Analog modelling in qualitative analysis
of vibration propagation
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Abstract: The theory of dynamic systems is usually used to model the real systems. The models are based on solving ordinary differential
equations, partial or difference, which enable obtaining the relation between input signal and the system response (output signal). The
analogy between those models and generalized dynamic systems or control systems can be practically used. Vibration propagation can be
described in a similar way as the phenomena of vibrations of the electrical, mechanical, or hydraulic systems, diffusion, heat propagation,
wave propagation or advection. The physical problem will be solved based on generalized dynamic systems, which enables drawing cor-

responding conclusions. This concept will be applied to qualitative analysis of vibration propagation in the foundations of transportation
constructions”.
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Streszczenie: Proces rozprzestrzeniania sie drgan zachowuje sie analogicznie jak inne znane zjawiska podobne do niego, np. zjawisko drgan
ukfadéw elektrycznych, mechanicznych, hydraulicznych, zjawisko dyfuzji, zjawisko rozchodzenia sie ciepfa, zjawisko falowe, czy zjawisko
adwekgji. Do analizy problemu zostang wykorzystane zjawiska podobne i uogdlnione uktady dynamiczne. Da to mozliwos¢ wyciggania
whnioskow co do zachowania sie jednego procesu na podstawie innego, podobnego do niego. Taka koncepcja zostanie wykorzystana przy
analizie jakosciowej rozchodzenia sie drgan, w szczegdlnosci w gruncie, czy podtozu gruntowym inzynierskich obiektéw transportowych.

Stowa kluczowe: Modelowanie analogowe; Drgania; Przenoszenie drgan; Statecznosc obiektu

In general, we can divide the vibra-
tions into generated ones:

deliberately (with a relatively short
duration),

unintentionally (with longer or
long durations).

The first of the characteristic parame-
ters are generated within the active
experiments. They can be genera-
ted using the inductor stimulated
by a high-frequency impulse, elastic
vibrations (elastic waves) recorded
using, for example, fiber optic sensors,
which are, importantly, insensitive to
the influence of the electromagnetic
field. They can also be used to measu-
re other physical parameters such as
deformation, temperature, pressure,
etc, and thus to study various types
of structures: buildings, bridges, pipe-
lines, as well as vehicles (locomotives,
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wagons, ships, planes) or their ele-
ments [7].

FBG sensors are the most com-
monly used, the operating principle
of which is presented in Fig. 1. They
are in fact spectral filters that use the
Bragg reflection principle and are

] e

used to detect and locate damage.
Changes in the wavelength after pro-
pagation through the damaged area
or after reflection from the dama-
ge can be detected by the decoder,
which uses barrier filters (shut-off),
adjustable narrowband filters.
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1. Principle of the FBG sensor [2]

9/2016



Downloaded from mostwiedzy.pl

A\ MOST

Problems of the d

According to a similar principle, a
subsoil for transport investments (ro-
ads, tunnels) is examined in order to
determine the layout of geological
layers. In this case, the vibrations are
excited by special vibrating vehicles
(with vibrating plates) producing vi-
brations of 8 - 90 Hz for 10 - 16 s re-
peated at a given point for about 5
min. (periodic oscillations). Reflected
vibrations from individual layers are
recorded by geophones, according to
an analogous principle as in Fig. 1.

The latter are generally undesirable,
they are a side effect of other activities
(processes) and have a negative im-
pact on people and the environment.
They are measured and used in a pas-
sive experiment in order to register
them, and then to eliminate vibration
eliminators (Fig. 2), mechanical vibra-
tion filters and reduce their negative
effects on humans and the environ-
ment. They are also used to monitor
the technical condition of the structu-
re during its current operation (during
the movement of the train, the move-
ment of transport vessels exposed to
long-term cyclical loads of high values
caused by the continuous operation
of waves, aircraft movements, etc.).

Analytical determinants
of the issue

In engineering practice, similar phe-
nomena leading to analog modeling
are of great importance. Without the
concept of similar phenomena, each
phenomenon should be investigated
separately, while knowing the simila-
rity of phenomena one can use indi-
vidual research results to determine
the characteristics of new devices or
processes. It gives the possibility to
draw conclusions based on the ope-
ration of one device as to the beha-
vior of the other device or the beha-
vior of a given process. This is also the
case in creating generalized dynamic
systems [9], which due to their gene-
rality include continuous and discrete
systems of their scope, with concen-
trated and distributed parameters,
stationary and non-stationary, and
which are often modeled using or-
dinary, partial differential equations,
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equations differentials, or their confi-
gurations. One of the goals of these
activities is to look for a connection
between the input and output signal,
i.e. the response of the system. Only
the adoption of a specific represen-
tation of the system leads to a deta-
iled analysis of a specific problem and
phenomenon, it allows to establish
certain relationships between ele-
ments of a given system, and indicate
the directions of the process leading
to its improvement, its more efficient
to achieve the expected results, or im-
prove the reliability of the system as
whole or part of it.

