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I 

Abstract 
The main goal of this work is to gain knowledge of how and to what extent state-of-the-art 

simulation tools can be used in a conceptual development phase for vehicle dynamics control at 

Volvo Car Corporation (VCC). 

The first part of the thesis deals with an evaluation of vehicle dynamics simulation tools and their 

uses. The three simulation tools selected for the study, namely Mechanical Simulation CarSim 8.2.1, 

IPG CarMaker 4.0.5, and VI-Grade CarRealTime V14, are briefly described and discussed. In order to 

evaluate and compare these tools with respect to application for vehicle dynamics control, a criteria 

list is developed covering aspects such as tool requirements and intended usage. Based on the 

criteria list and certain identified drawbacks, a ranking of the tools is made possible. Furthermore, 

the process of developing vehicle models for the different tools is discussed in detail, along with the 

procedure of validating the vehicle models. 

In the second part, the concept of Collision Avoidance Driver Assistance (CADA) function is 

introduced and possible approaches for developing CADA functions are discussed in brief. It is 

important to note that the CADA functions in this work are based on cornering the vehicle i.e. 

maneuvering around the threat, rather than solely reducing vehicle speed. A number of 

implementations of the functions are developed in Simulink. A frequency analysis of a simplified 

linear vehicle model is performed to investigate the influence of steering, differential braking, and 

their combination on the resultant lateral displacement of the vehicle during an evasive maneuver. 

The developed CADA functions are then simulated using the vehicle simulation tools. Two specific 

metrics - Lateral Displacement gain and DeltaX - are formulated to evaluate the effectiveness of the 

CADA functions. Based on these metrics, the assistance obtained due to the functions for a specific 

evasive maneuver is compared. 

From the evaluation process of the three tools, two were considered suitable for the purpose of 

simulating collision avoidance functions. The evaluation of the CADA functions demonstrates that 

combined assistive steering with differential braking provides considerable assistance in order to 

avoid collisions. The simulation results also present interesting trends which provide a useful 

direction regarding the conditions for intervention by such collision avoidance functions during an 

evasive maneuver. The use of simulation tools makes it possible to observe these trends and utilize 

them in the development process of the functions. 

Keywords: simulation tools, vehicle dynamics control, Collision Avoidance Driver Assistance, evasive 

maneuver, frequency analysis, ranking of tools, effectiveness metrics, differential braking
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1. INTRODUCTION 
This chapter gives an overview of the background for this thesis. Based on the problems discussed along 

with the specific requirements at Volvo Car Corporation (VCC), objectives for the thesis are created. 

1.1. Background 
It has been nearly 60 years since the three-point seat belt was introduced and standardized as a 

required passive safety means for a passenger car. Following that invention, automotive engineers 

have implemented a variety of additional significant passive safety measures such as airbags and 

crumple zones, while at the same time paying more attention to the active safety of a vehicle. The 

rapid progress in electronics has boosted the development and implementation of multiple 

advanced active and passive safety functions. The former are in focus nowadays since they help 

either to mitigate a collision or to completely avoid it, keeping the vehicle stable and safe after the 

corresponding maneuver. 

For example, one of the latest active safety functions aimed for collision avoidance/mitigation and 

launched by VCC – City Safety – significantly reduces the number of low-speed rear-end frontal 

collisions. According to a Swedish study [1], a reduction of 23% is observed within the frequency of 

insurance claims related to low-speed rear-end frontal collisions involving the Volvo XC60 equipped 

with City Safety, when compared to similar accidents involving Volvo models without this function. 

Concerning high-speed collision avoidance, braking is often not enough and a supplementary or 

replacing steering action is needed as it is demonstrated in e.g. [2] 

1.2. Problem formulation 
As an aspect of its collision-free and zero-injury strategy aimed for 2020, VCC is continuously 

developing collision avoidance functions assisting the driver in emergency situations. Autonomous 

braking as a means to avoid a collision is currently used by leading car manufacturers though the 

efficiency and applicability of only braking has significant limitations. However, implementation of 

autonomous evasive steering, which represents a desirable augmentation within collision avoidance 

systems, entails the need for thorough development and exhaustive testing of vehicle control 

algorithms. At the same time methods and measures to evaluate the effectiveness of collision 

evasion functions need to be designed and internationally approved. 

Due to safety and economic reasons the testing of evasive collision avoidance algorithms at early 

stages of development is advantageous to perform using computer simulation tools, which allow for 

exhaustive and repeatable batch runs while conceptual solutions are being scrutinized. The choice of 

simulation tools featuring vehicle dynamics is quite wide on the market. Having comparable prices 

and licensing terms, simulation programs differ in their functionality with respect to the integration 

of already developed external control algorithms with vehicle models, that is, performing co-

simulations. Thus, finding a tradeoff while selecting proper software suitable for modeling and 

simulation of collision avoidance vehicle dynamics is challenging for automotive manufacturers, 

though some of them use several simulation programs. 

1.3. Objectives 
VCC strongly needs to reduce the number of real vehicle field test during the design phase of vehicle 

dynamics functions, particularly collision avoidance driver assistance (CADA) functions. However the 

reduction should be undertaken in a judicious fashion, provided that the replacing simulations yield 

plausible results. 

Based on the problems stated in the previous section, this thesis work has two aims. Firstly, a 

preliminary evaluation of three vehicle dynamics simulation tools needs to be performed featuring 
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the applicability of the tools within CADA functions development process. Secondly, an assessment 

of the effectiveness of some selected CADA functions is to be done using MATLAB/Simulink co-

simulation capabilities of the tools. 

The expected outcomes of this thesis work which can find future application are the choice 

recommendations based on the simulation tools evaluation, the driving scenarios revealing the 

highest/lowest effectiveness of selected CADA functions in simulations, and the analysis of the 

observed trends within steering-braking interaction during evasive maneuvers. 
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2. SIMULATION TOOLS 
This chapter describes simulation tools available for the purpose of simulating vehicle dynamics. A brief 

discussion about the available tools is made after which the tools are compared using a criteria list. 

Finally, the suitable tools for the thesis work are chosen based on the criteria and other requirements. 

2.1. Brief introduction of simulation tools 
Developing an automobile is a very lengthy and complex process which involves various stages of 

design, development, testing, validation and improvement, before it can be put into production and 

sold to a customer. Today, the modern automobile is equipped with a myriad of advanced technical 

solutions. This, along with strict regulatory requirements in terms of safety and environmental 

norms leads to complexity in design and huge challenges in terms of cost and quality. Subsequently, 

the amount of work required to test and validate all aspects of a vehicle is also increasing. 

Manufacturers are increasingly looking towards simulation tools (popularly known as Computer 

Aided Engineering-CAE tools) to perform the required tasks of testing and validation. 

Simulation tools are being used in different aspects of automobile design. The tools are being used 

extensively to model components and carry out load and stress analysis on them. They are 

increasingly being used in aerodynamic design and are used to perform flow simulations and 

calculation of other aerodynamic parameters. Apart from that, one area where use of simulation 

tools has increased tremendously is in vehicle simulation which includes vehicle dynamics, vehicle 

control, efficiency simulation, driver assistance system simulation, etc. As a part of this thesis, the 

usage and evaluation of the simulation tools is carried out with respect to this particular area of use, 

i.e. vehicle dynamics and vehicle control. The following section provides examples of tools available 

for vehicle simulation applications and outlines the advantages and uses of these tools. 

2.2. Vehicle dynamics simulation tools & their uses 
As stated earlier, simulation tools are being used increasingly in order to carry out vehicle 

simulations during the design and validation process of a vehicle. The tools provide very accurate 

simulation results, having good correspondence to reference vehicles. As a result, these tools are 

being used to carry out important tests instead of performing them on test tracks, thus saving time 

and resources. Simulation tools are not only used as an alternative to physical testing, they are also 

used to improve the efficiency of road testing. Before heading out for a road test, engineers are able 

to use the tools in order to prepare the vehicle, select what maneuvers need to be performed for 

the desired results, select suitable roads and select specific driver inputs. This results in a more 

structured test layout, saving time during the test and also after the test. 

Below is a list of application areas of simulation tools along with the uses [3], [4]: 

 Performing design evaluation at early stages 

Simulation tools are increasingly being used to evaluate design requirements and early design 

specifications in order to validate the choice of specification without the need for any physical 

prototypes. 

 

 Perform repeatable tests under controlled environment 

Simulation tools provide the capability of performing repeatable tests, which is most often not 

possible in case of physical testing. The tools also provide a controlled environment for 

performing the tests, where all desirable parameters such as friction, road roughness, wind 

speed, temperature and other similar parameters can be controlled and kept constant during 

tests. 



4 

 

 Evaluate multiple design alternatives 

Apart from the use at an early stage in the design process, the tools are also used to evaluate 

multiple design alternatives in a very quick and efficient manner without having to produce 

physical components of the alternatives. 

 

 Handling and stability testing 

This is the basic application of simulation tools, used to perform handling and stability tests. 

Owing to the fact that the simulation produces very accurate results, track testing is not 

required. 

 

 Development of model-based controllers for advanced vehicle control 

Controllers such as ABS, ESC, and Traction Control, used for vehicle control and developed using 

tools like Simulink, C, etc., are interfaced with the simulation tools which facilitate the 

calibration and tuning of the controller parameters. The simulation tools provide a reliable 

environment where the tests can be repeated precisely. 

 

 Development of virtual and physical test rigs 

The tools are used to develop test rigs in order to test vehicle components like suspension 

parts, steering components and so on. The rigs can be either virtual where the vehicle model is 

tested for kinematics and compliance or the tools can be used to control physical test beds to 

test such components. 

 

 Development of advanced driver assistance systems 

The simulation tools provide the required environment and test scenarios in order to develop 

and test driver assistance systems before implementing them in the physical vehicles. This 

ensures the testing can involve obstacles, traffic, animals and pedestrians, but in a virtual and 

safe environment. 

 

 Carrying out Hardware-In-the-Loop tests 

Simulation tools are used to test and calibrate hardware components like the ECU by 

integrating the components in driving tests. Due to the fact that the tools produce very accurate 

results, the functioning of the hardware components can be rigorously tested before use on an 

actual vehicle. 

 

 Testing alternate driver models 

Simulation tools provide the possibility to use different driver models and driver parameters. 

This is quite useful in carrying out subjective testing of vehicle handling and vehicle control 

functions. 

 

 Data exchange with suppliers 

During the development process of a vehicle, a lot of data is exchanged between vehicle 

manufacturers and the suppliers of components. Simulation tools allow for easy exchange of 

data by allowing companies to exchange an encrypted model of a prototype vehicle or an 

individual subsystem. 
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 Development of driving simulator 

The elaborate animation programs that the simulation tools provide along with real-time 

simulation make the tools suitable for driving simulator development. The vast number of 

vehicle parameters available for control makes development of the simulator easier and also 

makes them very accurate and realistic. 

Here is a list of common vehicle simulation tools that are available on the market currently. 

 Mechanical Simulation CarSim 

 IPG CarMaker 

 VI-Grade CarRealTime 

 MSC ADAMS/Car 

 TESIS DYNAware veDYNA 

 Modelon DYMOLA 

 LMS Virtual lab 

 Technalia Dynacar 

The tools mentioned in the list are used in a variety of applications. Often, the tools have features 

which make them better suited for use in certain application and not as suitable in case of some 

other uses. That is the reason multiple tools can be used in parallel during the development process 

of a vehicle. 

The following section contains a brief description of the tools evaluated during the thesis work. 

2.3. Description of the tools used for thesis 
For the assessment and evaluation of applicability in terms of collision avoidance functions 

development and simulation, the following simulation tools were provided by VCC: 

1) CarSim (version 8.2.1) 

2) CarMaker (version 4.0.5) 

3) VI-CarRealTime (version V14) 

Here, a short description of each tool is given featuring the co-simulation capabilities of the 

programs with respect to evasive maneuvers. 

2.3.1. CarSim 

CarSim is a vehicle dynamics simulation software developed by the American company Mechanical 

Simulation Corporation in the mid-90s in order to facilitate the prediction of vehicle behavior in 

response to the driver’s inputs (steering wheel, brake/gas/clutch pedals, and gear shift) or external 

forces (e.g. side wind). The software features multi-body simulations and thus does not take into 

account structural flexibility (except for springs, anti-roll bars, and tires), acoustics, and high 

frequency vibrations [5]. 

The program is GUI-based and the setup of the vehicle, the maneuver to perform, and the road is 

done in a single window, shown in Figure 1 and logically organized from top to bottom and from left 

to right. However the post-processing and animation of simulation results are executed in separate 

windows of the dedicated programs WinEP (the Engineering Plotter for Windows) and VS Visualizer 

which are integral parts of CarSim. It is worth mentioning that one of the co-founders of Mechanical 
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Simulation Corporation is Thomas Gillespie, the author of [6], and the terminology used throughout 

the CarSim support documentation as well as the program screens sticks to those used in the book. 

At  the  same  time,  the  conventions  for  axes  directions  (i.e.  coordinate  frames  orientations)  are 

harmonized with the international standards SAE J670 and ISO 8855. 

Setting  up  and  running  a  test  scenario  to  be  simulated  can  be  performed  either  using  the  GUI 

illustrated  in Figure 1 or programmatically via VehicleSim COM Interface [7], activating the controls 

of the CarSim main window from e.g. a MATLAB M‐file script, Visual Basic, or Python. The numerical 

quality of the simulation result and the simulation speed of CarSim in the case of stand‐alone usage 

are  controlled by  the  choice of  a numerical  integration method out of  five provided.  For  the  co‐

simulation  case,  e.g. CarSim‐Simulink,  the  settings of  the  solver  in  Simulink  affect  the  calculation 

performance as well as the numerical integration method chosen in CarSim. 

 

Figure 1. Main screen of the CarSim GUI 

As mentioned above, CarSim models  can be extended with MATLAB  Simulink when  sophisticated 

control  algorithms  are  applied  and  advanced  signal  processing  is  needed.  Apart  from  MATLAB 

Simulink, there are other options for CarSim model extension, for instance with LabVIEW or custom 

C code. When  extended with MATLAB  Simulink,  a  CarSim  vehicle model  is  represented  as  an  S‐

function block in the Simulink model diagram as it is depicted in Figure 2. More than 350 parameters 

can  be  selected  for  import  from  the  Simulink  environment  into  the  CarSim  S‐function  block  and 

around 790 parameters can be selected as outputs  from the block so as to be used by Simulink  in 

control  algorithms.  The  sets  of  inputs  and  outputs  for  the  CarSim  S‐Function  block  are  chosen 

according to the simulated maneuver and the needs of the controller implemented in Simulink. For 

instance, the CarSim S‐Function block within the example  in Figure 2 has four  input signals and six 

output  signals. Despite  the  fact  that  the  vehicle  is  represented  by  a  single  block  in  the  Simulink 

environment, CarSim software must be running in order to perform a co‐simulation. 
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Figure 2. Example of the CarSim-Simulink co-simulation environment 

With respect to collision avoidance system development, CarSim is capable of running multiple 

vehicle co-simulations featuring several independently controlled vehicles and supporting their 

interaction during the simulated maneuver. 

2.3.2. CarMaker 

CarMaker is a vehicle dynamics simulation tool developed by the German company IPG Automotive 

GmbH in the mid-90s, aimed predominantly for general vehicle dynamics simulation as well as for 

continuous development of vehicle control systems featuring model-in-the-loop (MIL), software-in- 

the-loop (SIL), and hardware-in-the-loop (HIL) testing. Besides, the tool is capable of fuel/energy 

consumption analysis applicable to both conventional and hybrid powertrain layouts. Emphasizing 

the analysis of a vehicle as a multi-body dynamical system, the software on the other hand can take 

into account the structural flexibility of the vehicle body. 

The tool is GUI-based and consists of several subordinate programs for animating simulation results 

(IPGMovie), post-processing/plotting (IPGControl), and monitoring the vehicle states (Instruments). 

The specification of the parameters of the vehicle, road, maneuver, and driver is performed in 

separate windows assigned to the corresponding ingredient of a test run like it is demonstrated in 

Figure 3. In the figure, the dedicated windows for vehicle, road, maneuver, and driver specification 

are present along with the main CarMaker GUI window in the foreground. 
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Figure 3. Vehicle, road, maneuver, and driver specification in CarMaker 

Performing a simulation of a specified test run (vehicle+road+maneuver+driver) is done either by 

means of GUI or via a script written using Tcl/Tk syntax in the dedicated ScriptControl dialog window 

of CarMaker. By default the numerical quality of the simulation results is provided by a fixed-step 

internal CarMaker solver with a sampling time of 1 ms and for the moment the tool does not have 

any GUI-based means of changing the solver, i.e. the numerical integration method internally used 

by CarMaker. However, there is a possibility to oversample certain subsystems and components (e.g. 

the engine), i.e. to increase the sampling rate by a user-defined factor. 

CarMaker supports the extension of its models with MATLAB Simulink to facilitate the development 

and testing of enhanced vehicle control algorithms. The co-simulation environment for an extended 

CarMaker-Simulink model has a pre-defined structure and is represented in Simulink as a nested 

multi-level model where the vehicle is already subdivided into Simulink subsystems. The top 

hierarchy level of a co-simulation CarMaker-Simulink model is illustrated in Figure 4. All the 

subsystems within the hierarchy tree of Model Browser are expanded so as to demonstrate the 

nested structure of the model. 
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Figure 4. CarMaker-Simulink co-simulation environment: top level 

The next hierarchy level, namely “CarMaker” subsystem (cf. Figure 4) is shown in Figure 5, where 

Model Browser is hidden in order to provide sufficient space for the model diagram. The order and 

the interconnection of the subsystems depicted in the figure must be kept untouched whereas self-

developed control algorithms are assumed to be implemented at lower hierarchy levels. Access to 

so-called User Accessible Quantities is organized in CarMaker for Simulink in order to provide the 

feedback loop between the response of the vehicle (calculated by CarMaker) and the reference 

input signals (predominantly from Simulink). A generic vehicle representation in CarMaker has 

approximately 950 accessible signals for exchange during co-simulation, though the number is not 

limited. 
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Figure 5. "CarMaker" subsystem: Test run (Vehicle control) specification in CarMaker for Simulink 

2.3.3. CarRealTime 

VI-CarRealTime is a GUI-based vehicle dynamics modeling and simulation environment released 

in 2006 by the German company VI-grade. First and foremost, the tool is aimed to ease the 

simulation and analysis of vehicle behavior by assembling the corresponding virtual vehicle model 

out of template-based conventional subsystems representations. Secondly, it facilitates the 

development of vehicle control algorithms and vehicle model validation, featuring the capabilities 

for co-simulations and exchange with other modeling programs (e.g. MATLAB Simulink and 

MapleSim). 

