
JOURNAL OF AIRCRAFT

Vol. 41, No. 4, July–August 2004
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A new modal coupling technique for efficient flutter and aeroservoelastic analyses of aircraft with multiple
external-store configurations is presented. The aircraft is represented by a set of free–free normal modes obtained
with large fictitious masses loading the interface coordinates to yield high-accuracy subsequent coupling results.
Each store is represented by its own vibration modes obtained with a subset of statically determined interface
coordinates clamped to the ground, and the remaining coordinates (if any) are loaded with large fictitious masses.
The technique is formulated in a way that facilitates its application using standard options of common commercially
available software packages. A finite element code is used to construct the aircraft and stores modal databases. A
linear unsteady aerodynamics code is used to read the modal information, calculate the aerodynamic databases,
construct and solve the aircraft–store coupling equations, and perform frequency-domain and state-space flutter
analyses with or without control system effects. The process allows analyzing numerous store configurations with
previously stored structural and aerodynamic databases, with the store aerodynamics taken into account. The
method accuracy and efficiency are demonstrated with a model of the Euro Fighter EF-2000 with four wing store
stations.

Introduction

F IGHTER aircraft are required to carry numerous combinations
of wing-mounted external stores. The task of flutter clearance

requires repeated stability analyses for thousands of store combi-
nations at several points in the flight envelope and, possibly, with
various control–system effects. Common flutter analysis methods
are based on the modal approach in which the structural degrees of
freedom are represented by a set of low-frequency normal modes of
the analyzed configuration.1 Because different store configurations
have different natural frequencies and mode shapes, the standard
procedures require the flutter evaluation of each store configuration
to start with normal modes analysis at the finite element model level.
The enormous amounts of associated computation time, pre- and
postdata processing efforts, and result evaluation work make the full
consideration of all external-store-related structural, aerodynamic,
and control effects during the aircraft design stages practically im-
possible. A complete flutter evaluation performed only at the end
of the design process might require costly aerodynamic, structural,
and/or control system changes, or flight envelope limitations.

A way to shorten the repeated analysis process is by modal cou-
pling of a set of low-frequency aircraft modes with those of the
separate external stores. The main difficulty in modal coupling
is that the modal information has to include local deformations
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around the component interface points to yield adequate coupling
results. Common modal coupling methods such as that of Craig
and Bampton2 supplemented the component modes by static inter-
face constraint modes in which unit displacements are applied to
the interface coordinates one at a time. The involvement of static
modes and some special features needed for treating free–free struc-
tures made it difficult to apply with standard aeroelastic codes. The
fictitious-mass modal-coupling method3 made possible the local de-
formations around selected grid points in the low-frequency normal
modes to be taken into account. The application of this approach to
vibration mode analysis of aircraft with external stores4 exhibited
very accurate results for a variety of store loading, all based on the
same set of modes of the clean aircraft that is loaded with fictitious
masses at the hard points. The fictitious-mass coupling method was
also applied with measured modes from vibration tests of compo-
nents loaded with boundary masses.5,6 The fictitious-mass concept
was generalized in Ref. 7 by the definition of a special finite element
that can be used in structural dynamic models where deformations at
a small number of discrete degrees of freedom are of special interest.

Various aircraft manufacturers developed in-house procedures to
increase the efficiency of repeated store flutter analysis. The prob-
lems with these procedures are that 1) analysis details and the as-
sociated software codes are not available to others, 2) they are not
compatible with the software of other manufacturers, and 3) they
might not be readily applicable in modern procedures for aeroser-
voelastic analysis. Hence, the usefulness of these procedures in a
cooperative design process of modern control-augmented aircraft
that involves several manufacturers is limited.

