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Preface

During the recent years the interest in x-by-wire systems have drastically increased in the automotive
industry. X-by-wire systems have multiple advantages such as allowing for better and more accurate
control of the vehicle. This paper explores the advantages of a brake by wire system focusing on vehicle
safety and driver comfort. A brake allocation method for a brake by wire system is explored and
implemented in a vehicle simulation model. The improvement in performance, compared to a traditional
braking system mostly used in the automotive industry, is demonstrated.

Summary

The braking system of a vehicle is a crucial part to guarantee vehicle safety. Over the years, technologies
such as anti-lock braking systems (ABS) and electronic brake distribution (EBD) have been developed
which allow the vehicle to slow down faster and in a more controllable way.

In a brake by wire braking system, the physical connection between the brake pedal and the brakes is
replaced by actuators and sensors. Literature suggests that for a brake by wire system, the brake request
for each wheel can be controlled individually, more accurately and faster, allowing for a better overall
control during braking.

This work presents an analysis of the optimal brake allocation using a brake by wire system. Optimal is
defined in terms of a neutral handling balance during sub limit braking and a smooth driver experience.
Quantitative metrics are introduced, and an allocation strategy is proposed which has a more neutral
handling balance and a smoother driver experience compared to a conventional braking system.
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Optimal brake allocation for smart braking systems
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Abstract

The braking system of a vehicle is a crucial part to
guarantee vehicle safety. Over the years, technolo-
gies such as anti-lock braking systems (ABS) and
electronic brake distribution (EBD) have been de-
veloped which allow the vehicle to slow down faster
and in a more controllable way.

In a brake by wire braking system, the physical
connection between the brake pedal and the brakes is
replaced by actuators and sensors. Literature sug-
gests that for a brake by wire system, the brake re-
quest for each wheel can be controlled individually,
more accurately and faster, allowing for a better
overall control during braking.

This work presents an analysis of the optimal
brake allocation using a brake by wire system. Op-
timal is defined in terms of both a neutral han-
dling balance during sub limit braking and a smooth
driver experience. Quantitative metrics are intro-
duced, and an allocation strategy is proposed which
has a more neutral handling balance and a smoother
driver experience compared to a conventional brak-
ing system.

1 Introduction

Most of the vehicle braking systems which are cur-
rently used in production vehicles are equipped
with disc brakes. The force which is applied by the
driver on the braking pedal is translated to the disc
brakes and the friction between the brake pads and
the rotor converts the kinetic energy of the vehi-
cle into heat energy which is absorbed by the rotor
and then dissipated to the environment. The force
which is applied by the pistons to the wheels results
in slip generation at the contact point between the
tire and the road. This slip generation develops a
force which slows down the vehicle [1]. This longi-
tudinal force Fa applied to the tires is defined as:

Fa = Cκκ (1.1)

with Cκ the longitudinal slip stiffness, and κ the
longitudinal slip or slip ratio, defined as:

κ =
ωRe − Vx,Hub

Vx,Hub
(1.2)

with Vx,Hub the longitudinal velocity at the
wheel hub, ω the wheel angular velocity and Re
the effective rolling radius.

The effective rolling radius Re relates the wheel
angular velocity ω with the forward velocity Vx for
a freely rolling wheel, defined as without braking
and without side slip. Using the driver requested
deceleration, the total required longitudinal force
Fa can be calculated. For a conventional braking
system, the distribution of this total required lon-
gitudinal force Fa is limited by the hydraulics to a
fixed front/rear distribution [2].

Brake by wire systems have multiple advantages
with respect to conventional braking systems [3],
[4]. The packaging of the hardware is smaller and
lighter, and also allows for faster continuous per-
wheel slip regulation and no brake pulsation or au-
dible noises. Contrary to conventional braking sys-
tems, brake by wire systems allow for a variable
per tire brake distribution, and thus result in more
possibilities to control the vehicle during braking
[5] [6].

With a fixed brake distribution in a conven-
tional braking system, the brake distribution is sim-
ilar on the inside tire and the outside tire while
cornering. This fixed brake distribution will cause
a yaw rate which is opposite to the driver intended
yaw rate when turning the vehicle through the turn.
Brake by wire systems allow for a variable per tire
brake distribution, which allows to account for this
yaw rate error with a different brake distribution
for the inside and the outside of the vehicle.

