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Abstract—Software- and hardware-based methods of compensation for dynamic errors of the marine gravi-
meters caused by inertial accelerations are considered. The error due to the fluid damping of the gravimeter
sensing element is analyzed and taken into account for the first time. Some results of gravity measurements
that confirm the increase in gravimeter accuracy are presented.
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INTRODUCTION

When measuring gravity from a mobile carrier, the
gravimeter records the projection of the specific force
on its axis of sensitivity. The main problem with such
measurements is that the inertial forces generated by
the carrier motion are several orders of magnitude
greater than gravity anomalies. In marine conditions,
the spectra of inertial and gravitational accelerations
are separated in the frequency domain, and so digital
filtering of data is effectively used to extract gravita-
tional accelerations. In the case of airborne gravimet-
ric measurements, low-frequency inertial accelera-
tions are compensated for by using high-precision
measurements of flight altitude variations obtained
with the use of satellite navigation technologies.

Optimal methods for filtering marine gravimetric
measurements are described in [1—7]. However, the
data processing methods proposed in those publica-
tions did not take into account the design features of
Chekan gravimeters, which are currently widely used
for marine gravimetric measurements [8—14]. The
main feature of Chekan gravimeters is the presence of
a double quartz torsion-type system with fluid damp-
ing and a biaxial gyro platform with accelerometric
control loop used to keep the sensitivity axis of the
quartz system in the vertical direction [15]. The pur-
pose of this work is to study methods for improving the
accuracy of gravity measurements made with Chekan
gravimeters by compensating for the errors that are
characteristic of this type of instruments.

COMPENSATION
FOR THE HARRISON EFFECT

The Harrison effect, well-known in gravimetry,
arises due to the projection of horizontal accelerations
on the gravimeter axis of sensitivity as a result of tilts
caused by stabilization errors [16]. The error of the
gravimeter readings dgyar due to the Harrison effect
can be written as:

Oguar = Wyo. + Wy, (1)

where Wy, W)y are longitudinal and transverse hori-
zontal accelerations, respectively; o, B are the tilts of
the gravimeter sensitivity axis caused by stabilization
errors.

The tilt of the gravimeter sensitivity axis is a func-
tion of the horizontal acceleration effect along the
same stabilization axis. Then the phase shift between
the horizontal accelerations and stabilization errors is
defined by the frequency response of the acceleromet-
ric gyro control loop. In this regard, it makes sense to
consider their combined effect on the gravimeter from
the standpoint of the correlation theory of random
functions. Since both terms in formula (1) have the
same structure, we will consider only one of them. The
systematic error Agar Of the gravimeter readings will
be equal to the expected value of the product of W(¥)
and (7). Assume that the gravimeter carrier moves in
a straight line, which corresponds to the state of the
motion in the course of gravimetric surveys. In this
case, the mathematical expectations of horizontal
accelerations and the gravimeter tilts are zero. Then
[17]:

AZuar = ku,gOw, Op, (2)
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Fig. 1. Phase frequency response of the vertical control
loop.

where 6y, , 63 are RMS values of horizontal accelera-
tions W(¢) and tilts of the sensitivity axis B(?); kg is
the correlation coefficient of W(r) and B(7).

The transfer function of the Chekan gravimeter
vertical control loop has the form [18]:

2Tp + 1
gT’p’ +2T°p" +2Tp + 1)

where T is the response time of the vertical control
loop.
Figure 1 shows the phase frequency response of the

vertical control loop corresponding to the transfer
function (3) for 7= 50s.

It can be seen that the phase shift between the hor-
izontal accelerations and the tilts at the basic rolling
frequencies of 0.1—0.2 Hz is close to 180°, therefore

the correlation coefficient ky, g in the calculations can
be taken to be equal to 1 in absolute value.

In evaluating the magnitude of the Harrison effect,
we limit ourselves to the effect of rolling acceleration
as the one producing the most profound influence.
Table 1 shows the RMS values of disturbing accelera-
tions Gy, used in the calculations [19].

The values of stabilization errors 6 were obtained
by mathematical simulation of the vertical control
loop.

