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1 Introduction
This book serves as a tutorial for the Satellite Orbit Simulator (SOS) software; however, we
believe it can also be used as a beginner’s guide to space mission design principles.
This software solves the 3-body (Earth, Moon, and Spacecraft) equation of motion in
Earth-Centered-Inertial (ECI) coordinates to determine satellite orbits with both Earth and lunar
gravitational effects. Since lunar orbit perturbations due to the Sun are also included, and we
include Earth bulge perturbations, we believe that it can be used for Earth-centric, cislunar, and
lunar orbit space mission design. However, it has not yet been certified for operational use.
Later in this book we’ll step you through a lunar orbit mission planning exercise.
You will find that Earth’s rotation, the Moon’s location, and the Sun’s location are
accurately synchronized with date and time. You may use a date in the past, present, or future.
In fact, you may use it to view lunar phases and solar eclipses in the past, present, and future.
Valid dates are from March 1900 to February 2100.
SOS is the result of an international collaboration between Mr. Alan Burgess (UK) and
Dr. Andrew Motes (US), and was designed primarily as an educational tool. Therefore, ease-ofuse was an important consideration in the development. The software is free to use for
educational purposes and you may print one copy of this document for personal use without
written permission from the authors.
This software automatically detects your PC’s language and locale. Currently we support
US English (en-US) and British English (en-GB). The manual is written, and examples shown, in
US English. You will find dates and times displayed in your software specific to your locale.
This book is written for readers that have a basic understanding of orbital mechanics. If
you do not, we recommend that you first read the book Space Flight isn’t Rocket Science by Dr.
Andrew Motes.
The routines in SOS for accurately locating the Moon and Sun were originally written by
Paul Schlyter of Stockholm, Sweden. The NRLMSISE-00 atmosphere density model we used to
calculate drag and lift for low-Earth orbits was developed by Mike Picone, Alan Hedin, and Doug
Drob. While Dominik Brodowski implemented and maintains the C version, we converted all
these original routines to Visual Studios C# for SOS. Finally, the star map was created by NASA
and downloaded from SVS: Deep Star Maps 2020 (nasa.gov).
For more information about the NRLMSISE-00 atmosphere density model, go to this
web site: NRLMSISE-00 - Wikipedia.
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Before we describe how this software operates, we must first describe the coordinate
system used and our Earth bulge definition, which relates to our definition for Mean Sea Level.

1.1 Coordinate System Used
At the bottom center of the SOS main window, you should see three mutually-orthogonal
vectors that change directions when you rotate the image. These are coordinates of the ECI
(Earth-centered Inertial) coordinate system used by SOS. As shown in the image below, the x
axis always points toward the vernal equinox and the z axis always points toward the North
Star along Earth’s rotation axis. The y axis is orthogonal to both, and the x axis and y axis are
both in Earth’s equatorial plane.

This is a right-hand coordinate system defined as follows: If you point the fingers of your
right hand in the x-axis direction, and then curl another finger into the direction of the y axis,
your thumb will be pointing in the direction of the z axis. We show this in the following image.
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It’s important to remember that the origin of this coordinate system is at the center of
Earth, but it does not rotate with Earth.
Here’s something to try later when you’re familiar with SOS: If you turn on the star map
with labels, then set the initial conditions date to March 20th 2022 15:33 UTC, you will find the
Sun at the Vernal Equinox as we show in the following image. Note also that the ECI’s x axis is
also pointing toward the Sun. Remember that the coordinate axis is actually at the center of
Earth; therefore, the x axis is pointing down slightly relative to the camera position.
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1.2 Earth Bulge and Mean Sea Level Definitions
Earth is not exactly spherical. Because Earth is spinning, centrifugal force causes its radius at the
equator to bulge out as we show in the exaggerated image below.

The radius at the equator and the radius at the pole differ by as much as 21 km. This
would be true even if Earth were completely covered with water.
This bulging causes the acceleration due to Earth’s gravity to change slightly for lowaltitude satellites as they orbit Earth. We include this in the satellite’s equation of motion as a
function of satellite inclination, altitude, and location in orbit.
The equation we use for Earth bulge is based on the WGS84 model as follows: Earth
radius, r, is a function of geodetic latitude, θ, and is given by
r(θ) ≅ a(1 − f sin2θ )
where
f = (a - b)/a
θ = latitude
a = equatorial Earth radius
b = polar Earth radius
This latitude-dependent Earth radius is our definition for Mean Sea Level (MSL) and satellite
altitude is referenced to MSL.
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1.3 Epoch and Initial Conditions
To define an orbit, you must supply 6 initial conditions or parameters plus a date and time
when these are valid. That date and time is called the epoch. If you change the epoch and not
the other 6 initial parameters, you have changed the orbit.
The 6 initial parameters can be defined as three ECI coordinates for position and three
values for velocity, one for each coordinate. Or, they can be defined as the 6 classical orbital
elements: Semi-major Axis, Eccentricity, Inclination, Longitude of Ascending Node, Argument of
Periapsis, and True Anomaly. We allow you to enter the initial parameters either way. There
are formulas for converting between these two types of initial parameters.
If we ignore the effects of Earth’s bulge and lunar gravity on Earth orbits, the initial
parameters define the position of the orbit in inertial space (ECI coordinates), and the position
of the satellite in that orbit. Therefore, epoch defines the satellite’s position in orbit at that
time and the orbit’s position relative to Earth as Earth rotates under the orbit. In reality, even
the orbit position drifts relative to inertial space due to Earth bulge and lunar gravity making
the epoch important for defining the position of the orbit in inertial space also.
If you download the orbital elements for a named satellite orbit in TLE (Two Line
Element) format, these are defined for the epoch you specified before download. If you
subsequently change this epoch and then recalculate the orbit, it’s no longer the orbit of the
named satellite; it has changed. We’ll warn you when you attempt to do this using a popup
dialog window that gives you the option of continuing or downloading the new TLEs.
There are times when you may want to change the epoch for an existing orbit; when
using an existing orbit as a template for a new orbit, for example.
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2 SOS Controls and Displays
When you open SOS, you should see the window that we show in the next image. If you’re
opening SOS for the first time, you may see an Earth image without clouds and without a star
background; however, you can easily change these.

You can maximize this window to cover your entire screen. On the left is the scrollable
control panel, and on the right is the scrollable display panel. In the center, you should see
Earth with a default satellite orbiting it. The default name for this satellite is Sat 1. You may
add as many satellites as you want, each with a different name.

2.1 Orbit Track
The red balls indicate the satellite orbit track. These are equally spaced in time; therefore, if
some are further apart than others, it indicates higher speed. Click on a ball to get more
information about the satellite when it’s at that location. Note the information about azimuth
and elevation; these are referenced to your specified viewing location. If you have not set your
viewing location, the default is Greenwich, England. You’ll learn how to change this location
later.
Later we’ll describe the 3D-image display controls, but you can experiment with those
now by holding down the right mouse button and then moving the mouse. Use the mouse
wheel to move the camera location in and out, or use the FIELD OF VIEW slider to zoom in and
out from a fixed camera location.
9

2.2 Animation Buttons
The orbit animation controls use international symbols for video play, rewind, forward-wind,
and single step (both forward and backwards). We show these in the next image labeled with
their functions.

To the right of these video control buttons in the main window note the text that states
300 times normal speed. The small arrow between 300 and the remaining text allows you to
adjust the playback speed, even while the animation is running. Spend a few minutes playing
with the animation.
The REAL TIME button allows you to watch the satellite orbit progressing in real time
where time is that based on current date and time read from your computer. For this to show,
you must set the epoch (simulation START TIME) to NOW and then recalculate the orbit. This is
useful when monitoring the orbit of real satellites in real time. For example, set your epoch to
NOW, then download the current orbital elements for the International Space Station, and
finally click on this button to run the simulation in real time. This will allow you to constantly
monitor the actual position of the ISS. The viewing angles will continually update so you can
find the spacecraft using your telescope.
You’ll learn how to download real satellite orbital elements later. SOS makes is easy to
get the TLEs (Two-line Elements) for any know satellite—SOS downloads them using the
internet.

2.3 Control Panel
A scrollable control panel is located on the left side of the screen. The following outline shows
how the controls are logically arranged:
Orbit Project Control Panel (Scrollable)
Recalculate Button
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Basics Groupbox
New Button
Load Button
Save Button
Save As Button
Save Camera Position Checkbox
Project Name Textbox
Delta T Textbox
End Time Textbox
Date Groupbox
UTC or Location Time Dropdown List
Date and Time Selection Function
Set to Now Button
The Earth Groupbox
Earth has Bulge Checkbox
Earth has Atmosphere Checkbox
Atmosphere Density Button
The Moon Groupbox
Pull on Satellites Checkbox
The Planets Groupbox
Calculate Planet Position Checkbox
Satellites Groupbox
Add Satellite Button
Selected Satellite Dropdown List
Satellite Basics Groupbox
Name Textbox
Image Dropdown List
Mass Textbox
Solar Radiation Checkbox
Reflectivity Textbox
Exposed Area (solar) Textbox
Drag Coefficient Textbox
Exposed Area (drag) Textbox
Lift Coefficient Textbox
Exposed Area (lift) Textbox
Edit Initial Parameters Button
Timed Events Groupbox
Total ∆V Label
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Add Delta V Button
Add Long-duration Acceleration Button
Display Groupbox
Satellite Track Checkbox
Ground Track Checkbox
Show Delta V Checkbox
Delete Satellite Button
Viewing Location Groupbox
Latitude Label
Longitude Label
Altitude Label
Time Zone Label
‘Choose New’ Button
Display Groupbox
Steps Shown Textbox
Orbit Thickness Textbox
Moon Track Checkbox
Show Location Checkbox
Sun Shadows
Single Column Checkbox

Rather than using indentations to show subordination to a particular function like The
Moon, the control panel uses boxes and boxes within boxes. Microsoft calls these groupboxes.
A groupbox within another groupbox implies that the one inside is subordinate to the outside
box.
We’ll now use the outline above to describe all the control panel functions.

