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ABSTRACT

Future spacetransportation vehicles may well
rely on high speedairbreathingpropulsion (ramjets
and scramjets) to supply much of their motpawver.
Because ofthe tradeoff relationshipbetween engine
thrust and vehiclairframeweight, ascent trajectories
are typically simulated using a constamtynamic
pressure phase during airbreathing acceleration. That
is, dynamic pressure ifcreased tobenefit vehicle
thrust up to some fixed limitmposed by thevehicle
structure. The constamtynamic pressurg@ortion of
the trajectory typically begins around Mach 2 or 3 and
continues to the maximum airbreathing Mach number
or until some convective aeroheating limit is reached.

This paper summarizes comparatiesearch on
three candidate guidance methods suitable for
simulating constantdynamic pressure trajectories.
These are generalized acceleratiosteering, linear
feedbackcontrol, and cubic polynomial control. All
methodswere implemented inPOST (Program to
Optimize Simulated Trajectories) — an industry
standardrajectorysimulation code.Both quantitative
and qualitativecomparisons of these metho@®. in
terms of computer processingme, number of
required iterations for convergence,sensitivity to
quality of initial values, accuracy andprogram
robustnessare presented. Othe three methods, the
linear feedbackcontrol approach is found to be the
most efficient and robust, with good accuracy.
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NOMENCLATURE
Crnax upper limit for an inequality constraint
C additional trajectory constraints
Co optimization indicator
CPU  central processing unit
GAS  generalized acceleration steering
lsp specific impulse (sec.)
Kdg displacement gain in linear feedback guidance
equation
Krg rate gain in linear feedback guidance equation
a dynamic pressure (psf)
q time derivative of dynamic pressure (psf/s)
LFC linear feedback control steering
LH2 liguid hydrogen
LOX  liquid oxygen
P2 weighted constraint error from POST
POST Program to Optimize Simulated Trajectories
RBCC rocket-based combined-cycle propulsion
Sief reference surface are&)(ft
T/W  vehicle thrust-to-weight ratio
t; final time, constant dynamic pressure phase
t; initial time, constant dynamic pressure phase
a angle of attack (deg.)
B, angle of attack polynomial coefficients
(n=0,1, 2,3)
INTRODUCTION
Background

Advancedhypersonic airbreathingropulsion is
of significant interest for possible application to
future, low cost, reusable space transportation
vehicles. As first proposed byGoddard in 1932,
airbreathing enginesan be used taaccelerate the
vehicle through the atmosphere on ascent toorbit
[1]. The main advantageover conventionalrocket



engines is high fuegfficiency; airbreathing engines
can provide up toten times theeffective specific
impulse of rockets at the lower altitudes mainly
because otheir utilization of atmospheric oxygen.
The disadvantages of airbreathiagginesinclude the
addedcomplexity andheavy flowpathrequirement —
resulting in low thrust-to-engine weight ratios.
Furthermore, they can operate only in #tmosphere
andmust besupplemented by rockgiropulsion for
in-space applications.

Rocket-based combined-cycle (RBCC)
propulsion tries to combine the “best of both
worlds.” Elements of rocketand airbreathing
propulsion are integrated into one engine, eliminating
redundantomponents (i.e., pumps, etc.) thabuld
be found in combination propulsion orocket +
airbreathingpropulsion systems. RBCC engines are
capable of multi-mode operatidhe. ejector, ramjet,
scramjet,and pure rocket modegkesulting in a high
trajectory-averaged fuel efficiency [2].

Motivation

Trajectory simulation and analysis is a key

element in conceptual launch vehicle design studies.

Performance characteristiaxe obtained from the
analysis to determine the feasibility and viability of a
design concept for a particulamission. Trajectory
problems are ordinarily formulated in terms of
optimizing aperformancefunction (e.g. maximum
payload or minimum fuel) with a given set of
constraints to be satisfied (e.g. targebit, limits on
angle of attack, etc.).

