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ABSTRACT: The mathematical modelling in relation to the Six-degree freedom system of train suspension is developed and
simulated for their dynamic characteristics. The important challenge in the suspension system is vertical displacement obtained from
the vehicle body. To reduce vertical displacement, an analysis of the model is done by variation of parameters such as stiffness of
spring and damping coefficient. The model has been created by deriving the equations of a system using Newton’s law. The
developed model has the potential to analyse the dynamic characteristics of the suspension system for both displacement of the
vehicle body and displacement of the wheel. The outcome of this research revealed that Secondary spring stiffness is the most
dominant factor to influence the displacement of the vehicle body; Primary damping coefficient is the most dominant factor to

influence displacement of the wheel.

KEYWORDS: Suspension, Train Bogie, Damping, spring, and Sensitivity analysis.

1. INTRODUCTION

In train bogie, suspension system is important in reducing as
much vibration and shocks occurring in the system. It
providing stability of vehicle body and passenger comfort.
Suspension framework configuration is a difficult task for the
vehicle designers considering different control parameters,
complex goals. For vehicles, it is continually testing to keep
up at the same time an elevated expectation of ride comfort,
vehicle taking care of under every single driving condition.
The target of this paper is to build up a MATLAB/
SIMULINK model of train suspension to analyse the
dynamic behaviour. Just as the detailed mathematical
modelling displaying with step by step arrangement of
equations are created and validation of Simulink model is to
be done elaborately on this paper. Most of the research article
have been directed to Modelling and analysis of control the
vibration vehicle body. A. Mitra [1], has developed a full car
mathematical model by deriving the equation of motion from
free body diagram. They also validated for various road
profile on a Simulink software and analytical solution is done
on this paper. P.M. Jawahar [2], derived the equations of
motion of the rail wvehicle by building a nonlinear
mathematical model. They studied the railway vehicle's
complex response. By Adam's process, the equation of
motion is transformed into a type of numerical integration. A
computer program is set up to analyse the complex response
of a rail vehicle system. The results show that the dynamic
characteristics are improved favourably by the
unconventional system relative to the conventional system.
The FIAT (Fabrica Italina de Automobile Torino) [3] bogie

is a selection of EUROFIMA design. The FIAT bogie has a
place with the two-axle, with an essential Primary and
Secondary suspension system. A control arm gives axle
direction. This is a two-stage suspension bogie. Secondary
suspension holds the train body and primary suspension holds
the bogie frame over the axle body. The following and
slowing down power from hub to bogie is moved through
expressed control arm arrangement of primary suspension.
The physical model of FIAT bogie is shown in fig. 1. The
FIAT bogie [4] outline is comprised of two longitudinal
segments associated by two cross beams. Primary suspension
framework comprises of settled internal and external springs,
dampers, and top elastic cushion. A verbalized control arm
fitted with twin-layer versatile joints interfacing the hub
bearing to the bogie frame. Secondary suspension system
comprises of two spring packs which support the bogie
outline. Each spring pack is made up by an interior and outer
spring. An Anti-move bar fitted on the bogie outline
understands a steady, diminished tendency coefficient during
running. The bogie outline is connected to the reinforce pillar
through two vertical dampers, a parallel damper, four
wellbeing links and the foothold bars. The bogie outline is
connected to the mentor body through two yaw dampers.
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Figure 1. Physical Model of bogie

Mathematical modelling is widely used to study physical
systems. The design wants to implement reasonable lateral
stability for travelers, reasonable control surfaces and
sufficient regulation of vehicle dynamics with the limit of
making a small changes on suspension operating space. The
key characteristic of all these designs is that they've been built
on the principle of a physical system. The sprung mass and
unsprung mass are modelled as rigid masses [5]. Simulations
of these models can be done in MATLAB. It is therefore
necessary to research a vehicle's responsiveness to random
excitement. Using these designs, it can be helpful for a
engineer to do mathematical equations initially. In this
research  Mathematical modelling, Simulink  model,
Sensitivity analysis and Pareto analysis are done. Finally, the
findings of simulations performed in MATLAB are
examined, accompanied by a conclusion.

