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Abstract

The Vehicle Control Systems Team at Marshall Space Flight Center, Systems Dynamics Laboratory, Guidance and
Control Systems Division is designing, under a cooperative agreement with Lockheed Martin Skunkworks, the
Ascent, Transition, and Entry flight attitude control systemsfor the X-33 experimental vehicle. Test flights, while
suborbital, will achieve sufficient altitudes and Mach numbersto test Single Stage To Orbit, Reusable Launch Vehicle
technologies. Ascent flight control phase, the focus of this paper, begins at liftoff and ends at linear aerospike main
engine cutoff (MECO). The X-33 attitude control system design is confronted by a myriad of design challenges: a
short design cycle, the X-33 incremental test philosophy, the concurrent design philosophy chosen for the X-33
program, and the fact that the attitude control system designis, as usual, closely linked to many other subsystems
and must deal with constraints and requirements from these subsystems. Additionally, however, and of special
interest, the use of the linear aerospike engine is a departure from the gimballed engines traditionally used for thrust
vector control (TVC) inlaunch vehicles and poses certain design challenges. This paper discusses the unique
problem of designing the X-33 attitude control system with the linear aerospike engine, requirements development,

modeling and analyses that verify the design.

| Introduction

The X-33 is an experimental vehicle, designed to
test technologies that will be key in the development
of aReusable Launch Vehicle, or RLV, which
eventually will replace the Space Shuttle as America's
major vehicle for access to space. One strategy for
next generation launch vehiclesisthe Single Stage to
Orbit (SSTO) concept, which, asthe nameimplies,
does not rely on external boosters or fuel tanksto
accomplish delivery of an orbital payload. One of the
most significant pieces of the SSTO concept isthe
propulsion system, which must have ahigh installed
thrust to weight ratio, and at the same time provide
the necessary overall thrust aswell as thrust vector
control (TVC) for attitude maneuvers in both nominal
and abort situations.

The propulsion system chosen for the X-33 uses
two linear aerospike engines. Developed by BOEING,
Rocketdyne Propulsion and Power Division, the
aerospike engine was conceived inthe 1960’s. A
prototype was built and hot fire tested, however, the
design was considered too radical for the
technol ogies and materials of the time. Since then,
advancesin materials, rocket engine components,
engine controllers and flight computers have made
the application of the linear aerospike feasible, and
cost effective. Thistype of engineisideally suited to
the X-33 with itslifting body airframe. Lifting bodies
typically have large base areas. The linear aerospike
fillsthe base area, reducing drag. It isalso integrated
with the vehicle s structure, as no gimbal systemis
required, thus reducing installed weight. Another
advantage of the aerospike engine isthe fact that the
combusted gases expand against the atmosphere on
one side, and against a structure called aramp on the
other side as opposed to a conventional rocket
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engine with abell shaped nozzle, that forces the gases
to expand against the inside of the nozzle. A
conventional engine nozzleis optimized for one
atmospheric pressure (altitude) region where the
engine will yield optimum performance, determined by
the exit area of the nozzle. However, the plumes are
allowed to expand against the atmosphere in the
aerospike engine, so it compensates or adjusts to
atmospheric pressure and will yield higher
performance throughout the ascent phase of flight.
The linear aerospike engine is discussed in more
detail in section I1.

Figure1: AerospikeHot Fire Test, circa 1970.

In designing avehicle and its attitude control
system with thistype of engine, a number of
interesting, but not insurmountabl e challenges had to
be overcome. Unlike conventional rocket engineswith
bell shaped nozzles and agimbal system to achieve
TVC, the aerospike engine accomplishes this by
differentially throttling one bank of thrustersrelative
to another. Since the Ascent Flight Control System
(AFCS) usesinertial euler angle steering commands,
control derivativesthat relate attitude angle to
differential throttle commandsfor TV C had to be
computed. Through CFD and other types of analyses,
engine force and moment balances were obtained,
allowing the construction of an engine database
consisting of forces and moments as a function of
power level, differential throttle setting, mixture ratio
and altitude. These datawere used along with
trajectory datato obtain the control derivatives for
the engine, compute control system gains, trim
deflections and differential throttle settingswhich are
used to evaluate control power requirements for a
particular trgjectory. A full, non-linear 6DOF