The proposed architecture which allows to ex-
plore a different inside and outside brake distribu-
tion, together with other benefits of a brake by wire
system, is shown in Figure 1.1.

Fig. 1.1 Brake by wire architecture overview

Vehicle measurements and estimates such as the
vehicle velocity, lateral acceleration and the driver
requested deceleration are used as input. Using
these inputs, a feed-forward brake torque table is
created which consists of a table with per tire brake
distribution and slip target for each different set of
vehicle inputs. This feed-forward table allows to ex-
plore different brake allocation strategies, and will
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be the main focus of this paper.

When the yaw rate error exceeds a certain
threshold, the vehicle stability control (VSC) sys-
tem becomes active and tries to decrease the er-
ror between vehicle yaw rate and the driver in-
tended yaw rate. One of the advantages is that
the feed-forward tables can already correct for the
driver intended yaw rate, and allows the VSC sys-
tem which is normally threshold based to use this
feed-forward distribution as entry point. Using
these feed-forward tables as entry point will let the
driver experience the VSC system as continuous,
which helps towards a smooth driver experience.
The VSC system is included in the feedback target
modification block in Figure 1.1.

The modified target will output a brake torque
and slip target per tire. If the tire slip exceeds this
slip target, the tire will be slip controlled. Slip tar-
get control is done to guarantee wheel-level stability
and to prevent the tires from locking, since this is
more accurate than brake torque control when the
tire is closer to its limit. If the tire slip does not
exceed the slip target, the tire will be brake torque
controlled.

Previous studies have mainly focused on allo-
cation strategies which maximize the regenerated
energy [7], as well as allocation strategies based on
the vehicle load distribution [8]. Since these strate-
gies do not take the driver intended yaw rate into
account, the vehicle will feel less predictable.

This paper explorers different brake allocation
strategies which focus on minimizing the yaw rate
error during sub limit braking and a smooth driver
experience.

First, the brake distribution of a conventional
braking system is analyzed and discussed in Chap-
ter 2. Second, the advantages and shortcomings of
the load transfer based brake distribution are dis-
cussed in Chapter 3. Then, in Chapter 4 the model-
ing environment is introduced together with quanti-
tative metrics which are used to compare three dif-
ferent allocation strategies to a conventional brak-
ing system and quantify its performance in Chapter
5. The conclusion and recommendations are given
in Chapter 6.

2 Conventional braking system

Figure 2.1 shows a typical graph which is used
to design the brake distribution in a conventional
braking system. The vehicle parameters used in
this paper are parameters of a classical passenger
vehicle proposed in literature [9]. The green lines
indicate the driver requested deceleration Ax, and
the blue and purple lines indicate the tire-road fric-
tion coefficient, µ. For example, the maximum
achievable deceleration on a tire-road friction co-
efficient of 0.6 [-] is 0.6 [g]. If the brake distribution

exceeds the pink tire-road friction coefficient line of
0.6 [-], the front tires will lock, resulting in an un-
dersteered vehicle and the requested deceleration
will not be met. If the brake distribution exceeds
the blue tire-road friction coefficient line of 0.6 [-],
the rear tires will lock, resulting in an oversteered
vehicle and the requested deceleration will not be
met.

The intersection of the blue and pink tire-road
friction coefficient lines is the brake distribution
wherein both the front and rear tires are used at
their maximum capability and thus will lock at the
same time, while meeting the requested decelera-
tion during straight line driving. This intersection
is the vehicle load transfer based brake distribution,
indicated as the red line in Figure 2.1.

Fig. 2.1 Brake force distribution

Locking a tire is not experienced as smooth
by the driver, and therefore locking the tires at
the highest possible deceleration is preferred for a
smooth driver experience, which is the case for the
load transfer based brake distribution.

The vehicle load transfer based brake distribu-
tion is calculated using the equations given below.

FzFront =
mglr
l
− mlh

l
Ax (2.1)

FzRear =
mglf
l

+
mlh
l
Ax (2.2)

|Fx| ≤ µFz (2.3)

with the definitions indicated in Figure 3.1.