Dynamic pressure plays a particularly important
role in the ascent trajectory of airbreathing vehicles.
High dynamic pressureenvironments can cause
excessive structural loadingand unacceptable
aerodynamicheating. A limit on the maximum
dynamic pressure allowablenust therefore be
imposed for this type of vehicles. On the othand,
ramjet/scramjet thrugberformance is directlyelated
to dynamic pressure —that is, higher dynamic
pressure yields higher thrust. As a result of trade-
off, it is quite common to simulate the
ramjet/scramjet segments of an airbreathiagicle’s

ascent trajectory as a constant dynamic pressure path.
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The thrustproduced byRBCC engines is not
constant butarieswith altitude, Mach number and
dynamic pressure. Coupledith changing vehicle
aerodynamics and weight, the vehicle’s progress along
this constantlynamic pressure boundamath can be
complex and difficult to determine.

Problem Formulation

Computer-based trajectorgptimization codes
are typically employed to determine acceleration,
ascent time, propellant consumption, angle of attack,
etc. The Program to Optimize Simulat€dhjectories
(POST) is awidely availabletool created byNASA
and Lockheed-Martin and has bessmmonlyused to
solve varioustrajectory optimization problems for
both atmospheriand orbital vehicles [3]. It is a
generalized event-orientedtrajectory simulation
program capable ofoptimizing a user-specified
performancefunction subject tocertain constraints
(dependent variables) by determining the values of the
control (independent)variables. The user structures
the trajectory by a logicatequence ofevents and
enters themodel of the vehicleand the necessary
constraints. The user is alsequired tospecify the
parameters and control variables.

Employing three-degree-of-freedorPOST for
the ascent trajectory analysis of airbreathing
vehicle requires some modification to thebasic
program to simulate a constahtnamic pressureg)
path. Three guidancenethodsare studiecand applied
to threedifferent representativeehicle modelswith
varied mission profiles. Furthermore, sina®ntrol
variable initial guesses play an important role in any
numerical computations, theiinfluence on the
effectiveness ofheseguidancemethods isstudied as
well. The results of these investigatioasd their
computational requirements are compared.

DESCRIPTION OF TEST CASES
Maglifter

As part of the NASA Highly Reusabl8pace
Transportation (HRST) program, aarly feasibility
study wasconductedor an advancedreusable launch
vehicle using RBCC propulsion (LOX/LH2
superchargeejector ramjet)and asingle LOX/LH2



tail rocket. A magnetically-levitated slec@nd track
system (theMaglifter) provides arinitial velocity of
800 fps. Note that in this paper, thentire sled,
track, and orbital vehicle concept will be referred to as
the Maglifter concept. The orbital vehicle leaves the
track horizontally and operates in ejector mode to
Mach 2 where it begins to transition tdan-ramjet
mode. It intercepts a 2000 psfynamic pressure
boundary at Mach &nd flies along this constan
path until Mach 6. The vehicle thetransitions to
rocket mode for final acceleration into low earth orbit.

The trajectory simulation problem involves
maximizing the vehicle burnout weight. Thession
of theMaglifter is to deliver 20 klb of payload to 100
nmi circular orbit at 28.5 inclination anglefrom
Cape Canaveral, Florida. ThHadependent variables
consist of several relativepitch angles to control
vehicle attitudebeforeand after the constant] phase.
During the constantq phase, the vehicle is
commanded by angle of attack. The vehicle
parameters summarized in Tableark obtained from
previous work conducted by the author [4].

Maglifter accelerator
RBCC engines

LOX tank

=T [, |

LH2 tank

OMS engines
ayload ba
pay 4 rocket engine
— ey
|

\‘ 227 ft ‘
Figure 1.Maglifter configuration

Cerberus |

The Cerberus project involves theconceptual
design of alow-cost, two-stage-to-orbit (TSTO),
horizontal-take-off-and-landinaunch vehicle which
utilizes LOX/LH2 RBCC engines as thbooster
propulsion and liquid rockets to accelerate the
waverider upper stage frothe point ofseparation to
its final orbit. Graduatestudents at theGeorgia
Institute of Technology, School ofAerospace
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Engineeringundertookthe project as amexercise in
employing multidisciplinary design methodology in a
‘design for cost’ environment.

