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(57) Abrégée/Abstract:
The Invention concerns improvements in the performance of a mobile gravity gradient instrument (GGl). Gravity gradiometers
measure one or more components of the gradient of gravity which is expressed as the gradient of a gravity vector, or in other words
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(57) Abrege(suite)/Abstract(continued):

a tensor. The Instrument comprises a first, second, third and fourth accelerometer (1, 2, 3, 4) equally spaced around the
circumference of a circle, with their sensitive axes tangential to the circle, and arranged In opposing pairs with the first
accelerometer opposite the second and the third accelerometer opposite the fourth. In use the accelerometers are spun around an
axis (6) normal to the circle which passes through its centre. A summing amplifier recelves the outputs of the accelerometers and
combines them In a manner to cancel the common mode output signals and so produces an instrument output. One or more
feedback loops extend from the instrument output to one or more of the accelerometers to compensate for errors. In general, the
Invention embraces the concept of balancing any feedback signal so that it is applied after appropriate division (if required), to two
or more of the accelerometers in appropriately inverted senses, rather than being applied to a single accelerometer.
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(54) Title: GRAVITY GRADIOMETER

(57) Abstract

The invention concerns improvements in the performance of a mobile gravity gradient instrument (GGI). Gravity gradiometers measure
one or more components of the gradient of gravity which is expressed as the gradient of a gravity vector, or in other words a tensor. The
instrument comprises a first, second, third and fourth accelerometer (1, 2, 3, 4) equally spaced around the circumference of a circle, with
their sensitive axes tangential to the circle, and arranged in opposing pairs with the first accelerometer opposite the second and the third
accelerometer opposite the fourth. In use the accelerometers are spun around an axis (6) normal to the circle which passes through its
centre. A summing amplifier receives the outputs of the accelerometers and combines them in a manner to cancel the common mode
output signals and so produces an instrument output. One or more feedback loops extend from the instrument output to one or more of

the accelerometers to compensate for errors. In general, the invention embraces the concept of balancing any feedback signal so that it

is applied after appropriate division (if required), to two or more of the accelerometers in appropriately inverted senses, rather than being
applied to a single accelerometer.
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GRAVITY GRADIOMETER

Technical Field

This invention concerns improvements in the performance of a
mobile gravity gradient instrument (GGI). Gravity gradiometers measure one
or more components of the gradient of gravity which is expressed as the

gradient of a gravity vector, or in other words a tensor, which may be written

as follows:
| gxx gyx gZX
| Bxv Byy Bzy units are Eotvos
: -9 -2 :
or in 10~ sec’”, or equivalent
Bxz gyz Bz

These devices should not be confused with gravimeters which
measure the gravitational field, for instance by measuring the weight ot a
known mass within the gravitational field.

BHP is interested in improving the performance of the GGI in an
aircraft for the purpose of detecting gravity disturbances caused by geological

density anomalies associated with economic mineral deposits.

Background Art

Measurements of gravity can be made from aircraft, and are routinely
used in soine resource exploration particularly petroleum exploration. A
measurement of gravity gradient is preferred for detection of gravity
disturbances from an airborne platform because the direct measurement of
gravity cannot distinguish the gravity signal from accelerations of the
instrument associated with the motion of the aircraft. This is particularly
important at low altitude surveying preferred in mineral exploration to
improve spatial resolution of the survey, because of the prevalence of
atmospheric turbulence close to the ground surface. An ideal gravity
gradient measurement will not be sensitive to the motion of the instrument.

The principal source of measurement noise (error) is residual
sensitivity of the GGI to motion. The magnitude of gravity gradient signal
expected from an economic mineral deposit is in the range 1 - 100 Eotvos [1

Eotvos = 10™ (m/s*)/m]. Accelerations experienced in a survey aircraft
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during low level surveys are generally of the order of 1 - 10 m/s® and the GGI
has a baseline length of 0.1 to 0.4m. The acceleration rejection of the GGI
therefore must be of the order of one part in 10°.

