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1. Introduction to Satellite Operation

Command and Telemetry

Satellite

The most important element of a satellite mission is its operation. Communications
between ground stations and satellites can be divided into two types: Command Data

and Telemetry Data.

© Tohoku University
+ Command Data — Data sent from ground stations to satellites in order to control the
satellite system. The satellite must execute commands whenever they are received

from the ground station. Telemetry Data

Command Data

* Telemetry Data — Data sent from the satellite to ground stations.

- Housekeeping (HK) Data: Basic status information of satellite components in
order to monitor the health status of the satellite, such as voltages, temperature
and so on. HK data is usually periodically and continuously sent to the ground

stations during contact.

 Mission Data: Data acquired from the mission instruments, such as Earth
observation images, measured environmental sensor data, etc.
The amount of mission data is usually very large and a long communication
period and/or high-speed communications are required. Ground Station

© Tohoku University
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1. Introduction to Satellite Operation

Orbital Pass

* An “orbital pass” is the period in which a spacecraft is above the local horizon.

* The beginning of a pass is termed acquisition of signal (AOS)

* The end of a pass is termed /oss of signal (LOS).
* Line-of-sight communication between the satellite and the ground station is possible between this period.
* The duration of one pass depends on the type of satellite orbit, especially orbit altitude.

* ISS orbit (altitude of 400km): about 10 minutes

* Earth observation orbit around 500 — 600 km altitude: approximately less than 12 minutes

* The time available for communication is limited, which means that proper preparation must be made in advance for the

operation.
i (Closest)
ﬁi : Y.
| y Propagation path &\ (Farthest)

Orbital Pass
9,

b e N Local Horizon

Elevation Angle

© Tohoku University
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1. Introduction to Satellite Operation

Ground Station Receiving Telemetry (single pass)
Wind Speed
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1. Introduction to Satellite Operation

AOS: Acquisition Of Signal
Ground Station Receiving Telemetry (single pass) MEL: Maximum ELevation
LOS: Loss Of Signal
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. Introduction to Satellite Operation

Ground Station Sending Commands (single pass)

Satellite Control Software called SAT-QL (= Satellite Quick Look)
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. Introduction to Satellite Operation

Ground Station Sending Commands (single pass)
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1. Introduction to Satellite Operation

Example of Real Telemetry Data

- ‘B FormatB_PCC_0x00000000_20211215-090011.bin [ G¥Dropbox ({8 A F)¥Laboratory (shared)¥ASTERIS.,  — O x
4 FrIWE BEE BEE BEHD HyFW FEE ALIH
= Gl 4 &, o 2 By W, ow %G B
Address 00 0L 02 03 04 05 06 07 08 09 ODA OB OC OD OE OF O01:a
00000000 FF D8 FF EO 00 11 4A 46 49 46 00 01 01 01 00 Q0 | V.
00000010 00 00 00 00 OA FF DB 00 43 00 08 06 06 07 06 05 ...
00000020 08 07 N?\og 09 08 0A OC 14 0D OC OB OB OC 19
00000030 12 13 OF
00000040 20 22 2¢ 23 Y The global standard for JPEG data is to start
00000050 27 39 3D 38 : .
P % 09 oc om with OxFFD8 and end with OxFFD9.
00000070 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 22:
00000080 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 22:
00000090 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 FF 223
000000A0 C4 00 1F 00 00 Ol 05 01 01 01 01 01 Ol 00 00 00 *
00000080 00 00 00 00 00 01 02 03 04 05 06 07 08 03 OA OB ..
000000C0 FF C4 00 B5 10 00 02 0l 03 03 02 04 03 05 05 04 b
2 00000000 04 00 00 01 7D 01 02 03 00 04 11 05 12 21 31 41 ..
000000EQ 06 13 51 61 07 22 71 14 32 81 91 Al 08 23 42 Bl .. (
000000F0 €l 15 52 D1 FO 24 33 62 72 82 09 0A 16 17 18 19 +.°f
00000100 1A 25 26 27 28 29 2A 34 35 36 37 38 39 3A 43 44 . %
00000110 45 46 47 48 49 4A 53 54 55 56 57 58 59 S5A 63 64 EFC
00000120 65 66 67 68 69 6A 73 74 75 76 77 78 79 TA 83 84 efs
00000130 85 8 87 88 89 B8A 92 93 94 95 96 97 98 99 9A A2 - &
4100000140 A3 A4 A5 A6 A7 AS A9 AA B2 B3 B4 B5 B6 B7 BS B9 . -
00000150 BA C2 C3 C4 C5 C6 C7 C8 C9 CA D2 D3 D4 D5 D6 D7 197
00000160 DS D9 DA El E? E3 E4 E5 E6 E7 ES E9 EA F1 F2 F3 Unl
00000170 F4 F5 F6 F7 F8 F9 FA FF C4 00 1F 01 00 03 01 01 X
00000180 0L 01 01 01 01 Ol Ol 00 OO OO 0O 00 OO Ol 02 O3
00000190 04 05 06 07 08 09 OA OB FF C4 00 BS 11 00 02 01
000001A0 02 04 04 03 04 07 05 04 04 00 Ol 02 77 00 01 02
00000180 03 11 04 05 21 31 06 12 41 51 07 61 71 13 22 32
000001C0 81 08 14 42 91 Al BL Cl 09 23 33 52 FO 15 62 72
00000100 DI 0OA 16 24 34 El 25 F1 17 18 19 1A 26 27 28 29 L..
000001EQ 26 35 36 37 38 39 3A 43 44 45 46 47 48 49 4A 53 *5¢
000001F0 5/ 55 56 57 58 59 5A 63 64 65 66 67 68 69 6A 73 TU\
00000200 74 75 76 77 78 79 TA 82 83 84 85 85 87 88 89 8A tun
< >
0x00000000 101038 Byte) SHIFT.JIS A

Cosmic Dust Detector Membrane

KiboCUBE Academy
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Taken by “ASTERISC”
2021/12/14 23:57:43 UTC
JPEG, 42 kB
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2. Essential Knowledge of Attitude Control Required for the Operation

Introduction to Satellite Attitude Control

< No Attitude Control> I

Spin stabilization
For power generation

[ Detumbling Mode ]4:' Safe Mode

w>5.029/s I

Nominal Mode J Orbit and Attitude Determination Only (No Control)
< Coarse Attitude Control > I

© Tohoku University

)

Planet
Pointing Mode

Ground Target Optl(?al :
Tracking Mode Communication
Mode

8 control modes in total

Inertial
Pointing Mode
LVLH Mode ]

KiboCUBE Academy



2. Essential Knowledge of Attitude and Orbit Required for the Operation

L ¢
Commonly used attitude control modes: Inertial Pointing Mode

UTC @ 2B19-85/18 @3:55:21.000 SNO0361

LATITUDE : +@869.583 [DEG]
LONGITUDE : -117.578 [DEG1] Oocz 490 nm
’

Exposure Time 1.9 ms

ALTITUDE : 3516.918 [KM]

2019/5/18
04:00:31 UTC

© JSASS

SN00362
HPT-VIS, 555 nm
Exposure Time 32.5 ms

1 2019/5/18
04:00:31 UTC

star track : ' N ©JsASS

© Tohoku University Optical sensors like HPT and OOC degrade due to severe space environment.
By observing the Moon on regular basis, we can quantitatively measure their

2019/05/18 03:55:21 ~ 04:00:07 UTC degradation.