simulation [3] isthen used to verify flight
performance. The two aerospike engines will be
mounted in tandem as shown in figure 2. Certain
constraints on maximum differential throttle between
banks of thrusters, power level and mixture ratio are
imposed so as not to exceed the engine’ s thermal and
structural load limits. Thisled to arather complex
engine command limiting routine in the flight software
that prevents commands from the AFCS from causing
damage to the engines. Since no launch vehicle has
flown with this type of engine, the interactions
between the aerodynamics of the vehicle and the
plumes of the engine are largely unknown. A five
percent scale model of the X-33 lifting body and
aerospike engine with working nozzleswas used in
wind tunnel tests to determine some of these effects
in the subsonic regime. By gjecting cold gas through
the nozzlesin various combinationsto simulate TVC,
aerodynamic increments for the aerosurfaces were
derived and added to the aerodynamic database.
Other challenges involved modeling the sophisticated
dynamic behavior of the engineitself and its
interactions with the airframe. A non-linear model of
the engine was devel oped by Rocketdyne in Matrix X
[9]. The C code generated from thismodel isusedin
the high fidelity 6DOF flight simulation for controls,
loads and thermal analysis with dispersions. A large
degree of freedom (29,400 nodes) NASTRAN model
of the airframe was used to determine engine -
airframe interactions and identify high energy modes.
These were included in stability analysesto determine
flex filter coefficients and stability margins.

Figure 2: X-33 Aerospike Engines and Fuel Tanks

Flight tests of the X-33 are designed to test the
propulsion system, lifting body airframe, thermal
protection system, avionics, control actuators and
other subsystems as experimentsin SSTO
technologies. However, in order to test these
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technologies to the extent that they are traceable to
the RLV, which will fly to orbit, an incremental
approach to the flight tests will be taken. Thefirst
flight will be abenign one. Later flightswill stressthe
vehicle more, testing capabilitiesin al flight regimes
from lift off at Edwards Air Force Baseto Mach 9 and
180,000 feet altitude. The Space Shuttle and other
launch vehicle trajectories are designed to areference
wind. If flight simulationsindicate aerodynamic
loading, MECO conditions, and other constraints can
be met, then an approval is given for launch. If
constraints can't be met, then awind biased trajectory
isused, that is, the winds are measured the day of
launch, and the guidance commands are computed
with abias that compensates for the wind velocity.
The X-33 trgjectory design takes aslightly different
approach. Thetrajectories are designed with amean
annual reference wind and are made to be within
control margin criteria of 50% control power. In
addition, Since staging is not necessary, the
trajectory design and control system can be made
simpler because they do not have to make provision
for these events. The method of analysis used to
evaluate these trajectories ensures that load and
thermal limits are avoided, and other constraints are
satisfied before flight. Thisincludes stability and
dispersion analyses with feedback to the trgjectory
designers, in case thereisviolation of aconstraint
that can only be solved by redesigning the trajectory.
Rapid prototyping software has allowed automation
of much of the procedure so that turnaround from
trajectory design to flight is expeditious.

The X-33 flights will be completely autonomous,
from liftoff to landing and roll-out. All guidance,
navigation and control is contained in flight software
on the dually redundant V ehicle Management
Computer. The vehicle's position ,velocity and other
states are supplied by Litton’s LN-100G Inertial
Navigation Unit with differential GPS. The attitude
control system for ascent usesinertial roll, pitch and
yaw angles and body rates along with guidanceroll,
pitch and yaw steering, engine throttle and mixture
ratio commands as inputs. Attitude control is effected
by engine TV C and eight aerosurfaces, using electro-
mechanical and el ectro-mechanical/pneumatic
assisted actuators. The control law is classical,
allowing well established analysistoolsto be used
that ensure arobust design with quick turnaround
necessary for rapid prototyping and ease of
implementation.