Summary of the Invention

The invention, as currently envisaged, is a gravity gradient
instrument, comprising:

a first, second, third and fourth accelerometer equally spaced around
the circumference of a circle, with their sensitive axes tangential to the
circle, and arranged in opposing pairs with the first accelerometer opposite
the second, and the third accelerometer opposite the fourth; in use the
accelerometers are spun around an axis normal to the circle and passing
through its centre;

a summing amplifier which receives the outputs of the
accelerometers and combines them in a manner to cancel the common mode
output signals, to produce an instrument output; and

one or more feedback loops extending from the instrument output to
one or more of the accelerometers to compensate for errors: the teedback
loops including one or more of the following feedback loops, taken either
alone or in combination:

A first feedback loop, sensitive to a signal representing a first
quadrature component of gravitational acceleration modulated by the
rotation of the instrument, extending from the output and applying the
fedback signal to scale factor adjustment means in the first accelerometer of a
first pair and to scale factor adjustment means in the other accelerometer of
the pair in an inverted sense. The feedback path may pass through a divider
which halves the signal amplitude when compared to the feedback signal
required when it is applied to a single accelerometer, so that only half the
signal is fed back to the two accelerators.

A second feedback loop, sensitive to a signal representing a second
quadrature component of gravitational acceleration modulated by the
rotation of the instrument, extending from the output and applying the
fedback signal to scale factor adjustment means in the first accelerometer of a
second pair in an inverted sense. The feedback path may pass through a

divider which halves the signal amplitude when compared to the feedback
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signal required when it is applied to a single accelerometer, so that only half
the signal is fed back to the two accelerometers.

A third feedback loop, sensitive to a signal representing rotational
accelerations about the spin axis, extending from the output and applying the
fedback signal to scale factor adjustment means in both accelerometers of a
first pair and to scale factor adjustment means in both accelerometers of the
other pair in an inverse sense. The feedback path may pass through a divider
which quarters the signal amplitude when compared to the feedback signal
required when it is applied to a single accelerometer, so that only a quarter of
the signal is fed back to the four accelerometers.

In general, the invention embraces the concept of balancing any
teedback signal so that it is applied, after appropriate division (if required), to
two or more of the accelerometers in appropriately inverted senses, rather
than being applied to a single accelerometer.

Brief Description of the Drawings

An example of the invention will now be described with reference to
the accompanying drawings, in which:

Figure 1 is a schematic illustration of a known gravity gradiometer
instrument having four accelerometers;

Figure 2 is a block diagram of the conventional active feedback loops
operating in the instrument of Figure 1;

Figure 3 is a block diagram of active feedback loops embodying
features of the present invention;

Figure 4 is a block diagram of active feedback loops embodying
alternative features of the present invention; and

Figure 5 is a block diagram of active feedback loops embodying more
alternative features of the present invention.

The same reference numerals have been used throughout the
drawings to refer to corresponding features.

Best Modes

The GGI consists of four, 1, 2, 3 and 4 (or eight) high quality, low
noise, matched accelerometers mounted on a block 5 as shown in Figure 1
(the eight accelerometer GGI can be considered for this discussion to be two

separate sets of four accelerometers mounted on the same block and the
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discussion will consider only a set of four). Each of the GGI accelerometers
has mechanisms for trim adjustment of: the accelerometer scale factor, and
the alignment of the accelerometer sensitive axis. The alignment trim
adjustment is nominally about the accelerometer output axis.

