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Estimating Aerodynamic Characteristics of Automatic Landing
Flight Experiment Vehicle Using Flight Data
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The Automatic Landing Flight Experiment (ALFLEX) project was conducted as part of the research on the
H-II orbiting plane-experimental (HOPE-X) unmanned reentry vehicle. One of the aims of the ALFLEX was to
estimate the low-speed aerodynamic characteristics of a delta-winged vehicle with wingtip fins and experiments for
this purpose, such as a/3 sweep and control surface excitation, were conducted during hanging (suspended from a
mother ship) and automaticlanding test flights. When flight test data are analyzed, the aerodynamic characteristics
of the ALFLEX vehicle are estimated and the results are compared with those predicted by wind-tunnel tests. Flight
results show that estimated characteristics are similar to the predictions except for a few characteristics. Although
the results from the hanging flight tests exhibit scattering that is due to measurement errors caused by the effects
of an umbilical cable, the hanging test method will be useful if this problem is solved by means such as using an
internal battery to supply power to the vehicle instead of the umbilical cable.

Nomenclature

Cp = drag coefficient

C; = lift coefficient

Cry, Cr,, = aerodynamic model parameters

(o = rolling moment coefficient

C, = pitching moment coefficient

C, = yawing moment coefficient

Cy = side-force coefficient

H = altitude

P = roll rate

(0] = pitch rate

R = yaw rate

t = time

X = x coordinate value in runway axis system

o = angle of attack

B = sideslip angle

y = flight-path angle

da = aileron angle, (8, — 8.1.)/2

Se = elevator angle, (8,5 + 8..)/2, where §,; and 6,z
are left and right elevon angles, respectively

S = rudder angle, (6, + 6,.)/2, where §,, and 6, ¢
are left and right rudder angles, respectively

8 = speed-brakeangle, (85z + 85.)/2, where &5,
and gy are left and right speed-brake angles,
respectively

® = pitch attitude angle

o = standard deviation

P = roll attitude angle

Subscript

trim = trimmed value
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Superscript

A

= nondimensional value

Introduction

HE National Aerospace Laboratory (NAL) and the National

Space Development Agency of Japan (NASDA) have been
conducting joint research on the H-II orbiting plane-experimental
(HOPE-X) vehicle, an unmanned experimental vehicle that is to
be launched by an H-II A rocket to establish key technologies for
reusable space transportation systems.! The Automatic Landing
Flight Experiment (ALFLEX) program was conducted as part of
this research with a 37% dynamically scaled model of the planned
HOPE-X designed to have aerodynamic and inertial characteris-
tics equivalent to those of the full-scale vehicle. The aims of the
ALFLEX program were 1) to evaluate the low-speed aerodynamic
characteristics of a delta-winged vehicle with wingtip fins, 2) to
develop and verify automatic landing (AL) technologies,and 3) to
evaluatea flight test methodology by using a scaled model. For those
purposes, hanging (suspended) and AL flight tests were conducted
at Woomera in Australiafrom May to August, 1996, and a total of 13
landing trials were successfully carried out. The sequence of the ex-
periment and a schematic of the vehicle are shown in Figs. 1 and 2,
respectively. In this paper, the aerodynamic characteristics of the
ALFLEX vehicle estimated from flight test data are presented and
compared with those predicted from the wind-tunnel test database
used for designing the flight-control system.

Aerodynamic Characteristics Estimation
by Flight Test

During the ALFLEX program, both hanging and AL test flights
were conducted.

The hanging flight (HF) test involves the suspension of the ve-
hicle by a hanging wire through gimbals with two axes set at the
designed center-of-gravity (CG) point. The vehicle is flown with a
freedom of rotation around the pitch, roll, and yaw axes.?> The HF
configurationis shown in Fig. 3. The vehicle’s flight-controlsystem
and aerodynamic characteristics were evaluated by HF tests before
the AL flights.