The estimated Harrison effect Agyag Wwas
0.16 mGal for calm sea and 1.82 mGal for very rough
sea, which confirms the need to compensate for this
effect in the Chekan gravimeter readings, especially in
connection with the increased relevance of surveys

Hy(p) = (3)

Table 1. Evaluation of the Harrison effect

Sea state code
Parameter
0-1 2-3 4-5 6
Owy» m/s? 0.08 0.17 0.21 0.26
G, rad 2x 1077 [3%x107° [ 5%x1072 | 7%x107
AgHAR’ mGal 0-16 0-51 1.05 1.82
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under adverse weather conditions. It is proposed to
calculate the correction using the formula similar to
formula (1). In this case, the tilts of the gravimeter
sensitivity axis caused by stabilization errors are
formed by multiplying accelerometer signals by the
transfer function of the gravimeter vertical control
loop:

Aguar = Wy Hy (D)W + Wy Hiy())Wy,  (4)
where Wy, Wy are the longitudinal and transverse hor-

izontal accelerations recorded from the readings of the
gravimeter accelerometers installed on a gyro stabi-

lized platform; H, E, (p) is the transfer function of the
gyro control loop (3).

COMPENSATION FOR THE CROSS-
COUPLING EFFECT

The feature inherent in all gravimetric torsion-type
systems is an orbital effect, known as a cross-coupling
effect, on the gravimeter readings of horizontal and
vertical accelerations of the base. This effect is due to
the projection of the horizontal component of the spe-
cific force on the gravimeter axis of sensitivity:

dgcc = W0, Q)
where ¢ is the angle of deflection of the gravimeter
sensitivity axis from the vertical.

To describe the cross-coupling effect, we consider
a gravimeter with a single elastic torsion-type system.
The differential equation of pendulum motion in
damping fluid can be written as [16]:

To+o=v(Ag+2), (6)

where Ag—gravity increment, 7 is the vertical compo-
nent of the inertial acceleration of the base, v is the
transfer coefficient of the gravity sensor, and 7, is the
gravity sensor response time. The cross-coupling
effect is mainly created by the fast component of
acceleration; therefore, neglecting the slowly varying
part of the disturbing function, we can write:

T, 0+ ¢ =VZ (7
Since the value of T, is large enough (about 100 s

for Chekan gravimeters), it can be written approxi-
mately as:

T,0=VZ 8)
After integrating, we derive:
\'r
=~—2Z. 9
p )

g
It follows that the gravity sensor response to the
acceleration is proportional to the speed of vertical
motion, and if the motion is a harmonic oscillation,
then the gravimeter pendulum lags 90° in phase with
respect to acceleration. Thus, due to the phase shift of
the gravity sensor response to the force acting on it, the
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output signal of the gravimeter has a systematic error
that leads to underestimation or overestimation its
readings:
~ \Y
Agee = - MWV}, (10)
Tg
where M is the mathematical expectation operator.

Since the mathematical expectations of horizontal
and vertical accelerations at pitching are zero, then

(11)

~ A%
Agce = FkaVzGWxGVza

14

where Gy, 0, are RMS values of the horizontal

accelerations W () and the vertical velocity V/(7); ky.y.
is the correlation coefficient of W, (#) and V(7).

In the case of a gravimeter with a double elastic tor-
sion-type system with identical quartz systems, the
errors due to the cross-coupling effect of each of the
quartz systems

A8ce, = = kwar:OnsOvzs
o (12)
= _V
Agcc, = == kysv:OwxOv;
T,

where v,v,,T,,,T,, are the transfer coefficients and
response times of single systems, will be compensated

for:
Agce = M8cer — M8cer =0,
fOI‘ Vl = V29Tgl = 7;,2.
However, the elastic systems of real devices do not
have identical parameters. In this case, the cross-cou-
pling effect can be estimated by the following formula:

VT, =V, T, k
WszGWxGVz'
Y;'IT g2

Thus, the error due to the cross-coupling effect is
characterized only by the conditions in which a gravi-
metric survey is performed, nonidentity of the pendu-
lums of the double quartz elastic system, and it does
not depend on stabilization errors.

