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Guidance Scheme for a Mach 3 Staged Gliding Booster

J. Christopher Naftel* and Richard W. Powell*
NASA Langley Research Center, Hampton, Virginia 23665

One of the promising launch concepts that could replace the current Space Shuttle launch system is a two-
stage, winged, vertical-takeoff, parallel-burn, fully reusable launch vehicle comprised of a manned orbiter and
an unmanned booster. During the boost phase of ascent, the booster provides propellant for the orbiter engines
through a cross-feed system. When the vehicle reaches Mach 3, the booster propellants are depleted and the
booster is staged and glides to a horizontal landing at a launch site runway. One of the major design issues for
this class of vehicle is the unpowered glide back of the booster after the staging maneuver is completed. A guid-
ance algorithm was developed for the glide-back maneuver and verified using a three-degree-of-freedom trajec-
tory simulation that included static trim in pitch. The guidance algorithm was tested using off-nominal at-
mospheric, staging, and booster aerodynamic characteristics.

Nomenclature
An = normal acceleration, g
b = reference span, ft
CD = drag coefficient, =
CL =lift coefficient, =
c = reference chord, ft
h = altitude, ft
h =dh/dt,ft/s
/sp = specific impulse, s
Z/ref = reference length, ft
M = Mach number
tfoo = dynamic pressure, psf
Sref = reference area, ft2

V = atmospheric relative velocity, ft/s
Wew = east-west wind component (wind toward the east

positive), ft/s
XTi, Yri = vehicle position relative to runway threshold, ft
^rt> ^rt = vehicle velocity relative to runway threshold, ft/s
a = angle of attack, deg
7 = atmospheric relative flight-path angle, deg
de =elevon deflection (positive trailing-edge down),

deg
p = atmospheric density, slug/ft3

P76 = 1976 standard atmospheric density, slug/ft3

a = standard deviation
<t> = roll angle, deg

Introduction

RECENT studies of launch vehicles that are designed to re-
place the current Space Shuttle launch system have in-

cluded a two-stage, winged, fully reusable, vertical-takeoff,
parallel-burn, launch vehicle concept.1"4 This concept incor-
porates an unmanned booster that stages from a manned or-
biter at Mach 3, glides back unpowered to the launch site
vicinity, and lands horizontally on a runway. Mach 3 was cho-
sen for staging for two major reasons. The first reason is that
Mach 3 is the highest Mach number that would allow an un-
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powered return to the launch site with adequate performance
reserves.5 This unpowered return eliminates the need for air-
breathing propulsion on the booster, which is a complex sub-
system that would require maintenance and checkout before
every launch. The second reason is that if staging occurred at a
higher Mach number the booster would experience an in-
creased level of aerodynamic heating that would require a
thermal protection system.

Two issues, the staging maneuver and booster glide back,
are critical to the feasibility of this two-stage concept. A stag-
ing maneuver analysis has been completed and is presented in
Ref. 6. For the booster glide-back analysis, which is presented
in this paper, a guidance algorithm was developed and incor-
porated into a three-degree-of-freedom trajectory computer
program. Glide-back simulations were performed with many
off-nominal conditions including atmospheric density disper-
sions, errors in predicted aerodynamics, and errors in staging
state conditions.

Launch Vehicle Description
Ascent Configuration Characteristics

The two-stage, fully reusable launch vehicle concept ana-
lyzed in this investigation is shown in Fig. 1. Table 1 shows the
major characteristics of each stage. Both the booster and or-
biter engines use liquid hydrogen and liquid oxygen as propel-
lants. During the boost phase, the orbiter uses propellant that
is cross fed from the booster. After staging, the orbiter uses

Fig. 1 Two-stage, fully reusable concept.
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Table 1 Characteristics of orbiter and booster

Gross weight, Ib
Dry weight, Ib
Number of engines
Engine thrust VAC, Ib
Engine 7sp, sec
Engine exit area, ft2

Sref, ft2

Lref, ft
c, ft
b, ft

Orbiter
1,186,872
152,971

4
352,000

438
34.3

3772.6
133.5
50.2
101.2

Booster
960,636
107,362

6
352,000

438
34.3

3291.2
119.7
43.5
84.8

Table 2 Nominal conditions at staging maneuver
completion

propellant supplied from internal tanks. The launch pad is as-
sumed to be a modified Space Shuttle launch pad at the Ken-
nedy Space Center (KSC). The details of the nominal ascent
trajectory are discussed in Ref. 6. The orbiter can deliver up to
20,000 Ib of paylpad to a 220-n.mi. circular orbit, inclined
28.5 deg. The payload is carried on the back of the orbiter in
an external canister arrangement. Both the booster and orbiter
land horizontally at the KSC Shuttle Orbiter landing strip at
the completion of their mission.

