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RESEARCH OF THE MEASUREMENT OF GRAVITATIONAL ACCELERATION
USING A TRANSFORMER GRAVIMETER

This article presents the methodology and results of experimental studies aimed at measuring the gravitational acceleration
using a newly designed transformer gravimeter. The work outlines the relevance of high-precision determination of the gravitational
acceleration g for solving numerous geophysical, geological, and engineering tasks, and highlights the limitations of existing ground-
based gravimeters in terms of accuracy and measurement speed. The proposed approach employs a ballistic measurement method
in which a test body with magnetic properties moves freely through a transparent tube equipped with inductive coils and a controlled
electromagnetic release mechanism. The paper describes the structure of the experimental setup, the operating principles of the
measurement channels, and the mathematical foundations used to calculate g based on time delays of induced voltage pulses and
coordinate-based trajectory approximation using a video registration subsystem. A dual-channel system is implemented to enhance
accuracy: the first channel determines g from signals induced in the coils, while the second uses pulsed illumination and video
tracking to calculate coordinates of the falling body and apply a least-squares approximation. The results obtained from both
channels are combined to form a refined estimate of gravitational acceleration with improved precision. Experimental measurements
were carried out for different distances between the inductive coils, and corresponding oscillograms and calculated values of g are
presented. The study confirms that the proposed transformer gravimeter and measurement methodology significantly improve the
accuracy and performance of gravitational acceleration measurements, demonstrating their practical applicability for advanced
gravimetric research.

Keywords: gravitational acceleration, transformer gravimeter, experimental research, installation.

BE3BECIJIbBHA OJIEHA
HTVYY «KuiBcpkuii momiTexHidHui iHCTHTYT iMeHi [ropst CikopchKoro
https://orcid.org/0000-0002-6951-1242
e-mail: 0.bezvesilna@gmail.com
I'PUHEBHUY MAPIA
HTVYYVY «KuiBcbkuii monitexHiuHui iHCTUTYT iMeHi Iropst CikopcbKoro»
https://orcid.org/0000-0001-9183-5211
e-mail: mariia.skyless@gmail.com

JOCIKEHHA BUMIPIOBAHHSA NPUCKOPEHHSA CUJIA TAXKIHHA TPAHCO®OPMATOPHUM
I'PABIMETPOM

YV cmammi npedcmasneno memoouxky ma pesyibmamu eKcnepuMeHmanbHux O0CIONHCeHb, CHPAMOBAHUX HA 8UMIPIOBAHHI NPUCKOPEHHS.
CUNIU MANCIHHA 30 OONOMO2010 HOBOCMEOPEHO20 MPAHCHOPMAmMopHo20 epasimempa. Poboma suceimnioe akmyanbHicme 6UCOKOMOUHO20 BUSHAYEHHS
NPUCKOPeHHS g OMsl PO36 AZAHHA WUPOKO20 KONA 2e0QI3UYHUX, 2e0N02INHUX A [HIICEHEPHUX 3a0ay, d MAKOIC OKPECTOe 0OMENCeHHS CYUACHUX
HA3eMHUX 2pagimempis w000 mouHoCmi ma weuokooii. 3anpononosanutl nioxio bazyemvcsa Ha OATICMUYHOMY MEMOOi BUMIPIOBAHb, Y AKOMY NPOOHe
Mo 3 MASHIMHUMU BIACMUBOCHIAMU 30IUCHIOE GINbHULL PYX Y NpO30piti mpyoyi, 061a0HaHill THOYKMUGHUMU KOMYWKAMU MA KePOBAHUM
eNeKMPOMASHIMHUM MEXAHIZMOM YMPUMAaHHA. Y pobomi 0emanibHO ONUCAHO CMPYKMYPY eKCHepUMeHmAnbHOI YCMAaHO8KU, NPUHYUNU pobomu
BUMIPIOBATILHUX KAHALIE MA MAMEMAMUYHI OCHO8U PO3PAXYHKY g 34 YACOBUMU 3AMPUMKAMU IHOYKOBAHUX IMNYIbCIE HANPY2U Ul 30 Pe3ylbmamamu
KOOpOuHamuoi anpoxcumayii mpackmopii, ompumanoi 3a 00nomo20io gioeopeccmpayiiinoi niocucmemu. s nioguwens moyHoCmi peanizo8ao
060pigHEsY CUCMeEMY BUMIDIOSAHb. NePWUll KAHAT BUSHAYAE g 3d CUSHANAMU 3 KOMYWOK, Opy2Uull — BUKOPUCMOBYE IMNYIbCHE OCGIMACHHA Md
8i0e0mpaxine 0isl 0OUUCTeHHS KOOPOUHAM NAOIHHA | NOOALUOT anpoKkcumMayii Memooom HaumeHwux keaopamis. OO €OHaHHA pe3yibmamis 06ox
Kananie 3abesneuye ymouneny i ni0gUWeHy 3a MOYHICIIO OYIHKY NPUCKOPeHHs cunu maxcinna. IIposedeno excnepumenmanbi 6UMIPIOBAHHS OIsL
Pi3HUX giocmanel Midic IHOYKMUGHUMU KOMYUIKAMU, HABEOEHO BION0GIONT OCyunozpamu ma o6uucieni snauenns g. Jfocriosicents niomeepoicye, ujo
3ANPONOHOBAHUL MPAHCHOPMAMOPHULL 2pABIMEmp MAa MemoOUKd GUMIDIOBAHb 3HAYHO NIOBUWYIOMb MOYHICMb | eeKmUGHiCmy BUSHAYEHHs
NPUCKOPEHHSA CUNU ANCIHHA A MOACYMb OYMU 6UKOPUCIAHT 6 CYUACHUX 2PABIMEMPUHUX OOCTIONCEHHSX.

