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SIGNAL PHASE SHIFTS DURING THE MEASUREMENT OF VIBRATION PARAMETERS

Abstract. In systems of vibration control, monitoring, diagnostics, active vibration protection,
measurements and control of vibration parameters are necessary. For this, piezoelectric sensors are
widely used in them as primary transducers. These sensors, due to their high metrological
characteristics, such as accuracy, speed, a wide band of operating frequencies and temperatures, are
traditionally used to measure vibration displacement, vibration velocity and vibration acceleration.
The use of these types of sensors is necessary due to the need to measure and control vibration at
objects with different frequency characteristics. The article considers possible distortions of the
measured signal at the output of the sensors due to phase shifts. These phase shifts must be taken into
account when developing and constructing measurement and processing schemes of the vibration
signal. This is especially true when measuring and recording a rapid vibration processes, such as
mechanical shock.

Keywords: vibration, phase shift, sensors for vibration measurement, vibrometer,
accelerometer.

Introduction and statement of the problem. At the stages of development, testing and
operation of various technical and technological devices, much attention is paid to the study of
vibration. In recent years, measuring and information systems of vibration control, monitoring,
diagnostics, active vibration protection have become widespread, that not only provides a large
technical and economic effect, but also helps to prevent accidents and possible technological and
environmental disasters [1,2].

The initial link of such systems is vibration and shock vibration parameters sensors located
directly on the controlled object. They convert the measured mechanical value into an electrical signal
supplied to the measuring device for further processing [3,4].

Sensors of vibrational parameters often work under difficult adverse conditions - at high
temperatures, strong alternating magnetic fields, intense vibrational and shock overloads [5], high
pressure and penetrating radiation. They are subject to special requirements for the accuracy and
reliability of measurements.

Therefore, their study and improvement is an urgent issue of our time.

The aim of the work. To investigate the model of piezoelectric transducers used as sensors
during the measurement of vibration parameters for their phase characteristics and phase distortions.
Which are important in the study of short-term mechanical vibrations and shocks.

Results of the work. From all the variety of existing sensors for measuring vibration
parameters, sensors with piezoelectric transducers have become the most common. Sensors designed
to measure vibration displacement (shift) are called vibrometers. Sensors that measure vibration
velocity are called velocimeters, and the ones that measure acceleration are called accelerometers.

Vibration acceleration belongs to non-electrical values that cannot be transformed into an
electrical signal without additional transformations, so functionally intermediate transformations are
performed by a sensitive element of the sensor.

Figure 1 shows the calculated model of the piezoelectric vibration sensor.
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Fig. 1. Calculated model of the piezoelectric vibration sensor.
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The model (Fig. 1) consists of mass m, spring k and damper ¢, which are located on the stand.
The stand is attached to the vibrating object. With this arrangement, the lower end of the spring and
the damper will have the same movement as the stand (movement y to be measured). Then the
displacement of the mass relative to the stand will be z = x - y, where x is the vertical displacement of
the mass m.

In this case, the vibrating object is subjected to harmonic motion:

y(t)=Ysinat. (1)
The equation of mass m can be written as:
mx+c(x—y)+k(x—y)=0 ¥
Determining the relative displacement of z as:
Z=X-Y. (3)
Equation (2) can be written as:
mZ +cz +kz =—-my (4)
Equations (1) and (4) result in:
mZ + ¢z + kz = —-ma?Y sin at, (5)

therefore, the stationary solution is given by the method:
2(t) = Z sin(at — @), (6)

where Z and ¢ are given by equations (8) and (9), respectively:
M’ sin(wt — @)

z(t)=\/(k_mw2)2+(cza)2)=Zsin(a)t—¢). (7
2
z- LA S— ®)
J(k—me?)? + (c?)
Ctant @) gan 2T
¢ =1tan (k—ma)z) tan (1—r2j' 9)
Where: rzﬂ, =—° .
@, 2ma,

As can be seen from equation (6), the devices measuring the vibration parameters [6] have a
phase lag. Thus, the output of the measuring device lags behind the input effect. The delay time is
measured by the phase angle divided by the frequency . Time delay is not important if we measure
one harmonic component. But, in most cases, the vibration measured is not harmonic and consists of
the sum of two or more harmonic components. In this case, the saved measurement data can give an
inaccurate picture of vibration during further mathematical processing or on a graph. Since different
harmonics can be amplified by different coefficients their phase shifts can also be different. The wave
distortion of the recorded signal is called phase distortion or phase shift error. To illustrate the nature
of the phase shift error, consider the vibration signal:

y(t)=a,sin ot +a,sin 3wt (10)

Simulation of vibration signals was performed in the MATHCAD system. The shape of the
vibration signal (10) is shown on Fig.2.
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Suppose that for the first harmonic there was a phase shift 90" and 180" for the third
harmonic of equation (10). The corresponding time lags are set through t, =90 /@ and
t, =180/ (3w).

