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1. Introduction to Satellite Operation
Command and Telemetry

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.

 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 – 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

Satellite

Command DataTelemetry Data

© Tohoku University

© 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 loss 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.

Local Horizon
Elevation Angle

(Farthest)Propagation path

(Closest)

Ground Station

Orbital Pass

© Tohoku University
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1. Introduction to Satellite Operation
Ground Station Receiving Telemetry (single pass)

S-band Downlink Antenna

UHF Uplink Antenna

Spectrum of the Received Signal 

200 kHz

Wind Speed

Telemetry Receiver Controller
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1. Introduction to Satellite Operation
Ground Station Receiving Telemetry (single pass)

Initially, the satellite comes up from the horizon. 
Therefore, the antenna is facing just to the side.

200 kHz

When the signal is strong enough to give a good signal-to-noise ratio, 
the three lights on the Telemetry Receiver Controller turn green.

The telemetry data is transmitted from the satellite at 100 kbps
⇨ The bandwidth of the signal is about 200 kHz.

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

Spectrum of the Received Signal 

Wind Speed

Telemetry Receiver Controller

Command Transmitter Controller

Satellite Control Software called SAT-QL (= Satellite Quick Look)
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1. Introduction to Satellite Operation
Ground Station Sending Commands  (single pass)

Spectrum of the Received Signal 

Anemometer

When telemetry is successfully received, 
the progress bar on the Satellite Quick Look Software will run.

A 50W radio wave is transmitted to the satellite 
from the rooftop antenna seen earlier.

Progress of sending Stored Commands
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1. Introduction to Satellite Operation
Example of Real Telemetry Data

Cosmic Dust Detector Membrane

Taken by “ASTERISC”
2021/12/14 23:57:43 UTC

JPEG, 42 kB

The global standard for JPEG data is to start 
with 0xFFD8 and end with 0xFFD9.

© Chiba Institute of Technology



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

Introduction to Satellite Attitude Control

Safe Mode

＜Coarse Attitude Control＞

＜Fine Attitude Control = with RW＞

Recovery Mode

Inertial 
Pointing Mode

Detumbling Mode

ω < 0.2 º/s

＜No Attitude Control＞

Spin stabilization
For power generation

Survival mode for low power situation

ω > 5.0 º/s

Nominal Mode

Planet 
Pointing Mode

Ground Target 
Tracking Mode

Optical 
Communication 

Mode

8 control modes in total

Orbit and Attitude Determination Only (No Control)

LVLH Mode

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

Commonly used attitude control modes: Inertial Pointing Mode

 Optical sensors like HPT and OOC degrade due to severe space environment.

 By observing the Moon on regular basis, we can quantitatively measure their 
degradation.

 Ground operators have to calculate appropriate target attitude and send as 
commands.

 Alignment error of attitude sensors can be measured.

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

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

SN00361
OOC2, 490 nm
Exposure Time 1.9 ms

2019/5/18 
04:00:31 UTC

SN00362
HPT-VIS, 555 nm
Exposure Time 32.5 ms

2019/5/18 
04:00:31 UTC

star tracker’s view

© Tohoku University

© JSASS

© JSASS
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2. Essential Knowledge of Attitude Control Required for the Operation
Commonly used attitude control modes: LVLH Mode

 Visible and Near-Infrared 4-bands Observation

 405, 490, 555, 869 nm

 STTs are continuously available during LVLH mode.

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

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

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

チュクチ海

ベーリング海

アラスカ

ロシア

CDOM analysis around Diomede Island (2019/06/03 22:31 UTC)

Alaska

Russia Bering Sea

Chukchi Sea

© Tohoku University

© 2021 IEEE
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2. Essential Knowledge of Attitude Control Required for the Operation
Commonly used attitude control modes: LVLH Mode

RISESAT
direction of travel 

OOC3, 555 nm
2019/08/28 16:29:44 ~ 16:30:18 UTC, 4s interval, 10 continuous shots

North

South

Denver
A

p
p

ro
x.5

0
km

© JSASS
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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. 

