
Abstract

It is always desirable to be able to learn from one’s mistakes.  One such mistake has led to the
discovery of a financially less expensive way to achieve low inclination, geo-synchronous orbits. This
has historically been a problem for any group attempting to launch a spacecraft into orbit from latitudes
not close to the equator.  The solution had involved using a great deal of fuel to “force” an orbit into a
lower inclination.  A new technique involves forcing the satellite to fly around the moon in a surprisingly
more fuel-efficient orbital transfer.

Historical Problem

Since the 1950's, many nations have been able to launch spacecrafts into Earth orbit.  The
mechanism for doing so involves using massive and powerful rockets to lift and accelerate the
spacecrafts.  The heavier the vehicle, the more fuel that had to be used to launch it. 

However, attaining a special orbit often requires more than just raising the spacecraft to a high
altitude.  One type of orbit that is particularly appealing is a geo-synchronous one.  Such an orbit has
the spacecraft seemingly hovering above a point of longitude on the Earth’s equator.  Its orbital period
must be the same as the Earth’s at approximately 24 hours.  Furthermore, an ideal geo-synchronous
orbit implies that the spacecraft moves along a circular path in the same plane as that of the equator, i.e.
no inclination.  These two criteria can result in some difficulties.

Getting to geo-synchronous altitude

The first difficulty involves getting to the correct altitude above the Earth to attain a geo-
synchronous orbit.  By considering that the spacecraft will only be moving in a circle, its semi-major
axis will be that of the orbital circle’s radius.  Furthermore, in a simplified model where the Earth is
assumed to be a point mass, gravitational force is the only thing constraining the vehicle’s motion to a
circle.  Using these conclusions along with Kepler’s third law, the orbital radius/semi-major axis
becomes:
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where G is the universal gravitational constant, mEarth is the mass of the Earth, and T is the
orbital period of interest.  In this case of interest, the orbital period of interest is 24 hours.  This yields a
semi-major axis of 42,000 km.  For comparison, the Earth’s radius at the equator is approximately
6,400 km.  The difference between the two is the height to which rockets must push the vehicle.

Low-Earth orbits are approximately 300 km. above the Earth’s surface.  This still leaves



1where r is the instantaneous distance from the attracting body, Earth, to the spacecraft, and
where v is the instantaneous speed of the spacecraft in the attracting body’s reference frame.

35,000 km. of altitude to climb.  A typically inexpensive method of moving to a higher orbit makes use
of the Hohmann Transfer orbit.  In such a transfer orbit, a spacecraft in a low, circular orbit increases its
velocity such that it is “instantaneously” at the pericenter of an ellipse whose apocenter touches the
higher orbit.

To determine the change in velocity required to perform the Hohmann transfer orbit, consider
the application of the vis-viva equation

v
r a

2

2 2
− = −

µ µ
*

to both the circular and elliptical orbits.1  In a circular orbit, the radius of any point along the
path is the same length as the semi-major axis length.  Applying this observation to the vis-viva equation
determines the speed for any point in the circular orbit.
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The speed of the vehicle at the ellipse’s pericenter can be determined by observing that
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This allows the immediate determination of the vehicle’s speed at pericenter to be
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The difference between these two speeds is the change in speed, dV, that must be attained by
the vehicle  to complete the transfer.

Changing the orbital inclination

The second difficulty in transferring to a geo-synchronous orbit involves moving from an orbital
plane not aligned with the equator, i.e. an inclination not equal to 0, to one that is.  Applying a velocity
change within the orbital plane alters the size and/or shape of the orbit.  In contrast, altering the
orientation of the plane requires a velocity change normal to it.  The Figure illustrates the change in
velocity, dV, required to change the orbital inclination of a circular orbit, i, by means of simple
geometry.
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Both the figure and the equation have some interesting features.  The applied velocity change is
minimum when applied at the line of nodes.  If it were to be applied at any other point, the change of
velocity would need to both flatten the orbit and also push the spacecraft down into the equatorial
plane.  If applied at the nodes, only the flattening need take place.  This is also evident in another similar
equation that describes the change in velocity required to alter the inclination of an elliptical plane.2
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where " is the angle within the orbital plane between the spacecraft’s current position, in the
elliptical orbit, and its ascending node.  This reaffirms the notion of applying the velocity change at either
the ascending or descending nodes.

