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EXPANDING THE BANDWIDTH OF A SEISMIC SENSOR

V. Zhukovskiy, A. Gokhman, and L. Vilinska

Abstract. If we reduce technologically the frequency of natural oscillations of the pendulum
of a seismic sensor below 1 Hz, then its performance characteristics become unacceptable. It is
shown that by adjusting of the transfer function of the seismic sensor by the transfer functions
of the typical dynamic units, a horizontal platform can be obtained in the low frequency region
of the amplitude-frequency characteristic. An equation of a proportional-integral-differential
controller in a discrete form is proposed in which a feedback signal is calculated using the STM32
microcontroller. Application of the modern microcontrollers to generate a feedback signal allows
to flexibly adjust the frequency response of a seismic sensor by directly selecting weight factors,
as well as making it remotely tuned. Such a solution combined with the proposed optical method
of converting mechanical vibrations into electric allows achieving a high degree of miniaturization
of the oscillatory system and obtaining a high level of signal-to-noise ratio of the hardware part.
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PO3IIUPEHHA CMYT'H TIPOITY CKAHHSI CEMCMIYHOT'O CEHCOPA

B. K. ’Kykoscvkuii, O. P. oxman, JI. M. Binincoka

AHotanis. TeXHOJIOTIYHE 3HWKCHHS YaCTOTH BJIIACHUX KOJMBAaHb IHEPTHOI MacH CEHCMIYHOTO
cercopa Hik4e 1 [ mpu3BOANTE 10 HEMPUITYCTHMOTO 3HMKEHHS €KCIUTyaTalliiHIX SIKOCTEH Tpu-
namy. Y nmaHiii poOOTi MOKa3aHo, M0 KOPEKTYIOUH NepeaBaibHy (DyHKIII0 CEHCMIYHOTO CeHcopa
nepeaaBaIbHIMK (DYHKIISIMU THITOBUX TUHAMIYHHX JIAHOK, B HU3BKOUACTOTHIN 00JIACTI aMILTITY I~
HO-9aCTOTHOI XapakrepucTuku (AYX) MOXXHa OTpUMAaTH TOPU3OHTAIBHY JIAHKY. ABTOpaMH IPO-
MOHYETHCS PIBHSHHS MPONOPUIHHO-IHTETpabHO-AU(EPEHIIATBHOTO PETYISATOPAa B TUCKPETHOMY
BUIISIIL, 110 STKOMY 32 JOMOMOTOI0 MiKpOKoHTposiepa STM32 po3paxoBy€ThCsSI CUTHA 3BOPOTHOTO
3B's13Ky. BUKOpUCTaHHS Cy4acHUX MiKpOKOHTPOJIEPIiB sl TeHEpallii CUTHATY 3BOPOTHOTO 3B'SI3KY
JT03BOJISIE€ THYYKO KopuryBatd AUX celicMiYHOTO CEHCOpa 3a paXyHOK 0e3M0oCcepeIHbOro Miadoopy
BaroBHX Koe(ilieHTIB, a TAKOXX TUCTAHLIHHO HOTO HANAro[KyBaTH. Take pillieHHs B MO€IHAHHI 3
3alPONIOHOBAHUM OINTHYHUM CIIOCOOOM MEPETBOPEHHS MEXaHIYHUX KOJIUBAHb B €JICKTPUYHI JI0-
3BOJISIE JOMOT'THCSI BUCOKOTO CTYIIEHIO MiHIaTIOpH3aiii KOJUBaJIbHI CUCTEMH 1 OTPUMATH BHCOKUI
piBEHb CITIBBITHOIICHHS CUTHAJI/IITYM arlapaTHOI YaCTHHH.