The main GUI window of VI-CarRealTime is depicted in Figure 6 and it is worth mentioning that the 

interface resembles that of ADAMS/Chassis – a vehicle dynamics simulation tool of the American 

company MSC Software Corporation. The specification of vehicle subsystems is performed within 

one window of GUI having a tab-based outline. Moreover, there is a seamless way for integrating 

ADAMS/Car vehicle models into the VI-CarRealTime environment. 

 

Figure 6. VI-CarRealTime main window in the Build Mode 
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Initiating a test run in VI-CarRealTime is performed via the corresponding controls of its GUI or, in 

the case of co-simulation, by running a MATLAB m-file script. The latter is chosen when test 

automation and batch runs are of interest. In order to control the numerical quality of the simulation 

result, the integration step size can be specified and one of two suggested numerical integration 

methods can be chosen. 

The analysis and post-processing of the simulation results are done by means of the integrated tool 

VI-Animator or in ADAMS/PPT if the latter is installed on the respective computer. 

As mentioned earlier, VI-CarRealTime is capable of running co-simulations with MATLAB Simulink 

thus extending its models with the power of control algorithms design which Simulink provides. Co-

simulations involving these two tools can be carried out using two modes of communication 

between the programs [8]: socket mode and input file. In the socket mode both tools are running 

during co-simulation. However, if the input file is used for co-simulation then the VI-CarRealTime 

GUI need not be running – the vehicle, road, maneuver, and driver models are read from the input 

file. Regardless of the mode of communication chosen for co-simulation, the Simulink environment 

contains a single block “vicrt_mex Standard” (cf. Figure 7) representing the CarRealTime vehicle 

model having 147 input and 976 output signals which are bussed and always available. 

 

Figure 7. The co-simulation Simulink environment for VI-CarRealTime 

2.4. Criteria to evaluate simulation tools 
In the preceding section, the general usage of simulation tools in vehicle development was 

highlighted. A list of available tools was discussed along with a brief description of the three tools 

available for use during this thesis. The availability of multiple tools is often advantageous as it 
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enables  the use of  the  strengths of each of  the  tools  for particular applications,  thus making  the 

development process more efficient and accurate. But this approach is often not practical owing to 

the  costs  required  to  acquire  and maintain  each  of  these  tools. Apart  from  the  cost,  the  overall 

operating process  is quite different for each tool, thus making the use of only one or few tools the 

most practical option. 

This  factor  results  in  the need  to evaluate  the available  tools  subjectively, based on  the  intended 

usage.  In  order  to  carry  out  this  evaluation  for  the  three  available  tools,  namely  CarSim 8.2.1, 

CarMaker 4.0.5,  and  CarRealTime V14,  a  comprehensive  list  of  criteria  is  developed  covering  all 

possible aspects of the tool usage, requirements from the tools and intended usage. 

A total of 61 criteria are listed covering all aspects of tool usage and requirements. These criteria are 

organized under six groups according  to  the area of application of  the criteria. Below  is a  list and 

short description of the six groups that make up the list. 

I. Usability 

This group  contains  criteria dealing with  the basic usability of  the  tools  i.e.  specifications, 

installation,  licensing, support and other similar criteria.  It emphasizes  the ease of running 

and maintaining the tool. 

 

II. Vehicle model validity and reliability 

This group deals with the approach towards vehicle model definition in the simulation tool. 

The  accuracy  and  detail  of  the  model  being  a  very  important  factor  in  governing  the 

accuracy  of  the  simulation  results,  all  criteria  under  this  particular  group  are  extremely 

important. 

 

III. Extended usage 

This group deals with criteria relating to the extension of use of the simulation tool outside 

the  conventional  application.  The  criteria  include  aspects  like  integration  with  other 

modeling  and  simulation  software,  the  dynamic  capability  of  the  tool  for  information 

exchange and other such aspects. 

 

IV. Post processing 

The availability of good post processing  functions along with  the  simulation  tool  is a very 

important factor. This group precisely covers this factor and all criteria in this group relate to 

post processing i.e. animation of results, plotting options, exporting to other tools, etc. 

 

V. Maneuver definition and execution 

A simulation tool is of very little use, unless the intended tests and scenarios can be carried 

out. This makes maneuver definition an extremely important aspect and all criteria under 

this group touch upon this area of the tools. 

 

VI. Miscellaneous 

This group contains the criteria which do not fall under usage of the tool but are important 

factors in determining the applicability or practicality of the tool. 
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The complete list of criteria is provided in the successive section. A brief explanation of each 

individual criterion is available in APPENDIX A. 

2.5. Choice of suitable tools for thesis 
As discussed in section 2.4, a list of criteria is created covering different aspects of usage and 

performance of the available simulation tools. In order to compare the performance of each tool, 

the importance of each criterion is decided and, consequently, a weightage is assigned to each one. 

The weightage is assigned on a scale of 0.1 to 1; 1 being very high importance and 0.1 being very low 

importance. The criteria list along with the individual weightages is shown in Table 1. A sum of 

weightages from the 61 criteria in the list gives a total weightage score of 42.4, based on which the 

tools are judged. 

Table 1. List of criteria for comparison of simulation tools 

# CRITERION WEIGHTAGE 

  GROUP: Usability   

1 
System requirements: hardware (Processing speed, CPU architecture, RAM, Graphics card, HDD 
space) & software (OS, additional compilers, codecs) 

0.1 

2 Ease of installation 0.1 

3 License type: node-locked, floating, dongle-based 0.3 

4 Scope of support documentation provided 1 

5 Content (level of detail) of support documentation 1 

6 Integration of support documentation with the tool (search function, indexing) 0.5 

7 Language of support documentation: terms usage consistency, clarity, errors 0.5 

8 Technical assistance available 1 

9 Ease of running a simple event 0.3 

10 Design of GUI – user friendly, ease of navigation, intuitive 1 

11 Available example vehicle models, maneuvers, events, etc. 0.7 

12 Running File driven events from test measurements: using GUI only, script required 0.9 

13 Competence background required 0.1 

  GROUP: Vehicle model validity & reliability   

1 Vehicle model architecture similarity to the physical vehicle 0.8 

2 
Level of adherence to conventional automotive standards (ISO, SAE, DIN), level of detail of vehicle 
subsystem definition 

0.8 

3 Adding conventional auxiliary vehicle control actuators, e.g. ABS/ESC 0.5 

4 
Adding unconventional/experimental vehicle control actuators, e.g. camber/toe/suspension 
control 

0.5 

5 Integration of electrical, hydraulic , pneumatic & mechatronic systems in the vehicle subsystems 0.6 

6 Sensor models 0.7 

7 Modular-approach to vehicle subsystems 0.7 

8 Ways of parameter definition (constants, look-up tables, visualization tools for tables, equations) 0.7 

9 Ease of specifying vehicle parameters 0.8 

10 Set of available numerical integration methods 0.5 

11 Value check tools (for fool-proofing) – e.g. specifying units & limits for parameter values 0.8 

12 Handling of vehicle variants with different powertrain, suspension etc. 1 

13 Possibility of representing hybrid and fully electric vehicles 1 

  GROUP: Misc   

1 Price  1 

2 Cost of upgrade 1 

3 Additional price for full feature version 1 

4 Compatibility between versions (forward & backward) 0.5 

5 Availability of student license – KTH & Chalmers using same software 0.2 
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Table 1. List of criteria for comparison of simulation tools (continued) 

# CRITERION WEIGHTAGE 

  GROUP: Extended usage   

1 Interface with MATLAB/Simulink 1 

2 Interface with other 1D solvers (MapleSim, LabView, Modelica) 0.5 

3 Integration with ADAMS models 1 

4 Integration with other 3D MBS solvers 0.5 

5 Interface with dSPACE & other HIL environment 1 

6 Applicability for driving simulator development and usage 1 

7 Visualization of physical field tests 0.6 

8 Capability of online handling real-time telemetry 0.3 

9 Exporting encrypted vehicle models for supplier/vendor use 1 

10 Compliance with FMI standards (https://www.fmi-standard.org/) 0.6 

11 Compatibility with other vehicle dynamics simulation software: importing/exporting 0.5 

12 Number of vehicle parameters open for external control (from Simulink, C, VB etc.) 1 

13 Areas and extent of usage by VCC associated suppliers/vendors/partners and VCC competitors 1 

  GROUP: Post processing   

1 Dynamic plots (synchronized with animations) 0.5 

2 Multiple animator screens 0.3 

3 Overlay animations: ghost runs, run comparison 0.7 

4 Export to external post-processing software 0.4 

5 Exporting results to other formats like XLS, CSV, mat, ASCII 1 

6 Plot templates (grouping parameters by system, type of run, units) 0.5 

7 Availability of sounds in animations: engine, tires 0.2 

8 Ease of importing car body geometry from CAD into animator 0.7 

  GROUP: Maneuver definition & execution   

1 Interface for test automation: GUI-based, script-based 1 

2 External test control: MATLAB, C, VB 1 

3 Define & trigger tests using results from previous test e.g. Sine-with-dwell test 1 

4 Changing parameters during a run: e.g. mu, mass, PID settings (Kp, Ki, Kd) 0.7 

5 
Carrying out special maneuvers, e.g. driving backwards, handbrake turning, parking assist, side-
wind stability etc. 

0.7 

6 Road definition: ease, level of detail, importing from external sources 1 

7 Simulating traffic (vehicle, pedestrians, animals) during runs 0.7 

8 Run control from road object e.g. road signs, speed bumps, etc. 0.4 

9 
Computational time for simulation (slower, equal to or faster than real time) & option of 
choosing simulation speed 

1 

 

The different groups in the list highlight the different areas of usage of the tools. Figure 8 depicts the 

distribution of weightage points between the six groups that the list is divided into. As per the 

distribution, the groups representing extended usage, vehicle model, maneuver definition and 

usability are the most important of the six groups and therefore have the more weightage. 
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Figure 8. Distribution of weightage between the groups 

Using the criteria list, each of the three simulation tools discussed in section 2.3 is scored on every 

individual criterion. The scoring follows the same pattern used for weightage, i.e. 0 to 1; 0 being 

criteria not applicable for the particular tool and 1 being criteria fulfilled well. The final score is 

calculated by adding the products of the score and weightage for each individual criterion. 

The criteria list along with individual scores for each of the three simulation tools is available in 

APPENDIX B. 

2.5.1. Final choice of suitable tools for thesis 

It is always advantageous to have an option of using multiple tools in order to obtain the best 

possible results in an easy way. But at the same time, due to certain drawbacks or handicaps present 

in a tool, its use is not too beneficial. Based on the list of criteria, the scores for the tools according 

to the list and certain identified drawbacks, a choice of suitable tools for further work is made. 

Out of the three tools, CarSim 8.2.1 and CarMaker 4.0.5 are chosen to carry out simulations in the 

successive sections. The decision to not use CarRealTime V14 is made based on two factors as stated 

below. 

i. The steering model in the vehicle model definition for this version of CarRealTime does not 

allow the variation of certain parameters to carry out the intended evaluation in the later 

parts of this thesis. 

ii. CarRealTime does not fare as well as the other two tools in many important areas which are 

compared in the criteria list. 

Based on the above two factors, CarRealTime V14 was found at a disadvantage to the other tools for 

this work.
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3. VEHICLE MODELING & VALIDATION 
This chapter discusses the development of vehicle models using the simulation tools. The distribution of 

subsystems in the model is elaborated along with the process of model building in the simulation tools. The 

process of validation of the models with respect to field tests is then described to obtain reliable and 

accurate vehicle models for simulations. 

3.1. Vehicle model architecture 
Simulation tools are capable of carrying out an array of simulations for varying purposes. With 

respect to carrying out vehicle dynamics and handling simulations, the tools are extremely flexible 

and can be used not only to perform standard tests, but also carry out custom tests and maneuvers 

as per the requirement. 

When it comes to simulating vehicle dynamics, the most important factor determining the accuracy 

of simulation results is the vehicle model used. Today’s simulation tools provide possibilities to 

model a wide range of vehicles. Listed below are a few of the configuration options that are 

available in the vehicle model. 

 Segment of vehicle: A-class, B-class, compact car, sedan, etc. 

 Multiple axle vehicles, Dual wheel axles 

 Three wheeled vehicle 

 Four wheel steering 

 Auxiliary loads, trailers, out-rigger 

During this thesis, a conventional layout for the vehicle model is used, i.e. two independent 

suspensions, front wheel driven, front steered vehicle. 

3.1.1. Architecture 

The vehicle model architecture in simulation tools consists of a number of subsystems. These 

subsystems generally reflect how components are grouped in case of an actual vehicle. Below is a 

list of the subsystems and the parameters under them that usually encompasses the vehicle 

architecture in the tools. 

Vehicle body 

 vehicle mass 

 inertias 

 center of gravity parameters 

Aerodynamic properties 

 aerodynamic coefficients 

 reference point/force location point 

Powertrain 

 engine model with efficiency mapping 

 clutch 

 transmission parameters along with 
gear ratio 

 differential parameters 

Brake system 

 brake torques 

 brake pressures 

 fluid dynamics properties 

 piston, brake disc and brake pad 
parameters 

Steering system 

 steering model: rack & pinion, 
recirculating ball 

 assist type: hydraulic, electric, hybrid 

 steering column & shaft properties 

 torsion bar properties 

 steering kinematics 

 kingpin geometry & kingpin moment 
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Suspension 

 geometry and static set-up 

 springs 

 dampers 

 jounce & rebound stops 

 stabilizer 

 kinematics & compliance 

Wheels & tires 

 tire model 

 tire properties 

 mass & inertia 

 

 

3.1.2. Building the vehicle model 

There are different approaches to generate vehicle models in the simulation tools. These approaches 

depend on the level of detail required in the model and the extent of accuracy desired from the 

simulation results. 

In case a very basic or a generic model is required, the tools provide an option of using generic 

models available on their example database. These models produce fairly good results in order to 

predict the general behavior of the vehicle. 

In case the model of the actual test vehicle needs to be used, there are different approaches that 

can be adopted to obtain the desired model. 

i. Systematically entering data for all parameters of all the subsystems in the vehicle model 

This is a very lengthy process which involves entering all available parameters in the vehicle 

model template. To do this, data for all parameters must be available for the reference 

vehicle, which is often a lengthy and tedious process in itself. 

But given all the drawbacks, this approach ensures the model used is extremely accurate and 

therefore leaves very little room for random errors in the simulation results. 

 

ii. Step-wise approach changing one subsystem at a time 

In this process, a generic vehicle model from the example database of the simulation tool is 

used as a base model and the subsystems are changed one at a time, comparing the results 

for simulations after each change, until the results obtained show only an acceptable 

deviation from the actual vehicle. 

This process takes much lesser time that the first approach, but might result in some 

unexpected errors in the simulation results for certain tests or maneuvers. 

 

iii. Selective subsystem modification from base model 

The quickest method of developing a vehicle model is to use a base model from the example 

database and modify only certain selected subsystems which can have a major influence on 

the vehicle behavior in the desired driving tests or maneuvers. The selected subsystems can 

change depending on the kinds of tests to be carried out. 

For example, when testing for vehicle dynamics or vehicle control maneuvers, changing only 

the steering system and the tire properties produces results that are close to the behavior of 

the actual vehicle. This saves a lot of time but is prone to random errors in the simulation 

results. 
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The vehicle models used during the rest of the thesis work was developed using the first approach, 

where all subsystems contained values from the actual reference vehicle, barring only the 

powertrain subsystem. 

3.1.3. Limitations faced 

Despite the fact that vehicle models in the simulation tools can be defined with a lot of detail, there 

are still certain limitations faced during the model development. These limitations are either due to 

short-comings of the tools or due to the fact that certain subsystems are not defined with every 

single detail as the real vehicle. The limitations of the vehicle models developed are listed below. 

i. Flexible body dynamics, i.e. the elasticity of the car body, is not taken into account in both 

CarSim and CarMaker models. 

 

ii. A detailed powertrain subsystem is not considered owing to the fact that the chosen testing 

maneuvers are carried out with the clutch disengaged. Therefore, an elaborate and verified 

powertrain subsystem representation is not required in the vehicle model and a built-in 

powertrain model from the example library is used. 

 

iii. A detailed Pacejka 5.2 tire model with parameters obtained from a verified tire test rig is used 

throughout all simulations. The tire model specified here belongs to a specific brand of tires 

used on the reference vehicle. But at the same time, the field tests may not necessarily have 

been performed using the same set of tires. This discrepancy might account for errors within the 

simulation results. 

 

iv. The weight distribution specified for the vehicle model during simulation is parameterized as per 

the reference vehicle. On the other hand, the vehicle used in field tests is generally fitted with 

multiple measuring instruments which may vary between tests resulting in changing weight 

distribution. Since the vehicle model is kept standard for all simulation runs, this parameter 

could serve as an additional source of error. 

 

v. Nonlinearities in the actual vehicle result in significant errors and cannot be completely taken 

into account for all tests. Examples of sources of such errors are damper friction, bushing 

characteristics, temperature dependent parameters and so on. 

 

3.2. Validation 
The ISO 9000 standard on Quality management systems —Fundamentals and vocabulary [9] 

provides a very clear definition for the term validation. In section 3.8.5 of the cited text, it defines 

‘validation’ as follows: 

Confirmation, through the provision of objective evidence (3.8.1), that the 

requirements (3.1.2) for a specific intended use or application have been fulfilled 
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This definition specifies two terms, objective evidence and requirements which are also clearly 

defined in the standard. 

 Objective evidence is defined (in section 3.8.1 of the cited text) as data supporting the 

existence or verity of something which could be obtained through observation, 

measurement, test or other means. 

 Requirements are defined (in section 3.1.2 of the cited text) as need or expectation that is 

stated, generally implied or obligatory. 

In the context of this work, the process of validation is applied to the vehicle model used for 

simulation. The preceding section describes how the vehicle can be modeled in the simulation tools 

using the available vehicle parameters, specifications and related data. In order to utilize the vehicle 

models in carrying out the desired simulations reliably, it is extremely important that these models 

are validated with respect to the actual behavior of a reference vehicle. 

The specific need for validation of the vehicle model, the method of carrying out validation tests and 

the results from these tests are discussed in the following sections. 

