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1 SCOPE

This document describes in detail the time refezsrand formats, reference frames, parameters, sodel
and units that will be used by the Earth Explores¥n CFl Software. The description sometimes goes
beyond the CFI-needed information, when deemedssacg for the sake of a correct explanation.
All topics treated along the document are applieablthe following CFl libraries:

« EXPLORER_DATA HANDLING

« EXPLORER_LIB

« EXPLORER_ORBIT

» EXPLORER_POINTING

« EXPLORER_VISIBILITY

The present document covers the different LEO lgatatissions considered in the frame of the ESAlEa
Explorer Programme.
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2 ACRONYMS
ADM Atmospheric Dynamics Mission
ANX Ascending Node Crossing
AOCS Attitude and Orbit Control Sub-system
CFl Customer Furnished Item
DORIS Doppler Orbitography and Radio positioningerated by Satellite
ESA European Space Agency
ESTEC European Space Technology and Research Centre
EO Earth Observation
FK4 Fourth Fundamental Catalogue
FK5 Fifth Fundamental Catalogue
GOCE Gravity Field and Steady-state Ocean Circuldtliission
GPS Global Positioning System
IAU International Astronomical Union
IERS International Earth Rotation Service
IRF Instrument Reference Frame
IRM IERS Reference Meridian
IRP IERS Reference Pole
ITRF IERS Terrestrial Reference Frame
JD Julian Day
LOS Line of Sight
LNP Local Normal Pointing
MLST Mean Local Solar Time
MJD2000 Modified Julian Day of 2000
OBT On-Board Time
SBT Satellite Binary Time
SGP4 Simplified General Perturbations Satellite Ovlmdel 4
SNRF Satellite Nominal Reference Frame
SOF Satellite Orbital Frame
SRF Satellite Reference Frame
S/IC Spacecraft
Sl International System of Units
SSP Sub-Satellite Point
TAI International Atomic Time
TLE Two Line Elements
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TLST True Local Solar Time

uTl Universal Time UT1

UTC Coordinated Universal Time
YSM Yaw Steering Mode
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3 APPLICABLE AND REFERENCE DOCUMENTS

3.1 Applicable Documents

3.2 Reference Documents

ALMAN95
ALMANOS
BOWRING
CELES
FLANDERN

GREEN
HEISKANEN
IERS_SUPL

KLINKRAD

LIU_ALFORD

MCD_SP
OAD_TIME
STD76

EDLEN

The Astronomical Almanac for the year 1995.

The Astronomical Almanac for the year 2005.

Method of Bowring. NGT Geodesia 93-7. P 338%. 1993.
www.celestrak.com

Low-precision formulae for planetary positis. Astrophysical Journal Supplement
Series: 41. P 391-411. T.C.Van Flandern, K.F. Holdk. November 1979.

Spherical Astronomy. Green, R.M. 1985
Physical Geodesy. Weikko A. Heiskanen,Hei Moritz. Graz 1987.

Explanatory Supplement to IERS Bulletinarl B. International Earth Rotation
Service (IERS). March 1995.

Semi-Analytical Theory for Precise Singler@t Predictions of ERS-1. ER-RP-
ESA-SY-004. H.K. Klinkrad (ESA/ESTEC/WMM). Issue0128/06/87.

Semianalytic Theory for a Close-Earth fidial Satellite. Journals of Guidance and
Control Vol. 3, No 4. J.J.F. Liu and R.L. Alfordily-August 1980.

Earth Explorer Mission CFI Software MISSIORECIFIC CUSTOMIZATIONS.
EO-MA-DMS-GS-018. Issue 3.7.3 07/05/2010

OAD Standards: Time and Coordinate Systéon&SOC Flight Dynamics Opera-
tions. Orbit Attitude Division, ESOC. Issue 1. Ma994.

U.S. Standard Atmosphere 1976. National Oceamidl Atmosphere Administra-
tion.

“Handbook of geophysics and the space enviemtin Adolph S. Jursa. Air Force
Geophysics Laboratory, 1985.
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4 TIME REFERENCES AND MODELS

4.1 Time References
The time references which may be used in the coofetke Earth Explorer missions are listed in ¢abi

Table 1: Earth Explorer time reference definitions

Timereference Usage Examples

Universal Time (UT1) Typically used as time refererar orbit state vectors.
Universal Time Coordinated (UTC) Typically used iaset reference for all products datation.
International Atomic Time (TAI) DORIS products.

GPS Time Typically used by missions having a GP&ivec on-board (eq.
GOCE, ADM, Sentinel 1, Sentinel 2, Sentinel 3).

The relationships between UT1, UTC and TAI aresiitated in the following figure:

A TAI
time values GPS
uTC
uTl
|
L
leap secc|>nd intervals
(usually 1'or 1.5 years)
1 - -
1st Jan. 1958 6th Jan. 1980 elapsed time
UTl UTC GPS TAI
<09s 19s
34 sin 2009

Figure 1: Relationships between UT1, UTC and TAl

Universal Time (UT1) is a time reference that conforms, within a clagproximation, to the mean diurnal
motion of the Earth. It is determined from obseiorad of the diurnal motions of the stars, and tben
rected for the shift in the longitude of the obsegwvstations caused by the polar motion.
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The time system generally used is @@ordinated Universal Time (UTC), previously calledsreenwich
Mean TimeThe UTC is piece wise uniform and continuous,the time difference between UTC and TAI
is equal to an integer number of seconds and istanhexcept for occasional jumps from inserteelgat
leap secondsThe leap seconds are inserted to cause UTClowfohe rotation of the Earth, which is ex-
pressed by means of the non uniform time referéhgeersal TimeUTL1.

If UT1 is predicted to lag behind UTC by more tlta@ seconds, a leap second is inserted. The message
distributed in é&Special Bulletin Gy the International Earth Rotation Service (IERS)

The insertion of leap seconds is scheduled to oadthr first preference at July 1st and Januaryatst
00:00:00 UTC, and with second preference at Amtilahd October 1st at 00:00:00 UTC.

AUT1 = UT1 - UTC is the increment to be applied toQJto give UT1, expressed with a precision of 0.1
seconds, and which is broadcasted, and any chamgeiaced in 8ulletin D, by the IERS.

DUTL1 is the predicted value af UTL1. PredictiongJdfl - UTC daily up to ninety days, and at monthly
intervals up to a year in advance, are includealBulletin Awhich is published weekly by the IERS.

I nternational Atomic Time (TAI) represents the mean of readings of several atdouog&s, and its funda-
mental unit is exactly one S| second at mean sed &and is, therefore, constant and continuous.

ATAI = TAI - UTC is the increment to be applied tdO to give TAI.

GPS Time s an atomic clock time similar to but not the saas UTC time. It is synchronised to UTC but
the main difference relies in the fact that GP&tooes not introduce any leap second. Thus, thedunt-
tion of UTC leap second causes the GPS time and tun€to differ by a known integer number of cumu-
lative leap seconds; i.e. the leap seconds tha begn accumulated since GPS epoch in midnightdganu
5, 1980.

AGPS = TAI - GPS is the increment to be appliedR8Go give TAI, being a constant value of 19 sesond

4.2 Time formats

TheJulian Day (JD) is the interval of time in days and fraction ofayaince 4713 BC January 1 at Green-
wich noon (12:00:00).

TheModified Julian Day 2000 (M JD2000) is the interval of time in days and fraction olydance 2000
January 1 at 00:00:00.

JD = MJD2000 + 2451544.5 [decimal days]
The time format year, month, day of month, houmute and second follows the Gregorian calendar.

4.2.1 Earth Explorer time formats

The time formats used with the time references @sed in section 4.1 can be one of the following:
* Processing
* Transport
* ASCII

1.AUT1 usually changes 1-2 ms per day
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Table 2: Earth Explorer time formats
Timeformat Description Usage
Processing 64-bits floating point number, [farternal processing, such

decimal days

as product processing
sequences. Only for
continuous times, i.e. TAI

Transport| EXPCFI Standard Three 32-bits integer numfig| Time values exchange
days, seconds and microsecchdb¥etween computers
ASCII® | Standard Text string: Readable input/output,
“yyyy-mm-dd_hh:mm:ss* such as file headers, log
Standard with reference | Text string: messages, ...
“RRR=yyyy-mm-dd_hh:mm:ss"
Standard with Text string:
microseconds “yyyy-mm-
dd_hh:mm:ss.uuuuuu®
Standard with reference | Text string:
and microseconds “‘RRR=yyyy-mm-
dd_hh:mm:ss.uuuuuu®
Compact Text string:
“vyyymmdd_hhmmss*
Compact with reference Text string:
‘RRR=yyyymmdd_hhmmss*
Compact with Text string:
microseconds “yyyymmdd_hhmmssuuuuuu®
Compact with reference | Text string:
and microseconds “‘RRR=yyyymmdd_
hhmmssuuuuuu®
CCSDS-A Text string:
“yyyy-mm-ddThh:mm:ss*
CCSDS-A with reference| Text string:
“RRR=yyyy-mm-ddThh:mm:ss*
CCSDS-A with Text string:
microseconds “yyyy-mm-
ddThh:mm:ss.uuuuuu®
CCSDS-A with reference| Text string:
and microseconds “‘RRR=yyyy-mm-

ddThh:mm:ss.uuuuuu*

a. This is the EXPCFI Standard Transport Formatlid@hal Transport Formats have been defined fecsi
missions, see [MCD_SP].
b. These are the EXPCFI Standard ASCII Formatsitiaal ASCIl Formats have been defined for speaifiis-
sions, see [MCD_SP].
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4.3 Time resolution

The time resolution is one microsecond.

