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Abstract:
In the recent years, it has been shown a big development in the vehicle trajectory prediction
with the main objective of obtaining crucial information for pre-crash safety systems. Besides the
longitudinal velocity, the steering wheel angle applied from the driver to make the car turn is
essential for the final trajectory of the vehicle, thus the steering mechanism and the lateral
guidance forces are crucial for the accuracy of the vehicle motion. Finding the latencies or delays
generated by these two physical limitations are the main purpose of many investigations in
vehicle dynamics. For this thesis, different models will be explored for their use in a pre-crash
system, this allows to set some specific considerations and limitations that are not explored in
this field, such as the quantification of the trajectory response of the vehicle in times lower than
1000 ms, some important factors that affects the vehicle response and are not considered
habitually in pre-crash safety dynamics, some physical limitations of the components of the
steering mechanism and the tire-road interaction, etc.
Thus, a simulation model has been developed and verify to identify the steering latencies and
lateral tire forces on different vehicle scenarios. For this, it has been developed two models, the
first one doesn´t include the tire responses while turning, and doesn´t consider the friction,
inertias, and elasto-kinematics of the steering mechanism. The steering system used in this work
simulates the effect of the friction and stiffness of the torsion bar, the inertia of the coupling of
the pinion, the friction and the stiffens of the rack and the self-aligning moment caused by the
tires. The tire model calculates the forces and moments generated during combined longitudinal
and lateral motion of the vehicle, and integrates rotational wheel, vertical mass and braking
dynamics models, regarding to the tire forces generated by the slip angle, the Fiala Tire model
approximates a parabolic normal pressure distribution on the contact path with a rectangular
shape. At the end of the simulation, the yaw rate, lateral acceleration, front wheel angle and the
trajectory position were analyzed, showing that the steering mechanism dampers and springs
affects more strongly the vehicle motion, rather than the self-aligning moment of the tires.
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1. Introduction
Here there will be a small introduction about pre-crash safety systems and the importance of
the trajectory prediction in the actual context of vehicle dynamics. Then it will be explained the
model that will be presented. This model will be a Single-track model, used for the analysis of
vehicle road holding ability or the analysis of vehicle roll. This model will take into consideration
steering latencies, steering elasticity and lateral guidance forces of tire and inertia of the vehicle.
In 2019 there were 6,329 deaths by crash accidents just in Colombia [1]. More than 1,200,000
accidents occur every year in the European traffic with about 1,600,000 injured persons and 42,000
deaths [2]. With the purpose of reducing these numbers, passive safety plays a very important role.
Vehicle pre-crash safety has been increasing significantly along the last years and this is mostly
because of the new models that have presented the research works on all the possible branches of
this field.
Despite of all this development, there are still too many crash deaths and accidents all around
the world. Also, it has been proved that a huge amount of these fatalities and injuries of inevitable
crashes could be reduced if a vehicle would have been able to recognize the risk of crash earlier
with the vehicle´s trajectory model [3]. This occurs because the required time to fire any restraint
system is defined for every actuator in any load case.
Therefore, the better the model, the better the crash prediction and with the improvement of
this prediction, the safety systems will have better passive safety features because for example the
airbag systems can be deployed earlier, and the injuries can be mitigated. Thus, every improvement
on precision and accuracy on the trajectory of the vehicles is critical, no matter how small it is, to
reduce the fatalities induced by a vehicle crash.
To obtain the vehicle motion information of an incoming vehicle, the cars have several types
of sensors, the most common ones are the single point sensing (SPS), these sensors are the most
economic and most used in the nowadays. One of the main limitations of these kind of sensors is
that they only provide rough information on vehicle state, so there is a probability of misfiring the
restraint systems due to the lack of more sensors to get a more accurate information about the
severity of the collision. [4]
Depending on the type scenario the cars might have one sensor at the frontal part of the vehicle
and some satellite sensors on the side structures to detect the side crashes, depending on the
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infrastructure and the budget of the safety systems of the car. To improve this, there is a very
extended possibility to investigate, develop and create models that allows to get a more robust and
reliable information of the incoming vehicle motion. The main purpose of passive safety is
therefore, to mitigate the consequences of a crash and reduce the fatalities and the bad injuries
from it. Thus, the model desired for this project, will consider some important latencies and
physical limitations under different crash scenarios and different velocities to reduce the thresholds
for earlier airbag deployment.
In the late years real integrated safety systems with activation of irreversible restraint systems
(i.e., airbag) before collision occurs have been the best option for passive safety purposes,
nevertheless they have not been introduced into series production yet. To accomplish this is
necessary to make a perception of the environment and possible collision partners, to make a
prediction of motion of the objects in the environment, to detect the inevitability of the crash, to
estimate the crash constellation and crash severity, and finally to decide which will be the best
restraint strategy.
So, this model will be focus more specifically on the prediction of motion of objects in
environment, therefore the main considerations regarding this subfield will be the sensor
information that is real obtained and the information desired, the parameters of the vehicle
dynamics, the way to reduce the array of possible trajectories considering that this can endanger
the inevitability prediction. Once the vehicle dynamics model is analyzed, it can be obtained an
array of possible trajectories. This array is limited by the maximum possible accelerations of the
vehicle, and these accelerations are affected directly by the vehicle state and the driver input.
Nevertheless, this could be improved by creating a model where these physical limitations are
being considerate and simulated, then the size of this array could be reduced, and the problem
could be solved.
Because of this, in this thesis, it will be presented a model that include these variables with the
purpose of increasing the precision of the possible trajectories of a generic crash-scenario. Once
this model is created numerically, it will be simulated in a car simulation Software and finally
there will be a comparison of the results obtained by this software (ADAMS) and MATLAB.
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2. Methodology
To create this model, I worked with the software MATLAB Simulink where I used as an
input the longitudinal speed of the vehicle and the front wheel angle. As an output I got the vehicle
motion, where I focused on the final yaw rate, the lateral acceleration, the lateral and longitudinal
position of the vehicle over time. This model is called Model A and despite it doesn´t match the
actual physical conditions of a typical pre-crash scenario, works as a good starting point for an
approximation of a more appropriate model. To analyze the effect of the elastic deformation of the
steering mechanism, the elastoplastic deformation of the tire and the inertia of distributed masses
a new model with these considerations was created. This will be known as Model B; this will be
the most appropriate model in terms of the lowest time for calculation and the better accuracy in
the results. Coming up next, each of the blocks used on the models will be described.

