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1 Introduction 

Traffic safety is a major requirement for transportation systems. A lot of work has been done 
in the passive safety area where milliseconds during a crash are of high importance. 
Nowadays, collision avoidance in the field of active safety is more prioritised. Accident 
avoidance by active intervention for Intelligent Vehicles is the headline of the large European 
project interactIVe [1]. interactIVe has the objective to develop new integrated Advanced 
Driver Assistance Systems (ADAS). Several subprojects are defined in this project, including 
INCA that aims for INtegrated Collision Avoidance by combining longitudinal and lateral 
control of the vehicle to prevent possible accidents. 

As a contribution to INCA, this study focuses on autonomous path stability control of heavy 
vehicles and passenger cars, which may serve as a basis for active intervention, particularly 
intended for helping the driver in emergency collision avoidance manoeuvres. 

1.1 Deliverable structure 

Autonomous path stability control is a challenging control problem from several perspectives. 
Starting with the use cases of interest, the scope of the report and the delimitations of the 
study are included in Chapter 1. A review of related works closes the first chapter. 

There are several possible actuator configurations available for longitudinal and lateral 
control. Therefore a methodology based on optimal control is used in Chapter 2 to 
investigate the potential of various actuator configurations to perform a manoeuvre. 

Proper vehicle dynamics models that can capture the important aspects of the controlled 
vehicles dynamics, are essential for simulations. For the heavy vehicle dynamics, a model 
with limited complexity is used in this work, as described in Chapter 3. The details of the 
used tyre model are appended to this deliverable as Appendix A. Heavy vehicles are 
considered throughout the report but for passenger cars simulation settings and results are 
presented in one place in Chapter 7. The corresponding controller is implemented in the 
passenger car demonstrator from FFA. 

For the collision avoidance manoeuvres defined based on the use cases, a generic path 
planning procedure generates an appropriate 5th order polynomial reference path. Analytical 
calculations of the coefficients for the fifth order polynomial are appended to this deliverable 
as Appendix B. In order for the vehicle to follow the reference path, a path and speed control 
system is designed and used that provides the actuators with suitable feedforward and 
feedback inputs. Description and details of the path planning and control algorithms come in 
Chapter 4. 

Using the heavy vehicle dynamics model and path and speed control system, all 3 use cases 
are simulated, and results are presented in Chapter 5.  

Using rapid control prototyping, an early version of the control system was implemented on 
the heavy vehicle demonstrator from Volvo Truck. Some experiments were carried out at the 
test track and the measured data is used for both model verification and a preliminary 
evaluation of the controller performance, as presented in Chapter 6.  

In summary, as one of the major aims of this work, a simulation environment is developed 
that can be used for further studies and investigation of both the heavy vehicle dynamics 
model and the path stability control algorithms. Suggested future work is included in  
Chapter 8. 
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1.2 Use cases 

Key transportation problems that the interactIVe functions should address are described as 
target scenarios. Based on the target scenarios and user needs assessment, use cases are 
developed to define how the problems described in the target scenarios should be solved by 
interactIVe functions. Thus the use cases can serve as the basis for defining the functional 
requirements. In the interactIVe project, target scenarios and functional requirements are 
defined by the vertical subprojects including SP5, INCA. 

Aiming for integrated collision avoidance, INCA is required to consider several target 
scenarios and functionalities [2]. In the flow of a target scenario, various use cases may be 
involved that can address functional requirements in an integrated collision avoidance 
application. Based on the sensor information, traffic situation is under continuous 
assessment while different functions are ready to act upon an upcoming event. If an 
imminent collision or undesirable road departure is detected, the appropriate reaction to the 
situation with respect to warning or intervention will be taken by the application. First the 
application warns the driver. If the driver did not react to the warning, the application 
intervenes and starts a suitable autonomous collision avoidance manoeuvre by utilising all 
capabilities including available actuators. While other works consider warning the driver or 
make sure that there is possibility on the road to perform a certain manoeuvre, e.g. if there is 
a free adjacent lane to do a lane change, the focus of this work is on the intervention by 
utilising the actuators. Therefore 3 use cases are considered in this work that can represent 
fundamental aspects of a generic intervention solution for integrated collision avoidance 
application. These use cases are introduced in this section, whereas complete description 
and details of all use cases and requirements can be found in Deliverable D1.5 [3].  

Although this work includes both heavy vehicle and passenger car, emphasis of the work is 
on the heavy vehicle. Therefore, heavy vehicle is intended in the discussions and for the 
graphical representations unless specified for the passenger car, e.g. as in Chapter 7. By the 
host vehicle, HV, which is the vehicle that is equipped with the application fulfilling a function 
or the system addressed by the use case, the heavy vehicle is intended accordingly. 

1.2.1 Rear-end collision avoidance (RECA) 

The use case Rear-End Collision Avoidance, RECA, describes situations in which the host 
vehicle have a higher velocity than the vehicle in front, the lead vehicle, LV. The lead vehicle 
may be either moving slowly or stopped in front of the host vehicle. The speed of the host 
vehicle and relative speed of the vehicles may vary up to ρππ ËÍȾÈ and φπ ËÍȾÈ, 
respectively [3]. Figure 1.1 shows a schematic example of the use case. It is assumed that 
the lead vehicle is stopped in front of the host vehicle Figure 1.1.a, and if the collision 
avoidance application starts an intervention, pair of possible manoeuvres are shown in the 
figure. A braking manoeuvre, Figure 1.1.b, would stop the host vehicle by the end of the 
required longitudinal distance, Ὠ, or a steering manoeuvre, Figure 1.1.c, would perform a 

lane change with lateral displacement of ὦ for the same required longitudinal distance to 
avoid the collision. 
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Figure 1.1 RECA manoeuvre (a) with a pair of possible actuator configurations; braking only (b), and single lane 
change (c). 

1.2.2 Run-off road prevention (RORP) on a straight road 

The use case Run-Off Road Prevention, RORP, on a straight road describes undesirable 
departure of the vehicle from the lane due to e.g. drowsiness of the driver. The speed of the 
host vehicle may range from ςυ to ωπ ËÍȾÈ [3]. Figure 1.2 shows a schematic sketch of the 
use case, and a possible steering manoeuvre that would return the vehicle back to the lane 
by a required longitudinal distance, Ὠ. 

 

Figure 1.2 RORP on a straight road. 

1.2.3 Run-off road prevention (RORP) in a curve 

This use case deals with the vehicle driving on a curved road with a rather large radius. The 
lack of action from driver departs the truck from the road. The speed of the host vehicle may 

range from σψ to ψυ ËÍȾÈ [3]. Figure 1.3 shows a schematic sketch of the use case, and a 
possible steering manoeuvre that would return the vehicle back to the lane by a required 
longitudinal distance, Ὠ. 
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Figure 1.3 RORP in a curve. 

1.3 Scope 

The work documented in this report can be summarized as: 

o Development of a flexible simulation environment for path stability control of 

passenger cars and heavy vehicles. 

o Development of path controller aimed for integrated longitudinal and lateral control 

using integrated braking and steering. 

o Simulation and analysis of the controller performance to determine important 

requirements on e.g. sensors and communication. 

This scope is quite broad. To narrow it down particular focus is put on path stability control 
on the limits by: 

o Determining the potential of using various actuator configurations using an optimal 

control methodology for a simplified vehicle model. The actuator configurations 

considered for this study are: 

o Steering 

o Braking  

o Integrated Braking and Steering 

o Implement one path planning procedure suitable for all considered use cases. 

The interaction between the path planning procedure and the low level steering 

controller is simulated and analyzed. 

o Development of an path stability control by steering algorithm. 

The limitations of the algorithm is simulated and analyzed with respect to update rate 

of ego-vehicle lateral displacement and lateral speed estimation. Thus discrete 

control with given update rate is considered to understand what performance can be 

expected in practice. 

The performance measures for path stability control on the limits can be stated as: 

o All wheels must remain in contact with the road to avoid rollover. 

o The lateral deviation from the reference path at the point where the obstacle is 

located should be as small as possible. This is important in order not to collide with 

the obstacle provided the reference path is desirably designed for the vehicle to 

follow and avoid the obstacle. 
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o The maximum path deviation should be as small as possible. This is especially 

important, for instance, in order for the vehicle not to depart from the road while or 

after avoiding the obstacle in front. 

o The yaw stability and comfort should be acceptable. 

o The requirements on the steering actuator.  

1.4 Delimitations 

In a complete collision avoidance system, the information about the road and ongoing traffic 
is acquired by a perception system, that employs different sources of information, e.g. built in 
sensors and cameras, and fuses necessary information to different functions through a 
perception horizon interface [4]. It is not within the scope of this work to study the perception 
horizon, and it is not modelled in any detail in this work, instead it is assumed that the 
necessary information is provided by the perception horizon. In the same way detailed 
analyses of various path planning approaches and the requirements for the accuracy of ego-
vehicle positioning are not considered. The vehicle implementation of the path stability 
controller is ongoing work. It is expected that the simulations and analyses needs to be 
updated during this work. 

The driver interaction and in particular driver steering override is not considered in this report. 
However, the wish of the driver to take over the control of the vehicle in the middle of a 
steering system intervention is the topic other ongoing work in InteractIVe. 

