JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 37, No. 2, March-April 2000

Cislunar Tether Transport System
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We describe a space systems architecture for repeatedly transporting payloads between low Earth orbit and
the surface of the moon without the significant use of propellant. This architecture consists of one rotating tether
in elliptical, equatorial Earth orbit and a second rotating tether in a circular low lunar orbit. The Earth-orbit
tether picks up a payload from a circular low Earth orbit and tosses it into a minimal-energy lunar transfer orbit.
When the payload arrives at the moon, the lunar tether catches it and deposits it on the surface of the moon.
Simultaneously, the lunar tether picks up a payload from the moon to be sent down to the Earth-orbit tether.
By transporting equal masses to and from the moon, the orbital energy and momentum of the system can be
conserved, eliminating the need for transfer propellant. Using currently available high-strength tether materials,
this system could be built with a total mass of less than 28 times the mass of the payloads it can transport.
Using numerical simulations that incorporate the full three-dimensional orbital mechanics and tether dynamics,
we have verified the feasibility of this system architecture and developed scenarios for transferring a payload
from a low Earth orbit to the surface of the moon that require less than 25 m/s of thrust for trajectory targeting

corrections.

Nomenclature
a = semimajor axis, m
C; = orbital energy,= V2 —2u/r, km?/s?
d = density, kg/m®
E = orbital energy,J
e = ellipse eccentricity
F = safety factor
h = specific angular momentum, m?/s
i = orbit inclination, deg
J, = second geopotential coefficient
L = tether arm length, m
[ = distance from facility to system’s center of mass
M = mass, kg
N = orbital resonance parameter
p = orbit semiparameter,a(1 — %), m
R, = Earth radius, m
r = radius, m
r, = perigeeradius, m
T = tensile strength, Pa
V= velocity, m/s
Ve = characteristic velocity, m/s
0 = true anomaly
A = argument of tether perigee with respect to Earth-moon line
U, = Earth’s gravitational parameter, G M,, m®/s?
W, = moon’s gravitational parameter, GM,,, m?/s?
© = nodal regressionrate, rad/s
o = angular velocity, rad/s
@ = apsidal precessionfregressionrate, rad/s
Subscripts
a = apoapse
c = critical
f = facility
g = grapple
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Introduction

CISLUNAR tether transport system composed of one rotat-
ing momentum-exchangetether in elliptical, equatorial Earth
orbit and a second rotating tether facility in a low lunar orbit can
provide a means for repeatedly exchanging payloads between low
Earth orbit (LEO) and the surface of the moon with little or no pro-
pellant expenditure required. In 1991, Forward! showed that such
a system is theoretically possible from an energetics standpoint. A
later study by Hoyt and Forward? developed a first-order design for
suchasystem. These previousstudies,however, utilized a number of
simplifying assumptions regarding orbital and tether mechanics in
the Earth-moon system, including assumptions of coplanar orbits,
ideal gravitational potentials, and infinite facility ballast masses.
The purpose of this paper is to remove these assumptions and de-
velop an architecture for such a system that takes into account the
complexities of orbital mechanics in the Earth-moon system.
The basic conceptof the cislunar tether transportsystem is to use
a rotating tether in Earth orbit to pick payloads up from LEO and
toss them to the moon, where a rotating tether in lunar orbit, called a
Lunavator™, could catch them and deliverthem to the lunar surface.
As the Lunavatordelivers payloadsto the moon’s surface, it can also
pick up return payloads, such as water or aluminum processed from
lunarresources, and send them down to LEO. By balancing the flow
of mass to and from the moon, the orbital momentum and energy of
the system can be conserved, eliminating the need to expend large
quantities of propellant to move the payloads back and forth. This
system is illustrated in Fig. 1.

Orbital Mechanics of the Earth-Moon System

Orbital mechanics in cislunar space are made quite complex by
the different and varying orientations of the ecliptic plane, Earth’s
equatorial plane, the moon’s orbital plane, and the moon’s equa-
torial plane. Figure 2 illustrates these different planes. The incli-
nation of Earth’s equatorial plane (the obliquity of the ecliptic) is
approximately 23.45 deg but varies due to tidal forces exerted by
the sun and moon. The angle i,, between the moon’s equatorial
plane and a plane through the moon’s center that is parallel to the



178 HOYT AND UPHOFF

[l Tether in elliptical Earth orbit picks payload up from LEO

] Tether tosses payload into lunar transfer orbit

El Lunavator catches payload
and delivers it to lunar surface

Fig. 1 Concept of the cislunar tether transport system.
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Fig. 2 Schematic of the geometry of the Earth-moon system.

ecliptic plane is constant, about 1.58 deg. The inclination of the
moon’s orbit relative to the ecliptic plane is also constant, about
Am =5.15 deg (Ref. 3). The line of nodes of the moon’s orbit re-
gresses slowly, revolving once every 18.6 years. As a result, the
inclination of the moon’s orbit relative to Earth’s equator varies be-
tween 18.3-28.6deg. The moon’s orbitalso has a slight eccentricity,
approximately e,, =0.0549.

Tether Orbits

After considering many different options, including the three-
tether systems proposed previously,as well as various combinations
of elliptical and circular orbits, we have determined that the opti-
mum configuration for the cislunar tether system is to utilize one
tether in elliptical, equatorial Earth orbit and one tether in a polar,
circular lunar orbit, as illustrated in Fig. 1. This two-tether system
will require the lowest total system mass, minimize the system com-
plexity, and provide the most frequent transfer opportunities. The
Earth-orbit tether will pick payloads up from equatorial low LEO
and throw them toward one of the two points where the moon crosses
Earth’s equatorialplane. As the payloadapproachesthe moon, it will
need to perform a small AV maneuver to set it up into the proper
approach trajectory. The size of this maneuver will vary depending
on the inclination of the moon’s orbit plane and launch dispersions,
but under most conditions it will only require about 25 m/s of AV.

