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Thesis directed by Prof. Hanspeter Schaub

Abstract - Solar radiation pressure (SRP), the force imparted on a spacecraft due to imping-
ing solar photons, becomes a dominant dynamic perturbation for both interplanetary and above
1000 km Earth orbit altitude spacecraft missions. This thesis presents a method for the fast com-
putation of spacecraft force and torque due to SRP considering a geometrically complex spacecraft
model. The method uses the highly parallel execution capabilities of commodity Graphics Pro-
cessing Unit (GPU) and the Open Graphics Library (OpenGL) vector graphics software library
to render a Computer Aided Design (CAD) generated spacecraft model on the GPU. The SRP
forces and torques are resolved per model facet in the custom-developed render pipeline. Using
common commercial and open-source 3D mesh modeling tools the material properties are encoded
with the CAD model to provide realistic specular, diffuse and absorption surface optical properties.
A first order validation is carried out by comparing the method’s force result to that provided by
the analytic cannonball SRP model. Validation of more complex spacecraft geometry is achieved
by comparison of the OpenGL method’s computed force value with the force value computed from
flight data for the same spacecraft. The method is successfully implemented as a modular compo-
nent of the Autonomous Vehicle Systems Laboratory’s (AVS Lab) spacecraft simulation framework
to demonstrate the methods faster than real time online simulation capability. Finally the OpenGL
method’s online simulation capability is used to demonstrate the methods rapid simulation capa-

bility in aid of spacecraft maneuver design.
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Chapter 1

Introduction

1.1 Motivation

Effective orbit determination, maneuver and mission design, and numerical mission simu-
lations require tools that enable accurate modeling of the spacecraft dynamical system. Solar
radiation pressure (SRP), the momentum imparted to a body by impinging solar photons, can
become the dominant non-conservative force above the Low Earth Orbit (LEO) regime[28]. As the
dominant perturbation knowledge of the resultant forces and torque upon a body due to SRP are a
primary consideration in the modeling and analysis of spacecraft operating in the high LEO region
and above[5, 14].

A variety of methods have been proposed to model the dynamical effect of radiation pres-
sure on the spacecraft motion. Furthermore, the methods combine both analytic and numerical
techniques to varying degrees. This thesis investigates the application of a parallel computation
methodology to evaluate the resultant force and torque on a spacecraft due to solar radiation
pressure. The technique makes use of computer vector graphics and the highly parallel execution
characteristics of the commodity Graphics Processing Unit (GPU) to evaluate with high geometric
fidelity the perturbing effect of radiation pressure on an arbitrarily shaped spacecraft.

The significance of the dynamic perturbation of radiation pressure above LEO necessitates the
need to provide sufficiently accurate dynamic models to the precision orbit determination process.
Such a need is exemplified by the GPS satellite constellation where precision orbit determination

enables many applications such as, geodesy, determination of Earth reference frames, and low Earth



Figure 1.1: Mars Reconnaissance Orbiter (MRO)

orbiter tracking [2].

For deep space missions, after gravitational effects, SRP is a significant perturbation force of
the spacecraft’s dynamics [25]. The force contribution of SRP imparts a small change in velocity
(AV) to the spacecraft for which the spacecrafts trajectory needs to account and a continuous
torque which must be counteracted in order for the spacecraft to maintain a nominal attitude. For
spacecraft which use reaction wheel based attitude control systems the continuous SRP induced
torque is counteracted by applying an opposite resultant torque to the reaction wheels. If allowed
to persist this exchange of angular momentum will eventually increase the reaction wheel’s angular
momentum to a saturation point where the reaction wheels are no longer able to counteract further
external spacecraft torques. At a considerable cost mission designers and spacecraft engineers
analyze the effects of SRP on a spacecraft’s angular momentum state [18]. It is therefore, clear
that the ability to rapidly assess the dynamics due to SRP for an arbitrary spacecraft geometry

presents an opportunity for greater pre-launch insight of spacecraft dynamics and an improvment



to pre-launch design team efficiency. In certain missions the small SRP induced AV is considered
a perturbation, while in others as an actuator or desirable propulsive force. For example the Mars
Reconnaissance Orbiter (MRO) mission team treated SRP as a perturbation and characterized the
force and torque on the spacecraft so that they may account for its effect during cruise navigation
and trajectory planning [31]. Conversely, solar sail spacecraft treat SRP as a desirable actuator to

provide spacecraft thrust and control torques [7].

1.2 Current SRP Modeling Approaches

A survey of the current landscape of SRP research reveals a variety of modeling approaches.
The most basic approach with regard to its analytic development is referred to as the cannonball
model. The cannonball analytic model is given in Eq. (1.1), is computed from the surface area upon
which radiation is incident A, solar flux @), the spacecraft mass m, speed of light ¢, heliocentric
distance to the spacecraft r, the sun unit direction vector @t and the reflection, absorption and
emission characteristics of the spacecraft surface which are grouped together within the coefficient
of reflection C,.. It is often the case that the C, parameter is continually estimated and updated
by an orbit determination effort. This model was most notably used during the LAEGOS missions

and continues to prove useful for initial mission analysis[11].

A(I)Q 1AU 2
= —C, U 1.1
ac C . ( " > U ( )

The cannonball model provides a useful, first-order approximation, however, due to its ho-
mogeneous material properties and symmetrical shape approximation it is incapable of resolving
the SRP generated spacecraft torque. These torques are produced by an offset of the spacecraft’s
center of pressure from the center of mass (CP-CM). The CP-CM offset is created by a spacecraft’s
asymmetric geometry and the variation of the spacecraft’s optical properties over the spacecraft
surface. Inclusion of the induced torque is often achieved by employing an increased fidelity mod-

eling approach to capture the macro effects of spacecraft shape on the CP-CM offset. A macro



fidelity is often achieved by defining shape approximations of the spacecraft. A common shape
approximation is to model the spacecraft bus and solar panels as multiple box and panels respec-
tively [21]. Additionally the individual reflection, absorption and emission characteristics are kept
distinct for each surface and set based on known spacecraft material properties[15].

However, the utility of shape approximation methods extends only so far as to capture the
force and torque due to larger spacecraft surfaces. A trait of the shape approximation method
is for much of the modeling uncertainty to be accounted for within an estimation process, where
spacecraft surface area and optical properties are typically the estimated parameters [25]. While,
useful for orbit determination of on-orbit spacecraft, accounting for such modeling uncertainty
within an estimator provides little utility for pre-launch spacecraft simulation and design. As a
result it is the generation and evaluation of a priori models, in which much work is being done.
Notably Zeibart, proposes a SRP evaluation procedure which computes the body forces over all 47
steradian attitude possibilities [33]. Ziebart’s approach is also capable of modeling self-shadowing
by using ray-tracing techniques and spacecraft re-radiation via a spacecraft reduced thermal model.
McMahon and Scheeres extend such an approach by aggregating the resultant SRP forces into a
set of Fourier coefficients of a Fourier expansion[15]. The resulting Fourier expansion is available
for both online and offline evaluation within a numerical integration process. Evaluation of the
Fourier expansion in numerical simulation demonstrates successful prediction of the periodic and
secular effects of SRP. Additionally, the Fourier coefficients may replace spacecraft material optical

properties estimated during the orbit determination effort.

1.3 Parallel Computation of SRP Models

Prior to the past decade, evaluation of high geometric fidelity radiation pressure models,
which included highly faceted models and ray tracing techniques, have been computationally slow.
Previously, this slow computation time made such techniques unsuitable for faster than realtime
spacecraft simulation [2]. More recently methods have been developed which make use of the

parallel processing ability of multicore processors and GPUs. Tanygin and Beatty employ modern



GPU parallel processing techniques to provide a significant reduction in time-to-solution of Ziebart’s
"pixel array” method[l]. Further and inspiring the methodology presented in this thesis Tichey et
al. use OpenGL, a vector graphics GPU software interface common in video games, to dynamically
render the spacecraft model and evaluate the force of the incident solar radiation across a spacecraft
structure approximated, as in computer aided design (CAD) model, by many thousands of facets
[27].

