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MINIATURIZED AUTONOMOUS DISTRIBUTED SPACE SYSTEM
FOR FUTURE SCIENCE AND EXPLORATION
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Abdulaziz Alhussien,® Turki Al-Saud,” Sasha Buchman,' Robert Byer,**
Charbel Farhat,8

Two key trends have the potential to revolutionize the way humans conduct space-
flight, namely, the miniaturization of satellites (e.g., micro- and nano-satellites)
and the distribution of payload tasks among multiple coordinated units (e.g.,
spacecraft formation-flying, on-orbit servicing/robotics, fractionation, swarms).
The combination of these approaches is leading to a new generation of space ar-
chitectures, so-called distributed space systems, which promise breakthroughs in
space science, planetary science, and exploration. Based on the experience gained
from the most recent flight demonstrations of autonomous spacecraft rendezvous
and formation-flying (e.g., PRISMA, TanDEM-X), this paper describes a first-of-
a-kind space technology and science program under implementation by the
KACST-Stanford’s Center for Excellence in Aeronautics and Astronautics in col-
laboration with national and international partners in the time frame of 10 years.
The ultimate goals are to 1) develop a multi-purpose reconfigurable precise dis-
tributed space system based on microsatellite platforms, and 2) demonstrate its
unprecedented capabilities in areas such as earth gravimetry and system dynam-
ics, gravitational waves detection, and on-orbit servicing.

MOTIVATION: APPLICATIONS OF ADISTRIBUTED SPACE SYSTEM

In the most general sense, a Distributed Space System (DSS) involves two or more spacecraft
which interact to accomplish a mission objective!2. The concept is not new, and the first formation
flying and rendezvous experiments were conducted in the 1960s and 1970s by the Soviet Union
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and the US®. However, historic missions had very short duration, little to no cost constraints, and
were supported by extensive ground control. Contemporary missions of distributed space systems
can be considered to start with the autonomous formation flying of the Japanese ETS-7 in 1998%,
followed by on-orbit-servicing technology demonstrations such as AFRL’s XSS-11 (2005)° and
DARPA’s Orbital Express (2007)°. The most recent and advanced accomplishments in this area
are represented by the Swedish PRISMA? and the German TanDEM-X8 missions, both launched
in 2010. In contrast to historic missions, these systems are characterized by long mission durations,
autonomous relative navigation and control, and tight cost constraints. Despite a cost reduction of
about one order of magnitude per spacecraft (from $1,000M to $100M dollars), these platforms are
still prohibitively expensive. They are characterized by long development cycles and high risk due
to the lack of redundancy (each satellite is a single point of failure). In addition the adoption of only
two spacecraft limits the sensitivity of the synthetic aperture to the inter-spacecraft line-of-sight
direction. This research and development program aims at overcoming the identified limitations of
current distributed space systems by leveraging the recent tremendous progress of microsatellites
(i.e., 10-100 kg wet mass), which are becoming a standard platform for scientific instrumentation.

The potential applications of DSS can be divided in three broad areas, namely planetary science,
space science, and exploration and could impact multi-billion-dollar markets in earth remote sens-
ing, disaster prediction and monitoring, and on-orbit servicing (see Fig. 1). In the planetary science
domain, multiple closely flying satellites can be used to build instruments such as synthetic aperture
radar interferometers (e.g., TanDEM-X) or gradiometers (e.g., GRACE, GRAIL) for spaceborne
remote sensing and surveillance®. In particular radar data obtained from separated antennas which
illuminate simultaneously a given target can be differenced to obtain accurate measurements of
terrain height (e.g., cross-track interferometry for digital elevation modeling) or the velocity of on-
ground objects such as cars or ships (e.g., along-track interferometry for traffic monitoring). Simi-
larly closely flying accelerometers or drag-free satellites can be used to reconstruct the earth’s
gravity field (static and dynamics) to unprecedented levels of resolution. Precision inter-satellite
tracking can provide simultaneous measurements in several spatial directions to estimate the full
gravity gradient tensor. This might prove essential to isolate independent gravity field components
and help resolve numerous physical processes which are not observable today through current
spaceborne gravimeters (e.g., bathymetry and tectonics, hydrology, silent earthquakes, post-seis-
mic deformations)°. DSS can potentially discover and monitor oil reservoir or ground water vari-
ations and resource depletion by rapid measurements of gravitational anomalies using multiple
drag-free satellites.
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Figure 1. Example Conceptual Distributed Space Architectures. Left: Post-GRACE gradiometry.
Middle: Post-TanDEM-X synthetic aperture radar interferometry. Right: Post-KEPLER exoplanet finder.

In the space science domain, dual-spacecraft telescopes can be used to conduct detailed spectral
investigation of astronomical sources (e.g., XEUS, SIMBOL-X)!, and to directly image terrestrial
exoplanets (e.g., NWO)*2, while multi-spacecraft interferometers in the infrared and visible wave-
length regions are considered as a key to new astrophysics discoveries such as in gravitational



physics (e.g., LISA, LAGRANGE)*. At its most precise performance level, a DSS of three or more
spacecraft can form a gravitational wave observatory capable of detecting massive black hole bi-
naries, or even a synthetic aperture optical telescope with greatly enhanced resolution over single
satellite-based instruments.

In the space exploration and situational awareness domain, DSS technology can be used in a
cooperative or non-cooperative fashion to assemble larger structures in space, inspect and charac-
terize near-earth objects, and conduct on-orbit servicing tasks such as satellite repair, refueling, and
disposal. In the longer term, novel DSS architectures such as swarms and fractionated spacecraft
will establish powerful networks in space with exceptional characteristics (e.g., System F6)!*. The
aforementioned mission concepts are characterized by different levels of complexity, mainly dic-
tated by the payload metrology and actuation needs, and typically require a high level of on-board
autonomy to satisfy the requirements posed on relative navigation and control accuracy. This de-
mand indicates clearly the necessity of precursor technology demonstration missions.

