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System Identification for Coupled Fluid—Structures: Aerodynamics
is Aeroelasticity Minus Structure
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A new method that identifies coupled fluid—structure systems with a reduced set of state variables is presented.
Assuming that the structural model is known a priori, from either an analysis or a test and using linear
transformations between structural and aeroelastic states, it is possible to deduce aerodynamic information from
sampled time histories of the aeroelastic system. More specifically, given a finite set of structural modes, the method
extracts a generalized aerodynamic force matrix corresponding to these mode shapes. Once the aerodynamic forces
are known, an aeroelastic reduced-order model can be constructed in discrete-time state-space format by coupling
the structural model and the aerodynamic system. It is demonstrated that the resulting reduced-order models are
accurate, robust, and suitable for aeroelastic analysis at constant Mach, varying density conditions.
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structural system matrices
aerodynamic system matrices
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aeroelastic system matrices

aerodynamic submatrix defined in Eq. (28)
= aerodynamic output submatrix defined in Eq. (33)
forcing input matrix for structure
generalized damping matrix

generalized stiffness matrix

generalized mass matrix

number of time steps

Mach number

number of structural modes or displacement
measurements

number of aerodynamic measurements

(N x 1) generalized coordinates vector
1,12

20V

generalized aerodynamic force coefficients
reference dynamic pressure at which aeroelastic
responses are sampled

dimension of structural states vector X
Reynolds number

dimension of aeroelastic states vector Y
real time

transformation matrix from Y to x
transformation matrix from x to Y,

singular value decomposition matrices
control inputs vector

freestream airspeed

(na x 1) aerodynamic measurements’ vector
reference airspeed at which aeroelastic responses
are sampled
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(R x 1) structural states vector

(R, x 1) aeroelastic states vector
aerodynamic states vector

. (R, x 1) structural substates vector

= (R, x 1) aerodynamic substates vector

z2zZzROTAP
§ Q IS}
| | | | | R T 1]

e g
§
(L T TR

Gref =

= =
TR
I

<<ecHs
™
<

L1 e | O [ (I 1|

e A g
I

Received 24 September 2009; revision received 25 October 2010; accepted
for publication 26 October 2010. Copyright © 2010 by The Boeing Company.
Published by the American Institute of Aeronautics and Astronautics, Inc.,
with permission. Copies of this paper may be made for personal or internal
use, on condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0001-1452/11 and $10.00 in correspondence with the CCC.

*tachyoun.kim @boeing.com. Associate Fellow AIAA.

503

(N x 1) displacement measurements’ vector
air density
structural sensor matrix
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Introduction

N THE last decade, much research has been conducted on model

reduction and system identification of coupled fluid—structure
systems. It first started with the eigenanalysis of fluid dynamic
systems in which, similar to the concept of natural frequencies and
mode shapes in structural dynamics, eigenvalues and eigenvectors of
the flowfield are identified and used to construct a reduced-order
model (ROM) of the unsteady aerodynamic system [1,2]. Although it
was a novel idea, calculating the aerodynamic eigenmodes is costly
due to the nonsymmetric and nonconservative nature of the fluid
dynamic systems. Later, the eigenmodes were replaced by the proper
orthogonal decomposition (also known as the Karhunen—Loeve
procedure) modes, making the modal analysis more feasible and
practical, as it is relatively straightforward to calculate the optimal
modes based on actual time or frequency samples [3—6]. However, to
apply the modal analysis, it is necessary to have the original system
equations available. Normally, only a small amplitude oscillation
around a static solution is sought in this type of analysis, so the
system equations should be obtained by perturbing the original
nonlinear equations about the static equilibrium point. Unfortu-
nately, most of the available computational fluid dynamic (CFD)
codes do not have dynamically linearized operators, nor do they
allow easy access to the system equations. To remedy this, system
identification methods have been used toward model reduction of
aerodynamic systems [7—11]. Unlike the modal analysis, the system
identification is essentially a black box approach in which only
system inputs and outputs are considered and, as such, there is a
potential danger of losing detailed information about the underlying
aerodynamics. More important, as Schuster et al. [12] pointed out,
when the number of structural modes increases, the CPU time to get
all of the corresponding aerodynamic forces increases proportion-
ally, surpassing the CPU time that is required for a typical static CFD
run. This downside, which is also true of the modal methods, was
overcome by Kim and Bussoletti [6], Kim et al. [10], and Kim [13] by
the so-called single-composite-input (SCI) approach. The idea is
that, if the system is linear and has multiple driving inputs (e.g., an
unsteady CFD code subjected to multiple structural mode inputs),
one can excite the multiple input channels simultaneously with
statistically independent signals instead of exciting the flowfield with
one mode shape at a time. The simultaneous excitation of multiple
mode shapes was also explored by Silva, using a series of orthogonal
time functions [14]. Apart from the multiple structural modes, it is
often necessary to check the aircraft performance for a variety of
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flight conditions that involve multiple Mach numbers, payloads, and
fuel conditions, among others. Recently, an interpolation scheme
based on the Grassman manifold has been shown to be efficient in
reducing the model construction time for the multiple flight
conditions [15].

