Statistical Orbit Determination
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Lecture 3 — Orbital Mechanics Review B

Presenter: Christopher R. Simpson
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Presentation Notes
Welcome! Thanks for taking the course!


Recap

* Lecture 2A — Notes posted here
— Two body problem
— Orbital Elements

— Intro to some coordinate systems

* Problem solution has been posted

— Quick review at beginning of this lecture

* Questions

— Post them to lecture page

e Additional notes

— Website revamp
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https://simpsonaerospace.wordpress.com/2018/06/08/lecture-2-orbital-mechanics-review-a/

Agenda

Problem review

Coordinate Systems
— Definition

— Transformation

Perturbing accelerations
— Conservative

— Gravitational models

Practice problem




Problem review

Time 0.0 1.0 2.0 3.0 4.0
Range, p 7.000000000 8.003905970 8.944271910 9.801147892 10.630145813
Calculated Range, p| 9013878189 9.73203473 10.6004717 11.5815586 12.66688596

XO 1.5 3.7 5.9 8.1 10.3

YO 10.0 10.35 10.4 10.15 9.6

XO 2.2 2.2 2.2 2.2 2.2

YO 0.5 0.2 -0.1 -0.4 -0.7

g 0.3 0.3 0.3 0.3 0.3

Xs 1.0 1.0 1.0 1.0 1.0

Ys 1.0 1.0 1.0 1.0 1.0




Problem review

B ChlUsers\simpstDocuments GitHub\Statistical OrbitDetermination\Scln-HW1-Simpsonferospace\DebughSeln-HW1-Simpsonferospace.exe

Error for each iteration...
2.34283
8.567827
8.8633679
8.008279296
.94741e-89
.94741e-89
ach iterations output...
B.4682614 8.948953 B.999495 1.68687 1.66687 L27744e+66
8.684462 82817 8.68680825 8 8 L27744e+66
2.1321 .Bleaz2 2 1.99998 1.99998 27744046
1.12213 .BB8554 @.999945 B.999982 B.999982 27744046
B.556422 .58253 B.499086 B.499003 8.499993 L27744e+66

Su= (HTH)"*H"6p
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Coordinate Systems — Definition (1/4)

* Topocentric-Horizon Coordinate System
— Fundamental plane is horizon

— X points South, Y points East, and Z points up

z 4



Presenter
Presentation Notes
https://www.celestrak.com/columns/v02n02/
Topocentric will be our most common frame of reference. Observing cites will have topocentric frames of reference. 



Coordinate Systems — Definition (2/4)

]

satellite’s position
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defines the size of the orbit
a - defines the shape of the orbit
i -

dafines tha oreatation of the orbit with respect (o the Earth's aquator.

defines whare the low peint, periges, of the orbit is with respect to the Earth's surface.

defines the location of the ascanding and descending orbit locations with respect (o the Earth's equalorial plane.
defines where the satallite is within the orbit wilh respect to periges.
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https://spaceflight.nasa.gov/realdata/elements/graphs.html
Earth-Centered Inertial or ECI is the basic and most common frame of reference. We convert all the way from topocentric to ECI to describe our satellite’s flight. Based on a particular epoch -> most current is MJ2000. 
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Coordinate Systems — Definition (3/4)

* Three orthonormal vectors
— Intersection is origin

— Absolute (inertial) reference frame

* Coordinate transformations
— Translation
= Tpjo =To'j0 T Tpso’
— Rotation
-U=@@-Di+ @ - Dj+ - k)k
— ' =cosai+cosBj+cosyk
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Ginsberg, Jerry, “Chapter 3: Relative Motion,” Engineering Dynamics, Cambridge University Press, 2008.]
How do we make a coordinate system? How do we move in this coordinate system? From a set of three orthonormal vectors; at their intersection we describe a position/point in space by moving along these vectors. Assuming all vectors are described in the same frame we can perform vector math and add multiple vectors to find different positions. Rotation can be described as a series of angles from the coordinate axes. We can take the dot product to find the cosine of the angle between the axes. 


Coordinate Systems — Definition (4/4)

* Attitude coordinates
— Completely describe orientation of rigid body relative to reference
— A set of coordinates {x{, X5, ..., X,, }

* Translational and orientation

— Translational coordinate systems
— Cartesian, polar, spherical, etc.
— Differ in distance
— Can grow infinitely
— Attitude coordinate systems
— DCM, Rodriguez parameters, Euler angles, efc.

— Never further than 180° away
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®
Coordinate Systems — Transformation

* Coordinate Transformations
=D+ @ - DI+ (- k)k

— ' =cosa;i+cosByj+cosy; k
- =00+ G- NI+ (- k)k

— ' =cosayi+cospB,j+cosy, k

_C“1 C.B1 CY1-
I = C“z C.Bz CYz k5
_Cas Cﬁ3 CY3_

* Minimum of 3 coordinates required
— DCM — 9 independent parameters
— Euler angle — 3
— Quaternion — 4
SNe.
o/
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Ginsberg, Jerry, “Chapter 3: Relative Motion,” Engineering Dynamics, Cambridge University Press, 2008.]
How do we make a coordinate system? How do we move in this coordinate system? From a set of three orthonormal vectors; at their intersection we describe a position/point in space by moving along these vectors. Assuming all vectors are described in the same frame we can perform vector math and add multiple vectors to find different positions. Rotation can be described as a series of angles from the coordinate axes. We can take the dot product to find the cosine of the angle between the axes. We need a minimum of 3 parameters to describe any angular displacement between the two reference frames. A minimal set will have at least one geometrical orientation where the coordinates are singular. At a geometric singularity the kinematic differential equations are also singular. Redundant sets of four or more should be used. 


