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Abstract

The purpose of the study is to analyse the influence of the excitation of an induction-dynamic catapult of a ballistic
laser gravimeter from an AC voltage source at different frequencies on electromechanical indicators that provide a reduced
value of the auto seismic component of error in measuring the gravitational acceleration g due to a decrease in the recoil
force. A mathematical model of the gravimeter catapult when excited from an AC voltage source is proposed, taking into
account the interrelated electrical, magnetic and mechanical processes. The nature of the electromechanical processes in
the catapult of the gravimeter with such excitation has been established. It is shown that a phase shift occurs between the
currents in active elements, as a result of which positive (repulsive) pulses of the electrodynamic force alternate with negative
(attractive) pulses of force. A criterion for the efficiency of the gravimeter catapult has been introduced, taking into account
the maximum value of push of the test body at the smallest values of the electrodynamic force and current of the inductor
winding. It was found that the highest efficiency of the gravimeter catapult is provided at a frequency of 250 Hz, at which
the catapult efficiency is 3.5 times higher than at a frequency of 50 Hz. It is shown that the transition from the method of
excitation of an induction-dynamic catapult with one short pulse to excitation from an AC voltage source makes it possible

to reduce the uncertainty in measuring the gravitational acceleration.
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Introduction

For high-precision measurements of the absolute
value of gravitational acceleration g, ballistic laser
gravimeters (BLGs), which implement the symmetric
method, are used. According to this method, in the
vacuum chamber of the gravimeter, a catapult pushes
a test body (TB), which is an integral part of the
measuring system of the Michelson laser interferometer.
In the process of free flight of the TB, g is measured
on the ascending and descending branches of the
trajectory by registering the path and time intervals
passed by the TB in free motion [1—4].

With the symmetrical method of measuring g,
the influence of the gaseous medium is eliminated
by compensating for the oppositely directed resistance
forces of the medium during vertical take-off and
fall of the TB. In this case, there is no problem of
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putting the TB to its initial position, as in gravimeters
with an asymmetric method for measuring g [5, 6].
However, with a symmetric method of measuring g,
a recoil force arises at the moment of the catapult
pushing the TB, which leads to auto seismic vibrations
of the foundation and all mechanical elements of
the gravimeter, which determine the corresponding
component of the measurement error of g [7, §].

Analysis of literature data and problem statement
Various catapults and methods of their excitation
are known for gravimeters with a symmetric method
for measuring g. In [6], a ballistic gravimeter is
described, in which the indirect transformation
of electrical energy into vertical movement TB is
carried out. Push of the TB is carried out using an
electromagnetic catapult and a symmetrical six-bar
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pantograph, the central axis of which is fixed in the
vacuum chamber of the ballistic unit of the gravimeter.
The central axis is connected to the ferromagnetic
armature of the catapult. When the catapult is excited
from a capacitive energy storage (CES), the heavy
ferromagnetic armature is pulled into the inner cavity of
the excitation winding. Moving down, the ferromagnetic
armature pulls the pantograph, which pushes the
carriage with the TB vertically upward with following
catching.

However, such a multistage energy conversion is
accompanied by friction and subsequent wear of the
contacts of the moving elements, vibration and impacts
in the connecting elements, damping of a part of the
energy, etc.

To eliminate these disadvantages, it was proposed
to use BLG with an induction-dynamic catapult (IDC),
which provides direct conversion of electrical energy
of CES into mechanical energy and ease of adjusting
the height of the TB pushing [9]. When the IDC is
energized by the CES, the current in the inductor
winding induces a current in the electrically conductive
armature. Under the action of the axial electrodynamic
repulsion force f,, the armature, together with the TB,
performs free vertical movement, during which the
measurement of g is carried out. However, a short-term
and significant in amplitude pulse of electrodynamic
force causes auto seismic vibrations of the BLG
foundation due to the recoil force [10].

