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Abstract 
Volvo Buses AB operates on a global market selling products all over the world. To meet 
customer demands on different markets VBC (Volvo Bus Corporation) must have vehicles 
competitive in terms of cooping with different environmental demands, i.e. different road 
conditions. Their coaches, or tourist busses, are designed and built to be experienced as high 
quality and of course be comfortable to travel in, no matter the conditions. Comfort is a 
subjective experience for passengers, difficult to define and is often experienced as a 
verification of the quality. However, it originates from the dynamics of the bus which derives, 
among other things, from a vehicles suspension.  
 
In order to increase the comfort on their future coaches, Volvo wishes to use a new concept 
for their individual front suspensions. An individual suspension is standard on cars today but 
not on busses which often use rigid axles. An individual suspension provides superior comfort 
compared to rigid axles and is therefore the natural choice in coaches. Volvo is looking for a 
new concept regarding a new individual front suspension that is possible to use in their future 
coaches. The studied front suspension in this thesis is an suspension developed by Prevost Car 
Inc.. Prevost Car Inc. is a north American company, own by VBC. 
 
The objectives are to build a model, representing Prevost’s IFS, using MSC ADAMS/car  
and be able to analyze the suspension with the strive to improve the comfort, primarily in 
longitudinal direction. It is the accelerations of the bus chassis, especially in longitudinal 
direction, that decides whether a bus is experienced as comfortable or not. Therefore, several 
physical comfort tests on a bus with the correct IFS are performed in order to collect data 
regarding the acceleration values. This data is used to tune the ADAMS model and to 
replicate the roads on which the tests are performed. Furthermore, this enables the simulation 
model to be verified compared to the real IFS. The goal in this thesis is to, relative original 
model settings, decrease acceleration values in the chassis. 

®

 
Final simulations showed that the settings of bushing properties, regarding the lower control 
arms, plays a major role concerning the longitudinal stiffness. It is seen that if the bushing in 
the lower control arm is changed to a softer setting with increased damping the acceleration 
values can be lowered. Furthermore, with this setting, in combination with a changed 
geometry of the torque rod it is possible to decrease the acceleration values by as much as up 
to 17% relatively original model settings.  
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Sammanfattning 
Volvo bussar AB är ett bolag med en global marknadsnärvaro och säljer sina produkter över 
stora delar av världen. För att skapa sig marknadsfördelar på en global marknad krävs det att 
VBC (Volvo Bus Corporation) kan tillhandahålla en produkt som klarar av många olika typer 
av vägförhållanden. VBC´s turist bussar, så kallade coacher, är byggda för att erbjuda komfort 
oavsett vägförhållanden. Komfort är en subjektiv upplevelse, svår att definiera och komfort 
upplevs ofta som en mätning på ett fordons kvalité. En buss komfort härrör från fordonets 
dynamiska egenskaper och det i sin tur härrör inte minst från hjulupphängningen.  
 
För att förbättra sin komfort på deras framtida bussar så undersöker Volvo nya koncept för 
deras individuella framvagns upphängning. En sådan upphängning är standard på bilar idag 
men på bussar används främst stela framaxlar. Jämförelsevis med en stel axel erbjuder en  
individuell variant bättre komfort och är därför ett naturligt val för en framtida bussar. Den 
studerade individuella upphängningen i detta examensarbete är utvecklad av Prevost Car Inc. 
som är ett nord amerikanskt företag ägt av Volvo bussar AB.  
 
Målet med detta arbete är att bygga en modell i MSC ADAMS/car ®  som möjliggör att 
komforten kan studeras och förbättras. Primärt är att kunna förbättra den i longitudinell 
riktning. Det är accelerationsnivåerna i busschassiet som avgör om den upplevs som 
komfortabel eller ej. Därför är flera mätningar utförda på en buss innehållande den studerade 
upphängningen. Mätdatat används sedan för att återskapa den väg som testerna gjorts på för 
att kunna användas som indata till ADAMS modellen. Detta medför vidare att modellen kan 
verifieras mot den verkliga upphängningen. Målet med arbetet är att i slutändan sänka 
accelerationsnivåerna, relativt original inställningar, i modellen.  
 
Slutgiltiga simuleringar visar att bussningarna på den nedre kontrollarmen spelar en stor roll 
för den longitudinella styvheten. Att använda mjukare bussningar, med högre dämpning, visar 
att accelerationsnivåerna kan sänkas. Vidare visar slutgiltiga simuleringar att med denna 
inställning, i kombination med en förändrad orientering av momentstaget, möjliggör att 
accelerationsnivåerna kan sänkas med 17%.  
 

V  
 



 
 
 

  
 



 
 
 
 
Abbreviations 
 
IFS Induvidual Front Suspension 
LCA Lower control arm 
UCA Upper control arm 
PSD Power Spectra Density 
VBC Volvo Bus Corporation 
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1. INTRODUCTION 
 
 

1. Introduction 
This chapter contains a brief company presentation, the background and origin of this master 
thesis and its purpose. Furthermore, it also contains objectives, goals and project 
delimitations.  

1.1 Volvo Bus Corporation 
Volvo Bus Corporation (VAC) is one of six companies within the Volvo Group and is the 
world’s second largest bus manufacturer. Their busses are represented all over the world with 
their head quarter and technical centre in Göteborg, Sweden. The product range includes 
complete buses as well as chassis combined with a broad range of services. VBC has got a 
global presence, with production in Europe, North and South America and Asia. Volvo Group 
had a turn over in 2005 of approximately 200000 Mkr were Volvo Busses represent 6.3% 
which is about 13000 Mkr, Volvo Group [1].  

1.2 Background 
Due to a global presents Volvo buses experience a major difference in terms of road- and 
environmental- conditions resulting in different load cases. Their coaches, or tourist busses, 
are designed and built to be experienced as high quality and of course to be comfortable to 
travel in, no matter the conditions. Comfort is a subjective experience for passengers, difficult 
to define and is often experienced as a verification of the quality. However, it originates from 
the dynamics of the bus which derives, among other things, from a vehicle’s suspension.  
 
In order to increase the comfort on their future coaches, Volvo wishes to use a new concept 
for their individual front suspensions. An individual suspension is standard on cars today but 
not on busses which often use rigid axles. An individual suspension provides superior comfort 
compared to rigid axles and is therefore the natural choice in coaches. However, the front 
suspension used at Volvos current coach is not to satisfaction due to problems with a 
numerous of parameters. Therefore, Volvo is looking for new concepts for the IFS that are 
possible to use in their future coaches.  
 
In the process of developing a new IFS, Volvo evaluate several different existing concepts. 
One is an IFS developed by the North American company Prevost Car Inc. which is owned by 
Volvo. The IFS developed by Prevost is a promising concept but still, there are some 
parameters that need to be adjusted and optimized in order for Prevost’s IFS to be considered 
as the perfect concept that Volvo is looking for. Among several things to adjust before 
Prevost IFS is to satisfaction the most important parameter to improve is the comfort in 
vertical and longitudinal direction. Figure 1 represents Prevost IFS as it is designed today.  

3  



1. INTRODUCTION 
 
 

 
Figure 1. Prevost IFS as it is designed today.  

1.5 Objectives 
The objectives of this thesis work are to perform physical comfort analysis of Prevost’s IFS at 
specific test roads. Recording excitations provides data which is used as input to a theoretical 
dynamical model. The dynamical model is tuned until it represents the actual IFS that the 
physical tests are performed on. It is then possible to improve and in some way optimize the 
dynamical behaviour using an iterative analyse method.  

1.4 Purpose 
The purpose of this master thesis is to, in cooperation with Prevost, analyze, evaluate and 
improve their IFS. Furthermore, develop a new version of their IFS that will serve as a 
concept which verifies the advantages and strengths of this alternative. In the long run, a new 
successful coach with good comfort will strengthen Volvos position on a very competitive 
market where customer demands are high.   

1.4 Delimitations 
This thesis is concentrated on improving the comfort. The longitudinal stiffness is considered 
to be the most important parameter to adjust since it has a major affect on the comfort 
experience. Hence, the thesis work is focused on this parameter. Comfort is a subjective 
experience and difficult to define and improved comfort is, in this thesis, defined by 
improving the acceleration values as explained by Nielsen [8].  
 
Analysis and improvements are only done on the front suspension. However, consideration is 
taken to the rear axle due to effect it has on the front. In reality, the bus has got one drive axle 
and one tag axle. This is delimited into one single axle located between these two and are 
hereinafter referred to as the rear axle. The model consist of rigid links hence no flexibility in 
the body is analyzed. The IFS will not be analyzed during cornering only during straight line 
driving. Thus, no handling is studied. Only road related excitations will be used as input to the 
suspension. Therefore, excitation from driveline etc is not going to be analyzed.  
 
This master thesis is worth 30 ECTS credits which is why time is considered as a major 
delimitation. Finally, a total of three physical tests are performed on the IFS. However, it is 
only possible to analyze very short time signals in order to have reasonable analysis times and 
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therefore only two of these signals are analyzed. Still, the analysis exposes the suspension to 
excitations similar to all performed tests.   
 

1.5 Goals 
The goal is to build a reliable simulation model of Prevost’s IFS and improve the comfort by 
lowering the acceleration values in the chassis. The improvements are relative the original 
modelled suspension. By building a model that could be validated it is possible to make a 
statement concerning areas where improvements, in terms of comfort, are possible to be 
made.  
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2. Method 
This chapter describes the methods used during the different stages of this thesis work. It 
describes the phase of gathering primary data and physical tests. Furthermore, it contains a 
description of the method of modelling the IFS in ADAMS and the method of the analysis.  
Finally, it includes a section regarding the method used during developing project results.  

2.1 Gathering primary data 
Knowledge and information concerning the theory that lies as the foundation of this thesis is 
gathered through literature available at Volvo Busses. Documents and reports available 
through Volvos intranet is also used as source. Furthermore, conversations with experienced 
personnel at Volvo and Prevost are other valuable recourses.  

2.2 Tests 
The physical tests are performed on public roads close to Prevost´s manufacturing plant and 
the test data is collected using tri-axial accelerometers. The bus used during the tests is a 
Prevost X3-45. The signal collection is made using a signal analyzer, OROS – OR25, 
including a PC based interface. The OR25 instrument is designed to handle and perform 
multi-channel noise and vibration measurements. 

2.3 Modelling  
The dynamical analysis of the IFS are made using MSC ADAMS 2005 r2 which is a multi-
body simulation software that contains several different modules customized for different 
applications. The modules used in this thesis are both ADAMS/Car and ADAMS/View 
respectively. The car module is specialized in vehicles and this is where the IFS are built. It is 
made from a “double wishbone suspension” template. The IFS is redesigned in order to 
represent Prevost’s IFS by changing the coordinates. The geometrical coordinates of the 
original geometry is taken from a Catia-V5 model provided by Volvo Busses. Furthermore, 
technical data concerning features in the suspension such as bushings, air springs, shock 
absorbers etc. are taken from specifications provided by Prevost and their suppliers. Weights 
as well as moments of inertia for all parts and components are taken from the Catia-V5 model 
and by technical specifications provided by Prevost Car Inc.  

®

2.4 Analysis 
The recording of accelerations using OR25 with accompanying software generates a signal in 
.waw format. To be able to perform necessary signal analysis nSoft developed by nCode Inc. 
is used. However, in order to use the recorded signals in nSoft for further signal processing 
the waw-files needs to be converted into .dac format. The conversion from .waw- into .dac -
format is made using software developed by Volvo Buses. The dynamic simulations and 
analysis of the modelled IFS is done in ADAMS/View. Data exchange concerning measured 
signals, during physical tests, between nSoft and ADAMS is made using .dac -and .ascii- 
format. Finally, the model is validated by comparing the simulation results with the results 
from the physical tests. The chosen signals to use during analysis are the road bump and a 
signal that is a copy of the “highway 20” measurement.  

