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FOREWORD

With the advent of radar altimeter satellite techniques it has become possible to monitor the
height of the instantaneous sea surface on a global scale. In order to interpret these data in
terms of sea level changes caused by climatic changes, it is mandatory to determine the refe-
rence surface, an equipotential surface of the earth’s gravity field, at very high accuracy. The
only way to achieve this in near coastal regions, in particular, is by means of airborne gravi-
metry.

The majority of kinematic gravity measurements are performed with relative spring-based
instruments which are, however, difficult to calibrate over large dynamic ranges. Furthermo-
re they suffer from drifts and tares which are extremely difficult to correct in kinematic
mode. In order to overcome these limits the potential of absolute airborne gravity (AAQG)
measurements was studied. This technique measures gravity directly by tracking a freely
falling object in a vacuum chamber. The problem is to separate non-gravitational aircraft
accelerations and vibrations from the gravity signals. The work presented is the first attempt
worldwide to construct such a system for application in airborne mode. Henri Baumann did a
very careful analysis on this problem, tested mechanical coupling systems, and developed
appropriate mathematical algorithms.

Before mounting the instrument in the aircraft systematic experiments were carried out to test
the transfer function of the mechanical filters in a truck. In the airborne experiment external
sensors, such as EpiSensor and INS, were also attached to the measuring platform, in order to
determine external accelerations and deviations from verticality, respectively. Of particular
interest was the upward continuation of ground gravity data to flight level. This provide an
independent check on the reliability of the airborne results achieved. Also systematic compa-
risons with previous relative airborne measurements were made.

The results achieved will form an integral part in future developments of airborne gravimet-
ric techniques. Henri Baumann has provided a significant body of work which forms a sound
basis for future developments in this field of research. The success of this project is also
greatly due to the never-ending engagement of Prof. Dr. E. Klingelé who offered invaluable
help at all stages of the research study. Ziegler Consultants, Ziirich, and the Laboratoire de
Topométrie, EPFL, provided substantial support to vibration and inertial measurements, re-
spectively. The unbureaucratic support of Dr. T. Niebauer of MicroG and the valuable sup-
port of swisstopo during the flight campaigns are gratefully acknowledged.

Overall this was a huge task, and the Swiss Geodetic Commission (SGC) congratulates Henri
Baumann for his pioneering work as a new contribution of Swiss Geodesy to the internatio-
nal community. The project was supported by ETH Zurich research grant TH-01803 / 19/99-
4, and the SGC. We are furthermore grateful to the Swiss Academy of Sciences for covering
the printing costs of this volume.

Prof. Dr. H.-G. Kahle,
Prof. Dr. E. E. Klingelé Prof. Dr. A. Geiger

Institute of Geodesy and Photogrammetry ETH Ziirich
ETH Ziirich President of SGC



VORWORT

Mit dem Autkommen der Satellitenaltimetrie ist es moglich geworden, den Meeresspiegel im
globalen Massstab zu kartieren. Um die Daten in Form von Meeresspiegelinderungen als
Folge des Klimawandels zu interpretieren, braucht man eine hochgenaue Referenzflache, die
Aquipotentialfliche des Schwerefeldes der Erde. Die einzige Moglichkeit, diese zu bestim-
men und festzulegen, liefert die fluggestiitzte Gravimetrie. Dies gilt insbesondere in kiisten-
nahen Regionen.

Ublicherweise werden kinematische Gravimetermessungen mit Federgravimetern vorge-
nommen, die allerdings iiber grosse dynamische Bereiche schwer zu kalibrieren sind und nur
relative Schweredaten liefern. Ein schwergewichtiges Defizit sind zudem Drifterscheinungen
und Spriinge der Feder, die im kinematischen Modus nur schwer zu korrigieren sind. Um
diese Schwierigkeiten zu vermeiden, wurde die Methode der Absolutgravimetrie untersucht.
Dabei wird die Schwerebeschleunigung direkt durch die Bewegung einer frei fallenden
Testmasse im Vakuum bestimmt. Das Problem dabei ist die Trennung der nicht-gravitativen
Beschleunigungen von dem wirklichen gravitativen Signal der Erde. Die vorliegende Arbeit
stellt den ersten Versuch weltweit dar, ein solches System zu entwickeln und im fluggestiitz-
ten Modus zu erproben. Henri Baumann hat hierzu eine ausfiihrliche Analyse aller auftreten-
den physikalisch-theoretischen und praktischen Probleme durchgefiihrt, verschiedene me-
chanische Plattformen entwickelt und getestet, sowie geeignete mathematische Algorithmen
zur Auswertung entwickelt.

Vor den eigentlichen Flugmessungen wurden systematische Versuche am Boden und in ei-
nem Mini-Lastwagen durchgefiihrt, um die Ubertragungsfunktion der mechanischen Filter zu
testen. In den Flugversuchen wurden externe Beschleunigungssensoren hinzugefiigt, um die
externen Beschleunigungen sowie Abweichungen vom vertikalen Fall zu bestimmen. Zur
Bestimmung der Zuverldssigkeit und Genauigkeit wurden Bodenwerte analytisch nach oben
auf Flughohe fortgesetzt. Hierdurch konnte eine unabhingige Uberpriifung der neuen Me-
thode realisiert werden.

Die vielversprechenden Resultate bilden einen wichtigen integrierenden Bestandteil der flug-
gestiitzten Gravimetrie. Henri Baumann hat eine {iberaus wichtige Pionierarbeit dazu geleis-
tet, die wegweisend fiir zukiinftige Weiterwicklungen auf diesem Gebiet ist. Der Erfolg die-
ser Forschung und Entwicklung wére ohne die tatkriftige Unterstiitzung von Herrn Prof. Dr.
E. Klingelé nicht moglich gewesen. In allen Phasen der Projektarbeit hat Herr Klingelé wert-
volle Hilfe geleistet. Die Firma Ziegler Consultants, Ziirich, sowie das Laboratoire de Topo-
métrie, EPFL, lieferten wichtige Beitrdge im Bezug auf Vibrations- bzw. Inertialmessungen.
Auch die unbiirokratische Hilfe von Dr. T. Niebauer, MicroG, sowie die wertvolle Unterstiit-
zung wihrend den Flugkampagnen durch die swisstopo werden ausdriicklich verdankt.

Die Schweizerische Geoditische Kommission (SGK) gratuliert Herrn Baumann fiir seine
Pionierleistung. Sie ist ein wichtiger Beitrag der schweizerischen Geodidsie im internationa-
len Verbund. Das Projekt wurde von der ETH Ziirich, research grant TH-01803 / 19/99-4,
und der SGK unterstiitzt. Zudem danken wir der Akademie fiir Naturwissenschaften Schweiz
fiir die Ubernahme der Druckkosten.

Prof. Dr. H.-G. Kahle,

Prof. Dr. E.E. Klingelé Prof. Dr. A. Geiger
Institut fiir Geoddsie und Photogrammetrie ETH Ziirich

ETH Ziirich Prasident der SGK



PREFACE

Avec I’avénement de ’altimétrie radar par satellites il est devenu possible de controler, a
grande échelle, la hauteur instantanée de la hauteur des mers. Afin d’interpréter ces données
en termes de changements du niveau des mers causés par des changements climatiques, il est
obligatoire de déterminer la surface de référence, une surface équipotentielle du champ de
pesanteur terrestre, avec une grande précision. La seule voie pour obtenir cette surface, parti-
culierement dans les zones cdtieres, est d utiliser la gravimétrie aéroportée.

La majorité des mesures gravimétriques cinématiques sont faites avec des instruments rela-
tifs, utilisant un ressort et qui sont difficiles a calibrer sur de grandes plages dynamiques. De
plus ces instruments souffrent de dérives et de discontinuités qui sont extrémement difficiles
a corriger en mode cinématique. Afin de surmonter ces limitations, le potentiel de la gravi-
métrie absolue aéroporté (AAG) a été étudié. Cette technique mesure la gravité directement
en mesurant la position d’un corps en chute libre dans une chambre sous vide. Le probléme
est de séparer les accélérations non gravitationnelles des accélérations produites par les mou-
vements de 1’avion et par les vibrations. Le travail présenté ici est la premiére tentative mon-
diale de construire un tel systéme pour une application aéroportée. Monsieur H. Baumann a
fait une analyse soignée de ce probléme, a testé des systémes mécaniques de couplages et a
développé les algorithmes mathématiques appropriés.

Avant de monter I’instrument dans 1’avion des expériences systématiques on été conduites
avec un camion afin de déterminer la fonction de transfert des filtres mécaniques utilisables.
Dans I’expérience aéroportée des senseurs externes tel que EpiSenseur et INS ont été joints a
la plateforme de mesure afin de déterminer respectivement les accélérations externes et les
déviations autour de la vertical du systéme. Un intérét particulier a été porté a la continuation
des mesures terrestres a ’altitude de vol. Cette prolongation fournit un contrdéle indépendant
de la fiabilité des résultats obtenus. Des comparaisons systématiques avec des levés aéropor-
tés existants ont aussi été¢ conduites.

Les résultats obtenus formeront une partie intégrante des développement futurs de la techni-
que gravimétrique aéroportée. Monsieur H. Baumann a fourni un travail significatif qui for-
me une base pour de futures développements dans ce champ de recherches. Le succes de ce
projet est aussi grandement dii a ’engagement sans fin du Prof. Dr. E. Klingelé qui a apporté
une aide inestimable a tous les stages du projet. L’entreprise Ziegler Consultants, Ziirich, et
le laboratoire de topométrie, EPFL, ont substantiellement aidé aux mesures de vibrations
respectivement inertielles. Le soutien non bureaucratique par le Dr. T. Niebauer de MicroG
et le support de gestion par le swisstopo au cours des campagnes aéroportées sont vivement
appréciés.

Par dessus tout ce projet a été un travail énorme et la Commission Suisse de Géodésie (SGC)
félicite Monsieur H. Baumann pour ce travail de pionnier qui représente une contribution de
la géodésie suisse a la communauté internationale. Ce projet a été supporté financiérement
par I’ETH Ziirich au travers du crédit TH 01803/19/99-4 et par la Commission Suisse de
Géodésie. Nous sommes de plus reconnaissant a 1’Académie suisse des sciences naturelles
pour avoir pris a sa charge les colits d’impression du présent fascicule.

Prof. Dr. H.-G. Kahle,

Prof. Dr. E. E. Klingelé Prof. Dr. A. Geiger
Institut de Géodésie et Photogrammétrie, ETH Ziirich

ETH Ziirich Président de la CGS






Summary

This work consists of a feasibility study of a first stage prototype airborne absolute gravimeter
system. In contrast to relative systems, which are using spring gravimeters, the measurements
acquired by absolute systems are uncorrelated and the instrument is not suffering from prob-
lems like instrumental drift, frequency response of the spring and possible variation of the
calibration factor. The major problem we had to resolve were to reduce the influence of the
non-gravitational accelerations included in the measurements. We studied two different ap-
proaches to resolve it: direct mechanical filtering, and post-processing digital compensation.

The first part of the work describes in detail the different mechanical passive filters of vibra-
tions, which were studied and tested in the laboratory and later in a small truck in movement.
For these tests as well as for the airborne measurements an absolute gravimeter FG5-L from
Micro-G Ltd was used together with an Inertial navigation system Litton-200, a vertical ac-
celerometer EpiSensor, and GPS receivers for positioning. These tests showed that only the
use of an optical table gives acceptable results. However, it is unable to compensate for the
effects of the accelerations of the drag free chamber.

The second part describes the strategy of the data processing. It is based on modeling the per-
turbing accelerations by means of GPS, EpiSensor and INS data.

In the third part the airborne experiment is described in detail, from the mounting in the air-
craft and data processing to the different problems encountered during the evaluation of the
quality and accuracy of the results. In the part of data processing the different steps conducted
from the raw apparent gravity data and the trajectories to the estimation of the true gravity are
explained. A comparison between the estimated airborne data and those obtained by ground
upward continuation at flight altitude allows to state that airborne absolute gravimetry is fea-
sible and has a spatial resolution comparable to the one of the relative airborne gravimetry.
For a wavelength on the order of 11 km the mean value of the resolution of the estimated
gravity is 9.7 mGal.

Finally some suggestions are formulated for the improvement of the system which should
simplify its use, increase the accuracy and reduce its price.



Zusammenfassung

Dieses Forschungsprojekt ist eine Machbarkeitsstudie iiber fluggestiitzte Absolutgravimetrie.
Im Vergleich zu den relativen Messsystemen, die federgestiitzt Gravimeter einsetzen, sind die
durch Absolut-Systemen erfassten Daten nicht korreliert. Ein Absolutgravimeter leidet nicht
unter Problemen wie Drift, Eigenfrequenz der Feder oder Kalibration! Das Hauptproblem, das
wir zu l6sen hatten, war die Minimierung des Einflusses der nicht gravitativen Beschleuni-
gungen. Dazu betrachteten wir zwei Ansdtze: direkte mechanische Filterung, und digitale
Post-Kompensierung.

Der erste Teil umfasst die Beschreibung von verschiedenen mechanischen Passiv-Filtern zur
Dampfung von Vibrationen. Diese Systeme wurden erst statisch im Labor und dann dyna-
misch in einem Lieferwagen getestet. Wéihrend den Tests wurde das Absolutgravimeter FG5-
L von Micro-g Ltd., eingesetzt. Es wurde mit einem Inertial-Navigations-System Litton-200,
einem Beschleunigungssensor EpiSensor und GPS Empfiangern gekoppelt. Die Versuche
zeigten, dass das beste Resultat mit einem Optik-Tisch erhalten wird. Allerdings kénnen die
durch die ,,drag-free* Kammer erzeugten Stérbeschleunigungen nicht verhindert werden.

Im zweiten Teil wird die Strategie beschrieben, die zur Datenverarbeitung eingesetzt wurde.
Das Konzept beruht auf der Modellierung der Stérbeschleunigungen mit Hilfe der GPS-, INS-
und EpiSensor-Daten.

Im Teil 3 wird das Flug-Experiment im Detail beschrieben, vom Einbau in das Flugzeug iiber
die Datenverarbeitung bis hin zur Evaluierung der Qualitdt der Resultate. Der Datenverarbei-
tungs-Teil erkldrt die einzelnen Schritte, die es ermdglichen, ausgehend von den Rohdaten der
gemessenen Scheinbeschleunigungen und Trajektorien die Schwerebeschleunigung schétzen
zu konnen. Ein Vergleich zwischen den geschétzten Werten mit terrestrischen Messungen, die
durch Feldfortpflanzung auf Flughohe berechnet wurden, ermdglicht es, die Qualitdt des Ex-
periments abzuschitzen. Die Schlussfolgerung diese Vergleichs zeigt, dass die fluggestiitzte
Absolutgravimetrie machbar ist, mit einer riumlichen Aufldsung, die vergleichbar ist mit der-
jenigen der fluggestiitzten Relativgravimetrie. Fiir eine Wellenldnge von 11 km liegt der mitt-
lere Wert der Auflosung der geschétzten Schwere bei 9.7 mGal.

Im Ausblick werden verschiedene Vorschlidge prasentiert, die das System vereinfachen, seine
Genauigkeit verbessern und die Kosten senken konnen.

II
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1 Introduction

1 Introduction

A good knowledge of the Earth’s gravity field allows, in principle, to monitor the temporal
and spatial evolution of the Earth. The spatial variations of g are due to the lateral distribution
of masses whereas the temporal variations are the result of transfer of masses (magma, water,
atmosphere, etc). In metrology the value of g is used for defining units like force and pressure
whereas in oceanography the temporal variation of gravity is used for developing models of
the earth tides.

In geodesy gravity is used for determining the geoid and for computing orthometric heights.
In geophysics the comparison between the measured gravity field and its theoretical value
defines the so called gravity anomaly, which reflects the geological structure of the Earth.
This is of particular interest for mineral, natural gas and oil prospecting.

Until today billions of gravity measurements were carried out on land, offshore and also on
the sea bottom. However, these measurements are limited because of the difficult access of
deserts, rain forests, high mountains or large areas covered by glaciers like Antarctica.

The spectacular technical progress of the last twenty years allowed initiating programs
dealing with gravity measurements by using satellites (SEASAT, GEOS-3, GEOSAT, ERS-1,
TOPEX/POSEIDON, ERS-2). With the data obtained from these different programs it was
possible for the first time to determine global gravity anomalies with wavelength between
some hundred to some thousand km.

Due to the intrinsic technique of measurement, the ground and offshore data cover the
wavelengths extending from meters to some kilometers.

Even combining spatial and ground measurements the Earth will never be covered with data
having wavelengths between ten and some hundred kilometers; even worse, many areas will
remain uncovered with wavelengths smaller than 200 km.

Fortunately thanks to the development of GPS positioning airborne gravity became
industrially possible.

Terrestrial field gravimetry is essentially based on spring-type gravity meters. This type of
instrument determines the difference of gravity between two points by measuring the
elongation of a spring, which holds a test mass. The difference in the restoring force of the

spring is directly related to the difference in gravity. High sensitivity (on the order of 10-9 g)
and repeatability are the main advantages of spring-type gravimeters. Drift, frequency
response of the spring, and the need of calibration are the main disadvantages. Spring-type
gravimeters have been primarily designed for land measurements.

The measurements of gravity from a moving platform are complicated because of the
superposition of gravitational and non-gravitational accelerations, the duration of the
measurements (which limits the spatial resolution) and the verticality of the platform itself.
Spring-type gravimeters have been designed for ship-borne measurements and only recently
for airborne ones. Non-gravitational accelerations mainly depend upon the motion of the ship
or airplane and can be orders of magnitude higher than the gravity anomalies. The final
accuracy of the measurement of the acceleration due to gravity is, therefore, limited by the
accuracy of the measurement of the motion of the moving platform. The development of
kinematic GPS has allowed measuring the motion of a body in space with high accuracy. The
problem of separating gravitational from non-gravitational accelerations is, therefore,
correctly addressed even if it may still need some efforts. It is worthwhile now to devote a
particular effort in the development of new airborne gravity sensors.



1.1 Aim of the project

The aim of our project was to develop a new airborne gravity measurement system (AAQ),
which should provide absolute values of the Earth's gravitational acceleration and its
anomalies and which would not be influenced by instrumental disturbing effects like drifts
and tares. To be useful and commercially interesting such a system has to have at least the
same performances as the airborne relative gravimeters. In other words an airborne absolute
gravimeter should reach the resolution of some milliGal at wavelengths shorter than ten
kilometers required in applied geophysics and in geodesy.

We planned to use a modified small version of a land-based absolute gravimeter for use on
board of an aircraft and use Global Positioning System (GPS) and Inertial Navigation System
(INS) data to remove aircraft disturbing accelerations. It is the first attempt worldwide to
measure absolute gravity on board of an aircraft. The absolute gravimeter employs a laser
interferometer that measures the free fall trajectory of an optical element within an evacuated
chamber. Standards for length and time are provided by atomic references, which provide
high accuracy and stability. Such a system is therefore drift free and quasi insensitive to
horizontal accelerations. In principle it is able to perform measurements at a rate of 2 seconds.
Another advantage of absolute gravimetry is that the measurements are uncorrelated, which
means that a sporadic perturbation like a shock will affect only the actual measurement and
not the following ones as is the case with a spring type gravimeters measuring in a relative
mode.

Although the principle of such a technique seems to be straightforward many huge technical
obstacles arose during the development of the instrument, during the airborne measurements
and last but not least during the data processing. In fact the results of this research will give
answers to the following fundamental questions:

e Is absolute airborne gravimetry feasible at all?

e  Which accuracy can we expect from these measurements?

e  What are the advantages and disadvantages of this technique with respect to the
classical ones?

e  Which are the necessary improvements to be made to the system in order to
make it useful for routine measurements?

1.2 About airborne absolute measurements of g.

In order to determine the Earth’s gravity field from an airplane the system has to have one
sensor measuring the sum of all vertical accelerations and one sensor allowing to measure the
vertical accelerations caused by the movements of the aircraft. These accelerations are due to
the turbulence, the vertical components of the Coriolis force as well as to the engines.

Until today, to our knowledge, nobody has tried to install and to measure the absolute value of
g in an aircraft. Since no such experience can be found in any scientific publication we will
begin by describing the general principles of this kind of experiment

Some work was carried out in the domain of the compensation of non-gravitational
accelerations perturbing the absolute measurements. For the compensation there are two ways
of realizing it: either by isolating the system from external vibrations by using a mechanical
filter (active or passive) or by measuring these vibrations separately and by substracting them
during data processing.

In the 80ies a new portable absolute gravimeter was developed at JILA (Joint Institute for
Laboratory Astrophysics) (Zumberge et al. 1982). This instrument determines the g value by



1 Introduction

measuring the position of a falling body as a function of time by means of a Michelson
interferometer. In order to isolate the reference mirror from the vibration a new kind of
mechanical filter was developed, the Super Spring. This system with a cut-off frequency of
about 0.015 Hz consist of an electronically synthesized spring (Zumberge et al. 1982, R.L.
Rinker, 1983, P.G. Nelson, 1991)

In 2000 J. Brown from micro-g, Inc. began to study the problem of compensating the
vibration in view of an application in dynamic mode (Brown et al. 2000). The method
proposed is to measure the external acceleration by means of a very sensitive seismometer
and then to introduce these data as observations in the system of equations governing the
determination of g. The results obtained in the laboratory are very convincing and we
surmised that it could be used for our experiments. A similar approach as already been used
by Canuteson (Canuteson et al. 1996, 1997) but the technique of J. Brown had the advantage
that it has been developed for a gravimeter similar with the one we used.






2 Airborne gravimetry

2 Airborne gravimetry

2.1 Introduction

The most difficult part of airborne gravimetry is to separate the gravity from vertical
accelerations due to the variations of the trajectory of the airplane, the vibrations induced by
the rotation of the engines and the vertical component of the Coriolis acceleration. This
chapter is dedicated to the problems linked to the determination of g from an aircraft. It starts
by studying the basic equations, of relative movements, which will be applied to the measured
values. After having described the airborne system all the components necessary for an
absolute airborne system will be summarized. At the end of this chapter the theory of the
essential components for the determination of g from a moving platform will be available.

2.2 The measurement of g from an aircraft

Airborne gravimetry is a typical case of relative movements between two different reference
systems. If both reference systems have uniform and rectilinear movements the classical laws
of mechanics formulated by Newton are equivalent for both systems. However, in practice
any system called « inertial » is only an approximation because due to the movement of the
Earth any body attached to this system is submitted to the gravitational acceleration of the Sun
and the planets. Since the reference system used in terrestrial mechanics is not strictly inertial
it is necessary to add some correcting terms to the resultant force, which take into account the
relative movement between the reference systems.

2.2.1 The reference systems in terrestrial mechanics

In the following a short description of the principal reference systems, used in terrestrial
mechanics, will be given. These systems are illustrated in Figure 2-1 and Figure 2-2.

The Copernican reference system:

The Copernican reference system (R, ) is a quasi-inertial system with its origin at the center

of the mass of the solar system. It is a Cartesian system with its axis oriented in the direction
of fixed stars.

Terrestrial reference system:

It is a Cartesian reference system rigidly tied to the Earth ( R, ) with its origin at the center of

mass of the system Earth-Atmosphere. The Z-axis corresponds to the mean rotation axis of
the Earth whereas the X-axis and Y-axis are located in the equatorial plane with X crossing
the meridian of Greenwich. Since the rotation axis of the Earth is subject of precession and
nutation this system has to be materialized by ground reference stations, which are referenced
with respect to celestial bodies. The most widely known terrestrial systems are the ITRF
(International Reference System) and the WGS-84 (World Geodetic System).



Local reference systems:

A local reference system (R, ) is a system, which can be defined in any point P at the surface
of the Earth. Its Z-axis corresponds to the direction of g at the point P and the X and Y form a
tangent plane to the equipotential surface at the same point. The X-axis points towards the
geographic North and the Y-axis points towards East. In order to be able to define such a
system it is necessary to know the direction of g at each point at the surface of the Earth! In
practice one constructs a model of the Earth’s gravity field, which allows a mathematical
description of the Earth’s ellipsoid. In this manner the Z-axis corresponds to the normal of the
ellipsoid.

