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Abstract. This paper presents the architecture desidliglaf dynamics system (FDS)
known as O EMERALDOG -lndoemated amul eSpace b Techn@aeyyo
Development Agency (GISTDandMahanakorn University of Technology (MUT). The
capability of the system enables to provide the state vector of a satsibte amalysis,

orbit events and mission monitoring. The methodologies of orbit determination and event
prediction modules implemented for mission management are presentd® and
validation is performed by comparing the prediction results with the paderof the
mission operatiors a result of the implementation, the reduction of the operation time
consumption ismprovedsignificarly and the prediction performance is high accurate
and reliable when comparing wgitbvious FDS (Quartdeveloped bgEADS ASTRIUM
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1. Introduction

The flight dynamics system (FDS) has proveworas af essential elements in the satellite ground control

for mission planning and analysis. The FDS receives the mission requirement and information of orbital
conditions to provide the orbit analysis to fulfill mission objectives. The FDS actscamatioimfhub

for the ground control systems as shown in1FigDS receives GPS data fratekite control center

(SCC) and uses this information to returns orbital pokiimmn asd e phemer i sé6 t o mi ss
center (MCC) and forecasted events @eedule and maneuver information) to SCC. Based on operation
experiences of Thaichote (Thailand Earth observation mission)-lfdBeatics and Space Technology
Development Agenc&(STDA), the original FDS is dependenimachine and complex systenadjust

and develop new featsfer the newrequiremerstof future missiogi(e.g. multmissiongroundsegmernt

The FDS cost of private satellite technology companies (e.g. Satellite tool kit (STK), FreeFlyer and
FocusSuite) are expensive and regair@gan annual cost. However, the payment decision is accepted
but a customeneeds to develogpurce codefor aninitial set up of the software to align a format and
satellite command. Besidmsadditional cost will be added when new features aredefgia result, it
consumeshigh budget in each ydar the current and future mission operatidosteduce the budget in
longterm, supporthe flexibility ofmodification and enhantaxhnologyapabilities, GISTDAesearches

and develapFDS to suport our ownmissionoperationgs same agherinternational space agengles

J.FDS known as detidedldnh®Rdeveloped by GISTE provide essential information of

routine operations, navigation, mission design, operations-tfrmmidnd longerm neaiEarth. The
graphical user interface (GUI) is developed to provide all the essential input paramredtysdregults

in a single windowPrevious investigations of the authors present the high performance in the orbital
trajectory tool anchaneuver desig#.

This paper describethe architecture design of EMERLAD atite methodology in orbit
determination and event predictinadulego computeessential informatiqephemerigredictionspass
scheduland Earth eclipyef the Thaichotamission The analyzedesuls arecompared witlthe results of
previous FDS software (Quartztleveloped by EADS ASTRIUND measure theeMERALD
performance. To validate the accuracy of the EMERALD prediction, the results are ceithpidued
mission restd. Finallythe conclusion and future development are described in the last section.

2. Architecture and Design

The challenge to develop the flight dynamics technologies (algorithm, software and improvement of GUI)
is the accuracy of a prediction andhieliaystem. The successful development allows us to upgrade the
advance hardware and the software domain. EMERALD architecture is designed based on the object
orientation leading to a powerful tool for development and effective cost of software maiitemance
object orientation allows us to create advanced system fuwbiiinis not onlgoupled with object
oriented analysis for FDS in future missions but also decoupled between application and support functions.
It is useful to increase the overallusibess of the systdracaus¢he coding can be separated from
software testingpefore implementin@GUI by fully nondisruptive mechanislEMERALD has been
developed with the precise trajectory generation based on numerical technique and perturbiatigns desc
in section 3.

Fig 2 shows EMERALD architecture system. The system consists of five main modules. The orbit

determination and event prediction modules are main modules to support the mission operation. The orbit
determination requires GPS data feosatellite to estimate the initial state vector (position and velocity),
which will be an input of the event prediction module to propagate the orbital state for the prediction of
the critical and mission events. The orbit control maneuver is cagsgmhg and planning dalta
strategies for mission performance and collision avoidance from space objects. Collision risk assessment
module take responsible to analyzedhision rislof space debris or satellites and support the maneuver
decision. Mis module is processetiam we receive a notification (Conjunction Dataskige: CDM) by

Joint Spac®perations Center (JSpOC). Finally, therbié module5] is capable of analyzing a strategy

to reentry to the Earth by performing the guidelines ®fi-Akgency Debris Coordination Committee

(IADC) [6] that postmission orbit lifetime no longer than 25 years is in active regions. All analyzed results
of all modules will be transferred to store in the database of the ground control system.
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The FDS procesof the mission operation Fig. 3 stars when GPSJecodedrom telemetry are
stored in database. GPS are firstly retrieved to process in the orbit determination module to estimate an
initial state vector by using weighted least squares. Secondlg atati@ivector is an input for event
prediction module to predict the future state vectors of a satellite and critical eventsS8aetirsch
algorithm [6] is numerical integration technique to predict an orbital evolution under perturbations. The
eventpredictionmoduleprovides ephemeris, pass schedule and Earth eclipse. The technique information
of both modules will be described in the next section.

