes advantage of the
interconnection between the longitudinal and lateral tire
forces, where changing one force will automatically influence
the other. For instance, an understeered vehicle can be
controlled by transmitting more of the engine torque to the
rear axle than the front axle. This strategy not only increases

m e o v N 6 =

X @ 2013-01-0698 (1)po
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be controlled by transmitting more of the available engine
torque to the front axle, thereby increasing the essential
lateral force potential on the rear axle. At the same time, this
strategy will reduce the lateral force potential on the front
axle by elevating its longitudinal force, thus helping the
vehicle to develop more understeering behavior (Figure 5-b).
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Figure 4. (a) Stability control of an oversteered vehicle
through left-to-right torque vectoring on the front axle,
and (b) stability control of an understeered vehicle
through left-to-right torque vectoring on the rear axle

Figure 5. Front-to-rear torque vectoring (a) in an
understeered vehicle, and (b) in an oversteered vehicle
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Torque vectoring, a term coined by Ricardo, inits simplest form, is directing the torque output of either output side of a differential to achieve the requested direction of travel for the vehicle by the driver. The increase of torque to an outside wheel will decrease the radius of the turn for a given input,
‘whereas a reduction in torque will increase the radius of the turn, this is lateral torque vectoring. This can be seen in figax. A similar outcome can be achieved through longitudinal torque vectoring, with the dominant yaw authority given to the end of the vehicle with the most slip. In this manner a vehicle
‘with predominantly rear biased power distribution could turn in quickly with rear yaw authority, allowing for oversteer, and then, as the requirement for increased yaw is reduced, the torque distribution can be managed to the front end, donating yaw authority, and understeer, to the front end, allowing the
car to be more stable and controllable later in the corner. This can be seen in figy, on the left hand side, the car understeers naturally, but with longitudinal torque vectoring, the power distribution is varied to reduce the understeer moment by applying more power to the rear wheels. On the right hand side
the oversteer prone vehicle is balanced by reducing power to the rear and increasing power to the front, allowing the vehicle to follow the requested path.

Over-speeding the rear wheels alters the way the car feels and handles. In curves, the Twinster makes the vehicle
turn in more sharply, responding more immediately to the driver’s inputs. And in Ford's drift mode, the AWD
system delivers even more torque to the rear axle, delivering enough torque to the rear wheels for the RS to achieve
a controlled “drift” through corners.

Eigog front to rear torque vectoring in understeer and oversteer situations (jalali, Uchida, Lambert and McPhee, 2013)
(GKN Automotive’s software contains a unique subsystem that modifies the torque controls in ways that make it

Lateral and longitudinal torque vectoring can be used In conjunction with each other to achieve increased results. This is seen in not only the Ferrari FF, but in more conventional vehicles such as the Ford Focus RS MKk3.
This website uses cookies to ensure you get the best experience on our website. Learn more

H P Type here to search

- a759words

[ English (United Kingdom) [ Focus B ——+——+ oo





image6.png
47% mass 53% mass

—e—

53% wheelbase ‘ 47% wheelbase





image7.jpg
Crash structure Fuel tank

Wheel and brakes wheel and brakes

Wheel and brakes ‘Wheel and brakes

Luggage

Lumped masses taken into consideration





image8.png
File Mesh Define Solve Adopt Suface Display Report Parallel View Help
H-d-@OS+QA /[ @AMN-O-[m-mH-
=@ Setup Run Calculation
E General
68 Models ChedcCase... | [Frevien s
- Materials
-6 Cell Zone Conditions Number o Iterations_ Reporting Interval
3% Boundary Conditions 1000 =1n

B pynamic Mesh
@ Reference Values
-§J Solution
@ Solution Methods
Solution Controls
Monitors
3, Solution Initalization
-] Calculation Activities
g un Caiculation]
=@ Results
Graphics
- [T Animations
&[5 Plots
> Reports
@@ Parameters & Customization

Profie Update Interval
1

Data e Quanties...

