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Introduction. In modern electronic equipment the inductive seismic receivers (geophones) are the most
widespread as sensors for registration of seismic signals. In developing seismic receiving devices, the most
significant attention is paid to input amplifiers, which are directly connected to the geophones. Depending
on the type of seismic research it is necessary to allocate specific ranges of input frequencies. For filtration
and frequency response form correction to geophone is adding additional circuits. Therefore, the work of the
geophone should be considered in conjunction with the input cascades of the seismic waves receiver.

The main part. The main parameters from the documentation of geophones are analyzed and parameters
for the assess of created model adequacy are selected. The analysis was carried out on an example of the model
GS-ONE produced by Geospace (USA). The structure of the geophone and the principle of electromechanical
analogies for equivalent circuit creating are considered. The equivalent circuit, taking into account parasitic
parameters, and the measuring and calculating methods ofthe schemeelements are given. The influence on
the work of the geophone of the shunt resistance connected to the output geophone terminals is considered.
The calculation of the circuit elements according to the following method is carried out on the example of
the GS-ONE geophone, the amplitude and phase frequency responses as the results of simulation in the
package of NI Multisim are introduced. The simulation results are assessed according to their similarity with
geophone parameters from documentation.

Conclusions. The accuracy of the given model is increased compared to known models [1,2] due to the
consideration of the presence of the output geophone branch in the form of inductance coil and its parasitic
parameters. This method can be used for equivalent circuit parameters calculation and for modeling in
electronic simulation packages. The model does not take into account absolutely all processes in geophone,
which leads to deviation in the amplitude values of amplitude frequency response to 8% and the deviation
of phase frequency response to 2 degrees. However, further additions to the model will complicate its use in
engineering practice and from this point of view it is not expedient.
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Introduction the most widely used seismometers (the geophones). A
geophone is an electromechanical converter that regi-
sters the soil shear. The registration of soil movement
should be carried out the relative "unmoved"ground.
So as this condition is impossible, for these purposes
in the geophones the inertia of the mass, suspended by
the spring suspension to the device body, is used. When
moving the soil, the mass retains its position in space
due to the spring suspension, and the body repeats the
fluctuations of the ground [8].

Several types of seismic waves, namely, longitudi-
nal, transverse, and surface waves of the Rayleigh and
Love propagated in the surface layer of the Earth.
Any disturbance on the surface will be followed by the
emergence of mixed type waves. The sources of sei-
smic fluctuations could be registered and identified by
recording the availability and energy of shear. The regi-
stration of seismic oscillations is used for the search for

minerals [1], the warning about the landslides ascensi- To transform the mechanical vibrations into electri-

on [2], and in the means of perimeter protection [3].
Different accelerometers by the principle of action and
by the physical effects underlying their work are used to
register and evaluate the surface waves parameters [4].
There are piezoelectric accelerometers [5], MEMS
accelerometers [6], inductive geosensors [7]. Due to the
low cost and high sensitivity, the inductive type is

cal is used the principle of electromagnetic inducti-
on. The cylindrical coil used as a hanging mass on
the suspension, inside the coil placed a permanent
magnet attached to the body, which creates a radial
magnetic field (Fig. 1b). With the soil displacement,
the geophone body with the magnet moves along with
it while the coil stays immobile, as a result, an electric
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current, produced in the coil. Structurally, the geophone
consists of two coils with counter winding, located in
the magnetic field of a permanent magnet (Fig. 1).
Such connection of coils ensures the adding of the
EMF caused by the displacement of the coil and the
subtraction of the EMF induced by external sources to
suppress the common-mode interference.
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Fig. 1. a) geophone without a casing; b) simplified
scheme of the geophone
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In [9], were made calculations of seismograms at
the geophone output. As can be seen from the materi-
als of the publication, the following method can be
used to obtain seismograms of signals suitable for the
task of processing seismograms. In developing seismic
receiving devices, the most significant attention paid
to input amplifiers with directly connected inductive
geophones. Depending on the type of seismic research
it is necessary to allocate specific ranges of input
frequencies. For filtration and frequency response form
correction to geophone is adding additional circuits.
Therefore, the work of the geophone should be consi-
dered in conjunction with the input cascades of the
seismic waves receiver.

