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Abstract

This dissertation addresses the development of new hardware-in-the-loop testbeds for spaceborne
vision-based navigation. The miniaturization of satellites and trend towards distributed space sys-
tems place demanding requirements on the navigation capabilities. In particular, next generation
miniature space systems requires high levels of autonomy using limited onboard resources. In this
context, vision-based sensors play an important role in providing a robust and passive mean to
perform both inertial navigation and relative navigation with respect to space resident objects. The
characteristic low-cost, low power consumption, small form factor, and high-dynamic range make
vision-based sensors the ideal tool to operate in space. Current testbeds used for validation of
vision-based sensors and navigation algorithms are affected by a number of limitations such as lim-
ited geometric resolution, radiometric dynamics range, or scope in terms of range of operations and
functional modes. To overcome these limitations, this research addresses the design, calibration and
utilization of two complementary hardware-in-the loop testbeds which make use of a combination of
virtual reality and robotics. The virtual reality testbed is a variable-magnification optical stimulator
which consists of a pair of actuated lenses that magnify a monitor. High-fidelity, synthetic scenes
of the space environment are rendered to the monitor in real-time and closed-loop to stimulate a
vision-based sensor test article. This is done using both computer graphics and machine learning
techniques. The physical reality consists of a 7 degrees-of-freedom robotic arm, which positions and
orients a vision-based sensor with respect to a target object or scene. Custom illumination devices
simulate Earth albedo and Sun light to high fidelity to emulate the illumination conditions present
in space. After design and calibration, the resulting testbeds are used in conjunction to validate
the performance of new navigation algorithms and train neural networks for navigation of the next

generation spacecraft.
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Chapter 1

Introduction

1.1 Motivation

Vision-based sensors (VBS) are a ubiquitous part of the satellite navigation system. Common sensors
used for inertial navigation are star trackers (ST), Sun and Earth sensors. These sensors are also
extensively utilized for spacecraft relative navigation and have been used in flight (or planned) to
facilitate autonomous rendezvous [1, 2, 3, 4], formation flying [5, 6], swarm operations [7], near Earth
object exploration [8, 9], space situational awareness [10], space debris removal [11, 12, 13], lifetime
prolongation through on-orbit servicing [14, 15|, and many more. Relative vision-based navigation
techniques can be applied at inter-spacecraft separations ranging from hundreds of kilometers down
to virtually zero separation in many orbit regimes. At large separation distances, the relative motion
between spacecraft can be determined using angles-only navigation, which has been considered in
several research studies [16, 17, 18, 19, 20] and applied on orbit [3, 21, 22]. In this navigation mode,
the observer spacecraft is attempting to estimate the relative orbital motion of a target space object
using only optical bearing angles obtained by the VBS. At close range, pose estimation algorithms
can be used to estimate relative position, velocity, attitude, and other parameters of a target space
object from a single image. Close-range VBS pose estimation algorithms can utilize known visual
markers and/or computer aided models of the space object to estimate the relative position and
orientation [23, 24, 25, 26]. Additionally, simultaneous localization and mapping (SLAM) is another
common technique to navigate with respect to known and unknown objects [27, 28].

Testing VBS on ground has become of increasing importance as autonomous, smaller, mass pro-
duced satellites demand the ability to verify VBS reliably and more efficiently. Future missions with
autonomous vehicles are increasing the range of operations and imposing demanding angular and ra-
diometric sensor detection requirements on the vision-navigation payload. In addition, there is great
interest in the engineering community in vision-based navigation systems capable of bridging the

gap between far- and close-range navigation techniques. This gap comprises mixed navigation modes
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(i.e. performing inertial and far-range relative navigation simultaneously), transitions between navi-
gation modes (i.e. transition from far- to close-range relative navigation) and highly-variable modes
(i.e. optical navigation at highly varying separation and illumination conditions). For example, the
long range VBS used on the Autonomous Rendezvous demonstration using GPS and Optical Navi-
gation (ARGON) experiment conducted in the framework of the PRISMA (OHB) mission suffered
from blooming when the resident space object was in view, which impacts the quality of its inertial
and relative navigation solution [3]. Before the next generation of vision-based navigation systems
can be deployed in space, a high-fidelity, high-dynamic-range testbed is necessary to properly verify
algorithms, software and hardware in terms of functionality, performance, and robustness.
Spaceborne VBS navigation testing facilities have historically been designed to calibrate and
assess only ST [29, 30, 31, 32, 33]. Typically, a testbed consists of a static star field and a single col-
limating optic (CO) to account for the finite distance between the optical stimulator (OS) and VBS.
These systems typically have limited geometrical imaging precision, radiometric dynamic range, con-
trast ratio and lack the appropriate software to simulate stellar objects (SO) and non-stellar objects

(NSO) in real-time and closed-loop.

1.2 Research Objectives

The objective of this thesis is to better understand the capabilities of spaceborne VBS and navigation
algorithms prior to deployment in an operational environment. To this end, the aforementioned
limitations of terrestrial based vision-based validation facilities need to be overcome in order to
enable the next generation of spaceborne vision-based navigation. Since the space environment is
not readily available, a minimal set of testing facilities are desired to stimulate VBS in a hardware-
in-the-loop (HIL) capacity. This poses unique challenges because of the geometric and radiometric
diversity of space. Sources of light vary by many orders of radiometric magnitude and VBS, such as
STs, can be tasked with identifying objects which geometrically vary from milli-arcseconds to tens of
degrees. These characteristics have contributed to the development of HIL facilities which focus in
on narrow operational environments (i.e. small field of view only, close-range rendezvous only, etc).
The drawback of this approach is that the performance of VBS in transitional navigation regimes,
such as ARGON |[3], are left poorly understood.

Having established the challenges associated with emulating the space environment, and the
motivation for validating VBS, the objectives of this research are to design and develop HIL facilities
which

1. match the radiometric characteristics of light sources such as stars, planets and NSOs,

2. position the aforementioned light source with high geometric accuracy at the intended angular

location,
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3. accommodate VBS with a wide range of FOVs, and to

4. stimulate VBS in real-time and closed-loop with synthetic spaceborne scenes that accurately

capture the underlying inertial and relative motion.

These objectives are intended to be orbit agnostic and enable testing of inertial and relative
spaceborne navigation sensors and algorithms. An emphasis is placed on accurately modeling the
varying illumination environment as a function of a rigorous closed-loop orbit and attitude simula-
tion. Throughout this HIL simulation, one or more VBS are being stimulated and in turn causing
guidance, navigation and control decisions to be made which in turn updates the evolution of the
simulation. As detailed in the following sections, these objectives will drive the contributions of this

research to advance the state of the art in validation capabilities.

1.3 State of the Art

Although VBS have been used for spaceborne navigation for decades, little effort has been invested
into researching the behavior and performance of VBS in mixed and transitional navigation regimes
on ground. This is in part due to the difficulty of emulating the space environment on the ground.
Instead, terrestrial validation facilities have focused on emulating specific operational regimes, such
as star tracker testbeds or close-range rendezvous and docking testbeds. The two main classifica-
tions of HIL facilities used to validate vision-based navigation are virtual reality and physical reality
testbeds. The virtual reality testbeds are characterized through the use of synthetically generated
scenes, which are typically rendered to a monitor and stimulate a VBS. In the context of spaceborne
navigation, these testbeds have almost been exclusively used for emulating SO to validate the func-
tionality and performance of ST. Physical reality testbeds however use mechanisms such as robotic
manipulators or air-bearing tables to partially/fully emulate the translational and rotational motion
that can be achieved in space. Some of these physical reality testbeds also include devices which
attempt to replicate the illumination produced by light sources, such as the Sun. This section is

devoted to the presentation of the benefits and drawbacks of these two architectures.

1.3.1 Virtual Reality

At the John Hopkins Applied Physics Laboratory, the Celestial Object Simulator (CEL) consists
of light emitting diodes (LED) attached to an acrylic hemisphere, as shown in Figure 1.1, which
are used to mimic the hundred brightest singlet stars in the northern hemisphere of the night sky
[30]. A 2-axis gimbal mechanism was used to slew the star camera positioned at the center of the
hemisphere and simulate relative attitude motion. The use of individual LED allowed this group

to emulate SO over 5 stellar magnitudes of dynamic range and was calibrated from a radiometric
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stand-point using a procedure relying on spectrometers and neutral density filters. Although the

authors used a CO, they did not pursue quantifying the geometrical distortion it introduced.

Figure 1.1: CEL at John Hopkins Applied Physics Laboratory [30].

Rufino and Moccia created a testing facility which consisted of a cathode ray tube monitor
stimulating a ST through a CO [29]. The cathode ray tube testbed (CRTT) was enclosed in a 1.8 by
0.6 by 0.6 [m] shroud with explicit calibration efforts invested to quantify the irradiance output of
the monitor versus digital count. The methodology to simulate SO was to illuminate a single pixel
which limited the geometrical resolution of the testbed to the instantaneous field of view (iIFOV) of a
monitor pixel (~50 [arcsec]). The authors correct for distortions introduced by the CO in software,
and quantify the temporal nature of a dynamic simulation rigorously. This testbed however did not
simulate NSO within the FOV. A schematic of the CRTT is shown in Figure 1.2.
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Figure 1.2: Schematic of CRTT [29].

The Jenoptik Optical Sky field Simulator (OSI) used by the German Aerospace Center (DLR) is
a compact device which is attached to an arbitrary ST through a custom adapter [32]. A simulated
scene stimulates a ST with collimated light and accounts for optical distortions by warping the
intended scene as well. The distortion of the CO is isolated from that of the VBS and is characterized

using a pair of fourth-order calibration polynomials which results in the ability to render a single star
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to within ~10 [arcsec]. Pixel intensity is commanded using a Gaussian point-spread function based
off star visual magnitudes. This testbed has the ability to render planetary objects (Sun, Moon,
asteroids), but does not describe the ability to simulate satellites within the field of view (FOV).
Figure 1.3 contains a diagram of the test bench showing the connections between each hardware

component.

== Serial R5422
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Figure 1.3: Hardware architecture block diagram for the OSI star simulator [32].

The Optical Stimulator System for VBS (OSVBS) testbed created by the Technical University of
Denmark (DTU) consists of a computer monitor viewed by a VBS through a CO [34]. The testbed
is larger than OSI and encased in a shroud, as shown in Figure 1.4. The article does not mention
radiometric emulation. Geometrically, the authors account for optical distortion by rendering a
scene to the monitor which is warped using openCV [35]. The resulting attitude solutions differ
in the single arc-second range from the intended attitude. The authors do not distinguish between
distortion of the camera’s optical elements and the distortion introduced by the CO. This testbed
has the capability to simulate satellites within the FOV.

light shielding
(opened)

scene stimulator camera optical
caleulator maonitor tower hench

|

Figure 1.4: OSVBS with mounted camera head [34].

The fixed monitor and single CO architecture utilized in the aforementioned testbeds has several
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fundamental limitations. First, this design is unable to support testing of both narrow and wide
FOV VBS. For researchers working with multiple VBS of different FOV (i.e. short range cameras,
horizon sensors, star trackers, telescopes, etc.), exchanging CO and re-calibrating a testbed is a major
inefficiency. Second, these testbeds are unable to emulate close-range scenarios when light from an
object(s) in the FOV is no longer collimated. Additional limitations of previous optical testbeds
consist of insufficiencies in angular accuracy, radiometric dynamic range, the ability to simulate a
rapidly changing scene, accounting for geometric distortion, matching radiometric characteristics,
simulating multiple, mixed and transition navigation modes (i.e. inertial, far-range and close-range)
simultaneously. With these limitations in mind, it is evident that advancements to a laboratory
testing environment are necessary to rapidly verify the next generation of spaceborne vision-based

navigation systems.

Collimated Geometric Radiometric Stellar Non-Stellar

Testbed Light Calibration Calibration Objects Objects
CEL [30] Yes No Yes Yes No
CRTT [29] Yes Yes Yes Yes No
OSI [32] Yes Yes Yes Yes No
OSVBS [34] Yes Yes No Yes Yes

Table 1.1: Summary of virtual reality HIL testbeds used to stimulate VBS for inertial and/or relative
spaceborne navigation.

1.3.2 Physical Reality

Bachhuber et al. developed a testbed for networked control systems that allow for the testing of
computer vision algorithms, network protocols and control algorithms [36]. The testbed consists of
an inverted pendulum which is monitored by a VBS transmitting video through a network running an
image processing algorithm, as shown in Figure 1.5. The angular position of the pendulum is sensed
using a computer vision algorithm which is in turn relayed back to a controller stabilizing the inverted
pendulum. Although this testbed does not emulate the space environment, it demonstrates a strong

architecture for quantifying the performance and latency associated with vision-based algorithms.
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Figure 1.5: Testbed for vision-based networked control systems [36].

A popular style of physical reality testbed for testing autonomous spaceborne guidance, navi-
gation and control (GNC) systems for rendezvous and proximity operations (RPO) are air-bearing
spacecraft simulators [37, 38]. These testbeds typically consist of a horizontal surface, such as a
granite table, that allow test vehicles, representing spacecraft, to translate freely with two degrees
of freedom and one rotational degree of freedom. Air bearings allow the test vehicles to experience
constrained, quasi-frictionless motion, partially mimicking the space environment. An example of
one of these testbeds is the Proximity Operation of Spacecraft: Experimental hardware-In-the-loop
DYNamic simulator (POSEIDYN) air-bearing testbed at the Naval Postgraduate School (NPS) [39],
as shown in Figure 1.6. Although air-bearing simulators, such as POSEIDYN, provide a system-level
experimental platform to test systems, such as VBS sensors and algorithms, only partial validation

can occur since the test vehicle’s motion is constrained to a plane.
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Figure 1.6: POSEIDYN air-bearing testbed at NPS [39].
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The full 6-DOF limitations associated with air-bearing table facilities can be overcome by kine-
matically matching the expected relative motion between objects using robotic manipulators. Addi-
tionally, real physical contact forces during docking can be emulated more accurately matched than
the aforementioned physical reality architectures. These robotic testbeds typically consist of one or
two robotic arms, with a VBS mounted on one arm observing a target object, which is potentially
statically mounted or attached to an end-effector of a second robot. Facilities such as Lockheed
Martin’s Space Operations Simulation Center [40], the Testbed for Robotic Optical Navigation at
DLR [41], the RACOON facility at TUM [42], and the European Proximity Operations Simulator
(EPOS)

Sonnensimulator

b
Comirs
| = |
| R . ’ | |
= Jaink
mgticn matisn
cormmand fumdback
Canera Robot 2
Images. KUKA Control .
Fabat 2 metion
¥ feedback
Facility Monitorng and|
Raobat 2 mastion command Control System Fobat 1 mation faedhack
[
Facility F
maticr rmesan
teedback cammand
- W
- e |
Iniage GNC Navigation |l Saleliile Salelite Cyarmic
Processing Fittar Controliar Simuiator
Application Contral System

Figure 1.7: EPOS testing and verification facility for rendezvous and docking. [43].

1.4 Contributions

This research has led to the design, development, calibration and utilization of two complementary
HIL testbeds for validating VBS and algorithms for spaceborne navigation. The common objective
between the virtual reality and physical reality testbeds is to deepen the understanding of the behav-
ior and performance of VBS and algorithms prior to deployment in their operational environment.
This objective requires emulating the unique motion and illumination environment of space on the
ground. In light of the aforementioned limitations of current spaceborne validation facilities, this
dissertation will describe numerous technical contributions which have extended the geometric and

radiometric dynamic range of spaceborne navigation emulation.
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1.4.1 Variable-Magnification Optical Stimulator

The first contribution is the design of a variable-magnification optical stimulator (OS) to emulate the
space environment in high fidelity. This device supports VBS of both narrow and wide FOV, increases
the radiometric dynamic range through variable-magnification and has the ability to emulate close-
range scenarios when light from an object is not collimated. These three characteristics have not been
previously demonstrated on a fixed magnification spaceborne OS before. This OS was leveraged to
evaluate the performance of VBS and new algorithms used for spaceborne navigation. HIL tests were
used to evaluate the functionality and performance of 1) a new direct exoplanet imaging navigation

algorithm, 2) a new angles-only navigation algorithm, and 3) new pose estimation algorithms.

1.4.2 Geometric Calibration Algorithm

The use of two actuated lenses to achieve variable-magnification of an organic light emittind diode
(OLED) monitor used in this OS present some new challenges in regard to geometrically calibrating
the testbed. As the magnification of the testbed is altered, the intrinsic and extrinsic parameters
of the effective two lens system vary. In this work, the author presents a new modeling approach
to describe the behavior of the intrinsic and extrinsic parameters as a function of magnification.
Next an estimation scheme is presented to identify these parameters at discrete magnification levels.
Finally, interpolation is used to infer the value of these parameters at intermediate magnification
levels. Results from this new geometric calibration algorithm are shown to place point sources of
light to within arcseconds of angular accuracy in the presence of optical aberrations and system

misalignments.

1.4.3 Closed-Loop Scene Synthesizer

To properly validate the functionality and performance of spaceborne vision-based navigation algo-
rithms, the VBS must be stimulated with scenes that are both geometrically and radiometrically
accurate. Accuracy is obtained by placing sources of light with the correct magnitude and spectrum
at the intended angular location in accordance with the simulated inertial/relative pose of the VBS.
Renderings of the space environment are generated in closed-loop using a scene synthesizer developed
by the author. The scene synthesizer evolves based on a dynamical simulation of the underlying
physics propagating forward, sensed information obtained from the VBS (and other sensors), and
any actuation decisions made based on. A high-fidelity numerical simulation of the spacecraft or-
bit and attitude evolution includes rigorous force models of high-order gravity, atmospheric drag,
solar radiation pressure, third body effects and attitude models of gravity gradient, solar radiation
pressure, magnetic disturbance torque and reaction wheel disturbances. As information regarding
the scene to synthesize dynamically evolves, the rendered scene augments itself using a geometric

warping algorithm developed by the author. This warping is essential to stimulate the VBS from
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the intended angular location as the intrinsic and extrinsic parameters of the testbed vary with

magnification.

1.4.4 Generative Adversarial Network

In addition to the virtual reality research contributions obtained through the use of the variable-
magnification OS, physical reality contributions have been demonstrated as well. The author made
significant contributions to the Testbed for Rendezvous and Optical Navigation (TRON) located in
the Space Rendezvous Laboratory (SLAB) at Stanford University. TRON is a physical reality space
simulator consisting of artificial illumination sources such as albedo light boxes and a Sun simulator,
a mock-up satellite, a Vicon optical tracking system, and a 7 degree of freedom robotic arm which
kinematically emulates the relative motion between the target and observing VBS mounted on the
end-effector of the robot. The author engineered and established a programmatic commanding in-
frastructure to control and interact with the robotic arm, light boxes, Vicon optical tracking system,
and VBS. With this foundation present, the author enabled testing of new close-range vision-based
navigation algorithms, such as pose-estimation, docking, rendezvous and planetary landings. These
engineering contributions were foundational to enable a major technical contribution which was the
development of a generalized adversarial network (GAN). Images acquired using TRON could then
be utilized to train a GAN to learn the interaction between a target’s material properties and the
complex illumination environment for digital rendering on the OS. This GAN for spaceborne nav-
igation applications, which was coined SpaceGAN, dramatically improves the realism of rendered
material textures in different lighting conditions compared to classical rendering approaches. Space-
GAN also provides a platform for rapid and inexpensive generation of massive, realistic datasets to
facilitate training of future vision-based navigation algorithms, such as convolutional neural networks

(CNNs).