Calaiating the soluton.

Iterations

2: cd-1 Convergence Hstory

558
559
560
561

iter
562
563
564
565
566
567
568
569
570
571
572

iter
573
574
575
576
577
578

3.2403e-02
3.2288e-02
3.2178e-02
3.2069e-02
continuity
3.1974e-02
3.1880e-02
3.1793e-02
3.1723e-02
3.1657e-02
3.1597e-02
3.1540e-02
3.1476e-02
3.1420e-02
3.1360e-02
3.1309e-02
continuity
3.1255e-02
3.1201e-02
3.1145e-02
3.1087e-02
3.1030e-02
3.0968e-02

1.0200e-04
1.0182e-04
1.0164e-04
1.0145e-04
x-velocity
1.0126e-04
1.0107e-04
1.0087e-04
1.0067e-04
1.0047e-04
1.0026e-04
1.0007e-04
9.9891e-05
9.9723e-05
9.9535e-05
9.9354e-05
x-velocity
9.9166e-05
9.8974e-05
9.8790e-05
9.8605e-05
9.8410e-05
9.8212e-05

3.2049e-05
3.2783e-05
3.2625e-05
3.2469e-05
y-velocity
3.2327e-05
3.2188e-05
3.2062-05
3.1947e-05
3.1848e-05
3.1753e-05
3.1666e-05
3.1586e-05
3.1513e-05
3.1448e-05
3.1389e-05
y-velocity
3.1330e-05
3.1270e-05
3.1215e-05
3.1166e-05
3.1122-05
3.1074e-05

3.2906e-05
3.2813e-05
3.2728e-05
3.2654e-05
2z-velocity
3.2585e-05
3.2509e-05
3.2433e-05
3.2371e-05
3.2314e-05
3.2263-05
3.2227e-05
3.2196e-05
3.2169e-05
3.2139e-05
3.2117e-05
2z-velocity
3.2103e-05
3.2092e-05
3.2074e-05
3.2039%-05
3.2008e-05
3.1983e-05

1.3951e-03
1.3935e-03
1.3920e-03
1.3906e-03

[
1.3895e-03
1.3885e-03
1.3875e-03
1.3868e-03
1.3862e-03
1.3857e-03
1.3854e-03
1.3853e-03
1.3851e-03
1.3849e-03
1.3849e-03

[
1.3848e-03
1.3848e-03
1.3846e-03
1.3846e-03
1.3844e-03
1.3840e-03

1.9606e-03
1.9549e-03
1.9u87e-03
1.9424e-03

epsilon
1.9360e-03
1.9305¢-03
1.9254e-03
1.9208e-03
1.9163¢-03
1.9123¢-03
1.9084e-03
1.9046e-03
1.9008e-03
1.8979e-03
1.8951e-03

epsilon
1.8925e-03
1.8897e-03
1.8872e-03
1.8850e-03
1.8833e-03
1.8810e-03

3.3564e-02
3.1340e-02
2.9043e-02
2.6784e-02
c1-1
2.4576e-02
2.2388e-02
2.0226e-02
1.8049e-02
1.5960e-02
1.3889e-02
1.1879e-02
9.9275e-03
8.0888e-03
6.2578e-03
4.4924e-03
c1-1
2.7829e-03
1.1580e-03
-u.3781e-04
-1.9528¢-03
-3.4130e-03
-4.8653e-03

3.2653e-01
3.2630e-01
3.2609e-01
3.2589e-01

cd-1
3.2569e-01
3.2551e-01
3.2534e-01
3.2518e-01
3.2502e-01
3.2488e-01
3.2474e-01
3.2461e-01
3.2449e-01
3.2438e-01
3.2429e-01

cd-1
3.2420e-01
3.2412e-01
3.2405e-01
3.2399e-01
3.2304e-01
3.2389e-01

un2
P
uuo
u39
time/iter
u3g
u37
u36
u35
u3h
u33
u32
u31
u30
u29
u28
time/iter
u27
u26
u25
u2h
u23
u22

