Shadow Conditions of Earth Satellites in Circular Orbits
This Windows XP/Vista application (shadowl . exe) can be used to determine the eclipse
duration and beta angle for Earth satellites in circular orbits. This computer program is written in
Fortran and uses the DISLIN graphics library to display graphics of the shadow conditions.

The simulation definition is input to the program using the following main screen:

[ Shadow Conditions of Earth Satellites in Circular Orbits !Elm

date (mm, dd. vw7v]  [10.21,1999 create data file?

P
step size (minutes) (120 yes
“ no
duration (days) 400 data file name  [shadow1.out |
altitude (km) 200 oK |
inclination {degrees) (28.5 Quit |
ui

RAAN (degrees) 100

This screen allows the user to define such things as the initial calendar date and orbital elements,
and the simulation step size and duration. After the user clicks on the OK button, the software will
display a data screen that summarizes the characteristics of the shadow conditions. The following
is the program output for this example.

I Shadow Conditions of Earth Satellites in Circular Orbits _ O] x|
altitude ‘200_0000 | kilometers
orbital inclination ‘23_5000 | degrees
RAAN ‘100_0000 | degrees
Keplerian period ‘33_4941 | minutes
minimum beta angle ‘_51 1939 | degrees
maximum beta angle ‘51 3979 | degrees
minimum duration ‘3?_5010 | minutes
maximum duration ‘40_0529 | minutes
average duration ‘39_5?25 | minutes

oK | Quit |
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The user can also elect to create a simple ASCII data file of the shadow conditions. The following
is part of the data file for this example.

# time duration beta angle
# (days) (minutes) (degrees)
0.0000 38.9553 -37.5850
0.0833 38.9609 -37.5082
0.1667 38.9667 -37.4261
0.2500 38.9730 -37.3387
0.3333 38.9795 -37.2460
0.4167 38.9864 -37.1481
0.5000 38.9937 -37.0450
0.5833 39.0012 -36.9368
0.6667 39.0091 -36.8235
0.7500 39.0173 -36.7052
0.8333 39.0257 -36.5819
0.9167 39.0345 -36.4536
1.0000 39.0435 -36.3204

After the data display screen is created and displayed, the program will ask if you would like to
create shadow conditions graphics with

Program SHADOW!1 E

would you like to display graphics?

¥ axis title Postscript font

‘simulation time (days) ‘

times roman bold
y axis title times roman italic

times roman bold italic
‘ helvetica
helvetica bold

‘shadow duration (minutes)

plottitie helvetica oblique
‘Shadow Conditions of Earth Satellites ‘ helvetica bold oblique hd
plot subtitle

Windows font

‘ ‘ courier new

courier new bold

courier new italic

“ monitor courier new bold italic
times new roman

~ . |
[POSSEIEE times new roman bold

graphics output

T windows metafile times new roman italic
file name shadow1.ps ‘ times new roman bold italic v
oK | Quit
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Technical Discussion

The approximate eclipse duration of a satellite in a circular orbit which penetrates an Earth
shadow represented by a right circular cylinder can be calculated from

LIVI-R || ¢
tf{cos { —y j}; 1)

R=radius ratio=r, /1,

where

r, = equatorial radius of the Earth
re = geocentric radius of the satellite =r,, + hg,
h,, = altitude of the satellite
S =Sun - orbit - plane angle
7 = orbital period of the satellite = 2@/@
4 = gravitational constant of the Earth
Equation (1) also assumes that the Sun does not move during the eclipse. Furthermore, the time
units of eclipse duration are the same as the orbital period 7z provided the inverse cosine in this
equation returns an angle in radians.

The part of Equation (1) represented by

cos{ - RZ]

cos S

is one half the true anomaly angle traversed by the satellite during the eclipse. A closer
examination of this equation also reveals that satellites at altitudes which satisfy the radiusratio
inequality given by

R> sin| B,

will have periods during which they are not eclipsed by the Earth.

The Sun-orbit plane or beta angle is the angle between the geocentric position vector to the Sun
and the satellite's orbit plane. It is calculated from

A

,B:sin‘l(fsunoh%ﬁ) (2)

where f_,. is the geocentric unit position vector of the Sun and h, is the unit angular momentum

vector of the satellite's orbit. The unit angular momentum vector is defined by the cross product
re, x Vg, where r_, and V_, are the unit position and velocity vectors of the satellite, respectively.
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A positive beta angle indicates that the Sun in on the positive angular momentum side of the orbit
plane. The inertial orientation of this vector changes over time as the oblateness of the Earth
causes the orbit plane to move. The unit angular momentum vector can also be determined from
the satellite's classical orbital elements with

sinQsini
h,, ={-cosQsini (3)
COoSi

where i is the satellite's orbital inclination and Q is the right ascension of the ascending node
(RAAN).

The unit position vector of the Sun can be determined with the expression

C0SJdg,, COSa,,
Fy, =1 COSJ,,,Sinay,, 4)
sSindg,,

where a4, and o, are the geocentric, equatorial right ascension and declination of the Sun,
respectively.

The beta angle in terms of the satellite's RAAN and orbital inclination is given by
3 =arcsin(cos 5, Sini sin(Q — g, ) +5in 5, €0Si ) (5)

Over a period of one year the beta angle varies between —(i + 5,,) < B< +(i + 5,,) as the solar
declination varies between about plus and minus 23.5°.

An examination of Equation (1) reveals that the maximum shadow time occurs when cos f =1
which corresponds to S =0. This is the instant when the Sun unit position vector r,, lies in the

satellite's orbit plane. The minimum shadow time will occur when cos £ reaches its minimum
value. This happens when the beta angle reaches its largest plus and minus values.

During a simulation the value of RAAN at the initial time t, is updated for the secular effect of
Earth oblateness according to
Q(t)=Q, +Q(t-1,) (6)

2
o __3 Jzﬁ(rﬂj cosi
P

where

a2

For more realistic shadow predictions, the radius of the Earth is increased by 2% to account for the
effect of the atmosphere on the size of the shadow.
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