To this end, we propose a first-of-a-kind space technology and science program to be imple-
mented at the KACST-Stanford’s Center for Excellence in Aeronautics and Astronautics in collab-
oration with national and international partners in the time frame of 10 years. The ultimate goals
are to 1) develop a multi-purpose reconfigurable precise distributed space system based on mi-
crosatellite platforms, and 2) demonstrate its unprecedented capabilities in areas such as earth gra-
vimetry and system dynamics, gravitational waves detection, and on-orbit servicing.

TECHNOLOGY AND SCIENCE DEVELOPMENT ROADMAP

Tremendous challenges at system and subsystem level are faced when implementing DSS. In
particular seven key research areas are identified as enabling technologies by the proposed program
as illustrated in Fig. 2. These cover all relevant aspects from guidance, navigation, and control (Fig.
2, column 1-3), to drag-free, accelerometer technology, timekeeping, and communication (Fig. 2,
column 4-6), all the way to mission design, planning, and exploitation (Fig. 2, column 7).
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Figure 2. Technology Breakdown. Technologies proposed for development in this program.

Irrespective of the specific application, future DSS require an unprecedented level of autonomy
to maintain and reconfigure the relative motion of the participating vehicles within the prescribed
accuracy. Multi-stage distributed metrology systems are required capable of providing coarse (e.g.,
km/m level) to precise (e.g., cm/mm level) and ultra-precise (e.g., nm level) relative navigation
under a variety of formation flying geometries, ranges, and operational scenarios (e.g., safe modes
vs. routing operations). The stages of such a high dynamics range navigation system will be de-
pendent from one another and possibly be fused. The proposed technology program aims at the
fusion and seamless transition between multi-constellation Global Navigation Satellite System
(GNSS), vision-based (optical and infrared), radio-frequency (based on pseudolites), and laser nav-
igation. The initialization of each subsequent stage of the navigation system will be based on coarse



measurements from the previous stage and ultimately on ground-based orbit determination. The
navigation system feeds a versatile formation guidance and control module. Depending on the for-
mation flying scenario, both quasi-continuous forced motion and sparse impulsive maneuvering
will be required. In many cases a hybridization of continuous and discrete control schemes will be
necessary to satisfy the science payload requirements and the geometry constraints (e.g., from me-
trology or collision avoidance) simultaneously. Advanced DSS for surveillance and rapid response
will require simultaneous precision control of absolute and relative orbit motion. Overall these re-
guirements demand multiple propulsion systems capable of delivering low thrust (micro- to milli-
Newton) and high thrust (sub-Newton). Nearly identical needs arise from trajectory control for
autonomous rendezvous and docking, where passive relative orbits are used for far-range and initial
approach operations, whereas forced motion control is required for close-in inspection and contact
operations. Similar to the aforementioned navigation tasks, no absolute/relative low-/high-thrust
control systems are available today to fulfil these requirements.

Among all applications of DSS, a special and unique role in the proposed technology develop-
ment program is played by gravitational physics, both fundamental and for geodesy. The necessary
drag-free technologies (Fig. 2, column 4) aims at a gravitational reference sensor with three trans-
lational degrees of freedom with residual acceleration noise below 1012 m/s? for geodesy and 10°%°
m/s? for gravitational waves detection. This is complemented by timekeeping and synchronization
capabilities beyond state-of-the-art (Fig. 2, column 5). Proposed space capable clock systems in-
clude molecular iodine clocks, optical cavity resonators, and the most recent commercially availa-
ble chip-scale atomic clocks.
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Figure 3. Roadmap milestones. Ground-based high-fidelity laboratory demos (red time tags), and
space-based mission demos (blue time tags) leading to a miniaturized autonomous DSS for future science
and exploration.

The proposed multi-purpose reconfigurable precise DSS is based on the SaudiSat microsatellite
platforms®®. An overview of the research and development roadmap is illustrated in Fig. 3. In
particular the technology (Fig. 3, upper left area) and science (Fig. 3, bottom right area) objectives
described in the previous sections are fulfilled within a timeframe of about 12 years (2015 — 2027).
According to space system engineering practice, this is done in a stepwise monotonic approach
where multiple technologies are brought from low to high technology readiness level (TRL 3t0 9).
Each technology is first developed and demonstrated in a ground-based high-fidelity laboratory



environment at Stanford University (Fig. 3, red time tags) and later deployed for flight demonstra-
tion on-orbit (Fig. 3, blue time tags). A total of five missions are proposed for development and
execution every other year, namely the Modular Gravitational Reference Sensor (MGRS) in 2019,
the Miniaturized Space Time Asymmetry Research on a Small Satellite (NSTAR) in 2021, the
Miniaturized Gravity Recovery and Climate Experiment (NnGRACE) in 2023, the Miniaturized
Distributed Earth Orbiting System (mDEOS) in 2025, and the Miniaturized Laser Interferometer
Space Antenna (mLISA) in 2027. Each mission provides lessons learned and is succeeded by la-
boratory demonstrations one year after. In addition each mission is conceived to act as backup of
the previous mission in case of a major failure.

THE FIRST MILESTONES: MGRS AND MSTAR

The first two missions of the proposed program are intended to kick-off the development of
most of the technologies identified in Fig. 2. They are planned for launch in Low Earth Orbit (LEO)
with near-polar inclinations and near-frozen eccentricity to maximize the science throughput. They
employ the same SaudiSat bus which is under development at the KACST in Saudi Arabia. It tar-
gets a wet mass of 100 kg, an envelope size of 650x600x1200 mm, and power generation up to 100
W. SaudiSat will support three-axis attitude determination based on sun-sensors, magnetometers,
and star-trackers, three-axis attitude control based on magnetorquers and cold-gas propulsion, data
downlink rate at 358 Mb/s, data storage of 28 Gbytes at speed rate of 25 MB/s and compliance
with the Russian Dnepr and Indian Polar Satellite Launch Vehicle (PSLV) launch vehicles. The
MGRS and mSTAR mission operations are designed to use existing resources among partner insti-
tutions wherever possible. The mission control center will be located at KACST in Riyadh. KACST
will lead mission operations by providing communications link scheduling, activity planning and
command sequencing, command product verification, activity execution (commanding/telemetry
monitoring), and supplementary space vehicle and instrument engineering assessment (space vehi-
cle performance estimation, link assessment, etc.). Emergency resources will be available through
the NASA Earth Ground Network. All science and spacecraft bus data will be passed to the partners
for evaluation and processing.

