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Abstract

Gravitational waves detection is a challenging scientific objective, faced by
scientist in the last 100 years, when Einstein theorized their existence. De-
spite multiple attempts, it was only in 2016 that the first observation of a
gravitational wave was officially announced. The observation, worth a Nobel
Prize, was made possible thanks to a worldwide collaboration of three large
ground-based detectors.

When detecting gravitational waves from ground, the noisy environment
limits the frequency bandwidth of the measurement. Thus, the type of cos-
mic events that are observable is also limited. For this reason, scientists
are developing the first gravitational waves detector based in space, which
is a much quieter environment, especially in the sub-Hertz bandwidth. The
space-based detector is named laser interferometer space antenna (LISA)
and its launch is planned for 2034. Due to the extreme complexity of the
mission, involving several new technologies, a demonstrator of LISA was
launched and operated between 2015 and 2017.

The demonstrator mission, called LISA Pathfinder (LPF), had the objective
to show the feasibility of the gravitational waves observation directly from
space, by characterizing the noise affecting the relative acceleration of two
free falling bodies in the milli-Hertz bandwidth. The mission was a success,
proving the expected noise level is well below the minimum requirement.
The free-falling bodies of LPF, called test masses (TMs), were hosted in-
side dedicated electrode housings (EH), located approximately 30 cm apart
inside the spacecraft. When free falling, each TM stays approximately in
the center of the EH, thus having milli-meter wide gaps within the housing
walls. Due to the presence of such large gaps, the TMs were mechanically
constrained by dedicated mechanisms (named CVM and GPRM) in order
to avoid damaging the payload during the launch phase and were released
into free fall once the spacecraft was in orbit.

Prior to the start of the science phase, the injection procedure of the TMs
into free-fall was started. Such a procedure brought each TM from being
mechanically constrained to a state where it was electro-statically controlled
in the center of the EH.

Surprisingly, the mechanical separation of the release mechanism from the
TM caused unexpected residual velocities, which were not controllable by the
electrostatic control force responsible for capturing the TM once released.
Therefore, both the TMs collided with either the surrounding housing walls
or the release mechanism end effectors. It was possible to start the science
phase by manually controlling the release mechanism adopting non-nominal
injection strategies, which should not be applicable in LISA, due to the larger
time lag.

So, since any release mechanism malfunctioning may preclude the initializa-
tion of LISA science phase, the GPRM was extensively tested at the end
of LPF, by means of a dedicated campaign of releases, involving several
modifications to the nominal injection procedure. The data of the extended
campaign are analyzed in this work and the main conclusion is that no opti-
mal automated release strategy is found for the GPRM flight model as-built



configuration that works reliably for both the TMs producing a nominal in-
jection procedure.

The analysis of the in-flight data is difficult since the gravitational reference
sensor of LPF is not designed for such type of analysis. In particular, the low
sampling frequency (i.e., 10 Hz) constitutes a limiting factor when detecting
instantaneous events such as collisions of the TM.

Despite the difficulties of extracting useful information on the TM residual
velocity from the in-flight data, it is found that the main cause of the un-
controllable state of the released TM is the collision of the TM with the
plunger, i.e., one of the end-effectors of the GPRM. It is shown that the im-
pact is caused by the oscillation of the plunger or by the elastic relaxation of
the initial preload force that holds the TM. At the end of the analysis, some
improvements to the design of the release mechanism are briefly discussed,
aimed at maximizing the probability of performing a successful injection
procedure for the six TMs that will be used as sensing bodies in the LISA
experiment.
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Chapter 1

Introduction

This thesis deals with the analysis of an electro-mechanical release mechanism
developed for a space mission. As a starting point, this Chapter begins with an
overview of the mission main goal, introducing the reader to the concept of gravita-
tional waves detection. The Chapter continues with the description of the mission
instrumentation which is closely related to the release mechanism focus of this
manuscript.

1.1 Gravitational waves detection

The detection of gravitational waves (GWs) is an extremely challenging scientific
objective. Physicists have been trying to observe such phenomena for decades. In
fact, Albert Einstein published the general theory of relativity in 1916, in which
he theorized the existence of gravitational waves, but the first direct observation
of GWs was announced only in 2016, one hundred years after their theorization.
According to Einstein’s general relativity, what is commonly known as gravity is
in fact a deformation of the space-time, the four-dimensional structure of the Uni-
verse. Such a deformation can travel through space-time in the form of a wave,
propagating at the speed of light. GWs are defined as ripples in space-time, that
are generated by cosmic processes, involving acceleration of large masses and huge
amounts of energy. When a gravitational wave passes in a certain region of space,
it affects the motion of the masses present in that region.

Gravitational waves exist in a wide range of frequencies, and each wave carries
with it information on the source that generated it. For this reason, studying GWs
allows the scientific community to obtain useful information about the nature of
the Universe, information that cannot be gathered from the analysis of the light
spectrum of cosmic objects, which is how the Universe was mainly studied so far.
The detection of gravitational waves is extremely difficult because they are gen-
erated by cosmic events many light-years away from Earth and they produce an
extraordinarily small distortion of space-time once they get to the solar system.
Scientists predicted that the differential motion of two masses on Earth, located
kilometers apart from each other, produced by the passage of a GW is in the order
of 1071 m ([1]), which is comparable to the dimension of an electron.

11



12 CHAPTER 1. INTRODUCTION

The first indirect confirmation of the existence of gravitational waves was published
in 1981, when astrophysicists Joseph Taylor, Joel Weisberg and Lee Fowler mea-
sured the rate at which the orbital period of a binary pair of neutron stars decreased
and verified that it was in exact agreement with Einstein’s predictions ([2]).
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emitter
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Figure 1.1: On the left, schematic illustration of the Michelson interferometer. The
laser beam (red) is divided into two different beams (yellow and orange), which are
sent back to the detector thanks to two suspended mirrors. On the right, aerial
photo of one of the two LIGO observers, in particular the one located in Livingston.

Since the 1960s, scientists built different kind of gravitational waves observers, lo-
cated on ground, with the aim to obtain a direct measure of the GWs. The most
recent observers are based on the Michelson interferometer ([3] and [4], see Fig-
ure , where a highly stabilized laser beam is divided into two beams, following
two different paths, namely the arms of the interferometer, and then sent back to
a detector thanks to two mirrors. The gravitational measurement is possible by
observing tiny changes in the relative phase of the two beams, since the passage of
a GW affects the length of the arms.

In the most advanced GW detectors, the sensitivity is enhanced by adopting
kilometer long arms, placed at a 90° angle, and using suspended (which means
isolated from structure vibrations) mirrors. The advanced laser interferometer
gravitational-wave observatory (Advanced LIGO, see Figure is composed of
two large-scale (4 km arm-length) observatories based in the U.S. and nowadays is
the most sensitive GW detector ever built. Using the Advanced LIGO, in collabora-
tion with Virgo interferometer, based in Italy, scientists built a world-wide network
of detectors. This collaboration led to the first direct measure of a gravitational
wave in late 2015, that was officially announced in 2016 as previously mentioned.

One of the limiting factors affecting the sensitivity of the ground-based detectors is
the presence of a relatively high background noise, due to the Earth environment.
The utilization of widely separated detectors enhances the sensitivity, allowing the
distinction of intrinsic noise transients, which are local, from the gravitational sig-
nal. The main noise sources are earthquakes, traffic and electrical storms and their
presence limits the frequency bandwidth of the ground-based gravitational mea-
surement to the 1 x 10 Hz to 1 x 10 Hz range approximately ([5]).

For this reason, physicists are developing new technologies to perform the first

€



1.1. GRAVITATIONAL WAVES DETECTION 13

gravitational waves measurement from space. Thanks to the outer space being a
much less noisy environment with respect to Earth, it should be possible to build
a detector which is capable of measuring GWs in the mHz range, thus widening
the overall measurement range and increasing the number and typology of the
detectable sources (see Figure .
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Figure 1.2: Expected characteristic strain on space-time structure produced by a
gravitational wave as function of its frequency. GWs are grouped according to their
sources. Ground based observers (on the right) are capable of measuring GWs from
limited sources, while space-based observers (in the middle) will be able to detect
GWs from more sources. Other experiments, the International and the European
pulsar timing array (IPTA and EPTA), exploit the predictability of the time of
arrival of pulses generated by millisecond pulsars to detect GWs ([a]).

To date, there is no space gravitational waves observatory, however for several years
scientists have been developing what will be the first space-based GW detector,
named laser interferometer space antenna (LISA, [7]), whose launch is scheduled
for 2034. As the acronym suggests, LISA will still rely on the laser technology
to perform the gravitational measurement. The main advantages with respect to
ground-based detectors are the low-noise environment, as previously stated, and
the absence of constraints on the maximum laser path length (interferometer arms),
which are obviously present on Earth.

LISA mission is quite complex since it will be composed of three different spacecraft
(SC) whose relative position and orientation need to be controlled and synchro-
nized. The spacecraft will be located at the vertices of an equilateral triangle with
approximately 2.5 x 10% km side-length, following the Earth along its orbit with
a 20° offset. The sides of the triangle play the role of the arms in the Michelson
interferometer. Laser beams will be used to measure the relative displacement of
the spacecraft and the displacement of dedicated test masses (TMs), constituting
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the sensing bodies of the experiment, relative to the hosting SC. Each satellite will
contain two test masses, for a total of six (see Figure for a schematic view of
the LISA constellation). The TMs play the role of the suspended mirrors in the
Michelson interferometer.

The test masses, during the science phase, are floating in a free fall state along
the measurement direction inside the spacecraft, which acts as a shield for most of
the external disturbances (such as galactic rays, charged particles and solar radia-
tion pressure). According to Einstein’s physical relativity theory, in the absence of
noise, the free-falling test masses should follow a perfect geodesic trajectory. The
concept of geodesic trajectory is the generalization of the notion of a“straight line”
applied to the curved space-time, so it represents the trajectory that any mass
follows when subjected only to gravitational forces.

LISA mission is quite ambitious, involving several complex mechanisms, whose
correct functioning is pivotal to the start of the science phase, and having an
incredibly strict requirement of approximately 3 x 10~ ms~2Hz~/2 on the ac-
celeration noise level affecting the TMs relative motion in the measurement band-
width 1 x 1073 Hz to 1 x 1072 Hz. To test many of the mechanisms that will be
implemented in LISA, and to verify the feasibility of the gravitational measurement
with the desired level of noise, a dedicated mission named LISA Pathfinder (LPF),
precursor of LISA, was flown from 2015 to 2017.

SCa
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Figure 1.3: On the left, sketch of the LISA spacecraft deployed at the vertices of an
equilateral triangle. The inside of one spacecraft is depicted, qualitatively, showing
the test masses floating freely. On the right, scheme showing the laser beams used
to measure I) the relative displacements of each TM with respect to the hosting
spacecraft and II) the relative displacement between couples of spacecraft. Three
decoupled interferometric measurements are performed to estimate the relative
motion of two TMs.

1.2 LISA Pathfinder mission

LISA Pathfinder launch took place on the 3rd of December 2015, and the satellite
remained operative until the 30th of June 2017. After a brief extended mission
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phase, ended on the 18th of July 2017, the satellite transponder was switched off.
LISA Pathfinder was a single spacecraft mission, representing a simplified version
of LISA, but still allowing the scientists to open the path to the Gravitational Uni-
verse, returning important results and showing the feasibility of the gravitational
measurement from space ([8] and [9]). It was developed to demonstrate the func-
tioning of some key mechanisms that will be implemented in LISA, rather than
directly measuring GWs. The key idea behind LPF development is to shrink one
of the million kilometers long arms of LISA to approximately 30 cm, so that it can
fit inside a single spacecraft. The LISA technology package (LTP), the technologi-
cal core of the mission, included as its main component two gravitational reference
sensors (GRSs) and an optical bench located in between (see Figures|L.4a]and [1.4b)).

Optical bench

GRS
(a) (b)

Figure 1.4: On the left, rendering of the LISA technology package. The optical
bench for the laser is located in between the two GRSs, each one hosting a TM.
On the right, schematic view of the LTP, where the main reference frames of the
mission are depicted, showing that the laser measurement is taken along x-axis.

A laser beam traveled across the optical bench and was used to measure the relative
acceleration of two free-floating TMs along one direction, similarly to how laser
beams of LISA mission will work. The TMs, part of the GRSs, constitute the
sensing bodies of the experiment. Apart from the TM, each GRS includes several
components, such as the mechanisms and electronics needed to release the TM into
free-fall (i.e., physically detach the TM from any other body) and to monitor its
position and attitude. In LPF such operations were managed by the caging control
unit (CCU), which elaborates the sensors information and was used to operate the
GRS mechanisms. Details on the GRS will be discussed later in this Chapter,
explaining its general working principle and describing some of the mechanisms it
included.

The scientific requirement of LISA Pathfinder was to set the two TMs into a nearly
pure free-fall state, so that the noise affecting their relative acceleration stayed
below 3 x 10~ ms~2Hz /2 at 1 mHz, which corresponds to approximately one
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order of magnitude relaxation with respect to the requirement set for LISA. As
shown in Figure the latest LPF results are well beyond expectations. After
instrumentation calibration, the in-flight data analysis of the relative acceleration
of the TMs shows that not only the main requirement was met, but also the 10
times more stringent requirement of LISA was fulfilled. Thus, the mission can
unquestionably be considered a success, even if some problems had to be faced,
especially during the injection of the test masses into free-fall, which is discussed
in this work. Understanding what caused the mentioned problems during the TMs
injection is extremely important in view of the forthcoming LISA mission, because
the mechanisms involved in that phase will be used also in LISA, where six test
masses need to be released into a geodesic. For a better comprehension of what
happened in flight, an extensive description of the GRS and its main components
will be presented in the following, along with the description of the steps of the
procedure adopted to release the TMs into free-fall.
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Figure 1.5: Residual relative acceleration of the two test masses on board of LISA
Pathfinder spacecraft, in the frequency domain. Both curves (blue and red) widely
fulfill the LPF requirement, dark grey shaded area, and the red curve also met the
LISA requirement, light grey shaded area.

1.2.1 The GRS

The two gravitational reference sensors on board of LPF mission, named GRS; and
GRSa, are the technological cores of the LTP. Each GRS unit includes a dedicated
TM (TM; and TM;) along with several instrumentations, used mainly to monitor
and to control the position of the TM during every phase of the mission. Each
TM is a cubic shaped rigid body, made of a gold-platinum alloy, with a side-length
of 46 mm and a weight of approximately 2kg (details are reported in Table and
an image is shown in Figure. The TM position and attitude are expressed in
the GRS reference frame (RF), depicted in Figure .

During the science phase, in order to perform the desired measurements, the TMs
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are set into a free-fall state, i.e., their relative motion along x is affected by the
gravitational force uniquely. The complex sequence of operations performed to set
the TM into free-fall state is named injection procedure.

Table 1.1: Physical properties and geometrical details of the test mass, sensing
body of the experiment on board of the LISA Pathfinder mission.

Param. Value Unit Description
Material ~ 73% Au - 23% Pt ) Gold platinum
alloy
Mass 1.98 kg
Coating 1 pm Gold and Titanium
Yield strength 186.8 MPa
Tensile strength 334.7 MPa
Young’s modulus 107.0 MPa
Poisson ratio 0.41 -)
Density 19910.1 kgm™3
Volume 96 835.3 mm?
Geometry (-) (-) Cubic-shaped
Dimension 46 mm Side-length

()

Figure 1.6: On the left, photo of the flight model of LISA Pathfinder test mass
during on-ground verifications. On the right, photo of the inner surfaces of the
electrode housing of LISA Pathfinder. The holes necessary to accommodate release
mechanism end effectors are visible. Every surface facing the TM is gold coated.

The electrode housing (EH), that hosts the TM, is basically a cubic-like box, slightly
bigger than the TM, with 18 rectangular electrodes attached to its inner walls,
facing the TM (see Figure . Those electrodes are recessed by few hundred
microns with respect to the EH envelope, to prevent damages due to undesired
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impacts with the TM.
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Figure 1.7: On the left, sketch of electrodes configuration attached to the EH
chassis. Purple areas represent injection electrodes, cyan areas represent sensing
electrodes. The configuration is symmetric along x, y and z directions. On the
right, scheme showing the implementation of the drag free technology in LPF.
Along the measurement direction, one TM is actually in drag-free state, the other
is electro-statically suspended.

The electrodes configuration is represented in Figure showing that there are
two types of electrodes, which are injection and sensing ones. The injection elec-
trodes are used to inject a 100 kHz oscillating electrical voltage to the TM, so that
its position and attitude can be estimated from the capacitance measurement pro-
vided by the sensing electrodes. The position and attitude of the TM measured
with the EH electrodes, are used as an input for the drag-free control loop ([§]).
The sensing electrodes are also used to generate the electrostatic forces that con-
trol the TM position and attitude. Electrodes are charged with a desired electric
potential, so that an electrostatic force is generated, accelerating the TM. During
the science phase, one of the TM is free-falling along x direction, while the other
degrees of freedom (DOF's) are controlled with the electrostatic force. The second
TM is electro-statically actuated on all its six DOFs, at low frequencies, in order
to follow the first TM, as schematized in Figure [I.7b] To guarantee that the GRS
and the drag-free technology are sufficiently precise, to fulfill the strict mission
requirement, three main design choices were made. The first was to adopt a heavy
TM (2kg is among the heaviest floating mass ever released for an outer space ex-
periment), since in physics any mass behaves like a low pass filter, as shown in
Equation which means that high frequency disturbance is filtered out.

1 =
F

mizFémsQi:F@j‘c:—z
ms

(1.1)

where m is the mass, & the second derivative of the position x over time, F' is an
external disturbance and £ indicates the Laplace transform that goes from time
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domain ¢ to the complex domain s (the relation between the Laplace and the
Fourier domains is s = w, where w represents the frequency). The transformed
functions are distinguishable by a ~ symbol on top.

The second strategy was to have large gaps between the TM and the surrounding
walls, in the range from 3 mm to 4 mm approximately. This was done to minimize
the effect of force noise sources such as out-gassing of the surfaces, or local electric
fields due to non-ideal surface uniformity. The third strategy adopted was to gold-
coat both the TM and any other surface that is directly facing it. Indeed, thanks
to its excellent conductivity, gold is ideal to reduce the presence of electric charge
patches on the surfaces, guaranteeing uniform electric fields are generated inside
the EH.

The three design choices discussed present some drawbacks. Having a heavy TM,
separated from the EH by large gaps, requires to mechanically constrain it with
respect to the satellite chassis during non-science phases, to prevent any damage
on the GRS due to undesired impacts of the TM with the surroundings. The
combination of a heavy TM with large gaps makes LISA Pathfinder the mission
with the higher impact coefficient ([10], see Figure , defined as the product
of the mass by the available free motion distance, in the hypothesis that different
launchers have roughly the same acceleration. This fact underlines why LPF is an
important case of study in the frame of drag-free space missions. The heavier the
TM, the greater the force required to lock it in place, and the greater will be the
adhesion generated at the mechanical interfaces. Furthermore, with the TM gold
coated, the adhesive bonds will be strong even at low contact pressure ([11]).
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Figure 1.8: Impact coefficient for different space experiments based on free floating
mass/masses, defined as the product of the free motion distance and the mass of
the floating body ([I0]). LISA Pathfinder is the mission with the highest coefficient
so far. Above a threshold of approximately 1 x 10~*kgm, a caging mechanism is
required.

The large gaps between the TM and the EH walls present the drawback of limiting
the control force authority since the force generated by an electrode is inversely
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proportional to the square of the distance of the TM surface facing it. As a conse-
quence, the maximum control force and torque are limited to the 1 uN and 1pNm
orders of magnitude ( the torque exerted by a couple of electrodes is proportional
to their distance, which is in the order of 3 cm)).

The limited control force authority carries with itself two more problems. The first
problem is the fact that a static release of the TM is not possible, i.e., the control
force is not sufficient to break the strong adhesive bonds. In fact, in [12] it is shown
that for clean gold specimens the adhesive force is approximately 10 times greater
than the contact load, which is in the order of 1 mN in LPF. This implies that the
release of the TM must be performed dynamically, with a dedicated mechanism,
exploiting its inertia to overcome the adhesive bonds.

The second problem is that the limited force/torque authority makes it necessary
to introduce a strict requirement on the TM state once it has been released into
free-fall, listed in Table[I.2] Such a requirement is introduced to guarantee that the
limited authority electrostatic control force is capable of controlling and stabilizing
the TM in the center of the EH, avoiding impacts with the surroundings, once the
adhesive bonds have been broken.

For the listed reasons, the GRS is provided with two dedicated mechanisms that
are responsible, respectively, for constraining the TM during the initial mission
phases and for releasing it into free-fall fulfilling the mentioned requirement.

Table 1.2: Requirement defining the limits of the TM state at the release, imposed
to guarantee that the limited authority electrostatic actuation force is capable of
controlling and stabilizing it. Translations and rotations are expressed relatively
to the GRS reference frame.

Value Unit

Translations ~ £200 pm
Rotations 42000 prad

Linear velocities +5 pms~!

Angular velocities 4100 prads™!

1.2.2 Caging and release mechanisms

As a consequence of the GRS design choices, the handling of the TM of LISA
Pathfinder is an extremely challenging engineering problem. To summarize, when
designing the mechanisms responsible for this task, the two main goals are the need
of high forces to constrain the TM at launch and the necessity to release it with pre-
cise position/attitude and extremely low linear/angular velocities. Unfortunately,
these two goals are in contradiction with each other. As already explained, having
high caging forces creates strong adhesive bonds at any mechanical interface with
the TM. As previous studies have shown ([I3]), the adhesive force has a low re-
peatability, and with it being non negligible makes it difficult to accurately predict
the release velocity of the TM. In fact, the low repeatability of the adhesion gener-
ates asymmetry between nominally equal and opposite contact surfaces, thus a net
impulse proportional to the force difference may be transferred to the TM when the
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contact is removed. Following these considerations, the design strategy adopted to
meet the goals is based on performing the different functions separately, i.e., by in-
dependent mechanisms on different mechanical interfaces. Table clearly depicts
how the functions separation concept is applied to the LPF case. Two systems
have been developed, the caging and vent mechanism (CVM) and the grabbing po-
sitioning and release mechanism (GPRM), the latter including as a sub-mechanism
the actual release mechanism.

Table 1.3: Functions separation design for the LISA Pathfinder GRS. Two main
mechanisms are involved in caging the TM, release it and eventually grab it again
in case satellite safe mode is activated. On the right column, note the decreasing
preload force on the TM as the release is approached ([I4]).

Mechanism | Main function Mechanism inter- TM interface Preload
name face force

Caging the TM Eight cylindrical TM vertices, prop-
CVM during launch and fingers erly machined ~10°N
in-orbit phases

Grabbing the Two coaxial pyra- Dedicated pyrami-
caged/floating TM  midal/conical dal indents in the
and repositioning  plungers centers of the TM =1N
it in the center of —z and +z faces
the EH
GPRM
Releasing the TM  Two small Two precisely ma-
into free-fall hemispherical- chined flat circular

~10-1
edged tips, pro- surfaces at the bot- ~I0TN

truding from the tom of the TM in-
plunger heads dents

The CVM is responsible for locking the TM inside the EH from the assembly phase
of the GRS, during the mission launch and until the in-orbit phase is reached. Other
than firmly locking the TM, the venting function of the CVM consists in opening
a vacuum valve, to expose the GRS to free space vacuum ([I5]), although this is
not discussed in this work.

Following design constraints are imposed on the CVM:

e structure able to lock the TM sustaining the launcher vibrations.
e 10 magnetic materials, in order to minimize electromagnetic disturbances.

e 10 liquid lubricants, to avoid possible contamination of the GRS instrumen-
tations.

e single shot mechanism.
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The CVM interacts with the TM through eight titanium cylinders (end effectors),
parallel to the z axis of the GRS reference frame called caging fingers, that apply
a preload force on the TM vertices in the order of 1 x 103 N. The TM vertices are
properly machined in order to accommodate the finger heads, so that the TM is
mechanically constrained along all its six DOFs (see Figure .

(a) (b)

Figure 1.9: On the left, rendering of the TM caged by the eight end effectors of
the CVM (fingers) on its vertices. All the fingers are parallel to the z axis in the
GRS reference frame. On the right, magnification around one of the TM vertices.
A detached finger is rendered, to better show its geometry. TM vertices and finger
heads are precisely machined on the respective mechanical interface.

The second mechanism, the GPRM, will be widely discussed in this thesis, since
it plays an active role in the release of the TM. The main functions of the GPRM
are the handling of the TM after the in-orbit phase and its actual release into free
flight. Handling the TM means to grab it and to reposition it in the center of
the electrode housing. Another important function of the GPRM, imposed by the
mission requirements, is the re-grabbing of the free-falling TM from any position
inside the EH, in case the spacecraft safe mode is activated. So, in contrast with
the single shot design of the CVM, the GPRM can be used multiple times, to grab
and release the TM whenever is required.

The GPRM is composed of two nearly identical units, located on the +z and —z
sides of GRS reference frame. The two halves are referred to as top and bottom
units (or up and down units), assuming the z axis is vertical (see Figure [1.10al).
Each unit is a complicated mechanism, involving several parts and actuators. The
chassis of the GPRM unit is firmly screwed to the internal interface structure (IIS)
of the GRS, to which also the EH is firmly attached. The chassis presents a through
hole, inside which is inserted a T-shaped component, called linear runner, with a
squared cross section along z axis.

On the x—z plane, the linear runner is linked to the chassis by means of a slider/roller
linear guide. The slide surface is ceramic coated, and the rollers are pushed against
the linear runner thanks to a preloaded spring (see Figure .
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On the y—z plane the linear runner is kept in position by means of piezo-stacks
towers. The piezo-stacks towers can be actuated so that they literally walk on the
linear runner surface, moving it along the z axis. Such a mechanism is a custom ver-
sion of the NEXLINE mechanism manufactured by Physik Instrumente (PT) GmbH
& Co (see Figure [1.10d). The range of motion achieved is approximately 30 mm,
with a precision in the order of 1 pm.

GPRM top half (+z)

Spring Z _ )
preloaded === i Sh.der
rollers—_ Ki'Ic guide
7 Linear ;J
runner -l
Plunger
Grabbed head

™

Linear \ Piezo

runner — S} ~ stacks
y

Plunger

head

GPRM bottom half (—z)

(a) (c)

Figure 1.10: On the left, rendering of the two units of the GPRM grabbing the TM
along z axis by means of the two plungers. The plunger heads fit in the dedicated
indents present on the TM z faces. On the top-right, x—z section view of a single
GPRM unit. The T-shaped linear runner (green) is held in position by means of
a slider guide and two spring preloaded rollers. On the bottom-right, y—z section
view of a single GPRM unit. The linear runner moves along z axis thanks to piezo
stacks literally walking on its surface when commanded. Renderings are courtesy

of RUAG.

A strain gauge displacement sensor is used to measure the position of the linear
runner along the z axis. The sensor presents a dead zone in the middle of the
plunger stroke. The T-shaped linear runner is drilled through in the center, along
the z axis. Inside the hole, a cylindrical-shaped component, called plunger, is in-
serted. The plunger is long enough that its head protrudes outside of the envelope
of the GPRM chassis, toward the inside of the EH. The plunger is linked to the
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linear runner on two points along its main axis. On one side, the plunger is fixed to
a deformable component provided with a Wheatstone bridge of strain gauges, used
to measure the force acting on the plunger along z direction, and itself screwed
to the linear runner. On the other side, approximately at 2/3 of its length, the
plunger is kept in position by means of a thin plane, deformable along z direction

and rigid along x and y directions (Figure and Figure [1.11D]).

Linear
runner
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head
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Figure 1.11: On the left, rendering of the section view of the linear runner and
the relative plunger. The deformable structure used to measure the force and the
thin plane holding the plunger are visible. On the right, sketch of the nominal
mechanism deformation when the plunger is subjected to a force along z direction,
not to scale.

Nominal and
redundant piezos

Release tip Preloaded
regulation discs spring
screw

Release tip

Figure 1.12: Rendering of the release sub-mechanism of a GPRM unit. Inside
the plunger body (blue), a series of piezo stacks actuates the release tip along z
direction. A discs spring maintains the system pre-loaded.

Inside the plunger, a series of two piezo stacks is inserted. The two piezo stacks are
the actuators (one is the nominal, the other the redundant) of the sub-mechanism
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responsible of the TM release (Figure . This sub-mechanism is composed by
a small golden tip (end effector), sliding along z direction coaxially to the plunger.
A preloaded discs spring pushes the tip onto the piezo stacks, which are used
to move the tip with micro-metric precision relatively to the plunger. The tip
protrudes from the plunger head, which is drilled in the center to accommodate
it. According to the data sheet, the nominal maximum tip range of motion is very
small, approximately 18 4+ 3.6 pm. It is important to notice that both the plunger
heads and the tips are made of gold alloy, a choice made to maximize the GRS
performance reducing stray electric fields, as they directly face the TM.