Other delimitations are:  

1.4.1 Vehicle chassis and tyre model 

Rotating wheels and thus wheel slip is not included in the simulation model for heavy trucks. 
Instead a tailored tire model with brake force as input is employed to facilitate integration of 
braking and steering without including a brake control system that can be included in more 
detailed simulations at a later stage or considered in the actual vehicle. 

1.4.2 Actuators and control system dynamics 

o The entire reference input is estimated at the intervention start point. 

o Only high-‘ environment is considered; simulations on a low-‘ surface requires a 
different tyre model. 

o Steering actuator delays and dynamics are just partly modelled. 

Delays due to slack in brake system are ignored. Instead, brake system is assumed to be 
pre-charged so that the effect of slack in brake performance is minute. 

1.5 Related works 

Safety systems to assist drivers in hazardous situations have evolved a lot over the past few 
decades. Several systems can help drivers to avoid potentially dangerous situations. Vehicle 
stability control systems uses data from the vehicle internal sensors to compare a driverôs 
current estimated intended vehicle motion with the vehicleôs actual motion to detect when a 
driver has lost control of a vehicle. The stability control system automatically intervenes by 
applying the brakes to individual wheels and possibly active steering to provide stability. In 
other words, these systems are reactive; they must detect a problem before corrective action 
can be taken. Since its introduction, stability control systems have had a tremendous impact 
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on vehicle safety. Recently sensor technologies such as camera and radar have enabled 
driver assistance systems beyond the concepts of stability control. Autonomous braking and 
steering interventions can mitigate collisions and also maintain vehicles on the intended path 
[5], [6], [7], and [8]. 

In contrast to stability control systems driving assistance systems considers intended path 
rather than vehicle motion and share control with the driver. An approach for driving 
assistance systems based on artificial potential fields is introduced by Gerdes and Rossetter 
[9] to assist the driver with the lane keeping task. Brake and steer interventions are 
superimposed on the driver's input and both safety and drivability is achieved using such a 
system. 

Resende [10] implemented real-time trajectory planning in a dynamic environment applied to 
highly automated driving using a 5th order polynomial. The method was implemented for the 
HAVEit European project and it is fast and gives realistic behaviour. Using a similar approach 
for trajectory planning, Petrov [11] developed a nonlinear adaptive control scheme for an 
automated overtaking manoeuvre. The only information used for feedback control was the 
current inter-vehicle position and orientation.  

Hiraoka et.al. [12] propose a path-tracking controller for a four wheel steering (4WS) vehicle 
based on the sliding mode control theory. By decoupling the front- and rear-wheel steering, 
an advantage is made in controlling the vehicle thus achieving more stability and more 
precision in path-tracking in comparison with 2WS. There are more robustness in stability 
against system uncertainties and perturbations. 

An adaptive linear optimal control is employed by Thommyppillai et.al. [13] to drive the car at 
certain limits of handling. The advantages of using gain-scheduled adaptive control over a 
fixed-control scheme are shown in simulations of a virtual driver-controlled car. Kritayakirana 
and Gerdes [14], [15], and [16] describe the development of a race path-controller using 
integrated braking and steering system designed to drive a vehicle autonomously to its limits 
on an uneven dirt surface. The controller is be divided into four important parts, a path 
description, friction estimation, steering controller and slip circle longitudinal controller. A 
clothoid path is used to construct the desired path. Pre-knowledge of friction distribution is 
obtained from a ramp steer is used. Knowing the curvature, the feedforward steering input 
can be calculated and the steering feedback based on lane-keeping adds the robustness to 
the controller. Knowing the curvature of the track the longitudinal feedforward controller 
calculates the amount of throttle and brake for a desired trajectory. Longitudinal feedback 
controller based on slip circle fulfils two purposes. First, it provides a longitudinal input that 
controls tyre slip and secondly the slip circle controller ensures that the tyres are operating at 
their limits. This approach can maximize the tyre forces while effectively controlling the tyre 
slip.
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2 Collision avoidance optimal control  

The integrated longitudinal and lateral vehicle control in collision avoidance manoeuvres for 
various vehicle actuator configurations is not a trivial control problem. In order to determine 
the potential of using various actuator configurations and to benchmark the collision 
avoidance path and speed controller system developed later, the optimal control of a 
simplified vehicle model is studied here in a similar way as described in [17]. Here the 
simplified vehicle model is a point mass (particle vehicle model). 

2.1 Particle model  

The particle vehicle model depicted in Figure 2.1 has two degrees of freedom in horizontal 
plane ὕὢὣ.   

 

Figure 2.1 Schematic sketch of particle model in motion. 

The total tyre forces commanded by the steering and braking actuators to control the vehicle 

motion is denoted Ὂ  and  Ὂ , respectively. The tyre force generation in not instantaneous in 

real tyres, therefore the tyre relaxation lengths („, „) are taken into account to model the 

force generation delay. The actual forces from the tyres applied to the vehicle (Ὂ, Ὂ) are 

then determined by 

 
„

ὺ
Ὂ Ὂ Ὂȟ 2.1 

 
„

ὺ
Ὂ Ὂ ὊȢ

 

2.2 

The tyre forces are defined in a local coordinate system ὕὼώ but the equations of motion are 
formulated in a global coordinate system ὕὢὣ where the direction ὕὢ is the original track 
direction. The equations of planar motion for the vehicle particle model are: 

 
άὢ ὊÃÏÓ‪ ὊÓÉÎ‪ȟ 

άὣ ὊÓÉÎ‪ ὊÃÏÓ‪Ȣ 
2.3 

In order to generate a particle model, which is capable of resembling the characteristics of a 
full vehicle model, a constraint considering the friction limit boundary on a "g-g" diagram and 
the rollover risk are added to the particle model. The total steering and braking forces are 
limited by a total tyre force ellipse (friction ellipse) 

 
ὥ

 ὥȟ

ὥ

ὥȟ
ρ 2.4 

where ὥ and ὥ are the longitudinal and lateral acceleration. 

The considered set of collision avoidance manoeuvres for the use cases in Chapter 2 are 
defined by the initial and final conditions as given in Equations 2.5 and 2.6 

 ὠπ ὠ  ȟ ὠ π ὠ  ȟ ὢπ ὢ ȟ ὣπ ὣȟ 2.5 
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 ὠ Ὕ ὠ  ȟ ὠ Ὕ ὠ  ȟ ὢὝ ὢ ȟ ὣὝ ὣȟ 2.6 

where the parameters of the boundary conditions can be adjusted for each use case.  

2.1 Optimal control 

Introducing the state variables as ᾀ ὢ ὣ ὠ ὠ Ὂ Ὂ , the planar equations of motion 

(Equations 2.1-2.3) can be transformed to a system of first order differential equations in the 
state space form. 

 ᾀ

ụ
Ụ
Ụ
Ụ
ợ

Ứ
ủ
ủ
ủ
Ủ

=

ụ
Ụ
Ụ
Ụ
Ụ
ợ

Ⱦ

Ⱦ

Ⱦ

Ⱦ Ứ
ủ
ủ
ủ
ủ
Ủ

 2.7 

Then a general optimal control problem can be formulated in state space. The aim is to find 

states ᾀὸ and controls όὸ, which minimize the objective function 

 ὐᾀȟό ὧᾀπ ὧᾀὝ ᾀὗᾀὨὸ 2.8 

subjected to the equations of motion from Equation 2.7 

 ᾀὸ Ὢᾀȟόȟ 2.9 

where ό ὊȟὊ  and boundary conditions are: 

 ὐᾀπ ᾀ ȟ   ὐᾀὝ ᾀ 2.10 

together with constraints on states: 

 ὥ ᾀὸ ὥ 2.11 

and quadratic constraints on controls 

 ὥ  Ὑό όὙό ὥ 2.12 

where the matrices ὐ and ὐ are determined by Equations 2.5 and 2.6, and the matrices Ὑ 
and Ὑ are determined by the friction ellipse and the limitations on lateral acceleration from 
Equation 2.4. The optimal control problem is also regularized and augmented by adding a 
small energy term to the objective function. 

 ὐᾀȟό ὐᾀȟό ύ όόὨὸ 2.13 

ύ is a small number. 

2.2 RECA by braking and steering 

To investigate the potential of using the actuator configurations braking, steering and 
integrated braking and steering for RECA the optimal control problem defined in previous 
section is applied to variants of the RECA manoeuvre with varying initial vehicle speed. 

Two different road friction surfaces are considered for RECA by steering. For the high friction 
road surface the lateral acceleration constraint due to rollover is active ÍÁØ ὥ ὥȟ ȟ

‘ Ὣ ὥȟ ) but for the low friction road surface the friction of the road surface is not enough 

to reach the rollover limit ÍÁØ ὥ ὥȟ ȟ‘ Ὣ ὥȟ ) . 

For all configurations the critical manoeuvre for RECA is determined by the minimum 
required longitudinal distance: 

 ὐ ὢὝȢ 2.14 
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Three actuator configurations are considered: 

o Braking (B): Braking only using the brake actuators ( Ὂ π). No lateral displacement 

for the manoeuvre (ὣ π). 

o Steering (S): Steering only with no braking Ὂ π. 

o Integrated braking and steering (IBS): Braking and steering. 