1.5 Outline

This dissertation is structured into eight chapters. After this introduction Chapter 2 focuses on
modeling the space environment from an illumination stand-point. In particular, radiometric mod-
els are presented describing Earth albedo, sunlight, moonlight, shadows, stellar objects (SO), and
non-stellar objects (NSO). Chapter 3 describes the dynamics modeling utilized in this research,
which consists of a satellite simulation containing models of attitude/orbital dynamics and relevant
perturbations. The environmental and physics foundation presented in Chapters 2 and 3 are utilized
to steer requirements for the design of the virtual reality and physical reality testbeds described in
this thesis. The virtual reality testbed presented in Chapter 4 describes the requirements, theory,

design, and calibration of a variable-magnification OS. The rendering pipeline used to synthesize
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spaceborne scenes in closed-loop is described, and how GPU subroutines known as shaders are uti-
lized to achieve real-time warping. For close-range operations where the illumination environment
exceeds the emitted radiance achievable by the OS, a complementary physical reality testbed is used.
This physical reality testbed is described in Chapter 5, which begins with an overview of TRON
and the various components utilized within this facility. Robotic fundamentals are discussed in this
section for purposes of commanding the end-effector to a desired pose in the robot’s operational
space. A calibration of the albedo light boxes and estimation of the affine transformation between
KUKA and Vicon reference frames is presented in this chapter as well. Training images acquired
using TRON can then be fed back to improve the image synthesizer used by the OS. This procedure
is accomplished using machine learning in the context of a GAN. Chapter 6 is dedicated to the
presentation of GAN fundamentals, the training image acquisition process, and how the rendering
pipeline is modified to accelerate the duration and accuracy of the finalized GAN. With a trained
GAN, images synthesized using the rendering pipeline described in Chapter 4 can be enhanced to
be even more realistic. The dissertation culminates in the utilization of the efforts from all the
chapters to enable HIL validation of VBS and algorithms in three unique areas of spaceborne nav-
igation. These areas are described in Chapter 7 and include direct exoplanet imaging, angles-only
navigation, and pose-estimation. Concluding remarks in the form of a summary and way forward

are presented in Chapter 8.



Chapter 2

Space Environment

2.1 Illumination

One of the most challenging aspects about developing and testing spaceborne VBS navigation algo-
rithms is the highly variable illumination environment of space. Within the FOV of a single VBS,
it is possible to sense objects differing in brightness by orders of magnitude. To better train and
validate the next generation of spaceborne VBS, it is necessary to synthetically emulate the highly
variable illumination conditions present in the space environment. This includes Sunlight, shadows,
Earth and Lunar albedo. This section will cover the modeling approach for the aformentioned factors

contributing to the complex illumination environment of space.

2.1.1 Sun

The Sun can be approximated as a blackbody which spherically emits radiation throughout the
entire electromagnetic spectrum. The temperature of a star, T, can be inferred by measuring a stars

color index, (B — V'), and using a relationship proposed by Ballesteros [44]

1 1
T=4 2.1
600 <0.92(B 17 T 0B V)£ 0.62) (2.1)

The (B-V) index of the Sun can be measured with optical filters and is commonly taken as
(B — V)gun = 0.65 [44]. Using Equation 2.1 the temperature of the Sun is calculated to be 5,777
[K]. Alternatively, the effective temperature can be inferred by measuring the total solar irradiance
and the solar radius.

Planck’s Law can be used to determine the spectral radiance, Fy,(A,T), of a star given its

temperature
2mhc?

FE T = ——
WO o (]

(2.2)

12
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where h is Planck’s constant, ¢ is the speed of light in vacuum, & is Boltzmann’s constant, and A is
the wavelength of the emitted electromagnetic radiation.
The total incident solar irradiance reaching Earth is found by integrating Eyn(\,T) over all

wavelengths and accounting for the inverse square dissipation of radiation

2 +o00
Eano = ;S;n Epy(\, T)dA = 1365 [W m 2] (2.3)
Sun J —o0

where Eano is the solar irradiance reaching Earth, rg,, is the mean radius of the Sun and Rgyy is

the mean distance between the Earth and Sun.
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Figure 2.1: Spectral radiance of Sun as a function of radiated wavelength.

The position of the Sun with respect to Earth can be computed with sufficient accuracy (0.1-1%)
by assuming unperturbed motion of the Earth around the Sun. The mean orbital elements which

characterize the Sun’s elliptic orbit relative to Earth are

a = 1.496 x 10® [km] (2.4)

e = 0.016709 (2.5)

i =0 [deg] (2.6)

O+ w = 282.94 [deg] (2.7)
M = 357.5256 + 35999.049T [deg] (2.8)

where a is the semi-major axis, e is the eccentricity, ¢ is inclination, 2 is the longitude of the

ascending node, w is the argument of periapsis, M is the mean anomaly and T is the number of
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Julian centuries J2000
_JD — 2451545

T= 2.9
36525 (29)

with JD being the Julian Date.
Since the inclination and eccentricity of this elliptic orbit are small, the longitude and distance

to the Sun can be well approximated using a series expansion

As = Q4w+ M +6892" sin M + 72" sin 2M + 1.3972T (2.10)
rs = (149.619 — 2.499 cos M — 0.021 cos 2M) x 10° [km] (2.11)
The position vector from the Earth to the Sun, E?S, expressed in ECI coordinates is
g COS A
E—S
= rgsin Acose (2.12)

rgsin Asine N
ECI

where & = 23.43929111 [deg] is the obliquitity of the ecliptic relative to Earth’s equator.

2.1.2 Earth Albedo

Light reflected off the surface of the Earth plays a significant role in the observed brightness of both
the Earth and NSO and the corresponding behavior of VBS observing these objects. Earth observa-
tions by satellites and high-altitude aircraft and balloons have been used to produce accurate data
on Earth reflectivity and radiance. Bhanderi et. al developed a model of Earth albedo [45] derived
from daily measurements of Earth reflectivity using NASA’s Total Ozone Mapping Spectrometer
(TOMS) aboard the Earth Probe Satellite. This model discretizes the Earth into a spherical grid
of cells with A¢, = 1 [deg] latitude and Af, = 1.25 [deg] longitude resolution. Each cell in the
grid reflects a non-negative amount of solar irradiance towards VBS and/or NSO. The magnitude of
albedo irradiance is a function of a cell’s area, cell’s measured reflectivity, and the relative positions

between the cell, Sun and satellite, as shown in Figure.



CHAPTER 2. SPACE ENVIRONMENT 15

E; (ega d)g)

E amo

Ac (05, 0g)

Figure 2.2: Incoming solar irradiance is reflected off a grid cell on the surface of the Earth. A

fraction of this reflected light contributes to Earth albedo.

The amount of radiant flux reflected by a cell depends on the cell area, A.(0y, dg),

A0, 0,) =170, |:COS <99 - A299) — cos <99 + A299>} (2.13)

where rg is the mean radius of Earth.
The incident radiant flux, P.(04,¢,4), on a single grid cell is a function of the cell area, A,

outward normal, fi., and the total incident solar irradiance, Eano = 1365 [W/m?]

PC(Gg, ¢g) = EAMOAC(QQ’ ¢g) {fgurlﬁc}o (2~14)

where the notation {-}, denotes lower saturation of zero. This saturation modeling approach is
taken since inner angles exceeding /2 contribute zero and not negative radiant flux.

The reflected radiant flux, P.(84, ¢g), is a fraction of the incoming radiant flux, P.(6,, ¢4),

Pr(9g7 (bg) = p(eg, ¢9)Pc(997 (bg) (2.15)

where p.(04, ¢,4) is the mean cell reflectivity.
The irradiance contribution of a single grid cell reaching the satellite is a function of the cell’s

outward normal, n., and the relative position vector between the cell and satellite, rgas,
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Pr(ag’ ¢g) {f's:.,;tﬁc}o

™ ||f'sat||2

Ec(eg"ﬁg) =

(2.16)

Note that the saturation function is used above so that only visible cells to the satellite can contribute
irradiance.
The output of this albedo model is a grid of irradiance contributions, E.(8y,¢4). The total

albedo irradiance, F,, is the sum of each cell’s contribution

Ea=Y E.(f,¢,) (2.17)
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Figure 2.3: Left: visibility computations for VBS on satellite’s FOV at 800 [km] altitude. Middle:
portion of Earth illuminated by Sunlight. Right: intersection of sunlit and VBS visible Earth.
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Figure 2.4: Irradiance calculation due to Earth albedo.
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2.1.3 Lunar Albedo

Reflectance data of the Moon collected by the Clementine spacecraft [46] is utilized to compute lunar

albedo using the same methodology presented in Section 2.1.2.

#;, Latitnde|deg]

Figure 2.5: Lunar albedo discretized into a grid of cells using the approach presented in Section

2.1.2.

2.1.4 Shadows

Full or partial eclipse occurs when some fraction of the Sun is occluded by the Earth. Full and

partial eclipse conditions are known as umbra and penumbra, respectively, and are illustrated in

Figure 2.6.

Umbra Penumbra Antumbra

T~

Figure 2.6: Illustration of Earth conical shadow model.
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A spherical Earth conical shadow model presented by Wertz [47] is used to capture the different
illumination environments that affect the behavior of VBS in orbit around Earth. Umbra and

penumbra are modeled as two cones with apex angles of

. 1| Rs—Rg
¢u = S1ln 1 W (218)
r
. 1| Rs+ Rg
(bp = S1ln 1 W (219)
r

E—=S , " ..
where "t is the position vector from Earth to Sun, Rg and Rg are the radii of the Sun and Earth
respectively, 0, and 6, are the umbra and penumbra cone angles respectively.

The distance C' from the center of Earth to the apex of the umbra shadow cone is

i
" Rs—Rgp
For the Earth, C' = 1.385 x 10° [km] and ¢,, = 0.266 [deg]. Angular quantities which will facilitate

the determination of eclipse conditions are the angles subtended by the Sun and Earth, ¢ and ¢g

(2.20)

respectively, as well as the angular separation between these two celestial bodies, §. These angles

are

R
e =1 S
¢S = Sin HAN? (221)

¢ = sin! Rp
e N—E
r

(2.22)

N?S N?E
el

0 = cos HN_’S . HN_’EH (2.23)
r r

N—S N=E "
where " r is the position vector from NSO to Sun, T is the position vector from NSO to Earth.
The conditions for a total eclipse are that the NSO is within the umbra shadow cone illustrated

in Figure 2.6
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E—S

‘<H r H+C (2.24)

Pe — s >0 (2.25)

E—S N—S
r < r

The conditions for an annular eclipse are that the NSO is within the antumbra illustrated in
Figure 2.6

HE?S ’ (2.26)

’+C<‘

be — s >0 (2.27)

N—S
r

The conditions for a partial eclipse are that the NSO is within the penumbra illustrated in Figure
2.6

e R 22)
d)e + ¢s > 9 > |¢e - ¢s| (229)
Since the surface of the Sun has approximately uniform brightness [47], the irradiance received

by the Sun is directly proprotional to the visible area seen by the NSO. In umbra, no sunlight
illuminates the NSO. The intensity of the Sun, I, during a partial eclipse is

Iy _1 [ €oS pe — cos P cos O
I=I———F—— |71 — s 2.30
07 7(1 = cos by) T €08 §s COS ( sin ¢ sin 6 (2:30)
_1 [ cos¢s — cos ¢, cos B
- e 2.31
COS (e COS < S 0. s 0 (2.31)
~ cos-! <c059. cos.gbs COS¢@>:| (2.32)
sin ¢ sin ¢,
where I is the full illuminated intensity of the Sun.
The intensity of the Sun in an annular eclipse is
1 —cos ¢,
I=I)y—Iy| ——— 2.33
010 (1 — COos ¢ ) (2:33)
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2.2 Stellar Objects

Stellar objects (SO) are an essential component of the space environment and are extremely useful
for spaceborne navigation. Since SO are approximated well as point sources of light, common
star identification algorithms are able to achieve arcsecond level or better attitude determination
solutions. Star catalogs describe the position of SO at some epoch using two angular measures
known as right ascension («) and declination (). These angular measures can be used to construct

a Cartesian unit vector 1 in ECI coordinates

cos 0 cos a
n= | cosdsina (2.34)
sin § e

This unit vector corresponds to the Cartesian location of a SO. For the Hipparcos star catalog,
the angular positions are for epoch J1991.25 in the International Celestial Reference System reference
system.

Relative velocity between our solar system and other stars gives rise to a phenomenon known
as proper motion. This projected angular velocity arises from motion between stars relative to
the barycenter of the translating solar system. Proper motion can be applied linearly for periods
of several hundred years. For 95% of the stars brighter than ninth magnitude, proper motion is
less than 10 [arcsec/century], and for 99.9%, it is less than 1 [arcmin/century] [47]. Due to proper
motion, the unit vector in Equation 2.34 necessitates additional terms to account for motion of the

SO since the observation epoch

cos 6 Cos —sina —sind cos
n= | cosdsina | + pta cos AL Cos + usAt | —sindsina (2.35)
sin § 0 cos
original vector right ascension update declination update

where 1, and ps are the proper motion terms in right ascension and declination respectively, and
At is the number of decimal years to propagate since the epoch associated with the measured values
of a and §. Note that Equation 2.35 is a first order Taylor series approximation and should be
normalized to produce a unit vector.

The apparent shift of the position of a SO resulting from satellite motion is known as stellar
aberration. For a satellite orbiting Earth, a maximum stellar aberration of 25 [arcsec| can arise due
to the Earth orbiting the Sun [47]. Stellar aberration, ,5", is computed by

v

5: c X ZECI (236)

where V is the total spacecraft velocity relative to the solar system barycenter in ECI coordinates,
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c is the speed of light, Zgcy is the VBS boresight vector expressed in ECI coordinates and ﬁ is the
rotation vector used to correct for stellar aberration. Note, stellar aberration causes stars to appear
to rotate around 7,8#. This term is used to further correct Equation 2.35 with a simple angular shift.

Star intensity is measured with logarithmic magnitude, m, and is related to irradiance with the

follow expression
ISO
m = —2.5log;q () (2.37)
Iy

where m is the visual magnitude of the star, Iy is the Bolometric reference irradiance of a visual
magnitude 0 star (Io = 3.1-1072 [Wm™2]) emitted in the visible spectrum, and Iy, is the irradiance
of an observed SO. Note that brightness decreases as magnitude increases. Magnitudes are usually
reported in the Ultraviolet, Blue, Visual (UBV) system. In addition to the B and V magnitude

being available, some catalogs report the magnitude difference B — V.

2.3 Non-Stellar Objects

The visual magnitude of non-stellar objects (NSO) is an extremly important factor which impacts
relative navigation algorithms such as AON and pose estimation. The brightness of a NSO is a
function of the object’s attitude, inter-object separation, material properties, and positions relative
to illuminating sources (Sun, Earth, etc). At far-ranges (i.e. tens or hundreds of kilometers), the
observed object will resemble a point source of light. The irradiance received by the observing vehicle
is modeled as the light reflected off the NSO, which is given by

Q A
Inso =a (271’) Isolar =a (271'7’2) Isolar (238)

where I,4, is the irradiance emitted by the NSO, € is the solid angle subtended by the NSO, a
is the reflectance coefficient of the NSO, Iyar is the visible solar irradiance of 620 [Wm™2] at 1
astronomical unit (AU), A is the characteristic area of the NSO, and r is the inter-object separation.
Note that the characteristic area of the NSO is functionally dependent on its attitude and position

relative to the observer.

2.4 Summary

This chapter presented models utilized throughout this research for the radiometric environment of
space. The first light presented is the Sun, which is modeled as a blackbody radiator emitting 1365
[Wm™2] of irradiance at 1 [AU]. The position of the Sun with respect to the Earth in Earth-centered
inertial coordinates is described using a set of mean orbital elements given a time of year. The
sunlight described above produces Earth and lunar albedo, which is modeled by discretizing these

assumed spherical objects into cells. The normals and reflectivity of these cells is used to determine
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the amount of radiance reflected. The next major modeling component is the umbra, penumbra
and antumbra shadow regions which exist behind the Earth relative to the Sun. The intensity of
the Sun and the geometric conditions for an object to be in these regions is also described. The
Hipparcos star catalog is used to determine the visual magnitude and angular location of stellar
objects in Earth-centered inertial coordinates. Proper motion and stellar aberration corrections are
made to the angular location of these stellar objects to further emulate the space environment.
The radiometric characteristics of non-stellar objects are approximated as the light reflected off its
surfaces with a mean reflectance coefficient and is attenuated with the inverse square of inter-object
separation. The next chapter will describe how the relative position and orientation of the non-stellar

objects are computed using dynamical models.



Chapter 3

Dynamics Modeling and

Simulation

3.1 83 - SLAB Satellite Software

In order to stimulate a VBS with scenes that accurately emulate the space environment, it is impor-
tant to model the motion of SO and NSO in accordance with the underlying physics. To this end,
a high-fidelity simulation of the orbital and attitude dynamics was created using the Space Ren-
dezvous Laboratory Satellite Software toolbox, also known as S3. This software library is written in
C/C++ to limit computational overhead and enable agile transitions to flight computers. The core
C/C++ functionality is also accessible in the MATLAB/Simulink environment through the use of

MEX function wrappers and S-functions. An overview of S? is shown in Figure 3.1.

_— | SLAB Salelite Software S |
-
Time Systam Relative Dynamics Relative State
Conversions Models Representations
.

| Flight Software | "

P ——
Reference System Attitude

Absolute State Command Line
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Systems
m Attitude Simulink Models |
it Perturbation Perturbation
Modals Modals Data Structures
o

GNSS ]

MATLAB Toolbox

Owbit Propgators Measuremeant
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-
Toals
\

\

Mathematics ]

Figure 3.1: SLAB Satellite Software modules and software structure [48].
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A detailed discussion of the orbital dynamics simulation capabilities and perturbation models
implemented in §* is available in Ref [48]. The next sections will focus on presenting models of
spacecraft attitude dynamics, environmental and internal disturbances. An overarching analysis of
environmental perturbations from aerodynamic drag to solar radiation pressure are considered to

support simulations in a variety of orbit regimes.