2.3.1 Recalculate Orbit
At the top of this scrollable panel, you should see a RECALCULATE ORBIT button. It should not
be enabled when you first open SOS. When you make changes in the control panel, it becomes
enabled indicating that the orbit needs to be recalculated based on your changes.

2.3.2 BASICS
Below the RECALCULATE ORBIT button is the BASICS groupbox shown in the image below. We
now describe these.
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2.3.2.1 New (start over), Load (open project file), and Save (project file)
If you select the NEW button, all existing satellites will be deleted so you can start a new
project. You’ll then need to add satellites to your project and give the project a name before
saving the project file. The other three buttons at the top should be self-explanatory; however,
the LOAD (file open) button requires a little more description.
If you open an existing project file for a satellite that has a NORAD Catalog ID, as the file
is being opened, you’ll be asked if you want to change the project epoch to NOW and upload
the latest TLEs. Assuming you want to know where the satellite is currently located, you should
choose YES. If this project file has more than one satellite with NORAD Catalog ID, all satellites
will have their TLEs updated.
2.3.2.2 Save Camera Position
This checkbox should be checked if you want the existing camera position saved in your project
file.
2.3.2.3 Project Name
Obviously, the textbox under the PROJECT NAME label allows you to assign a name to your
project file. An ORBIT file extension will be added to this name when the file is saved. These
files can then be reloaded later or shared with others. The project files use the JSON text file
format which can be edited using a text editor like Windows Notepad.
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Additional ways of loading a project file (apart from clicking links within this document)
are to use Windows File Explorer. Within the file explorer, double-click on the file—which also
starts SOS—or drag and drop the file onto SOS Main Window.
2.3.2.4 DeltaT
This textbox allows you to set the integration time step size. We use numerical methods to
solve the 3-Body Problem iteratively in time and DeltaT is the time between each iteration step.
The smaller you make this time step, the more accurate your orbit will be and the longer it will
take to do the calculations. However, we’ve found that calculating the 3D images will take
longer depending on how many orbit steps you choose to show and how many satellites you’re
simulating. You’ll see this as you get more experienced with the software. We recommend 10
seconds for DeltaT when you’re just practicing or having fun and 1 second when you’re
designing real space missions. If you want, you can use a value even smaller than 1. To change
this to one tenth of a second, set the DeltaT value to 00:00:00.1. Since some space missions last
for months, using DeltaT = 0.1 seconds will result in lots of calculation steps and playback may
be very jerky.
2.3.2.5 End Time
This textbox allows you to specify when the simulation is to stop. Simulation time increments
from zero by DeltaT for each calculation step and stops when simulation time equals END TIME.
The format for END TIME is days.hours:minutes:seconds. You may place a colon between days
and hours if you like but expect the software to change it to a period. It’s not a decimal point.
You may not enter more than 59 seconds, 59 minutes, 23 hours, or 99 days.
Remember, for simulation time, START TIME is always equal to 0 and STOP TIME is
relative to that.
2.3.2.6 Date
This is a sub groupbox that allows you to set the date and time for the epoch. Epoch is the real
date and time for the simulation to start. SOS uses this information to determine the location
of the Sun, the Moon, and the rotation of Earth relative to the ECI coordinate system. You may
use epochs in the past, present, or future.
You may choose to use either UTC (Universal Time) or the time at your particular
location (local time) for the epoch. Use the dropdown list to choose either of these. We
recommend that you always use UTC if you plan to share your project files with others outside
your time zone.
To set the date and time, you may manually type in the values or use the calendar
selection function that brings up the following dialog.
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If you want to use the current date and time, simply click on the SET TO NOW button.

2.3.3 The Earth
This groupbox contains the controls shown in the next image. In the next sections, we describe
the options you may select using these checkboxes.

2.3.3.1 Earth Bulge
Earth is not a perfect sphere. Due to centrifugal force, Earth’s radius at the equator is larger
than at the poles. This bulging around the equator produces perturbations in gravity felt by
satellites as they encircle Earth. SOS accounts for this perturbation if the EARTH HAS BULGE
checkbox is checked. Earth bulge has a significant effect on low-Earth orbits over long time
periods (such as days) but does not for larger orbits. As with other perturbations, we allow SOS
users to uncheck this box for educational purposes. Just remember to recalculate the orbit
after un-checking or checking these boxes.
2.3.3.2 Atmosphere
If you select this checkbox, the software will calculate the air density for low-Earth-orbit
satellites. This is then used to calculate drag and/or lift for the satellites.
This software uses the NRLMSISE-00 model to calculate air density based on altitude,
longitude, latitude, date, time, and space weather. You can set parameters for this model by
clicking on the ATMOSPHERE DENSITY button. Default values are used and only users that
understand the model should attempt to change them. To use the defaults, simply ignore the
ATMOSPHERE DENSITY button.
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2.3.4 The Moon
This groupbox contains only one control—a textbox with label PULL ON SATELLITE. When this
box is checked, lunar gravity will be felt by all satellites. We allow you to control this for
educational purposes. Make sure this box is checked if you want realistic orbits.
When you check or uncheck this box, make sure you recalculate the orbits so you can
see the changes. This has little effect on low-Earth orbits.

2.3.5 The Planets
If you like, this software will calculate the major planet positions and place them in the star
map. They can also be labeled along with the major stars.
If you want the planet positions calculated, check this checkbox and then recalculate the
orbits. If you also have your Earth position entered into SOS, you’ll then be able to step outside
and find the planets based on the look angles provided by SOS. This is useful if you’re an
amateur astronomer and want to use a telescope to see the planets.

2.3.6 Satellites
This groupbox contains all the controls required for adding satellites to your simulation, editing
their characteristics and initial conditions, and deleting satellites. Initial conditions at epoch can
be set using several methods as we’ll describe.
The size of this groupbox depends on whether or not you have a satellite defined. If no
satellite is defined, it appears like the image below. Obviously, you can click the ADD SATELLITE
button to add a satellite. If you have multiple satellites, you can use the list box to select one.

If you have many satellites, the groupbox may be too long to fit on the computer screen;
therefore, you must scroll to see then entire box. Before explaining each control, we repeat the
outline below.
Satellites Groupbox
Add Satellite Button
Selected Satellite Dropdown List
Satellite Basics Groupbox
Name Textbox
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Image Dropdown List
Mass Textbox
Solar Radiation Checkbox
Reflectivity Textbox
Exposed Area (solar) Textbox
Drag Coefficient Textbox
Exposed Area (drag) Textbox
Lift Coefficient Textbox
Exposed Area (lift) Textbox
Edit Initial Parameters Button
Timed Events Groupbox
Total ∆V Label
Add Delta V Button
Add Long-duration Acceleration Button
Display Groupbox
Satellite Track Checkbox
Ground Track Checkbox
Show Delta V Checkbox
Delete Satellite Button
2.3.6.1 Add Satellite
This button allows you to add a satellite to the simulation. When you click on this button, the
SET INITIAL PARAMETERS dialog window/box will appear as shown below. This dialog allows
you to set the initial parameters at the chosen epoch, which defines the entire orbit in space
and time. If you have several satellites in your simulation or if your computer is slow, this
dialog can take a few seconds to open; so, be patient.
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There are five ways to set initial parameters or initial conditions. These are BURNOUT
ABOVE EARTH, PARKING ORBIT INSERTION, POSITION AND VELOCITY, ORBITAL ELEMENTS, and
TWO-LINE ELEMENT SET. We’ll cover each of these separately in other chapters when we show
examples.
2.3.6.2 Selected Satellite Dropdown List
This dropdown list allows you to select a satellite for editing when you have more than one.
We show an example of this below where 5 Cosmos satellites are being simulated.
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After you use this drop-down list to select a satellite, you can edit the satellite’s name
when it shows up in the SATELLITE BASICS NAME text box as shown in the next image.

Note also that in the textbox after IMAGE in the previous image, you can change the
satellite’s image from RedBall to a default 3D satellite image. Currently we have only one 3D
satellite image to choose from. Future versions may allow users to install their own 3D image.
2.3.6.3 Satellite Basics
This sub groupbox allows you to change the name of the selected satellite (textbox); use a
dropdown list to select either a large red ball image or an actual satellite image to indicate
where the satellite is located; set the mass of the satellite (textbox); select if you want to
include solar pressure effects, set the optical reflectivity of the satellite (textbox), and define
the satellite area exposed to the sun; enter the drag coefficient and area used to calculate drag;
enter the lift coefficient and area used to calculate lift; and edit the initial parameters.
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Photons, the smallest particle of light, do not have mass but do have momentum that
can be imparted to physical structures—it’s effectively a small thrust. If the spacecraft has a
large surface area facing the Sun (area exposed to solar radiation), a low mass, and a high
reflectivity; solar radiation can impart enough force onto the spacecraft to alter its direction of
flight over long time periods. So, if you want to propel a deep-space spacecraft using sunlight,
it must be small and have a shiny solar sail that has a large surface area exposed to the Sun. On
the other hand, a standard spacecraft on a lunar mission can have its trajectory changed slightly
by solar radiation. This software can account for that.
Use the SOLAR RADIATION checkbox to account for solar radiation thrust. If this box is
checked, you must also specify the spacecraft’s mass, the area exposed to sunlight, and the
reflectivity of the area that is impacted by sunlight. Reflectivity is a number from 0 to and
including 1. Zero is used for black objects that absorb sunlight but do not reflect it. One is used
for shinny objects that reflect all sunlight.
Among the example project files you installed with SOS is a file named SOLAR PRESSURE
EFFECTS. This is a lunar mission that partially uses solar radiation propulsion. After loading the
file and examining the results, uncheck the SOLAR RADIATION box and then recalculate the
orbit. You’ll see a slight difference in the results.
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Here you can also set the drag and lift coefficients for the satellite. These are used to
calculate drag and lift accelerations for low-Earth-orbit satellites. However, to calculate drag,
you must also enter the satellite’s area exposed to Earth’s atmosphere in the direction of
motion; this is the area exposed as seen from the front of the satellite. To calculate lift, you
must also enter the satellite’s surface area that produces lift. Most satellites are assumed to
have little lift, but even rocks have lift when impacting water at shallow angles. The default
drag coefficient is set to 2.2, and the lift coefficient is set to 0.
Use the EDIT INITIAL PARAMETERS button to bring up the SET INITIAL PARAMETERS
dialog box. Here you can edit the initial parameters for the selected satellite.
2.3.6.4 Timed Events
In this sub groupbox you can include impulse changes in velocity (delta-v) to simulate shortduration, high-thrust rocket motor firing; and long-duration acceleration to simulate low-thrust
rocket motors such as ion thrusters.