1.2.3 The nominal release procedure

This section describes the sequence of steps performed in flight to release the TM,
which is referred to as the nominal release procedure. The high preload force of
the CVM makes it impossible to release the TM fulfilling the requirement of Ta-
ble by simply retracting the eight fingers. For this reason, from the end of the
in-orbit mission phase, the handling of the TM is entrusted to the GPRM. The
transition from the CVM to the GPRM is named pass-over. During the pass-over,
the two linear runners of the GPRM are moved towards the TM, while it is locked
in position by the fingers of the CVM. The linear runners, moved by means of the
NEXLINE linear actuators, carry with them the respective plungers. The motion
stops when the plunger heads fit into dedicated nearly pyramidal indents machined
on the TM z faces (Figure [1.134), with a preload of approximately 1 N. At this
point, the eight end effectors of the CVM are retracted, so the TM is suspended
by means of the two plunger heads, which are capable of locking all the six DOF's
of the TM thanks to the form fit generated by the shape of their head.

TM plunger contact

Contact zones Contact zones

Landing area

(a) (b) (c)

Figure 1.13: On the left, rendering of the indent geometry on the TM z faces,
where plunger heads fit when the TM is grabbed. The surfaces working as inter-
faces with the plungers and the tip are highlighted in yellow and blue respectively.
In the center and on the right, geometry of the plunger heads, conical (top/up)
and pyramidal (bottom/down) respectively (images are taken from [I4]). Nominal
contact zones with the TM are highlighted. The conical head does not constrain
the TM rotation about z axis.
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In this regard, the main difference of the two GPRM unit is the shape of the plunger
heads. The top unit has a conical head, while the bottom unit has a pyramidal
head. This design choice is made not to over-constrain the TM rotation about the
z axis (¢ angle) and to define it only through the form-fit with the bottom unit
(Figures and [1.13d).

The next phase of the release procedure is the transition from the plungers to
the release tips, called hand-over. The first step of the handover is the exten-
sion of the tips, which is performed applying an increasing voltage to the nominal
piezo actuator of the release sub-mechanism. The tips move toward the bottom of
the TM indents, where the dedicated interface, called landing area, is present (Fig-
ure. When the TM is grabbed, the tips cover a nominal 4 pm distance before
reaching the landing area (Figure . At this point, while the tips extension
continues, the plungers are retracted from the TM, maintaining an ideally constant
pre-load force of approximately 10! N, monitored by the on-board electronic con-
trol loop. When the tips are fully extended (voltage approximately 120V), the
nominal TM-plunger distance along z direction is limited, approximately 14 pm,
due to the small range of motion of the release tips actuators (Figure .

Retracted tip

(b)

Figure 1.14: On the left, section view of the TM indent and plunger head grabbing
it, nominal geometry. The gap between the retracted tip and the landing area is
4pm. On the right, same section view depicted at the end of the handover step,
with the tip fully extended (gaps not to scale).

After the hand-over, the TM is ready to be released into free-fall. The actual re-
lease is performed by quickly and simultaneously retracting the two tips, which are
pushed backward by the preload of the discs spring when the powering voltage is
removed. Ideally, the forces developing at the TM-tip interfaces cancel out and the
TM remains still. In reality, the forces arising at the release are not symmetric,
so the TM will acquire a residual velocity, directed along z. Immediately after the
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tips retraction, the electrostatic control force is activated, and the TM is captured
in the center of the electrode housing, so that the science phase can start.

To summarize, according to the nominal release procedure, the TM is released by
the simultaneous quick retraction of the two tips, which are the only bodies me-
chanically holding it prior to the actual release, and no contacts between the TM
and other GRS components takes place after the release. Such nominal conditions
are achieved if the two plungers of the GPRM are aligned with the z axis with
sufficient accuracy.

According to the mission documentation, the alignment procedure of the GPRM
was performed by MAGNA Steyr on a dummy IIS and reproduced by OHB when
integrating the mechanism into the flight model IIS. The achieved alignment level
fulfilled the requirements imposed in the designing phases (in particular on the
position and attitude of the grabbed TM, details in Chapter [2).

However, aligning the GPRM units to the IIS is not trivial, since the plungers are
relatively small and with few plane surfaces, moreover the NEXLINE linear actua-
tion has a relatively low motion accuracy, which will be discussed in Section [3.1.5

1.3 GPRM ground testing

The criticality of the release phase in LPF, which is instrumental to the start of
the science phase and governed by strict requirements on the released TM state,
made it necessary to accurately characterize the performance of the release mech-
anism with dedicated on-ground experiments. Particular attention was given to
the characterization of the forces arising at the mechanical interfaces between the
TM and the tips, since according to the nominal release procedure described in
Section their behaviour determines the residual velocity of the TM.

fo fo - =[\\
Adhesion Different

(pull) slope -
to \ty ¢ b
Preload\/ tp \[Different
(push) adhesion

(a) (b)

Figure 1.15: On the left, TM-tip force as a function of time at the release. The
preload force is fy, the tip retraction starts at ¢y, and the adhesive pull starts at
t1. On the right, two different forces acting on opposite landing areas. The area
difference is responsible of the TM residual velocity and is caused by the time delay
tp, the different retraction velocity (slope) and the different adhesive pull.
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The force the TM and the tip exchange at the release starts with a positive value,
equal to the pre-load after the handover. When the tip is being retracted, the
force decreases down to zero, and after that instant, it becomes negative due to
the adhesion phenomena, returning to zero when the actual detachment of the two
bodies is reached (Figure [L.15a). Considering possible time delay and asymmetry
between the motions of the two opposite release tips, the impulse given to the TM
at the release can be estimated computing the difference between the areas under
the curves represented in Figure In this way, three main contributions to
the final velocity of the TM can be distinguished, namely I) the time delay in the
retraction of the tips, IT) the different slope of the linear decrease and III) the effect
of the adhesion, which is heightened by the design choices applied to improve the
GRS performance, as discussed in Section [1.2.1

The estimation of the TM linear momentum at the release is expressed in Equa-
tion To derive the formula, two simplifications are made, that are I) the preload
force remains constant during ¢p, approximating a cosine near zero as a constant,
and IT) the force decreases linearly from fy to 0.

1
mrMmv: = tp fo + §fot1 + Atadn (1.2)

Where mTy; is the mass of the TM, v, the linear component of the TM residual
velocity along z (assuming release forces are aligned with z axis), tp the retraction
lag between the two mechanisms, ¢; the time delay at which forces reach zero while
decreasing, Ar,qn the area difference due to adhesive contributions. Among the
three contributions to the TM linear momentum, the most critical one was the
adhesive impulse. Adhesion is difficult to predict with reasonable accuracy, and
models present in the literature are not sufficient to obtain a reliable prediction.
For this reason, at the University of Trento, a dedicated experiment facility was
designed to estimate the effect of adhesion in the GPRM release force budget. The
experimental setup includes an anti-vibration platform, on which a vacuum cham-
ber is mounted to reproduce the outer space environment. Inside the chamber,
a single unit of a GPRM engineering qualifying model (EQM) was placed. The
tip of the GPRM unit applies a preload force to a wire suspended mock-up mass,
of approximately 100g. The mock-up surface reproduces the actual landing area.
Extensive analyses have been carried out, characterizing the adhesive pull gener-
ated by the TM-tip interaction. The latest results confirmed that the adhesive
pull, albeit not constituting a negligible contribution, should not produce out-of-
requirement residual velocity, thus guaranteeing a compliant release in the 96% or
more of the cases ([16], [I7], [13] and [I8]). In this regard, the estimated probability
distribution of the residual velocity is depicted in Figure [I.16]

Apart from the adhesion testing, also other GPRM functionalities have been tested
on ground. In [I9], the GPRM handover and release functionality were tested,
checking the MACROs implemented in the CCU for the injection procedure. The
results of the testing campaign were positive. Of course, a full release with 6 DOF's
TM could not be reproduced on Earth, due to the non-zero gravity environment.
To summarize, the GPRM functionality was extensively tested prior to the mission
and the performed test results show that, when working under nominal conditions,
the GPRM is able to release the TM fulfilling the requirements imposed on its
initial state with high repeatability.
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Figure 1.16: Probability distribution of the v, residual velocity of the TM from the
ground testing (from [I8]). The gray vertical lines represent the mission require-

ments.
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Chapter 2

GPRM in-flight performance
and testing

This Chapter deals with the in-flight releases performed on board of LISA Pathfinder
spacecraft during the nominal and the extended mission phases. Initially, the focus
will be on the unpredicted residual velocities that affected the very first releases,
which were performed according to the nominal injection procedure.

The releases of the TMs carried out operating the GPRMs according to the nomi-
nal injection procedure were non-viable since none of the two mechanisms was able
to produce a residual velocity compliant with the requirements.

Later on, the modifications to the nominal procedure, adopted in the following
mission releases and for an extended GPRM testing campaign, will be discussed
and the in-flight data relative to these operations will be analyzed.

In the end, the limiting factors regarding the analysis of the telemetry data will be
described and briefly discussed and the in-flight release performance of the GPRM
will be summarized.

2.1 Nominal mission in-flight releases

The LISA Pathfinder success in paving the way for future GWs space observation
is undeniable, as already explained in Section The science phase results are
promising in terms of the feasibility of the gravitational waves measurement from
space. Despite the confirmed success of the experiment, some unpredicted phenom-
ena happened during the injection phase of the TMs, prior to the science phase,
which started on the 1st of March 2016.

The very first TMs release was performed on the 15th and 16th of February 2016
for TMs and TM; respectively. For both sensors, the pass-over from the CVM to
the GPRM was executed without any problem and was followed by a successful
handover to the tips. The GRS telemetry readings (preload force, TM position and
attitude) were in accordance with the expectations and the pre-release TM state
was compliant with the requirements of Table

Unexpectedly, immediately after the tips retraction, which was followed by the

31
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plungers retraction, both the TM; and the TM; acquired a large residual velocity,
presenting two major problems:

e the main component of the TM velocity was not directed along z axis as it
is expected given the configuration of the GPRM, which should apply forces
to the TM directed mainly along z.

e the linear and angular components of the TM velocity were outside of the
requirements, generating an un-controllable TM state (position and velocity).

The notation used to express the TM positions and attitude, as well as the TM
linear and angular velocity components in the GRS reference frame are defined in
Figure 2.1] The same notation will be used in the entire thesis.

The residual velocities produced by the GPRMs in the first mission releases are
listed in Table Observing the data, it is clear that, while the release position
and attitude of the TMs fulfill the requirements, the velocities of the TMs do not.
The velocity components are estimated few seconds after the tips and the plungers
retraction applying a linear fit to the signals.

Table 2.1: TMs position and attitude at the release, along with linear and angu-
lar release velocities of the first in-flight releases, measured few seconds after the
plungers retraction. Comparison between the requirements, the expectations and
the actual measurements. Green highlighted values are to within the expectation
and the requirements. Blue highlighted values inside the requirements but outside
of the expectations. Red highlighted values are outside of the requirements. The
relative linear fit uncertainty used to estimate the velocities is below 3% ([14]).

Pos. and vel. Requirement Expectation

component (magnitude)  (magnitude) ™ TM, Unit

T 200 < 200
Yy 200 < 200 Jm
Z 200 < 200
0 2000 < 2000
n 2000 < 2000 jrad
® 2000 < 2000

v o ~ 0 -3 412

Uy ) ~0 —20 —97 pms~!
vz 5 <5 —57 —16

“o 100 ~0 +681  +1035

Wi 100 ~0 797 =30 prads™—!

W 100 ~ 0 —1085 —430
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y axis s

Figure 2.1: Reference frame of the GRS with the linear (light blue) and angular
(red) positions and velocities of the TM. The background image is taken from the
CAD model of the GRS, courtesy of RUAG.

As a consequence of the large linear and angular release velocity components, the
electrostatic control force, activated right after the tips retraction, was not sufficient
to capture the TM in the center of the EH immediately after the release. In fact,
the TM kinetic energy was damped out to a controllable state only after some
impacts with the surroundings took place.

In the case of the GRSy (Figures and , multiple impacts let the TM; to
be captured by the electrostatic force approximately 1000 s after the tip retraction.
In the case of the GRS; (Figures and , things went differently. The TM;
kinetic energy was damped by some impacts and finally the mass stopped moving.
The problem is that it was leaning on the walls of the EH (due to the high ¢
rotation), so in this case, the electrostatic control force was not able to control it
even exploiting the damping effect of the impacts. This is a consequence of the
fact that the authority of the control force decreases as the TM moves away from
the center of the EH. To un-stick the TM;, the re-grabbing function of the GPRM
was exploited. The TM was nudged by approaching a plunger and the electrostatic
control force safely captured it in the center of the EH several minutes after the
tips retraction.

To summarize, the injection procedure performed in-flight was not nominal, and
the strategy adopted to obtain a captured TM state consisted, substantially, in
waiting for impacts to damp its kinetic energy and eventually produce a TM state
controllable by the electrostatic actuation force. Only after several minutes, this
strategy led to a captured TM state for both GRSs. Albeit being a successful
strategy in the end, it is important to notice that it has three main drawbacks:

e Impacts may damage either the TM or the plunger heads surfaces.

e The time required for the capture of the TM is un-predictable since TM-
plunger impacts have never been characterized. This fact is demonstrated by
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the different behaviour of the two TMs since the very first releases.

e The procedure requires a manual actuation of the involved mechanisms and
of the electrostatic control force.
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Figure 2.2: In-flight telemetry data of TMsy position and attitude during the first
release (15th of February 2016). The release instant is approximately at 0s. Large
residual velocities lead to several impacts (sudden slope changes) that slow down
the TM to a point where the control force was able to capture it in the center of
the EH (after approximately 1000s). The spikes are caused by the TM grounding,
due to contacts with the EH guard-rings or the plungers, that null the readings
instantaneously. For a better comparison among the two sensors, axes limits are

the same of Figures and
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Figure 2.3: In-flight telemetry data of TM; position and attitude during the first
release (16th of February 2016). The release instant is approximately at 0s. Large
residual velocities lead to several impacts (sudden slope changes) ending with the
TM being stuck on the EH walls, as can be seen from the large deviation of the
signals from zero, i.e., the center of the housing. In particular, the rotation ¢
is critical. The spikes are caused by the TM grounding, due to contacts with
the EH guard-rings or the plungers, that null the readings instantaneously. For a
better comparison among the two sensors, axes limits are the same of Figures

and

The release strategy adopted for the subsequent mission injections, for a total of
6 releases for the TM; and 5 releases for the TMs, differed from the nominal pro-
cedure. For these releases, the handover from the plunger to the tips was not
performed and the TM release was realized by retracting the plungers, rather than
the tips, by a small amount (in the order of 10um). Retracting the plunger while
maintaining them close to the TM made it possible to constrain its motion to a
narrow volume around the center of the EH. Of course, the small retraction of the
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plungers produced impacts between the TM indents and the plunger heads. After
some bounces the TM came to rest in contact with a plunger and/or a wall. It was
detached by moving either the closest pin or plunger to set it in motion again in the
volume confined by the plungers. At this point, the control was activated manually
when the TM crossed the center of the housing. Sometimes the control activation
had to be repeated after further bounces, since the electrostatic force/torque au-
thority decreases and the readout noise increases when the TM moves away from
the center of the housing.

This simplified release strategy adopted for the other mission releases suffered the
same problems reported for the very firsts releases but had the advantage of avoid-
ing impacts of the TM with the EH walls.

To summarize, all the releases performed during the nominal mission suffered from
impacts, and generally required multiple interactions with the mechanism end-
effectors and manual operations before reaching a successful hand-over of the TM
to the electrostatic control. Even if the release strategy here described was success-
ful for LPF case, it is not applicable in the case of LISA. The spacecraft of LISA
Pathfinder was on an orbit relatively close to the Earth, so the manual activation
of the mission instrumentations was possible (one-way light time of ~5s ). In the
case of LISA mission, the distance between the Earth and the spacecraft (approx-
imately 52 x 10°km) produces a high telemetry and telecommand execution time
lag (approximately 350s). Such a time lag precludes the possibility of a manual
timely control of the GPRM. Moreover, the strategy of exploiting impact damping
effect is unpredictable, as the two sensors of LPF demonstrated behaving differ-
ently under similar conditions. Considering that in LISA there will be a total of
six TMs, this unpredictability increases the risk of a non-successful injection. In
order to investigate the causes of the unexpected release dynamics of the GPRM,
a dedicated experimental campaign was planned at the end of the mission.

2.2 Extended mission in-flight releases

After the end of the nominal LPF mission, the extended mission phase started.
The mission extension was planned to further test LTP instrumentations and collect
data useful for the improvement of the LTP. Given the unexpected behaviour of the
GPRM during the fundamental phase of the TM release, it was decided to deeply
test its functionality, collecting a large amount of data, in order to understand
what happened during the nominal mission in-flight operations.

The test campaign of the GPRM was divided in two main sessions, in which several
TM releases were performed. The first session on the 29-30th of June 2017 and
the second on the 12-13th July 2017, a few days prior to the satellite transponder
switch off. Apart from these dates, in which most of the testing was performed,
the repositioning function of the GPRM was tested on the 9th of July 2017. Such
a function is crucial since it guarantees that the TM is centered in the EH before
the release.

In the first part of the test campaign, several TM releases were performed with
both GPRMs in parallel (i.e., the same test was repeated for both TMs), and
many modifications to the nominal release procedure were implemented.
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Figure 2.4: On the left, example of a reduced asymmetric tip retraction from a test
of the first part of the extended campaign (June). The two tips are extended by a
different quantity and simultaneously retracted to 0 pm to release the TM. On the
right, comparison between a fast tip retraction and a slow tip retraction from two
in-flight tests. In the slow tip retraction test the total tip motion range is reduced,
from the nominal 18 pym to only 6 pm.

Minor modifications consist in I) a reduced stroke tips extraction and/or retraction
(see Figures, applied to a single tip (asymmetric) or to both tips (symmetric)
and IT) some releases performed using only the plungers, with a fictitious handover
to the tips (tips were extended only by 1um, see Figure .

Major modifications to the injection procedure are listed and accurately described
in the following. They are all aimed at reducing the possibility of an undesired
TM-plunger interaction at the tip retraction.

e Hammering manoeuvre .

The hammering is performed just before retracting the tips. During the
hammering, the bottom plunger is moved back and forth by a few steps
(2pm to 3um), hence the name recalling the action of a common hammer.
This plunger motion, with the tip extended, should improve the fit of the
plunger heads inside the indents present on the TM z faces (Figure . The
idea behind this manoeuvre is that it should maximize the clearance between
the TM and the plungers at the release.

e Slow tip retraction.
As the name suggest, this procedure consists in performing the TM release
with a slow backward repositioning of the tips. This manoeuvre substitutes
the nominal quick tip retraction, performed by removing the voltage provided
to the piezo-stack tip actuator. The tip backward repositioning velocity is
approximatively 2.5 pms~! while the nominal retraction velocity, estimated
from ground testing, is greater than 7 x 10*pms™! (see Figure . The
idea is that, using this release strategy, any preloading force on the TM should
be slowly decreased, guaranteeing the symmetry between the two forces pro-
duced by the tips pressing onto the landing areas. Moreover, a slow tip
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repositioning is expected to limit the vibration of the plunger at the retrac-
tion of the tip. The main drawback of the slow tip retraction is that this
technique does not exploit the TM inertia to break the adhesive bonds, thus
the TM may be dragged by one tip.

Slow plunger retraction.

According to the nominal release procedure, the tip retraction is immedi-
ately followed by the retraction of the plungers, with a velocity of approxi-
mately 100 pms~!. In the modified procedure, the plungers are retracted a
few seconds after the tips, with an initial velocity of approximately 20 pms~—!
(see Figure . The slower retraction of the plungers should guarantee
lower oscillations of the plunger heads, reducing the probability of a TM-
plunger collision after the release.
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Figure 2.5: On the left, two graphs showing the fictitious handover manoeuvre
performed in the test where the TM is released directly by the plungers. The +z
tip is extended only by 1pm and immediately repositioned back (top left). The
actual TM release is performed retracting one of the two plungers (bottom left). On
the right, difference between the nominal and the slow plunger retraction velocity.



2.2. EXTENDED MISSION IN-FLIGHT RELEASES 39
o, 1.5 50

! 1

S 0 e 30

+ 2 =}

5 o ~ 05 =50

2 ’ 5

- : 100

0 200 400 0 200 400 0 200 400
time (s) time (s) time (s)

(a)

(b)

(©)

Figure 2.6: Effect of the hammering manoeuvre on the TM; in one of the in-flight
tests. The conical plunger is moved back and forth (a) by the NEXLINE actuator,
producing a settlement of the plunger heads in the TM indents. The TM; z; (b)
and ¢1 (c) degrees of freedom are plotted in the same time interval, showing the
effect of the settlement. The cyan areas represent the intervals where the plunger
is retracted.
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Figure 2.7: Phases of the modified injection procedure on the TM; z signal, in one
of the automated tests performed in July. At the beginning of the test the TM
is grabbed by the plungers and repositioned in the center of the EH. During the
handover phase, the readings are not available, since the TM voltage, provided by
the contact with the plungers/tip, is momentarily set to 0V (bias voltage turned
off). The hammering is performed right after the handover and it is followed by
the tip retraction (slow or fast, alternatively from one test to the other). At this
point the TM is released and acquires a residual velocity and then is eventually
electro-statically controlled.
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The major modifications listed above are the ones that were adopted for the second
part of the test campaign, that took place in July. Similarly to the first part of the
campaign, also in the second part the tests were performed in parallel on both the
TMs. This second set of tests was performed implementing an automated routine
on the CCU. According to the implemented routine, each GPRM was programmed
to reposition the TM, release it, activate the electro-static control force, eventu-
ally capturing the TM in the center of the EH, and re-grab the TM to start the
following test within a fixed amount of time and without the human interaction.
The release of the TM was performed alternatively with the nominal tip retraction
and the slow tip retraction techniques. In Figure 2.7) the z displacement of the
TM is shown for one of the automated tests and the main phases of the injection
procedure are highlighted.

The automation of the injection procedure is a key aspect of the testing campaign.
In fact, it is of particular interest for the forthcoming LISA mission. The satellite
constellation of LISA will orbit far away from Earth with respect to LPF spacecraft,
thus there will be a commanding delay. For this reason, it is either not possible
or excessively time consuming to manually control each step of the injection, espe-
cially considering that there is a total of six TMs to be released.

In the following, two Tables describing the in-flight release tests are shown, to pro-
vide a reference for the reader. Each Table is applicable to both the TMs, since
the same tests are performed in parallel on the two GPRMs. In the Tables, a test
index is associated to each test, which uniquely identifies it, depending on the date
and time when the release was performed.

The tests reported in the Tables do not include the I) repositioning of the TM
(discussed in Section|3.1.5)), II) the characterization of the GPRM mechanism stiff-
ness (discussed in Section and IIT) the estimation of the TM-plunger adhesion
force (below 5.21N). Those experiments are not indexed since their goal was not
to perform a TM release.

Table contains the list of tests performed in June, in the first part of the ex-
tended campaign. The index of those tests goes from 1 to 65. Similar tests are
grouped in the same line. As can be seen, the tests are of many different types.
Table [2.3] contains the list of automated tests performed in July, in the second part
of the extended campaign. The indexing is from 66 to 111, continuing the enu-
meration from the last of the June tests. During the automated release campaign,
only two types of tests were performed, which differs by the type of tip retraction:
fast or slow.

Table 2] summarized the results of the automated release. The results shown
are preliminary, since the percentages relative to the release compliance with the
requirement are only indicative. The estimation of the release velocity was taken
some seconds after the actual release and is affected by a large uncertainty is some
cases. As can be deduced from the Table, both the fast and slow tip retraction
strategies have worked quite well for the TM;, which was successfully captured, i.e.,
controlled by the electrostatic actuation force, in 91% of the fast tip tests and 100%
of the slow tip tests. The second GPRM behaved worse, the TMs was captured
78% of the times in the fast tip tests and 43% of the times in the slow tip tests.
In some case, even a non-compliant release could be captured (see TMy fast tip),
thanks to the presence of some margins in the requirements on the TM initial state
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and/or of impacts that decreased the TM velocity dissipating its kinetic energy.
On the other hand, some of the compliant releases could not be captured by the
control system (see TMy slow tip).

Despite of having adopted the improved release strategies, both the TMs were
released with linear and rotational velocities different from zero, and in general
the velocity along z axis was not the main component of the TM linear velocity.
Moreover, impacts took place in most of the tests.

Table 2.2: List of the releases performed in flight during the first part of the
extended mission campaign. Some tests are performed using only the plungers,
other using the tips with nominal or slow retraction velocity, at different extraction
levels.

Test index Brief description of the type of Tip strokes Plungers
test —z, +z (pm)  velocity

1-8, 30 Nominal release, fully extracted 18-0, 18-0 Nominal
tips

9—14 Quasi-nominal release with tip 17-0, 17-0 Nominal
strokes reduced by 1pm

15 Release performed retracting the 18,18 Nominal
plungers with fully extended tips

16—18 Release with tip strokes reduced 15-0 , 15-0 Nominal
by 3pm

19,20 Release with tip strokes reduced 12-0, 12-0 Nominal
by 6 pm

21-23 Release with asymmetric reduced  12-0 , 18-0 Nominal
tip strokes

24-26 Release with asymmetric reduced  15-0 , 18-0 Nominal
tip strokes

27-29 Release with asymmetric reduced  18-0, 12-0 Nominal
tip strokes

31-33 Release with asymmetric reduced  18-0, 15-0 Nominal
tip strokes

34—36, 60—62 Reduced and slow tip retraction 18-12,18-12 Nominal

37—40 Reduced and slow tip retraction 18-6 , 18-6 Nominal

41—-44 TM released retracting both 0,0 Nominal
plungers, no handover performed

45—-48 TM  released retracting —z 0,0 Nominal
plunger, no handover performed

49-52 TM  released retracting +z 0,0 Nominal
plunger, no handover performed

53—56 Nominal release preceded by the 18-0, 18-0 Nominal
hammering manoeuvre

57—59 Nominal release, fully extracted 18-0, 18-0 Slow
tips

63, 64 Adhesion test, not an actual re- NaN-NaN NaN
lease

65 Nominal release preceded by the 18-0, 18-0 Slow
hammering manoeuvre

U
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Table 2.3: List of the automated releases performed in flight during the second
part of the extended mission campaign. Tests are subdivided into two sets: slow
and nominal tip retraction.

Test index Brief description of the type of Tip strokes Plungers
test —z, +z (pm)  velocity
66, 68, odd #’s in | Slow and reduced tip retraction, 18-12,18-12 Slow
set (69,111) preceded by the hammering ma-
noeuvre
67, even #’s in set | Nominal release preceded by the 18-0, 18-0 Slow
(69,111) hammering manoeuvre

Table 2.4: Results of the automated releases performed in July 2017 during the
extended mission phase. A release is compliant if the TM velocities after the
tip retraction are to within the requirements. The TM is considered successfully
captured even if impacts took place, which is the case for almost all of the releases.

Fast tip Slow tip
Compliant Captured Compliant Captured
release T™™ release ™
TM; 7% 91% 100% 100%
TM, 0% 78% 87% 43%

2.3 The telemetry data of LPF

In this Section, the telemetry data of LISA Pathfinder used for the analyses treated
in this thesis are described. Some of the signals have already been shown in the
Figures of Section while discussing the main phases of the injection procedure
and its modifications. For each of the experiments/releases performed in-flight
during the extended mission campaign, a large amount of data is collected by the
GRS sensors, constituting the base material for most of the calculations of this
thesis. The data collected are useful to characterize the release performance of the
GPRM and to identify the possible causes of its un-expected malfunctioning. The
data include:

e The six TM degrees of freedom, named x;, y;, z;, 0;, n;, @i, where subscript ¢ €
(1, 2) refers to the specific TM. The signals are computed from the capacitance
measurement of the TM position and attitude of the sensing electrodes of
the EH. The TM position and attitude signals are available at 1 Hz and at
10Hz. The lower sampling frequency is active for all the time duration of
a test, while the 10 Hz is activated only in a specific time interval, covering
few phases of the injection procedure. Typically, the time interval goes from
few instants prior to the TM release until a few seconds after the plunger
retraction. Of course, those data are mandatory to perform any analysis on
the GPRM performance, since from them the residual velocity of the TM can
be estimated and impacts can be detected.
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e The two signals of the preload force acting on the TM, one for each unit of
the GPRM. Those two signals provide a redundant measure, because when
the TM is still, the preload force on the opposite z faces is the same. The
sampling frequency of those signals is 1 Hz. The preload force is one of the
controllable parameters of the release mechanism, so its effect on the residual
velocity of the TM must be investigated.

e The commanded tip extension for both the +z and —z tips. How much the tip
is extended is not a measurable quantity (with the mission instrumentation),
so it is estimated by the CCU from the voltage given to the piezo stack
actuating the tip. The value of the actual extension of the tip may be different
from the estimation provided by these signals. The sampling frequency is
1Hz. The tip signals are useful to estimate the release time instant with 1s
approximation.

e The measured linear runner (i.e., plunger, unless deformation of the load cell)
position along z axis, for both the +z and —z plungers. The motion of the
plunger is sampled at 1 Hz and is useful to identify the timing of the injection
procedures as well as to check if the plungers are being retracted/extended
when an impact on the TM is detected.

e The voltage given to the plunger to permit the capacitance reading of the
TM position and attitude before the release. The sampling frequency is 1 Hz.

e The temperature measured in the neighborhood of the GPRM, useful to
verify if thermal distortions affect the release performance of the GPRM.
The sampling frequency is 1 Hz.

