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(SSMEs) burning liquid oxygen and hydrogen(LOX/LH2) but with
an improved thermal protection system. The expendable ET would
be made from new lightweight materials that provide adequate
strength and lower cost. The reusable SRBs, now designated re-
designed solid rocket motors (RSRMs), would be recovered after
launch for reuse. The primary use of the Shuttle II would be that
of placing the largest or heaviest payloads (up to about 52,000 lb)
in low orbit and of providing a large orbital spacecraft for special
extended missions with a large complement of astronauts.

The Mini I is the largest minishuttle with a 3
4
-size reusable or-

biter and a 3
4 -size expendableET. It would have a single LRE (RD-

180) burningliquidoxygenand kerosene(LOX/RP-1). The reusable
SRBs would be the same RSRMs used with the Shuttle II. The pri-
mary use of the Mini I would be that of placinglargepayloads (up to
about 38,000 lb) in low orbitmore cheaply than the Shuttle II and of
providing a less costly spacecraft for certain manned missions with
fewer astronauts. It could also be used in various ways for support
of the InternationalSpace Station (ISS).

The Mini II is a smallerversionof theMini I with a 1
2 -size reusable

orbiter and a 3
5 -size expendable ET. Like the Mini I it has a single

LRE (AJ26-58) burning liquid oxygen and kerosene (LOX/RP-1).
The expendable SRBs would be the same SRMs used as boosters
for the Titan III SLV. The primary use of the Mini II would be that of
placing medium payloads (up to about 21,000 lb) in low orbit more
cheaplythan in using the largervehiclesand of providinga relatively
inexpensive spacecraft for small manned missions. It could also be
used as a low-cost space ferry to transport personnel and cargo to
or from the ISS.

The Mini III is an even smaller versionof the Mini I with a 1
3 -size

reusable orbiter and a 2
5 -size expendable ET. It also has a single

LRE (LR87-AJ-11),but both oxidizerand fuel (N2O4/Aerozine-50)
are noncryogenic and hypergolic. The expendable SRBs would be
similar to the Titan III SRMs used with the Mini II but reduced in
size by a scale factor of 0.825. With use of storable bipropellant,
the vehicle could be maintained in a launch-ready condition for
extended periods of time. The primary use of the Mini III would
be that of ferrying personnel to or from the ISS, in space rescue
situations where a quick response is necessary, and in serving as a
military spacecraft for the U.S. Air Force.

The nominal payloads listed in Table 1 are for low Earth orbit.
For higher orbits the size of payload would have to be reduced, or
additional propellant would be required. To increase the amount of
liquid propellant for the Mini I, the volume of the ET would have to
be increased. An alternative procedure for the smaller Mini II and
Mini III would be to also add segments to the SRBs. Thus, a modular
approach to increasing the amounts of solid and liquid propellants
could be developed for each vehicle to provide greater � exibility in
performance.

Conclusions
Launch vehicle architecture derived from the space shuttle and

modi� ed slightly would be a sure and practical alternative to ad-
vanced architectures being studied by NASA in its Space Launch
Initiative. Such alternative architecture could include a second-
generation shuttle and several minishuttles of various size using
noncryogenic fuel. Because all of these launch vehicles would use
existing and proven propulsion systems, development time and cost
would be considerablyless than with any of the architecturesbeing
considered in the Space Launch Initiative. Moreover, if the cost of
expendable components used with each of the minishuttles were to
be a small fraction of recurring launch costs, there could be signif-
icant reductions in speci� c payload costs (that is, launch costs per
poundof payload)fromprevalentvalues in the launchvehicle indus-
try. Thus, there is good reason for NASA and the U.S. Department
of Defense to consider the alternative architecture in meeting their
needs for reliable, cost-effective space transportation in the early
21st century.
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Nomenclature
acor = Coriolis acceleration,m/s2