Numerical results are provided for a heavy vehicle in Figure 2.2 for low-‘ road surfaces 

(ὥȟ ὥȟ ς ÍȾÓ), for braking (ὥȟ φ ÍȾÓ  and hard braking (ὥȟ χ ÍȾÓ), 

and also steering on the rollover limit (ὥȟ σȢφ ÍȾÓ) on high-‘ road surfaces. For all 

numerical results the following input data are used:  ὢ πȟὣ πȟὠ ψπ ËÍȾÈȟὠ

πȟὠ π. For the steering only and the integrated braking and steering configuration the 

lateral displacement of a full lane change is used: ὣ σ Í. Note that the delays due to the 
tyre relaxation lengths are neglected here, i.e. it is assumed that the force generation is 
instantaneous on the wheels („ȟ π). The problem is solved using the software PROPT 

[18] with 50 collocation points and the energy weighting factor ύ πȢπππυ. 

 

Figure 2.2 The required longitudinal distance versus initial longitudinal velocity for RECA by braking, steering and 
integrated braking and steering. 

The optimal control results obtained for braking and steering actuator configurations in  
Figure 2.2 show that the required longitudinal distance for steering increases approximately 
linearly with velocity but proportional to the square of the velocity for the braking 
configuration. This gives a breakpoint velocity where steering becomes a better option for 
RECA. Considering the results for braking and steering on high-‘ road the breakpoint 

velocity is χψ ËÍȾÈ. It is also shown in Figure 2.2 that the integrated braking and steering 
actuator configuration moves the breakpoint down to φψ ËÍȾÈ. This means that the 
integrated braking and steering actuator configuration has a wider velocity range where the 
required longitudinal distance with steering is less compared to braking only. Actually, due to 
the rollover risk, the breakpoint velocity occurs at a relatively high velocity for a truck, which 
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results in a quite narrow velocity window for RECA by steering. In return the relative 
sensitivity with respect to available road friction for given speed is less for steering compared 
to braking, see Figure 2.2. In summary, the conclusion can be made that the integrated 
braking and steering actuator configuration has the potential to improve the performance of 
RECA for a significant range of velocities. 

In the coming subsections the sensitivity of the required longitudinal distance for variations of 
key characteristics of the RECA manoeuvre is investigated. 

2.2.1 Lateral displacement  

In previous section the required longitudinal distance for a critical manoeuvre is determined 
for various actuator configurations for a lateral displacement equivalent of a full lane change. 
In general the breakpoint velocity occurred for high velocities. The lateral displacement in the 
RECA manoeuvre is one of the key parameters. Large longitudinal distance provides a better 
opportunity to prevent the collision with mild manoeuvres while large lateral displacement 
causes a more aggressive manoeuvre. The driver comfort, and therefore the driver 
interaction, is also affected by harsh manoeuvres. This study shows the breakpoint velocity 
for manoeuvres with various lateral displacements in the manoeuvre for example if the lead 
vehicle in front is positioned with an offset with respect to the host vehicle or if the host 
vehicle is approaching a motorcycle. The result can also be used to determine the safety 
margin, used in Section 5.1. 

Numerical results are provided for a heavy vehicle with steering on the rollover limit  

(ὥȟ σȢφ ÍȾÓ) a high-‘ road surface with the same input data used in the previous 

section. The required longitudinal distance for various displacements is shown in Figure 2.3. 
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Figure 2.3 Required longitudinal distance versus initial velocity for given lateral displacements. 

As illustrated in Figure 2.3, the breakpoint velocity is decreasing significantly with the lateral 
displacement. 

2.2.2 Final course angle 

The final lateral velocity of the vehicle in the RECA manoeuvre is another key parameter, 
which plays an important role in stabilizing and controlling the vehicle after the avoidance 
manoeuvre is completed. The final course angle is defined as: 

 ‍ ÁÒÃÔÁÎ
ὠ

ὠ
Ȣ 2.15 

This study investigates the effect on the required longitudinal distance by varying the final 
course angle. In the previous two sections it is assumed that there are no lateral velocity at 
the end of the manoeuvre (zero course angle). Here this constraint is released and the 
course angle is allowed to increase at the end of the manoeuvre to reduce the required 
longitudinal distance. 

Numerical results are obtained for a heavy vehicle with steering on the rollover limit  

(ὥȟ σȢφ ÍȾÓ) on a high-‘ road surface. The input data in the previous sections are 

used. The final lateral velocity ὠ  is varied between π and ς ÍȾÓ, which corresponds to a 

variation of the course angle between 0 and 5 degrees (Equation 2.15). The required 
longitudinal distance for various final course angles is shown in Figure 2.4. 
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Figure 2.4 Required longitudinal distance versus final course angle for given initial velocity. 

The required longitudinal distance is, as expected, decreasing with the final course angle for 
all given initial velocities. In particular for higher velocities the gain by allowing a nonzero final 
course angle is significant. 

2.2.3 Variable braking versus constant braking 

This subsection investigates the benefit of using variable braking compared to constant 
braking for the integrated braking and steering configuration. For constant braking the 
amount of braking does not change during the manoeuvre while implementing the variable 
braking, the braking force can be changed to obtain the optimal results. The problem 
formulation used in the previous subsections is also used here. Figure 2.5 bellow shows the 
numerical results. 

 

Figure 2.5 Required longitudinal distance for variable and constant braking. 

In general, by using variable braking, the amount of required longitudinal distance is 
decreased, which means that the variable braking is more efficient. It can also be observed 
that for more severe manoeuvres with higher initial speeds (higher severity factor), there is 
small difference between constant and variable braking. However, the variable braking 
becomes more efficient compared to constant braking in less severe manoeuvres. 
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2.3 Manoeuvre severity 

The objective of this section is to show the optimal integration of braking and steering in 
RECA considering the severity of the manoeuvre. The required longitudinal distance to stop 

the vehicle with the initial velocity of ὠ  and road friction coefficient ‘ can be calculated as 

 ὧ
ὠ

‘Ὣ
Ȣ 2.16 

The maximum feasible lateral displacement with the initial speed of ὠ  and road friction ‘ is 
denoted ὦ . The severity factor is defined as 

 –
ὧ

ὥ
ȟ 2.17 

which is the ratio of the longitudinal distance required to stop the vehicle to the available 
longitudinal distance. To mitigate the consequences of a crash the objective here is to 
minimize the final longitudinal velocity 

 ὐ ὠ ὝȢ 2.18 

Numerical results are obtained for a heavy vehicle with integrated braking and steering on 

the rollover limit (ὥȟ σȢφ ÍȾÓ) on a high-‘ road surface. Here, it is assumed that the 

lateral displacement is χυϷ of the maximum feasible lateral displacement, which gives a 
challenging manoeuvre in terms of lateral displacement but still leaves room to optimize the 
integration of braking and steering to slow the vehicle down. The initial and final condition are 

defined as follows: ὢ πȟὣ πȟὠ –‘Ὣὥȟὠ πȟὣ πȢχυὦ ȟὠ πȢ 

 

Figure 2.6 Integrated braking and steering for given maneuver severity. 

 

It is observed from the results that for more severe manoeuvres, the optimal way of 
integrating braking and steering is to steer more in the beginning. This is because for a 
certain manoeuvre severity the last point of steer is defined by the most severe manoeuvre, 
where collision avoidance by steering can be applied. 

It can also be concluded from these results that if the decision making part of the collision 
avoidance system is hesitating about how to combine the path and speed control due to 
inaccuracies, sensor problems, lack of data etc. it is probably beneficial to brake at the 
beginning until more information is available and the severity of the manoeuvre is known. 
Consequently, if the manoeuvre is not severe the vehicle has not lost any opportunity by 
reducing the speed and going into a less severe manoeuvre. On the other hand, if the 
manoeuvre is severe there will be two possible scenarios. Firstly, assuming that the vehicle 
has not passed the last point of steer, braking can be helpful since last point of steer is 
postponed by reducing the speed. Secondly, if the vehicle has passed the last point of steer, 

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Normalized time, t/T [-]

N
o
rm

a
liz

e
d
 b

ra
k
in

g
 f

o
rc

e
, 

F
x
 /
m

 m
g
 [

-]

 

 

h = 2.5

h = 1.67

h = 1.25

h = 1.0

0 0.2 0.4 0.6 0.8 1
-1

-0.5

0

0.5

1

Normalized time, t/T [-]

N
o
rm

a
liz

e
d
 s

te
e
ri
n
g
 f

o
rc

e
, 

F
y
 /
m

 m
g
 [

-]

 

 

h = 2.5

h = 1.67

h = 1.25

h = 1.0



 

Deliverable D5.1 | Vehicle Dynamics Model & Path Stability Control Algorithms | Version 2.1 | 2013-02-20  

   22 

pure steering configuration will not be helpful to avoid the accident and braking or integrated 
braking and steering are the only available options. Consequently, it may be possible either 
to stop the vehicle before the obstacle depending on velocity of the vehicle or to avoid the 
vehicle with integrated braking and steering intervention. Figure 2.2 shows when braking is 
better than steering in terms of required longitudinal distance. For the velocities where 
braking is worse than steering, there is no chance to stop the vehicle before the obstacle 
since the steering cannot perform the manoeuvre either. Nevertheless the accident is 
mitigated by braking and reducing the speed. It can be concluded that braking is very often a 
good initial action if the required information to take the optimal action is not available. 
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3 Heavy vehicle system dynamics 

Simulation of the path stability control function for the prioritized use cases requires a heavy 
vehicle system dynamics model. In order to investigate the integration of steering and 
braking for collision avoidance manoeuvre, it is necessary to include both steering and 
braking in the model to well provide the possibility of a handling study with path stability 
control. The model here is partially borrowed and modified from [19]. It is verified through a 
comparison with logged data from an experiment, which is presented in Chapter 6. 