=E¥REEINNER

16:26

Editi

30.00

Fle  Home et Pagelajoust Formuas Data  Review View Help  Acrobat
Ao Calibr Jn KA = v Bweplet General E E (7 [normal Bad Good Neutral o | X ZAmEsm ©
E- AN IRERPEe Moo < | % 39 2| et Pt [ o ot | 0
Gipboard 7 Font 7 Aignment 7 Number 5 styes cets
a7 A
A 5 c o 3 3 G H ' ) 3 L
1 [Mass distribution total mass locof cofg from front wheel centre wheelbase m engine mass kg front PDU mass kg gearboxmasskg _ front passenger mass kg
2 |Front  Rear 1880.00 158 299 250,00 5000 17000 17200 17200 7633
047 053 loc of cofg from rear wheel centre distance from cofg distance from cofg distance from cofg distance from cofg distance from cofg
8836 996.4 141 140 167 169 050 on 127
8668.116 10954.3365
6702.664 Front of car moment Rear of car moment
1115.08 115,04 Total of lumped masses kg
1020.33
Inertial conjugate 22 nertia
105 3137.70 kgm2
DI=122/mab mke
o075 1850
Clutch
No of plates mu nm 2m Normal force N
4 01 005 0075 2700|
Friction surfaces
s
2 Clutch area
2 torque capacity 136.80 001
2 pressure
2 required 20% torque 1366 028
2
2
2
2
2
0
3
2
33
1
3
36
7
Y
Sheet! | Sheet2 | sheets | Sheets ® [
Reaty

© Comments

by O

@

Sort& Find& | Analyze
Filter v Select~ | Data
ing Analysis

M

rear passenger mass kg Fuel tank plus 90 litres fuel Wheel mass Front body mass kg Rear body mas{

404.04

distance from cofg _ distance from d

079

1% Share

N

45

04/04/2022

04/04/2022





image9.png
Autosave CED [ D ~ =

¥

Fle  Home Iset Draw  Design  layout

[ Copy
Past
< Format Painter I U~ x
Clipboard s .
Navigation v x
Search document -

Headings  Pages  Results

“The Ferrari 4RM all-wheel-

The complex system, inste...

Page140f 16 2639words [ English (United Kingdom)

H P Type here to search

mark ferrari assignment « Saving.

Mailings

View

Paragraph

Help

&

Acrobat  RCM  Picture Format

2L | pasbeene | AsBbeede AZBDC( AsBOCCE AaBbCel assbccor AQB assbcer aasbeenc aasbeee

TNormal | TNoSpac.. Headingl Heading2 Heading4 Headings — Title Subtitle  Subtle Em.

[ Styles

22 Teama.pd

dynamic index

O DI is a significant subjective modifier to perceived agility

O Lower DI generally implies a more agile, nimble, lively feel
O However, an excessively low DI results in a twitchy,
unmanageable vehicle

O There are ample examples of very 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

COMMENT ON THE BASE VEHICLE SPECIFICATION

ROBOTPIG (INCORRECT DIAGRAM)

IDENTIFY THE MECHANICAL TORQUE PATH TO THE FRONT WHEELS AND COMMENT ON YOUR
FINDINGS

CALCULATE THE CLUTCH PACKS TORQUE CAPACITY, APPROX SIZINGS, AXIAL FORCE APPLICATION
VALUES AND POWER LOSS CHARACTERISTICS

FRONT END

Emphasis |3

[

S hadins oaded succestully

GeigWestem [y @ — 0

PFind ~
& Replace
B select~

Editing

& share T Comments

A

Create and Share Request | Dictate
Adobe PDF  Signatures.

