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OPTIMISATION OF VEHICLE DYNAMICS
VIA TORQUE VECTORING FOR SPACE
OPTIMISED ELECTRIC VEHICLES

Available space optimised packaging of the drivetrain components can lead to uncon-
ventional wheel axle loads, which have to be taken into account for the design of the
vehicles’ dynamics. The BMW Group Research and Technology developed in cooper-
ation with the German Aerospace Institute (DLR) and the Institute of Control Systems
(IRS) within the Karlsruhe Institute of Technology (KIT) a control concept for torque
vectoring. In spite of the challenge of high rear axle loads, attractive and at the same
time safe ride characteristics are achieved by utilisation of independent distribution of
drive and brake wheel torques.
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1 INTRODUCTION

When newly designing electric vehicles it is not sufficient to simply
revert to a conventional vehicle layout and replace the combustion
engine by an electric engine. Instead, boundary conditions have to
be taken into account and the innovative degrees of freedom given
by electro mobility must be used and converted into new vehicle
concepts [1, 2] to work out the area of conflict between costs,
weight, performance and installation space requirements.

Common concepts for electric vehicles are either equipped with
a centrally arranged power unit or are carried out as decentralised
in-wheel multi motor concepts. Drivetrain layouts with centralised
single engines cannot provide additional installation space due to
common arrangement of gears, differential, axes and drive shafts.
However, making use of decentralised drivetrain design leads to a
space-saving arrangement of high-voltage batteries, electric
engines and gears in the well protected rear end of the vehicle for
optimal utilisation of installation space. On a less positive note,
resulting heavy rear axle loads connote a challenging issue in mat-
ters of driving dynamics. Commonly accepted solutions are mixed
tyres and a firm chassis set-up. The possibility of independently
distributing drive and brake wheel torques creates an additional
degree of freedom for the control of driving dynamics, which can
be used to stabilise the vehicle, as well as for agilisation [3]. This
ultimately leads to improvement of desirability of electric vehicles
with unconventional vehicle genes together with a maximisation
of driving safety [4]. A few conventional vehicle concepts provide
the opportunity of a mechanical torque vectoring. Mostly, due to
efficiency reasons (amongst others), torque vectoring has to be
activated by driving situation detection [5] and overstepping of
specified thresholds [6]. For an electric single wheel drive, a con-
tinuous control intervention is feasible [7, 8] as the electric motors
are continuously controlled anyways.
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According to this, improvement of driving performance of a vehi-
cle concept with electric single wheel drives attached to the rear
wheel axle in combination with increased rear axle load is inves-
tigated within this contribution. Technical data is given in @.

2 FUNCTIONAL STRUCTURE

Systematic override of the vehicles’ driving behaviour via torque
vectoring is carried out by a collaboration of BMW, DLR and KIT,
@. The desired vehicle acceleration is evaluated in the block lon-
gitudinal control based on drive pedal and brake pedal angles in
the longitudinal control unit, which is converted into an equally
distributed wheel torque left and right. For safety reasons, brake
pedal input is always given top priority. Brake force distribution is
chosen in terms of optimised recuperation in consideration of driv-
ing dynamics boundary conditions.

Additively, an additional difference wheel torque is superimposed,
which is similar according to its amount but with unlike signs left

TECHNICAL DATA OF THE VEHICLE CONCEPT

Effective power 2 x 60 kW
Peak power 2 x 120 kW
Vehicle mass 1700 kg
Battery capacity 20 kWh
Maximum speed 150 kph
Maximum wheel torque 1400 Nm
Axle load distribution FA:RA 40:60

Drivetrain layout Rear wheel drive

@ Technical data
bb
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and right. By this means, yawing dynamics are modified without
influencing longitudinal movement. Calculation of the additional
torque is made via a combination of model-based feed forward and
yaw rate feedback control. The feedback part is only held available
for elimination of model inaccuracies and disturbances. When
designing the feedback control one has to take care that it is robust
against disturbances, but fast enough to eliminate deviations from

the nominal value. Results within this work are achieved only by
activation of the feed forward part without feedback control.

