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Abstract

The paper herein focuses on the dynamic response of a two-bogie vehicle to the excitations derived from the track
vertical irregularities. The symmetrical and antisymmetrical modes due from the bounce and pitch motions of the axles’
planes in the two bogies are being considered. The analysis of the dynamic response in the vehicle relies on the response
functions in three reference points of the carbody, composed by means of these response functions to the symmetrical

and antisymmetrical excitation modes.

Similarly, the dynamic response of the vehicle to the track stochastic

irregularities is examined and expressed as a power spectral density of the carbody vertical acceleration and the root
mean square of the acceleration and the index of the partial comfort to the vertical vibrations is calculated. The paper is
structured into two parts. The Part I includes all the theoretical elements required for the analysis of the dynamic
response in the vehicle, while Part II introduces the results of the numerical analysis.
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1. Introduction

During running, the railway vehicle is subjected to a
permanent behaviour of vibrations, mainly generated by the
track geometrical irregularities [1]. The vehicle has to have
the ability to limit the behaviour of vibrations to a level
where the dynamic performance is not influenced [2]. The
analysis of the dynamic response in the railway vehicle to
the track geometrical irregularities is an important step in the
investigation of the issues about the ride quality or the ride
comfort [3 - 5].

While running on a track with vertical irregularities, the
axles make forced movements in a vertical plan, so that the
plan of the axles in a bogie has a translation (bounce) and
rotation motion (pitch) (fig. 1). For a two-bogie vehicle, the
combination of the bounce and pitch motions in the plans of
the axles of each bogie will result into the symmetrical and
antisymmetrical motion modes of the plans of the vehicle
axles (fig. 2 and fig. 3). Further on, these motions are
conveyed to the suspended massed, via the suspension
elements, thus exciting the symmetrical and antisymmetrical
vibration modes of the railway vehicle in a vertical plan [6].
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Fig. 1. The plan motions of the bogie axles: (a) bounce; (b) pitch.
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Fig. 2. The symmetrical motion modes of the planes of the vehicle’s
axles: (a) symmetrical bounce; (b) symmetrical pitch.
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Fig. 3. The symmetrical motion modes of the planes of the vehicle’s
axles: (a) antisymmetrical bounce; (b) antisymmetrical pitch.

An important feature of the vertical vibrations in the
railway vehicle is the geometric filtering effect of the
excitation modes induced by the track vertical irregularities
[3, 7 - 10]. As a matter of fact, this effect is the result of the
movements between the vertical motions of the axles, which
depend on the distance between the axles and on the
velocity. As a consequence of the geometric filtering effect
in the vehicle response, a series of minimum values will
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occur, as an exclusive result of how the excitations derived
from the track irregularities are transmitted to the suspended
masses via the axles motions, irrespective of the suspension
characteristics. Under certain conditions that are solely
incidental to the wavelength of the track vertical irregularity
and the distance between the axles, the axles plan can only
have pitch motion, since the bounce motion is not conveyed
to the bogie — the plan of the axles filter the bounce.
Similarly, this plan can only perform bounce motions — in
this case, the pitch motion is not transmitted to the bogie —
the plan of the axles filters the pitch [11].

The complexity degree of the vehicle model for studying
the vertical vibrations is generally established in dependence
on the precision required from the results. The more
complex the model is, the closer the results are to reality, but
it will be more difficult to draw general conclusions
regarding the basic phenomena in the vehicle dynamics.
Quality and even quantity results can be acquired based on
,rigid-body’ type simple mechanical models [12 -14].
Notwithstanding, the carbody modelling as a flexible body is
necessary when the analysis of ride comfort is brought about
[3 - 10, 16 - 18]. Even though the carbody structural
vibrations are extremely complex [17, 19], the largest
influence upon the dynamic behaviour of the vehicle comes
from the first flexible vibration mode, whose frequency is
included in the interval of interest for the vehicle vertical
vibrations 0 ... 20 Hz [15, 20].