2.1 Modelling process

2.1.1 Single track-model
In the first place it is important to define which type of model will be used to simulate the
vehicle motion under cornering. The present investigation will use a single-track model as a
convenient approximation of a vehicle model, representing the relevant dynamics of a vehicle.
This is a simplified model that only works under certain assumptions described below and is a
standardized block implemented by the Vehicle Dynamics Simulink library. This block provides
a good approximation of a mathematical description of the cornering scenario:
•

Slip angles are restricted to be small, so the lateral guidance forces doesn´t affect the final
trajectory of the vehicle.

•

The driving force required to keep the speed constant is assumed to remain small with
respect to the lateral forces acting on the tires.

•

Brake and drive forces are neglected. The vehicle body roll and possible pitch behavior are
neglected too.
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•

The external longitudinal velocity is in quasi-steady state; thus, the longitudinal
acceleration is approximately zero.

•

The height of the center of gravity (CoG) of the vehicle is small compared to the track
width.

•

When roll and pitch motions are negligible is when friction coefficients between tires and
road are not too large.

•

The mass of the vehicle is concentrated at the CoG.

•

It is assumed a constant radius turn for each transition of an angle to another.

•

The longitudinal forces of the tires will be neglected.

•

The maximum possible lateral acceleration region can´t get over of 1 g.

Using these assumptions, the front and back wheel pairs are joined and modelled as a single
wheel at the front and back. Due to this, this model is also known as the single track model. Here
is an illustration of the schematics of a single track model.

Figure 1. Single track model vehicle lateral dynamics [5]

The input to the system is the front wheel angle obtained by the steering wheel angle generated
by the driver and restricted by the maximum possible accelerations depending also on the
longitudinal velocity of the vehicle and the wheelbase of the vehicle, that works as well as an input.
The relationship between the front wheel angle and the steering wheel angle without considering
the steering latencies works just as a gear reduction and this is the formula:
𝛿𝑠𝑤 = G ∙ 𝛿𝑓
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The output of the system is the array of possible trajectories-positions and the lateral behavior
of the vehicle (yaw angle, yaw rate, lateral velocity, and acceleration). The modelling process is
created to facilitate the implementation in different vehicle scenarios with the purpose of use the
model as well to compare the response of the vehicle under different changes in the scenarios. For
this, the main variables that strongly affects the array of trajectory-positions was parameterized to
facilitate the easy modification of the input values. This is a schematic of the first simplified model:

Figure 2. Schematics of the model A

The formulas that use the block to calculate the vehicle motion dynamics are the following, where
the trajectory positions are derived from here:

𝑎𝑦 = 𝑦̈ = −𝑣𝑥 ∙ 𝜓̇
𝜓̇ =

R=

𝑣𝑥
𝑅

𝑊ℎ𝑒𝑒𝑙𝑏𝑎𝑠𝑒
𝑓𝑜𝑟 𝑛𝑒𝑢𝑡𝑟𝑎𝑙 𝑠𝑡𝑒𝑒𝑟
tan 𝛿𝑓
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2.1.2 Coordinate system reference of the single track model
Based on the standard terminology for vehicle dynamics, this is the global coordinate system
reference in vehicle dynamics.
•

Earth-fixed coordinate system (𝑋𝐸 𝑌𝐸 , 𝑍𝐸 ): coordinate system based on the earth-fixed axis
system and an origin that lies in a reference ground plane.

•

Inertial (Newtonian) reference: a reference frame that is assumed to have zero longitudinal
acceleration and zero angular velocity.

•

Vehicle axis system (𝑋𝑉 𝑌𝑉 , 𝑍𝑉 ): right-handed orthogonal axis system fixed in the vehicle
reference frame, the directions should coincide with the earth-fixed axis system when the
vehicle is upright and aligned with the 𝑋𝑉 axis parallel to the 𝑋𝐸 axis.

Figure 3. Global coordinate system reference of the vehicle [6]

Nevertheless, the vehicle dynamics blockset uses the Z-down orientation. Thus, if the steering
angle is positive, the car will turn into the right direction as it is shown in figure 3.
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Figure 4. Vehicle coordinate system reference used in the simulation.

2.2 Viscoelastic steering model
A mathematical model was constructed based on the free-body diagram shown in figure 3. This
includes all the mechanical components which transfers the steering wheel angle from the
handwheel to the front wheel, through the steering wheel upper column, the torsion bar, the
steering rack, the pinion system with gearing, the front axle system and all the occurring damping
and friction effects.