3.1 Relevant assumptions 

For the handling studies of a heavy vehicle in planar motion, longitudinal and lateral 
displacements in addition to yaw angle are necessary to study the path during a manoeuvre. 

Moreover, relatively high centre of gravity (ὅὋ) for a truck results in a considerable amount of 
load transfer during different manoeuvres, and explains the importance of including the role 
angle in the model. Therefore a two track four degrees of freedom (4DOF) model is required. 
Moreover, there are also simplifications made as below:  

o Pitch dynamics is not modelled. In fact, yaw and roll motion together influence the 
pitch dynamics due to the gyroscopic effect. Longitudinal load transfer is calculated 
by assuming a rigid vehicle, i.e. suspension locked for pitch motion, and cross terms 
consisting of roll, yaw, and their rates are not considered. 

o Neither the aerodynamic drag nor the effect of possible side winds are modelled. 

o Suspension springs and dampers are assumed to behave linearly for the whole range 
of roll angles and roll rates.  

o In a tandem axle group, longitudinal force and torque on one axle influences the 
vertical load on the other axle. This is due to the measures taken to distribute the load 
on each axle of the tandem group in a predefined ratio on uneven surfaces. In this 
study, it is assumed that the torque reaction rods are designed properly so they 
counteract such an additional vertical load transfer and cancel that effect.  

o The steering angles of the left and right wheels on the first axle are assumed to be 
the same. The steering ratio is assumed to be constant. The lumped elasticity in the 
steering system is assumed to be linear. 

o Ladder chassis is assumed to be rigid. In reality, truck chassis is made of so-called 
profiles with open cross-sections. Since this profiles are torsionally flexible and 
relatively rigid against bending, the overall chassis structure can easily be twisted. 
This is sometimes desired for trucks to better suit the road profile. As  expected It 
also affects the lateral load transfer, but it is not considered. 

o Rotating wheels are not simulated, and tyre rolling resistance is neglected. 

o A linear reduction is assumed for the adhesion coefficient between the tyre and the 
ground with respect to the increasing normal load. 

3.2 Planar motion of the heavy vehicle 

A schematic planar sketch of the heavy vehicle together with the most important tyre forces, 
and steering angles, are shown in Figure 3.1 using ISO coordinate system.  
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Figure 3.1 Schematic planar sketch of the 6×2 truck.  

The gross dimensions ,  and ὡ  are particularly important for collision avoidance 
manoeuvres. Ὂȟ and Ὂȟ represent longitudinal and lateral tyre forces respectively, 

measured in the coordinate system fixed on the ὲth wheel. ὺ and ὺ are longitudinal and 

lateral speed of the vehicle and ‪ represents yaw rate. Finally, ‏ is steering angle of ὲth 
wheel. Note that only the front axle is steered. However, wheels on the other axles will also 
have small steer angles, which are not shown but will be discussed later. 

Since pitch dynamics and cross terms due to yaw, roll, and their time derivatives are 
neglected, equations of motion will be simplified as follows. In longitudinal direction (ὼ) one 
can write: 

 ɫὊ άὥ ȟ ὥ ὺ ὺ‪ 3.1 

 ὊȟÃÏÓ‏ ὊȟÓÉÎ‏ ά ὺ ὺ‪  3.2 

where ά represents the mass of the heavy vehicle.  

In lateral direction (ώ) the equation will have the form below 

 ɫὊ άὥȟ ὥ ὺ ὺ‪ 3.3 

 ὊȟÃÏÓ‏ ὊȟÓÉÎ‏ ά ὺ ὺ‪Ȣ 3.4 

Finally, for the moments in the third direction (ᾀ) equations can be written as 

 ɫὓ Ὅ‪ 3.5 

 ὊȟÓÉÎ‏ ὊȟÃÏÓ‏ ὰ ὊȟÃÏÓ‏ ὊȟÓÉÎ‏ ύ Ὅ‪ȟ 3.6 

where Ὅ  is the mass moment of inertia, and ὰ and ύ  are longitudinal and lateral positions 

of ὲth wheel in the coordinate system fixed to the body, respectively. 

3.3 Roll of the sprung mass 

It is necessary to consider the roll of the sprung mass since it induces a significant amount of 
lateral load transfer in a heavy vehicle. Figure 3.2 shows the free body diagram of the sprung 
mass in dynamic equilibrium where inertial force and moment are shown in gray block 
arrows. 
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Figure 3.2 Free body diagram of the sprung mass.  

Note that the static equilibrium condition is taken as the reference; hence the vertical forces 
that cancel each other are not shown. The location of the centre of gravity for the sprung 
mass (ά ) is assumed to be the same as the location of the centre of gravity for the whole 

vehicle since άȾά πȢω ρ. Roll acceleration (‰) can be calculated using differential 
equation expressing the roll dynamics of the sprung mass. Considering Figure 3.2, summing 
the moments about the Ὑὅ , using the parallel axis theorem (Steiner theorem), and 

assuming small angles (roll angles do not exceed ρπЈ), one can write 

 ɫὓ πȟ 3.7 

 Ὅȟ άὬ ‰ άὫὬ‰ ὑ‰ ὅ‰ άὬ ὺ ὺ‪ πȟ 3.8 

where Ὅȟ is the mass moment of inertia around ὼ axis for the sprung mass, and  ὑ  and ὅ  

are roll stiffness and roll damping, respectively. 

3.4 Lateral and longitudinal load transfer 

Roll of the sprung mass induces load transfer on all axes as shown for Ὥth axle as in  
Figure 3.3. Note that the static equilibrium condition is taken as the reference; hence the 
vertical forces that balance each other are not shown. 

 

Figure 3.3 Free body diagram of the Ὥ
th

 axle. 

Ὂ ȟ represents sum of the forces on the axle due to dynamical state of the axle, and can be 

determined using Equation 3.8. According to Figure 3.3 and ignoring the mass of the axle, it 
can be calculated as 

 Ὂ ȟ Ὂȟȟ Ὂȟȟ . 3.9 

If ὲ denotes the tyre corresponding to Ὂȟȟ  (or Ὂȟȟ ), they can be calculated as 

 Ὂȟȟ ὊȟÓÉÎ‏ ὊȟÃÏÓ‏Ȣ 3.10 
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Assuming that none of the wheels is lifted, the lateral load transfer on Ὥth axle (ЎὊȟ ȟ) could 

be determined by summing moments around Ὑὅ that results in 

 ЎὊȟ ȟ

ὑȟ‰ ὅȟ‰ ὬὊ ȟ

ὡ
Ȣ 3.11 

Note that additional effect of the acceleration term ‰Ὤᴂ on the vertical forces is neglected. In 
order to calculate the load transfer on tandem axles, some assumptions and definitions are 
required. Tandem axles are designed in a way that they prevent one axle from being 
overloaded and especially causing damage to the road when negotiating uneven surfaces 
[20]. A simple way to achieve this is to use scale-beam principle [21] where the two axles are 
connected to a big leaf spring and the leaf spring is mounted on the chassis in a way that it 
can pivot and prevent any axle in this group from losing contact with the road. This design 

matches with the truck of interest in this study. By using theoretical wheelbase (ὒ) as in [22], 
the three-axle vehicle can be reduced to a equivalent two-axle vehicle in the same static 
equilibrium. The theoretical wheelbase can be calculated as 

 ὒ ὒ
Ὂ ȟ

Ὂ ȟ Ὂ ȟ
ὒ ὒ ȟ 3.12 

where Ὂ ȟ is the static load on the Ὥth axle. Correspondingly, the centre of gravity from front 

axle can be determined as 

 ὒ
Ὂ ȟ Ὂ ȟ

ВὊ ȟ
ὒȢ 3.13 

The longitudinal load transfer can now be calculated for the equivalent 2-axle vehicle and 
once the total longitudinal load transfer on the tandem axle is calculated, the longitudinal load 
transfer on the both second and third axle could be determined by using the moment 
equilibrium, i.e. they are proportional to the static loads on the axles mentioned. The 
mathematical expressions are as 

 ЎὊȟ ȟ άὥ
Ὤ

ὒ
 ȟ 3.14 

 ЎὊȟ ȟ ЎὊȟ ȟ άὥ
Ὤ

ὒ
Ȣ 3.15 

Using Equation 3.15 and writing static equilibrium about pivot point, load transfer on tandem 
axles can be derived as 

 ЎὊȟ ȟ άὥ
Ὤ

ὒ

Ὂ ȟ

Ὂ ȟ Ὂ ȟ
 ȟ 3.16 

 ЎὊȟ ȟ άὥ
Ὤ

ὒ

Ὂ ȟ

Ὂ ȟ Ὂ ȟ
 Ȣ 3.17 

Distributing the longitudinal load transfer of one axle equally among the wheels on that axle 
results in the load transfer for each individual wheel on the axle. 

