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High-Alpha Aerodynamic Model Identification
of T-2C Aircraft Using the EBM Method
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Practical Sciences, Inc., Carlisle, Mass.

The estimation-before-modeling (EBM) system identification method has been applied to actual high-
alpha/beta flight data of the T-2C jet trainer aircraft. Eighteen maneuvers (600 s at 20 Hz) were processed by the
two steps of the EBM technique. The estimated biases and scale factors of the measurements are presented.

. Comparisons between the wind-tunnel and the identified state and control derivatives are given. Comparisons
between the predicted and the identified dynamic derivatives are presented. There is good agreement between the
identified nonlinear model and the wind-tunnel model. Many (although not all) identified dynamic derivatives
are in agreement with the prediction models except near stall or at high alpha.

Nomenclature

=reference wingspan

=mean aerodynamic chord

=roll moment coefficient about x-body axis

= pitch moment coefficient about y-body axis

=yaw moment coefficient about z-body axis

= axial force coefficient along x-body axis

=side force coefficient along y-body axis

=state derivative of C, with respect to 8 (other
combinations occur where y is changed to x, z, /, m,
or n; and g is changed to another state, to a control,
to & or 3, or to a parameter)

= state derivative of C, with respect to Sat §=0

=normal force coefficient along z-body axis

=acceleration due to gravity = 9.806 m/s?

= angular momentum of both T-2C engines

=moment of inertia about x-body axis

=moment of inertia about y-body axis

=moment of inertia about z-body axis

= cross product of inertial about x- or z-body axes

=distance along x axis between aerodynamic center
and center of gravity (positive for a.c. forward of
c.g.)
. =distance along z axis between aerodynamic center
and center of gravity (positive for a.c. below c.g.)
=distance along z axis between thrust axis and center
of gravity (positive for thrust axis below c.g.)

= aircraft mass

=aircraft x-body axis roll rate

= aircraft y-body axis pitch rate

=aircraft z-body axis yaw rate

=reference wing area .

MLR =stepwise multiple linear regression

=thrust component along x-body axis direction

=thrust component along z-body axis direction

=speed along aircraft x-body axis with respect to a
nonmoving freestream air mass

=aircraft total airspeed

=speed along aircraft y-body axis with respect to a
nonmoving freestream air mass

=gspeed along aircraft z-body axis with respect to a
nonmoving freestream air mass

=angle of attack

=time derivative of «

=sideslip angle
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8 =time derivative of 8
3, =aileron deflection (+ 6, — left wing down roll)
S, =elevator deflection (+ 8, — nose down pitch)
3, =rudder deflection (+ §, — nose left yaw)
0 =Euler pitch angle
o =air density
¢ =Euler bank angle
Introduction

HIS study was motivated by the inability of empirical and

theoretical techniques to predict accurately the nonlinear
aerodynamics of the high-angle-of-attack/sideslip domain for
aircraft. The Naval Air Development Center (NADC), among
others, has taken the direction to extract the nonlinear
aerodynamics from actual flight test data using system
identification and modeling techniques. Success in this
direction allows predicted effects to be correlated with the
actual effects .to determine the scaling, trending, refor-
mulation, etc., that must be applied to the prediction to match
the actual. By performing this correlation for several existing
aircraft, it will build confidence in the designer’s ability to
predict the performance and stability and control charac-
teristics of proposed aircraft.

The T-2C is a light jet trainer aircraft which was in-
strumented and operated by NADC for the express purpose of
producing high-angle-of-attack flight data. The data along
with a wind-tunnel model! and a prediction model? of the T-
2C was supplied to Dynamics Research Corporation (DRC)
for processing with a system identification technique. The
twofold objectives of the study? are: 1) to develop and refine
a system identification method for application to the iden-
tification of aircraft aerodynamics characteristics in the
nonlinear (high-angle-of-attack/sideslip) flight regime, and
2) to apply the developed method to both simulated and
actual flight test data for a T-2C jet trainer aircraft at high
angles of attack and sideslip. We investigated two system
identification techniques. The first was the spline estimation
procedure as outlined in Refs. 4-7. The second employs an
extended Kalman-Bucy filter/Bryson-Frazier smoother.®
Both techniques were used in conjunction with a stepwise
multiple linear regression (SMLR) method.® The results of
applying the first technique to simulated T-2C data are
contained in Ref. 10. The results of applying the second
technique to the same simulated T-2C data demonstrated that
the extended Kalman-Bucy filter/Bryson-Frazier smoother is
overwhelmingly superior to the spline estimation procedure.
The results of applying the second technique to simulated T-
2C data are given in Ref, 11.