6  



2. METHOD 
 
 
2.5 Results  
Concerning the final development towards results a specific method is stated. The primarily 
focus is to investigate the influence of changing the bushing properties, in terms of damping 
and stiffness, within the IFS. As a secondary area of investigation, not to be considered less 
important, is what consequence geometrical changes have. A brief benchmarking is done in 
order to develop new geometries. Finally, different orientations concerning the bushings are 
stated as the last area of investigation. All simulations performed using manipulated settings 
are compared to one original setting acting as the measure of showing on relative 
improvement. All improvements are calculated as a percentage relative to original settings.  
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3. Theoretical framework 
This chapter contains a brief introduction to the theoretical framework which this thesis 
work is based on. The chapter includes some definitions used throughout the thesis 
work. It also contains a brief description of general vehicle dynamics and comfort. 
Finally, it includes a section of comfort measurements and a section concerning 
analysis in ADAMS.  

3.1 Definitions  
During straight line driving, cornering, braking and acceleration the buss is exposed to 
different movements. Roll typically occurs when the bus is turning or running through 
imperfections in the road that makes the bus roll toward one side. Pitch is typically 
experienced during braking and acceleration when bus tilts about its lateral axle. It also 
occurs when the bus is running through imperfections in the road. If the bus under or 
over steer it will rotate around its vertical axle which is known as yaw. These 
conventions and definitions are used throughout this thesis and are presented in figure 2.   

 
 
 
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 

X = Longitudinal 
Y = Lateral 
Z = Vertical 
 
θ   = Pitch 
ψ  = Yaw 
γ   = Roll 

ψ

Z

X

Y
θ

γ

 
 
Figure 2. Definition of vehicle movements and directions. 

3.1 General vehicle dynamics and comfort  
When a vehicle is travelling forward along a road it is exposed to disturbances from the 
road surface. In terms of comfort it is essential to isolate and absorb these disturbances 
from the passenger compartment. The goal for every vehicle is to allow the vehicle to 
ride undisturbed while travelling over rough roads. This is why every modern vehicle 
use advanced suspension systems. At its most basic level a vehicle and its suspension 
system could be described as a sprung mass attached to a suspension which in turn is 
connected to an unsprung mass. The tire which is in contact with the ground could be 
represented with a spring and a damper. Figure 3 illustrate a quarter car model that 
represent this description. Note that a tire does not only consist of a vertical system as 
the one represented in the figure below, it also contains a longitudinal damping and 
stiffness.  
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 M Sprung mass
 
 
 Suspension
 
 

m Unsprung mass  
 

Tire  
 Road
 
 

Figure 3. Quarter car model.  
 
A road disturbance implies a displacement of the tire and this movement acts as input to 
the suspension which basically is accelerations in different directions. A stiff suspension 
allows more excitations to travel into the frame and further into the passenger 
compartment. This is experienced, from a passenger point of view, as uncomfortable 
and often as a bad quality vehicle. Figure 4 describe the dynamical process during 
riding, Gillespie [2].  
 
 
 
 
 
 
 

Excitation sources: 
-Road roughness 
-Engine 
-Drive line 

Vehicle dynamic 
response Vibrations 

 
 

Ride perception 

Figure 4. The dynamical process during ride.  
 
There are numerous different types of suspensions used at vehicles today. Within the 
automobile industry it is the individual suspensions that are most common. At busses 
today it is most common to use rigid axles which mean that both wheels are connected 
through one single rigid axle. This is a rather unsophisticated system where disturbances 
on one wheel are transferred through the rigid axle to the other. However, individual 
suspensions are used in buses too but are most commonly found in more advanced and 
exclusive buses. In an individual suspension are both wheels using separate suspension 
system and it is quite easy to realize that a suspension like this contribute to better 
comfort compared to rigid axles. Figure 5 represents Prevost IFS with some of its 
components. However a wrong designed individual suspension can have less comfort 
compared to rigid suspension.  
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 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Prevost IFS with some of its basic components. .   

3.2 Measuring comfort 
As described in previous section it is the acceleration, in different directions, that is 
experienced in a passenger point of view as a measure of the comfort. By attaching 
accelerometers in specific places it is possible to measure the magnitude of acceleration. 
A typical way of measuring the comfort characteristics of a bus and its suspension is to 
place an accelerometer close to the wheel centre which acts as the input signal and 
another in the vehicle body which is the output signal. By analysing the input compared 
to the output signal it is possible to identify the transferred excitations from the road 
through the suspension and further into the vehicle body. Furthermore, it is then 
possible to identify how much acceleration that is absorbed by dampers, air springs and 
bushings etc. Notice should be taken that the above mentioned input signal is actually 
not the road input since there is a tire in between. The tire it self has both stiffness and a 
damping since it is made of rubber.  

3.3 Signal processing 
A recorded signal, as described above, contains a very broad spectrum of frequencies 
and need to be manipulated depending on which frequencies one are looking for. Since 
this thesis handle comfort, the typical range of interesting frequencies is between zero 
up to 25 Hz. This interval is classified as ride induced frequencies and in terms of 
comfort, these are commonly considered to be frequencies that human beings are most 
sensitive to, Gillespie [2]. Higher frequencies originate from acceleration peaks with 
rather small motions which are not interesting in this project and are filtered away using 
high pass filters. In order to be able to study velocity and displacements the acceleration 
signals need to be integrated. However, this must be done in a certain way. Otherwise, 
the signal would increase with time and would not represent a harmonic behaviour, 
VBC [4]. It is therefore a necessity to perform signal processing.  

1. Air bellow 
2. Upper control arm 
3. King post 
4. Lower control arm 
5. Shock absorber 

 

1 

3 

4 

5 
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3.4 ADAMS simulations  
Using simulation software enables repeatedly analysis and it is possible to test different 
setups by easily changing the simulation model. ADAMS is short for “Automatic 
Dynamical Analysis of Mechanical Systems” and is a multi-body simulation tool that 
contains numerous possibilities within dynamics.  
 
Building a model in ADAMS/Car is made by using the predefined templates available 
in ADAMS. By simply changing the templates so called hardpoints it is easy to redesign 
the template until it represent the accurate geometry. The hardpoints are basically the 
geometries coordinates located in key positions. Next step is to create subsystems which 
are based on the templates. Creating subsystems lets the user defines whether, for 
example, a suspension belongs to the front or the rear of a vehicle.  This is convenient if 
a template should be used at more then one place in a vehicle. At this stage the different 
features property files are accessible and the user could customize the behaviour and 
characteristics of shock absorbers, air springs, torsion bar and so on. As it is possible to 
change the hardpoints at template level it is also possible in subsystem level. This very 
convenient since it allows different version of subsystems based on the same template to 
be used. Simulation of a model is done by assembling subsystems. At assembly level 
hardpoints and property file modifications are also possible. Figure 6 describe an 
example of the procedure of modelling in ADAMS.  
 

Anti roll bar Chassis Front suspension 

Anti roll bar Chassis IFS -
ver 1 

Entire model Assemblies 

Subsystems 

Templates 

IFS -
Ver2 

 
Figure 6. Schematic example of ADAMS modelling. 
 
Running a simulation could be done in several different ways. One way is to perform a 
complete vehicle analysis which means that a complete vehicle is assembled. The 
complete vehicle could be analyzed during ride where the virtual road is data imported 
from a file and used as road input. This file could be measured values taken from 
physical tests. Another type of simulation is a suspension analyse where only a 
suspension is assembled and simulated. The input is generated from a test rig which is 
automatically connected to the suspension during assembling. Unfortunately, these 
simulations only allow vertical excitations. Finally, simulations without using 
predefined test rigs are possible but require a user built test rig. One way of solving this 
is to create a generic assembly in the car module which could be analyzed without using 
a test rig.  
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4. Analysis of original suspension 
This chapter describes the analysis of the original suspension used at Prevost and the 
physical tests made on it. It also contains a description of the recorded signals used to 
both tune the model with and the one used during simulations.  

4.1 Prevost individual front suspension 
Prevost Car Inc. develops and manufactures buses to the North American market. The 
IFS studied in this thesis is developed by Prevost Car Inc. and is primarily found in their 
coaches and “motorhomes”. Figure 7 represent Prevost motorhome H3-45 VIP.  
 

 
Figure 7. Prevost H3-45 VIP with its” slide-out’s” out.  
 
There are several parameters that make Prevost IFS an alternative in the future Volvo 
coach. It has been in production and in use for about three years today and therefore its 
weaknesses has been identified which is a great advantage compared to other relative 
unknown concepts. Furthermore, Prevost’s IFS has got recognized good handling 
characteristics. Unfortunately, this implies that the comfort forgoes a bit since it is 
difficult to achieve both. However, the suspension is considered to be an alternative in 
the future Volvo coach but comfort must be improved. Figure 8 and 9 represent the IFS 
in two different views and figure 10 describe a comparison between Prevost- and 
Volvo’s current -IFS. 
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Figure 8. Prevost IFS front view.  Figure 9. Prevost IFS top view.  
 
 
 
 
 

 
Figure 10. Comparison between basic parts in the IFS used today in Volvo coaches (Left) and in 
Prevost’s (Right).  
 
Regarding the comfort, the suspension is considered to be rather stiff since it is 
developed with the scope of premier the handling characteristics. Comparing these two 
suspensions above it is seen that Prevost IFS have positioned both shock absorber and 
air bellow holdings directly at the king post. As a consequence, the kingpost handle all 
loads originating from these features. Furthermore, it contains a torque rod which is 
supposed to constrain vertical rotation, of the kingpost, caused by longitudinal forces. 
Since the scope of this thesis is to investigate the longitudinal stiffness, this rod, and its 
orientation, represents a very interesting feature in the suspension. In Volvo’s IFS it is 
triangular bearings that take this torque.  
 
Other differences compared to Volvo’s current IFS are that Prevost’s version has its air 
springs positioned wider apart and imply increased roll stiffness. Furthermore, another 
interesting characteristic is that the distance between upper and lower control arms is 
greater than on Volvos current IFS. This has primary advantages within handling and 
tire wear.  

Air spring holding 

Shock absorber holding 

Torque rod 
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4.2 Test setup 
In order to collect data several accelerometers are mounted onto the test vehicle. The 
setup is illustrated in figure 11 and figure 12.  
 

 
 
 
 
 
 
 
 
 
 

Figure 11. Front view of test setup.          Figure 12. Side view of test setup.   
 
Accelerometer number one is positioned at the spindle and number two on the body 
frame. The purpose of this setup is to record an input signal (position one) from the road 
imperfections and one output signal (position two) which is the body response. The 
measurement setup is identical on both sides of the vehicle and is further described in 
figure 13.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Position two, on top 
of air bellow. 

Position one, on the kingpost as 
close as possible to the spindle.  

Figure 13. Test setup in order to collect acceleration data using tri-axial accelerometers .   
 
Concerning ADAMS simulations, it is often preferable to use the road profile as the 
input signal to the IFS. However, the fact that there is a tire present during the physical 
tests means that the recorded movement of the spindle is not the actual road profile. The 
signal at the spindle is dependent of the suspension system connected to the body as 
well as dependent of the output signal from the tire which has an input from the road 
profile and a transfer function in between. Hence, the road profile is still unknown and 
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the signal recorded at the spindle can not be used during final simulations as road input. 
This problem is described later on in the report. Two additional measures is taken but 
not represented in figure 11 and 12. These are strain measurement measured at the 
lower control arm and the torque rod. Unfortunately, due to time delimitations these two 
additional strain measurements are not further analyzed.  

