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A procedure for determination of aerodynamic model structure and estimation of aerodynamic parameters is
applied to data from a modern fighter operating within an angle of attack range of 5-60 deg. The paper briefly
describes the airplane, available flight and wind tunnel data, postulated models for airplane aerodynamic coeffi-
cients, and flight data analysis. The results presented contain only a small number of selected longitudinal and
lateral parameters. These parameters were obtained from various maneuvers and subsets of joined data from
several flights. The estimated parameters are in good agreement with the wind tunnel measurements. The
resulting aerodynamic model equations seem to be satisfactory for the prediction of airplane motion.

Nomenclature

b = wing span, m

¢ =mean aerodynamic chord, m

C, = general aerodynamic force and moment coefficient

Cym,n =rolling, pitching, and yawing moment coefficients,
respectively

Cyz =lateral and vertical force coefficients, respectively

p,q,r =roll rate, pitch rate, and yaw rate, respectively, rad/s
or deg/s

V =airspeed, m/s

o = angle of attack, rad or deg

B8 =angle of sideslip, rad or deg

] =pitch angle, rad

6,4, =differential tail, symmetric tail, and rudder deflec-

tion, respectively, rad or deg
Aerodynamic derivatives are referenced to a system of body
axes with the origin at the airplane center of gravity, as
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Introduction

A procedure for the determination of airplane model struc-
ture and parameters from flight data has been developed
in Refs. 1 and 2 and later reported in Ref. 3. The procedure is
implemented by using stepwise regression and several decision
criteria that allow for the selection of an adequate model from
postulated terms in the aerodynamic model equations. These
equations are based either on polynomials in airplane response
and input variables or on polynomial splines approximating
the aerodynamic functions. The above technique for airplane
model structure determination was successfully applied to pre-
and poststall data of a general aviation airplane in Refs. 1 and
2.

The main purpose of this paper is to demonstrate the exten-
sion of the technique mentioned to a different class of
airplanes by presenting the results of applying the technique to
data from a modern fighter airplane. Some of the preliminary
results have already been published in Ref. 4. In this paper,
new results based on additional flight measurements and re-
vised data analysis are included.

The flight data available for the analysis can be divided into
three groups: the small-amplitude longitudinal and lateral
maneuvers, large-amplitude maneuvers, and quasisteady
deceleration-acceleration maneuvers. All estimated aero-
dynamic parameters and functions selected for presentation in
this paper are compared with the results of the wind tunnel
measurements. Finally, the prediction capability of the model
determined from flight data is illustrated in an example.

Airplane

The airplane is a twin-engine, high-performance fighter
with variable wing sweep. A top view line drawing is given in
Fig. 1. The left and right horizontal stabilator act both sym-
metrically and differentially, providing pitch and roll con-
trol, respectively. The average setting of the stabilator pro-
vides the pitch control. At low speeds, spoilers on the wing
are used for additional roll control. The rudders on the twin
vertical tails provide control in yaw. The test configuration
consisted of the wing in the 21 deg sweep position with full
span slats on the outboard panels deflected at 8.5 deg and
the trailing-edge flap deflected at 11 deg.
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The flight data were obtained in the form of input-output
time histories with 50 samples/s. With each set of data, the
values of air density; airplane mass, c.g. location; and iner-
tias were provided either at the beginning of each maneuver
only (maneuver header) or during the whole maneuver
(separate data printout). The data available for the analysis
can be divided into three groups: small-amplitude
longitudinal and lateral maneuvers, large-amplitude transient
maneuvers, and deceleration-acceleration maneuvers.

The small-amplitude maneuvers were specifically designed
for airplane parameter estimation. They were initiated from
trimmed conditions at several values of «;, between 5 and
40 deg. The inputs were in the form of either pulses or
doublets. In some cases, the inputs were of such small
amplitude and/or short duration that they caused insuffi-
cient excitation of airplane responses. Although spoilers are
normally active, some of the lateral maneuvers were per-
formed with spoilers closed. Examples of the longitudinal
and lateral maneuvers will be seen later in a comparison of
measured and computed airplane responses.