In [10], obtained an equivalent geophone circuit
for simulation in SPICE packages. The given circuit
is very simplified and takes into account only the
presence of mechanical vibrational system, without the
presence of the inductance coil for the transformation
of mechanical energy into electrical. In [11], the output
coil replaced by active resistance, and there is no expli-
cit method for calculating the elements of the circuit.
This study, though, provides a workable model, but it
needs to refine for obtaining adequate results.

The purpose of this article is the development of
a geophone equivalent circuit for simulation in SPI-
CE packages, which combines mechanical and electri-
cal branches, and the methodology for calculating its
parameters. It allows simulating the seismic signal
receiving system taking into account the influence of
the geophone output elements parasitic parameters and
provides an opportunity to accelerate the development
of systems with its use.

1 The main material

The sensitivity and phase shift characteristics for
GS-ONE geophones (Geospace Technologies producti-
on) [10] shown in Fig. 2a,b.
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Puc. 2. a) GS-ONE geophone sensitivity; b) GS-ONE geophone phase shift



Geophone Equivalent Circuit for Simulation Tasks in SPICE Packages 55

c |l

Rm Lm

Puc. 3. Transformation the mechanical branch to an electrical one.

It should be paid particular attention to the fact
that the graphs of sensitivity and phase shift of the
geophone (Fig. 2a,b) have two curves. The curve A
(blue) corresponds to the sensor with the open output
(without load)) and curve B (red) — with the addition of
output shunt resistor 20 kOm. This configuration of the
sensor is optimal since it allows us to get the maximally
flat amplitude frequency response. On these figures,
the presence of resonance at a frequency of 10 Hz is
visible. This resonance has a mechanical source and is
determined by the coil mass and the spring stiffness.
In designing a system with geophones, it should ensure
that the resonance frequency located below the lower
limit of working range. In geophones the output voltage
V(t) at the open output is proportional to the shear
rate of the body e(t):

e(t) = K-V(t), (1)
where is a geophone gain coefficient. Below the
resonant frequency, the output signal is proportional
to the third derivative of the body shift [11].

To construct a geophone equivalent circuit, we use
the principle of electromechanical analogy. It suggests
the possibility of mechanical system introducing as an
electronic circuit using the identity of the equations
describing the behavior of these systems [12].

Description of oscillations in the electrical system:

ou 1 1
— 4+ = — dt =i. 2
C 5 + RU + 17 / U i (2)
Description of oscillations in the mechanical
system:
1
m%JrrquE/vdt:f. (3)

As is seen from (??) and (??), the presentations of
oscillations in the mechanical and electrical system are
similar, with the exception of their coefficients: L, R,
C - inductance, resistance, capacitance; m, r, ¢ — mass,
a coefficient of friction, flexibility; The functions U, v,
and ¢, f coincide.

Based on these conditions, we will have the
opportunity to consider the mechanical system in the

form of electrical with some replacements shown in
Table 1.

Tabn. 1 The electrical and mechanical parameters
compliance

capacitance (C)
conductance (G)
inductance (L)
voltage (U)
current (7)

mass (m)

coefficient of friction (r)
flexibility (c)

velocity (v)

force (f)

We will depict the mechanical system of the
geophone and the corresponding electric branch using
data from Table 1 (Fig. 3), where R,,, L,,, C, are
parameters of equivalent replacement circuit of the
geophone.

Since the geophone 1is an electromechanical
converter, it is necessary to add some elements
responsible for the transformation from mechanical to
electrical energy in the equivalent circuit. Two coils
connected in series are such constructive elements.

The gain coefficient is one of the main parameters
of the geophone, working in terms of electromechani-
cal analogies, it corresponds to the transformation
magnitude of forces and velocities. The transformer
Tm corresponds to the implementation of this function
(Fig. 4).

Where Rk, C) is the parasitic coil parameters,
R,p, — shunt resistance which is added to the geophone
to increase the damping rate and the uniformity of the
frequency response.