4.4 Earth Explorer On-board times

TheOn Board Time s the time maintained by the Spacecraft andedithe reference for all spacecraft
on-board activities. Depending upon the purposeragdirements of the mission, the time format umed
board the satellite will be different. See [MCD_3&] mission specific on-board time definitions.

Earth Explorer Mission CFl Software CONVENTIONS DOCUMENT



Code: EXP-MA-DMS-GS-0001

deimHs esa D

s P A C E =TNECSEHINNEDEIED
Page:

10

17

5 REFERENCE FRAMES

The following reference frames are used in theednif Earth Explorer missions:

Table 3: Earth Explorer reference frames usage

Reference frame Usage Examples

\1%4

Galactic Star position and velocities can be giverthis referenc
frame

Barycentric Mean of 1950 Some star catalogues useadference frame to express fhe
positions of their stars.

Barycentric Mean of 2000 The star catalogues usuafig this reference frame |to
express the positions of their stars.

Heliocentric Mean of 2000 The ephemeris of the pisrage usually expressed in this
reference frame.

Geocentric Mean of 2000 The FOCC performs the iatecalculations related to the
predicted and restituted orbits in this referemaenk.

Mean of Date The Mean Local Solar Time is definedthrs reference
frame.

True of Date It is the inertial reference frame ufmdinput and output ip
the CFI software (e.g. star positions).

Earth fixed It is the reference frame used for inpat output of thg

satellite state vector (i.e. orbit definition), afwdt the outpu
for geolocation in the CFI software.

Topocentric It is the local horizontal referencenie used to define |a
looking direction.
Satellite Orbital It is a reference frame centredhia satellite and defined py

the satellite position and velocity. Its used asfarence fo
the application of the selected attitude controtleo

Satellite Nominal Attitude| It is used for the atdeidetermination. It is based on relatjon
with the Satellite Orbital frame.

Satellite Attitude It is used for the attitude det@ration as well. It is based ¢n
relation the Satellite Nominal Attitude frame or [on
measurements.

Instrument Attitude It is the reference frame thastitutes the reference for the

definition of a look direction relative to the dite (e.g. to|
express the pointing of an instrument).
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5.1 General Reference Frames

5.1.1 Galactic

The galactic plane is determined by the statisgoadly of the galactic dynamics. In this referefraene,
position are determined by a galactic latitude Emgjitude. The galactic latitude are taken as tnglea
measured from the galactic plane, while the galdongitude are measured from the direction ofghe
lactic centre.

In order to relate the galactic coordinates ofaa &t its equatorial coordinates, it is necessaynbw the
position of the galactic pole and the positionhe galactic centre. These points have been adegtéml-
low, for the epoch 1950.0:

Right ascension of the Galactic pole = 12h 49m.
Declination of the Galactic pole = 27°.4.

Galactic longitude of the north celestial pole 3dglso known as the position angle of the gatacti
centre)

5.1.2 Barycentric Mean of 1950

It is based on the star catalogue FK4 for the B350, since the directions of its axes are defneta-
tively to a given number of that star cataloguetpmss and proper motions.

The centre of this reference frame is the baryeewmitthe Solar System. The x-y plane coincides tigh
predicted mean Earth equatorial plane at the eB@&b0, and the x-axis points towards the prediotedn
vernal equinox. The latter is the intersectiorhef inean equator plane with the mean ecliptic, aaétlip-
tic is the orbit of the Earth around the Sun. Tfexis points towards north.

The wordmeanindicates that the relatively short periodic niatas of the Earth are smoothed out in the
calculation of the mean equator and equinox.

5.1.3 Barycentric Mean of 2000

It is based, according to the recommendationsefriternational Astronomical Union (IAU), on theust
catalogue FKS5 for the epoch J2000.0, since thectilmes of its axes are defined relatively to a give
number of that star catalogue positions and propeions.

The accuracy of this reference system, realizeslithin the FK5 star catalogue, is approximately 0.1”

The centre of this reference frame is the baryeeoitthe Solar System. The x-y plane coincides wiéh
predicted mean Earth equatorial plane at the epg@000.0, and the x-axis points towards the predlicte
mean vernal equinox. The latter is the interseabibthe mean equator plane with the mean eclipticl
the ecliptic is the orbit of the Earth around thenSThe z-axis points towards north.

The wordmeanindicates that the relatively short periodic niatas of the Earth are smoothed out in the
calculation of the mean equator and equinox.

5.1.4 Heliocentric Mean of 2000

It is obtained by a parallel translation of the Bantric Mean of 2000.0 reference frame from they®@a
enter of the Solar System to the centre of the Sun.

5.1.5 Geocentric Mean of 2000
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It is obtained by a parallel translation of the Bantric Mean of 2000.0 reference frame from they®@a
enter of the Solar System to the centre of thehEart

5.1.6 Mean of Date

The centre of this reference frame is the centte@Earth. The x-y plane and the x-axis are ddflmethe
mean Earth equatorial plane and the mean vernai@qof date. The expressiomeanof datemeans that
the system of coordinate axes are rotated witletireh’s precession from J2000.0 to the date useg-as
och.The z-axis points towards north.

The precession of the Earth is the secular effettteogravitational attraction from the Sun and heon
on the equatorial bulge of the Earth.

5.1.7 True of Date

The centre of this reference frame is the centte@Earth. The x-y plane and the x-axis are ddfimethe

true Earth equatorial plane and the true vernainequof date. The expressidrue of dateindicates the
instantaneous Earth equatorial plane and vernaheguThe transformation from the Mean of Datehe t
True of Date is the adopted model of the nutatioihe Earth.

The nutation is the short periodic effect of thewgtational attraction of the Moon and, to a lessdent,
the planets on the Earth’s equatorial bulge.

5.1.8 Earth Fixed

The Earth fixed reference frame in use isltBiRS Terrestrial Reference Frari@ RF).

The zero longitude or IERS Reference Meridian (IREH well as the IERS Reference Pole (IRP), are
maintained by the International Earth Rotation $er¢IERS), based on a large number of observiag st
tions, and define the IERS Terrestrial Referenaarier (ITRF).

5.1.9 Topocentric

Its z-axis coincides with the normal vector to BHeth’s Reference Ellipsoid, positive towards Zenithe
x-y plane is the plane orthogonal to the z-axigl e x-axis and y-axis point positive, respecliyéb-
wards east and north.

5.2 Satellite Reference Frames

Four levels of reference frames are used for dtidetermination:
* The Satellite Orbital frame (SOF)
» Satellite Nominal reference frame (SNRF)
« Satellite reference frame (SRF)
* Instrument reference frame (IRF)

The SOF is used for the computation of the othtsllge reference frames (see section 5.2.1 fordife
nition of this frame)

The SNRF is an ideal attitude model. The axis dk&dimfor this frame depends on the attitude maidhel-
sen for the satellite. Let’s see two examples:

* Local Normal Pointing attitude (LNP), the z-axéschosen in the direction of the satellite’s zenith
and the x-axis is defined in the direction of theeflite’s inertial velocity vector (in True of Dt

* Yaw Steering Mode attitude (YSM): the z-axis i®sén in the direction of the satellite’s zenith and
the x-axis is defined in the direction of the déts$ velocity vector in the Earth Fixed CS.
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A complete list of attitude models can be seerettien 8.1.

The SRF corresponds to the satellite actual (med$@ttitude frame. It could be considered as ¢selt
of three consecutive rotations of the SNRF ovezalangles callechispointing angles. The time derivative

of those mispointing angles are callaibpointing rates.

Finally the IRF is a frame based on an instrumémh® satellite. There exists one reference frasramp

strument and it is used for location and lookingediion from the instrument.

5.2.1 Satellite Orbital

It is a reference frame centred on the satellittisnlefined by the Xs, Ys and Zs axes, which pezified

relatively to the reference inertial reference feamamely the True of Date.

The Zs axis points along the radial satellite dicgcvector, positive from the centre of the TORerence
frame towards the satellite, the Ys axis pointsiglthe transversal direction vector within the datng
orbital plane (i.e the plane defined by the posiémd velocity vectors of the satellite), orthoganahe
Zs axis and opposed to the direction of the orhitation of the satellite. The Xs axis points tovsatie

out-of-plane direction vector completing the riglaind reference frame.

O
<

X
1l
<
1l
NI
|
X

=
=
O
<

whereX , Y and are the unitary direction vectorthan(Xs, Ys, Zs) axes, and and
and velocity vectors of the satellite expressetth@inertial reference frame.

Next drawing depicts the Satellite Orbital frame:

. r = satellite position vector
AZ ' v = satellite velocity vector

(X, Y, Z) = True of Date reference frame

Orbital motion (Xs, Ys, Zs) = Satellite Orbital frame

Zs
Xs .

