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Summary 

This report focuses on various means of transferring traction force to each wheel. The 
performance aspects in various driving conditions are considered such as acceleration, 
gradeability and cornering performance. It is shown that acceleration and gradeability 
performance is nearly doubled for AWD compared to typical FWD vehicles. 

The report discusses concepts for transferring torque from left to right and from front to 
rear. This can be done through a clutch, through a differential or a so-called torque-
vectoring device (TVD). Concepts such as limited slip couplings (LSC) and limited slip 
differentials (LSD) as well as TVDs are discussed in further detail. Limited slip implies 
that speed differences across the clutch or differential is controlled by various means.  

Three different ways of actuating the clutch used on either an LSC or LSD are: 

• Torque based LSDs operating on difference in traction across the differential. 
Basically, the torque based LSD will self-lock proportional to the torque 
difference. 

• Actuation on speed difference between input and output (slip). Slip based 
clutches can often be electronically controlled which allows them to interact 
with other electronically controlled chassis systems (such as ABS). 

• Active controlled clutches 

When an LSC is used to transfer torque between front- and rear axles, this system is 
often called an on-demand system. The vehicle is then front-wheel or rear-wheel driven 
under normal conditions and the AWD is activated when needed. A differential is used 
for permanent AWD systems. 

Torque vectoring devices can, in contrast to LSD’s, actively transfer torque to any 
output shaft regardless of current speed on any of the output shafts. In the case of 
left/right torque vectoring, a yaw moment is applied about the vertical axis of the 
vehicle. The performance under normal driving conditions is not much affected by 
passive AWD systems: in fact the 2WD vehicle has the same perceived handling 
perceived quality of the passive 4WD car with three open differentials or with a self-
locking differential on the rear axle. Since the torque vectoring device is able to transfer 
torque from one to the other rear wheel, regardless of the engine torque, and this results 
in a significant yaw moment, this can heavily modify the perceived behavior of the car. 
On the negative side for torque vectoring systems, used in a few vehicles today, is the 
high cost for these elaborate mechanical devices. 
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Depending on the requirements for the specific vehicle, various AWD technologies 
arise as the preferred choice. Since on-demand systems are able to limit torque to a pre-
set level, the driveline can be downsized compared to permanent AWD systems leading 
to less cost and lower weight. This advantage in terms of a down-sized driveline can 
nevertheless in certain cases be off-set by the cost of a sophisticated torque transfer 
device.  Permanent AWD systems with torque-based differentials such as the Torsen 
system as implemented in the Audi Quattro’s are compact and relatively low cost. From 
the previous discussion it is said that these systems generally require more of the 
driveline components to cope with abuse loads. 

Additionally, on-demand systems are becoming more popular for vehicles where AWD 
is an optional system. Active clutches and actively controlled slip clutches are the 
preferred choice for mid-range to entry-performance vehicles. 

Permanent AWD, on the other hand, is preferred for off-road vehicles as well as 
performance vehicles. The latter vehicles are equipped with electronic controlled active 
differentials and in certain cases torque vectoring differentials. 

In the future, electrical drive will eventually provide performance benefits beyond even 
the most advanced mechanical torque vectoring devices. These systems are able to 
control each wheel’s torque accurately and individually in any given situation. When 
alternative propulsion systems emerge, many of these new vehicles would benefit from 
the torque vectoring capabilities previously used in a few high-end vehicles only. The 
challenges that still need to be overcome are the mass of electric motors, and cost and 
weight of the power sources (batteries and/or fuel-cells). 

The technological challenges lie currently in managing the continuously increasing 
possibilities with these active controllable systems, and which control strategies are 
most feasible when it comes to attaining high-quality integration in today’s active safety 
systems. Further there are challenges in optimizing the mechanical components and 
control systems in order to minimize the environmental impact from AWD vehicles. 
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List of symbols 
 

NF – Front axle normal force 

NR – Rear axle normal force 

 

� – Coefficient of friction 

� – Longitudinal slip 

� – Tire slip angle 

� – Steering angle 

� – Weight distribution bias  

 

FWD – Front-wheel drive 

RWD – Rear-wheel drive 

AWD – All-wheel drive 

 

LSD – Limited slip differential 

LSC – Limited slip coupling 

AYC – Active yaw control 

 

NVH – Noise vibration and harshness 

ECU – Electronic control unit 

OEM – Original Equipment Manufacturer 

 

ABS – Anti-lock bake system 

ESC – Electronic stability control 

 

ICE – Internal combustion engine 

HEV – Hybrid electric vehicle 
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1 Introduction 
This report focuses on various means of transferring traction force to each wheel. 
Initially, AWD was proposed for off-road vehicles for increased traction in off-road 
situations such as the original US-Army transportation vehicle used during World-War 
II; the Willys Jeep.  

 
Figure 1 - 1940's US-Army Willys Jeep 

 

With vehicles such as the Audi Quattro winning the Monte-Carlo rally in 1981, this 
introduced the era of AWD vehicles used in motor sports as well. The main benefit of 
AWD in rally cars is the ability to more effectively use the available grip for maximum 
acceleration and cornering performance even on ice and gravel. 

 
Figure 2 – The 1981 Audi Quattro Rally Car 

 

With the increasing popularity of new technology such as the Electric/ICE hybrid 
vehicle [35], electrical drive combined with traditional transmission technology, 
generate further degrees of freedom to be considered. Electric motors are also proposed 
for future fuel-cell vehicles with individual motors for each wheel [36] which would 
eliminate traditional transmissions and drive-shafts altogether. They also provide the 
capability providing both positive and negative torque using electronic control. If all 
wheels are driven by individual electric motors, the control authority is maximal. The 
control in [34] is proposed to be divided into slip control and yaw-motion control. Slip 
control is used to keep the wheels from spinning or locking, and the yaw-motion control 
is used to stabilize the vehicle in various situations. 
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Together with emerging technology such as hybrid electric vehicles and fuel-cell 
vehicles combined with the fact that existing AWD technology continuously is being 
developed, AWD remains an area of strategic interest for automotive supplies and 
automakers.  