In all of the aforementioned methods, the aerodynamic systems are
treated separately from the structural systems. From the structural
engineers’ perspective, this makes the procedure of model reduction
cumbersome and challenging, in that they need to have either
detailed knowledge of the CFD code or extensive help from well-
trained CFD engineers. Furthermore, there is little chance of using
data from a wind-tunnel test (WTT) or a flight flutter test (FFT),
because the data are normally obtained from the coupled aeroelastic
system rather than the isolated aerodynamic system. Nissim and
Gilyard [16] developed a frequency domain identification scheme in
which the aerodynamic as well as the structural system matrices are
extracted by manipulating frequency responses from the airplane at
two different dynamic pressures. Its main limitation is that a quasi-
steady approximation is required in the unsteady aerodynamics to
minimize the number of unknowns and make the matrix operations
robust and solvable.

In this paper, a novel system identification and model reduction
technique for linear time-invariant coupled fluid—structure systems is
introduced. Unlike all of the existing methods discussed previously,
the new method works directly on time history data of the coupled
aeroelastic system measured at a single flight condition. Assuming
that structural properties are known a priori and using linear trans-
formations between structural and aeroelastic states, it is possible to
reconstruct the aerodynamic system given a finite set of structural
modes. Once the aerodynamic model is obtained, an aeroelastic
ROM can be constructed in discrete-time state-space format by
coupling the structural model and the aerodynamic system.

For demonstration, the proposed method is applied to two differ-
ent lifting surface configurations interacting with two different
flowfields. One is subsonic incompressible flow modeled by the
vortex lattice method (VLM), and the other is viscous transonic
aerodynamic flow modeled by the CFL3D code. The structural con-
figurations used in this investigation are a flat rectangular wing and a
scaled commercial airplane wind-tunnel model. Impulse responses
of both the airplane motion and aerodynamic quantities are sampled
and processed at a subcritical condition. The aerodynamic system is
then identified by subtracting the structural substates from the
aeroelastic states. It is shown that, when sufficient aerodynamic
measurements are available, the identified generalized aerodynamic
force (GAF) elements match extremely well with the original values
for all the frequencies of interest. As aresult, the aeroelastic ROM can
predict aeroelastic responses at any dynamic pressure very accu-
rately, making the constant Mach, varying density (CM VD) analysis
possible. It is also shown that, even when only a few or no aero-
dynamic samples are available, the method still predicts the onset of
the flutter fairly well, provided that the structural motion was
observed at a speed not far from the flutter speed. This is promising,
especially for the purpose of aeroelastic damping and flutter
prediction based on WTT or FFT, as it is often expensive and difficult
to measure unsteady pressures during the tests.

Basic Assumptions

We will assume that time histories of airplane structural and
aerodynamic responses due to certain inputs (e.g., control surfaces)
are available at both zero and nonzero airspeeds. The structural
responses here are displacements and velocities at various locations
on the airplane, whereas the aerodynamic responses could be pres-
sure data (especially in the case of tests) or, in the case of numerical
simulations, any of the independent aerodynamic variables, such as
vortices and potentials in the flowfield.

The following assumptions are also made:

1) Structure, aerodynamics, and aeroelasticity are all dynamically
linear, i.e., have small perturbed oscillations.