The large-amplitude transient maneuvers comprised two
sets of data. The first set was not intended for model struc-
ture determination and parameter estimation. The maneuvers
were flown for the evaluation of stability and handling
characteristics in high o flight regimes. In these maneuvers,
the motion consisted of predominantly lateral modes with «
changing from 0 to 60 deg and § sometimes exceeding 25
deg. The time histories indicated that the large-amplitude
manuevers contained some possible deficiencies for use in
airplane identification. For example, during these
maneuvers, all airplane modes were not persistently excited
because of the small variation in the differential tail and rud-
der deflection. Very often, the maneuvers started with rapid
changes in «, 0, and V, but only small variations in the re-
maining output variables. For these reasons, the data from
19 maneuvers were joined together into one set of data. The
resulting ensemble of about 9000 data points was partitioned

into 23 subsets according to the values of o (see Ref. 2 or 5.

for an explanation of the partitioning procedure and its im-
pact on model simplification). A histogram summarizing the
number of data points in each subset is given in Fig. 2,
where the width of each rectangle represents the width of the
corresponding subset and the height corresponds to the
number of points in that subset. For the new sets of data,
the lateral coefficients were modeled primarily on 2 deg
subspaces of the 0-60 deg o space.

In contrast to the first set of large-amplitude maneuvers,
the second set was flown explicitly for parameter estimation.
This second set of large-amplitude data was comprised of
five longitudinal and four combined (longitudinal and
lateral) transient maneuvers. The longitudinal transient data
were analyzed first as individual maneuvers and second as an
ensemble data set from the five longitudinal maneuvers par-
titioned according to the values of « and §,. First, the data
were partitioned into subspaces of the 0-50 deg « space. The
four combined maneuvers were used in the form of a parti-
tioned data set only. This set of data was also partitioned in-
to 2 deg subspaces of the 0-50 deg o space.

Finally, the deceleration-acceleration maneuvers were con-
sidered quasisteady and analyzed accordingly. A review of
all flights from which the various maneuvers were taken is
given in Table 1.

Wind Tunnel Measurements

Over several years extensive studies of selected configura-
tions of the test airplane were conducted in various wind
tunnels. The data from one set of static tests are presented in
Ref. 6. These data were obtained from measurements in the
Langley 7x10 ft high-speed tunnel at a Mach number of
0.15 using a 1/16-scale model. The corresponding Reynolds
number was 0.61 X 10® based on the wing reference chord.
During the test, the angle of attack varied from 0 to 50 deg
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and sideslip from —20 to 20 deg. Pitch, roll, and yaw con-
trol effectiveness were studied as well as the effect of spoilers
for the configuration with the wing in the 22 deg sweep posi-
tion, full span slats on the outboard panels deflected 8.5 deg,
and leading-edge flaps deflected 10 deg. All of the measured
data were presented without analysis. It was, therefore,
necessary to estimate stability and control derivatives and
their variation with « and 8. Because of the significant effect
of the tail-plane setting on the various aerodynamic coeffi-
cients, the derivatives were estimated for fixed values of §,
and for §, corresponding to trimmed conditions.

Additional wind tunnel measurements of a 1/16-scale
model of the airplane with various stores and control settings
were carried out in the 7 x 10 ft transonic tunnel at the David
W. Taylor Naval Ship Research and Development Center.
The test of a clean configuration with sweep position at 22
deg and corresponding slat and flap deflections was per-
formed at Mach number 0.7 and Reynolds number 2.8 X 105.
Some of the results are included in Ref. 7.

A comprehensive set of oscillatory derivatives was
measured in the low-speed 30x 60 ft tunnel at Langley using
a 1/10-scale model. The measurement was conducted at a
Reynolds number of about 0.4x10°%. Tests were made for
sweep angles of 22, 30, 50, and 68 deg with the slats and
flaps retracted. The results of these measurements are given
in Ref. 8. Some unpublished data also include the
measurements with both slats and flaps deflected.

Fig. 1 Top view line drawing of test airplane.
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Fig. 2 Number of data points in subsets using partitioning of data
from large-amplitude maneuvers.
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Table 1 Review of flights that provided data for airplane
identification and parameter estimation

Flight Data group Comments

331,332 I Small-amplitude maneuvers.