4.3 Tests  
A total of three tests are done, the first one is a typical bad country road which offers 
everything from decimetre deep potholes to decimetre high bumps created by frost 
damage. It exposes the bus for a very broad spectrum of severities. Unfortunately, as 
described in among the delimitations, this signal is not used during simulations. The 
other road is a highway which contains transversal cracks across the road. The cracks 
are not very big but they occur continuously along the way and expose both left and 
right tire for a small excitation at the same time and is experienced as rather annoying 
and uncomfortable inside the bus. The test is done using a constant velocity of 100 km/h 
and is from hereon called the Highway 20 test and signal respectively. The final test is 
done in order to have a signal to tune the simulation model with and is from hereinafter 
referred to as the Tuning signal. Data and information regarding the test bus is found in 
appendix 1 and properties of components are found in appendix 2.  
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4.3.1 Tuning signal 
The purpose of this signal is to use it as a signal to tune the ADAMS model with in 
order to ensure that it represents a valid model. This is done by running over a single 
bump which means that signals from a known road input are created. Every 
accelerometer is measuring longitudinal and vertical accelerations respectively. The 
road bumps are shown in figure 14 and 15. The test is done using a constant velocity of 
40 km/h.  
 

  
 
 
 
 
 
 
 
 
 

Figure 14. The bumps used to record the tuning signal. Figure 15. Road bump. 
 
In order to have valid and scientifically correct signals they have to be manipulated 
through signal processing. First of all, the recorded signals contain the contribution 
from the rear axles due to the induced pitch movement when running over the bump. By 
cutting the signals just after the front tires has passed, a signal containing only the 
contribution from the front suspension is created. Furthermore, the recorded signal 
contains several other behaviours, some of interest and some not. They are therefore 
processed using filters according to appendix 3 with the aim of differentiating wanted 
from unwanted frequencies. The acceleration signals are transferred through integration 
into displacements in order to be able to study the magnitude of displacements within 
the suspension and chassis. Due to low frequencies, between 0 to 2 Hz, present in the 
time signals the signal tends to leave the zero mean value when integrated into velocity 
or displacement. This phenomenon is an unwanted behaviour and needs to be prevented 
in order to gain an accurate input for the ADAMS simulation at a later stage.  
 
Considering the two time integrated signals, representing the time depending 
displacement, other frequencies needs to be subtracted to achieve a preferable final 
signal. Following frequencies need to be subtracted, both longitudinal and vertical 
respectively: 
 

• Frequencies related to the Eigen frequency of the body. Approximately 0-6 Hz, 
Landeback [6]. 

• Frequencies not induced by the characteristics of the test track, e.g. braking. 
• Frequencies considered being white noise or other high frequencies vibrations. 

Approximately 25-∞, Landeback [6]. 
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4.3.2 Highway 20 signal 
In order to study the suspension and compare it to this test this signal has to be modified 
due to delimitations described in the introduction. A signal that has got the same effect 
on the suspension, as the real highway 20, signal is approximated. The created signal 
contains only a longitudinal input to the suspension represented by a force applied in a 
very short period of time. This represent a very sudden longitudinal impact as the real 
highway 20 exposed the suspension to. However, it should be noticed that this signal is 
approximated to represent the measured highway 20 signal. A description of this signal 
is found in appendix 4.  
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5 ADAMS modelling 
This chapter describes the procedure of creating the ADAMS model used in order to find 
improvements. It contains the approach used to build it and also the actual procedure of 
modelling the IFS in ADAMS. Furthermore, it describe the process of tuning the model and 
finding a representative tire model in order to be able to perform complete simulations.  

5.1 Approach 
By building a model, using ADAMS, and apply input signals which correspond to the 
measured signals during physical test it is possible to simulate the model with correct input. 
Furthermore, by comparing the two output signals, one from the ADAMS model and the other 
from the physical tests, it is possible to tune the model. Using this approach permit the model 
to be tuned until it represents a valid model. The actual input signal during this phase is the 
measured signals from the spindle. Hence, at this stage no road profile is necessary. Due to 
the fact that the road profile is not known, it is not valid as an input signal for the complete 
model. This is due to the dependency of the entire suspension system. However, it is valid as 
an input signal during tuning where the IFS are simulated without tires.  
 
The model is built using a customized approach since, as described in the theory chapter, 
simulating only the front suspension implies that a test rig needs to be modelled. Due to this 
no standard tests available in ADAMS/Car are used. For example, the model is not simulated 
with a velocity forward as it has during physical tests. As a consequence of this the input 
signal, during tuning, can not be just a vertical signal. Both longitudinal and vertical signals 
need to be applied in order to gain realistic responses. The final step is to identify a tire model 
which could be used in order for the model to represent the entire IFS. Having a reliable 
suspension model, including tires, means that it could be used over and over again while 
analysing different feature setups in the suspension. However, to get to this point a model 
which corresponds both geometrically and characteristically must be found.  

5.2 Suspension model 
Since the objectives in this thesis are to analyze the front suspension and not the entire vehicle 
the ADAMS model is built from only a front suspension template. It is built by changing the 
templates hard points. Furthermore, there are parts that need to be added in order to be able to 
have a valid and reliable model. Figure 16 represent a theoretical description of the complete 
model.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. Theoretical 2D representation of the ADAMS model.  
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Additional subsystem added into the model assembly is an anti-roll bar and a chassi. As 
mentioned among the delimitations the rear axles are considered, and modelled, as one single 
axle. Settings of the models features and components are found in appendix 2. 
 
The model needs to be constrained in order to get a realistic behaviour. Therefore, a total of 
five constraining components which contain different joints are created and applied using 
written macros. The locations where the components are added are two on each spindle and 
one at the modelled rear axle. Figure 17 describes the constraining components applied at 
right and left spindle as well as rear constraining component.  

 
 

 
 
Figure 17. ADAMS model including constraining components.  
 
All constraining components need to be designed in a way that provides the suspension with 
the correct characteristics corresponding to the real characteristics of the Prevost IFS. Some 
degrees of freedom need to be constrained and some needs to be held free to create a correct 
behaviour of the entire system. The number of degrees of freedom is reduced using joints with 
different characteristics or joint motions applied in joints. The constraining component used 
to apply motion as well as acting as ground contact for the front suspension is schematically 
modelled below in figure 18. They are symmetrically applied on each side of the front 
suspension right and left spindle.  
 

 

Representation of chassis. 

Front constraining component. Longitudinal and vertical. 

Representation of rear axle, also 
known as rear constraining 
component. 

19  



5. ADAMS MODELLING 
 

 
 

Vertical component Longitudinal component 

Part: Chassis Part: Chassis 

 
 
Figure 18. Schematic description of vertical and longitudinal constraining components on front suspension. 
 
As for the rear constraining component, no motions need to be induced. The rear component 
needs to carry the same characteristics as the drive and tag axle assembly including shock 
absorbers and springs. The chassis needs to be able to roll and pitch as well as translating 
freely vertically and longitudinally. To fulfil these demands a combination of springs, joints 
and dampers is designed and placed in the position of the rear axle providing the ADAMS 
model with the correct behaviour of the physical bus. The schematic description in figure 19 
and 20 represents the rear constraining component.  
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Figure 19. Schematic description of rear constraining  Figure 20. Rear constraining component  
component.  
 
The revolute joint in combination with the freely suspended chassis gives the model a natural 
pitch motion. The torsion spring can be adjusted with both stiffness- and damping- coefficient 
and provides a good representation of the roll reaction force caused by the left and right rear 
suspension. The vertical spring and damper system is located between part 2 and ground 
provides the model with the vertical component of the rear suspension, combined into one 
component in one location. The spring and damper system is given characteristics calculated 
from the properties of the components present in the rear axle assembly. The cylindrical joint 
located between part 1 and 2 is placed at the roll centre height giving the model a natural roll. 
All together, the design of the ADAMS model together with the correct settings and 
properties allows the model to roll, pitch and translate in all directions. 
 
The properties of features included in the model such as bushings, shock absorbers, air 
springs etc. are set to product specifications or from manual tests. Furthermore, all physically 
and geometrically related data such as moment of inertia, masses and centre of gravity is 
manually entered into every major part or assembly in the ADAMS model. Setting of all 
included parts and component properties could be found in appendix 1 and appendix 2 
respectively.  

5.3 Tuning 
As described in the introduction of this chapter the model needs to be tuned to ensure that the 
model is correctly designed and that all settings are correct. The tuning process is considered 
to be successful when the ADAMS model has got the same behaviour as the real physical 
IFS. It is done by using known vertical and longitudinal acceleration signals recorded during 
tests at Prevost Car. The recorded signals are used as input signal for the model and as 
comparable response signals. The input signals are the vertical and longitudinal measured 
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signals described in section Tuning signal. Furthermore, they are manipulated according to 
the same section and are applied as splines representing displacement versus time. The total 
time signal is approximately 0.8 seconds and this is the time it takes to pass the speed bump at 
40 km/h. The input signals are found in appendix 4. 
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5.3.1 Tuned model 
The tuning of the ADAMS model is performed by applying the input signals seen above on 
the right and left spindle in the model. This forces the spindle to accelerate and causing the 
entire suspension, including the chassis, to move and rotate in all directions. The behaviour of 
the chassis is compared to the response signals recorded during the physical tests. The 
objective is to, as far as possible, tune the model without performing any changes to the 
predefined settings such as the stiffness of a bushing. Instead, redesign of added constraining 
components is performed as far as possible to get as close as possible to the correct behaviour 
of the suspension modelled. Figure 21 and 22 represent the body response signals compared 
to the corresponding measured signal. 
 

Figure 21. Vertical displacement as a function of time were “Chassi, Vertical ADAMS” represent the body 
response from the ADAMS model, p08006 and p08008 is body responses, left and right side, measured during 
physical tests  
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Figure 22. Longitudinal displacement as a function of time were “Chassi, Longitudinal, ADAMS” represent the 
body response from the ADAMS model, p08006 and p08008 is body responses, left and right side, measured 
during physical tests.  
 
The vertical response signal generated from the ADAMS simulations do correspond to 
response signals recorded during tests. It has got the same number of peaks over the time 
period of 0.8 seconds as shown in figure 21. The signal is about 90 degrees out of phase 
towards the end of the 0.8 seconds. The out of phase behaviour can also be noticed for the 
longitudinal response signal in figure 22 and can therefore be considered to be treated as a 
consistent phenomena sprung from errors not possible to identify in this project. The 
magnitude for the vertical response signal do not totally correspond to the initial magnitude of 
the response signals recorded during tests. But still they show a realistic damping effect and 
are considered to be valid to give an indication of the relative improvement of the suspension 
in coming simulations. 
 
The longitudinal behaviour of the response signals recorded during tests is not as harmonic as 
for the vertical response. But still it is possible to identify a phase in the recorded test signals. 
The phase difference is as already mentioned as to be the same for the longitudinal and 
vertical response signals if compared with the response from ADAMS simulations. The 
magnitude tends to be both larger and smaller than the recorded response signals over time 
but shows on a realistic damping effect. The response signal generated from the ADAMS 
simulations is considered to be valid to give an indication of the relative improvement of the 
suspension in coming simulations with the aim of improving the longitudinal damping of the 
entire IFS. 
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5.4 Tire  
As mentioned earlier, motions measured on the spindle can not directly, without any major 
transformations, be applied directly on the spindle in simulations due to the dependency of the 
entire system, Nielsen [9]. This approach is only valid during tuning. Furthermore, to be able 
to perform simulations of a full suspension model, and compare different settings, a tire 
model must be found.  
 
