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This paper discusses the longitudinal� ight-pathcontrol law designed and � ight tested for the AutomaticLanding
Flight Experiment (ALFLEX). ALFLEX, for which � ight tests were conducted in 1996, demonstrated Japanese
potential for developing automatic landing technology for a reentry space vehicle. One of the critical factors in
satisfying the design requirements for landing on a limited length runway was longitudinal � ight-path control
following the pre� are maneuver. Robustness against uncertainties and sensor errors is a key issue in longitudinal
� ight-path control. The longitudinalguidance and control laws were carefully designed and � ight tested. Although
the � ight tests proved that the design satis� ed all landing requirements, it identi� ed critical parameters affecting
landing performance such as vehicle longitudinal aerodynamics, navigation error, and air data sensor error. This
paper describes data obtained during the development and � ight tests, as well as further investigations conducted
after the � ight tests in order to improve landing performance for future space vehicle developments. In the subse-
quent design review a new approach called stochastic gain tuning was adopted, where the guidance feedback gain
is tuned to maximize the probability of mission success. The results indicate some possibility of improvement of
robustness.

Nomenclature
CD = drag coef� cient
CD±sb , Cm±sb = drag and pitching moment coef� cients per

speedbrake angle
CL = lift coef� cient
CL®

, Cm®
= lift and pitching moment coef� cients per

angle of attack
CL ±e , Cm ±e = lift and pitching moment coef� cients per

elevator angle
Cm = pitching moment coef� cient
Cmq = pitching moment coef� cient caused by pitch rate
G = 1 G constant, m/s2

h, Ph = altitude, m, and rate, m/s
hgear = altitude of main landing gear, m
h ref , Phref = reference altitude, m, and rate, m/s
Iyy = moment of inertia about body Y axis, kgm2

K p, K d = proportionaland derivative feedback gains
nc = acceleration command normal to velocity

vector, G
qcmd = pitch rate command, rad/s
qº = dynamic pressure, Pa
q50 = dynamic pressure of VEAS D 50 m/s, Pa
VEAS = equivalent air speed, m/s
VG = ground speed, m/s
Vref = reference equivalent air speed, m/s
Vsink = sink rate, vertical velocity (DdZ=dt ), m/s
X , Y , Z = vehicle’s position in runway coordinate frame, m
X stop = stop position’s X coordinate, m
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® = angle of attack, rad
¯G = inertial velocity vector’s side-slip angle, deg
° , °ref = path angle and reference, rad
1azcmd = acceleration command, body axis, m/s2

1h, 1Ph = altitude error and rate, m, m/s
1tG = time step for guidance calculation, s
±e , ±ecmd = elevator angle and command, rad
±sb, ±sbcmd = speedbrake angle and command, rad
¾ = standard deviation
8, 2, 9 = attitude, Euler angles, rad

Subscripts

cmd = command
f = � lter output
max = maximum
ref = reference

I. Introduction

T HE U.S. space shuttle is a unique operational winged reentry
space vehicle and is a proven technology for space vehicle at-

mospheric � ight and horizontal landing.1¡9 In Japan the National
Aerospace Laboratory (NAL) and the National Space Development
Agency of Japan (NASDA) have been collaboratively conducting
research to acquire key technologies necessary for future reentry
space vehicle developments. The H-II Orbiting Plane Experiment
(HOPE-X) program was started in 1996 to fully establish reen-
try space vehicle technology from launch to landing, in which the
HOPE-X vehicle was intended to be the prototype of a follow-on
H-II Orbiting Plane (HOPE). Although the HOPE program has re-
cently been canceled in favorof research into future reusable launch
vehicles, the HOPE-X program is continuingas an essential step in
Japanese technologicaldevelopment.

Prior to the start of the HOPE-X program, scale-model � ight
experiment programs were conducted to acquire critical technolo-
gies. The Automatic Landing Flight Experiment (ALFLEX) is one
of these.10 Its purpose was to acquire reentry space vehicle sub-
sonic � ight control and automatic landing technology. Because the
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HOPE-X vehicle will be unmanned and autonomous, depending
heavily on onboard computers, the guidance, navigation, and con-
trol (GNC) system is one of its most important components. To
meet especially the demands of landing, the GNC system requires
great accuracy and high tolerance against adverse conditions, such
as wind and turbulence disturbance, sensor errors, uncertainties in
� ight characteristicsand so on.11

The ALFLEX program started in 1992 and resulted in 13 landing
� ights being successfully conducted at Woomera, Australia, from
6 July to 15 August 1996 (Ref. 12). Figure 1 shows a photographof
the ALFLEX vehicle just after release from hanging equipment by
which it is suspendedfrom the helicoptermother ship.Many lessons
were learned from the GNC system development and � ight test,
one of the most important of which was in longitudinal � ight-path
control. Although the longitudinal � ight control design was care-
fully conducted to obtain the accurate-path following required for
successful mission achievement, the obtained margin was critical.
This paper focuses on the longitudinal � ight guidance and control
problem. It describes the process of the design, the development
proceeding to the � rst landing trial, the lessons learned from the
� ight tests, and the results of further investigationscarried out after
the � ight tests.

