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Abstract. The relevance of aviation gravimetric measurements is indisputable. Known aviation
gravimeters have both advantages and disadvantages, which are defined in this article. The basis of
this work is the highlighting of methods and means of improving the accuracy of the aviation
gravimetric system. The objectives of this article are to provide the equation of motion and the list of
the main elements of the aviation gravimetric system, the characteristics of the two-channel method
for building a gravimeter and its advantages over others. The selection of the natural frequency of
the gravimeter oscillations is also substantiated and the importance of taking into account the
correction due to the influence of the angular velocity of the Earth's rotation is shown. A new
transformer gravimeter with higher accuracy is proposed and investigated. It is substantiated that
the use of a new two-channel transformer gravimeter provides the necessary increase in accuracy.
The methodical and instrumental errors of the system were analyzed. The accuracy requirements for
the components of the measuring system are formulated.

Key words: gravimeter, gravitational acceleration, Earth's gravitational field, aviation
gravimetric system.

1. Introduction.

The study of the Earth's gravitational field is an important scientific problem.
Information about the Earth's gravitational field is necessary in geodesy, geophysics
for mineral exploration; seismology for forecasting earthquakes and tsunamis; aviation
and space technology for correction of inertial navigation systems of aecrospace objects;
in the defense industry for correction of control and stabilization systems of light

armored vehicles [1].
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Today, measurements of the parameters of the Earth's gravitational field on an
aircraft are the most relevant (UAV). They make it possible to measure gravity
anomalies Ag in such hard-to-reach areas of the Earth as mountain ranges, the Earth's

poles, and the equator — cheaper and at a much higher speed than land or sea
measurements. For these purposes, aviation gravimetric systems (AGS) are usually
used, the sensitive element of which is a gravimeter. Data on gravitational anomalies
Ag or gravitational acceleration g, entered into the memory of the on-board computer

(BC) of the AGS, will significantly contribute to increasing both the accuracy of
determining the navigational parameters of moving objects and the efficiency of
gravimetric reconnaissance. Therefore, conducting high-precision aviation gravimetric
measurements at high speed is relevant.

2. Analysis of literary data and statement of the problem

Today there are many types of AGS gravimeters: quartz [2], string gravimeter [3],
magnetic [4, 5], mobile gravimeter [6], spring [7], the work of which is based on
various physical phenomena [1]. They have their advantages and disadvantages.
Almost all known gravimeters have significant errors due to the influence of the
vertical acceleration of the aircraft [8—10], which are 10° times greater than the useful
signal Ag. Known aviation gravimeters are somewhat complicated by the need to use
auxiliary systems (in particular, the global positioning system (GPS)) [11]. They
require periodic calibration and adjustment [12], which greatly complicates the work
and takes a lot of time. Known modern gravimeters (gravimetric systems) belong to
ground, surface and underwater [13-15] measurement methods that are not used in
aviation gravimetry.

The following works are devoted to the analysis and research of some modern
types of gravimeters: on gyroscopic single-channel and two-channel gravimeters [16],
on piezoelectric single-channel and two-channel gravimeters [17, 18], on string
gravimeters [19, 20], on capacitive single-channel and two-channel gravimeters
[21, 22].

However, the literature on aviation gravimetry [2, 23, 24] provides information
on individual types of gravimeters and does not cover methods and means of improving
the accuracy and speed of AGS.

3. The purpose and objectives of the research

The purpose of the work is to highlight the methods and means of improving the
accuracy and speed of the AGS.

To achieve the formulated goal, the following tasks were set:

— give the equations of motion and the list of the main components of the AGS;

— justify the choice of the natural frequency of oscillations of the AGS gravimeter;

— to show the expediency of using the two-channel method for the construction of
the AGS gravimeter;

— conduct an analysis of methodical errors;

— to show the importance of taking into account the correction due to the influence
of the angular velocity of the Earth's rotation;

— propose and research a new transformer gravimeter with greater accuracy than the
known ones.
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4. Research materials and methods

4.1. Equation of motion and list of main components of AGS

The scheme and main components of the aviation gravimetric system, which
includes a gravimeter [1], are given.