In the following sections, we will first develop a design for a
tether facility for boosting payloads from low-LEO orbits to lunar
transfer orbits (LTO). We will then develop a design for a Lunavator
capable of catching the payloads and delivering them to the surface
of the moon. We will then discuss the numerical simulations used
to verify the feasibility of this system architecture.

Design of a Tether Boost Facility
for Lunar Transfer Injection

The first stage of the cislunar tether transport system will be a
tether boost facility in elliptical Earth orbit capable of picking pay-
loads up from low LEO and tossing them to the moon. To determine
an optimum configuration for this facility, we must balance the need
to minimize the required masses of the tethers and facilities with the
need to make the orbital dynamics of the system as manageable as
possible.

As mentioned, the mission of the Earth-orbit portion of the cislu-
nar tether transportsystemis to pick up a payload from LEO and in-
jectit into a near-minimum-energy lunar transfer orbit. The desired
lunar transfer trajectorieshave a C; of approximately — 1.9 (km/s)?.
A payload originating in a circular orbit at 350-km altitude has an
initial velocity of 7.7 km/s and a C; of —60 (km/s)*. To injectimpul-
sively the payload into a trajectory with a C5 of —1.9 would require
a AV of approximately 3.1 km/s.

Design Considerations
Tether System Staging

From an operational standpoint, the most convenient design for
the Earth-orbit portion of a cislunar tether transport system would
be to start with a single tether facility in a circular LEO with the
tether retracted. The facility would rendezvous with the payload,
deploy the payload at the end of the tether, and then use propel-
lantless electrodynamic tether propulsion to spin up the tether until
the tip speed reached 3.1 km/s and the tether could inject the pay-
load into an LTO. However, because the tether transfers some of
its orbital momentum and energy to the payload when it boosts it,
a tether facility in circular orbit would require a very large ballast
mass so that its orbit would not drop into the upper atmosphere af-
ter it boosts a payload. Furthermore, the strong dependence of the
required tether mass on the tether tip speed will likely make this ap-
proach impractical with current material technologies. The required
mass for a tapered tether depends on the tip mass and the ratio of
the tip velocity to the tether material’s critical velocity according to
the relation derived by Moravec*:

M, =M, JT(AVI V)™ VOt {AV] Ve )

The critical velocity of a tether material depends on the tensile
strength, the material density, and the design safety factoraccording

to
Ve =+/2T/Fd 2)

The exponential dependence of the tether mass on the square of the
velocity ratio results in a very rapid increase in tether mass with this
ratio.

Currently, the best commercially available tether material is
Spectra® 2000, a form of highly oriented polyethlene manufac-
tured by AlliedSignal, Inc. High-quality specimens of Spectra 2000
have a room temperature tensile strength of 4 GPa and a density
of 0.97 g/lcm®. With a safety factor of 3, the material’s critical ve-
locity is 1.66 km/s. As determined by Eq. (1), an optimally tapered
Spectra tether capable of sustaininga tip velocity of 3.1 km/s would
require a mass of over 100 times the payload mass. Although this
might be technically feasible for very small payloads, such a large
tether mass probably would not be economically competitive with
rocket technologies. In the future, very high-strengthmaterials such
as buckytube yarns may become available with tensile strengths
that will make a 3-km/s tether feasible; however, we will show that
a differentapproach to the system architecture can utilize currently
available materials to perform the mission with reasonable mass
requirements.

The tether mass can be reducedto reasonablelevelsif the AV/ V.
ratio is reduced to levels near unity or lower. In the cislunar system,
we can do this by placing the Earth-orbit tether into an elliptical
orbit and arranging its rotation so that, at perigee, the tether tip
can rendezvous with and capture the payload, impartinga 1.6 km/s
AV to the payload. Then, when the tether returns to perigee, it can
toss the payload ahead of itself, giving the payload an additional
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1.5 km/s AV. By breaking up the 3.1-km/s AV into two smaller
boostoperationswith AV/ V. < 1, we canreduce the required tether
mass considerably. The drawback to this method is that it requires
a challenging rendezvous between the payload and the tether tip;
nonetheless, the mass advantages will likely outweigh that added
risk.

Behavior of Elliptical Earth Orbits

One of the major challengesto designing a workable tether trans-
portation system using elliptical orbits is motion of the orbit due to
the oblateness of the Earth. Earth’s oblateness will cause the plane
of an orbit to regress relative to Earth’s spin axis at a rate equal to’

Q= —%JZ(R§| pz)ﬁ cos(i) 3)

and cause the line of apsides (i.e., the longitude of the perigee) to
precess or regress relative to the orbit’s nodes at a rate equal to

o =20,(R p)acscosti - 1) @)

In Eqgs. (3) and (4), 7 is the mean mean motion of the orbit, defined
as

i =V [1 = 25(R p)Vi—ea -3costi)] )

For an equatorialorbit, the nodes are undefined, but we can calculate
the rate of apsidal precession relative to inertial space as the sum
Q+ & of the nodal and apsidal rates given by Egs. (3) and (4).

To make the orbital mechanics of the cislunar tether transport
system manageable, we place two constraintson our system design:

1) The orbits of the tether facility will be equatorial, so thati =0
and the nodal regression given by Eq. (3) will not be an issue.

2) The tether system will throw the payload into a lunar transfer
trajectory that is in the equatorial plane. This means that it can
perform transfer operations when the moon is crossing either the
ascending or descending node of its orbit.

Nonetheless, we still have the problem of precessionof the line of
apsidesof an orbit. If the tether orbits are circular, thisis notanissue,
butitis an issue for systems that use elliptical orbits. In an elliptical
orbit system we wish to perform all catch and throw operationsat or
near perigee. For the payload to reach the moon’s radius at the time
when the moon crosses Earth’s equatorial plane, the payload must
be injected into an orbit with an argument of perigee thatis roughly
180 deg away from this point. Precession of the line of apsides
results in this alignment occurring periodically. Consequently, in
our designs we will seek to choose the orbital parameters such that
the apsidal precession of the orbit will have a convenientresonance
with the moon’s orbit.

