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An algorithmis presented thatis designed to compute reentry trajectories for unpowered lifting reusable launch
vehicles. The algorithm uses self-contained trajectory simulation and root finding techniques to determine the
appropriate control sequences for solving reentry problems. For orbital reentries, the solution process breaks the
trajectory into two distinct parts. The first part begins where the deorbited vehicle first encounters substantial
atmosphere and can exercise trajectory control through the manipulation of aerodynamic lift. This phase of the
flight is governed by an analytical, constant heat-rate following, bank angle control law. The second and final
part of the trajectory begins where heat-rate control is no longer desired. During this time trajectory control is
used to meet terminal range and altitude targets and is governed by a linear bank angle control law. The planning
algorithm determines the value of the individual trajectory control parameters that shape the reentry. The planned
trajectory is then used by a profile following guidance algorithm during actual flight. Test results for a variety of

orbital and suborbital missions are shown.

Nomenclature

Cp = drag coefficient

Cy = lift coefficient

D = dragacceleration

g = gravitational acceleration

h = altitude

L = lift acceleration

m = mass

0 = heatrate

r = radial distance from the center
of the Earth to the vehicle

reem = inertial position vector at EGuide
simulation termination point

ruac = inertial position vector of
heating alignment cone target

Sref = reference area

tamenr = currenttime in EGuide simulation

tinit = initial time in EGuide simulation

Vv = Earth-relative velocity magnitude
of the vehicle

1% = relative flight path angle
¢ = damping ratio
0 = longitude
% = gravitational constant
0 = atmospheric density
o = bank angle
o; = bank angle initialization parameter
Ogope = bank angle slope parameter
= azimuth of V measured clockwise
from north
¢ = latitude
10} = rotationrate of the Earth
Wy = time constant
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Introduction

N the design of reentry trajectories for reusable launch vehicles

(RLVs), two control variables are normally available: o (angle
of attack) and o (bank angle).! The entry guidance (EGuide) algo-
rithm developed in this paper primarily attempts to find and adjust
bank angle profiles to meet terminal conditions while maintaining a
constant or predetermined angle-of-attack profile. The key feature
that makes EGuide different from traditional guidance methods is
its ability to solve trajectory problems onboard. Although research
into entry guidance algorithms with numerical solution capability
is not new,>~* their use as actual flight software remains untapped.
This is due mainly to issues of computational complexity that ac-
company all numerical procedures of this nature. Previous work
in this area has explored the predictor-corrector style of guidance
algorithm. Predictor-corrector methods determine onboard, during
flight, a trajectory control sequence that will transport the vehicle
from its current state to a specified target. The solution process is
repeated throughout the flight to correct for errors and dispersions.
Simplicity is key. Even with the blazing speed of modern digital
computers, it is important to make the trajectory problem solvable.

Recently, there has been interestin an algorithm architecture that
combines the onboard solution capability of a predictor-corrector
with traditional profile following entry guidance methods. The so-
called plannerffollower guidance uses an onboard solver in a tra-
jectory planning stage that is executed sometime before the entry
guidance cycle. The planner, behaving like a single execution of a
predictor-corrector, determines the trajectory control sequence that
will safely transportthe vehicle fromitsinitial state to a specified tar-
get. The follower then takes the trajectory control solution generated
by the plannerand usesitas areferenceprofile. The planner/follower
shares with the predictor-correctorthe ultimate need to make the tra-
jectory problem solvable. However, unlike the predictor-corrector
algorithm, the solution process (and the possibility of its heavy com-
putational load) exists outside of the guidance cycle. Mease et al.
have applied this strategy in the development of a method based on
the drag planning technique used in space shuttle entry guidance?
Their planner, which considers both the longitudinal and the lateral
motion of the entry trajectory,can use both angle-of-attackand bank
angle control to arrive at a solution and is designed to satisfy path
constraints along the way. Shen and Lu have developed a planner
that makes use of the quasi-equilibrium glide condition to satisfy
path constraints® Their process of solution, which breaks the entry
problem into two sequential one-parameter search problems, is de-
signed to be simple and fast. Roenneke’s planning method performs
an onboard trajectory optimization with the objective of maximiz-
ing the vehicle’s ranging authority” His process uses an analytical
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Fig. 1 Planner/follower entry guidance methodology.

ranging problem so that each iteration of the optimization produces
a feasible trajectory.