For each signal listed above also the relative time array is available.

An example of the comparison between a 10 Hz signal and a 1Hz signal of the x
TM displacement from one of the automated tests is shown in Figure [2.8

When downloading data from the mission server, they are formatted in day-long
time series, each one containing several different in-flight tests (see Figure .
To ease the post processing, the long time series are subdivided in single tests,
which are then saved in separated files. A dedicated algorithm is developed in
the software MATLAB for this purpose. Some manual corrections to the outcome
of the algorithm need to be applied, since an automatic recognition of when a
test starts/ends is difficult in some cases. After the subdivision is completed, all
the important telemetry signals of any of the in-flight releases is easily addressed
through a script by passing the index of the specific test (from 1 to 111) and the
GRS sensor (1 or 2). The data file related to a specific test is saved as a MATLAB
structure, containing several fields, part of which are described is Table
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Figure 2.8: Comparison between a 10Hz and a 1Hz telemetry signal of the x
displacement of the TM; (1) for one of the automated releases. The former signal
is meaningful in the time interval limited by the two black vertical lines (the first
vertical line is placed few points before the tip retraction event). In this time
interval the two signals overlap since they both measure the same quantity.
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Figure 2.9: On the left, example of the three 24 hours-long time series of the
TM; positions (time origin 2017-07-12 00:00:00.000). In the shown case, the tests
are from the automated releases (July). Clearly, the data array contains several
release tests. The signals on the left are magnified on the right in the time interval
of a single test. The different phases of the injection procedure are visible, in
particular the release instant is highlighted with a vertical line, and is preceded by
the hammering manoeuvre, whose effects are barely visible on the TM positions.
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Table 2.5: Example of the fields of the MATLAB structure relative to a single test.
Not all the fields are listed, for example most of the TM DOFs are not reported.

Structure fields Unit Description

tTM_10 S Time array of 10 Hz DOFs signals
x_10 pm x DOF 10 Hz signal

tTM_01 s Time array of 1 Hz DOFs signals
x_01 nm x DOF 1Hz signal
tGP s Time array of 1 Hz diagnostic signals

plP pm Position of the +z plunger
pinP pm Extension of the +z tip (commanded)
fP N Force applied by the +z GPRM

2.4 Instrument limits in the analysis of the flight
data

Before starting the analysis of the in-flight data, it is important to address the
limits of the GRS instrumentation related to the release of the TM, that are briefly
discussed in this Section. First of all, it should be noticed that the telemetry data
of the extended mission phase, which are the base of the GPRM performance anal-
ysis of this thesis, are collected outside of the scientific phase of the mission.
Although the release phase is pivotal for starting the science phase, the GRS is not
set in science mode when performing the injection of the TM into free-fall. The
reason for this is that, at the release, there is the necessity to maximize the control
force/torque (such a setting is called accelerometer mode). In any case, the GRS is
not designed to detect/monitor fast events, like the tip retraction, or the collisions
of the TM with the surroundings, which are not expected according to the nominal
release procedure nor during the science phase.

The main problem that prevents an accurate analysis of such instantaneous events
is the low bandwidth of the telemetry signals. The sampling frequency for most
housekeeping data is only 1 Hz, with the exception of the TM position and atti-
tude signals, which are available at 10 Hz sampling frequency. Moreover, no other
telemetry data is present about the GPRM dynamics, except for the housekeeping
signals described in Section 2.3] No other information on the TM state is either
available (e.g., presence of an unpredicted contact with the plungers and/or the
tips). Apart from the sampling-frequency related limitations, other effects that
limit the accuracy of the analysis are present. Those effects, listed in the following
and deepened in dedicated subsections, can be subdivided into two main categories:

e Systematic noise/distortion sources. The signal noise/distortion is produced
by known phenomena and is theoretically possible to estimate its influence
by developing appropriate models. Among the systematic effects, there are:

— Capacitive effect distorting the readings.
— Triboelectric effect accelerating the TM.

— Solar radiation pressure compensation of the satellite.

/ZZrk
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e Random noise sources. Unpredictable, essentially due to the intrinsic mea-
surement noise, which is the sum of many noises or phenomena affecting the
readings, or to temporary mechanism malfunctioning. In the first case, when
possible, it is convenient to describe them by their statistical moments such
as the mean and the standard deviation.

— GRS intrinsic measurement noise.

— Electrical artifacts in the readings.

It is important to notice that some of the effects described above are related to
an actual acceleration of the TM, while other effects are not. The random noise
sources, as well as the capacitive effect, do not produce an actual acceleration
of the TM relative to the EH, while other effects (tribo-electrification and solar
radiation compensation) generate a force on the TM or the spacecraft that produces
a TM/SC relative acceleration.

The capacitance reading distortion

The electric capacitance of the GRS is affected by the presence of the plungers,
since their heads, when inside the envelope of the EH, modify the geometry of the
sensor. In other words, when the plungers are close to the TM, which is the case of
interest in this analysis, their presence affect the surrounding electric fields, which
is used to read the TM position and attitude. Thus, the voltage of the sensing
electrodes changes, and the estimation of the TM position and attitude is affected.
This effect creates a fictitious position and orientation of the TM in the readings
according to Equation [2.1
Co

Pdist C(p)p (21)
Where p = {z,y, z,0,n, ¢} is the array containing the actual positions and orien-
tations of the TM, and pg;st is the array of the distorted positions and orientations
of the TM. The distortion depends on the ratio between two capacitances, Cy and
C(p). The former is the capacitance of the TM in science mode, i.e., when the
plungers are retracted and the TM is centered in the EH, and corresponds to ap-
proximately 35 pF. The latter is the capacitance of the TM when the plungers are
close to their indents. This quantity can be estimated from a FEM model of the
sensor geometry.
The distortion effect is clearly present in the first mission releases, where a jump
in the TM telemetry signals is visible when the plunger bias is activated (a voltage
approximately equal to the one of the TM, Viy, is given to the plungers). This
event takes place a few seconds after the tip retraction and before it the plungers
are grounded (see Figures and . The jump is proportional to the value
of the signal in that time instant.
In order to mitigate the distortions and read the TM state at the release instant,
the plunger voltage bias was kept on during the releases of the extended mission,
thus the electric fields necessary to read the TM position and attitude should not
be excessively affected by the presence of the plunger heads.
Theoretically, the best way to estimate how much of the electric field distortion
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affect the readings when the plunger bias is turned on, is to build a dedicated
finite element model (FEM). A preliminary model was developed exactly for this
purpose by the Author, and it was applied only to the very first in-flight releases,
when the plunger bias was off. A more accurate model of the GRS electrostatic is
currently under development and may be used to tackle this question in the future
(see Section [6.3.3).

A more practical approach to this problem is to observe the 10 Hz TM telemetry
signals from the in-flight tests in a narrow time interval which includes the tip
retraction. In this case, if the capacitance effect is not negligible, a jump in the
signals should be present at the tip retraction, when the electrical contact between
the TM and the tips is opened, similarly to the jump observed in Figures [2.10]
and In order to estimate the magnitude of the jump, it is convenient to look
for releases presenting two properties:

e The pre-release position and attitude of the TM is not close to zero since the
jump should be proportional to the telemetry signal absolute value.

e The velocity of the released TM is low, so that the slope of the signals after
the release does not hide the eventual presence of the jump.

For these reasons, the slow tip tests were considered for this analysis. The residual
velocity of those tests at the tip retraction is, in general, very low (<1pms™!),
thus the presence of a jump should be more visible with respect to other types of
tests (fast tip retraction or plunger releases).

After looking at the mentioned data, no significant simultaneous jump, proportional
to the TM pre-release state, could be observed on the DOF's signals of any test (an
example is presented in Figure . Thus, as a first approximation, the distortion
effect can be neglected in the analysis of the GPRM performance when the bias is
on.
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Figure 2.10: TM; telemetry signals from the first mission release. The tip retraction
takes place at ~0s, and the plunger bias is activated at 5.8 s (black vertical line).
A small jump in the signals is present at that instant.

l@.\-
Ay B



48 CHAPTER 2. GPRM IN-FLIGHT PERFORMANCE AND TESTING

x103
200 10
6o
100 — ,
Py 2
) e
2 100 2 \\ 2
o \ bt
Y2
-200 2 \ 0 AN
N

0 5 10 0 5 10
time (s) time (s)
(a) (b)
Figure 2.11: TM, telemetry signals from the first mission release. The tip retraction

takes place at ~0s, and the plunger bias is activated at ~5.8 s (black vertical line).
A small jump in the signals is present at that instant.
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Figure 2.12: TM degrees of freedom in one of the slow tip retraction tests. The
black vertical line approximates the beginning of the retraction. As can be seen,
no evident jump is present, simultaneously, in the six signals. This means that the
distortion due to the capacitive effect is negligible (the relative “jump” is —0.015%,
—0.000%, —0.000%, —0.039%, +0.018%, —0.001% for z, y, z, 0, n and ¢ respec-
tively).
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The triboelectric effect

When the TM is in the pre-release phase, it is held in place only by the two tips
(or the two plungers, depending on the type of test) engaging the landing areas.
Thus, the TM and the GPRM units are electrically in contact. At the release, a
net electric charge may remain on the TM due to different work functions between
the TM and the GPRM end effectors materials and due to the triboelectric effect.
Such a net charge is estimated to be in the order of —1.6 x 10711 C ([20]).

A simple model, designed to estimate the effect of the tribo-electrification on the
TM motion after the release, is built and described in the following. In particular,
the model estimates the acceleration of the TM produced by the tribo-electrification
in the worst-case scenario, i.e., when one plunger is close to the TM (and the other
is far away) and when the voltage difference is high.

The net TM charge at the release, QTw, is equal and opposite to the sum of the
charge of the plunger Q)1 and the electrode housing Qg

Qrvm = —Qp — Qen (2.2)

Which can be rewritten in terms of voltage difference AV and capacitances C":

Qv = —Cr(Q)AV(€) = Cen(6)AV(0) (2.3)

Where ¢ represents the vector of the geometrical configuration of the GRS, i.e., it
contains the positions and rotations of the TM and the z position of the plungers.
The voltage difference between the TM and the EH/plunger is AV (this voltage
difference does not depend on the injection voltage, since it is a direct current ef-
fect). The capacitance between the TM and the EH, at the release, can be assumed
constant since the TM is close to the center of the EH. Its value is computed from
FEM models and it is approximately equal to Cy =35 pF. From Equation the
potential difference can be written as:

QTM

AV(e) = - Ca(@) + Co

(2.4)

Where the only unknown quantity is Cp,(¢). Its value strongly depends on the
relative position and the geometry of the plunger head and the TM indent. To
simplify the computation, it was decided to study the effect only along direction
z. In order to estimate the capacitance Cpi(z) (function of TM z coordinate given
a fixed z position of the closer plunger), a dedicated 3D FE model was built (see

Figure [2.13).
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Figure 2.13: Scheme of the 3D FEM geometry used to estimate the triboelectric
effect on the TM due to the presence of a plunger nearby. The capacitance of the
TM with respect to the plunger is estimated from the electric field potential (on
the left).
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Figure 2.14: Capacitance of the TM versus the —z plunger located 11 pm away

from the centered TM, to simulate the release conditions. The simplified analytical
capacitance (red curve) is fitted to the FEM data (black dots).
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In the model, the pyramidal plunger was initially set 11 pm away from the TM,
which was centered in the origin. The plunger head and the TM constitute the two
armors of a capacitor, whose capacitance needs to be estimated. The model was
run for different z positions of the TM, obtaining a series of points describing the
TM-plunger capacitance as function of z.

The next step was to fit a parametric function to the model results. The function
chosen is shown in Equation [2.5

Coi(2) = plpi - (2.5)
The choice of the function was made so that it is sufficiently simple (only two
parameters) but able to fit the model data with a reasonable accuracy, as shown in
Figure In fact, the structure of the function resembles the case of two planar
conductors set at variable distance. The fitting was performed with the fminsearch
function of MATLAB, and the optimal parameters found are shown in Table [2.6]
From the value of the capacitance, the attractive force between two conductors
is easily computed. Consequently, the magnitude of the acceleration of the TM,
atm(z), can be computed as:

AV (z) =

arm(z) = i

- 2mTM dz

1 del(Z)
dz

<Co fTCl\sl(Z)f (26)

Where mryr is the mass of the TM. Inserting into the equation the values of
Table the TM acceleration due to the triboelectric effect estimated from the
model remains below 9 x 10~ ms~2 even considering a TM-plunger gap as small
as 1 pm. Considering this is a worst-case scenario, such an acceleration translates
into negligible TM velocity variation in the time span of tens of a second (sampling
frequency), which is the number of samples necessary to estimate the TM velocity
with reasonable accuracy. A detailed analysis of the impulses received by the TM
in the presence of a potential difference with the plunger under different GRS
configuration is carried out in [21].

1 ‘del(Z)

Table 2.6: Value of the parameters used to estimate the acceleration of the TM
along z axis due to the triboelectric effect. The fitting parameters are shown with
their 95% confidence interval.

Param. Value Unit Description

Co 35 pF Capacitance of the centered TM

with the EH
MTM 2 kg Mass of the TM
Q™M —1.6x 10711 C Charge of the TM
P1 11.3+£0.1 pm Fit parameter 1
P2 451 £ 25 pFum  Fit parameter 2




52 CHAPTER 2. GPRM IN-FLIGHT PERFORMANCE AND TESTING

Spacecraft acceleration for the solar pressure compensation

According to the mission documentation, the thrusters of the spacecraft of LISA
Pathfinder are activated in open loop to compensate for the solar radiation pressure
(=28 uN) and keep the spacecraft centred on the floating TMs. The compensation
force of the thrusters, if not equal to the solar pressure, accelerates the spacecraft
producing a relative motion between the TM and the spacecraft, that may be
detected as a TM acceleration when observing the telemetry readings. Considering
a 10% compensation error, the maximum relative acceleration, which is directed
along the z axes of the GRSs, since the spacecraft is oriented such that the z
axes are parallel to the Earth-Sun line segment, is in the order of 2.8 nN/480kg =~
6.3 x 1072 ms~2. In a large time interval after the release of 10s, such a relative
acceleration will generate a relative velocity of ~0.06 pms~!, which is negligible if
compared to the typical residual velocity, thus, it should not significantly affect the
analysis of the GPRM performance.

More details on the thrusters management system of LPF can be found in [22].

GRS measurement noise

The measurement noise constitutes the main noise source for the analysis dealt with
in this thesis. This noise is difficult to predict with models, so it was estimated
directly from the in-flight data. The estimation of the measurement noise is possible
in any phase in which the TM is still, so the signals have a slope close to zero. For
example, when the TM is grabbed by the plunger, or held by the two tips (pre-
release), or even when it is free falling inside the EH with negligible velocity with
respect to the satellite. When possible, the measurement noise was estimated
specifically for each test. For example in the pre-release phase the noise can be
easily estimated for all of the tests. Regarding the free-falling TM noise, it was
not possible to estimate it for any release, due to the lack of time intervals with a
slowly free-falling TM few seconds after its release. When a release is performed, the
GRS is set in accelerometer mode (as explained in the introduction of Section
thus the noise affecting the readings is greater than during the science operations.
Details on the estimation of the measurement noise will be discussed in the following
Sections of the thesis.

Electric artifacts

In some tests, strange electric artifacts are visible in the readings. Such artifacts
cover variable time intervals, sometimes precluding the estimation of the TM re-
lease velocity. The presence of such artifacts appears to be of a casual nature, which
significantly affects the readings only in a minor number of tests. A sudden saw-
tooth behaviour of one or more TM signals is clearly visible in these cases. When
the artifacts are present in a key phase of the injection procedure, for example near
the release of the TM, the test is discarded from the analysis. What causes this
strange distortion of the reading is an undesired electric crosstalk between the ac-
tuation and the sensing electrical signals. Such a crosstalk is proportional to I) the
absolute readout of the bridge (i.e., TM displacement /rotation) and IT) the voltage
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that is actuated on each electrode pair on a face of the EH. This phenomenon hap-
pens only in the automated tests (12th-13th July), since those are the tests where
the actuation is turned on a few seconds after the TM release.

To summarize, there are several noise sources affecting the readings of the LPF
position and attitude telemetry signals that may affect the injection procedure
analysis (a summary is listed in Table . Most of those effects, at least as a first
approximation, do not influence the analysis of the TM residual velocity. Other
effects need to be considered. The main one is the measurement noise of the GRS,
which cannot be avoided, but can be estimated from the readings. Another effect,
the presence of artifacts in the reading, since is unavoidable, is simply detected,
and in case it heavily affects the readings, the test is discarded.

Table 2.7: Summary of the noise sources and their effect on the GPRM analysis.

Noise source Impact on the analysis
Capacitive effect Negligible

Triboelectric effect Negligible

Solar radiation compensation Negligible

CCU filtering Negligible

GRS noise Non-negligible

Reading artifacts Non-negligible, but af-

fecting only few tests

2.5 The GPRM pre-release performance

The focus of this thesis is to study the release performance of the GPRM exploiting
the extended mission campaign data. The analysis of the in-flight data starts from
the pre-release phase, since this is the phase that immediately precedes the actual
release of the TM. It is important, in order to understand the release dynamics, to
check the TM state before the release. In this Section, important considerations
regarding the pre-release state of the TM are reported, focusing on some of the
criticalities that should be addressed to improve the performance of the GPRM for
the LISA mission.

For each extended mission release, a set of 20 data points were chosen on every TM
DOF 10 Hz signal. The set is selected in a time interval immediately preceding the
tip retraction, so that the TM pre-release state can be computed and compared to
the actual requirements. The mean of the 20 points corresponds to the TM pre-
release displacement or rotation (according to which DOF is analyzed). Moreover,
a linear fit is applied to the points, in order to estimate the pre-release velocity of
the TM (the slope of the linear fit). This is done to verify if the TM is still as it
should be in the pre-release phase.

In Figure the positions and orientations of the TMs in the pre-release phase
are plotted. The x axis of the plot reports the index of the test (referred to Ta-

bles and .
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Figure 2.15: TM displacements and rotations in the pre-release phase for the in-
flight releases from the extended mission phase. The two graphs on the left refers
to the TM;, the two graphs on the right to the TMs. The values reported are
computed averaging a set of 20 data points just before the release. In the graphs
the black horizontal lines represent the mission requirement on the initial TM state
(200 pm and +2000 prad). In each plot, the black vertical line separates the non
automated tests (index < 66) from the automated tests (index > 66).

The TM; linear displacements (top left graph) z; and y; are always well within
the requirements, which are represented by the horizontal black lines, while z;
sometime exceeds the limits in the non-automated tests (test index lower than 66).
The fact that z; in the non-automated tests is not always inside the requirements
is not critical. In fact, the repositioning function of the GPRM, which should
bring the TM z position inside the desired zone, was simply not performed. When
the repositioning is performed in all the tests (see automated tests), the GPRM is
always able to bring the TM inside the requirement. The violation of the pre-release
z requirement (200 pm) has a criticality limited to the decreasing of the maximum
control force along z. Thus, the problems here highlighted are not related to the
TM z coordinates at the pre-release.
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The same exact considerations can be deduced from the displacements of the TMs
(top right graph). The DOFs z9 and yo are always within the requirement, while
zo sometimes exceeds the 200 pm margin for the non-automated tests. One thing
to notice is that the second sensor seems to have larger dispersion in the z pre-
release position of the TM. Again, this should not significantly influence the release
performance of the GPRM. Regarding the orientations of the TMs, starting from
TM; (bottom left graph), angle 6; and 7; are always to within the requirements,
while angle 1 sometimes exceeds them. Similar considerations are valid for the
TM, orientations (bottom right graph), even if this time the angle @2 is much
more scattered with respect to the other TM. Most of the times it exceeds the
requirement by a factor 2 or 3, but there are cases in which the TM rotation is
even greater.

The following considerations are valid for all the tip retraction tests, which are the
majority of the in-flight tests, and not for the plunger retraction tests (indexes from
41 to 52). The fact that angle ¢ is less repeatable with respect to the other two
orientations is explained by the mechanism geometry. In the pre-release state, the
form-fit between the pyramidal plunger head and the TM indent is missing (the
indent surface is separated from the plunger head by the extraction of the tip).
This form fit is the only constraint on the rotation of the TM about z apart from
the friction force present on the landing areas. Differently from the z displacement,
a TM ¢ rotation influences the relative gap between the TM indent surface and
the plunger head. This fact means that, if the TM is highly rotated about z, then
it will be rotated also relative to the plungers. In particular, it will be rotated with
respect to the pyramid faces of the bottom plunger. As a direct consequence, the
clearance between the TM and the —z plunger will be reduced. If the rotation of
the TM is excessive, there will be a configuration where the clearance is reduced
to zero (i.e., there is a contact).

To check this hypothesis, it is necessary to consider the exact envelopes of the
bodies. Given the fact that the geometries involved are complex, a CAD software
is used to estimate the relative angle between the TM and the plunger that lead to
a zero clearance, which is equal to Apry—p1 = 4800 prad. This angle is computed
considering that any TM-plunger misalignment in the other directions is null and
that the mechanism is in nominal pre-release state, i.e., full 18 pm tip extension.
According to this idea, supposing:

1. the pyramidal plunger head has a negligible rotation about z with respect to
the EH reference frame

2. the TM is in the nominal pre-release state

then the maximum 7w angle should be in the range £Apra—p1. From the bottom
graphs of Figure [2.15] it is clear that the TM is, sometimes, more rotated about
o than the mentioned maximum limit, reaching values up to 33 000 prad, i.e., al-
most 7 times the maximum limit. This means that one or both the hypotheses
introduced has to be discarded. The first one, i.e., that the pyramidal plunger is
rotated about its main axis, is checked firstly looking at the mission documenta-
tion relative to the integration of the GPRM units in the GRS. Post integration
verifications reported that the mechanism was aligned to within the specified tol-
erances. In particular, the rotation of the two pyramidal plunger around their axis
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is —117 £+ 469prad and —234 4+ 699urad for GPRM; and GPRM; respectively (in
the GRS reference frame).

Another check that can be performed is to look at a set of flight-data where the
TMs were grabbed by the plungers and repositioned back and forth along z a
couple of times, exploiting the repositioning command of the GPRM. Looking at
those data, where the form fit between the TM and the pyramidal plunger head
constrains the ¢ angle of the former, its value remains in the order of 1 x 102 prad
for the TM; and 2.7 x 103 prad for the TM,, with a maximum deviation of ap-
proximately 1 x 102 prad when the TM is repositioned. Those values can explain
why the TM; and TMs pre-release ¢ values do not have zero mean and, for the
TMs, why they lie slightly outside of the 2000 nrad requirement on average.

The problem is that the in-flight data are not in agreement with the on-ground
GPRMs alignment verifications. A possible reason for this may be related to the
way the plunger ¢ rotation is measured. According to the mission documenta-
tions, the rotation of a plunger around its main axis is measured with a mechanical
feeler touching two points on the linear runner that are far away from the z axis
(to increase the measurement precision). This procedure has the drawback of not
measuring directly the pyramid surfaces of the plunger head. In fact, such a di-
rect measurement would be difficult since the plungers are quite small (10 mm
diameter). Nevertheless, considering the actual alignment the in-flight data of the
repositioning tests to be more representative, the check performed on the first hy-
pothesis is not sufficient to explain the large values of pre-release ¢ observed in
some of the in-flight tests. Thus, the second hypothesis, i.e., that the TM is prop-
erly held in position by the tips (nominal pre-release state) needs to be verified.
To verify this, it is useful to check the z position of the linear runners (which corre-
sponds to how much each plunger is extracted) when the TM is in the pre-release
phase. Rather than considering the displacement of the single plunger, which is
not useful, the sum of the extractions of the two plungers is considered. This sum
is used to estimate the relative distance between the two linear runners (approxi-
mately equal to the relative distance of the two plungers).

In Figure the zero-mean distribution of the ¢ pre-release angle of both the
TMs is plotted against the sum of the plunger extensions. The sum is an index
of the penetration of the plunger heads into the TM indent. It should be noticed
that the uncertainty on the plunger extensions sum is not known, it depends on
the position sensor noise and on the drift. The fact that the plunger release tests
(cyan and orange dots) are above the tip release tests (blue and red dots) is in
accordance with the expectations. In fact, in the plunger tests, the penetration of
the plunger should be at its maximum since there is no handover to the tips. Since
the plunger tests are carried out among the tip tests, the fact that they remain
separated suggests that the drifting of the sensor is not so excessive as to invalidate
the conclusions.

Interesting considerations on the GPRM pre-release performance can be drawn
observing the behaviour of the data points of the tip tests that lie outside of the
geometrical boundaries of £4800 purad on the relative ¢ angle between the TM and
the plunger, which are represented by the shaded area. It can be seen that, as soon
as the penetration of the plungers moves away from the maximum (0pm on the
y axis), the relative ¢ angle may assume larger and larger absolute values. Such
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a behaviour is due to the fact that a lack of penetration between the pyramidal
indent and the TM increases the maximum relative angle reachable before having a
contact. To confirm this hypothesis, the maximum relative angle between the TM
and the pyramidal plunger head is computed from the CAD model as a function
of the penetration.

As shown in Figure the computed trend is compatible with the in-flight
data, enforcing the hypothesis that in some tests the TM was not in the nominal
pre-release state before the release took place. Another problem highlighted in this
graph is that, in some tests, the lack of penetration of the plungers is clearly present
even in the absence of high ¢ rotation. There are tests close to O urad on the x axis
but well below the maximum penetration on the y axis. A possible explanation
of those points is given in the next paragraph, that deals with the preload force
acting on the TM.
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Figure 2.16: Penetration of the plungers (sum of the z position of the linear runners)
in the TM indent as a function of the zero-mean pre-release ¢ angle of the TM (the
dots relative to each TM have 0 mean on the x axis). The tests are subdivided by
the sensor (1 or 2) and by the type of test (tip release tests vs plunger release test).
The shaded area on the left graph represents the geometrical limit of £4800 prad
relative angle between the TM and the plunger, that cannot be exceeded if the TM
is properly handed-over to the tips or held by the plungers. The black lines on the
right graph represent the maximum allowable relative ¢ angle as function of the
penetration according to the CAD model.
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The preload force on the TM

At this point, it is reasonable to check the preload force on the TM for any of
the in-flight tests. The preload on the TM at the pre-release is measured by two
sensors simultaneously, one for each half of the GPRM. Ideally, the two sensors
should measure the same quantity, but the measurement noise and the imperfect
sensor calibration produce two different measurements. The pre-load force exerted
by the tips on the TM landing areas before the release is provided by the GPRM
telemetry signals at 1Hz sampling frequency (Figure . In the neighborhood
of the release instant, it is possible to detect a stepwise force drop AF; in the
signals related to the two opposed GPRM halves (referred to with subscripts P for
pyramidal and C for conical), which provides the redundant measurement. The
single force drop is estimated from the force signal taking the difference between
the average force before and after the release. The standard deviation of the force
drop, named oaF;, is computed as the RSS of the standard deviations before and
after the drop.

release instant

0.4

0.2

force Fp (N)

x10%

1.695 1.7 1.705 1.71 1.715 1.72 1.725
time (s)

-0.2

Figure 2.17: Example of the drop in the force signal detected after the release of
the TM. The shown case is from the pyramidal plunger of an in-flight test. The
quantity AFp represent the difference between the mean force before and after the
release (red lines). The green lines represent the standard deviations of the force
signal.

The redundancy coming from having computed two force drops may be exploited
to increase the precision of the estimated preload, minimizing the variance of the
estimator, applying the Bayesian estimation shown in Equations and

_ JZFPAFC +J2AFCAFP 2.7)

3 3
OAr T OAFR,

2 2
o o
AFCIAF
OF = ([~ 5 — (2.8)
OAF: + AR

where F' is the pre-load force estimation and o is its standard deviation.
The nominal preload before the release should be approximately 0.3N. During
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the extended mission tests, this parameter was changed in some of the tests to
verify its influence on the GPRM release performance. According to the extended
campaign log documentation, in the first part of the campaign (June), for some
tests, it was lowered down to 0.1N or even to 0.05N. In the second part (July)
it was increased to 0.5N. Looking at the estimated preload for all the extended
campaign tests, plotted in Figure [2.18] it is clear that the desired preload is not
achieved for most of them. This fact represents the first criticality of the GPRM.
Looking at the force sensors readings, the mechanism is not able to pre-load the
TM with the desired preload force. The question, now, is why does this happen?
With the documentation available, it is difficult to give an accurate answer. Part
of the problem is certainly related to the force sensors precision and accuracy. The
standard deviation of the force signal, when the force should be constant, is in the
order of 0.05 N, which is relatively high if the target preload is 0.3 N. Another part
of the problem may be related to how and when the CCU computes the pre-load
force to feed the control loop that should set the final pre-load to the desired value.
In fact, for the automated tests, the desired preload was set before performing
the hammering. This, along with other aspects regarding the overall performance
of the handover procedure was not investigated in this thesis but is certainty an
aspect to be taken into account for the LTP improvements.

