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Abstract

The Personnel Launch System (PLS) being studied by NASA is a system to complement
the Space Shuttle and provide alternative access to space. The PLS consists of a manned
spacecraft launched by an existing expendable launch vehicle (ELV) or a vehicle such as
those proposed for the National Launch System program. A candidate for the manned
spacecraft is the HL-20 lifting body.

In the event of an ELV malfunction during the initial portion of the ascent trajectory,
the HL-20 will separate from the rocket and perform an unpowered return-to-launchsite
(RTLS) abort. This work details an investigation of the RTLS abort scenario using optimal
control theory. The objective of the abort trajectory is to maximize final altitﬁde. With
this selection of cost function, the feasibility of an RTLS at different times along the ascent
trajectory will be determined. The method of differential inclusions, which allows the de-
termination of optimal states and eliminates the need for determining the optimal controls,

is used to determine the optimal trajectories.
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- Nomenclature

Roman Symbols

a speed of sound, ft/sec

ap, a1, az,a3 coeflicients for speed of sound polynomial

aN,dg normal and axial load factors

b wing span, ft

¢, d state equality and inequality constraints
¢ wing chord, ft |

Cy lift coefficient

Cp drag coefficient

Cp,,Cp,,Cp, coeflicients for drag coefficient polynomial

Cym moment coefficient
D drag force, 1b
vehicle energy per unit mass, (ft/sec)?
f dynamical equations
g,h control equality and inequality constraints
g magnitude of gravitational acceleration, ft/sec?
do magnitude of gravitational acceleration at sea level, ft/sec?
h altitude, ft
J » cost function
K set of attainability
L lift force, 1b
m mass, slugs
M Mach number
P, q hodograph equality and inequality constraints
q dynamic pressure, 1b/ft? |
T distance of HL-20 from center of Earth, ft
R, radius of Earth, ft

S HL-20 wing area, ft?; hodograph
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Q0 o’ €& o 2 9

time, sec

control vector

velocity, ft/sec

empty weight, Ib

OMS fuel weight, 1b

state vector; flat Earth downrange measurement, ft
center of gravity location

moment reference center

flat Earth crossrange measurement,ft

Greek Symbols

angle of attack, deg

density scale height, ft=!
control surface deflection, deg.
aerodynamic coefficient increment due to control surface deflection
flight path angle, deg

density, slugs/ft3

sea level density, slugs/ft3
bank angle, deg

longitude, deg

cost function; latitude, deg
heading angle, deg

boundary conditions

set of admissible controls

Subscripts

wing flaps
final time

lower body flaps



T total aerodynamic quantity

u upper body flaps
|4 basic vehicle (control surfaces undeflected)
0 initial time
Acronyms
ATO Abort-To-Orbit
CCAFS Cape Canaveral Air Force Station
ELV Expendable Launch Vehicle
KSC Kennedy Space Center
OMS Orbital Maneuvering System
PLS Personnel Launch System
POST Program to Optimize Simulated Trajectories
RTLS Return-To-LaunchSite |
SRM Solid Rocket Motor
TAL Transatlantic-Abort-Landing



Chapter 1
Introduction

The NASA Langley Research Center is currently studying a next generation of manned
access to orbit vehicles. This system is known as the Personnel Launch System (PLS).
One design under consideration is a lifting body vehicle attached to a current expendable
launch vehicle (ELV) such as the Titan III or a future launch vehicle such as those proposed
under the National Launch System program. This lifting body is known as the HL-20 and
is shown in Figure 1. It is similar to previous lifting body vehicles that NASA has studied
such as the Martin X-24A and the Northrop M2-F2 [1].

An HL-20 mission will begin with a vertical launch into orbit. It is assumed that the
launch site is the Kennedy Space Center (KSC) at Cape Canaveral, Florida. Once in orbit,
the HL-20 will carry out its primary duties such as Space Station Freedom crew transfer or
satellite repair. When returning to Earth, the vehicle will reenter the atmosphere and glide

to a horizontal landing in a manner similar to the Space Shuttle Orbiter.