Booster Characteristics
The aerodynamic data base for a representative configura-

tion of the booster stage is presented in Ref. 7. The booster's
control surfaces include elevons and tip fin controllers. The
elevons are used for both pitch and roll control. This is ac-
complished by differentially deflecting the elevons so that they
can function as both elevators and ailerons. Thus, the elevons
are used to control both angle of attack and roll angle. The
elevons have deflection limits of +20 and -30 deg. The tip
fin controllers are used to control sideslip angle and can func-
tion as speed brakes. The tip fin controllers have Reflection
limits of ±60 deg. The booster's wings are designed to accom-
modate up to a 2.5-g normal acceleration based on the booster
return weight. The landing gear on the booster is designed for
a sideslip angle limit of ±3 deg, and a maximum descent rate
of 3 ft/s at touchdown.

Computational Tools
Program to Optimize Simulated Trajectories

The glide-back trajectories presented were generated with
the three-degree-of-freedom version of the Program to Op-
timize Simulated Trajectories (POST).8 POST is a generalized
point mass, discrete parameter targeting and optimization
program with the capability to target and optimize trajectories
for a powered or unpowered vehicle near a rotating oblate
planet. POST is an event-oriented trajectory program that can
be used to analyze ascent, on-orbit, entry, and atmospheric
trajectories. Any calculated variable in POST can be'opti-
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mized while subjected to a combination of both equality and
inequality constraints. After several modifications were made
to POST, it was used in a simulation mode for the booster
glide-back trajectories. These modifications include the addi-
tion of the closed-loop guidance algorithm that was developed
for the booster's glide back to the launch site runway, the ad-
dition of the booster aerodynamic data base, and the addition
of numerous atmospheres and wind profiles.

Global Reference Atmosphere Model
The Global Reference Atmosphere Model (GRAM)9 was

vised to model the atmospheres and wind profiles that were
used to evaluate the booster glide-back guidance algorithm.
The GRAM is an engineering model atmosphere that includes
mean values for density, temperature, pressure, and wind
components, and density perturbation magnitudes and ran-
dom perturbation profiles for density variations along a speci-
fied trajectory. The atmospheric data is a function of latitude,
longitude, altitude, and date. The capability in GRAM that
allows for the stimulation of random perturbation profiles
about mean conditions10 was utilized in this study. This
feature allows for the simulation of a large number of realistic
density profiles along a reference trajectory through the at-
mosphere, with realistic values of peak perturbation values.

Booster Glide-Back Guidance Analysis
For the glide-back analysis, a guidance algorithm was devel-

oped, a nominal glide-back trajectory was defined, and the
guidance technique was tested with various atmospheric dis-
persions and other off-nominal conditions.

Guidance Algorithm
The guidance algorithm developed for the booster's glide

back is divided into six phases, beginning at the completion of
the staging maneuver and ending at touchdown on the runway
(Fig. 2). The overall strategy of the different phases includes
arresting the booster's downrange motion by turning back to-
ward the launch area, depleting the booster's excess energy,
intersecting a heading alignment cylinder (HAC), frying on the
HAC until lined up with the KSC Shuttle runway, performing
a flare maneuver, and landing on the runway.

h,ft

70,000

60,000

50,000

40,000

30,000

20,000

10,000

a, deg 5.0 10.0

5 10 15 20 25 30 35 40 45 50 55
Range, nmi

Fig. 3 Booster's potential range.
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36,800ft ——————*| ^-NEP

Fig. 4 Heading alignment cylinder geometry.

