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CHECK THE METHOD OF MEASUREMENT
OF SMALL MECHANICAL VIBRATIONS

In proposed article we present the results of an experimental measurement of small mechanical vibrations using a
capacitive sensor. Oscillations of a hemispherical metal resonator were measured. The calculated formulas connecting
the amplitude of the mechanical oscillations of the resonator and the magnitude of the signal of a capacitive sensor are
obtained. The hlock diagram of the equipment is described. The experimental oscillograms of the measured sensor signals,
amplitudes of the measured signals, reduced to the input of the equipment amplifiers are given. Experimental wave form
of measured sensor signals, the amplitudes of the electric measured signals given to the input apparatus amplifiers. The
magnitudes of the electrical read out signals from a capacitive sensor were measured. The amplitude of the mechanical
oscillations of the resonator is calculated. The dependence of amplitude of metal resonator mechanical oscillations of the
excitation duration was obtained. An investigation was made of reading the signals in the channels during the rotation of
the metal resonator. The results of the calculation of mechanical oscillations of a metal resonator during its rotation with
different angular rate are obtained.

The measurements and calculation results showed that using the described technigue it is possihle to detect and meas-
ure mechanical oscillations of a metal resonator in the range of 33 nm. The method of measuring small mechanical oscil-
lations of a metal resonator and the ohtained numerical data can be used in the design and calculation of the parameters
of various devices with capacitive sensors.

Keywords: capacitive sensor; metal resonator; small mechanical displacements; calculation of the amplitude of oscillations of
the resonator.

Introduction

In many technical applications it is necessary to be able to measure small mechanical movements (vibra-
tions) of dielectric or metal objects [1-4].

In article [5] it was proposed to use a capacitive sensor having two parallel plates lying in the same plane
for measuring the amplitude of mechanical oscillations of dielectric resonator. Calculation formulas were
obtained to estimate the amplitude of the signal and the corresponding amplitude of the mechanical oscilla-
tions of the resonator.

Obviously, the block diagram of the equipment depends on the algorithm for read out the signal. Next,
will be analyzed the magnitude of the signal taken from the capacitive sensor in the case of a metal resona-
tor, as well as some data characterizing the excitation process.

And the task was to check the theoretical formulas experimentally.

Main part S::sa;"‘"e

1. Electrostatic readout the signals from the ca- plates
pacitive sensor

We investigated a number of metal resonators Constant
with an intrinsic frequency of 1850...2616 Hz, voltage on
whose quality factor Q was several thousands. Prob- bbb ]
ably, the transfer of the obtained data to glass reso- l
nators with a Q-factor of two or three orders of mag-
nitude more will require an appropriate correction of I
the expected excitation time.

The principle of reading the signal with RC-sensor

is shown in fig. 1. Fig. 1. Principle of reading the signal with RC-sensor

pre-Low Noise Amplifier

parasilic capacitance

© S. A. Sarapuloff, T. H. Bondarenko, I. O. Zeniv, V. M. Krylov, N. M. Roschin, 2018

3B’430K, Ne 5, 2018 36 ISSN 2412-9070



( \ .
GNOBO HAYKOBUA Hayka, excnnyarayis, Bpo6HMLTBO

=0

For the measurement of small mechanical vibration of resonator is proposed to use a well-known signal
processing method with the capacitive sensor, as in the famous condenser microphone.

The capacitor is charged through to constant high voltage. If you change the distance between the plates
of the capacitor, it caused changes and the voltage across it. Then this voltage signal is to be amplified.
Thus, the mechanical vibration of resonator will modulate the voltage on the capacitor.

The process of excitation was investigated, i. e. the dependence of the mechanical oscillations magnitude
from the duration of the excitation. Then was measured the signal on the input of the preamplifier (taken
from the separate electrodes) without rotation and for a range of angular velocities of the resonator rotation
of 20°/s. These speeds could be measured with a turntable.

Simplified block diagram of input circles is shown in fig. 2.

For reading signals, two channels are formed (U_, U q), each channel has four electrodes.

Each channel was formed by electrodes oriented in space at an angle of 90°. Common-mode signals were
taken from diametrically located electrodes (U, Uql)’ and antiphase signals from those oriented at 90°
(U, U q2). Further, these signals were summed up in the differential amplifiers of two channels.

To reduce the effect of inter electrode capacitanc-
es, four buffer amplifiers were installed near elec-
trodes.