Method of the equivalent circuit parameters
calculation

To find the parameters of the equivalent circuit,
it is necessary at first to determine all mechani-
cal parameters of the geophone oscillating system:
suspension flexibility and Q-factor. The values of the
moving mass, the resonant frequency and the damping
factor can be founded in the geophone documentation.

The flexibility of a spring suspension calculated
according to the formula:

1

m(2m)? (2,

(4)

CcC =
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Puc. 4. Geophone equivalent circuit

where m is moving mass, f..s is mechanical resonant
frequency.

The Q-factor of the mechanical branch can be
calculated using the damping factor:

1

= —. 5

Q-5 )

For find the resistance of the mechanical branch,

it is required to move from mechanical to electrical
quantities following Table 1.

m— Cp, ¢— Ly,

The mechanical branch equivalent circuit (Fig. 3)
is a parallel oscillatory circuit, so we can apply the
formula for calculating the contour resistance through
the Q-factor.

Q

Cm
Lo,

R, =

(6)

For voltage transformation (in a mechanical system

of velocities) an ideal transformer is used with a

transformation coefficient K which equals the inversed

to the sensitivity of the unloaded geophone magni-

tude v, information on sensitivity also given in the
documentation.

K=1/v (7)

For find the parameters of output branches, it is
necessary to measure the values of the inductance and
capacitance of the geophone coil, and it is expedi-
ent to use an RLC-meter. It should note that for
real accurate measurements it is necessary to immobi-
lize the geophone and to use the smallest possible
measurement limits on the measuring device. The
geophone output coils have a series connection, and
they are completely identical, so it becomes possible to
get their value using the following formulas.

Coil resistances:

R,
Rcl = R02 = 7

(8)
Coil inductances:
L.

Lcl = LCQ = 7

Let Red
1 v —
Cel
||
|
|:|E'sh
||
[
Ce2
1 o 0—
Le? Rc2
Coil capacitances:
Ocl = C(:Q = 2Cc (10)

2 The experimental part

The initial data for equivalent circuit parameters
calculations given on the example of two models of
geophones, GS-ONE, and GS11-D (Table 2):

Tabn. 2 Data for replacement circuit parameters
calculations

Parameter GS-ONE GS11-D
m — moving mass 14 g 236 ¢g
fres resonant 10 Hz 4,5 Hz
frequency

¢ — damping factor 0,48-0,54 0,34
(without shunt)

v — sensitivity (wi- | 85,8 V/m/s | 32 V/m/s
thout shunt)

¢ — damping factor 0,7 0,7
(with a shunt)

v — sensitivity (with | 78,7 V/m/s | 26,18 V/m/s
a shunt)

Ry, — coil resistance 1800 Ohm 380 Ohm

We perform calculations for geophones GS - ONE:
1) The flexibility of the spring suspension: x

C =

R 0.018 m/H

TES

2) Q-factor of the mechanical branch:

3) Then it is necessary to make a transformation
from mechanical values to electrical ones:

m = 0.014kg — C,, =0.014 F
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¢=0.018"/y — L,, =0.018 H 6) Coil inductances:

3) The value R,, we will find using values of quality

L.
Lo =Leo=—=70mH
Q and L,,, Cp,: 2

Q

Cm

R, = = 0.882 Ohm

7) Coil capacitances:

~
3

4) Transformation coefficient of T),: Ce = Ceo =2C. =100 mF

1
K=1/v= 85,8 The amplitude frequency response of geophone wi-
thout load shows in Fig. 5a, and amplitude frequency
5) Coil resistances: response of geophone with the load of shunting
R resistor 20 kOhm (according to the manufacturer’s
Ry = Rep = 76 = 900 Ohm recommendation) presented in Fig. 5b.
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Puc. 5. The comparison of geophone characteristics and simulation results (dashed line — data from the datasheet
of the geophone, solid line — results): a) amplitude frequency response of geophone without load; b) amplitude
frequency response of geophone with a load
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Puc. 6. The comparison of geophone characteristics and simulation results (dashed line — data from the datasheet
of the geophone, solid line — results): a) phase frequency response of geophone without load; b) phase frequency
response of geophone with the load
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The phase frequency response of geophone without
load presented in Fig. 6a, and the phase frequency
response of geophone with a load of shunting resistor
20 kOhm presented in Fig. 6b.