Another observation to be made is that the velocity change is proportional the instantaneous
speed of the spacecraft.  Since there are two steps involved in altering the vehicle’s orbit, 1) increasing
the orbital semi-major axis, and 2) decreasing the orbital inclination, there might be a preferred
sequence to achieve this.  By considering circular velocity equations from above, it becomes
immediately apparent that higher orbits have lower speeds.  Since lower orbital speeds would require
smaller changes in speed to alter the orbital inclination, it would appear that moving to a higher orbit
should be performed before altering the orbital inclination in order to save energy.

Energy = Cost = Payload

Energy, or more traditionally fuel, is after all the main consideration in this whole analysis.  Fuel
in the form of liquid or solid propellant has a financial cost as well as an associated mass that must be
lifted into orbit along with the payload of interest.  Since only a finite amount of weight can be carried
aloft to orbit, a balance between fuel and payload must be made.  Any method that can be devised to
reduce the fuel requirement will be greatly beneficial to real purpose of any mission.

A Failed Launch Attempt

These issues were very prevalent in a satellite launch that occurred early in 1998.  The satellite
AsiaSat-3 was intended to be stationed in geo-synchronous orbit over the Pacific Ocean as a
communications satellite.  It was to be launched aboard a Russian rocket from the Baikonour
Cosmodrome in Kazakhstan.  The launch was intended to use a technique called burn-coast-burn
which is an altered form of a Hohmann Transfer orbit.
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4A major simplification that has been used to calculate these results has been that the satellite’s
mass remains constant.  In actuality, its mass will decrease as its fuel is consumed to produce the thrusts
required to perform the maneuvers.

The rocket is first propelled into low-Earth orbit.  Its momentum is such that it continues moving
outward as if on an elliptical Hohmann Transfer orbit to geo-synchronous altitude.  Upon reaching
altitude, the rocket should re-fire to increase the velocity of the vehicle such that it attains the circular
speed necessary for that altitude.

What actually occurred was that the second burn barely started before the rocket
malfunctioned.  This left the spacecraft in a highly elliptical orbit whose apogee was at the geo-
synchronous altitude and whose pericenter was skimming above the atmosphere at only 200 km above
the Earth’s surface.  Furthermore, the orbit was left inclined 51 degrees above the equator’s plane in a
typical problem common to Soviet and, later, Russian launches.3  The minimum inclination that any
direct ascent orbit can have is equivalent to the latitude of the launch site.  Since Baikonour,
Kazakhstan is the southernmost launch site in the former Soviet Union, and since it is located at 45
degrees North, that was the minimum, default inclination that all launched spacecrafts would have. 
Reducing this would require expensive speed changes that almost reach the magnitude of the vehicle’s
orbital speed.

In view of these problems, an analysis can be undertaken that attempts to calculate the speed
changes required to circularize the orbital path, and to then re-align the inclination down to the equator. 
The results are listed below.4



5With the geo-synchronous orbit having the expected one day period.

In these tables, a represents the semi-major axis of the orbit, T represents the orbital period5, V
represents the orbital speed, Energy is the vis-viva form of the energy where the energy-state is zero at
infinite distance from the attracting body, and dV is the speed change required to effect the orbital
change.

Several observations can be made from these results.  The orbital periods of the satellite in its
original orbit along with those of the Hohmann transfer orbits are identical.  This is understandable due
to the fact that the original orbit was established by a failed launch attempt that emulated a Hohmann
Transfer. Similarly, the only speed change required to circularize the orbit is one applied at the
apocenter of the orbit.  This value is shown in the dV result for Elliptical Direct to Geo-synchronous
row.

The previous result is shown alongside the estimated results for changing the orbital inclination. 
These speed changes are quite large and in fact re-affirm the conclusion made before regarding the
sequence of transfers that result in less effort.  Realigning the plane at low-Earth orbit is much more
“costly” than performing the same maneuver at geo-synchronous altitude.

When the operators and issuers of the satellite calculated the speed changes similar to the
analysis done here, they were left with a disappointing result.  Since the satellite could only implement a
total speed change of approximately 3.5 km/s, they concluded that the satellite did not have enough fuel
to circularize the orbit, realign the orbital plane, and then proceed with a 15-year expected life-span of
operations.  At this point, the insurers concluded that the mission had failed, and looked for new
options.

A Salvage Effort

With the nothing left to lose, the insurers accepted a risky proposal from Hughes Global
Services (HGS).  The company suggested boosting the satellite’s orbit out to the vicinity of the moon,
and then waiting for passing moon to tug the satellite onto a lower inclination orbit.  The idea was
identical to other hyperbolic flybys that have been used by several probes.  The flybys, which are also
called gravity-assists, use the gravity of objects much more massive than the spacecrafts to temporarily
accelerate or decelerate vehicles in any direction without consuming any fuel.  The critical pieces to
performing such maneuvers involve knowing where the satellite should go afterwards, and then ensuring
that the satellite is in the right place, and has the right velocity, at the right time.  With the risks in mind,



AsiaSat-3 was renamed HGS-1 and the effort was begun.