Each mission is motivated by concise technology and science statements which are described
below. MGRS is currently planned for 2019 and will demonstrate drag-free technologies with
aimed residual acceleration noise below 1012 m/s2. This requires micro- to milli-Newton quasi
continuous actuation in combination with precision laser tracking of the inner proof mass at na-
nometer accuracies (3D). The primary science objective of MGRS is the determination of the static
earth gravity field with improvement of up to two orders of magnitude in accuracy as compared
with ground-based observations. This will be possible thanks to the dedicated orbit design, contin-
uous multi-GNSS satellite-to-satellite tracking capability (cm-level orbit determination accuracy)
together with indirect measurement of the non-gravitational orbit perturbations. Although the ex-
pected accuracy can be compared with the results of the recently flown German CHAMP mission,
MGRS will be realized at a tiny fraction of the cost and will pave the way for the subsequent
missions of this roadmap.

Lessons learned from MGRS and dedicated laboratory demonstrations will precede the launch
of mSTAR in 2021. This collaborative mission has two fundamental technology objectives, namely
1) the demonstration of unprecedented timekeeping capabilities using molecular iodine clocks, and
optical cavity resonators, and 2) the demonstration of vision-based far- to mid-range rendezvous
relative to a non-cooperative CubeSat carried and ejected on-orbit by the mother spacecraft. The
latter objective requires the adoption of a dedicated optical camera for angles-only navigation and
the usage of a high-thrust (sub-Netwon) propulsion system for impulsive control. The science ob-
jective of mMSTAR is an advanced Kennedy-Thorndike (KT) test of special relativity using the large



and rapid velocity modulation available in LEO. An improvement of about two order of magnitudes
over present ground results are expected. The KT experiment searches for boost dependent Lorentz
invariance violations which might revolutionize physics if found.

The successful execution of advanced missions such as MGRS and mSTAR will mature the
fundamental navigation, control, timekeeping, and drag-free technologies needed to realize a multi-
purpose DSS. At the same time, breakthroughs in gravitational physics and on-orbit servicing will
push the boundaries of space science and exploration. The next sections describe the key payload
technologies and the related challenges for MGRS and mSTAR in more details.

THE MGRS MISSION: KEY PAYLOAD TECHNOLOGIES
Science Payload

After the first generation of dedicated satellite missions for the precise mapping of the earth’s
gravity field and the recovery of the related geophysical processes (CHAMP, GRACE, and
GOCE)™, earth scientists consider three possible ways to improve the state-of-the-art: 1) achieving
a higher precision to improve the quantification of phenomena already measured by GRACE and
GOCE, 2) increasing the spatial and temporal resolution to resolve numerous geophysical processes
which are difficult to resolve today (e.g., coastal currents, bathymetry, ice bottom topography, hy-
drology, deep ocean studies), 3) improving precision and resolution simultaneously to separate and
isolate individual effects. Next generation gravity missions can be enabled by drag-free DSS tech-
nology thanks to the simultaneous inter-satellite tracking in several spatial directions. As a first
milestone, MGRS intends to achieve the first objective described above by making more precise
estimates of the low-order coefficients in the spherical harmonic representation of the geopotential
(below order and degree 20). In particular, Fig. 4 (left) shows the target gravity anomaly error of
MGRS (<10 mGal for degree < 20) as compared with the current estimates from the GRACE and
GOCE missionst®.

In order to achieve this objective, two key requirements are posed on the MGRS orbit. First, the
target orbit must be as low and as repeatable as possible in the earth-centered earth-fixed frame so
that small changes in the gravity field between repeat cycles can be separated out. Second, the
actual MGRS orbit, or more specifically the orbit of its proof mass, must be reconstructed post-
facto with an accuracy of 1 cm (3D, standard deviation). Dedicated algorithms and software facil-
ities are under development at Stanford to 1) generate an MGRS orbit which maximizes the science
throughput, and 2) enable precise reduced-dynamics orbit and gravity determination based on
spaceborne Global Navigation Satellite System (GNSS) technology.

The orbit design process is schematically illustrated in Fig. 4 (right) and is inspired by the meth-
ods used in the TerraSAR-X mission’. An initial guess is based on the secular earth’s oblateness
J, effects which are known in closed form. An iterative process is then defined which refines the
initial osculating orbit elements to obtain an exact repeat cycle of 30 days with 477 orbits (seasonal
temporal resolution), a sun-synchronous dawn-dusk orbit (steady power and thermal environment),
and a frozen orbit with constant eccentricity vector (no altitude variations). The orbit is numerically
integrated using a high-accuracy numerical propagator which accounts for conservative forces
only, namely 120x120 GRACE’s static gravity field, sun and moon third-body, and relativistic
effects. In addition, state-of-the-art conversion between the earth-centered-inertial (J2000) and the
earth-centered earth-fixed (WGS84) reference frame are adopted.

As a baseline, the GNSS-based precise orbit determination strategy assumes a nominal drag-
free control performance and estimates the proof mass orbit in conjunction with the desired coeffi-
cients of the geopotential. All un-modelled perturbations are captured by second-order Gauss Mar-



kov processes in the form of empirical accelerations in the radial, along-track, and cross-track di-
rections®®. These can be used to evaluate the behavior of the drag-free control system and even aid
its performance during mission operations. Upon necessity, high-fidelity models of the propulsion
system and all forces acting on the MGRS proof mass can be included in the orbit determination
process, such as magnetic interaction, cosmic ray impacts, optical sensing, thermal effects, Brown-
ian effects, self-gravity, and electric disturbances. The baseline GNSS hardware system consists of
a commercial-off-the-shelf dual-frequency receiver (current candidates are the Javad Triumph
DG3TH and the NovAtel OEM4-G2L) and a choke ring antenna to minimize multi-path effects?®.
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Figure 4. MGRS science and orbit. MGRS aims at improving precision of the gravity field recovery
by estimating low order and degree coefficients of the geopotential (left). To this end, the target orbit of
MGRS is optimized to ensure the highest repeatability in the earth-centered earth-fixed reference frame