2) The airplane is flying along a CMVD curve.
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3) A sufficient number of the structural and aeroelastic mea-
surements are available.

4) Background noise in the data is minimal or has been subdued by
standard signal processing.

5) The system is controllable and observable.

Structural and Aerodynamic Measurements

First, airplane responses are taken at M time steps (t =0, At,
2At,...,(M — 1)Af) on the ground and in the air, respectively:

(w0 w' w wM-1], V=0 (1)
voovh vz yMd
|:w° wl ow? ... wM-l i| V= Vit 2)

These time samples represent the structural dynamic and aeroelastic
systems, respectively, and could be obtained from either compu-
tational structural dynamics (CSD)/CFD simulations or from a
ground vibration test (GVT)/WTT or FFT (see Fig. 1).

Once we have collected the time history samples, we can identify
the system output matrices using standard data processing. For
instance, singular value decomposition (SVD) produces

[w0 w! w? wh1],_ ~ Uz 2 2V

=(C[x* x!' x* ... xM]
(3)
VOovloy2 yM-1 UL S gl
WO owl w2 wh-1 - YRR, R, "R
V=Vt
EC,[YO Yl Y2 YM—I]
C))
where
C,
C,E[CJ )

Note that the realization by SVD guarantees the matrices with
minimum sizes. That is, R and R, are the ranks of the data covariance
matrices associated with the structural and aeroelastic time samples.

Topology and Transformation of States

Within the aeroelastic system, one can split the aeroelastic states Y
into the structural part Y, and the aerodynamic part Y,. The
dimension of the substate vectors is R,, but they are rank deficient
(i.e., have ranks smaller than R,) (see Fig. 2 for topological
description).

Since both the structural and aeroelastic samples contain the
common structural set w, it is possible to relate between x, Y, and Y,
through transformation matrices. Toward this end, we will assume
that, during the flight, the structure behaves the same way as
described by CSD or GVT. That is, the output matrix C, relating the
structural states and the responses, still satisfies Eq. (3), except that x
now represents the structural states within the aeroelastic system.
Equating Eq. (3) and the structural portion of Eq. (4) yields

output w
input u I
CSD (or GVT) —&. Structure at V=0
output v, w
csD/CFD  nPutu I
(or WTT, FFT) g N — Aeroelasticity at Vo

Fig. 1 System identification of structural and aeroelastic systems.
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Fig. 2 Topology and transformation of states.

x =T.Y (6)
Y, =Tx ™)

where
T,=C,C 8)
T,=C7"C, 9)
I =TT, (10)

and

C /' = last 2N columns of C;” (11)

Here, ()77 denotes pseudoinversion of the matrix.

Relation Between x, Y, and Y,

Since v and w each contain only the aerodynamic and structural
response, respectively, Y, and Y, are additive and complementary,
satisfying the following property:

Y =Y, + Y, =f.(Y) +£,(Y) (12)

where f, and f, represent mappings from the aeroelastic states to the
structural and aerodynamic substates:

f,=T,T, (13)
f,=1-T,T, (14)

Additional Properties of f, and f,

It can be shown that f, and f, themselves are also complementary
and hence satisfy

f.(f,)=0 15)

£,(f,)=0 (16)

Said another way, structural mapping on aerodynamics and aero-
dynamic mapping on structure produce zeros.
Also,

f.()=f, an

f.f,) =1 (18)

That is, structural mapping on structure and aerodynamic mapping
on aerodynamics produce themselves.

Structural and Aeroelastic Systems in Time Domain

Along with the identification of the output matrices and states,
full realizations of the structural and aeroelastic systems can be
obtained in discrete-time state-space format using standard system
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identification methods such as the Eigensystem Realization Algo-
rithm (ERA) [17], the autoregressive moving average [18], the
observer/Kalman filter identification (OKID) [17], and the SCI/

ERA [13].
Structure:
x "1 = Ax" + Bu” (19)
w" = Cx" (20)
Aeroelasticity:
Y"1 =AY + B,u" 21
V” n CU n
{WH}—C,Y —[Cw]Y 22)

Alternatively, the structural model could also be obtained from a
finite element method expressing the structural equations of motion
in terms of a finite number of mode shapes. If desired, the
computational model can be updated based on the GVT data. In this
case, the structural mass, damping, stiffness, and forcing matrices
will be available to construct an equation of motion in continuous
time:

Mp +Gp + Kp = Fu 23)

from which Eqgs. (19) and (20) are obtained by discretizing the time
derivatives with the incremental time step At. Note that the structural
states are the modal displacements and modal velocities; that is,
x = |pp]” and

z=>ap 4)

where ® is a sensor matrix that transforms the modal coordinates to
the physical displacements.

