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EXECUTIVE SUMMARY

GG is a small satellite which aims at testing the Equivalence Principle to 1 part in 10*" . It
would improve by 4 orders of magnitude the best ground based laboratory tests as well as
those based on Lunar Laser Ranging.

The Equivalence Principle is the founding pillar of General Relativity and testing it to very
high accuracy is widely recognized as a crucial asset for fundamental physics beyond the
current unsatisfactory framework. The inability so far to merge General Relativity with the
Standard Model of particle physics, and the open problems of modern Cosmology —from
dark matter to dark energy— all point to the need of putting General Relativity to the most
stringent possible tests.

Space provides the most favorable conditions by far for testing the Equivalence Principle to
very high accuracy. GG aims at reaching such a remarkable goal with a satellite carefully
designed around a new concept instrument designed and optimized for this test. Overall,
this makes the GG satellite small and in the low cost range. In addition, since it requires a
low Earth equatorial orbit, it can be launched by VEGA (even in a dual launch) and operated
from Malindi.

ASI has become interested in GG since 1996, when ESA was ready to provide financial
support to a national mission devoted to testing the Equivalence Principle. At the time GG
was a novel concept and it was not possible to provide sufficient experimental evidence.
However, soon afterwards GG was selected as candidate for a small ASI mission, though it
was not finally selected. Then, due to the difficulties emerged in procuring reasonably cheap
launches in equatorial orbit, ASI funded an additional study of GG, in order to investigate the
possibility to run the GG experiment in a high inclination sun synchronous orbit, for which
cheaper launchers were available.

The subsequent interest of INFN in GG, made it possible to build up a dedicated laboratory
for a full scale prototype of the GG payload (GG on the Ground-GGG). The GGG national
experiment of INFN has provided increasing experimental evidence and a constantly
improving sensitivity, even in the more hostile ground environment.

Due to these scientific results, and thanks to the support of the Italian Cosmology
community, GG was included in the Piano Spaziale Nazionale of ASI 2006-2008, whereby
the GG scientists and Thales Alenia Space-Italy have been supported for this Study

Throughout the GG studies, the contribution of Thales Alenia Space has been extremely
important and of very high standard, thanks to their experience on fundamental physics
missions and on the recently launched GocCE mission of ESA. The GG Simulator (based on
the experience made with the GocE Simulator) and the GG Drag free control —also based
on heritage from GOCE- are by all standards, quite remarkable. Together with the GGG
laboratory prototype, they provide strong confidence in the feasibility and success of GG.

Though the final conclusions will be presented only at the end of this Study, the GG satellite
mission appears mature to enter a Phase B investigation.

EXECUTIVE SUMMARY



Section 1: Scientific background

1. SCIENTIFIC BACKGROUND

General Theory of Relativity (GTR) and the Standard Model (SM) of particle physics,
taken together, form our current view of the physical world. While the former
governs physics in the macroscopic and cosmic scales the latter governs the physics
of the microcosm. According to GTR, gravity is not a force but a manifestation of
space-time curvature. The relation between space-time curvature and space-time
content (mass-energy and momentum) being given by Einstein’s field equations. The
theory has been extensively tested and no astronomical observation or experimental
test (the most accurate of which have been performed in space) has been found to
deviate from its predictions. Thus it is the best description we have of gravitational
phenomena that we observe in nature. The Standard Model of particle physics gives
a unified formalism for the other three fundamental interactions (strong, weak and
electromagnetic) between the fundamental particles that make up all matter. It is a
guantum field theory which is consistent with both Quantum Mechanics and Special
Theory of Relativity. To date, almost all experimental tests of the Standard Model
have also agreed with its predictions.

However, merging these two very successful theories to form a single unified theory
poses significant difficulties. While in SM particle fields are defined on a flat
Minkowski space-time, GTR postulates a curved space-time which evolves with the
motion of mass-energy. The definition of a gravitational field of a particle, whose
position and momentum are governed by the Heisenberg Uncertainty Principle, is
unclear. In addition quantum mechanics becomes inconsistent with GTR near
singularities. Attempts at reconciling these theories often lead to a violation of the
Equivalence Principle on which GTR is based. Therefore tests of the Equivalence
Principle address a crucial problem which is at the heart of fundamental physics
today.

In addition, the need to understand the nature of dark matter, the recent remarkable
discoveries of observational cosmology and the puzzle of dark energy, all indicate
that physics beyond the Standard Model and the General Theory of Relativity is
needed. Invoked by most astronomers, dark matter probably consists of
undiscovered elementary particles whose aggregation produces the gravitational pull
capable of holding together galaxies and clusters of galaxies. It should account for
more than 20% of the total mass in the universe but is not understood as yet. Dark
energy is an even deeper mystery. Recent measurements show that the expansion
of the universe is speeding up rather than slowing down, thus contradicting the
fundamental idea that gravity is always attractive and calling for the presence of an
unknown form of energy (the “dark energy”) —whose gravity is repulsive and whose
nature determines the evolution of the universe— which should contribute by about
70% to its total mass.

GG Phase A-2 Sudy Report — April 2009 : Section 1 1



Section 1: Scientific background

The major questions now being asked about the universe at its two extremes —the
very large and the very small- appear to be inextricably intertwined.

The National Research Council of the US National Academies has appointed a
specific “Committee on the Physics of the Universe” to investigate the subject and
advise the major national research funding agencies. The results of the panel's work
have been published in the book "Connecting Quarks with the Cosmos: Eleven
Science Questions for the New Century” [1].

The 3" of the eleven questions identified in the book is “Did Einstein Have the Last
Word on Gravity?” and reads:

“Black holes are ubiquitous in the universe, and their intense gravity can be
explored. The effects of strong gravity in the early universe have observable
consequences. Einstein’s theory should work as well in these situations as it does in
the solar system. A complete theory of gravity should incorporate quantum effects—
Einstein’s theory of gravity does not—or explain why they are not relevant.”

The last chapter of the book, under the title “Realizing the Opportunities”, is devoted
to giving recommendations as to how to proceed in order to answer the 11 questions
identified. The recommendations focus on very large scientific projects; however, a
specific Section called “Striking the Right Balance” reads (p. 162):

“In discussing the physics of the universe, one is naturally led to the extremes of
scale —to the largest scales of the universe as a whole and to the smallest scales of
elementary particles. Associated with this is a natural tendency to focus on the most
extreme scale of scientific projects: the largest space observatories, the most
energetic particle accelerators. However, our study of the physics of the universe
repeatedly found instances where the key advances of the past or the most
promising opportunities for the future come from work on a very different scale.
Examples include laboratory experiments to test gravitational interactions, theoretical
work and computer simulations to understand complex astrophysical phenomena,
and small-scale detector development for future experiments. These examples are
not intended to be exhaustive but to illustrate the need for a balanced program of
research on the physics of the universe that provides opportunities for efforts that
address the scientific questions but that do not necessarily fit within major program
themes and their related large projects.

Two of our scientific questions —'Did Einstein have the last word on gravity?" and
"Are there additional space-time dimensions?"— are being addressed by a number of
laboratory and solar-system experiments to test the gravitational interaction. Tests of
the principle of equivalence using laboratory torsion balances and lunar laser ranging
could constrain hypothetical weakly coupled particles with long or intermediate
range. These experiments have reached the level of parts in 10 and could be
improved by another order of magnitude. Improvement by a factor of around 10°
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Section 1: Scientific background

could come from an equivalence principle test in space. ........ null experimental
results provide important constraints on existing theories, and a positive signal would
make for a scientific revolution.”

In addition to the “Committee on the Physics of the Universe”, a Dark Energy Task
Force (DETF) has been established in the US by the Astronomy and Astrophysics
Advisory Committee and the High Energy Physics Advisory Panel to advise the
Department of Energy, NASA and the National Science Foundation on future dark
energy research. In 2006 the DETF published its final report [2], where the Executive
Summary begins as follows:

“Over the last several years scientists have accumulated conclusive evidence that
the Universe is expanding ever more rapidly. Within the framework of the standard
cosmological model, this implies that 70% of the universe is composed of a new,
mysterious dark energy, which unlike any known form of matter or energy, counters
the attractive force of gravity. Dark energy ranks as one of the most important
discoveries in cosmology, with profound implications for astronomy, high-energy
theory, general relativity, and string theory.

One possible explanation for dark energy may be Einstein's famous cosmological
constant. Alternatively, dark energy may be an exotic form of matter called
guintessence, or the acceleration of the Universe may even signify the breakdown of
Einstein's Theory of General Relativity. With any of these options, there are
significant implications for fundamental physics. "

A few pages below, the Section of the Report on “Goals and Methodology for
Studying Dark Energy” ends with the following sentence:

“Just as dark-energy science has far-reaching implications for other fields of physics,
advances and discoveries in other fields of physics may point the way toward
understanding the nature of dark energy; for instance, any observational evidence
for modifications of General Relativity.”

The principle of equivalence has historically played a major role in the development
of gravitation theory. It is possible to ascribe two conceptually different kinds of
mass to a body: an inertial mass and a gravitational mass. The inertial mass is the
proportionality factor between a force (any kind of force) applied to the body and the
acceleration it acquires in response to it in an inertial laboratory. The gravitational
mass is a measurement of the property of the body to attract gravitationally any other
body (gravitational active mass), or to be gravitationally attracted by any other body
(gravitational passive mass). Assuming the validity of the action—reaction principle
(which leads to conclude that the center of mass of an isolated system must move
with constant velocity in an inertial frame of reference) also implies that the
gravitational passive and active mass of a body must be the same. The gravitational
mass is the analog in a gravitational field, of the electric charge in an electric field —it
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Section 1: Scientific background

can be viewed as a gravitational charge— and it has no apparent relation (in spite of
the name) with the concept of inertial mass. Using Newton’s law of gravitation to
write the equation of motion of a body of inertial mass m; and gravitational mass mq
in the field of a source body of gravitational mass Mg (for instance, the Earth), if m;oc
mg the resulting acceleration is the same for all bodies. With the measured value of
the gravitational constant G and a proportionality factor +1 (m; = mg) , the local
acceleration of gravity on the surface of the Earth —-the same for all bodies
regardless of their mass and composition— amounts to about 9.8 m/s®. This is the so
called Universality of Free Fall (UFF). No such thing holds for all other fundamental
forces of Nature. For instance, a proton and an electron do not have —in the same
electric field— the same (in modulus) acceleration, because the inertial mass of the
proton is much larger than the inertial mass of the electron and no proportionality
holds between the inertial mass of a body and its electric charge.

Galileo was most probably the first one to provide experimental evidence for the UFF
[3]. However, he was not aware of the law which rules the gravitational interaction.
Therefore, he had no awareness either of the equivalence between inertial and
gravitational mass, and of the link between this concept and his own experimental
results on the UFF. The fact that the two concepts of inertial and gravitational mass
refer in fact to the same physical quantity was first stated by Newton in the opening
paragraph of the Principia [4]: “This quantity that | mean hereafter under the name
of ... mass ... is known by the weight ... for it is proportional to the weight as | have
found by experiments on pendulums, very accurately made... "

At the beginning of the 20™ century, almost 300 years since Galileo's work, Einstein
realized that because of the proportionality between the gravitational mass and the
inertial mass, the effect of gravitation is locally equivalent to the effect of an
accelerated frame and can be locally canceled. This is known as the Weak
Equivalence Principle (WEP) which Einstein introduced in 1907 [5] as the
“hypothesis of complete physical equivalence” between a gravitational field and an
accelerated reference frame: in a freely falling system all masses fall equally fast,
hence gravitational acceleration has no local dynamical effects. Any test mass
located inside the famous Einstein elevator —falling with the local acceleration of
gravity g near the surface of the Earth— and zero initial velocity with respect to it,
remains motionless for the time of fall. An observer inside Einstein elevator will not
be able to tell, before hitting the ground, whether he is moving with an acceleration g
in empty space, far away from all masses, or else he is falling in the vicinity of a body
(the Earth) whose local gravitational acceleration is also g.

Einstein’s formulation of the Weak Equivalence Principle whereby the effect of
gravity disappears in a freely falling reference frame, holds only locally. The elevator
is free falling in the vicinity of the Earth, which amounts to saying that the height of
fall is much smaller than the radius of the Earth. The cancellation of gravity in a
freely falling frame holds locally for each frame, but the direction of free fall is not the
same in all of them. Which is a direct consequence of the fact that the gravitational

GG Phase A-2 Sudy Report — April 2009 : Section 1 4



Section 1: Scientific background

field of a body (like Earth) is non uniform, giving rise to the so called tidal forces
between test particles whose centers of mass are not coincident. With the WEP
Einstein has moved from Newton’s concept of one global reference frame with
gravitational forces and the UFF, to many free falling local frames without
gravitational forces.

In his further development of the General theory of Relativity Einstein formulated
what is known as the Einstein Equivalence Principle (EEP), which is an even more
powerful and far reaching concept. EEP states the following (see e.g.[6]): i) WEP is
valid; ii) The outcome of any local non-gravitational experiment is independent of the
velocity of the freely-falling reference frame in which it is performed (Local Lorentz
Invariance); iii) The outcome of any local non-gravitational experiment is
independent of where and when in the universe it is performed (Local Position
Invariance). The Einstein Equivalence Principle —which assumes the weak one- is
regarded as the “heart and soul” of the General Theory of Relativity because it is the
validity of this “principle” to ensure the fact that in General Relativity the effects of
gravity are replaced by a curved 4-dimensional space-time.

Quantitative comparisons between the “probing power” of equivalence principle tests
and tests of the PPN-Parametrized Post Newtonian parameters (such as the
Eddington parameter, best measured with the space mission Cassini [7]) have been
performed [8,9]. They show the superior probing power (by several orders
magnitude) of equivalence principle tests, thus indicating that a breakdown of
General Relativity (if any) is more likely to be detected by putting to more and more
stringent tests the foundations of the theory (hence the equivalence principle), rather
then its numerous predictions.
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2. SCIENTIFIC GOAL OF THE MISSION

From an experimental point of view, a violation of the Universality of Free Fall would
invalidate the Weak Equivalence Principle, hence the Einstein Equivalence Principle,
thus placing a limit on the validity of the General Theory of Relativity itself. This is
the physical motivation behind a continuing interest within the scientific community
worldwide in performing more and more accurate experimental tests of the UFF —on
Earth and hopefully also in space.

In an experiment to test UFF the observable physical quantity is the differential
acceleration Aa of two test masses of different composition, relative to each other,
while falling in the gravitational field of a source body with an average acceleration a
(also referred to as the “driving acceleration”). A deviation from UFF is therefore
guantified by the dimensionless parameter

_Aa
a

n (2.1)

The finding of a value n =0 would disprove the UFF and indicate a violation of the
Weak Equivalence Principle on which General Relativity ultimately relies. Instead,
n=0 -as reported by all experiments so far— confirms the basic assumption of
General Relativity. By writing the equations of motion of each individual test mass
without assuming a priori the equivalence of their inertial and gravitational mass, the
parameter n given by (1) becomes

_2(mg /mi)q —(mg /m; )p ]
[(mg/mi)A +(mg/mi)B]

n (2.2)

where subscripts A and B refer to the individual test masses and allow them to be
distinguished by their different composition. This parameter 7 is also known as the
E6tvos parameter and it has additional profound significance.

The total mass—energy of a body can be expressed as the sum of many terms,
corresponding to the energy of all the conceivable interactions and components:
m=2X,m, . For instance, at the atomic level, the rest mass contributes (as a fraction
of the total) for =1; the nuclear binding energy for 8-10° (for light elements), the
mass difference between neutron and proton for 1.4-10°(4—27)/ A (A4 being the
number of protons plus neutrons and Z the number of protons in the nucleus), the
electrostatic energy of repulsion in the nuclei for 6-10“2?4*, the mass of electrons
for 5-10*Z/ 4, the antiparticles for =107, the weak interactions responsible of g
decay for 10°or less. For an extended spherical body of radius R and
(homogeneous) density p, the gravitational self-energy contributes by the fraction
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—(4/5)7pGR*Ic*.  The conventional E6tvos parameter (2.2) can therefore be
generalized into:

_2(mg /m; ) gy —(mg /m;i )p, ]
[(mg/mi)Ak +(mg/mi)Bk]

Nk (2.3)

such that a non-zero value of 7, would define the violation of equivalence between
the inertial and gravitational mass-energy of the k" type. From the point of view of
conventional field theory, the verification of all these separate “Equivalence
Principles” corresponds to a very peculiar coupling of each field to gravity; whether
and why it should be so in all cases is a mystery.

It is apparent from (2.1) that —for any given experimental apparatus— the larger the
driving acceleration, the more sensitive the UFF test (hence the EP test) that it
provides. In a Galileo-type mass dropping experiment the driving acceleration is the
gravitational acceleration of the Earth along the local vertical (9.8ms™). If the test
masses are suspended on a torsion balance the driving acceleration is 0.017 ms™ (at
most) in the field of the Earth —directed along the North-South direction of the local
horizontal plane— and 0.006ms* in the field of the Sun (with components along the
North-South and East-West directions of the horizontal plane). Yet, the first
experimental apparatus to provide very accurate EP tests (to 10°-10"°) was the
torsion balance used by Edtvos [10] at the turn of the 20" century, and later on by
his students to detect an EP violation in the field of the Earth. This is because
torsion balances are extremely sensitive; moreover, they are inherently differential
instruments, and although in reality perfect rejection of common mode effects is
impossible, the advantages of a differential instrument for detecting differential
accelerations are enormous.

The next leap in sensitivity (to 10 -107) came in the 60s and early 70s using
again a torsion balance but also recognizing that by taking the Sun as the source
mass rather than the Earth, any differential effect on the test masses of the balance
would be modulated by the 24™ rotation of the Earth on which the balance sits
[11,12]. Indeed, the modulation frequency should be as high as possible, in order to
reduce 1/ f electronic noise. The best and most reliable results in EP testing (to
about 1 part in 10”°) have been achieved by the “Eét-Wash” group at the University
of Seattle in a systematic series of experiments using torsion balances placed on a
turntable which modulates the signal with a period down to about 20 minutes [13-15].

Despite the much larger driving acceleration, Galileo-type mass dropping tests of
UFF have been unable to compete with rotating torsion balances [16]. The success
of torsion balances relies on 3 main properties: i) high sensitivity to differential
accelerations; ii) long time duration of the experiment; iii) up-conversion of the signal
(DC from the Earth and 24-hr from the Sun) to higher frequency. Flying an
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instrument with these properties in low orbit around the Earth would add the only
advantage of mass dropping, namely the very large driving acceleration from Earth.
This fact alone would provide —-assuming the same sensitivity to differential
accelerations as achieved in ground tests— an improvement in n by about 3 orders
of magnitude. The difficulties related to running the experiment in space, with no
direct access to it, can be compensated by exploiting those peculiarities of the space
environment which are relevant for experiments to test UFF, most importantly,
absence of weight and isolation of the satellite/experiment once in orbit. Throughout
this Report we shall see how absence of weight and system isolation can
significantly contribute to improving the current best tests of EP by several orders of
magnitude.

Torsion balance tests indicate that considerable progress beyond the current level is
extremely hard to achieve. A new type of experiments based on interferometry of
free falling cooled atoms is in preparation [17] with the very ambitious goal of
performing in the lab an EP to 10 ™ and even to 10"’ sometime in the future. So far
a measurement of the local acceleration of falling atoms has been performed
achieving Ag/g=3-10"° [18]. The proposed EP tests with cold atoms interferometry
will measure the differential acceleration between isotopes *Rband *Rb, whose
difference in composition is unfortunately limited to two neutrons only.

All other experiment proposals aiming at a considerable improvement over the
results achieved by rotating torsion balances are to be performed inside a capsule
dropped during a balloon flight [19], in a suborbital flight with a sounding rocket [20]
or inside a spacecratft in low Earth orbit [21-23].

Theoretical predictions have been made as to what level an EP violation is likely to
occur [24, 25, 9]. In [9] it is shown with a rigorous calculation, within a classical
framework which does not postulate any new interaction, that if gravity couples
anomalously to the energy of neutrino-antineutrino exchange, its contribution to the
mass-energy of the nucleus would lead to an Equivalence Principle violation to the
level of about 10™". The most recent work [9] indicates that, for test masses made
of Be-Cu and Pt-Ti, a violation might occur at a level which should be observed with
the rotating torsion balances of the “E6t-Wash” group. However, it is apparent from
the speculative nature of these analyses that only a very high accuracy EP test will
provide a major breakthrough or —if not— severely constrain the theoretical
framework. In this context, tests of composition dependent effects and of post-
Newtonian ones are quantitatively compared —as mentioned above [9]- to conclude
that UFF tests put much more stringent limits than solar system or binary-pulsar test,
by several orders of magnitude.

Equivalence principle experiments involving man made test masses do not allow to

test it for gravitational self-energy itself because the contribution from gravitational
binding energy —mentioned above in relation to the generalized E6tvos parameter
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(2.3)- is negligible for artificial bodies. This form of equivalence is often referred to
as the Strong Equivalence Principle (SEP) and can be tested only with experiments
in which the test masses are celestial bodies —as in the case of the Earth and the
Moon falling in the gravitational field of the Sun, the lunar orbit being determined by
laser ranging to the Moon. In addition to differing in composition, Earth and Moon
have a significant component of gravitational binding energy (4.6-10™ for the Earth
and 1.6-10™" for the Moon) whose equivalence can be tested with the current
sensitivity of Lunar Laser Ranging (LLR) tests which have reached the level of 10"
as tests of the weak equivalence principle [26]. In this sense LLR tests are unique,
though they need to be combined with composition dependent tests of laboratory
size bodies of Earth-like and Moon-like composition in order to remove their
ambiguity as tests of the SEP [14].

The new APOLLO (Apache Point Observatory Lunar Laser-ranging Operation)
facility in southern new Mexico [27] will provide —together with an improved physical
model of all perturbations involved— a better determination of the lunar orbit and a
more accurate test of the equivalence principle, confirming LLR once more as the
most important scientific legacy of the Apollo project to the Moon.

As a test of the equivalence principle, lunar laser ranging is ultimately limited by the
non uniformity of the gravity field of the Sun, a limitation expressed by the
dimensionless quantity 3Aa, /d (Aa,, being the measurement error in the
semimajor axis of the orbit of the Moon around the Earth and d the distance of the
Earth-Moon system from the Sun) [28]. A 1cm error in semimajor axis (due to lcm
accuracy of lunar laser ranging) is consistent with the current level of LLR tests to
10", 1 order of magnitude improvement is expected with the capability of the
APOLLO facility to perform laser ranging to the Moon at 1mm 1 level.

sma

The effect of non uniformity of the gravitational field is a real limitation to EP tests
with laser ranging because they rely on absolute distance measurements from Earth.
However, it is apparent from (2.1) that EP tests require to measure only differential
accelerations —and the displacements they give rise to— of the test masses relative
to one another. If artificial test masses are placed inside a spacecraft and differential
measurements are performed in situ, displacement sensors are available to measure
their relative displacements many orders of magnitude more accurately than by laser
ranging from Earth. For testing the equivalence principle there is no need for a very
accurate measurement of the absolute distance of the spacecraft from Earth. This is
why differential accelerometers to fly inside a spacecraft in low Earth orbit can aim at
a far more accurate EP test than lunar laser ranging so as to put General Relativity
to the most stringent test ever.
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3. MISSION AND EXPERIMENT DESCRIPTION

3.1 WHY TESTING THE EQUIVALENCE PRINCIPLE IN SPACE

The GG mission is designed to measure the relative acceleration of two test masses
of different composition suspended inside the spacecraft and orbiting around the
Earth at low altitude (520 km nominal). Thus, GG tests the Universality of Free Fall
(UFF) whereby all bodies should fall with the same acceleration regardless of their
mass and composition, which is a direct consequence of the Equivalence Principle.

The target of GG is to detect a fractional differential acceleration of the falling bodies,
hence an EP violation, to the level of 1 part in 10" . If successful, it would improve by
4 orders of magnitude the best results achieved in the lab with rotating torsion
balances [13-15]

In case of EP violation, test bodies in low Earth orbit are subjected to a signal from
the Earth more than a thousand times larger than that due to the Sun acting on
torsion balances on the ground (see e.g. [29])

Extremely weak suspensions can be used in orbit —because of weightlessness— to
suspend and couple the test masses inside the spacecraft, thus resulting in a much
higher sensitivity than at 1g.

In space, the entire “laboratory” (i.e. the experimental apparatus and the spacecraft)
is an isolated system. This fact eliminates altogether numerous local disturbances
unavoidable on Earth (such as terrain tilts and nearby mass anomalies). With such
an isolated system, rotation of the apparatus in order to up-convert the signal to
higher frequency (similarly to the rotating torsions balances of the “E6t-Wash” group)
can be performed by rotating the entire spacecraft, with no need of motor and
bearings, and therefore with greatly reduced noise.

3.2 THE GG EXPERIMENT CONCEPT

Searching for a new composition dependent differential effect in space requires the
test masses to be well centered on each other, as classical tidal effects due to non
uniformity of the gravitational field of the Earth would otherwise mask any small
deviation from known Physics. Thus, the generally preferred design in satellite tests
of EP is that of concentric, co-axial test cylinders. Only in GG they are arranged so
as to be sensitive in the plane perpendicular to the cylinders common axis, rather
than along the axis itself (see Figures 3.1 and 3.2).
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This turns out to be a crucial choice, as discussed below.

Figure 3.1: The EP violation signal in GG. Section in the plane perpendicular to the spin/symmetry axis of the
GG outer and inner test cylinders (of different composition and weakly coupled in the plane) as they orbit around
the Earth inside a co-rotating, passively stabilized spacecraft (not shown). The centers of mass of the test
cylinders are shown to be displaced towards the center of the Earth as in the case of a violation of the
equivalence principle in the field of the Earth (indicated by the arrows). The signal is therefore at the orbital

frequency (1.75-10°* Hz). Figure 3.2 below shows how this signal is modulated by rotation around the
symmetry axis. (The figure is not to scale).

Capacitance read out system
Quter test mass
centred on O;

Direction of

EP violation
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Inner test mass &
centred on O, ab

Figure 3.2: Modulation of the violation signal at the spin frequency. Section of the GG coaxial test cylinders and
capacitance sensors in the plane perpendicular to the spin axis (not to scale). The capacitance plates of the
read-out are shown in between the test bodies, in the case in which the centers of mass of the test bodies are

displaced from one another by a vector 4x,, due to an Equivalence Principle violation in the gravitational field
of the Earth (e.g., the inner test body is attracted by the Earth more than the outer one because of its different
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composition). Under the (differential) effect of this new force the test masses, which are weakly coupled by
mechanical suspensions, reach equilibrium at a displaced position where the new force is balanced by the weak
restoring force of the suspension (the weaker the coupling, the larger the displacement), while the bodies rotate
independently around O; and O, respectively. The vector of this relative displacement has constant amplitude
(for zero orbital eccentricity) and points to the center of the Earth (the source mass of the gravitational field); it is
therefore modulated by the capacitors at their spinning frequency with respect to the center of the Earth (1 Hz in

the current GG baseline).

Two driving needs are compelling when attempting to test the Equivalence Principle.
The concentric test cylinders should:

0] be coupled very weakly to each other —whatever the physical nature of the
coupling— in order to increase sensitivity to differential accelerations, such
as that caused by an EP violation;

(i) spin as fast as possible in order to provide signal modulation at frequency
as high as possible, and thus reduce the well known 1/ £ electronic noise

As for weak coupling, GG relies on the absence of weight in space which allows us
to use mechanical suspensions of very low stiffness and high quality factor.

3.2.1 PASSIVE ELECTRIC GROUNDING AND THE EFFECT OF ELECTRIC CHARGE PATCHES

It is very important to stress that mechanical suspensions ensure passive electric
grounding of the test masses. Thus, there is no need in GG for active electric
discharging of the masses as in GP-B and LISA-PF where a control loop is used
applying UV radiation on the surfaces of the bodies. Passive discharging is
preferred in GG because of the possibility, when actively controlling effects much
stronger than the tiny target signal, of leaving too large residual disturbances [30].

Electric charge patches are known to exist even on the surface of grounded bodies,
and they have been found to slowly wander around. In all small force experiments,
both on ground and in space, electric patches are minimized by gold coating all
conductive surfaces, and this is planned for GG too. More importantly, in GG
residual patches on the surface of the bodies will co-rotate with them and the entire
system; therefore, they will be detected by the rotating sensors as DC or low
frequency effects, while an EP violation would be detected at the 1Hz frequency of
spin, as shown in Figure 3.2. In any case, a rigorous method has been set-up for
direct measurement in the lab of residual charge patches with the full scale GGG
(“GG on the Ground”) payload prototype (see Section 9) to ensure beyond question
that they will not interfere with the expected signal.
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3.2.2 HIGH FREQUENCY SIGNAL MODULATION WITH NO SIGNAL ATTENUATION

As for signal modulation, the GG solution sketched in Figure 3.2, with the spin
frequency much higher than the natural coupling frequency (by a factor 540 in the
current design), makes the GG system in essence a supercritical rotor in 2D.
Indeed, requesting both weak coupling and fast spin leads to the very definition of a
supercritical rotor. Supercritical rotors are known to be unstable if the masses are
constrained to one direction only [31, p. 228]. Instead, in 2D a well defined position
of relative equilibrium exists, dictated by physical laws for a rotor with given
construction and mounting errors. The GGG laboratory prototype has experimentally
demonstrated this prediction in the case, never demonstrated before by a precision
experiment, of a multibody rotor (see Section 9). The 2D design of GG satisfies this
classical requirement, while accelerometers designed to be sensitive in 1D only
(along the symmetry axis of the test cylinders, rather than in the transverse plane) do
not.

In addition, a 1D accelerometer will up-convert the signal to higher frequency by
rotating the sensitive axis itself in the orbit plane, and in doing so it will necessarily
respond to a differential driving signal from the Earth as a forced oscillator (it is
equivalent to the accelerometer being still and the Earth rotating around it). In which
case a forcing effect at frequency higher than the natural one would be attenuated as
the ratio of the frequencies squared. (The same happens on the ground for rotating
torsion balances, seeking for an EP violation signal either in the field of the Sun or
the Earth). The GG design is unique because, as it is clearly shown in Figure 3.2,
the violation signal not affected by the system spinning. Indeed, the figure shows
that in principle the signal could be modulated at the spin frequency by rotating the
displacement transducers (i.e. the capacitance plates) only, and not the test
cylinders themselves, thus proving that in GG the differential displacement caused
by an EP violation is not affected by rotation. Obviously, this choice would not be
wise, especially in space.

Fast modulation frequencies are therefore utterly impossible with 1D accelerometers.
In point of fact, the first proposal to test the Equivalence Principle in space with a fast
rotating platform, so as to modulate the signal at its rotating frequency, goes back to
1970 [32]; however, in that apparatus the test bodies were constrained to move
along one diameter of the rotating platform. Being 1 dimensional, the system was
strongly unstable and the idea was abandoned.

It is to be added that since GG is sensitive in 2D, the use of a capacitance read out
in two orthogonal directions of the plane doubles the amount of scientific data for a
given integration time, thus reducing the noise level of the measurement in that
timespan by a factor V2. Italso preserves the cylindrical symmetry of the system.
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3.2.3 THE PGB (Pico GRAVITY BOX) SPACE LABORATORY

In GG two test masses of different composition are arranged to form a differential
accelerometer. The accelerometer is not directly connected to (suspended from) the
spacecraft. It is located inside an intermediate cylindrical “laboratory” named PGB
(Pico Gravity Box) because it is in essence a passive attenuator of spacecraft
vibration noise [33, 34]. In this case the PGB has the shape of a cylindrical lab
suspended from the GG spacecraft at the two ends of its symmetry axis by means of
specifically designed springs (sketched in Figure 3.3). The PGB springs ensure low
stiffness for oscillations in the plane perpendicular to the axis of the cylinder (which is
the plane of sensitivity of the accelerometer) and high stiffness along the symmetry
Z axis. Along its axis the PGB has a shaft (tube) from which, at its center of
symmetry, the GG differential accelerometer —the core instrument of the mission- is
suspended, as shown in Figure 3.4.

Sistema a lamelle per la sospensione della PGB

;L_|__>L..?

Spacecraft

I 1
/ el — e \
| ol 1

PGB

Figure 3.3 (left): Sketch of the suspension springs
to be used for suspending the PGB laboratory (see
text above) from the GG spacecraft

Figure 3.3 (right): Sketch showing —in a section along
the symmetry axis of the satellite (one dipole antenna is
also visible)— how, on one end of its axis, the PGB lab
is connected to the spacecraft. Small capacitance
plates are also visible —in between the PGB and the
spacecraft— to sense their relative in all 3 directions

Figure 3.4: The GG differential accelerometer assembled around the PGB shaft (tube), which is shown in brown.
Only the outer test of the accelerometer is visible (the inner one inside is hardly visible). The figure is obtained

from the engineering drawings of the system.
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An overall view of the entire GG system formed by the solar panels, the spacecraft
(with its components), the PGB and the accelerometer, is shown in Figures 3.5 and
3.6 below.