A wide range of all-wheel drive (AWD) concepts have been used in vehicles over 
the years and been presented in literature. An AWD concept analysis is a necessary base 
to be able to make good business decisions when it comes to selecting technology for a 
specific vehicle or platform. 

1.1 Objectives 

• Understand various AWD concepts and their performance characteristics. 

• Develop an AWD “performance vs. concept matrix” to be used as a concept 
selection tool. 

1.2 Delimitations 

The work will mainly be limited to presenting results and data available in common 
literature, scientific papers, company reports, newspaper articles, etc. 

Comparisons between various systems will be based on general methods for product 
development. Simulations will be limited to idealized systems.  

1.3 Procedure 

• Collection of as many AWD concepts as possible 

• Technical description of all the collected concepts (principles, no & type of 
gears, torque transfer capacity & time lag, estimation of cost). 

2 Performance 

2.1 Longitudinal Performance 
The discussion of longitudinal slip is central in the subject of traction. Longitudinal slip 
is defined the difference between the speed of the wheel at the contact patch, and the 
actual vehicle speed. Traction force is proportional to wheel slip, which means that a 
driven wheel always will run slightly faster than a non-driven wheel. 
 
Slip (�) definitions are different for the cases when braking or when accelerating. The 
reason is the ability for the two definitions to handle the following marginal conditions 
[1]: 

• Locking wheel when braking: r�=0 when v>0. 
• Acceleration from standstill: v=0 when r�>0. 
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Figure 3 - Definitions for wheel slip calculations 
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−=  for M > 0 and r�>v (acceleration), (2.1.1) 

 
v
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B

ωλ −=  for M < 0 and r�<v (braking). (2.1.2) 

 
Note that slip is normalized according to the above definitions, which means that slip 
lies within the following values: 0<��1 and � = 0 for M=0 and r�=v. The cases where 
�=1 are the marginal conditions described above for locking or spinning wheels 
respectively. 
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Figure 4 –Traction/Steer-ability versus Slip Curve 

 
As can be seen from Figure 4, the maximum traction force is available within the 
“stable” region, which normally is regarded to lie within 0-20% longitudinal wheel slip. 
[2]. Unstable in this case is defined when the slope of the traction versus slip changes 
sign. 
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Figure 5 - An SKF Bearing Unit with Integrated Speed Sensor 

 
All modern vehicles are equipped with wheel speed sensors as can be seen in Figure 5. 
The sensor information is used by various algorithms to determine if the wheel is in the 
stable region or not [2]. If one wheel is outside the stable region, various actions can be 
taken to control wheel slip depending on the available actuators. For common 2WD 
vehicles without differential locking capability, the normal brakes are used to bring an 
over-spinning wheel within set limits [2].  

It should be noted that the curves in Figure 4 are similar for the case of braking 
(negative slip), but will rather lie in the third quadrant. 

2.1.1 Theoretical Acceleration Performance of AWD Vehicles 

• In order to illustrate the improvement of AWD vehicles in terms of acceleration 
performance when compared to 2WD vehicles, some simple calculations were 
performed. When assuming unlimited available engine power, the acceleration 
capability of the vehicle is limited by the traction capability of the wheels.  

b
c
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b
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L
h

mgNf

Nr

�

 
Figure 6 – Vehicle free-body diagram 

 
 
Dynamic equilibrium for FWD vehicles (acceleration modeled as inertia force) about 
the rear wheel results in: 
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 Lb /=γ , (2.1.3) 
 0=−+ mgcmahLN f , 

(2.1.4) 

 
FWDfdriv maNF == µ , (2.1.5) 

 )1( γ−⋅= Lc . (2.1.6) 
  
Equations (2.1.4), (2.1.5) and (2.1.6) combined, simplified:  
 

 
hL

gL
aFWD +

−= )1( γµ
 

(2.1.7) 

 
Similarly the acceleration for RWD is as follows: 

 
hL

gL
aRWD −

= γµ
 

(2.1.8) 

 
Additionally, two different AWD configurations were analyzed. For the solution with 
open differentials the traction on all wheels is assumed to be limited by the axle with the 
least grip. But since four wheels are used instead of two, the traction performance is 
doubled compared to 2WD. 

Two different cases must be considered depending on the current static weight 
distribution: 

 
 

2
FWD

AWDOD

a
a =−  if RWDFWD aa ≤ , 

(2.1.9) 

 
2

RWD
AWDOD

a
a =−  if RWDFWD aa ≥ . 

(2.1.10) 

 
  
In the final case where traction force is maximized to all four wheels (locked 
differentials), the maximum acceleration simplifies to: 

 ga AWDOPT =− . (2.1.11) 
 
Finally the required acceleration time from 0-100 km/h is calculated: 

 
a

t
⋅

=
6.3

100
. 

(2.1.12) 

 
In Matlab™, these calculations were performed for a rear-weight bias between 0.3-0.7. 
When making the acceleration calculations, the following friction coefficient was set to 
�=1. 
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Resistance forces are neglected since the output from the engine was assumed 
unlimited, since only the traction was to be the limiting factor. The result is shown in 
the figure below. 
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Figure 7 - Theoretical Maximum Acceleration 1-100 km/h 

 
In order to get an estimate of the required engine power for various acceleration times, 
some additional calculations were made. 
Assume: 

• 85% efficiency of the driveline 
• Constant engine output 
• 100 kW=135.96 Hp  

 
t

P
⋅

=
85.0

6.1359
 

(2.1.13) 
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Resulting in the following: 
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Figure 8 - Required Power for Various Acceleration Times 

2.1.2 Gradeability 

The gradeability (ability to ascend a certain slope) of a vehicle is limited by either tire 
grip or engine power. When focusing on tire grip, some simple calculations can 
illustrate the difference between the various driveline alternatives discussed in section 
2.1.1. 

First the normal forces are calculated for a constant speed: 
  

 
L

hcmg
N f

))sin()cos(( αα −⋅= , 
(2.1.14) 

 
L

hbmg
N r

))sin()cos(( αα +⋅= . 
(2.1.15) 

 
The maximum traction force is determined by the equations below. 
FWD fx NF µ= , (2.1.16) 

RWD rx NF µ= , (2.1.17) 

Open diff AWD ),min(2 rfx NNF µ= , (2.1.18) 

Optimized AWD )( rfx NNF += µ . (2.1.19) 

 
The maximum gradeability angle with �=1 is calculated by setting Fx=mg sin(�) and 
solving for �. 
 
