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PRISPEVOK K ANALYZE NESTACIONARNEHO
NAHODNEHO KMITANIA VOZIDIEL

CONTRIBUTION TO THE ANALYSIS OF NON-STATIONARY

RANDOM VIBRATION OF VEHICLES

Cielom prispevku je zahrniit do , klasického” Statistického riese-
nia kmitania vozidiel nestaciondrne nahodné budenie. Ostatné para-
metre vozidla sii deterministické funkcie. Nestaciondrna ndhodnd
funkcia bude modelovand premenlivou rychlostou vozidla a vertikal-
nou nerovnostou trate. Budeme uvazovat evolucny gaussovsky proces.
Dynamika pohybu kolajového vozidla bude analyzovand pouzitim
Monte Carlo simuldcie a tedrie Markovovych procesov.

Kliicove slova: nahodné kmitanie, Monte Carlo simuldcia, Mar-
kovov proces nestaciondrny ndahodny proces, stochastickd analyza,
odozva strednej hodnoty, kovariancnd odozva.

Uvod

Vicsina studii v oblasti stochastickej dynamiky je venovana
gaussovskym stacionarnym budeniam, ale len malo nahodnych
procesov v inZinierskej praxi je realne gaussovskych a stacionar-
nych. Stochastické zatazenia mozu byt interpretované nie len ako
externé sily, ale aj ako externé kinematické efekty. Bolotin v [3]
definoval nahodné zataZenie nasledovne:

- zataZenie od turbulencie atmosféry,

- akustické zataZenie,

- zataZenie od pulzacie v turbulentnej okrajovej vrstve,

- zatazenie od tlaku morskych vin,

- zataZenie dopravnych strojov od nerovnosti jazdnej drahy a
- seizmické zataZenie.

Na druhej strane, exaktné rieSenia v linearnych alebo neline-
arnych analyzach nahodnych vibracii si velmi limitované a su
obycCajne zaloZené na predpokladoch, Ze budenie je charakteru
gaussovského bieleho Sumu a konstrukcie mozu byt modelované
ako systémy s jednym stupnom vol'nosti. Je zname, Ze rieSit dyna-
mické systémy s viacerymi stupnami vol'nosti je mozné len nume-
rickymi postupmi.

V pripade stochastickych systémov (najmi nelinearnych) sa
stretavame s pristupmi ako si: metdda tangencialnej linearizacie
(TLM) [13], metoda Statistickej linearizacie (SLM) v réznych
modifikaciach [1], [6], [8], [9], [11], [13], [15], [17], [ 18], metoda
Statistickej kvadratizacie (SQM) [20], aplikacia Markovovych pro-
cesov (MPT) [10], [16], [17], funkcionalna metdda Voltera a Wie-
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Introduction

Most studies in the field of stochastic dynamics are devoted
to Gaussian stationary excitations but only a few random process-
es in engineering practice are really Gaussian and stationary. Sto-
chastic loadings will be interpreted not only as external forces, but
also as external kinematics effects. Bolotin defined [3] random
excitation as follows:

- loading due to atmospheric turbulence,

- acoustic loading,

- loading due to pulsation in a turbulent boundary layer,

- loading due to pressure of sea waves,

- loading of transport machines due to unevenness of track, and
- seismic loading.

On the other hand, the exact solutions in linear or non-linear
random vibration analyses are very limited and they are usually
based on the assumptions that the excitation is Gaussian white noise
and the structures can be modelled as single degree-of-freedom
systems. It is well known that to solve the multi degree-of-freedom
dynamics systems is possible only numerical approaches.

In the case of stochastic systems (especially non-linear) we
encounter the approaches, such as: tangent linearization method
(TLM) [13], statistical linearization method (SLM) in various
modifications [1], [6], [8], [9], [11], [13], [15], [17], [18], statis-
tical quadratization method (SQM) [20], the Markov process ap-
proach (MPT) [10], [16], [17], functional method of Volterra and
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nera (FMVW)[13], asymptoticka metoda Krylova - Bogoljubova -
- Mitropolského (ASM) [6], perturbacna metoda (PM) a jej modi-
fikacie [4], [6], [11], [17].