The nominal configuration of the GGI accelerometers has the
accelerometers 1, 2, 3 and 4 placed equally spaced on the circumference of a

circle, with their sensitive axes tangential to the circle. The block is rotated

about an axis 6 (the spin axis) which is nominally and to a high precision
perpendicular to the plane of the circle, and passes through the centre of the
circle. The rotation rate (£2) is usually 0.25 Hz and can vary from 0.25 Hz to
1.67 Hz. The outputs of the four accelerometers are combined by a summing
amplifier 7 as shown in Figure 2. This combining of the outputs must be
done in a way which allows the large common mode accelerometer output
signals to cancel to a high degree of precision, so that the residual differences
which constitute the gradient signal are observable. In Figure 2 the outputs
from accelerometers 3 and 4 are subtracted from the outputs from
accelerometers 1 and 2 to achieve common mode cancellation.

In the nominal configuration of the GGI and if the accelerometer
sensitivities are exactly equal, the GGI is not sensitive to translational
accelerations or to rotations about the spin axis. The GGI retains a sensitivity
to the rate of rotation about axes in the plane of the circle (X and Y in Figure
1), and this source of noise (error) is reduced to a negligible level by
mounting the GGI in a high quality inertially stabilised gimbals.

The GGI will have a residual sensitivity to translational motion
which is the result of, and proportional to, the difference in the sensitivities
of each diametrically opposite pair of accelerometers.

The GGI incorporates active feedback control to continuously match
the sensitivities of the accelerometers in each pair called Scale factor
teedback. These feedback controls require there to be a distinct signal in the
GGI output which is the result of the mismatch of sensitivity of a pair of
accelerometers. Such a signal occurs when the spin axis is inclined from the
vertical 8. This results in each accelerometer sensing the gravitational
acceleration modulated by the rotation of the GGI rotor. The resultant
component of the GGI output is A,;kg sin (6,) sin (Q2t) for one pair and A;,Kg
sin (8,) cos (Q2t) for the other pair. The active feedback controls sense the
magnitude of these signals by synchronous demodulation of the GGI output,
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and adjust the sensitivity of one of the accelerometers of the corresponding
pair to null the signal ,, is the angle by which the GGI spin axis is tilted
from the vertical.

The GGI will have a residual sensitivity to rotational accelerations
about the spin axis whenever there is a mismatch in the mean sensitivities of
the two pairs of the accelerometers. The GGI also incorporates a feedback
control to adjust this mismatch by adjusting the sensitivity of a third
accelerometer called spin modulation, or scale factor pair feedback. This
loop relies on active modulation of the GGI spin rate at another frequency
(typically 1.8Hz) to provide the feedback signal. The resultant component ot
the GGI output is (3,K-24,K) 0,0, sin (o). The active feedback control
senses the magnitude of this signal by demodulation of the GGI output, and
adjust the sensitivity of one of the accelerometers of the set of four to null
out the signal 6, is the angular amplitude of the spin modulation.

The active feedback loops are shown schematically in Figure 2. For
each loop the output of the GGI is demodulated by multiplication by a
sinusoidal signal at the frequency of the loop stimulus and in phase with the
residual response to that stimulus. The demodulated signal is passed

through a low pass filter including an integrator before being fed back to the
appropriate accelerometer control point.

Improvement Of Compensation Loops

In the first scale factor feedback 9 10 the GGI output (Y) is first
demodulated by a multiplication by sin(Q2t) and then filtered through the
filter 11 represented by G,(s) to form the filtered signal ;. The filter G,(s)
includes an integrator so that the loop acts to completely null the DC signal.

This process results in F, representing the magnitude of the GGI
output signal at frequency 2 and some noise related to the noise in the GGI
output in the vicinity of QQ within the bandwidth of the filter G,(s). The
component which is the magnitude of the in-phase component of the GGI

output at Q is the signal required by the feedback loop to adjust the scale

factor of accelerometer 1, in order to correct for imbalance between the
accelerometers 1 and 2.