Figure 3.5 (left): The GG spacecraft in its current Figure 3.5 (right): The very compact “spinning top”
design, with the cylindrical solar panels (in blue), the housing the entire experimental apparatus. It is made
“spinning top” compact structure (in light brown) and in carbon fiber composite in order to minimize thermal
the thrusters (in magenta) for drag compensation (see  disturbances.

Section 7). The satellite spins around the symmetry

axis at 1 Hz. One dipole antenna (at the top) is

visible along the axis. The cylinder has 1.45 m

diameter and 1.42 m height. The whole system is

very compact to ensure a low area-to-mass ratio and

thus minimize the effect of all non gravitational forces

acting on its external surface (primarily drag due to

residual atmosphere along the orbit).

Figure 3.6 (left): A view inside the “spinning top” Figure 3.6 (right): From the panel on the left the

showing (in light gray) the PGB inside it and the GG  “spinning top” has been removed; the cylindrical PGB

differential accelerometer (with the outer test cylinder (in light gray) is now visible with its central tube; (in

visible in blue) at the center. brown) and the accelerometer (outer test cylinder in
blue). Note that all electronics boxes are located
outside the PGB, as far away as possible from the
test masses of the accelerometer, attached to the
inner side of the “spinning top”.

GG Phase A-2 Study Report — April 2009: Section 3 15



Section 3: Mission and experiment description

The PGB serves several very important functions in the GG mission:

) It provides an attenuation stage for the spacecraft vibration noise acting in
the sensitive plane of the accelerometer —perpendicular to the
spin/symmetry axis— at frequencies higher than the natural oscillation
frequency of the PGB (1/360Hz in the current baseline). Note that the EP
signal is not attenuated because it acts at the satellite orbital frequency of
1/5700 Hz (as shown in Figures 3.1 and 3.2) which is below the PGB
natural frequency.

(i) It serves as test mass whose relative motion w.r.t the “spinning top”
(sensed by means of small capacitance plates —located as sketched in
Figure 3.3) drives the drag compensation control loop (Section 7) at low
frequencies such as the orbital one (above the natural frequency of the
PGB, active compensation is not needed because passive it attenuation is
provided by the PGB itself)

(i) It provides the test masses inside it with passive magnetic shield (by mu-
metal layer), thermal shield (by multi layer thermal blankets) and electric
grounding

(iv)  Its weak coupling with the spacecraft provides “nutation damping” for the
the satellite 1-axis rotation

The relevance of these functions will become apparent throughout this Report. A
simple glance at Figure 3.6 shows how the accelerometer, thanks to the PGB, is
essentially decoupled from all the subsystems of the spacecraft which are needed to
provide the simple services needed in low Earth orbit (such as communication with
the ground and data transmission) and, in the case of GG, also drag compensation.

3.2.4 DESIGN OF THE GG DIFFERENTIAL ACCELEROMETER/S

From the conceptual point of view the test cylinders of the GG differential
accelerometer are arranged as in a beam balance, the beam being directed along
the symmetry axis. A crucial property of this balance is that the masses are
concentric, which is a must for using it in space where non concentric masses are
subjected to classical differential (tidal) forces. Beam balances are known for their
property to “balance”, i.e. to reject common mode forces extremely well (to 10°® and
even better). The GG accelerometer has been conceived to retain as much as
possible such property of beam balances, while at the same time being suitable for
space.

As shown in Figure 3.7, the test masses of the GG accelerometer (10 kg each) are
concentric, co-axial, hollow cylinders. The two cylinders are mechanically coupled
by attaching them, at their top and bottom, to two ends of a coupling arm by means
of flexible lamellae. The coupling arm is made of two concentric tubes similarly
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attached at their midpoints to a single shaft (the PGB). This assembly preserves the
overall symmetry of the apparatus, when the two parts of the arm are taken together.
The masses are mechanically coupled through the balance arm such that they are
free to move in the transverse XY plane and stiff in the direction of the symmetry
axis; all of them taken together form the physical system. The masses oscillate in a
two dimensional harmonic potential defined by the suspension springs at the ends of
the balance arm while free falling around the Earth. A differential acceleration of the
masses would thus give rise to a displacement of the equilibrium position in the XY
plane. The displacement of the test masses is sensed by two sets of capacitance
plates located between the test cylinders, one set for each orthogonal direction (X
and Y). Each set of capacitance plates is placed in an AC-bridge configuration such
that a displacement of the masses causes an unbalance of the bridge and is thus
converted into a voltage signal. When the physical system is mechanically well
balanced it is (almost) insensitive to “common-mode” accelerations. In addition, the
capacitance bridges are predominantly sensitive to differential displacements. Thus,
the differential nature of the accelerometer is ensured by the dynamics of the
physical system and also by the displacement transducer.

Figure 3.7: Baseline design of the GG accelerometer made of two test cylinders of different composition for EP
testing (section through the spin/symmetry axis). The system is sensitive to differential forces acting on the
cylinders in the plane perpendicular to the symmetry axis (plane of sensitivity). The coupled test cylinders (green
and blue; 10 kg each) are suspended from the PGB central shaft (shown here as a black tube) at their center of
symmetry. All the suspensions, including those used for coupling the test cylinders to each other, are thin,
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curved laminar suspension strips (shown in red). There are 3 of them at each level, symmetrically placed around
the axis (shown in green and blue inside the PGB shaft tube). The particular geometry of mounting them
ensures that the pivoting points of the two balancing arms are well defined and that those at the center of the
accelerometer, which suspend it all from the PGB shaft, coincide well one with the other (at the cross shown).
These suspensions are very soft for lateral differential oscillations of the two test masses and at the same time
are particularly rigid for unwanted motions, like common mode lateral oscillations and rotational oscillations
around the spin axis. They have enlarged ends for clamping (so as not to add dissipation at the clamps), and
those in the central part of the rotor are fastened by electrically insulating clamps, so that these suspensions can
be used as conducting leads between the PGB tube and the two balancing arms for the driving voltages of the
four axial inch-worms (shown in blue and green respectively), which are used for balancing the two rods and for
adjusting the axial position of the two test masses. Once the desired balancing has been achieved the driving
voltages of the inch-worms are switched off, leaving them blocked; in this way they will not disturb the EP
measurements nor produce joule heating inside the PGB laboratory. The capacitance plates of the transducer
designed to read the displacements of the test cylinders relative to each other in two orthogonal directions of the
sensitive plane, are shown in yellow between them. They are rigidly attached to the PGB shaft and respect the
cylindrical symmetry of the whole system. Much smaller capacitance sensors/actuators (not shown here for
simplicity) are designed to sense and damp whirl motions. The figure is to scale

The effect of a differential force, such as the one arising form an EP violation, is
sketched in Figure 3.8.

Figure 3.8: Conceptual view of the effect of a differential force acting in the sensitive plane on the GG test
cylinders coupled and arranged as shown in Figure 3.7. The effect is a displacement of the centers of mass of
the test cylinders relative to one another (simplified, largely exaggerated). This differential displacement is read
by a capacitance transducer located in between the cylinders (not shown here)
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A better understanding of the instrument can be obtained from Figure 3.9 where
several 3D charts derived from the construction drawings of the accelerometer show
its structure, and how the cylindrical symmetry is respected.

Figure 3.9: Details from the engineering drawings of the GG differential accelerometer showing the instrument
parts from the “outside” (top figure) to the “inside”. The brown central tube is the PGB shaft. The blue and green
cylinders are the test masses, the yellow plates are the capacitance bridge plates designed to measure the
relative displacements of the test cylinders.
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In the current baseline the GG satellite features one single accelerometer with 2 test
cylinders of different composition, as shown in Figure 3.5. The instrument is
designed to achieve a sensitivity to an Equivalence Principle violation in the field of
the Earth 4 orders of magnitude better than the best laboratory tests. Securing this
goal is the must —and would be the great achievement of the GG mission— because
both frequency and phase of the violation signal are both well known (see Figures
3.1 and 3.2) and therefore it can be distinguished from classical gravitational or non
gravitational effects.

Additional accelerometers are considered for other satellite missions devoted to EP
testing, only one being centered on the center of mass of the spacecraft, thus
casting doubts on the reliability of the check because tidal forces would be different
on different locations, to name just one important difference to be concerned with.

Since there is only one center of mass of the spacecraft, the only solution is for any
additional accelerometer to be concentric with the original one.

For GG a design featuring one additional, concentric accelerometer with the test
cylinders made of the same material to serve as a zero-check, has been
investigated. As shown in Figure 3.10, both accelerometers are centered on the
center of mass of the spacecraft, and they can fit inside the PGB and the GG
spacecraft of Figure 3.5: A composition dependent signal, violating the Equivalence
Principle, should be sensed by the inner accelerometer and not by the outer one.
Instead, a classical differential signal, not depending on the composition of the test
masses, would be detected by both accelerometers. It is also worth stressing that
the whole system is symmetric around the spin axis as well as top/down.

So far all efforts have been concentrated in ensuring with theoretical analysis, with a
space experiment simulator and by building a full scale payload prototype in the
laboratory, that the GG target can be achieved with one single accelerometer. The
2-accelerometer design of Figure 3.10 has no conceptual difference with respect to
the one with a single accelerometer; indeed, both accelerometers work with the
same principles and the decision . The concern at this point is the additional
complexity (hence the additional cost and development time) of the mission
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Figure 3.10: Section through the spin axis of 2 co-axial, concentric, differential accelerometers for the GG
mission, which could be considered in alternative to the single EP testing accelerometer of Figure 3.7. (Figure is
to scale; the external diameter of the blue test cylinder is 23 cm). There are 4 test cylinders (weighing 10 kg
each), one inside the other, all centered at the same point (nominally, the center of mass of the spacecraft)
forming 2 differential accelerometers: the inner one for EP testing (cylinders of different composition; shown in
green and blue respectively) and the outer one for zero check (cylinders made of the same material; both shown
in brown). In each accelerometer the 2 test cylinders are coupled to form a beam balance by being suspended
at their top and bottom from the 2 ends of a coupling arm made of 2 concentric tubes (each tube suspends one
test cylinder at each end, which makes it asymmetric top/down; however, the two of them together form a
symmetric coupling). All 4 tubes (2 for each coupling arm) are suspended at their midpoints from the same
suspension shaft (the longest vertical tube in figure). In all cases the suspensions are U -shape (or (M -shape)
thin strips (shown in red), to be carved out of a solid piece of CuBe. At each connection there are 3 of them, at
120° from one another (the planar section in figure shows 2 for explanatory purposes only). There are
capacitance plates (connected to the suspension shaft) for the read-out of differential displacements in between
each pair of test cylinders (shown as yellow lines in section). The 8 small cylinders drawn along the symmetry
axis are inchworms for the fine adjustment of the lengths of the coupling arms in order to center each test mass
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on the center of mass of the spacecraft. The whole system is symmetric around the spin axis as well as
top/down. The two accelerometers are both centered at the center of mass of the spacecraft in order to reduce
common mode tidal effects and improve the reliability of the zero check.

3.2.5 WHIRL MOTIONS AND CONTROL

Supercritical rotation, namely rotation at a frequency higher than the natural
frequencies of the suspended bodies, is known to ensure self centering of the
centers of mass of the rotors on the rotation axis (see e.g. [31]). The initial offset

vectors & due to construction and mounting (hence, fixed on the rotor) will be
reduced by the factor (w/w,)’ (spin-to-natural-to frequency squared):

- - 1

P ——
« (0l ®,)

giving rise to an equilibrium position A7, (also fixed on the rotor) closer to the rotation
axis but on the opposite side of it with respect to the initial offset vector. Incidentally,
this is the reason why 2 degrees of freedom are required for the center of mass of
the rotor to reach its equilibrium position, while in 1 dimension only it would be
unstable and eventually break the suspension. The larger the ratio (w/®,)?, the
better the centering: the center of mass of ideal free rotor would be perfectly
centered on the spin axis. With a large spin-to-natural frequency ratio, the GG
supercritical rotation is very close to that of ideal, unconstrained rotors.

The existence of an equilibrium position uniquely determined (for a given dynamical
system) by physical laws is a very important property: the test masses do not need
to be maintained concentric on one another at an arbitrary defined location by
applying forces on them.

However, suspensions are not perfect, which means that, as they undergo
deformations at the frequency of spin, they also dissipate energy. The higher the
mechanical quality of the suspensions, the smaller the energy losses. Energy
dissipation causes the spin rate to decrease, hence also the spin angular momentum
will decrease; and since the total angular momentum must be conserved, the
suspended bodies will develop whirl motions around their relative equilibrium
position (at their slow natural frequencies). It is well known in rotordynamics that the
forces needed to damp whirl motions are smaller than the elastic forces coupling the
bodies by a factor equal to the mechanical quality factor of the system (Q ,,,> 20000
for the GG test masses); moreover, they act at about 90° from the radial direction
along which the effect of an EP violation would be sensed. In GG whirl motions are
damped actively with small capacitance sensors/actuators and appropriate control
laws taking into account that the whole system co-rotates (see [35], Section 7 and
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Section 9). Since whirls grow very slow, data taking will take place while they are
small and whirl control is switched off.

3.3 THE READ-OUT SYSTEM

It is a must for small force gravitational experiments that the sensing apparatus be as
passive as possible.

However, a transducer is needed to read the relative displacement of the test
cylinders. In GG the transducers are two capacitance bridges, along the two
directions X,Y of the plane perpendicular to the symmetry axis, whose plates are
located halfway in between the inner and outer test cylinder as sketched (for a single
bridge) in Figure 3.11. The better the plates are centered in between the test
cylinders, the better the bridge will reject common mode forces acting on the them;
ideally, a perfectly balanced bridge would be totally insensitive to common mode
displacements and give a signal only if the bodies move relative to one another (see
Figure 3.12).

In is way the sensitivity of the GG accelerometer to differential effects is ensured by
its mechanical design and also by the transducer design.

The capacitance bridges are rigidly connected to the PGB tube. Since the whole
system is co-rotating (unlike in the ground prototype) the analog and digital
electronics required by the read-out can be located away from the test masses on
the PGB, with an optical link between the PGB and the spacecraft for data
transmission. Power is transmitted to the PGB through its suspension springs
(which are fastened by electrically insulating clamps and serve as electric wires).
Close to the test masses only the inch-worms need to be powered when used for
balancing (see caption of Figure 3.7); in this case, since they are located on the
coupling arms, the U-shape central suspensions will serve as wires. Once balancing
has been achieved, the inch-worms will be switched off, they will maintain the
desired position and the system will be passive again. As for the small capacitance
sensors/actuators to be used to damp the whirl motions of the test masses relative to
the PGB, they will be connected to the PGB tube and no wiring is required.

With all this care, the test masses are almost completely passive (they are totally
passive when whirl damping is switched off) and free to move around their physical
position of relative equilibrium with the capacitance bridge transducers measuring
their relative displacements. High frequency modulation ensures that 1/f electronic is
minimized.
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Figure 3.11: (Left) Schematic drawing of the capacitance bridge transducer for detecting relative displacements
of the inner and outer test body with respect to one another (only the bridge in one direction shown). The
capacitors of the bridge (indicated here as C; and C; ) are formed by two surfaces —one for each of the two
grounded bodies— and one plate, to which a sinusoidal voltage is applied; the other two capacitors of the bridge
are fixed capacitors. Any differential displacement of the test masses with respect to the plates causes a loss of
balance of the bridge and therefore an output voltage signal. (Right) 3D engineering drawing showing the two
plates of one capacitance bridge transducer designed for the GG accelerometer (the other bridge is at 90° from
this one). Note that for each bridge the plates are rigidly attached to the PGB tube (shown in brown). The test
cylinders (to be located one inside and the other outside of the plates) have been removed from this drawing to
make the plates visible.
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Figure 3.12: This drawing shows the surfaces of the capacitors depicted in Figure 3.11 before and after; a) a
common mode displacement and b) a differential mode displacement. For a non zero value of (a-b) both a
differential and a common mode displacement would contribute to the (capacitance) unbalance of the bridge,
hence to the output potential. An EP violation signal would produce a differential displacement. For it to be
detected the contribution coming from a common mode displacement (e.g. caused by air drag) must be smaller
than the contribution of the EP violation, hence leading to the constraint on the mechanical unbalance of the
bridge (a-b)/a.
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3.4 VACUUM AT NO COST

More than 4 centuries ago Galileo wrote: “...se si levasse totalmente la resistenza
del mezzo, tutte le materie descenderebbero con eguali velocita” (“...if one could
totally remove the resistance of the medium, all substances would fall at equal
speeds”), thus he was already aware that in order to test what later became known
as the “Universality of Free Fall (UFF)” one should perform the experiment in
vacuum.

In ground laboratory turbomolecular pumps usually provide the required vacuum
inside carefully manufactured vacuum chambers. In space, even at low Earth
altitude, good vacuum is already there, which would be sufficient for the
requirements of the GG experiment. By opening 2 holes at the two ends of the
symmetry axes of both the “spinning top” and the PGB communication with space
will ensure that all the spacecraft interior is evacuated. By appropriately choosing
the size of the openings on the basis of the amount of outgassing expected (and
measured in the lab) inside the spacecraft, vacuum can be maintained at no cost for
the entire duration of the mission (2 years nominal) with no need of even getter
pumps.

This is very important because in GG vacuum is needed inside the whole spacecraft,
the reason being that the PGB itself is the “test mass” (co-centered on the center of
mass of the spacecraft like the test masses of the GG accelerometer) whose relative
motion with respect to the spacecraft allows the effect of non gravitational forces
acting on the outer surface of the spacecraft (mostly air drag along the orbit) and not
on the masses inside it, to be detected and partially compensated. In other words,
the PGB is the test mass whose motion relative to the spacecraft drives the Drag
Free Control system of GG (to which the entire Section 7 is devoted), and therefore it
should not be disturbed by large air pressure.

Payloads for fundamental physics experiments in space are often housed in
chambers that are evacuated in the lab and sealed before launch (with some
additional provision to take care of vacuum degradation afterwards because of
outgassing). This is known to be an expensive procedure, which must be avoided in
small, low cost missions like GG. In fact, even though in space the difference of
pressure that the chamber must sustain is very small, this is not the case on ground
before launch, when a large gap exists between atmospheric pressure outside and
vacuum inside.

The choice of GG to obtain vacuum at no cost is therefore very interesting.
However, we point out that care should be taken when opening a connection hole
between the spacecraft and outer space. Even at low Earth orbit as in the case of
GG some plasma already exists which gives rise to a current on the satellite surface,
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which in turn, because of the Earth magnetic field, will produce a (non gravitational)
force on it which in turn will be felt as an equal and opposite inertial force (in
common mode) by all bodies suspended inside the spacecraft. It has been
demonstrated [36] that at typical GG altitudes such a force —even under extremely
conservative assumptions— is below 1/1000 of the typical residual air (neutral) drag
force, and therefore poses no problems to the drag free control system of GG.

This is correct as long as the outside plasma is not allowed inside the spacecraft. A
non gravitational acceleration 1000 times smaller than drag, acting directly on the
PGB and the test masses, would leave a residual differential effect larger than the
signal. This would likely happen because some plasma might get inside the
spacecraft through the openings mentioned above. A cure for that has been
proposed, based on 2 appropriate grids for each opening (one neutral and one
charged) so as to keep the plasma out [36]. It has already been used, for other
reasons, within the BeppoSax mission to protect its sensors. A detailed grid design
is in preparation and will be tested inside the Plasma Chamber facility of IFSI-INAF
in Rome, where ionospheric plasma at the GG orbiting altitude can be reproduced
and the shielding capability of the grids can be demonstrated beyond question.

3.5 SATELLITE AND ORBIT SELECTION

As it is often the case with space experiments in Fundamental Physics, the satellite
and the orbit are driven by the experiment to be performed. In GG the driving
concept is the high frequency modulation of the expected EP violation signal, which
has been a must in all ground experiments on the Equivalence Principle from the
1960s to date.

The GG satellite is therefore designed to have cylindrical symmetry, enclosing the
test cylinders and co-rotating with them. Rotation around its symmetry axis (also the
axis of maximum moment of inertia) provides passive stabilization. Weak coupling
between the spacecraft and the PGB provides the dissipation needed for the so
called “nutation damping” of one-axis passively stabilized satellites.

Thus, the experiment need for high frequency modulation leads to passive satellite
attitude stabilization, which is undoubtedly less complex, less expensive (and also
less disturbing for the experiment itself) than active attitude stabilization would be.

In space it is possible to realize an isolated rotor made of multiple macroscopic
bodies in a nested configuration, all co-rotating, with no motor or bearings, no nearby
moving mass anomalies, no local terrain tilt disturbances. This would never be
possible on the surface of the Earth. A simple minded way to appreciate the
advantages, in terms of low noise, of such an isolated co-rotating system is to think
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at the diurnal co-rotation of the Earth and its atmosphere, whereby we have no
perception of moving (at mid latitudes) at about 1,200 km/h.

The orbit of GG is also driven by the experiment and the signal it is designed to
detect ([22, Section 2.1.2]). It must be low and equatorial (with the spacecraft axis of
spin close to the orbit normal) in order to maximize the signal. A sun-synchronous
high inclination orbit would require periodic attitude maneuvers to keep the spin axis
close to the orbit normal. The orbit should also be almost circular in order to reduce
effects at orbital period (see Figure 3.13). However, none of these requirements
need to be met very stringently.

Z - Orbit normal

/ X Nelocity

Figure 3.13: A simple sketch of the GG satellite on its orbit around the Earth —almost circular, almost equatorial,
with the spin axis almost perpendicular to the orbit plane.

For the GG satellite to be placed in low altitude equatorial orbit the selected
preferred launcher is VEGA. In the past GG was designed for the Pegasus launcher,
which posed considerable constraints; as VEGA As it is apparent from figures 3.14
and 3.15 the Vega bay allows a much better accommodation of GG (a dual launch
would also be possible). This fact has been exploited to reduce the cost of the
satellite (by selecting standard, less expensive components typically designed for
bigger satellites, such as electronic boxes etc...). The satellite size has also been
increased (room being available) so that the GG sensitive accelerometer would be
farther away from the spacecraft structure itself, as shown in Figure 3.6. Naturally,
care has been taken in keeping the area-to-mass ratio of the GG satellite small (it is
a very compact satellite, in order to reduce the effect of drag.
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Figure 3.14: View of the GG spacecraft in the bay of the VEGA launcher (Figure to scale)
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Figure 3.15: View of the GG spacecratft in the bay of the PEGASUS launcher (Figure to scale). The comparison
shows the advantage of using VEGA launcher; the much larger room available makes the possiibility of a dual
launch worth pursuing

3.6 AIR DRAG: THE LARGEST EFFECT

An apparatus designed to test the Equivalence Principle must be capable to detect
extremely small differential forces acting between its test masses. It would therefore
be desirable that the apparatus itself not be subjected to much larger forces,
especially in the same plane and direction as the expected EP violation force

In space, drag on the outer surface of the spacecraft due to the residual atmosphere
along the orbit is the largest force on the satellite. It is many orders of magnitude
smaller than local gravity on the ground, but it is much larger than the target signal of
GG.

By acting on the spacecraft outer surface (and not on the bodies suspended inside

it), atmospheric drag gives rise to an inertial common mode acceleration of the test
masses (equal and opposite to the drag acceleration of the satellite). Though it is
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mostly directed along the orbit, hence at about 90° from the signal (which acts in the
radial direction), and it is common mode (while the signal is differential) it cannot just
be taken as it is.

Should the GG accelerometer perfectly reject common mode forces, the problem
would be solved with no need to implement drag free control on GG. In reality,
relying solely on common mode rejection would increase the difficulty of the
experiment and limit the achievable sensitivity in EP testing.

A good strategy if for drag (as well as other, smaller non gravitational external
forces) to be partially compensated by an appropriate drag free control system, and
than partially rejected by a good design of the differential accelerometer and its
transducer. The thrusters needed for drag free control should not in turn disturb the
experiment, which in this case rules out conventional impulsive thrusters and leads
to choose finely tunable micro thrusters.

The entire Section 7 is devoted to Drag Free Control (DFC) for the GG space
experiment, reporting the very good results which have been obtained by Thales
Alenia Space in Torino.

3.7 BALANCING AND SIGNAL RECOVERY

Once all GG rotors have been properly unlocked (see Section 5.2), and whirl control
and DFC are in operation data taking can begin from the main read-out capacitance
sensors (Section 3.3) through a synchronous demodulation of the 2-phase 1Hz
signal, since we know that the signal of interest is modulated at the 1Hz frequency of
spin.

Large relative displacements of the test bodies will be detected at first. This means that
either the test masses are not balanced (i.e. disturbances in common mode are not
sufficiently rejected), or the axial misalignment between the centers of mass is too large.
The balancing phase consists in applying changes with the inch-worm actuators (shown in
Figure 3.7), detecting the corresponding effect and from it deciding about the next change.
The largest acceleration against which the system is balanced is due to air drag. It is helpful
that its effect is at a rather large phase difference from the signal. Once no further reduction
of the differential signal can be obtained, the GG accelerometer is balanced, i.e. no further
reduction of common mode forces acting on its test masses is possible and the common
mode rejection capability of the instrument has been reached.

Note that the property of a balance to be balanced (i.e. to reject common mode forces) is a
property of the balance, not of the common mode force applied. Therefore, once the GG
accelerometer is balanced against drag, it will be balanced for any type of common mode
force acting on it (in any direction of its plane of sensitivity).
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Figure 3.15 describes graphically how the signal is demodulated and the balancing is carried

out. The procedure is very clearly outlined in the figure caption.

Thermal noise
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e - Drag
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Figure 3.15: Qualitative representation, in the orbital plane, of the differential displacements obtained from the
synchronous demodulation of the 2-phase 1 Hz signal. The X axis is fixed in the Earth-to-satellite direction; in
this non spinning frame the OP vector represents the expected signal, namely a differential displacement,
directed along the X axis and constant in amplitude (for zero orbital eccentricity, otherwise changing from perigee
to apogee in a well knwon manner), of the two masses due to a violation of the Equivalence Principle. The
perturbation PD due to an unbalanced atmospheric drag will be found in the area between the two dotted lines
crossing in P: The angle between them is roughly 0.8 rad (which would slightly change with the satellite orbiting
altitude), due to the fact that the drag has a variable component in the radial direction because of solar radiation
pressure. Smaller contributions to the PD vector come from the Earth albedo, the Earth infrared radiation and,
by a smaller amount, from the eccentricity of the orbit. By finely adjusting the lengths of the suspension arms (by
means of the inchworms depicted in Figure 3.7) the point D is displaced up or down inside this area, and brought
close to P. In doing so, also the radial component of the drag is automatically balanced. The low frequency
variations of the drag (not shown) will oscillate inside the same area. The vector DQ shows here the whirl
instability before it is damped by the whirl control whose period in this (non spinning) frame is the natural
frequency of oscillation. The circle around point Q represents the error in the measurement due to thermal noise
of the mechanical oscillations built up during the integration time.
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4, EXPERIMENT DRIVERS AND REQUIREMENTS

The major experiment drivers are:

e The signal

e External non gravitational forces
e Test bodies mass moments

e Whirl motions

e Satellite spin frequency

e Earth tides

e Temperature

e Magnetic coupling

e Electric charging

Each driver leads to derived requirements which must be met in order to achieve the
GG mission goal of testing the Equivalence Principle to 1 part in 10%. Below, for
each driver a table lists the derived requirements that can be fulfilled at present.

A detailed physical explanation for all the entries in the tables is not reported here.
However, all the requirements have been embedded in the very powerful GG
Simulator tool and a full scientific simulation of the GG experiment has been
performed (see Section 8.6). The resulting systematic errors in the relative
displacements of the test cylinders provide a very realistic error budget for GG. They
are reported in a self explanatory graphical manner in Section 4.10.
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DRIVER #1: THE SIGNAL

Section 4: Experiment drivers and requirements

77 — 10—17

EP test GG mission target expressed in terms of the E6tvOs parameter

h=5.2-10° m

(a =6.898-10° km)
(v,,=1754-10" Hz

Orbit altitude

satellite tracking accuracy no issue

P, =5.7-10°s)

g(h)=8.38 ms™

driving gravitational acceleration

a,, =g(h)-n=8.38-10" ms™

signal acceleration

int

e=0.01 orbital eccentricity (standard)
I =5° orbital inclination (typical for launch from Kourou)
0 <1° spin axis to orbit normal angle at start (after spin up)
P, =540 Natural period of test masses oscillations in differential mode
_Y9%pr p2 _ 12 , .
Axp, =—=-P° =0.62-107" m | Signal displacement
472. dm
SNR =2 Signal to noise ratio
T  =7-86400 s Minimum Integration time
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4.2 EXTERNAL NON GRAVITATIONAL FORCES

DRIVER #2: EXTERNAL NON GRAVITATIONAL FORCES

(4/M),, <0.05 m*kg™ Maximum area to mass ratio of GG satellite

ay, <2107 ms™ Maximum external non gravitational acceleration on GG in the sensitive plane

-8 -2 . o . .
(aNG )Z <5.10"° ms Maximum external non gravitational acceleration on GG along axis
Zore <1/50000 Maximum compensation of non grav acc in the sensitive plane
(Xpre )Z <1/500 Maximum compensation of non grav acc along axis
A; o = Ay " Xpre = 410 ms™ maximum common mode non grav acc on test masses in sensitive plane

— -10 -2 . .
(a i_em )Z = (a NG )Z ‘(ZDFC )Z <107 ms maximum common mode non grav acc on test masses along axis

P =30s Natural period of test masses oscillations in common mode

P =30s Natural period of test masses oscillations along axis

a. |
Lo p? <9110 m
T

maximum common mode displacement of test masses

Ar

e in sensitive plane

maximum common mode displacement of test masses

Az :M-(P ) <2.3-10° m

cm

an A2 z along axis
Zenr <1/100000 Maximum rejection of common mode effects in the sensitive plane
( Xcur ) < 1/50 Maximum rejection of common mode effects along axis
X = Xpre Ko S$2-107° Maximum total reduction of non grav acc in the sensitive plane

2. =(Zore ). (Xewm ), <4-107°  Maximum total reduction of non gav acc along axis

-17 -2 _ . . . . .
a,, =ay. ¥ <4-107" ms maximum perturbing differential acceleration on test masses in sensitive plane

~12 -2
(adm )Z = (aNG )Z X <2-10 ms maximum perturbing differential acceleration on test masses along axis

a . maximum differential displacement of test masses due to external non
_ Ydm 2 12 p
gravitational forces in sensitive plane

a maximum differential displacement of test masses due to external non
d 2 - p
Az, =%-(Pdm) <4610 m

Ar z

gravitational forces in sensitive plane

Ax _
Xvridge < AFEP =6.8-10°  Maximum fractional mechanical unbalance of capacitance bridges

cm

Gyyigpe = 2.5:107 m bridge gap
5 Maximum mechanical unbalance of capacitance
Adbria/ge < dbridge ' Zbridge < 17 10 m bridges
P..; =360s Natural oscilaltion period of PGB in the sensitive plane
(Pogs). =30s Natural oscilaltion period of PGB along axis
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4.3 TEST BODIES MASS MOMENTS

DRIVER #3: TEST BODIES MASS MOMENTS

the test bodies

X

( H j <1.2.102 Maximum fractional difference between the principal moments of inertia of
TMs

maximum differential acceleration from Earth monopole coupling to quadrupole

@
a <05-a
® P moments of test bodies

® maximum differential displacement from Earth monopole coupling to
Ax® <0.5-Ax,, placeme Poe couping
quadrupole moments of test bodies

4.4  WHIRL MOTIONS

DRIVER #4: WHIRL MOTIONS

Minimum quality factor of the test masses suspensions for losses

S .
Oy, 220000 (at spin frequency) occurring at the spin frequency (1Hz)

O =90 (at spin frequency)  quality factor of PGB suspensions at spin frequency (1Hz)

(’”w )TMS <10°m Maximum whirl displacement of test masses

(7,) pgs <107 m Maximum whirl displacemnet of PGB

ksq,-e,y =15 safety factor of whirl control to ensure damping of whirl velocity
@,,., <0.14° maximum phase error of applied control force
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4.5 SATELLITE SPIN FREQUENCY

DRIVER #5: SATELLITE SPIN FREQUENCY

v,=1Hz (in LVLH reference frame)
Nominal spin frequency of GG satellite

v*=y_+v  =1.0001754 Hz (in the IRF)

( Av, /v ) <105 +10 Maximum fractlongl measurement error in the satellite spin frequency
shos (whatever its nominal value)

4.6 EARTHTIDES

DRIVER #6: EARTH TIDES

s <10°m Initial offset (by contruction and mounting) of the centers of mass of the cylinders
mech = from their rotation axes
a . . .
Azpy = ( d'”z)z ( P, )2 <4.6-10" ;;» Maximum dispalcement along axis between the test masses
4z : (gives rise to tidal displacement in sensitive plane)
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DRIVER #7: TEMPERATURE

Minimum number of days after which rebalancing of the test

N, . 220d .

aays masses is needed
7<02 Kld Maximum test masses temperature daily variation
AT/Az<4 Km™ Maximum temperature gradient along axis

(aCTE )TM; <2-10°K™*

Maximum thermal expansion coefficient of test masses

(acr), <10°K™

Maximum thermal expansion coefficient of coupling arms

Aklk<4.10° K™

Maximum fractional thermal variation of suspensions stiffeness

2, <1/100

Maximum relative change in stiffness of suspensions with
temperarure

Pros <107 torr (ppgs <1.333-107° Pa) Maximum air pressure inside OGB

€ gotdcouting < 3-107° Emissivity of goald coating
4.8 MAGNETIC COUPLING
DRIVER #8: MAGNETIC COUPLING
X ushield PGB = ]/ 100 Minimum magnetic field reduction provided by mu-metal shielding of PGB
(X )y, S107° Maximum magnetic susceptibility of test masses
Ly <107 Am® Maximum magnetic moment of test masses
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4.9 ELECTRIC CHARGING

As far as electric charging is concerned, we rely on passive electric grounding of the
test masses and the co-rotation of the test masses and the capacitance transdusers,
(see Section 3.2.1), in addition to gold coating of all the conductive surfaces.
Moreover, surface charge patches can be measured in the GGG laboratory
prototype, as we have recently shown (see Section 9.8)

4.10 ERROR BUDGET

As reported at the beginning of the Section, all the requirements above have been
embedded in the GG Simulator tool to run a full scientific simulation of the GG
experiment (see Section 8.6). From that, we get a time history of the relative
displacements of the test cylinders (they should be zero for perfectly free falling
bodies and in absence of an EP violation!!) which allows us to establish both
systematic and random errors.