Regarding longitudinal � ight characteristics, ALFLEX and
HOPE-X differ from the U.S. space shuttle orbiter in the follow-
ing respects:

1) The vehicle’s maximum lift-to-dragratio is 4.2, which is about
10% lower than thatof the shuttle.Furthermore,becausetheplanned
HOPE-X’s wing loadingis about60%of thatof the shuttle,HOPE-X
is more susceptible to wind. These factors result in a deeper glide

Fig. 1 ALFLEX vehicle at release for landing � ight.

Fig. 2 Three views of the ALFLEX vehicle.

slope angle and shorter length of shallowglide phase; consequently,
HOPE-X’s path following error in the pre� are phase would be
greater than the shuttle’s, and it cannot be reduced in the shallow
glide slope phase.

2) From the � rst � ight the runway length is limited; in other
words, the vehicle must be able to demonstrate required landing
performance from the � rst � ight.

This paper is organized as follows. The ALFLEX program is
brie� y reviewed in Sec. II. Section III describes details of the
ALFLEX longitudinal guidance and control law examined by the
� ight tests. Section IV discusses the longitudinal path-following
performance estimated in the pre� ight simulation analyses and the
� ight test resultsandsummarizeskeypointsof the longitudinal� ight
guidance and control problem, that is, that path-following perfor-
mance is sensitive to errors in the vehicle’s dynamics and sensors.
Section V discusses results obtained from further investigationsaf-
ter the � ight tests, that is, possible modi� cations to improve per-
formance and their effects. These might not be evaluated by further
� ight tests, but can be evaluated by a simulation model validated by
the ALFLEX � ight tests.

II. ALFLEX Overview
ALFLEX is an experimental scale model of a future possible

15-ton-class space vehicle called HOPE.10 Figure 2 shows three
views of the ALFLEX vehicle. The vehicle airframe is designed
to be dynamically similar to the HOPE candidate studied in 1992,
with a scale of length of 37%. For HOPE to land on a standard
size 3000-m-class runway, the runway length for ALFLEX was
speci� ed as 1000 m. The vehicle’s mass is 796 kg, against a design
target mass of 760 kg. To simulate HOPE’s approach and landing
phase, the vehicle is lifted to an appropriateposition and an altitude
of 1500 m by helicopter, from which it is droppedand then proceeds
in automatic free � ight toward the runway, controlledby an onboard
� ight control system.

A. GNC System
The GNC system for ALFLEX is also designed to be as similar

as possible to that of the � nal HOPE vehicle. Table 1 shows the
design requirements. Automatic landing performance is evaluated
mainly from parameter values at touchdown. The GNC system was
designed to satisfy the requirements under appropriately de� ned
wind conditions, which were derived from HOPE’s design wind
conditions by the similarity rule. The ALFLEX vehicle has avion-
ics similar to the future HOPE vehicle, i.e., commercially proven
avionics and off-the-shelfcomponents are installed. Because of the
experiment characteristics, and for simplicity, all components are
single channel, and there is no redundancyexcept for an emergency
� ight termination system.

Figure 3 shows a simple function block diagram of ALFLEX’s
GNC system. The Flight Control Program (FCP) was developed
to provide the GNC function. For navigation the � ight control
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computer (FCC) derives position and velocity estimates by iner-
tial navigation, updating these estimates by appropriately selecting
landing navigation aids such as the differential global positioning
system (DGPS), microwave landing system (MLS), and radar al-
timeter (RA). Two integrated inertial navigation algorithms were
developed: DGPS/IMU (inertial measurement unit) navigation and
MLS/RA/IMU navigation.Because the DGPS performancehad not
been proven when the ALFLEX program started, real-time navi-
gation was used only in the non� ight critical phase, the navigation
algorithm being switched from DGPS/IMU to MLS/RA/IMU 20 s
prior to release of the ALFLEX vehicle. The 3¾ accuracy goals for
the position and velocity estimates of DGPS/IMU navigation are
25 m and 0.5 m/s, respectively,in each axis. MLS/RA/IMU naviga-
tion providesestimates of the vehicle’s position and velocityduring
free � ight, with 3¾ accuracy goals of 60, 8, and 0.8 m at touchdown
for down range, lateral deviation, and altitude, respectively. RA is
used from the altitude of 200 m.

