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Abstract 
In the majority of railway vehicles, lateral bumpstops are commonly used in order to prevent excessive 
lateral displacement of the carbody when curve negotiation. When contacting these bumpstops, there is a 
high enlargement of lateral stiffness and therefore an increase of vibrations transmitted from the bogie to 
the body. 
The paper presents the design of a system that allows limiting the lateral movement of the vehicle during 
curve negotiation without significantly increasing the lateral stiffness. The use of bumpstops would be 
restricted, therefore, to a mere element of safety that would act in case of malfunction of the hold off 
system. The paper describes the different phases of the design process starting from a preliminary step, 
which is the definition of requirements to be fulfilled and finalizing with the solution adopted. The system 
proposed is based on a pneumatic system.  

1 Introduction 

In the majority of railway vehicles, lateral bumpstops are commonly used in order to prevent excessive 
lateral displacement of the carbody when curve negotiating [1]. When coming into contact with these 
bumpstops, there is a high increase in lateral stiffness and therefore vibrations transmitted from the bogie 
to the carbody is facilitated which results in ride comfort worsening. 
The purpose of this article is to present the design of a system which allows the vehicles suspension to be 
centred whilst negotiating a curve without significantly increasing the lateral stiffness. The use of 
bumpstops would therefore be restricted to a mere safety element that would operate in the event of a 
centring system malfunction of the hold off system or on travelling on track sections with a high degree of 
geometric defects. 
The use of a pneumatic actuators based system is considered for this centring system. The use of 
pneumatic actuators rather than hydraulic or electromechanical actuators meets the ease of implementation 
and financial criteria. In addition, virtually all rail vehicles are fitted with an air compressor which feeds 
the piping of the main reservoirs which, in turn, feeds compressed air to the various train pneumatic units 
(e.g. the braking system). As a result of this, the use of pneumatic actuators does not require the 
implementation of a new system on the train, but rather, at the most, the use of a compressor with a greater 
flow rate. In addition, the advantage of the pneumatic actuator is the fact that the items connected to it are 
"uncoupled" when their reply bandwidth is exceeded, which is exactly the opposite to electromechanical 
or hydraulic actuators. 
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Logically, a number of decisions must be taken during the design of a system of these characteristics: 
Maximum added stiffness, maximum occupied space, response time, etc. In the case figuring in this paper, 
the following requirements were imposed: 

• The vehicle’s lateral stiffness during curve negotiation must not exceed 120% of the vehicle’s 
stiffness when running on a straight section. 

• Uncompensated lateral acceleration for suspension design must be 1m/s2. 

• The vehicle takes 4 seconds to cover the transition curve (lateral acceleration increases in a linear 
fashion on the transition curve). 

• The free play between the carbody and bumpstops is approximately 25mm. 
Apart from these considerations, the following guidelines were also established for the system's design: 

• Bare minimum air consumption must be used. 

• The centring system must take up as little space as possible. 

• The control system must be as robust and reliable as possible, with mechanical solutions preferred 
over electronic ones. 

• The actuator must begin operating with a carbody lateral displacement (relative to the bogie) of 
between 15 and 20 mm. 

The various solutions adopted for the design of the centring system figure in the following sections. The 
second section provides a schematic of the centring system as well as the main components; the 
implemented control system is also briefly explained in this chapter. 
Section 3 studies the main components and analyses the effect of the characteristics of these items on the 
overall performance of the centring system. Section 4 features the pre-sizing of a centring system for a 
typical high speed vehicle. Section 5 provides an experimental analysis of the most critical points of the 
centring system. Then, section 6 features an in-depth study of centring system operation. To this end a 
multi-body program is used so that the real performance of a rail vehicle can be appropriately taken into 
consideration. Finally, section 7 summarises the main conclusions reached throughout the document. 