The EGuide planner,describedin this paper, breaks an orbital en-
try problem into two distinct phases. The first phase is governed by
an analytical heat-rate tracking bank angle control law and is char-
acterized by a smooth altitude profile and a constant vehicle heat
rate. The second phase is governed by a linear bank angle control
law and is used to target the desired terminal conditions of the vehi-
cle. The solution process adjusts parameters in each of these phases
to arrive at the final orbital entry trajectory. A classical shooting
method is used. The solution derived onboard by the EGuide plan-
ner supplies trajectory information to Dukeman’s linear quadratic
regulator (LQR)? profile following entry guidance algorithm for the
actual flight (Fig. 1). Development and testing of EGuide has been
carried out using the MAVERIC simulation. MAVERIC is a full six-
degree-of-freedom (6-DOF) simulation developed to test guidance
and control algorithms for the X-33 suborbital technology demon-
stration vehicle.

Shooting Method

EGuide solves the two-point boundary value problem of a reen-
try trajectory using mnewt,” a multidimensional Newton-Raphson
root finding algorithm. The mnewt Jacobian matrix is generated by
measuring the effect of trajectory control changes on the final state
of simulated flights. EGuide uses a self-contained 3-DOF trajec-
tory simulation (independent from MAVERIC) that models motion
over a rotating oblate Earth with a United States Standard Atmo-
sphere 1962. The equations of motion are integrated using a Fourth-
order Runge-Kutta algorithm with a fixed step size of 1 s.

Initial Conditions

The goal of the EGuide planner is to provide safe reentry trajec-
tory solutions for un-powered lifting RLVs. It is important for the
planner to find solutions to the reentry problem (assuming they ex-
ist) from the entire range of initial conditions that may arise during
an RLV mission. Therefore, in addition to computing reentry trajec-
tories for vehicles returning from low Earth orbit, the planner must
also be capable of determining safe trajectories for a wide variety
of suborbital conditions. Suborbital reentry trajectories, which may
be part of a specific mission design, are also commonly associated
with abort situations that occur during ascent to orbit. Initiation of a
suborbital reentry trajectory following an ascent occurs shortly af-
ter main engine cutoff (MECO) once the vehicle is on a descending
flight path.

For a vehiclereturningto Earth from orbit, a significant portion of
the trajectoryfollowingthe deorbitburnis spentoutsideof the region
where aerodynamic trajectory control is possible. For this reason,
the actual trajectory that is planned by EGuide and governed by
reentry guidance does not begin until the vehicle encountersenough
atmosphere to allow active trajectory control through manipulation
of the lift vector. Initial conditions of the reentry state used by the
EGuide planner are provided by a navigationsubsystemand consist

Initial State: Position, velocity, attitude, attitude rate

Trajectory Controls:

«a - Angle of attack
0 - Bank angle

Re-entry Termination Criteria:

TAEM Goals:

Range to HAC
Relative Heading to HAC
Altitude

Fig. 2 Terminal conditions for reentry trajectories.

of position, velocity, attitude, and attitude rate measurements of the
vehicle.

Terminal Conditions

Termination of all reentry trajectories(orbitaland suborbital,sim-
ulated and real) occurs at a specified velocity. For the trajectoryto be
consideredfeasible, the termination point must be within the bounds
of a “box” specified by altitude, range, and heading measured rel-
ative to a fixed ground-based latitude/longitude target (Fig. 2). The
latitude/longitude target is a tangency point on an imaginary object
referred to as the heading alignment cone (HAC), which is located
near the end of a runway.

