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Abstract: To overcome the shortcomings of the classical transfer path analysis
(TPA) and operation transfer path analysis (OTPA), the global transfer direct
transfer (GTDT) method is adopted. This method does not require force
determination, and direct transfer functions (DTFs) can be used to identify
problematic subsystems, which are calculated and used to determine the cause
of the total displacements on the railway vehicle body. When studying the
contribution of each component of the bogie to the vehicle body displacements,
the effect of different mechanical property parameters is analysed to find the
problematic subsystem that causes the highest displacement for improvement.
It is creative that mathematical mechanical modelling of a railway vehicle with
6 and 11 degrees of freedom (DOF) is developed for GTDT analysis. Results
show that the GTDT method is a promising method for studying the vibration
transmission path of complex practical rail vehicle systems. It can diminish the
vibration efficiently.

Keywords: transmission path analysis; global transfer matrix; direct transfer
matrix; vibration characteristics; analytic model; railway vehicle body.
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1 Introduction

The vibration and noise impact in the railway system have been issues of concern for
many years (Moghaddam, 2017, Wei et al., 2019, Jin et al., 2020) intending to improve
the effect of it on the surrounding environment and humans. Reducing railway vehicles’
noise and vibration can lead to an increase in product lifetime, and improvement in
ergonomics and human ride comfort. It is necessary to identify the sources and transfer
paths of vibration and noise to improve it.

Many studies have identified the interaction between wheel and rail during running as
a vital vibration source (Ling et al., 2020). Also, bridge noise (Liu et al., 2020b),
aerodynamic noise (Cao et al., 2021), air conditioning fan noise (Lv et al., 2021), and
other types of sources (Liu, 2020) have been recognised. Another critical point is to
figure out the contribution of every kind of vibration and noise source to the receiver and
apply corresponding measures for mitigation (Xia et al., 2021).
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The demand for reducing vibration and noise led to the development of different
types of transfer path analysis (TPA) methods (Meggitt et al., 2021). TPA can identify
the transmission path of noise and vibration from the excitation source to the receiving
point and analyse the contribution of each path. It finds out the main path of vibration
transmission, and then we can improve the structure to reduce or eliminate the noise or
vibration of the mechanical structure.

Several methods for the TPA have been studied from theoretical developments to
practical techniques, and they are still under improvement. The traditional TPA method
takes up a large proportion in the automotive industry (Zhang et al., 2019). It can
establish an exact and complex mathematical physical model, but its implementation is
challenging. First, it needs to disassemble the active parts one by one; secondly, it needs
to carry out experiments in professional laboratories. Therefore, this method does not
apply to the TPA of a railway vehicle.

Several other methods for the TPA have then emerged, among which the operational
transfer path analysis (OTPA) (Song et al., 2021) and advanced transfer path analysis
(ATPA) (Aragongs et al., 2019) are two applicable ones for railway vehicles. OTPA is a
very convenient method because it is an operational method that does not need to
disassemble parts. However, it cannot avoid the crosstalk and coupling of adjacent
signals.

The ATPA method regards the global transfer direct transfer (GTDT) method. In this
method, the global and direct transfer functions (DTFs) among subsystems in a linear
network are obtained first under steady operational conditions. Then the analysis is
extended to a functional case to study the contribution of each subsystem. In this method,
no force determination is necessary, and it is possible to identify the problematic
subsystems using DTFs avoiding crosstalk. Therefore, in this paper, the GTDT method is
applied to study the contribution of each subsystem of the railway vehicle to the overall
vibration of the vehicle body and bogie.

Some significant works have been done focusing on different TPA methods. In 2008,
Guasch (2009) proposed the GTDT method in a mechanical system when blocking
transmission paths, which was proved to be a non-intrusive alternative with less
experimental efforts. de Klerk and Ossipov (2010) studied the OTPA using singular value
decomposition (SVD) and analysed vehicle tyre noise. In 2016, a general framework for
TPA was suggested (van der Seijs et al., 2016), which can be considered as a very
essential fundament for the understanding of many possibilities and combinations of TPA
practices. An overview (Oktav et al., 2017) of methods was proposed in 2017, revealing
its drawbacks, advantages, and assumptions for an engine-induced structure-borne noise.
Concerning the OTPA method, an alternative formulation called operational transfer path
analysis-difference (OTPA-D) (Vaitkus et al., 2019) was proposed in 2019. In 2020, an
emerging deep neural network model was presented and uses the operational responses to
identify the contributions of all paths in the frequency domain (Lee and Lee, 2020). The
paper provides a comparison among TPA, OTPA, and OTPA-D methods in the analytical
and laboratory model. In the same year, the ATPA method was applied in a box with an
air cavity inside as a laboratory prototype and a numerical model was developed to
compare with the laboratory measurement response (Aragones et al., 2019).

Concerning the railway vehicle, the OTPA has been applied and drawbacks to OTPA
are the coherence among input signals (Liu et al., 2020a). As for the GTDT method,
although its theory had developed since the 1980s (Magrans, 1981, 1984), the application
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in the railway vehicle is still limited. This paper will extend the GTDT method to the
vibration TPA of a railway vehicle.

The importance of this paper is to investigate the vertical vibration transfer path
contribution of a railway vehicle system, modelled as 6 DOF and 11 DOF mass-spring
mechanical systems for a half and entire vehicle, respectively. The effect of parameter
changes on the global and DTF is discussed. The interaction contact between the rail and
the wheel is taken as the excitations of the system to study the contribution of each
transfer path to the vibration and noise of the vehicle.

This paper highlights the main advantage of using the GTDT method in a mechanical
system, as the displacement contributions can be obtained utilising DTFs. The DTFs are
obtained to find the complex subsystems that cause the highest portions of displacements.
Therefore, the results can provide suggestions on which component or subsystem has
more contribution to the total vibration of the system.

In Section 2, the GTDT method is introduced, focusing on the construction of
transfer functions and the factorisation method. In sections 3 and 4, the two steps of the
GTDT method are applied to the 6 DOF and 11 DOF models of railway vehicles,
respectively. The frequency responses of global and DTFs are obtained, and the effect of
system parameters change on the transfer function is discussed among the different cases.
Afterwards, the operational displacements of each mass are obtained, and the
contribution among directly connected subsystems is discussed. Section 5 is the
conclusion of the paper.

2 Advanced transfer path analysis (ATPA) based on global transfer
direct transfer (GTDT)

The GTDT method presents two types of transfer functions, DTF and global transfer
function (GTF). This method regards the TPA among subsystems in a linear network first
under steady operational conditions and then extended to the operational case. The first
step of the method is to find the GTFs by simulation or experiments. Then, the DTF
obtains from the GTFs according to the network system characteristics. The direct
transfer matrix plays the role of the connection matrix.