2 Centring system general schematic 

Figure 1 features a general schematic of the proposed centring system. The main items of this system are: 
 Pneumatic actuators located between the carbody and the bogie frame.  
 Main Reservoir Piping. Connects the main compressor of the vehicle and provides pressurized air 

to the centring system.  
 Auxiliary reservoirs - each actuator is connected, on one side, to the auxiliary reservoir. The 

purpose of these reservoirs is, as will later be seen, to ensure that the lateral stiffness does not 
increase excessively.  

 The levelling valve regulates the flow rate and volume of air in the pneumatic actuator.  
 For safety reasons, the current lateral bumpstops must be maintained. 
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Figure 1.- Centring system schematic 

As can be seen in figure 1, the mechanism governing the centring system is made up of two articulated 
rods; one connected to the levelling valve located on the carbody and the other connected to the bogie. 
Relative displacement between the carbody and bogie results in valve rotation, permitting air ingress to the 
actuator in one direction, with the actuator air exiting to the atmosphere in the other direction. 
When the carbody is centred, the levelling valves serve as an exhaust, connecting the auxiliary reservoir 
actuator assembly to the atmosphere. On the other hand, when the carbody moves sideways, a levelling 
valve opens the communication of its actuator with the piping pressurised, allowing for the centring of the 
carbody, whilst the other valve communicates its actuator with the atmospheric pressure. When the 
carbody moves to the other side, the positions of the levelling valves are inverted, 
The lateral pneumatic actuator must be capable of applying sufficient force for the lateral movements 
between the carbody and bogie, within certain limits, to be contained, with the stiffness remaining 
virtually constant. 

3 Main components.  

3.1 Pneumatic actuator 
During curve negotiation, the rail vehicle carbody is subjected to the centrifugal force action. This 
centrifugal force tends to result in lateral carbody displacement which is finally limited by pneumatic 
bumpstops (a typical play between carbody and bumpstops is 25-28mm). 
The pneumatic actuator’s function is to apply sufficient force between the carbody and the bogie to 
prevent carbody-bumpstop contact.  
In real applications there is no need for the carbody to be perfectly centred as a certain amount of lateral 
displacement can be admitted (Currently, by using the lateral bumpstops the maximum relative lateral 
displacements between carbodies and bogies is usually between 25 mm and 80 mm, depending on the 
service type). This displacement means that the actuator does not need to counteract all the inertia force as 
part of this is absorbed by the lateral stiffness of the secondary suspension. In a quasi-stationary case, the 
force required by the actuator is as follows: 

N
yKaM

F estLatTotalcarbody
act

.· −
=  (1) 
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Where actF  is the force to be applied by each actuator, carbodyM  is the carbody mass, a  is the lateral 

acceleration, N  is the number of actuators, LatTotalK . is the total lateral stiffness of the carbody and esty  is 
the lateral displacement of the carbody. 
As mentioned above, the decision was made in this project to use pneumatic actuators. The force applied 
by this type of actuator is the same as the product of the piston area and the difference of the pressures on 
the two piston surfaces.  

APFact ·=  (2) 

3.2 Auxiliary reservoir 
One of the main conditioning factors in the design of the pneumatic system is the additional lateral 
stiffness applied. The formula will be obtained below to calculate said stiffness.  
If we assume that when the position of the piston “x” is modified the gas compression/expansion process 
is fast enough, then it can be assumed that this is a polytropic process. Therefore: 

( ) 0=γPVd  (3) 

Where V  is the actuator volume and γ  is the polytropic constant of the air. 

Using the equation ( ( ) 0=γPVd  (3) 

the following is obtained: 

01 =+ − dVPVdPV γγ γ  (4) 

The pneumatic system stiffness can be obtained from this equation: 

V
AP

dx
dFK

2γ
==  (5) 

Using equation (5) the conclusion can be drawn that for low stiffness (with a specific force) it is 
recommended that the piston area value be reduced. 
Given the limited space available for the lateral actuator, on certain occasions it would be appropriate to 
use an auxiliary volume connected to the pneumatic actuator to reduce the system's stiffness. 
Having said this, it must be pointed out that the auxiliary volume cannot be increased excessively as: 

• A high volume results in a slower centring system: It takes longer to achieve the required 
pressures. 