The ZAERO aeroelastic analysis software package8 provides a
platform for the development of a new aircraft–store flutter proce-
dure that can be applied in any aeronautics industry environment.
The package can read modal data generated by any finite element
code. The unsteady aerodynamics associated with these modes are
either generated within the package or read in from user-supplied
files. The store aerodynamics can be calculated for each store sep-
arately and then combined in the coupling process. There is an op-
tion of running several flutter cases in which different mass terms are
added to a baseline structure with a fixed set of normal modes. State-
space aeroservoelastic analyses are efficiently performed within the
code.
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The purposes of the work presented in this paper were 1) to re-
formulate the aircraft–store modal coupling method of Ref. 4 to be
based on standard added-mass features, 2) to expand the method to
allow overdetermined wing–store connections, 3) to define an effi-
cient procedure for including store aerodynamic effects in the modal
coupling process, 4) to allow efficient repeated flutter analyses us-
ing both frequency-domain and aeroservoelastic (ASE) state-space
methods, and 5) demonstrate the new method by applying it to in-
dustrial cases.

Modal Coupling with Statically Determined Interface
The aircraft–store modal coupling technique of Ref. 4 is modi-

fied in this section to be based on standard added-mass features. The
technique couples the normal modes of the aircraft, obtained with
the aircraft–store interface coordinates loaded with large fictitious
masses, with those of the separate external stores, clamped to the
ground at the interface coordinates. The fictitious masses and cou-
pling equations are reviewed in this section, where it is assumed that
the aircraft–store interfaces are statically determinate, namely, the
number of interface coordinates is equal to the number of free–free
store rigid-body modes. Overdetermined connections are discussed
in the next section. For the sake of simplicity, we assume at this stage
that a single external store is to be connected to a store station on the
wing of an aircraft model with either symmetric or anti-symmetric
boundary conditions applied at the plane of symmetry.

The normal modes of the clean aircraft satisfy the eigenvalue
equation

[
K AA K AI

K T
AI K (A)

I I

][
φA

φI

]
=

[
MAA MAI

MT
AI M (A)

I I + MF

][
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]
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where [K ] and [M] are the finite element stiffness and mass matri-
ces and [φ] is the matrix of aircraft modes taken into account. The
subscripts A and I relate to the aircraft and the interface coordinates,
respectively, [MF ] is a matrix of fictitious masses loading the in-
terface coordinates, and �A is a diagonal matrix of the eigenvalues
associated with the normal modes. The fictitious masses should be
similar to, or larger than, the heaviest stores to be mounted on the
respective store station. In Ref. 4, it is shown that with large fic-
titious masses the subsequent coupling results are not sensitive to
their values. However, extremely large fictitious masses (several or-
ders of magnitude larger than the total aircraft masses) might cause
numerical ill conditioning. The diagonal eigenvalue and generalized
mass matrices satisfy
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The normal modes of a separate store, B, clamped at its interface
coordinates, satisfy the eigenvalue equation[
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where the diagonal eigenvalue and generalized mass matrices satisfy
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The undamped free-vibration equation of motion of the combined
structure, A + B is
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The modal-coupling technique assumes that the displacements of
the combined structure are linear combinations of the separately
obtained component modes
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where [φAB] is the matrix of modal displacements at the store points,
rigidly extrapolated from the interface modal displacements [φAI ].

Fig. 1 EF-2000 finite element model.

Fig. 2 Aerodynamic model of wing with three stores.

Fig. 3 Typical store model.

Fig. 4 Store ghost model with fictitious masses.
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The substitution of Eq. (8) in Eq. (7), its premultiplication by the
modes matrix, and the consideration of Eqs. (2–6) yield[
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ii AB
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]{
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}

+
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}
= {0} (9)

Fig. 5 Store model for separate store modes.

Fig. 6 Frequency and damping vs normalized velocity, clean aircraft direct solution.

where [
MiiF

] = [φAI ]T [MF ][φAI ] (10)
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Equation (9) forms a reduced-size eigenvalue problem that can be
solved for the eigenvalues and eigenvectors of the coupled system.
The linear combination of Eq. (8) can be used to recover the discrete
modal displacements from the coupled eigenvectors. Equation (9)
can form the basis for a direct aeroelastic analyses of the coupled
system. It can be observed that the expression for [MiiB ] is identical
to that of Eq. (5). However, it is possible to use Eq. (11) with different
masses than those used in Eq. (5) while the store modes are created.
This facilitates the analysis of many mass variations of a certain
store, that is, a fuel tank, with the same set of store modes.