Figure 5. Steering system free-body diagram.
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The following parameters were used. In the main set up, a soft torsion bar stiffness was used, the
inertia of the steering wheel column was neglected, and the stiffness of the torsion bar and the rack
is the same. Here are the respective values, taken from the component tests of the investigation of
Pfeffer on this field:
Parameter

Value

Units

0.0035

Kg/ 𝑚2

𝐽2

Inertia of the pinion coupling

𝐾1

Stiffness of the torsion bar

30

Nm / rad

𝐵1

Damping of the torsion bar

0.5

Nms/ rad

G

Gear ratio

1:15

𝐾2

Stiffness of the pinion

0.001

Nm / rad

𝐵𝑓1

Damping of the rack

0.98

Nms / rad

𝐾𝑓1

Stiffness of the rack

30

Nm / rad

-

Table 1. Steering parameters

The input of this subsystem is the steering wheel angle, which will be transformed to the output
of the model that is the front wheel angle, after going through the rotational dynamics of the
steering column, the rack, the pinion, and the front-wheel axle assembly. They are expressed by:

𝐺𝐵𝑓1 𝜃̇𝐹 + 𝐺 ∙ (𝐾𝑓1 + 𝐾2 ) 𝜃𝐹 + 𝑀𝑧 = 𝜃𝑠𝑤 𝐾1 + 𝐵1 𝜃̇𝑠𝑤 + 𝐽1 𝜃̈𝑠𝑤

Solving for the front wheel angle, and using a transfer function the following equation was derived:

𝜃𝐹 ∗ 𝐺(𝐵𝑓1 𝑠 ∗ (𝐾𝑓1 + 𝐾2 ) + 𝑀𝑧 = (𝐽1 𝑠 2 + 𝐵1 𝑠 + 𝐾1 ) ∗ (𝜃𝑠𝑤 )
[(𝐽1 𝑠 2 + 𝐵1 𝑠 + 𝐾1 )(𝜃𝑠𝑤 )] − 𝑀𝑧
𝜃𝐹 =
𝐺 ∗ (𝐵𝑓1 𝑠 + 𝐾𝑓1 + 𝐾2 )

The Simulink representation of the steering system is shown in figure 5:
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Figure 6. Simulink subsystem of steering latencies

Further, in the definition of the scenario section, the scenario A for the steering maneuver will
be explained, but meanwhile to understand the effect of the steering latencies the figure 6 shows
the effect of the damping and friction losses of the mechanical components of the steering system
on the front wheel angle.

Figure 7. Front wheel angle of model A and model A with steering latencies; model input: Steering wheel angle scenario A

2.3 Tire Model
As the single-track model has some important limitations it was needed to use another
subsystem to simulate the effect of the slip angle, the lateral guidance forces, shearing effects, and
the plastic and elastic deformation of the tires, to evaluate the delay generated by these effects in
the final trajectory of the vehicle. For this, there are several types of model, one of the most
standardized models is the Fiala Model, which includes steering stiffness and aerodynamic effects.
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In SIMULINK, there are just two available models of tires, the Fiala slip wheel 2d0f block was
implemented. It represents a simplified tire with lateral and longitudinal slip capability based on
the E. Fiala model. Includes rotational and vertical degrees-of-freedom and aligning, rolling, and
overturning moments. The block calculates the forces and moments during combined longitudinal
and lateral slip uses through a translational friction model.
This model was chosen because the tire coefficients needed by the Magic Formula are not
required for this analysis, for further works it would be interesting to compare the difference
between the Fiala Tire Model and the Combined Slip Tire Model, where the difference are the tire
coefficients that can be obtained from a co-simulation with an advanced vehicle software like
ADAMS CAR or Vehicle SIM, the Fiala Model replaces this tire coefficients for a simplified
realistic lateral behavior, and does not consider the scale factors that uses as an input the Combined
Slip Tire Model, instead of use a single scale factor to account for variations in the coefficient of
friction. Figure 7 represents a simulation of the tire model. This figure represents the SIMULINK
block of the tire with its corresponding inputs and outputs.

Figure 8. Schematics of the Tire Model

Figure 8 illustrates the reference coordinate system which represent the direction of the model.
As it is shown in the figure, the tire subsystem used in the model has a Z-up orientation, this
coordinate system reference is opposite to the Z-down orientation of the vehicle. This means that
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if the car turns into the right direction, the self-aligning moment of the tires will be negative as the
lateral forces of the tires, going in the opposite direction of the motion of the vehicle.

Figure 9. Coordinate systems reference of the tires

The inputs of the Fiala Tire model were the brake pressure, the axle Torque about wheel spin
axis, axle longitudinal velocity along tired-fixed axis, the axle lateral velocity along tired-fixed
axis, the camber angle, the yaw rate (tire angular velocity about the tire-fixed z-axis), the tire
inflation pressure, the ground displacement, the axle force applied to the tire along vehicle-fixed
z-axis and the scale factors to account for variations in the coefficient of friction. Each of these
inputs will be explain later in this paper. The output desired variables of the full vehicle model
were the Y trajectory of the vehicle, the X trajectory of the vehicle, the yaw angle, the vehicle
longitudinal velocity, the vehicle lateral velocity, the rotation of the vehicle-fixed frame about the
earth-fixed Z-axis (yaw) and the vehicle angular velocity, r, about the vehicle-fixed z-axis (yaw
rate). Like the inputs, the output desired variables will be explained in greater detail later. The
main output of this model is the aligning torque of the front wheels, which will affect the front
wheel angle, respectively.
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2.3.1 Brake pressure force:
This tire subsystem model considers the brake forces that the Vehicle Body 3DOF Single Track
does neglect. The type of brake used is disc brake, which converts the brake cylinder pressure into
a braking force.
𝑏𝑝𝑓 =

𝐹𝑑
𝐴𝑝

𝐹𝑑 = 𝐹𝑝 ∙ 𝑃𝑟𝑎𝑡𝑖𝑜
𝑃𝑟𝑎𝑡𝑖𝑜 = 6.2
𝐴𝑝 = 𝜋 ∙ 𝑟 2 = 0.0079 𝑚2

As the average pedal force of a driver is 311.3 𝑁𝑚 for a full brake and the optimum pedal radio
of a brake is 6.2, the maximum brake force can be obtained, as we already know that the minimum
braking force is zero then there is no braking, we can obtain the average pedal force. This will be
important when the driver scenarios are a combination of braking and steering.