* 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.

Sendai, True Color Composite

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

710 nm

490 nm

765 nm

555 nm

869 nm

670 nm

910 nm

Star Tracker #1 Star Tracker #2 Camera View

630 Band
3.7m GSD

Multi-spectral observation with target pointing attitude control mod

© JSASS

© Tohoku University
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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. 

Orbit

Push-Bloom Observation

Scanning

Line sensor

Step-Stare Observation

Multi-spectral

Observation of a

Certain target

Matrix

Sensor

Pros: The attitude motion of the satellite can be kept slow
  Observation area can be larger
Cons: Exposure time tends to become short.

Pros: Exposure time can be long. 
Cons: Attitude control needs to be accurate and agile.
  Small observation area.

© Tohoku University © Tohoku University
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2. Essential Knowledge of Attitude Control Required for the Operation
Combination of multiple attitude control modes for operation planning

Ground 

Target

3rd Stage:

 Ground target tracking with 

 gyroscope integration 

2nd Stage:

 Fine attitude determination

 with a star tracker 

Stars in

deep space

1st Stage:

  Start control from a lost-in-space attitude 

RISESAT

Optical axis of HPT

STTs

coarse

attitude control 

0.8°/s

Onboard Camera Bird’s Eye View

Travel 
Direction

North
© 2019 IEEE

© 2019 IEEE
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2. Essential Knowledge of Attitude Control Required for the Operation
Combination of multiple attitude control modes for operation planning

Target TrackingSTT Optimal

08:00 12:00 17:00 20:00

LVLH

15:0000:00 03:00

Tumbling Maneuver

Attitude Determination Mode

Time

Coarse Attitude Det. STT only IIR Gyroscope Integration

Orbit Determination Mode
GPS only GPS-TLE hybrid © JSASS



3. Essential Knowledge of Orbit 
Determination for Satellite Operation
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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.

© NASA

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
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3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, Reading Two-line Element set: Line1

Line1⇨

This name is usually not necessary for TLE. 
The name is for human understanding.

“Satellite Number” is the serial 
number of the registered object.
Not required for orbit calculation.

Numbered in the order of launch.
Not required for orbit calculation. The reference date and time for this orbit element.

© NASA
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3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, Epoch

First two-digit: Last two digits of the year
In this case, 1986. (This TLE example is very old)

The other: Day of the year and fractional portion of the day
In this case, 50.28438588 days after January 1st.
= 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)

6.8253 hours - 6 = 0.8253 hours

0.8253 hours x 60 minutes/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 1st is Day 1, not Day 0.
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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 is, 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.

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

Mean Motion: unit [revs/day]
• The number of times a satellite orbits the earth in a day
• Related to the velocity of the satellite
• The size 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 
its orbit is the same for all objects orbiting the same primary”
 

𝑎: semi-major axis

satellite
By Stündle - Own work, CC0, 
https://commons.wikimedia.org/w/index.php?curid=17454018

𝑎2 ∝ 𝑝3

𝑎: semi-major axis 𝑝: orbital period

unit: [revs/day2]

unit: [revs/day3]Used to compensate for the non-uniformity of the 
Earth's gravitational potential.
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3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, Drag Term

The last two characters define an applicable power of 10.

In this case, 0.67960×10-4 (no unit)

Satellite

Earth’s upper atmosphere

Drag

also called B* (B star)

• 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.

© Tohoku University
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3. Essential Knowledge of Orbit for Satellite Operation
3. Understanding the “TLE”, Reading Two-line Element set: Line1

Line1⇨

Specify the orbit calculation algorithm.
However, this value is always 0. The algorithm is unknown.
Generally, we use SGP4.

Not required for orbit calculation.
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3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, Reading Two-line Element set: Line2

Line2⇨

“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

Inclination: [degrees]
• The angle between the equator and the orbit plane.
• The value is defined in the TEME coordinate system.