II. Thelinear Aerospike Engine
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Figure 3: Linear Aerospike Engine, Internal View.

Aerospike Endine Principle of Operation

Under nominal operation each of the two engines
is powered by a Gas Generator (GG) power pack,
whose function is to provide sufficient fuel and
oxidizer to the engine system. Liquid Oxygen (L OX)
and Hydrogen (LH2) are supplied to the Fuel and
Oxidizer pumps at low pressure. The High Pressure
Oxidizer Turbopump (HPOTP) and the High Pressure
Fuel Turbopump (HPFTP), driven by the GG system
deliver propellants to the chambers for the required
chamber pressure (Pc).

To maximize the efficiency of the engine, the GG
must run at the minimum possible flow rates to power
the HPOTP and the HPFTP system so that the right
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amount of propellants at the right pressure reaches
the combustion chambers. The amount of LOX and
LH2 delivered to the GG system is regulated by two
valves. These are the GG oxidizer (GGOV) and the GG
fuel (GGFV) valves. A small amount of the oxidizer
from the HPOTP, under high pressure, branches off to
feed the GG and then flows into the combustion
chambers of each bank. The total thrust per bank can
be controlled with different settings of the two-
oxidizer thrust vector control (TVC) valves (fig. 4).
The latter regulate the supply of oxidizer to the
chambers. Similarly, the fuel supply to the two banks
of each engineis controlled by the two fuel TVC
valves, with one difference. The fuel from the HPFTP
feeds the GG system and then branches off to provide
fuel to the thrust chambers. However, after going
through the fuel TV C valves but before going into the
thrust manifolds, part of the fuel flow is diverted to
the nozzle ramps and the chamber housing cavities as
acoolant, and then continues into the thrust manifold
for combustion.

X-33 Engine Control System Overview

The engine control system inthe X-33[10] is
much more complex than that of the Space Shuttle
Main Engine. Thisis because the attitude control of
the vehicle needs engine thrust vector control (TVC)
per bank to achieve the desired trajectories. Thisis
accomplished with closed-loop control laws and
open-loop table look-ups. The engine control system
mainly consists of thrust level control (viathe Pc) of
each bank, mixture ratio (MR) control, TVC, and GG
temperature control. Basically, alinear output
feedback control system is utilized to control a highly
nonlinear engine system. The principal nonlinear
effectsinclude: (i) nonlinear relations between valve
input commands and pump, turbine and GG behavior
under different conditions, (ii) nonlinear relations
between valve positions, flow and resistance, among
others.

The overall operating level of each engineis
directly related to the GG system power level. Thisis
closed-loop controlled viathe GGOV. A tablelookup,
using thrust cell (TC) chamber Pc and engine MR,
converts %-TC-chamber Pc and engine MR
commands into the corresponding GG Pc. The GG Pc
control system is closed-loop on measured val ues of
the high-pressure fuel turbine (HPFT) inlet pressure
sensor. Thus, the GGOV moves until the error
between the measured and commanded inlet
pressuresis zero. The overall thrust level isafunction

of the available GG pressure. The latter provides
sufficient flow through the turbines that power the
pumps and allows them to generate the required
chamber pressures. The overall thrust level of each
bank is controlled by the LOX TVC valves.
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Figure 4: Aerospike engine valve diagram.

The control of MR for each engineis based on
analytical predictionsrelating the MR to the fuel
injector pressure (FIP), the fuel injector temperature
(FIT), and Pc —all measured quantities. The calcul ated
MR isthen used as feedback for the closed-loop MR
control system for each engine. ThisMR error is
applied to the fuel TV C valve, which controlsthe fuel
flow to each bank, until it isdriven to zero error and
the desired MR is achieved. The calculations of MR
involve the computation of liquid oxygen (LOX) and
GG flow rates. These arein turn computed from
calculated fuel flow, Pc, and GG Pc.