In the frame of this project we will use, for defining the position of a point P, the terrestrial
reference system WGS-84 in which P is fully defined by its geographical coordinates: latitude,
longitude and ellipsoidal height (A, ¢, h). In this manner it is possible to form a base
(ﬁ VTl ) in P (A, @, h), which is commonly called « local geographic reference system »

Geocentric reference system:

This system (R;) is a Cartesian reference system with its origin at the center of masse of the

Earth. This system has a translation movement with respect to the Copernican reference
system. It is materialized by the observation of celestial bodies with invariant positions.

Measurement reference system:

This system, (R,,), corresponds to the reference system into which each measuring
instrument located inside the moving platform works.

Geocentric system R

) T
Terrestrial system RT

X,

Terrestrial Orbit
Figure 2-1: The principal reference systems used in celestial and terrestrial mechanics. The
Copernican system R or R, , the geocentric R system with its translation with respect to R,.,

and the terrestrial system R, with its origin at the same point as R. and rotating around Z, .

m : moving mass with geocentric vector p .
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Earth’s rotation axis

T, @
A ! Direction of the local

Gl O 7, vertical

Equatorial plane

Figure 2-2: Definition of the reference system of the local gravity field R, . The three unit
vectors u,,v,,n are defining the local base at the point P (A, ¢, h) referred to the ellipsoid.

2.2.2 Relative movements and inertial forces

The data we compare are all determined in different reference systems. We have to describe a
physical phenomenon defined in an accelerated reference system in a fixed one. For this we
use only the classical description, which is sufficient for our application.

In two systems X and X', shown in Figure 2-3, in relative uniform and rectilinear movements
the fundamental law of mechanics holds.

Figure 2-3: Reference systems in relative uniform and rectilinear movements.



On the other hand this is not the case if the system ¥ is accelerated with respect to the system

¥ shown in Figure 2-4. The moving system X is not an inertial system and the fundamental
laws of mechanics are not valid anymore.
For a better understanding we look at the modifications introduced by the acceleration of the

system ¥ which has a velocity v (¢) and @(¢) when seen from X .
The variations of any vector g during a given time d¢ being d g seen from X and dg from

Y, one obtains:

Figure 2-4: Non inertial reference system X accelerated with respect to =

daq = dq + v(due to the rotation)dt

So:

dg dg . _
42—~ 4+ X 2.1
ar a1 1)

The relationship (2.1) is valid for every ¢. For determining the acceleration of 7, it is

sufficient to replace g by 7 and to apply the above general relationship (2.1) twice:
d’r [a’ - j ar . -

= OX | ——+OXF | =
dt dt dt

v  do L odr L odr L
=t X+ OX——+ OX——+ OX(DXT")
dt dt dt

Because 7> =7 —7,, one finally obtains:

2= 2= 2—, — s
daj _d o +4 : 9P s B (@xi)+20x 2.2)
d  df  df  at dt
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2 Airborne gravimetry

2—
o = r o .
Taking into account that F =mﬁ , the fundamental law for non-inertial system in
t

movement can be written:

2.
m@ T _FLF + +F (2:3)

In this equation three supplementary terms appear to the resultant of the external forces that
are called « inertial forces ». The first one, which remains even when the angular velocity @
is equal to zero, is due to the driving of the body in the accelerated translating movement of
the reference system. The second is the centrifugal force due to the rotation and the third one,

also called Coriolis force, appears due to the presence of the relative velocity v’ :

2_.
F;mr =-m d ,;0 (24)
- dt
_ do . . . .
centr. :_m(_xr’ +a)x(a)xr’)) (2-5)
‘ dt
F., =-2m(&xVv") (2.6)

These inertial forces have to be introduced only for an observer tied to the moving system.

11



2.2.3 Dynamics in the geocentric reference system, tidal forces
In order to determine the influence of the tidal forces we will study the movement of a mobile
in p with a mass m in the geocentric reference system, R. (Figure 2-1).
The geocentric reference system R., being in translation with respect to the Copernican
reference system R, the unique inertial force that we have to take into account is the driving
force where the vector p,, corresponds to the vector linking the origins O and C, of the two

systems.

The forces acting on m are, on one side the gravitational forces produced by the Earth and
other celestial bodies and on the other side, the non-gravitational forces.

In the geocentric reference system R, it is then possible to describe the movement of m in p

by:

deG (ﬁ) = méEarth (ﬁ) + ﬁNon—grav (ﬁ) + mGCelest. (Z)) o maR, (C) (27)
With:

-m: Mass of the moving object in p

- dg Acceleration with respect to R,

- d, Acceleration with respect to R,

- :  QGravitational acceleration of the Earth

Terre

Q!

e - Qravitational acceleration of other celestial bodies

!

- : Resulting forces of non-gravitational forces

Non—grav

The acceleration a, corresponds to the acceleration felt by the center of masse of the Earth in

the Copernican reference system R, . The movement of the Earth is due to the gravitational

forces of all the celestial bodies. However, the largest influences come from the Moon and the
Sun. On the Earth every element of mass dm in p is submitted to a gravitational force

dmG,,,., (P) . Then we can write by integrating over the elements of masse dm:

[y, (p)dm = [ Gy, (5)dm

The left part of the above equality represents the acceleration of the center of mass of the
Earth multiplied by the Earth’s mass M

Earth *

[y, (B)dm =M, (C)

Making the hypothesis that all the elements of masses are submitted to a constant
gravitational acceleration, it is possible to write:

[ Geres (YA = Gy (C) [ dm = M 1, Gy, (C)

12



2 Airborne gravimetry

Finally one gets: d, (C) =Gy, (C)
And (2.7) can be re-written as:

maiy_(P)=mGp (D) + Foppr(B) + M(Gi (B) = G, (C)) (2.8)

In (2.8) a differential term G, (p)— G, (C) appears. This is called the “tidal force”,

which is responsible for the periodic deformation of the solid Earth and the oceans. It does not
exceed 0.2 mGal (Klingeleé et al., 1996), and can therefore be neglected. Neglecting this term
corresponds to considering the movement of the Earth as uniform and rectilinear and
consequently to assimilate the geocentric reference system as an inertial system.

2.2.4 Dynamics in the terrestrial reference system, gravity

Looking at the dynamics of a motionless body of masse m at a point p on Earth, we see, that
after (2.3), the only term to be retained, neglecting the tidal force, is the term describing the

rotation of the Earth around the mean polar axis, that is the centrifugal force.
Considering the angular velocity as constant (@ =7.292115x10"rad -s~', Torge, 1991) one
can write:

F,,, =-m(@x(®x p))

C

To keep the system in equilibrium the sum of the forces has to be equal to zero, which can be
written as:

der (ﬁ) = mE;Earth (ﬁ) + F;)ther(ﬁ) - Wl(C?) x (6?) x ﬁ)) = 6

Consequently in order to maintain a body in equilibrium on the Earth it is necessary to apply
to it a force equal but in the opposite direction to the sum of the gravitational and the
centrifugal forces. This force corresponds to the product of the inertial mass of the body by
the gravitational acceleration g(p). Then:

—F,,,, =mg(p)=mG,,, (p)—m(®x(&x p));

Setting:

8(p)=Gppy(p)— D x(&x p) (2.9)

Equation (2.9) corresponds to the gravity field. In fact most of the instruments measuring
gravity determine the antagonistic force }7“0

ther *

13



2.2.5 Dynamics in an aircraft, gravity measurements.

Now it is necessary to write the law of dynamics allowing the determination of the gravity
from an aircraft in motion. For that we have to consider a moving body of masse m located at
a point p on board of an airplane. Let us make the hypothesis that the measurement

reference system R,, corresponds to the local reference system R, . In the geocentric
reference system R, the law of dynamics can be expressed by:

maRG (ﬁ) = méEarth (ﬁ) + mﬁOther(Z?)

According to (2.9), it is possible to write:

G (P) — Gy (D) = 8(P) — @y x (&, % P) —dy_ (D)

Whereby @, is the vector of angular velocity of the rotation of the Earth with respect to the
geocentric reference system R;. The acceleration seen from the geocentric reference system
in the terrestrial reference system can be written, after (2.2):

d’*p dp
p2RT 26 % 'Pr,
dt

dp ()= + @, x (@ % p)
2 =

Expressing dszT as a function of the ground velocity, in the terrestrial reference system R,
t

one gets:

d’py.
dr*

=E%+%%+W+@X%W@)

Whereby @, is the vector of angular velocity of rotation of the local reference system with
respect to the terrestrial system.

@@+mm+w=mw@)

This allows us to write the final form of the apparent gravity P measured in the aircraft

apparent

papparent = g(ﬁ) - [ﬁFlight (ﬁ) + (25)T + (?)L) X ﬁFlight (ﬁ)] (2 10)

Formula (2.10) is the basic expression for the measurement of g on board of a moving
platform (aircraft). This expression contains two parts: the real gravity g(p) on one side, and

the sum of all non-gravitational accelerations glcm = I}( p)+ Q2o +a,)x I;:Flight (p), which are

tied to the movement of the aircraft, on the other side.

14



2 Airborne gravimetry

One of the biggest difficulties is to separate the two terms in order to get the value of g. This
separation can be done either by filtering, mechanically or numerically or by modeling it and
subtracting it from the total acceleration.

In a simplified manner (2.10) can be written:

(2.11)

Papparem = g(p) - Acin (p)

2.2.6 Determination of kinematic accelerations

In the frame of this project we will focus our attention to the intensity of the gravity field

g(p) at a point p. g(p) is a scalar value defined by g(p)=-g(p)n,,,, where n,  corresponds
to the unit zenith vector pointing toward the local vertical. In order to be able to determine the
kinematics accelerations we will make the approximation that the local vertical is parallel to

the normal of the ellipsoid (n ~#,,,). This is justify, because, if we assume that the deflection

true
of the vertical does not exceed £=30" on the surface of the Earth, the relative error on the
static measurement g, .is given by:

2 2
gmeasured = g COS(g) ~ g(l - %) = M = 8_ = 10_8
g

Then for g,,..., =9.80ms™, the error is dg=9.80-10" ms™ which is much less than the

accelerations produced by the movements of the aircraft. Consequently this approximation
can be used without restriction.
From (2.11), and using our approximation we can write:

S

Papparent = (_g(p) - ACinn (p))ﬁ = _[)apparent = I)apparent = g(p) + ACinn (p)
Projecting Acin on i, one obtains Acin,

(VFlight(p) +20 + @)% VFlight(p)) n

In the local base system (u,V

n’

n)the global rotation’s vector can be decomposed in the
following manner:
4
26, + @, =| Qw, + A)cos(p)
(2, + A)sin(p)

15



We then obtain for Acin, :
Acin, (p) = h—(Vyp+V; ey, + 1) cos(p) = h— E(p)

Where E is the E6tvis correction.

The basic relationship, which gives the intensity of gravity in airborne gravimetry, can then be
written as:

g(P) =P, e +E(p)—h

The Etovos corrections can be written as a function of the flight parameters V,,, V,, and & as
follow:

Vy = (N(p)+h)cos(p)A
Vi =M(p)+h)o

Where N(¢p) and M (@) are the principal radius of curvature normal and meridian at the point
p, respectively.

Calling f =a_—b the ellipsoidal flattening, with @ and b major respectively minor axis of
a
the ellipsoid, the E6tvos correction can be written (7orge, 1991)
2

E(p)= 7{1 — g — f(1—cos*(¢)(3—2sin’ (0{)))} +2Vw, cos(@)sin(a)

Where V> =V;+V;, and where a represents the flight azimuth so that ¥, =V sina and

Vy=Vcosa

Figure 2-5: Definition of the azimuth a

Using the speed of the aircraft projected to the Earth’s surface and writing

Vi = Vi +Vy  therelationship becomes (Harlan, 1968):

E(p)= % {1 + g - f(1- cosz((p)(3 —2sin’ (a)))} + ZVEzar,ha)T cos(@) sin(a)(1+ g)

16



2 Airborne gravimetry

Consequently all kinematic accelerations can be determined from the values of the
coordinates, (A,¢,h), the first derivatives with respect to the time of the longitude and the

latitude, A and ¢, and the vertical acceleration h of the aircraft.

In conclusion in order to be able to determine g from a flying platform (aircraft) it is
necessary to have a very accurate positioning system in addition to the gravimeter allowing
the computation of the disturbing accelerations.

17






3 Airborne gravity systems

3 Airborne gravity systems
3.1 Existing airborne gravity systems

3.2 Introduction

Three measuring systems are used in airborne gravimetry (Neumeyer et Hehl, 1995). These
are: the BGM-3 from Bell Aerospace (Buffalo, N.Y.), the KSS31 from Bodenseewerke
Geosystem Gmbh ( Uberlingen), and the A/S system from LaCoste & Romberg Gravity
Meters (Austin,Texas). They all are relative measuring systems, based on the classical
mechanical spring system.

The difference between the systems is found in the movement of the mass: In the first two
systems the movement is truly vertical (vertical spring) whereas in the third system the
movement is in form of an arc of circle (mass attached to a beam).

All three systems are mounted on a stabilized platform in order to eliminate the effect of
tilting caused by the roll and the pitch of the aircraft. The platform is held in horizontal
position by a pair of gyroscopes feeding signals to torque motors. In the next chapters we will
shortly describe these three systems and explain their principles of measurements.

3.2.1 The KSS31 system
Figure 3-1 depicts the working principle of the sensor used in the KSS31 system.

Sensor

[Command i

[ |

= Capacitive Sensor

Tube

Lateral Spring

- Principal Spring

I Coil

L ITLHIL VARV ALLENE L FALEALRAR RN R AR RN

AAITTRRRITRARRR TR TR IR RARNNRRNNRRRY

\

I~ Permanent Magnet

Figure 3-1: Schematic principle of the KS31 sensor after Torge 1989. In the middle of the
picture one can distinguish the suspended tube guided vertically by the lateral springs. At the
top of the tube is the capacitive sensor that detects the tube movements, and at the bottom is
the coil moving in the magnetic field of the permanent magnet.

The movements of the mass (a tube) are detected by a capacitive sensor, which supplies a
current to a coil by means of control loop. This coil located at the end of the tube in the
magnetic field of a permanent magnet generates the supplementary magnetic field for
restoring the static equilibrium of the mass. The restoring current, that is proportional to the
variation of the apparent gravity, is then recorded. To minimize the environmental influences,
the whole system is enclosed in a pressurized and thermostatized box.
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3.2.2 The Bell BGM-3 system

The mass formed of a coil is maintained in equilibrium between two poles of equal polarity of
two permanent magnets as depicted in Figure 3-2. The movement of the mass is detected by a
capacitive system, which supplies a current to the coil-mass through a control loop. The
current in the coil-mass produces a magnetic field, which interacts with the one of the
permanent magnet and tends to restore the static position of the mass. Like in the KS31
system the restoring current is calibrated and the whole system is enclosed in a pressurized
and thermostatized box.

A -
Z S Z
% Permanent Magnet %
Z Z
- A -
% % Capacitive Sensor
Z N Z
Spring % - %
ZH 3
1o \ ols
1 o [}
A o ,
Mass /2
= N Coil
=z
Permanent Magnet
=
Z
/
Z S Zz
/

Figure 3-2: Schematic principle of the Bell BGM-3 sensor. Between the two permanent
magnets, is the mass to which the coil is fixed. The capacitive sensor, depicted in black
detects the movement of the mass that is attached to the spring.

3.2.3 The A/S system from LaCoste & Romberg

The LaCoste and Romberg Air-Sea gravity meter consists of a highly damped, spring-type
gravity sensor mounted on a gyro stabilized platform with associated electronics for obtaining
gravity readings. The basic equation of the LaCoste & Romberg S/A gravimeter is given by

(3.1)

3.1
gairbome = |:K1S(t) + K2 fi_Z::|K3 + CC(t) ( )

S(t) : Position of the attachment point
B(t) : Positon of the bean
CC(t):Cross - coupling term

K,,K,, K, :Calibration factors

The quantity g,,,,... corresponds to the complete vertical acceleration measured in airborne

configuration. The term K S(¢) represents the restoring force acting on the spring that is
adjusted mechanically by moving the attachment point S. The S/A gravimeter is equipped
with a motorized system, which allows the adjustment of the position of S (see Figure 3-3). A
regulation loop determines the position of the beam and drives the motor in such a manner
that the beam is kept in its rest position.

20



3 Airborne gravity systems

Apparent

Figure 3-3: Schematic representation of the beam. S and B are the tow attachment points that
are respectively used to describe the restoring force and the movement from the beam.

The term K, cj{—B is proportional to the velocity of the beam, and the factors K, and K, are
t

calibration factors. The gravimeter is equipped with a capacitive system (CPI, Capacitive
Position Indicator), which ensures a continued measure of the beam position (see Figure 3-4).
This signal is then used by the regulation loop described for keeping the beam in central
position whereas the velocity of the beam is estimated by simple differentiation. Finally,
CC(t) corresponds to the cross-coupling term that takes into account the horizontal
accelerations.

PHASE C
COMPARATOR MPLIFIE]

HEATER BOX FIXED PLATES

OSCILLATOR | ‘T’

=
MOVABLE PLATE 3
RECORDER GALVANOMETER
JACK

Figure 3-4: Schematic principle of the capacitive system (CPI, Capacitive Position Indicator)
from the S/A gravimeter of LaCoste & Romberg. On distinguish the capacitve bridge formed
by tow fixed plates and a moving one that is attached to the beam. Each movement from the
beam induce a variation in the capacitve bridge, which is detected by the phase comparator.
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3.3 Airborne absolute gravimetry systems
3.3.1 Introduction

The absolute airborne system used in our experiment is formed of five distinct units with a
well-defined function each.

The core of the system is the absolute gravimeter FG5-L that allows the determination of the
apparent gravity P In order to determine the perturbing accelerations (non gravitational)

apparent *
the system is equipped with a vertical seismometer Episensor from Kinemetrics SA, with an
Inertial Navigation Unit INU LN-200 from Litton and with four NAVSTAR GPS receivers. A
fifth receiver is permanently located at a ground station and serves as reference for the
positioning. The last but not the least element is the table on which the gravimeter, the
seismometer and the INU are fixed. This table is necessary first for attenuating the vibration
produced by the engines of the aircraft and second for maintaining the system parallel to the
local vertical.

3.3.2 Absolute gravimetry: basic concepts

The aim of absolute gravimetry is to measure the value of the Earth’s gravity field at desired
discrete points. It is based on the measurement of two fundamental variables the time and the
length, allowing the computation of the Earth’s vertical acceleration. The most modern
method to do it is to observe the vertical movement of a body falling freely in the Earth’s
gravity field.

3.3.2.1 The free-fall method

The mathematical formulation of the free-fall is given by:

mzZ = mg(z) (3.2)
5 d’z
dar’

Where:
m :mass of the falling body

z : position of the free - falling body

Z :acceleratiom of the free - falling body
g : Earth's vertical acceleration

¢ :time

Under the hypothesis that the gravity field is homogeneous along the falling path one obtains
the velocity and the position of the falling body by integrating equation (3.2)

z=2z,+gt

. dz

7z=—
dt

g

z=2z, +Z'0t+512

Where z, and z, are the velocity and the position respectively for the initial time ¢ =¢, = 0.
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3 Airborne gravity systems

From the theoretical point of view, three couples of time-position (¢,,z(¢,)),1=1, 2, 3, ... are
enough for solving g

(23_21)(2_ 1)_(22_21)(3_ 1) (3.3)
§=% (t3it1)(tt2_t1)(t3_tzt) :

3.5

3| 4
25+ =
(z:31,)
g 2
=
S
.§
a 15 =
(z25t5)
1L =
05 (z15t,) / |
o /v/ I I I L I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

time (s)

Figure 3-5: Representation of the positions of a free falling body as a function of time.
From (3.3) it is clear that in order to determine g with this method it is necessary to have an

instrument capable of measuring simultaneously both the time and the distance with great
accuracy.
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3.3.2.2 The measurement of time and distances

The position of the free-falling body is measured by means of a Michelson’s interferometer of
which one arm is fix and the second is able to move vertically. A semi-transparent mirror
splits the laser beam, with a wavelength A, in a reference beam and in a measurement beam.
These beams are reflected by the prism parallelely to the incident beams and then recombined
in the splitter, creating the desired interferences. M.R. Zumberg describes the basic concept
(M.R. Zumberge et al. 1982). A translation of the falling body of 4/2 produces minima and

maxima of the intensity of interference fringes.

Falling prism
o, Reflected
. . beam
Incident 4
A nnnshannnsl oufuat
beam

Reflected

Splitter Y reference beam
A
Reference
prism
LASER —P»

Y Incident

Photodetector reference
beam

Figure 3-6: Block diagram of a Michelson’s interferometer used in the free-fall method. The
laser light is split into tow beams, which are reflected by the falling prism and by the
reference prism respectively. The recombined beam is then transformed in an electrical signal
by the photo-detector. This signal is amplitude-modulated by the movement of the falling
prism.

The optical signal obtained is converted into an electrical signal of which each zero with
positive slope is transformed in a pulse. By counting N pulses one can compute the length of
the travel path by:

1

I

=
(SRR
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3 Airborne gravity systems

The determination of the times corresponding to each Az is done by measuring the time
interval between the pulses (See Figure 3-7)

Position

————r———— ]

Fringe signal

] 0.05

I

4 t t,
Figure 3-7: Principle of the simultaneous measurements of time and distance. The time
interval between the pulses corresponds to the time that was needed to modify the relative
distance between the prisms by A/2. In other words, if the reference prism stays absolutely
fix, the time interval corresponds to the time the falling prism has used to cover a distance of
Al2.

Time

The electrical signal obtained at the output of the photo-detector can be modeled by the
following equations (7. Niebauer, 1989):

U(t)=u, - cos(2kz(t))

where :
| | 3.4)
z=zy+ Vvl +—gt  +—w,t +— gt "
24
T=1-I"%
C

With:

U(t) : Measured voltage as a function of time.
k- Wave number

A: Wavelength

g: Gravity

vy, Z, - Initial values of velocity and position of the falling prism.

y :  Vertical gravity gradient (Free air gradient: 3.086 [uGal/cm])
c: Speed of light
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Equation (3.4) describes the electrical signal obtained during a free-fall in a homogeneous
gravity field along the trajectory without any external perturbations. In a real measurement
case these conditions are not fulfilled, and it is, therefore, judicious to introduce a

supplementary term in equations (3.4) accounting for the perturbations to which the
gravimeter is submitted.

U(t)=u, - cos(2kz(t))

where :
i
A
T rsgrr el d t*+ P(1)
z=z — - —
A A YR (3.5)
~ z-1z,
[ =t-

c

Where:
P(z‘) : Sum of the perturbations acting on the gravimeter

In our case, these perturbations are the non-gravitational accelerations described under
chapter 2.2.5.
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3 Airborne gravity systems

3.3.3 The FGS5-L gravimeter

The gravimeter used in the frame of the AAG project is a FG5 type L built by Micro-g
Solutions Inc, Erie Colorado, using the principle described in chapter 3.3.2 (See Figure 3-8).

Figure 3-8: Absolute Gravimeter FG5-L with its electronic command and its laser. The PC (1)
is driving the whole system, the electronic rack (2) that contains the GT650 time analyzer, the
AD-converter used to sample the Lennartz output signal, and the command electronic used to
configure the droping-chamber (4). In front of the rack is the laser (3) that is connected to the
interferometer base (5) by an optical fiber (6). The droping-chamber (4) is decoupled from the
interferometer base (5) by the tripod (7).

Free-falling
Droping | —"| corner cube
Chamber
I~ ,Co-faling’
carriage
Interferometer
base Photo
detector
i ¥
Laser \¢
™ Splitte
) O
Inertial reference
Corner cube

Figure 3-9: Block diagram of the gravimeter FGS5-L. The diagram depicts the principal
components of the interferometer. The droping-chamber contains the free-falling corner cube
and the co-falling carriage used to shield the falling prism from electromagnetic perturbations.
The interferometer-base contains the reference corner cube, the splitter and the photo-
detector.

The gravimeter FG5-L is formed of two principal parts: The falling chamber and the
interferometer.