Ground operators have to calculate appropriate target attitude and send as

- CG was generated from the real attitude log.
commands.

- 25 times faster
Alignment error of attitude sensors can be measured.

KiboCUBE Academy 14




2. Essential Knowledge of Attitude Control Required for the Operation

Commonly used attitude control modes: LVLH Mode

ATC- +2019/06/83 2 .oo0 |8 - — Diomede Islands

LATITUDE : +881.¢ CDOM observed by RISESAT at 22:31 3rd June 2019 UTC, around Diomede Islands in the Bering Strait, a gateway to the Arctic from the Pacific

LONGITUDE : =142,
ALTITUDE 3

< -1
Optical Absorption Coefficient at 405 nm of Colored Dissoved Organic Matter (CDOM) [m ]
0.20

Chukchi Sea

Russia

© 2021 IEEE

* Visible and Near-Infrared 4-bands Observation
* 405, 490, 555, 869 nm
 STTs are continuously available during LVLH mode.

© Tohoku University

2019/06/03 22:27:19 ~ 22:32:05 UTC

- CG was generated from the real attitude log.
- 50 times faster

+ Ground operators have to calculate appropriate roll, pitch, yaw angle
and send as commands.

KiboCUBE Academy




2. Essential Knowledge of Attitude Control Required for the Operation

Commonly used attitude control modes: LVLH Mode

4

RISESAT
direction of travel

\

Denver

0O0C3, 555 nm © JSASS

2019/08/28 16:29:44 ~ 16:30:18 UTC, 4s interval, 10 continuous shots

KiboCUBE Academy - JLUNISER 72 16




2. Essential Knowledge of Attitude Control Required for the Operation

Commonly used attitude control modes: Ground Target Pointing Mode

An example of multi-spectral observation with target pointing attitude control is illustrated below.

| 2019/05/30 00:09:28 ~ 00:19:02 UTC

630 Band
3.7m GSD

Star Tracker #1 Star Tracker #2 Camera View

B ©sass
Sendai, True Color Composite

© Tohoku Universit , - i inti i
oot Zversty Multi-spectral observation with target pointing attitude control mod

* Fujita, S., et al.: Development and Ground Evaluation of Ground-Target Tracking Control of Microsatellite RISESAT, Trans. JSASS ATJ, 17, 2 (2019), pp.120-126.
* Kurihara, J., Kuwahara, T., et al.,: A High Spatial Resolution Multispectral Sensor on the RISESAT Microsatellite, Trans. JSASS ATJ, 18, 5 (2020), pp.186-191.

KiboCUBE Academy



2. Essential Knowledge of Attitude Control Required for the Operation

Commonly used attitude control modes: Ground Target Pointing Mode

Attitude control methods to achieve the mission objectives shall be selected by a careful engineering trade-off process.

Push-Bloom Observation Step-Stare Observation

Matrix
Sensor

Line sensor

Multi-spectral
Observation of a

Scanning Certain target
© Tohoku University © Tohoku University
Pros: The attitude motion of the satellite can be kept slow Pros: Exposure time can be long.
Observation area can be larger Cons: Attitude control needs to be accurate and agile.
Cons: Exposure time tends to become short. Small observation area.

KiboCUBE Academy



2. Essential Knowledge of Attitude Control Required for the Operation

Combination of multiple attitude control modes for operation planning

3rd Stage: Stars in Optical axis of HPT
Ground target tracking with deep space

gyroscope integration
RISESAT

>

% ﬁérse
& attitude control
STTs 1st Stage:
Ground 2nd Stage: Start control from a lost-in-space attitude
Target Fine attitude determination © 2019 IEEE

with a star tracker

2

© 2019 IEEE

Onboard Camera

KiboCUBE Academy



2. Essential Knowledge of Attitude Control Required for the Operation

Combination of multiple attitude control modes for operation planning

BT o] -—g Target Point (75.0097°S, 10.2544°E)

Orbit Altitude: 500km
& ‘gé 2

AL

Latitude [°]

© Google

STT optimal attitude at 00:08:00 & 00:12:00

q%, = [—0.374920,0.212529,0.121786,0.894111]

q°.,, = [-0.373640,0.205027,0.143410,0.893191]

Tumbling Maneuver STT Optimal  Target Tracking LVLH

Attitude Determination Mode < : > >
Coarse Attitude Det. STTonly 1R

Orbit Determination Mode < > >
GPS only GPS-TLE hybrid © JSASS

P »
< >
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3. Essential Knowledge of Orbit

Determination for Satellite Operation.

> KiboCUBE Academy
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3. Essential Knowledge of Orbit for Satellite Operation

What is "Two-line Element set (TLE)"

A two-line element set (often called TLE) is one of the
data formats used to represent orbital elements orbiting
the Earth.

* The satellite orbit is represented by a 69-character, 2-line
text. The format was originally intended for punched
cards, encoding a set of elements on two standard 80-
column cards.

+ Satellites, debris, and other objects in orbit are monitored
by the U.S. military, and TLEs are automatically created
from this information. TLE information is available free of
charge on the web and can be used by anyone.

* Using this TLE and the appropriate calculation algorithm,
it is possible to determine the position of a satellite at any
given time.

lst derivative of Mean Drag term or

Narmne of Satellite Motion or Ballistic Coefficient  radiation pressure

(11 characters) E poch Year & _ o coeffisient  plrent Nurder
International Jyliarn Day | 2nd derivative of Mean & Check sum
Designator Fraction | Motion, usually blank Ephermeris

-.- ITS“'PE*
1 84123 A)(E6 S0, 28438588 D.Dnnnnlcin(m%m@(w)
2 05.5105) 69.3305) 0012728 63. 2828205, 965514, 2450020234607 5
? T © NASA
Satellite  Inclination Eccentricity Mean &noraly
N =r Right Ascension Argurrent Mean Motion
of the Ascending of Periges Bealition nimoher
Node at epoch & check suwn

L R
BOURRE BRRE RRRRE hRnnnnnn
J

An 80-column punched card
By Blue-punch-card-front.png: Gwernderivative work: agr (talk) - Blue-punch-card-
front.png, Public Domain, https://commons.wikimedia.org/w/index.php?curid=8511203

KiboCUBE Academy



3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Reading Two-line Element set: Linel