When performing physical comfort tests it is often wanted to identify the road profile on 
which the tests are done. Having a defined road profile in terms of numerical data it is 
possible to use this in simulations. However, since the motions recorded during tests describe 
the longitudinal and vertical motion of the spindle they can not be directly translated into a 
road profile. What needs to be done is to identify the tire transfer function. In that way, it is 
possible, by knowing the motion of the spindle, to identify the road profile. However, the 
characteristics of a tire are not easily defined. Using today’s existing methods it is possible to 
create a fairly accurate description of the tire as a transfer function between the road profile, 
as input, and spindle movement, as output, in vertical direction. However, a tire also consists 
of a longitudinal stiffness and damping which affect the whole suspension system, Gillespie 
[2]. The longitudinal characteristics and its transfer function are not defined in any known 
methods suitable for this project. In order to solve this and be able to perform simulations to 
meet the project objectives two different methods is developed.  
 

• Using a pre defined tire available in ADAMS and modify its properties 
• Separately applied vertical and longitudinal motions using customized tire model. 

 
The two approaches have got the same objective of creating a correct input for simulations 
and evaluation of ADAMS model. Unfortunately, due to limitation within ADAMS the first 
method fails since it is not possible to perform these kinds of simulations without having a 
complete vehicle model. Hence, the second approach is chosen.  
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5.4.1 Tire model 
The chosen approach concerning the tire model is building a tire represented by a vertical and 
a longitudinal spring/damper system. Figure 23 schematically represent the tire model. 

 
Figure 23. Schematically representation of the tire model. 
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As seen in figure 23 above there are four parameters that need to be set. These are both 
stiffness and damping in vertical and longitudinal direction respectively. Unfortunately, only 
three of these are known hence a trial and error method is used. All tire settings could be 
found in appendix 2. By applying motions in both systems and comparing the output in the 
spindle with the measured signals in the spindle during physical tests a fairly accurate model 
is created. Figure 24 represent the tire model in ADAMS.  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 24. Description of ADAMS tire model (right side) with the longitudinal and vertical components.  
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In terms of modelling, the tire model could be considered as another constraining component. 
Figure 25 below describe the complete front constraining components including the tire.  
 
 

Figure 25. Schematic representation of front longitudinal constraining component including tire model 
component. 
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The road obstacles, generating the suspension to move, is applied in the translational joint 
connecting part2 and part3, see figure 25 above. For the vertical component of the tire model, 
the input signal is more or less corresponding to the signature of the speed bump described 
earlier. This is shown in figure 26 below. The longitudinal input signal is more complex to 
describe since there is no such thing as a longitudinal road profile. The longitudinal input 
signal for the tire model is approximated to be a sudden force representing the impact of the 
speed bump, see figure 27 below. The weight of the actual tire is applied on part 2 to create a 
realistic behaviour of the tire model. Modelling and settings of the tire is discussed later in the 
report.  
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Figure 26. Vertical input signal, representing the road bump, on tire model. 
 

 
Figure 27. Longitudinal input signal, representing the road bump, on tire model. 
 
As mentioned earlier, the final settings of the tire model developed in this project are a result 
of predefined data in combination with data developed from the tuning process of the tire 
model input signal. The final setting as well as final design of the complete tire model is made 
with focus on creating a complete suspension model useful for showing the relative 
improvement, i.e. improvement of the IFS. The behaviour of the final tire model is described 
below in figure 28 and 29. It represents the vertical behaviour of the spindle in comparison to 
the recorded response signal from physical tests. The behaviour of the results gained from 
ADAMS simulation using the new tire model correlates very well regarding amplitude and is 
fairly accurate concerning phase. As during tuning, the same input signal is used during 
verification of tire model.  
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Figure 28. Vertical displacement of spindle as a function of time. Solid line represent measured signal from 
physical tests and the dashed line represent ADAMS simulations. 
 

Figure 29. Vertical displacement of chassis as a function of time. The dash-dot line represent measured signal 
from physical tests and the dashed line represent ADAMS simulations. 
 
As seen in figure 29 above, the vertical displacement of the chassis shows on a similar 
behaviour to the response from the tuning of the ADAMS model. The over all vertical 
behaviour of the final ADAMS model including the final tire model is to satisfaction and is 
considered be useful in showing on relative improvements. Concerning the longitudinal 
characteristics it is more difficult to analyze. Figure 30 and 31 represent the longitudinal 
behaviours.  
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The impact of the speed bump. 

Figure 30. Longitudinal displacement of spindle as a function of time. Solid line represent measured signal from 
physical tests and the dashed line represent ADAMS simulations.  
 
Figure 30 above shows the longitudinal behaviour of the spindle. It can be noted that the 
signal only correlates with the response signal during approximately the first 0.2 sec. Due to 
the complexity of describing the longitudinal influence of the road, the simulation is 
concentrated on the first and sudden impact of the speed bump, see areas marked with a circle 
in both figure 30 and figure 31 below.  
 

The impact of the speed bump. 

 
Figure 31. Longitudinal displacement of spindle as a function of time. Solid line represent measured signal from 
physical tests and the dashed line represent ADAMS simulations. 
 
Delimitations are set to only use and investigate the first and sudden impact of the speed 
bump as marked in the figures above. Still it gives the most important information of the 
longitudinal behaviour of the entire ADAMS model including tire model.  
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In order to verify both tire and suspension model an additional verification is made. A 
complete description of this verification is found in appendix 4. The verification clearly 
shows on similarity in tendencies, and behaviour, between the physical test and ADAMS 
simulations. With both a tuned suspension and tire model respectively, which also are 
verified, a reliable simulation model is created. The final front suspension model, except rear 
model components, is represented in figure 32 below.  
 
 
 

 
 
 
 
 

 
Figure 32. Complete front suspension model including tire model. 
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6. Results  
This chapter contains the summarized results gained during final analysis. First out is an 
description of the approach used during final analysis followed by sections describing the 
results from different settings. As described among the delimitations, and in the method 
chapter, only two signals from the tests are used during simulations.  

6.1 Bushing settings 
All bushings connecting the major components of the suspension to the chassis is tested and 
simulated. These are torque rod bushings as well as LCA- and UCA-bushings. A combination 
of upper and lower control arm is also simulated. Complete documentation of all tests is 
represented in appendix 6.  
 
The results represented below in figure 33 and 34 are created using four different bushing 
settings. The three first settings represent three levels of reduced stiffness in bushings in 
comparison to the original setting. Setting1 represent 80 percent, Setting2 60 percent and 
Setting3 40 percent of original stiffness in original setting. Setting4 equals Setting3 but has 
got increased damping coefficient. All simulations are done using the road bump as input 
signal.  
 
The lowest acceleration, equal the biggest relative improvement is gained by lowering the 
stiffness and increasing the damping coefficient of the lower control arm bushings. Figure 33 
and 34 shows the results from simulations of the lower control arm bushing.  
 

 
Figure 33. Results from different bushing settings of LCA bushings. Longitudinal acceleration of chassis. 
 
Figure 33 shows a slight improvement of the longitudinal acceleration of the chassis. 
Enlargement of the first impact of the speed pump marked above provides a better picture of 
the improvement and is represented in figure 34 below.  
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Figure 34. Detailed description of marked area in figure 33. Longitudinal acceleration of chassis. 
 
Table 1. Settings and results  of different bushing settings on LCA. 
Describtion Stiffness Damping coeff. Peak value [mm/s^2] Relative improvement
Original setting 100% 100% 733,3 0,0%
Setting1 80% 100% 722,8 1,4%
Setting2 60% 100% 703,0 4,1%
Setting3 40% 100% 671,9 8,4%
Setting4 40% 200% 617,1 15,8%
 
Table 1 shows a consistent improvement in acceleration levels when choosing softer bushings 
for the LCA joints. The acceleration is decreased with 8.4 percent using the bushing having 
40 percent of the original stiffness, Setting3. Furthermore, an increased damping coefficient is 
concluded to give a positive contribution to the longitudinal behaviour of the chassis. As seen 
in figure 34 and table 1, by increasing the damping coefficient with 100% the acceleration 
level can be reduced by a total of 15.8 %.   

6.2 Geometrical changes 
Geometrical changes are the second area of interest. Following section contain results from 
different geometrical setups combined with different bushing settings. All simulations are 
done using the road bump as input. 

6.2.1 Lower control arm 
From previous results it is clear that it is the lower control arms that are of interest. A brief 
benchmarking regarding different comfort solutions also show that it is this feature, in the 
suspension, that affect the longitudinal comfort significantly. Figure 35 and 36 show the 
different geometries that are used during simulations. The results from these design changes 
are presented in figure 37 and 38. 
 
 
 
 

33  



6. RESULTS 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35. Top view of LCA original setting.                          Figure 36. Top view of LCA Setting3. 
 

 
Figure 37. Results from different geometrical settings of LCA bushings. Longitudinal acceleration of chassis. 
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Figure 38. Detailed description of marked area in figure 37. Longitudinal acceleration of chassis. 
 
Table 2 shows the negative contribution from the geometrical changes of the LCA. Pictures of 
all settings from one to four can be found in Appendix Results.  
 
Table 2. Settings and results of different geometry settings on LCA. 
Describtion Peak value [mm/s^2] Relative improvement
Original setting 733,3 0,0%
Setting1 793,0 -8,1%
Setting2 870,0 -18,6%
Setting3 880,0 -20,0%
Setting4 916,0 -24,9%  
 
Further investigation is made to see if there are any existing synergy effects when combining 
a bushing setup with certain geometry of the LCA. Design changes made to the LCA like the 
ones pictured in Figure 35 and 36 are often done in combination with different bushing 
settings, Nielsen [9]. This is done in order to maintain lateral stiffness due to a new bushing 
setup. Results from simulations shows on a negative contribution in terms of increased 
accelerations in the chassis when combining the geometrical changes. For a complete 
coverage of the simulations and its results, see appendix 6.  
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6.2.1 Torque rod 
Changing the torque rods orientation as shown in Figure 39, 40, 41 and 42 below generates 
results as shown in figure 43 and 44. All simulations are done using the road bump as input. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 39. Top view original setting of torque rod Figure 40. Top view of torque rod Setting1. 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 41. Top view of torque rod Setting2. Figure 42. Top view of torque rod Setting3.  
 
 

 
Figure 43.  Results from different geometrical settings of Torque rod. Longitudinal acceleration of chassis. 
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Figure 44. Detailed description of marked area in Figure 43. Longitudinal acceleration of chassis. 
 
The results from the simulations presented in figure 44 above shows on a positive 
contribution in form of lover accelerations in the chassis for setting1 and 2 in comparison to 
the original setting. Setting2 contribute to 1.7 percent decreased accelerations. It is easily seen 
that the torque rod has got its optimal position when mounted in the lateral direction as shown 
in figure 41. 

6.2.3 Shock absorber 
Changing the shock absorber orientation as shown in figure 45 and 46 generates results as 
shown in figure 47. Simulations are done using the road bump as input. 
 

Figure 45. Top view of shock absorber Setting1. Figure 46. Top view of shock absorber 
Setting2.   
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Figure 47. Results from different geometrical settings of Dampers. Longitudinal acceleration of chassis. 
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Figure 48. Detailed description of marked area in figure 47. Longitudinal acceleration of chassis. 
 
Figure 47 shows on a minor improvement for Setting2 in comparison to the original setting.  
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6.3 Bushing orientation 
The final results analyzed are different orientations of bushings belonging to the LCA. Figure 
49 describe the original orientation and figure 50 and 51 represent the two analyzed settings. 
Simulations are done using the road bump as input and the results are presented in figure 52 
and 53. 

Figure 49. Original orientation.  Figure 50. Orientation setting1.  Figure 51. Orientation setting2 
 

 
Figure 52. Results from different geometrical settings of Bushings. Longitudinal acceleration of chassis. 
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Figure 53. Detailed description of marked area in figure 52. Longitudinal acceleration of chassis. 
 
Figure 52 and 53 shows on no improvement in the longitudinal behaviour of the chassis when 
changing the orientation of the bushings.  