A constant voltage U, = 70...250 V was applied to
the metal resonator housing.

5 s

2. The value of the signal read from the capaci-
tive sensor
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Fig. 3. Capacitive sensor and parasitic capacitance

Capacitance sensor (fig. 3) varies according to the
law
_ Co
P 1-mcosot
where C, = 6pF, the constant component of the sen-

Fig. 2. Simplified block diagram of the electrostatic read out sor capac1tance,‘
of signals m — modulation factor, that can be m =1073...1075;

C

~Cy(1-mcosmt), (1)

o = 2of, f — own frequency of the resonator;
C, = 8 pF — the parasitic capacitance;
R, =3 MQ.
Denote:
U,,, — unknown amplitude of the useful signal, a variable component of the voltage on the sensor;
U,= 70...250V, DC voltage bias source;
U,, — a constant voltage on the capacitor element C1 (a priori U, can not be equal to U, ).
Then:
U,=U,,+ U, cos(wt + @) — the output voltage of the sensor, (2)
¢ — unknown phase.
The voltage on the sensor Up =U,-U,=U,-[U,,+U,, cos(wt + 0)].
Since the sensor capacitance varies with time, the method for calculating the complex amplitudes of cur-
rents and voltages in the scheme is not applicable.
Let us find the current flowing through the capacitor — sensor Cp:
Q., olcu) au oc ' '
= atp = apt E=c, E)tp + Upa_:: (Co—mcoswt)|wU,,, sin(ot +¢)|+ mwCysinwt [Uy—U,~ U, , cos(ot + ¢)|=
=0CyU;, sin(u)t + (p)+ moC, (U0 -Uy )sincot -moCyU;,, sin(2cot + (p).

(3)

Assuming further filter presence, impervious the vibrations at twice frequency, the third summand at
twice frequency will be neglected.

The total current I, through the chain, consisting of parallel included capacitor C1 and resistor R1, is
given by
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U,,, cos(ot +¢)+Uy, U, U, Uy )

+C =—" coslot + @)+ ———0C,U,,, sinlot+@). 4
R 175, R, ( 0) R, \Uy,y sin( 0) 4)

On the other hand, current I ,, must be equal to the current I cp* I = Ip..

Equating the formulas (3) and (4), we obtain

ITpe=1Ip+1e=

CoU,,, sin(ot + ¢)+mnCy (U, — U, )sinwt = lgm

cos(ot +¢)+ % - 0C,U,,, sin(ot +@).
1 1
Solve this equation for U, , and recording solution in the form (2), we obtain

U,,, cos| ot +@+arccos = L. %)

1 9 2 1 P) 2
R, | —+°(Cy+C —+4+0°(Cy+C
Nt | et

Hence, we obtain the formula for the amplitude and phase of the output signal

Uy, = moCy(Uy—Uyy) , (6)

1
74’0)20 +C 2
\/Rlz ( 0 l)

1

R, izmz (Co+Cy)°
Ry
Also, it can be concluded vanishing DC voltage on the capacitor C1, as equation (5) is satisfied for any
value of time t only if U,, = 0.
These formulas can be used to calculate the ratio of the amplitude signal to rms noise at the output of the
amplifier:

(7)

i
0= 5 arccos

noise Gy, \/GiR +Caamp \/ng“”z(co +c)? \/4kTRquf+ (InReq )2+ N2, AF
1
where Req =R, + R, = R, — input circuit resistance;

I, — current noise density of op amp;

N, amp voltage noise density of op amp;

Af — subsequent bandpass filter bandwidth.

In this equations takes into account the noise components caused by the Johnson—Nyquist thermal noise

of the resistor and op amp noise.

signal _ Uim Uim mwCyU, 1

3. Results of measuring of the resonator excitation

Series of measurements were made, the results and oscillograms of which are given in fig. 4-9.

The oscillations were excited along the axes of the main channel. Oscillations in the main and quadrature
channels were measured.

The results of measurements for a resonator with
natural frequency f = 2581,7 Hz are shown below.
A bipolar impulse voltage of = 100 V was used for
the excitation. The constant voltage on the com-
mon electrode is + 100 V. The amplification factors
in the narrowband amplifier channels are the same
G=1123.

The excitation impulses were fed in turn for the
excitation of the main channel (the electrodes are ar-
ranged conditionally along the axis 0°).

