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Abstract

The brake system is critical for ensuring safe driving and has been the focus of develop-
ment for many years. Pneumatic braking technology is commonly used in heavy vehicles,
but it results in energy wastage and high service costs. Some countries mandate auxiliary
braking systems to assist in stopping the vehicle in addition to service brakes. One such
system is the regenerative braking system, which captures kinetic energy from braking and
converts it into electrical energy. Retarders are another commonly used auxiliary braking
system. These systems are essential due to heavy vehicle weight, which can weaken service
brake performance.

This thesis focuses on estimating net forces on the truck’s driven axle to understand
how auxiliary braking systems and vehicle traction affect the normal force on the driven
wheel axle. The expected result can assist in maintaining the slip ratio and increasing the
life span and performance of brakes.

Scania uses a function to estimate forces on the driven axle and drive wheel slip. They
need to determine the normal force on the axle to improve performance of auxiliary braking
systems, but tests showed that for the same specified slip ratio, the auxiliary braking force
required was smaller than that in an acceleration state. Scania believe that dynamic axle
load transfer may be the cause, so a 6x2 electrified truck will be investigated in this thesis.
The obtained results show the driven wheel axle’s behavior during different dynamical
scenarios.

This research aimed to develop a model that can accurately simulate a truck’s move-
ment and estimate the ground reaction force in response to variations in the scenario of the
control signal. By studying the quarter car model, bounce-pitch and half car model, the
researchers were able to obtain a model represented by 5 ODEs, which predicts the wheel
axle normal force. To verify the model, data from the CAN bus and measurements using a
scale were collected and compared with the model’s output. The Mean Squared Error can
be used to evaluate and compare the model’s performance, and the results showed that the
model provides a reasonable estimate of the normal force on all axles. The study also an-
alyzed the factors that contributed to the errors in the results. The behavior of the normal
force for each wheel axle during acceleration and braking was illustrated, explaining how
the normal force distribution becomes mirrored compared to the acceleration state during
braking. The study’s discussions enhance the validity of the observed behavior and the
reliability of the results.
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1 Introduction

1.1 Motivation

The brake system has always been of interest to manufacturers and developers because of its
vital role in guaranteeing safe driving. Brake systems technologies have also been developed
and improved over many years to obtain the highest levels of efficiency. The heavy vehicle’s
brake system is generally based on pneumatic braking technology. However, this braking
methodology causes energy wastage, whereas the thermal energy generated in brake parts
because of the friction will fade into the air. Moreover, the service cost of the brake parts can
be a massive expenditure. The brake systems have several working mechanisms that have
been used to give the best performance and the lowest costs for both the manufacturers and
the customers. Some countries obligate manufacturers to implement auxiliary braking sys-
tems. The auxiliary brake system assists in stopping the vehicle other than the service brakes.
Auxiliary braking can be accomplished through the action of the engine, the transmission,
or other means acting on the vehicle drivetrain. In some driving conditions, the auxiliary
braking systems can also be more appropriate than the service brake, like driving downhill
[2].

Due to the vehicle’s heavy weight, the service brakes’ performance can be weakened be-
cause of the high temperature. Therefore, the development of auxiliary braking systems is
of great importance. The auxiliary braking system will be in touch with in the thesis is the
regenerative braking system. Regenerative brake is found in most hybrid and electrified ve-
hicles. It captures the kinetic energy from braking and converts it into electrical power that
recharges the vehicle’s high-voltage battery [5]. Another auxiliary braking system uses a re-
tarder commonly used on combustion engine vehicles.

Estimating normal forces can lead as well to estimates of road surface roughness. Road
surface roughness is important because it affects ride comfort, safety, vehicle maintenance
costs, fuel consumption and emissions , suspension settings, and driver behavior. However,
with careful modeling and data analysis, it may be possible to develop accurate estimates
of road disturbances. By using the formula 1.1.1, the road coefficient of friction can be esti-
mated. The road coefficient of friction can be used for analyzing the braking and acceleration
performance [20]:

a
N

= k(µ)i (1.1.1)

1



1.2. Aim

Entity Description Basic Unit
a Vehicle acceleration m/s2

N Normal force N
i Slip ratio -

k(µ) Road surface roughness -

Table 1.1: Eq 1.1.1 Variables defing table

1.2 Aim

This thesis will focus on estimating the net forces on the truck’s driven axle in order to esti-
mate the wheel’s ground reaction force. The purpose of studying the net force is to under-
stand how auxiliary braking systems and vehicle traction affect the normal force on the driven
wheel axle. The expected result of the thesis can give a better understanding of how the brak-
ing and acceleration increase or decrease the normal force, which in turn can maintain the
slip ratio within the desired limitations [11]. A clearer picture of how the normal force is af-
fected aims to make the auxiliary brakes’ role more significant and valuable. Furthermore, it
sequentially assists the service brakes as well, which increases the life span and performance
of brakes. The figure 1.1 shows how the auxiliary brake torque value and Anti-Lock brake
system (ABS) can affect the battery range [19].

Auxiliary Brake
System 

Brake torque

ABS ON

<ABS-threshold >ABS-threshold

Slip ratio 

ABS OFF

Regenerating
disabled 

Regenerating
enabled

Longer battery range Shorter battery range

Figure 1.1: Slip effect on recharging schematic illustration.
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1.3. Problem formulation

1.3 Problem formulation

Scania has a function that estimates the forces on the driven axle in acceleration and braking
state. This function can also estimate the drive wheel slip. The truck brake system uses
estimations for auxiliary brake systems, like regenerative braking or retarder. Namely, to
apply an auxiliary braking torque to obtain or maintain a desired slip level. Scania needs to
determine the desired normal force on the driven axle to be used to improve the performance
of the auxiliary braking systems.

Figure 1.2: Acceleration-Brake-collected data.

However, the tests Scania preformed shown that the auxiliary braking force to obtain a
specified slip ratio in a braking state is smaller than that in an acceleration state for the same
slip ratio shown in figure 3.4. Furthermore, the determined auxiliary braking force gives the
most significant deviation on a 6x2 electrified truck. Scania’s engineers doubt that the reason
for this phenomenon is due to dynamic axle load transfer within the bogie when a torque
value is applied on wheels during either acceleration or braking [6]. Figure 1.3 shows the
behavior of the driven wheel axle during various scenarios, where F = Front, R = rear(Driven),
T = Tag.