Elliptical-Orbit Tether Boost Facility

In the cislunar tether transport system, the transfer of payloads
between a low LEO and LTO is performed by a single rotating
tether facility. This facility performs a catch and release maneuver
to provide the payload with two boosts of approximately 1.5 km/s
each. To enable the tether to perform two separate AV operations
on the payload, the facility is placed into a highly elliptical orbit
with its perigee in LEO. The tether rotation is arranged such that
when the facility is at perigee, the tetheris swinging vertically below
the facility so that it can catch a payload moving more slowly than
the facility. After it catches the payload, it waits for one orbit and
adjusts its rotation slightly (by reeling the tether in or out) so that
when it returns to perigee, the tether is swinging above the facility
and it can release the payload into a trajectory moving faster than
the facility.

High-Strength Electrodynamic Force Tether (HEFT) Boost Facility

To enable the Earth-orbit tether facility to boost materials to the
moon before a lunar base has been established and begins sending
return payloads back to LEO, we propose to combine the prin-
ciple of rotating momentum-exchange tethers with the techniques
of electrodynamic tether propulsion to create a facility capable of
reboosting its orbit after each payload transfer operation, without
requiring return traffic or propellant expenditure. This concept, the
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Fig. 3 Schematic of the HEFT facility design.

high-strength electrodynamic force tether (HEFT) facility, is illus-
trated in Fig. 3. The HEFT facility would include a central facility
housing a power supply, ballast mass, plasma contactor, and tether
deployer that would extend a long, tapered, high-strength tether. A
small grapple vehicle would reside at that the tip of the tether to
facilitate rendezvous and capture of the payloads. The tether would
include a conducting core, and a second plasma contactor would be
placed near the tether tip. By using the power supply to drive current
along the tether, the HEFT facility could generate electrodynamic
forces on the tether. By properly varying the direction of the current
as the tether rotates and orbits Earth, the facility can use these elec-
trodynamic forces to generate either a net torque on the system to
increase its rotationrate or a net thrust on the system to boostits or-
bit. The HEFT facility could, thus, repeatedly boost payloads from
LEO to the moon using propellantless electrodynamic propulsion
to restore its orbit in between each payload boost operation.

Tether Design

To design the tether boost facility, we must determine the tether
length, rotation rate, and orbit characteristics that will permit the
tether to rendezvous with the payload and throw it into the desired
lunar transfer trajectory.

The payload begins in a circular initial payload orbit (IPO) with
a velocity of

Viro =/ 1l Tro 6)

The facility is placed into an elliptical orbit with a perigee above
the payload’s orbit, with the difference between the facility’s initial
perigee and the payload orbital radius equal to the distance from the
tether tip to the center of mass of the facility and tether:

rp,() =T1po + (L - lcm,unloadcd) (7)

where [ unloadea 18 the distance from the facility to the center of
mass of the system before the payload arrives (this distance must be
calculated numerically for a tapered tether).

The tether tip velocity is equal to the difference between the
payload velocity and the facility’s perigee velocity:

Vt,o = Vp,o = Viro ®)

To ensurethata payloadwill notbe lostifitis notcaughtby the tether
onits firstopportunity, we choose the semimajor axis of the facility’s
orbit such that its orbital period will be some rational multiple N of
the payload’s orbital period:

Py =NPpo = ay =N%rpo 9

For example, if N =%, every two orbits the facility will have an
opportunity to rendezvous with the payload because in the time
the facility completes two orbits the payload will have completed
exactly five orbits.
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Additional considerations in the design of the system are the
masses of the facility and tether. A significant facility mass is re-
quired to provide ballast mass. This ballast mass serves as a battery
for storing the orbital momentum and energy that the tether trans-
fers to and from payloads. If all catch and throw operations are
performed at perigee, the momentum exchange results primarily in
a drop in the facility’s apogee. A certain minimum facility mass is
necessary to keep the postcatch and postthrow orbit above Earth’s
upper atmosphere. Some of the ballast mass will be provided by the
mass of the tether deployer and winch, the facility power supply
and power processing hardware, and the mass of the tether itself. If
additional mass is required, it could be provided by available mate-
rial in LEO such as spent upper stage rockets and Shuttle external
tanks.

The tether mass required will depend on the maximum tip ve-
locity and the choices of tether material and design safety factor,
as described by Eq. (1). For a tapered tether, the tether’s center of
mass will be closer to the facility end of the tether. This can be an
important factor when the tether mass is significant compared to the
payload and facility masses. In the following calculations, we have
used a model of a tether tapered in a stepwise manner to calculate
tether masses and the tether center of mass.

By conservation of momentum, the perigee velocity of the center
of mass of the tether and payload after rendezvousis

Voo(My + M) + VipoMp

(M, + M) + M, (10)

Voi =

When the tether catches the payload, the center of mass of the tether
system shifts downward slightly as the payload mass is added at the
bottom of the tether:

_rpo(My+ M)+ VipoMp

= 11
r (M, + M)+ M, (an

r

Inaddition,when the tethercatchesthe payload, the angular velocity
of the tether does not change, but because the center of mass shifts
closer to the tip of the tether when the tether catches the payload,
the tether tip velocity decreases. The new tether tip velocity can be
calculated as

(L - lcm,loadcd)

Vi =V,
! ! (L - lcm,unloadcd)

(12)