As is seen, the coincidence of experimental data
and data presented in the documentation is entirely
satisfactory. The maximum deviation of the geophone
amplitude frequency response is equal to 8%. The
maximum variation of the geophone phase frequency
response is equal to 2 degrees. As to the position of
the resonant frequencies of the geophone, they coincide
entirely.

Conclusions

1. The calculation method for the equivalent scheme
of geophone on the basis of the electromechani-
cal analogies principle is given. The order of
measurement and calculation of model elements
is shown. The calculation of the circuit elements
according to the following method is carried out
on the example of the GS-ONE geophone, the
amplitude and phase frequency responses as the
results of simulation in the package of NI Multi-
sim are introduced.

2. The accuracy of the given model is increased
compared to known models [13, 14] due to the
consideration of the presence of the output
geophone branch in the form of inductance coil
and its parasitic parameters.

3. This method can be used for equivalent ci-
rcuit parameters calculation and for modeling in
electronic simulation packages and also can be
recommended for engineering practice use.

4. The model does not take into account absolutely
all processes in geophone, which leads to devi-
ation in the amplitude values of amplitude
frequency response to 8% and the deviation of
phase frequency response to 2 degrees. However,
further additions to the model will complicate its
use in engineering practice and from this point of
view it is not expedient.
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Cxema 3aminieHHs reodoHa OJid 3a0a4
mozemoBanHsga B SPICE nakerax

Cywxo I.0., Bicmusenxo €.B., Mosuwaniox A.B.,
Anmunenxo P. B., Cepza A. B.

Bceryn. V cyuacwiit Texmini npu peecrpariii ceficmivaamnx
CHUTHAJIB y SKOCTI JaBava HANOLIbINE MONTUPEHHS OTPUMa-
sm ingykTuBHI ceficmonpumitmadi (reodonn). IIpm po3pobi
amapaTypu HpuiioMy CeCMIYHUX CUTHAJIIB HAHOLIbINY yBa-
Ty TPUIUISIOTH BXITHUM MMICATIOBAYaM, JI0 STKUX 0e3rmoce-
peaHbo miaKIoJaeThed reodor. Tak gk, B 3a/1€KHOCTI Bi
THUIy CEHCMIYHOTO MOCIiIZKEHHs HeOOX1THO BUIIATH HeBHI
Jiara30Hu BXiJHUX YACTOT JI0 TeO(OHIB I0MAI0THCI JTAHKHI
dinprpanii 1 kopexmnii dopmu AYX ta @YUX reodony. To-
My poboTa reodOHy ITOBHHHA PO3IVISLIATUCA B KOMILIEKCI 3
BXITHUMY KACKaJaMU TIPUIMAYa CEHCMITHUX XBUITh.

OcHoBHa yacTuHa. Byso mpoanai30BaHo OCHOBHI ma-
pamerpu reodOHIB, IO HABOAATHCHA y MJOKYyMEHTAIl HA
BUpiO, BUiIJIEHHI OCHOBHI IapaMeTrpw, 3a SAKUMH Oy/e OIii-
HIOBATHCH aJeKBATHICTH CTBOPEHOI Mozes. AHasi3 mpoBo-
musca Ha npukaaai mogeai GS-ONE BupobaunTea KOMmaHii
Geospace (USA). Posrinamyro 6ymoBy reodona Ta mpwH-
U €JIEKTPOMEXAHIYHUX AHAJIOTIN /IS CTBOPEHHS CXEeMH
3amimenns. [IpuBenena cxema 3aMilmeHHs 3 ypaxyBaHHAM
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Mapa3uTHUX MMapaMeTPIiB Ta METOAMKA BUMIPIOBAaHHS 1 PO3-
PAaXyHKY €JIEMEHTIB cxeMu. PO3IISIHyTO BIUIMB MIYHTYIO-
90r0 OIOpy, MiJKJIIOUEHOrO 0 BHUXITHUX KJjileM reodoHa,
Ha pobory reodona. IIpoBemerno po3paxyHOK esreMeHTIB
CXeMW TI0 HaBeeHiii MeTomuili Ha mpukaadi reodona GS-
ONE, mpexcrasiero rpadikn AYX ta @YX, orpumanHi
B pesyiabrari mozemoBanHg y makeri NI Multisim. Oumgj-
HEHO Ppe3y/IbTaTH MOJEIOBAHHS 3a 1X BIAMOBIIHICTIO 10
AHAJIOTIYHUX, HABEIEHUX y JTOKyMeHTamil Ha reodoH.