For high-thrust rockets, it’s customary to enter this, not as a force or acceleration, but as
a change in velocity for the spacecraft at one instance of time. For large rocket motors this is a
good approximation, but not so for low-thrust, long duration rockets motors. Therefore, we
allow for both impulse changes in velocity (at one instance of time) and long-duration
accelerations (with start and end time).
2.3.6.4.1 Add Delta-V
Click once on the ADD DELTA V button to see what we show in the next image (dialog box). In
this dialog you’re allowed to make changes to any textbox that is not filled with gray color.
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The simulation time (time since START TIME = 0) for this delta-v to occur is shown as
“Time” on the upper left. This time is set by stopping the simulation in Main Window at this
time before choosing to add a delta-v. If you have not done this already, click on the CANCEL
button, go to the point in the orbit simulation where you want the delta-v to occur, and then
choose ADD DELTA V again.
This dialog allows you to apply a delta-v for (1) entering an elliptical orbit with desired
apogee or perigee, (2) changing the existing velocity vector, (3) changing the orbit inclination,
or (4) circularizing an existing elliptical orbit.
(1) Remember that elliptical orbits are useful as transfer orbits; therefore, the
APOGEE/PERIGEE textbox in this dialog makes designing transfer orbits very easy.
We’ll demonstrate this later where we use this option to reach geosynchronous
orbits or the Moon. If you make changes in this textbox, click on the TAB key when
done, and then click on the SET REQUIRED DISTANCE button.
(2) You may also make changes to the current velocity magnitude or velocity vector. If
you make changes in the NEW VELOCITY textboxes, press the TAB key when done
and then click on the SET REQUIRED VELOCITY button.
(3) If you make changes to the INCLINATION textbox, press the TAB key and then the
SET REQUIRED INCLINATION button.
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(4) If you want to circularize the existing orbit using the current orbit radius as the
circular orbit’s radius, simply click on the CIRCULARIZE ORBIT button.
After you’re done making changes in this dialog window, you must click on the USE AND
RECALCULATE button. This saves your changes, recalculates the orbit, and returns you to the
main window.
If you click on the DO MANUALLY button, you’ll be returned the main window and see
the new TIMED Delta-Vs group box that we show below.

This allows you to manually set your three vector elements for velocity change (same as
delta-v), not new velocity. Here you must also enter a simulation time (time relative to START
TIME = 0) for the delta-v to occur. Then you must enter the magnitudes of this change in
velocity for each of the three directions. Although you may enter a time longer than the
simulation time (larger than END TIME), no rocket burn will occur in that case. Since the default
orbit’s period is 4 hours and 20 minutes, set the time for this delta-v for 3 hours. Now type the
following in the three axis boxes: 200, 300, and 400 respectively. When done, press the TAB key
or click the mouse outside the control panel to let the software know you’re done making
changes. Finally, recalculate the orbit using the button at the top of the control panel. You
should now see the following image, after a few image rotations using the mouse and changing
the orbit thickness.
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Note that the orange ball shows where the delta-v occurred, and that the satellite is
now in an entirely different orbit. If you extend END TIME to 6 hours, you’ll see more of the
new orbit.
This option for manually entering delta-v is very useful when choosing a delta-v for
entering a lunar orbit (lunar orbit injection).
You may add as many delta-vs as you like. However, when designing real space
missions, remember that each delta-v uses fuel; therefore, you should use them sparingly.
2.3.6.4.2 Add Long-duration Acceleration
SOS deals with long-duration thrust (LDT) propulsion using satellite acceleration. To relate this
to rocket motor thrust in Newtons, simply multiply the acceleration by satellite mass in
kilograms.
SOS has two options for including the LDT propulsion vector: 1) acceleration vector
relative to Earth and the satellite’s velocity vector; and 2) acceleration vector relative to inertial
space (ECI coordinates). We show the first option in the next image.
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For this first option you have two choices: a) LDT acceleration/thrust is always in the
direction of satellite motion and b) LDT acceleration/thrust is define by the vector shown in the
following image where r is in the up direction relative to Earth and vh is the satellite’s velocity
component parallel to Earth’s local horizontal. Note that the two vectors in the image are
orthogonal, meaning that the total angle between them is 90 degrees.

You may select any angle for thrust between -180 and + 180; just keep in mind that the
angle is always relative to Earth and the satellite’s velocity vector, not inertial space. Choosing
an angle equal to 90 degrees makes the thrust always in the up direction (Earth’s radial
direction).
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In the next image we show the dialog for setting the LDT vector relative to ECI inertial
space using three vector components.

Both of these options for LDT propulsion require that you include a thrust start time and
a thrust end time; these are times relative to the simulation START TIME = 0, not your current
real time. You have the option of entering THRUST END TIME or THRUST DURATION. If you
enter THRUST DURATION, THRUST END TIME will be calculated for you.
As with all dialog boxes in SOS, you must press the TAB key or left-click the mouse
outside the textbox to let SOS know you’re done making changes. Finally, you must click on the
USE AND RECALCULATE button to keep your changes, recalculate the orbit, and exit the LDT
dialog box.
2.3.6.4.3 Display
This sub groupbox allows you to select whether or not you want to display the satellite’s orbit
track, ground track, and delta-v vectors. If these displays are not needed you can choose to not
show them; this saves computation time when lots of orbit steps are shown or lots of satellites
are used in the simulation. And, sometimes you just don’t want the image cluttered by “stuff”.
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2.3.6.4.4 Delete Satellite
This button should be self explanatory. Use it to delete the chosen satellite. This is the last
control in the SATELLITES groupbox.

2.3.7 Viewing Location
This groupbox allows you to enter your viewing location on Earth and is used by SOS to
calculate viewing angles (azimuth and elevation) for the Sun, the Moon, and satellites.

If you don’t know your GPS coordinates, you can get help by clicking on the SET NEW
LOCATION button. When you do this, you’ll see the image below.
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If you click on your Earth location (on the Earth image which you can rotate using the
mouse), your GPS coordinates will be placed in the appropriate boxes on the upper left. You
may also type your place name in the PLACE LOOKUP textbox and press the SUBMIT button. A
list of choices will then be shown below for you to choose from. Choose your location and then
click on the USE button.
You may also choose to load the default viewer location. If you’ve already set the
default, that is the value you will get when the LOAD THE DEFAULT button is clicked. Otherwise,
the default viewing location is Greenwich, England where the longitude is zero.
Once you’ve chosen a GPS location, you’ll also see a drop-down list that you can use to
display dates and times for future solar eclipses at your location. We know this information
isn’t required for learning orbital mechanics but it is fun to know. And, since this software
already knows the future locations of the Sun and Moon, it wasn’t too difficult to include this.
You still need to know your own altitude above mean sea-level. We offer you no help
finding this value. However, the software must know this in order to accurately calculate look
angels for observing satellites.
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When you’re satisfied with your GPS coordinates, click on the SET LOCATION AND CLOSE
button at the bottom of the dialog—the software will remember it for this session and close the
dialog. If you want the software to remember your GPS coordinates for future sessions, you
must save it as the default.
What you see above is the GPS location for Rio Rancho, New Mexico, USA—one author’s
home location.

2.3.8 Display
This groupbox allows you to change the number of satellite orbital steps that are shown; the
size of these orbital steps (red balls); and whether or not you want to see the Moon’s orbit
track, your viewing location on Earth, and shadows from the Sun. Seeing Sun shadows makes
the Earth and Moon images look more realistic. It also allows you to easily see where nighttime
is on Earth at your simulation time.

When you make changes to these parameters, they are automatically updated on the
3D image. You do not need to recalculate the orbits. This can take a few seconds if you’re
showing 1000 orbit steps or have lots of satellites. Remember, more computation time is used
for 3D display than for calculating orbits.

2.4 Information Display Panel
Now we switch to the panel on the right side used for displaying information. We’ll start at the
top and work our way down starting with Simulation Stats.

2.4.1 Simulation Stats
This groupbox provides you with a large amount of information related to the satellite you’ve
selected, and the Moon and Sun location. See the image below.
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2.4.1.1 Simulation Time
At the top of the Simulation Stats groupbox shown above you’ll see a TIME sub groupbox with
three rows for time. On the first row you’ll see simulation time increment as the orbit
simulation/animation is played. This time is zero at the start of the simulation and equals END
TIME at the end of the simulation.
On the second and third lines actual simulation date and time are incremented as the
simulation runs—one is UTC time, and the other is your local time. It starts at epoch, the
date/time set in the control panel, and increments until the end of the simulation. At the end
of the simulation, it will be equal to epoch plus END TIME. For example, if your epoch is the
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date/time shown above and you then set END TIME to 2 days (2.00:00:00), then recalculate the
orbit, and then run the simulation, the final time shown will be 6/3/2022 3:26:12 PM UTC.
2.4.1.2 Sun, Moon, and Satellite Information
Next you should see the name for the satellite chosen using the Control Panel. Then you should
see buttons to open dialogs that display information about the Sun, Moon, and satellite. The
satellite dialog is open by default and we show it in the image below.