Kniouosi cnosa: npuckopenns cunu maxcinns, mpancgopmamopruii pagimemp, excnepumenmanbii 00CIioNiCeHHs, YCMaHo8Ka.
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Statement of the problem
Measuring the acceleration of gravity (AG) g with high accuracy is necessary for solving a wide range of
scientific problems: determining the shape of the Earth, building models of the movement of deep masses, assessing
elastic deformations of the planet's surface, predicting earthquakes, finding deep density inhomogeneities, searching for
mineral deposits, etc. Gravimeters are designed to determine g. Among them, transformer gravimeters (TG) are the
most promising for ground-based measurements.
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A significant contribution to the development of methods and means of gravimetric measurements was made by
scientific schools formed at the Institute of Geophysics under the leadership of Academician of the National Academy
of Sciences of Ukraine Starostenko V.I. (Kyiv), at the National Scientific Center “Institute of Metrology” under the
leadership of Ph.D. Sydorenko G.S. and at the NTUU “KPI” at the Faculty of Instrumentation under the leadership of
Dr. of Technical Sciences, Prof. Bezvesilna O.M.

Modern research in the field of gravimetric equipment development is focused on two main areas: the first is
increasing the accuracy of g measurements by transformer gravimeters by eliminating the influence of seismic vibrations
on the measurement process, the second is building effective automated systems for the gravimetric measurement process.

High-precision measurement of g is a complex scientific and technical problem and requires the use of new
methods of conducting experimental research to measure the acceleration of gravity with a transformer gravimeter.

Therefore, an urgent scientific and technical task is to increase the accuracy and speed of measurements of the
magnitude of the acceleration of gravity by applying a new method of conducting measurements using TG.

In this regard, the purpose of the article is to conduct an experimental study of the acceleration of gravity using
a new method using a transformer gravimeter.

Analysis of recent research and publications

The most famous in the field of gravimetric measurements are the works of prominent CIS scientists Popov
E.L. at the Institute of Earth Physics of the Russian Academy of Sciences with strongly damped gravimeters GAL,
Bagromyants V.O., and earlier - Lozinskaya A.M. at the All-Russian Research Institute of Geophysics with a set of
equipment based on string gravimeters GS, Polyakov L.G. at the Moscow Research Institute of Electromechanics and
Automation with a set of equipment based on a strongly damped gravimeter and foreign scientists L. La Costa, D.
Harrison, A. Graf, Y. Preston-Tomoda, M. Galvani, Cook, Tate, Faller with various types of gravimeters, etc. From the
analysis of the literature [1-7] it is clear that the most famous modern ground-based gravimeters have insufficient
accuracy (1 mGal) and speed (processing of results takes months). Their accuracy largely depends on the perfection of
the determination of the measured quantities. However, the analysis of the literature showed that insufficient attention
has been paid to the methodology of experimental research.

Therefore, consideration of the general composition and principle of operation of a transformer gravimeter and
research into the methodology for conducting experimental studies to measure the acceleration of gravity of a TG is an
urgent task.

Presentation of the main material of the article

Laboratory experimental studies of AG TG measurement
AG measurement method

To conduct experimental studies of TG, we will use the ballistic method for a ballistic gravimeter (BG), which
is, in fact, a prototype of the proposed TG.