Maximum boosterirbreathing Mach number,
staging Mach number,and payload deliverymass
were identified through Quality Function Deployment
[5] to be system-level variables thedn significantly
affect how the overall vehicledesign meets the
customer requirements outlined irfietitious request
for proposal. Using Design of Experiments methods,
ten different design variable combinations were
investigated, resulting in ten different vehicle designs.

Figure 2.Cerberusvehicle at separation.

The vehiclereferredherein asCerberus lis one
of the cases studied. Listed in Tableate its sized
characteristicsCerberus | airbreathes up to Mach 6
with a supercharged ejector ramjet and stagédaah
8 to deliver 10 kib opayload to Spac8&tation orbit
(220 x 220 nmi. x51.6 inclination). The mated
vehicle takes off horizontallynd intercepts a 1500
psf dynamic pressure boundary at Mach 3. It
continues along thiglynamic pressureonstraint in
ramjetmode toMach 6, gainingboth velocity and
altitude. The vehicle then performs a pull-up
maneuverand briefly transitions torocket mode.
Separation of the two stagescurs at Mach 8. The
trajectory simulation continues to follow thepper
stage on itsascent toreach 50 x220 nmi x 51.6°
insertion orbit. The booster returns to the launch site
in ramjet mode.

Unlike the Maglifter case, no optimization
variable is specified. The trajectory problem thus only
involves meetingrajectoryconstraints. Pitchangles
and angle of attackrethe control variablegvolved
in this trajectory problem.



Cerberus I

Another case studied in ti@erberusproject is a
vehicle with maximum airbreathingspeed of Mach
9.75. Thisdesignusessuperchargeajector scramjet
engines (transition from ramjet to scramigbde of
operation occurs around Maé). Themated vehicles
flies a constang boundary to Mach9.75. It then
performs apull-up maneuver as it brieflyransitions
to rocket-mode to accelerate to a Md¢h25 staging
condition. The upper stage continugs flight to
deliver a payload of 1Rlb to thelnternationalSpace
Station orbit. This vehicle is referred hereGesberus
[I. The maximumdynamic pressureonstraint (1500
psf), target conditionsand control variables are
identical to those of Cerberus 1 Furthermore, the
booster  external  configuration (aerodynamic
coefficients) ofthe two Cerberusvehicles are the
same. However, this vehicle has been
photographicallyresized tomeet the new propellant
requirements. Th€erberus |l waveriderupper stage
was reconfigured for staging at Mach 10.25.

Top View Iso View
—a——— (=]
Side View Front View

Figure 3.Cerberusbooster configuration.

Table 1: Summary of test vehicle parameters

Vehicle Maglifter Cerberus Cerberus
Parameters I Il

Upper Stage:

Gross Wt (Ibs) 136,740 107,400

Initial T/W ---- 1.1 1.1

Isp,.. (S) 467 467

Sref (ff) 1471 1616
Overall:

Gross Wt (lbs) 997,640 498,900 451,800

Initial T/W 0.55 0.60 0.60

Rocket Mode

Isp,.. (S) 455 463 463
Sref (ff) 3606 3440 4150
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GTO Stage

LEO Stage

Figure 4.Cerberuswaverider upper stage.

CANDIDATE GUIDANCE METHODS
Generalized Acceleration Steering (GAS)

An instantaneous rootfinding iterativmethod
was implemented in attempt to hold tkignamic
pressure tahe specifiedvalue by changing angle of
attack along the constangt path. A new subroutine
was added to becalled by the guidanceroutine in
POST to determine the angle of attagkthat results
in the specified ¢ (time derivative of dynamic
pressure) at each incrementtwhe. For a constarg
path, § was specified to bezero. Thatis, ateach
time step, am was numerically determined tnsure
gq=0.