The systematic errors in the relative displacements of the test cylinders provide a

very realistic error budget for GG, as depicted graphically in Figures 4.1 and 4.2
below, and described in detail in the figure captions.
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Overall displacement due to systematic errors vs. EP violation signal

Displacement [pm]
o

107L

10'5;

10'6:7

e e e e ]
107 107 g 10"

Frequency [Hz]

Figure 4.1: Amplitude Spectrum of the test masses differential displacement due to the main systematic errors vs
the target EP violation signal Ax,, = 0.61pm (at the orbit frequency v,, =1.7538-107* Hz w.rt. the
inertial reference frame IRF). The amplitude of the error at the orbit frequency is smaller than the signal by a
factor about 2. The closest error line is at twice the orbit frequency, with an amplitude one order of magnitude
bigger of the signal: this error can be easily distinguished from the signal during data processing, since the
duration of each elementary experiment is about one week (the provided minimum step in frequency is about
one millionth of Hz). The amplitude of the error at 4 times the orbit frequency is negligible. The error at the whirl
frequency is easily removed during the synchronous demodulation of the post-processing.
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Systematic errors at v > v__ vs. EP violation signal

EP

Displacement [pm]
E;I

whirl

i A S A j i
10 10 i 10
Frequency [Hz]

Figure 4.2: Detailed view of the Amplitude Spectrum of the main systematic errors (the target EP violation signal
Axy, =0.61pm at the orbit frequency is reported for direct comparison). At 2Vp the errors due to magnetic
coupling are negligible. At this ferquency the main component of the displacement is due to the test masses
differential displacement along the spin axis which through the gravity gradient generates a displacement in the
plane of the science measurement. The differential displacement along z is due mainly to the radiometric effect
(worst case assumption for the residual pressure inside the PGB is made, and a better value is expected);
smaller contributions are due to the residual s/c non-gravitational acceleration and to the proof masses emitted
radiation. At 4VEP, the two different magnetic induced displacements are negligible.The whirl, and the Earth
tides coupled with whirl generate three lines: at frequencies: Vianirt gn Vohir £ 2V . The three lines appear
here as a single line at Vihirldue to their negligible separation in the loghartmic frequency scale. All three lines
do not affect the signal detection, due to their large separation in frequency w.r.t. the orbit frequency Vir.

Random noise is also available from the simulator, but is not reported here.
A theoretical calculation of the thermal noise to be expected as the ultimate

limitation, it has been shown in the past (see Section 2.2.7 in [22]). In GG the large
mass of test bodies (10 kg) and the long period of their natural differential
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oscillations help in reducing thermal noise. Moreover, in supercritical rotation the
relevant losses take place at the (high) spin frequency, at which they are small (see
Section 9.3 for losses measured with the laboratory prototype)
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5. PAYLOAD DESCRIPTION

5.1 PAYLOAD MAIN ELEMENTS

The GG payload is housed inside the “spinning top (see Figure 3.6). It contains in a
nested configuration —and always respecting the cylindrical symmetry, as well as
“top/down” symmetry with respect to the center of mass of the whole system- the
following main elements:

o the PGB laboratory, with its central shaft, connected to the “spinning top” by
mechanical springs at its “top” and “bottom” (see Figure 3.3 and details on the
springs in Figures 5.1 , 5.2)

e the differential accelerometer for EP testing (see Figure 3.7) with U shaped
laminar suspensions connecting its coupling arm (see below) to the PGB
shaft/tube at its center

e a perfectly symmetric coupling arm (see Figure 3.7) made of two pieces,
arranged inside each other in order to guarantee the required symmetry; each
piece is connected at the center to the PGB shaft via U shaped laminar
suspensions (see Figure 5.3 and 5.4)

e two coaxial concentric test cylinders, each one connected to the coupling arm
described above via U shaped laminar suspensions. Note that the test
cylinders are not directly connected to the PGB, otherwise they could not form
a balance and reject common mode effects. They are connected to the PGB
only through the coupling arm, which is indeed the beam of the balance

e two opposite pairs of capacitance plates located halfway in between the test
cylinders forming two capacitance bridges and rigidly connected to the PGB
shaft

e small capacitance plates (arranged as capacitance bridges) to sense the
relative motion (in all 3 directions) of the PGB wrt the spacecraft which
provides the input signal to the drag free control loop. They also serve as
actuators to damp the whirl motion of the PGB (see Figure 3.21 (right) where
they are labeled as “active dampers”; a better view is given in Figure 3.22)

e small capacitance plates (arranged as capacitance bridges) similar to those
described above, between each test cylinder and the PGB shaft. They are
used as sensors and actuators within the whirl control loop (to damp the whirl
motion of the test cylinders relative to the PGB)

The PGB accommodates also the electronics of the capacitance read-out system
(see for instance Figure 9.1 for the laboratory prototype), while data from the
accelerometer will be transmitted by an optical link (the same in the lab prototype).
The PGB springs will allow the required power to be provided from the spacecraft to
the accelerometer (read out electronics and inchworms; note at present the GGG
rotating electronics —read out only- requires 4 Watt)
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The Figures below show several details of the components just described.

Lamella di Rame-Berillio
Misure in mm.
‘0.6}0.4} 62 4 62 1 ) s )

1
le—>|

r=1

Se si usano per la PGB queste mo 0 costruite con lamelle inizialmente piane e con le estremita ingrossate per poterle fissare

meglio (anche se in questo caso non accorrs e
Poi vanno curvate elasticamente ad U {senza superare
perfettamente piane) e montate come nella figura Molle_PGBjpg

il limite di elasticita, cioé in modo che se vengono rilasciate devono tornare

Figure 5.1: Construction details of the springs connceting the PGB to the spacecraft (see also Figure 3.3)
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Flessione di una sharretta con un'estremuta’ fissa

3
Al = 4 F 23
T ab
T = Young's modulus
_ 11
Energia elastica del sistema T(Pure Cuy=12-10 n dynefem?
X T(CuBe) ~ 1910 dynefem?
E= I Pl T(Steel) =21-10" dynefom?
3
Def  F=leAl k= Lab 0
4¢
Per una molla a forma di T e con un braccio rigide di lunghezza L si ha
r=025cm
5 =01 cm
¢ =mr+25=Tcem
b =510 "cm
L =20cm
a= 05cm

3
ky =1 £30° = 95105 gynefem bom = kg
2 417,
ko /ky =32 Ko by 212800 byl

Prove spenimentali effettuate con un pezzetto di lamella di CuBe di spessore b= 20y

Cowa=lem r=04cm s=01em L=8cm FE= 50 mgr =50 dyne
siha A= 05cm => k=100 dyngfom ¥ ~19-10"" dynefom?

Con PY=lgr 51 ha: Aby =154 cm kY/'kL: 6.5
Con F_=8g siha Al = 0.05¢cm Kol ky =1600
Con F, =10 gr siha Alz =01cm kg fky =1000
Com a=05ecm Fy=1lgr Ay =26 cm

Per una lamella fatta con un nastro di Rame-Berillio iizialmente piano, poi curvata a forma & U senza superare il suo

linite di elasticita’ e tenuta compressa fra due pland paralleli da una forza Fz siha

Per far scorrere in direzione ¥ la superficie superiore rispetto all'altra, come se fosse su una ruata, non occorre nessuna
forza Fy. Infathh durante tale moto la molla mantiene inalterata la sua energia elastica (se r non varia) in quanto st flette ad una
estrernita’ del diametro verticale aumentando I'energia elastica, e sirilascia (si srotola) dall'altra, dirmmuendo l'energia

di una vguale quantita’.

Percio', in linea di principio, se le superfici sono piane, pulite, & se lamolla ' omogenea, 1k di questa molla &' zero.
In pratica si potra’ ottenere un ky positivo o negativo se le superfici sono rispetivamente un po' concave o un po'

CONVESSE.
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Figure 5.3: Details from the engineering drawings of the GG differential accelerometer showing further and
further parts going from “outside” to “inside”. The brown central tube is the PGB shaft. The blue and green
cylinders are the test cylinders, the yellow plates are the capacitance bridge plates to measure the relative
displacements of the test cylinders. Note that the outer diameter of the blue test cylinders is about 23 cm
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Figure 5.4: From previous figure: further details after removing components one by one. In the last picture only
the coupling arm remains, a dn it is clear how it is made symmetric by putting together the two parts (pink and
light blue). In the figure before the last, the PGB shaft is well visible, showing its center where the two pieces of
the coupling are connected, each one with 3 U shaped laminar suspensions at 120° from each other.

5.2 LOCK/UNLOCK MECHANISMS

The PGB, the test cylinders and the coupling arms —being weakly suspended— will
have: a static lock mechanism in order to withstand large accelerations at launch, to
be unlocked once in orbit (1-shot). In addition, by design, each suspended mass is
constrained to only slight movements in all directions (mechanical stops) as it is
apparent from the 3D drawings shown in Figures 5.3 and 5.4.

Finally a refined lock/unlock system, with inch-worms and pressure sensors, has
been designed for the system in orbit (shown and described in Figure 5.5) in order to
gently release the test masses and the PGB in absence of weight. Unlike the static
lock, this system can be re-used during the whole mission to lock/unlock the bodies
in orbit should the need occur.
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The latter mechanism is finely designed but is no matter of concern because of the
very small forces involved at zero-g and the high reliability of inch-worms (based on
PZTs). The single shot static lock is a “brute force” lock to be used only once but
obviously crucial to the experiment; special care is being devoted to it by DTM
Technologies, a company with considerable expertise and a long successful record
of collaboration with Thales Alenia Space for issues related space mechanics and
Ferrari for ground mechanics.

Figure 5.5: (right) Top view (across the spin/symmetry axis) of one set of 4 inch-worm actuators for fine
unlocking of the suspended GG bodies; this figure refers to unlocking the PGB from the spacecraft. The inner
tube of about 10 cm radius (belonging to the PGB) encloses one of the PGB suspension spring (as shown in
Figure 3.3). This system is located at the top (or bottom) of the PGB suspensions. Each suspended cylinder
needs 2 sets like the one shown here placed at its two axial ends. (left) Section through the symmetry axis (as in
Figure 3.7) showing the detailed location of this fine lock/unlock device for one of the test cylinders.

5.3 THERMAL STABILIZATION AND CO-ROTATION

Thermal stability of the GG accelerometer is very important as temperature induced
distortions may unbalance the test masses, unbalance the capacitance bridge
transducers, displace the test masses along the axis direction. The high symmetry
of the entire system and its rapid rotation help considerably in reducing such effects
(most importantly the radiometer effect, [37, 38)]).

However, the low equatorial orbit causes a strong thermal stress on the GG satellite
as it goes in and out of the Earth shadow every orbit. This orbit has been selected,
instead of a high-inclination sun-synchronous orbit, in order to avoid re-aligning the
spin axis of the satellite with the orbit normal during the mission, so as to perform a
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more passive and less disturbed experiment, and also to reduce the complexity and
cost of the mission (see [39, 40]). It definitely turns out to be the best choice with the
availability, in the near future, of the VEGA launcher (see Section 3.5 and Section 6).

Considerable effort has therefore been devoted to the thermal stabilization of the GG
payload. The thermal control shall provide a suitable thermal conditioning of the
PGB environment, in terms of high stability in time of the test mass temperatures,
and low axial as well longitudinal temperature gradients of the test masses
themselves.

The thermal control subsystem is entirely designed on material-standard equipments
and a classical passive approach is used to counter the external (direct Sun, albedo,
Earth infrared radiation) as well internal (equipment power dissipations) thermal
loads and their oscillations, aiming at maintaining as constant and uniform as
possible the thermal environment around and inside the PGB.

MLI blankets are used to decouple loads and attenuate oscillations. They are used
both to protect the external surface of S/C from external environment and to
decouple the PGB from inside of S/C where the electronic units are installed. The
connections of dissipating equipment to equatorial radiators are provided (all the
boxes are located around the equatorial cylinder surfaces), via thermal fillers, to
increase their contact conductance at the boxes radiator contact baseplates; heaters
are employed when necessary to trim or maintain the necessary temperature levels.

The “spinning top” structure (shown many times in this Report; see e.g Figure 3.5)
will be made of carbon fiber composite to reduce thermal distortions.

It is worth stressing that so far no need has arisen for active heaters.

An issue has arisen about co-rotation of the PGB with the outer spacecraft. The spin rate of
the outer shell will change if the moment of inertia of the shell changes while the spin
angular momentum remains constant. This happens due to temperature variations of the
outer shell as the GG satellite gets in and out of the Earth shadow, which is not the case for
the PGB since it is very well insulated and thermally de-coupled from the spacecraft. The
resulting phase difference is very large, because of the rapid rotation. However, the
absolute change in the moment of inertia is indeed very small. This means that it can be
balanced by a small compensation mass. Moreover, compensation can be passive; the idea
is to have a mass which expands and contracts in anti-phase with respect to the outer shell
of the spacecraft so as to keep the total moment of inertia (of the outer shell plus the
compensation mass) essentially constant.

Co-rotation between the PGB and the spacecraft shell with be sensed by placing a small
mirror on the PGB tube and a photo-detector on the spacecraft (it adds no wire to the PGB).
Should a residual phase lag be detected, it will drive the thrusters of the drag free control
loop for compensation.

Several solution for passive mass compensation are available and a final choice will be
made by the end of this Study.
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Note that no such phase lag will take place between the PGB and the test bodies because of
the very good thermal insulation; spring coupling will take care of eliminating residual small
phase lags (e.g. left out by the unlocking procedure) during the initial phase of the mission

5.4 TEST MASSES MATERIALS

The choice of the test masses composition should be made in order to maximize the
possibility that an EP violation may occur.

Since one does not expect that hypothetical EP violations can depend on such
macroscopic properties of matter like density, and on chemical, mechanical, electric
or magnetic characteristics, one should look for other properties of matter for
deciding what substances to choose for the test. In [41], for all the elements of the
periodic table, are calculated and plotted the three properties that are considered as
the most likely sources of a possible EP violation, namely

e B/u (B=N+Z being the number of barions, N the number of neutrons, Z
the number of protons, x the mass in units of the mass of the H atom)

e L/u (L the lepton number; for neutral atoms L=2)

e [./u (I.=N-Zthe z component of Isospin)

Figure 5.6, 5.7 and 5.8 are adapted from the corresponding plots reported in [41].
According to Figures 5.7 and 5.8, CH, and Pb are the best possible choice, while
from Figure 5.6 this choice is about equivalent to the typical choice of Be for one
mass and Cu or Ti for the other.

With CH, we indicate all solid polymers like polyethylene (C,H,), , polypropylene
(C,Hy), etc.., all with the same proportion of Protons and Neutrons as CH,

It is very important to stress that in GG, due to the fast rotation of the test masses
there is no need to manufacture them to need to very high precision, as small
anomalies would give DC effects not competing with the signal. This is also why the
GG test bodies can be 10 kg each, that is, considerably more massive than test
masses typically used for ground experiments or proposed for space. The case for
larger masses is obviously to reduce thermal noise.

We are therefore considering using CH, and Pb since this choice would maximize

the possibility for an EP violation for the same target sensitivity of the GG
experiment.

GG Phase A-2 Study Report — April 2009 : Section 5 48



Section 5:; Payload description

1.010
1.009- T T
o VL \ \\Cn H\g Ph
1.008 - C.‘.F Mn Co v ! §
Loor{¥ Sy T
” -. -(_‘H2
1.0061 **
=1 oLi
o 1.005- *LiH
1.0044
1.003
1.002 1
1.001
0 10 20 30 40 50 60 70 80 90

atomic number

Figure 5.6: B/ as function of the atomic number (the red dots have been added to the original plot in [41])
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6. SATELLITE, ORBIT AND THE VEGA LAUNCHER

6.1 LAUNCHER AND MISSION

The satellite will be launched directly into near-circular, near-equatorial orbit by a
small / medium launcher such as Vega (baseline) or PSLV (backup). Both launchers
have capability much in excess of a small spacecraft such as GG, and a dual launch
might be taken into consideration (Figure 6-1).

The design launch altitude will be between 520 km and 600 km, according to the
strategy discussed below. No orbit maintenance is planned, and the spacecraft
altitude will be allowed to decay gently in time, with negligible impact on the satellite
mission and operations.

A preliminary sequence of events is in Table 6-1. Once set up and initialized, the
experiment will run in a regular way without any changes to either orbit or attitude.
Given the near-equatorial orbit, the satellite will experience a regular once-per-orbit
sequence of eclipses (35 minutes) and passes above the equatorial ground station
of San Marco near Malindi, Kenya (about 10 minutes, with small variations
depending on the selected altitude).

300
_-_---—._H_‘_‘_H"--_._
2200 o =
21m ‘ --_---- --- WVEGA LV PERFORMANCE
2000 L '\\ : -“.“-- i
1ﬁm \ --.—._--_. ------ i II{
F 1800 \\ | Illr
-E. 1?m _ \ .-......-\_ “-JII
. TN\ =
E 1800 : I m
£ 1500 :
1400 \
1300 .
GG requirement
1200
11m AHi b
1000
0 10 20 30 40 50 &0 0 &0 =0 100 "

it Inciination [

Figure 6-1: VEGA performance for circular orbits. The launcher requirement is 1500 kg in a 700-km altitude polar
orbit. The lower limit to the orbit inclination is about 5°, and is set by the latitude of the Kourou launch site (5°N).
For such a near-equatorial orbit, as required by GG, the VEGA performance is in excess of 2000 kg, much above
the needed spacecraft mass.
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Launch and Ascent Phase

duration: =1 hour 3-axis stabilized release by the launcher
satellite off on lift-off; activation of OBDH and RF by separation
switch

Early Orbit Phase

duration: ~1 day sun acquisition, rate damping and coarse spin attitude
stabilization (autonomous)

satellite acquisition by the EOP ground station network
satellite health check

Satellite Commissioning

duration: =1 week satellite control handed over to the dedicated ground station
subsystem commissioning
satellite spin-up (semi-autonomous, assisted by the ground

station)
Payload Switch-on and Calibration
duration: ~3 weeks FEEP thruster switch on (pre-calculated thrust profile)

Coarse thruster calibration

Activation of electrostatic dampers common-mode sensing
PGB unlocking

Activation of common-mode sensing

Activation of drag-free control

Activation of spin rate control

Test mass unlocking

Test mass centering & alignment

Fine test mass set-up / iteration

Scientific Mission

duration: 2 years Routine data collection
Calibration
Scientific Mission Extension (optional)
duration: until Same sequence as in the Scientific Mission
consumables are
exhausted

Table 6-1: Sequence of events in the GG mission

The magnitude of the drag acceleration experienced by the satellite is a key to its
performance, via the common-mode rejection ratio of the experiment and the drag-
free control. As is well known, the scale height of the Earth’s upper atmosphere (and
thus the drag on low Earth orbit satellites) is very sensitive to the intensity of the
short-wavelength solar radiation and the level of geomagnetic activity. Both
parameters are function of epoch and are routinely forecast by a number of
organizations, with sufficient accuracy for satellite lifetime and perturbation studies.
In this study, we have used the 95% confidence level NASA forecast of the solar
activity index F10.7, and of the daily global index of geomagnetic activity Ap, for the
time period [2013, 2020], which encompasses atmosphere conditions ranging from
near-solar maximum to solar minimum (see Figure 6-2).
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In order to design the on-board systems independently of the epoch, a maximum
acceleration threshold of 2x107 m/s? is specified, and the launch altitude is selected
in such a way that the threshold will not be exceeded, in the time span of interest for
the mission, at the 95% probability level. Given the downward trend of the solar flux
from 2012 on, this criterion shows (Figure 6-3) that the mission design altitude needs
to be >600 km if the launch occurs before 2015, and can be 550 km or lower if the
launch occurs in 2016 or after. This range of variation of the altitude is of no
consequence to either the launch mass or the scientific mission performance.
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Figure 6-2: NASA forecast of F10.7 solar flux index [June 2008 NASA MSFC bulletin]
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Figure 6-3: Parametric analysis of the drag acceleration. The atmospheric density is taken at the 95% probability
level according to the NASA forecast of June 2008. The area-to-mass ratio is 0.0046 m?*kg. A maximum drag

acceleration level < 2.0E-7 m/s? first becomes available at mean orbit altitude < 600 km in January 2015.
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6.2 SATELLITE MECHANICAL CONFIGURATION

The cylindrical symmetry of the test masses and their enclosure, the Pico-Gravity
Box, and the spin required to provide high frequency signal modulation, lead to a
spacecraft of cylindrical symmetry, stabilized by rotation about the symmetry axis.

The main configuration requirements of the GG spacecraft are as follows.

e The GG experiment implies an ad-hoc configuration; reuse of an existing
platform cannot be proposed. Conversely, many pieces of equipment may be
inherited from the PRIMA complement.

e The spacecraft must be made compatible with the Vega launch vehicle (the
previous design exercise was focused on Pegasus). In particular, the
configuration shall fit the Vega fairing envelope, and the standard Vega 937 B
adapter shall be used for launcher separation.

e The configuration shall allow easy integration of the PGB, with
mounting/dismounting possible even during the last steps of the satellite
integration.

e Low area-to-mass ratio is required (< 0.005 m?#kg). The spacecraft shape and
its mass distribution must have a degree of cylindrical symmetry. The spin
axis must be a principal axis of inertia, with the following constraints

Jspin > Jtrans
- B = (Jspin - Jtrans)/Jtrans ~0.2+0.3.

The proposed solution is therefore a dedicated “spinning-top” structure supporting
the PGB and equipment, plus two cylindrical solar panels; sensors and electric
thrusters are mounted to a central belt, while the two S-band antennas, both fixed,
are mounted on booms aligned with the spin axis.

The GG structural configuration is depicted in Figure 6-4. The external structure,
completely enclosing the PGB laboratory, is made from CFRP, for minimum thermal
distortions, and is made up of three parts:
¢ central cylinder with 1.4 m diameter, with thermal radiators cutouts;
e upper truncated cone, with the dismountable interface to the PGB suspension
system,;
e lower truncated cone, symmetrically placed, hosting the launcher interface
ring.

The upper cone is removable to allow PGB integration. Equipment items are
mounted internally to the central belt; thrusters and sensors are mounted externally.
The solar array is made of two cylinders separated by a central belt for mounting
equipment, including thrusters and sensors; this solution also allows a convenient
distribution of thermal covers and radiators to achieve an efficient thermal control.
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Figure 6-4: GG Spacecraft Configuration. Left: integrated configuration. Right: solar panels removed to show
underlying structure.

The details of the configuration are listed below, from bottom to top, together with
their component materials:
e interface ring with the launcher (7075 Al-alloy TBC);
lower payload support cone (CFRP structure);
lower circular plate with cut-outs, to support the lower LGA antenna;
lower truncated cone (Al honeycomb with CFRP skins);
lower cylindrical solar panel,
central cylinder for mounting the equipment (Al honeycomb with Al skins);
the equipment (see relevant s/s);
upper truncated cone (Al honeycomb with CFRP skins);
upper payload support cone (CFRP structure);
upper circular plate with cut-outs, to support the upper LGA antenna;
upper cylindrical solar panel,
PGB assembly with the on-orbit suspension springs devices;
two PGB launch-lock mechanism sets, released after launch;
two antennas aligned with the spin axis, both fixed.

Figure 6-6 shows a 3D view of the satellite. The spacecraft body is about 1.45 m in
outer diameter and about 1.42 m high. The experimental apparatus is
accommodated in a nested arrangement inside the body, as shown in outline in the
transparent view of Figure 6-6. As shown by Figure 6-5, there is plenty of mass and
volume available for double launch with Vega, should it become possible.
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Figure 6-5: View of GG Spacecraft beneath Vega fairing

Figure 6-6: View of GG Spacecraft (transparent view)
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Figure 6-7: GG Spacecraft Preliminary Layout
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Figure 6-8: GG Experiment mechanical interface concept

Details about the equipment layout experiment mechanical interface concepts are
provided in Figure 6-7 and Figure 6-8 respectively.

The current design maximizes the moment of inertia Jspin With respect to the
symmetry axis, thereby providing passive spin stabilization around it, and meets the
requirement with a (Jspin - Jtrans)/Jtrans ratio of ~ 0.3.

The spacecraft structure, similar to a spinning top, is exceptionally compact and stiff.
Carbon fiber is used to the maximum extent to minimize thermal distortions. The
central belt alone is composed of Aluminum honeycomb with aluminum skins for
accommodation of the thermal radiators.
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The total structural mass is 122.5 kg, including 20% subsystem margin. The
launcher stiffness requirements are fulfilled with a satisfactory margin. The
calculated first axial mode with the structure constrained at launch is 43.7 Hz
(against > 20 Hz and < 45 Hz required by the launcher, see Figure 6-9). The first
lateral mode is 26.2 Hz (>15 Hz required, see Figure 6-10).
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Figure 6-9: GG FEM Model first axial eigenfrequency (43.7 Hz, preliminary data)
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Figure 6-10: GG FEM Model first lateral eigenfrequency (26.2 Hz, preliminary data)
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6.3 THERMAL DESIGN AND ANALYSIS
6.3.1 TCS REQUIREMENTS

The thermal requirements derive from the goal to maintain a thermal configuration
able to perform the needed scientific measures. The high spin frequency value
makes negligible the azimuthal temperature difference, while the axial effect shall be
limited. Moreover it is important to maintain the temperature stable. The mechanical
suspensions are sensitive to the temperature variation and this variation shall not
degrade the common mode rejection of the mechanical suspension.

The following temperature requirements shall be met:
e test mass mean temperature stability better than 0.1°C/day;
e Axial temperature gradient at the level of the proof masses shall not exceed 1
°Cl/arm length;
e Temperature fluctuations in the proof masses shall not exceed 0.2 °C in 1
day;
e Linear temperature drift in the proof masses shall not exceed 0.2 °C/day.

As for the electronic units, the following temperature requirements were assumed:
e -20/+50 °C operating temperature;
e -30/+60 °C non operating temperature.

6.3.2 TCS DESCRIPTION

A classical passive approach plus heaters has been selected:

e The external side of the S/C will be covered by MLI blankets to counter the
environment loads; painted radiators areas are distributed on the cylindrical
structure following the footprint of the electronic boxes mounted inside the
structural cylinder; solar arrays cells are placed on two dedicated cylindrical
sections.

e The internal side of the S/C will be black-painted as much as possible where
power is generated (internal cylindrical section and electronic boxes) in order
to minimize temperature gradients, while a low-emissivity surface finish has
been selected for both the external and the internal side of the PGB in order
to radiatively decouple the payload from the remaining parts of the S/C.

e Electronics are mounted on the internal cylindrical structure via thermal fillers
to increase the baseplates contact conductances; the PGB is conductively
decoupled as much as possible from the remaining parts of the S/C, and the
core of the payload is connected to the support structures via springs.

e The use of standard electrical heaters to trim or maintain the necessary
temperature levels is under evaluation; if applied, this solution will be limited
to the electronic boxes area, that is no heaters are envisaged inside the PGB
enclosure in order to limit oscillation and temperature disturbances to the test
masses.

The following thermal hardware is foreseen at this level of analysis.
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MLI Blankets

Multi Layer Insulation blankets will be 20-layers ITO Kapton 3 mil with Dacron net
spacers; the MLI will cover all the external surfaces except the radiators, solar cells
and mechanical I/F with launch adapters. The S/C parts exposed to high heat input,
i.e. plumes, will be shielded by 0.3 mil aluminised Kapton.

MLI blankets will also be used on the PGB cylinder, both on the external and the
internal side.

Surface Finishes

Black paint Aeroglaze Z306 will be used for the internal side of the structural cylinder
and as finish of the electronic boxes.

All the remaining parts of the internal environments will have a low-emissivity finish,
not exceeding 0.05.

The external radiator areas will be covered with silvered Teflon tape.

Thermal fillers
Sigraflex-F will be used to increase thermal coupling between equipments and the
mounting surfaces (brackets or structural panels).

6.3.3 MATHEMATICAL MODEL DESCRIPTION

Geometrical Mathematical Model (GMM)

Esarad 6.2 has been used to build up the Geometrical Mathematical model and to
run the radiative analysis. The GMM includes all the main structural elements, the
payload components, and the equipments both inside and outside the S/C:

e Structural main cylinder, cones, flanges and payload support structures

¢ Internal electronic boxes

e PGB protective cylinder, I/F flanges and springs

e Payload internals: Mass 1, Mass2, Capacitive Plates, and support cylinders

brackets and flanges
e External MLI blankets, sensors, antennas and Solar Arrays.

The following figures depict the modeled elements.
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Figure 6.11: Overall GG Geometrical Mathematical Model component breakdown

The radiator areas have been positioned only on the outer cylindrical part of the
structure, and in general follow the arrangement of the internal boxes. Radiator
areas implemented in the GMM are listed in Table 6.1.

Unit Radiator area [m?]
Battery 0.067
PCE 0.122
CDMU 0.234
TRANSP 1 0.100
TRANSP 2 0.100
PCU 0.300
Tot Radiative area [m?] 0.923

Table 6-2: Radiator areas
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The GMM is made of 2090 nodes and 509804 radiative conductors are calculated as
output. A summary of the thermo-optical properties and the main orbit data is given
in the following two tables.

Thermo-Optical properties

Surface finish 3 aBOL | a EOL
MLI ITO Kapton 0.77 {030 |0.43
MLI Aluminised Kapton | 0.05 [ 0.14 | 0.14
Black paint Z306 0.88 | 0.96 0.96
Silvered Teflon tape 0.75(0.14 |[0.30
Bare aluminium 0.05 ] 0.21 0.21
Solar Array Cell Side 082 [0.75 ]0.75
Solar Array Back Side | 0.71 | 0.51 0.51
Table 6-3: Thermo-optical properties
Orbit and Attitude data
Orbit case EOL
Earth-Sun distance 149.5979 E06 Km
Sun temperature 5770 K
5 | Orbit eccentricity 0
S | Orbital altitude 520 Km
Orbital period 5699.35 s
Earth albedo factor 0.35
Earth temperature 263 K
o | Attitude +Z normal to orbit spin axis
5 Number of orbital positions | 10
g Spin rate 720 deg/s
Spin results averaged over | 12 positions

Table 6-4: Orbit and Attitude properties

GG Phase A-2 Study Report — April 2009 : Section 6

63



Section 6: Satellite, orbit and the VEGA launcher

Thermal Mathematical Model (TMM)

The Thermal Mathematical Model has been written to run in Esatan 10.2 code. The
linear thermal network is made by 4309 conductors. The material properties used in
the TMM (thermal conductivity, heat capacity, mass density) are listed in the Table 6-
5 and Table 6-6.

A very conservative approach has been used for the units power dissipation
evaluation. For each orbit, the maximum value of power dissipation has been
considered when the S/C is exposed to the Sun flux, while the minimum value has
been taken into account during the eclipse phase. A summary of the figures used is
given in Table 6-7.

The electronic units are placed on the internal side of the main structural cylinder; in
the TMM, units are coupled directly to the cylinder H/C. Brackets and mounting
structures have not been taken into account at this level of analysis.