3.2 Attitude Dynamics

The time evolution of a rigid body’s orientation with respect to an inertial reference frame is governed

by Euler’s differential equation of rotational motion, as shown by

T P
MS/Sem — di(f [HS/sm} _ d%‘i {HS/SCH,} E N HS/Sem (3.1)

where M/ %™ are moments acting on system S about the system center of mass (Scpm), HY/Sem ig
the angular momentum of S taken about S., in the Earth-centered inertial (ECI) reference frame
Z, P is the principal reference frame with origin S, and aligned with the principal axes of S, and
I—P . . . . .
w is the angular velocity of P with respect to Z. Note that the left superscript preceding the
derivative operator denotes what frame a derivative is computed in.
For the dual-spin telescope spacecraft, H%m can be decomposed into the angular momentum
of the rigid satellite body and the reaction wheels
I—P IR
HYSm = 1p & +1p @, (3.2)
where Ip is the moments of inertia of P about Scn, Ig is the moment of inertia of the reaction
I—R . . . .
wheels about Scp, w " is the angular velocity of the reaction wheels with respect to Z.
z
Combining Equations 3.1-3.2, and solving for the time derivative of 37’ yields
Pd rz—p ~1 (np5/8 Pd . 1-R] TP P IR
—{w}:IP M C“‘——[IRw}—wx[Ipw +IRw} (3.3)
dt dt
This non-linear set of differential equations are numerically integrated (with MATLAB/Simulink

. . . I-P . . .
ODES: Dormand-Prince), to compute the time evolution of w used in the ground-truth simulation.

3.3 Attitude Kinematics

In order to fully describe the attitude motion, the variations of the attitude parameters must be
. I—P . . . I—P .
expressed as a function of ~w . For this study, the scalar-last quaternion convention, q is used

to encode the alignment of P with respect to Z, and is defined as
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=P A
q =

nsin(a/2) ] (3.4)

T
91 42 g3 q4} :[ cos(a/2)

where 1 is the eigenaxis and « is the angle of rotation about the eigenaxis from Z to P. Note that

f is fixed in Z. The discrete-time kinematic quaternion equations [49] for a time step, At, are

I—-P I—P\ L=P
qa t+1:ﬂ(wt ) d; (3.5)
with
wey, W3S,  —W2S, WiSw
I—P 1 |—wss we, w18 waS
9(3)27 39w W 19w 29w (36)
W | wasy, —W1Sy wey, W3S,
—Wi1Sy —Wa2S, —W3Sy WCy,
0 +ws —wy HFwi
1| —w 0 +w; Hw
) P ? TR A (3.7)
-I-wg —W1 0 +LU3
—W1 —Wg —Ws 0
and

. I—P . . . I—P .
where w is the 2-norm of ~ @ , and w; (for i = 1,2, 3) are the projections of W along the coordinate

axes of P, as shown by

A I=P

wi 270 Py (3.10)

3.4 Environmental and Internal Disturbances

3.4.1 Gravity Gradient

Infinitesimal gravitational forces acting on a body vary as a function of the distance from Earth.

=
The result is a gravity gradient torque, Mg, which acts on S. In the principal frame, this torque
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evaluates to
5 rors (Iz3 — Iz2)
I
‘ r r17o (I2g — I11)

where p is the gravitational constant of Earth, I;; are the principal moments of inertia of S taken

Eo—Sem
about S, and r; are the projections of the satellite’s position vector relative to Earth, °r ,

P

along the coordinate axes of P, as shown below

A Eo—=Sem
= Tr .

T pi (3.12)

3.4.2 Solar Radiation Pressure

Radiation incident on the spacecraft’s surface produces a force which, when not acting through the
—
vehicle’s center of mass, produces a torque on the vehicle. The force, f;, due to solar radiation

pressure on an illuminated planar satellite panel is [49]

"
fi=—

FsAi Ai -8 ~ ~ ~ 1 ~
w {(1 —Cs)8+2 <C’S (n;-8) + 3Cd) n} (3.13)
c
where Fy = 1367 [W/m?] is the solar constant, ¢ = 3.8 x 10® [m/s] is the speed of light, 4; and n;
are the area and surface normal of panel i, § is the normalized position vector from S.,, to the Sun,
So, Cs and Cy are the specular and diffuse reflectance coefficients.
The torque due to solar radiation pressure is the sum of these forces acting through a lever arm,

Sem—CP; .
T , between S., and the center of pressure of panel i, CP;.

w>

= =
Marp — Z (A - §) (Eo?scm’ EO?SO) <scm?cpl y fi) (3.14)

where € is an indicator function determining if the angle, , between the i*" panel normal and another

unit vector is positive, as shown by

Lo ife<o
c(0) 2 (3.15)

1 otherwise

and 7 is an indicator function determining if the satellite is in sunlight or Earth’s shadow, as shown
by

Eg—Sem Eg—Sp
r r

0 ife =0and r; < R,

Eg —>Scm Eg —>So A
Y r r =

Eg—Scm
; r

Eg—Sp
r

(3.16)

1 otherwise

where R, = 6378 [km] and r, is the component of the satellite’s position vector perpendicular to
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the normalized position vector from Earth to Sun

Eo*}Sg EUHSO
Eo—S. Eq—S. r r
A 0 cm 0 cm
ry = r - 1
L1 ‘ Eo—)So ’ Eo—)So (3 7)
r r

3.4.3 Aerodynamic Drag

Aerodynamic torque results from the impingement of atmospheric gas molecules on spacecraft sur-

faces. The aerodynamic force acting on the i*" panel’s center of pressure is

<

g 1 NP \_; R
£, = —§CDPHVH 4, Wn (3.18)
A%

<l

where Cp is a drag coefficient, p is the local density of the atmosphere, A; and n; are the area and
outward surface normal of the ‘" satellite panel, and v is the velocity of Scy, relative to the local

atmosphere, Ag, as shown by

dt

T
ved [E°T~S°‘“ (3.19)

Eg*}AO:|
r
. . . I-€ . .

Assuming the atmosphere rotates with the same angular velocity as the Earth, w , this relative

velocity can be easily calculated by differentiating °Y"° in an Earth-fixed frame, &£, since Ag is

assumed fixed in £.

T &
o *d {Eo?scm} _d [EO?A0:| _IZE B (3.20)
dt dt
z
_1d {anrscm} _IZE B (3.21)
dt
z
_ £ {Eo?sm} _T5E  FojSem (3.22)

Note that the transition from Equation 3.21 to 3.22 utilizes the fact that Ag and S¢,, are instan-
taneously coincident, and that Ag is continuously redefined throughout the simulation.
The aerodynamic torque is the sum of the aerodynamic drag forces acting through each panels’

lever arm

—
— V . . —
Maero = ZE ﬁz TN (Scm?cpl X f1,> (323)
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3.4.4 Magnetic Disturbance Torque

N
The interaction between the Earth’s magnetic field, B, and the satellite’s magnetic dipole, mgc,

produces a magnetic disturbance torque acting on the vehicle. This torque is given by

— —

Mmag = 1/_ﬁsc x B (324)

To a first order approximation, the Earth’s magnetic field in Z can be modeled as

— Ri} N EO_I>‘Scn\ EO—I>‘Scm .
B=-B—=< _|3|m- (3.25)
Eo—Sem Eo—Scm Eo—Scm
r r r

where By is the dipole strength, R, = 6371 [km] is the radius of the Earth, and m is the Earth’s
dipole direction. In reference frame Z, m can be computed with the dipole’s co-elevation, 6, and the

Greenwich mean sidereal time, «, as shown by

sin 0 cos a
m = sin @ sin a (3.26)

cos

3.4.5 Reaction Wheel Disturbances

Reaction wheel imbalances contribute to an internal disturbance torque acting on the vehicle. These

reaction wheel disturbances are modeled as a linear superposition of n sinusoidal modes

Ny,
M, =3 M,, (1) sin (20 Q) + 61 (3.27)
7 W
M, = ; My, (1)) sin (2mhQ(t)t + 63 + 5) (3.28)
N Np
M. =" M., (1)) sin (2ehiQ(t)t + 62" ) (3.29)
=1

where €2(t) is the reaction wheel speed, h; are the harmonic coefficients, ¢ is the initial phases of a
harmonic and M, My, M, are the harmonic amplitudes about the reaction wheel axes. This model
is taken from Shields et al. [50].
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3.5 Summary

This chapter presented dynamical models used to simulate the orbital and attitude evolution of an
object in space. A numerical simulation of the governing equations of motion, with the inclusion of
relevant perturbations, is performed using a C/C++ based software named S3, developed at SLAB.
Environmental and internal disturbance models are presented which quantify the effects of gravity
gradient, solar radiation pressure, aerodynamic drag, magnetic disturbance torque and reaction
wheel disturbances on the evolution of an orbiting object. If actuation by the guidance, navigation
and control software connected to the vision-based sensor being stimulated is commanded, the
simulation will evolve accordingly in closed-loop. This dynamical evolution of the satellite state and
surrounding environment are used to update the virtual and physical reality testbeds in closed-loop.
The next chapters will discuss these hardware-in-the-loop testbeds prior to conducting experiments

which use these dynamical models.



Chapter 4

Optical Stimulator

4.1 Requirements

4.1.1 Stellar Objects

From a functional stand-point, the OS should produce an image realistic enough for a ST to obtain
a lock and produce an inertial attitude solution based off of the observed SO. This overall goal
imposes requirements on the systems ability to geometrically place a SO and simulate its radiometric
characteristics. If the aforementioned requirements are met, simulated SO observed by a VBS can
be identified within a star catalog. Ideally, the monitor for the OS should be able to simulate SO
within the angular resolution and detection limit of the VBS, which for considered cameras are 1—10
[arcsec] and a visual magnitude range of 2 — 7, respectively [51]. The relationship between visual

magnitude and irradiance is given by

ISO
m = —2.5log,, <I) (4.1)
0

where m is the visual magnitude of the star, Iy is the reference irradiance of a visual magnitude 0
star (Ip = 3.1-107° [Wm™2]), and I, is the irradiance of an observed SO.

Using Equation 4.1, the aforementioned visual magnitude bounds correspond to an irradiance
range of 5- 10712 [Wm_g] < I, <5-10710 [Wm_z]. The radiometric performance requirement
associated with simulating SO imposed on the OS is to be able to radiate light over this irradiance

range.

4.1.2 Non-Stellar Objects

A NSO is defined to be a space object which is not a star. Illumination of the NSO by natural or

artificial sources will reflect off the vehicle and if unobstructed, arrive at an observing vehicle. The

30
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model used to quantify the irradiance received by an observing vehicle is given by

Q A
Inso =a (27T> Isolar =a (2777"2> Isolar (42)

where I, is the irradiance emitted by the NSO, a is the reflectance coefficient of the NSO, € is
the solid angle subtended by the NSO, A is the characteristic area of the NSO, r is the inter-object
separation, and I, is the visible solar irradiance of 620 [Wm™2] at 1 astronomical unit (AU).
Note that the characteristic area of the NSO is functionally dependent on its attitude and position
relative to an observer.

The NSO radiometric performance requirements imposed on the OS monitor are not only a
function of characteristics of the simulated NSO (i.e. range of r, A, a), but also on the instantaneous
field of view (iIFOV) of the OS monitor pixels, iIFOV . The number of OS monitor pixels, N, required

to match this geometry is calculated using similar triangles, and is given by

VA
" iFOV

(4.3)
The irradiance which must be emitted by a single OS monitor pixel, I,s, is taken to be the

quotient of Iz, and N2

I,
Ios = ]VS; (44)

Equation 4.4 is used to compute the NSO irradiance performance requirement imposed on an
OS monitor pixel. For example, consider a NSO with A = 2500 [cm?], @ = 11073, over an inter-
object separation ranging from 10 [m] to 100 [km], and iFOV,s = 10 [arcsec]. The NSO irradiance,
subtended solid angle, and number of monitor pixels over a range of inter-object separation are
tabulated below in Table 4.1.

r \/5 Tnso N

m]  [deg]  [Wm™% [pixels]
1-10° 5-107% 25.107'2 1-.107!
1-10* 5-107% 2.5-1071° 1.109
1-102 5.107* 2.5-1078% 1.10!
1-102 5-107% 25-107% 1-102
1-10' 5.1072 25-107* 1-10°

Table 4.1: NSO solid angle and irradiance for a given inter-object separation. These quantities are
used with a known iFOV .4 to compute the number of pixels required to match NSO irradiance.

These quantities are used with Equation 4.4 to compute a NSO peak irradiance performance
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requirement imposed on a single OS monitor pixel of Ios = 2.3 - 1070 [W m~2].

4.1.3 Monitor Irradiance

Table 4.2 summarizes the lower and upper irradiance bounds required to simulate SO and NSO

posed by future autonomous rendezvous missions [14, 1, 5].

Min Irradiance Max Irradiance

[Wm™2] [Wm™2]
SO 5.10712 5.10710
NSO 2.10~H 2.10794

Table 4.2: Irradiance requirements to simulate SO and NSO.

The monitor dynamic range should be as large as possible in order to accurately simulate dim
SO and bright NSO at close proximity. A market survey identified that most commercial-off-the-
shelf (COTS) monitors have individual pixels which span 2-3 orders of radiometric magnitude. By
allocating a large number of adjacent monitor pixels, the radiometric output of the monitor can span
several orders of magnitude. For example, a monitor with 2-10° [pixels] and single pixel irradiance of
108 [Wm~2] is capable of matching irradiance levels up to 2-10~2 [Wm~2]. By selecting a monitor
with over 2-10° [pixels] and a individual pixel dynamic range of 107! through 10=8 [Wm~2] all SO

and NSO of interest (with respect to the testbed requirements) can be simulated.

4.2 Theory

The OS design under consideration consists of two lenses and a monitor [52]. By moving the two
lenses and monitor relative to each other, variable-magnification of the monitor can be achieved to
enable highly dynamic emulation of the space environment. The dual lens configuration is depicted

in Figure 4.1
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Figure 4.1: Dual lens configuration of the OS. A real and inverted image of the monitor is produced
by lens 1. This image behaves as an object to the second lens, which produces a virtual image that

stimulates a VBS.

In Figure 4.1, h,, is the vertical height of the monitor, h;; and h;s are the vertical heights of
the real and virtual images respectively, s,1 is the separation between monitor and lens 1, s,o is
the separation between lens 2 and the real image, s;; is the separation between lens 1 and the real
image, and s;o is the separation between lens 2 and the virtual image. By moving the monitor,
lens 1 and lens 2 relative to each other, variable-magnification of the monitor can be achieved. The

magnification, M, of the monitor produced by the first lens is given by

Sol

Note that an image distance, s, is negative if an object/image pair exist on the same side of
a single lens. The magnification is negative, M < 0, if an image is inverted with respect to its
corresponding object. In order to achieve a desired M, the values s;; and s,; need to be solved for.
To solve for these variables, the thin lens equation is applied to lens 1 and lens 2 with focal lengths,

f1 and f5, as given below

== (4.6)
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1 1 1

E - S02 (47)

842

The virtual image produced by lens 2 is a synthetic composition of objects that would be en-
countered in the operational environment of the VBS. If the main feature to be synthesized is a
NSO at some separation, r, then the virtual image should be placed at s;o» = —r. If the operational
environment is composed of SO and/or NSO at far ranges (104 [km]), it is reasonable to assume
rays of light reaching the VBS from these sources are collimated, i.e. s;o = —o0. Given that s;o is
known for an operational environment, the placement of the intermediate real image can be solved

for using

Soz = < oz ) fo (4.8)

Si2 — f2

which provides

lim So2 = lim |:( 5i2 ) f2:| = f2 (49)

Si2—>—00 Si2—>—00 Si2 —_ f2
Equations 4.8 shows that s, < fo for s;2 < 0. This implies that for operational scenarios of
interest (i.e. s;2 < 0), the image produced by lens 2 is always a virtual image. Assuming that f;

and fo are known, Equations 4.5 and 4.6 can be combined to solve for s,; as

So1 = (M]\; 1) fi (4.10)

The variable s;; can be solved for by combining Equations 4.5 and 4.10 as given by

Si1 = (1 — M) f1 (411)

A plot of the optical separations defined by Equations 4.10 and 4.11 versus magnification is

shown in Figure 4.2.
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Figure 4.2: Optical separations versus magnification for f; = fo = 75 [mm]. The solid line represents
the distance between lens 1 and lens 2, and the dotted line represents the distance between lens 2

and the monitor.

4.3 Design

Since the OS utilizes variable-magnification, parameters with a functional dependence on M need
to be actuated (i.e. s,1 and s;1). This requires two sets of relative motion: 1) between the monitor
and lens 1, and 2) between lens 1 and lens 2. To reduce the number of actuators, it is desired to
keep the monitor or one of the two lenses stationary. The choice was made to keep lens 2 stationary,

which reduces cabling complexity of the VBS test article.

4.3.1 Focal Length Analysis

The first factor considered in the selection of f; and fs is the overall size of the testbed, where the
optical axis is anticipated to be the longest dimension of the testbed. An estimate of the overall
length, L, of the testbed as a function of f; and f; is computed by calculating the furthest distance
the monitor would be from lens 2 for a desired range of M € [My, M5], as given by

L(f1, f2) = maximize 8,2 + 851 + So1
" (4.12)

subject to M; < M < Ms

The solution to Equation 4.12 for considered focal lengths is plotted in Figure 4.3. A second factor
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considered in the selection of f; and fo are the actuation stroke requirements to achieve a desired
magnification M € [My, Ms]. The stroke requirement for actuating lens 1, uy, and the monitor,
ug, are solved for by considering the difference between the maximum and minimum distance an

element needs to be placed for M € [M7, Ms], as shown by

ui(f1, f2) = maximize [max (So2 + 8;1) — min (S0 + 311)}
M M (4.13)
subject to M; < M < M
us(f1, f2) = maximize [max (So2 + Si1 + So1) — min (Sp2 + i1 + 501)}
M M (4.14)

subject to M; < M < Ms

A third factor considered in the selection of f1 and fs is the sensitivity of achievable magnification
to actuation errors, As,i, for a range of focal lengths. The sensitivity is quantified by analyzing

variations in magnification, AM, due to As,, as shown by

oM
AM = As, 4.15
8801 Sol ( )
To compute gTJ\{, Equation 4.10 is re-arranged to a form which facilitates calculating gTMl» as
shown by
M = _h (4.16)
fl — Sol
oM
__h (4.17)

Fso1 (f1 — s01)
Figure 4.3 shows the solutions of Equation 4.15 when solved over a range of f; and M using
Equations 4.10 and 4.17.
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Figure 4.3: Left: Overall length, L, of testbed as a function of f; and fs. Center: stroke requirements
for lens 1, u1, and OS monitor, us, as a function of f; and f5 . Right: Sensitivity of M to an actuation

error As,; = 0.5 [mm] as a function of f; and M. Analysis was performed with M € [—4, —0.25].

Several observations can be taken away from analyzing Figure 4.3. First, increasing f; impacts
the growth of L less than increasing fi. Although f; contributes to increasing L, it has no impact on
u1 and us. The advantage of longer f; is reduced sensitivity to actuation errors. The disadvantage

is that longer f; increases L, u; and us.