Another critical point of the method is that it involves two steps. It involves
reconstructing signals in any subsystem through DTF and working conditions, and then
obtaining the signals in other subsystems. This will allow effortlessly identifying which
subsystem is not working properly and guide how to correct the impact of this signal on
the overall system. This method also avoids the need to disassemble parts and measure
force.

2.1 Definition of direct transfer function (DTF) and global transfer function
(GTF)

The definition of DTF and GTF can be found in Magrans (1981, 1984). The GTF 7;/.0 at
frequency @ is the transfer function between signals s; and s; in 2 subsystems i and
J , when subsystem i is subjected to an external excitation f e

T (@) =5, (@) /5, (@), [ (@) %0, [ (@) =0,k =1,2,3,.i=Li+1,n (1)
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According to the equation above, the GTF is the portion of the signal of subsystem i to
subsystem j via all possible paths or global paths. For this reason, the GTF consider all
set of paths, called Global Transmission Path, in the GTDT. The Global Transfer Matrix
T¢ of all the pairs of subsystems in the system network can be built from equation (1).

The significance of this transfer function is that the signal j is not transmitted just
between i and j directly, but also through many other paths that link these two
subsystems. The DTF is defined as the transfer function between subsystems i and j
directly.

After GTF is calculated from the system frequency response signals, the DTF is
obtained based on the GTF. The DTF is the quotient between the signal i and signal j
when an excitation fim is applied to subsystem i and transmitted via the direct path to
subsystem j while all the other signals main 0. For this reason, the change in DTF
permits knowing the consequences of property change in one subsystem over another

subsystem without considering the rest of the network. The DTF TUD is defined as the

signal transmitted directly from one subsystem to another:
T) (w)=s,(@)/s; (@), [ (@) %0, s, =0,k #i 2

DTF T;” is the quotient between the signal sli and signal s; *' with an external excitation
" applied in i and all other signals main 0. The signal s/ is obtained by the same
excitation applied to i and no restrictions on the other subsystem signals. In case the
signal is transmitted to 7 via global path:

TD(a)):S‘i(_w))’{for s;(@): 7 (0)#0,5, =0

; =123, = Li+1,..,n
Jor s (@)1 £ (@) #0, £ () =0

57" (@

(€))

The signal i is caused by fim (a)) and other response contributions of all remaining
subsystems. Also s, (@) is the fraction of s and it is only due to f at.i . The
DTF between two subsystems without a direct link will be zero and the transfer function
for the two subsystems linked are non-zero. The DTF matrix also can be regarded as a
connectivity matrix, as shown in Aragones et al. (2019).

The direct transfer matrix T can be obtained from equations (2) and (3). Equation
(2) gives the off-diagonal elements 7” and equation (3) gives the diagonal elements

q
T, of the matrix T” .
After matrix T” is obtained, the first step of the method is finished.
The second step is to reconstruct the operational signal in any subsystem, in terms of
external signal s and signals in the remaining subsystems. Therefore, the external

t

signal s can be got from measurable quantities, as the operational signal vector s and

matrix 79 as follows:

s = (17 )7l s (4)
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The signal vector s(®) in the remaining subsystems is related to the external signal

s (w) as follows:
s= (deVTD )T S+ A5 )
Matrix A, is the relation between the GTFs and DTFs matrices given by:
TOT =—A,, . (6)
T =devT” -1 7

where T is the identity matrix and devT” the deviatoric part of T” as defined in
(Guasch, 2009).

The mathematical relationship between T” and TC are explored in (Magrans, 1981,
Magrans, 1984) and defined as

1 ,

T_D = _TDEATID |ii (@)
T, G

— =T A i # )

2.2 Factorisation method

The direct transfer matrix T" can be used to factorise the response of each subsystem in
terms of responses due to the force acting on it plus the responses due to the other
subsystems.

To find out the operational signals of each subsystem, X, due to operational
forces:

T
X =(devT”) X + AP X7
(10)

where devT?” represents the off-diagonal elements of the direct transfer matrix T”,

A" is the diagonal elements of T”. X" is the operational external signal vector. It
contains the signals of each subsystem exclusively due to the external forces acting on it,
written as:

Xap,ext — |:(TG )T :I_l xXor

an
So, to obtain the contribution of each source in the total signal in a chosen subsystem, the
DTFs between subsystems directly linked must be obtained. Equation (12) allows
locating the most significant vibration source in a mechanical system.
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3 ATPA analysis of the railway vehicle with 6 DOF model

This section is dedicated to implementing the ATPA method to analyse the vertical
displacements of a mechanical system as a railway vehicle. A mathematical model of half
vehicle represented by 6 DOF is proposed and four cases with different structure
parameters are compared and discussed. The purpose is to show the effect of stiffness and
masses change on the response of the vehicle body. It studies the effects of the decrease
of masses due to reprofile and stiffness change due to manufacture’s error during
production or performance deterioration during the lifetime.

The external force simulating the wheel-rail interaction is applied as excitation on the
wheelset, as the rolling contact force is the primary vibration and noise source. The
Global and DTFs between subsystems are obtained based on the theory in Section 2. The
operational response vertical displacement is found by the factorisation method, and the
curves of displacement amplitude among connected subsystems are also displayed.

3.1 Mathematical model of a half railway vehicle with 6 DOF

In this study, half of a railway vehicle is modelled as a 6 DOF mechanical system
considering the symmetry of the front and rear parts of the vehicle, as shown in Figure 1.
In the model, mass M, represents the half vehicle body, mass A/, means the bogie, and
masses M,;, M, , M, and M, stand for the wheels. The vehicle body M, is
sustained by the secondary suspension modelled as two springs in parallel with total
stiffness k;,. The bogie frame M, is supported by the primary suspension modelled as
4 springs with stiffness k,;, k,,, k,; and k,;. The contact stiffness between wheels
M;, M,, M, M and rails are considered with stiffness k, . The 6 Subsystems in the
half vehicle model in Figure 1 are listed in Table 1 regarding the vertical displacements
denoted as z,(i=1,2,,6).

Figure 1 Physical model a half vehicle with 6 DOF

M1
z1

M2
z2

K25 K26

K23

M6

z3 z5

Kg Kg

z6
Kg

rail
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Table 1 Subsystem description

Subsystem number 1 2 3 4 5 6
Subsystems Half vehicle =~ Bogie Wheel 1 Wheel 2 Wheel 3 Wheel 4
body frame

The governing equations of motion according to the Newton’s second law based on static
equilibrium state, are the following:
For the half vehicle body mass M, :

Mz =F,-f

Mz =k,(z,—z,)- /, (12)

In equation (12), £, is the restoring force of secondary suspension between the vehicle
body and bogie with stiffness k,,. M, is the half mass of the vehicle body. f, is the
external force acting on the vehicle body, which might be an aerodynamic force, wind
force or excitation from a device mounted over the vehicle body. Also, z, is the vehicle
body displacement and z, is the bogie displacement.