(right).
Technology Demonstration Payload: Drag-Free Sensor

The key sensor of MGRS is an ultra-quiet spherical inertial reference that operates in a drag-
free environment aboard the satellite. Spherical inertial sensors have a long history dating back to
the early 70s. The first drag-free satellite, TRIAD I with the DISturbance COmpensation System
(DISCOS), was launched in 1972 and achieved a drag-free performance of less than 102° m-s2 over
two weeks, limited by orbit determination accuracy (pre-GPS)®. Since then, two more drag-free
satellites have been flown: NASA’s relativity mission, Gravity Probe B (GP-B)?! and ESA’s geod-
esy mission, GOCE?, TRIAD | and GP-B were drag-free in all degrees of freedom while GOCE
was drag-free in one translational degree of freedom only. The results from the GP-B mission
demonstrated the importance of patch effects on the drag-free performance and in particular showed
the need for housing gaps of the order of the test mass (TM) dimensions?,

The drag-free sensor utilizing a spherical TM, as in GP-B and DISCQOS, has been under devel-
opment at Stanford for a wide range of applications since 2004%. The primary components of the
sensor include a spherical TM of 2.5 cm in diameter, inside a housing where the gap to the walls
equals the ball radius. The TM location in the housing is determined to nanometer accuracy by an
eight-beam differential optical shadow sensor (DOSS)%. The principal advantages of this design
compared to previous drag-free configurations are: 1) no active forces applied to the TM; 2) large
gaps to the housing reduce patch effect forces dramatically?; 3) simplicity and reliability; 4) min-
imization of ancillary electronics and control loops; and 4) long flight heritage of the core technol-
ogy?>?, The caging (launch-lock) mechanism and the charge control system are based on the GP-
B design with improvements from modern light emitting diodes (LED) as ultraviolet (UV)
sources?,



The laboratory model for the TM drag-free system is completed and the functionality of a caging
system has been successfully verified in parabolic zero-gravity plane flights?’. The material for the
TM needs to meet a number of requirements. It needs to allow easy fabrication of a very round
sphere and be compatible with the low disturbances required by the instrument. In particular, it
needs to be of high density to minimize the acceleration due to surface forces, and of low magnetic
susceptibility and out-gassing. The baseline choice is a low iron impurity BeCu alloy UNS C17000
(8,820 kg-m3), that has been verified for low magnetic susceptibility?®2°. An alternative is AuPt
(19,440 kg-m™®) as used in DISCOS, but this material undergoes spinodal decomposition when cast,
making it more difficult to work with.

The functionality of the nm read-out system will be verified in space, with laboratory tests al-
ready ensuring a high level of confidence in its performance. DOSS measures the position of the
TM relative to the housing. A complete system has been developed and tested at Stanford, using
flight-like components and circuits. The optics system has achieved a measured sensitivity below
10 nm-Hz¥2 above 10 mHz, with a trend inversely proportional to frequencies below 10 mHz.
DOSS is based on measuring light intensity and allows for a large dynamic range which is only
limited by the size of the detector and the beam waist. Two light beams of equal intensity are
tangent to and partially blocked by the TM. The two intensities and their difference are measured,
thus canceling common mode noise signals. The measurement principle is illustrated in Fig. 5 for
a 2-dimensional measurement with 2 pairs of detectors that cancel radiation pressure.
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Figure 5. Drag-free sensor. Shadow sensor concept with TM, four detectors and partially blocked light
beams (left). Simulation of the left and right signals and their difference for one axis (middle). Cutout of
the 2-layer thermal enclosure showing the TM and simulated light beams (right).

Charge management of the TM is accomplished by UV photo-emission using commercially
available LED operating in the 240-255 nm range®® as the UV source. A number of UV-LED de-
vices have successfully completed environmental testing, and a complete charge control system
using UV LED has been flown on a SaudiSat in 2014%. This mission has verified the ability to
perform charge management in space using long-lifetime, low-power LED emitting at 255nm.
Compared to Hg lamps, UV LED are smaller and lighter, consume less power, have a wider spec-
trum selection, and a much higher dynamic range, with at least an order of magnitude improvement
in each performance area. The power output is also very stable, with a lifetime of more than 30,000
hours. By using UV LED, charge management can be performed outside the science band. A charge
management system has also been demonstrated on board the SaudiSat in a MGRS-like configura-
tion using a single bias plate with large gap size, UV LED light source, and a single large spherical
proof mass as shown in Fig. 6. For the present instrument, passive charge management will be used,
relying on a virtual wire generated by photoemission and without bias, suitable for the proposed
low capacitance (~2 picofarad) TM.
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Figure 6. Charge management. Schematic showing the basic operation of charge management. The
solid lines describe the electron path while the dashed lines describe the UV path. When the bias plate voltage
relative to the housing (Vuias) is positive, (1) photoelectrons generated from the proof mass and (2) photoe-
lectrons generated from the bias plate travel to the bias plate leading to an increase in the proof mass potential
(Vem). When Vyigs is negative, (3) photoelectrons generated from the proof mass and (4) photoelectrons gen-
erated from the bias plate travel to the proof mass leading to a decrease in Vem.

Fig. 7 shows a CAD model and a prototype of the TM housing with the shape memory alloy
(SMA) based trigger mechanism for uncaging. The SMA is made of Nitinol, which is composed
of nickel and titanium, with the balance set up for an activation temperature of 70°C.
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Figure 7. Caging mechanism. Model of the caging mechanism showing the use of SMA to trigger un-
caging (left). Photograph of the caging system fabricated at Stanford (right).