Immediately followingreentry, the guidanceresponsibilityfor the
vehicleis transferredto a terminal areaenergy management(TAEM)
guidance system. Thus, the terminal target conditions or TAEM box
conditions are specified in the following manner: 1) range to HAC
at TAEM, 2) relative heading to HAC at TAEM, and 3) altitude at
TAEM. The location of the HAC latitude/longitude target is defined
before operation of the EGuide planner. The relative placement and
bounds of the TAEM box is a specification given by the individual
RLV.

Suborbital Reentry Planning

Part of EGuide is dedicated to solving the two-point boundary
value problem of a suborbitalreentry trajectory. Specifically, it tries
to figure out how to deliver a vehicle from a variety of widely dis-
persed suborbital reentry conditions to a point within the bounds of
a TAEM box. To solve the suborbital problem, a classical shooting
method is used. Trajectory simulations are begun at a fixed initial
suborbital state and are terminated at a specified velocity. Angle of
attack and bank angle are used for trajectory control. The angle-
of-attack profile for the flight is predefined as a function of Mach
number. A linear equation is used to define the bank angle. At each
time point during an EGuide trajectory simulation, the bank angle
is computed using the following formulation:

o= abs[aslope + O; (tcurrem - tinil)] (1)

The relative heading to HAC is maintained within a specified corri-
dor during a simulated flight through the use of periodic bank sign
reversals that are allowed to execute instantaneously (zero maneu-
ver time). This forces the velocity heading of the vehicle to stay
pointed at the HAC target. In the event that the simulated trajectory
has too much range and overflies the HAC, velocity heading control
acts so that the vehicle maintains a straight flight within the same
corridor limits. On termination of a simulated trajectory, range and
altitude performance is measured, and an end state error vector is
computed. Because in the planning simulations the vehicle is al-
ways flying directly toward or away from the HAC target, a simple
distance formula can be used to determine the range to HAC at the
simulation termination point:

rangeto HAC = cos™! [Ferm/ [Ferm | - Taac/Iruacl] - [ruacl 2)
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Range and altitude errors at the trajectory termination point are
computed by comparison with the requirements of the TAEM box.
The shooting method process of solution starts with the flight of
a simulated trajectory using an initial guess for the variable bank
angle control parameters o; and oyjopc. The altitude and range errors
for this nominal trajectory are recorded. Then o; and oy, are each
separately perturbed from their original values (one at a time) by
a specified amount, and a simulated trajectory is flown for each
perturbation to measure the effect on altitude and range error. The
altitude and range error information from the nominal and perturbed
simulated trajectoriesin conjunction with knowledge of the amount
of perturbation applied to each control parameter is sufficient to
provide a set of two simultaneous equations with two unknowns:

Saltitude.ror  daltitudeeyor

(SO',' 6Us]ope A(Ti = _altitudeerror (3)
8rangeerror 8rangeerror A"Ts]ope —range,...
80; 8 Oslope

Equation (3) is solved using the multidimensional root solver
mnewt. The solution of Eq. (3) produces an updated nominal value
for the bank angle control parameters o; and oyjope. One iteration
of the shooting process for the two free parameters requires three
trajectory simulations. Convergenceoccurs when the range and alti-
tude errors of a nominal trajectory simulation are within the bounds
of the TAEM box.

Constant Heat-Rate Tracking

Although Eq. (1) can be used to generate valid trajectories from
orbital reentry states, it does not contain enough flexibility to con-
sistently return practical solutions. Heat and dynamic pressure con-
straints must somehow be addressedto assure safe flight conditions.
Heatingin particularcanbe effectivelycontrolledusing abank angle
formulation designed to maintain a constant heat rate during flight
in the relevant portion of atmospheric entry.

Equations of Motion
From the 3-DOF equations of motion for a vehicle flying over a
spherical rotating Earth, we have!®

F=Vsiny
V=-D—(u/r¥)siny
y=1/V){Lcoso +[V*— (u/r)l(cosy/r) + 2wV cosg cos ¢}

)

where L and D are aerodynamiclift and drag accelerationsand are
given by L =1/2mpV?S,C, and D =1/2mpV?S,:Cp. The at-
mospheric density p is approximated by the exponentialexpression
0 = poe P, where p, and B are constants.

