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Simulation of the influence of parameters of disturbing vibration accelerations on the
operation of a new two-channel transformer gravimeter

A new two-channel transformer gravimeter of an automated aviation gravimetric system was considered, the
accuracy of which is higher than gravimeters known today. Its design was described. The influence of the pa-
rameters of disturbing vibrational accelerations on the operation of a new two-channel transformer gravimeter
was simulated. The influence of frequencies and amplitudes of perturbing accelerations for the most unfavor-
able resonant cases on the operation of a two-channel transformer gravimeter was studied using a computer.
After all, today there are no scientific, theoretical and practical works devoted to researching the possibility
and expediency of using a two-channel transformer gravimeter as an AGS gravimeter. The transformer gra-
vimeter contains a sensitive element consisting of a magnetic circuit, a movable armature, a primary excita-
tion winding and a secondary output winding having two identical sections. Two sections of the secondary
winding are connected in series-opposite, and the movable armature is connected to the motor, which, with a
certain period, lowers the armature down and lifts it up along the magnetic circuit, and the motor is controlled
by a switching device connected to the control voltage source, and the output signal from the secondary out-
put winding is fed to the input of the output signal calculator, where an output signal is generated that is pro-
portional to twice the value of the gravitational acceleration. A transformer gravimeter is a means of measur-
ing the vertical component of the gravitational acceleration vector from an aircraft and can be used in the
field of geodesy, geophysics, in particular, in the formation of reference gravimetric grids in hard-to-reach ar-
eas of the globe, as well as in aircraft and rocket building. The transformer gravimeter is part of the aviation
gravimetric system placed on the aircraft.

Keywords: two-channel transformer gravimeter, disturbing action, resonant modes, damping, gravitational
acceleration.

Introduction

Today, the use of an aviation gravimetric system (AGS) for mineral exploration (geology, geophysics,
geodesy), for the correction of inertial navigation systems (aircraft and rocket science), for locating moving
objects in the waters of the seas and oceans (military area), etc. Gravimetric measurements are made on the
surface of the Earth, on submarines, on surface vessels and on aircraft. Airborne measurements make it pos-
sible to obtain information on gravitational acceleration (GA) in hard-to-reach areas of the globe with a
speed and efficiency much higher than ground-based measurements.

Ground-based gravimetric systems do not allow determining GA in hard-to-reach regions of the Earth;
they are carried out extremely slowly. Traditional airborne gravimetry is characterized by somewhat outdat-
ed technology and an insufficient level of accuracy. Aviation gravimetry has undeniable advantages over
land and sea gravimetry. This is both greater speed, and the ability to carry out measurements in hard-to-
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reach areas of the Earth, higher productivity, and a fairly high measurement accuracy. It is possible to signif-
icantly improve the accuracy by using an aviation gravimetric system [1], the sensitive element of which is a
new two-channel transformer gravimeter, the advantages of which over the known gravimeters are high ac-
curacy, powerful output signal, linearity of the characteristic over a large range, etc.

Review of scientific literature on the research topic. The analysis of the literature has shown that a great
contribution to the theory and practice of measuring transducers, which are the basis for the operation of gra-
vimeters, is associated with the names of L. Bergman, G. Tiersten, A.A. Andreeva, V.V. Malova,
N.A. Shulgi, V.V. Lavrinenko, S.I. Pugacheva, O.P. Kramarova, A.E. Kolesnikova, P.A. Gribovsky and oth-
ers [1-10].

To date, there are several types of gravimeters for aviation gravimetric systems, which have both ad-
vantages and disadvantages. In [4], the elastic element and the moving mass are made in the form of an ele-
ment made of a sapphire single crystal. The invention [5] improves accuracy by reducing zero drift, increas-
ing the range of linearity, and improving the filtering of inertial noise. In the gravimeter [6], the sensitive
element for determining the BC is made of silicon or glass. This provides the sensitive element with excep-
tional reliability, high accuracy and stability of readings with respect to time and temperature.

Leading technical universities in the USA, Japan, Germany and other countries of the world are devel-
oping new models of AGS gravimeters and improving their accuracy [11-14]. However, almost all known
gravimeters simultaneously measure the useful signal GA and the noise signal of vertical acceleration [1, 9,
15], which is 103 times greater than the useful signal GA [1, 9]. They need long-term periodic calibration,
tuning, filtering of the output signal [16], which greatly complicates the work. The existing latest develop-
ments relate to marine [17, 18] and land [19] measurement methods that are not used in aviation gravimetry.

In the last 20 years, mainly quartz heavily damped gravimeters, string gravimeters, and gyroscopic gra-
vimeters have been used as aviation gravimeters [20-27]. A single-channel capacitive gravimeter (CG) is
also known. It is the main sensitive element of automated AGS [28]. However, the single-channel CG does
not provide for the elimination of errors caused by the influence of vertical acceleration, as well as instru-
mental errors.

It is known [29] that the capacitive method of mass displacement measurement provides high accuracy
only when measured by its compensation method, in which the gap is kept constant. Provides an accuracy of
2 mGal, which is not sufficient for GA measurements.