For the bogie mass:

M,z =F;+F,+Fs+Fs—F, - f,
M.z, =ky (2, —2;) +hyy (2, —2,) s (2, — 25) oy (2, — 26) — iy (2, — 2,) =

(13)

For equation (13), F,,, F,,, F,, and F,, are the restoring force of primary suspension
with stiffness k,,, k,,, k,; and k,. f, is the external force acting on the bogie,
generated by the excitation of the motor, gearbox and other devices mounted on the
bogie. Also, z,, z,, z; and z, are the displacements of each wheel.

Each wheel is under both the contact force of wheel and rail interaction and the
restoring force of primary suspension connected to the bogie frame.

For the wheel masses M,, M,, M, and M, we have

Mz, zng3 -Fy—f

. (14)
M.z, =kgz3 +ky(z;—2,)— 1,
Mz, :kgzzt_Fzzt_ﬁt (15)
Mz, =k,z,+k,(z,—z)- f,
M525=kgzs—F25—f5 (16)
Mz, =ngS +hkys(zs—2z5)— f;
Mz zkgzs_F%_fa a7

Mz, zkgz6 +ky(zg —2)— 14
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In equations (14)~(17), f;, f4. f5,and f; are the force excitation between the wheel
and rail interaction, which come from the rail roughness or wheel irregularities.

3.2 GTF and DTF of 6 DOF model

For the first part of the method, the GTF and the DTF are represented in Figure 2,
considering the external force on the wheelsets. Figure 2(a) represents the GTF
connections, which shows the Global Transmission Path, and it considers all connections
among the six subsystems. Figure 2(b) shows the direct transfer paths between
subsystems. The DTF can be got after the GTF are obtained.

Figure 2 (a) Global transfer functions among all subsystems and (b) direct transfer functions
between two direct connected subsystems and 7;”

(b)

(81)
| A TZDI
e
TR~ 18 A~ TR < T
S3 & (s2 ) {s6) )
S AT e Ta N
TD /o \
2’4, Taz T2 7:5Dz
((sa) (s5))
Tz AN/ \_Z/ TSDS

The excitation on the wheel has the form of f, = F, cosax (i =1,2....,6) . The time-harmonic
response of the system can be assumed as z, = Z, cosax with frequency w. Therefore, the
equation of motion of the system can be defined as:

F=(K-Ma*)Z (18)

Z= (Z],Zz,ZS,Z4,ZS,Z6 " s the displacement vector of the six masses,
F= (E,Fz,ﬂ,ﬂ,lﬂ,&) is the force vector. M is the mass matrix of the mass of the
four wheels, the bogie frame mass M, and the half vehicle body mass M, represented
by:

)

=2
1l

19

[

OOOOO&
OOOOEO
ooowioo

iOOOOO

=N

OO_»&OOO
ogoooo

K is regarded as the complex stiffness matrix, and is defined by:
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k k, 0 0 0 0
ky kK k_23 kyy  kys kg
K= 0 123 k, 9 0 0
0 &k, O k O 0
0 ky 0 0 k O
0 kg O 0 0 K 20)
For the problem stated:
];1:];12;];2:];234'];244—];25"__264'];12:];3:];234'_3:;];4:];244'];;7; @1
s =hys tk kg =k tk,
A dynamic stiffness matrix is defined as:
7R _ K — o’M )
For the model in consideration, the matrix 75 will be:
k- Mo’ —k,, 0 0 0 0
_klz kz _]M_z @’ _ _kzs _k24 _kzs _kzo
Z.5PR — 0 /iz3 key =M, *o’ _ 0 0 0
0 —ky, 0 k,—M,*a’ 0 0
0 —k,s 0 0 ks —M, &’ 0
0 —k, 0 0 0 k,—M, =
(23)

-1

From the matrix (23), denoting the inverse of Z5% a5 H5R R H5R = (ZSPR) , which
is called dynamic compliance matrix:

X =H"*F (24)

The matrix T° can be obtained by terms of H** | because T; between masses m, and

m, is given by FHY" =X ,. T can be defined as the relation between displacements

X, and X,. Thus, T\ =X,/ X,=X,/F/X,/F,=H" | H", the matrix T can be

defined as:

1 e HERTHE

T = : : (25)
HT*THE® 1

In this study, the vehicle is simplified as a mass-spring system with 6 DOF, where the

explicit expression for the GTF can be obtained as equation (25). However, the

mechanical system of a practical railway vehicle is very complicated, which cannot be

simplified as a mechanical system with finite DOF to obtain the GTF explicitly. Thus,
actual vehicle tests are carried out to measure the motion of each component, and the
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GTF can be obtained according to equation (1). Once the GTF is obtained, the DTF can
be obtained based on the relation between the global and direction transfer function in
equations (8) and (9).

Equations (2) and (3) are used to obtain the DTF to find the diagonal elements and
off-diagonal ones. As the model stated, for the non-diagonal elements of the DTF:

D _ gD _ D _ D _ D _ D _ D _ D _ D _ D _ D _ D
I3 =T, =Ts =T =T =T,) =15 =T5; =T, =T;; = T35 =T

=T =T =T =T/ =T,g =T =T =T,/ =0
The matrix 77, will be the following:

Iy 17 0 0 0 0
Ly Ty Ty T T Ty
0 Z; Iy 0 0 0
0 7, 0 77 0 0
0 7; 0 0 T 0
0 7z 0 0 0 T

(26)

For the diagonal elements 7,”, from equations (8) and (24) as the value of Z**™® known,
it can be regarded as:

1

i |:(/; _a)zmi)Hhs_PRJ

Vi=1,2,3,4,5,6 27

For the non-diagonal elements, from equations (9) and (24):

TP = K Vi, j=1,2,3,456i%] 28
ij _#’ l’.]_B 9~ 9%~ li‘] ( )
(k/'_wmf)

The GTF and DTF were analysed and the values of 20xlog, (YZJ.G’D) for pairs of

subsystems were discussed.

Four cases with different structure parameters are analysed to investigate the
parameter change effect on the system behaviour. Table 2 shows the parameter values of
cases (a), (b), (c), and (d). The model with parameters in case (a) is a symmetric one,
where all the wheel and corresponding suspension are in an ideal state with the same
parameters. In cases (b), (¢) and, (d), the stiffness and mass have a little deviation from
the ideal state to show the effect of structure parameters change on the transfer function.