Equation (11) can be easily expanded for cases of multiple stores.
Each store station is loaded in the aircraft normal-modes analysis
with its own set of fictitious masses. The store generalized displace-
ment vector {ξB} and the associated generalized matrices in Eq. (8)
become the assembly of the modal matrices of the different stores.
The case of no store at one or more of the stations can be analyzed
by simply assigning no store modes at the respective stations and
neglecting the effects of Eq. (11). The main advantage of the modal
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coupling technique is that it allows normal-modes and aeroelastic
analyses of many store combinations with the same set of aircraft
modes, plus one set of modes for each external store.

Overdetermined Interface
Overdetermined connections might introduce undesired local

stresses due to inaccurate pylon mounting in field conditions and
due to elastic deformations in dynamic structural response to high
maneuvers and store ejection. Hence, wing–pylon interfaces are
often designed such that they can be considered as statically deter-
mined. Cases of overdetermined interface can still be handled by
the procedure of the preceding section when the overdetermination
has minor effects. The effects can be considered minor if the modal-
coupling assumption of Eq. (8) is still adequate. The issues to be
considered are 1) the use of the overdetermined interface modal
displacements [φAI ] for calculating [φAB], 2) the significance of the
overdetermined stiffness effects, and 3) the sufficiency of elastic in-
formation contained in the clamped modes [φB] in representing the
store dynamics.

A more accurate way to treat overdetermined connections is by
adding stiff interconnection elements to the coupling equation (7).
The interface coordinates are divided into a statically determined set
and an additional-connection set. The additional-connection coor-
dinates are modeled by two sets of collocated grid points that would
be, in a regular aircraft–stores analysis, interconnected by spring
elements. Whereas the wing side of the additional connections is

Fig. 7 Frequency and damping vs normalized velocity, clean aircraft by coupling.

still a part of the interface coordinates {uI } of Eq. (7), the store
side is now a part of the internal store coordinates {uB}. The spring
elements that interconnect the additional interface coordinates are
not included in the normal modes analyses that generate the aircraft
and store modes of Eq. (8). Instead, they define incremental stiff-
ness matrices [�K (B)

I I ], [�K B I ], and [�K B B] to be added in the
subsequent coupling equation (12).

The fictitious masses added in Eq. (1) to the interface coordinates
while calculating the aircraft modes should be applied to all of the
wing-side interface coordinates. To improve the accuracy of the
interface stiffness additions, the store-side added coordinates could
be mounted with fictitious masses [MF B] when the clamped store
modes [φB] are calculated. The effects of these fictitious masses
are removed from the coupling equation (9) that, together with the
added stiffness elements, becomes[
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Unsteady Aerodynamic Forces
Store flutter analysis requires the generalized aerodynamic force

(GAF) coefficient matrices associated with the modal coordinates
and the aerodynamic shapes of the specific store configurations. A
cold-start computation process of GAF matrices for a store config-
uration includes panel modeling of the specific aerodynamic shape,
generation of the respective aerodynamic force coefficient (AFC)
matrices at several reduced frequencies, and using the AFC matrices
and the specific structural modes for obtaining the GAF matrices.
The application of this process to each store configuration would
require unacceptable preparation and computation time.

The importance of considering the aerodynamics associated with
external stores is assessed by combining previous experience, com-
parative flutter analyses with and without store aerodynamics, and
wind-tunnel tests for selected configuration with actual and pencil
shapes. The following approaches can be taken for treating the store
aerodynamics in repetitive numerical store flutter analyses:

Fig. 8 Frequency and damping variations, clean aircraft by coupling, ASE solution.

1) Neglect store aerodynamic effects, based on the assumptions
that these effects are either small, namely, covered by the safety
margins, or conservative.