3. Methodology

This section describes the techniques in orbit determination, orbit propagationitmmdsalggoredict
the critical mission event (pass schedule and Earth eclipse).

3.1. Orbit Determination

Weighted least squares technique is implemented to find the satellite trajectory by applying weighting factor
to each residual in term of the square ofuighted residuals. The cost function for the weighted least
squares problem is given by:

N 1
J== T2 =
ng\ﬂ 2

WP %(y Hx)'W(y Hx) ()
wherer is the residual matriwy is weight matrixy is an rdimensional veatcof measurement]
donates the observation sensitivity matrix>xarglthe state vector matrix at the reference epoch. The
necessary condition to minimize the cost function requires that the secatidedernisst be positive and
the first derivative of the cost function equal zero:

By WY )

ax X @

Then Eqg.(2) is rearranged to obtain the normal equasion
H Wy = (H 'WH)x 3

The estimation of weight least squz&eis expresssed as:
%= (HWH) " H Wy @
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Fig.2. EMERALD architecture.
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3.2. Orbit Propagation

The perturbationacting on satellite are typically meddby applying a gravity field from the Earth, third

body gravity forces due to the Sun and Moon and may include tides, atmospheric drag, solar radiation
pressure and other effects as deemed necessary. In thie stifenperturbativaecelerationthat will be
considered are: Earth gravitational {ialg,,), the third body gravitgf Sun and Moolta,,,,a,,,,) air

drag(ase) and SRH &, ). Therefore, theorbital dynamic model used for the orbit propagation is
expressed as:

iotal = éEanh -rasun amoon a-gRP Aa a-ra (5)

whereX,, is total acceleration of satellite position.

The numerical tagration used to solve the propagation of the differential equations is the Bulirsch
Soer algorithn{7] that provides highccuracy solution to ordinary differential equations with reasonable
computational efforts.

3.2.1. Two body perturbations

Ne wt o ndf gravitattomvdetermines that every point mass attracts every single point mass by a force,
which is proportional to the product of the two masses and inversely proportional to the square of the
distance between thedue to imperfect spheref the Earth the effect oft h e  Edblaténbséss
consideredor higher accuracy of arbital predictionThe acceleratioof the Earthgravity acting on the

satellite from the Earth is written as:

é = a | o |~ 2
fee = BUG+E A B [sinf,]{C, costn L, ) +S, sinm L) ¢ ©)
gx 6 1=2m=2C X = o
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Wherex is magnitude ofhe positionvector, m is the gravitation constanttbe Earth R. is the Earth s
mean equatoriahdius,| and m are degree and ord#rspherical harmonicB,, is Legendre function at
| degree andh order, bothC,, and S, arenormalized surface spherical harosxoefficiens. Finally,
f... and/_, aregeocentritatitude and longitude of a satellite

sat sat

3.2.2.Third body perturbations

The perturbations of the Sun and the Moon in an-Eariteredeference are given by:

. Ax.x X
8= -4 ma—— X @
k=12 gfi— XK|

wherex_ is the position vector of the third body gravitational perturbations of the Sun andé Mdon (
and 2respective)y m is the gravitational constant of third bodyigatonal perturbations of the Sun and
Moon (m= 1.327124381°m3/s2and m= 4.902794 10:2m3/s2 respectively).

3.2.3.Solar radiation pressure

The satellitas assumed to be a spherical body with uniform reflection propertie®cealtexhball
modeb [8]. The direct radiation acceleration is given by:

G

where E is the solar flux (1,353 WAnc is velocity of light (299,792,458 mifs), is reflection
coefficients A is crosssection area of a satellitejs a mass of satellite afids the unit vector pointing
from the satellite to the Sun.