6.4 Conclusive combination  
A final combination is designed by using all the conclusions from the tests described in 
previous sections. The final setting and design of the IFS includes the following changes from 
the original setting: 
 

• Change nr.1: Decreased stiffness of LCA bushings. 
• Change nr.2: Increased damping coefficient of LCA bushing. 
• Change nr.3: Torque rod set in a lateral direction. 

 
The geometry of the conclusive combination correlates with the geometry in figure 41. The 
results from simulations of the conclusive combination are presented in figure 19 and 20 
below. 
 

Original Setting 

Setting1
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Figure 54. Results from simulation of the conclusive combination of the IFS using speed bump input signal. 
Longitudinal acceleration of chassis. 
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Figure 55. Detailed description of marked area in figure 54. Longitudinal acceleration of chassis. 
 
Figure 55 shows a significant improvement of the acceleration. The conclusive and final 
setting of the parameters in the IFS results in a relative improvement of 16.5 percent 
compared to the original setting and design of the IFS. 
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6.5 Sudden impact  
This analysis is an additional simulation which represents the tests made on highway 20 
described earlier. The longitudinal input signal for highway 20 is, in comparison to the speed 
bump signal, much more sudden and holds larger amplitude and causes much higher 
acceleration levels in chassis. The Highway 20 signal generates no vertical input. The results 
are presented in figure 56 and 57. 
 

 
Figure 56. Results from simulation of the conclusive combination of the IFS using speed bump input signal. 
Longitudinal acceleration of chassis. 
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Figure 57. Detailed description of marked area in figure 56. Longitudinal acceleration of chassis. 
 
Figure 57 shows on a reduction and relative improvement of the acceleration with 11.1 
percent in comparison to the original setting when simulating with Highway 20 as input 
signal.   
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7. Discussion and conclusion 
This chapter contains the discussion and conclusion regarding the analysis results, 
measurement, signal processing and finally regarding the ADAMS model. 
 
7.1 Analysis results 
First of all, using a numerical analysis method means that one has already taken a step away 
from reality hence all results should be, as always, critical analyzed and seen as 
recommendations. All results are presented as a relative improvement compared to an original 
setting gained from the tuning of the ADAMS model. The true improvement can only be 
proved through physical tests. Still, the results presented in this report should be considered as 
guidelines in terms of in which direction to strive when improving the longitudinal behaviour 
of the IFS. 
 
Analysis identifies the LCA as the most important feature regarding possibilities of improving 
the longitudinal comfort. One explanation for this could be the position of the LCA since it is 
vertically positioned closer to the wheel centre compared to the UCA. This causes a majority 
of the longitudinal forces to act on the LCA and its bushings. 
 
Trying other bushings shows on equal results, as above, that it is the lower control arm that is 
of interest. Analysis identify that the longitudinal comfort could be improved by adjusting the 
lower control arm bushings. Furthermore, regarding the LCA, it is seen that best results are 
gained when softer bushings in combination with high damping coefficient are used. This is 
valid for both front and rear bushing. However, changing bushing stiffness, and damping, 
characteristics could mean that other and unknown eigen frequencies comes in to play. This 
could have a negative influence on the whole system since they could be hard to reduce. 
Changes made on other bushing properties do not show any major improvements regarding 
longitudinal comfort. Hence, final conclusion is to keep the original setting of those bushings.  
 
It should be noticed that one should be careful when changing to softer settings since it could 
imply negative results on handling characteristics. A consequence could be that wind-up, 
which occurs during braking and the tire vertical rotational axle tilts forward, is affected 
negatively. There are other negative side effects when only focusing on improving the 
longitudinal stiffness but this is a deliberately choice due to project delimitations. 
 
Concerning geometrical changes it is seen that placing the LCA’s narrower generates a 
negative result with increased accelerations in the chassis. Changing the orientation of the 
shock absorber generates better results, both vertical and longitudinal, when inclined 
backward. Vertically, this is probably due to that a longer stroke is gained and concerning the 
longitudinal result, a greater longitudinal damping is the consequence. However, final 
recommendations are not to change the orientation since it is difficult to interpret the affect of 
it.  
 
Furthermore, changing the orientation of the torque rod toward a more lateral direction 
decreases the longitudinal input as well as a more longitudinal orientation increases the 
longitudinal input. This is at first sight a quite unexpected result since the general opinion 
about this rod was, at an early stage of the project, that better longitudinal results would be 
gained by using softer bushings. Furthermore, during physical test a softer bushing was tested 
and the general opinion among all attendances was that it was an improvement. However, 
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analysis of measured signals and ADAMS simulations shows on the contradiction. 
Concerning the obtained results of the orientation of the torque rod it originates from the fact 
that it is rotationally constrained with the kingpost hence the longitudinal force component 
vanishes when the torque rod is in complete lateral direction.  
 
An interesting result is that there is no change in vertical direction in any simulation. This 
means that the longitudinal and vertical behaviour is separated from each other. Furthermore, 
longitudinal improvements, in terms of changes of components, should therefore not interfere 
with vertical behaviour. Hence, the area of possible improvements is increased.  
 
Comparing the achieved results to the goals stated in the introduction, the project is 
considered to be successful since the relative improvement of the acceleration values are 
decreased with approximately 17%. Furthermore, simulations identifies that there exist areas 
in Prevost suspension were great improvements are possible to be made. Finally, Prevost’s 
IFS regarding longitudinal comfort should not be excluded as a fully competitive concept to 
be used in the future coach. 

7.2 Measurement 
The number of errors connected to acceleration measurements on heavy vehicle can be 
reduced by carefully planning the test and calibrating all gear in advance. Performing 
measurements on vehicle is a hands on job and the human factor can therefore be considered 
to be one of the largest sources of error. It is not always possible to put the accelerometers at 
the exact and desired location due to the design of the test object. Positioning accelerometers 
at the wrong position can cause the recorded signal to differ from the desired signal. Also, 
when recording a signal while driving on a public road, it is almost impossible to record the 
exact same signal twice. Any comparison between two recordings of the same road must 
therefore be treated with some suspiciousness, especially if the road section is short. Other 
test related human errors are the unpredictable behaviour of the driver and the fact that it is 
very hard to keep a correct and predefined velocity of the vehicle. Finally, external 
disturbances such as weather and wind can cause big problems and errors during 
measurements.     

7.3 Signal Processing 
To enable measured signals to be useful as input signals, signal processing and filtering must 
be performed and only a narrow gap of frequencies can be left open to make it possible to 
analyse the signal. The frequencies left unfiltered should correspond to the frequencies of 
interest and could be identified by a PSD analyse. Signal processing and filtering of signals is 
in some way a modification of an original signal. To modify a signal in a correct way requires 
that the signal can be correctly analysed. Understand the recorded signal is sometimes very 
hard and can cause a great loss of important information. Finally, a correct signal processing 
and filtering of a signal requires a great amount of experience and expertise. If performed in 
the wrong way, valuable information within the signal can be lost.   

7.4 Adams model 
Working with a virtual tool with the aim of recreating physical components and behaviours 
causes many sources of error to occur. All software’s have limitations and a numerous of 
simplifications must be made in all areas. In this project some areas of simplification is more 
obvious than others. First, the properties of components as bushings, air springs, dampers, anti 
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roll bar and tire is on its own very hard do define in a simple way and simplification has been 
made in this area. Secondly, the model in this project is a construction of rigid bodies with no 
flexibility. This causes the behaviour of the entire system to differ from the natural behaviour 
of the IFS. Compensation for this type of errors can only be done by changing characteristics 
of other components such as bushings witch in turn causes a secondary error. The model is 
further constructed with joints acting totally ideal. This is normally not the case in reality and 
causes errors that are very hard to define. Finally, all simulations performed with the aim of 
simulating a road profile need correct input signals. These input signals are very hard to 
reconstruct, especially the longitudinal component of the influence of the road. These signals 
have in this project been created from a process of trial and error and the accuracy of these 
signals can not be totally guaranteed. 
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8. Recommendation for project continuation 
This chapter contains recommendations for future work as a continuation of this thesis.  

8.1 ADAMS 
Primarily, the actual model needs to be further developed, especially the tire model which 
today is rather simple. This is due to a consequence of that we only analyzed the front 
suspension. Therefore, no standard simulations could be used which, in turn, meant that we 
could not use any pre-defined tire models in ADAMS. This is an area that needs to be looked 
more into. Since next version of ADAMS/Car is supposed to support simulations of only the 
front suspension this is probably possible to solve. This means that the IFS could be analyzed 
using only a road profile as input which will generate a vertical and longitudinal input to the 
suspension, applied through the pre-defined tire. Still, creating a reliable tire model will be a 
difficult task to solve but very important in order to achieve a reliable model. A lot of work 
needs to be done on validating the accuracy of the longitudinal input generated from the tire. 
It was seen that a correct vertical behaviour was quite easy to achieve but very hard when it 
comes to the longitudinal. 
 
Furthermore, there is data that could be complemented in the model and further compared and 
validated with physical tests in order to increase the total reliability of the model. The 
recommendation is to proceed with further tuning of the model and its components. An 
interesting area is the effect of hysteresis in the air spring. This has not been considered in this 
project but is an interesting area for future simulation improvements.  
 
Next step is to continuing the work of developing new concepts regarding possibilities of 
improving the comfort. One interesting area, in terms of new concepts, is the usage of a 
subframe in the IFS. This has not been analyzed in this project but is a very interesting area to 
look into in the future. Taking the model to the next level means that flexible bodies comes 
into play. A bus chassis is indeed a very flexible body and this area lies in future work since 
much more accurate models, compared to reality, could be built.  
 
Having reliable models means that they could be assembled together in to, in the end, a 
complete vehicle model. A complete vehicle could be simulated and analyzed both regarding 
comfort and handling respectively. It is basically at this stage the real profits of this kind of 
simulation tool could be gained. ADAMS is a relatively complex tool to use within product 
development. However, the program holds numerous possibilities and if used correctly, a lot 
could, in terms of time and money, be won.  
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Test bus data 
This appendix presents data of the bus used during the tests. The bus is a Prevost X3-45 
equipped with the studied IFS.  
 

Test bus 
Figure 1 and figure 2 represent the test bus and some of its geometry.   

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
Figure 1. The test bus, model X3-45.  Figure 2. Wheelbase and wheel width.  
 

Weight of test vehicle 
The weights presented in table 1 below represent weights measured by a scale at Prevost. The 
unsprung masses, both rear and front, are calculated by simply adding the weight of each 
unsuspended part in the specific assembly.   
 
Table 1. Weight of test vehicle 
Part Mass [kg]
Total bus 16830 
Front axle load 11030 
Rear axle load 5800 
Front unsprung mass/tire 400,6 
Rear unsprung mass, total 2100 
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Centre of gravity 
The centre of gravity in x direction is calculated under the assumption that both rear axles are 
considered as one single axle which is located in the middle of drive and tag axle. The 
distance between the front- and combined rear axel is set to 9000 mm. See figure 3 where 
reaction force F1 is the combined rear axle. 

 

M totF

2F 1F

 
 Figure 3. Reaction loads and total force used to calculate centre of gravity. 
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The y-coordinate is approximated to the centre of the vehicle and the z-coordinate is given by 
Prevost hence and is located at wheel centre; 

 
 

⎪
⎩

⎪
⎨

⎧

=
=
=

=
mmz

mmy
mmx

CG
2.719

0
1.5770

 

 

 2



APPENDIX 1 
 

 

Moment of inertia 
Due to lack of information concerning the moment of inertia of the test bus this is 
approximated and calculated by hand. This is done by comparing the sprung mass of the test 
bus with a Volvo bus where the moment of inertia and the sprung mass is known. The 
difference in sprung masses creates a factor which is used to calculate the moment of inertia 
for the test bus. The Volvo bus is a coach which has got a rear mounted engine and is 
approximated to be geometrically comparable, both concerning size and shape, to the Prevost 
test bus.  
 