Vdaka vypoctovej technike je simulacna metoda Monte Carlo
vel'mi popularna a ¢asto aplikovana [6], [7], [19], [21]. Hoci tato
metoda je jednoducha a nema obmedzenia, je vSeobecne ¢asovo
narocna a draha. Z pohladu tychto tazkosti, aproximacné metody,
vratane PM, TLM, SLM, SQM, MPT mozu byt vyhodné. Niektori
autori hladaju nové pristupy rieSenia kombinaciou Monte Carlo
metddy s inymi metodami [7].

Matematicky model

Na vytvorenie matematického modelu systému pre dynamick
analyzu je potrebné idealizovat iner¢né, timiace a tuhostné vlast-
nosti diskrétnymi alebo spojitymi prvkami (kone¢né prvky). Oby-
Cajne prvy krok je vytvorit fyzikalny model, ktory moze byt
suhrnom diskrétnych prvkov ako st hmota, pruzina, tlmi¢ alebo
prvkov kontinua ako pruty, nosniky, skrupiny a objemy alebo kom-
binaciou diskrétnych a spojitych elementov. Aplikacia zakladnych
principov mechaniky da sustavu vSeobecne nelinearnych diferen-
cialnych rovnic

X(0) +AC 0 - x(0) = A1), (1

kde x(¢) je vektor odozvy zodpovedajuci nahodnému vektoru
budenia f(r), A(x,t) je realna alebo komplexna matica sustavy
rozmeru n X n. A(x,t) moze byt linearna alebo nelinearna, zavisla
od charakteru problému. Mnoho mechanickych modelov je line-
arnych vdaka ich analytickej jednoduchosti a faktu, ze davaju
realne vysledky pre vel'ku triedu problémov.

Avsak existuje mnozstvo uloh, pre ktoré linearne modely
nedavaju akceptovatelné vysledky, takze je nevyhnutné vytvarat
nelinearne modely. To znamena, ak A(x,f) je nelinearna, méZeme
aplikovat zname aproximacné metody (PM, TLM, SLM, SQM).
Pouzitim linearizacnych technik dostaneme statisticky ekvivalentnu
maticu systému A.

Tato Studia prezentuje dva pristupy na stanovenie odozvy
systému modelovaného rovnicou (1):
1. pomocou tedrie Markovovych procesov a
2. Monte Carlo simulaciou.

Riesenie pomocou tedrie Markovovych procesov

Formulacia Markovového procesu vyzaduje idealizaciu, Ze
budenie je nezavislé od dvoch ¢asovych okamzikov bez ohladu
ako blizko sa nachadzaju (delta korelacia) [17]. Tento predpoklad
[17], [4], ktory je jasne fyzikalne nerealizovatelny, vedie k takym
modely, ktoré maju charakter bieleho Sumu a procesy ziskané line-
arnym filtrovanim bieleho Sumu.

Uvazujme systém diferencialnych rovnic prvého radu (1)
s pociatocnymi podmienkami x(0) = 0 a silovym budenim f{¢) =
= y(1) - p(1). Sila /() je vektor modulovaného evoluéného procesu

Wiener (FMVW) [13], asymptotic method of Krylov - Bogoljubov
- Mitropolsky (ASM) [6], perturbation method (PM) and its
modifications [4], [6], [11], [17].

Thanks to computer techniques, Monte Carlo simulation
method (MCS) is very popular and frequently applied [6], [7],
[19], [21]. Although this method is straightforward and does not
have such limitations, is generally time-consuming and costly. In
view of these difficulties, approximate methods, including PM,
TLM, SLM, SQM can be advantageous. Some authors look for the
new approaches of the solution by combining the Monte Carlo
method with other methods [7].