The brake distribution for a typical non brake
by wire system is indicated by the black line in Fig-
ure 2.1. It can be observed that for these vehicle pa-
rameters, up to a requested deceleration of around
0.8 [g], the vehicle is designed to be understeered.
This is as expected since most car manufacturers
design their vehicles to be understeered for stabil-
ity reasons [10].

3



3 Load transfer brake distribution

During cornering, a portion of the tire capability is
used to turn the vehicle through the corner. This
portion is different for each tire of the vehicle and
depends on the vehicle load transfer. When the
driver requests a deceleration during cornering, the
maximum achievable longitudinal force to deceler-
ate the vehicle is different for each tire, since a por-
tion of the tire capability is already used to turn the
vehicle through the corner. To get an indication on
how close the tire is to reaching its limit, the tire
utilization factor, µutil, is introduced:

µutil =

√
F 2
a + F 2

l

µFz
(3.1)

with Fl the lateral tire force.

Higher values of the tire utilization factor imply
that the tire is closer to reaching its limits, with the
limit at µutil = 1.

The load transfer based brake distribution can
be calculated using Equations 2.1 - 2.3, as discussed
in Section 2. This brake distribution locks both the
front and rear axle at the same time during straight
line driving. When cornering, the load distribution
changes as a function of the lateral acceleration Ay,
as shown in the equations below:

FzFL = m

(
lrg

2l
− lh

2l
Ax −

lhclat
tw

Ay

)
(3.2)

FzFR = m

(
lrg

2l
− lh

2l
Ax +

lhclat
tw

Ay

)
(3.3)

FzRL = m

(
lfg

2l
+
lh
2l
Ax −

lh(1− clat)
tw

Ay

)
(3.4)

FzRR = m

(
lfg

2l
+
lh
2l
Ax +

lh(1− clat)
tw

Ay

)
(3.5)

with the definitions indicated in Figure 3.2, clat
the lateral load transfer coefficient and where Fz,FL
denotes the vertical force on the front left tire.

Fig. 3.1 Vehicle model definitions - side

Fig. 3.2 Vehicle model definitions - top

Figure 3.3 shows the load transfer based brake
distribution per tire for a range of different lateral
accelerations Ay and driver requested decelerations.

Fig. 3.3 Load transfer based brake distribution per
axle

The load transfer based brake distribution locks
all the tires at the same time as discussed in Sec-
tion 2, and thus uses all tires at their full capability
and has an equally distributed tire utilization fac-
tor across all tires. However, this brake distribution
induces a yaw moment which is opposite to the yaw
moment turning the vehicle in the corner. The next
sections will focus on finding a trade-off between a
diverging vehicle yaw moment from the driver in-
tended yaw moment and an equally distributed tire
utilization factor across all tires.

4 Modeling Environment

The analysis on optimal brake allocation using a
brake by wire system is performed in a simulation
environment. The main focus of this paper is on
the optimal allocation using the feed-forward brake
torque tables, but the implementation of the feed-
back target modification and the slip target control
are also briefly discussed in this Section.

4.1 Tire model

Tires are the only contact points between the vehi-
cle and the road surface, and thus transfer all the
interacting forces between the vehicle and the road
surface. Accurately modeling tires has been an on-
going field of study for a long time, with each model
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having its specific purpose, accuracy and complex-
ity [11]. Pacejka [12] describes a method to cate-
gorize different tire models. A distinction can be
made between models based on experimental data
and models relying on the theory of the behavior of
the physical structure of the tire.

Tire models which are based on experimental
data uses regression techniques to fit the measured
data. This fit is described by mathematical formu-
las wherein the coefficients often have relationships
with the tire characteristics.

Tire models which rely on the theory of the be-
havior of the physical structure of the tire are of-
ten used to gain more insight in the tire design.
These models can vary from complex finite element
based models to less computational intensive mod-
els. Each simplified model provides sufficient accu-
racy for a limited field of application while having a
mathematical manageable model, examples are the
brush and the HSRI tire model [13].