The paper examines the dynamic response of the railway
vehicle to the track vertical irregularities. For this purpose,
the vehicle is represented by a discrete-continuous model,
whose motions are described — upon the application of the
modal analysis method — by two sets of four second-order
ordinary differential equations, corresponding to the
symmetrical and antisymmetrical vibration modes of the
suspended masses. This paper focuses on the analysis of
response functions in three reference points of the carbody,
located at its centre and above the two bogies. They are
defined by means of the carbody response functions to the
symmetrical and antisymmetrical excitation modes; these
functions include on their turn functions of partial response
to the carbody movements for each of the
symmetrical/antisymmetrical excitation modes given by the
bounce/pitch in the plans of the axles. Similarly, the
dynamic response of the vehicle to the track stochastic
irregularities is examined and the root mean square of the
acceleration and the comfort is calculated, using the relevant
regulations [21 - 23].

The paper is structured into two parts. The Part I
includes all the theoretical elements required for the analysis
of the dynamic response in the vehicle, while Part II
introduces the results of the numerical analysis.

2. The vehicle mechanical model

To examine the vehicle response to the track vertical
irregularities, the model in fig. 4 is taken into account. This
is a four-axle vehicle, two suspension levels, travelling at a
constant speed V" along a prefectly rigid track with vertical
irregularities. Such irregularities are described with the
reference to each axle by functions h; 1), with j = 2i - 1, for
i =1, 2, while mentioning that each bogie is equipped with
the axlesj and j+1.

25

Fig. 4. The mechanical model of the vehicle/track system.

The vehicle model includes a body with distributed
parameters for the carbody and many rigid bodies for the
two bogies (the suspended masses) and the four axles. These
bodies are connected among them via Kelvin-Voigt type
systems, which help to model the suspension levels.

The carbody is represented by a free-free equivalent
beam, with constant section and mass uniformly distributed,
of Euler-Bernoulli type. The beam parameters are defined in
terms of the carbody’, such as: L — beam length; p. = m./L —
beam mass per length unit, where m, is the carbody mass; i
- structural damping coefficient; E/ — bending modulus,
where FE is the longitudinal modulus of elasticity, and 7 is the
area moment of inertia of the beam transversal section.
There will be taken into account the carbody rigid vibration
modes - bounce z, and pitch 6., and the first two carbody
natural bending modes in a vertical plan (symmetrical and
antisymmetrical). The carbody inertia reported to the rigid
vibration modes is represented by mass m. and the mass
moment of inertia J.,.

The carbody movement w(x, ) comes from the
superposition of the rigid vibration with the bending modes

3
w(x,t)=zc(r)+(x—§jec(r)+ 3 X, (0T, (1) M

n=2

where T,(f), with n = 2, 3, the coordinates of the carbody
natural bending modes (symmetrical and antisymmetrical),
and X,(x) is the eigenfunctions of the bending modes as in
the relation

X, (x)=sinf x+sinhf,x—

inf3 L—sinhf3 L
_sm B,L—sinhP, (cos B,x +cosh 3, x) @
cos 3, L—cosh,L
with g, =Yop, /(E1)
and
cosf,LcoshPB,L—1=0> 3)

where , is the angular frequnecy of the bending mode 7.

The bogies have two degrees of freedom: bounce z,; and
pitch 0,;, with i = 1, 2. Each bogie has the mass m; and mass
moment of inertia J,. The bogie wheelbase is 2a;, and the
distance between the bogies axles is 2a..

The elastic and damping elements of the secondary
suspension of each bogie are modelled via the Kelvin-Voigt
system that operates on translation in the vertical direction,
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with the elastic constant 2k, and the damping constant 2c...
The Kelvin-Voigt system positioned in the vertical direction
at distance /. from the carbody neutral fiber and at distance
h,, from the bogie centre of gravity models the transmission
system of the longitudinal forces between the carbody and
the bogie. This has the elastic constant 2k, and the damping
constant 2c¢,.. The primary suspension corresponding to an
axle is modelled by a Kelvin-Voigt system operating on
translation in the vertical direction, with the elastic constant
2k, and the damping constant 2¢.,,.

