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Abstract 

The purpose of this this report was to find the sources that led to the deviation between the simulation 

and measurement on the ride comfort evaluation of a high-speed train. This report consists of a 

literature study, introduction of the train where the measurement was taken on, result analysis and 

sensitivity test of the secondary suspension. The literature study focused on the modelling of 

secondary suspensions and the simulation of rail vehicles. The predicted results were compared with 

the measured results. Furthermore, comparison was carried out among three different secondary 

suspension concepts. The secondary suspensions went through a sensitivity test to see how the 

parameters influence the ride comfort evaluation of the rail vehicle. 

It was figured out that the main deviation between the simulation and the measurement was focused on 

a carbody where a hydraulic damper was introduced. The difference was mainly at 1.3Hz and between 

7.5Hz and 9Hz. 

With the main deviations figured out, the sources that might influence the ride comfort evaluation was 

tested. It showed that the detail of track measurement had influence on the ride comfort evaluation. 

More detailed measurement should be carried out if higher agreement is wanted. The secondary 

suspensions went through a sensitivity test. The key parameters and their influence on ride comfort 

evaluation was pointed out. This report can be a guidance if further tuning on the parameters of the 

secondary suspensions are needed. 
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Chapter 1 Introduction 
In this chapter, the motivation of the thesis work is briefly introduced. Some background information 

is also provided to get a better understanding of the work.  

1.1 Motivation of the thesis work 
A passenger rail vehicle is a complex dynamic system that usually contains of two 

stages of vibration isolation, including nonlinear suspension components such as 

airsprings and rubber elements. Proper frequency separation between the structural 

parts of the vehicle is necessary to reduce the vibration transfer from the track to the 

carbody and thus the passengers. The prediction of the vibration ride comfort is 

performed during the design phase of the vehicle, using multibody simulations 

combined with finite element analysis, and measured during type tests on the vehicle. 

Experience shows that deviations between predicted and measured results may occur, 

where the level of detail in modelling influences the results. 

With the problems that are foreseen during the design period of the train, this master 

thesis project is introduced by Bombardier Transportation Sweden. In this report, 

possible sources regarding modelling of suspension components that cause deviations 

between the simulation results and the measurement results on ride comfort evaluation 

is investigated. And the model is improved together with a sensitivity test on the key 

parameters of the secondary suspension. Moreover, the influence from different 

secondary suspension concepts on the ride comfort evaluation is investigated. 

1.2 Rail vehicle dynamics 
In this section, some basic knowledge about rail vehicle dynamics is introduced. A 

simple rail vehicle dynamic model is introduced to get better understanding of the 

vibration isolation system. Since the master thesis work is focused on the airspring of a 

high-speed train, the modelling of airsprings is introduced. The main concern and 

challenge in simulation of secondary suspension is briefly introduced as well. 

1.2.1 Rail vehicle dynamic modelling 

A passenger rail vehicle is a complex dynamic system. In the system, two stages of 

vibration isolation are applied. A simple rail vehicle dynamics model can be drawn as 

Figure 1. The primary suspension isolates some of the vibrations that come from the 

track irregularity.  And the secondary suspension isolates the vibration between the 

bogie and the carbody. Nonlinear suspension components such as airsprings and rubber 

elements are usually introduced to separate the vibration frequency between the 

structural elements. Thus isolating the vibration from the tracks to the carbody and then 

to the passengers. 

 

Figure 1 Simple rail vehicle dynamics model 
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1.2.2 Airspring modelling 

The suspensions can be simply modelled as a viscous damper in parallel with a linear 

spring, for example the primary suspension and secondary suspension shown in Figure 

1. But the suspensions in real life are much more complex than this.  

An example of the real airsprings can be seen in Figure 2. When the carbody is loaded, 

the air bag is compressed and the air in the air bag goes into the surge pipe. Then the air 

goes through an orifice and goes into the surge reservoir. Thus, the pressure in the air 

bag keeps steady. In the air surging procedure, the orifice in the surge pipe provides a 

damping effect. And the damping is decided by the diameter of the orifice. (1) 

 

Figure 2 Airspring example 

In order to describe the behavior of suspensions, many models are set. There are six 

models that are used most: the thermodynamic model, the vampire model, the Berg 

model, the spring and damper model, the linear Nishimura model and the non-linear 

Nishimura model. (2)  

Spring and damper model 

The spring and damper model is the simplest model for airsprings. It consists of a linear 

spring in parallel with a linear viscous damper. An example of the spring and damper 

model is shown in Figure 3. This model is simple and easy to understand in some cases. 

But for the dynamic analysis in the vertical direction of the airspring, this model is 

inadequate. Many properties of the airspring cannot be represented in a realistic way in 

the spring and damper model, for example, the air floating in the airbag and the 

reservoir. Therefore, more accurate models are needed to represent the airsprings.  

 

Figure 3 Spring and damper model 

Thermodynamic model 

Thermodynamic models are secondary suspension models that describe the 

transformations in the thermodynamic state of the air that is filled in the air bag, 

reservoir and pipe. The model was mentioned in the thermodynamic model section by 

Bruni. (3) The parameters that describe the model are based on actual physical 

properties. The application of the thermodynamic models can be found in (4). In the 

paper, the numerical results are compared with the on-line test results. Besides, the 
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sensitivity of the model is analyzed and the parameters that influence the ride comfort 

evaluation most are pointed out. 

Nishimura model 

The Nishimura model was developed by Naoteru Oda and Seiichi Nishimura in 1970. 

The model is shown in Figure 4. The model consists of three springs. k1 and λk1 

represent the airspring and reservoir stiffness level and k2 represents the change of area 

stiffness level. (5) The model is then extended to the Vampire model, which will be 

introduced in the next section. 

 

Figure 4 Nishimura model 

Vampire model 

The vampire model is a model based on the multibody dynamic program Vampire. The 

model was based on the work by Peters at British Rail Research in the 1970s and first 

provided by Jerry Evans & Mats Berg. (6) A figure showing the structure of the model 

is shown in Figure 5. The model consists of several linear springs, a non-linear damper 

and a mass. This model is then improved into the Berg model, which is introduced in 

the next section. 

 

Figure 5 Vampire model (6) 

Berg model 

The secondary suspension model that is used in the test train related with this project is 

the Berg model. This model was first introduced by Mats Berg in 1999. More detailed 

information regarding the model can be found in (7). The Berg model is a three-

dimensional nonlinear model where seven parameters are applied in the vertical 

direction. In the model, a nonlinear section is introduced to describe the nonlinear 

behavior of the secondary suspension. The model in the vertical direction can be seen in 

Figure 6.  
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Figure 6 Berg model in vertical direction (7) 

In the model, seven parameter are introduced to describe the behavior of the secondary 

suspension in vertical direction. The seven parameters are explained in Table 1. 

Table 1 Description of the parameters in Berg model 

Parameter Description 

Kez Elastic stiffness in the linear section 

Ffz,max Maximum friction force in the vertical direction 

Z2 Friction displacement in the vertical direction 

Kvz Series stiffness to viscous damping in the vertical direction 

Czβ Non-linear viscous damping in the vertical direction 

β Nonlinear coefficient, velocity exponent to viscous damping in vertical direction 

M Effective mass for vertical motion 

1.2.3 Simulation and measurement 

Before the rail vehicles are put into use, the models are usually run through safety and 

ride comfort tests. In order to do so, two approaches are usually taken.  