To estimate the magnitude of the cross-coupling
effect, we analyzed the nonidentity of the pendulums
of a double quartz elastic system in transfer coeffi-
cients and response times for 40 Chekan gravimeters.
According to the results, the pendulums were not
identical in transfer coefficients, but the differences
did not exceed 0.5%, and as for response time, the dif-
ferences were no more than 2%. Given this, in the cal-
culations, the transfer coefficient of single quartz sys-
tems was taken to be the same:

Agcc = (13)

v, =v, =0.17 rad/m/s2.
As with the evaluation of the Harrison effect, the
calculation results given in Table 2 are divided into cat-
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Table 2. Evaluation of the cross-coupling effect.

Sea state code
Parameter
0-1 2-3 4-5 6
Ow,, m/s2 0.06 0.10 0.14 0.19
Oy, M/s 0.2 0.3 04 0.5
Ky, 0.2 04 0.6 0.7
Agcc, mGal 0.01 0.12 0.32 0.50

egories depending on the conditions in which the
gravity surveys were performed. The values of coeffi-
cients ky,,, were obtained from the statistical analysis
of the data from marine gravimetric surveys.

As follows from the data obtained, it is necessary to

compensate for the error Ag.. for the profiles of the
gravimetric survey carried out at very rough sea.

In Chekan gravimeters, the angular position of the
elastic system pendulums is read out by an optoelec-
tronic converter. The output data of the gravity sensor
have dimensionality of pixels, and the coefficient of
conversion from pixels to the turn angle of the elastic
system pendulum is k = 3.15 x 10~ rad/pix.

It is proposed to perform compensation for the
cross-coupling effect using the formula:

Agec = k(my = m)W., (14)

where m,, m, are the current readings of the first and
second pendulums of the gravimeter elastic system.

COMPENSATION FOR THE FLUID
DAMPING ERROR

When Chekan gravimeters were tested on the test
bench of vertical displacements, there was an addi-
tional systematic measurement error [20].

The traditional equation for the operation of a
highly damped gravimeter with a harmonic change in
the input signal has the form:

5)

where 7, is the gravimeter response time, g is gravime-
ter readings, and z is the amplitude of vertical acceler-
ations.

T,§ + g = zcos(m),

Formula (15) is written in the assumption that the
motion of the proof mass does not cause any vortex
flows in the fluid of the gravimeter elastic system. This
assumption is true for low speeds of pendulum motion
(small disturbing accelerations and high viscosity of
the fluid). However, at supercritical speeds deter-
mined by the Reynolds number, a turbulent compo-
nent is added, so that Equation (15) should be com-
plemented:

(16)

.2 .
ki + T, + g = zcos(wr),
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Table 3. Test results of the gravimeters on the test bench
of vertical displacements

Response Systematic
Nos. tim: Ty, s errc}:r dg, mGal £, mGal?/s?
1 31 2.6 1512900
2 33 2.6 1468944
3 36 1.5 1234321
4 39 1.0 1050625
5 40 1.5 1000000
6 44 1.5 917764
7 45 0.6 790321
8 57 0.5 491401
9 60 0.8 443556
10 65 0.9 379456
11 83 0.1 232324
12 88 0.6 207025
13 88 0.4 207025
14 100 0.1 160000
15 101 0.4 156816
16 123 0.1 105625
17 138 0.4 83521

where k, is the drag coefficient determined by the geo-
metric shapes of the pendulum and the fluid viscosity.
The first term of Equation (16) causes an error that
should be compensated for in order to increase the
measurement accuracy. To calculate the appropriate
correction, it is necessary to determine the drag coef-
ficient k; that can only be obtained from experimental

30

25+

2.0 -

dg, mGal
o

1.0

data. To do this, we can use the data of the gravimeter
tests on the test bench of vertical displacements.

The results of the Chekan gravimeter tests with dif-
ferent response time for vertical displacements with
amplitude of 2 m and a period of 14 s are given in
Table 3. For the motion with a specified period, the
test bench sets harmonic acceleration with amplitude
of 40 Gal. For each of the gravimeters, the amplitude
of the change in its readings was calculated taking into
account the value of the response time, as well as the
rate of change in the readings and the squared rate.
The calculated value of the squared rate g2 is also given
in Table 3.

The curve for g = F(¢?) approximated by the linear
function using the least-squares method is shown in
Fig. 2. Linear approximation has proved to be suffi-
cient as will be shown in the discussion of the field-
data processing results.