The ability to model and compute, at orders of magnitude faster than real-time, the SRP
forces and torques on flexible and time varying spacecraft structures presents compelling oppor-
tunities. Current pre-launch SRP evaluation approaches are capable of modeling the resultant
dyanmics of an articulated spacecraft where the articulation motion is known prior to evaluation
[32]. However, there are many instances in which the articulation motion and the spacecraft state
are dependent on the myriad spacecraft control inputs and constraints [10]. Accounting for all
possible permutations of the spacecraft dynamical state is further challenged by the inclusion of

flexing in the spacecraft structure.

1.4 Application Possibilities of Faster Than Real Time Models

It is evident then that a method of SRP evaluation characterized by an ability to include time
varying information of the spacecraft state and faster than realtime evaluation has potential for a
wide range of applications. Effective modeling of the SRP induced perturbation of a spacecraft en-
ables mission designers to consider SRP a valuable actuator rather than a disturbance. Such novel
use of the SRP force in maneuver and mission design is exemplified by the MErcury Surface, Space
ENvironment, GEochemistry and Ranging (MESSENGER) mission. The MESSENGER mission
employed six planetary gravity assists during its journey to a Mercury orbit. The MESSENGER
mission designers employed a solar sailing technique to perform each trajectory change maneuver
(TCM) and accurately target each planetary flyby. Typical methods for performing TCM’s use
onboard thrusters to impart the required AV. However, using SRP as the TCM actuator allowed

the MESSENGER team to perform TCM’s with more accuracy and finer control due to the smaller



magnitude of the SRP induced force[17]. Additionally, the MESSENGER team was able to re-
duce fuel and related structural accommodations in the spacecraft design to reduce overall mission
cost[17]. Additional opportunities exist in the design and simulation of atypical spacecraft ma-
neuvers. For example, large deployable structures, such as the IKAROS solar sail, would gain the
ability to iteratively evaluate with greater fidelity the time varying control actuation of the solar

sail during and after deployment [7].

Figure 1.2: MErcury Surface, Space ENvironment, GEochemistry and Ranging (MESSENGER)

Maneuvers which utilize SRP as an actuator are further demonstrated by the design of the
rescue maneuver for the Hayabusa spacecraft. Hayabusa, an astroid return mission, lost attitude
control due to a failure of the spacecraft’s reaction control system. Upon returning to a power
positive state ground teams regained attitude control via the electric propulsion system at the
expense of valuable fuel reserves. As a result, a cruise maneuver was designed which incorporated
SRP to balance the torque induced by the swirling electric thrusters, thus saving fuel for the return
journey to Earth[10].

In both the MESSENGER and Hyabusa examples mission designers used a variety of online
and offline techniques to simulate and verify the beneficial effect of SRP on the spacecraft’s trajec-
tory and attitude. However, this modeling and verification consumes significant human resources to

perform at high fidelity. In the case of MESSENGER, TCM maneuver planing began at minimum



five weeks prior to the event [17]. Additionally, a-priori SRP models used in these analyses are
typically not adjustable or tunable. If modeling parameter inclusion and accuracy requirements
change during the lifetime of the mission a costly redesign process is required [2]. In this context
a faster than real time SRP evaluation method presents the potential to reduce costs to a mission

during it’s operations phase.

1.5 Thesis Research Goals

This thesis presents a method for the computation of the spacecraft forces and torques using
the highly parallel execution capabilities of GPUs. The method effectively leverages and re-purposes
software tools and techniques from the computer graphics discipline. The forces and torques are
resolved at a per facet level and summed over the surface of a Computer Aided Design (CAD)
generated spacecraft model. Material properties are encoded into the computer model to provide
realistic specular, diffuse and absorptive surface radiation interactions.

The primary research goals for this thesis are:

(1) Implement a method of high geometric fidelity SRP modeling using OpenGL and computer

vector graphics techniques.

(2) Demonstrate the easy integration and use of the method as a modular component within

the Autonomous Vehicle System Laboratory (AVSLab) software simulation framework.

(3) Validate the spacecraft force and torque results provided by the method and characterize

the computational performance in regards to time to solution.

(4) Demonstrate that the OpenGL method may be used to design and simulate spacecraft

missions in which SRP is used as an actuator rather than treated as a dynamic disturbance.

Beginning with chapter two an overview of relevant SRP modeling methods is presented.
Particular modeling methods which range from first order analytic to high-fidelity methods are

discussed to exemplify the significant aspects of various modeling approaches. In chapter three



the OpenGL modeling method and its software implementation is presented in detail. Chapter
four examines the performance and validation of the OpenGL method through comparison with
existing models, some of which are presented in chapter two. The final chapter details the devel-
opment and results of a notional deep space spacecraft utilizing solar radiation pressure torques to
reduce the stored angular momentum in the spacecraft’s reaction wheel devices. This work presents
many opportunities for enhancements to be made to the OpenGL modeling approach and these

opportunities and conclusions are discussed in the closing.



Chapter 2

Solar Radiation Pressure Models

In this chapter commonly used pre-launch solar radiation pressure modeling approaches are
reviewed. This work is particularly interested in methods which use physical and engineering data
to produce a pre-launch dynamic model. In contrast to the a-priori SRP modeling method, the
GPS spacecraft focused ROCK and CODE models represent a second, empirical model development
approach. These two models are 'tuned’ by including significant portions of spacecraft tracking data
into the model generation [25]. As a result, models such as ROCK and CODE are not discussed in
this work. The models reviewed in this chapter include the analytic cannonball model, volume shape
approximations, higher geometric fidelity faceted models and the ’pixel-array’ method. Following
the model survey, a selection of the evaluation considerations and methods for distilling the results
of numerical models into simple and computationally fast data and analytic representations are
provided. This chapter is concluded by acknowledging that ultimate model accuracy is achieved
by accounting for all spacecraft radiation sources through a complete spacecraft radiation energy

balance.

2.1 Cannonball Model

The earliest dynamic models used for solar radiation pressure approximated the body’s optical
properties as homogeneous and exposed surface area as constant. The model, commonly referred
to as the ’cannonball model’, was first used in practice during the LAEGOS mission [11]. The

LAEGOS satellite was spherical in shape and covered in a repeating homogeneous pattern of mirrors
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b1
Figure 2.1: Cannonball model with the sun unit direction vector in the body frame §; and the
resulting acceleration a in the opposite direction.

The dynamic effects of SRP on the LAGEOS satellite are analogous to the effects a cannonball
shaped spacecraft would undergo [28]. The model given at Eq. (2.1) groups the body’s optical
properties together in a single parameter C,, where ®¢ is the incident radiation pressure, A the
spacecraft area projected into the plane perpendicular to the sun unit direction vector =, r the
distance from the spacecraft to the sun and m the spacecraft mass [28]. The cannonball model
approximates the accelerations for complex body shapes, however, it does not account for secondary
photon reflections, capture SRP induced spacecraft torques and variation in the projected surface
area or surface optical properties. Despite these issues, it is often used as part of first order
analysis and, in the case of debris, orbital modeling when a body’s shape and optical parameters
may be undefined [13]. In situations where a body’s optical properties are undefined the area A
and coefficient of reflection C, parameters may be included as estimated parameters in an orbit

estimation effort.

A(I)@ 1AU 2
- _C, 7 2.1
o ¢ mc ( r > v ( )

2.2 Shape Approximation and Faceted Model

Increased model fidelity can be attained by generating a model based on shape approximation.
Approximating the spacecraft as a combination of primitive volumes such as prisms, cylinders and

spheres enables one to capture the macro variations in the spacecraft shape[6]. Furthermore, each
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(a) ICESat modeled as a box and wing (b) ICESat spacecraft modeled with facets

Figure 2.2: ICESat modeled with simple shape approximations and with higher geometric fidelity
using numerous facets [21]

face of a volume can be assigned individual surface optical properties to capture the variation in the
spacecraft surface materials. A rudimentary shape approximation, often called a ’box and wing’,
is shown in Figure 2.2(a) where the ICESat spacecraft bus is approximated by a rectangular prism
and its solar arrays as panels.