Figure 2: Satellite Orbital Frame

are the position
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5.3 General Reference Frames Transformations

The following picture identifies the general refeze frames transformations that are relevant ®&#rth
Explorer missions.

GALACTIC BM1950 BM2000
®o+—>»

® «—o
TR1 TR2
TR3

GM20000<—>0< >® <« >®
TR4 MoD TR5 ToD TR6 EF

TR3,

HM;JOO @ Reference frame
<4—» Reference frame transformation
Reference frames:

GALACTIC = Galactic CS (see section 5.1.1)

BM1950 Barycentric Mean of 1950.0 (see sectidnZ}.
BM2000 Barycentric Mean of 2000.0 (see sectidn3.
HM2000 = Heliocentric Mean of 2000.0 (see sectidn4
GM2000 = Geocentric Mean of 2000.0 (see sectiorbb.1

MoD = Mean of Date (see section 5.1.6)
ToD = True of Date (see section 5.1.7)
EF = Earth Fixed (see section 5.1.8)

Transfromations:

TR1 = Galactic to Barycentric Mean of 1950 (sedisp.3.1)

TR2 = Barycentric 1950 to Barycentric 2000 (sedisp®.3.2)

TR3 = Solar system barycentre to Earth centre latios (see section 5.3.3)
TR3' = Sun centre to Earth centre translation &ation 5.3.4)

TR4 = Precession (see section 5.3.5)

TR5 = Nutation (see section 5.3.6)

TR6 = Earth rotation + nutation term (see secti@7?)

Figure 3: General Reference Frames Transformations

Those transformation are described in the followsagtions.

Note that whenever a transformation is expressedsagjuence of rotations, the following expressaps
ply (the anglev is regarded positive):

1 0 0 cosw 0 -sin cosw sinw
R,(W) = |0 cosw sin RwW)=|0 1 o0 R,(W) = | _sinw cosw
0 -sinw cos sinw 0 cosw 0 0

Earth Explorer Mission CFl Software CONVENTIONS DOCUMENT



Code: EXP-MA-DMS-GS-0001

d e ] m S @*esa_=I - :35‘:323: 07/05/32-(;1.2

IEESEINNIIEDsEED
s P ACE Page: 22

5.3.1 Galactic to Barycentric Mean of 1950

The following picture represents the galactic amel équatorial coordinate systems. The relationisiip
tween both systems are given by the equatorialdioates of the galactic pole for the epoch 1950fand
by the position of the galactic centre.

P North Pole (for epoch B1950)

G Galactic North Pole

C Galactic centre

6g Declination of the Galactic pole = Hagm

a4 Right Ascension of the Galactic pole = 27..

0 Position of the galactic centre = 123°

| Galactic longitude of the point X
b Galactic latitude of the point X

Figure 4: Galactic and Equatorial coordinates

In the figure, considering the spheric triangle GE¢ relationship between the galactic and eqizdto-
ordinates can be established (see GREEN for fudéils)

cos b sin§-) = cosd sin @ -04)
cos b cosf-l) = cosd, sind - sindy cosd cosfr - ay)

Taking into account the relations between sphesndl cartesian coordinates, it is easy to derigedha-
tion matrix from Galactic to Barycentric B1950.0:

—0,06698874 0,49272847—- 0,86760081
R(galactic. B1950p = |-08727557659-0,45034696—0,188374
—048353891460,74458463 0,46019918
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5.3.2 Barycentric Mean of 1950.0 to Barycentric Mean of 2000

The transformation from barycentric B1950.0 to eantric J2000 includes the following processes:

Removal of the terms of elliptic aberration.

Rotation to the dynamical equinox of B1950.0

Correcting the proper motions for the equinox motion and the change in the valeeasision
Changing from tropical to Julian centuries for the time scale of proper motions

Updating of positions to the epoch of J2000

Precession of positions and proper motions from B1950.0 to J2000.

ouhkwnNE

For further details about this transformation, réde
- ALMANO5 (B32)
- Astronomical and Astrophysical Journal 128, 263-21983)

5.3.3 Barycentric Mean of 2000 to Geocentric Mean of 2000

The transformation from the Barycentric Mean of @@ the Geocentric Mean of 2000 reference frame is
calculated with the following expressions (figupe 5

fe = g =g Earth

Ve = Vg—Vg Earth

wherer, and. are the position and velocity vectorthie Geocentric Mean of 2000 reference fraipe,
andvg are the position and velocity vectors in tagyBentric Mean of 2000 reference frame, ang, .,
andv, ..., are the position and velocity vectors of tlaettEin the Barycentric Mean of 2000 reference
frame.

fg, earth @NdVg g4, @re calculated according to BOWRING reference
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[ Earth centre

rB,Earth

\

|Sun centr& -
L — — —

Figure 5: Transformations between BM2000, HM2000 and GM2000 reference frames

5.3.4 Heliocentric Mean of 2000 to Geocentric Mean of 2000

The transformation from the Heliocentric Mean 00@Qo the Geocentric Mean of 2000 reference frame
is calculated with the following expressions (fig):

"'e = Ty—TH, Earth

Ve = V4 —Vy Earth

wherer; andiz are the position and velocity vectoithé Geocentric Mean of 2000 reference frame,
andv,, are the position and velocity vectors in tietidtentric Mean of 2000 reference frame, gnd. .,
andvy, c,, are the position and velocity vectors of thetEin the Heliocentric Mean of 2000 reference
frame.

fh, eartn @NAVy £, are calculated according to BOWRING reference

5.3.5 Geocentric Mean of 2000 to Mean of Date

The transformation from the Geocentric Mean of 2@ithe Mean of Date reference frame is performed
with the following expression (figure 6):

[o= Rz(—g _z) Rx(e)Rz(g— Z] T32000
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wherer,, and,,,,, are the position vector in the Meabatk and the Mean of 2000 reference frame, re-
spectively.

The rotation angles of the precession model autzkd as follows (OAD_TIME reference):

{ =0.6406161T + 0.0000838F 0.0000050% [deg]
z = 0.6406161T + 0.000304%F 0.0000051F [deg]
8 = 0.5567530T - 0.0001185F 0.0000116¥ [deg]

where T is the TDB time expressed in the Julianiwérs format (1 Julian century = 36525 days).

However, the precession motion is so slow thatifi€ time can be used instead of the TDB time, and
therefore T can be calculated from t, the UTC terpressed in the MJD2000 format, with the following
expression:

T = (t - 0.5)/36525 [Julian centuries]

2 A ZGM2000
MoD
0
-
~
~ ﬂe -
~ P S
P 2
|
/ TY2+2 YGM2000
/
2-C / YMoD
XGM2000 2+z
XMoD !

Figure 6: Transformation between GM200 and MoD reference frames

5.3.6 Mean of Date to True of Date

The transformation from the Mean of Date to theelofi Date reference frame is performed with the fol
lowing expression (figure 7):

F = R,(~BI)R(-38)R, (8V)r,

where r,
frame.

The rotation angles of the simplified nutation miaale calculated with (OAD_TIME reference):

and,, are, respectively, the position veictdine True of Date and the Mean of Date reference
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oy = dYcos
oL = dYsine

wheree is the obliquity of the ecliptic at the epa2000:
¢ =23.439291 [deg]

andss andy is expressed by iMahrmodel taking only the nine largest terms, andaisifi 1 instead
of TDB as the time reference

' A Zmop
ZToD

e+0¢€

—

\
T
\

|
\
|

~
~

—
—
— "\ e y

. MoD

]

S~

E+0E ™

XToD

o

XMoD YToD

Figure 7: Transformation between MoD and ToD reference frames
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5.3.7 True of Date to Earth Fixed

The transformation from the True of Date to thetltéixed reference frame is performed with thedol
ing expression (figure 8):

re = R, (H)F,

wherer, andr, are, respectively, the position veictdne Earth fixed and in the True of Date refeeenc
frames.

TheEarth rotation angle H is the sum of the Greenwich sidereal angle andadl ¢erm from the nutation
in the longitude of the equinox.

The Greenwich sidereal angle moves with the daitatron of the Earth and is calculated with the New
comb’s formula according to international convensi@s a third order polynomial, although the toider
term will be neglected in our calculations.

The nutation term is calculated with the simplifragtation model (see section 5.1.7).

H=G+du
G = 99.96779469 + 360.9856473662860T + 0.29079 % 1I0[deg]

where T is the UT1 time expressed in the MJD200Mh&i.

Note that the transformation from the Mean of Datthe Earth fixed reference frame can be performed
one step being th& rotation term cancelled out:

fo = R(G)R(-38)R,(3V)Fo

Finally, the polar motion parameters X and Y (meedwand predicted by the IERS) are not taken ioto a
count in the True of Date to Earth-Fixed transfaiora

A ZT0D~ZEF
YEF
/;OD
P
H
X
XToD EF

Figure 8: Transformation between ToD and EF reference frames
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5.4 Satellite Reference Frames Transformations

There is not a general rule for transforming frame satellite reference frame to another. The dgittom-
putation provides the transformation matrix frora gatellite frame to an inertial reference frantee Tol-
lowing picture identifies the CFl-specific referentames transformations that are relevant forBheh
Explorer missions:

IRF SRF

TR’
@ SRF

IRF = Inertial Reference Frame TR, TR’ = Attitude law
SRF, SRF'= Satellite/Instrument Reference Frames

@ Reference frame
<4—» Reference frame transformation

Figure 9: CFl-specific Reference Frames Transformations
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6 ORBIT CHARACTERISATION

6.1 Orbit Definition

6.1.1 Sun-synchronous Orbit

The orbit isSun-synchronous when the rate of change of the mean right ascemdithe ascending node
coincides with the motion of the mean Sun:

Q= Esun

which implies that the MLST of the ascending naxlalso constant. Its behaviour is graphically prese®
in figure 10(a).