+ TM,

test index

Figure 2.18: Estimated preload force on the TM in the pre-release phase for the
in-flight test of the extended campaign. It can be seen that many points are
compatible with a zero pre-load (error bars encompassing 0N value). Moreover,
in many tests, the preload achieved is different from the preload set during testing
(thick black line). In the automated tests (indexes 66-111, on the right of the
black vertical line) the preload was set to 0.5N before the hammering and in the
pre-release phase it was almost always less.

At this point, it is of interest for the analysis to consider the possible correlation
between the pre-load force and the ¢ angle of the TM. The idea is to show that,
when the ¢ angle is large, the TM is not properly handed-over to the tips, i.e.,
the pre-load force acting on it is potentially zero. This is shown in the plot of
Figure When the preload is sufficiently high, the ¢ angle of the TM is inside
the geometrical limits imposed by the geometries of the involved parts (shaded
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area), and this is valid for both the TMs. When the pre-load is low, compatible
with zero, the TM orientation may exceed the geometrical limits. There are a few
tests (five) where the pre-load force is small but the 1o interval does not cross
the O N axis, so probably it is not zero, and still the TM is highly rotated. In those
tests the plungers lack of penetration is always below 28 pm, referring to the plot of
Figure[2.16] so the plungers are not fully penetrated in their indent. The hypothesis
is that, for those tests, the TM was stuck in this highly rotated configuration and
the plungers were pushing it with a force not sufficient to un-stick it. Also this
aspect is critical and should be considered in the improvements of the GPRM for
the LISA mission.
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Figure 2.19: Zero mean TM ¢ plotted against the pre-load force for the extended
mission campaign tests. When the force is above 0.2 N, the TM ¢ rotation is within
the geometrical limits imposed by the pyramidal plunger head in the pre-release.

The TM velocity before the release

The demonstrated lack of a correct handover from plungers to tips, mainly due to a
null or too low pre-load force or to a TM stuck with large ¢ angle, make it necessary
to also check the velocity of the TM at pre-release. According to the nominal release
procedure, the TM should be still before its release. This hypothesis was checked
fitting a linear model to the set of 20 data points, preceding the actual release,
used for the previous analysis. This operation was carried out for all the six TMs
DOFs of all the extended campaign tests.

The fitted velocity components of the pre-release TM state are shown in Figure[2.20]
The graphs on the left are referred to the TM;j, the ones on the right to the TMs.
The scale of the plots is common for the two TMs for the linear and angular
components. From the plots, it is clear that there are some tests where the TM
is not still before its release. In particular, for some of the automated tests (test
index 66-111), the ¢ angle of TM; and the z, y and ¢ components of TMy present
a non-zero velocity. The fact that the TM is not still before the release seems to
be a problem affecting only the automated tests. The non-zero linear velocities
are present when the pre-load force is compatible with zero, except for one test
TM;, where the pre-load force is barely positive (|F| — or = 0.0041 N). In that
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test, where the penetration is on the high side (—35.1um), the tips are probably
exerting a very low force on the landing areas and the TM is rotating about z axis.
The rotation of the TM about z axis, which is the axis of the tips, is counteracted
only by the friction torque due to the tips pushing on the landing areas, which
is proportional to the pre-load force but still very limited since the radius of the
tips contact patch is in the order of 10 pm. In other words, if the TM acquires a
velocity around ¢ just before the release, the friction force due to the contact with
the tips may not be sufficient to stop it in a short period of time if the preload is
very low. The relation of the preload force with the pre-release ¢ velocity of the
TMs is shown in Figure Such a velocity is present only when the preload
force is low and compatible with 0N (with the unique exception of the single test
of the TM; discussed above).
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Figure 2.20: TMs linear and angular velocities in the pre-release phase for the in-
flight releases from the extended mission phase. The two graphs on the left refers
to the TM;y, the two graphs on the right to the TMs. During the pre-release phase
if the TM is properly held in position by a positive preload force, it remains still.
In each plot, the black vertical line separates the non automated tests (index < 66)
from the automated tests (index > 66).
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Figure 2.21: Absolute value of the angular velocity around ¢ of the TMs in the pre-
release phase plotted against the preload force F', for all the indexed tests. Only
when the preload is very low (below 0.1 N), may the angular velocity be different
from zero. Moreover, all the points below 1prads~! have a velocity compatible
with zero (error-bars go to —oo in log scale).

Now the problem is to explain what causes the TMs, especially the TM;, to have
a non-zero angular velocity about z axis before the release. A possible answer
to this question is the hammering manoeuvre, which is present for any TM; and
TM; automated tests only few seconds before the release. When the hammering
is not performed, for both the TM the w, velocity is approximately zero. When
the hammering is performed, a contact between the TM indent and the plungers
head may take place, producing the undesired effect. A possible explanation of why
this behaviour is not seen in the TMjy tests lays in the fact that the time interval
between the end of the hammering and the actual release of the TM is greater with
respect to the TM; case (approximately 40s seconds and 5s respectively).

To check the hypothesis that an impact with the pyramidal plunger can produce a
w, of the TM, a simple 3D contact model was build using the software Recurdyn
(version VIR4). The nominal geometries of the TM and the pyramidal plunger
head were imported and meshed accurately. The plunger was fixed to the ground,
and the TM was set in the pre-release position (approximately 14 pm away along
z direction). Then, the TM was rotated about z axis by an angle of 1000 prad, to
introduce a plausible relative angle between the TM and the plunger. An initial
velocity of 30 pms™!, close to the velocity the plunger has during hammering, was
given to the TM in direction z while other initial velocity components were set to
zero. During the time evolution of the model, the TM collided onto the plunger
head, and such a collision produced the transition of part of the linear kinetic
energy to rotational kinetic energy about z axis. In other words, a collision of
the plunger with the TM, in the presence of an initial relative ¢ angle, has the
effect of producing a TM angular velocity about z axis, due to the shape of the
geometries involved. The velocity obtained with the model is in the same order
of magnitude of the pre-release velocity w, observed in-flight, i.e., approximately
1 x 102 prads—!.



2.6. THE GPRM RELEASE PERFORMANCE 63

The simple model described explains the observed dynamics after the hammering
for some of the tests. This dynamics constitute a critical aspect of the GPRM,
since if the TM velocity before the release is large, the electrostatic force control
loop may not be able to capture it preventing impacts even if the other velocity
components are within the requirements.
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Figure 2.22: On the left, model developed in Recurdyn to verify the hypothesis
that an impact with the pyramidal plunger can generate a TM ¢ angular velocity.
The plunger (green body) is fixed to the ground, and the TM is set 14 pm away
along z direction and tilted by 1 mrad. An initial velocity v, 30 pms~! is assigned
to the TM. On the right, time evolution of the TM z and ¢ DOFs. The impact,
taking place at 0.4s (vertical black line), is followed by a non-zero w,,.

2.6 The GPRM release performance

In the previous Section, the pre-release state of the TM was discussed, highlighting
some problems related to this phase. In this Section, the release phase itself is
analyzed.

The analysis of the release performance of the GPRM starts from the computation
of the impulses received by the TM at the release. The first step was to build
the simplest possible model describing the release impulses on the TM. The model
built for this calculation is based on the linear system of the TM dynamics, ob-
tained by the Newton-Euler equations written in their impulsive form (System of
Equations . The main hypothesis of this simplified model is that all the forces
arising at the release between the TM and the GPRM end-effectors are located
in the center of the landing areas. According to the nominal release procedure,
these areas should be the only ones where there is a contact (i.e., a force), at least
for the tip retraction tests. Moreover, another assumption of the model is that
the impulses are simultaneous on both sides of the TM. Unfortunately, the low
sampling frequency discussed in Section [2.3] makes it impossible to disentangle the
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contribution to the TM residual velocity of a time lag in the retraction of the two
tips. In fact, even a few tens of microseconds time lag is enough to convert the
nominal contact preload into the maximum allowed momentum.

+iF iy =mo,
+ - —
+Li + LZi = Muy (2.9>
—ly t = wawo /L
+if =y = Lyw,/L

In the system of Equations the variable ¢/ represents the impulse on the landing
area in direction j (in the set {z,y}) on the TM side f (in the set {+,—}). The
mass of the TM is m, and its inertia about j axis is I};. The linear velocities of the
TM after the release are indicated with v; and the angular ones with w, (v in the
set {0,n}). The parameter L represents the distance between the landing areas.
Parameter values are reported in Table

Table 2.8: Numerical values of the parameters appearing in the simple impulse
model of the lateral impulses received by the TM at the release.

Param. Value Unit  Description
m 1.98 kg TM mass
I;; 678x107%  kgm? TM inertia about j € {z,y} axis
L 362x1073 m Distance between the landing areas

Despite the TM having six degrees of freedom, as it is a rigid body floating in
a three-dimensional space, only four equations compose the model. Indeed, this
is a limit of the model coming from the hypothesis that the impulses are located
only on the landing areas. Thus, the information carried by the linear and angular
velocities along the z axis cannot be exploited. In fact, along z direction, the two
impulses are coaxial, thus no rotation of the TM about ¢ can be caused.

As a consequence, the model is useful to estimate the lateral (i.e., orthogonal with
respect to z axis) impulses that the TM receives, which according to the nominal
release procedures should be approximately null. In order to solve the proposed
model for the lateral impulses, it is necessary to compute the linear and angular
components of the velocity the TM assumes after its release. Such a velocity will be
referred to as initial velocity. The estimation of the initial velocity is non-trivial.
The presence of the noise sources, discussed in Section [2.4] limits the accuracy of
the estimation. In particular, the main limitation in this calculation comes from
the measurement noise. Moreover, the relatively low sampling frequency (10 Hz)
with respect to the time duration of possible impacts between the TM and the
surroundings bodies is also a limiting factor. In order to estimate the initial veloc-
ity, a dedicated algorithm was developed. An extension and improvement of this
algorithm will be discussed in Section [6.3.2] At first, by comparing the telemetry
signals (tips extraction, plungers positions, force sensors and TMs DOFs) and by
consulting the mission log documentation, the main phases of the injection pro-
cedure for each test are detected. For the estimation of the initial velocity, the
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important phases are the pre-release and the post-release.

Given the six DOF's signals of the TM, the pre-release noise standard deviation o;
(where i indicates the relative DOF) is computed considering the set of 20 data
points immediately preceding tip/plunger retraction discussed in Section The
algorithm then searches for a set of 3 consecutive points that exceeded the +30;
interval in any of the DOF's signals. An extensive explanation relative to the ar-
bitrary choice of the +30; interval will be discussed in Section [6.3.2] The initial
velocity components, and their relative uncertainty, are found by applying a linear
fit to the set of three data points on the six TM DOFs signals. Unfortunately, for
some of the tests, the computed uncertainty was predominant with respect to the
estimated velocity. In other words, it is not possible to estimate the initial velocity
with a reasonable accuracy. The presence of such a large uncertainty is due not
only to the measurement noise but is likely caused by impacts that took place just
a few tenths of a second after the release. In these tests, there does not exist a
set of three consecutive points after the release which does not contain a relevant
impact. An example is show in Figure [2.:23] In other tests, the estimation of the
initial velocity is possible with a relatively high accuracy, as shown in the example

of Figure
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Figure 2.23: Plots of the six degrees of freedom of the TM in the neighborhood of
the release instant (close to t = 0s) for a non-reliable test. The set of three points,
after the release, used to fit the linear model is highlighted in black. It is not
possible to have an accurate estimation of the release velocity along all the degrees
of freedom, because the residuals of the linear fit are large, so the uncertainty will
be predominant.
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Figure 2.24: Plots of the six degrees of freedom of the TM around the release
instant (close to ¢ = 0s) for a reliable test. The set of three points, after the
release, used to fit the linear model is highlighted in black. The velocity along all
degrees of freedom can be estimated with reasonable accuracy.

In the analysis, any collision taking place in the time interval relative to the three
selected data points is detected as a diversion from the free-falling motion the TM
should follow after the release. Such a deviation somehow worsens the quality of
the linear fit, increasing its uncertainty. At this point, an arbitrary criterion was
introduced to distinguish the high accuracy tests, called reliable, from the low ac-
curacy ones, called non-reliable. In theory, this criterion should be based on the
measurement noise.

In order to proceed with the calculation while keeping the algorithm simple, the
reliability of a test is decided comparing the fit uncertainty on the velocity with
the mission requirements. The idea is to consider reliable any test where the ab-
solute uncertainty on the estimated velocity is lower than 1/5 of the requirement
or the relative uncertainty is lower than 20%. The probability of detecting rele-
vant impacts even by fitting only three points is enforced by the fact that those
conditions need to be satisfied simultaneously by all the six DOFs signals. A more
formal criterion, based on the statistical probabilities of detecting an impact will
be discussed in Section The application of the algorithm to the in-flight data
produced the results summarized in Figure where each pie chart is referred
to one of the TMs.

ir
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Figure 2.25: Pie charts summarizing the results of the algorithm that detects the
initial velocity of the TMs and the reliability of the estimated values compared to
the mission requirement. For each TM all the 109 release tests are considered in
the chart.

In the chart, all the 109 (111 tests in total minus 2 adhesion tests) releases per-
formed in the extended mission campaign are considered. As can be seen from the
legend, some of the tests are discarded from the analysis, since they are affected
by one or more of the following problems, that would affect the algorithm results:

There is a non null TM velocity before the tip retraction. All the tests where
the pre-release velocity, also considering its uncertainty, is greater than 1%
of the release velocity requirement are discarded. In this way, in the analysis,
only those tests with a negligible motion of the TM before the release are
considered.

The TM is rotated about ¢ by an angle greater than 4000 prad prior to the
release. Such a condition is imposed to consider only tests with a nominal
TM state after the handover to the tips.

There are artifacts in the readings, producing non physical sawtooth be-
haviour in the TM DOFs signals in the time interval from the pre-release
phase to the end of the injection (retraction of the plungers and actuation of
the electrostatic control force). This phenomenon is discussed in Section

\r



68 CHAPTER 2. GPRM IN-FLIGHT PERFORMANCE AND TESTING

For each TM, the tests are subdivided into three main categories, which are I) the
fast tip retraction releases (blue tone colors) composed of 62 tests, II) the plunger
retraction release (orange tone colors) composed of 13 tests and III) the slow tip
retraction releases (green tone colors) composed of 34. Each of these three macro
sections is further subdivided in four minor sub-sectors, namely non reliable tests
(indicated as non rel), reliable tests compliant with the requirement (indicated as
rel com), reliable tests non-compliant with the requirement (indicated as rel non
com) and discarded tests. A test is defined to be compliant if all the six compo-
nents of the release velocity are within the requirements, taking into account also
the fit uncertainty.

Regarding the TM;, the reliable tests detected are a total of 48, subdivided in
25 slow tip, 21 fast tip and 2 plunger retraction tests. Regarding the TMs, the
reliable tests detected are a total of 18, subdivided in 12 slow tip, 6 fast tip and 0
plunger retraction tests. Looking at the charts, some conclusions can be drawn. In
general, for both TMs, the slow tip strategy improves the reliability of the release.
Almost all the non-discarded slow tip tests resulted reliable and compliant with the
requirement when looking at the initial velocity. A hypothesis of what causes such
a high reliability and compliance rate is probably due to the fact that the slow tip
retraction does not excite the vibration of the plunger (discussed in Chapter [4]).
Moreover, regarding the plunger retraction tests, almost the totality resulted non
reliable. This is a strong hint that, when the plungers are used to release the TM,
several collisions take place. Finally, most of the fast tip tests are non-reliable, but
there are a few which are reliable for both TMs.

The focus of the following analysis is on the reliable non-compliant tests performed
with the tip retraction (i.e., closer to the nominal release procedure with respect
to the plunger retraction tests), which are 10 for the TM; and 5 for the TMs.
Those tests are studied since they contain information on the main GPRM dynam-
ics which is responsible for the violation of the requirements.

The initial linear and angular velocities of those tests are plotted in Figure [2.26
showing that the y component of the velocity of both TMs is in general much
smaller than the x and z components. This suggests that the release dynamics on
the x—z and y—z planes are different. Moreover, from the two graphs, it is clear
that there is a different behaviour between the two TMs, i.e., the two sensors, since
blue and purple arrows points in different directions.

Once the initial velocity components are computed, for the considered tests, the
lateral impulses (¢}, L;‘, t; and ¢,) received by the TMs are estimated applying the
model of Equation [2.9] to the results. Analyzing the impulses, there are some tests
where the impulse on one landing area (—z or +z) is much greater than the im-
pulse on the other landing area (which is compatible with zero). The tests showing
this dynamics are defined as one-sided tests. It can be stated, accordingly to the
model results, that in the one-sided tests only one unit of the GPRM contributed
to the lateral impulses that the TM received. Under this reasonable assumption,
the lateral linear components (x and y) of the total impulse can be compared with
the z component of the total impulse (i.e., the TM z linear momentum). The TM
linear momentum of the fast tip non-compliant one-sided tests that had a mainly
planar release dynamics (|ez[>> [1y| or [y [iz]) are plotted in Figure 227 The
orthogonality of the impulses with respect to the indent surface is a strong hint of
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the fact that the plungers collided with the TM at the tips retraction. Conversely,

it is not compatible with an interaction limited to the nominal tip-TM contact
taking place exclusively on the landing area.
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Figure 2.26: TM linear (on the left) and angular (on the right) initial velocity
components for the reliable non-compliant tests. The linear components lay mainly
in the x—z plane, while the angular velocity is predominant about 7.
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Figure 2.27: Main components of the total impulse received by the TM at the tip
retraction for the one-sided tests. On the left there are the estimated impulses,
on the right, their uncertainties. The impulses are almost parallel to the normal
direction of the indent surface, enforcing the hypothesis of an unpredicted TM-
plunger interaction taking place at the release.
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2.6.1 Advanced impulse model

The simple impulse model discussed in the previous section suggests that an inter-
action between the TM and the plunger is responsible for the un-expected release
dynamics. Thanks to this interpretation, an advanced impulse model was devel-
oped assuming that TM-plunger impacts took place at the release. The model,
composed by the system of Equations relates the lateral impulses (x and y
directions) with the TM momentum along z (numerical values of the model param-
eters are listed in Table .

i+ = mu,
i+, = mu,

(=ty + 1, )(a+btana) = I,.wp (2.10)
(+¢F — 17 )(a+ btan ) = Iy,

(leg |+ ey | =] = [ ]) tan o+ 2% = mw,

This is done considering the geometry of the TM indents and imposing the orthog-
onality of the impulses, which was suggested by the one-sided tests (Figure .
In this way ¢J°°, the residual impulse along z, can be computed. It contains all
the effects along z direction than are not explained by the projection of the lat-
eral impulse caused by the plungers. It is difficult to estimate all the effects that
caused the residual impulse (1. In general, it includes the effects of the adhesion

phenomenon, the contact preload, the retraction delay and a z directed pushing
effect of a plunger.

Table 2.9: Numerical values of the parameters used in the advanced impulse model,
that are added to the ones already used in the simplified impulse model. The values
are estimated from the CAD model of the TM and the plunger heads.

Param. Value Unit  Description
Distance of the estimated TM-plunger
a 21.8 mm .
contact point from the plane x—y
Distance of the estimated TM-plunger
b 3.9 mm .
contact point from the planes x—z or y—=z
o A15 o Inclination of the TM indent contact

surfaces with respect to the z axis
I; 678x107% kgm? TM inertia about j € {z,y} axis

m 1.98 kg TM mass
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Figure 2.28: Scheme of the advanced impulse model. Any lateral impulse con-
tributes also to the TM linear momentum along z. This is done by imposing the
orthogonality of each impulse to the relative TM indent surface.

The lateral impulses, computed with the advanced model, of the reliable non-
compliant tests are shown in Figures and From these graphs, the differ-
ent behaviour of the GPRM; and GPRM; is clearly observable. In the GPRM;j,
the x component of the pyramidal plunger impulse (¢ ) is the dominant one. In
the GPRM3, the x component of the conical plunger impulse (¢}) is the dominant
one.

Regarding the z direction, the residual impulse ¢.*® was computed for the same
tests. Its value is lower than the momentum of the TM along z for all the tests,
even when the initial velocity is much greater than the requirement. Thus, accord-
ingly to the model, the TM release dynamics of the reliable tests can be almost
totally explained by collisions between the TM and the plungers taking place at the
tip retraction. Avoiding TM-plunger collision, the mass would likely be controllable
by the actuation force without further impacts since the residual impulse (green
columns in Figure are below or very close to the requirement (10kgpms™1)
most of the times (except in one case). This result is in line with the 1-g on ground
testing which concluded that the adhesion contribution, included in the residual
impulse, albeit being significant, is not expected to produce excessive momentum
on the TM in the majority of the cases (see Section .

The dynamical model, when applied to the non-reliable non-compliant tests, sug-
gests the same conclusions, even if with larger uncertainty. In general, also for
the non-reliable non-compliant tests, the TM dynamics is much different than the
expected mono-dimensional motion along z. For the compliant fast tip tests, which
are in most part reliable, the application of the dynamical model shows that the
effect of the lateral impulses on the total z momentum is reduced, thus proving
that a compliant dynamics is closer to the nominal case. This can be seen in Fig-
ure where the difference between (.*® and mwv, is much smaller with respect
to the non-compliant tests.
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Figure 2.29: Reliable non-compliant tests. Comparison between the TMs release
impulses on the +z side (conical plunger). Blue columns represent the impulse in
the y direction, while purple columns the impulse in the x direction. Each pair of
columns represent a single test. For each column, the nominal value is indicated by

the gray line and the 30 uncertainty is represented by the colored rectangle around
it.
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Figure 2.30: Reliable non-compliant tests. Comparison between the TMs release
impulses on the —z side (pyramidal plunger). Blue columns represent the impulse
in the y direction, while purple columns the impulse in the x direction. Each pair
of columns represent a single test. For each column, the nominal value is indicated

by the gray line and the 3¢ uncertainty is represented by the colored rectangle
around it.
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Figure 2.31: Reliable non-compliant tests. Comparison between the TMs linear
momentum along z (yellow columns) and the residual impulse (green columns)
computed from the improved model of the release dynamics. Each pair of columns
represent a single test. For each column, the nominal value is indicated by the gray
line and the 30 uncertainty is represented by the colored rectangle around it.
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Figure 2.32: Reliable compliant tests. Comparison between the TMs linear momen-
tum along z (yellow columns) and the residual impulse (green columns) computed
from the improved model of the release dynamics. Each pair of columns represent
a single test. For each column, the nominal value is indicated by the gray line and
the 30 uncertainty is represented by the colored rectangle around it.
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2.6.2 TM dynamics at the plunger retraction

In the previous Section the release dynamics at the tip retraction has been ana-
lyzed. The tests with a reliable estimation of the release velocities and high TM
momentum (i.e., high kinetic energy) at the tip retraction (reliable non-compliant
tests) have been interpreted through a model, showing that the high momentum
is mainly due to the plunger-TM contacts at the indentation surfaces. This means
that the TM release at the tip retraction is not nominal and the contacts between
the plunger and the TM are extremely critical.

We highlight here a second deviation from the nominal procedure: additional ki-
netic energy is sometimes acquired by the TM when the plungers are retracted,
a few seconds after the tip retraction. The hypothesis is that an additional TM-
plunger contact takes place due to non-perfectly straight motion of the plunger
when retracted. The dynamics of the TM-plunger interaction at the retraction of
the plunger is more complex than the dynamics at the tip retraction. First, the
actuator involved in the plunger retraction (piezo-walk) also provides the guiding
function of the plunger on the y—z plane, while on the x—y plane a roller-slider
bearing is adopted. Second, the identification of an impact cannot be performed
by looking for a deviation from constant signals on the six degrees of freedom but
requires the identification of two different free-falling states. Third, a single change
of the free-falling state is hardly detectable in the telemetry signals at the retrac-
tion of the plungers, where probably more impacts occur in a reduced timescale.
As a consequence, the study of the TM dynamics is limited to the kinetic energy,
identifying the two constant levels which characterize its state after the tip retrac-
tion and after the plunger retraction. Even though the accuracy of the estimation is
limited to the order of magnitude, some interesting comments can be realised. Fig-
ure shows the relation between the kinetic energy at the tip release (Kyip) and
the kinetic energy at the plunger retraction (K1), for all the tests (independently
of the reliability). For each axis, the kinetic energy is normalized with respect
to the maximum compliant kinetic energy Ki,ax, which is computed as shown in
Equation m The values of the linear and angular residual velocities vycq and
Wreq are set as listed in Table @, and the mass and inertia of the TM are reported

in Tables 2.8 and 2.9
1

5 Lz + Ly + Izz)wfeq (2.11)

Kmax = ngMv?eq +
Important considerations are drawn from the graphs. The TM; slow tip tests pro-
duce a Kiip/Kmax with maximum value around 2 x 10—2 (cyan dots in Figures
and . When not performing the hammering, which is the case of the slow
tip tests of Figure 2.33a] the dots are concentrated in a narrow band close to the
maximum value. Performing the hammering, which is the case of all the tests repre-
sented in Figure 2.33c|7 allows to reach lower values of Ky, (= [10_47 10_2] Kinax)s
indicating that the hammering sometimes has a positive effect on the release kinetic
energy.

Based on the TM-plunger interaction model, the very low K, value in the slow
tip tests may be explained by the fact that the slow retraction of the tip reduces
the plunger oscillations and smoothly decreases the preload force on the TM.
Regarding the K of the slow tip tests of TMy, it is greater than K, in almost
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Figure 2.33: Relation between the TM kinetic energy at the tip release and the
kinetic energy at the plunger retraction. Graphs|(a)|and represent the nominal
plunger retraction tests, while graphs and resent the slow plunger retrac-
tion tests. In the legend, F'T stands for Fast Tip, ST for Slow Tip and hamm/no
hamm indicates whether or not the release is preceded by the hammering.

all case, meaning that the TM acquires kinetic energy at the plunger retraction.
When the plungers are retracted slowly (Figure [2.33]), the Ky, presents a lower
dispersion (= [10*2, 101} - Kmax) than when the plungers are retracted with nom-
inal velocity (= [10’3, 103] - Kax, Figure , meaning that the slow plunger
retraction slightly improves the repeatability of the K}, and reduces the maximum
kinetic energy transferred to the TM.
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The values of Ky, /Kmax for the fast tip retraction test of TM; (blue dots in Fig-
ures and [2.33c) are roughly concentrated around the two values 1072 and
102. In particular, when the hammering manoeuvre is not executed, i.e., almost
any test of Figure (the yellow dots represent the unique exception), the blue
dots are concentrated around 102, while in Figure [2.33d the majority of the dots are
grouped around 102, confirming that the hammering manoeuvre has the positive
effect of reducing the initial kinetic energy of the TM. Moreover, when Kji;p, is low,
the TM tends to acquire kinetic energy at the plunger retraction, reaching high
values even if plungers are retracted slowly. In contrast, when K, is high, Ky is
in general lower than Ki;,, meaning that some dissipative phenomena take place
in between the TM release and the plunger retraction. In this case, the plunger
retraction results less critical than the tip retraction.

Now we will focus on the TM, tests, represented in Figures and

The slow tip tests (light green dots) generate a Kiip/Kmax spanning the range from
1073 to 10~ L. The tests of Figure where hammering is not performed most
of the times, are more dispersed if compared to the corresponding tests of the TMy,
grouped around 10~2 (2.33a). Executing the hammering manoeuvre (majority of
the tests of Figure ) still limits the dispersion of Ky;p (= [10_47 10_2] - Kmax),
resulting in a range similar to the TM;.

The K of slow tip tests are critical. In those tests, when the plungers are re-
tracted, the TM always acquires a high kinetic energy, so K, > Kiip, no matter
what the plunger retraction velocity was.

In particular, the dispersion of K in the nominal plunger retraction tests (Fig-
ure [2.33b]) ranges from 10! to 103, while in the slow plunger retraction tests
(Figure [2.33d]) the dots are more dispersed and higher values of K, are reached
(=~ [100, 10%| - Kmax). This is unexpected, since the slow plunger retraction, which
improved the performance of the GPRM;j, seems worsening the performance of the
GPRMa;.

In the fast tip tests (dark green dots), the TM; is released generally with a high
Kiip (about 102K nax), and there are no noticeable improvements given by the
hammering manoeuvre (Figure . The nominal plunger retraction tests (Fig-
ure [2.33b]) produce a K, that is greater than Kj;, when the latter is below Kpax;
when Kji;, is greater that the requirement, Ky is in general lower than the tip
release kinetic energy, meaning that some dissipative phenomena take place.
Regarding the slow plunger retraction tests (Figure the majority of the dots
are under the bisector, meaning that K, < Kyip. There are few exceptions of tests
where Kp reaches high values, up to 103 K max, close to the K, of the slow tip
tests.