Both techniques were also applied to the actual T-2C flight
test data. We were unable to overcome divergence problems
of the spline estimation procedure that appeared while at-
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tempting to process the actual T-2C data. As a result, the first
technique, which used the spline estimation procedure, did
not identify a model of the actual T-2C aircraft. The second
technique did,!? and those results are highlighted in this
paper. As a result of its poor performance, the spline
estimation procedure was removed as an alternative to the
extended Kalman-Bucy filter/Bryson-Frazier smoother in
DRC’s estimation-before-modeling (EBM) system iden-
tification method. The spline estimation procedure was not
used in obtaining any of the results of this paper nor those of
Refs. 3, 11, and 12. '

The EBM methodology which uses the extended Kalman-
Bucy filter/Bryson-Frazier smoother was validated!! under
controlled but realistic simulated conditions. The T-2C wind-
tunnel model and the prediction model of the dynamic
. derivative were used to generate synthetic data. The controls,
initial conditions, masses, and thrusts of 16 actual T-2C flight
test data records were used to excite the T-2C wind-tunnel
model to generate the 16 synthetic maneuvers. The synthetic
data were corrupted with realistic noise level measurements
and then processed with an extended Kalman-Bucy/Bryson-
Frazier smoother to produce excellent estimated values of the
states and of the forces and moments. Subspace modeling
together with a stepwise multiple linear regression technique
were used to identify a global state/control dependent model
of the force and moment coefficients. The identified model
‘agrees well with the T-2C- wind-tunnel model. The high
nonlinearities were accurately identified. The identified global
model gave excellent predicted responses for a new maneuver
not used in the identification process.

In this paper we present the results of the aircraft system
identification study 2 whose scope was confined to processing
18 maneuvers (over 600 s at 20 Hz) of actual T-2C flight test
data in the high-alpha/beta flight regimes.

The EBM Methodology

A major contribution of the study reported in Refs. 3, 11,
and 12 is the approach taken to identify the highly nonlinear
aerodynamic stability and control characteristics from actual
flight test data in high-angle-of-attack/sideslip flight regimes.
The EBM technique is a two-step approach to the modeling of
aircraft aerodynamics. The desired results of applying the
EBM technique to flight data are 1) optimal, smoothed, time
history estimates of the vehicle state and 2) state-dependent
models for the coefficients of the forces and moments acting
on the vehicle. The first step which is the nonlinear estimation
part uses Gauss-Markov processes to model the accelerations
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due to aerodynamic forces (e.g., drag, sideslip, and lift) and
moments (e.g., roll, pitch, and yaw). It employs an extended
Kalman-Bucy filter/Bryson-Frazier smoother to generate
smoothed estimates of the states, aerodynamic forces, and
moments time histories, and measurement biases and scale
factors. It has the feature of editing bad data. In the second
step which is the modeling part, the SMLR method is used
together with subspace modeling to identify the nonlinear
dependency of the aerodynamic coefficients on aircraft states
and controls. The basic aspects of these two steps are
described in detail in Ref. 11.

Any system identification method must perform both
estimation and modeling. A unique feature of the EBM
technique is the separation of the estimation of the aircraft
states (i.e., the first step) from the modeling of the
aerodynamic coefficients (i.e., the second step). It is this
separation that gives the EBM technique its power as a
modeling tool. It decouples the highly complex modeling
problem into six simpler ones. The EBM technique models
separately each coefficient rather than all six coefficients
simultaneously as other methods do. In addition, it identifies
a single model of each coefficient for all maneuvers rather
than one for each manéuver as is usual with other methods.
Furthermore, the modeling of a coefficient is conducted over
subspaces of the state/control domain. The models over the
subspaces are low-order ones. Synthesis of the subspace
models provide the identified nonlinear model. Thus, a highly
nonlinear model is identified through the synthes1s of iden-
tified low-order models.

T-2C Flight Test Conditions

The T-2C flight test data were taken at 7500 m altitude over
a Mach number range of 0.25-0.40. The throttles were fixed
during maneuvers. The gear was up and the speed brake was
retracted. The type of input used to generate each maneuver is
described in the last column of Table 1; the first column
denotes the flight and maneuver numbers that go with the
input used. The inputs were designed by NADC. The time
histories of the inputs are presented in Appendix B of Ref. 12
for all maneuvers. The maneuvers F1M1, FAM9, and F6M1
had 360 deg rolls and the maneuver F4M10 had two 360 deg
rolls. The angle of attack o ranged from — 3 to 39 deg and the
sideslip angle 8 covered the range from — 18 to 26 deg. Most
of the maneuvers had a trim « between 10.5 and 11.5 deg and
a trim airspeed between 90.0 and 95.0 m/s. The maneuvers
F4M7 and F4M8 had a trim « between-5.5 and 6.5 deg and a
trim airspeed between 115 and 120 m/s.

