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Sample Spacecraft Simulation Setup,,

Spacecraft Simulation

ACS Thrusters
RW 1 20l TH 1 TH 2 TH 3 TH 4
A— | cmds
AW 2 - Uexloie panEl TH5 TH6 TH7  THS
<« - fuel slosh
RW 3 - RWijitter DV Thrusters
- Gravity harmonics
RW 4 - N-body gravity | TH1 ~TH?2 crmds
- SRP via OpenGL ~
- drag via OpenGL TH3 TH 4
l l l l l l l l The C++ device
Rate Star Accelero Magneto CSS CSS  CSS CSS modules can
Gyro Tracker meter meter :
4 css css css css  ©asily be added
v and connected
Star with the the
Tracker simulation.

Communication Layer
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Spacecraft Environment Integration .,

Spacecraft Simulation

OO Gravity Model

O Neutral
RW 1 Density Model
OO Atmospheric

RW 2 Drag Model
_cmds i «— SpacecraQ ,— | Drag Planetary
RW 3 " Wind Model
RW 4
Magnetic
Field Model
v ACS Thrusters
TH 1 TH 2 TH 3 TH 4 Solar Radiation

Pressure
TH5 TH 6 TH7 TH 8

cmds
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Earth Environment Modeling

Magnetic field Models: Neutral Density Models:
- centered dipole model - exponential atmosphere
- WMM - MSIS
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Set of spacecraft State Messages

Set of Magnetic Eield Output Messages

\AA4

Magnetic Field

(Optional) Planet State Message |\/| Od e|
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- MagneticEieldBaseClass: Methods ... 'La'%atow
= - | P

class MagneticFieldBase: public SysModel <{

public: protected:
void SelfInit(); void writeMessages(uint64_t CurrentClock);
void CrossInit(): bool readMessages();
void Reset(uint64 t CurrentSimNanos): void updateLocalMagField(double currentTime);
void addSpacecraftToModel(Std::String void updateRelativePOS(SpicePlanetStateSimMsg
tmpScMsgName) ; xplanetState, SCPlusStatesSimMsg *scState);

void UpdateState(uint64_t CurrentSimNanos);

virtual void evaluateMagneticFieldModel(
std::vector<std::string> scStateInMsgNames; MagneticFieldSimMsg *msg,
std::vector<std::string> envOutMsgNames; double currentTime) = 0;

std::string planetPosInMsgName; virtual void customSelfInit();
double envMinReach; virtual void customCrossInit();

double envMaxReach: virtual void customReset(uint64_t
double planetRadius; _ _ | CurrentClock);
virtual void customWriteMessages(uint64_t
CurrentClock);
virtual bool customReadMessages();



TR
- MagneticEieldCenteredDi . 'La'b%atory

co. -—

void MagneticFieldCenteredDipole::evaluateMagneticFieldModel(MagneticFieldSimMsg xmsg, double currentTime)

{
Eigen::Vector3d magField_P; // [T] magnetic field in Planet fixed frame

Eigen::Vector3d rHat_P; // [] normalized position vector in E frame components
Eigen::Vector3d dipoleCoefficients; // [] The first 3 IGRF coefficient that define the magnetic dipole

— compute normalized E-frame position vector
rHat P = this—>r BP_P.normalized();

— compute magnetic field vector in E-frame components (see p. 405 in doi:10.1007/978-1-4939-0802-8)

dipoleCoefficients << this->g11, this->h11, this->g10;
magField_P = pow(this—>planetRadius/this—>orbitRadius,3)*(3% rHat_PxrHat_P.dot(dipoleCoefficients)
— dipoleCoefficients);

— convert magnetic field vector in N-frame components and store in output message
m33tMultV3(this—>planetState.J20002Pfix, magField_P.data(), msg—>magField_N);

return;



MagneticEieldWMM

Set of spacecraft State Messages Set of Magnetic Eield Output Messages

\AA4

(Optional) Planet State Message

AVA\Y/1\Y/B\Vi[ee =]

Epoch States:

e BSK default 2019-01-01, 00:00:00
e Set from Python directly within the module
e Read in through an optional epoch input message
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-_---lllllll.l.llllllllllll....'
MagneticEieldWMM.h | , | 'L;b%}am

e —

class MagneticFieldWMM: public MagneticFieldBase {
public:

MagneticFieldwWMM() ;