By Lasunncty at the English Wikipedia, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=8971052

Inclination

Equator

Orbit Plane

i = 45°i = 0° i = 90°
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3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, Inertial Coordinate System and Geodetic Coordinate System

 It is 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.

Z

X Y

Inertial Coordinate System

Equatorial Plane

Earth

Geodetic Coordinate System

Vernal Equinox 

Z

X

Y

Fixed with the inertial frame

Fixed with and rotates with the Earth 

The prime meridian

(ECEF: Earth Centered Earth Fixed)

(ECI: Earth Centered Inertial)

© Tohoku University



KiboCUBE Academy 32

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 axis is in the direction of the Earth‘s axis of rotation
⇧ 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.

 This coordinate system is basically used only for TLE calculations.

Z

X

James R. Wertz, Spacecraft Attitude Determination and Control, 
Springer

vernal equinox

Earth's axis of rotation



KiboCUBE Academy 33

3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, Example of coordinate transformation method

GCRS
Geocentric Celestial Reference System

PEF
Pseudo Earth Fixed

TOD
True of Date

MOD
Mean of Date

𝑾 = 𝑓 𝑥𝑝, 𝑦𝑝

𝑹 = 𝑓 𝜃𝐺𝐴𝑆𝑇1980

𝑵 = 𝑓 Δ𝜓1980, Δ𝜀1980, 𝛿Δ𝜓1980, 𝛿Δ𝜀1980

𝑷 = 𝑓 𝜁, Θ, 𝑧

Geodetic
Coordinate:

ITRS
International Terrestrial Reference System

Inertial
Coordinate:

TEME
True Equator Mean Equinox

𝑬𝒒

TLE

3x3 transformation matrix

This conversion transforms 
the nutation motion of the Earth’s rotation. ⇨

This conversion transforms 
the presession motion of the Earth’s rotation. ⇨

© Tohoku University
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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.

https://www.iers.org/IERS/EN/Home/home_node.html

By The logo is from the following website: http://www.iers.org, Fair use, 
https://en.wikipedia.org/w/index.php?curid=20674210
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3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, RAAN

Right Ascension of the Ascending Node (RAAN) 𝛀: [degrees]
• 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 
the orbit crosses the equatorial plane.

By Lasunncty at the English Wikipedia, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=8971052

Equator

Orbit Plane
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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

 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 δ, Longitude ⇨ Right ascension α

https://commons.wikimedia.org/wiki/File:Ra_and_dec_demo_animation_s
mall.gif#/media/File:Ra_and_dec_demo_animation_small.gif

By I, Dennis Nilsson, CC BY 3.0, 
https://commons.wikimedia.org/w/index.php?curid=3262268

celestial sphere
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3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, Eccentricity

Eccentricity e: [-]
• A constant defining the shape of the orbit

• 𝑒 = 0 ⋯ circle
• 0 < 𝑒 < 1 ⋯ ellipse
• 𝑒 = 1 ⋯ parabola
• 𝑒 > 1 ⋯ hyperbola

• When used in a TLE, 𝑒 is always less than 1.

Add a leading decimal point
In this case, 0.001278

https://commons.wikimedia.org/wiki/File:E
ccentricity.svg#/media/File:Eccentricity.svg

circle

ellipseparabola

hyperbola
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3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, Argument of Perigee

Argument of Perigee 𝝎: [degrees]
• Perigee is the orbit's point of closest approach to the Earth.

• The angle between the ascending node and the perigee.
By Lasunncty at the English Wikipedia, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=8971052

Equator

Orbit Plane

Perigee𝝎 = 𝟎° 𝝎 = 9𝟎°

𝒆 = 𝟎. 𝟕 𝒆 = 𝟎. 𝟕
https://www.lizard-tail.com/isana/tle/misc/what_is_tle

When Argument of perigee is 0, the 
perigee is at the equator.

When the Argument of perigee is 90 degrees, the 
phase of the ellipse rotates 90 degrees and shifts to 
the north pole side.
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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 
define the shape of the orbit.

