SCIENCE = PASSION = TECHNOLOGY ﬂ-l(;u
razm

Comparison and generalization of GNSS satellite attitude
models

Sebastian Strasser?, Simon Banville?, Andreas Kvas?, Sylvain Loyer3, Torsten Mayer-Gurr!

linstitute of Geodesy, Graz University of Technology, Graz, Austria
2Canadian Geodetic Survey, Natural Resources Canada, Ottawa, Canada
3Collecte Localisation Satellites, Ramonville-Saint-Agne, France

EGU General Assembly 2021 (vEGU21: Gather Online) (o _®
2021-04-28 DOI: 10.5194/equsphere-equ21-7825

. » ifg.tugraz.at if,G


https://doi.org/10.5194/egusphere-egu21-7825

Contents / Navigation

1) Introduction and basics of satellite attitude

Wiy is correct modeling of satslite attiluds impartant? *'E,-', Mominal satelibs attitude *'ﬂ,—"
Phass wind-up comechion Tatuille ortd! loroe modeling G R e O O T I O O O
© CHEHHE0N 04 8 S ORI I P e ol vl DI FFF ) T B W D " Vo P
e ke MO et e e el g gt epens g s L st s £ Sateinn g sEraincd v B B 6 B, P
+ Bl by o ] 11 o b | g - B . g TR b, g w1 s B i ik o ] i e N O Al ) A O (i
iy alari
Rkt

A

Saielis arisrna cenier oferievaniation

o

Sl T T —

. b g of

2) Overview and comparison of attitude modes

P ——

Modeling atfiluds behavior of GHSE sailelites Ty COrverview of known atlitude modes Ty
Y ) P I RO O DR OB v R DM R RO : Chmton
[ TV WS ST a— 11 . Ty t— ‘_’_
- e :
" o h 8 B, IR : —
=
f o [Em=] i =
[ A i gl ™.
=3 =3 -
[ [T i -
= D Pl A - ™. =
B [Eaoes] = = T
= T Uiy e s TR
e ws v st v
i |[eo=
L e ] s s [t
§ O Pl e Dy W I ik o L 0 s i L1 i [— [ ————— e e ey e
¢ Dl b bl ek R maieh whsi v e Ll S p? el Hebebink ol d L0 o -

== W Rl ———— e

3) Implementation, model parameters, and special cases
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Why is correct modeling of satellite attitude important?

Ty

Phase wind-up correction

= Depends on the relative orientation of satellite and
receiver antennas

= Mismodeling can result in errors of up to 1 cycle which
mainly affect clock estimates.

Satellite

Satellite attitude
must be known

XR Receiver yR Figure adapted from Wikimedia Commons

Satellite orbit force modeling

= Solar radiation pressure (SRP) is the main error source in
GNSS satellite orbit modelling.

= A priori box-wing SRP models depend on correct attitude.

Satellite antenna center offsets/vtariations
Xs

L# Ys

= Satellites can have horizontal (X/Y)
antenna offsets or variation patterns
that are not radially symmetric.

Sebastian Strasser et al.
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https://commons.wikimedia.org/wiki/File:Circular.Polarization.Circularly.Polarized.Light_With.Components_Right.Handed.svg

Nominal satellite attitude Ty

GNSS satellites generally use one of these two nominal attitude modes:

Yaw-steering mode Orbit normal mode
Satellite yaws around (Earth-pointing) z-axis to Satellite keeps constant yaw angle at all times, resulting
keep solar panels oriented towards the Sun. in less power from solar panels in case of misalignment.

Sebastian Strasser et al.
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Yaw-steering mode during eclipse seasons TU
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During eclipse seasons (e.g., |B| < ~14° for GPS), two problems arise for yaw-steering satellites:
= They cross Earth’s shadow once per revolution and they can not rely on Sun sensors for attitude control during that time.

= At orbit noon and midnight, they might have to yaw faster than physically possible to keep their nominal attitude
(e.g., at B = 0° they would have to instantly yaw by 180°).