In accordance with the approximation, the sought
coefficient was k; = 1.5 x 107 s2/mGal under the
action of the harmonic signal. In real measurement
conditions at sea, the rms value of the squared rate of
change in the gravimeter readings is calculated. It is
known that the rms value of the harmonic oscillation
is V2 times smaller than that of the amplitude. There-
fore, the required coefficient should be taken equal to

ky=1.1x107°s?/mGal.

Thus, to compensate for the dynamic error caused
by the effect of vertical accelerations, it is proposed to
enter the correction Agy,, to the gravimeter readings:

A7)

Agy, = kgg'2.

0 200000 400000 600000 800000 1000000 1200000 1400000 1600000

g%, mGal?/s?

Fig. 2. Linear approximation of g = F(g'z).
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EXAMPLES OF MARINE GRAVIMETRIC
MEASUREMENTS

Basically, the Harrison effect and the cross-cou-
pling effect cause systematic changes in the gravimeter
readings, whose values are determined by the dynamic
conditions in which the measurements are performed.
These effects can be taken into account by using meth-
ods of areal levelling of survey results [21].

Figure 3 shows an example of applying correction
Agy, for the effect of vertical accelerations to the grav-
imetric profile data obtained in substantially changing
conditions at sea.

It is obvious that not only the systematic compo-
nent of the dynamic error, but also its high-frequency
component are compensated for, which also increases
spatial resolution of measurements [22]. Besides, in
the case of significant changes in sea swell on the pro-
file, it is impossible to take into account the dynamic
error using the areal levelling methods, but, as can be
seen from Fig. 3, it is well compensated for by applying
the correction Agy,..

For experimental verification of the methods pro-
posed for compensation of dynamic measurement
errors caused by carrier acceleration, we performed
data processing of repeated marine gravimetric pro-
files obtained in different weather conditions. First,
the traditional corrections were entered to the data of
all profiles: a correction for the gravimeter null-point
drift, Eotvos correction, and a correction for the nor-
mal gravity value. The resulting gravity anomalies
obtained from measurements on repeated profiles
were processed by a low-pass filter whose parameters
for each pair of profiles remained invariable. Next, we
repeated data processing, wherein we entered, in addi-
tion to the above-listed corrections, the corrections for
accelerations of motion: the Harrison correction, the
corrections for damping fluid and the cross-coupling
effect. The parameters of the low-pass filter for each
pair of repeated profiles were consistent with those
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Fig. 3. An example of applying correction Agy, to a gravi-
metric profile.

used at the first stage of data processing. The results of
data processing are shown in Table 4.

Analysis of the data in Table 4 shows that entry
of dynamic corrections reduces the rms error in
the measurement difference on repeated profiles by
1.5—4 times, depending on the magnitude of disturb-
ing accelerations.

In addition, data processing of three marine gravi-
metric surveys in two presented variants was per-
formed. The total number of cross points was more
than 3500. It may be concluded that dynamic correc-
tions make it possible to reduce the rms error of a sur-
vey by a factor of three.

CONCLUSIONS

The theoretical research and experimental survey
have shown that the measurement accuracy of Chekan
gravimeters can be improved both by increasing the
response time to a reasonable limit and proper
accounting for the effects of physical and design fac-

Table 4. Evaluation of measurement accuracy on repeated profiles.

RMS value of vertical RMS error of measurement differences, mGal
Profile nos. Length, km .
accelerations, Gal without corrections with corrections
1/2 65 60/15 2.20 0.85
3/4 60 50/20 1.42 0.36
5/6 80 47/21 0.95 0.45
7/8 75 46/16 1.75 0.83
9/10 70 45/10 0.63 0.40
11/12 60 42/8 0.66 0.34
13/14 20 40/15 1.11 0.36
15/16 45 38/23 0.69 0.43
17/18 65 37/22 1.36 0.47
19/20 70 30/20 1.08 0.51
GYROSCOPY AND NAVIGATION  Vol. 10 No.3 2019
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tors in the software. The use of the proposed methods
for compensation of dynamic errors makes it possible
to increase the accuracy of measurements performed
in adverse weather conditions by several times and,
consequently, improve the efficiency and reduce the
cost of geophysical surveys.
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