 These alone do not determine the satellite's position in orbit.

⇨ True Anomaly 𝜈 & Mean Anomaly 𝑀

 True Anomaly
 The angle between the direction of perigee and the current position of the 

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

Mean Anomaly 𝑴: [degrees]
• 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

Equator

Orbit Plane

Perigee
satellite
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3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, True Anomaly and Mean Anomaly

 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:

 𝑒: eccentricity, 𝐸: eccentric anomaly

What is the Eccentric anomaly?

①Create a circle tangent to the elliptical orbit as an 
auxiliary circle.

②Let X be the point of projection of satellite P onto its 
auxiliary circle.

③The angle XCZ at this time is the eccentric anomaly.

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

Earth

𝜈

same area

Satellite

center of the
auxiliary circle 

projection of P

a circle tangent to 
the elliptical orbit
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3. Essential Knowledge of Orbit for Satellite Operation
Understanding the “TLE”, Mean Motion

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

m = 1 m = 5 m = 15

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.
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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
⇧ It is not simple to determine it from the position and velocity of 
the satellite at a particular time, because satellites are affected by a 
force called perturbation.

 Simplified perturbations models were invented in the 1950s.
 a set of five mathematical models

 calculate orbital state vectors of space objects in the Earth-centered 
inertial (ECI) coordinate system.

 Simplified General Perturbations (SGP) models are for near Earth 
objects with an orbital period of less than 225 minutes.

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

 The SGP4 is generally used to calculate satellite orbits with 
TLE.

 has an error ~1 km at epoch and grows at ~1-3 km per day.

⇧ sufficient accuracy for ground stations to track satellites.

Simplified Perturbations Models

Simplified General Perturbations models

SGP SGP4 SGP8

Simplified Deep Space Perturbations models

SDP4 SDP8

for near Earth objects with an orbital period of 
less than 225 minutes (≈ 5,877.5 km circular orbit).

for deep space objects with an orbital period of 
more than 225 minutes (≈ 5,877.5 km circular orbit).

e.g., Geostationary orbit, 12-hour Molniya orbit



4. Spacecraft Simulations for 
Operational Analysis and Planning

KiboCUBE Academy 43
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 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.

4. Spacecraft Simulations for Operational Analysis and Planning
Satellite attitude & orbit simulation

SVA2 (Spacecraft Visualization and Analysis tool)

by Spheresoft 
GMAT (General Mission Analysis Tool )

by NASA
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 Analysis cannot begin without information about where and 
when the satellite will be present.

 If the satellite you want to analyze has already been launched, 
then the TLE should be registered in the online database 
described in the previous chapter.

 In the case of a CubeSat released from the ISS, there is also 
the option of using the ISS's own TLE information as it is to 
perform a quick analysis.

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

Spacecraft
Get TLE from 

online database

Get TLE from 
online database

Substitute with 
the ISS’s TLE
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4. Spacecraft Simulations for Operational Analysis and Planning
Initial Orbit Setup 

One-day orbits projected onto a 
world map

The area on the ground that is visible from the 
satellite.  Communication is possible if there is 
a ground station within this range.
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4. Spacecraft Simulations for Operational Analysis and Planning
Orbit propagation and forecast of satellite passes

CRESST

Use geodetic coordinate system

The visible passes for one day

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

© Tohoku University
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 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.

 With such a tool, it is possible to confirm in advance that the target 
attitude setting is correct, allowing for more efficient operation.

4. Spacecraft Simulations for Operational Analysis and Planning
Simulation of observation instruments

380 mm

HPT : High Precision Telescope (RISESAT)

RISESAT HPT’s First Light Image

Suburb of Sendai (2019/5/30), True Color Composite

FoV
0.2 x 0.3°

FoV of the HPT

© JSASS

© JSASS
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4. Spacecraft Simulations for Operational Analysis and Planning
Simulation of observation instruments

 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.