In order to boost the satellite’s orbit out towards the moon, a Hohmann Transfer would be
used.  However, due to the satellite’s low-thrust engine reaching lunar orbit would require “pumping”
up the Hohmann Transfer orbit ever so slowly.  The figure below illustrates the method employed.  It
should still be as energy-efficient as the normal single pass transfer orbit because the total energy output
has been simply divided into the multiple passes.

These boosted orbits had to be properly timed in order for the final orbit to achieve the desired
encounter with the moon that would lead the satellite back into a lower inclination orbit towards Earth.  

According to these calculation, the energy required to reach lunar orbit is approximately the
same as the energy required to circularize the elliptical orbit.
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Hyperbolic Flybys

During the Apollo-era, mission planners would take advantage of the principle of hyperbolic
flybys to assist in slowing down the spacecraft into a parking orbit above the lunar surface.  Generally
speaking, if the flyby occurs in “front” of the passing moon, then the spacecraft will be slowed down. 
Flying “behind” the moon will increase its speed.  Changing the speed of the vehicle affects the size and
shape of the orbit.  By simply modifying the approach of a spacecraft such that it is not in the moon’s
orbital plane, then such a flyby can also change the inclination of the vehicle’s orbital plane.

Deriving the change in speed caused by a hyperbolic flyby can be accomplished by viewing the
encounter from the attracting body’s reference frame.  From this perspective, it appears as if the
attracting body is stationary, and the spacecraft is passing by it.  The figure below6, illustrates the
incoming velocity vector being rotated by an angle, N, as a result of the encounter.  q is the pericenter
distance of the encounter.  Obviously, if the purpose of the encounter is to simply fly past the attracting
body then this pericenter must be greater than radius of the attracting body and its atmosphere.  
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The figure below shows the same encounter, in contrast, from an external fixed frame.7
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Reducing the Orbital Inclination

Figure produced by Analytical Graphics

The encounter occurs near the apocenter of the vehicles Hohmann Transfer orbit.  The speed
of the vehicle is very low at this point of its trajectory.  The moon, in contrast, is moving several times
faster than the spacecraft.  As the moon approaches, the vehicle’s orbital plane is tilted toward the
approaching moon resulting in an undesirable higher inclination orbit.  However, as the moon passes by
closer to the vehicle, its gravitational attraction increases and eventually forces the vehicle’s orbital
inclination to exceed 90 degrees, and then back down towards the equator.  Furthermore, the
continued attraction while the moon traversed its own path increased the spacecraft’s momentum in a
general direction tangent to the moon’s circular orbit. This was the result of “passing behind the moon”
as discussed earlier.

The maneuver itself is risky because it has the spacecraft approaching the moon to within 4000
km of the surface.8  In addition, the calculated tolerances for this lunar encounter are to be within 1000
km of the desired encounter locations for the maneuver to work out as desired.  Timing is crucial.

The resulting orbit placed HGS-1 into a lower-elliptic, and lower-inclined orbit.  By using the
thrusters to slow down the satellite’s speed when close to the new pericenter, the orbit could then be
readjusted to a 28-hour orbital period with an inclination of 18 degrees.  Further use of the thrusters
can reduce the orbit down to a geo-synchronous one.



During the spacecraft’s return flight to Earth, which took approximately 3 days, the engineers
who were now more confident of the technique, decided to perform a second flyby of the moon to
further reduce the orbital inclination.  The fuel required to perform the second maneuver was not very
much since HGS-1 already had the energy required to reach lunar orbit.  It again became a matter of
proper placement and timing.  The second, successful, lunar flyby resulted in an inclination of only 9
degrees.

This new orbit was more desirable since it allowed more customers to take advantage of the
satellite.  Geo-synchronous orbits with higher inclinations than this tend to require more expensive
tracking equipment to maintain communications with a satellite that is constantly oscillating above and
below the equator.

Numerical Simulation of HGS-1

A numerical simulation of this lunar flyby was undertaken to try to develop a greater
understanding of the devised solution.  This program has been written in Java, and can be run by any
Java-enabled browser.  It can be found at http://members.aol.com/alphacent.  

Creating this application required building a numerical integrator based on the Runge-Kutta 4th-
5th order integration method.  This integrator also includes a “collision checker” that determines
appropriate times to activate the vehicle’s thrusters.  Also developed was a graphing mechanism that
can operate both as a data plotter as well a live animator of only single-time data.