Example for the FWD case: 

 
0sin

)sin()cos( =−− ααα
L

hc
. 

(2.1.20) 
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Calculating the maximum gradeability for the case of optimized AWD is simple since it 
is reduced to the following: 

 
0sin

)sin()cos( =−− ααα
L

hc
, 

(2.1.21) 

 1)tan( == µα . (2.1.22) 
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Figure 9 - Gradeability Comparison 

2.2 Lateral Performance 

In the theory of lateral performance of a tire, the concept of slip-angles is introduced. 
This topic is described in detail in e.g. [1], [2] and [13]. For a general discussion, it is 
sufficient to understand that the slip-angle is a (non-linear) function of lateral force, 
wheel load and tire characteristics as shown in Figure 10. 
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Figure 10 - Cornering Force as Function of Slip Angle and Wheel Load 

 
The concept of oversteer (cornering radius is smaller than steered) or understeer 
(opposite of oversteer), is defined as follows [1]: 
 

Understeer:  �f > �r 
Neutral steer:  �f = �r 
Oversteer:  �f < �r 

 

c b

�

�r

Fyr Fyf

�f  
Figure 11 - Free-body Diagram of the Bicycle Vehicle Model 

2.3 Combined Lateral and Longitudinal Performance 

When studying cases with combined lateral (cornering) and longitudinal (traction) 
forces acting on the tire, it is useful to illustrate the total limiting force with a circle; the 
so-called friction circle. The combined traction and cornering limits are thus 
interconnected as previously illustrated in Figure 4. 
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Figure 12 - The Friction Circle 

 
By  geometry, the maximum cornering force is:  

 ( ) 22
xy FNF −= µ  (2.3.1) 

 
When studying the friction circle one can see that if the traction force per wheel is 
reduced by introducing AWD, the available cornering force is proportionally increased. 

In order to understand the affect of combining lateral and longitudinal forces on the two 
drive axles, some calculations in Matlab™ were performed. The method is described in 
[6] and is intended to analyze the effect on lateral grip of all combinations of drive 
torque on both front and rear axles. Figure 13 shows how the lateral load limit (shown 
as level curves in the figure), depend on the various combinations of front and rear drive 
force. 
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Figure 13 - Lateral Force Limits versus Drive Force, mu=1 

 
The combined front and rear traction forces in Figure 13 determine the forward 
acceleration of the vehicle. A diagonal line in the graph would illustrate a level of 
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constant forward acceleration (Front Drive Force + Rear Drive Force = Constant). The 
further away from the origin, the better the acceleration. 

2.4 Fuel Consumption Considerations 

When comparing similar vehicles with and without AWD as compiled from [38] and 
collected in Appendix F, there is a clear increase in fuel consumption. It seems that 
manual gearbox configurations suffer more from increased fuel consumption than 
automatic gearboxes. The reason is that probably the gearbox is a larger portion of the 
fuel consumption in the latter case. The fuel consumption for all compared AWD-
vehicles was between 5%-15% higher compared to FWD and RWD vehicles, with an 
average of a 9% increase. 

3 Technology 
A larger number of systems and technology have been proposed in literature and 
implemented in hardware. This section is devoted to describing some recent and future 
concepts and how they relate to various. 

 

3.1 AWD Layouts 
The focus of this re port is on front-wheel drive (FWD) vehicles equipped with AWD. 
Most off-road vehicles are rear-wheel drive (RWD) vehicles with complementary drive 
on the front wheels. The following basic layouts are common: 

 

 
Figure 14 - RWD Vehicle equipped with AWD 

on-demand through an LSC 

 
Figure 15 - Permanent AWD with three 

differentials and longitudinal engine installation 
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Figure 16 - FWD Vehicle equipped with AWD 

on-demand through an LSC 

 
Figure 17 - Permanent AWD with three 

differentials and transverse engine installation 
 

3.2 Open Differential 

The name open differential indicates it’s important function in automobiles and is well 
described in literature such as [2] and [3]. Differentials allow for speed differences 
between the two output shafts and maintain the same torque on both without any yawing 
moment. This property of the differential is required when a vehicle is driving through a 
corner. Since the outer wheel runs a larger distance than the inner wheel, it obviously 
has to run faster. Without a differential, this speed difference would have to be taken by 
the tires, resulting in excessive tire wear and a car that is difficult to steer. 

Various types of differentials are available, with the common feature that they allow 
speed differences between two output shafts. Due to torque balance, the torque on both 
output shafts is always equal unless there is a different gear ratio between the two. 

The maximum torque, which is transmitted through a differential, is thus: 

 ),,min( 21max −−= OutputOutputInput MMMM  (3.2.1) 

The most common differentials is the bevel gear differential [3]. Also a planetary gear 
can be used as a differential unit [9]. Besides these two concepts, Figure 24 shows an 
additional concept called the dual-sun and dual-planet differential. The ratio ( i ) 
between A and C must result in 1−=i  if B is fixed for a differential gear. From [29] we 
have the below equation: 

 
AB ZZ

i
/1

1
+

=  (3.2.2) 

With 1−=i  combined with (3.2.2) this results in: 2/2 ACAB ZZZZ =�⋅= , where Z is 

the number of teeth per gear. 
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Figure 18 – Bevel Gear Differential 
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Figure 19 - Planetary Gear Differential 

3.3 Limited Slip Differential/Clutch 

Limited slip differentials (LSD) have various means to limit rotational speed differences 
between the two output-shafts of the differential [3]. An LSD is useful in the event 
when there is a large difference in available traction force between the driven wheels. 
As described previously, an open differential will not be able to output more torque than 
the wheel which has the least grip. This means that if one wheel is on ice, it will not 
help that the other wheel has more traction giving the result that the vehicle cannot 
move off. An LSD though will, by various means, transfer torque from the wheel with 
less grip to the wheel with more grip. Since the LSD tries to eliminate the speed 
difference between the two output shafts, this will lead to higher slip and thus higher 
torque on the slower running wheel [5]. This is an essential conclusion to keep in mind, 
since this is a fundamental difference between a LSD and a Torque Vectoring Device 
(TVD), discussed later. This difference in the torque (if used on an axle) creates a yaw 
moment opposite to the turning direction of the vehicle as discussed in [3][11]. This is 
negative under normal conditions, since it will make the vehicle more difficult to steer. 
In the event the vehicle will tend to spin out, this yaw moment has a yaw-damping 
affect on the spin [11] making the vehicle easier to control. These negative effects can 
be overcome by:  

• Giving the clutch initially a softer character (lower stiffness). 