Brent's algorithm (bisection) wassed tosolve
the rootfinding problem within the givea interval.
This interval also acts as the allowabdage for the
angle of attack in the constamt phase. A root
tolerance of 10 was used for all trajectories. A
rootfinding method, as with any othetumerical
method, doesn’t alwaysguarantee convergence. It
often failsandfinds nosolution. In thesecases, the
angle of attack isncremented by a fixeda if the q
value is too high or decrementedgifis too low. The
routine can also create noise when multiptdutions
are encountered, causing a relatively large
discontinuity ina between time steps.

The rootfinding subroutinefurther requires a
separatefunction to evaluatethe resulting ¢ for
different trial values of a within the bisection
routine. This function is utilizing existindPOST
subroutines in its computation oftmospheric



parameters,
motion, etc.

vehicle aerodynamics, equations of

With this option, the only constraints involving
the constany] phaseare placed athe beginning of
this segment to ensure that the vehicle enters it at the
desiredqand g :

G =q(t)-gp =0

G =q(t)-dp =0.

@
2

qp is the dynamic pressure limit ard, is specified
to be zero inthis study.t; is the initial time at the
beginning of the constagtphase.

A significant drawback ofthe GAS scheme is
that the cost in terms of execution time is expected to
be expensive. In thigase, the rootfinding problem
must be solved at each time step during the congtant
phase requiring ahigh amount ofcentral processor
time.

Linear Feedback Control (LFC)

The second guidancenethod investigated uses
an updating approach. Agachintegration step, the
angle of attack is adjusted accordingthe errors inq
and ¢ . A new subroutine wasreatedcontaining the
following set of linear feedback steering equations:

Opay =0gg Kdg(q - qD) + Krg(q - qD) (3)
Ohew = Aoig +0-5x(q_qD) (4)
anew =08x aold (5)

Kdg andKrg aredisplacemenandrate feedback
control gains, respectivelfequation 3 isused for
small errors, equation 4 is used whgis well above
0o, andequation 5 is usedthenqis well below gp.
Several cases have beebserved to besolvable by
steering equation alone. Without theequations for
conditions 4and 5, greatergains are neededand the
method is observed to reach convergendaster.
However, the use othree separatéormulations for
the different possibly encountered conditiomsreases
program robustness and can avoid large swings.in

The desireddynamic pressurand its derivative
areq, and g, , respectively. To obtain a constant
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trajectory, g, is set to zerod,, is always set to the
angle of attaclat the last timestep For users with
prior experience with a particular trajectory, thmear

feedbackgainsKdg and Krg can be specified in the
input file as constants. In this studywever, these
constant gainsare treated as independerdriables,

giving POST the control to determine their values.

Since the solutionduring the constantq
segment is non-unique (i.e. several valueXfig and
Krg are feasible but variations about the desirethy
be unacceptably large isome cases), aadditional
constraint taC, andC, is needed. A reasonabthoice
is an inequality constrair@, limiting the squareerror
of dynamic pressurejntegrated overthe entire
constang phase:

t

G = J’(q—q.g)zdt—cmax <0 (6)
[

The duration of the constagtphaseandthe value of
g, are taken into account in determining a
reasonable value far,.. A vehicle flying a higheq
boundaryfor a longer length of timewill typically
necessitate greaterc,,,, value.Upperandlower side
constraints forr are also imposed in the subroutine:
a_. <o,  <a

min — 7 new max *

@)

As with the GAS methody remains constant
over each time interval dt. Therefore, the linear
feedback control (LFC) approach requiressmall
integration interval with small gains to allow the
necessary updates m to hold the vehicle along the
constantq boundary. This increasesCPU time.
However, the execution time requirement per iteration
is expected to be significantly less expensive than the
GAS method.