The falling chamber consists of the falling prism, a drag-free chamber protecting the prism
against the effect of the residual air molecules and the mechanism necessary to carry the
prism from its lower position to its upper position. The interferometer is made of the reference
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arm, the splitter, the photo-diode and the electronics transforming the optical signal into
electrical pulses.

The gravimeter FG5-L is in fact a small version of a FG5 with the significant difference that it
is not equipped with the ‘Super-Spring’ to which the reference mirror is fixed. From their
similarities the sources of errors of both gravimeters (FG5-L and FG5) can be considered as
equal. These sources of error have been analyzed in detail by Niebauer et al. (1995) who have
shown that the sum of all uncertainties is of the order of 1.1 microGal. However, this
estimation has been performed under laboratory conditions, which can be considered
experimentally almost perfect.

The vibrations, which are modifying the position of the reference prism and, therefore,
modify the measured value of g, are of two kinds: Those that are produced by the system
itself and those that are of environmental origin. The first ones are produced by the driving
mechanism of the drag-free chamber and can be partially eliminated by decoupling physically
the interferometer from the dropping chamber.

The vibrations of environmental origin can be compensated for in two different manners.
Either by a mechanical absorption system, like the Super-Spring used in the FGS (Rinker,
1983), or by a numerical processing of the data (Brown, 2000). It is the last method that the
FGS5-L uses. The system is equipped with a Lennartz LE-3D/5s seismometer. The output
signal from the seismometer is digitized with a 16 bits A/D card and recorded for each drop.

3.3.3.1 The determination of g

The FG5-L system uses an external sensor for measuring and recording the accelerations of
environmental origins. These accelerations are then used for correcting the raw measurements
by numerically compensating the movement of the reference mirror. For every detected fringe
equation (3.5) can be written in a digital form taking into account the measurement of the
external sensor ‘s’.

1 1 a1 .
2= 20kl 8T i+ RE +af () (3.6)

Where f, corresponds to the function of the signal measured by the sensor ‘s’ and «, to the

scaling factor.

The principal difficulty is to synchronize the external measurement with the one of the FG5-L
and to determine the scaling factor. In fact in order to obtain a resolution on the order of one
[microGal] the time difference between two fringes has to be accurate to about one
nanosecond, and the position of the falling prism on the order of one nanometer (T. M.
Niebauer et al. 1995).

The seismometer used by the FG5-L is a Lennartz seismometer from which the signal is
digitized with a Dagboard2000 16 bits A/D card. The Lennartz-Dagboard system can be
configured to measure maximum velocities between 0.78 mm/s and 50 mm/s with a respective
resolution from 11 nm/s and 770 nm/s. We will see in chapter 0 that the measured velocities in
the aircraft are larger then 70 mm/s in the low frequencies. The synchronization between the
signal measured by the external sensor and the one from the FG5-L is done mathematically by
correlation and the scale factor is estimated by least squares adjustment as well as x,, v, and

g.
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3 Airborne gravity systems

3.3.3.2 Principal characteristics of the FG5-L

Table 3-1 gives the principal specification of the absolute FG5-L gravimeter.

Instrument Specification
Accuracy 50 microGal
Repetability 10 microGal

Table 3-1: Principal specification of the FG5-L

3.3.4 The EpiSensor accelerometer

To measure the non-gravitational accelerations, we equipped the system with a three-axial
accelerometer. The EpiSensor consists of three orthogonally mounted force balanced
accelerometers (FBAs), X-Axis, Y-Axis, Z-Axis, inside a sensor casing. Figure 3-10 below
shows a simplified block diagram of the major components of each of the FBAs.
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Figure 3-10: Simplified block diagram of an accelerometer. On the left side is the oscillator
that applies a signal to the two moving capacitor plates. With the fix central plate, the moving
ones are forming a capacitor bridge. Voltage modifications induced by movements are
amplified and filtered to generate a current. This current is then used to create a magnetic
restoring force that brings the system back to its null position.

3.3.4.1 Working Principle

The oscillator applies an AC signal of opposite polarity to the two moving capacitor plates.
When the accelerometer is at rest, the two plates are in symmetrical position above and below
the fixed central plate and the voltage of the capacitor bridge is constant. An acceleration
causes the coil and capacitive sensor plates, which are a single assembly mounted on
mechanical flexures, to move with respect to the fixed central plate of the capacitive
transducer. This displacement generates a variation of the voltage on the capacitor bridge. The
signal is then amplified and passed to the demodulator where it is synchronously demodulated
and filtered, creating an error term in the feedback amplifier. The feedback loop compensates
for this error signal by passing current through the coil to create a magnetic restoring force to
“balance” the capacitor plate back to their original null position.

The current traveling through the coil is thus directly proportional to the applied acceleration.
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3.3.4.2 EpiSensor Specifications

Table 3-2 shows the essential characteristics of the EpiSensor

Type Triaxial force balanced accelerometer

Dynamic range | 155 dB

Bandwidth DC to 200 Hz

Full-scale range | User-selectable at + 0.25g, + 0.5g, + 1g, +2g or + 4g

Table 3-2: Specifications of the Episensor three axial accelerometer

Theoretically, if the full dynamics of 155 dB is used, the resolution reaches approximately 8
microGal at a full scale of = 0.25 g. In our application, the full scale is set at + 1 g and a 24
bits digitizer is used to digitize the output signal from the sensor. In this configuration the

sensor can theoretically measure external disturbing acceleration with a resolution of about
0.12 mGal.

3.3.5 Inertial Navigation System (LN 200)

For determining the vertical non-gravitational accelerations, it is indispensable to know the
attitude of the platform to which the measuring instruments are attached. To determine the
attitude there are two possibilities. One can determine it with the GPS-antennas array fixed to
the aircraft (Favey, 2001) or the system can be equipped with an inertial navigation system
(INS). The Northrup Grumman LN-200 INS that we used, is an inertial system using fiber
optic gyros (FOGs) and silicon accelerometers (SiAc’s) for measurements of vehicle angular
rate and linear acceleration.

Silicon accelerometers:

Over the last several years, extensive efforts have been devoted to the development of
micromachined accelerometers with high sensitivity and large dynamic range using both,
bulk-silicon and surface micromachining techniques. Many of these devices employ a
capacitive sense mechanism where by the deflection of the inertial mass produce a change in
the inter-electrode air gap of the capacitor. Thus, a change in the capacitance provides a
measure of the acceleration.

A capacitive z-axis accelerometer is illustrated in Figure 3-11 (Selvakumar et al., 1996). The
support beams are twisted by a torque produced by an acceleration acting on the offset center
mass. This twisting is manifested as a change in the overlap area of the interdigitated fingers
attached to the inertial mass.
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Figure 3-11: A z-axis capacitive torsional accelerometer. The Inertial Element can move
around the axis defined by the support beam. The movements of the Inertial Element are
modifying the overlap area of the interdigitated fingers. This modification will change the
value of the capacitance proportionally to the applied acceleration.

An acceleration acting on the offset center of mass of the structure produces a torque on the
suspension beam, thereby twisting them. The twisting angle &, assuming a rigid mass plate, is
given by

_ ML,

= 3.7
4aGtw, (3.7)

z

With :

[,,w, :length and width of the beam;
[, w, :length and width of the mass;
t :structur thickness;

G :modulus of rigidity;

M :mass;

a_ :z-axis acceleration,

o : correction factor (cross - section aspect)

The rotation of the mass and the attached sense fingers arrays from the rest position result in a
reduction of the overlap area and hence the capacitance between the sense fingers. The
capacitance change AC for n finger sense of length /,, with an air gap p, and relative

permittivity ¢, is then given by:

Neliadad (20, +1,)p (3.8)
; .
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3.3.5.1 Fiber-Optic Gyro

Fiber-Optic gyros are solid-state devices, without moving parts, which require low power.
They are very rugged and reliable, and thus are suitable to harsh dynamic environments.
Analogous to GPS satellite ranging, the interferometric FOG (I-FOG) measures the difference
in phase of two light beams traveling through a loop of optical fiber, where, ideally, the phase
difference is due to rotation of the plane of the loop according to the Sagnac effect (Torge,
1989).

Figure 3-12 shows schematically the working principle of this kind of gyros. The light from a
monochromatic source passes through a coupler to a polarizer and is splitt into two beams that
propagate in opposite directions through the optical fiber loop. Upon exiting the loop, the
light waves are recombined and the resulting wave is sent to a photodetector that generates an
electrical voltage proportional to the optical power of the wave.

Due to the Sagnac effect, the rotation of the loop about an axis perpendicular to the plane of
the loop causes a light beam to travel an extra distance AL . For two propagating beams the
net relative distance is the difference

AL_AJ 239 (3.9)

Where:

@ :angular rate

c:ligth speed

A :area swept out by the light

The Sagnac effect being independent of the shape of the optical fiber this one is coiled to
increase the enclosed area, A4, of the loop, thus increasing the phase difference for a given
rotation and hence the sensitivity of the gyro. Let n be the number of optical fiber winding of
the coil. The effective total area covered by the beam is

2

A:nﬁ—:lLd, (3.10)
4 4

where d is the diameter of the coil and L is the total length of the fiber. Substituting ( 3.10)
into (3.9) and converting to phase difference, we find the phase change, in radians, due to
rotation:

Ag = =— 0. (3.11)

Where A¢ is in units of cycle.
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Figure 3-12: Schematic of the interferometric fiber-optic gyro. The optical beam is split into
two signals that are propagating in the fiber coil in opposite sense. The recombined signal is
modulated by the phase difference A¢ between the two signals that is proportional to the

angular rate @

3.3.5.2 LN-200 IMU Specifications

The following tables, Table 3-3, Table 3-4 and Table 3-5 give an overview of the principal

characteristics of the

Performance-Gyro:

Ln-200 IMU.

Type

Gyro

Bias Repeatability:

1 °/hr to 10 °/hr, 1 sigma

Scale Factor:

100 to 500 ppm, 1 sigma

Table 3-3: Gyro performances

Performance-Accelerometer:

Type

Accelerometer

Bias Repeatability:

300 microg 3 milli-g, 1 sigma

Scale Factor:

100 to 5000 ppm, 1 sigma

Table 3-4: Accelerometer performances

LM-200 Operating Range:

Type LM-200

Angular Rate: Up to £ 11.459 °/sec
Angular Acceleration: |+ 100000 °/sec/sec
Acceleration: +40 g

Table 3-5: LM-200 Operating Range
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The resolution of the accelerometer of the LN-200 at 400 Hz sampling rate is 2400 mGal and
the resolution of the FOG for the same sampling rate is 0.002 degrees/s. It is clear that the
resolution of the accelerometer is not good enough for directly compensating the
measurement of the FG5-L. The scale factor of the LN-200 accelerometer was estimated for
each measurement by least squares fit after an adequate synchronization has been carried out
between both signals.

3.3.6 The Instrument Platform

As already mentioned at the beginning of this chapter, the function of the platform is to damp
the perturbing environmental non-gravitational accelerations. A complete chapter is later
dedicated to this problem (see chapter 0).

3.3.7 Conclusion

With equation (3.5) a complete physical model of the FG5-L gravimeter in airborne
conditions can be described. To be able to determine g, we have to know the scaling factors,
which are connecting the non-gravitational acceleration with the physical model. These
factors will be estimated with the help of the data acquired by the external sensors, IMU, GPS
and Episensor, during the data processing.
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4 The damping platforms

4 The damping platforms

4.1 Introduction

As mentioned in the previous chapters, in airborne absolute gravimetry the vibrations of
different sources act as disturbing accelerations, and, therefore, modify the results of the
measured g.

The sources of these accelerations are first, the vibrations induced by the engine and the
movement from the aircraft, and second by the measuring system itself.

In order to be able to determine the sum of the accelerations due to the vertical movements of
the aircraft and the gravity with a reasonable accuracy, it is of highest importance to remove
the effects of the vibrations either by a mechanical coupling system or by appropriate
mathematical algorithms during the processing of the data.

4.2 Analysis of the vibrations of the aircraft.

The aircraft used for the AAG project was a Twin-Otter DeHavilland belonging to the Swiss
Federal Office of Topography (now: SWISSTOPO). The vibration’s spectrum of the aircraft
was measured during a dedicated flight on August 11, 2001 carried out between Zurich and
Bern at the nominal altitude of 1800 m a.s.] at a speed of 80 m/s, corresponding to that
planned for the experiment. The measuring system was a MR2002 from Ziegler Consultants,
mounted on the top of an aluminum plate of 10 mm thickness directly fastened to the seat’s
rail. The data were acquired during time windows of around 20 seconds continuously repeated
during the whole flight (H. Baumann, 2002). Figure 4-1 shows the mean value of the spectra
measured during the test flight.
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Figure 4-1: Amplitude spectrum of the vibrations measured in the Twin-Otter HD-LID

One can see in Figure 4-1 three well-defined peaks and a broader waveband at 1-3 Hz, 28 Hz,
84 Hz respectively and the last one between 100 and 140 Hz. The maximum amplitude of the
vibrations is at 84 Hz with amplitude of around 18’000 mGals. The second peak in amplitude
is of 28 Hz with 7°000 mGals.
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A more detailed analysis is shown in Figure 4-2 and Figure 4-3.
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Figure 4-2: Amplitude spectrum of the vibrations measured in the Twin-Otter HD-LID, for

the frequency range of 0-100 Hz.
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Figure 4-3: Amplitude spectrum of the vibrations measured in the Twin-Otter HD-LID, for

the frequency ranges 0-1 Hz.

The first burst of vibrations at 28 Hz is due to the angular velocity of the turbines, which is of
1700 rotations/min. The three blades of the propellers passing in the front of the wing produce
the second burst at 84 Hz. Each pass produces a shock wave against the wing that is

transmitted to the structure of the aircraft and further to the seat’s

rail in the cabin.

The proper movement of the aircraft produces the vibrations of low frequencies. Because their
frequencies are below 1 Hz these induced accelerations can be removed by modeling the

movements of the aircraft with GPS data. The frequencies that

are located between 100 Hz

and 140 Hz are due to resonance frequencies of the cabin and of the metal sheets.

36



4 The damping platforms

4.3 Mechanical systems of absorption

4.3.1 Introduction

Three different kind of systems were studied as mechanical systems of absorption.

e Active table MODI-L
e Multi-layer table
e Hanging table

The experiments were performed following the same scheme as shown in Figure 4-4. The test
system was composed mainly of three parts: The measuring part, the excitation part and
finally the system to be tested.

Vibrator

Accelerometers

System to be tested

L \ — /_

Figure 4-4: Schematic view of the whole test system. The vibrator is shaking the table in the
desired frequency. One accelerometer is fixed on the table and the other on the damping
system under test. The ratio between the measured amplitudes gives then the searched
amplitude spectrum.

The excitation part is formed of a vibrator and a table made of honeycomb aluminium with
four cylindrical feet. The vibrator consists of a mass moving vertically at programmed
frequencies allowing swapping the spectrum from 0.1 Hz to 150 Hz with different amplitudes.
The measuring part consists of two accelerometers MR2002 from Ziegler Consultant, one
located directly on the table, the other one placed on the system to be tested. The data are
collected by an analog digital system and written on the hard disk of a notebook computer. A
dedicated program allows to compute the amplitude spectrum for either the entire frequency
range or for only chosen frequency windows. The transfer function of the system is then to
calculated at each frequency as the ratio of the spectrum amplitude measured on the table to
that measured on the tested system (H. Baumann, 2002).
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4.3.2 The active table MOD1-L from Halcyonics

The active table is a commercial system designed to stabilize optical tables. The system is an
interactive damping table, which that adjusts its filter coefficients to the environmental noise.
As soon as the system detects a significant variation of the external condition it re-adapts the
coefficients. Unfortunately, it was not possible to get detailed information about its working
principle. Therefore it is considered as a black box filtering the vibrations coming from the
ground. For the determination of its transfer function we used the system depicted by Figure
4-4.The two following figures (Figure 4-5, Figure 4-6) show the determination of the transfer
function at 10 Hz.
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Figure 4-5: Spectrum measured on the excitation’s table for a frequency of excitation of 10
Hz.
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Figure 4-6: Spectrum measured on the top of the Halcyonic table during an excitation of 10
Hz.
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4 The damping platforms

By comparing the two amplitudes at 10 Hz we can determine an attenuation factor of 10.
The same experiment carried out for frequencies between 1 Hz and 80 Hz allowed us to
compute the entire transfer function of this table. The result is shown in Figure 4-7.

Attenuation
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Figure 4-7: Attenuation function of the Halcyonic table for frequencies between 1 Hz and 80
Hz.

The application of the transfer function of the Halcyonic table to the spectrum of the
vibrations measured in the aircraft during the test flight gives a rough estimation of the
behavior of this kind of table in flight conditions. The result of this estimate is shown in
Figure 4-8. The peak at 28 Hz is reduced to only 500 mGal, the peak at 84 Hz is reduced to
1100 mGal. The amplitudes in the frequencies between 100 Hz and 150 Hz are not
significantly reduced and reach 190 mGal too. Because we are looking for an accuracy of
about 2-10 miliGal, these amplitudes are still almost 500 times too high.
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Figure 4-8: Theoretical vibration’s spectrum of the aircraft after passing through the
Halcyonic table.
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4.4 The multi-layer table

4.4.1 Introduction

The basic idea is to construct an absorbing system by alternating layers of elastic material
with layers of heavy and rigid material. Figure 4-9 shows a schematic cross section of such a
table.

Heavy layer

Elastic layer

Figure 4-9: Schematic cross section of a multi-layers table

The damper placed below the table is in fact connected to the upper layer of the table and it is
supposed to reduce the amplitude of the natural frequency of the table by moving in the
opposite direction.

The behavior of the system can be modeled by n oscillating masses coupled in serial. The
simplified transfer function H of such a system is described by the equation (4.1) whereby the
attenuation factor from each oscillator is neglected.

n—1

2 2 (4.1)
w (4]
1‘(9) 2‘@

Where: Q = (k/m)” natural frequency

k = Spring’s constant
M = Masse

n = Number of layers
o = Applied frequency
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4 The damping platforms

4.4.2 The experimental mounting

The experimental table was made of a honeycomb plate supported by four cylindrical feet of
aluminum with a height of 60 cm. The honeycomb plate supported twice a layer of 10 cm of
synthetic foam covered by a steel plate with a weight of 40 kg. The whole system has a hole
in the middle of its surface into which the dynamic damper hangs. This damper is formed of a
rubber cord with a hanging mass of lead of 5 kg (Figure 4-10).

Figure 4-10: The experimental two layer absorbing table with its dynamic damper

In order to obtain the best possible behavior of the table different kind of synthetic foams
were analyzed. The characteristics of these foams are summarized in Table 4-1.

Compression Elongation atlTensiIe Bun heighll

Kind of foam: Density |load defelection [break strength Inet
[kg/m3] |[kPa] [%] [kPa] [mm]
SHT100120 80 11 130 220 630
SRT110190 100 12 130 200 440
SET80100 110 19 130 300 460

Table 4-1: Summary of the characteristic of the studied foams.

In fact the most important factor is the natural frequency of each layer which depends on the
spring’s constant k of the material.
S-E

This constant is given by k= 5

With E = Young’s modulus, S = Surface of the layer and h = thickness of the layer.

For a given material it is possible to change the natural frequency of a layer through a
modification of the factor k. This can be obtained by modifying the ratio S/h. The working
area being given and the thickness of the foam depending on the manufacturer it is necessary
to take foam with a small Young’s modulus and then to calculate the mass necessary to obtain
the desired natural frequency. Our choice was then concentrated to the foam SHT 100120
which has a Young’s modulus of 11 kPa and a thickness of 10 c¢m. In order to obtain a natural
frequency of around 10 Hz each layer has to be loaded by a mass of 30 kg.
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4.4.3 Determination of the transfer function of the multi-layer table

In order to obtain a first approximation of the behavior of this table we measured its impulse
response. This allows the computation of its natural frequency and of its attenuation’s factor.
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Figure 4-11: Impulse response of the experimental mounting shown in Figure 4-10

The natural frequency of this table is 9.1 Hz and its attenuation’s factor is 7 %. Both values
are a little smaller than expected but are in the tolerable range.

A more complete study of the table behavior has been obtained by systematically measuring
the input-output ratio at frequencies between 0 Hz and 100 Hz by a step of 2 Hz using the
measurement system depicted in Figure 4-9. The transfer function obtained is shown in Figure
4-12.
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Figure 4-12: Theoretical (square) and experimental (triangles) transfer functions of the multi-
layer table.
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4 The damping platforms

These results show a strong difference between the theoretical and the experimental transfer
functions. Particularly the peak at 10 Hz is of significant importance. The relatively low
absorption between 20 Hz and 100 Hz can be attributed to the attenuation factor of the foam
itself, which is not taken into account in the simplified model (4.1).

4.4.4 Application to the vibrations of the aircraft

By applying the experimental transfer function obtained in 0 to the experimental spectrum of
the vibrations of the aircraft it is possible to see if the multi-layer table is well-suited for the
proposed measuring system. In fact the results shown in Figure 4-13 are quite disappointing
because it is impossible to remove the peaks at 10 and 28 Hz even if the attenuation above 40
Hz is satisfactory.
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Figure 4-13: Expected transfer function of the system aircraft-multi layer table.

In conclusion a multi-layer table, as conceived, can probably be improved in the laboratory by
increasing the number of layers and the weights applied to these layers. However this could
introduce instabilities and great sensitivity to horizontal vibrations. Because the weight is a
very important factor in airborne application we decided to not pursue any improvement of
such a system.
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4.5 The hanging table

4.5.1 Introduction

This system, schematically shown in Figure 4-14, is formed of a cage to which a table is
suspended inside (for the measuring instruments). The suspension is made of rubber cords.
Below the table a damping system is attached whose purpose is to damp excessively large
oscillations of low frequencies.

Cage

Suspension

Table

Damping
system

+

Figure 4-14: Schematic view of a hanging table

This prototype is directly inspired from a small hanging table developed by micro-g Inc which
is shown in Figure 4-15. The small table is entirely made of aluminum and is formed of one
principal static cage and one mobile cage. Both have a cylindrical shape. The mobile cage is
suspended inside the principal cage by a system of lever and spring like a vertical
seismometer. The point of attachment is located in the center of the lower plate forming the
mobile cage. In order to ensure a perfect vertical movement without rotation the mobile cage
is constrained by five horizontal arms. Two pair of magnets, mounted pole against pole on
one pillar of the principal cage serves to damp the movement of the table when it enters into
resonance.

Figure 4-15: Small damping table of micro-g solutions (Height: 50 c¢m)
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The behavior of this table follows the transfer function:
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Where @ = pulsation of the input, @. = the frequency of the system and £ =the damping

factor

The aim of the damping factor, is to reduce the oscillation amplitude when the system enters
into resonance. But by increasing the damping factor the filtering qualities of the system are
also reduced.

4.5.2 The table

The table, shown in Figure 4-16, consists of four parts which are :

1.

The principal cage composed of one base plate, three pillars and a top plate. The two
plates of circular shape are of honeycomb material (ALUCOR), which has a very high
rigidity for a low weight.

The hanging table made of the same material as the principal cage, has also a similar
shape but with a smaller height to diameter ratio.

The guiding system was, in a first time composed of five rigid steal arms linking the
hanging table to the principal cage. After many tests, 12 KEVLAR cords replaced
them. Six of these cords are fasten to the lower plate of the hanging table and six to the
upper plate.

The suspension, which is the most delicate part of the system, is made of a double
rubber cord. The filter characteristics of the system depend strongly to the quality of
the suspension. The suspension has also to be easily changed because of the wearing
down of the rubber cords. Another delicate point is the fasten system of the cords.
Many systems were tested like end-to-end gluing, bridle-bridle, bridle-cartridge and
finally simple bridle.
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Figure 4-16: The first prototype of the table of second generation (Height: 180 cm)

4.5.3 The determination of the transfer function

The transfer function of the hanging table was determined in the same manner as for the two
other tables. The table was placed at the center of a wooden plate and the hanging table
charged with a 50 kg load. The electro-dynamic vibrator was then placed on a side of the
table. Finally the accelerometers were placed on the system: one on the wooden plate, one on
the center of the base plate and one in the center of the hanging table. The experimental setup
is shown in

Figure 4-17. The ratio of the measured amplitudes of the wooden plate accelerometer and the
hanging table at each frequency gives then the transfer function.