3.2.1. Need for validation 

As stated earlier, the vehicle model developed using the simulation tools needs to be validated 

before going forward with the actual simulation work. Listed below are the most important reasons 

why validation is carried out. 

 Credibility of simulation results 

The vehicle model used in simulation of maneuvers has a major effect on the results of the 

simulation. In order to ensure that the results are accurate and reliable, the vehicle model needs 

to be validated. 

 

 Checking for apparent errors causing large discrepancies 

Errors in the vehicle model, either small or large can result in significant discrepancies in the 

vehicle behavior. These discrepancies can be observed during the validation process and 

rectified, thus ensuring a trouble-free process while carrying out actual simulations and 

experiments. 

 

 Establishing correlation between field test results and simulation outputs 

A vehicle model, however detailed, seldom provides the exact behavior as a real vehicle would. 

It is therefore beneficial to understand and develop a relation between what the vehicle model 

predicts in a simulation and what is obtained from the real vehicle during field tests. This 

relation between a simulation model and the reference vehicle is generally termed as 

‘Correlation factor’. The validation process can be used to obtain such a correlation factor in 

order to better understand the observation and results from subsequent simulations. 

 

 Estimation and verification of unknown and tunable parameters (e.g. road friction, weight 

distribution) 

The process of validation can also be used to obtain certain unknown or tunable vehicle 

parameters for the actual vehicle, which are not specified or available in the specifications and 
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data sheets. These parameters, for example, could be brake distribution, tire-road friction 

coefficient, load distribution in the vehicle, and so on. 

3.2.2. Method 

A description of the method used for validation of vehicle models during this thesis is given below. 

 The vehicle of interest, whose corresponding vehicle model in the simulation needs to be 

validated, is first chosen. 

 The vehicle is then setup with the required equipment to measure, record or observe the 

parameters required for the validation process. 

 It is then taken to a suitable testing area where the tests can be performed safely. 

 A number of driving tests are chosen that envelope all different scenarios or conditions of 

interest. A few examples of the different conditions of interest are: low or high speed, dry or wet 

track, large or small steering wheel angle excitation, road excitation of different amplitudes, etc. 

 Parameters of vehicle motion which are relevant for the validation process are recorded during 

these tests. 

The different vehicle parameters used for validation are: yaw rate, yaw angle, vehicle lateral and 

longitudinal speed, lateral acceleration, roll angle, vehicle lateral and longitudinal position. 

 In order to repeat the field tests in the simulation tools, the SWA and the longitudinal speed 

profile are taken as inputs. 

 The validation parameters recorded during the field test are also recorded from the simulated 

test runs. 

These parameters are then plotted against those obtained from the field tests. The 

correspondence between the plots is observed in order to validate the vehicle model. 

The tests selected for the validation within the scope of the thesis are discussed in the following 

section. 

3.2.3. Driving tests for validation 

As mentioned in the methodology of validation, different types of driving tests are chosen based on 

the required scenarios or conditions of interest. In case of this thesis, two categories of test 

maneuvers are chosen 

 driving at low speed with low lateral acceleration 

 limit handling driving at high speed 

Each test is performed using a defined steering wheel angle profile and the vehicle in the simulation 

is made to follow a specific longitudinal speed profile. The steering wheel angle and longitudinal 

speed profile used to simulate the low and high speed tests are taken from measurements that are 

logged during the tests performed with the real vehicle on the test track. 

For the low speed condition, two tests are performed: a slow slalom test and sine sweep test. The 

tests are repeated in the simulation tools using a defined steering wheel angle profile a specific 

longitudinal speed profile. 

The input steering wheel angle and input longitudinal speed profiles for slow slalom test and sine 

sweep test are shown in Figure 9 and Figure 10. 
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Figure 9. Steering wheel angle and longitudinal speed input for Slalom test 

 

Figure 10. Steering wheel angle and longitudinal speed input for Sine sweep steer test 

For the high speed condition, a single  lane‐change (SLC) with a J‐hook exit  is performed. Similar to 

the  low  speed  tests,  the  SLC  is  first  performed  on  the  test  track  using  a  real  vehicle  and  the 

measurements are used as inputs to the simulation tools. The input steering wheel angle and input 

longitudinal speed profiles are shown in Figure 11. 

 

Figure 11. Steering wheel angle and longitudinal speed input for SLC test 
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The simulations of all three tests are performed using only the two mentioned inputs. No other 

parameters are used to run the vehicle during the simulation. Parameters like wheel torque, steering 

torque and gear changes are not taken into account. 

3.2.4. Results & discussion 

The three driving tests mentioned in the preceding section are conducted in the actual vehicle and 

the tests are repeated in the simulations. The simulations are carried out using the two selected 

simulation tools, namely CarSim and CarMaker. 

All parameters of interest are logged for both cases. The respective measurements and simulation 

outputs are plotted together in order to compare the vehicle behavior. The results and plots for the 

different tools are discussed separately. It is important to note that the validity of the vehicle models 

developed in the two mentioned tools is observed based on only qualitative results and not 

quantitative results. This refers to the fact that the plot between field test and simulation results is 

compared with respect to only the trend and the shape of the curves and not their absolute values. 

The vehicle model will not be able to replicate the behavior of the actual car exactly, reasons for 

which are discussed in the limitations faced during modeling (section 3.1.3). 

The observations and discrepancies for each of the simulation tools are discussed individually below. 

3.2.4.a. CarMaker 

Results from the three different driving test performed in CarMaker are shown below. In this 

discussion, the yaw rate and lateral speed are the most relevant parameters to observe the vehicle 

behavior. The reason for choosing the two mentioned parameters is that the vehicle models 

developed in the tools will be utilized to simulate collision avoidance functions during evasive 

maneuvers. The yaw motion and the lateral behavior of the vehicle are of utmost significance during 

such maneuvers, which is why the trends of these two parameters are observed. Figure 12 shows 

the yaw rate and the lateral speed plots for all three driving tests. Plots for other parameters like 

yaw angle and roll angle are available in APPENDIX C. 

The yaw rate in case of the low speed tests i.e. Slalom and Sine sweep steer matches the 

observations from the field measurements very well. Both the amplitude and the phase have good 

correspondence between simulation and field measurement for the two tests. In case of the high 

speed SLC, though the results from the simulation follow the trend of the measurement, the 

congruity between the two observations is not as good as in case of low speed tests. The amplitude 

is larger and there is a phase difference between the two curves. 

In case of Lateral speed for the low speed tests, the simulation results again correspond well with 

the field measurements. Though there is no phase difference between the two curves, the 

amplitude of the lateral speed obtained from the simulation is slightly larger than the field 

measurements. This is probably a result of the tire model used in the simulation: either the tires 

used on the actual vehicle are not the same or the tire model produces better lateral characteristics 

than the actual tires used. The curves for SLC show a similar trend to the one observed for yaw rate, 

showing a mismatch in both amplitude and phase, but the difference is not a major one and still 

follows the general trend of the field measurement. 

Looking at the comparison of results for the three tests with the field measurements, it can be 

concluded that the vehicle model in CarMaker has a reasonable correlation with the real vehicle. 
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3.2.4.b. CarSim 

Similar to the discussion for CarMaker, results from the three different driving test performed in 

CarSim are shown below. Figure 13 shows the yaw rate and the lateral speed plots for all three 

driving tests. Plots for other parameters like yaw angle and roll angle are available in APPENDIX C. 

The yaw rates for all three tests show very good correspondence between the simulation and the 

field measurements. Both the amplitude and the phase match very well for both curves. Only in the 

case of sine sweep steer there is a small degree of incongruity, but only at the higher frequency 

steering inputs. 

In case of lateral speed, the simulation results correspond well with the field measurements, only 

the amplitude is lower in case of simulation. But there is an anomalous behavior from the simulation 

results for the sine sweep steer test. The amplitude goes from being slightly lower at the low 

frequency steering inputs to being much larger at the high frequency inputs. There could be several 

reasons behind this behavior. One reason could be that the steering system in the real car is elastic 

at high frequencies. Another reason could be due to relaxation in the real tires and also the effect of 

the dynamic properties of the tires. 

From the above observations, it is fair to say that the vehicle model in CarSim shows good 

correspondence with the real vehicle. 

3.2.4.c. Comparison of CarMaker and CarSim results 

In the previous two sections, the results obtained from simulations were compared to the 

observations from field measurements. It would be interesting to compare the results from the two 

simulation tools with each other to observe the correspondence of results between them. Figure 14 

show the yaw rate and lateral speed plots respectively for all three driving tests. Plots for other 

parameters like yaw angle and roll angle are available in APPENDIX C. 

The results for yaw rate for the low speed tests match almost perfectly. For the high speed test, the 

CarSim results were very close to the field measurements whereas the CarMaker results showed 

some mismatch. These observations are clearly reflected when the two tools are compared, with the 

CarMaker curve showing slightly larger yaw rate amplitude and a small phase difference to the 

CarSim curve. 

In case of the lateral speed curves, CarMaker simulations showed a closer match in terms of 

amplitude to the field measurement. Therefore, there is a measurable difference in the amplitudes 

between the two tools. The low speed tests show good correspondence in terms of phase of the 

curves, but not in case of the SLC. The difference in lateral speed characteristics between the two 

simulation tools probably arises from the difference in the way in which the steering system is 

defined in each of the tools. 

The comparison of results from the two tools thus proves that the two models used produce very 

similar outputs for the three tests performed. 
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Figure 12. Yaw rate & lateral speed plots for validation of CarMaker vehicle model
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Figure 13. Yaw rate & lateral speed plots for validation of CarSim vehicle model
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Figure 14. Yaw rate & lateral speed plots for comparison of CarMaker and CarSim vehicle models 
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4. COLLISION AVOIDANCE DRIVER ASSISTANCE (CADA) FUNCTIONS 
This chapter describes the concept of collision avoidance and the vehicle control functions that can be 

utilized for the purpose of avoiding collisions. Various approaches for collision avoidance driver assistance 

(CADA) functions are discussed from which a few are chosen for implementation. The working principle of 

the chosen functions is then described in detail. In conclusion, auxiliary functions developed to mimic 

certain safety functions in the real vehicles are discussed. 

4.1. Concept behind CADA functions 
Safety has always been a top priority for premium vehicle manufacturers. The focus today has 

shifted from passive safety devices and more towards active safety systems. The active safety 

functions are not just mitigating the severity of accidents but they are playing an increasing role in 

assisting the driver to completely avoid accidents. There are different scenarios, under which active 

safety functions are deployed in a vehicle. Some of the systems available on vehicles today are anti-

lock brakes, traction control, electronic stability control, adaptive cruise control, roll-over avoidance, 

blind spot information, emergency braking, and other similar systems. Currently, there is a lot of 

development in the area of collision avoidance with most vehicle manufacturers showcasing some 

form of active collision avoidance system in their vehicles. 

A collision avoidance system works on the principle of detecting or identifying a possible collision 

scenario; followed by application of some kind of an intervention in order to avoid the detected 

obstacle or dangerous situation. Collision avoidance is usually achieved by means of braking, all or 

individual wheels. There are a number of different safety systems on vehicles from numerous 

manufacturers that employ braking for collision avoidance. Another solution for collision avoidance 

is the use of steering or both braking and steering, but these solutions are at a nascent stage of 

development and are not available on existing production vehicles. Each of these solutions has its 

own advantage and disadvantage. 

Collision avoidance by braking can already be seen on many vehicles from different manufacturers. 

In urban driving which is at low speeds, braking is sufficient to avoid or mitigate a collision. But at 

higher speeds, the distance required to bring the vehicle to stop in order to avoid a collision is quite 

high. In such cases, where the vehicle is travelling at high speeds, the more suitable option to avoid 

collision is to evade the obstacle by steering. 

In order to verify this, the simulation tools are used to perform braking and steering maneuvers to 

observe the required distance for collision avoidance. A hatchback vehicle model is used during the 

simulations and the simulations are performed in CarMaker. The vehicle is accelerated to a desired 

entry speed, ranging from 30 to 140 km/h. Once the required entry speed is attained, the braking or 

steering maneuver is performed. In case of braking, full braking using Antilock Brake system (ABS) is 

applied until the vehicle comes to a standstill. In case of steering, a sinusoidal steering wheel input 

with an amplitude of 90° and time period of 2 seconds is used in order to mimic a single lane change 

maneuver. The distance required to come to standstill from point of braking is observed in case of 

braking and in case of steering the distance required to achieve a required lateral displacement from 

point of steer is observed. Figure 15 shows a comparison between braking and steering in order to 

avoid a collision. 
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Figure 15. Braking vs. steering for collision avoidance (µ =1.0) 

 

Figure 16. Braking vs. steering for collision avoidance (µ = 0.4)
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The plot illustrates the distance required to avoid a collision, i.e. by coming to standstill using braking 

or achieving 2 m lateral displacement by steering. This distance in turn reflects the relative distance 

between a vehicle and the obstacle. Here braking is used in order to purely decrease speed and not 

for the purpose of cornering. It is observed that at low speeds, braking is more advantageous but 

this advantage reduces constantly with increasing speed. At a speed of around 75 km/h, both 

braking and steering produce the same result as per distance required. Beyond this speed, steering 

is more suitable as can be seen in the plot. In Figure 15, an array of lateral displacement 

requirements for collision avoidance is considered and the transition point from braking to steering 

for each case is shown. The smaller the required lateral displacement, the lower is the transition 

speed. For a required displacement of 0.5 m, the transition point is as low as 50 km/h. 

The advantages of steering become more prominent on low friction surfaces, for examples wet 

roads and snow. Figure 16 shows a comparison of braking and steering in order to avoid a collision 

for a road with 0.4  . It also illustrates the comparison for different lateral displacement 

requirements. 

The transition speed is as low as 39 km/h in case of 2 m lateral displacement. In case of lower lateral 

displacement requirement, braking is never advantageous on low friction roads as shown in 

Figure 16. 

This brings us to a very interesting conjuncture of deploying both solutions efficiently to obtain 

significantly lower longitudinal distances. The future active safety functions being envisioned by 

vehicle manufacturers combine both braking and steering. In the following section, a few Collision 

avoidance systems and their functions are discussed in brief. 

4.2. Different approaches studied 
Since steering as a means to avoid a collision proves to be more efficient at high speeds when 

compared to braking to a standstill, prospective approaches for the development and 

implementation of new collision avoidance functions are based on steering intervention additional 

to that of the driver. Hereafter six different collision avoidance approaches are introduced and 

discussed featuring steering as a necessary assistive measure. 

4.2.1. Combined assistive braking and steering (CABS) 

In the event of emergent collision avoidance, individual wheel braking and additional steering 

assistance to the driver’s effort can be applied based solely on the driver’s input and the vehicle’s 

reaction, or, additionally to these two factors, on the sensor information about vehicle position with 

respect to the surroundings (e.g. the projected avoidance path generated by the controller). In the 

first case only the driver provides visual feedback about vehicle-obstacle relative position and thus 

about the success of the evasion. The second case, i.e. having additional sensor information about 

the surroundings and the calculated escape trajectory, is a closed-loop case since there is a 

computer vision feedback loop featuring cameras, radars and lasers. The latter case lies outside the 

scope of this thesis project and thus is not discussed further. 

In this subsection the open-loop approach – of scaling (amplifying) the vehicle’s cornering response 

when the driver turns the steering wheel – is briefly described. Collision avoidance assistance action 

in the form of requests for individual wheel braking, individual longitudinal wheel slip and 

assisting/resisting EPAS torque is triggered after the driver initiates a swerving maneuver. However, 

certain conditions need to be met. The system aims to maintain the yaw rate of the vehicle based on 

the reference value which is calculated using the vehicle model. 
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Out of noticeable plusses of this approach a relatively simple implementation can be named, 

featuring the use of existing actuators and sensors shared with other vehicle control functions (given 

the vehicle is initially equipped with ABS and ESC systems), and higher calculation speed compared 

to analogous realizations when the generation of an escape trajectory/path is required. 

The mentioned advantages are closely connected to such disadvantages as high sensitivity to 

inaccuracies in the vehicle model (general downside of feed-forward control) and risk for system’s 

instability if the assistance steering and braking intervention is tuned injudiciously. 

4.2.2. Dynamic steering boost curves (DBC) 

Power steering assistance is generally designed to supply additional to the driver’s steering effort 

based on ergonomic requirements as well as the factor of steering feel providing comfort for driving 

at different longitudinal speeds and varied vertical load distribution. Thus, in the case of electrically 

assisted power steering, a finite number of curves exist relating the driver’s steering effort (steering 

column’s torsion bar torque) to assistance force/torque requested, based on the current longitudinal 

speed of the vehicle. 

The idea behind the dynamic boost curves approach is to change the mapping between the steering 

column torsion bar torque and the requested EPAS torque not only depending on the vehicle 

longitudinal speed but on other parameters like steering wheel rate/acceleration, yaw rate, etc. This 

method replaces initial steering boost curves designed based on driving comfort requirements with 

the boost curves representing more agile/aggressive steering behavior which is required during a 

collision avoidance maneuver, taking into account that steering ergonomics and comfort are 

recessive whereas steering effectiveness is dominant in emergency situations. Examples of two sets 

of steering boost curves corresponding to two different boost levels of the power assist force are 

provided in Figure 17 and Figure 18. Different curves within the same figure (either Figure 17 or 

Figure 18) correspond to distinct values of vehicle longitudinal speed. 

 

Figure 17. Steering boost curves with medium boost levels for normal driving 
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Figure 18. Steering boost curves with high boost levels for collision avoidance 

Implemented within a vehicle originally fitted with EPAS, this approach is beneficial thanks to a 

simple implementation of the algorithm based on changing the mapping “driver’s steering effort” – 

“steering assistance force/torque” by applying different look-up tables depending on the current 

vehicle speed, yaw rate, and steering input. The simplicity of the implementation assumes as well 

that no extra actuators are needed, i.e. the already existing equipment of an EPAS-equipped vehicle 

is sufficient. 

Coming to the downside of this approach, the following needs to be underlined. The driver’s 

reaction is possibly unpredictable after the application of abruptly changing assistance steering. That 

can significantly affect the driver’s feeling of the control of the car and lead to the loss of confidence 

in handling the vehicle if the increment within the boost force is too dramatic. Not only the 

smoothness of the system’s operation and intervention suffers from the discrete boost curves 

switching implementation, but the accuracy of the vehicle positioning on the road. Due to a finite 

number of boost curves interchanging each other in emergency situations, the variation in the 

attained lateral displacement is quite considerable when switching between two adjacent boost 

curves. 