In case (a), the value of the secondary suspension k;, is ten times bigger than that in
case (b). For primary suspension values k,;,k,,, k,; and k,, in case (a), are ten times
lower than case (b). For case (c), the values of primary and secondary suspension are the
same as the case (b), except for the stiffness k,;, which is 1.2 times higher than case (b).
As for case (d), the values of primary and secondary suspension are the same, but the
masses of the wheels M, and M, are 10% and 15% lower respectively.
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Table 2 Variable values

Variables Case (a) Case (b) Case (¢) Case (d)
ki 10° N/m 10" N/m 10" N/m 10" N/m
ka3 107 N/m 10° N/m 1.2x10°% N/ 10° N/m
ko s kas s kag 10" N/m 10° N/m 10° N/m 10 N/m
kg 10° N/m 10° N/m 10° N/m 10° N/m
M, 15.000 kg 15.000 kg 15.000 kg 15.000 kg
M, 1.400 kg 1.400 kg 1.400 kg 1.400 kg
M, 400 kg 400 kg 400 kg 360 kg

My 400 kg 400 kg 400 kg 340 kg

Ms, M, 400 kg 400 kg 400 kg 400 kg

Table 3 shows the natural frequencies @ = \/k, /m, for each case, which corresponds to
the peaks of the transfer functions in Figures 3-6. In equation (28), the DTF
Y;I.D = l;” / (l?] —a)zmj) , which shows J;/D reaches the peak at @), . In Figures 36 for
transfer functions, each figure have 4 subplots for cases (a), (b), (c) and (d) respectively.

Table 3 Natural frequency values

Natural frequencies Case (a) Case (b) Case (c) Case (d)
o) 13 Hz 4 Hz 4 Hz 4 Hz
w 50 Hz 86 Hz 88 Hz 86 Hz
;. 253 Hz 264 Hz 266 Hz 278 Hz
wy 253 Hz 264 Hz 264 Hz 286 Hz
ax 253 Hz 264 Hz 264 Hz 264 Hz
1% 253 Hz 264 Hz 264 Hz 264 Hz

The global and direction transfer functions in Figures 3—6 show some peaks and valleys.
The peaks in the GTF T,.j.G correspond to the resonances of the acceptance, which come
from the denominators of its GTFs. The valleys comply with the anti-resonances of the
cross-acceptance in the numerator of the GTFs, according to the explanation in reference
(Vaitkus et al.,, 2019). It represents the natural frequency of the system. Since the
definition of global and DTFs differ, the peak and valley values for the DTF Y;J.D are
different from the global ones. The red solid curves present the GTF and the blue dashed
ones denote the DTF in Figures 3-6.

For Figure 3, as the GTF from subsystem 3 to itself 7 =1, that is wheel 1, then

20*log,, (T;; ) =0 as shown with red solid curves. However, the DTF T7;] is well defined
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in a frequency range depending on the case, shown with blue dashed curves. Among the
four cases, it reveals that case (a) has the lowest values of peaks and valleys. The
frequency locations of the valleys and peaks differ from case (a) at SOHz to the other
cases around 85Hz. In case (d), 3 peaks and valleys appear due to the decrease of the
mass values, at 264Hz, 278Hz and 286 Hz.

Figure 3 (a)—(d) The global and direct transfer function of subsystem 3 (wheel 1) for cases (a),
(b), (c) and (d), respectively. The red lines represent T£ . The blue dashed lines
represent Tg (see online version for colours)

(a) (b)

&0 T T T T T &0
40 a0} 4
{86 Hz, 19 dB} (264 Hz , 18dB)
{50 Hz, 6dB} g 7| J ]
J = s
E F
T nf q
-40 -0 b 4
o —60
o 0 00 1% 0 250 200 0 0 100 150 o0 ? 300
£(Hz) fiEz)
(©) (d)
&0 )
o (85Hz,34dB) Wl
{264H:,22dB} {S4Hz,21dB} (278 Hz, 6 B}
& FINS é o \ b
: ., ; S s Jr
2 =
8 L S {26411;,-1315&3}/ f
. {266 Hz, 23 dB) (286 Hz , 1 4B}
—60

- e ¥ . P = 3 0 50 100 150 300 50 300

flHz )

In Figure 4, the direct and GTFs 7,7 and T between subsystems 1 and 2, that is the
vehicle body and bogie frame, are well defined and depend on the frequency in different
shapes. Case (a) has the highest-level response for 72 in all frequency range, and the
resonance frequency is at 5S0Hz. In case (d), two more peaks and valleys appear due to the
decrease of the mass values, at 278 Hz and 286 Hz. As for the curves of 7,7 and 7,5,
they have different shapes, peaks, and valleys locations.

For Figure 5, 20log,, 7,;"” corresponds to DTFs between subsystems 2 and 3, which
are the bogie mass M, and wheel mass M, . The shapes of both transfer functions are
the same for all the frequency range. The peak levels and frequencies of the peak are
slightly different from each other. Also, each peak represents one natural frequency of the
system.
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Figure 4 (a)- (d) the global and direct transfer function of subsystem 2 (bogie) to 1 (vehicle
body) for cases (a), (b), (c) and (d), respectively. The red lines represent TIZD . The blue
dashed lines represent TS (see online version for colours)

() (b)

60

“f (S0Hz, 41 dB} ] @
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Figure 5 (a)—(d) The global and direct transfer function of subsystem 3 (wheel 1) to 2 (bogie) for
cases (a), (b), (c) and (d), respectively. The red lines represent 7, . The blue dashed
lines represent TZG3 (see online version for colours)
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In Figure 6, as the masses of the vehicle body and the wheel M, are not directly
connected, the DTF between subsystems 1 and 3 are 7,5 =0, so its logarithm is —oo. For
GTF T9,it’s well defined. Compared to the figures above, the response levels are much
lower. In case (¢), GTF Tlg; shows a peak and valley at around 264 Hz and case (d)
shows two more valleys and peaks compared to case (b) at around 278 Hz and 286 Hz.

Figure 6 (a)—(d) The global and direct transfer function of subsystem 3 (wheel 1) to 1 (vehicle
body) cases (a), (b), (c) and (d), respectively. The blue dashed lines represent Tg
(see online version for colours)
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It can be observed that TI.jG’D transfer functions for any pair of subsystems, for the same

case, have almost the same frequency peaks locations. After obtaining the global and
DTF, it allows to investigate contribution of subsystems.