It is possible to reduce these vibrations by
increasing the duration of exposure and decreasing
the amplitude of the electrodynamic force between the
inductor winding and the armature [11]. One way to
implement this idea is to sequentially excite the IDC
from the CES sections [12]. With such excitation,
a packet of short power pulses of low amplitudes is
formed. However, this requires a rather sophisticated
electronic control and charging system for the CES
sections, and the recoil force remains quite high (0.5—
1.1 kN). One of the ways to reduce the recoil force and
the resulting auto seismic vibrations of the gravimeter is
the excitation of the IDC from an AC voltage source
(ACVS) [13].

The purpose of the study is to analyze the effect
of the IDC excitation from the ACVS at different
frequencies on electromechanical indicators that
provide a reduced value of the auto seismic component
of the measurement uncertainty of gravitational
acceleration g due to a decrease in the recoil
force.

Mathematical model of the gravimeter catapult

Let’s consider the IDC when the inductor winding
is energized by the ACVS, which allows the TB to
move vertically by means of an electrically conductive
armature. In the mathematical model of the IDC,
we use the lumped parameters of active elements —
a fixed inductor winding and a movable electrically

conductive armature connected to the TB. We neglect
the resistance of the connecting wires. We assume that
there is no movement of the inductor winding and
there is a strictly vertical movement of the armature
with the TB.

Electromagnetic processes in active elements of
the IDC when excited by the ACVS can be described
by the system of equations:

Ri +1I, C;’l My (2) diy 2+, z(t) 2 _ (), (1)
d 21
Ry, +L, — +M2l(z) =0, (2
where n = 1, 2 are the indices of the winding of

the inductor and the armature (active elements),
respectively;, M ,(z) = M, (z) is the mutual inductance
between active elements; v: is the speed of movement
of the armature with the TB along the vertical axis
z; R, L, i are the active resistance, inductance and
current of the n-th active element; wu(f)=U, sin(w?)
is the ACVS voltage; o=2nv; v is the ACVS
frequency.
Let’s introduce the following notations:

dM
M=M,(z2)=M,(z); v.=v.(1); u=u); ¢=v.——.

dz
We will find solutions for currents in active
elements in the form:

iy = uR ™" —i, R+ A exp(out) + 4, exp(a,1),  (3)
i, =—i R g+ A, exp(a,f) + A,, exp(a,?), 4)

where a,, =—0.58,8; +{0.258737 —[ RR, -¢* |B'} are
the roots of the characteristic equation for the free
component of the differential equation:

Bzdll l3lahl (

B, =LR,+L,R -26M; B, =LL,(1-K;, ); K,=(L L)
is the coefficient of magnetic coupling between active
elements; 4,,,4,,4,,,4,, are the arbitrary constants at
time 7, for the free component of currents:
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-
where [=1, 2; m=3-I;
==L'(1-K%) {ult) +1,) (ML'S = R+, 1) (MR, — <)}
=L (1-k3) {10 (ML <= R, ) -t ME +1,) (MR ' =)}
In the final form, the currents in the active

elements of the IDC when excited from the ACVS
are described by the recurrence relations:
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where u(t,)=U,, sin(wr,).

Axial movement of the armature with the TB
is carried out under the action of an electrodynamic
force: aM

dz
The value of the vertical movement of the
armature 4_ can be described in the form of a recurrent
relation [12]:

ho(t)=h () +v. (LA +9-AF [(my +m,), (11)

1, (20 =i (t )i (1,)—=(2). (10)

where v, (¢, )=V, (tk)+S~At/(m2 +m,) is the speed of
the armature with the TB; m,, m_ are the masses of
the armature and the TB, respectively;

. . dMlZ
8=i()i() (z)-g(m, +m).
dz

Initial conditions of the mathematical model:
i (0)=0; A (0)=h_; v (0)=0.

When implementing the equations describing
electrical, magnetic and mechanical processes on
a computer, a cyclic algorithm is used. At each
numerically small calculated step Az, the values of
currents in, axial electrodynamic force f,(z,¢), velocity
v_ and movement h_of the armature with the TB,
mutual inductance M between the active elements of

the catapult are sequentially calculated.