4.2.3. Dynamic steering gear ratio control (DSR) 

Another approach for enhancing the agility of a vehicle performing an evasive maneuver is changing 

the vehicle’s sensitivity to steering, namely varying the steering gear ratio. Either increasing or 

decreasing the steering ratio can be considered, depending on the road conditions and whether the 

driver steers too much/too fast or too little/too slow according to a certain set of control criteria. 

Solutions featuring the idea of variable steering ratio are already available on the market though the 

main aims of the function are currently driving comfort and vehicle stability [10]. Different 

mechanical realizations are present in order to achieve continuously variable steering ratio. Mostly 

the principles of CVT are used by car manufacturers to facilitate this function (e.g. planetary gearset 

in BMW or strain wave gearing in Lexus) though the steering-by-wire concept is going to be the most 

efficient way of the continuous control of the steering ratio as soon as all legal requirements 

regarding the safety and reliability of steer-by-wire systems are harmonized and issued. 
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The first advantage of variable steering ratio when applied for obstacle avoidance purposes is the 

smoothness of the system’s operation in terms of steering wheel effort. Thus, the driver’s feel of the 

steering wheel is not deteriorated by abruptly emerging assistance torque like it can happen in the 

case of dynamic steering boost curves approach [10]. Secondly, already existing solutions 

implementing the concept of variable steering ratio taking into account only comfort and stability 

issues ease the extension of the system for the purpose of emergency collision avoidance without 

the need for any additional equipment and mechanisms. Lastly, if initially installed and adjusted for 

evasive maneuvers, the solution can be used for other purposes, like parking assistant etc. 

There are certain drawbacks while basing collision avoidance driver assistance functions on the 

variable steering gear ratio. The need in additional actuators and machinery can be mentioned as 

one of them if a vehicle is not initially equipped with it. Having in focus the performance during a 

collision avoidance maneuver, it can be claimed that the response time in terms of changing the 

steering ratio and in terms of steering action itself might be increased for certain realizations of the 

system (e.g. belt and pulley solution for varying the gear ratio). The steer-by-wire solution in turn 

has serious reliability and safety issues which can as well be related to drawbacks. 

4.2.4. Twin-axle steering (TAS) 

The effectiveness of steering when performing a sudden swerving maneuver can be enhanced by 

turning all four wheels of the vehicle, i.e. applying steering action to the wheels of the rear axle 

(given a conventional front-steered vehicle). Two distinct approaches are available for twin-axle 

steering: steering angle of the rear axle is either of the same or of the opposite sign with respect to 

that of the front axle, i.e. the rear axle can steer either to the same side as the front axle or to the 

opposite one. The choice for the steering direction of the rear axle is defined depending on the 

desired lateral dynamics of the vehicle and the maneuver performed. 

Whereas used by virtually all leading Japanese car manufacturers in certain car models, this concept 

is rarely met in European (BMW, Mercedes, Porsche, and Renault) and American (General Motors), 

car/van brands though much research on the stability and handling of twin-axle steered vehicles is 

currently on. In this respect, the effect of twin-axle steering in terms of the body side slip angle as a 

quality factor of the vehicle’s stability during a single lane change aggressive maneuver is discussed 

in [11]. Figure 19 shows how the extent (percentage with respect to the front steer angle) and 

direction (unidirectional or opposite directional) of rear axle steering influences the body side slip 

angle when a vehicle performs a collision avoidance single-lane change maneuver. ARK in the picture 

stands for Active Rear axle Kinematics [11]. Thus, unidirectional front and rear steering enhances the 

lateral and roll stability of a vehicle, whereas when opposite front-rear steering is applied the body 

side slip angle is doubled though the yaw rate is the highest among the four cases considered in 

Figure 19 (cf. Figure 6 in [11]). 
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Figure 19. Twin-axle steering effectiveness in emergent lane changing [11] 

As it has already been mentioned the upside of unidirectional twin-axle steering is that it increases 

the roll stability of the vehicle in an evasive maneuver allowing for greater steering angles without 

risk of rollover or wheel lift. If the front and rear axle steer oppositely there is still a benefit for some 

cases of collision avoidance when additional yaw and lateral motion is needed and the distance to 

the obstacle is short. Additionally, unidirectional twin-axle steering features a quicker build-up of 

lateral acceleration and the possibility to achieve an efficient yaw damping. 

On the other hand, additional actuators (either hydraulic or electric) are required in order to 

implement twin-axle steering functionality, increasing the weight and complexity of the additionally 

steered axle and affecting the reliability of the steering system as a whole. Yet another negative side 

behind this solution is the need for fine tuning of the steering system in the case of opposite front 

and rear steering to avoid excessive yaw moment and rolling during aggressive evasive maneuvers. 

Moreover, some designs of twin-axle steering do not allow for large steering angles at the rear axle 

due to structural (spatial) limitations of equipment packaging. 

4.2.5. Active camber control 

Apart from assisted steering and individual wheel braking, there are structural means which affect 

the cornering agility of a vehicle. One of such a mean is the camber angle of a tire. By continuously 

controlling the camber angle of each tire it is feasible to maximize the lateral grip of the tires for 

given driving conditions. Though still efficient when applied at one axle only (either front or 

rear) [12], [13], the approach of active camber control takes its best effect if all wheels are equipped 

with dedicated actuators for camber adjustments [14]. Moreover, tires with non-uniform tread 

pattern along the lateral axis can be used in order to optimize road-tire friction usage while the tire 

is tilted during emergent swerving.  

The active control of the camber angle has the following advantages during an evasive lane change 

maneuver. Primarily, the maneuver can be performed at higher longitudinal speeds due to increased 

grip and larger lateral forces generated in the tire contact patch. Additionally, the vehicle becomes 

more stable both during the turn-in and turn-out phases of the maneuver since the cornering 

stiffness(es) of the actively controlled axle(s) are maximized [15]. 

However there are some disadvantages behind the application of active camber control. Firstly, the 

implementation is quite costly due to the need in additional actuators (hydraulic or electric) and 

dedicated control units. Secondly, it requires additional space for packaging all the additional 
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equipment/wires/hoses entailing the redesign of the suspension and extra expenses. Thirdly, the 

auxiliary equipment contributes to the increase in the mass of unsuspended parts, leading to less 

comfort ride during normal (non-emergency) driving. Lastly, the approach works best with special 

tires having specific tread pattern and can cause increased wear of tires when the camber angle 

attains high values. 

4.2.6. Torque vectoring 

In order to generate additional yaw moment and thus facilitate evasive lane change, either braking 

or propulsive torque can be applied to the wheels at one side of the vehicle. Whereas differential 

braking results in the retardation of the vehicle and thus in possible reduction of the lateral speed, 

applying additional propulsive torque to one or both wheels of a certain side of the vehicle is free 

from the loss in the lateral speed – a desired effect in some cases of obstacle avoidance. That is 

where the technique of torque vectoring (i.e. propulsive torque distribution between the wheels) 

finds its use in collision avoidance. 

The distribution of propulsion among the wheels can be realized in different types of powertrain 

layouts: conventional (engine-based), hybrid, and pure electric. Each solution has its own positive 

and negative aspects which are summarized below. 

One of the main pros of torque vectoring for collision avoidance is the possibility of having no loss in 

the vehicle speed (desired in certain conditions in order to gain more lateral displacement, cf. the 

analysis based on the bicycle model in Chapter 5), so that the lateral speed can be maintained and 

kept high enough by avoiding braking at all wheels but accelerating/decelerating opposite wheels of 

an axle. Another benefit of this approach holds true only for implementations with individual wheel 

motors: no need in extra controllers and actuators since the propulsion motors are used for braking 

as well. 

Within the disadvantages of torque vectoring for an axle with individually driven wheels there is a 

requirement for the high robustness of the system to variations within the geometry and rolling 

properties of the driven wheels as well as to tire-road friction uncertainty. Advanced control 

algorithms are needed to provide comfort ride in normal conditions – wheel radius and tire-road 

friction are to be accurately estimated to maintain straight line driving without substantial yaw 

oscillations. As for conventional mechanical drivetrain implementations with clutch-based 

differential, torque vectoring is limited here in its applicability and effectiveness due to mechanical 

and structural (single source of propulsion torque) restraints. 

4.2.7. Choice of functions discussed for further work 

The input signals and parameters used in collision avoidance functions to control the motion of the 

vehicle are generally alike between the different approaches discussed above. These functions 

normally need inputs such as steering wheel angle, steering wheel angle rate, longitudinal speed, 

lateral acceleration, and body side slip angle along with several vehicle parameters like mass, 

wheelbase, brake distribution ratio, and the position of the center of gravity. The signals which are 

fed to the functions are either measured by dedicated sensors or estimated in case a direct 

measurement is not feasible. 
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The following four methods out of those briefly described in this chapter were selected to be 

implemented and simulated further in this thesis work: 

- Combined assistive braking and steering (CABS) 

- Dynamic steering boost-curves (DBC) 

- Dynamic steering gear ratio control (DSR) 

- Twin-axle steering (TAS) 

The reasons behind such a selection are either the possibility to implement a corresponding control 

algorithm in a testing vehicle using already available equipment/controllers or the feasibility of the 

approaches in the vehicle simulation software utilized throughout the thesis work. 

4.3. Working principle of the chosen CADA functions 
In the previous section, four CADA functions were chosen for implementation and simulations. The 

functions are developed as models in Simulink. These function models are then linked to the vehicle 

models developed in the simulation tools by employing the co-simulation environment available in 

the tools. In this section, the working principle of the Simulink models of the four CADA functions is 

described with the help of flowcharts. 

The working of CADA functions can be divided into two major parts: function triggering and the 

function output to vehicle model. The principle behind the triggering of the CADA functions is the 

same in case of all four functions. Therefore, the trigger algorithm is discussed using a common 

flowchart. The functional output differs for each function and they are explained using separate 

flowcharts. 

4.3.1. Triggering of CADA functions 

The functions use inputs of vehicle parameters such as steering wheel angle swa, steering wheel 

angular velocity swaDot, longitudinal speed xV , lateral acceleration 
yA , and side slip at rear axle 

SSRA from the vehicle model. Certain fixed parameters, for example vehicle mass, steering gear 

ratio, wheelbase, center of gravity position, etc. are initialized inside the function. A few check 

values are also initialized which are utilized by the function to check the triggering conditions. 

Using the input data and the initialized parameters, the functions estimate the lateral jerk 
ydA  

experienced by the vehicle one time step before. The functions are triggered in case three 

conditions are met: 

i. if the vehicle longitudinal speed is greater than a specified minimum speed. 

minxV V  

ii. if the first condition is fulfilled, it then checks if the estimated 
ydA  is greater than a 

specified limit value of 
ydA . This limit value of lateral jerk is a kind of check to ensure that 

the maneuver performed is an emergency maneuver. 

,limit. y yest dA dA  

iii. if the second condition is also fulfilled, it then checks if the value of the flag named 

TurnInSign equals to 1. The flag TurnInSign is calculated using the sign of the steering wheel 

angle swa and the sign of the steering wheel angular velocity swaDot. This condition 

ensures that the function is providing assist only in the desired direction of steer and the 

function is disabled when the sign of swa and the sign of swaDot are opposite and no 

additional yaw moment is required from braking: 
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 ( ) ( ) 1TurnInSign sign swa sign swaDot     

If the three conditions are fulfilled, the value of the Enable CADA flag is set to 1 which is the trigger 

flag for the functions. In case the conditions are not fulfilled, the value of Enable CADA remains at a 

default value of 0. 

The  functions  also  need  to  decide  when  to  disable  the  trigger.  The  functions  exit  in  case  two 

conditions are fulfilled: 

i. if  the  absolute  value  of  lateral  acceleration  of  the  vehicle  is  greater  than  a  specified 

maximum lateral acceleration value 

,maxy yA A  

ii. or, if the absolute value of side slip at rear axle is greater than a specified maximum value 

maxSSRA SSRA  

A flowchart describing the principle used to trigger the CADA functions is shown in Figure 20. 

The Enable CADA flag is then used by the function output calculation part, which is different for each 

CADA function. 
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Figure 20. Algorithm for triggering the CADA functions 
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4.3.2. Function output calculation 

This section is a continuation of the discussion of the working principle of the CADA function models 

and discusses how the function output to the vehicle model is calculated for each function. 

4.3.2.a. Combined Assistive Braking & Steering (CABS) 

As discussed in section 4.2.1, this function requests individual wheel braking, individual longitudinal 

wheel slip and assisting/resisting Electric Power Assisted Steering (EPAS) torque. The outputs to the 

function are listed below. 

 Individual wheel pressures: p1, p2, p3, p4 (front left and right, rear left and right respectively) 

 Individual wheel slips: s1, s2, s3, s4 

 Additional EPAS torque: T_epas 

When the Enable CADA flag has a value 0, then values for all outputs are also set to 0. When the 

Enable CADA flag has a value 1, then the direction of steering is checked, depending on which the 

output is varied. In case of steering to the left, braking pressure and slip request is sent to the inside 

wheels (left front & rear wheels) and vice-versa. The direction of steering also determines the sign of 

T_epas value. The values of the brake pressure requests and EPAS torque requests are determined 

according to the estimated lateral jerk value 
ydA . The wheel slip at the front wheels is limited 

to -0.05 and to -0.1 at the rear wheels while the requested brake pressures are applied at the 

wheels: 

 

( )

_

1 2 0.05; 3 4 0.1

y

y

p i dA

T epas dA

s s s s





     

 (1) 

Saturation limits of 70 bar for the brake pressure and 6 Nm for the EPAS torque request are used. 

Along with the saturation limits, rate limiters of 300 bar/s and 70 Nm/s are used for the brake and 

torque requests respectively. The determined T_epas value is added to the current steering wheel 

torque value before it is output to the vehicle model. 

The flowchart of the output calculation for Combined Assistive Braking & Steering function is shown 

in Figure 21. 

 



41 

 

Figure 21. Algorithm for calculation of outputs for CABS function  
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4.3.2.b. Dynamic Steering gear Ratio (DSR) 

This function assists during an evasive maneuver by changing the steering gear-ratio, i.e. the ratio 

between steering wheel angle and the road wheel angle (rwa). This idea is implemented by adding 

or subtracting an extra angle from the current road wheel angle. The output of the function is 

adjusted road wheel angle rwa_L1 and rwa_R1, for the left and right wheels respectively. The 

index 1 in the variable denotes that this refers to the wheels on the front axle. 

When the Enable CADA flag has a value 0, then the value of all outputs are set to 0. When the Enable 

CADA flag has a value 1, then the direction of steering is checked, depending on which the output is 

varied. The values of the additional road wheel angles are calculated using the current road wheel 

angle (calculated using steering wheel angle swa and steering ratio is) and a gain value called K_DSR. 

 
_ 1 _ 1 ( _DSR)

_DSR 0.3

s

swa
rwa L rwa R K

i

K

 
   

 



  (2) 

The gain value is taken as 0.3, which decreases the steering ratio by ca. 23 percent while the 

function is activated. The additional angles calculated using the relation are then added to the 

current road wheel angles before it is output to the vehicle model. 

The flowchart of the output calculation for the Dynamic Steering gear Ratio function is shown 

in Figure 22. 
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Figure 22. Algorithm for calculation of outputs for DSR function 
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4.3.2.c. Dynamic Steering Boost Curves (DBC) 

As discussed in earlier sections, the idea behind the DBC function is to replace the initial steering 

boost curves with modified curves that would assist the driver during an evasive maneuver. This idea 

is implemented in the Simulink model in a slightly different manner. Instead of replacing the boost 

curves mapping, the function outputs an additional component of force which is added to the 

current boost force. The output of the function is this additional component called F_Boost_Out. 

When the Enable CADA flag has a value 0, then the value for F_Boost_Out is set to 0. When the 

Enable CADA flag has a value 1, F_Boost_Out takes a value calculated using the current boost force 

F_Boost_In and a gain value named K_DBC. 

 
_ _ ( _ _ ) ( _ )

_ 100

F Boost Out F Boost In K DBC

K DBC

 


  (3) 

The value of the gain value used is such that the output boost force produces a considerable 

increase in lateral and yaw movement. 

A saturation limit of 6000 N along with a rate limiter of 50000 N/s is used for the outputs value 

F_Boost_Out. This value is then added to F_Boost_In value before it is output to the vehicle model. 

The flowchart of the output calculation for Dynamic Steering Boost Curve function is shown 

in Figure 23. 



45 

 

Figure 23. Algorithm for calculation of outputs for DBC function  
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4.3.2.d. Twin-axle Steering (TAS) 

The TAS function achieves collision avoidance by steering the rear axle along with the front axle 

during an evasive maneuver. The outputs of the function are the road wheel angles for the rear axle 

rwa_L2 and rwa_R2, for the left and right wheels respectively and a road wheel steering angle rate 

for the rear wheels denoted by rwaDot. The index 2 in the variable denotes that this refers to the 

wheels on the rear axle. 

When the Enable CADA flag has a value 0, then the value of all outputs are set to 0. When the Enable 

CADA flag has a value 1, the wheel angles at the rear axle are calculated using the current road 

wheel angle as reference (calculated using steering wheel angle swa and steering ratio is) and a gain 

value called K_TAS. 

 
_ 2 _ 2 _TAS

_TAS 1

s

swa
rwa L rwa R K

i

K

 
   

 

 

  (4) 

Coming to the direction of steer of the rear wheels, there are two possibilities: either steering in the 

same direction as the front axle or steering in the opposite direction. These two possibilities have 

different effects on how the vehicle corners during the maneuver. This choice of direction is made by 

choosing the sign of the gain value. If it is positive, then the rear wheels steer in the same direction 

as the front ones, i.e. unidirectional steering, and if the sign is negative, steering is opposite to the 

front wheels. The opposite steering is chosen for this application because it generates a larger yaw 

moment compared to unidirectional steering, which in turn assists the driver during emergency 

maneuvers. The value for the gain is chosen as 1 which indicates that the rear wheels turn with the 

same angle as the front wheels. Though this is not the general practice in rear wheel steering 

applications, such high steering angle can be used in this case because the rear wheels steering only 

for a few fractions of a second while the function is being triggered and not during the entire 

maneuver. 

Additionally, the angular velocity of steering of the wheels is calculated based on the steering wheel 

velocity (swaDot) and another gain value called K_rwaDot. The gain value is set to 3 so that the 

desired rear wheel steering angles are achieved faster. 