Su Su

Q(t+A1)

y
a) Sun-synchronous orbit b) Quasi Sun-synchronadbi$ or

Figure 10: Sun-synchronous and quasi Sun-synchronous orbits descriptions

6.1.2 Quasi Sun-synchronous Orbit

The orbit isquasi Sun-synchronous when the rate of change of the mean right ascemdithe ascending
node is shifted from the motion of the mean Sum lepnstant drift. It implies that the orbit line mddes
moves backward/forward with respect to the SuntEB@S. The condition can be expressed mathemati-

cally in the following way:
Q = Esun+ MLSTdrift

The behaviour of a quasi Sun-synchronous orbit @etpto that of a Sun-synchronous orbit is presente
in figure 10(b).
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6.1.3 Geo-synchronous Orbit

The orbit is Geo-synchronous when the ground tradke Earth Fixed reference frame repeats precisel
after a constant integer number of orbits.

6.2 Orbit Types
6.2.1 Reference Orbit

Thereference orbit consists of a scenario file, containing orbit imf@tion per repeat cycle change, i.e. the
position and velocity vectors expressed in thetEtaxed reference frame, corresponding to the adiogn
node of that orbit and its associated time.

This state vector of the ascending node is caledlasing the satellite-specific propagation mode, ien-
posing the conditions pertained the particulartaibfinition.

6.2.2 Predicted Orbit

The predicted orbit consists of a set of sateliggtesian state vectors that allow the computaticstate
vectors in the future with respect to the time imich the set has been generated.

6.2.3 Restituted Orbit

The restituted orbit consists of a set of constdidaatellite Cartesian state vectors that all@wcthmpu-
tation of state vectors in the past with respecthéotime in which the set has been generated.

6.2.4 TLE Orbit

TheTLE orbit consists of two 69-character lines of data. Th& Thntains mean keplerian elements for a
given epoch (More info about TLE format can be fdim CELES).

6.3 Orbit Propagation Definition

To calculate the state vector at any point in thutoit is sufficient to have the orbital datagtate vector,
or keplerian elements) at a given time, and thepagate that initial state vector to the requinetktusing
an orbit propagation model.

That initial orbital data can come from differentisces (see section 6.2) and depending on theofyqdit
and the satellite mission, there are different regpents on the accuracy of the position and valoec-
tors of that initial state.

6.4 Orbit Propagation Models

The propagation models must incorporate an ins@ion mode. It basically starts with:

e an initial cartesian state vector expressed irednth fixed reference frame at a given time, sigpipl
externally (see section 6.2), to calculate the tame the state vector of the true ascending node in
the Earth fixed reference frame (i, = 0 andz,, >0 ).

* a TLE providing the mean keplerian elements atrargepoch.
The initialisation mode implements an iterativeaaithm which is based upon a propagation mode.
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6.4.1 Mean Keplerian Orbit Propagator

6.4.1.1 Simulation mode

The simulation mode is one of reduced accuracthigicase only the zonal (i.e, latitude independeht
the geoid g, 1,2, ; and J are used to calculate the secular perturbatiotisenfiearf Kepler elements, and
the zonal harmonic J2 is used to calculate thet gferodic perturbations to transform the mean Kepl
elements to the osculating Kepler elements.

This mode is based on the equations derived in AWFORD reference.

6.4.2 Precise Orbit Propagator

This model consists on a numerical propagatoiititegrates the movement equations using a RungeKut
algorithm of 8th order. This propagator is expedtedroduce more precise results than the otheretsod
The main characteristics of the model are:

Char acteristics

Central Body Earth

Integrator algortihm Runge-Kutta 8 with a fixed
integrator step defined by the usey.

Perturbation models » Gravity

» Atmosphere

* Third Body - Sun

* Third Body - Moon
 Solar Radiation Presure
Gravity Model EGM-96

Gravity Model Coeffcients 36x36
(Zonals x Tesserals)

Atmosphere model MSIS-E-90

Solar Activity Constant user-defined value
Geomagnetic Activities Constant user-defined value
Sun Ephemerides Analytical

Moon Ephemerides Analytical

Aerodynamic Drag — Area Constant user-defined value

Aerodynamic Drag — Drag Constant user-defined value
Coeffcient (G)

Solar Radiation Pressure — Area Constant useretkfialue

Solar Radiation Pressure — SREBonstant user-defined value
Coeffcient (G)

2. Averaged with respect to the osculating meametp over 2t
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6.4.3 TLE Propagator

This model propagates the state vector using thEAINORAD “two line elements” and the SGP4 prop-
agation model. SGP4 algorithm was designed by h8ANNORAD for near Earth Satellites (nodal period
less than 225 minutes). The SGP4 theory uses dh gavitational field through zonal terms J2, 38 a
J4 and a power density function for the atmosphaodel (assuming a non-rotating spherical model).
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7 PARAMETERS

7.1 Orbit Parameters

7.1.1 Cartesian State Vector

It comprises the cartesian components of the jpositi. , velocityvg. and acceleratiag.  vectors of the
satellite expressed in a specified reference fréympacally the Earth fixed reference frame) at aegi ep-
och.

7.1.2 Orbit Radius, Velocity Magnitude and Components

The satelliteorbit radius is the module of the satellite position veactgr

R = [rsd

Thevelocity magnitude is the module of the satellite velocity vectQg

V= Vsd

The satellitevelocity vector when is expressed in the True of Date eefgg frame can be split into two
components:

Radial component, = vg.+ Z
Transversal component; = —vsc* Y

whereY andz are the direction vectors of the Segdleference frame (see section 5.2.1).

7.1.3 Osculating Kepler State Vector

The osculating Kepler elements are related to the cartesian state vector, atdnesponding epoch, ex-
pressed in the True of Date reference frame.

The six Kepler elements are:
* Semi-major axis (a)
» Eccentricity (e)
* Inclination (i)
* Argument of perigeesf )
« Mean anomalyn )
* Right ascension of the ascending node ( )
Other auxiliary elements are:
» Eccentric anomaly (E)
e True anomaly{ )
e True latitude ¢ )
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* Mean latitude § )
The relationships between these auxiliary elemandsthe six Kepler elements are:

tanE = l_zgtang
2 Nl+e 2

M = E-esinE (Kepler's equation)
a=wt+tv

B=w+M

7.1.4 Mean Kepler State Vector

The osculating six Kepler elements in the True afddeference frame can be averaged with respéut to
mean anomaly overnt , to obtain the mean Kepler eitsne

a,é,i,a),g_l M

7.1.5 Equinoctial State Vector
The osculating Kepler elements are usually replégetthe equivalent osculatireguinoctial elements for
gquasi-equatorial and quasi-circular orbits:

s X1=a

* X, =g =€ cosQ+w)

* X3=§ = e sinQ+w)

* Xq = Iy = +2 sin(i/2) sinQ)

* Xg=ly =-2sin(i/2) coKR)

* Xg= Q+w+M

7.1.6 Ascending Node, Ascending Node Time, Nodal Period, Absolute
Orbit Number

The ascending node of an orbit is the intersection of that orbit, whiae satellite goes from the southern
to the northern hemisphere, with the x-y planenefiEarth fixed reference frame.

The ANX timeis the UTC time of that ascending node.

Therelative time with respect to the ANX time is the time elapside that ascending node till the current
position within the orbit.

Thenodal period of an orbit is the interval of time between twasecutive ascending nodes.

The Launch orbit from Kourou is regardedahsolute orbit number zero. From then on, each time a new
ascending node is crossed the absolute orbit numlrerremented by one.

7.1.7 Mean Local Solar Time Drift

The Mean Local Solar Time drift is the difference in angular velocity between tthie of change of the
mean right ascension node and the motion of thenrB8ea. This constant drift produces an increasam g
between the MLST of the ascending node and theesamghsured from the line of nodes and the vernal
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equinox direction (see section 6.1.2). For a Surelssonous orbit, the MLST drift is zero.
The relationship between MLST of subsequent dagtseigollowing:
MLST yayn = MLST gy n _g + MLST iy

7.1.8 Repeat Cycle and Cycle Length

In the geo/helio-synchronous orbits, the groundiktrepeats precisely after a constant integer nummbe
orbits and a constant duration. The duration insdafythat period is called thepeat cycle, whereas the
corresponding number of orbits is called tyele length.