Increasing the fidelity beyond the 'box and wing’ model can be achieved by departing from
primitive volume approximation and defining the spacecraft surface as a collection of facets. A
faceted model is capable of capturing an increased number of the variations in spacecraft surface
optical properties in addition to more accurately representing the total spacecraft surface area
impacted by radiation. A visual comparison of the increase in the physical spacecraft modeling
accuracy provided by a faceted model is shown in Figure 2.2(b) where ICESat is modeled with
facets rather than the primitive volumes of Figure 2.2(a).

Fach facet posses absorptive, diffuse reflection and specular refelction coeficients, ag, pi
and s respectively. To ensure a complete energy balance the resulting fractions of absorbed and
reflected energy must all satisfy the relationship given at Eq. (2.3a). The coefficient of reflection
C; given in the cannonball model at Eq. (2.1) can be related to the per facet surface material
properties, ag, pr (assumed Lambertian in character) and si, as shown at Eq. (2.3b). Evaluating

the total force of a faceted model is achieved by summing the force contribution of each k' facet,
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given at Eq. (2.2), given the facet’s diffuse p; and specular s; material optical properties and 6y,
the solar angle of incidence measured from the facet normal unit direction vector [30]. It is known
that secondary photon reflections, the impact of a spacecraft reflected photon onto a second part
of the spacecraft, can significantly alter the resulting force direction. The faceted SRP model does
not inherently capture secondary reflections. However the application of a ray tracing step during

model evaluation can resolve the contributing force and torque due to secondary photon impacts

32].
Fspp = —P(R) Y Ay cosOg[(1 — sp,)a + 2(”—3’c + 53, cos 0) 7] (2.2)
k=1
sk +prtap=1 (2.3a)
2
14+ s, + gpk = Cr (2.3b)

2.3 Ray Tracing Methods

Ray tracing is a technique particularly employed in the computer graphics discipline which
generates an image by tracing the path of a light ray through points in an image plane and simulating
the effects of its interactions with the surface materials of a computer-generated models. Ray tracing
SRP modeling methods directly model the projection of an array of solar rays and trace the path
of each ray throughout its interactions with the spacecraft. Each solar ray is initiated from a point
within an array that is oriented perpendicular to the Sun-spacecraft vector @ and is of sufficient
size to ensure full coverage of the spacecraft model[33].

Each projected ray is tested for intersections with the modeled spacecraft to determine the
illuminated and shadowed model facets. Detected intersections will spawn a new ray(s) dependent
on the specular and diffuse surface properties, where as absorptive surface will not spawn a new
ray. Purely specular surfaces will spawn a single reflected ray, while diffusely reflecting surfaces
will spawn multiple rays where the radiation intensity of each new ray is reduced commensurate

to the portion of light it represents [20]. The resultant force and torque on the spacecraft due to
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Figure 2.3: Ray tracing methods model the path traced by an array of virtual sun rays given each
ray’s spacecraft surface interactions.

SRP is computed as the sum of the force contribution due to each absorbed, specular and diffusely

reflected traced ray.

2.4 Electromagnetic Energy Balance Model

The highest level of fidelity can be achieved by seeking to account for a complete spacecraft
electromagnetic energy balance. Such an energy balance includes, in addition to SRP, is a combi-
nation of other spacecraft dynamics models. Zeibart et. al. demonstrates high fidelity radiation
pressure modeling by combining a micro faceted model, an anisotropic thermal re-radiation force
model, planetary albedo force model and antenna thrust effects [32]. While each of the afore-
mentioned force contributions are significant components of a complete radiation force model, this
work does not directly include these contributions. Instead a focus is given to the speed and utility

offered by the evaluation methodology.



Chapter 3

OpenGL Solar Radiation Pressure Evaluation Method

The video game and animated video industries have driven the pursuit to create more vivid
and realistic artificial worlds. This pursuit has resulted in highly optimized vector graphics software
and GPU computer hardware capable of carrying out many thousands of floating point operations
in parallel [19]. While these artificial worlds are visually persuasive, their implementation of elec-
tromagnetic radiation physics is understandably inaccurate. However, it is the parallel hardware
and efficient vector graphics software implementations which may be used to simplify the steps of
the SRP computation with great effect.

This chapter details the methodology employed to evaluate SRP induced force and torque
vectors with high geometric fidelity. An introduction to the theory and software considerations of
the vector graphics and GPU application programming interface (API) called OpenGL is given. It
is shown how the OpenGL graphics rendering ’pipeline’ is constructed and then how this pipeline
is manipulated to process the per facet SRP computation. Noteworthy code listings are discussed
to demonstrate the specific stages within the render pipeline which are customized for a unique

purpose.

3.1 Vector Graphics

Computer vector graphics systems process sets of points defined in three dimensions. These
points, referred to as vertices, are combined into groups of two or more to define lines, triangles

and polygon shape primitives [24]. Using a vector graphics based data description, a spacecraft can



(a) Solid MRO CAD model (b) MRO triangle primitives

Figure 3.1: Model and wire frame views of the Mars Reconnaissance Orbiter computer generated
model

be modeled as a polyhedra, an approximation of a system of many thousands of small triangle or
polygon shape primitives. This is the same method employed where a CAD model is approximated
as a system of many thousands of small triangle primitives. Where a flat plate surface may be
modeled by a single rectangle, resolved into two triangles, a curved surface may be approximated
by many smaller triangles. Such an approximation is shown in Figures 3.1(a) and 3.1(b). In these
figures it is evident that the Mars Reconnaissance Orbiter (MRO) high gain antenna shown in Figure
3.1(b) is approximated by many thousands of primitives while the solar panels are approximated
by 10 primitives. The density of primitives used to approximate the spacecraft’s structure is what
characterizes a model’s geometric fidelity.

The representation of each vertex as a vector in R? space allows one to map vertices between

various coordinate frames. There are three common vector graphics coordinate frames;

e Camera frame: a right handed system with it’s origin located at the hypothetical scene

view point.
e World frame: a right handed global coordinate frame containing all scene objects.

e Model frame: a right handed frame in which the vertices, forming a specific scene object,
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are defined.

Each of these coordinate frames are used to compute the object optical properties, light sources
and lighting interactions between scene objects to produce a rendered on-screen scene[24]. The
model and world reference frames can be treated analogously to the familiar fundamental frames
encountered in the subject of analytic dynamics; those are the body and inertial frames. For the
remainder of this presentation the model and world frames are refereed to as the body and inertial
frames respectively. While this terminology is unconventional to those working in the computer
graphics industries, it is likely to be more within the technical experience of the aerospace-related

audience of this thesis.

3.2 Open Graphics Library

As the name suggests, the OpenGL SRP method employs the Open Graphics Library (OpenGL)
to facilitate the processing of the spacecraft model vertices and primitives to compute the space-
craft dynamics due to SRP. OpenGL is a language independent API for rendering computer vector
graphics [24]. The API provides tools to send, retrieve and process data on OpenGL compliant
GPUs. As with any software API, the capability of the software evolves and changes with time.
As a result, all references made to the capabilities of the OpenGL API made in this thesis refer
specifically to a minimum version of OpenGL 4.0.

A rendered scene is generated by processing each vertex and primitive definitions within the
OpenGL pipeline. The OpenGL pipeline allows for various stages to be programmable. These
programmable stages are termed shader programs where each shader is a mini-program which
serves to process vertices and primitives within the scene. Shader programs are written using the
OpenGL Shader Language (GLSL) and each shader stage has a defined set of data types as inputs
and outputs, which are passed along the pipeline to subsequent stages.

Each execution of each shader stage operates on a single vertex or a set of vertices that define

a shape primitive. Each of the vertices or primitives, are processed in parallel where thousands of
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shader program instances are executed simultaneously for each stage in the pipeline. It is the highly
parallel per vertex/primitive operation (many thousands of evaluations occurring simultaneously)
for which GPU devices have been specifically designed. CPUs are designed for general desktop
computing where the nature and priority of execution tasks changes often, requiring the processor
to be capable of multi-threaded anticipatory code execution. In contrast, a GPU is composed
of hundreds of cores and is capable of processing thousands of the same thread simultaneously.
A GPU with hundreds of cores can reduce computation time of parallel problems by more than
2 orders of magnitude over a CPU alone [9]. As shown in Figure 3.2, the presence of a CPU’s
execution cache and the absence of a cache in the GPU is a clear manifestation of the difference in

the computational requirement of the two processor architectures.