4.3.2 Selected Hardware

The focal lengths selected for the OS are f; = 75 [mm] and f; = 75 [mm]|. This achieves the
desired magnification range of M € [—4,—0.25] with a reasonable testbed size and actuator stroke
requirements. The OS utilizes a pair of 400 [mm] linear stages driven by stepper motors to position
lens 1 and the monitor with relative separations defined by Equations 4.10 and 4.11 for a given
magnification level. Lens 1 and the monitor interface to their respective stepper motor carriages
through a 3-axis translational stage. These translational stages are used to position the elements
along a common optical axis. The stepper motors are commanded with an Arduino micro-controller
communicating with MATLAB/Simulink over a serial connection. An eMagin WUXGA ULT OLED
monitor was selected for its high resolution, contrast ratio, dynamic range, peak brightness, and
small pixel pitch. This OLED monitor is approximately 2 [em] by 1 [em] in size and is mounted on
a printed circuit board (PCB) containing driver electronics. This PCB is housed in a 3D printed
enclosure which interfaces to the 3-axis translational stage. A computer-aided design of the variable-
magnification OS using commercial-off-the-shelf components was created and is shown in Figure 4.4.
The actual testbed is shown in Figure 4.5. Additional technical drawings of the OS are provided in
Appendix A.
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Figure 4.4: Computer aided design of the variable-magnification OS.

Figure 4.5: Physical realization of the variable-magnification OS.

4.4 Calibration of Optical Stimulator

The purpose of calibrating the OS is to place precise radiometric point sources of light at the
intended angular location in the presence of varying intrinsic/extrinsic geometric parameters and
brightness attenuating/dispersive mechanisms. The geometric portion of the calibration character-
izes the variation of intrinsic and extrinsic parameters present at different magnification levels, while
the radiometric portion quantifies the function which maps a monitor digital count to irradiance.

The overall calibration strategy is summarized in the following steps

1. Independently calibrate a VBS known as the calibration article to measure un-distorted unit
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vectors to point sources of light.

2. Estimate the intrinsic parameters of the OS and extrinsic parameters of the calibration article

mounted to the OS at discrete magnification levels.

3. Build empirical function mapping digital count on OS monitor to irradiance exiting CO at

discrete magnification levels.

4. Estimate mounting of a VBS known as the test article using g-method [53].

4.4.1 Calibration Article

This subsection is devoted to the presentation of a calibration procedure utilized to estimate the
intrinsic parameters of a VBS known as the calibration article. This calibration characterizes the
mapping of features in 3D space to the 2D detector of the calibration article. At the completion of
the calibration process, un-distorted detector measurements on the calibration article can be used
to formulate the azimuth and elevation angles associated with an observed point source of light.
This capability is a necessary tool to isolate and quantify the intrinsic parameters of the OS. A
geometrical model used to characterize the calibration article is the second-order pinhole-distortion

model [54] given by

= fops [(L4 k1r? + kor®) X + 2ks XY + ky(r® + 2X?)] + ¢, (4.18)
U= febs [(1+ k17?4 kor)Y + k3 (r? 4+ 2Y2) + 2k4 XY + ¢, (4.19)

where wu, v are the 2D pixel coordinates of a feature on the camera detector in the horizontal/vertical
directions, ¢, ¢, are the coordinates of the principal point, X,Y are the horizontal/vertical pin-
hole projections, r is the radial distance from the principal point, k1, ko are the radial distortion
coefficients, and ks, k4 are the tangential distortion coefficients. If both the 3D spatial and 2D coor-
dinates associated with a set of features are accurately known, the intrinsic optical parameters can
be estimated using a least-squares fit. Equation 4.18 and 4.19 can be rearranged into a set of linear

equations of the form b = Ax. where
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With a sufficient number of measurements, n, the left-inverse of A can be taken to obtain the

estimates of the calibration article’s intrinsic parameters, Xqs, as seen below

Xest = (ATA)TTATD

(4.23)

Note that the estimated products (second through fifth elements of Xes) must be divided by the

focal length of the calibration article to obtain the true distortion coefficients. For this estimation

process, the matrix A is populated with quantities from a set of reference calibration features with

known azimuth and elevation angles, and the vector b is populated with the measured 2D calibration

article detector feature locations. An example of this is the checkerboard calibration described by

Zhang et al. [54]. A montage of some of the checkerboard images used in the calibration are shown

in Figure 4.6.

Figure 4.6: Montage of images taken of checkerboard calibration pattern.

The classic camera pinhole model described in Appendix C does not account for radial or tangen-

tial distortions which are quantified using the second-order pinhole distortion model. Quantifying

these higher order effects are necessary to increase the angular accuracy of unit vectors derived
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from image plane observations. Deviations between the pinhole camera model and the second-order
pinhole distortion camera model are shown in Figure 4.7. As shown in Figure 4.7, radial distortion
is the predominant second-order effect resulting in deviations between the two models towards the
far edges of the VBS sensor.
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Figure 4.7: Illustration of how the second-order pinhole distortion model of the calibration article

deviates from the distortion-free pinhole model. Contours are in units of arcseconds.

After the calibration article is independently calibrated it can be used to estimate the intrinsic
parameters of the OS. Once the intrinsic parameters of the OS are estimated, a separate VBS known
as the test article can be stimulated by the OS for verification purposes. The specifications of these

sensors are outlined in Table 4.3.

Property Calibration Article Test Article

Sensor Aptina AR0331 Sony IMX174
Resolution 2048 x 1536 1920 x 1200
Pixel Size 2.2 [pm)] 5.86 [um)]
Focal Length  17.6 [mm)] 34.9 [mm]
F-number 1.4 1.9
Transmission  400-1000 [nm] 400-1000 [nm]
iFOV 26.5 [arcsec] 34.2 [arcsec]

Table 4.3: VBS specifications of calibration and test article.
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4.4.2 Geometric

The purpose of the OS geometric calibration is to stimulate the calibration article from a simulated
angular origin in the presence of optical aberrations introduced by the CO. This is achieved by
providing the OS rendering software with unit vectors which are a function of VBS stimulus unit
vectors and the intrinsic parameters of the OS. This relationship is modeled by
B =AX (4.24)
with

Z1 Y1 Z1

T2 Y2 22
B = _ (4.25)
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where ¢, d, and e are unknown coefficients modeling the intrinsic parameters of the CO using

a polynomial of order m, [% Ui zz} . is the i*" unit vector for the measured VBS stimulus
vDSs

direction, and [g:z Yi zz} is the actuation vector passed to the OS rendering software. The
matrix of unknown CO intriorisic parameters, X, can be estimated by solving Equation 4.24 using a
QR-based least-squares approach. This can be accomplished by rendering a calibration grid of dots
to the OS monitor (i.e. B is known), and populating the matrix A using a VBS acquired image of
the calibration pattern.

The quality of the calibration was assessed by rendering a grid of dots to the OS monitor to
stimulate a VBS calibration article with a desired set of unit vectors, using Equation 4.29. Angular

residuals, df, were computed as the inner angle between desired and measured unit vectors for each
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dot in the rendered grid, and are plotted in Figure 4.8.
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Figure 4.8: Cumulative distribution function (CDF') of angular residuals between desired and mea-
sured feature locations at several magnification levels. As magnification increases, an OS monitor

pixel subtends a larger solid angle and the angular residuals correspondingly increase.

Figure 4.8 shows a decrease in the average magnitude of df as M decreases. This is expected
since a magnified OS monitor pixels subtends a larger solid angle in the VBS FOV. As M decreases,
the OS monitor pixel subtends a smaller solid angle and eventually drops below the angular precision
that can be measured by the VBS calibration article. Due to this phenomenon, the OS can only be
geometrically calibrated to the angular precision of the VBS calibration article. These results show
that the OS can consistently place point sources of light within 10 [arcsec] or better in the presence

of varying CO distortion for a wide range of M.

4.4.3 Radiometric

The objective of the radiometric calibration is to characterize the functional relationship between the
scene rendered to the monitor and the irradiance arriving at the aperture of the VBS as M varies.
A ThorLabs S130C high-resolution optical power meter was placed at the plane where the VBS
aperture normally would be and used to measure the radiometric flux. Irradiance measurements
were gathered at different wavelengths by varying: 1) OS magnification level and 2) OS monitor
digital count. These measurements were used to identify the irradiance through the OS as a function

of OS monitor state and magnification level. A plot of irradiance measurements per OS monitor
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pixel obtained at varying OS monitor digital count are plotted in Figure 4.9.
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Figure 4.9: Irradiance measured at the exit of lens 2 at different wavelengths, OS monitor digital
counts and OS magnification levels. Measurements were obtained with the central 1% of the OS
monitor pixels illuminated. These curves normalize the measurement obtained by the number of OS

illuminated monitor pixels to estimate the irradiance contribution from a single OS monitor pixel.

As shown in Figure 4.9, the radiometric dynamic range of an OS monitor pixel changes as a
function of magnification. By transitioning from M = —0.25 to M = —4, the peak irradiance
increases by a factor of 10 within a color channel. When utilizing a single monitor pixel at low digital
count, the OS has the ability to stimulate VBS with point sources of light near 10712 [Wm~2] and
can simulate sources up to 1074 [Wm™2] when magnified and using multiple pixels at high digital

count. This represents a radiometric dynamic range spanning 8 orders of magnitude.

4.5 Synthetic Scene Generation

The space environment is synthetically emulated by rendering 3D vector graphics to the monitor
which are created using Open Graphics Library (OpenGL) [55]. The visual magnitude, right ascen-
sion, declination, and proper motion of SO are obtained from the Hipparcos star catalog [56]. These
parameters are used in conjunction with the pose of the VBS to determine the intensity and location
of SO being rendered to the monitor. Stereolithography (STL) files of NSO (satellites, asteroids,
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debris, planets, moons, etc.) are parsed into vertex arrays used in OpenGL application program-
ming interface (API) calls. The pose of these objects relative to the VBS are calculated using a
high fidelity numerical simulation of the underlying orbital and attitude dynamics [57]. A fragment
shader then illuminates each of the STL triangular facets based on its pose relative to multiple light
sources of variable radiometric intensity (i.e. Sun, Earth albedo, Moonlight, etc.) and configurable
material properties. The OS software is written in C++, including MEX and s-function wrappers
which allow the core C++ functionality to be accessed through the MATLAB command terminal
and in Simulink. An example of synthetic images created by the OS software to re-create images

with corresponding flight data from the PRISMA mission [58] are displayed in Figure 4.10.

Figure 4.10: Comparison of the synthetically generated images from the OS software (top row) with
actual space imagery (bottom row) from the PRISMA mission [59]. Relative position and orientation

of the VBS used for image generation were obtained from actual flight data for this dataset [58].

4.5.1 Rendering Pipeline

There are many layers of computation that contribute to creating an accurate synthetic image of
the space environment. The first step to be discussed is how the object is represented. All objects
that are rendered to the OpenGL instance in this work originate from a STL file. This STL file is
generated from a solid modeling program, such as SolidWorks, where a model of an object (i.e. a
satellite) is represented in some computer aided-design reference frame. When this model is exported
to an STL file, it is converted into a representation composed of triangular facets. Each of these
triangular facets contains a three dimensional vector encoding the coordinates of a vertex. There

are three vertices for each triangular facet. The collection of these numbers encodes the triangular
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discretized representation of the original object. This data is loaded into OpenGL and stored in an
object referred to as a vertex array object (VAO).

The data stored in the VAO then undergoes a series of transformations initiated by a vertex
shader. A vertex shader is a small program which runs on the GPU that performs simple operations
such as coordinate frame transformations and scaling. The vertex coordinates originate in CAD
coordinates and are then re-expressed using a transformation into world coordinates. After the
object is expressed in world coordinates, a perspective transformation is used to describe how the
object appears in view coordinates. A normalization and filtering step then occurs which transforms
view coordinates to clip coordinates to determine which vertices will end up on the screen. Lastly,
clip coordinates go through the viewport transform which prepares are then sent to the rasterizer
to turn them into fragments. The reason for all these transformations is to make the computational
operation performed by the GPU fast and simple by using a convenient coordinate system. For
example, modifying the object naturally occurs in local space, however calculating certain operations
on the object with respect to the position of other objects makes most sense in world coordinates.

The next step is to take the primitives, which are lines, points, or triangles, and start the
rasterization process. Rasterization transforms the primitives into a sequence of fragments. A
fragment is a computer graphics concept which contains the data necessary to determine how to shade
a particular pixel on the screen. This data may include position, depth, color, texture coordinates,
alpha, etc. As the scene is drawn, fragments are either retained, discarded or combined to determine
the color of a pixel on the screen. These decisions are made by another GPU program called the

fragment shader, which processes each fragment.

4.5.2 Lighting Model

The physics of light are approximated using a variation of the Phong lighting model. The Phong
lighting model is comprised of a superposition of ambient, diffuse and specular lighting. Ambient
lighting is a computational efficient way to approximate light incident on an object arising from a
complex scattering of light being reflected off a large number of surfaces. Diffuse lighting results in
fragments whose surface normals are more aligned with the source illumination direction a brighter
appearance. This is mathematically modeled using the cosine of the angle between the surface
normal and the unit vector aligned with the position vector from the light source to the fragment’s
position. If the angle is greater than 90 [deg], the ray of light would not strike the surface directly
and the diffuse lighting contribution is zero. Specular lighting is based on the light’s direction vector,
the object’s surface normal vectors, and the direction at which the surface is viewed from. Specular
lighting is based on the reflective properties of light.

F—L
— — r -

5
i, =kqiq+ kqmax O’ﬁ.HF?LH ig+ksmax(0,(v-£)%) i (4.28)
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where _i>p is the red-green-blue (RGB) vector computed by the Phong lighting model, i,, ig, is
are the ambient, diffuse and specular RGB intensities of the incoming light component, k., kg and
ks are the ambient, diffuse and specular reflectance coefficients of the surface material, n is the
fragment’s surface normal, 2% is the position vector from the fragment to light source, v is a unit
vector pointing to the observer (i.e. VBS), I is the unit vector aligned with the reflected ray of light

off a fragment, and « is a material property referred to as the shininess constant.

4.5.3 Warping

After the intrinsic parameters of the OS are estimated at several discrete magnification levels using
the calibration methodology presented in Section 4.4.2, a warping of the scene is necessary to place
source of light at the intended angular location. If operating at a magnification level where a geomet-
ric calibration was performed, one can simply apply Equation 4.24 to determine the transformation
that must be applied to the desired VBS unit vectors for input to the OS software. However it
is also possible to operate at an intermediate magnification level where an explicit OS geometric
calibration was not performed. In this case, a set of intrinsic parameters for the OS need to be
estimated. Linear interpolation of the intrinsic parameters can be used when operating at some
intermediate magnification level, M, where a calibration was not explicitly performed. Given Xy
was estimated for a magnification M;, and X5 was estimated for a magnification Ms, the matrix B

to be commanded to the OS can be computed from

B = AX (4.29)

where VY VY
X=(1-——"1)x ——lx 4.30
( Mz—Ml) 1+(M2—M1) ? (4.30)

4.6 Camera Emulator

The image synthesis pipeline created for rendering scenes to the monitor of the OS is also readily
able to be configured as a camera emulator. In this mode, the OS software is configured to render
a scene that reflects the perspective transformation associated with a VBS with focal length fops,
instead of performing a perspective transformation based on the effective focal length of the two lens
variable-magnification OS. This capability is extremely useful for rapid and inexpensive generation
of massive, realistic datasets to facilitate training of future vision-based navigation algorithms (i.e.
CNN).
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4.7 Summary

This chapter addressed the design and calibration of a hardware-in-the-loop testbed to stimulate
optical hardware for spaceborne vision-based navigation. The assembled testbed and selected com-
ponents were converged upon through a design process to meet an explicit set of functional and
performance requirements to simulate stellar objects and non-stellar objects from a geometric and
radiometric stand-point and support testing of vision-based sensor with narrow and wide field-of-
view. The variable-magnification optical stimulator consists of an organic light-emitting diode mon-
itor stimulating a vision-based sensor through a pair of corrective optics. The relative positioning of
these components is achieved using two motorized stages which translate the organic light-emitting
diode monitor and one of the corrective optics along the optical axis of the testbed. This approach
is shown to support vision-based sensors of both narrow and wide field-of-view, increase the radio-
metric dynamic range of the testbed, and emulate close-range scenarios when light from an object
is not collimated.

Geometric calibration of the testbed consisted of isolating the distortions introduced by the
corrective optics and warping the scene rendered to the monitor to produce a stimulus reaching the
aperture of the vision-based sensor test article from the intended angular location. A radiometric
calibration quantified the irradiance of an OS monitor pixel as a function of digital count and testbed
magnification. These calibration steps were necessary to be able to accurately place simulated sources

of light to within arcseconds of angular accuracy over a large radiometric dynamic range.
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TRON - Testbed for Rendezvous
and Optical Navigation

5.1 Testbed Components

The Testbed for Rendezvous and Optical Navigation (TRON) facility is designed to physically
replicate the illumination environment in space in order to validate vision-based relative navigation
sensors and algorithms. TRON features a 7 degree-of-freedom (DOF) robotic manipulator that can
maneuver payloads up to 10 kilograms with 0.03 [mm] motion repeatability at rates up to 2 [m/s]
along a ceiling-mounted track of 7 [m] length. A space-capable camera is mounted on the end-effector
of the robot, which follows a kinematic trajectory computed by a workstation computer using a high-
fidelity propagator, 83, developed at SLAB. The robotic arm is encapsulated in SLABs 25 [m?] space
simulation facility, which consists of 10 custom-engineered Earth illumination panels to simulate a
wide spectrum of space and planetary landing illumination conditions. All surfaces are painted with
a very high radiation absorbing paint to preclude reflections of Sun and Earth albedo simulators. A
space-capable camera is mounted on the end-effector of the robotic arm and is intended to observe
a spacecraft or planetary surface. TRON, in conjunction with the OS is intended to simulate all
optical phases of formation flight, rendezvous, and beyond. This abridgment of operating envelopes
is especially innovative in that meticulous attention is being applied to the geometric, radiometric
and spectral factors impacting spaceborne optical navigation at all inter-spacecraft separations.
Remote commanding of the robotic arm and illumination panels provides SLAB with the unique
ability to simulate complex spacecraft motion, rendezvous, docking, relative navigation, proximity
operations and planetary landings. These operational scenarios will be simulated with unprece-
dented scientific accuracy through the fusion of hardware-in-the-loop with our high-fidelity satellite

simulation software S®.

49



CHAPTER 5. TRON - TESTBED FOR RENDEZVOUS AND OPTICAL NAVIGATION 50

Earth ! - Ceiling
Albedo ' e Rail
Simulators

Floor-Mounted Robotic Arm

Figure 5.1: Physical realization of TRON.