Element Material Therm.al_ Hea’g Density | Comments
conductivity capacity
Al skin 2*0.4
Structural panels: KXY=10.8 W/K mm
cylinder, cones, solar arrays Honeycomb KZ=1.8 Wim2/K 900 JikglK: | 2.5 kg/m2 Al core 15
mm
Structure:
Rings, flanges, PGB I/F,
Payload support structures,
S/C launcher I/F 2700
Payload: Al 7075 150 WK 900 J/kg/K Ka/m3
TM1, TM2, Capacitive Plates g
brackets, flanges, support
cylinders
Test Mass 1 Pb 35 WIK 129 JKgK | o0
g/m3
2700
Test Mass 2 AI'7075 (1) | 150 WK 900 J/kg/K Kg/m3
" 8920
Capacitive Plates Cu 390 WK 380 J/kg/K Kgim3
Propellant tanks T 10 WIK 520 Jikg/K | 4200
Kg/m3
20-lay temperature
MLI blankets Kapton dependent (see Table | 0 0
6.6)

(1) In a conservative approach, only the Aluminium box containing the Polypropylene Mass 2 has
been considered.

Table 6-5: Materials thermal properties
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Siuce ferent  aerl 7" |

Payload inner support cylinders Cylinders AI7075 | 1609
cylinders flanges Al 7075 | 3.0

Payload outer support cylinders cylinders Al 7075 | 1.565
circular flange Al 7075 | 5.0

Test Mass 1 support structure brackets Al7075 | 6.5
mass cylinder Al 7075 | 23.1
circular flange Al 7075 | 3.0

Test Mass 2 support structure brackets Al7075 [3.0-45
mass cylinder Al7075 | 37.8
circular flange Al 7075 | 2.0-11.04.0

Capacitive Plates support structure brackets AL7075 14.0
plates supports Al 7075 | 6.0
plates Al7075 | 2.0

PGB I/F structure Al 7075 | 2.5
protective cylinder (1) | AI7075 | 3.0
cylinder ring Al 7075 |25
cylinder flange Al 7075 | 5.0

HIC structural supports cone flanges Al 7075 |25
upper/lower platforms | Al 7075 | 60.0

(1) Two Protective Cylinder configurations have been analysed: one made of Aluminium (shown in
this table) and one made of MLI (without any support structure)

Table 6-6: Structure panels thermal conductivity

Unit Power in Sun [W] | Power in Eclipse [W] Remarks
BATTERY 11 0
SRS 1 0
CPE 23 0
CDMU 45 14.4
TX (10 min/orb) = 20W
TRSP2 20 6 RX = 6W
RFDN 0 0
TRSP1 6 6
PCU 55 14
EPSA+PPCU+NEUTRAL 30 0
ECE® 12 12
Tot without ECE 191 404
Tot with ECE 203 52.4

(1) ECE has been considered only in one analysis case, see Results chapter for details

Table 6-7: Units power dissipations
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6.3.4 ANALYSIS RESULTS

Esatan 10.2 was used for a first series of transient analyses. The purpose is to gain
sensitivity over the driving parameters of the models and to explore the response of
the payload to variations of the boundary conditions.

At this level of the analysis, a hot orbital environment (direct Solar flux peak 435
W/m?, albedo factor 0.35, Earth temperature 263K), and a conservative power
dissipation profile during the orbits were assumed.

A summary of the analysis cases is given in Table 6-8. A detailed description is
given of Case 1 (baseline); the results of other cases are summarized in the
conclusions. The results of analysis are given always for 20 orbits after 180 orbits of
stabilization.

Case | Description Remarks
ID

EOL environment and thermo-optical properties
PGB with Aluminum finish (¢=0.05)

Standard power dissipation profiles

No heater power applied

Baseline case

EOL environment and thermo-optical properties
PGB with Black Paint finish (¢=0.88)

Standard power dissipation profiles

No heater power applied

Evaluation of radiative
environment of the internal
payload

EOL environment and thermo-optical properties
PGB with Aluminum finish (¢=0.05)

Standard power dissipation profiles, but TRSP2 in TX Evaluation of power dissipation
(20W) only for 10min/orbit instead of the entire sunlit profiles of electronic units
phase

No heater power applied

EOL environment and thermo-optical properties

PGB with Aluminum finish (€=0.05)

4 Standard power dissipation profiles + ECE power inside
the PGB (12W)

No heater power applied

Evaluation of power dissipation
on the internal payload

EOL environment and thermo-optical properties
PGB with Aluminum finish (€=0.05)

5 Standard power dissipation profiles

PGB with of MLI

No heater power applied

Evaluation of insulation of the
internal payload

Table 6-8: Analysis cases for sensitivity
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As baseline configuration, all the internal S/C environment is considered black
painted (¢=0.88), except the PGB interior, which has a bare aluminum finish (¢=0.05)
for all the items contained; the PGB protective cylinder is made of aluminum (¢=0.05
both for the external and the internal side).

Test Mass 1, Test Mass 2 and the Capacitance Plates nodes show a temperature
drift, but both the spatial (AT<1°C/arm length) and the temporal (AT<0.2°/day)
temperature requirements are met. See Figure 6-11 to 6-13.

All the spacecraft units remain within limits even if no heater power is applied:

time BATTERY SRS CPE CDMU| TRSP2 RFDN|[ TRSP1 PCU
T MIN -3.99 -6.34 2.01 4.62 10.84 -6.02 -1.21 7.99
T MAX 4.38 -3.35 7.40 7.93 14.08 -3.50 -0.42 11.14
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Figure 6-11: Thermal analysis of Case 1: Test mass 1 thermal nodes
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Figure 6-12: Thermal analysis of Case 1: Test mass 2 thermal nodes
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Figure 6-13: Thermal analysis of Case 1: capacitance plate 1 thermal nodes
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6.3.5 CONCLUSIONS

After the described preliminary analysis campaign, the following remarks are made.

A number of assumptions have been introduced in the mathematical models:

e For Test Mass 2 body aluminum has been considered as material in the TMM,;
the foreseen Polypropylene mass contained inside an aluminum body will be
implemented in the TMM as soon as this configuration will be confirmed;

e Conservative power dissipation profiles have been considered: maximum
dissipation power is considered while the S/C is in sunlight, while minimum
dissipation power is considered while the S/C is in eclipse, leading to a wide
variation in the internal produced heat for each orbit (191W in sunlight and
40.4W in eclipse in the case without ECE dissipation);

e Calculations take into account 180 orbits for stabilization and 20 orbits for
output;

e The PGB support structure is made of aluminum, conductively connected to
the satellite structure by two laminar CuBe alloy springs sets only (GL =
0.0021 WIK each).

These assumptions need to be reviewed and harmonized with the final payload
design.

At the current level of analysis, no need to use electrical heaters is foreseen.

Use of black paint inside the PGB makes the payload elements more sensitive to the
external disturbances; on the other hand, black paint allows the internal components
of the payload to approach the equilibrium conditions faster.

The design of the protective cylinder seems adequate even if simulated by an
aluminum cylinder (conservative approach).

Power dissipation inside the PGB should be minimized, as it affects the performance
both in terms of space (temperature gradients between two points of the test
masses) and in terms of time (temperature drift in the test masses).

Due to the high decoupling of the internal payload from the rest of the S/C, long
times are needed to approach the equilibrium temperatures, even if the temperature
variations during this time are within the requirements. A more detailed analysis is
mandatory to estimate the time constant of the system.

MLI, structural elements and solar panel temperatures show normal temperature
levels and are of no concern.
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6.4 ELECTRICAL AND ELECTRONIC DESIGN

Figure 6-14 shows the GG avionic system architecture, comprising both payload
electronics units and service module units.

The Payload Electronics is composed by two major subsystems:
e PGB Control and Processing Electronics (CPE)
e Experiment Control Electronics (ECE).

The PGB Control and Processing Electronics, located on the spacecraft platform,
manages PGB motion control (whirl sensing, whirl damping) and the processing of
all signals coming from the test masses (motion control and EP sensing). Moreover,
the CPE performs:

e TC reception from spacecraft and decoding;

e execution of payload timelines and commands;

e Science data collection, compression and formatting;

e Formatting of TM packets and their transmission to the spacecraft.

The Experiment Control Electronics, housed inside the PGB, communicates with the
CPE via an optical link. It performs readout of the EP chain and, under control by the
CPE processor, manages locally the whirl sensing and damper activation.

The service module electrical architecture includes:
e On Board Data Handling
e Electrical Power System including PCDU, solar array and battery.

6.4.1 ON-BOARD DATA HANDLING

The GG on-board data handling system will be based on a single CDMU, derived
from the standard LEONARDO unit, developed via the ASI PRIMA program and
based on an ERC32 CPU. A dedicated CPU board, equipped with LEON2FT
processor, based on a standard ASIC, is under qualification by TAS-I. If necessary
this board could replace the ERC processor board.

The CDMU acts as the central communication node between the Spacecraft and the
active Ground Station, distributing or executing commands received from ground and
collecting, formatting and transmitting the satellite telemetry.

The CDMU provides: telecommand acquisition, decoding, validation and distribution;
scientific and HK data acquisition and storage; distribution of time reference signals
for the Central Reference Time generator and synchronization with the local timers
of the other processors; autonomy supervision and management.
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Figure 6-14: GG avionic architecture block diagram.

Within the centralized CDMU computer, all the application software will be executed,
including the software implementing the AOCS and drag free control algorithms.

The CDMU provides a number of discrete telecommand lines for reconfiguration
purposes. It provides condition inputs for discrete telemetry lines which will be used
for housekeeping, to acquire status monitors and temperatures from the Thermal
Control sensors. Power to Thermal Control heaters is provided by the PCDU, under
CDMU commands received on the 1553 bus.

Decoding and validation of telecommands uplinked from ground is performed by the
TC decoder embedded in the CDMU. A set of High Priority Commands is available
to command directly the end users from the decoders, by-passing any on board
processor. These commands are used for time critical functions such as
activation/deactivation of units, on board computers re-initialization, back-up initiation
of post-separation sequences.
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The CDMU includes a Reconfiguration Module, functionally independent from the
Processor Module and the On Board Software, capable of processing some alarm
signals via dedicated links and of commanding directly the end users via the High
Priority Commands.

Moreover, the CDMU will be equipped with internal power supply dedicated boards,
based on standard FPGAs (Actel RTSX), to drive all the required mechanisms and
actuators. Finally, the box will implement an acquisition module dedicated the
internal HK and the conditioning of the sensors and acquisition needed to control the
mechanisms.

The GG CDMU will be based on dedicated tailoring of a TAS-I heritage architecture
(Figure 6-15), based on the experience gained with the development of many control
units.

3-axis 3-axis
Gyro RCS MTRs

CDMU = secondary voltage lines

Attitude |, | Attitude
Control [ / Control
Electronics | | Electronics

@ace | 4| ace

HPC1 HPTM I

28Vde e Iy : MODULE / ‘| mMobpULE o
MODULE PROCESSOR | PPS
@) =oic | MODULE (8] [\ (2) IEE IG_I
yIo

Wy

28Vde

[ BT

28Vde

l HPTM

E__ N

STAR
TRACKER
28Vde RE)%S[]_\’]I; s Satellite | Satellite -
= e |PROCESSOR HK / HK
) v | MODULE Electronics { | Electronics | FEER |
e (SL-HK) || (SL-HK)

MODULE ,J" MODULE
(1 2)

HpC1 HPTM

secondary voltage lines

TCS Power | | SAA
Sensors | | Sensors SDM

Actuators
Figure 6-15: Functional block diagram of a generic CDMU based on TAS-I heritage.
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6.4.2 ELECTRICAL POWER SYSTEM

The Electrical Power System (EPS) is implemented by a dedicated Power
Distribution and Control Unit (PCDU), plus power generators and a battery.

On the basis of the power budget, the EPS is required to provide around 520W for
both payload and S/C equipment, constantly along the whole mission duration of 2
years.

A fully regulated 28V power bus was adopted, compliant with the ESA power
standard, under the assumption that the payload electronics only allow operation in a
limited range of bus voltage variation. This design also increases the power
conversion efficiency in the EPS system and reduces EMC noise.

For the Solar Array power regulation, either an S3R regulator or an MPPT regulator
could be considered. An S3R regulator design is preliminarily assumed, considering
its simple operation (constant attitude to the sun), the simplicity and robustness of
the design and the good flight heritage. By regulating the number of SA sections
connected to the bus, the bus is controlled to be at fixed voltage value.

In series to the S3R regulator there are two buck DC/DC converters, providing the
required 28 V power bus voltage conversion and regulation using a majority voted
Main Error Amplifier (MEA).

Taking into account the regulated bus topology, a single BCDR module can be
implemented, consisting of two power regulators, a Battery Change Regulator (BCR)
and a Battery Discharge Regulator (BDR).

PCDU configuration

The PCDU provides the following functions:
e it controls the electrical power generated by the solar array;
conditions the energy stored in the battery when required;
controls, monitors and maintains the health of the EPS;
distributes power to the scientific instruments and spacecraft equipment;
protects the power bus from external faults and prevents failure propagation;
provides heater switching control in response to commands;
interfaces for AIV and Launch support EGSE.

The proposed modular PCDU, derived from the ASI PRIMA PCDU (SMU) design,
has the following features.

28V regulated Power Bus

Up to 700 W distributed power

At least 4 I/F with independent Solar Array sections and 1 Li-lon Battery

S3R concept

e SD/ML TM/TC I/F
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e Outputs:
— 12 FCL (Fold-back Current Limiters)
— 24 LCL (Latching Current Limiters)
— 60 heater lines.

The PCDU will include the following main boards:
e Array Power Regulation modules;
Battery charge/discharge regulator modules;
Command and Monitoring modules;
Back Plane;
Heater Distribution module.

Battery confiquration

The battery provides a store for the excess solar array energy, and a source of
energy whenever there is insufficient power from the array (e.g. during launch,
transient power demands and eclipse periods). The selected equatorial orbit leads to
eclipse on every orbit with duration of about 36 minutes over a period of 95 minutes.

The Sony 18650HC Li-lon cell technology is considered for the battery. The battery
sizing case is energy supply of the satellite during the entire LEOP phase assuming
a power load of 171 W for 120 minutes. Considering a battery with 27 Ah capacity
(18px7s), initial State of Charge (SoC) of 98% and 1 failed string, the final SoC after
the LEOP will be 69.7 % with the voltage of the battery at 26.74V.

The battery discharge and charge profiles, and the expected SoC degradation at end
of Life (EoL) were calculated assuming maximum Depth of Discharge (DoD) of 30%.
The resulting SoC degradation at EoL is 13 % with 11,100 charge/discharge cycles
over the expected mission lifetime.

The assumed efficiencies are 94% (BDR) and 96% (BCR). Summarizing, the
calculated battery characteristics under the assumptions listed above are:
e Capacity of 27 Ah
Energy 633.15 Wh @3.35 V
Configuration: 18p7s
Mass: 6.35 kg (including 20% maturity margin)
Dimensions: 200mm x 120mm x120mm.

Solar array configuration

The Solar Array consists of two cylindrical surfaces equipped with RWE 3G-
ID2L/150-8040 cells. They will be used to generate the power necessary to supply
the S/C and P/L electronic units and heaters during the sunlit period, while spinning
at 1 Hz.

Cells shall be organized in strings to achieve the required voltage, but as the current
delivered by each string is limited by the least illuminated cell, it is necessary to grant

GG Phase A-2 Study Report — April 2009 : Section 6 75



Section 6: Satellite, orbit and the VEGA launcher

constant illumination over the entire string in order to both optimize the power
conversion efficiency and minimize cell degradation. Cells shall be stacked vertically
on the cylinder surface to form strings. The length of a single cell determines how
many such stripes can be disposed while the height limits the number of cells per
string.

As first approximation the collected solar flux of the cylindrical surface can be
approximated by its projection:

area

Projectedsurface ~ 2Rh y ~0.637
HalfLateralSurface zRh T

Unfortunately this approximation is not conservative as below specific incidence
angles the conversion efficiency degrades more than the cosine projection and
becomes negligible around 85°. The relative power of solar cells has therefore been
calculated according to the following empirical formulation:

P/ _
<50 76, = cos(r)
50° < y < 85° % =1.149-5.99 — 3.y —8.65e -5 °
y >85° P-0

The y angles have been calculated for every string exposed to the Sun on the
cylindrical surface. The collected and usable flux on the exposed cells area results in
the order of 780W/m?, which, including a packing factor of 0.9, translates into an
area exploitation efficiency of narea=0.48.

For the S3R an equivalent efficiency of 95 % is considered. Given the available
surfaces and the cell characteristics, the following SA configuration is found: 15 cells
per string, 38 strings per cylinder, 2 cylinders. This SA configuration requires a total
used area of 3.6 m? to supply a maximum power load of 519 W.

GG Phase A-2 Study Report — April 2009 : Section 6 76



Section 6: Satellite, orbit and the VEGA launcher

6.5 TELECOMMUNICATIONS

An S-Band architecture derived from the PRIMA platform is proposed for the Galileo
Galilei TT&C. The architecture, shown below, consists of:
e 2 transponders with low output power (23 dBm, i.e., 200 mW) and diplexer
embedded;
¢ RFDN miscellanea in coaxial technology:
— 3-dB hybrid coupler
— Connection cables;
e 2 LGAs with circular polarization and hemispherical coverage (gain = -3 dBi at
1+90° boresight offset angle)

XPND-1 ipxpx— 3dB hybrid coupler ~{ \\:]
T LGA-1
XPND-2 | pome t{ ]
LGA-2
RFDN

Figure 6-16: GG TT&C block diagram

The telemetry data generated by the GG system, including overheads and margins,
is 2350 Mbit/day (see §6.6). This amount of data may be downloaded on each
ground station pass, once per orbit, minimizing the telemetry rate, or the number of
contacts per day can be reduced in order to reduce Malindi ground station
occupation time. The guideline for re-use of PRIMA hardware limits the TM symbol
rate to 512 kbps, and leads to adoption of Reed-Solomon coding and SP-L
modulation.

Assuming the data volume generated in one day of science operations must be
downloaded within the next day, Table 6-9 shows, as function of number of contacts
per day, the minimum TM data rate allowing data volume downlink. The values in red
exceed the limit of 512 kbps, so they are not allowed.
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No data compression Compression factor 1.3 (zip | Compression factor 2.8
Number of | TM data rate TH symbol TH data rate |TM symbol| TMdata |TH symbol
contacts/day [kbps] rate [khb/s] [kbps] rate [kb/s] | rate [kbps] | rate [kb/s]
1/ orhit 263 300 175 200 94 107
10 392 447 261 298 140 159
9 435 496 290 EX) 155 177
g 490 558 326 372 175 199
7 560 638 373 425 200 225
G 553 744 435 496 233 266
5 783 893 522 595 280 319
4 979 1116 B53 744 350 399
3 1306 1489 871 992 466 532
2 1959 2233 1306 1489 700 797
1 3917 4466 2612 2977 1399 1595

Table 6-9: TM data rates with limitation to 512 kbps

The conclusions from the table above are that:

e without data compression 9 contacts per day are necessary;

e with “zip file” technique (compression factor =
reduced to 6;
e using a Rice algorithm (compression factor = 2.8), 4 contacts per day are
enough to download the whole mass memory content.

1.5) this number can be

Link budget calculations have been performed for the worst case, i.e. no data
compression, with and without ranging. With the architecture proposed, margins are
such that ranging operations are guaranteed as well (Table 6-10). The TC link will be
established at 4 kbps following the PCM/PSK/PM modulation scheme, according to
standard ECSS-E-50-05A. Ranging too will be implemented in accordance with
standard ECSS-E-50-02A.

UP-LINK DOWN-LINK
Nom. Margin [dB i Nom. Margin [dB
Distance [km]| Data Rate om. Margin [dE] I|1f0|;r;1taet|0|1 TM symbol om. Margin [dE]
[kbps] . T Coding | rate [kbps] Flux . X
RX power | Carrier Rec. [TC Recovery]  [kbps] Carrier Rec. |[TM Recovery| Ranging
500 4 35.72 53.65 44.27 435 R-5 496 748 34.55 343 45.19
500 4 35.72 54.45 45.07 435 R-5 496 6.93 35.10 3.98 No RG
Table 6-10: Link budget summary
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6.6 BUDGETS
6.6.1 MASS PROPERTIES

In the following, mass and inertia tables are provided, as follows.
e CoG, Mol and Pol budgets in Figure 6-17;
e GG Experiment mass budget in Table 6-11;
e GG Spacecraft Subsystems Mass Budget in Table 6-12;
e GG Spacecraft System Mass Budget in Table 6-13.

Definition

%% Selection :|UU_GG
4 |

Result
Calculation mode : Exact
Type : Yolume

Characteristics —Center OF Gravity (G) —

Yolume  [3.048e+008mm3 [ Gx [710.011mm
Area |31.54Zm2 Gy |2.899mm
Mass  [363.580ka Gz [-1.681mm
Density | Nat uniform

Inertia [ G | Inertia [0 | Inertia I P I Inertia | Axis | Inettia [ Axis System I
—Inertia Matrix | G
loxa |[117.931kgsm2 loys |84, 273kgsm2 lozG  |94.335kaxm2
Iy [1.067e-00Skgxm2  DxeG  |-6.071e-006kgxmz IyeG |3.61kgxmz

(Principal Moments [ G
M

1 |83.157kaxm2 Mz [95.95kgxmz M3 [117.951kgsmz
— Principal Axes
alx |-3.447807e-007 a2x |-1,204896e-007  A3x |1

aly |0.955396 azy |-0,295328 A3y |2,9381826-007
Atz |-0.295328 a2z |-0,955396 A3z |-2.169386e-007

O Keep measure Create geometr I Expart ] Cuskomize. .. l

@ oK I ﬁcancell

Figure 6-17: GG Spacecraft CoG, Mol and Pol budgets

. . . Total Mass
Unit Mass | Total Mass| Margin Margin . .
Name No. o with margin
[kg] [kg] [%] [kg]
[kl
Inner Test Mass 1 10,168 10,168 (] 0,00 10,17
Outer Test Mass 1 10,183 10,183 (o] 0,00 10,18
PGB Shaft 2,879 20 0,58 3,45
Mollette giunto 1 1 0,102 0,102
Mollette giunto 2 1 0,071 0,071
Mollette supporto piezo 1 1 0,098 0,098
Mollette supporto piezo 2 1 0,030 0,03
Assy supporto centrale 1 0,060 0,06
Cilindro Giunto interno 1 1 0,161 0,161
Cilindro Giunto interno 2 1 0,049 0,049
Cilindro portante 1 1,082 1,082
Piastre capacitive 1 1,164 1,164
Piastrine capacitive 1 0,062 0,062
PGB Shell allocation (TBC) 1 7.60 7.60 20 1,52 9,12
Locking mechanisms allocation (TBC) 1 8,40 8,40 20 1,68 10,08
Inch Worms allocation (TBC) 12 0,10 1,20 20 0,24 1,44
Thermal control allocation (TBC) 1 3,00 3,00 20 0,60 3,60
PAYLOAD TOTALS 43,43 10,6% 4,62 48,05

Table 6-11: GG Experiment Mass Budget
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Element 1 - Galileo Galilei

Mass (kg)  Total Margin Margin

FUNCTIONAL SUBSYSTEM

perunit Mass (kg) (%) ()]

Structure 102,11 20,00 20,42 122,53
Upper Platform 1 1,23 1,23 20| 0,25 1,48
Upper Cone| 1 7,08 7,08 20| 1,42] 8,50
Outermost Cylinder| 1 11,35 11,35 20 2,27| 13,62
Lower Cone 1 7,08 7,08 20 1,42 8,50
Lower Platform 1 1,23 1,23 20 0,25 1,48
Cone to Cylinder I/F ring 2| 14,58 29,16 20 5,83 34,99
Cone to Platform I/F ring 2| 4,03 8,06 20 1,61 9,67
Lock/Unlock mechanism 2| 2,50 5,00 20 1,00 6,00
Separation system ring 1 2,50 2,50 20| 0,50 3,00
Miscellaneous (inserts. cleats. etc. 1 9,00 9,00 20 1,80 10,80
Mass Compensation System 1 7,50 7,50 20| 1,50 9,00
Payload support cone 2| 4,80 9,60 20| 1,92] 11,52
PGB interface| 2 1,66 3,32 20 0,66 3,98
Thermal Control 15,75 20,00 3,15 18,90
S/C Thermal control allocation 1 15,75 15,75 20 3,15 18,90
Communications 9,60 10,00 0,96 10,56
XPDN S-Band 1 1 3,60 3,60 10| 0,36 3,96
XPDN S-Band 2 1 3,60 3,60 10| 0,36 3,96
RFDN S-Band 1 1,20 1,20 10 0,12] 1,32
S-Band Antenna 1 1 0,60 0,60 10 0,06 0,66
$-Band Antenna 2 1 0,60 0,60 10 0,06 0,66
Data Handling 16,00 20,00 3,20 19,20
CTU+RTU 1 16,00 16,00 20 3,20 19,20]
AOCS 3,95 20,00 0,79 4,74
Coarse Sun Sensor| 1 0,65 0,65 20 0,13 0,78
Spin Rate Sensor| 1 1,00 1,00 20 0,20 1,20
Earth Sensor 1 2,30 2,30 20 0,46 2,76
Propulsion 33,50 13,32 4,46 37,96
FEEP Thrusters| 2 1,60 3,20 20 0,64 3,84
FEEP Electronics 2 5,60 11,20 20 2,24 13,44
Nitrogen Thrusters 6 0,10 0,60 5 0,03| 0,63
Nitrogen Tank 2 7,16 14,32 5 0,72] 15,04
Lines & Valves 1 1,80 1,80 20 0,36 2,16
FEEP Neutralizer| 2 0,12 0,24 20| 0,05 0,29
FEEP Miscellanea| 1 2,14] 2,14 20 0,43 2,57]
Power 34,40 12,88 4,43 38,83
Solar Array)| 2 4,95 9,90 20 1,98 11,88
PCDU 1 20,00 20,00 10| 2,00 22,00
Battery| 1 4,50 4,50 10 0,45] 4,95
Harness 12,50 20,00 2,50 15,00
Harness 1 12,50 12,50 20 2,50 15,00
Payload 56,03 12,74 7,14 63,17
Inner test mass, 1 10,17 10,17 0 0,00 10,17
Outer test mass| 1 10,18 10,18 0 0,00 10,18,
PGB Shaft 1 2,88 2,88 20 0,58 3,45]
PGB Shell allocation 1 7,60 7,60 20 1,52] 9,12
ECE 1 5,40 5,40 20 1,08 6,48
CPE]| 1 7,20 7,20 20 1,44 8,64
Locking Mechanisms allocation 1 8,40 8,40 20 1,68 10,08,
Inch Worms allocation 12 0,10 1,20 20| 0,24 1,44
P/L Thermal Control allocation 1 3,00 3,00 20 0,60] 3,60

Propellant 875

Table 6-12: GG Spacecraft Subsystems Mass Budget
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Galileo Galilei

Target Spacecraft Mass at Launch 1000,00 ]
Below Mass Target by: kg
Without Margin Margin Total % of Total
Dry mass contributions % kg kg
Structure 102,11 kg 20,00 20,42 122,53 26,38
Thermal Control 15,75 kg 20,00 3,15 18,90 4,07
Communications 9,60 kg 10,00 0,96 10,56 2,27
Data Handling 16,00 kg 20,00 3,20 19,20 4,13
AOCS 3,95 kg 20,00 0,79 4,74 1,02
Propulsion 33,50 kg 13,32 4,46 37,96 8,17
Power 34,40 kg 12,88 4,43 38,83 8,36
Harness 12,50 kg 20,00 2,50 15,00 3,23

Payload 56,03 kg 12,74 7,14 63,17 13,60
Total Dry(excl.adapter) 330,89 kg

System margin (excl.adapter) [ 20,0083 66,18 kg
Total Dry with margin (excl.adapter) 397,07 kg
Other contributions
Wet mass contributions
Propellant 3,75 kg 100,00 3,75 7,50 1,61
Adapter mass (including sep. mech.), kg 60,00 kg 0,00 0,00 60,00 0,13

Total wet mass (excl.adapter) 404,57 kg

Launch mass (including adapter) 464,57 kg

Table 6-13: GG Spacecraft System Mass Budget
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6.6.2 POWER BUDGETS

The power demand of the satellite is about 519 W including maturity margins and a
system margin of 20%, as reported in Table 6-14.

Power [W] Contingency  Contingency Nominal Power
[%]

ECE 1 g1z 20% 228 11.40
CPE 1 18 4 20% 4.6 23.00
Total PiL 34.40
Spacecrafl Managemeni 1 12 10% 1,8 9.3
Uni
Tranzponder 1 (T & RX 1 20 10% 2 22
Transponder 2 (BX 1 6 10% (.5 6.5
FCOU 1 20 10% 2,00 22
Batery (max charging 0 180 190
TCS Heaers 1 40 20% g 48
Coarze Sun Senszor 1 0.5 10% 0.1 0.6
Earh & Sun Senzor 1 i 10% 1.2 72
Harngzs lpsz + PCOL lozs 1 20 20% 4 22

EEF Elecironics 1 100 10%6 10 60
(assuming an thrust
average of 300 uN
Total Service Module 308.2
Total Satellite 432 60
System margin 20% 86.52
GRANDTOTAL A19.12

Table 6-14: Satellite power demand
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The mass memory budget and hence the telemetry data rates depend on the data
collection mode. The total science data rate in the normal scientific mode is about
158 Mbit/orbit including all overheads and margins (Table 6-15).

An on board mass memory sized for 24-hour autonomy would amount to about 1.6
Gbit. The whole 24-hour memory contents could be downloaded to the ground
station in one single pass of 10’ duration at a rate of about 186 kbps that is
compatible with the maximum data rate permitted by the ESA S-band stations.

Data description Variable list MNumber of Freq. [Hz] Record length | Data rate [khit/s]
variahles [hit]
Diff. TMs displacement Ax, Ay 2 50 16 16
Tme/PGE displacement AX, Ay, AZ 3 50 16 2.4
Tmi/PGB displacement Ax, Ay, Az 3 50 16 24
PGB/Spacecraft displac AX, Ay, AZ 3 50 16 2.4
DEFIN Oy, @y, Oz 3 50 16 24
Reference time t 1 a0 16 0.8
Science data 12.0
PGB whirl monitoring Sensing + actuation B 1 16 0.098
Tme whirl monitoring Sensing + actuation 6 1 16 0.096
Trmi whirl manitering Sensing + actuation 6 1 16 0.096
ADC monitaring Number of ADC 9 1 16 0.144
Inchworm monitoring Mumber of inchworms 6 1 16 0.096
Piezo monitoring MNumber of piezo B 1 16 0.096
PGB Inner temperature menitoring Number of temperature 20 0.10 16 0.03
SENS0rS
Capacitance bridge monitoring MNumber of capacitance 9 0.10 16 0.01
bridges
Payload HK 0.7
Commands to FEEP MNumber of commands 6 1 16 0.096
PGB/Spacecraft phase lag Murnber of lag sensors 1 0.10 16 0.0016
Commands to actuators MNumber of commands B a0 16 4.8
Sun sensor Ti2incaseno 2 a0 16 16
redundancy)
FEEF menitoring MNumber of FEEP 6 1 16 0.096
SVM (DFACS + other sub-systems) 10.0
Total Data Rate |kbps 22.7
Overhead 20.0%
Total Data Rate 27.2
with margins kbps
Altitude km 600
Period s 5801
Data valume IWbit/orbit 158
Pass duration  |minutes 10
Telemetry rate  [kbit/s 263
Paszages/day 14
Telemetry data
volume Mbit/day 2350
Table 6-15: Satellite data budgets
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7. ALGORITHMS AND TECHNOLOGIES FOR FINE DRAG COMPENSATION

7.1  INTRODUCTION

The chapter is dedicated to the part of the Attitude and Control Subsystem (ACS) used
during the scientific observations and providing the fine drag compensation. This operating
phase is covered at system level by a dedicated operating mode (Drag-Free Mode, DFM)
during which:
- the spacecraft is spinning nominally at 1 Hz (360 deg/s), along the Z axis of the body
frame;
- the atmospheric drag, the solar pressure and other perturbing actions at spin rate
shall be reduced in such a way to permit the reliable detection and measurement of a
possible Equivalence Principle violation.

After recalling of the requirements that drive the design of the operating mode, focus will be
given on the architecture, designed algorithms, specific technologies and simulation results.

At it will be shown, the design of the algorithms for fine drag compensation is completed.
The proposed solutions permit to meet requirements considering already available
technologies.

7.2 FUNCTIONAL AND PERFORMANCE REQUIREMENTS

The requirements for the drag-compensation sub-system are:

1. rejection of the overall environmental perturbation at spin frequency (space
environmental and spacecraft induced disturbances) to detect and recover the EP signal
violation. The required rejections are:

1.1 Xand Y axes : 2 10°%;

1.2 Z axis: 2.5 103,

2. to maintain the relative position and rotation magnitudes between spacecraft and
PGB well below the bounds for PGB suspension integrity, and dynamic range of the
sensors. It means that the linear displacement between PGB COM and spacecraft COM
shall be lower than 0.15mm, and that the angular displacement shall be lower than 0.1
rad.