The output signal is shown in Fig.3. It is seen that the output signal is very different from the

input signal due to phase distortion. As a general case, let a given complex wave be given by the sum
of several harmonics as

y(t)=a,sin ot +a,sin 2ot +... (11)

If the displacement is measured with, for example, a vibrometer, then its response to each component
of the series is given by an equation similar to equation (6). So the output of the vibrometer will be:

z(t)=a,sin(at—¢)+a,sin(2ot—@,)+... . (12)

. @
a)n
2 1
a)n
Since the ratio @/, for the vibrometer is large, then ¢ U, j=12..., and equation (12)
becomes:

Where tang,; = j=12,.. (13)

z(t)0 —[a sinwt+a,sin 20t +...] 0 —y(t) (14)
Thus, the output signal will be inverse to the measured motion.

y(v) sin(w-t) + sin(3w-t)
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Fig.2. Shape of vibration signal.
y(t) sin(w-t — 1) = sin(w-t — 90°)
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Fig. 3. Phase shift error.

Using a similar reasoning, we can show on the example of a velocimeter that
2(t)0 -y(t) (15)
for an input signal that consists of several harmonics.

Let’s consider the phase shift for the accelerometer. Let the acceleration signal for the
measurement be expressed using equation (11) as

y(t)=-a0" sina)t—az(Za))2 sin 2t — ... (16)
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The answer or output of the accelerometer for each component can be found as in the equation. (12)
2(t) = —a,0’ sin(at — ) — 8, (20)’ sin(2at — p,) - (17)
where the phase lags ¢; are different for different components of the series in equation (17). Since the

phase lag ¢ varies almost linearly from 0" at r =0 to 90" at r =1 for ¢ =0.7 we can express ¢ as

ol arzaﬁzﬁa) (18)

where @ and S =a/ w, are constants. The delay time is set

t'= ¢ = po =p (19)
0 o
This indicates that the time lag of the accelerometer does not depend from the frequency for any
component, provided that the frequency is in range 0 <r <1. Since each component of the signal has
the same time delay or phase lag, we have, from equation (17),
~0’Z(t)=-a,0’sin(ot - wpf)-a, (260)2 sin (2wt —20p)—...
, , (20)
=-a,0°sinwr—a, (2w)"sin 207 —...
where 7 =t— /. Note that equation (20) assumes that 0<r <1 - that is, even the highest
frequency, Nw, is less than w, .
Of course, this is not achieved in practice. But, in the real output signal, there is no significant
phase distortion even when some frequencies of a more higher order exceed «, . The reason is that, as

a rule, only the first few components are important for the approximation of even a complex
waveform. The amplitudes of the higher harmonics are small and have very little effect on the overall
shape of the signal. Thus, the output signal of the accelerometer has a shape close to the shape of the
acceleration being measured.

Conclusions:

1. When using vibration measuring equipment, it is necessary to take into account the
phase characteristics of the charge or voltage amplifiers used together with the considered
piezoelectric sensors.

2. Particular attention should be paid to the use of equipment equipped with electronic
integrators and filters. Issues related to phase response and phase distortion are especially important in
the study of short-term mechanical oscillations and mechanical shocks.
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Ilepenepko A.JL., K.T.H.
Opecckast rocy1apCTBeHHAsI aKaJeMIsI TEXHHYECKOTO PETyITUPOBAHUS M KadecTBa