Technology Demonstration Payload: Drag-Free Control System

The drag-free Attitude and Translation Control (ATC) system for the MGRS mission has the
requirement of a residual acceleration smaller than 102 m-s2.Hz'*2 from 10 mHz to 1 Hz. ATC is
a 6 degree-of-freedom (DOF) sensing and actuation system. The primary 3 DOF translation sensor
is the DOSS. Attitude sensing is a fusion of the star tracker and the rate gyros included in the
attitude determination payload. Both drag-free and attitude control inputs, as well as the output of
both attitude and translation sensors are optimally combined via an Extended Kalman Filter (EKF),
providing real-time attitude and translation estimates and covariances.



Estimates of satellite attitude and angular rate (3 DOF) provided by the EKF are fed into the
attitude controller loop, which sends a command to the appropriate cold gas thrusters (VACCO
MEPSI®, nominal thrust: 53mN). These thrusters provide the commanded torque to the spacecraft,
whose motion is perturbed by several disturbances including atmospheric drag, solar radiation pres-
sure, magnetic and gravity gradient induced torques. The drag-free translation control runs at 10
Hz with a bandwidth of about 1 Hz, and keeps the satellite centered at the proof-mass (see Fig. 8).
Relative displacement and velocity estimates between the satellite and the proof-mass are used
within the translation controller, which sends thrust commands to the micro-propulsion system.
Translational control is achieved by using a set of Radio Frequency (RF) lon engines being devel-
oped by Astrium® (thrust range: 5-500uN). The separation of translational and attitude control
actuation allows for simplicity in the controller synthesis and inherent robustness to failures.

Redundancy will be guaranteed by the number of thrusters, the number of DOSS beams and
angular sensors. The drag-free control algorithms will be designed to be agile and adaptive to loss
of redundant sensors and thrusters. The overall drag-free performance will be evaluated by a
ground-based precision orbit and gravity determination facility which will evaluate un-modelled
perturbations through the processing of multi-GNSS measurements and the comparison with state-
of-the-art static and dynamics earth gravity models. In the next sections, we detail challenges, tech-
nical approach, and preliminary results for the translation control only, as it represents the main
mission enabler.
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Figure 8. Drag Free Satellite. The satellite is centered at the proof-mass (orange ball at the center),
shielding it from external non-gravitational forces such as aerodynamic drag and solar pressure. This allows
the proof-mass to move along an almost pure gravitational trajectory.

Technology Demonstration Payload: Challenges and Technical Approach

The MGRS drag-free technology demonstration presents three key challenges. From the stand-
point of residual acceleration sensitivity, the mission aims to demonstrate three-axis drag-free op-
erations with residual non-gravitational acceleration of the proof-mass with three orders of magni-
tude improvement with respect to the best drag-free performance to date (achieved by Gravity
Probe B*). From a spacecraft bus perspective, while the desired drag-free performance is compa-
rable to the soon to be launched LISA Pathfinder mission (which aims to demonstrate single-axis
drag-free operations under 10" ms2Hz¥2 within 1-30 mHz3%), MGRS is a microsatellite with ex-
ternal dimensions of the order of 650mm. As a result, the expected external disturbances on the
satellite such as aerodynamic drag and solar radiation pressure are extremely small, which requires
challenging micro-thrusting capabilities. Specifically, the onboard propulsion system must be able
to provide active compensation at micro-Newton levels in order to maintain a fixed distance be-
tween the proof-mass and the external satellite. Finally, the control design must be robust with
respect to uncertainties of the nominal dynamics and actual disturbances.
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The objective of the translation control system is to keep the satellite centered on the proof-
mass. The equations of motion for the proof-mass are

7= fgravity + fdirect + fcoupled (1)

Here, 7 represents the acceleration of the proof-mass, given by the sum of the external gravita-
tion forces (subscript gravity), direct disturbances (subscript direct), and coupled disturbances (sub-
script coupled) that act between the satellite and the proof-mass. The direct disturbances comprise
residual non-gravitational forces not shielded by the satellite (for example, collision impacts from
cosmic rays) and also include forces due to differential radiation pressure as a result of outgassing
of satellite’s components. Since direct disturbances are not affected by the relative position of the
proof-mass with respect to the satellite, they can not be rejected via control design and therefore
represent a fundamental lower bound on achievable drag-free performance. The coupled disturb-
ances arise from electromagnetic interactions and mass-attraction forces exerted by the satellite on
the proof-mass. These forces can be approximated locally about equilibrium according to a virtual
spring model®

f::oupled = K(F - Feq) 2

where 7,4 denotes the (unknown) position of the spring equilibrium, fixed within the central
satellite cavity. Assuming a diagonal stiffness matrix, numerical experiments similar to the analysis
for the LISA mission®, provide an estimate for the diagonal components of K which are less than
107s2. Using this upper bound, the translational control objective can be equivalently stated as the
requirement that the relative displacement between the proof-mass and the satellite is less than 10°
"mHz Y2 within the target bandwidth, i.e., 10 mHz - 1 Hz.

The translation control scheme is critically affected by several disturbance forces and torques
acting on the satellite and proof-mass. Accordingly, a high-fidelity simulation environment that
models the various effects on the proof-mass and satellite has been developed, which includes®

e high order spherical expansion model for the gravitational field, including tidal effects,

e aerodynamic drag using high-fidelity density and atmospheric wind models (using
long-term solar and geomagnetic activity predictions),

o solar radiation pressure drag due to direct and off-earth reflection (albedo),
mutual gravitational attraction and electromagnetic coupling between spacecraft and
proof-mass,

e sensing (DOSS) and actuation (thrusters) noise,

o disturbance torques associated with the various disturbance forces.

This modeling framework allows the computation of an envelope for the expected satellite dis-
turbance profiles and the derivation of sizing constraints for a suitable micro-propulsion system, as
detailed below.

Figure 9 shows the expected aerodynamic and solar radiation pressure forces on the satellite
computed for a 328-km Sun-synchronous dawn-dusk orbit, assuming a spacecraft attitude aligned
with the radial, in-track, and cross-track directions. The in-track and cross-track forces are large
enough (max > 20 uN) to be continuously compensated through existing ion-thruster technology,
namely the Astrium’s p-X RF lon engines®. On the contrary, the radial forces are very small (order
of £4uN), and can only be counteracted by a dedicated attitude mode that is offset from the nominal
orbital frame. The disturbances at higher altitudes (for instance at 650km) are even smaller (order
of £8uN in all axes) due to the lower atmospheric density. The lack in maturity in micro-propulsion
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to provide thrust at such low levels is therefore one of the primary motivating factors for choosing
a lower orbit (in addition to the gravimetric science objectives discussed earlier).
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Figure 9. Expected disturbances. Aerodynamic drag and solar radiation pressure at 328 km altitude.

