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This article proposes and examines an experimental method for determining
the composition of materials in a sample using a new intelligent ballistic du-
al-channel transformer gravimeter (IBDTG) in a diagnostic setup (the GS
gravimetric system). It is demonstrated that the IBDTG accuracy, speed, and
reliability are superior to those of currently available gravimeters. Its design
and operating principle are described. Currently, there are no theoretical or
practical studies devoted to the feasibility and practicality of using an intel-
ligent ballistic dual-channel transformer gravimeter to analyse metal compo-
sition in a sample or on a surveyed area of the Earth’s surface. A new intelli-
gent ballistic two-channel transformer gravimeter contains a fixed tube, a
magnetized test body in the form of a ball, a device for holding the test body
in the initial position, a computer and an inductance winding, which is dis-
tinguished by the fact that the fixed tube is made of a dielectric material, the
inductance winding acts as a primary excitation winding connected to a pow-
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er source, which additionally contains two identical sections of a secondary
output winding, connected in series-opposite to create two measurement
channels, and the device for holding the test body in the initial position con-
tains an electromagnet, which consists of an anchor made of a soft magnetic
material and an additional winding, which is connected through a switch to
an additional power source. This improves accuracy and reliability, reduces
temperature dependence and sensitivity to cross-accelerations, and enhances
linearity. The influence of vertical acceleration, instrumental errors, and
errors due to non-identical parameters of the two channels are eliminated.
The output signal power of the new IBDTG is increased by feeding the output
signals of the two IBDTG channels to a computer, which generates an output
signal from the gravimeter equal to twice the acceleration of gravity. The
computer output signal is fed to a pre-trained Fuzzy module, which deter-
mines the metal composition of the sample or the area of the Earth’s surface
being studied.

Key words: Fuzzy module, intelligent ballistic two-channel transformer gra-
vimeter, automated diagnostic gravimetric system, disturbance effect, vi-
bration acceleration, acceleration of gravity.