One approach is to perform on-track tests. By doing the on-track tests, the real time 

vibration of the carbodies can be measured directly. But doing on-track tests is time 

consuming, and what is more important is, that it will possibly influence the normal 

operation of the in use tracks. Besides, the cost for on line tests can be very high.  

Therefore, a second approach is taken to predict the vibration and ride comfort in the 

carbody, which is by using simulations. The prediction of the vibrational ride comfort is 

performed during the design phase of the vehicle, using multibody simulations 

combined with finite element analysis, and measured during type tests on the vehicle. 

By using simulations, the cost for predicting the vibration in the carbody can be reduced 

and will have no influence on the normal daily operation of the in use tracks.  

With all the advantages of simulation method, a main concern is whether simulation 

can provide with satisfying prediction compared with the on-track testing method.  

Many approaches are taken to assess the accuracy of railway vehicle dynamics 

multibody simulation on secondary suspensions. Experience show that there is always 

deviation between the simulation and the measurement results. This mainly due to the 

limited level of detail in modelling of the components in the train. Especially for the 

suspension components, where the non-linear property is always underestimated. (6) 

The airspring, a commonly used component of the secondary suspension, is particularly 

complicated to model and is still a challenge to be represented accurately. (8) As the 

airspring structure is very complicated, there are some effects that can be easily 

ignored, and thus lead to inaccuracy in the modelling. For example, the damping effect 

from the orifice in the surge pipe is sometimes underestimated or overestimated in the 



5 

 

simulation. This can lead to deviation when compared with the measurement results. 

Another example is that the effective area of some airsprings varies according to the 

displacement, which can give an additional stiffness to the airspring. This can make the 

estimation of the stiffness of the airspring inaccurate (Bruni. (3)). 

1.3 Methodology of the work 
The problems arises from the deviation between simulation and measurement results. 

The measurement conditions and the test train information are introduced in Chapter 2.  

In Chapter 3, the track irregularities that are applied to the simulation are introduced.  

In Chapter 4, the simulation conditions are introduced to get better understanding of 

how the simulation is done.  

In Chapter 5, the ride comfort is evaluated by using the simulation results. The 

simulation results are transferred into the frequency domain to see the frequency band 

that is contained in the model of the carbody.  

In Chapter 6, the simulation results are compared with the measurement results. Thus, 

the main deviations between the simulation and the measurements are pointed out. 

In Chapter 7, the possible sources that lead to the problems are investigated. The model 

went through a sensitivity test to see how the secondary suspension model reacts to the 

parameters. Further, a tutorial is provided regarding the tuning of the parameters in the 

secondary suspension. 

In Chapter 8, some possible future work is suggested. 

1.4 Analysis tools in the work 
Two computer programs are used throughout the work. One is MATLAB, the other one 

is SIMPACK. In this section, the two programs are briefly introduced to get better 

understanding about how they are used in this thesis work. 

1.4.1 MATLAB 

MATLAB( Matrix Laboratory) is a a mathematical program designed by The 

MathWorks. MATLAB provides a multi-paradigm numerical computing environment. 

And it allows matrix manipulations, plotting of functions and data, implementation of 

algorithms and many other functions with the possibility to program with C, C++ 

languages. (9) 

In this thesis work, MATLAB is mainly used to store, read and plot the measurement 

data. Some of the simulation parameters are selected with the help of MATLAB as well 

in order to acquire accurate information. 

More information regarding the MATLAB program can be acquired on the MATLAB 

website. (10) 

1.4.2 SIMPACK 

SIMPACK is a Multibody Simulation program that is widely used in many fields. It is 

based on Computational Dynamics of Multibody Systems, and contains several 

professional simulation sections, for example Kinematics and Dynamics section and 

Wheel/ Rail section. 

In this thesis work, SIMPACK is used for the model construction and estimation of the 

dynamic behavior of the target carbodies. With the support of SIMPACK post 
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processor, the ride comfort is evaluated and the signals are weighted according to 

frequencies. 

More information regarding the SIMPACK program can be found on the SIMPACK 

website. (11) 
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Chapter 2 Train set up and measurement 
In this chapter, the measuring train is introduced. The measurement procedure is briefly 

introduced to get a better understanding of the measurement results. In the end, the measurement 

results are shown and analyzed to see the influence from the different secondary suspension 

concepts on ride comfort. 

2.1 Train set up 
The on-track test was taken on a high-speed line between Rome and Naples. The total 

length of the track for the test was 106km. The tests were performed at several speeds, 

between 250km/h and 160km/h. The testing speeds and the test train is shown in Figure 7. 

 

Figure 7 The test line and the test train 

The measuring train is a high speed train V300 ZEFIRO running from Rome to Naples. 

The train consisted of 8 cars. The measurement was performed on car 6, 7 and 8. An 

overview of the cars can be seen in Figure 8. 

 

Figure 8 Overview of the carbodies 

The three target cars have different set ups. 

i. Car 6, shown as M6 in the figure, is a motor car. 

ii. Car 7, shown as TT7 in the figure, is trailer car with a transformer screwed to 

the bottom of the carbody.  

iii. Car 8, shown as DM8 in the figure, is a motor car with driver’s cabin. 

These three target carbodies are applied with three different secondary suspension set 

ups to see the influence on ride comfort prediction. 

i. M6 is with original secondary suspension with orifice damping. 

ii. TT7 is with no orifice damping, but a hydraulic damper is introduced. 

iii. DM8 is with orifice damping, but the diameter of the orifice is 6.7% larger 

than that of M6. 
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2.2 Measurement 
The measurement signal was acceleration in both lateral and vertical direction. The 

signals were collected on the floor inside the carbody. There were three measuring 

points for each car. One was in the middle of the carbody and one on each end of the 

carbody on the floor above the bogie inside the carbody. The measuring points marked 

with red dots can be seen in Figure 8.  

Another thing that should be noticed is that two sets of measurement data were 

gathered. One by Italcertifer in Italy, and the other one by Bombardier Transportation 

Sweden. Further discussion on the two sets of measurement data is carried out in the 

next section. 

2.3 A comparison between the two sets of measurement result 
It can be noticed that the two sets of measurement data do not include exactly the same 

measurement variables. Therefore, a comparison between the two sets of measurement 

data is done to verify the measurement results and to choose one as a reference in the 

evaluation of the influence of carbody and suspension modelling on predicted ride 

comfort on passenger rail vehicles. 

A list of the measurement signals can be seen in Table 2 and Table 3. 