Using such disturbance modeling results and a detailed propulsion trade-study, a preliminary
ATC that uses the Astrium’s lon engines and VACCO cold-gas micro-propulsion thrusters has been
developed. The generalized translation control system architecture is shown in Fig. 10.
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Figure 10 Translational control. Generalized translational control system architecture. 7. denotes the
relative displacement between the satellite and the proof-mass.

noise

The preliminary design approximates the Multi-Input-Multi-Output (MIMO) plant as three de-
coupled Single-Input-Single-Output (SISO) plants. Accordingly, three decoupled SISO controllers
are designed and simulation results suggest a residual acceleration for the proof-mass under 102
m-s2-Hz*2 in nominal conditions (no uncertainty in system dynamics). While the decoupled ap-
proximation is an over-simplification of the true MIMO dynamics, it is sufficient to gain key in-
sights into the fundamental limitations of performance, and to provide a proof of concept.

The decoupling simplification will be relaxed in future work in favor of a more advanced design
approach for MIMO systems. In particular, optimization-based robust control techniques such as
H.. and u-synthesis will be explored to guarantee robust performance®” . In addition, a stochastic
Model-Predictive-Control (MPC) algorithm is under investigation which addresses the uncertainty
and disturbance rejection problem in a less conservative fashion than robust control techniques.
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THE MSTAR MISSION: KEY PAYLOAD TECHNOLOGIES
Science Payload: Motivation

The scientific objective of MSTAR is to achieve a two order of magnitude improvement in the
search for Lorentz invariance violations using technologies well-developed on the ground, but per-
forming the observations in space. The mSTAR mission will improve our understanding of the
range of applicability of the theory of Special Relativity (SR), a cornerstone for understanding the
laws governing the universe and its evolution. To achieve a two order of magnitude improvement
on the resolution of the Kennedy-Thorndike (KT) coefficient, measurement will be performed by
comparing the frequency of an optical transition in molecular iodine with the resonant frequency
of a high-finesse optical cavity. Figure 11 illustrates the functioning principle and a possible direc-
tion and velocity of a preferred frame given by the cosmic background radiation.

Figure 11. mSTAR functioning principle. Experiment concept (left) and velocity of earth relative to a
possible preferred frame like the cosmic microwave background radiation.

It is well known that SR owes its experimental foundation to a minimum of three types of clas-
sical experiments: those of Michelson and Morley (MM)¥*, Kennedy and Thorndike (KT)* and
Ives and Stilwell*. Extreme precision has been obtained in verifying SR in many areas, yet the
basis for acceptance must remain experimental, as with all laws of physics. Recently, a more de-
tailed approach has been developed to categorize potential manifestations of Lorentz invariance
violations (LIV) that might occur within all sectors of the Standard Model (SM). A generalized
extension to the SM (SME) was developed and a classification scheme for possible small effects
was presented. With the restriction to the photon sector of the SME and renormalizable terms, a
sub-group of the coefficients of LIV was found to be related to the putative angle dependence of
speed of light (c) within a Sun-centered near-inertial reference frame. This implied their detecta-
bility with MM type experiments. With the same restrictions, an analysis of KT type experiments
yielded similar terms. However from a broader perspective it is now recognized that higher order
terms are critical to the analysis of these latter experiments. An essential feature of a KT experiment
is to study the boost-dependence of ¢ rather than its angle dependence.

To date, efforts to place limits on LIV related to KT effects have relied on the earth’s rotational
and orbital motions to modulate the velocity of an apparatus relative to some inertial reference. The
resulting limits on the constancy of ¢ are on the order 5c/c ~ 106, While improvements in technol-
ogy will no doubt lead to further gains, it has become clear that space experiments in LEO offer a
way to obtain much better results than with ground experiments. The intrinsic boost-dependence
of a KT experiment can easily be seen from the idealized model of Mansouri and Sexl (MS)*? that
separates small LIV terms into angle and boost dependent groups. Analyzed by Robertson*® and
MS, the RMS model of Lorentz violations can be parameterized as

5c/c = exr(v/c)? + ey (v/c)?sin?6 ©))
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where the quantities ekt and emm are small dimensionless coefficients, 4 is the angle of propagation
of light relative to some preferred direction, v is the velocity of the apparatus relative to the frame,
and dc is the deviation of ¢ from an exact constant. In SR, the two terms on the right hand side are
zero. In the RMS model, a MM experiment can be viewed as measuring the quantity emm Via the 6-
dependence of ¢, while a KT experiment measures the quantity exr via the velocity dependence of
¢, independent of 4. A generalized experiment may be sensitive to both terms.

Performing the experiment in space offers a number of advantages over ground experiments. In
particular, with a well-designed spacecraft the vibration environment can be extremely quiet. Large
gravity forces are eliminated, allowing the possibility of very soft mounting of force-sensitive com-
ponents. Of course, latching during launch is necessary, but these can be retracted during science
measurements. The wide range of orbits available allows much better optimization of the experi-
mental conditions than an equivalent ground experiment. For LEO, the velocity modulation in Eq.
(3) is typically 25 times larger than in a ground experiment using the earth’s rotation. The corre-
spondingly short period of the velocity reversals is another major advantage because it greatly mit-
igates the thermal control problem. Also, it allows a large reduction in the secular drift requirements
for the rods and clocks. A dawn/dusk sun-synchronous orbit has two further advantages. The space-
craft can be in sunlight for almost the entire year minimizing thermal effects, and orbit plane pre-
cession can be used to sweep the entire sky for velocity effects. The various motions involved also
allow the separation of some systematic effects from signals aligned with inertial coordinates. The
distribution of dc/c variations on the sky as seen as a function of orientation and spacecraft velocity
vector at the orbital period represent the raw data obtained from the mSTAR instrument from which
all other results are derived.