4.1.1 HSRI tire model

Combined steering and braking maneuvers towards
the limit of the tires have a highly non-linear com-
bined longitudinal and lateral tire force. The fric-
tion ellipse is in literature often used to show the
limiting behavior of this combined force [14].

Literature suggests that the HSRI tire model,
which is based on the friction ellipse, is a simple
and good tire model to capture the coupling be-
tween the longitudinal and lateral tire forces [15]:

µ = µpeak(1−AsRwω
√
κ2 + tan2 α) (4.1)

H =

√(
Cκκ

µFz(1− κ

)2

+

(
Cα tanα

µFz(1− κ

)2

(4.2)

with Cα the lateral cornering stiffness, α the tire
slip angle, µpeak the peak road friction and As the
friction discount factor due to sliding in the path.

For maneuvers wherein the longitudinal slip κ
and lateral angle α are small, the HSRI factor H
will be small since there is almost no coupling. For
maneuvers wherein there is either a large longitudi-
nal slip κ or a large lateral angle α, the HSRI factor
H is larger and the longitudinal Fa and the lateral
tire force Fl are coupled, as shown in Equations 4.3
and 4.4.

Fa =

{
Cκ

κ
1−κ H < 1

2

Cκ
κ

1−κ
(

1
H −

1
4H2

)
H ≥ 1

2

(4.3)

Fl =

{
Cα

κ
1−κ tan(α) H < 1

2

Cα
κ

1−κ tan(α)
(

1
H −

1
4H2

)
H ≥ 1

2

(4.4)

The HSRI tire model is used to calculate the
longitudinal Fa and lateral tire forces Fl, which are
used in the simulation environment as described be-
low.

4.2 Vehicle model

A 7 DOF vehicle model with the longitudinal ve-
locity, lateral velocity, yaw rate and the four wheel
motions as states is used in this paper. Four inde-
pendently driven wheels with instantaneous motor
torque Tm,i are assumed for computational simplic-
ity.

The vehicle states are described as:

(4.5)
V̇x =

1

m

(
Vyψ − g sin(φ)

+ (Fx,FL + Fx,FR + Fx,RL + Fx,RR)

− sign(Vx)mfrg − CdV 2
x

)
(4.6)

V̇y = −Vxψ − g sin(ρ)

+
1

m
(Fy,FR +Fy,FL +Fy,RL +Fy,RR)

ψ̇ =
1

Iz
(lf (Fy,FL + Fy,FR)− lr(Fy,RL + Fy,RR)

+ tw(Fx,FR − Fx,FL) + tw(Fx,RR − Fx,RL))

(4.7)

(4.8)ω̇i =
1

IwEff
(Tm,i − Fa,iRw − sign(ωi)Tb,i)

with Vx the longitudinal velocity, Vy the lateral
velocity, φ the grade angle, fr the rolling resistance,
Cd the drag coefficient, ρ the bank angle, IwEff the
effective wheel inertia and wherein i = FL, ..., RR.

The slip angles α are calculated using the equa-
tions below.

αFL = δ − arctan

(
Vy + lfψ

Vx − twψ

)
(4.9)

αFR = δ − arctan

(
Vy + lfψ

Vx + twψ

)
(4.10)

αRL = − arctan

(
Vy − lrψ
Vx − twψ

)
(4.11)

αRR = − arctan

(
Vy − lrψ
Vx + twψ

)
(4.12)

4.3 Optimization

To distribute the tire utilization factor equally
across all tires while accounting for the diverging
yaw moment, an optimization problem is formu-
lated.

The interior-point method is used in Matlab.
The convergence tolerances on the cost variable,
the objective function and constraints are chosen
as recommended by the Matlab documentation and
are later iterated throughout this research.
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Car manufactures design vehicles to be under-
steered for stability reasons. Therefore, the tire uti-
lization factor of the front axle is constrained to be
larger than the rear axle at all times:

µFL > µRL (4.13)

µFR > µRR (4.14)

During straight line driving the brake distribu-
tion is constrained to be equal on the left and right
side of the vehicle:

Tb,FL = Tb,FR (4.15)

Tb,RL = Tb,RR (4.16)

Furthermore, the tire utilization factor is con-
strained to not exceed 0.8 due to limitations of the
tire model.

