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Introduction

ARAMETER estimation from flight data as applied to

aircraft in the linear flight regime is currently being used
on a routine basis.! However, the rigid body models used
successfully up to this time seem to be inadequate for newly
introduced highly maneuverable aircraft with a high degree
of structural flexibility. Zerweckh et al.2 have suggested that
research is required to include appropriate aeroelastic models
in parameter estimation algorithms for flexible aircraft. Waszak
and Schmidt® suggested a simplified integrated modeling ap-
proach to account for aeroelastic effects in aircraft dynamics,
and its use for highly elastic aircraft was demonstrated in Ref.
3. Furthermore, several model reduction methods have been
considered in Ref. 3 and the frequency responses of the re-
sulting models (full order, rigid, residualized, and truncated)
are compared to show how mismatch among them increases
as the flexibility of the aircraft is increased.

A full order model of an aeroelastic aircraft has too many
parameters to yield satisfactory estimates by using any of the
known parameter estimation:methods.* In view of this, a pre-
liminary study has been initiated in this Note to investigate
how estimation model may be simplified to reduce the number
of unknown parameters, and how are the resulting parameter
estimates affected by such approximate models. Special at-
tention has been paid to the extreme case of using rigid body
model in the estimation algorithm, and an analytical method
is proposed to predict approximations to parameter estimates
expected from the use of rigid body models.

Methodology

Only the longitudinal axis nonlinear equations of motion
of a flexible aircraft given in Ref. 3 are considered, and lin-
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earized about a straight and level cruise flight. Assuming var-
iations in velocity to be negligible (u = constant), the equa-
tions of motion of Ref. 3 may be approximated for the short
period mode as

a — q = puSR2m [Cha + C,qc/2u

+CB+ 3 (Comy + cznfn,-c/zu)] (1a)
i=1

q = puSc/2l, [Cmﬂa + C,q9c2u + C,0

=

i=1

It

+ (C,..n+ C,,,,i,n,-c/2u)] (1b)

where vehicle angle of attack «, pitch rate g, and control
input & represent small perturbations from the chosen ref-
erence flight conditions. n; and #; are the generalized elastic
deflections and their time derivatives. C, , C,, . . . are the
stability and control derivatives as defined in Ref. 3. Air
density p, total inertial velocity u, wing area S, wing chord c,
aircraft mass m, and moment of inertia about Y axis I, are
the other quantities used in the above equations.

The following equation satisfied by the generalized coor-
dinates n; is taken from Ref. 3, except that a term 2&wg#,
representing the structural damping is also included into it

EAY )
A; + 2§,-w,~r'z,- + w'?ni = P;M‘C I:Cgia + C;rqc/Zu
+ Cys + 2, (Cum; + Cﬁ,’?ﬂlc/Zu)] @)
j=1

where w;, &, and M, are the in-vacuo frequency, modal damp-
ing, and modal generalized mass, respectively. The total force
coefficients have the usual meaning as given in Ref. 3.

Rigid Body Modeling

The simplest possible approach to parameter estimation
from flight data of an aeroelastic aircraft is to use a rigid body
estimation model. Since in actual flight data, the effects of
all the aeroelastic modes will necessarily be present, it is ex-
pected that the aeroelastic effects will get absorbed into the
estimated parameters using rigid body model in estimation
algorithm. For convenience, we shall refer to such parameter
estimates by the name “equivalent parameters.”

The basic question posed is, when and how useful are these
estimated equivalent parameters. Can we analytically predict
the expected values of equivalent parameters. For this pur-
pose, it is assumed that the contributions of the generalized
elastic deflections (#;) are instantaneous. Steady-state expres-
sion for (n;),, is obtained from Eq. (2) by dropping the time
derivative terms.