2) Construct a database of AFC matrices associated with selected
store configurations, and assume that each AFC set can represent a
variety of store loadings. Each store case is assigned with a database
aerodynamic shape.

3) Calculate the GAF matrices associated with the aircraft and
store modes in Eq. (8) for each store separately, subtract the clean-
aircraft GAF matrices, and combine the incremental effects in the
flutter equations with the aerodynamic interference between differ-
ent stores neglected.

The application of the three numerical approaches and their ef-
fects on accuracy and computation efficiency are demonstrated and
discussed in the numerical example section.

Flutter Analysis
The Laplace domain open-loop generalized matrix equation of

motion of an aeroelastic system, excited by control-surface displace-
ments {δc}, is(
s2[Mhh] + s[Bhh] + [Khh] + q[Qhh(s)]

){ξ(s)}

= −(
s2[Mhc] + q[Qhc(s)]

){δc(s)} (15)
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where s is the Laplace variable; q is the dynamic pressure; V is the
true air velocity; {ξ} is the vector of generalized displacements of
the nh structural modes taken into account; [Mhh], [Khh], [Bhh], and
[Qhh] are the associated generalized mass, damping, stiffness, and
aerodynamic matrices; {δc} is the vector of control-surface rotation
commands; and [Mhc] and [Qhc] are the control mass and aerody-
namic excitation matrices. When {ξ} relates to natural modes of
the analyzed structure, [Mhh] and [Khh] are diagonal. To apply the
aircraft–stores modal coupling technique, {ξ} becomes the assem-
bly of generalized displacements in Eq. (12), with the associated
generalized mass and stiffness matrices forming [Mhh] and [Khh],
which become nondiagonal.

Common frequency-domain flutter analysis procedures deter-
mine the flutter boundaries by numerically searching for the velocity
and frequency pairs where one of the eigenvalues of the left-hand
coefficient matrix in Eq. (15) is purely imaginary. The search in-
volves the interpolation of the tabulated GAF matrices according to
the varying reduced frequency k and their extrapolation to the entire
Laplace domain. The ZAERO code uses the g method8 for solving
the flutter equations. The AFC matrices can be obtained in ZAERO
by combining the aircraft and store modes in the input data as in
Eq. (8), with the original stiffness and mass matrices except that
the store generalized masses are set to zero. The modal coupling is
then expressed for each store configuration by defining the fictitious
masses, with a negative sign, and the actual store masses as added

Fig. 9 Frequency and damping variations, clean aircraft by coupling, ASE solution with FCS.

masses at their respective grid points. When the store–aircraft is
overdetermined, stiffness elements are also added to yield the �K
terms of Eq. (14).

Aeroservoelastic Analysis
Various modern ASE, dynamic response and nonlinear analy-

sis techniques require the expression of the aeroelastic equation
of motion in a time-domain, state-space, constant coefficient form.
For this purpose, the AFC matrices have to be described as ratio-
nal functions of the arbitrary-motion Laplace variable s. As shown
in Ref. 9, the most general rational function approximation of the
merged Laplace-domain AFC matrices

[Qh(s)] = [Qhh(s)Qhc(s)] (16)

that leads to a state-space aeroelastic model can be cast in the form

[Q̃h(s)] = [A0] + (b/V )[A1]s + (b2/V 2)[A2]s2

+ [D]([I ]s − (V/b)[R])−1[E]s (17)

where all the matrix coefficients are real valued. The number of
structural states in the resulting state-space model is 2nh . The num-
ber of aerodynamic states, na , is equal to the order of the aerody-
namic root matrix [R]. Equations (15) and (17) yield the state-space
open-loop aeroelastic equation of motion
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{ẋae} = [Aae]{xae} + [Bae]{uae} (18)

where
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and where {xa} is the vector of aerodynamic augmenting states.
Open-loop flutter analysis is performed by simply calculating the
eigenvalues of the system matrix [Aae] for various flight conditions
and interpolating for the conditions at which one of the eigenvalues
crosses to the right side of the Laplace domain.