Design driver is the required rejection on the X and Y axes, particularly considering the
limitations on the response time of the state of the art actuators (key aspect). The above
limitations strongly impact on the complexity of selected algorithms.

7.3  THE SIMPLIFIED PLANT MODEL

The model to be considered for the control design (control law, equipment requirement
specification) starts from the following assumptions:

» the spacecraft is a rigid body;

« the PGB is arigid body;

« coupling between spacecraft and PGB is provided by suspension.
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I;C?E/E)? . : the coordinates of the PGB COM with respect to the spacecraft COM,;
mg : the spacecraft mass

Mpsz - the PGB mass

m, : the reduced mass

mem
m = s rGB

I

Mg+ Mpgy
: perturbing force (drag, solar pressure, thruster’s noise)
: thruster assembly control force
: capacitors’ control force

Q =l e

: quality factor of the PGB suspension
: spacecraft spin rate

e &
”

0 : natural frequency of the suspension

The following differential equations describe the dynamics of the PGB-spacecraft COMs
relative motion with respect to an inertial observer positioned at the orbital reference frame
at the init time:

2 2
+
x:_ng_E 0 E)-C_I_Hwo E‘»Sy_FPX FTX_FCX
Qv Ow mg m,
0, 0, F,, t+ F, F
y:_wéy_H 0 Ey_ﬁ 0 %“Sx_ py " Fry _ Loy
Qu g Qo Mg m,
5z -plz- wg Z-_FPZ+FTZ_FCZ
" Qv g mg m,

The model shows coupling between the movements on the XY plane, while the movement

2
%ﬂ)s that is equal to

on z axis is independent. The coupling occurs by the parameter E
S

about2 107> (weak coupling) (see Table 7-14).

The poles of the 4th order system describing the dynamics on XY plane are:
D1, = ~0.000234+ ;j0.0419 = -0.000234t jw,

D34 = 0.000231t ;0.0419 = 0.0002311 jw

The poles of the 2th order system describing the dynamics along Z-axis are:
Dse = ~1.551 10°° ¢ j0.0419=-1.55110"° ¢ jo,

Without any external control action the movement on the plane X-Y is unstable. Figure 7-18
shows the magnitude of the transfer function between the force applied in X axis (Y axis)
and the movement along X (along Y).

The following equations describe the dynamics of the PGB-spacecraft COMs relative motion
with respect to an observer fixed with the spacecraft body frame:
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2
+
x:—(wg-wé)x_ﬁwo Ex.l_ 2wsy_ FPX FTX_FCX
s Mg m,
Wy F,,+F, F

5= -lw2-02v- 0 0= 20 - LY ry _ tcr

g ( ’ S)y EQ{‘)SE)} ’ mg m,
Ez-wzz- wg Z-_FPZ+FTZ_FCZ
’ Qw g Mg m,

As in previous reference frame, the model shows coupling between the movements on the X
and Y, while the movement on Z axis is independent. The coupling occurs by the parameter

20 ¢ that is equal to about12.6 (strong coupling) (see Table 7-14).

The poles of the 4th order system describing the dynamics on XY plane are:
P, = -0.000234t j6.3251= -0.000234¢ jlo,+ w,)

Pya = 00002311 j6.2413= -0.000231¢ jlw,-w,)

The poles of the 2th order system describing the dynamics along Z-axis are (same for
inertial reference frame):

Pse = - 1.551107°+ j0.0419= -1.55110° + jo,

Without any external control action the movement on the plane X-Y is unstable.

Figure 7-19 shows the magnitude of the transfer function between the force applied in X axis
(Y axis) and the movement along X axis (Y axis). Figure 7-20 provides a zoom around spin
rate (1 Hz) of the magnitude of the above transfer function: it is possible to recognize the
effect of frequency shift of the suspension transfer function due to spacecraft and PGB spin
rate. The disturbances at spinning frequency are not attenuated by the PGB suspension
(natural frequency around 6.7 mHz). This is the reason why so fine drag compensation is
required to the drag-free controller: drag is not attenuated by the PGB suspension but only
by CMRR of the balance connecting the proof masses.

Transfer Function
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Figure 7-18 - Magnitude of the transfer functions between X force and X displacement (red), Y force and Y

displacement (blu) in Inertial reference frame.
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Transfer Function
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Figure 7-19 - Magnitude of the transfer functions between X force and X displacement (red), Y force and Y
displacement (blu) in Body reference frame.
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Figure 7-20 - Zoom around 1 Hz of the magnitude of the transfer functions between X force and X displacement
(red), Y force and Y displacement (blu) in Body reference frame.
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No Parameter Unit Value Comments
1 Spacecraft mass kg 500

2 PGB mass kg 45

3 PGB suspension quality factor 90

4 Period of the PGB suspension S 150

5 Natural frequency of PGB the rad/s 0.0419

suspension
6 Spacecraft spin angular rate rad/s 6.2832

Table 7-14 — Nominal values of relevant spacecraft and suspension parameters used as reference for control
design

7.4  ARCHITECTURE AND ALGORITHMS FOR THE DRAG COMPENSATION

According to previous analysis, the designed controller has in charge:
1. the stabilization of the relative displacement in the plane XY, limiting the magnitude;
2. the rejection of any disturbances (drag is the expected major one, but others are
solar pressure, thrusters noise, etc.) at spinning rate (1Hz) on overall axis.

The overall controller has been organized according to the architecture provided in Figure 7-
21. There are three independent controllers:
- XY drag-free controller for drag compensation on the XY plane. The controller shall
reduce the drag disturbances at spinning rate providing a rejection lower than 2 107,
- XY whirl controller for the stabilization of the movement in the plane XY. The
controller shall stabilize the movement introducing a low-frequency action.
- Z drag-free controller for drag compensation and displacement reduction along Z

axis.
XY drag-free ®¥ commandzd foree Thruster
controller ¥ assembly |}
1
1 S
Spinning Capacitor
1
—
XY whirl 3¢ commanded fo 5:::7,%? EER=TE
controller
fo ]
-3
Z drag-free
contraller Z commarfied
force Controlled Plant
T Z auls PG5-spacecall displacement
XY PEE-spacecraft displacement

Figure 7-21 — Linear axis control architecture

XY drag-free controller is feed by measurement on relative XY displacement between PGB
and spacecraft COM provided by capacitors sensors. The fine compensation occurs thank to
micro-thrusters assembly.

Also XY whirl controller is feed by measurement on relative XY displacement between PGB
and spacecraft COM as for XY drag-free controller, and the actuation is realized by
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capacitors (out from DFM, when PGB is released by mechanism and micro-thrusters
assembly disabled) and/or micro-thrusters assembly (during DFM, as alternative).

Z drag-free controller is feed by measurement on relative displacement along Z axis
between PGB and spacecraft COM provided by capacitors sensors. Actuation is realized
always by capacitors.

XY drag-free controller is the most challenging one considering the required very fine drag
compensation and the limitations on the response time of the available actuators that
reduces the useful command update rate. Two control design approaches have been
envisaged for it:
« controller designed directly in body reference frame (see Figure 7-22);
- controller designed in the inertial reference frame (see Figure 7-23):
1. The controller commands the required force in an inertial reference frame;
2. The actual thrusters commands (in body reference frame) are computed by
modulation starting from above commanded force ;
3. The acquired measurements (in body reference frame) are reported in body
reference frame by de-modulation.

The above approaches are equivalent for what concern the thruster’s requirements and the
performances. Both solutions need the estimated spacecraft orbital and spin rates in order to
provide required rejection. For the spin rate measurement, a specific equipment has been
considered (see chapter 7.7)

The first solution in principle is the better one since the “natural one”. It permits to work
directly in the body reference frame where the measurements are available and the
commands shall be provided. At the same time, using the body reference frame, the
observer (see next in the chapter) may be shared between XY drag-free controller and XY
whirl controller. As drawback, the plant model envisages strong coupling between X and Y
axes requiring higher measurement sampling frequency and greater care shall be put
building the discrete model.

Using instead the inertial reference frame, the coupling between X and Y axes is weak and
numerical problem are simpler to be managed. The draw-backs are in the necessity to
introduce demodulation and modulation schemes at spinning rate. This solution has been
selected.

XY drag-free controller and XY whirl controller are Multi Input Multi Output (MIMO) controller,
and Z drag-free controller is a Single Input Single Output (SISO) controller.

All controllers have been designed according to the state variable approach building four
lower level functions:

6. reference state trajectory generator;
7. state variable observer;

8. control law;

9. command distribution.
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PGB - Spacecraft position, Residual acceleration

Thrusters command Spinning Measured spacecratt angular rate, orbit position, Sun dirsction
i spacecraft

Measurad PGB — spacecra®t posltion
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Force PGB
command Control law position

Modulator [ .
(IRF)

&
T Estimated angular ratz

Angular rate
estimator

T
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Figure 7-22 - Controller designed in Body frame — block diagram

PGB — Spacecraf position, Residual acceleration
Thrusters command Spinning Measured spacecraft angular rate
| spacecraft Measured PGB - spacecraft posftion
PGB
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Estimated angular rate

Angular rate

estimatar

-

Drag-Free controller

Figure 7-23 - Controller designed in Inertial frame — block diagram

Reference state trajectory generator computes the desiderata state variable trajectory. For
the specific applications, the state variables are the relative position and velocity that are all
Zeros.

State Observer has in charge the reconstitution in real-time of all relevant plant state
variables. It embeds:

10. the dynamic and kinematics plant models with acceptable and/or convenient
simplifications;

11. relative disturbance force model acting on the spacecraft and PGB;

12. feed-forward by commanded force.
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XY drag-free observer has been designed neglecting the coupling between X and Y axes
obtaining two one-axis observers (the model errors are recovered by higher observer
bandwidth). The model state variables are 5 for X axis observer and 5 for Y axis observer.
They are the relative position and velocity, disturbance acceleration constituted by an
integrator preceded by a harmonic oscillator.

Z drag-free observer has been designed as for X and Y axes. The general model embedded
in the one-axis observer is shown in . X, represents the relative position, X; the relative
velocity, X, the disturbance acceleration. Depending on the considered axis and the
reference frame, specific values have been considered for a, 3, wx and mx.

XY whirl observer is based on the plant model written in the body reference frame, with the
addition of a simple disturbance force model. The overall plant model state variables are 6.

Usually, the control law function computes the required force based on the sum of the
following terms:
« proportional to the difference between reference relative position and estimated one;
« proportional to the difference between reference relative velocity and estimated one;
« estimated disturbance force.

In the XY and Z drag-free controllers the above approach has been totally followed. Instead
in the XY whirl controller, the commanded force is proportional to the actual linear velocity in
the inertial reference frame and it takes into account the estimated disturbance force.

Starting from the required force provided by control law the command distribution computes:
« the command to be send to each actuator in the assembly;
- the resultant commanded force taking into account actuator resolution, saturations,
etc. Resultant commanded force is fed to the observer.

Observers’ gains and control law gains have been computed according to pole placement
approach. Controllers sampling frequency has been fixed to 10Hz (1 order of magnitude
higher than the spacecraft spin rate).

()

)
L ©, —O—
T O O s O

Figure 7-24 — Model embed in the one-axis observer (X, Y and Z axes).

7.5 REQUIREMENTS FOR SENSORS AND ACTUATORS

Capacitor sensors for PGB and spacecraft COM displacement
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Capacitor sensors are used to measure the displacement between PGB and spacecraft
COM. Measurement accuracy at frequency in a neighbour of the spacecraft spin rate shall
be:

- XY plane

Nypr vy § 0.510° m/~ Hz
- Z channel

Nypr 7 € 410° m/vHz

From those requirements, taking into account the stage of the program, the following
requirement shall be considered for the design:

- XY plane
Nypr o € 0.0510° m/vHz
bias < 10°m

- Zchannel
Nypr 7 < 0.410° m/\Hz
bias < 10°m

Scale factor and not orthogonality errors in the location of the capacitor sensors are not
critical.

7.5.1 RATE SENSOR

Rate sensor is used to tune at the actual spacecraft spin-rate the frequency of the harmonic
oscillator in the observer (Z drag-free controller), and for modulation/demodulation functions
(XY drag-free controller).

Requirements on this equipment have been put considering the results out coming from
previous study phase. At the end of the study, when the overall controller algorithms will be
frozen, the rate sensor requirements will be updated. At the time being, the following
requirement shall be considered:

- full performance for angular rate in the range: 50+70 rpm;

Aw - -
- relative accuracy: |—|< 107+ 107"

Micro-thrusters

As already said, the micro-thrusters are a key technology for the performances of Galileo
Galilei. Table 7-15 reports the performance requirements derived for each thruster in the
assembly, considering 1Hz spin rate.

No Parameter Unit Value Comments

1 Maximum thrust uN >=150 50% margin
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2 Max thruster response time' ms 40 @ commanded step (up and down) >= 60 uN
3 Resolution (quantization) uN 24 TBC, not critical

4 Max noise UNAHz 18 Around 1Hz

5 Scale factor error % 12 Peak

6 Update command rate Hz 10 TBC

7 Total impulse Ns 4500 20 % margin

8 Minimum thrust uN <=10 TBC, not critical

9 Vector stability rad 0.17 Peak, at 60 pN

10 Centrifugal acceleration g <44 20 % margin, 0.75m spacecraft radius

Table 7-15 — Thrusters requirements - Spin rate: 1Hz

7.6 TECHNOLOGIES

7.6.1 ACTUATORS FOR FINE DRAG COMPENSATION

The capability to compensate the disturbances at spinning rate strongly depends on the
actuator performances. Low thrust, low noise and resolution thrusters are required.

Two technologies have been considered, both leaded by lItalian industries:
1 Field Emission Electrical Propulsion (FEEP) from ALTA S.p.A;;
2 Cold gas propulsion system (CGPS) from TAS-I S.p.A.

FEEP is an electrostatic propulsion concept based on field ionization of a liquid metal and
subsequent acceleration of the ions by a strong electric field. They are characterized by high
specific impulse, very low noise and resolution, fast response time (tens of milliseconds) but
also high electric power consumption.

Cold gas micro-propulsion is based on the well-know cold-gas technology, with significant
improvements and new concepts on pressure regulation stage, mass flow-sensor, thrust
valve, control algorithms. They are characterized by low specific impulse (about two orders
of magnitude lower than FEEP), very low noise and resolution, slow response time
(hundreds of milliseconds).

The status of both technologies with respect to the requirement reported in Table 7-15 will
be provided in the next chapters.

FEEP thrusters
FEEP Thrusters are being developed for the ESA Lisa Pathfinder (LPF) mission and the
CNES Microscope mission (see Figure 7- 25).

Thruster development is nearly completed, and the preparation of the Lisa Pathfinder FEEP
Cluster Assembly (FCA) Qualification Model is ongoing. Manufacturing of FM parts for LPF
was also released. Microscope programme is currently on hold, pending completion of
thruster’s development.

During thrusters development phase, the following results were achieved:

! Thrust response time is defined as the time required to achieve the 90% of the commanded step, and to remain definitively

over this threshold.
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e demonstration of priming principle and repeatability (6 thrusters in a row were
successfully activated and fired);

« full performance characterization;

* demonstration of endurance up to more than 1000 Ns (> 3200 hours firing);

» successful performance of environmental testing (sine + random vibration, thermal
balance);

» direct thrust measurement (ongoing at TAS-I Turin);

* neutral flow measurement characterization (ongoing at ONERA Palaiseau).

Table 7-16 permits the comparison of the GG requirements with the currently available
FEEP performances. It is possible to see that the major not compliant of already available
Lisa Pathfinder equipment are related to the response time and the centrifugal accelerations.
Both are not considered critical by manufacturer, pending additional activities to be executed
during phase B. ALTA has already outlined possible design solutions.

LISA Pathfinder (ESA — Technology
demonstration for LISA)

Figure 7- 25 — ESA missions based on FEEP micro-propulsion.
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NoParameter Unit Value FEEP status

IMaximum thrust | uN >=150 Thruster is designed and currently being
qualified for a maximum thrust of 150 uN.
Command capability is, at present, greater
than 204.8 uN, and thrust up to 540 uN was
recorded during one test

2Max thruster  |ms 40 Current response time (for 60 uN step from 0
response time to 60 uN) is about 80 to 150 ms, (depending
on thrust and up or down command), with
command frequency at 10 Hz.

Step response can be improved up to 30-
40ms reducing internal delay, fall time, by
biasing minimum thrust (e.g. working with
thrust higher than 70 uN) and/or adding some
internal dissipation.

3Resolution uUN 24 Thruster/PCU are designed and currently
(quantization) being qualified for a thrust resolution of 0.1 uN
(see Figure 7- 27).
4Max noise uUNAH |18 The thruster is being qualified for 0.03uN/AHz
z (range 0.006 to 5 Hz)
5Scale factor error |% 12 PCU allows scale factor correction and re-

calibration with a 12 bit resolution (individual
command correction).
Requirement is not deemed critical.

6Update Hz 10 Already available for Lisa Pathfinder
command rate
7Total impulse  [Ns 4500 Thruster is designed vs. a requirement of 2900

Ns (Lisa Pathfinder). Life test (on QM) will be
performed up to 1100 Ns (with possible
extension to higher total impulse). Analysis will
be performed to predict EOL performance. At
present, > 1000 Ns were verified at EM level.

8Minimum thrust  |uN <=10 Thruster is designed and currently being
qualified for a minimum thrust of 0.3 uN.
9Vector stability |rad 0.17 For thrust greater than 10 pN is always met.
10Centrifugal |9 <44 Not met by current design. Modification of
acceleration thruster design, and, in particular, of tank

position and shape, to minimize hydrostatic
head will permit to achieve the requirement.
Table 7-16 — Status of FEEP thrusters with respect to GG requirements

Figure 7- 26 shows the FEEP cluster assembly designed for Lisa Pathfinder and
representatives for the GG design. Each cluster consists of:
- 4 thrusters;
- the supporting and interface structure;
- the required thermal control hardware;
- the necessary harness, including low voltage connectors and high voltage flying
leads.
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Figure 7- 26 — FEEP cluster assembly for Lisa Pathfinder.
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Figure 7- 27 — FEEP thrusters resolution.

As every ion thrusters, FEEP is prone to arc discharge events (arcing). Arc discharge occurs
usually between emitter and accelerator electrodes (i.e., it is an event internal to the
thruster). The discharge event lasts between 2 and 10 us. After that, voltage drops down
and thrust is temporarily interrupted. Thrust is recovered after the capacitors of PCU are
recharged. Typical time is that of thrust command response (for a 0 to nominal thrust step).

Figure 7- 28 shows the observed percentage of sparks versus time between sparks. Figure
7- 29 shows the spark rate versus the thrust level. Taking into account the frequency of
arcing occurrence and the duration, the expected effect will be the introduction of a transient
in drag-compensation that will increase the noise to be considered for post-processing. In a

case, this aspect will be considered in the next study phase.
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Figure 7- 28 — Percentage of sparks vs. time between sparks
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Figure 7- 29 — Spark rate vs. thrust level.

GAIA Micro Propulsion system (MPS), currently under qualification at TAS-I, represents the

reference design and technology starting points for configuring/realizing both Microscope
and GG.

Improvement will be provided using an EPR (Electronic Pressure Regulator) instead then a
MPR (Mechanical Pressure Regulator) for realizing the PRS (Pressure Reduction &
Regulation Stage)

The main advantages of an EPR based on regulation valves as actuating elements are.
- fully European technology (key components are TAS-I products);
- no ITAR exportation/importation problems;
- extremely low leakage (at least one order of magnitude better than the MPR);
- very low ripple in the regulated low pressure;
- high degree of flexibility (regulated low pressure selectable according to a specified
set point);
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- contained mass and dimensions.

Table 7-17 permits the comparison of the GG requirements with the currently available
CGPS performances. It is possible to see that the major not compliant of already available
GAIA equipment are related to the response time and the command rate. Both are not
considered particularly critical by manufacturer, pending additional activities to be executed
during phase B for electronic box and control algorithm re-design.

No Parameter Unit Value | CGPS Status
1 Maximum thrust uN >=150 | Thrust levels up to 500 mN achievable
2 Max thruster response time ms 40 about 100 ms: commanded thrust level
below 50 mN:
100 to 200 ms: commanded thrust level in
the 50 to 500 mN range
3 Resolution (quantization) uN 24 1 pN achievable with the current GAIA
Design
4 Max noise UNAH 18 1 UNAHz from 0.01 Hz to 1 Hz
z 0.045 uN/AHz from 1 Hz to 150 Hz
achievable with GAIA design (see Figure
7- 30)
Scale factor error % 12 1 for GAIA
Update command rate Hz 10 1 Hz for GAIA
Total impulse Ns 4500 | Same Total impulse figure required for
GAIA
700 million cycles at 10 Hz, in open loop,
performed on the TV EM
8 Minimum thrust uN <=10 | 1 pN achievable with the current GAIA
Design
9 Vector stability rad 0.17 No data available at the moment, not
critical
10 Centrifugal acceleration g <44 No risk of valve opening induced by the
centrifugal force has been recognized. In
fact, the centrifugal force (0.174 kg) is
lower than the spring strength (1 kg).

Table 7-17 — Status of Cold Gas Propulsion System with respect to Galilelo Galilei requirements
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Frequency [H1] Frequency [Hi]
10 pN thrust 100 pN thrust

Figure 7- 30 — Spectral density of the cold gas thrusters noise measured by Nanobalance facility (TAS-I).

Mass Flow Sensor implemented in a Si Chip (new Micro Thruster EQM model assembled in
layout) view of qualification Campaign vs. GAIA
requirements

Thrust Valve EQM for GAIA MPS Low Pressure Regulation Valve with Nozzle
(cutaway) close up

Figure 7- 31 — Pictures of the major CGPS component.
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7.7 SPIN RATE SENSOR

Taking into account the unavailability of off-the-shelf equipment due to high relative accuracy
and high angular rate, specific equipment has been designed by TAS-I in cooperation with
SILO.

A small telescope endowed with Position Sensing Detectors (PSD) as focal plane detects
Sun position from the position of the light spot focused on the PSD.

Sensor main features are:
1. square camera design to detect Sun for the whole year
1. Field Of View (FOV) corresponding to Sun annual declination range i.e. £ 25°
2. optical system focusing light spot on PSD sensing area
3. PSD outputs:
1. Optical power of detected light source i.e. Sun
2. Coordinates of light spot focused on PSD sensing plane, translating into
angular measurement of Sun position

The sensor accommodation will be normal to the satellite spin axis.

The internal section view is provided in Figure 7- 32.

Figure 7- 32 — Spin rate sensor - Internal section view
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7.8  SIMULATION RESULTS

In the following, the maijor results related to most challenging XY drag-free and XY whirl
controllers will be provided. Equipment parameters have been considered in agreement with
the specified values.

The presentation has been organized in lower level chapters devoted to:
- simulated perturbing force;
- XY state variables trajectory without whirl and drag controls;
- XY state variables trajectory with whirl control and without drag control;
- XY state variables trajectory with whirl and drag controls.

7.8.1 SIMULATED PERTURBING FORCE

The simulated perturbing force takes into account the drag only. The drag force profile time
series and its amplitude spectrum both given in the inertial reference frame are shown in
Figure 7- 33 and in Figure 7- 34 respectively. Figure 7- 35 shows the drag force in body
reference frame with spacecraft spin rate equals to 1Hz.

Drag force amplitude has been scaled in order to provide a maximum linear acceleration
equals to 0.2 10-6 m/s2. The orbital period is about 5800s (600km).

) %1 D-S FPerurbing force - Drag
- ' ! ! ! !

ragnitude [M]

-1z i ! 1 i | i L 1
0 2000 4000  BO0OO GOOO 10000 12000 14000 16000 1&000
Time [s]

Figure 7- 33 — Time series of the XY plane perturbing force (inertial reference frame)
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Figure 7- 34 — Spectrum of the XY plane perturbing force (inertial reference frame)
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Figure 7- 35 — Time series of the XY plane perturbing force (body reference frame)

7.8.2 XY STATE VARIABLE TRAJECTORY WITHOUT WHIRL AND DRAG CONTROLS

Figure 7- 36 shows the XY displacements as function of time without whirl and drag-free
controllers. The growing of magnitude of X and Y relative positions due to instability is
evident. Figure 7- 37 shows a zoom of the XY movements.

Figure 7- 37 and Figure 7- 38 provide the XY displacements in phase diagram.
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Figure 7- 36 — Time evolution of the PGB- spacecraft COMs relative position

=107 Relative position PGE-Spacecraft COM

0.z

Fuosition [m]
=

-0z
-04f

06}

163 188 167 163 163 1.7 171 172 173 174 175
Time [5] w10t

Figure 7- 37 — Time evolution of the PGB- spacecraft COMs relative position (zoom)
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Figure 7- 38 — Phase diagram of the PGB- spacecraft COMs relative position
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Figure 7- 39 — Phase diagram of the PGB- spacecraft COMs relative position (zoom)

7.8.3 XY STATE VARIABLES TRAJECTORY WITH WHIRL CONTROL AND WITHOUT DRAG CONTROL

Figure 7- 40 and Figure 7- 41 show the XY displacements as function of time with whirl
control and without drag-free control. The pictures show the effectiveness of the stabilization
introduced by control law.

Figure 7- 42 and Figure 7- 43 show the one-side spectral density of the XY PGB-spacecraft
relative position given in body reference frame. It is possible to recognize around 1 Hz the
rows due to the perturbing force spectrum (see also Figure 7- 34). The maximum value of
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the relative position spectral density around 1Hz, computed with a frequency resolution
equals to about 2 10° Hz, is 7 10° m/\Hz.

5% 1t Relative position PGE-Spacecraft COM
J ! T r ! ! r ! T

Position [i]
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Figure 7- 40 — Time evolution of the PGB- spacecraft COMs relative position (body reference frame)
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Figure 7- 41 — Zoom of the PGB- spacecraft COMs relative position (body reference frame)
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Unilateral spectral density of position error
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Figure 7- 42 - One-side spectral density PGB- spacecraft COMs relative position (body reference frame)
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Figure 7- 43 — Zoom around 1Hz of the one-side spectral density PGB- spacecraft COMs relative position
(body reference frame)

7.8.4 XY STATE VARIABLES TRAJECTORY WITH WHIRL AND DRAG CONTROLS

Results provided in the pictures below have been obtained considering a relative uncertainty

on spacecraft spin rate equals to 10* Hz (one order of magnitude worse that the required
value).

Two cases have been considered:
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« without capacitor sensors measurement noise (Figure 7- 44, Figure 7- 45, Figure 7-
46 and Figure 7- 47). This case is relevant to appreciate the drag compensation
capabilities provided by the designed control;

« with capacitor sensors measurement noise (Figure 7- 48 and Figure 7- 49). It permits
to see the end performances, to be considered for scientific post-processing.

Comparing the maximum spectral density around 1Hz given in Figure 7- 43 and Figure 7-
47, it is possible to observe that the rejection on drag-disturbances provided by XY drag-free
controller is lower than 1/150000 with a relative uncertainty on angular rate knowledge
equals to 10-4.

w0 Relative position PGE-Spacecraft COM

Position [i]

Figure 7- 44 — Time evolution of the PGB- spacecraft COMs relative position (body reference frame, without
measurement noise)
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Figure 7- 45 — One-side spectral density PGB- spacecraft COMs relative position (body reference frame, without
measurement noise)
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Unilateral spectral density of position error
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Figure 7- 46 — Zoom around 1Hz of the one-side spectral density PGB- spacecraft COMs relative position
(body reference frame, without measurement noise)
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Figure 7- 47 — Zoom around 1Hz of the one-side spectral density PGB- spacecraft COMs relative position
(body reference frame, without measurement noise)
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Figure 7- 48 — Time evolution of the PGB- spacecraft COMs relative position (body reference frame, with

measurement noise)
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Figure 7- 49 — Zoom around 1Hz of the one-side spectral density PGB- spacecraft COMs relative position

(body reference frame, with measurement noise)
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7.9 CONCLUSIONS

The chapter has summarized the requirements, the architecture, the algorithms, the specific
technologies and the results for the fine drag compensation sub-system.

At it has been shown, the design of the basic algorithms for fine drag compensation is
completed. As usually, they will be completed with additional logics not relevant for the
performance but relevant for system robustness (failure detection and isolation, sensors
monitoring, etc.) during the Phase B.

Results from simulation clearly show that:
- the proposed solutions permit to meet requirements with margins considering already
available technologies.
- during Phase A-2 of the study, improvements in the control performances has been
achieved.

Minor open points are still present on thrusters’ performances (particularly for response time,
and maximum centrifugal acceleration). Two technologies have been considered, both led
by Italian industries:

3 Field Emission Electrical Propulsion (FEEP) from ALTA S.p.A;;

4 Cold gas propulsion system (CGPS) from TAS-I S.p.A.

FEEP Thrusters are being developed for the ESA Lisa Pathfinder (LPF) mission and the
CNES Microscope mission. Thruster development is nearly completed, and the preparation
of the Lisa Pathfinder FEEP Cluster Assembly (FCA) Qualification Model is ongoing.
Manufacturing of FM parts for LPF was also released.

GAIA Cold-gas Micro Propulsion system (GCPS), currently under qualification at TAS-I,
represents the reference design and technology starting points for configuring/realizing both
Microscope and GG.

ESA Lisa Pathfinder FEEP are almost in line with required response time, but need
modifications of tank positioning and shape to meet the requirement on maximum centrifugal
acceleration. Additional activities during Phase B are needed to extend the performances of
already available LPF FEEP to GG FEEP.

GAIA CGPS are compliant with required maximum centrifugal acceleration, but need
modifications on electronic box and control algorithms to meet the requirement on response
time. Additional activities during Phase B are needed to extend the performances of already
available GAIA CGPS to GG CGPS.
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8. SPACE EXPERIMENT SIMULATOR

Space missions in Fundamental Physics like GG require high precision experiment to
be performed in space with no direct access to the apparatus once in orbit. Though
this is commonplace for all space missions, space missions at large do not rely on
weightlessness as a key feature for the experiment performance. To the contrary,
GG as well as other missions in this field (e.g. GP-B, Goce, uScope, Lisa-PF, Step,
Lisa ...), are designed to perform experiments in absence of weight. Therefore, the
experimental apparatus is designed and built to work at zero-g, not at 1-g, and the
issue arises as to how effectively such an apparatus can be tested in the lab before
launch, and what are the chances for the space mission to perform as expected.

Since flight opportunities are scarce especially for basic science and flying a mission,
even in Low Earth Orbit, is typically as expensive as large ground projects, it is a
must to provide firm evidence before launch that chances to succeed are high.

Considerable effort has been devoted during several years in order to provide strong
evidence for the success of the GG mission.

This is done by proceeding along the 3 following 3 lines:

e Build up a numerical Space Experiment Simulator of the GG mission in space
based on the best know-how available to the most advanced space industries,
particularly those with direct expertise in missions which fly zero-g designed
payloads

e Build up a prototype in the lab which is demonstrated to have the key physical
features of the payload to fly, and provide experimental evidence that the
major requirements of the space mission are met

e Feed the values of the physical parameters measured in the lab into the
Space Experiment Simulator to assess the overall performance of the GG
mission

It is apparent that this is a very challenging plan. Space industry should have the
capability required; the payload should have been designed so that a 1-g version of it
can be built which maintains its key features; the scientific and industrial teams
should be able to work in very close collaboration.

In this Section we are going to show why and how this is actually the case for GG, in
terms of space industry specific know-how, of physical design of the experimental
apparatus for it to be significantly tested in the lab, as well as for what concerns a
well established tradition of close collaboration between scientists and space
industry.
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Thales Alenia Space Italy (TO) is certainly the best candidate to perform the task of
building a GG Space Experiment Simulator.

In its capacity as prime contractor of the Goce mission of ESA, it has just built a
complete Space Experiment Simulator for this mission (that has been launched on
March 17" from the Plesetsk cosmodrome in northern Russia), which has
considerable commonalties with GG. Goce is a high tech very challenging mission
devoted to measuring the gravitational field of the Earth to very high degree and
order. It is therefore equipped with very sensitive accelerometers arranged in
diamond configuration to accurately measure gravity gradient effects. The
accelerometers designed and built by Onera (Chatillon, France) are based on a “free
floating” test mass with electrostatics bearing and pick up. Though a tiny mechanical
connection is added in order to provide passive electrostatic grounding, the
accelerometers as such can work only at zero-g and no full test is possible in the lab.
Onera with the support of Cnes has indeed already flown similar accelerometers
(onboard the Space Shuttle, as well as in previous satellite geodesy mission such as
Champ and Grace). However, being the tasks of Goce more challenging, a Space
Experiment Simulator was built by Thales Alenia Space in Torino to check the
consistency of spacecraft and payload specifications with the overall system
requirements, to support trade-off, sensitivity and worst-case analyses, to support
design and pre-validation testing of the Drag-Free and Attitude Control (DFAC) laws,
to prepare and test the on-ground and in-flight gradiometer calibration concepts, to
prototype the post-processing algorithms, and to validate the performance of the
mission. The GOCE simulator has been extensively used during the design and
construction of the spacecraft and payload.