3



1.4. Research questions
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Figure 1.3: Phenomenon illustration

1.4 Research questions

The thesis will touch on some questions, the questions below will be discussed attempting to
be answered:

1. Finding a Ordinary Differential Equation ODE model to represent a full vehicle to esti-
mate the axle load force.

2. Simulate the obtained model using Simulink with various scenarios.

3. Verifying the obtained model.

4. Discuss the validation.

5. Visualizing the estimated normal force for each wheel axle.

6. Discuss the behaviors of the estimated normal forces and also, discussing the phe-
nomenon shown in figure 1.3.

1.5 Delimitations

Delimitations refer to the specific boundaries or limitations that are set in a study to define
the scope of the research. These limitations help to narrow down the focus of the study and
ensure that the research remains manageable and feasible.

• Matlab/Simulink will be used as simulation environment.

• All desired scenarios are assumed to be straight forward driving, 2D motion (Longitu-
dinal and Vertical).

• Road disturbances are neglected.

• Using CAN-bus for data collection.

• Using external sensors, shown in figure 1.4.

4



1.5. Delimitations

(a) Displacement sensor (b) Pitch rate sensor

Figure 1.4: External sensors
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2 Theory

The integration of auxiliary brake systems in electrified vehicles is essential to ensure safe and
efficient vehicle operation, especially under dynamic axle load conditions. The effectiveness
of the auxiliary brake system depends on various factors, including slip ratio, normal force,
and the distribution of the dynamic axle load. The use of appropriate auxiliary brake sys-
tems in electrified vehicles can help optimize vehicle performance and ensure safe operation.
Several models, such as the quarter car model, shown in figure 3.4, the bounce-pitch model,
shown in figure 3.5, and the half car model, shown in figure 3.6, can be used to analyze the
effects of dynamic axle load conditions on the braking performance of the vehicle.

2.1 Vehicle modelling

The quarter car model is a simple model used to analyze the vertical vibration of the vehicle.
This model can be used to analyze the effects of dynamic axle load conditions on the vertical
acceleration of the vehicle [10]. The force analysis is described in section 3.4.

The bounce-pitch model is a more complex model used to analyze the vertical and pitch-
ing vibrations of the vehicle. This model can be used to analyze the effects of dynamic axle
load conditions on the pitching vibration of the vehicle. The force analysis is described in
section 3.5.

The half car model is a more advanced model used to analyze the vertical, pitching, and
longitudinal vibrations of the vehicle [1]. This model can be used to analyze the effects of
dynamic axle load conditions on the longitudinal acceleration of the vehicle, which can affect
the braking performance of the vehicle [17]. The expanded model of the whole vehicle is
described in section 3.6.

In conclusion, the integration of appropriate auxiliary brake systems in electrified vehicles
is essential to optimize vehicle performance and ensure safe and efficient vehicle operation
under dynamic axle load conditions. The slip ratio, normal force, distribution of dynamic axle
load, and the use of models such as the quarter car model, the bounce-pitch model, and the
half car model are crucial factors to consider when selecting and designing the appropriate
auxiliary brake system.

6



3 Method

3.1 Introduction

The modeling of dynamic axle acted forces refers to the process of predicting and analyzing
the forces exerted on an axle as it moves dynamically through a given environment. This is
a crucial area of study in fields such as mechanical engineering, transportation engineering,
and automotive design, as it can help to optimize vehicle performance, improve safety, and
reduce wear and tear on vehicle components. The modeling process typically involves using
mathematical equations and simulation tools to estimate the forces acting on the axle, taking
into account factors such as acceleration, suspension, road conditions, and vehicle weight, as
shown in figure3.1.

The modeling of dynamic axle acted forces in a two-dimensional vertical and longitudinal
plane requires the consideration of several factors. The following is a brief method on how to
approach this problem:

• Determine the vehicle’s mass and weight distribution. This includes the weight of the
axles and the payload.

• Identify the suspension system and its characteristics. This includes the spring and
damping rates.

• Calculate the dynamic load transfer during particularly acceleration and braking. This
involves determining the weight distribution changes and the corresponding changes
in axle loads.

• Use the principles of dynamics to calculate the forces acting on each axle. This includes
the inertia forces, suspension forces, and tire forces.

• Simulate the vehicle’s motion and calculate the resulting forces acting on each axle. This
will be done using MATLAB/SIMULINK.

• Analyze the results to determine the vehicle’s stability and handling characteristics.
This includes examining the vehicle’s response to steering inputs in acceleration and
braking.

7



3.1. Introduction

Moment

Engine

Moment

Driven wheel axle

Traction force

Wheel

Normal force

Rear axle mass

Suspension force

Chassis

Front slip ratio Tag slip ratio

Normal force

Suspension force

Tag axle mass

Normal force

Suspension force

Front axle mass

Rear slip ratio

Figure 3.1: A schematic illustration of the 2D motion.

Overall, the modeling of dynamic axle acted forces in a two-dimensional vertical and lon-
gitudinal plane requires a thorough understanding of the vehicle’s dynamics and the forces
acting on each axle. By considering these factors, one can accurately simulate the vehicle’s
motion and predict its handling characteristics. External sensors have been used on the vehi-
cle to measure the behavior of the suspension system and the interaction between the sprung
and unsprung masses. These sensors measure the distances between the sprung and un-
sprung masses, as well as longitudinal, vertical accelerations, and pitch rate. By collecting
this data, it can be possible to validate the obtained vehicle model and study its dynamic
behaviors. The results can be used to optimize the auxiliary brake system performance, con-

8



3.2. Pre-study

trolling vehicle behaviors to maintain slip ratio desired interval. In this chapter, the method
of obtaining the desired model would be discussed.

3.2 Pre-study

The modeling of dynamic axle acted forces involves analyzing the forces that act on a moving
vehicle’s axle and how these forces change over time. This can help in understanding the
vehicle’s performance and improving its design. In order to analyze the model effectively, it
is necessary to identify the fixed factors that impact it, such as the wheel axles positions and
weights.
An electric vehicle with a three wheel axles (Front, Rear, Tag). The primary driving force
is transmitted to the rear axle, figure 3.2, which also receives the braking torque during
auxiliary braking. However, during regular braking, the braking torque is distributed among
all three axle.


























































































i ii

if

i ii

i

Driven wheel axle

Figure 3.2: Vehicle illustration [6].

Each side of the vehicle has three air suspension systems and three damping systems, totally
two on each wheel axle. The coefficient related to these systems will be discussed further in
the upcoming sections 3.3.