CPU (Multiple Cores) GPU (Hundreds of Cores)

0000000000

0000000000

000000000

<TI I

o000000000

Cache
N—

System Memory

Figure 3.2: A notional comparison of CPU and GPU architectures, where the CPU possess a large
on-chip cache and the GPU does not.

3.3 The OpenGL Pipeline

As shown in Figure 3.3 a minimally valid OpenGL pipeline requires the implementation of
the vertex and fragment shader stages. The addition of further shader stages allows the software
developer to create a custom render pipeline.

To begin, the spacecraft model is defined by reading in the vertex specifications which are
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Figure 3.3: The default OpenGL pipeline. Gold fill stages are custom shader stage implementations.
Blue full stages are OpenGL built-in shader stages. A Solid border stage indicates a required
pipeline stage, while a broken border indicates optional stages.
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produced using an external CAD or 3D modeling tool. The vertex specifications are processed and
sent to the GPU via OpenGL as a vertex buffer object (VBO). As shown in Figure 3.3, vertex
processing, primitive assembly and rasterization are portions of the OpenGL render pipeline which
are required (when displaying a final screen image) and may not by customized. The following
list describes the operations performed by each of the key vertex, geometry and fragment shader

stages.

e Vertex Shader (VS): processes the individual vertices of the model having vertex data
as both input and output. The VS is used to perform setup for later shader stages by
performing coordinate frame transformations on vertex data by mapping vertices from the
model coordinate frame to the world coordinate frame. As shown in Figure 3.3 the vertex

shader is a programmable and required stage in the pipeline.

e Geometry Shader (GS): operates on a single primitive and may output zero or more primi-
tives. A GS allows for one primitive to be operated upon and if desired arbitrarily replicated.
As notionally demonstrated in Figure 3.4, the GS is able to remove primitives, re-tessellate
primitives splitting them and outputting many primitives for a single input and mapping
the vertex values of the primitive. Upon completion of processing a Geometry shader

outputs zero or more simple primitives.

e Fragment Shader (FS): is executed after the pipeline has rasterized the projected scene. To
rasterize the scene, the vertices of each primitive are mapped from R? to R? screen space
samples. Each primitive, as demonstrated in Figure 3.4, is converted to a fragment which
can then be mapped to a set of on screen pixels. The output of a FS is a depth value,
a possible fragment placement value, and zero or more color values to be written to the
buffers in the current frame buffers. The final frame buffer data is ultimately displayed on

the screen.
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Figure 3.4: OpenGL shader stages and their nominal per vertex, geometry and fragment operation

3.4 Computing SRP via A Custom Pipeline

The OpenGL SRP method utilizes a custom rendering pipeline to compute the SRP forces
and torques over the spacecraft surface. Implementing a custom set of shader programs at each
pipeline stage allows for the direct manipulation of the render pipeline to support the computation
of SRP dynamics.

The OpenGL SRP pipeline employs custom vertex, geometry and fragment shaders. As shown
in Figure 3.3 all three of these shader stages are customizable, however, the geometry shader is the
critical optional shader stage included in the pipeline. It is the inclusion of the geometry shader
stage that allows for the per primitive SRP computations to occur. To capture the per primitive
SRP computations the OpenGL specification defines the Transform Feedback functionality. The
Transform Feedback is an OpenGL utility enabling the capture of data (primitives, vertices and
custom data) generated by the vertex and geometry shader stages into a buffer that may be routed
back to a CPU based process. As illustrated in Figure 3.5, the custom geometry shader computes
the radiation interaction for each primitive and the per-primitive radiation force and torque data are

stored in a buffer. This stored data represents the rendered force and torque for a given spacecraft
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state and is returned to the CPU as a final SRP computation result where it can be incorporated

as a dynamic contribution in a numerical simulation.

3.4.1 Custom Vertex Shader

To present a rendered spacecraft for visual debugging custom vertex and fragment shaders
are implemented. The vertex shader prepares the vertex data for the following render stages by
mapping vertices defined in the spacecraft body frame to the inertial frame, then camera view
frame, and finally screen projection coordinates. Reference frame mappings in OpenGL are defined
as homogenous transforms. The homogenous transformation accounts for mapping a point between
two frames that have different orientations and origins [23]. It is assumed that, because the OpenGL
method implementation renders only the spacecraft, the body frame is taken as coincident with
the inertial frame. Therefore, only the body frame orientation relative to the inertial frame is
accounted for where the spacecraft-sun distance is computed separately. The body relative to
inertial orientation is computed on the CPU given the spacecraft attitude description. In this
implementation the spacecraft’s attitude dynamics use the three component modified Rodrigues
parameters (MRPs) vector o, to describe the orientation of the body frame with respect to the
inertial frame [23]. The orientation described by o can be expressed as a direction cosine matrix
[BN] in terms of the o vector components o1, o2 and o3. To map a vector expressed in the body
frame to the inertial frame, the direction cosine matrix’s orthognality property is exploited to yield
the inverse mapping [NB] from the transpose [BN]T. The resulting mapping of a body frame

defined vertex to an inertial frame defined vertex is shown in Eq. (3.1) [23].
No = [NB)Pv (3.1)

The final 4 x 4 homogeneous transformation matrix is constructed as shown in Eq. (3.2),
using the direction cosine matrix [N B] to account for the relative frame orientations and setting
all other off-diagonal terms to zero and the final diagonal term to one to produce no translation of

the vertex. A value of one is appended as the fourth vertex vector entry to produce a consistent
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Figure 3.5: The custom OpenGL render pipeline demonstrating the discrete steps carried out by
shader operations. Gold fill stages are custom shader stage implementations. Blue fill stages are
OpenGL built-in shader stages. A Solid border stage indicates a required pipeline stage, while a
broken border indicates optional stages.
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matrix multiplication expression when performing the homogeneous transform mapping given in

Eq. (3.3)[23].
NB 03><1
INB] = (3.2)
01><3 1
N’U B’U
= [NVB] (3.3)
1 1

3.4.2 Custom Geometry Shader

The SRP force and torque calculations are carried out within the geometry shader stage. As
shown in Figure 3.5 the geometry shader stage execution follows the vertex shader. Each geometry
shader instance receives as its input three vertices (v1, v2 and v3) defining a single spacecraft model
triangle. Vertices are ordered counter-clockwise by default which allows for easy computation of
face normals. Additionally, the value for solar flux ®) and the sun unit direction vector defined in
the body frame wp are provided as constants accessible by each shader instance. The force for the
kM triangle primitive, Fg), , is evaluated in the spacecraft body frame using the expression shown
at Eq. (3.4), where P(|rg)) is the solar radiation pressure scaled by the heliocentric distance to
the spacecraft [22]. It is important to note that the relationship given at Eq. (3.4) assumes that
the energy absorbed by the satellite surfaces is instantaneously re-radiated as heat in a Lambertian
dispersion. This assumption holds for a range of spacecraft surface materials modeled as having
zero thermal capacity [4]. An example of such a zero thermal capacity material is multi-layer

insulation (MLI).

N 2, .
Fo, = —P(|re)Ax cos(br) {(pa,c + pa,)(up + g’nk) + 2ps, cos(Hk)nk} (3.4)
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The triangle primitive area Ay is computed in Eq. (3.5), where vectors e; and e define the edges

of the primitive defined by the vertices.

e = vy — v (3.5a)
€9 — V3 — V1 (3.5b)
1
Ak = §||61 X 62” (35C)

The sun angle of incidence 6y, as given by Eq. (3.6), is simply the dot product of the primitive
surface normal 7, and the sun unit vector @. A primitive is judged to be illuminated in cases
where the inequality at (3.6¢) is satisfied.

e; X ey

n,= ———— 3.6a
£ = ey x ezl (3.62)
Oy = g - (3.6D)
0<f <1 (3.6¢)

The parameters ps, and pg, in Eq. (3.4) are respectively the specular and diffuse reflection
coefficients of the material definition associated with the primitive. Additional radiation pressure
sources such as albedo from planetary bodies may be accounted for through an additional evaluation
of Eq. (3.4) for each primitive in where P(|r|) contains the the albedo radiation pressure. Following
the force computation, the torque Lj contribution of a single primitive, as given in Eq. (3.7), is
computed as the cross product of the vector defined from the body frame origin to the primitive’s
centroid ¢y and the per primitive force Fi;), . The centroid is defined as the geometric center of the

triangle primitive and corresponds to the point of action of the force on the primitive.