354,355 Analyzed as small-perturbation transient

357,375 maneuvers

474,478 II, set 1 Large-amplitude maneuvers for verification
of simulation studies. Not designed for
parameter estimation. Analyzed by combining
all data and partitioning into subsets on «
space

562,563 II, set 2 Large-amplitude maneuvers specifically
designed for parameter estimation. Analyzed
as individual maneuvers and by combining and
partitioning data on « and §,, space

562,563 111 Deceleration-acceleration maneuvers.

Analyzed as a quasisteady maneuver for
estimation of pitching moment and lift
curve

Postulated Models

The airplane equations of motion were referred to the
body axes and used in their general form, see e.g. Ref. 1 or
9. For the small-amplitude maneuvers, the aerodynamic
coefficients were postulated as polynomials in input and out-
put variables. These polynomials inciuded the linear terms
(stability and control derivatives) and higher-order terms ex-
pressing the variations of stability and control derivatives
with « and (3, see Ref. 1.

For the large-amplitude maneuvers, the polynomial splines
in « and B were used in the postulated aerodynamic func-
tions. The longitudinal aerodynamic coefficients were ap-
proximated as

qc
Cy(a,q,6,)= Ca(a)ahz — 15 deg + Caq(a)W‘*‘ CaahAah ¢))

(@a=Z or m)

where Ad, =6, +0.26178 rad (15 deg). The terms on the
right-hand side of Eq. (1) represent splines in o. A
polynomial spline of degree m with continuous derivatives
up to degree m— 1 approximating a function for ae(ag,0tmay)
can be written as

m k
Sm(e)= )5 Chpa+ Y Dila—a)? ®
h=0

i=1

where

(a—ai)’ﬁ_—‘o for a<o;

=(a—a;)" for azo;

The values of «, o, . . ., o are knots that are ordered as
ap<o; <. .. op<ay, and C, and D; are constant coeffi-
cients. This form of the spline is chosen based on experience
as reported in Ref. 10.

In Eq. (1), no « term is explicitly introduced because of
the near-linear dependence of & on the remaining variables.
The effect of « is included primarily in contribution due to
pitching velocity. Also not included in Eq. (1) are variables
that might express a possible aerodynamic coupling. The
reasons for the omission of these terms were the relatively
small lateral motion during the large-amplitude longitudinal
maneuvers and an attempt to keep the model as simple as
possible. Derivatives expressing ‘‘change with «,’’> such as

C,,, are not included because the partitions assume a small
Aa for each subset. The lateral coupling terms were,
however, included in models using partitioned data. For the
data partitioned with respect to «, the aerodynamic model
equations were expressed as

Ca(ds q) 6[1, )87 pa r, ad, 6r)

—c,@+c,-Xic

)% aahAah

k
+Cu 181+ 003262 + El Cuga(1B1 =B

rb
1% + Cray 1841+ Cps, 16,15 (@a=Z or m)
(3)

+C,

ap

+C,

ar

L”l
2V

where a denotes the midpoint of an « interval, 8,>0 are
knots, and

(181 =B8)%4=0 for 181 <8,
= (181 -8,)* for 18] =B;

For the data partitioned with respect to 6, the model was
changed as

Ca(gh’ o, q’ 69 pa r’ 6d9 6r)
- qc
= Ca(6h) + Ca(a)éhzé-h + Caq(a)ﬁ‘

+ G 1Bl +Cn82 + Cppp B

pb rb
+C,, W'*Car 7‘+Ca6d|6dl
+Cy, 18,15 (@a=Z or m) “)

The approximation for the lateral aerodynamic coeffi-
cients in combined maneuvers is given in Ref. 3.
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For the «-partitioned data, the model was used in the
form

Ca(d) By p) r, 6da ah) 6r)

k
= Co(@)+ CpB+ Y CuyiB (1 - %)
i=1 +

pb rb
+ C"PW + CarT/— + Caadéd

+ Cl, 8y + CogsB8) + Coyyn6aSn
(@=Y, 1, or n) &)
where
B —B,/B), =0 for 181 <p;
=B-B; for =4,
=B3+B; for f= -4,

The value of §; is always taken as positive by convention,
which means that C,(3) is assumed to be an odd function.
The last two terms in Eq. (5) include the effect of symmetric
stabilator deflection (tailplane setting) on lateral parameters.
These two terms were included on the basis of wind tunnel
measurements.