Heat-Rate Control
For a vehicle entering a planetary atmosphere, the time rate of av-
erage heat input per unit area can be estimated with the expression'’

0=CJpV" (5)

where n =3.15 and C is a constant. Heat-rate tracking guidance
begins with the definition of an error term,

e = Q - Q.ref (6)
The intent is for the error term to exhibit the behavior of a stable
second-order feedback system. To accomplish this, it is substituted

into the following classical second-order system:

é+ 2w+ wle=0 @)

The three preceding equations along with the equations of motion
yield the following bank angle formulation:

UZmN{W—Vﬁ+wwwnn} ®

‘ (L/D)es
L

5 = a—2w,0 - @ (Q — Orer) ©)

where a and b are expressions derived from a simplified format of
the second time derivative of Eq. (5),

QO=a+by (10)
Thus, given a reference heat rate O, and with use of Eq. (8) to
generate bank angle control commands, the vehicle is expected to
track a constant heat rate.

Orbital Reentry Planning

The initiation of reentry guidance in a return from low Earth or-
bit occurs once the vehicle encounters dense enough atmosphere
to generate aerodynamic lift. The heating environment is an im-
mediate concern because in this early portion of the reentry the
speed of the vehicle is still close to orbital velocity. The EGuide
planning simulationis configured to formulate trajectories that start
with constant heat-rate tracking. The heat-rate tracking parameter
0O..f, Wwhose value determines what constant heat the vehicle will
follow, can be used to shape the overall trajectory. Figure 3 shows
the effect of variation of Q. on orbital reentry trajectories. Given
the same set of orbital re-entry initial conditions, lower values of
Qs produce trajectories that descend into the atmosphere more
slowly and have more range than higher values of Q,.s. However,
the heat-rate tracking parameter alone is not sufficient to target all
of the desired terminal conditions of the reentry problem. Addition-
ally, heat-rate tracking is generally not an effective control in the
latter portion of an orbital reentry when high heating is no longer
present. For these reasons, terminal targeting is accomplished with
the earlier described suborbital guidance. The orbital reentry tra-
jectory is fully characterized by four parameters (Fig. 4). The first
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Fig. 4 Four parameters of an EGuide orbital reentry trajectory.
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Fig. 5 Heat-rate tracking bank angle profile with the corresponding heat-rate profile.

three parameters, O.er, 07, and Oylope» are from the heat-rate tracking
and suborbital guidance formulations. The fourth parameter is the
time chosen to terminate heat-rate tracking and switch to suborbital
guidance and is referred to as the guidance switch time (GSWT).

Finding the GSWT

Calculation of the GSWT parameter is based on observed bank
angle behavior during a simulated orbital reentry using heat-rate
tracking. As shownin Fig. 5, in the very first partof an orbitalreentry,
heat-rate tracking guidance may modulate the bank angle quickly
as the control “latches on” to the specified reference heat rate. This
initial transient behavior gives way to a slower varying bank angle,
whichis decreasingin magnitudeas the control tracks the reference.
If heat-rate tracking is allowed to remain active indefinitely, the
magnitude of the bank angleeventuallybeginstoincreaseand finally
becomes excessive as the control struggles to track a reference heat
rate it can no longer sustain. The main feature of interestin the bank
angle vs Mach plot of Fig. 5 is the local minimum that occurs at
approximately Mach 21.5 (point A). Point A is designated as the
GSWT. In actuality, good solutions to the orbital re-entry problem
may exist by switching guidance formulations anywhere along the
bank angle profile between points A and B. However, point A offers
the advantage of being an event that is easily detectable. EGuide is
programmed to find point A by simulating an orbital reentry (using
heat-rate tracking guidance exclusively) and looking for the last
occurrence of a bank angle minimum. The fact that the bank angle
magnitude must increase after point A to maintain the reference heat
rate indicates that the high heating portion of the flight has passed.