The aviation gravimetric system for measuring gravity acceleration anomalies Ag
includes (Figure 1):

— navigation parameters determination system 1;

— height meter 2;
— gravimeter 3 installed on a two-axis stabilized platform;
—BC 4.
1 Navigation
g v BC
parameters ——
\ determination| k E —
system ?
2
\ _ b
Height k
meter h 4
‘Xo
J A
\ Gravimeter | f. fA+E
I A
g
Ag=f+A+E-h-Y,

Figure 1 — Aviation gravimetric system for measuring gravity acceleration
anomalies: / — navigation parameters determination system, 2 — height meter;
3 —gravimeter;, 4 — BC [1]

In [1], the equation of motion of the AGS with any type of gravimeter was

obtained:
2 2 < 2
f.=g. —V—+2ev—{1—2cos2gp-(l— 0 kq—

r r 2 )
—2a)3vcos¢sink+2/z£vcosksin2(o— (1)
r
h .
27/0 — @ hcos’ p+h,

where f, — is the output 81gnal of the gravimeter; g _ — acceleration of gravity (GA)

along the sensitivity axis of the gravimeter; v — aircraft speed; » — radius of aircraft
location; e —compression of the Earth ellipsoid; ¢ — geographical latitude; £ — aircraft

course; @, — angular velocity of the Earth's rotation; 4 — height of aircraft above the
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ellipsoid; 4 — vertical velocity of aircraft; /4 — vertical acceleration of aircraft; y, —

the reference value of the GA.
In equation (1) g. is a useful signal, all other signals are interferences that must

be taken into account or eliminated.
We present equation (1) in the form:

2 2
g. =1 +v—{1—2e-{l—coszgo-(1—smz kﬂ}+
r

+20)3v003(psink—2/zfvcosksin 20+ (2)
r

h .
+270% 4 2 heos® p— .
r

Since the gravity acceleration anomaly is equal to the difference of the GA along
the sensitivity axis of the gravimeter and the reference value of the gravity acceleration,

we obtain [1]:
2 : 2
Ag=f +11-2e- 1—2c0s2(p-(1—sm £
r .2 )

+2w,vcos@sink —

_ﬂ(k(tz)_k(tl)_l_w Sin(5+i(t2)_/1(tl)
LU 6t ’ t, —t,

smaj_ v

—2h%vcosksin2p + 2M +wihcos’ p—y,.
r r

Let's rewrite (3) in the form [1]:
Ag=f +E+A-h-y,, 4)
where f. — is the output signal of the AGS gravimeter;

2 1 2
E =V—{1—2€{1—COSZ (p.(l— sz kﬂ}+2a)3vcosgpsink—2fz£vcosksin2(p -
7 r

Etvesh's correction [1] has an additional term a)fh cos’ ¢, whose influence is more than
1 mGal and which must be taken into account when measuring GA with an accuracy

of 1 mGal; 4= 2M+ w;hcos® @ — the height correction [1] has an additional term
r

2her'vcosksin 2¢, the influence of which is more than 1 mGal and which must be
taken into account when measuring GA with an accuracy of 1 mGal;
Vo = 70, (1+0,0052884sin* - 0,0000059sin’ 2¢) — GA reference value (Cassinis

formula) [24]; 4 — vertical acceleration of aircraft [1]; Yo, =9,78049 m/s* — GA

reference value (equatorial) [25].
In known gravimeters [2 - 7, etc.], additional components in Etvesh corrections
and for height are not taken into account, which reduces the accuracy of gravity
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measurements.
It can be seen from the equation of motion (3) that the AGS should consist of the
following components:
— gravimeter for measuring GA;
— systems for stabilizing the gravimeter's sensitivity axis in the vertical position;
— navigation systems for determining the navigation parameters of the location of
the aircraft;
— height meter;
— on-board computer BC for computing operations according to algorithm (3) or (4)

[1].