Table 2 Signals of the measurement done by Italcertifer 

signal Direction Unit 

time  s 

c7b1y Y m/s 2 

c7b1z Z m/s 2 

c7b2y Y m/s 2 

c7b2z Z m/s 2 

c8b1y Y m/s 2 

c8b1z Z m/s 2 

c8b2y Y m/s 2 

c8b2z Z m/s 2 
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Table 3 Signals of the measurement done by Bombardier Transportation 

Column Channel Label Direction Unit 

1 - Time   

2 - Kmp   

3 0 Speed X km/h 

4 1 c7b1 Z m/s 2 

5 2 c6b2 Z m/s 2 

6 3 c6b2 Y m/s 2 

7 4 c6m Z m/s 2 

8 5 c6b1 Y m/s 2 

9 6 c6b1r Z m/s 2 

10 7 c6b1 Z m/s 2 

11 8 c6b1l Z m/s 2 

12 9 c8b2 Z m/s 2 

13 10 c8m Z m/s 2 

14 11 c8b11 Z m/s 2 

15 12 c8b12 Z m/s 2 

16 13 c8b13 Z m/s 2 

17 14 c7b2 Z m/s 2 

18 15 c7m z m/s 2 

From the signals, it can be noticed that from the measurement carried out by Italcertifer, 

acceleration data regarding M6 is missing. Besides, it lacks acceleration data gathered in 

the middle of the carbody. Considering that the carbody bending motion will be most 

expressed in the middle of the carbody, and M6 is one of the target carbodies, more 

information is needed than the measurement results carried out by Italcertifer. Therefore, 

the measurement carried out by Bombardier Transportation Sweden will fit the purpose of 

this project better. 

Verification of the measurement results by Bombardier Transportation Sweden is carried 

out by comparing the common data with the measurement results by Italcertifer. The 

comparison is in the frequency range. Focus is on low or medium high frequencies, 

therefore the signal was low-pass filtered with 40Hz. Some comparison between the 

representative channels can be seen in Figure 9, Figure 10 and Figure 11. 

 

Figure 9 DM8 measurement data comparison on lateral direction 

DM8 measurement data comparison on lateral direction

First Bogie

Second Bogie

c8b1y_test3BT_c8b1y

c8b2y_test3BT_c8b2y

Frequency [Hz]

0 5 10 15 20 25 30 35 40

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0.00

0.02

0.04

0.06

0.08

Frequency [Hz]

0 5 10 15 20 25 30 35 40

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0.00

0.02

0.04

0.06

0.08



10 

 

In Figure 9, the blue lines are from the measurement carried out by Italcertifer and the 

green lines are from the measurement carried out by Bombardier Transportation Sweden. 

It can be noticed that the two sets of measurement data agree very well with each other 

regarding the frequency range. The main difference is in the amplitude of the signals.  

 

Figure 10 DM8 measurement data comparison on vertical direction 

In Figure 10, the blue lines are from the measurement carried out by Italcertifer and the 

green lines are from the measurement carried out by Bombardier Transportation Sweden. 

It can be noticed that the results agree with each other to a high degree regarding 

frequency range. The main difference is in the amplitude. 

 

Figure 11 TT7 measurement data comparison on vertical direction 

In Figure 11, the blue lines are from the measurement carried out by Italcertifer and the 

green lines are from the measurement carried out by Bombardier Transportation Sweden. 

It can be noticed that the lines agree very well with each other at very high level. The 

main difference is in the amplitude. 

To sum up, the measurement results from both Italcertifer and Bombardier Transportation 

are very similar. The measurements carried out by Bombardier Transportation Sweden are 

therefore in the report taken as reliable representative measurement results. 

DM8 measurement data comparison on vertical direction
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2.4 Comparison among the three secondary suspension set ups 
Since three different secondary suspension set ups are applied to the passenger rail vehicle 

carbodies, the influence from the different concepts are of great interest. Therefore, a 

comparison among the three secondary suspension concepts is carried out. 

The collected signals are acceleration signals in three different positions on the floor 

inside the carbody. RMS values over five seconds are taken to evaluate the behavior of the 

secondary suspension concepts. The concept of RMS values can be found in Chapter 5. 

The selected section for evaluation can be found in Chapter 4. 

For convenience, the black lines are measured data of M6, the red lines are measured data 

of TT7 and the blue lines are measured data of DM8. This color rule applies to all figures 

when comparing the three secondary suspension concepts. 

The comparison starts with the RMS value evaluation over the first bogie on the floor 

inside the carbody. RMS values over five seconds are calculated and shown in Figure 12 

 

Figure 12 Comparison among the secondary suspension concepts over the first bogie 

Over the first bogie, it can be noticed that since the diameter of the orifice of DM8 is 

larger, the damping effect is weaker than that of M6. Therefore, the RMS values of DM8 

can be a bit higher than that of M6. But at 38s and 78s, the RMS value of M6 is larger 

than that of DM8. For TT7, the damping provided by the hydraulic damper seems to be 

weaker than the damping effect by the orifice of M6. Therefore the RMS value of TT7 is 

larger than the RMS value of M6 most of the time. 
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Figure 13 Comparison among the secondary suspension concepts in the middle of the carbody 

 

 

Figure 14 Comparison among the secondary suspension concepts over the second bogie 

2.5 Conclusion 
From the measurement data, the following results can be concluded: 

i. The two sets of measurement data agree with each other very well. The 

measurement data collected by Bombardier Transportation Sweden is selected as 

the reference measurement data. 

ii. The application of hydraulic damper seems to provide inadequate damping to the 

secondary suspension compared with the M6. 

iii. The damping provided by an orifice with larger diameter is less than that by an 

orifice with smaller diameter. The change of the diameter of the orifice will 

influence the ride comfort. 

iv. The influence is more stated on the second bogie than on the other two measuring 

points. 
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Chapter 3 Track irregularities 
During the process of this project, two sets of track irregularities are applied. One is a modified 

track that contain a large range of wavelengths. The other one is the measured track on which the 

measurement was taken. In this chapter, the two sets of track irregularities are introduced and 

compared. And the choice on the track is briefly introduced. 

3.1 Measured track 
The measured track data was collected when the test was running in Italy between Rome 

and Naples. The track was measured by RFI (Rete Ferroviaria Italiana, the Italian 

infrastructure manager).  

The measured track contains a range of wavelengths from 3m to 70m. The total length of 

the measured track is 106km, from 89km to 195km on the whole line. 

The measured track is used for comparison between the simulation and the measurement 

results. 

3.2 Modified track 
A modified track with wavelength from 1m to 140m was also applied to the simulation. 

Considering that the wavelength of the measured track should be in a smaller range than 

the modified track, the modified track is supposed to contain more information including 

those that are interested. 

The modified track is modified from part of the measured track, i.e. between 13.173km 

and 34,499km on the measured track. The total length of the track that was simulated on 

was around 21km. And the track irregularity was measured every half meter. Due to 

limitations in the SIMPACK track loading section, the modified track is truncated in two 

sections, one is from 13.173km and the other one from 23.9995km. The two sections are 

applied to the model separately. 

The modified track is used more as a verification to the measured track to see if there is 

any influence from the track that causes any deviation between the simulation and the 

measurement. 
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Chapter 4 Simulation parameter selection 
In this chapter, the simulation conditions are briefly introduced to get a better understanding about 

how the simulation parameters are chosen. 

4.1 Simulation condition introduction 
Before starting the simulations, there are several parameters that should be chosen.  

First of all, the running speed in the simulation has to be chosen. The velocity- time plot 

of the test is shown as Figure 15. 