In the invention [30], the elastic element and the moving mass are made in the form of an element made
of a sapphire single crystal. This element has the shape of a polyhedral prism with two through side holes.
However, the sensitivity of the gravimeter is limited mainly by aging processes and depends on the change in
the elastic properties of the spring in the gravimeter with temperature.

The gravimeter [31] consists of a quartz sensitive system damped by a liquid. The invention improves
accuracy by reducing zero drift and increasing the range of linearity. The disadvantages of this gravimeter is
the complexity of the design, the lack of full compensation of the main interference — vertical inertial accel-
eration; the presence of a filter complicates the design and reduces its reliability.

According to analysts from Gartner, microelectromechanical systems make it possible to increase the
sensitivity and accuracy of converters (sensors) at the crystal level at minimal cost. Capacitive, piezoelectric,
tensoresistive, thermoresistive, Hall effect, photoelectric converters are mainly used. Capacitive MEMC ac-
celerometers manufactured by AnalogDevices, Bosch, Delphi, Denso, Freescale, Kionix, SiliconDesigns, ST
Microelectronics, VTI Technologies are leaders in the modern market [12]. However, the accuracy of their
work and the stability of the characteristics are not high enough. They are unstable, depend on the influence
of external electromagnetic fields, which are large on the aircraft.

Having studied and analyzed the literature and Internet data [20-31], we can conclude that the known
gravimeters have the following main disadvantages: non-linearity of the initial characteristic; low measure-
ment accuracy (2-8mGal); the need to use complex procedures for filtering the output signal of the AGS gra-
vimeter using special filters; the presence of instrumental errors and errors from the action of vertical accel-
eration; low speed of information processing (processing of the results of gravimetric measurements is car-
ried out on Earth for months) and others.

The proposed transformer gravimeter (TG) [7] has undeniable advantages over known gravim-
eters: it measures acceleration in both positive and negative directions. The TG can measure static
accelerations and vibrations with high accuracy. The main part of the gravimeter is a symmetrical
sensitive element (SE), which has two sensitive transformer converters [1]. This reduces tempera-
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ture dependence, sensitivity to cross-accelerations and increases linearity. The influence of vertical
acceleration is eliminated, as well as instrumental errors and errors from non-identical parameters of
the two channels are eliminated. An increase in the power of the output signal of the TG is provided
by feeding the output signals of two transformer converters to the adder, where the useful output
signal GA is doubled.

Statement of the research problem. Today, there are no scientific-theoretical and practical works devot-
ed to research of the possibility and expediency of using a two-channel transformer gravimeter as an AGS
gravimeter, the advantages of which over known gravimeters are greater accuracy (due to the elimination of
the effect of vertical acceleration, instrumental and other errors) and sensitivity, small weight and size char-
acteristics , simplicity of design, and others [7]. Therefore, it is expedient to study the parameters and charac-
teristics of this type of gravimeter.

The object of study of this article: the process of measuring the acceleration of gravity.

Subject of the article: two-channel transformer gravimeter.

The purpose of this article is to model and study the influence of the parameters of disturbing vibration-
al accelerations on the operation of a new two-channel transformer gravimeter (two-channel TG) of an auto-
mated aviation gravimetric system using a computer.

Obijectives of the article: to present data on the design and principle of operation of a new two-channel
transformer gravimeter; to investigate the stability of two-channel TG; to simulate the effect of disturbing
vibrational accelerations on the operation of the two-channel TG; develop software and use it to investigate

the influence of frequencies @, amplitudes W, , W, of disturbing vibrational accelerations and damping

coefficient for the most unfavorable resonant cases: @ = @y, ® = 2w, 2w = @, ; where o, is the natural
frequency of the two-channel TG; analyze the obtained simulation results.

Research methods and materials

Next, we present the main materials and research methods in accordance with the goals and objectives.

1. Stability studies of a system with a two-channel TG

When carrying out measurements, a transient process always occurs, in which the output signal of the
measuring instrument changes significantly with time. This is explained by the inertial properties of the
measuring instrument, which cause the appearance of a dynamic error [1, 8]. The system under study is non-
linear, like most systems in nature and technology. In [1, 9], the characteristic equation of the two-channel
TG system was obtained:

D(p)=T?p?+2-&-T-p+(1+Krere ) =100 p° +14p + (1+40). (1)