At this point, it would be possible to specify the initial payload
orbit, the payload/facility mass ratio, the facility/payload period
ratio, and the desired LTO C; and to derive a system of equations
from which one particular tether length and one tether tip velocity
can be calculated that determine an exact system where the tether tip
velocityneed notbe adjustedto providethe desired C; of the payload
lunar trajectory. However, the resulting system design would be
rather restrictive, working optimally for only one particular value
of the facility and tether masses, and would result in rather short
tether lengths that would require very high tip acceleration levels.
Fortunately, we can provide an additional flexibility to the system
designby allowing the tether facility to adjustthe tip velocity slightly
by reeling the tether in or out a few percent. If, after catching the
payload, the facility reels the tether in by an amount AL, the tip
velocity will increase due to conservation of angular momentum:

no_ Vt,(L - lcm,loadcd)

= 13
! (L - lcm,loadcd) — AL ( )

Then, when the facility returnsto perigee, it can throw the payload
into a lunar transfer trajectory with perigee characteristics

rprro =Tp1 + (L = Lmjoadea) — AL, Voo =V, +V/
(14)

By using Eqs. (13) and (14), standard Keplerian orbital equations,
and equations describing the shift in the system’s center of mass as

Table1 Initial system design: outbound traffic only

Parameter Value
Payload
Mass Mp =2500kg
Altitude hrpo = 308 km
Velocity Viro = 7.72 km/s
Tether facility®
Tether length L =80km
Tether mass M, =15,000kg

Tether center-of-mass
(from facility)

Licom = 17.6 km

Central facility mass My =11,000kg
Grapple mass M, = 250 kg (10% of payload mass)
Total system mass® M =26,250kg
Facility power Pwr=11kW avg
Initial tip velocity Vio = 1530 m/s
Precatch orbit®
Perigee altitude hp,o =378 km
Apogee altitude hq,0 = 11,498 km
Eccentricity eg =0.451
Period P() = 5/2PIPO
Postcatch orbit?
Perigee altitude hp,1 =371 km
Apogee altitude hg1 = 9687 km
Eccentricity e; = 0.408
Postthrow orbit
Perigee altitude hp,2 =365km
Apogee altitude hq2 =7941km
Eccentricity ey =0.36

Lunar transfer trajectory
Perigee altitude
Perigee velocity
Trajectory energy

hpio = 438.7 km
Vo = 10.73 km/s
C3 = —1.9 km?/s?

#Spectra 2000 fiber, safety factor of 3.5.

®10.5 X payload mass.

‘Rendezvous opportunity every 7.55 h.

d After catching the payload, the facility reels in 2950 m of tether, increasing
the tip velocity to 1607 m/s.

the payloadis caught and released, we have calculated a design for
a single-tether system capable of picking up payloads from a cir-
cular LEO and throwing them to a minimal-energy lunar trajectory.
During its initial period of operation, while a lunar facility is un-
der construction and no return traffic exists, the tether system will
use electrodynamic tether propulsion to reboost itself after throw-
ing each payload. Once a lunar facility exists and return traffic can
be used to conserve the facility’s orbital momentum, the orbit of
the tether will be modified slightly to permit round trip traffic. The
system parameters are listed in Table 1.

Note that for a particular system design, the tether and facility
mass will scale roughly linearly with the payload mass. Thus, an
equivalentsystemdesignedforsending250-kg payloadsto the moon
could be constructed with a tether mass of 1500 kg and a facility
mass of 1100 kg. Note also that the tether mass is not dependent on
the tether length, so that longer tethers can be used to provide lower
tip acceleration levels with no mass penalty.

Electrodynamic Reboost of the Tether Orbit

Afterboostingthe payload, the tether facility will be leftin a lower
energy elliptical orbit with a semimajor axis that is approximately
1780 km less than its original orbit. Once a lunar base and a lunar
tether facility have been established and begin to send return traffic
down to LEO, the tether facility can restore its orbit by catching and
deboosting these return payloads. In the period before a lunar base
is established, however, the tether facility will use electrodynamic
propulsion to reboost its apogee by driving a current through the
tether when the tether is near perigee. Because the tetheris rotating,
the direction of the currentmust be alternated as the tether rotates to
producea net thruston the facility. We have modeled reboostof a ro-
tating tether system using a simulation of tether dynamics and elec-
trodynamics.Figure 4 shows thereboostof the tether’s orbitoverone
day, assuming that the tether facility has a power supply of 11 kW
and is able to store up power during most of its orbit and expend it
at a rate of 75 kW during the portion of the orbit when the tether is
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Fig. 4 Electrodynamic propulsion reboost of the tether’s orbit after
the tether has boosted a payload into LTO.

below 2000-km altitude. In one day, the facility can restore roughly
20 km to its orbit’s semimajor axis; in roughly 85 days it could re-
store its orbit and be prepared to boost another payload to the moon.
More rapid reboost could be achieved with a larger power supply.

Dealing with Apsidal Precession

As noted earlier, the oblateness of the Earth will cause the line
of apsides of the tether facility’s elliptical orbit to precess. In the
cislunar tether transport system, we can deal with this issue in two
ways. First, we can utilize tether reeling maneuvers to counteractthe
apsidal precession® By simply reeling the tether in and out slightly
once per orbit, the tether facility can exchange angular momentum
between its rotation and its orbit, resulting in precession or regres-
sion of the line of apsides. With proper phasing and amplitude, tether
reeling can hold the tether’s orbit fixed so that it can send payloads
to the moon once per month.’

A second method is to choose the tether orbits such that their
precessionrates are nearly harmonic with the moon’s orbital rate so
that the line of apsides lines up with the moon’s nodes once every
several months. Furthermore, we can use propellantless electrody-
namic tether propulsion to fine-tune the precession rate, either by
raising or lowering the orbit or by generating thrust perpendicular
to the facility’s velocity.

In the design just given, the mass and initial orbit of the tether
facility was chosen such that after throwing a payload to the moon,
the tether enters a lower energy elliptical orbit that will precess at
a rate of 2.28 deg/day. The initial, high-energy orbit has a slower
precession rate of approximately 1.58 deg/day. These orbits were
chosen so that in the 95.6 days that it takes the moon to orbit 3.5
times around the Earth, the tether facility can reboost itself from
its low-energy orbit to its high-energy orbit using propellantless
electrodynamic propulsion. By properly varying the reboost rate,
the apsidal precession can be adjusted so that the line of apsides
will rotate exactly 180 deg, lining the tether orbit up properly to
boost another payload to the moon.