Whether or not you’re interested in this information depends on your interest in space
flight, orbital mechanics, and astronomy. If you’re an amateur, you’ll be mostly interested in
azimuth and elevation because this tells you where to look to see the satellite from your
location. Azimuth is the angle from north in a clockwise direction along the horizontal plane and
elevation is the angle from the horizontal plane to the satellite. If elevation is negative, the
satellite is below the horizon, and you cannot see it. Just remember that you must have your
own coordinates (VIEWING LOCATION) set using the control panel before these are accurate for
your location.
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Just for fun, make sure you’re VIEWING LOCATION is correct, set the epoch to NOW so
your current time is shown, recalculate the orbit, then open THE SUN information window and
write down the azimuth and elevation. Finally, go outside and look in the direction indicated by
these angles. You should see the sun at the specified location. If you run the orbit simulation,
the time will have incremented by END TIME and the sun’s location indicated in the software
will have changed to where it will be later at epoch plus END TIME.
Position in ECI coordinates is also shown along with speed and distance from the center
of Earth. Also shown is right ascension (RA) and declination (DEC) in ECI coordinates. These may
be of interest to you if you’re an astronomer or if you’re using this software for space mission
design.
Note also that you see the latitude and longitude stated for the satellite. These are
geodetic coordinates that the satellite is directly over.
2.4.1.3 More Information and Events
In the SATELLITE information box you should see a button called MORE INFO AND EVENTS.
After clicking on this button, you should see the following dialog where the information shown
relates to the satellite you’ve selected. The satellite selected below is the International Space
Station (ISS).

The information on the left side is pertinent to the satellite at its current place in orbit.
This dialog will automatically update itself and can be put to one side and left open, allowing
you to continue using the main window.
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What might interest you the most are the orbital elements shown in the upper left of
the MORE INFO AND EVENTS window. Most space agencies still use this traditional method for
defining obits.
On the right side of this box, you’ll see lots more interesting information about when
the satellite is at a node (crossing the equatorial plane), is at apogee, is in or out of Earth’s
shadow, when it rises above the horizon, etc.
If a low-Earth orbiting satellite is at least 10° above the horizon, the Sun is more than 2°
below the horizon, and the satellite is not in Earth’s shadow, you easily view the satellite
without a telescope. You can see objects like the International Space Station (ISS/ZARYA Cat
25544) and the Hubble Space Telescope (HST Cat 20580). This window gives you the
information you need to determine when a satellite is observable. In fact it tells you when the
satellite is rising and setting relative to your position on Earth. This information could be useful
if you want to communicate with a satellite using line of sight RF or laser beams.
You’ll also find useful information about the Sun and Moon in this dialog. You can filter
these events by clicking on the filter button at the top right of the list box. This brings up a
menu (see below) which allows you to toggle events on and off. A quick way of seeing all the
events is to click on ALL EVENTS. You can also turn all events off and then select the event(s)
you’re interested in.

2.4.2 Camera Controls
Even though this is in the Display Panel, it’s more of a camera control. It controls camera
position, camera direction, field of view, and how your view of Earth and the orbit responds to
mouse movements such as wheel rotation and right button-down mouse movement. Just
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imagine that you’re viewing the scene through a camera, and these are the camera controls
and camera location adjustments.
2.4.2.1 Camera
Use the mouse wheel to move the camera position in and out, and hold down the right mouse
button while moving the mouse to rotate or shift the image, depending on the other camera
settings. Use FIELD OF VIEW to zoom the image in or out from the current camera position.
When the zoom approaches 180 degrees, the image is distorted just like it is for a real camera.

There’s no easy way to explain what the camera controls do. We recommend that you
simply spend some time playing with these controls and watching how they affect camera
movement.
2.4.2.2 View
This part of the display panel allows you to quickly choose some standard views. Simply click on
the button for the view you want. PROJECT VIEW returns your camera to the last saved view,
NORTH POLE places your camera over the North Pole, SOUTH POLE places your camera over the
South Pole, and EQUATORIAL places your camera over the equator with the ECI x axis pointing
in your direction and the z axis pointing up.
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There are also two other cameras, one that follows the satellite (Sat Cam) and the other
that is positioned on the surface of Earth at your chosen location (Earth Cam).
The SAT CAM POINTING TOWARD EARTH button, when selected, shows you a view close
to the satellite, always looking toward Earth. You can select which direction is up by using the
radio buttons that appear when this view is selected. The checkbox allows you keep the
satellite from showing in the image.

The SAT CAM (DYNAMIC) button allows you to follow the satellite, but you can point the
camera anywhere relative to the direction of travel. This is a particularly good view to use when
orbiting the Moon, as you can view the Moon below, while orbiting around it.
When using this camera view, camera position is always in front of the satellite where
front is defined as the direction of travel. You may change the look direction of the camera but
not the camera’s position. If you point the camera toward the satellite, you will see where it
has been. Down is defined as the direction of the body being orbited while up is defined in the
opposite direction. Obviously, then, the camera’s look direction will be constantly changing
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relative to inertial space. Therefore, if you are showing the star map, the stars will be moving
relative to the camera’s look direction.
The EARTH CAM AT LOCATION button places you at your location on Earth. Though it is
possible to use the mouse to drag the camera to the direction of interest, the direction buttons
that appear when selecting this mode should be used for easy and precise movement. This view
is good for observing how satellites track across the sky and for observing eclipses. You can
also use it to identify stars in the sky for any date and time.

2.4.3 Images
Here you may choose one of three Earth images, one of two satellite images, and control the
star map and its labels. One Earth image has significant detail, enough to identify the general
location of your home. Another has less detail but is brighter and more visually appealing. The
third includes some cloud cover and is best for use with the star map for realistic scenes. For
the satellite image, you may choose a red ball or an actual satellite with solar panels that
always point toward the Sun. Simply click on the small down-arrows as shown below to choose
the images you want—these are drop-down lists.
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Here you can also choose to see a star map background. This star map also shows all
the major planets: Mercury, Venus, Mars, Jupiter, Saturn, Uranus, and Neptune. If you check
the WITH LABELS checkbox, the major stars and planets will be labeled. You may mouse-click
on the planets, Sun, and Moon to get more information about their location and look angles
(azimuth and elevation). Use these angles to find them in the sky from your location on Earth.
You should now have a good idea of how the software works. The left scrollable panel
allows you design your projects while the right scrollable panel gives you useful information
and allows you to set up your camera for viewing
Next, we’ll step you though some example exercises that we think you’ll find interesting
and informative.
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3 1999 Eclipse Example
The purpose of this example Eclipse 1999 is to give you some experience with the software and
also to demonstrate to you how accurate the time synchronization is for Earth rotation, Sun
location, and Moon location.
Change the epoch to 09:46 a.m., 11 August, 1999. We chose this date because a solar
eclipse occurred at this date and time in Greenwich, England. Now, recalculate the orbit. The
satellite orbit shown is the default one; but we’re not concerned with that now. In fact, you
may delete the default satellite.
Next, go to the left-side control panel and scroll down to VIEWING LOCATION. You’ll see
that the default position on Earth is approximately 51-degrees latitude and 0-degrees
longitude. If not, set Greenwich, England as your Earth location.
In the next image we point out the azimuth and elevation angles for the Sun and Moon.
Note that they are nearly equal; as they should be when there’s a solar eclipse at that Earthsurface location.

Now if you “play” with the Camera setting so you’re looking at the dark side of Earth,
you’ll see the following image or maybe one that has the Moon directly over the Sun. This
image is from the example simulation called Eclipse 1999 from Space.
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If you open the example project file, press the PLAY button to watch the eclipse evolve
as time progresses.

This should give you some appreciation for the accuracy of the algorithms used in this
software to determine the location of the Sun and Moon for any date and time. And, since
we’re using the 3-body equation of motion for satellites, the location of satellites modeled
using SOS should also be very accurate.
Note that the Moon looks a little smaller than it should. That’s an artifact of the camera
position we used so you would have a better view of the Sun and Moon relative to Earth. The
camera is effectively quite a distance from the Moon and Earth. From the surface of Earth, the
Moon and the Sun appear about the same size. In fact, the Moon is much smaller than the Sun
and their observed relative sizes are solely determined by the location you view them from.
In the next sections we use examples to demonstrate how to set initial parameters for
either designing your own space missions or for viewing and simulating orbits of existing
satellites.
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4 GEO Orbit Example
SOS provides you with easy-to-use tools for doing space mission design. This first project
demonstrates how easy they are to use.
This example project To GEO from Default Orbit demonstrates how to get to a
geosynchronous equatorial orbit (GEO) that has a period equal to one sidereal day and,
therefore, appears to remain stationary over a single location above Earth. Since we will be
starting from the default orbit, close SOS and restart now.
To get from the default elliptical, polar orbit to a GEO, we’ll first (1) convert to a circular
orbit, then (2) change the inclination from 90 to 0 degrees, then (3) use a Hohmann transfer
(elliptical orbit) to get to GEO altitude, and finally (4) circularize the orbit when we arrive at the
final altitude. The following subsections are numbered for these steps.

4.1 Step 1 Convert to Circular Orbit
The default orbit is an elliptical, polar orbit but we want to be in a circular orbit. Since you’re
not allowed to add a delta-v at Simulation Time = 0, use the SINGLE STEP button to advance the
simulation time to 2:36 (2 minutes and 36 seconds). Now click on the ADD DELTA V button in
the control panel to see the following dialog window.
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Now click on the CIRCULARIZE ORBIT button followed by the USE AND RECALCULATE
button. The dialog window will close, and you should see the main window image below where
we have increased the size of the orbit track balls and rotated the image. The orbit is now a
circular, polar orbit and SOS calculated the delta-v required to do this. That delta-v is shown as
a yellow arrow. You can view the calculated delta-v on in the left control panel.

4.2 Step 2 Change Orbit Inclination
Now we need to change the circular orbit’s inclination from 90 degrees to zero so it will
become an equatorial orbit. However, this must be done at one of the two nodes where the
orbit crosses the equator. To help with this, we have provided you with a button to set the
simulation time to either of these two nodes. We show this button in the next image.
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Click this button once to get to the next node and then click on the ADD DELTA V button
again to see the image below.