It is worth mentioning that, thanks to the changes adopted to improve the GPRM
performances, one of the automated releases of the TM; produced similar results to
the nominal case (see Figure [2.34). In this test, which is reliable and almost com-
pliant, the TM did not receive noticeable impacts after the tips retraction event.
Moreover, the electrostatic force was able to stabilize and move the TM towards
the center of the EH, as can be observed looking at the trend of the TM DOF's
trajectories.
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Figure 2.34: Plots of the six degrees of freedom of the TM after the release instant
(close to ¢ = 0s) for the in-flight test closest to the nominal case. The test is
reliable, almost compliant, with no TM-plunger impacts at the plunger retraction.
The action of the control force stabilizes the TM and drives it towards the center
of the EH. The colored lines represents the 1 Hz signals. The dashed line the 10 Hz.
Small oscillations, not corresponding to a real TM motion, are visible in some of
the signals right after the 10 Hz acquisition is deactivated (vertical black line).
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Chapter 3

The hypothesis of
TM-plunger collision

In Chapter [2] the criticalities of the release dynamics were identified in the unex-
pected contact between the TM and the plunger. In this Chapter the focus is on the
possible factors which affect the nominal gap between the TM indent surfaces and
the plunger heads. These factors are multiple and will be extensively described.

3.1 Factors affecting the TM-plunger clearance

The in-flight data analysis has shown that a systematic contact between the TM
and the plunger is responsible for the non-compliant release dynamics. Thus, it is
necessary to understand the possible factors that may have reduced the nominal
TM-plunger clearance, which should be present at the release to avoid any collision.
According to the nominal pre-release state, a gap in the order of 10 um between
the TM and the plunger should exist. The gap is defined as the distance between
the surfaces of the TM indent and the plunger head that are in contact during the
grabbing phase, preceding the handover to the tips.

In the plunger release tests, where the handover to the tips is not performed, the
TM indents are in contact with the plungers at the release, which is performed by
the retraction of the plungers in this case. In the tip retraction tests, the presence
of the gap should be guaranteed by the extension of the tip, which should move
the plunger away from the TM. After an extensive research, several factors that
may have reduced the gap have been identified. The factors are subdivided into
two distinct categories, static and dynamic.

Static factors, listed in the following, influence the gap before the tip retraction,
when the bodies are not moving.

e Temperature variations affecting the positions of the GPRM end effectors.
e Mis-regulation of the free stroke of the tip.

e Actual maximum tip stroke.

79



80 CHAPTER 3. THE HYPOTHESIS OF TM-PLUNGER COLLISION

e Tolerances affecting the geometries of the flight models components.
e Plunger non rectilinear motion.
e GPRM alignment during the integration of the mechanism.

Apart from the static factors, the dynamic factors, listed in the following, involve
the motion of the bodies (plunger or TM) before or immediately after the release.

e The TM non-zero angular velocity w, before the release (already discussed

in Section .

e The motion of the plunger triggered by the quick tip retraction.

3.1.1 Temperature effect

The LTP is provided with many temperature sensors, needed to constantly monitor
the experiment since any temperature fluctuation can crucially affect the science
signals. In fact, an advanced temperature management of a satellite orbiting near
the L1 Lagrange point is essential, since the satellite face exposed to the sunlight
is much hotter than the faces in penumbra, creating high temperature gradients.
Thus, in order to ensure the accuracy of the laser interferometry, the temperature
is measured at several key locations. The picture in Figure [3.I] shows the location
of the sensors on the two GRS and the optical bench. As reported in the picture,
on the EH and on the laser optical bench some heaters are also attached. Those are
used to induce controlled heat inputs to compute the transfer functions between the
thermal perturbations and the GRS outputs ([23]). The temperature sensors used
are negative temperature coefficient thermistors (model Betatherm G10K4D372,
with a resistance of 10k2). The heaters used are of two types, I) 452 resistors on
the optical bench and on the two optical windows and IT) 2k resistors on the EH
walls.

GRS reference Thermistors
z » Sensors
frame

« Heaters

Optical bench

Inertial sensor 1 Inertial sensor 2 Optical window
(a) (b)

Figure 3.1: Location of the temperature sensors and the heaters used in the LISA
spacecraft nearby the TMs.
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In order to verify if temperature variations are correlated with the GPRM per-
formance, the output of the four temperature sensors closest to each GRS have
been analyzed. The correlation may occur if the deformation produced by the
temperature of the GRS produces distortions which ultimately affect the plungers
configuration. The sensor readings used to test this hypothesis are the ones on
the vertices of the EHs (see Figure . Temperature data are plotted in the time
frame of interest, i.e., in the dates when the in-flight tests have been performed.
The Figure clearly shows that the temperature variation is monotonically in-
creasing both in the June test days and in the July test days. The range of tem-
perature variation is approximately 1°C in the June tests (from 23°C to 24°C)
and approximately 9°C in the July tests (from 16.5°C to 25.5°C).
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Figure 3.2: Temperature readings from the TM; (blue curves) and TMy (red
curves) sensors for the June tests (left plot) and July tests (right plot). In each
plot there are four curves for each TM, referring to the four sensors positioned on
opposite vertices of the EH.
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Figure 3.3: Normalized kinetic energy at the tip retraction for all the automated
tests (July), as function of the release instant. No correlation is present with the
EH temperature on the same days.
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Analyzing the release performances of the GPRM over time, no clear correlation
with the temperature emerges. In particular, for the scope of this analysis, the
in-flight data of July tests are considered, exploiting the fact that I) those tests
were automated, i.e., the release procedure parameters where fixed, and II) the
temperature variation was significant. The mentioned tests show no monotonic
behaviour, neither in terms of pre-release performance, nor in terms of post release
TM kinetic energy, as shown in Figure [3.3] For this reason, it is concluded that
the EH temperature variation do not significantly affect the GPRM performance,
at least in the range from 16.5°C to 25.5°C.

3.1.2 Tip free stroke verification

In Section[I.2.3|the mechanics of a single GPRM unit was described and the concept
of the free stroke of the tip was introduced. The free stroke of the tip corresponds to
the nominal gap between the TM indent landing area and the retracted tip surface,
when the TM is grabbed by the plungers, which is equal to 4pum. The position
of the retracted tip is adjusted, during the assembly of the GPRM, thanks to a
fine regulation screw (differential bush) present in the bottom end of the plunger.
Turning the screw allows for precise positioning, along the z axis, the series of
components inside the plunger (the piezo stacks, the spacer, the tip) as a whole
block.

Plunger
bottom end

Differential
bush

Inner
components

Figure 3.4: Section view of the plunger bottom end. The differential bush has two
treads, one external, engaging with the plunger, and one internal, engaging with
a slider inside the plunger. The slider, when moved, changes the z position of the
series of internal components of the GPRM, which constitute the actual release
mechanism.

An incorrect regulation of the free stroke influences the release performance of the
GPRM, since it directly affects the TM-plunger gap in pre-release, i.e., after the
handover to the tips. Supposing for example that the tip-free stroke is close to the
maximum tip extension, then after the handover to the tips TM plunger gap will
be close to Opm. Conversely, if the tip-stroke is close to zero, there is the risk of
exerting a high pressure directly on the landing area when the TM is grabbed with
the plungers. In fact, the requirement of a 4 pm landing area-tip gap is set to avoid
damaging the landing area.
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Apart from the differential bush, another factor that influences the free stroke is
the relative angle of the TM and the plunger. Thanks to the CAD model, it was
verified that, when the plunger is tilted and kept in contact with the TM indent,
the tip-landing area gap slightly changes, but the variation is limited (below 0.1 pm
for a relative TM-plunger angle of 1 mrad).

Retracted tip  Extension phase  End of free-stroke

>

tip disp. (um)

>

force (N)

>

plunger disp. (pm)

ta ty e ta  time (s)
Figure 3.5: Scheme showing the principle behind the estimation of the tip free
stroke from the LTP telemetry data available during the handover.

In order to verify if the tip free stroke during the in-flight releases is compatible
with the nominal value, a method was found to estimate it exploiting the in-flight
telemetry data. The data used are:

e The measured preload force signals of the two GPRM units.
e The measured displacement of the linear runners (i.e., the plungers).

e The commanded extensions of the two tips.
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The time interval considered for the analysis is when the handover to the tips takes
place. During that phase the tips are extended and the plungers retracted away
from the TM. The telemetry signals of any test were manually visualized during
the handover searching for those tests fulfilling the following two conditions:

e The tip extension begins before the relative plunger is retracted.

e The force is constant and positive during the initial tip extension, and in-
creases after a while, while the plungers remain still.

Under such conditions, the distance covered by the moving tip during the initial
phase of the extension, up to the point when the force starts increasing, should
give an estimation of the free stroke. Before introducing the estimation process,
represented in the scheme of Figure [3.5] it useful to recall that the CCU control
loop is designed to maintain the preload force approximately constant during the
handover even if some force variations are presents. At the instant ¢,, the tip starts
moving towards the TM, while the plunger is still. Due to the presence of the free
stroke, the force will remain constant until the tip touches the landing area (instant
ty). The free stroke is estimated as the extension of the tip in correspondence of
the instant ¢,. At the instant t., the plunger is retracted from the control loop,
preventing an excessive increase of the preload force. Up until the full tip extension
is reached (instant t4) the tip and the plunger keep moving in opposite directions.
From all the tip retraction tests, only 8 fulfilled the two aforementioned conditions
(four for each TM). Those tests are all from the non-automated set of in-flight
experiments. In the other tests, either the preload force was compatible with zero,
or the plunger started moving before the force increased. The estimated free stroke
is compatible with the nominal 4 pm for all the eight tests, with an uncertainty of
+1 pm.

In conclusion, the result of the analysis is that there is no evidence from the in-
flight telemetry that the tip free stroke was significantly different from the nominal
value of 4um, so it should not have affected the TM release dynamics.

3.1.3 Maximum tip stroke

The maximum tip stroke, similarly to the free stroke, affects the gap between the
TM indent and the plunger head surfaces, since it determines their relative dis-
tance along z. The maximum tip stroke is equal to the maximum elongation of the
piezo-stack that extends the tip during the handover. Such a value is reached when
the piezo is supplied with 120V, which is the case of the nominal injection pro-
cedure. From the specification of the piezo-stack, such a voltage difference should
produce an elongation of 18 pm =+ 3.6 pm (the 20% relative uncertainty is due to
the manufacturing process). When the GPRM units were tested on-ground by
RUAG, prior to their integration into the GRSs, the tip stroke was measured with
a laser interferometer. Several units of the GPRM were measured, both qualifying
models (QM), engineering qualifying models (EQMs) and flight models (FMs). In
any of the tested units, the actual tip stroke was inside the +20% interval, except
for an EQM where the value was off by 22%. The problem is that every unit
tested showed a value significantly lower than 18 pm with a mean value of approxi-
mately 15.5 pym. Part of the experimental data produced by RUAG are depicted in
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Figure showing the motion of the tip for the four flight models (GPRM; +z,
—z and GPRMjy +z, —z ). It is worth mentioning that the tip motion, although
always on the lower side of the £20% interval, was highly repeatable. This same
behaviour of the tip retraction, repeatable and with approximately 15.5 pm stroke,
was measured also during the on-ground testing on the GPRM EQMs performed
in the laboratory of Space Applications of the University of Trento. Further details
on the experiment will be discussed in Chapter
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Figure 3.6: Experimental curves of the tip retraction on the four flight models units
of the GPRM. The tip z motion is measured with a laser interferometer. The tip
stroke (steady state values) is within 14.5 pm and 16 pm approximately. Courtesy
of RUAG Space.

With a tip stroke significantly lower than 18 pm, the gap between the TM and the
plungers at the pre-release phase are reduced with respect to the nominal case as
listed in Table The clearance along any direction, which can be interpreted as
the maximum linear offset (or angular misalignment) that the plunger may have, is
computed from the 3D CAD model, moving the plunger from the nominal position
along one linear or rotational DOF until it interferes with the TM indent. As
can be seen from the table, the reduction of the available gap is significant when
taking into account the actual tip stroke. Moreover, it is important to notice that
any combination of two or more offsets/misalignments (along different DOF's) will
lower the clearances even further. Thus, such an effect is certainly one of the factors
contributing to the unexpected TM-plunger collisions during the injection phase.

Table 3.1: Value of the clearance between the TM indent and the pyramidal plunger
head in pre-release conditions.

Tip stroke z (pm)  y(pm) z(pm) 6H(prad) n(prad) (uprad)

Nominal (18ym) =124 ~12.4 =140 = 1600 =~ 1600 == 4800
Effective (15pm) =~9.7 ~9.7 =~11.0 =~1300 = 1300 =~ 3600
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3.1.4 Machining tolerances

It is obvious that machining tolerances of the components are an important factor in
determine the actual TM-plunger clearance. Their contribution is significant since
the clearance is small (in the order of 10 um) even assuming a perfect alignment
and nominal geometries of the involved bodies. For this reason, the FM pyramidal
plunger and TM indentations have been measured and compared to the nominal
geometry by Astrium EADS (now Airbus Defence and Space). It is difficult to
understand the effect of geometry deviations in the reduction of the gaps, due to
the complexity of the involved surfaces. The measurements reported by Astrium
are:

e One of the FM test mass indents presents a maximum measured deviation
with respect to the nominal surface of 2 pm.

e FM; and FMs pyramidal plungers, in the contact zones, present some devi-
ations with respect to the nominal geometry.

These deviations are in the range of 10 pm to 36 pm for FM; and in the range of
67 pm to 137 pm for FM,.

Since the tip free stroke is adjusted to 4 pm when assembling the GRS, the gap
along the z axis should not be influenced by machining tolerances. On the other
hand, gaps along other axes should be affected.

Nominal contact surfaces Surfaces out of nominal envelope

No contact on radii zones Unpredicted contact point

(a) (b)

Figure 3.7: On the left, nominal pre-handover conditions (after the TM is grabbed
and possibly repositioned), with perfect geometries and perfect relative alignment
of TM and plunger. The surfaces are in contact where they are flat. On the right,
case of non-perfect plunger inserted in a nominal indent geometry. Unexpected
contacts may take place, for example in the radii zone of the plunger.

A probable effect of these deviations is the reduction of the gap between the plunger
and the TM at the radii zone, due to the wrong position of the contact surfaces in a
reference frame fixed to the plunger. After taking the measurements, the grabbing
configuration is studied in a 2D CAD model. As shown in|3.7] the measured plunger
is not fitting the nominal TM indent touching the dedicated interface surfaces.
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3.1.5 Plunger non-ideal motion

The linear runner, as explained in Section [1.2.2] is the body which drives the
plunger along the z axis. Ideally, the plunger moves in a straight line when the
linear runner is actuated by the NEXLINE. In reality, the motion presents some
deviations from the straight line. For this reason, the plunger motion deviations
produced while actuating the NEXLINE have been analyzed on ground, prior to
the mission. Experiments showed that the plunger rotates itself about angle n when
its direction of motion is reversed and also angles 6 and ¢ vary when repositioning
the TM. Thus, such a phenomenon happens also during the handover to the tips
when the plungers are retracted by approximately 10 pm.

This behaviour generates some sort of bi-stable configuration of the plunger, related
to its direction of motion, especially in the x—z plane, which is where most of the
release impulses lie. The bi-stability is probably caused by the side guiding mecha-
nism of the linear runner and by the way in which the piezo-stacks of the NEXLINE
generate the force producing the motion of the linear runner. In Table which
is taken from a mission technical note from RUAG, a summary of the different side
guiding systems performance is shown. As can be read, the slider/roller, used in
the flight models of the GPRM, presents a high risk of plunger recontact with the
TM after the release.

Table 3.2: Overview of the performance of different side guiding systems for the
linear runner. The slider/roller, highlighted in red, is the one adopted for the FMs.

. - Risk of change " Risk of Risk of
Side guiding . Release position re-contact
of alignment s . re-contact after
system durine launch repeatability during pass-over release
& process
Slider/roller none poor moderate high
Roller/roller high very poor moderate high
Ceramic ball high very good low low

bearings

A bi-stable behaviour of the plungers has been detected also analyzing the in-flight
data. In particular, the TM repositioning tests of the 9th of July 2017. The
tests were carried out grabbing the TM and moving the plungers back and forth
by +200 pm while maintaining a preload force of approximately 2 N (see Figure.
Ideally, the resulting motion of the TM should be only along z (time history plotted
in Figure but in reality, all the six degrees of freedom of the TM were affected
by the repositioning.

Figure [3.10] shows the correlation between each DOF with the z position of the
TM during the repositioning test. The signals are plotted with zero mean and the
time history is expressed by the same color gradient of Figure to facilitate the
comparison of the plots. The x coordinate of the TMs seems not to significantly
depend on its z position, while the angles 7; and 72 show a hysteresis cycle. The
rotation of the TM in the x—z plane, for both sensors, strongly depends on the
direction of motion of the NEXLINE. At any inversion of motion, there is a jump
of approximately 60 prad, while during the constant velocity repositioning there is
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a limited linear correlation 1 =~ k z, with k ~0.1 pradpm™—'. On the y—z plane the
mechanism behaves differently. The linear DOF's y; and s, as well as the angular
DOFs 6#; and 0 have a correlation with the z position of the TMs, but show no
jumps at the inversion of motion. The rotations ¢ and o behave in the same
way.

It is important to point out that the correlations seen in the plots are obtained un-
der a relatively high preload force of 2N and such a force is opposing any relative
rotation between the TM and the plunger.

This fact is due to the shape of the TM indentations and the plunger head (see
Figure [3.11)). When the preload force is low, which is the case of a nominal injec-
tion procedure (0.3N), the relative rotations between the TM and the plunger may
be higher. Anyway, it is obvious that the bi-stable configuration of the plunger
negatively affects the clearance between the TM and the plunger itself at the re-
lease. In fact, the bi-stability is observed in the same plane where most of the TM
momentum at the release is generated, which suggest a correlation between the
linear runner constraint mechanism and the release performance.
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Figure 3.8: Preload forces of both plungers acting on the TMs during the reposi-
tioning tests. TM; is on the left, TMy on the right.
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Figure 3.9: TM displacements z; and 2o as function of time during the repositioning
tests of the 9th of July. The z motion of the TM is commanded by actuating the
NEXLINEs.
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Figure 3.10: Displacements x,y and rotations 6,7, ¢ of the TMs during the reposi-
tioning tests of the 9th of July plotted against the z position. Time is represented
by the color gradient, from blue (start) to yellow (end). In the graphs of 71 and 7
a hysteresis cycle is clearly visible, caused by the bistable behaviour of the plungers
in the plane x—z.
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Figure 3.11: Scheme of the forces arising at the grabbing of the TM in case there is
a misalignment between the TM and the plunger. The forces create a torque that
reduces the misalignment.
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Figure 3.12: Plunger motion when actuating the NEXLINE, measured on-ground
with a laser interferometer. The mean of 5 tests (red), along with the standard
deviation (blue), is shown. Top graphs show the axial (z) and lateral (x) motion
of the plunger when commanding a short repositioning (15 NEXLINE steps). In
this range, the plunger moves diagonally since the same distance is covered axially
and laterally. Bottom graph show the saturation of the lateral motion for extended
repositioning (50 NEXLINE steps). The saturation is similar when commanding a
backward (left) or forward (right) motion.
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In order to verify the bi-stable behaviour of the plunger, an experiment was carried
out at the Laboratory of Space Applications of Trento University (details on the
experimental setup are given in Section. The NEXLINE was actuated and the
resulting plunger axial and lateral motions on the x—z plane were measured with
a laser interferometer. The plunger initial position was set close to the nominal
grabbing position, to replicate the in-flight release conditions. The NEXLINE was
commanded setting either 15 or 50 steps, to verify the effect of a short range and
a long range repositioning. In Figure the experimental results are shown.
When commanding a short repositioning (top graphs), the trajectory of a plunger
that reverse its motion is parallel to the bisector of the x—z plane, since the x and z
position of the plunger head have similar time history. When commanding a longer
repositioning (bottom graphs), it can be seen how the lateral motion saturates after
approximately 20 steps of the NEXLINE.

So, the on-ground tests were useful to verify that the plunger motion is non-ideal,
especially in the first instants after the inversion of the NEXLINE motion, which
is even more critical since it happens any time the handover or the hammering is
performed.

3.1.6 Alignment of the GPRM units

Another important factor that influences the TM-plunger clearance at the release
is the relative alignment of the two GPRM units obtained during the integration of
the GRS. The alignment of the two units is a difficult task, mainly for the following
reasons:

e The objects to be aligned (the plungers) are cylindrical and small, which
means that is it difficult to define reference surfaces for the coordinate mea-
suring machine.

e The plungers are not rigidly attached to the external structure of the GPRM
unit. In fact, as explained in Section their position depends on the
state of the NEXLINE actuator mechanism.

e Once the two GPRMs are mounted on the GRS, the two plungers are not
reachable due to the presence of the EH and the TM.

For this reason, the alignment procedure was carried out assembling the two GPRM
units on a dummy IIS by MAGNA Steyr Space, and then replicated by CGS S.p.A.
(now OHB Ttalia) on the FM IIS. In particular, the first step of the alignment was
to align each GPRM to its relative flange, which constitutes the interface with the
IIS. In this way, the reference surfaces for the alignment are transferred from the
plungers to the flanges, which are outside the EH (see Figure . As a last step,
the two flanges were aligned with respect to each other.
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Supporting flanges

Figure 3.13: GPRM units, with their supporting flanges, assembled onto the inter-
nal interface structure (IIS) of the GRS. Courtesy of MAGNA Steyr Space.

Table 3.3: Results of the GPRMs alignment budget estimation performed by CGS
S.p.A. (now OHB Italia).

GPRM bottom GPRM top .

DOF 5 et RSS Offset RSS Unit
o 124 17.6 12,5 27.0

i 8.0 95.2 8.6 32.5 m
- 10.1 781 5.2 80.7
7, 1.0 $59.0 102.8 8634

m 844.9 161.3 924.3 1678 | prad
o) -280.5 162.2 116.8 168.6
To 15.2 20.6 18.6 29.1

Yo 28.8 33.0 -26.0 38.8 m
- 13.4 29.7 15.0 36.1
7, 5298 8953 533.9 808.7

- 1047.2 205.8 1123.8 2200 | prad
2 _406.7 694.9 234.3 699.3

According to the alignment results contained in the mission documentation, the
two units of each GRS were aligned fulfilling the requirements. The final alignment
budget, carried out by CGS S.p.A., is reported in Table Both the measured
offsets and the uncertainties, expressed as root square sum (RSS) of all the possible
contributions, are reported. The table shows the offsets and the uncertainties of
the top (+2z) and bottom (—z) plunger with respect to the electrical zero reference
frame, i.e., the GRS reference frame. Note that the offsets are similar between the
top and bottom units, as the alignment procedure consisted in first aligning the

in
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bottom unit to the TM and then the top unit to the bottom unit. For example, if
the bottom unit has a 6 tilt offset of 860 prad then the top unit, since it is aligned
directly to the bottom, will also have a similar 6 tilt offset.

The offset and uncertainty budget reported includes the contributions of the ma-
chining tolerances, the alignment procedure and the uncertainty in the plunger
position (discussed in Section . The relatively high RSS uncertainties clearly
suggest that, even if the plungers offset were aligned with respect to each other, a
significant misalignment may still be present. Such a misalignment may be critical
considering that any superposition of linear /angular misalignments affects the TM-
plunger clearance. For example, imposing in a TM-plunger 3D model a relative
misalignment on the plane x—z equal to the RSS of the angle 6 (= 900urad), the
limits on the maximum ¢ angle leading to a contact on the indent are reduced from
~ +4800prad to ~ £2500purad.

The numbers presented in Table have been compared with the mean values
of the in-flight TM position at the pre-release. The comparison of the on-ground
alignment budget with the in-flight pre-release position z,, and orientation ¢, have
been discussed in Section2.5] Regarding the other DOFs, the comparison consists
in a two-step verification, carried for the two planes x—z—n and y—z—60. The first
step is to check if the TMs mean pre-release position xp, or yp, stays inside a band
defined by the offsets and the RSSs of the top and bottom GPRMs (an example is
shown in Figure . The second step consists in verifying if the TM pre-release
orientations 1, or Oy, stays inside the minimum and maximum angles computed
from the offsets and RSSs of the plungers (Figure . If the first check is not
passed, the second step is carried out assuming the TM position is the average of
the plunger offsets.

Plunger offset and RSS Plunger offset and RSS

X ‘ Possible

Landing areas distance
(a) (b)

Figure 3.14: Steps for the comparison of on-ground alignment of the GPRMs and
the in-flight pre-release position and orientation of the TM (x—z—n plane is de-
picted). On the left, check of the xp, position, on the right check of the 7, angle.
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The results of the analysis are reported in Table While some of the pre-
release positions and orientations are compatible with the on-ground alignment,
others are not. The cause of these discrepancies is not known, even if there is the
suspect of some errors in the interpretation of the reference frames (for example,
the orientation of the plungers of the GRS, is approximately 1.1 x 103 prad, while
the in-flight orientation is approximately —1.2 x 10 prad , i.e., basically opposite).

Table 3.4: Results of the comparison between on-ground alignment budget and the
pre-release state of the TM in flight.

TM1 TM2
x1 Passed zo Passed
y1  NOT passed | y2 NOT passed
01 Passed 0> Passed
1m  Passed n2  NOT passed

3.2 TM-plunger collision models

As discussed in Section the analysis of the in-flight data strongly suggests
that a TM-plunger contact is the cause of the high TM release momentum. The
analysis of the contributions that affect the relative TM-plunger clearance, carried
out in the previous sections, although not conclusive, does not allow to exclude the
hypothesis. In fact, the presence of several factors that reduce the clearance should
be interpreted as another suggestion that the contact is indeed possible. In order to
prove that a TM-plunger contact is the cause of the observed release momentum,
different mathematical models of the GPRM interaction with the TM have been
developed. The models are used in particular to explain the reliable non-compliant
fast tip retraction tests, i.e., those tests which are similar to the nominal injection
procedure but resulted in a TM momentum outside the requirements.

Before developing the models, an interesting consideration is derived from the cor-
relation of the preload force exerted by the GPRM and the TM release kinetic
energy. Those quantities are plotted against each other for the two TMs in Fig-
ure The tests are subdivided in slow tip and fast tip tests. As can be seen on
the plots, both slow tip and fast tip tests are not easily correlated to the preload
force acting on the TM at the release.

The gray curve on the plots, which is the same for TM; and TM,, represents the
conservation of the GPRM mechanical energy before and after the release (the
elastic energy stored in the plungers due to the preload force F is set equal to
the TM kinetic energy, neglecting the energy of the plunger oscillations). Such a
curve should represent an upper bound for the in-flight data, since in reality only
a fraction of the potential energy stored in the mechanism before the release is
transferred to the released TM.
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Figure 3.15: Correlation of the preload force (F) and the released TM kinetic
energy (kiip) from the in-flight fast and slow tip tests. On the left TM; and on the
right TMs. The gray curve represents the kinetic energy of the TM as a function
of the preload according to the energy conservation law.

Unexpectedly, there are tests which lay above the curve for very low pre-load. Thus,
the release dynamics is not trivially correlated to the pre-load. The conservation
of mechanical energy is imposed as described in Equation [3.1

1 F?
Upre = Kpost = 5? = Ktip (31)

Where Uy, is the potential energy stored in the mechanism before the release. The
energy is stored thanks to the elastic deformation of the low stiffness linkages of
the GPRM. The kinetic energy post release is Kpost and is assumed to be equal
to the released TM kinetic energy (Kyp). This is true in the hypothesis that all
the potential energy is transferred to the TM. The variable F' is the preload of
the mechanism and the variable k represents the equivalent stiffness of a single
GPRM unit. The value of the stiffness k is computed thanks to a dedicated in-
flight test. The test is performed starting from the pre-release state, with the TM
held in position by the two tips, and commanding a slow tip retraction followed by
a slow extension. The preload force should then decrease and increase, following
the tip motion, due to the elasticity of the mechanism. In Figure the in-
flight data of the GPRM; stiffness test is shown. The slope of the linear fit on
the force sensor signal in the highlighted time intervals gives an estimation of the
stiffness of the series of the two GPRM units. The value of the estimated stiffness
is approximately 2 x 10° Nm~! and is the same for both the GPRMs. In the
hypothesis the two units of each GPRM have similar stiffness, the value of a single
unit is equal to approximately 4 x 10° Nm™!.
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Figure 3.16: In-flight data of the stiffness tests of the GPRM;. The time intervals
where the stiffness is computed are highlighted with colored patches. Inside each
interval, both the extension of a tip (+z or —z) and the preload forces have are
characterized by a linear trend.

3.2.1 Pre-release static equilibrium

The first collision model developed is based on a simplified 2D geometry of the
GPRM and is used to verify if there exist a pre-release equilibrium configuration
of the GPRM in which the two plungers are preloaded both axially (z direction,
nominal case) and laterally (x or y directions). If such an equilibrium is possible, at
the release the elastic potential energy stored in the mechanism due to the preload
forces would trigger a motion of the plunger which may result in a collision with
the TM.