Adobe Acrobat Voice

Wk 2 Mass & Humans 24Jan22 Teams.pdf

eEXdITpIies

O Dynamic Index comparison:

0.9
08
N I
0.6

LotusHan S2 Mazda MX-5 BMW Z32.8 Mondeo S 4x4 BMW M5

of57 & ) L0

Close





image10.png
Autosave @

mark ferari assignment « Saving... -

Fle  Home Insert Draw Design  layout  References  Mailngs  Review View Help  Acrobat RCM
¢ a . == 10
FDED Calbri@Bod) |11 A A Aav A = R+ 2L T | aasboedc| asgboede AaBbC( AsBOCCC AaBbCel 4seoccor AQB asebcer aasbeepc aagbeedi
Paste Sromatramer | Bl T [EE] 6 x & A~ £~ A< WO Qo e TNormal | TNoSpac.. Headingl Heading2 Heading4 Heading5  Title Subtitle  SubtleEm.. Emphasis |5
Cipboara 5 Font 5 Faragaph 5 styes
Newfgifen o | — |
J—
Search document o exdliipies
e

“The Ferrari 4RM all-wheel-

“The complex system, inste.

Pagei5of 17 2639words [ English

H P Type here to search

(United Kingdom)

O Dynamic Index comparison:

1

: I

: I I |I
7

08

lotusBan 2 MazdaMX5 ~ MGF  BMWZI28 MondeoSdaxd  BMWMS

COMMENT ON THE BASE VEHICLE SPECIFICATION

ROBOTPIG (INCORRECT DIAGRAM)

IDENTIFY THE MECHANICAL TORQUE PATH TO THE FRONT WHEELS AND COMMENT ON YOUR
FINDINGS

CALCULATE THE CLUTCH PACKS TORQUE CAPACITY, APPROX SIZINGS, AXIAL FORCE APPLICATION
'VALUES AND POWER LOSS CHARACTERISTICS

FRONT END

S hadins oaded succestully

GeigWesterm gy @ —

& Share
Pfind
& Replace Ca a4 0 e
§ Select

© Comments

Create and Share Request | Dictate
Adobe PDF  Signatures.

Adobe Acrobat Voice ~

5| Edting

Assignments

Catendar

cale

Wk 2 Mass & Humans 24Jan22 Teams.pdf

DI

dynamic index

Inertia match is the
relationship between the
CG position, wheelbase

1 and yaw inertia.
14 / : w : ” :
\ With “typical” vehicle
v layouts, yaw inertia (and
N hence DI) may be higher
b than is desirable
v 50/50 weight
e distribution gives lowest
" DI for given yaw inertia
Weight Distribution
A v ORI

Close





image11.png
Fle  Home Inset Draw  Design  layout  References  Mailngs  Review  View Help  Acrobat RCM  Picture Format 18 Share 3 Comments

Q o
u . e Find ~ =) X Cl 5)
é o CamiGoay 1 |A & | Aa~ | Ao A AL aamoceoc | assbccoe AaBDC( AsBOCc AaBbC assscios AQ B asebces aosbceor aasbeeor 5 Repl o & |0 e Wk 2 Mass & Humans 24Jan22 Teams.pdf ose e
paste )% 3 lormal | TNo Spac... Headin cacin cacin cacin itle Ubtle  SubtleEm.. Emphasis (3] | - oo | CiesteandShare Request | Dicate o
- S I Uva x X A2+ A Ao = TNormal | TNoSpac.. Heading1 Heading2 Heading4 Headings Tl bt SutteEm.._Emphass [7] | [y | CopteandShore Rt = =
S . . A bl ol I N i, wheelbase & yaw authority
Newfgifen - x | eee——
P——
Search document e
Headings  Pages  Results
~ O Useful to compare yaw acceleration to yaw rate gain to
= gauge driver workload for post-limit control
The Ferrari 4RM all-wheel-, i
TR O A more agile vehicle needs a higher yaw rate gain to D
) maintain the same driver workload (i.e handwheel rates; Files H H H . H
= d ) O Reducing DI increases yaw acceleration; yaw rate gain
YawRateGain =

remains unaffected

. _Famub _LaFrh O Increased driver workload (higher handwheel rates
DI.Mab YRG DI.MabV - .
required) to manage vehicle