 
   _TASDot

_TASDot 3

rwaDot swaDot K

K

 


  (5) 

The flowchart of the output calculation for Twin-axle Steering function is shown in Figure 24. 



47 

Figure 24. Algorithm for calculation of outputs for TAS function
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4.4. Auxiliary functions used by CADA 
Today, almost all premium cars can be equipped with a large number of safety systems. Antilock 

braking system, Electronic stability control system and Roll-over control systems are some of the 

major vehicle control functions used for active safety. Thus, implementation of any additional 

systems for collision avoidance requires a need to ensure the integration with already existing 

functions. Additionally, the existing safety systems generally use an array of actuators, sensors, and 

controller to realize the desired function. So these actuators can also be utilized by the collision 

avoidance functions. 

Out of the various safety systems working on a vehicle, there are three important ones that need to 

work in close relation to the collision avoidance functions. These three systems are as follows: 

 Antilock braking system

 Side slip control system

 Yaw Rate Damping system

Due to the fact that the collision avoidance function needs to be integrated well with these systems, 

simple controllers are developed for each of the three safety systems and implemented along with 

the collision avoidance functions. In the following sections, the design of the controllers for each of 

the three above mentioned safety systems is discussed in brief. 

4.4.1. Antilock Braking System (ABS) controller 

Function and requirement: ABS system is a closed-loop control device which is used to prevent 

wheels from locking during braking, thus ensuring shorter braking distances while at the same time 

maintaining steerability and vehicle stability. The ABS controller developed for use with CADA 

functions is a simpler open-loop control device. Owing to the fact that we wish to study CADA 

functions with both steering and braking, it is important to integrate this kind of controller along 

with the actual CADA function. This would ensure that braking behavior of the actual vehicle with 

ABS can be reproduced in the simulations, resulting in more precise vehicle behavior and better 

results from the observations made. 

Operating principle: The main objective of the ABS controller is to limit the longitudinal slip at the 

individual wheels of the vehicle. Longitudinal slip wheels for a particular wheel is calculated as 

follows: 

100%wheel vehicle
wheel

vehicle

v v
s

v


   (6) 

where vehiclev  is the longitudinal speed of the vehicle at the actual wheel corner defined along the 

direction of the wheel hub and wheel wheelv r    ( r   is the radius of the tire, wheel  is the rotational 

speed of the tire) is the longitudinal speed of the corresponding rotating tire. 

As per the above relation, a wheel is locked when 1wheels   . For convenience, the slip values 

mentioned hereafter are in absolute terms and the negative sign is not mentioned. 

The ABS controller aims to prevent wheel lock-up by regulating this longitudinal slip within a range 

of values. The range of values for slip for this particular controller in this work is set as 0.05 to 0.1. 

Moreover, the ABS controller functions as a bang-bang controller operating within this range. It 

applies full brake pressure when slip values are below 0.1. But if the slip rises above 0.1, the 
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controller releases the brake pressure completely until the slip values fall below 0.05. This 

implementation is significantly less complex than ABS implementation in series production, but it 

mimics the basic behavior. Since a simulation tool will be used to test the ABS controller in this work, 

many problems that occur in real world can be intentionally ignored e.g. tire uncertainty. The control 

logic proposed in this work is depicted in Figure 25. 

Figure 25. Slip limits for operation of ABS

Implementation: The Simulink model of the ABS controller is shown in Figure 26 . The control logic is 

implemented using logical operators. The slip limit is set according to the slip that the CADA function 

requests, but the maximum slip is set to 0.1. 

Figure 26. Simulink model used for the implementation of ABS function

4.4.2. Side Slip controller (SSC) 

Function & requirement: The SSC is a system which prevents a vehicle from losing control and 

spinning out during a critical driving maneuver. Commercial SSC systems utilize various methods to 

achieve longitudinal and lateral control of the vehicle motion in order to ensure stability. The SSC 

controller employed along with the CADA function relies on differential braking using the ABS 

system to ensure vehicle stability. It is quite important to have this kind of a controller while 

studying CADA functions as the test vehicle comes with an SSC system. Carrying out simulations 

without the SSC controller would result in over-exaggerated observations while testing the CADA 

functions. 
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Operating Principle: The main objective of the SSC controller is to limit the yaw moment of the 

vehicle. This is achieved by limiting the side slip at rear axle (SSRA) to a defined threshold value. The 

SSRA can be calculated using the following expression: 

[rad]
y

x

V b
SSRA

V

 
  (7) 

where 
yV  is the lateral speed of the vehicle in [m/s], xV is the longitudinal speed of the vehicle 

in [m/s], b  is the distance between the center of gravity of the vehicle and the rear axle in [m], and 

  is the yaw rate of the vehicle in [rad/s]. 

If the SSRA exceeds this threshold value, differential braking is applied between the right and left 

front wheels using the ABS controller. The threshold value for SSRA for this particular 

implementation is taken as 0.05 rad. This value is chosen as it is a rough approximation of the slip 

angle value for which the tires operate within the linear range of tire force characteristics. At higher 

side slip values, the tire force characteristics show a non-linear behavior. 

Implementation: The Simulink model of the SSC controller is shown in Figure 27. The control logic is 

implemented using the embedded MATLAB code. 

Figure 27. Simulink model used for the implementation of SSC function

4.4.3. Yaw Rate Damping (YRD) controller 

Function & requirement: The YRD controller is a special kind of lateral dynamics controller which 

prevents the vehicle and the driver from experiencing excessive lateral jerk during a driving 

maneuver. It therefore prevents any kind of sudden or extreme movements of the vehicle which 

would cause it to lose control. Like the ESC controller, the YRD controller relies on differential 

braking using the ABS system. It is employed along with the CADA function in order to prevent 

instances of high lateral jerk arising from the CADA implementation. 

Operating Principle: As mentioned earlier, the main objective of this controller is to dampen the 

excessive yaw rate experienced by the vehicle. The lateral jerk experienced by the vehicle is used as 
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a reference to damp the yaw rate. Lateral  jerk of the vehicle  is calculated using parameters of the 

vehicle. If this calculated value exceeds the threshold value, differential braking  is applied between 

the  right  and  left  front wheels  using  the  ABS  controller.  The  threshold  value  for  this  particular 

implementation is taken as 100 m/s3. This value of lateral jerk is chosen as it is assumed that at such 

high values, the yaw rate is excessive and needs to be controlled. 

The YRD also ensures  that the CADA  function  is not active  if the  jerk exceeds the threshold value. 

This is achieved by embedding a flag control in the CADA function, the signal for which originates in 

the YRD controller and disables the CADA function at the appropriate instance. 

Implementation: The Simulink model of the YRD controller is shown in Figure 28. The control logic is 

implemented using the embedded MATLAB code. 

 

Figure 28. Simulink model used for the implementation of YRD function 
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5. BICYCLE MODEL ANALYSIS 
This chapter uses a theoretical approach in the form of a single track model of the vehicle in order to 

analyze the lateral movement of the vehicle when subjected to steering and differential braking. The bicycle 

model is extended to incorporate desired inputs and outputs and transfer functions are derived for them. A 

frequency analysis is performed for these transfer functions to study the trends. 

5.1. Introduction 
The performance of a vehicle during collision avoidance maneuvering can be assessed either through 

the usage of GUI-based simulation software or via constructing a mathematical model of the vehicle 

behavior in the form of differential equations and solving them analytically or numerically. Whereas 

the former approach allows for the high accuracy of results and more detailed vehicle specification, 

the latter one, especially when done analytically, features the opportunity of discovering and 

substantiating certain trends within vehicle behavior and control, though lacks accuracy due to 

simplifications and assumptions made during analytical derivations. 

In this chapter the analytical approach is utilized in order to describe the lateral motion of a vehicle 

when it is subjected to steering and differential braking revealing the peculiarities of possible vehicle 

control during a collision avoidance maneuver. The bicycle model of the vehicle (cf. e.g. [16]) serves 

as a basis on which a modified model is built featuring the desired inputs, outputs, and states of 

interest. 

5.2. The Extended Bicycle Model 
The additional yaw moment acting on the vehicle body as a result of braking the wheels at one side 

(cf. Figure 29) is expressed as the product of the resultant brake force bF  (i.e. the sum of rear and 

front brake forces at one side of the vehicle) and a half of the vehicle track width w  (the average of 

rear and front track widths) serving as an arm for the brake force in this case: 

 
2

yaw b

w
M F  (8) 

It needs to be mentioned that the signs in (8) correspond to the case when the left side wheels are 

braked, thus causing positive yaw moment. In order to cover the case of braking the right side 

wheels, either a minus sign can be added to the right part of the equation or negative values for bF  

can be introduced corresponding to braking the right side of the vehicle. Such an interpretation is 

valid since the bicycle model is a one track model based on the assumption that the longitudinal 

speed of the vehicle is constant, i.e. that all braking forces are compensated by corresponding 

propulsive force. Therefore, the only effect of braking in terms of this model is the additional yaw 

torque defined in (8) and negative values for the braking force bF  are used just to show that 

negative yaw moment is applied to the vehicle body during right side wheels braking. 
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Figure 29. The bicycle model extended with the yaw moment [17] 

Thus with the chosen set of states 
T
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T
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T
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following state-space form of the extended bicycle model can be obtained [16]: 
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  (9) 

The following notation is used in equations (9): 

yV  - the lateral speed of the vehicle in the local (vehicle fixed) frame 

  - the yaw rate of the vehicle 

Y  - the lateral coordinate/displacement of the vehicle in the global frame 

  - the yaw angle of the vehicle 

12C  - the cornering stiffness of the front axle 

34C  - the cornering stiffness of the rear axle 

m  - the mass of the vehicle 
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xV  - the longitudinal speed of the vehicle in the local frame 

f  - the distance between the vehicle’s CoG and the front axle (along the longitudinal axis) 

b  - the distance between the vehicle’s CoG and the rear axle (along the longitudinal axis) 

zJ  - the vehicle’s moment of inertia about the vertical axis 

w  - the track width of the vehicle (the mean value between the front and the rear track widths) 

  - the steering angle at the road wheels 

bF  - the resultant differential braking force (front plus rear) 

Equations (9) represented in a compact notation extensively used in control theory are rewritten as 

follows 

 
OUT

X AX BU

Y CX DU

 

 
  (10) 

where 
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  (13) 

Since the D  matrix is a zero matrix (i.e. there is no direct feedthrough from the inputs to the 

outputs), in further derivations and calculations terms containing this matrix are omitted. 

The values of the parameters included in the bicycle model (9) corresponding to the testing vehicle 

are provided in APPENDIX D. Thus, all analytical representations of the vehicle are performed in 

general form in this chapter. 

Coming to the analysis of the obtained extended bicycle model it is advantageous to summarize the 

most important assumptions and simplifications made during the derivation, namely: 

 the longitudinal speed of the vehicle is assumed to be constant, i.e. constxV   

 the yaw angle   is small enough, so that 
sin
cos 1

cos siny x y xY V V V V
 


  



     

 the cornering stiffnesses 12C  and 34C are assumed to be constant 
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5.3. MIMO system analysis 

5.3.1. Transfer functions 

The matrix expression for deriving the transfer matrix for a MIMO system using its state-space form 

representation can be obtained from equations (10): 

 1( ) ( )G s C sI A B    (14) 

The transfer matrix of a MIMO system consists of channel-to-channel (single input-single output) 

transfer functions as entries and is shown below: 
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Transfer function from the road steer angle ( )s  to the lateral displacement ( )Y s : 

   

   

2 34 3412

2 22 2
2 2 12 34 12 3412 34 12 34

2

( )Y z x z

x

x z x z x

b f b C f b CC
s s

m J V J
G s

f b C C mV fC bCC C f C b C
s s s

mV J V mJ V



  
  

 
      

       

 (16) 

Transfer function from the resultant differential braking force ( )bF s  to the lateral 

displacement ( )Y s : 
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 (17) 

Transfer function from the road steer angle ( )s  to the yaw angle ( )s : 
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 (18) 

Transfer function from the resultant differential braking force ( )bF s  to the yaw angle ( )s : 
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With the transfer functions having been obtained, further analysis can be performed in order to find 

out the effectiveness of steering and differential braking when a certain lateral displacement/yaw 

angle is to be attained during a collision avoidance maneuver performed at different longitudinal 

speeds. 

5.3.2. Bode diagram 

The numerical values for those vehicle parameters forming expressions (16)-(19) are found in 

APPENDIX D. On the other hand, the value for the longitudinal speed of the vehicle xV  is chosen 

from the following vector of interest in order to plot a family of Bode diagrams: 

 50;60;80;100;120;140xV   km/h (20) 

Amplitude frequency response diagrams based on the four aforementioned transfer functions and 

containing families of curves corresponding to different longitudinal speeds (20) are depicted in 

Figure 30. 

 

Figure 30. Amplitude frequency responses of the MIMO system based on the extended bicycle model 

The effectiveness of evasive steering and differential braking can be assessed and compared in terms 

of the resultant lateral displacement of the vehicle, i.e. by studying the gain values of the respective 

transfer functions (namely YG
 and Y

FbG ) taken at different frequencies of the input. 

Figure 31 shows an enlarged picture of the amplitude response corresponding to YG
, in other 

words, the transfer function from the steering angle to the lateral displacement. From the figure it 
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can be noticed that there are certain sections of interest corresponding to different frequency 

ranges. Thus, for frequencies below ca. 1.7-2.0 Hz the increase in the longitudinal speed xV  results 

in a greater gain. Whereas, for frequencies above 1.7-2.0 Hz the opposite trend can be observed, 

and for frequencies higher than 4 Hz the amplification is roughly the same, regardless of the chosen 

longitudinal speed xV . 

 

Figure 31. Amplitude frequency response for 
YG

 

In order to find the frequency values where curves intersect with each other within Figure 31, 

corresponding equations based on (16) were solved for all possible pairs of the chosen values for the 

longitudinal speed xV . The resulting values for frequencies of the intersection points lie 

between 1.7 Hz and 2.1 Hz, i.e. quite close to each other such that with certain approximation and 

assumptions these points can be considered as one knot, e.g. for controller design purposes. 

The same analysis as for the transfer function YG
 was performed with regard to 

b

Y

FG , namely the 

amplitude frequency response of the system having the resultant differential braking force bF  as its 

input and the lateral displacement Y  in the global frame as its output. An enlarged copy of the 

response duplicating the content of the top right-hand subplot of Figure 30 is provided below in 

Figure 32. Here a similar trend as in the previous case can be observed: each pair of curves has an 

intersection point corresponding to a frequency value of about 4 Hz. For frequencies below this 

value the system gain is higher as the longitudinal speed of the vehicle increases, and for frequencies 

above – the other way around. 
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Figure 32. Amplitude frequency response for 
b

Y

FG  

Numerical values of frequencies where pairs of the curves within Figure 32 intersect can be obtained 

by solving algebraic equations as it was performed in the case of the steering input. The equations to 

be solved are based on expression (17) where the transfer function is calculated using distinct values 

of xV , taken from set (20), and the Laplace variable s  is replaced by (2 )j f . The resultant 

frequency values for all 15 intersection points lie in the interval 3.7-3.9 Hz, allowing (under certain 

assumptions) to consider these points as one knot when designing a controller based on the 

acquired findings. 

Enlarged figures depicting the amplitude frequency responses corresponding to G


 and 

FbG  can be 

found in APPENDIX E. It is necessary to mention here that the yaw angle  , as the second output of 

the extended bicycle model, needs to be monitored once any simulation based on the model is 

made since the assumption sin   underlies the model derivation. 

Based on the diagrams in Figure 31 and Figure 32 the gains for the case of steering and for the case 

of braking can be compared in order to assess the effectiveness of each input in terms of the 

resultant lateral displacement of the vehicle. Thus, for example the choice of 80xV   km/h 

and 1f   Hz results in a 5.08  dB (corresponds to 1.79  m/rad) gain for the steering input and 

a 100.3  dB (corresponds to 
69.66 10  m/N) gain for the brake input. Taking the quotient of these 

two calculated gains and converting radians to degrees in the latter yields a ratio of 

about 3.24  kN/deg. This number indicates the amount of total (front and rear) differential braking 
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force producing the same effect in terms of the lateral displacement as 1 degree steering angle (i.e. 

at the road wheels) and is a useful metric for controllers tuning when a combined action of steering 

and braking is presumed. 

5.3.3. Singular Values analysis 

As an alternative to channel-by-channel Bode plots for a MIMO system, the singular values can be 

plotted (cf. Figure 33) as functions of frequency, providing a better characterization of the overall 

system response, its stability, and gain with respect to a superimposed action of the system’s inputs. 

 

Figure 33. Singular values of the MIMO system based on the extended bicycle model 

The maximum singular value corresponding to a particular frequency is the maximum gain of the 

system over all linear combinations of the inputs at this frequency. Though the actual gain of a 

MIMO system depends on the “direction” of its input vector U  and reaches the maximum value 

(for a particular frequency) when the input vector U  (in our case [ , ]T

bU F ) is parallel to the 

eigenvector of 
*( ) ( )G i G i   corresponding to the largest eigenvalue [18]. Here 

*( )G i  is the 

conjugate transpose of the transfer matrix G  defined by (15). 

5.3.4. Eliminating brake as an independent control input 

One option to simplify the analysis of a MIMO system is to eliminate one independent input by 

making it a function of another input. Such an approach can be implemented by leaving steering as 

an independent input, whereas braking – a function of steering, namely of the steering rate. The 

simplest realization of such a dependency is linear and thus the relationship between the requested 

differential braking force and the steering rate is as follows: 
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 bF

bF K

   (21) 

The proportional gain bF
K


 here is a tunable parameter. This parameter can be adjusted in many 

ways depending on the desired frequency response for different vehicle speeds. One candidate is 

however to tune bF
K


 assuming that the braking force is proportional to the lateral jerk of the 

vehicle (i.e. 
ya ) and for the ease of further analysis to represent it as a product 
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In (22) tuneK  is a tunable coefficient; L   is the wheel base (i.e. L f b  ); USK  is the understeering 

gradient which is calculated according to the following expression [6]: 
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The fraction in the right-hand side of (22) is a ratio of the lateral acceleration 
ya  and the road steer 

angle   both taken for the case of steady state cornering. For steady state cornering the following 

relationships involving the aforementioned quantities holds true [6]: 
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In equations (24) and (25) R   is the radius of the steady state trajectory of the vehicle. Thus, 

eliminating R  from these equations yields the following expression: 
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Auxiliary calculations which are not provided in this thesis report show that for an extreme driving 

scenario, where 140xV   km/h, 720SW   °/s, and 1  , a tuneK  value of around 71   

corresponds to the case with the maximum adhesion utilization, i.e. the requested according to (21) 

differential braking force is maximum available for the given vehicle mass and tire-road friction. 

