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TWO-CHANNEL GRAVIMETER OF AVIATION GRAVIMETRIC SYSTEM

A two-gyro gravimeter of the aviation gravimetric system is proposed and investigated, which provides higher
measurement accuracy than known gravimeters, due to the elimination of errors from the cross angular velocities of the base
and the angular velocity of the Earth's rotation and the measurement of the full vector of the acceleration of gravity. To
measure the acceleration of gravity, an AGS is proposed, which has greater accuracy and speed than known and consists of a
three-stage gyroscope located in the inner and outer frames, equipped with interframe correction systems, which include an
angle sensor (DC) located on the axis of the inner frame of the gyroscope and a torque sensor (DM) connected to its output is
located on the axis of the outer frame. DM, located on the axis of the inner frame, is connected to the DC output. An additional,
identical to the first, three-stage gyroscope, the rotor of which rotates in the opposite direction from the main gyroscope, is
introduced in the AGS under consideration. The additional gyroscope of the AGS is also provided with similar correction
systems, which consist of a DC located on the axis of the inner frame, and a DM located on the axis of the outer frame connected
to its output, a DC located on the axis of the outer frame, to the output of which a DM located on the axis is connected inner
frame The centers of gravity of two identical (main and additional) gyroscopes are shifted by the same distance in one direction
along the axes of rotation of the rotors of the gyroscopes relative to the axes of the outer frames. The vectors of the kinetic
moments of the two gyroscopes are oppositely directed. In the two-channel gravimeter, two output signals of linear
acceleration are formed as the sum of signals from DC of two gyroscopes relative to one z-axis and as the sum of signals from
DC of two gyroscopes relative to the second x-axis. The output signals are fed to the computer. Both gyroscopes of the system's
gyrogravimeter are mounted on a platform whose angular position is controlled by a motor (DV) installed on the x-axis and a
DV on the z-axis. Both motors control the angular position of the platform by signals. The computer also receives signals from
the system for determining navigation parameters and from the height meter.
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HTVYYVY «KuiBcbkuit nonitexHiyHui iHCTUTYT iMeHi [ropst CikopchKoro

JBOKAHAJIBHUM I'PABIMETP ABIALIIMHOI TPABIMETPUYHOI CUCTEMHU

3anponoHosaHo ma docaidxceHo deozipockonHull zpasimemp asiayiliHoi epagimempuyHoi cucmemu, sikull 3abesnevye guujy
MmoyHicmb UMIpIO8AHY, HidC 8I00MI 2pasimMempu, 3a paxyHOK yCyYHeHHsl NOXUbokK 8i0 nepexpecHUX Kymosux weudkocmetl ocHosu i Kymosoi
weudxkocmi obepmaHHs 3eMAi ma 8UMIPIOBAHHS NOBHO20 8eKMOPA NPUCKOPEHHS CUAU MAXCIHHA. [JA51 8UMIDIOBAHHS! NPUCKOPEHHS CUAU
msiiciHHs 3anponoHogaro AIC, ska mae 6inbwi mouHicms i weudkodito, Hixc 8idomi, ma ckaadaemuvcsi 3 mpucmeneHegozo 2ipockona,
po3mawio8aHozo y GHympiwHill ma 308HIWHIl pamkax, 3a6e3neyeHo20 CUCMeMaMu MincpamMKosoi Kopekyii, ujo micmsms po3mauwosaHuti
Ha oci eHympiwHboi pamku 2ipockona damvuk kyma ([K) i niokarouenutl do tiozo suxody damuuk momeHnmy ([IM), poamawosaHuil Ha oci
308HiwHbOI pamku. [lo suxody JK nidkaroueno /JM, posmawosaHruli Ha oci sHympiwHboi pamku. Y posaasadysaniti AI'C ysedeno dodamkosui,
idenmuyHull nepwomy, mpucmeneHegull 2ipockon, pomop s1k020 obepmaemucsi 8 npomu.iexcHull 6ik 8id ocHosHozo 2ipockona. [lodamkoguil
2ipockon AI'C makodc 3abe3neyyloms aHAA02IYHUMU cucmemamu Kopekyii, siki ckaadaromucs 3 JJK, poamawosanozo Ha oc 6HympiwHboi
pamku, i nidkatoueHozo do tiozo suxody /M, posmawosaHozo Ha oci 308HiwHb0i pamku, JK, posmawoeaHo Ha oci 308HIWHbLOI paMKu, Ao
suxody sikozo nidkaioueHo /JIM, posmawosaHuii Ha oci éHympiwHboi pamku. llenmpu eazu deox odHakosux (ocHO8HO20 i dodamkosozo)
eipockonie 3miujeHi Ha odHakogy eidcmaHb 8 00uH 6iK y3008dc ocell 06epmaHHs pomopie 2ipockoni@ 8i0HOCHO ocell 308HIWHIX PAMOK.
Bekmopu kiHemu4yHuUXx MoMeHMi8 080X 2ipOCKONi8 NPOMUJIEHCHO ChPSIMOBAHI. Y 080KaHA/NbHOMY 2pagimempi gpopmyromubcesi 08a 8uUXiOHI
cuzHaau IHIIHO20 NPUCKOpeHHs sIK cyma cueHanie 3 [IK deox zipockonie eidHocHO 00Hiei oci z i ik cyma cueHazis 3 [JK deox eipockonis
8i0HOCHO Opyzoi oci X. BuxioHi cuzHaau nodaomucsi y komn'tomep. 06udsa zipockonu zipozpasimempa cucmemu 8CmaHo8/aK0I0Mb Ha
naamgopmi, KymosuM No10d4ceHHAM s1Koi Kepye dauzyH (/IB), ecmaHosaenuli Ha oci x i [IB - Ha oci z. 06udea dsuzyHU Kepyromb Kymosum
NO/0MHCEHHAM NAam@opMu 3a cuzHaiamu. Y komn'romep Ha0Xo0simb MAKo#C CU2HAAU 810 cucmeMu 8U3HaYeHHs HasizayiliHux napamempis
i 8id sumiprogaua sucomu.