The goal of the experiment is to reduce the noise on the frequency comparison to below 1 part
in 107 of the optical frequency in a nominal 2-year LEO mission. However this level of perfor-
mance has not yet been demonstrated on the ground. Therefore the mission sensitivity requirement
is set at 5-10Y in a 2-year mission, which translates to an Allan deviation* of 5-10° at orbital
period. This level of performance has already been demonstrated on the ground and allows for
immediate space hardware development. It is also required that the data from up to 10,000 orbits
over the 2 years can be averaged to reach the 5-10'7 level for the mission sensitivity requirement.
Since no consumables are required for the mission, the 2-year duration is a soft lower bound.

Science Payload: Instrument

The mSTAR instrument comprises a highly stable optical cavity located in a thermal enclosure
that maintains high vacuum conditions, an iodine frequency reference with very high stability and
low noise, and associated electronics and software. A functional diagram of the mSTAR payload
is shown in Fig. 12. It consists of the following subsystems:

o lodine based frequency reference (clock 1) with laser source Beam Preparation Unit
(including second harmonic generator and acousto-optic modulators)

e Cavity based frequency reference (clock 2) with thermal enclosure and Modulation
Bench (including acousto-optic modulators and electro-optic modulator)

e Control electronics for clocks 1 and 2
Laser control electronics

e Data Management Unit (DMU) and Power Conditioner

There are two input signals, emanating from the common source — clock 1, an absolute clock —
a laser stabilized to an energy transition in molecular iodine (1) as shown in Fig. 13. The first signal
is the baseline used to compare the signal from clock 2, the so-called rod. It goes directly from the
laser clock to a frequency comparator.
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Figure 12. mSTAR payload. Functional diagram of the mSTAR payload.

The second signal is fed into a resonant cavity, clock 2, via a frequency shifter. The cavity and
the shifter are in a feedback loop such that the frequency shifter can maintain the light frequency
at the proper cavity resonance at all times. Either length contraction in the rod and/or time dilations
will manifest themselves as deviations in the required frequency shift to keep the rod resonant with
the laser light. The output of the rod laser light is then compared with the baseline signal to generate
the KT science output. The rod is made of Ultra-Low Expansion (ULE) glass to reduce spurious
thermal effects as shown in Fig. 14. The payload also includes the corresponding control electronics
for the two clocks (including temperature stabilization, frequency control feedback loop) and the
laser (including temperature stabilization, low-noise current drive). A data management unit con-
trols the experiment, collects the data, and acts as interface to the on-board computer, which is
assumed to be part of the spacecraft bus.

Lok

Figure 13. mSTAR spectroscopy unit. Schematic (left) and photograph (right) of the iodine spectros-
copy unit (engineering model setup). TFP is the thin film polarizer, L/2 is the half-waveplate, BS is the
beam splitter, NC is the noise cancelling detector, I-stab is the intensity stabilization, and RAM is the resid-
ual amplitude modulation.

The iodine instrument is based on modulation-transfer-spectroscopy (MTS) techniques applied
to a molecular species in gas phase*. These techniques employ two counter-propagating laser
beams (pump and probe beam) through an iodine sample for Doppler-free resolution of narrow
transitions. MTS has been applied extensively to hyperfine transitions in molecular iodine using
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frequency doubled Nd:YAG lasers operating at 1064 nm. Nd:YAG lasers feature a superior intrin-
sic frequency and intensity stability, while I, features strong, narrow hyperfine transitions at 532
nm. These can be addressed with a frequency-doubled portion of the fundamental output of the
Nd:YAG laser. The natural linewidth of the most interrogated hyperfine transition (the aio compo-
nent of the R(56) 32-0 line) is 280 kHz. Taking into account transition broadening, pressure broad-
ening and power broadening the typical linewidth is ~ 800 kHz.

Current setups have achieved a stability of 4-10° at orbit time* meeting the requirement of the
mSTAR mission. Many issues limiting the long-term performance have been identified*¢-%, Some
of the major issues are residual amplitude modulation (RAM) and pointing stability of the beams
in the cell. Methods for control of RAM have been developed“. In the setup proposed for mSTAR,
the pointing instability will be significantly reduced through the use of a thermally and mechani-
cally stable assembly-integration technology.

283mm  10cm CAVITY
THERMAL ISOLATION MOUNT (ULE GLASS)
(TITANIUM AND FIBERGLASS)
4 LAYER THERMAL

_— FLEXURE ENCLOSURE
(TITANIUM) (ALUMINUM ALLOY)

198mm

GRIN LENS
SUB ASSEMBLY FIBER OPTIC

Figure 14. mSTAR ultra-stable cavity. Schematic of the fiber-coupled, ultra-stable ULE cavity inside
a 4-layer thermal enclosure.

The effectiveness of the cavity as a frequency sensor depends strongly on the line width and
stability of the laser sources, the thermal-mechanical stability of the cavity itself, and the sensitivity
of the cavity to velocity-induced length perturbations. The sensitivity correlates most directly to
cavity finesse which is defined as the ratio of the free spectral range of the cavity to the full width
at half maximum of the cavity resonance peak. The required finesse is >100,000 to detect length
perturbations at sensitivities necessary to meet the science requirement (i.e., Al/l = 10" at orbit
period, where | is the cavity length). Modern cavities readily reach finesse values well above
100,000%-%, The cavity design supports the finesse requirement using pairs of low-absorption (<5
ppm), partially transmitting (T< 20 ppm) mirrors (achievable finesse > 160,000).

High elastic moduli and the thermal behavior of ULE glass drive the material selection for the
cavity body. ULE has a low coefficient of thermal expansion (CTE) of ~10-%/K within an operating
temperature range of 10 — 30 °C, and a null CTE near 15 °C%. Higher null temperatures are avail-
able on special order. In conjunction with thermal enclosure providing temperature stability be-
tween 0.1 — 1 pK, the mechanical stability of ULE is adequate to meet the 10°° length stability at
orbit period required to achieve the science objective.