The principle of operation of the BG is based on measuring the time it takes a falling body to pass through
several points, the distance between which is known.

Laboratory studies of TG were conducted to determine the AG. For this purpose, a variant of the ballistic
method of measuring g was used. Let the test body A (a metal ball with magnetic properties) (Fig. 1) fall from a certain
height with zero initial velocity.
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We will use the following equipment: a plastic tube with three movable coils vertically mounted on a tripod;
a device for holding the test body in its initial position (electromagnet); a metal ball with magnetic properties; a constant
voltage source; a switch; a digital computer.

Using the formulas for uniformly accelerated motion for velocity and distance traveled, we write the following
relations for intervals S1 and S2 of the distance traveled:

2
$1 = Vhdt, + 254, (1)
2 2
Sy = Vadit, + 252 = (V, + gt At, + 22, 2)
where: S 1=h,-hi1and S>=h3- h,are two intervals of the path successively traversed by the test body during
thetime Az 1=t¢,-t1and At ,=13- ¢, respectively.
We obtain the velocity V' | from equation (1) and substitute its expression into formula (2). After simple

transformations, we obtain the formula for determining the AG from the measured values S 1, S2, At 1and A ¢ »:
_ 2(S2/4t2=S1/4t1) 3)
Atq+At, ’

If we set the distances between the measuring coils to be the same (S=S 1= S »), then the calculation formula

can be represented as:
__At+an
25=g 1/Aty—1/4t; @)
where do we get AG:

_ 25(1/At,—1/Aty)

- At1+4t, (%)

In this case, having performed a series of experiments for different S, it is possible to construct a graph on the

axes of which 2 S and T can be plotted.

Let us denote

Aty +At,
T 1/At,-1/4ty] (6)
then the AG can be determined according to the formula
25
9=z (7

Description of the installation for measuring AG
The scheme of the installation for measuring AG is presented in Fig. 2.

7 8
//_ //_
s -
A
J 9
//_<2
3
z
Y 2| =

g

Fig. 2. Scheme of the installation for measuring AG
1 - test body - layer; 2 - plastic tube on a fixed base; 3, 4, 5 - inductance coils; 6 - pulsed light source; 7 - video camera; 8 - unit for
approximating the trajectory of the test body; 9 - electronic computer (EC); 10 - electromagnet

Before the measurements, the test body 1 is fixed in the electromagnet 10. From the first output of the digital
computer 9, a signal is sent to the input of the electromagnet 10, according to which the electromagnet releases the test
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body 1. It begins to move down the transparent tube 2 on a fixed base under the action of the AG. Since the test body 1
is made in the form of a layer with magnetic properties, when it passes past the coils 4, 5, 6, an EMF is induced in them.
From the outputs of coils 3, 4, 5, an electrical signal is supplied to the first input of the digital computer,
consisting of three voltage pulses, each of which is caused by the occurrence of EMF in coils 3, 4, 5. The time delays
T,, T,, T30f each of the pulses relative to the moment of the beginning of the movement of the test body 1 are
proportional to the absolute value of the AG g and the distances x 1, x 2, x 3 from the electromagnet 10 to coils 3, 4, 5.
Since at the time ¢ o= 0 the initial coordinate of the test body x o= 0, and its initial velocity v o= 0, then its current
coordinate at the time 7 is determined by the formula:
2 2
x(t)=x0+v0t+%=%. ()
From formula (8) we obtain an expression for determining the absolute value of the AG based on the time
delays of three voltage pulses from coils 3,4,5:
2x; )
gu=—7 =123 9)
i
By averaging the values calculated by formula (9), we obtain an estimate of the absolute value of the AG in

the first TG measurement channel:
g1 = %_ (10)

To increase the measurement accuracy in the new TG, a second channel for measuring the absolute value of
the AG is also used. In this channel, the digital computer 9 controls the operation of the pulsed light source 6 and the
video camera 7. Such control is carried out by signals coming from the third and fourth outputs of the digital computer
9 to the inputs of the pulsed light source 6 and the video camera 7, respectively.

At the same time, the video camera 7 forms an image of the electromagnet 10, the transparent tube 2 on a fixed
base and the test body 1 itself. Thanks to the pulsed lighting, several consecutive positions of the test body 1 are recorded
in each image, corresponding to the moments of operation of the pulsed lighting source 6.