Table1 Description of actual T-2C data processed with EBM system identification method

Approximate

Flight and duration of
maneuver nos. maneuver, s Type of input
FIM1 16 Aft stick, full rudder pedal (360 deg roll)
F2M1 34 Random fore and aft stick
F2M2 35 Random side-to-side lateral stick
F2M3 40 Sequential doublets: §,, &,, 5,
F3M1 34 Longitudinal doublet
F3M2 25 Random side-to-side rudder mput
F3M3 39 Sequential random; §,, 8,, 6, (8, =0deg)
FaM1 21 Longitudinal stick ramp plus sine wave
F4M2 75 Sequential random: &, é,, 8, (Bp= —5 deg)
F4M3 46 Sequential random: §,, 8,, 8, (B9 =35 deg)
FaM4 30 Full aft stick plus pulses (spin)
F4M5 60 Longitudinal limit cycle
F4M6 38 Shallow bank to stall
FAM7 40 Steep bank to stall (360 deg roll)
F4AM8 29 Pull-up from dive (360 deg roll)
F4M9 29 Coordinated control spin entry (360 deg roll)
F4M10 28 Coordinated control spin entry (2-360 deg rolls)
F6M1 17 Aft stick, full lateral stick
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T-2C Measured Quantities

The instrumentation system of the T-2C provided the
following measurements:

1) Longitudinal acceleration along the aircraft x-body axis
measured at the nose.

2) Lateral acceleration along the aircraft y-body axis
measured at the nose, center of gravity, and tail.

3) Vertical acceleration along the aircraft z-body axis
measured at the nose, center of gravity, tail, right wing, and
left wing.

4) Roll, pitch, and yaw rates of aircraft body axes.

5) Euler pitch and bank angles, and altitude.

6) Angle of attack, sideslip angle, and total airspeed.

7) Aileron, elevator, and rudder deflections.

T-2C Aircraft Constants

The reference wing area is 23.7 m? and the mean
aerodynamic chord and reference wingspan are 2.26 and
11.62 m, respectively. The distance along the z-axis between
the thrust axis and the center of gravity is /,, =0.49 m. The
moments of inertia about the body axes are I, =12,212,
I,=19,811, and I, =25,781 kg-m?2. The product term I, is
zero. The total angular momentum of both engines is
h, =2448 N-m-s (clockwise rotation from the rear of the
aircraft). The mass is dependent on the maneuver and its
value is in the range of 4944-5420 kg. The thrust T, along the
x-body axis is 3226-4486 N. The moment arm /, has an ap-
proximate value of 0.05 m. The thrust T, along the z-body
axis is zero.

Equations of Motion

The following kinematical relations for a rigid aircraft are

given with reference to body axes at the center of gravity !3:

u=rv—qw—gsinf+X,

U=pw—ru+ gcosfsing + X, ,

W=qu—pu+ gcosfcos¢ + X ;

P=pqC+qrC,+qCus+X,+Cy X,

g=prCs;+ (r’—p?)C;, —rCs; + X

F=pqCq +qrCq,+qCe+Xs+Coi X,

6=gcosep—rsing

é=p +gtanbsing + rtanfcose

Z= —usind +vcosfsing + wcosfcoso
where X,, X,,...,X, are the accelerations at the center of
gravity due to aerodynamic and thrust forces and moments

acting on the body of the aircraft.
The constant coefficients C,, through Cy, are given by:

C LI +1,-1)) C5,—IZ_I"
4= T 757 T2 =
rLir-r, 1,
Lu,-r)-r: I
C, =2yt 7 x Cyy= 2
“ LI—-1%, 27,
I.h h
Cu= I—Ixz_ e;_z Cs; =7e&
Xtz Xz Y
1
Cu=2
“=7
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_ LU, -1,)+1%, I, (1,-1,-1,)

Cq = C., =
o lez_szz % Isz_szz
I.h 1
C.,= —-X & _ C. = X2
® Isz_szz ' & I,

The accelerations X (¢), i=1,2,...,6 are modeled stochasti-
cally as a quadratic process. For example, X, is modeled
using three additional states, say, x4, X;,, and x,, where X is
defined as x -

X=X +n5
X=Xty
X12=0+ny,

where the n’s are white zero-mean Gaussian noise. The 6
quadratic models lead to 18 additional differential equations. -
The 18 differential equations together with the 9 kinematical
relations comprise the basic 27-state dynamic system for
which the filter and smoother are defined. The total dynamic
system includes states for biases and scale factors. The
description of the filter/smoother estimator is discussed in
detail in Ref. 11. The first step of the EBM method is the
application of that estimator. It provides estimates of the
states and time histories of the acceleration terms X, (),
X,(1),..., X (¢) for each maneuver.