Figure 4-17: View of the experimental mounting used for the determination of the transfer
function
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After a large number of tests and modifications done for optimizing the table behavior the
determination of the transfer function of the hanging table was carried out. This function is
shown in Figure 4-18.
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Figure 4-18: Transfer function of the hanging table. A: Theoretical transfer function of the
hanging-table, m: Measured transfer function of the hanging table.

The shape of the transfer function obtained by measurements is very similar to the theoretical
one. A strong peak is present at 70 Hz. A more detailed study showed that this frequency
corresponds to the natural frequency of the sheets of the rubbed cords. We then removed these
sheets. Finally some other small modifications were done before the first dynamic test were
carried out. These modifications were:

e The increase of the length of the pillars of the hanging table.
e A cut in the upper plate of the hanging table making it as a crown.
¢ Mounting of a magnetic damper below the hanging table
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4.5.4 Application to the vibrations of the aircraft

By applying the experimental transfer function obtained in 4.5.3 to the experimental spectrum
of the vibrations of the aircraft we can see if the hanging table is well suited for the proposed
measuring system.
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Figure 4-19: Expected transfer function of the system aircraft-hanging table.

As it can be seen, under flight conditions the expected behavior of the hanging table seems to
be much better than the behavior of the multi layer or MOD-1 tables. The remaining peaks in
the domain between 5 and 150 Hz are lower than 15 mGal, which corresponds to the order of
accuracy that we are looking for.

4.5.5 The first dynamic test

For the first dynamic test we choose to perform a series of measurements in a very noisy
environment: in a small bus with a running motor at different degree of power in order to
produce a spectrum of vibration as large as possible. Figure 4-20 shows the mounting of the
table inside the small bus as well as the last modification applied to the system.

!

»lE L}
bl =i

Figure 4-20: The last modified system mounted inside a small bus for the first dynamic test.
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4 The damping platforms

The results of these measurements are shown in Figure 4-21. The curve marked by A
corresponds to the vibrations measured directly on the metallic floor of the bus and the one
marked by m to those measured on the lower plate of the hanging table. It is clear that the
modifications brought to the system improved its performances significantly.

160
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Frequency [Hz]

Figure 4-21: Transfer functions of the platform of the second generation determined during
the first dynamic test. A: Measurements on the metallic floor of the bus. m: Measurement on
the lower plate of the hanging table.

4.6 Conclusion

By comparing the remaining aircraft vibrations after the application from the respective
transfer function of the three attenuation systems, it is clearly seen that the best-suited
mechanical filter is the hanging table. The amplitudes in the case from the hanging table are,
in the domain from 5 Hz to 150 Hz lower the 15 mGal, which corresponds to the desired
accuracy.
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5 Laboratory tests

5 Laboratory tests
5.1 Introduction

In this chapter, we will describe the different experiences carried out in the laboratory ( ETH-
Honggerberg, HPV, B113). We started by comparing the value obtained during a series of
measurements and the value of the absolute station at the ETH-Honggerberg (Fundamental
station of Switzerland). In a second stage, we validated the application software we developed
at the GGL (called g-GGL) by comparison with the result obtained with the application’s
software of the FG5-L (called g-MGS). Then, we determined the direct influence of the
support to which the gravimeter will be fastened during the flight. With the validated
application g-GGL, we analyzed the behavior of the components of the FG5-L gravimeter
working in almost perfect measuring conditions. These components are: the laser, which
allows measuring the position of the falling prism and the GT650 (Guide Technology Inc.)
card, which is dedicated to the time measurements. The results will serve as reference during
the dynamic measurements and will also allow an analysis of the sources of errors.

5.2 Familiarization with the FG5-L

Because a failure generated by the transport could not a priori be excluded we did some
preliminary experiments in the laboratory. The FG5-L was setup, and the values obtained
from a series of measurements were compared with the absolute value determined with a
standard FG5. Because both measurement points were not located at the same place the
reference value (g, ) was obtained by a relative measurement between the laboratory and the
reference station of Zurich (ETH-Honggerberg, room A41 in building HIL).

Zrer= 980'646.73 £ 0.04 [mGal]

The FGS5-L system measures the movement of the reference mirror during the drop of the
falling prism by means of a seismometer Lennartz 5 s to which the signal is digitalized at 800
Hz. The recorded and integrated signal is synchronized, and then introduced as observable
into the equation of movement of the falling prism (3.5). The value of g is then determined by
least squares adjustment.

The value obtained during the test and at the height of the bottom of the falling chamber was:

g = 980'646.675 £ 0.4 [mGal]

This value corresponds to a mean obtained from 100 drops. The statistical distribution of
these results is shown in Figure 5-1.
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Figure 5-1: Statistical distribution of the results of the 100 drops used as test measurements
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Figure 5-2: Correlation between gravity and seismometer measurements. The curve marked
by m shows the integrated Lennartz signal, and the curve marked by A one the residuals.

The strong correlation between the position of the arm of the seismometer and the relative
position of the prism is clearly seen in Figure 5-2. The curve marked by m represents the
integrated output of the seismometer. The curve marked by A represents the residuals
corresponding to the difference between the estimated position obtained by least squares
adjustment and the real position of the falling prism.

Figure 5-3 shows the same residuals after a correction for the inaccurate relative position of
the prism has been applied.
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Figure 5-3: Residuals after the application of the correction. The curve marked by m shows
the residuals obtained after compensation and the one marked by A corresponds to the
average over the residual function .

The comparison of the residuals before and after the compensation shows a clear and
significant improvement. The improvement is of a factor of around 8. It also shows clearly
that the FG5-L gravimeter works correctly and that its accuracy is sufficient for airborne
applications
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5.3 FGS5-L combined with an Episensor and software validation

The amplitudes of the perturbing accelerations generated by the movements of the aircraft and
its engines being much larger than the capacity of measurement of the seismometer Lennartz
it was necessary to find another solution for compensating these accelerations.

The solution was to replace the seismometer Lennartz by a tri-axial accelerometer Episensor
made by the company Kinematics. The most important characteristics of this sensor and of its
digitizing board are summarized in Table 3-2.

The FG5-L system has a graphical application’s software, allowing to re-process the data
acquired with different parameters like number of fringes, tolerated sigma, and so on. This
software very well adapted for laboratory measurements had to be strongly modified in order
to be able to process data acquired with many different dynamic configurations.

In order to validate our own application software (g-GGL), we processed the same set of data
with both packages. For that we proceeded as follow: First we used the measurements
obtained by means of the FG5-L and the seismometer Lennartz. In the second step, we used
the measurements of the Episensor in the g-GGL software application and finally we
compared the results with those obtained by means of the software g-MGS and the
seismometer Lennartz.

Comparison between ‘g-MGS’ and ‘g-GGL’:

During this comparison no compensation other than the Lennartz measurements was taken
into account in the ‘g-MGS’ application and all the values of g were used for the estimation of
the mean and the standard deviation.

The results of this comparison are summarized in Table 5-1.

[mGal] [mGal] [mGal]
g-MGS 980646.136 1.675 0.592
g-GGL 980646.533 1.325 0.195

Table 5-1: Summary of the results obtained during the comparison between the g-MGS and
the g-GGL software packages. The obtained results are not showing significant differences.

Even if though the results obtained by the two software packages are not completely equal the
order of magnitude is clearly reached.

The results obtained with the g-GGL software show a standard deviation and a deviation from
the reference value slightly better. However, these results should be confirmed by a more
detailed study of both packages and a comparison based on a larger number of measurements.
In the frame of this project we assume that the g-GGL software works correctly despite the
very small differences seen in the results.
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Comparison Lennartz — Episensor:

As already mentioned the seismometer Lennartz is not able to measure amplitudes of
movements higher than 50 mm/s. Its performances are not sufficient for correctly recording
the velocities generated by the aircraft because these can be higher than 70 mm/s in the low
frequencies. It is, therefore, essential to use a supplementary sensor able to measure such
accelerations. To the opposite of the Lennartz seismometer the Episensor accelerometer has
the characteristics required for this task (see Table 3-2). The aim of the next experiment was
to compare the results obtained with the system equipped with the Lennartz seismometer
working in compensation mode with the results obtained by compensation with the external
accelerations acquired with the Episensor data.

The results of this comparison are summarized in Table 5-2.

g c 0=8y—8& ‘
[mGal] [mGal] [mGal]
2-GGLennartz 980646.533 1.325 0.195
g—GGLEpisensor 980646.481 2.310 0.247

Table 5-2: Summary of the results obtained during the comparison between Lennartz
compensation and Episensor compensation. The differences in the standard deviations is due
to the difference of the sampling rate of the tow sensors.

As shown in Table 5-2 the compensation made by means of the Episensor give similar results
as those obtained with the seismometer Lennartz. The only significant difference appears in
the standard deviations o . This can be explained by the different sampling rates of the two
sensors: The seismometer Lennartz samples at 800 Hz whereas the Episensor samples at 500
Hz. 1t is, however, worth nothing that the Episensor can be configured to samples at 1000 Hz.

Both laboratory experiments show that with the use of an accelerometer like the Episensor
coupled with the g-GGL software it is possible to obtain the same value of g as obtained with
the seismometer Lennartz and the software g-MGS. Following this conclusion we will use for
the dynamics experiments the software g-MGS for the data acquisition whereas the data will
be processed using the g-GGL software.
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5.4 Influence of the platforms

For the AAG experiment we planned two different setup configurations. The first was the
strapped-down setup in which all instruments, FG5-L, IMU and Episensor, are fastened to a
platform that is fixed to the airplane rails. In the second configuration, the instruments are
fastening on the platform trough a damping table. After Niebauer (Niebauer et al. 1995) the
floor or platform recoil has a great influence on the quality of the measurements. The
variation of the length of the optical path is given by the deflection of the supporting platform.
For a square plate clamped at the edge, the deflection is given by:

_FP
AEP

(5.1)

Where :

E : Elastic modulus
F :Force

[ :length

t : thickness

The recoil is generated at the beginning and at the end of each drop by the accelerations and
decelerations of the drag-free chamber. From equation (5.1) it is clear that a table with a large
elastic modulus is needed so that deflections are kept as small as possible. Another necessary
quality of the table is that it has to have a high attenuation factor so that the oscillations
decrease as fast as possible.

5.4.1 Influence of the strap-down table

The characteristics needed for a strap-down system correspond to those of a good optical
table. For this choice different optical tables were tested. The best results were obtained with
a table “ Clean Top II” from TCM (Technical Manufacturing Corporation, USA) shown in
Figure 5-4.

JIME" {(5mm) skins 2" (50 mm}
CleanTop Il or 4" {100
spill-proof One level of fixed mim}) total
hole design structural damping  panel

thick-ness

Figure 5-4: Optical table “Clean Top II”” from TMC
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The optical table Clean Top II is made of an upper plate of steel, drilled and taped in a square
grid of 25 mm. The body of the table has a honeycomb structure with, and below each hole a
damper of Nylon is stuck to the upper plate by a layer of Epoxy glue (Figure 5-5)

Epoxy Bonded Hylon-6 cup
Figure 5-5: Structure of the body of the “Clean Top II” table

Such a structure has an almost ideal characteristic for our application (Figure 5-6)

10 100 1000
Frogquency, Hz

Figure 5-6: Frequency response of the table “Clean Top I1”

The frequency response of the table being given in mm/N and considering that the falling
prism has a mass of 0.02 kg the amplitude of the oscillations of the table will be
approximately 2 nm at 200 Hz and 200 nm at 10 Hz.

The mechanical configuration used for this experiment is depicted in Figure 5-7

Optical
Table

Figure 5-7: Block diagram of the experimental mounting with the optical table. The
gravimeter FG5-L was mounted on the optical table “Clean Top II”.

57



With this configuration the g value measured at the reference point was:
£=980°646.348 + 5 [mGal] instead of g..,,=980'646.728 * 0.04 [mGal]

showing a difference of:

Ag =g - g,,|= 0.38 [mGall

The result shows a clear degradation of the measured value of g. The difference to the
reference value of g is still on the same order of magnitude as when the gravimeter is working
on the ground. The influence of the support clearly appears in the sigma of the estimated g,
but this value is still inside the required domain of precision.

5.4.2 Influence of the platform the damping table

In chapter 0, we saw that the most appropriate damping system is the hanging-table. In this
system the platform to which the instrument is fastened is made of two 25 mm thick
honeycomb aluminum plates stuck together in order to decrease the deflection. On top of the
aluminum plate two concentric 9 mm neoprene plates are stuck for increasing the damping
factor. The interferometer is placed on the middle of the central neoprene plate whereas the
tripod of the dropping chamber is on the external plates as depicted in Figure 5-8

Dampers of the

interferometer
ll}llagtl: base '_\ Dampers of

the dropping

chamher
[H[L‘ 7

|EEEEEEEEEEN] LLLLLL LTl
|EEEEEEEEEEEEANEEEEEEEEEEENE]
!!IIIIIIII IIIIIIIII”

Figure 5-8: Block diagram of the system of decoupling by means of dampers
In this configuration the value of g measured at the reference point was:
£2=980°647.175 £5.3 [mGal] instead of g.r=980'646.728 * 0.04 [mGal]

showing a difference of

Ag =g - g,,| = 0.45 [mGall

The results obtained with this configuration are not as good as those obtained with the optical
table but are in the required order of magnitude.
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5.5 Detailed analysis of a g measurement in laboratory

This chapter is dedicated to an analysis of the behavior of the components of the FG5-L
gravimeter working in almost perfect measuring conditions. The components of the
instrument are: the laser, which allows measuring the position of the falling prism and the
GT650 (Guide Technology Inc.) card, which is dedicated to the time measurements. The
results obtained with analysis will serve as reference during the dynamics measurements and
will also allow an analysis of the sources of errors.

5.5.1 Least squares adjustment

The method of analysis used for this study is based on a least-squares adjustment of a model
of the measurements. The analysis of the observations and of the adjustment parameters will
give information on the quality of the model and on the accuracy of the measurements.

5.5.1.1 Theory

Generally the numerical treatment of a set of data is based on a mathematical model, which
has to be solved (H.H. Schmid, 1997). The model has to be in the form:

F(y)=0 (5.2)

The vector y can be divided in two groups: the first group consisting of the measured values

L, and the second group consisting of the values to be determined which are the parameters
x . Then equation (5.2) can be written:

F(L,x)=0 (5.3)

The measured values being affected by a error of measurement they can be decomposed into
observations, 1 and improvements v, .

L=1+v, (5.4)

The system (5.3) being not linear by definition it can be linearized by means of decomposition
in a Taylor series of first order.

Setting x° as the close value of the parameters to be estimated and A the vector containing the
corrections to be applied on the approximate values one can write:

8—FVl +8—FA=—F(l,x°) (5.5)
oL ox

Then (5.5) represents a system of equations which can be represented in matrix form as
follow:

AV, +BA=w, (5.6)
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With

OF OF
=—;  B=—; =-F(L,x°
1 aL’ 8x’ Wl (,X)

This system can be completed by some constraints between the parameters, which have to be
considered. In a general manner the system of equations related to these conditions can be
written as:

G(x)=0 (5.7)
In matrix form (5.7) can be written as:
CA=w, (5.8)
with:
c-%, w, =-G(x%);
ox

The method of least-squares adjustment of Gauss minimizes v,P,v, taking into account the

conditions (5.6) and (5.8) where the matrix P is the weighting matrix having on its diagonal
the inverse of the square of the resolution of the different observed values. In order to be able
to solve such a system it is necessary to introduce some Lagrangian multiplicators as help
parameters. The system to be minimized can then be written:

p=v Pv, -2k (A, v,+BA-w,)-2k!(CA-w,) (5.9)

where the vectorsk,and k_ correspond to the Lagrangian multiplicators and are called

correlation’s vectors
In order to minimize (5.9) it is necessary to set the partial derivatives with respect to v,and A
to zero. This produces the following equations:

—Pv,+A'k, =0
i (5.10)
B"v,+C"k, =0 (5.11)

The necessary system of equations for the estimation of the improvements v,, of the
correlation vectors k,and k_ as well as the correction vector A by means of equations (5.6),
(5.7), (5.10) and (5.11) can be written

60
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-P A" 0 | 0 v, 0

A, 0 B 0 K, W,
= (5.12)

0 B" 0 C A 0

0| 0 (C"| O k, w,

Such a system can be solved in two steps. In a first step the constraints in the matrix C are not
taken into account. Then the corrections are determined by inversion.

(5.13)
A =N,'w,
with
N, = B' (A0, AlT )B
W: = BT(Alo-l AlT)Wl
W, = Alal AlTkl
o, = P,_]
then a correction’s vector oA is determined :
(5.14)

oA =N;'C"(CN;'C")(w —CA")
The final result is obtained by adding the two correction’s vectors
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By using A it is possible to determine the correlation’s vectorsk, and k, and the improvements

v, as follow:

k, = (Alo-lAlTy1 (w, —BA)

_ T
v, =0A/K,

With the help of the improvement’s vector one can determine the mean error after the
adjustment in the following manner:

r+s—u

( VIR, ]”2 (5.16)
m, =| ———1

With

r : number of state’s equations

u : number of unknown to be determined
s : number of supplementary constraints
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The value m, can be considered as a normalized standard of the inaccuracy induced by the

unavoidable measuring errors. Similarly it is possible to obtain the mean error of the
measurements | before the adjustment by:

(5.17)

2o
m, =m,o,

Finally it is necessary to calculate the errors on the parameters to be estimated by determining
the covariance matrixC,,. This one contains on its diagonal the square of the standard
deviations of the estimated parameters and can be calculated by:

CAA = moN (5. 1 8)

In order to be able to estimate the influences of the different estimated parameters to each
other, it is worth computing the correlation’s matrix K.

The k; give an indication on the propagation’s probability of the error of the parameter i on

the parameter j.

We now have a method allowing us to analyze the instrument as well as the quality of the
mathematical model with the help of m_ and m, .
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5.5.2 Statistical analysis

After having analyzed the different parameters of the physical model we have to answer the
following questions:

1- Does the whole system (acquisition and estimation) work satisfactorily?
2- What is the quality of the physical model?
3- What are the limits of confidence of the estimated parameters?

The answers to these questions can be found in the different methods of statistical analysis
briefly described below.

Proper functioning

In order to be able to answer this question we will use a test of hypothesis. Suppose that the
estimated values(g,v,,x,), have all a normal distribution. In this case the distribution of their

reduced values Z,,Z and Z, is a normal reduced distribution with its mean value equal to

zero and of a variance equal to one.

7 =0 i (5.19)
With:

Z, :Reduced variable(Z,,Z, ,Z )

m, :Mean value of the sample(g,v,,X,)

M, : Mean value of the set (8., V, 0> Xoeo )

o, :Varianceof thesample(o,,0, ,0, )

The number of measurements used for the determination of g during one drop being clearly
larger than 30, it is justified to use a normal test.

This test is based on equation (5.19) and tells us if Z,, for which the normal distribution is
inside the critical domain defined by the limits z, we can assert that the measurement is
correct with a probability p % (see Figure 5-9).

0.4

03k b

02r b

ol Domain of validity = |
: —Z, p% of the total surface Z,

-4 -3 -2 -1 0 1 2

4

Figure 5-9: The values + z_ are defining the domain of validity
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We will then make the hypothesis H that the measured value of g is equal to the reference
valueg,., and we will test this affirmation with a level of significance « . This has as

consequence that if g, satisfies the conditions described by (5.20) the result obtained for g is
more significant.

c

< gmes _gref < ZC

O,

(5.20)

For a level of significance of & =0.01, z, =2.58 (Schaum Probabilités et Statistique).
Differently formulated it means that if g, _satisfy (5.20) it is possible to assert that the system
has correctly worked with 99 % probability

Quality of the physical model

For determining the quality of the physical model we will determine a correlation coefficient »
for each drop.

o 25,
Z(Zmeas - Zmeas)z

(5.21)

This factor reveals the correlation between z and ¢ as a function of the model linking these two
variables. The closer 7 is to 1, the closer the model represents the physical reality of the
phenomenon we are trying to describe.

Limits of confidence of the estimated parameter

With the help of (5.19), it is also possible to determine the domain of validity of the estimated
parameters with a level of confidence « . Like for the check of the proper working of the
system we can formulate the hypothesis / that the other parameters are equal to their

theoretical value.
For g, one can then compute the domain of validity at the level of confidence o = 0.01 with:

gmes = gré_’f T ZCGg (522)

This allows to asserting that with in 99 % of certainty g, is located inside the window

defined by (5.22).
The answers to the three questions mentioned above give us a good information about the
functioning of the instrument and about the quality of the measurements.
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5.5.3 Frequency analysis

A frequency analysis of the measurements should give information about the relationship
between the quality of the estimation of g, and the frequency distribution of the perturbations.
As already mentioned in chapter 3.3.2.1 the position of a falling body in a homogeneous
gravity field is given by

z()=0.5gt> +v t +z, (5.23)

The amplitude spectrum of (5.23) is given by:

H(o) =\/a)zvj +(g+x,0°)

a)6
setting x, =v, =0, one obtains for the amplitude spectrum

|H (@) ==
w (5.24)

The major part of the energy of the amplitude spectrum described by (5.24) is concentrated
between 0 and 10 Hz. It is then justified to suppose that the perturbations with frequencies
lying in the domain 0-10 Hz have a greater influence on the quality of the estimation of g than
those lying outside this domain.

5.5.4 Analysis of the measurements carried out in the laboratory

In the following there is an analysis of a set of measurements containing 200 drops measured
in the laboratory B113, HPT Honggerberg. At the end of this analysis we should be able to
answer the following questions:

1. Do the components of the FG5-L operate with a satisfactory resolution?
2. What is the resolution of g one can expect after a single drop?
3. What is the influence of the spectral distribution of the perturbation on the quality of

g?

5.5.4.1 Analysis of the FG5-L components

The principal components of the FG5-L gravimeter are the GT650 card for the time
measurements, the laser for the measurement of positions and the EpiSensor for the
measurements of the external perturbing accelerations.

The results obtained after adjustment for these components are summarized in Table 5-3.

Zosimarea 1MGAL] 980646.601 o =2.284
Expected errors Estimated mean error
Time FGS-L [ns] ~1 <1
Position FG5-L [nm] ~1 <1
Position Episensor [nm] ~5 <1
Mean error [nm] - 2.5

Table 5-3: Comparison between estimated and expected errors
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Based on these results we can assume that the three principal components of the FG5-L work
correctly, and their resolutions correspond to the ones expected.

However it is worth noting that the errors estimated strongly depend on the physical model
used for the least-squares adjustment.

5.5.4.2 Expected resolution for one single drop

The results obtained below are the mean value computed from 200 measurements. It is
important to note that in airborne conditions it is not possible to carry out several
measurements at the same point! However, we will try to estimate the obtainable resolution in
flight condition from the 7000 values recorded during one drop. For this we will carry out a
test on the equality hypothesis as described in chapter 5.5.2.

As hypothesis H, we set that the mean value of g for a single drop g,,,,, has to be equal to

the reference value g, and we will test it for a confidence level of « =0.01

H,: gp.,, =& =980646.728 [mGal]

The diagram in Figure 5-10 shows the results obtained for each drop.

Hypothesis test
300 T T T T T

200+ * ¢
100+ + 4 } ' -
‘ ‘ Z,=2.58 .
N0
Y Z, =258
-100(- ; o ¥ 7 IR ; .
-200 - .
-300 1 1 1 1 1 I 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Drops

Figure 5-10: Results of the hypothesis test for each of the 200 drops. The two limes are
showing the upper and lower limits of validity Z,

Based on the results of the test of H_ , obtained for each drop it is possible to reject this

hypothesis with 99 % certainty, this for 95 % of the cases. In a first view this is surprising but
it simply represents the reality. Every drop gives a value of g stained with a systematic error
and represents an instantaneous state of the sum of the local accelerationsa,. The least-

squares adjustment allows the determination of the mean of the standard deviation for one
drop o =0.0305[mGal].
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It is worth noting thata, can be determined with a good resolution but the unique method to

obtain the real value of g is to determine the mean value of a large number of drop in such a
manner that the systematic errors cancel.