The approximation device 8, based on the image received from the digital computer 9, determines the current
coordinates X;of the center of mass of the test body 1, corresponding to the time instants j - 7,,., where T yis the period
of generation of illumination pulses by the pulsed illumination source 6, j = 1... N, where N is the number of positions
of the test body 1 recorded in the image by the video camera 7. The coordinates X;are measured relative to the initial
position x o= 0 of the test body 1 in the electromagnet 10.

Since the measurement results contain errors Ax;,

where x;is the exact value of the coordinates of the center of mass of the test body 1 at time instants j - T,,,.

Next, the approximation device 8 determines the parameter of the trajectory of motion of the test body 1 in the
transparent tube 2 on a fixed base. According to formulas (8) and (11), we obtain:

G- Tyne)?
xj :.92 (]20 ) : (12)

where §,is the estimate of the absolute value of the AG obtained in the second measurement channel of the
new TG, and is the parameter of the trajectory of motion of the test body 1.

Based on formula (12) and the results of measurements of the current coordinates, X¥;we can compile the
functional

] = Z;yzl [fj _ 92'(}-2T0,,(.)2] — 13)

By minimizing expression (6) by the least squares method, we determine the estimate g,of the absolute value
of the AG in the second measuring channel of the new TG.

The least squares approximation procedure allows us to eliminate the influence of random errors in coordinate
measurements X;on the estimation g,of the absolute value of the AG.

To further increase the measurement accuracy in the new TG, it is necessary to combine the results of
measurements of the absolute value of the AG obtained in the first and second measuring channels of this TG. Such a
combination of results is performed by a digital computer 9, the first and second inputs of which receive signals from
the coils 3, 4, 5 and from the device 8 for approximating the trajectory of the test body 1.

The results of measurements of the absolute value of the AG, calculated according to formulas (10) and (14),
can be combined as follows:

g\ — g1+g2 (1 4)
-
The final estimate of gthe absolute value of the AG, calculated according to formula (14), has increased

accuracy and is supplied to output 2 of the digital computer 9. This output 2 is the output of the new TG.
Thus, due to the properties of the procedure for approximating measurement results using the least squares
method and the properties of the methods for complexing measuring instruments, the new TG has increased accuracy.
Using the existing installation of the new TG, relevant studies of the AG were conducted.
Experiment methodology
1. The computer is turned on: the appropriate software products are launched to register the signal being
recorded. The circuit is assembled.
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2. Oscillograms of the installation signals during the fall of the test mass were obtained for inductance coils
located at a distance of 0.25 m and 0.2 m from each other, respectively (Fig. 3-22).

3. The same distances between the measuring coils were set (0.25 m). 10 measurements of ¢ and £, were
made, the average values and the corresponding errors were found. From the obtained average values, the values A
ti, At», T and g were calculated using formulas (6, 7). The results are given in Table 1.

3. The distance between the measuring coils was changed (0.2 m) and a new series of measurements was
performed. 10 series of such measurements were performed (in each case 1= S>). The results are listed in Table 1.
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Fig. 3. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.25 m from each other ( experiment No. 1)
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Fig. 4. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.25 m from each other ( experiment No. 2)
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Fig. 5. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.25 m from each other ( experiment No. 3)
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Fig. 6. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.25 m from each other ( experiment No. 4)
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Fig. 7. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.25 m from each other ( experiment No. 5)
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Fig. 8. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.25 m from each other ( experiment No. 6 )
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Fig. 9. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.25 m from each other ( experiment No. 7)
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Fig. 10. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.25 m from each other ( experiment No. 8)
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Fig. 11. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.25 m from each other ( experiment No. 9)

A\ Multi-Instrument Pro 3.2 - - ADC - <G-Media Wave Device> - [(KuAnorpad] =
-|=| x|
= @ & Bomouaren(oannormii A ClBeepx =] 0% = [ 0% | obpaseu [ikHz =l ~|[1681t ~Touka  [I000 =] Rol Pexopa | Asto |
O EMM & @M A NSO r k[ac  cJac v v ~]304a [~ - e
T Aww A+ Manc — GTIG2T V M 0000763 V Snaamra= 0005098 v RN~ 0002258 ¥
T ™I
"
12
0
I
B
B
N \\“W_Jf“‘&
2 ,_MMW\“J
\b | WMWMWH
of]
2
40 01 0.2 03 0.4 0.5 0.6 or 0.8 0.9 1
Lefer0:10:435700 wavEropm .
Drfs O] A [Tom o P e e o [ e

Fig. 12. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.25 m from each other ( experiment No. 10)