These problems are solved by special attitude behavior around orbit noon and midnight.
= Behavior depends on satellite type.
= Noon and midnight turns are often handled differently.

Example: GPS block IIA satellite

Midnight

Watch video on YouTube

Sebastian Strasser et al. ifG


https://www.youtube.com/watch?v=cWt0BQ2jzdM

Satellite attitude comparisons
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= Implementing attitude models into GNSS software is not trivial, as they can have many special cases.

= We compared satellite attitude from three analysis centers and found several mismatches, even though all three
iImplementations were based on the same models.

Example: Special case of GPS-IIF satellite at very low beta angle (8 = —0.1°)
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The results of these
comparisons prompted a
complete reimplementation of all
attitude models at Graz
University of Technology (TUG).

The findings of this task are
presented in the following slides.
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Modeling attitude behavior of GNSS satellites

Noon and midnight turn/shadow crossing behavior can vastly differ between satellite types.

Example: Shadow crossing behavior of various GNSS satellite types

1807 3 Shadow
1507 - — Nominal yaw-steering
120 : Orbit normal (e.g., BDS-2G/3G, QZS-2G)
90 I -
— e0] | Orbit midnight p GPSIR
S 607 - —GPS-lIA
= 30 - —GLO-M
(] i B
EE - GPSHIF Yaw angle ¥
© 1 B
-304 - QZS-21
= . C
S _god Shadow entry - —GAL-1
90 . GAL-2, BDS-3M/3l
120 Shadow exit||  — BDS2W2, Q251
~1804 . — _F
18:00 19:00 20:00
Time

Existing attitude models were either
= Officially published by the satellite operator (in case of Galileo and QZSS) or

Figure adapted from

= Developed by researchers, for example, using reverse kinematic precise point positioning. Montenbruck et al. (2015)

Sebastian Strasser et al.
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Overview of known attitude modes

Satellite type Default Midnight Noon Ref.
GPS-II/IIA A D C [1]
GPS-IIR/IIR-M A C C [1]
GPS-IIF A F C 2]
GLO-M A E [3]
GAL-1 A H H [4]
GAL-2 A [4]
BDS-2G/3G [5, 6]
BDS-2I/2M* A J J [5]
BDS-31/3M A [6]
QzSs-1 A J J [7]
QZS-2G [7]
QZS-2l A [7]

*Most BDS-21/2M satellites have transitioned
to BDS-3I/3M modes

n Sebastian Strasser et al.

yaw angle [deg]

Ty

]
1807 Shadow
150—: _— —A
120 -
90 - ¢
60 - —D
30 -
0 = - —F
-30- / -
-60 - —H
-90 - -
120 - —J
150 -
-180 - ————— N . I
18:00 19!00 20:00

Time
Mode denotation (somewhat descriptive):

A Nominal yaw-steering

C Catch-up yaw-steering
D Shadow max yaw-steering and recovery

E Shadow max yaw-steering and stop

F Shadow constant yaw-steering

J

H Smoothed yaw-steering 1

Beta-dependent orbit normal
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https://qzss.go.jp/en/technical/qzssinfo/index.html
https://qzss.go.jp/en/technical/qzssinfo/index.html
https://qzss.go.jp/en/technical/qzssinfo/index.html

Similarities and limitations

Similarities

= Most modes have linear yaw changes/transitions
(e.g.,C,D, E,F G, J).

= Most modes can be defined by noon/midnight
point or shadow start and end point.

= Some modes can be reused for different satellite
types by changing only a few parameters
(e.g., maximum yaw rate or beta threshold).

yaw angle [deg]

Limitations

= Some modes are only used by a single satellite
type and require specialization (e.g., D, E, F, H).

= There are many special cases (e.g., GPS IIA/IIF
noon turn reversals) that need to be considered
somehow, for example, using optional parameters.