With a stable two-channel TG system, under any real impact on it, the controlled value during the tran-
sient will not deviate from the set value indefinitely. There are many stability criteria, both analytical and
graphical. The best known are the Nyquist and Hurwitz criteria. Let us define the stability of the system with

two-channel TG according to these criteria. In accordance with the Hurwitz stability criterion, in order for
the automatic control system to be stable, it is necessary and sufficient that all Hurwitz determinants have the

same signs with the sign of the leading coefficient of the characteristic equation a,, that is, when a,_, > 0
they are positive [8].
Thus, a necessary and sufficient stability condition for a second-order system, which is equation (1), is

the positivity of the coefficients of the characteristic equation. In our two-channel TG system, we observe the
following:

ay=T% =100 >0,
a,=2-£-T=14>0

)
a,=1+K=40>0.
Thus, according to the Hurwitz stability criterion, the two-channel TG system (2) is stable.
Transfer function two-channel TG over the HA channel for the output voltage [8]:
K
W — TG ' 3
re(P) T,p?+T,p+1 )
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where K. — static transmission factor two-channel TG, T, and T, — time constants of the object of

the second order.
To study two-channel TG for stability, according to the Nyquist criterion, we use the two-channel TG
transfer function (3):
40

Wrere (P)=1 00,2 114 pat (4)
We substitute p=j® into equation (4) and obtain the two-channel TG frequency transfer function:
40 _ 40(1-1000° +14 j)
~1000°+14 jo+1  (1-1000%)? + j(—14w)?
where X (w), Y (w) — real and imaginary parts of the two-channel TG transmission frequency func-

tion, respectively.
We select from equation (5) the real and imaginary parts and find the point of intersection of the ampli-
tude-phase characteristic (APC) real axis X (w):

W(jow) = = X(w)+ jY (o), (5)

40(1-100 »?).

M= 100 w?) 2+ j(—14w)?
B 4014w _ ©)
v (w)_(l—loo @2)%+ j(-14w)?’
X (0) = 40.

Based on the calculated data (6), we construct the APC (Fig. 1) in the MatLab software environment
(Nyquist hodograph).

In order for the two-channel TG system to be stable, it is necessary and sufficient that the Nyquist hod-
ograph does not cover the point with coordinates (-1, j0). As we see from Figure 1, the point is not covered,
therefore, the two-channel TG system is stable.

Nyquist Diagram

40 : -

20 b § .

Imaginary Axis
o
T

1 1

-30 -20 -10 0 10 20 30 40 50 60 70

Real Axis
Figure 1. Amplitude-phase characteristic of two-channel TG
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2. Design and principle of operation of the transformer gravimeter

The transformer gravimeter belongs to the means of measuring the vertical component of the HA vector
on board the aircraft and can be used in the field of geodesy, geophysics, in particular, in the formation of
reference gravimetric grids of hard-to-reach areas of the Earth, as well as in the aerospace area.

The closest analogue of two-channel TG is a solenoid-type transformer converter [1, 4] (Fig. 2).

Figure 2. Transformer converter [1, 4]

The common essential features of a transformer converter (TC) and a transformer gravimeter (TG) is
that they contain a sensitive element, which consists of a magnetic circuit 1, a movable armature 2, a primary
excitation winding 3 and a secondary output winding 4, which has two identical sections.

However, unlike TG, TC has a number of disadvantages. Two sections of the secondary winding 4 W,
in TC connected in series-accordingly (beginning-end of one section, beginning-end of another section). That
is, the output winding 4 W, is solid (Fig. 2). Under the action of acceleration of the force of gravity g, ,

which acts along the sensitivity axis of the transformer converter O, , the force of gravity arises G =mg, .
Excitation winding 3 W, is connected to voltage U, and forms an electromagnetic flux of excitation @; .

According to the law of electromagnetic induction, this flux induces EMF E, in winding 4 W, . Under the
action of the acceleration of gravity, the anchor 2 moves down in the middle of the magnetic conductor 1 and
causes a change in the electromagnetic flux @;. Then the electromotive force £, in winding 4 W, will

change in proportion to the acceleration of gravity g,: £, = mg,. The output electrical signal U, will be

proportional to g,: U, = mg,. Under the action of an external electromagnetic flux of an obstacle (signifi-
cant extraneous electromagnetic fluxes occur on moving objects: aircraft, surface and submarines), the EMF
E,, of the obstacle will be induced in the output winding 4 W, : £, =mg, + E, . Accordingly, the output

signal will be U, =mg, +U_ . Instrumental errors from the influence of changes in temperature, humidity,
pressure, moment of dry frlctlon forces, etc. are significant for TC and are not compensated in any way. Ver-
tical acceleration h, when installing TC on aircraft, will act along the axis of sensitivity of the converter,
then: £, = mg, +mh . The value of the vertical acceleration h is 10° times greater than the value of g,

that is, the value of the error significantly exceeds the useful signal.

Thus, a significant drawback of the TC is its low accuracy in measuring gravitational acceleration.

3. New two-channel transformer gravimeter

The new transformer gravimeter is based on the task of increasing the accuracy of measuring gravita-
tional acceleration. Transformer gravimeter contains a sensitive element, which consists of a magnetic cir-
cuit 1, a movable armature 2, a primary excitation winding 3 and a secondary output winding 4, which has
two identical sections. To improve the accuracy of measuring the gravitational acceleration, two sections of
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the secondary winding 4 are connected in series-opposite, the movable armature 2 is connected to the mo-
tor 5, which, with a certain period, sequentially lowers the armature 2 down and raises it up along the mag-
netic circuit 1, and the motor 5 is controlled by the switching device 6, which connected to the source 7 of
the control voltage, and the output signal from the secondary output winding 4 is fed to the input of the de-
vice 8 for calculating the output signal, where an output signal is generated that is proportional to the double
value of the gravitational acceleration (Fig. 3).