• There is greater air consumption. 

• More space is required to install the centring system on a real vehicle. 

3.3 Centring system admission valve 
As mentioned above, in order for the centring system to run smoothly, the pressure increase inside the 
actuator must be fast enough. It must be remembered that the pressure must go from zero (when running 
on straight sections) to the operating pressure in a short space of time.  
It can be assumed (as a first approximation) that this period of time is the same as the time it takes the 
vehicle to negotiate the transition bends between the straight areas and the bends. 
To model the air flow between the centring system and the main reservoir piping the compressible flow 
equations will be used. 
This is the case as the pressures the gas is subjected to changes a great deal from the main reservoir pipes 
(10 bars) to the pneumatic actuator (from 0 to 6 bars). This results in high density variations whereby it is 
not appropriate to use the uncompressible flow equations. 
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To model the compressible flow between two reservoirs two cases are distinguished: 

• That the fluid speed is less than the speed of a pressure wave transmitted via this fluid (Mach 
number less than 1). 

• That the fluid speed is the same as the speed of a pressure wave transmitted via this fluid (Mach 
number equal to 1). 

In the first case the mass flow is calculated using the equation below: 

( )γ
γ

γγ −
+

⎟
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Where 0P  is the pressure of ht reservoir from where the air flows, 0T  is the temperature of the reservoir, 
M  is the fluid’s Mach number and A  is the area of the conduct connecting the two reservoirs. 
To calculate the density, the pressure and the temperature at the actuator inlet, the following equations can 
be used [2]: 
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If the fluid speed is equal to the mach value the equation (6) can be simplified as follows: 
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Also, the density, the pressure and the temperature at the reservoir inlet can be calculated in the following 
manner (assuming the fluid is air): 

06340.0 ρρ =  (11) 

05283.0 PP =  (12) 

08333.0 TT =  (13) 

Therefore, in order to determine whether the fluid is subsonic or not, the ratio between the pressure of the 
reservoir which is filled and the pressure of that which is emptied must be considered: 

15283.0

15283.0

0

0

=→<

<→>

M
P
P

M
P
P

 (14) 

As can be seen in the centring case, the speed of the fluid will often be the same as the speed of sound as 
the pressure in the main reservoir pipes is between 8.5 and 10 bars (9.5 and 11 absolute bars) and the 
actuator pressure will be 6.5 absolute bars, at the most, starting from 1 absolute bar. 
To simulate filling the actuator as well as the flow characteristics between the two reservoirs, it is 
necessary to take into account the mixture of the air entering the actuator with the already existing air 
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(both will be at different temperatures and possible at different pressures -in the case of flow at the speed 
of sound-). To model this phenomenon it has been assumed that the mixture occurs infinitely quickly with 
no energy losses. 
Based on the considerations above, a model has been developed using MATLAB-SIMULINK which 
reproduces filling a reservoir. 
Figure 2 shows an example of the results obtained with this model. As can be seen, the initial pressure of 
the actuator has been assumed to equal zero relative bars and the main reservoir pipe pressure has been 
assumed to equal 10 bars. The valve characteristics (equivalent area of the conduct between reservoirs) 
correspond to a typical pneumatic suspension levelling valve (these characteristics were obtained from the 
pneumatic spring filling tests (air springs) at constant pressure. A volume of 74 litres has been considered 
for the spring. 

 
Figure 2.- Filling a volume of 74 litres. 