Lk = C| X F@k (37)

A simplified geometry shader code implementation is shown in Listing 3.6. To output the

final evaluated primitive the geometry shader must make three calls to the built-in GLSL function
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EmitVertex (), one for each vertex, and a final call to EmitPrimitve () as shown on lines 39 and 42
in listing 3.6. The EmitVertex() and EmitPrimitive() functions signal to the OpenGL pipeline
that geometry shader processing is complete and that a vertex and the final primitive are ready
to be passed along the pipeline. The force and torque computations are made when processing
the first vertex of a primitive and no operations are executed for the remaining two vertices. The
GPU executes many thousands of geometry shader instances in parallel resulting in the force and
torque contributions of many thousands of primitive being evaluated simultaneously. To retrieve
the resulting force and torque from the GPU a Transform Feedback buffer mechanism is used. The
Transform Feedback feature of OpenGL allows for the retrieval of data from the GPU process to
the CPU process via an OpenGL buffer [8] . Once the force and torque data is returned to the

CPU the values are summed to evaluate the total spacecraft force and torque vectors due to SRP.

3.4.3 Custom Fragment Shader

The fragment shader does not contribute to the force and torque evaluation. It transforms
the rendered model into screen space coordinates to provide the final screen space pixel definition.
The on-screen view generated by the vertex and fragment shader stages provides important first
order confirmation of a correctly implemented custom shader pipeline by displaying the orientation
and the sunlit facets of the spacecraft.

The custom pipeline is designed to support both the SRP computation and the final output
of the rendered spacecraft for visual debugging and user interface utilities. The fragment shader
stage is an optional stage and may be omitted by toggling, true or false, the OpenGL parameter
GL_RASTERIZER DISCARD. When only concerned with the SRP computation the fragment shader
stage can be ignored and its output discarded. With no image being rendered to the screen a

significant speed increase is provided to the final SRP calculation.
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forceSrp = dvec3(0.0,0.0,0.0);
torqueSrp = dvec3(0.0,0.0,0.0);
cg = dvec3(0.0,0.0,0.0);

area = 0.0;

cosTheta = 0.0;

for (int i = 0; i < 3; i++)

{
if (i = 0) {
dvec3 edgel = dvec3(gs_in[l].position_modelSpace — gs_in[0].<«
position_modelSpace);
dvec3 edge2 = gs_in[2].position_modelSpace — gs_in[0].position_modelSpace;
dvec3 faceNormal = cross(edgel,edge2);
dvec3 nHat_B = normalize (faceNormal);
cosTheta = dot(nHat_B, sHat_B);
double P_sun = solarFlux/c; // solar radiation pressure
// Is the primitive illuminated ?
if (cosTheta > 0.0 && cosTheta <= 1.0) {
area = 0.5xlength (faceNormal);
V[0] = gs_in[0].position_modelSpace.xyz;
V[1l] = gs_in[1].position_modelSpace.xyz;
V[2] = gs_in[2].position_modelSpace.xyz;
cg = (V[0] + V[1] + V[2])/3.0;
forceSrp = —P_sun*areaxcosThetax((rho_a + rho_d)x*(sHat_B + (2.0/3.0)+*nHat_B) ++
2.0%rho_s+*cosThetaxnHat_B);
torqueSrp = cross(cg,forceSrp);
} else {
// No processing as the primitive is not illuminated
}
} else {
// No processing for verticies 2 and 3
// Pass through vertex shader per vertex values to the fragment shader
gs_out .position_worldSpace = vec3(gs_in[i].position_worldSpace);
gs_out.normal_cameraSpace = vec3(gs_in[i].normal_cameraSpace);
gs_out .UV = vec2(gs_in[i].UV);
gs_out.eyeDir_cameraSpace = vec3(gs_in[i].eyeDir_cameraSpace);
gs_out.lightDir_cameraSpace = vec3(gs_in[i].lightDir_cameraSpace);
gl_Position = gl_in[i]. gl_Position;
EmitVertex () ;
}

EndPrimitive () ;

Figure 3.6: Core OpenGL Shader Language code of the custom geometry shader. The force and
torque computations are given at lines 24 and 25.




Chapter 4

OpenGL Method Validation

The focus of this chapter is to validate the OpenGL method by demonstrating agreement
with other well proven SRP evaluation methods and models. Firstly, good agreement in the force
resolution yielded by the simple analytic cannonball model and the OpenGL method is shown.
Secondly, a considerably more geometrically complex MRO interplanetary spacecraft is submitted
for processing. The OpenGL method generated force is compared to the force data retrieved by the
MRO navigation operations team during Earth to Mars cruise. The remaining half of this chapter
describes a demonstration of the OpenGL method as a modular component within the AVS Lab
spacecraft simulation framework. As part of the simulation tool a range of time varying data such

as orbital elements, SRP force and torque are analyzed..

4.1 Method Verification

The initial validation is performed by comparing results from an analytic cannonball model
and a sphere shaped spacecraft model within the OpenGL method. The values for the LAGEOS
I spacecraft, given in Table 4.1, are used in both evaluations. A spherical model spacecraft is
generated to replicate the LAGEOS II spacecraft parameters. Figure 4.1 illustrates the spherical
spacecraft model being evaluated using the OpenGL method. The perturbative acceleration due
to SRP as given by the cannonball model and the OpenGL method are given in Table 4.2. The
OpenGL method yields a resultant torque of 1.51x107'? Nm. However, it is expected that a

perfectly spherical object yields zero torque. The non-zero torque value returned by the OpenGL
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model is due to the faceted nature of the model not being perfectly spherical. It is observed that
by increasing the number of vertices and therefore primitives in the model (better approximating
a sphere), the resulting torque value approaches zero. The agreement between the two simple

evaluations provides confidence of the methods correctness.

Table 4.1: LAGEOS II spacecraft parameters used for computation of SRP by cannonball model
and OpenGL model

LAGEOS 1I Attribute | Value
mass 405.38 [kg]
area 0.2817 [m?]
® (at 1 AU) 1.38x10% [W/m?]
C, 1.12

Table 4.2: LAGEOS II spacecraft SRP induced acceleration computed by cannonball and OpenGL
models

Model ‘ SRP Acceleration ac,

Cannonball 3.56x107Y [m/s?]
OpenGL 3.60x107Y [m/s?]

An example evaluation of a complex spacecraft geometry is shown in Figure 4.2. In this
evaluation a 14750 primitive model of the Mars Reconnaissance Orbiter (MRO) is processed at a
heliocentric distance of 1AU where the sun vector as defined in the body frame is @ = [0, —1,0]T.
Approximate material optical properties are assigned to the spacecraft bus whereas the solar array
emissivity and diffusivity, as quoted by You et. al, are set at 0.12 and 0.05 respectively. The
SRP force value as determined by the MRO navigation team post launch of the spacecraft is
am ~ 9x107! km/s? [31]. The OpenGL method computed SRP acceleration is ag, = 8.51x107
km/s?. The uncertainty bounds on the provided MRO navigation team SRP force value is unknown.
However, the small difference between these two values is a promising indication that the OpenGL
modeling method can offer a pre-launch SRP force accuracy close to that achieved after on orbit
small force calibration exercises. More promising is to acknowledge that this OpenGL method
result does not yet include modeling of thermal re-radiation and secondary photon impacts. The

MRO navigation team found that thermal re-radiation in particular was a significant contributor
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Figure 4.1: A visualized single evaluation of a 1280 primitive, LAGEOS size satellite. Orange
vectors indicate tup incident on primitives. Blue vectors indicate primitive face unit normal vector
np
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Figure 4.2: A single evaluation of a 14750 primitive, Mars Reconnaissance Orbiter. Orange vectors
indicate ©p incident on primitives.

to the total observed small forces due to radiation pressure [31]. It is expected that future near
term modeling process additions such as thermal re-radiation and secondary photon impacts will
allow for an improved fidelity of the spacecraft physical processes.