3.2.1 Masses

In this thesis, four fundamental masses will represent the initial configuration, namely the
mass of the chassis and three masses of the wheel axles summan is presented in 3.2.1[14].

m = mc + ma f + mar + mat (3.2.1)

, where the variables in equation3.2.1 are defined in table 3.1.

Entity Description Basic Unit
m Vehicle total Mass kg
mc Chassis Mass kg
ma f Front wheel axle mass kg
mar Rear wheel axle mass kg
mat Tag wheel axle mass kg

Table 3.1: Equation 3.2.1 variables define table.

9



3.2. Pre-study

3.2.2 Vertical motion:

Vertical forces are forces that act in the direction perpendicular to an object’s surface, such as
the force of gravity, normal, damper, suspension forces. These forces are significant in un-
derstanding the behavior of objects under the influence of vertical acted forces, including the
motion and stability of vehicles. The acting forces and moments influencing on the vertical
axis are presented below, where the variables in equation 3.2.2 are defined in table 3.2:

Fg = mg

Fs = k∆s

Fd = c∆ṡ
ÿ

F = mz̈
ÿ

M = Iϕ̈

(3.2.2)

Entity Description Basic Unit
m Body mass kg
g Gravity m/s2

Fg Gravity force N
Fs Suspension force N
Fd Damping force N
I Mass moment of inertia kgm2

k Stiffness of the suspension N/m
∆s Displacement of the spring m
c Damping ratio Ns/m

∆ṡ Velocity of the body m/s
z̈ Mass vertical acceleration m/s2

θ̈ Pitch acceleration rad/s2

Table 3.2: Vertical motion parameters defining table.

3.2.3 Longitudinal motion:

Longitudinal forces are important in understanding the dynamics of vehicles. In this thesis, it
will be focused on motion interaction between longitudinal and vertical acting forces, influ-
encing the speed of the vehicle, braking, stop distances, and stability.The longitudinal forces
of the vehicle are calculated as equation 3.2.3[18]:

ÿ

Fa = ma

ma = Ft ´ Fb ´ Fr
(3.2.3)

, where the variables in equation 3.2.3 are defined in table 3.3.

Entity Description Basic Unit
a Longitudinal acceleration N
m Mass of the object kg
Fa Longitudinal force N
Ft Traction force N
Fb Braking force N
Fr Rolling force N

Table 3.3: Longitudinal motion parameters defining table.
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3.3. Parameters estimation

Figure 3.3: Vehicle quater model.

3.3 Parameters estimation

3.3.1 Center of gravity

[7] The vehicle’s center of gravity CG and the distance to the wheel axles were estimated by
using a vehicle scale and the wheel axles distances provided from Scania. By using the center
of gravity formula, the horizontal position of CG can be estimated by the equations 3.3.1,
where the variables in 3.3.1 are defined in Table 3.4.:

CG =
N f l f + Nrlr + Ntlt

mg
(3.3.1)

If the front axle is the reference point (l f = 0), then plugging in 3.3.1:

CG =
Nrlr + Ntlt

mg
(3.3.2)

l1 = CG

l2 = l5 ´ CG

l4 = l2 + l3

(3.3.3)






















TF R

Rear

Rear Tag

TagFront

Front

L2

L4

L1

Figure 3.4: Axle distances to CG.
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3.3. Parameters estimation

Entity Description Basic Unit
m Vehicle total mass kg
g Gravity 1/s2

CG CG distance center gravity to a reference point m
l f Distance front wheel axle to a reference point m
lr Distance front wheel axle to a reference point m
lt Distance front wheel axle to a reference point m
l1 Distance front wheel axle to gravity center m
l2 Distance rear wheel axle to gravity center m
l3 Distance tag wheel axle to the rear axle m
l4 Distance tag wheel axle to gravity center m
l5 Distance between front wheel axle and rear wheel axle m
N f Front normal force N
Nr Rear normal force N
Nt Tag normal force N

Table 3.4: 3.3.1 parameters defining table.

3.3.2 Suspension

Air suspension systems are used in vehicles to improve ride quality and comfort by replac-
ing traditional steel springs with inflatable bellows. The system can adjust the height of the
vehicle and absorb shock, making it suitable for heavy-duty applications such as trucks and
buses [4]. In fact, many vehicles with air suspension systems have separate air springs and
control systems for the front and rear axles. This allows for more precise control of the vehi-
cle’s ride height and handling characteristics, as well as the ability to tailor the suspension to
the specific needs of each axle [15].

• Front axle:
The design of the front suspension system is different from that of the rear one, shown
in figure 3.12. Specifically, at the front axle, the wheel axle and suspension bellow are
oriented vertically, this implies that the mass of the wheel axle moves primarily in a
vertical direction, as shown in figure 3.5 and 3.6.
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Figure 3.5: Front Quarter Car Model.
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3.3. Parameters estimation

Figure 3.6: Front air suspension.

The pressure bellow in an air suspension system provides the force needed to support
the vehicle’s weight and resist external forces. The suspension force can be calculated
using an equation 3.3.4 and 3.3.5 that takes into account the pressure in the bellow,
effective area, and the suspension’s displacement from its equilibrium position, where
the vehicle has no motion.

Fs f = Ps f Ae f f ùñ Ae f f =
Fs f

Ps f
(3.3.4)

Equilibrium position

Ae f f =
m f g
Ps f

(3.3.5)

• Rear and Tag axles:

Figure 3.7: Rear Quarter Truck Model Configuration[9].
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3.3. Parameters estimation

Figure 3.8: Rear Quarter Truck Model Configuration.

The suspension system in the vehicle is rear air suspension containing of air bellow,
shown in figure 3.8 and 3.7. To estimate the suspension stiffness using the measured data
from CAN buss of the vehicle and the equation 3.2.2 that presents general equations. One of
them is the suspension force Fsr = k∆s:

k =
Fsr

∆s
(3.3.6)

The suspension force Fs is not directly available, however it can be estimated by the equation
3.3.7:

Fsr = Psr Ae f f (3.3.7)

where Ps is the measured air pressure in the bellow and Ae f f is the effective area. To estimate
effective area, static scenario has been considered. The vehicle weight distribution has been
measured by a scale at Scania, then the weight of each axle has been calculated using the
equation 3.3.8.

Ni = (mi + mai )g

Fgc = mig = Ni ´ mai g (3.3.8)

where i represent rear or tag axle.
After calculating the chassis weight distribution on each axle, one can estimate the sus-

pension force in static scenario, looking at the figure 3.9.
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3.3. Parameters estimation
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Figure 3.9: Representing the acting forces on Quarter Truck Model configuration.