4.3.1 Cost function

For a driver requested deceleration, the brake dis-
tribution which equally distributes the tire utiliza-
tion factor across all tires generates a diverging yaw
moment as discussed in Section 3. For a smooth
driver experience, it is preferred to lock all tires at
the same time, while also maintaining vehicle head-
ing. In order to make this trade-off, the following
cost function J is formulated.

J = wµ

4∑
i=1

(µi − µavg)2 + wψ(ψ − ψtarget)2

(4.17)

To achieve an equally distributed tire utilization
factor, the error between the tire utilization factor
for each tire µi and the average tire utilization µavg
needs to be minimized. Remaining vehicle heading
can be achieved by minimizing the error between
the vehicle yaw rate ψ and the driver intended yaw
rate ψtarget which is defined as the vehicle yaw rate
before applying the brakes. The normalized weights
wµ and wψ can be changed to achieve the desired
trade-off of which the results are discussed in Sec-
tion 5.

4.4 Simulation

The optimization problem formulated in Section 4.3
is implemented with the 7DOF model and the HSRI
tire model. A tire-road friction coefficient of 1[−]
is assumed, and the optimization is conducted on
constant radius maneuvers for a range of different
velocities, lateral accelerations and driver requested
decelerations. The results of the optimization are
saved as a lookup table. Afterwards, the lookup

tables are implemented as the feed-forward tables
in another 7DOF model together with the feedback
target modification and slip target control, model-
ing the proposed brake by wire architecture.

The implemented feedback target modification
is based on the hybrid steepest descent optimization
technique, which finds an optimum between actu-
ator usage and the coupling between yaw moment
tracking and longitudinal control in real-time [16].
For simplicity, the slip target in the feed-forward
tables are determined by looking at the slip curve
of the modeled tires. The slip target control uses a
PI controller to regulate wheel slip and to prevent
the tires from locking.

To account for the disturbances in real life, the
7DOF model with the integrated brake by wire
architecture uses slightly different tire parameters
from the 7DOF model which is used to create the
feed-forward tables. The parameters are chosen to
make the vehicle slightly less stable, making sure
the feedback target modification and slip target be-
come active.

4.5 Performance metrics

In order to compare different feed-forward brake al-
location strategies, following metrics are defined:

• The difference between the tire utilization fac-
tor per tire µi and the average tire utilization
µavg.

• The lateral error AyError, defined as

AyError =
1

g
(ψVx − ψtargetVx) (4.18)

• The longitudinal error AxError, defined as

AxError =
1

g
(Ax −AxRequest) (4.19)

5 Results

To make a trade-off between the tire utilization fac-
tor and the vehicle heading, the weights wµ and wψ
need to be picked accordingly, as discussed in Sec-
tion 4.3.1.

The conventional fixed brake distribution and
three different brake allocation strategies are for-
mulated below, and their performance are mea-
sured and compared using the defined performance
metrics from Section 4.5.

5.1 Conventional brake distribution

Figure 5.1 shows the tire utilization factor of a con-
ventional braking system for a driver requested de-
celeration of 0.5[g] at 100[kph] and a range of dif-
ferent lateral accelerations. It can be observed that
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the inside front tire reaches its limit first, while the
other tires still have traction reserve and are not at
their limit. When the inside front tire reaches its
limit, it will enter slip control and will not be able
to exert any additional force to decelerate or turn
the vehicle through the corner.

From Figure 5.2 can be observed that a fixed
brake distribution, which has a similar distribution
on the inside and outside of the vehicle, causes a
divergence of the driver intended yaw rate heading,
resulting in an increase of the lateral error AyError
for higher lateral accelerations.

Assuming that the VSC system activates for a
threshold of AyError = 0.05[g], VSC activates at
Ay = 0.2[g], which is at a lower lateral acceleration
than the lateral acceleration for which the front left
tire saturates and enters slip control.

Fig. 5.1 Tire utilization factor comparison between a
conventional fixed brake distribution (60% front and
40% rear) and different optimization strategies for
driver requested deceleration of 0.5[g] at 100[kph] and
range of lateral accelerations 0−0.6[g] with the left side
the inside of the vehicle.

