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Abstract

A procedure for the determination of an aero-
dynamic model structure and aerodynamic parameters
is applied to flight data from a high-incidence
research model (HIRM) within an angle of attack
range of 18 to 40 degrees. The HIRM is a three-
surface unpowered model with a swept winag, an all-
moving canard and stabilator, and a vertical tail
with rudder. The motion of the HIRM was excited
first by its release from the helicopter and then
by the activation of control surfaces. This paper
briefly describes the model, flight and wind tun-
nel data available, equations of motion and tech-
nigues for data analysis. The results presented
contain an example of a measured data compatibi-
lity and the variation of some important stability
derivatives with the angle of attack and canard
setting. The derivatives were obtained from var-
ious maneuvers and subsets of joined data from
several maneuvers by using a stepwise-regression
technigue. These derivatives agreed, in general,
with the results of wind-tunnel measurements. The
resulting lateral aerodynamic model equations
could predict the motion of the HIRM reasonably
well.

Notation
Only the main and the

most frequently used

symhols are introduced. The other symbols are

explained in the body of the paper.

Agrdgra, longitudinal, lateral and vertical
accelerations, g units

b wing span, m

c mean aerodynamic chord, m

Ca general aerodynamic force and moment
coefficient

CX,Y,Z longitudinal-, lateral- and vertical-
force coefficient

C rolling-, pitching- and vyawing-moment

2Imln . .

coefficient

Iy,Iy,I; moments of inertia about longitudinal,
lateral, and vertical body axes, kg-m

Iyo product of inertia, kg-m

m mass, kg

p,a,r roll rate, pitch rate and vaw rate,
rad/sec or deqg/sec

s wing area, m

u,v,w longitudinal, lateral and vertical
airspeed components, m/sec

v airspeed, m/sec

o angle of attack, rad or deg

R angle of sideslip, rad or deq

] pitch angle, rad or deq

¢ roll angle, rad or deq

Gd hor,c Aifferential tail, symmetric tail,

PRy rudder and canard deflections, rad

Stability derivatives are referenced to a
system of body axes with the origin at the air-
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I. Introduction
In 1982, the Rovyal Aircraft Establishment

(RAE) in Farnbhorough, FEngland, initiated a program
of research on the flight dynamics of departure
using a high-incidence research model (HIRM). The
main objective of this program was stated in

as "the widening of understanding of the flight
dynamics phenomena of control aircraft at high
angles of attack. Central to this is the develop-
ment of mathematical modeling techniques to pre-
dict such phenomena at or near departure at low
speeds, and to provide data from free-flight and
wind-tunnel experiments for this purpose.” Both
wind-tunnel and free~flight drop tests have heen
employed in pursuit of that objective.

A correlation of behavior predicted from the
wind tunnel derived model and free flight res-
ponses near departure conditions were presented in
2) Under a Memorandum of Agreement bhetween the
RAE and NASA in the area of departure prediction,
researchers from George Washington University and
NASA Langley Research Center have been involved in
the analvsis of flight Jdata from five drop tests
of the HIRM, The purpose of the paper is to pre-
sent an application of system identification to
the analysis of wmeasured data £rom those drop
tests and to determine a mathematical model of
HIRM, The paper starts with a brief description
of the HIRM and flight dJdata available for the
analysis. Then, the RAE wind tunnel experiment is
briefly mentioned. The next section covers the
airplane equations of motion and the postulated
aerodynamic mathematical models. This is followed
by a section on the data analysis which includes a
compatibility check of measured data using a non-
linear fixed-interval smoother, and aerodynamic
model structure determination and parameter esti-
mation based on a stepwise reqgression. The last
major section presents the main results of the
study in the form of stability and control deri-
vatives and their wvariation with the angle of
attack and canard setting. Some of the estimated
parameters obtained hoth from individual maneuvers
and partitioned data are shown and compared with
wind tunnel results. Finally, the mathematical
model of the HIRM is verified by a comparison of
the measured and predicted time histories of
aerodynamic coefficients and response variabhles.



II. High Incidence Research Model (HIRM)

The HIRM is a three-surface unpowered model
with an advanced transonic swept wing, an all-
moving canard and stabilator, and an oversized
vertical tail with rudder. The wing has no moving
control surfaces. Roll control is provided by
differential canard and stabilator deflection.
The general arrangement of the model is shown in
Fiqure 1. The model is fully instrumented with
the transducer signals telemetered to a ground
station. A nose boom carrying angle-of-attack and
sideslip vanes, and a pitot-static probe have been
included. Flight maneuvers are preprogrammed into
the system and executed by a timer after the model
is released from a carrier helicopter.