Mathematical model

To construct a mathematical model of a system for dynamic
analysis, it is necessary to idealize the inertia, damping and stiff-
ness properties by discrete or continuous elements. Usually the
first step is to construct a physical model that may be an as-
semblage of discrete elements such as mass, springs and dashpots,
continuous elements such as bars, beams, shells and volumes, or
a combination of both discrete and continuous elements. The
application of the fundamental laws of mechanics yields a set of
generally non-linear differential equations

X0 + A, 1) - x(0) = f0), (D

where x(¢) is the response vector corresponding to the random
excitation vector f{t), A(x,¢) is the real or complex structural matrix
of order n X n. A(x,t) may be linear or non-linear, depending on
the nature of the problem. Many mechanical models are linear
thanks to their analytical simplicity and the fact that they yield
realistic results for large class problems.

There are, however, a number of problems for which linear
models do not yield acceptable results, so that it becomes neces-
sary to construct non-linear models. It means, if A(x,7) is non-
linear, we can apply well-known approximate methods (PM, TLM,
SLM or SQM). Using linearization techniques we get the statistic-
ally equivalent structural matrix 4.

This study presents two approaches in determining the res-
ponse of a system modelled by equation (1):
1. by the Markov processes theory; and
2. Monte Carlo simulation.

Solution by Markov process theory

The Markov process formulation requires the idealization that
the excitation is independent at two instants of time regardless of
how close they are (delta correlation) [17]. This assumption [17],
[4], which is clearly physically unrealisable, leads to such models
as white noise and processes obtained by linearly filtering white
noise.

Let us consider the system of first-order differential equations
(1) with initial conditions x(0) = 0 and force excitation f(f) =
¥(t) - p(t). The force f(t) is a modulated evolutionary process
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s deterministickou vektorovou funkciou y(¢) a stacionarnym nahod-
nym procesom p(¢) s nulovou strednou hodnotou.

Odozva strednej hodnoty x(¢) je [17]:
E[x] + A - E[x] = E[/] )

kde EJ...] je operator strednej hodnoty a kovarian¢na odozva x(7)
je

K@) +A4- KO+ U -KO) =b-yT+y- b7, (3)
kde K(?)je kovarian¢na matica,

K =Elx-x"] a K0)=0

b(1) = h(1) - foth_l () - y(u) - E[p(u) - p(D)] - du.

Rovnice (2) a (3) urcuju, ze vektor strednych hodnot a kova-
rianéna matica su funkciami Casu. Matica A(¢) je tzv. matica fun-
damentalneho rieSenia alebo matica impulznej odozvy. Ak sa
predpoklada, Ze p(7) ma charakter bieleho Sumu s E[p(z,) - p(#,)] =
=2-a- Dy 8(t, — t,), potom rovnica (3) moze byt urena:

K@) +A- K@) + A K@) =27 Dy 5(1) - y(0), (4)
kde @, je vykonova spektralna hustota funkcie p(¢). Pripustné rie-
Senie rovnice (4) je mozné urobit pomocou $pecialneho numeric-

kého postupu.

Uvazujme Crank - Nicolsonovu integraéni metodu. Diskrétna
Casova derivacia je dana vztahom

. 2 .
K@) = A [K(1) — K(t = A)] = K(1 = A), (%)

kde A je Casovy krok integracnej metody. Pouzitim rovnic (5)
a (4) mozeme pisat
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vector with a deterministic vector function y(¢) and stationary
random process p(f) with zero mean.

The mean response of x(¢) [17] is
E[x] + A - E[x] = E[/]. )

where EJ...] is the mean value operator and the covariance res-
ponse of x(7) is

K +A- K@)+ (A~ K@) =b-y" +y- b, 3)
where K(t) is the covariance matrix,

K(t) = E[x-xT] and K(0)=0
and

b(1) = h(1) - foth_l () - y(u) - E[p(u) - p(0)] - du.