The distance between the satellite and 
Tokyo Station is minimum (487.3 km).
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4. Spacecraft Simulations for Operational Analysis and Planning
Simulation of observation instruments

 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.

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

 It is 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.

4. Spacecraft Simulations for Operational Analysis and Planning
Utilization of different types of visualizations

This represents the telescope's field of view.

Target location from the viewpoint of the observation instrument.

FoV
0.2 x 0.3°
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4. Spacecraft Simulations for Operational Analysis and Planning
Observation planning: On-ground target 

FoV of a star tracker

FoV of multiple observation instruments Calculation results for various parameters

Time of taking pictures
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4. Spacecraft Simulations for Operational Analysis and Planning
Observation planning: Celestial body 

FoV of a star tracker

FoV of multiple observation instruments

Time of taking pictures

FoV of the Telescope



5. On-orbit Calibration of a Camera 
Alignment 
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5. On-orbit Calibration of a Camera Alignment 
Conventional Alignment Measurement: On Ground Inspection

 Field of View (FoV) of the HPT is narrow (0.5°)
⇨ The alignment 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°.

FoV of the Theodolite FoV of the HPT

Theodolite x 2

HPT

observe a far target 
more than 3 km away

Put an Alignment Cube on the HPT 

Alignment Cube

© 2021 IEEE

© 2021 IEEE
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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)

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 star in a 
suitable direction can be selected.
⇨ Wider opportunity for observation

 

 Combine with the “QUEST” method, we can estimate a three-axis 
alignment error angle. 
⇨ 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

 Step1: 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.

𝒔cam = 𝑪b
cam𝒔b = 𝑪b

cam𝑪i
b 𝒔i

𝒔cam ∈ 𝐒2 
a reference star vector in the camera coordinate

𝑪b
cam ∈ SO 3  

a camera alignment matrix

𝒔b ∈ 𝐒2 
a reference star vector in the body coordinate

𝒔i ∈ 𝐒2 
a reference star vector in the inertial coordinate

𝑪i
b ∈ SO 3  

a satellite attitude matrix



KiboCUBE Academy 58

5. On-orbit Calibration of a Camera Alignment
Step1: Get Observed Star Vectors

 Use an ideal pinhole camera model ⇦ Simple camera model without distortions.

 When we have 𝑷 ∈ ℝ2 as a two-dimensional position vector on image sensor plane, 𝒑 = 𝑥spot 𝑦spot 𝑓 T.

 After normalization, we can get a star direction vector.

𝒔cam =
𝒑

𝒑

Camera’s CCD Plane

Principal Axis

of the Camera

: focal length𝑓

Target Star
e.g. Sirius A

𝒀cam

𝒁cam𝑿cam

Spot
𝑥spot 𝑦spot

𝑿CCD

𝒀CCD

Imaginary Pinhole Plane

Pinhole Model

𝑷 = 𝑥spot 𝑦spot T

𝑿CCD

𝒀CCD

𝒑 = 𝑥spot 𝑦spot 𝑓 T
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5. On-orbit Calibration of a Camera Alignment
Calibration Result

# 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

9 2021/9/4 15:47:34 Success

10 2021/9/4 15:47:39 Success

11 2021/9/4 15:48:34 Fail

12 2021/9/4 15:48:39 Fail

#1, M1_L0C_210903_010456_445320_HPT-G_0358_0560_h-flip

Enlarged View

Sirius A

𝒔i =
−0.18745521

0.93921753
−0.28762993

Sirius A:

 - Right Ascension = 6h 45m 8.917s

 - Declination = −16°43′06′′

𝑪b
cam =

0.999976857 0.000210596 0.006800025
−0.000232280 0.999994890 0.003188313
−0.006799319 −0.003189819 0.999971797

⇩ 7 images of Sirius A are captured



6. Conclusions
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 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.

6. Conclusions



Thank you very much. 
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[Disclaimer]

The views and opinions expressed in this presentation are those of 

the authors and do not necessarily reflect those of the United Nations.
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