Fig. 10 Frequency and damping vs normalized velocity, aircraft with stores, direct solution.

A control system can be augmented to the states of Eq. (18)
as detailed in Ref. 10. The control system can accommodate
any combination of single-input/single-output, multi-input/multi-

output, and junction elements, interconnected and wired to the
sensors and actuators through fixed and variable gains. The gain-
open ASE model with the aeroelastic states augmented by those
of the actuators and the dynamic control elements is of the
form
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{ẋv} = [Av]{xv} + [Bv]{uv}, {yv} = [Cv]{xv} + [Dv]{uv} (19)

The ASE loop is closed by relating the input vector {uv} to the
output vector {yv} via a gain matrix [Gv],

{uv} = [Gv]{yv} (20)

which leads to the closed-loop ASE equation of motion

{ẋv} = [ Āv]{xv} (21)

The closed-loop flutter characteristics are established by eigenvalue
analysis of [ Āv].

Numerical Examples
The new coupling method is demonstrated for the European

Fighter Aircraft model EF-2000 at Mach 0.8 with symmetric
boundary conditions. Several superelements representing the main
components of the aircraft were extracted from the stress finite el-
ement model shown in Fig. 1 and combined for the structural dy-
namic model. The final model has been matched to ground vibra-
tion test (GVT) results. The structural modes were generated with
MSC/NASTRAN, and the aeroelastic analyses were performed with
ZAERO. Separate flutter analyses were first performed for two ref-
erence cases, a clean aircraft (with the tip tanks) and an aircraft with
the three store stations loaded with external stores, a full fuel tank,

Fig. 11 Frequency and damping vs normalized velocity, aircraft with stores by coupling, ASE solution.

an outboard (O/B) missile, and a stub. The aerodynamic model of
the wing with the three stores is shown in Fig. 2.

The stores plus pylons have been modeled by means of stiffness
and lumped mass matrices representing their inertial characteristics.
The store models have been matched to GVT results. The stores are
connected to the aircraft in each of these stations through an overde-
termined connection of seven interface coordinates. The model of a
typical store and its attachment points is shown in Fig. 3. The for-
ward store-station hard point is attached to the store in all translations
and rotations, except yaw. The rear hard point is attached only in the
y (side) and z (heave) directions. The store attachment points are
connected to those of the wing through attachment springs. The ref-
erence store-loaded case was analyzed with the store models added
to the aircraft model. It will be shown that accurate flutter results
can be produced for the clean aircraft and for various store configu-
rations from a single set of normal modes of the aircraft loaded with
fictitious masses instead of actual stores, plus separate clamped store
modes. The flutter-by-coupling results will be produced by both the
frequency-domain g method and the state-space ASE method.

Normal modes analysis was performed to generate a modal
database of the aircraft loaded with fictitious masses at the three
store stations. The store models were included in this run, but with
the actual store masses removed, the attachment spring connec-
tion in pitch at the main hard point removed, and all of the seven
interface coordinates loaded with fictitious masses, 10,000 kg in
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the translation coordinates and 1000 kg · m2 in the rotation coordi-
nates, at the wing side. A typical store model in this run is shown
in Fig. 4. Because the store connections are now statically deter-
mined and the stores are without masses, they have no effect on
the resulting normal modes. Their presence in the run is convenient
because it produces the extrapolated modal displacements [φAB] of
Eq. (8).

Separate store modes were generated by connecting the relevant
store to the ground in a statically determined manner, which leaves
the main attachment disconnected in pitch and loaded with a fic-
titious inertia in this direction, as shown in Fig. 5. The discon-
nected interface coordinate was selected arbitrarily from the set of
three overdetermined connections in plunge and pitch. The resulting
modes can be combined with modes of other stores to form [φB] of
Eq. (8).