We know perfectly well that inste-
ad of analyzing electrical systems R, L,
C (resistance, self-induction, capaci-
tance) under the influence of electro-
motive force E, we can consider me-
chanical systems consisting of mass
m, spring with coefficient of stiffness
(elasticity) k and friction resistance r
(damping) ) under the influence of
external force F. This is possible becau-
se of the following relationship

1

k-
c

roR m<L (1)
mechanical and electrical models are
described by the same ordinary dif-
ferential equations, that is, the same
from the formal point of view of dyna-
mic systems [12]. These are known or-
dinary differential equations of the se-
cond order [14]. The same applies to
the corresponding hydraulic systems.
They are so-called analog models.
This approach allows, for example, to
model mechanical vibrations or water
flow through currents / in a suitable
electrical system and vice versa. These
are typical vibrating systems and are
also used for modeling (constructing)
vibroisolation (Fig. 2), e.g. to eliminate
vibrations transmitted from the engi-
ne to the locomotive, from a locomo-
tive to wagons - this ensures better
driving comfort for passengers, and
also improves the lifetime of individu-
al substructure system components
- the vehicle. The technical condition
of this system has an impact on the
dynamic behavior of the vehicle on
the track, its stability, and thus the
safety and level of vibrations transmit-
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2. Elimination of vibrations using a vibration
isolating layer [10]
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ted from the vehicle to and from the
vehicle, through the ground into the
surrounding environment.

Using the generalized Heaviside
operator [9] form

_id
P e
and dependena@
ar =P o

in the case of homogeneous initial
conditions for the differential model
of the R, L, C circuit, the relationship
between the system response and
its override (control) can be assigned
according to [9] using generalized G
transfer function (G(pq), which in this
case is given by the formula

G(pq) = o -

1 = 1
LpG+Rpg+y  Lpg +R+E ,

because

1
(Lpé + Rpq + DI =pgk.

The operator function is specified
here

R
() Cpq
is the impedance of the R, L, C system.
Due to the dependence (1) by analo-
gy, the concept is transferred to vibra-
ting mechanical systems m, k, r and is
a mechanical impedance of the form

k
Z(pq) =mpg+r+—
Pq

Z(pq) =

with respect to the speed of displace-
ment or form

Z(pg) = mpZ +7py + k

with respect to displacement, and is
a generalization of the elastic force
factor.

These basic models have a very
important practical meaning becau-
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se many complex models describing
vibrations in real t ransport systems
arise from the basic analog ones (as in
(1)) by their parallel or serial connec-
tion.

An important factor affecting the
minimization of the level of mecha-
nical vibrations transmitted from the
locomotive to the wagons is their
appropriate limiting or eliminating
in specific frequency ranges through
draw-back devices that play the role
of vibration eliminators (Fig. 2) or
mechanical filters. These devices are
modeled by analogous electric filters:
low-pass, high-pass, band-pass, mid-
dle-evaporation, i.e. R, L, C systems.

Zlinearyzowany ukfad ruchu pojaz-
du, traktowany jako uogdlniony ukfad
dynamiczny [9], w ktorym jako sygnat
wejsciowy przyjeto przyspieszenia
srodkow kot zestawow kotowych, jako
efekt wymuszen kinematycznych kot
od nieréwnosci toru jest postaci

x=Ax+ Bu'

where: x is a state vector, A is a pro-
€ess or system matrix containing iner-
tia, damping and stiffness, u is an exci-
tation vector, B is an extortion matrix.
On the basis of (2) and (3) and on
the basis of the definition of the gene-
ralized transfer function [3] we have

G(py) = (pg! —A)'B,

an operator transfer matrix, from
which we get a spectral transmittan-
ce matrix of the form

G(iw) = (iwl — A)™'B,i* = -1,

which is the characteristics of vibra-
tion filtration.

The frequency of excitations from
the transmission system and the une-
venness of the track at appropriate dri-
ving speeds may cause amplification
of vibration amplitudes at frequencies
close to the inherent frequencies of
the system and, as a consequence,
transmit vibrations through a cable
mechanism, e.g. from a locomotive
to wagons. A similar situation occurs
when the train is braked using the se-
lected braking mode [11] depending
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on the type of train driven by the lo-
comotive. It is a matter of choosing
such a braking mode so that the lon-
gitudinal and transverse vibrations of
the train's entire composition resul-
ting in the braking of the composition
in extreme cases will be reduced.