Transformation to Nondimensional
Aerodynamic Coefficients
The time histories of the nondimensional aerodynamic

coefficients C, (¢),C, (£), C, (1), C, (#), C,, (#), and C,, (?)
are calculated using the following transformations:

T, pV?

X,==*+"_sc
Tm T m T
pV?
X—pVZSC +Tz
3‘2m z
V2 Sh Ir
X, pV= o0 : xiz
2 IX IXIZ 12XZ
pV2 8¢ 1 T,
X5——2—Ecm+z{lz Tx Ixm<X3——z

x,= S (A )
ST 2 1, "\LI-I,

The time histories of the nondimensional aerodynamic
coefficients together with the time histories of the states and
the controls are used in the second step of the EBM method to
identify state/control models of C,, C,, C,, C;, C,,, and C,,.

Some Observations on the T-2C Data

Approximately 10% of the data was taken during trim
flight. The rms levels of the measurement noise of the trim
data are approximately 0.1 m/s? for the longitudinal and
lateral accelerations; 0.4 m/s2 for the vertical accelerations;
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3 Subspace Modeling Using SMLR
2 MEASURED VALUE Subspaces of the state/control space were defined by in-
*exeoex BSTIMATED VALUE tervals in the angle-of-attack variable. One degree interval
= subspaces were used between —4 and 25 deg and 5 deg in-
5@1 tervals between 25 and 40 deg. We describe subspace
= modeling using that of C, as an example.
So The data distribution per modeling subspace is computed
w2 using the estimation results from all 18 maneuvers. A data
2 point is the occurrence of the estimated state belonging to the
EEO subspace for some maneuver. For each measurement time ¢ of
e each maneuver the estimation step provides smooth values of
%005 271 10.68 13.34 16.00 C, (1) and of the states o(?), etc. Fourteen data points per

7 8.02

TIME(SEC)
Fig. 1 Estimate of airspeed compared with its measured value for
FIM1.
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Fig. 2 Estimate of yaw rate compared with its measured value for
FIM1.

0.008, 0.003, and 0.025 rad/s for the roll, pitch, and yaw
rates, respectively; 0.002 rad for the angle of attack and
sideslip angle; 0.008 and 0.004 rad for the roll and pitch
angles, respectively; 0.2 m/s for the airspeed; and 50 m for the
altitude. The rms levels for the accelerations and air data were
two to three times higher during a maneuver than at trim. The
following observation was noted only for the trim data: all
quantities measured using single channels were about 80%
correlated with each other; all quantities measured using a
commutator were also about 80% correlated with each other.
The angle-of-attack and sideslip angle measurements
exhibited the presence of a vibrating nose boom vibrating
between 6 and 7 Hz with amplitudes as high as several
degrees. There were occasional losses of total airspeed
measurement over extended intervals. In some cases the
airspeed would change abruptly by 20 m/s.

Summary of the Estimation Results

The extended Kalman-Bucy filter/Bryson-Frazier smoother
of Ref. 11 was used to process the 18 maneuvers of the T-2C
data. The scale factor estimates of 0.78 and 0.805 were ob-
tained for the angle of attack (alpha) and the sideslip (beta)
angle, respectively. The biases of the measurements were
estimated as follows: total airspeed, 3.9 m/s in eight
maneuvers; alpha, 2 deg in eight maneuvers; roll rate, 6.1
deg/s; pitch rate, 2.7 deg/s; acceleration, as high as 1.5 m/s?;
beta, as high as 5 deg; and axis alignment of the rate gyros, 3
deg. :

The estimation results are compared with the measured
data for all maneuvers in Ref. 12, in which there are 324
figures (i.e., 18 measurements for each of the 18 maneuvers).
Some typical estimation results, taken from the first
maneuver of the first flight (FIM1), are shown in Figs. 1 and
2. In these two figures the estimates of the total airspeed and
the yaw rate are compared with their measured values. The
estimates are plotted with crosses at 1 s intervals. In Fig. 1
observe how the estimator smoothed through the loss of the
airspeed measurement; the estimator has the feature of
detecting and editing bad data. ’

subspace were set as the minimum number of points needed
for modeling. Due to the sparsity of data at low and high
angles of attack we found it necessary to combine several
subspaces to form larger ones in order to have enough data
points for modeling. The SMLR program is applied to the
data of each subspace to determine its model; this is discussed
in more detail in the next paragraph. The identified subspace
model is.defined to be the global model at the midpoint of the
subspace. The global model at any other point of a subspace is
obtained through interpolation using the subspace models of
the adjacent subspaces. In this fashion we synthesize a global
model from the collection of identified subspace models.

