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Abstract. The measurement of low frequency vibration is intgatr in evaluating vibration in
constructions of wind power stations, buildings ateb in television and retransmit antennas.
The paper presents a new construction of low frequevibration measurement device and
methodology of parameters optimization based on Biddlel. Experimental investigation of
device prototype shows the adequacy of the theatatiodel which can be used for synthesis
of devices with desirable frequency parameters. Mie@surement precision of the device is
evaluated by accomplishing measurement uncertaimajysis.
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1. Introduction

Currently the number of unique construction objeotshe world like and in Lithuania is
increasing: multi-storey buildings, wind power-gias, many bridges, frame constructions and
others. Some of the constructions after long eigioin are influenced by aging processes then
environmental effects such as wind, earthquakes mdyce low frequency vibrations in
objects or constructions. In order to ensure thafety it is essential to observe their parameters
by measuring low frequency vibrations.

Low frequency vibration measurements are usedch §alds as: earthquake vibrations [1],
wave measurements on sea ice [2], etc. The vilmstio various constructions are measured
using vibration transducers of Endevco [3], Brie|& [4], Kistler [5] and of other known
enterprises. Yet the analysis of the products shbassthey have specific characteristics: they
are based on specific physical principle of tramsfag mechanical energy into other type of
energy; designed for specific frequency range a&l fominal precision and purpose. Their
constructional solutions and physical principlegv@nt using simple method to synthesize
vibration transducers for specific low frequencyration range with reliable measurement
uncertainty and suitably extensive precision.

This paper suggests unified mechatronic systenoferfrequency vibration measurement
and the construction of adequate device, whichrétmal ground is dynamics of multi degree
of freedom vibrating system (in simple case — of alegree). The dynamic properties of the
device and possibilities of synthesis of its dyrmasmivere examined, the components for
measurement uncertainty model were analyzed andnitertainty model itself provided.

2. Measurement scheme and construction of the deeic

The device for low frequency vibration measureni&ig. 1) is constructed as mechatronic
system, consisting of mechanical subsystem (corseden 2 with a seismic mass 4 at the end)
and two inductive displacement sensors 3, which @aeed inx andy directions of the
corresponding orthogonal coordinate system. Thesorement of the object’'s low frequency
vibrations is supplemented with filter 5 and sea@mde. g. recorder or analyzer) equipment 6.
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The device is fastened to the measured object & iBhsufficiently simple constructional
solution, which allows warrant frequency synthesssheap and has possibilities for the wide
application. They can be widely used in variousustdal fields due to its simplicity, reliable
work and good electric characteristics.
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Fig. 1. The scheme of low frequency vibration measureroéttie object: 1 — device’s housing; 2 — steel
rod, acting as spring; 3 — one of two noncontaspldcement sensors; 4 — seismic mass; 5 — analog lo
frequency filter; 6 — signal recorder and analyZer; measured objedE(t) — force induced of the object's
vibrations;d — distance between seismic mass and displacemesnis

When forceF(t) induces low frequency vibration in the objecttiey are transferred into
device’'s mechanical system. Inside it steel beam Built-in, which acts as a spring with
seismic mass 4, the latter begins to move accorttiedawA(x, y). Displacement sensors 3 are
fastened perpendicularly to the play@zin two directions< andy. In that case we measure the
displacement of seismic mas@), which is the same range as low frequency vibnety(t) in
directiony. The measured signal from displacement sensdnso8dgh analogue low frequency
filter 5 is transmitted to signal recorder and gmaf 6. The paper investigates the independent
vibration in mentioned directions and the followiisgonly about ona& direction of vibration.
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Fig. 2. The construction of low frequency vibration measnent device

The construction of the low frequency vibration s@w@ment device is shown in Fig. 2. It
consists of housing 1 in which on the beam 2 tliense mass 4 is fastened. The beam 2 is
fastened on the cover 1. The fastening elemenfstfeadisplacement sensor 3 are built-in the

housing [4].
3. Theoretical model of the device

The transverse vibration of mechanical subsystetheflevice is described using equation

[71]:
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2%x l

2
Bl — T+ oF 1;2( =0; uO[o,L] (1)

herex(u, t) — transverse vibrations incoordinate of. length (wheru = L, the massn s at the
end of the beam)E — Young's modulus| — inertia moment of the rod cross-sectipn; the
density of rod materiaF — the area of rod cross-section.