¥ mi#i craTTi 3aIPOIIOHOBAHO Ta POITJIAHYTO €KCIIEPUMEHTAJIBHUIN METO[ BU-
3HAYEHHA CKJIAAYy MaTepidAJiB y 3pasky IIJIAXOM BUKOPHCTAHHS HOBOIO iHTe-
JIEKTYaJILHOTO 0AJIiCTHYHOTO JBOKAHAJIBHOTO TPaHC(HOPMaTOPHOTO I'paBimMeTpa
(IBITT) misrHocTHuHoi ycTraHoBKY (IpaBiMerpuusoi cucremu I'C). O6r'pyHTO-
BaHO, IO TOUHICTh, IIIBUAKOIiA Ta HALINHICTD IB,HTT BUIIE BifoMUX HUHI I'pa-
BimeTpiB. Onucano Horo KOHCTPYKIito Ta npuHanun aii. Hunxi BigcyTHi HaykKo-
BO-TE€OPETUYHI Ta IPAKTUYHI pOOOTH, IPUCBAYEHI JOCHiIIKEeHHAM MOYKJINBOC-
THU Ta MOMiMTBHOCTY BUKOPUCTAHHA iHTEJEKTYAJIbHOTO 0AIiCTUYHOTO JBOKAHA-
JIBHOT'O TpaHchopMaTOpPHOro I'paBiMeTpa [JId aHAIIZM CKJIALy METaJIiB y 3pas-
Ky abo Ha gocaimKyBaHil ginsguii 3emHoi moBepxHi. HoBuil iHTeneK Ty arbHUMN
fanicTUUHUI ABOKAHAJNBHUU TPaHCHOPMATOPHUHA I'PaBiMeTep MiCTUTH HeEpy-
XOMYy TPYyOKY, HaMarLeToBaHe IIPOOHE TiJIO y BUTJIALL IIIapy, OPUCTPiil yTpu-
MaHHSA OPOOHOTO Tijia ¥ ITOYaTKOBOMY ITOJIOMKEHHi, KOMII'foTep i 0OMOTKY iH-
IYKTUBHOCTH, IKVH BUPI3HAETHCA TUM, II[0 HEPYXOMY TPYOKY BUKOHAHO 3 [i-
€JIeKTPUYHOTO MaTepiamy, 0OMOTKA iHTYKTUBHOCTY BUKOHYE POJIb IEPBUHHOL
00MOTKY 30yI:KeHHS, HMiAKJIIOUEHOI M0 MKepesia KUBJICHHA, AKe MOTAaTKOBO
MiCTUTH OBi OMHAKOBI CeKIlii BTOPMHHOI BUXiqHOI 0OMOTKM, BKJIIOUEHI ITOCJIi-
IOBHO-3YCTPiYHO [IJI CTBOPEHHS JBOX KaHAJIIB MiIpAHHA, a HPUCTPINl yTpuU-
MaHHA IPOOHOrO Tijia Yy HOYATKOBOMY IOJIOXKE€HHI MICTHUTBL eJIeKTPOMAarHeT,
AKUU CKJIATAEThCA 3 AKOPA i3 MarHeToM’ ssKOTO MATePisay Ta HOAATKOBOI 00-
MOTKH, AKY Uepes3 MePeMUKad IiJKIIYEeHO 10 JOZATKOBOTO AKepesa JKUBJIEH-
Hs. BogHopas migBUIITYIOTHCS TOYHICTH i HAmiHHiCTb, 3MEHIITYIOTHCA 3aJIEHK-
HiCTh BiJ TeMIlepaTypu, YyTJIUBICTH O IEPEeXPECHUX HPUIIBUAIIEHDL Ta 30i-
JIBIIIYETHCA JIIHIMHICTE. ¥ CYyBalOTHCS BIJINB BePTUKAJIBHOI'O IPUIITBUIIIEHHS,
iHCTpyMeHTaIbHI MOXUOKY Ta MOXUOKY BiJl HEiEHTUYHOCTY TapaMeTpPiB ABOX
KaHaIiB. BOLIBIIEHHS IOTYKHOCTH BUXifHOrO curHary HoBoro IBIITI 3a6es-
MeUYyeThCA IIIJIAXOM IOAAYi BUXITHMX CUTHAJNIB JBOX KaHAJIB IB,HTr y
KOMII’I0TeD, B AKOMY (POpPMyeThCA BUXiTHUU CUT'HAJ I'DaBiMeTpa, piBHUI OA-
BOEHOMY B3HAUEHHIO IIPUINMBUAINIEHHS CHUJIN TAXKiHHA. Buxigawii curuan
KOMII'f0oTepa MOJaeThCA Ha IOIepefHbo HaBueHUH Fuzzy-momynib, AKUHA BU-
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3HaAYaE CKJAJ MeTaJiB y 3pas3Ky abo Ha JOCJimKyBaHil MigaHIi 3eMHOI moBep-
XHi.

Karouosi cioBa: Fuzzy-monynb, iHTeleKTyaabHUN 0aJiCTUYHUNA TBOKAHAIL-
HU TpaHCHOPMATOPHUIN I'DaBiMeTep, aBTOMATH30BaHA AiATHOCTUYHA I'DaBi-
MeTpPUYHa CucTeMa, 30ypIOBAJLHWI BIJIWMB, BiOpamiiiHi HmpuUIMBUAIIEHHA,
IIPUIIBUIIEHH A CUJIV TAKIHHA.

(Received 23 March, 2026; in final version, 25 March, 2026 )

1. INTRODUCTION

In many countries, diagnosing metal content in samples and detecting
and diagnosing mineral deposits are extremely important. This infor-
mation is used in various fields, including metal physics, geology, geo-
physics, surveying, and other fields. An experimental setup, called a
gravimetric system (GS), whose sensing element is a gravimeter, can
be used for this purpose. Gravimetric measurements are conducted on
a fixed base (on the Earth’s surface) and on a moving base (on subma-
rines, surface vessels, and aircraft). Each type of measurement has its
own advantages and disadvantages.

The most accurate measurements are made on Earth using the well-
known ballistic gravimeter. It is possible to significantly increase the
accuracy by using a diagnostic gravimetric system [3], the sensitive
element of which is a new intelligent ballistic two-channel transformer
gravimeter, the advantages of which over the known ballistic gravime-
ter are higher accuracy, speed, reliability, powerful output signal, lin-
earity of characteristics over a wide range, etc.