4.2. Selection of the natural frequency of gravimeter oscillations.

The main errors of known gravimeters are caused by the fact that the gravimeter
measures the projection of a set of signals onto the sensitivity axis: the useful GA signal
and the interference signal, which is caused, mainly, by the vertical acceleration
exceeding the useful GA signal by 10° [1, 26].

It is necessary to solve the problem of filtering the output signal of the gravimeter
of the automated AGS.

The output signal of the AGS gravimeter after calculation and introduction of
corrections £, 4, y,, in (4) can be written in the form:

T=f =g +h, (5)
where & — error due to the effect of vertical acceleration of the aircraft.

Well-known gravimeters usually use low-pass filters for / filtering. The presence
of a low-pass filter in the gravimeter significantly reduces the reliability of the
gravimeter and its accuracy [1, 27]. Over time, the operation of the electronic
components of the filter becomes unstable: the filter will pass interference to the output
of the gravimeter or will not pass a part of the useful signal.

A different approach is proposed.

Analytical expressions of the spectral densities of the GA useful signal G,, (a))

and the main obstacle of the vertical acceleration of the aircraft G, () and their graphs

(Figure 2) were obtained in [1].
The graphs of the spectral densities of the GA useful signal and the main
interference intersect at @ = 0,1 rad/s point (Figure 2). A method of filtering the output

signal of the gravimeter is proposed by choosing a frequency of natural oscillations of
the gravimeter of 0.1 rad/s, which is equal to the frequency of the intersection of the
two graphs (Figure 2).

Using low-pass filtering with a cut-off frequency of 0.1 rad/s, it is possible to
separate the GA g from the vertical acceleration 4 with an accuracy of 1 mGal. In the
output signal of the gravimeter, the following disturbances are also eliminated, the
dominant frequency of which is greater than 0.1 rad/s:

— translational vibration accelerations (predominant frequency of which is
3140 rad/s);

— angular vibration accelerations (the predominant frequency of which is over
0.1 rad/s) [1].
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Therefore, we choose the frequency of natural oscillations of the gravimeter to
be 0.1 s,
-1
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Figure 2 — Dependencies on frequency: / — spectral density of vertical acceleration
of the aircraft, 2 — spectral density of the PST useful signal [1]

T——

As aresult, we get the output signal 7" of the gravimeter, which contains only the
useful GA signal. It does not contain the above-mentioned errors, the predominant
frequency of which is greater than 0.1 rad/s [1].

The equation of motion of the AGS with a gravimeter for determination Ag will

be [1]:
v sin’ k
Ag=f. +7 1-2e-|1-2cos’ -] 1- 5 +

+2a)3vcos¢sink—2h3vcosksin2¢)+ (6)
r

4208 of
r

In equation (6), in contrast to known works, there is no effect of vertical
acceleration /i .

The selection of the natural frequency of the gravimeter equal to 0.1 s ensures
that there is no influence of vertical acceleration on the operation of the AGS
gravimeter and that there is no need to use additional electronic filters.

A solution to the problem of filtering the effect of vertical acceleration on output
readings by using a two-channel measurement method is also proposed.

4.3. The use of the two-channel method for the construction of the AGS
gravimeter

When building a gravimeter of any type, it is advisable to use the two-channel

+wihcos’ p—y,.
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method (the invariance method), which allows you to eliminate a number of significant
erTors:
— from the influence of vertical acceleration;
— instrumental errors due to the influence of residual non-identity of structures of
sensitive elements;
— instrumental errors due to the influence of changes in temperature, humidity,
environmental pressure and other factors.
Let's consider the generalized scheme of the construction of a two-channel
gravimeter (Figure 3).
The inertial mass M is acted upon by the acceleration of gravity g, the vertical

acceleration /1 of the aircraft, and the total instrumental errors Ai indicated above.
Sensitive elements are located in such a way that vertical accelerations in them act
oppositely. In more detail, the arrangement of two identical sensitive elements is
described (depending on the type of gravimeter) in: string [20], capacitive, two-channel
MEMS capacitive [21].