ar = centripetal acceleration,m/s2

rc = local curvature radius of transfer
arc in relative motion, m

s = arc length of single transfer arc, m
si = line segment of single transfer arc, m
st = total transfer distance along target approach

direction, nsi , m
t = elapsed transfer time, s
tT = total transfer time, s
V = relative departure velocity (magnitude)

of transfer arc, m/s
Vr = velocity of circular reference orbit, m/s
x; y; z = horizontal, radial and normal relative motion

components, respectively,of transfer arc m
Px; Py; Pz = correspondingrelative velocity components, m/s
® = initial velocity angle relative to selected approach

direction, deg
1ti = time required for single transfer arc, s
1Vi = velocity change required at end of each single

transfer arc, m/s
µ = reference orbit central angle traversed during

time t, !t , deg
! = angular rate of circular reference orbit, rad/s

Subscript

0 = initial value

Introduction

S ERVICING, support, and resupply of space systems, whether
manned or unmanned, are becoming increasingly important

space mission objectives.1;2 These types of support missions will
play an important role in the operation of the International Space
Station (ISS) and must be performed often. The orbital dynamics
of the target approach and the maneuvering activity required to
achieve this objectiveare generally referred to as “proximity opera-
tions” and have been extensivelycovered in the literature, including
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Refs. 1–13. The orbital rendezvous equations published in 1960 by
Clohessy and Wiltshire3 (C–W) are based on a linearized version
of the basic Keplerian equations of motion of a chaser vehicle rel-
ative to a target vehicle, to provide a good approximation of the
exact solution over distances of several hundred kilometers. Their
applicability and usefulness are discussed in the literature (includ-
ing Refs. 1, 2, 4, 6, and 7). Actually, the linearized form of close-
distance relative motion equations was � rst published by G. S. Hill
in 1878, but their designation as C–W equations is currently in
common use.

The close, � nal approachof the space shuttleor an orbital transfer
vehicle to a target spacecraft such as the ISS typically is designed
to follow a sequence of short, shallow near-circular arcs with radii
that are determinedby their initial velocity.This brief transferphase
requires a small transverse maneuver at the end of each short arc.
A representative� nal approach sequence is shown in Fig. 1a, in ac-
cordancewith NASA instructionmanuals12;13 for approaches to the
target spacecraft, for example, for ISS resupply visits. The � nal ap-
proach to the ISS can be performed in the so-called V -bar or R-bar
direction,along (or opposite to) the orbital velocityor the orbital ra-
dius direction,respectively.Figure1a illustratesthe R-barapproach.

The objectiveof this Note is to introducea very simple algorithm,
notpublishedpreviously,for determiningthe targetapproachat very
close distances, of the order of 100 m or less, with suf� ciently high
accuracy. It requires only a small amount of computational effort
compared to the C–W equations.3 This algorithmallows quick-look
target approach calculations in preliminary mission design but can

a)

b)

Fig. 1 Representative � nal approach path of space shuttle to a target
object12;13: a) typical R-bar approach sequence and b) approximate
circular approach segment AB and geometrical characteristics.

also be used in actual � ight control during that phase. The new ap-
proximation technique is based on equating the Coriolis and the
centrifugal effects acting on the vehicle during the short time inter-
val duringwhich the magnitudeof the relativevelocityalonga target
approach arc segment remains very nearly constant. Typically,with
approach segments of only few minutes duration, each covering up
to 20- or 30-m distance, the results obtainedby this simpli� ed algo-
rithm are quite accurate, with approximationerrors of relative posi-
tions and velocities with respect to the target typically less than 1%,
as shown by the detailed error analysis data presented in this Note.