An increase in the accuracy of measuring gravitational acceleration in a new two-channel transformer
gravimeter is provided as follows. Under the action of an external electromagnetic flow of an obstacle, this

flow will induce two EMF obstacles in two sections W, , which are included in series-opposite £, and

—E',,; . In total, these errors are compensated. That is, such a counter connection of the sections provides

compensation for errors from the influence of external electromagnetic flows, which can be significant when
installing the gravimeter on a moving object. The action of instrumental errors from the influence of changes
in temperature, humidity, pressure, moment of dry friction forces, etc. will be compensated in a similar way

due to the counter connection of two sections W,. Thus, the proposed transformer gravimeter provides a

significant increase in the accuracy of measuring gravitational acceleration. The essence of the operation of a
two-channel transformer gravimeter (two-channel TG) is explained by the diagram in Figure 3.

The sensitive element of the TG, as in the case of a transformer converter, consists of a magnetic cir-
cuit 1, a moving armature 2, a primary excitation winding 3 and a secondary output winding 4, which has
two identical sections. Two sections of the secondary winding 4 are connected in series-opposite. The mov-
ing armature 2 is connected to the motor 5, which every second successively lowers the armature 2 down and
up the magnetic circuit 1. The motor 5 is controlled by the switching device 6, which is connected to the
source 7 of the control voltage. The output signal from the secondary output winding 4 is fed to the input of
the device 8 for calculating the output signal, the output of which is a signal that is proportional to the double
value of the gravitational acceleration and does not include errors from the influence of the vertical accelera-
tion of the aircraft, residual instrumental errors, residual errors from the projections of horizontal cross accel-
erations and errors caused by the influence of external electromagnetic flows.

The new transformer gravimeter works as follows (Fig. 3).

Control voltage
SOUrce

t 6O
Switch

5 Exit 1 Exit 2 3

Engine - 1 - Enging |

[ ] 3 [ L |

- T, -

(5

/
8 '

Device for
calcwlarion

ot signal

Y
'

Figure 3. Block diagram of the new two-channel TG [7]
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Under the influence of gravitational acceleration g, , which acts along the sensitivity axis of the gra-
vimeter O, , there is a gravity force G =mg,. The excitation winding W, is connected to the voltage
source 7 U and creates an electromagnetic excitation flux @, . According to the law of electromagnetic in-

duction, this flux induces two EMFs E, and — E', in two sections of the winding W, . Under the influence
of gravity, the anchor 2 moves down in the middle of the magnetic conductor 1 and causes a change in the
electromagnetic flux @, and, respectively, E, and — E',. At the point of electromagnetic symmetry TG we

will also receive E, :|—E'2| and the output signal U,=0. When the anchor 2 is moved relative to the point

of symmetry down (Fig. 3) or up (Fig. 3, circled with dashed lines) £, # |—E'2|, the output signal of the

gravimeter will be proportional U, = ‘Ez - E'z‘ =mg, . In the new two-channel TG, a switch device (SD) 6

was additionally introduced, which is powered by a control voltage source 7, which, at regular intervals of
1s, switches the supply of the vertical movement of the armature 2 down (Fig. 3) and up (Fig. 3, circled by a
dotted line) through motor 5.

When a downward motion pulse is supplied from switch device 6 to armature 2, the output signal f, of
the sensitive element is fed to the output signal calculation device 8. After 1 s., an upward movement pulse is
applied to armature 2 and the output signal calculation device 8 receives a signal f, . In the device for calcu-
lating the output signal 8, the final output signal is formed:

f=f+f,=g, +h+Ai+Aw+g, —h—Ai—Aw=2g,, where f,;=g, +h+Ai+Aw — output signal

when armature 2 moves down; f,=0, —h-Ai-Aw — output signal when armature 2 moves up; h — vertical

acceleration of the aircraft; Al — residual instrumental errors; AW — residual errors from the influence of
projections of horizontal cross accelerations on the sensitivity axis of the invention.
That is, in the device 8 for calculating the output signal TG, an output signal equal to the doubled value

is formed 29, . Unlike the transformer converter, the output signal of TG does not have measurement errors

caused by the influence of vertical acceleration h residual instrumental errors Al and residual errors from
the influence of horizontal cross accelerations Aw. Thus, it is shown that two-channel TG has a higher accu-
racy compared to known gravimeters.

4. Development of software for simulation of two-channel TG operation under the action of external
perturbing accelerations

If we divide the two-channel TG equation of motion by m, we get:

X+ 2- EapX + o) x =24, (7)
where & — damping factor; @, — natural frequency of a two-channel TG.