Herald of Khmelnytskyi national university, Issue 2, 2026 (363) 71



Technical sciences ISSN 2307-5732

~Multi-Instrument i M] - ADCLWav - <G-Media wave Device> - [Oaunnorpad] - |5 x
Emn Yerawoeka (5)  MHCTPyMenT () Oweo (W) Momous (H) -|=| x|
= [ & Boikaouaten|oaumormin A “lBeepx =] 0% = [ 0% =] obpaseu [pkHz =l ~|[1681t ~Touka  [i000 =1 Roll Pexopa | Asto |
OEME® @ AL BB kfac  -Jac v v ~]30ma [ = - TRT T
A At Wiar ~ DRATIETV W= G/000648 ¥ Snaumra— 0002045 v RS- 0002265 V

N I
v
o
s
| \/V\J\
M
2 i
’ ﬁ'
o4
a
'=n 041 0.2 03 04 0.5 0.6 or o8 09 1

[sf-16:16i41091 wAVEFoRM .

1hs =[x =] Alsm =[x | mfazi ~] B[Bre ~|[Bre =l

Fig. 13. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.20 m from each other ( experiment No. 1)
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Fig. 14. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.20 m from each other ( experiment No. 2)
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Fig. 15. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.20 m from each other ( experiment No. 3 )
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Fig. 16. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.20 m from each other ( experiment No. 4)
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Fig. 17. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.20 m from each other ( experiment No. 5)
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Fig. 18. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.20 m from each other ( experiment No. 6)
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Fig. 19. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.20 m from each other ( experiment No. 7)
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Fig. 20. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of
0.20 m from each other ( experiment No. 8 )
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Fig. 21. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of

0.20 m from each other ( experiment No. 9)
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Fig. 22. Oscillogram of the signal of the laboratory setup during the fall of the test mass for inductance coils located at a distance of

0.20 m from each other ( experiment No. 10)

Table 1
Values of parameters studied using a laboratory setup for measuring AG

No.exp. t1,s t2,s t3,s S, m At1,s At2,s g, m/s?
1 0.629 0.753875 | 0.83725 0.25 0.124875 | 0.083375 | 9.570216064
2 0.1995 0.324625 | 0.40725 0.25 0.125125 | 0.082625 | 9.893782047
3 0.581375 | 0.705625 | 0.78775 0.25 0.12425 0.082125 | 9.99186646
4 0.75275 0.8785 0.9635 0.25 0.12575 0.085 9.544886358
5 0.516 0.64075 0.724125 | 0.25 0.12475 0.083375 | 9.556686929
6 0.491625 | 0.615875 | 0.699875 | 0.25 0.12425 0.084 9.259236894
7 0.64125 0.76525 0.847125 | 0.25 0.124 0.081875 | 9.87704755
8 0.37475 0.499875 | 0.58325 0.25 0.125125 | 0.083375 | 9.897110327
9 0.593875 | 0.71925 0.802 0.25 0.125375 | 0.08275 9.870319184
10 0.523375 | 0.648325 | 0.73175 0.25 0.12495 0.083425 | 9.558759984
9.84299118
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Continuation of table 1

1 0.237375 | 0.32075 | 0.384125 | 0.2 0.083375 | 0.063375 | 9.81710992
2 0.4015 0.485125 | 0.549 0.2 0.083625 | 0.063875 | 9.72693102
3 0.6395 0.722875 | 0.786125 | 0.2 0.083375 | 0.06325 | 9.61097679
4 0.48675 | 0.570625 | 0.634625 | 0.2 0.083875 | 0.064 9.81520548
5 0.691375 | 0.774 0.837875 | 0.2 0.082625 | 0.063875 | 9.700212605
6 0.576875 | 0.660125 | 0.723875 | 0.2 0.08325 | 0.06375 | 9.997993191
7 0.639 0.723125 | 0.787 0.2 0.084125 | 0.063875 | 9.78514727
8 0.28725 | 0.371 0.435375 | 0.2 0.08375 | 0.064375 | 9.804457924
9 0.5555 0.6385 0.702125 | 0.2 0.083 0.063625 | 9.90893317
10 0.734625 | 0.817625 | 0.881 0.2 0.083 0.063375 | 9.7545669
9.85624241
Conclusions

The article presents the methodology for conducting experimental studies to measure the acceleration of gravity
with a new transformer gravimeter, considers the general composition, principle of operation, and results of experiments
using a transformer gravimeter installation that provide increased accuracy and speed of AG measurements.
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