This name is usually not necessary for TLE. Numbered in the order of launch.
The name is for human understanding. Not required for orbit calculation. The reference date and time for this orbit element.
\ 1 st derivative of Me Drag term or
Narne of Satellite Motion or Eallisti efficient radiation pressure
(11 characters) Epoch Vear & . coefficient Elerment Mumher
International  1iian Day - 2nd derivattre of Mean & Checl sum
Designator Fractioh - Motion, usually blank Epherneris
| | Type

Linel=> G4123 ANGS6 S0.28438588)0.00000140 1 00000-0 ( 67960-4)0
r; 69.5305) 00 127558 | 63. 2020206, 966K 14. 2400020454607 &
IS'-.]atE”itE Inclination Eccentricity Mean Anoraly
wriber Right Ascension Argument Mean Mation
of the Ascending of Periges Bevnlition niorber
Node at epoch & check swm
“Satellite Number” is the serial © NASA

number of the registered object.
Not required for orbit calculation.
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Epoch

Epoch Year &
1 Jdlian Day
Fraction

The other: Day of the year and fractional portion of the day

K56 S0.z28435558) In this case, 50.28438588 days after January 1.
— = February 19, 06:49:30.94

Start with 50.28438588 days (Days = 50)
50.28438588 days - 50 = 0.28438588 days
0.28438588 days x 24 hours/day = 6.8253 hours (Hours = 6)
First two-digit: Last two digits of the year 6.8253 hours - 6 = 0.8253 hours _ _
In this case, 1986. (This TLE example is very old) 0.8253 hours x 60 mlnut(_es/hour = 49.5157 minutes (Minutes = 49)
49.5157 - 49 = 0.5157 minutes
0.5157 minutes x 60 seconds/minute = 30.94 seconds (Seconds = 30.94)

IMPORTANT: January 15tis Day 1, not Day 0.

KiboCUBE Academy



3. Essential Knowledge of Orbit for Satellite Operation

3. Understanding the “TLE”, Julian Day

* The Julian day is commonly used to denote the date and time in the field of Astronomy.

- Satellite orbit calculations and attitude control are strongly related to astronomy => we also recommend using the Julian day.

* The Julian day is the continuous count of days since the beginning of the Julian period.

* That s, it is equivalent to the number of days elapsed since noon on January 1, 4713 BC.
 Today, September 9, 2022 at 00:00 UTC = 2459831.5

* For ease of use in astronomical observations at midnight, it is said that noon is defined as the beginning of the day.

Converting Gregorian calendar date to Julian Day Number [edit]

The algorithm is valid for all (possibly proleptic) Gregorian calendar dates after November 23, —4713. Divisions are integer divisions towards zero; fractional parts are ignored.[5%]
IDN = (1461 x (Y + 4800 + (M — 14)/12))/4 +(367 x (M — 2 — 12 x ((M — 14)/12)))/12 — (3 x (¥ + 4900 + (M - 14)/12)/100))/4 + D — 32075

Converting Julian calendar date to Julian Day Number [ =dit]

The algorithm!®*1 is valid for all {possibly proleptic) Julian calendar years = —4712, that is, for all JDN = 0. Divisions are integer divisions, fractional parts are ignored.
JDN = 367 x ¥ — (7 x (Y + 5001 + (M — 9)/7))/4 + (275 x M)/9 + D + 1729777

Finding Julian date given Julian day number and time of day [=zdit]

For the full Julian Date of a moment after 12:00 UT one can use the following. Divisions are real numbers.

o hour—12 minuie second
JD = JDN + —— + S0t e

So, for example, January 1, 2000, at 18:00:00 UT corresponds to JO = 2451545.25

For a point in time in a given Julian day after midnight UT and before 12:00 UT, add 1 or use the JDN of the next afternoon. https://en.wikipedia.org/wiki/Julian_day
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Time Derivative of Mean Motion

1 st derivative of hMean
Motion or Ballistic Coefficient
unit: [revs/day?] |

- 2nd derivatire of Mean

Used to compensate for the non-uniformity of the Motion, HSHEHF blank unit: [revs/day3]

Earth's gravitational potential. \ 3
0. 00000140 Qoooo-0

Mean Motion: unit [revs/day]

* The number of times a satellite orbits the earth in a day _._;‘: ....... [ ———— O P
* Related to the velocity of the satellite * Tonin o ":
* The ssize of the orbit can be determined from Kepler's third law. :
* “The ratio of the square of an object's orbital period with the cube of the semi-major axis of ] i
its orbit is the same for all objects orbiting the same primary” \.* __________ : ______________________
o ' a2 oc p3 . | satellite
a: semi-major axis p: orbital period By Stiindle - Own work, CCO,

https://commons.wikimedia.org/w/index.php?curid=17454018
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Drag Term

. \ satelllte also called B* (B star)
’ ‘ Drag term or
— Drag radiation pressure
S ra .
8 coefficient
Earth’s upper atmosphere © Tohoku University
{ 67960-4)

The last two characters define an applicable power of 10.
In this case, 0.67960 X 10 (no unit)

* For low orbits at altitudes of a few hundred kilometers, a rarefied atmosphere exists.
» Used to compensate for the slowing of the satellite's velocity due to aerodynamic drag.
» Even with this correction, TLE is only effective for about a week.
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3. Essential Knowledge of Orbit for Satellite Operation

3. Understanding the “TLE”, Reading Two-line Element set: Linel

Not required for orbit calculation.

1 st derivative of Mean Drag terrmor
Name of Satellite Motion or Eallistic Coefficient radiation pressure
(11 characters) | Epoch Vear & | o coefficient Element Murmher
International  jiian Diay - 2nd derivattre of Mean & Check sum
Designator Fraction - Motion, usually blank Ephemeris

| | Tope
NOLA 6 L

Linel=> 11141654123 86 50.284358588)0. 00000140 /0 00000-0 ( 67960-4)0 ) 5203
281416 A9E8.5105) 69.3305) 0012785 ) 63, 2528206, 065514, 2450020234607 5

Ao T

Batellite  Inclination Eccentricity Mean Anomaly

Nurnber Right Ascension Argurrent Mean Motion
of the Ascending of Periges E.evolttion niomnber
Iode

at epoch & check stm

KiboCUBE Academy



3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Reading Two-line Element set: Line2

1 st derivative of Mean Drag term or
Narne of Satellite Motion or Eallistic Coefficient radiation pressure
(11 characters) | Epoch Vear & | o coefficient Elerment Mumher
International  1iian Day - 2nd derivattre of Mean & Check sum
Designator Fraction - Motion, usually blank Epherneris
| | Type

24122 BW26 S0.284235522)0.00000140 0 00000-0 ) 67960-440 { 5203

69.3305)00 1272581 63. 2828(296.9658K14. 2450020234697 3

T

Line2= =

Satellite Inclination Eccentricity Mean Anoraly

Nurnber Right Ascension Argutrent Mean Motion
of the Ascending of Periges Eevalition niorber
Iode at epoch & check swom

“Satellite Number” is the serial
number of the registered object.
Not required for orbit calculations.
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Inclination

95,5105

Inclination

Inclination: [degrees]

* The angle between the equator and the orbit plane.
* The value is defined in the TEME coordinate system.