The model makes the following assumptions:

1. The model portrays the Earth, Moon, and spacecraft as point masses.  Oblateness of
the Earth would only alter the lunar encounter by affecting the timing slightly.

2. The Earth is  considered to be stationary and unaffected by forces.  This simplification
implies ignoring the Sun, which seems to be reasonable as it is estimated that the Sun
will only affect the timing slightly.

3. The Moon’s orbit is affected only by the gravitation attraction of the Earth. The affect of
the small satellite on the Moon’s orbit is very small.. Again, if it affects anything, it just a
timing issue.  

4. Initial conditions are placed on the Moon such that it has no eccentricity.  This can be
easily modified to reflect the actual low-eccentricity of the moon.  Once again, altering
this characteristic simply changes the lunar flyby by a time factor.

5. The satellite is attracted by both the Earth and the Moon.

6. The satellite’s mass remains constant.  This is not realistic since its mass will decrease
as fuel is consumed to alter the vehicle’s orbit.

Observations

A numerical time-step of 5 seconds was used because time-steps much large than this caused
the satellite to fly off in a hyperbolic orbit when passing nearby the Earth at high velocities while also
thrusting in an attempt to boost to higher orbits.  However, once this empirical conclusion had been
made, believable results that matched up closely with the reports on the events were observed.

This application allows the users to set initial conditions on the placement of the satellite and the
moon.  It also allows the user to command the thrusters on the satellite so that any current orbit can be
circularized or boosted up toward the moon.

It appears that there are many possibly encounters that produce the desired low-inclination
orbits.  Choosing the desirable one is a matter of how long a mission planner is willing to wait for a
desired encounter condition, and also how much fuel he or she is willing to consume to attain the orbit.

Originally, I thought that just reaching the lunar’s semi-major axis would be enough to create
the inclination change.  When the apocenter is at this distance, there is no inbound or outbound velocity
in the Earth’s direction.  This can result in the spacecraft being shot out past the Moon on a hyperbolic
trajectory away from Earth, or on an extremely large orbit around Earth.



Solving this problem seemed to involve having the spacecraft moving inbounds towards the
Earth at the time of the encounter.  In other words, the apocenter of the vehicle’s orbit had to be further
out than the Moon’s path.  The extra energy required to perform this maneuver was not very much so it
seemed to be reasonable.

The actual position and velocity of the encounter is very dependent on the conditions at hand. 
However, the general procedure involves

1. Lining up the apsides to intersect the Moon’s path

2. Increasing the apocenter of the vehicle’s path beyond the Moon’s orbital radius

3. Timing the previous step such that the spacecraft passes behind the Moon and,
depending on the conditions, above or below the Moon’s path.

The resulting orbit also affects the amount of fuel that will later be required to slow the
spacecraft down to a geo-synchronous orbit.  Any calculation to determine the )V needed to perform
this last maneuver must assume a particular trajectory as a result of the lunar encounter.

Conclusion

The HGS-1 incident has led to the discovery of a new technique that provides new life to
successful and failed launch attempts that previously did not exist.  While the traditional technique is
effective, its high energy cost is unappealing.  A properly timed lunar flyby can result in significant
savings to the operator by either reducing the fuel consumption and/or increasing the payload mass.

The new technique is not risk-free, however.  One problem arises from the multiple burns
required to boost the spacecraft towards the moon.  Any mis-firings may result in an orbit that misses
the moon, and which will then require much time and/or energy to re-align.  Mis-firings may also result
in the spacecraft crashing into the moon.  Another problem stems from the greater distances that the
spacecraft must operate from while moving towards the lunar encounter.  It is more difficult to track
ever distant objects.  Furthermore, there is a difficulty in communicating with a spacecraft at larger
distances unless the communication equipment onboard the vehicle is sufficiently powerful to receive
and transmit at these distances.

Nevertheless, despite these risks, this new approach does offer a mission planner an extra,
potentially cost-saving tool.
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A discrepancy does exist regarding the relative speed changes required of the various orbital transfers. 
It appears that “fixing” the original, inclined, and highly-elliptical orbit was deemed to require more fuel
than the satellite possessed.  However, the estimated costs to perform the orbital flyby appears to be
approximately the same as the cost to circularize and then reduce the inclination.  Perhaps the analysis
made in this report has assumed to many things, or has made a few too many simplifications.  On the
other hand, even the articles reporting the results of the actual event indicated that most of the fuel
would have been consumed after all of the maneuvers.  This corresponds closely with the calculations
made here.