Cubic Alpha Polynomial (cubia)

Several steeringptions to control thevehicle
attitude duringthe trajectorysimulation are already
built into POST. One of these commands the
aerodynamicangles as dhird-order polynomial and
allows the user to specify both tlkeefficient values
and the independentargument variables. Theubic
alpha polynomial results in a smooth function f
that allows the user tincreasethe time stepduring



the constanj segment and thus reduce execution time
(CPU time).

Several different possible arguments for the
cubic alpha polynomialwere investigated.a as a
polynomial function ofvariables such as altitude,
velocity, weight, time, Mach number, and their
delta’s and derivativeswere tried and found to be
ineffective inflying this trajectory. Ineachcase, the
length of the constarg segmenimade itimpossible
to determine asingle set ofcoefficientsthat would
result in small steering errorslowever, onevariable
that hasbeen found towork well is the error of
dynamic pressuravith respect tothe desiredvalue.
This error is not a regular POST variable and its
computation was programmed in the special
calculation subroutine.

The resulting cubic alpha polynomial is the
following:

a =By +Bi(a-0p) +Bo(a—dp)* + Bs(q—0p)° (8)

with 3, set to the value of(t;), or angle of attack at
the beginning of the phase, whiclmesnot change
during the constarg segment (unlike the 4 in the
LFC method above). Inthis formulation, B, is
similar to a displacemeriéedbackgain (Kdg), andS,
and B; representfeedbacks based ohigher order
terms. In this study, the coefficiengg f3,, andf3; are
declared to be independerdriables whose values are
to be determined biPOST. As in thdinear feedback
approach, an inequality constraint of theegrated
square error of dynamic pressumeist beadded to the
trajectory problem (equation 6).

There is one possible objection to the utility of
this a equation. If theerror is zerahroughout, that
is, if the vehicle flies a trajectoryhat follows the
constantq boundaryperfectly, thenaccording tothis
formula, the solution is a constant angle aifack
given by theinitial angle of attack constanis,.
Since this solution is unlikelyfor a vehicle with
changing thrust, mass, altitude, velocity, etc., the
methodmust work byforcing aslight error to be
generated in order to modifyy and obtain the required
a profile. As a result, it cannot bexpected to
produce extremely small values of theintegrated
square of the dynamic pressure error.
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RESULTS AND DISCUSSION

Fair ‘apples-to-apples’ comparisons of the
results proves difficult since the application tbése
guidance methods to the thresst vehicletrajectories
requires differenhumbers of constraintand involve
different numbers oindependentariables.Therefore,
within each test case, consistencesmaintained as
much as possible. The same integration time step, for
example, isused byall three methods. All of the
computationsare executed on &ilicon Graphics
UNIX workstation with operating system IRIX 5.3
running on an R5000/150 MHz IP22 CPU board.

For each vehicle case, tigaidancemethods are
testedusing twodifferentsets of startingconditions
for the independentvariable values. The first set
consisted of ‘good’ initial guesses, that, particular,
produceq close tog , and ¢ close to zero at the start
of the constant| segment. This impliegood pitch
angle control leading up to the constgnphase. The
trajectorysimulationswere observed to bextremely
sensitive to these entry conditions at timg =

The second set of independent variables
contained ‘bad’ initial values that were rather
inaccurate, requiringnore iterations to theolution,
or even leading to nonconvergence. A gooéasure
of robustness for any of these methods is how well it
can recovelfrom a poor entry conditions into the
constantq phasecaused by ‘badinitial guesses on
early pitch control values. Note that angxtra
controls KdgandKrg for LFC and f3;, 3,, andp3; for
cubic a) werestill given ‘good’ guesses fornitial
values for fair comparisons.