1.1 Description of Abort Scenarios

An area of concern for the HL-20 mission is that of aborts along the ascent trajectory.
Five abort modes were investigated in [2] and [3]. These are (1) on-the-pad, (2) return-to-
launchsite (RTLS), (3) ocean-landing-by-parachute, (4) transatlantic-abort-landing (TAL),
and (5) abort-to-orbit (ATO). A description of these abort scenarios follows.

On-the-pad aborts would occur when the HL-20 is sitting on top of the ELV at Pad 40

at K5C and a problem occurs which necessitates that the crew be placed a safe distance



from the rocket in a short period of time. This abort would begin by firing a solid rocket
motor (SRM) to remove the HL-20 from the rocket and then gliding the HL-20 to the Cape
Canaveral Air Force Station (CCAFS) skid strip or the KSC Shuttle Landing Facility for a
horizontal landing.

Immediately after launch and until 20 seconds, the vehicle could perform an RTLS abort
to the Shuttle Landing Facility. Between 20 and 64 seconds the vehicle could glide back to
the CCAFS skid strip. The skid strip abort is the RTLS abort that will be examined in
detail in this paper. Figure 2 shows the locations of Pad 40, the skid strip and the Shuttle
Landing Facility at KSC.

Between 65 and 430 seconds the vehicle would liave to parachute to an ocean landing.
Beginning at 430 seconds the vehicle could make a TAL at one of the sites which the Space
Shuttle Orbiter currently uses as emergency landing sites. An ATO would be chosen from

490 to 510 seconds.

1.2 Optimal Control Theory

The problem of determining the feasibility of an RTLS abort at some time along the Titan
ITI/HL-20 ascent is essentially that of an aerospace vehicle performing a minimum energy
glide and turn through the atmosphere to a runway, meeting some final bouﬁdary conditions
and satisfying some state and control equality and inequa.lityr constraints. Optimal control
theory has been applied to the problem of hypersonic glide in [4]. Chern and Vinh considered
the problem of maximum downrange and other cost functions for both flat Earth and
spherical Earth models. Their analysis investigated the optimal control problem using the
calculus of variations approach to derive the first—order necessary conditions for optimality
described in [5].»'For each problem considered, the assumption of coﬁstant Mach number
was made in [4]. Much of the work dealt with 2-dimensional cases; the 3-dimensional cases

investigated were maximum crossrange and footprint calculation.

1.3 Purpose of Work

The use of optimal control theory applied to an RTLS problem could determine the ultimate

RTLS performance of the HL-20, whereas the application of a simulation tool with less



Chapter 5

Additional Abort Case Studies

The initial conditions for aborts beginning at times from 15 to 65 seconds along the launch
trajectory are given in Tables 7 and 8 and also in Figures 52-57. As stated pfeviously, the
initial conditions used for the RTLS abort at time T are the conditions at time T in the
ascent, followed by a primary SRM burn and then a sustainer SRM burn. The sustainer
SRM burn is not used for the 60 and 65 second cases because the vehicle was unable to
return to the skid strip after it was fired.

The final conditions for all cases are the same as the final conditions for the 30 second
case described previously. They are z(ts) = y(t5) = 0 ft, V(ts) = 520.8 ft/sec, v(t;) =
~19.0°, and ¥(ty) = —220.7°.

It was found that the vehicle could make it back to the skid strip between 15 seconds
and 65 seconds into the launch. No data was available for the time before 15 seconds. After
65 seconds, the vehicle is too far from the skid strip to return and would land in the ocean
by deploying a parachute.

The cost functioﬁ (final altitude) is shown in Figure 58 plotted against the time along
the launch trajectory at which an abort procedure is initiated. It ié seen that the final
altitude in all cases is greater than the critical altitude of 2000 feet, which is necessary for
an abort to be possible.