Setting the Reference Heat-Rate Parameter

The referenceheat-rate parameter Q,Aef canbe thoughtof as the in-
dependent variable of an EGuide orbital reentry problem. The three
other variable parameters, GSWT, o;, and o, are all essentially
dependanton the selectionof Q... Solving the orbital reentry prob-
lem boils down to identifying an appropriate reference heat-rate
value that will (in combination with the three remaining variable
parameters) resultin acceptable behavior for the duration of the tra-
jectory. The search for Q. is bounded. The lower bound is found
by observing what reference heat-rate, when tracked for the dura-
tion of a simulated flight, results in the least range error from the
TAEM target at the GSWT. The upper bound can be set from actual
vehicle heat-rate constraints, although it may be possible to simu-
late a successful orbital reentry trajectory at a higher heat-rate than
the vehicle can withstand. With upper and lower bounds set for the
reference heat-rate parameter, EGuide can begin the search for the
solution to the orbital reentry problem. When began with Q¢ at its
lower bound, a three step iterative process is used.

1) Compute the GSWT based on the reference heat rate.
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Fig. 6 Evaluation of the suborbital guidance solution.

2) Using the suborbital guidance formulation, solve the two-point
boundary value problem that starts at the GSWT (point A) and ends
at TAEM.

3) Evaluate the solution: If any part of the line segment defined by
the suborbitalguidance parameters o; and oyqp is above the constant
heat-rate curve, the chosen reference heat-rate will be exceeded
during the suborbital guidance portion of the flight (Fig. 6). This
is an indication that the reference heat rate is set too low. EGuide
performs a limited version of this test by comparing the value of
o; with the local minimum of the bank angle at point A. If o; is
greater than the bank angle value at point A, the reference heat
rate is increased by one unit, and the process is repeated starting
at step 1. Convergence of the process occurs when o; is less than
or equal to the local minimum of the bank angle at point A or, in
other words, when the reference heat rate is not exceeded during
suborbital guidance.

Flight Guidance

Once the plannerhas converged to a good solution, the trajectory
information is used as a reference to fly the vehicle from the ini-
tial reentry state to TAEM. For orbital reentries, EGuide uses the
computed value of Q. as a reference to fly a constant heat-rate
profile (using the constant heat-rate tracking guidance) rather than
handing off the responsibility to the LQR profile following flight
guidance. The main advantage of this strategy is the directinfluence
over heat rate through feedback control. At the GSWT, EGuide acts
as a predictor-corrector by performing a single update to the sub-
orbital guidance parametersbefore recording the final trajectory and
handing off the results to be flown by the LQR guidance. The LQR
reference profile consists of altitude, range-to-go, and flight-path
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angle states vs energy and bank angle and angle-of-attack controls
Vs energy.

Operational Notes

The EGuide planning process requires the inputof an initial reen-
try state, a vehicle aerodynamic model, and specification of the re-
quired terminal conditions(TAEM and HAC). No other information
or mission-dependant tuning is required. Figure 7 shows possible
operational execution strategies for using EGuide as an onboard
planner. For suborbital flight, EGuide may be executed immediately
following MECO before the vehicle actually begins its reentry. For
computing return trajectories from low Earth orbit, it is feasible
that the planning process could take place even before the deorbit
burn. In both cases, calculation of the reentry trajectory takes place
outside of the actual guidance cycle. Once reentry begins, profile
following methods are used to provide reliable performance during
the guidance cycle.

Test Results

Vehicle Model

The X-33, ahalf-scalesuborbitaltest vehicledesigned for demon-
stration of single-stage-to-orbittechnologies, was used for all test-
ing of EGuide. The X-33 incorporatesa number of unique features,
including a linear aerospike main propulsion system, structurally
integrated fuel and oxidizer tanks, and a metallic thermal protection
system. The vehicle is a lifting-body configuration with an L/D
of about 1.1 during hypersonic flight and has an approximate dry
weight of 38,000 kg. Although the actual X-33 was strictly limited
to suborbital flight, the vehicle model is used in tests for a variety
of missions returning from low Earth orbit.