~MagneticFieldWMM();

private:
void evaluateMagneticFieldModel(MagneticFieldSimMsg *msg, double currentTime);

void initializeWmm(const char xdataPath);
void cleanupEarthMagFieldModel();
void computeWmmField(double decimalYear, double phi, double lambda, double h, double B_MI[3]);

void customReset(uint64_t CurrentClock);
void customCrossInit();
void customSetEpochFromVariable();

void decimalYear2Gregorian(double fractionalYear, struct tm *xgregorian);
double gregorian2DecimalYear(double currentTime);

public:
std::string epochInMsgName; < —— Message name of the epoch message
std::string dataPath; < —— String with the path to the WMM coefficient file
double epochDateFractionalYear; < Specified epoch date as a fractional year




Neutral Atmospheric Density Modeling

Set of Neutral Density Set of spacecraft Set of Neutral Density

Set of spacecraft Output Messages
State I\/Iessages> Output I\/Iessage»s State Messages» t
> > >
> <
: | > > >
ExponentialAtmosphere
(Optional) Planet (Optional) Planet
State Messags, .. State Messagg,
""""""" ) MsisAtmosphere
(Optional) Epoch Input I\/Iessage>

Set of Space

Weather I\/Iessages>

vvy
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Spacecraft Environment Integration .,

Spacecraft Simulation

OO Gravity Model

O Neutral
RW 1 Density Model
OO Atmospheric

RW 2 Drag Model
_cmds i «— SpacecraQ ,— | Drag Planetary
RW 3 " Wind Model
RW 4
Magnetic
Field Model
v ACS Thrusters
TH 1 TH 2 TH 3 TH 4 Solar Radiation

Pressure
TH5 TH 6 TH7 TH 8

Ulysses-SWOOPS
Solar Wind Dynamic Pressure

cmds
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- Solar Radiation Pressure Modeling: s a'boratory

oo s

Ulysses-SWOOPS
Solar Wind Dynamic Pressure

- 15t Orbit 2/92 - 2/98 EIT-SOHO
LASCO-C2-SOHO
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GPU Usag

« Setup:

« Use full CAD Model

- Add SRP properties to surface texture

- Usage:

 Within Basilisk this model is loaded up once onto the GPU.

€
- Can handle time varying geometries through the use of N
articulated mesh structures

 Each time step the orientation relative to the solar flux is
adjusted based on the current spacecraft orientation

- The forces acting on each CAD facet are added up to yield a
net force and torque

P. Kenneally and H. Schaub, “Modeling Of Solar Radiation Pressure and Self-Shadowing Using Graphics Yy [m] 4 X [m]
Processing Unit,” AAS Guidance, Navigation and Control Conference, Breckenridge, Feb. 2-8, 2017.
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Faceted

 Use built in OpenGL depth testing

Vertex Specification

areay

 Use built in OpenGL rasterization to generate sun projecte

« OpenGL-CL shared data context

[ Litfacet

- Shadowed facet

Vertex Shader

Vertex Post-Processing

v

Primitive Assembly

v

Rasterization

3

| Fragment Shader )
L

T

Per-Sample Operations

Custom stage implementation

Built in stage implementation

Required stage

= = = Optional stage

- Unlit facet
= Sun vector

z[m]
o
!

!

1

o
{ vertices } e i ~o
o

1
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CAD model with
material properties

Use GPU to evaluate
forces and torques
using custom vertex
shaders

P. Kenneally and H. Schaub, “High Geometric Fidelity Modeling Of Solar
Radiation Pressure Using Graphics Processing Unit,” AAS Spaceflight
Mechanics Meeting, Napa Valley, California, February 14-18, 2016. Paper No.
16-500.

Prepare CAD Model I

v

Generate BVH

Y

Compute Ray Plane

v

Ray Generation

\/

BVH Traversal

v

Intersection Testing

v

SRP Computation

v

Ray

——-NO—"_ Terminated?

Yes
\ 4

Return Force and
Torque

GPU OpenCL execution
CPU execution

CPU initialization execution

5 [ ] uitfacet
4 [ shadowed facet
3 [ Uniit facet
2 e Sun vector
1
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N -1
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-4
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v [ml

Drag forces can be rapidly computed on complex,

time-varying geometries at speeds suitable for
even hardware in-the-loop scenarios.
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Custom OpenGL Render Pipeline

» Framebuffer Object holds the rendered output

|
Parse CAD
« Textures objects (typically used for 2D image data) are ereSeesTeE, ‘ i
attached to the Framebuffer ¢ .
Vertex Shader oo Yo
. . {
* Vertex Shader performs a series of frame transformations Y
from body-frame to projection-frame Yertex Post Processie custom sage eneritor
uilt in stage implementation
+ Required stage
- Each vertex’s position vector, normal vector and material P"""t”e:ssemb'” T optomeee
definition is passed through
Rasterization
- Fragment Shader outputs sun lit model regions S 2— ! _
| Fragment Shader > Framebuffer Object
l ----- -— e - - )
; Normals
Per-Sample Operations —
Positions