The marginal conditions:

ﬁ = O'
dJ u=0
27X _ (2
Pl
u=0
El d_gx = deX
01]3 u=L dz u=L

The solution of the equation (1) using variablepasation method gives mechanical
subsystem vibration forms such as:

Qu) = GSku) + GT(ku) +CU (ku) + GV(ku) (3)

/ W
hereC — constantsi(= 1, 2, 3, 4);S, T, U, V- Krylov functions; K =4 pll; — frequency

parameterd — angular vibration frequency).
The equation (1) is embedded into marginal condli{®), then constantS; determination
equation system is obtained from which we get feaqy. Its general form is:

A =det(d) =0, (4)

here A — matrix, which consists of coefficient. The equations (1) and (4) describe the
dynamics of the investigated transducer mecharsoblsystem. According this model the
natural frequencies and vibration forms are catedlaand also their change is analyzed with
different meanings of parametdtsl, p, F andm.

The model parameters determine the precision arssitpbties of the low frequency
vibration measurement. To ensure them identificatprocedure is usedThe frequency
equation of the mathematical model of the investigaubsystem is denotedas 0, itsE, |,

p, F and m, ensuring required low frequency vibration meaest, as unknown variables
p1, P2, --- Ps, and the vector of natural frequenci2sThen frequency equation becomes:

A(pl! P2,..., Ps, -(2]):0,1:1, 2,... (5)
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The first component of the natural frequencies me€ should be at least 7 times larger
than the biggest measured frequency of low frequeitiration. Thus optimization task can be
solved by searching optimal parametgrs

The analytical form (5) of the frequency equatioasrow the range of possible mechanical
subsystems constructions as sometimes it is implessd compose frequency equations for
complex mechanical systems.

For frequency equations composition also finitevelats method can be used in which the
task of natural frequencies evaluation is such [8]:

de{K —QZM‘=O (6)

hereK — matrix of the system rigidityyl — matrix of the system masses.
Such access allows more extensive range of soltabkeas it does not have limitations
mentioned above, but it does possible using strakctyptimization [9] to design the device.
Suppose for investigative mechanical subsystenetigean information in the form of
resonant frequencies), and ¢ is 7 times larger than maximum measured frequericpw
frequency vibration. It is known that resonant fregcies determined experimentally will not
coincide with natural system frequencies due torgndoss in mechanical systems and
measurement errors. Then equation (5) becomes:

A(py, v P @) =B;j=1,2,...n )

hereE; — error due to mismatch betweéhand ¢j.

If nresonant quantities are measured, then equatjara(i7be expressed by equation system
of n unknown parameters. Their identification procedure is determined byateve procedure
of digital equation solving, whem@®, p,,©..., ps? are the initial meanings (evaluations) of the
unknown parameters.

The right side of the equation (7) will be expandesihg Taylor series according initial
evaluation of parameters and lets limit ourselvely avith linear members of the series. We
will obtain such equation:

E, = L E

dp, (8)
(0)

dp, + +dEj
9 p t... o

here index (0) denotes initial evaluation of theapeeters. By assuming that residual eEgs
equalto zero, we get:

— E(O) = ai
. op,

oE;
dp, +...+
©) n

dp,; i=12..,n

©

Or, by using least square method, total eforan be written in quadratic form:

2

n & &
E. = e(°)+—" dp, +...+—2 dpn}
,zl{' % o) %n|(0)

By requiring thatE, - 0, we get:
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n oE.
S s

=

Jdpl+...+i(fi 5l Jdpn;i=12...,n 9)
(0) =1 D, D (o)

Thus we have linear equation system mfunknown parameters variation/changes
(corrections)dp;, dp,,...,dp,. By determining these corrections, the initial leation of the
parameterg; ‘” can be improved like this:

_~| Ei F
Z(dplgap?

0 4

pl(l) = pi(o) + dn, i=12...n (10)

The iterative calculation is continued till the emtions of the parameteds will become
sufficiently small. The resultant meanings of tHeritification procedurg; values are put into
mathematical model of the system.

For practical engineering analysis the simplifieddal is used with lumped parameters of
mechanical subsystem, i.e. mathematical modelefl#vice analyses dynamical respoxe
of the massn to the kinematic excitatioK(t). Dynamic model of the device mechanical system
is composed of the mass attached to the beam éaspting in dynamical property) and
dampener is provided in Fig. 3 [3]. The dampingdsumed as viscous.