5.1.1 Robotic Arm

TRON utilizes a ceiling-mounted KUKA KR 10 R1100 sixx attached to a KUKA KL 100 linear
slide unit. The KR 10 R1100 sixx WP is a 6-axis robotic manipulator made of cast light alloy. It
has a maximum payload of 10 [kg], lateral reach of 1.1 [m] and a pose repeatability of £0.03 [mm].
The KL 100 linear unit can support a 100 [kg] payload, can travel at speeds of 2.5 [m/s] and has a
repeatability of £0.02 [mm)]. These two devices are powered and controlled using a KR C4 compact
robot controller which is supplemented with an external single axis drive box to drive the KL 100.
The robotic arm is equipped with a KUKA energy supply system, which is a flexible hose routed
through the robot structure and is continuously guided from the base frame to the arm or the wrist.
This conduit is used to route cabling to cameras or other equipment mounted on the end-effector of
the robot.
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Figure 5.2: KUKA KR 10 R1100 sixx robotic arm attached to the ceiling mounted KL 100 linear

unit.

Basic commands which actuate the robot are transmitted from a workstation to the KR C4
controller using KUKA EthernetKRL. EthernetKRL is an add-on technology package which can
exchange data via the EthernetKRL interface in the form of XML or binary packets. It provides the
ability to configure the robot controller as a client or server using the Submit and robot interpreter.
Communication using EthernetKRL utilizes the TCP/IP protocol. Timing of communication be-
tween the workstation and the KR C4 controller depends on the size of the data packet being

transmitted as well as the subroutine action on the KR C4 being initiated.

5.1.2 Albedo Light Boxes

10 custom-engineered 8 [ft] by 4 [ft] Earth albedo simulation panels designed by Koenig [60] were
introduced into SLAB in 2016. These panels consist of a large number of 4-channel (red, green, blue,
and white) LED strips covered by a translucent diffusing plate. Each of the channels for each panel
can be commanded to one of 100 intensity levels in real-time from a workstation desktop computer
via a serial cable running through the walls of the lab. The panels were designed to provide a
maximum radiance of 14 [W m~2sr~!], which corresponds to the mean radiance from the Earth for
an albedo coefficient of 0.3 [45] and a solar irradiance of 1366 [W m~2] [61].

These devices are able to simulate different orbit altitudes by simply varying the number of
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illuminated panels. Additionally, the spectrum and intensity of the produced illumination can be
varied in real-time to simulate local variations in Earths albedo. To compensate for the limited
locations of the light boxes, the walls of the laboratory are painted white to maximize reflected
light, allowing simulation of Earth albedo using reflected light from the walls. All of the walls and
illumination panels are equipped with light-absorbing blackout curtains to suppress lighting from
undesirable directions. Also, all other exposed surfaces are coated in a light-absorbing paint to

minimize reflections from the light sources.

Figure 5.3: Earth albedo light box during initial testing and calibration.

5.1.3 Sun Simulator

To fully simulate the illumination environment in Earth orbit, it is also necessary to simulate the
light from the Sun. The characteristics of sunlight that must be replicated are the intensity, spectrum
spatial uniformity, and collimation. According to the ASTM AM 0 reference spectrum, the intensity
of sunlight in earth orbit is 1366 W/m2 [62] and the spectrum roughly corresponds to a black body
with an effective temperature of 5800 K. Additionally, the light is spatially uniform and is collimated
to with 0.5 deg. In order to simulate this illumination in a laboratory, it is necessary to accept some

compromises. The key requirements for the solar simulator include:

1. a beam diameter of 40 [cm] to enable full-scale tests with a 6U CubeSat

2. a xenon short-arc lamp source to replicate the solar spectrum
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3. mean irradiance of 1366 [W m~2] to match solar intensity
4. spatial uniformity within 10%

5. collimation to within 5 [degrees]

A market survey of solar simulators and preliminary experiments with spotlights were conducted
to assess the feasibility of using an off-the-shelf product. It was found that commercially available
solar simulators are characterized by small beam diameters and short throw distances, making them
unsuitable for this application. Additionally, experiments were performed with commercially avail-
able searchlights and follow-spots. It was found that these products could not achieve the required
intensity with a spatial uniformity better than + 50%. From these studies, it was concluded that
a custom-engineered solution would be necessary. The requested solar simulator from Sciencetech
Inc. was selected from proposals from several vendors due to its comparatively small volumetric
footprint and low cost. This unit is a simplified version of the custom solar simulator shown in
Figure 5-6, which recently developed for a large aerospace corporation. SLABs solar simulator will
feature a vertically oriented optical chain to minimize intrusion into the robotic test area, a me-
chanical shutter to simulate day/night transitions, and a movable beam turning mirror to simulate
a range of incidence angles on the target. Combined with the earth albedo simulation panels, these
sources will simulate the illumination environment in space with unprecedented fidelity in geometry,
radiometry, and spectrum, providing the unique capability to test vision-based navigation sensors

and algorithms in the most realistic illumination environment achievable in a laboratory.

5.1.4 Vicon Tracking System

A system consisting of six Vicon Vero v2.2 cameras were installed along the upper perimeter of the
TRON facility. These optical motion capture cameras provide full 8-bit grayscale output to enable
marker centroid identification with high precision. The imaging sensor has a full frame resolution
of 2.2 [MP] and updates at 330 [Hz]. The imaging sensor possess an electronic freeze frame shutter
that records the entire sensor image at the same exact point in time. The lens on these cameras
allow for separate adjustment of aperture, focus and zoom settings. The camera lens can be varied
to within 6 — 12 [mm] of focal length. This focal range allows for a configurable FOV between
50.3 — 86.4 [deg]. The cameras are also equipped with an accelerometer which enable the device to
monitor camera position in real time and provide notification to the user if the camera is bumped
or moved after system calibration. Thermal sensors on the camera monitor changes in the camera
temperature which could affect system status as well. Data is communicated throughout motion

capture system with a single Gigabit Ethernet speed.
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i

Figure 5.4: Vicon Vero v2.2 camera [63].

Vicon Tracker 3 Software is used in conjunction with the six Vicon Vero v2.2 cameras. The
system processes data with a latency as little as 1 [ms]. This software provides a multitude of
integration possibilities with third party software using the Vicon DataStream SDK interface, and
is predominantly interfaced with using C++, MATLAB and Simulink at SLAB. This software has
demonstrated the capability to track up to 100 objects simultaneously.

These cameras were mounted 2.5 [feet] below the ceiling of the TRON facility using framing
system made of aluminum extrusions and individual pan/tilt camera mechanisms as shown in Figure
5.5. The pan/tilt mechanism is an Andoer Q08 which has 360 [deg] of pan rotation and 180 [deg] of

tilt rotation allowing it to slew to any angular orientation within a hemisphere.

Figure 5.5: Three of the six Vicon cameras mounted to 80-20 from ceiling of TRON facility.
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5.1.5 Tango Mock-Up

A 1:1 scale mock-up of the Tango satellite from the PRISMA mission was produced and placed in
the TRON testing facility. The mock-up was generated based on CAD models provided to a third
party vendor to be durable and high quality. Some details from the original Tango satellite were
intentionally simplified or omitted. However, critical details such as antennae, brackets, panels,
solar cells and insulation were included and emulated to within +0.0625” tolerances. Antennas,
brackets, and external detail features were predominantly 3D printed in black production grade
ABS or ASA plastic. These features were not sanded or painted. Solar cells were printed on high
performance automotive grade laminated vinyl. This graphic will be installed on the solar panel.
Mock-up was fabricated from durable high quality materials including marine grade birch plywood
and ABS plastic. The bus/main body of the satellite was covered in simulated flat black MLI thermal
blankets.

A 37 diameter aluminum mounting flange with with holes to accommodate 1/4-20 socket head
cap screws was attached to the face opposite the solar panels. This mounting flange attaches to a
tilt/pan adapter and mounting rod extending off a very robust tripod stand. The tripod stand has a
vertical lifting capacity of 2,000 [Ibs], a display height range of 49” —84”. The mounting flange on the
tripod stand was modified for mounting of the tilt/pan adapter mount. The tilt pan adapter mount
was modified to mount to the tripod stand and to the mounting flange on the mockup. The tripod
stand and tilt/pan adapter mount were also finished with a flat black coat of paint to minimize
surface reflections. The mockup was mounted to the tripod stand with tilt/pan adapter and tested

at various angles to ensure durability and safety.
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Figure 5.6: Tango mockup mounted on tripod stand during initial testing.
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Figure 5.7: Aluminum mounting flange with attachment to tilt/pan adapter.

Figure 5.8: View of MLI insulation, brackets, and various antenna on side of Tango mockup.
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Figure 5.9: Perspective view of Tango mockup mounted to stand in TRON facility.

5.2 Robotic Fundamentals

A robot is modeled as a kinematic chain of rigid bodies connected by revolute or prismatic joints. The
start of the kinematic chain is the fixed base, and the end of the kinematic chain is the end-effector.
The position and orientation, or pose, of the end-effector relative to the base is of primary interest
for many applications. The pose of the end-effector can be expressed as a composition of elementary
motions of each robotic linkage with respect to the previous linkage. The following sections present
a systematic linear algebra based approach for describing the pose of the end-effector as a function
of robot joint variables. The inverse kinematics problem will also be presented, which is the study
of the determining joint variables corresponding to a given end-effector pose. The section will then

conclude with a discussion on operational space and joint space.

5.2.1 Homogeneous Transformation

A homogeneous transformation describes the pose of one frame with respect to another frame. It can
be used as a linear operator, transforming a vector expressed in the coordinates of a source frame
and re-expressing the coordinates in a destination frame. A reference frame, A, consists of an origin,

A,, and a triad of three mutually orthogonal basis vectors, A;, A,, and A,. The homogeneous
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coordinates of a point P with respect to A are given by

X

N

Pa= 1Y (5~1)
V4

A

The coordinates of point P can be expressed in a different frame, B, through a coordinate
. . . A—B . BeA
transformation accounting for the translation, r , and rotation, R , between the two frames

— A»B  BeAL
Pg= T + R py (5.2)
A homogeneous transformation combines the translation and rotation in Equation 5.2 into a 4 x4
matrix. This matrix operator transforms the coordinates a point expressed in a source frame to a

description of the same point expressed in a destination frame, as depicted in Figure 5.10

B+—A  A_.p
R r
T = | (5.3)
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Figure 5.10: Representation of point P in reference frames A and B.

Note that the use of the homogeneous transform requires augmenting the original 3 x 1 column

vector to a 4 x 1 column vector
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5.2.2 Forward Kinematics

The objective of forward kinematics is to describe the pose of the end-effector relative to the base
of the robot given the joint translation/angular positions and geometric link parameters. Consider
a robot with n + 1 links connected by n 1 degree-of-freedom (DOF) joints, with link 0 fixed to
the ground. The pose of the end-effector with respect to the base link can be calculated using a
sequence of elementary transformations between consecutive links. For this reason, it is typical to
define a reference frame attached to each link. Once these frames are defined, the homogeneous

transformation between the base frame and the end-effector frame is given by

Ty = (Th_y) ... (T3) (T¢) (5.5)

An example of the sequence of transformations described in Equation 5.5 are shown in Figure
5.11.

Figure 5.11: Coordinate transformations in an open kinematic chain [64].
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5.2.3 Denavit-Hartenberg Parameters

Jacques Denavit and Richard Hartenberg introduced a convention for attaching reference frames to
the links of a robot in order to standardize the coordinate frames for spatial linkages. Although other
conventions exist for defining reference frames in an open kinematic chain, the Denavit-Hartenberg
(D-H) parameters remain the most popular convention. This convention established a systematic
procedure for defining the relative position and orientation between adjacent links as shown in Figure
5.12.

JOINT -1 JOINT 1 JOINT 71+1

Figure 5.12: Illustration of Denavit-Hartenberg parameters [64].

The D-H convention to define the frame attached to link 7 is
e axis z; is oriented along the axis of joint ¢ + 1

e origin O; is located at the intersection of axis z; with the common normal to axes z;_1 and z;.

origin O, is located at the intersection of the common normal with axis z;_1

e axis z; is aligned with the common normal to axes z;_; and z; with positive direction from

joint ¢ to joint ¢ + 1
e axis y; completes the right-handed triad

After all the link frames are established, the pose of frame JF; with respect to frame F;_q is
specified with the D-H parameters described in Table 5.1.
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Symbol  Description

a; distance between O; and Oy

d; coordinate of O; along z;_4

o; angle between axes z; 1 and z; about axis x;
0; angle between axes x;_1 and x; about axis z; 1

Table 5.1: Description of D-H parameters.

D-H parameters a; and «; are constant and depend on the geometry of connection between
adjacent links. If joint ¢ is revolute, then 6; is variable. If joint ¢ is prismatic, then d; is variable.

The homogeneous transformation, T;fl, from frame F; to frame F;_1 is given by

[cos f#; —sinf; 0 1 1 0 0 a;
X sinf; cosf;, 0 1 0 cosa; —sina; O
T = . (5.6)
0 0 1 d;| |0 sina; cosaq; 0
| 0 0 0 0 0 0 1
[cos 0; —sinf;cosc; sinb;sino;  a;cosb;
sinf; cosf;cosa; —cosb;sinq; a;sinb;
= . (5.7)
0 sin o Cos a; d;
| 0 0 0 1

5.2.4 Inverse Kinematics

Inverse kinematics determines the joint variables which correspond to an end-effector pose. A
common robotic objective is to drive the end-effector through a sequence of poses in operational
space. In order to achieve this, the robot must be commanded with the corresponding joint space
motions. Unlike the forward kinematics problem described in Section 5.2.2 which are linear and
unique, the inverse kinematics problem is in general non-linear and can contain zero to infinite

solutions.

5.3 Calibration

5.3.1 Albedo Light Boxes

Each albedo light box contains strips of LEDs housed underneath a diffuser plate. The separation of
the diffuser plate from the LEDs alters the radiance and uniformity output by the albedo light boxes.
Radiance output at several locations above the light box was measured to characterize magnitude
and uniformity. These measurements were repeated for different diffuser plate separations from the

LEDs by introducing spacers to increase separation. After applying the maximum voltage potential
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difference to the LED strips, the irradiance was measured using the PS-300 spectroradiometer man-
ufactured by Apogee Instruments. For three diffuser plate separation levels, the spectroradiometer
probe was placed at eight different positions above the diffuser plate to measure the irradiance.
These positions were quantified using a reference frame attached to the center of the diffuser plate
as shown in Figure 5.13 and tabulated in Table 5.3.1. For each measurement the probe was pointed
towards the diffuser plate and oriented parallel to the surface normal of the diffuser plate. The
spectroradiometer outputs raw spectral irradiance, the irradiance measured for wavelengths ranging
from 226 [nm] to 1100 [nm]. Visible irradiance was computed by integrating the spectral radiance
output over the range of visible wavelengths, 330 [nm] through 700 [nm]. For each of these eight
probe locations, an ambient measurement was recorded with the light box off to account for radiant
flux of sources other than the LED strips. In addition, a dark scan was captured by covering the

head of the probe to characterize and subtract spectroradiometer noise.

24"

48"

12"

24"

Figure 5.13: Definition of reference frame attached to diffuser plate. z and y are transverse coordi-

nates in the diffuser plane and z is the outward normal of the diffuser plate [65].

Position 1 2 3 4 5 6 7 8

x [in] 0 24 48 48 0 24 48 48
y [in] 0 0 0 48 0 0 0 48
2 [in] 20 20 20 20 48 48 48 48

Table 5.2: Spectroradiometer probe positions for irradiance measurements [65].

In order to compute the amount of radiance received by the entire light box, the diffuser plate
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was discretized into small elements each of surface area AA as shown in Figure 5.14. The amount of
radiant power emitted by one of these discrete areas, A A, that is received by the spectroradiometer
at an angle, 6, is a function of the projected solid angle, AAcosf. These projected solid angles
are summed to report a projected solid angle, €2 cos#, for the entire lightbox as viewed from the
spectroradiometer at a given position. This model of the solid angle for a measurement is used to
normalize the irradiance measurement reported by the spectroradiometer into a radiance estimate.

Results from this computation are shown in Figure 5.15.

Spectroradiomete

Figure 5.14: Representation of the virtual discretization of the light box to calculate projected solid

angle. Each virtual section had a surface area of 0.01 [in?] [65].
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Figure 5.15: Definition of reference frame attached to diffuser plate. z and y are transverse coordi-

nates in the diffuser plane and z is the outward normal of the diffuser plate [65].
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5.3.2 Reference Frames

Two of reference frames which are fundamental to operations involving the TRON facility are the
KUKA frame, K, and the Vicon frame, V. The Vicon tracking system is useful for computing the
pose of the VBS mounted to the end-effector of the robotic arm relative to the target object (i.e.
Tango). By adding infrared reflective markers to the target object and the end-effector mounted
VBS, this pose can readily be computed using the Vicon software. However, to position the VBS
in a new desired pose relative to the target object, the robotic arm must be actuated. Actuation of
the VBS mounted to end-effector requires knowing the relative motion in the operational space of
frame IC. Therefore, it is necessary to estimate the pose between frames C and V.

To estimate the pose between frame K and V), consider a calibration object, C. The position

.. . . K—C
vector from the origin of the KUKA reference frame to this object, T , is

K?C:K?VJ’_V?C (5.8)

K=V . .- .. c . V=C .
where " T is the position vector from the origin of frame K to the origin of frame V, and s
the position from the origin of frame V to C.

Consider Equation 5.8 coordinated in the KUKA frame, K

(55 = (%)

K + (V79 (5.9)

K K

where the K subscript denotes that the vectors are expressed in the coordinates of frame K.
(KFC)K: can readily be obtained by querying the KR C4 robot API. (VI_'C)IC
able, but (VFC )V can be obtained by querying the Vicon tracker software API. Using a coordinate

is not readily avail-

transformation, Equation 5.9 can be re-expressed as

K<+V

F9) = (") .+ R (VFC)V (5.10)

K

K<+V

where R is the direction cosine matrix between frames ¥V and K.
K+V

The unknowns in this Equation 5.8 are the direction cosine matrix, R , and the affine offset,

—
(K FV) c These quantities can be estimated using a least-squares approach, AX = b, where

(Vf“’c)z; O1x3 0ixz3 1 0 0

A= 0 (VE9, Oz 0 1 0 (5.11)
01><3 01><3 (Vfc)z; 0 0 1

b= (%) (5.12)
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_ o -
ai2

%= - (5.13)

(KFV)K '1;93

(KI—:V)’C . lfy

_(KFV)/C 'kz_

with
KV a1 ai2 ais

R = a21 Q22 Q23 (514)
az1 asz ass

K<V
After performing this least-squares calculation, an estimate of R is obtained. This DCM is

not guaranteed to be orthonormal, which is a required property of any DCM. By taking the singular

K<V
value decomposition (SVD) of R , the estimated DCM is projected onto the closest orthonormal

matrix.
K+V T
R =0V (5.15)
and
K+V T
R =UV (5.16)

5.4 Summary

This section described the robotic arm, albedo light boxes, Sun simulator, Vicon tracking system,
and Tango mockup which make up the TRON facility. With a vision-based sensor mounted to
the end-effector of the robotic arm, close-range hardware-in-the-loop scenarios can be kinematically
emulated in a realistic illumination environment. After numerically computing the pose evolution
between the vision-based sensor and target object using the dynamics modeling and simulation
capabilities of S, the robotic arm is actuated using the KUKA internal path planner or alternatively
the inverse kinematic solution. The true pose between the vision-based sensor and target object is
computed using the external Vicon tracking system. The pose computed utilizing the Vicon tracking
system is reported naturally in its own coordinate system, however the Vicon-KUKA pose estimation

procedure allows for coordinate transformations between the two frames.