n)e = pulSc2Mw? | Ca + Crgcl2u
q

7

+ Cps + | D Crin, + C;;.‘n,.c/zu))] 3)
j=1

Next, Eq. (3) is substituted into Eq. (1). Collecting the
coefficients of various flight variables and control input yield
approximate analytical expressions for the equivalent param-
eters. These represent approximations to the equivalent de-
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rivatives because of the assumption made in arriving at Eq.
(3). Since the analytical expressions for equivalent parameters
are quite lengthy when expressions for more than one mode
(i = 2) from Eq. (3) are substituted into Eq. (1), we illustrate
the form of the equivalent parameters obtained corresponding
to absorption of only the first mode. Substitution of Eq. (3)
into Eq. (1) for i = 1, and collecting coefficients of «, ¢, and
8, we obtain analytical expressions for the equivalent param-
eters as

c,.=cC,+Fc,cy;,  C,=C, + FC,CY
X =a,q Or &
where
F = M 0¥pu*Sc — Cr)~! 4)

Eq. (4) shows how the equivalent parameters C, and C,
can be analytically computed. The second terms on the right
side of these equations show the manner in which aeroelastic
effects get absorbed with the rigid body parameters. There-
fore, the difference between the equivalent and rigid body
parameters is given by these second terms on the right side
of Eq. (4), and the difference is proportional to the numerical
value of the function F. As may be seen from the expression
for F, it varies inversely with the in-vacuo frequency w. An
increase in the flexibility of aircraft implies decrease in w, and
therefore, an increase in the numerical value of F, resulting
in a larger difference between the equivalent and rigid body
parameters. Furthermore, it may be noted that for a perfectly
rigid aircraft (w — ), the numerical value of F tends to
zero, and thus the equivalent parameters become, as they
must, the same as that for a rigid aircraft.

Simulated Flight Data

Since the real flight data for a flexible aircraft could not be
obtained, the present study has been carried out with simu-
lated data for an example aircraft similar to that given in Ref.
3. Using the geometric, mass, moment of inertia character-
istics, the stability and control derivatives, the flight condition,
and the first four aeroelastic modes given for the baseline
configuration C2 in Ref. 3, frequency responses for the lon-
gitudinal short period mode were generated. The responses
of interest are a/d, ¢/8, and a,/8 where a, is the normal ac-
celeration defined by

a, = ulg(@ — q) )

To vary the flexibility of the aircraft, it is assumed that aircraft
can be made to vibrate in nearly the same normal modes but
with different in-vacuo frequencies.® Thus, for more flexible
aircraft C3 of Ref. 3, the same total force coefficients as that
of C2—but in-vacuo frequencies of C3—were used to gen-
erate its frequency responses.

Parameter Extraction

The parameter estimation technique employed was maxi-
mum likelihood method in the frequency domain.® The com-
puter generated responses always had the aeroelastic effects
included for all the four modes, while the estimation model
used in the estimating algorithm was increasingly simplified
to see its effect on the accuracy of parameter estimates. To
this purpose, results are presented for four cases wherein the
model included or excluded some or all of the aeroelastic
modes: case 1—all the four modes included; case 2—only
the first and the second modes included; case 3—only the
first mode included; and case 4—none of the modes included
(rigid body modeling).
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Fig. 1 Comparison of frequency responses for cases 1, 2, 3, and 4.

For case 1, as expected for simulated data, the estimated
values compared almost exactly with the true values. The
estimated and true responses for case 1 show almost perfect
matching and are indistinguishable on the scale of Fig. 1.

For cases 2 and 3, the estimated parameters are shown in
the 4th and 5th columns of Table 1. It is observed that the
inclusion of only the first mode (case 3) results in estimated
parameters C,, C,,, C,,, and C,,, being in good agreement
with the true values while C,, and C_, are faily well estimated.
The inclusion of the second mode (case 2) improves the ac-
curacy of the estimation of parameters C, and C,, consid-
erably while other parameters are only marginally affected.
The matching of true and estimated responses for cases 2 and
3in Fig. 1 shows that the inclusion of the second mode (case
2) improves matching near the first and the second in-vacuo
frequency (around 12—14 rad/s) as compared to case 3. How-
ever, the matching near the third and the fourth in-vacuo
frequency range (around 21-22 rad/s) is still poor, especially
in the phase plot.