2.3.2 Axle torque about the wheel spin axis
As it was used for the analysis a vehicle with front tractive forces, the axle torque of the rear
wheels is zero. To obtain the axle torque about the wheel spin axis it was needed to make the
following calculations, in this numerical approximation the drive train losses were calculated in
the vehicle single track model and considered in the equations:
𝑃𝑎 = (𝑃𝑒 − 𝑃𝑖 ) ∙ 𝑖𝑓 ∙ 𝑖𝑔
𝑤𝑎 =

𝑣𝑥
𝑟𝑑𝑦𝑛

𝑇𝑎𝑥𝑙𝑒 =

𝑃𝑎
𝑤𝑎

𝑃𝑒 = 𝑇𝑒 ∙ 𝑤𝑣𝑥
17

The graphical representation of this formulas used in the simulation software are showed above in
the figure 10:

Figure 10. Simulink schematics of the axle torque subsystem

2.3.3 Feedback from the single track model A
From the model A, there are four outputs that works as feedbacks for the Fiala model. The first
one is the axle longitudinal velocity along tired-fixed axis, the second one is the axle lateral
velocity along tired-fixed axis, the third one is the yaw rate (tire angular velocity about the tirefixed z-axis) and the fourth is the axle force applied to the tire along vehicle-fixed z-axis. These
feedbacks were used as inputs of the tire model and represents the vehicle motion of a simple
cornering scenario.

2.3.4 Tire inflation pressure
This is one of the most important parameters regarding to the tire behavior because it strongly
contributes to the lateral cornering and tire stiffness. It is also dependent of the vertical load that
suffers the tires because of the contact length of the tire path. This is very important for the selfaligning moment of the tires because it directly affects the pneumatic trail, which affects the lateral
force. Thus, there is an important impact of this parameter on the final trajectory position of the
vehicle, in this analysis this parameter won´t be changed as there is already a lot of information on
18

this field. The tires used in this analysis are standard tires SR with a dimension of 225/45 R17 and
an air pressure of 2.2 bar in the front tires.

2.3.5 Aligning moment
As it was mentioned previously, this investigation will focus on the aligning moment output
obtained from the tire model. This phenomenon occurs by the elastic deformation of the tires, this
elastic deformation is produced due to the presence of side slip angle due to the presence of nonzero lateral velocity, that is produced when the vehicle is cornering [6]. According to that, when
the vehicle has a steering wheel angle of 0° the aligning-moment will also be 0 Nm because there
is no presence of an elastic deformation of the tires. It is also important to distinguish that this
moment acts in the opposite direction of the vehicle motion, because is proportional to the linear
yaw resistance and the coefficient of friction of the tires. The highest complexity of this subsystem
though is the elastic deformation of the tires, that occurs because the material of the tire is nonuniform, multi-layered and anisotropic. The figure 12 shows a plan view of tire while the vehicle
is cornering and there is produced a lateral deflection of the tire centerline in the contact patch.
Each element is constrained by a foundation stiffness spring, attempting to restore the element to
its central position [6]. This is the simplest representation of this phenomenon and it is called by
the name of the elastic foundation model, also known as the Fiala model, the main characteristic
of this model is that it allows a discontinuous distribution of displacement and a discontinuous
slope of the center line [6]. As this is the simplest model, it doesn´t shows the most accurate
behavior of the tires in real life, especially because it doesn´t consider the normal force distribution
on the contact patch to be parabolic, nevertheless is a good approximation to quantify the effect of
the tires of a single-track model in the front wheel angle.
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Figure 13. Lateral tire deflection and foundation stiffness elements representation [5]

The Fiala tire block uses calculates this moment as a combination of yaw rate damping and slip angle state
with the following formula:

𝑀𝑧 = {

𝜓̇𝑏𝑀𝑧
tanh(4𝛼´) 𝑤𝜇|𝐹𝑧 |(1 − 𝜉)𝜉 3 + 𝜓̇𝑏𝑀𝑧

𝜉 =1−

𝑤ℎ𝑒𝑛 |𝛼´| > 𝛼´ 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
}
𝑤ℎ𝑒𝑛 |𝛼´| ≤ 𝛼´ 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

𝐶𝑎 |tan (𝛼´)|
3𝜇|𝐹𝑧 |

Here, it is important to notice that the aligning moment behavior will depend on the state of the slip
angle, where the response of 𝑀𝑧 will depend if the slip angle is lower or higher than the critical slip angle.
There are several factors that affect the aligning moment when the slip angle is lower than the critical slip
angle, like the coefficient of friction, the lateral stiffness, the vertical contact path normal force and in a
lower proportion the tire width. Either if the slip angle state is over or lower than the critical state, the
aligning moment is directly proportional to the linear yaw rate resistance and the yaw rate, which depends
on the main inputs of the whole simulation, the longitudinal speed, and the steering wheel angle maneuver.
The behavior of the self-aligning moment against time is shown in the figure 13.
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Figure 14. Self-aligning moment vs Time of scenario 1; Vx= 15 m/s, 𝜃𝑠𝑤1 = 20°, and 𝜃𝑠𝑤𝑚𝑎𝑥 = 90°