Identification of Aerodynamic System

Differential equations for the aerodynamics can be found by
subtracting the structural substates from the aeroelastic states:

VAR G (25)
which, after using Eqgs. (7) and (21), becomes
Yot =A(Y? +T,x") +Bu" —T,x"*! (26)
Transforming both sides by f, yields, after using the properties in
Egs. (16) and (18),
Yt =A,Y"+A,Tx" 27)
where
A, ={-T,THA, (28)

Equation (27) is a system realization of the underlying unsteady
aerodynamics. Note carefully that the acrodynamic substates Y, are
driven by the structural states x: the only source of driving input for
the unsteady flowfield in the absence of external disturbances, such
as gust. Note that A,, is singular, because the transformation I —
T, T, is a singular matrix. Using Egs. (7) and (12), Eq. (27) can be
rewritten in a more compact form:

Y =AY (29)

It simply states that the aerodynamic submatrix transforms the
aeroelastic states at the current time step into the aerodynamic
substates at the next time step.
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The corresponding aerodynamic force is found by subtracting the
input force from the sum of the inertia, damping, and elastic forces
according to the D’ Alembert’s principle:

F" =x"t! — Ax" — Bu” (30)
=TA Y} + (T:A T, — A)x" 31
=C,Y" — Ax" (32)
with the aerodynamic output submatrix C,, defined as
C,=TA, (33)

It can be shown that the aeroelastic system matrix is related to A, and
C, as

A=A, + Tr]Cm (34
F is given in terms of the mathematical states x that define the
structural model. It is desirable to convert x to the physical coor-
dinates w using Eq. (20). In this case, the identified aerodynamics can
be easily put into the state-space form by a standard system
identification method, using z as the only driving input to the
flowfield:

Y = Ay + B2 (35)

F"=q(Cy" +D,z") (36)
where y are the new aerodynamic states and g = % pV? is the
dynamic pressure. If z represents the modal coordinate vector p, F
becomes the GAF vector in the traditional sense.

Reduced-Order Aeroelastic Model

Coupled aeroelastic equations of motion can be obtained by
coupling the identified aerodynamic system equations (27) and (32),
with the structural dynamic equations (19) and (20). After rescaling
Eq. (32) by the reference dynamic pressure, we obtain the following

aeroelastic ROM:
v _[ A AT, [0
Xn+| - tha A + q(can - A) B
(37)

or, if we use Eqgs. (35) and (36) instead,
0 n
} + [ B }u (38)

] lt

It should be mentioned that Eq. (38) is valid for any combination of
the air density and airspeed (p, V), making it possible to use the
model for matched point solutions (i.e., at different altitudes with the
Mach number fixed). In this case, one must allow the time step Az to
vary as a function of the airspeed according to At = (Vit/ V) Aty
However, this is not feasible using Eq. (37), because the structural
states vector X was defined for the reference time frame in which the
time samples were taken. To remedy the drawback, the velocity
coordinates are rescaled by V,/V, noting that the time derivatives
should be adjusted to the new time scale:

{ Y;f'H } B Am [(AlaTr))d % (AIGT’I)U]
. qC. A +4[(C,T,—A),%(C,T,—A),]
d

}+mun

where the subscripts d and v refer to the first and second halves of the
structural coordinates corresponding to the displacements and

n
Yy
x"

A, (B, 0]

_ Y
B [qC,, A +¢4[D,

w"

Y
: (39)

x"
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Airplane Sensor Signals at q

data processing

Airplane Sensor Signals atq =0

data processing

Aeroelastic Model | A, B, C,, D, Structural Model | A,B,C,D

(subtract)