Chapter 6

Machine Learning Applications

6.1 Motivation

VBS are an enabling technology for inertial and relative spaceborne navigation. In contrast to other
metrology systems such as GPS, RADAR, or LIDAR, VBS are passive, simple and do not place
stringent requirements on the spacecraft design in terms of power, weight or inter-satellite commu-
nication. VBS have the potential to support accurate autonomous relative operations over ranges
of hundreds of kilometers down to virtually zero separation in many orbit regimes. Although the
importance of VBS for spaceborne navigation is undeniable, performance of these sensors in the
space environment is a relatively understudied topic. For example, the long range VBS used on the
Autonomous Rendezvous demonstration using GPS and Optical Navigation (ARGON) experiment
conducted in the framework of the PRISMA (OHB) mission [66] suffered from blooming when the
resident space object was in view, which impacts the quality of its inertial and relative navigation
solution [3]. Predicting the performance of spaceborne vision-based navigation algorithms in sce-
narios such as this is especially challenging considering the scarcity of spacecraft formation flying
images.

The second motivation for creating a spaceborne scene generation tool is for the training of
modern vision-based navigation tools. Pose estimation algorithms using monocular cameras are
widely considered a key-enabling technology for future on-orbiting servicing and debris removal
missions such as ESA’s e.Deorbit and PROBA-3 [67], ANGELS by US Air Force [68], PRISMA by
OHB Sweden [66]. The existing state-of-the-art on monocular pose determination for spacecraft
depend on classical image processing algorithms that identify visible target features[69, 70, 71].
However, these methods are disadvantaged due to the lack of robustness in the presence of adverse
illumination conditions and the computational complexity resulting from the evaluation of a large
number of possible pose hypotheses. To overcome these disadvantages, authors have proposed the use

of deep learning techniques [72, 73, 74, 75, 76, 77, 78, 79, 80]. However, the success of these techniques

67
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depends on the availability of datasets of the target spacecraft. Unlike datasets of terrestrial objects
such as dogs and cats, datasets of spacecraft are expensive to obtain in massive numbers and often
lack the illumination and texture fidelity required to guarantee high navigation accuracy.

This chapter proposes the use of a generative adversarial network (GAN) to produce high fidelity
imagery of a spaceborne vision-based navigation scenes. Such a tool would address deficiencies
associated with training future pose estimation algorithms and evaluating their performance. The
network built in this thesis, which is termed SpaceGAN, transforms synthetic images of a spacecraft
from a simulator to a more realistic target image space. The simulator is derived from rendering a
simplistic spacecraft model using OpenGL. The realism of the OpenGL simulated image is improved
incrementally by training the refiner network using an adversarial loss. As the adversarial loss
decreases, the refined images become indistinguishable from real images from the perspective of a

discriminative network.

6.2 Related Work

There has been a wide body of work on Generative Adversarial Networks since the marquee paper by
Goodfellow et al. in 2014 [81]. Literature in this domain can be roughly divided into two categories
based on the choice of their loss. One subset of techniques treat the image-to-image translation
problems using an unstructured loss [82, 83]. In contrast, a conditional GAN uses a structured loss
function [84, 85, 86]. A conditional GAN is more suitable to this particular application due to the
requirement of matching the pose of the spacecraft in the generated images with the pose of the

spacecraft in the input image.

6.3 Architecture

GANs have been explored at depth in the last two-three years ever since the marquee paper by
Goodfellow et al. [87]. However, the pix2pix architecture proposed by Isola et al. [88] focused on
conditional GANs such that a conditional generative model can be learned from pairs of images to
enable image-to-image translation tasks such as the one described in this work. The pix2pix archi-
tecture was chosen as the baseline architecture for two reasons. Firstly, their use of a convolutional
PatchGAN classifer in the descriminator would penalize at the scale of image patches. This would
make it relatively straightforward for our application to achieve the desired level of texture fidelity
in the output imagery. Secondly, unlike other works such as CyclGAN [89], their architecture uses
pair-wise inputs leading to higher fidelity in the output imagery, a luxury that we can afford in our

particular application.
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6.4 Dataset Creation

Since there are no benchmark datasets containing large amounts of formation flying space imagery,
an important component of this work is in the creation of training, validation and test images for the
SpaceGAN architecture. Since acquiring large quantities of real formation flying images is difficult,
time consuming and expensive, a ground-based approach is utilized to re-create the images of a
mock-up spacecraft in a synthetic space environment. The vehicle used in this study is a 1:1 scale
model of the Tango spacecraft from the PRISMA mission [90] and is depicted in Figure 6.1. Real
images of the Tango mock-up are acquired in the Testbed for Rendezvous and Optical Navigation
(TRON) at SLAB. TRON consists of a 7 degree-of-freedom robotic arm, Earth albedo light boxes, a
Sun simulator and a VICON motion capture system. The albedo light boxes and Sun simulator are
used to illuminate the Tango mock-up in a manner consistent with the illumination encountered in
Low Earth Orbit (LEO). A camera mounted to the end-effector of the robotic arm is articulated to
different poses for capturing images of the Tango mock-up from a diverse range of perspectives. For
each image acquired in TRON, a pose measurement is obtained from the VICON motion capture
system which encodes the relative position and orientation between the camera and Tango reference

frames.

Figure 6.1: TRON robotic arm acquiring images of the Tango mock-up spacecraft. Earth albedo
light boxes in the right side of the figure are used to illuminate the vehicle. VICON motion capture
system visible in the upper left hand side of the figure.

After real images of Tango are acquired from TRON with their associated pose measurements,

simulated imagery is produced using OpenGL, as shown in Figure 6.2. The OpenGL model is derived
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from a computer aided (CAD) model of Tango, however texture properties of the various surfaces
are not modeled. Major surface properties of the OpenGL Tango model are assigned a unique color,
encoded as an RGB triplet, in the underlying shader program. This pre-processing step will be
shown to have a major impact on increasing the validation accuracy of the trained network. The
pose measurement acquired from TRON is used in the rendering pipeline to position and orient
the Tango model used in the viewing calculations of OpenGL. Each simulated image re-creating a

corresponding robot acquired image is paired together for use in the pix2pix architecture.

Figure 6.2: Synthetic image of Tango produced by OpenGL.

6.4.1 Image Acquisition using TRON

A large set of images are required to train and validate the performance of a GAN. Additionally, it
is beneficial for the images to have a geometric and radiometric diversity. Variables which can be
configured when capturing an image are the pose between Tango and the VBS by positioning and
orienting the end-effector of the robotic arm. The radiometery of the scene can be adjusted in terms
of intensity, spectrum and illumination direction by varying the distribution, intensity and spectrum
of the illuminated albedo light boxes.

Exploring all the aforementioned variables with fine granularity would be ideal, however in prac-
tice there is a trade-off associated with the time required to gather additional data and improving the
training quality of the GAN through improved diversity. A decision was made to collect 1500 images
of Tango using TRON. 1000 of these images are allocated to training the GAN, and 250 of these
images are allocated to validating the performance of the GAN, and the last 250 images are utilized
to quantify the test accuracy of the GAN at the completion of training. A three-dimensional grid
of points was established which was uniformly distributed throughout the working volume directly
in front of Tango in the TRON facility. The robotic are was commanded to position the VBS at
each of these points and then point the boresight of the VBS towards the origin of the Tango body

reference frame.
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6.5 Generative Adversarial Network

GANSs utilize an adversarial loss that drive generated images to be indistinguishable from their real
counterparts. The adversarial loss is formulated to learn the conditional mapping which transforms
an image from a starting domain, X, to a new domain, G(X), which is ideally indistinguishable
from a target distribution, Y. In our case, X are simplistic synthetically generated images, Y are
images of real spaceborne scenes, and G is the generator function enhancing simplistic images in
X to be more realistic. Since this mapping is under-constrainted, a cycle-consistency constraint is

commonly utilized to prevent overfitting the parameters of G [88]. This constraint is given as

F:Y X (6.1)
F(G(X)) ~ X (6.2)

To learn the parameters of G and F', training samples of the domains X and Y are utilized with
x; € X and y; € Y. An adversarial discriminator, Dy, is utilized to distinguish between images
drawn from an original domain, X, and those transformed into a domain, F'(y). Similarly, a second
adversarial discriminator, Dy, performs the same type of operation but with ¥ and G(X). Given

these constructs, the objective function to be minimized, £, is

ﬁ(G, F, Dx, Dy) = LGAN(G, Dy, X, Y) + ‘CGAN(F7 Dx,Y, X) + /\ﬁcyc(G, F) (6.3)

with
Laan(G, Dy, X,Y) =E, [log Dy (y)] + E; [log (1 — Dy (G(2)))] (6.4)
Leye(G, F) = Eg [|F(G(2)) — «ll] + Ey [|G(F(y) — yll] (6.5)

where Lgan is the adversarial loss associated with learning the parameters of the mapping functions
G and F, Ly is the loss for departing from forward and backward cycle consistency, and A controls
the relative importance of the objectives. With these objectives defined, the optimal mapping

functions, G* and F*, are obtained by solving
G*,F* = arg min DI}(lfﬂg(yﬁ(G,R Dx, Dy) (6.6)

SpaceGAN utilizes the pix2pix architecture proposed by Isola et al [88], which learns the trans-
formation from an input image space to a target image space. The input image space for SpaceGAN
is taken to be the simplistic images generated by OpenGL. The target image space is taken to be
images acquired of the mock-up Tango satellite. Both the generator and discriminator architectures

of pix2pix use modules of the form convolution-BatchNorm-Relu.
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6.6 Experiments

Two experiments are conducted which train the SpaceGAN network with and without pre-processing
steps. With no pre-processing, simulated images produced by OpenGL are uniform in color (i.e.
spacecraft is entirely gray). Simulated images produced in this manner are used to train an instance
of SpaceGAN which uses structure without color. In the second experiment, images produced by
OpenGL add color to different surfaces on the CAD model. These pre-processed simulated images
are then used to train an instance of SpaceGAN using structure with color. The parameters used

when training, validating and testing both of these networks are summarized in Table 6.1.

Field Value
Format 256x256
Training Images 1000
Validation Images 250
Test Images 250
Training Epochs 200
Batch Size 1
Optimizer Adam
Weight 100
Learning Rate 0.0002
Momentum 0.5

Table 6.1: Parameters used to train SpaceGAN.

6.6.1 Structure without Color

The structure without color network was trained by providing training images containing black and
white synthetic OpenGL imagery. These monochrome images are consistent with the type of im-
ages that are typically acquired by conventional spaceborne VBS. This instance of the SpaceGAN
was trained using OpenGL imagery produced without low-detail textures (i.e. inaccurate color, re-
flectance properties, etc.) and OpenGL imagery with higher-detail textures. The low and high-detail
versions of these OpenGL models are used for the input and target space of the GAN, respectively.
This version of the SpaceGAN was less expensive to train in terms of time and effort, as all the
images produced for training/validating the network are produced in software. This dramatically
decreases the time required to produce a dataset, as commanding the robotic arm into thousands of
poses is quite time consuming, even with automation. Results from training of the structure without

color SpaceGan are displayed in Figure 6.3.
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Figure 6.3: Left column shows the OpenGL simulated input image, middle column shows the output
of the structure with color SpaceGAN, and the right column shows the ground truth. Note that the
ground-truth for this experiment was taken to be a more detailed OpenGL synthetic image instead

of a real image acquired from the TRON robotic testbed.

It is interesting to note that qualitatively, one of the main differences between the output of the
generator and the target space image is warping of the solar panel texture, as shown in Figure 6.3.
To combat this issue, the decision was made to add in an additional set of panels to the low-detail
OpenGL model. When the GAN was trained again, it improved the performance of the generator’s

output, as shown in Figure 6.4.

Figure 6.4: Left column shows the OpenGL simulated input image, middle column shows the output
of the structure with color SpaceGAN, and the right column shows the ground truth. Note that the
ground-truth for this experiment was taken to be a more detailed OpenGL synthetic image instead

of a real image acquired from the TRON robotic testbed.
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6.6.2 Structure with Color

The structure with color network was trained by providing training images containing colored syn-
thetic OpenGL imagery. Various surfaces of the OpenGL model which are known to be associated
with a particular texture were shaded using unique RGB triplets. For example, the solar panels on
the Tango mockup are composed of a grid of solar cells, which exhibit a much different texture than
the aluminum sidewalls. To guide the generator into learning the differences between these tex-
tures, unique RGB values are applied to the different surfaces in the OpenGL model. This approach
encodes prior information to the generator that certain surfaces should have similar or different

textures.

Some results from training of the structure with color SpaceGAN are displayed in Figure 6.5.

Figure 6.5: Left column shows the OpenGL simulated input image, middle column shows the output

of the structure with color SpaceGAN, and the right column shows the ground truth.

6.7 Summary

This chapter presents a method to simulate images of a target spacecraft with special emphasis on
high fidelity reproduction of the pose and illumination conditions. Such a method can be used to
input synthetic images generated using a simple image renderer to produce images with illumina-
tion, pose, and texture properties of a real spacecraft. Hence, this method can be used to generate
thousands of images of such spacecraft, which can then be used to train algorithms required for
spaceborne navigation. The pipeline created in this work enables a rapid and inexpensive produc-
tion of highly realistic synthetic imagery to train the next generation of machine learning navigation
algorithms. The baseline architecture adopted in this work, pix2pix, qualitatively had very promising
results due to its use of a structured loss during training. In the future, the intent is to experiment
with a larger dataset of real imagery obtained from the robotic testbed, perform quantitative evalu-
ation of the pose difference between generator output and input images, and experiment with other

architectures.



Chapter 7

Hardware-in-the-Loop

Experiments

7.1 Exoplanet Imaging

7.1.1 Motivation

Detection and characterization of exoplanets in recent years have predominantly relied on indirect
methods, which measure an exoplanets effect on the light of their parent star. Most notably, NASA’s
Kepler mission is now responsible for more than one thousand confirmed exoplanet discoveries [91].
The indirect methods used for most discoveries to date allow scientists to determine the mass, size,
and temperature of a planet, but provide little information about its chemical composition. However,
only a few exoplanets have been detected by direct imaging. Direct imaging allows the properties
of the planet to be deduced from spectral data and is not subject to the detection constraints of
indirect methods. Spectroscopy data collected from direct images would allow scientists to identify
key biosignature gases such as oxygen, water, and carbon dioxide.

A promising candidate for direct imaging of exoplanets is a pair of an occulter and a telescope
spacecraft, referred to as a distributed occulter/telescope or starshade. Starshades have been the
subject of a number of studies including NASA’s New Worlds Observer [92], but the resulting mission
designs are extremely large, requiring extensive intersatellite separations and deployment in deep
space. The Space Rendezvous Laboratory (SLAB) at Stanford is investigating the feasibility of
a Miniaturized Distributed Occulter Telescope (mDOT) mission to allow deployment of a pair of
satellites in Earth orbit, drastically reducing the expected mission costs [93, 94, 95, 96]. mDOT would
use an occulter at a distance of 500 [km] from a 10 [cm] aperture telescope to improve confidence
in the optical and formation flying technologies needed for full-scale starshade missions. mDOT

is intended to image exozodiacal dust and Jovian exoplanets at short visible and ultraviolet (UV)
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wavelengths. Size and distribution of the exozodiacal particles are of scientific interest. Moreover,
the distribution can indicate the orientation of the planetary system, as well as hint at hidden
exoplanets. mDOT would help satisfy the goal identified in the Decadal Survey of characterizing
zodiacal emission around stars [97].

The potential applications of CubeSats in distributed space science missions is a relatively un-
derstudied topic. CubeSats offer a cheap alternative to large monolithic satellite platforms, but
due to their small size, they are limited in their utility. However, steadily improving capabilities of
CubeSat components, especially in the Guidance, Navigation and Control (GN&C) domain, open
new frontiers for CubeSat applications. Placing the telescope on-board of a CubeSat aligns with the
objective to reduce the size, complexity and cost of the mission. While the scientific utility will be
reduced as compared with large scale missions, mDOT will serve an important role as a technology
demonstrator for starshade feasibility, CubeSat formation flying and precision pointing capabilities.

Detection of exozodical dust and Jovian exoplanets with a CubeSat sized telescope as proposed
in mDOT, will require precise pointing and formation keeping. More broadly, many other science
applications could be achieved with a CubeSat and a 10-cm scale telescope. Some of these require
high-quality (diffraction-limited) imaging, which is challenging to achieve on CubeSat platforms.
Precision pointing in the CubeSat form factor has most recently been studied and launched for the
ASTERIA mission [98]. ASTERIA utilizes reaction wheels and a two-axis piezoelectric positioning
stage for precise line of sight pointing at the arcsecond-level. However, it has a very short focal
length and hence very large pixel scale projected onto the sky. It’s pointing requirements are driven
by the need to keep a star stably on a particular location within a pixel for photometric stability,
but due to the extremely coarse pixels it does not demonstrate diffraction-limited imaging. This
study will focus on engineering an attitude control solution which has the ability to achieve both
coarse pointing and fine image stabilization at the sub-arcsecond level for sustained periods of time
in the presence of environmental and internal disturbances. Such a capability would be applicable

to many CubeSat science missions.

7.1.2 Telescope Payload Prototype

The telescope spacecraft design presented by Kolmas et al. [93] is taken to be 6U CubeSat, with 2U
allocated for the telescope payload. The telescope spacecraft is assumed to carry out the observations
in eclipse. Pointing stability is critical throughout the 1000 [sec] exposure. If telescope pointing is
not kept stable enough, observations of the science target would travel across multiple pixels and
degrade signal-to-noise ratio (SNR) of the results. The attitude determination and control system
(ADCS) selected in this study was the Blue Canyon Technology XACT unit [99]. The XACT unit

features three reaction wheels with pointing accuracies outlined in Table 7.1.