Additional validation of both of the above results is performed using an equivalent MATLAB
based tool set. The MATLAB based tool parses in the vertex, primitive, and face normal data
for the generated spacecraft CAD model. The tool set is capable of performing the same per-
primitive SRP evaluation as the OpenGL method. However, due to its serial execution CPU based
implementation the tool set is only used to compute the force and torque produced upon the

spacecraft at a single sun heading.

4.2 Integration of OpenGL Method With AVS Lab Astrodynamics Simula-

tion Framework

A primary goal of this work is to integrate the OpenGL method within a modular spacecraft
simulation software framework. To demonstrate the effective inclusion of the OpenGL method

within a simulation framework the method’s code base was developed to allow for simple integra-
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Figure 4.3: AVSLab simulation framework block diagram

tion within the Autonomous Vehicle System Laboratory’s spacecraft orbit and attitude simulation
framework. The framework used in this work was originally created for the design and analysis of
a LEO spacecraft by the Laboratory for Atmospheric and Space Physics (LASP) [16]. The frame-
work, shown as a functional block diagram in Figure 4.3, simulates the dynamics, sensor inputs and
processed outputs, of a satellite in Earth orbit. Implemented as a C/C++ code base, the framework
contains over 250 options changeable via an input file for altering the simulation behaviour, over
half of which are designed to be changed at any time to simulate the failure or fault of any of the

15 different subcomponents modeled [16].

4.2.1 Simulation Integration

To demonstrate the faster than real time capability of the OpenGL method a simulation
is configured for a third generation Tracking and Data Relay Satellite (TDRS) satellite. The
geosynchronous earth orbiter simulation is configured without spherical harmonic gravity potential
terms or multi-body gravity to allow for the effects of the SRP perturbation to be clearly visible.

Three simulations are run each utilizing either the cannonball, box and wing or full model geometry
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(a) Box and wing with assigned solar array (b) Full TDRS model with assigned solar ar-
and bus materials ray, bus and antenna materials

Figure 4.4: Assigning material optical properties to a model achieved simply using any 3D modeling
tool

as the spacecraft model. As listed in Table 4.3 each model was assigned appropriate material optical
properties. The cannonball model C; parameter is computed from an average of the parameters in
Table 4.3 using the relationship given at Eq. (2.3b). The placement of these materials on the box
and wing and the full model can be seen in Figures 4.4(a) and 4.4(b) respectively.

It is important to note that material properties variations exists at a per-component level
and that the optical properties of many materials evolve due to degradation caused by the harsh
space environment [20]. Assigning material properties to the box and wing and full model in this
simulation is a demonstration of the OpenGL method’s facility for easy incorporation of material
properties assigned within the analyst’s CAD tool of choice (for this work the open source tool
Blender was used). At this stage in the development of the OpenGL approach the inclusion of
material properties is not intended to provide a high fidelity time evolution of the change in those
properties and their corresponding contribution to the radiation perturbation evaluation.

Initialization of the OpenGL model within the simulation requires that the true or false
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Table 4.3: TDRS spacecraft model material properties from those given in Ref [12]

Component  Absorptivity Diffuse Reflectivity Specular Reflectivity

Bus 0.6 0.2 0.2
Antennas 0.25 0.6 0.15
Solar Arrays 0.8 0.15 0.05

toggle useOpenglSrp is set as ’true’ and that a configured CAD model file is provided. To evaluate
the SRP perturbation effects on a different spacecraft requires the user to simply provide a new
spacecraft CAD model. This simplicity of initialization and iterative evaluation capability, coupled
with the potential for high geometric fidelity and faster than real time evaluation, is a novel aspect

of the OpenGL method not seen in other radiation pressure evaluation approaches.

Table 4.4: TDRS spacecraft initial orbital conditions for simulation

Orbit Element \ Value
Semi-major Axis 42162.95 [km]
Eccentricity 0.0011145
Inclination 6 [deg]

Ascending Node 329.4411 [deg]
Argument of Periapse | 285.5670 [deg]
True Anomaly 1 [deg]

The simulation initial orbital conditions are given in Table 4.4. For the duration of the
approximately 50 hour simulation the TDRS satellite is commanded to maintain a nadir pointing
attitude which corresponds to maintaining all antenna bore site directions pointed towards the

Earth.

4.2.2 Simulation Results

The resulting evolution of the six Keplerian orbital elements is shown in Figure 4.5 and 4.6.
As expected the SRP perturbation produces a periodic variation in the semi-major axis for each of
the spacecraft models (the cannonball model variation is not visible due to its small variation from
its initial condition). Similar periodic variations appear the Right Ascension of Ascending Node

(RAAN) and inclination. The evolution of the eccentricity for each simulation shows a secular trend
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Figure 4.5: Evolution of Keplerian orbital elements for each of the three spacecraft models

for the short simulation duration. However, as shown by Delong et. al. the eccentricity vector of a
geosynchronous satellite’s orbit is periodic with a period equal to the Earth’s yearly orbit around
the sun [3]. As a result, a simulation with a one year duration, would be expected that eccentricity
variations will exhibit a long term periodic, rather than secular behavior.

The variation in force and torque for each model is shown in Figures 4.7 and 4.8 respectively.
The same periodic behavior, at orbital frequency, seen in the orbital elements is evident in both the
force and torque. Examining the force and semi-major axis variations together reveals the expected
attitude dependence of the box and wing and full model SRP force evaluations. Over a single orbit
period the spacecraft transitions through four notable attitudes where a particular body frame axis
will be primarily oriented with the sun direction 4. Two sun relative attitudes occur with the

+z and -z axes and two more with the +y and -y. When +z and -z axes are primarily in the sun
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Figure 4.6: Evolution of Keplerian orbital elements for each of the three spacecraft models

direction the spacecraft experiences a maximum SRP force whereas when the +y and -y axis are
sun pointing the spacecraft experiences a minimum force and torque. These variations in force can

be matched to variations in the semi-major axis evolution of the two models.
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Figure 4.8: Evolution of torque due to SRP for each model
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4.3 Computational Performance

A low time to solution for a high geometric fidelity spacecraft model requires the OpenGL
method to demonstrate high computational performance. To provide a crude metric of the in-
crease in evaluation speed afforded by the OpenGL method, a single evaluation of the MRO model
shown in Figure 4.2 is carried out using the MATLAB verification tool and the OpenGL method.
This comparison is termed ’crude’ as the same serial evaluation implemented in MATLAB would
undoubtedly execute in less time with a change in programming language and implementation.
However, this crude demonstration aims to highlight the vast speed increase of the OpenGL GPU
method compared to the same serial evaluation on the CPU. The result of the two evaluations
are given in Table 4.5. While it is clear that the highly parallel OpenGL method evaluates the
model up to three orders of magnitude faster than the serial MATLAB implementation, much work
remains to optimize and further decrease the OpenGL method execution time. Primary areas of
optimization include moving the final per primitive force and torque summation process on to the
GPU and performing analysis as to which computations do and do not require double precision
variables in the shader code. Further, and most importantly, the potential to utilize a general
computing shader stage called ”compute shader” in which to execute the entire radiation modeling

process is under active development.

Table 4.5: Execution time for single evaluation of MRO model using serial MATLAB verification
tool and the OpenGL method. (OpenGL 4.1 on 2015 MacBook Pro 3.1 GHz Intel Core i7, 8GB
Ram, Intel Iris 6100 1536 MB).

Model Implementation | Execution Time [sec] 14750 Primitives

MATLAB 5.7
OpenGL Method 0.002




Chapter 5

Momentum Management Strategy Using OpenGL Method

During the cruise phase of an interplanetary mission it is common for ground controllers
to command the spacecraft to maintain a number of nominal attitudes specified by the mission’s
concept of operations (CONOPS). Two often commanded CONOPS attitudes are sun-pointing
(supporting power generation) and earth-pointing (to ensure a high availability of communication
links with ground stations)[26]. Maintaining such attitudes requires the spacecraft’s momentum
management system to continually absorb the torques imparted to the spacecraft by the SRP
perturbation.