Kurouosi ciioBa: ceiicMiuHmii ceHcop, nepeaaBaibHa (QyHKIISA, CMyTra MPOIYCKaHHSI, CITiBBiJI-
HOIIICHHS CUTHAJ / TIIyM

PACIHIMPEHME ITOJIOCHI TPOITY CKAHUSI CENCMHUYECKOI'O CEHCOPA

B. K. ’Kyroeckuii, A. P. ['oxman, JI. H. Bununckas

AHHoOTanus. TeXHOIOrNYECKOE CHUKEHHE YaCTOThl COOCTBEHHBIX KOJI€OaHUI MHEPTHOM MacChl
ceficMuuecKoro ceHcopa Hike 11’1l MPUBOAUT K HEAOIYCTUMOMY CHHUKEHHIO HKCIUTyaTalllOHHBIX
KadecTB pudopa. B ranHO# paboTe mokazaHo, YTO KOPPEKTUPYS NEPEAATOUHYIO PYHKIIHIO CEHCMU-
YECKOI'0 CEHCOopa MepeAaToYHbIMU (PYHKIUSIMU TUIIOBBIX JUHAMMUYECKUX 3BEHbEB, B HU3KOYACTOT-
HOM 00J1aCTH aMIUTUTYIHO-4aCTOTHON XapakTepucTuku (AYX) MOKHO OTYyYUTh FTOPU3OHTAIILHYIO
ionaaKy. ABTopaMHu IpeagaraeTcs ypaBHEHUE IPONOPLUUOHAIBHO-UHTErpaIbHO-AUPPEepeHn-
aJIbHOT'O PEryJIATOpa B JUCKPETHOM BHJIE, IO KOTOPOMY IIPU ITOMOIIM MUKpOKOHTposuiepa STM32
paccuuThIBae€TCA CUTrHal oOpaTHOM cBsA3U. Vcrosib30BaHHE COBPEMEHHBIX MHUKPOKOHTPOJLIEPOB
JUISl TEHEpalliy CUTHalla 00paTHOM CBsI3U MO3BOJIsIET THOKO KoppekTupoBaTh AUX celicMuuecKoro
CEHCOpa 3a CYET HETOCPEICTBEHHOTO MOA00Pa BECOBBIX KOA(P(UIIMEHTOB, a TaKXkKe MPOU3BOIAUTH
€ro yJaJleHHYI0 HacTpoiKy. Takoe pelieHue B COYETaHUU C IPEUIOKEHHBIM ONITUYECKUM CIIOCO-
00M npeoOpazoBaHUs MEXaHUYECKUX KOJIEOaHUM B 3JIEKTPUUECKHE ITO3BOJISIET JOOUTHCS BHICOKOM
CTENIEHU MUHHUATIOpU3ALMK KOJIeOaTeIbHON CUCTEMbI U MOJIYYUTh BHICOKUI YPOBEHb COOTHOIIE-
HUS CUTHAJI/IIIYM anmapaTHO 4acTH.

KuroueBble ciioBa: ceiicMuueckuii ceHcop, epearouHas pyHKIHs, 10J10ca MPOIyCKaHus, Co-
THOILICHHUE CUTHAJI / IIIyM
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Introduction

The development of broadband low-frequen-
cy seismic sensors is limited by a problem in
providing low natural frequency of the moving
mass. If the natural frequency is below 1 Hz it
is necessary to use a pendulum locking mecha-
nism for moving the device. Additionally the
temperature instability in the pendulum posi-
tioning increases, the overall mechanical reli-
ability of the seismometer decreases. Presently,
natural frequency of 1 Hz is the lower limit val-
ue for seismic sensors because its subsequent re-
duction yields unacceptable reduction in device
performance.

The present study is focused on the approach-
es to expand the seismometer bandwidth, and
examines the ways to improve its performance.

Device Operation Principle

The operation principle of any seismometer
from the most ancient to the most modern is
similar [1-4]. The main element of the device is
a mass pendulum suspended on the bottom part
of the device. Ideally, the pendulum should have
no mechanical or electromagnetic connections
with the housing. However, it is unrealizable
in the Earth’s gravity conditions. The housing
of the seismometer is rigidly connected with
the soil, and therefore begins to move due the
ground motion, and due to the mass inertia prop-
erties the pendulum should not move.

In seismic sensors are often used pendulums
with swing center being in rest or delay relative
to the earth surface movement. The rest degree
of the seismometer swing center character-
izes its performance and is determined by the
ratio of the ground motions period T, to that
of the seismometer pendulum natural oscil-
lations T,. If T, / T, << I, the swing center al-
most does not move and the vibrations are re-
produced accurately; if T,/ T, is close to 1, the
vibrations may be distorted due to resonance; if
T,/ T,>> 1, when the soil moves very slow, the
inertia properties are not evident and the swing
center moves almost as a single unit with the
ground and does not measure the ground motion.

