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I. Introduction

C YCLER and semicycler architectures are two promising
options to sustain the human exploration of Mars. In these

architectures, the interplanetary transfer vehicle receives a gravity
assist from Earth, Mars, or both planets that sends the vehicle and
crew to the next planet. However, the crew must still travel from the
surface of Earth orMars to the transfer vehicle before it can transport
them to Mars or Earth. This planetocentric transfer is accomplished
by a small “taxi” vehicle, which only supports the crew for a few
days. Consequently, the taxi can be significantly less massive than
the transfer vehicle, which sustains the crew for many months. The
main disadvantage of cycler and semicycler architectures is that the
taxi must rendezvous with the transfer vehicle while they are on a
hyperbolic trajectory during planetary flyby. If this rendezvous fails,
the crew will be lost. (We note that the Apollo missions included a
similar risk when the lunar module docked with the command/
service module in lunar orbit. If this rendezvous failed, two of the
three astronauts would not make it home [1].) Therefore additional
safety features may be required for hyperbolic rendezvous to be
practical.

II. Rendezvous Strategy

We examine the rendezvous process from a low-circular orbit
departure tofinal docking of the taxiwith the cycler. The taxi consists
of four stages: 1) the first upper stage, which achieves a high-energy
orbit, but does not escape, 2) the second upper stage, which propels
the taxi to the sameV1 as the cycler, 3) the rendezvous engine,which
cancels most of the relative velocity between the taxi and cycler, and
4) the docking engines, which achieve final mating of the two
vehicles. The first stage burns out before escape so the crew can abort
to the surface if there is a problem. The second stage completes the
escape �V and is smaller than the first stage (which is dropped) to
provide redundancy during rendezvous without adding prohibitive
mass. The rendezvous stage performs a significantly smaller �V
than either upper stage and is critical to crew survival. Finally the

docking stage requires significantly smaller thrust than the other
stages and is similar to a reaction control system. Two engines are
used for the first three stages so that the second engine can complete
the maneuver if the first engine fails. A redundant docking
propulsion system (engine and propellant) is also employed.Because
the rendezvous burn is critical to crew survival (without it the taxi
will not reach the cycler at a safe speed) we keep the spent second
upper-stage engine (which already worked to achieve V1) as a
backup in case both rendezvous engines fail. Moreover, extra
rendezvous propellant could be kept in this stage should the primary
rendezvous propellant be lost. Because this measure increases mass
significantly we recommend that it is incorporated only in missions
that employ in situ propellant production (e.g., creating hydrogen
and oxygen from Mars water, or methane and oxygen from Mars
CO2 and hydrogen feedstock). A 30-minute window is provided to
switch rendezvous engines before the taxi passes the cycler should
the need arise. We assume that the cycler is an entirely passive
vehicle during rendezvous. Contingencies for various failure modes
are provided in Table 1. The goal is to develop a rendezvous strategy
where failure of a system does not result in loss of the crew.

III. Rendezvous Procedure

The taxi and cycler trajectories are modeled as conics in a point-
mass gravity field. The maneuvers are modeled as finite burns with
varying mass based on the propellant flow rate. We assume constant
thrust magnitude and constant direction for all maneuvers and that
the engines can be turned onor off at any time and formultiple cycles.
(The capability of throttling or vectoring the thrusters is not
assumed.) The optimized �V (not including the safety features in
Table 1) for free departure time, orbit orientation, and thrust duration
and direction is about 60 m=s, or 1%, above the impulsive�V case.
Thrust duration for departure is several minutes and the rendezvous
burn is typically less than 1 min.

The taxi employs three maneuvers to reach the docking corridor.
Thefirst two are carried out back to back by thefirst and second upper
stages. Thefirst stage achieves a parking orbitwith the sameperiod as
the expected rendezvous time, so the crew can abort to the surface if
the second stage fails. The thrust direction is the same for both burns
so the taxi does not have to reorient itself for the second burn. The
thirdmaneuver is the rendezvous burn to direct the taxi to the docking
corridor. Themaneuvers are designed tomaximize thefinal taximass
with the constraint that the taxi must approach the cycler at a desired
direction and speed. We set no constraints on the orientation of the
low-circular orbit. (A combined optimization of the launch vehicle
and upper-stage capabilities could determine the orbit parameters to
maximize final mass.) Because the time betweenmaneuvers is on the
order of hours, the desired burn time and direction may be updated
during the mission using the current estimated taxi position and
velocity. A rendezvous time line is provided in Fig. 1.