Based on that, for further analysis values for tuneK  are taken from the set {0; 50; 100; 150}. 

Figure 34 depicts the amplitude frequency response of the modified transfer function from the 

steering angle to the lateral displacement taking into account the engagement of combined braking 

and steering (21): 

 b

b

FY Y Y

FG G K G s
    (27) 
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Figure 34. Modified 
YG  using a steer-dependent differential braking input: xV -grouped 

The curves within the figure are grouped according to the chosen four values of the lateral 

speed: 50, 80, 120, and 140 km/h. One observation which can be made analyzing the curves is that 

for a chosen longitudinal speed value the maximum increase in the system’s gain (expressed in dB) is 

attained at a frequency close to 2 Hz, when tuneK  is altered within the chosen values. 

Another way to analyze the trends of changing the tuning coefficient tuneK , i.e. the effect of 

combined braking and steering when braking is steer-dependent, is to plot the same amplitude 

frequency response as in the previous picture but now grouping the curves according to the value 

of tuneK  as it is done in Figure 35. Here two trends are prominent. Firstly, the introduction of a 

certain non-zero tuning coefficient tuneK  eliminates the so-called knot point (at ca. 1.7 Hz). 

Secondly, for a selected non-zero value of tuneK  the maximum difference in the system’s gain is 
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achieved at a frequency of about 1.3 Hz, when considering the increase within the lateral speed 

from 50 km/h to 140 km/h. 

 

Figure 35. Modified 
YG  featuring a steer-dependent differential braking input: tuneK -grouped 

A general trend that can be observed regardless of the way of grouping the curves in Figure 34 and 

Figure 35 is that the increase in tuneK , i.e. in braking intervention, results in a higher system’s gain 

from the steering input to the lateral displacement, thus enhancing the efficiency of the evasive 

maneuver.
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6. ANALYSIS OF CADA FUNCTIONS 
This chapter deals with the simulation of the CADA functions chosen in Chapter 4. In order to evaluate the 

effectiveness of the functions, effectiveness metrics are formulated which are then used to compare the 

functions. Further analysis is performed on a chosen function to observe trends in the effectiveness values. 

6.1. Simulating CADA functions 
Having chosen the four collision avoidance approaches to be compared (cf. Section 4.2), it is 

advantageous to perform simulations in order to define the most efficient collision avoidance 

technique prior to setting up a real vehicle test. Moreover, some of the candidate approaches, 

namely dynamic steering gear ratio and twin-axle steering, entail structural changes either within 

the steering system layout or the suspension and thus a thorough tuning is needed both in terms of 

mechanics/geometry and control before the approval of physical implementation. Yet another 

reason for simulation is the advantage of visual comparison of the vehicle’s behavior when 

controlled by different algorithms – the instances of steering, wheel lift, wheel lock, and skidding can 

be observed and preliminary correlated. 

One of the main purposes of simulating CADA functions is to reveal possible flaws within the control 

strategies which are prone to imperfection and immaturity at early development stages and might 

lead to collisions when tested in real environment. Besides discovering conceptual control flaws, the 

capability of exactly reproducing testing scenarios between test runs helps in debugging and fine 

tuning parameters. 

Simulation process is generally similar between different tools of the same purpose group. Firstly, 

the desired vehicle model is selected in the simulation tool, given the model is previously specified 

according to the real vehicle configuration. During the next step a suitable maneuver is developed 

based on the selected inputs and the desired excitation mode. Next, a model representing the 

control algorithm of the CADA function of interest is built in the Simulink environment. This Simulink 

model is then linked to the corresponding co-simulation tool connecting the dedicated input and 

output signals chosen in accordance with the control algorithm and varying in number. Finally, a 

simulation run is performed followed by qualitative (visual, animation-based) and quantitative 

(measurement-based) analysis. 

6.2. Measuring the effectiveness of CADA functions 
As discussed in the previous section, developing an understanding about the working of CADA 

functions is extremely important in order to get desired results. But what are these results and what 

is desirable? How the advantages of using these functions can be substantiated? 

To do this, effectiveness indices or metrics need to be formulated and applied to the simulation 

results obtained using CADA functions. These metrics are essentially required to capture and 

highlight the advantage the functions provide during an emergency maneuver. It is through these 

different metrics that a comparison between a vehicle with and without a CADA function can be 

made. 

In order to measure the effectiveness of the CADA functions simulated in the successive sections, 

two effectiveness metrics have been formulated: 

 Metric 1: Lateral displacement gain 

 Metric 2: DeltaX 

These two metrics are discussed in brief in the following subsections. 
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6.2.1. Metric 1: Lateral displacement gain 

To assist the driver in avoiding a collision during an emergency maneuver, the CADA functions need 

to generate a larger lateral displacement when compared to a vehicle without the function. The 

lateral displacement gain is a measure of the additional displacement produced in the lateral 

direction by the function compared to the displacement without the function. 

The lateral displacement gain 
gainY is calculated as shown below 

 100 [%]
CADA no CADA

gain

no CADA

y y
Y

y


    (28) 

where CADAy  is the lateral displacement observed at the end of the maneuver with a CADA function; 

no CADAy  is the lateral displacement observed at the end of the maneuver without the CADA 

function. 

Figure 36 illustrates the definition of the metric. 

 

Figure 36. Definition of Lateral displacement gain metric 

It is to be noted here that the vehicle paths in the figure represent the path of the center of gravity 

of the vehicle. This metric provides a general notion of the effectiveness of the function and does 

not say too much about how much it assists a driver during the emergency maneuver. 

6.2.2. Metric 2: DeltaX 

A more relevant measure of the effectiveness of the CADA functions compared to Metric 1 is the 

metric DeltaX. DeltaX is a more appropriate metric because it quantifies the assist provided by the 

function in a better way. The lateral displacement gain assumes difference in the maximum lateral 

displacement observed. The size or position of the obstacle does not affect the metric as the 

maximum is calculated at the end of the maneuver. But DeltaX takes into consideration the obstacle 

width and position and that is the reason it is more relevant. Figure 37 illustrates the calculation of 

this metric. 
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Figure 37. Definition of DeltaX metric 

DeltaX is calculated by first observing the longitudinal distance required from the start of the 

maneuver to attain a certain lateral displacement, which in this case is 2 m, and then comparing this 

distance for the maneuver done with and without a CADA function. As mentioned in the previous 

metric, the vehicle paths shown in the figure are the paths of the center of gravity of the vehicle. 

This is assumed so for the purpose of simplicity. In reality, all corners of the vehicle must pass the 

obstacle and the nearest corner to the vehicle must be used as the reference corner to calculate the 

metric. The purpose of the CADA functions is to enable the vehicle to move more laterally during an 

emergency maneuver in order to avoid collision with the obstacle. DeltaX thus provides a good 

measure of how much a function assists the driver in performing the maneuver and therefore 

avoiding collision. 

The metric DeltaX is calculated as shown below. 

 
noCADA CADADeltaX Delta Delta    (29) 

where 
noCADADelta  and 

CADADelta  are the longitudinal positions at which a lateral displacement 

of 2 m is achieved during the maneuver without and with a CADA function. 

Apart from the distance advantage that DeltaX measures, this metric can also be interpreted as a 

time advantage or an additional reaction time buffer that the driver has while performing an 

emergency maneuver. 

6.2.3. Alternative metrics 

Apart from the two metrics mentioned above there can be other metrics which can be used to 

measure the effectiveness of CADA functions. Below is a list of a few alternate metrics. 

 Driver effort: by measuring the input steering angle velocity or steering torque 

 Last point to steer: the latest the driver can steer to successfully avoid collision, either in 

terms of distance to obstacle X   or in terms of time to obstacle T  . 

 Path deviation: root-mean-square deviation from control path 

 Comfort: lateral and longitudinal acceleration experienced by the driver or passengers 

during a maneuver 
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6.3. Observed effectiveness of CADA functions 
In section 4.2.7, four functions were chosen for implementations, namely 

- Dynamic steering boost-curves 

- Dynamic steering gear ratio control 

- Combined assistive braking & steering 

- Twin-axle steering 

The effectiveness of the four functions can be evaluated using the two metrics discussed in the 

preceding section, i.e. Lateral Displacement Gain and DeltaX. 

In order to carry out an evaluation of the CADA functions, an emergency maneuver needs to be 

performed in the simulation tools. The vehicle model and the maneuver definition are setup in the 

tool while the CADA functions are modeled in Simulink and are used in co-simulation with the 

simulation tool while performing the maneuver. The simulations results are then used to calculate 

the two metrics. 

6.3.1. Maneuver definition 

In order to simulate an emergency maneuver, a single-lane change event is used. This lane change is 

simulated using a sinusoidal steering wheel angle input. The steering wheel angle profile used for 

the maneuver during the evalution is shown in Figure 38. 

 

Figure 38. Steering wheel angle profile to simulate single-lane change maneuver 

The above steering wheel angle input cannot be used when simulating the CABS function due to a 

handicap in the simulation tools. The functions output steering torque for assistance during a 

maneuver but the vehicle model in the simulation tools can use this torque coming from the 

Simulink model only if the maneuver input is also steering torque. The assistance torque will not 

work with a steering angle input as used for the other functions. 

Therefore, to simulate the CABS function, a sinusoidal steering torque input is used. The amplitude 

of the torque for the input is chosen as 5 Nm. This value is taken because it produces the same 

amplitude of the steering wheel angle as shown in the profile in Figure 39. 
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Figure 39. Steering wheel torque profile to simulate single-lane change maneuver 

To get a fair idea of the effectiveness of the functions, the maneuver is performed at different entry 

speeds, i.e. the speed at the start of maneuver. This gives a good overview of the performance of the 

functions at high and low speeds. The different entry speeds that were chosen 

are 60, 80, 100, 120, and 140 [km/h]. 

The complete maneuver is defined as follows: 

- Acceleration up to the desired entry speed 

- Once the speed is achieved, the clutch is disengaged 

- Single-lane change is performed using the defined steering wheel angle or torque input 

- Five second settling or buffer time after steering input to observe vehicle behavior 

- Maneuver end 

6.3.2. Observations 

Simulation of the emergency maneuver is performed for all four chosen CADA functions. A set of 

simulations is also performed without any of the CADA functions active which is used as the 

reference observation to calculate the two metrics. Before looking at the gain observed due to the 

different functions, the working of the functions is discussed in brief. These maneuvers are 

simulated using CarSim. 

The flowcharts for the working of the functions were discussed in section 4.3. It was explained that 

all functions have the same algorithm for the trigger. The estimated lateral jerk 
ydA  and TurnInSign 

are used to trigger the functions whereas the lateral acceleration 
yA  and the side slip at rear 

axle SSRA are used as exit conditions. The plots in Figure 40 represent the time-series for these 

parameters along with the input signal. The threshold levels for each parameter used for the 

triggering action are also shown in the plots. The graphs of the triggering parameters show the 

instances during the maneuver at which they exceed the reference threshold values. It is at these 

instances that the functions are triggered. The time-series of the triggering signal is also shown in 

Figure 40. Once a function is triggered, the assistance comes in the form of different outputs 

depending on the function. 

The different plots shown in the following section illustrate the time-series of outputs for each 

function. 
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Figure 40. Time series of parameters from CADA simulation,  

From top: SWA input [deg], 
ydA  [m/s3], TurnInSign, 

yA  [m/s2], SSRA [rad/s], trigger signal 

Figure 41 shows the individual brake pressure and the steering torque request that the Combined 

assistive braking and steering (CABS) function outputs. 

 

Figure 41. Brake pressure and EPAS request from CABS function 
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Figure 42 shows the steering wheel angle input and the road wheel angle at the left front wheel that 

the Dynamic steering gear ratio (DSR) function outputs in comparison to the wheel angle without 

the function. 

 

Figure 42. Input steering angle and Road wheel angle output from DSR function 

Figure 43 shows the output Boost force which the Dynamic steering boost curve (DBC) function 

outputs. The plot also contains the input Boost force for the purpose of comparison. 

 

Figure 43. Boost Force Out request vs. Boost Force In from DBC function 
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Figure 44 shows the road wheel angles at the front axle and the corresponding road wheel angles at 

the rear axle that the Twin-axle steering (TAS) function outputs, along with the rear wheel angular 

velocity requested by the function. 

 

Figure 44. Front axle road wheel angle input, rear axle road wheel angle output and rear wheel steer velocity output for 

TAS function 

Section 4.4 highlighted the need to integrate already existing safety functions like ABS and SSC along 

with the CADA functions. It is interesting to observe how these functions provide additional 

assistance while performing the above mentioned maneuver. Figure 45 shows the time-series of the 

side slip at rear axle during the maneuver performed at 140 km/h with and without SSC. 

 

Figure 45. Comparison of SSRA during a single-lane change for a vehicle with & without SSC 
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The plots show that without the SSC function active, the SSRA value is extremely high, with a peak of 

about 0.4 rad, i.e. about 23°, which is very large and results in the loss of vehicle control. On the 

other hand, the SSC function restricts the SSRA values within safe limits, with a peak of 

around 0.15 rad, i.e. about 8°, and the vehicle remains under control. These observations confirm 

the assumption that integrating the auxiliary safety functions is important while simulating the CADA 

functions. 

Moving on to the performance of the CADA functions during the maneuver, Figure 46 a & b depict 

the trajectory of the vehicle during the specified maneuver. The plots correspond to the maneuver 

performed at a speed of 100 km/h. Figure 46 a) shows the trajectory for the maneuver performed 

using the steering wheel angle input and Figure 46 b) depicts the trajectory obtained due to the 

steering wheel torque input. The plots also contain the trajectory of the vehicle when performing 

the maneuver without the functions active as this is used as a reference to evaluate the 

effectiveness of the functions. 

 

Figure 46. X-Y trajectory for simulated single-lane change with and without CADA functions; a) for Steering wheel angle 

input, b) for Steering wheel torque input 

In order to evaluate the effectiveness of the functions, two metrics are formulated as discussed in 

the previous section, Lateral displacement gain and DeltaX. The values for the gains are derived 

using the trajectory of the vehicle during the maneuver. The gains can also be visualized by looking 

at the trajectory plots for the different functions. 

Figure 47 a) depicts the lateral displacement observed at the end of the maneuver for the different 

functions compared to that observed without any CADA function. The plots clearly show to what 

extent the CADA functions affect the lateral displacement of the vehicle during the maneuver. 

Figure 47 b) depicts DeltaX observed for a lateral displacement of 2 m and again highlights the 

influence of the functions with respect to this metric. 
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Figure 47. Highlighting the effectiveness metrics for maneuver performed using steering wheel angle input;  

a) Lateral displacement gain , b) DeltaX 

Similarly, Figure 48 a) and b) depict the two metrics in case of the CABS function. 

 

Figure 48. Highlighting the effectiveness metrics for maneuver performed using steering wheel torque input; 

a) Lateral displacement gain , b) DeltaX 
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Table 2 contains the calculated Lateral Displacement Gain and DeltaX for the four CADA functions at 

the five chosen entry speeds. 

Table 2. Comparison of Lateral displacement gain & DeltaX observed for the four CADA functions 

Evaluation 
Metric 

Speed 
[km/h] 

CADA Function 

CABS DBC DSR TAS 

Lateral 
displacement 

gain 
[%] 

60 0.0% 0.0% 0.0% 0.0% 

80 53.5% 2.2% 7.3% -2.0% 

100 44.1% 1.8% 8.7% -9.8% 

120 46.1% 1.7% 8.8% 0.6% 

140 51.4% 1.6% 9.1% 12.7% 

DeltaX 
[m] 

60 0.0 0.0 0.0 0.0 

80 4.5 0.4 0.6 0.7 

100 5.3 0.5 0.8 -0.1 

120 6.3 0.9 1.1 -0.2 

140 8.2 1.0 1.5 -0.8 

 

From the table, the effectiveness of each function with respect to the two metrics used is quite 

clearly observable. In case of Lateral displacement gain, all functions show no gain at 60 km/h. This is 

owing to the fact that at such a low speed, the functions are not triggered. But with increasing entry 

speed, the gain values observed also increase. The CABS function produces significant gain at all 

other speeds. The TAS function shows gain only at high speeds of 120 and 140 km/h. The DBC 

function shows a characteristic of decreasing gain with increasing speeds which is a different trend 

compared to the other functions. 

Coming to the DeltaX metric, the CABS function again produces significant gain. The TAS function 

shows gain only at lower speeds. The gain value then constantly decreases as the speed is increased. 

The other two functions, DBC and DSR show moderate levels of gain. Similar to the previous metric, 

the gain observed in the case of DeltaX also increases with increasing speed, expect in case of the 

TAS function as discussed earlier. 

The reason for the CABS functions showing much better results than the other functions can be 

attributed to two reasons. Firstly, it employs differential braking in addition to the steering torque 

assist which helps in creating greater yaw moment during the maneuver. The other reason could be 

put down to steering torque input used in the case of this function. The torque input creates larger 

values of steering wheel angular velocity compared to that created by the steering wheel angle 

input. 

Due to the larger values of gain observed from the CABS function, it is the preferred function to carry 

out further analysis of the CADA function as trends in the gain values would be easier to observe 
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with the larger values of gain. The next section deals particularly with observing trends in the gain 

values for the two metrics by performing a series of maneuvers using varying inputs. 

6.4. Trend analysis for chosen function 
The previous section discussed the simulation of an emergency maneuver using different CADA 

functions and comparing the effectiveness of each of them based on the two formulated metrics. 

From the comparison the CABS function was chosen in order to further analyze CADA functions. 

In this section, evaluation of the function is continued with a larger array of test parameters. The 

evaluation is performed for an emergency maneuver very similar to that used in Section 6.3 and the 

observed results are used to calculate the two metrics. The trend analysis in this section is 

performed using CarMaker. But unlike Section 6.3 where the steering wheel angle input was fixed, in 

this case it is a varying parameter similar to varying entry speed. Also, a sinusoidal steering wheel 

torque is used as input instead of sinusoidal steering wheel angle. The steering wheel torque is 

varied by using an array of torque amplitudes and time periods. 