The conducted analysis of the literature showed that a great contri-
bution to the theory and practice of experimental gravimetric meas-
urements is associated with the names of E.I. Popov, A.M. Lo-
zinskaya, A. A. Andreev, V. V. Malov, N. A. Shulga, V. V. Lavrinenko,
S. I. Pugachev, O. P. Kramarov, A. E. Kolesnikov, P. A. Gribovsky and
others[1-34].

Several types of gravimeters and gravimetric systems are known,
each with its own advantages and disadvantages. In [7], the elastic el-
ement and moving mass are made of a sapphire single crystal. The in-
vention [8] improves accuracy by reducing zero drift, increasing the
linearity range, and improving inertial noise filtration. In the gravim-
eter [9], the sensing element for determining the acceleration of gravi-
ty (AG) is made of silicon or glass. This provides the sensing element
with relatively high reliability, accuracy, and stability of readings.

Leading technical universities in the USA, Japan, Germany and oth-
er countries are working on developing new models of GS gravimeters
and improving their accuracy [14—-17].

However, virtually all known gravimeters simultaneously measure
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the useful gravity acceleration (GAC) signal g and the vertical acceler-
ation interference signal [4, 12, 18], which is 103 times greater than
the useful g signal [4, 12]. They require lengthy periodic calibration,
adjustment, and output signal filtration [19], which significantly
complicates their operation. Furthermore, known gravimeters do not
allow for the detailed determination of the material composition of the
sample or section of the Earth’s surface being studied. Existing latest
developments relate to marine [20, 21] and aviation [19] measurement
methods, which are not used in terrestrial gravimetry.

In recent years, a ballistic gravimeter (BG) [2] has been used, con-
sisting of systems for measuring the path and time of free motion of a
test body. The BG includes a measurement system consisting of a test
body in the form of a magnetic sphere, a transparent tube on a fixed
base, an induction coil, a device for holding the test body in its initial
position, and a computer.

The well-known gravimeter [2] has a number of significant disad-
vantages. The known gravimeter is a single-channel inductive device.
When exposed to an external electromagnetic flux (interference), the
known ballistic gravimeter experiences significant errors, acting
along the OZ sensitivity axis simultaneously with the useful gravita-
tional acceleration signal g and significantly greater it in 103. The ver-
tical inertial acceleration, instrumental errors caused by changes in
temperature, humidity, vibration, pressure, dry friction torque and
other factors act directly along the sensitivity axis OZ, distorting the
operation of the known gravimeter. The measuring system of a known
gravimeter consists of two subsystems, each containing a large number
of devices operating on different principles, each with its own inherent
errors. Therefore, combining the two subsystems does not improve ac-
curacy, as the errors of the devices in both subsystems will be additive.
The multitude of parts and components of the measuring system of the
known gravimeter and the complex connections between them signifi-
cantly reduce the reliability and speed of operation of the known gra-
vimeter. The known BG does not allow the analysis of the metal content
in the sample being studied or in the area of the Earth’s surface being
studied.

It should also be taken into account that the accuracy of measuring
the acceleration of gravity by a known ballistic gravimeter is signifi-
cantly affected by external electromagnetic flows: interference.

Without eliminating the above-mentioned significant shortcom-
ings, the accuracy, speed, and reliability of measurements of metal
content in a sample or on a section of the Earth’s surface being studied
by a known ballistic gravimeter will be low.

This article proposes and reviews a new intelligent dual-channel bal-
listic gravimeter (IBDTG) [1], which has clear advantages over known
gravimeters: IBDTG can measure the metal content in a sample or on a
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section of the Earth’s surface with greater accuracy, speed, and relia-
bility, and also has a twice as powerful output signal.

2. SUMMARY OF THE ARTICLE CONTENTS

In order to improve the accuracy, speed and reliability of measure-
ments of the metal content in a test sample or on a test section of the
Earth’s surface, as well as the measurement of the gravity field, an in-
telligent ballistic two-channel transformer gravimeter is proposed for
measuring the doubled value of the acceleration of gravity, containing
a fixed tube, a magnetized test body in the form of a ball, a device for
holding the test body in the initial position, a computer and an induct-
ance winding, in which the new feature is that the fixed tube is made of
a dielectric material, the inductance winding acts as a primary excita-
tion winding connected to a power source, which additionally contains
two identical sections of the secondary output winding, connected in
series-opposite to create two measurement channels, and the device for
holding the test body in the initial position contains an electromagnet,
which consists of an anchor made of a soft magnetic material and an
additional winding, which is connected through a switch to an addi-
tional power source.