All characteristics of a seismometer can be
derived from the equations of motion of its me-
chanical parts [1]:
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where X is the recorded seismogram, 5 -
ground displacement, & - damping constant,
w, =27 /T, T, -the pendulum natural vibra-
tions period , K - coefficient depending on the
structural properties of the seismometer (normal
gain).
If the ground motion is a harmonic function
& =&, cosat, then the solution of equation
(1) has the following form:

(1)

x =x+x,(w)cos(wt + @), )
where x characterizes the natural vibrations of
the pendulum, x,- oscillation amplitude in the
recording device. It should be noted that param-
eter x depends on the time and at ¢ >1 x it
tends rapidly to zero and therefore can be ne-
glected in equation (2). The seismometer sen-
sitivity can be characterized by the frequency
dependence of the vibration amplitude:
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The curve x,(w)/&, (Fig. 1) is called the
amplitude-frequency characteristic (AFC) of the
seismometer.

1100

100F b

Wimfc

0iF

0oipF

Amplitude,

1=1073F

RSt

11077

oo 01 1 1 00 110

Frequency, Hz

Fig. 1. shows that the seismometer sensitivity decreas-
es exponentially for frequency values below the reso-

nance one.
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A universal method to decrease the lower
limit of the seismometer transmission is to using
a reverse filter [5]. For simplicity reasons con-
trol theory can be used. To expand the seismom-
eter bandwidth the transfer function (3) should
be adjusted by transfer functions of typical dy-
namic links [6]:

x,(®) = P - transfer function of the propor-
tional gain,

x;(w)=1/x,(w) - transfer function of the
integrator,

x,(®) = Dx,(w) - transfer function of the
differentiator,

P, I, D -weighting coefficients.

The adjusted transfer function X (w) is:

X(@) = x,(@)+x, (@) +x,(@)+ x, (@) (4)

The AFC of the corrected seismometer trans-
fer function is presented in Fig.2 [5].

By changing the coefficients of the typical
dynamic links it is possible to obtain the desired
transfer function of the seismometer.
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Fig. 2. The AFC 1 — of inertial mass 2 - of proportional

gain, 3 - of integrator, 4— of differentiating link (the

corresponding line in the figure coincides with 1) 5 - of
seismometer.

Fig. 3 is a block diagram of a wideband feed-
back seismometer, which comprises a propor-
tional, integral and differential regulation unit.

Px(z)

I x(ydt
)
D
Feedback dt
™ _/ Oscillation converter|| Qutput
Ground oscillation + T
x(7)
Pendulum

Fig. 3. Block diagram of a broadband seismometer.

A regulator, comprising the above mentioned
units is called PID regulator. The feedback con-
trol equation in this case takes the following
form:

dx(t)

U@)y=Px(t)+1 jx(t)dt +D

Parameter K in equations (1) and (3) could
depend on frequency. For example, electromo-
tive force of induction is a function of frequency
and goes to zero at low frequencies for convert-
ing the electrodynamics method. Therefore for
design of low-frequency seismic sensors in the
following ways can be used to exclude such ef-
fect:

- varying the capacity by changing the
distance between the plates;

- varying the coil’s inductance by adding
a core;

- changing the photocurrent conduction at
photodiode illumination.

Note that optical recording method of vibra-
tion is most protected from interference. This
method has a proven itself in atomic force mi-
croscopy. Successful results of using laser in-
terferometric seismic sensors are known [7,
8]. These seismic sensors have high sensitivity
and are relatively simple, but their drawback is
a laser which has a short lifetime (about 10000
hours) and requires complex temperature sta-
bilization. High power consumption of seismic
sensors cause’s additional problems in case of
autonomous power supply. Converters using
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optocouplers (light emitting diode / photodiode)
are less sensitive to swings of the pendulum.
Moreover, their lifetime is 10 times longer; they
are more economical and require no additional
circuitry of the temperature and the current sta-
bilization. Signal / noise ratio in optical trans-
ducer is much higher than that of the capacitive
and inductive.