To visualize the basis of the approximation being used, consider
an elliptical relative motion around a reference object, after depar-
ture in radial direction from a given,nearby coaltitudeposition.The
initial relative motion can be closely approximated by an inscribed
(osculating) circle. Calculating parameters of this circle is a much
simpler task than solving the C–W equations.3

Approximation Algorithm
Note from Fig. 1a that the � nal approachof an orbit transfervehi-

cle or the Space ShuttleOrbiter to a targetvehicleconsistsof a series
of short near-circular arcs. (This � nal transfer may be preceded by
longer approach arcs, typically in the V -bar direction, that may last
for a whole orbital revolution.That transfercannot be approximated
by the simpli� ed algorithm proposed here because it extends over
relatively long distances and time intervals.) The proposed simpli-
� ed algorithm for each of the � nal target approach arcs is based
on equating the Coriolis acceleration acor D 2!V , acting normal to
the angular velocity vector ! and the path velocity vector V , with
the centripetal acceleration ar D V 2=rc , where rc is the local radius
of curvature. This means that the inward pointing Coriolis effect is
balanced by the centrifugal effect acting in opposite direction. For
the small time intervals considered here, the velocity magnitude V
is assumed to be constant.

For each transfer arc in the approach sequence equating acor and
ar and, hence, setting 2!V D V 2=rc, yields

rc D V=.2!/ (1)

This and the other parameters of the short circular arc, as shown
in Fig. 1b, can then be derived as follows: For a given departure
angle ®, the line segment si between the arc’s endpoints A and B is
determined by

si D 2rc sin ® (2)

Substituting rc from Eq. (1) leads to

si D V .sin ®/=! (3)

where ® typically is of the order of 6–12 deg. The actual arc length
s between A and B, based on the assumed constant velocity V , is
given by the product 2®rc and, hence, by the use of Eq. (1) again,

s D V ®=! (4)

(with ® measured here in radians).The time interval between A and
B can then be derived, that is,

1ti D s=V D ®=! (5)

To start the next equal-size segment beyond point B, with the
same initial path velocity and the same departure angle ® as before,
a velocity change is required that is given by

1Vi D 2V sin ® »D 2V ® (6)

To stop the � nal approachsequencewhen arrivingat the designated
targetpoint,a retromaneuverof the same magnitudeas thedeparture
velocity V is required. To complete the approach sequence of n
segments, with the total length st D nsi requires a total time that is
given by ns=V but can be obtained in good approximation by

tT D nsi=V D st=V (7)

From theseequations,thecharacteristicsof a � nal target approach
in the V -bar or R-bar direction are determined for a given initial
target distance and the number of arc segments. Figure 2 shows the
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Fig. 2 Velocity and time interval vs departure angle and segment length (for 300-km reference orbit altitude, with ! = 1.157 £ £ 10¡ 3 rad/s).

relationships between the parameters ®; si ; V , and 1ti as derived
from Eqs. (3) and (5) and indicates the high sensitivity of the latter
two parameters to the selected values of ® and si .

Approximation Accuracy
To determine the approximation error of the short, circular arc

with an assumed constant path velocity, as de� ned by Eqs. (1–5),
the more exact solution of the C–W equations3 for the same initial
conditions will be used as a reference. For transfers in the orbit
.x; y/ plane with excursions in x counted positive in the direction
opposite the orbital velocity and excursions in y positive in the
radially outward direction (in accordance with Refs. 1, 2, 3, and 7)
the C–W equations3 in the x–y plane are given by

x D 2.2 Px0=! ¡ 3y0/ sin !t ¡ .2 Py0=!/ cos !t

C .6y0 ¡ 3 Px0=!/!t C x0 C 2 Py0=! (8)

y D .2 Px0=! ¡ 3y0/ cos !t ¡ . Py0=!/ sin !t C 4y0 ¡ 2 Px0=! (9)

with zero excursionsz normal to the orbit plane. When initial values
x0 , y0, and Px0, Py0 are assumed and the angular rotation rate ! for a
given orbital altitude is used, the time history for any speci� c target
approach trajectory can be derived by using these equations.