Using this variable input, a large number of tests are performed in series, which can be used to 

observe the trend of the effectiveness obtained from the CABS function. Below are the chosen 

amplitudes, time periods and speeds used to perform the test series. 

 Entry speed (Vx): 60, 80, 100, 120, 140 [km/h] 

 Steering-wheel torque amplitude (A): 3, 4, 5, 6, 7 [Nm] 

 Time period of input (t): 1, 1.5, 2, 2.5, 3 [s] 

Figure 49 illustrates the profile of the steering wheel torque input along with the variable 

parameters used. 

 

Figure 49. Sinus steering wheel torque profile input for batch tests having variable amplitude and time period 

Given that there are five different values each for entry speed, amplitude, and time period, the test 

series performed with the CABS function has a total of 125 tests. The complete maneuver is defined 

as follows: 
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- Acceleration up to the defined entry speed 

- Once the speed is achieved, the clutch is disengaged 

- Sinusoidal steering torque input with a defined amplitude and time period 

- Five second settling or buffer time after steering input to observe vehicle behavior 

- Maneuver end 

The test series is performed both with an active CABS function and without this function for the test 

vehicle. Using the obtained simulation results, the two effectiveness metrics, Lateral Displacement 

Gain and DeltaX, are calculated. 

6.4.1. Results and observations 

This section discusses the results obtained from the series of simulation tests performed in the 

simulation tool along with active Combined assistive braking and steering (CABS) function. The 

results are reported in the same pattern as the tests performed according to the maneuver 

description discussed in the preceding section. The discussion of the results is divided into multiple 

sections dealing with the two different effectiveness metrics and finally an analysis of the trends 

observed in the results. Before looking at the simulation results, the visualization of the maneuver 

using the animation program in the simulation tool is discussed in the following paragraph. 

Figure 50 illustrates the animation of the simulation tests performed in CarMaker. The red car 

depicts the vehicle with the CABS function active whereas the grey car depicts the vehicle without 

the CABS function active. From the figure, it is quite clear that the vehicle with the CABS function 

active has a larger lateral displacement when compared to the one without the function. The 

animation program available along with the simulation tools helps visualize the performed 

maneuver and thus provides a better understanding of the behaviour of the vehicle during the 

specified maneuver. It also offers a preliminary evaluation of the results and the user is thus able to 

understand the possible trend before looking in detail at the simulation results. The animation 

program can also be utilized in order to compare vehicles with different setups as shown in 

Figure 50. 

 

Figure 50. Screenshot of the animation of a maneuver performed in CarMaker 

 Red car: CABS function active; Grey car: CABS function deactivated 



78 

6.4.1.a. Lateral displacement gain 

Table 3 contains the Lateral Displacement Gain observed during the simulation tests for the 

emergency maneuvers with and without the CABS function. The gain figures shown are the 

percentage lateral displacement gained due to the CABS function over a vehicle without the function 

during the maneuver. As mentioned in section 6.2.1, this metric only provides a general perception 

of the effectiveness of the function. 

Table 3. Calculated lateral displacement gain (percent) for CABS function 

Amplitude 
[Nm] 

Time 
Period 

[s] 

Lateral Displacement Gain [%] 

Speed 

60 80 100 120 140 

3 

1 160.4% 196.3% 192.6% 198.5% 203.9% 

1.5 -25.0% 230.6% 253.6% 267.2% 275.6% 

2 -35.3% -22.8% 235.5% 264.1% 280.5% 

2.5 -44.5% -46.3% -43.2% -37.6% 254.5% 

3 0.2% -53.4% -56.3% -48.5% -46.9% 

4 

1 35.9% 49.0% 47.1% 46.4% 47.1% 

1.5 -6.4% 13.1% 20.3% 9.6% 2.2% 

2 -52.2% -21.7% -11.5% -6.0% -3.4% 

2.5 -56.9% -11.9% -11.2% -7.4% -5.5% 

3 -43.6% -10.0% -9.4% 0.4% -2.3% 

5 

1 -16.3% -3.4% -1.2% 0.1% -0.1% 

1.5 -41.0% -22.5% -13.0% -7.8% -5.5% 

2 -43.6% -6.1% 7.2% 13.7% 16.5% 

2.5 -25.5% 7.9% 12.7% 20.8% 19.7% 

3 3.9% 3.5% -2.5% 0.1% 1.5% 

6 

1 -25.8% -8.2% -3.9% 0.0% 1.0% 

1.5 -38.7% -18.2% -8.2% -3.3% -1.0% 

2 -25.4% 2.5% 7.3% 13.1% 15.7% 

2.5 -0.7% 4.6% 0.8% -3.0% -3.0% 

3 -7.3% 1.9% -8.3% -4.5% -3.0% 

7 

1 -27.7% -10.1% -5.6% -1.1% 0.1% 

1.5 -33.1% -9.5% -1.7% 2.2% 3.9% 

2 -10.3% -0.9% 3.3% 7.5% 8.6% 

2.5 -2.5% -4.9% -7.8% -7.1% -6.8% 

3 6.9% 11.2% 5.4% 7.1% 9.5% 

 

LEGEND 

Format 10.0% 0.0% -10.0% 

Description 
Positive 

gain 
Zero 
gain 

Negative 
gain 

 

The complete table with the absolute Lateral displacement values for maneuver with and without 

the CABS function can be found in APPENDIX F. 

Speed analysis: The negative gain values at a low speed of 60 km/h clearly indicate that the function 

does not provide the desired assist required during an emergency maneuver. In fact, at this speed, 

performing the maneuver without the function would prove beneficial. But at higher speeds 

of 120 and 140 km/h the function produces the desired gain. 
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Amplitude analysis: The trend of gain values is quite inconsistent in case of varying steering wheel 

torque amplitude. There is no perceptible advantage or disadvantage in terms of gain due to the 

function. Only in case of the lowest amplitude i.e. 3 Nm, there is a kind of progression in the gain 

values with increasing speed. 

Time period analysis: Unlike in the case of amplitude, variation of the time period of sinusoidal 

steering wheel torque produces slightly better results. The trend in this case is somewhat 

discernible. The gain increases with increase in time period for most cases. But there is still no 

definite trend. 

From the three parameters analyzed, it becomes quite clear that this metric does not provide any 

detailed trend of the effectiveness of the CABS function. Having said that, the metric still provides a 

general trend as mentioned earlier. 

6.4.1.b. DeltaX 

Table 4 contains DeltaX observed during the simulation tests for the emergency maneuvers with and 

without the CABS function. The figures shown are calculated using the relation for DeltaX given in 

section 6.2.2. 

Table 4. Calculated DeltaX (in [m]) for CABS function 

Amplitude 
[Nm] 

Time 
Period 

[s] 

DeltaX [m] 

Speed [km/h] 

60 80 100 120 140 

3 

1 0.000 0.000 0.000 0.000 0.000 

1.5 0.000    

2     

2.5 -1.079   0.023 

3 0.495 0.416 -0.939 0.958 0.811 

4 

1 0.000 0.000 0.000 0.000 0.000 

1.5 0.599 1.924 1.686 2.241 1.984 

2 0.445 1.748 1.982 2.354 2.813 

2.5 0.610 2.050 2.342 2.773 3.294 

3 0.537 2.125 2.196 3.517 3.787 

5 

1 0.000 0.000  0.000 0.000 

1.5 0.026 1.472 1.667 2.321 2.122 

2 0.443 1.536 1.770 2.425 2.575 

2.5 0.499 1.812 1.867 2.523 3.036 

3 0.532 1.911 1.969 2.643 2.797 

6 

1 0.000   1.240 1.577 

1.5 -0.219 1.331 1.526 1.887 2.333 

2 0.515 1.614 1.648 2.000 2.450 

2.5 0.567 1.697 1.745 2.384 2.553 

3 0.472 1.774 1.828 2.480 2.994 

7 

1 0.000    1.103 

1.5 -0.264 1.248 1.454 1.804 1.902 

2 0.481 1.543 1.566 1.917 2.019 

2.5 0.529 1.630 1.659 2.012 2.465 

3 0.565 1.509 1.731 2.391 2.539 
 

LEGEND 

Format 0.500 0.000 -0.500   

Description 
Positive 
DeltaX 

Zero 
DeltaX 

Negative 
DeltaX 

Function does 
not produce 2 m 

displacement 

Vehicle without 
Function does 

not produce 2 m 
displacement 
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The complete table with the absolute DeltaX values for maneuver with and without the CABS 

function can be found in APPENDIX G. 

The most conspicuous observation from the table is the inconsistent behavior of the gain values for 

the amplitude of 3 Nm. At low time periods of the sinus input, it is observed that DeltaX is zero 

which points to the fact that the function is not triggered, thus resulting in no gain. At higher time 

periods of sinus input the vehicle is unable to produce the required lateral displacement of 2 m. The 

low input torque is not enough to generate the required lateral displacement. Only for a time period 

of 3 seconds, DeltaX is observed. Due to the arbitrariness of the results, the gain values for this 

particular amplitude are overlooked in analysis of the trend of DeltaX. 

Speed analysis: Like in the case of Lateral Displacement gain, the DeltaX values also increase with 

increasing speed for all amplitudes and time periods. In Figure 51, the average DeltaX value for each 

speed from all amplitudes and time periods is shown. The increasing trend is clearly visible in 

Figure 51. This trend was also evident for the frequency analysis with the bicycle model in 

Section 5.3. The benefit of DeltaX converges towards higher vehicle speeds. 

 

Figure 51. Trend for DeltaX with increasing speed 

Amplitude analysis: Coming to the case of varying amplitude, there is again a clear trend that is 

observed from the DeltaX values. For any single value of speed and time period, the DeltaX value 

decreases with increasing amplitude of the input sinusoidal steering wheel torque. Figure 52 show 

this trend. In both the plots, the DeltaX value decreases. 
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Figure 52. Trend for DeltaX at different input steering torque amplitudes 

Time period  analysis: The  trend  for DeltaX  values with  varying  time period  can be  analyzed  in  a 

similar way  to  the  one  done  for  amplitude. Here  again  there  is  a  very  clear  trend which  can  be 

observed  from  Figure 53.  The magnitude  of  DeltaX  increases with  respect  to  an  increased  time 

period of the input steering torque. The DeltaX values also increase with speed as seen from the five 

different curves on each plot. 

   

Figure 53. Trend for DeltaX at different time periods of sinusoidal steering wheel torque input 

To summarize the observations made above, DeltaX increases with increasing speed and time period 

whereas  it  decreases with  increasing  amplitude  of  the  steering  torque  input.  A  very  interesting 

conclusion can be drawn out of these observations. DeltaX  is more sensitive to time period of the 

input torque when compared to the amplitude of the input. Also, the DeltaX gain or in simple words 

the effectiveness of the CABS function increases when the time period of torque input is large (lower 

frequency) and its amplitude is small. 

Steering effort  is usually taken as the amplitude of steering torque required to perform a specified 

maneuver [19], [20].  In this case, the steering effort  is defined as a product of steering torque and 

steering  frequency. Using  this  definition  of  steering  effort,  an  input with  low  amplitude  and  low 
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frequency (large time period) results in a low steering effort. Therefore, the trends point to the fact 

that the function provides a larger assist for lower steering effort. Such an input with lower steering 

effort could be due to the driver being elderly and unable to input high amplitudes and high 

frequency steering torque during an emergency maneuver. This points to the fact that the CABS 

function, and CADA functions in general, assist elderly drivers better. 
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7. RESULTS & CONCLUSIONS 
This chapter summarizes the results obtained in the different sections of the report and provides a brief 

discussion of the conclusions from the results. 

7.1. Results 
The outcomes of this thesis project according to its initial objectives can be divided into two 

segments: 

- results from the evaluation of vehicle dynamics simulation tools 

- results from the assessment of the effectiveness of the chosen collision avoidance driver 

assistance functions 

As a result of the simulation tools evaluation phase, the criteria list was created covering not only 

the applicability of a tool to simulation of controller-assisted evasive maneuvers, but also the overall 

usability and performance of a tool featuring its co-simulation and data exchange capabilities. 

Moreover, based on the designed criteria list, the evaluation of the simulation tools itself resulted in 

relatively close scores for CarSim and CarMaker assigning the highest score to CarSim, whereas 

CarRealTime was found less applicable for co-simulations within the area of steer-assisted evasive 

maneuvers. 

With respect to simulation results, the validation of the reference vehicle model was successfully 

performed both in CarSim and CarMaker demonstrating acceptable correspondence of simulations 

outputs and field tests logged data. Six approaches for enhancing a vehicle’s capabilities towards 

collision avoidance were introduced and analyzed using the designed metrics, namely the lateral 

displacement gain and DeltaX. Four of the six approaches were successfully implemented in 

respective co-simulation environments of CarSim and CarMaker where a thorough parametric 

analysis was performed for the approach which discovered the best performance, namely combined 

assistive braking and steering (CABS). 

Further analysis of the CABS function showed that the DeltaX gain increases with increasing 

longitudinal speed of the vehicle which is in good correspondence with the results from the 

extended bicycle model analysis. Another resulting trend observed via simulations is that the DeltaX 

gain decreases with increasing steering amplitude and increases with increasing time period of 

steering input. 

7.2. Conclusion 
A major conclusion of comparing the different simulation tools is that no tool has an absolute 

advantage: every tool has a specific area of advantage over the other. It is therefore beneficial to use 

at least two or more tools in order to exploit the advantages of the different tools. 

During the process of validation and simulation of the collision avoidance functions, it is observed 

that there is a difference in the results obtained using different simulation tools. This difference is 

primarily due to the different approaches adopted in defining and developing the subsystems in the 

vehicle model. Another source for variation in the results is the disparity in case of defining and 

executing test maneuvers. Contrasting implementation of the co-simulation environment between 

Simulink and the tools is another cause for discrepancies in the simulation results between the tools. 

Although the theoretical bicycle model is a very simple model with many assumptions, it produces 

trends that are very similar to those observed during the simulations. Therefore, using a bicycle 

model at early stages of development is an effective way of predicting and gauging the behavior of 

the vehicle, if not quantitatively, at least in a more qualitative way. 
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Coming to the collision avoidance functions and their effectiveness, it is found that braking is 

advantageous only at low speeds and in case of high speeds, avoidance by steering is the most 

suitable option. When the different approaches for collision avoidance are discussed and simulated, 

the function combining both steering and braking, i.e. the Combined assistive braking and steering 

(CABS) function, provides better assist compared to the other functions using only steering. Further 

analysis of the function showed certain trends in the effectiveness metric values. The function tends 

to assist an evasive maneuver performed with lower steering amplitude and longer time period of 

steering input, which in simple words can be defined as lower steering effort. These trends provide a 

useful direction regarding the conditions for intervention by such collision avoidance functions 

during an evasive maneuver. 

As an afterthought, it is very clear that simulation tools are extremely beneficial to simulate and 

evaluate collision avoidance functions. They can be successfully utilized to derive qualitative trends 

and carry out repetitive tests in a controlled environment. All this helps in developing such functions 

with a more focused approach. But all said and done, simulations cannot completely replace field 

tests as they cannot replicate the vehicle behavior to 100 percent. Physical tests still need to be 

carried out to a certain extent. 
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8. RECOMMENDATIONS & FUTURE WORK 
Based on the work performed and experiences during the thesis, a few recommendations and 

possibilities for future work are discussed below. 

The list of criteria for evaluation of simulation tools needs to be expanded. Each criterion needs to 

be divided into sub-criteria which would allow a more detailed and thorough evaluation of the tools. 

It would be advantageous to utilize at least two tools while performing simulations. Each tool has its 

own area of benefit and drawback. Using multiple tools in their specific area of benefit would make 

the process more efficient. Apart from this, a regular benchmarking exercise of the tools being used 

must be carried out with latest versions of other tools. 

Even though the vehicle models used in the simulation tools were validated against field 

measurements, there was a degree of mismatch between them. The model development and 

consequent validation must be more comprehensively performed in order to obtain extremely 

accurate results. One particular area of concern is the steering system which has a large influence on 

the behavior of the vehicle during evasive maneuvers and is of prime importance for thorough 

validation. Another area requiring use of detailed models is the auxiliary vehicle control functions. 

Various functions like Antilock brake system and Side slip control system need to be as close to the 

real functions as possible in order to obtain accurate vehicle behavior with the application of the 

CADA functions. The bicycle model analysis of the CADA functions can be extended to a two track 

model for a better understanding of the vehicle behavior. 

Only four out of the list of six CADA functions were simulated in this thesis. The remaining 

approaches, although complex, will most likely produce better results compared to the ones tested. 

It would be interesting to investigate these approaches and simulate their effectiveness using the 

tools. Another aspect that can be explored in the future is the analysis of other effectiveness 

metrics. The metrics discussed during this thesis provide very limited overview of the effectiveness 

of the CADA functions and it would be extremely insightful to gauge those using different metrics. 

In order to recreate emergency situations more accurately, statistical information regarding accident 

scenarios and driver reaction should be collected. This information must then be utilized to define 

the emergency maneuvers and the driver models used during the simulations. Defining parameters 

for skilled and unskilled drivers would enable a better understanding of the extent of aid the CADA 

functions provide to each type of drivers. Also, the conclusion made regarding the tested CADA 

function assisting drivers who are elderly must be validated by measuring the steering effort 

(amplitude and time period of input) of drivers over a certain age. Similar to the validation 

performed for the vehicle models used, a validation of the simulation results for the CADA functions 

must also be performed using measurements on a real vehicle. A steering robot could be utilized to 

perform the desired emergency maneuver in order to ensure accurate and repeatable steering 

inputs. This would enable the formulation of a correlation factor between simulation and real 

observations, which would be a helpful tool to interpret simulation results in the future. 
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APPENDIX A 

Description of criteria used in the list for comparing simulation tools 
 

GROUP: Usability 

i. System requirements: hardware (Processing speed, CPU architecture, RAM, Graphics card, HDD 
space) & software (OS, additional compilers, codecs) 
This is a basic hardware and software specifications requirements in order to run the tool to desired 
functionality. 

 
ii. Ease of installation 

This encompasses the complete installation process and includes the degree of ease with which the 
tool can be installed on individual systems or on a network server. 

 
iii. License type: node-locked, floating, dongle-based 

This criterion compares the types of license usage allowed by the tool. The more the choices available, 
the more flexible the software usage is. 

 
iv. Scope of support documentation provided 

Refers to the number of areas, variety of topics and the number of functional examples that the 
support documentation (available with the tool) covers. 

 
v. Content (level of detail) of support documentation 

Refers to the level of detail with which the documentation explains each and every topic covered by 
it. 

 
vi. Integration of support documentation with the tool (search function, indexing) 

Search function available in the tool’s GUI which searches through the support documentation, thus 
not requiring user to search through individual documents manually. 

 
vii. Language of support documentation: terms usage consistency, clarity, errors 

Grammatical correctness of written language, consistency in terms used and clarity in the wording 
and explanation are all included in this comparison criterion for the support documentation. 

 
viii. Technical assistance available 

This refers to the kind of technical support and assistance available and provided for the tool. This 
criterion covers promptness in support, extent of support and the ability of support team to solve any 
reported issue. 

 
ix. Ease of running a simple event 

This refers to the process required to run a basic and simple event, if it requires some in-depth 
knowledge of the tool before running a simple event or can it be done with just minimal experience 
with the tool. 
 

x. Design of GUI – user friendly, ease of navigation, intuitive 
This criterion emphasizes on the design of the GUI for the tool and whether it is easy to use, provides 
an easy access layout for the user and whether it is easy for the user to accomplish a desired task 
using the tool. 

 
xi. Available example vehicle models, maneuvers, events, etc. 