Later, looking at the principle of moment, depicting the moments about the joint [R] and
equilibrium to obtain the equation3.3.9 [13].

θ̈ I =
ÿ

M = 0 = Fsrlb + Fgala ´ Nila

Fsr =
Nila ´ Fgala

lb
=

Fgcla

lb
=

migla

lb

(3.3.9)

Since pressure is defined as the force per unit area, then the effective area derived from equa-
tion 3.3.7: can be expressed by equation 3.3.10:

Ae f f =
Fsr

Psr
(3.3.10)

By using the equation 3.3.10, the effective area of each axle (Front, Rear, Tag) can be estimated.
The variables in are defined in table 3.5.:

Entity Description Basic Unit
θ Pitch angle of the bogie Rad

mi Chassis mass distribution on each axle kg
mai Wheel axle mass kg
g Gravity m/s2

Nci Normal force on each axle N
Fgc Chassis gravity force N
Fga Wheel axle gravity force N
Fs f Front suspension force N
Fsr Rear suspension force N
Ps f Front suspension air pressure Pa
Psr Rear suspension air pressure Pa
la Distance wheel axle mass to the joint [R] m
lb Distance air suspension bellow to spring bracket m

Ae f f Effective area of the bellow m2

Ni Normal force on each axle N

Table 3.5: Front and rear quarter model variables definition.
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3.3. Parameters estimation

To estimate the stiffness of the air suspension, a data collection for the displacement and
suspension forces of the air bellow have been preformed. In figure 3.10, one of the test sce-
narios that have been done for data collection. The particular scenario is full acceleration.
The figure 3.10 shows the measured force against the measured displacement. From linear
equations of each axle, the stiffness of each air suspension (k f , kr, kt) has been estimated.

(a) Fsf vs displacment. (b) Fsr vs displacment. (c) Fst vs displacment.

Figure 3.10: Suspension force vs displacment.

3.3.3 Damper

A truck damper is a component of a vehicle’s suspension system that helps to absorb shock
and prevent excessive bouncing. Damper constant estimation involves using data measure-
ments to determine the ideal damping force, giving improved handling and ride comfort.
The dampers have two states, extension and comparison, the figure 3.11 shows the datasheet
of the dampers provided of Scania to estimate the damping parameters (c f , cr, ct):

(a) Front damper datasheet. (b) Front damper datasheet.

(c) Rear damper datasheet. (d) Rear damper datasheet.

Figure 3.11: Damping data:force against velocity.
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3.4. Quarter car model

3.4 Quarter car model

A quarter model is a simplified representation of a vehicle’s suspension system [20]. It divides
the vehicle into two parts: the sprung mass, which includes the chassis and cargo, and the
unsprung mass, which includes the wheels, tires, and suspension components. The quarter
model is commonly used in vehicle dynamics analysis to study the behavior of the suspen-
sion system under various conditions, such as acceleration, braking or driving over ramps.
By modeling the suspension system in this way, it can be used to make design decisions and
optimize the system’s performance for ride comfort, handling, and safety. In the desired ve-
hicle the quarter car model configuration of the front and the rear presented in figure (3.12).







































































es

mg Ne t Fs
4.3 Fs Ne

Fslb whats

Mc

Nc FsFgc

Ma

La

Mc

Fga

[R]
Nc

Lb

Fs
Phi

N

Ma

Z

Z1

(a) Quarter model of front axle.
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(b) Quarter model of rear axle.

Figure 3.12: Quarter models.

To perform force analysis on a quarter model of a vehicle suspension system, one can
use Newton’s laws of motion and principle of moment. The forces acting on the sprung
and unsprung masses can be identified, and equations of motion can be derived using these
forces. The forces acting on the sprung mass include the vehicle weight, suspension forces,
and external forces. The figure 3.13 shows the acting forces on the two different quarter model
configurations.
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3.4. Quarter car model
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Figure 3.13: Quarter model forces analysis.

Suspension force and damper force are important factors in vehicle dynamics. They can be
calculated using the spring stiffness, damping coefficient, and displacement of the suspension
system. The spring stiffness and damping coefficient have been estimated in section 3.3.2,
respectively section 3.3.3. The displacement of the suspension is presented in equations 3.6.1.
The montioned equations are derived from the quarter model force analysis, section 3.4 [8].
The displacement of the front axle can be presented as:

∆s = z ´ zu

∆ṡ = ż ´ żu
(3.4.1)

The displacement of the rear-tag axles can be presented as [3]:

∆s = z ´ lbϕ

∆ṡ = ż ´ ldϕ̇
(3.4.2)

The displacement of the suspension of the tires can be presented as:

∆st f = zu

∆str = laϕ
(3.4.3)

The Quarter model analysis gives the following acting forces:

Fs = ´k∆s

Fd = ´c∆ṡ

Fsa = ´k∆st

Fga = mag

Fgc = mcg

(3.4.4)

Applying Newton’s second law of motion on chassis mass:

mc z̈ = ´Fgc + Fs + Fd + Nc (3.4.5)

Applying Newton’s second law of motion on rear-tag unsprung mass:

ma z̈a = ´Fga ´ Fs ´ Fd + Fsa ´ Nc (3.4.6)
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3.4. Quarter car model

Rear-Tag axles include a joint and bogie connecting the wheel axle with the chassis, figure
3.12b. Using the principle of moments on the joint to get the differential equations:

Ibϕ̈ = Fsala ´ Fgala ´ Fslb ´ Fdld + Fbr ´ Ftr (3.4.7)

z̈a = ϕ̈la ùñ Nc = ´Fga ´ Fs ´ Fd + Fsa ´ ma z̈a (3.4.8)

Based on equation 3.4.8 and equation 3.4.5,the vertical motion of the chassis can be repre-
sented:

mc z̈ = ´Fgc + Fs + Fd + Fga ´ Fs ´ Fd + Fsa ´ ma z̈a

mc z̈ = ´Fgc + Fga + Fsa ´ ma z̈a
(3.4.9)

where the variables in are defined in Table 3.6.

Entity Description Basic Unit
mc Chassis Mass kg
ma Wheel axle mass kg
g Gravity acceleration m/s2

Fg Gravity force N
Fs Suspension force N
Ft Traction force N
Fb Brake force N
Fd Damping force N
Ic Inertia of the chassis kgm2

k Stiffness of the suspension N/m
c Damping ratio Ns/m

Nc Chassis normal force from the joint N

Table 3.6: Quarter model parameters definition.
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3.5. Bounce-Pitch model:

3.5 Bounce-Pitch model:

The Bounce-Pitch car model is a physics-based model that describes the behavior of a car’s
suspension system when it encounters bumps or any disturbances on the road. When a car
hits a bump, it experiences a vertical acceleration, causing the wheels to bounce up and down.
This is followed by a pitching motion, where the car’s body tilts forward or backward [20].