CHAPTER 7. HARDWARE-IN-THE-LOOP EXPERIMENTS 7

Specification Value

+ 0.003 [deg] for 2 axes

1o Pointing Accuracy
+ 0.007 [deg] for 3rd axis

LEO Lifetime 3 [years]
Mass 0.85 [kg]
Volume 10 x 10 x 5 [cm]

Table 7.1: Blue Canyon Technology XACT attitude control unit characteristics [99]

Given a target observation in the visible spectrum, and a payload diameter of 10 [cm], Nyquist-
sampled diffraction limited observations require pointing accuracies in the 1-10 [as] range [95]. As
seen from Table 7.1, the XACT unit is unable to achieve this level of pointing accuracy. A tip tilt
(TT) mirror is used to achieve a finer level of image stabilization necessary for the aforementioned
science objective. The TT mirror is a micro-electrical mechanical systems (MEMS) device (S6180
Mirrorcle Technologies, Inc.) which sits conjugate to the entrance pupil [100]. The TT mirror
provides highly repeatable, fast optical beam steering across two axes, while requiring ultra-low

power. Specifications for the S6180 TT mirror are outlined in Table 7.2.

Specification Value

Diameter 5 [mm]
Mechanical Range +1 [deg]
Resonant Frequency 1200 [Hz]
Driver Resolution 16 [bit]

Angular Precision 250 [mas]

Table 7.2: Mirrorcle Technologies S6180 T'T mirror technical specifications [100]

Since the TT mirror is 5 [mm] in diameter, incoming light from the 10 [cm] aperture needs
to be demagnified to fit on the mirror. A pair of lenses sitting between the entrance pupil and
the TT mirror are used to demagnify the incoming light. The incoming light is demagnified to a
4.8 [mm] diameter, which provides a 1 [mm] circular buffer at the perimeter of the mirror. Light
reflecting off the mirror then passes through an additional set of lenses which focus the light onto
a CMOS detector. While the final optical design for telescope payload would be compact enough
for a 2U payload, this prototype payload was designed and built with the goal of demonstrating
the functionality and performance of the above controller architecture for precise image stabilization
without the constraint of fitting in a 2U volume. With this design relaxation in mind, the plate

scale of the CMOS sensor was selected to have pixels subtending 2 [as], as shown in Table 7.3.



CHAPTER 7. HARDWARE-IN-THE-LOOP EXPERIMENTS 78

Specification ~ Value

Focal Length 500 [mm]
Pixel Pitch 5.2 [pm)]
Format 1280 x 1024
Plate Scale 2.15 [as/pixel]

Table 7.3: ThorLabs DCC1545M CMOS camera [101]

7.1.3 Algorithms
Control

The two-stage control architecture presented in this work utilizes reaction wheels for coarse pointing
and a tip tilt mirror for fine image stabilization. The control law used by the reaction wheels, Uy, is

a non-linear proportional derivative (PD) controller composed of a feedback and feed-forward signal

I—-P I—P I—-P I—-P I—-R
urW:erl:ngKd(wd —Tw )Jr w X [Ip w +Ig w (7.1)
feedback feed-forward

I—-P . . . . .
where Jd is the desired angular velocity of P with respect to Z, and ej.3 is the vector part of the
. . . . I—>P
error quaternion. The error quaternion encodes the rotation from the current attitude, q , to the

. . I-P
desired attitude, q,, as shown by

I5P (P!
e2 dq,o("d) (7.2)
This control input produces an angular acceleration of the reaction wheels, as shown by
Pd (z-wr
Uy = —Ie— [ @ } (7.3)

A micro-electrical mechanical systems (MEMS) tip/tilt (TT) mirror (model S6180) from Mir-
rorcle Technologies is used for fine pointing. The TT mirror has +1 [deg] of mechanical throw, is
driven by a 16-bit high-voltage driver and has a resonant frequency of 1 [kHz]. The TT mirror is
actuated so that motion of the target being observed is stabilized on a complementary metal oxide
semiconductor (CMOS) sensor. This fine stabilization is necessary for long integration detections of
dim exoplanets and/or exozodiacal dust.

Once coarse pointing and stabilization of the payload is achieved using reaction wheels, a light
emitting diode (LED) on the back of the occulter can be detected. Before engaging the TT control
loop, this reference LED will exhibit motion on the CMOS detector due to residual jitter from the

coarse pointing loop. By calculating bearing angles to the reference LED in the payload frame,
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differential corrections can be computed and sent to the TT mirror. These corrections will stabilize
both the reference LED and the science target on the CMOS sensor.

Bearing angles to the reference LED, d@, are computed using a pinhole model

a9 = [ =] 7.4

where u and v are the horizontal and vertical pixel coordinates of the centroid of the reference LED,
ug and vy are the coordinates of the CMOS principal point, and f is the focal length of the payload
in pixels.
The bearing angles computed in Equation 7.4 serve as a differential update to the TT reference
signal
0=206,+do (7.5)

where 6y and 6 are the previous and updated TT angular positions. These angular positions are
used with an offline calibration to determine what voltage should be sent to the individual axes of
the T'T mirror.

Since the TT mirror has finite range and bandwidth, this control loop is only closed when the

reaction wheel loop has settled to within 0.1 [deg] of sensed angular error.

Path Planner

.. C . . I-P . P
For large pointing errors between the initial vehicle attitude, " q , and final target attitude, q,
an intermediate reference frame is used to guide the controller towards the final orientation. This

P
intermediate frame is taken to be ad in Equation 7.2

TP , | nsin(ey/2)

da = [ cos (ep/2) ] (7.6)
with

eg(t) £ FEy (1 — eiAt) (77)

where A is the path planner time constant, eg and Fjy are rotation angles about the eigenaxis, n, to
. I,P P .
the desired and target reference frames, q, and q, , respectively.

Multiplicative Extended Kalman Filter

The filtering approach utilized in this work is a nonlinear variant of the Kalman Filter known as the
Multiplicative Extended Kalman Filter (MEKF). The MEKF utilizes a quaternion to estimate the
absolute spacecraft attitude and a set of Euler angles to represent the attitude error computed in
the measurement update. This architecture avoids violating the quaternion unit norm constraint,

and has been discussed extensively in literature [102, 103]. The state vector, x, in Equation 7.8 is
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composed of small angles, o, which have a zero mean expectation.
T
X = [aI Qy az} (7.8)

Predict The state vector stays constant during the MEKF predict step, and the absolute attitude,

I5P . . .
a , is propagated kinematically forward in time, as shown by

Xep1ft = Xt (7.9)
P P\ L-P
it = Q ( Wy ) e (7.10)

For the predict step using this state vector, the covariance update is

Y= A2t|tAtT +Q, (7.11)

where 3, 1); is the state covariance prediction at time ¢ + 1 given measurements up to time ¢, Q, is

the process noise, and A;

w 1- w
At = 1373 + % |:IL_J;PX:| + ( wzc ) I:I(;)tpxj| |:I(;)ttp><:| (712)

where the cross-product matrix is

0 —v. vy
x]= |4v. 0 —u, (7.13)
—vy Fvy O

Measurement Update Unit vectors sensed from star trackers, Earth or Sun sensors serve as
the measurements in the MEKF. These measurements are provided to the MEKF as a pair of unit
vectors in principal and inertial coordinates. The unit vectors in principal coordinates are sensed in
the coordinates of the local sensor frame, and transformed into principal coordinates with knowledge
of sensor mounting. The inertial unit vectors are calculated based on correspondences with an
external reference (i.e. star catalog). The actual measurements, y,, and model measurements, hy,

at time ¢ are given by
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P:

P2
ye=1| . (7.14)

L pn t

[ PT.
R 1 1 221
Pﬁl

i 19
h, = A S (7.15)

P+1
. v
R i, moly

PeI P
where R is the direction cosine matrix corresponding to = q , i and p are unit vector observa-
tions expressed in the coordinates of Z and P, respectively, and v is zero-mean white Gaussian
measurement noise.

The measurement sensitivity matrix, H € R3"3, is given by

oh T
Ho= o = [ux] o] . [hyx]] (7.16)
The measurement update is then

Xip1je41 = X1 + Ke (v, — hy) (7.17)

2t+1\t+1 = 2t+1\t - KthZt+1\t (7~18)

where K; is the Kalman gain
-1
K, = %, H [H,3,, =T + Rt} (7.19)

Attitude Update After the measurement update, the relative attitude error encoded in Xip1|t41

TP
can be used to correct the absolute attitude, (_it +1J¢> as given by

1 +a./2 —oy/2 4ag/2
P -, /2 1 +a,/2 H4a,/2| TP
S d, 7.20
bHlje+ +oy /2 —ag/2 1 +a,/2 Ak ( )
—ag/2 —oy/2 —a./2 1

After the absolute attitude is updated, the state vector is reset to zero. The attitude update
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does not modify the covariance, since it neither increases nor decreases uncertainty of the estimate;

it merely transfers information internal to the MEKF.

7.1.4 Experimental Setup

To verify the functionality and performance of the developed control and filtering architecture, the
OS is utilized to stimulate the prototype telescope payload presented from Section 7.1.2 with a

realistic stimulus as seen in Figure 7.1.4.

mDOT
Payload

CMOS Camera

MEMSTT Mirror

OLED Display )

(01

Relay Lens Pair

Figure 7.1: Hardware-in-the-loop architecture used to stimulate the telescope payload prototype.

The ground truth numerical simulation described in Chapter 3 is used to synthesize scenes
composed of SO and NSO which are then rendered to the OS OLED monitor. Parameters and
initial conditions for this numerical simulation are summarized in Table 7.4. The telescope payload
prototype is stimulated by this scene through a corrective optic (CO), which corrects for the finite
distance between the monitor and payload by collimating light emitted by the OLED, as seen in
Figure 7.1.4.
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Parameter Name Value  Units
a semi-major axis 10000 km
e eccentricity 0 -
i inclination le-5 deg
Q right ascension of the ascending node 100.53  deg
w argument of periapsis 67.12 deg
v true anomaly 17291  deg

Table 7.4: Orbital parameters used for the exoplanet imaging numerical simulation.

Figure 7.2: OS used to stimulate the telescope payload prototype. Light emitted from the OS is
collimated before passing through the entrance pupil of the telescope payload prototype. A pair of
lenses demagnifies the beam to fit on the 5 [mm] TT mirror. Additional optics are used to focus
light reflected off the TT mirror onto the CMOS detector.

As described in the calibration section of Chapter 4, a ThorLabs S130C high-resolution optical
power meter [104] was used to measure the radiometric flux passing through the pupil plane of the
telescope payload. Irradiance measurements were gathered at different wavelengths and OS monitor

digital count combinations. These measurements were used to identify the irradiance through the
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OS as a function of monitor state [105]. In addition to the radiometric calibration, a geometric
calibration was performed to stimulate the telescope payload from a simulated angular origin in the
presence of optical aberrations introduced by the lenses of the OS. This is achieved by providing
the rendering software with unit vector(s) which are a function of telescope payload stimulus unit
vector(s) and the intrinsic parameters of the CO. The geometric calibration process estimates the
intrinsic parameters of the CO and dynamically warps the scene rendered to the monitor to offset
the aberrations introduced by the CO. The main limitation of the OS is that OLED monitor refresh
rate is 60 [Hz|, which constrains the max temporal frequency that can be simulated in real time for

a HIL experiment.

7.1.5 Results

The dynamical models described in Chapter 3 was used to drive the synthetic scene generation
pipeline of the OS described in Chapter 4. Control actions computed by the telescope spacecraft
GNC software are fed into the numerical simulation and are correspondingly reflected in the following
OS scene rendering. Observations acquired by the telescope payload are then used in the MEKF
measurement update. This sequence of events is connected in closed-loop and evolves dynamically.

Initially the vehicle is not pointing in the desired orientation by large angular offset in all axes.
This triggers the path planner to compute a slew maneuver about the eigenaxis connecting the initial
and desired frames. As seen in Figure 7.1.5, the total rotation angle, Ey, about this axis is initially
large, however the reaction wheel control loop instead tracks a smaller magnitude moving reference
signal, eg, which temporally evolves based on Equation 7.7. The relative attitude to this moving
reference defined by an eigenaxis and local rotation angle are used to construct the error quaternion
fed into the non-linear control law in Equation 7.1.

Once coarse pointing has been achieved to within 1 [deg], the telescope payload will be able to
identify and centroid the LED reference beacon on the occulter spacecraft. Residual pointing jitter
will result in the occulter reference beacon sweeping over multiple pixels as its angular position rela-
tive to the telescope payload evolves in time. This motion is reflected in closed-loop by continuously
updating the synthesized scene rendered to the OS monitor. With a detected reference beacon, the
TT control loop is closed after coarse pointing is achieved to within 0.1 [deg]. As outlined in the
control architecture section, bearing angles to the reference beacon are used to compute differential
updates to the angular position of the TT mirror. The impact of the TT loop closure is RMS motion
of 100 [mas], which is depicted in Figure 7.4.
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Figure 7.3: Path planning used for coarse attitude control slews about the Eigen-axis between the
initial and desired frames. The total angular error about the slew axis, Fy decays through the
utilization of a smaller moving reference angle, eg. The error Euler angles in the center plot between
the initial and desired frame decay to coarse pointing accuracy of the BCT XACT unit defined in
Table 7.1.

5195

1t

= s

ER

=

= ms

T oy

st | 8106 |
g . . . A . . " i . ; A . . a: . |
630 BIBS AN GIGA  GAD MBS 641 gans s BIN GBS W GHS G0 GBS 61 B5 842

. MO Hosizontal (pisceds| . CMOE Horimeartal [picids]

Figure 7.4: Simulated traces of the occulter reference LED motion on the telescope CMOS detector.
Left: coarse pointing control using reaction wheels and no TT results in approximately 10 [as] level
consistent with that of the BCT XACT unit. Right: TT loop is closed and the LED motion on
the CMOS detector is stabilized to within 100 [mas] RMS. Contours are overlaid on plots to depict

achieved angular precision.
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The nominal reaction wheel speed in Figure 7.4 is 3500 [rpm], which contains a predominant
disturbance harmonic at 60 [Hz] based off the BCT15 reaction wheel data described in Section 3.4.5.
This 60 [Hz] mode is well within the frequency at which the TT mirror can temporally respond
to, however internal reaction wheel disturbance harmonics vary in frequency as a function of wheel
speed. For example, at reaction wheel speeds of 2500 [rpm], the predominant disturbance harmonic
is at 330 [Hz|, as shown in the left-hand side of Figure 7.5. These higher frequency disturbances
closer to the bandwidth of the TT mirror are more difficult to reject. This phenomenon can be

observed in the degraded image stabilization depicted in the right-hand side of Figure 7.5.
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Figure 7.5: Left: power spectral density of the reaction wheel disturbances at different nominal
wheel speeds. Right: motion of the occulter LED beacon on the CMOS detector based on two

simulations with reaction wheel speeds of 2500 and 3500 [rpm)].

Figure 7.5 shows that momentum and reaction wheel speed management will be necessary to

avoid encountering unfavorable disturbance harmonics during the mDOT science observation phase.

7.1.6 Summary

This section developed a two stage attitude control architecture for achieving high precision pointing
necessary to directly image exoplanets with a CubeSat telescope. Coarse pointing with reaction
wheels is achieved through a non-linear control law which cancels out gyroscopic coupling and
utilizes proportional-derivative control to orient the vehicle and track a desired angular velocity. A
path planner is presented which slews the vehicle along the eigenaxis between the initial and desired
attitude. Tracking performance is increased by utilizing higher gains in conjunction with a reference
signal being updated smoothly with a first order differential equation.

Since the pointing precision of reaction wheels is limited to tens of arcseconds, an image stabi-
lization control loop is utilized to stabilize motion of the dim target exoplanet on the CMOS sensor

for long integration exposures. This image stabilization loop consists of a TT mirror steering bright
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light from an LED beacon on the occulter spacecraft to a reference location on the telescope CMOS
sensor. Bearing angles to this beacon are computed and used to apply differential corrections to the
angular position of the T'T mirror.

A detailed simulation was created to verify the functionality and performance of this control
architecture. This simulation was then utilized as the ground truth for a HIL test using the OS as a
stimulus, and a payload prototype as the sensor. The OS consists of an OLED monitor stimulating
the telescope payload through CO. The numerically simulated evolution of the vehicle’s attitude is
used to render a geometrically and radiometrically consistent star field and occulter LED beacon to
the OS monitor.

Although precision pointing at the sub-arcsecond level was achieved in this study, further work
must be done to package this prototype into a CubeSat scale payload. Additionally, a momentum
management strategy needs to be formulated to ensure that unfavorable reaction wheel harmonics

are avoided during the duration of the science observation phase.

7.2 Angles-Only Navigation

7.2.1 Motivation

Future distributed space systems are placing increasingly demanding requirements on the GNC
subsystem and the ability to perform relative navigation using limited on-board resources. One
approach to achieve this relative navigation ability is through the use of AON. AON utilizes bearing
angles obtained with a VBS through line-of-sight observations of a target space object. The use of
VBS as mentioned throughout this thesis is attractive since these sensors are ubiquitously present
on satellites, are low-cost, low-mass, have a small volumetric footprint and consume low amounts of
electrical power. The AON procedure is passive and has the ability to operate over a large range
of inter-object separations (i.e. tens of kilometers to hundreds of meters). AON is considered to be
an enabling technology for future space missions including rendezvous, docking, space situational

awareness, on-orbit servicing, and direct imaging of exoplanets using distributed space systems.

7.2.2 Scenario Definition

The section considers the problem of relative navigation of an observing spacecraft with respect
to a NSO in near-circular, low Earth orbit (LEQO). In this configuration, the observer spacecraft
is attempting to estimate the relative orbital motion of the target space object using only bearing
angles obtained by a far-range VBS (9 [deg] diagonal FOV). AON represents an especially difficult
estimation scenario due to the inherent dynamical observability constraints imposed by using bearing
angle measurements (2D) to reconstruct the full relative orbital motion state (6D). For this test

scenario, the NSO relative orbital motion is chosen to be similar to the scenarios considered by
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Sullivan et al. [18]. In that work, the authors use a set of relative orbital elements (ROE) consisting
of the relative semi-major axis (da), relative mean longitude (d)), and relative eccentricity and
inclination vectors (de and ) to parameterize the relative motion of the NSO with respect to the
observing spacecraft [106]. The initial conditions for the observing spacecraft and the relative motion
of the NSO are provided in Table 7.5.

Table 7.5: Initial observer orbital conditions and mean ROE test case for dynamic simulation.
Observer Orbit a =7200 [km] e=0.001 ¢=30° §=60° w=120° My;=0°
Initial ROE ada [m] adA [m]  adey [m] ade, [m] adiy m] adiy, [m]
ROE 2 -50 -10,000 200 0 -200 0

For simplicity but without loss of generality, the VBS on the observing spacecraft is assumed to
be pointing with a fixed boresight alignment in the anti-flight direction. Beginning from the specified
initial conditions, the absolute position and velocity of the observing spacecraft and target NSO are
numerically propagated for several orbits using a high-fidelity simulator which includes rigorous
force models of high-order gravity, atmospheric drag, solar radiation pressure, third body Sun and
Moon effects, and tidal effects [57]. The numerically propagated trajectories provide the ground
truth against which to compare the performance of AON filter. In order to estimate the relative
orbit of the NSO, the filter requires knowledge of both the observer absolute orbital state and VBS-
frame absolute attitude, as well as sequential sets of bearing angles which subtend the line-of-sight
vector pointing from the observer to the NSO. The observer absolute orbit knowledge is provided by
corrupting the ground truth observer orbit with measurement noise that is representative of coarse
Position/Velocity /Time (PVT) solutions obtained using a GPS receiver. Instead, the HIL VBS
stimulated by the OS provides the measured attitude and bearing angles. The relationship between

the bearing angles and the relative position is illustrated in Figure 7.6.