3.3 Contribution of subsystems

The whole system will vibrate when the railway vehicle is under operation. The motion
of each subsystem can be obtained experimentally or analytically. In this study, the
displacement of each subsystem is obtained from the motion equations (12)—(17). For the
second part of the method, once the amplitude of the operational displacement of each
subsystem is provided, the contributions due to each mass can be found out, according to
equation (10):

Zy =T * 2y + 1) 22 29)
ZY =TRRZPATLR I AT ZY ATV ZY A TR A2 T2 ZY (30)

Zy =T * 2 + T * 2 GD
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2y =T 2y + T2y (2)
2 =TE* 2y +TE 20 (33)
2y =T R 2+ TE 20 (34)

Equations (29) to (34) are the displacement contribution for connected subsystems with
an external force. For example, in equation (32), Z;” is factorised as a contribution due
to the displacements of the bogie frame 7,2 * Z%”, plus the contribution of T, * ZZ*"
due to an external force applied over mass M,. The value of the operational external
signal Z*",i=1,2,3,4,5,6 is according to the definition in equation (11).

As the motion equation in all the DOF were already established in the modelling,
represented by Figure 1 and Table 1, it allows predicting the Transfer Paths among them
according to the GTDT method. As shown in Figure 7, the external forces on the wheels,
which are the subsystems 3, 4, 5, and 6, are considered. Subsystem 2 of the bogie is taken

as the receiver, and the input vibration is contributed by subsystems 1, 3, 4, 5, 6 through
paths 1,2, 4, 6 and 8.

Figure 7 The signal transfer paths of all subsystems
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Assuming the four wheels have different irregularities during manufacture or operation
defects, they are under excitations from the wheel-rail interaction. The external
operational forces on the four wheels are £, £, f&, and [, with amplitude
values F  =(4x10°, 5x10*,6x10%,7x10%)" respectively. Subsystem 6, which is the
wheel 4, has the largest excitation amplitude. Owing to the excitations are from
subsystems 3, 4, 5 and 6, the vibration transfers among the entire vehicle system.
According to the factorisation, equations (29), (30) and (32), Figures 8-10 display
the operational response of the subsystem and the contribution of other systems to the
system under consideration.
Figure 8 describes the contribution of the displacement amplitude of the vehicle body
M, due to the bogie frame, which is the only mass directly connected to it. By equation
(29), ZP =T} xZ +T.? X Z . In the simulation, the excitation on subsystem 1 is not
considered, which is Z”*** =0. Then, Z” =T,” xZy . Therefore, red curves for Z;”

and blue dashed for T, * Z% coincide with each other.
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Figure 8 (a)—(d) The contribution for subsystem 1 in cases (a), (b), (c) and (d), respectively. The
red lines represent Zlo P The blue dashed lines represent Tz? X Z3" (see online version
for colours)
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For case (d), as the masses M, and M, were decreased, it showed a different
disturbance, between 264 Hz and 286 Hz, with 2 peaks and valleys that did not appear in
case (c). Also, comparing case (c) with case (d), the second peak shows higher levels of
displacement, due to the increase in k,, stiffness.

Figure 9 represents the contribution of the displacement amplitude Z;” of the bogie,
due to the contribution of the wheels and the vehicle body. Also, besides each
contribution curve, the values of each subsystem (dB) in resonance frequency are
indicated.

For all cases, the wheel masses have the highest impact on the bogie displacement.
The highest displacement contribution in most frequencies is due to wheel 4 M, which
is subjected to the highest external force excitation. However, in case (a), the mass M,
until 20 Hz has the highest degree of displacement level.

The maximum displacement of the bogie frame M, is in case (c), probably due to
the increase of k,; stiffness. For case (d), the decrease of mass M, and M, led to a
slight increase in the displacement contribution of these wheel masses around 270 Hz and
a disturbance in the bogie displacement. Also, the change of the wheel masses leads to
another peak around 286 Hz, in which masses M, and M, are responsible for the bogie
frame displacement.
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Figure 9 (a)—(d) The contribution for subsystem 2 in cases (a), (b), (c) and (d), respectively. The
7y is marked as red lines. The 7,5 X Z” is marked as black dashed lines. The
T2 xZ% is marked as yellow lines. The red dashed lines represent the 7, x Z¢ . The
orange dashed lines represent the T;s X Z& . The Ty X Z¢P is marked as black dotted
lines (see online version for colours)

(a) T T T T T T
of ]
{SDHz , —39dB}
{253He, —G1dB} ] Subsystem. 50Hz 253Hz
Vehicle body -39 -143
Wheel 1 -66 -74
Wheel 2 -64 -73
Wheel 3 -64 -71
Wheel 4 -62 70
ey 0 T e T = : T EE}
tiHz )
(b) . .
[4E. -78dB) (gyp, -374B)
e / L (264 Hz, -51dB} Subsystem.  82Hz 86Hz 264Hz
g (8612, =30 a8} Vehicle -100 -102 -172
& e Pt A body
%.“_, —1 Il‘--n-- :A R ST .-""-e::\:__;:: Wheel 1 -50 57 61
I M ' Wheel 2 -50 -65 -68
e S Wheel 3 -50 -71 -60
. Wheel 4 -50 -59 -60
(M)
(© ] . i ‘ ‘ .
[4H, _157dB| 2661, —4248) Subsy'stem 82Hz 86Hz 264Hz 266Hz
i S s Vehicle -78 -104 -178 -163
i N (84, -13dB) ) bod
= =% i ) ody
b= B 264 Hz. -57dB)E Wheel 1 223 -56 -65 -43
13 e P — N Wheel 2 26 74 -62 -60
5 SR et a2 Mo Wheel 3 26 -67 -62 -59
- ’.. S (8SHz, -54dB}) Wheel 4 -26 -62 -63 -60
Subsystem 82 86 264 278 286
Y Hz Hz Hz Hz Hz
Vehicle 101 o0 -169 -172 -181
body
Wheel 1 -49 -57 -79 -47  -86
Wheel 2 -49 -65 -82 -75  -56
Wheel 3 -49 -71 -52 -82 97
Wheel 4 -49 -59 -52 -82 96




Transfer path analysis of a railway vehicle 19

Figure 10 (a)—(d) The contribution for subsystem 4 in cases (a), (b), (c) and (d). The red lines

represent Zg . The blue dashed lines represent Tjp x Z5¥ .1 T3 x ZP*" is marked as
black dashed lines (see online version for colours)
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Figure 10 shows the displacement of the wheel M, which has the influence on the mass
of the bogie frame and the external force over it. For cases (b), (c) and (d), around 82 Hz,
there is a resonance of bogie frame and wheel. In all cases, the highest contribution
comes from the external force over the wheel.