Orbit Plane
Celestial body

True anomaly
Argument of pgriapsis

Y

Reference
direction

Longitude of ascending node

—

Equator

P
lane of reference

63 Inclination
Ascending node

By Lasunncty at the English Wikipedia, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=8971052
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Inertial Coordinate System and Geodetic Coordinate System

* Itis important to be aware of the coordinate system when thinking about attitude and orbit calculation.
- Earth is rotating relative to the inertial coordinate system.
* usually called ECI: Earth Centered Inertial coordinate system
* This ECI coordinate system is a generic term for a number of the inertial coordinate system.
* various inertial coordinate systems exist due to differences in the detailed definition of the coordinate axes.

YA 4 D
\ N
S

] Fixed with and rotates with the Earth

—

______ Geodetic Coordinate System
(ECEF: Earth Centered Earth Fixed)

Fixed with the inertial frame Equatorial Plane
—

Inertial Coordinate System
(ECI: Earth Centered Inertial)

Vernal Equinox P

~> © Tohoku University
The prime meridian X
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, TEME Coordinate System

* The TEME coordinate system used by TLE is one of the Earth-centered
inertial coordinate systems.

* TEME: True Equator, Mean Equinox
* To define a right-handed Cartesian coordinate system, we must first
determine the two axes. In ECI coordinate system,
« X axis is in the direction of the vernal equinox

« Z axisis in the direction of the Earth’s axis of rotation
{1 normal vector to the equatorial plane.

* These axes are not fixed with respect to the true inertial coordinate
system because the Earth's rotation is oscillating.

* In TEME,

* True Equator = Instantaneous equatorial plane, considering the oscillation
of the Earth's rotation.

* Mean Equinox = Mean direction of the vernal equinox at the concerned
time.

X

vernal equinox
* This coordinate system is basically used only for TLE calculations.

Springer

KiboCUBE Academy
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Example of coordinate transformation method

This conversion transforms

Geodetic
Coordinate:

the nutation motion of the Earth’s rotation. =

This conversion transforms

the presession motion of the Earth’s rotation. =

Inertial
Coordinate:

ITRS

International Terrestrial Reference System

w1 = ]i(x,,,y,,)

PEF

Pseudo Earth Fixed

[R] = f(Q:GAST1980)

e D

4 v
TOD - [Eq] ------ TEME
True of Date True Equator Mean Equinox
[N] = f(AY19g0, A519:80' 801950, 6A&19g0) \

v

MOD

Mean of Date

[Pl = £(2,0,2)
\ 4

GCRS

Geocentric Celestial Reference System

KiboCUBE Academy

3x3 transformation matrix
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, How to obtain the coordinate transformation matrix parameters

« Parameters are needed to be used in the transformation calculation.

* EOP: Earth Orientation Parameter

- Maintained by the International Earth Rotation Service (IERS) in Paris.
* On their web site, you can find latest and historical information of EOPs.

e Refarence Ssiems SEEE

About IERS

Directing Board
Analysis Coordinator
Product Centres
Technigue Centres
Central Bureau

ITRS Combination
Centres

Working groups

Workshops

Search website:
CEITE

Search IERS products:
Product search
Search IERS Messages:
Message search

o IERS Components
fa Login
E=1Subscription

P! FAQs

[ Glossary

A7 Acronyms

48 Sitemap

§ Legal & Privacy

§ Privacy statement
[ Contact

By The logo is from the following website: http://www.iers.org, Fair use,
https://en.wikipedia.org/w/index.php?curid=20674210

Qrganization

The IERS was eslablished in 1987 by the
International Astronomical Union and the
Intemnational Union of Geodesy and
Geophysics. Accerding fo the Terms of
Reference, the IERS accomplishes its mission
through the following components: Technique
Centres, Product Cenires, Combination
Centres, Analysis  Coordinator, Central
Bureau, Directing Board.

> More

Publications

Tne IERS issues Messages 1o distribute
news, Bulletins to provide Earth orientation
data, Technical Notes fto publish research
results and proceedings of workshops, and
Annual Reports to inform the public about its

Links to Earth rotation and IERS - Geodesy
and other geosciences - Astronomy - Space
research - Mathematics - Physics - Books and
papers - Computers and informatics - Link
lists and search engines.

» More

Data / Products / Tools

The IERS provides data on Earth orientation.
on the International Celestial Reference
System/Frame, on the International Terrestrial
Reference System/Frame, and on
geophysical fluids. It maintains also
Conventions containing models, constants
and standards

» More

Science background

Information about Earth rotation, reference
frames, and observation techniques in general
- Glossary - References - List of acronyms.

» More

News and meetings

View news ordered by date or with respect fo
publications or general fopics of the |[ERS
Calendars of meetings related to the work of
IERS and of IERS Workshops are available.

s More

KinoCUBE Academy

% IERS Bulletin A (rapid
EOP data and
predictions) - latest
issue

IERS Bulletin B
{monthly EOP data) -
latest issue

IERS Message No. 461:
Session on Reference
Frames at AGU 2022
Interactive map of
ITRF2020 network
added

Survey - GGOS
Strategic Plan

v

v

v

~

» More

IAU XXXI General
Assembly - hybrid
Astrometry for 21st
Century Astronomy
{Focus Meeting 7 at IAU
GA XXXI)

2nd International
Symposium of IAG
Commission 4:
Positioning and
Applications

-

v

v

> More

*

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
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¥ ¥
¥ IERS BULLETIN-& ¥
¥ ¥
¥ Rapid Service/Prediction of Earth Orientation *

P R e R et S R e Rt S S R R e R SRt R e TR R P e S ST S ISR ]
4 Buzust 2022 Yol. XXEY No. 031

GENERAL INFORMATION:
MJD = Julian Date - 2 400 000.5 days
UTZ-UT1 = 0.022 sin(2#pi*T) - 0.012 cos(2xpixT)
- 0.006 sin{d4+pi*T) + 0.007 cos(dxpixT)
where pi = 3.14159265... and T is the date in Besselian vears.
TT = TAL + 32.184 seconds

DUT1= (UTT1-UTC) transmitted with time sigznals
= 0.0 seconds beginning 28 July 2022 at 0000 UTG
Beginning 1 January 2017:
TAI-UTC = 37.000 000 seconds
RRERRERRERERE R R R R R R R R R R R R R R R R Rk
ANNOUNCEMENTS :

There will NOT be a leap second introduced in UTC
at the end of December 2022.