The repeat cycle of a Sun-synchronous orbit isieeger number of days, while it is not an integenber
when considering a non Sun-synchronous orbit. Timesprbit information contained within a scendili®
comprises an integer repeat cycle plus a driftt,oim icope with non Sun-synchronous orbits. The tet
peat cycle shall result from the following:

TrueRepeatCyclee RepeatCy¢letl MLSTd)i

7.1.9 Sub-satellite Point, Satellite Nadir and Ground Track

The subsatellite point (SSP) is the normal projection of the position of theéedldge in the orbit on to the
surface of the Earth’s Reference Ellipsoid. Itis® aeferred asadir.

The trace made by the subsatellite point on thiaserof the Earth’s Reference Ellipsoid due torttodion
of the satellite along its orbit is called thrund track.

7.1.10 Mean Local Solar Time and True Local Solar Time

7.1.10.1 Mean Local Solar Time

TheMean Local Solar Time (MLST) is the difference between the right ascensioh®felected point in
the orbitRA and thenean longitude of the Sy expressed in hours.

MLST = (RA-L +n)§]—‘_1[ [hours]

The mean longitude of the Sun represents the mofithemean Sun and is given, in the Mean of Date
reference frame, by (FLANDERN reference):

L =280.46592 + 0.9856473516(t - 0.5) [deg]

wheret is the UT1 time expressed in the MJD2000 format.
The motion of the mean Sun has a constant meaituolegrate, namely = 0.9856473516 [deg/s].

7.1.10.2 True Local Solar Time

TheTrue Local Solar Time (TLST) is the difference between the right ascensiomefselected point in
the orbitRA and the right ascension of the &uag, resqed in hours.

TLST = (RA-RAg+ = [hours]
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TheRAg,, is calculated, in the Mean of Date referemamé, according to FLANDERN reference.

Mean and True Local Solar Time are normally expdss hours considering the equivalence existing be
tween hours and degrees; i.e. the Earth completesnalete revolution with respect to the Sun (360 d
grees) in one day (24 hours).

7.1.11 Phase and Cycle

The phase is considered to be a portion of theiomsharacterised by a ground track pattern diffefi@m
the previous and following. Each time a changeepkat cycle period is applied, a new phase stines.
decision of starting a new phase is performed byntission management.

A cycle is defined as a full completion of the rapperiod. A cycle starts by definition on an astieg node
crossing closest to the Greenwich Meridian.

7.1.12 Absolute and Relative Orbit Number

The absolute orbit number considers the orbits elapsed since tresiestding node crossing after
launch.

The relative orbit number is a count of orbits frano the number of orbits contained in a repeatecy
The relative orbit number 1 corresponds to thetavhbse ascending node crossing is closest to thers
wich Meridian (eastwards). The relative orbit humize incremented in parallel to the absolute orbit
number up to the cycle length, when it is resetthedcycle number is incremented by one.

When an orbit change is introduced, the relatii@tarumber of the new orbit is calculated such that
definition of the relative orbit number 1 is keptthe new repeat cycle.

7.1.13 Track Number

The track number is a count of orbits from 1 tokenber of orbits contained in a repeat cycle. ffaek
number 1 corresponds to the orbit whose ascendidg orossing is closest to the Greenwich Meridian
(eastwards). Two subsequent track numbers are thbm# have the nearest longitude of its ascending
node crossing. Track number counter is incremeadéstivards.

Track number 1 and relative orbit number 1 corresipio the same orbit. Furthermore, it exists a tore-
one relationship between track and relative orbihbers within a repeat cycle.

7.2 Attitude Coordinate Systems Parameters

7.2.1 Attitude determination parameters

There are different ways for providing the attitymgameters in order to establish the transformatime-
tween the satellite reference frames:

1. Attitude Mispointing Angles.

The transformation from one satellite referencenfFdo another is accomplished by three consecu-
tive rotations over the angles pitghroll & and yaw( according to the Euler convention defined in
section 7.7

The time derivative of those angles arepheh, roll and yaw rates.

Both those angles and their rates are a functigheo§elected attitude control mode (see attitude
control section particular to each satellite).
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Usually these angles are used for transforming fituersatellite orbital frame to the satellite nomi-
nal attitude frame. Frequently there are superirapas them a set afispointing angles that

make the Satellite Nominal Attitude Reference fraraasform to the Satellite Attitude Reference
frame.

The mispointing angles are expressed as three awenpg) namely pitchAn, roll A&, and yawA(.
The time derivative of those mispointing anglestasamispointing rates.

2. Attitude Quaternions:

The previous transformations could be given viatepnons (also called Euler symmetric parame-
ters) instead of angles.

Quaternions are base on Euler’s theorem that givercoordinate systems, there is one invariant
axis @) along which measurements are the same in botllic@de systems and that is possible to
move from one system to the other through a ratgfabout the axis. Acording to this theorem,
the quaternions is defined as:

. exsing
1
@ - o _ esing _ eysing
Y cost ezsinE
2 2
Uy

A rotation matrix (direction cosine matrix) canda@ressed in term of the quaternion parameters as
follows:

2 2 2
(ql —0,—-043 +Q4Z) 2(Q1Q2+Q3q4) 2(q1Q3_qu4)
R 2(ay0, - 30, (-a,% +ay-ag +q42) 2003+ 9y0,)
2 2 2
2(0y3+ 6,0,) 2(ay03-040,) (-a,° ~ap+ 5" +a,

There are for possible solutions for getting thatgtnion from the rotation matrix:

[ “RCRL 1 1 1
1+Ry; 2R22 Rs3 4_Qz(R12+ Ry1) 4_(23(R13+ R3y) 4_Q4(R23_ Rs»)
1 1-Ry; + Ry,—R 1 1 R _
E_(le Ry,) 11 . 22~ "33 4Q3(R23+ R3,) 4Q4(R31 Ri3)
Q= 1l Q2" 1 Qs™ 1-R,;+R,,—R Q4= 1
— + — 4 _
4_Ql(R13+ Ra1) 4_Qz(R23+ R32) Ll 5 2233 4Q4(R12 Ra1)
1 1 1 1-R,,+R,,—R
—(R,,—R —(R..—R —(R,,—R 11 22 33
I 4Ql( 23 32) | I 4Q2( 31 13) | I 4Q3( 12 21) | | 2 |
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The EXPCFI returns the weighted mean of the fowssfide solutions (with gjas real part of the
guaternion):

1+ Ry —Ryp—Ry3+ Ryp + Ry + R+ Ryy +Ry5— Ry

Q? ‘
; Rip*+ Ry +1-Ryy + Ryy—R33 + Ryg #R3y +R3 —Ry3
Q3 RiztRg T Ry3+ Ry +1-Ry; Ry —Ray3 + R —Ryy

2 4

Q%

Ry3—Rgp+ Ry —Ry3+ Ry =Ry +1- Ry + Ry —Ryg

4

3. AOCSRotation Amplitudes

The AOCS rotation amplitudes are the three const@rt Cy and Cz that define the transformation
from the Satellite Nominal Attitude to the Satellttitude Reference frame according to the
selected attitude control mode (see attitude cba&ction particular to each satellite).
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7.2.2 Satellite Centered Direction

The parameters that define a direction in a StadReference frame are the satellite related anrfAz)
and the satellite related elevation (El):

+X = -)(s Z”
ty =y Az
tz = -Z’

Azimuth: from +x over +y
Elevation: from +x+y plane

towards +z Y
S
% _________
< . \ .7 E»
X El XY
y/
~Flight direction relative to Earth * z
~Nadir

Figure 11: Satellite centred direction
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7.3 Earth-related Parameters

Note that altitudeefers always to geodetic altitudgcept when the contrary is explicitly said.

7.3.1 Geodetic Position
The geodetic coordinates of a point, related tdg#eh’s Reference Ellipsoid, are tiecentriclongitude
A, geodetic latitude ¢, andgeodetic altitude h, represented in figure 12.

Thegeocentric latitude ¢’, geocentric radius p and thegeocentric distance d are also represented in figure
12.

The parameters, e andf, i.e. the semi-major axis, the first eccentriatyd the flattening of the Earth’s
Reference Ellipsoid (see section 8.2.2), definectingations that express these other parameters.

Figure 12: Geodetic position

The geocentric latitude¢’ and the geodetic latitud are related by the expression:

The geocentric radiys is calculated with:

ay1- e2

p =
1- e2c052¢'

The relationship between the cartesian coordir@tagpoint and its geodetic coordinates is:

x = (N +h)cosp cosh
y = (N +h)cosp sinA
z = [(1—e2)N +h]sing

where N is thé&sast-West radius of curvature:
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_a

J1- ezsinzq)

The inverse transformation, from the cartesiaméogeodetic coordinates, cannot be performed acallyt
ly. The iterative method that will be used will ingtialized according to (BOWRING reference).

The normal projection of a point on the surfacthefEarth’s Reference Ellipsoid is callddir, and when
that point corresponds to the position of the §tgethe projection is called subsatellite point.

Another important radius of curvature is M, tierth-South radius of curvature:

N =

M =

J-ésintg)’

Theradius of curvature in any selected direction,R can be calculated with the expression:

2 .2
1 _ cosAz+S|n Az

R M N

z

where Az is the angle of the selected directiorresged in the Topocentric reference frame.

The satellite centred aspect angle ag,.is the angle measured at the satellite betweegeabmetric direc-
tion® from the satellite to the subsatellite point aimel geometric direction from the satellite to thatoe
of the Earth.