This improves accuracy and reliability, reduces temperature de-
pendence and sensitivity to cross-acceleration, and enhances linearity.
The influence of vertical acceleration is eliminated, as are instrumen-
tal errors and errors due to non-identical parameters of the two chan-
nels. The output power of the new IBDTG is increased by feeding the
output signals of the two IBDTG channels to the computer input, from
which a signal proportional to twice the value of AG is read. The com-
puter output is connected to an intelligent Fuzzy module, the output of
which is the output of the experimental setup (gravimetric system).
The intelligent Fuzzy module is pre-trained using the gravitational
anomaly signal Ag to determine the metal content in a given sample or
to determine the composition of minerals in a given area of the Earth's
surface. The results of measurements of the gravity anomaly Ag are
automatically analysed in the intelligent Fuzzy module, which con-
tains a database of fuzzy rules and linguistic variables and generates a
logical conclusion regarding the presence and type of metals in a sam-
ple or the composition of minerals in a given area. The intelligent
Fuzzy module enables the processing of multiple measured data sets
when analysing the composition of metals in a sample or determining
the composition of minerals in a given area in real time.

Today, there are no scientific, theoretical, or practical works devot-
ed to the study of the possibility and feasibility of using a new intelli-
gent ballistic gravimeter of a ground-based experimental setup (GS) [1]
to determine the composition of metals in a sample or on a section of
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the Earth’s surface. Its advantages over the known ballistic gravime-
ter [2] are greater accuracy (due to the use of a pre-trained Fuzzy mod-
ule, eliminating the impact of vertical acceleration, instrumental and
other errors), speed of operation, and reliability[1].

The object of study of this article is the process of measuring the
content of metals in a sample or on a section of the Earth’s surface.

The purpose of this article is to improve the accuracy, speed and re-
liability of a new intelligent ballistic two-channel transformer gravim-
eter of a diagnostic experimental setup (gravimetric system) for de-
termining the composition of materials in a sample.

The objectives of the article are to examine the design and analyse
the operating principle of a new intelligent ballistic two-channel trans-
former gravimeter to ensure greater accuracy, power, speed, and reli-
ability of the output signal through the use of a pre-trained Fuzzy
module by eliminating the effects of vertical acceleration, instrumen-
tal and other errors.

3. RESEARCH METHODS AND MATERIALS

Below we will outline the main methods and materials of the study in
accordance with the stated goals and objectives.

3.1. Design of an Intelligent Ballistic Two-Channel Transformer Gra-
vimeter

We solve this problem by creating an intelligent ballistic dual-channel
transformer gravimeter for measuring double the acceleration of grav-
ity. This device comprises a stationary tube, a magnetized spherical
test body, a device for holding the test body in its initial position, a
computer, and an inductor winding. The new intelligent ballistic dual-
channel transformer gravimeter is distinguished by its stationary tube
being made of a dielectric material, the inductor winding serving as
the primary excitation winding connected to a power source, the gra-
vimeter additionally containing two identical sections of a secondary
output winding connected in series-opposite fashion to create two
measurement channels, and the device for holding the test body in its
initial position containing an electromagnet consisting of a soft mag-
netic armature and an additional winding connected via a switch to an
additional power source.

Figure 1 shows the structural diagram of an intelligent ballistic two-
channel gravimeter with a pre-trained Fuzzy module for analysing the
metal content in a sample.

Figure 2 shows a generalized diagram of the design of a new intelli-
gent ballistic two-channel transformer gravimeter [1], showing how



EXPERIMENTAL METHOD FOR DETERMINING THE COMPOSITION OF MATERIALS 441

error compensation is carried out.

The structural diagram of the intelligent BDTG (Fig. 1) shows a
fixed tube 2 made of a dielectric material, attached to a base (not indi-
cated in Fig. 1), containing a magnetized test body 1 in the form of a
ball, which can move along the tube up and down parallel to the OZ ax-
is. At the top of the tube 2 is a device 12 for holding the test body in its
initial position, which consists of an electromagnet 6 consisting of an
anchor 7 made of a soft magnetic material and an additional winding 8.
This additional winding 8 is connected via a switch 9 to an additional
power source 10.