The 15, 30, and 65 second cases are now examined in detail. Figures 59-70 show the
states and controls for RTLS aborts at these times.

Figure 59 shows that the final altitudes were 11200 ft, 17700 ft, and 11300 ft for the

15, 30, and 65 second abort cases, respectively. Making the same assumptions for the 15
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and 65 second abort cases as were made for the 30 second case in the previous chapter, it
is seen that there is some altitude margin at the final point, and an RTLS abort is possible
at 15 and 65 seconds into the launch.

Each abort case exhibits the same characteristic of trading velocity for altitude to reach
some maximum altitude, and then continually losing altitude for the rest of the trajectory
(Figure 59). This was mentioned in the previous chapter for the 30 second abort case. It
can be seen that the initial altitude increases as the launch time increases from 15 to 30 to
65 seconds as the ELV/HL-20 climbs on its ascent trajectory. The 65 second case is seen to
have a much longer time of flight than the other two cases (280 seconds compared to 120
seconds).

The groundtrack of the three cases shows the eastward travel of the ELV as it ascends
from 15 to 30 to 65 seconds, and also shows that the 65 second case has a much longer
groundtrack than the other two cases (Figure 60), as would be expected from the much
longertime of flight. All cases end up at the origin of the coordinate system heading ina
northwesterly direction as desired.

The velocity and Mach number profiles in Figures 61 and 62 show that initial velocity
and Mach number increase as the launch time increases from 15 to 30 to 65 seconds. They
also show that for each case the velocity initially decreases as the vehicle climbs, and that
after it reaches its maximum altitude the vehicle picks up speed as it dives. In the 65
second abort case, the vehicle starts supersonic, becomes subsonic during its climb and
then becomes supersonic again during the dive and finally ends at a subsonic velocity. The
final velocity in each case is the desired V(t;) = 520.8 ft/sec. |

The characteristics of climbing and losing speed and diving and gaining speed can also
be seen in the flight path angle histories (Figure 63), which also shows that the ascent
trajectory is ﬂatfening out (decreasing ¥(%o)) as the ELV climbs from 30 to 65 seconds.
Oscillations are apparent in the flight path angle history , and in the 65 second case the
vehicle reaches a maximum negé,tive 7 of nearly —80°. The final flight path angle in each
case is the desired vy(ty) = —19°.
 The heading history for each case shows nearly easterly flight along the ascent trajectory
and a final heading aligned with the ruﬂway. It is also seen that in each case the vehicle
wants to turn to the right (decreasing ) for the entire duration of the trajectory, ending

in each case at the desired v(t5) = —220.7° (Figure 64).
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The energy profiles (Figure 65) show that initial energy increases along the ascent tra-
jectory and that final energy, with final velocity fixed, exhibits the same characteristic as.
final altitude for the three cases. That is, just as h(t #) for the 30 second abort case is
greater than h(ty) for the 65 second case which is greater than A(ts) for the 15 second case,
so is E(ty) for the 30 second case greater than E(ts) for the 65 second case which is greater
than E(ts) for the 15 second case.

The plots of dynamic pressure ¢ (Figure 66) show that ¢ increases during the ascent
ffom 30 to 65 seconds and that the maximum dynamic pressure, g,,,;, occurs in each case
at the initial time, since velocity immediately decreases and altitude immediately increases,
both conditions contributing to a lower g.

The normal and axial load factors, as defined in Eqs. 4.1 and 4.2, are shown in Figures 67
and 68. The load factors do not present a problem in the 15 and 30 second abort cases.
During the 65 second case however, on the pullout from the v = —80 degree dive, the load
factors increase to 4.2 and 2.5 for the normal and axial, respectively. A constraint on the
load factors could be imposed if these values were considered too large.

The reason for the high load factors can be seen from a plot of lift coefficient which has
been backed out from the states and state rates (Figure 69). For the 65 second abort case,
a spike in the Cy, history occurs at the pullout of the dive, resulting directly in the normal
load factor spike, and, indirectly through drag coefficient, resulting in the spike in the axial
load factor spike.