The guidance solution (direction and duration of thrust for each
maneuver) to approach the docking corridor is essentially a set of
constrained optimization problems. We first optimize the parking-
orbit orientation and departure time, first and second stage thrust
direction and durations, and rendezvous-stage direction and
duration, with the constraint that the taxi must be 10 km from the
cycler along its sun line and traveling at 40 m=s toward the cycler
after some set rendezvous time (say 1 day). The objective function is
to maximize the final taxi mass, which is calculated based on the
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propellant flow rate during thrusting and the inert mass of the
dropped stages. Though necessary for an actual mission, we do not
optimize the launch vehicle trajectory from any specific launch site.
The time of the rendezvous burn is constrained to be 30 min before
the two vehicles (nearly) collide, so the crew has time to switch to
backup systems should the rendezvous engines fail. The option of
departing orbit on a second try requires the simultaneous
optimization of two trajectories (with departure times approximately
one orbit period apart) that both meet the docking corridor
constraints. A minimax optimization usually results in the same�V
for both trajectories. This optimization defines the nominal
trajectory.

Once in orbit, a second optimization is required to recalculate the
first, second, and rendezvous-stage burns from the current estimated
parking orbit (which is not optimal due to injection errors). The
duration and direction for the departure and rendezvous burn provide
6 degrees of freedom to target the position and velocity state of the
docking corridor. Once the taxi has departed orbit (either on the first
or second try) the new time estimate for the closest approach to the
cycler is calculated and the rendezvous burn is scheduled. Several
hours pass between orbit departure and the rendezvous maneuver
and docking to allow time for reoptimization based on the updated
states. The direction and duration of the rendezvous burn minimize
the �V from the docking velocity when the taxi is 10 km along the

docking corridor. Again, the burn is calculated based on the current
estimate of the taxi and cycler states. The nextmaneuver occurs at the
estimated closest approach of the taxi to the docking corridor (which
we define as the minimized product of the distance and angle from
10 km along the sun line). Of course, the taxi does not hit the exact
corridor conditions because of navigation and thrust errors. To
nullify these errors, the rendezvous engines burn periodically toward
the docking corridor until the taxi is within 10 km of the cycler.

The docking phase begins when the taxi is 10 km away from the
cycler. The taxi approaches the cycler along its sun line so that the
cycler is illuminated on the docking side. The procedure for approach
is depicted in Fig. 2.

The guidance algorithm for docking is as follows. The taxi
maneuvers so that its velocity is directed toward the next range point
(10 km, 8 km, etc., along the docking axis) at the specified range rate
(40 m=s, 10 m=s, etc.). The docking guidance law is thus

�V � _r�R̂ � V (1)

where _r is the desired range rate, �R̂ is a unit vector directed from
the taxi to the next range point, andV is the current taxi velocity. This
�V is implemented by firing the thrusters for a burn time of

tb �m�1 � exp���V=gIsp��gIsp=T (2)

Fig. 1 Rendezvous profile and backup systems.

Table 1 Failure modes and contingency plans

Event Strategy

1 Random navigation and control errors Design for 3-� reliability
2 Loss of navigation en route to transfer vehicle Switch to backup system(s) or track from surface (Earth)

or track from cycler
3 Loss of navigation while docking “Eyeball” it [2]
4 Failure of first upper stage Retry after one orbit (if reparable) or abort to surface
5 Failure of second upper stage Abort to surface
6 Second upper stage cuts off prematurely None
7 Failure of rendezvous engine Use remaining engines or switch to upper-stage engine
8 Loss of rendezvous propellant Carry backup propellant in upper-stage enginea

9 Failure of docking engine or loss of propellant Carry backup system or use transfer vehicle to dock

aMay not be feasible without in situ propellant production.

Fig. 2 Approach and docking profile.
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for the rendezvous engine,which is directed along the desired�V, or
for burn times of

t b �m�1 � exp���V=gIsp��gIsp=T (3)

for the docking thrusters, which are aligned orthogonally and burn
for different times to achieve a given�V array. In Eqs. (2) and (3) tb
is the burn time(s), m is the current taxi mass, g is the standard
acceleration due to gravity at Earth’s surface, Isp is specific impulse,
and T is the engine thrust. We note that this algorithm does not
include gravity, which is in contrast to traditional rendezvous tactics
[3–5]. Such a simple guidance law is possible because the spacecraft
are sufficiently close to each other and far from the planet that the
gravity perturbations are insignificant.