In the AL flight tests, the vehicle is released at the altitude of
1500m and goesintoa steepdescentat a flight path of —30degunder
the navigation, guidance, and control of the onboard computer. It
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Fig. 2 ALFLEX three-view drawing. CG, center of gravity.

glides with aerodynamic control surfaces, such as elevons, rudders
and speed brakes, and lands on the runway. Figure 4 shows the
nominal flight profile of the AL flights.

To estimate the aerodynamic characteristics of the vehicle, dy-
namic and quasi-steady maneuvers were performed.

Dynamic flight tests are conducted to identify an aerodynamic
model, including dynamic effects. Control surface excitation tests,
in which the elevator, aileron, or rudder is deflected according to an
M -sequencesignal (a pseudorandomsquare-wavesignal), and o, S8,
or ® command step input tests were performed. An aerodynamic
model that has a certain analytic model structure was then fit to
the resulting test data by a least-squares method to obtain estimates
of model parameters. Figure 5 shows an example of the elevator
excitation test conducted in the HF. The dashed line indicates the
M-sequence elevator deflection command signal. Although the el-
evator behaves as if a pulse signal is input because the flight control
system producesan inverse command signal to stabilize the motion,
the vehicle performs a pitching maneuver in response to elevator
input. As the dynamic flight tests in the HFs, two trials of the eleva-
tor excitation test, three trials of the « command step input test, one
trial each of the aileron and the rudder excitation tests, three trials
of the B command step input test, and two trials of the & command
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Fig. 3 Five-degree-of-freedom HF.

step input test were conducted. Aerodynamic model identification
was performed with all of the resulting data. In AL flights, the vehi-
cle flew at a trimmed condition during the equilibrium glide phase
for 15-20 s before the preflare was initiated. With ~10 s during
this equilibrium phase, the control surface excitation tests were per-
formed. Figure 6 shows an example of the elevator excitation test.
The vehicle performs a pitching maneuver in response to elevator
input, but the flight path is affected by the maneuver only slightly.
Eight out of the 13 AL flights included control surface excitation
tests that consisted of four trials of elevator excitation for longitudi-
nal aerodynamic model identification and two trials each of aileron
and rudder excitation for lateral-directionalmodel identification.
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Fig. 5 Elevator excitation test (HF).

Quasi-steady flight tests were needed to investigate the trimmed
flight characteristicsof the vehicle. For this purpose,« and 8 sweep
tests were carried out. In the sweep tests, the attitude of the vehi-
cle is altered quasi statically by changing the & or § command to
the control system gradually. As the rate is kept small, the vehicle
maintains a trimmed flight condition while changing the attitude.
The aerodynamic coefficients and the angles of the control sur-
faces during the maneuver show the trimmed flight characteristics.
Figure 7 shows time histories of an o sweep test conducted in the
HF. In this trial, the angle of attack command was altered between
—5 and +5 deg at a rate of 0.5 deg/s. In the HFs, three trials each
of o« and B sweep tests were carried out. Although a dynamic flight
test could be conducted in the AL flight tests with the equilibrium
glide phase, a quasi-steady flight could not be performed during the
AL flight, which lasts only some 40 s and requires a precise landing.
As a result, the equilibrium glide data obtained from the five flights
in which control surface excitation tests were not performed were
used to evaluate trimmed flight characteristics.

The dynamic and the quasi-steady test methods each have ad-
vantages and disadvantages. If the aerodynamic model structure
is not appropriate, the dynamic flight test identification may yield
unreliableresults. On the other hand, only the trimmed flight charac-
teristics are derived from the quasi-steady flight tests. The dynamic
effects and the control surface effectiveness cannot be measured
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Fig. 7 o« sweep test (HF).

from the quasi-steady maneuvers. The test methods were therefore
used in combination. The trimmed characteristics were calculated
with the identified model, and they were compared with the results
of the quasi-steady tests. The suitability of the model structure was
evaluated by analysis of the degree of coincidence between these
two results.