Expanding the Bounce-Pitch model to include a truck would require several modifications
to account for the larger size, number of axles and weight of the vehicle. A more powerful
spring mechanism and a more robust suspension system would be needed to support the
increased weight. Additionally, the center of mass would need to be adjusted to reflect the
different weight distribution of a truck with more than two axles compared to a car. The
figure 3.14 describes Bounce-Pitch truck model.
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Figure 3.14: 2ODE Bounce-Pitch the truck model.
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3.5. Bounce-Pitch model:

To study the bounce and pitch and derive the differential equations of the bounce and the
pitch of the truck, the Newton’s second motion has been used:

ÿ

F = mz̈ ùñ

mc z̈ = Fs f + Fd f + Fsr + Frd + Ncr + Fst + Fdt + Nct ´ Fgc (3.5.1)
ÿ

Mc = Ic θ̈ ùñ

Ic θ̈ = ´Fs f l1c ´ Fd f l1c + Fsrl2s + Fdrl2d + Ncrl2n + Fstl4s + Fdtl4d + Nctl4n (3.5.2)

where the variables are defined in Table 3.7.:

Entity Description Basic Unit
mc Chassis Mass kg
g Gravity m/s2

Fg Gravity force N
Fs f Front suspension force N
Fd f Front damping force N
Fsr Rear suspension force N
Fdr Rear damping force N
Fst Tag suspension force N
Fdt Tag damping force N
l1s Distance front suspension to gravity center m
l2s Distance rear suspension to gravity center m
l4s Distance tag suspension to gravity center m
l1d Distance front damper to gravity center m
l2d Distance rear damper to gravity center m
l4d Distance tag damper to gravity center m
Ic Inertia of the chassis khm2

k f Front stiffness of the suspension N/m
c f Front damping ratio Ns/m
kr Rear stiffness of the suspension N/m
cr Rear damping ratio Ns/m
kt Tag stiffness of the suspension N/m
ct Tag damping ratio Ns/m

Nc f Front chassis normal force from the joint N
Ncr Rear chassis normal force from the joint N
Nct Tag chassis normal force from the joint N

Table 3.7: Bounce and pitch variables definition in equations 3.5.1 and 3.5.2 are defined
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3.6. Half Truck Suspension Model

3.6 Half Truck Suspension Model

By combining Quarter models and Bounce-Pitch model 3.4,3.5, the common goal of analyz-
ing the behavior of a vehicle suspension system will be obtained. However, they vary in
complexity and the level of detail they provide. Using the half car model and expanding
it to obtain the half truck model leads to the whole vehicle configuration model, that is de-
scribes later half truck model [16].The half truck model is more complex than the quarter car,
bounce-pitch and half car models, but it provides a more realistic representation of a truck’s
suspension system. The figure 3.15 represent the half truck model including all considered
acting forces.
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Figure 3.15: Half truck model illustration the acting forces.

The displacements between the sprung mass, unsprung masses, the tires for each wheel axle,
are introduced below, 3.6.1:

∆s f = Z ´ l1cθ ´ Z f

∆sr = Z + l2sθ ´ (lbϕr ´ ZR)

∆st = Z + l4sθ ´ (lbϕt ´ ZR)

∆ṡ f = Ż ´ l1d θ̇ ´ ldŻ f

∆ṡr = Ż + l2d θ̇ ´ (ldϕ̇r ´ ŻR)

∆ṡt = Ż + l4d θ̇ ´ (ldϕ̇t ´ ŻR)

∆sa f = Z f

∆sar = laϕr ´ ZR

∆sat = laϕt ´ ZR

(3.6.1)
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3.6. Half Truck Suspension Model

The suspension and damper forces derived from the configuration are presented in equation
3.6.2:

Fs f = ´k f ∆s f

Fsr = ´kr∆sr

Fst = ´kt∆st

Fd f = ´c f ∆ṡ f

Fdr = ´cr∆ṡr

Fdt = ´ct∆ṡt

Fsa f = ´ka f ∆sa f

Fsar = ´kar∆sar

Fsat = ´kat∆sat

(3.6.2)

Using Newton’s second law and principle of torque to study the objects’ dynamic behavior,
obtaining the 5 ODEs, presented in equation 3.6.3 that describe the vertical motion for the
whole system. Through the obtained equations 3.6.3, it will be able to observe the dynamic
influence on the normal force of each axle. The aim of the thesis is to find out a model that
can estimate the normal force of the driven wheel axle. The desired normal force will be rep-
resented as the suspension force of the tire (Fsa f , Fsar, Fsat) in the obtained model in equations
3.6.3, where the variables in equation 3.6.3 in are defined in table 3.8:

z̈ =
Fs f + Fsr + Fst + Fd f + Frd + Fdt + Ncr + Nct ´ Fgc

mc

θ̈ =
´Ff sl1c + Frsl2s + Ftsl4s ´ Ff dl1c + Frdl2d + Ftdl4d + Ncrl2n + Nctl4n ´ Ftrh + Fbrh

Ic

z̈ f =
Fsa f ´ Fga ´ Fs f ´ Fd f

ma f

ϕ̈r =
Fsarla ´ Fgala ´ Fsrlb ´ Fdrld + Fbrr ´ Ftr

Ib

ϕ̈t =
Fsatla ´ Fgala ´ Fstlb ´ Fdtld + Fbtr

Ib

(3.6.3)
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3.7. Validation

Entity Description Basic Unit
Z Vertical distance of the chassis m
θ Pitch angle of the chassis Rad

ϕ f Angle of the front bogie Rad
ϕr Angle of the rear bogie Rad
ϕt Angle of the tag bogie Rad
mc Chassis Mass kg
Ic Inertia of the chassis kgm2

ma f Front wheel axle mass kg
mar Rear wheel axle mass kg
Iar Bogie inertia of rear wheel axle kg
mat Tag wheel axle mass kg
Iat Bogie inertia of tag wheel axle kg
g Gravity m/s2

Fg Gravity force N
Fs f Front suspension force N
Fd f Front damping force N
Fsr Rear suspension force N
Fdr Rear damping force N
Fst Tag suspension force N
Fdt Tag damping force N
l1s Distance front suspension to gravity center m
l2s Distance rear suspension to gravity center m
l4s Distance tag suspension to gravity center m
l1d Distance front damper to gravity center m
l2d Distance rear damper to gravity center m
l4d Distance tag damper to gravity center m
k f Front stiffness of the suspension N/m
c f Front damping ratio Ns/m
kr Rear stiffness of the suspension N/m
cr Rear damping ratio Ns/m
kt Tag stiffness of the suspension N/m
ct Tag damping ratio Ns/m

Nc f Front chassis normal force from the joint N
Ncr Rear chassis normal force from the joint N
Nct Tag chassis normal force from the joint N

Table 3.8: Variables definition of the equation 3.6.3.