From these results we can get very valuable information: with the results determined by
means of the inequality (5.20) we are able to estimate the value of o for which the
hypothesis H,is valid. This value of o will, therefore, correspond to o, which one can

expect during the estimation of g obtained with a single drop.
We then obtain:

O prp = 2.5[mGal]

The diagram of Figure 5-11 shows the result of the test of H, taking into account o, .

Hypothesis test

Z, =258

7, =-258

_5 | | 1 | | ) | 1 |
0 20 40 60 80 100 120 140 160 180 200

Drops

Figure 5-11: Results of the hypothesis test for each of the 200 drops taking into account o,

These results allow us to assert that for more than 95 % of the drops the hypothesis H  can be

accepted with a level of significance of 0.01.
We can then conclude that for a drop with 7000 points of measurements the standard
deviation expected is on the order of 2.5 mGal. It is also worth noting that the value of o,,,,

is on the same order of magnitude as the standard deviation obtained by means of the
adjustment (see Table 3-1).
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5.5.4.3 Spectral analysis

We will now investigate the spectral distribution of the environmental accelerations and their
influence on the quality of the determination of g.

The diagrams of Figure 5-12 show the function of the residuals we obtain by classical
adjustment (A ) (without taking into account the movements recorded by the external sensor
represented in the lower graphic (e)). As already stated in chapter 5.2, we observe a strong
correlation between the residuals obtained by the classical adjustment and the movements
determined by integrating twice the measures from the external sensor (EpiSensor). These
two functions are represented by triangles and by circles, respectively, in Figure 2-1. The
correlation between these two signals means that the measurements of the external sensor
(EpiSensor) must be proportional to the movements of the reference prism during the fall.

Green: Residuals with extenal sensor. Red: Residuals without external sensor.
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Figure 5-12: Diagrams showing the residual functions and the movement measured with the
external sensor. A: Residual functions without taking into account the measurements of the
Episensor. m: Residual functions obtained by taking into account the measurements of the
Episensor. ®: Movements estimated with the acquired measures from the Episensor.

By introducing the twice-integrated measurements of the accelerometer (EpiSensor) in the
model of linear adjustment, the residuals can be reduced significantly. This can be clearly
observed in the upper graphic of Figure 5-12. The function marked by A corresponds to the
residuals obtained by classical adjustment and the one marked by m, by taking in account the
measurements of the external sensor.
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5 Laboratory tests

The diagrams in Figure 5-14 are showing the amplitude spectrums of the three signals
described above. The spectrum of the “classical” residual is represented by A, the spectrum
of the compensated residuals m, and the spectrum of the determined movement by e. To be
able to give an adapted interpretation of these spectra, it is necessary to have also the
spectrum from the environmental accelerations. The ambient accelerations and their
amplitude spectrum is represented by the graphics of Figure 5-13.
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Figure 5-13: Ambient accelerations (upper diagram) and their amplitude spectrum (lower
diagram). The upper diagram represents the ambient acceleration measured on the ground of
the laboratory. The lower diagram represents the amplitude spectrum of these accelerations.

The amplitude spectrum from the ambient acceleration represented in Figure 5-13 shows four
peaks. The ground of the laboratory room is made of a thick plate of concrete. This kind of
ground has its resonance frequency at around 50 Hz. Consequently; we can say that the
resonance frequency of the ground plate of the laboratory is 46.8 Hz. The other three peaks at
16.2 Hz, 22,6 Hz and 29 Hz can be attributed to other sources like machinery working around
the laboratory.
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Figure 5-14: Amplitude spectrum of the residuals. The upper graph represents the amplitude
spectra of the residual functions with (m marked curve) and without (A marked curve) the
Episensor data. Lower graph represents the amplitude spectrum of the movements recorded
by the external sensor (Episensor).

The amplitude spectra from the classical residuals and from the mirror movement show the
same peaks at 19.3 Hz and 38.6 Hz. These two frequencies are present in the spectrum of each
drop, and because these peaks is present in the spectrum of the ambient acceleration, we can
argue that these perturbations are generated by the FG5-L itself.

Based on this analysis, we can assume that the perturbations produced by the gravimeter can
by partially modeled and compensated. If these perturbations can be modeled, we can also
assume that environmental perturbation in the same range of frequencies can be compensated.

5.6 Conclusions

From the previous tests and analysis we conclude:
a) The FG5-L works properly.

b) In ideal conditions the resolution of a single drop is on the order of magnitude of 2.5
mGal.

c) The perturbations of low-frequencies (< 50 [Hz]) have a great influence on the quality of
the measurements. However the influence of the perturbations of environmental origin can
be evaluated and introduced in the model. This results in a strong improvement of the
residuals.
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6 First dynamic measurement in a truck

6 First dynamic measurement in a truck

6.1 Introduction

Before mounting the whole measurement system in an aircraft we carried out a series of tests,
under different configurations in a small truck (H. Baumann, 2002). The questions we tried to
answer with this experiment were:

o Is it possible to acquire data with the FG5-L in a very noisy environment?

o Can all the instruments be correctly synchronized?

o Which are the mechanical problems that can appear during dynamic measurements
and which are the necessary modifications to be applied in order to solve these
problems?

o Which are the necessary modifications to be applied to the g-GGL algorithm in order
to obtain the best possible value of g?

6.2 Location of the test line

The test area is located in the back of the building HPV of the ETHZ Honggerberg. It is a
horizontal road of about 50 m length along which we first measured the g values every 2 m
with a LaCoste and Romberg relative gravimeter. These measurement points were tied to the
Swiss Absolute Reference station (ETH-Hoggerberg, room A4l in building HIL). The
maximum variation of g along this line is less than 1 mGal. We then considered g as constant
with a mean value of g, = 980643.242 mGal and a standard deviation of 0.03 mGal.

6.3 Experimental bus-setup

The installed system was formed with the absolute gravimeter FG5-L and only an
accelerometer Episensor, the INS being not available. In order to ensure a satisfactory
synchronization each sensor was connected to its own GPS receiver. Figure 6-1 gives a
schematic overview of this experimental mounting.

FGS5-L drive and P FG5-L
acquisition PC h interferometer
[ A
Start drop pulse‘
INPC Data Logging < Novatel GPS
receiver
PC Data Logging Episensor

< accelerometer
GPS antenna

Figure 6-1: Schematic overview of the synchronization of the experimental mounting.
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The triggering pulse generated by the FG5-L steering-PC is transmitted to the GPS receivers,
and written into its data acquisition’s file. The PC dedicated to the acquisition of the data of
the accelerometer being connected to its own GPS receiver the data of the Episensor are
automatically synchronized with the data of the FG5-L.

The FGS5-L steering-PC triggers the fall by sending a pulse to the interferometer. This pulse is
also transmitted to the PC in charge of the acquisition of the GPS data, which write the time
of the arriving pulse in the data’s file. With this every fall beginning is linked to the GPS
time. The PC used for the acquisition of the Episensor data being synchronized to the GPS
time through is own antenna all the data are referenced to the same time.

The measurement system was installed on board of a small truck in two different mechanical
configurations: In a pure strapped-down and in an amortized configuration

In the pure strap-down configuration the instruments were fasten on the top of an optical table
Clean Top II” from TMC (described in chapter 5.4) Figure 6-2.a while in the amortized
configuration the instruments were installed on the hanging table (Figure 6-2.b).

Figure 6-2.a: Configuration Strap-down | Figure 6-2.b: Mechanical damping
configuration.

Figure 6-2: Mechanical configuration in the interior of the small truck

a) Strapp-Down configuration

b) Amortization’s configuration
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6 First dynamic measurement in a truck

6.4 Measurements in Strap-down configuration

In this configuration three series of measurements were carried out.

During the first series the small truck was in stationary position with the engine running.
During the two following series the small truck was moving with a speed of around 1 m/s
along the measurement’s line located in the middle of the road.

6.4.1 Static measurements

In stationary position we wanted to find the influence on g of the vibrations induced by the
engine and by the resonance frequencies of the truck’s suspension. In a fist step we performed
specific vibrations measurements in order to determine the different resonance frequencies of
the truck. We then proceeded to the gravity measurements themselves consisting of 204
drops.

Frequency characteristics of the truck suspension

In order to be able to characterize the truck in its whole we performed an impulse
measurement of the system. This consists in exciting the object to be studied with a shock-like
jump for example. With this it is possible to determine the principal resonance frequency as
well as its attenuation’s factor. Figure 6-3 shows the accelerations measured in the three
directions (Z = vertical, £ and N = horizontal) with their corresponding amplitude spectrum.
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Figure 6-3: Vertical accelerations measured in the truck in static mode (upper curve) and the
corresponding amplitude spectrum. The resonance frequency of the dampers is 2,78 Hz and
the damping factor 4%.
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Figure 6-4: Horizontal (N direction) accelerations measured in the truck in static mode (upper
curve) and the corresponding amplitude spectrum. The principal peak is at 2.78 Hz and the
secondary peacks at 1.1/1.7 Hz, 3.83 Hz, 6.11 Hz and 10 Hz.
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Figure 6-5: Horizontal (£ direction) accelerations measured in the truck in static mode (upper
curve) and the corresponding amplitude spectrum. The principal peak is at 1.66 Hz and three
secondary peaks at 3.33 Hz, 5 Hz and 6.66 Hz.
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6 First dynamic measurement in a truck

The amplitude spectrum of the measured vertical accelerations Z (Figure 6-3) clearly shows a
resonance peak at 2.78 Hz, which corresponds to the principal resonance frequency of the
suspension. The damping factor of this frequency is around 4%. It is also possible to see a
peak at 0.55 Hz and one at 6.11 Hz. The peaks at 2.78 Hz and 6.11 Hz are also present in the
amplitude spectrum of the horizontal accelerations N (Figure 6-4). One can conclude that the
sensor is not perfectly horizontal and that the horizontal accelerations are partially transmitted
in the vertical component and vice and versa. However, it seems that the principal resonance
frequency is located around 1.7 Hz in the E direction as well as in the N one. All other
observed peaks can be attributed to many origins like small differences between the resonance
frequencies of the suspension’s spring and/or a bad leveling of the instrument. A cross
coupling between the accelerometers cannot be also excluded.

Frequencies induced by the engine of the truck
For determining the frequencies generated by the engine we carried out measurements of the

accelerations during a time frame of 150 s with the engine running. Figure 6-6 to Figure 6-8
show the measured accelerations and their amplitude spectra.
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Figure 6-6: Vertical acceleration generated by the engine of the truck (upper curve) and the
corresponding amplitude spectrum.

75



The amplitude spectrum of the vertical acceleration (Z) induced by the engine shows three
peacks: at 3 Hz, 24.6 Hz and 67.5 Hz. In the high frequencies a large peak at around 420 Hz is
clearly visible. These frequencies correspond to the resonance frequencies of the metal sheets
of the bodywork as well as of the charge bridge. The peaks below 100 Hz are due to the
resonance of the chassis and of the damping mechanism as well.

A frequency at 3 Hz is clearly visible which corresponds well with the resonance frequency
already seen by the impulse excitation (Figure 6-3). The other frequencies 7.33 Hz, 24 .62 Hz
and at 67.54 Hz are more difficult to be interpreted but could correspond to different
resonance modes of the chassis.

Figure 6-7 shows the horizontal accelerations in the N direction and their amplitude spectrum.
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Figure 6-7: Horizontal (N direction) acceleration generated by the engine of the truck (upper
curve) and the corresponding amplitude spectrum.

The amplitude spectrum of the N horizontal accelerations shows like for the vertical

accelerations a large peak around 420 Hz. Below 100 Hz the three principal frequencies are
also present.
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6 First dynamic measurement in a truck

Finally the E horizontal accelerations are presented, as well as there amplitude spectrum
(Figure 6-8). Like for the two components Z and N described above, the 420 Hz peak is well
visible as well as the three peaks at 3 Hz, 24,6 Hz and 67.5 Hz.
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Figure 6-8: Horizontal (£ direction) acceleration generated by the engine of the truck (upper
curve) and the corresponding amplitude spectrum.

Based on the results of the vibration measurements it is possible to decompose the frequency
domain in three regions. The first one extending between 100 Hz and 500 Hz contains the
high frequencies, which should not have any influence on the quality of the determination of
g.

Indeed we have seen in chapter 5.5.3 that the most part of the information contained in signal
measured by the FG5-L is in the low frequencies. The second sector, between 10 Hz and 100
Hz contains some peaks well identified, which could be easily removed by means of the data
of the external sensor (EpiSensor). The last part extending from 0 Hz to 10 Hz is the most
problematic sector! First because these frequencies correspond to the domain where the
information measured by the FGS5-L is located. Moreover, these frequencies cannot be
corrected by the method developed in laboratory (see chapter 1) because a fall during around
0.1 s, the lowest correctable frequency is 10 Hz. In order to be able to correct the lowest
frequencies we then have to adopt another computing strategy, as we will see below.
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The determination of g

In order to determine the g value we proceeded in two steps. In a first stage we have estimated
the value of g for the 204 individual drops measured with the engine running taking into
account the measurements of the Episensor. It gave us a value of g as function of time
g = g(¢) corrupted by all the frequencies lower than 10 Hz. Figure 6-9 and Figure 6-10 show

the vertical accelerations measured by the Episensor during this experience.
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Figure 6-9: Vertical accelerations measured by the EpiSensor during the measurements of g.
One can clearly see the peacks generated by the accelerations and deceleration of the drag-
free chamber of the FG5-L. Both domains are more clearly visible on Figure 6-10.
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Figure 6-10: Vertical accelerations measured by the Episensor during a single fall. The two
domains perturbed by the acceleration and deceleration of the drag-free chamber an easily
identifiable.
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6 First dynamic measurement in a truck

First step

The physical model used in laboratory was:

1
z, =5gf,-2+2'o(l‘i)+zo+ast(fi) (6.1)

With:

z;: Position of the prism at a time i
z, : Initial position of the prism

Z, : Initial velocity of the prism

g : Gravity

t,: Time

a, : Scaling factor

F. : Measurements of the external sensor (Episensor)

The diagrams of Figure 6-11 show the residual obtained during the adjustment to the classical
model (curve marked by A), it means without taking into account the Episensor
measurements. The curve marked by m, represents the residual obtained when the movements
of the reference mirror (curve marked by e) are taking into account.

B Residuals with extenal sensor.  A: Residuals without external sensor.
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Figure 6-11: Residuals obtained by adjustment with the classical method (curve marked by
A) and does by adjustment according to the equation (3.5) (curve marked by m). The curve
marked by e represents the estimated movements of the reference’s mirror.
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By comparing the movements of the reference’s mirror with the residuals obtained by
adjustment with the classical method one can see that the correlation between the two signals
is not as clear as in the laboratory (see chapter 1). Similarly the amplitudes of the residuals as
well as the movements of the reference’s mirror are larger than those obtained in the
laboratory.

Figure 6-12 represents the amplitude spectra of the three functions depicted above. The
amplitude spectrum of the residuals of the classical method shows two peacks at 10.9 Hz and
a 43.6 Hz. It is worth noting that these frequencies are not part of the resonance frequencies
determined during the static experiment.
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Figure 6-12: Amplitude spectrum of the function of Figure 6-11. Curve marked by A:
Amplitude spectrum of the residuals obtained without the Episensor measurements. Curve
marked by m: Amplitude spectrum of the residuals obtained with the Episensor measurements.
Curve marked by e: Amplitude spectrum of the movements registered by the Episensor.

The analysis of the amplitude spectrums of Figure 6-12 shows, however, a clear correlation
between the classical residuals and the movements of the reference mirror at 10.9 Hz. One can
also see that, even after corrections, the amplitude spectrum of the residuals, (green curve)
still have a peack of large amplitude around 32 Hz.

A summary of the estimation obtained by using the estimation based on the physical model
described by the equation (6.1) is presented in Table 6-1.

g [mGal] o, [mGal Ag =gy, — 8| ms,,,,, [nm] o, [nm]

mean rms

980642.48 283.94 0.79 145.9 47.3

Table 6-1: Summary of the estimation obtained by means of equation (6.1)

The difference between the values g and g, is relatively small buto, is around 100 times

higher than the desired resolution! It is therefore necessary to improve the method of
computation as well as the physical model of adjustment.
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6 First dynamic measurement in a truck

We, therefore, developed an algorithm allowing to find the classic residuals in the movement
measured by the Episensor, this in order to better synchronize the positions of the reference’s
mirror and of the falling prism.

Similarly we adapted the physical model by introducing 8 supplementary parameters allowing
taking into account the four perturbations with maximal amplitudes.

The new model has the form:

1 : :
=3 gt’ +2,(t) +zy + o, F,(t)+ Y a, cos(2af t,) + b, sin(2af t,) (6.2)

j=1
With:

z,: Position of the prism at a time 1

z, : Initial position of the prism

Z, : Initial velocity of the prism

g : Gravity

t,: Time

a, : Scaling factor

F._ : Measurements of the external sensor (Episensor)
a;cos(27f )+ b, sin(27f 1) : j-th perturbation of frequency f;

Figure 6-13 shows the classic residuals (A) and the residuals obtained by adjustment on the
improved physical model (6.2) (m). The lower curve (®) corresponds to the part of the
movement of the reference’s mirror produced by the FG5-L itself.

M Residuals with extenal sensor.  A|: Residuals without extemal sensor.
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Figure 6-13: Comparison between the two methods of adjustment. The curve marked by A
corresponds to the classic residuals and the curve marked by m to the residuals obtained by
adjustment on the improved physical model (6.2). The lower curve corresponds to the part of
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the movement of the reference’s mirror produced by the FG5-L itself. Looking at the curves
of Figure 6-13, one can observe the strong correlation between the movement of the
reference’s mirror and the classical residuals. Similarly the residuals obtained after adjustment
to model equation (6.2) show a clear improvement with regard to those obtained by means of
equation (6.1).

Figure 6-14 shows the amplitude spectrum of the classical residuals (curve marked by A), the
amplitude spectrum of the residuals obtained with equation (6.2) (curve marked by m) and the
amplitude spectrum of the movements of the reference’s mirror (lower curve).
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Figure 6-14: Comparison of the amplitude spectrums obtained with the classical method and
with equation (6.2). A: Amplitude spectrum of the residuals computed without the Episensor
data. m : Amplitude spectrum of the residuals obtained by means of the adjustment to equation
(6.2). ® : Amplitude spectrum of the movement recorded by the Episensor.

The amplitude spectra of Figure 6-14 show a strong correlation between the movements of the
reference’s mirror and the classical residuals. It is remarkable to see that the amplitude
spectrum of the residuals obtained by means of equation (6.2) is almost flat and that the
peacks at 10.9 Hz and 43.6 Hz almost disappeared!

g [mGal] o, [mGal] Ag =|g4e, — 8| rms,,,, [nm] c,. [nm]

mean rms

980643.99 221.98 0.75 13.51 1.92

Table 6-2: Summary of the results obtained by means of equation (6.2)

By comparing the results of Table 6-2 with those of Table 6-1 one can see that the
modification of the physical model and to the synchronization’ method produce a clear
improvement of the rms, ,, and of the o, . The mean value g is still in the same order of

mean

magnitude but the improvement of around 22% of o, .
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6 First dynamic measurement in a truck

Second step:

With the help of the new physical model we were able to determine g = g(¢), which still

contains the perturbations of which the principal frequency is below 10 Hz. In this second step
we will attempt to remove these perturbations by using the data acquired by the external
accelerometer (EpiSensor).

Figure 6-15 shows the measurements that are inside a window of g +2¢ . The threshold of

+no (n=2) has been adjusted in order to obtain the best correlation between g(¢) and a(z)).
The mean estimated value of g, g, is shifted of around 24 mGal from the true valueg, , .

This deviation with regard to the true value is clearly higher when all the drops are taken into

account.
g = g(t) - 980000 [mGal], unfitered
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Figure 6-15: Distribution of the measurement with the threshold tc. The dots are the
estimated value of g for each single drop after the value without physical meaning have been
removed. The central line represents the mean value, the upper and the lower lines represents
g+o0 and g—o respectively with o =89.76 mGal. The line marked by m, corresponds to

the true value of g, g,,., . All the values have been diminished of 980000 mGal.

The acceleration a =a(t) measured by the EpiSensor, filtered with a lowpass filter with
f.=0.05Hz (lower curve) and the function g(z) (upper curve) are presented together on
Figure 6-16.
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Gravity measurements g = g(t) - 980600, FG5-L
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Figure 6-16: Comparison between the acceleration’s function g = g(¢) (upper curve) and the
accelerations a = a(¢) measured by the EpiSensor (lower curve)

The curves of Figure 6-16 show an almost perfect correlation between the measured g and the
accelerations measured by the Episensor. Furthermore the function a=a(t) is shifted of

approximately 20 mGal with regard to the g function. This shift corresponds to that seen
before (see Figure 6-15).

Finally after having optimized the synchronization of both signals, g(¢) is corrected by
subtracting the function S -a(t—7), where 7 and f are estimated by correlation

One then obtains:

| g =980641.063+3.47 [mGal] ‘
Ag =2.13mGal

84



6 First dynamic measurement in a truck

Hypothesis test

With this test we will be able to define to which level of confidence the above results can be
accepted.

Making the hypothesis that H that the value of g is equal to g, = 980643.242 mGal with a
level of significance, o = 0.01.
From equation (5.19) we calculate that Z,= -0.63 and from statistical tables (Schaum

Probabilités et statistique) we obtain Z = 2.58.
In order that the hypothesis to be acceptable, Z, has to satisfy the inequality (5.20). This the

case because,
-2.58 <-0.63 <2.58

Therefore we can accept the hypothesis and claim, with in 99% of confidence, that our
measurement is correct.

Conclusions

The last experience has shown that even in a very noisy environment the experimental system
is able to measure the absolute value of g with the expected resolution of 2 to 10 mGal.
However the measured value shows a small offset, Ag, of approximately 2 mGal.

This difference could be introduced during the corrections of g(¢) by the measurement of the
Episensor. In fact if the Episensor is not perfectly leveled the measured value of the vertical
component contains contributions of the horizontal components, which cannot be measured
with a vertical accelerometer. Using an IMU can solve this problem.
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6.4.2 Measurement in dynamic mode

Until now the system was only tested in a stationary small truck. Now we will investigate the
behavior of the system when the platform is in motion. For this we carried out measurements
when the truck was moving along a straight line at a velocity of approximately 1 m/s. The
whole experiment is formed of 251 single drops acquired at a frequency of 0.5 Hz.

In order to check the correct behavior of the system the first 100 drops where measured in
stationary conditions. Figure 6-17 shows the vertical accelerations measured during the
experiment.
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Figure 6-17: Vertical accelerations measured during the dynamic experiment. From 0 to 210 s

the truck is stationary on the departure point, between 210 and 510 s the truck is moving

along the measurement line and between 510 and 550 s the truck is again stationary but at the

end point of the line

Figure 6-17 clearly shows the three phases of the experiment. In the first phase (0 to 210s) the
accelerations produced by the drag-free chamber are clearly visible. The second phase (210 to
520 s) shows without ambiguity that the accelerations produced by the engine are much larger
than those produced by the instrument. The third phase (520 to 550) is equivalent to the first
one. For comparison and for putting in evidence the difficulties encountered during this
experiment the accelerations measured during a single drop with and without movements are
shown in Figure 6-18.
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6 First dynamic measurement in a truck
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Figure 6-18: Comparison of the accelerations measured during a single drop in static (a) and
in dynamic mode (b).

When the truck is located at the beginning of the line and the engine working with low
rotation rate the measuring conditions are similar to those in the laboratory. On Figure 6-18.a
it is possible to distinguish the three measuring zones: The acceleration of the drag-free
chamber (0.1-0.15 s), the free-fall (0.5-0.23 s), and the deceleration (0.23-0.30 s). On the
other hand when the truck is moving the conditions are extremely noisy and even during the
period of free-fall the amplitudes of the perturbing accelerations are in the order of 0.2 m/s”.
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The determination of g

The processing procedure for computing the g value is the same as described in chapter 6.4.1.
In a first step we determine g for each single drop by adjustment on the model described by
equation (6.2) then in a second step we correct the function g = g(¢) by correlation with the

measurements of the Episensor a = a(¢), and by an adequate filtering.