5.2 Case 1: priority on path follow-
ing

The first case has priority on maintaining vehi-
cle heading. The weight of the cost function is
shifted towards maintaining vehicle heading wψ,
while still having a small weight towards an equally
distributed tire utilization factor wµ.

From Figure 5.2 can be observed that the ve-
hicle heading is maintained up to a lateral accel-
eration of around Ay = 0.4[g], where the tire uti-
lization factor of the inside tires reaches its limit of
µ = 0.8, while the outside tires are still farther away
from this limit. For larger lateral accelerations, the
required yaw moment cannot be created by the in-
side tires without getting saturated. Therefore, the
lateral error AyError will increase for higher lateral
accelerations.

Assuming that the VSC system activates for a
threshold of AyError = 0.05[g], VSC activates at

Ay = 0.45[g], when the inside tires are saturated
and have entered slip control.

5.3 Case 2: priority on tire utiliza-
tion

The second case has priority on maintaining vehicle
heading, until the tire utilization factor gets close to
its saturation value of µ = 0.8; then the weight wµ
is linearly increased and the weight wψ is linearly
decreased as a function of Ay towards an equally
distributed tire utilization factor. This case is sim-
ilar to the load transfer based brake distribution
when the tire utilization factor gets close to its sat-
uration value, while also having a small weight on
the lateral error.

From Figure 5.2 can be observed that the ve-
hicle heading is maintained up to a lateral accel-
eration of around Ay = 0.15[g], then the weights
are linearly shifted as a function of Ay towards
an equally distributed tire utilization factor. The
tire utilization factor is equally distributed at Ay =
0.6[g], and for lateral accelerations exceeding 0.6[g],
the tire utilization factor is equally distributed
across all tires. The vehicle heading will not be
maintained when the lateral acceleration exceeds
0.15[g].

Assuming that the VSC system activates for a
threshold of AyError = 0.05[g], VSC activates at
Ay = 0.2[g], which is at a lower lateral accelera-
tion than the lateral acceleration for which all tires
saturate and enter slip control at the same time.

Fig. 5.2 Comparison between a conventional fixed
brake distribution (60% front and 40% rear) and dif-
ferent optimization strategies for driver requested de-
celeration of 0.5[g] at 100[kph] and range of lateral ac-
celerations 0 − 0.6[g]. Tire utilization is visualized as
average per vehicle side.

5.4 Case 3: trade-off

The third case is a trade-off between case 1 and
case 2. Literature suggests that for a lane change
with emergency braking to avoid the last vehicle in
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line of stopped traffic, maintaining driver intended
yaw rate heading is required in order to avoid the
obstacle [4]. To maintain driver intended yaw rate
while having a more equally distributed tire uti-
lization factor than case 1, an additional trade-off
can be made between the driver requested deceler-
ation and the driver intended yaw rate. For this
trade-off, the squared difference between the driver
requested deceleration and the vehicle deceleration,
wAx(Ax−AxRequest)2, with normalized weight wAx,
is added to the cost function in Equation 4.17.

From Figure 5.2 can be observed that the ve-
hicle heading and deceleration is maintained up to
a lateral acceleration of around Ay = 0.2[g], then
the weight wµ is linearly increased and the weights
wψ and wAx are linearly decreased as a function
of Ay towards an equally distributed tire utiliza-
tion factor. The tire utilization factor of the inside
will intersect with the outside for larger Ay, and
be equally distributed over all tires before reach-
ing its saturation value of µ = 0.8. The vehicle
heading will therefore not be maintained for lateral
accelerations exceeding 0.2[g], and the magnitude
of the AyError is smaller compared to case 2 but
larger than case 1. Furthermore, the AxError will
increase for lateral accelerations exceeding 0.2[g],
with the magnitude of the AxError slightly smaller
than the AyError.

Assuming that the VSC system activates for a
threshold of AyError = 0.05[g], VSC activates at
Ay = 0.35[g], which is at a lower lateral accelera-
tion than the lateral acceleration for which all tires
saturate and enter slip control at the same time.