This chapter presents an application of the OpenGL methods utility in design and imple-
mentation of a control strategy which alternates between periods of absorbing angular momentum
in alternate total angular momentum vector directions such that a spacecraft’s momentum state
remains below some nominal level. A simulation of the developed control algorithm is carried out
and analysis shows that passive SRP momentum management achieved in a restricted range of

attitudes.

5.1 Spacecraft Torque Characterization

Using the OpenGL method integrated with the AVS Lab simulation framework the angular
momentum storage in the spacecraft’s reaction wheel devices is characterized during a hypothetical
interplanetary cruise. The spacecraft model is a simple box and wing structure, constructed using

CAD modeling software. The model’s faceted construction can be seen in Figure 5.1. The simple
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Figure 5.1: Box and wing spacecraft shown in faceted geometry

geometry of a box and wing geometry provides a significant torque generating capability, which is
ideal for demonstrating the following momentum management strategy.

Two methods are used to characterize the reaction wheel angular momenta induced by the
SRP torque. The first method is a static model evaluation using the MATLAB developed SRP
tool set. The SRP induced spacecraft torque is computed at a single instant in time. For this
initial static characterization the spacecraft attitude is set such that the solar panel normal vector
is parallel to the spacecraft-sun unit vector 4. As shown in Figure 5.2 this results in the entire
top side of the spacecraft being illuminated. The resulting torque for this static evaluation about

each of the spacecraft body frame axes is given at Eq. (5.1).

by 0.2966 x 1073
TSRP1 = | by | = 0.0 [N.m] (5.1)

bs 0.0
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Figure 5.2: Spacecraft showing the impinging solar radiation

The second characterization method is to employ the AVS Lab simulation to characterize the
time evolution of wheel momentum accumulation. The box and wing spacecraft is configured with
four reaction wheel control devices configured in a pyramid arrangement where the wheel spin axes
and the wheel inertia about the spin axis are given in Table 5.1. The spacecraft’s center of mass
is located at the box’s center which results in an uncharacteristically large center of mass (CM)
to center of pressure (CP) offset of 4 meters. The spacecraft mass moment of inertia is given at
Eq. (5.2). The spacecraft was placed on an Earth to Mars Hohmann transfer orbit with the initial
heliocentric orbital elements given in Table 5.2. The spacecraft model used in the analysis presents
an extreme case where the spacecraft’s CP-CM offset is sufficiently large to clearly produce a SRP

induced torque when aligning ép with up.
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Table 5.1: Reaction wheel spin axis unit vectors and spin axis inertia

Device ‘ Spin Axis g ‘ Inertia Js about §s [kg.m?]
RW; (0.0, cos /4, sinm/4) 0.159
RW, (0.0, sinm/4, —cosm/4) 0.159
RWs (cosm/4, —sinm/4, 0.0) 0.159
RWy | (—cosm/4, —sinm/4, 0.0) 0.159

1000.0 0.0 0.0

I=| 00 8000 00 |kegm? (5.2)

0.0 0.0 800.0

Table 5.2: Initial conditions for and Earth to Mars Hohmann transfer heliocentric orbit

Description ‘ Value
Semi-major axis a 1.26 [AU]
Eccentricity e 0.207501
Inclination 4 0 [deg]
Ascending Node 0 [deg]
Argument of Periapse w | 0 [deg]
True Anomaly f 70 [deg]

During the 30 hour simulation time the spacecraft’s controller was commanded to maintain
the solar panel normal vector pointing directly towards the sun. The resulting evolution of the reac-
tion wheel speeds can be seen in Figure 5.3. The demonstrated increasing wheel rates corresponds to
a constant SRP torque shown at Eq. (5.3). A comparison of the SRP generated torque in Eq. (5.1)
with Eq. (5.3) shows close agreement in the values computed by the two evaluation methods. An
extrapolation of this rate of momentum accumulation yields reaction wheel rates above nominal
operational limits of 1500 [rpm] in approximately 10 days and rates at a common manufacturer
limit of 6000 [rpm] in approximately 24 days of cruise. However, it is common to prevent wheel
speeds from reaching above a nominal rate lower than the manufacturer limit through momentum
dumping maneuvers [29]. This lower threshold provides significant control safety margin to the

spacecraft.
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Figure 5.3: Increase in reaction wheel speeds due to persistent worst case SRP torque

by 0.2966 x 1073
TsrP2 = | by | = | 0.000001 x 103 | [N.m] (5.3)
bs 0.000001 x 10~3

5.2 Determining The Reference Attitude

To reduce the reaction wheel angular momenta the new spacecraft attitude must provide a
SRP induced torque vector which has a direction as close to parallel to that of the sum of the wheel
angular momenta vectors. To provide this vector a look up table for all SRP torque possibilities is
generated. The table is generated offline by sweeping @ g over the 47 steradian attitude possibilities
at uniformly distributed intervals to collect 600 torque attitudes. For each new @ p the torque on
the spacecraft is evaluated using the OpenGL method and recorded in the lookup table structure
shown in Table 5.3. The lookup table is composed of an index, a sun heading vector @p and

a normalized torque vector ¥5. The generated lookup table is loaded into the spacecraft flight
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Figure 5.4: An example of generating the reference attitude lookup table by sweeping the @tz unit
direction vector through the attitude sphere at 30° increments.

software to be executed software-in-the-loop within the AVS Lab simulation framework.

Table 5.3: Reference attitude lookup table

Index Uy 7
0 (Uby > Wby Ubg) | (Thys Thys Thy)
N (Uby > Uby, Ubg) | (Thys Thys Thy)

The spacecraft control algorithm determines that a new reference attitude is required when
a single reaction wheel reaches a nominal maximum angular rate. The new reference attitude must
serve to reduce the wheel rates and maintain a power positive attitude. The first step of the new
attitude reference generation is to evaluate the sum of the angular momentum contributions of each
reaction wheel as given by Eq. (5.4). A unit direction vector for the sum of the angular momentum
of all wheels is computed at Eq. (5.5). A search through the previously generated lookup table

is performed to select a new reference attitude which best reduces the current wheel momenta.
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The lookup table search is a linear (O(n)) process. Optimization of this lookup problem is clearly
possible, however, its use and implementation are not addressed in this work. An example lookup
table for a box spacecraft model, generated at 12° increments, can be viewed in the Appendix.
Reference attitude selection is a three-step process. The first step is to compare Hpw and
a candidate 7p to determine if they are more parallel than a previous 7p candidate. The second
step is to determine if the potential @tz lies within the angular offset from the spacecraft-sun line,
Oconstraint, as permitted by the mission CONOPS. Torque possibilities outside Oconstraint are to be
rejected in support of ensuring adequate solar panel power generation. The third step is is to check
if the potential torque magnitude of 75 is greater than a previously found attitude torque vector
candidate. If greater, the new @ p is saved as the candidate reference heading. The final candidate
reference vector will be used to form the new reference attitude. This selection process is described
in Algorithm listing 1. The reference attitude is generated using the resulting @ from the lookup
table search. A right handed body fixed frame is constructed for use as the controller reference

frame where the remaining axes of the frame are arbitrarily constrained.