First step:

Figure 6-19 shows, A, the residuals obtained without having taken into account the
movement of the reference’s mirror and these when movements are taken into account, m. The
lower curve shows the movements of the reference’s mirror determined by the external sensor
(Episensor).

B Residuals with extenal sensor. A : Residuals without external sensor.
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Figure 6-19: Results obtained from the first step of computation. A: residuals computed
without the movements of the reference’s mirror. m: residuals computed with the movement
of the reference’s mirror. ®: movement of the reference’s mirror determined by double
integration of the signal measured by the external sensor (EpiSensor)

Like for the static measurements described in chapter 6.4.1 the movement of the reference’s
mirror is almost perfectly correlated with the residuals with the residuals computed without
the movements of the mirror. By comparing the residuals obtained in static (Figure 6-13) with
those obtained in dynamic mode (Figure 6-19), it is possible to see that both are of the same
order of magnitude. Therefore the perturbing signals of frequencies higher than 10 Hz act on
the reference’s mirror in the same manner in dynamic mode as in static mode.
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6 First dynamic measurement in a truck

Figure 6-20 shows the amplitude spectrum of the residuals described above (Figure 6-19)
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Figure 6-20: Amplitude spectrums of the residuals of Figure 1-19. A: Amplitude spectrum of
the residuals obtained without the movement of the mirror. m: Amplitude spectrum of the
residuals obtained with the movement of the mirror. ®: Amplitude spectrum of the movement
of the mirror

The peack around 40 Hz is present in both operating modes (static and dynamic). As already
mentioned this perturbation is probably generated by the driving system of the drag-free
chamber. On the other hand the 10 Hz peack visible in static mode is not present anymore in
dynamic mode. This is due to the length of the estimation’s windows, which is adjusted in
such a manner that the 7ms is minimized, shorter in dynamic mode than in static mode.
Consequently the lowest frequency we are able to correct in dynamic mode during the
adjustment procedure is not 10 Hz but 20 Hz

The results obtained during the first stage of the estimation are summarized in Table 1-3

g [mGal] o, [mGal] Ag =|gye, — 8| rms,,,, [nm] c,. [nm]

mean rms

980371.65 445.18 271.55 35.84 26.34

Table 6-3: Summary of the results obtained during the first estimation stage.

A comparison between the data of Table 6-3 with those of Table 6-1 shows clearly that the
results of the first stage of the dynamic experiment are not as good as those of the static
experiment. The largest difference appears in the value of Ag. This difference let suppose
that the measured g is the sum of the true g value and an almost constant acceleration.
However the large value of o, call for a more careful analysis.
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Second step:

Because we are now in a dynamic configuration similar to the one we will have in airborne
mode we have to take into account the kinematic accelerations such as described in chapter
2.2. The truck running at a speed of around 1 m/s the kinematics acceleration are much lower
than 1 mGal and therefore will have no influence on the measurements.

The correction’s procedure is the same as that used before, during the static experiment.

In a first step we have estimated the validity’s threshold of the computed g by optimizing the
correlation between the two functions g(x(¢)) and a(x(¢)) shown in Figure 6-21.

Gravity measurements g = g(t) - gtheo, FG5-L
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Figure 6-21: Result of the first step of the computation. Upper curve: Function g(x(¢))— g,,..

obtained after the first step. Lower curve: Acceleration measured by the external sensor
(EpiSensor)

In Figure 6-21, the upper curve represents the evolution of g = g(x(¢)), and the lower one the

accelerations measured by the EpiSensor. Like in the static experiment it is possible to see a
clear correlation between the two signals. This allows us to estimate the two adjustment
factors 7and £ and to correct the function g(X(¢)) by subtracting f-a(t—7). We then

obtain:

g =980654.70£15.93 mGal

Ag =11.5mGal

90



6 First dynamic measurement in a truck

Hypothesis test

In order to check this results we made the hypothesis H that the measured g is equal to g, =
980643.242 mGal with a level of significance ofa = 0.01.

From equation (5.19) we determineZ, = 0.72 and from the statistical tables (Schaum
Probabily and statistic) we get Z_ = 2.58.

The hypothesis can be accepted Z, satisfying the inequality (5.20).

-2.58<0.72<2.58

We conclued that our measurement is correct with in a level of confidence of 99 %.

Conclusions

The accuracy obtained during the second experiment is slightly lower than the one expected
(11.5 mGal instead of 2-10 mGal). Like in the static mode the g value shows an offset Ag but

much larger. This offset has probably the same origin: a bad leveling of the external
accelerometer.

The leveling of the system was done before the beginning of the measurements, in a position
perpendicular to the road on which the measurement line runs. Because the transversal slope
of a road is around 3% the whole system was tilted by 2 degrees backward during the
dynamic experiment. This had as a consequence a superposition of the N-accelerations on the
vertical one. Another source of errors is the inability of the Episensor to correctly measure the
low frequencies (inaccuracy in linearity, hysteresis in the control loop, etc.)
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6.5 Measurements with the hanging table

In this experiment the FG5-L and the external accelerometer were both fastened on top of the
basket of the hanging table (see Figure 6-2). This experience aimed of testing whether the
measurements could be improved when the perturbing accelerations are filtered with a
mechanical filter having a cut-off frequency of 1 Hz.

Figure 6-22 shows an example of the acceleration measured with this mounting.
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Figure 6-22: Example of accelerations measured at the top of the hanging table. Accelerations
(upper curve) measured by the Episensor mounted on the hanging table and their amplitude
spectrum (lower curve).

The amplitude spectrum of Figure 6-22 shows clearly a peak of resonance at 1 Hz
corresponding to the cut-off frequency of the mechanical filter. The frequencies higher than 1
Hz are damped following the transfer function measured in chapter 4.5.

Figure 6-23 shows the accelerations measured during a single drop. Like in the strapped-down
configuration three zones are visible: From 0.1 to 0.15 s corresponding to the acceleration of
the drag-free chamber, from 0.15 to 0.22 s being the domain of a pure fall and from 0.2 to
0.28 s the decelerating phase of the drag-free chamber.

It is worth noting that during the pure fall time the mean acceleration is around 1000 mGal
whereas in strapped configuration this acceleration is almost negligible. Important is also to
remark that any constant acceleration superposed to g cannot be in any case estimated during
the adjustment by least squares. This could have the consequence to completely shift the
estimated value.
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6 First dynamic measurement in a truck
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Figure 6-23: Accelerations measured by the FG5-L during a single fall.
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The determination of g

Like in the strapped-down experiment we determined g in two steps. First we determined the
g value for each of the 270 single drops by taking into account the estimation of the
movements of the reference’s mirror, then we tried to correct the obtained function g(¢) with

the help of the accelerations measured by the external sensor.

First step:

Figure 6-24 shows the residuals obtained after the adjustment with the movements of the
mirror being taken into account (A ), the residuals obtained by adjustment on model described
by equation (6.2) (m) and the movement of the reference’s mirror during the fall (e).

M : Residuals with extenal sensor A : Residuals without external sensor.
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Figure 6-24: Comparison between the residuals obtained with (m) and without ( A) taking into
account the movement of the reference mirror. A: Residuals obtained without taking into
account the movements of the reference’s mirror. m: Residuals obtained with the movements
of the reference’s mirror. ®: movements of the mirror during the fall.
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6 First dynamic measurement in a truck

The amplitude spectra of the functions depicted in Figure 6-24 are shown in Figure 6-25.
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Figure 6-25: Amplitude spectrums of the functions of Figure 6-24 .The markers correspond to
those defined in Figure 6-24.

The damping of the movements due to the mechanical filter is put in evidence by comparing
the above residuals with those obtained in strapped-down configuration. The amplitudes of
the residuals as well as those of the estimated movements of the mirror are clearly smaller
than those obtained in strapped-down configuration. The results obtained after the first step of
estimation are summarized in Table 6-4.

g2 [mGal] o, [mGal Ag =| oo — g| rms,,. [nm] o, [nm]

984000.30 575.28 3357.10 19.43 5.26

Table 6-4: Summary of the results obtained after the fist step of estimation.

The results summarized in Table 6-4 confirm the hypothesis formulated previously that
during the time of measurement the reference mirror undergoes an almost constant mean
acceleration (see Figure 6-23). As already pointed out this acceleration cannot be separated
from g. Consequently g is shifted by more than 3000 mGal.
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Second step

In this step, we tried like in the strapped-down experiment to correct the function g(x(¢)) with
the help of the data acquired with the external sensor.

Figure 6-26 shows the functions g(x(¢))—g,.,1n the upper graphic, and a(x(¢)) in the lower
graphic.

Gravity measurements g = g(t) - gtheo, FG5-L
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Figure 6-26: Functiong(x(¢))—g,.,obtained after the first step (upper curve) and
accelerations measured by the external accelerometer (lower curve).

The two functions g(x(¢))—g,., and a(x(z)) of Figure 6-26 show a quite good correlation
but on the other hand even after the adjustment by correlation of a(x(z)) on g(x(¢)) a
difference of around 1000 mGal remains.

Finally and after complete correction we obtained:

g =981848.19+33.50 mGal

Ag =1204.99 mGal
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6 First dynamic measurement in a truck

Hypothesis test

Again we tested the correctness of the obtained results. For this we made the hypothesis H
that the measured value of g is equal to g,,,, = 980643.242 mGal with a level of significance of

a=0.01.
From the equation (5.19) we get Z,=35.97 and from the statistical tables Z = 2.58.

In order to get an acceptable hypothesis we have to fulfill the following inequality:

-2.58< Z,<12.58

which is obviously not the case!

We then have to reject our hypothesis and can therefore claim that with a level of confidence
of 99% that our measurement is not correct!

Conclusions

The hanging table allows to strongly attenuating the perturbing accelerations with frequencies
higher than its cut-off frequency. However the accelerations and decelerations of the drag-free
chamber of the FG5-L induce movements of the basket at its resonance frequency and
consequently apply an almost constant mean acceleration on the reference mirror.

The only possibility to compensate for acceleration would be to use the data of the external
sensor. However the leveling errors, the bad linearity of its transfer function and the unknown
effect of the hysteresis do not allows correcting such important systematic errors like those
produced by the oscillations of the hanging table

6.5.1 Discussion

Based on the results of this chapter we conclude that the experimental system behaves
correctly in a noisy environment and also that the synchronization of the measurements by
GPS works perfectly.

The results obtained with the hanging table are not as good as expected because we totally
underestimated the effects of the accelerations and decelerations of the drag-free chamber.
The mechanical filter is very efficient for damping acceleration with frequencies below the
cut-off frequency from the filter. But the acceleration of the drag-free chamber are acting on
the system like Dirac-pulses which are exciting the system in a broad range that includes the
proper frequency of the filter. A solution would by to include in the FG5-L gravimeter a
pseudo drag-free chamber moving synchronously with the real drag-free chamber but in
opposite direction. Another solution would be to include a controlled damper that would
block the hanging table during the acceleration and deceleration periods and would let it free
during the pure free-fall.

The results obtained in strapped-down configuration are really promising. In static mode as
well as in the dynamic one the accuracy of the results is close to the one expected. The small
inaccuracies of the corrections seem to be produced by an insufficient leveling of the external
sensor introducing a cross coupling effect which over or under-compensate g(¢).
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7 The airborne test survey

7 The airborne test survey

7.1 Introduction

An airborne gravity survey consists on a double series of measurements carried out along
straight parallel lines: one of the vertical accelerations and one of the trajectories of the
aircraft. The planning of such a survey imposes choices like length and spacing of the lines,
locations of the GPS reference stations.

In this chapter the principal characteristics of the test survey over the Rhone valley between
Leuk and Martigny are described.

7.2 The aircraft

The survey was carried out with an the aircraft De Havilland Twin Otter (Figure 7-1, Figure
7-2) of the Swiss Federal Topographic Survey. It is equipped with a navigation system made
of a receiverr GPS LORAN Trimble 200, and of an automatic pilot Collins, type AP 106.

The principal technical data and performance of the aircraft are summarized in Table 7-1.

DeHavilland Twin Otter
Engines 2 turbo-prop. GE/PT GA
Length 577 m
Wing span 19.81 m
Height 5,67 m
Empty weight 3350 kg
Max. load 2359 kg
Max. speed 335 km/h
Max. ascending speed 8 m/s
Full load max. altitude 8140 m
Take-off distance 366 m
Landing distance 320 m
Max. fuel load 1112 kg
Autonomy 5 h

Table 7-1: Technical data and performance of the De Havilland Twin Otter
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Figure 7-1: The DeHavilland Twin Otter of the Swiss Federal Topographic Survey

Figure 7-2: The De Havilland Twin Otter at the airport of Diibendorf.
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7 The airborne test survey

7.3 Location of the test survey

The test survey is formed of one line extending from Leuk to Martigny (Canton of Valais)
flown four times twice in each direction, November 27, 2002. The length of this line is
approximately 50 km, which gives a total length of the survey of 200 km. The nominal speed
of the aircraft was 70 m/s and the flight altitude 2500 m a.s.l.

The location of the test line is shown in figure Figure 7-3.

Figure 7-3: Location of the test line flown, November 27, 2002

A copy of the flight log is shown in Table 7-2

Line Date Direction Beginning time End time
Line 01 27.11.02 Leuk - Martigny 14.15.00 14.22.30
Line 02 27.11.02 Martigny - Leuk 14.25.00 14.38.00
Line 03 27.11.02 Leuk - Martigny 14.42.00 14.53.00
Line 04 27.11.02 Martigny - Leuk 14.55.00 15.07.00

Table 7-2: Copy of the flight log of November 27, 2002.
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7.4 The positioning of the aircraft

Principle

The exact positioning of the aircraft in a terrestrial reference frame is of at most importance in
airborne gravimetry. Apart of the localization of the measurements in space, the trajectory
data are used for determining the accelerations induced by the movements of the aircraft.

The GPS system allows the determination of the relative distance between two or more points
in any location on the Earth surface or in the near space. This mode of positioning is called
« differential positioning » it can also be applied for a moving platform, in this case it is called
« Kinematic Differential GPS mode ». The distance between the aircraft and a ground station
can be deduced from the simultaneous measurements of the pseudo-distances and the phase of
the carrier waves L1 et L2 on the ground and in the aircraft.

The result of the data processing gives the coordinates of the vector joining the ground station
to the antenna of the aircraft. This method of positioning reduces the errors induced by the
orbit inaccuracies and the shift between the clocks of the satellites and the receivers, (Botton
et al., 1997). Commonly used in geodesy the differential phase positioning can reach a
precision of millimeters.

The ground reference station
The accuracy of the positioning depends directly on the length of the base line, the distance

between the ground station and the aircraft. In order to have a base line as short as possible we
used the data of the AGNES station Jungfraujoch (see Figure 7-4)

Figure 7-4: Location of the AGNES station Jungfraujoch

The reference station acquired data at the sampling rate of 2 seconds during the whole survey:
From 15 :00 until 17 :00 the coordinates of this station, continuously adjusted by Federal
Office of Topograpgy are summarized in Table 7-3.

Coordonnées géocentriques
Station X (m) Y (m) Z (m)
Jungfraujoch 4354213.261 610774.737 4609950.790

Table 7-3: Coordinates of the AGNES station Jungfraujoch
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7 The airborne test survey

The onboard GPS receivers

In order to determine the full movement of the aircraft (pitch, roll, yaw, and position) the
aircraft was equipped with five GPS antennas connected to five receivers working at high
sampling rate (see Table 7-4). Two antennas were located on the wings, two on the roof of the
cabin and one on the tail (Figure 7-5).

Figure 7-5: Locations of the GPS antennas on the aircraft. 1 : Front antenna (frnt), 2 : Wings
antennas (left, rgth), 3 : Roof antenna, 4 : Tail antenna (tail)

Receivers Collected signals Frequency
Ground station Codes C/A P on L1 and L2 1 Hz
Phase on L1 and L2
Aircraft Wing | Code and phase on L1 2 Hz
antennas Head |Code and phase on L1 et L2 2 Hz
array Tail Code and phase on L1 2 Hz
Roof Code and phase on L1 et L.2 -

Table 7-4: Summary of the characteristics of the GPS receivers

The INS

In addition to the GPS receivers an INS (INS, Inertial Navigation System) was installed in the
aircraft as a supplementary system for determining the attitude of the aircraft and also the
instantaneous accelerations. The INS was chosen because it continuously gives the rotation
matrix of the aircraft on which it is mounted.
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7.5 Experimental mounting and measurements

To the opposite of a relative gravity system an absolute system does not need to be tied to a
reference point. A measurement line can start anywhere and at any time without any
constrains. Because the absolute system is not mounted on a gyro-stabilized platform a
stabilization distance (normally about 20 km long) is not necessary, the data acquisition can
start directly at the beginning of the measurement line. The experimental mounting as well as
the synchronization system was the same as used during the truck experiment with in addition
the INS. The steering and data acquisition system of the INS was connected to an independent
GPS receiver allowing a perfect synchronization of its data with those of the gravimeter.

Figure 7-6: View of the interior of the aircraft during the test survey. 1 : Gravimeter FG5-L,
2 : Data acquisition system of the EpiSensor, 3 : Rack containing the GPS receivers and the
PCs, 4 : Navigation system for photogrametry, 5: INS (Inertial Navigation System), 6 :
Steering and data acquisition system of the I’'INS.

During the flight the aircraft flies with a constant pitch of 3°. In order to compensate this
angle as well as the variations of pitch and roll higher than 5 degrees all the sensors were
mounted on a table leveled manually. This table was made of three aluminum honeycomb
plates stuck together.
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7 The airborne test survey

7.6 Data acquisition during the flight

As soon as the aircraft is on the line in a stabilized flight the measurements are started
manually and continue automatically. The sampling rates of the different instruments are
summarized in Table 7-5.

Instruments Signals Units Sampling rate
FGS5-L Position as function of time z = z(t) m, s ls
Episensor Accelerations X(2), (1), Z(¢) m/s"2 0.001 s

Accelerations X(¢), (), Z(t) /s
INS L . ) 0.0025 s
Angular velocity @ (1), o, (1), ®_(t) rad./s

Table 7-5: Signal acquired by the instruments.
At the end of the line the measurements are stopped manually. The acquisition of the GPS

data is started immediately after take-off and stopped just before landing in order to ensure a
complete coverage of the gravity measurements.
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8 Processing of the airborne gravity data

8.1 Processing of the GPS data.

A GPS receiver acquires two types of data: The phase measurements and the pseudo-distance
measurements. A phase measurement consists of determining the phase difference between
the signal emitted by the satellite and its replica generated by the receiver. This phase shift is
related to the distance between the satellite and the receiver through an observation’s equation
A pseudo-distance consists in catching the pseudo-random codes C/4 or P emitted by the
satellite. The receiver generates a replica of the codes by means of the same algorithm used in
the satellite and compares these two signals by correlation. This comparison allows the
determination of the time difference between the satellite and the receiver and consequently
the distance between them.

8.1.1 Single difference equation of observation

The equations of the observed signals, which link the phase and the pseudo-distance
measurements to the physical distance between the satellite, i and the receiver j (Cocard,
1995, Klingelé et al., 1996) can be written:

For the pseudo-distance
p;.(tR) = d; +ecl, - ccl' + Ion; + Trp;
= Hl?(tﬂ —7(t, )H +clBias, - clBias' + lon', + Trp), (8.1)
For the phase:
@i (ty)=d +ccl,—ccl + lon, + Trp)

=R )7 (2)

+clBias, - clBias' — A.A' + lon); + Trp), (8.2)
where :

t, : Measurement’s time at the receiver, in GPS time

t; : Emission’s time, in GPS time

¢ : Speed of light in vacuum (299793 km/s)

R (t,) : Position’s vector of the satellite

7;(tz) : Position’s vector of the receiver j

dj : Unknown distance between the satellite i and the receiver j

clBias; = c.cl; : Unknown time shift of the receiver j, measured in en meters

clBias' = c.cl' : Unknown time shift of the satellite’s clock i, measured in meters
A' : Phase’s ambiguity, with respect to the satellite i
Ion_j : Delay introduced by the ionosphere

Trp', : Delay introduced by the troposphere
A : Wavelength of the signal
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The simple difference measurements are obtained by subtracting the simultaneous
observations of two different receivers working with the same satellite.

Consider a mobile receiver located in an aircraft and a ground permanent receiver f, receiving
both the signal emitted by the satellite 5. The simple difference equations for the phase and the
pseudo-distance measurements are given by:

APy = P (tp) = Py (L)

=Ad,, + AclBias,, — AclBias, . + Alon, , + ATrp, . (8.3)
A,y =@, (try) = Py (L)

=Ad,, + AclBias,, — AclBias,, — AAA4, . + Alon, . + ATrp,, (8.4)
with

Ad,, =‘

AclBias,,, = clBias, (ty,) — clBias ;(t;/)
= c'(CIm (tRm) - CIf (tRj))

R*(t7,) =7, (i) = | R (b)) = F, (g)

AclBias,, = clBias, (t,,) — clBias; (t,)
= (el (tg,) ~ L} (1)

s N N

A/lmf = Am _Af
s K K
Alon,,, = Ion, — lon;

ATrp,, =Trp, —Trp;

This combination minimizes the differential bias Ac/Bias,,, due to the time shift of the

satellite’s clock. The atomic clocks of the GPS satellite have a very high time stability of
dcl’
dt

~10™"". In the first order the bias Ac/Bias,, is given by:

dcl
AclBias’, =c-—=-(t, —t
mf dt ( Rm Rf)

A synchronization difference of the receivers of one second then induces a bias of 3 mm,
which can be considered as acceptable considering the length of the base line in
aerogravimetry (several kilometers).

The coordinates of the vector R’ are computed by means of accurate ephemeris of the satellite
and previous computed coordinates of the ground station.

The differential delays, Alon, and ATrp, , are estimated with the help of models of the

atmosphere. The only unknowns in the simple difference equations are then:
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8 Processing of the airborne gravity data

- The coordinate (x,,y,,z, ) of the antennas on the aircraft
- The differential bias Ac/Bias,,

- The ambiguity A4’ ., only present in the phase measurements

In order to determine these variables it is necessary to solve a system of equations of simple
difference formed by (8.3) and (8.4) written for several satellites. A such system can be
written:

Apl, =C(X")
Ag,, =P(X")
i=1,2,...p

T
where X' = [xm, vz, AclBias AA,’nf] is the vector of the unknown variables and p is the

mf >
number of observed satellites.
This non-linear system can be linearized under the form:

Ap), = C(X))+) ajdX;
Ag,, ~ P(X))+) aldX]

J

i=1,2,...p

Where X ! is an approximation of the unknown vector, and the set of a;, aj correspond to the

linearization’s coefficients of the pseudo-distance and phase measurements. The system is
then solved by means of least squares. The linearization’s coefficients are summarized in
Table 8-1.

. . S S
Coefficients | x | y | z, Acleasm .| A ;
c i i i
as e | e | é 1 0
P i i i
a; e | e | € 1 A

Table 8-1: Table of the linearization’s coefficients. The ¢!, e, ¢! are the coordinates of the

Ri(trm) B ’_;m (tRm)
IR (t7,) = 7, (t4)

unit vector ‘

8.1.2 Strategy for the GPS data processing in kinematics mode

The recorded GPS signals are normally put together in epoch, which for static measurements
group together the measurements collected during 30 s. In dynamic mode each epoch is very
short, therefore, most of the variables differ from one epoch to the other.
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Thus among the variables to be determined the coordinates of the rover receiver and the bias
vary during the time. Only the phase ambiguities can be stay constant for several epoch. The
basic idea for the processing of kinematics GPS data is to determine the time varying
variables and the constant one separately (Cocard, 1995).

The values of the ambiguities are obtained in a first step after elimination of the time varying
variables from the normal equations. Then these values, integer or real, are used for
computing the time depending variables particularly the coordinates of the rover receiver. The
advantage of this procedure is that it uses the entire set of the kinematics measurements,
before and after the computed point, for the estimation of the ambiguities. In order to ensure a
good quality of the used data a systematic detection of the cycle slip is applied prior to the
computation. A GPS processing software using this kind of strategy has been developed at the
ETH Zurich, and applied with success for the airborne gravity survey of Switzerland (K/ingelé
et al. 1997). The whole GPS data of the test survey were processed with this software.