Considering that in a real two-channel TG design there will be residual instrumental errors due to tem-
perature effects, changes in medium pressure or other factors, as well as residual errors from the influence of
vertical acceleration, which can lead to a non-linearity of the equation of motion of our two-channel TG , we
rewrite equation (7) in the form [1, 9]:

. . - 2 .
mi + [ 2n—Lsin( wt+£) ]+ wyx = N'sin at, (8)
where L:mWa, N = mw, — vibration parameters; W, , W, — vibration acceleration amplitudes.

We consider in (8) that M (t)=2n—Lsin(@t+¢), and D(t) = a)g , then:
X+xM (1)+D(t) x=0, 9)
where M (t) and D(t) — T-periodic functions.

Equation (9) without changing the characteristic indicators can be reduced to a similar one, where
M (t) = const.
Let be
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jlvl (t,)dt, =Pt + M, (1),

where ¥=2n; M (tl):}(lvl (tl)—qf)dtzﬁcos(wug).
0 w

(10)

After all mathematical transformations (10), the two-channel TG motion equation can be written as:

Vo
where Vj=—.
Wh

X'+ 2Ewy X"+ (w¢ +V,W, sin ot)Xx’ = 0,005w, sin at,

(11)

Thus, an equation (11) of the Mathieu-Hill type was obtained, taking into account residual errors from

the influence of instrumental errors and h , which is convenient for computer simulation [1, 9, 10].

The software for modeling the operation of the two-channel TG under the action of external disturb-
ances was developed taking into account (11) in the C# software environment. C# is an object-oriented pro-
gramming language developed by Anders Galesberg, Scot Wiltamuth and Peter Golde under the auspices of
Microsoft Research (at Microsoft).

The software product consists of one working window (Fig. 6), in which the parameters for modeling
are set and its results are displayed in the form of Table 1 and graphs (Fig. 4-7).

In Table 1 we will give all the parameters that appear in the calculations and program interfaces.

List of used parameters

Table 1

Ne Conventions Name

1 2 3

1 ¢ Damping factor two-channel TG

2 w Oscillation frequency

3 Wo Natural frequency of two-channel TG

4 Wa The amplitude of the perturbing action along the Oz axis
5 Wi The amplitude of the perturbing action along the Oy axis
6 to Start time

7 tmax Limit of integration (end time)

8 dt Integration step

9 m Mass of the sensing element of the two-channel TG

. Mo swonanns A5 - °EN
wo el wh w 1 Ofparynatw

1 1 Max " - 1y

¥ i p [+
1 4
, .
x > g, [ 1
g T R R W EF S W |

Figure 4. Interface of the computer program for simulating the operation of two-channel TG under the action

30

of external perturbing accelerations
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After entering the data in the appropriate fields of the program, for the calculation (or recalculation),
you must click on the “Calculate” button — the graphs will change. To get the numerical values of extremes,
you need to click on the button “Table of extremes”. The program window will expand (Fig. 5.) and the re-
quired table will appear on the right side, as well as a schematic representation of the two-channel TG.

Figure 5. Extended interface of the computer program for modeling the operation of two-channel TG under the action of

external perturbing accelerations

5. Results and discussion of computer simulation studies of the influence of unfavorable resonant modes
model

Thus,

the

equation

of

motion

. - \
X + 2Ea,X + (@] + VW, sin et)x = 0,005w, sin at, V=2

that

we

will

Wh
The parameters of the studied most unfavorable resonant modes are presented in the form of Table 2
Table 2
Parameters of the studied resonance processes
Ne o, ¢ ! W, Wh €
/e 0,15 0,45 0,75 1
1 1 1 0,110000 0,0661010 0,0496894
2 3 3 0,329914 0,1981360 0,1487170
3 ®,=0,1 3 10 Resonance 0,329782 0,1979630 0,1485420
1,099710 0,6604540 0,4957240
4 10 3
5 3 15 0,329687 0,1978360 0,1484160
1,349570 0,9906820 0,7435860
6 15 3
7 1 1 0,130020 0,110905 0,0941927 0,0793500
8 3 3 0,389417 0,332314 0,2819150 0,2373970
9 | ®,/2=0,05 3 10 0,387163 0,339915 0,2796080 0,2352390
10 10 3 1,298060 1,140430 0,9397170 0,7913230
11 3 15 0,386474 0,338340 0,2779130 0,2338590
12 15 3 1,947090 1,710650 1,4095000 1,1869800
13 1 1 0,110504 0,109731 0,1004580 0,0932015
14 | ©,/3=0,03 3 3 0,331016 0,328430 0,3005490 0,2783220
15 10 0,329287 0,325772 0,2976650 0,2743310
16 10 3 1,103390 1,094770 1,0018300 0,9277410
17 3 15 0,328061 0,323891 0,2956390 0,2725110
18 15 3 1,65508 1,642150 1,5027400 1,3916100
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19 1 1 0,0273533 |  0,0235304 |  0,0200020
No Continuation of Table 2
20 3 3 resonance 0,0822427 0,0707352 0,0601209
21 3 10 Beats 0,0828793 0,0712361 0,0605205
0,2741720 0,2357840 0,2004030
22 | 20,=02 10 3
23 3 15 0,0833300 0,0715904 0,6080320
0,4112140 0,3536760 0,3006050
24 15 3
25 1 1 0,0120460 0,0105930 0,0097958
26 3 3 0,0362657 0,0316432 0,0294926
27 3 10 0,0367120 0,0320451 0,0298588
No 0,1208850 0,1054780 0,0983086
08 3@0 _ 0,3 10 3 resonance
29 3 15 0,0370285 0,0323305 0,0301188
30 15 3 0,1813280 0,1582160 0,1474630