Phase 1—Initial Turn After Staging Maneuver
Table 2 gives the trajectory conditions for the booster at the

completion of the nominal staging maneuver. The first phase,
which begins at the completion of the staging maneuver, is the
maneuver that arrests the downrange motion of the booster
and turns it back toward the runway. Before the turn begins,
the booster has a heading angle of 90 deg; when the turn is
completed, the booster has a heading angle of 210 deg. The
heading angle of the runway is 330 deg.

The POST program was used to find the optimal (minimum
time) phase-1 turning maneuver with the appropriate initial
and final heading angles and a maximum normal acceleration
of 2.3 g. Since the booster has a maximum normal accelera-
tion limit of 2.5 g, a margin of 0.2 g was established to handle
the expected off-nominal conditions. An open-loop approx-
imation to the optimal turning maneuver was modeled in
which the angle of attack was a function of Mach number and
the roll angle was a function of heading angle.

Phase 2—Excess Performance Dissipation
When the booster reaches a heading angle of 210 deg, phase

2 begins and the booster is rolled to 0 deg at a rate of 20 deg/s.
The roll angle is then modulated by feedback to keep the
bposter on a 210-deg heading angle. The angle of attack con-
tinues to follow the Mach number schedule used in phase 1 un-
til an angle of attack of 6.5 deg is reached. For the remaining
portion of phase 2, the angle of attack is kept at 6.5 deg.

The purpose of phase 2 is to deplete the booster's excess per-
formance. The guidance algorithm continuously calculates the
range from the booster's current position to the target point
on the runway. The guidance algorithm also calculates the
booster's potential range at its current altitude and angle of at-
tack using the plot found in Fig. 3. Once the booster's poten-
tial range to the runway is equal to the actual range to the run-
way, the third guidance phase is initiated.

Phase 3—Heading Alignment Cylinder Acquisition
Phase 3 consists of the turn and glide to the HAC. Through-

out phase 3, the angle of attack is modulated by feedback
about the nominal angle of attack of 6.5 deg to keep the boost-
er's actual range to the runway equal to its potential range.
The booster has approximately equal range margins above and
below its potential range at an angle of attack of 6.5 deg. The
upper performance limit is defined by the booster's maximum
L/Z), which occurs at an angle of attack of 10 deg. The lower
performance limit was defined at an angle of attack of 5 deg.
Figure 3 shows the booster's potential range for angles of at-
tack between 5 and 10 deg.

During phase 3, the booster's roll angle is modulated to
keep the booster headed toward way-point 1 (WP1), which is
the target point on the HAC (Fig. 4). The HAC concept,
which is also used by the Shuttle Orbiter, is an imaginary
cylinder that is tangent to the extension of the runway center-
line. The point where the HAC and the extension of the run-
way centerline intersect is called the nominal entry point
(NEP). For the glide-back booster guidance algorithm, the

l~ Nominal
touchdown
point (WP2)

/- Runway
centerline

2,250 ft|*-

15,000ft

300ft

Fig. 5 Runway coordinate system.

HAC is defined with a radius of 21,000 ft and a distance to the
runway threshold of 36,800 ft.

Phase 4—Heading Alignment Cylinder
Phase 4 guidance begins when the booster reaches WP1.

The booster's roll angle is modulated by feedback to maintain
a constant radius turn equal to the radius of the HAC.
Throughout phase 4, the angle of attack is maintained at the
final phas.e-3 angle of attack. When the booster has traveled
around the cylinder to the point where it is aligned with the
runway centerline (NEP), phase 5 is initiated and the booster
unrolls.

Phase 5~Approach
Phase 5 begins when the booster is at the NEP and ends

when the booster reaches an altitude of 1000 ft. For phase 5, a
reference aim point was defined to be 40 ft down the runway,
which is approximately 2200 ft short of the desired touchdown
position. The booster angle of attack during phase 5 was mod-
ulated by feedback to keep the booster flying toward the refer-
ence aim point. The roll angle was modulated to maintain the
alignment of the booster with the runway centerline.

Phase 6—Flare and Touchdown
At an altitude of 1000 ft, the booster enters phase 6, which

is the flare maneuver and touchdown on the runway. As with
the Shuttle, the desired touchdown point is approximately
15% of the length down the runway (Fig. 5). A technique was
developed that insured that the booster would touch down
near the target point, way-point 2 (WP2), while encountering
extreme off-nominal conditions. A nominal flare maneuver
was found in which the booster had a descent rate of 1,4 ft/s
at touchdown on the nominal target point. From this nominal
maneuver, a relationship between a reference flight-path angle
and altitude profile and the booster's actual flight-path angle
and altitude was developed that was used to calculate the
booster angle of attack. The roll angle was modulated to
maintain the alignment of the booster with the runway center-
line.