System Design for Round-Trip Traffic

Once alunar base is establishedand begins to send payloads back
down to LEO, the orbit of the tether system can be modified slightly
to enable frequent opportunities for round-trip travel. The facility’s
orbit will be raised so that its high-energy orbit has a semimajor
axis of 12,577.572 km and an eccentricity of 0.41515. The tether
will then pick up a payload from a circular, 450-km orbit and toss
it to the moon so that it will reach the moon as the moon crosses its
ascending node. The facility will then drop to a lower energy orbit.
At approximately the same time, the return payload will be released
by the lunar tether and begin its trajectory down to LEO. When
the return payload reaches LEO, the Earth-orbit tether facility will
catch it at perigee, carry it for one orbit, and then place it into the
450-km initial payload orbit. On dropping the return payload, the
facility will place itself back into the high-energy orbit. The perigee
of this orbit will precess at a rate such that after 4.5 lunar months
(123 days) it will have rotated 180 deg, and the system will be ready
to perform another payload exchange, this time as the moon crosses
its descending node. If more frequent round-trip traffic is desired,

tether reeling can again be used to hold the tether orbit aligned
in a constant direction, providing transfer opportunities once every
sidereal month.

Design of a Lunavator Compatible
with Minimal-Energy Lunar Transfers

The second stage of the cislunartether transportsystemis a lunar-
orbit tether facility that catches the payloads sent by the Earth-orbit
tether and deposits them on the moon with zero velocity relative to
the surface.

Background: Moravec’s* Lunar Skyhook

In 1977, Moravec* proposed that it would be possible to construct
a tether rotating around the moon that would periodically touch
downon the lunarsurface. Moravec’s skyhookwould have a massive
central facility with two tether arms, each with a length equal to the
facility’s orbital altitude. It would rotate in the same direction as
its orbit with a tether tip velocity equal to the orbital velocity of
the tether’s center of mass so that the tether tips would periodically
touch down on the moon with zero velocity relative to the surface
(to visualize this, imagine the tether as a spoke on a giant bicycle
wheel rolling around the moon).

As it rotates and orbits around the moon, the tether could capture
payloads from Earth as they passed perilune and then set them down
on the surface of the moon. Simultaneously, the tether could pick
up payloads to be returned to Earth and later throw them down to
LEO.

Moravec* found that the mass of the tether would be minimized if
the tether had an arm length equal to one-sixth of the diameter of the
moon, rotating such that each of the two arms touched down on the
surface of the moon three times per orbit. Using data for Kevlar®, the
best material available in 1977, which has a density of 1.44 g/cm®
and a tensile strength of 2.8 GPa, Moravec found that a two-arm
Skyhook with a design safety factor of /' =2 would have a mass of
approximately 13 times the payload mass. Each arm of Moravec’s
tether would be 580 km long, for a total length of 1160 km, and the
tether center of mass would orbit the moon every 2.78 hin a circular
orbit with radius of 2320 km. At that radius the orbital velocity is
1.45 km/s and, thus, Moravec’s Skyhook would rotate with a tip
velocity of 1.45 km/s.

Using Moravec’s® minimal-mass solution, however, requires not
only a very long tether but also that the payload have a very high
velocity relative to the moon at its perilune. Because the lunar tether
in Moravec’s design has an orbital velocity of 1.45 km/s and the
tether tips have a velocity of 1.45 km/s relative to the center of
mass, the payload’s perilune velocity would need to be 2.9 km/s to
match up with the tether tip at the top of their rotation. To achieve
this high perilune velocity, the outbound lunar transfer trajectory
wouldhavetobe ahigh-energyhyperbolictrajectory. This presented
several drawbacks, the most significant being that if the lunar tether
failed to capture the payload at perilune, it would continue on and
leave Earth orbit on a hyperbolic trajectory. Moreover, as Hoyt and
Forward® found, a high lunar trajectory energy would also place
larger AV demands on the Earth-orbittethers, requiring two tethers
in Earth orbit to keep the system mass reasonable.

Lunavator Design

To minimize the AV requirements placed on the Earth-orbit por-
tion of the cislunar tether transport system and thereby permit the
use of a single Earth-orbit tether with a reasonable mass, we have
developed a method for a single lunar-orbittether to capture a pay-
load from a minimal-energy lunar transfer orbit and deposit it on
the lunar surface with zero velocity relative to the surface.

Moon-Relative Energy of a Minimum-Energy LTO

A payload that starts out in LEO and is injected into an ellip-
tical, equatorial Earth orbit with an apogee that just reaches the
moon’s orbital radius will have a C; relative to the moon of approx-
imately 0.72 km?/s®. For a lunar transfer trajectory with a closest-
approach altitude of several hundred kilometers, the payload will
have a velocity of approximately 2.3 km/s at perilune. As a result,
it would be moving too slowly to rendezvous with the upper tip
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Fig. 5 Method for a lunar tether to capture a payload from a minimal-energy LTO and deposit it on the moon with zero velocity relative to the

surface.

of the Moravec lunar skyhook;* which would have a tip velocity
of 2.9 km/s at the top of its rotation. Consequently, the design of
the lunar tether system must be modified to permit a tether orbiting
the moon at approximately 1.5 km/s to catch a payload to at per-
ilune when the payload’s velocity is approximately 2.3 km/s, then
increase both the tether length and the angular velocity so that the
payload can be set down on the surface of the moon with zero ve-
locity relative to the surface. Simply reeling the tetherin or out from
a central facility will not suffice because reeling out the tether will
cause the rotation rate to decrease due to conservation of angular
momentum.