The voltage swing was measured in two channels,
in main channel (No. 1, green) or in quadrature (No.
2, yellow, the electrodes are located 45° to the elec-
trodes of main channel. The naming of channels is Fig. 4. A typical oscillogram. Blue color — impulses of swing.

main or quadrature are relative. Green — the output of the main channel Yellow — the output
of the quadrature channel
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The duration of the burst of pulses varied from 0 to 10 ms. The time interval between neighboring excita-
tion processes was 0,1899s.
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Fig. 5. Dependence the signal swing of the excitation duration.
Excitation process in channel No. 1. Fig. 6. Investigation of the excitation process in channel No. 1

As clearly seen in the oscillograms, when oscillations are excited in the first channel, oscillations also ap-
pear in the second channel.

The modulation coefficient and the amplitude of the mechanical oscillations of the resonator are calcu-
lated from the measurement results:

doUym \/12+m2(CO +C,)?
Rl

oCyU,
where d; = 0,1 mm — average distance between plates of capacitive sensor.
The results of the calculations are given in the table 1.

dm=d0'm=

’

Table 1
Mechanical oscillations amplitude. Excitation in channel No.1

Duration of excitation, ms 1 2 3 4 5 6 7 8 9 10

Signal swing 15 channel

U v 0,92 1,76 2,88 3,70 4,46 4,96 5,92 6,78 7,72 8,50

1m p-p’ m

Amplitude in 15 channel, d , pm 1,72 3,29 5,38 6,92 8,34 9,27 11,1 12,7 14,4 15,9

Amplitude in 2" channel, d,, pm | 0,430 0,692 0,935 1,05 1,38 1,44 1,70 2,00 2,30 2,65
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Fig. 7. Dependence the signal swing of the excitation duration. Fig. 8. Investigation of the excitation process in channel No. 2

Excitation process in channel No. 2

Then the excitation impulses were fed in turn for the excitation of the quadrature channel.

The results of the calculations are given in the table 2.

The results of the measurements show that with a excitation time of 10 ms, the signal amplitude at the
input of the buffer amplifier in the channel that is swinging can be 8...10 mV. The result was then used to
select the channel gains during design of the equipment.
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Table 2
Mechanical oscillations amplitude. Excitation in channel No.2

Duration of excitation, ms 1 2 3 4 5 6 7 8 9 10

Signal swing 15t channel

1,01 2,08 3,18 4,10 5,14 5,89 6,81 7,82 8,74 9,66
Ulm pp? mV

Amplitude in 1% channel, d, , pm | 0,206 0,318 0,449 0,542 0,654 0,748 0,935 1,12 1,27 1,42

Amplitude in 24 channel, d_, pm 1,72 3,29 5,38 6,92 8,34 9,27 11,1 12,7 14,4 15,9

4. Investigation of signal read out in channels during rotation of the metal resonator

Conditions for the measurement of signals remained the same: the excitation voltage was = 100 V, the
duration of the excitation time was 10 ms, the duration of the suppression pulses was varied from 0 to
10 ms, the gain in the channels was G = 1123.

The process of compensating the signal of the quadrature channel at a given time (fig. 9) by means of
pulses of the same amplitude was investigated. Compensating pulses could be formed simultaneously with
the excitation of the main channel, or later.

Fig. 9. Compensation of the quadrature channel signal Fig. 10. Signals in the region of the minimum
at a predetermined time in the quadrature channel. Without rotation
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Fig. 11. Rotate counter clockwise

The range of the useful signal in the quadrature channel was measured, and the signal level at the input of
the buffer amplifier was recalculated. The final results of the calculations are given in the table 3.

In the approximation, the averaged value of the proportionality coefficient between the magnitude of the
signal and the angular velocity 21uV: (°/s).

Signals in the quadrature channel without rotation offers fig. 10. Rotate counter clockwise presents
fig. 11.