= Switches between orbit normal and yaw-steering
modes (i.e., J) cannot always be modeled correctly,
as parameters are only roughly known or switches
are performed manually by satellite operators.

n Sebastian Strasser et al.
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Mode denotation (somewhat descriptive):

A Nominal yaw-steering

C Catch-up yaw-steering
D Shadow max yaw-steering and recovery

E Shadow max yaw-steering and stop

F Shadow constant yaw-steering

H Smoothed yaw-steering 1



Building blocks for models with linear yaw changes TU
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Only a few simple building blocks are required to implement all models with linear yaw changes
= Nominal yaw angle at each epoch
Y = atan2(—tanpf, sinu)

= The starting point of the linear yaw change, which is easy to predetermine

180 - 3
150 - Shadow
120 = —A
= 90- — F —C
2 04| Orbit midnight () - 5
‘> 30 S
S 01 N - —E
© -30- / - —F
2 60 3
& E ) 2
-90 7 E
~120 3 Point where nominal yaw rate exceeds
Shadow entry (D, E, F) =22~ ~ S— maximum yaw rate of satellite (C)
18:00 19:00 20:00

= A function that keeps yawing at a given yaw rate until it catches up with some (usually the nominal) yaw angle

function catchUpYawAngle (startingPoint, yawRate, directionOfTime)

Sebastian Strasser et al. ifG



Example implementations of models with linear yaw changes (1)
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Based on the building blocks, the basic implementations (Simplified pseudocode, actual C++
of the different linear yaw modes are simple: implementations available on GitHub)

C (Catch-up yaw-steering)

1 catchUpYawAngle (pointWhereYawRateIsExceeded, maxYawRate, forward)

Point where nominal yaw rate exceeds
maximum yaw rate of satellite

D (Shadow max yaw-steering and recovery)

3 catchUpYawAngle (shadowEntry, maxYawRate, forward) 3

Shadow entry

3

1 for each epoch between shadowEntry and shadowExit: 1-2 ;l
2 epoch.yawAngle = shadowEntry.yawAngle + (epoch.time - shadowEntry.time) * maxYawRate E
3 catchUpYawAngle (shadowExit, maxYawRate, forward) E
Shadow entry Sh. exit
E (Shadow max yaw-steering and stop) O T
1 for each epoch between shadowEntry+l and shadowExit: -g 1-2 ;
2 epoch.yawAngle = shadowExit.yawAngle = ’ =

= 4

0
=
®
X
~+
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https://github.com/groops-devs/groops/blob/main/source/programs/simulation/simulateStarCameraGnss.cpp

Example implementations of models with linear yaw changes (2) TU
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F (Shadow constant yaw-steering) ————————

1 yawRate = (shadowExit.yawAngle-shadowEntry.yawAngle) / (shadowExit.time-shadowEntry.time) fShadOMIGXET
2 for each epoch between shadowEntry and shadowExit: E
3 epoch.yawAngle = shadowEntry.yawAngle + (epoch.time - shadowEntry.time) * yawRate ;
Shadow entry 3
Alternatively (similar to G): o e e 2 s =
1 yawRate = (shadowExit.yawAngle-shadowEntry.yawAngle) / (shadowExit.time-shadowEntry.time) ()rbanndrught ;
2 catchUpYawAngle (orbitMidnight, yawRate, backward) ;
3 catchUpYawAngle (orbitMidnight, yawRate, forward) 2 3
N:lE
T T LI T T I LI T T T T T
L1 1 11/ I L1 1 1 1 ]]./]
= E
1 catchUpYawAngle (orbitMidnight, maxYawRate, backward) ()rbﬂlTﬂdr“ght ;
2 catchUpYawAngle (orbitMidnight, maxYawRate, forward) i
1 RN/ 3

4
Sebastian Strasser et al. fG




Reusing models for different satellite types

Some models can be reused for different satellite types by providing a few
parameters, for example the maximum yaw rate .5 Of a satellite.