Materials

E
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Mesh anMateriaI Definition

.OBJ and .MTL files

Each facet allocated material properties Og Oqg

Sub-meshes defined recursively

A mesh may have multiple sub-meshes
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OpenCL Steps.- SBRP

« Work Groups (WG) = single GPU core GPU (Hundreds of Cores)
e N
t t
+ Work Item (WI) = thread within WG omPEE A
work item '\'—'............
- Each WI will perform the SRP computation R /= : : : : : : : : :
for a single pixels in the rasterized 0000000000
spacecraft model rendering o~ 00000000008
ocal memory
\_ Y,
{ Fo, = —P(Ir@l) Ak cos(6k) {(1 — Psi,)8 + Epdk + 2ps, COS(Hk)] ﬁk} } (? (? (? @ @ @
N N N N N \
[L@k:TP/C’XF@k} Fk — ... Lk; — ... Fk;_|_1: Lk;_|_1:
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(b) High gain antenna, thruster ring and sample return
module.

Patrick Kenneally, “Faster than Real-Time GPGPU Radiation Pressure Modeling Methods,"" Ph.D. Dissertation,
Aerospace Engineering Sciences Department, University of Colorado, Boulder, CO, May 2019.
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Torque Box and Wing - Hifi

« Speed means no need t 1032
" e ' . 75 A 88.5
sacrifice resolution with v -
442
lesser models. Soweta 3 = 5 295 9
. =) S . o
a look at what the sacrif % ° - a7
: . - Tas &
would be if we used oth 501 R
methods to compute bo - el 1032
. -150 -100 -50 0 50 100 150
and wing, and flat plate Long [deg] Long [deg]
with H (a) Torque & % difference (b) Torque gy % difference
103.2
75 A 88.5
. -~ 73.7
50 A 59.0
> 25 gg:é ;
g% @ i -
3 2 o T351 8
—-44.2 8
—50 1 -59.0
-73.7
\\\ =751 -88.5
~150 -100 —50 0 50 100 150 T3

Long [deg]

(c) Torque 2 % difference

Figure 3.17: Torque percentage difference between box and wing model relative to the hifidelity
model with baseline value 6.57817x10~° [Nm).
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Torgue GA - Hifi

« Speed means no need t 1032
sacrifice resolution with 2o
44.2 S
lesser models. So we ta F 5 25 9
a look at what the sacrif 3 3 “147 3
would be if we used oth e
methods to compute bc — 1052
. -150 -100 =50 0 50 100 150
and wing, and flat plate Long [deg] Long [deg]
(a) Torque & % difference (b) Torque y % difference
103.2
88.5
73.7
59.0 o
—_ 442 >
g 29.5 9
S Y
g T35 &
-442 9
-59.0
-73.7
—-88.5
T T T T T T T _103.2
-150 -100 -50 0 50 100 150
Long [deg]

(c) Torque 2 % difference

Figure 3.19: Torque percentage difference between HGA model relative to the high-fidelity model
with baseline value 6.57817x107° [Nm].
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Online Simulation

« Speed means no need to sacrifice resolution with lesser models. So we take a look at what the sacrifice
would be if we used other methods to compute box and wing, and flat plate with HGA

2.00x10741 7~
z
M 0.00 x 100 -
)
o
(]
M —2.00x 10741
_4.00 x 10_4 ) T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Time [orbits]
a km 7378
’—~\ — LpntB,l
€ 0 2.00 x 1073 - /’ i
2, deg 90 E / == Lpnt,3
My, deg | 90 Z, '
(2, deg 0 aa} 0.00x 1004 7 N Tt e
)
w, deg 0 =]
Z
o
F —2.00x 1073 -
Material | Specular (p,) | Diffuse (pq)
Gold MLI 0.184 0.736 000 025 050 075  1.00 125 150 175  2.00
Silver MLI 0.66 0.16 Time [orbits]
Germanium MLI 0.3 0.3
Solar array rear 0.1 0.3
Solar array front 0.023 0.092
Solar array boom 0.3 0.3
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Ray Tracing SRP. Modeling

Prepare CAD Model V
* Intersection Testing
Generate BVH * GPU OpenCL execution
+ SRP Computation CPU execution
* CPU initialization execution
Compute Ray Plane
Ray
* Terminated?
™  Ray Generation Yes