Terminal Conditions

Termination of the reentry trajectory occurs at a velocity of
3000 ft/s (914.4 m/s). At the trajectory termination point, the ve-
hicle is required to be within a specified range, heading, and alti-
tude with respect to a HAC latitude/longitude target. For the X-33,
terminal target conditions for re-entry are as follows: 1) range to
HAC =30nm £ 6 nm, 2) relativeheadingto HAC =0 deg £ 10deg,
and 3) altitude= 96,000 ft £ 6000 ft.

Suborbital Reentry Results

Two missions are used for suborbital guidance algorithm testing.
The first mission (X-33-1) represents a nominal trajectory, whereas
the second (X-33-2) uses a higher energy trajectory. Both mis-
sions launch from Edwards Air Force Base, California, and land
at Michael Army Airfield, Dugway Proving Ground, Utah. Undis-
persed initial reentry conditions for the missions are shown in Ta-
ble 1. Dispersion analysis was performed using Monte Carlo sim-
ulations run on the MAVERIC simulation platform. Dispersions of
the suborbital simulations (which start at launch) include variables
relating to engine performance during ascent (thrust, mixture ra-
tio, etc.), aerodynamicuncertainty,navigationaccuracy,and vehicle
mass properties, as well as atmospheric density and wind variations

Table 1 Initial states for two suborbital reentry missions

State
¢,deg V., fts y,deg v,deg

X-33-1 183,041 —116.19 36.57 9248 0.74 34.82
X-33-2 178,105 —114.88 37.97 8559 —-226 36.74

Missions h, ft 0, deg

generated through the use of the Global Reference Atmospheric
Model (GRAM).'? Results of 100 simulated flights of each sub-
orbital mission are shown in Table 2. In addition to the nominal
missions, flights with exceptional circumstances are also included.
Large thrust dispersionsduring ascent simulate mismodeled engine
performance. Power pack out (PPO) cases simulate losing 50% of
nominal engine thrust at various times during ascent. Results for
these flights are shown in Table 3.

Orbital Reentry Results

Results from six orbital re-entry missions flown with the X-33
vehicleare shown. Missions 1-3 representthree return opportunities
from a 248-n mile circular orbit with inclination of 51.6 deg. The
peak heat objective for missions 1-3 is 75 Btu - ft*/s. Missions 4-6
represent three return opportunitiesfrom a 150-n mile circular orbit
with inclination of 28.5 deg. The peak heat objective for missions
4-6is 60 Btu - ft?/s. All missions land at the Kennedy Space Center
(KSC). Ground track and altitude profiles for the nominal missions
are shownin Figs. 8 and 9. A representativebank angle and heatrate
profile generated by EGuide for mission 1 is shown in Fig. 10 and
11. Note from Fig. 10 that the planner makes frequentbank reversals
near the end of the trajectory compared to the actual flight guidance.
This is because the EGuide planner and the LQR follower have
independentbank reversal strategies. The planner, which is allowed
to make instantaneous maneuvers, stays pointed at the HAC. An
alternate strategy would be to use the planner to design a trajectory
with a single bank reversal.

Dispersion analysis was performed on the orbital missions using
Monte Carlo simulations. Dispersion quantities include variables
relating to aerodynamic uncertainty, navigation accuracy, and ve-
hicle mass properties, as well as variations in atmospheric density
and winds generated by GRAM. The missions were run by ini-
tializing the MAVERIC simulation at a reentry state starting from
approximately 400,000 ft. The initialization state of the MAVERIC
simulation for each of the missions was undispersed. The actual
reentry initial conditions provided to the EGuide planner (shown in
Table 4) were dispersed by the cited uncertaintiesin the coast from
the 400,000-ft starting point to the entry guidance interface point.
Results for each of the missions are shown in Tables 5 and 6.