The ALFLEX bare airframe’s � ight dynamics are unstable in
both longitudinal and lateral rotational motions. For example, dur-
ing the glide-slope-phase longitudinal static stability is negative,
the time to double amplitude of its unstable mode being 0.8 s, and
the lateral-directionalmotion has an unstable oscillatorymode with
a natural frequency of 0.1 Hz and a time to double amplitude of
3 s. ALFLEX’s � ight characteristics change with angle of attack
and have a certain range of uncertainty.Under these adverse control
properties the � ight control system should give suf� ciently quick
response to guidance commands to attain the required landing ac-
curacy.The higher the feedbackgain, however, the more vulnerable
the system is to couplingwith structural � exibility.The tradeoff be-
tween control performance and robustness is another critical issue
in the ALFLEX GNC design, especially in the lateral axis.

The multiple delay model and multiple design point (MDM/
MDP) approach developed at NAL and the H-in� nity exact model
matching (H1EMM) design method developed by MHI (Mit-
subishi Heavy Industries Co., Ltd.) were applied to this design
challenge.13;14 The former approach derives a practical fundamen-
tal control law by simply representinghigh-frequencyuncertainties
by delay models. The latter method is then applied to enhance the

Table 1 Landing performance requirements

Evaluation point GNC requirement

Touch down positiona X > 0 m, jY j < 18 m
Velocity 43 m/s < VEAS < 59 m/s

VG < 62 m/s, Vsink < 3 m/s
Attitude 2 < 23 deg, j8j < 10 deg, j9j < 8 deg
Side-slip j¯G j < 8 deg

Ground roll position X stop < 1000 m, jYmax j < 20 m

a(X , Y , Z ) is a runwaycoordinate system. Theorigin is at the runway threshold.
The X axis is on the runway centerline, and the Z axis is directed downward.

Fig. 3 GNC system function block diagram.

robustnessof this fundamentalcontrol law by using a high-order� l-
ter, which shapes the frequencyresponse of the closed-looptransfer
function. The ALFLEX longitudinal and lateral-directionalcontrol
laws were realized by � fth and tenth order � lters, respectively.The
longitudinalcontrollaw will be discussedin greaterdetail in Sec. III.

B. Experimental System
Ground facilitiessuch as MLS and DGPS groundstations,a � ight

data monitoringsystem,and laser trackerand trackingradar systems
supported the experiment. The � ight data monitoring system on the
ground monitored the vehicle’s status. The laser tracker provides
reference vehicle position data for evaluationof the navigation sys-
tem. The tracking radar provides position data for the � ight safety
monitoring system. Figure 4 shows the vehicle reference trajectory.

The mother ship helicopter is an important component of the ex-
periment system. It carries onboard control/monitor equipment that
can change the � ight control computer’s experimentmode. Further-
more, it has a unique con� guration for � ight testing, the so-called
� ve degrees of freedom (DOF) hanging � ight con� guration shown
in Fig. 5. The ALFLEX vehicle is attached to its towing cable at a
gimbal at its c.g., and the hanging equipment has a winch by which
the towing cable can be extended to a length of 4 m. In � ve DOF
hanging � ight the vehicle is constrainedonly in the direction of the
cable.Becausethevehicle’s dynamicsare close to thoseof free � ight
in a certain range of frequencies,the same free � ight control law for
rotational motion can be used for this con� guration. The onboard
� ight control program has a function for generating various pat-
terns of commands to evaluate the � ight control system’s function,
the closed-loop system’s stability, and the vehicle’s aerodynamic
characteristics in this con� guration.15;16 One of the most impor-
tant objectives is to con� rm lateral-directional stability. A series
of preliminary hanging � ight tests were conducted to enhance the
probability of success of the � rst landing trial.

Fig. 4 Reference trajectory.
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Fig. 5 Five DOF hanging � ight con� guration.

III. ALFLEX Longitudinal Guidance and Control
The objectives of longitudinal guidance are path following and

equivalentair speed (EAS) keeping.Each objectiveis accomplished
by generatingcorrespondinglongitudinalguidancecommands;path
following is achievedby a vertical accelerationguidancecommand,
and velocity is controlledby a speedbrakecommand. The reference
altitude and velocity are given as functions of range, or X position,
with respect to runway axes.