The signal F, is then applied to adjust the scale factor 12 of
accelerometer 1. For simplicity we consider that the scale factors of
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accelerometer 1 and accelerometer 2 are unity. Then the contribution to the
GGI output of accelerometer 1 is {1 + F,) times the acceleration it senses.
The acceleration experienced by accelerometer 1 is made up of a
number of contributions which arise from the acceleration environment of
the GGI and specific additional motions used as signals for the operation of
feedback loops. The components we need to distinguish are: the
gravitational acceleration (g): the environmental motion accelerations (r = [r,

r, 1,])); the spin rate modulation applied for operation of the spin modulation
feedback loop (6, ).

The accelerations experienced by the GGI accelerometers from these
sources are shown in Table 1. Also included is the contribution from the

gravity gradient signal (note that this component also includes signals from

rotation rates ot the GGI rotor).

Table 1

N— P

Source Accelerometer 1 Acceloromg}er 2 | Accelerometer 3 Acceleromaeter 4

Gravily g sin(0,) sin(t) -g sin(0,) sin(Q1) o sin(0,) cos(2t) -2 sin{0,) cos(21)

Molion ry cos(0,) sin(€2t) | -r, cos(8,) sin(Q) | r, cos(0,) cos{(Q) | -r, cos(0,)
environment | -+r, cos(Qt) -r, cos(21) +1, sin(Qt) cos()
+1, sin (8,) l -1, sin(0,) sin(Qt) | +r, sin{0,) | -1y sin(€2t)
B sin{Qt ] L cos(Qt) | -1, sin(0,) cos(Qt)
Spin 0,0, *sin (o) l—gsmszsin(msi) 0.0, sin(ol) 0.0, sin(w.t)

modulation

- s

Signal Gy SIN(2Q21) Gy SIn (2Q21) -Gy Sin(2Q21) -Gy sin(2€2t)
+ Gy cos(20t + G, GOs (2Q2) -Gy, cOS(20) (v COS(2001)

The signs of these components are important and determine the
cancellation of terms in the GGI output. We note that the preferred
frequencies for these modulations are around F for the GGI rotation; around
1.8Hz for the spin modulation.

In the present configuration the contribution to the GGI output from
the first scale factor loop 9 is the acceleration experienced by accelerometer 1
multiplied by the scale factor accelerometer 1, which we take as 1 + F,. In
the balanced state we note that the addition of outputs from accelerometers 1
and 2, in the absence of any feedback signal (F,=0), cancels those terms

SUBSTITUTE SHEET (Rule 26)
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which are of opposite sign for the two accelerometers. This leaves only the
spin modulation and signal terms, and when the contribution of
accelerometers 3 and 4 is subtracted, as it is in the GGI output, the spin
modulation term is also cancelled. On the other hand the feedback signal
which would consist entirely of noise when the accelerometers are in
balance, contributes directly to the GGI output at frequencies determined by
the frequency content of the acceleration experienced by accelerometer 1
alone. In particular there will be a contribution to noise: around €2 due to
the gravity component; around o, due to the spin modulation component;

and broadly over the frequency distribution of the motion accelerations,
further broadened by the GGI rotation.

The first scale factor loop output F, is used to adjust the scale tactors
of accelerometers 1 and 2 in opposing directions. For the same feedback
performance the signal applied to each accelerometer by scaler 13, is halved
compared with the signal applied to the single accelerometer 1 in the current
configuration. In addition the signal S, to accelerometer 2 is inverted, by
inverter 14. The contribution from this feedback loop to the GGI output 1s
then (1+F,)/2 times the acceleration experienced by accelerometer 1 and
(1-F,)/2 times the acceleration experienced by accelerometer 2. This has the
beneficial effect of cancelling the effect of those components of the
acceleration which are of the same sign in accelerometers 1 and 2. In
particular the spin modulation component is cancelled.