Sprung mass of the Volvo bus = 10800 Kg 
Sprung mass of Prevost test bus = total mass - unsprung mass front axle - unsprung mass rear 
axle =16830-2*400.6-2100=13928.8 Kg 
 

Factor = 2897.1
0.10800
8.13928
=  
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Moment of inertia: 
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Roll centre height 
The roll centre height of each axle is provided by Prevost and is presented in table 2 below. 
 
Table 2. Roll centre height of the axles.  
Description z-posistion [mm] 
Front roll center IFS 18 
Drive axle roll center   610 
Tag axle roll center 650 
 
The roll centre height and location for the modelled single rear axle is identified as figure 4 
and figure 5 describe.  

 
Figure 4. Roll centre locations  
 

 
 Figure 5. Close-up on roll centre heights.  
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Roll stiffness  
The roll stiffness of the rear axle has to be calculated since it is applied in a single torsion 
spring representing the entire roll stiffness of both drive and tag axle. The rear roll stiffness is 
calculated by the assumption that the total roll stiffness of the entire buss is six degree per g. 
Figure 6 below represent measures used while calculating roll stiffness.  
 
 

 
 Figure 6. Side view of test bus.  
 
Total mass, according to table 1:  
 

)21006.400*2(16830 +−=m [Kg]

 

   
 
Total Torque: 

 
111196416813*81.9*13928

**
==

=
M

lgmM
 [ ]Nmm
 

 
Total roll stiffness: 
 

18532723
6

111196416
==rollK ⎥

⎦

⎤
⎢
⎣

⎡
deg

Nmm  

 
The total roll stiffness above is calculated using the assumption that the roll angle gradient is 
6 degree per g. The stiffness of the approximated single rear axle located at x=9000mm is 
calculated as 2/3 of the total roll stiffness due to the relationship between the number of air 
springs.  
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Tire 
The tires used during the tests are of the type Michelin 365/70 in the front and of the type 
Michelin 315/80 in the rear. It should be noted that the tires used in simulations are created 
from data available for tires used in tests. Only front tire is modelled for simulations. 
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Component properties 
This appendix contains data and information regarding the components in the test bus and 
ADAMS model respectively.   

Air spring 
The air spring is a Goodyear 1R12-377/-406. All data concerning the air spring is provided by 
Prevost. The given names of lengths etc are the convention used in ADAMS. Figure 7 
represent a schematic representation of the air spring and figure 8 the air spring data.  
 
 
 
 
 
 
 
 
 
 
 
 

297.18mm 

142.24mm 

104.14mm 

 Figure 7. Schematic figure of an air spring with correct dimensions.  
 
Used parameters: 
Installed length: 297.18mm 
Preload per spring: 24986.3N 
Free length = Installed length =297.18 
 

Air spring: 1R12-377/-406
Preload: 26099,5[N]
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Disp[mm] Force[N]
-151.00 11500.58
-100.20 16616.91
-49.40 21510.78
0.00 26099.51

52.20 29296.50
103.00 35969.97
133.48 44645.48
153.80 53988.33
169.04 65555.68

 

Figure 8. The characteristics of the air spring including the bump stop characteristic.  
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Anti roll bar 
The stiffness of the anti roll bar used during physical tests is not provided by any specification 
hence some calculations are needed. In ADAMS, the stiffness is defined by Nmm/deg. The 
dimensions and loads are provided by Prevost. See figure 9 and 10.  
 

 

R = 452 mm 
2L = 1053.7 mm 
  

Figure 9. Dimension of anti roll bar.  
 

 
 θ
 
 δ
 
 
 

Figure 10. Representation of loads and reactions on the bar.   
 
According to Saints-Venants theory the stiffness in the bar is given by, Lundh [3]: 
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Bushings 
Some original bushing data is manipulated before entered into the Adams model to 
compensate for build in flexibility within the structure of the physical suspension. The 
stiffness’s are provided by subcontractors to Prevost and Volvo or gained from own 
performed calibrations. The total number of bushing is 14 where four belong to the UCA and 
four to the LCA respectively. The anti roll bar contains two as and each shock absorber have 
one bushing. Finally, each torque rod has one bushing  

Bushing coordinate system 
In ADAMS, the bushings use the following, as shown in figure 11, coordinate system.  
 

Y  
 
 
 Z

 

 
 
Figure 11. Bushing coordinate system.  

X 
 

 

Upper control arm bushings 
This bushing is actually a ball joint (ZF Lemfoerder ball Size 70) and the stiffness curve for 
every direction is given by a straight line equation. 
 
Original values 
Radial deformation where the x axis is displacement [mm] 

;yx FF =   xxf 119500)( = [ ]N   
;zF   xxf 23500)( = [ ]N   

 
Torsional deformation where the x axis is degrees 

;yx TT =   xxf 49000)( = [ ]Nmm   
;zT   xxf 46000)( = [ ]Nmm  

 
ADAMS values, manipulated 
Radial deformation where the x axis is displacement [mm] 

;yx FF =   xxf 11950)( = [ ]N   
;zF   xxf 2350)( = [ ]N   

 
Torsional deformation where the x axis is degrees 

;yx TT =   xxf 4900)( = [ ]Nmm   
;zT   xxf 4600)( = [ ]Nmm  
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Lower control arm bushings 
This bushing is actually a ball joint (ZF Lemfoerder ball Size 70) and the stiffness curve for 
every direction is given by a straight line equation. 
 
Original values 
Radial deformation where the x axis is displacement [mm] 

;yx FF =   xxf 119500)( = [ ]N   
;zF   xxf 23500)( = [ ]N   

 
Torsional deformation where the x axis is degrees 

;yx TT =   xxf 49000)( = [ ]Nmm   
;zT   xxf 46000)( = [ ]Nmm  

 
ADAMS values, manipulated 
Radial deformation where the x axis is displacement [mm] 

;yx FF =   xxf 11950)( = [ ]N   
;zF   xxf 2350)( = [ ]N   

 
Torsional deformation where the x axis is degrees 

;yx TT =   xxf 4900)( = [ ]Nmm   
;zT   xxf 4600)( = [ ]Nmm  

Torque rod bushings 
This bushing is actually a ball joint (ZF Lemfoerder ball Size 45) and the stiffness curve for 
every direction is given by a straight line equation. 
 
Stiff bushing 
Radial deformation where the x axis is displacement [mm] 

;yx FF =   xxf 75000)( = [ ]N   
;zF   xxf 13000)( = [ ]N   

 
Torsional deformation where the x axis is degrees 

;yx TT =   xxf 14000)( = [ ]Nmm   
;zT   xxf 14500)( = [ ]Nmm  

 
Soft bushing 
Radial deformation where the x axis is displacement [mm] 

;yx FF =   xxf 21300)( = [ ]N   
;zF   xxf 4900)( = [ ]N   

 
Torsional deformation where the x axis is degrees 

;yx TT =   xxf 6500)( = [ ]Nmm  
;zT   xxf 8600)( = [ ]Nmm   
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Shock absorber bushings 
The data for the shock absorber bushing, upper and lower, are gained from experimental tests 
performed at Prevost Car. The stiffness in the load direction is measured. Other stiffness’s are 
qualitatively evaluated as a fraction of the test data. Figure 12 and 13 represent the test setup. 
 

        

Upper bushing Lower bushing 

Figure 12. Setup during stiffness testing. Upper bushing       Figure 13.  Setup during stiffness testing. Lower
 bushing. 
  
Upper bushing 
Radial deformation where the x axis is displacement [mm] 

[ ]N;yx FF =              

 Figure 14 represent the radial stiffness for x and y direction.  
 

88:582205.659494.113995.3)( 234 ≤≤−+−+= xRangexxxxxf
[ ]N;zF 88:)582205.659494.113995.3(*10)( 234 ≤≤−+−+= xRangexxxxxf
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Figure 14. Radial stiffness, Fx and Fy. 
  

e the x axis is degrees 
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Lower bushing 
Radial deformation where the x axis is displacement [mm] 

 ;yx FF = x  xf 36000)( = [ ]N   
;zF  xxf 3600)( =  [ ]N   

 
Torsional deformation where the x axis is degrees 

  ;yx TT =  xxf =)( [ ]Nmm   
;zT  xxf =)(   [ ]Nmm  

Anti roll bar bushing 
The stiffness in the bushings used in the anti roll are calculated manually through tests in a 
test bench due to lack of existing technical information. Following section describes the 
process of generating all values and describes which are used in the ADAMS model. Figure 
15 and 16 describe the test setup for radial stiffness.  
 
Radial stiffness 

 
 
 
 
 
 
 

 
 
 
 
 
 

 Figure 15. Setup during x- radial stiffness testing          Figure 16. Setup during y-radial stiffness testing
    
The results from the tests are presented in figure 17 and 18 below and represent the values 
used in the ADAMS model. By default, ADAMS only provides two bushings in the bar but in 
reality there are four of them. However, they could be modelled as being mounted in pairs 
hence each bushing have the double stiffness values in every direction. 

Load cell 

Anti roll bar 

Bushing 
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Figure 17. Radial stiffness, Fx. Data and grap
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Radial stiffness, Fy
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Figure 18. Radial stiffness, Fy. Data and graphics. 
 
 

Fx 
Force [N] Disp. [mm] 
22.89 0.1 
148.77 0.24 
259.39 0.39 
408.16 0.59 
579.82 0.79 
816.33 0.95 
1247.38 1.13 
1724.21 1.29 
2262.07 1.49 
2815.19 1.66 
3326.35 1.83 
3837.51 1.98 
4329.6 2.11 
4821.68 2.29 
5283.25 2.44 
5767.71 2.61 
6206.39 2.73 
6637.44 2.88 
7041.8 3 
7392.74 3.13 
7598.73 3.28 
7854.31 3.39 
7911.53 3.41 

Fy 
Force [N] Disp. [mm] 
0 0 
411.98 0.12 
438.68 0.28 
461.57 0.43 
453.94 0.53 
457.75 0.69 
465.38 0.83 
465.38 0.94 
572.19 1.05 
682.82 1.19 
747.67 1.32 
854.48 1.44 
934.58 1.57 
1083.35 1.69 
1293.16 1.79 
1613.59 1.95 
1983.6 2.09 
2380.33 2.22 
2757.97 2.36 
3139.44 2.48 
3486.57 2.6 
3826.07 2.69 
4169.38 2.83 
4493.63 2.97 
4821.68 3.12 
5012.42 3.2 
5023.86 3.24 
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Axial stiffness, Fz, is not experimentally defined and is approximated to a magnitude of 30 % 

 Fx.  
 
Torsional stiffness 
 
Figure 19 represent the test setup for torsional stiffness. 
 

 
Figure 19. Setup during z-torsional stiffness testing  

he axial component of the torsional stiffness is examined in the experim etu en in 
gure 19. The results from the test are presented in figure 20. 
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Figure 20. Torsional stiffness, Tz. 
 
The graphics in figure 20, corresponding to the torsional stiffness in z direction is described 

y the following equation Tz.  

 

b
 

;zT xxf 33418)( =  [ ]Nmm  
 
The x and y component of the torsional stiffness is not experimentally defined and is 
pproximated to a magnitude of 300 % of Tz. See equation Tx and Ty. 