Results of Estimation of Longitudinal
Aerodynamic Characteristics
Table 1 shows the analytic model structures used for longitudinal
aerodynamic model identification from dynamic flight-testdata and
the estimated parameters. For brevity, the model estimated from HF
tests will be referred to hereinafter as the HF-identified model, and
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that estimated from AL tests will be referred to as the AL-identified
model. The tables also show the predicted parametersobtained when
the same model structures are fit to a functional aerodynamic model
gained based on the wind-tunneltest. This functional model is here-
inafter referred to as the wind-tunnel model. A model structure for
the lift coefficient is linear, but those for the drag and the pitching
moment coefficients are quadratic forms to reflect the nonlinearity
with angle of attack. The reason why the longitudinal model struc-
tures for the AL flights are expanded at « = 8 deg is because the
vehicleflies at approximately this value of the angle of attack during
the equilibriumglide phase. A pitchdampingterm (C,,, ) is included
in the pitching moment model to represent the dynamic effect. The
angle of attack varied between —6 and 14 deg in the HF tests and
between 4 and 11 deg in the AL flight tests. The range in the AL
flight is smaller than that of the HF because the « step input tests
could not be performed as they were in the HF tests. To compensate
for this, the flight data during the path capture phase are also used
for longitudinal model identification and the total variation range
of the angle of attack is between 0 and 20 deg. The values inside
parentheses in a row of predicted parameters are the uncertainties
of the wind-tunnel database (variation). These were estimated by
examination of the errors between wind-tunnel data and flight test
results of another winged reentry vehicle, the U.S. Space Shuttle.
The absence of the variation value indicates that the uncertainties
are not defined. The values in parentheses in a row of estimated
parameters are the 30 values (three times the standard deviation)
of the least-squares estimate of each parameter. The italics indicate
the parameters for which the difference between the prediction and
the estimate is larger then the variation. Judging from Table 1, al-
though a difference between the estimated and the predicted values
for the effect of the elevator (Cy,,) is a little out of the variation,
the differences for other parameters of the lift coefficient and the
pitchingmoment coefficient models are within the variationsin both
the HF- and AL-identified models. The pitch damping parameters
(C,,) of the identified models are 118% (HF) or 97% (AL) of the
predicted values. The estimated values of the elevator effect (C,,,,)
are 81% (HF) or 91% (AL) of the predicted values. The drag co-
efficient of the AL-identified model is fairly close to that of the
predicted model, and the identified value of the speed-brake effect
(Cp,,) is 96% of the predicted value. There is a large difference,
however, between the estimated and the predicted values of the con-

stant term in the drag coefficient model (Cp, ) in the HF-identified
model.

Figure 8 shows the relation between the HF- or the AL-identified
model and the wind-tunnel model, with « as the abscissa parameter.
In these figures, the dashed curves indicate the identified models,
the solid curves indicate the wind-tunnel model, and the dashed-
dotted curves indicate the standard deviation (o) of the flight test
data around the identified models. The HF-identified model and the
wind-tunnel model show good agreement for the lift coefficient. For
the drag coefficient, there are differences for not only the constant
term but for o? and o terms. For the pitching moment coefficient,
there seems to be a fairly large difference althoughall the estimated
parameters are within the variations. For the AL-identified model,
the lift and the drag coefficient models are very close to those of the
wind-tunnel model, and the scattering of the flight test data used for
the drag coefficient identification, as indicated by the width of the
area between the dashed-dotted curves, is much smaller than that
in the HF-identified model. The pitching moment coefficient shows
almost the same characteristicsas those of the HF-identified model,
indicating that there is a difference between the identified and the
wind-tunnel pitching moment models.