Table 3 Results for 3-DOF X-33-1 mission off-nominal cases

Mission Range, nm  Altitude, ft Heading, deg Iterations
40-s PPO 26.92 100,179 —0.50 4
50-s PPO 29.75 95,764 6.25 3
60-s PPO 29.95 96,657 0.61 3
112-s PPO 28.27 97,209 2.93 4
+4 Sigma thrust 25.82 97,552 6.69 4
+6 Sigma thrust 26.22 97,620 8.74 4

Table 4 Initial states for six orbital reentry missions

State
Missions h, ft 0, deg ¢, deg V. ft's y,deg ,deg

1 269,188 —107.43 =573 24970 -0.79 358

2 269,215 —100.89 —10.00 24974 —-0.78 36.33
3 269,180 —115.83 0.36 24,961 —0.78  35.85
4 269,318 —114.24 —-1491 24910 -0.39 37.29
5 269,312 —-107.89 —18.60 24909 —-046 38.33
6 269,115 —-122.60 -9.16 24901 —-0.40 36.60

Table 2 Results of 6-DOF Monte Carlo simulations, 100 runs each

Mission X-33-1 Mission X-33-2
Parameter Average Standard deviation Average Standard deviation
Range to HAC, n mile 30.24 1.14 30.86 0.56
Relative heading to HAC, deg 3.72 1.70 2.27 2.30
Altitude, ft 95,837 943 98,099 1878
Planner iterations 2.8 0.42 4.47 1.87
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Table 5 Results of 3-DOF Monte Carlo simulations, 100 runs each
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Fig. 9 Missions 1-6 altitude profiles.

Mission 1 Mission 2 Mission 3
Parameter Average Standard deviation Average Standard deviation Average Standard deviation
Range, n mile 29.9 0.4 28.2 1.2 28.5 1.6
Heading, deg -9.1 0.8 -33 6.6 —5.5 5.5
Altitude, ft 95,480 1006 97,959 1969 99,396 2472
Maximum heat rate, Btu - ft2/s 67.7 1.6 69.4 1.7 66.9 1.4
Planner iterations 24.1 2.5 25.5 0.9 90.5 11.6
Update iterations 24 0.7 2.3 0.7 2.6 0.9
Table 6 Results of 3-DOF Monte Carlo simulations, 100 runs each
Mission 4 Mission 5 Mission 6
Parameter Average Standard deviation Average Standard deviation Average Standard deviation
Range, n mile 30.7 0.7 28.6 1.3 293 1.2
Heading, deg 7.7 4.2 —4.0 5.7 -7.0 3.4
Altitude, ft 99,372 1128 100,889 2177 99,252 1894
Maximum heat rate, Btu - ft%/s 62.2 1.6 60.5 1.3 61.5 1.7
Planner iterations 19.9 1.4 23.2 1.2 22.6 0.6
Update iterations 2.5 0.6 24 0.7 2.3 0.5
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Y N Summary
< 300000 X T
E et An automated method for computing orbital reentry trajectories
= 250000 ) "“\ # with heating constraints was introduced. The algorithm based on
200000 : this method, EGuide, was used successfully as guidance for a vari-
F il ’\ ety of suborbitaland orbitalentry missions. When an initial planning
150000 Missions \\ stage is incorporated to generate trajectories to be flown by a pro-
100000 \ file following guidance method and the scope of the entry problem
is reduced to one that is fully characterized with four parameters,

the issue of computational complexity is diminished. The unique
setup of the orbital reentry problem provides additional benefits
such as smooth control commands to the vehicle and a smooth alti-
tude profile. The use of heat-ratetracking in the initial part of orbital
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reentry is particularly effective for two reasons: First, it deals with
the orbital reentry heating constraint directly through the use of
feedback control. Second, the computationally efficient heat-rate
tracking guidance allows for time to update (in predictor-corrector
fashion) the parameters that shape the remainder of the trajectory.
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