The function of the compensation loop to correct imbalance in the
scale factors of accelerometers 1 and 2 is not etfected by the improved

configuration, as the driving signal for this action (shown in bold in Table 2}
is not modified by the change to the configuration.
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In summary the improvement of this loop reduces the noise in the

+ G, cos(2€2t)

GGI output around the spin modulation frequency.
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Table 2
Source Output Terms for | Output Terms for |
Current | Improved
l Conliguration Configuration —
Gravity -g s1n(0,) sin(Qt) sin(6,) sin(Qt)
Motion environment I, cos(0,) sin(€2t) I, cos(0,) sin(€2t) '
l +1, cos(£2t) i +1, cos(S2t)
B L | tr,sm(B,) sin(Qt) +71, s1n(6,) sin(Qt)
Spin modulation 6.0, sin(ot) B o s |
Signal G, sin(2Qt) |

The second scale factor loop 15 operates in the same manner as the
tirst scale factor but in quadrature to it, so that it is sensitive to the scale
factor imbalance of accelerometers 3 and 4. This is achieved by
demodulation by cos(Qt)16 rather than sin(Qt). The observations given for
the improvement resulting from the improved configuration for the first scale
factor loop 9 also apply to the second scale factor loop 15.

The function of the compensation loop to correct imbalance in the
scale factors of accelerometers 3 and 4 is not effected by the improved

configuration, as the driving signal for this action (shown in bold in Table 3)

1s not modified by the change to the configuration.
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Table 3

; Source Output Terms for l Output Terms for ‘
Current Improved

o Configuration | Configuration |
Gravity -g sin(B,) cos (2t} -g sin(8,) cos (Qt)
Motion environment -1, cos(0,) cos(€2t) -, cos(0,) cos(L2t)
-1, sin(Qt) -1, sin{€2t)
} -r:,, sin(0,) cos(Q2t) |1, sin(0,) cos(24) |1

. ' A
Spin modulation 0.w. sin(wt)

Signal | -Gy, sin(2Q2t)

-Gy, cos(20)

Referring back to Figure 2, in the spin modulation loop 17 the
feedback signal F, adjusts the scale factor of accelerometer 3 and this leads to
a contribution to the GGI output which is the acceleration experienced by
accelerometer 3 modulated by F.. In the improved configuration of Figure 3 a
quarter of feedback signal F, is used to adjust the scale factors of all four
accelerometers with opposite polarity for the pair 1 & 2 relative to the pair 3
& 4 by means of scaler 18 and inverter 19 and 20. The effect of this is to
cancel those of the acceleration terms which are of opposite sign for the two
accelerometers of a pair. The resultant terms are shown in Table 4.

The function of the compensation loop to correct imbalance in the
scale factors between accelerometer pairs is not affected by the improved

configuration as the driving signal for this action (shown in bold in Table 4)
is not modified by the change to the contiguration.
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Table 4
Source Output Terms for r Output Terms for
Current Improved Configuration |
Configuration B .
Gravit | gsin(B,) cos(Qt) o
Motion I, C0s(0,) cos(Ldt) (
environment +1, sin(Ct) |
- +1, sin(0,) cos(L2t)

: : 9,
Spin modulation 0.0, sin{wt)

7 .
0.0, sin(wt) ]

Signal -Gy sin(202t) | -Gyy s1n(2Qt}

| ) -G5,,, €OS(2Q2t) | -Gy, cos(2Qt)

The effect of the improvement is to eliminate contributions to the
GGI output from this source; around the spin rate Q and broadly in the
frequency range of the motion environment of the GGI. The operation of the
spin modulation loop in transferring noise from around the spin modulation
frequency to the signal band (01. To 0.9 Hz) by its interaction with the
motion accelerations is a serious detriment to the performance of the GGI
and is eliminated by the improved configuration.

In the Figure 2 configuration the scale factor loops make a
contribution to the output of the GGI in the region of the spin modulation
frequency, but which is derived from the output of the GGI in the region of
the GGI rotation frequency. Likewise the spin modulation loop makes a
contribution to the output of the GGI around the GGI rotation frequency, but
which arises from the GGI output around the spin modulation frequency.
These effects will serve to amplify or increase the noise content in both these
frequency bands by transferring noise between the two bands. The effect
will be most severe around the rotation frequency, because this is within the

signal frequency band.