A delay in the readiness of the launcher has postponed the launch of Goce by
several months, but the satellite is now flying in its low Earth orbit, thus allowing in
particular putting the numerical Simulator itself under the most stringent test.

The GG Space Experiment Simulator was initiated with ASI support since the first
study of the mission, precisely because it was immediately rated as a crucial
validating tool. This preliminary simulator allowed the basic physical features of the
GG system to be identified and checked; however, it was still too simplified (e.g., it
was mostly a 2-dimensional model).

Building up on the expertise acquired with the Goce Simulator, the GG Space
Experiment Simulator has been pushed to a very advanced level as it is
demonstrated by the results reported here, to be brought to full completion by the
end of the Study (see the Conclusions on Section 8.8)
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8.1 GG SIMULATOR BLOCK DIAGRAM

The GG simulator solves for the satellite dynamics along an orbit resulting from the
application of the Earth’'s gravity field, the non-conservative environmental
disturbances (atmospheric drag, wind, solar radiation pressure, coupling with Earth’'s
magnetic field, etc.) and the DFAC control forces and torques.

The GG simulator is based on three different main modules: the Environment, the
Dynamics and the Post-Processing ones. Figure 8-1 shows a description of the GG
simulator logical breakdown, highlighting the main data sets exchanged.

The Environment Module is in charge of computing the gravity field, the gravity
gradient and the non-gravitational forces/torques acting on the spacecraft. These
forces and torques are added to the forces of the DFAC and AOCS actuators, in
order to realize the GG orbit.

ENVIRONMENT
Gravitational forcesftorques
Non-grav. forcesftorques
Sun and Earth ephemeris

Whirl T
Generation of h 4
input * DYNAMICS GG science output
measurements Multi body rigid dynamics
¢ Gravity Gradient P Accelerometer model
is taken into account {noise & other errors)
PGB & TMs EP violation signal
Control of
Whirl ¢ T
DFC/AQCS DFC/AOCS
Gengration of —- Drag.Free
input & Attitude
measurements Control
Y

Ancillary Read-out
TLM TLM

Figure 8-1: GG simulator block-diagram. The three main modules of the simulator are the Environment, the
Dynamics and the Post-Processing ones. The blocks containing the controllers for the damping of the whirling
motion of PGB and of the test masses, the Drag Free and the Attitude and Orientation of the satellite are
components of the Dynamics module.

GG post-processing

EP violation signal
detection

h 4

The Dynamics Module is in charge of computing the GG orbit and the relative
dynamics of PGB w.r.t. the spacecraft, and of test masses w.r.t. PGB. This module
has to take into account the gravity gradient acting on each body inside the GG
spacecraft, and of the EP violating signal acting on the test masses. The control laws
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for the damping of the PGB and test masses whirling motion, for the drag free and
the AOCS are also dedicated blocks of the dynamics module. It is also in charge of
computing:

e the capacitance measurements used to feed the Whirl control of the PGB and
of the test masses (simulation of the capacitance sensors, which feed the
whirl controller)

e the forces necessary to damp the PGB and test masses whirl motions
(simulation of the actuators, which realise the whirl controller commanded
forces)

e the effects due to temperature variations on the inertia properties of
spacecraft, PGB and test masses

e the effects due to temperature variations on the mechanical suspension
(degrade of the CMRR,, and CMRR;) and on the mechanical balancing of the
read-out capacitance bridge

o the effects of the temperature gradients on the mechanical suspension
(degrade of the CMRR,y and CMRR;) and on the mechanical balancing of the
read-out capacitance bridge

e the DFAC and AOCS sensors’ measurements

e the DFAC and AOCS actuators’ forces and torques (simulation of the
FEEP/cold gas thrusters)

e the ancillary telemetry data and the other spacecraft data

e the GG science output (simulation of the science capacitance sensors
measurements, which feed the post-processing module)

The Post-Processing Module is a self standing off line post-processor, which is in
charge of detecting the EP violating signal in terms of differential test mass
displacement starting from the science output (and ancillary telemetry if needed). It is
also used to compute accelerations, displacements and other useful vectors in the
hereafter defined different reference frames.

8.2 SIMULATOR REFERENCE FRAMES

The GG simulator describes the satellite orbit w.r.t. the most relevant reference
frames for the science mission, which have been also used for the assessment of the
Scientific Requirements and of the Error Budget: the Inertial Reference Frame, the
Local Vertical Reference Frame and the Body Fixed Reference Frame.

8.2.1 INERTIAL REFERENCE FRAME — IRF —

The fundamental Inertial Reference Frame of the mission is currently realised by the
J2000 Equatorial Reference Frame (JERF), which is a Cartesian frame defined as
follows (see Figure 8-2):

e Origin, Oj2000, located at the centre of the Earth
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e Xjo00 axis at the intersection of the mean ecliptic plane with the mean
equatorial plane at the date of 01/01/2000 and pointing positively towards the
vernal equinox

e Zj000 axis orthogonal to the mean equatorial plane at the date 01/01/2000

e Y2000 axis completing a right-handed reference frame

The satellite initial conditions (position, velocity and attitude) are defined w.r.t. the
Inertial Reference Frame. At t= 0 s, the satellite is lying along the Xj2000 axis, and its
velocity is along the Y2000 ONe.

Z12000

Earth Mean Rotational
Axis of Epoch

Qof the Earth

Y2000

Xr2000

hean Vernal Equinox
of Epoch

Mean Equator of Jan 1st 2000

Figure 8-2: The Inertial Reference Frame is the J2000 Equatorial Reference Frame. The centre is coincident with
the Earth centre, the X axis is at the intersection of the mean ecliptic plane with the mean equatorial plane (at the
date Jan 1%t 2000), the Z axis is perpendicular to the mean equatorial plane (at the date Jan 15t 2000), and the Y
axis completes a right-handed reference frame.

8.2.2 LOCAL VERTICAL LOCAL HORIZONTAL REFERENCE FRAME — LVLH —

The LVLH reference frame is the second fundamental frame: in this frame the EP
violating signal always appears along a fixed direction (in case of a perfect circular
orbit, the Earth is fixed in this reference and the EP violating signal appears as a DC
effect). In order to have the EP violating signal along the X,y axis, this reference
frame is so defined (see Figure 8-3):
e Origin, OLyLH, located at the satellite centre of mass (COM)
e X,vn axis directed from the centre of mass of the Earth to the satellite centre
of mass (X, vy axis identifies the local vertical from the point of view of the
satellite COM)
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e Y,y H axis points toward the direction of motion (it identifies the local horizontal
projection of the velocity)
e Z vy n axis is perpendicular to the orbital plane and completes the right-handed
coordinate system.
Notice that because the spacecraft velocity vector rotates, to remain tangential to the
orbit, the LVLH system also rotates about the Earth. The LVLH does not take into
account the GG spinning about its symmetry axis.

The Post-Processing module of the GG simulator aims to compute the test masses
differential displacement due to the EP violating signal w.r.t. the X, v, while the main
component of the non-gravitational accelerations acting on the spacecraft external
surface is along Y v.n, i.€. 90° out of phase.

Earth

Centre of the Earth

Figure 8-3: The Local Vertical Local Horizontal Reference Frame (LVLH) is a frame co-rotating with the
spacecraft. Its origin is coincident with the satellite COM, its X axis is always from the Earth centre of mass to the
satellite centre of mass, Y is pointing in the direction of orbit motion (it identifies the local horizontal plane) and its
Z axis is perpendicular to the orbital plane and completes the right-handed coordinate system.

8.2.3 BODY FIXED REFERENCE FRAME — BF —

The Body Fixed Reference Frame is the frame “attached” to the spinning satellite
and defined by means of physical markers on the true structure. The necessity of
assuming one spacecraft fixed reference frame is dictated by the fact that DFC
sensors and actuators are fixed with respect to the satellite structure (PGB and test
masses are mechanically suspended and during science operations are not fixed
with respect to the satellite structure). The BF frame is defined according to the
following prescription:
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e The Zgr axis corresponds to the central axis of the PGB connecting cylindrical
tube (when the PGB is locked to the satellite). It is nominally the spinning axis
of the satellite, and the positive direction is the same of the angular rate
vector. In the GG simulator the Zgr axis is the satellite spin axis and it is
coincident with the PGB symmetry axis at t=0 s.

e The reference origin, Ogp, is located on the Zgr axis. When PGB and test
masses are locked with respect to the satellite, the origin marker is placed in
order to individuate the position along the Zgr axis of the test masses
equatorial plane. Ogg is nominally coincident with the satellite centre of mass
(when PGB and proof masses are locked). In the GG simulator, Ogg is
coincident with the satellite centre of mass.

e Xgr and Ygr axes lie on the plane containing Ogr and perpendicular to the Zg
axis. Each axis passes through the median plane of the two pairs of
capacitance plates in between the test masses. A dedicated marker identifies
the axes Xgr and Ygg, Which are chosen to complete with the Zgg axis a right-
handed coordinate system. In the GG simulator, it is assumed that the
capacitance plates defining the Xgr axis are the ones on the Xjp00 at t = 0.

8.3 SIMULATOR ENVIRONMENT MODULE

This block is dedicated to the computation of the forces and torques acting on the
spacecraft and resulting from the interaction with the orbital environment. As such,
this module computes the gravity force, the gravity gradient torque, the aerodynamic
force and torques, the magnetic torque, the solar radiation pressure force and torque.
It includes:

e the Earth gravity field, with gravitational constant GM = 3.986004418-1014
m?/s?, according to the EGM96 Earth Gravity field solution, and Earth Mean
Radius = 6378144 m. The gravity gradient torque taking into account for J2
effect is also applied on each body.

e the MSIS86 atmospheric model for the computation of the air density,
temperature and chemical composition along the satellite orbit. The F10 and
F10.B indexes related to the Solar activity and the Geomagnetic indexes Ap
and Kp are used to feed the MSIS model.

e a model of the Earth’'s magnetic field derived from the Oersted satellite
measurements

e the celestial bodies ephemeredes computation

The solar radiation pressure and Earth albedo are computed modeling the satellite
surface as a set of one cylinder and two simple flat surfaces. The pressures due to
the solar and Earth albedo, which depend mainly on the distance from the Sun, on
the altitude of the satellite during its orbit, and on the angle between the Sun
direction and the local-vertical direction, is computed for each elementary surface.
Once the pressures have been computed, the corresponding forces for each surface
are obtained considering the normal and tangent components depending on the
surface extension and on the aspect angle of the surface with respect to fluxes
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direction. The force is computed for each surface and applied to the surface’s centre
of pressure. The resulting force and torque on the centre of mass of each body is
then computed.

8.4 SIMULATOR DYNAMICS MODULE

The complete GG system, which takes into account the spacecratft, the Pico Gravity
Box, the inner and outer test masses, has been simulated by using the DCAP
(Dynamics and Control Analysis Package) software package developed by Thales
Alenia Space under ESA contract. An additional dummy body has been introduced in
order to solve for the orbit without introducing numerical errors due to the high
spinning frequency of the spacecraft itself (the orbit is solved in the reference frame
of the first body of the kinematics chain). The dummy body is a massive point
coincident with the spacecraft centre of mass: its motion w.r.t. the Inertial Reference
Frame is defined by the degrees of freedom (3) of the Hinge 1, which connects it
(Node 1) to the origin of the IRF. Moreover, the dummy body identifies the origin of
the LVLH reference frame: the vector pointing towards the Earth identifies the X-axis,
its velocity identifies the Y-axis (along-track direction), and the orbit angular velocity
is along the Z-axis. The bodies are characterized by the up-to-date values of the
mass and inertia properties, while the dummy body — Body 1 - is a unitary massive
point coincident with the spacecraft centre of mass (Node 10). The bodies of the GG
dynamical model (schematically represented in Figure 8-4) and the degrees of
freedom (summarised in Table 8-1) are defined as follows:

e Body 1 is the dummy body. Its representative node (Node 1) is coincident with
the spacecraft centre of mass. The Hinge 1, which connects the IRF to Node
1, has 3 degrees of freedom: its translation completely describes the orbit
motion of the spacecratft.

e Body 2 is the spacecraft. The satellite has its centre of mass (Node 10)
coincident with the dummy body (Node 1). The null-length Hinge 2, which
connects the LVLH origin to the s/c centre of mass, permits satellite rotations
only. In particular, the rotation about the Z axis defines the spin w.r.t. the
LVLH.

e Body 3 is the Pico-Gravity Box (PGB). The Hinge 3, which connects the s/c
centre of mass (Node 10) to the PGB centre of mass (Node 20), provides the
6 degrees of freedom (3 rotations and 3 translations) of the PGB-s/c relative
motion.

e Body 4 is the outer (external) test mass (TMe). The Hinge 4, which connects
the PGB centre of mass (Node 20) to the TMe centre of mass (Node 30),
provides the 6 degrees of freedom (3 rotations and 3 translations) of the TMe-
PGB relative motion.

e Body 5 is the inner test mass (TMi). The Hinge 5, which connects the PGB
centre of mass (Node 20) to the TMi centre of mass (Node 40), provides the 6
degrees of freedom (3 rotations and 3 translations) of the TMi-PGB relative
motion.
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This type of multi-body connection grants an open-loop kinematics topology, with no
need for cut-joint hinges. All hinges are described by a Euler sequence Type 1, x-y-z.
The active degrees of freedom (DoF) defined by hinges can be differently set
depending on the required type of simulation.

Hinge Id. Transl. Dofs (x,y,2) Rotational Dofs (X,y,z)
1 F,F, F L, L, L
2 L, L, L F,FF
3+5 F,F, F F, FF
Note : L =Hinge DoF Locked F = Hinge DoF Free

Table 8-1: Translation and rotational degrees of freedom of the hinges defining the kinematics chain of the GG
system. Hinge 1 connects the IRF to the dummy body, and the null-length Hinge 2 connects the dummy body to

the spacecraft centre of mass.
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Figure 8-4: Schematic model of the GG dynamics system. Logical scheme of the dynamical model implemented
within DCAP software code for finite element simulation of the space experiment. The z axis is the spin/symmetry
axis of the system; all elastic connections along z are very stiff; the plane of sensitivity is perpendicular to z. The
model encompasses all bodies (spacecraft, PGB and 2 test masses), each one with its 6 degrees of freedom in
3D (3 for translation and 3 for rotation), mass and moments of inertia. All non rigid components of the system
(sketched as springs) are implemented with their designed stiffness (in the sensitive plane as well as in the z
direction) and mechanical quality factors Q for simulation.

The Hinge 1 defines also the initial condition for the GG orbit (w.r.t. the IRF), with the
convention that at t = O the satellite position is (Rg + h, 0, 0) and the satellite velocity
is (0, vy, 0), with Re the Earth equatorial radius and h the GG orbit altitude. The
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Hinge 2 defines instead the satellite spin w.r.t. the IRF: initially it has been assumed
to be 2 Hz, but it is going to be updated to 1 Hz, according to the last analyses, which
have been performed in order to verify the capability of FEEPs and cold gas thrusters
for the drag free compensation.

The mass and inertia properties used in the simulator have been fixed at the
beginning according to the last Phase A Report description (2000); then, they have
been updated according to the March review mass budget. At the end they shall be
updated according to the last mass budget. The mass and inertia properties are not
continuously updated in order to make more efficient the “growth” of the simulator
(the main job is adding all the possible spurious effect masking or competing with the
EP signal).

The mechanical suspensions connecting the PGB to the spacecraft and the test
masses to the PGB, which are schematically represented by springs in Figure 8-4,
are implemented in order to provide realistic suspension modes (according to the GG
on the Ground measured values) and transfer function (see Table 8-2). The PGB-s/c
suspension is also characterised by its realistic dissipative term, corresponding to a
mechanical quality factor Qpeg = 90, in order to provide the most realistic
representation of the PGB-s/c dynamics behaviour: the PGB-s/c relative motion not
only must be measured in order to feed its control of the whirl motion, but provides
also the input of the DFAC control, which is a key point for the GG science
performance.

GG Planar oscillation period [ s ] Axial oscillation period [ s ]
sub-system
s/c-PGB 360 30
PGB-TMe 30 < Temxy <120 30
PGB-TMi 30 < Temxy <120 30
TMe-TMi 540 0

Table 8-2: Oscillation periods of the various GG subsystem along the satellite spin axis and in the plane
perpendicular to it.

The dissipation of the PGB-test masses suspensions is instead assumed to be
greater and greater than the true one, by adopting a corresponding mechanical
quality factor Qmm = 500 (vs. a true value of Qrv = 20000): this choice is necessary in
order to have a whirl-radius doubling time t.,, of the order of t,,, ~ 10000 sec (vs. a
true value of ty, ~ 500000 sec). This shorter ty, permits to carry out simulations
covering a mission time duration not longer than 200000+300000 sec, but which
cover all the relevant aspects in terms of disturbing effects and science performance
(the EP signal is in fact detected). The adoption of the true value for the mechanical
quality factor of the PGB-test masses suspension would force the length of one
science performance simulation to several millions of seconds, just to verify the
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growth of the whirling motion! It is apparent that there is nor loss of generality, neither
a “favourable” assumption in this choice.

The EP violating signal is simulated with a force with amplitude Fgp = myy - g(h) - n
N, which is directed from the Earth centre of mass to the centre of mass of the outer
test body only (it is a pure differential force for the test masses). This mean that the
EP violating force is always directed along the X,y n axis. The mass of the proof
body is 10 kg, the value of the local gravity sensed from the test mass depends on
the GG altitude, and it is about 8+8.4 m/s?. The E6tvés parameter 1 is an input value
for the simulator, with n in the range of 10%7+10™3,

High-fidelity models represent sensors feeding the control algorithms and the
actuators (FEEPs/cold gas thrusters and spinning-up gas thrusters), which are in
charge of generating the DFAC and AOCS commanded forces and torques. The
high-fidelity models for sensor and actuators have to account for intrinsic noises,
transfer functions, non linearity, mounting errors, sensor/actuators inner geometrical
imperfections (see Figure 8-5), temperature fluctuations, quantization and all the
other effects which can degrade the scientific performance of the sensors/actuators,
since the goal of the simulation is predicting the realistic mission scientific
performance.

8 :
Misplaced |
Ideal Sensor A, ' A,
e
) Sensor with
Sensor with S_E‘HS_OY with Misalignment,
Angular Misalignment Scaling Factor
Misalignment and Scaling and Coupling

Factor Factor

Idleal Sensor

Figure 8-5: Sensor/actuator geometrical imperfection: mis-positioning, misalignment, scale factor error and
coupling error.

The simulation of sensor/actuator noise and of temperature fluctuation is based on
the superposition of deterministic noise (implemented by sinusoidal terms) and of
stochastic noise (implemented by noise shaping technique). With the noise shaping
technique, a properly devised (in the frequency domain) noise shaping filter is used
to provide the desired shape to its feeding unitary band limited white noise. The
block-diagram of the white noise shaping technique is reported in Figure 8-6: a
unitary (one-sided) white noise is passed through an analog/digital filter that builds
up the requested noise Spectral Density and which integrates also an anti-aliasing
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filter (if necessary). The output of the filter is then decimated (if requested) and saved
into a dedicated variable.

n)=Cx(n)+Du(n
W'I,'[—> x{r(l+)'l)=A;()n+}+BE;(31) _’J-LL —»{ temp_fluct

Unitary SD Shabing Filt —
Band-Limited aping Filier Decimation

White Noise

Figure 8-6: Block diagram of the white noise shaping technique. A white noise with unitary (one-sided) Spectral
Density is passed through a shaping filter (applying also the anti-aliasing, if necessary) and decimated (if
required) before saving the output into a dedicated variable.

Figure 8-7 shows as example the time histories of the fluctuating temperature,
temp_fluct, realized according to the white noise shaping technique. Figure 8-8
shows the Spectral Density (SD) as computed from the simulated time history, vs the
desired analytic SD: the desired analytic SD can be superimposed to the computed
one.
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Figure 8-7: Time history of the fluctuating component of temperature obtained with the white noise shaping
technique
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Figure 8-8: Spectral density of the temperature fluctuation computed from the simulated time history vs. the
Spectral density desired analitic law.

The above cited technique provides the capability of adding the temperature effects
sensed at the level of the test masses (thermal noise, temperature fluctuation), of the
mechanical balancing of the science read-out, and of the CMRR,, and CMRR;
variation due to temperature.

An analytic function for the temperature variation sensed from spacecraft and PGB
shall be instead modelled in order to introduce their inertia variations.

The simulator architecture allows easy incorporation of models generated by a wide
range of software tools, such as DCAP-RT (Dynamics and Control Analysis Package
for Real Time, TAS-I developed dynamics package), and commercial off the shelf
tools like Matlab/Simulink and Real Time Workshop.

8.5 POST-PROCESSING MODULE

The GG sensor and actuators are fixed w.r.t. the spinning satellite: this means that
the detection of the EP violation signal and of the other interesting information (non-
gravitational acceleration, whirling motion, temperature effects, gravity gradient
contributions, etc.) is completely masked by the GG spinning frequency.

The Post-Processing module, which is in embryonic status (Phase A level), consists
of a Matlab macros package, which has been implemented in order to allow the
transformation of all the sensor measurements from the BF to the IRF and to the
LVLH reference frames. Also the ancillary information about the satellite, PGB and
test masses dynamics is provided in all the reference frames, in order to allow the
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science performance check by using the time histories generated by the simulator.
The implemented macro package requires the Signal Processing and Statistics
Matlab Toolboxes. The coding of this module is such that it should be easy a full
porting to the GNU Octave environment, which is a free Matlab clone providing also
packages equivalent to the Signal Processing and Statistics Toolboxes.

The Post-Processing module allows the analysis on both the time and frequency
domain, providing results in terms of Amplitude Spectrum and Spectral Density of the
interesting signals (e.g. Fourier analysis of the non-gravitational accelerations w.r.t to
IRF and Spectral Density accelerations and displacements).

A further development of this module is foreseen in case of advance in Phase B of
the GG science mission.

8.6 EXAMPLE OF A SCIENCE PERFORMANCE SIMULATION

The results of one science performance simulation have been hereafter reported in
order to validate the GG simulator and to show its capabilities and usefulness. This
simulation was carried out in order to check the real basis of the experiment, i.e. the
capability to detect the EP violating signal, taking into account:

e the gravity field and the gravity gradient acting on the spacecraft

e the non gravitational forces acting on the spacecraft surface

e the dissipation of the mechanical suspensions (whirling motions and whirl

controls of PGB and test masses)
e the gravity gradient acting on the proof masses

For this exercise, the sensors’ and actuators’ noise and imperfections have been
neglected, in order to compare the simulator’s results vs. the analytical predictions.
Moreover, it is assumed a perfect Common Mode Rejection Ratio of the mechanical
suspensions (xcmrrxy = 0, xcmrrz = 0), and a perfect mechanical balancing of the
science capacitance bridge (ywridage = 0). Due to the perfect rejection of the common
mode by means of the mechanical suspension, the DFC for the partial compensation
of the non-gravitational disturbances is not working in this simulation. The satellite
spin frequency has been updated to the new default value: 1 Hz. For this exercise
the oscillation periods of the test masses and of PGB have been modified (compare
Table 8-3 vs. Table 8-2) in order to largely amplify the displacements due to the
inertial acceleration sensed by the bodies (this is due to the fact that the adopted
environment cannot be considered a worst case scenario).
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GG Values of simulated Planar Values of simulated axial
sub-system oscillation period [ s ] oscillation period [ s ]
s/c-PGB 295.04 295.04
PGB-TMe Tomxy = 113 113
PGB-TMi Teomxy <113 113
TMe-TMi 500 0

Table 8-3: Oscillation periods of the various GG subsystem along the satellite spin axis and in the plane
perpendicular to it adopted for this science performance simulation.

The orbit altitude for this simulation has been chosen to be 520 km, which is not the
reference altitude of the science mission, but the one for which the local gravity is 8.4
m/s?: this value of local gravity was the driver for the EP violating signal for this
simulator run. The implemented EP violating signal is the minimum detectable one,
i.e. it is due to n=10"". Such a signal is simulated with a force with amplitude Fgp =
mm - g(h) - = 8.4-10™® N, always directed along X,vi4 and acting on the outer test
mass only. The initial time for the orbit has been assumed to be 2013 July 7", 6 a.m.:
the solar radiation indexes used for this simulation are F10 = F10.B = 120, the
geomagnetic index is 8: Figure 8-9 shows the GG orbit and the initial conditions of
the simulation (satellite on the Xge axis). The solar radiation pressure has been
taken also into account. The spacecraft area to mass ratio used for the simulation is
0.0032 m?/kg, which is slightly better than the up-to-date true one (0.005 m?/kg), but

still representative.
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Figure 8-9: Schema of the initial conditions for the satellite orbit of this simulation. At t = 0 the Hinge 1 locates the
satellite w.r.t. the IRF with the position vector r = (Rg + h, 0, 0), with Rg the Earth equatorial radius and h the GG
orbit altitude. The satellite velocity is so v = (0, vy, 0).
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The continuous controllers of the whirling motion of the PGB and test masses are fed
by ideal capacitance sensors and realized through ideal capacitance actuators.

8.6.1 SATELLITE ACCELERATION IN THE LVLH REFERENCE FRAME

One of the main features of the simulator is the capability to compare the
accelerations that have to be compensated/rejected and the acceleration that has to
be detected: the non gravitational forces acting on the external surface of the
spacecraft provides an inertial acceleration that is several orders of magnitude bigger
than the EP violating signal. The LVLH components of the spacecraft non
gravitational acceleration have been computed by using the Post-Processing module
and shown in Figure 8-10, Figure 8-11 and Figure 8-12 below.

Figure 8-12, which shows a zoom of the time histories of the spacecraft acceleration
along the Z,n axis, highlights also the oscillating term due to the mechanical
coupling with the PGB. It has to be pointed out here that the realized simulation is not
yet the worst case scenario for the environment, and that it is just one possible
representation for the satellite dynamics. The worst case scenario for the
environment shall be taken into account once the satellite configuration and the
possible launch date will be frozen. The short eclipse periods are also visible: during
the eclipse the mean value of acceleration is zero.

Acceleration [mfsE]
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Time [s] «10°

Figure 8-10: Time history of the spacecraft non gravitational acceleration along the Xo. axis, i.e. along the same
direction of the EP violating signal, whose amplitude is 8.4-10-17 m/s2,
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Figure 8-11: Time history of the spacecraft non gravitational acceleration along the Y,y axis, i.e. perpendicular
to the direction of the EP violating signal, whose amplitude is 8.4-1017 m/s2,

Acceleration [mfsz]

1 1 i
] 2000 4000 6000 Gooa
Time [s]

10000 12000 14000 16000

Figure 8-12: Zoom of the time history of the satellite non gravitational acceleration along the Zigr axis (Zuviv is
parallel to it, there is only translation of the origin), i.e. perpendicular to the orbit plane. The relative motion of
PGB w.r.t. the spacecraft is represented by the oscillations of the signal. The short eclipse periods are also

visible (acceleration mean value is zero).

8.6.2 PGB-S/C DISPLACEMENT

The PGB-s/c displacement has been already largely analyzed in the previous section

dedicated to the Drag Free control.
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8.6.3 COMMON MODE MOTION OF THE TEST MASSES

The displacement of each test mass w.r.t. the PGB provides the information about
the required overall rejection of the common mode acceleration. The overall external
non-gravitational force affecting the spacecraft motion is sensed from the test
masses as inertial force: in principle it is a pure common mode for them, such as in
this simulation. In true life, it is anyway necessary to reduce this common mode
acceleration for mainly three reasons:

e the common mode acceleration displaces each test mass, and this
displacement has a limited range: the gap of the science capacitance plates

e the common mode rejection of the test masses mechanical suspension is not
O (i.e. a fraction of the common mode acceleration is transformed into
differential acceleration, which competes with the interesting signal to be
detected)

e the capacitance read-out, which is in charge of detecting the test masses
relative displacement due to an EP violation, is sensitive to both common and
differential mode. Hence (a) Its dynamic range must be not saturated; (b) Its
rejection of the common mode is limited.

In order to have a very small gap for the capacitance plates of the science read-out
(i.,e. high sensitivity), the external non-gravitational acceleration is partially
compensated by means of an active Drag Free Control, which reduces the inertial
acceleration sensed from the PGB and test masses at the orbit frequency. The
remaining common mode acceleration is rejected from the mechanical suspension.
In the IRF, the residual common mode acceleration sensed from the PGB and test
masses at the orbit frequency is acwxy = Yprcxy X aﬁ,xéxy. The acwuxy acceleration is
responsible of the elongation of the “springs” connecting the PGB to the spacecraft
and the test masses to the PGB in the test masses equatorial plane XY.

In this simulation, whose main objective is the simulator validation, ¥prcxy = 1 (no
DFC) and so acmxy = af\,xéxy. The inertial acceleration, which becomes a differential
term due to the mechanical balance suspension imperfections, is apy= acmxy X
XcMRRxys WIN Y cmrryy the suspension Common Mode Rejection Ratio. As already
mentioned above, in this simulation ycurrxy = 0, instead of Y curryy = 10 (perfect
common mode rejection): so, al%= 0. This means that the PGB-test mass
displacement is the largest possible one, but that at the same time the differential
displacement is not affected by this large value. In other words, in such a
configuration the simulator can be used at the same time to check the level of
violation of the requirements on the test masses common mode displacement in
case of non drag free mode, and at the same time it can be used to detect the EP

violating signal.
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The Post-Processing module provides the time histories of the satellite position,
velocity and acceleration in both the IRF and LVLH reference frames. It also provides
the s/c-PGB and the PGB-test masses displacement, velocity and acceleration in
both the IRF and LVLH reference frames, thus removing the high frequency
components, which would make figures of BF time histories almost useless.

The following pictures show the time histories of the TMe common mode
displacement along the three axes of the LVLH reference frame, as computed from
the post-processing module.

Figure 8-13 shows the displacement of the outer test mass w.r.t. the PGB along
Xivin: the maximum displacement (some tens of microns) is by far smaller than the
gap between the science capacitance plate and the inner surface of the outer proof
body (2.5 mm). While in this simulation the only difference of proof masses
displacement is due to the EP violating signal and to gravity gradient (the differential
displacement due to EP violation is Axep = Fepx(Tgit)*/(4xmmuxn?) = 0.5 pm), in true
life a fraction ycwrrxy = 10 of the observed common mode displacement is detected
as differential displacement.

Figure 8-13 shows also that there is an offset on the X,y displacement, whose
value is 1 micron, which means 10 pm of differential displacement with the same
frequency and phase of the EP signal: the necessity of the DFC for the
compensation of the orbital component (in the IRF) of the non gravitational
acceleration is here clearly stated. The larger displacement of the proof mass, i.e. the
oscillation with amplitude of about 5 microns, generates (through Y cwmrrxyy = 10°) a
differential displacement which is about 2 orders of magnitude bigger than Axgp. Also
this term benefits from the action of the DFC, since the drag at orbit frequency in the
IRF, i.e. the main drag component, shall not contribute to the orbit frequency term of
non-gravitational acceleration in the LVLH reference frame. This differential
displacement, anyway, has not the same frequency of the EP violating signal and
does not affect the science performance of the experiment.
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Figure 8-13: TMe-PGB displacement along the X,vn axis (part of the initial transient has been removed from the
picture). The displacement along X.vi+ is not a problem from the point of view of the gap of the science
capacitance plates. The offset (mean value) of the displacement, which is about 1 micron, has the same
signature of the EP violating signal. In real life, without the Drag Free control, the fraction of common mode offset

along Xuv transformed into differential mode due to the imperfect CMRR (.curry = 105, i.e. not zero) of the
mechanical balance, would completely mask the EP violating signal, being about 20 times greater than Axep.
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Figure 8-14: TMe-PGB displacement along the Y,vn axis (part of the initial transient has been removed from the
picture). The displacement along Y.+ is not a problem from the point of view of the gap of the science
capacitance plates. The offset (mean value) of the displacement, which is about 1 micron, has the same
signature of the EP violating signal. In real life, without the Drag Free control, the fraction of common mode offset

along Xoww transformed into differential mode due to the imperfect CMRR (Y cvrrey = 105, i.e. not zero) of the
mechanical balance, would completely mask the EP violating signal.

GG Phase A-2 Study Report — April 2009: Section 8 130



Section 8: Space experiment simulator

Figure 8-14 shows the displacement of the outer test mass w.r.t. the PGB along
Yovin: the maximum displacement (one hundred of microns) is smaller than the gap
between the science capacitance plate and the inner surface of the outer proof body
(2.5 mm). Moreover, the largest part of this displacement is an offset, i.e. it is due to
the orbital term (in the IRF) of the non-gravitational forces acting on the spacecratft:
the presence of the DFC would reduce this displacement to about 30 microns. In this
not realistic situation (absence of DFC) it is anyway demonstrated that the gap of the
science capacitance read-out is not saturated. The offset along Y,wu, when
“converted” into differential displacement through ¥ cmrrxy, provides a AY vy = 500
pm, i.e. a huge displacement having only a phase difference of 90° w.r.t. the EP
violating signal. Again, the usefulness of the DFC is transparent and underlined.
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Figure 8-15: TMe-PGB displacement along the Y,vin axis (part of the initial transient has been removed from the
picture). The displacement along Y.v+ is not a problem from the point of view of the gap of the science
capacitance plates. The offset (mean value) of the displacement, which is about 1 micron, has the same
signature of the EP violating signal. In real life, without the Drag Free control, the fraction of common mode offset
along Xuy transformed into differential mode due to the imperfect CMRR (ycmrryy = 1075, i.e. not zero) of the
mechanical balance, would completely mask the EP violating signal.