The results of the calculation of mechanical oscillations of a metal resonator during its rotation

The measurements and calculation results showed that using the described technique it is possible to de-
tect and measure mechanical oscillations of a metal resonator in the range of 1 pm ... 33 nm.
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Table 3
Measurement results Approximation
Angular velocity, °/s

20°/s 10°/s 5°/s 3°/s 1°/s 1°/min 1°/hour

The measured swing V___of the quadrature
channel signal at the input of the buffer 330 250 125 65 18 0,35 0,0058
amplifier, nVv

Amplitude in quadrature channel, d , nm 0,617 0,467 0,234 0,122 0,0337 0,654:103 | 10,8:10°6

The method of measuring small mechanical oscillations of a metal resonator and the obtained numerical
data can be used in the design and calculation of the parameters of various devices with capacitive sensors.
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C. A. Capanynos, T. . boHpapenko, 1. 0. 3enis, B. M. Kpunos, M. M. Poyix
NEPEBIPKA METOANKA BUMIPHOBAHHA MAJIUX MEXAHIYHUX KOJINBAHD

Y nponoHoBaHi cTaTTi HABOAATLCS PE3YIETATY EKCEPUMEHTAITbHOIO BUMIPIOBAHHS MaryX MEXaHiyYHuX KOSivBaHb 3a [JONOMOro EMHIC-
HOro aT4vika. BUMIpIOBanICs KonvBaHHs HaniBc(hepunaHoro MeTaneBoro pe3oHatopa. OTpUMaHo po3paxyHKOBI hopMymnn, L0 NoB'S3YI0Th
aMnaiTyay MEexaHiqHUX KOSMBaHb PE30HATOPA | 3HA4eHHs CUrkany emHicHoro farumka. OnvcaHo cTpykTypHy cxemy anapatypu. [logaHo
EKCMEPUMEHTAITbHI OCLMITOrpamu BUMIPSHUX CUTHEIIB JaT4vKa, 8 TakoxX aMisiiTygy BUMIPIOBaHUX CUTHAMIB, MPUBELEHI 40 BXOZY MigCuio-
Bavip anaparypu. 3aivicHeHo po3paxyHoK aMiiTyan MexaHiqHuX KonvMBaHb pe3oHaTopa. 3006yTi pe3ynstaTy nigTBepIXYI0T MOX/MBICTb
38CTOCYBaHHS OMVCAHOI METOLVKY 715 MO6Y[0BN EMHICHVX [aT4UKIB MaMX MEXaHIYHMX NepemileHsb.

KniouoBi cnoBa: emHicHUi 4aTuMK; MeTaneBuin Pe3oHaTop; Mani MexaHiuHi NepemilieHHs; po3paxyHoK amniiTyau KonvBaHb peso-
HaTopa.

C. A. Capanynos, T. . boHgapenko, Y. O. 3enmns, B. M. Kpeinos, H. M. PouwH
NPOBEPKA METOAVKMA W3MEPEHUS! MAJIbIX MEXAHUYECKUX KONEBAHUIA
B npepnaraemoit cTaThe MPUBOMSTCS Pe3yrbTaThl 3KCNEPUMEHTAbHOTO M3MEPEHUS MarlbiX MEXaHUYeCKNX KoeGaHuiA npu NoMoLLy
eMKOCTHOr0 aaTumka. /amepsanuce koneGaHus nonycepuyeckoro MeTanm4eckoro peaoHatopa. Mony4eHbl pacyeTHbie opMybl, CBs-
3blIBAOLLME AMMNUTYAY MeXaHNYECKNX KoneGaHui pe3oHaTopa M 3Ha4YeHWEe CUrHarna emKocTHoro aatuvka. OnucaHa CTpyKTypHas cxema
annapatypbl. MpeacTaBneHbl 3KCNepUMEHTarbHbIE 0CLMMNOrpaMMbl U3MEPEHHbIX CUrHAMNOB AAT4MKa, aMANUTYbI M3MEPSAEMbIX CUTHANOB,
MPUBEAEHHBIE KO BXOMlY YCUIUTENei annapaTypbl. [poBeAeH pacyeT amnanTyabl MEXaHUYecknx koneGaniin pe3oHaTopa. Mony4eHHbIe pe-
3ynbTaThl NOATBEPX/AT BO3MOXHOCTb NPUMEHEHUS ONUCAHHON METOIMKM ANst NOCTPOEHS EMKOCTHBIX AATUMKOB MarlblX MEXaHUHYECKMX

NEepPEMELLEHNN.
KnioueBbie cnoBa: eMKOCTHOM JaTuMK; METaNMNYECKUIA PE30HATOP; Malble MEXaHNYeckne NepeMeLLEHNS; pacyeT aMnamuTyObl Kone-
6aHwnin pe3oHaTopa. N
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