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System identi� cation is evaluated as an ef� cient and accurate technique for modeling unsteady aerodynamic
forces for use in time-domain aeroelastic analysis. In the system identi� cation methodology, the constant coef� -
cients of a linear system model are � t to the computed response time histories from a three-dimensional, unsteady
computational � uid dynamics (CFD) solver. The resulting model of the unsteady CFD solution is independent of
both dynamic pressure and structural parameters. Hence, this methodologyhas the advantage that only one CFD
� ow� eld computation for each Mach number must be completed to determine the aeroelastic instability bound-
ary. Results show that system identi� cation can accurately model the unsteady aerodynamic forces for complex
aerospace structures of practical interest. The methodologyresults in a substantial savings in computational time
when predicting aeroelastic instabilities.

Nomenclature
[C] = generalized damping matrix
fa = generalized aerodynamic force vector
[K] = generalized stiffness matrix
[M] = generalized mass matrix
nr = number of roots or mode shapes
q = freestream dynamic pressure
q = generalized displacementvector
u = vector of system inputs
y = vector of system outputs

Introduction

P REDICTING instabilities in the aeroelastic behavior of
aerospace structures is important in the design of modern air-

craft that operate over a wide envelope. With recent advances in
CPU speeds, current research has turned toward the application of
computational� uid dynamics (CFD) models to the solutionof these
aeroelastic problems. By the use of an unsteady Euler or Navier–
Stokes CFD algorithm coupled with a structural dynamics solver,
the complete aeroelastic response of the structure can be predicted.
However, the major limitation in applying such a CFD solution is
the computational time required to run a full aeroelastic simulation
due to the high dimensionality of even the simplest geometry.

Compounding the problem, an aeroelastic instability cannot be
predicted by just one such simulation. Rather, several simulations
are requiredover the � ight regime to predict the crossover from sta-
ble to divergenttime histories.When running these coupled simula-
tions, it is the unsteady CFD solution at each time step that requires
the greatest amount of CPU time. The faster structural dynamics
solver is essentially left waiting on the unsteady CFD solution at
each time step. Hence, if an accurate and ef� cient replacement for
the CFD solver could be developed, aeroelastic instability predic-
tions would be much more computationallyef� cient.
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The emphasis of the present work is to develop a suitable mod-
eling technique that is capable of accurately and expediently es-
timating the unsteady CFD solution around a three-dimensional
structure. For such a technique to be of practical use, it must be
accurate over a wide range of � ow regimes from subsonic to super-
sonic, as well as being applicableto any arbitrary three-dimensional
structure. Additionally, the technique should be easy to implement
and be compatible with coupled CFD-structural codes currently
in use.

To date,a varietyof methods for developingan ef� cientmodel for
a CFD algorithmhave been proposed.Dowell et al. recently applied
reduced-order modeling to unsteady aerodynamic systems.1 Their
procedure involved extracting the eigenvalues and eigenvectors of
the CFD model to construct a reduced-orderaerodynamicmodel of
the unsteady � ow. Other similar methods using both frequencyand
time-domain analysis have also been reviewed recently by Dowell
et al.2

Another possibility would be to develop a mathematical model
for the input/output relationship of the unsteady CFD solution us-
ing system theory. Conceptually, the unsteady CFD solution imple-
mented in an aeroelastic analysis is simply a dynamic system that
computes an aerodynamic response based on a prescribed motion
for the structure.Furthermore, the unsteadyCFD solutioncan be as-
sumed to be a dynamically linear system if only small perturbations
about a nonlinear mean � ow are considered.3 With this knowledge,
a varietyof ef� cient system modeling techniquescan be applied that
have been developed for linear systems.

One such technique is system identi� cation. As it is de� ned, sys-
tem identi� cation is a processfor obtaininga mathematicalmodelof
a dynamicsystem basedon a set of measured data from the system.4

This methodology is used to � t the parameters of a model structure
to a set of recorded data from the dynamic system. The result is an
algebraic model that is a mathematical map between the input and
the output of the system. The success of this technique is then de-
pendent on the initial choice of the model structure and the amount
and quality of data used to train the model.