For the KT measurement the signal from the reference clock is initially compared to the signal
from the rod via the frequency comparator while the apparatus is in an initial velocity state. There
will be some difference in the two frequencies that is recorded. Later, when the apparatus is trav-
elling in the opposite direction around the orbit relative to its initial state, the signals are compared
again. If there is no difference from the recorded value, the KT portion of the experiment is null. If
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there is a difference from the recorded value, the KT coefficients may be precisely determined by
the difference between the initial vs. boosted frequency values. The frequency comparison is made
with opposing velocities in three orthogonal directions.

Technology Demonstration Payload

The technology demonstration payload on-board mSTAR seeks to demonstrate the capability
to perform rendezvous, including approach and receding maneuvers, with respect to a non-cooper-
ative passive Space Resident Object (SRO) using vision-based angles-only navigation. In addition
to the research and development roadmap described in this paper (see Fig. 1-3), the proposed ex-
periment serves the needs of a new class of on-orbit servicing missions which is under investigation
by several national and international space agencies®?%. As a matter of fact, the capability to ap-
proach and rendezvous with a non-cooperative SRO in a safe, fuel efficient, and accurate manner
is a fundamental requirement of future satellite missions for debris removal, inspection and repair,
and sample return (Mars, Titan, etc.).

The proposed payload builds on the experience gained from the PRISMA mission’ where the
author demonstrated a ground-in-the-loop rendezvous in the range of 30-3 km with a passive target
based on angles-only navigation during the so-called Advanced Rendezvous Experiment using
GPS and Optical Navigation (ARGON)%*. Since the SRO employed in the mSTAR mission is a 1U
CubeSat deployed by the mothership satellite itself, the focus of the experiment is on far- to mid-
range separations from about 10 km to hundreds of meters in the along-track direction. The exper-
iment will take place at the beginning or end of the mSTAR mission and lasts one month.

The use of angles-only navigation is appealing because it relies on simple passive low-cost sen-
sors (e.g., optical or infrared cameras) able to provide the line-of-sight (LOS) direction to the target
object. To this end, star trackers usually employed for attitude determination can be advantageously
used to track a SRO, if properly oriented®. At sufficiently large separations, it is acceptable to
approximate the center of mass of the client satellite with its intensity centroid and angles-only
navigation represents a sufficiently accurate methodology to accomplish the first phases of the ap-
proach. This leads to simpler and cheaper designs of the servicer satellite, limiting the use of more
complex sensors (e.g., radar, lidar, stereo-cameras) to close-proximity operations. From a perfor-
mance point of view, the mSTAR technology demonstration aims at unprecedented relative navi-
gation accuracies to within 10 m (standard deviation) for all relative orbit elements, except for the
relative mean argument of latitude (i.e., mean along-track separation) which is estimated with errors
within 10% of the inter-spacecraft separation due its weak observability.

As compared with previous flight experiments, the main contribution of mSTAR will be to
accomplish the vision-based navigation and control tasks in a fully autonomous manner on-board
the mothership spacecraft. In this scenario, key challenges are given by the limited computational
resources, the high level of robustness required to cope with system and environment uncertainties,
and the specific constraints posed by the satellite bus and mission operations. The challenges will
be tackled by novel guidance, navigation and control algorithms tailored to the angles-only rendez-
vous problem under development at Stanford. These leverage advanced space mechanics (espe-
cially Gauss Variational Equations in combination with relative orbit elements theory)®, non-linear
estimation theory (especially unscented Kalman filtering in combination with consider covariance
theory)®’, and stochastic MPC approaches®® aided by closed form solutions to reduce the computa-
tion effort.

The most promising sensors and actuators identified for the technology demonstration are 1) the
Nano Star Tracker by Blue Canyon Technologies®’ for image generation, which employs a high
resolution CMOS sensor immune to blooming effects plaguing older CCD sensors, 2) the GNSS
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Javad Triumph DG3TH and the NovAtel OEM4-G2L receivers®® for real-time absolute orbit and
maneuver estimation of the servicer spacecraft, and the 3) VACCO cold-gas micro-propulsion
thrusters®: for impulsive maneuvering.

CONCLUSION

This paper has described a 10-year research and development roadmap under implementation
at the KACST-Stanford’s Center for Excellence in Aeronautics and Astronautics in collaboration
with national and international partners. The ultimate goals are to 1) develop a multi-purpose re-
configurable precise distributed space system (DSS) based on microsatellite platforms, and 2)
demonstrate its unprecedented capabilities in areas such as earth gravimetry and system dynamics,
gravitational waves detection, and on-orbit servicing. After an overview of the schedule and the
identified enabling technologies, the first milestones of the program have been presented in details
with a focus on the science and technology payloads. In particular the Modular Gravity Reference
Sensor (MGRS) mission, currently planned for 2019, will demonstrate drag-free technologies with
aimed residual acceleration noise below 10*2 m/s?, The primary science objective of MGRS is the
determination of the static earth gravity field with improvement of up to two orders of magnitude
in accuracy as compared with ground-based observations. Lessons learned from MGRS and dedi-
cated laboratory demonstrations will precede the launch of the Miniaturized Space Time Asym-
metry Research on a Small Satellite (MSTAR) in 2021. This mission has two fundamental technol-
ogy objectives, namely 1) the demonstration of unprecedented timekeeping capabilities using mo-
lecular iodine clocks, and optical cavity resonators, and 2) the demonstration of vision-based far-
to mid-range rendezvous relative to a non-cooperative CubeSat carried and ejected on-orbit by the
mother spacecraft. The science objective of MSTAR is an advanced Kennedy-Thorndike test of
special relativity using the large and rapid velocity modulation available in low earth orbit. An
improvement of about two order of magnitudes over present ground results are expected. The suc-
cessful execution of advanced missions such as MGRS and mSTAR will mature the fundamental
navigation, control, timekeeping, and drag-free technologies needed to realize a multi-purpose
DSS. At the same time, breakthroughs in gravitational physics and on-orbit servicing will push the
boundaries of space science and exploration.
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