7.2.3 Implementation

A simplified architectural layout of the AON algorithm is depicted in Figure 7.7. Regions of interest
(ROI) obtained from the far-range VBS are fed into an image processing algorithm to detect and
link clusters of bright pixels. Utilizing the Hipparcos star catalog, a star identification process labels
some of these clusters as SO and produces an inertial attitude estimate, g. The remaining bright
clusters are taken to be NSO candidates. Prior information on the orbital elements, oé, of the
observer and target NSO are assumed to be available. This absolute orbit knowledge aides in the
selection of the NSO candidate to be navigated relative to. A line-of-sight vector to the NSO is
used to compute bearing measurements, «, €, which are fed into an unscented Kalman filter (UKF)
formulated by Sullivan and D’Amico [19, 20]. The UKF returns an estimate of the relative orbital

elements, Joé, to the NSO and covariance matrix, P.
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Figure 7.6: Relationship between relative position and bearing angles [18].
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Figure 7.7: Simplified architecture of AON algorithm. Dotted lines indicate feedback signals which
aide in future execution of processes.

7.2.4 Validation

With the navigation architecture presented in Figure 7.7, the filter is able to converge to a very
good estimate of the relative orbit of the NSO, demonstrating steady-state estimation error within
2.5% of the true mean inter-spacecraft range (as given by ad\), and to within 10 meters for all other
state elements, as show in Figure 7.8. A comparison of the angles-only filter pre-fit and post-fit
measurement residual steady-state statistics in Table 7.6 indicate worst-case post-fit residuals for
azimuth and elevation at approximately 8% and 22% of the iFOV associated with a test article pixel,
respectively. This is a strong indication that the filter is processing measurements effectively and
reducing modeling residuals to the noise floor of the onboard sensor. It is instructive to mention
that the larger standard deviation in the elevation angle post-fit residuals is expected, since the
range ambiguity translates to an elevation error in filter modeling due to the orbit curvature. To

the authors knowledge, this is the first published HIL result of a completely maneuver-free, stable
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and converging AON filter using a synthetic stimulus. This HIL implementation of an AON filter
demonstrates the utility of the OS testbed for investigating functionality and performance in different

operational environments.
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Figure 7.8: ROE estimation errors from the UKF. Vertical gray bars represent periods of eclipse.

Aa+ 1o Ae+ 1o
VBS +1.62 +£04.09 —3.56 +03.92
Pre-Fit —2.58 £36.76 —5.18 £ 58.22
Post-Fit —0.894+01.77 +1.03 +07.00

Table 7.6: Statistics of the VBS and filter residuals for the dynamic relative navigation simulation
over the last three simulated orbits. The azimuth and elevation residual means, Aa, Ae, and 1o
standard deviations are reported in units of [arcsec].

At inter-satellite separations on the order of kilometers, azimuth and elevation measurements
calculated from the image processing algorithm were experimentally observed to be accurate and
precise (1o = 10.3 [arcsec]). As the inter-satellite separation decreases to hundreds of meters,
features (i.e antennae, solar panels, etc.) on the observed satellite and its structure start to become
visible. Illumination and shadowing of the observed satellite dynamically changes as a function of
the vehicle pose relative to observing VBS, Sun and Earth. When using a simple center-of-mass
image processing centroiding algorithm, shadowing and varying illumination of the observed satellite

result will degrade the accuracy of the measured bearing angles. This phenomenon can be observed
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in Figure 7.9.

Hange = 410 [m

Range = 322 [m

Figure 7.9: Centroiding performance degrading during the AON HIL experiment as the inter-satellite
separation decreases.

7.3 Pose Estimation

7.3.1 Motivation

As the inter-object separation between the observer and target decreases to hundreds of meters
and closer, features on the observed object become more apparent. Regions of shadow and bright
illuminated surfaces have the potential to degrade the accuracy of far-range navigation techniques.
The transition to close-range navigation techniques however can still utilize VBS. The aforemen-
tioned benefits of using VBS such as their ubiquitous presence on satellites, low-cost, low-mass,
small form-factor and low power consumption are still present appealing at close-range. Pose esti-
mation estimates the position and orientation of a target object in real-time and can be utilized for
computing relative motion control commands as well as estimating the topology of an unknown or
non-cooperative object. Pose estimation represents an enabling technology for future space missions

such as on-orbiting servicing, debris removal, rendezvous and docking.

7.3.2 Scenario Definition

This experimental scenario considers an observing satellite with a close-range VBS formation flying
in close proximity (10 — 20 [m] inter-satellite separation) to the Tango satellite from the PRISMA
mission. The observing satellite is attempting to estimate the relative position and orientation,
or pose, of the Tango satellite using a single monocular image. The synthesized scenes rendered
to the OS monitor stimulate a close-range VBS on the observing satellite, which is estimating the
relative pose of Tango using a deep convolutional neural network (CNN) formulated by Sharma

et. al [59, 107]. In that work, the authors divide the continuous six-dimensional pose space into
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discrete bins, and solve a classification problem to determine the relative pose of Tango, as shown
in Figure 7.10. The pose label predicted by the CNN corresponds to a region in a four-dimensional
space. Of these four dimensions, three correspond to the attitude of the VBS reference frame with
respect to the Tango body reference frame, and one corresponds to the distance from the origin of
the VBS reference frame to the origin of the Tango body reference frame. The output of the last
fully connected layer of the CNN is passed through the softmax function yielding values which can

be interpreted as the probability of the image being associated to each pose label.
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Figure 7.10: Illustration of the pose determination algorithm as a classification problem [59].

7.3.3 Implementation

Training of the CNN was accomplished by generating a large dataset consisting of several thousand
labeled images acquired with the close-range VBS being stimulated by the OS. The automated
pipeline for generation and labeling of space imagery is based on uniformly discretizing the four-
dimensional viewspace around a target object. Uniformly distributing a set of n VBS locations
around the target is akin to solving for a minimum-energy configuration for charged particles on
a sphere of radius r. The determination of this stable configuration of particles constrained on a
sphere and being acted on by an inverse square repelling force is known as the Thomson problem
[108]. Using this approach to solve for the uniform distribution of points on a sphere fixes two of the

four degrees of freedom in the view-space. The third degree of freedom is the rotation of the VBS
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about the boresight direction, which can be uniformly discretized in m — 1 intervals from 0° — 360°.
Finally, the degree of freedom corresponding to the distance of the VBS relative to the target can
be discretized by generating spheres of varying radii. Figure 7.11 illustrates the discretization of the

continuous attitude space into various classes.

Figure 7.11: Illustration of the attitude discretization approach. The black dots represent pose
classes, while the colored markers represent the poses corresponding to the nearest pose class [59].

7.3.4 Validation

The trained CNN is then used to estimate the relative pose on a validation set not used during
training. Angular residuals between the CNN predicted attitude and the ground truth attitude used
in the OS rendering pipeline are parameterized with a set of 3-2-1 Euler angles. For small residuals,
these Euler angles correspond to rotations about the axes of the VBS frame (first and second axes
are the horizontal and vertical directions of the image plane, the third axis is boresight direction).
Range residuals are computed by simply differencing the ground truth and CNN predicted range. A
wireframe model of the Tango satellite corresponding to the predicted poses are plotted on top of the
HIL acquired images in Figure 7.12. The plots include annotations with the aforementioned residuals,
along with a pose class confidence metric coming from the CNN computed softmax probabilities.
The trained CNN was then utilized to estimate the pose of the Tango satellite in a sequence of
images re-creating an hour long segment of flight data (starting at 2011-10-06 22:49:16 GPS time)
obtained from the PRISMA mission [58]. Specifically, on-ground precise relative orbit determination
based on GPS (accurate to about 2 [cm] 3D rms) [109] is used as the true relative position. The
on-board attitude estimate provided by star-trackers aboard the Mango satellite and a combination
of Sun sensors and magnetometers aboard the Tango satellite (accurate to about 3 [deg] 3D rms) are

used to calculate the relative attitude between the VBS frame and Tango body axes. The relative
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Figure 7.12: HIL acquired images from the close-range VBS being stimulated by the OS at different
inter-satellite separations. Pose estimates produced by the deep CNN classification are overlaid
using a wireframe model of Tango. Confidence of the CNN predicted pose class label is shown below
the corresponding images.

pose, absolute orbit and timing information obtained from the PRISMA flight products are used
as inputs in the synthetic image generation pipeline of the OS. Pose computed by the CNN on
this sequence of images was compared against the interpolated flight data to produce a sequence of
translational and angular residuals. The aforementioned interpolation scheme utilized SLERP [110)
for interpolating attitude and a 12th order Lagrangian interpolation [111] for interpolating position
between data in the flight products. These residuals are plotted in Figure 7.13.

As shown in Figure 7.13, the pose determined by the CNN is able to reach accuracies consistent
with the discretization of the pose space (degree and centimeter level). This is achieved with only
5000 training images. This same CNN was then stress tested by attempting to determine the pose
of Tango with the Earth in the background. As the position of the Sun relative to the Earth evolves
during this test, light from Earth albedo causes many pixels to register high digital counts, as shown
in Figure 7.14. Note that the accuracy and confidence of the pose estimate degrades as the Earth is

observed brighter in the background in Figure 7.14.
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Figure 7.13: Angular and translational residuals computed between the CNN predicted pose and

the flight products interpolated pose.
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Figure 7.14: HIL acquired images from the close-range VBS being stimulated by the OS with the
Earth in the background being illuminated by the Sun at different angles.



Chapter 8

Conclusions

8.1 Summary

The main goal of this research was to design, develop and utilize a minimal set of HIL facilities
for the validation of spaceborne vision-based navigation. To this end, the author utilized a virtual
and physical reality based approach to emulate the space environment from a geometric and radio-
metric aspect in high fidelity, real-time and closed-loop. This pursuit resulted in several notable
contributions to the state of the art in validating spaceborne vision-based navigation.

Chapter 4 addressed the design, calibration, and utilization of a variable-magnification OS to
stimulate spaceborne vision-based navigation sensors and algorithms in real-time and closed-loop.
The assembled testbed and selected components were converged upon through a design process to
meet an explicit set of functional and performance requirements to simulate SO and NSO from a
geometric and radiometric stand-point and support testing of VBS with narrow and wide FOV. The
variable-magnification OS consists of an OLED monitor stimulating a VBS through a pair of CO.
The relative positioning of these components is achieved using two motorized stages which translate
the OLED monitor and one of the CO along the optical axis of the testbed. This approach is shown
to support VBS of both narrow and wide FOV, increase the radiometric dynamic range of the
testbed, and emulate close-range scenarios when light from an object is not collimated. Geometric
calibration of the testbed consisted of isolating the distortions introduced by the CO and warping
the scene rendered to the monitor to produce a stimulus reaching the aperture of the VBS test article
from the intended angular location. A radiometric calibration quantified the irradiance of an OS
monitor pixel as a function of digital count and testbed magnification. These calibration steps were
necessary to be able to accurately place simulated sources of light to within arcseconds of angular
accuracy over a large radiometric dynamic range.

The characterization of the space environment from a radiometric and geometric stand-point

in conjunction with the dynamics modeling and simulation capabilities are used as inputs to a
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high-fidelity synthetic scene generator. Actuation determined by the GNC software sensing the
synthetic environment through the stimulated VBS are fed into the numerically simulated scenario.
As the numerical simulation evolves in closed-loop, the synthetic scenes rendered to the monitor
correspondingly update to match the closed-loop simulation state. In addition to verifying the
functionality and performance of spaceborne vision-based navigation algorithms, this infrastructure
was utilized to generate large amounts of imagery to train machine-learning vision-based navigation
algorithms discussed in Chapters 6 and 7.

Rendering an arbitrary scene using the virtual-reality based approach of the OS permits great
flexibility, however the finite resolution and brightness of the monitor limits geometric and radiomet-
ric emulation in close proximity operations. To overcome this limitation, the OS is complemented
using a physical-reality robotics approach with TRON. Chapter 5 discusses the various components
which make up the TRON facility. These include a 7-DOF robotic arm, albedo light boxes, Sun
simulator, Vicon tracking system and a full scale mockup of the Tango satellite. Denavit-Hartenberg
parameters of the robotic manipulator are utilized in computing the inverse kinematic solution for
commanding different poses of the robot. The pose commands sent to the robot kinematically emu-
late the relative motion derived from numerical simulations of the modeled dynamics. The intensity
and location of the illumination sources are commanded to emulate the radiometric models presented
in Chapter 2. With the kinematic and radiometric emulation permitted using the OS and TRON
facility, verification of vision-based navigation algorithms from far to close range can be achieved.

Multiple HIL experiments were conducted to illustrate the utility of the OS at verifying the func-
tionality and performance of a VBS used for spaceborne navigation in Chapter 7. The second HIL
test simulated a formation flying scenario to verify the functionality and performance of an AON
algorithm. The relative navigation algorithm uses measurements from a far-range VBS (9 [deg]
diagonal FOV) collected by an observer spacecraft performing far-range rendezvous with a noncoop-
erative client in LEO. These HIL observations were used to produce a sequence of inertial attitude
measurements as well as bearing measurements to the NSO, whose relative position is unknown to
the observing vehicle. This vision-based rendezvous scenario has a documented unobservability in
discerning the relative separation which can be circumvented through the use of an angles-only filter.
The high-dynamic range OS was able to accurately reproduce both SO and NSO from a geometric
and radiometric standpoint simultaneously to stimulate the VBS test article in a realistic manner.
The angles-only relative navigation algorithm was verified by assessing functional performance of
the estimation solution and filter measurement modeling accuracy.

The third HIL test scenario considers an observing satellite with a monocular close-range VBS (42
[deg] diagonal FOV) formation flying in close proximity (10-20 [m] inter-satellite separation) to the
Tango satellite from the PRISMA mission. The relative pose, absolute orbit and timing information
obtained from PRISMA flight products are used as inputs in the synthetic image generation pipeline
of the OS. The variable-magnification is readily able to adjust itself to support testing of the wider
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FOV close-range VBS by translating the components in accordance with the material presented
in Section III. The stimulus provided by the OS allows for realistic images to be acquired by the
close-range VBS test article. These HIL acquired monocular images are fed into a deep CNN which
is attempting to estimate the relative pose of Tango, which is unknown to the observing vehicle.
The CNN estimates the pose of Tango by producing a pose label classification, which corresponds
to a discrete bin in the space of continuous poses observed during training of the CNN. In this
experiment, the OS is used to stimulate the close-range VBS with a realistic stimulus and produce
several thousand HIL images necessary for training of the CNN. At test time, the close-range VBS is
stimulated by the OS with new scenes not encounter during training. These scenes are produced by
interpolating with relative pose, absolute orbit and timing information obtained from the PRISMA
flight products. This close-range HIL training and testing enabled by the OS was used to verify the

functional performance of the CNN pose estimator and quantify its performance accuracy.

8.2 Way Forward

Currently, motion of the robotic arm can be commanded in closed-loop using the client-server infras-
tructure developed by the author. This approach utilizes EthernetKRL to transmit XML packets
between the KRC4 controller and the external workstation in SLAB. These packets are parsed in
the submit interpreter running on the KRC4 while the robot is simultaneously executing motion
commands. Although this approach is capable of supporting command updates at ~ 10 [Hz], faster
command updates (i.e. 250 [Hz]) are achievable through the use of KUKA’s Robot Sensor Interface
(RSI). For future experiments that require this increased bandwidth, further investigation and use
of RSI will likely be the necessary way forward.

Similar to the timing limitations currently present in TRON, the OS bandwidth is currently
limited by the OLED monitor refresh rate of 60 [Hz]. Although this refresh rate was sufficient to
support testing of the AON and current pose estimation HIL experiments, the direct exoplanet
imaging experiment required temporally scaling the simulation to be slower than real-time. Future
experiments that necessitate faster bandwidth out of the OS may require upgrading the monitor to
one with a faster refresh rate.

The flexibility of TRON to emulate close-range formation flying, rendezvous, docking and/or
landing simulations would be dramatically improved if the target object also had the ability to
be articulated. This could be accomplished with the addition of a floor-mounted robotic arm.
The addition of a second robotic arm into the TRON facility would introduce additional engineering
challenges such as synchronizing the motion of the two arms to a common clock and ensuring collision
avoidance. In order to support testing with real satellites or heavier targets, it is recommended that
the floor-mounted robot arm is able to support heavy payloads.

Another item of future recommended work is a rigorous calibration of the Sun simulator in



CHAPTER 8. CONCLUSIONS 99

terms of radiance, spectral content and uniformity. The author suggests establishing a remote
commanding infrastructure for the Sun simulator, similar to what has been previously demonstrated
with the remote commanding of the robotic arm, Vicon tracking system, and Earth albedo light boxes
described in Chapter 5. The incorporation of the Sun simulator into the close-range simulations will
present some interesting challenges, such as potential obscuration of light from the Sun simulator
on the target object due to the robotic arm. One suggestions on how to circumvent this is to utilize
turning mirror(s) to redirect the emitted beam of light.

The Air Force Office of Scientific Research (AFOSR) has awarded SLAB with contracts for ad-
vanced research on spaceborne vision-based navigation. This award comes in response to a project
proposal entitled ”High-Fidelity Verification and Validation of Spaceborne Vision-Based Naviga-
tion”. The proposed research aims at increasing the Technology Readiness Level (TRL) of key
formation-flying and swarm capabilities for future deep space exploration and demonstrate the via-
bility of new algorithms for space navigation. Some of the aforementioned upgrades will be pursued
as part of the AFOSR contract.



Appendix A

Technical Drawings of Optical

Stimulator

Cross sectional drawings of the OS are presented in Figures A.1-A.3.
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Figure A.2: Front view of OS.
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Figure A.3: Side view of OS.




Appendix B

Technical Drawings of Tango and

TRON

Cross sectional and perspective technical drawings of Tango satellite and TRON are presented in

Figures B.2- B.1 and B.3, respectively.

Figure B.1: Perspective view of Tango.
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Appendix C

Pinhole Parameter Estimation

The pinhole model is given by

u=(2) fete (C.1)

=B o

where w,v are pixel coordinates of a calibration feature, z,y,z are components of a unit vector
expressed in VBS coordinates, f;.f, are the focal lengths in the horizontal and vertical directions,
and c,, ¢, are pixel coordinates of the principal point.

Given n calibration features, the above Equations can be put into matrix form as
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Given a correspondence with known unit vectors and measured pixel centroids, the pinhole

parameters (fz, fy, ¢z, ¢y) can be estimated using least-squares.
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