Note that you may now change the inclination. Do that now by changing it to 0,
pressing the TAB key, and then clicking on the SET REQUIRED INCLINATION button. Finally, click
on the USE AND RECALCULATE button. You should now be back to the main window and see
the following image.
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We now have the default satellite in a circular, equatorial orbit.

4.3 Step 3 Elliptical Transfer Orbit
Now we want to enter an elliptical orbit that gets the spacecraft to the GEO orbit radius (42,157
km). In other words, we want to do a Hohmann transfer to a GEO. Where you perform the
delta-v to get to the GEO orbit will depend on where over Earth you want the satellite to appear
stationary. And that depends on your current date and time. However, we’ll keep this example
simple and assume any location over Earth is acceptable.
Run the simulation to approximately 3 hours then pause it. Now click on the ADD DELTA
V button to see the following dialog.
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In the APOGEE/PERIGEE (EC) textbox enter 42157000 which is the radius for a GEO orbit
in meters. Or just click on the small GSO button which automatically inserts 42164000 into the
APOGEE/PERIGEE (ECI) textbox. Now press the TAB key and then click on the SET REQUIRED
DISTANCE button. Finally, click on the USE AND RECALCULATE button to exit the dialog
window.
Before continuing, note that the GSO acronym stands for geosynchronous orbit while
GEO stands for geosynchronous equatorial orbit. If your initial orbit is equatorial, the final orbit
after initiating this transfer will be a GEO, otherwise it will be a GSO. GSOs produce a figureeight ground track pattern while GEOs produce a single spot.
Also note that sometimes we use 42,157 km for the radius of a GSO and sometimes we
use 42,164 km. The two numbers are very close, and either is sufficiently accurate.
Finally, you should know that if the number you enter in the APOGEE/PERIGEE (ECI)
textbox is greater than your current orbit’s radius it becomes the apogee of the new elliptical
orbit. If it is smaller, the number becomes the perigee of the new elliptical orbit.
When you’re back in the main window, you should see the image below after setting the
number of orbital steps to 300, END TIME to 14 hours, and viewing from the North Pole.
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4.4 Step 4 Enter Circular GEO Orbit
Now press the top button to rewind the simulation back to START TIME (indicated by the long
arrow in the following image). Then press the APOGEE button (indicated by the short arrow in
the following image) 5 times.

You should now have the simulation time stopped at the point shown in the next image;
it’s apogee of the elliptical transfer orbit.

45

Again, press the ADD DELTA V button to see the DELTA V CALCULATOR dialog.
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From this DELTA V CALCULATOR dialog simply click the CIRCULARIZE ORBIT button and
then the USE AND RECALCULATE button to return to the main window. You should now see the
following GEO orbit where we have increased END TIME to 1 day and 10 hours and enlarged the
orbit thickness (red ball size).

The satellite now appears to be stationary over Earth at the point shown in the image
below. You can see this when GROUND TRACK is on.
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All of the delta-vs required to get to GEO were calculated for you. To see them, go to
the control panel on the left.
This project is saved in an orbit file called “To GEO from Default Orbit.”
The initial circular orbit we used in the previous example is not necessary; you can get to
GEO from the default orbit with only three steps. To see the project file with only three steps,
open the example project file: To GEO from Default Orbit 2.

4.5 GEO Orbit Timing
If you want to choose the location over Earth where the GEO satellite appears to be stationary,
simply stay in the lower equatorial orbit until the timing is right. By examining the previous
example, you can see that the orbital transfer time, Tt, from inner orbit to GEO orbit is 6.4285
hours or Tt = 23,142.6 seconds. Keeping in mind that the orbital transfer is initiated when the
satellite is on the back side of Earth relative to the GEO intersection point, according to our
calculations you must apply the orbital transfer delta-v when the satellite is at a delay angle =
83.3 degrees (5.5 hours) behind the desired Earth surface location or
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The 86164.0905 value in the above equation is the number of seconds per Earth rotation in
inertial space.
If you use a different initial orbit, you’ll need to change the equation to match the time
for your transfer orbit (Tt).
To test this equation, we deleted the last two delta-vs from the last example problem,
so the satellite was again in the circular, equatorial orbit. We then ran the simulation until the
satellite was about 83 degrees behind our desired Earth-surface location in Eastern North
America (90 degrees west longitude). In other words, we needed to initiate the orbital transfer
delta-v when the satellite’s longitude was

Longitude of delta-v = Desired Longitude of GEO Sat + Delay Angle
173⁰ = 90⁰ + 83⁰
We then entered the transfer orbit at simulation time 05:11:24 (10/10/2021 6:34:52 PM UTC)
and transferred to the GEO orbit when reaching apogee of the transfer orbit. The results are
shown below where you can see that it worked as expected. See the example project file: GEO
over Eastern North America.

We were able to determine when the satellite was over this particular longitude by
clicking on the white ground track balls directly under the red track balls.
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Next, we repeated the first GEO simulation but set the orbit inclination to 45 degrees
rather than 0 degrees. The results are show below where you can see that the geosynchronous
orbit creates a figure-eight ground track pattern. See example project file: Geosynchronous
Orbit not GEO.

Using the design tools in SOS you can design a mission to go from any low-Earth orbit to
a GEO orbit in less than one minute with all delta-vs calculated for you. SOS has made space
mission design easy.
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5 Lunar Mission Design Example
Here we step you through a lunar orbit mission design beginning with a launch from White
Sands Missile Range, New Mexico, USA. With it you will get experience using several other SOS
capabilities.
After launch, we’ll use the booster’s burnout as our initial conditions. Then we’ll let the
spacecraft reach apogee of its short orbit (ballistic trajectory). Next, we’ll fire the spacecraft’s
rocket to enter a low-Earth parking orbit. After a couple of orbits, we’ll fire the spacecraft’s
rocket again in a direction to intercept the Moon. Finally, as we approach the Moon, we’ll fire
the spacecraft’s rocket a third time to enter a lunar orbit. Except for some time doing trial-anderror for lunar orbit insertion, it’s relatively easy. Later we’ll show you a way to make this
mission planning more exact.

5.1 Step One, Launch
Our spacecraft is not in an orbit SOS can simulate until the booster rocket burns out—we call it
“burnout”. Before that happens, the rocket is being guided by the guidance, navigation, and
control (GNC) system. The GNC team know our launch location, and date and time of launch.
From this information we assume that they can tell us the latitude, longitude, altitude above
sea level, velocity in ECI coordinates, and time for booster burnout. The stated velocity in ECI
coordinates includes the boost we get from Earth rotation.
Make sure the EARTH HAS ATMOSPHERE checkbox is not checked (more about this
later) and then click on the ADD SATELLITE button on the left control panel under SATELLITES.
When you do this, a SET INITIAL PARAMETERS dialog pops up as shown below. From this dialog
you can choose several options, but now we want the BURNOUT ABOVE EARTH option.
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As shown in the image above, we’ve entered the date and time of booster burnout
along with the coordinates, altitude above mean sea level, velocity, and inclination (40 degrees)
given to us by the launch team. Note that this location is northeast of White Sands National
Monument, which you can actually see on the map.
Note that the software allows you to choose your desired orbit inclination and whether
your launch is toward the north or toward the south. Then it tells you what launch azimuth to
use in order to achieve this orbit inclination; orbit inclination and launch azimuth are related
but not the same.
In case you’re wondering, if the rocket motor uses liquid propellant, you could tell the
launch crew what coordinates and velocity you want at burnout. If the rocket motor uses solid
propellant, it’s not possible to force the thrust to zero until the propellant is totally exhausted;
therefore, your options for burnout position and velocity are limited.
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If we had typed White Sands Missile Range in the PLACE LOOKUP box and then clicked
on SUBMIT, we would have been given the coordinates for the White Sands Missile Range
office area. Since that’s not where burnout occurs, we did not use that. You can also left-click
the mouse on Earth to set the GPS coordinates for burnout.
After you’ve entered the burnout date, time, coordinates, velocity, and desired orbit
inclination; press the TAB key and then click the SET PARAMETERS AND RECALCULATE ORBIT
button at the bottom to accept these initial parameters and recalculate the orbit for the chosen
epoch (simulation start time and date). After clicking on the CLOSE button you should see the
following image, if you set the END TIME to one hour and the satellite image to RED BALL.

Note that the ballistic trajectory after burnout and release of the spent booster rocket is
simply an orbit that intersects Earth. However, we normally refer to these orbits as ballistic or
suborbital trajectories.
Now back to why we did not check the EARTH HAS ATMOSPHERE checkbox. The reason
for simulating atmosphere is to determine its effect on satellite orbits, not to determine its
effect on the suborbital carrier vehicle that deploys the satellite once it reaches apogee. In fact,
the suborbital vehicle will be designed with a much lower drag coefficient than the satellite
itself. Also, its area exposed to relative wind velocity will be much less than that of the satellite
because the satellite solar panels are normally folded when stowed in the carrier. So, perhaps
in the future, SOS will have drag and surface area entries for both the satellite and suborbital
vehicle, but not currently. Therefore, we’ll ignore the atmosphere for this mission.

53

We now need to find the apogee of this ballistic/suborbital trajectory. You can do this
yourself by single-stepping the simulation until the satellite is at the top of the ballistic
trajectory, or you can use the button designed for this purpose at the center top of the main
window as shown below.

After clicking on this button, the simulation will be advanced in time to the apogee point
as we show in the following image where simulation time (upper right corner of your screen)
should be 5 minutes and 28 seconds.

We can also click on the large red ball to find more information about this apogee point
as we show in the next image.
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See example project file: Step 1 Booster Burnout.