The equation of forces along the O. axis of the sensitivity of the two-channel
gravimeter, directed along the geographlc vertical, will have the form:

f.=fi+f,=mg + mAh + Ai + mg —mAh — Ai =2mg, (7)
where f, — the output signal from the sensitive element 1; f, — the output signal from
the sensitive element 2; f, — output signal of a two-channel gravimeter; m — weight of

inertial mass M. |
0
LLLL L

vy + Al

v +mh

1

y + mg.

Figure 3 — Generalized construction scheme of a two-channel gravimeter:
1, 2 — sensitive elements of a two-channel gravimeter, M — inertial mass [19, 21]
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It can be seen from equation (7) that the output signal of the two-channel
gravimeter contains twice the value of the useful GA signal and does not contain the

vertical acceleration / of the aircraft and total instrumental errors Ai .

The output signal f, of the two-channel gravimeter is fed to the BC, where the
output signals from the system for determining navigation parameters and the altimeter
are also fed. In BC, the value of the gravity acceleration anomaly Ag is calculated
according to the formula [1]:

Ag=f.+E+A~y,, (8)
where f, — output signal of a two-channel gravimeter; £ — Etwesh's amendment; 4 —
height correction; y, — the reference value of the acceleration of gravity.

It can be seen from equation (8) that it lacks the largest error component /. All
known single-channel gravimeters are measured / simultaneously with g. This leads
to large errors (a value of / is 10° greater than g).

Thus, in the two-channel gravimeter, a significant increase in the accuracy of
measurements is ensured by compensating the effect of the vertical acceleration / of
the aircraft and total instrumental errors Ai .

5. Results of studies on calculation of AGS errors

5.1. Analysis of methodological errors of the AGS

To determine the permissible measurement errors of the parameters of the aircraft
movement by the AGS components, we will use the methodology outlined in [1].

Ag=f +D, (19)
where D — total error of AGS:

2 2
D=— {1 2e- {1—2cosz¢-(l—sm kﬂ}+
r 2

+2m,vcospsink —2h%vcosksin 20+ (20)
r

+27°h+a)3hcos Q=7
r

The parameters included in equation (19) are determined by individual
subsystems of the AGS.

The complete differential of the function D determines the relationship between
the absolute values of the errors of the subsystems of the AGS measuring parameters:

Av speed, Ak course, Ag latitude, A/ altitude, A% vertical speed [1]:

a0 =( 4P v+ 42 k-
dv dk

21)
()]st (221
do dh dh

where
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c 2
d—l)—g{l—2e-{l—2cos2 (0-(1— o kﬂ}+2a}3 cosgosink—ZszcosksinZ(o —

av r 2 r

coefficient of sensitivity of AGS to speed

2
4D =2w,vcospcosk — 2¢Y cos? @sin 2k + 25 € vsin ksin 2¢
r r

measurement  errors;

— coefficient of

dk

sensitivity of AGS to course measurement errors;
dD L 2, . v’ sin k) .

%:2w3vsmksm¢—w3 hsm2go—4e7 1- sin2¢ —

- AGS sensitivity
—4hSvcoskcos2p—y,, -5,3- 103(1 —~ 2ﬁjsin 2¢
r r

coefficient to latitude measurement errors; — = @; COSZ(p+2& — coefficient of
r

e . D : :
sensitivity of AGS to height measurement errors; Cci’_h =-2%ycosksin 2¢ — coefficient
r

of sensitivity of AGS to vertical speed measurement errors.

The maximum permissible measurement errors of the main parameters of the
AGS components can be determined according to the data in the table. 1.

Parameters: 4=5-10°m, e=3,4-103, r=6,4-10°m, ®,=7,3-10°s", 1y,
=9,78049 m/s* correspond to numerical values sensitivity coefficients given in Table
1.