Flight Data Analysis

All of the data from the transient maneuvers were ana-
lyzed using a stepwise regression (SR). As a modified version
of the linear regression, 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 that might enter the model, selection of an adequate
model, and the verification of the model selected. As shown
in the previous section, the general form of aerodynamic
model equations can be written as

PO =00+0,x,(8)... +0,x,(1) ®

where y(¢) represents the resultant coefficient of aerodynamic
force or moment. In the polynomial representation of the
aerodynamic coefficient, 8, to 8, are the stability and control
derivatives, 8, is the value of any particular coefficient cor-
responding to the initial steady-flight conditions, and x, to
x, are the airplane output and control variables or their com-
binations. If splines are used in Eq. (6), then 6, to 8, arc the
constants in the spline approximation of the aerodynamic
functions.

After postulating the aerodynamic model equations, the
determination of significant terms among the candidate
variables and estimation of the corresponding parameters
follows. The variable chosen for entry into the regression
equation is the one that has the largest correlation with y
after adjusting for the effect on y of the variables already
selected. The parameters are estimated by minimizing the
cost function

N 4
Tse= 2o M) ~86— Y 0,x,()]>
i=1 Jj=1

where N is the number of data points and (£+ 1) the number
of parameters in the regression equation.

At every step of the regression, the variables incorporated
into the model in previous stages and a new variable entering
the model are re-examined. Any variable that provides a
nonsignificant contribution (due to correlation with more
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recently added terms) is removed from the model. The pro-
cess of selecting and checking variables continues until no
more variables are admitted to the equation and no more are
rejected. Experience shows, however, that the model based
only on the significance of individual parameters in model
Eq. (6) can still include too many terms and therefore may
have poor prediction capabilities. Several criteria for the selec-
tion of an adequate model are introduced in Ref. 1 and the
details of the whole procedure are explained in Refs. 1 and 2.

A limited number of small-amplitude maneuvers were also
analyzed by the maximum likelihood (ML) method of Ref.
9, assuming no external noise and using the model structure
determined by stepwise regression. The corresponding cost
function has the form

3

N 1 ~
M= Y Y= 150~ 501

i=1j=1

i
S

~

where m is the number of output variables, o> the variance
estimate of measurement noise, z; and z} the measured and
computed outputs, respectively, and 8 the estimates of un-
known parameters.

Discussion of Results

The longitudinal parameters presented in this paper in-
clude the pitching moment coefficient C,, and damping in
pitch parameter C,, . The variation of C,, with o was deter-
mined from a deceleration-acceleration run and from large-
amplitude maneuvers using partitioned data and data from
single maneuvers. The results from flight data are referred to

. WIND TUNNEL
ir 4=b FLIGHT:
O DECELERATION
5 ®  ACCELERATION
— ——— PARTITIONED DATA (8}
— - LARGE AMPL. MANEUVER
0
cm
-, 2 —
—‘4 —
- 6 —
L | | |
0 T )

a, deg

Fig. 3 Comparison of pitching moment coefficient in steady-state
conditions estimated from flight and measured in wind tunnel.
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Fig. 4 Comparison of damping-in-pitch parameter estimated from
small-amplitade maneuvers and wind tunnel measurement.
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as §,= —15 deg and are compared with wind tunnel mea-
surements at the same stabilator deflection in Fig. 3. All of
the data presented agree very well for o of 5-28 deg. Dif-
ferences in various results appear at a>30 deg, which is the
region where the C;(a) curve first reaches its maximum
(around 32 deg) and then starts decreasing due to flow
separation over the whole wing; see Refs. 6 and 8. For o>40
deg, the flight results indicate a tendency for much smaller
C,, than that obtained from the wind tunnel. This disagree-
ment could be attributed to different Reynolds numbers dur-
ing wind tunnel (Re=6x10%) and flight (Re=30x10)
testing.