 

Figure 15 Velocity- Time plot of the Measurement 

From the figure, it can be noticed that the top speed during the run was 250km/h. The test 

was run at several speeds, for example 250km/h, 200km/h, 180km/h and 160km/h. The 

higher the running speed is, the larger is the influence from large wavelengths. When 

running at 250km/h, even the long wavelengths will have influence on the ride comfort 

evaluation. When running at 250km/h, which equals to 69.44m/s, the 70m wavelength will 

excite the vehicle at around 1Hz between the rail and the wheel. When the test runs at 

160km/h no obvious influence from large wavelengths, for example 70m of wavelength, 

will be seen. When running at 160km/h, which equals to 44.44m/s, the 70m wavelength 

will result in an excitation at around 0.63Hz between the rail and the wheel. This low 

frequency between the rail and wheel will be very hard to be noticed after the vibration 

isolations, from the primary and secondary suspension, on the floor inside the carbody. 

Therefore, in order to get the long wavelengths pronounced and to get better 

understanding of the model, the simulation speed was selected to be 250km/h. 

Secondly, the selection of the simulation section is important. Considering that straight 

tracks are the simplest and can eliminate the influence from lateral curves to vertical ride 

comfort during the evaluation, straight tracks are preferable in the simulation. Since the 

modified track has limited length of straight track, only 80s of the whole track can fulfill 

the requirement. The 80s of the track was applied in the simulation. 

 In the measurement, the measured data between 807s and 887s is taken as the reference 

data. The corresponding track was calculated by 

                      250km/h × 80s = 250km/h ×
80

3600
h = 5.6km                          Equation 1 
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This 5.6km was selected from the whole track, which is from 161km to 166.6km. Since 

the track irregularity is gradually applied to the simulation, some extra track irregularity is 

selected as well. This extra track irregularity is selected as 1km ahead of the starting point 

and after the ending point. The track irregularity that was applied to the simulation was 

from 160km to 167.88km, which was the end of the track section that was measured.  
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Chapter 5 Result analysis 
In order to see the influence from the secondary suspension model on the prediction of the ride 

comforts, several parameters are calculated for the evaluation of ride comfort, for example the 

frequency band, the RMS value and the power spectrum density. In this chapter, the parameters 

used for evaluation are briefly introduced to get better understanding of preprocessing of the 

models. 

5.1 Frequency analysis 
The collected data is all in the time domain. However, since the vibration is transferred 

through the suspensions to the passengers, and the influence of vibration on passengers 

is contained all the time, what is more interesting is in the frequency domain. Therefore, 

Fourier transformation is applied to the time signal to transfer it into the frequency 

domain. By calculating the Fourier transform, the time signal is chopped into small 

sections and to each section Hanning window is applied to get a periodic signal. Then 

Fast Fourier Transformation (FFT) is performed, and the signal is transferred into the 

frequency domain. 

From the frequency band of the signal, the distribution of frequencies in the 

acceleration signal can be seen. Therefore, it provides information about frequencies 

where large amplitude of acceleration appear. 

5.2 Ride comfort evaluation 
The ride comfort evaluation is an evaluation over the frequencies based on the human 

health and comfort. During the evaluation, it quantifies the vibration according to the 

human body sensitivity with respect to different frequencies. See Figure 16 for the EN 

12299:2009-08 ride comfort weighting curve in the vertical direction. For example, on 

vertical direction, the frequency between 0.1Hz – 0.5Hz has more influence on the 

motion sickness of the human body. Therefore, this frequency is weighted more when 

the motion sickness is investigated. Instead, influence from other frequencies will have 

smaller influence on the motion sickness.  

 

Figure 16 EN 12299:2009-08 ride comfort weighting curve in vertical direction 

During the ride comfort evaluation in this project, the EN 12299:2009-08 standard is 

applied. The signal is weighted according to the standard. Further, the main deviation 

between simulation and measurement is picked out and weighted in a special way to 

investigate the dominating frequency it contains. 

5.3 RMS value 
The RMS value is the root mean square value of a set of values. This signal is in the 

time domain and represents the acceleration over the measuring time. By taking the 
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RMS value of the signal, the number of data is weighted and reduced significantly. 

Therefore, the acceleration over time is clearly shown. 

In this report, the RMS value is calculated over 5s according to the EN 12299:2009-08 

standard. 

5.4 Power Spectral Density 
Power Spectral Density (PSD) describes how power is distributed over frequency. 

Since the acceleration signal is contained through all time, it is of more interest to see 

the power spectrum density of the acceleration signal in the frequency domain.  

In this report, a Hanning window is applied and PSDs are determined after the signal is 

weighted according to the standard. 
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Chapter 6 Comparison of simulation and measurement 
A main aim of the project is to see how large the deviation is between the predicted and the 

measured results. Therefore, a comparison between the simulation and the measurement is needed. 

In this chapter, the simulation results are introduced. Some comparison of RMS values and PSDs 

between the simulation and measurement is performed on each car to see the difference. 

6.1 M6 
M6 is the original car with original secondary suspension set up, and with 15mm diameter 

of orifice. 

i. First is the comparison of the PSD. The comparison in the three measuring points 

are shown in Figure 17 to Figure 19 

 

Figure 17 PSD comparison over the first bogie of M6 

Above the first bogie of M6, the simulated results agree well with the measured results 

regarding the frequency band. The main difference is with regard to the amplitude of 

the peaks. Since the largest track irregularity is 70m, the lowest excitation frequency 

that can be achieved is about 1Hz. The amplitude in the simulation is larger than in the 

measurement at 1.3Hz, 5.1Hz, 6Hz and medium high frequency between 13Hz and 

18Hz. 
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Figure 18 PSD comparison in the middle of the carbody of M6 

In the middle of the carbody, the simulated results agree very well with the measured 

results regarding the frequency band. Again the main difference is in the amplitude of 

the peaks. A sharp peak in the simulation at 7.8Hz can be observed, which does not 

exist in the measurement. And at around 1Hz and 10Hz, the modes are more stated in 

the measurement than in the simulation. 

 

Figure 19 PSD comparison over the second bogie of M6 

Above the second bogie of M6, the simulation results agree very well with measurement results 

regarding frequency band. A small difference can be seen that at 1.3Hz, 6.3Hz and between 7.5Hz and 

10Hz, where the simulation seem to underestimate the vehicle response compared to measurement. 

The simulation results overestimate the vehicle response at 5.6Hz and from 15Hz to 18Hz. 

ii. RMS value comparison. 
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PSD comparison over the second bogie of M6
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Figure 20 RMS value evaluation of M6 in vertical direction 

From the RMS value, it can be noticed that the main difference between the simulation 

and the measurement is between 75s and 80s. Therefore, a weighting curve is applied 

according to EN standard to this section of five seconds to see how much different 

frequencies contribute to the difference. The contribution from different frequencies can 

be seen in Figure 21. 

 

Figure 21 Ride comfort evaluation of M6 on vertical direction 

From Figure 21, it can be noticed that the dominating frequencies are 0.3Hz and 1.3Hz 

in the simulation regarding the main deviation. In the measurement, no obvious 

dominating frequency can be seen. 

Since there is no track excitation at 0.3Hz, the 0.3Hz that is observed in the figures are 

possibly from the simulation specifics or from the influence of lateral curves of the 

track. 

6.2 DM8 
Compared with M6, the diameter of the orifice of DM8 is 6.67% larger than that of M6.  
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i. The comparison starts with PSD evaluations, which can be seen from the following 

figures. 