&Z -l dia
_____________ 7

le [ d.

(a)

Figure 3.17: On the left, sketch of the pre-release state of the GPRM with a plunger
in contact with the TM on the side of the indent. The geometrical parameters of
the model are shown. On the right, free-body diagram of the model, showing the
notation of the forces and torques applied.

The first hypothesis of the model is that one plunger is fixed to the ground while
the other plunger is able to rotate and translate on the plane. Such a hypothesis is
based on the fact that, for the in-flight reliable non-compliant releases, one plunger
always gives a significantly larger lateral impulse with respect to the other (as
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explained in Section . The second hypothesis is that, at the pre-release, the
TM is in contact with the tips (pushing on the landing areas) and the tilted plunger
(rotated by ~1 x 103 mrad) is touching the indent surface. Under those hypotheses,
the scheme of the model is shown in Figure [3:17] The values of the parameters are
listed in Table

Table 3.5: Numerical values of the geometrical and physical parameters of the 2D
model of the static equilibrium condition of the GPRM. The values are estimated
from the CAD model of the GPRM, setting a TM-plunger relative misalignment
of ~1 x 10® mrad, and from mission technical notes. The point where the TM and
the plunger touch is referred to as contact point.

Param. Value Unit Description

x distance of the contact point from the

d 0.0043 m TM center
z distance of the landing areas, where tips
da 0-0362 m are in contact with the TM
d, 0.0406 m z distance from the right tip to the

contact point

z distance from the plunger pivot
l 0.0490 m (assumed in the middle of the linear
guide), to the tip

z distance from the plunger pivot to the

le 0.0449 m contact point

Elat 7 % 10 Nm-! Lateral stiffness of the plunger measured

at the tip
For 0.25 N Pre-release preload force on the TM
' " Typical value of the TM kinetic energy
Keip 110 pJ after the release
o 0.724 rad Angle of the indent surfaces with respect

to z axis

The GPRM may reach this configuration if the two plungers are not aligned. For
simplicity it is assumed that the TM is aligned with the plunger that does not
contribute to the release dynamics, while the other plunger is tilted with respect
to the TM. When the TM is grabbed, the tilted plunger pushes against the indent
with a certain angle, thus a torque which tends to align it to the TM is generated
(see Figure . The plunger is now tilted with respect to its equilibrium, so it is
preloaded laterally. At the handover, the plunger will recover some of the lateral
preload but may still remain in contact with the TM in one point of the indent.
The steps here described are shown in Figure [3.18] It is important to notice that
the lateral preload acting on the plunger is not pushing it against the indent where
it is in contact with the TM. Conversely, it is pulling the plunger in the opposite
direction.
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I I 101 S — - Unloaded plunger direction

—— Plunger direction at grabbing

- - - Plunger direction post handover
=== Maximum angular displacement
=== Ang. disp. recovered after handover

m=== Remaining angular displacement

Figure 3.18: Steps of the grab and handover procedure that may lead to a TM held
in position by the tips and a contact point with a tilted and laterally preloaded
plunger.

The equilibrium of the TM and the plunger, given the forces and torque in the
scheme of Figure [3:17] is expressed in Equations [3.2] and [3.3] respectively. The
variables ny, tp, ny.1, fn,2 and f; 2 are considered unknowns, while the variable t; 1
(friction on the landing area) is considered independent.

—tp +to1 — (fn,2 cos(a@) + ft,2sin(a))

0
—np + np,1 + (fazsin(a) — frzcos(a)) =0 ,z  (3.2)
—diaty,1 + de(fn,2 cos(a) + fi2sin(@)) + d(fn,2sin(a) — fi,2 cos(a)) =0

—np,1 — (fn,2sin(a) — fi2cos(a)) + for =0, 2

{M —to1l + (fn,2 cos(a) + fr2sin(a@))le — (fn,2sin(a) — fracos(a))d =0 ,n (3.3)

The friction coeflicients of the contacting surfaces in point 1 and 2 can be computed
as functions of the independent variable ¢ 1, as shown in Equation

o (dde + Lo)tn 1)
nbyl (dfpr(dc + lc) — ch —+ deltb’l — dlalctb,l) (3 4)
o = th2  (=(dialetp,1 + de(M — Uty 1)) cos(@) + d(=M + (dia + D)tp,1) sin(e)) '

77117’2 - (d(—M + (dla + l)tb’1) COS(Oc) + (dlalctb,l + dc(M — ltb71)) sin(a))

The torque M, generated by the elastic deformation of the GPRM components, is
computed from the experimental value of the lateral stiffness of the plunger ki,
equal to 7 x 104 Nm. At first, the conservation of mechanical energy before and
after the release is computed, supposing most of the elastic energy is stored in the
lateral preload of the GPRM, as shown in Equation [3.5

1
Kiip = §n§1k1at12 (3.5)
Where the value of 7, corresponds to the tilt angle of the plunger from its equilib-

rium. The tilt is obtained solving Equation 3.5 and used in Equation [3:0] to finally
compute the torque M.

M = npikiacl® = 1v/2 K ipkiar (3.6)
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Considering the model parameters uncertainties and feasible values of the static
friction coefficient for gold-gold contact surfaces equal to 0.5, the graph of Fig-
ure |3.19| shows that there may be a solution to the problem where the TM is in
equilibrium at the pre-release state and the plunger is laterally preloaded by an
amount sufficient to transfer a significant release kinetic energy to the TM. Despite
this, the angle np; of the plunger preload computed from Equation is approx-
imately 10prad. Such a value is small if compared to the angle that the plunger
should span, once the TM is released, to collide to the opposite indent face, which is
approximately 4 x 10 prad under nominal conditions. Thus, the proposed model
is not able to justify the measured Ky, in the presence of a pre-release equilibrium
where the plunger is laterally pre-loaded.

T 04
§ 0.2
s 0
H
o 02
M2
0.6 /
0 0.05 0.1 0.15
ty1 (N)

Figure 3.19: Plot of the curves p; and uo for feasible values of the model parame-
ters, along with the £ values of the gold-gold static friction coefficient (horizontal
black lines), set to 0.5 (-). The two curves, when intersecting the horizontal lines,
define a zone (green rectangle) of the possible values of ¢, that guarantee the
presence of an equilibrium condition in the preloaded configuration. In fact, for
any tp1 comprised in the rectangle, both p; and pg are within the range 30.5.

3.2.2 Piezo-induced oscillations of the plunger

The next step in the analysis of the GPRM release dynamics is to build a dynamical
model, that takes into account not only the elastic energy due to the preload of
the mechanism, but also the energy stored in the piezo-stack actuators. Since
the development of such a model required an intense experimental activity with
a dedicated on-ground setup, the description of the experiment and of the model
development are reported in the following Chapter.
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Chapter 4

Dynamic testing of the
GPRM

The possibility of an impact occurring during the TM release due to plunger motion
is explored in this Section through a combined experimental-theoretical approach.
The first step consists in a testing campaign performed on the GPRM EQM, aimed
at characterizing the motion of the plunger on the x—z plane at the tip retraction.
The second step is based on the identification of a mathematical model of the
GPRM dynamics at the release, completed by an impact model.

The third step consists in the comparison between the predicted in-flight TM dy-
namics, subjected to the impacts produced by the identified dynamic model of the
GPRM, and the actual dynamics described by the telemetry signals.

4.1 On-ground testing of the GPRM dynamical
response

In this section the tests performed on the GPRM qualification model to character-
ize its motion in the x—z plane are presented. The set-up, derived from a previous
GPRM ground testing experiment, is designed to simulate the outer-space envi-
ronment ([24]), as shown in Figures and It includes a vacuum chamber
maintained at approximately 10~ mbar by an ion pump. The vacuum chamber
is positioned on top of a customized W.A.V.E. DUO 100 ACTIVE anti-vibration
platform that limits the external disturbances caused by floor vibrations. A SIOS
SP-S 120 laser interferometer pointing inside the chamber (through optical win-
dows) is used to measure the displacements of the plunger of the GPRM EQM,
located in the chamber. The laser interferometer sampling frequency is 200 kHz
and the measurement resolution is 0.3 nm. When a tip retraction is performed, the
laser interferometer controller is triggered by the commanding voltage drop and
the plunger motion signal is stored.

In order to fully characterize the in-plane plunger motion, several tests are per-
formed pointing the laser interferometer at different locations on the plunger sur-
face. The laser is pointed both orthogonally to the plunger axis (lateral surface

101
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of the plunger, direction x) and parallel to the plunger axis (direction z). The
measuring configurations are shown in Figure [£.3] along with a picture of the laser
pointing at the plunger in Figure[£.4] Laterally, the laser is focussed on six plunger-
surface positions (x;, for i € {1,2,...,6}), and on the supporting flange (zq). The
latter is needed to verify that the fixture of the mechanism is stiff enough and
does not participate in the measured dynamics. For each laser position, a data set
of ten measurements of the plunger oscillations and five noise measurements (not
actuating the system) are acquired.

In Figure[4.5] an example of the mean signal and the standard deviation of the data
set from the fourth lateral laser position is plotted. The amplitude of the oscillation
excited by the retraction of the plunger is on the order of 0.2 um and is character-
ized by a good repeatability. The signal to noise ratio (SNR) is about 1 x 102.

Vacuum | 2
chamber |® %

Figure 4.1: In picture A, full view of the experimental setup inside the clean room
of the Trento University Space Application Laboratory. Two pumps are used to
reach outer-space pressure inside the vacuum chamber. The high-speed camera
and the SIOS (pictures B and C) point inside the chamber thanks to dedicated
optical windows. In picture D, high resolution image of the pyramidal plunger
head inside the chamber. In picture E, the GPRM inside the vacuum chamber
with its positioners and wiring.
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Figure 4.2: Schematic top view of the experimental set-up, not to scale. The hole
setup is mounted on an anti-vibration platform, to isolate the experiment from the
ground noise.

TOP VIEW Axial measurements: FRONT VIEW
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Figure 4.3: Schematic representation of the laser positions used to acquire the
data, top and front views. On the right, picture of the plunger, inside the vacuum
chamber, with the laser pointed on its lateral surface.
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Figure 4.4: Pictures of the GPRM located inside the vacuum chamber with the
laser focussed on the surfaces of interest. In pictures A and B the laser is pointed
at two different lateral positions on the plunger. In pictures C it is pointed at the
flange. Picture D shows two of the micrometer screws used to precisely point the
laser.
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Figure 4.5: Mean signal of the fourth lateral data set x4 along with its standard
deviation. The high precision of the laser interferometer and the good repeatability
of the plunger motion allow for a high SNR.
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Regarding the set of axial measurements, due to the absence of a frontal flat sur-
face on the plunger to be exploited as a target mirror for the interferometer, the z
motion of the plunger is characterized using the release tip edge as a mirror (zyp).
Again, the motion of the supporting flange (25) is measured to exclude a significant
contribution to the dynamics.

In Figure the mean signal and the standard deviation of the ten repeti-
tions of the axial data set are plotted. The measured motion of the release tip
is about 15pm, with an evident superimposed oscillation (overall amplitude of
about 1 pm) produced by the dynamics of the system. A relevant drawback of this
approach is that this signal is dominated by the relative plunger-tip motion. The
release tip does not contribute to the impact dynamics even though its motion
constitutes the trigger event. However, the dynamic response of the mechanism is
still detectable if compared with the motion of the flange (which is negligible) and
the standard deviation of the set (SNR about 1 x 102). The underlying plunger
axial motion therefore needs to be estimated by subtracting the relative motion of
the tip. This requires a dynamical model of the mechanism, identified through the
measured data set.

5 , 0.04
E) = 0.03
2 1 E)
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g g 0.01
——mean —std
.U . —std
0 0.005 0.01 0 0.005 0.01
time () time ()

(a) (b)

Figure 4.6: Mean signal of the axial data set z;, along with its standard deviation.
The high precision of the laser interferometer and the good repeatability of the
plunger motion allow for a high SNR.
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4.2 Identification of the GPRM dynamical model

The rigid body-like behaviour of the plunger

The first hypothesis to be verified to build a plunger-TM impact model is the
rigid body-like behaviour of the former in the relevant bandwidth of frequencies
present in the displacement signals. In Figure the seven mean signals of the
lateral data sets are plotted together, limiting the time axis to the first 2ms of
the plunger motion. The amplitude of the flange displacement mean signal (Zg,
light blue curve) is much smaller than the mean signals of the plunger displace-
ment (Z;, for j € {1,2,...,6}) (ratio of about 8). The same plot shows that, after
the first 100ps in which the system is forced, the signals are composed of har-
monic components describing free oscillations whose characteristics change along
the plunger.
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Figure 4.7: On the left, magnified plot of the six lateral means signals together
with the mean signal of the flange displacements (cyan curve). On the right, plot
of the PSDs of the same seven signals.

In Figure the power spectral densities (PSDs) of the mean signals are plot-
ted, showing the presence of several peaks. Most of the energy is concentrated be-
tween 1 kHz and 2.5 kHz, where multiple peaks are present, with the highest one ap-
proximately equal to 2 kHz. Another predominant peak is present at around 17 kHz.
The rigid-body like behaviour of the plunger is verified extracting the oscillation
amplitude and phase of the main modes of vibration excited by the tip retraction,
in the hypothesis that the system is linear. If the plunger is rigid at a given fre-
quency, the amplitude of the lateral oscillation is expected to scale linearly with
the axial position, while the phase remains constant or has a 180° shift across a
nodal point.

In order to estimate the amplitudes and phases, the mean signals of the plunger
lateral motion are fitted (see Appendix. An example of the fitting result is shown

in Figure [£:8

s
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Figure 4.8: Magnified plots of the lateral mean signals for the laser positions of the
plunger (cyan curves) and their respective fitting curves (black curves).
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Each plot depicts one mean signal Z; (cyan curves) and the corresponding fitting
curve obtained evaluating the fitting model function in the optimal parameters
(black curves). The two modes-based target function is able to describe with good
approximation the motion of the plunger capturing most of its dynamics.

To verify the correctness of the rigid body hypothesis, the estimated amplitudes and
phases (defined with respect to the incipient motion of the plunger) are analyzed for
the two modes along the plunger as shown in Figure [4.9] The estimated values of
the parameters are plotted with error bars, expressing the 95% confidence intervals
(CI) for amplitudes and phases. The uncertainty on the laser position is also
considered.
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Figure 4.9: Amplitudes of the first mode (a), amplitudes of the second mode (c),
phase of the first mode (b) and phase of the second mode (d). Amplitude and
phases are plotted with their 95% confidence interval. Linear fit is shown in red.

The mode parameters are summarized in Table [f.I] The compatibility of the
estimated amplitudes with a linear trend in both modes of vibration confirms that
the plunger behaves as a rigid body in the range of frequencies of interest. Similarly,
the estimated phase does not show fluctuations larger than the uncertainty, where
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the latter gets worse when the detected amplitude approaches zero. This occurs
when the interferometer is pointed close to the node of each mode shape, i.e., in
the neighborhood of the flange for mode 1 and of the tip for mode 2.

Table 4.1: Frequency and damping parameters describing the GPRM plunger
modes of vibration.

Param. Value with 95% CI  Unit Description

Frequency of the first mode

f 2009 + 15 Hz ot vibration

Frequency of the second

f2 17256 + 142 Hz mode of vibration

Damping exponent of the
dq 446 + 104 s~!  first mode of vibration

(di = &1f1/(2m))
Damping exponent of the

do 695 + 323 s~ second mode of vibration
(d2 = &2f2/(2m))

Estimation of the plunger motion at the tip retraction

The prediction of the TM state after the impact requires the knowledge of the
plunger velocity at the collision instant. Given the rigid motion of the plunger,
it is possible to characterize its motion on the x—z plane using only three laser
measurements. The estimation process is carried out in steps:

e Definition of a mobile (subscript m) and a fixed (subscript f) reference frames
(RFs), as shown in Figure The former is body-fixed to the plunger and
centered in the center of mass of the plunger (point G).

e Laser acquisition of the x; displacement of the points P4 and P (whose xm
coordinates are known).

e Laser acquisition of the z¢ displacement of the tip, which however does not
yield the motion of the plunger. The subtraction of the tip-plunger relative
motion is performed as explained in Section After that, the z; displace-
ment of the point Po, whose z,, coordinate is known, is estimated.

e Application of the coordinate transformation from the mobile to the fixed
reference frame, making it possible to obtain a system of six equations, ex-
pressed in Equation

<Zf> _ R (m) N (;g) for i € {A,B,C) (4.1)

L, f L, m

where R(n) is the rotation matrix between the mobile and fixed frames. The
solution of the system leads to the motion of the plunger described by the
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position of the center of mass and its attitude (zg, zg, 17) as a function of the
measured signals x4 ¢, B and zcr, together with the ancillary unknowns

ZA,m; ZB,m; LC,m-

In order to maximize the accuracy of the estimation of the plunger rotation, P4
and Pp are chosen as the farthest points on the lateral plunger surface from where
the laser is pointed, i.e., the laser locations 1 and 6 in Figure [£.3]
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Figure 4.10: On the left, coordinates of the points of interest P4, P and Po
expressed in the fixed reference frame (subscript f). On the right, same points
expressed in the mobile reference frame (subscript m). The x coordinates of points
P4 and Ppg in the mobile reference frame are both equal to the plunger radius. The
yellow area represents the tip, not to scale, showing that point Pc remains always
on the tip.

Tip-plunger relative motion

The model-based subtraction of the tip-plunger relative motion from the measured
tip axial displacement Zip, starts from the identification of an electro-mechanical
model of the mechanism dynamic response, shown in Figure The control unit
provides the 120V DC signal (V(¢)) commanding the full extension of the release
tip, whereas the retraction is commanded by setting the voltage to zero through a
resistor. Since V'(t) constitutes the input to the model, several tests are performed
to characterize it, using a DSO7032A Agilent Technologies digital oscilloscope. The
mean voltage signal is plotted in Figure The outputs of the model are the
axial displacement of the plunger (z1(t)), of an internal lumped mass (22(t)), of
the release tip (23(¢)) and the charge in the actuated piezo (q(t)). The parameters
of the model are listed in Table 2 Their nominal values are obtained from the
GPRM technical documentation, published papers and direct measurements.
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Figure 4.11: On the left, functional scheme of the GPRM release mechanism. On
the right, lumped-parameter electro-mechanical model of the same mechanism.
The quantity Az is defined as z3 — zo. The lumped masses are defined as my, =
mp1 + 1/2mpz, My = Mgp + Mp, and ms = myip + 1/2mp,, where subscripts pl, pz
and sp stand for plunger, piezo and spacer respectively.
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Figure 4.12: On the left, electrical scheme of the release mechanism actuation
circuit, from which a low voltage signal is used to trigger the SIOS measure-
ment recording. On the right, plot of the commanded piezo-stack voltage drop
(from 120V to 0V) at the tip retraction, measured during on-ground testing. The

mean of 5 tests is plotted.
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Table 4.2: Parameters describing the GPRM lumped model.

Param. Unit Description
m; kg Mass of the i-th model component (i € {1,2,3})
k, Nl Stiffness, with 7 € {f, p,d}, referring to force sensor,
piezo-stack and discs spring respectively
Cp,; Nsm™! Piezo damping coefficient (j € {1,2})
V(¢) \Y% Input voltage of the electrical circuit
R Q Resistance of the electrical circuit
Cp F Capacitance of the piezo
Tem Cm™! Electro-mechanical transducer (or piezo-effect)

The model is based on four linear differential equations (Equation , derived
using Newton and Kirchhoff laws together with the constitutive equation of the
piezo-stack actuator (Equation [£.3)), which provides the exerted force F}, ([25], [17]
and [26]). For the model identification, since the ground-based tests are performed
with the mechanism unloaded, the force exerted by the TM on the tip (Fry) is set
to zero.

miZ1(t) + cp1(21(1) — 22()) + kez () — kp(21(2) — 22( )) — ka(z1(t) — 23(t)) =0
ma#2(t) + cp(22() — £1(¢)) + Cp 2(22(f) — 23(t)) + kp(222(t) — 21(t) — 23(t)) = —Fp (4.2)
maZ3(t) + cp2(23(t) — 22(t)) + kp(23(t) — 22(¢)) + ka(z3(t) — 21(¢)) =F, — Fru
RCyq(t) + q(t) — Tem(23(t) — 22(1)) =GV (1)
_ Tema(®) _ T2, (z3(D—22(¢))
{Fp o @ (43)
Frvp =0

The model parameters are estimated by fitting the analytical displacement of the
tip z3(t), obtained solving the system of Equations to the measured one Zp.
The set of differential equations is solved by numerical integration according to the
IDA method ([27]). The target function is minimized by means of a customized
routine implementing the quasi-Newton method with a randomly generated initial
guess of the parameters. The fitting result is shown in Figure where the
measured signal and the fitting function are plotted together.

The identified model is used to predict the axial motion of the plunger which oc-
curred in the in-flight planar release tests, assuming that the flight model dynamics
does not differ from the tested EQM.

After solving Equations the system of Equations may be solved by sub-
stituting the mean signals Z;, Zs into x4 ¢, xp s respectively and the estimated
plunger axial motion z;(t) into z¢ . The motion of the plunger in the x—z plane
is fully described by the obtained quantities (2, z¢, 7). The estimated motion of
the center of mass of the plunger for the ground tests is shown in Figure
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Figure 4.13: On the left, Z;, (green curve) and the best fit (red curve). On the
right, the estimated trajectory of the plunger center of mass (expressed in the
fixed RF). The cyan point corresponds to t = 1 x 10~3s, while the blue point to
t=17x10"3s.

4.3 Analytical model of in-flight release dynamics

This Section focuses on developing an analytical model of the plane collision be-
tween the plunger and the TM. In this way, it is possible to estimate the kinetic

energy received by the TM after an impact with the plunger excited by the tip
retraction.

4.3.1 The effect of the in-flight preload force

The electro-mechanical lumped parameters model developed in Section [£:2]is used
to estimate the plunger axial motion at the tip retraction in the flight configuration
of the mechanism. The in-flight contact force between the plunger and the TM,
that defines the mechanism initial conditions at the release, is provided by the
GPRM telemetry signals. In this Section, in order to simulate the in-flight release
dynamics, the same model is updated by adding the pre-load force due to the
presence of the TM. In the electro-mechanical model, the force exerted on the tip
by the presence of the TM is modeled, for any in-flight release, as a negative step
(Equation . This approximation is possible because the force drop time (less
than 5us) is much smaller than the smallest period of oscillation of the plunger
(approximately 60ps at 17kHz). The effect of adhesion, here neglected, is taken
into account when defining the initial conditions of the TM (in Section [4.3.3).

F t < release instant
Fru(t) = { _ (4.4)

0 t > release instant
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4.3.2 Plunger-TM plane collision model

Collision models between rigid bodies are widely reported in the literature. In the
case under analysis, the simple collision model described in [28] is used. Its basic
assumptions are:

e The strains produced by the impact on the two bodies are small if compared
to their dimensions.

e The impact forces are much larger than the other forces acting in the me-
chanical system in the same time-frame.

e The impact time is negligible with respect to the analysis time, i.e., instan-
taneous collision.

e The analysis is planar, i.e., bi-dimensional problem.

e The bodies collide only one time.

e The friction coefficient is negligible during the impact, i.e., the impulse re-
ceived by the TM is orthogonal to the impacting surface.

e The restitution coefficient ey, is set equal to 1, i.e., perfectly elastic collision,
in order not to underestimate the kinetic energy transferred to the TM.

The assumptions are justified by the analysis of the in-flight data, as discussed
in Section [2.6] and by the geometry and the material properties of the bodies.
Given the previous considerations, the collision can be described by a system of
ten equations with ten unknowns, that is reported in Appendix[B] The inputs of the
system are the positions and velocities of the center of mass of the bodies before
the collision (superscript i). The outputs are their velocities after the collision
(superscript f). Those quantities are computed with respect to a reference frame
centered on the collision point of the two bodies, with the x axis tangential to the
colliding surfaces and the y axis orthogonal to them.

4.3.3 Validation of the TM release dynamic model with the
flight data

In Sections and the updated electro-mechanical model and the plane
collision model are presented. Combining them, knowing the collision instant, it
is possible to compute the TM angular and linear velocity after an impact with
the plunger and, therefore, its kinetic energy. However, due to the deviation of the
real system with respect to the nominal design, the in-flight configuration of the
system and the instant of the impact are unknown. This analysis therefore aims at
proving the compatibility of the measured signals with respect to the hypothesis
of plunger-TM impact, for the reliable tests performed in-flight.

A strong argument in support of such a hypothesis is the orthogonality of the
estimated impulses with respect to the mechanical interface between the plunger
and the TM, described in [T4]. In the present thesis, the assessment of compatibility
to the impacting body (i.e., the plunger) is extended, focusing on the kinetic energy
acquired by the TM after the impact.

When the plunger oscillates after the tip retraction, it results in a sequence of
positions and velocities some of which may constitute initial states at the impact.
In particular, an impact is possible when the plunger approaches the TM and
occurs when its displacement equals the available gap (see Figure .
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Figure 4.14: Estimated trajectory of a point on the plunger head in the case
of 0.3N pre-load force. Referencing to Figure [f.I3b] the green point corresponds to
t = 1 x 10735, while the black point to t = 1.7 x 10™2s. Two cases are depicted,
with different initial gaps, which correspond to different collision instants.

For this reason, the plunger motion, estimated using the updated electro-mechanical
model, yields the sequence of possible plunger initial conditions. On the other side,
the initial angular velocity of the TM and its linear velocity along x are set equal
to zero, while the linear velocity along z is set equal to (**/m (see Equation m
for reference). In fact, before any collision with the plunger, the TM is moving
with velocity ¢1°/m along z-axis according to the advanced impulse model.

The position of the predicted contact point C' is estimated from the CAD model
of the mechanism. Even if it is not possible to know a priori its exact position on
the TM and on the plunger, the particular geometry of the mechanism limits its
position to a narrow region with respect to the dimensions of the bodies, as shown

in Figure [£.15]
x

™

Z

Region of possible TM-plunger contact
considering feasible misalignments

Plunger
COM
Gpl

Figure 4.15: Estimated contact point C' from the CAD model of the GPRM. The
exact location of the contact point is not known a priori but the region where it
is located is narrow with respect to the dimensions of the bodies. The centers of
mass (COMs) of the TM (Grwm) and the plunger (Gp1) are shown.
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The estimation of the TM state after an impact with the plunger relies on the
calculation of two relevant quantities. The first is the available gap, that is the dis-
tance between the TM and the plunger in the direction orthogonal to the colliding
surfaces (i.e., orthogonal to the TM indent surface). This quantity is useful since
an impact is possible only when the plunger is moving toward the TM, i.e. the gap
is reducing. The second relevant quantity is the TM kinetic energy predicted by
the collision model if an impact occurs at the generic time instant ¢. This kinetic
energy is compared with that measured in-flight.

An example of the mentioned quantities, related to one of the in-flight tests, is
plotted in Figure [£.16] showing that the model-predicted kinetic energy is compat-
ible with the one measured in-flight.
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Figure 4.16: On the top left, distance between the TM and the plunger in the
direction orthogonal to the colliding surfaces (red curve). On the bottom left,
logarithmic plot of the predicted TM kinetic energy after the impact with the
plunger at the generic time instant ¢ (blue curve) together with the kinetic energy
measured in-flight (yellow line). On the right, same graphs magnified in the time
interval of interest. The plotted curves are represented by bands derived from the
propagation of the uncertainty in the model parameters and in the measurements.

From the top left graph, the intervals in which the TM-plunger collision may oc-
cur can be spotted. The intersections between the yellow and the blue curves
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inside those time intervals represent the possible collision time instant in which
the in-flight measurements are compatible with the predictions of the model. In
this particular case, which also resembles the other tests, a single time interval of
possible collision is present and is named I;. In fact, since the TM velocity before
the impact is negligible with respect to the velocity of the plunger, the collision
can occur only when the plunger is moving toward the TM and has not reached its
maximum amplitude of motion. In other words, given an initial plunger-TM rela-
tive configuration compatible with an impact, this must take place during the first
approach, because the following oscillations do not add any additional plunger-TM
collision configurations. Furthermore, even considering the following intervals the
maximum TM kinetic energy produced by an impact with the plunger remains in
the same order of magnitude. The analysis of the kinetic energy estimated by the
model should be restricted only in this time interval, as depicted by the shaded
areas in the graphs on the right. In the depicted case, there are four possible time
instants (¢;, for ¢ € {1,2,3,4}) in which the predicted kinetic energy is compatible
with the measured one.