Figure 6 shows the path-following and velocity guidance laws
with reference altitudes. The path-following guidance laws differ
between � ight phases, such as equilibrium steep glide slope, pre-
� are and shallow glide, and � nal � are. In the equilibrium steep
glide slope � ight phase, the guidance law is a simple proportional-
integral-derivative(PID) control with constant gains. In the pre� are
and shallow glide slope phase, an open-loop command that corre-
sponds to necessaryvertical accelerationin the nominal conditionis
added to the feedback control. In the � nal � are phase the reference
path is not used, but only sink rate is controlled as a function of al-
titude. The velocity guidance law is a simple proportional-integral
(PI) feedback control with constant gains as shown in Fig. 6. The
feedback gains were designed using linear models of point mass
approximation. These were determined using the MDM/MDP ap-
proach by assuming appropriate design points and delay times for
the vehicle’s rotational response, e.g., three different velocity equi-
librium pointsof 60, 80, and 100 m/s for the design points, and 1.5 s
and none for the delay times,13 and were then adjusted by trial and
error with � ight simulation analysis.

Longitudinal control (as opposed to guidance) stabilizes the ve-
hicle’s attitude and controls the vehicle’s normal acceleration to
follow the guidance command by de� ecting the aerodynamic con-
trol surfaces (in fact, symmetrical actuation of elevons in place of
true elevators). The longitudinal control law is common to all free
� ight phases. The total gain, however, is scheduledby an inverse of
the measured dynamicpressure to compensate for changes in the ef-
fectivenessof the aerodynamiccontrol surfaces.Because the elevon
has a suf� ciently large effect on pitching moment and the vehicle’s
pitch instability is mild (c.g. is 4% mean aerodynamicchord (MAC)
aft of the aerodynamicneutralpoint in the most rearwardcase), pitch
attitude control is not so dif� cult compared with lateral-directional
control. The pitch rate controller is realized by a � fth-order feed-
back � lter of a discrete state space form. The � lter’s constant gain
was designed by the MDM/MDP and H1EMM methods.14

As it is shown in Fig. 7, the ALFLEX longitudinal control law
has a unique structure in that the vertical acceleration command is
transformedto a pitchratecommandby anappropriatesecond-order

Fig. 6a Longitudinal guidance law (1).

Fig. 6b Longitudinal guidance law (2).

Fig. 6c Longitudinal guidance law (3).



MIYAZAWA ET AL. 795

precompensator. The precompensator does not use measured ac-
celeration, but the � lter dynamics are changed according to mea-
sured EAS. The precompensator’s transfer function incorporates a
lead function to achieve a quick accelerationresponse. This control
structure can give rapid vehicle control response because standard
accelerationfeedbackwith relativelyhigh gain often causescontrol/
structure unstable oscillation, which limits the feedback gain even
in the low-frequency range of rigid body motion. The precompen-
sator’s static gain is (1=VEAS), but the VEAS is estimated from an air
data sensor and therefore inevitably contains some bias error. This
point will be discussed later in Sec. V.

IV. ALFLEX Simulation and Flight-Test Results
A. Simulation Analysis Prior to the Flight Tests

Numerical � ight simulation played a very important role in the
ALFLEX program.17;18 Because thevehicle is autonomousand fully
automatic, controlled neither manually nor remotely, simulation is
simpler than for a pilot-in-the-loop vehicle and can be carried out
computationallyoff line. Uncertaintiessuch as sensor error, aerody-
namic characteristics,actuatordynamics, environmentalconditions
and so on, have been modeled by using approximately100 variable
parameters. In general, the probabilitydistributionsof each of these
parameters are dif� cult to de� ne, but in the ALFLEX simulations
3¾ guidelines for each parameter were de� ned. For the aerody-
namic characteristics,which are the most in� uential errors, the 3¾
values are derived from shuttle design data.19 The 3¾ values of
sensor and actuator errors are de� ned using speci� cations for each
component,and those for wind, turbulence,and otherenvironmental
conditionsare de� ned as designconditions.For othermiscellaneous
items the 3¾ valuesare de� ned basedonanalysisand empiricaldata.
Furthermore, for simplicity the assumption was made that in most
cases each parameter’s probabilitydistribution is Gaussian and that
parameters are independentof each other. Table 2 shows typical pa-
rameters affecting the longitudinalperformanceand their 3¾ values.
After de� ning the parameters’ probability distributions, root-sum-
square (RSS) and Monte Carlo simulationanalyseswere conducted.