3. The vehicle motion equations

The carbody vertical motions are described by the equations
of the rigid vibration modes of the carbody and of the bogies
— bounce and pitch, as well as by the equations of the first
two natural bending modes of the carbody — symmetrical
and antisymmetrical.

The equation of motion for the carbody has the general
form of

EI9*w(x,t) N ul P w(x,t) LPe *w(x,t) _
ox* ax* at ar

:ZFma(x I )+th - d‘s(x b

where d(.) is the Dlrac s delta function, the distances /; set
the position of the carbody supporting points on the
secondary suspension and F,.; and F,. stand for the forces
derived from the secondary suspension of the bogie i

“4)

P (aw(li,t)
zcl zc at

- Zbi]_ 2k (W(lit)=2y;) 5
(5)

Pw(lt)
Fxci = 2cxc [hc ox alt + hbebi +
+2kxc[hC + hbebij

Upon the application of the modal analysis method and
considering the orthogonality property of the eigenfunctions
of the carbody bending modes, the equation of motion (4) is
changed into four second-order differential equations with
ordinary derivatives that describe the bounce, pitch,
symmetrical and antisymmetrical bending carbody motions:

me, _2 ™

(6)

aw(l,t)
p)

74, —2 m[, ] i[Fm,; ®)

Lol ©)

My T+ 0Ty + Ty = Z FLX(1)- z i

i=1

m T+, Ty +k, Ty = z F,Xy(1)- th - dXd(l) (10)

=1 i=1

where m,; 5 is the modal mass, c¢,;,3; — modal damping and
kna3 — the modal stiffness corresponding to the first two
natural bending modes of the carbody. They can be
calculated via the below relations, for n =2, 3:

The equations describing the bounce and pitch motions
of the bogies are:

20
mbzbi = szj Jj+1 cmi ’ (12)
J=2i-1

withi=1,2andj=2i-1;

i
. ol
SO = ay z (-1)"* Fop =i s (13)
j=2i-1
withi=1,2andj=2i-1,

where F.;;. represent the forces due to the primary
suspension corresponding to the axles j and (j+1),

respectively
Fopy jor ==2¢5(2p 2@y =M 111 )=

(14)
2k (2 £y, =1, i4q)

The analysis of the dynamic response of the vehicle can
be more easily done depending on the symmetrical and
antisymmetrical motions in the system. To this purpose, the
coordinates of the symmetrical motions are being introduced

1 1
=230 =0:p; :E(Zbﬁzbz) N :5(91;1_9172)’ (15)

and of the antisymmetrical ones

_ _ _ 1 _ 1
P =00, =155 py :E(Zm_zbz);h :§(9b1+9b2)~(16)

Similarly, the symmetrical excitation modes induced by
the track vertical irregularities are entered

+_ M tn+n, 0t
= 2

n-n
n 7 ; 2

= mmtny,

2 (17

while mentioning that T]i'_ corresponds to the symmetrical

bounce of the axles’ planes, whereas n; - to the

symmetrical pitch of the same planes.
Likewise, for the antisymmetrical excitation modes, it is
written

-_MA =N, n—:nl_n2+773_’74

771 4 s 2 4 (18)
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where 1, represents the excitation mode correlated with the

antisymmetrical bounce of the axles’ planes and 7, - with

the antisymmetrical pitch in the same planes.