 

Figure 22 PSD comparison over the first bogie of DM8 

Above the first bogie of DM8, the simulations agree with the measurement pretty well 

regarding the frequency band. Some difference can be noticed at 1.3Hz and medium high 

frequency from 7.5Hz to 15Hz. 

 

Figure 23 PSD comparison in the middle of the carbody of DM8 

In the middle of the carbody of DM8, the simulation results agree with the measured 

results very well regarding the frequency band. A small difference is around 1Hz, where 

the simulation underestimate the vehicle response compared to the measurement results. 

PSD comparison over the first bogie of DM8

Simulated

Measured

DM8_B1_16mm

BT_c8b1z

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

x 10
-3

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

x 10
-3

PSD comparison in the middle of the carbody of DM8

Simulated

Measured

DM8_m_16mm

BT_c8m

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

x 10
-3

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

x 10
-3



22 

 

 

Figure 24 PSD comparison over the second bogie of DM8 

Above the second bogie of DM8, the simulation results agree with the measurement 

results very well regarding the frequency band. Overestimation from the simulation can be 

noticed at 1.3Hz, 5.1Hz, 6Hz and between 12.5Hz and 14Hz. 

ii. RMS value comparison. 

 

Figure 25 RMS value evaluation of DM8 in vertical direction 

From the RMS values, it can be noticed that the main difference is between 75s and 

80s. The ride comfort is also calculated over this section of five seconds. 
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Figure 26 Ride comfort evaluation of DM8 on vertical direction 

From Figure 26, it can be noticed that in the simulation, the frequency 0.3Hz and 1.3 

Hz contribute more to the deviation between simulation and measurement compared 

with other frequencies. In the measurement, there is no such obvious dominating 

frequency. 

6.3 TT7 
TT7 is the car without orifice damping. Instead, a hydraulic damper is introduced in the secondary 

suspension to provide damping. 

i. Still, the comparison starts with the PSD. 

 

Figure 27 PSD comparison over the first bogie of TT7 

Above the first bogie of TT7, the simulation results agree with measured result 

regarding the frequency band. A difference is at around 7.7Hz, where an obvious peak 

is shown in the simulation, but it is not shown in the measurement. Another difference 

is at 18Hz. An obvious peak is shown in the simulation, but nothing is shown in the 

measurement at this frequency. Even the difference at 18Hz is large, there is possibly 

small influence on the ride comfort evaluation. However, the ride comfort evaluation 

will be done in the next section. 

Ride comfort evaluation of DM8 on vertical direction

Simulated

Measured

DM8_B1_16mm DM8_m_16mm DM8_B2_16mm

BT_c8b1z BT_c8m BT_c8b2z

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0.00

0.05

0.10

0.15

0.20

0.25

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0.00

0.05

0.10

0.15

0.20

0.25

PSD comparison over the first bogie of TT7

Simulated

Measured

TT7_B1_noorifice

BT_c7b1z

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

x 10
-3

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

x 10
-3



24 

 

 

Figure 28 PSD comparison in the middle of the carbody of TT7 

In the middle of the carbody, the measurement result is a bit different with the 

simulation result. From the simulation, it can be noticed that most of the power is 

concentrated at 17.5Hz. But in the measurement, most of the power is focused between 

7.5Hz and 10Hz. In order to see both the simulated results and measured results clearly 

while keeping the legend the same, a part of the large peak in the simulation is 

truncated. The amplitude of the large peak at 17.5Hz is 0.016m/s2. 

 

Figure 29 PSD comparison over the second bogie of TT7 

Above the second bogie of the carbody, the simulation agree with the measurement 

regarding the frequency band at low frequency. An obvious difference is that in the 

measurement, a peak can be seen at 8Hz, but in the simulation this peak does not exist. 

At higher frequencies, i.e. between 16Hz and 20Hz, an obvious peak is shown in the 

simulation. But nothing is shown in the measurement. This difference was observed 

above the first bogie and in the middle of the carbody as well.  

ii. RMS evaluation 

The RMS value is calculated over 5 seconds, and can be seen from the figures below. 
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Figure 30 RMS value evaluation of TT7 in vertical direction 

There is a big difference in the RMS value between the simulation and the 

measurement. For example, in the simulation, between 25s and 30s, 40s and 50s, 60s 

and 70s and from 70s to 80s. The weighting curve is applied to each of the sections in 

5s. The figures can be seen below. 

 

Figure 31 Ride comfort evaluation between 25s and 30s of TT7 on vertical direction 

Between 25s and 30s in the simulation, the dominating frequencies are 0.3Hz and 

18.5Hz. In the measurement, there is no such dominating frequency. 
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Figure 32 Ride comfort evaluation between 40s and 50s of TT7 on vertical direction 

Between 40s and 50s there is no such dominating frequency, neither in the measurements nor in 

the simulations. 

 

Figure 33 Ride comfort evaluation between 60s and 70s of TT7 on vertical direction 

Between 60s and 70s in the simulation, the dominating frequency is 16.5Hz, 17.5Hz 

and 18Hz. But in the measurement, there is no dominating frequency. 
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Figure 34 Ride comfort evaluation between 70s and 80s of TT7 on vertical direction 

 Between 70s and 80s in the simulation, the dominating frequency is 7Hz, 8Hz and 

from 16.25Hz to 18Hz. There is no dominating frequency in the simulation. 

6.4 Conclusion 
The conclusions from the result analysis can be concluded as follows: 

i. Both M6 and DM8 have good agreement between simulation and measurement. 

The main difference is at 0.3Hz and 1.3Hz. Since there is no track excitation at 

0.3Hz, the 0.3Hz that is shown in the figures are possibly simulation specifics or 

from the influence of lateral curves on vertical direction. 

ii. From all the three measuring points, the main difference between simulation and 

measurement for TT7 is between 7.5Hz and 9Hz. These frequencies are medium 

high frequencies, and it is not easy to conclude whether the difference at medium 

high frequency can come from the modelling of secondary suspension or not. 

iii. Considering that TT7 is the carbody with a transformer, there is a possible 

influence from the transformer that result in the large peak at 18Hz. 
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Chapter 7 Sensitivity test 
In order to get better prediction of the ride comfort on the passenger rail vehicle, improvements in 

the secondary suspension modelling are needed. Therefore, a sensitivity test was carried out to see 

how the parameters would influence the secondary suspension. In this project, the Berg model is 

used as the secondary suspension. In this chapter, the Berg model is briefly introduced to get a 

better understanding of the improvement. The possible influencing parameters are introduced and 

tested. 

7.1 TT7 transformer 
From the previous chapter, the main deviation between simulation and measurement is 

between 16Hz and 20Hz, where a high peak is shown in the PSD of TT7. Since there is 

possibility that this deviation may come from the transformer, this was tested. The 

connection between the transformer and the carbody is modified to a stiffer connection. 

The outcome is shown in Figure 35. 

 

Figure 35 PSD comparison over the first bogie of TT7 with modification of connection 

In the figure, the red line is the PSD after modification in the connection between the 

carbody and the transformer. An obvious change in the simulation is that the frequency 

at 7.5Hz is weakened and the frequency at 10.5Hz is strengthened. Thus it makes the 

simulation more similar to the measurement. But there is not much influence on the 

frequency between 18Hz and 20Hz. Therefore, the deviation at high frequency does not 

come from the transformer. 