3.7 Validation

Model validation is the process of checking whether a model accurately represents the behav-
ior of the system it is intended to model. This involves comparing the model’s predictions
with experimental or real-world data to ensure that it is accurate and reliable. The experimen-
tal data have been collected from CAN-bus of the vehicle, for instance bellow air pressure,
the applied driving torque or brake torque. In addition, collecting data from the assembled
external sensors, the displacement between the sprung and unsprung masses. MSE Mean
Squared Error to evaluate the performance of a predictive model can be used to evalua ,
by usinte the obtainedg the model equation 3.7.1. The method can be used for comparing
between scenarios’ results and eventually changing the desired vehicle specifications.

e =
řn

0 |Xm ´ Xsim|

n
(3.7.1)
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3.8. Simulation environment:

Xm is the measured data and Xsim is the estimated.

3.8 Simulation environment:

Simulink is a powerful tool for simulating and analyzing dynamic systems, including au-
tomotive systems such as suspension systems. By using Simulink, we can simulate a test
scenario using the differential equations of the Half Truck model 3.6.3, which will allow us
to study the behavior of the car’s suspension system and estimating the normal forces under
different driving conditions [12].

To simulate the half truck model in Simulink, we can use the equations 3.6.3 to create
a Simulink model that includes the necessary blocks for modeling the mass-spring-damper
components of the Half Truck model.

Once the Simulink model is created, as shown in figure 3.16, we can input various test
scenarios, such as different traction force or driving maneuvers, and observe the behavior of
the truck’s suspension system in response to these inputs. This can help us to optimize the
estimation of the normal forces. The sub-blocks of the Simulink block will be presented in the
following subsections, Second integrator 3.8.1, Force 3.8.2 and Differential equations 3.8.3.
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Figure 3.16: Half truck model simulation.

3.8.1 Second Integrator

Simulink’s second integrator block is a mathematical tool used to model and simulate dy-
namic systems that involve double integration, as figure shown in 3.17, such as position-time
and acceleration-time relationships.

1

s		2
u

x

dx

Z1

1

Z	dot	dot

1

Z

2

Z	dot

Z	dot

Z

Figure 3.17: Second integrator of Z state.
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3.8. Simulation environment:

3.8.2 Forces

Applying the equations 3.6.1 and 3.6.2 in Simulink can create the forces block, as shown in
figure 3.18. The forces block has the states from the Second integrator block as inputs. The
forces will be the output of the force block, forces like suspension, damper and normal force.
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Figure 3.18: Model forces block.
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3.8. Simulation environment:

Forces block includes all acting forces as sub-blocks, for instance figure 3.19 presents the
front suspension force, including the equation of the front suspension force using the front
suspension stiffness and the displacement of the states 3.20.
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Figure 3.19: Front suspension force block.
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Figure 3.20: Front suspension force block applying the equations 3.6.1 and 3.6.2.

3.8.3 Differential equations

The ODEs 3.6.3 create the Differential Equations block, using the forces are the input and the
second derivative for each state are the output of the block, as shown in figures 3.21, 3.22 and
3.23.
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3.8. Simulation environment:
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3.8. Simulation environment:
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4 Results

This chapter presents the findings of the research study and the collected and the obtained
data will be presented and analyzed. In the followed chapter 5 results will be discussed,
putting scope on the obtained plots and tables. In the chapter 6 conclusions will be drawn
based on the results aiming to answer the thesis questions 1.4, followed by a detailed presen-
tation of the collected data. The followed sections 4.1, 4.2 and 4.3 present the results from the
thesis Pre-study and how the results have been used with method’s results to get an accurate
model that describes the dynamic axle load of the desired vehicle.

4.1 Pre-Study

In section 3, it has been described the tool and strategies that had been used to find out
the obtained model and how vehicle geometric specifications used to find out and study an
accurate model. By Pre-studying the vehicle, the following table that presents all finding
parameters that have been used to obtain the desired model:
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4.2. Vehicle ODEs model

Entity Description Basic Unit
mc Chassis Mass kg
Ic Inertia of the chassis kgm2

ma f Front wheel axle mass kg
mar Rear wheel axle mass kg
Iar Bogie inertia of rear wheel axle kg
mat Tag wheel axle mass kg
Iat Bogie inertia of tag wheel axle kg
l1s Distance front suspension to gravity center m
l2s Distance rear suspension to gravity center m
l4s Distance tag suspension to gravity center m
l1d Distance front damper to gravity center m
l2d Distance rear damper to gravity center m
l4d Distance tag damper to gravity center m
l1c Distance front wheel axle to gravity center m
l2c Distance rear wheel axle to gravity center m
l4c Distance tag wheel axle to gravity center m

Table 4.1: Parameters from Pre-Study.

4.2 Vehicle ODEs model

The ODEs used to model the half-truck system are derived based on the principles of Newto-
nian mechanics. The equations are then solved using Simulink to obtain the system response
for different inputs such as traction and braking moment. The simulation results provide in-
sight into the dynamic behavior of the suspension, gravitation, load, braking and acceleration
its effect on the wheel axle’s normal force.

4.3 Test Scenarios

In this section, the results will be presented for various scenarios. These scenarios are par-
ticularly chosen where the phenomenon are clearly occurred on the driven wheel axle, as
described in section 1.3. The main scenarios are full acceleration and hard auxiliary braking
with different axle weight distribution. Additional scenarios are moderate acceleration and
braking, as well as normal driving, including up-down hills and curves. The results will be
discussed in section 5.1. The wheel axle weight is measured by the scale. The weights are im-
plemented in Matlab/Simulink by weight distributions as following: Front = 7.5 tons, Rear =
6.9 tons, Tag = 4.3 tons, total weight = 18.6 tons.