Katouosi cnoea: dsozipockonHuill epagimemp, kymosa weudkicms obepmaHHs 3em.i, nepexpecHi Kymosi weudkocmi ocHo8u

Formulation of the problem

Today, modern instruments in the field of aviation gravimetry (string GS and quartz GAL-S) have significant
errors due to the influence of the cross angular velocities of the base and the angular speed of the Earth's rotation (only
the last error is 584 mGal). A gyroscopic single-rotor gravimeter also has the above-mentioned errors.
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Requirements for the accuracy of measurements of the Earth's gravitational field, correction of inertial
navigation systems by the Earth's gravitational field and other precision tasks of the aerospace industry are growing
every year.

Therefore, the problem of increasing the accuracy of aviation gravimetric measurements by compensating
errors due to the influence of the cross angular velocities of the base and the angular velocity of the Earth's rotation is
urgent.

Analysis of recent research and publications

The conducted studies showed that a number of outstanding gravimetric scientists made a great contribution to
the theory and practice of terrestrial gravimetric measurements: V.O. Bagromyants, Yu.D. Boulanger, K.E. Veselov,
AM. Lozynska, A.A. Mykhailov, S.A. Poddubny, E.I. Popov, V.A. Tulin, V.V. Fedinsky, M.E. Heifetz and others.

A major role in the development of gravity measurements was played by the works of foreign scientists: L. La
Costa, D. Garrison, A. Graf, Y. Tomoda, M. Golvani and others.

Gravimetric studies are intensively carried out in many large scientific and technical centers: NSC "Institute of
Metrology" (Kharkov) under the leadership of H.S. Sydorenko; Central research institute "Azimut" under the
leadership of L.P. Nesenyuk, G.B. Wolfson, B.A. Blazhnov; HMEAS named after Professor M.E. Zhukovsky under
the leadership of A.A. Krasovsky, A.L. Soroky; RV HMEAS (Riga) under the leadership of A.A. Veselov.

At the moment, there is a lot of literature in the field of methods and means of measuring the acceleration of
gravity (AG) [1-4], which contains both the principle of operation and the technical characteristics of modern devices
for measuring AG. Much attention is paid to single-gyro gravimeters [1, 2]. However, there is no information about
dual-gyro gravimeters in the known literature.

A description of a string gravimeter is given in [3], however, this gravimeter measures only one component of
the AG. Methods and means of compensating errors from the cross angular velocities of the base and the angular
velocity of the Earth's rotation are not provided.

In [4] there is a description of a quartz strongly damped gravimeter, however, this gravimeter measures only
one component of the AG. Methods and means of compensating errors from the cross angular velocities of the base
and the angular velocity of the Earth's rotation are not provided.

It is not possible to increase the accuracy of the AG measurement if you do not take into account the errors
from the cross angular velocities of the base and the angular velocity of the Earth's rotation. It is also desirable for the
gravimeter to be two-channel.

The purpose of the work: to propose and investigate a two-channel gravimeter (TCG) of the aviation
gravimetric system (AGS), which will provide higher measurement accuracy than known systems, due to the
elimination of errors from the cross angular velocities of the base and the angular velocity of the Earth's rotation and
the measurement of the full vector of the acceleration of gravity (and not one component, as in GAL-S, GS and single-
gyro gravimeters).