The primary source for IERS Rapid Serwice/Prediction Center (RE/PC)
data products is the official [ERS RE/PC website:
https://maia.usno.navy.mi

*
*
*
*
*
*
*
*
*
[ERS RE/PC products are also awailable from: ¥
MaSh CODIS: https://cddis.nasa.zov/archive/products/iers/ ¥
NASd CODIS: fips://zdc.cddis.eosdis.nasa.zov/eroducts/iers/ *
IERS Central Bureau: https://datacenter.iers.org/eop.php *

*

*

*

*

*

*

*

*

Guestions about [ERS R3/PC products can he emailed to:
eopcpBus.navy.mi

Distribution statement &:
dpproved for public release: distribution unlimited.

HnniiiooiobbbbbnnknRDnDnnnooooob bbb bR RR Rk e

The contributed observations used in the preparation of this Bulletin
are available at <http://www.usno.navy.mil/USNO/earth-orientation/
eo-info/general finput-datar. The contributed analysis results are based
on data from Wery Long Baseline Interferometry (WLBI), 3atellite Laser
Ranging (BLRY, the Global Positioning Systen (GPS) satellites, Lunar
Laser Ranging (LLR}, and meteorological predictions of variations in
Atmospheric Angular Momentum (AAH) .

COMBINED EARTH ORIENTATION PARAMETERS:
IERS Rapid Service

WJD % errar ¥ error  UT1-UTG  error
5 5
22 729 59789 0.28340 .00009 0.41183 .00009 -0.040409 0.000017
22 730 59790 0.28464 .00009 0.40945 .00009 -0.039177 0.000016
22 731 59791 0.28596 .00009 0.40727 .00009 -0.038173 0.000016
22 8 1 59792 0.28709 .00009 0.40522 .00009 -0.037348 0.000015
22 8 2 59793 0.28787 .00009 0.40321 .00009 -0.036744 0.000016
22 8 3 59794 0.25856 .00009 0.40102 .00009 -0.036265 0.000016
22 8 4 59795 0.28946 .00009 0.39870 .00009 -0.035830 0.000014




3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, RAAN

Right Ascension of the Ascending Node (RAAN) Q: [degrees] Celestial body Orbit Plane

* Ascending Node = the crossing point between the orbital plane and the
Earth's equatorial plane. Ascending means “going north”.

* Right Ascension = the longitude relative to the direction of the vernal
equinox.

* The angle between (TEME mean) vernal equinox and the point where True anomaly

the orbit crosses the equatorial plane. Argument of pgriapsis

(Y)

i 69.3305) Reference
direction
Equator —
Right Ascension
of the Ascending
Mode

By Lasunncty at the English Wikipedia, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=8971052
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Equatorial Coordinate System

* The equatorial coordinate system is a celestial coordinate system used to specify the positions of celestial objects.

« Fundamental plane (0° latitude) = celestial equator = Earth’s equator _
celestial sphere

* Poles = Celestial poles = Earth’s rotation axis
* Primary direction (0° longitude) = vernal equinox

* When describing the location of an object in this coordinate system,
Latitude = Declination 6, Longitude = Right ascension a

NORTH
P dicul CELESTIAL
erpendicular
to orbit FoLE

I Axial tilt
or

Obliquity Rotation Axis

CELESTIAL EQUATOR

Orbit direction — [

—— == - - -

|
I
: By I, Dennis Nilsson, CC BY 3.0, https://commons.wikimedia.org/wiki/File:Ra_and_dec_demo_animation_s
SOUTH

ceLESTIAL https://commons.wikimedia.org/w/index.php?curid=3262268 mall.gif#/media/File:Ra_and_dec_demo_animation_small.gif
LE

KiboCUBE Academy



3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Eccentricity

Eccentricity e: [-]
* A constant defining the shape of the orbit
e e=0--circle
e 0<e<1:--ellipse
e e=1--parabola
e e >1--hyperbola

parabola

* When used in aTLE, e is always less than 1.

hyperbola

o0 12788

Eccentricity

Add a leading decimal point
In this case, 0.001278

https://commons.wikimedia.org/wiki/File:E
ccentricity.svg#/media/File:Eccentricity.svg
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Argument of Perigee

Celestial body

Perigee

Equator

\

True anomaly

Orbit Plane

Argument of pgriapsis

Y

Reference
direction

https://www.lizard-tail.com/fSana/tle/misc/what_is_tle G3. 283231 Longitude of ascending nhode

When Argument of perigee is 0, the

perigee is at the equator.
Plane of 1, eferen

When the Argument of perigee is 90 degrees, the i =
phase of the ellipse rotates 90 degrees and shifts to FJ‘EHH'EH’L

Inclination
. £3
the north pole side. of PEI‘IEE!E!

Ascending node

Argument of Perigee w: [degrees]
» Perigee is the orbit's point of closest approach to the Earth. By Lasunncty at the English Wikipedia, CC BY-SA 3.0,
° The angle between the ascending nOde and the perigee. https://commons.wikimedia.org/w/index.php?curid=8971052
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, Mean Anomaly

. * The parameters that have appeared so far were parameters that
Perigee define the shape of the orbit.

* These alone do not determine the satellite's position in orbit.
=> True Anomaly v & Mean Anomaly M

satellite

Equator

\

True anomaly

Orbit Plane

* True Anomaly

* The angle between the direction of perigee and the current position of the

Argument of périapsis satellite, as seen from the main focus of the ellipse.

Y
Reference (296.9658)

direction T

Mean Anorraly

Longitude of ascending node

P
lane of reference

Inclination
64 Mean Anomaly M: [degrees]

Ascending node * The angle, measured from perigee, of the satellite location in the orbit
referenced to a circular orbit with radius equal to the semi-major axis.

By Lasunncty at the English Wikipedia, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=8971052
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3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, True Anomaly and Mean Anomaly

circle

a circle tangent to
the elliptical orbit

projection of P

X

same area

orbit

center of the
auxiliary circle

C f Earth d Z

https://commons.wikimedia.org/wiki/File:Mean_Anomaly.svg#/media/File:Mean_Anomaly.svg

* True Anomaly has a physical entity, but is mathematically
harder to handle.

* use Mean Anomaly M instead.

* The mean anomaly M can be calculated from the
eccentric anomaly E and the eccentricity e with Kepler's

Equation:
M=F—esink.
* e: eccentricity, E: eccentric anomaly

What is the Eccentric anomaly?

(PDCreate a circle tangent to the elliptical orbit as an
auxiliary circle.

@Let X be the point of projection of satellite P onto its
auxiliary circle.

B3 The angle XCZ at this time is the eccentric anomaly.
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3. Essential Knowledge of Orbit for Satellite Operation

L
Understanding the “TLE”, Mean Motion

When mean motion is 1, the satellite orbits the earth once a day.
This is the same as a geostationary satellite.

The larger the mean motion, the smaller the orbit size. Mean Motion

Mean Motion m: [revs/day]
« The value is the mean number of orbits per day the object completes.