Let & denote the midpoint of an « interval. The following
model of C, formed the basic subset of terms used in the
SMLR program (a similar form was used for C, and C,):

Cy(a=&,ﬁ,1’,",5a,5,,8) =Cy'5a (6‘) '6a+cy,5r (&) '5r

b rb . B
+Cyp(de)-;’—V+C,,(a)-2—V+Cyﬁ(a)-2—V

- N
+Cyp, (8B4 X Coys () S (B.8uPus )

where B; and 8;,; are spline knots on the 18| axis satisfying
0=<B,<...<By,; and where f(B, B;, B;,,) is defined as

f(B}Bi;6i+1)
0 | ‘ 0=<B=<p;
1
= 3(6“6[)3 Bisﬁsﬁ[+]

1 2
(3i+1_ﬁi)2(6“36i_33i+1) Bi+1538
f(—'B:Bi!Bi+I)=_f(B:Bi16i+1) B>0

The SMLR program determines the significant aerodynamic
derivative terms (subset of total), their estimates, and the
standard derivatives of the estimates. The stepwise addition
and deletion of the aerodynamic derivative terms is based
upon critical F statistics. The critical F values are based upon
the accuracy of the estimation results of the first step of the
EBM technique. In this fashion, the SMLR program identifies
the model of the subspace. The obtained subspace model (i.e.,
the derivatives) is identified as the model at the midpoint é&.
Therefore, the modeling process works as follows: the
smoothed data having «’s in the subspace defined by, say, 10-
11 deg angle of attack is processed by the SMLR program. In
particular, the derivative Cyg, (&) (a@=10.5 deg) is identified
along with the other identified derivatives of the subspace
model of C,. Next, the smoothed data belonging to the 11-12
deg subspace is processed and the derivative Cygy (a@=11.5
deg) is identified. Similarly, the smoothed data belonging to
the other subspaces are processed in turn (but not necessarily
in order) and the derivative Cyg, (&) is identified for @ =12.5,
13.5, ... deg and for @ =9.5, 8.5, ... deg. The global model of
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Fig. 4 Comparison between identified and wind-tunnel models of
Cy‘(,I (a, 8) at @ =22.5 deg.

(), —4 deg <a=<40 deg is synthesized using interpo-
latlon of the subspace derivatives C, V80 (&). That derivative is
actually Cys (o, B=0), —4 deg <«a=<40 deg. The above
process also provides the derivative C, e (2 B=£*), —4 deg
<a=<40 deg derivative for 8* =9 deg.

Summary of the Lateral Modeling Results

The estimation results of the 18 maneuvers were processed
by the SMLR technique, the modeling phase of the EBM
system identification method. Nonlinear models of the lateral
coefficients C,, C;, and C, were identified as functions of the
variables o,8,p,r,8,, and §,. The lateral derivatives with
respect to 3 were identified as nonlinear functions of « and 8.
The other lateral derivatives were identified as nonlinear
functions of a, with the exception that the derivative with
respect to 8 was found to be statistically insignificant. The
derivatives of C, with respect to p and r were masked by the
excessively high nose level on the yaw rate measurement.

The identified state and control derivatives were compared
with the wind-tunnel model and the dynamic derivatives were
compared with the prediction models of Bihrle Applied

Research. Typical examples of these comparisons are given in -

the figures below.

In the figures that follow, the wind-tunnel values and the
prediction model are plotted with a dashed line with crosses
on it. Very often the dashes are so close together that the
plotted curve actually looks, in part, like a solid line. The
estimated model values are plotted as a solid line without
crosses on it.

The comparison of the C,, (a,8), —4 deg=a=40 deg,
B=9 deg is shown in Fig. 3. %‘he curves match well between
o =6 and 35 deg. This same derivative is also shown in Fig. 4
for the range 0=<8=<10 deg, o =22.5 deg; the EBM technique
identified the ‘‘deep well.”” This is a typical example of the
good match between the model of C, and the wind-tunnel

AERODYNAMIC MODEL IDENTIFICATION . 805
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model. The complete model of C,, which consists of 39
figures, is given in Ref. 12.