For case 4, the parameter extraction algorithm omitted all
the aeroelastic effects. The estimated parameters for C2 and
C3 configurations are listed in columns 6 and 7 of Table 1. It
may be seen that the estimated values for C2 are not far off
the true values, but the difference from the true values in-
creases significantly for more flexible C3 configuration.
Therefore, the assumption of the rigid body model in esti-
mation algorithm can be only reasonable for nominal aero-
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Table 1 Comparison of estimated parameters from estimation algorithm that includes all the modes, first and second modes only,
first mode only, and none of the modes

Computed values

Estimated parameters using Eq. (4)
All modes First and
True included second modes First mode All modes All modes

Parameters values (€2) included (C2) included (C2) neglected (C2) neglected (C3) (C2) (C3)

-C,, 2.922 2.922 2.916 2.924 2.719 2.250 2.710 1.995
0) 0.21) (0.07) (7.0) (22.9)

c, 14.700 14.700 14.86 13.63 15.79 7.77 16.04 8.79
0) (1.1) (7.2) (7.4) 47)

-C, 0.435 0.435 0.420 0.579 0.392 0.059 0.252 ~0.363
©) (3.4) (33) (9.8) (86)

~C,, 1.660 1.660 1.649 1.652 1.421 0.580 1.424 0.631
0) (0.67) (0.48) (14) (65)

=C,, 34.750 34.750 34.68 34.77 31.82 26.21 33.24 28.17
0) (0.20) (0.06) (8.4) (25)

= Coug 2.578 2.578 2.558 2.554 2.349 1.595 2.375 1.688
0) (0.78) (0.93) (8.8) (38)

“Percentage of error with respect to true values.

elastic effects and is quite inadequate to yield any useful es-
timates as the flexibility of the aircraft increases.

It is of interest to see how the above estimated parameters
for case 4 compare with the analytically based values com-
puted using the proposed Eq. (4) for approximating such
equivalent estimated parameters that would result from the
use of a rigid body model in estimation algorithm. Such com-
puted values for C2 and C3 configurations are shown in col-
umns 8 and 9 of Table 1. Except for C,,, the agreement in
the estimated and computed values is good, with marginal
deterioration for configuration C3 as compared to C2.

The above observations suggest that the proposed Eq. (4)
may be useful in two different ways.

1) If the rigid body model of a flexible aircraft were tested
in a wind tunnel to obtain rigid body stability and control
derivatives, and the theoretical values of mode shapes and
in-vacuo frequencies of the aeroelastic airplane were calcu-
lated, then one could analytically compute from Eq. (4) the
expected values of equivalent parameters that would be ob-
tained from flight data of the aeroelastic aircraft if estimation
algorithm were to use the rigid body model.

2) Conversely, if rigid body wind tunnel and flight test
estimations (based on rigid body model in estimation algo-
rithm) were given, and limited structural data (in-vacuo fre-
quencies and total force coefficients C,,,, C, etc.), then Eq.
(4) could be used to compute terms like C71, etc.

The function F defined in Eq. (4) seems promising to quan-
titatively indicate the degree of flexibility of aircraft and thereby
suggest criterion for deciding adequacies or otherwise of using
simple rigid body models in estimation algorithms. Work is
in progress for evolving such a criterion.
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Nomenclature

= drag coefficient

= lift coefficient

= velocity of sound, or wing chord

= drag

= ratio of density, model to full scale
= length

= ratio of length, model to full scale
= mass

= ratio of mass, model to full scale
power

= ratio of power, model to full scale, or rolling
velocity

= wing area

= airspeed

= weight

= flight-path angle

= viscosity

= density
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Subscripts
mod = model
f.s. = full scale

Introduction

LYING scale models are often used in various phases of

aircraft design and research. These models range from
subscale prototypes to very small scale spin-tunnel models.
While applicable scaling laws are well known to specialists in
various fields of research,! the effects of scaling on a wide
range of parameters involving flight characteristics, perfor-
mance, and structural design do not appear to be generally
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