Aerodynamic Model

Aeroelastic ROM

Aeroelastic analysis,
(A,B,C,D), (A, B, Cy D) q

e.g., flutter, dynamic loads

Fig. 3 Flowchart of aeroelastic system identification.

velocities, respectively. With this modification, both aeroelastic
systems in Egs. (38) and (39) are valid for all dynamic pressure values
at the fixed Mach number and, hence, can be used for CMVD
analyses (e.g., flutter prediction, dynamic loads, and control system
design). For example, taking a logarithm of the eigenvalues of the
system matrix yields aeroelastic roots in the continuous-time domain
and, hence, will determine the stability of the aeroelastic system.

Figure 3 represents an overall flowchart of the aeroelastic system
identification process.

Results and Discussion

The proposed system identification scheme was applied to two
different aeroelastic systems. They are a rectangular plate wing in a
subsonic incompressible flow modeled by VLM and a transonic
wind-tunnel model of a representative Boeing commercial airplane
modeled by ELFINI and CFL3D.

Itis reported that both types of aeroelastic ROMs, by Egs. (38) and
(39), were used, but they essentially yielded the same results.
Therefore, all the results presented in the paper are based on the first
ROM [Eq. (38)].

Rectangular Wing in Incompressible Flow

The first system is a rectangular flat wing with an aspect ratio of
four (Fig. 4). The unsteady incompressible airflow is modeled by
VLM, and the structural model is described by 12 coupled mode
shapes. Since the structural model was already known from the basic
analysis, the (12 x 12) generalized mass and stiftness matrices were
directly used to construct (24 x 24) the structural system [Eqgs. (19)
and (20)]. To control the wing motion, four pairs of piezoelectric
sensors/actuators are placed on the top and bottom sides of the wing.
Input signals are applied to these actuators such that only a pure
sectional moment is generated at each location. The unsteady
flowfield is completely described by vortex ring elements on the free

Piezoactuator/Sensor Locations

Tv
([ ] ]

_Wing Zlements
—> [ L[
Freestream | L|

Velocity

Wake Elements

X

777777,

Fig. 4 Rectangular wing modeled by vortex lattice elements.
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Fig. 5 Aerodynamic eigenvalues of VLM wing in the discrete-time
domain.

wake behind the wing. A total of 800 vortex rings were created on the
wake, with 40 and 20 elements placed in the streamwise and
spanwise directions. Thus, the size of the aeroelastic system is 824.
For details of the model, see [13].f

To investigate the effect of aerodynamic measurement on the
system realization, three different sets of sampled data were exam-
ined. They contain, in addition to the 24 structural samples (12 modal
displacements plus 12 modal velocities), 0, 12, and 60 aerodynamic
samples. The aerodynamic data here are arbitrary linear combi-
nations of all of the 800 vortices. It should be mentioned that, being
an incompressible flow model, the vortex lattice formulation
includes both the noncirculatory and circulatory effects [19]. Since
some of the noncirculatory terms are functions of accelerations of the
structural motion, they are in the left-hand side of the aeroelastic
equation of motion; hence, it is not possible to express them in the
current format in Eq. (38) or Eq. (39), in which the unsteady
aerodynamic loads are assumed to be proportional to the dynamic
pressure. However, such a limitation will disappear once the flow
becomes compressible, as in the case of the next example where a
compressible Navier—Stokes solver was used to model the flow.

It was found that activating only the number 1 and 3 actuators is
enough to excite all the structural modes and, consequently, the
surrounding flowfield. The reference airspeed is 80 m/s, 32% lower
than the flutter speed of 117 m/s. All the time histories were obtained
for 1000 time steps with At = Ax/V,; = 1.19¢7*. The SCI/ERA
algorithm [13] was used for system identification. The sizes of the
aeroelastic ROMs produced are 112 (na = 0), 193 (na = 12), and
195 (na = 60).