According the Hooke’s law, if the amplitude of teeismic mass vibration is sufficiently
small, then between displacement and vibratingesysaimplitude there is linear relationship.
The mass m element is supported by beam (as theyspf rigidity k, and the movement of the
mass is damped by element, which has dampenindigieat c. The mass can move only in
directionx respectively to the housing of vibration measurengivice. During the action, the

2

housing can achieve the accelerati&zﬁ and the output signal is proportional to the
dt

displacemenx(t) of the massn.

x(t)

0 % "

o

7
Fig. 3. Mechanical model of low frequency vibration measnent device

The model is analyzed as a system of one degrizeaafom. According the Newton law we
get:

ma= —kx- cx (12)
Herea — acceleration of the massand is expressed as:

a=x-X (12)
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Inserting the expression (12) into equation (11)getapproximate mathematical model of the
simplified mechanical subsystem:

K + o+ kx= mX (13)
5. The characteristics of the vibration measuremendevice

Assume that designed device should measure lowdrey vibrations in two directions
andy in the frequency range of 0...15 Hz, it also mustehsmall external dimensions and have
adequate amplitude frequency characteristics. lsmpiurpose design problem should be solved
and appropriate creation and dynamic synthesis edetbgy should be created. The
methodology of the transducer design is based loration transfer function and its analysis. In
order for displacement measurement to correspomdettjuired precision, the device should be
technological, high reliability and good qualitaicharacteristics [6]. The latter requirements
can be realized through these properties of theedev
1. Qualitative characteristics: sensitivity; precisitinearity of characteristics; reproducibility
(repeatability); reaction speed; absence of hysigieop; small internal noise.

2. High reliability: long operating age; resistance @nvironmental influence (stability of
characteristics on the influence of environment).

3. Technological parameters: overall dimensions andsmaimplicity of construction; low
costs.

Some parameters of the transducer have much impatteasurement result, and the others
small. The quality of device and measurement pi@tiss much dependent on the main
device's qualitative features. Thus it is importdat determine the main criteria. For low
frequency measurement systems few criteria canstieguished to be considered:

» amplitude-frequency characteristic;

» natural frequency of the mechanical subsystemefitvice;
e measurement range;

* sensitivity;

» linearity of characteristic;

« influence of external parameters.

Natural device frequency can be analyzed as oneritdria. By changing mechanical
parameters of the device: rigidity of the beam i(gpr and damping the measured low
frequency range may be controlled. In our casedénce should measure low frequency
vibration in a range of 0...15 Hz. Fig. 4 showsttheoretical curves of device natural frequency
with different damping coefficients. It can be wetl that by changing damping ratio also curve
changes and appropriately changes measurement Mfitlesmall damping in the system the
measurement range decreases from 15 Hz to 10 Hmdbr to increase measured frequency
range system damping should be enlarged. Practitaracteristics of the vibration
measurement device are shown in Fig 5.

The theoretical results of parameters optimizatibthe vibration measurement device are
presented in Fig. 6 and Fig. 7. From the last figitris seen that created device measure
vibration in frequency range of 0...15 Hz and ampgk-frequency characteristic is linear
enough.

6. Analysis of device's measurement uncertainty comonents

The device's measurement range mostly depends ohanial subsystem construction and
parameters of inductive sensor. The main componargslisted in the Fig. 8. The biggest
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influence on the measurement range has amplitwgiéncy characteristic, which depends on
one freedom degree vibration system elements: madg¢spring) and damping coefficient.
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Fig. 4. Theoretical frequency characteristics of the amgé ratio with different damping degrees
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Fig. 5. Measured characteristics of amplitude ratio fochamical system with damping and without it
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Fig. 7. Amplitude-frequency characteristic of device wiptimal parametersn{ andL) in frequency
range of 0...15 Hz
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The classical uncertainty analysis theory suggibstsise of formula (14) for measurement
uncertainty expression [10]:

N 2 N-1 N
Ug(y) = Z(ﬂj 200)+2% 3 9 ik x,). (14)

i1\ 0X =2 j510% 0%,

. f o . .
Here uc(y) — total uncertainty value;ad— — depicts influence factor of the input variable,
X

u(x) — uncertainty component of the input fackpandu(x;, ) depicts the correlation between
the input factors; andx;.

The measurement uncertainty can be used in traesdesigning in two ways: by designing
sensor by specifying its uncertainty; and the othay would be to design sensor, then calculate
uncertainty. If necessary, then transducer hag tetesigned.

In this case the biggest input on the measuremestiltr uncertainty is caused by
displacement sensor which is built-in to the devits measurement uncertainty is already
evaluated during calibration, thus the final valoé the uncertainty depends on the
environmental factors in which the device will berking and final dimensions of its housing
and its material.
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7. Conclusions

The device measuring low frequency vibrations lfi@ frequency range of 0...15 Hz) in two
directions were constructed. The features whidacafreliability and precision of the device
were analyzed. The analysis showed that increasimgping allows to measure vibrations in
the wider range of frequencies, but the furtheestigation has to be done.
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