Based on the symmetry and antisymmetry properties of
the eigenfunctions in the first two vertical bending modes of
the carbody, the following notations can be introduced:

eT=X,(1)=X,(1)) ;6 =X;(1,)==X;5(1,); (19)

e ax,(l,) :_dXz(lz) . dx,(1;) _ dX,(l,) Qo)
dx dx dx dx

Upon using the above notations and adequately

processing, the set comprising the equations (7) — (10) and
(12) — (13), is decomposed into two independent four-
equations sets, which describe the symmetrical and
antisymmetrical motions of the vehicle,

MpT+Cpt+Kp =Pi" + Ry (21)

Mp +Cp +Kp =Pn +Rq > (22)

p3i p4i 77 stand for the vectors of

where pi:[ p;I pf

the motion coordinates and n* :[nf—f Tﬁ]T- the vectors of

the symmetrictial and antisymmetrical excitation modes.
The matrices M™ and M are the inertia matrices, in the
form of

M+:diag(mc, m, o, my, Jp); M_:diag(.]c, m, s, my, J,).

The damping matrices, noted as C* and C’, write as
below

4c,, 4c,e" —4c,, 0
o 4c, " o —4c, € 4c h AT
2c,  -2c,€" C, 0
+
|0 2kl 0 Cy
C, Cs —4c_a. 4 hhy
o - Cs Cq —4c, € 4 h A"
2c,a, 20,6 G 0 ’
] 2¢ . hhy 2c h AT 0 G

where the following notations were used

+de (e ) +de W2(AT )P Cy=de, +2¢,

Cl =Cm2 xc''c

+2¢. h?

x5

=4c, a; 2 de 2

Cy=4c bab o xclle >

Cy=4cae +4c hA;

Xc ¢

Co=c,3+4c, (& ) +4cxchc(l)

27

The matrices K™ and K™ are the stiffness matrices, written
as

4k, 4k_e" —4k,, 0
K+ — 4kzc8+ Kl _4kzcg+ 4kxchch l+ .
-2k, 2k " K, 0
0 k h A" 0 K,
K, K —4k a, 4k hh
o K Ky —4k e 4k h A
2k a, 2k K, 0 ’
I 2k by, 2k b AT 0 K,

with the subsequent notations:

K =k, ,+4k (e ) +ak (A" ) K, =4k, +2k,

xXc ¢

+2k R

xc''b ?

K, =4k a> +4k I ;

xc'c

Ky =4k hab

Ky =4k ae +4k h*A";

XxXc ¢

Ko =k +ak (e P +4k h2 (27 ).

Xc ¢

In terms of the vectors P and R, they write as

0 0 0 0

P 0 R 0 0

| 4cy, 0 » T 4k, 0
0 4c,a, 0 4k a,

4. The vehicle response functions

Further on, it is considered that the track wvertical
irregularities are in a harmonic shape with the wavelength A
and amplitude m,. With the reference to each axle, the
vertical irregularities of the track can be written as

2
nl’z(x):nocosj(x+aci'ab);

2
173’4(x)=n00057(x—ac$ab), (23)
where x =Vt is the coordinate of the carbody centre.

The functions m;;4,, with j = 2i — 1 for i = 1, 2, can be
expressed as time harmonic functions

a,ta,
My p(x) =1y cos® t+CT ;

n3v4(x):n0cosw(t—ac;—abJ, (24)
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in which w = 2nV/A means the angular frequency induced
by the track excitation.

As for the vehicle response, this is assumed to be
harmonic, with the same frequency as the track excitation
induced frequency. The coordinates describing the
symmetrical and antisymmetrical motions of the vehicle are
written under the general form as

pi(t)=picos(wt+e; ), (25)

with k= 1+4,

where p;f is the amplitude, and (Z),:£ represents the phase of

the coordinate & compared to the track vertical irregularities
with respect to the vehicle centre.

In addition, the complex values associated with the real
ones, for i’ = -1:

- for the track vertical irregularities with the reference to the
axles

ﬁj,ﬁ.l(t) = ﬁj,j_,.leiwt 5 (26)
forj=2i—landi=1,2;

- for the coordinates of the vehicle motions

Pi(t)=Pie™",

(27)

where the complex amplitudes of the track irregularities with
the reference to the axles are in the form of

i® t+—a“ia” o] 1=%F%
_ vV Vv

Mo ="Mye (28)
while the complex amplitude of the coordinate k£ writes as

5 Mg =Tge

+ i
*e(p".