The maximum TV C level achievable at any instant
under nominal operation is 15% of maximum Pc.
Under certain pre-defined conditions, the X-33 will
reconfigure for the capability of carrying out up to
30% pitch commands. Moreover, in case one of the
power packsfail, the vehicle will operate under the
power pack out (PPO) condition, whereby only one
GG system will provide the required thrust level. It will
still be capable of performing 15% TV C and even 30%
pitch maneuvers. The GG system chamber pressureis
controlled viathe GG oxygen valve based on closed-
loop output feedback from the GG pressure sensor.
The GG temperature is adjusted in an open-loop
fashion based on atable-lookup that specifiesthe
valve position for agiven average Pc and MR
commands.
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The X-33 will be able to perform thrust vector
control varying the thrust in each of the four banks of
the two engine systems. The input commands to the
engine are sent from the vehicle controller in the form
of percent Pc and mixtureratio, ratio of oxygen to
hydrogen, for each of the four banks (seefigure 5).
Asthe Pc amplitudes vary according to the bank
thrust configurations shown in the figure, the thrust
vector yaw, pitch, and roll forces are derived. Thus,
pitch control is generated viadifferential thrust
between the upper two banks and the lower two
banks: yaw is between the two left and the two right
banks, while roll torque (which is produced by
opposing Z axisforces) is between the diagonally
opposite banks. During nominal operating conditions,
the two engines have independent control systems.
There aretwo “inter-engine” valvesthat tiein the two
engines under PPO condition, where one of the two
Power Packsis shut down. Thisallows flow to both
engines from a common power pack. Thus, the yaw
control under nominal operation isimplemented by
throttling each engineindividually for differential
thrust. The actuation system is composed of
el ectromechanical actuators with high response rates
and with valves that have inherent dead band and
hysteresis model ed into the dynamic equations
representing their performance characteristics within
the system simulation.

I11. Ascent Flight Control System

X-33 Attitude Control System Description
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Figure5: TVC differential throttle combinations.

The X-33 uses two linear aerospike engineswith
upper and lower banks of thrusters on each engine as
depicted in figure 5. Unlike conventional launch

vehicles, however, TVC isaccomplished by
differentially throttling the upper and lower banks of
thrustersfor pitch and roll, and differentially throttling
the left and right engines (both upper and lower
banks) for yaw. Open loop throttle commands
modulate total engine thrust and are received from the
Guidance function. Closed loop mixture ratio
commands, that ensure that all propellants are
depleted, are received from the Propellant Utilization
function. These last two quantities are not used in the
control law itself, but are used in limiting the engine
commands. In addition to the engines, eight
aerosurfaces are used for attitude control; four
elevons, two flaps and two rudders, as shown in
figure 6. Input to the control law are body errors
formed by the product of the inertial to desired body
guaternion, received from Guidance, and the “ sensed”
inertial to body quaternion. Similarly, body rate errors
are formed from commanded and sensed body rates.
These are used in the Variable Structure Proportional
Integral Derivative (VSPID) control law, which
outputsroll, pitch and yaw torque commands.

~{{

AAK“‘

V

Figure6: X-33 Aerosurface Configuration.

A PID control law was chosen based upon
performancein existing launch vehicles, and from
performance in past SSTO-RLV concept studies[1][2].
The controller is easily tuned to provide good
transient response with zero steady state error using a
variety of gain computation methods that can be
based simply on control torques, inertias, desired
crossover frequencies and damping. VSPID, shown
for an arbitrary attitude channel infigure 7, isan
innnovative way of using PID control with limiting, in
this case, the output torque command. During
saturation, the integral path is switched to an
alternate one that forces the signal to the edge of
saturation, preventing integral wind-up. This design
has been benchmarked against several other methods
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of integral wind-up prevention, and was shown to be
superior in decreasing the amount of time spent in
saturation and in transient response [6].
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Figure7: VSPID Control Law