A method that can enable the tether to catch a payload and then
increase the tether rotation rate while lowering the payload is il-
lustrated in Fig. 5. The Lunavator tether system is composed of a
long tether, a counterbalance mass at one end, and a central facility
that has the capability to climb up or down the tether. Initially, the
facility would locate itself near the center of the tether, and the sys-
tem would rotate slowly around the center of mass of the system,
which would be located roughly halfway between the facility and
the counterbalancemass. The facility could then capture an inbound
payload at its perilune. The facility would then use energy from so-
lar cells or another power supply to climb up the tether toward the
counterbalancemass. The center of mass of the system will remain
at the same altitude, but the distance from the tether tip to the center
of mass will increase and conservation of angular momentum will
cause the angular velocity of the system to increase as the facility
mass moves closer to the center of mass.

Analysis

A first-order design for the Lunavator can be obtained by calcu-
lating the shift in the system’s center of mass as the central facility
changes its position along the tether. We begin by specifying the
payload mass, the counterbalance mass, the facility mass, and the
tether length. The required tether mass cannot be calculated simply
by using Moravec’s tapered tether mass equation* because that equa-
tion was derived for a free-space tether. The Lunavator must support
notonly the forces due to centripetalaccelerationof the payload and
tether masses, but also the tidal forces due to the moon’s gravity.
The equations for the tether mass with gravity-gradientforces in-
cluded are not analytically integrable, so that the tether mass must
be calculated numerically.

Prior to capture of the payload, the distance from the counterbal-
ance mass to the center of mass of the tether system is

M;L,+ ML,

1
M, + M, + M, (13)

Lcm,() =

where L is the distance from the counterbalanceto the facility and
L., , is the distance from the counterbalanceto the center of mass of
the tether. L., , must be calculated numerically for a tapered tether.

. Orbit prior
<7 1o catoh
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Fig. 6 Lunavator orbits be- ' catch

fore and after payload capture.
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If the Lunavator is initially in a circular orbit with radius ay, it
will have a center-of-mass velocity of

ch,() = \Y% /Jm/a() (16)

At the top of the tether swing, it can capture a payload from a
perilune radius of

r, =do + (Lt - Lcm,(l) (17)

A payload sent from Earth on a near-minimum energy transfer will
havea Cs,, of approximately0.72 km?/s”. Its perilune velocity, thus,
will be

2
=, |—————+C 1
" \/ ao+ (L = Lamo) " 19

For the tether tip’s total velocity to match the payload velocity at
rendezvous, the velocity of the tether tip relative to the center of
mass must be

Vio = Vp — Vem,0 (19)
and the angular velocity of the tether system will be
@y 0 =Vt,0/(Lt - Lcm,()) (20)

When the tether captures the payload, the center of mass of the
new system, including the payload, is at perigee of a new, slightly
elliptical orbit, as illustrated in Fig. 6 (it was in a circular orbit and
caught a payload going faster than the center of mass). The perigee
radius and velocity of the center of mass are

 Vemo(M + My + M) +v,Mp

= 21

Vil M, + M, + M, + M, 2D
(M + My + M)+, My )
PUT UM+ M+ M+ M,

and the new distance from the counterbalancemass to the system’s
center of mass changes to

ML+ MLy, + MpL,
M, + M, + M, + M,

Lcm,l = (23)
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To increase the rotation rate of the tether system and increase
the distance from the system’s center of mass to the tether tip, the
facility climbs up the tether to the counterbalance mass, reducing
the distance from the counterbalanceto the center of mass to

L _ Mthm,t + MPLt (24)
T M.+ M, + M, + M,

By conservation of angular momentum, the angular velocity will
increase to a new value of

0y = wﬂ{[Lcm,le + (Lf - Lcm,l)Mf + (Lcm,t - Lcm,l)Mt

+ (Lt - Lcm,l)MP]/[Lcm,ZMf + (Lcm,t - Lcm,Z)Mt

+(L; = Lem2)Mp]} (25)

and the payload will then have a velocity relative to the center of
mass of

Vip =0y (L; = Lem) (26)

If the initial orbit parameters, tether lengths, and facility and tether
masses are chosen properly, then v,, can be made equal to the
perigee velocity of the tethersystem and the distancefrom the center
of mass to the payload can be made equal to the perigee altitude.
When the tether returns to its perigee it can then deposit the payload
on the surface of the moon and simultaneously pick up a payloadto
be thrown back to Earth.

Lunavator Design

Using the precedingequations, we have found the following first-
order design for a Lunavator capable of catching payloads from
minimal-energy lunar transfer orbits and depositing them on the
surfaceof the moon. The parametersand valuesare shownin Table 2.

Lunavator Orbit: Polar vs Equatorial

To provide the most consistent transfer scenarios, it is desirable
to place the Lunavator into either a polar or equatorial lunar orbit.
Each choice has relative advantages and drawbacks, but both are
viable options.

Table2 Baseline Lunavator design

Parameter Value
Payload trajectory
Mass Mp = 2500kg

Perigee altitude
Moon-relative energy

h, = 32823 km
Cs.m = 0.719 km?/s?

Lunavator

Tether length L =200 km
Counterbalance mass M. =15,000kg
Facility mass My =15,000kg
Tether mass M, =11,765kg
Total mass?® M = 41,765kg
Orbit before catch:

Central facility position Ly =155km

Tether tip velocity
Rotation rate
Circular orbit altitude

Vio = 0.748 km/s
wpy = 0.00566 rad/s
hpo=170.5km

Orbit after catch:
Perigee altitude hpo=178km
Apogee altitude hq0 =411.8 km
Eccentricity eg = 0.0575

Postcatch payload®

Adjusted rotation rate wy = 0.00929 rad/s

Adjusted tip velocity Vi2 = 1.645 km/s
Payload delivery

Drop-off altitude® h=1km

Velocity with respect to surface v =0m/s

216.7 X payload mass.

bCentral facility climbs up the tether to the counterbalance mass and
changes the rotation rate.