Nominal Glide-Back Trajectory
For the development of the nominal glide-back trajectory,

the 1976 standard atmosphere11 was used. Figures 6-9 show
the nominal glide-back trajectory from the completion of the
staging maneuver to touchdown on the runway using the guid-
ance algorithm described in the previous section. The booster
requires 523 s to complete the nominal glide-back trajectory.
The phase-1 turn is completed during the first 70 s. The
booster remains in phase 2 for 50 s while its excess perform-
ance is being dissipated. At 120 s into the glide back, the
booster initiates the HAC acquisition phase and reaches the
HAC at 395 s. At 415 s, the booster comes off the HAC and is
aligned with the runway. The flare maneuver starts at 510 s
with touchdown occurring at 523 s. The nominal touchdown
position is on the centerline, at 2250 ft down the 15,000-ft run-
way, with a descent rate of 1.4 ft/s. Figure 5 shows the
nominal touchdown position in the runway coordinate system.

Figure 6 shows the Mach number and altitude profiles for
the nominal glide-back trajectory. The rapid deceleration of
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Fig. 6 Nominal Mach number and altitude profiles.
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Fig. 7 Nominal roll angle and angle-of-attack profiles.

the booster is seen in the Mach number profile. During the
first 100 s, the booster decelerates from Mach 2.8 to below
Mach 1.0. The booster remains at subsonic speeds for the re-
mainder of the glide back. The booster reaches a maximum
altitude of 110,000 ft at 20 s into the glide back. At 200 s into
the glide back, the booster enters into an equilibrium glide un-
til the HAC is reached at 395 s.

The roll angle and angle-of-attack profiles are shown in
Fig. 7. The angle of attack reaches a maximum of 35 deg, and
the roll angle reaches a maximum of 120 deg during the phase-
1 turn. The roll-angle profile shows when the phase-1 turn is
completed (70 s), when the booster turns toward the HAC (120
s), and when the booster is on the HAC (395-415 s). The
angle-of-attack profile shows that throughout phases 2-4 the
booster flies near the desired angle of attack of 6.5 deg.

Figure 8 shows the flight-path angle and normal accelera-
tion profiles. The maximum normal acceleration during the
nominal glide back is 2.3 g, which is below the 2.5-g limit. The
flight-path angle profile shows that, during the glide back, the
flight-path angle varies from a maximum of 30 deg, at staging
completion, to a minimum of - 45 deg, just after the maxi-
mum altitude is attained.

The eleven deflection angle and range profiles are shown in
Fig. 9. The elevon deflection angle remains within the limits of
+ 20 and - 30 deg throughout the glide back. Also, the booster
reaches a maximum range of 28 n.mi. from the runway.

Off-Nominal Glide-Back Trajectories
Atmospheric Dispersions

The initial off-nominal conditions used in the guidance sen-
sitivity analysis were constant bias factors applied to the 1976
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Fig. 8 Nominal flight-path angle and normal acceleration profiles.
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Fig. 9 Nominal elevon deflection angle and range profiles.

standard atmospheric density. The 1976 standard atmospheric
density was multiplied by factors of 0.9 and 1.1. Table 3 shows
a comparison of these results along with the nominal results.
(Refer to Fig. 5 for runway coordinate system definition.) In
both cases, the booster landed within 6 ft of the nominal target
point and had a lower touchdown velocity (284 ft/s) for the
high-density atmosphere, and had a higher touchdown velo-
city (326 ft/s) for the low-density atmosphere.