Electromechanical processes in the gravimeter catapult
Let’s consider the IDC with the following
parameters: the outer diameter of active elements D, =

500 w,V, J, Afmm? | . |
150 e
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=80 mm, their inner diameter D, =4 mm. The height
of the inductor winding H,= 6 mm, the height of the
copper armature /,=1.5 mm, the number of turns of
the inductor winding N, =228, which is wound with a
copper wire with a diameter of ;= 0.9 mm. Mass of
the TB m = 100 g. Total pushed mass m, + m =167g.
The amplitude of the ACVS is U = 100 V.

Let’s consider the process of catapult excitation
from the ACVS with a frequency of 100Hz. Fig.la
shows the ACVS voltage u with a frequency v =
=100Hz, the current density in the inductor winding
J, and in the armature j,. The largest value of the
amplitude of the current density in the inductor winding
Ji,,= 146 A/mm? occurs in the first half-cycle. In the
armature in the first half-cycle, the induced current
density has the opposite polarity, and the largest
amplitude j, =70 A/mm’ occurs in the second half-
cycle, the polarity of which coincides with that of the
inductor winding current in the first half-cycle. The
maximum value of the current density in the inductor
winding after the first cycle practically reaches a steady-
state value, while the current becomes oscillatory-
damped in the armature.

Since a phase shift occurs between the currents in
the active elements, the positive (repulsive) impulses
of the electrodynamic force alternate with the negative
(attractive) impulses of the force (Fig. 1b). In this case,
positive impulses of force prevail over negative ones.
The amplitude of the first maximum positive force
impulse f,, =75.5N, and the amplitude of the first
negative force impulse f,, =40 N. The electrodynamic
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Fig. 1. Electrical (a) and mechanical (b) characteristics of the IDC when excited from the ACVS with a frequency of 100 Hz
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Fig. 2. Electrical (¢) and mechanical (b) characteristics of the IDC when excited from the ACVS with a frequency of 300 Hz

force f, has a strong damping character due to the
vertical movement of the armature with the TB 4_
during the excitation process. With this excitation, the
armature together with the TB is pushed to a height
of A, =93mm. Since in the process of excitation of
the IDC the magnetic coupling between the movable
armature and the stationary winding of the inductor is
weakened, it is advisable to limit the excitation process
in time.

When the catapult is excited by the ACVS with
a frequency of v =300 Hz, changes in the electro-
mechanical characteristics occur (Fig. 2).

The maximum amplitude of the current density in
the inductor winding in the first half-cycle decreases
to j, =103.6 A/mm? and in the armature, on the
contrary, increases to j, = 95 A/mm’. At this, the phase
shift between the currents decreases, and the currents
in the active elements change practically in antiphase.
As a result, positive impulses of electrodynamic force
increase, and negative impulses of force decrease.
So, the maximum amplitude of the positive impulse
of the force increases to f,, =96.5N, and the
maximum amplitude of the negative impulse of the
force decreases to f, =22.5N. The electrodynamic

200

T A, Afm2

1 |
150 200
a

O |
50 100 v,Hz 300

force f, remains damped due to the vertical movement
of the armature with the TB 4_ during the excitation
process. The anchor together with the TB is pushed
to a height 4 = 141.4 mm. When the IDC is excited
from the ACVS at 300 Hz, it is advisable to limit the
process to a 30 ms interval.

With an increase in the frequency v from 50 to
300 Hz, there is a decrease in the maximum amplitude
of the current density in the winding of the inductor
J,,,from 170.3 to 103.6A/mm* and an increase in the
maximum amplitude of the current density in the
armature j, from 42 to 95A/mm* (Fig. 3a). The
value of the maximum amplitude of the positive
impulse of force f,, increases from 46.7 to 96.5 N,
but the maximum value f,, = 100.7N occurs at v =
=250 Hz. The magnitude of the maximum amplitude of
the negative impulse of the force f,, increases in the
frequency range v € (50, 100) Hz from 31.8 to 40 N,
and with a further increase in frequency to 300 Hz, it
decreases to 22.5 N. Due to the indicated change in
forces, the maximum height /_ of the armature push
in the range v € (50, 300) Hz increases from 29.6 to
141.4mm, taking the maximum value /#_ = 147.6 mm
at v = 250 Hz.