Thegeocentric aspect angle g is the angle measured at the centre of the Eatttelea the geometric di-
rection from the Earth centre to the subsatell@gimipand the geometric direction from the Earthteto
the satellite.

Thesubsatellite point centred aspect angle aggyis the angle measured at the subsatellite poimtdeet the
geometric direction from the subsatellite pointhte satellite and the geometric direction fromghbsat-
ellite point to the centre of the Earth.

The geodesidistance or ground range between two points that lay on an ellipsoid iglbfinition the min-
imum distance between those two points measuredtbaeellipsoid.

Thevelocity v, andaz acceleration relative to the Earth, i.e the Earth’s Reference Ellipsouf, a point
that lays on its surface can be split into différe@mponents.

* Northward component .- N @+ N

« Eastward componentw.-E @f-E

« Ground track tangential component=t = v  aFt

* Magnitude =v¢ = |[vg Ol = |5

* Azimuth =the azimuth of the. @c  vectors measunetthe Topocentric reference frame

whereN ancE are the north and east direction ak#éseol opocentric reference frame centred on that
point, andt is the unitary vector tangent to theugid track at that point.

3. The geometric direction is defined by the strdlme that connects the initial and the final point.
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7.3.2 Earth Centered Direction

The parameters that define a direction from thereeof the Earth to a point in the Mean of Daterehce
frame are the right ascension () and the declingtig, shown in next figure:

+x = Pointing towards mean vernal equino
+z = Pointing towards north pole
ty=z"X

Right Ascension: from +x over +y
Declination: from +x+y plane towards +z

z ~Orbit Pole

~Mean Vernal Equinox
Figure 13: Earth centred direction

7.3.3 Topocentric Direction

The parameters that define a direction in the Tepticc reference frame are the topocentric azinfi)
and the topocentric elevation (El), representethénnext drawing:

+Xx = Pointing towards east A 2 ~Zenith
+y = Pointing towards north
+z = Pointing towards zenith

Azimuth: from +y over +x
Elevation: from +x+y plane towards +z

— J —y ~North

Figure 14: Topocentric direction
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7.4 Ground Station Parameters

7.4.1 Ground Station Location

The location of &round Station is defined by its geodetic parameters: i.e. geidongitudeA, geodetic
latituded, and geodetic altitude h with respect to the Esufteference Ellipsoid.

7.4.2 Ground Station Visibility

The visibility of a point from a Ground Stationliimited by theminimum link elevation at which that point
must be in order for the link between that Groutati8n and that point to be established.

That minimum topocentric elevation is expressettiénT opocentric reference frame centred at thati@to
Station (see section 7.3.3), and although it ialigiea constant, in fact a real Ground Station Ugueas a
physical mask that makes the minimum topocentggation be a function of the topocentric azimuth.

7.5 Target Parameters

7.5.1 Moving and Earth-fixed Targets

A target r, is a point that is observed from the satellitd #rat satisfies certain conditions.

Thelook direction, orline of sight (LOS), g, is the light direction, at the satellite, of thetip followed by
the light in its travel from the target to the it

If the target moves with respect to the Earth, essalt of a change in the satellite position ehange in
the look direction, it is called thmoving target.

If the target is fixed with respect to the Eartlhieh implies that if the satellite position changlesn the
look direction has to change in the precise wake&p looking to that particular point fixed to tBarth, it
is called theearth fixed target.

In other words, the velocity of the moving targethe result of the motion of the satellite anddhange
in the look direction, or in the conditions thafide it, with time. On the other hand, the veloaitythe
Earth fixed target is only a function of the pamitiof that point with respect to the Earth’s RefieeEl-
lipsoid and the rotation of the Earth fixed refarerframe.

7.5.2 Location Parameters

The location of a target is defined by its geodpticameters: i.e. geocentric longitidegeodetic latitude
¢, and geodetic altitude h with respect to the Esufteference Ellipsoid, although it also can barcksf
by its cartesian position vector (X, y, z) expresisethe Earth fixed reference frame.

7.6 Sun and Moon Parameters

The Sun semi-diameter Dg,,is the apparent semi-diameter of the Sun, expassadians, as seen from
the satellite, and is calculated with the equation:

d

Sun
D =

Sun
RSun -SC

where ¢,,=6.96 x 18 [m] is the semi-diameter of the Sun, angl,Rs/dis the geometric distance between
the satellite and the Sun centre.

TheMoon semi-diameter Dyq0n IS the apparent semi-diameter of the Moon, expessdegrees, as seen
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from the satellite, and is calculated with the diquna

d

RMoon -SC

Moon

DMoon -

where gyo0n = 1738000 [m] is the semi-diameter of the Moorg &yon-s/ciS the geometric distance
between the satellite and the Moon centre.

Thearea of the Moon lit by the Sun Aygon-suniS calculated with the expression:

A _ 1+ COSGSun— Moon-SC
Moon -Sun ~ 2

whereBg,n-moon-s/dS the angle measured at the centre of the Motwdss the geometric direction from
the centre of the Moon to the centre of the Suntaadjeometric direction from the centre of the Moo
the satellite.

If A poon-sun= 0 it is a new Moon, and if gyon-sun= 1 it is a full Moon

Thesatellite eclipse flag indicates whether or not the path followed by tghtlfrom the centre of the Sun
to the satellite intersects the Earth’s RefererlipsBid. It is equivalent to theatellite to Sun visibility
flag.

Thesatellite to Moon visibility flag indicates whether or not the path followed byligkt from the centre
of the Moon to the satellite intersects the Earégerence Ellipsoid.

Thetarget to Sun visibility flag indicates whether or not the path followed byligkt from the centre of
the Sun to the target intersects the Earth’s Reder&llipsoid.

7.7 Euler angles

The Earth Explorer CFl applies the following contien when using Euler angles to rotate one refexrenc
frame to another.

The rotated reference frame (X’s, Y’s, Z’s) is ob&al by applying three consecutive rotations todiig-
inal reference frame:

1. Rotation around -Ys over a roll angje
2. Rotation around -3 (i.e the rotated Xs) over a pitch angle
3. Rotation around +% (i.e the rotated ) over a yaw anglé.

Next drawing depicts the three rotations:

1
xY]'S X's

Figure 15: Euler Angles
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8 MODELS

8.1 Attitude Modes

The Earth Explorer CFI Software supports the follmythree axes stabilized Attitude Modes:
» Generic Pointing Mode (GPM);
* Yaw Steering Mode (YSM);
e Local Normal Pointing (LNP);
» Zero-Doppler Pointing (ZDOP);
» Geocentric Pointing (GP).

The GPM allows the user to define the Satellite M@inReference Frame (SNRF, see section 5.2) in the
most generic way by selecting:

* The PRIMARY axis and direction (+/-X, +/-Y, +/- Z)

* The PRIMARY axis target (see list below);

* The SECONDARY axis and direction (+/-X, +/-Y, H; different from primary axis);
« The SECONDARY axis target (see list below).

The SNRF is defined as follows:
» The primary axis (with direction) is aligned teethrimary axis target;

» The secondary axis (with direction) is alignedrte vector obtained by computing the cross-prod-
uct between primary axis (positive direction) ane secondary target axis;

* The tertiary axis completes the right-hand fraogether with primary and secondary axes.

For example, with reference to Table XX, SNRF im¥&teering mode is calculated as follows:
* The negative Z axis is aligned with the satelbitsition vector in the Earth Fixed reference system

» The positive X axis is aligned with the cross proidof Z axis and the velocity in the Earth Fixed
reference system;

* Y axis is computed according to right-hand rule.

There are many possible choices in the definitiothe axis target, for example:
e Sun pointing
* Moon pointing
» Earth pointing
* Nadir pointing
 Inertial velocity pointing
« Earth Fixed velocity pointing
* Inertial target pointing
« Earth Fixed target pointing
» Earth Fixed Satellite position

YSM, GP, LNP and ZDOP modes are special cases é@ePointing Modes, with axes and targets that
are predefined according to the following table:
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Table 4: Attitude control modes

Attitude Primary Primary Axis | Secondary | Secondary Axis
Mode AXis Tar get AXis Tar get
YSM -Z Nadir +X EF Velociy
ZDOP -Y EF Velocity -X Nadir
LNP -Z Nadir +X Inertial Velocity
GP 4 EF Satellite +X Inertial Velocity
Position

The current Satellite Reference Frame (SRF) candelled in several ways by the user, for example:
« with three consecutive rotations of the SNRF diiege user-defined angles (mispointing angles);
» with a user-provided misalignment matrix betwe®&RE and SRF;
* modulating the misalignment angles with biasestaarthonics (provided by the user);
* reading attitude angles from a file.

8.2 Earth

8.2.1 Earth Position

The position and velocity of the Earth in the Bamwtric and Heliocentric Mean of 2000 reference #am
will be calculated according to FLANDERN reference.

8.2.2 Earth Geometry

The geometry of the Earth is modelled by a Referdfitipsoid. Different definitions of referenceipH
soids can be found hereafter in table 5.