The diagrams of Figure 8-1 show some results obtained by GPS processing. One can see that
the mean flight altitude is 2523 m a.s.l. and also that the vertical acceleration computed by
double derivation of the vertical positions can reach several thousands of mGal.
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Figure 8-1.a-d: Graphical representation of some results from GPS data processing. By
comparison on cane see that the flight condition are more less the same for each flowed line.
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8 Processing of the airborne gravity data

With the GPS data we determined all the flight parameters, (4,¢,c,V,), which were used,

directly or indirectly, for the estimation of the kinematics accelerations useful for correcting
the gravity measurements as described in chapter 2.2. In order to estimate the accuracy of the
gravity measurements it is necessary to know to which accuracy the flight parameters can be
estimated.

8.1.3 Accuracy of the kinematics variables computed with GPS data

As shown in chapter 2.2.5 the value of gravity is computed by means of the equation

8(P)=Pyppren + E(p)—h (8.5)

where P corresponds to the apparent gravity measured by the gravimeter, £ to the E6tvos

apparent

acceleration and / to the vertical acceleration of the platform.

The accuracy of g then depends directly on the quality of the determination of the kinematics
accelerations, which are computed from the flight parameters and their derivatives. The
kinematic accelerations act directly on the reference’s mirror. In order to be able to compute
the precision of these accelerations it is necessary to write the equation of movement of the
MIrror.

Figure 8-2: Measurement principle of the position of the FG5-L reference’s mirror. X is the
geocentric referential, X’ the local referential and X”the aircraft referential. f“is the
position’s vector of the reference antenna in the geocentric referential, 7 is the position’s

vector of the mirror in the geocentric referential, m” is the position’s vector of the mirror with
respect to the reference’s antenna.

In the geocentric referential R, the equation of movement of the reference’s mirror can be
written:
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76 _ ij + RORLi* (8.6)
With :
7 : Position’s vector of the reference’s mirror in the geocentric referential
f¢ : Position’s vector of the reference’s antenna in the geocentric referential

m"” : Position’s vector of the reference’s mirror with respect to the reference’s antenna in the
aircraft referential

R{ : Rotation’s matrix between the local referential =" and the geocentric referential ¢

R}, : Rotation’s matrix between the aircraft referential =” and the local referential ="

A rotation’s matrix R can be decomposed into three elementary rotations around each of the
three Cartesian axes

R =Ry(a;)R,(a,)R ()

with

1 0 0 cos(a,) 0 —sin(e,) cos(e;) sin(er;) O
R ={0 cos(e) sin(er)) |, R, = 0 1 0 , Ry =| —sin(a;) cos(a;) 0O

0 —sin(ey;) cos(e,) sin(e,) 0 cos(ar,) 0 0 1
One can set for the rotation’s matrix R, :

V4 8.7

RY = Ry(-2) Ry(p~7) (8.7)
with A= longitude and ¢ = latitude.
Similarly
R =R,(=y)- R,(=0)- R (=¢) (8.8)

with ¢ =roll angle, 8 = pitch angle and y yaw angle.
Error propagation:

Transforming the equation of movement (8.6) in the local referential and then differentiating
one obtains:

L 7G L /G L—B L—B
git =28 ) 4z OB 7) o | 8(1;31" )iz + a(gﬁ’f ) din®
X m

(8.9)

where 85 is the derivative with respect to the angles ff "= (p,2) and 0y the derivative with
respect to the attitude angle 7" = (¢4,0,y).
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8 Processing of the airborne gravity data

Rk)

In order to be able to calculate the partial derivative oG
a

we made the following

approximation:

For small angles of rotation (& — da ) the elementary rotation’s matrix R,,R,,R, can be

linearized and became

R~(I+1-da,)

0 0 0 00 -1 0 1
with/, =0 0 1[,,=[0 0 0], I,=[-1 0
0 -1 0 10 0 0

then, a rotation for a small angle is given by

3 3
R(da) =TI R(da) =1+ I,-da, =1+

i=1
where () is an anti-symmetrical matrix

; 0 da, -da,
Q=>1-do,=|-da, 0 da
! da, -da, 0

If R, corresponds to a estimated rotation angle ¢, in such a manner that a linearization of

R(a,+da) by R R(da) is possible and that k is a vector, then it is possible to write

R(@,+da)k ~R,(I+Q)k =Rk + R Qk

—R +R Kda
with
0 -k Kk
K=| k 0 -k
-k, K 0

In this way the derivative with respect to the rotation’s angles of a vector of type
R(a, +da)k can be approximated by the derivative of its linearization.
One then obtain:

O(Rk)
—— ~RK
oa | 0 (8.10)

a,
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Applying approximation (8.10) to equation (8.9) and supposing that the errors produced by
the estimation of the longitude and the latitude are negligible with respect to the other, we
obtain

dl_’"L = djL +RZL;MBd}? +RgdﬁiL (81 1)

where: M”is an anti-symmetrical matrix similar to the K matrix described previously and
containing the elements of the vector dm".

In matrix notation equation (8.11) get the form:

df*
di* = A-di =|[,R‘:M® R:]| a7 (8.12)

dm"

Setting all the elements dx to zero except one it is easy to compute the influence of the
selected element on the position of the reference’s mirror
In a first step we set 7' =(0,0,0), and take for the dx,, some a-priori values for the precision.

We also set dx, = o, for the most unfavorable case for each element to be studied
The accuracy in kinetic GPS (d]?) , 1s known thanks to previous experiences (Cocard 1995;
Favey and Schlatter, 1998). The accuracy of m is of the order of one centimeter. Considering

the roll, pitch and yaw angles equal to zero, df and dm propagate them linearly in dx . This
is summarized in Table 8-2.

dx, [m] | dx, [m] | dx; [m]
df,=0.05 [m] 0.05 - -
df,=0.05 [m] - 0.05 -
df;=0.12 [m] - - 0.12
dm,=0.02 [m] 0.02 - -
dm,=0.02 [m] - 0.02 -
dm,=0.02 [m] - - 0.02

Table 8-2: Summary of the influence of errors in the estimation of m or f to the
determination of the position of the reference’s mirror (Favey, 2001).

The accuracy of the angles ¢, 6 and y is also known from previous surveys (Favey, 2001)
and vary between 0.05° and 0.1°. In order to estimate the propagation of the attitude errors on
the position we set dg=d0 =dy =0.075°. We also know that during a stabilized flight

these angles are inside a window of = 5°, we then set them equal to 5°. The propagation’s
errors obtained with these parameters are summarized in Table 8-3:
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dx, [m] | dx, [m] | dx, [m]

dm, =dm, =dm, =0.02 [m]
dgp =d0 =dy =0.075[°]| 0.08 0.1 0.2
g =0 y =51

Table 8-3: Summary of the influence of the estimation’s errors of the attitude on the
determination of the position of the reference’s mirror.

Estimation of the measurement accuracy of the position of the reference’s mirror
Using matrix A of equation (8.12) the accuracy of 7 can be estimated by

C,=AC A" (8.13)

C, 1is the covariance matrix of 7, and C,_is filled by the covariance coefficients of the

rr

variables contained by x . Making the hypothesis that all the variables are independent, the
matrix C_ can be written as

_a;L 0 0 0 |
0 aj.L 0 0
0 o3 0 0
C — J3
10 0 0 ol 0 (8.14)
:”(1
: 0
0 0 0 0 0 o

In order to estimate the accuracy of the position of the reference’s mirror we have to introduce
some known a priori values for the o . Using the same values as that used for the estimation

of the error’s propagation we finally obtain

c,=024 [m]
o.,=0.42 [m] (8.15)
o.,=0.45 [m]

Another method allowing the determination of the accuracy of the position measured by GPS
is to use the positions obtained by one antenna for different ground reference and to compute
the mean value. The differences between the mean value and the different positions give an
estimation of the maximal deviation, which can be considered as a measurement of the
precision. This method used in airborne gravimetry by Verdun (Verdun, 2000) gives an
accuracy of the positions of ~50 cm for o,, and o,,, and ~1 m for o,,. The estimated

accuracy obtained o, by this method is around twice of the previous one. It is worth noting
that this estimation is the most unfavorable one.
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The influence of an erroneous position on the gravity measurement depends of the horizontal
respectively vertical gradient of g.. The horizontal gradient in the area of our test survey
(Alps) is around 2 pGal/m and the normal vertical gradient of 300 xGal/m.. An error of half a
meter in the horizontal position produces an error of 1 #Gal and an error of 1 m in the vertical
position produces an error of 300 pGal on the measurement of g. These two values are
negligible with respect to the expected accuracy of 2 to 10 mGal.

However, the accuracy of the determination of g depends also on the accuracy of the
determination of the vertical 2 and Eo6tvos E = E(h,@,a,V,)accelerations. The error AE is
linearly dependant of the errors Ah, Ap, Aa and AV, obtained respectively the altitude, the

latitude, the azimuth and the horizontal velocity as shown by the error propagation equation
(8.16)

‘— -Ah+ Ago 8E Ao+ 8E AV, (8.16)
oo f
Coefficients
) 2| G | (&
Azimuth A7 — ~
Oh Jpay, o9 haV, 0% 1o, ), P
0° 1.6x10~° mGal/m 0 14 mGal/°® 2.5 mGal.s/m
90° 15x10”° mGal/m | 1.7x10™" mGal/® 0 13 mGal.s/m

Table 8-4: Table of the coefficients deduced from the theoretical E6tvos correction. The
coefficients have been computed for two azimuths corresponding to a North-South profile (a
= 0°) and a East-West profile (a = 90°) The flight altitude is 2500 m and the ground speed of
the aircraft 70 m/s.

Because no information about the accuracy of the flight parameter was available we used
those obtained during the ASFAG project (Verdun, 2000). Because both projects were flown
in similar conditions (mountainous area, stabilized flight) the use of these parameters seems to
be absolutely reasonable. These data are reproduced in Table 8-5.

Parameters Accuracy
Vertical accelerations o, =50 mGal
Latitude c,=5e7°
Azimuth c,=0.01°
Ground speed o, =0.02 m/s
Eo6tvos o, =0.15 mGal

Table 8-5: Summary of the accuracy of the flight parameters after J.Verdun, (2000)
Taking into account the values listed in Table 8-4 and Table 8-5 it is possible to estimate the
influence of the E6tvds correction. One can clearly see that this correction is little sensitive to

the variations of altitude: 1 m inaccuracy produces an error of 0.15 x#Gal. The inaccuracy of
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the latitude induces an error of 0.00008 mGal. The azimuth and the ground speed are
estimated with an accuracy of 0.01 ° and 0.02 m/s respectively producing errors of 0.13 mGal
and 0.14 mGal. Totally the error on the E6tvos correction is around 0.3 mGal.

The most critical parameter is obviously the non-gravitational vertical accelerations of which
the inaccuracy is 50 mGal. However compared with the values that these acceleration can
reach, some thousands of mGal, (see Figure 8-1.a-d) this error is acceptable. Before being
introduced as corrections the non-gravitational vertical accelerations have to be filtered in
order to eliminate the influence of the high frequency phenomenon (e.g. turbulence).

As shown by Klingelé et al. (1997) and Verdun (2000) the accuracy of the determination of
the non-gravitational vertical accelerations is frequency-dependant. This accuracy decrease to
some mGal when the wavelength is around 20 /km.

8.2 Processing of the gravity data

The data produced by the FG5-L gravimeter are processed in two steps. The first step is
dedicated to the elimination of the erroneous or doubtful data whereas the second step deals
with the determination of g by adjustment on a physical model for each fall. However, before
explaining the processing of the gravity measurement it is worth analyzing the accelerations
measured by the INS along the lines of measurements.

Once the gravity data have been processed we estimated their quality by comparing their
values with those obtained by upward continuation of ground data.

8.2.1 Upward continuation of the ground data

The estimation of the validity of the airborne measurements can only be done by comparison
with data obtained from another method of measurement, ground data, for example.

It is clear that gravity data measured at 2500 m altitude cannot be directly compared with data
measured between 500 m and 2000 m. Before performing this comparison either the ground
data have to be upward continued at the flight altitude or the airborne data have to be
downward continued to the altitude of the ground measurements. Because the prolongation
operator works like an amplifier for the short wavelengths of the anomaly we adopted the first
approach consisting of upward continuing the ground data.

Instead of computing a Bouguer anomaly for each airborne measurement we computed the
theoretical value of g from the upward continued ground anomaly following the definition of
the anomaly.

gBouguer = gmeasure - gnarm + gTop - gBPl + gfree—air (8 1 7)

& Bouguer - Full Bouguer anomaly
oeaswre - Measured g

Z.om . Normal gravity

8r1op : Topographic corrections
gzm  : Bouguer layer effect

8 fee_anr - Free-air effect
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Re-ordering the relationship one obtains:

gmeasure = gBouguer + gnorm - gTop + gBPl - gfree—air

It is, therefore, quite simple to obtain the theoretical measured g at any point on the plane of
airborne measurements.

From the data bank of the EGT (European GeoTraverse), a grid with a mesh size of 1 km
covering the whole Switzerland and a part of Italy, Germany and France was produced by
interpolation (E. Klingelé et al. 1997). In order to get a support surface having no parts higher
than the flight altitude the stations located higher than 2000 m were removed from the data
bank before interpolation. Then using the well-known FFT technique the anomaly, supposed
at an altitude of 500 m, was upward continued to 2500 m according to equation (8.18).

g(x,y.z, +h)=F e "Flg(x,y.z2,)} (8.18)

It is clear that the hypothesis of a horizontal support surface of the Bouguer anomaly at 500 m
altitude is not completely true and could introduce distortions on the upward continued
anomaly. In principle the continuation should be done from the irregular support surface to
the horizontal plane at 2500 m by for example an equivalent source technique. However,
because most of the ground measurement points are between 400 m and 1000 m altitude and
spread on a very large surface (>50000 km2) the distortion effect is very small as the
following evaluation has shown.

The upward continued anomaly was compared to measurement points lying between 2400
and 2600 m, where the Bouguer anomaly is known to better 0.5 mGal. This comparison
shows that the difference is at most around +/- 3.5 mGal. It is worth noting that the nods of
the grid do not correspond exactly to the location of the measurement points in the horizontal
coordinates and altitude and therefore a linear three-dimensional interpolation was necessary
for the comparison.

The value of g obtained at the mean flight altitude is shown in Figure 8-3. As pointed out by
Klingelé (E. Klingelé, 1996) independently to the method used for the upward continuation
the longest wavelength still present in the continued anomaly depends on the size of the area
used for this prolongation. Because in the Alps the larger amplitudes are in the long
wavelengths that the values of the upward continued anomaly can be underestimated and
consequently the theoretical value of g overestimated.

From our own analysis, this overestimation could range from 40 to 80 mGal depending on the
location of the point in consideration.
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Prolonged gravitational potential at 2500 m, [mGal]
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Figure 8-3: Value of g at a mean altitude of 2500 m computed through the ground upward
continued Bouguer anomaly. Note that the variation of g from the beginning to the end of the
line varies of only 20 mGal.

8.2.2 Analysis of the perturbing accelerations produced by the aircraft

In chapter 4.2 we did a first analysis of the accelerations produced by the engines of the
aircraft and by the movement of it. In order to get more precise information of these
accelerations acting on the reference’s mirror we analyzed the measurements of the /NS.
These data were processed in such a manner to obtain the whole kinematics accelerations
produced by the aircraft. The accelerometers of the /NS measure the sum of the kinematics
accelerations and the local gravity.

In the local reference frame it can be formulated as (Fadi, 2001):

ad=f-20. +Q W +g (8.19)
Where:

a' :Kinematics acceleration in the local reference frame

f' : Forces measured by the accelerometers

Q' : Anti-symmetric matrix associated to the rotation’s vector @, representing the rotation of
the Earth with respect to the geocentric reference frame

Q' : Anti-symmetric matrix associated to the rotation’s vector @, representing the rotation of
the local reference frame with respect to the geocentric reference frame

v\ : Ground speed

!

g :Local gravity
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Q' is determined by means of the combination of the /NS and GPS measurements. The

ground speed V' is determined by the GPS data only. Then by introducing a model of the
local gravityg', it is possible to determine the kinematics accelerations acting on the

reference’s mirror. The whole INS data were processed with software developed by par J.
Skaloud (J. Skaloud, 1995)

Figure 1-2 shows the vertical kinematics accelerations estimated in the local reference frame
and their amplitude spectrums whereas the horizontal kinematics accelerations and their
spectrum are shown in Figure 8-4.
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Figure 8-4: Measured vertical accelerations and their amplitude spectrum.
The upper graph shows the measured accelerations measured by the /NS during the first flight
Leuk-Martigny. The lower graph shows the amplitude spectrum of these accelerations.
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Figure 8-5: Measured horizontal accelerations and their amplitude spectrum.
The upper graph shows the measured accelerations measured by the INS during the first flight
Leuk-Martigny. The lower graph shows the amplitude spectrum of these accelerations.
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8 Processing of the airborne gravity data

By comparing the amplitude spectra of the measured accelerations during the test flight and
during the measurement flight one can clearly see that these are absolutely not equal. The
peacks at 28 Hz and around 83 Hz are present on both spectra but a series of resonance peaks
appear during the measurement flight. The sources of these perturbation is, however, difficult
to determine. Nevertheless these perturbations have to be introduced in the physical model in
order to fit the reality as good as possible. In order to get an idea about the influence of the
driving system of the FG5-L we did two supplementary spectral analysis (Figure 8-6 and
Figure 8-7) corresponding to accelerations measured during the falls and between the falls
respectively.
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Figure 8-6: Mean amplitude spectrum of the accelerations measured during the falls.
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Figure 8-7: Mean amplitude spectrum ot the accelerations measured between the falls. These
accelerations correspond to the perturbations produced by the aircraft.
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These two graphs clearly show that the excitation frequencies are the same in both cases. The
only small difference is that the peak of the accelerations measured during the fall is larger
than that of the measurements between the falls. This is due to the fact that the duration of
measurements used for the computation of the spectrum is shorter in the first case than in the
second case (0.1 s for 1 s)

This short analysis allows us to summarize the principal pertubating sources, which we will
introduce as variables in the model.

Amplitude [m/s"2/Hz] | Fréquence [Hz]
0.173 27
0.059 38
0.035 82
0.029 53

Table 8-6: The principal perturbing frequencies and their amplitudes
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8 Processing of the airborne gravity data

8.2.3 Estimation of the apparent acceleration 4, for a single fall.

First step, elimination of the erroneous measurements.

The major problem encountered during the airborne measurements was that of the horizontal
position of the support table and consequently the verticality of the gravimeter. In principle a
small deviation around the vertical does not affect the measurement. In reality because the
space between the falling prism and the drag—free chamber is only of some millimeters, an
inclination of more than 1° leads to a collision between the prism and the wall of the chamber.
The aircraft flying with a more or less constant pitch of around 3° it was necessary to equip
the support table with a 3 point leveling system in order to maintain the position horizontal
with an accuracy of £ 0.5°. Despite this system the collision prism-drag-free chamber could
not be completely avoided.

A collision between the prism and the wall of the drag-free chamber has for consequence to
produce a discontinuity in the function of the residues obtained during the estimation of 4,,, .

In Figure 8-8 such a discontinuity produced by a collision can be clearly seen.

10" M;: Residuals with extenal sensor.  Al: Residuals without external sensor.
2 T T T T T T T

Discontinuities due to the
collision between the
ir chamber and the falling
cube.

05

Residulas [nm]

Domain without discontinuities

| 1 1 1 1 1 1 1
0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13
time [s]

Figure 8-8: Example of a function of residuals. The curves shows clearly the discontinuities
produced by the collision between the falling cube and the wall of the drag-free chamber. The
time interval between 0.07 s and 0.11 s corresponds to a pure free fall.

In order to test the validity of each drop several methods were tested. During the adjustment
by least-squares the time interval used for the adjustment can be optimized by removing the
first and the last measurement’s points, that is to set a upper and a lower limits. This
optimization can be based either on the RMS or on the theoretical value of g. Such methods
are not flexible enough and constrain too much the estimated 4,,, toward the theoretical g.

More, the functions of residues obtained after the optimization procedure still show many
discontinuities.

A second method consists of setting the bounds used for the adjustment in such a manner that
the time interval without discontinuities is the largest possible. The disadvantage of this
method is that it leads to take too short windows. Shorter is the window more low frequencies
are lost in the physical model (see equation (6.2)). Knowing that the information lies mostly
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in the low frequency domain and that the perturbations induced by the engine are around 28
Hz one can conclude that this method is not appropriate.

The third method, which was used in this project, is to set the bounds in such a manner that
the largest measurement window is around 0.1 s and then to eliminate all the drops having a
discontinuity inside this time interval.

Second step, estimation of A,,, for every single fall
After having eliminated all the erroneous falls the value of 4, is determined by adjustment

to the physical model described by equation (6.2), by introducing as variable the frequencies
of the principal pertubators as described in Table 8-6. The method is the same as the one
developed during the test with the truck (see chapter 6) with the difference that the
determination of the movements of the reference’s mirror is based on the /NS data.

The graphs of Figure 8-9 represent the residuals obtained by adjustment on the classical
model to say without taking into account neither the movements of the reference’s mirror nor
the frequencies of the principal perturbators. The graphs of Figure 8-11 represent the
amplitude spectrums of these signals.

x10" W Residuals with extenal sensor. A : Residuals without external sensor.

05+
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x10" Movement from the reference mirror
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05+ =
E
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N
05+ &
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0.05 0.06 0.07 0.08 0.09 0.1 0.1 0.12
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Figure 8-9: Functions of residuals and movements of the reference’s mirror. The curve
marked by m, represents the residues obtained when the movements of the mirror (lower
graph) is not taken into account. The curve marked by A, represents the residues obtained
when the movements of the reference’s mirror and the frequencies of the four principal
perturbators are taken into account.

The graphs of Figure 8-9 clearly show the strong correlation between the classical function of
residues and the movements of the reference’s mirror determined by the /MU. It is also worth
noting the spectacular improvement of the adjustment: around a factor of 30 between the
amplitudes of the residues. A more detailed view of the residues obtained after adjustment is
presented in Figure 8-10.
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8 Processing of the airborne gravity data
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Figure 8-10: Graph showing the residues obtained after adjustment on the physical model
described by equation (6.2).

The amplitude of the corrected residuals presented in Figure 8-10 are of the same order of
magnitude as those obtained in the laboratory without external corrections. So the resolution
one can expect for the apparent acceleration should be one the same order of magnitude:

several mGal.
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Figure 8-11: Amplitude spectra of the residuals and of the movement of the reference mirror.
A : Amplitude spectrum of the classical function of residuals. m: Amplitude spectrum of the
function of residuals corrected by means of the movements of the reference’s mirror.
o: Amplitude spectrum of the movements of the reference mirror.
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Like for the analysis of the residuals of Figure 8-9, the amplitude spectra represented in
Figure 8-11, show an almost perfect correlation between the residuals and the movements of
the reference’s mirror. However, it is interesting to point out that the principal correlated
frequency is around 32 Hz, which corresponds to the one measured in the laboratory.

We formulated the hypothesis that this resonance is generated by the driving system of the
drag-free chamber but if it would be the case the residuals should be 25 times less than they
are.

It seems that there is a resonance of the FG5-L amplified by the quasi white noise of the
vibrations of the aircraft. It is also important to see that the corrected amplitude spectrum is
almost flat compared to the uncorrected one. A more detailed analysis of the corrected
residues is presented in Figure 8-12.

0 L
150 20

Figure 8-12: Amplitude spectrum of the data of an airborne fall (left diagram) and of a
laboratory drop (right diagram). Both were obtained by adjustment on the corrected physical
model (6.2) at the difference, which for the laboratory solution the principal frequencies were
not taken in account.

The amplitude of the spectra of Figure 8-12 (spectrum of the data of airborne drop adjusted on
the model (6.2) and of the laboratory drop adjusted on the model (6.1) are of the same order
of magnitude. This allows us to conclude that the airborne measurements of the apparent
accelerations are comparable to those of laboratory measurements, to about 2-5 mGal (see
chapter 5.5). It is also worth noting that the introduction of the frequencies of the 20 principal
perturbators almost removes the peak between 150 Hz and 300 Hz. The results of the

estimation of the apparent accelerations 4,,,, along each flight line are presented graphically

in Figure 8-13.
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8 Processing of the airborne gravity data
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Figure 8-13: Estimated apparent accelerations 4,,, along the flight lines.(Line 01, 03 : Leuk-
Martigny et Line 02,04 : Martigny-Leuk)

Table 8-7 gives an overview of the principal values obtained during the estimation of the
apparent accelerations along each flight line.