P = pi (29)

Similarly, starting from relations (17) and (18), the
below equations are

_ MELEL+N, o 1 =4
L()="—2==—— 2 el = ZnoH;‘l,zelwt; (30)
__ CMEMLFNG - e ] o et 31
771’2(1‘) = 2 e = Zno F12¢ > €2))
where
_, iwa( +ab (l(‘_ab io ¢ ab iwﬂc ab
Hﬂ‘2 =e V fe V ze V' +e v (32)
_ %% % %% %
Hﬂ,2 =e V te V Fe Vo —e 4 (33)

are the characteristics of geometric filtering effect of the
symmetrical and antisymmetrical excitation modes.

The vectors of the symmetrical and antisymmetrical
excitation modes write as

28

77+(t)=noﬁ}€iwt=770[ F[;] H;g ]Teiwt; (34)

T (t)=n e =ng[ H; Hy, J"e™, (35)

where ITI; is the column vectors of the geometric filtering

effect characteristics in the symmetrical and antisymmetrical
excitation modes.

The vectors of the coordinates of the car body and bogies
movement thus become:

p(t)=p" exp(iot), 36)

where ﬁi =/ ﬁli ﬁ;ﬁ 1_9;—r ﬁf ] T is the vector of the
complex amplitudes of the movements.

The equations of motion (21) and (22) of the vehicle are
as:

(—0’M" +K*' +ioC" )p* = (ioP+R JneH s (37)

(-0*M™ +K™ +ioC™ )p~ = (ioP+R)n,H . (38)
ot s

Further on, the response functions of the vehicle to the
track induced excitations can be established. The vector of

the response functions to the symmetrical and

antisymmetrical excitations will be calculated as below

H'=p"/ny; H =p /1. 39)
The relations above can be rewritten as

H' =H'H'; A =H H, (40)

pf pf

where  HJ = [~0*M" +K*' +ioCt ' [ioP+R] can  be
named the matrix of the vehicle functions of partial response
to the two symmetrical excitation modes, whereas
H, = [~0*M™ +K™ +ioC™ "' [ioP+R] - is the matrix of
the vehicle functions of partial response to the two
antisymmetrical excitation modes. These two matrices are as
below

7+ 7+ 7 77—
lel Hp12 pll Hp12
HY), H H,, H,
— 21 22 _ 21 22
= ? P SH, = ? P (41)
7+ 7+ - -
Hp31 Hp32 p31 p32
T+ 7t 7 T
Hp41 Hp42 Hp41 pA2

Based on the latest relations, the response functions of
the vehicle carbody can be determined for the symmetrical
and antisymmetrical excitation modes. Thus, the response
function corresponding to the carbody bounce motion is
given by the relation

g+ _ g+ gt o, o+ ot
Hy =H, Hp+H,,H,, (42)
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where the functions of partial response for the carbody
bounce motion excited by the symmetrical bounce of the

axles’ planes, H;n’ and by the symmetrical pitch of the

) rrt+
axles’ planes, H 12> Can be found.

The response function for the carbody symmetrical
bending can be similarly calculated:

7+ +
Hy = HY ) Hyy + H oy H (43)
where F];zl is the function of partial response

corresponding to the carbody symmetrical bending excited
by the symmetrical bounce of the axles’ planes, and ﬁ;zz -

the function of partial response corresponding to the carbody
symmetrical bending excited by the symmetrical pitch of the
axles’ planes.

In terms of the response functions of the vehicle carbody
to the antisymmetrical excitation modes, they write as:

- for the carbody pitch motion

Hy = Hyy \HY + Hyy Hy s (44)
- for the car body antisymmetrical bending
Hy = H oy Hyy+ HoppHry (45)

where F];H and F];lz stand for the functions of partial

response that correspond to the carbody pitch motion excited
by the antisymmetrical bounce and pitch of the axles’

planes; F];m and ﬁ;zz are the functions of partial response

correlated with carbody antisymmetrical bending excited by
the antisymmetrical bounce and pitch of the axles’ planes.