N
PHrw =Y "Taw,Q (5.4)
=1
B
. H
Hpy = il (5.5)

|PHrw |
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Data: HRW, éS7 econstraint

Result: up

initialization;

idx = 0;

i=1;

i_max = length of lookup table;

while i < i_max do
T =1

if 7 is more parallel to H rw than 7,4, then
// Ensure solar panel’s normal vector ’sees’ sun
if 0 < up - ¢és < cos(feonstraint) then
// Is there greater torque potential for this reference?
if ||7|| > ||Tsolindex|| then
// Lookup table index of ideal torque and sun heading
idx = i;

end

end

end

end

Algorithm 1: Selection of new reference attitude to reduce reaction wheel speeds

5.3 Controlling To The Reference Attitude

The control law development proceeds as given in Schaub and Junkins [23]. The equations

of motion for a system of N reaction wheels is given at Eq. (5.6).
rwlw = —[@|([{[rw]w + [Gs]hs) — [Gs]us + L (5.6)
where the components of hg, the wheel spin axis angular momenta, are given as

hs, = JSi(Qi + QSTZW) (5.7)
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and the wheel angular rate error as

w=w—w, (5.8)

To ensure a stable control law a Lyapunov function is sought which gives a positive definite
result for attitude and rate errors and at least negative semi-definite first time derivative. The
Lyapunov function given at Eq. (5.9) is constructed using the elemental position and velocity

Lyapunov functions for ¢ and dw.
1
Ve, ow) = §5wT[IRW](5w +2KIn(1+o0%0) (5.9)

Taking the first time derivative of Eq. (5.9) results in the following rate potential where the initial

inclusion of K provides an attitude error feedback gain.
V(o,dw) = 6wl (Ko) + dwl [Irw]ow (5.10)

Equation (5.10) is set equal to the negative semi-definite function V = —dw”[P]éw. Here [P] rep-
resents a positive controller gain matrix. The equations of motion given at Eq. (5.6) are substituted

into Eq. (5.10) to provide the required control torque at Eq. (5.11).
[Gslus = Ko + [P] dw (5.11)

If the system possess more than a minimal set of three reaction wheels a minimum norm inverse

can be used to solve for the torque wug
us = [G5)T([G4][Gs)T) (Ko + [P dw) (5.12)
5.4 Simulation Results

Initial results of the simulation revealed a fundamental error in the assumption that an
attitude would exit for which a momentum reducing torque and satisfied the CONOPS constraint
could be found. In retrospect, it is a simple thought experiment to determine that for the sun

heading in Figure 5.2 the SRP induced torque vector will be oriented in the —& axis and the angular
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momentum accumulation in the +& axis. To remove the accumulated momentum the spacecraft will
need to control to the opposite, —y axis, sun heading direction to produce a momentum reducing
+& axis torque vector so the reaction wheels accumulate momentum in the —& . A —g¢ axis sun
heading orientation clearly violate the sun pointing CONOPS constraint. To proceed with this
analysis, the CONOPS constraint is removed to allow for a complete demonstration of momentum
management.

The spacecraft control flight software is set to trigger a desaturation maneuver when any
reaction wheel spin rate reaches 500 [rpm]. This moderate wheel rate is chosen to allow for all
spacecraft behavior to be visible in a reasonably short simulation duration. Inspecting Figures 5.5
through to Figure 5.8 it is clear that the desaturation maneuver is triggered at approximately 15
hours. As shown in Figure 5.7 the spacecraft selects a new attitude which orients the —¢ axis
towards the sun. The spacecraft SRP torque magnitudes shown in Figure 5.8 before and after the
maneuver are approximately equal due to the symmetry in the sun facing geometry of a —g and +y
axis sun pointing spacecraft. The small 'wiggle’ in the SRP torque magnitude before the maneuver
is due to the spacecraft cruising in a sun pointing control mode which utilizes a control dead band
about the sun point attitude. Additionally, the variation in SRP torque during the maneuver is
visible as a sharp dip in the SRP torque magnitude at the maneuver time. Finally, following the
maneuver, Figure 5.6 shows that individual reaction wheel momenta trend back towards the zero

point before the simulation ending at 28 hours.
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Chapter 6

Conclusions and Further Work

The cannonball and shape approximation models provide useful first order assessments of the
effect of SRP on a spacecraft during its mission. However, deficiencies exist in both of these models
which limit their utility in further mission and spacecraft design efforts. The cannonball model does
not resolve spacecraft torques and its use is limited to perturbations in the spacecraft’s transnational
motion. Additionally, the cannonball and shape approximation models are unable to capture the
time varying articulation of spacecraft appendages and the micro variations in material properties
across the spacecraft surface. In contrast because the OpenGL method leverages techniques from
the vector graphics discipline it is developed with the inherent ability to resolve arbitrary spacecraft
articulation appendages, variations in material properties and

The tools and techniques developed by the computer vector graphics disciplines are ideally
suited to evaluating the per-facet SRP expression due to its’ similarly geometric nature. Imple-
mentation of a high geometric fidelity SRP modeling approach using the existing OpenGL software
tool set provides an optimized API for data processing on commodity GPUs. in contrast to the
commodity CPU, the GPU is designed to have many thousands of compute cores on a single chip.
The OpenGL method makes use of the GPU execution environment and the same highly parallel
processing approach as applied to rendering computer graphics. The OpenGL pipeline architecture
is customized for the SRP computation at the vertex, geometry and fragment shader stages. This
customization yields a highly parallel vector math processing strategy which is capable of processing

up to thousands of spacecraft model facets simultaneously.
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By leveraging established vector graphics techniques and highly parallel GPU computing the
OpenGL SRP method provides benefit to mission designers of reduced computation time for a
significantly higher geometric fidelity spacecraft model. The OpenGL method provides facility for
the inclusion of per facet surface material optical properties and definition of arbitrary spacecraft
articulation. In doing so the method provides engineers with a tool capable of capturing and making
use of significantly more geometric detail and pre-launch engineering data.

Easy integration and use of the OpenGL method as a modular component within the Au-
tonomous Vehicle System Laboratory (AVSLab) software simulation framework demonstrates the
method’s suitability as a module within a faster than real time spacecraft simulation. The method’s
simple integration makes possible rapid iteration of the spacecraft models and engineering data
which influence the SRP forces and torques within a simulation. Rapid iteration enables mis-
sion designers and spacecraft engineers to perform fast “what if?” type simulations with minimal
setup time and a greater fidelity than currently available with a faceted or cannonball model. Fur-
thermore, the methods reliance on only existing and familiar 3D modeling tools reduces model
preparation time and increases the opportunity to include a wealth of engineering data already
present in spacecraft CAD models.

Verification of the OpenGL method force and torque results against existing SRP models
and data sources provides confidence in the validity of the method’s computation. Using the initial
validation as a foundation, further simulations are run to demonstrate that using a higher geometric
fidelity spacecraft model provides greater resolution of a spacecraft’s SRP induced rotational and
translational motion throughout orbit, when compared with the box and wing and cannonball
modeling approaches.

The OpenGL method provides a novel first step towards a more complete pre-launch radiation
force model. The ultimate pursuit in developing a pre-launch radiation force model is to produce a
model which accounts for a full energy balance of radiation sources. Primary components needed to
achieve a full energy balance include a reduced spacecraft surface thermal model, accommodations

for high power antenna radiation, resolving of secondary photon impacts on the spacecraft and
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further use of existing spacecraft engineering data to model the degradation of spacecraft surface
materials [32]. Of the aforementioned energy balance components, the detection and resolution of
secondary photon impacts and spacecraft self-shadowing presents the greatest challenge. The chal-
lenge is greatest due to the fact that current algorithms which resolve secondary impacts use ray
tracing techniques which even in parallel computing environments require significant computational
effort to execute. This increased computational effort risks increasing the OpenGL method’s com-
putation time and thus negating one of the method’s computational speed advantage. As a result
there is significant further work required in the formulation of computational efficient resolution of
secondary impacts.

The verification and validation of the OpenGL method would benefit from further work to
complete a comparative analysis of the method with other existing model types. This thesis studies
pre-launch SRP modeling approaches which use only a-priori engineering data to generate a model.
To place the OpenGL model more firmly in a context with other SRP modeling approaches a
comparison of the various approaches performance, accuracy and abilities to aid spacecraft and
mission design would prove instructive. Such analysis should characterize the utility of both a-
priori and flight data based modeling methods across a variety of mission types and mission phases
(pre-launch, operations and end of life) where SRP modeling requirements vary.

Finally, further enhancement of the current OpenGL method implementation is required to
allow for the demonstration of articulated spacecraft components. This relatively simple enhance-
ment, when compared with the addition of secondary photon impact capability, will complete the
OpenGL method as a tool that may be used to design and simulate spacecraft missions in which
SRP is used as an actuator rather than treated as a dynamic disturbance.

Putting OpenGL and vector graphics techniques to work on modeling the SRP effect on
a spacecraft has yielded a modeling approach characterized as simple to use and providing fast
computation of high geometric fidelity SRP forces and torques on an arbitrary spacecraft geometry.
The results presented here demonstrate that the method provides good insight into spacecraft

dynamics. The modeling approach holds great promise and that with the development of additional
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model components the OpenGL SRP method could eventually be considered a completely high

fidelity model.
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