In the case of electric locomotives
supplied from the traction network,
the cooperation of so-called collec-
tor (Figure 3) with traction network
(with overhead contact line). One of
such models (without dry friction) is
a model composed of two connected
masses: the equivalent mass m1 of the
overhead contact line and equivalent
mass m, of the receiver, damping of
the receiver, stiffness k of the catenary
subjected to forces: mechanical force
F, lifting and aerodynamic force F, [8].
Due to the fact that we are dealing
here with the R, [, C type oscillating
system, on the basis of analogy (1) we
get the ordinary differential equation
of the second order form

(my+my)y+ry+ky=F +F,

describing vibrations of the mass sys-
tem of the collector - the traction ne-
twork. This system can, as previously
mentioned, assign operator transmit-
tance and mechanical impedances
[5].

Vibrations generated by land trans-
port equipment (vehicles, pipelines,
tunnels, bridges, airport plates, etc.)
are transferred to other objects direc-
tly or indirectly through the ground,
even over very long distances, cau-
sing negative effects. The best exam-
ple of how long-distance vibration is
transmitted through the earth is the
following case. At the end of May 2017
in Koszalin, on one of the housing es-
tates, residents of several skyscrapers
felt vibrations in their apartments.
About a thousand people were eva-
cuated. Research with the use of se-
ismographs and conducted experi-
ments (a series of test microbuses)
confirmed the supposition that the
reason for this situation was the me-
thod of explosions used to reinforce
the subsoil in the area of Siandw, used
on the construction of the S6 express
road. It is worth adding that the men-

namics of transport infrastructure facilities

tioned method was carried out in a
place about three kilometers from the
buildings in which its negative effects
were observed. From this, it follows
how important from a practical point
of view is the problem of propagation
of vibrations in the ground and their
reduction or elimination.

Analyzing the constitutive equ-
ations based on Navier's equations
supplemented by the elements re-
sponsible for the inertia forces for the
elastic half-space [6, 13] we obtain
differential equations for longitudinal
and transverse waves u.In each of the-
se cases, they are partial differential
equations [1] with the same structure
and in the case of a one-dimensional
case can be presented in the form

%u

ot2

where the positive parameter a cha-
racterizes the half-space in relation to
the type of vibration being analyzed
(longitudinal and transverse).

We are looking for the answer of
the dynamic system with distributed
parameters (4) in the set D ={(x, 1):
xeR,t>0} under initial conditions

u(x,0) = ¢(x)

u(x,0) = P(x)
Where functions ¢(x), ¢(x) are func-
tions with continuous derivatives re-
spectively of the second and first or-
der on a straight line R [4].

To adynamic system (4) we can join
function f(x, t) characterizing the sour-
ce of vibration generating a heteroge-
neous differential equation. Using [9],
its solution is easily presented in the
following form of the operator

Pée + g f
A2

u(x,t) =

FaFo FEFaYeFaam

3. The current collector from the traction network
(pic. Mario Schtirholz www.bahnbilder.de)
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4. The propagation of vibrations at a given (x) and y(x) for a=1 and their shape for set moments t

(5)

Analysis of the formula (5) shows
that for the one-dimensional model,
the vibrations propagate towards the
straight lines x+at=0 i x-at=0 zwith
the speed a in "right" and in "left"
This is clearly visible in Figure 4, whe-
re simplification was adopted a=1
i p)=1/4-x* for |x|<1/2 and 0 and
others x, w(x) s a square pulse signal
with a height 1/4 specified in the ran-
ge <-1/2,1/2>, fix,H=0.

For modeling the behavior (pro-
pagation) of contact wire oscillations
[8] by analogy, similarly as before, the
dynamic system (4) is used, in which
a’=F /p, where F, it is the netting for-
ce (about 10 kN), while p is the linear
density of the network depending on
the material of the contact wire. They
are vibrations u(x,t) in a contact wire in
a one-dimensional model, propaga-
ting at speed a=vV(F/p) (fig. 4). Men-
tioned equation (4) can be extended
by the impact of the collector and
then, as before, the member f(x,) le-
ading to the non-free system will ap-
pear.
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Summary

Many important models used in
practice are worth creating based on
the analogy between the phenome-
na described. Models of complex sys-
tems are created by a chain or parallel
connection of basic systems. Thanks
to analogies, concepts functioning
in one domain of knowledge can be
transferred to another with a good
result. Analog modeling works well
in practice, especially for qualitative
analysis of vibration of engineering
problems. Analogue models allow on
the basis of one, decide for example
about the technical stability of the
other and vice versa.By identifying the
model, you can go to the quantitative
analysis of the examined problems. <

namics of transport infrastructure facilities
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