Each of the three sample vehicle trajectories was
testedagainsteach of the three candidate guidance
methodsand both ‘good’ and ‘bad’ entry conditions
into the constang segment of their trajectori€for a
total of 18 cases). The results of thesests are
summarized in Table 2 and Table 3.

The constrainerrorslisted in the tablesre the
P2 values computed byPOST from theweighted
errors inthe dependenvariables. AP2 value of less
than oneindicatesthat all constraintare satisfied to
within their specified toleranceandthe trajectory is
said to be targeted. The optimization indicator is the



Table 2: Summary of results with ‘good’ initial values.
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Maglifter Cerberus | Cerberus I
GAS LFC Cubic a GAS LFC Cubic a GAS LFC Cubic a

No. of Controls, u 7 9 10 9 11 12 9 11 12
No. of Constraints 6 7 7 7 8 8 7 8 8
Total CPU Time (s) 714.889 293.168 337.572 609.100 482.516 317.286 386.154 151.629 248.461
No. of Iterations 3 3 3 2 3 2 1 1 1
Constraint Error, P2 | 0.39913 0.50096 0.40071 0.01457 0.41523 0.06006 0.51915 0.48761 0.49673
Constant q Error :

C, (Ibs’-s/ft*) 18.228 20.312 18.429 2.927 10.045 10.229 195.788 18.338 76.646
Optimization

Indicator, C, 89.958 89.95%4 89.952
Optimal Value:

W pumoue (1DS) 162,890 162,887 162,890

Initial Values for
Extra Control
Variables

Final Values for
Extra Control
Variables

0.001573 Kdg)
0.733400 Krg)

0.001583 Kdg)
0.764399 Krg)

3.613994 B))
0.293002 B,)
0.329083 B,)

3.570396 B,)
0.292934 B,)
0.329061 B,)

0.008350 Kdg)
0.200000 Krg)

0.008311Kdg)
0.200598 Krg)

3.688301 B))
-0.043143 B,
0.020121 B,)

4.006297 B))
-0.043130 B,
0.020121 B,)

0.005000 Kdg)
0.150000 Krg)

0.005000 Kdg)
0.149999 Krg)

3.200000 B,)
0.025000 B,)
0.003000 B,)

3.200207 B))
0.025000 B,)
0.003000 B,)




Table 3: Summary of results with ‘bad’ initial values.
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Maglifter Cerberus Cerberus I
GAS LEC Cubic a GAS LEC Cubic a GAS LFC Cubic a

No. of Controls [u] 7 9 10 9 11 12 9 11 12
No. of Constraints 6 7 7 7 8 8 7 8 8
Total CPU Time (s) 1034.617 845.654 1609.752 ] 683.451 755.813 6592.125 | 2106.195 420.745 3774.704
No. of Iterations 4 9 19 2 5 36 3 2 18
Constraint Error, P2 0.01961 0.19278 0.29832 0.12319 0.02079 48.408 0.34194 0.22485 0.00305
Constant g Error :

C, (Ibs*-s/ft%) 19.636 34.819 35.005 8.434 4.519 16.957 78.124 106.911 100.276
Optimization

Indicator, C, 89.800C 89.958 90.000
Optimal Value:

W pumoue (IDS) 162,803 162,862 163,017

Initial Values for
Extra Control
Variables

Values for
Extra Control
Variables

Final

0.001073 Kdg)
0.733400 Krg)

-0.000911 Kdg)
0.787696 Krg)

0.068302 B,)
0.000535 B,)
0.000006 B.)

2.695586 B,)
0.001411 B,)
0.000010 B.)

0.008350 Kdg)
0.200000 Krg)

0.008007 Kdg)
0.213421 Krg)

0.377923 B,)
-0.000243 B,)
0.000002 B.)

5.514056 B,)
-0.000241 B,)
0.000002 B.)

0.005000 Kdg)
0.150000 Krg)

0.005011 Kdg)
0.150041 Krg)

0.005779 B,)
-0.000055 B,)
0.000001 B.)

3.599330 B,)
-0.001067 B,)
0.000003 B.)




C, angle in POSTand is the anglebetween the
gradient of the objective function vector and pitane
tangent to the intersection of tHmearized active
constraints. IC, is greater than or equal to 89.%he
objective variable isconsideredoptimized at the
current values for theindependentvariables. The
objective function (maximum burnout weight) is
given in the tables for th®laglifter case. Recall that
neither of theCerberusvehicles involve optimization
of the trajectory, just targeting of all constraints.