2. METHODOLOGY

The dynamic modelling and simulation of the train
suspension system was carried out using MATLAB-
Simulink. The dynamic simulation approach was chosen
because it studies the system's actions, compares and
calculates the deviation from set points while compensating
for the errors produced until the optimal performance of the
system is obtained by optimization of the process parameters.
Initial phase in the mathematical modelling is to represents
the real system in form of free body diagram of the train body
and its suspension structure [6]. Next u phase is the
formulation of governing equations as well as
motion equations, preceded by the portrayal of the train
suspension in the MATLAB-Simulink focused on the
equations formulated. Final phase in this research work is
optimization of process parameters based on sensitivity
analysis and Pareto analysis.

2.1. Mathematical modelling of Suspension system
Mathematical modelling is a method for developing
mathematical equations and describing a system. Here a
mathematical model was developed and derived the equations
of motion of a Train bogie Suspension system. For analysing
Acceleration of Train Suspension system, vehicle individual
wheelset and bogie are considered. From the physical model
of Bogie we have obtained a free-body diagram of train
suspension system.

Figure 2. Mathematical model.

In mathematical modelling, the concept of a free-body
diagram was used to obtain the differential equation of
motion. The following three equations (2), (4) and (6) of
motion are used to develop a SIMULINK model [7].
Equation for vehicle body

MX = — sl(X - Y1) - KayX—-Y) - Csz(X - Yz) -

Ko, (X —Yy) 1)
X = %(_Csl(x - Y1) Ka(X —Y;) - sZ(X YZ) -
K2 (X —1,)) )

Equation for left wheel
MY, = Sl(X Y1)+K51(X Y1) — pl(Yl Z)_

pZ(Yl_ - pz(yl_ )_ pZ(Yl_ )
3)
Y1= (sl(X Y1)+K51(X Y - pl(Yl Z) -
KoYy = 2) = Cpo(Vy = 2) = Koty = 2))
(4)

For right wheel
M,Y, = sz(X Yz) + KX —Y,) — p3(Y2 Z) -
Kp3(Y2 —4)— p4(y2_ )_ p4(Y2 -Z)
®)
Yy = o (CoX = 1) + Ko (X = ¥2) = (Yo = 2) =
Ky (Vy = Z2) = Cpa(V — 2) = Kpu (Y, — 2) 6)

2.2 Simulink model of train suspension system

The theoretical solution to the equations of motion could not
be obtained. So development of the suspension system is
accompanied by the creation of a model that optimizes the
issue of seven degrees of freedom into a variation
multisystem. A control issue is the analysis of a train
suspension system's actions to ensure its reliability.
Simulation model is therefore used for determining the
acceleration response of Train body [8]. For development of
Simulink model, solution of motion equation (2), (4) and (6)
are considered. The train body is designed to have strong rail
gripping capability, whereas the vertical displacement is held
to have minimum. The Simulink Model is therefore
optimized for both the displacement of the vehicle body and
wheel displacement to evaluate the dynamic behaviour in
time domain as shown in Figure 3. For the simulation
analysis, the fixed parameters for the train suspension system
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described in different research papers are taken and shown in

Table 1.

LI A

LU B )

oy |ot

Figure 3. Simulink model

Table 1. Fixed parameters.

3. RESULTS AND DISCUSSION

Input data includes primary spring stiffness, primary damping
coefficient, Secondary spring stiffness and secondary
damping coefficient. In this stage equation of system derived
from free body diagram are governed and assembled by
utilizing a MATLAB software as Simulink model. By using
this Simulink model (from appendix) output response of
displacement of Vehicle body and displacement of wheel for

train suspension is shown in table 3 by performing several
runs in MATLAB software.

Mass of vehicle body (M) 354000 kg
Mass of Left wheel Suspension system (m1) 3100 kg
Mass of Right wheel Suspension system (m2) | 3100 kg

2.3. Sensitivity Analysis

The sensitivity analysis, is used to determine how different
factors affects the displacement of train suspension and we
can determine the possibility of interactions between factors.
Mostly, Taguchi method is used as optimization for
sensitivity parametric analysis. This method is applicable
when the design factors are qualitative and independent. It
further gives a whole origination of interlinkage between the
designs of components. Therefore, we can find the different
issues identified to design and investigate the good design and
performance. In simulation, the permutation and variation of
spring stiffness and damping coefficient are analysed [9]. In
this work, two levels and four factor of vehicle body

parameters are selected to conduct the further simulation of
train suspension that is shown in table 2.

Table 3. Result on Maximum displacement of vehicle body

and wheel of Train Suspension system.