As a result of the modifications to the feedback loops described with
reference to Figure 3, so far, these problems are ameliorated. A further

benefit of the improved configuration of Figure 3 comes from decoupling of
the actions of the feedback loops. Stabilisation of systems with multiple

feedback loops is considerably easier if the loops do not interact strongly.

This interaction arises because the feedback action of the scale factor loops,
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acting on only one accelerometer of the pair, changes the mean scale factor of
the accelerometer pair. This creates an imbalance in the scale factors
between the pairs and requires action of the spin modulation loop to
compensate for the difference introduced between the scale factors of the

accelerometer pairs.
A more serious interaction occurs between the second scale factor

loop and the spin modulation loop since the action of the spin modulation
loop is to adjust the scale factor of accelerometer 3, thereby inducing an
imbalance between the pair of accelerometers of pair 3 and 4 and requiring
action of the second sale factor loop to compensate. Thus the second scale
factor loop and the sin modulation loops are circularly linked.

The improved configuration of Figure 3 eliminates the linking of
feedback loops by balancing their outputs so that the output from each loop
has no effect on the state of balance of the scale factors that any other loop is
sensing.

The feedback loops of the GGI are implemented by a combination of
analog and digital processing for adjustment of the accelerometer scale
factors by applying a current through a coil to supplement the magnetic field
which determines the accelerometer sensitivity. The preferred
implementation of the improvement is to calculate the modified scale factor
adjustments digitally before conversion to analog current to make the
adjustment.

An alternative part implementation is possible which achieves most
of the benefit of the improved configuration. This configuration is shown in
Figure 4 and implements only partial balancing of the output of the spin
modulation feedback loop.

A turther alternative part implementation is possible which achieves
most of the benefit of the improved configuration. This configuration is
shown in Figure 5 and implements partial balancing of the output of the spin
modulation feedback loop and balancing of the second scale factor
adjustment loop.

There are three active feedback loops in the GGI and balancing of any

of the loops or of any combination of loops is possible. The greatest benefit

gained from balance of the loops described in the alternatives described
above.

AME! 1350 SHEET
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An alternative implementation is to perform the demodulation, filter
and combination of feedback signals as analog signals. This is not preterred
because the filter G,(s) and G,(s) require an integrator which is much easier
to implement in a digital form. Any of the above digital implementations
could be configured as analog equivalents.

Although the invention has been described with reference to
particular embodiments it should be appreciated that it may be embodied in
yet other forms, for instance, other compensation such as sensitive axis
alignments and even order compensation also use compensation loops, and
these loops could also be balanced in the same way that the scale factor
compensation loops have been balanced in the description of the best orders.

It will be appreciated by persons skilled in the art that numerous
variations and/or modifications may be made to the invention as shown in
the specific embodiments without departing from the spirit or scope of the
Invention as broadly described. The present embodiments are, therefore, to

be considered in all respects as illustrative and not restrictive.
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CLAIMS:-
1. A gravity gradient instrument, comprising:

a first, second, third and fourth accelerometer equally spaced around
the circumference of a circle, with their sensitive axes tangential to the
circle, and arranged in opposing pairs with the first accelerometer opposite
the second, and the third accelerometer opposite the fourth; in use the

accelerometers are spun around an axis normal to the circle and passing

through it centre:

a summing amplifier which receives the outputs of the
accelerometers and combines them in a manner to cancel the common mode
output signals, to produce an instrument output; and

one or more feedback loops extending from the instrument output to
one or more of the accelerometers to compensate for errors; wherein one or
more of the feedback loops are balanced so that the feedback signal is applied
to two or more of the accelerometers.

2. A gravity gradient instrument according to claim 1, wherein the
feedback signal is divided before it is applied to the two or more
accelerometers.