Figure 5 shows eigenvalues of the identified aerodynamic system
with na = 60 in the discrete-time domain. The size of the aero-
dynamic matrix is (171 x 171), and all the eigenvalues are seen to be
stable; that is, they are within the unit circle of the Z domain. Figure 6
is the aeroelastic root locus plot for the three identified ROMs vs the
full-order model (FOM) at the reference speed. Note that only the
circulatory terms were accounted for in these calculations. It can be
seen that all four sets of roots match extremely well. Figure 7 is
another comparison at the flutter speed, V =117 m/s. For this
calculation, the structural model was discretized again with a new
time step, At = Ax/V = 8.14¢~> From Figs. 6 and 7, it can be
concluded that when sufficient aerodynamic samples are available
(e.g., na = 60), the eigenvalues of the ROM match very well with
those of the FOM for a wide range of airspeeds, a point which will be
made more clear in the next example. Note that even if there are not

"Information received from presentation on computational methods on
aeroelasticity by G. Sengupta, T. Kim, and J. Castro at the 48th AIAA/ASME/
ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Confer-
ence in April 2007.
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Fig. 6 Aeroelastic roots of VLM wing (circulatory part only) at
Vet =80 m/s.
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parts) at V.., = 80 m/s.
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Fig. 10 TETFM in the transonic dynamic tunnel.

enough aerodynamic data, the ROM results still compare fairly well,
although one can expect they will eventually fall apart as the
reference point gets further away from the flutter point. The result
from the case with zero aerodynamic data is especially encouraging
because, in many ways, this scenario closely resembles the actual
FFT in which, for practical reasons, unsteady pressure gauges may
not be readily available. In particular, Fig. 7 shows that with
structural samples alone, the method can predict the onset of flutter
fairly accurately, provided that the reference speed is not too far from
the flutter point. Mathematically, without the aerodynamic samples,
the aeroelastic system is not fully realizable due to the rank
deficiency in the data set. Nevertheless, it can be speculated that,
since a certain amount of the aerodynamic information is embedded

Model1: 7.53 Hz

KIM

in the aeroelastic states, the aerodynamics identified herein would
match well with the original system in the neighborhood of the
reference condition. Figures § and 9 show aeroelastic roots with both
the noncirculatory and circulatory terms in the aerodynamics. As
expected, the eigenvalues predicted by the ROMs are less accurate in
the high-frequency region due to the presence of the noncirculatory
aerodynamics that do not comply with the format of the aerodynamic
equation of motion used in the current ROMs.

Twin-Engine Transport Flutter Wind-Tunnel Model in Transonic
Viscous Flow

The next example is a representative Boeing commercial model
that was tested in a transonic wind tunnel, also known as the twin-
engine transport flutter model (TETFM) (Fig. 10). Its aeroelastic
modeling and behavior were thoroughly investigated in the past [10].
The reference flow condition is summarized as follows: the fluid is
Freon with a purity of 0.8, the Mach number is 0.831, the angle of
attack is 2.05 deg, g is 149 psf (1.035 psi), and the Re is 2,700,000.

In addition to the wing motion described by the 10 mode shapes
(Fig. 11), 10 GAFs were recorded during numerical simulations. The
natural frequencies of the first four modes are 7.53, 14.63, 17.69, and
22.92 Hz, respectively. Time histories of these responses were
obtained by coupling (10 x 10) generalized aerodynamic impulse
functions with the generalized structural coordinates and integrating
them in the time domain. The aerodynamic impulse functions were
generated previously by applying an impulse in each of the 10
generalized coordinates with 0.001 magnitude of amplitude [10].
Although indirect, when convoluted with the structural states, this
approach produces the same results as the fully coupled fluid-
structure equations. It is much more convenient and faster to change
the dynamic pressure using the coupled solution technique;
therefore, it is suitable for the current study. To examine the effect of
aerodynamic measurement, the system identification was also
performed with 0, 30, and 160 aerodynamic samples. They are
artificial pressure data obtained based on the state-space aerody-
namic ROM available from the previous reference. More specifically,
arbitrary linear combinations of the state variables that define the
state-space aerodynamic model were taken and used as the aero-
dynamic samples. These aerodynamic states do not represent the
physical pressures but are related to the physical pressures through
the linear state-space equations. Once again, since the structural
model was already known from the ELFINI program, no separate
system identifications were necessary for the structure and the
(10 x 10) generalized mass, stiffness matrices were used to construct
(20 x 20) the structural system. Thus, the total number of aeroelastic
measurements available was 20 (na=0), 30 (na=10), 50
(na = 30), and 180 (na = 160). Since the wing model does not have
control surfaces, it was necessary to make up control inputs for the
numerical simulations. For this purpose, the two inputs used for the
previous rectangular wing were borrowed. While this type of
actuation is by no means realistic, it nevertheless serves as a valid
way to excite the wing structure and, subsequently, the unsteady
flowfield. Alternatively, if the computational model does not have the
option of adding control inputs, one can run the simulation with an
initial condition, for it would be mathematically equivalent to using a