Let us represent the obtained graphs of the results of simulation of resonant modes in the form of Fig. 6-7.

iy

— =) 12 =045 E=0.7% — | ——— v =048 R .o laf

a b
Figure 6. Plot of two-channel TG output signal for different values of the damping factor é’ at

W, =W, =1m/s’ and a)=a)0=0,18_1 (@and & at W, =W, =3m/s? and a):a)ozo,ls_1 (b)

b ke X

——T L 4% .7 . in] — 1% o0 44 =T "\ |

. . . . 2
Figure 7. Two-channel TG output plot for different damping ratios ¢ at W, =W, = 3m/s” and

©=0y/5=0055" @and { at W, =W, =3m/s” and 0 =2, =025
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Analyzing the obtained graphs of two-channel TG operation simulation in the most dangerous resonant
modes, presented on Figures 6-7, we can draw the following conclusions:
1) The most dangerous, from the point of view of the possibility of resonance, is only the case of equali-

ty of the frequency of the perturbing action @ to the frequency of natural oscillations of the device @,
since resonance is possible with low damping {'=0,15. For other frequency ratios @ and @, (20 = @y,

3w = w,), resonance does not occur even with low damping and different ratios of the amplitudes of dis-

turbing accelerations (w, =1, 3,10,15 and W, =1, 3,10,15 m/sz).

With a frequency ratio = 2w, , @ = 3w, and low damping, two-channel TG performs complex os-
cillations (beats) — the result of the addition of natural oscillations with a frequency of @, and forced oscil-
lations with a frequency of @ . With an increase in the relative damping coefficient 5 at @ = w,, the reso-

nance is already eliminated at £=0,45, and at = 2w, , @ = 3w, the beats turn into steady oscillations,
which are carried out with a perturbation frequency w .

Recommended values of relative damping coefficient £=0,45..0,75 for o =0, , © =20, ,
o = 3w, and & =0,15...0,30 for 20 = w,, 3w = w,.

2) The conclusion was confirmed that horizontal cross accelerations do not affect the operation of the
TG, the amplitudes of the two-channel TG oscillations are directly proportional to the perturbing acceleration
along the sensitivity axis.

3) Digital simulation of the influence of disturbing acceleration parameters on the two-channel TG

AGS, as well as the instrument's own parameters, confirms the main advantage of two-channel TG over
known gravimeters — its higher accuracy (rms error is 0.01 mGal).

Conclusions: formulation of conclusions based on the results obtained; comparison of the obtained re-
sults with existing results on the topic; evaluation of scientific novelty and practical value of the obtained
results.

Formulation of conclusions based on the results obtained:

- a study of the stability of the new two-channel TG, in accordance with the Nyquist and Hurwitz crite-
ria, showed that DTG is stable;

- as a result of the simulation of the most dangerous resonant modes, graphs of the change in the output
signal x(t) of a two-channel transformer gravimeter for different values of the perturbation frequency ® and
different values of the amplitudes of disturbing vibrational accelerations wa, wb and different values of the
damping coefficient in the most dangerous resonant modes were obtained. It has been established that only

the case of the main resonance @ = @, is the most dangerous. Resonance may occur with a small damping

factor. It is shown that as the damping coefficient increases to 0.705, the resonance disappears. For other fre-
guency ratios, resonance does not occur even with a small damping factor;

- digital simulation of the influence of vibrational acceleration parameters on the DTG, as well as its
own parameters, confirms the main advantage of the DTG over the known gravimeters — its higher accura-

cy.

Comparison of the obtained results with existing results on this topic:
the results obtained are not contained in previously published materials.

Evaluation of the scientific novelty of the results obtained:

in this article, the following new results were obtained: for the first time, modeling was carried out and
the corresponding graphs of the most dangerous resonant modes of a new two-channel transformer gravime-
ter were obtained. It is shown that resonance is possible only in the case when the frequency of perturbing
vibrational accelerations is equal to the frequency of natural vibrations of the device. It is shown that the res-
onance is eliminated by increasing the damping coefficient to 0.705. In other cases, resonance does not oc-
cur.
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Assessment of the practical value of the results obtained:

the practical value of the results obtained in this article lies in the fact that the expediency of the practi-
cal use of a new two-channel transformer gravimeter is substantiated, since it has greater accuracy compared
to known gravimeters, is stable, has a simple design and a powerful doubled output signal for its operation,
does not affect horizontal cross accelerations with any ratio of their frequency and the natural frequency of a
two-channel transformer gravimeter.
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E.H. besBecenbna, F0.B. Kupnuyk, M.C. I'puneBuuy, T.A. Tonouko