5.2 Step 2, Enter Parking Orbit
At this apogee point of the ballistic trajectory, we fire the spacecraft’s rocket motor to enter a
circular parking orbit. Why a parking orbit? This gives you time to check out all the hardware to
make sure it’s working correctly. And it provides time to use radar for fine-tuning your orbital
parameters like the ECI position and velocity vectors at specific observation times. It also allows
you more flexibility in choosing a time for the next delta-v used for intercepting the Moon—it
effectively makes your launch window wider.
To enter the parking orbit, you must include a delta-v at this apogee location. Click on
the ADD DELTA V button in the left control panel and the dialog shown below will appear.
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Click on the CIRCULARIZE ORBIT button and then on the USE AND RECALCULATE button.
The dialog window will close, and you should see the following main window image. Note that
we changed the END TIME to 1 hour and 40 minutes to show one complete orbit. Note also
that the inclination for the ballistic trajectory and parking orbit is the same. In other words, this
delta-v does not change the orbit inclination.
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The spacecraft is now in a circular parking orbit with inclination equal to 40 degrees and
altitude equal to about 460 km. Note that we are also showing the delta-v vector. You may turn
these off to make the image less cluttered.
See example project file: Step 2 Enter Parking Orbit.

5.3 Step 3, Lunar Intercept Burn
To save fuel for the lunar intercept burn, it’s nice to have the parking orbit inclination matching
the lunar orbit inclination. We’ve already done this for you, approximately, by selecting the
launch azimuth. It’s not exact but it is close enough.
To intercept the Moon we must execute a Hohmann orbit transfer; therefore, we need
the initial transfer-orbit delta-v to be on the opposite side of Earth relative to where we want to
intercept the Moon. To find this location we must first know the approximate time for the
complete Hohmann transfer; for Earth-to-Moon that is about 5 days. Now we set the
simulation END TIME to 5 days and align the camera position and orientation (your point of
view) so the lunar orbit end point is as shown in the following image where we have turned off
the option to show delta-v, increased the orbit thickness to 100, and increased the number of
steps shown to 500. Then, we set the location indicated by the arrow as the simulation time for
the initial orbit transfer delta-v. Remember, the location for the delta-v must be on the
opposite side of Earth relative to where we want to intercept the Moon in 5 days. Run the
simulation, allow for one complete orbit, and then stop the simulation at the point shown
below. We found the simulation time for this delta-v to be 02:15:11 but yours may be slightly
different.
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Now click on the ADD DELTA V button to see the DELTA V CALCULATOR dialog. Since we
want to enter an elliptical orbit with apogee the same as the Moon’s distance from Earth, we
use that for the required apogee for the transfer orbit. The Moon is about 385,000 km from
Earth, but we chose to use 400,000 km (400,000,000 meters) as shown in the following image.
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After you get more experience designing these missions you can experiment with
different values for transfer orbit apogee distance. You’ll find that the Moon pulls your
spacecraft toward itself when you get close; therefore, the apogee distance can be less than or
greater than the actual distance from Earth to the Moon.
After entering 400,000 km for the apogee, you must then press the TAB key to let the
software know you’re done editing the textbox. Then you must click on the SET REQUIRED
DISTANCE button followed by the USE AND RECALCULATE button. This dialog then closes and,
after reorienting the image, you should see the following on the main window.
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We got so close to the Moon that it produced a slingshot effect and changed the
spacecraft’s direction of flight. At this point, it will require only a small delta-v to enter a lunar
orbit.
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See example project file: Step 3 Intercept Moon.

5.4 Step 4, Lunar Orbit Burn
This delta-v to enter a lunar orbit should be entered manually because you’ll need to use trialand-error and the manual entry option allows you to see the results immediately after clicking
on the RECALCULATE button. It also allows you to see the coordinate axis which is critical for
selecting the proper delta-v. We placed the lunar orbit burn at time = 5.00:00:00 (exactly 5
days into the mission). After some trials and a 10-day simulation, we got the results shown
below where our final delta-v values are shown by the red arrow.

Choosing the location for this final delta-v is a learned skill and choosing the direction of
the delta-v can dramatically change the type of lunar orbit you get.
See example project files: Step 4 Lunar Orbit Insertion.
These four steps with three spacecraft rocket burns are demonstrated in the example
project files. Feel free to make adjustments to the final delta-v so you can see the changes you
get in the lunar orbit. Start with small changes.
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6 Lunar Mission Timing Example
In the previous chapter we chose the date and time for the lunar mission for you. In this
chapter we’ll show you a method for choosing the proper timing for a lunar mission.
For this mission we’ll start from a low-Earth equatorial, circular, parking orbit. However,
this method is general enough that any parking orbit inclination can be used. We show this
orbit in the next image from an older version of SOS. See example project file: Lunar mission
timing 1.

We used a date set to 11 Oct, 2021 and time equal 10:39:28 PM UTC. If you use a
different epoch, your date and time for applying the transfer orbit delta-v will be different.
Now set END TIME to about 5 days and increase ORBIT THICKNESS to 150 so you can
easily see the lunar orbit behind Earth. Next, recalculate the orbit and arrange the image so
you see the end of the 5-day lunar trajectory as shown below where we have drawn the two
white lines over the image. The first white line shows the plane of the current orbit. The second
white line is an extension of the lunar orbit trajectory. We arranged the image so the lunar
trajectory would go through the center of Earth if it was extended. See example project file:
Lunar mission timing 2.
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We can now extend the lunar trajectory by increasing the epoch (time for the mission
start). After a little trial and error, we found a time (future time relative to the initial time we
chose) when the Moon was directly behind Earth (and centered) at the end of the 5-day
mission. We had to advance the epoch about 48 hours for this to occur. We show the resulting
image below. See the example project file: Lunar mission timing 3.
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We now run the simulation slowly until the spacecraft is located where the arrow points
in the previous image—exactly opposite relative to Earth where the Moon will be after 5 days.
This is where we need the next delta-v to occur for an efficient Hohmann transfer orbit. After
clicking on the ADD DELTA V button and choosing an apogee for the transfer orbit equal to
400,000 km we get the following results.
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By the way, we also increased our simulation time to 5.11:40:00.
See example project file: Lunar mission timing 4.
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As you can see, the spacecraft and the Moon arrive at about the same location at the
same time—close enough that you can fire the rocket motor to enter a lunar orbit. This time
we’ll allow you to find this lunar orbit injection delta-v.
This is a general procedure that works for any low-Earth orbit regardless of initial orbit
inclination. This method also allows you to choose the proper date and time for launch. If you
miss this “launch window” you can simply find another launch window as the spacecraft comes
around Earth again. A responsible mission designer would have all these launch windows
calculated beforehand just in case one or more is missed.
This software does not require that your parking orbit be circular.

66

7 Sun-Synchronous Orbit
Earth rotates around the Sun once (360 degrees) per year. Therefore, the Sun’s apparent
location relative to the Earth-centered inertial reference frame also rotates 360 degrees per
year. If you want the Sun to appear stationary relative to your satellite, then your satellite must
drift to the East by 360 degrees per year or about 1 degree per day. This can be accomplished
by choosing the orbital altitude and inclination so that Earth bulge produces the correct amount
of orbit drift. An altitude of approximately 700 km and an inclination of 98 degrees will produce
1 degree eastward drift per day. Here we demonstrate how to create this orbit using SOS.
First, we choose an appropriate location to launch into a near polar orbit. This location
must be free of human population in the northern direction. Northern Scotland meets this
requirement, so we’ll launch from there. Rather than deal with rocket burnout and entering a
parking orbit from apogee of the ballistic trajectory, we’ll begin with parking orbit entry where
the parking orbit is our 700-km-altitude orbit at the proper inclination.
Click on the NEW button to delete all existing satellites.
SATELLITE button to see the following dialog box.

67

Then click on the ADD

Note that we have chosen the PARKING ORBIT INSERTION option that allows us to skip
the launch burnout portion of the mission. Note also that we have used the mouse to click on
Northern Scotland, which enters that location’s GPS position into the text boxes indicated by
the large black arrow. Finally, note that we have set the altitude to 700 km and the inclination
to 98 degrees.
The software has calculated the required launch azimuth for achieving the desired orbit
inclination. That azimuth is 344 degrees and 25 minutes.
After making changes to the text boxes, press the TAB key and then mouse click on the
SET PARAMETERS AND RECALCULATE ORBIT button. Finally, close the dialog to see the
following results.
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We are now in a circular orbit with altitude equal to 700 km and inclination equal to 98
degrees. However, our simulation time is much too short to view the 1 degree per day drift. To
see this, change END TIME to 40 days, use 500 STEPS SHOWN, turn on SUN SHADOWS, and
recalculate the orbit to see the image below.

69

The orbit does indeed drift eastward by 1 degree per day and maintains its position relative
to the Sun. See example project file, Sun-Synchronous Orbit.
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8 Long-duration thrust (LDT) Examples
We allow users to enter thrust as either an impulse delta-v that occurs as one instance of time
or as a thrust that occurs over long time durations. The first is typically used for large thrust
and the second is typically used for small thrust.
For LDT, SOS has two options: one where the thrust occurs in a direction relative to
Earth and the spacecraft’s velocity vector, and one where the thrust direction is defined by a
vector in inertial space relative to the ECI coordinate frame. In this chapter we illustrate several
examples using the first option and one using the second option. Finally, we compare longduration propulsion with impulse propulsion which is otherwise known as applying a delta-v.

8.1 Thrust Relative to Spacecraft Motion (v) and Position (r)
Vectors
Here we show several examples for using LDT to increase orbit radius, counter atmospheric
drag, and de-orbit satellites. We think you’ll find these examples to be very interesting because
some are not always intuitive.

8.1.1 Thrust in Direction of Motion to Increase Orbit Radius
For the first example we start with a low-Earth equatorial orbit as shown in the image below
and use LDT to increase the orbit radius.
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As shown in the following image, we set acceleration due to thrust equal to 0.02 m/s2 in
the direction of motion. Example project file: LDT Acceleration 1.