Model2: 14.63 Hz

A‘

b

Model3: 17.69 Hz

Model4: 22.92 Hz

‘\‘

Fig. 11 First four structural modes of TETFM model.
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Fig. 12 Aerodynamic eigenvalues of TETFM model in the discrete-
time domain (WT denotes wind tunnel).
control vector with an impulse time function. The coupled ELFINI/
CFL3D aeroelastic solutions were obtained by time marching for 995
steps with the incremental time step, Az = 3.34e — 004 s, at the
reference dynamic pressure g,.; = 1.035 psi, subject to the two
impulse inputs. As before, the SCI/ERA algorithm was used for the
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system identification. The sizes of the aeroelastic ROMs produced
are 476(na = 0), 350(na = 10), 519(na = 30), and 538(na = 160).

Figure 12 shows eigenvalues of the identified aerodynamic system
with na = 160. Once again, all the eigenvalues are stable, staying
within the unit circle of the Z domain. Figures 13-18 show
comparisons of diagonal and offdiagonal elements of the GAF
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matrix between the original CFL3D model and the identified
aerodynamic models. It can be seen that when a sufficient number of
aerodynamic samples are available (na = 160), the new method
reproduces the aerodynamic forces extremely accurately for the
entire frequency range of interest. In fact, even with na = 80, all the
results seem to converge well. The results also show that, even
without aerodynamic data (na = 0), the GAFs match well in the
vicinity of the natural frequencies of the mode shapes. Justhow much
and when the identified aerodynamic model will differ from the CFD
depends on the type of mode shape and the location of the frequency.
For instance, the method with zero aerodynamic samples seems to
reproduce Q;, acomponent responsible for both the first and second
flutters, very well for a very wide range of frequencies. Note the
simple shape of this mode, which mainly consists of the first wing
bending (Fig. 11). On the other hand, for higher modes where the
mode shapes are more complicated, its results are not very accurate,
except near the frequencies at which the mode shapes oscillate in the
aeroelastic simulations. Note that these frequencies would be close to
the natural frequencies of the mode shapes, especially at a low
dynamic pressure.

Figures 19 and 20 are V g plots for all 10 modes of the three cases of
na =0, 10, and 160. These results were obtained by varying the
dynamic pressure while keeping the incremental time at the constant
value. For the clarity of the figures, results from the case with na = 30
are not included, but it is reported that they fall somewhere between
those of na = 10 and na = 160. As expected, when na = 160, the
correlation between the FOM and the ROM is excellent. It must be
noted that adding the 10 GAF samples produces accurate aeroelastic
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1.035 psi.

Gret=

KIM

70 T T T

60 1

50 TS .
. Original NG
N — — - Sys. Id. (na=160) e I
z 40 F] — — Sys.1d. (na=10) =
Fy Sys. Id. (na=0)
C
()
3 30 ey
9 f//"*}j o
C o T

20t /”/

10 / ]

o 1 1 1
0 0.5 1 1.5 2

Dynamic Pressure (psi)

Fig. 20  TETFM model frequency vs dynamic pressure: ¢ .=
1.035 psi.

damping and frequency results, capturing both the first and second
flutter points at g = 1.069 psi and g = 1.715 psi with a surprisingly
good accuracy, with less than 3 and 4% errors, respectively. The
identified model using the structural response samples alone also
predicts the first flutter fairly well, with a less than 1% error, but it
misses the second instability completely. The frequencies, on the
other hand, are better predicted for all of the modes when the
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aerodynamic samples are included in the system identification.
Figures 21 and 22 are time histories at the subcritical (¢ = 0.75 psi)
and first flutter (¢ = 1.069 psi) points, showing a good match
between the FOM and the ROMs.