Glide-back trajectories were modeled with constant head
wind, tail wind, and cross winds. The wind speed was assumed
to be 22 kt. Table 4 shows the results for these four glide-back
cases. The constant head and tail winds had a significant effect
on the X component of the touchdown velocity, and the con-
stant crosswinds had a significant effect on the Y component
of the touchdown velocity. However, each of these four cases
landed successfully on the runway. The side velocity at touch-

Table 3 Booster glide-back simulation results for nominal and
constant variations in 1976 standard atmospheric density

xrt, ft xrt, ft/s rrt, ft yrt, ft/s H, ft/s
Nominal
1.1 x Pl6
0.9 x Pl6

2250
2256
2247

305
284
326

0.0
0.0
0.0

0.0
0.0
0.0

-1.4
-1.3
-1.3

Table 4 Booster glide-back simulation results for constant head, tail,
and cross winds

XTi, ft XTt, ft/s rrt, ft 7rt, ft/s h, ft/s
Nominal
Head
Tail
Left cross
Right cross

2250
2140
2091
2239
2256

305
226
379
299
303

0.0
0.0
0.0

11.7
-11.4

0.0
0.0
0.0
3.2

-3.4

-1.4
-1.4
-1.4
-1.4
-1.5
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down for the two crosswind cases (+ 3.2 and - 3.4 ft/s) results
in a sideslip angle of approximately ±1.0 deg, which is well
below the ± 3-deg sideslip angle the landing gear is designed to
handle.

To simulate more realistic atmospheric conditions, mean
density profiles and wind profiles for each month of the year
were determined using the GRAM program. In addition, 10
perturbed atmospheres and ±3 a perturbed atmospheres were
determined for a single month of the year. July was randomly
chosen for these perturbed atmospheres. Figures 10 and 11
show a composite of all of the atmospheres that were gener-
ated with the GRAM for use in this study. In Fig. 10, the
GRAM atmospheric densities are divided by the 1976 standard
atmospheric density to simplify the comparisons. Over the
altitude range that the booster covers during the glide back,
the GRAM densities range between 6% lower to over 15%
higher than the 1976 standard atmospheric density. The east-
west component of the winds (Fig. 11) for the GRAM at-
mospheres varies from 100 ft/s east to 125 ft/s west. The max-
imum north-south component of the winds is much smaller at
< 20 ft/s.

Table 5 shows the results of the glide-back trajectories incor-
porating each of the monthly mean densities with winds. The
landing conditions for all of these trajectories are quite close
to the nominal landing conditions. Also, none of the vehicle
constraints are violated throughout any of these trajectories.
The glide-back trajectories for the 10 perturbed July atmo-
spheres and the ±3or variations of the July atmosphere have a
similar range in touchdown conditions as the monthly mean
densities with winds shown in Table 5.

Aerodynamic Dispersions
Errors in predicted aerodynamics were simulated by multi-

plying the lift and drag coefficients of the booster by factors

1.5
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Fig. 10 Monthly and perturbed atmospheric density variations.
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Fig. 11 Monthly east-west wind component variations.

of 0.9 and 1.1. The results of these trajectories are shown in
Table 6. In the high-drag case and low-lift case, the booster
landed closer to the beginning of the runway than any of the
other off-nominal cases. The descent rate at touchdown for
these two cases is higher than the other off-nominal cases, but
still well within the descent rate limit. None of the aerodynamic
dispersion cases violated the vehicle constraints. The landing
conditions are again very close to the nominal conditions.

Staging State Dispersions
The errors in the staging conditions were simulated by add-

ing and subtracting 10% to the nominal staging altitude, velo-
city, and flight-path angle. Table 7 summarizes the results for
these glide-back trajectories. The guidance algorithm was able
to adjust to these errors in staging conditions and land the
booster close to the nominal position and velocity and remain
within the vehicle constraints, except for the case in which the
staging altitude is 10% low. For this case, the normal accelera-

Table 5 Booster glide-back simulation results for GRAM
atmospheric density variations

xnt ft ^ ft/s yrt> ft yrt, ft/s A, ft/s
Nominal
January
February
March
April
May
June
July
August
September
October
November
December

2250
2134
2123
2108
2156
2250
2241
2235
2242
2254
2234
2197
2149

305
273
268
273
288
308
323
326
324
321
309
291
278

0.0
-1.8
-1.2
-0.3

0.4
-0.4
-0.6

0.2
-0.4
-2.4
-3.8
-3.8
-2.6

0.0 -1
-0.5
-0.3 -]
-0.1

0.1 -1
-0.1
-0.3

0.0
-0.2
-0.8
-1.1
-1.0
-0.7

.4
L.4
1.4
L.3
1.2
.4
.4
.5
.4
.3
.4
.2
.3

Table 6 Booster glide-back simulation results for constant variations
in predicted aerodynamics