As a simple accuracy test of the assumed constant path velocity
V , a single arc originating at x0 D 0 and y0 D 0 in the horizontal
(V -bar) direction, with Py0 D 0, is assumed. In this case, Eqs. (8) and
(9) reduce to

x D . Px0=!/.4 sin !t ¡3!t/; y D .2 Px0=!/.cos!t ¡1/ (10)

The velocity components Px and Py, required to determine the relative
velocity time history V .t/ D . Px2 C Py2/1=2 then become

Px D Px0.4 cos!t ¡ 3/; Py D ¡2 Px0 sin !t (11)

For a singlearc, againoriginatingat the origin,but in a radial (R-bar)
direction, that is, Px0 D 0, Eqs. (8) and (9) reduce to

x D .2 Py0=!/.1 ¡ cos !t/; y D . Py0=!/ sin !t (12)

Px D 2 Py0 sin !t; Py D Py0 cos !t (13)

Table 1 lists the change in the actual � ight-path velocity V .t/
relative to the assumed constant velocity and the relative approxi-
mation error as functions of the time elapsed. The second column
lists the path angle µ D !t along the circular reference orbit, the
third column the relative velocity variation, and the fourth column
the relativevelocityerror, as counted from the referencepoint, x D 0
and y D 0. However, becauseof arc segment symmetryon both sides

Table 1 Approximation error, assuming constant path velocity vs
transfer time along near-circular arc (for V-bar and R-bar transfers)

Time of Path angle Velocity Velocity error
half-arc t , s !t , deg ratiob Vt =V 1.Vt =V /, %

V-bar transfer
60 3.98 1.000037 0.004
120 7.95 1.000472 0.047
180 11.93 1.00277 0.277
240 15.91 1.00900 0.900
300 19.89 1.02113 2.113

R-bar transfer
60 3.98 1.00719 0.719
120 7.95 1.0259 2.59
180 11.93 1.0622 6.22
240 15.91 1.1070 10.70
300 19.89 1.1607 16.07

aReference orbit altitude is 300 km. bVt is time-varying velocity.

of the reference point, the resulting velocity variations can actually
be counted over time intervals that are twice as large as those given
in column 1. These results indicate that the velocity variation is less
than 1% up to 8 min for the total arc length in the � rst case (V -bar
departure) and up to 2.5 min for the second case (R-bar departure).

As a more representative test case, the relative position and ve-
locity errors were determined for three-segment, 60-m transfers in
the V -bar and R-bar approach directions, with each arc segment
being 20 m long. With an assumed departure angle of 10 deg and a
departure velocity of 13.32 cm/s, the transfer time per arc, as deter-
mined by the simpli� ed algorithm, is 2.5 min in both cases. By the
use of the more precise Eqs. (8) and (9) for calculatingthe reference
trajectorycharacteristics,the approximationerrors of the simpli� ed
algorithm were determined at the endpoints of each of the three
approach path segments.

The times of reaching these endpoints were dictated by the in-
stant the reference trajectory arc intersects the approach direction
line, that is, the x axis in the V -barapproachcaseand the y axis in the
R-bar approach case. This means that there were small approxima-
tion errors in x positions in the V -bar approach case (or y positions
in the R-bar case), in velocity magnitude V and in actual endpoint
arrival time. These approximationerrors are listed in Table 2 for the
three endpointsof each of the two alternateapproachdirections.The
results showthat the maximumerror valuesof position,velocity,and
total transfer time are of the order of 1% or less in the V -bar, and 5%
or less in the R-bar approach case. The different error magnitudes
in the two approach directions correspond to those noted earlier for
the simpler velocity error evaluation (Table 1).
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Table 2 Approximation errors in three-segment approach examples
in V-bar and R-bar directionsa

Time error Position error Velocity error
Segment
endpoint s % cm % cm/s %

V-bar approach
1 3.0 1.96 6.0 0.30 0.0503 0.378
2 6.0 1.96 12.0 0.30 0.1012 0.758
3 9.0 1.96 18.0 0.30 0.1520 1.141

R-bar approach
1 6.0 3.85 31.6 1.58 0.612 4.59
2 12.0 3.85 72.8 1.82 0.641 4.81
3 18.0 3.85 153.0 2.55 0.705 5.29

aAssumed 10-deg departure angle and 20-m segment length. Reference orbit altitude
300 km.