The feed forward control consists of two parts, one steady-state
and one dynamic, ©. Decoupling of those input requirements gives
way for additional degrees of freedom for vehicle dynamics design
[9]. In that way, steady-state driving behaviour can be adjusted
towards more understeering while independently enhancing agility
for transient manoeuvres. Both parts of the feed forward control
are based on two single track models: One to specify the vehicles’
desired characteristics, and another single track model, which is
enhanced by an external yaw moment, for emulation of the actual
vehicle behaviour. To evaluate the static behaviour and with this
the steady-state yaw gain, the equations of the single track mod-
els are solved for steady-state assumptions. In this way, an addi-
tional external yaw moment is calculated for obtaining the desired
steady-state yaw rate. For transient nominal values of the yaw rate,
this consideration itself is insufficient. Therefore, two single track
models are computed in real-time to calculate the desired and
actual yaw accelerations . The resulting difference of yaw accel-
erations is finally transformed into a corresponding differential
wheel torque to provide the desired yaw rate even for transient
courses of the steering wheel angle.

3 SIMULATION RESULTS

Investigation on handling and road behaviour is made through
simulation, using a Matlab/Simulink-based vehicle model with 5
bodies and 16 degrees of freedom. Tyre forces are calculated
through a bench test parameterised magic formula tyre model
according to Pacejka [10]. Kinematic dependencies are deter-
mined by virtual calculation primary and refined through bench
test measurements afterwards. For pointing out the potential in
terms of driving dynamics, no system limits are taken into account.
Nevertheless, demands on wheel torques stay within feasible
bounds of potential electric drive concepts.

3.1 QUASI STEADY-STATE CORNERING

Steady-state driving behaviour is usually examined through the
closed-loop manoeuvre quasi steady-state cornering. Within this
manoeuvre, the car is driving in a circle with a constant radius.
Chosen acceleration is very small so that the lateral acceleration
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(4] Steering wheel angle versus lateral acceleration
for quasi steady-state cornering



500 i h 500

450 -

400 -

M RR [Nm]
N N w
o o o
s} S e}

—
o
o

100 -

50 -

--- 50 % ral, noTV
- 60 % ral, noTV
— 60 %ral, TV

ay [m/s?]

ay [m/s?]

6 8 10 © Wheel torques left and right versus
lateral acceleration for quasi steady-state

cornering

CHARACTERISTIC VALUE CALCULATION 50 % RAL, NO TV

60 % RAL, NO TV

60 % RAL, TV

T, [s] Ty90% = Tors0% 0.11

0.10

08, [-] Ymax ~ Wtat

Wstat

0.115

0.094

0.077 @ Characteristic values for the step-steer

manoeuvre

slowly increases while the influence by longitudinal tyre forces is
kept at a minimum. The yaw acceleration is around 0.6 °/s2 so that
a quasi steady-state conditions are obtained and evaluation can
be made according to [11].

Decisive for this manoeuvre is the course of the steering wheel
angle oswa versus lateral acceleration a,. It should be mildly linear
increasing at the beginning and heavily rising for higher lateral
accelerations for giving notice to the driver of approaching driving
dynamics limits. Oversteer situations, which can be determined
by the decrease of the steering wheel angle, have to be absolutely
avoided.

As reference value, a car with 50 % rear axle load is chosen
(50 % ral) and its simulation results are compared with a car with
tail-heavy axle load distribution (60 % ral), with and without torque
vectoring (TV/ no TV). For this purpose, spring and damper char-
acteristics are modified according to their respective load cases.