As can be seen, in this situation, approximately 11 seconds are required to go from 1 bar to 6 bars. It can 
also be seen that the pressure-time curve gradient in the first zone of the curve (up to 6-7 bars) is virtually 
constant and equal to 0.45 bars/second. By means of a number of simulations it has also been discovered 
that the filling time is proportional to the volume of the reservoir to be filled.  
Hence, the studied valve can be characterised by the following filling parameter: 

sec
33 Litrebar

=ψ  

It must be pointed out that this parameter defines virtually the entire performance of the valve during 
centring as the actuator pressure is usually low enough that the linear zone of the filling curve is not 
exceeded. 
The following parameters must be considered when choosing the valve: 

• Volume to be filled (the actuator plus the additional reservoir) 

• Required filling time. 

• Pressure to be reached. 

Therefore: 
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( )
time

VolVolP reservaddactuator ..· +
=ψ  (15) 

Experimental characterisation of the valves would be required to validate this model and to select the 
valves, as it shall be recalled that the model developed here is purely theoretical. 

3.4 Design criteria 

Centring system design is based on the maximum force to be applied by the centring system (obtained 
from the vehicle mass, the maximum admissible displacement and the lateral stiffness of the secondary 
suspension (equation 1)), the response time of the centring system (imposed by the speed of the vehicle 
and the length of the transition curves) and the maximum admissible stiffness. 
The force to be applied by the system will create a ratio between the maximum pressure and the actuator 
cross section (equation 2). 
Also, the lateral stiffness and force will determine the required ratio between the volume of the system and 
the cross section of the piston. 

A
K
FV

V
AF

V
APK γγγ

=⇒==
2

 (16) 

Finally, the system’s response time, together with the force and stiffness will directly impose the levelling 
valve characteristic: 

ψ
γ

ψ
γ

ψ
1· 2

K
F

K
FAPVPtime ===  (17) 

Various pressure, piston area and auxiliary reservoir volume combinations can be used to achieve the 
same characteristics. In order to reduce the size of the system as much as possible, the pressure should be 
as high as possible to achieve bare minimum cross sections and volumes. The pressure limiting used is 
based on the ratio between the pressure of the main reservoir pipes and the system's maximum pressure. 
Should this ratio increase too much (15) it becomes invalid and the filling time increases. 

4 Centring system sizing for a high speed vehicle 

A centring system like that described in the previous section will be pre-sized in this section. To this end, 
the basis data used will be that relating to a typical high speed vehicle. 
Actuator sizing 
Based on the following data: The carbody mass (50 tonnes), the lateral stiffness of the pneumatic springs 
(253kN/m) and assuming that when stationary, the carbody subjected to a centrifugal force has moved 
approximately 15 mm the force required from the actuator can be calculated: 

( ) N
N

yKaM
F estTotalLatcaja

act 15900
2

018.0·253000·41·50000· . =
−

=
−

=  (18) 

To obtain this force it has been assumed that there are two actuators on each carbody. This number can be 
increased to 4 (two per bogie) thus reducing the force per actuator, and therefore reducing the required 
size. 
To determine the area of the actuator and the operating pressure approximately 5-6 relative bars will be 
aimed for and a commercial sized actuator will be used. 
It has been found that of the various existing sizes the best fitting size for the basis data is a piston 
diameter of 200mm. Therefore: 
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bars
A

FP act 5==  (19) 

Centring system stiffness 
As specified in the centring system requirements, the stiffness provided by this system must be less than or 
equal to 20% of the existing stiffness (main provided by the pneumatic springs). 
Based on these considerations and as there is a single actuator for every two springs, the maximum 
stiffness to be provided by the system is as follows: 

mNK /948002·000237·2.0 ==  (20) 

Using this value and the force values and cross sections calculated, the minimum volume required to fulfil 
the stiffness condition can be determined: 

33
2

10·81.8 m
K

APV −==
γ

 (21) 

Filling valve 
The filling valve must provide sufficient flow to fill 8.81 litres up to 5 relative bars in 4 seconds. 
Therefore: 

( )
11

4
8.8·5· . ==

+
=

time
VolVolP depcomplactuatorψ  (22) 

The real filling speed of the valve to be fitted must be higher as in reality the filling must be in less time 
(filling does not begin until 18mm lateral displacement is reached). 