Describes the number of available examples vehicle models, maneuver definitions, plot templates, 
road definition examples, and other built-in examples that are available with the tool, thus providing 
the user with some reference for carrying out user-defined simulations. 
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xii. Performing File driven test runs (test measurements): using GUI only, script required 
It is usually desirable to use data from field tests as inputs to repeat the tests in the simulation tools 
and observe the results. This criterion refers to the method by which field measurements can be used 
to carry out simulation in the tools. Providing a GUI-based implementation of this function makes the 
tool easier to use for this particular implementation. 

 
xiii. Competence background required 

Background knowledge of the subject of vehicle testing and level of competence required by a user to 
use the tool and perform simulations. 

 

GROUP: Vehicle model validity & reliability  

i. Vehicle model architecture similarity to the physical vehicle 
Refers to whether the layout of vehicle subsystems in the tool is similar to the layout of a real vehicle, 
thus making it easier and efficient to collect data about each subsystem and define the model. 

 
ii. Level of adherence to conventional automotive standards (ISO, SAE, DIN), level of detail of vehicle 

subsystem definition 
Adherence to one or more automotive standards while defining parameters, deciding coordinate 
system, sign convention, units for values, etc. 

 
iii. Adding conventional auxiliary vehicle control actuators, e.g. ABS/ESC 

Option of defining auxiliary actuators in the vehicle model used for conventional vehicle control 
applications. 

 
iv. Adding unconventional/experimental vehicle control actuators, e.g. active camber/toe/suspension 

control 
Refers to available option of defining auxiliary actuators in the vehicle model used for advanced 
vehicle control applications. 

 
v. Integration of electrical, hydraulic, pneumatic, and mechatronic systems in the vehicle subsystems 

Availability of auxiliary systems such hydraulic and pneumatic braking system, electrical and hydraulic 
steering, etc. in the vehicle model definition 

 
vi. Sensor models 

The applicability of vehicle sensors in the simulation tools and the extent of usage of the sensors. 
 

vii. Modular approach to vehicle subsystems 
Specifying subsystems as modules and combining required modules to create the complete vehicle 
model 

 
viii. Variety of parameter definition (constants, look-up tables, visualization tools for tables, equations) 

This criteria defines the method and the level of detail with which vehicle parameters can be defined 
in the vehicle model. 

 
ix. Ease of specifying vehicle parameters and adapting them to already existing vehicle specifications 

Unlike the previous criterion of parameter definition method, this one refers to the ease with which 
the parameters can be specified in the model. It also refers to the method of specification. 

 
x. Set of available numerical integration methods 

Refers to the availability of different integration methods to perform simulations and the ability to 
choose the method as per requirement 

 
xi. Value check tools (for fool-proofing) – e.g. specifying units and limits for parameter values 

Tools for checking the value of a vehicle parameter entered into the model 
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xii. Handling of vehicle variants with different powertrain, suspension, etc. 
Capability of specifying different variants of the vehicle with varying powertrain, suspension, etc. 

 
xiii. Possibility of representing hybrid and fully electric vehicles 

Capability of specifying hybrid powertrain system or a fully electric powertrain 
 
GROUP: Extended usage 

i. Interface with MATLAB/Simulink 
Degree or level of interface with MATLAB, user-friendly interface, ease of running co-simulation with 
Simulink 

 
ii. Interface with other 1D solvers (MapleSim, LabView, Modelica) 

Level of interface, ability of running co-simulation 
 

iii. Integration with ADAMS models 
Integration of vehicle model development with ADAMS models, possibility of importing ADAMS 
models into the tool, co-simulation, and post-processing with ADAMS 

 
iv. Integration with other 3D MBS solvers 

Integration of vehicle model development, importing and co-simulation with other MBS solvers like 
Lotus Shark, SUSPROG3D, etc. 

 
v. Interface with dSPACE and other HIL environment 

Level of interface and ease of usage with HIL software like dSPACE to carry out HIL tests 
 

vi. Applicability for driving simulator development and usage 
Applicability of the tool for development and use as driving simulator 

 
vii. Visualization of physical field tests 

Ability of the tool to visualize field tests and maneuvers using logged data 
 

viii. Capability of online handling real-time telemetry 
Capability to remotely carry out simulations using real-time data from vehicle measurements during 
field tests 

 
ix. Exporting encrypted vehicle models for supplier/vendor use 

Ability to export and import vehicle models for internal use (other departments in the organization) 
and third-party sources (vendors, suppliers) 

 
x. Compliance with FMI standards (https://www.fmi-standard.org/) 

Compliance of tool features as per FMI standards to ensure better model exchange and co-simulation 
of dynamic models 

 
xi. Compatibility with other vehicle dynamics simulation software: importing/exporting 

Ability to import and export vehicle models, test scenarios, road definition, and other parameters to 
and from other simulation tools 

 
xii. Number of vehicle parameters open for external control (from Simulink, C, VB, etc.) 

Total number of variables available for use with external controllers developed in Simulink, C, etc. 
 

 
xiii. Areas and extent of usage by VCC associated suppliers/vendors/partners and VCC competitors 

Areas in which suppliers and partners use the same tool and the extent to which it is used 
 

https://www.fmi-standard.org/
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GROUP: Post processing 

i. Dynamic plots (synchronized with animations) 
Ability to create dynamic plots for different variables that are synchronized with the animation of the 
maneuver 

 
ii. Multiple animator screens 

Capability of using multiple animator screens to visualize a maneuver at different angles, for vehicle, 
for different views, etc. 

 
iii. Overlay animations: ghost runs, run comparison 

Ability to overlay animations from different runs in order to compare the results visually 
 

iv. Export to external post-processing software 
Ability to export simulation results to other post-processing tools 

 
v. Exporting results to other formats like XLS, CSV, MAT, ASCII 

Exporting simulation results directly into common formats like CSV and MAT 
 

vi. Plot templates (grouping parameters by system, type of run, units) 
 

vii. Availability of sounds in animations: engine, tires 
Option of using animation sounds like engine noise, tire squeal, wind noise, etc. 

 
viii. Ease of importing car body geometry from CAD into animator 

Ease with which 3D geometry of the car body can be imported into animator while visualizing 
simulations 

 

GROUP: Maneuver definition & execution 

i. Interface for test automation: GUI-based, script-based 
Possibility to automate test control in order to perform a series of tests, either using GUI or using a 
script. Availability of GUI is advantageous. 

 
ii. External test control: MATLAB, C, VB 

Defining and running simulation by external control using scripts in MATLAB, C, Visual Basic, etc. 
 

iii. Define and trigger tests using results from previous test e.g. Sine-with-dwell test 
Possibility to use the results or conditions from one test to define and trigger a further test 

 
iv. Changing parameters during a run: e.g. mu, mass, PID settings (Kp, Ki, Kd) 

Possibility of tuning and modifying vehicle parameters during simulation either using the tool or other 
external tools like Simulink, C, etc. 

 
v. Carrying out special maneuvers, e.g. driving backwards, handbrake turning, parking assist, side-wind 

stability, etc. 
Scope of performing maneuvers having special requirements like side-wind gust, parking brake 
activation, backwards driving, etc. 
 

vi. Road definition: ease, level of detail, importing from external sources 
Process of defining road parameters and properties for use in simulation and animation: ease of 
definition, level of detail possible, possibility of importing from external sources, link road and vehicle 
to GPS tools 
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vii. Simulating traffic (vehicle, pedestrians, animals) during runs 
Possibility of simulating traffic objects like vehicles, pedestrians, animals, signs, etc. and also traffic 
scenarios like intersections, highway exits, railway crossings, etc. 

 
viii. Run control from road object e.g. road signs, speed bumps, etc. 

Ability to control simulation and maneuver parameters from traffic and road objects like road signs, 
speed bumps, traffic cameras, etc. 

 
ix. Computational time for simulation (slower, equal to or faster than real time) and option of choosing 

simulation speed 
Time taken to perform a simulation with respect to total event time and the option of choosing the 
speed at which simulation is performed 

 
GROUP: Miscellaneous 

i. Price 
Price of the overall tool 

 
ii. Cost of upgrade 

Cost of upgrading from older version to newer version 
 

iii. Additional price for full feature version 
Additional cost of upgrading from standard version to version with full features 

 
iv. Compatibility between versions (forward and backward) 

Compatibility between older and newer versions 
 

v. Availability of student license 
Easy availability and extent of the usage of the tool at partner universities 
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APPENDIX B 

Criteria list with scores ‐ CONFIDENTIAL 
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APPENDIX C 

Vehicle model validation – plots for additional parameters 
Plots for validation of CarMaker vehicle model 
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Plots for validation of CarSim vehicle model 
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Comparison of CarMaker and CarSim vehicle models 
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APPENDIX D 

Values used for the extended bicycle model 
 

Parameter  Value  Units 

12C   100000  N/rad  

34C   160000  N/rad  

zJ   2661.8  2kg×m  

b   1.572  m  

f   1.078  m  

m   1640  kg  

w   1.523  m  
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APPENDIX E 

Amplitude frequency responses for G
  and  bFG
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APPENDIX F 

Table for Lateral Displacement Gain values 

 

60 80 100 120 140 60 80 100 120 140 60 80 100 120 140

1 0.560 0.527 0.581 0.580 0.586 1.457 1.561 1.699 1.730 1.781 160.4% 196.3% 192.6% 198.5% 203.9%

1.5 1.247 1.169 1.182 1.186 1.190 0.935 3.865 4.179 4.355 4.469 ‐25.0% 230.6% 253.6% 267.2% 275.6%

2 2.257 2.027 1.990 2.036 2.031 1.461 1.564 6.678 7.415 7.728 ‐35.3% ‐22.8% 235.5% 264.1% 280.5%

2.5 3.850 3.523 3.504 3.434 3.403 2.138 1.892 1.991 2.142 12.063 ‐44.5% ‐46.3% ‐43.2% ‐37.6% 254.5%

3 5.541 5.109 4.991 4.827 4.735 5.554 2.382 2.183 2.488 2.515 0.2% ‐53.4% ‐56.3% ‐48.5% ‐46.9%

1 1.129 1.164 1.266 1.273 1.282 1.534 1.736 1.862 1.864 1.885 35.9% 49.0% 47.1% 46.4% 47.1%

1.5 3.057 3.329 3.502 4.015 4.426 2.860 3.765 4.214 4.401 4.524 ‐6.4% 13.1% 20.3% 9.6% 2.2%

2 7.693 8.308 8.504 8.637 8.658 3.676 6.503 7.529 8.120 8.364 ‐52.2% ‐21.7% ‐11.5% ‐6.0% ‐3.4%

2.5 11.684 12.619 13.077 13.285 13.441 5.031 11.119 11.608 12.307 12.706 ‐56.9% ‐11.9% ‐11.2% ‐7.4% ‐5.5%

3 15.650 17.019 17.403 17.155 17.484 8.825 15.309 15.773 17.217 17.082 ‐43.6% ‐10.0% ‐9.4% 0.4% ‐2.3%

1 1.790 1.908 2.004 1.971 1.985 1.497 1.844 1.980 1.973 1.984 ‐16.3% ‐3.4% ‐1.2% 0.1% ‐0.1%

1.5 4.736 4.795 4.861 4.761 4.754 2.794 3.715 4.227 4.392 4.491 ‐41.0% ‐22.5% ‐13.0% ‐7.8% ‐5.5%

2 7.413 7.623 7.711 7.539 7.545 4.180 7.157 8.270 8.573 8.792 ‐43.6% ‐6.1% 7.2% 13.7% 16.5%

2.5 10.451 10.876 10.933 10.708 11.006 7.783 11.734 12.319 12.935 13.177 ‐25.5% 7.9% 12.7% 20.8% 19.7%

3 14.619 15.386 15.783 15.890 16.244 15.187 15.919 15.384 15.908 16.481 3.9% 3.5% ‐2.5% 0.1% 1.5%

1 1.982 2.012 2.060 2.018 2.028 1.471 1.847 1.979 2.017 2.048 ‐25.8% ‐8.2% ‐3.9% 0.0% 1.0%

1.5 4.433 4.609 4.703 4.609 4.579 2.718 3.771 4.318 4.458 4.535 ‐38.7% ‐18.2% ‐8.2% ‐3.3% ‐1.0%

2 7.264 7.701 7.845 7.695 7.672 5.420 7.897 8.417 8.707 8.875 ‐25.4% 2.5% 7.3% 13.1% 15.7%

2.5 11.214 11.689 11.966 12.083 12.171 11.138 12.231 12.066 11.715 11.811 ‐0.7% 4.6% 0.8% ‐3.0% ‐3.0%

3 15.812 15.466 16.761 17.329 17.691 14.666 15.756 15.367 16.545 17.154 ‐7.3% 1.9% ‐8.3% ‐4.5% ‐3.0%

1 1.995 2.024 2.060 2.016 2.025 1.443 1.818 1.945 1.994 2.028 ‐27.7% ‐10.1% ‐5.6% ‐1.1% 0.1%

1.5 4.128 4.373 4.539 4.472 4.453 2.763 3.957 4.460 4.572 4.628 ‐33.1% ‐9.5% ‐1.7% 2.2% 3.9%

2 7.727 8.170 8.320 8.209 8.241 6.930 8.097 8.594 8.824 8.946 ‐10.3% ‐0.9% 3.3% 7.5% 8.6%

2.5 11.920 11.831 12.073 12.306 12.530 11.626 11.251 11.128 11.433 11.684 ‐2.5% ‐4.9% ‐7.8% ‐7.1% ‐6.8%

3 13.939 14.682 15.487 15.954 16.010 14.904 16.327 16.320 17.079 17.525 6.9% 11.2% 5.4% 7.1% 9.5%

5

6

7

Gain, %

Speed

Without CABS With CABS

Speed Speed

3

4

Amplitude

[Nm]

Time Period

[s]
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APPENDIX G 

Table for DeltaX values 

 

60 80 100 120 140 60 80 100 120 140 60 80 100 120 140

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

1.5 0.000 0.000 0.000 0.000 0.000 0.000 24.015 29.523 35.154 40.558 0.000    
2 25.649 36.493 0.000 62.028 71.763 0.000 0.000 31.705 37.076 42.790     
2.5 24.465 32.727 40.072 48.013 55.134 25.543 0.000 0.000 47.990 45.042 ‐1.079   0.023 

3 25.129 33.393 40.898 49.004 56.288 24.633 32.977 41.837 48.046 55.477 0.495 0.416 ‐0.939 0.958 0.811

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

1.5 18.533 24.452 29.606 35.505 41.020 17.934 22.528 27.920 33.265 39.036 0.599 1.924 1.686 2.241 1.984

2 19.004 25.338 30.992 37.184 43.340 18.559 23.590 29.010 34.830 40.527 0.445 1.748 1.982 2.354 2.813

2.5 20.025 26.695 32.678 38.889 45.317 19.415 24.644 30.336 36.116 42.023 0.610 2.050 2.342 2.773 3.294

3 20.911 27.863 34.114 40.923 47.306 20.374 25.739 31.919 37.406 43.519 0.537 2.125 2.196 3.517 3.787

1 0.000 0.000 27.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000

1.5 17.451 23.348 28.565 34.635 40.054 17.424 21.876 26.898 32.313 37.931 0.026 1.472 1.667 2.321 2.122

2 18.141 24.261 29.701 35.987 41.622 17.698 22.725 27.932 33.562 39.047 0.443 1.536 1.770 2.425 2.575

2.5 18.857 25.195 30.855 37.051 43.208 18.358 23.383 28.989 34.528 40.172 0.499 1.812 1.867 2.523 3.036

3 19.575 26.133 32.010 38.425 44.435 19.044 24.223 30.041 35.782 41.638 0.532 1.911 1.969 2.643 2.797

1 0.000 21.756 26.586 32.279 37.678 0.000 0.000 0.000 31.039 36.101 0.000   1.240 1.577

1.5 17.000 22.785 27.897 33.861 39.533 17.219 21.454 26.371 31.974 37.200 ‐0.219 1.331 1.526 1.887 2.333

2 17.555 23.702 29.031 34.907 40.740 17.040 22.088 27.383 32.907 38.291 0.515 1.614 1.648 2.000 2.450

2.5 18.250 24.423 29.917 35.953 41.949 17.683 22.726 28.173 33.569 39.395 0.567 1.697 1.745 2.384 2.553

3 18.804 25.141 30.801 36.999 43.156 18.332 23.368 28.973 34.518 40.161 0.472 1.774 1.828 2.480 2.994

1 0.000 21.606 26.444 32.140 37.540 0.000 0.000 0.000 0.000 36.438 0.000    1.103

1.5 16.638 22.309 27.557 33.164 38.725 16.901 21.060 26.103 31.359 36.823 ‐0.264 1.248 1.454 1.804 1.902

2 17.172 23.205 28.424 34.192 39.917 16.691 21.662 26.858 32.275 37.898 0.481 1.543 1.566 1.917 2.019

2.5 17.708 23.909 29.292 35.221 41.108 17.178 22.279 27.633 33.209 38.643 0.529 1.630 1.659 2.012 2.465

3 18.244 24.415 29.909 36.250 41.940 17.679 22.906 28.178 33.858 39.401 0.565 1.509 1.731 2.391 2.539

6

7

Gain [m]

Speed [km/h]

3

4

5

Amplitude

[Nm]

Time Period

[s]
Speed

Without CABS With CABS

Speed
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