The model was flight tested at NASA Dryden
Flight Research PFacility, Edwards, California.
During those tests the model was towed by helicop-
ter to 3,000-4,000 meters above the impact range
and released at a speed of approximately 150 km/~
hour. At the time of release a timer began a
preprogrammed test sequence which activated a
series of switches thus positioning the model's
flight control surfaces. The duration of the
flights varied between 80 and 160 sec. At a pre-
determined time, or at a given height above
ground, three parachutes were deploved to recover
the model. The Jlanding was cushioned by low
pressure air bags which were deployed from a door
beneath the fuselage.

III. Flight Data

The motion of the HIRM was initially excited
by the model's release from the helicopter cable
and then by the activation of control surfaces.
For each test run either dJdoublet in differential
tail or canard, or simple rudder pulse were used.
In some maneuvers a step deflection of symmetric
tail was added. The various trim conditions were
established by the canard setting at either 0° or
~10° and by the tailplane setting between -14° to
-20°, Most of the responses were within the o
range of 20° to 40° though in three maneuvers o
reached 60°.

The measured data from five flights with 26
maneuvers were obtained as time histories of con-
trol and response variables sampled at 0.012 sec
intervals. The two flights with § #-10° and § =-
18° are designated as HD1 and HDBF the remaining
three flights with 5C50° and § =-15°, as HD2, HD4
and HD6. When appropriate, the measured data were
corrected for the e.g. offset and air flow effect.
One example of a test run is given in Figure 2.
It represents the motion of the model following
its release and differential tail doubhlet of the
duration of approximately 3 sec applied at t223
sec.

In addition to analyzing almost all of the 26
individual maneuvers, the data from each flight
were joined together into one set of data. The
resulting ensemble was then partitioned into sub-
sets according to the value of a (see ex~
plaining the partitioning procedure and its impact
on model simplification). For these new subsets
of data, the aerodynamic coefficients were modeled
mostly on 1° subspaces of the original a-space.
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IV. Wind Tunnel Measurements

The program for wind tunnel neasurements of
the HIRM is outlined in This program in-
cludes static, oscillatory and steady vrolling
tests using models of various. sizes. Results from
low-speed static tests of a preliminary model in
the RAE (Farnboroucgh) 11 uQ ~by 8~foot and RAE
éBedford) 13-by~-9~foot wind tunnels are given in

These tests covered a wide range of «,
mostly from 0° to 40°, and sideslip changes be-~
tween 16°. During these tests the canard and
tailplane were deflected both symmetrically and
differentially. The effect of rudder deflection
was also measured in combination with the differ-~
ential canard and tailplane. From these measure-
ments, some of the stability and control deriva-
tives were evaluated. A selection of configura-
tions from 4 was repeated with a 4/9-scale
definitive model tested in the RAE (Bedford) 13-by
9-foot tunnel. The unpublished results were
mostly obtained with a tunnel speed of 70 m/sec,
i.e., at a Reynolds number close to that in free-
flioht experiment.

The 4/9-scale model was also tested on an
oscillatory rig over an a-range of 0° to 85° for
rolling and yawing motions at various control set-
tings, and for 0°<a<60° in pitch for three canard
settings. The wind speed in the RAE (Bedford) 13-
by 9-foot tunnel was 70 m/sec for a < 25°, and 40
m/sec for a > 25°, The results of these tests are
reported in . Steady rolling tests were con-
ducted on both 4/9-scale model and BAe Warton (6),
and on the 2/9-scale model at RAE Bedford (7>.
The aqreement between both tests was very good.
However, substantial differences in roll-damping
and cross-terms obtained from the steady rolling
tests and oscillatory tests within a-range of 20°
to 30° were observed.