=  
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Internal damping settings in bushings 
aginary and the real part respectively of the 

is calculated as follows, Landeback [6]: 

     
 
 
 

 
 

 

The damping and stiffness of a bushing is the im
ransfer function. It t

 
 

⇒  
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ω

ω

2
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=

==
 

Torque Rod ball joint 
Table 3. Damping coefficient torque rod ball joint.  
Torque Rod Translational [Ns/mm] Rotational [Ns/deg]

)

 
The loss factor in an ordinary bushing is approximately 6 deg. Most of the bushings in the IFS 
are ball joints. Hence, the loss factor is approximated to 3 deg. Furthermore, the damping is 
alculated with a frequency of 10 Hz.  c

X 62 12 
Y 62 12 
Z 11 12 
  

LCA ball joint 
Table 4. Damping coefficient LCA ball joint.  
LCA Translational [Ns/mm] Rotational [Ns/deg]
X 62 12 
Y 62 12 
Z 11 12 

 

UCA and shock absorber ball joint 
Table 5. Damping coefficient UCA and shock absorber ball joint.  
UCA and Shock 
absorber Translational [Ns/mm] Rotational [Ns/deg] 
X 100 39 
Y 100 39 
Z 21 39 
 

)sin(
)cos(

lossfactorHHC
lossfactorHH real =k

ctiontranferfun

imag ==
=
=

ω

H
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Anti roll bar bushing 
Table 6. Damping coefficient anti roll bar ball joint.  
Anti roll bar Translational [Ns/mm] Rotational [Ns/deg] 
X 1.5 55 
Y 1 55 
Z 0 18 
 

Lower strut ball joint 
Table 7. Damping coefficient lower stru ball joint.  

wer strut Translational [Ns/mm] Rotational [Ns/deg] 
t 

Lo
X 100 79 
Y 100 79 
Z 20 79 
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Shock absorb
ation regarding the shock absorber is provided by Prevost Car. The original shock 

od 3-0240 and the characteristics are provided by 
ure 21 below represents the characteristics of the shock absorber.  

er  
All inform
absorber, used during physical tests, is m el 6
Prevost. Fig
 

Shock absorber 63-0240
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Figure 21. Shock absorber characteristics. 
 
The bump stops in both absorbers have a clearance set to 200mm. The bump stops will newer 
be active during the simulations and are therefore containing temporary data set as default by 
ADAMS.  
 

Velosity [m/s] Force, [N] 
-0.52 -860 
-0.39 -650 
-0.26 -470 
-0.13 -300 
-0.05 -150 
0.05 1130 
0.13 5160 
0.26 5710 
0.39 6020 
0.52 6270 
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Tire 
ived from Michelin. Figure 22 below represent front tire data. Data regarding the tires are rece

Due to insufficient data regarding the tire used during testing the data is approximated from 
other tire data.  
 

Radial deflection vs radial force

0
0
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8,28[bar]
6,9[bar]
5,52[bar]
4,14[bar]
2,76[bar]

 
igur t tire 

he p re used g the tests is assumed to be about 7 bar. Hence, the stiffness in vertical 
irection is calculated as follows: 

F e 22. Fron data.  
 
T ressu durin
d
 

⎥⎦
⎤

⎢⎣
⎡
mm
N  27.497

72.
000

=vert
45K =
45

 
The longitudinal stiffness is approximated to: 
 

 798=longK ⎥⎦
⎤

⎢⎣
⎡
mm
N  

 
The vertical and longitudinal damping coefficient is set to 0.3 and 0.01 respectively [Ns/mm].  
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Signal processing 
This appendix describes the signal processing of the all signals used as input in, or 
created as output from, ADAMS.  

Creating valid time signals for ADAMS simulation 
The procedure of filtering and integrating the signals is done in the following way as 
figure 23: 
 

 
Figure 23. Chematic desciption of the procedure of processing measured signals in nSoft. 
 
 
Settings of filtering 1, 2 and 3: 

Sample rate: 512 

ard 
Filter order: 4 
Filter type, Filtering 1 and 2: Butterworth, High pass - Cut off frequency: 2 Hz 
Filter type, Filtering 3: Butterworth, Band pass – Band width: 8 - 25 Hz 
 

 

 

Nyquist Frequency for data: 256  
Filter method: Forward + Backw

 

 
Integration 

Time signal 1 
Acceleration 
Dac-file 

Filtrering 1 
High pass 
2Hz 

Time signal 2 
Velocity 
Dac-file 

Filtrering 2 
High pass 
2Hz 

 
Integration 

Final signal 
Displacement 
Dac-file 

Filtrering 3 
Band pass 
8Hz–25Hz 

Time signal 3 
Displacement 
Dac-file 

  ADAMS 
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In
 
Th
de
 

Tu

Fig  input signal used during tuning of ADAMS model. 

Figure 25. Vertical input signal used during tuning of ADAMS model. 
 
 

put signals 

is appendix describes the different signals used as input signals. They are graphically 
scribed in figure 24 and 25.  

ning signal  

ure 24. Longitudinal
 

 1



APPENDIX 4 
 

 
Highway 20 signal 

nt the approximated Highway 20 signal. The magnitude of force is 
pproximated to represent highway 20. Figure 26 represents this signal.  

Graph 8 below represe
a
 
 

 
Figure 26.  Force versus time representing Highway 20 signal. 
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Verification of tire model  
To confirm that the tire model gives the correct contribution to the entire suspension model 
nd that the tire model works for different types of suspension settings, the model is verified. 
he verification is performed using the same input signals on the vertical and longitudinal 

component of the tire model as used during tuning of tire model. Simulations are performed 
investigating the behaviour of the IFS during a different setting of bushings. There are two 
available settings of the torque rod bushing, one softer and one more stiff. Therefore, the 
verification is made simulating the difference in behaviour using softer torque rod bushings in 
comparison to the original stiffer setting of bushings. The setting for the new softer bushing 
can be found in appendix 2.  Table 8 below gives a picture of what happens with the 
longitudinal and vertical behaviour of spindle and chassis as a result of changed settings of the 
suspension. The objective is to investigate if the ADAMS model shows the same tendencies 
as the physical suspension.  
 
Table 8. Evaluation of max and min values/amplitudes of different bushing settings, ADAMS-simulation and real 
physical values. 
  Longitudinal. Spindel   
  Stiff bushing Soft bushing Result 

a
T

  Min. Max Amplitude Min  Max Maxmin Diff 
Physical test -1.2739 1.327 2.6009 -1.769 1.318 3.087 -0.4861 
Adams 

409 0.3902 0.9311 -0.0374 simulation -0.5183 0.3754 0.8937 -0.5
        
        
  Longitudinal. Chassis   
  Stiff bushing Soft bushing Result 
  Min. Max Amplitude Min  Max Maxmin Diff 
Physical test -0.1839 0.2351 0.419 -0.175 0.2969 0.4719 -0.053 
Adams 
simulation -0.1189 0.1542 0.2731 -0.1195 0.1548 0.2743 -0.001 
        
        
  Vertical. Spindel   
  Stiff bushing Soft bushing Result 
  Min. Max Amplitude Min  Max Maxmin Diff 
Physical test -26.4808 24.7131 51.1939 -25.3328 24.2164 49.5492 1.6447 
Adams 
simulation -21.1855 20.4804 41.6659 -21.14 20.4354 41.5754 0.09 
        
        
  Vertical. Chassis   
  Stiff bushing Soft bushing Result 
  Min. Max Amplitude Min  Max Maxmin Diff 
Physical test -0.606 0.7493 1.3553 -0.6923 0.8345 1.5268 -0.1715 
Adams 
simulation -0.1909 0.2059 0.3968 -0.1893 0.2022 0.3915 0.005 
 
 
By investigating table 8, some interesting tendencies can be noticed. For the longitudinal 
behaviour, the tendencies are the same for the Adams model in comparison with the real 
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physical values. Both amplitudes decrease with the softer setting of the torque rod bushings. It 

he change in amplitude differs between the physical can also be seen that the magnitude of t
and Adams values. This is not considered to be a problem since the Adams model is only 
expected to show the relative improvement of the IFS during different settings. Figure 27 
below graphically describes the differences in magnitude between the real physical and 
Adams simulations. It clearly shows similarity in behaviour between the physical test and 
Adams simulations. 

 
 

 

Physical test, Stiff bushing 

Physical test, Soft bushing 

Adams, shingSoft bu

Adams g, Stiff bushin

Figure 27. 
torq

Graphical scriptio hassis si  softer 
ue rod bushings. 

ical r n t h cie  a te r t udinal 
 

hat the differences are extremely small and the change in setting applied in this 
st do not affect the vertical behaviour much. When changing the torque rod bushing, a 

de n of the decrease in amplitude of the longitudinal c gnals using

 
As for th
behaviour. The reason for this can not clearly
oncluded t

e vert esults i able 8, t e tenden s are not s consis nt as fo he longit
 be defined. It can on the other hand be

c
te
change in the longitudinal direction is expected, the vertical behaviour is more uncertain. 
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In this project, primarily the longitudinal behaviour of the IFS will be investigated and final 
improvements will be performed with focus on longitudinal comfort. The verification of the 
tire model and tire model settings is considered to be successful as far as for the longitudinal 
behaviour of the system. It can be concluded that the relative improvement of the entire 
suspended system can be investigated using the created tire model with included settings. 
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Results  
This appendix contains results from all settings used during the final analysis of the IFS 
along with additional results.  

Bushing settings 
All configurations of bushing settings represented in the graphs in chapter 6.1 can be 
found in table 9 below.  
 
Table 9. Settings for result simulations. 
Describtion Stiffness Damping coeff.
Original setting 100% 100%
Setting1 80% 100%
Setting2 60% 100%
Setting3 40% 100%
Setting4 40% 200%  
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Lower control arm 

 
 Figure 28. Results from different bushing settings of LCA bushings. Longitudinal acceleration of chassis. 
 

Original setting 

Setting3 

Setting4 

 
 Figure 29. Detailed description of marked area in figure 28. Longitudinal acceleration of chassis. 
 
 Table 10. Results of different bushing settings on LCA.. 
Describtion Peak value [mm/s^2] Relative improvement 
Original setting 733.33 0,0% 
Setting1 722.77 1.44% 
Setting2 702.99 4.14% 
Setting3 671.88 8.38% 
Setting4 617.14 15.84% 
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 Figure 30. Results from different bushing settings of LCA bushings. Vertical acceleration of chassis. 
 
 

 
igure 31. Detailed description of marked area in graph 11. Vertical acceleration of chassis. 

hanges to ical acceleration on chassis can be identified.  

 F
 
 
No significant c  the vert
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Upper control arm 

 
igure 32. Results from different bushing settings of UCA bushings. Longitudinal acceleration of chassis. 

 
 

F

 
igure 33. Detailed description of marked area in figure 32. Vertical acceleration of chassis. 

No significant changes to the longitudinal acceleration of chassis can be identified. 
 
 
 
 
 

F
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Figure 34. Results from different bushing settings of LCA bushings. Longitudinal acceleration of chassis. 
 
 

 
 Figure 35. Detailed description of marked area in figure 34. Vertical acceleration of chassis. 
 
 
No significant changes to the vertical acceleration of chassis can be identified. 
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Torque rod 

 
igure 36. Results from different bushing settings of torque rod bushings. Longitudinal acceleration of 
assis. 

 
 

F
ch

 
igure 37. Detailed description of marked area in figure 36. Longitudinal acceleration of chassis. 

o significant changes to the longitudinal acceleration of chassis can be identified. 

F
 
 
N
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8. Results from different bushing settings of torque rod bushings. Vertical acceleration of 

assis. 

 

Figure 3
ch
 

 
igure 39. Detailed description of marked area in figure 38. Vertical acceleration of chassis. 

o significant changes to the vertical acceleration of chassis can be identified.  

F
 
 
N
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Lower- & upper- control arm combined 

 
Figure 40. Results from different bushing settings of LCA and UCA bushings. Longitudinal acceleration 
of chassis. 
 
 

 
 Figure 41. Detailed description of marked area in figure 40. Longitudinal acceleration of chassis. 

able 11. Results. 
 