RSS analysis estimates the approximate total error by summing
the contributions of each parameter. Figure 8a is a typical example
of an RSS analysis. Variations of touchdown position X and sink
rate dZ=dt are examined for each parameter’s 3¾ variation, and the

Fig. 7 Longitudinal control law.

largest12 variationsare plotted.The nominal touchdownposition is
X D 292 m, and the 3¾ variationbecauseof all of the uncertaintiesis
279 m. The requirementof X > 0 m (touchdownbeyondthe runway
threshold) is barely satis� ed. Here, the nominal condition refers to
simulation using the most probable values of parameters.

Concerning the touchdown sink rate, the robustness is not suf-
� cient, and the probability of exceeding the requirement, dZ=dt <
3 m/s, is not negligible.RSS analysis showed that the error in pitch-
ing moment vs angle of attack is the most in� uential factor affecting
the performance. The charts in Fig. 8b shows the results of analy-
ses by Monte Carlo simulation, where each dot corresponds to a
result derived from one landing simulation. The right-hand chart
shows values of dZ=dt , and in this example the landing simulation
result exceeded the touchdown sink rate requirement in 39 out of
1000 cases. The left-handchart shows the results for the touchdown
position X and Y , with the origin at the runway threshold and the
X axis pointing down the centerline.Although not as critical as the

Table 2 Typical uncertain parameters and their
variations (most effective items for longitudinal

landing performance)

Uncertain parameter 3¾ value

Cm® 0.00211,1/deg
CL® 0.007,1/deg
Xnav , Znav (initial) 25, m
µ bias 0.153,deg
(dX=dt )nav , (dZ=dt )nav (initial) 0.5,m/s
Ground effect 100,%
MLS delay 46.5,ms
Cm±e 0.001046,1/deg
VEAS bias 2, m/s
CL 0.0216
Mass 24, kg
Cmq 100,%
RA scale factor 3.1,%
RA bias 2, m
Temperature 10, deg
¯ bias 0.9, deg
Iyy 200,kgm2
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Fig. 8a RSS results (touch down position X and touch down sink rate dZ/dt).

Fig. 8b Monte Carlo simulation results (prior to Cm® and CL® varia-
tion reduction).

sink rate, the deviation of the touchdown position was larger than
expected.

The RSS value for the touchdown sink rate and the probabilityof
exceeding the requirementwere dif� cult to accept because these re-
sults were obtained a few months before the scheduled � rst landing
� ight date following completion of the development phase of the
program. One solution was to redesign the longitudinal guidance
and control law, which would introduce some delay and change to
the program schedule. Another solution was to reduce the variation
of the longitudinal aerodynamic coef� cients, for example, the 3¾
values of the pitching moment and lift coef� cient derivatives, by
another validation method. As was mentioned in Sec. II.B, the pre-
liminary hanging � ight tests can be used to estimate the longitudinal
aerodynamic characteristics, such as Cm® , using the real ALFLEX
vehicle. By using the aerodynamic pitching moment and lift co-
ef� cients estimated from the hanging � ight test rather than those
estimated from development wind-tunnel tests, and by assuming
their variations to be negligibly small, the probability of exceeding
the sink-rate requirement at touchdown was reduced to an accept-
able level. Figure 9 shows RSS and Monte Carlo simulation results
obtained by using the values of Cm® and CL® identi� ed by � ve DOF
hanging � ight tests. The probability of not satisfying the require-
ment is about1.5%, as opposed to the previous5% shown in Fig. 8b.
These results were obtained prior to the � rst landing trial and en-
abled the program to proceed to free � ight trials without changing
the guidance and control laws and with con� dence of successful
landing. Figure 10 shows the � ight-test results for the same vari-
ables. Comparing the � ight-test results and numerical simulations,
we recognized that the real test results corresponded to quite prob-
able outcomes of the simulation tests (i.e., the test results were in
regions where the density of simulation results were quite high).
Post� ight analysis indicated that the estimated derivatives of Cm®

and CL® were well within 1¾ (Ref. 15).
From RSS analysis parameters in� uencing the � nal landing per-

formance were identi� ed, and the results were able to be used in
planningcorrespondingground tests and preliminaryhanging � ight
tests to � nally verify the design before the � rst landing � ight. Be-
cause RSS only gives an approximate estimate of landing perfor-
mance, Monte Carlo simulations that can account for the system’s
nonlinearityare necessary to derive reliable estimates of probability
distributionsof variablesdirectly related to landingperformance.In

other words, the Monte Carlo simulation can give an estimate of
the � nal mission achievement probability, which is the quantity to
be maximized by the � ight control system design. This clear de-
sign goal can contribute to the ef� ciency of the design process.
This approach is similar to the concept of stochastic robustness.20;21

Extension of this evaluation approach to a design problem will be
discussed in Sec. V.