3. A gravity gradient instrument according to claim 1, wherein the
feedback signal that is fed back to one of the two or more accelerometers is
inverted.

4. (amended) A gravity gradient instrument, comprising:

a first, second, third and fourth accelerometer equally spaced around
the circumference of a circle, with their sensitive axes tangential to the
circle, and arranged in opposing pairs with the first accelerometer opposite
the second, and the third accelerometer opposite the fourth; in use the
accelerometers are spun around an axis normal to the circle and passing
through its centre;

a summing amplifier which receives the outputs of the
accelerometers and combines them in a manner to cancel the common mode
output signals, to produce an instrument output; and

a first feedback loop, sensitive to a signal representing an in phase
component of gravitational acceleration modulated by the rotation of the
instrument, extending from the output and applying the fedback signal to
scale factor adjustment means in the first accelerometer of a
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first pair and to scale factor adjustment means in the other accelerometer ot
the pair in an inverted sense.

5. A gravity gradient instrument according to claim 4, wherein the
feedback path passes through a divider which halves the signal amplitude
when compared to the feedback signal required when it is applied to a single
accelerometer, so that only half the signal is fed back to the two
accelerometers.

6. (amended) A gravity gradient instrument, comprising:

a first, second, third and fourth accelerometer equally spaced around
the circumference of a circle, with their sensitive axes tangential to the
circle, and arranged in opposing pairs with the first accelerometer opposite
the second, and the third accelerometer opposite the fourth; in use the
accelerometers are spun around an axis normal to the circle and passing
through its centre:

a summing amplifier which receives the outputs of the
accelerometers and combines them in a manner to cancel the common mode
output signals, to produce an instrument output;

a first feedback loop, sensitive to a signal representing an in phase
component of gravitational acceleration modulated by the rotation of the
instrument, extending from the output and applying the fedback signal to
scale factor adjustment means in the first accelerometer of a first pair and to
scale factor adjustment means in the other accelerometer of the pair in an
inverted sense; and

a second feedback loop, sensitive to a signal representing a
quadrature component of gravitational acceleration modulated by the
rotation of the instrument, extending from the output and applying the
fedback signal to scale factor adjustment means in the first accelerometer of a
second pair and to scale factor adjustment means of a second accelerometer
of a second pair in inverted sense.

7. A gravity gradient instrument according to claim 6 wherein the
feedback path may pass through a divider which halves the signal amplitude

when compared to the feedback signal required when it is applied to a single
accelerometer, so that only half the signal is fed back to the two
accelerometers.

8. A gravity gradient instrument, comprising:

e ——-AMENDED SHEET
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a first, second, third and fourth accelerometer equally spaced around
the circumference of a circle, with their sensitive axes tangential to the
circle. and arranged in opposing pairs with the first accelerometer opposite
the second, and the third accelerometer opposite the fourth: in use the
accelerometers are spun around an axis normal to the circle and passing
through its centre;

a summing amplifier which receives the outputs of the
accelerometers and combines them in a manner to cancel the common mode
output signals, to produce an instrument output; and

a third teedback loop, sensitive to a signal representing rotational
accelerations about the spin axis, extending from the output and applying the
fedback signal to scale factor adjustment means in both accelerometers of a
first pair and to scale factor adjustment means in both accelerometers of the
other pair in an inverse sense.

9. A gravity gradient instrument according to claim 8 wherein the
feedback path passes through a divider which quarters the signal amplitude
when compared to the feedback signal required when it is applied to a single
accelerometer, so that only a quarter of the signal is fed back to the four
accelerometers.

10. A gravity gradient instrument according to claim 1 wherein there are
eight accelerometers arranged in four pairs and one or more feedback loops
extending from the instrument output to one or more of the accelerometers to
compensate for errors; wherein one or more of the feedback loops are

balanced so that the feedback signal is applied to two or more of the
accelerometers.
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