O Reducing wheelbase increases yaw acceleration and yaw
rate gain

di, wheelbase & yaw authority

Lol iaa o s — 01 8 vaw Autnoriy I'r Wnesiosse & Yow autnorty
COMMENT ON THE BASE VEHICLE SPECIFICATION 350 120
ROBOTPIG (INCORRECT DIAGRAM) 00
o s o 100 p
3 K 2 250 K
IDENTIFY THE MECHANICAL TORQUE PATH TO THE FRONT WHEELS AND COMMENT ON YOUR < ) 3 | 080 3
FINDINGS : s £ 200 s
H H 2 060 £
s 8 5 150 &
! i f i ¥
< ——Yaw Acceleration < —— i
CALCULATE THE CLUTCH PACKS TORQUE CAPACITY, APPROX SIZINGS, AXIAL FORCE APPLICATION s ! 3 N Yaw Acceleration 3
'VALUES AND POWER LOSS CHARACTERISTICS £ 5 —=—Yaw Rate Gain 020 £ s o5 —=—Yaw Rate Gain 020 £
FRONTEND 0 0.00 0 J - - - - +0.00
080 085 090 095 100 105 110 145 120 2 22 24 26 28 3
o .
CALCULATE POTENTIAL LONGITUDINAL ACCELERATION IMPROVEMENTS ON A VARIETY OF Wheelbase - m
Page170f19  2639words [} English (United Kingdom) §DAdd-ins loaded successfully

H P Type here to search




image12.png
13 Email-GreigWest X | G paralllawstheore X | fuf Lbray»Hub % | @ ExLibrisDiscovery X | R Yousearchedfors x | @ CiteThisForMe:t X | G torquevectoring= X | @ WhatlsTorqueVe: x | [ Advancedtorque x (8] Toyota introduces

C Y @ greencarcongress.com/2019/04/20190411-ravd.html

It also incorporates a disconnect mechanism that transmits driving force to the rear
‘wheels when 4WD driving is deemed unnecessary, significantly reducing energy loss

and improving fuel efficiency.

4WD System
DynamicTorque  Dynamic Torque e-Four
Vectoring AWD Control 4WD
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‘The non-hybrid model uses a TNGA concept-based 2.0-liter Dynamic Force Inline 4-
cylinder direct-injection engine mated to a Direct Shift-CVT continuously variable
transmission.

Hybrid models are equipped with an all-new 2.5-liter hybrid system featuring a 2.5-
Dynamic Force Engine based on the TNGA concept, realizing both excellent fuel
efficiency and smooth acceleration.

As hybrid vehicles that employ a 4WD system, RAV4 hybrid models leverage a new E-
Four with advanced hybrid technology. In concert with increased maximum torque of
the rear wheels, a new control system allows torque distribution to the front and rear
‘wiheels to be changed from between 100:0 to 20:80.

Optimized control of torque distribution to the front and rear wheels during cornering.
enhances steering stability. An increase in rear-wheel torque contributes to a sense of
safety when starting the car on inclines in snow or rain.
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AN EXPLANATION OF GENERIC TORQUE VECTORING SYSTEMS

LONGITUDINAL FORCE/PERCENTAGE SLIP DIAGRAM
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model for simplicity. By specifying the equation of motion of
the wheel, the traction force at the tire-road contact patch can
be estimated as follows:

L= Fety =1y
Actual ) Desired
Path \ p Path

Figure 6. Advanced torque vectoring control strategy
using couple generation on each axle (the dash-dotted
ellipse surrounding each tire indicates the adhesion
potential of that tire; the solid ellipse indicates the actual
friction ellipse)
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Note that when the required corrective yaw moment 1s
positive, the wheels on the right side of the vehicle must be
driven and the wheels on the left side must be braked; when
the required corrective yaw moment is negative, the wheels
on the right side of the vehicle must be braked and those on
the left side must be driven.