Figures 4 and 5 contain the estimates of Cm, from flight
and wind tunnel measurements. The small-amplitude maneu-
vers used for these estimates were excited by stabilator de-
flection in the form of a simple pulse or doublet. The
results from runs with doublet inputs are close to the
estimates from large-amplitude maneuvers in Fig. 5. In this
figure, three different flight results are given, namely, the
estimates from a single maneuver and from data partitioned
with respect to « and §,. In the prestall region, these results
agree quite well. For higher «, the second set of partitioned
data could not predict any variation of C,, with «. This in-
sensitivity to possible « variation and the scatter in the flight
results can be caused by reduced identifiability of Cmq,
which is especially noticeable in the poststall region. In the
prestall region, the wind tunnel gives greater values of the
parameter than the flight data. The different Reynolds
number and configuration for flight and wind tunnel test
could contribute to this discrepancy. The wind tunnel test for
Cy, was conducted with flaps and slats retracted.

The remaining estimates from transient maneuvers
presented in this paper contain the derivatives of rolling and
yawing moment coefficients. The estimation of these
parameters involved some identifiability problems, mainly
due to the following: the test data exhibited either small ex-
citation of the yawing motion (small-amplitude and the sec-
ond set of large-amplitude maneuvers) or rather benign
variations in the yawing velocity (first set of large-amplitude
maneuvers). Then, the wind tunnel data show rapid changes
in parameters C,;, and C, with « and, at the same time,
small values of these parameters within certain regions of o.

The estimates of directional stability parameter C,, are
given in Figs. 6 and 7. It is shown in Fig. 6 that values from
both estimation techniques, that is SR and ML, agree well
with the wind tunnel prediction for o> 10 deg. In the region
of o< 10 deg, the parameter values from the linear regres-
sion are smaller than those obtained by the ML method or
from the wind tunnel measurements. This discrepancy could
be caused by the poor form of the input variables and by an
attempt to estimate all parameters in Eq. (6) by the SR
method. The MIL estimates were obtained with some
parameters fixed.

The parameter values of C,; estimated from two sets of
large-amplitude maneuvers are presented in Fig. 7. These
estimates correspond to 3 between +5 deg and are referred
to 6, =0 deg. The effect of §, on Cpg is apparent by com-
parison of wind tunnel data and flight results in Figs. 6
(64 =0im) and 7 (6, =0 deg). In addition the effect of dif-
ferent test conditions on wind tunnel values is seen in Fig. 7.
The estimates from large-amplitude maneuvers agree
reasonably well with the wind tunnel data for « of 10-40 deg.
The scatter in the estimates for «>40 deg can be caused by
poststall flight conditions.

The differential tail effectiveness estimated from small-
and large-amplitude maneuvers is presented in Figs. 8 and 9.
The wind tunnel] data in those figures show only a small ef-
fect of §, on the parameter C,,. On the other hand, the
secondary effect of differential tail deflection C,, is
significantly affected by stabilator setting §,. In Fig. 8, the
flight and wind tunnel values of C,, and C,,, are given for
trimmed conditions with the spoiler both on and off. All
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Fig. 5 Comparison of damping-in-pitch parameter estimated from
large-amplitude maneuvers and wind tunnel measurement.
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Fig. 6 Comparison of directional stability parameter estimated from
small-amplitude maneuvers and wind tunnel measurement.

results agree well. They indicate no contribution of spoiler
deflection for a>15 deg and the negative yawing moment
due to 6,.

The estimates of Cy, for §,=0 are similar to those for
trimmed conditions. The small parameter values for low «
are the results of limited roll maneuvering and flying some
of the maneuvers with the spoiler off. The estimates of Cosa
for 6, =0 deg are, however, different from those in Fig. 8.
The negative yawing moment for small values of o becomes
adverse for «>20 deg. The parameter C,,,, which defines
the variation of the C,;, with tailplane setting, was estimated
from partitioned data and is compared with wind tunnel data
in Fig. 10. Both estimates are very close.