Equations (2) and (3) imply that mean vector and covariance
matrix are the time functions. Matrix /(¢) is so-called the funda-
mental solution matrix or impulse response matrix. If it is
assumed that p(7) is white noise with E[p(t)) - p(t,)] =2 - 7+ Oy -
- &(t, — t;), then the equation (3) can be expressed as

K() + A K@) + (4 K@) =27 Dy () - y7(0), (4)
where @, is the power spectral density of p(7). The acceptable
solution of the equation (4) is possible to make by special nume-

rical approach.

Let us consider Crank - Nicolson integration method. The
discrete time derivation is given by

. 2 .
K= A [K(1) = K(t = A)] = K(1 = A), (%)

where A is the time step of the integration method. Using the
equations (5) and (4) we can write

2 2 .
<K~]+A)-K(t)+[A-K(l)]T:2~1T~(I>0~y(t)'yT(t) +K-K(t—A)+K(z—A), (6)

kde I je jednotkova matica. Rovnica (6) je tzv. Ljapunova rovnica
vo vSeobecnom tvare. V kazdom kroku je potrebné pouzit Spe-
cialny numericky algoritmus vytvoreny v MATLAB-e.

Riesenie pomocou Monte Carlo simuldcie

Alternativnou moznostou predoslého pristupu je pouzit Monte
Carlo metodu. S vyuzitim sucasnych vypoctovych moznosti sa
stiva tato metoda ovela viac atraktivnou.

Vysledky su urcované zo série numerickych analyz rovnice
(1) (priblizne 100 - 1000 realizacii nahodného budenia). Je odpo-
rucané generovat asi 5000 nahodnych hodnét budiacej funkcie
(definovanej vykonovou spektralnou hustotou S;(w)) pre kazda
realizaciu. Simulacia vstupného nestacionarneho evolu¢ného gaus-
sovského centrovaného procesu f{¢) moze byt formulovana:

where [ is the identity matrix. The equation (6) is so-called Lya-
punov equation in general form. In each time step is necessary to
use the special numerical algorithm created in MATLAB.

Solution by Monte Carlo simulation

The alternative avenue of the previous approach is to use the
Monte Carlo method. With the advent of recent computational
facilities, this method becomes ever more attractive.

The results are determined from the series of numerical ana-
lyses of equation (1) (approximately 100 - 1000 realisations of
random excitation). It is recommended to generate about 5000
random values of excitation function (defined by power spectral
density S;(w)) for each realisation. Simulation of input non-station-
ary evolutionary Gaussian process f{¢) with zero mean can be for-
mulated by
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N
A0 =) () = V2 > VS(w) - Ao cos(ay 1 = @) - 1), (N
k=1

kde ¢, je ndhodné ¢islo s rovnomernym rozloZenim (0 = ¢, =
= 2 - ), )(¢) je urCujuca modulacna casova funkcia, ¢(¢) je centro-
vany staciondrny proces s vykonovou spektralnou hustotou S, (w).
Ak je S,(w) konstantnd, tak c(f) ma charakter bieleho Sumu.
Vykonova spektralna hustota vstupného zataZenia f{t) je Sy(w,f) =
=)+ S (w).

Statisticka analyza kmitania kolajového vozidla

Pohyb vozidiel na Zeleznicnej trati sposobuje vibracie. Pretoze
profil trate je nahodnou funkciou priestorovych suradnic, tieto
vibracie su tieZ nahodné. Budeme predpokladat, Ze pohyb vozidla
v horizontalnom smere je nerovnomerny (premenna rychlost, hoci
dolezitejSou nestacionaritou moZe byt premenliva akost trate).

Pouzitim uvedenej teorie budeme riesit odozvu jednoduchého
modelu vozidla (obr. 1) sposobenu nestacionarnym nahodnym
budenim. UrCime prvé a druhé Statistické momenty (t. j. vektor
strednych hodnét a kovarianénu maticu) odozvy mechanického
modelu na obr.1.