A method for calculating the integrator and
differentiator to adjust the frequency response
of seismic sensors assembled on analog chips
is proposed [5]. However, modern microcon-
trollers allow avoiding the analog control by
adjusting the frequency response coefficients
directly in equation (5), which in discrete repre-
sentation looks as follows:

U(t) = Px(6)+ IZ[W}N +

+ D[x(t + At) — x(t — A1)]/ 2A¢ (6)

where At — time between subsequent measure-
ments.

The operating principle of the digital seis-
mometer (Fig. 4) is that the transmitter signal by
analog-to-digital converter (ADC) is digitized
and the control signal is calculated according
to Eq. (6). Control signal generator with a pulse
width modulation (PWM) is applied directly to
an electromagnetic feedback coil.

Microcontroller

¥ 1

Digital
inputfoutput

PWM Uit ADC |-

Feedback l
™ 7/ Oscillation converter
D
x(f)

Pendulum

Fig. 4. Block diagram of a digital seismometer.

The digital input / output interface allows set-
ting the seismometer by entering weighting co-
efficients and receiving a digital signal for data
recording and visualization.
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Obviously, this approach significantly sim-
plifies the calibration procedure and allows re-
mote configuration of the seismometer distantly
using digital communications and the Internet.

Discussion

There are many reasons to create over min-
iature digital broadband seismic sensors. Just
based on ARM micro STM32F3 line it is pos-
sible to create a digital seismometer with a 90
dB dynamic range. When used with optical
mapping technique, requiring no powerful mag-
net and a coil, such a device may be less than
a matchbox, along with batteries and wireless
digital communication means.

This miniaturization of devices allows solv-
ing a number of problems, like:

- decreasing the measurement equipment
cost due to lower material consumption;

- reducing the cost of installing seismic
sensors by stowing smaller diameter wells;

- delivery of equipment to remote places
by unmanned aerial vehicles;

- creating systems for seismic spectrum
images recognition, etc.

Conclusions

The most effective way to expand the range
of seismic sensors is the method of adjusting the
frequency response by the feedback.

Using an optical method for converting seis-
mic signals into mechanical allows high degree
of oscillating system miniaturization and en-
ables to get the highest level of signal / noise
ratio of hardware.

The use of modern microcontroller to gen-
erate the feedback signal allows higher flex-
ibility in adjusting the frequency response of a
seismometer by a more convenient selection of
weights and enables to perform remote configu-
ration.

The work was carried out within the frame-
work of the state budget topic on the order of the
Ministry of Education and Science of Ukraine
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Summary

Sensitivity of seismic sensors to oscillations, whose frequency is lower than the frequency of
natural oscillations of its inert mass, decreases exponentially. The technological reduction of the
natural frequency below 1 Hz results in an unacceptable decrease of the device performance char-
acteristics.

The main goal of this work was to investigate the possibility of improving the amplitude-fre-
quency response (AFC) of sensor by introducing of a special type of feedback.

Experimental and theoretical methods of investigation were used. By selecting typical dynamic
interrelations and weights in the MATCAD environment, an equation was obtained that provides
the generation of a feedback signal. For the experimental model of an optical seismic sensor, whose
natural oscillation frequency is about 10 Hz, the input signal was added with this signal.

Results of the study. It is found that solving of a feedback equation using a microcontroller and
mixing this signal by means of pulse width modulation with an input signal provides the substan-
tially simplify of the technology of manufacturing of seismic sensors.

Conclusions. By combining a direct solution of the equation to generate a feedback signal with
an optical method of converting mechanical oscillations to electrical ones, seismic sensors with a
high degree of miniaturization can be obtained by eliminating massive inductors and permanent
magnets. Miniaturization of devices allows solving a set of problems:

87



B. K. Xyxoscekwit, O. P. Toxman, JI. M. Biniaceka

Reduction of the measuring equipment due to the lower consumption of materials;
Reducing the cost of installing seismic sensors due to the smaller diameter of the filling wells;
Delivery of equipment to hard-to-reach places by unmanned aerial vehicles;
The creation of reconnaissance and signal systems with the recognition of seismic images
from the spectrum of seismic vibrations, etc.