In @, the course to steering wheel angle versus lateral accelera-
tion is shown. As desired, a car with perfect (= even) axle load
distribution provides a linear gradient at the beginning, progres-
sively rising for higher lateral accelerations, even without torque
vectoring (50 % ral, no TV). Increase of rear axle load (60 % ral,
no TV) alters the driving behaviour towards less understeering. As
the driving behaviour can be modified within a wide range, prior-
ity objective of this study was defined to emulate the static behav-
iour of the well-balanced car. Moreover, the reachable lateral
acceleration was to be maximised. Simulation results show that
up to medium lateral accelerations the driving behaviour of the
reference car (50 % hal) is emulated via torque vectoring (60 %
ral, TV) as the courses of the steering wheel angles are similar.
For higher lateral accelerations, the torque vectoring influence is
lowered to enable higher lateral accelerations.
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The corresponding wheel torques are shown in @: Uncontrolled,
the resulting lateral forces are almost independent on axle load
distribution. With increasing lateral accelerations, higher vehicle
speed is necessary, in addition, needed wheel slip angles are
higher, which results in higher driving torques for overcoming driv-
ing resistances. Torque vectoring control shifts driving torques
from the outer (right) to the inside wheel (left) and therefore coun-
teracts unwanted yawing. For this reason, the driving tendency is
modified towards understeering. For increasing lateral accelera-
tions, this tendency is curve-based lowered dependent on lateral
acceleration for not exceeding wheel-track adhesion limits and
allowing higher lateral accelerations. Furthermore, excessive lon-
gitudinal wheel torques reduce the lateral force potential of the
wheels, which exacerbates the oversteering tendency. Shifting
wheel torque towards the outer wheel is not suitable in this case
as the vehicle itself tends towards oversteering due to heavy rear
axle load, hence an additional in-turning yaw moment destabilises
the vehicle.

3.2 STEP-STEER

Dynamic response for transient steering wheel angles is investi-
gated by the manoeuvre step-steer according to [12]. For this, the
steering wheel angle is ramped up with a gradient of 500°/s from
zero to a value which correlates to a steady-state lateral accelera-
tion of 4 m/s2. The initial longitudinal speed is set to 80 kph. The
aim is to generate fast vehicle response characteristics with small
values of overshoot and settle time. For better comparability of
the different setups, two characteristic values are evaluated [13]:
The peak-response-time T, , which is defined as the time gap
between the moment when 50% of the steering wheels’ end value
is reached (T swa s0%) and the moment when the yaw rate passes
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90 % of its steady-state value (7;q0). As second value, the over-
shoot value OS, is evaluated through the yaw rates’ steady-state
value ¥, and its maximum .. Both values are to be minimised
[14], respective calculation formulas and simulation results for
several vehicle configurations are given in @.

The results for the yaw rate versus time for the step-steer
manoeuvre are given in @. The well-balanced car shows good driv-
ing behaviour with fast increase of the yaw rate and a small over-
shoot value. The tail-heavy car without torque vectoring shows
inert behaviour: the overshoot value is smaller, the yawing response
is less instantaneous. By the use of torque vectoring, the vehicles’
response is considerably improved: Although the response time is
improved even in comparison to the reference car, the overshoot
value is the smallest of all configurations.

How this is achieved can be explained by the course of the wheel
torques, @: at the beginning of the manoeuvre the inner wheel
(left) is decelerated, which results in an in-turning yaw moment.
Wheel torque of the outer wheel (right) is increased by the same
amount simultaneously to encourage yawing and to prevent
changes of overall longitudinal forces. To compensate the subse-
quent overshoot of the vehicles’ yaw rate, an out-turning, damping
yaw moment is generated. Steady-state understeering is desired,
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hence the steady-state end value of the inner wheel is chosen
higher than for the outside wheel.

3.3 BRAKING WHILE CORNERING

A substantial challenge for establishing electro mobility is the
increase of driving range. Therefore, recuperation should be used
as much as possible when slowing down the vehicle for restoring
kinetic energy. This means for a rear-driven electric vehicle, that
as many driving situations as possible should be accomplished by
only braking the rear wheels, which is a challenge especially when
braking while cornering [15]. Therefore, investigations are focused
on the driving stability for the manoeuvre braking while cornering
as it is defined in [16]. At the beginning of the manoeuvre, the
vehicle is steady-state cornering with an initial lateral acceleration
of 7 m/s2. At t = 6 s the driver changes from throttle to brake pedal
and decelerates the car with 3.5 m/s2. Full brake pressure is
applied at t = 6.3 s. The radius is 100 m, the friction coefficient
is chosen to be 1.0 (dry asphalt).