5.5 Comparison

Three different cases, each focusing on a different
strategy have been simulated with the goal to have
a neutral handling balance during sub limit brak-
ing and a smooth driver experience. Case 1 focuses
on a neutral handling balance until the inside tires
are saturated, while case 2 focuses on equally dis-
tributing the tire utilization factor. Case 3 achieves
a trade-off between a neutral handling balance and
an equally distributed tire utilization factor.

A smooth driver experience is a subjective met-
ric and depends on different factors. Literature sug-
gest that a sudden intervention of the VSC system
has a negative effect on the driver experience [17].
One study conducted on 10 volunteers shows that
the driving performance is not impacted during a
hard VSC intervention, but is experienced as dis-
turbing by all volunteers [18]. For a smooth driver
experience it is thus preferred to enter VSC as least
and as continuous as possible.

Assuming that the VSC system activates for a
threshold of AyError = 0.05[g], VSC activates at
Ay = 0.2[g] for case 2, at Ay = 0.35[g] for case 3

and only at Ay = 0.45[g] for case 1 for a driver
requested deceleration of 0.5[g] at 100[kph].

Case 3 is a trade-off which focuses both on the
tire utilization factor and remaining a neutral vehi-
cle heading. For case 3, the tire utilization factor of
all tires is 21% closer to the average over the vehi-
cle lateral acceleration range 0−0.6[g] compared to
case 1 for a driver requested deceleration of 0.5[g]
at 100[kph]. However, in order to have this tire uti-
lization factor which is closer to the average value
while having a smaller AyError compared to case 2,
the requested deceleration is not met as shown by
the AxError in Figure 5.2.

Despite that for an increasing lateral accelera-
tion all tires for both case 2 and case 3 enter slip
control at the same time, the induced AyError ac-
tivates the VSC system for a lower lateral accelera-
tion than the lateral acceleration for which all tires
enter slip control. Since case 1 activates VSC at
the highest lateral acceleration, it will thus have a
smoother driver experience compared to case 2 and
case 3, and is thus preferred.

Additionally, since case 1 has both a weight on
the tire utilization factor and vehicle heading, both
inside tires will saturate at the same time, meaning
that all traction reserve of the inside tires is used to
generate the driver intended yaw rate in the feed-
forward tables.

Furthermore, the proposed brake by wire archi-
tecture in Section 1 allows the VSC system to use
the feed-forward tables as entry point, and will re-
sult in a smooth hand-off for the VSC system.

5.5.1 On brake cornering

The vehicle trajectory of a sub limit braking ma-
neuver is analyzed for both a conventional fixed
brake distribution and the feed-forward tables of
case 1. The left maneuver in Figure 5.3 is de-
fined as maintaining the steering wheel angle which
generates a lateral acceleration of Ay = 0.45[g] at
100[kph], then a driver requested deceleration of
0.5[g] until a velocity of 30[kph] is reached. The
simulation is stopped at 30[kph] since the 7DOF
model is ill-defined for low velocities due to the slip
angles [19]. The absolute distance between the re-
quested vehicle trajectory and the simulated vehicle
at 30[kph] is used as metric for comparison. For a
fixed brake distribution, the error is 3.21[m] (91%)
larger compared to case 1.

The right maneuver in Figure 5.3 is defined as
maintaining the steering wheel angle which gen-
erates a lateral acceleration of Ay = 0.15[g] at
100[kph]. For a fixed brake distribution, the error
is 1.56[m] (72%) larger compared to case 1.

It can be observed that the feed-forward tables
of case 1 follows the driver requested vehicle trajec-
tory closer than the conventional fixed brake distri-
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bution.

Fig. 5.3 Comparison between conventional fixed brake
distribution (60% front and 40% rear) and case 1 during
sub limit braking with constant steering wheel angle.
Braking initiated at Ay = 0.45[g] for left figure and at
Ay = 0.15[g] for right figure.

5.5.2 Avoidance maneuver

In literature different maneuvers are recommended
when analyzing the performance of a VSC system
[4]. One maneuver is an on brake lane change,
which is specified as driving at Vx = 100[kph], at
y = 75[m] a driver requested deceleration of 0.6[g]
which is remained for the complete maneuver, and
at y = 83[m] a 5Hz filtered step steering input un-
til a lateral acceleration of 0.35[g] is reached. The
obstacle is 2[m] wide and located at y = 120[m].