Keywords: seismic sensor, transfer function, bandwidth, signal-to-noise ratio
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Pegepar

UyTiuBicTh CEMCMIUHUX CEHCOPIB /10 KOJIMBAaHb, YACTOTA SKUX HIXKYE YACTOTH BIACHUX KOJIU-
BaHb HOTr0O IHEPTHOI MacH, eKCIIOHEHLIaIbHO 3MEHIIYEThCS. TeXHOMOriuHe 3MEHIIEHHS BIACHOI
gacToTH HIwK4e | [’ mpU3BOAMTE 10 HEMPUITYCTHMOTO 3HIKCHHS €KCIUTyaTalliiHAX XapaKTepuc-
TUK MIPUIIATY.

Memoro nanoi po6otu OyIio T0CIHIHKSHHS MOKIHBOCTI TIOJTIMIICHHS aMIUTI Ty THO-9aCTOTHOT Xa-
pakrepuctuku (AUX) ceHcopa 3a paxyHOK BBEIECHHS 3BOPOTHOTO 3B’SI3KY CIIEL1aJIbHOTO BUITISY.

3aCTOCOBYBAJIUCS €KCTIEPUMEHTAIBHO-TEOPETHYHI Memoou docaioxcennsi. nsgaxom migdopy
TUTIOBUX JWHAMIUYHUX JJAHOK Ta BaroBux koedirmientiB B cepenosuii MATCAD, otpumaHno piB-
HSIHHS, SIKE JTO3BOJISI€ TEHEPYBaTH CUTHAJ 3BOPOTHOTO 3B’s3Ky. J[sl ekcriepuMeHTaIbHOI MOIel
ONTUYHOTO CEHCMIYHOTO CEHCOpa, y SKOTO 4acToTa BIACHUX KOJMBaHb Oau3bko 1001, BXigHMIA
CUTHAJI CKJIaJIaBCS 3 UM CUTHAJIOM.

Pezynemamu oocnioscenns. 1lokazano, 1o pilieHHs pIBHIHHS 3BOPOTHOTO 3B’ SI3KY 3a JIOTTOMO-
rOI0 MIKPOKOHTpOJIEpa 1 3MIIIyBaHHS 1IbOTO CUTHAIY, 32 JIOTIOMOTOI0 HIMPOTHOIMITYJIBCHOI MOAY-
TS11, 3 BXITHAM CHTHAJIOM J03BOJISIE iICTOTHO CIIPOCTUTH TEXHOJIOTII0 BUTOTOBIICHHS CEHCMITHHIX
CEHCOPIB.

Bucnoexu. Tloeaayroun miaxia 6e3mocepeTHLOr0 BUPIMICHHS PIBHSHHS JIJIs TeHEpallii CUTHATY
3BOPOTHOTO 3B’A3KY 3 ONTUYHUM CHOCOOOM MEPETBOPEHHS MEXaHIYHUX KOJHMBAHb B €JIEKTPHYHI
MO’KHA OTPHUMAaTH CEHCMIYHI CEHCOPH 3 BUCOKUM CTYIEHEM MIHIaTIOpu3allii 3a paxyHOK B1IMOBU
B1JI MACUBHHX KOTYIIOK 1HAYKTUBHOCTI 1 MMOCTIHHMX MarxiTiB. MiHiaTropu3allisi pUIaIiB 103BO-
JIsi€ BUPIILIUTH UUTHHA P poOIiem:

- 37CILLIEBJIEHHS BUMIPIOBAJILHOTO 00Ja/IHAHHS 32 PaXyHOK MEHIIOI BUTpAaTH MaTepiaiB;

- 3MEHIIEHHS BUTPAT Ha YCTAaHOBKY CEMCMIUHUX CEHCOPIB 32 paXyHOK MEHIIIOTO JllaMeTpa 3a-
KJIQJHUX CBEP/JIOBUH;

- J0CTaBKa 00JIaHAHHS 10 BAKKOJAOCTYITHUX MICIh OC3MUIOTHUMHU JIITAIBHIUMU arapaTaMu;

- CTBOPEHHS PO3BiIyBaJIbHO-CUTHAIBHUX CHCTEM 3 PO3Mi3HABaHHSAM CEHCMIYHHMX 00Opa3iB Mo
CHEKTPY CEHCMIYHUX KOJIMBAHB 1 T. I.

KurouoBi ciioBa: celicMiuHuil ceHcop, nepenaBaibHa (QyHKIIS, CMyTra NPOIYyCKaHHs, CIIBBI/I-
HOILIGHHSI CUTHAJ / IIyM
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