7Kana eki kaHaaAbI TPaHCPOPMeEpP rPABUMETPIHIH KYMbICHIHIAFbI
O0yY3bLIFaH AIpiJ yaeyi mapaMeTpJiepiHiH dCepiH Moaeabaey

Makanasa aBTOMaTTaHIBIPBUIFAH aBUAIMSIIBIK I'PaBUMETPHSIBIK JKYHEHIH jKaHa €Ki apHaibl TpaHchopMa-
TOPJIBIK TPABUMETPi KapacTHIPBUIFaH, OHBIH TAJIIri OYTiHri KyHi Genrini rpaBuMeTpiepieH skorapbl. OHBIH
IU3aifHbl cunaTtTairad. JKaHa eki apHaibl TpaHC()OPMATOPIBIK TPABUMETP/IH >KYMBICHIHA OY3BUIATHIH Aipia
YZAeyi mapaMeTpIiepiHiH acepi MonenpaeHai. Exi apHamsl TpaHC(HOPMATOPIIBIK IPaBUMETPIIH KYMBICHIHA aca
KOJIAChI3 PE30HAHCTHIK JKaFJaiiiap YIIiH KUUTIKTep MEH KO3IBIPFBII YACYIepAiH aMIUTHTYJaJlapbIHBIH dcepi
OEM kemeriMeH 3epTrenai. OUTKeHi OYTiHTI KYHi €Ki apHaibl TpaHC(HOPMATOPIBIK TPAaBUMETPIIi aBHALIUS-
JBIK TPaBUMETPHUSUIBIK JKYHEHIH IpaBUMETpi peTiHAe KOJIaHy MYMKIHIIr MeH apHaibl MakcaTTa 3epTTeyre
apHaJFaH FBUIBIMH, TEOPHSJIBIK XKOHE MPAKTHKAIBIK JKYMBICTAp KOK. TpaHchopMaTopbH rpaBUMETpi Mar-
HUT Ti30€riHeH, KbUDKBIMAIIBI apMaTypaaH, 0acTamksl KO3IbIPY OpaMbIHAH JKOHE €Ki Oip/eil ceKIuschl Oap
KaiTaama IIBIFBIC OpaMbIHAH TYPATHIH CE3iMTall AJIEMEHTTI KaMTH/bL. EXiHIN peTTik opaMHBIH €Ki CeKIHs-
cBl Oip-OipiHe Kapama-Kapchl JKaJFaHFaH, all KO3FaIMalbl SIKOPh KO3FANTKBIIIKA KOCBUIABL, OJ1 Oenrimi Oip
Mep3iMe SKOPBIi TOMEH TyCipelli )kKoHe MarHUTTIK KOHTYp OOMBIMEH KOFaphl KOTEpiie i, al KO3FaaTKbIIITHI
Oackapy KepHEYiHIH Ke3iHe KOCBUIFaH KOMMYTAIMSIIBIK KYPBUIFEI OacKapabl, ajl eKiHII PeTTiK IIBIFBIC Opa-
MachIHaH MIBIFAaTBIH CUTHAI IIBIFBIC CUTHABIHBIH KaJbKYJIATOPBIHBIH KipiciHe Oepijieqli, OHJa IIBIFBIC CUTHA-
TBI TTaiiia OoJIa/Ibl, O TPAaBUTALMSIIBIK YICYAIH €Ki ecelIeHreH MOHIHe MpOomopIuoHaasl. TpaHchopmaTop-
JIBIK TPaBUMETP YIIIy ammapaThiHbIH OOPTHIHAH TPaBUTALMSIIBIK Y€y BEKTOPBIHBIH TiK KypamIac eJuey Ky-
pajiapbIHa JKaTaJIbl )KoHE OHBI Ieoie3us], reo(M3HKa calacklHia, aTal aiTKaHaa, JKep mapbIHbIH XKeTyi KUbIH
aylaHIapbIHA TIPEKTIK IPaBUMETPHSUIBIK JKEJIiHI KAIBIITACTHIPY Ke3iHJle, COH/Ial-aK YIaKTap MeH 3bIMBIpaH
Kacayna Koijianyra 6omanpl. TpaHchopMaTOpIIBIK IpaBUMETp YINy ammaparbiHia OpHAIaCKaH aBHAIMSIIBIK
TPaBUMETPHUSUIIBIK KYHEHIH KYpaMbIHa Kipei.

Kinm coe30ep: exi apHaibl TpaHC(HOPMATOPIBIK IPABUMETP, KO3ABIPYIIBI OPEKET, PE30HAHCTHIK PEXUMIED,
0oceHeTy, TPAaBUTAIMSUTBIK YACY.