In the vehicle data, the centre of gravity position is not directly given. Instead, roll centre 
height at each axle and the height of CG above the roll axis are provided. Here, it is assumed 
that the aforesaid pivot point absorbs all the lateral forces from the wheels on the second and 
the third axles, thus the roll centre height for the tandem axle group becomes the same as 
the height of the pivot point. In a typical 3-axle Volvo truck, roll centre heights at the 2nd and 
the 3rd axles are usually equal (Ὤ Ὤ) and therefore RC height for the tandem group is 
equal to one of them or the average of them. Consequently, the CG height could be 
calculated as 

 Ὤ Ὤ
Ὤ Ὤ

ς
Ὤ
ὒ

ὒ
ὬȢ 3.18 



 

Deliverable D5.1 | Vehicle Dynamics Model & Path Stability Control Algorithms | Version 2.1 | 2013-02-20  

   27 

3.5 Slip angle and net steering angle 

The calculation of tyre forces requires determination of slip angle of the individual wheels. 
The slip angle of each wheel (‌ ) can be calculated as 

 ‌ ‏ ÁÒÃÔÁÎ
ὺȟ

ὺȟ
 ȟ    ὲ ρȟςȟȣφȟ 3.19 

where ‏ is the steering angle of ὲth wheel, and ὺȟ and ὺȟ are longitudinal and lateral 

speed at contact patch. The absolute value of the longitudinal speed of each wheel has to be 
taken into account since the direction of the tyre force is only determined by the direction of 
the lateral speed (regardless of the direction of the longitudinal speed) at contact patch. In 
comparison with the vehicle speed, track width and yaw rate induce an additional effect on 
the speed of the tyre contact patch. Taking this effect into account, Equation 3.19 can be 
written as 

 ‌ ‏ ÁÒÃÔÁÎ  ȟ    ὲ ρȟςȟȣφ. 3.20 

Note that the same slip angles are assumed for the tyres on the dual wheel combination on 
second axle. In this study, only the front axle is assumed to be steerable. However, this does 
not mean that the steering angle for the wheels on the either second or third axle are zero. 
Due to the kinematics and elasticity of the axle/suspension system, wheel/axles deflect in the 
presence of the lateral forces, longitudinal forces, realigning moments, and sprung mass roll. 
The steering angle on all axles are determined after taking the kinematic/elastokinematic 
effects into consideration. Three main effects can be listed as roll steer, lateral force steer, 
and aligning moment steer. Roll steer is usually the dominant effect for a heavy vehicle. It is 
caused by one side of the axle moving forward and the other side of the axle moving 
backward due to the asymmetric deflection of the leaf springs and/or the geometric location 
and also the kinematics of the suspension links (including the steering links). In this study, 
only the roll steer is considered because of its dominance. Roll steer is normally a nonlinear 
function of the roll angle, but due to small roll angles, it is assumed to be linear. A roughly 
estimated roll steer coefficients (‐) have been acquired from [23] for the first axle towards 
understeer, and for the second and the third axles towards oversteer. In general, when the 
suspension is concerned, the wheel deflections towards toe-in are assigned to be positive, 
hence the roll steer coefficient is positive if the wheel deflection is towards toe-in for a 
positive roll angle. Note that this sign convention is used while expressing the wheel angles 
in the report. The wheel angles of the first axle can be determined as 

‏  ȟ‏ ρ ‐‰ Ƞ   ὲ ρȟς 3.21 

where ‏ȟ is called reduced road wheel angle of ὲth wheel and is the steering angle that is 

transmitted to the wheel. The commanded steering wheel angle input is transmitted to the 
wheels via a recirculation ball steering gearbox and corresponding steering links. In general, 
the ratio between the steering wheel angle and the road wheel angle is not constant. 
However, here the steering ratio (Ὥ) is assumed to be constant. There are also some losses 
while transmitting the steering wheel motion into the road wheel motion due to the elasticity 
of the whole steering system. When the tyres generate side forces, these forces compress 
the whole system, and lead to a reduction in the wheel angle. This effect is nonlinear in 
reality, but a linear relation is assumed in this study. The lumped compliance for the system 
(ὧ) is taken from [23]. The reduced road wheel angles can be determined as 

ȟ‏  ȟ‏
‏

Ὥ
ὧ Ὂȟ Ὂȟ ȟ 3.22 

where ‏  is steering wheel angle. Since wheels on the tandem axles are not steered, the 
corresponding reduced road wheel angles are equal to zero, and the wheel angle for them 
can be calculated as 

‏  ρ ‐‰ Ƞ   ὲ σȟτȟυȟφ. 3.23 
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In this study, the steering command is provided by the steering actuator. In order to include a 
simple model of the steering system, a first order system is used that can be expressed as 

‏ 
ρ

†
‏ ‏  3.24 

where ‏  is the steering angle provided by the steering actuator, and † is the time constant. 

 

Figure 3.4 Schematic view of the steering system. 

3.6 Tyre force generation 

Tyre behaviour is modelled using the Magic Tyre Formula [24] as can be written as 

 Ὂ ὈÓÉÎὅÁÒÃÔÁÎὄ‌ Ὁὄ‌ ÁÒÃÔÁÎὄ‌  3.25 

More explanation and details, in addition to the other relevant approximations and 
assumption about friction coefficient and tyre stiffness can be found in Appendix A. 

The Magic Tyre Formula provides the steady state tyre lateral force. However, it is known 
that in practice, a tyre must translate in order to generate slip angle thus build up side force. 
This means that the side force build-up is not instantaneous since some time and translation 
distance are needed to stretch the tyre components. In order to model the transient tyre force 
generation, the concept of relaxation length is used in a first order approximation for the tyre 
lateral force build-up, as 

 
„

ὺ
Ὂ Ὂ Ὂ ȟ 3.26 

where „ is the lateral relaxation length, and ὺ is the longitudinal speed at the contact patch 

of the tyre. Note that the differential equation above is not linear because ὺ is not constant. 
In addition, the relaxation length is shown to be changing with slip angle [25]. However, „ is 

assumed to be constant here and its value can be found among vehicle data in Table of 
notations. The same concept also applies to the longitudinal force build-up. The gradual first 
order change of the longitudinal tyre forces can be expressed as 

 
„

ὺ
Ὂ Ὂ Ὂ ȟ 3.27 

where „ is the longitudinal relaxation length that is treated same as the lateral relaxation 
length here, and may be found among vehicle data in Table of notations. The input to the 
differential equation above would be the brake force that may be demanded by a controller. 

Note that the rim force, Ὂ , is a fictitious internal force acting on the rim that results in the 
same tyre force in the steady state. 



 

Deliverable D5.1 | Vehicle Dynamics Model & Path Stability Control Algorithms | Version 2.1 | 2013-02-20  

   29 

4 Path and speed control  

A collision avoidance manoeuvre requires a generic path and speed control system that can 
plan a reference path for any given use case, and control the vehicle to follow the reference 
path until the manoeuvre is completed. A schematic overview of such a path and speed 
control system is shown in Figure 4.1. Based on a given use case, a reference path is 
generated during path planning for the heavy vehicle to follow. Employing the reference path, 
reference inputs required for the interaction with the heavy vehicle model can be calculated 
for both feedforward and feedback controllers. Therefore at the intervention start point, the 
heavy vehicle is expected to start the collision avoidance manoeuvre suitable for the existing 
use case. Building blocks of the entire path and speed control system are explained in this 
chapter. 

 

Figure 4.1 Schematic overview of a generic path and speed control system. 

4.1 Roll stability 

Due to relatively high centre of gravity in a truck, it is very prone to rollover in severe 
manoeuvres. Therefore rollover is one of the most important issues to consider in handling 
studies of a heavy vehicle, and is the first constraint to consider in path planning. To obtain a 
criterion for rollover, it is sufficient to keep the vehicle in steady state during the manoeuvre. 
This can be interpreted as limiting the maximum lateral acceleration of the heavy vehicle. 
The maximum allowed lateral acceleration of a heavy vehicle can be calculated using the 
equations of motion. Using Equation 3.8 one can rewrite Equation 3.11 for steady state and 
considering that rollover first occurs when the load transfer is equal to the static load on the 
front outer wheel, the maximum lateral acceleration can be determined as 

 
ὥȟ

ȟ

ȟ

ȟ ȟ

, 
4.1 

where, ὑȟ  is the roll stiffness of a single axle equivalent to the tandem axle, and ά  is the 

mass distributed on the front axle. 