Presentation of the main material of the article

To measure the acceleration of gravity an AGS (Fig. 1) is proposed, which has greater accuracy and speed than
known, and consists of a three-stage gyroscope 1, located in the inner 2 and outer 3 frames, equipped with interframe
correction systems, containing an axis 4 of the inner frame of the gyroscope 1, the angle sensor (AS) 5 and the torque
sensor (TS) 6 connected to its output, located on axis 7 of the outer frame 3. TS 9, located on axis 4 of the inner frame
2, is connected to the output of the AS 8§, located on axis 4 of the internal frame 2. In the AGS under consideration,
an additional, identical to the first, three-stage gyroscope 1, the rotor of which rotates in the opposite direction from
the main gyroscope 1. The additional gyroscope of the AGS is also provided with similar correction systems, which
consist of AS 5, located on axis 4 of the inner frame 2, and connected to its output TS 6, located on axis 7 of the outer
frame 3, AS 8, located on axis 7 of the outer frame 3, to the output of which TS 9 is connected, located on axis 4 of
the inner frame 2. The centers of gravity of two identical (main and additional) gyroscopes 1 are shifted by the same
distance [ in one direction along the axes 10 of rotation of the rotors of the gyroscopes 1 relative to the axes 7 of the
outer frames 3. The vectors of the kinetic moments of the two gyroscopes are oppositely directed.

In the two-channel gravimeter, two output signals f,,, f,of linear acceleration are formed as the sum of signals
from AS 8 of two gyroscopes relative to one z axis and as the sum of signals from AS 5 of two gyroscopes relative to
the second x axis. The output signals f,, f, are fed to the on-board digital computer (DC). Both gyroscopes of the
gravimeter of the system are installed on the platform 11, the angular position of which is controlled by the motor (M)
12 installed on the x axis and M 13 - on the z axis. The linear acceleration signal f, is sent to M 12, and the signal f,
—to M 13. Both motors control the angular position of the platform 11 by signals f,, f,. The DC also receives signals
from the system for determining navigation parameters and from the height meter.
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Fig. 1. Aviation gravimetric system with a two-channel gravimeter

In the presence of a component g, of linear acceleration along the axes 4 of the inner frames 2 of the
gyroscopes, the frames begin to rotate around the axes 4 of the inner frames 2 under the action of the pendulum
moment mlg, (ml—pendulum) directed along the axes 7 of the outer frames 3. The rotation of the gyroscopes under
the influence of this moment causes the appearance of electrical signals from two identical AS 5, located on the axes
4 of the internal frames 2, the outputs of which are connected to the control windings of two identical TS 6, located
on the axes 7 of the external frames 3. Two TS 6 create moments mlg, that compensate for the pendulum moments,
along the axes 7 of the external frames 3. Under the action of the pendulum moment mlg, caused by the component
of linear acceleration g, along the axes of the 7 external frames and directed along the axes of the 4 internal frames
of the 2 gyroscopes, two three-stage gyroscopes begin to rotate around the axes of the 7 external frames 3. The rotation
of the two gyroscopes under the action of the moment causes the appearance of electrical signals from two identical
DK 8, located on the axes 7 of the outer frames 3, the outputs of which are connected to the control windings of two
identical TS 9, located on the axes 4 of the internal frames 2. Two identical TS 9 create moments that compensate for
the pendulum moments mlg,, that act along the axes 4 internal frames of 2 gyroscopes. In a two-channel gravimeter,
output signals f, and f, linear acceleration are formed as the sum of signals from AS 8 of two gyroscopes on one axis
z and as the sum of signals from AS 5 of two gyroscopes on the second x-axis. The output signals f,, f, are sent to the
DC. The signals of linear acceleration f,, f, are received on M 12, 13, installed along the axes x,z. Both engines
control the angular position of the platform 11, on which the device is installed. Output signals v, k, ¢ from the system
for determining navigation parameters and the output signal 4 from the height meter are also provided in the DC. DC
calculates gravity acceleration anomalies.

Let's explain the principle of operation of the AGS using the system of precise equations of motion of one of
the two identical gyroscopes of the system's gravimeter:
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HB + kB + nyd = mlw, —
—mlg, — H(wx + wya) -
—Aw, — Hwj;cos ¢,
Ha + kya + nyf = mlw, — (1)
-mlg, — ml(wxa — wy)[? —
—B(6, + @ya) — Hwyp —
—Hwjzsing,
where H — is the kinetic moment of the gyroscope; a, f — rotation angles of the outer frame relative to the object and
the gyroscope casing relative to the outer frame; kq, k, — coefficients equal to the product of the transmission
coefficients of the corresponding AS and TS of the two correction channels; n,, n, — coefficients of viscous friction
forces relative to the corresponding axes; wy, w,,, w, — projections of the acceleration of the translational motion of
the aircraft on the axis Ox, Oy, Oz of the reference coordinate system xOyz associated with the aircraft (its origin
coincides with the center O of mass of the moving part of the device; the axis Ox is directed parallel to the longitudinal
axis of the object, the axis Oy is parallel to the transverse axis; the axis Oz is parallel to the normal axis); wy, w,, w,
— projections of the angular velocity of the object on the axis associated with it; A — reduced to the axis of rotation of
the outer frame, the moment of inertia of the system "gyroscope in gimbal suspension"; B — moment of inertia "rotor
and inner frame of the gyroscope"; g,, g, — vertical and horizontal components of the acceleration of gravity acting
on the gyroscope; w3 — angular velocity of the Earth's rotation; ¢ — latitude.
Marking the disturbing moments of obstacles relative to the axes of the suspension of the gyroscope frames
M; = miw, — H(a)x + a)ya) — Aw, — Hwzcos ¢,
M, = mlw, — ml(wea — w,)B — B(@, + &ya) — Hoyf — Hws sin ¢,
rewrite system (1) in the form