Maximum
RU Kp Ks Cr Cs displacement
(KN/ | (KN/ | (Ns/ | (Ns/ | Vehicl
n Whe
m) m) m) m) e ol
body
1 1150 755 1000 | 3000 | 1.983 | 1.420
2 1150 755 1000 | 1000 | 1.989 | 1.543
3 1150 | 1150 | 3000 | 3000 | 1.948 | 1.394
4 1150 | 1150 | 3000 | 1000 | 1.951 | 1.438
5 755 755 3000 | 3000 | 2.000 | 1.377
6 755 755 3000 | 1000 | 2.005 | 1.402
7 755 1150 | 1000 | 3000 | 1.924 | 1.565
8 755 1150 | 1000 | 1000 | 1.927 | 1.673

3.1. Mean effect plot for mean displacement
The main effects for mean displacement at each level vs the

factors of Primary spring stiffness, Secondary spring stiffness,
Primary damping coefficient, and Secondary damping
coefficient values are plotted and shown in figure 4. The plot
illustrates the effect of each level of variables based on the
train suspension system. The level of the main contribution is

chosen from the plot and the adjusted levels for the relevant
element are the optimized.

Dats Meamn

| b |13
2 l.’:“ ..“\ Ill' llll'
z » \
Table 2. Parameters and levels values. :’ ‘ '/
Parameters Symbol | Level1 | Level 2 ‘ \ \ -.
Primary spring stiffness Ke 1150 755 l’ .
Sgcondary spring Ks 755 1150 \
stiffness R ™ ™ ™ )
P“"“’i‘“_/ damping Ce 1000 3000 Figure 4. Main effect plot for mean displacement.
coefficient
Secor_ld_ary damping Cs 3000 1000 3.2 Optimal Solution
coefficient The optimal values of input parameters for train suspension
system and corresponding response of displacement values
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are shown in table 4. The optimal values are obtained by
optimization of Table 3. Result on Maximum displacement of
vehicle body and wheel of Train Suspension system values.
The optimization are done in MINITAB software. By using
optimal values shown in Table 4 the simulation run is
conducted in MATLAB and results of displacement of
vehicle body and wheel are shown in figure 5.

Displacemem
——

Time

Figure 5. Results of Displacement of Vehicle body and
Wheel

Table 4. Optimal Solution

Maximum
Solution|Kp Ks Cp Cs dlsp!acement
Vehicle Wheel
body
1 1150 |1150 |3000 |3000 (1.94738 |1.394
KN/m |[KN/m |Ns/m [Ns/m

3.3. Pareto analysis

Pareto Analysis is a decision-making statistical tool used to
choose a possible outcome that results from evaluation of the
dominant factor. From the figure 6a, Pareto diagram for
Standardized effect on displacement of vehicle body we
observed that the Secondary spring stiffness is the most
dominant factor to influence the displacement of Vehicle
body followed by Primary Damping Coefficient, Secondary
Damping coefficient and Primary spring stiffness. It is
observed that influence rate of displacement of vehicle body
for the following Secondary spring stiffness is 66.76%,
primary damping coefficient is 23.8%, secondary damping
coefficient 5% and primary spring stiffness is 4.412%. From
the figure 6b, Pareto diagram for Standardized effect on
displacement of wheel we observed that the Primary damping
coefficient is the most dominant factor to influence the
displacement of Wheel followed by Secondary spring
stiffness, Secondary Damping coefficient and Primary spring
stiffness. It is observed that influence rate of displacement of
wheel for the following primary damping coefficient is
40.97%, Secondary spring stiffness is 22.77%, secondary
damping coefficient 20.83% and primary spring stiffness is
15.416%.
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Figure 6. Pareto diagram for a) displacement of Vehicle
body and b) displacement of wheel

4. CONCLUSION
Suspension systems can retain the necessary stability and
comfort due to the ability of adaptation in real time in
compliance with the state of vehicle in real time. In this work
the Simulink model has been developed and performed using
a six degree of freedom of a railway vehicle system. This
model is used to determine and analyse the dynamic response
of a railway vehicle with displacement of wheelset in time
domain system. Thus maximum values of vertical
displacement are obtained. By Sensitivity analysis we
obtained various result.
e 66.76 % of vehicle body displacement is primarily
influenced by Secondary spring stiffness
e 40.97 % of Wheel displacement is primarily influenced
by Primary damping coefficient
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