®A30BBIE CABUT' CUTHAJIA ITPU UBMEPEHUU BUBPALITMOHHBIX ITAPAMETPOB

B cucmemax eubpayuonnoco  KOHmMpoas,  MOHUMOPUHEA,  OUACHOCMUKU, — AKIMUGHOLL
8UOPO3AUMBL HEOOXOOUMDBL USMEPEHUSL I KOHMPOLbL Napamempos subpayuu. [na smoeo 8 Hux, 8
Kayecmee NepeuunblX npeobpazosameietl, WUPOKO NPUMEHSIIOMCSA Hbe302IeKMpUYecKue OamuyuKi.
Omu oamuuxu, 61a200aps CEOUM BbICOKUM MeMPOIOSUHEeCKUM XAPAKMEPUCMUKAM, MAKUM KaK
MoYHOCMb, OblcmpoOdeicmaue, WUPOKas NoI0ca paboyux 4acmom u memnepamyp, mpaouyuoHHO
UCTIOABL3YIOMCS 0151 UBMEPEHUsl UOpOnepemelyers, 8ubpockopocmu u subpoycrkopenus. Ilpumenenue
OMUX MUNOE OAMHUKOE O00YCI06IEHO HeOOX0OUMOCMbIO U3MEpPeHUs U KOHMpOJs eudbpayuu Ha
00beKmMax ¢ pasmuiHbIMU YaACMOMHBIMU XAPAKMepUucmuxamu. B cmamve paccmompenvl 803MOAICHbIE
UCKAJICEHUSL UBMEPeMO20 CUSHANA HA BbIX00e OAMYUKO8 3a cuem (ha3o8vix cO6ue08. Imu pasosvie
cosucU HeobX00UMO YYumvleams Npu paspabomke u NOCMPOEHUU CXeM usmepenus u oopabomku
cuenana eudpayuu. OcobeHHo 3MO AKMYATbHO NPpU UBMEPEeHUuU U PecUCmpayuu ObLICIMPOmeKyuwux
BUOPAYUOHHBIX NPOYECCO8, HANPUMED MAKUX KAK MeXaHU4ecKutl yoap.

Knrouesvle cnoea: esubpayus, @azosviti cosue, Oamuuxu 01 UMepeHus eubpayuu,
sUOPOMEmp, aKcerepomemp.

Ilepenepko A.JL., K.T.H.
Opechka Jiep’kaBHA aKaieMis TEXHIYHOTO PETyIOBaHHS Ta SKOCTI

®A30BI 3PYIIEHHS CUTHAJTY ITIPM BUMIPIOBAHHI BIBPAIIMHUX TAPAMETPIB

B cucmemax sibpayitinoco KOHMpPOaO, MOHIMOPUH2Y, OIACHOCIUKU, AKMUBHO20 8iOPO3AXUCITY
HeOOXIOHI GUMIPIOBAHHS | KOHMPOAb napamempis siopayii. /s ybo2o 6 HuX, 8 SKOCMI NEPEUHHUX
nepemeoprosayis, WUpoKo 3acmoco8yiomscs n'ezoenekmpudni oamuyuxu. Lli oamuuku, 3a80aKu c80im
BUCOKUM MEMPOIOSIYHUM XAPAKMEPUCTNIUKAM, MAKUM K MOYHICMb, WEUOKOOIA, WUPOKA CMyad
poboyux yacmom I memnepamyp, MpAOUYIIHO  BUKOPUCMOBYIOMbCA Ol GUMIPIOBAHHA
sibponepemiwents, GibpowsuUoKocmi i ioponpuckopenHs. 3acmocysanHs yux MmMunié OamyuKxise
00YMOBNIEHO HeOOXIOHICMIO BUMIDIOGAHHA I KOHMPOIIO 8i0payii Ha 00'ekmax 3 PisHUMU YACMOMHUMU
Xapakmepucmuxamu. Y cmammi po32isiHymo MONCIUGI CNOMEOPEHHS GUMIPIOBAHO20 CUSHANLY Hd
6UX00i 0amuyuKie 3a paxyHox ¢azosux 3pywens. Lfi ¢pazoei 3pyuienns neoOXioHo 8paxogysamu npu
Po3pobyi ma nobyoosi cxem SUMIpIOSanHs ma 0opodxu cuenany siopayii. Ocobauso ye axKmyaibHo
npu BUMIPHBAHHI ma peecmpayii WEUOKONTUHHUX BIOpAYItIHUX NpOYecis, HANPUKIA0 MAaxKux siK
MexauiuHutl yoap.

Knrouoei cnosa:: 6ibpayis, ghazosuil 3cys, 0amuuru 0Jisk GUMIPIOSanHs 8ibpayii, éibpomemp,
axcenepomemp.
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