The emphasis of the present work is to determine the ef� cacy
of using system identi� cation techniques to map accurately the
input/output relationship for an unsteady CFD solution to an arbi-
trary three-dimensional structure. This algebraic relationship then
reduces the total computational time required for a CFD aeroelas-
tic analysis by replacing the unsteady CFD solver in the coupled
solution. Results are presented that address the extent to which the
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system identi� cation methodology is applicable to geometries and
� ows of practical interest in aerospace applications.

Methodology
Computational analysis for this study was performed using the

aeroelastic capabilities of the STARS codes developed at NASA
DrydenFlightResearchCenter.STARS5 is a highly integrated,� nite
element based code for multidisciplinaryanalysis of � ight vehicles
includingstatic and dynamicstructuralanalysis,CFD, heat transfer,
and aeroservoelasticcapabilities.

Structural analysis in STARS is accomplished using the � nite
element method to compute the eigenvectors and eigenvalues that
describe the elastic modes for a structure. Any arbitrary motion of
the structure can then be representedby multiplying each eigenvec-
tor by a generalized displacement and applying modal superposi-
tion. A complete aeroelastic analysis is accomplished by coupling
a dynamics solver, using the modal vectors, with an unsteady CFD
solver that computes the generalized aerodynamic forces acting on
the structure. The basic aeroelastic equation of motion solved by
STARS is given here in generalized coordinates:

[M]Rq C [C]Pq C [K]q D fa.t/ (1)

The unsteady aerodynamics forces on the right-hand side of
Eq. (1) are computedusinga time-marched, � nite element approach
to solving the unsteady Euler equations. This CFD solution is per-
formed on a mesh consisting of unstructured tetrahedra using the
transpirationmethod to simulate structural deformations.

Given the described solution scheme, the input/output relation-
ship for the unsteadyCFD solutioncan be representedby the simple
block diagram shown in Fig. 1. As discussed earlier, it is the un-
steady CFD solution for the generalized aerodynamic force vector
that requires the greatest proportion of CPU time. Hence, system
identi� cation will be applied to this system to develop an ef� cient
algebraic model for the generalized aerodynamic forces. The basic
system identi� cation procedurewill involve � tting the constant co-
ef� cients of a model structure to a set of actual time history data
taken from the unsteady CFD solver.

There are severaldifferent types of model structures that could be
used, but for the case of a multi-input/multi-output(MIMO) system,
the most common is the autoregressive moving average (ARMA)
model. The ARMA model describes the response of a dynamic
systemas a sum of scaledpreviousoutputsand inputs to the system.6

The basic ARMA model structure for a single-input/single-output
system is easily vectorized to yield the following model structure
for a MIMO system:

y.k/ D
naX

i D 1

[Ai ]y.k ¡ i/ C
nb ¡ 1X

i D 0

[Bi ]u.k ¡ i/ (2)

Notice that the system response at any time step k is simply a linear
combinationof past inputsand outputs,makingthis modelvery easy
to implement mathematically.

With the model structure of Eq. (2) in mind, the task is then to
identify the matrices of constant coef� cients, [Ai ] and [Bi ], for an
assumed model order consisting of na past outputs and nb inputs.
This is accomplished by � tting the model coef� cients to a set of
time history data from the unsteady CFD solver. To obtain time
history data suitable for system identi� cation, the unsteady CFD
solution for a prescribedmotion of the structure is completed rather
than allowing the structure to move freely in the � ow as in a typical

Fig. 1 Block diagram representation of STARS unsteady CFD solver.

Fig. 2 3211 multistep input signal.

aeroelastic simulation. The prescribed motion of the structure is
a known input that is chosen because it excites a broad spectrum
of response frequencies that contain the primary � ow physics. The
only limitation on choosing the prescribed input signal is that the
generalized displacements and velocities must be mathematically
consistent.