The numerical relationship was already explained before, but this is a graphical representation of
the subsystem of the steering system considering the effect of the aligning torque on the front
wheel angle:

Figure 15. Steering subsystem plus aligning torque Simulink representation

These were the most important parameters used to get the aligning moment, all of them are default values
from the standardized Fiala block from MATLAB and are reliable for the investigation:
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Figure 16. Tire model parameters for the simulation

2.4 Model B
As the main objective of this work was to analyze the effect of the steering latencies and the
lateral guidance forces of the tires, model B is the simple one-track model A plus the steering
subsystem and the tire model which considers the steering latencies of the mechanical components
of this subsystem and the aligning moment caused by the slip angle generated while cornering
obtained from the Tire lateral dynamics block. This is a schematic of the full model B:

Figure 11. Simulation of the full model B

2.5 Restriction of maximum possible acceleration
Before describing the maneuver, it is crucial to understand that this model has a big limitation.
The maximum possible acceleration must be less than 1 g, to guarantee an appropriate response
22

from the model. This variable depends on the longitudinal velocity of the vehicle and the radius of
cornering ®, which depends on the geometry of the vehicle (L) and the front wheel angle (𝛿𝑓 ).
These are the respective formulas that shows the direct relationship between variables:

tan 𝛿𝑓 =
R=

𝐿
𝑅

𝐿
tan 𝛿𝑓

𝑉𝑥 2
𝑎𝑦 =
𝐿
(
)
tan 𝛿𝑓
With these formulas, it is possible to calculate the maximum steering wheel angle with a certain
speed or vice versa to accomplish the condition of the maximum lateral acceleration.

2.5 Definition of the scenario:
The focus of this work is normal driving turning maneuvers with combination of steering and
braking. As this thesis is orientated in vehicle pre-crash safety. What happens in this field, is that
the sensors of the vehicle detect an incoming vehicle with its pervious information of position,
velocity, and the type of motion. Assuming that the incoming vehicle was in a straight line for a
small time, and then suddenly turn its car to full left or right, the lateral acceleration was infinite
for the past few milliseconds, and it needs to come down from infinite to its stabilized value in a
certain amount of time. There must be a transition between those times. This transition will be
detected in the model.
For this, some scenarios were created with the limitation of the maximum lateral acceleration
of 1g. In addition to this the maximum turning rate of the vehicle is recommended to be between
0.2 Hz and 2 Hz for continuous sinusoidal input from the standardized norm ISO 7401, this
frequency range can be extended above and below these limits, so for the case of this investigation
we will take a maximum frequency rate of 2.5 Hz. Finally, for all the scenarios there will be two
transitions from one angle to another:
@𝒕_𝟏: transition phase from 0° to 𝜃𝑠𝑤1 over 57 ms following sine-like curve
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@𝒕_𝟐: transition phase from 𝜃𝑠𝑤1 to 𝜃𝑠𝑤𝑚𝑎𝑥 over 200 ms following sine-like curve
@𝒕_𝟑: End of simulation.

This is an illustration of how the steering maneuver looks like from the start to the end of
simulation:

Figure 12. Steering maneuver for the Scenario A.

Before the first transition the vehicle will be in a straight line for 500 ms, and then will do the
transition 1. After it reaches the steering wheel value, the handwheel will be constant at 𝜃𝑠𝑤1 for
500 ms, and then will do the second transition phase. Finally, there will be a gap of time with
𝜃𝑠𝑤𝑚𝑎𝑥 before the end of the simulation. There are 7 scenarios that can be analyzed with this
model, all of them with a different combination of braking and steering. The main one will be the
scenario 1, which will have a stronger and deeper analysis. For this scenario, some variations will
be simulated to see how the system responds at different speeds and steering wheel angles.
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3. Verification
To verify the previous results values shown below, first the SIMULINK model was tested for
a full turn vehicle circle, for

𝜃𝑠𝑤1 = 20°, and 𝜃𝑠𝑤𝑚𝑎𝑥 = 90°, the results obtained from

SIMULINK have the response that one will expect from this scenario, so this helped to see if the
response of the model was okay.

Figure 27. The vehicle trajectory position of model A and B after two full laps at different steering wheel angles.

Figure 28. The vehicle trajectory position of model A and B in the second lap.
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To verify the model, it was needed to make a simple ramp input for the front wheel angle in
SIMULINK and compare the response with a standardized ramp input maneuver in ADAMS CAR,
where it was implemented the same input, finally the results are compared to the experimental
results from SIMULINK. The ramp steer maneuver was used with steering angles varying from
0° to 20° in 0.2 seconds, and an initial longitudinal speed of 15 m/s.

Figure 29. Input parameters for a step-steer maneuver in ADAMS CAR.

Figure 30. Front wheel angle response for a simple step-steer maneuver in ADAMS CAR.

After making the ramp steer command in ADAMS CAR and making the same maneuver in
SIMULINK, it was obtained the following response for both models, having the exact same
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response with a small difference in the top values, this is caused because of the difference in the
parameters used by default in SIMULINK and in ADAMS CAR:

Figure 31. Longitudinal displacement obtained for a step-steer simple maneuver obtained from ADAMS CAR.

Figure 32. Longitudinal displacement for a step-steer simple maneuver obtained from MATLAB SIMULINK.
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Figure 33. Lateral displacement obtained for a step-steer simple maneuver obtained from ADAMS CAR.