The bogie frame and the wheel are in resonance at different frequencies. In case (c) it
is possible to see that at 84 Hz there is the highest displacement amplitude among the
cases, due to the increase of stiffness k,;. Also for case (c), it shows a peak around
266 Hz, which did not appear in case (b). As for case (d) also 2 more locations of
resonance appear, due to the lower wheel masses.

To validate equations (29)—(34), Figure 11(a)~(c) compare the sum of the
displacement contributions in M, ,M, and M, subsystems with the actual operational
displacement for case (d). All the curves overlap, which reveals the effectiveness of this
TPA.

3.4 Results discussion

The curves for case (a) show different responses, because the secondary suspension
spring stiffness represented by the parameter k;, is ten times higher than the primary
suspension spring stiffness represented by the parameters k,;, k,,, k,; and k,. In cases
(b), (c) and (d), the stiffness k,; is higher than £, . Case (d) shows the disturbances in
all subsystem displacement amplitudes due to the decrease of the masses M, and M, .
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The result of factorisation above shows case (c) with overall higher displacements
amplitudes, as the stiffness parameter k,; was 20% higher compared to cases (b) and (d).

Figure 11 (a)—(c) The displacement of mass M;, M, and M, respectively. The synthetic
displacements Z” (i =1,2,4) are marked as red lines. The actual operational
displacements Z;” '(i=1,2,4) are marked as the blue dashed lines (see online version

for colours)
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For all 4 cases, the external force acting over the wheel is responsible for the highest
contribution levels of the bogie. Also, the mass decrease in case (d) incurs disturbances
in the displacements in all subsystems. Concerning the vehicle body displacement,
case (c) shows the highest displacement values. Also, the peak values in the le.G’D curves
from Section 3.2 coincide with the resonance values in the curve of displacement in

Section 3.3.

4 ATPA analysis of the railway vehicle with 11 DOF model

4.1 Mathematical model of a railway vehicle with 11 DOF

To make the model more complete, a mathematical model with 11 DOF for one entire
railway vehicle is established, as shown in Figure 12. The symbols in the model are
similar to those in Figure 1. M, denotes the vehicle body, and M, and M, denote the
two bogies, M, to M, are the eight wheels. k,,, k5, ks, k), hyg,ksg,k5,,k;, are
stiffness of the primary suspensions. k, and k,, are the stiffness of the secondary
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suspension. k, is the contact stiffness between the wheel and rail. Only the vertical
motions of the model are considered.

Figure 12 Physical model of a car with 11 DOF

. —\L 2t
}_\L

Mz

K2: K26

Rail

The governing equations of motion, according to the second Newton’s law, are the
following:
For the vehicle body M, :

M,z :F;z_Es_fl

. 35)
Mz, =k, (z,—z,) = k;(z, — z,) = ],

In equation (35), F,, and F|; are the restoring force of secondary suspension with
stiffness &, and k,. M, is the vehicle body mass and f, is the external force as
aerodynamic force or excitation from any device mounted to the vehicle body. Also, z, is
the vehicle body vertical displacement, z, and z, are the bogie frame displacements.

For the 2 bogie frames:

M)z, =F,+F,+Fs+Fs—F,— [, (36)
M.z, =k, (2, —z,) + hyy (2, —2,) + hy5 (2, — 25) by (2, —2) + k5 (2, = 2,) = f

In equation (36), F,;, F,,, F,; and F,, are the restoring forces of primary suspension
with stiffness k,;, k,,, ks and k,.f, is the external force from the excitation of the

motor or gearbox. Also, z,, z,, z; and z, are the displacements of the wheel.

Mz, =Fy+ Fy + F\ + Fyy - Fy — f; (37)
Mz, =k (2, — zg) + kg (23— 29) iy 0 (23 — 20) + by (2 — 2 ks (2 —2) =

In equation (37), F, F,, F,, and F,, are the restoring forces with stiffness
ki, ky, Ky, and k;,, acting over M,. f; is the external force similar to f,. Also, z,
zy, 7, and z,, are the displacements of each wheel. Each wheel is subjected to the
contact force between wheel and rail interaction with stiffness k, and the restoring force

of primary suspension connected to the bogie frame.
M,zZ, :kgz4 -F, _f4

. (3%)
Mz, =k,z,+ky(z,—2,)— ],
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Mz :ngS —F = f;

. (39)
Mz :ngS +ks(zs—2,)— f;
Mz :ng6 —Fy—f (40)
Mz, =kgz6 +ky (24 —2,) = f4
M727:kgz7_F27_ﬁ @1)

M,z :kgz7 +hy(z,—2) = f;

For equations (38)—(41), M,, M, M, and M, are the masses of the wheels of the
bogie M, .

M,z :ngS —Fy = f

i . (42)
Mz =k, zg + kyy (23— 2,) = f

Mz, =k, zy = Fyy = fo 43)
Mgék) = kgz9 +k29(29 _Zz)_f‘)

Mz, = kgzl() —Fy0—fo (44)
Mz, = ngIO +ky0(210 —2,) = fro

M, 2, =kz,—Fyy, — f, (45)

Mz, = kgzll +hky (2, —2,)= /iy

For equations (42)—(45), My, M,, M,, and M,, are the masses of the wheels of the
bogie M,. For each wheel, it is subjected to the contact force from wheel and rail
interaction with stiffness &, and the restoring force of primary suspension connected to
the bogie frame.

The model has 11 subsystems, as represented in Table 4.

Table 4 Description of subsystems

Subsystem number 1 2 3 4 5 6

Subsystems Half vehicle = Bogie Bogie Wheel 1 Wheel 2 Wheel 3
body frame 1 frame 2

Subsystem number 7 8 9 10 11

Subsystems Wheel 4 Wheel 5 Wheel 6 Wheel 7 Wheel 8

4.2 GTF and DTF of 11 DOF model

Figure 13(a) illustrates the global transfer relations for the entire car model with 11 DOF,
and the GTFs analysed in the following figures are highlighted in red dashed. Like
Section 3, the DTFs are represented in Figure 13(b), considering the external force over
all the wheels. It shows the direct connections between subsystems which are calculated
after the GTFs are obtained.
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Figure 13 (a) Global Transfer Functions among all subsystems. (b) Direct Transfer Functions
between 2 direct connected subsystems (see online version for colours)
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The same procedure from Section 3.1 for 11 DOF was done. The mass and stiffness
matrix are the following:

M, 0 0 0 0 0 0 0 0 0
0o M, 0 0 0O 0O 0O O 0 0
0 0 M, 0 0 0 0 0 0 0
0o 0 0 M, 0 0 0 O 0 0

_|lo o o o M; 0 0 0 0 0

M= (46)
o 0 0 0 0 M, 0 O 0 0
0 0 0 0 0 0 M, 0 0 O
0o 0 0 0 0 0 0 Mg 0 0
0O 0 0 0 0 0 0 0 M, 0
o 0 0 0 0 0 0 0 0 M,

For the stiffness matrix:

kooky ks 0 0 0 0 0
bk by By B BB 000 00
k13 ]izs k3 9 0 0 0 k38 k39 k310 k31 1
0 k, 0 &k O 0 0 0 0 0 0
0 ky, 0 0 &k O O O O 0 O

K={0 kK 0 0 0 &k O 0 0 0 0 (47)
0 k, 0 0 0 0 k£ O O 0 0
0 0 kg O 0 O 0 kK O 0 O
0 0 k, 0O 0 O O 0 k O O
0 0 ko, O 0 0O 0O O O k, O
0 0 k, 0 0 0 0 0 O 0 &k

w
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For the problem stated:
];1 21;12'”;13;];2 :];23+];24+];25+];26+I;12’];3 21;38+];39+];310+I;311+I;13’
ky = ey kg = e ey
ks = kg Tk ks = hyy ks kg = g + ks kg = g +kyshg =Koy s
ky =k, +kg;

For the dynamic stiffness matrix:

K, ~k, k5 O 0 0 0 0 0 0 0
_152 K;z _];23 _];24 _1;25 _];2(7 _];27 0_ 0_ 9 9
_k13 _/izs K3 0 0 0 0 _kss _k39 _k310 _k3 11

0 -k, O K, O 0 0 0 0 0 0
0 -k O 0O K, 0 0 0 0 0 0
K= 0 -k, 0 o o0 K, 0 0 0 0 0
0 -k, O o 0 0 K, 0 0 0 0
0 0 kg O 0 O 0 K, 0 0 0
0O 0 -k, O 0O O 0 0 K, O 0
o 0 &, O 0 O 0 0 0 K, 0
0 0 -k o0 0 0 0 0 0 0 K,

[

(48)

where K, = l;, -M,@,(i=1,2,...,11). The GTF matrix has a dimension of 11x11 and is
obtained as a matrix (25), in the previous section. To obtain the DTF matrix, the non-
diagonal elements must be considered:

L0 =T =T¢ =T =Ty =TJ =T}y, =T}, =T =T,y =T,y =T,

110 111 210
_=omD _ oD _mpD _ oD _ oD _opD _ oD _mpD _ oD _ pD _ D _ D
=0, =1, =0, =T =T =T;; =T,, =Ty, =Ty; =1,s =TI, =1,
_omD _opD _ oD _ oD _ oD _ oD _ oD _omD _mD _ D _ D _ D
=Ty =T =Th =T =15 =T5; =15, = T5s =15, =Ty =Ty =T,

ST =TY =10 =1L =10 =1L =10 =10 =10, =10 =12 =T

69 610 611
_ D _ gD _ D _ D _ D _ D _ D _ D _ D _ D _ D _ D
=05 =T =T =T =T =T}, =Ty =Ty, =Ty =Ts =Ty =T

_=omD _mpD _aD _ oD _ oD _ oD _mpD _pD _opD _ oD _ D _ 4D
=Ty =Ty =T =15 =15, =T,y =Tos =Tos =Ty =15 =150 =Ty,

=Tlé)1=7loDz=TmD4=7]oDs=TD =T TP 7P TP TP TP TP

106 107 108 109 1011 111 112 114

_=omD _opD _mpD _pD _ oD _ oD _
_Tl'lS_T;lf)_];H_TIlS_T1 _TIIO_O

119 1

For the diagonal elements, the expression T.”

. was already explained in equation (27) and
for the non-diagonal elements equation (28). The values of masses and the spring
stiffness are shown in Table 5, and 2 cases will be analysed. The model with parameters
in case (a) is a symmetric one, where each bogie, wheel and corresponding suspension
are in an ideal state with the same parameters. In case (b), some parameters have a little

deviation from the ideal state to show the effect of structure parameters change on the
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transfer function. Stiffness 4, in case (b) is 20% lower than that in case (a), k,, is 20%

higher and £,,, is 10% lower than case (a). For the masses, for case (b) M, is 10% lower

and M, 15% than case (a).

Table 5 Variable values

Variables Case (a) Case (b)
k, 10’ N/m 10’ N/m
ks 10’ N/m 0.8x10" N/m
by, kys | Ky 10°N/m 10°N/m
Ky 10°N/m 1.2x10°N/m
kyg [ ks /sy 10°N/m 0.9%x10° N/m
ks, 108N/m 0.9x10°N/m
kg 10°N/m 10°N/m
M, 30kg 30kg

M, 1.4kg 1.4kg

M, 1.4kg 1.26kg
M,/ M/ M 400kg 400kg
M, 400kg 360kg
M /My /M, 400kg 400kg
M, 400kg 340kg

Table 6 shows the natural frequencies @ =k, /m, for each case, in Hertz, which

correspond to the peaks and valleys of Figures 15 and 16.

4.3 Contribution of subsystems

When the vehicle is under excitation, the whole system will vibrate. The motion of each
subsystem can be obtained experimentally or analytically. In this study, the displacement
of each subsystem is obtained from the motion equation (35) to (45). Once the
operational displacements of each subsystem are provided, the contributions due to each

mass are the following:

D , D D
Z0 =Ty * 2+ T * 2 + T * 2

op _ D % —7op D % ~—7op.ext D % —op D % —op D % —7op D % —~op
ZZ _TIZ Zl +T22 ZZ +7:12 Z4 +]152 ZS +T;>2 Z() +T72 Z7

op _ D % zop D x 7op,ext D % 7op
ZS - ]-;3 Zl + ];3 ZS + 7;53 ZS

93

+ TP *

+T0*

op
113 Zl 1

(49)
(50)

(1
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2y =T Zy 4T 2
27 =T Zy 4T 2
2y =T Zy 4T 2
Zy =T Zy 4T 2
2y =T 2y T2

op _ D % 7op D % ~7op.ext
Z9 - T39 Z3 + T99 Z‘?

D D Lext
Z0 =TP %70 + Tz

310 1010

op _ D x —7op D % ~7op.ext
Z]] _TS]] Z3 +7—;]]] Z]]

(52)
(53)
(54)
(55)
(56)
(57)
(58)

(39)

In the simulations, the external operational force acting on the wheel masses are

considered as g«

1,2,3,4,5,6,7,8,9,10,11

=(0,0,0,4><10“,5xlo“,6x10“,7x10“,8><10“,9><10“,10><10“,11x10“)T. It

shows the eight wheels are under excitation with different amplitude and system 11 is

under the largest excitation.