7.2 Influence from the track 
An obvious difference between the simulation and the measurement in M6 and DM8 is 

that there is dominating frequency at 1.3Hz. Considering that the influence from the 

secondary suspension and the bogie should not come at this frequency, a possible 

influence may come from the track excitation. Therefore, the track excitation is 

checked. On the axlebox of the bogie, the excitation from the track is not filtered by the 

suspensions. Therefore, the signal on the axlebox can reflect the excitation from the 

track. By changing the applied track irregularity from the measured track to the 

modified track, the influence from the track irregularity can be seen in Figure 36. 
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Figure 36 PSD of track excitation reflected from the axlebox 

From the figure, it can be seen that for the measured track, most power is concentrated 

at 1.3Hz. For the modified track, less power is shown at 1.3Hz compared with the 

measured track. Therefore, it can be concluded that the large excitation from the 

measured track should contribute to the dominating frequency at 1.3Hz regarding the 

deviation between the simulation and the measurement of M6 and DM8. 

7.3 Key parameters in the Berg model 
In Chapter 1, it is introduced that the berg model contains seven parameters in the 

vertical direction. From the work done by Berg, the elastic stiffness, the friction and the 

viscous forces are dependent of the preload, Kez, Ffz,max, Z2 in the linear section will not 

result in much influence on the ride comfort evaluation in simulation. (7) Since the M 

represent the acceleration provided to the none-linear section, modification in the 

effective mass will not lead to modification in the frequency range, but will possibly 

have very small change in the amplitude. And from the report by Berg, the influence 

from elastic parameters in the none-linear section is most stated in motions of large 

amplitude and low frequency. It would be effective if the values Kvz, Kez
 and β are 

modified. 

The viscous exponent β, represents a linear component when β=1, and a totally non-

linear component when β=2.  

The series stiffness to viscous damping Kvz and elastic stiffness Kez, are expressed as 

elastic stiffness Cez and viscous stiffness Cvz in the model. 

7.4 Influencing parameters on each carbody 
With the possible influencing parameters in the model figured out in the previous 

section, modifications are applied to the parameters on each carbody. Therefore, the 

sensitivity of the secondary suspension over the relative parameters is tested. The 

sensitivity test over the influencing parameters are applied in a procedure so that only 

one of the three parameters is modified at a time on each carbody. Then the result is 

compared with the original result. 
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7.4.1 M6 

M6, the carbody without any modification in the secondary suspension, is tested first. 

Firstly, the viscous exponent β is reduced with 16.7% compared to the original value. 

The result over the three measurement points can be seen in the following figures. 

 

Figure 37 PSD over the first bogie of M6 with modified β 

By changing the viscous exponent β to a smaller value, there are notable changes in the 

amplitude in the PSD over the first bogie inside the carbody. As can be seen from the 

figure, the amplitude gets larger at low frequency, especially at 1.3Hz, 1.8Hz, 5.1Hz 

and 6Hz. But there is very little influence on the high frequencies between 12.5Hz to 

20Hz. Further, it is noticed that the change in the viscous exponent β will have no 

influence on the frequency range.  

 

Figure 38 PSD in the middle of M6 with modified β 

Compared with the result over the first bogie of the carbody, the influence is not very 

obvious in the middle of the carbody.  
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Figure 39 PSD over the second bogie of M6 with modified β 

The result over the second bogie of the carbody is very similar with that over the first 

bogie of the carbody. The change in the viscous exponent β will result in larger 

amplitude in PSD but will not have an influence on the frequency range.  

 

Figure 40 RMS value evaluation of M6 with modification of β 

In the RMS value evaluation of M6, the amplitude in the middle of the carbody does 

not seem to be different to the one before the modification of the viscous exponent β. 

But over the two bogies, the amplitude gets larger with a smaller β value. Since in 

Chapter 6 the main difference between simulation and measurement is between 75s and 

80s, the same time section is chosen for a more detailed ride comfort evaluation. 
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Figure 41 Ride comfort evaluation of M6 with modified β 

In the ride comfort evaluation, the dominating frequency is not influenced by the 

viscous exponent β. But there is a notable change in the amplitude at 1.3Hz. 

Then modification is applied to the elastic stiffness Cez. The value is modified to be 

20.96% smaller than the original one. The simulated results are compared in the 

following figures.  

 

Figure 42 PSD over the first bogie of M6 with modified Cez 

Over the first bogie inside the carbody of M6, the amplitude in PSD gets smaller with a 

smaller elastic stiffness Cez. There is an obvious change at frequencies of 1.3Hz, 5.1Hz 

and 5.8Hz. But the modification of the elastic stiffness Cez has no influence on the 

frequency range. 
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Figure 43 PSD in the middle of M6 with modified Cez 

It seems that Cez has no influence on the PSD evaluation in the middle of the carbody, 

not only regarding the frequency range, but also regarding the amplitude. 

 

Figure 44 PSD over the second bogie of M6 with modified Cez 

The PSD change over the second bogie inside the carbody is very similar with the 

change over the first bogie inside the carbody regarding the modification of the elastic 

stiffness Cez. The amplitude gets smaller with a smaller elastic stiffness Cez and the 

frequency range is not influenced by the modification.  
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Figure 45 RMS value evaluation of M6 with modification of Cez 

From the RMS evaluation after the modification of the elastic stiffness Cez, there is very 

little change in the middle of the carbody but much change over the two bogies inside 

the carbody. The amplitude is higher compared with the original Cez and the main 

difference still is concentrated between the time sections from 75s to 80s. Therefore, 

weighting curve is applied to this section. 

 

Figure 46 Ride comfort evaluation of M6 with modified Cez 

After applying the weighting curve, it can be noticed that the dominating frequency at 

1.3Hz get smaller regarding the amplitude. But there is no influence on the frequency at 

0.3 Hz. 

Next is the modification of the viscous stiffness Cvz. The value of the viscous stiffness 

is modified to be 19.05% smaller than the original value.  The results of the simulation 

can be seen in the following figures. 
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Figure 47 PSD over the first bogie of M6 with modified Cvz 

Over the first bogie inside the carbody, it is obvious that the amplitude gets larger with 

a smaller viscous stiffness. But there is no change in the frequency range with the 

modification of the viscous stiffness Cvz. 

 

Figure 48 PSD in the middle of M6 with modified Cvz 

The middle of the carbody seems to be sensitive to the modification of the viscous 

stiffness Cvz. The changing direction is the same with over the first bogie of the 

carbody, i.e. the amplitude gets larger but the frequency range is not influenced. 

PSD over the first bogie of M6 with modifed cvz

cvz=525053N/m

cvz=425053N/m

M6_B1_15mm

M6_B1_cvz

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

x 10
-3

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

x 10
-3

PSD in the middle of M6 with modifed cvz

cvz=525053N/m

cvz=425053N/m

M6_m_15mm

M6_m_cvz

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

1

2

3

4

5

6

x 10
-3

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

1

2

3

4

5

6

x 10
-3



36 

 

 

Figure 49 PSD over the second bogie of M6 with modified Cvz 

The amplitude over the second bogie inside the carbody gets larger with the 

modification of the viscous stiffness Cvz. But the frequency range is not influenced. 