CALCULATION OF TIRE ADHESION
POTENTIAL

To prevent the tires from spinning out or locking up
during the couple generation, the maximum possible traction
force of each tire is estimated at each time step of the
simulation, and is used as a limit in the controller. In addition,
the adhesion potential of each tire is calculated and used to
define the extent to which the tire forces have been saturated.
Estimating the adhesion potential requires information about
the horizontal and vertical forces acting on the tire, as well as
the friction coefficient between the tire and the road, the
estimation of which is discussed below.

The longitudinal and lateral tire forces are estimated using
the well-known “Magic Tire Formula” [4, 5]. This model is a
semi-empirical set of curve fits that takes into account the
coupling between the longitudinal and lateral tire forces
through combined-slip characteristics, a limited tire adhesion
potential, the variation in cornering stiffness with tire load,
and the influence of the tire-road friction coefficient. The
combined-slip horizontal tire forces are estimated using the
following equations [12]:

Fu=F,

x0.i

vcos(C-arctan(B-a, —E-(Bva, —arctan(B-a‘))))
™)
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“The driver's in-head model is almost exclusively linear

Excessive anxiety in the driver can easily cause the steer torque mechanism
to be “swamped” by muscle tension

Inexperienged drvers e frequently unable o Interpret Injer ear signat or
are too confused to act on them and they are discarded

A surprising level of confusion exists between yaw and roll_

Many drivers are forced back to an entirely visual strategy in emergency
circumstances

Many drivers are overwhelmed and lose control even though the car was
capable of completing the manoeuvre

A maximum practicable handwhee! rate is around 1100 degrees / second

- but not for long

Typical handwheel rates are much slower -.<.100.degrees / second in
“your-mother-would-like-it" driving

st e a it afi afa

Paragraph

Help

=

&

RCM

DISCUSS POTENTIAL CONTROL ALGORITHMS, SENSORS REQUIRED AND POTENTIAL VEHICLE DYNAMIC IPROVEMENTS

Acrobat

AaBbCCDC

7 Normal

haBbccde AQBDC( AaBbCcl AaBbCel assoceo: AQB assbeer acsbeene

TNoSpac.. Headingl Heading? Headingd Heading5  Tile Subtitle  Subtle Em... |5

Styles [

© Comments & Share

PFind ~ [E 8_” \! ’@

b
. Replace.

Gl Createand Share Request | Dictate | Reuse

Iy Select~ | " Adobe PDF  Signatures Files
Editing Adobe Adobat Voice | Reuse Files ~

For this system to work correctly, the ECU must read data from various sensors’ inputs to achieve the required outputs. Firstly, for longitudinal and lateral situations the ECU should know the wheel speed at each corner vs the speed of the vehicle, this can be achieved with hall effect sensors (Wheel speed
sensors, 2022) at each wheel and a GPS system for speed (bridgewaterelectronics.co.uk, 2022). Torque can also be sensed via sensors on the driveshafts which measure the deflection of the shaft along its length, giving resultant torque (Dynamic Drive Shaft Torque Sensor | KASensors. 2022). Load
sensors at each corner can then be used for the load placed on each tyre (AIM Motorsport Car/Bike Suspension Potentiometer, 2022). Using data for the tyres as for their specific adhesion ellipses, the ECU can monitor each corner of the vehicle vs the load, wheel speed and torque, and vehicle
speed. Atop of this, the ECU should consider the steering input via a steering angle sensor and the yaw rate of the vehicle using a yaw sensor (Yaw rate sensor - Car Terms | SEAT, 2022) to monitor the rate of yaw vs input. At a set ratio of these 2 inputs the ecu should start to intervene by

increasing slip to the corner, side, or end of the vehicle affected to correct the yaw rate to a pre selected level. Levels of steering rate between 100-1100 degrees per second (Sandford, 2022) would result in ever increasing intervention by the system as practicable response from a human dwindles.