Figure 9 shows the longitudinal trimmed characteristics obtained
by analysisof the quasi-steadyflight test data (o sweep and the equi-
librium glide). In these figures, the aerodynamiccoefficients and the
angles of control surfaces at the trimmed flight condition calculated
from the quasi-steady flights are indicated by dots (-), with « as
the abscissa parameter, and the trimmed characteristics calculated
with the wind-tunnel model or the HF/AL- identified model are also
shown forreferencewith solid curvesor dashed curves, respectively.
Judging from these figures, the results of the quasi-steadyflights co-
incide with the results calculated with the identified models except
for the drag coefficient of the HF. It can be seen that the results
for the trimmed drag coefficient (Cp,, ) extracted from the o sweep
tests in the HFs separateinto two groups with a bias of ~0.02. In this
graph the results of two o sweep test trials (« = —5 < +5 degand
a = 0 = 12 deg) are indicated. The difference between these two
groups for lift and pitching moment characteristics is not so large,
and there is not such a large discrepancyin the drag results extracted
from the AL flights. As the reason for this difference seems to be
some measurement error, a sensitivity analysis was carried out to
identify the error source. Because the aerodynamic force acting on
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Fig. 9 Longitudinal trimmed characteristics.

the vehicle during HF is estimated by subtraction of the tension of
the hanging wire from the total external force, the load cell and the
gimbal angles necessary to calculate the tension were subjected to
sensitivity analysis. The locations of the load cell and the gimbals
and the definition of the gimbal angles are shown in Figs. 10 and 11.
The analysis clearly showed that a bias error of the gimbal pitch
angle has the largest effect on the estimation error of the drag coef-
ficient. To confirm this, the trimmed gimbal pitch angle in all the HFs
was investigated,and it was found that the average value of the angle
at each flight varied between approximately 3.5 and 5.0 deg. A bias
error of 1.5 deg on the gimbal pitch angle results in an error of 0.02
for the drag estimation, consistent with Fig. 9, but results in an error
of only 0.0002for the lift estimationand has virtuallyno effecton the
pitching moment characteristics (trimmed elevator angle) because
the gimbal is set near the CG position. Judging from these analysis,
the cause of the scattering of the trimmed drag coefficient estimated
by the o sweep tests seems to be the measurement error of the gim-
bal pitch angle. One possible cause of the scatter of the gimbal pitch
angle between trialsis the umbilical cable fixed to the hanging wire,
as shown in Fig. 10. The umbilical cable is used to supply electrical
power and to send command signals to the vehicle during hanging
flight, and it is thought that the direction of the gimbal might not
have been coincident with the axis of the load cell because of the
influence of this cable. If the umbilical cable were removed or made
thinner by use of an internal battery to supply the vehicle’s electri-
cal power in HF, the cause problem would be eliminated. The drag
characteristicsextractedfromthe AL-identified model coincide with
those extracted from equilibrium glide data of the five flights, and
there is no discordance that was seen in the HF-identified model.
The results of the AL flights seem to be reliable because the test data
are not subject to measurement errors in the tension of the hanging
wire. The fact that scattering of the flight test data (dashed-dotted
curves) for the AL-identified model in Fig. 8 is much smaller than
that of the flight test data for the HF-identified model indicates that
the AL flight test data are less affected by measurement errors than
HF test data. It was also clarified by the sensitivity analysis that
the error of gimbal roll angle has a large effect on the estimation
error of the side-force coefficient and the error of the load cell af-
fects the lift coefficient. It should be noted that the estimation of the
lift coefficient is affected very much by the measurement accuracy