BucHoBku. VY mganiit Mmomesi nigBuinena TOYHICTD y TO-
piBHsIHHI 3 BimoMuMu MozesisiMu [1,2] 3aBAsSIKM BpaxXyBaHHIO
HAsBHOCTI BUXiZHOI JaHKM reodOHA y BUIVISAAl KOTYIIKI
iHmyKTHUBHOCTI Ta i1 mapa3uTHux mapamerpiB. Po3pobiena
MEeTOAMKA MOYK€ 3aCTOCOBYBATHCS ISl PO3PAXyHKY Iapa-
MeTpiB cxeMm 3aMimeHHs reodOHA Ta BHUKOPDHUCTAHHS B
[IaKeTax MOJIEIIOBAHHS eJIeKTPOHHUX cxeM. Mozess He Bpa-
XOBY€ abCOJIIOTHO YCiX IIPOIECIB, IO TPOXOaATH y reodoHi,
L0 IPU3BOAUTH [0 BIAXWJIEHHS B MOKA3HUKAX AMILTITYIN
y AYX meperopioBaga g0 8%, a Bimxmmemns PUX mo
2-x rpazycis. IIpoTe mogasbire JOIOBHEHHS MOZEl YCKIIa-
OHUTH 11 BUKOPHUCTAHHA B iHMKEHEpHIN IpakTuii i 3 Imiel
TOYKU 30Dy HE € [IOIIbHUM.

Karwowo6t caosa: reodon; ceficMivHI CUrHAJIN; €KBiBa-
snenTHa cxema; momesmoBanasa B SPICE makerax

Cxema 3amemnienus reodona ajad 3aaad4
mogenupoBanusa B SPICE makerax

Cywxo U. A., Bucmusenxo E.B., Moswaniox A.B.,
Anmunenxo P. B., Cepza A. B.

OaHuM U3 HANPABIEHUN COBPEMEHHON TEXHUKU SIBJISA-
ercd amaparypa pPerucTparnuu CefiCMUYeCKuX CUTHAJIOB. B
Ka4eCTBe JATYNKOB TAKHUX CHTHAJOB HCIOJb3YIOT HWHILY-
KTUBHBIE celicMonpueMunku — reogonni. [Ipu paspaborke
anmapaTypbl IpUeMa CeHCMUYIECKUX CUTHAJIOB HaubO/IbIIee
BHUMAaHFE YZe/seTCs BXOTHBIM yCuauTesasM. PaGora reo-
doHa paccMaTpUBAETCA B KOMIIJIEKCE C BXOTHBIMU KaCKa-
JIaMW TIPUEMHWKA, CeHCMMYECKAX BOJTH. BbLma mpesoxkena
cxemMa 3amenieHnst reodOHa [UIg ydeTa BJASHHAS [apa3u-
THBIX TIAPAMETPOB /Il MOJIYYEHUs BO3MOYKHOCTU MOJIE/IU-
posauus B SPICE mnakerax. [IpuBenennas cxema maer Bo-
3MOKHOCTh YCKOPHUTBH Pa3pabOTKy CHCTEMbI DETHCTPAITUH.
TIposemena TpoOBepKa aJEKBATHOCTU TOJIyYEHHOW CXEMBI
Iy TeM MPOBEPKHU CXOIUMOCTH 3KCIIEPAMEHTATLHBIX JAHHBIX
¥ JAHHBIX, IPUBEICHHBIX B JOKYMEHTAIIMHA Ha re0dOH.

Kmoueswvie caosa: reodon; ceficMudYecKue CUTIHAJIBL;
SKBUBaJIeHTHAs cxema; momesanposanue B SPICE makerax
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