Figure 34. Lateral displacement for a step-steer simple maneuver obtained from MATLAB SIMULINK.
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Figure 35. Yaw rate for a step-steer simple maneuver obtained from ADAMS CAR.

Figure 36. Yaw rate for a step-steer simple maneuver obtained from MATLAB SIMULINK.
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4. Results
4.1 Trajectory prediction
For further analysis, the longitudinal speed and the front wheel angle of the scenario previously
explained will be altered to view its importance in the lateral behavior of the vehicle. This is the
set of results for a simulation with the following inputs: Vx= 15 m/s, 𝜃𝑠𝑤1 = 20°, and 𝜃𝑠𝑤𝑚𝑎𝑥 =
90° .These are the main results for the final trajectory of the vehicle after 1000 ms after the last
change of steering wheel angle, as it is expected the model A will have a larger reach in the y
direction than the model B, which is delayed because of the consideration of the physical
limitations, this is illustrated in the figure 17. By the other hand in the figure 18 the model B has a
larger reach in the X direction but is almost insignificant in comparison to the delay in the Y
direction, where will be focused this analysis.

Figure 17. Lateral trajectory of the vehicle against time
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Figure 18. Longitudinal trajectory against Lateral trajectory of the vehicle

Looking deeper in the delay between Model A and Model B, with the settings plot tool it was possible
to find the exact maximum difference in the Y trajectory position of the two models, the delay is about
0.477 m at the end of the simulation, or in other words, 1000 ms after the second transition phase has
reached its top value. Figure 19 shows the global difference along time between the two trajectories of
model A and B, further it will be shown in a table the delay in the vehicle motion after 100 ms, 200 ms,
300 ms, 500 ms, and 1000 ms.

Figure 19. Difference between the Y trajectory of the vehicle along time between model A and model B for the first scenario
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It was found that the steering subsystem has a fewer impact on the final vehicle position than the selfaligning moment of the tires. As the maximum difference between Model A vs Model A with steering
latencies is 0.115 m at the end of the simulation, and the maximum difference between Model A vs Model
A with tire forces is 0.312 m at 3.2 seconds. The percentage of impact of the steering latencies can be
calculated under these calculations, and for this case it has a value of 24.1 %. It is important to remember
that the steering parameters have a strong influence in this percentage value, as the set up of the steering
parameters were considered for a very soft response it is expected a small percentage of latency for the
steering mechanism, but if the set up were altered for a harder response this percentage will increase and
the delay will be even bigger. Regarding to the X trajectory vs Time there is a maximum difference
between Model A vs Model B of -0.257 m at the end of the simulation. This is insignificant because the
final position of the vehicle in the X axis is approx. 32 meters, thus there is just a delay of 0.80 % in the x
trajectory.
Nevertheless, the main contributor to this delay is the tire forces which contributes to this difference
in a percentage of 73.9 %. Here is the respective graph that shows the difference in the X trajectory
between the two models, as the difference is almost insignificant, it wasn´t necessary to show the graph
of the x trajectory of the models previously:
Model A vs Model A with steering latencies: Max difference 0.049 m at 1000 ms after 𝑡2
Model A vs Model A with tire forces: Max difference 0.192 m at 1000 ms after 𝑡2

Figure 20. Difference between the X trajectory of the vehicle along time between model A and model B for the first scenario, 1000 ms after
@t_2
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4.2 Yaw motion
Regarding to yaw rate motion of the two models, the figure 21 shows the response of the two models,
whereas it is illustrated after the second transition phase, the yaw rate difference between both models is
bigger at higher lateral accelerations and front wheel angles.

Figure 21. Comparison of the yaw rate against Time

The maximum difference in the yaw rate of the two models, for the first scenario is 0.056 m at 1.23
seconds, in the peak of the second transition phase just before going down and finding its constant value.
Here is the illustration of the global yaw rate difference along time between model A and model B:
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Figure 22. Difference between the yaw rate of the vehicle along time between model A and model B for the first scenario

As the graph illustrates the yaw rate difference between the two models in the first transition angle is
3 times smaller than the difference in the second transition angle, so one can conclude than the difference
in the yaw rate between the models is proportional to the angle transition that the driver wants to do, so in
more abrupt scenarios with higher change in the angle, the more the effect of the steering latencies and
tire forces in the yaw rate. This is mainly caused by the self-aligning moment of the tires, which increases
if the side slip angle increases, and is the mainly contributor for the maximum yaw rate difference between
the models. It is important to notice as well that the aligning torque causes a very small effect when the
slip angle is small as the figure 24 illustrates. This doesn´t occurs with the steering mechanism, that has
almost the same yaw rate if the steering wheel angle is constant. At higher transitions, higher is the yaw
rate difference, so with harsh driving maneuvers these steering latencies have a stronger effect in the
vehicle motion than in soft maneuvers, this is very significative for pre-crash safety systems because the
most critical scenarios for crashes have harsh driving maneuvers. Here are the respective graphs of the
behavior of the yaw rate for the different models:

34

Figure 23. Difference between the yaw rate of the vehicle along time between model A and model A with steering latencies for the first

Figure 24. Difference between the yaw rate of the vehicle along time between model A and model A with the tire model for the first scenario
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4.3 Results for different simulation times
The close analysis that was previously showed was made 1000 ms after the second transition phase of the steering
wheel angle. But for vehicle pre-crash safety purposes it is very important to see how the system responds for
different times. Therefore, above it is shown a table with the same analysis previously showed for different time
values after the maximum steering wheel angle value has been reached. Here are the respective values:

Vx=15m/s and 𝜽𝒔𝒘𝒎𝒂𝒙 =
𝟗𝟎°

After 100 ms

After 200 ms

After 300 ms

After 500 ms

After 1000
ms

Units

Y position difference
between model A vs B

0.09

0.12

0.16

0.25

0.53

m

Y original position trajectory

1.06

1.48

1.98

3.21

7.77

m

Y position relative error

8.20%

8.12%

7.99%

7.74%

6.85%

%

Effect of the steering
latencies in the Y position

0.06

0.07

0.08

0.11

0.17

m

Effect of the tire forces in the
Y position

0.03

0.05

0.08

0.14

0.36

m

X position difference
between model A vs B

-0.01075

-0.0196

-0.032

-0.07213

-0.28

m

X position trajectory

20.3

21.75

23.18

25.94

32.11

m

X position Relative error

0.18%

0.24%

0.30%

0.47%

1.08%

%

Table 2. Results of vehicle motion delays for scenario 1 for different velocities and angles after 100 ms

As this analysis was restricted to one very specific scenario, it is interesting to see how the system
responds for different longitudinal speeds and maximum steering wheel angles. Here is a table with the
different values after 1000 ms after the second transition phase angle:

Comparison of different velocities

Vx= 15 m/s and
𝛉𝐬𝐰𝐦𝐚𝐱 = 𝟗𝟎°

Vx= 10 m/s and
𝛉𝐬𝐰𝐦𝐚𝐱 = 𝟏𝟖𝟎°

Vx= 5 m/s and
𝛉𝐬𝐰𝐦𝐚𝐱 = 𝟐𝟕𝟎°

Units

Y position difference between model A vs B

0.53

0.33

0.106

m

Y original position trajectory

7.77

7.81

4.17

m

Y position relative error

6.85%

4.23%

2.54%

%
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Effect of the steering latencies in the Y
position

0.17

0.15

0.070

m

Effect of the tire forces in the Y position

0.37

0.18

0.036

m

X position difference between model A vs B

-0.28

-0.26

-0.061

m

X position trajectory

32.11

22.32

12.49

m

X position Relative error

0.87%

1.16%

0.49%

%

Table 3. Results of vehicle motion delays for scenario 1 for different velocities and angles after 1000 ms

The lateral behavior of the vehicle under this scenario is illustrated in the upcoming figures, lateral
velocity and lateral acceleration have a similar response to the front wheel angle, and as it is expected that
the response of the model B always shows a delay with respect of the model A.

Figure 25. Lateral acceleration against time for Scenario A for model A and model B
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Figure 26. Lateral velocity against time for Scenario A for model A and model

Finally, the last results obtained from this investigation will help to investigate the effect of the steering
components in the final trajectory delay of the vehicle. It was founded that the friction losses of the rack
and the steering column have a very strong effect in the front wheel angle, thus it has a big impact and its
directly proportional to the y trajectory position of the vehicle. It is important to consider that the
correlation between the damping of the rack and the steering wheel column corresponds to the stronger or
softer response of the vehicle. Because of this coefficient parameter of damping of the steering column
was fixed and the damping of the rack was alternated. These alternations correspond to the four set ups
showed in the following table, where the first set up corresponds to the set up chosen for all the results
showed previously for different times and different velocities and angles. Set up´s 2 and 3 express an
increment in this damping coefficient, thus a bigger difference between de damping of the steering column
that is fixed and the damping of the rack. It was founded that a bigger difference between these two
damping coefficients represents a stronger response of the steering mechanism latency and therefore a
stronger delay response in the final trajectory of the vehicle.
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Alterations

Set up 1

Set up 2

Set up 3

Set up 4

Units

Damping of the rack

0.98

1.40

1.98

0.6

Nms/ rad

0.53

0.66

0.84

0.41

m

7.77

7.77

7.77

7.77

m

6.85%

8.49%

10.81%

5.28%

-

0.17

0.31

0.5

0.037

m

0.37

0.36

0.35

0.37

m

-0.28

-0.33

-0.39

-0.23

m

32.11

32.16

32.23

32.06

m

0.87%

1.03%

1.2%

0.72%

%

Y position difference between model A vs B
Y original position trajectory
Y position relative error
Effect of the steering latencies in the Y
position
Effect of the tire forces in the Y position
X position difference between model A vs B
X position trajectory
X position Relative error

Table 4. Results of vehicle motion delays for scenario 1 for different coefficient damping values of the rack at 1000 ms after the second
transition phase angle.