Figure 8-15 shows the displacement of the outer test mass w.r.t. the PGB along
Z vi1: the maximum displacement (about 5 microns) is smaller than the gap (2.5 + 5
mm) of the capacitance sensors devoted to measure the proof masses displacement
along the symmetry axis. In true life, the offset along Z, .4, which is about 1 micron,
when “converted” into differential displacement through Ycwurrz = 2-102, provides a
AZ vy = 20 nm. This differential displacement along the symmetry axis, due to the
gravity gradient tensor, gives rise to a differential acceleration in the test masses
equatorial plane, at a frequency that is two times the orbit one (w.r.t. IRF). The
requirement on the test masses differential displacement along the symmetry axis at
the orbit frequency (w.r.t. IRF) is Az* = 0.5 nm. The maximum displacement along
the symmetry axis is about 200-Az*. The DFC is in charge of reducing by a factor 500
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the non-gravitational forces acting at the orbit frequency along the satellite spin axis:
it is transparent that taking into account the DFC compensation, the differential
displacement along Z, v 4 becomes smaller and smaller than Az*. The science target
of being capable of measuring n=10"" requires the DFC compensating action on
both the orbit plane and the symmetry axis.

8.6.4 DIFFERENTIAL MODE MOTION OF THE TEST MASSES

The test masses differential displacement due only to the EP violating signal is Axgp
= agpX(Tai)*/(4xn?®) = 0.531936 pm (this value is obtained by using the same
parameters feeding the simulator, i.e. Tgit = 500 s, agp = 8.4-10™"" m/s?). The science
read-out does not provide directly the displacement due to the EP violation only, but
the overall differential displacement, which takes into account also the gravity
gradient contribution. The overall expected differential displacement along X,y is in
fact:

Fep

oM =5.4449-10"m
@, —3.—9
IrnTM ( DM (R@+h)3]

AXLVLH =

The time histories of the test masses differential displacement w.r.t. the IRF (after
synchronous demodulation at the spin frequency) shown in Figure 8-16, highlight the
orbit frequency of the expected signal. The EP violating signal is a rotating vector (at
orbit frequency) w.r.t. IRF, so that Xrr and Y\rr are out of phase of 90°: the time
delay between a maximum for the Xigr component and the following Yrr One is
about 1425 s (one quarter of the orbital period), as shown in Figure 8-16.
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Figure 8-16: Test mass differential displacement w.r.t. the IRF. The signal signature at orbit frequency is
apparent: the oscillation period of the signal is the orbit one, and the time span between a maximum for the Xirr
component and the following Yirr One is about 1425 s (one quarter of the orbital period).

The test masses differential displacements have to be observed in the LVLH frame in
order to clear understand the test bodies’ behavior and to validate the simulator (at
Ihe level of pm!). At first, the AX,vin and AY, vy differential displacements can be
plotted in the same figure, to check their values w.r.t. the expected ones. Since the
CMRRyy in this science performance simulation is 0, and there are not differential
forces acting on the test masses along Y,v.n, the expected test masses differential
displacement along Y.vwin IS AYoww = 0. Figure 8-17 shows the perfect match
between the predicted differential displacements and the measured ones (accuracy
is better than 1 femtometer): it has to be noticed that the gravity gradient contribution
to AX v is correctly taken into account by the GG simulator.
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Figure 8-17: Test masses differential displacements in the LVLH frame. The measured AXivn and AYiviw
differential displacements match the predicted values with accuracy better than the femtometer. the gravity
gradient contribution to AXyvi+ is correctly taken into account by the GG simulator.

The above describes results show a perfect match of the simulator vs. the expected
results in the boundary conditions selected for this validating simulation. The switch-
on of the imperfections, noises and of all the spurious effects, which can affect the
experiments, shall be carried out with particular care, in a step by step approach, in
order to check each contribution w.r.t. the overall science performance and w.r.t. the
budgeted error.

8.7 DYNAMICS RANGE OF THE SIMULATOR

The first version of the GG simulator was essentially devoted to check the
experiment performance taking into account the supercritical rotation (i.e. PGB and
test masses whirling motion, and whirl motion control) in the 3-dimensional space, a
good model of sensors and actuators, the EP violating signal, and an ad hoc
implemented environment. The GG orbit did not exist, i.e. Earth gravity field (and
also gravity gradient) was not implemented in the simulator. For this reason the drag
was introduced as a force with a DC term and two sinusoidal components at the
nominal orbit period and at nominal half orbit period w.r.t. the IRF. At the initial time
to, the GG satellite was coincident with the IRF origin.

The introduction of the Earth gravity field (and of gravity gradient), i.e. of the GG
satellite orbit, in the simulator was not cost free. A huge dynamical range has now to
be covered: from half a pico-meter differential displacement of the test masses with
some significant decimal digits (< 10™* m), to the orbital radius of the satellite around
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the Earth (= 10’ m). The dynamics range required to the default implementation of
the DCAP software package is so > 10> m, which is beyond the double precision
capability. It has been verified that the double precision is still useful when the effort
of the simulation is focused on the DFC and or whirl control performance, i.e. if it is
not required to explore the test mass behaviour at the sub nano-meter level.

When the simulations are carried out in order to explore the GG mission science
performance, it is required to run the simulator in quadruple machine precision. This
requirement has a huge cost in terms of the CPU time: the simulator speed slows
down by a factor ~ 20 vs. the double precision run. A quadruple precision run on a
Dual Xeon @3.4 GHz has almost the real time speed: the simulation of a time span
of 2.10° s requires 205704 s of real CPU time.

The simulation results presented in Section 8.6 above have been carried out by a
quadruple precision run of the GG simulator.

8.8 CONCLUSIONS

The GG Simulator described above is capable to explore the sub picometer world
while the satellite orbits the Earth at about 7000 km distance from its center of mass.
This is an astonishing capability, given the huge dynamical range (- 10%° m) that the
simulator must cover to account for both the test masses relative displacements at
the sub-picometer level and the satellite orbital radius of about 7000 km.

The simulator is now capable to extract the EP violation signal at the GG target level
of n = 10™ taking into account:

« Earth gravity field and gravity gradient

e Non-gravitational forces acting on the satellite surface due to atmospheric
drag, solar radiation pressure and Earth albedo

e EP violating signal

« PGB and test masses supercritical rotation with whirl motion due to the
mechanical suspension dissipation

« PGB and test masses whirl motion control by means of capacitance
sensors/actuators co-rotating with the satellite

e Science capacitance read-out
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At this level the GG simulator is by far more advanced and mature than it is typically
expected at Phase A level. This is due to the considerable work carried out in the
past on the GG satellite experiment and, in addition, to the precious heritage from
GOCE End2End simulator. This powerful tool shall support the GG science team for
the entire duration of the Phase A-2 study for the design phase, as a means for
determining the achievable mission performance, and, consequently, trade off
implementation options. In this way, specifications for all system elements can be
derived, consistent with the overall goal and mutually balanced as a preparation for
phases B/C/D. The GG simulator Post-Processing module shall suggest/support
realistic procedures for scientific data reduction, based on fully representative “raw”
data. In the future, during the verification phase, it shall be used as a means to
establish the expected system performance, given the measured performance of all
elements, tested separately and together, as far as viable.

Further work on the GG Simulator is planned before completion of the GG Phase A-2
Study. In particular, we plan to fully integrate in the simulator the DFC and PGB whirl
motion control as they have been described in Section 7.

In addition, the GG simulator will:

Include a final model of the selected DFC actuators

6. Update the test masses properties (inertia, magnetic, thermal) after final the
selection of the materials

7. Update the modeling of the science capacitance-read-out sensor according to
the final specific design for the space experiment

8. Update the capability of introducing CMRR degradation due to mechanical
unbalancing (stiffness variation vs. temperature, etc.)

9. Update the disturbing terms depending on various choices of the test masses
material

10.Consolidate the Post-Processing module
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9. PAYLOAD LABORATORY PROTOTYPE

9.1 GGG (“GG ON THE GROUND”) VS GG: SIMILARITIES AND DIFFERENCES

The core of the GG payload is the differential accelerometer shown and discussed in
Figure 3.7. It is clearly designed for zero-g: very weak mechanical coupling in spite
of 10 kg mass test bodies and “perfect” cylindrical symmetry. Nevertheless, it has
been possible to design and build a 1-g version of it because it is sensitive in a plane
(the X,Y plane perpendicular to the spin/symmetry axis Z) rather than along the
symmetry axis itself. Thus, one can use this axis to suspend the system against local
gravity so as to maintain sensitivity in the X,Y horizontal plane of the laboratory.
Given that a full scale model requires to suspend at least 20 kg (the two test
cylinders), the issue remains as to how weakly the masses can be suspended and
coupled to form a balance similar to that of Figure 3.7 while at the same time
sustaining its weight.

Indeed this happens to be possible, and a sketch of the laboratory apparatus (also
known as GGG —“GG on the Ground”) is shown in Figure 4.10. The key item are 3
cardanic suspensions (picture shown in Figure 4.10, to the right) whose lamellae are
wide enough to sustain the weight but also thin enough to make coupling in the two
orthogonal directions of the horizontal plane very weak. All three cardanic joints are
manufactured in CuBe by electroerosion in 3D from a single solid piece in order to
minimize losses (i.e. for best mechanical quality).

The test cylinders, shown in green and blue, should be compared to the inner
accelerometer of Figure 3.7 (same colors). The masses of the test cylinders are the
same (10 kg each), though so far in the laboratory they have the same composition
(Al) for cost reasons and because the goal is to test the physical properties and
sensitivity of the apparatus. Both instruments are sensitive in the plane perpendicular
to the spin/symmetry axis.

The masses and the balance arm form a vertical beam balance —in which the
masses have the peculiarity of being concentric, as required in the space
experiment— whose spring constant in the horizontal direction can be made very
small. The masses are constrained by the balance arm to move only in opposite
directions and therefore the apparatus is relatively insensitive to ‘common mode’
forces on the masses. This shaft is mounted in ball bearings and can be rotated at
precisely controlled speeds by a micro-stepping stepper motor. The verticality of the
shaft is ensured by sensing its tilt with a sensor and correcting it by means of piezo
actuators (labeled as T and P respectively in Figure 4.10).
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Figure 4.10: Section through the spin axis Z of the GGG differential accelerometer inside the vacuum chamber.
The drawing is to scale, and the outer diameter of the outer test cylinder (in blue) is 27.4 cm. The structure
shown in gray is a frame rigidly fixed to the vacuum chamber (the current chamber is shown in Figure 4.12 and
has a 1 m internal diameter). More in detail: M: motor; x: ball bearings; ST: suspension tube, with two annular
rings where the read out rotating electronics is located; A: coupling (balance) arm, located inside the suspension
tube, with its 3 laminar cardanic suspensions (in red; the central one suspends the whole weight from the
suspension tube, the top and bottom ones suspend outer and inner cylinder respectively from the coupling
arm—see picture on the right); G: center of mass of the two-cylinder system (in blue the outer cylinder, in green
the inner one, 10 kg each). IP are the internal capacitance plates of the differential motion detector, OP are the
outer ones for whirl control, PC is the contactless inductive power coupler providing power to the electronics
inside the rotor. T and P, at the top of the rotor, are the tiltmeter and 3 PZTs (at 120° from one another -only one
shown) for automated control of low frequency terrain tilts.

Our understanding of the GGG dynamical system is extensively described in [42, 43]

It is crucial to notice that local gravity does not play a stabilizing role on the test
masses of GGG. Since no stabilizing effect can be expected in space due to
absence of weight, a ground based apparatus where the test mass is instead
stabilized by gravity would differ substantially from its counterpart in space and be of
very little use as a laborarory prototype. The reason why this is not the case for GGG
is easily explained.
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In essence, the dynamical scheme of the GGG laboratory prototype is as shown in
Figure 4.11, whereby the period of natural oscillation the test masses relative to each
other (differential period) is well expressed by the simple analytical formula

27
Td' =
" [g.Auk
[ 21 m

In this formula the term containing g is small and the role of gravity is only to slightly
affect the differential period; indeed, it is used to provide a small “negative spring” (if
Al <0) to further decrease the mechanical stiffness k so as to obtain a longer
differential period, hence a more sensitive balance (sensitivity to differential
accelerations between the test masses improves with the differential period
squared). Thus, in no way gravity has a stabilizing effect in GGG simply because the
GGG dynamical system is not a simple pendulum. Indeed, the equilibrium position of
the GGG test masses, around which an effect such as an EP violation would act, is
dictated by supercritical rotation (more precisely by: i) the coupling frequency ii) the
spin frequency , iii) construction and mounting errors whereby the centers of mass
do not lie exactly on the rotation axis). This fact has been verified experimentally
(see Figures 4.17 and 4.18)

ook

gravity only gravity + elasticity

Figure 4.11: Simple sketch of the GGG dynamical system

GG Phase A-2 Study Report — April 2009 : Section 9 139



Section 9: Payload laboratory prototype

Figure 4.12: (left) The GGG laboratory prototype —sketched with its essential features described in Figure 4.10—
surrounded by the vacuum chamber (labeled as C) whose internal diameter measures 1 m. (right) Picture of the
apparatus inside the chamber (the external test cylinder —depicted in blue in the sketch— is visible).

The similarity between GGG and the space accelerometer of Figure 3.7 is apparent,
but we point out the following differences.

)

ii)

In GGG the coupling arm is not located, as in Figure 3.7, inside the inner
test cylinder with top/down symmetry (for practical mounting reasons) and
this results in a reduced capability of the system (as compared to its
counterpart in space) to reject common mode effects

The cardanic suspensions which suspend and couple the test masses
(shown in red in Figure 4.10) cannot be as weak as in absence of weight,
resulting in a natural differential period at present about 40 times shorter
than in space, which means that operation in weightlessness conditions
would give higher sensitivity to differential accelerations by a factor 1700.
The mechanical quality and losses of the cardanic suspension, which are
crucial to achieve the scientific goal of the mission, have been measured
with the GGG apparatus (Figure 4.15) demonstrating that the
requirements can be met.

The motor and bearings shown in Figure 4.10 are obviously not needed in
space.

Appropriate sensor and actuators (tilt meter and PZTs, depicted as T and
P in Figure 4.10) are used on the ground to reduce disturbances from local
terrain tilts, which by changing the inclination of the suspension tube will,
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because of the non-zero elastic coefficient of the laminar suspensions,
produce changes of the inclination of the coupling arm (the beam of the
balance) resulting in unwanted differential displacements of the test
cylinders. Such a closed loop control is not needed in space since the
whole satellite is an isolated system.

9.2 CAPACITANCE BRIDGE TRANSDUCERS, READ-OUT SYSTEM AND ELECTRONIC NOISE

The differential displacement of the masses is sensed by means of a capacitance
bridge circuit mounted on the shaft. Two pairs of capacitance plates (see Figure
4.13) on opposite sides of the inner test cylinder and located halfway in between the
inner and the outer one, form two variable capacitances (with the masses at ground
potential) in a bridge circuit. A displacement of the masses from their equilibrium
position causes an unbalance of the bridge and this is sensed by a phase sensitive
detection circuit.

Figure 4.13: Two pairs of capacitance plates forming two bridges to read the displacements of the test cylinders
relative to each other. This read-out system, including the rotating electronic circuit located on a annular ring
around the shaft, is in all similar to the one designed for the GG payload in space. On the right hand picture,
facing the outer test cylinder, are visible the smaller capacitance plates used as sensor and actuators for whirl
motion damping

A sinusoidal signal (1 Volt) of high frequency (500kHz) is applied to the bridge in
order to shift the signal of interest to a high frequency band with reduced 1/f noise.
The high frequency bridge measurements are first amplified, demodulated and then
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converted from analog to digital (24 bit). A block diagram of the electronics is shown

in Figure 4.14.
L
Sinusoidal generator M -
@
iD : % %
ol T

2
~ Capacitor Bridge n

Sinusoidal generator EJ

i

Capacitor Bridge é

Phase shifter §

Amplifier S Mixer E_, 24 bit ADC

|):Il:lg. DataT)

Phase shifter 1)

Mixer n

Amplifier n

Figure 4.13: Simplified block diagram of the electronics of the 2 capacitance bridges of the GGG experiment.
The bridge is excited by the sinusoidal generator; the signal form the bridge is amplofied and detected in pahse
by the mixer and then cconcerted to digital at 24 bit

In order to be able to transform the relative displacement as measured by the
bridges in the rotating frame of the rotor to the non-rotating frame, we need to know,
in correspondence of each ADC conversion, also the phase angle of the rotor. For
this purpose a rotary encoder has been mounted, which measures the phase of the
rotor.

The digital signal from the ADC is transmitted by a LED placed on the axis of the

shaft as an optical signal. The position signal thus received is time stamped and
stored in a PC for post processing.

GG Phase A-2 Study Report — April 2009 : Section 9 142



Section 9: Payload laboratory prototype
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Figura 4.14: Scheme devised to read the GGG test masses displacements (in bold is depicted the vacuum

chamber housing the apparatus)

The noise measured with the electronics currently in operation is shown in Figure

4.15

Moise of rotating read-out electronics: analog + digital (24 bit)
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Figure 4.15: The read-out of the relative displacements of the test cylinders consists of 2 capacitance bridges
co-rotating with the test masses. The analog output of each bridge is digitized 32 times per turn. Plot shows
noise of read-out electronics alone located inside a chamber maintained at 35 + 0.1°C. The noise of the digital
part (alone) was measured independently for a few days, sampling at 32 times per spin period, as function of
spin frequency (up to 3 Hz). The noise of the analog part was measured with the spectrum analyzer. The curve
shows the sum of the two. The advantage of spin in reducing electronic noise is apparent.
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9.3 MEASURED Q

A crucial parameter which characterizes a physical apparatus, especially if devoted
to perform high precision measurements of small gravitational effects, is the quality
factor Q of the whole. It measures the losses in the system (since no real system is
perfect) and therefore its thermal noise, which ultimately limits the sensitivity that it
can achieve. Though losses are known to occur at the non rigid components of the
system (in this case the cardanic joints shown in Figure 4.10, which are therefore
manufactured with great care for such losses to be minimized) reliable Q
measurements are better performed with the entire apparatus fully assembled as in
its nominal configuration. This has been done for the GGG prototype and the results
are reported in Figure 4.16. In addition to being very satisfactory, it has to be noted
that the small U shaped suspensions designed for coupling and suspending the test
cylinders in space (see Figure 3.7) are certainly less complex and easier to
manufacture than the cardanic joints used in the lab and will therefore have an even
better mechanical quality. The measurements reported thus demonstrate an upper
limit for losses (i.e. lower limit for Q) in the space experiment.

FFT: Outer Mass - X Direction - Non Rotating Frame
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Figure 4.16: Resulting quality factors of the GGG accelerometer at the natural frequencies (at zero spin) as
obtained by measuring the oscillation decay of the system. The blue curve is the FFT of the fitted output data. In
supercritical rotation the relevant Q is measured from the growth of whirl at the natural differential frequency of
the test cylinders; in a later assembly, at a spin frequency of 0.16 Hz we have measured 3020.
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9.4 WHIRL MOTIONS CONTROL

In order to reduce the orbital whirl motion of the GGG system a controlled force is
applied to the outer mass. Note that we have to do this without influencing the
equilibrium position of the masses. Therefore the applied force is proportional only
to the velocity of the outer mass in the laboratory reference frame and is, of course,
opposite to its direction. In essence it acts as a damper. In addition, whirl motion
occurs at specific frequencies which are the natural modes of the system and
therefore the active control system confines its activity to these specific frequencies.
The two-dimensional motion of the outer mass in the horizontal plane is broken down
into its components in the X and Y directions in the laboratory frame and addressed
through two independent active control loops. The loop gains in the two directions
are however maintained equal to ensure that there is no azimuthal asymmetry. For
simplicity only one of the loops is described below.

Both the actuators and sensors used in the active control scheme are capacitance
based and are identical in their structure. The position sensor consists of a pair of
brass plates on opposite sides of the outer mass, which are sectors of a cylinder
concentric with it (see Figure 4.13, right hand picture). Each plate forms one
capacitor of a bridge with the outer mass at ground potential. The pair therefore
form one half of a capacitance bridge, the other half being a pair of constant
capacitors of roughly the same capacitance. A displacement of the mass results in
an unbalance of the bridge. The bridge is supplied with an AC excitation and the
unbalance AC voltage signal is demodulated and filtered to obtain a DC signal
proportional to the displacement of the mass. The capacitance sensor occupies the
lower half of the outer cylinder yielding a sensitivity of about 1 nm /VHz in the 10 —
10 Hz range. An identical pair of plates, acting as actuators, occupies the upper
half.

The displacement signal is digitised and acquired by a PC using 16bit National
Instruments DAQ cards. It is then processed to identify the whirl frequencies of the
rotor and a control signal is generated. The algorithm used for this processing has
several steps. First the signal is buffered as a time series of about 200 s. A
windowed average of the signal is subtracted in order to ensure that we do not affect
the equilibrium position. Then an FFT is applied to the signal and the spectrum
displayed on the computer screen. Thus the operator has an online monitor of the
spectrum of oscillations of the rotor. The operator then has to identify any three
frequency bands that need to be damped. The program then selects these bands
and performs an inverse FFT to generate a time series corresponding only to those
frequency bands which have been selected. In the next step a derivative of this time
series is calculated and negated to produce the control signal. However, in this
process the errors in phase and amplitude are large at the portion of the signal close
to the most recent data. This is because we have not sampled the longer periods
sufficiently well in order to obtain a good estimate of their phase. The fundamental
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differential mode being about 13 seconds long we can act only after having sampled
several periods of the 13 second period. It is therefore necessary to delay the action
by an integral multiple of this period. This delay is also estimated by looking at the
displayed signals on the screen and ensuring that the control force has the right
phase in order to damp the velocity of the mass. The control signal is then multiplied
by an appropriate ‘gain’ and supplied to the actuator plates. The various steps of
this algorithm are shown in Figure 4.17. Whirl damping in action is shown in Figure

4.18.

Figure 4.17: The various steps in the Whirl Control loop. 1. Digitised signal from the sensor plates, 2. FFT, 3.
Frequency band selected by the user for damping 4. Inverse FFT of the selected band, 5. zoom into the most
recent part of the signal to study the phase noise 6. Select delay such that the phase match is exact, 7. set
digital gain and output via DAQ analog output to high voltage Amp. The green arrow points to the upper actuator
plates to which the high voltage is supplied.
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Figure 4.18: The whirl damping in action. The figure shows the amplitude of the orbital motion decreasing as
the whirl control gradually removes energy from the fundamental differential mode of the GGG balance.

One of the main advantages of the computerised active control scheme is that it
allows rapid adaptation of the ‘filter’ in the closed feed back loop so as to respond
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dynamically in real time. The other advantage is our ability to visually see the state
of the rotor in real time and perform obtain diagnostic information, which then
enables us to take decisions on setting filter location, bandwidth, gain and delays.
As a result we were able to confidently extend the experimental runs from a few days

to several months.

This was crucial in obtaining sufficiently long data sets to
address the problems at the diurnal frequencies near 10° Hz. The residual noise at

low frequencies obtained after damping and the consequent signal to noise ratio are
illustrated in the Figures 4.19 and 4.20.
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Figure 4.19: Results of Whirl Damping: FFT of the relative displacement of the test cylinders in y direction of the
horizontal plane in the non-rotating reference system. The relevant whirl at the natural frequency of 0.08 Hz has
been reduced to about 0.1um.
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Figure 4.20: An example of recovery of an applied signal at frequency below whirl frequency. A signal applied at
0.01Hz in the y direction of the non-rotating reference frame is recovered from the output data though about 100
times smaller than the whirl at about 0.1Hz. This example indicates that recovery is possible even though the
applied force produces a displacement much smaller than the whirl radius (not damped), hence, in order to
measure an EP violation signal at the picometer level it is not necessary to reduce the whirl radius to the same
level .

9.5 EXPERIMENTAL EVIDENCE FOR SELF-CENTERING

Once the whirl has been damped the relative position of the masses is a constant. It
has been seen that under supercritical conditions they converge to the same relative
position regardless of their initial separation. This phenomenon known as ‘self
centering’ of the masses has been repeatedly demonstrated and is shown in
Figures. 4.21 and 4.22.
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Relative distance of test masses in the rotating frame as function of spin frequency
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Figure 4.21: Relative distance of the test cylinders in the rotating reference frame as a function of the spin
speed. Xr component is red colored. Yr component is blue colored. Different symbols are used for different
measurement sessions: crosses correspond to measurement #1 of Figure 4.1.8, circles correspond to
measurement #2 and dots to measurements #3. Each data point refers to a run of several hours. The black
dashed areas mark the instability regions which correspond to the normal modes of the system. As the spin
frequency increases from OHz towards the first resonance at 0.075Hz (data labeled L in Figure 4.18) the relative
distance increases. Between the two resonances (i.e. between 0.12Hz and 0.89Hz; M in Figure 4.18) the system
reaches always the same equilibrium position: as the spin frequency is increased past the instability region the
cylinders start self-centering and the relative distance decreases rapidly. For spin frequencies in the range 0.4Hz
- 0.6Hz, the relative distance is independent of the initial conditions and the three lines (crosses, circles and
dots) in the figure coincide. When the spin frequency approaches the second instability region the relative
distance grows again. At higher frequencies, above both the resonances (H-high) the system reaches another
equilibrium position.
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Figure 4.22: Experimental evidence for auto-centering of the test cylinders in supercritical rotation in the
horizontal plane (Xr,Yr) of the rotating reference frame fixed with rotor. As the spin frequency increases (along
red arrow) from OHz below the first resonance (L data), the relative distance increases. In between the two
resonances (M data), the two test cylinders self-center reaching the equilibrium position determined by the
intersection of the 2 dashed lines (always the same position in the three panels, independent of their initial
conditions). Above both resonances (H data) they reach another equilibrium position.

9.6 UNIFORMITY OF ROTATION

The need for a motor in the GGG experiment is a matter of concern. Figures 4.23
and 4.25 show the uniformity of rotation at level of the rotor, which is what matters
for the experiment. Obviously, an encoder on the motor itself shows a better
uniformity.
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Spectral analysis of time interval between acquired data points (normalized to spin period)
10° \ I I I
v . =0.14Hz : : :

spin

4 / Vspin=0'57;Hz iy =1.33Hz ]
10 ¢ L - ; i spin : E

Spectral Component / Spin period

0 05 1 15 2

Frequency (Hz)

Figure 4.23: In increasing the rotation speed of the rotor by a factor 9.5 its spin energy increases by almost 2
orders of magnitude, and yet the rotation noise has decreased by about 1 order of magnitude
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Figure 4.24: At rotor level, both the spin period measurement and the measurement of time interval between
successive holes of the rotary encoder give a standard deviation of 80 to 100 microsec

9.7 DEALING WITH TERRAIN TILTS

Low frequency tilts of the local terrain do indeed disturb the test masses of the
laboratory prototype and need to be attenuated for the prototype to achieve a
sensitive (in terms of relative displacements of the test cylinders) of relevance for the
space experiment. A closed control loop is applied, using a tilt meter as sensor and
PZTs as actuators.
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Figure 4.19 shows the results achieved in a 1 week run at the spin frequency of 0.9
Hz. However, though the loop works very well, the “zero” of the tilt meter is not the
actual horizontal plane because the tilt meter is temperature dependent. Unless this
dependence is characterized and compensated for within the loop, so that the PZTs
receive the correct command, “spurious” tilts are in fact applied producing unwanted
relative displacements of the test cylinders.

Residual Tilt Noise after Control - X axis- rad (4g/g)

Frequency (Hz)

Figure 4.19: Fast Fourier Transform of the residual tilt noise after applying tilt control in closed loop for 7.1 days
with the GGG apparatus spinning at 0.9 Hz. The test shows that at the low frequencies of interest (the GG
orhital frequency and the diurnal frequency), the tilt measurement signal of the sensor used to close the loop can
be “zeroed” to a few 1010 rad (1019 rad corresponding, in the current set up, to a relative displacement of the
test cylinders of about 0.5-10"20 m). This is the best result which can be obtained given the sensitivity of the tilt
meter used.

In addition, in the current set up the vacuum chamber and the instrumentation
(Figure 4.20) is not optimized to reduce diurnal thermal expansion/contraction
effects.

Figure 4.21 shows how disturbances on the relative motion of the test cylinders
acting over the timescale of 1 day have been reduced by 2 orders of magnitude by
an appropriate thermal control loop of the vacuum chamber which has reduced its
diurnal temperature variations to 0.02 °C/d. If then the temperature dependence of
the tilt meter is characterized in this range, and compensated for within the control
loop before sending the signal to the PZT actuators, the spurious tilts mentioned
above are reduced, the zero of the tilt meter becomes a “true” zero and a
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corresponding reduction of the low frequency relative displacements of the test
masses is expected.

Figure 4.20: The vacuum chamber enclosing at present the GGG laboratory prototype.
Below the wrapping with Al paper (to increase reflectivity) is a thermal insulating rubber
blanket and below that a resistance wire wrapping (for heating) and water pipe (for cooling).
The GGG apparatus mounted inside is symmetric around the vertical axis, at 90° with the
chamber axis, which maximizes disturbances from the thermal distortions of the chamber.
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Figure 4.21: The figure demonstrates the advantages of thermal stabilization of the vacuum chamber enclosing
the GGG experiment. The plots show the relative displacements (in microns) between the centers of mass of
the test cylinders in the horizontal plane of the laboratory (once transformed from the rotating reference frame).
Each run lasts about 2 days. Diurnal variations are apparent in the two upper plots, while they are no longer
visible in the bottom ones; from plot a) to plot d) the amplitude of the largest relative displacements has
decreased from 20 to 0.2 um. The improvement therefore amounts to 2 orders of magnitude. It has been
obtained by improving the thermal stability of the chamber. Starting with the run reported in plot b) a thermal
stabilization loop of the chamber was implemented and gradually improved during the following runs till reaching

the level of + 0.02 °C/d during the run reported in plot d).
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It is therefore the need to reduce low frequency terrain tilts (typical of the ground
environment) which makes thermal stabilization of the laboratory prototype very
important. This is a very important point to make as this source of thermal noise is
not applicable to GG in space, in which case the main thermal stress comes from
eclipses, and needs to be addressed differently (see Section 6)

One way applied in the GGG experiment to reduce tilt terrain noise has been, in
addition to thermal stabilization, the use of a temperature compensated tilt control
loop as shown in Figure 4.22 which has provided so far the best measurement
results reported in Section 9.9

Temperature compensated active tilt control
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Figure 4.22: Scheme of the temperature compensated active tilt control loop currently used in GGG

The vacuum chamber shown in Figure 4.20 is indeed inappropriate for the GGG
prototype for 2 major reasons. First the apparatus has cylindrical symmetry with the
axis in the vertical direction while the chamber has a cylindrical symmetry with the
axis at 90° from it. Second, the chamber rests on a base frame whose structure is
not rigid enough. As a result, vibrations (coming from the terrain) and distortions
(thermally induced expansions/contractions) are transmitted to the prototype inside,
including low frequency ones (see Section 9.10 for a description of the new
chamber)
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9.8 MEASURING ELECTRIC CHARGE SURFACE PATCHES

The relevance of surface charge patch effects is well known and has been discussed
in Section 3.2.1. We can now measure charge patches with GGG.

We use a small capacitance plate to apply a force on the outer test cylinder at a
frequency below the differential mode frequency so that it is not attenuated, and then
measure the resulting displacement of the test masses (at that frequency) with the
capacitance bridge sensors in between the test cylinders. GGG is not rotating,
though obviously under vacuum.

If the potential applied is unipolar, as a square wave, a displacement corresponding
to the force applied by such potential is measured, as shown in Figure 4.23. Since
charge changes sign with the applied potential while a patch charge on the surface
does not, and the force is proportional to the charge squared, by applying a bipolar
potential (square wave of the same period) only the patch charge effect (if any) will
remain and give rise to a relative displacement of the test masses. This is shown in
Figure 4.24 The ratio of the displacements in the two cases gives the ratio of the
patch charge to the applied charge, hence of the patch potential to the applied
potential, and therefore the potential of the patch. This is a simple direct
measurement.