The following considerations remain valid for all the in-flight tests under analy-
sis. The kinetic energy predicted by the model in the time intervals of interest is
compatible with that measured in-flight, and at least one time instant of possible
collision exists, which explains the kinetic energy measured in-flight. The estimated
initial gaps fall in the range from 0 pm to 0.5 pm approximately. This confirms that
the TM is much closer to the plunger with respect to the nominal case (9.3 pm).
The same analysis is carried out considering that the impact between the TM
and the plunger occurs on the region diametrically opposite to the one reported
in Figure In this case, the substantial difference is that the maximum dis-
tance traveled by the plunger toward the TM is approximately 0.2 pm instead of
the 0.6 nm of the previous case. The kinetic energy acquired by the TM after the
impact has the same order of magnitude as the one of the first case, represented in
Figure Therefore, in both cases, the impact model leads to the same conclu-
sions.

4.4 Model extension: continuous push

The model presented in Section considers the kinetic energy transferred from
the plunger to the TM in the case of an instantaneous impact takes place between
the two bodies. A new model is now developed to cover another possible case of
interaction, i.e., a non-instantaneous push of the plunger on the TM. The main
hypothesis which differentiates the new model from the previous one is that the
TM and the plunger are already in contact before the tip retraction.
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Figure 4.17: Cases of interaction between a single DOF oscillator and an external
mass M.

Before introducing the model, a simplified case is presented. Consider the 1 DOF
oscillator, mass m and stiffness k, depicted in Figure that interacts with a
mass M in two different ways. The first case consists in preloading the oscillator
(initial deformation —d < 0) and positioning the mass M at a distance |a|< d from
the equilibrium. When the mass m is left free to oscillate, it will impact the mass
M. Under the assumption of elastic collision, the final velocity, i.e., post impact,
of the mass M is easily computed, as shown in Equation 4.5

The maximum value of vps,; is obtained for a = 0, as shown in Equation

dvVk m
UM,1,max — 77—/ 77
vm+M\V M

The second case consists in positioning the mass M in contact with the oscillator
mass m (preloaded with the same initial deformation —d < 0) before releasing it.
In this case, the former will be pushed by the latter until the maximum velocity is
reached, i.e., when the equilibrium position is crossed. At that instant, the bodies
will detach since the mass m will be slowed down by the spring. The maximum
velocity reached by the mass M in this case is shown in Equation [4.7

dvk

m+ M
Comparing Equations and [£.7] the maximum velocity obtained in the second
case is greater than the one of the first case if M > m. This is indeed the case of
the LPF release mechanism. The mass of the TM is much greater than the mass
of the plunger. Thus, the model of a push of the plunger against the TM at the
release is expected to generate greater release velocities if compared to the collision
model previously discussed.

(4.6)

UM,2,max — (47)
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In order to model the push of the plunger, a simplification is introduced. In par-
ticular, the plunger lateral motion is neglected, and only the axial motion is con-
sidered. Thus, the plunger is constrained to move along z axis. The dynamical
model used here to describe the plunger motion along the z axis is the same used
in Section [£:2] The contact of the plunger with the TM is modeled introducing a
frictionless revolute-translational joint between the two bodies in the TM indent
surface (see Figure . The initial velocities of the TM and the plunger are
set equal to zero. The initial rotation of the TM (9t (0)) is set equal to 0, the
initial positions of the TM and the plunger depends on the preload force, which is
considered as an independent variable.
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Figure 4.18: Scheme of the TM plunger interaction model in the case of a TM
already in contact with the plunger before the release. In the contact point (red
dot) there is a revolute-translational joint.
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Figure 4.19: Results of the model involving a continuous push of the plunger on
the TM. The contact is not instantaneous and takes place in a time interval of
approximately 0.03 ms.

The model is solved for different preload values, in the range from 0.01 N to 0.60 N,
which are similar to the values observed in-flight. In Figure the outcomes of
the model are plotted. In particular, on the left plot, the kinetic energy of the
TM (Kiip) as a function of time is shown. The detachment of the TM from the
plunger takes place when the TM reaches its maximum kinetic energy, which is
approximately at 1.03ms (the tip retraction is at 1.00ms). In fact, observing the
right plot, at this time instant the force exchanged by the TM and the plunger is
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zero. Considering the maximum of Ky;, as a function of the preload force, it can be
presented in a graph and compared to the in-flight data, as shown in Figure [4.20
The proposed model, while being relatively simple and with the limitation of the
purely axial plunger motion, should return an upper limit of the TM release kinetic
energy (Kiip). The prediction of the model is in accordance with the in flight data.
The maximum kinetic energy measured in-flight at different preload force is close
to the one predicted by the model.

104 éu %C’)’-‘-‘f&b"t_d@,,g.) m ~o
= = b Sk S
: 2 10
B :
- ¢ fast tip Th; 107 o+ fast tip TMy
——Model & st
0 02 04 06 SRaSSS
F (N) e

(a) (b)

Figure 4.20: Graphs of the TM kinetic energy at the tip retraction as a function
of the preload force at pre-release. The in-flight data are in accordance with the
model prediction.

In this Chapter, the kinetic energy of the TM at the release has been interpreted
with two different models. The first model considers the impact with the oscillating
plunger in the presence of an initial TM-plunger gap and can explains all the
reliable in-flight tests which resulted non-nominal (with different levels of release
kinetic energy). The second model may explain only the tests where the TM has
the highest level of kinetic energy. Thus, given the mechanism geometrical and
physical parameters, it is useful to define an upper bound of the kinetic energy
transferable to the TM.

i



Chapter 5

Conclusions and future
developments

This Chapter, in the first part, briefly summarizes the analysis performed and the
main results presented in this thesis. The main conclusions are taken from [29].
In the second part, possible improvements of the grabbing positioning and release
mechanism are presented. Those improvements are useful for the forthcoming LISA
mission, where the lessons learnt in LPF will be of considerable value.

5.1 Main conclusions

The LISA Pathfinder mission unquestionably represents a great success for the sci-
entific community. The mission demonstrated the achievement of the technological
maturity required for the gravitational wave measurement from space. The strict
mission requirements imposed on the relative acceleration of the two free-falling
TMs, sensing bodies of the experiments, were fulfilled with a large margin.

Even if the mission was a success, some unexpected complications occuring before
the start of the science phase, had to be overcome. In fact, the analysis of the in-
flight telemetry data showed that the two TMs, hosted in the GRSs, were released
into free-fall with unexpected residual velocities, that exceeded the maximum re-
quirements.

As a consequence, an additional in-flight test campaign was carried out at the end
of the mission in order to implement different TM release strategies. Unfortunately,
the two release mechanisms behaved differently under the same testing conditions,
therefore no optimal release strategy was found. Moreover, the adopted release
strategies present some drawbacks.

For example, a significant rotation of the TM about ¢ angle before the release was
induced by the hammering maneuver. Interpreting what caused the unexpected
release dynamics of LPF mission is a challenging problem since the GRS design
aims at minimizing the acceleration noise at low frequency (1-30 mHz) rather than
provide high-frequency signals of the TM dynamics and an accurate diagnostic of
the mechanisms involved. Nevertheless, understanding the main causes of the ob-

121
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served dynamics is critical for the implications in the forthcoming LISA mission.
The analysis of the telemetry signals suggests that, in most cases, impacts occurred
between the GPRM plungers and the TM, however little information is available
to confirm this hypothesis and to understand the criticalities of the mechanism.
The compatibility of the proposed explanation with the GPRM dynamics is verified
in this manuscript through a combined experimental-analytical approach, based
on dedicated tests performed on ground on an EQM of the GPRM. An electro-
mechanical model of the mechanism is validated and used to predict the effect of
the plunger vibrations in the x—z plane on the in-flight release velocity of the TM,
involving a possible impact.

The results of the analysis provide evidence that the in-flight behavior of the reli-
able and non-compliant TM releases was caused either by TM-plunger impacts or
by a static push applied by the plunger to the TM.

Regarding the model involving impacts, the first collision takes place at the tip
retraction step of the injection procedure, due to insufficient clearance between the
two bodies. The proposed model makes it possible to draw some conclusions con-
cerning the mechanism design, development and in-flight operation, summarized
in Figure[5.1] The contour plot shows the predicted kinetic energy acquired by the
TM (Kiip) at the impact with the plunger, normalized by the maximum require-
ment, as a function of the initial gap with respect to the plunger and the preload
force.
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Figure 5.1: Contour plot of the kinetic energy of the TM as a function of the
TM-plunger gap and the pre-load force predicted with the analytical-experimental
model involving a TM-plunger collision.
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Some regions of the domain are characterized by a TM state close to the require-
ments. However, they cannot be reached through the only controllable variable
(the preload force) since the contour lines lie almost parallel to the vertical axis.
This means that the current criticality may not be overcome by an improvement
of the preload control system, but an adequate plunger-TM clearance needs to be
guaranteed in the release configuration.

The plot region where the gap tends to zero is not appropriately described by this
plot. In this case the kinetic energy of the TM is better described by the model
of a static push of the plunger, developed in Section [£:4] where the TM and the
plunger are already in contact before the release.

Considering the results of the impact model and the static push of the plunger, it
can be stated that the energy stored in the mechanism, in the form of potential
energy in the actuated piezo stack and elastic energy stored in the deformable com-
ponents due to the preload force, is more than sufficient to produce a TM velocity
out of the requirements.

The picture of compatibility here proposed covers the in-flight tests which present
reliable signals, i.e., characterized by easily identifiable impacts and with good
signal to noise ratio. However, some tests are available which requires further in-
vestigations, possibly involving a full three-dimensional approach and more relaxed
hypotheses about the nature of the TM-plunger contact (for instance, the case of
multiple impacts).

This may constitute an interesting development, which however is quite demand-
ing and requires further investigations (the topic is briefly addressed in Chapter @,
analysis and test on the mechanism. Moreover, the question of strong anisotropy
of the mechanism behaviour (preferred impact plane x—z) seen from the analysis
of the in-flight tests may be addressed by a deep study of the NEXLINE linear
actuator.

It useful to recall that a deep comprehension of the criticalities of the current
GPRM design related to the TM release and injection in the geodesic trajectory
may be instrumental in the improvement of the mechanisms to be flown in LISA.
The next steps of the GPRM analysis are currently being carried on by the Author,
along with colleague E. Dalla Ricca, under the supervision of Prof. D. Bortoluzzi.
Currently, new experiments are being designed and an improved mathematical
model of the plunger dynamics is being developed. The model takes into account
both the axial (z) and the lateral motions (x and y) of the plunger triggered by
the quick retraction of the tip and is being fitted thanks to several new measure-
ments collected with the existing experimental setup. In the future, the model may
be utilized as a useful tool for the definition of the GPRM requirements and the
qualification of the new units.

5.2 Possible GPRM improvements

In this Section, some improvements to the GPRM design are proposed and briefly
discussed, starting from the ideal strategies and later listing more practical solu-
tions.

Ideally, two different strategies are possible to improve the release performance of
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the GPRM, i.e., I) maximizing the clearance between the TM and the oscillating
plungers at the pre-release or II) minimizing the plunger motion at the tip retrac-
tion as well as reducing its deviation from the straight line trajectory when the
NEXLINE is activated. Of course, any combination of such methods would benefit
in terms of the mechanism release performance.

Regarding the increase of the clearance, one of the best ways to accomplish such
an objective would be to introduce another actuator, coaxial to the plungers, that
has the function of stepping away the plunger pyramidal and conical surfaces from
the TM indents in a sort of middle phase between the TM repositioning and the
actual handover to the tips.

The concept is essentially to further separate the functions of the GPRM described
in Table This is done by splitting the centering function, achieved by the form
fit of the plungers and the indents, from the locking function before the handover.
A possible example of such a modification is depicted in Figure[5.2] where an added
end-effector is sketched during the steps of the updated handover phase. The final
configuration of the mechanism is characterized by a higher TM-plunger clearance,
since the second actuator could be designed with a stroke much greater than the
piezo-stack actuating the tip. Such a design would make unnecessary the hammer-
ing maneuver (preventing the TM ¢ rotation that may follow it, see Section .
The depicted upgraded is just an example, which is not worth analyzing further,
since such a modification is not possible, because it would require a complete re-
design of each GPRM unit. Moreover, also the existing electronics would require
major modifications.

Thus, other minor modifications to the LPF release mechanism are proposed in the
following, with the objective to realize the two ideal strategies introduced. Those
modifications may eventually be applied to the flight models of LISA. In fact, some
of those design improvements have been already discussed with partners from the
industry and addressed as practicable solutions to reduce the risk of high residual
velocities at the release (see Table .

Plunger ,Tip ,New end-effector Increased
TM-plunger

clearance

Phase 1 Phase 11 Phase 111

Figure 5.2: Upgraded handover procedure where a new actuator/end effector is
introduced. The new end-effector has the function of separating the plunger and
the TM before extracting the tip (phase II), thus there is enough clearance when
the release (i.e., tip retraction) is performed. Drawing not to scale.
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Linear runner sensors and actuator

The linear runner state is monitored measuring two quantities, which are its linear
position along z axis and the preload force exerted on the TM. The position sensor
has a dead zone in the mid-range of motion, moreover it is affected by ~1pm
(standard deviation) noise and some hysteresis, so its information is difficult to
exploit. Substituting the sensor with a more precise one, without the dead zone,
would make it possible to understand if the TM has been successfully grabbed
checking the sum of the position sensors. Indeed, such a quantity should remain
constant, once the TM is properly grabbed, independently from its z position.

As discussed in Section the pre-load force on the TM before the release is
affected by large uncertainty and offset with respect to the desired preload value
(sometimes the preload drop before and after the release is compatible with zero).
In order to improve the repeatability of the injection procedure (in particular the
handover and the release phases), a more precise and more accurate force sensor is
required.

Following this idea, the NEXLINE micro-stepping function should be implemented,
since a fine position control of the linear runner is critical to generate the desired
preload. It would also allow for a more controlled hammering procedure. The
reduction of the minimum step-size of the NEXLINE may be achieved modifying
the voltage control provided to the NEXLINE, without the necessity of hardware
modifications.

Linear runner stiffness

The force measurement of the GPRM is based on the compliance of the bridge
connecting the linear runner with the plunger. The overall stiffness of the GPRM
depends on several components, in series with the force sensor. As discussed in
Chapter [4] the plunger motion after the tip is retracted depends on the overall
compliance. On one hand, a stiffer mechanism would minimize the overshoot mo-
tion amplitude of the plunger towards the TM, thus reducing the risk of a collision,
on the other hand, following problems are detected:

e The NEXLINE stiffness cannot be modified at will, as it depends on the man-
ufacturer. The properties of the latest developed versions may be different
with respect to the LPF configuration.

e Increasing the stiffness of the force sensor will lower its sensitivity, in conflict
with the need to improve the force measurement precision and accuracy. An
alternative solution would be to redesign the force sensor.

e The stiffness of the stacks is hardly modifiable, especially because their length
is not to be reduced (being proportional to the stroke).

Linear runner/plunger side guiding

As shown by on-ground testing and confirmed by in-flight data, the motion of the
plunger along z axis, governed by the actuation of the NEXLINE, suffers from
large rotations and bi-stable configurations any time the motion is reversed. This
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is an important factor that contributes to reducing the TM-plunger clearance at the
release. A possible solution is to study different materials and minor design changes
to be implemented in the slider-roller coupling, minimizing the friction of the slider.
In this way, it is possible to increase the lateral preload of the constraining guide,
reducing the bi-stability, and maybe to improve the motion precision, reducing the
linear runner rotation.

The linear motion functionality should be characterized on ground, to understand
if the rotations are compatible with a nominal GPRM-TM configuration at the
release, repeating the tests after repositioning the TM in the center from different
locations.

TM/plunger interfaces

As shown in Section for some in-flight tests, the plunger was stuck in the TM
indent in pre-release conditions with the TM rotated about ¢. This implies that
the retracted tip is at a large distance from the landing area, making its extraction
(handover) ineffective. The improvement of the force and position sensors of the
linear runner, already discussed, may be useful in detecting eventual stuck con-
ditions. In order to reduce the risk of a stuck TM, a non-trivial re-design of the
plunger head and the TM indent geometry profile may be considered.

During on-ground testing, it may be investigated if the friction arising at the in-
terface is increased by plunger-TM misalignments, i.e., a relative configuration
different from the nominal design. In addition, the improvement of the machining
tolerances of the plunger heads (measured deviations of about 100pm) may be
useful to guarantee a release under nominal conditions and sufficient TM/plunger
clearance.

Apart from re-designing the interfaces, another important improvement would be
to define a GPRM-plunger reference frame close to the head of the plunger, in order
to avoid the problems highlighted in Section [3:1.6] As was discussed, the results of
the alignment procedure where not compatible with the in-flight measurements. In
particular, the in-flight TMy ¢ angle was not inside the requirement (42000 prad)
on average and was different from the alignment realized on-ground.

Increased tip stroke

Increasing the stroke of the pin would increase the gap margin between the TM
and the plunger, thus limiting the risk of impacts. This may be achieved by com-
manding both piezo-stacks simultaneously when extracting and retracting the tip.
Such a strategy would double the total stroke of the tip, increasing the clearance.
Actuating both the piezo-stacks (the nominal and the redundant ones) means that
the mechanism has a hot redundancy, i.e., if one of the two actuators fails the
handover and release phases have to be performed with only one piezo-stack. The
latter case is in fact the one used in LISA Pathfinder so it should not correspond
to a decrease in performance with respect to the nominal release procedure.

The realization of a larger stroke adopting longer piezo-stacks is limited by the
available space in the axial direction (z axis of the GRS RF). This limit may be
overcome by introducing a telescopic actuator, exploiting the free space available
on the sides of the piezo-stack (see Figure .
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Default piezo-stack design Updated piezo-stack design

Figure 5.3: Comparison between the default design of a single piezo-stack actuator
(on the left) and the modified one (on the right). The proposed solution exploits the
available empty space on the sides of the stack to almost duplicate the maximum
tip stroke, called s.

Another possible way to increase the tip stroke would be to adopt a different
actuator, characterized by a greater range of motion with respect ot the piezo
stack actuator used in LPF. As observed from the analysis of the in-flight tests,
the slow tip retraction is sufficient to break the adhesive bonds on the landing areas
so the new actuator is not required to retract the tip as fast as the piezo solution.
This solution has the advantage of minimizing the plunger oscillations when a slow
tip retraction is performed.

Electrical isolation of the plungers and the release tips

In order to improve the reliability of the GPRM, it is proposed to electrically
isolate the plungers from the release tips. This modification will require to add
two additional electric lines to provide the injection voltage to the TM via the tips
when in pre-release conditions. The main idea behind the electrical isolation is
that, in this way, it is possible to verify if there is a TM-plunger contact before
retracting the tips just by checking the electrical continuity of the related circuit.
By implementing such a check in the injection procedure control algorithm, it would
be possible to repeat the handover, or re-perform the hammering maneuver, until
the electrical contact is no more detected. In this way, the TM release has a higher
probability of being successful.

Proper testing of the release performance

In order to fully test the release performance of the GPRM, one should test it in
outer space representative conditions. While some the characteristic of outer space
environment can be easily reproduced on Earth (e.g., extremely low pressure or
typical spacecraft temperature) the absence of gravity is difficult to achieve.

Every on-ground testing aimed at predicting the residual velocity of a released body
is heavily affected by the 1-g environment. There are ways to partially overcome
this problem, for example using suspended pendulums or low friction air tables,
but they all have the limitation of constraining the release body motion to less
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than six DOFs.

Thus, a possible way to test the GPRM performance in fairly representative way
would be to separately test it on two different orthogonal planes (x—z—n and
y—z—0). A possible idea may be to utilize a setup where the TM (or a dedicated
mock-up) is suspended on a floating table. In this way, its linear and angular dis-
placements on the plane would not be constrained. Such a setup has the drawback
of constraining the TM ¢ rotation. The ¢ dynamics may be studied setting the
z axis orthogonal to the floating table, and performing a half release using the
GPRM —z unit (the only unit that can produce a relevant w, of the TM, due to
the pyramidal shape of the plunger head).

Another idea, to overcome the problem of the separation of the orthogonal planes,
would be to mount the GPRMs and the TM in an airplane that performs parabolic
flights, which are offered by ESA to scientists to conduct particular experiments.
Typically, a parabolic flight lets the users to exploit 20 seconds of micro gravity
(i-e., close to 0-g environment) per parabola, which should be enough to release
the TM and capture it immediately after with the plungers.

Table 5.1: Possible GPRM improvements discussed with partners from the indus-
try.

‘What Why How Who HW
mod.
Ensure maximum Implement a correct Check TM ¢ rotation FEE sensing No
penetration of grabbing readout
plungers when Improve plungers GPRM
grabbing the TM position sensor position Yes
precision sensor
Hammering In—ﬂlgl?t
operational No
procedure
procedure
Avoid TM angular
Ensure grabbing vel. w, at Reduce noise of force =~ GPRM force os
force >0N pre-release after sensor readout sensor Y
hammering
Check TM/plunger FEE sonsi
Ensure TM/plunger Pre.VG.mt TM/plunger L lative position and sensing No
pre-release clearance collision after release attitude readout
Increase maximum GPRM tip
. Yes
tip stroke actuator
Re-design the pyram. GPRM
plunger head to plunger Yes
avoid stuck TM heads
Re-design the
plunger heads to GPRM
increase clearance plunger Yes
with the TM in the heads
radii zones
Slow tip release and In-flight
Re(liuce. plunger Pre've.nt TM/plunger g, plunger operational No
oscillation triggered collision at release retraction strategies procedure
by the tip retraction i GPRM
Improve design and - .
. linear guide Yes
materials

mechanism




Chapter 6

PhD activities

6.1 Original contributions and scientific produc-
tion

The main research activity carried out by the Author during his PhD studies was
conducted in the frame of a collaboration between the University of Trento and the
LISA Pathfinder project partners. As a consequence, the procedures and findings
discussed in this thesis up to Chapter [5| are specifically related to the mission itself
rather than to a more general theoretical or experimental field. Even if the Au-
thor research was constrained to the LPF frame, original contributions of scientific
interest were still developed. Most of the contributions, which were published in
International Journals or Conferences, come from the following Chapters:

e In Chapter [2] in particular in Section where the in-flight data are ana-
lyzed, a model of the impulses arising at the release is developed. The model
allowed to understand that the plunger is the culprit of the un-expected TM
release dynamics.

e In Chapter [4 the TM-plunger interactions are modeled exploiting an existing
experimental setup. The setup was modified in order to measure the oscil-
lations of the plunger triggered by the fast tip retraction. The experimental
results are in agreement with the in-flight data.

Part of the arguments reported in this thesis have been published in the following
scientific works.

Conference talks

e D. Vignotto, D. Bortoluzzi and A. Zambotti, Object release into free-fall:
a technological challenge for in-space gravity waves detection. Oral
presentation at the Space Satellite Conference, Rome, June 2018.

e D. Vignotto, D. Bortoluzzi and A. Zambotti, LISA Pathfinder: A tech-
nology demonstrator mission for future in-space gravitational wave
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detection. Co-author of a presentation at the at the Space Satellite Confer-
ence, Rome, June 2018.

D. Bortoluzzi, A. Zambotti, D. Vignotto, I. Kéker, H. Rozemeijer, J. Mendes,
P. Sarra, A. Moroni, P. Lorenzi and the LISA Pathfinder collaboration, In-
flight testing of the Injection of the LISA Pathfinder Test Mass
into a Geodesic. Co-author of a presentation at the 12th International
LISA Symposium, Chicago, July 2018.

D. Bortoluzzi, D. Vignotto, E. Dalla Ricca and the LISA Pathfinder collabo-
ration, Latest development in the analysis of the grabbing position-
ing and release mechanism performance. Oral presentation at the 15th
International LISA Symposium Online Conference, September 2020.

D. Bortoluzzi, D. Vignotto, Andrea Zambotti, E. Dalla Ricca, J. Conklin, I.
Koker, R. Gerndt, H. Rozemeijer, P. Sarra, A. Moroni, P. Lorenzi and the
LISA Pathfinder collaboration, A challenging technological problem:
the injection of the LISA Pathfinder test mass into a geodesic.
Oral presentation at the 43rd COSPAR Scientific Assembly, Sydney, January-
February 2021.

Conference papers

e D. Bortoluzzi, D. Vignotto, A. Zambotti, I. Kéker, H. Rozemeijer, J. Mendes,

P. Sarra, A. Moroni, P. Lorenzi and the LISA Pathfinder collaboration, Anal-
ysis of the in-flight injection of the LISA Pathfinder test-mass into
a geodesic. In 18th European Space Mechanisms € Tribology Symp. (ES-
MATS), Monaco, September 2019.

D. Bortoluzzi, E. Dalla Ricca, D. Vignotto, W. J. Weber, P. Sarra, Testing
the impact dynamics of the LISA Pathfinder release mechanism.
In 19th European Space Mechanisms € Tribology Symp. (ESMATS), Online,
September 2021.

Journal papers

e D. Bortoluzzi, D. Vignotto, A. Zambotti and the LPF collaboration, In-

flight testing of the injection of the LISA Pathfinder test mass into
a geodesic. In Advances in Space Research, August 2020 (Copyr. Elsevier).

e D. Bortoluzzi, D. Vignotto, E. Dalla Ricca, J. Mendes, Investigation of

the in-flight anomalies of the LISA Pathfinder Test Mass release
mechanism. In Advances in Space Research, May 2021 (Copyr. Elsevier).

6.2 PhD experiences

During his PhD studies, the Author had the privilege to attend several courses,
school and seminars, which were of great interest and in some cases directly helped
him in his main research topic. Another important experience that the author is
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honored to have had was that of teaching. He firmly believes that teaching a given
subject is the best way to fully understand it.

6.2.1 Courses
e Academic Writing (Prof. F. Hope).
e Basics of Reliability Engineering (Prof. M. Brunelli).

e Design of Transducers based on Smart Materials and Structures for Robotics
and Energy Harvesting (Prof. M. Fontana and PhD G. Moretti).

e Numerical Optimization Algorithms and Practical Implementation (Prof. E.
Bertolazzi).

e Scientific Programming (Prof. E. Bertolazzi).

e Non-linear Vibrations (Prof. D. Bortoluzzi).

e Optimization Robotics (Prof. A. Del Prete).

e Satellite Orbits: Numerical Simulation with Matlab (Prof. J. W. Conklin).

o Systems Identification (Prof. G. Panzani and S. Formentin).

6.2.2 Schools

e Data-driven Model Identification of Dynamical Systems, 2nd Spring Doctoral
School, Nancy (France), March 2018.

e Multibody Dynamics Workshop 2019, 2nd International Multibody Summer
School, Parma (Italy), May 2019.

6.2.3 Teaching activities

e Teaching assistant for the Master Degree course in Mechatronics Engineer-
ing of Mechanical Vibrations (main lecturer Professor D. Bortoluzzi). The
author was selected as the teaching assistant for this course for three con-
secutive years (2018, 2019 and 2020). During the second year, he designed
an experiment for the students modifying an existing setup and converting it
into a Frahm absorber device.

e Main lecturer at a pre-university course of Applied Mechanics for the Istituto
Tecnico Tecnologico G. Marconi (Rovereto).

6.3 Parallel research activities

Apart from the main research topic, i.e., the understanding of the GPRM release
dynamics, other research activities have been carried out by the Author during his
PhD studies. Those parallel research topics are briefly described in the following,
since they constitute a significant part of the overall work and may constitute the
basis for future journal and/or conference publications.
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6.3.1 Characterization of the voltage profile of a capacitor

During the PhD course of Design of Transducers Based on Smart Materials, the
Author and two other students (M. Nardello and P. Tosato) developed an experi-
mental setup aimed at verifying an analytical model developed by PhD G. Moretti.
In particular, the experiment regarded the charging dynamics of a planar circular
capacitor.

Model equations

In Figure [6.1] the geometrical parameters of the circular capacitor studied are
shown. Apart from the parameters in the image, other useful physical quanti-
ties that characterize the system are the electrical conductivity kg (the reciprocal
of electrical resistivity p.), measured in m~! Q7!, and the permittivity of the di-
electric €, measured in Fm™!.

te

tr,

te

Figure 6.1: Sketch of a plane circular capacitor with the main geometrical quantities
defining it.

The analytical solution of the differential equation governing the voltage profile of
the capacitor surface in case a sinusoidal voltage V(t) = Vjsin(wt) is applied to
the boundary is expressed in Equation [6.1] To obtain the solution, the differential
Equation governing the electrical equilibrium of the capacitor is solved with the
method of variables separation.

v(r, t) =Vysin(wt) —

2087 Jo(Bn . N
Vo Z Zn (a;éﬁfl :_uwg) Jol((zn:) (cos(wt) + aw?% sin(wt) — e Bnt>

6.1)

n=1

Where Jy and J; are two Bessel’s functions of first type, z, is the n-th zero of
the function Jy, and S, is defined as z,/R., with R. the external radius of the
capacitor. The parameter « is defined as kEt%tL and is measured in m%2s~!. The

solution contains an exponential term, e‘aﬁit, which represents the transient part
of the equation. In steady state the exponential term is negligible.

In Figure the analytical solution with a 1 MHz input voltage frequency is plot-
ted for different time instants, expressed as function of the period of the external
voltage, T' = 27/w. On the left, the initial time instants are plotted, showing
the transitory part of the solution. On the right, the steady state is shown. An
interesting consideration is that the maximum potential reached in the center of
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the capacitor in not equal to Vj but it is lower. Indeed, when the input signal has
a high frequency (compared to the characteristic time of the circuit, 7) the points
near the center of the capacitor have no time to reach the same voltage as the
input.