IV. Mission Specifications

The taxi mass is calculated to examine the effectiveness of our
guidance strategy. We assume that the cycler vehicles follow the
trajectories presented in [6] (which have lower average V1 than the
Aldrin cycler [7]). These trajectories contain variations inV1 and the
periapsis radius that are consistent with the flyby conditions of other
cycler and semicycler trajectories. Because rendezvous occurs at
planetary departure, only the outbound transfers are examined. We
make the following assumptions to size the taxi:

1) The rendezvous time is 1 day.
2) The capsule mass is 6 t.
3) The heat shield mass fraction is 15%.
4) The circular orbit altitude is 200 km.
5) The Mars descent �V is 0:500 km=s to provide over 2 min of

hover time.
6) The Mars ascent�V is 3:835 km=s to reach circular orbit from

the surface (unspecified launch site).
7) The descent/ascent Isp is 450 s.
8) The inert mass fraction minert=mpropellant is 20 and 15% for the

descent and ascent stages, respectively.
The other engine parameters are provided in Table 2. The 3-�

values for the position and velocity estimates are 300 m and 1 m=s
for inertial navigation [12,13], and 0:03 � R and 10 cm=s=km � R
for relative navigation [14,15], where R is the distance between the
taxi and the cycler. The minimum relative 3-� values are 3 cm and
1 cm=s. The inertial navigation errors are used from orbit departure
until the taxi reaches the docking corridor (at 10 km). The relative
errors are used within the docking corridor (from 10 to 0 km). These
uncertainty values derive from the performance of previousmissions
instead of the assumed capability of future engine and navigation
hardware. The estimated state and applied thrust are the actual state

and desired thrust plus random numbers. Though we do not model
the launch vehicle trajectory, we set the circular orbit injection
uncertainty to the inertial navigation uncertainty to provide an
injection error.

V. Results

For each mission year over a 15-year Earth–Mars mission cycle
(or seven synodic periods) we calculated 1000 rendezvous
trajectories at Earth and Mars to provide a statistical base. Each
trajectory included normal distributions on navigation and thrust
uncertainties while following the rendezvous procedure of Sec. III.
For comparison, we also provide values when the final taxi mass is
maximized with none of the safety features in Table 2. TheMars taxi
mass includes both descent and ascent stages, while the Earth taxi
mass includes the stages to take the crew from low-Earth orbit (LEO)
to the cycler. The taxi injected mass to LEO (IMLEO) value includes
the Earth andMars taxis plus a stage to send theMars taxi toMars via
a minimum energy transfer. (This cargo stage has the same Isp and
inert mass fraction as the taxi upper stages.) The taxi IMLEO is the
portion of injected mass to low-Earth orbit that is affected by the
taxis. Additional mass to LEO could include cycler propellant and
refurbishments, consumables, Mars payload, etc. The average taxi
masses are provided in Table 3, and masses for each launch year are
provided in [16].

We note that in Table 3 the taxi transfers with the additional safety
features increased the IMLEO by about 40 t above the unsafe case,
which provides the minimum mass estimate. When redundant
rendezvous propellant is included the mass difference increases to
about 65 t. Considering that the IMLEO for an entire mission toMars
can be at least 400 t, the additional mass seems worth the benefit.
However amore detailed comparison of the costs and risks of cyclers
versus other transportation architectures is necessary to decide how
we shall travel toMars. Ifwe assume that propellantmay be produced
at Mars (e.g., by extracting water and creating liquid hydrogen and
oxygen) then the IMLEO is significantly reduced. In this case the
IMLEO is increased by 30 t above the unsafe case and redundant
rendezvous propellant is available for both Earth and Mars
rendezvous. Typical IMLEO values with in situ propellant
production range from about 200 to 300 t.

The effect of each safety feature on the Earth taxi mass is explored
in Table 4. In this table only one safety feature is incorporated at a
time. (All six features from Table 4 are included to determine the
“Safetymeasures in Table 1”mass values in Table 3.)We see that the
largest increase in mass arises when redundant rendezvous
propellant is carried on the taxi and the second largest is propellant
for 3-� reliability. The next largest contributor to the taxi mass is

Table 2 Engine parameters for rendezvous

Engine Thrust, kN Isp, s minert=mpropellant Magnitude
error (3�), %

Direction
error (3�), deg

200 � 2a

First upper stage [8,9] 30:0 � 2 450 0.15 0.3 1.0
Second upper stage [8,9] 30:0 � 2 450 0.15 0.3 1.0
Rendezvous [10,11] 30:0 � 2 450 0.20 0.3 1.0
Docking [10,11] 4.0, 0.1b 300 0.25 1.0 0.3

aTwo 200 kN engines are used at Earth and two 30 kN engines are used at Mars.
bThe 100 N engine is used if the estimated burn time for the 4 kN engine is less than 0.1 s.