Strukturalne parametre si:

- hmotnost podvozku m; = 3000 kg
- hmotnost skrine vagona m, = 13000 kg
- konitanta timenia vo zvislom smere 5, = 120000 Nsm '
- konstanta tlmenia vo zvislom smere b, = 100000 Nsm ™'

- zvisla tuhost
- zvisla tuhost

k; = 3000000 Nm ™'
k, = 1500000 Nm "

where ¢, is uniformly distributed random number (0 = ¢, =
= 2 - ), y(1) is a deterministically modulating time function, c()
is zero mean stationary process with power spectral density
S.(w). If S, (w) is constant ¢(#) is white noise. The evolutionary
power spectral density of input loading f{7) is Sy(w,) = yz(t) .
Scc(w)~

Statistical analysis of railway vehicle vibration

A vehicle moving on railway track causes vibrations. Since the
profile of a track is a random function of the spatial coordinates,
these vibrations are also random. We shall assume that the motion
of the vehicle in the horizontal direction is non-uniform (change-
able speed, although more important non-stationarity can be the
changeable track quality).

Using previous theory we shall solve the response of the
simple vehicle model (Fig. 1) under non-stationary random exci-
tation. Let us determine the first and second statistical moments
(i.e. the mean vector and the covariance matrix) of the response
of the mechanical model on Fig. 1.

The structural parameters are:

- mass of bogie m; = 3000 kg

- mass of body of coach m, = 13000 kg

- damping coefficient in vertical direction b, = 120000 Nsm
- damping coefficient in vertical direction b, = 100000 Nsm ™
- vertical stiffness k; = 3000000Nm "
- vertical stiffness ky = 1500000 Nm ™"

1
1

Uvazujme aproximaciu vykonovej spek- m,
tralnej hustoty vertikalnej nerovnosti u(¢) trate

Let us consider the approximation of the
power spectral density of vertical unevenness

E

podla ORE B 176 [12] v tvare
A

(A +d%) - (A + %)

kde a = 0,0206, b = 0,8246, 4 = 4,032.10"7

pre dobru trat a 4 = 1,08.10™% pre zlu traf.
A je dizkova frekvencia.

S,(A) =

. (®)

Ak rychlost vozidla je funkciou Casu

u(t) of track in due order ORE B 176 [12] in
the form

b,
A4- b
N +a) - (A + )
where a = 0,0206, b = 0,8246,4 = 4,032.10~7
for a good track and 4 = 1,08.107 for a bad
track. A is the length frequency.
If the vehicle speed is time function

S,(A) = , (8)

v=1(t)a v = ¥(¢) and
w Obr. 1. Dynamicky model vozidla o
A=—, 9) Fig. 1. Dynamic model of vehicle A=—, 9)
v v
potom then
1 A-H 1 A
Sulwf) = ——- (10) Sulwt) = — (10)

v(?) |: u)2
-+
V(1)

kde w je kruhova frekvencia.

> )
2 2
‘ :| |:V2(t) v i|

Ak aplikujeme tedriu Markovovych procesov, budeme potre-
bovat pouzif predpoklad evolucného nahodného budenia s deter-

v(l). o 2 o’ 2 ,
20 +a |- 0 + b

where w is the circular frequency.

Applying the Markov process theory we shall need to use the
assumption of an evolutionary random excitation with a determi-
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ministickou modula¢nou funkciou a nahodnym procesom s cha-
rakterom bieleho Sumu. Preto je potrebné definovat parametre
filtra budiacej funkcie. Bezne pouzivanym filtrom pri modelovani
zemetrasenia je Kanai - Tajimiov filter uréeny nasledujicou dife-
rencialnou rovnicou

m, i + b, ik, u=w), (11)
kde w() je znamy Gaussovsky proces s charakterom bieleho Sumu

s kon§tantnou vykonovou spektralnou hustotou S,. Frekvencna
odozva filtra moZe byt vyjadrena vztahom

1

“m,+i-w-b,

H(w) = 3

k,— w

(12)

Porovnanim vykonovej spektralnej hustoty funkcie u(¢) z (11)
a (10) dostaneme:

KOMNIKCCe

C O MMUNICATION:S

nistic modulated function and white noise process. Therefore, it is
necessary to define the filter parameters of the excitation function.
A commonly used filter in modelling of the earthquake ground
motion is the Kanai-Tajimi filter governed by the following diffe-
rential equation

m,-ii + b, u+k, u=w(, (11)
where w(?) is well-known Gaussian white noise process with con-

stant power spectral density S,. The frequency response function
of the filter can be expressed as

1

“m,+i-w-b,

H(w) =
(@) k, — o

(12)

Comparing the power spectral density of u(¢) from (11) and
(10) we get

So 1 A b

2 2. 2 (13)

(k,— 0™ m)+ b, w v ? s o 5

— ta ||+ b

v v
Z rovnice (13) je jasné Ze: From (13) it is clear that
1 (a + b)?

So=A- B, m=—, b= k=ab\Vy. (14)

Zostrojme pohybové rovnice: |

K R s R s N R At R
. .. + . . + . = . + .
0 m, X, —b, b, X, —ky kK X, 0 0 00 0

Zlucenim rovnic (11) a (15) mozu byt pohybové rovnice
vyjadrené nasledovne

m; 0 0 X (by + by) —b, —b, X
0m 0 X =b b 0 d X
02 1 "2 + . 2 2 (a+ b)2 2
;v3(t) ! () !

Vytvorme 2-dimenzionalny Markovov vektor [17] pomocou
substitucie:

V=X, =Xy, V3= U Ya=X, Vs= Xy, Vg = U

potom vysledné rovnice su:

v

Let us construct the equations of motion

}. (15)

Combining (11) and (15) the equations of motion can be
expressed as

(kl +k2) _kz _kl X1 0
+| -k K 0 X =10 (16)
w(t)

0 0 ab-Vo| ¥

Let us constitute the 2-dimensional Markov vector by substi-
tute:

VI=X, M =Xy, V3= U, Vg =X, Vs =Xy, V= U

then the final equations are given by

0 0 0 1 0 0 0
' y
i 0 0 0 0 1 0 : .
X V.
& 0 0 0 0 0 I ’ .
¥y + + e
Lo (Atk) ko kK (bith) by b SIS N ) (1)
V4 m, m m, m, m m Va
Vs ﬁ _ﬁ 0 2 _& 0 Vs 0
. my my my m, Vy3(1)
y, V(1)
Y 0 0 —a-bw) 0 0 —@ 0 V| *
alebo or
J(@) = A@) - y(t) + b(1) - w(?). (18) ¥ =A@ - y(@) + b(1) - w(?). (18)
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Ak uvazujeme E(y) = 0, pouZzitim rovnice (4) dostaneme kova-
rianénu odozvu v nasledovnom tvare

Ely-y1+A4-Ely-y+ A E
Numerické rieSenie moze byt realizované pomocou rovnice

(6).
0 [ . (’n-'t)}
|1 +0,4-sinfl—— ||,
T

Ak
10
n=—
=75

potom ¢asova modulacna funkcie je

Considering E(y) = 0 we obtain the covariance response by
using (4) as follows
vy D =20 S, (1) - b(0) (19)

The numerical solution can be realised by (6).

100 Tt
. [1 +04- sin(—>] ,
T

If

V(l) = W

_ 100
p(n=10 0 0 0 0
3.6

kde T (=120 [s]) je doba simuldcie. Znamka akosti chodu W,
mozZe byt vyjadrena ako
W, = 3,17 - [EG2)]°P. (20)
Vysledky riesenia rovnic (18 a (19) su ukazané v grafickej
forme na obrazkoch 2 - 7. Porovnavame smerodajnu odchylku
vertikalnych posunuti, rychlosti a zrychleni hmotnych bodov 1 a 2
pre parameter kvality trate 4 = 4,032.1077 (dobra trat) a 4 =

1,08.107® (zla trat). Obrazok 8 ukazuje priebeh znamky akosti
chodu W, hmotného bodu m,.