Applied potential 0/+38.46 V  Period of square wave 1024 s

Test cylinders differential diplacements [um]
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Figure 4.23. Relative displacements (in the two directions of the plane) caused by an applied unipolar potential
of 0/+38.46 V and a period of the square wave of 102.4 s
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Figure 4.24: Relative displacements (in the two directions of the plane) caused by an applied bipolar potential of
+/-38.46 V and a period of the square wave of 102.4 s

This run gives a patch potential of about 0.3 V. We plan to investigate the time
variation by running a long measurement, the dependence on the are of the surface
involved (it was 2cm x 2 cm in this case) and finally to assess the effectiveness of
gold coating in reducing the patches.

Even though in GG as well as in GGG patch effects would be mostly DC it is clearly

very important that we have a tool to quantitatively measure this source of
perturbation.

9.9 GGG SENSITIVITY TO LOW FREQUENCY DIFFERENTIAL EFFECTS

The sensitivity of GGG to differential displacements of the test cylinders has been
improving, particularly at low frequencies, as shown in Figure 4.25.

The FFT of the relative displacements during one run in 2008 is shown in Figure
4.26, from which we can see that the centers of mass of the GGG rotating test
cylinders remain, at very low frequencies, within less than 10® m from each other.
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Figure 4.25. Power spectral density of the relative displacements of the test cylinders in the non rotating frame
of the laboratory. Note the low frequency of the measurements, and the difficulty in reducing disturbances at
diurnal frequency (1.16x10 Hz)
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Figure 4.26: FFT of the relative displacements of the GGG test cylinders in the horizontal plane of the

laboratory. At diurnal frequency, and at the orbital frequency of GG at which the EP violation signal is expected

in space, they are below 10 nanometer.
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9.10 ADVANCED GGG UNDER CONSTRUCTION

A properly designed new chamber, optimized for hosting the prototype and minimize
disturbances on it has been manufactured and is now operational in the lab (see
Figure 4.22). In addition to reducing disturbances on the apparatus and improving
thermal stability (the base structure of the chamber is thermally stabilized —in
addition to the chamber itself and ceramic breaks on three legs at the bottom of the
chamber contribute to thermally decouple the apparatus form the base thus reducing
thermal stress coming form the floor) the new chamber is designed to allow the
apparatus to be suspended from a non rotating cardanic joint (shown in red in Figure
4.22, left) so as to reduce low frequency terrain tilts first actively and then also
passively)
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Figure 4.27: The new vacuum chamber designed to host an advanced laboratory prototype. The sketch on the
left shows how the prototype can now be suspended (from a non rotating cardanic joint; shown in red; sketch on

the left) for terrain tilts to be reduced passively in addition to the active tilt control loop:
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Figure 4.28: A new prototype has been designed and is under construction to be operated inside the new
vacuum chamber of Figure 4.27. On the left is the GGG “balance”: two concentric test cylinders (blue and green)
and the balance arm. Inside the arm are visible: the central cardanic joint (for connecting the whole balance to
the shaft, as shown on the right); the top cardanic joint (for connecting the blue test cylinder to the balance arm);
the bottom cardanic joint, for connecting the green test cylinder to the balance arm). On the right, the same
balance is shown, with the balance arm placed inside the shaft and connected to it at its center, and the
capacitance plates of the read out sensor (in yellow) in between the green and the blue test cylinders. These are
construction drawings and are therefore to scale: the outer diameter of the blue test cylinder is 27.4 cm. Pictures
of the capacitance plates of the read out are shown below in Figure 4.29
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Figure 4.29: The capacitance bridges of the advanced prototype, to be used for measuring the relative
displacements of the test cylinders (shown in yellow in Figure 4.28, right). They are assembled in a “cage” not to
be ever dismantled, as this would impair the symmetry and construction precision. The brown rings are made of
peek and serve as electric insulators. The external diameter of the cage is 24 cm

An improved sensitivity to test masses displacements is expected, first by running
the current accelerometer prototype in the new vacuum chamber and finally by
operating the new, suspended prototype. These results will be reported at
completion of the Study.

In addition, a numerical GGG Simulator will be built similarly to the GG Experiment

Simulator discussed in Section 8 so that its predictions can be compared with
experimental measurements.
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10. THe GROUND SEGMENT

10.1 Key GG OpreraTioNs REQUIREMENTS

The GG mission is devoted to a single experiment that, once initialized, runs to the end of
the scientific data collection. In the Launch and Early Orbit Phase, operators control the
correct spacecraft activation and perform attitude and spin-up maneuvers. Experiment set-
up and first calibration operations follow. Thereafter the Science Phase starts and the
experiment is run in 7-day (TBC) long data collection intervals. Spacecraft health checks will
be cadenced at regular intervals to monitor the correct data acquisition and spacecraft
status.

The nominal duration of the mission is two years. No orbit change maneuvers are required
after insertion into operational orbit by the launcher. De-orbiting at end of life is not
envisaged. Orbit determination is performed by using range and Doppler data from the
Ground Station, no localization systems are foreseen on board.

The processing of scientific data is done in bulk; therefore no scientific quick-look is required.
All satellite operations are autonomous, executed on the basis of time-tagged operation
sequences that are loaded at least one day in advance. The minimum integration time of the
experiment is determined by the experimental noises and is about 7 days. Hence,
examination of the scientific data at shorter intervals is, strictly speaking, not significant.
Therefore, quick look procedures are not needed and the scientific data can be routed to the
Scientific Data Centre within a couple of days of reception. On the other hand, for the
purposes of checking the health of the scientific payload and the correct execution of the
measurement procedures, shorter reaction times may be desirable. Tests based on
consistency checks, threshold parameter values etc. may be elaborated and implemented in
automatic self-check procedures that can be run periodically by the onboard computer, and
can be used to alert the ground control of any non-nominal state of the scientific payload.
Data affected by anomalies of any sort will be rejected on post-processing and will have no
effect but a shortening of the data collection period.

There are no requirements for real-time interaction between the satellite and the MOCC
during a communication pass over the ground station. Because of that, and given the high
level of on-board autonomy, the tasks of the ground control are essentially limited to:

= commanding and monitoring of the initial attitude maneuvers (spin axis
orientation and spin-up);

» performing orbit determination and propagation and scheduling spacecraft/
ground station contacts;

» analyzing satellite data to establish that the satellite is operating correctly;

» generating and transmitting command sequences and parameters in
accordance with science needs.
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10.2 GRouUND SEGMENT DESCRIPTION

The ground segment comprises the following functional blocks (Figure 10-67):
= Ground Stations System (GSTS)
»  Ground Communication Subnet (GCS)
= Mission Operations Control Center (MOCC)
» Launcher Operations Control Center (LOCC)
= Science Operations Control Center (SOCC)
= Support Facilities (SF).

The GSTS supplies the required space to ground communication for telemetry reception and
telecommand uplink. It includes a dedicated ground station for the normal operations,
supplemented by additional stations during the LEOP. The nominal ground station is the ASI
Station in Malindi, Kenya. Among the additional ground stations which can be employed to
support the initial mission phases, the ESA/CNES Station at Kourou, French Guyana, is
particularly well suited because of its near-equatorial location.

The Ground Communication Subnet (GCS) interconnects the ground stations with the
functional blocks providing management of the satellite operations (the MOCC), and the
science operations (the SOCC). This network can be largely realized using the existing ASI
multi-mission operational network (ASINET).

bdd Ground Segment [Ground Segment Model] /

«block»
«block» SF blocks::
«block» «block» e e

S/C Launcher system 1}

«block»
SF blocks::
OBSW
developer

developer
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Space Segment «TM/TC aunch Operations
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1 ket Control Center Q
ar pactetsy LOoCcC Support Facilities
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«TM/TC ! orbitldata
. e
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«TM/TC - &file»
packets» «TM/TC P/L & auxiliary data
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Figure 10-67: Functional model of the GG ground segment. Each block is a logical unit and/or a physical unit.
The fundamental building blocks comprise the Ground Stations System (GSTS) with the Ground
Communications Subnet (GCS), the Mission Operations Control Center (MOCC), the Launcher Operations
Control Center (LOCC), the Science Operations Control Center (SOCC) and Support Facilities (SF).
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The MOCC is responsible for the execution of all GG mission operations. It provides mission
planning, orbit and attitude determination for both operational purposes and science data
processing applications, spacecraft monitoring and control and payload monitoring and
control. The MOCC will route the scientific telemetry to the SOCC and will receive the
payload command requests from the SOCC to be subsequently processed and uplinked to
the satellite.

Launch operations are managed by the LOCC. In the pre-launch and launch phases, until
satellite separation, the MOCC provides the interface to the LOCC.

The SOCC is responsible for the generation of the scientific operations sequences to be
executed on board, as well as for the scientific data processing and analysis. In the GG
mission, real-time involvement of the SOCC in the mission operations is not a requirement.
Therefore both science data and science operations sequences can be exchanged between
MOCC and SOCC in an “off-line” mode.

The SF is a collection of facilities usually involved in the spacecraft development and
providing engineering support during the mission, such as software or system developers for
thrusters. During Commissioning and Calibration phases, the SF teams could be partly co-
located at the MOCC.

Physically, the MOCC functions as well as most SF functions will reside in an operations
control center provided by ASI. The specific program needs do not require the SOCC to be
logistically separated: both functions may be co-located in the same facility. Anyway, the
engineering and science teams will have web access to the necessary MOCC functionalities,
whatever their physical location.

10.3 User SeGMENT DESCRIPTION

GG is a mission devoted to a single experiment and has one single User Group led by the
Pl. Co-Pls are selected to become members of the GG User Group on the basis of:

» His/her specific contribution to hardware and/or software components of the
payload and/or spacecraft;

= His/her knowledge of specific scientific topics of the science addressed by the
mission;

= His/her specific expertise on: data analysis in the field of fundamental physics
in space; GG full scale numerical simulations; recovery of scientific
information from numerically simulated GG data;

» His/her contribution to key instrumental aspects of the mission which are
known to affect the scientific outcome of the mission.

GG Phase A-2 Study Report — April 2009 : Section 10 164



Section 10: The ground segment

GG mission data will remain in the hands of the User Group for the entire duration of the
mission and up to a maximum of 2 years after mission completion. After that, data will be
made public via free internet access to a dedicated GG Mission Data Webpage. It has to be
noted that the scientific outcome of the GG mission as to the Equivalence Principle being
confirmed or violated, as well as in relation to the sensitivity achieved, will be of extreme
importance and therefore it has to be established beyond any possible doubt. This requires
other scientists and scientific collaborations outside the mission team to be in a position to
independently check the results, starting from original data. To this end, the GG Mission
Data Webpage will freely provide:

» Full GG science raw data with appropriate description and format specification
for use from anyone interested in checking the User Group analysis;

» Full GG mission operation data with appropriate description and format
specification to be used in combination with science data for completeness of
information whenever needed;

» Reduced science data set as created by the GG User Group for signal search
and analysis of relevant physical effects. Information on how the set has been
created will be provided along with it;

= Data analysis software and codes developed and used by the GG User
Group, including all the software tools which typically are not published on
scientific journals along with the results.

10.4 Science OpreraTiONs AND ScieENcE MANAGEMENT PLan

After the launch and early orbit phase, experiment set-up and first calibration operations are
executed. Thereafter, the experiment is run in 7-day long data collection intervals.
Calibration sessions are regularly interspersed with the measurement intervals. Continuation
of the mission improves the measurement accuracy with the square root of the
measurement time. The nominal duration of the mission is two years.

The processing of scientific data is done in bulk; therefore no scientific quick-look is required.
All scientific operations are autonomous, executed on the basis of time-tagged operation
sequences that are loaded at least one day in advance. Given the high level of autonomy,
the science operations are essentially limited to:

= Command and monitoring of the initial experiment set-up;

= Analysis of satellite data to establish that the experiment is operating
correctly;

» Generation and transmission of command sequences and parameters for
experiment tuning.

After commissioning at the beginning of life, the main operational modes of the satellite are:
= Experiment Set-up and Calibration Mode
= Normal mode (scientific operation of the experiment)
= High-rate Data Collection Mode
= Safe (Hold) Mode.
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The experiment set-up phase will be based on semi-autonomous procedures, with
intermediate checks by the ground after each phase before the next operation is executed.
The experiment set-up includes the balancing of the test masses and the mechanical
balancing of the capacitance read-out sensors. Both operations need to be repeated at
regular intervals. Automatic procedures for such operations will be elaborated, possibly with
some interaction with the ground control.

In the science measurements phase, the operation will be essentially autonomous. The
Normal Mode is characterized by the drag-free control, executed by proportional milli-
Newton thrusters. However, the survival of the mission does not depend on the drag-free
control, since the maintenance of the operational attitude is guaranteed by the gyroscopic
stability. In case of malfunctions, the scientific operations will be put on hold and
housekeeping data will be collected and transmitted to ground on the next station passes;
resumption of the operations will be commanded by the ground.

Generally, the command and parameter sequences of the Normal mode will need to be
updated on a time basis of several weeks, except in the set-up phase when the frequency
will be higher (some hours).

The scientific telemetry data stream consists of:
» Test mass differential displacements (in-plane, 2 axes)
» External test mass displacement w.r.t. PGB (3 orthogonal axes)
» Internal test mass displacement w.r.t. PGB (3 orthogonal axes)
» PGB to spacecraft displacement (3 orthogonal axes)
= Spin velocity vector
= On board reference time.

All such data are collected as 16-bit words at high rate (50 Hz). Payload housekeeping data
(monitors, temperatures, ...) are collected at lower rates, depending on the time constant of
the phenomena to be kept under control. Finally, a complete record of the drag-free control
operation (commands as received, actuator response, auxiliary variables, monitors and
controls) is collected to enable reconstructing the time history of the disturbance rejection
performance.

A preliminary budget of the telemetry data is in Table 10-21.
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Data description Variable Number of Frequency | Record length Data

list variables [Hz] [bit] rate [kbit/
s]

Diff. TMs displacement Ax, Ay 2 50 16 1,6

Tme/PGB displacement AX, Ay, 3 50 16 2,4
Az

Tmi/PGB displacement AX, Ay, 3 50 16 2,4
Az

PGB/Spacecraft displacement AX, Ay, 3 50 16 2,4
Az

WsPIN Wy, Wy, W, 3 50 16 2,4

Reference time t 1 50 16 0,8

Science data 12

Payload Housekeeping 1

Drag-free control

Total Data Rate kbps 20

Period s 5702

Data volume per orbit Mbit/orbit 112

Telemetry rate kbit/s 186

Table 10-21: Telemetry data rate budget
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11. DEVELOPMENT, PROGRAMMATICS AND RISK ANALYSIS

11.1 SATELLITE DEVELOPMENT APPROACH

11.1.1 DEVELOPMENT OBJECTIVES AND ELEMENTS

The objectives of the GG program are:

= To carry out a test of the Equivalence Principle with sensitivity of a least 1 part
in 10", in low, near-equatorial, near-circular Earth orbit, for a duration of at
least 2 years;

= To design, develop, and test a small satellite, devoted to the above objectives,
over a time span (Implementation Phase) not exceeding 3 years (TBC), within
a level of resources commensurate with that of a small satellite program of
ASI;

» To launch and operate the satellite using as much as possible the
infrastructure and resources at the disposal of ASI;

= To use this opportunity to advance the implementation and use of ltalian
technology and know-how in the service of an outstanding scientific project.

The space segment, the GG Satellite, is defined as a modular product consisting of two
modules: the Platform (or Service Module) and the Payload (Pico Gravity Box). At lower
level each module is composed of subsystems, and each subsystem can be composed of
one of more units plus auxiliary parts.

A number of elements support the project during its life cycle.

» The GG Payload ground prototype (GGG). GGG is an experiment to test the
Equivalence Principle, at lower sensitivity, with an apparatus very close to a
prototype of the payload designed for the GG space experiment. The
experiment is carried out at the University Of Pisa and can be used as a
development model for the flight model.

» Software simulators. Satellite and Payload simulators, both HW and SW, will
be used during the project lifecycle to consolidate the design, verify
requirements in advance respect to the HW manufacturing, execute tests not
performable on real HW.

» Standard engineering mathematical tools will be used to support the project
development.

» Ground Support Equipment (GSE). The GSE comprises all the test equipment
needed to support the ground activities on GG and its components. The GSE
includes Electrical and Mechanical Ground Support Equipment.

» Standard laboratory equipment and special tools used during the GG
integration and test activities.

GG Phase A-2 Study Report — April 2009 : Section 11 168



Section 11: Development, programmatics and risk analysis

= Test facilities. Along its ground lifecycle GG and its flight components will use
different test facilities such as thermal vacuum chambers, shakers, acoustic
chambers, anechoic chambers. A dedicated facility will be selected to perform
the environmental test campaign. All flight items will be subjected to a
Cleanliness Control Plan and to a Quality Control. Consequently the facility
used by the prime contractor and its subcontractors shall conform to these
requirements. In particular all the items qualified to flight shall be maintained
in a qualified clean room (typically class 8).

» The VEGA facilities in Kourou to support the Launch Campaign.

» The GG Ground Segment: it provides all the necessary features to ensure
satellite control during the mission and scientific data acquisition, storage and
analysis. It comprises as subsystems the ground station network, the
Operations Control Center (OCC), responsible for the execution of the
mission operations, and the Science Operation Center (SOC), responsible for
the scientific data processing and analysis.

11.1.2 ProGrAM FLOW

The GG project will be implemented in the following steps:

= System Definition Phase (Phase A/B), that includes the definition of the GG
flight system and its relevant support equipment and the finalization of the
System and Payload design;

= Development and Production phase (Phase C/D) that includes the detailed
design, the development, production, verification and delivery of the GG flight
Satellite with the Payload installed on it, the associated support equipment,
and the launcher adapter;

» Launch and in orbit commissioning (Phase E/F), that include the launch
preparation, the launch itself and the system checkout and calibration in the
early orbit phases;

= The operating life, in which the scientific measurements will be acquired,
stored, and analyzed until the end of the mission.

The GG Satellite detailed design definition will start from the preparation of high level
(system level) specifications. Starting from these documents, lower level specifications
(subsystem and unit level) will be prepared as input for the subcontractors. The
Subcontractors will provide to the prime the requested items after completion of relevant
development and validation process. All the units, subsystems, parts collected by the prime
will be integrated to compose the final satellite and validated with the testing campaign at
system level.

Dedicated reviews and milestones are defined in the various project phases to certify the
above process.
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11.1.3 MopeL PHiLosoPHY

At the satellite system level, a Proto Flight approach is proposed. Prior to the PFM program,

» the satellite functional performances will be validated using a dedicated End
to End simulator (purely SW) plus an Avionics Test Bench where
representative HW will be incrementally included in the loop. This HW will be
composed of breadboards and ‘Off the Shelf components, functionally
representative of the flight HW;

» the satellite-level thermo-structural performances and the compliance with the
relevant requirements will be evaluated by analysis.

The Proto Flight Model will be the final product after integration, and the unit that will be
launched. Since a single complete satellite model is foreseen, it will be subjected to a
complete proto-flight test campaign in order to confirm the functional validation performed on
simulators, and the thermo-structural performances evaluated by analysis.

At lower level (payload and platform), different model approaches apply as detailed in §11.2
and §11.2 below.

11.1.4 SCHEDULE

The GG program will be phased according to the following durations and main reviews:

» PhaseB 9 months KO, PDR
= Phase C/D 36 months CDR, TRR, FAR
= Phase E 3 months LRR.

Figure 11-68 shows the current GG master schedule for the phases B, C/D, E, and F. The
Ground Segment schedule is included with the following baseline:

= 2 years of mission (including commissioning)
= 1 year of long term data archiving.
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11.2 PAYLOAD DEVELOPMENT PLAN

At payload (PGB) level, a two-model approach is proposed. The PGB-STM (Structural
Thermal Model) will be used to qualify the mechanical and thermal design, including the
thermo-structural deformation aspects. The STM has therefore to be representative in terms
of mechanics and thermal design. The PBG-PFM (Proto Flight Model) will be used to
complete the acceptance from the mechanical, thermal and functional point of view, and will
be the flight unit. Figure 11-69 summarizes the PGB test approach.

From the equipment point of view, the following units are new developments, and will be
subjected to a complete qualification test campaign, including environmental testing (TV/TB,
mechanical test):

» ECE and (partially) CPE

» Accelerometer

» Lock/unlock mechanisms.

The ECE and CPE will have Engineering Models, mechanically, thermally and functionally
representative of the flight units. The Accelerometer is functionally covered by the GGG
laboratory experiment; however an STM is needed anyway and will be provided as part of
the complete PGB assembly. The mechanisms shall be completely flight representative, and
shall be included in the PGB-STM. Table 11-22 summarizes the approach.

STM PGB Test Flow:

Results Analysis:
Evaluation impact on
PFM design (if any)

Integration using STM
dummies including
blocking mechanism

Qualification Test
Campaign:
TV/TB — Vibration —
Acoustic

PEM PGB Test Flow:

Integration with flight Acceptance Test PFM PGB Fully
units and flight test MR Qualified: ready for
masses Functional verifications delivery to system level
EMC - TV/TB -

Vibration - Acoustic

Figure 11-69: Two-model approach to PGB system testing

Assembly — Unit EM / Functional model PFM

Accelerometer Mechanics GGG-Pisa (tbc) 1
ECE unit 1 1
CPE unit 1 (tbc) 1
Locking mechanism n. 1 set NN sets

Table 11-22: PGB unit model philosophy
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11.3 PLATFORM DEVELOPMENT PLAN

Different model philosophies will be applied for units and subsystems according to whether
they are recurring items or not. As general rule, a protoflight approach will be defined for the
recurring items. At equipment and subsystem levels, the verification approach will be defined
in function of the individual unit/subsystem Technology Readiness Level (TRL). The general
approach is to have a complete qualification test campaign and consequently a qualification
approach on the new items, and to perform a reduced acceptance campaign on the
recurring units.

The following non-recurring or (partially) new development items have been identified.

= FEEP. At least one FEEP development model will be foreseen as part of the
qualification process, before the flight model.

= Spin Sensor. At least two models will be foreseen as part of the qualification
process: 1) an Engineering Qualification Model (EQM), which shall be
submitted to a complete qualification test campaign to assess the design and
the technological solutions; 2) a Flight Model (FM), which shall be submitted
to a test campaign at flight conditions before being installed on the satellite.

At platform and system level, the PFM will be subjected to a complete proto flight test
campaign, including thermal testing, mechanical testing and electro-magnetic compatibility,
according to the sequence depicted in Figure 11-70.

GG Structure _ Propulsion
Delivery Hamess I&T 18T

Figure 11-70: Development Plan at satellite level. In the above scheme color coding is used to mark different
responsibilities. Gold stands for an item/subsystem provided by and external subcontractor. Green marks a task
under Industrial Prime responsibility. Blue signals the payload and its components. Phase E is identified in a
different color since it will be probably be subjected to a different contract.
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11.4 DEeVELOPMENT PLAN FOR THE GROUND SEGMENT

The ground segment will be developed in step with the flight system, as shown in Figure 11-
71.

According to the requirements assessment performed in Phase A2, all major hardware
provisions and facilities may be inherited from existing ASI assets. Therefore no significant
costs are envisaged for hardware/facility procurement.

The mission specific items to be designed and developed / procured as part of the GG
program include all the necessary GS documentation, plans, software and procedures.
Maijor items are listed below.

Phase B
» Ground segment requirements document (GSRD)
= Space—to—ground interface control document (SGICD)
= Mission analysis report (MAR)

Phase C
=  Space—to—ground interface control document (SGICD) — final version
» Consolidated Report on Mission Analysis report (CREMA)
= Operations engineering plan (OEP)
= Mission operations plan (preliminary)

Phase D
» Validated Mission Operations Plan (MOP)
» Validated space and ground segment monitoring and control databases
= QOperations training plan (OTP)
» Fully validated ground segment, including personnel and procedures, ready
for in—orbit operations and exploitation.

act devel opment [dev elopment] /

Phase B Phase CiD Phase E Phase F

G5 baseline G5 developme nt G5 SVT G5
._ definition and test mairtenancs
GS T
5 65 radyto ™
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Ops definion development validation R
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Figure 11-71: Ground segment development plan
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11.5 DEVELOPMENT PLAN FOR THE USER SEGMENT

The GG “user segment” is constituted by the Pl and the associated scientific consortium, as
described in §10.3. The tools to be developed include descriptions and format specifications
of Level 1 data for scientific use, and data analysis software and codes. These tools will be
produced all along the life cycle of the project. Concurrently, the satellite software simulator
(an early version of which is already available today) will be employed for generating
simulated science data streams, to test and validate the data analysis software.

11.6 PROGRAM MANAGEMENT

In the frame of GG Phase A2, a program organization has been established which
constitutes the model for the program management of the subsequent phases, summarized
below. In this organization, Thales Alenia Space Italia (Torino) is the prime contractor, in
charge of the system design, and the satellite development and validation until its delivery to
the customer. TAS-I Milano is in charge of the Payload development and verification until its
delivery to the system. Telespazio is in charge of the Ground Segment development,
validation and management, supported by ALTEC for the management of the scientific
product related tasks of the ground segment.

Thales Alenia Space Italia possesses an effective management system that is the result of
experience gained in more than 30 years of activity in the space domain. This management
approach is routinely applied for all space-related products (platforms, payloads, ground
systems...), and, among them, in scientific satellite programs. The approach was
successfully exercised in the management of both large and small European industrial
teams, with interfaces with the scientific communities, the ground segment and the launcher
authorities. The TAS management system has obtained the ISO 9001 certification and
complies with the ESA ECSS standard policies and management requirements.

To accomplish its task of Prime Contractor, Thales Alenia Space Italia will nhominate a
Project Team comprising the various expertises, managerial, technical and quality,
necessary to carry out the relevant tasks and duties.

TAS-I will be responsible for the management and direction of the Subcontractors,
controlling their programmatic and technical performances. It will provide to ASI visibility at
any level of its industrial team and will make accessible and available all information
generated under the GG Study.

The TAS-I project management will be exercised via:

= a Project Management Plan that defines the management rules and
organization in accordance with the ASI requirements;

» standard, well proven techniques for work breakdown structuring, program
planning and scheduling, risk management and control, change management,
program reporting, documentation and communication exchange;

* implementation of a uniform management approach to the Subcontractors,
extending to them the Prime Contractor management requirements;
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= the definition of financial and cost management rules in accordance with the
applied contract typologies;

» the definition of rules and procedures for contract change management,
configuration management, progress and performance evaluation.

11.7 MILESTONES AND MEETINGS PLAN

The milestones associated to the GG program phases are summarized below.

11.7.1 PHase B

The objective of this phase is to consolidate and freeze the specifications and plans already
initiated in Phase A2. Specifically, the Phase B activities will have the following purpose:

= To complete the review and analysis of the GG requirements and the
translation of them into subsystem and unit specifications (a task already
initiated in Phase A2). Special care will be put in the evaluation of possible
reuse of existing and already qualified items, to reduce the cost and increase
the reliability;

» To complete the trade-offs, to freeze a detailed GG design baseline compliant
with the requirements and to consolidate the performance budgets;

= To establish a detailed design of the GSE needed for the AIV/AIT campaign;

» To complete the management, PA, development, integration, test and
qualification plans;

» Toinitiate, if needed, breadboarding and test activities on critical items;

» To initiate procurement of long-lead items (if any).

The Phase B will be formally closed by the GG Preliminary Design Review (PDR).

11.7.2 Prase C/D

The main objective of Phase C will be to implement the designs, the plans and the
specifications generated in Phase B into a fully integrated, qualified and tested GG proto-
flight model together with all required supporting hardware and software.

Phase C will be concluded with the GG Critical Design Review (CDR), giving formal
authorization to start with unit and subsystems procurement and AIT activities.

Phase D will comprise:
= development and manufacturing of all flight hardware;
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* integration and testing of the satellite according to the specified model
philosophy;

= execution of the functional and environmental test campaigns;

= production and delivery of the satellite user’'s manual;

= delivery of the GG proto-flight model.

Phase D will be concluded with the GG Final Acceptance Review (FAR).

11.7.3 PHase E

Phase E comprises the launch campaign and the satellite in-orbit commissioning.

The objectives of the launch campaign include in particular:
» final GG verification at the launch site to check the satellite performance after

the shipment to Kourou for launch with VEGA,;
» mating operations with the launcher;
= joint operation with the launcher authority, including final countdown.

The formal review that completes the Launch campaign is the Launch Readiness Review
(LRR), held a few days before launch. A successful LRR will authorize GG to launch.

The main objectives of the commissioning phase include:
= In orbit check of all GG subsystems and functions;
= configuration of the satellite in its operating modes;
» payload set-up and first calibration;
» start of scientific data acquisition.

11.7.4 PROGRAM MILESTONE SUMMARY

The main events of GG project until GG launch are shown in Table 11-23, starting from the
kick-off of Phase B. The associated bar chart is in Figure 11-68. This preliminary sequence
of program events will be consolidated as part of the GG Implementation Proposal.
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Key Events Epoch from T0
= Phase B Kick-Off T0

3 Preliminary Design Review T0+9m
2 Phase C/D Kick-Off T0+9m
5 Critical Design Review T0+21m
3 Test Readiness Review T0+32m
2 Final Acceptance Review TO+45m
2 Launch Readiness Review T0+48m
o Launch TO+48m
% % Ground Segment Preliminary Design Review T0+9m
3w Ground Segment Critical Design Review T0+22m
= Ground Segment Operations Qualification Review T0+40m

Model Main Goals Epoch from T0
ATB Availability for GG T0+24m
ATB ATB Ready for SW Test T0+27m
ATB Test Completion T0+48m
FM/PFM Equipment Procurement Start T0+21m
Results of development models availability T0+30m
GSE for system activities availability T0+30m
FM/PFM Equipment Procurement Completion T0+32m
FM Flight PGB Availability at System Level T0+35m
S/L Ready for Environmental Test T0+39m
S/L Ready for Launch Campaign T0+45m
S/L Ready for Launch T0+48m

Table 11-23: GG program milestones
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Acronyms and abbreviations

13. ACRONYMS AND ABBREVIATIONS

AD Applicable Document

AlV Assembly Integration and Test

AOCS Attitude and Control Subsystem

ASI Agenzia Spaziale Italiana

BCR Battery Charge Regulator

BDR Battery Discharge Regulator

CCsDs Consultative Committee for Space Data Systems
CDMU Command and Data Management Unit
CFRP Carbon Fiber Reinforced Plastics
CGPS Cold Gas Propulsion System

CMRR Common Mode Rejection Ratio

CNES Centre National d’Etudes Spatiales
COG Center of Gravity

COM Center of Mass

CPE Control and Processing Electronics
CPU Central Processing Unit

DFACS Drag Free and Attitude Control Subsystem
DFM Drag Free Mode

DoD Depth of Discharge

E2E End To End Simulator

ECE Experiment Control Electronics

ECSS European Cooperation for Space Standardization
EGSE Electrical Ground Support Equipment
EOL End Of Life

EP Equivalence Principle

EPS Electrical Power System

EQM Engineering Qualification Model

ESA European Space Agency

FEEP Field Emission Electric Propulsion
FEM Finite Element Model

FCA FEEP Cluster Assembly

FCL Fold-back Current Limiter

FOS Factor of Safety

FOV Field of View

G/S Ground Station

GG Galileo Galilei (Satellite)

GGG Galileo Galilei on the Ground (Payload laboratory prototype experiment)
GMM Geometrical Mathematical Model
GOCE Gravity and Ocean Circulation Explorer
GTR General Theory of Relativity

HK Housekeeping

I/F Interface

INFN Istituto Nazionale di Fisica Nucleare
IRF Inertial Reference Frame

ISV Independent Software Validation

ITO Indium Tin Oxide

JERF J2000 Equatorial Reference Frame
LCL Latching Current Limiter

LEOP Launch and Early Orbit Phase

LGA Low Gain Antenna

LL Limit Loads

MLI Multi Layer Insulation

MOI Moment Of Inertia

MRD Mission Requirement Document
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OBCP
OBDH
P/L
PA
PCDU
PCE
PCU
PGB
POI
PSLV
PPRF
QL
RD
RFDN
SA
SD
S/C
SM
STS
SEL
SEU
SPF
SPRF
SR
SIS
STB
SVF
TAS-|
TBC
TBD
TC
TCS
™
™
TMM
TRL

On Board Control Procedure

On Board Data Handling

Payload

Product Assurance

Power Control and Distribution Unit
Payload Control Electronics

Power Control Unit

Pico Gravity Box

Product of Inertia

Polar Satellite Launch Vehicle
Payload Physical Reference Frame
Quialification Loads

Reference Document
Radiofrequency Distribution Network
Solar Array

Standard Document

Spacecraft

Standard Model (of particle physics)
System Technical Specification
Single Event Latch-Up

Single Event Upset

Single Point Failure

Satellite Physical Reference Frame
Sequential Switching Shunt Regulator
Subsystem

Software Test Bed

Software Validation Facility

Thales Alenia Space lItalia

To Be Checked

To Be Defined

Telecommand

Thermal Control System

Telemetry

Test Mass

Thermal Mathematical Model
Technological Readiness Level
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