*
E7 ru
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Fig. 3. Dependence of electromechanical indicators (a) and efficiency factor () of the IDC on the ACVS frequency
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Fig. 4. Auto seismic component of the error of g measurement for the variants of excitation from the ACVS
with a frequency of 300 Hz (a) and 500 Hz (b)

In order to comprehensively assess the effect of the
ACVS frequency on the IDC indicators, we introduce
the efficiency criterion in a dimensionless form

. h
K: zm

Tt
in which all parameters are normalized by the IDC
indicators at the ACVS frequency v = 50 Hz. The
most effective will be the catapult, which provides the
maximum value of pushing the TB at the minimum
value of the electrodynamic force, manifested in the
form of the recoil force, and the current of the inductor
winding, which is important for the electronic system
of the excitation source. Intensifying the frequency
increases the efficiency of the IDC. The highest IDC
efficiency is provided at a frequency of v = 250 Hz,
at which the IDC efficiency is 3.5 times higher than
at a frequency of v = 50 Hz.

With excitation from the ACVS, the efficiency
of the BLG catapult is significantly higher than with
excitation with a single pulse from the CES. So, when
using a capacitance C,= 675 uF, charged to a voltage
of U= 210 V, at which the armature with the TB is
pushed to a height 2 = 150 mm, the magnitude of the
electrodynamic force f, is almost 2 kN. As a result,
the efficiency of the catapult is low K= 0.024 [12].

When the IDC is excited by a packet of 10
consecutive pulses from the CES sections with the
parameters C;= 100 uF, U= 320V, at which the arma-
ture with the TB is pushed to a height #_= 140 mm,
the force f is almost 1.0 kN, providing also quite
low efficiency of the catapult K'=0.138 [12]. Thus,
the known IDC excitation methods are significantly
inferior to the proposed excitation from ACVS.

*

12)

Influence of the IDC excitation on the auto seismic
component of the BLG error

Let’s consider the influence of the excitation of the
gravimeter’s IDC from the ACVS on the auto seismic
component of the error (ASE) of g measurement in
comparison with the excitation of the catapult with

one short pulse from the capacitive energy storage.
The value of ASE is estimated by simulation in the
Wolfram Mathematica programming environment
using the BLG mechanical system model [10—12].
The simulation used the following parameters of the
BLG mechanical system [10—12]: foundation mass
m,= 750kg, soil base rigidity ¢,= 125.88 MN/m, base
viscous friction coefficient b= 73743.2 N-s/m; mass
of the TB m = 0.167kg. The simulation was carried
out for the variant of rigid installation of the reference
reflector of the BLG interferometer.

As an indicator of the efficiency of the proposed
method of the IDC excitation, the following ASE of
g measurement [10—12] was taken:

K-1 T
Ag == x,(kh+1, —5)-W(k), (13)
k=0
where x (7) is the process of moving the reference
reflector; A is the sampling interval of the readings of
the path traveled by the TB; 7, is the time moment
of reaching the top by the TB; w(k) are the weight
coefficients for processing the path-time readings in
the BLG; T is the duration of the processing interval.

The sampling interval in expression (13) was
chosen equal to 0.5 ms. At this, processing coefficients
w(k) were used that correspond to the least squares
method. The simulation results are presented in the
form of graphs (Fig. 4), which show the dependences
of the ASE of g measurement on the duration of the
processing interval 7. In Fig. 4a, the solid line shows
the results for the variant of excitation of the BLG
catapult from the ACVS with a frequency of 300 Hz,
and in Fig. 46 — 500 Hz.

The dashed lines show the dependences of the
ASE on the duration of the processing interval T for
the variant of catapult excitation with a single pulse
from the CES with a duration of 1 ms, at which the
same push height of the TB is provided. As the analysis
shows, with increasing the ACVS frequency, the ASE
is significantly reduced compared to the single-pulse
variant.
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From the analysis of the obtained dependences of
the ASE value of g measurement, it is concluded that
the excitation of the IDC from the ACVS of higher
frequency compared to the excitation by a single pulse
from the CES significantly reduces the uncertainty of
g measurement for the BLG with a symmetrical
method of measurement.