Table 1 — The value of the maximum coefficients of sensitivity of the error of the
output signal of the aviation gravimetric system to the measurement errors of
the parameters

No | The maximum sensitivity coefficients of the error of the AGS output signal
n/p to parameter measurement errors
1 v, m/s 260 140 85
2 h,m/s 45 28 19
dD q
3 e mGal/m-s 22,67 17,68 16,47
v
4 Z’—llz, mG@Gal / angle.min 1,08 0,65 0,39
5 Z—D, mG@Gal / angle.min 2.29 1,93 1,77
dD
6 —, mGal /m 0.29 0,29 0,29
dh
dD
7 o mGal /m-s™! 2,8:102 1,9-102 1,03-10

The maximum values of measurement errors of AGS parameters are given in Table 2.
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Table 2 — Maximum values of measurement errors of the studied parameters of
AGS

The maximum value of the
No
) measurement error of the
vp Measurement errors gravitational anomaly (Ag)
I mI'an 3 ml'an
1 | Road speed v, m/s 0,05 0,15
2 | Route £, angle. min 1,43 3,0
3 | Geographical latitude ¢, angle. min 0,5 1,
4 | Height 4, m 33 10,0
5 | Vertical speed A%, m/s 0,5-10 1-107
6 | Courses, m 1,5 4,5
Stabilization error of the sensitivity
7 : . 5 15
axis of the gravimeter, angle.

From the table 2 shows the accuracy with which it is necessary to measure the
navigational parameters of the aircraft movement with the AGS to ensure the specified
measurement accuracy.

5.2. Taking into account the errors of the AGS gravimeter from the portable
(relative to the device) angular velocity of the Earth's rotation

Formulas for calculating the error from the portable (relative to the gravimeter)
angular velocity w. of the Earth's rotation are given in [1]

A=K o (22)
5, =25 .100%, (23)
[04

ugs
where K, — the transmission coefficient of the gravimeter; @, — speed of rotation of
the Earth; «,,, — useful gravimeter signal.

The vertical component of the transferable angular velocity of the main axis xOyz,
caused by the Earth's rotation and the aircraft's own motion:

v
. =, sinp +—1gQ; (24)
r
v, = rA COS @; (25)
% :
—tgp = Asin @, (26)
r

where v, — eastern component of the aircraft's path speed; r — geocentric radius of the
Earth; A — rate of change of longitude.
Let's write formula (24) taking into account (26):
. = (a)3 + Z)sin Q. (27)
Taking into account that the aircraft rotates around the Oz axis with an angular
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velocity & in the case of movement:
®, = (a)3 + ﬂ)sin p+k. (28)
where k — course angle in the horizon plane, counted clockwise from the north direction

to the longitudinal axis of the object.
Let's write formula (22) taking into account (28):

A=K, [(a)3 +2)singo+l€] (29)

For the averaging interval (t2 ) ), we will get the average value of the absolute

error K3 [1]:
(tz _tl)Z:Kr [k(tz)_k(tl)]"'

. 30
+K,[ tlz w,sing(t)dt + K, Ltf Asin p(t)dt. ¢0)

The maximum value K, @, sing=2,92-10" rad. It corresponds to ¢ = 90° and
the speed of rotation of the Earth @, =7,29-10° s [1].

The calculation error K w, sing ata given K, and constant value @, depends on
the definition error ¢. The latitude determination error should be less than 0.5°, if the
calculation error K @, sin¢ is no more than 2.92-107 rad (this is 0.01%) [1].