A simulation of this maneuver with the imple-
mented brake by wire architecture is conducted in
the time domain. The conventional fixed brake dis-
tribution uses a simplified ABS algorithm as slip
controller, however for comparison the ABS algo-
rithm is calibrated to have the same performance
as the continuous PI slip controller.

From the vehicle trajectory shown in Figure 5.4
can be observed that case 1, indicated in red, is
able to follow the driver requested trajectory, in-
dicated in green, almost exactly and closer than
the conventional fixed brake distributed, which is
indicated in magenta. This is as expected since
the feed-forward tables are optimized towards re-
maining vehicle heading compared to a fixed brake
distribution which has an equal inside and outside
brake distribution.

The error between the driver requested trajec-
tory and the vehicle trajectory for case 1 at y = 120
is 0.02[m] compared to 0.20[m] for the conventional
fixed brake distribution. The distance between
the trajectory of the vehicle and the obstacle at
y = 120[m] is 35% larger compared to the fixed
brake distribution. For the conventional fixed brake

distribution, VSC is activated at y = 85[m] and
ABS is activated at y = 89[m]. For case 1, the con-
tinuous PI slip controller is activated at y = 189[m]
and VSC is activated at y = 107[m]. This means
that for case 1 all traction reserve of the inside tires
is used to generate the driver intended yaw rate be-
fore VSC is activated, which is as expected since
the feed-forward tabkes of case 1 are optimized to
maintain vehicle heading until the inside tires sat-
urate.

Fig. 5.4 On brake avoidance maneuver comparison

6 Conclusion and recommendations

In this paper an optimal brake allocation strat-
egy for a brake by wire system is proposed which
focuses on a neutral handling balance during sub
limit braking and a smooth driver experience. The
proposed brake by wire architecture uses the feed-
forward tables as entry point for the VSC system,
allowing for a better overall vehicle control and a
smoother driver experience.

The proposed feed-forward allocation strategy,
case 1, focuses on maintaining driver intended yaw
rate. Case 1 has the lowest AyError and AxError
of the different strategies, while having an equally
distributed tire utilization factor of the inside tires
before saturating. Therefore, case 1 will activate
the VSC system at the highest lateral acceleration
compared to the other cases, which is preferred for
a smooth driver experience.

Literature suggests that maintaining driver in-
tended yaw rate is preferred in emergency avoid-
ance maneuvers. Case 1 has a 35% increase in dis-
tance between the vehicle and the obstacle for the
analyzed on brake avoidance maneuver in this pa-
per.

The proposed brake allocation strategy, case 1,
has for a driver requested deceleration of 0.5[g] at
100[kph] and range of lateral accelerations 0−0.6[g],
compared to a conventional fixed brake distribu-
tion:

• A tire utilization factors which is 7% closer to
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its average.

• A lateral error, AyError which is 66% lower.

• A longitudinal error, AxError of similar mag-
nitude.

• Activates the VSC system at Ay = 0.45[g]
compared to Ay = 0.2[g].

This proposed optimal brake allocation strat-
egy in combination with other benefits of a brake
by wire system greatly helps towards improving
vehicle stability and driver experience.

For future work the simulation model can be
further elaborated by adding a more complex tire
model, such as the Pacejka tire model and still tak-
ing computational efficiency into account.

Kinematic vehicle models are often used to
model low velocity maneuvers since they do not de-
pend on slip angles. However, for higher velocities
kinematic vehicle models are not suited since they
neglect the interaction of the tires and the ground.
Therefore, a linear blend between the dynamic and
kinematic vehicle model can be used to accurately
model both low and high velocity maneuvers [20].

Another advantage of a brake by wire system
is that it allows for continuous slip regulation in-
stead of a traditional ABS system. The slip target
control in this paper uses a simple PI controller,
but other more complex techniques which lead to a
better performance can be explored [21] [22].

When implementing the proposed brake by wire
architecture in combination with regenerative brak-
ing on electric and hybrid vehicles, the most effec-
tive implementation needs to be explored [23].
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