Conclusions

A mathematical model of the gravimeter catapult
when excited by the ACVS is proposed, taking into
account the interrelated electrical, magnetic and
mechanical processes. It is shown that a phase shift
occurs between the currents in the active elements
of the IDC, as a result of which positive (repulsive)
impulses of the electrodynamic force alternate with

negative (attractive) impulses of force. Positive impulses
of force prevail over negative ones.

The IDC efficiency criterion has been introduced,
taking into account the maximum value of pushing
the TB at the smallest values of the electrodynamic
force and current of the inductor winding. It is found
that the highest efficiency of the IDC is provided at
a frequency of v = 250 Hz, at which the catapult
efficiency is 3.5 times higher than at a frequency of
v = 50 Hz.

It is shown that the transition from the
excitation method of the BLG IDC with a sym-
metric measurement method with one short pulse
to the excitation from the ACVS of increased
frequency can reduce the uncertainty of g measure-
ment.
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AHoTaujis

MeTtoro pocnimxeHHsl 1€l CTaTTi € aHaji3 BIUIUBY 30YMIKEHHS iHAYKLIAHO-AMHAMIYHOI KaTamyJbTU OalliCTUMHOTO

JIa3epHOTro rpaBiMeTpa Bil Jkepesa 3MiHHOI HaIlpyry MpU pi3Hiii 4acTOTi Ha eleKTpoMeXaHiuHi MOKa3HUKU, 1110 3a0e3MevyIoTh
3HIDKEHY BEJIMUMHY aBTOCEHMCMIUHOI CKJIaloBOi MOXMOKM BUMIpHOBaHHSI MPUCKOPEHHsS BiIBHOTO MaliHHS g 3a PaxyHOK
3MEHILEHHS CWIM Bigmayi. 3almporoHOBAHO MaTeMaTW4YHY MOMEb KaTalyJbTU TpaBiMeTpa Npu 30YIKEHHi Bil Ikepesa
3MiHHOI Hampyru, IO BPaxXOBYE B3a€EMO3ajeXHi eJeKTpUYHi, MarHiTHi Ta MexaHiuHi Ipolecu. BcTaHOBIEHO XapakTep
€JIeKTPOMEXaHIUHUX TPOLECIB, SKi BiIOYBalOTbCS MPU iHAYKUIHHOMY 30YIKE€HHI NUHAMIYHOI KaTamyJbTh OajiCTUMHOTO
JnazepHoro rpasimeTpa. ITokazaHo, 110 MiX CTpyMaMu B aKTMBHUX €JieMEHTaxX BMHMKAE (a30BUIi 3CYB, BHACHIIJOK YOIO
MO3UTUBHI (Ti, IO BiAILITOBXYIOTH) iMITYJIbCU €JIEKTPOJIMHAMIYHOI CUJIM YEPIyIOThCS 3 HEraTUBHUMU (TUMM, 1110 MPUTITYIOTD)
iMnyabcamMy cusiv. TTO3UTHBHI iMITyJIbCU CUJIM TlepeBaXkaloTh HaJl HETATUBHUMM iMITyJIbCAMU.

BBeneHo kpurepiii epeKTUBHOCTI KaTamyJabTH TpaBiMeTpa, 110 BPaXOBYE HAMOUIbIINY BEJUUYMHY MiIKWIAHHS TTPOOHOTO
TiJla MPU HaMEHIIUX BeJIWYMHAX EJEKTPOJMHAMIUHOI CUJIM i CTpyMy OOMOTKHM iHAyKTOpa. BcTaHOBiIeHO, 110 HaiOiiblIa
e(peKTUBHICTD KaTamy/IbTH TpaBiMeTpa 3abe3nedyeThes pu yacTtoTi 250 ', mpu AKiil eeKTUBHICTH KaTamyabTu B 3,5 pasy
BUIIIa, HiX nipu yactoTi 50 I'u. TTokazaHo, 110 nepexia Bif crnocoOy 30yIKeHHs iHIYKIiiHO-AMHAMIYHOI KaTamyJbTh OJHUM
KOPOTKMM iMITyJIbCOM 10 30Y/KEHHSI Bil JKepesa 3MiHHOI HaIpyryd J03BOJISIE 3MEHIIMTHM HEBU3HAYEHICThb BUMipIOBAHHS
MPUCKOPEHHS BiIBHOTO MaJiHHSI.