To calculate the response functions in any point of
abscissa x, located on the carbody longitudinal axis, the
relation below holds

— — L —_ — =
HC:Hf’+[E—xjH1 +X,(x)Hy + X;(x)H; , (46)

that can be applied for three carbody reference points,
thence:

- at the carbody centre,

H, =H+X,(L/2)H; (47)
or

70 s T+

H e = Hcmnf' Hf 1t Hcmn;r Hf 2> (48)
where

_ . —
Hcmnl*:HP”-l—XZ(L/z)Hle (49)

is the function of partial response at the carbody centre to the
excitation due to the symmetrical bounce of the axles’
planes, and

7+ g+
H e =i+ Xy (L1 2)H ) (50)

is the function of partial response at the carbody centre to the
excitation due to the symmetrical pitch of the axles’ planes;

- above the bogies,

_ — __ — —_
HCbl,zzHl ta,H, +X2(l]’2)H2+X3(ZI,2)H s (51)
or

H, =H +H

e i _'” K , (52)
+H"b|‘2nz+Hf +1—1"[71 oM f2

where the notations below

N = H+ 1+X (l 2) p21 > (53)
‘Cbun; = H;u + X, (15 )H;D , (54)

are the functions of partial response of the carbody above the
bogies to the excitation coming from the symmetrical
bounce and symmetrical pitch, respectively, of the axles’
planes, and

= o+ Xl JH (55)

6
- (56)

=ta Hy+ Xy(l ) )H

are the functions of partial response of the carbody above the
bogies to the excitations due to the antisymmetrical bounce
and pitch of the axles’ planes.

In dependence on the symmetry and antisymmetry
properties of the natural functions of the symmetrical and
antisymmetrical carbody bending and according to relations
(19), the partial response functions of the carbody in the
points above the bogies write as

chnf = Hebnt = Pebr T H+11 +tE Hp21 ; (57)
F]cbnz* = _cbln; = _cbzn; = F] pte szz ; (58)
_cbn; - _cbln; :_ﬁcbzn; =aH, +e Hpy s (59)
chn; - _cb,n; - _ﬁcbzr,; =aH,,+e H . (60)

According to the latest notations, relation (52) becomes

_ . _
Hy =M, Hy+H, HpeH, o0, H, . (61)
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5. The vehicle dynamic response to the track stochastic
irregularities

Further on, the track vertical irregularities are considered to
represent a stationary stochastic process, which can be
described via the power spectral density. The theoretical
curve of the power spectral density is representative for the
average statistical properties of the European railway, as in
the relation [21]

2
407

S(Q)= :
(2 (QP+Q2)(Q*+Q2)

(62)

where Q is the wavelength, Q.= 0.8246 rad/m, Q, = 0.0206
rad/m, and 4 is a coefficient depending on the track quality.
For a high level quality track, 4 = 4.032- 107 radm, whereas
for a low level quality, the coefficient 4 is 1.080-10° radm.

As a function of the angular frequency ® = VQ, the
power spectral density of the track irregularities can be
written as in the general relation
Gw)=S(w/V). (63)

What results is the power spectral density of the track
irregularities in the form of

21,3
4%

G(w)= .
(@) [@*+(VQ ) J[0* +(VQ, )]

(64)

Starting from the response functions of the vehicle
carbody and the spectrum of the track irregularities, the
power spectral density of the carbody vertical movement is
calculated, as in the general relation

— 2
G.=G(w)H] . (65)
Upon applying the above equation, the result will be the
power spectral density in the reference point at the carbody
centre and in the points above the bogies, respectively:
_ 2
G,,=G(w)|H,, .