• Electronically control the stiffness of the clutch depending on operating 
conditions. 

It should nevertheless be noted that a positive yaw moment (increasing the turning 
direction of the vehicle) can be achieved with an LSD when the inner wheel is spinning. 
In this case the outer will run slower than the inner wheel and therefore have higher 
torque, generating a “positive” yaw moment. A similar discussion is valid if the 
differential or coupling is used to distribute torque between the front and rear axle.  

As discussed further in section 3.1, a clutch can be used to transfer torque instead of a 
differential unit. This coupling (LSC) has the function of limiting speed differences 
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between an input and output shaft and will therefore transfer torque through the clutch. 
An LSC is typically a clutch-pack, which is hydraulically or mechanically actuated.  

Input Torque

Output 2Output 1

 
Figure 20 - Limited Slip Differential 

Input Torque

Output Torque
 

Figure 21 - Limited Slip Coupling 
 

Vehicles equipped with a center differential are so-called permanent AWD, since there 
is always torque transferred to all four wheels. If torque is transferred to one of the 
axles, it is often referred to as an on-demand system. [2]. 

3.3.1 Torque Based 

Torque based LSD’s operate on difference in traction across the differential. The torque 
split between the two outputs of the differential is called the ‘torque bias ratio’ (TBR). 
For TBR of 3:1, this differential can output twice as much torque as an open differential 
(3+1)/(1+1). Basically, the torque based LSD will self-lock proportional to the torque 
difference.  
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Figure 22 - Traction Diagram of a Torque-based LSD 
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The above figure illustrates (see also appendix D) how much total torque is transferred 
for various torque-based ratios compared to an open differential when there is a 
difference between the low friction side (�) and high friction side (�0). Remember also 
that the friction is a function of normal force, � = �(N). This implies that there is a 
torque transfer from one side to the other if the normal force varies between the two 
axles.  

3.3.2 Slip / Stiffness Based  

Slip based differentials transfer torque proportional to a speed difference across the 
differential. A previously common slip-based LSD (and LSC) is the Visco slip clutch. 
The Visco clutch uses a viscous fluid that changes viscosity proportional to the relative 
motion between the input and output shafts [33]. This increases the stiffness of the 
clutch and the speed difference is limited. Since the amount of torque transferred in 
relation to speed difference is proportional to the clutch stiffness, we can conclude that 
the Visco clutch has an exponential characteristic. Clutches with a constant stiffness 
thus have linear and linear-constant stiffness have progressive-linear behavior 
depending on the design concept.  

Electronically controlled slip-clutches have some additional features: 

• They can be disabled until activated by the ECU. This feature results in a safe-
fail behavior in the event of power or signal failure. 

• The stiffness characteristics can be varied within the mechanical limits of the 
clutch.  

• The maximum transferred torque can be limited to a pre-set value. This gives a 
protection against transmission overload. 

 
Figure 23 – Combined Torque and Slip Control [29] 
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3.3.3 Active Control 

Active clutches are actuated electronically and can be activated as desired. Several slip-
based clutches are electronically controlled, but cannot be activated without slip. Some 
key characteristics of active clutches are: 

• Low Drag Torque – ABS Performance, Efficiency 

• Fast Activation – NVH, Seamless Operation 

• Fast Deactivation – ABS, Stability Programs 

• Linear Torque Response – Controls, Accuracy 

• Pre-emptive – Engagement Prior to Slip 

On the negative side is that active devices don’t have any “intelligence” of their own. 
Software algorithms must determine the desired torque based on sensor information and 
control strategies. This requires high accurate in sensor data as well as rapid data 
communication and high processing speed.  

3.4 Torque Transfer Systems 

Many suppliers and automakers have proposed various technical solutions to transfer 
torque to the axles. From the literature studies performed, it seems that Japanese OEMs 
have a higher degree of internal developed technology whereas US- and European 
OEMs rely heavily on supplier technology. The systems outlined in the table below are 
some recent and current technologies described and proposed by leading suppliers and 
OEM in the field of AWD systems. 
Technology Supplier/OEM Type Actuation
Torsen - Torque Sensing Toyoda-Torsen Torque, LSD Worm gears
Haldex - Limited Slip Coupling Haldex Slip, LSC Cam pump
Electronic Torque Manager (ETM) GKN Active, LSD & LSC Electric motor
Pre-Emptive Torque Management (PTM) BorgWarner Active, LSD & LSC Hydraulics
xDrive Magna/BMW Active, LSD & LSC Electric motor
e-Diff Dana Slip, LSD Gerator pump
Super-Handing AWD Honda Active, TVD Hydraulics
Super Active Yaw Control Mitsubishi Active, TVD Hydraulics & electromagnetic
Dynamic Trak Dana Active, TVD Hydraulics & mechanical  

Table 1 - Concept Overview 
 

3.4.1 TORSEN® Torque Sensing Differentials 

TORSEN® stands for Torque Sensing and uses special invex gears, that self-lock when 
torque is transferred through these gears. The Torsen differential is widely used in many 
applications. Some examples include it being used as front and rear differential for the 
Hummer vehicle and as a center differential for the larger Audi Quattro vehicles (A4 
and larger) [24]. 

 Figure 24 shows the differential unit used in the above mentioned vehicles. 

Figure 24 - TORSEN® type A 
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For vehicles with a transverse engine installation, the differential unit is integrated in the 
gearbox of the vehicle (see Figure 17). All new Alfa-Romeo vehicles with AWD are 
equipped with this kind of differential. 