If you replace j;z sin (p(t)dt with the average value sin ¢ for the averaging interval

(£, —¢,), then the latitude determination error will not exceed 0.5°. The average value

@ corresponds to the middle of the interval (t2 - tl) and sin¢ is insignificantly
different from the sin¢@ , condition that flights take place at a constant speed [1]:

K. Ltlz w,sing(t)dt =K o, sinp(t, —t,). (31)
During the movement of the aircraft in middle latitudes (at ¢=65° and v,
=234 m/s, r=6,4-10° m), the sensitivity of the AGS to latitude measurement errors is
maximum. We will get the value of A(¢)sing [1]:
Alt)sing=73-10" ¢ (32)
For short time intervals, which can be considered constant, the integral of A(t)
and ¢ is chosen as the middle of the averaging interval [1]:

K, [ Ale)sinple)de = K, [A(1,) - A(¢, )lsin . (33)
The flight route during the test program must be laid along the parallel (the value
of the latitude is practically constant and the given one ¢ and can be used in the

calculations) or along the meridian (the series expansion can be used for a relatively
rough approximation sin¢ ). For calculations ¢ when summarizing flight data, it is

necessary to choose the middle of the interval (¢, —¢,) [1].
Formula (29) has the final form:

A, =K, [@+ @, Sin @ +%singﬁ} (34)
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Let's calculate the value K3 and 5_3 , when k=0 for @=65° and v =234 m/s,
r=6,4-10m
A,=5,8-107 rad = 584 mGal,
5,=2,92-102%.
It can be concluded that the error of the gravimeter A,=584 mGal, caused by the
portable (relative to the device) angular velocity of the Earth's rotation @_, s very large

compared to other errors. To take it into account, it is necessary to introduce a
correction to the equation of motion (17) of the AGS.

The equation of motion of AGS with a gravimeter of any type must be written
taking into account the error due to influence @, [1]:

Ag :l{a(tz)_a(tl)+£{k(t2)_k(t1)+ i<t2)_i(tl)sing5+a)3 sin(ﬁ}}+
S t2 _tl kz tz _t1 tz _tl
—5 .27
+ V_{l - 2{1 —2cos? (p(l — sz k ﬂ} + 217(03 sink cos @ — (35)
r

—2h SV cosk sin 2+ 2 w? cos® ph — h—7,.
r r
The influence of the error from @_, is extremely large (584 mGal), so the

correction from the influence of the angular velocity of the Earth's rotation must be
taken into account when analyzing the operation of the gravimeter. In known
gravimeters, the effect of this error is not taken into account. Therefore, their accuracy
can be considered insufficient

6. A new transformer gravimeter as a sensitive element of AGS

From the analysis of the work of modern gravimeters used in the AGS, it can be
concluded that all of them have their own shortcomings and application features. The
main disadvantage of the piezoelectric gravimeter is its high inertia. String gravimeters
are prone to resonances and often have a non-linear output characteristic. A low-power
output signal is a disadvantage of capacitive gravimeters, and its amplification reduces
the reliability of the system. The accuracy of such gravimeters is about 2-8 mGal,
which is insufficient in modern AGS. That is why there is a need to develop new
gravimeters for AGS, which are based on new principles of work and have a
fundamentally different structure [1 - 4].

Considering the shortcomings of the existing gravimeters, it is necessary to
propose and research a new design of the gravimeter, which will be devoid of the
above-mentioned shortcomings of the known gravimeters and will have a higher
accuracy compared to the existing gravimeters.

A new transformer gravimeter (TrG) was proposed [28], which has significant
advantages over known gravimeters: it has a linear characteristic in a wide operating
range and has a powerful output signal compared to a capacitive gravimeter, it does
not have as much inertia as a piezoelectric gravimeter, it is not subject to resonances
like a string gravimeter, allows to obtain a unified electrical signal proportional to the
results of measurements in analog or digital form, etc.
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The new TrG is based on a transformer converter (TrC), the scheme of which is
shown in Figure 4.
6.1. Transformer converter

| Aw

Z

Figure 4 — Transformer converter, where 1 — magnetic wire, 2 — anchor,
3 — excitation winding W,, 4 — secondary winding W,

TrC contains a sensitive element, which consists of a magnetic circuit, a moving
armature, a primary excitation winding and a secondary output winding, which has two
identical sections.