4.2 Steady state cornering 

In order to calculate the steering angle on the wheel for steady state cornering, equations of 
motion (3.1-3.6) can be used to reduce the two-track 3-axle heavy vehicle model to an 
equivalent one-track bicycle model [26]. Then the steady state steering angle for equivalent 
bicycle model can be determined as 

Ӷ‏ 
ὒ

Ὑ
ὑ
ὥ

Ὣ
 ȟ 4.2 

where, ‏Ӷ is the steady state steering angle, Ὑ is the radius of the path curvature, ὒ and ὑ 
are equivalent wheelbase and equivalent understeer coefficient, respectively. The equivalent 
wheel base can be calculated as 
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 ὒ ὒ ὒ , 4.3 

where ὒ is the distance between the first and the second axle, and ὒ  is the bogie spread as 
both can be found in Figure 3.1. Cornering stiffness of the first, second, and the third axle are 
represented by ὅ, ὅ, and ὅ respectively. The equivalent understeer coefficient can be 
determined as 

 ὑ ά , 4.4 

where ά is the vehicle mass and ὒ, ὒ, and ὒ are distance between centre of gravity, ὅὋ, 
and the first, second, and the third axle, respectively, as shown in Figure 3.1. 

4.3 Path planning 

Path planning is performed in advance of an intervention. During path planning, a reference 
path should be generated that can provide continuous and smooth profiles for the vehicle 
position, velocity, and acceleration. Simplicity and flexibility are also necessary in path 
planning to easily generate the reference path for different use cases. In this study, a fifth 
order polynomial is considered and examined to generate the reference path. The fifth order 
polynomial may be defined as 

 ὣ ὢ ὧὢ 4.5 

where ὢ is the longitudinal position of the vehicle, ὣ  is the lateral position on the reference 

path, and ὧ represents coefficients of the fifth order polynomial. In order to calculate 
coefficients, initial and final boundary conditions are required. The vehicle motion at the 
beginning and end of a desired manoeuvre, can be interpreted as initial and final boundary 
conditions of the required reference path. Knowing the boundary conditions, coefficients can 
be calculated analytically as described in Appendix B. An example set of coefficients that are 

calculated for a path corresponding to a single lane change with longitudinal distance of Ὠ 
and lateral displacements of ὦ, are given in Table 4.1. 

 

Coefficients ὧ ὧ ὧ ὧ ὧ ὧ 

Values  
Parametric π π π ρπ

ὦ

Ὠ
 ρυ

ὦ

Ὠ
 φ

ὦ

Ὠ
 

Ὠ υπ m, ὦ σ m π π π ςȢτὩ τ χȢςὩ φ υȢχφὩ ψ 

Table 4.1 Coefficients of an example fifth order polynomial corresponding to a single lane change. 

However, not all fifth order polynomials are feasible paths for the heavy vehicle. On the one 
hand, the controller should operate within the bandwidth of the steering actuator. Otherwise, 
the actuator cannot provide what the controller demands that are based on the reference 
path for performing the manoeuvre. For example, the performance of the steering actuator in 
generating the steering wheel angle and its rate, is bounded due to both mechanical 
limitations and safety requirements for the interaction with the driver. On the other hand, it 
should be possible for the heavy vehicle to follow the reference path safely without skidding 
or rolling over, i.e. the vehicle should stay within its manoeuvrability limits. Therefore, the 
feasibility of the manoeuvre needs to be ensured by comparing all involving parameters with 
the corresponding limits for all points along the reference path. For this purpose, the 
equivalent steady state bicycle model described in Section 4.2 is used to determine all 
necessary parameters as functions of ὢ. To satisfy the constraints, it is enough to keep all 
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involving parameters below their limits. The steering actuator constraints that are taken into 
account in this study, can be checked as 

Ӷὢ‏  ‏  ȟ Ӷὢ‏ ‏  ȟ ȿὝὢȿ Ὕ  ȟ   4.6 

where ‏Ӷ is the steering angle, ‏Ӷ is the steering angle rate, and Ὕ is the steering actuator 
torque, all in the steady state condition.  

The manoeuvrability of a heavy vehicle on a high friction surface is, in general, limited by the 
rollover threshold rather than the tyre's capacity to generate side force. Thus lateral 
acceleration shall be kept bellow rollover threshold, estimated from Equation 4.1, to eliminate 
any risk of rollover; 

 ὥ ὢ ὥȟ Ȣ 4.7 

In order to calculate ὥ as a function of ὢ along the reference path, in the steady state 

condition one can write 

 ὥ ὢ ‖ ὢὠ , 4.8 

where ὠ is the vehicle speed that is constant in the steady state. It is worth to notice that 
Equation 4.8 indicates strong speed dependence for lateral acceleration constraint, and 

consequently for the whole manoeuvre. ‖  is the curvature of the reference path that can be 
calculated as a function of ὢ as 

 
‖ ὢ

ὣ

ρ ὣ

 ȟ    Ὑ
ρ

‖
  

4.9 

where ὣ ᴂ and ὣ  are the first and second derivatives of ὣ  with respect to ὢ, and can be 
calculated using Equation 4.5.  

The critical path is the shortest feasible reference path that satisfied all conditions stated in 
Equations 4.6 and 4.7. In order to determine the critical path, all constraints shall be 
examined for If any of the constraints was violated, then boundary conditions need to be 
changed to calculate a new path. Among all boundary conditions, it is only possible to 
change final longitudinal position, since the other are requirements that are either determined 
by the dynamical state of the vehicle or defined by the use case. Increasing the longitudinal 
distance consequently allows for a less severe manoeuvre. Then constraints will be checked 
again and the iteration will be repeated until all constraints are satisfied and the critical path 
is found with the required longitudinal distance, Ὠ. A schematic overview of the general 
procedure is shown in Figure 4.2 and Figure 4.3, and values used for the constraints can be 
found in Table 5.1. 
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Figure 4.2 Schematic overview of the fifth order polynomial path planning for RECA and RORP on a straight road. 

 

Figure 4.3 Schematic overview of the fifth order polynomial path planning for RORP in a curve. 

In real truck experiment or in collision avoidance applications, it is desirable to consider a 
safety margin. The safety margin can be achieved by increasing the required longitudinal 
distance. In other words, increasing the required longitudinal distance for a manoeuvre is 
equivalent to adding safety margin, ‒, to the critical manoeuvre, as 

 ‒
Ὠ Ὠ

Ὠ
ρππ 4.10 

where Ὠ represents required longitudinal distance. 

The main advantage of the fifth order polynomial is that it provides a smooth and continuous 
path profile. Therefore, this path can be used to calculate the feedforward steering input, and 
also other reference values for the feedback controllers. In this study, the fifth order 
polynomial is used for all simulations with the heavy vehicle model presented in Chapter 5. It 
is also used for the experiments that are presented in Chapter 6.  
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4.4 Controller objectives and performance measures 

In order to evaluate the performance of the path stability controller, some parameters are 
defined as performance criteria. Lateral position error is defined as 

 Ὡ ὣ ὣ, 4.11 

where ὣ  and ὣ are the reference and actual lateral position of the vehicle, respectively. The 
latter is the measured value that, if unavailable or unreliable, needs to be estimated. It is 
necessary to mention that, unless specified, the ὅὋ position of the heavy vehicle, including 
both lateral and longitudinal direction, is intended in this work whenever position is 
discussed. However, in order to make sure of collision avoidance in RECA, it is necessary to 
check the distance between the heavy vehicle (host vehicle) and the obstacle (lead vehicle), 
specifically when their longitudinal position are close to each other. Since this distance, in 
addition to constant vehicle dimensions, is dependent on both position and heading angle, it 
is enough to keep the lateral position error and heading angle error under certain limits to 
make sure of collision avoidance. The heading angle error is defined as 

 Ὡ ‪ ‪, 4.12 

where ‪  and ‪ are the reference and actual heading angle of the vehicle, respectively. ‪ 
is also a measured value that, if unavailable or unreliable, needs to be estimated. The 
reference heading angle is directly calculated using the geometry of the reference path 
profile and zero side slip assumption, as 

 ‪ ÁÒÃÔÁÎὣ , 4.13 

where ὣ  is derivative of the ὣ  with respect to ὢ, can be calculated using Equation 4.5. 

Taking derivatives of the equation above and using the chain rule, ‪  can also be 
calculated as  

 ‪  
Ὠ‪

Ὠὸ

Ὠ‪

Ὠὢ

Ὠὢ

Ὠὸ

ὣ

ρ ὣ
ὢȟ    ὢ ὺÃÏÓ‪ ὺÓÉÎ‪  4.14 

where ὢ can be approximated as equal to the vehicle speed if the vehicle lateral speed could 
be neglected and ‪ would be small enough. 

The required amount of the steering actuator torque, Ὕ, and its rate, Ὕ, in order to perform the 
manoeuvre are also taken into consideration as performance measures. These parameters 
basically determine the requirements for the steering actuator and therefore are limited by 
the actuator limitations in generating the torque and also the torque rate. Finally, the lateral 
jerk, Ὥ, is defined as time derivative of the lateral acceleration; ὥ. These values shall be 

compared to their maximum allowed values as stated in tables of simulation results in 
Chapters 5. 