Historically, system identi� cation has been used extensively in
� ight testing to estimate stability derivatives and modal damping
parameters from � ight-test data. Thanks to this application, a great
deal of research has been done on the optimal input required for
successful parameter identi� cation for � ight vehicles. One of the
most widely acceptedinputs is the3211multistepbecauseof its ease
of implementationand broad frequencycontent.7 Figure 2 shows the
basic format of this input signal.

Although the multistep input signal is easy to implement ex-
perimentally, the sharp corners cause some numerical problems if
this input is applied to displacements.As discussed earlier, the dis-
placements and velocities for the prescribed input signal must be
mathematically consistent so that both boundary conditions for the
unsteady CFD solution are satis� ed. Hence, a multistep input ap-
plied to displacements must be differentiated to get the mathemat-
ically consistent velocity input. Doing so, one � nds that the ve-
locity input would be made up of � ve in� nite spikes. Obviously,
such an input cannot be numerically realized as a CFD boundary
condition.

To avoid this numericalproblem, the multistep input couldbe im-
plemented on the velocity boundary condition and then integrated
to get the mathematically consistent displacementboundary condi-
tion. This type of velocity multistep was tested along with several
other inputs in the unsteady CFD solution, and the multistep was
found to work best for identi� cation.8 Figure 3 shows the prescribed
generalizeddisplacementand velocity input for a two-mode system
that was found to work best for modeling.

Notice in Fig. 3 that the input signals for each mode are out
of phase. This is necessary to allow the identi� cation procedure
to distinguish between the effects of different inputs in the system
response. Results presented here will show that the time history
data obtained using this input signal are suf� cient for modeling the
aerodynamic response of structures with as many as nine modes.

Once this input signal has been run through the unsteady CFD
solution, singular value decomposition (SVD) is used to � t the pa-
rameters of the ARMA model structure to the time history data.
SVD9 produces a solution to the system of overdetermined equa-
tions that is the best approximation in a least-squares sense. This
identi� cation procedure requires an initial guess for the order of
the ARMA model structure (na and nb). By then varying the or-
der of the model, one searches for the model that minimizes the
error between the CFD time history and the predicted model time
history.

Once completed, the model is used in place of the unsteady CFD
solution in the coupled simulation to predict the full aeroelastic
response of the structure. Figure 4 illustrates conceptually how the
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Fig. 3 Prescribed input signal for unsteady CFD � ow solver.

Fig. 4 Implementation of system model in STARS coupled aeroelastic
simulation.

ARMA model is implemented in a STARS aeroelastic simulation.
The coupled aeroelastic solution with the discrete-time model in
place can be executedat almost no computationalcost relative to the
unsteady CFD solution. Furthermore, the model is only dependent
on the Mach number for which it was derived. It is not dependenton
the freestreamdynamic pressureor any of the structuralparameters,
such as generalizedmass and stiffness.This allows one to vary these
parameters and to use the fast model solution to observe their effect

on the aeroelastic response of the structure. Hence, a substantial
amount of computational time is saved in the search for aeroelastic
instabilities at each Mach number by running the coupled model
solution rather than the time-marched CFD solution.

Results
UnsteadyCFD solutionsfor theprescribedstructuralmotionwere

run for several geometriesover a wide range of Mach numbers.One
such geometry is the AGARD 445.6 wing con� guration, which is a
standard aeroelastic test case that has been investigated experimen-
tally in the Langley Transonic Dynamics tunnel. A planform view
of the con� guration is shown in Fig. 5. This wing geometry is often
used in the literatureas a validationcase for computationalaeroelas-
tic codes in the transonic � ow regime. Recent work has shown that
the STARS aeroelastic analysis module is capable of predicting the
experimental data for this wing geometry, including the transonic
dip in the � utter boundary around Mach 1.0 (Ref. 10).