Table 5: WGS84 parameters

Parameter Notation WGS 84
Semi major axis (m) a 6378137
Flattening = (a-b)/a f 1/298.2572235¢3
First Eccentricity = (4- b?)/&® e 0.081819190842F
Semi minor axis (m) b 6356752.314%

The minimum distance between two points locatedroallipsoid is the length of the geodesic thasses
those two points. This geodesic distance will Hewated according to HEISKANEN reference.

The surface at a certagieodetic altitude h over the Earth’s Reference Ellipsoid is defined by

x = (N +h)cosp cosh
y = (N +h)cosp sinA
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z = [(1—e2)N +h]sing

where N is the radius of curvature parallel tortreridian:

—a
N1- ezsinzq)
and¢d andA are the geodetic latitude and geocentric longitefdee point on that ellipsoid

Nevertheless, the surface at a certain geodetioddthover the Earth’s Reference Ellipsoid will be mod-
elled as another ellipsoidpncentricwith it, and with (a+h) and (b+h) as semi-majod @@mi-minor axis.

N =

This simplification is quite accurate and haveddeantage that allows the analytical calculatiothefin-
tersection or tangent points with such a surface.

8.2.3 Earth Atmosphere

The Earth atmosphere can be represented by differedels. The selection of a certain atmosphereatnod
depends upon the requirements imposed by the miggifinition. It could include certain simplificans
to the generic definition.

It is also assumed that the atmosphere rotaittisthe same angular velocity as the Earth.
The definition of the Earth atmosphere is imporfantinstrument pointing task and refraction.

8.2.3.1 US Standard Atmosphere 1976

The U.S Standard Atmosphere 1976 Atmosphere medebdified as follows:
e jtrangesfromZ=0Kmto Z =86 Km.
+ the ratio M/M, decreases linearly from Z = 80 to Z = 86 Km.

* the linear relationship betweer,Tand H is replaced by either an arc of a circlbyoa polynomial
function in the vicinity of the points where the Iecular-scale temperature gradient changes, in
order to have a continuous and differentiable fiamcTy, = f(H)

The U.S Standard Atmosphere 1976 is defined aswsl(STD76 reference):

* The air is assumed to be dry, and at altitudefgcgaritly below 86 Km, the atmosphere is assumed
to be homogeneously mixed with a relative-volummposition leading to a constant mean molec-
ular weight M.

« The air is treated as if it were a perfect,gasl the total pressure P, temperature T, anddetsity
p at any point in the atmosphere are related bythmtion of state, i.e. the perfect gas law, one
form of which is:

_ pRT
P=""

where R = 8.31432 x fQNm/(KmoIK)] Is the universal gas constant.

» Besides the atmosphere is assumed to be in haticeguilibrium and to be horizontally stratified
so that dP, the differential of pressure, is relatedZ, the differential of geometric altitude, the
relationship:

dP = —gpdZ
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where g is the altitude-dependent acceleratiorrafity, which can be calculated with the expres-
sion:

_ fo 2
9= gO(rO+Z)
where p = 6356766 [m] andg= 9.80665 [m/4, and that yields:

_ roZ
r0+Z

where H is the geopotential altitude.
* The molecular-scale temperaturg &t a point is defined as:

T—TM
M~ M

where M, = 28.9644 [Kg/Kmol] is the sea-level value of M.

In the region from Z = 0 Km to Z = 80 Km M is coast and M = M, whereas between Z = 80 Km
and Z = 86 Km, the ratio M/llis assumed to decrease from 1.000000 to 0.999578

Up to altitudes up to 86 Km the functiop,versus H is expressed as a series of seven sivecess
linear equations. The general form of these limeprations is:

Ty = T+ Lmp(H=Hyp)

The value of T, , for the first layer (b = 0) is 288.15 [K], idengicto T, the sea-level value of T.
The six values of fland Ly, j, are:

Table 6: Molecular-scale temperature coefficients

Subscript Geopotential altitude Hy, [Km] M oére;lélizx[ﬁe'ge{r&p;ﬁr%t]ure

0 0 -6.5
1 11 0.0
2 20 1.0
3 32 2.8
4 47 0.0
5 51 -2.8
6 71 -2.0
7 84.8520 (Z = 86)
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Finally, the pressure can be calculated with tiieiong expressions:

oMo

: Tw.b RLw,p
P= Pb(TM’b+LM’b(H—Hb)) (Lmp#0)

(Lmb=0)

—goMy(H-H
P=R IZExp[—g0 0( b)}

RTy b

The reference-level value fog Bor b = 0 is the defined sea-level valyg=101325.0 N/rA Values of B
for b = 1 through k= 6 are obtained from the application of the appedprequation above for the case
when H = H 1.

8.2.4 Refractive index

The refractive index is calculated with the Edlen’s law (ED)LBKhough neglecting the contribution
of the partial pressure of the water vapour.

8.2.4.1 Edlen’s law

The relative refraction index m at any point in the atmosphere cealddated with the Edlen’s law:

m = 1+ Nx10°

Nolgs—d @ [P(o*150

1-(u/b)® 1-(u/b)*/Po T

P
—[Co—(U/Cl)Z]FV(:

where P is the total air pressure in mb, T is the temperatireP, = 1013.25 mb, = 273.15 K, R,
is the partial pressure of water vapour in mb,\and 0%/ is the frequency in cm-1 for the wavelength
A in micrometers (EDLEN)

The constants in that equation are

ay = 83.42
a, = 185.08
a=4.11

b; = 1.140 x 18
b, = 6.24 x 18
Co = 43.49
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c;=1.70x 16

The total air pressure and the temperature will be the corresponding totdsplaere previously de-
scribed, and the term in the last equation that corresponds to tla passure of water vapour will
be neglected and therefore not calculated.

8.3 Sun and Moon

Sun and Moon position and velocity in the True @it®reference frame will be calculated according to
FLANDERN reference.

8.4 Stars

To calculate the look direction from the sateltidea star, two consecutive steps must be performed:

» To calculate the stars coordinates in the Medbaié reference frame at the current epoch, taking
as input a star catalogue (assumed to be expras#es Barycentric Mean of 2000.0 reference
frame for the epoch J2000.0).

» To calculate the star coordinates in the SatdRative Actual Reference frame at the same epoch.
The first step must apply the following corrections

Table 7: First step correction of star looking direction

Correction Description Effect

Proper motion Intrinsic motion of the star acrose|thower than 0.3 mdeg/year
background with respect to a reference
epoch (e.g J2000.0) leading to a change
in the apparent star position at the current
epoch

Annual parallax Apparent displacement of the positié| Lower than 0.3 mdeg
the star caused by the difference in |the
position of the barycenter and the
position of the Earth with the motion pf
the Earth around the Sun during the year

Light deflection Gravitational lens effect of therSu Lower than 500udeg at the
limb of the Sun and falling o
rapidly with distance, e.g. to|6
pdeg at an elongation of 20 d
(so it will be_ignoredl

Annual aberration | Apparent displacement of the pmsiof | Lower than 6 mdeg

the star caused by the finite speed of light

combined with the motion of the Earth

around the Sun during the year

—h
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Table 7: First step correction of star looking direction

Correction Description Effect

Precession Change of the position of the star cgusmaer than 6.0 mdeg/year
by the transformation from the
Geocentric Mean of 2000.0 to the Mgan
of Date reference frame

whereas the second step must apply the followirgg.on

Table 8: Second step corrections of star looking direction

Correction Description Effect

Satellite parallax Apparent displacement of the tpmsiof | Lower than 0.01%ideg even fo
the star caused by the difference in |ttiee closest stars (so it will ipe
position of the satellite and the positiagnored
of the Earth with the motion of the
satellite around the Earth during an orbit

Satellite aberration Apparent displacement of th&tmm of| Lower than 1 mdeg for LE
the star caused by the finite speed of ligggacecraft

combined with the motion of the satelljte

around the Earth during an orbit

\)
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8.4.1 Stars Positions

To apply some of the necessary corrections to kthe coordinates of a star in the Satelliteafed
Actual Reference frame, the following expressidmalise used (ALMANO9S5 reference):

» Get the following variables from a star catalogue:

- Right ascension at J2000.0 expressed in the Batyic Mean of 2000.0x [rad]
- Declination at J2000.0 expressed in the BaryaeMean of 2000.09, [rad]

- Proper motion in the right ascensipr; [rad/century]

- Proper motion in the declinatiopg [rad/century]

- Radial velocityv [au/century]

- Parallaxt[rad]

+ Correct the star position obtained from the st&alogue @, 8y) for the_proper motiomnd_annual
parallaxeffects using the expressions:

g = (cosn,cosd, sina,Cosd, Sind)
m = (m,, my, m,)

m, = —H,C0Sd,Sina, — Hg5SiNd,Cos, + UTICOSD,COS

m

y = Hg COSD,COSU j — H5SiNG,Sind ; + LTICOSD,Sina

m, = HgCOSY, + UTISING,

P=1q+ TTn_T[rB,Earth

where T = (t - 0.5)/36525, and t is the current TDT expressed in tb2080 format, and
fs. eartn 1S the position of the Earth in AU at that TDT, expressed iBdrgcentric Mean of
2000 reference frame.