2 —
; Gch2 = G(CU)‘ chm‘ (66)

The power spectral density of the carbody acceleration is
established from the below equation:

4 — 2
G, =0'Glo)|H|,

(67)

which can be also written for the three reference carbody
points by a suitable replacement of the response functions
with the particular relations in the previous section.

Based on vehicle dynamic response, expressed in the
form of the power spectral density of the carbody
acceleration, the root mean square acceleration and the
comfort index can be further calculated, values that count in
evaluating the ride quality and the ride comfort.

30

6. Evaluating the ride quality and ride comfort

The ride quality in a railway vehicle is evaluated by means
of the acceleration root mean square [22]. Starting from the
power spectral density of the acceleration, the root mean
square of the carbody vertical acceleration can be
established via the formula

(68)

loo
a, = ;J‘Gca do .
0

To evaluate the ride comfort in the vertical direction, the
partial comfort index is used, which is calculated with the
relation [23]

14
N,y =6a,g2 . (69)
where a. is the root mean square of the vertical acceleration,
95 refers to the quantile of order 95%, and W,, = W, W,

represents the weight filter of the accelerations in the vertical
direction.

12
(@)

Weighting
o o o
58 o @ =
Weighting

o
[

o

10° 10' 10
Frequency [Hz]

0
10° 10’ 10 10
Frequency [Hz]

=)

Fig. 5. The transfer functions of the weighting filters: (a) for filter W¥,;
(b) for filter W,,.

The filter W, is a band-pass type filter, with the
following transfer function (fig. 5, (a))

2 \2
H(s)= s*(2m fy)

» (70)

with f; =0.4 Hz, f,=100 Hz and O, =0.71.

The weighting filter W,, which takes into account the
higher human sensitivity to the vertical vibrations within the
frequencies ranging from 3 to 13 Hz, has the transfer
function in the form of (fig. 5, (b))

(s+27rf3)~{s2 225
05

s+(277:f4)2}{32 + 2(7;]:5

4

2 2 2
s+(2nf }2711(] f
( 5) 476 (71)

2rf,
SZ + .f4

Hy(s)= 5
{ s+(27f5) }f3f52

2

where f3 = 16 Hz, f; = 16 Hz, fs = 2.5 Hz, f¢ =4 Hz, O, =
0.63, 04=10.8, K= 0.4 and s = i® (with i* = -1).

When adopting the hypothesis that the vertical
accelerations have a Gaussian distribution with the null
mean value and considering the relation (68) to calculate the
root mean square acceleration, the following relation for the
comfort index is derived
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N,y =607'(0,95) (72)

where <I>_1( 0,95) represents the quantile of the standard
Gaussian distribution with the probability of 95%.

7. Summary

The Part I of this paper includes the mechanical model of the
vehicle and the equations of motion, the response functions,
as well as the theoretical elements required for the analysis
of the dynamic response of the railway vehicle to the track
vertical stochastic irregularities.

To study the vertical vibrations of the vehicle, this is
represented via a discrete-continuous model with eight
degrees of freedom. The excitation modes induced by the
track vertical irregularities come, on the one hand, from the

symmetrical bounce and pitch of the axles’ planes — the
symmetrical excitation modes — and, on the other hand, by
the antisymmetrical bounce and pitch of the axles’ planes —
the antisymmetrical excitation modes. The equations of
motion are as such processed that the symmetrical and
antisymmetrical motions of the vehicle be described via two
independent sets of equations. Similarly, the response
functions of the vehicle carbody are separately established
for the symmetrical and for the antisymmetrical excitation
modes. They include the partial response functions for the
carbody movements for each of the four excitation modes.
These functions serve as a basis of calculation for the
response functions in three reference points of the carbody —
at the centre and above the two bogies.

The dynamic response of the vehicle to the track
stochastic irregularities is in the form of the power spectral
density of the carbody acceleration, based on which the
evaluation quantities of the ride quality and ride comfort —
the root square mean of acceleration and comfort index — are
calculated.
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