 

 
Figure 25 - TORSEN® type C - Twin-diff 

 
Pros Cons
- No activation time (always active)
- Relative low cost
- Good handling

- No de-activation possible
- Fixed charactaristics
- Unpredictable handling in certain 
situations
- High loads on driveline  

3.4.2 Haldex LSC 

The Haldex LSC was based on a patent acquired in 1992 from Saab technician Sigvard 
Johansson. [30] The Haldex™ LSC has a linear characteristic for the relation between 
slip and transferred torque. Through a controllable throttle valve, the stiffness can be 
infinitely varied from 0 to the mechanical maximum. Since it is electronically 
controlled, the coupling also has the features discussed in section 3.3.2. 

 
Figure 26 –Haldex Schematic Sketch [30] 

 
All known (by the author) current applications of the Haldex LSC are as a clutch in on-
demand AWD systems. Examples include all Volvo AWD applications (and derived 
Ford products), the VW Golf 4Motion and it’s derivatives.  
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Pros Cons
- Fast activation
- Electronically controllable stiffness
- Torque limiter
- Active torque transfer option

- Expensive technology
- Needs �rpm to activate unless equipped 
with extra hydraulic pump.

 

3.4.3 GKN – Electronic Torque Manager (ETM) 

 
Figure 27 - GKN ETM 

 
The electronic torque manager from GKN described in [18] is a multi-plate clutch, 
which is actuated by an electric motor controlled by an ECU. It is presented in [18] to 
be used for both the applications as a LSD and a LSC. In order to increase the life of the 
electric motor and reduce power consumption, an optional brake can be installed to hold 
a certain torque. The clutch is activated in ~150 ms and released in ~140 ms by a 
mechanical spring when the motor is turned off. The release time is reduced to ~80 ms 
if the electric motor is reversed to de-activate the clutch. 

Pros Cons
- Can be activated as demanded - Requires reliable and fast electronic signal 

processing and control.
- Electric motor consumes power when 
torque is held.  

3.4.4 BorgWarner – Pre-Emptive Torque Management (PTM) 

The BorgWarner system described in [26] is like the GKN concept an electronically 
activated LSC. This system is novel in the sense that the clutch torque can be held 
without running the electrical motor. Additionally checking the hydraulic pressure 
accurately monitors the torque transferred through the clutch. 
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Figure 28 – BorgWarner PTM - Operating Principle [26] 

 
The clutch is engaged and de-activated in ~150 ms @ 20ºC [26]. 
 

Pros Cons
- Can be activated as demanded
- Very accurate torque control

- Requires reliable and fast electronic signal 
processing and control.
- Probably more expensive than GKN and 
Magna  

3.4.5 Magna / BMW xDrive 

The company Magna Steyr has in conjunction with BMW developed the AWD system 
used in the BMW X3 and X5 vehicles. The concept, by BMW dubbed as ‘xDrive’, is 
essentially equal to the GKN ETM described above but is used in order to transfer 
torque to the front wheels. 

 
Figure 29 - BMW X3 Transfer Case 
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Pros Cons
- Can be activated as demanded - Requires reliable and fast electronic signal 

processing and control.
- Electric motor consumes power when 
torque is held.  

3.4.6 Dana e-Diff 

The Dana e-Diff discussed in [11] describes a LSD where speed variations are limited 
by a hydraulically activated clutch pack. A gerotor pump to generates hydraulic 
pressure proportional to the speed difference between the two output shafts in the 
differential. A gerotor pump is commonly used as an oil pump for lubrication of 
engines. The concept has a lot in common with the Haldex concept, which also 
generates hydraulic pressure through speed difference. The main drawback is that a 
gerotor pump has a considerable lot of oil bleed, and therefore requires a certain amount 
of speed difference before the clutch can be activated. This bleed is proportional to the 
speed difference, giving the clutch a degressive character. 

 

 
Figure 30 - Structure of active LSD e-Diff [11] 

 

According to [11] the electronic control of the clutch stiffness enables the automaker to 
combine good vehicle handling (open differential) with high traction (locked 
differential).  

Pros Cons
- Relatively inexpencive
- Electronically controlled

- Requires fairly large �rpm to activate

 

3.5 Torque Vectoring Devices 

3.5.1 Introduction to Torque Vectoring 

Torque vectoring devices can, in contrast to LSD’s, actively transfer torque to any 
output shaft regardless of current speed on any of the output shafts. In the case of 
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left/right torque vectoring, a yaw moment is applied about the vertical axis of the 
vehicle. 

tr
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Figure 31 - Vehicle Utilizing Torque Vectoring 
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As can be seen from the example illustrated in Figure 31, this applied torque will steer 
the vehicle using the traction force difference. In [5] this further described by analyzing 
the ratio between the actual steering angle (�) and the required geometric steering angle 
(�0) as a function of vehicle speed when a yaw moment is applied as illustrated in 
Figure 32. 
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Figure 32 - Steering characteristics of yaw moment controlled vehicle 

 
The various ways of transferring torque between right and left wheel which are 
described in [5] have been adapted and are shown below: 
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 Controlled LSD Brake force distribution 
control 

Driving force distribution 
control 

Schematic 
Design 

Controller

Input Torque

Slip Clutch  

Controller

Input Torque

Brake x 2  

Controller

Input Torque

Slip Clutch x 2  

Control of 
yaw 

moment 

- Capable of increasing torque 
to inside wheel, but not to 
outside wheel as it only 
transfers torque from faster 
running wheel to slower one. 

- Capable of providing 
different torque to right and 
left wheels as required  
- Because of the reduction of 
the vehicle speed by braking, 
only suitable to control yaw 
moment in the following 
conditions: 

• Deceleration cornering. 
• Cornering at the critical 

speed. 

- Capable of imparting 
different torques to right and 
left wheels as required in 
almost all conditions. 
- According to the values of 
the input torque, it will cause 
variations of the vehicle 
speed by imparting different 
torques to the right and left 
wheels. 

Energy 
Loss 

Fairly large: Because of the 
sliding in the clutch 

Large: Due to the use of the 
brakes 

Large: Due to the frequent 
sliding in the clutch. 