5 Laboratory experimental validation of the centring system 

This section provides an experimental analysis of the most critical points of the centring system: The 
filling speed and stiffness provided. 

5.1 Filling speed 

As mentioned above, choosing the valve requires an experimental characterisation to obtain its filling 
characteristics. 
The tests consist of filling a 74 litre auxiliary reservoir, initially at atmospheric pressure from a reservoir 
(main) of 500 litres, initially at 10 relative bars.  
Four different valves have been studied in the framework of this study. Tests have also been carried out 
with two different flexible pipes. 
Valves: 

• Valve A – Standard ball valve. 

• Valve B – Levelling valve with two outlets 

• Valve C - Levelling valve: 

o C1s.- Using one outlet 

o C2s.- Using two outlets 

Pipes: 
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• Pipe A: Interior diameter of 9 mm and length of 7 metres. 

• Pipe B: Interior diameter of 10 mm and length of 4.2 metres. 

Below are the results obtained in the various tests. As can be seen, the results are extremely similar to 
those obtained with the theoretical model (figure 2). 
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Figure 3.- Comparison of the reservoir filling experimental results 

The ψ  characteristic has been calculated for each experiment to compare the various valve and pipe 
combinations. To calculate this coefficient the time to reach 5 relative bars has been used. 

The following results were obtained (where for example BC ,1ψ  refers to the ψ  characteristic using valve 
C with one outlet and pipe B): 

Test Characteristics 
(bar·litre/s)

ΨΑ,Α 51

ΨΑ,Β 61

ΨΒ,Α 27

ΨΒ,Β 29

ΨC1,Α 15,5

ΨC1,Β 17

ΨC2,Α 23,5

ΨC2,Β 27
 

Table 1.- Results of the filling tests 

The following conclusions can be made from the results: 
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• Slightly greater filling characteristics are obtained when using a greater diameter and shorter pipe 
(pipe B). 

• The ball valve provides less load losses (Valve A). The filling speed is at least doubled when 
using this valve with respect to using any of the other combinations. 

• Valve B2s performs almost similarly to valve C2s. 

• Valve C1s is much slower than the other valves. 

5.2 Centring system stiffness 

The purpose of the tests performed in this section is to determine the stiffness of the centring system at 
low frequencies and to ensure that the theoretical predictions are met. 
As there is no actuator nor a reservoir with the characteristics obtained in section 4 to carry out the 
laboratory tests, the decision was made to use one with similar characteristics: 
P=7.4bar 
Vdep+Vact =5.16 litres. 
Diameter=125mm. 
It is logical to assume that if the theoretical model provides for the precise determination of the system’s 
stiffness, the predictions made using a system with similar characteristics will be just as reliable. 
To obtain the experimental stiffness, a sinusoidal position signal was applied to the pneumatic actuator 
and the variations in the force transmitted via the pneumatic actuator were measured.  
The experimentally obtained stiffness values for various type of energising are shown below:  

Amplitude 
(mm)

Frequency 
(Hz)

0,5 0,5 2.95 · 104

0,5 1 2.85· 104

1 0,5 2.78· 104

2 0,1 2.54 · 104

Test
Stiffness 

(N/m)

 
Table 2.- Results of the stiffness tests 

The theoretical formula developed in section 3 to calculate the stiffness associated with the centring 
system is as follows: 

actdep VV
AP

dx
dFK

+
==

2γ
 (23) 

Hence, the obtained theoretical stiffness value is: 

m
NK 410·73.2=  

As can be seen, the experimental and theoretical results are rather similar (the maximum errors are 
approximately 6%). Therefore, it can be concluded that the stiffness estimates made with the theoretical 
model are valid. 
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6 Centring system simulation at SIDIVE 

This section will study the performance of the centring system, considering the entire vehicle dynamics 
(carbody rotation, transients, etc.). To this end, the SIDIVE rail simulation programme will be used [3]. 
The vehicle model used is a typical high speed vehicle. The numerical values used to define the centring 
system are those obtained in section 4 : 

• Bogie carbody lateral displacement from when the centring system filling begins. 18mm 

• Pneumatic actuator piston diameter: 200mm 

• Volume of the actuator plus the additional reservoir: 9 litres. 