KiboCUBE Academy y oy "




3. Essential Knowledge of Orbit for Satellite Operation

Understanding the “TLE”, SGP4 model

* TLE contains all the information that describes the orbit geometry
and satellite position at epoch time
{f Itis not simple to determine it from the position and velocity of
the satellite at a particular time, because satellites are affected by a

Simplified Perturbations Models

force called perturbation. Simplified General Perturbations models
+ Simplified perturbations models were invented in the 1950s. SGP SGP4 SGP8
* a set of five mathematical models
- calculate orbital state vectors of space objects in the Earth-centered for near Earth objects with an orbital period of
inertial (ECI) coordinate system. less than 225 minutes (= 5,877.5 km circular orbit).

+ Simplified General Perturbations (SGP) models are for near Earth

objects with an orbital period of less than 225 minutes. Simplified Deep Space Perturbations models
 Simplified Deep Space Perturbations (SDP) models are for deep
space objects with an orbital period of more than 225 minutes. SDP4 SDP8

- The SGP4 is generally used to calculate satellite orbits with ] : : :
TLE. for deep space objects with an orbital period of

more than 225 minutes (= 5,877.5 km circular orbit).

* has an error ~1 km at epoch and grows at ~1-3 km per day. e.g., Geostationary orbit, 12-hour Molniya orbit

{t sufficient accuracy for ground stations to track satellites.

KiboCUBE Academy
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4. Spacecraft Simulations for Operational Analysis and Planning

Satellite attitude & orbit simulation

SVAZ2 (Spacecraft Visualization and Analysis tool) GMAT (General Mission Analysis Tool )
by Spheresoft by NASA

* There are several simulation tools in the world. Some are free, and some are commercial, but the basic concept is similar.

* The purpose of this presentation is not to provide a tutorial on the tools, so we will not discuss detailed operating
procedures for specific software.
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4. Spacecraft Simulations for Operational Analysis and Planning

Initial Orbit Setup

| Spacecraft . GETlEom e2z [z | [ sexess R —
' online database ez | | [ cospar DTS the 1SS’s TLE

HToSE0TENR 20U ELE. ERL TS
FTEBRESEAN ChREREE) * Name Epoch ~
_ e sEnEnE 1 155 [ZARYA) 2025-01-19 00:07:20
::::f TETPALERR. 2 IS5 [ZARYA) 2025-01-18 21:03:00
ﬁﬁ; e - frr——— 3 IS5 (ZARYA) 20250718 20:38:07
EExesl 12000 > OPMIFT A 4 1SS (ZARYA) 2025401-18 08:15:28
- 15 W
__E_Eaf_km___;____ am s 5 1S5 [ZARYA) 2025-071-18 08:15:28
gl 1605 : ﬁﬁaﬁggii :ﬁi :eg."day
nEEHE 45.0000000000 deg we -RA_dot  0.0988521 day . . . . .
| meam e o * Analysis cannot begin without information about where and
R ron | | R e e when the satellite will be present.
s 3600000000000  deg I ‘Eﬁﬁi 299616 deg .
| I T e - If the satellite you want to analyze has already been launched,
EERE. RS I EHSEE 161232 km H H H
— | = I e i then the TLE should be registered in the online database
|
- described in the previous chapter.
i REREETI |SGP4 . .
Get TLE from oo | oo | In the case of a CubeSat released from the ISS, there is also

IRy T b

. the option of using the ISS's own TLE information as it is to
Onllne data base Ovza—vavErsTiyrsalicabes

perform a quick analysis.

Foval
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4. Spacecraft Simulations for Operational Analysis and Planning
‘Initial Orbit Setup

TP REE) F-9%
BEY  xT

e S AR 2025-01-19 00:07:
S | = W s 2]

8o FER 2025- 21:19.000 (UTC)
5 5¢ CubeSat View Point” Around Earth
B . Distance[km] : 21,911
o

FoVldeg] :45.0 — The area on the ground that is visible from the
satellite. & Communication is possible if there is

) 2797k : None

D 2T ‘ : a ground station within this range.
& 1-FERAAV

O z0f

One-day orbits projected onto a
world map
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4. Spacecraft Simulations for Operational Analysis and Planning

L ¢
Orbit propagation and forecast of satellite passes

Tt The visible passes for one day
FOV[degladsd

e : CRESST 0. 2025-01-1906:01:36  2025-01-1906:11:55 619 -154.6 0.0 233
) CRESST TChbeda =, TS R I T T E YT T e T T T OmaAN T T AT T T R
' CRESST 5 =0, 2025-01-1909:16:39  2025-01-1909:25:23 524 659 V0.0
RES CRESST =0, 2025-01-19 10:54:46 2025-01-19 11:03:20 515 -43.5 \ 0.0
B CRESST CRESST =0, 2025-01-19 12:31:3¢  2025-01-19 12:41:53 619 43.4 \4:1.0
CRESST =0, 2025-01-19 14:08:15  2025-01-19 14:18:47 o 532y -57.8 ¢
CRESST =0, 2025-01-19 15:47:39  2025-01-19 1:58:12 b 213 I -1013

“

)
LR
4L

This path is not suitable for operation because the=="
satellite passes just above the horizon.

© Tohoku University

HSTH

E{£ | Earth

2 TmmAE [0

7 T SREHIA

Use geodetic coordinate system
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4. Spacecraft Simulations for Operational Analysis and Planning

Simulation of observation instruments

FEERVYES x

s #8% | CubeSatl

EFER R TR AT

EezlE  12300v2) v~ @A{53-AAN OZBITFIAN
@iz [deq] IR

# ENCEEZIE A

LAHRE R S A 7y HuE m]

x [0 | v[o | z[e |
LA IEEhS
A @EE OazeL  OxY(YonX) Q¥/X(xonY)
[deg] HfursEsEEE o ~ |0 [deg]

[deg] TMASEENEEE o ~|0 [deg] =

[BESSEGIESE BEAFIIIR
O3 rob=RIEET

AR T

Rl O/ gL XeHTEATINETR AT

OF = P VHSTETREND ¥ IR [deg]
20t ZORALOEE

LD [0 | FRRAEE..
RS, WEIAIR OB
AR R Iy LR 5 )
PLEfAEEY—Iykn] [0 | @I MERHEROT-)
EEEES

BTN | Earth v EmkmsbemsemTs

[P oK S

FoV of the HPT

* Some analysis software can register the field of view of the
observation instrument and alignment information to the satellite,
and have the software calculate the area visible from the sensor.

 oicnss  © With such a tool, it is possible to confirm in advance that the target

RISESAT HPT’s F|rst Light Image i ; ; : . . .
Suburb of Sendai (2019/5/30), True Color Composite attitude settmg IS correct, aIIowmg for more efficient operatlon.
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4. Spacecraft Simulations for Operational Analysis and Planning