3
x 10

bad track

good track

Standard deviation [m]

3
2k J
1k J
0 L L L L L
0 20 40 60 80 100 120
Time [s]

Obr. 2. Casovy priebeh smerodajnej odchylky posunutia x;
Fig. 2. Time behaviour of the standard deviation of displacement x
—— Monte Carlo simulation

Markov process theory

then the time modulation function is
-t

ol

where T (= 120 [s]) is duration of the simulation. The mark of
ride quality W, can be expressed as

B

W, =317 [EG5)]". (20)
The results of the solution of equations (18) and (19) are shown
in graphic form on Figs. 2 - 7. We compare the standard deviation
of vertical displacements, velocities, and accelerations of mass
bodies 1 and 2 for the track quality parameter A = 4,032.1077
(good track) and 4 = 1,08.10~% (bad track). Figure 8 shows the
behaviour of the mark of ride quality W, of mass body m,.
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Obr. 3.Casovy priebeh smerodajnej odchylky posunutia x,

Fig. 3. Time behaviour of the standard deviation of displacement x,

—— Monte Carlo simulation
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Obr. 4. Casovy priebeh smerodajnej odchylky rychlosti dx ,/dt
Fig. 4. Time behaviour of the standard deviation of velocity dx,;/dt
—— Monte Carlo simulation
-------- Markov process theory
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Obr. 6. Casovy priebeh smerodajnej odchylky zrychlenia d’x / Jdt?

Fig. 6. Time behaviour of the standard deviation of acceleration d°x I/dtz

—— Monte Carlo simulation
-------- Markov process theory
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Obr. 5. Casovy priebeh smerodajnej odchylky rychlosti dx,/dt
Fig. 5. Time behaviour of the standard deviation of velocity dx,/dt
—— Monte Carlo simulation
-------- Markov process theory
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Obr. 7. Casovy priebeh smerodajnej odchylky zrychlenia d°x Z/drz

Fig. 7. Time behaviour of the standard deviation of acceleration dzxz/dtz

—— Monte Carlo simulation
-------- Markov process theory
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Zaver i i i i i Conclusion
. ~ e . . 2'6 B 7 . .
V tejto studii je popis nesta- In this study, a non-stationary

vibration description is extended to
the dynamic analyses of vehicles by
using the Markov process theory
and “classic” Monte Carlo ap-
proach, which eliminate the traditi-
onal restriction of constant speed
(or the track quality) during the
period oscillation.

Particularly, after a series of
numerical analyses (Monte Carlo
method), the presented Markov
vector approach is very effective
and rapid with respect to the com-
putational time (approximately fifty
times more rapid).

cionarneho kmitania rozSireny

na dynamiku vozidiel pouzitim

tedrie Markovovych procesov 2.4
a ,klasického“ Monte Carlo pri-

stupu, ktoré eliminuji tradi¢né
obmedzenie konStantnej rych- 22
losti (alebo akosti trate) pocas
doby kmitania.

Zvlast po sérii numerickych
analyz (Monte Carlo simulacia),
prezentovany pristup pouZivajuci
Markovov vektor je vel'mi efektiv-
ny a rychly vzhladom na vypoc- 1.8 E
tovy ¢as (priblizne 50-krat rych- j
lejsi).

bad track

Wz

good track

Monte Carlo simulacia je L6l | The Monte Carlo simulation is
prezentovana kvoli kontrole ’ presented to check the accuracy of
spravnosti vysledkov, ktoré uka- , , , , , the results, which show a fairly
zuju celkom dobru zhodu. 0 20 40 60 80 100 120 good comparison.

Na zaver by bolo vhodné Time [s] Finally, it should be empha-
zdoraznif, Ze tieto Statistické Obr. 8. Casovy priebeh zndmky akosti chodu skrine vagona sized that these statistically respon-
odozvy su velmi uzitoné pri Fig. 8 Time behaviour of the mark of ride quality of body of coach ~ ses are very useful for estimating
odhade spolahlivosti konstrukcii —— Monte Carlo simulation the reliability of the vehicles struc-
vozidiel. e Markov process theory tures.
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