The subspace modeling of C, was similar to that of C,. The .
complete model consists of 42 figures and is given in Ref. 12.
The identified model of C,, («) is shown in Fig. 5. Itis a
very good match to the wihid-tunnel model. The identified
models of the dynamic derivatives C; («) and C, (a) are
presented in Figs. 6 and 7, respectively. The identified model
of C,p has a smaller magnitude than the predicted model and
it has many fewer instability characteristics around stall (i.e.,
a =15 deg). The identified model of C, has a slightly steeper
slope at low o but drops off more sharply at stall than its
prediction model.

The modeling of C, was similarly carried out. The complete
model consists of 41 figures. The identified models of Cng and

(a) are plotted in Figs. 8 and 9, respectively. The dif-
ference between the identified and the predlcted models is

- large for a above stall. This difference is highly significant

when correlated with the findings of the simulation study.!!
Therein, the initial conditions and the recorded control time
histories of the actual T-2C flight data were used to drive the
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synthetic T-2C model composed of the wind-tunnel prediction
models. The synthetic responses were drastically different
from the actual flight data until a change in the prediction
model of C, was made. By trial and error a constant value of

= —0.06 was found to give stability to the simulated
dafa Note that the identified model of C, np (about —0.075)
obtained by processing the actual T-2C flight data agrees with
the modification of C, obtained by trial and error in the
simulation study. This result provides strong evidence that the
prediction model for C,, is inaccurate.

The identified model of C,, («) is plotted in Fig. 10. Itisa
good match to the prediction model. Around stall there
appears to be a difference of a 1 deg shift in o between the
curves.

Summary of the Longitudinal Modeling Results

A nonlinear model of the longitudinal coefficient C,, was
identified as a function of the variables o, 8, g, é,, and &. The
derivative of C,, with respect to a was identified as a
nonlinear function of « and §,. The derivative with respect to
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B8 was identified as a nonlinear function of o and §. The
derivatives with respect to g and with respect to & were
identified as nonlinear functions of a.

The modeling of C,, was more involved than that of the
lateral coefficients. In the lateral case we modeled using
subspaces defined by « intervals. In the C,, case we use o
intervals first and then use §, intervals. The range of §, is —28
to 1 deg.

For the first part, let @ be the midpoint of an « interval. The
o intervals are the same as they are in the lateral case. The
following model of C,, formed the basic subset of terms used
in the SMLR program:
Cm (a= a,ﬁ»q,(!,ée ) =

(oz)+C,,,q(a) +C,,, (&) - bT

|4

+Cpy (8) - 181+ jgcmﬁf(a) h(B.8;B;. 1)

Congy (@) (3 =8,,) + Ecmaz (&) -F(8,,5,,,5,,, )

where 6, .9, 5,,, and &,
satlsfymg 58 deg <9, e <6 ez <9, <9,
) ) is a quadratic spline functlon defined as

are the knots on the §, axis
and where F (6,

e’ ek+1
F(@,.5 ek’ ek-H)
0 6, <6,
= Vz(be—&ekV 6ek séeséekﬁ

(8, —82,) (B, — 188, =148, ) b, <b,

ek+1 €k+1 €k+1
The SMLR technique has been used to process the data in
each ainterval. The identification of the parameters C,, (&),

e (@)s Cpgy (8),C, 2 (&),7=1,2,3, are givenin i‘ables
I- 2 and I-3 of Ref. 12; thése subspace model derivatives were
synthesized to obtain their global models as a function of «
over the interval —4 to 40 deg. They were treated as known
quantities in the second part of the subspace modeling which
uses §, intervals.

In the second part the subspaces are defined by 1 deg in-
tervals in the elevator control variable 6,. Twenty-nine
subspaces cover the §, range from —28 to 1 deg. We note that
the range of the angle of attack varies with the elevator
control interval. For example, for the interval §, = 1-0 deg, the
range on « is from —1.36 to 18.94 deg; whereas for the in-
terval 6, = —27 to —26 deg the range of « is 15.51-37.54 deg.
This is to be expected since during maneuvers a small elevator
control setting tends to produce low «’s and a large negative
setting generates high a’s. Our objective now in modeling C,,
is to identify a model of C,, for each of the subspaces defined
by a 6, interval. Let é, be the midpoint of a §, interval. The
followmg modeling of C,, formed the basic subset of terms
used in the SMLR program (the models of Cpy (@), Cpy, (@),
Crmg, (), and Cmﬁg (a),j=1,2,3are known qualmes from
the tirst part): 4