Results for ‘Good’ (Near-Solution) Initial Guesses

Good initial guesses on the controlariable
values allow POST toeach convergenagpidly. All
three methods perform well and give similar solutions
for eachvehicle case(i.e. P2 always less than one,
very few POST iterationsequired,similar optimum
burnout weights for theMaglifter trajectory). As
shown in Table 2, the lineafeedback method
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Figure 5. Dynamic pressure and altitude profiles for
optimized Maglifter trajectory (Cubiax).
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Figure 6. Angle of attack and relative pitch angle
histories for optimizedaglifter trajectory (Cubia).
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generallyrequiresthe least runtimgper iteration. As
expected, the GAS method wiasind to bethe most
time consuming.

Samples of the resultindgynamic pressure and
altitude profiles alongwith the angle ofattack and
relative pitch angle historiesre shown in Figure 5
through 10 for thethree test cases. Thearticular
cases from which the graphs are taken are identified in
the figure caption.

The integratedsquare errorC, measures how
well the methods€anmaintain the constarttynamic
pressure. The error was constrained to be less than 20
Ib2-s/ft* for theCerberus Icase, and less than 10G-1b
s/ft* for the Cerberus llcase.C, was calculated, but
not used as @&onstraint in theMaglifter case. LFC
produces comparable, if not smaller errors inttate
vehicle cases. In theMaglifter case, all three
approaches produce @ood optimal value and P2

x 109
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] I

2000 | 3
5 i
e
) ] — i
£1500 gz 2 U T
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g1000— =1 :
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0 1
0 200 400 600 800 1000
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Figure 7. Dynamic pressure and altitude profiles for
Cerberus Ifinal trajectory (GAS).
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condition. The cubic polynomial control is tfestest
among the three methods ¢onverge tothe solution
for Cerberus Icase, requiringfewer iterations than
LFC andless CPU timeper iteration in comparison
to GAS. However, in the computation of the
Cerberus Il trajectory, this method requires
significantly longer execution time than tHhieear
feedbackapproach.This may be as a result of the
longer duration of the constampphase.

Results for ‘Bad’ (Off-Solution) Initial Guesses

As previously discussed, constant dynamic
pressurdrajectory simulations in POSTare highly
sensitive to the flight conditions entering the constant
g segment.Bad’ initial guessedor the pitchangle
control variablesvere used tdest the robustness of
the three candidate guidancethods — thats, their
ability to recover from a poor starting point.

10
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As shown in Table 3 for th®aglifter case, an
optimal solution is obtained by both the linear
feedback andcubic a methods with comparable
accuracies. LFC requires significantewer iterations
and thus less total CPU time than thaubic a
method. To obtain a successful nomiredjectory
using the cubiax control, the initial valuedor the
polynomial coefficients must be very small to
compensate for the large errors. The GAS method, on
the other hand, satisfiedall the constraints but
slightly failed to meet the (somewhairbitrary) C,
‘optimized’ criteria 0f89.%. Manually restarting the
optimization from the previous solution magsult
in an optimum solution, but the total CPU time for
the GAS method is expected to remain high.

Convergence to the solutidor Cerberus Iwas
not reachedusing the cubica scheme. This is
indicated by aP2 constrainterror greaterthan one.
The GAS method takes slightly less total CPU time
than LFC, but the runtimger iteration of GAS is
still higher than that oLFC. GAS requires fewer
iterations to the solution perhaps because ofaver
number of constraints involved. Therajectory
problem forCerberus llwasfound to besolvable by
all threemethods, but LFC wafund to require the
least amount of CPU time.