V/Vo ()
V/Vo ()

0 0.5 1
r/Re (-)

Figure 6.2: Analytical solution of the voltage profile in a circular capacitor. The
excitation frequency is set to 0.125 MHz.

Experimental setup
The experimental setup comprehends the following materials:

e A copper ring, used to apply the external voltage on the boundary of the
capacitor.

e A silicon film, used as the dielectric material of the capacitor.

e A carbon-black film, called elastomeric electrode, that constitutes the upper
armor of the capacitor, which is attached to the silicon dielectric.

e An aluminum plate, that constitutes the lower armor, and has been grounded.

With these materials a circular elastomeric electrode was build, with a technique
shown in Figure Dielectric elastomeric transducers (DETs) are soft/deformable
elastomeric capacitors composed of one or more layers of a dielectric elastomeric
(DE), film coated by a conductive electrode.

Glass substrate Carbon black Removing

Elastosil® film mixture excesses
Pouring mask l i

(a) Preparation (b) Pouring (c) Blading

Figure 6.3: The three phases of the preparation of the elastomeric electrode.
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In this case, the DET under analysis was realized using a 100 pm thick film of
Elastosil® 2030 as dielectric layer while a mixture of carbon black powder and
PDMS Wacker silicone Silgel® RT625 as elastomeric electrode. In Figure a
schematic representation of the capacitor build for the experiment is depicted.
NB: grounding the second armor means to analyze half of the capacitor described
when introducing the analytical model and depicted in Figure [6.1

Load force External voltage Copper ring

Carbon black

v=20 mixture
Elastosil® film
£ N

Allumlinuim base

Figure 6.4: Scheme of the capacitor built for the experiment.

Before measuring the voltage profile on the capacitor surface with a 4-channel
oscilloscope, the surface resistivity of the carbon black is estimated. Its value is
computed by pressing two rectangular electrodes on the carbon black surface at a
known distance and measuring the current generated by a given electric potential

(Figure [6.5)).

Electrodes pushed
against the carbon
black surface

Figure 6.5: On the left, scheme of the electrodes used for the sheet resistance
measurement. On the right, picture of the experimental setup to measure the
surface resistivity of the carbon black.

Knowing the distance between electrodes (d) and their length (1), the surface re-
sistivity of the carbon-black armor, R, is computed as éR.

Measure of the voltage profile

To take the voltage measurements, four probes were applied to the capacitor. The
first probe was attached to the copper ring, and was used to measure the input
signal, coming from a generator. The other three were attached to the upper armor
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(carbon black) at different distance from the center of the capacitor, as shown in
Table [6.1] Data were collected under different external voltage frequencies, listed
in Table [6.21

Table 6.1: Location of the probes where Table 6.2: values of the external voltage
the voltage is measured across the ca- input frequencies with which the exper-

pacitor radius. iments were conducted.
Probe channel Location Applied frequencies Unit
A R. 67.5
B 2/3 R, 125
C 1/3 R, 250 kHz
D 0 500
With R. copper ring internal radius 750

Data analysis and comparison with analytical solution

In order to compare the analytical model with the collected data, the setup param-
eters are estimated. The values of the parameters are collected in Table Since
the experiment constitutes a preliminary study, the uncertainty associated to each
measured parameter is neglected.

Table 6.3: Values of the capacitor model parameters estimated in order to compare
the results with the analytical solution.

Param. Value Unit Description
Physic param.
e 8.85x 10712 Fm™! Vacuum permittivity
Known param.
ta 100 x 106 m Dielectric width
Measured param.
R, 11.75 x 103 Q/] Sheet resistance
C  215x1079 F Capacitance
R, 0.101/2 m Copper ring radius
R 0.108/2 m Membrane radius
Derived param.
e taC/(mR%) (-) Relative permit. coeff.
€ €-€0 Fm™! Relative permit.
o ta/(eRs) m?s~! Parameter of Eq.

In order to plot the analytical solution, another parameter is needed, that is the
voltage amplitude of the input (V). This quantity has been computed through
a fitting procedure of the collected input signals in time domain. The discrete
input signal s is, nominally, generated as a sinusoid with fixed angular frequency
and amplitude by the instrumentation used. A parametric model of this signal is
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sa = Vo sin(wt + ¢), where Vp, w and ¢ are the parameters to be estimated. Taking
the difference between s and s, and computing the RMS (root mean square) one
obtains the scalar function F' = F(Vp,w, ¢). Minimizing the function F starting
from a reasonable initial guess, in the hypothesis that the actual signal s is in the
form of s, + ¢, with § a zero mean random noise, should return a reliable estimate
of the parameters Vj, w and ¢.

The analytical solution, build with the defined parameters, is plotted together
with the experimental data in Figure Each plot refers to one of the tested
frequencies. In each plot, the experimental curve (orange) is computed averaging
32 data sets and is to be compared with the maximum envelope of the gray curves,
which represents the analytical solution.

1 1 1
; >><
= 0.5 >><
~
~ ——
OO 0.5 1 0.5
r/Re (-) r/Re (-)
1
<05
=
00 0.5 1 0.5

r/Re (-)

Figure 6.6: Comparison between the analytical solution in steady state (grey pro-
file), and the mean experimental results (orange curves). The vertical line repre-
sents the location of the probes on the radius of the capacitor. The first five plots,
from top to bottom and left to right, refers to 67.5 kHz, 125 kHz, 250 kHz, 500 kHz,
750 kHz external excitation frequency. Last plot shows a strange behaviour of the
measured voltage that was observed during the experiment. The amplitude, some-
times collect around two or more distinct values when repeating the same test.

r/Rec (-)

Discussion of experimental uncertainty and conclusions

A critical aspect of the experiment regards the estimation of the surface permit-
tivity, from which the sheet resistance R, is estimated. The problem is that the
uncertainty on its value is high. This is due to how the quantity was estimated.
Indeed, pressing the capacitor with a heavy load (approximately 6 kg) for a long
time (approximately 12 hours) slightly deforms the surface of the capacitor and,
furthermore, do not guarantee to have a prefect electric contact between the elec-
trodes and the carbon black surface.
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Another anomaly is visible in the last plot of Figure At the frequency of
250 kHz, the signal amplitude is not the same for all of the 32 data tests. This is a
strong evidence of the fact that the contact resistance between the probes and/or
the copper ring and the carbon black capacitor surface is non negligible and time
dependent.

Although one of the two groups of data produce a voltage profile which is close
to the analytical model prediction, a bad electric contact, combined with the
model uncertainty, can explain the non-perfect superposition of all the experi-
mental curves to the analytical curves.

Another issue of the experiment is that the voltage amplitude measured at 500 kHz
is lower than the one measured at 750 kHz, for all channels, which is unexpected.
This is another hint of the bad electrical contact between the probes and the ca-
pacitor surface.

In conclusion, the experiment did not return completely satisfactory results. The
fitting of the analytical model and the collected data is not perfect and strange
behaviour is present in some data sets. Nevertheless, taking into account that this
experiment was just a first trial, it has provided some useful information. Indeed,
the presented results can be used to set up a more accurate experimental measure-
ment. For example, it would be useful to find a more reliable method to compute
the sheet resistance of the carbon black and to prepare the carbon-black surface
with pre-inserted electrodes, such that a stable electric contact with low contact
resistance can be achieved. Moreover, also the analytical model can be improved,
taking into account the contact resistance, which is unavoidable. This last part
is currently under investigation by the Author and PhD G. Moretti, under the
coordination of Prof. M. Fontana.

6.3.2 Estimation of impacts on a free-falling body

In this Section it is described the state of the analysis of the impacts affecting the
TMs of LPF after the release. In the in-flight tests of LPF, the very first impacts,
which were the focus of this thesis, take place in a time frame of milli-seconds after
the tip retraction. Those collisions gave the TM a velocity much larger than the
maximum velocity set by the mission requirement (5pms~! and 100 prads~1). For
this reason, in the seconds following the tip or the plunger retraction, the TM may
undergo several impacts with the tips/plungers until those are retracted and the
electrostatic force is activated. Such impacts, albeit being unexpected and unde-
sired, are of scientific interest.

Indeed, the collisions taking place in this case are characterized by low relative ve-
locities between two free-falling bodies (the TM, 2 kg, and the spacecraft, ~500 kg).
The Author is currently working on an article regarding this topic and in the fol-
lowing the main idea of the study will be highlighted.

The goal of the analysis is to detect impacts of the TM with the plungers in any of
the releases, and observe their characteristics, such as the coefficient of restitution
or the location of the collision point. Figure [6.7] shows the time intervals in which
a generic release test can be subdivided, highlighting the interval of interest for
this analysis. What makes the analysis complex is the low sampling frequency of
the signals compared to the infinitesimal duration of the impacts. In the following,
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the two main parts of the work, i.e., I) the detection of the release instant and II)
the detection of constant velocity time intervals, are described. At the end, a brief
discussion of the future steps is reported.

TM DOF
A
Impacts

Release
event

time

L
>

Repositioning Pre-release TM uncontrolled TM electrostatically
Handover phase motion controlled
Hammering

Figure 6.7: Phases of the injection procedure for a generic TM DOF. The green
and yellow time intervals were the focus of the main research on the GPRM per-
formance. The analysis presented in this section regards the time cyan interval,
where the TM is free-falling in between impacts and the electrostatic force has not
be activated.

Detecting the release instant

The formal analysis here presented is useful to determine when the TM starts
moving, i.e., to find the first sample points after the actual release instant. For a
given tests, a set of 20 pre-release sample points is used to characterize the pre-
release noise. The proposed criterion defines the TM release when the measurement
signal of at least one of its six DOF's violates the noise statistics. The hypotheses
formulated on a generic time window are the following:

e Hy: v =0 (no release)
o Hy: v # 0 (release)

Where v indicates the velocity of the TM for a generic DOF. The probability « of
a type I error (Hg rejected when true), is shown in Equation The probability g
of a type II error, i.e., missing the detection of a release, is shown in Equation [6.3]

a=2 <1 - %erfc (\%))n (6.2)

Where £ = Smax/0s, Smax is the maximum threshold (arbitrary), o is the standard
deviation of the signal noise and erfc(z) is the normal error function.
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Where v identifies the time lead fraction of a sampling time of the actual release
instant with respect to the sampled point ¢ = 1, while v = vAt/o, is the release
velocity v rescaled with respect to the reference velocity given by the ratio between
the noise standard deviation o and the sampling time At (which is equal to 0.1s
for the DOF's telemetry signals). In general, although ~ is unknown, its probability
density function is reasonably assumed uniform (the collision may take place in
a generic time instant inside a sampling interval with equal probability). Thus,
Equation [6.3]is integrated in v, as shown in Equation

1 “Ymax
B = /O B(y) dvy (6.4)

’Ymax
where Ymax = 10, since the time interval in which the release may take place is 10
sampling intervals long (the release instant is ruled from the tip command signal,
which has a sampling frequency of 1Hz).
In the case here presented, the detection of the release instant with x = 3 and
n = 3 along the z-axis telemetry signal (o5 =0.02pm) equal to the requirement
(v =5pms~1!) is characterized by a probability 8 of a type II error of ~1.2%.

Detecting constant velocity time intervals

After detecting the first sampling point in which the TM is in motion, named
release instant, the challenge is to detect the intervals were the TM moves with
constant velocity. Considering a set of n points of a signal s, and supposing they
are sampled in a time interval in which the TM does not accelerate, their expression
is the one shown in Equation [6.5

si=t;v+0; =iAtv+96; (65)

where v is the actual velocity of the TM, At the sampling time and ¢; the i-th
realization of the post-release noise. Now, the question to answer is if, given the
realization of the following sampling point (s,+1), it can be included in the initial
set of points, i.e., no impact occurred between points n and n + 1.

Similarly to what was done in for the detection of the release instant, the type I
and type II error probabilities of considering the next point as part of the same set
are evaluated and shown in Equations [6.6] and [6.7]

K

o = erfe W (66)
\/§ (n—1)n
1 —1)Av — - 1A
By) = L [exte [ =AY =R ) g [ = DAVER 6.7)
2 \/i (n+1)(n+2) \/i (n+1)(n+2)

(n—1)n (n—1)n

Where « is an arbitrary trees-hold with the same role played in Equation [6.2f and
Av = AvAt/o is the normalized velocity difference. Indeed, Av is defined as the
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difference of the TM velocity before and after a hypothetical impact taking place
at t = (n + v)At, with gamma € [0, 1).

Since the value of « is not known a priori and in principle an impact can take place
in any point in between two sample points with uniform probability, the average
{3 probability is computed by integrating Equation in v € [0,1). The closed
form is not reported (due to its extension), but the mean probability 3 is plotted
in Figure for different values of n and k.

100 10°
o \ iy

= 10—t = 101
g —k=1,n=3 g —k=3n=11
= —Kr=2,n=3 = —Kk=3,n="7
k=3 n=3 k=3, n=3

1072 1072

0 5 10 0 5 10
Av (-) Av (-)

(a) (b)

Figure 6.8: Mean [ probability of impact detection as function of Av, for different
values of the parameters x and n. The 8 probability is more dependent on x rather
than on n.

The computation of a and [ probabilities of considering the point following a
constant velocity interval as part of the interval or not are useful to statistically
quantify the results of the search algorithm schematized in Figure [6.9]

The algorithm is designed to search for time intervals in which the TM velocity is
constant with certain probabilities a and (3 in all the six DOF's simultaneously. An
impact is detect if the vertical distance d between the fit line of a set of n points
(with constant TM velocity) and the point immediately following the interval is
greater than the quantity defined in Equation [6.8]

(I1+n)(24+n)

. (6.8)

‘d‘ > 6(“7 a)gd = €(n7a)apost
Where opos; is the post-release noise std and the function e(n,«) is defined in
Equation This definition is useful because it permits to fix a desired value
of a probability with which estimating the presence of an impact. Indeed, such a
relation is found inverting Equation expressing x as a function of n and «.

(1+n)(24n)

e(n,a) = V2 (n—1Dn

erfc™ ! () (6.9)

As mentioned, the checking procedure is carried out simultaneously for all the
six DOFs. The presence of an impact is assumed if the condition expressed in
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Equation is not respected for at least one of the DOFs. The algorithm ends
when the points to be checked are finished, i.e., when the last index (ienq) is
reached. The index icnq is set close to the time instant when the plungers are
retracted and/or the electrostatic actuation force is activated.

|START Pre-release noise analysis
> Releasedﬂ. Detection of the release
A e . instant 2 =0
c AR n=2
: — i=i+n—1
Criterion on the Linear fit on the set of data n=n+1
misalignment of the points [8;, ..., Sitn—1] <
Sit+n point
based on a fixed «
probability
T /
A
° /y Y [ 4 A
/ L J
h -
Set of n n+1 Tt —1> i
points

Figure 6.9: Flow-chart of the algorithm that searches for constant velocity time
intervals in a generic DOF signal.

Discussion on next steps

The results of the application of the algorithm to the in-flight data of LPF are still
under analysis. An example, from a TM; automated test, is shown in Figures
[6.100] and [6.70c

The future step is to compute the TM kinetic energy on any of the detected constant
velocity intervals in a tests. For example, in the j-th interval, the TM kinetic energy
K is estimated by fitting a linear model to the DOFs telemetry data. In any test
where two or more constant velocity intervals are detected, the j-th impact (or set
of impacts) restitution coefficient e; is computed as shown in Equation

(6.10)
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The results may be filtered considering only a couple of consecutive intervals that
are close to each other and focusing on impacts producing significant variation of
the kinetic energy (>> than the propagated uncertainty of the fit lines).

For example, in this way it is possible to determine if an impact taking place during
the slow tip retraction is energetic (i.e., the TM kinetic energy increases) or if an
impact taking place when no actuator is activated dissipates energy.

Moreover, given the state of the TM after the release, it may be possible to estimate
the expected number of impacts (and seconds) which are sufficient to damp the TM
kinetic energy to a level below which it is controllable by the electrostatic control
force. The last point is of particular interest in view of the LISA mission, where
no real time human control will be possible during the injection procedure of the
six TMs.

z (m)  0.02
0
-0.02
0.02
E
=
-0.02
-0.02
0
* (m) 0.02

Figure 6.10: On the left, linear (top) and angular (bottom) degrees of freedom of
a TM; automated test, plotted in a time interval approximately 2 second after the
tip release (when the plungers retraction starts). An impact, probably caused by
the motion of the plungers, took place in between the vertical black lines. On the
right, sketch of the TM geometry showing the estimated location of the impulse
generated by the same impact. The point is found intersecting the TM geometry
with the line where the impulse lies. The blue arrow indicate the velocity of the
collision point after the impact, showing that it is almost orthogonal to the indent
surface.
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6.3.3 Modeling the charge management system of LPF and
LISA gravitational reference sensor

During the PhD studies, the Author started a collaboration with the Physics De-
partment of the University of Trento (contact person Dr. V. Ferroni). Such a
collaboration is aimed at developing an advanced FEM model of the GRS charge
management system (CMS).

When the spacecraft is orbiting in outer space, the TMs are inevitably impacted
by high energetic particles (i.e., galactic cosmic rays and solar energetic particles)
and accumulate charge over time as they are electrically isolated from the rest of
the SC. In fact, the spacecraft chassis and other LTP components are capable of
shielding the TM only from particles with an energy below 100 MeV.

Having a non-zero charged TM negatively affects the noise measurement of LPF
and the gravitational measurement of LISA, since Coulomb and Lorentz forces arise
on the TM due to surrounding stray fields ([30] and [31]).

For this reason, a proper CMS is needed to maintain the TM charge close to 0C.
Since the TM, during the science phase, is not in contact with any components
of the LTP, the charge control is achieved thanks to ultra violet (UV) led lamps.
When a lamp is turned on, the UV light photons hit the GRS inner surfaces pro-
ducing a flow of electrons thanks to the photoelectric effect. The UV lamps, located
on the vertices of the EH chassis on the —z side, are pointed either on the TM or on
the EH walls/electrodes, to produce respectively a net positive or negative charge
rate on the TM.

There are several variables involved in the CMS of LISA Pathfinder (and LISA
also). In general, the charge/discharge current is heavily affected by the electric
fields generated by the TM charge and the sensing and actuation systems. More-
over, the quantum yield of the surfaces, the timings of light on/off cycles, the cone
angle of the UV lamps, the leds power play an important role. For this reasons,
combined with the fact that the geometry of the GRS is complex, a FEM model is
required to properly characterize the CMS performance ([32]).

The 3D model of the GRS

The modeling of the CMS starts from the FM geometry of the GRS. The CAD
model is initially cleared from harnesses and components which do not play a role
in the charging or discharging of the TM. The EH chassis geometry is thoroughly
simplified, removing screws, filling screw holes and deleting unnecessary geometrical
details. The electrodes are re-drawn without the holes used to screw them to the
EH chassis. The plungers and the CVM fingers are simplified removing the back-
end and keeping only the heads (i.e., the parts close to the TM). The TM geometry
is kept in its original form.

The simplified components are then imported into a COMSOL model, where two
physic nodes are present:

e Electrostatic: to compute the electric fields present in the GRS, given a
certain charge on the TM and a certain configuration of the sensing and
actuation voltages.
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e Charged particle tracing: to trace a flow of electrons that are emitted from
specific spots on the GRS surfaces.

The simulation is performed in two steps under the assumption that the electric
fields inside the GRS are constant while the electrons flow. Indeed, considering that
the minimum voltage period is 1 x 10* ns (corresponding to the injection frequency
of 1 x 10°Hz) and the time needed for electrons to flow is lower than 1 x 10% ns,
the assumption is reasonable.

The first step is the evaluation of the electric fields in a specific time instant. The
electric fields inside the GRS depend on the values of the actuation/sensing voltages
and the TM charge. Moreover, also the plunger position, the fingers position and
TM position and attitude affect the electric fields. In Figure the electric field
is shown in the case of zero voltages applied to the electrodes, positive 1V on the
TM, retracted fingers and plungers close to the TM. The simulations, so far, are
executed under the hypothesis that the GRS is in science mode, i.e., that the TM
is centered in the EH and the GPRM end effectors are retracted. In any case,
the model could be used to analyze also different scenarios, since the mentioned
quantities are all parametrized.

Figure 6.11: Electric field in the GRS (in the space between the TM and the
surroundings) in the case on zero actuation and injection voltages and EH chassis
(blue color) and a positive voltage applied to the TM (red color). The eight fingers
of the CVM are retracted, while the two plungers are close to the TM (detail on
the right plot).

Once the electric field is evaluated, the second step is to trace electrons, i.e., com-
pute their trajectory. In Figure the trajectories of the electrons emitted by
the so called gap surfaces of the GRS, comprehending all the recesses between elec-
trodes and guard-rings, the holes hosting the GPRM end-effectors, the holes inside
which the lamps are mounted, are shown. Similar plots are obtained considering
releasing electrons from other surfaces of the GRS (the one facing the TM) or from
the TM surfaces, including the vertices and the indents of the +z faces.
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Figure 6.12: Trajectories of the electrons coming from the gaps present in the EH
for one of the simulations. The plot on the left shows the complete GRS geometry
with the vast majority of the emitted electrons on the bottom (—z side), where
the UV lamps are targeted. The colors of the trajectories represent the absolute
velocity of the particles (blue means slow, red means fast).

The location from which electrons were released are defined exploiting the result
of a GEANT4 simulation. The simulation propagates the photons injected by the
UV lamp inside the GRS and calculates their absorption points. Simulating a large
enough number of photons trajectories, the results of the simulation are assumed
statistically significant for any UV power, thus the coordinates of the absorption
points are fed as electron release points to COMSOL.

The tracing of the electrons allows to compute the apparent yield (AY) curves
of the GRS, defined as the ratio between electrons reaching the TM and injected
photons versus the electric potential of the TM, for a given configuration of the
GRS and of the illumination. The apparent yield curves enclose all the discharge
properties of the TM and are fundamental to build the control scheme of the TM
discharge during the mission.

For example they are used to compute the time needed to bring the TM charge to
equilibrium, starting from a certain initial condition, given the power of the UV
lamp and can be compared with the experimental curves measured at the Depart-
ment of Physics of the University of Trento (see Figure . Such a comparison
is fundamental to validate the model results.
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Figure 6.13: Apparent yield curves of the GRS for EH surfaces illumination. The
curves computed from the COMSOL model results are compared with the exper-
imental curves estimated with on-ground testing and with the AY predicted by a
simplified 1D analytical model of the GRS. The analytical model fails to correctly
predict the AY at the higher voltages.

By looking at the AY curves, the TM charge rate Qr, in the neighborhood of
the equilibrium point (i.e., when the apparent yield is equal to zero), can be ap-
proximated fitting a negative slope line as a function of the TM charge QTnm (or
the TM voltage Vi, since it is equal to Qran/Co). Thus, the differential equation
governing the TM charge dynamics is the one reported in Equation |6.11

Qrm(t)

Qrm(t) = |e7|Pk(Veq — Co

) (6.11)

Where the parameter k represents the module of the slope of the fitting line, e is
the charge of the electron, P indicates the power of the lamp, Vi is the equilibrium
potential and Cy the capacitance of the TM with respect to the all the GRS surfaces
when the plungers are retracted and the mass is centered. The equation can be
solved for the TM charge Q)Tn, given a certain initial condition Q1,0 = Viram,0Co.
The AY curves are independent of the illuminating power and this means that
the speed of the charging/discharging can be regulated adjusting the number of
emitted photons per second.

Typical values of the model parameters in the case of EH illumination at low
power are listed in Table The solutions of the model in this case, for two
different initial TM voltages (—0.1V and 0.2'V), are plotted in Figure As
can be observed, in this case, the time needed to reach equilibrium is approximately
1x10%s.

In Figure[6.144], it is shown the effect of the illuminating power P on the time needed
to reach the equilibrium potential. Increasing P allows to reach the equilibrium
faster, with the drawback of generating a non-negligible noise in the TM position
readings that affects the science measurement.
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Table 6.4: Typical values of the parameters of the CMS model described in Equa-

tion @

Param. Value Unit Description
o C Charge of the electron
—1.6x1071 particle
Typical value of the UV
p 1% 10° photons /s lamp power for slow TM

discharge (1 photons/s =
8 x 10719 W)

Slope of the linear fit of
k' 14x1075  electrons/photons/V  the AY curve near the
equilibrium voltage
Equilibrium voltage on
the AY curve
Capacitance of the TM
Co 35x10712 F with the surroundings in
science phase
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Figure 6.14: On the left, solution of Equation for two different initial condition
on the TM voltage, in the case of EH illumination with no actuation or injection
voltages. On the right, effect of the variation of the illuminating power P (expressed
in photons/s) on the time needed to reach the equilibrium under the same GRS
configuration.
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Figure 6.15: Scheme of the different files (black rectangles) used to model the
CMS of the GRS. The blue arrows link different files, carrying the information

highlighted in blue.
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Appendix A

Simultaneous fitting of
vibration signals

The function f; used to fit the Z; signal consists in a sum of two damped vibration
modes. In particular, the first mode describes the energy concentrated around the
frequency peaks at 2kHz, while the second mode the frequency peak at 17kHz.
The analytical expression of f; is reported in Equation where ¢ is the time (s),
A; ; represents the mode amplitude (um), ¢; ; represents the mode phase (rad), d;
represents the damping parameter (1/s) and f; represents the frequency (Hz). The
subscript ¢ refers to the modes (i € {1,2}), while the subscript j refers to the posi-
tion on the plunger lateral surface at which the laser was pointed (5 € {1,2,...,6}).
In the model, given the superposition principle, the frequency and damping param-
eters of each mode do not depend on the test nor on the position at which the laser
was pointed. Conversely, the phase of each mode depends on the duration of the
excitation, which is produced by the retraction of the release tip. Assuming that
the time duration of the retraction is characterized by some randomness, the phase
of the mean signals measured at different locations might be different because they
were observed in different realizations of the experiment. As a consequence, each
mean signal is fitted with a different phase parameter. The variable 8 in the model
represents the vector containing all the parameters, that are briefly summarized in
Table It is worth noting that the function f;(¢, 5) depends only on a subset of
the parameters, i.e., that strictly related to the j-th laser position, defined as f3;.
The modal expansion expressed by Equation neglects modes with frequencies
larger than 17kHz. Even though the inclusion of more modes would increase the
theoretical accuracy of the model, oscillations with larger frequencies would also
be characterized by smaller amplitudes and a limited contribution to the impact

dynamics.
2

Fit,B) =" Aij- e htsin(2r fit + i 5) (A.1)

i=1

The fitting procedure is based on the weighted least squares method ([33]), here
applied simultaneously to the six lateral displacement mean signals. The target
function () quantifies the closeness between the mean signals and their paramet-
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Table A.1: Parameters describing the model used for the fitting.

Param. Unit Description

N m Amplitude of the i-th mode (¢ € {1,2}) in the j-th
“) i signal (5 € {1,2,...,6})

Phase of the i-th mode (i € {1,2}) in the j-th
signal (j € {1,2,...,6})

fi Hz Frequency of the i-th mode (i € {1,2})

d; 1/s Damping of the i-th mode (i € {1,2})

bi ; rad

ric model and is defined in Equation where the variable t;, represents the k-th
sampling instant and IV is the total number of sampling points composing the j-th
signal. The numerator of the function corresponds to the difference between the
mean signal Z; evaluated at the k-th time instant and the value provided by the
model f;(tg, ) at the same time instant. The denominator represents the standard
deviation o; of the j-th signal, computed at .

6 N ) _r. 2

The initial guess for the amplitudes, phases and damping parameters are deduced
by observing the signals in the time domain (Figure , while for the frequencies
they are estimated by extracting the peaks in the PSD plot (Figure . Since
the target function has several minima, the fitting is performed varying the initial
guess 300 times (in the range +25%), in order to increase the probability of finding
the global minimum.




Appendix B

Planar collision model

Collision
— point

Figure B.1: Graphical representation of two colliding rigid bodies. In the center, the
instant immediately before the collision is depicted and the instantaneous velocities

of the bodies are shown.

The solution of the planar collision model described in Section [£.3.2]is reported in
the System of Equations [B.I] and the physical quantities mentioned are described
in Table The actual Equations that lead to the presented solution described
in [28]. The subscripts A and B identify the two colliding bodies. The superscripts
i and f identify the instants before and after the impact respectively.
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APPENDIX B. PLANAR COLLISION MODEL

Table B.1: Parameters appearing in the collision model. Subscript k refers to the

bodies A or B.

Param. Unit Description
9 Body moment of inertia computed with respect
Ik g kg m .
’ to its center of mass
my kg Mass of the body
I Ns Impulse tangential to the colliding surfaces
Iy Ns Impulse normal to the colliding surfaces
Coordinates of the body center of mass in the
Tk, Yk m . .
collision reference frame
VN ms™! Normal relative velocity
Vk,z> Vk,y ms! Linear velocity components of the body
wr rads™!  Angular velocity of the body
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