“Top of a lunar mountain.

Equatorial Lunar Orbit

The primary advantage of an equatorial orbit for the Lunavator
is that equatorial lunar orbits are relatively stable. An equatorial
Lunavator, however, would only be able to service traffic to bases
on the lunar equator. Because the lunar equatorial plane is tilted
with respect to the Earth’s equatorial plane, a payload boosted by
the Earth-orbittether facility will requirea A V maneuverto bend its
trajectory into the lunar equatorial plane. This AV can be provided
either using a small rocket thrust or a lunar slingshot maneuver.
These options will be discussed in more detail in a later section.

Polar Lunar Orbit

A polar orbit would be preferable for the Lunavator for several
reasons. First, direct transfers to polar lunar trajectories are possi-
ble with little or no propellant expenditure required. Second, be-
cause a polar lunar orbit will remain oriented in the same direc-
tion while the moon rotates inside of it, a polar Lunavator could
service traffic to any point on the surface of the moon, including
the potentially ice-rich lunar poles. Polar lunar orbits, however, are
unstable. The odd harmonics of the moon could potentially cause
a circular, low polar orbit to become eccentric, as illustrated in
Fig. 7. Eventually, the eccentricity becomes large enough that the
perilune is at or below the lunar surface. For the 178-km circu-
lar orbit, the rate of eccentricity growth is approximately 0.00088
per day.

Fortunately, the techniques of orbital modification using tether
reeling, proposed by Martinez-Sdnchez and Gavit® and by Landis®
may provide a means of stabilizing the orbit of the Lunavator with-
out requiring expenditure of propellant. Tether reeling can add or
remove energy from a tether’s orbit by working against the nonlin-
earity of a gravitational field. The basic concept of orbital modifi-
cation using tether reeling is illustrated in Fig. 8. When a tether is
near the apoapsis of its orbit, the tidal forces on the tether are low.
When it is near periapsis, the tidal forces on the tether are high. If
it is desired to reduce the eccentricity of the tether’s orbit, then the
tether can be reeled in when it is near apoapsis, under low tension,
and then allowed to unreel under higher tension when it is at periap-
sis. Because the tidal forces that cause the tether tension are, to first
order, proportionalto the inverse radial distance cubed, more energy
is dissipated as the tether is unreeled at periapsis than is restored to
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Fig. 7 Evolution of the eccentricity of an initially circular, 178-km
polar lunar orbit, without tether reeling.
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the tether’s orbit when it is reeled back in at apoapsis. Thus, energy
is removed from the orbit. Conversely, energy can be added to the
orbit by reeling in at periapsis and reeling out at apoapsis. Although
energy is removed (or added) to the orbit by the reeling maneuvers,
the orbital angular momentum of the orbit does not change. Thus,
the eccentricity of the orbit can be changed.

The theories developed in Refs. 6 and 8 assumed that the tether
is hanging (rotating once per orbit). Because the Lunavator will be
rotating several times per orbit, we have extended the theory to ap-
ply torapidly rotating tethers.” By the use of a tether reeling scheme
in which the tether is reeled in and out once per orbit as shown in
Fig. 8, we find thatareelingrate of 1 m/s will reduce the eccentricity
of the Lunavator’s orbit by 0.0011 per day, which should be more
than enough to counteract the effects of lunar perturbations to the
tether’s orbit. Thus, tetherreeling may provide a means of stabilizing
the orbit of a polar Lunavator without requiring propellant expen-
diture. This tether reeling, however, would add complexity to the
system.

Cislunar System Simulations

Tether System Modeling

To verify the design of the orbital dynamics of the cislunar tether
transport system, we have developed a numerical simulation called
TetherSim that includes 1) the three-dimensional orbital mechanics
of the tethers and payloads in the Earth-moon system, including
the effects of Earth oblateness, using Runge-Kutta integration of
Cowell’s method; 2) modeling of the dynamical behavior of the
tethers using a bead-and-springmodel similar to that developed by
Kim and Vadali’; and 3) modeling of the electrodynamicinteraction
of the Earth-orbit tether with the ionosphere. Using this simulation
tool, we have developed a scenario for transferring a payload from
a circular low-LEO to the surface of the moon using the tether
system designs just outlined. We have found that for an average
transferscenario,midcourse trajectory correctionsof approximately
25 m/s arenecessaryto target the payloadinto the desired polar lunar
trajectory to enable rendezvous with the Lunavator. A simulation of
a transfer from LEO to the surface of the moon can be viewed at
www.tethers.com.

Targeting the Lunar Transfer

In addition to the modeling conducted with TetherSim, we have
also conducted a study of the Earth-moon transfer to verify that
the payload can be targeted to arrive at the moon in the proper
plane to rendezvous with the Lunavator. This study was performed
with the MAESTRO code,'® which includes the effects of luni-solar
perturbationsas well as the oblateness of the Earth. In this work we
studied targeting to both equatorial and polar lunar trajectories.

Transfer to Equatorial Lunar Trajectories

Transfer of a payload from an equatorial Earth trajectory to an
equatorial lunar trajectory can be achieved without propellant ex-
penditure, but this requires use of a I-month resonance hop transfer,
as illustratedin Fig. 9. In a resonance hop maneuver, the payload is
sent on a trajectory that passes the moon in such a way that the lu-
nar gravitational field slingshots the payload’s orbit into a 1-month
Earth orbit that returns to the moon in the lunar equatorial plane. We
have developeda lunar transfer scenariothat achieves this maneuver
using MAESTRO.