of the load cell, but the effect seems to be very small in this case
because the estimated results by the HFs and AL flights for the lift
coefficientcoincide with each other very well. The pitchingmoment
characteristics obtained from the HFs and AL flights are similar to
each other and the results seem to be reliable. They are, however,
different from those of the wind-tunnel model, and, furthermore,
longitudinal static instability estimated from flight tests is smaller
than the predictionof the wind-tunnelmodel for most of the angle of
attack range (« less than 12 deg). If the estimated results extracted
from the flight tests do have errors, one possible sourceis in the error
of the estimated position of the vehicle’s CG, which was estimated
experimentally. In the case in which the CG position estimate used
in the flight test data analysis is on the more unstable side (aft) of
its actual position, this discrepancy will be reflected in the analysis
results. The difference between actual and estimated CG positions
that would result in the observed discrepancy between flight-test-
and wind-tunnel-derived pitching moment characteristics has been
calculatedto be 30 mm. Judging from the fact that the experimentto
estimate CG position should not have this large of an error and from
the fact that the flight test results agree with the results of the hang-
ing wind-tunneltests® (conducted at the large-scalelow-speed wind
tunnel, NAL, in 1995, in which the HF was simulated inside the
wind tunnel), it may be concluded that the wind-tunnel database for
pitchingmoment has some error that is due to, forexample, the sting
effect.

Results of Estimation of Lateral-Directional
Aerodynamic Characteristics

Table 2 shows the analytic model structures used for lateral-
directional aerodynamic model identification from the dynamic
flight test data and estimated model parameters of the HF- and the
AL-identified models with the predicted parameters. As the lateral-
directional characteristics change greatly with angle of attack, the
predicted parameters to be compared with the results of the HFs
are calculated with the wind-tunnel model at « = 0 deg because the
control system was used to maintain the angle of attack at 0 deg
during the flight tests for the estimation of the lateral-directional
characteristics. On the other hand, those for the AL flights are cal-
culated with the wind-tunnelmodel at« = 8 degbecausethe vehicle
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flies near this angle of attack during the equilibrium glide phase at
which the dynamic tests were performed. As a result, the predicted
parameter values for HFs and AL flights are different. For dynamic
parameters,only the roll damping C;, and the yaw damping C,, are
estimated, fixing the cross terms C;, and C,, at the predicted values,
becauseitis difficultto separateroll and yaw motions. Judging from
Table 2, all the estimated parameters relating to the side-force co-
efficient of the HF-identified model are outside the variation except
for the effect of the rudder (Cy,, ). In particular, the difference of
the constant term Cy, comes up to 200% of the variation. The most
possible cause for this difference is the measurement error of the
gimbal roll angle, as stated in the preceding section. Other possible
causes are asymmetry of the aerodynamic characteristicsand biases
in the measurements of 8a, ér, B, and a, side acceleration. The dif-
ference of side-force slope Cy, is ~120% of the variation. It might
alsobe affected by scatteringin gimbal roll angle between trials. For
the rolling and yawing moment coefficients, all the estimated pa-
rameters of the HF-identified model are within the variations. Both
the estimated roll damping C;, and the yaw damping C,, are ap-
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Fig. 12 Lateral-directional identified model.

proximately 75% of their predicted values. The aileron and rudder
effects (Cy,,, Cy,,, Ci5,, and C,,,) are estimated at 83-105% of their
wind-tunnel prediction values. For the AL-identified model, there
is little bias of the side-force coefficient, which was observedin the
HF-identified model. The differences between the other parameters
of the AL-identified model and the predicted model are similar to
those between the HF-identified model and its corresponding pre-
dicted model except for the B derivatives, but the differences in 8
derivatives of all three coefficients (Cyﬁ, C,ﬁ, and C, ) are outside
the variations. This is due to the fact that variation of the sideslip
angle during the maneuver was small compared with measurement
noise. The effects of the control surfaces are estimated at 86-98 %
of values predicted from wind-tunnel data.

The graphsin Fig. 12 show the relationshipbetween the 8 deriva-
tives of the HF- and the AL-identified models and the wind-tunnel
model, with « as the abscissaparameter.In these figures, the dashed-
dotted curves indicate the variations of the wind-tunnel model.