 

Figure 50 RMS value evaluation of M6 with modification of Cvz 

The amplitude of all three measuring points get higher with a smaller viscous stiffness 

Cvz in the RMS evaluation of M6. But the main difference remains in the time section 

between 75s and 80s. Therefore, for this section the ride comfort is evaluated. 
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Figure 51 Ride comfort evaluation of M6 with modified cvz 

After the weighting curve is applied, the ride comfort evaluation can be seen in Figure 

51. The amplitude gets larger at 1.3Hz, but the frequency at 0.3Hz is not influenced at 

all. 

7.4.2 DM8 

The key parameters of DM8 is analyzed in the same way as for M6. First, the viscous 

exponent β is changed from 1.8 to 1.5, which is 16.7% lower than the original value. 

The comparison regarding the different β values can be seen in the following figures. 

 

Figure 52 PSD over the first bogie of DM8 with modified β 

Over the first bogie of DM8, the amplitude of the acceleration gets larger with a smaller 

viscous exponent β. Notable changes are at frequency 1.3Hz, 1.8Hz, 2.5Hz, 5.0Hz, 

5.7Hz and between 11Hz and 14Hz. But there is no influence from the modification of 

the viscous exponent β on the frequency range. 
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Figure 53 PSD in the middle of DM8 with modified β 

The amplitude of the acceleration in the middle of the carbody gets larger at 1.3Hz with 

a smaller viscous exponent β. But the influence seems very small in the rest of the 

frequency range, from 2.5Hz to 20Hz. The modification in the viscous exponent β lead 

to no change on the frequency range. 

 

Figure 54 PSD over the second bogie of DM8 with modified β 

The change regarding the amplitude of the acceleration over the second bogie is very 

similar with that over the first bogie. The amplitude gets larger with a smaller viscous 

exponent β and the frequency range is not influenced. 
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Figure 55 RMS value evaluation of DM8 with modification of β 

There is not much change in the middle of the carbody after the modification of the 

viscous exponent β. But over the first bogie and the second bogie, the acceleration get 

larger in the RMS value evaluation. The main difference again is between 75s and 80s, 

which is the same with before the modification. In this short time section the ride 

comfort weighting curve is applied, and the ride comfort evaluation can be seen in 

Figure 56. 

 

Figure 56 Ride comfort evaluation of DM8 with modified β 

It can be noticed that the amplitude at 1.3Hz gets larger with a smaller viscous exponent 

β in all the three measurement points. The frequency at 0.3Hz is not influenced at all. 

Then the elastic stiffness Cez is modified to be 28.9% lower than the original value. The 

simulation results are compared in the following figures. 
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Figure 57 PSD over the first bogie of DM8 with modified Cez 

Above the first bogie of DM8, the amplitude of the acceleration gets smaller after the 

elastic stiffness gets smaller. The main change is for frequencies at 1.3Hz, 1.8Hz and 

5.0Hz. But there is no change in the frequency range.  

 

Figure 58 PSD in the middle of DM8 with modified Cez 

The change in the middle of the carbody is very small. Small changes can be seen at 

1.3Hz regarding the amplitude of the acceleration. The amplitude gets smaller with a 

smaller elastic stiffness Cez. The frequency is not influenced by the modification in the 

elastic stiffness Cez. 
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Figure 59 PSD over the second bogie of DM8 with modified Cez 

The amplitude of the acceleration over the second bogie of the carbody gets smaller 

with a smaller elastic stiffness Cez. And there is no change regarding the frequency 

range. 

 

Figure 60 RMS value evaluation of DM8 with modification of Cez 

From the RMS value evaluation, the amplitude over the first and second bogie gets 

smaller regarding the acceleration. The main deviation remains to be between 75s and 

80s. In this time section, ride comfort weighting curve is applied. The dominating 

frequency changes can be seen in Figure 61. 
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Figure 61 Ride comfort evaluation of DM8 with modified Cez 

The amplitude of the acceleration at 1.3Hz get smaller with a smaller elastic stiffness 

Cez. But the dominating frequencies keep unchanged. 

Then, the viscous stiffness Cvz is modified to be 14.3% smaller than the original. The 

simulation results are compared in the following figures. 

 

Figure 62 PSD over the first bogie of DM8 with modified Cvz 

Over the first bogie, there is a small change in the amplitude at low frequencies at 

1.3Hz, 1.8Hz and 13Hz. The amplitude gets larger with a smaller viscous stiffness Cvz. 

The modification in viscous stiffness Cvz will not lead to change regarding the 

frequency range. 
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Figure 63 PSD in the middle of DM8 with modified Cvz 

The amplitude in the middle of the carbody gets smaller with a smaller viscous stiffness 

Cvz. Obvious changes can be seen at 7.5Hz. The modification in viscous stiffness Cvz 

will not lead to changes in the frequency range, however. 

 

Figure 64 PSD over the second bogie of DM8 with modified Cvz 

Over the second bogie, the amplitude of the acceleration gets larger with a smaller 

viscous stiffness Cvz. The change is mainly focused at 1.3Hz and 12.8Hz. But no 

obvious change in the frequency is noticed. 
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Figure 65 RMS value evaluation of DM8 with modification of Cvz 

There is not much difference before and after the modification of viscous stiffness Cvz. 

The amplitude get a bit higher over the two bogies. And the main deviation remains to 

be between 75s and 80s. Therefore, the weighting curve is applied to this time section. 

 

Figure 66 Ride comfort evaluation of DM8 with modified Cvz 

The amplitude at 1.3Hz get higher with a smaller viscous stiffness Cvz in ride comfort 

evaluation. The frequency at 0.3Hz is not influenced at all. 

7.4.3 TT7 

For TT7, the same modifications are applied to the key parameters. First, the viscous 

exponent β is modified from 1.8 to 1.5, which is 16.7% smaller than the original. The 

simulation results can be seen as follows. 
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Figure 67 PSD over first bogie of TT7 with modified β 

 

Figure 68 PSD in the middle of TT7 with modified β 

 

Figure 69 PSD over the second bogie of TT7 with modified β 
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Over all the three measurement points, it can be noticed that the secondary suspension 

of TT7 is not sensitive to the modification of the viscous exponent β. And there is no 

obvious change in the amplitude or in the frequency range. 

 

Figure 70 RMS value evaluation of TT7 with modification of β 

The insensitivity of TT7 to the viscous exponent β can also be seen in the RMS value 

evaluation. There is no obvious change before and after the modification of the viscous 

exponent β. But the weighting curve is still applied to the main deviation between 25s 

and 30s. 

 

Figure 71 Ride comfort evaluation of TT7 with modified β 

From the figure, it can be noticed that the modification in the viscous exponent β will 

not lead to any changes regarding the dominating frequency in ride comfort evaluation 

of TT7. 

Then the elastic stiffness Cez is modified to be 28.9% smaller than the original. The 

simulation results can be seen in the following figures. 
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Figure 72 PSD over the first bogie of TT7 with modified Cez 

 

Figure 73 PSD in the middle of TT7 with modified Cez 

 

Figure 74 PSD over the second bogie of TT7 with modified Cez 
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Even though there is small decrease in the acceleration amplitude, it is very difficult to 

notice this difference. Therefore, the modification of the elastic stiffness Cez will not 

lead to much difference on TT7, neither in the amplitude nor on the frequency range. 