CONSIDER: ON POWER AND OFF POWER

'STRAIGHT LINE AND CORNERING

ON LIMIT LANE CHANGE MANOEUVRES

HOW THE AWD SYSTEM WILL INTERACT WITH OTHER VEHICLE CONTROL SYSTEMS.
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objective is accomplished by a proportional-derivative (PD)
controller as follows:

X d .
0, =0, et + Kpe(v)+K, 'Ee(‘/’)
27

0,=100% - 0,

(28
where 0 fireq is the predefined fixed ratio of 50%, and Kp
and K are the proportional and derivative feedback gains of
the PD controller, respectively. Note that, in this work, the
controller gains are chosen manually through a trial-and-error
approach. The performance and stability of this controller
have been examined and tuned through numerous driving
maneuvers in the simulation environment. Since the proposed
PD controller is part of a digital control system, the derivative
component of the controller is approximated as follows:

i N~ e ), —e(W )
dt “aw= sample time
29

where W), and e are the current and previous
values of the yaw rate error, respectively.

VALUATION OF THE ADVANCED
TORQUE VECTORING
CONTROLLER

In order to evaluate the performance of the advanced
torque vectoring controller (ATVC), the AUTO21EV is first

g T w / )

B)
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desired yaw rate calculated using the reference bicycle
model. In addition, due to the actuation of the in-wheel
motors, there are some oscillations in the actual vehicle yaw
rate that might be perceived by the driver as being annoying.
However, the sideslip angle of the vehicle is very close to that
obtained when the genetic fuzzy yaw moment controller
(GFYMC) was active [11].

40, r T T T T T .
z =+ =Desired
8 20 —— Driver+ATVC
=
2 0
&
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Figure 10. Desired and actual vehicle yaw rates (top) and
sideslip angles (bottom) when driving through the
double-lane-change maneuver using the driver model
with and without the ATVC

Figure 11-a illustrates the vehicle lateral acceleration as a
function of time. As can be seen, the results using the ATVC
are very similar to those observed using the GFYMC except
at the handling limits, where the activation of the in-wheel
motors causes some oscillations in the lateral acceleration of
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Eigs torque vectoring control showing adhesion ellipses of tyres (dashed lines potential adhesion, solid lines actual friction ellipse). (ialali; Uchida, Lambert and McPhee, 2013)
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jalaj et al showed that during the ISO double lane change maneuyer, or moose test, the torque vectoring system, when correctly set up, allowed the vehicle to follow a near perfect desired path at 75 kph with far better lateral acceleration results with torque vectoring, and yaw control torque
vectoring systems,
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when the GFYMC is used to apply a corrective yaw moment
directly to the vehicle CG.
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Figure 11. (a) Lateral acceleration, (b) steering wheel
angle, and (c) vehicle speed as functions of time; and (d)
vehicle yaw rate as a function of the steering wheel input
when driving through the double-lane-change maneuver

using the driver model without a controller, with the
genetic fuzzy yaw moment controller (GFYMC), and with
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simulation, however, as the transition from a negative lateral
acceleration to a positive one occurs and the yaw rate error
becomes zero, the left-to-right torque vectoring controller
changes its request by ordering the left wheels to accelerate
and the right wheels to brake, which is again done to correct
an oversteering situation.
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Figure 12. Requested and actual motor torques at each
wheel when driving through the double-lane-change
maneuver using the driver model with the ATVC
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jalaj et al showed that during the ISO double lane change maneuyer, or moose test, the torque vectoring system, when correctly set up, allowed the vehicle to follow a near perfect desired path at 75 kph with far better lateral acceleration results with torque vectoring, and yaw control torque

vectoring systems.
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Fig 0 desired vs actual yaw rate in double lane change maneuyer with torque vectoring (jglali, Uchida, Lambert and McPhee, 2013)
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