The AFCS consists of four major parts; 1) error
processing, 2) the control law, 3) control allocation
and 4) mixing and engine command processing.
Control system synthesisin thisway, with torque
commands as output, allows the designer to choose
whatever control law is needed independent of the
control alocation problem so that the two can be
worked concurrently, and different designs may be
interchanged. The control allocation method chosen
minimizes the control deflections while satisfying the
three axis control torque requirements[3]. The control
system gains, and control allocation gains are stored
in the V ehicle Management Computer as tables and
are scheduled as afunction of velocity. A high level
block diagram of the AFCSisshowninfigure 8.
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Figure8: X-33 Ascent Attitude Control system

Provision for load relief is made by using sensed
angles of attack , side slip, and their derivatives, to
compute attitude error augmentation signal s that
allow the vehicleto “weathercock” into the wind,
reducing aerodynamic loads. Thisfeatureisreserved
for only severe wind conditions, however, andis
intended to increase launch probability. Provisionis
also made to supply the torque commandsto a
reconfigurable control system [5] in the event of an
aerosurface actuator failure. In the event of asingle
engine failure (PPO), the nominal control systemis
used, but with alternate sets of gains. To compensate
for the disturbance torque from the engine's
longitudinal thrust component and the the vehicle's
center of gravity, apitch attitude bias command may
be input open loop into the mixing and command
processing function, to eliminate pitch attitude
transients during liftoff.

Control System Requirements

Due to the shape of thelifting body fuselage,
complex tank structures were required that could
accommodate the aeroshell, the payload bay and the
load paths from the thrust structure. There are two
liquid hydrogen tanks located aft in the vehicle, and
one liquid oxygen tank located in the nose, as shown
in figure 2. Extensive analysis was required to derive
the degree of propellant damping required to provide
attitude control stability during ascent for all
missions. Thiswas one of the most important control
system requirements for stability, because the
propellant slosh mass, that mass which contributesto
slosh dynamics, can be as high as 18% of the total
vehicle mass. For this vehicle, the slosh damping
analyses were supplemented by tests at Marshall
Space Flight Center on subscale X-33 tank sections,
which yeilded slosh masses, slosh mass locations,
and natural frequencies. The damping requirements
from the analyses were used in designing ring type
slosh baffles.

In the early phases of X-33 design, allocations for
gain and phase margins were made for actuators,
transport lag and flex filtering before the dynamics
from these were known. This was based upon the
estimated gain and phase characteristics from the
various subsytems. A gain margin requirement of -
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6db (high frequency) and  +6db (low frequency)
and a phase margin requirement of 30 degrees was
chosen for the attitude control system, including
vehicle and subsytem dynamics, to ensure sufficient
margin that would accommodate errors in modeling,
disturbances, and hardware constraints that could not
be forseen. From analysis concurrent with the
subsytems that were still being designed, and from
past experience with launch vehicle subsytems, the
dynamic requirements for these subsystems were
derived.

Stability Analysis

In thefirst phase of the stability analysis, control
power, an estimate of the aerosurface deflections and
engine TV C commands that are required to trim the
vehicle are calculated. This begins with selecting
operating points from athree degree of freedom
analysis of thetrajectory for a particular mission. For
X-33, each mission’s objectives are different. Asa
result, the operating conditions, particularly engine
throttle profiles and angles of attack and sideslip, can
be significantly different among each mission and will
require a stability analysis for each one. Operating
points are chosen judiciously, ensuring regions of
flight where loads are maximum, where thrust changes
rapidly and where slosh damping isat aminimum are
analyzed. Control system gains are also calculated
during this phase, and if control power constraints are
met, then the analysis advances to the next one;
frequency response analysis. Occasionally, control
power requirements are not met, and aslight
adjustment to the tragjectory design will be necessary.