4.3.1 Equilibrium state

Figure 4.1 shows the measured and estimated pressures of one side air bellow of each axle,
where the vehicle still without any motion. The first case under investigation is the stationary
state, where the truck is not in motion. In this scenario, the air pressure in each axis’s air
bellows was recorded and graphically represented in a figure that includes six graphic lines,
three of which represent measured values, and three represent estimated values. Each line’s
color is defined in the figure to indicate the symbolism of each line.
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4.3. Test Scenarios
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Figure 4.1: Static state air bellow pressure.

The table 4.2, presents the estimated axle weight and the measured in static state:

Axle Estimated[Ton] Measured[Ton]
Front 7.116 7.6
Rear 6.865 6.8
Tag 4.619 4.3

Table 4.2: Estimated axle weights
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4.3. Test Scenarios

4.3.2 Acceleration state

The results of full acceleration scenario, studying the behavior of the vehicle where the vehicle
accelerates from still to max possible velocity.Air bellow pressure behavior is shown in figure
4.2.
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Figure 4.2: Pressure behavior in acceleration state.

The sprung-unsprung masses displacement of each axle will be presented as well in figure
4.3.
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(a) Front displacment.
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(b) Rear displacement.
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(c) Tag displacement.

Figure 4.3: Displacement behavior in acceleration state.
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4.3. Test Scenarios

The normal forces behavior during the acceleration state is shown in figure 4.4.

0 5 10 15 20 25 30 35

Time [s]

4

4.5

5

5.5

6

6.5

7

7.5

8

8.5

 W
ei

gh
t [

to
n]

Weight SIM 
Front SIM
Rear SIM
Tag SIM

Figure 4.4: Weights behavior in acceleration state
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4.3. Test Scenarios

4.3.3 Braking Aux

The results of hard auxiliary braking scenario. In this scenario, the vehicle brakes using the
auxiliary brake system with full brake torque moment. The air bellow pressure in the bellow
in between sprung-unsprung masses as shown in figure 4.5. The displacements between the
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Figure 4.5: Pressure behavior in auxiliary braking state

chassis and the wheel axle is presented respectively figure 4.6.
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(a) Front displacement
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(b) Rear displacement
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Figure 4.6: Displacements
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4.3. Test Scenarios

The normal forces behavior during the auxiliary braking state is shown in figure 4.7.
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Figure 4.7: Weights behavior in auxiliary braking state
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4.3. Test Scenarios

4.3.4 Blended scenarios

In this subsection some other scenarios have been applied, figure 4.9 representing a soft ac-
celeration test and in figure 4.8 representing random driving test. The figures show the air
bellow pressure for all axles.
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Figure 4.8: Pressure behavior in soft acceleration state
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Figure 4.9: Pressure behavior in random driving
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5 Discussion

The following section includes a comprehensive discussion of the results provided in section
4. Particular focusing will be given to results that offer potential answers to the research ques-
tions mentioned before in section 1.4. Additionally, any areas of ambiguity or uncertainty will
be highlighted, and an effort will be made to clarify these points. Furthermore, the validation
of the half truck model will be discussed. Specifically, attention will be given to the accuracy
of the model and the potential impact of the air suspension system and stiffness of the tire on
reliability of the estimated normal force. The role of the air suspension system in achieving
model accuracy will be evaluated, and any limitations or challenges related to this aspect will
be identified and discussed.

5.1 Results

• Equilibrium state

In figure 4.1, it becomes apparent that there is an offset between the estimated values
and measured values in the front and tag axles. Conversely, this difference is signifi-
cantly smaller in the rear axle (driven), and the estimated and measured lines are almost
the same, given that the research aims to investigate the driven axle load, these values
can be basically considered as primarily for achieving the goal of estimating the ground
reaction force.

Furthermore, a comparison can be made between the estimated weights of the axles ob-
tained from the model in the stationary state of the vehicle and the measured weights
using a truck scale, as mentioned in the title of 4.3. The results in figure 4.2 show that
although there are slight differences in the weights of the front and tag axles, the esti-
mated weight of the driven axle is very close to the measured weight.

The observed offset between the measured and estimated values shown in the graphs
can be attributed to various factors. One potential factor is the imprecise estimation of
the horizontal position of the center of gravity, which was calculated using the weight
distribution over the wheel axles and the distances between them, as mentioned in the
section 3.3 . Although the loads were measured using a truck scale, there may be a
margin of error in the scale that was not accounted for. Another factor is the estimation
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5.2. Method

of the suspension stiffness, which was also mentioned in section 3.3.2. Since the bellows
consist of rubber, there is a significant potential for non-linear values that were not taken
into consideration. The stiffness constant of the tire and its rubber is another factor that
may have contributed to the offset in the measured and estimated values.

• Acceleration state
Looking at pressure behavior in the three wheel axles, the estimated plots appear to
closely follow the measured values, especially on the driven wheel axle. Notably, at
the 12th second of figure 4.2, a dip in the estimated pressure signal is observed, which
closely matches the dip seen in the measured data. This dip is attributed to the traction
force applied at that moment. Additionally, at the onset of acceleration, the pressure
decreases in all three axes. Observe of the normal forces reveals a significant increase in
the force in the driven axle, as shown in figure 4.4, causing the chassis to move upward,
which can explain the observed decrease in pressure on the suspension air pressure be-
tween the 12th second and beyond the suspension system restores stability, where the
velocity of the vehicle become nearly constant. Overall, these results suggest a strong
agreement between the estimated and measured pressure values and highlight the im-
pact of traction force on the vertical acting forces behavior in the three axles during
acceleration.

• Auxiliary braking state
The second experiment, involving the auxiliary braking state, can be summarized sim-
ilarly to the first experiment but with an opposing direction. During the second exper-
iment, the vehicle was moving at a constant speed, and in the fifth second, we applied
braking torque using only the auxiliary brakes, specifically, the electric motor. The re-
sults indicated that the normal force from the ground on the driving axle decreased
during the braking phase, whereas it increased on the front and rear axles. Figure 4.7
clearly depicts this behavior, highlighting the inverse relationship between the normal
forces in the driving axle and the other two axles during the braking phase.

• Additional experiments Figures 4.8 and 4.9 represent air pressure of two additional ex-
periments that demonstrate the similarity between the behavior of the obtained model
and real truck’s behavior when the control signal is applied torque on the driven axle in
both experiments. Noting that the offset remains in the front and tag axles. However, it
is worth noting that the values obtained for the driven axle are very close to each other,
which is the desired purpose of this thesis. In figure 4.8, the experiment was done only
with the auxiliary braking, without using of the service brakes.