. & & qc
Cm (a,ﬂ,q,%ae=59) =Cm0 (5e) +Cmq ((!) * Z_l/
mg, (0) * +C,,,ﬂ (a)- 181
0

+ E Cigz (@) -B(B,81811) +Cny (8) - (a=arp)
j=1

6
+ X Cnyg (5.)-glactitis)
i=1
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Fig. 12 Comparison between identified and wind-tunnel models for
derivative C,,, atd, = —25.5 deg.

where 3;, B,, 83, and 8,, are the knots on the 3 axis satisfying
0=, <B; <B; <B4, and where h(8,8;,8;,,) is a qradratic
spline function defined as '

h(ﬁ:ﬁjnﬁj-{-[)
0 : 181 <8;
=3 % (181 -8;)? B;=181=8;,,
(Bjy1—8;) (181 =428, — 148, ) B <18l

where «,,a,,..., o, are the knots on the « axis satisfying — 4
deg <o;<a,<...<ay and where g(o, 0,0, ;) is a quad-
ratic spline function defined as

gloyay,0p, ;)
0 a<o;

=< Vi(a—q;)? o ==,y

(o) —a)) (a— Ve, — Yooy ) Qi <o

Using the SMLR program and the identified derivatives from
the first part, the smooth data belonging to §, interval sub-
space is processed_to identify the derivatives Cmy(6,), Crmg,
(0,), and Cmao(Se), i=1,2,...,6. The results are given in
Table I-1 of Ref. 12. The complete global model of C,,
consists of 106 figures. 12

The identified dynamic derivative C,,_ («) is compared
with the prediction model in Fig. 11. Kn example of the
identified model of C,, (c,5,) at §, = —25.5 deg for the
range 15.5-39 deg is shown in Fig. 12.

The estimated values of C,(f) were compared with the
wind-tunnel values. The elevator control §, was used to
subdivide the C,(f) estimates obtained from the 18
maneuvers into data subsets. These subsets were ordered with
respect to alpha and then plotted. The figures are contained in
Ref. 12 and they show a comparison with the wind-tunnel
model. The data in these subsets were never processed to

8.7t t2.36

ALPHA(DEG)
Fig. 13 Comparison between real data values and wind-tunnel model
for C, até, = -12.5 deg.
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Fig. 14 Comparison between real data values and wind-tunnel model

for C, até, = —12.5 deg.

generate an equation model of C,, but the figures show that
the model of the actual aircraft is close to that given by the
wind-tunnel analysis. In the figures, the real data values below
stall almost coincide with the wind-tunnel values which im-
plies that the actual C,, () is close to the wind-tunnel model.
Around stall there is a hysteresis effect in the real data that is
not accounted for by the wind-tunnel model. For example,
this can be observed in Fig. 13 for 6, = — 12.5 deg.

The estimated values of C,(f) were compared with the
wind-tunnel values. In figures in Ref. 12 the aerodynamic
coefficient C, is shown as a function of alpha for fixed 1 deg
intervals of the elevator control. The range of the elevator
control covers —28 to 0 deg. The figures were obtained as
follows: a 1 deg 4, interval was selected, all 18 maneuvers
were searched to find all C, (¢) having a corresponding &,
within the selected §, interval, and the C, (f) estimates were
then ordered according to alpha and plotted as a ‘‘real data
values’’ curve in Ref. 12. The estimated states were used to
evaluate the wind-tunnel model in order to get a comparison.
These curves have a dependency on 3, ¢, and & built into them
by the nature of the maneuvers. The curves exhibit some
differences between the wind-tunnel model and the actual
aircraft. A hysteresis effect is observed in the figures. The real
data values are above the wind-tunnel values at low alpha and
at high alpha. Near stall they are below the wind-tunnel
values. This can be observed in Fig. 14.