After entering the information in the textboxes, pressing the TAB key, and then clicking
on the USE AND RECALCULATE button we get the results shown below where the orbit balls are
colored light blue when LDT is on. After a day of thrusting, the satellite is in a higher orbit.
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We expected this result because when doing Hohmann transfers to get to higher orbits
we always apply thrust in the direction of motion. However, unlike the Hohmann transfer, this
orbit change does not require a final delta-v to enter a circular orbit. Using a low thrust over a
long time, we essentially maintain a circular orbit while thrusting—assuming that we start with
a circular orbit.

8.1.2 LEO to GSO using LDT
Here we show how a satellite, after being deployed to LEO, can use its low-to-medium trust
rocket to reach GEO. We turn off the thruster when the satellite has enough velocity to reach
geosynchronous orbit radius. Once GEO orbit altitude is reached, a small delta-v is required to
circularize the orbit. Example project file: LEO to GEO using LDT.
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If we had used a lower thrust over a longer period, we could have maintained a circular
orbit throughout, and no final delta-v would be required. We actually used a constant LDT
acceleration equal to 0.05 m/s² in the direction of motion.

8.1.3 Thrust in Direction of Motion to Oppose Atmospheric Drag
Drag forces in low-Earth orbits can degrade the orbits. Basically, the forces of drag are in the
opposite direction of satellite velocity and produce a deceleration. This drag force can be
countered by adding a constant thrust force in the opposite direction of drag—in the direction
of motion.
For satellites in typical low-Earth orbits, it can take years for drag forces to significantly
degrade the orbit. Since SOS simulations are limited to 99 days, we cannot easily demonstrate
the concept of using LDT to counter drag.
For a LEO with altitude equal to 100 km, the drag force is approximately 9E-10 Newtons.
Therefore, to counter this force we need a long-duration thruster with thrust equal to 9E-10
Newtons. If the satellite mass is 2,000 kg, this is equivalent to an acceleration equal to 9E10/2000 = 4.5E-13 m/s2. Currently SOS allows the entry of LDT as an acceleration rather than
thrust; therefore, you must divide thrust by spacecraft mass before entering it.
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See Chapter 11 for a full description of drag force and how it relates to air density and
satellite velocity.

8.1.4 Thrust in Opposite Direction of Motion to De-orbit Satellite
Now we use the same circular orbit and reverse the thrust as shown in the following image.

After entering the information in the textboxes, pressing the TAB key, and then clicking
on the USE AND RECALCULATE button we get the results shown below. Example project file:
LDT Acceleration 2.
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In this case, the satellite orbit continues to reduce altitude until it crashes. Again, this
result is expected, and such a maneuver could be used to de-orbit a satellite that is no longer
needed.

8.1.5 Thrust in the Up Direction to Increase Orbit Radius
The previous results are as expected because they are somewhat intuitive. Now we provide the
same continuous thrust but in the vertical (Earth radial) direction. Intuitively we expect similar
results to the first case where the orbit radius increased. In the next image we show the LDT
dialog where we make the desired changes. Example project files: LDT Acceleration 3, LDT
Acceleration 3 b and LDT Acceleration 3 c.
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After entering the information in the textboxes, pressing the TAB key, and then clicking
on the USE AND RECALCULATE button we get the results shown below.

Amazingly, little happens to orbit altitude! Intuition tells us that thrusting up would add
potential energy to the orbit while thrusting in the direction of motion would add kinetic
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energy to the orbit. It seems logical that the orbit’s altitude would increase by the same
amount in both cases.
Now we repeat the previous experiment but increase the thrust acceleration from 0.02
m/s to 0.5 m/s2. We show the results in the next image.
2

After a day of thrusting, the result is an elliptical orbit that is not much larger than the
initial circular orbit. In fact, perigee (perigee = lowest altitude) has a lower altitude than the
original circular orbit’s radius. From this, we conclude that thrusting up, in Earth’s radial
direction, is not an efficient way of increasing orbit radius.
These are interesting results that deserve further study. Therefore, we conducted
another experiment using an instantaneous change in velocity (delta-v) rather than LDT. We
show these results in the following images where we applied the same magnitude delta-v in the
last two images.
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Obviously, the delta-v applied in the up direction had less effect on the orbit and
resulted in an orbit with perigee altitude lower than the original orbit altitude. The delta-v
applied in the direction of motion had a greater effect on the orbit and produced a perigee
altitude the same as the initial orbit altitude but never lower.
We now reemphasize our previous conclusion about never thrusting in the up direction
relative to Earth in order to increase orbit altitude relative to Earth; it’s a waste of fuel.
When using a Hohmann transfer orbit to increase satellite orbit altitude, we know that
thrust must be applied in the direction of satellite motion. Therefore, we conclude that Walter
Hohmann must have already known that thrust in the “up” direction was not suitable for
entering a transfer orbit.
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8.2 Thrust in Inertial Direction for Maneuvering Satellite
Now we start with the default orbit and use the second LDT option to define inertial thrust
vectors: one at start time 3:45 and end time 4:20:00 in the –Z direction; and one at start time
11:11:57 and end time 13:20:00 in the -X direction. The first has acceleration equal to 0.3 and
the second has acceleration equal to 0.5. We show these entries in the following two images.

80

After entering these two LDT thrusts, the results are as shown in the next image.

This appears to be an effective way of maneuvering a spacecraft to rendezvous with
other spacecraft and then returning to an Earth orbit. Example project file: LDT Acceleration 4.

8.3 Comparing LDT with Impulse Thrust
If you’re curious about how long-duration thrust compares to impulse thrusting (delta-v), first
remember that all thrust occurs over a finite time, we simply assume that large thrusts occur
instantly to make simulations easier. Large thrusts might occur for several seconds but in a
simulation where orbits require hours, assuming that the thrust occurs instantly is an
acceptable approximation.
If we want to accomplish a comparison of the two methods, we must first assume the
same change in velocity for both. If the thrust produces an acceleration of 2 m/s 2 for 2
minutes, the total change in velocity is equal to 2 m/s2 * 120 s = 240 m/s. We’ll use these
numbers to do our comparison.
Starting with a low-Earth circular orbit we initiate an LDT burn with acceleration = 2
m/s at time 59:29 and allow it to burn for 2 minutes. The results are as shown below where
the burn occurs directly over the equator on the right side of the image. Example project file:
Comparison Test 2 LDT.
2
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Next we delete this LDT burn and replace it with an impulse delta-v = 240 m/s at the
same time (59:29). The results are shown below. Example project file: Comparison Test 2 deltav.
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As you can see, the results are virtually the same. So why bother with LDT? There are
cases where we have very small thrusters that must burn for hours or days. This cannot be
simulated using an impulse delta-v.
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9 Orbital Elements Example
Click on the NEW button in the main window to delete all satellites. Now click on the ADD
SATELLITE button. The SET INITIAL PARAMETERS dialog will pop up. After selecting ORBITAL
ELEMENTS from this dialog window, you might see something like the image below.

Note that the date and time are set to those that were set in the main window;
however, you may change them here. If you change anything you must then click on the SET
PARAMETERS AND RECALCULATE ORBIT button to change the orbit accordingly.
You can set these parameters to those of the orbit you’re designing or to an existing
satellite orbit. Orbital parameters for existing satellites are available on the web and are valid
for a specific date and time (epoch). They tend to expire over time because satellite orbits drift
due to perturbations from things like Earth bulge and lunar gravity. But it’s educational to view
these even if the elements are old.
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Let’s enter the orbital elements for the ISS at the epoch shown in the image below. Feel
free to round off these numbers if you like.

After entering these values, click on the SET PARAMETERS AND RECALCULATE ORBIT
button. Then close this dialog to see the image below.
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If you don’t feel like typing in all the information, you can load the project file called ISS
Orbit; we’ve done all of it for you.
Note that we have the simulation END TIME set to 01:33:00. That’s 93 minutes and
almost exactly the time for one ISS orbit period.
Now make sure the EARTH HAS BULGE checkbox is checked on the bottom left of the
main window. Then set STEPS SHOWN to 1000 and the simulation END TIME to 10.00:00:00.
That’s 10 days. Why? It’s educational to see how far the Longitude of Ascending Node drifts
over time due to Earth bulge. After you do this and recalculate the orbit, you’ll see something
like the results shown in the next image.
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Because the equally-time-space red balls are aliasing, we use arrows to show the actual
satellite direction. Over 10 days, the Longitude of Ascending Node has drifted west by about 50
degrees. Theoretically, the ISS orbit should drift west by 4.91 degrees per day.
Now set the simulation END TIME back to 1 hour and 33 minutes, set STEPS SHOWN to
500, and then verify that the GROUND TRACK checkbox is checked. Finally, recalculate the orbit.
You should then see what’s shown in the image below after a slight rotation so we can see
Australia. The satellite’s ground track is shown on the surface of Earth as a series of white balls.
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You can click on the white balls to see the time when the orbit was directly overhead
that location. This can be very useful if you plan to view the satellite as it goes over. Those that
go over shortly after sundown can be seen without a telescope because they’re still reflecting
sunlight.
Remember that you can also click on the red balls to see more information about the
satellite when it’s at that location in orbit.
If you don’t like having to type in all those orbital elements, there is another way. We
describe this in the next example project.
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10Two-line Element Set (TLE) Example
A TLE is a standard data format for a list of orbital elements that describe the orbits for Earthorbiting objects; this includes the time (epoch) these elements were measured. NORAD (North
American Air Defense Command) maintains a complete list of these, and this software allows
you to type this ID number and immediately download the TLEs from www.celestrak.com. We
show this SET INITIAL PARAMETERS dialog box in the next image.