Perturbing accelerations — Conservative (1/2)

* Acceleration of satellite with perturbing accelerations

T+ % F =T,
r
* Perturbations are conservative if only a function of position
— Satellite does not lose nor gain mechanical energy
— Exchanges energy between kinetic energy and potential energy

— Specific mechanical energy is unique for each orbit

* Examples of non-conservative perturbations (changes to 7, U )
— Atmospheric drag
— Qutgassing
— Tidal effects
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Chobotov, V. A., Orbital Mechanics, Third Edition, edited by J. S. Przemieniecki, Education Series, AIAA, Reston, VA, 2002, p. 195.
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Perturbing accelerations — Conservative (2/2)

* Examples of conservative perturbations
— N-body (celestial body) attractions
— Nonspherical celestial bodies

— Solar-radiation pressure

* Focus on the gravitational field effects
— Nonspherical celestial bodies
— Tidal effects
— N-body attractions
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-conservative only exchanging ke for pe (maintains mechanical energy)
Chobotov, V. A., Orbital Mechanics, Third Edition, edited by J. S. Przemieniecki, Education Series, AIAA, Reston, VA, 2002, p. 195.



Perturbing accelerations — Gravitational Models (1/6)

* Terrestrial Measurements
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Rummel, R., “Satellite Gravimetry,” Institute of Advanced Study, Technische Universitat Munchen, 5th ESA Earth Observation Summer School, Lecture Three, 2-13 Aug 2010 [presentation].


Perturbing accelerations — Gravitational Models (2/6)

B.G.I. GRAVITY DATA BASE (density per 30°%307)
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Rummel, R., “Satellite Gravimetry,” Institute of Advanced Study, Technische Universitat Munchen, 5th ESA Earth Observation Summer School, Lecture Three, 2-13 Aug 2010 [presentation].


Perturbing accelerations — Gravitational Models (3/6)

GRACE Mission

Science Goals

High resolution, mean & time
variable gravity field mapping
for Earth System Science
applications.

Mission Systems
Instruments
24 & 32 GHz «KBR (JPL/SSL)
Crosslink «ACC (ONERA)
+SCA (DTU)
«GPS (JPL)
Satellite (JPL/DSS)
Launcher (DLR/Eurockot)
Operations (DLR/GS0OC)
Science (CSR/IPL/GFZ)

NASA Stations Orbit
LEOP & Contingencye Launch: March 2002
(AlSadMERUECe) & Altitude: 485 km
Poker Flat¥ ; o Inclination : 89 deg
Y Eccentricity: ~0.001
Raw Data Centre 2 i
{DLR-DFD) Lifetime: 5 years
*  Neustralite @, Non-Repeat Ground Track

Science Data System ission Control e - "'“"\_ Earth PUil'ltEd, 3-Axis Stable
{CS5R/IPL/GFZ) * (DLR-GSOC) Weitheim (5 m;f,ﬁ(‘
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Gravity Recovery and Climate Experiment (GRACE), last modified 17 Feb 2004, <http://www2.csr.utexas.edu/grace/mission/> .


Perturbing accelerations — Gravitational Models (4/6)
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https://svs.gsfc.nasa.gov/3655


Perturbing accelerations — Gravitational Models (5/6)

* Earth’s Oblateness (J; o)
— Bulging at the equator

— ~400 times larger than the next term

— When included in satellite orbits maintains reasonable accuracy



Presenter
Presentation Notes
Piscane, V. L., The Space Environment and Its Effect on Space Systems, edited by J. A. Schetz, Education Series, AIAA, Reston, VA, 2008, pp. 112-116.
Chobotov, V. A., Orbital Mechanics, Third Edition, edited by J. S. Przemieniecki, Education Series, AIAA, Reston, VA, 2002, pp. 215-221.


Perturbing accelerations — Gravitational Models (6/6)

* Earth’s bulge at equator pulls satellite down faster

— Exerts a force component toward the equator

* Satellite reaches equator short of point for spherical Earth

— East-bound satellite goes west

— West-bound satellite goes east

. 99358 [ 1,
(1 —e?)?

* Secular motion of perigee too

— Force is no longer proportional to inverse square radius

C99358 [ 1\ , 5'2'k1/ far day]
w = — — =SINn~1 eg/mean solar da
(1—e2)?\r,, +h 2 5 Y
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3.5
_> cosi [deg/mean solar day]
Teqg + R
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Piscane, V. L., The Space Environment and Its Effect on Space Systems, edited by J. A. Schetz, Education Series, AIAA, Reston, VA, 2008, pp. 112-116.
Chobotov, V. A., Orbital Mechanics, Third Edition, edited by J. S. Przemieniecki, Education Series, AIAA, Reston, VA, 2002, pp. 215-221.
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Practice problem: Gibbsian method

LOST IN SPACE



Gibbsian Method — Introduction

* Obtain 1, v from three coplanar position vectors through
successive measurements of p, El, and Az.
— Developed using pure vector analysis

— Historically, first contribution of an American scholar to celestial
mechanics

* Gibbs problem: Given three nonzero coplanar vectors
1,72, and r3 which represent three sequential positions of an
orbiting object on one pass, find the parameter p and the
eccentricity e of the orbit and the perifocal base vectors P, Q,

and W

S e y.

—



Gibbsian Method — Problem Statement

* Given three position vectors, 1,72, and r3, find PQW
(perifocal basis vectors expressed in the 1JK system), the semi-
latus rectum, eccentricity, period, and the velocity at position
fwo.

-1y =1.000k
—r, =—0.7007 — 0.8000 k
— r3 = 0.9000 + 0.5000 k
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