Within this manoeuvre, the advantages with respect to vehicle
dynamics via torque vectoring become very clear: The lateral tyre
force potential is reduced by dynamic axle load shift through brak-
ing as well as by applied longitudinal forces, which can lead to an
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in-turning tendency up to swerving of the vehicle. Shifting brake
torque towards the outer wheel recuperative via torque vectoring
causes two stabilising effects: First, the loss of lateral force due to
longitudinal forces is reduced by the asymmetric distribution
towards the wheel with higher overall tyre force potential. Second,
an out-turning, stabilising yaw moment is generated, which prevents
a spin-out. [17] pointed out the advantages achieved by torque vec-
toring for this manoeuvre for lower lateral accelerations on several
friction coefficients for a controlled vehicle without mentioning the
control structure and investigation of axle load distribution.

Most important stability criterion for this manoeuvre is the
course of the side slip angle. Consequently, the behaviour of vehi-
cles where brake torques are only applied to the rear wheel axes
(RWB) are investigated as well as all-wheel braked cars with
steady-state brake-force distribution (4WB). To objectively com-
pare the results, the overshoot value OS; is defined, which states
the maximum deviation of the side slip angle from steady-state
initial value.

The course of the side slip angle during the manoeuvre is shown
in @. Both all-wheel braked cars show stable driving behaviour.
After a small overshoot (0S; =-0.595°, respectively -0.700°), the
side slip angle is continuously reduced. By only braking the vehi-
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ts] t[s]

cles rear wheels, the side slip angle rises excessively and the car
spins out. By the use of torque vectoring, the car behaves very
stable and easy controllable. The overshoot value OS; is O as there
is no overshoot of side slip angle, which states the almost perfect
course of the side slip angle with maximisation of stability reserve.

Corresponding brake torques of the rear wheels are given in
@. All-wheel braked cars need less brake torques at the rear
axle, whereby the loss of lateral wheel force potential is less and
hence the driving situation remains save and stable. For zero-
crossing of the wheel torque, the gradient is limited for protect-
ing the gears from coming to harm. When braking only at the
vehicles’ rear wheels, the required brake torques are independ-
ent on the axle load distribution. In both cases without torque
vectoring (50 % and 60 % rear axle load), the tyre force poten-
tial is exceeded and the car spins out. Above mentioned effects
when shifting brake torque to the outer wheel provide stable
deceleration of the vehicle, thus torque vectoring prevents the
spin-out. Nevertheless, it has to be taken into account that
higher lateral forces are needed at the vehicle’s rear wheels com-
pared to the all-wheel braked car, hence utilisation of the tyre
force potential is higher which can lead to stability problems,
e.g. for altering friction coefficient.
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4 CONCLUSION AND OUTLOOK

Investigations for a vehicle concept with single rear wheel drive
were made within this contribution. Installation-space optimised
package of required drivetrain components can result in heavy rear
axle loads which are challenging with respect to vehicle handling.
Negative aspects of the unconventional axle loads can be com-
pensated through torque vectoring: The steady-state driving behav-
iour is equalised with a reference behaviour with increase of
achievable lateral acceleration. Improvement of agility and stabil-
ity is shown with the manoeuvre step-steer. As especially critical
but important manoeuvre, braking while cornering was investi-
gated, where torque vectoring provides stability and driveability.

Previous results are achieved through simulation with high fric-
tion values. Therefore, capabilities of influencing driving dynamics
via torque vectoring on lower friction coefficients are in focus of
future investigations. For compensation of disturbances, the feed-
back controller will be activated. Furthermore, results will be con-
firmed in real vehicle tests.
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