Note in the image above that we’ve typed the satellite ID number for the International
Space Station in the textbox under the title Cat ID(s) or Satellite name: After clicking on the
SUBMIT button it shows in the SELECT SATELLITE list along with its name. Every time you
download a new satellite from www.celestrak.com it gets saved in an internal SOS file and is
listed under SELECT SATELLITE.
We now click on the SET PARAMETERS AND RECALCULATE ORBIT button, and then make
a few camera adjustments to get the following image in the main window. Note that we used a
STOP TIME equal to 1:33:00 which is the period for this orbit.
89

The epoch we chose for the image above was dated 8/5/2021 but the TLE was last
updated on 8/20/2021. These TLEs are based on actual observations at particular epochs. Since
these observations do not occur continuously, software is used to propagate the TLEs between
observations/updates. It’s also capable of back propagating the TLEs and that’s what happened
when we chose an epoch in the past.
We can now go to ORBITAL ELEMENTS in the SET INITIAL PARAMETERS dialog to see the
orbital elements for this satellite (see image below). It also shows the epoch for these
elements. The values for True Anomaly, Argument of Periapsis, and Longitude of Ascending
Node that you see will depend on the last time the TLE was updated.
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Being able to download TLEs is a great capability but this software allows you to do even
more. Here again we show the TLE option below.
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Note the buttons for LOAD TLE FILE and COPY FROM CLIPBOARD. There are several web
pages (CelesTrak: Current NORAD Two-Line Element Sets for example) where you can copy and
download TLE files to your hard drive. SOS will read these files. It will also read these TLE lists
from your computer’s clipboard; just highlight them when they show on the web, select COPY,
and then click on the COPY FROM CLIPBOARD button in SOS. SOS saves these in its own internal
TLE file. We provide two of these TLE files in the example projects that you will find in the
Project Files directory.
After SOS has saved several TLEs in its own file, you may select them from the dropdown list shown under SELECT SATELLITE. If you want to delete any of these from this internal
file, select it from the drop-down list and then click on the REMOVE SATELLITE FROM LIST
button. Remember that TLEs do expire after a time; so, you may want to delete the old TLEs or
update them using the UPDATE button.
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11When a Satellite Passes Near Your Location
There are several reasons why you may want to know when a particular satellite is over your
location, or within view of your location on Earth. You may want to use a telescope to view the
satellite or you may want to reflect a low-power laser from a satellite that has a retro reflector.
We say “low power” because you should be careful about pointing high-power lasers into space
due to sensitive optical sensors on some satellites.
There are several retro-reflector satellites orbiting in space, and here are the NORAD
catalog ID numbers for three of them: 44042, 44041, and 44416. This information was
provided by ProxOps™ a company that assists other companies in placing small satellites and
experiments in space. Now suppose that you want to know when one of these is within view of
your telescope; we’ll use ID# 44042. Here are the steps you should use to find the date, time,
and viewing angles for this satellite as it passes.

11.1 Step 1
Open SOS and click on the NEW button on the left side under BASICS. This deletes any existing
satellite. Now click on the ADD SATELLITE button. After a few seconds you should see the
dialog shown below where we have already entered the catalog ID number as shown by the red
arrow.
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You must now click on the SUBMIT button which downloads the orbital elements for
this satellite at the epoch you specified in the upper left of this dialog window. Next, you must
click on the SET PARAMETERS AND RECALCULATE ORBIT button located on the bottom left of
the dialog window. Finally, click on the CLOSE button on the bottom right; this will close the
dialog and show the new satellite in the main window as we show below.
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Since the default simulation END TIME is 6 hours and the default epoch is your current
date and time, you’ll see that the orbit loops around Earth several times. However, if your
epoch is different than ours, your view will be different. If you have chosen to see ground
tracks, you’ll also see gray-white balls on the ground showing where the satellite has passed
directly over that point on Earth. For this example we recommend that you show ground
tracks.
Note that the name for this satellite is Object D. That’s because it is actually a flying
“brick” with retro-reflectors attached to it. It has no other purpose.

11.2 Step 2
Now click on the SET NEW LOCATION button to set the GPS coordinates and altitude for your
telescope.
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Enter your location where the red arrow shows in the image above. We’ve chosen these at
random by simply mouse clicking on the Earth image somewhere in Europe. You’ll also need to
enter your altitude. We simply left it set to 0 (sea level) for this example.
Now click on the SET LOCATION AND CLOSE button. This dialog will then close and you’ll
be returned to the main window with this location showing as a white dot on Earth. We show
this below.
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Now is a good time to save your project. We’ve saved this example project file using the
satellite name as the project name, Object D.

11.3 Step 3
If you don’t see a ground track over the chosen location, extend the simulation END TIME to 1
day and set STEPS SHOWN to 1000. We did this and show our results below.
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We see one ground track that is very close to our telescope location; therefore, we
clicked on it (the gray-white ball) to show the date and time it would be at this location. That
date and time is 11/8/2022 6:28:16 AM UTC.

11.4 Step 4
From the main window click on the EDIT INITIAL PARAMETERS button to bring up the following
image again. Note that the Object D satellite is selected. In the date and time box we’ve
entered the time stated above minus about 8 minutes. That’s because we want to start the
simulation about 8 minutes before it passes our Earth location. That way we can single step the
simulation as it passes our location and have more options for observing the satellite.
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Remember that your date and time will be different than ours unless you copy the
epoch we used.
After entering the new date and time (epoch) click on the GET UPDATED TLE DATA
button; this will download the new TLEs for the existing orbit based on the new epoch. Next,
click on the SET PARAMETERS AND RECLACULATE ORBIT button. Finally click on the CLOSE
button to return to the main window.
After setting STEPS SHOWN back to 100, setting END TIME to 10 minutes, and
recalculating again, you should see something like the following.
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You can now click on the red balls to select the view angle you desire along with its time.
If you want more resolution, set STEPS SHOWN to a larger number. In the next image you can
see the Earth location we chose along with the date, time, and view angles (azimuth and
elevation).
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As you can see, the satellite is almost directly overhead our Earth location when time is
equal to 6:28:20 UTC.
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12Drag and Lift
Low-Earth-orbit (LEO) satellites can be significantly affected by drag due to Earth’s atmosphere.
Many satellites have gone to an early grave due to this effect. Therefore, it’s important to
model this drag for LEO satellites.
The aerodynamic force that opposes a structure’s velocity is called drag and is given by

where CD is the drag coefficient, S is the surface area that contributes to drag measured in m2
units, v is the velocity of air relative to the structure measured in m/s units, and ρ is air mass
density measured in kg/m3 units. Likewise, the lift force on a structure is

where S is now the surface area that contributes to lift and CL is the lift coefficient.
Central to both of these equations is air mass density. SOS now uses the NRLMSISE-00
atmosphere density model that is a function of altitude, date, time, solar activity, and latitude.
In order to see the deleterious effects of drag go the ISS project file and change the drag
and lift parameters as we show in the next image. We don’t know what the actual drag and lift
characteristics are for the ISS so this is probably an exaggeration for drag. Now add 30 days to
the simulation END TIME and run the simulation. It will take a while for the simulation to run
even when you run it fast. You’ll see that the ISS does crash before 30 days. This could be
prevented by using LDT to compensate for the drag.
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Note that we also used a small lift coefficient. Even rocks have lift when striking water
at a small incidence angle. Therefore, satellites also have a small lift coefficient.

12.1 Skipping
In the future we expect that spacecraft will be designed with lift so they can be flown in
atmosphere for landing. When lift is high you must be careful not to enter the atmosphere at a
small incidence angle; otherwise, you’ll skip like a rock skipping off the surface of a lake. Here
we show an example where skipping occurs. To see this example go to the example named
skipping. We show the results in the image below.
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Note that we used both a large lift and a large drag yet multiple skips occurred before
the spacecraft finally made it through the atmosphere. If drag is too small, the skipping will
continue over a long time period with multiple loops around Earth. Repeat this simulation with
different values for drag and lift so you can see how they affect spacecraft reentry.

12.2 Using LDT to Counter Drag
As we mentioned before, you can use long-duration thrust to counter drag. Just remember
that air density (and drag) varies with altitude, latitude, longitude, and time of day but LDT is
constant. Open the file project file named LDT to Counter Drag and you should see the
following image.
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Here we used a LEO satellite with altitude equal to 200 km, drag coefficient equal to 5,
lift coefficient equal to 0.3, and LDT acceleration in the direction of motion equal to 0.000692
m/s2. With this LDT, the satellite survives for greater than 4 days. Now, delete the LDT and
recalculate the orbit. You’ll see that the satellite crashes in only 7 hours.
We exaggerated the drag coefficient so you would not need to run the simulation for a
long period to see it crash. Normally satellite drag coefficients are not this high, and if so, they
are not used in orbits with low altitude.
Note that when using LDT, the satellite orbit balls are blue rather than red.
You’ll also see that when a satellite crashes in SOS, strange things sometimes occur.
That’s because the physics in SOS is not complicated enough to accurately simulate what
actually happens during re-entry for satellites with complicated structures like solar arrays.
What actually happens is that the satellite starts breaking apart and melting from the high heat
generated by the atmosphere striking the structure at high speed. There is no way to
accurately simulate this without a massive amount of computing power.
In the next image we show how the satellite enters the atmosphere and crashes when
no LDT is used to counter drag.
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Of course, this simulation assumes that the satellite remains intact throughout reentry
and its drag coefficient does not change. Its forward velocity relative to Earth’s atmosphere
essentially goes to zero and the satellite is carried by the wind while it falls toward the ground.
If the satellite was designed for flight in atmosphere, its drag coefficient would be smaller and
its lift would be higher allowing for a more graceful reentry. Of course, lift would need to be
controlled by the pilot to initiate reentry.
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13Final Comments
From here on, we recommend that you simply experiment on your own. If you crash on Earth
or the Moon, the code will let you know.
If you have comments or requests for additional capabilities, we’d like to hear from you.
You can contact Dr. Motes at andymotes@msn.com.
You may use this software free of charge if it is used for educational purposes only.
Contact Dr. Motes if you want to use this software for other purposes, just keep in mind that it
is not yet certified for operational use.
If you are a mission designer and are experienced in the use of GMAT, NASA’s General
Mission Analysis Tool, we need your help comparing SOS mission simulations with those
accomplished using GMAT.
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