V. FEquations of Motion

The HIRM equations of motion are referred to
body axes and they have the form

2
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For individual maneuvers, the aerodynamic coeffi-
cients were postulated as functions of response
and control variables and their combinations as
follows:

1. The longitudinal coefficients Cy, Cy, and Cn



as functions of a, a, &, o, ga, o3, gu?, 82,

2
B4a, p, ¥, éd, Gr, GC

2. The 1lateral coefficients Cy, c,, and c, as
functions of 8, p, ¥, 63, &, 6., Ba, pa, ro,
802' Pazv razr Bzr pzr 831 p3' BZG, qur Baur

pia, P8 a, a2, o3

In both cases the functions were approximated by
polynomials. The variables in these polynomials
represent the increments with respect to their
trim values. In the eguation for the pitching
moment coefficient, the term & could not expli -
citly be included because of identifiability prob-
lems which occur due to high correlation between &
and qg. Relationships hetween parameters in the
expressions for C_ with and without explicit &-
terms can be found in For partitioned data,
the polynomials representing aerodynamic coeffi-
cients were postulated without explicit o depen-
dent terms, since the partitioned subspaces span
only a 1° range of «.

VI. Flight Data Analysis

The first step in data analysis included a
check on data compatibility and the estimation of
unknown bias errors in the measurements. Then,
from the postulated expressions for aerodynamic
coefficients, the structure of these eguations was
determined and unknown parameters estimated. For
the compatibility check, a nonlinear fixed-
interval smoother was applied The fixed-
interval smoothing problem can be formulated as
follows s
Given a system with state equations

x(i+1) = £lx(i}, n(i)]; x(0) = x4 (2)

and measurement equations

a(i) n{i) - &(1)

z(i) g [x(i)] + n(i)

determine Xy and the sequence E{i)}, i=0, 1,
N-1 that minimizes the cost function

soe,

N-1
3 =V LixgRy) ey (x0-%g) + _zO[ng‘o’ £(i)]

i= (4)
+ 0T (1+0R "n(i+11}

Equation (2) represents the airplane kinematic
equations augmented by the equation

6 =0, 0 (0) ¢}

o (5)

where the elements of the vector O are the unknown
con§tant biases and scale factors in the measured
data. In eg. (3), &(i) is the vector of random
errors in measuring the system input n(i) and n(i)
the vector of random errors in measuring the sys-
tem output glx(i)l. The input variables are usu-
ally represented by angular velocities and linear
accelerations or by angular accelerations and
derivatives of linear accelerations. Wwhen any
element of a(i) is unavailable, the corresponding
element of E(i) is considered to be an unknown
forcing function. In eqg. (4), io is an a priori
estimate of the state at the initial time, and Py

O, and R are the inverse of the weighting matri-
ces. In egqns. (2) to (4), N is the number of data
points.
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An example of measured and reconstructed (es-
timated) airspeed and incidence angles is given in
Figure 3. In this maneuver, only constant biases
and initial conditions were estimated. Because of
the very good agreement between the measurements
and predictions, it was not necessary to estimate
the scale factors. The estimated bias errors in
measured data and their standard errors are sum-—
marized in Table 1.

All of the corrected data from available
maneuvers were analyzed by using a stepwise re-
gression. As a modified version of the linear
reqression, this method can determine the struc-
ture of aerodynamic model equations and estimate
the model parameters. The determination of an
adequate model for the aerodynamic coefficients
includes three steps: the postulation of terms
which might enter the model, the selection of an
adequate model, and the verification of the model
selected. bs mentioned in the previous section,
the several forms of aerodynamic model eguations
can be written as

(6)

vi{t) O0 + O1x1(t) + aee + enxn(t)

where y(t) represents the resultant coefficient of
the aerodynamic force or moment, O1 to On are the
stability and control derivatives, OO is the value
of any particular coefficient corresponding to the
initial conditions, and x; to x, are the HIRM
response and control variables or their combina-
tions (see section V). The stepwise regression is
a model~building algorithm using the least sqguares
method. All significant terms among the candidate
variables are determined and the corresponding
parameters are estimated. The variable chosen for
entry into the regression eqguation is the one
which has the largest correlation with y after ad-
justing for the effect on y of the variables al-—
ready selected. The parameters are estimated by
minimizing the cost function

J

[y(i) - @
1

g2
o - Oj Xj(l)]

H ™M

N
P
i= j=1

where 2+1 is the number of parameters in the

reqgression equation.