B. Flight-Test Results and Simulation Analysis After Flight Test
All 13 landing � ights satis� ed the landing performance require-

ments in Table1. A typicalexampleofobtainedlandingperformance
has been shown in Fig. 10. Deviationswere small in spite of varying
wind conditions. Figure 11 shows the wind conditions encountered
in the 13 landing trials. Figure 12a shows the reference and actual
longitudinal and lateral � ight trajectories of the 13 landing trials
before and around the time of touchdown. The lateral deviation
is suf� ciently small, and there is no obvious bias tendency with
respect to the reference line, which is a straight extension of the
runway center line. The longitudinal � ight path, however, shows a
repetitive tendency: a deviation of a few meters above the reference
altitude at the end of pre� are and a � oating tendency at the � nal
� are. According to the simulationconductedat the � nal FCP design
tuning, the vehicle � ew almost on the curved reference path under
conditions of no wind and no error.

The cause of the repetitive error in the longitudinalpath from the
pre� are to the � nal � are was investigated after the � ight tests. The
reasons are estimated to be as follows10:

1) Because of air data sensor position error, the EAS calculated
onboard is about 3% less than the true value. This introduces a bias
error in the vehicle’s vertical acceleration response.

2) MLS sensor delay was estimated to be about 60 ms. In the
design of � nal guidance law tuning, it was assumed to be 200 ms.
This introduces an altitude navigation error in the beginning of the
pre� are phase.

Figure 12 shows an example simulation analysis from the er-
ror source investigation. It plots simulation results that explain the
cause of the � oating tendency of the vehicle. Although the EAS
error and MLS delay time errorwere relatively large comparedwith
their 3¾ variations, the landing performance still had a high prob-
ability of meeting the design requirement as had been estimated.
Needless to say, after the deterministic error sources and their val-
ues had been identi� ed, the guidance law could have been tuned
to improve the landing performance. However, the FCP was not
modi� ed throughout the 13 � ight tests because we were convinced
that the performance was within the design requirement and that
the observed tendencies were not at all critical to the vehicle’s safe
� ight.

To summarize the ALFLEX longitudinal guidance and control
problem:

1) From simulation analyses, landing performance degradation
caused by errors in the Cm® and CL® estimates could occur such
that requirementswere not satis� ed. Because aerodynamicdata ob-
tained from the preliminary hanging � ight test were able to con-
� rm the values of Cm®

and CL®
, or reduce the width of their un-

certainties, the program was able to proceed to the landing trials.
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Fig. 9 Monte Carlo simulation results (after Cm® and CL® variation reduction).

Fig. 10 Flight-test results corresponding to Figs. 8b and 9 MonteCarlo
simulations.

Fig. 11 Wind condition.

However, HOPE-X will not have the bene� t of such a special � ight
test to reduce aerodynamic data uncertainties, and signi� cant im-
provements in the quality of wind-tunneldata are dif� cult to obtain.
Therefore, the guidance and control laws should be reviewed.

2) Even though longitudinal aerodynamic derivative errors were
reduced, sensitivity analysis and Monte Carlo simulation analysis
showed that the longitudinal landing performance barely satis� es
the requirement and is still sensitive to various errors. This result is
in contrast to the lateral-directionallandingperformance,which has
ample margin. As had been predicted to some extent, the vehicle
experienced consistent and repetitive path-followingerror because
of air data sensor error and navigation sensor delay error. Although
landing performance was still within the requirement despite the
error, an improvement in the guidance and control law was desired.
In particular,ALFLEX’s air data sensor probe is on top of the pitot
boom, which is more advantageousthan the ordinaryprobeposition.
HOPE-X will have pitot probes installed on the forebody like the
U.S. space shuttle, which will be more prone to position error. The
next section will discuss further investigation conducted after the
� ight test.

V. Post Flight-Test Guidance and Control Law
Investigation and Review

To enhance robustness against uncertainties and sensor errors
while maintaining the nominal landing performance, three types of
modi� cations (I, II, and III) were considered. These modi� cations

Fig. 12a Landing � ight trajectories.

Fig. 12b Simulation analysis to reproduce the � oating tendency.

are basically minor changes, as shown in the block diagrams in
Fig. 13.

A. Modi� cation I: Guidance Feedback Gain Review
by Stochastic Gain Tuning

In thedesignof the guidancelaws, some stabilitymarginhad been
retained to avoid coupling with rigid body rotational motion, and it
was thereforepossibleto further� ne tune or to increasethe feedback
gain to the limit to suppress the guidance error. Further tuning,
however, can be effective only when various kinds of uncertainty
havebeen suf� cientlymodeled.For this furthertuning the stochastic
robustness measure already discussed was extended to the design
problem, where evaluation by Monte Carlo simulation was fully
utilized. However, currently available design tools are limited, so
that the design parameters were selected to be the most effective
two gains, that is, the proportionaland derivativegains, denoted by
K p and K d , respectively, as shown in Fig. 6b.