KoiouoBi ciioBa: OajicTUyHMII Jla3epHU rpaBiMeTp; iHAYKIIHHO-IMHAMIYHA KaTallyJbTa; aBTOCEMCMiuHa CKJIagoBa
MOXMOKY BUMIpPIOBAHHS; JKEPEJO 3MiHHOI HAIpyru; KpUTepiit e(heKTUBHOCTI.
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AHHOTaUMS

CraThsl TOCBSIILIEHA aHATU3Y BIUSIHUST BO30YXIEHUS] MHAYKUMOHHO-AMHAMUYECKOU KaTamylbThl OATUCTUUYECKOTO
JIa3epHOTO TpaBUMeTpPa OT WCTOYHMKA TMEPEeMEHHOTO HAIPSDKEHMST TIPU Pa3IMdyHONW YacTOTe Ha 2JeKTPOMEXaHUYeCKUe
rokasareiu, oOecreyuBalolie MOHWXKXEHHYIO BEJIMYMHY aBTOCEMCMUYECKON COCTaBISIIONIC MOTpelIHOCTH U3MepeHUsI
YCKOpPEHUsI CBOOOMIHOTO TaneHUsT g 3a CUET YMEHBIIEHUS] CUJIbI OTAavM.

[IpennoxeHa MaTemaTHyecKasi MOJIENIb KaTalyJbThl I'DaBUMETpa IPU BO30YXIEHUM OT MCTOYHMKA IEPEeMEHHOIo
HATIPSDKeHUST, YIUTHIBAIOIIAsl B3aMMOCBSI3aHHBIE JJIEKTPUUECKUE, MAaTHUTHBIE W MeXaHWYeCKUe TPOIeCcChl. YCTaHOBIEH
XapakTep JIEKTPOMEXaHUYECKUX IMPOLIECCOB B KaTallyJbTeé IPaBUMETpa MPU TaKOM BO30YXKIEHUU.

Beenen kpurepuit 2¢HeKTUBHOCTH KaTammyabThl TPABUMETPA, YUUTHIBAIOIINI HAUOOBIIYIO BEJTUUUHY TTOAOPACHIBAHUS
MPOGHOTO TeJia P HAaUMEHBIITUX BeJUIMHAX 3JICKTPOIMHAMUYECKOM CHIIBI M TOKa OOMOTKM WHAYKTOpA. Y CTaHOBJIEHO, YTO
HauOoJbIIas 3(pHEeKTUBHOCTh KaTamy/IbThl TpaBUMeTpa obecrieunBaeTcsl pu yactore 250 I', mpu KoTopoit 3¢ (GeKTUBHOCTD
KaranyiabThl B 3,5 pa3a Bbile, yem npu yactote 50 I'. TTokazaHo, 4To mepexoa oT criocoba BO30YXKIAEHUSI UHIYKIIMOHHO-
NUHAMUYECKON KaTamyabThl OJHUM KOPOTKMM HUMITYJbCOM K BO30OYXXIEHHMIO OT MCTOYHMKA TMEPEeMEHHOTO HaTpsKeHUs
TTO3BOJISIET YMEHBIIIUTh HEOTIPEIeIeHHOCTh U3MEPEHMST YCKOPEHUsI CBOOOMHOTO TMaeHUsI.

KimoueBbie ciioBa: 0auIMCTUYECKUI J'Ia3€pHLIﬁ TPpaBUMETP, MHAYKIIMOHHO-IMHaAMMWUYCCKasd KaTallyJibTa, aBTOCEVICMUYECKas

COCTaBJISIOIIAsT MOTPEIIHOCTY M3MEPEHUSI; UCTOYHUK MEPEMEHHOIO HAIpsDKEHMS; KpUTepuil 2 (GEeKTUBHOCTH.
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