The values of damping-in-roll parameter C, are plotted vs
o in Figs. 11 and 12. The results from small-amplitude
maneuvers are close to the wind tunnel measurements within
the whole range of «. The results from the two sets of parti-
tioned data exhibit some inconsistency for a>20 deg. This
could be caused by different flight conditions and types of
maneuvers. The first set of data included various maneuvers
with the rolling velocity sometimes reaching 100 deg/s. The
maneuvers included in the second set of partitioned data
were mostly oscillatory with rolling velocity within +30
deg/s range and similar to those used for the estimates in
Fig. 11. The results from those two groups of data are quite
close.
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Fig. 7 Comparison of directional stability parameter estimated from
large-amplitude maneuvers and wind tunnel measurement.
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Fig. 8 Comparison of differential tail effectiveness parameters

estimated from small-amplitude maneuvers and wind tunnel
measurement.
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Fig. 9 Comparison of differential tail effectiveness parameters

estimated from large-amplitude maneuvers and wind tunnel
measurement.
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FLIGHT:
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O 1ST SET
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WIND TUNNEL

a, deg

Fig. 10 Comparison of yawing moment due to differential and sym-
metric tail deflection estimated from large-amplitude maneuvers and
wind tunnel measurement.
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Fig. 11 Comparison of damping-in-roll parameter estimated from
small-amplitude maneuvers and wind tunnel measurement.
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WIND TUNNEL
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Fig. 12 Comparison of damping-in-roll parameter estimated from
large-amplitude maneuvers and wind tunnel measurement.

The estimates of the remaining parameters from the parti-
tioned data were close to the parameters estimated from the
small-amplitude maneuvers. The partitioned data did not
provide any comprehensive information about nonlinearities
of the coefficients with 8. For this reason, the results mostly
from the partitioned data without these nonlinearities were
used in the prediction of the airplane motion. The general
equations of motion were integrated using the measured in-
puts and measured airspeed (the five-degree-of-freedom
simulation). One of the results of simulation exhibiting a
cross-control maneuver is given in Fig. 13. For most of the
time intervals selected, the measured and predicted time
histories are similar, thus indicating good prediction
capabilities of the model determined from flight data.
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Fig. 13 Measured time histories and those predicted by using
parameters obtained from flight data.

Conclusions

A procedure for the estimation of airplane model structure
and parameters has been applied to data from a modern
fighter airplane operating within the o range of 5-60 deg.
The aerodynamic parameters were estimated from small- and
large-amplitude transient maneuvers and quasisteady runs.
The following conclusions can be drawn from the results
reported herein:

1) The small-amplitude maneuvers designed for parameter
estimation provided estimates of all stability and control
derivatives under trimmed conditions within 5<a <40 deg.
Some inconsistencies in these estimates were mainly caused
by insufficient excitation of the airplane motion.

2) The longitudinal maneuvers, transient and quasisteady,
provided consistent estimates of pitching moment coefficient
and damping in-pitch parameter as functions of «.

3) It was shown that large-amplitude maneuvers, whether
or not they were specifically designed for airplane identifica-
tion, can be used in the analysis of lateral aerodynamics in
the form of partitioned data according to the values of «.
The partitioned data revealed some interesting details in the
-aerodynamic model equations, namely the effect of tailplane
setting on the yawing moment coefficient.

4) The estimated parameters and functions are in good
agreement with the results of static and oscillatory wind tun-
nel measurements. In addition, the model with estimated
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parameters from flight data demonstrated good prediction
capabilities in small-amplitude maneuvers. Also, reasonably
good results were obtained for large-amplitude maneuvers
using the five-degree-of-freedom simulation.

The paper presented represents a further step toward the
determination of an overall model of the airplane from flight
data. The future work should include more emphasis on the
design of an experiment, especially the form of input
variables. Better experimental data might increase the ac-
curacy of the estimated parameters and provide better
knowledge about the aerodynamic model equations within
the extended flight envelope. This should be followed by an
intensive effort to simulate various six-degree-of-freedom
maneuvers within the flight envelope considered.
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