E.H. be3secunbhas, 10.B. Kupuuyk, M.C. I'punesny, T.A. Tonouko

MopenupoBaHnue BIUSIHUS IapaMeTPOB BO3MYIIAIOIIMX BUOPALIMOHHBIX YCKOPEHUi
Ha padoTy HOBOI'O IBYXKAaHAJIbHOI0 TPaHCGOPMATOPHOI0 FPaBUMETPA

PaccMOTpeH HOBBIH JIByXKaHAJbHBIH TpaHC(OPMATOPHBIH TPaBUMETP aBTOMATH3MPOBAHHOW aBHALIMOHHOW
TPaBUMETPUYECKOH CHCTEMBI, TOYHOCTH KOTOPOTO BHIIIE M3BECTHBIX CErofHsS IpaBUMeTpoB. OmmcaHa ero
KoHCTpyKnus. [IpoBeseHo MoaenpoBaHye BIUSHHS ITAPaMETPOB BO3MYIIAIONIIX BUOPATHOHHBIX YCKOPEHHI
Ha paboTy HOBOTO JABYXKaHAJIBHOTO TPAHC(HOPMATOPHOTO rpaBuMeTpa. MccaenosaHo ¢ momomsio DBM Biu-
STHUE 9acTOT ¥ aMIUIUTYJ BO3MYIIAIOIINX YCKOPEHHH Il Hanbosee HeOIaronpuaTHEIX PE30HAHCHBIX CITyda-
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€B Ha paboTy JBYXKaHaJIbHOTO TPaHC(HOPMATOPHOrO TpaBUMeTpa. Bexb cerogHs OTCYTCTBYIOT HAy4YHO-
TEOpeTH4ECcKHe U MPaKTUUECKUe pabOoTHI, MOCBSIIIEHHbIE HCCIIEJOBAaHUSM BO3MOXKHOCTH U LIeJIECO00Pa3HOCTH
UCIIONB30BaHNs B KauecTBe TpaBuMeTrpa AI'C nByXkaHanbHOTO TpaHC(hOpPMAaTOpHOro rpaBuMeTpa. TpaHc-
(hOopMaTOPHEIN TPAaBUMETP COAEPKUT UYBCTBHTEIBHBIN 3JIEMEHT, COCTOSIINHA M3 MarHUTOIIPOBOAA, MOIBIK-
HOTO SIKOPSI, IIEPBUYHON 0OMOTKH BO30Y)KAEHHS U BTOPUYHOH BBEIXOIHOI OOMOTKH, UMEIOIIEH IBE OJIMHAKO-
BBIC CEKIWH. J[Be CeKnmM BTOPWUYHOII OOMOTKH COEIWHEHBI IOCIENOBATEIFHO-BCTPEUHO, A ITOJBHIKHBII
SIKOPb COCJMHEH C JBUraTeneM, KOTOPBII C OIpE/eIeHHbIM MEPUOJOM OITyCKAeT SKOPb BHU3 U IOJHUMAET
BBEPX 110 MarHUTONPOBOJIY, MPHUUYEM ABUTATENEM YNpPaBISET YCTPOHCTBO MEPEKITIOUEHHUS, MOAKIIOUEHHOE K
UCTOYHUKY HANpPSDKEHHUs YIPaBIEHUs, a BBIXOIHON CHUTHAT CO BTOPHYHON BBIXOAHOI OOMOTKHM MOZAeTcsl Ha
BXOJ[ yCTPOMCTBA BBIUMCIECHHS BHIXOAHOTO CUTHAIIA, I/Ie TEHEPUPYETCs BBIXOAHOH CHTHAI, IPOHOPIHOHAb-
HBIH yIBOEHHOMY 3HAUEHHUIO T'PABUTAIMOHHOTO yCKOpeHHs. TpaHC(HOPMAaTOpHBIN IpaBUMETP OTHOCHTICS K
CpeICcTBaM M3MEpEeHHs] BEPTUKAIBHONW COCTaBILIONIEH BEKTOpA TPaBHTALMIOHHOTO YCKOPEHHMSI ¢ OOpTa JeTa-
TEJILHOTO alapara 1 MOXKEeT HUCITOJIb30BaThCs B 00JIACTH Te0ie3nH, Te0()U3NKH, B YACTHOCTH, IpH (HOPMHUPO-
BaHUU ONOPHBIX I'PaBUMETPUUECKUX CETOK TPYAHOMOCTYIHBIX PalOHOB 3€MHOrO Iapa, a TAaKKe B aBHa- U
pakeTocTpoeHHH. TpaHC(OpMATOPHBIA TpaBUMETP BXOJHUT B COCTaB aBHAIIMOHHOW IPaBHMETPUYECKOH CH-
CTEMBI, pa3MEIIEHHON Ha JIETAaTeILHOM almapare.

Kniouegvie cnosa: nByxkaHaNbHBIH TpaHC(HOPMATOPHBIH IPaBUMETP, BOMYIIAIOLIEE BO3ICHCTBHE, PE30HAHC-
HBIE PE&KUMBI, IeMI(pHUPOBAHHE, TPABUTAI[IOHHOE YCKOPEHHE.
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