Table 6 Natural frequencies values

Natural frequencies Case (a) Case (b)
, 4 Hz 4 Hz
o, 86 Hz 88 Hz
o, 86 Hz 89 Hz
o, 264 Hz 264 Hz
o, 264 Hz 264 Hz
o, 264 Hz 264 Hz
o, 264 Hz 281 Hz
@, 264 Hz 264 Hz
o, 264 Hz 264 Hz
@, 264 Hz 264 Hz
@, 264 Hz 285 Hz

Figure 14 shows the transfer path for the 11 DOF mechanical railway vehicle system,
considering the external force over the wheel’s masses. To analyse subsystem 1 as the
receiver, the input is provided by subsystems 2 and 3, through Path 1 and 2. The external

](‘ ext ext ext ext
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Figure 14 ATPA path analysis (see online version for colours)
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Figure 15(a) and (b) describe the contribution of the displacement of the vehicle body
Z” dueto M, and M, bogie masses directly connected. The peak values represent the
resonance of the subsystems. For case (a) the contribution from A is slightly higher
than that from mass M, in all frequency ranges, as the excitation forces transferring
through the wheel M are higher than over M, . Case (b) shows two more resonance
peaks at 281 Hz and 285 Hz that do not appear in case (a), due to the different
parameter’s values.

Figure 15(c) and (d) represent the contribution of the displacement Z,” of the bogie,
due to the wheels and the vehicle body. The biggest contribution in most of the
frequencies is due to the masses of the wheel A, which has the highest external force
applied. Case (b) shows one more resonance frequency at 281 Hz compared with case (a).

Figure 15(e) and (f) represent the contribution of the displacement Z3” of the bogie,

due to the wheels and the vehicle body. The highest contribution in all frequencies is due
to the mass M,,, which is where the highest external force is applied. The results are
similar to Figure 15(c) and (d).

Figure 16(a) and (b) are the operational displacements of the subsystem A, . The
displacement contribution for the wheel is due to the bogie M, , as it is the only mass
directly connected to it and due to the external force acting over it. For case (b), one more
resonance is added, at 281 Hz, due to a change of the parameter’s values.

11°

Figure 16(c) and (d) show the operational displacement of the subsystem A{,,. The
displacement contribution for the wheel is due to the mass of the bogie M, and the
external force acting over it. The results are similar to Figure 16(a) and (b). It is possible
to realise that case (b) has higher values of displacements, due to the change of the
parameters. Also, the overall displacement amplitudes are higher than the values of wheel
M, .

4.4  Results discussion

The result of factorisation above shows cases (a) and (b) using different stiffness, bogie
and wheel masses. Also, the stiffness of primary and secondary spring suspensions is
equal or very close to Case (b) in Section 3.3. Because of this, the shape and values of
displacement contributions are very similar.
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Figure 15 (a), (b) The contribution for subsystem 1 in case (a) and (b), respectively. The Zlo P is
marked as red lines. The black lines represent the T2D1 x Z5” . The blue dashed lines
mean the 73] xZ3P . (), (d) The contributions for subsystem 2 of the case (a) and (b),
respectively. The red lines mean the Z5” . The T;5 x Z is marked as orange dashed
lines. The yellow lines represent the 7, 413 xZgP . The green dashed lines mean the
TExZ% . The T3 xZ is marked as blue dashed lines. The 75 x Z% is marked as
black dashed lines. (¢) and (f) are the contributions for subsystem 3 of the case (a) and
(b), respectively. The Z57 is marked as red lines. The orange dashed lines represent the
Ti§ xZ . The yellow lines mean T35 x Zg¥ . The Tg3 x Z&P is marked as green lines.
The 7379 x Z{¥ is marked as blue dot-dashed. The black dashed lines represent the
T, X Z{¥ (see online version for colours)
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For the 2 cases, the external force acting over the wheel was responsible for the highest
contribution levels in the bogie. Also, the decrease of the masses M, and M, in case
(b), like Section 3.1, caused disturbances in the displacement responses in the vehicle
body and bogie frame M, and M, . The change in the stiffness also influences the
increase of the values of the displacement in the resonance, when comparing cases (a)
and (b), especially in the second resonance peak.
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Figure 16 (a) and (b) The contributions for subsystem 7 of the case (a) and (b), respectively. The
72 is marked as red lines. The black dashed lines represent the T3 x Z5” . The
TH x Z94" is marked as blue dashed lines. (c), (d) The contributions for subsystem
11 of the case (a) and (b), respectively. The Zlo {) is marked as red lines. The black
dashed represent the 7,73 x Z$¥ . The blue dashed represent the 7;7); x Z{7"*"
(see online version for colours)
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For both 6 DOF and 11 DOF models, different parameters of mass and stiffness in the
primary suspension can increase the value of responses and cause disturbances in all the
subsystems. Most importantly, for both physical models, the change in the wheel masses
are the cause of the appearance of a new resonance frequency which can lead to damage
in the system.

5 Conclusion

This paper aims to validate and demonstrate the effectiveness of the DTFs to determine
the influence of displacements among the most important subsystems. It proves that the
displacement of any subsystem can be factorised in terms of displacements of subsystems
directly connected plus the displacement due to an external force.

The railway vehicle is modelled as a 6 DOF and 11 DOF mechanical system and the
ATPA method is used to analyse the vertical displacements at different frequencies. For
the 6 DOF model, four cases with different structure parameters are compared and the
effects of the parameters on the transfer functions are discussed. Two cases with different
system parameters are analysed for the 11 DOF model to show the effect of stiffness and
masses change on the response of the vehicle body. Also, the half and entire models of
the railway vehicle are compared to figure out whether the half model is feasible for the
analysis, as it will save computational resources. For both models, different parameters of
mass and stiffness in the primary suspension can increase the value of responses and
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cause disturbances in all the subsystems. Also, when the stiffness of the secondary
suspension is higher than the primary suspension the result in the bogie response will be
different if it is the contrary. Most importantly, for both physical models, the change in
the wheel masses are the cause of the appearance of a new resonance frequency which
can lead to damage in the system.

It is possible to find from which subsystem the biggest contribution comes by using
the GTDT method in a mechanical system. Therefore, the problematic equipment or
component can be removed or improved to reduce its influence on the total displacement.
Applying the method in a railway vehicle, the source of the disturbance to the vehicle
body can be detected, if it is due to aerodynamic force, equipment’s below or over the
floor/roof or the contact between the wheel and the rail.
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