Table 2 - Torque Vectoring Concepts 
 
Many different torque-vectoring devices have been proposed in the literature and 
several have been implemented in hardware.  Currently only Honda [23] and Mitsubishi 
[8] have torque-vectoring devices in production. Suppliers Dana [10] and Timken [28] 
have shown proposals theoretical concepts of systems shown in the right column of the 
above table. The Dana concept described in [10] uses three clutches and a differential 
gear. The center clutch (locking the differential) is hydraulically applied and the two 
side clutches are mechanically applied and hydraulically activated. The side clutches are 
in other words passively activated and actively de-activated. This reduces the power 
consumption under normal operating conditions.  

 
Figure 33 - Mechanical structure of Dana’s Dynamic Track™ 
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3.5.2 Honda Super-Handing AWD 

The Honda Super-Handling AWD (SH-AWD) System described in recent literature [23] 
describes a production unit used to transfer torque between left and right side, as well as 
front to rear.  

 
Figure 34 - Honda SH-AWD Differential Unit 

 
The main architecture shares the principle shown described in [28] and right column in 
the table in section 3.5.1. 
 
The acceleration device is described in detail in [23] while the electromagnetic clutches 
are described in [27]. 

 
Figure 35 - SH-AWD Direct Magnetic Clutch 

 

The acceleration device is required to allow more torque to be transferred to the outer 
rear wheel than to the front wheels. Since outer rear wheels run faster than the average 
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speed of the two front wheels [23], the acceleration device enables the system to over-
speed the outer rear wheel, and thus increasing the yaw moment also in tight corners. 

 

It should be noted that with an open clutch, no torque is transferred, so partial transfer of 
torque implies a slipping clutch. The clutches can also be closed and then the torque is 
further  

3.5.3 Mitsubishi Super Active Yaw Control 

Used in their Lancer EVO VIII vehicle, Mitsubishi was the first manufacturer to install 
a torque-vectoring device in a production vehicle. It has been described in [5], [7], [8] 
and [9]. 

 
Figure 36 - Torque vectoring differential mechanism [7] 

 
Figure 37 - Velocity diagram [7] 

 

 
Figure 38 - Cross-section of the Super AYC Unit [9] 
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The active yaw control (AYC) of the Mitsubishi Lancer EVO consists of an active 
controlled LSD and a AYC unit in the rear. The LSD controls the transfer based on 
permitted slip in the center differential. The AYC unit is able to distribute torque from 
left to right and vice-versa according to a pre-defined control strategy. 

3.5.4 Torque Vectoring / Yaw Moment Control Benefits 

One of the main benefits of torque vectoring vehicles is that the vehicle with yaw 
moment control exhibits less pronounced non-linear steering characteristics. According 
to  [5] and [6], with yaw moment control, the vehicle’s critical acceleration while 
turning showed an increase of about 0.5 (m/s2).  

Additionally the performance for passive systems is not much affected by AWD: in fact 
the 2WD vehicle has the same perceived handling perceived quality of the passive 4WD 
car with three open differentials or with a self-locking on the rear axle. Since the torque 
vectoring device is able to transfer torque from one to the other rear wheel, regardless of 
the engine torque, and this results in a significant yaw moment, which can heavily 
modify the perceived behavior of the car. [12] 

4 Conclusions 
AWD systems provide several benefits compared to FWD or RWD architectures. These 
benefits are mainly increased traction, which will translate to increased acceleration 
performance, gradeability and cornering capability. 

Depending on the requirements for the specific vehicle, different AWD technologies 
arise as the preferred choice. Since on-demand systems are able to limit torque to a pre-
set level, the driveline can be downsized compared to permanent AWD systems leading 
to less cost and lower weight. This advantage in terms of a down-sized driveline can 
nevertheless in certain cases be off-set by the cost of a sophisticated torque transfer 
device.  

Permanent AWD systems such as the Torsen system as implemented in the Audi 
Quattro’s are compact and relatively low cost. From the previous discussion it is said 
that these systems generally require more of the driveline components to cope with 
abuse loads. 

Electronic control has enabled both slip-based and active systems to co-operate with 
other active systems such as ABS and ESC and seem to be the future for mechanical 
drive-line components. 

The ideal mechanical drive-line system, from a performance perspective, is perhaps the 
Mitsubishi concept with an active center differential and a torque biasing rear 
differential giving maximum control authority in almost any driving condition. 
Nevertheless, when also cost and weight is considered, this system is only viable for 
special types of vehicles. 
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On-demand systems are becoming more popular for vehicles where AWD is an optional 
system. Active clutches and actively controlled slip clutches are the preferred choice for 
mid-range to entry-performance vehicles. 

Permanent AWD, on the other hand, is preferred for off-road vehicles as well as 
performance vehicles. The latter vehicles are equipped with electronic controlled active 
differentials and, in certain cases, torque vectoring differentials. 

In the future electrical drive will eventually provide performance benefits beyond even 
the most advanced mechanical torque vectoring devices. These systems are able to 
control each wheel’s torque accurately and individually in any given situation. When 
alternative propulsion systems emerge, many of these new vehicles would benefit from 
the torque vectoring capabilities previously used in a few high-end vehicles only. The 
challenges that still need to be overcome are the mass of electric motors, and cost and 
weight of the power sources (batteries and/or fuel-cells). 

The technological challenges lie currently in managing the continuously increasing 
possibilities with these active controllable systems, and which control strategies are 
most feasible when it comes to attaining high-quality integration in today’s active safety 
systems. Further there are challenges in optimizing the mechanical components and 
control systems in order to minimize the environmental impact from AWD vehicles. 

4.1 Concept versus Performance Matrix 

In an attempt to create an overview of existing systems and comparing them to each 
other, a subjective assessment was made. The assumption is that the unit is used to 
transfer torque from front to rear for all systems. Based on the information discussed in 
this report the selected performance criteria were evaluated in Table 4. 

An explanation of the various performance criteria follows in Table 3. 