On the outer part of the tube 2 there is an inductance winding 3,
which acts as a primary excitation winding and is connected to a power
source 5, and two identical sections 13, 14 of the secondary output
winding 4, connected in series-opposite to create two measurement
channels.

The outputs of the secondary output winding 4 are connected to
computer 11. The output power of the new intelligent IBDTG is in-
creased by feeding the output signals of two IBDTG channels to the in-
put of computer 11, from which a signal proportional to twice the val-

Vs
10 ot
]
\ W
5 1
4
K W
11 U
l Az
Output
15

Fig. 1. Structural diagram of the intelligent ballistic dual-channel transform-
er gravimeter.
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ue of gisread.

The output of computer 11 is connected to intelligent Fuzzy module
15, the output of which is the output of the intelligent experimental
setup (gravimetric system). Intelligent Fuzzy module 15 is pre-trained
using the gravitational anomaly signal Ag to determine the types of
metals in a given sample or the composition of minerals in a given area
of the Earth’s surface.

The results of measuring the gravitational anomaly Ag are automat-
ically analysed in the intelligent Fuzzy module, which contains a data-
base of fuzzy rules and linguistic variables and forms a logical conclu-
sion regarding the composition of materials in the sample or the pres-
ence and type of minerals in a section of the Earth’s surface. The intel-
ligent Fuzzy Module 15 enables the processing of multiple measured
data during sample composition analysis or in real time during the
process of identifying minerals in a given area.

Figure 2 shows a generalized diagram of the design of an intelligent
ballistic two-channel transformer gravimeter, where 1 is a test body of
mass m, and 13 and 14 are the first and second sections of the second-
ary winding 4 of the intelligent ballistic two-channel transformer gra-

Yy +tAn
Y +AQ

¥ +mh

o
Lo

Y +mg,

Y +mg,

A —An

Fig. 2. Generalized diagram of the design of an intelligent ballistic two-
channel transformer gravimeter (see Eq. (1)).
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vimeter.

3.2. The Operating Principle of the Intelligent Two-Channel Ballistic
Transformer Gravimeter

The proposed new intelligent BDTG works as follows. According to the
law of electromagnetic induction, the excitation flux created by the
primary excitation winding induces two oppositely directed electromo-
tive forces in two sections of the secondary output winding, due to
which, in the presence of effects from harmful external electromagnet-
ic fluxes, inertial vertical acceleration, instrumental errors caused by
changes in temperature, humidity, vibration, pressure, dry friction
torque, residual non-identity of the parameters of two identical sec-
tions of the secondary output winding and other factors, their influ-
ence on the resulting accuracy of g measurement is eliminated. To cre-
ate vertical movement in two opposite directions along the OZ axis of a
test body in the form of a magnetized ball, the electromagnet winding
is connected to a power source with a switch to create an electromag-
netic flow of attraction of the test body, which, due to this, will rise to
the extreme upper position, at the next moment the electromagnet
switch is turned off, and the test body falls down under the action of
gravity, the doubled output signal g, which is removed from the sec-
ondary winding, free from the influence of interference: external elec-
tromagnetic flows, inertial vertical acceleration, instrumental errors
caused by changes in temperature, humidity, vibrations, pressure, the
moment of dry friction forces, non-identity of the designs of two iden-
tical sections of the secondary output winding and other factors, is fed
to the computer, from which the output signal of the gravimeter is re-
moved, proportional to the doubled value of the SET.

The doubled value of the acceleration due to gravity is measured due
to the fact that the output electrical signal of the ballistic two-channel
transformer sensing element us, proportional to the total electromo-
tive force of the two sections of the output secondary winding, will
have the form (Fig. 2):

u,=E, =E, +E, =mg +mAh+Ai + An + mg —mAh - Ai — An = 2mg, (1)

where E; is output signal from the first section of the secondary wind-
ing, E. is output signal from the second section of the secondary wind-
ing, us=E. is output signal of the ballistic two-channel transformer
sensitive gravimeter, m is mass of the test body, A% is vertical acceler-
ation error, Ai is instrumental errors, An is errors of non-identity of
parameters of two identical sections of the secondary winding.