Simulation of observation instruments

HrSEE s
& [Tokyostn. | it [Earth v

F Stn Sat pass Type Start End Perind[s] AZ1[deq] EL1[deg] Rangel[km] A

aREEN OmaR  OF Tokyo  CubeSati 4 EL»0.0 2025-01-19 06:00:51  2025-01-19 06:11:21 -151,8 0.1 2344.2
e e Tokyo | CubeSatt |4 |MaxEL [ 2025-01-19 06:06:05 __I

EmmE) | ik Tokyo  CubeSatl 5 EL>0.0 2025-01-1907:37:46  2025-01-19 07:47:59 -102.4 0.0 2348.,9
| C Akt i Tokyo [ CubeSatt |5 |MaxEL  [2025-01-1907:42:51 __ml

S AT Tokyo  CubeSatl &  EL>0.0 2025-01-19 09:16:49  2025-01-19 09:24: 26 -57.9 0.0 2346.6
Tokyo [ CubeSatt |6 |MaxEL  [2025-01-1909:20:37 __I

= ey Tokyo  CubeSati 7 ELx0.0 2025-01-19 10:55:20  2025-01-19 11:02:31 -33.4 0.0 2351.3
Tokyo | CubeSatt |7 |MaxEL  [2025-01-19 10:58:55 __I

— Tnkyn CubeSat1 8  EL»0.0 2025-01-19 12:32:00  2025-01-19 12:41:43 -35.9 2355.4

Tokyo | CubeSatl |8 [MaxEL | 2025-01-19 12:36:52 __I

.-tn}w__::uheﬁa’r.'l. e e e e e e e 2] Ll L (02 e e 2l L L D G e B o i e e i e e il i e e o

Qoo Tobesan  Ts  [vae 20250119 %1351 __I I

" Tokyo CuEESatl 10 T EL=0.0 2025-01-10 15:960:58 | 2025-01-19 15:54:50 352 59,2 3450

Tokyo | CubesatL |10 [ MaxEL [ 20250119 15:4:54 || 1223 350 1985.1]

The distance between the satellite and I,
Tokyo Station is minimum (487.3 km).

* In order to obtain higher resolution pictures, it is necessary to
take pictures when the satellite and the target point are closest
to each other.
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4. Spacecraft Simulations for Operational Analysis and Planning

Simulation of observation instruments

HrSEE s
g = -
s AL F Stn Sat pass Type Start End Period[s] AZ1[deg] EL1[deg] Rangel[km] A
- . (e WO U 00 G WS A L U o S e L e 2L
LB CubeSat1 4 |MaxEl _ |o02501-m90606:05 (- |- | 1328| 36|  707.6 |
R | Yl " Toe — CUBESRTl T T e T IS T T TR ST T R T g T T T T T T
| R e i Tokyo [Cubesatt |5 |MaEL  [2025-01-1907:42:51 [- | | 321 26]  943.7]
S AT Tokyo  CubeSatl &  EL>0.0 2025-01-19 09:16:49  2025-01-19 09:24:26 457 -57.9 0.0 2346.6
Tokyo [Cubesatt |6 |MaEL  [2025-01-1909:20:37 [- | 129  64] 1744.3]
= ey : Tokyo  CubeSatl 7 EL:0.0 2025-01-19 10:55:20  2025-01-19 11:02:31 431 -33.4 0.0 2351.3
S Tokyo [Cubesatt |7 |MaEL  [2025-01-1910:58:55 [- | 83| 54 1828.0]
— Tnkyn CubeSatl 8  EL»0.0 2025-01-19 12:32:00  2025-01-19 12:41:43 583 -35.9 0.0 2355.4
Tokyo [ CubeSatt |8 |MaxEL  [2025-01-19 12:36:52 _ 23]  164]  1159.4] |
I.-Ww_ _Cuheﬂa’r.'l. e e e s s o e e e e Ll e L 16 i o .20.254:1_15.1& L .ﬁ."ﬁ. - JJ..E_ f— .IJ.IJ. s _23.4’3..3_ -
oo [cubesatt |9 [MaxeL | 20250119 14:13:51 ll
RET _____TD_ _ET:EF__70_25701_1?1_5?6_5?__20725?01_1_91_5_52_50_ ____________________
Tokyo [ CubeSatl |10 |MaxEL [ 2025-01-19 15:49:54 _ l

l
The satellite-target distance is smallest 1
during the daytime. (707.6 km).

- Weather conditions must also be checked when observing the
earth with optical instruments.

* While orbital calculations can be accurate enough, weather

forecasts are not, so planning observations a week or two ahead
can be difficult.
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4. Spacecraft Simulations for Operational Analysis and Planning
Utilization of different types of visualizations

4

FoV

TrAUF) |E(E) FT-9EME FTRD) Y-MM BEES) VMW ALT (H)

| ®E  mTeaw [2025-01-19 06:06:05 & it [0.000000 | E3RIMIALS) % vax | < [=]
* AR 2025-01-19 00:07:19 I
RERNEEW P o)
=54
CubeSat1
FESE : SGP4
B £2£6& : Trad
B RFEF) : Sphere
=) BEh-2: ground
[2 R7Y7b : None
| W EREUY
D BER
| % CRESST
O I-TESEH
I-FERAAV
Buj & ’ 1= Ty s Y e ‘ CubeSatl
®E Byies = EIAS B e O

[2025-01-20 00:07:19

Target location from the viewpoint of the observation instrument.

* Although the distance seems close at 707 km, the elevation angle

from the target point is only 33° = capturing the image from a very
steep angle.

\ * Such distorted observations may not satisfy the science

_ \ L _ requirement.
This represents the telescope's field of view.

* Itis important for the operator to understand well in advance not
only the orbit and attitude, but also what kind of observations will
be required and for what purpose.
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4. Spacecraft Simulations for Operational Analysis and Planning

Observation planning: On-ground target

. . .
@ SVA2 - C:¥Dropbox ({ELAFE)¥Laboratory¥B_Research¥B14, ﬁ’i"/?l*’717¥SVAZ¥Swm¥RgT¥wTﬂazw\a“D-u- — TI m e Of ta kl n g p I Ct u re S - x "

TAME BEE FIERE BFQ UM ——
W& ®TeR (20190820 16:00:09 +[000000 | £58#5[0.000000 | saRSmiaLs] I 100z v (=)= =] «]e
7S8R | [ 2019-08-20 1

| 2019-08-20 17:

Y3b=vauAITIok x O x
20 Fas I e’ 00:00.000 [UTC)

 $$ RISESAT View 1u:: e Poi ung Eadn

®$¢ ALE-1 -

2D BER

2 CRESST

3 Hakodate

B BHIX

3 KIRUNA
D 1-FERZR
5 1-FEE(AUL
5 zofe
@5 \Es

FoV of a star tracker ol

Data Display Window
0150820 16:00:09.000 W7 FERGE

—5RAR & i A
i;rlh MJD 58715666770833 day
!un Pos RISESAT@BF[0] -3109864.89069339 Km
un Pos RISESAT@BF (1] -68432283.40704814 Km
jun Pos RISESAT@BF [2] -134981872.14425400 Km
un Range RISESAT 15137e+08 Km
ESATQTL0] 062591125 -
ESATQTI1] 060165965 -
ESATQT2] -005357086 -
ESATQT(3] 049332639 -
ESAT Pos Earth@J2K[0] -2219.32598093 km
RISESAT Pos Earth@J2K[1] §310.39532726 km