~ Finally, 'backing out bank angle and displaying it for the three cases (Figure 70) it is seen
that for the 15 and 30 second cases, inverted flight is desired (¢ < —90°) at the beginning
of the trajectory with the remainder of the trajectory flying upright. For the 65 second case
however, the vehicle begins upright, flies inverted for a time, and then ends upright with a
significant portion éf time spent flying with nearly 0° bank angle.

As stated previously, some altitude margin exists for the 15 and 65 second abort cases.
Since data was not available for the time before 15 seconds, it is not known if an abort of
this type is possible. The latest time an abort is possible would be slightly after 65 seconds
(but before 70 seconds since an abort was not possible at this point due to the distance of
the vehicle from the skid strip). At all the times for which initial conditions are given in
the tables, RTLS aborts were also possible but the data is not shown here since the 15, 30,

and 65 second cases are considered representative of all of the cases.
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Chapter 6

Summary

This work has applied optimal control theory to an RTLS abort of the HL-20 vehicle carried
into orbit by a Titan III ELV. The trajectories that resulted were not the trajectories the HL-
20 would follow to return to the skid strip at CCAFS since the objective was to maximize
the final altitude. Instead, the problem determined the feasibility of an RTLS abort at
different times along the launch trajectory.

When appiying optimal control theory to é,n RTLS abort problem, the choice of a
cost function is not evident. When final altitude is selected as the quantity to maximize,
the problem becomes one of determining the feasibility of an RTLS abort, and not the
determination of the actual RTLS abort trajectory, which is also of interest to the trajectory
designer.

It was found that for the HL-20 launched from KSC Pad 40, RTLS aborts could be
performed to runway 31 of the KSC skid strip between the launch times of 15 seconds and
65 seconds, after which, though the vehicle energy has increased, the vehicle is too far away
to glide back.

Maximizing final altitude with final velocity fixed is nearly the same problem as max-
imizing final energy (or minimizing energy loss). The minimum energy loss problem has
application in the calculation of the maximum achievable ground coverage, or footprint, of
a reentry vehicle or the abort paths of vehicles such as the National Aerospace Plane.

Additional future work in the area of optimal RTLS aborts could involve shaping the
ascent trajectory of the Titan III/HL-20 to maximize the amount of time during which

an RTLS abort could be performed. The use of the OMS engines during the abort phase
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and adding guidance logic to the primary SRM and sustainer SRM burns could also be

investigated.
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- Table 1: HL-20 Physical Parameters

Chord length c 27.31 ft
Span b | 13.89ft
Wing area S 286.45 ft2
Empty weight w 22932 lbs
OMS fuel weight Woams | 2948 1bs
C.G. Location (empty) | =z 55.5%
C.G. location (full) Teg 57.5%

Table 2: Maximum Trim a and Cj,

Mach Number | Max @rim (deg) | Max Ci,,,,, | Min Cy,,,,
0.3 16.0 0.6628 -0.2045
0.6 16.0 0.7009 -0.2340
0.8 16.0 0.7285 -0.2949
0.9 16.0 0.7487 | -0.1950
0.95 16.0 0.7491 -0.3357
1.1 16.0 0.6574 -0.1906
1.2 16.0 0.6288 -0.2106
1.6 9.4 0.2537 -0.0838
2.0 10.6 0.2643 -0.0737
2.5 12.0 0.2477 -0.0658
3.0 16.0 0.3895 -0.0530
3.5 16.0 0.3592 -0.0489
4.0 16.0 0.3422 -0.0457
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Table 3: Coefficients for Cp expression