Nominal
Drag

1.1 x CDnom
0.9 x CAnom

Lift
1 1 V fI.I X C£)nom

0-9 x CLjnom

Xrt, ft
2250

2036
2186

2219
1931

Xn, ft/s
305

259
364

335
263

Y«, ft
0.0

0.0
0.0

0.0
0.0

Yrt, ft/s
0.0

0.0
0.0

0.0
0.0

h, ft/s
-1.4

-1.7
-1.0

-1.4
-1.7

Table 7 Booster glide-back simulation results for variations in
predicted staging parameters __

' r t , ft ^ ft/s Yrt, ft ^ ft/s A, ft/s
Nominal 2250
Staging altitude

10% high 2239
10% low 2247

Staging velocity
10% high 2245
10% low 2246

Staging flight path angle
10% high 2233
10% low 2252

305

303
303

302
306

305
306

0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0

0.0
0.0

0.0
0.0

0.0
0.0

-1.4

-1.4
-1.4

-1.4
-1.4

-1.4
-1.4

Table 8 Range of touchdown conditions for glide-back simulations

Total glide-back time, s
X^. ft
XK, ft/s
Yrt, ft
Xrt, ft/s
h, ft/s

Minimum
483
1931
226

-11.4
-3.4
-1.0

Nominal
525

2250
305
0
0

-1.4

Maximum
651

2272
379
11.6
3.2

-1.7
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Fig. 12 Off-nominal latitude vs longitudinal profiles.
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Fig. 14 Off-nominal normal acceleration profiles.

tion reached a maximum of 2.75 g during the phase-1 turning
maneuver. It was determined that, if the low altitude error is
limited to 6%, the normal acceleration limit is not violated.

Summary of Off-Nominal Glide-Back Trajectories
Table 8 shows the range in touchdown conditions for all of

the off-nominal cases. The time at touchdown varied widely
from 483 to 651 s. The booster's touchdown position varied
from 1931 to 2272 ft down the runway and was within 12 ft of
the runway's center line. The velocity at touchdown varied
from 226 to 379 ft/s with the side velocity < 3.4 ft/s. All of
the off-nominal cases had a descent rate at touchdown below
1.7 ft/s.

All of the trajectories discussed in this section are plotted
together in Figs. 12-16. Figure 12 shows the wide range of
paths the booster followed to reach the HAC, and Fig. 13

a, deg

0 100 200 300 400
Time, sec

500 600 700

Fig. 15 Off-nominal angle-of-attack profiles.

150

100

<i>,deg 50

Fig. 16 Off-nominal roll angle profiles.

shows the corresponding altitude profiles. The normal acceler-
ation profiles (Fig. 14) show that all but one off-nominal case
remained below the 2.5-g normal acceleration constraint. This
particular case, the 10% low initial altitude case, was dis-
cussed in the previous section. The angle-of-attack histories
(Fig. 15) varied significantly depending on the off-nominal
conditions but never reached the upper and lower limits of
+ 10 and + 5 deg during phases 2-5. The individual roll angle
histories (Fig. 16) are similar but show that the phases occur at
widely varying times. The eleven deflections remained within
the limits of + 20 and - 30 deg during all of the off-nominal
glide-back trajectories.

Conclusions
Many concepts that could replace the current Shuttle launch

system are currently being studied. One promising concept is a
two-stage, fully reusable, vertical-takeoff launch vehicle that
utilizes a glide-back booster. One of the major design issues
for this class of vehicle that has not been addressed previously
has been analyzed in this paper. A guidance scheme for the
booster's glide back to the launch site was developed. The
guidance algorithm was incorporated into a three-degree-of-
freedom trajectory program with longitudinal static trim so
that the elevon deflections required for trim could be calcu-
lated. Glide-back simulations were modeled with a variety of
off-nominal atmospheric, aerodynamic, and staging condi-
tions with the booster remaining within 320 ft of the nominal
touchdown point and a descent rate of < 1.7 ft/s. This analy-
sis has shown that the booster unpowered glide back is a viable
maneuver for a two-stage system that stages at Mach 3.
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