4.5 Steering control 

The path controller objective is to minimize the both path and heading angle errors while 
maintaining the both manoeuvrability and roll stability during the collision avoidance 
manoeuvre by steering. The main reference for this controller is the reference path 
generated by path planning procedure. Based on the reference path and dynamical state of 
the vehicle at the intervention start point, a feedforward controller can calculate suitable 
feedforward steering input. A feedback controller also takes care of uncertainties, unmodeled 
dynamics, and neglected parameters to help the vehicle follow the reference path. Since the 
vehicle's response to the both steering and braking inputs is not instantaneous, controlling 
the vehicle based on the reference point, that it is just passed, cannot help the vehicle to 
follow the trajectory ahead, especially if the vehicle is moving at high speed. Therefore, a 
lookahead distance, which provides a reference point ahead of the vehicle is implemented. 
As described in the first chapter, it is also assumed that other necessary input information to 
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the controller, e.g. vehicle position, heading angle (yaw), and heading angle rate (yaw rate), 
will be measured by perception system and fused to collision avoidance functions, so 
becomes available for the controller. Otherwise, any missing or unreliable information should 
be estimated based on the available and reliable information. 

4.5.1 Feedforward 

When the reference path is generated during the path planning, the feedforward steering 

angle, ‏ , can be calculated using the steady state steering wheel angle form Equation 4.2 
and multiplying with steering gear ratio, Ὥ, as 

‏  Ὥ
ὰ

Ὑ
ὑ
ὥȟ

Ὣ
ȟ 4.15 

where ὥȟ  and Ὑ  can be determined at the intervention start point, using Equation 4.8 

and Equation 4.9, respectively. 

4.5.2 Feedback  

The feedback controller takes care of uncertainties, unmodeled dynamics, and neglected 
parameters that cannot be handled by feedforward controller. Since the main desire during 
the manoeuvre is to stay on the reference path, an ideal controller would need to directly 
control the vehicle position. Having the reference path as function of longitudinal position, it is 
enough to control the lateral position to control the vehicle position. Therefore, the vehicle 
can be expected to stay on the reference path if the lateral position is well controlled, and its 
error is eliminated. For this purpose, a PID control on the lateral position (ὣ) error is chosen 
that can be described as 

‏  ὑ Ὡ ὑ ὩὨ†ὑ Ὡȟ 4.16 

where ‏  is the feedback steering angle, Ὡ is the lateral position error, and Ὡ is time 

derivative of the lateral position error. ὑ , ὑ , and ὑ  are the PID controller gains that 
need to be determined through a specific procedure.  

A PD controller on the yaw angle (‪) error can also be described as below 

‏  ὑ Ὡ ὑ Ὡȟ 4.17 

where ‏  is the feedback steering angle, Ὡ  is the yaw angle error, and Ὡ  is time derivative 

of the yaw angle error. ὑ  and ὑ  are controller gains that need to be determined through 

specific procedure. The total feedback steering angle is sum of feedforward and feedback 
steering angles as 

‏  ‏ ‏ Ȣ 4.18 

The total steering input of the vehicle will then be: 

‏  ‏ ‏ . 4.19 

A schematic figure of the path controller is provided in Figure 4.4. 
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Figure 4.4 Schematic sketch of path stability controller. 

4.5.3 Lookahead control 

It is known that due to dynamics of the heavy vehicle, its response to both steering and 
braking demands are not instantaneous. This latency becomes critical in an emergency 
manoeuvre when milliseconds will count. In order to compensate for this latency, the 
controller is prepared to control the vehicle based on lookahead information.  

Assuming the latency equal to lookahead time, ὸ, the lookahead point is defined as an 
imaginary point fixed to the ὼ-axis of the vehicle at a lookahead distance, Ὠ , from ὅὋ.  
Figure 4.5 shows a schematic representation of lookahead information. 

 

Figure 4.5 Lookahead information. 

The lookahead distance is calculated using the vehicle speed, ὠ, as 

 Ὠ ὠὸȢ 4.20 

Then as input to the feedback controller, the lookahead error is defined as the error that is 
calculated at lookahead distance. The lateral position error at lookahead point, Ὡȟ , is 

calculated as 

 Ὡȟ ὣ ὣ ὣ ὣ Ὠ ÓÉÎ‪ , 4.21 

where ὢ  is the longitudinal position of the lookahead point, and ὣ is the lateral position of 

the preview point that is a point on the reference path at longitudinal position of the 
lookahead distance, as shown in Figure 4.5. ὢ  can be calculated as 

 ὢ ὢ Ὠ ÃÏÓ‪. 4.22 

Having the reference path function and ὢ , ὣ can be calculated since it is also a function of 

ὢ . Similarly, ὣ can be calculated as a function of ὢ  using 4.14, and makes it possible to 

calculate the time derivative of the lateral position error as 
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 Ὡȟ ὣ ὣ ὣ ὣ Ὠ‪ÃÏÓ‪Ȣ 4.23 

In order to include lookahead information in the feedback controller, Ὡ and Ὡ shall be 
replaced with Ὡȟ  and Ὡȟ  in Equation 4.16 to calculate the feedback value. With a small 

angle assumption for yaw angle, Equations 4.21 and 4.23 can be written as4.23 

 Ὡȟ ὣ ὣ Ὠ‪ , 4.24 

 Ὡȟ ὣ ὣ Ὠ‪Ȣ 4.25 

4.5.4 Vehicle positioning 

Acquiring accurate position in a real truck is a challenging task. On the one hand, GPS 
information would not be useful when the desired accuracy is a few centimetres. On the 
other hand, using built sensors and cameras for this purpose, requires a complicated data 
processing that may neither result in reliable nor fast pace information in near future. 
Therefore, it is necessary to estimate the vehicle position based on available information. 

Small yaw angle and negligible side slip assumptions during a manoeuvre would provide the 
possibility to estimate the lateral position based on the yaw rate. The yaw rate signal with a 
fast update rate is usually available in vehicles, and it is accurate enough to be used in 
vehicle control. However, to calculate yaw angle and lateral position based on the yaw rate, it 
is necessary to integrate the yaw rate once and twice, respectively. The higher the number of 
integration, the bigger the amount of generated error will be. Therefore, it is preferable not to 

integrate yaw rate more than once, as in yaw angle (‪) PD control (in Equation 4.17). 

4.6 Speed control 

Very similar to the reference path generation, a speed profile ὠ  is generated by the path 
planning procedure. The difference between the actual velocity of the vehicle and the 
reference velocity is defined as the velocity error. The speed control is then a proportional 
feedback controller acting on the velocity error, which determines the amount of braking 
force that should be applied to the wheels in order to keep the reference speed. 

The total braking force is distributed on axles proportional to the static load. The speed 
control is then defined as: 

 Ὂ ὑ ὠ ὠ 4.26 

 

Figure 4.6 Schematic sketch of speed controller. 

4.7 Direct yaw moment control 

Differential braking is used for direct yaw moment control (DYC). It is used as a feedback 
control on yaw rate error to control the vehicle yaw motion. The controller uses yaw rate error 
to determine feedback braking force on each individual wheel on one side of the truck. To 
calculate the required feedback braking force Equation 4.27 is used. 

 Ὂȟȟ ὑ Ὡ–Ὄ Ὡ ȟ   Ὥ ρȟς   ȟ   Ὦ ρȟς  4.27 
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where ὑ  is the controller gain that if multiplied with yaw rate error, Ὡ , forms the total yaw 

moment. – is the contribution of Ὥ  axle and will be given as a tuning parameter in 

corresponding simulation part, and Ὄ Ὡ  is the contribution of the left or right tyre on the 

axle. Ὦ ρ for the left tyre and Ὦ ς for the right one. For DYC, the braking force will only be 
applied to tyres on the first and the second axle. 

 В– ρȟ    Ὄ Ὡ
ὌὩ ȟ      Ὦ ρ 

Ὄ Ὡ ȟ   Ὦ ς 
, 4.28 

where Ὄ is a Heaviside function as 

 Ὄὼ
ρȟ   ὼ π
πȟ   ὼ π

. 4.29 

The total braking force is as  

 Ὂȟȟ Ὂȟȟ Ὂȟȟ 4.30 

Schematic figure of the yaw controller is provided in Figure 4.7. 

 

Figure 4.7 Schematic sketch of direct yaw moment controller. 

4.8 Complete path and speed control system 

In a complete feedback control for collision avoidance application, path and speed control try 
to avoid an accident by steering and braking while the stability control assures the stability of 
the vehicle during the manoeuvre. This is represented in a schematic sketch in Figure 4.8. 

  

Figure 4.8 Schematic sketch of the complete path and speed control system. 
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5 Simulation results 

The path stability control by steering introduced in Chapter 4 is implemented and applied to 
the heavy vehicle model introduced in Chapter 2. In order to study the performance of the 
controller with respect to the availability of the information, simulations are done separately 
for the lateral position control only and yaw control only, in addition to the complete controller 
with discrete input information. Simulations are repeated for the all 3 use cases and results 
are presented in this chapter after the simulation parameter settings are introduced. 

5.1 Parameter settings 

In addition to the heavy vehicle parameters, there are general path planning parameters and 
controller settings that are the same for simulation of the all use cases, whereas there are 
simulation settings specific to each use case, that are mentioned for each use case 
separately. Heavy vehicle parameters can be found in Table of notations, whereas other 
parameters are introduced here as follow. 

The values used for the constraints in path planning that are imposed by the heavy vehicle 
manoeuvrability limits and the steering actuator performance, are presented below in  
Table 5.1. 