The generalized diagram of a ballistic two-channel transformer gra-
vimeter is shown in Fig. 2.
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Ag:ug_yO, (2)

where v, is reference value of acceleration due to gravity [4].

From equation (1), it is evident that the output signal of the ballistic
two-channel transformer gravimeter us contains the doubled value of
the useful signal AG and does not contain the inertial vertical accelera-
tion 4, total instrumental Ai errors, errors from non-identity of pa-
rameters of two sections of the secondary output winding, which in-
creases the accuracy of measurements, Signal u. is fed to the computer
input, from the output of which a signal proportional to the doubled
value of the SET is taken.

Output is connected to an intelligent Fuzzy module, whose output is
the output of the experimental setup (gravimetric system). The intelli-
gent Fuzzy module is pre-trained using the gravitational anomaly sig-
nal Ag to determine the types of metals in a given sample or the compo-
sition of minerals in a given area of the Earth’s surface.

The results of gravitational anomaly Ag measurements are automat-
ically analysed in the intelligent Fuzzy module, which contains a data-
base of fuzzy rules and linguistic variables and generates a logical con-
clusion regarding the presence and type of metals in the sample or the
presence and composition of minerals in a given area of the Earth’s
surface. The intelligent Fuzzy module enables the processing of multi-
ple measured data during the analysis of metal composition in a sample
or in real time during the determination of mineral composition in a
given area.

The design features of the intelligent ballistic dual-channel trans-
former gravimeter significantly improve the accuracy, speed, and reli-
ability of measurements. This enables highly accurate, reliable, and
fast determination of the metal composition of a sample or the pres-
ence and composition of mineral deposits in a given area of the Earth’s
surface.

4. CONCLUSION

An analysis of the operation of a well-known ballistic gravimeter is
conducted.

Its main shortcomings limiting its application are noted, namely:
does not allow one to determine the content of metals in a sample or the
presence and composition of minerals in the area of the Earth’s surface
being studied, the known gravimeter is a single-channel inductive de-
vice.

When exposed to an external electromagnetic flux, the known gra-
vimeter experiences significant errors, acting along the OZ sensitivity
axis simultaneously with the useful gravitational acceleration signal g
and significantly exceeding it, the vertical inertial acceleration, in-
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strumental errors caused by changes in temperature, humidity, vibra-
tion, pressure, dry friction torque and other factors act directly along
the sensitivity axis OZ, distorting the correct operation of the known
gravimeter.

The first and second subsystems of the known gravimeter consist of
a large number of devices operating on different principles, each with
its own inherent errors. Therefore, combining the two subsystems does
not improve accuracy, as the errors of the devices in both subsystems
will be additive, the multitude of parts and components of the measur-
ing system of the known gravimeter and the complex connections be-
tween them significantly reduce the reliability of such a system.

The relevance of applying an experimental method for determining
the metal composition of a sample using a new intelligent dual-channel
ballistic transformer gravimeter, which eliminates the aforemen-
tioned shortcomings of existing ballistic gravimeters, is substantiat-
ed. It is demonstrated that the new IBDTG has a twice-powerful output
signal and greater accuracy due to the presence of a pre-trained Fuzzy
module, which provides analysis of the metal content in the sample, as
well as compensation for vertical acceleration, instrumental errors,
errors due to the non-identical design of the two channels, errors due
to changes in temperature, humidity, pressure, and other factors. The
new IBDTG is also more reliable, as it has fewer parts and components
of the measuring system with different operating principles and fewer
complex connections between them.

This article presents the following new results: for the first time,
the scientific aspects of applying a new experimental method for de-
termining the composition of metals in a sample using an intelligent
dual-channel ballistic transformer gravimeter with a pre-trained
Fuzzy module are presented. It is demonstrated that the new intelli-
gent BDTG possesses greater accuracy, speed, and reliability.

The practical value of the results obtained in this article is that the
feasibility of the practical use of a new experimental method for de-
termining the composition of metals in a sample by using an intelligent
ballistic two-channel transformer gravimeter is substantiated, since it
has greater accuracy, speed and reliability compared to the known sin-
gle-channel ballistic gravimeter, has a simpler design and a doubled
output signal.
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