Performance criterion Evaluation criteria 
Acceleration  Ability to rapidly transfer as much torque rearward as 

required for optimal acceleration. 
High Speed Cornering Ability to increase lateral acceleration during constant 

speed cornering and acceleration during cornering. 
Low Speed Cornering  Ability to improve the handling perception during 

“normal” driving maneuvers. 
Compatibility with Active 
Safety Systems 

Ability to interact with systems such as ABS, ESC etc. 

System Cost Assessment of cost based on system complexity. 
Controllability Ability to electronically control the system. The more 

control parameters, the higher the ranking. 
Table 3 - Performance Criteria Explanation 
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Torque Based 
(Passive) Toyoda - Torque Sensing 

Torque, LSD Worm gears
4 4 1 2 4 1

Haldex - Limited Slip Coupling Slip, LSC Cam pump 3 2 2 5 2 3
Dana - eDiff Slip, LSD Gerator pump 3 3 2 5 3 4
BorgWarner - Pre-emptive Torque 
Management (PTM)

Active, LSD & LSC Hydraulics
3 3 2 5 3 4

Magna/BMW - xDrive Active, LSD & LSC Electric motor 4 3 2 5 3 4
GKN
 - Electronic Torque Manager (ETM)

Active, LSD & LSC Electric motor
4 1 2 4 5 2

Honda 
- Super-Handing AWD

Active, TVD Hydraulics
5 5 5 5 1 5

Mitsubishi 
- Super Active Yaw Control

Active, TVD Hydraulics & 
electromagnetic 5 5 5 5 2 5

Dana - Dynamic Trak
Active, TVD Hydraulics & 

mechanical 4 4 4 4 2 5

Slip Based 
(Semi-Active)

Active

Torque Vectoring

Performance Criteria

 
Table 4 - Concept versus Performance Matrix 

4.2 Overview Charts 

In order to create another view of the data found in Table 4, spider charts were created 
below based on the four different types of concepts available.  
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Figure 39 - Performance vs. Concept Matrix for  

Passive (Torque Based) and Semi-Active Systems (Slip Based) 
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Figure 40 - Performance vs. Concept Matrix for Active Systems 
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Figure 41 -  - Performance vs. Concept Matrix for Torque Vectoring Devices 

4.3 Future Work 
• Literature survey on control strategies and algorithms for AWD. 

• Hybrid drive implementation 

• Electric All-Wheel Drive 

• Performance analysis (simulation) on collected concepts (traction, stability, fuel 
efficiency & weight). 

• Stretched task = show performance limit of an ideal AWD system. 
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Appendix A:1 

A Acceleration Analysis 
clear all 
close all 
  
% Vehicle Data 
m=1500;         % vehicle mass [kg] 
L=2.675;        % wheelbase [m] 
h=0.5;          % Height of CG [m] 
g=9.81;         % Gravitational constant [m/s^2] 
v=100/3.6;      % Max vehicle speed [m/s] 
W_PS=1.3596e3;  % Horsepower conversion from Bosh page 25 [kW] 
driveff=0.85;   % Driveline efficiency 
  
% F/R bias ratios 
n=100; 
bias=linspace(0.3,0.7,n); 
  
% Calculate acceleration time 
t_fwd = v ./ (g * L * (1-bias) / (L + h)); 
t_rwd = v ./ (g * L * bias / (L - h)); 
t_awd = t_fwd / 2; 
t_awdopt = ones(1,n) * v / g ; 
  
% Adjust AWD_open to the case where the rear has less friction... 
for i = 1:n 
    if t_awd(i) < t_awdopt(i) 
        t_awd(i) = t_rwd(i) / 2; 
    end 
end 
  
%--- Plotting --- 
figure(1) 
    plot(bias,t_fwd,bias,t_rwd,bias,t_awd,bias,t_awdopt) 
    legend('FWD','RWD','AWD-Open Center Diff.','AWD-Optimized 
Distribution') 
    xlabel('Rear Weight Bias') 
    ylabel('Acceleration Time [s]') 
    axis([bias(1) bias(end) 2 10]) 
    grid on 
    title('Theoretical Maximum Accelation 0-100 km/h') 
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Appendix B:1 

B Gradeability Analysis 
 
function GradeabilityCalc() 
global L b c h 
close all 
  
m=1500;         % vehicle mass [kg] 
L=2.675;        % wheelbase [m] 
h=0.5;          % Height of CoG [m] 
g=9.81;         %  
v=100/3.6;      % vechicle speed [m/s] 
W_PS=1.3596e-3; % W - Horsepower conversion from Bosh page 25 
  
% F/R bias ratios 
n=100; 
bias=linspace(0.3,0.7,n); 
Lf=bias*L;      % Distance front - CoG [m] 
Lr=(1-bias)*L;  % Distance rear - CoG [m] 
  
  
alfa=[pi/4;pi/4]; 
for i=1:n 
    b=Lf(i); c=Lr(i); 
    grade(:,i)=MyNewtonNumDerSystemSolver(@MaxAlfa,alfa,0.01); 
end 
  
for i=1:n 
    grade(3,i)=2*min(grade(1:2,i)); % Open diff AWD 
    grade(4,i)=atan(1); % Optimized AWD 
    if grade(3,i)>grade(4,i); 
        grade(3,i)=grade(4,i); 
    end 
end 
grade=tan(grade)*100; 
  
PlotFunction(bias,grade) 
  
function f=MaxAlfa(alfa) 
    global L b c h 
    f(1,1) = (c*cos(alfa(1)) - h*sin(alfa(1)))/L - sin(alfa(1)); % FWD 
    f(2,1) = (b*cos(alfa(2)) + h*sin(alfa(2)))/L - sin(alfa(2)); % RWD 
     
function PlotFunction(bias,grade) 
    
plot(bias,grade(1,:),bias,grade(2,:),bias,grade(3,:),bias,grade(4,:)) 
    legend('FWD','RWD','AWD-Open Center Diff.','AWD-Optimized 
Distribution') 
    xlabel('Rear Weight Bias') 
    ylabel('Ascent Grade [%]') 
    grid on 
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Appendix C:1 

C Newton-Raphson System Solver 
 
% Purpose: Finds and returns an approximate solution x, within a given 
%          error tolerance tol, of f(x) = 0 using Newtons metod 
starting 
%          from a given point x0.  
  