T
Describtion Peak value [mm/s^2] Relative improvement 
Original setting 733.34 0,0% 
Setting1 720.19 1.79% 

4.90% 
9.61% 

Setting2 697.36 
Setting3 662.84 
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Figure 42. Results from different bushing settings of LCA and UCA bushings. Vertical acceleration of 
chassis. 
 
 

 
Figure 43. Detailed description of marked area in figure 42. Vertical acceleration of chassis. 
 
 
No significant cha e e identified. nges to the vertical acc leration of chassis can b
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Geometrical changes 
ollowing section contain the complete results from different geometrical setups 
ombined with different bushing settings. All simulations are done using the road bump 

as input.  

Lower control arm 
All configurations of geometrical settings present in all graphs following in chapter is 
described by the following figures 44 to 48. 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 46. Top view of LCA Setting2.  Figure 47. Top view of LCA Setting3. 
 

 
 
 
 
 
 
 

igure 48. Top view of LCA Setting4.  

F
c

 
Figure 44. Top view of LCA Original geometry.  Figure 45. Top view of LCA Setting1. 

 
 

F
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 11

 
 
 

 
ssis. Figure 49. Results from different geometrical settings of LCA. Longitudinal acceleration of cha

 

Setting4 

Original setting 

 
Figure 50. Detailed description of marked area i figure 49. Longitudinal acceleration of chassis. 
 
Table 12. Results 

m/s^2] Relative improvement 
al setting 733.3 0% 

n 

Describtion Peak value [m
Origin
Setting1 793 -8.1% 

-18.6% 
-20% 

-24.9% 

Setting2 870 
Setting3 880 
Setting4 916 
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Figure 49 and 50 clearly shows the increased acceleration levels caused by bringing the 

CA´s tighter together. 
 
L

 
igure 51. Results from different geometrical settings of LCA. Vertical acceleration of chassis. 

 
F

 
igure 52. Detailed description of marked area in figure 51. Vertical acceleration of chassis. 

 
hanges to tical acceleration of chassis can be identified. 

F
 

No significant c the ver
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LCA in combination with special bushing setup 

ifferent positions used during simulations are represented 
elow in figure 17. 

 
 
 
 
 
 
 

 
 
 
 
Figure 53. Description of different geometrical settings of LCA.  
 
All configurations of geometrical settings present in all graphs following in chapter are 

is 
ferred to as a percentage of the original value of the tuned ADAMS model. 

 
Table 13.  Settings for result simulations. 

In this chapter a combination of geometrical changes together with a special bushing 
setup is simulated. The d
b

Position 1 (Original)

Position 2 
 
 

y 
x

described by the following table 14 together with figure 17 above. The stiffness 
re

Describtion Stiffness Position Stiffness Position
Setting1 100% Position 1 40% Original
Setting2 100% Position 2 40% Original
Setting3 40% Position 1 40% Original

Rear bushingFront bushing
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Figure 54. Results from different geometrical settings of LCA in combination with special bushing
settings. Longitudinal acceleration of chassis. 
 

 

 

 

Setting2 

Original setting 

Setting3

Figure 55. Detailed description of marked area in figure 54. Longitudinal acceleration of chassis. 
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Table 14. Results 

cribtion Peak value [mm/s^2] Relative improvement 
al setting 733.328 0% 

Des
Origin
Setting1 729.5 0.52% 
Setting2 835.49 13.9% 
Setting3 671.9 8.38% 
Setting4 40% 200% 
 
Figure 55 shows that the best result is gained by using softer bushings at front and rear 
with the LCA positioned in its original position. 
 

 
Figure 56. Results from different geometrical settings of LCA in combination with bushing 
settings. Vertical acceleration of chassis. 
 

special 

 
Figure 57. Detailed description of marked area in figure 56. Vertical acceleration of chassis. 
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No significant cha e e identified. 

 rod 
urations of geom l settings present aphs following in chapter is 

 by the following e 58 to 61. Bushing setting is original setting. 

 
 
 
 
 
 
 
 
 
 

Figure 58. Top view original setting of torque rod Figure 59. Top view of torque rod Setting1. 
 

60. Top view of torque rod Setting2. Figure 61. Top view of torque rod Setting3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nges to the vertical acc leration of chassis can b
 

Torque
All config

escribed
etrica
figur

in all gr
d

 
 

Figure 
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Figure 62. Results from different geometrical settings of Torque rod. Longitudinal acceleration of 
chassis. 
 
 

Setting3 
Setting1 

 
igure 63. Detailed description of marked area in figure 62. Longitudinal acceleration of chassis. F

Setting2 

Original Setting 
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Table 15. Results 

cribtion Peak value [mm/s^2] Relative improvement 
al setting 733.328 0,0% 

Des
Origin
Setting1 730.69 0.36% 
Setting2 720.72 1.72% 
Setting3 735.65 -0.32% 
 
 
The results from the simulations presented in figure 63 above shows on a positive 
contribution in form of lower accelerations in the chassis for setting1 and 2 in 
comparison to the original setting. Setting2 helps the acceleration to decrease with 1,7 
percent. 
 
 

 
Figure 64. R erent geometrical settings of Torque rod. Vertical acceleration of chassis. 
 
 

esults from diff
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Figure 65. Detailed description of marked area in figure 64. Vertical acceleration of chassis. 
 
 
No significant changes to the vertical acceleration of chassis can be identified. 
 
 

Shock absorber 
Changing the shock absorber orientation as shown in figure 66 and 67 generates results 
as shown in figure 68. Original setting of the shock absorbers are shown in figure 58 
above. Simulations are done using the road bump as input. 
 

Figure 66. Top view of shock absorber Setting1. Figure 67. Top view of shock absorber 
Setting2.   
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igure 68. Results from different geometrical settings of Shock absorbers. Longitudinal acceleration of F

chassis. 
 

Setting1

Original Setting 

Setting2

 
Figure 69. Detailed description of marked area in figure 68. Longitudinal acceleration of chassis. 

cribtion Peak value [mm/s^2] Relative im t 
al setting 733.328 0% 

 
Table 16. Results 

provemenDes
Origin
Setting1 735.69 -0.32% 

0.83% 

igure 69 shows a minor improvement for setting2 in comparison to the original setting. 
he improvement is considered to be too small and too uncertain for giving any 

Setting2 727.23 
 
F
T
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recommendations concerning geometrical changes if the dampers. Dampers will be 
ggested to be held geometrically unchanged.  

 
su

 
Figure 70. Results from different geometrical settings of Shock absorbers. Vertical acceleration of 

assis. 
 
ch

 

Original Setting 

Setting1 

Setting2 

Figure 71. Detailed description of marked area in figure 70. Vertical acceleration of chassis. 

d tha o ers are tilted as in 
tting2. Th  behaviour is not investigated further. 

 
It can be note t the vertical accelerati n decreases when damp
Setting1 and Se e vertical
 
 
 
 
 

 21



APPENDIX 6 
 

 

Bushing orientation 
The final results analyzed are different orientations of bushings belonging to the LCA. 

igure 72 describe the original orientation and figure 73 and 74 represent the two 
analyzed settings. Table 17 gives the euler angles for the three different settings. 
Simulations are done using the road bump as input. 

Figure 72. Original orientation.  Figure 73. Orientation setting1.  Figure 74. Orientation setting2 

90 90 0 90 90 0

Front bushing Rear bushing

F

 
 
Table 17. Euler angles of settings for result simulations. 

Describtion x y z x y z
Original setting 0 0 0 0 0 0
Setting1 301 90 0 116 90 0
Setting2  
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nal acceleration of chassis. 

 
 

Figure 75. Results from different geometrical settings of Bushings. Longitudi

Setting2 

 
Figure 76. Detailed description of marked area in figure 75. Longitudinal acceleration of chassis. 
 
Table 18. Results 
Describtion Peak value [mm/s^2] Relative improvement 
Original setting 733.328 0% 
Setting1 748.62 -2.1% 
Setting2 794.496 -8.3% 
 
 
 
 
 

Original Setting 

Setting1 
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Figure 77. Results from different geometrical settings of Bushings. Vertical acceleration of chassis. 
 

 
Figure 78. Detailed description of marked area in figure 77. Vertical acceleration of chassis. 
 
 
No significant cha e e identified. 

 

nges to the vertical acc leration of chassis can b
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Conclusive combination  
The final setting and design of the IFS includes the following changes from the original 
setting: 

• Change nr.1: Decreased stiffness of LCA bushings. 
• Change nr.2: Increased damping coefficient of LCA bushing. 
• Change nr.3: Torque rod set in a lateral direction. 
 

 
Figure 79. Results from simulation of the conclusive combination of the IFS using speed bump input 
signal. Longitudinal acceleration of chassis. 
 

Original Setting

Final Setting 

 
igure 80. Detailed description of marked area in figure 79. Longitudinal acceleration of chassis. F
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Table 19. Results 
Describtion Peak value [mm/s^2] Relative improvement 
Original setting 733.328 0% 
Fin e
 
 

al s tting 612.8 16.4% 

 
Figure 81. Results from simulation of the conclusive combination of the IFS using speed bump input 
signal. Vertical acceleration of chassis. 
 

 
Figure 82. Detailed description of marked area in figure 81. Vertical acceleration of chassis. 

 
No significant changes to the vertical acceleration of chassis can be identified 
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Sudden impact  
ighAnalysis of H way 20 using Highway 20 input signal and final conclusive 

combination. 
 

 
Figure 83. Results from simulation of the conclusive combination of the IFS using speed bump input 
signal. Longitudinal acceleration of chassis. 
 

Original Setting 

Final Setting 

 
Figure 84. Detailed description of marked area in figure 83. Longitudinal acceleration of chassis. 
 
Table 20. Results.  
Describtion Peak value [mm/s^2] Relative improvement 
Original setting 2855,0 0% 
Final setting 
 

2537.5 11.1% 
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Creation of road profile  
As  
mo  spindle. This appendix describes a simple method of generating a long or 
short road profile out of signals easily recorded on any vehicle using accelerometers. 
Furthermore, this appendix is supposed to complement the final discussions regarding 
recommendations for the future. Due to time limitations this method is not tested within the 
project, only theoretical discussed. 

Precondition  
• An ADAMS model of the complete test vehicle and suspension must be created. 
• A tire model connected to the suspension model must be created in ADAMS, both 

vertical and longitudinal component. 
• Accelerations recorded on spindle needs to be filtered and converted into displacement 

as a function of time as described in appendix 4. 

Methodology 
A dummy signal is created and applied vertically and longitudinally. The dummy signal 
should somehow correspond to the road type that is to be investigated. The dummy signal is 
applied as input signal on the ti
spi l 
applied in tire m otion of the spindle in the same direction, vertically 
or longitudinally. See description in figure 85 below. 
 

Figure 85. Schematic description of the transfer function in the suspension model. 
 
 
The transfer function is calculated as follows:  
                                    
 

 described earlier in the report it is wanted to be able to generate a road profile out of the
ement of thev

re model creating a vertical and longitudinal motion of the 
ndle. The vertical and longitudinal behaviour is separately investigated. The input signa

odel is compared with m

 
 
 
 
 
 
 
 

Input signal Transfer function Motion of spindle 

G(s) H(s) Y(s) 

 H(s)  

)(
)()()(*)

sG
sHsYsHs =⇒=      )(( sYG

 
The input signal and signal describing the m exported from the Adams 
pos DAC-file mported in nSoft for processing. In nSoft the transfer 
function is created as described in the equation above. Using the transfer function created in 
nSoft it is now possible to take any recorded motion of the spindle and transforming the signal 
into vertical and longitudinal input signals representing the road profile. 
 

otion of the spindle is 
t processor as s and i
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