Figure 11 to Figure 13 plot the angle aifack
and dynamic pressureprofiles, illustrating the
nominal or iteration 1 trajectories obtained by
implementing theguidancemethods to theCerberus
Il test case. Iteration 1 resultse initial trajectories
derived from the ‘bad’ initial guessesbefore the
independent variable values are optimizetriog the
trajectoryinto convergence. These figurédustrate
the different ways the three methods work to solve the
trajectory problem. In each one, the vehicle enters the
constantq phase at approximately 13Q@sf. The
generalized acceleratiosteering method maintains
this g value by finding the angle of attack that results
in zero g . Subsequent iterations will raise the “entry”
g to 1500 psf to satisfy the constraintsequations 1
and 2.

The linear feedbackcontrol approach, on the
other hand, slowly steers the vehicle up to the tayget
path of 1500 psfeven forthe iteration 1trajectory)
in order to eliminate the displacement errors in
equation 3.
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The cubica nominal path is shown to oscillate
up to thedesiredq boundary. It has beenbserved
from these test cases that with laggeors inentry g,
small cubic polynomialcoefficients are required to
obtain usable nominal trajectory. For badtaglifter
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and Cerberus 1| the coefficients 3, and 3, change

values quite significantlypetweenthe first guess and
the final solution as shown ihable 3. However, it
was apparentthat the trajectory problem is not
sensitive to changes in the cubic term. In fB¢cheed

not bedefined as aontrol variableandits value can

simply be set to a small constant, even zero.

Based onthese examples, the linefaedback
control approach proves to be the most robust of the
three methods investigated. LFC was also found to be
the most efficient, typicallyequiring fewer iterations
than the cubic polynomialapproach and less
execution time per iteration than the generalized
acceleratiorsteering. Itsaccuracy inmaintaining the
constantg path iscomparable tathose of theother
methods.

CONCLUSION
Summary

This paper presents the study ofifferent
guidance methods implemented ROST to simulate
constant dynamic pressure ascent trajectories for
airbreathing vehicles. Among théhree methods
investigated, the linearfeedback control (LFC)
approach gives the best ovenadirformance interms
of execution time, robustness, and accuracy.

The results of bothigood’ and ‘bad’ sets of
initial guesses show LFC to lmiite robust, solving
to convergenceefficiently and with good accuracy.
Presented are a fewcases where generalized
accelerationand cubic a steering methoddailed,
while LFC succeeded inreaching the solution.
Furthermore, in all therajectory problemsstudied,
the required computer processing time per iteration for
LFC is consistently the lowest among tlleree
methods.

Future Considerations

In this study, the onhguidancecontrol variable
investigated for the constagtphase was angle of
attack. Another possible guidance schehed can be
implemented in POST to achieve the desired
trajectory is the ‘stickand throttle’ command [6].
This involves applying thrust control by throttling



the engine, inaddition to commanding. The GAS
or LFC methodsmight be applied tothis guidance
scheme with the necessary modifications.

An option for the GAS approachthat may
improve its effectiveness insolving the constant]
trajectory problems is to input a table adsiredq ,
versuscurrentq values. ¢,, would beselected to be
negative or positivelepending org to influence the
dynamic pressure toward the desired taegetprevent
numerical driftassociatedvith simply requiring ¢,
to be zercstarting at an initialg. This ‘scheduling’
can beused to achievéhe sameeffect observedvith
LFC in Figure 12, such that if the vehicle is initially
on the wrongqg boundary, it issteered toward the

desired value, instead of maintaining the current path.

Only horizontal take-off vehicles havebeen
considered inthis study. Novertical take-off cases
have been included. Tobetter understand the
effectivenessand efficiencies of the three guidance
methods, they should beested onthis type of
vehicles as well.
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