At every step of the reqression, the vari-
ables incorporated into the model in previous
states and a new variable entering the model are
reexamined. Any variable which provides a statis-
tically nonsignificant contribution is removed
from the model. The process of selecting and
checking variables continues until no more vari-
ables are admitted into the eguation and no more
are rejected. The details of the whole procedure
are explained in 3) ang (8

VIII. Results and Discussion

Because of the experiment design and type of
HIRM's motion, the main emphasis in the flight
data analysis was constrained to the lateral aero-
dynamic eguations and the corresponding parameters
in these equations. Some of the important lateral
parameters are presented to show their variation
with a and §. and closeness to the wind-tunnel
test results. Three maneuvers in flight HD?! and
one in HD3 consisted mostly of lightly-damped



large amplitude oscillations, e.g., see Figure 1.
The remaining three maneuvers in HD3 flight exhi-
bited large excursions in o with some lateral
coupling. The stepwise regression procedure
demonstrated that for the oscillatory maneuvers,
analyzed as partitioned data, models with linear
parameters were adequate for all three lateral
coefficients Cy, C,» C,+» From the analysis of the
individual maneuvers, the technique also selected
nonlinear terms Ra and pa into the model equations
for the coefficients C,+ The aerodynamic deriva-
tives Cy , Cg,r and Cp were always selected by
the tecl*n%icmeB as the Bfirst parameters for the
model equations. They also explain the substan-
tial part of variations in measured data. High
sensitivity of the experimental data to these
derivatives sometimes resulted in identifiability
problems for the remaining parameters {e.g., lower
accuracy of their estimates, nonsignificant con-~
tribution to the measured responses, etc.).

The estimated values of three static para-~
meters Cy , Czs, and Cp, from data of flights HD1
and HD3 age presented ig Figure 4. The parameter
values of Cy, from flight HD3 are not available
because of a malfunction of the lateral accelero-~
meter. From the plot of Cy_against q it is evi-
dent that the flight data are consistent except
for a < 23° where the flight data are lower than
those from the wind tunnel measurements. No ex~
planation for this disagreement was founde. The
estimates of Cy  from each flight show certain in-
consistency for o < 25°, but on the average they
agree well with the wind-tunnel data. Finally,
the flight estimates of Cp, are consistent between
flights and agree with thHe wind tunnel data in
trend but show more directional instability of
HIRM than predicted by the wind tunnel measure-
ments. As in the case of Cy_, no reason for this
disagreement was found. 8

In Figure 5, the damping derivative Cy and
cross~derivative Cp, are compared with the reBults
from the oscillatory and rotary wind tunnel tests.
The rotary data predicted a decrease in damping
for 20° < a < 28°; whereas, the oscillatory tests
show no deterioration in this region. The flight
data indicate even less damping-in-~roll than the
rotary test. The flight results are in agreement
with the observed responses of the drop model,
which show very little damping or no damping at
all. The reason for the discrepancy between the
oscillatory data and flight results can be due to
the different amplitude of oscillations in the
wind tunnel (#5°) and in flight (around #35°).
The comparison of Cnp parameters from various
tests shows a similar pattern to that of CSLp- No
nonzero estimates of Cp,, could be obtained from
the partitioned data for 19° < ¢ < 23°,

The effect of different canard settings 1is
shown in two examples where cSc =0° and §, =-18°.
In the upper part of Figure 6, the parameter esti-
mates of Cy from flights HD2, HD4, and HD6 are
plotted and gompared with wind-tunnel data for
6h= -20° and § = -10°. The consistency of
flight estimates is good, and they agree with the
wind tunnel data for o < 32°, For higher o, the
flight results still exhibit negative values for
Cg,r but the wind tunnel measurements predict zero
ang positive dihedral effect. To confirm these
differences more flight data would be needed for
a > 32°, The lower part of Fiqure 6 contains the
damping parameters Cf'p from flight and wind-tunnel

testing. The rotary test results agree with
flight data for 22° < a < 27°. For the o~region
hetween 27° to 35° the flight data still indicate
low damping in roll, which is not confirmed by
wind-tunnel measurements. A comparison of flight
results in Fiqure 5 and Figure 6 indicates strong
effect of canard setting on damping in roll.