Figure 13 shows the lateral-directional trimmed characteristics
extracted from the quasi-steadyflights (8 sweep and the equilibrium
glide) and those calculated with the three acrodynamic models (the
HF- and the AL-identified models and the wind-tunnel model). For
HF, the trimmed aileron angle (§d,) and the trimmed rudder angle
(8ruim) calculated with the HF-identified model and the results of
the B sweep test agree well and these results also appear reliable,
taking into accountthe fact that the identified model parameters are
within the variations. For the trimmed side-force coefficient Cy,,,
althoughthe HF-identified model parameter’s slope vs sideslipangle
coincides with the values derived from the § sweep test, there is a
large bias. This might occur because the gimbal roll angle varies
between the dynamic flight tests and the 8 sweep tests, similar to
the gimbal pitch angle in the estimation of the drag coefficient.
Examining the results of the automatic landing flight, we see that
there is no discrepancy between the AL-identified model, wind-
tunnel model, and the equilibrium glide data, and no aerodynamic
asymmetry is apparent. As was stated before, the lateral-directional
characteristicschange greatly with angle of attack and since the HF
and the AL flight tests for aerodynamic characteristic estimation
were conducted at different angles of attack, the estimated HF and
AL flight lateral-directionalcharacteristics cannot be compared.
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Fig. 13 Lateral-directional trimmed characteristics.

Summary of Results

Lift Coefficient

All the estimated values of the constant term C;, and the lift
curve slope C;, compare well with the wind-tunnel predictions.
The elevator and the speed-brakeeffects are so small that estimation
through flight testing was difficult.

Drag Coefficient

In the results obtained from the HFs there are biases that are
differentfrom each flightand seem to be caused by the measurement
errorof the gimbal pitchangle. However, the resultsof the AL flights,
which are free of the gimbal angle problem, compare well with the
wind-tunnel data and seem to be reliable. Although the effect of
the speed-brake (Cp,,) is estimated from only the AL flights, it
compares well with the wind-tunnel data.

Pitching Moment Coefficient

The pitching moment characteristics obtained from HF and AL
flight tests are similar to each other, but both differ from wind-tunnel
measurements, although the differences are within the variations. A
possiblecause of thesedifferencesis measurementerror in the wind-
tunnel data thatis due to the effect of a supportingdevice. The pitch
damping parameters C,,, and the elevator effects C,,,, estimated
from the HFs and the AL flights are very close to the wind-tunnel
predictions.

Side-Force Coefficient

In HF test results, there is a bias error that is possibly caused by
measurement error of the gimbal roll angle. That is not seen in the
AL flight test results, but the error of B derivative Cyﬁ estimated
by the AL flights is larger than that in the HF. The reason for this
is that the variation of the sideslip angle during the maneuver was
small compared with measurementerror. Both of the rudder deriva-
tives Cy,, estimated from the HF and the AL flight are within the
variations.

Rolling Moment Coefficient

All parameters estimated by the flight tests, except for the g
derivative Clﬁ derived from the AL flight test results are within
the variation.

Yawing Moment Coefficient

There s a large differencebetween the B derivative C,,, estimated
by the AL flights and the wind-tunnel database, as with other lateral-
directional coefficients. Other estimated parameters compare well
with the wind-tunnel predictions.

Conclusions

The aerodynamiccharacteristicsof the ALFLEX vehicle were es-
timated by HF and AL flight tests. Most of the results compared well
with wind-tunnel predictions. The pitching moment characteristics
estimated from the flight tests differed from wind-tunnel measure-
ments, but the differences were within the variation. In the HFs, the
estimated results for the drag coefficient and the side-force coeffi-
cient were scattered because of measurement errors of the gimbal
angles caused by the effects of the umbilical cable connecting the
ALFLEX vehicle and the mother helicopter. The characteristicsex-
cept for the above are estimated well by the HFs, and the method
was shown to be useful. More accurate estimation will be possible
if the effect of the umbilical cable can be reduced, for example, by
use of an internal battery to supply electrical power to the vehicle
during hanging flight.
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