The main disadvantage of the transformer converter is the series-matched (start-
end of one section, start-end of another section) connection of two sections of the
secondary winding 4 W,. Output winding 4 W, is continuous. As a result of such a

connection, the action of horizontal accelerations will cause significant measurement
errors when installing the TrC on an aircraft.
Under the action of acceleration of the force of gravity g_, which acts along the

sensitivity axis of the transformer converter Oz, 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_: E, =mg_. The output electrical signal
U, will be proportional to g_: U, =mg._.
Under the action of an external electromagnetic flux of an obstacle (significant

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, :

E, =mg, + E . Accordingly, the output signal will be U, =mg, +U, .

Vertical acceleration /2, when installing TrC on aircraft, will act along the axis of
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sensitivity of the TrC, then: E, =mg, + mh . The value of the vertical acceleration /
is 10° times greater than the value of g, that is, the value of the error significantly

exceeds the useful signal.

6.2. Transformer gravimeter

Increasing the accuracy of GA measurement in the new transformer gravimeter
(TrG) is ensured by connecting two sections of the secondary winding in series-
opposite. The movable armature is connected to the motor for sequential lowering and
raising of the armature along the magnetic line every second. The motor is controlled
by a switching device that is connected to the control voltage source, and the output
signal from the secondary output winding is fed to the input of the output signal
calculation device. As a result, a signal is obtained that is proportional to the doubled
value of the acceleration of gravity. This signal does not contain errors from the
influence of vertical acceleration of the aircraft, residual instrumental errors, residual
errors from projections of horizontal cross accelerations and errors caused by the
influence of external electromagnetic flows. This, in turn, provides an increase in the
accuracy of measurements of the acceleration of gravity.

Under the action of an external electromagnetic flow of an obstacle, this flow will
induce two EMF obstacles in two sections ,, which are included in series-opposite

E,, and — E',,,. In total, these errors are compensated [6]

The design of the transformer gravimeter and the essence of its work are presented
(Figure 5).

The sensitive element of the TrG, as in the case of a transformer converter,
consists of a magnetic circuit 1, a moving armature 2, a primary excitation winding 3
and a secondary output winding 4, which has two identical sections. The moving
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 principle of operation of TrG is similar to TrP and consists in the change of
the electromagnetic flux of excitation @, in the excitation winding W, and,

accordingly, two EMFs E, and —E', in two sections of the winding ¥, under the
action of the acceleration of gravity g,. 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, £, and — E',.

At the point of electromagnetic symmetry TrG 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 (Figure 5) or
up (Figure 5, circled with dashed lines) £, # ‘— E',
will be proportional:

U, E‘Ez_E'z‘Emgz (36)
In TrG, the switch device 6, which is powered by the control voltage source 7, at
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equal time intervals of 1 s. switches the supply of vertical movement of the anchor 2
down (Figure 5) and up (Figure 5, dotted line) through the motor 5.

Control voltage
source

Y

Switch

5 Exit 1 | Exit2 5

I A S 7£ ______

™~
Engine

AN

\ Device for

calculation
output signal

£

Figure 5 — Transformer gravimeter
1 — magnet wire, 2 — movable armature, 3 — excitation winding W,, 4 — secondary

winding W,, 5 — motor, 6 — switching device, 7 — control voltage source,
8 — output signal calculation device

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 calculatmg the output 51gnal 7, the final output signal is formed:
f=f+1= gz+h+Al+Aw+gZ—h Ai—-Aw=2g,, (37)

where f =g, +h+Ai+Aw — output signal when armature 2 moves down;

L=g, —h—Ai—Aw — output signal when armature 2 moves up; /# — vertical
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acceleration of the aircraft; Ai — 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 TrG, an output signal
equal to the doubled value is formed 2g, . Unlike the transformer converter, the output

signal of TrG does not have measurement errors caused by the influence of vertical
acceleration #, residual instrumental errors Ai and residual errors from the influence
of horizontal cross accelerations Aw. Thus, it is shown that TrG has a higher accuracy
compared to known gravimeters. The influence of external -electromagnetic
interference flows, which are significant on the aircraft, is also canceled in TrG due to
the opposite connection of the secondary windings (in contrast to the transformer
converter, where this influence is significant and is not neutralized).