In the process of gain tuning, adjustable parameters K p and K d
are considered to be additional random variables whose stochastic
propertiesarede� ned as independentanduniformlydistributed.The
range of each parameter, corresponding to areas to be searched, is
de� ned appropriately.Among the 10,000 Monte Carlo simulations
conducted, 2122 cases were unsatisfactory in that they did not sat-
isfy the performancerequirements(includinguncontrollablecases),
and Fig. 14 shows all unsatisfactory cases plotted on the K p– K d
plane regardless of other random variables. Because K p and K d
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Fig. 13 Block diagrams of three types of modi� cation.

Fig. 14 Stochastic gain tuning for Modi� cation I.

are distributeduniformly, the sparse areas in the � gure indicate that
the correspondingfeedback gains are effective for mission achieve-
ment. In this � gure, original indicates the point of the ALFLEX
guidance gain, which seems to be not necessarily optimal. By in-
spection of the � gure, the new values of K p and K d , 0.027 and
0.09, respectively,were assigned at the indicated point.

Figure 15 shows RSS and Monte Carlo simulation results using
the new guidancegains. To allow direct comparisonof performance
with the earlier results in Figs. 8a and 8b, the stochastic properties
of the vehicle are those derived prior to the hanging � ight test, i.e.,
uncertainty includes the longitudinal aerodynamic derivatives Cm®

and CL®
. The comparisonshows a signi� cantperformanceimprove-

ment, in that the probability of exceeding the mission requirement
limit is reduced to approximatelyone-� fth of its original value. The
design approach adopted here, gain tuning by stochastic robustness
measure, could be called stochastic gain tuning.

B. Modi� cation II: Acceleration Feedback Addition
to Reduce Acceleration Response Error

One of the reasons that the landing trajectory is sensitive to lon-
gitudinal aerodynamic derivatives is that the aerodynamic changes
affect the response to an acceleration command. Open-loop com-
mand in the pre� are phase is basically derived for the vehicle to

follow the reference trajectory using the vehicle’s acceleration re-
sponse in the nominal condition.For this reason the responsechange
and sensor errors generate some disturbance through the mistuned
open loop command. If acceleration feedback is added to compen-
sate for the change in response, it would be effective in improving
the performancerobustness.In the ALFLEX GNC design,however,
it was considered that in order to avoid a control/structure coupling
problem it is better to have no acceleration feedback. Because the
responsechange to be reducedhere is for the low-frequencyrange, it
can be compensatedby accelerationfeedbackwith an appropriately
designed low-pass � lter.

The acceleration feedback gain was designed using the MDM/
MDP approach,and the guidancegains K p and K d were redesigned
by the stochastic gain tuning method, as for the previous modi� ca-
tion. Figure 16 shows the RSS and Monte Carlo simulation results
of this modi� cation.As in the precedingmodi� cation, the stochastic
propertiesof thevehicleused are thoseprior to thehanging� ight test
so the performancecan be comparedwith Figs. 8a, 8b, and 15. They
showfurtherperformanceimprovementin that the probabilityof ex-
ceeding the sink-rate requirement limit becomes extremely small.

C. Modi� cation III: Pitch-Rate Command
A pitch-rate command type guidance/control structure had al-

readybeendiscussedin thepreliminarydesignof theALFLEX GNC
system. In the post� ight designreview the structurewas reexamined
using the � nal simulation model. Because ALFLEX longitudinal
guidance and control uses pitch rate as a principal controlled vari-
able for pitching motion, the same feedback loop transfer function
for the pitch-rate command as that of the � ight-tested version can
be derived, which includes a precompensator for transforming the
accelerationcommand to pitch-rate command. For the same reason
the pitch-rate open-loop command and the acceleration open-loop
command are interchangeable; the open-loop command designed
for acceleration command can be transformed to a pitch-rate com-
mand in a more complex form, and vice versa. So the assessment
should be based on which command is easier to design in order to
obtain more robust performance. In fact, from the post� ight design
study with some trial and error, no signi� cant improvement in land-
ing performance compared with the original � ight-tested version
could be obtained.
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Table 3 Stochastic landing performance, number of unsatisfactory cases among 1000 simulationsa

Corresponding Number of cases, j8j > 10 deg and/or Total number
Guidance and control law � gure X < 0 m dZ=dt > 3 m/s VG > 62 m/s j9j > 8 deg (probability estimate)

Flight-tested version Fig. 8 8 39 12 2 51 (5%)
Flight-tested version Fig. 9 0 11 2 3 15 (1.5%)

(limited uncertainty)
Modi� cation I Fig. 15 0 8 0 3 10 (1%)
Modi� cation II Fig. 16 0 0 4 1 5 (0.5%)

aAmong the landing performance requirement items, the air-speed condition is excluded.