Line 01 Line 02 Line 03 Line 04
Vi Gl 974570.52 976481.16 97991548 979144.96
appatent 5 =20614.76 c=18012.84 c=17717.14 o =20909.46
A=A, i = G| [MGal] 5329 3585 29 752
8.62 12.86 8.06 756
Mean,,,, s [nm] c=1421 c=17.23 c=11.53 = 8.94
5, mGal 4.96 14.96 498 539
c=10.86 c=19.86 5=9.96 6 =22.95

Table 8-7: Summary of the values obtained during estimation of the apparent
accelerations along the flight lines. 4 : Mean value of the whole apparent accelerations.

appatent
A=A

pparent — &ineo| - Difference between the mean value of the whole apparent accelerations

estimated along a flight line and the mean value of g, estimated by upward continuation of
ground data. Mean,,,, ,,.: Mean value of the whole rms obtained during the adjustment.

o, : Mean value of the standard deviations obtained during the estimation of the apparent

apparent

accelerations.
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The results presented in Figure 8-13 and summarized in Table 8-7 show mean values of the

apparent accelerations A which are relatively close to the theoretical value of g,

appatent >
estimated by upward continuation of ground data. The deviations with respect to the
theoretical values are for one part due to the kinematic accelerations and for another part to
the completely erroneous estimated values.

Of special importance is the obtained Mean,,,, ,,., values which correspond to the mean

value of the whole rms obtained during the estimation of the apparent accelerations and also
theo, -, corresponding to the mean standard deviation of the apparent acceleration along a

line. Both values confirm that the estimated apparent accelerations are on the order of
magnitude of the expected resolution: several mGal.

During the estimation of the apparent accelerations for each drop the perturbations acting on
the reference mirror were taken into account. Through this the perturbations of which the
principal frequencies are between 10 Hz a 400 Hz are strongly attenuated.

However the functions 4, (x(?), y(¢),z(¢)) have still to be corrected for the kinematic

acceleration of low frequencies (< 10 Hz) in order to get the real value of g.
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8 Processing of the airborne gravity data

8.2.4 Correction of the functions 4., (x(?), y(?),z(1))

The kinematic accelerations (upper curves) first low-pass filtered at 10 Hz and their amplitude
spectrum (lower curves) are presented in Figure 8-14 for each line.
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Figure 8-14: Filtered kinematics accelerations and their amplitude spectrums.

Looking at Figure 8-14, it is easy to see that the amplitudes of the kinematics accelerations
can reach more than 0.2 g! These amplitudes are almost 10 times stronger than those
measured during the relative airborne survey of the French Alps, flown at 5000 m (E. Klingelé
et al. 1997, J. Verdun 2000). This partly explains the results obtained during the estimation of
the mean apparent accelerations (See Table 8-7).

It is also interesting to note the presence of a period of around 150 s on each line during which
the flight conditions are more quiet. This is probably due to the configuration of the valley
changing the wind conditions, which in turn reduce the turbulence.

The amplitude spectra reproduced in Figure 8-14 show that the maximum of information of
the filtered kinematics accelerations is below 4 Hz and that the maximum amplitude is around
0.1 Hz. Before subtracting the kinematic accelerations from the apparent accelerations both
were filtered with a low-pass filter of which the cut-off frequency corresponds to the
maximum time between two accepted measurements, 20 s. (Fc = 0.05 Hz). The combination
of the mean ground (around 70 m/s) and this filter leads to a spatial resolution of 1.4 km.
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The raw and filtered signals are presented for each line in Figure 8-15 to Figure 8-18.

s

- x10° Estimated apparent acceleration [nGal]
= Line 01
€ 10p -
8
£ o5 -
S o |
<
835104 3.1‘05 3.1‘06 3.1‘07 3. 1‘08 3 1‘09 3.
GPS Time [s] A0
s Estimated cinematic accelerations [mGal]
gost ’ ]
£ |
5 o0 WWWMV‘WWWL A{\{\ WW UWWMMM’MLA ﬂw J fl Jw ( WJ ﬂﬁlﬁ d
% -05F ‘ u / o
-13?104 3.1‘05 3.1‘06 3.1‘07 3. 1‘08 3 1‘09 3
GPS Time [s] x10°

App. acceleration [mGal]

x10" Low-pass filtered variations from the apparent accelerations (Fc = 0.05 [Hz])
1 T T T T
sl Line 01
o 4
0.5
!
5 . I I I
3.104 3.105 3.106 3.107 3.108 3.109 311
GPS Time [s] X105
%10 Low-pass filtered apparent accelerations (Fc = 0.05 [Hz]) [mGal]
2 T T T T
= f\
T
8 N
g1 ) M N N
5 ~ A~ N ALV T YA TN
] N A LA £ YN A B
VARV VI AVARN WIS
H \/ (VAR WRVARY /
s Y \ LV V
A \ k J
5]
2 I I I
3.104 3.105 3.106 3.107 3.108 3.109 311
GPS Time [s] x10°

Figure 8-15: Apparent and kinematic accelerations along line 01, Leuk-Martigny.
The left graphs represent the unfiltered apparent (upper left) and kinematics accelerations

(lower left). The right graphs represent the apparent (upper right) and kinematics (lower right)
accelerations filtered with a low pass filter with Fc = 0.05 Hz.

s

Estimated apparent acceleration [nGall

Line 02

App. acceleration [mGal]

5,
311 3.112

L
3113

I L L
3.115 3.116 3.117

GPS Time [s]

L
3.114

Estimated cinematic accelerations [mGal]
T T T

L
3.118

34
x10°

o

L05F

Cin. acceleration [mGal]

g “WW‘WWWWW\ ————

A
311 3.112

L
313

I L I
3.115 3.116 3117

GPS Time [s]

I
3.114

I
3.118

34
x10°

x10' Low-pass filtered variations from the apparent accelerations (Fc = 0.05 [Hz])
15 T T T T T T T
5 1+ Line02 <
£
= 05F ~
S
3
8-05- 4
g
< r 1
15 | | | , . \ |
311 3112 3113 3414 3115 3416 3417 3118 3119
GPS Time [s] x10°
%10 Low-pass filtered apparent accelerations (Fc = 0.05 [Hz]) [mGal]
4 T T T T T T T
- f \ A f
= \
AT, " / VIV A
E N N AN AN A
N A [ ) \
) \/\\ IAA 7 \/\,\/\/v\/\w\/, WARAWAY
NATAVETRAVERVAGVRVAAVACY |
sV NV . Y v
V
541 v 1
6 , . | | \ \
) B 3112 b 4 e 3114 3115 3.116 3117 3.118 3119
GPS Time [s] x10°

Figure 8-16: Apparent and kinematic accelerations along line 02, Martigny-Leuk.
The left graphs represent the unfiltered apparent (upper left) and kinematics accelerations

(lower left). The right graphs represent the apparent (upper right) and kinematics (lower rigth)
accelerations filtered with a low pass filter with Fc = 0.05 Hz.
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8 Processing of the airborne gravity data

s

x10 Estimated apparent acceleration [mGal] x10* Low-pass filtered variations from the apparent accelerations (Fc = 0.05 [Hz])
105 ! ! B : : 1 : ! ! ;
= Line 03 5 Line 03
g 2 05
E E O
5T g
2 g o |
s 3
g 95 8
. 505
< <
o , , , . . , A , , , , ,
3121 3122 3123 3124 3125 3126 3127 31 3121 3.122 3.123 3124 3125 3126 3127 3.128
GPS Time [s] <10 GPS Time [s] 16
Estimated cinematic accelerations [mGal] 4 x10* Low-pass filtered apparent accelerations (Fc = 0.05 [Hz]) [mGal]
1 : : , : | i : )
] £l ) ; }r,\
£ i £ A A A [ f\ \
s " A AN AN A
g Moo | = 7~ /
: o (et f\”\/wwww/\Wv"(‘tWWW)/ “f‘rfuw ih L1/ I KW Y VAVARY, VI / \/ v/
T o ! / \ \ v \os o
E V g o J Y v \v/ /
205 7 c2r / Y
o s} \
4 , | , \ , , 4 , , , | ,
S 3422 % v 3124 3125 36 327 <4 | 3121 3122 AL 3.124 3925 3126 32T 3.128
GPS Time [s] <16 GPS Time [s] <16

Figure 8-17: Apparent and kinematic accelerations along line 03, Leuk-Martigny. The left
graphs represent the unfiltered apparent (upper left) and kinematics accelerations (lower left).
The right graphs represent the apparent (upper right) and kinematics (lower rigth)

accelerations filtered with a low pass filter with Fc = 0.05 Hz.
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Figure 8-18: Apparent and kinematic accelerations along line 04, Martigny-Leuk. The left
graphs represent the unfiltered apparent (upper left) and kinematics accelerations (lower left).

The right graphs represent the apparent (upper right) and kinematics (lower rihgt)
accelerations filtered with a low pass filter with Fc = 0.05 Hz.

The accelerations of Figure 8-15 to Figure 8-18 show a good correlation between the lines. It
is also seen that the quiet flight period appears in the apparent accelerations and in the
kinematic one as well. When filtered the correlation between the two signals is not as marked
as previously.

However, this correlation still exists as demonstrated by the two correlation’s functions
estimated for line number 2 (see Figure 8-19).

Even if the amplitudes of the kinematic accelerations are on the same order of magnitude as
the variations of the apparent accelerations around the mean value, the difference is too high
to be subtracted without adjustment of the amplitudes. This difference is due to the fact that

the kinematic accelerations correspond to the mean value of the values measured during each
drop.
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The adjustment procedure of the amplitudes is the same as the one we applied to the
measurement carried out in the small truck: by signal correlation (See chapter 6.4).
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Figure 8-19: Estimated correlation’s functions for line number 02. The left graph shows the
correlation of the raw accelerations and the right graph shows the correlation between the
filtered accelerations (Low-pass filter 20 s).

After have been re-adjusted the kinematics acceleration are subtracted from the apparent
accelerations. Then the data are corrected for the E6tvos accelerations and finally filtered for
removing the high frequencies produced essentially by the erroneous measurements

The data of each line were processed in the same manner. They were first de-spiked by

removing the data of which the amplitude was higher than the mean estimated value Zappmm

10°000 mGal. Finally the data were filtered with a low-pass filter having a cut-off frequency
of Fc = 0.0064 Hz. The wavelength corresponding to this frequency is around 11 km for a
ground speed of 70 m/s.

The results of this processing are presented graphically in Figure 8-20, and the corresponding
statistical data are compiled in Table 8-8.

Distance [km] Ag [mGal] o,,.. ImGal]
Line 01 28 -41.8 4.1
Line 02 50 -63.1 16.8
Line 03 27 -162.1 9.2
Line 04 40 -54.5 8.9
Ag = 80.3 G0 =97

Table 8-8: Summary of the statistical data about the estimated value of g along the four flight
lines. Distance: length of the line, Ag: mean value of the difference between the estimated

: standard deviation of the

value and the value obtained by upward continuation, o

error *

difference between the estimated g and the upward continued value.
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8 Processing of the airborne gravity data

Estimated gx(®.y().2=2500) ( Bl ), prolonged g (&), [mGall

Estimated g(x(®).y().2=2500) ( B ), prolonged g ( AJ), [mGal]

1000
Line 01 A i
950 , A 980 | Line 02
A x A
940, A 960, i 5
= | \ P
& A A =
A S 940, L
7 gy
g £ e
g A
5 & 920
& 920 S
&
900..
810, : -
n
- 880. r
n u =
900, ) - ™ LI |
1307 - o0,
140
120 ;\ e X
N X 1207
— — N N e
107N g % “sos 600 605 Y 1007 oo e sso ses 590 595 600 605 610 615
575 580 585 590 565 570 575 580 585 590 595 600
Estimated g(x(t)y()z=2500) ( M ), prolonged g (&), [mGal] Estimated g0t y(t.2=2500) ( M ), prolonged g (A1), [mal]
960 a 960,
A A
: e 950 .
%0\ Line 03 s v Line 04 v
920. S S 940, | A y /"
A o
900, 0 A A
- = i 5
o o \ o
8 as0. 2920 v %
E S
S g
S 860, 3 910, u
5 i 900
& 840, i = 0 u
890, ] :
820, i \| =
880
N
800, u
870 |
780 . E 130N
AN U N\ Y
120 . . . . - £ 120 A\\ . %
120\ X Y HUA\I X
Y A — \ e e %
) . ki i 610 N ~__ ™ 5 600 605 610
110 v S5 500 595 600 605 00T Vo se s S0 59

Figure 8-20: Estimated value of g for each flight line (m) g(x(?),y(t),z=2500), and the g value
deduced from the upward continued ground Bouguer anomaly (A).

The diagrams of Figure 8-20 show that only along line 2 the estimated g does not follow the
same trend as the gravity obtained by upward continuation of the ground data. For the other
three lines both curves are more or less parallel and shifted by a mean value of Ag =80 mGal.

This value is on the same order of magnitude as the one obtained during the relative airborne
surveys of Switzerland (E. Klingelé, 1996) and of the French Alps (J. Verdun, 2000). This is
attributed to the upward continuation of the ground data. However, because of the anti-
correlation in line 2 this hypothesis cannot be confirmed neither rejected. We saw in chapter
3.3.5 that the resolution of the LN-200 IMU accelerometers was 2400 mGal. During the
processing we tried to adjust the measured IMU accelerations with the FG5-L acceleration by
correlation. It is possible that, trough this kind of processing we introduced a shift due to the
low accuracy of the measured accelerations.

Moreover, because lines 1 and 3 were flown from Leuk to Martigny and lines 2 and 4 from
Martigny to Leuk it can be surmised that the flight conditions strongly influenced the quality
of the data (back or front wind). It is also clear that the shorter lines show the largest
difference with the supposed true value. On the other hand the standard deviations do not
show any particular correlation either with the flight directions or with the lengths of the lines.
Their mean value, & is on the order of magnitude as the expected resolution &, = = 9.7

error ° error
mGal.
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9 Conclusions and recommendations

In the last ten years, global change has become of major concern for mankind. In this context
a precise knowledge of the Earth gravity field is of utmost importance in various
applications: In geodesy for determining the geoid which serves as the absolute height
reference needed for monitoring sea level variations and in geophysics for determining masse
anomalies in the Earth interior.

Because satellite gravimetry only covers wavelengths larger than 100 km and the ground and
offshore data cover wavelengths extending from meters to some kilometers, there is a large
uncovered wavelength domain, which can only be filled by airborne techniques.

Until now, all the airborne gravity surveys were carried out with relative gravimeters. The
principal disadvantages of this kind of gravimeters are the correlation between measurements
of a same data set, the instrumental drift, the frequency response of the spring and possible
variations of the calibration factor. In comparison, absolute gravimetry does not suffer from
any of these problems. To our knowledge nobody has attempted to perform measurements
with an absolute gravimeter in kinematic mode onboard an aircraft.

As shown in chapters 2 and 3 the most difficult problem in absolute airborne gravimetry is the
compensation of the perturbing vertical accelerations. To solve this problem it is absolutely
necessary to have a system able to measure both the accelerations induced by the movements
of the aircraft and by those generated by the engines and the propellers.

In order to compensate these accelerations two different methods were studied. The first one
consists of decoupling the gravimeter from its support by means of a mechanical filter while
the second one uses a mathematical model for subtracting numerically the perturbing
accelerations.

Three mechanical filters were studied: A commercial optical table from Alcyonics, a multi-
layers table and a hanging table.

The application of the transfer functions of these filters to the amplitude spectrum of the
vibrations of the aircraft has shown that the hanging table presented the best characteristics in
flight conditions. Unfortunately this system like any other mechanical filter has the
disadvantage of having a resonance frequency close to the frequency of some typical
movements of an aircraft consequently inducing broad oscillations of the table. The only
possibility for controlling these oscillations would be to introduce a magnetic damper but that
would also decrease the quality of the transfer function. Consequently this solution was not
retained.

The numerical compensation and the general behavior of the FG5-L were studied in detail.
From this study we could clearly see that the principal components of the FG5-L (laser, GT
650 board) allow measuring g with a resolution of 2.5 mGal for each single fall. It was also
possible to confirm that with the numerical compensation of the movements of the reference
mirror the residuals are reduced by a factor of 8. In order to test the two methods of
compensation a dynamic experiment was carried out in a small truck. From this experiment it
was possible to show that the whole system and especially the FG5-L work correctly in an
extremely noisy environment.

A first test in strapped-down configuration (without mechanical filter) has shown that the
numerical compensation is a fully satisfactory method. The strategy developed consists of
decomposing the perturbing accelerations in two distinct groups. In the first group are the
perturbation produced by the engines of the aircraft and lying in the frequency band between
10 Hz and 200 Hz. The lower limit of this group corresponds to the falling time of the prism,
and the higher limit is given by the sampling rate of the external sensors (Episensor and INS).

The second group contains the low frequency accelerations due to the movements of the
platform.
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The compensation is done in two stages. In the first stage the accelerations of the first group
are integrated twice in order to determine the movement of the reference’s mirror during the
fall. This movement is then introduced as variable in the system of equations allowing the
determination of the apparent acceleration. After this procedure has been applied to each fall
one obtains a function a(?) from which it is necessary to remove the accelerations of the
second group in order to obtain g(?). This method applied to the truck experiment has shown
its efficiency and allowed the determination of g with a resolution of 16 mGal.

Even if this resolution was higher than the expected resolution we found it sufficiently
promising for applying it to a real airborne experiment.

A second dynamic test carried out with the hanging table in the small truck was really
disappointing. In fact during the development of this table we totally underestimated the
influence of the accelerations produced by the movements of the drag-free chamber at the
beginning and at the end of each fall. Such accelerations can be assimilated to Dirac impulses,
which excite the system in a broad band of frequencies including the resonance frequency of
the filter. The measurement frequency of the FGS5-L being 0.5 Hz and the resonance
frequency of the table 1 Hz, the accelerations of the drag-free chamber produce systematic
errors, which cannot be corrected, and the estimated value of g is shifted.

We were also able to demonstrate that the positioning by GPS allows a reasonable
determination of the kinematic accelerations and consequently to correct the raw values of g
to obtain the true gravity.

A combination of GPS and INS measurements produce complete information of the position
of the aircraft in space with a high sampling rate. Using the experience gained during the
small-truck experiment it was possible to develop a method of compensation for the airborne
measurements taking into account the attitude of the platform during the flight.

Finally the analysis of our results allows us to answer the fundamental questions formulated at
the beginning of the project, which were:

1. Is absolute airborne gravimetry feasible at all?
2. Which accuracy can we expect from these measurements?

3. What are the advantages and disadvantages of this technique with respect to the
classical ones?

4. Which are the necessary improvements to be done to the system in order to make
it useful for routine measurements.

As regards question 1 we can definitively and clearly answer: YES

Based on the results summarized in Table 8-7 and Table 8-8 we can claim that the
gravimeter FG5-L behaves correctly even in extreme conditions as those encountered
during an airborne survey. Therefore the measurements are reliable and can be used
for the determination of g.

As regards the question 2, a clear answer is more difficult to formulate.
For a wavelength of 11 km the mean resolution is 9.7 mGal. (See Figure 9-1) which

approximately corresponds to the one obtained in relative airborne surveys (Klingelé
et al., 1996, Verdun et al. 2000).
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We have seen in chapter 8.2 that the resolution strongly depends on the flight
conditions. In our experiments we did not have the choice of the flight area or of the
flight altitude. These were imposed to us by the air traffic control and by the
meteorological conditions. A flight in a region with a very rugged topography like in
the Alps a flight altitude of 2500 m is far to be ideal. It would have been better to fly
higher than the highest mountain in order to reduce the influence of the turbulences. If
a further experiment will append in the future such remarks should be taken into
account.

Resolution [mGal]
16

0 5 10 15 20 25 30
Wave length [km]

Figure 9-1: Comparison between the resolutions obtained by relative and absolute
airborne surveys. The curve (m) represents the experimental resolution obtained during
the airborne relative surveys of Switzerland (Klingelé et al. 1996) and of the French
Alps (Verdun et al. 2000). The dot corresponds to the resolution obtained during the
present project.

3. What are the advantages and disadvantages of the absolute measurements with
regard to the relative one?

The most severe disadvantage is that the sampling rate is too low. While in the relative
airborne gravimetry the signal is sampled at 200 Hz to 1000 Hz in the absolute
technique the sampling rate is around a second with a measurement window of 0.1 s.
This can lead to serious problems at the time of synchronizing the apparent with the
kinematic accelerations. Indeed the value of g estimated during a single fall
corresponds to a mean value of the accelerations working on the falling prism and on
the reference mirror. In order to be able to correct the value obtained in this way it is
necessary to attribute a time to the estimated value, which can vary between the
beginning and the end of the fall. As we have seen in chapter 6 (see Figure 6-23) the
kinematic accelerations can vary strongly during a drop. These have a direct influence
on the correlation between the estimated apparent gravity and the kinematic
accelerations and, therefore, on the quality of the correction.

The best advantage of the method is, without doubt, the possibility of getting directly

the value of g avoiding a reference station at the airport, avoiding the problems of
drifts and tares.
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Moreover, the measurements being uncorrelated at all an erroneous value has no
influence on the others measurements.

Even if the system needs a leveling table allowing to keep the instrument in a more or
less vertical position, the complexity of this table is not comparable at all with the one
of a gyro-stabilized platform necessary for relative airborne or ship-borne gravimetry.

The experiments carried out during this project have shown that the gravimeter FG5-L
works perfectly in a strapped down configuration which makes the dynamic
measurement very advantageous.

While relative airborne measurements needs a time of stabilization at the beginning of
each line Klingelé et al. (1996) and Verdun et al. (2000) have shown that the length of
the flight line used for the stabilization of the gyro-stabilized platform is on the order
of 20 to 30 km) absolute measurements can begin immediately after the aircraft has
been positioned on the line. This greatly increases the useful length of the line and
consequently reduces the cost of the survey significantly.

4. What are the necessary improvements to be done to the system in order to make it
routinely usable?

138

As we have seen one very important problem is the collision of the falling prism with
the drag-free chamber. In order to solve this problem and consequently to avoid this
collision it would be necessary to increase the distance between the two objects by
increasing the diameter of the chamber.

On the other hand, it is questionable if such a drag—free chamber is absolutely
necessary for an expected accuracy of some mGal instead of microGal. Also the
necessity of a constant pumping by an ionic pump can be seriously asked. In our
opinion a good vacuum made at the beginning of each day, for example, would be
sufficient for our purpose.

In order to improve the accuracy of the correction of the apparent acceleration it would
be necessary to have lower frequency of the modeled perturbator. For that the actual
length of the dropping chamber of the FGS5-L is too short. It should be considered to
increase it by a factor of two for getting a longer free-fall.

A very important component to be introduced to the actual system would be a servo-
controlled leveling table allowing to keeping the instrument in a vertical position with
accuracy better than 0.5 degree. This accuracy, of course, depends on the length of the
drop and on the distance between the falling prism and the drag-free chamber (if
maintained in a fully airborne version of the instrument). A supplementary feature
could be to condition the start of a drop to a sufficient accurate vertical position of the
gravimeter.

Before beginning with the suggested modifications and improvements it would be
reasonable to determine the resonance frequencies of the instrument itself. As we have
seen during the analysis of the airborne data it seems that some mechanical
components of the instrument enter in resonance with the vibrations of the aircraft,
which at the end produce an increase of the residuals (See chapter 8.2).



9 Conclusions and recommendations

The different tests we performed during the development of a passive damping system
(see chapter 0) have revealed that the addition of a pseudo drag-free chamber moving
synchronously with the real drag-free chamber but in opposite direction, can strongly
reduce the problem from the floor or platform recoil and this, independently from the
type of experiment.

Finally in spite of very unfavorable conditions of measurements, and in spite of a relatively
small budget the results obtained can be qualified as good and promising for further
experiments and developments.
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