Examples:
= C (Catch-up yaw-steering)
GPS-II/IIA: Wmax = 0.12°/s

GPS-IR/MR-M: Y5 = 0.20°/s Model only activates
GPS-IlIF: ¢max = 0.11°/s if |B] < Bthreshold
GLO-M: l@max = 0.250°/s, Bthreshold = 2°

QZS-2I: Ymax = 0.055°/s, Bihreshold = 5°

GAL-2 €threshold = 10° Bihreshold = 4:1°, Tmax = 5656 s
BDS-3I €threshold = 6°  Pthreshold = 3°y  Tmax = 5740's
BDS-3M €threshold = 6°  Pthreshold = 3°»  Tmax = 3090's

Z T

Model only activates if collinearity
angle (see [4]) |€| < €wreshold

Sebastian Strasser et al.

Maximum maneuver time

Satellite type  Default Midnight Noon Ref.
GPS-II/IIA A D C [1]
GPS-IIR/IIR-M A C C [1]
GPS-IIF A F C 2]
GLO-M A E [3]
GAL-1 A H H [4]
GAL-2 A [4]
BDS-2G/3G [S. 6]
BDS-21/2M* A [5]
BDS-31/3M A [6]
QZS-1 A [7]
QZS-2G [7]
QZzS-2l A [7]

*Most BDS-21/2M satellites have transitioned
to BDS-31/3M modes
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https://doi.org/10.1016/j.asr.2010.09.007
https://www.gsc-europa.eu/support-to-developers/galileo-satellite-metadata#3
https://www.gsc-europa.eu/support-to-developers/galileo-satellite-metadata#3
https://doi.org/10.1007/s10291-018-0783-1
https://doi.org/10.1017/S0373463318000103
https://doi.org/10.1007/s10291-018-0783-1
https://doi.org/10.1017/S0373463318000103
https://qzss.go.jp/en/technical/qzssinfo/index.html
https://qzss.go.jp/en/technical/qzssinfo/index.html
https://qzss.go.jp/en/technical/qzssinfo/index.html
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Handling special cases of individual satellites Ty

Satellites sometimes deviate from their type-specific behavior or change attitude mode over time:
= Estimated GPS-II/IIA yaw rates slightly differ per satellite [1].

= GLO-M satellite R713 behaved differently due to malfunctioning solar sensors [3].

= BDS-21/2M satellites have transitioned to BDS-31/3M modes [5].

= QZS-1 switches between yaw-steering and orbit normal mode are regularly published [7].

These special cases can be easily handled by externally sourcing models and parameters, for example from files or a database.

Example: GPS-IIA satellite G032 Example: BDS-2I satellite C005
Starttime  Default Midnight Noon P max Whias Starttime  Def. Midn. Noon .. €nr.  Bthr  Tomax
1992-11-22 A D C 0.1211°/s 0° 2010-07-31 A 0.085°/s 5° 4° -
1994-06-05 A D C 0.1211°/s 0.5° 2017-01-01 A 0.085°/s 6° 3° 5740 s
1995-03-27 A D c o111% -05° Example: QZS-1 satellite J0O1
1995-09-24 A D c 0.1211%s 0.5% Start time Default Midnight Noon .« Whias

Example: GPS-IIA satellite G033

Starttime  Default Midnight Noon P imax 2021-01-31 09:47:01 0.01°/s  180°
1996-03-28 A D @ 0.1230°/s  0.5° 2021-03-11 07:50:47 A A A 0.01°/s 0°

Sebastian Strasser et al. ifG
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Summary TU
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GNSS satellites use various attitude modes that are not always trivial to implement into software packages.

We presented:

= An overview and comparison of known GNSS satellite attitude modes

= Ways to generalize the models, leading to less special code and (hopefully) less potential implementation errors
= A possible way to handle special cases without sacrificing generality

All attitude models have been implemented in TUG’s open-source software GROOPS. The C++ source code, documentation,
and an overview of model parameters are available on GitHub. A data set containing test output for all models is also available.

GROOPS is a software toolkit for tasks such as: You can learn more about the software in

= Gravity field recovery our EGU 2021 contribution on GROOPS:

= GNSS network processing and PPP Kvas et al. (2021) GROOPS: An open-

source software package for GNSS

= Statistical analysis and visualization G RO O P S processing and gravity field recovery.
DOI: 10.5194/eqgusphere-equ21-10574

= Satellite orbit determination

Sebastian Strasser et al. ifG
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