Fig. 15 Landing performance for Modi� cation I (stochastic gain tuning for ALFLEX guidance feedback control).

Fig. 16 Landing performance for Modi� cation II (acceleration feedback addition to the precompensator).

The landingperformancesevaluatedby Monte Carlo simulations
are summarized in Table 3. Table 3 compares landing simulations
in four cases: two cases using the � ight-tested version of the guid-
ance and control laws and Modi� cations I and II. These correspond
to Figs. 8b, 9, 15, and 16. One of the � ight-tested cases limits
Cm®

and CL®
uncertainty by using the � ve DOF hanging � ight-test

results,andall othercasesuse the same full uncertainty,i.e., the same
1000combinationsof uncertainparameters,exceptforCm®

andCL®
,

were examinedfor each guidanceand control law. In each case there
are one or two occurrences of uncontrollable � ight where the sim-
ulation exceeds the limit of the model’s effective range caused by
lateral-directionalmode instability.Among the landingperformance
requirement parameters, touchdown position and sink rate are the
most critical. Except for the � ight-testedversion with aerodynamic
uncertainty, the probability of not touching down on the runway
is not critical. As for the total number of unsatisfactory cases in
Table 3, the air-speed requirement 59 m/s > VEAS > 43 m/s is ex-
cluded because it is not critical for safe landing. The total numbers
of simulations that exceed the requirement demonstrate the robust-
ness of each guidanceand controllaw. Modi� cation II is more robust
than Modi� cation I at some cost to robustness in touchdownground
speed. In any case Modi� cations I and II demonstrate some perfor-
mance improvement, and they present solutions to the problem of
longitudinal� ightcontroldesignfor the ongoingHOPE-X program.
MonteCarlo simulationandstochasticgain tuningare essentialtools
in the analysis and synthesis.

VI. Conclusions
Because the vehicle’s longitudinal reference path for horizontal

landing is curved and path control becomes a tracking problem, not
a regulator problem, changes of the � ight control system response,

or inner-loop response, easily affect the path-trackingperformance
throughtheopen-loopcommand.Therefore,robust� ightcontrolde-
sign against uncertainties in vehicle dynamics and sensor errors is
important.The ALFLEX longitudinal� ightcontrolsystemachieved
this design requirement by adopting a unique control structure that
enables the vehicle to possess quick acceleration response and thus
permits a high feedbackguidance gain. Although the high feedback
guidancegain is useful in suppressingpatherror, the open-loopcom-
mand and the vehicle’s response error, caused by precompensator
bias error and aerodynamic data error, themselves introduce some
amount of path error. In fact, the ALFLEX simulation analysis and
� ight tests showed that the pitchingmoment uncertaintyand air data
sensor error in� uenced the landing performance. A design review
conductedafter the ALFLEX � ight tests showed some performance
improvements.

The results are summarized as follows:
1) The guidancegain of the � ight-testedversionof the longitudi-

nal guidance and control laws had some margin for increase. Gain
modi� cation can be optimizedby the method of stochasticgain tun-
ing, which is an extensionof stochastic robustnessto the gain tuning
problem.

2) Acceleration feedback added to the control law has a little
effect on the performance robustness.Even with the structure mod-
i� cation, however, stochastic gain tuning is necessary to optimize
the total guidance system.

3) Pitch-rate command was also reviewed as an alternativeguid-
ance command. There has been no evidence that using a pitch-rate
command is better than using an acceleration command. As a re-
sult, the choice of acceleration as the longitudinalguidance/control
interface variable in the ALFLEX design could be justi� ed in the
design review.
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Through the design, development, and � ight test we learned that
simulation which includes uncertainty is very important for eval-
uating the GNC system. A sophisticated simulation tool was de-
veloped for the ALFLEX program. Monte Carlo simulation, which
needs a certain amount of computational resources, can give a ra-
tional measure of probability of � nal mission achievement. This
measure is useful in ef� cient GNC design and development. The
stochastic gain tuning method, which optimizes the measure, has
been demonstratedas a promising approach for designing the � ight
control system of a space vehicle.
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