5.2 Method

In order to estimate the dynamic axle load of the desired vehicle, the problem has been di-
vided into smaller topics, which simplified the complexity of the main problem. This thesis
focused on analyzing the influence of longitudinal forces on vertical forces and how apply-
ing longitudinal forces to a vehicle can affect the normal force of the driven wheel axle. To
achieve this, the model was divided into sub-models: the quarter car model, which incorpo-
rates vertical and longitudinal forces as discussed in section 3.4, and the bounce-pitch model
in section 3.5, which handles only with vertical forces. By combining the results of these two
sections, it was found a model of 2D motion of the whole system 3.6. It has been able to de-
velop five ODEs that approximately estimate the normal force and how it synchronizes with
changes in the dynamic forces.

Upon looking at the obtained ODEs, it becomes evident that there are several forces that
have an impact, but the most crucial one is the suspension force. As previously mentioned,
one reason for the significant offset in air pressure between the measured and estimated val-
ues in both front and tag axles is likely due to inaccurate estimations of suspension stiffness.
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5.3. The work in a wider context

In section 3.3.2, the stiffness was estimated in a straightforward manner by determining the
effective area of the air bellows and also considering them as springs that only react vertically.
The vertical displacement was measured using external displacement sensors that were as-
sembled between the chassis and the wheel axle, figure 1.4.

The suspension forces of the tires represent normal forces. Therefore, estimating the value
of the tire suspension constant significantly impacts the dynamic behavior of the model and,
specifically, the normal force. Additionally, the physical state of the tires and tire pressure can
also affect the normal force. In this thesis, the value of the vertical suspension constant was
provided directly from Scania tire department for simplifying the problem. The simplifica-
tions also included neglecting the road condition and assuming ideal tire friction, while pre-
formed experiments in one direction, the longitudinal direction without any curves. There-
fore, lateral forces and roll motion were not considered. Furthermore, air and roll resistance
were also considered as 10% of the applied longitudinal force.

5.3 The work in a wider context

By the ability of estimating the normal force and its relationship with dynamic and kinetic
forces in real-time, it becomes possible to improve the effectiveness of the brake system and
efficiency of regeneration of the electric engine while using engine braking. This achievement
can result to estimate the slip ratio through using the formula 1.1.1, which in turn a certain
braking torque can be applied to prevent a large slip rate that may exceed the threshold for
activating the anti-lock system. As illustrated in figure 1.1, when the ABS is activated, the
recharging system will be disabled, causing a loss of kinetic energy that is converted into
thermal energy in the service brakes.

In the case of vehicles equipped with other auxiliary braking systems, such as retarder
or exhaust braking, estimating the ground reaction force and in turn the slip ratio becomes
similarly crucial for maintaining stability during braking, especially when applying auxil-
iary braking for keeping the vehicle into stability zone on hills. Applying the appropriated
braking torque to avoid high slip enhances vehicle stability, in addition, while avoiding the
activation of ABS reduces the use of service brakes.e. a longer service life.

Expanding the model to include lateral forces would allow for a more accurate estimation
of the reaction force on each wheel, taking into account the effect of the steering angle as
a second control signal. Additionally, including the effect of the drag force from a trailer
and its impact on the pitch angle would improve the accuracy of the model. Furthermore,
investigating the suspension system in a more precise and thorough way would lead to more
accurate estimation of suspension stiffness values. Finally, including air and rolling resistance
and longitudinal gravity force in ODEs would make the model more accurate and closer to
real-world scenarios. All of these improvements would lead to a more accurate and effective
model for estimating ground reaction forces and slip ratios in vehicles.
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6 Conclusion

This consistency across different experiments strengthens the validity of the observed behav-
ior and the reliability of the results in simulating the truck’s movement and estimating the
ground reaction force in response to variations in the control signal.

In this section, we will summarize the research’s results and provide answers to the ques-
tions that were previously raised in section 1.4. Previously, it were presented the most critical
findings that are directly related to model’s effectiveness determining and the factors that
impact its accuracy. The conclusions of the research, may give answers for the questions :

1. By studying the quarter car model and bounce-pitch model, we were able to obtain a
model represented by 5 ODEs. The equations states describe the vertical motion of the
vehicle, leading to predict the wheel axle normal force.

2. In the section 3.8 above, the Simulink blocks are presented in the same section.

3. To verify the model, two methods were used: collecting data from the CAN bus and
taking measurements using a scale, and then comparing the results with the model’s
output. In the results section 5.1, we also analyzed the factors that contributed to the
errors in the presented results.

4. MSE Mean Squared Error to evaluate the performance of a predictive model, section
3.7. The method can be used for comparing between scenarios’ results and eventually
changing the desired vehicle specifications. The method has been used for model vali-
dation, however the result have been presented in the report.

5. The model provides a reasonable estimate of the normal force when applying either
traction or braking force on the driven wheel axle. Additionally, the model able to
provide a review of the normal force values on all axles.

6. The figure in section 4.4 illustrate the behavior of the normal force for on each wheel
axle in acceleration state. At the moment of applying a traction torque to the driven
wheel axle, the vehicle is propelled forward because of the rotational motion of the
wheels against the friction of the road generates a traction force. This force induces a
torque on the joint of the rear suspension system, causing rotational movement in the
same direction as the wheels, by using the equation 3.4.7 presents the rotational differ-
ential equation of the rotational velocity. The rotational movement causing of vehicle
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traction lead to increases pressure on the tires, and consequently, means increasing in
the suspension force of the tire. As previously mentioned, the suspension force is equal
to the normal force. The normal forces on the driven axle increase, the acted normal
force is transmitted from the wheel axle pushing the chassis upwards basically through
the suspension bracket, causes lifting the chassis. The upward movement of the chassis
increases the distance between the wheel axle and the chassis, leading to a reduction in
pressure on the air bellows, as illustrated in figure 4.2.

When braking, the opposite happens compared to acceleration, as seen in the figures.
The mass of the axle is lifted upward due to the braking force’s direction and by apply-
ing the principle of moment to the joint, and since the front and tag suspension forces
act as carriers for the car, the acted normal force on the driven wheel axle decreases.
Figure 4.7 illustrates how the normal force distribution becomes mirrored compared to
the acceleration state, obviously the normal force on the front and tag axles increasing,
while on the rear (driven) axle it decreases. This explains the lower torque amount,
leading to a certain amount of slip when braking compared to acceleration, figure 3.4.
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