The doubled TrG signal is part of the AGS output signal.

7. Conclusions

1) The equations of motion and a list of the main components of the AGS are
given: gravimeter, stabilization system, system for determining navigation
parameters, height meter, on-board digital computer;

2) It is substantiated that the choice of the gravimeter's own frequency equal to
0.1 s ensures the absence of the influence of the largest disturbances (vertical
acceleration and other accelerations whose frequency is greater than 0.1 rad/s) on
the operation of the AGS gravimeter and the absence of the need to use additional
electronic filters;

3) The expediency of using the two-channel method for the construction of the
AGS gravimeter is shown, because this method makes it possible to compensate for
residual instrumental errors;

4) An analysis of methodological errors of AGS was carried out, from which
accuracy requirements for AGS components were formulated, provided that the
accuracy of PST measurements is 1-2 mGal.

5) The importance of taking into account the correction due to the influence of the
angular velocity of the Earth's rotation is substantiated (it is unacceptably large A,

=584 mGal compared to other errors). In order to take it into account, it is necessary to
introduce a corresponding amendment

A <K (k(t ,)—k(t,) At~

AlL) . ). : :
+ w,sin@ + —(l)sm(oj in the equation of motion of the

t,—t, t,—t,

AGS. The final AGS equation with this correction is obtained:

M_L{M+ K, {kon—zc(tl)ﬁ(tz)_z(tl)

S| t-t k,| t—t t,—t,

_ o
+ V_{l — 2{1 —2cos’ (0(1 = sz k ﬂ} +2V o, sin k cos @ —
r

—2h SV cosk sin2¢+ 2M+a)32 cos> @h — h—7,.
r r

sin @ + @, singﬁ}}+
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6. It is substantiated that the use of a new two-channel transformer gravimeter
provides the necessary increase in the accuracy of AGS.
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Anomauin. AxkmyanvHicmos agiayiliHux 2pagiMempuyHux UMIpio8ans € besnepeunoro. Bioomi
asiayitni epagimempu mMaoms K nepesazu max i HedoliKu, sIKi 6U3HaA4eHo 8 Yil cmammi. B ocnosi
oanoi pobomu — 6uUCGImMIeHHs Memoodie ma 3aco0i8 NOKPAWEHHS MOYHOCMI A8iayiliHoT
epagimempuynoi cucmemu. 3adavamu Oamoi cmammi € HABEOEHHs PIGHAHHA pYXy ma nepenixy
OCHOBHUX  elleMeHmi6  agiayiliHoi  2pasiMempuyHoi  cucmemu, Xapakmepucmuka Memooy
080KaHAILHOCMI OJ151 NOOYO08U 2pasimempa ma tio2o nepesae nepeod iHwumu. Taxosc 06rpyHmMo8ano
8UOIP 81ACHOT YaCMOMU KOAUBAHb 2PAGIMEMPA Ma NOKA3AHO BAACTUBICMb 8PAXYEAHHS NONPABKU 8i0
8NIUBY KYMOBOI weUOKocmi obepmanHa 3emni. 3anpononoéanHo ma OOCHIOHCEHO HOBUL
mpancghopmamopHul epasimemp 6inbuioi mounocmi. OOIPYHMOBAHO, WO BUKOPUCIAHHA HOBO2O
0BOKAHAILHO2O MPAHCHOPMAMOPHO20 2pasimempa 3abe3neuye HeoOXioHe ni0BUWEHHS MOYHOCTII.
IIpoananizosarno memoouuni ma incmpymenmanvhi noxuoku cucmemu. Cchopmyibo8ano mouHicmui
8UMO2U 00 KOMNOHEHMI8 BUMIPIOBANILHOI cuCmeMU.

Knrwowuoei cnoea: cpasivmemp, npuckopeHus cuiu msAdNCIHHA, 2epasimayiune none 3eMli,
asiayivuna 2pasimempuyta cucmema.
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