Constraint Value  

Lateral acceleration, ὥȟ  σ ÍȾÓ 

Steering wheel angle, ȿ‏ ȿ ψππ ÄÅÇ 

Steering wheel angle rate, ‏  τσπ ÄÅÇȾÓ 

Torque on the steering actuator, ȿὝ ȿ  ςυ .Í 

Table 5.1 Constraint for the critical path in path planning. 

In a collision avoidance application, information from different sources may be available on 
different update rates and accuracy levels. Although yaw rate information can be reached on 
a sufficiently high update rate, there are challenges to acquire lateral position information 
with high update rate. Therefore, the simulations are planned to study performance of the 
controller for different possible conditions. In the first set of simulations, only the lateral 
position controller is studied, and it is assumed that lateral information is available with high 
update rate and without noise, thus the yaw controller gains are set to zero in order to study 
the later position control standalone. In the second set of simulations, controller is only using 
the yaw information with high update rate, and gains of the lateral position control are set to 
zero. Results from the two simulations are plotted beside each other, and can be compared. 

Finally, in order to study the limitations of the controller, discrete information is used for the 
complete controller with certain controller gains, where both lateral position control and yaw 
control are active while they receive information with different update rates. The update rate 

is assumed to be ρπ (Ú for the lateral position information, and ρππ (Ú for the yaw rate 
information. It is also assumed that the controller demand can be provided with the rate of 
ρππ (Ú. Corresponding gains in each simulation set are given in Table 5.2. It is necessary to 
mention that the controller gains are the same for all use cases. The aim has been to design 
a robust controller that works for all use cases rather than tuning the controller gains to get 
the best result for each use case separately. Therefore controller gains that are shown in 
Table 5.2 are used for simulation of all use cases. 
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Gain Lateral position control Yaw control Complete controller 

ὑ  ÒÁÄȾÍ   20 0 20 

ὑ  ÒÁÄȾ ÍȢÓ  100 0 0 

ὑ  ÓȢÒÁÄȾÍ   5 0 5 

ὑ     0 40 0 

ὑ  Ó  0 5 2 

Table 5.2 Controller gains for simulation of the all use cases. 

5.2 RECA  

Each use case can be interpreted as specific setting in the simulation. RECA manoeuvre in 
this simulation includes a single lane change with specific simulation settings as presented in 
Table 5.3. Note that the simulation is done for high-‘ surfaces. 

Parameters  Values  

Friction, ‘ πȢφυ 

Lateral distance, ὦ Í   σ 

Host vehicle initial velocity, ὠ ËÍȾÈ ψπ 

Lead vehicle initial velocity,ὠ ËÍȾÈ π 

Longitudinal distance, Ὠ Í   υτ 

Lookahead time, ὸ Ó πȢςυ 

Intervention start point, ὢ Í  υ 

Safety margin, – Ϸ  π 

Table 5.3 Specific simulation settings for RECA manoeuvre. 

The vehicle position, heading angle, and heading angle rate for the simulation of RECA 
manoeuvre can be observed in Figure 5.1. Results are presented and can be compared for 
two controllers; one based on the actual lateral position error, and the other based on the 
yaw angle error. 
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Figure 5.1 Path control results for RECA; position, heading angle, and its rate. 

Steering wheel angle and lateral acceleration variations and also their rates can be seen in 
Figure 5.2. As expected, counter steering is observed in the presence of the feedback 
control. 

 

Figure 5.2 Path control results for RECA; lateral acceleration and steering wheel angle, and their rates.  

The fifth order polynomial reference path turns out to be suitable to generate continuous 
profiles for reference steering angle input and lateral acceleration, as shown in Figure 5.2. 
However, lateral jerk and steering wheel angle rate profiles are not continuous. Although this 
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may be filtered by either the steering actuator or the heavy vehicle dynamics, it can be 
counted as a limitation of using the fifth order polynomial. It is possible that, instead, a 
multiple lower order polynomial would be used in real time collision avoidance application. 
The order of the polynomial depends on the dynamics, e.g. filtering, of the heavy vehicle and 
the actuators. The framework used here is quite flexible that can easily be replaced and 
used. 

 

Figure 5.3 Path control results for RECA; torque and utilised tyre capacity. 

Steering actuator torque variations, and forces on tyres can be observed in Figure 5.3. As 
can be seen, the controller based on the lateral position error utilizes more capacity of the 
tyres, and as a result, makes the heavy vehicle to respond quicker and follow the reference 
path better. Table 5.4 shows a posteriori performance evaluations result of the simulation. 
Maximum value for each parameter, the target value and the value of the parameter at the 

end of the required longitudinal distance, where ὢ ὢ Ὠ, are mentioned bellow. 

 

Table 5.4 Path control results for RECA with the controller based on the lateral position. 

Errors of the two controllers are also compared to each other in Figure 5.4. As expected, the 
controller based on the lateral position error has a much better performance in general.  
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Figure 5.4 Path control results for RECA; error dynamics for two path control algorithms. 

The first step is also taken towards matching the simulation environment with the real world 
experiment situation. The update rate of the information like lateral position is much slower in 
reality than in simulation. Thus the simulation is repeated for the complete controller based 
on the discrete lateral position and yaw rate information in contrary to continuously available 
position information. This may emulate slow update rate of the lateral position signal in a real 
truck, and also limited update rate of the yaw rate information. In order to emulate limited 
operating frequency of the steering actuator, the steering command is also discretized with 

an update rate of ρππ (Ú. The resulting errors can be observed in Figure 5.5. In order to 
compensate for the delay due to the slow update rate of the lateral position information, 
Riemann sum of the estimated lateral position velocity is used between every two 
consequent update time to estimate the lateral position, when there is no new measured 
information about lateral position available. The lateral velocity itself is estimated based on 
longitudinal velocity of the vehicle and the heading angle, as 

 ὣ ὺÓÉÎ‪   5.1 

where ὺ is the longitudinal speed of the vehicle, and ‪ is the yaw angle, and both are 
measured information with update rate of ρππ (Ú. 
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Figure 5.5 Path control results for RECA; error dynamics under the influence of discretized lateral position 
information. 

As can be seen in Figure 5.5, the controller performance when it uses continuous data is 
obviously better, whereas using discrete information adds some error and oscillations. 
However, the result is promising when complete controller is used that employs information 
with both slow and fast update rate.  
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5.3 RORP on a straight road 

The simulation steps taken for RECA are repeated in this section for RORP on a straight 
road use case. Recalling the description of the use case from Section 1.2.2, the vehicle is 
assumed to receive false steering input from unattended driver thus running off the road. The 
controller, if activated, is supposed to start the intervention when the deviation of the vehicle 

from the centre of the lane, ὦ, reaches a certain limit, and take the vehicle back to the centre 
of the lane by performing a suitable manoeuvre. 

Same as RECA use case, there are specific settings for RORP on a straight road. Table 5.5 
shows the specific simulation settings that can be interpreted from definition of the use case. 
Note that only the steering control is used in this simulation. 

Parameters  Values  

Friction, ‘  πȢφυ 

Host vehicle initial velocity, ὠ ËÍȾÈ  φυ 

Longitudinal distance, Ὠ ά   σρ 

Lookahead time, ὸ Ó  πȢςυ 

Run-off limit, ὦ Í  πȢς 

Driver's false steering input, ‏ ÄÅÇ τπ 

Intervention start point, ὢ Í  ρωȢςφ 

Safety margin, – Ϸ  π 

Table 5.5 Specific simulation settings for RORP on a straight road. 

Other parameter values are described in Sections 5.1, and can be found in Table 5.1,  
Table 5.2, and Table of notations. 

Vehicle position, heading angle, and its rate are observable in Figure 5.6, whereas the lateral 
acceleration and the steering wheel angle and also their rates are presented in Figure 5.7. 
Similar to the results for RECA, the controller based on the lateral position respond faster to 
the steering input. 
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Figure 5.6 Path control results for RORP on a straight road; position, heading angle, and heading angle rate.  

 

Figure 5.7 Path control results for RORP on a straight road; lateral acceleration, steering angle, and their rate. 

Similar to RECA, the discontinuity of the lateral jerk and steering angle rate is also present in 
RORP on a straight road, as shown in Figure 5.7. It is also worth to notice that the continuity 
of the reference steering angle and lateral acceleration profiles are dependent on the 
accuracy of the information about heading angle at the start of the intervention. 
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Figure 5.8 Path control results for RORP on a straight road; torque and utilised tyre capacity. 

Table 5.6 shows a posteriori performance evaluations result of the simulation. Maximum 
value for each parameter, the target value and the value of the parameter at the end of the 
required longitudinal distance, where ὢ ὢ Ὠ, are mentioned bellow. The high and 
unacceptable values of the steering angle rate and wheel torque rate shall be investigated 
more, although they will be filtered by the actuator dynamics in a heavy vehicle. 

 

Table 5.6 Path control results for RORP on a straight road with controller based on the lateral position error. 

Errors of the two controllers are also compared to each other in Figure 5.9. As expected and 
similar to the RECA use case, the controller based on the lateral position error has a much 
better performance in general. 






















