Discussion on the Accuracy of the Results

Some of the estimated bias errors were unusually large,
such as the roll rate bias of 6.1 deg/s. Such large biases do not
invalidate the instrumentation. Consistency of the estimates is
a check for their accuracy and for the accuracy of the
gathered flight test data. The estimates are independent from
one maneuver to the next since each maneuver is processed
independently of the others. The estimation process gave
consistent estimates for the biases and for the scale factors"
over the flight sets of maneuvers. Also, the estimated states
satisfy the equations of motion.
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The means by which we can address, in this paper, the
question of model accuracy are the empirical methods of
scatter and engineering judgment. First, using engineering
judgment we would expect that the wind-tunnel estimates of
the control derivatives and of the angle-of-attack and sideslip
state derivatives provide good empirical checks for accuracy.
We observe in Figs. 3-5, 8, and 12 that the identified models
compare well with their wind-tunnel counterparts. Of course,
this empirical observation is not a mathematical proof of
accuracy but it is an important checkpoint. In reference to the
dynamic derivatives, the simulation work of Ref. 11 lends
support for the qualitative accuracy of the roll rate derivative
of the yawing moment. Second, the empirical method of
scatter can be used to associate accuracy with the identified
model. The point is not that we have identified a collection of
global models for, say, Cy, (a), —4deg=<o<40deg and that
we are going to look at their scatter. This is not the case, but
rather we have independently identified the control derivative
Cla,, at 1 deg increments along the o axis. For instance, ob-
serve in Fig. 5 the jagged curve of the identified global model.
The curve reveals scatter in the local (1 deg in o) subspace
estimates. That scatter is representative of the accuracy of the
identified subspace model since the data sets from one sub-
space to the next have no data in common.

One of the best means of addressing the accuracy of an
identified model is trajectory prediction analysis. It was used
in Ref. 11 to demonstrate the accuracy of that model which
was identified using the same EBM technique as used herein.
A prediction analysis of the identified global model of this
paper would, of necessity, be part of a future study and it
would also entail the collection of additional flight test data.

Conclusions

The EBM methodology !4 was tested on actual flight test
data and provided good aerodynamic models of the T-2C
aircraft.

In the first step of the EBM method the 18 maneuvers of
data, which had been collected over a period of 10 months,
were processed and large biases were accurately estimated in
angle of attack, sideslip angle, total airspeed, roll rate, pitch
rate, fore-and-aft acceleration, normal acceleration, and rate
gyro alignment. The method handled very well the high noise
levels on the yaw rate, rudder deflection, total airspeed,
acceleration measurements (as well as the losses of some
measurements over extended intervals of flight), and nose
boom vibration present in the angle-of-attack and sideslip-
angle measurements. The estimation results which are
documented in Ref. 12 and exemplified in this paper
demonstrate that the first step of the EBM method performed
well on the real T-2C flight test data.

In the second step of the EBM method detailed nonlinear
models of the aerodynamic derivative were identified and
compared with the wind-tunnel model. Most of the identified
state and control derivatives matched well with the wind-
tunnel model. The identified dynamic derivatives were
compared with the prediction models of Bihrle Applied
Research. The identified models of C, hovers about a zero
value around stall while the prediction model shows positive

values. The identified model of C; drops off more sharply

after stall than the theoretical model. The identified C,,
- compares well for all alpha, but C, matches only at low
alpha. At high alpa, C, is predicte5 to have values above
0.10 but the identified model showed that the values are
around —0.075. The simulation study of Ref. 11 found that
the prediction of C, is inaccurate at high « and that a con-
stant value of —0.0g provided a better model for generating
synthetic responses which mimic more closely the real data.
The identified model of Cnp obtained by processing the actual
T-2C flight data agrees more at high o with the modification
obtained by trial and error in the simulation study than it does
with the prediction. '
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The modeling results of the real data analysis study
demonstrate that the EBM system identification method
provides impressive nonlinear modeling of high «/8
aerodynamic stability and control characteristics from actual
flight test data.

The three major conclusions of this study are summarized
as follows: :

1) The EBM methodology has been validated in great
detail on both synthetic and actual flight test data and has
been shown to produce accurate nonlinear models. The EBM
technique has been shown to be a practical tool for the
modeling and analysis of vehicles’ aerodynamics that works
on actual data gathered under real conditions.

2) Subspace modeling is an inherent feature of the EBM
technique which circumvents the probelm of identifying in
one-step complex nonlinear models over the entire o, B
parameter region covered by the flight test. Instead the
problem is reduced to an easier procedure of identifying lower
order models within the subspaces and then synthesizing a
global model from these subspace models. In addition,
breaking the modeling into subspaces provides a means of
determining how much data are available in each subspace,
and this in turn provides a measure of model accuracy and
confidence and provides an approach for determining when
further flight testing is required to fill sparse subspaces.

3) The two steps of the EBM technique, estimation in the
time domain followed by modeling in the state domain, were
established specifically to enhance the process of
distinguishing data problems from modeling problems. Data
problems, if they exist, are uncovered in the estimation phase.
That this works is exemplified by the results obtained by the
application of the EBM technique to the actual T-2C data.
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