The results of the table show a bigger relative error in general in all the vehicle motion variables for
the alternations that have a larger difference between the coefficient damping of the rack and the steering
column. These are the corresponding values obtained after running the different alternations in the model.
Set up 4 represents the lowest damping coefficient of the rack, and the lowest difference between the two
friction coefficients. As it was expected it shows a softer delay response of the steering subsystem. This
is not a direct relationship because for example the relative error in the set up 4, who has a damping
coefficient of the rack three times lower than the set up 3, is just the half of the relative error of the third
set up.
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5. Conclusions and recommendations
The trajectory position of a vehicle depends on the design of the mechanical components of its steering
mechanism, the properties and characteristics of the tires and the characteristics of the road. Inside the
steering system, it was found that the dampers are crucial for the delay of the response of the system,
especially the damper of the rack, this will determine the softness or hardness of the steering system. This
system was modeled as a low order model. To model the mechanical components, many components and
interactions were neglected because of the lack of the importance of them in the final result of the
subsystem. To verify the behavior of the system, it was compared with the response of a standardized
model from ADAMS CAR.
Regarding the tires, there are a lot of factors to consider, but one of the most important is the tire
inflation pressure, which strongly affects the side slip angle generated when the tires turn to one side.
When the lateral guidance forces of tires are not small, they directly affect the steering wheel angle, this
clearly shows the relationship of these forces with the slip angle, generated by the pressure distribution on
the tires contact patch while they are turned. Its behavior is important and considering these forces can
improve the accuracy of the model in a 3% approx. It is important to consider that this model was
implement with a specific road type, which had a road friction coefficient of 1, depending on the road this
coefficient will change and the aligning torque at the front wheels will change.
The objective of this work was to develop a model that shows the effect of the steering system and the
lateral tire forces on the final vehicle motion to improve the accuracy of the simple model that does not
take these physical limitations into consideration. This objective was successfully fulfilled with different
levels of details. There were used different velocities and maximum steering wheel angles, to evaluate the
response of the system at different scenario conditions, the results show that under different velocities and
angles the model has the same behavior, nevertheless for bigger speeds the yaw relative error difference
increased significantly.
At the end, it was expected a delay in the lateral position of the vehicle in the model B, the results
showed this delay with very reasonable values. This proved that the model developed can improve the
accuracy of the simple model. The development of vehicle trajectory predictive models is fundamental
for pre-crash safety applications, such as airbag activation in certain milliseconds after the first contact of
the crash (5 ms if it is a side collision, 20 ms if it is a front collision). Some studies have showed that the
crashes are inevitable approximately 100 ms to 500 ms before the collision occurs, this range depends on
the scenario and the longitudinal velocity of the car [7]. The delays obtained from the model developed in
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this investigation shows how much is the difference in the vehicle motion between model A and model B
in certain amount of times bellow 1000 ms, the advantage of it is that this delay can be analyzed for any
desired time of study, this is significantly important for the analysis of the time when the restraint systems
should be fired, that basically is one of the main objectives in pre-crash safety. If the delay from the
latencies is about 100 ms, the model developed could help to improve the accuracy of the prediction of
unavoidable crashes up to 100 %. This can lead to a future data acquisition for different speeds and steering
wheel angles, to integrate this delay information in the sensors that only provide rough information from
the incoming vehicle motion.

The actual work just considers one scenario with maximum turn to the right, the combination of
steering and braking is desirable to simulate more crash scenarios that can happen before an unavoidable
collision takes place. Also, the implementation of a dual and full track models would be helpful to
investigate the limitations of the current single-track model and to improve the accuracy of the results for
a real maneuver scenario. With the implementation of a full track model, there will be necessary the cosimulation with a specialized vehicle software that can simulate in a better proper way the geometry and
components of a real car. This will lead to the possibility of the integration of a high order non-linear tire
model as the Combined slip Wheel model to find the aligning torque of the front wheels, significantly
improving the accuracy in the results.
Finally, once this implementation is integrated and verify according to the standardized norms, this
model would be able to get a data set of tracking information for different crash scenarios for unavoidable
crashes.
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6. List of terms and symbols
Symbol

Unit

Description

𝑉𝑥

m/s

Longitudinal velocity at the C.G of the vehicle

𝑥̇

m/s

Longitudinal velocity at the axle of the wheel

𝛿𝑠𝑤

rad

Steering handwheel angle

𝛿𝑓

rad

Front wheel angle

G

-

Gear reduction

𝑎𝑦

m/𝑠 2

Lateral acceleration at the C.G of the vehicle

𝜓̇

rad/s

Yaw rate

R

m

Turning radius

L

m

Wheelbase

𝐽2

Kg/ 𝑚2

Inertia of the pinion coupling

𝐾1

Nm / rad

Stiffness of the torsion bar

𝐵1

Nms/ rad

Damping of the torsion bar

𝐾2

Nm / rad

Stiffness of the pinion

𝐵𝑓1

Nms / rad

Damping of the rack

𝐾𝑓1

Nm / rad

Stiffness of the rack

𝑏𝑝𝑓

bar

Brake pressure

𝐹𝑑

N

Average pedal force of a driver

𝐴𝑝

𝑚2

Piston area

𝑃𝑟𝑎𝑡𝑖𝑜

-

Optimum pedal ratio of brake

𝑟

m

Bore radius

𝑃𝑎

W

Axle power

𝑃𝑒

W

Engine power

𝑃𝑖

W

Drivetrain losses power

𝑖𝑓

-

Final drive gear ratio

𝑖𝑔

-

Gear transmission ratio

𝑤𝑎

rad/s

Angular speed of the axle

𝑟𝑑𝑦𝑛

m

Unloaded dynamic radius

𝑇𝑎𝑥𝑙𝑒

Nm

Axle torque

𝑇𝑒

Nm

Engine torque

𝑓𝑅

-

Rolling friction coefficient

𝑚𝑣𝑒ℎ𝑖𝑐𝑙𝑒

Kg

Mass of the vehicle
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𝑔

m/𝑠 2

Gravitational force

𝜌𝐴

kg/𝑚3

Density of the air

𝑐𝑑

-

Aerodynamic drag coefficient

𝐴

𝑚2

Area of the vehicle

𝑀𝑧

Nm

Aligning Moment

𝐼𝑧𝑧

𝑘𝑔 𝑚2

Yaw moment of inertia of the vehicle

𝑏𝑀𝑧

Nms

linear yaw resistance

𝛼´

°

Slip angle state

𝑤

M

Tire width

𝜇

-

Friction coefficient

𝐹𝑧

Nm

Vertical contact patch normal force along tire-fixed z-axis
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