3.2.4. Atmospheridrag

In low Earth orbit (LEO), the effects of atmospheric perturbation is essential to be considered for more
accuracy the orbital propagation. The aerodynacdleratiof®] acting on a satellite in orbit is given by:

~ 1_.S
%rag = _2 Cd F] r\/rzeI#rel (9)

whereS is the crossection area of the main body perpendieulaiative velocitynit vectorto the

rotating atmospheré%l), C, is the drag coefficient of a satedlitel / is atmosphere density depending
on the satellite altitude.

3.3. Rise/Set Time

A satellite can contact a ground station when it rises above a minimion elegiat Ley denote the
elevation angle.
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In Fig.4, the anglég ) showsbetween the vector of the ground targgt ( ) and relative veatODx. )-
The elevation angle is measured from the horizon up to satellite. The angle is given by:

aDx.... 8
g= sin 1 DXECEF Sit@cer (10)

2 [orece]

Where Dxeeee Xy Ko Xa, aNd Xyq . are he position vectors of the satellite and the ground

target inthe Earth centered Earth fixeedme(ECEF)respectively. The value of the right handisidlg.
(10) varieswith timethat can belefined as the visibility functiofiherefore, the visibilifyunction is
expressed by:

DXecer ésitthEF

V(t)=sing = T (11)

The elevation angle represents the zero of the function. In Tha&hbtamission (altitude: 822 km,
sun synchronous orbit and a ground target location at 13.10°N, 100.92°E), the minatiom elev
threshold igontrolled ab degrees.

3.4. Earth Eclipse

Earth elipse events have significant impacts on the satellite mission. It is required to know exactly when
the satellite enters or leaves the shadow region because the eclipse effects thenmtanagefn t he s at
energy storage, thermal control of satellite and effect of trajectory propagation of the satellite due to the
solar radiation pressure that is small or null in the penumbra or umbra. In EMERALD, the conical shadow
model is employedifthe eclipse prediction. The penumligatgray)andumbra ¢larkgray) in Figb are
demonstrated by the distance between the Sun and the Earth.
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a,= p-cos €os' —
USSR (12)

-

O

_ RAU
i = R+R

whereR, is the radius of the Earth (6,356.8 KRy)is the radius of the sun (698,700 ki), is the
distance between the Earth and the(54#,597,870.7 km). Then, the umbra cone geonggtgnidy

a,= p-os S‘e& oeos%&
¢¥. = N (13)
y, = RAU
* R-R
The angle can be computed as:
a, = pcos‘laxlof (14)
Sl

The satelliterbitsin the penumbra regionaf, < a < ¢ while itorbitsin the umbra region # < g and

then in case of is equal taa, or a,. It can imply that satellite is entering or leaving the penumbra or
umbra.

4. Results and Discussion
The simulation results of the event prediction module will be compared corresponding valubyobtained

Quartz and the results will be shown the maximum relative error of each day. The relative error between
both results will be computed by:

Valu%MERLAD - Valu%uanJ
valug, ..,

error[%] = | 300 (15)
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For the machiné processQuartz is processed witlsan workstation: Sun blade 100 CBun
UltraSPARC lle 500MHz processard 2048 MiBbecausehis systenis dependenbn themachineby
fixing MAC address. TheEMERALD is run ona PC with Intél Xeor® 3.50GHz with 8 GB of RAM.

4.1. Ephemeris

Fig 6011 show the maximunelativeerror of six Kepler elemenfsemimajor axis (a), eccentricity (e),
inclination (i)right accession of ascending nmdRAAN (W), argument of perigeg Y and true anomaly
(v)) with respect t®Quartzon each dajrom Jun 280 Nov 13 2017Most of simulatiortrends fluctuate

in small rangevhilethe RAAN trendis the smodhest betweerl.5E-408 5.6 E-4%. The statisticahnalysis

in Tablel indicateghat the error ranges of each parameter are tiny. It canthatplije EMERALD
results are highccurge with respect to QuartZhe validation iperformed byomparmg the coordinates

of 4 cornerdNW: Northwest, NE: Northeast, SW: Southwest and SE: Soutimeasimagebetween
realcoordinate®ased on GP&ndsimulated prediction of EMERALDhe control of tolerance errisr
equal or less 2 km withiri2° roll rotationTable2 shows theointingaccuracy erraaummanof images

on July 19 and 26 2017. Emeors areinder control and maximum error is 0.296Tdris can imply that
the orbit prediction is highly accurate.
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Fig.6. Maximum elatve erroron each dagf semimajor axis evolution on JA&Nov 132017
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Fig.9. Maximum elative errobn each dagf rightascension ascending nedelution onJun 28Nov
13 2017

Fig.10 Maximum elatve erroron each dagf argument of perigee evolutionJum 28Nov 13 2017
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