« Correct the star position for the annual aberragiffect, using the following expressions:

%1+[1+p—1.;j\7
1+=
- B

P2 = 1+p eV

v = \7_8%53 = 0.0057755B,Earth

wherevg (.., IS the velocity of the Earth in AU/d at the current ERpressed in the Baryc-
entric Mean of 2000 reference frame.

» The satellite aberratiocan be calculated with the expression (IERS_S#Prence):
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AB = asin[\ésine—%f(\—gzsinze} [rad]

whereAB is the change in the look direction from the satellite to thewstsithe velocity of the satellite
expressed in the True of Date reference frame, and c is the velocity of the lightuuava

The following drawing sketches the satellite aberration:

ostar

AO

sic Vsic

Figure 16: Satellite aberration

8.5 Ray tracing

The path followed by the light when it crosses the Earth’s atmosishigezat due to the effect of the
atmospheric refraction, and therefore the direction of the light wieeners the atmosphetg  is dif-
ferent to the direction of the light when it leaves the atmosphere
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This effect is depicted in the following drawing:

rs/c = satellite position vector

Ug = path direction before crossing the atmosphere

u_ = path direction after crossing the atmosphere

rt = tangent point position vector

hy = tangent altitude

Ok = path direction deviation before crossing the atmosphe
©, = path direction deviation after crossing the atmosphere

- R Apparent patl

UE
DL @)
R N Actual path

parallel
‘.« _paths

Earth Atmosphere

Figure 17: Ray path

Note that this drawing also represents the satellite posifion tarngent point of the light path over
the Earth’s Reference Ellipsoid  and the corresponding tangent alifutiee maximum angular
deviation of the light path at the entrarigeand at the exi®, of the atmosphere, where:

cosBg = cosB; = YO
The geometridistance R 4 between the satellite position and the tangent point is defined as:

Rrg = [Fr=Tsd

Finally, the range is the actual distance between those two points measured along the path

A ray tracing model calculates the path followed by the light from the satellite throlglatmos-
phere to the observation target.

8.5.1 No refraction model

This is the simplest model as the effect of the atmosphdractien is not considered, therefore the
path followed by the light is approximated by a straight line.

The advantage of this model is that is purely analytical.

8.5.2 Refraction models
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There are two refraction ray tracing models, both based on the three following assumptions

» The relative refractive index is a function only of the geometric altitudbd¥e the Earth’s
Reference Ellipsoid, i.e. the Earth’s atmosphere model is based on the assuraptlosltin-
gitude or latitude variations of the relative refraction index are negligible

* The surface at a certain geometric altitude H will be modeled as an ellipsoagntricwith
the Earth’s Reference Ellipsoid, with (a+H) and (b+H) as semi-major anehsiawn axis.

» The light path lays in a planthis plane is defined by the satellite position veeigr  , and by
the known light direction, either. @y . This assumption implies that the three dimahsi
effects of the light path bending are assumed to be negligible.

This simplification is quite accurate and has the advantage to @ikwanalytical calculation of the
intersection of tangent points with such a surface

The light path is calculated by integrating the differential Eikonal s equation in émet pl

wheret is the position vector of a point in the light path, s is théeagth along that path, and m is
the relative refraction index.

Note that iterative methodse usually needed to implement a refraction ray tracing model.

8.5.2.1 Standard atmosphere model
This refraction ray tracing model is based on the atmosphere model described in section 8.2.3.

8.5.2.2 User’s atmosphere model

In this case the atmosphere model is based on a file supplied byethavhieh defines the relative
refraction index m at a discrete set of geometric altitudes H.

To have a continuous, and differentiable, relationship between theee&ftaction index and the ge-
ometric altitude, the relative refraction index at any geometric altitillberncalculated by means of
a cubic spline based on the two closest pair of data supplied by the user.

8.5.3 Predefined refraction corrective functions model

This model also assumes that the light path lays in a plan¢ghereferenceplane defined by the sat-
ellite position vector,. , and by the known light direction, eitlher o or

It is based on the calculation of the parametgrsh o, and & of the tangent point using the no re-
fraction ray tracing model, and the calculation of a set of refraction coedetms by means of pre-
defined curves that depend only on the tangent altitydantl the wavelength of the light signial

Those corrective terms are:

Ahy = fy(hp, \)

ARy 4 = fo(hp, A)

A8 = 18, = f4(h, )
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AS; = fy(hp, A)

The tangent point, corrected for the effects of the atmosphereti@iras calculated knowing that it
lays in thereferenceplane, that the tangent altitude is-hAhy, and that the geometric distance from
the satellite to the tangent point i R+ ARy 4

The actual length of the light path is calculated as 8St

The light direction at the entrance or at the exit of the atmospisaralculated knowing that it lays in
that reference plane, and that is deviated by an afigle AO, .

The great advantage of this ray tracing model is that it iSvelaiguite accurate and is much faster
than therefractionray tracing models as it can be calculated analytically.
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9 UNITS

In general, the units that will be used in all @l software will be the Sl units, except for thegke that
will use thedegree instead of theadian

Table 9: Units in CFl Software

Quantity Unit Symbol
Length meter m
Mass kilogram kg
Time second S
Thermodynamic temperature kelvin K
Amount of substance mole mol
Plane angle degree deg
Frequency hertz Hz
Pressure pascal Pa

Earth Explorer Mission CFl Software CONVENTIONS DOCUMENT



	1 SCOPE
	2 ACRONYMS
	3 APPLICABLE AND REFERENCE DOCUMENTS
	3.1 Applicable Documents
	3.2 Reference Documents

	4 TIME REFERENCES AND MODELS
	4.1 Time References
	4.2 Time formats
	4.2.1 Earth Explorer time formats

	4.3 Time resolution
	4.4 Earth Explorer On-board times

	5 REFERENCE FRAMES
	5.1 General Reference Frames
	5.1.1 Galactic
	5.1.2 Barycentric Mean of 1950
	5.1.3 Barycentric Mean of 2000
	5.1.4 Heliocentric Mean of 2000
	5.1.5 Geocentric Mean of 2000
	5.1.6 Mean of Date
	5.1.7 True of Date
	5.1.8 Earth Fixed
	5.1.9 Topocentric

	5.2 Satellite Reference Frames
	5.2.1 Satellite Orbital

	5.3 General Reference Frames Transformations
	5.3.1 Galactic to Barycentric Mean of 1950
	5.3.2 Barycentric Mean of 1950.0 to Barycentric Mean of 2000
	5.3.3 Barycentric Mean of 2000 to Geocentric Mean of 2000
	5.3.4 Heliocentric Mean of 2000 to Geocentric Mean of 2000
	5.3.5 Geocentric Mean of 2000 to Mean of Date
	5.3.6 Mean of Date to True of Date
	5.3.7 True of Date to Earth Fixed

	5.4 Satellite Reference Frames Transformations

	6 ORBIT CHARACTERISATION
	6.1 Orbit Definition
	6.1.1 Sun-synchronous Orbit
	6.1.2 Quasi Sun-synchronous Orbit
	6.1.3 Geo-synchronous Orbit

	6.2 Orbit Types
	6.2.1 Reference Orbit
	6.2.2 Predicted Orbit
	6.2.3 Restituted Orbit
	6.2.4 TLE Orbit

	6.3 Orbit Propagation Definition
	6.4 Orbit Propagation Models
	6.4.1 Mean Keplerian Orbit Propagator
	6.4.2 Precise Orbit Propagator
	6.4.3 TLE Propagator


	7 PARAMETERS
	7.1 Orbit Parameters
	7.1.1 Cartesian State Vector
	7.1.2 Orbit Radius, Velocity Magnitude and Components
	7.1.3 Osculating Kepler State Vector
	7.1.4 Mean Kepler State Vector
	7.1.5 Equinoctial State Vector
	7.1.6 Ascending Node, Ascending Node Time, Nodal Period, Absolute Orbit Number
	7.1.7 Mean Local Solar Time Drift
	7.1.8 Repeat Cycle and Cycle Length
	7.1.9 Sub-satellite Point, Satellite Nadir and Ground Track
	7.1.10 Mean Local Solar Time and True Local Solar Time
	7.1.11 Phase and Cycle
	7.1.12 Absolute and Relative Orbit Number
	7.1.13 Track Number

	7.2 Attitude Coordinate Systems Parameters
	7.2.1 Attitude determination parameters
	7.2.2 Satellite Centered Direction

	7.3 Earth-related Parameters
	7.3.1 Geodetic Position
	7.3.2 Earth Centered Direction
	7.3.3 Topocentric Direction

	7.4 Ground Station Parameters
	7.4.1 Ground Station Location
	7.4.2 Ground Station Visibility

	7.5 Target Parameters
	7.5.1 Moving and Earth-fixed Targets
	7.5.2 Location Parameters

	7.6 Sun and Moon Parameters
	7.7 Euler angles

	8 MODELS
	8.1 Attitude Modes
	8.2 Earth
	8.2.1 Earth Position
	8.2.2 Earth Geometry
	8.2.3 Earth Atmosphere
	8.2.4 Refractive index

	8.3 Sun and Moon
	8.4 Stars
	8.4.1 Stars Positions

	8.5 Ray tracing
	8.5.1 No refraction model
	8.5.2 Refraction models
	8.5.3 Predefined refraction corrective functions model


	9 UNITS