]

201908 ” = RISESAT Pos Earth@J2K[2] 374521980051 km
‘“v];:v“ »[:f.f}'."g:o"nv"f.ﬂ'" iy 22 AL v| TR AL | RmA-N (200 S Sun AngleToZ Axis SUSHEVF 2690766 dee
R Sun AngleToZAxis STT1@VF 11687769 dee
TIHE(UTC) 019-07-28 20191081 20200208 2020-05- 1 TR oTE ToiTs T
I Moon AD RISESAT@BF 049602 dee

Moon Dir HPT@VF [0] 047539587 -

I Moon Dir HPT@VF[1] 086022432 -

I Moon Dir HPT@VF [2] 0.18442581 -
Moon AngleToZAxis HPT(NoErm@VF 7912670 dee
I Moon AngleToZ Axis HPT@VF 7937234 dee
Moon AngleToZ Axis OOC@VF 79.12670 dee
I ALE-1Range RISESAT 127117 Km
ALE-1RangeRate RISESAT -00082 Km
I ALE-1.AngleToZAxis OOC@VF 2538974 dee
ALE-1Pos Earth@J2K[1] 125488346983 Km
I ALE-1Pos Earth@J2K[1] -1094.18268507 Km
I ALE-1Pos Earth@J2K[2] -6671.04725549  Km
RISESAT Rol -12981 dee

T — T o ]
, - N NN B N B NN B BN B NN B N B S S

P N
. o N
FoV of multiple observation instruments N Calculation results for various parameters
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4. Spacecraft Simulations for Operational Analysis and Planning

Observation planning: Celestial body
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FoV of multiple observation instruments
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5. On-orbit Calibration of a Camera
Alignment
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5. On-orbit Calibration of a Camera Alignment

Conventional Alighment Measurement: On Ground Inspection

Theodolite x 2 * Field of View (FoV) of the HPT is narrow (0.5°)

= The alighment error when mounting the instrument on the satellite
structure has a significant influence on the pointing accuracy.

* Conventional method: Using theodolites and alignment cubes.

* We cannot measure alignment change during the rocket launch, =
measurement accuracy is limited to about 0.01°.

Alignment C L

© 2021 IEEE

FoV of the Theodolite FoV of the HPT © 2021 IEEE Put an Alignment Cube on the HPT
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5. On-orbit Calibration of a Camera Alignment

On-orbit Calibration Method

* Use stars for a reference target (e.g. Sirius A in Canis Major) e M50 Ne—" - _ / :
N e

Advantages

* The small angular diameter makes it possible to capture the whole figure
even with a high-resolution telescope.
= Easy & accurate image processing

* Since there is no waxing and waning, the timing of observations can be
set without being affected by the moon phase.

* Since there are 21 first-magnitude stars in the entire sky, a starin a
suitable direction can be selected.
= Wider opportunity for observation

* Combine with the “QUEST” method, we can estimate a three-axis - @
alignment error angle. A N B
=> Provide geometrically correct estimation : .

By Canis_major_constellation_map.png: Torsten Bronger.derivative work:

Kxx (talk) - Canis_major_constellation_map.png, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=10827753
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5. On-orbit Calibration of a Camera Alignment

Estimating Alignment using QUEST method

CS™ e SO(3) C° € 50(3)

a camera alignment matrix a satellite attitude matrix

__“»~cam __ p,cCcam b
Scam — Cb Sp = Cb Ci Si

ScamESZ / \ 2
siES

a reference star vector in the camera coordinate

2 a reference star vector in the inertial coordinate
Sp € S

a reference star vector in the body coordinate

+ Stepl: Observe a star (or stars) and take multiple images.
* Theoretically, more than two images are required.

* Calculate observed star vectors in the camera coordinate from each of the images.

* Step2: Run QUEST method to analyze the alignment matrix.
* Prepare corresponding reference star vectors in the body coordinate.
* QUEST calculates the optimal alignment matrix in a maximum likelihood manner.
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5. On-orbit Calibration of a Camera Alignment

Stepl: Get Observed Star Vectors

Target Star
e.g. Sirius A

X
- P = [xspot Yspot f]T

Principal Axis

of the Camera

Y
CCD Imaginary Pinhole Plane

v

Xcam anm
________ T

f: focal length Pinhole Model

Spdt"'i =

(xspoti
1

YS.p;(;tj o
Camera’s CCD Plane

* Use an ideal pinhole camera model <= Simple camera model without distortions.

* When we have P € R? as a two-dimensional position vector on image sensor plane, p = [Xspot  Yspot f1T.

 After normalization, we can get a star direction vector.
s b
cam —
Ipll
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5. On-orbit Calibration of a Camera Alignment

Calibration Result

#1, M1_LOC_210903_010456_445320 HPT-G_0358_0560_h-flip 8 7 images of Sirius A are captured
# Capture UTC Results
1 2021/9/3 01:04:57 Success
2 2021/9/3 01:05:12 Success
3 2021/9/3 01:05:42 Fail
4 2021/9/3 01:06:12 Fail
5 2021/9/3 01:06:42 Fail
6 2021/9/3 01:07:12 Success
7 2021/9/4 15:46:34 Success
8 2021/9/4 15:46:39 Success
Sirius A 9 2021/9/4 15:47:34 Success
o » 10 2021/9/4 15:47:39 Success
Sirius A:
- Right Ascension = 61 45M 8 9173 11 ALY IR Fai
_ Declination — —160 43 ’06” 12 2021/9/4 15:48:39 Fail
2 e com = 0.000232280 0.0990948%0 0.003188313
s = [ 0.93921753 ] —————————————————— b ' ' '
-0.28762993

—-0.006799319 -0.003189819 0.999971797
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6. Conclusions
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6. Conclusions

—

Chapter 1
* Explained what we do in satellite operations based on videos of actual operations.

* Especially in the case of the ISS orbit, each orbital pass is only about 10 minutes long, so it is important to prepare for the operation in
advance.

Chapter 2

* A brief description of the attitude control mode used during the observation was given.

* Practical observation operations cannot be performed in only one attitude control mode, but need to be carried out while switching
between multiple modes depending on the application.

Chapter 3

+ Knowledge about orbits, which is indispensable for operations, was explained using TLE, a typical orbit information format, as an
example.

Chapter 4
* Operation planning methods were explained with examples of analysis software.
Chapter 5

* As a more advanced operation, a method for estimating the alignment of instruments in orbit was introduced.

* By improving operation methods, it is possible to improve results while reducing the effort required during development.
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Thank you very much.
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