The frequency response analysis, like the first
phase of the stability analysis that assesses control
power, islargely automated. The gain calculations,
and the inherent robustness of the VSPID controller
coupled with the Optimal Control Allocation algorithm
that is used to derive the elementsin the control
allocation matrix, provide avery reliable control
system that usually satisfies the stability margin
requirements at all operating points. The frequency
responses are calculated in batch mode for all axes
and all operating points, then checked for margin
violations afterwards. If amargin requirement is
violated, usually adjustment of aforward loop gain
will remedy the problem. These are always numerically
small changes that do not adversely affect transient
or steady state response. The frequency responses
are calculated from the input to the control allocation

matrix to the output of the controller; i.e., open loop at
the torque command (see figure 8). Linear and non-
linear models are programmed into the
Marsyas/Octave environment [4]. Marsyasis capable
of linearizing the models and generating A, B, C, D
matrices for analysis. Numerous controls analysis
toolsincluding frequency response, eigenval ue
analysis, and root locus are built in. In modelling
some subsystems, like the linear aerospike engine
with its highly nonlinear dynamics, it is more efficient
to obtain frequency responses from fast Fourier
transform analysis of the time responses. Thiswas
done for various engine operating conditions that
envel ope those conditions that would be encountered
in most flights. From this frequency response data,
system identification techniques [ 7] were used that
provided continuous polynomial transfer functions
that were used to approximate the engine responses
in the linear models used for stability analyses. Figure
9 shows atypical frequency response of the attitude
control system in the pitch channel. The gain-phase
plot showstherigid body response overlain with
other curves depicting how the frequency response
changes with the addition of each modelled effect.
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Figure9: Typical Pitch Frequency Response.

Engine actuator dynamics decrease gain and
phase margins significantly, however, the control
system gains, which are based upon rigid body with
propellant slosh eigenval ues, provide enough margin
in the critical frequency range. Slosh modes are phase
stabilized by passive damping provided by ring
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bafflesin the LOX tank. Flex body effectsare gain
stabilized viadigital notch filters. Some gain and
phase margin is decreased by flex filtering in the
AFCS, and by an anti-aliasing filter in the Inertial
Navigation Unit. Most of the flex dynamics are high
frequency for thisflight condition, as can be seenin
thefigure.

V. Ascent Flight Simulations

The high fidelity six degree-of-freedom (6DOF)
flight simulation used for X-33 was developed at
Marshall Space Flight Center for the X-33 project, but
was intended for modeling and analysis of any
vehicle requiring ascent, orbit or landing studies. The
program, called MAVERIC (Marshall Aerospace
VEhicle Representation In C), is capable of simulating
X-33or RLV flightsin 3DOF or 6DOF from liftoff to
landing. The main program and most subroutines are
in C, but also included are FORTRAN subroutines
written by different designers of the X-33 subsystems

Two engine models may be used in the flight
simulations; a simple table lookup model and a non-
linear model autocoded from the Matrix X program
used for stand alone engine analyses. The former is
used for Monte Carlo analyses requiring large
numbers of simulations, and the latter is used for more
in depth studies of selected caseswhereit isdesired
to know details such asthrottle rates, limit cycling,
hysteresis, dead band and the effect these have on
attitude control. This model, called the GG-Y aw-PPO
model (Gas Generator Y aw, with Power Pack Out
modeling), includes the engine control systems, Real
Time Propulsion Model [9], actuators (valves) and
sensors for both engines. It also transforms the
calculated Pc into forces and momentsin the engine
frame. The GG-Y aw-PPO model calculates pressures,
flow rates, temperatures, pump speeds and valve
positions with associated non-linearities. Inputsto
the model are Pc commands to the upper and lower
banks of thrusters, MR, ambient pressure and flags
and parameters that indicate modes of operation such
as 15% or 30% differential throttle and PPO. Many
outputs may be selected, but the ones used primarily
in MAVERIC are actual Pc, actual MR, thrust, forces
and moments. Under nominal operation, the Inter-
Engine Vaves (IEV) are closed. For PPO, the IEV's
open while the failed engine is being shut down.
Simultaneously, the good power pack throttles up to

compensate for the lossin thrust. The GG-Y aw-PPO
model was compared with engine thrust cell test [8]
results and was fine tuned to represent more closely
the actual hardware.
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Figure 10a: Port Engine Pc and Throttle Response.
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Figure 10b: Port Engine Pc and Throttle responses,
enlarged.