 

Figure 75 RMS value evaluation of TT7 with modification of Cez 

There is mainly no difference before and after the modification of the elastic stiffness 

Cez. But the ride comfort weighting curve is still applied to the main deviation between 

25s and 30s. 

 

Figure 76 Ride comfort evaluation of TT7 with modified Cez 

From the figure, it can be noticed that TT7 is not sensitive to the modification of elastic 

stiffness Cez. 

Then the viscous stiffness Cvz is modified to be 14.3% smaller than the original. And 

the simulation comparison can be seen in the following figures. 
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Figure 77 PSD over the first bogie of TT7 with modified Cvz 

 

Figure 78 PSD in the middle of TT7 with modified Cvz 

 

Figure 79 PSD over the second bogie of TT7 with modified Cvz 
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From the PSD evaluation over all the three measurement points, it can be noticed that 

TT7 is not sensitive to the modification of viscous stiffness Cvz.  

 

Figure 80 RMS value evaluation of TT7 with modification of Cvz 

From the RMS value, it can be noticed that TT7 is not sensitive to the modification of 

the viscous stiffness Cvz. But the weighting curve is still applied to the main deviation 

between 25s and 30s. 

 

Figure 81 Ride comfort evaluation of TT7 with modified Cvz 

The viscous stiffness Cvz seems to have no influence on the ride comfort evaluation of 

TT7. 

The secondary suspension of TT7 does not seem to be sensitive to the parameters of the 

secondary suspension model. This is because there is no orifice damping in the 

secondary suspension of TT7. 
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7.5 Conclusion 
The results can be summed up as Table 4. 

Table 4 Influence on the ride comfort evaluation from different parameters in the secondary suspension 

 M6 DM8 TT7 

Original MBS-model 

vs Measurement 
+ - + 

With decreased 

viscous exponent β 
- - 0 

With decreased  

elastic stiffness Cez 
+ + + 

With decreased  

viscous stiffness Cvz 
- - - 

In this table, it shows the deviation between the simulation results and the measurement 

results as well as the influence on the ride comfort evaluation from the key parameters of 

the secondary suspension.  

For row 2, original MBS-model vs Measurement, 

 “+” means the simulation results overestimate the corresponding measurement 

results. 

  “-” means the simulation results underestimate the corresponding measurement 

results.  

From row 3 to row 5, a “+” means that it gets better estimation on ride comfort evaluation 

for the MBS-model with adjusted key parameter. If the sign is the same with the one in 

row 2 of the same car, the corresponding parameter should be tuned in the same direction 

as the report has. Otherwise, the corresponding parameter should be tuned in the opposite 

direction. For example, the sign of M6 with a decreased β is in different with the sign in 

row 2. Therefore, the tuning of parameter β should be in the opposite direction, which 

means the β should be tuned larger for M6 to get better estimation. 

The conclusions of this chapter can be summed up as: 

i. The main difference between simulation results and measurement results for car 

M6 and DM8 is a peak at 1.3Hz. It is likely that this difference depends on track 

irregularity excitations. 

ii. The frequency peak at 0.3Hz that can be noticed in car M6 and DM8 is not caused 

by the secondary suspension modelling. 

iii. An increased viscous exponent β, an increased viscous stiffness Cvz , together with 

a decreased elastic stiffness Cez gives better estimation for car M6.  

iv. A decreased viscous exponent β, a decreased viscous stiffness Cvz, together with 

an increased elastic stiffness Cez gives better estimation for car DM8.  

v. TT7 is not sensitive to the modifications in the secondary suspension parameters. 
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Chapter 8 Conclusions 
In this report, the measurement results are compared with the simulation results. From the comparison, 

the three different secondary suspension concepts have a good agreement between the simulation and 

the measurement at low frequencies regarding the frequency band. A main difference is the amplitude 

at some frequencies. 

Some investigations are applied to find the possible resources of the deviation between the simulation 

and the measurement. The investigation results show that there is influence from the track that results 

in a deviation between the simulation and the measurement. Therefore, the wavelength content should 

be measured in a larger range to get a better prediction of the vehicle response. 

The secondary suspension of M6 and DM8 show high sensitivity to the viscous exponent β, the elastic 

stiffness Cez and the viscous stiffness Cvz. This gives guidance for further tuning of the model in 

simulation. And the tuning of the model can be done according to the influence on the ride comfort 

evaluation by these parameters provided in this report. 

The secondary suspension of TT7 is not sensitive to the viscous exponent β, the elastic stiffness Cez 

and the viscous stiffness Cvz. There is possibly another source that results in the sharp peak of TT7 at 

18Hz. 
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Chapter 9 Future work 
From Chapter 5, it can be noticed that there is large difference between the simulation and the 

measurement in high frequencies, i.e. from 20 to 40Hz. And from the eigenmode report, it can be 

seen that it is the carbody that contributes most at high frequencies. In order to better understand 

the deviation between the simulation and the measurement, carbody flexible modes could be 

reduced into several sets. And this can be a future work that is of interest to be looked in. 
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Appendix 1 Promoting of the secondary suspension (Continue) 

M6 
β modified to 5.56% larger than original. 
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Cez modified to 50.18% larger than original. 

 

Ride comfort evaluation of M6 with modified beta
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PSD in the middle of M6 with modifed cez
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Cvz modified to 19.05% larger than original. 

 

 

Ride comfort evaluation of M6 with modified cez
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DM8 
β modified to 5.56% larger than original. 

PSD over the second bogie of M6 with modifed cvz
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PSD over the first bogie of DM8 with modifed beta
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Cez modified to 35.15% larger than original. 

 

Ride comfort evaluation of DM8 with modified beta
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PSD in the middle of DM8 with modifed cez
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Cvz modified to 17.14% larger than original. 

 

 

Ride comfort evaluation of DM8 with modified cez
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TT7 
β modified to 5.56% larger than original. 

PSD over the second bogie of DM8 with modifed cvz
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PSD over the first bogie of TT7 with modifed beta
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beta=1.9

TT7_B1_noorifice

TT7_B1_beta

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

10

12

14

16

x 10
-3

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

10

12

14

16

x 10
-3

PSD in the middle of TT7 with modifed beta

beta=1.8

beta=1.9

TT7_m_noorifice

TT7_M_beta

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

10

12

14

16

x 10
-3

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

10

12

14

16

x 10
-3

PSD over the second bogie of TT7 with modifed beta

beta=1.8

beta=1.9

TT7_B2_noorifice

TT7_B2_beta

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

10

12

14

16

x 10
-3

Frequency [Hz]

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

a
c
c
e
le

ra
ti
o
n
 [

m
/s

^2
]

0

2

4

6

8

10

12

14

16

x 10
-3



66 

 

 

 

Cez modified to 35.15% larger than original. 

 

Ride comfort evaluation of TT7 with modified beta
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PSD in the middle of TT7 with modifed cez
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Cvz modified to 17.14% larger than original. 

 

 

Ride comfort evaluation of TT7 with modified cez
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PSD over the second bogie of TT7 with modifed cvz
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