A4
* Return Force and
BVH Traversal Torque

Work Group 1 Work Group 2 Work Group 1 Work Group 2

¥
¥

(a) SIMD by ray (b) SIMD by pixel

y [m] 4 x[m]

P. Kenneally and H. Schaub, “Fast Spacecraft Solar Radiation Pressure Modeling By Ray-Tracing On Graphic
Processing Unit,” AAS Guidance and Control Conference, Breckenridge, CO, February 2-7, 2018.
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Bounding,Volume Hierarchy

* BVH Goal: reduce the ray-object intersection search space

O1 02 O3 0Oa 0Os 0Os 0O7 O0Os
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« BVH Goal: reduce the ray-object intersection search space

 Two level BVH prevents rebuilding BVH when mesh articulates

N1
BVH Level 1

BVH Level 2

O1 02 O3 0Oa 0Os 0Os 0O7 Os
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(a) BRDF is parameterized by the intuitive (b) BRDF is parameterized as function of
(0;,¢:) and (6,, Po) the half angle (05, ¢n) and a difference angle

(9617 ¢d)

P. Kenneally and H. Schaub, “Spacecraft Radiation Pressure Using Complex Bidirectional-Reflectance Distribution
Functions On Graphics Processing Unit,” AAS Spaceflight Mechanics Meeting, Maui, Hawaii January 13-17, 2019.
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Monte Carlo Evaluation of BRDFs Pl o

 Evaluation of anisotropic BRDFs can be slow using quadratur?/ 2

Monte Carlo Estimator

v 1
@ M W G

specular reflection difuse reflection diffuse + specular

,4orm distributiok
LO(wO) — / L(wz’)fs(wi — wo)dUJ_ (wz) ’
H2

4 4

/\ <~
good pdf — bad pdf

Samples > >
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Microfacet BRDE

» Surface points with normal m = h are oriented such that they reflect | into v

 Other surface points do not contribute to the BRDF.

/"\\}“\ I Microsurface
A : Macrosurface
General micro-facet model

@ D

R D(wp)G(w,, w;) F(w,) 1 1
s — ~ ~ ~ ~ 1 1 1
4(n - ,) (R - @) Y R : !

\ / v v v v

\4 A% \4
* D is the microgeometry normal distribution function ‘NN \\V~~

* G is the geometry function

* [ is the Fresnel reflection factor
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Ray Bouace|lllustr‘atlon - 'La'b%atory

P. Kenneally and H. Schaub,
“Modeling Of Solar Radiation
Pressure and Self-Shadowing
Using Graphics Processing
Unit,” AAS Guidance,
Navigation and Control
Conference, Breckenridge,
Feb. 2-8, 2017.

(a) One bounce (b) Two bounces (c) Three bounces
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(c) Force z % difference intersection 2 - 1
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-150 -100 =50 0 50 100 150
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T T T
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(¢) Force z % difference intersection 3 - 2
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P. Kenneally, “Faster than Real-Time GPGPU
Radiation Pressure Modeling Methods,”

Doctoral Dissertation, University of Colorado,

Boulder, May 2019.

(a) One bounce.

(b) Two bounces.

(c) Image difference.

32



SRP Force/lorque Evaluation Comparison

Execution time [ms]

103 | ults, now
ERay Resolution [mm] less thah 1ms
10 :

Bl 5
125
10%F -
10"+ -
10°
1 2 3

(F@bruary Re:

Number of bounces
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Executi

102 E

1004 T —— Intel HD Graphics 630
E ------------------------------ . AMD Radeon Pro 560
.................................................. DI G 107

3> 000
Y

Compute Time [ms]

Ray Resolution [mm]

Figure 4.32: Execution times for ray resolutions from 0.01 mm to 0.0016 mm, for one bounce

103 4
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U ------------------------------------------------------ NVIDIA GTX 1070
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Figure 4.33: Execution times for ray resolutions from 0.01 mm to 0.0016 mm, for a maximum of
three bounces.
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Conclusion

= -

- Basilisk’s modular natural allows for rapid integration of space
environment models

« The current implementation provides convenient base classes for
atmospheric neutral density and magnetic field models, as well as the
more complex MSIS and WMM models.

- The GPU-based Facet SRP modeling is going to be released shortly
in the open develop branch. The Ray-Tracing SRP modeling is
expected to be incorporated into the open Basilisk repo later in 2020.

* Information about Basilisk can be found at

 http://hanspeterschaub.info/basilisk/
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