It is important to recognize that, during the � nal target approach
phase, some small measurement and executionerrors are inevitable.
These can be of the same order of magnitude as the approximation
errors inherent in the proposedsimpli� ed algorithm.It is reasonable,
therefore, to make use of this algorithm to control or correct the im-
mediate and subsequenttrajectoryexecutionsteps. Approach safety
constraints can, thus, be met instantly by continuous assessment of
the effect of a departure from the initially planned � nal approach
conditions.

Conclusions
The simple algorithm presented here offers a major reduction of

computational effort associated with determining the characteris-
tics (e.g., the correction maneuvers 1Vi ) of multisegment chaser-
to-target approach paths of the type currently postulated in tar-
get rendezvous and docking approaches. The approximation also
will be useful in comparing approach modes or different speci� c
characteristics in the process of conducting actual rendezvous and
docking missions rather than the more precise solution of the C–W
equations.3 Determination of the detailed time history of each ap-
proach segment is unnecessary, and the time interval for its com-
pletion is explicitly known on the basis of the other transfer arc
parameters.The approximationerrors are suf� ciently small to be of
little concern for the short distances and time intervals considered
during the � nal rendezvousand docking approach. In particular,us-
ing the C–W equationsas an alternativeto determine all parameters
of interest requires more extensive calculations based on assumed
segmentlengthsand transfertimes or the initialvelocitycomponents
in the x and y directions.

Of particular interest is the quick-lookdeterminationof approach
path changes and terminal conditions reached resulting from var-
ious velocity magnitude and direction changes. Determination of
approach path characteristicsand effects of any parameter changes
can be of major importance, even during the � nal minutes of an
actual rendezvous mission, for example, if unforeseen conditions
require a modi� cation of the approach mode. This assessment can
be of major concern in meeting overall safety constraints and deter-
mining required approach-phaseprotection procedures. These and
other advantages are relevant in justifying the simpli� ed terminal
� ight-path algorithm described here.
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Introduction

D ESIGN studies are being funded for a low-cost, small-satellite
launcher with the capability of delivering a 110-lb payload to

low Earth orbit.1 Contracts have been awarded to three teams of
companies (airframers, engine makers, and rocket builders) partic-
ipating in the Responsive Access Small Cargo Affordable Launch
(RASCAL) project.The concept being pursued is developmentof a
new airbreathingcarrier aircraft with a “souped up” turbojet engine
(as a reusable � rst stage) to boost an expendable two-stage rocket
to an altitudeof about 90,000 ft and a speed of about Mach 4. Then,
after coasting to about 130,000 ft, separationof the rocket from the
boost vehicle would occur, with the rocket continuing its ascent to
orbit and the boost vehicle descendinginto the lower atmospherefor
recoveryand reuse. An important factor in any air-launchconcept is
providingindependencefrom use of a dedicatedlaunch facilitywith
a signi� cant saving in ground support costs. Along with enabling
rapid deliveryof military satellitesto orbit, the goal of the RASCAL
project is to have launchon short notice (within 24 h) and at a cost of
no more than $22,000 per pound of payload. It is anticipated tht the
gross takeoff weight of the boost vehicle would be about 22,000 lb,
including 6000 lb for the expendable rocket.

At the present time the Pegasus XL is the only space launch
vehicle in the entire U.S. inventory2 that is air launched. It is a
stretched version of the earlier Pegasus vehicle, which was also
air launched but had less performance. The Pegasus XL is a three-
stage, solid-propellantrocket with a delta wing attached to the � rst
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