Table 3 Average taxi mass (in t) with and without redundant rendezvous propellant (RRP) and in situ
propellant production (ISPP)

Safety measures in Table 1 No safety measures

RRP ISPP Mars taxi Earth taxi Taxi IMLEO Mars taxi Earth taxi Taxi IMLEO

No No 60.5 27.7 191.6 47.1 21.0 148.4
Yes No 66.6 33.0 213.3 47.1 21.0 148.4
Yes Yes 28.0 33.0 108.8 21.3 21.0 78.6
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performing the rendezvous burn 30 min before the taxi reaches the
cycler. The reason that this feature increases mass is that it reduces
the rendezvous time, which causes an increase in rendezvous �V
[17,18]. The second stage engine increases the dry mass for the
rendezvous maneuver, but provides a backup system that already
worked once (at departure). Including an entirely redundant docking
propulsion system (both propellant and engines) does not increase
the mass significantly because the �V is small compared with the
other stages. Incorporating a “second chance” to depart LEO
increases the�V because the taxi does not leave at the optimal time.
The first chance to depart LEO occurs about half an orbit period
before the optimal departure time and the second chance occurs
about half an orbit period after the optimal time.

The taxi mass for any combination of these safety measures may
be approximated by multiplying the product of the mass ratios with
the nominal mass. For example, the taxi mass with both redundant
docking propulsion and keeping the second stage tank is
(approximately) 1:02 � 1:06 � 21:6 t� 23:4 t, or including all of
the safety features gives a ratio of 1.51 and a taxi mass of 32.6 t,
which is close to the 33.0 t found in Table 3.

The standard deviation of the docking position error ellipse is
2.9 cm as given in Table 5 (where we assume normal distributions as
shown in [16]). These values are typical for all launch years using the
model discussed in Sec. III. Thus a docking radius of 10 cm is
sufficient for 98.9% docking reliability. If the taxi approaches the
cycler outside of the 10 cm docking radius, the crew still survives
because the taxi can simply retry docking (as a proximity operation)
until the two vehicles mate. The taxi intercepts the cycler at several
cm=s, which is acceptable for current dockingmechanisms [15]. The
rendezvous time is typically a little longer than the desired 24 h
because the taxi is usually more than the expected 10 km away from

the cyclerwhen the docking phase begins, andmust therefore travel a
farther distance (at the same controlled speed) to dock with the
cycler. The largest standard deviation in �V belongs to the
rendezvous stage, which performs a significant maneuver far from
the planet and transfer vehicle. Proportionally, the docking standard
deviation is largest when compared to its mean. Here, the errors
contribute about as much �V as the expected value to effect a safe
docking. The sensitivity of �V and docking radius to the different
error sources is examined in Table 6. The position uncertainty affects
�V the most and the velocity uncertainty has the greatest impact on
the docking radius. The thrust errors (at these levels) may be
considered insignificant when compared with the navigation
uncertainties.

VI. Conclusions

A relatively simple guidance algorithm may be used to dock the
taxi with the cycler vehicle during hyperbolic rendezvous. This
algorithm tracks the desired approach profile to allow the taxi to dock
within 10 cm of the approach axis at a speed of 7 cm=s, 99% of the
time, which is consistent with current docking capabilities. If the taxi
approaches the cycler outside of the docking radius, then the docking
procedure can be redone (with the backup docking system). The
greatest danger to the crew is the second stage burning out
prematurely or the taxi running out of propellant after the rendezvous
burn. Safety measures and redundant systems are included in our
rendezvous strategy to mitigate these problems at the expense of
extra taxi mass. The increase in injected mass to low-Earth orbit is
around 10–15% for a round-trip mission to Mars. We believe these
measures provide an adequate safety margin for hyperbolic
rendezvous, overcoming a major challenge of cycler and semicycler
architectures. Thus these architectures become even more attractive
for the sustained human exploration of Mars.
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