Figures 23 and 24 are the Vg plots again, except that the new
ROMs were constructed at g = 0.75 psi, 32% lower than the first
flutter point. The sizes of the resulting aeroelastic ROMs are 473
(na=0), 350 (na =10), and 538 (na = 160). Once again, with
na = 160, the method generates extremely accurate modal damping
and frequency results for the entire range of dynamic pressure
covered, clearly suggesting that, as long as enough aerodynamic
samples are used, the aerodynamic ROM can reproduce all the GAFs
accurately, regardless of its reference dynamic pressure. Otherwise,
since the new reference point is further away from the instability
point, the new ROMs do not predict nearly as well as the previous
ROMs. It is still encouraging that, with just the 10 GAF data, it once
again predicts the first flutter very well, with less than 1% error,
although the prediction gets off by 9.9% with no aerodynamic data.
In particular, the present method can reproduce the highly nonlinear
curve in the damping of critical mode 3 that starts around ¢ = 0.7 psi
and continues up to the upper bound of g = 2 psi.

Finally, acomment on CPU time to generate the aeroelastic ROMs
is in order. In [10], it was reported that a typical CPU time for
generating the (10 x 10) aerodynamic impulse responses was 366 h.
Considering that running the coupled ELFINI/CFL3D aeroelastic
solver would not take much longer than solving the CFL3D code and
only two inputs were used in all of the aeroelastic simulations, the
overall CPU time would be close to % = 73.2 h, yielding a saving
factor of five. This CPU time could be further reduced by using a
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simultaneous excitation of the two inputs, e.g., using the SCI/ERA or
OKID method.

Conclusions

The following statements are the summary of the new system
identification and model reduction method for the coupled fluid—
structure system: aerodynamics is aeroelasticity minus structure
(AAEMS):

1) Using transformations between structural and aeroelastic states,
we have derived an unsteady aerodynamic system equation by
subtracting the structural states from the aeroelastic states.

2) The GAFs identified herein are valid for all frequency ranges,
provided that the aeroelastic system realized by (A,,B,,C,) is
aerodynamically rich. To generate such a system, one must take
sufficient aerodynamic measurements such that the sampled data are
fully ranked. Otherwise, the GAFs produced will only be accurate in
the neighborhood of oscillation frequencies of the structural modes.

3) Samples of the structural response alone can predict the onset of
the first flutter fairly well, provided they are not taken too far from the
critical point. This simple technique could be easily employed for
aeroelastic damping and flutter prediction based on FFT data.

4) The identification procedure is fast and straightforward; hence,
it is suitable for a variety of aeroelastic analyses, including flutter
prediction, dynamic loads calculation, optimization, and closed-loop
controller design.

The method needs to be validated for realistic configurations with
added samples of local pressure measurements. More research needs
to be done to investigate the effects of control inputs and the locations
of structural responses and to find optimal locations of the pressure
samples.

The following are anticipated applications and advantages of
AAEMS when applied to CSD/CFD:

1) It is possible to construct an aeroelastic ROM using aeroelastic
responses sampled at a single dynamic pressure subject to a few
excitation inputs. There is no need to do the multiple mode-by-mode
GAFs calculations. Considering that running the coupled aeroelastic
solver does not take much longer than solving the CFD code, the
overall savings in CPU time will be quite significant.

2) The necessity of dealing with CFD directly is minimized, as the
method requires time history samples for only structure and aero-
elasticity. This is a big advantage for structural engineers who are not
familiar with the CFD code.

When applied to WTT and FFT, the following advantages are
anticipated:

1) For a fixed Mach condition, it is feasible to get the damping, the
frequency, and the mode shape of the critical modes for all speeds by
using data obtained at a single subcritical condition.

2) Itis feasible to predict the onset of flutter using the data taken at
the single flight condition.

3) Itis feasible to experimentally (but indirectly) identify the GAF
matrix for flexible mode shapes and adjust or replace the unsteady
aerodynamic forces in the current low-order analytical models (e.g.,
doublet lattice).

As a final note, [20] represents the first work in which the system
identification was applied to experimental data obtained from a
WTT.
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