Mach Number | Cp, Cp, Cp,
0.3 0.3263 | —0.0200 | 0.0438
0.6 0.3783 | —0.0169 | 0.0473
0.8 0.4171 | —0.0151 | 0.0491
0.9 0.5310 | —0.1014 | 0.0788
0.95 0.4636 | —0.0240 | 0.0756
1.1 0.7288 | ~0.1605 | 0.1640
1.2 0.6507 | —0.0774 | 0.1534
1.6 0.8535 | 0.0098 | 0.1494
2.0 0.3606 | 0.0625 | 0.1410
2.5 0.6474 | 0.0266 | 0.1270
3.0 0.9923 | —0.0499 | 0.1167
3.5 1.0738 | —0.0325 | 0.1101
4.0 1.0992 | —0.0121 | 0.1080

Table 4: Parameters for Atmospheric and Gravitational Models

po | 2.3769e-03 slugs/ft3
B | 3.6000e-05 ft—1

ap | 1.1235e+03 ft/sec

ay | -5.7923e-03 sec!

a | 6.2641e-08 ft~1 sec™?
as | -1.7708e-13 ft—2sec™!
go | 3.2174e+01 ft /sec?
R, | 2.0926e+07 ft

31



Table 5: Comparison of Trajectory Conditions and Abort Initial Conditions at 30 Seconds

Trajectory Conditions

Abort Initial Conditions

Altitude, ft

1.07025576e + 04

2.77408551e + 04

Velocity, ft/sec

8.04746952¢ + 02

1.01506581e + 03

Latitude, deg

2.84006296e + 01

2.84001727e + 01

Longitude, deg

2.79428431e + 02

2.79445672e + 02

Flight Path Angle, deg

7.11376932¢ + 01

6.49159663e + 01

9.16395039%¢ + 01

9.19469374e 4+ 01

Azimuth, deg

Table 6: RTLS Abort Final Boundary Conditions

Downrange, ft z 0
Crossrange, ft Y 0
Velocity, ft/sec V| 5208
Flight Path Angle, deg | v | —19.0
‘Heading, deg P | —220.7

Table 7: Initial Conditions for RTLS Aborts

Time (sec) h(ft) x(ft) y(ft)
15.0 1.8745648e+04 | -5.7470680e+03 | 4.5283500e+04
20.0 1.9542422e+04 -1.4644223e+04 | 4.5599964e+04
25.0 2.3134577e+04 | -9.1229215e+03 | 4.5412128e+04
30.0 2.7740855e+04 | -6.3246933e+03 | 4.5323737e+04
35.0 3.3599490e+04 | -3.2577126e+03 4.52227‘60e+04
40.0 4.0475148e+04 | 6.3478304e+02 | 4.5090776e+04
45.0 4.7865123e+04 | 6.0726763e+03 | 4.4902247e+04
50.0 5.568613%9e+4-04 | 1.2990810e+04 | 4.4656591e+04
55.0 6.4005911e+04 | 2.1276190e+04 | 4.4355667e+04
60.0 | 5.0263039¢e+04 | 1.2722135e+04 | 4.4203290e+04
65.0 5.8047153e+04 | 2.0051551e+04 | 4.4405061e+04
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TableA8: Initial Conditions for RTLS Aborts

Time (sec) V (ft/sec) v (deg) . 9 (deg)
15.0 1.0011717e+03 | 5.2205378e+01 | -1.9757279e+00
20.0 9.2742651e4-02 | 7.8466266e+01 | -1.8261807e+02
25.0 9.6635809e+02 | 6.9053372e+01 | -1.9055671e+00
30.0 1.0150658e+03 | 6.4915966e+01 | -1.9469374e+00
35.0 1.1221480e+03 | 6.5218080e+01 | -1.9956142e+00
40.0 1.3057310e+03 | 6.5236462e+01 -2.0383687e+00
45.0 1.5278721e+03 | 6.2192217e+01 | -2.0711914e+00
50.0 1.7782816e+03 | 5.7285346e+01 | -2.1044202e+00
55.0 2.0602513e+03 | 5.2767337e+01 -2.1401928e+60
60.0 2.5275142e+03 | 5.3469427e+01 | -3.0684166e+00
65.0 2.7780916e+03 | 5.0050729¢+01 | -2.0997439¢+00
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