In STARS, the AGARD wing is modeled structurally using
the two dominant eigenvectors representing the � rst two natural
vibration modes of the structure. These mode shapes physically

Fig. 5 AGARD 445.6 test wing geometry and surface discretization.

Fig. 6 Comparison of unsteady Euler and model solutions for the
AGARD wing’s multistep input signal of Fig. 3.
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represent wing � rst bending and torsion. The CFD mesh for the
AGARD wing consists of 70,036 nodes and 376,125 tetrahedral
elements.

Before beginning the system identi� cation procedure on this ge-
ometry, note that the modeling procedure assumes that the system
is only dynamically linear. To make this assumption, the complete
nonlinear mean � ow, or steady CFD solution, must be computed
and used as the initial condition for the unsteady CFD solution.
This guarantees time accuracy for the unsteady solution and allows
one to assume that the system is dynamically linear for small per-
turbations about the nonlinear mean � ow.

Following the steady solution, the multistep input signal show in
Fig. 3 was analyzedusing the unsteadyEuler solver for the AGARD
wing geometry at Mach 0.96 for a dynamic pressureof 0.44 psi. By
the use of the resulting generalizedaerodynamic force time history,
the coef� cients of the ARMA model structurewere computedusing
the SVD algorithm.The generalizedaerodynamicforce time history
from both the unsteady Euler solution and the discrete-time model
solution found to best � t this data is shown in Fig. 6.

Fig. 7 Comparison of unsteady Euler and model solutions for the
AGARD wing’s aeroelastic response at Mach 0.96.

Fig. 8 Comparison of AGARD wing’s � utter boundary predicted by
STARS CFD and model solutions.

The new discrete-time model is then used to search for instabili-
ties at this Mach number by repeatedlyvarying the freestream den-
sity, which is equivalent to changing the dynamic pressure without
changing the Mach number.Once the point of aeroelastic instability
is found, the coupled Euler solution can then be run once to ver-
ify the accuracy of the coupled model solution. For Mach 0.96, a
sample comparison between the aeroelastic time history predicted
by the discrete-time model solution and the unsteady Euler solu-
tion is shown in Fig. 7 for a dynamic pressure near the instability
boundary, q D 0:233 psi. Notice that the two responses are in good
agreement.

Further validations of the system identi� cation procedure were
run for the AGARD wing at � ve additionalMach numbers, resulting
in a complete transonic � utter boundary prediction. As with Mach
0.96, a new multistep solution was computed with the unsteady
Euler solver at each different Mach number. An ARMA model was
then � t to each set of multistep time history data, and the resulting
discrete-time model was then implemented in an aeroelastic solu-
tion to search for the instability boundary at that Mach number.
Once the point of instability was found, the Euler solution was run
once to verify that the model solution was valid. For each Mach
number tested, the unsteady Euler and model time histories at the
� utter boundary were in excellent agreement. The complete tran-
sonic � utter boundary for the AGARD wing con� guration is given
in Fig. 8.

As will be discussed, the time savings associated with the use
of the model are signi� cant. First consider the current method for
applying CFD to aeroelastic analysis in STARS. For a given Mach
number, the full unsteady CFD solution is run at least four times
at different densities in a search for the crossover point from stable
to divergent time histories. The results from these time histories
are then interpolated to determine the approximate point at which
the system is unstable. The total computational time to run just
one unsteady CFD solution for the AGARD wing is approximately

Fig. 9 Comparison between required computational time for Euler
solution and discrete-time model solution.

Fig. 10 GHV geometry and surface discretization.
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120 CPU h on an IBM RS600 3BT. Hence, a total of almost 480
CPU h, or nearly 20 days, are required to complete the minimum
of four solutions necessary to determine the approximate stability
boundary for the AGARD wing at one Mach number.