Some of the single maneuvers and partitioned
data sets were also analyzed in order to obtain
the estimates of longitudinal aerodynamic para-
meters. The results for the coefficients of the
longitudinal and vertical forces were very limited
and inconsistent due to insufficient excitation of
the airspeed and heave motion. More consistent
results were obtained, however, for the pitching-
moment parameters. Both the individual maneuvers
and partitioned data provided good estimates for
the damping and control derivatives and also indi=-
cate effects of yawing and rolling velocities on
C,.. Figqure 7 presents the estimates of (
derivative from flights HD1 and HD3. The discre-
pancy in these results could be caused by dif-
ferent flight conditions and the amplitudes of
pitching velocity. The low-amplitude . results
agree well with wind-tunnel measurements. The
second set of flight results shows an increased
damping in pitch.

The final set of flight-derived aerodynamic
parameters was obtained by averaging and fairing
the various estimates for each configuration
tested. The first step in the verification of
these parameters was the already mentioned com-
parison with wind-tunnel results. The next step
in the verification was made by checking the pre-
diction capabilities of the model equations. This
test included the simulation of maneuvers in terms
of response variable time histories and time his-
tories of the aerodynamic force and moment coeffi-
cients. In Figure 8, the computed and measured
time histories of lateral wvariables from one
maneuver in flight HD1 are given. Only three-
degree-~of -freedom simulation was used, with the
longitudinal variables computed from measured
data. Figure 8 is completed by the measured time
history of the angle of attack, which indicates
the o-variation in the measured and simulated
data. In Fiqure 9, the measured and predicted
time histories of lateral aerodynamic coefficients
from the same maneuver are compared. From both
figures it is apparent that the current model can
predict the motion of the HIRM within the o-range
of 18° to 30° reasonably well, Some deficiencies
of the model, however, still remain. The change
in the frequency around a = 23° is not accurately

predicted, and the amplitudes of computed vari-
ables are, in general, greater than those mea-~
sured. For further improvement of the mathemati-

cal model, the analysis of additional flight data
would be necessary.

VIII. Concluding Remarks

B procedure for the estimation of an airplane
model structure and parameters has been applied to
data from a high-incidence research model opera-
ting within the  o-range of 18 to 40 degrees. The
aerodynamic parameters were estimated from indivi~-
dual maneuvers and from subsets of joined data
from several maneuvers. The following conclusions
can be drawn from the results reported herein:

(1) Because of the nature of HIRM's motion, the
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(2)

(3)

(4)

te

main emphasis in the flight data analysis
was concentrated on the lateral parameters.
The stepwise regression demonstrated the
predominant effect of sideslip parameters on
the motion of HIRM. The high sensitivity of
experimental data to these parameters some-
times resulted in identifiability problems
for the remaining parameters.

The data analysis showed that a linear aero-
dynamic model was adequate for partitioned
data. For individuval maneuvers, nonlinear
terms expressing the variation of the
yawing-moment  parameters CnB and Cnp with
the angle of attack were found significant.

The estimated parameters agreed, in general,
with the results of wind tunnel measure-
ments. Some differences were, however, oh-
served. The flight data indicated higher
directional instability than predicted from
the wind tunnel. Within the a-range of 20
to 28 degrees, the estimated oscillatory-
roll-rate parameters (damping-in-roll deri-
vative and yawing-moment cross~derivative)
exhibited a similar trend as those from wind
tunnel rotary test. The flight results,
however, showed less damping in roll, which
was in agreement with the observed responses
of the drop model. The flight results dif-
fered significantly from wind tunnel oscil-
latory test data, which indicated high damp-
ing in roll and no variations with the angle
of attack.

The current mathematical model based on
flight results could predict the motion of
the HIRM reasonably well. For the improve-
ment of the model prediction capabilities
the analysis of additional flight data would
be necessarvy.
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TABLE 1 - Estimates of bias errors in measured
data

MEASURED

VARIABLE BIAS STANDARD ERROR

Vv, m/sec 1.6 .63

B, deg ~3.4 .25

a, deq ~-1.2 42

¢, deg -6 1ol

8, deg -1.6 <96

ag, 9 units .04 .020

agr 9 units .06 031

a, g units -a12 .015

p, deg/sec -4. 1.8

a, deqg/sec 1.5 .23

r, deg/sec ~-3.0 .41
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FIGURE 1 - Three-view drawing of test model.
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FIGURE 7 - Comparison of damping-in-pitch
parameter estimated from flight data and
wind-tunnel measurement.
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FIGURE 8 - Comparison of measured lateral time
histories with those computed from mathe-
matical model of HIRM.
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FIGURE 9 - Comparison of measured lateral aero-
dynamic coefficients with those computed
from mathematical model of HIRM.
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