To avoid the 1-month transfer time, we can instead use a small
impulsive thrust as the payload crosses the lunar equator to bend its
trajectoryinto the equatorialplane. A patched-conicanalysisof such
a transfer predicts that such a maneuver would require 98-135 m/s
of AV.However, our numerical simulationsof the transferrevealed
thatunder most conditions, luni-solar perturbationsof the payload’s
trajectory will perform much of the needed bending for us, and the
velocity impulse needed to place the payload in a lunar equatorial
trajectory is only about 25 m/s. Figure 10 shows the time history
of a transfer of a payload from the Earth-orbit tether boost facility
to the moon, projected onto the Earth’s equatorial plane. Figure 11
shows this same transfer, projected onto the lunar equatorial plane
in a moon-centered frame. The motion of the payload relative to the
lunarequatorcan be observedin Fig. 12, which shows the trajectory
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Fig. 9 Schematic of 1-month resonance hop transfer to place payload
in lunar equator without using propellant.
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Fig. 10 Transfer of payload to lunar equatorial trajectory, projected
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Fig. 11 Projection of payload transfer onto lunar equatorial plane
(moon-centered frame).

projected onto the lunar x-z plane. The payload crosses the lunar
equator approximately 10 h before its closest approach to the moon.
Figure 13, which plots the moon-relative velocity of the payload,
shows that the payload’s velocity at the time of lunar equatorial
crossing is about 925 m/s. However, a plot of the declination of
the payload’s velocity with respect to the lunar equator, shown in
Fig. 14, reveals that the declination of the moon-relative velocity
vector is only a few degrees, much less than the 18-29-deg value
predicted by a simple zero-patched-conic analysis; the moon’s (or
sun’s) gravity has bent the velocity vector closer to the lunar orbit
plane.

At the time when the payload’s trajectory crosses the lunar equa-
tor, the declinationof the incoming velocity vectoris only 1.52 deg.
This dynamical situation permits us to bend the approach trajectory
into the lunar equator with a very small amount of impulse supplied
by the spacecraft propulsion system. In the case shown here, the
amount of AV requiredis only 24.5 m/s, applied about 10 h before
the closestapproach to the moon, as the spacecraftcrosses the lunar
equator.
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Transfer to Polar Lunar Trajectories

Figure 15 shows a payload transfer targeted to a polar lunar tra-
jectory with an ascending node (with respect to the lunar prime
meridian) of —100.95°. This particular trajectory is a type II trans-
fer, with a central angle on the initial orbit of greater than 180 deg.
Similar transfers can be achieved with type I trajectories (central
angle of less than 180 deg). Essentially, these transfers are achieved
by injecting the payload into an orbit that just reaches the moon’s
orbit near the point where the moon will cross Earth’s equatorial
plane. When the payload reaches its apogee, it is moving only a
few hundred meters per second. As the payload slowly drifts toward
its apogee, the moon approaches, moving at just over 1 km/s. The
moon then captures the payload, pulling it into a trajectory that is
just barely hyperbolic relative to the moon.

We have found that by varyingthe energy of the translunartrajec-
tory and adjusting the argument of perigee, it is possible to target the
payloadtorendezvouswith a polarorbit Lunavatorwith a wide range
of ascendingnode positions of the Lunavator orbit. Our simulations
indicate that the viable nodal positionsranges at least £10 deg from
the normal to the Earth-moon line.

Comparison to Rocket Transport

Traveling from LEO to the surface of the moon and back requires
a total AV of more than 10 km/s. To perform this mission using

Earth Equatorial x (km)

Fig. 15 Time history of an Earth-moon transfer targeted to a polar
lunar trajectory.

storable chemical rockets that have an exhaust velocity of roughly
3.5 km/s, the standard rocket equationrequires that a rocket system
consume a propellant mass equal to 16 times the mass of the pay-
load for each mission. The cislunar tether transport system would
require an on-orbitmass of less than 28 times the payload mass, but
it would be able to transport many payloads. In practice, the tether
system will require some propellant for trajectory corrections and
rendezvous maneuvers, but the total AV for these maneuvers will
likely be less than 100 m/s. Thus, a simple comparisonof rocketpro-
pellant mass to tether system mass indicates that the fully reusable
tether transport system could provide significant launch mass sav-
ings after only a few round trips. Although the development and
deployment costs associated with a tether system would present a
larger upfront expense than a rocket-based system, for frequent,
high-volume round-trip traffic to the moon, a tether system could
achieve large reductions in transportation costs by eliminating the
need to launch large quantities of propellantinto Earth orbit.

Conclusion

Our analyses have concluded that the optimum architecture for a
tether system designed to transfer payloads between LEO and the
lunar surface will utilize one tether facility in an elliptical, equato-
rial Earth orbit and one tether in low lunar orbit. We have developed
a preliminary design for an 80-km-long Earth-orbit tether boost fa-
cility capable of picking payloads up from LEO and injecting them
into a minimal-energy lunar transfer orbit. Using currently avail-
able tether materials, this facility would require a mass 10.5 times
the mass of the payloads it can handle. After boosting a payload,
the facility can use electrodynamic propulsion to reboost its or-
bit, enabling the system to repeatedly send payloads to the moon
without requiring propellant or return traffic. When the payload
reaches the moon, it will be caught and transferred to the surface
by a 200-km-long lunar tether. This tether facility will have the ca-
pability to reposition a significant portion of its ballast mass along
the length of the tether, enabling it to catch the payload from a low-
energy transfer trajectory and then spin up so that it can deliver the
payload to the moon with zero velocity relative to the surface. This
lunar tether facility would require a total mass of less than 17 times
the payload mass. Both equatorial and polar lunar orbits are feasi-
ble for the Lunavator. Using two differentnumerical simulations, we
have tested the feasibility of this design and developed scenarios for
transferring payloads from a low LEO to the surface of the moon
with only 25 m/s of AV needed for small trajectory corrections.
Thus, it appears feasible to constructa cislunar tether transportsys-
tem with a total on-orbit mass requirement of less than 28 times
the mass of the payloads it can handle. This system could greatly
reduce the cost of round-trip travel between LEO and the surface of
the moon by minimizing the need for propellant expenditure.
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