A

{Hﬁ+k1ﬁ+n1a=M1—mlgx, (2)
Ha + kya +n, = M, —mlg,.
Let's find the solution of equations (2):
a(p) = [nzp(My = mlg,) = (Hp + k) (M; = mlg)] X s st (3)
B®) = [nip(M, —mlg,) — (Hp + k) (M; — mlg,)] % : @

nynyp?—(Hp+kq)(Hp+kz)'
Let's write down the expressions for the fixed values of the rotation angles of one of the gyroscopes, using (3),
(4):
Ay = k7' [-mlg, + miw, —ml(wxa - wy),B - B(a')x + a')ya) —Hwoy, - Hojz sin ¢J ;

Byem = ki*[-mlgy + miw, — H(w, + wya)B — Aw, — Hw, cos (0].

We will generate signals proportional to the sum of the rotation angles of two gyroscopes. To do this, we will
use two identical gyroscopes with oppositely directed vectors of kinetic moments. The signals of two gyroscopes have
the form, respectively:

Aiyem = ky[-mlg, + mlw, — ml(wxa — Wy)ﬁ — B(a')x + a')ya) — Hwyf — Hojsin qb],

Agyem = k3t [-mlg, + mlw, —ml(wxa — Wy),B — B(a')x + a')ya) + Hw,f + Hws sin ¢>];

Bryem = ki'[—mlg, + miw, — H(wy + wya)B — Ad,—Hws cos ¢],

Bayem = kit[-mlg, + mlw, + H(Wx + Wya)— Aw_ + Hw;cos ¢).

Let's find two output signals of a two-channel gravimeter:
fo = Qiyem + Agpem = k31 X [-2mlg, + 2mlw, — 2ml(wya — wy)B—ZB(d)x + a‘)ya)]; %)
fx = ﬁlycm + .BZycm = kl_1 X [_Zmlgx + ZmlWx - ZAa)Z] . (6)
From the expressions (5) and (6) of the AGS output signals, it can be seen:
o the components of the useful signal —2mlg,, —2mlg, are doubled;
o the AGS dual-gyro gravimeter can measure the final direction and modulus acceleration of gravity according

to formulas
9 =30z +gx 191 = 9% + 93
which ensures higher accuracy of measurements and display of the AGS dual-gyro gravimeter. For this, the output
signals f, = 2g, and f, = 2g, (expressions (5) and (6)) of the two-channel gravimeter are used to control two
additional engines of the additionally introduced platform, on which the main and additional gyroscopes are installed;
e some hindrance moments due to cross linear and angular accelerations are doubled.
[2miw, — 2mi(wea — wy)B —2B(dy + dya); 2miw, — 24d,].
Only the influence of moments can be taken into account here —2mlw,, —2mlw,. Therefore, it can be assumed
that
f; = k31 (=2mlg, + 2mlw,),
fe = kit(-2mlg, + 2miw,).
Note that the above-mentioned obstacle moments (together with the obstacle moments, the influence of which
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is excluded in the double-gyro gravimeter) affect the operation of the single-gyro gravimeter AGS to the same extent.

e crrors caused by gyroscopic moments-obstacles from cross angular velocities [H wyf, H (wx + a)ya)]
and from the angular velocity of the Earth's rotation are eliminated (Hw; sin ¢, Hw; cos ¢), which can be
unacceptably large (namely, the latter - 584 mGal).

Conclusions

The proposed TCG AGS has certain advantages compared to other known gravimeters:

1. The proposed and considered TCG AGS provides higher measurement accuracy than single-gyro, string,
and quartz strongly-damped gravimeters [1-4] due to the compensation of errors due to cross angular velocities and
the angular velocity of the Earth's rotation;

2. In TCG AGS, the components of the useful signal are doubled;

3. Unlike known gravimeters [1-4], the dual-gyro gravimeter AGS can measure the final direction and
acceleration module of gravity, which provides higher accuracy of both direct measurements 4g and setting of the
dual-gyro gravimeter system due to the use of two additional motors and an additional platform.
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