function X = MyNewtonNumDerSystemSolver(F, X0, tol) 
  
X = X0; 
dx = tol + 1; 
iter=0; 
h = 1e-8; 
d = length(X); 
e = eye(d); 
while abs(dx) > tol & iter < 100 
    Fx = feval(F, X); 
    for i = 1 : d 
        dFx( :, i) = (feval(F, X + h * e(:,i)) - Fx) / h; 
    end 
    dx = - dFx \ Fx; 
    X = X + dx; 
end 
  
if iter == 100 
    disp('Warning: not converged!') 
    X = []; 
end 
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Appendix D:1 

D Torque Based Ratio Calculation 
close all 
clear all 
  
n=100; 
ratio=linspace(0,1,n); 
open=ratio*100; 
locked=ratio*50+50; 
tbr3=300*ratio; 
tbr6=600*ratio; 
  
for i=1:n 
    if tbr3(i) >=locked(i) 
        tbr3(i)=locked(i); 
    end 
    if tbr6(i) >=locked(i) 
        tbr6(i)=locked(i); 
    end 
  
end 
  
plot(ratio,open,ratio,tbr3,ratio,tbr6,ratio,locked) 
legend('Open differential','TBR=3','TBR=6','Locked differential') 
legend() 
xlabel('{\mu/\mu}_{0}') 
ylabel('Relative Traction [%]') 
axis square 
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Appendix D:2 

E Dynamic Square Method 
 
clear all 
close all 
  
m=1500;             % Vehicle curb weight [kg] 
L=2.675;            % Wheelbase [m] 
h=L*0.2;            % CoG height [m] 
fbias = 0.6;        % Front axle weight bias 
rbias = 1-fbias;    % Rear axle weight bias 
  
g = 9.81; 
mu = 1;             % Friction coefficient 
  
n = 201;            % Force resolution 
fxf = linspace(-1.2e4,1e4,n);   % Traction force vector 
fxr = linspace(-7e3,1e4,n); 
[Fxf,Fxr] = meshgrid(fxf,fxr); 
  
% Dynamic weight transfer to rear due to acceleration 
dNr = ( Fxf + Fxr ) * h / L; 
  
Nf = m * fbias * g - dNr;   % Front normal force [N] 
Nr = m * rbias * g + dNr;   % Rear normal force [N] 
  
% Available lateral force 
Fyf = sqrt( Nf.^2 - Fxf.^2); 
Fyr = sqrt( Nr.^2 - Fxr.^2); 
  
% Available lateral acceleration 
ayf = Fyf * g ./ Nf; 
ayr = Fyr * g ./ Nr; 
  
% Delete imaginary values from matrixes 
for i = 1 : n 
    for j = 1 : n 
        if abs(imag(ayf(i,j))) > 0 
            ayf(i,j) = 0; 
        end 
        if abs(imag(ayr(i,j))) > 0 
            ayr(i,j) = 0; 
        end 
    end 
end 
ay = min(ayf,ayr); 
  
% Plot 
contour(Fxf,Fxr,ay) 
grid on 
axis equal 
% Add some information 
colorbar 
title('Dynamic Square Method') 
xlabel('Front Drive Force [N]') 
ylabel('Rear Drive Force [N]') 
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Appendix E:3 

F Fuel Consumption of AWD Vehicles 
Gearbox Urban Highway Mixed Increase

A3 2.0 TDI M6 7,2 4,5 5,5
A3 2.0 TDI Quattro M6 7,7 4,9 5,9 1,08

A4 2.0T FSI M6 10,9 5,8 7,7
A4 2.0T FSI Quattro M6 12,6 6,6 8,8 1,15

A4 Avant 2,0T FSI M6 11,0 5,9 7,9
A4 Avant 2,0T FSI quattro M6 12,6 6,6 8,8 1,13

A6 2,4 M6 14,3 7,1 9,7
A6 2,4 quattro M6 16,1 7,9 11,0 1,13

A6 Avant 3,2 FSI M6 14,5 7,2 10,0
A6 Avant 3,2 FSI quattro M6 16,7 7,8 11,0 1,12

325i Touring M5 12,9 7,1 9,2
325xi Touring M5 13,7 8,1 10,1 1,09

330i Touring M6 12,9 7,1 9,3
330xi Touring M6 13,8 8,0 10,1 1,09

523i Sedan M6 12,1 6,4 8,5
525xi Sedan M6 13,7 7,2 9,6 1,13

523i Touring M6 12,1 6,7 8,7
525xi Touring M6 13,7 7,7 9,9 1,14

530i Touring A6 13,3 7,3 9,5
530xi Touring A6 14,6 8,1 10,5 1,10

C240 A5 14,2 7,6 10,2
C240 4MATIC A5 16,0 8,2 10,6 1,09

C320 A5 14,9 7,7 10,2
C320 4MATIC A5 15,0 8,2 10,7 1,03

S350 A5 16,4 8,1 11,1
S350 4MATIC A5 17,4 8,8 11,9 1,07

S40 T5 M6 12,5 6,4 8,7
S40 T5 AWD M6 13,5 7,2 9,6 1,10

V50 T5 M6 12,5 6,6 8,8
V50 T5 AWD M6 13,6 7,3 9,7 1,10

S60 2,5 T M5 12,9 6,9 9,1
S60 2,5T AWD M5 13,5 7,5 9,7 1,06

S60 2,5 T A 14,1 7,3 9,8
S60 2,5T AWD A 14,5 7,9 10,2 1,04

V70 2,5 T M5 12,9 7,1 9,2
V70 2,5T AWD M5 13,6 7,7 9,9 1,07

V70 2,5 T A 14,4 7,7 10,1
V70 2,5T AWD A 14,8 8,2 10,6 1,04

S80 2,5 T A 14,1 7,7 10,0
S80 2,5 T AWD A 14,8 8,0 10,5 1,05

Average: 1,09
* Source: BILAR, BRÄNSLEFÖRBRUKNING OCH VÅR MILJÖ

Audi

BMW

Mercedes

Volvo

  