• To model the filling it has been assumed that the increase in pressure is linear to time whilst the 
valve is open. 

Voldt
dP ψ

=  (24) 

• As has been mentioned, the must uncertain parameter is the choice of valve. As a result, the 
results obtained from using the different tested valve will be analysed. As the pipe influence is 
less, the results obtained for pipe A will be constantly used. 

6.1 Results for valve C with one path. 
Using this valve, the actuator filling must be modelled using the following equation: 

s
bar

s
bar

dt
dP 510·7.1

9
5.15

==  (25) 

This equation provides the following results for lateral displacement of the carbody and the force applied 
by the actuator (figures 4 and 5 respectively). 
As can be seen, the maximum lateral displacement is 25.5 mm. This displacement is less than the play 
until contact with the bumpstop whereby the performance can be considered as valid. 
A check can also be made to ensure that the stationary displacement is approximately 15mm (less than the 
proposed 18mm). Logically, in order to achieve this displacement, the force applied by the actuator must 
be higher than that envisaged (a check can be made to ensure that this is approximately 17 kN which 
implies a pressure of 5.4 relative bars). 
The aforementioned results meet the requirements laid down at the beginning of the document, whereby 
the designed system can be considered as valid. 
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Figure 4.- Carbody – bogie lateral displacement (valve C 1 path, pipe A) 

 
Figure 5.- Force applied by the pneumatic system (valve C 1 path, pipe A) 

6.2 Results for valve B 
This section will analyse the results obtained when a valve with greater characteristics is used. To this end 
the characteristics of valve B will be used (which is similar to those of valve C with two paths). 
The results obtained are included in figures 6 and 7. Comparing the results obtained with those of the 
previous case, it appears that as the valve characteristics are greater, more air is fed. As a result, the 
maximum carbody-bogie lateral displacement drops. Logically, for this to occur, the pneumatic system’s 
pressure increases with the subsequent increased applied force. Finally, it should be pointed out that this 
solution leads to an increase in the amount of air consumed, with a reduction in comfort (due to the 
increased pressure inside the air bag). 
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Figure 6.- Carbody – bogie lateral displacement (valve B, pipe A) 

 
Figure 7.- Force applied by the pneumatic system (valve B, pipe A) 

Based on this analysis it can be concluded that the valve characteristic must be as small as possible. The 
minimum value of the characteristic will be imposed by the limit that the maximum carbody bogie 
displacement value must be less than the play between the carbody and bumpstops. 
To conclude the centring system operation analysis it should be pointed out that if carbody bogie lateral 
displacement is reduced from the moment the centring system starts to be filled, the maximum carbody-
bogie lateral displacement value will drop. Hence, the characteristic of the valve can be reduced, reducing 
in this way the air consumption when negotiating bends and increasing lateral comfort. However, 
reduction of lateral displacement from the moment the lateral suspension is activated increases the risk of 
the actuator operating on a straight section, which would increase total air consumption. 
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7 Final Remarks and Conclusions 

Below is a list of the main results and conclusions reached in this document: 
 A design process has been presented for an active lateral suspension which prevents the 

suspension contact on the lateral stops without excessive stiffness. 
 The design is based on a combination of theoretical and experimental techniques. 
 As a result of the work carried out, a pneumatic system has been established which meets the 

baseline specifications and it optimum with regards to comfort, air consumption and best use of 
available space. 
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