Figure 10 shows plots of Pc commands for the
port engine from anominal ascent simulation using
the GG-Y aw-PPO engine model. Each plot shows
curves of the commanded Pc’s overlain with the
actual Pc’'s. Thethrottle commands, enginethrottle
required by guidanceto fly the desired tragjectory, are
also plotted. The Pc commands for the upper and
lower banks are offset from the throttle command
indicating pitch attitude error compensation is being
commanded by the AFCS. Most of the attitude
control requirement isin pitch dueto aninitial offset
between the thrust vector and the vehicle center of
gravity, and also due to increased angle of attack later
in the trajectory. The actual Pc’strack the commands
very well throughout the flight. Some oscillation may
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be seen about the steady state due to engine non-
linearities, i.e., deadbandsin the TV C valve positions.
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dispersions included mass properties, aerodynamics, o b /"ﬂ_ ]
actuators and propulsion system, among others. \,j*fw::r,/ Y ]
Environment dispersionsincluded winds, atmospheric o E= PSS TN oA Y, ]

density, pressure, temperature and the speed of
sound. Propulsion system dispersionsincluded
thrust, mounting location and angle, MR, and thrust
mismatch between the two engines. Figures 11
through 18 show simulation results for the most
severe of these dispersions. The curves represent the T mar aAleha (pst-deg)

in. qAlpha (psf-deg)

time (sec)

Figure11l: Wind Velocities.

envelope, maximum and minimum at each time point, R R B et CUIS UL UECCI
from aset of about 300 simulations. Also shown, are oo F /N
curves of the nominal time history for each variable. b M'\/ \ ]
Wind magnitude peaked at nearly 450 ft/sec (fig. 11), s00 | 7 /f ]
however aerodynamic loads were kept quite low (figs. \ ]
12, 13). Ground tracks (fig. 14) deviated very little from ° L/i A P\ <] \“\_w" /{/ ]
nominal, ensuring a high probability of alignment with \ /‘W\{ V\ /\ﬂ/"’“—\i
the landing site. Thrust excursion (fig. 15) from the Y \d WY
nominal was aresult of propulsion sytem and O S I A R
environment disersions. The attitude errors (figs. 16, ° 50 100 150 200 250
17, 18) are reasonable for such flight conditions. The time (see)
pitch error maximum got quite large near 200 seconds
asaresult of negative Q-Alphaloadsin this region, Figure12: Q-Alpha.
however all errors are driven close to zero by MECO
ensuring safe handover to transition and entry
control. T l I R e R e

[ ——nom. gBeta (psf-deg) ]

Y

V. Conclusion 0 F e
S —————=
0. N""'/—F
The quality of the AFCS design with the XRS- T \JL Fl

2200 linear aerospike engineisevident in the 1000 F
simulation results. Thetotal attitude control systemis ; \M\A/H] 3
robust to dispersions, ensuring a high probability of T T T T e e a2
successful flight from liftoff to landing. Current time (sec)
enhancement efforts include further automation of the Figure 13: Q-Beta.

design cycle process that will expedite flight data
loads, which include AFCS gains, whenever anew
mission is presented. Also planned is more flight
control analysis using the GG-Y aw-PPO model in 30%
TVC mode. In addition, again scheduling schemeis
proposed for the aerospike engine control system,
that would provide improved response over awider
range of operating conditions.
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Figure 14: Ground Tracks.
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Figure 15: Total Thrust.
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Figure 16: Roll AttitudeError.
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Figure17. Pitch AttitudeError.
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Figure18. Yaw AttitudeError.
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