The system identi� cation technique requires only one run of the
unsteady CFD solution for each Mach number. The length of the
required multistep time history is about one-fourthof the length re-
quired for a full aeroelasticrun,andso it runs in justunder30 CPU h.
Following the multistep solution, the entire procedure for comput-
ing the best parameters of the discrete-time model takes less than
30 min, and then the discrete-time model can be run repeatedly to
predict complete aeroelastic time histories in less than 60 CPU s.
Hence, the total savings in computational time for each Mach num-
ber is over 400 CPU h, or a 94% reduction in total CPU time. A
comparison of the total time required to compute the neutral point
of the AGARD wing for a singleMach number is shown graphically
in Fig. 9.

Another interestinggeometry to study is thatof the generichyper-
sonic vehicle (GHV). The GHV is a testcase developed by NASA
to test the aeroelasticeffects that might be observedon a hypersonic

Fig. 11 Comparison of unsteady Euler and model solutions for the GHV multistep input signal for modes 1–6 at Mach 2.2.

vehicle. Figure 10 shows the CFD surface mesh used to model the
GHV. The CFD mesh for the GHV consists of 58,786 nodes and
323,417 tetrahedral elements.

Structurally, the GHV is much more complicated than the
AGARD wing because it is modeled using nine eigenvectors that
represent various bending and torsional modes for the wings and
the body itself. This geometry was � rst analyzed using STARS at
Mach 2.2 and a dynamic pressure of 114.5 psi.

As with the AGARD wing, the steady � ow� eld was � rst com-
puted, followed by an unsteadyCFD solution to a sequence of stag-
geredmultistep inputsonall ninemodes.An aerodynamicmodel for
the GHV is then computed by � tting the coef� cients of the ARMA
model structureto the multistep time historydata.Figure 11 presents
a comparisonbetween the unsteadyEuler solutionand discrete-time
model solution to the multistep input for the GHV. Only six out of
the nine modes are shown here for brevity; however, results are
consistent for all nine modes.

The computed aerodynamicmodel for the GHV can then be used
in the coupled solution to compute the aeroelastic response of the
GHV. A sample comparison between the aeroelastic time history
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Fig. 12 Comparison of unsteady Euler and discrete-time model solution for the GHV aeroelastic response at Mach 2.2.

predictedby the discrete-timemodeland the unsteadyEuler solution
is shown in Fig. 12 for modes 1–6 of the GHV. Again, results are
consistent for all nine modes and can be found in Ref. 8.

Conclusions
The objective of this study was to develop an accurate and ef� -

cient method for developing a model of an unsteady CFD solution
for use in computationalaeroelastic analysis of complex aerospace
structures.Research presented here demonstrates that system iden-
ti� cation can be used to accurately map the input/output relation-
ship of the unsteady CFD solution. The methodology assumes that
the unsteady CFD solution is dynamically linear for small distur-
bances about a nonlinear mean � ow. For such a system, an aerody-
namic model can be developedby � tting the coef� cientsof a MIMO
ARMA model structure to a set of CFD time history data. The re-
sulting discrete-timeaerodynamicmodel is then used in place of the
unsteady CFD solution in the coupled aeroelastic analysis.

This techniquecan be extended to different structural geometries
over a wide range of Mach numbers including the transonic regime.
The methodology has the advantage that only one unsteady CFD
solution is requiredfor each Mach number.The aerodynamicmodel
based on that solution is independentof both dynamic pressure and
structural parameters. This allows one to use the same model while
searching for aeroelastic instabilities by varying these parameters

in the coupled solution. Computationally, the discrete-time model
is extremely easy to apply and offers a large savings in total CPU
time when used in an aeroelasticanalysis.Hence, this approachmay
make the use of CFD simulations routine in the aeroelastic analysis
of aerospace vehicles.

Note, however, that the ARMA model is only as accurate as the
unsteady CFD solution for which it was trained. The methodology
presentedhere treats the CFD solutionas a black box and models its
input/output relationship only. Therefore, the � nal results obtained
using that model will only match the results one would obtain using
the unsteady CFD solution itself, but with signi� cantly less compu-
tational effort.
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