The reference flutter analyses were performed with 34 low-
frequency modes taken into account in each case, three of them zero
rigid-body frequencies. Previous convergence studies showed that
this number of modes is sufficient for obtaining converged flutter
results with various store loadings. The database of aircraft modes
with fictitious masses at the store stations was constructed with 34
modes, to which 6 clamped modes for each store were added in
the aircraft-with-stores case. A comparison between the 15 lowest
nonzero natural frequencies, and those obtained by solving the cou-
pling equation (12), are shown in Table 1. Because there are 21
large fictitious masses in the model that generated the aircraft modal

Table 1 Comparison between natural frequencies obtained directly
and those obtained by modal coupling

Clean Clean Clean Aircraft Aircraft Aircraft
Mode aircraft aircraft by aircraft with stores with stores with stores
number reference coupling error, % reference by coupling error, %

1 7.24 7.24 0 4.90 4.92 0.41
2 12.74 12.74 0 6.04 6.04 0
3 19.03 19.06 0.16 6.07 6.07 0
4 20.65 20.71 0.28 7.21 7.22 0.14
5 22.63 22.66 0.13 9.03 9.03 0
6 23.39 23.41 0.09 10.20 10.20 0
7 25.97 25.97 0 12.54 12.54 0
8 27.67 27.68 0.04 14.92 14.92 0
9 28.56 28.61 0.18 15.45 15.46 0.06
10 29.84 30.00 0.54 17.34 17.37 0.17
11 30.78 31.03 0.81 19.10 19.10 0
12 31.48 32.03 1.75 21.35 21.37 0.09
13 34.62 35.54 2.66 23.19 23.20 0.04
14 36.26 36.77 1.41 25.22 25.32 0.40
15 39.49 40.34 2.15 26.04 26.04 0

Fig. 12 Damping variations, aircraft with stores, direct solution with store aerodynamics.

database, and because only 34 of these modes are taken into ac-
count in the coupling process, it was expected that only the first
34 − 21 = 13 coupled frequencies of the clean aircraft, namely, 10
elastic frequencies, would be of good accuracy. Indeed, we see in
Table 1 that the coupling errors up to the 10th mode in this case are
less than 0.55% and start to peak up with higher modes. Some of the
coupled frequencies may become very large. These are not natural
aircraft modes, but synthetic modes of local deformations near the
hard points.

The coupled flutter results for the clean-aircraft case are com-
pared, in the form of V –g–ω plots, to the direct results in Figs. 6
and 7. Figures 6 and 7, and as shown subsequently, present the varia-
tions of structural modal damping g and natural frequencies with the
true airspeed, normalized with respect to a reference velocity. The
ASE state-space solution method was also used for analyzing open-
and closed-loop cases. The open-loop ASE clean-aircraft solution is
shown in Fig. 8. The control system effects were analyzed by aug-
menting the 140-state control system to the aeroelastic plant model.
The minimum-state rational aerodynamic method was applied in
the ASE cases with 10 aerodynamic roots, with no physical weight-
ing, and with using the default ZAERO approximation options with
perfect approximation fit at k = 0. The resulting V –g–ω plots are
shown in Fig. 9. It can be observed in Figs. 6–9 that, even though
there are some differences in the high-damping and high-frequency
values, the coupling flutter results are very close to the direct results,
definitely within the accuracy level required from such analyses. The
high-frequency differences are due to the coupling inaccuracies dis-
cussed earlier. Even though the high-frequency aeroelastic behavior
obtained by coupling is not accurate, the effects of these modes on
the low-frequency flutter mechanisms are still adequate. The open-
loop ASE results are practically identical to the frequency-domain
G-method results, and control system effects are negligible in this
case.

The flutter results of the aircraft with all three external stores,
calculated directly by the frequency domain solution and those cal-
culated by modal coupling using the state-space solution, are shown
in Figs. 10 and 11, respectively. Here again the coupling results are
very close to the direct results. The fact that good coupling results
(frequencies and flutter) were obtained for both the clean aircraft
and the fully loaded one, based on the same set of fictitious-mass
aircraft modes, indicates that other store combinations that involve
these store stations can be adequately analyzed as well with this
baseline set of modes.

The store aerodynamic effects were analyzed by first applying
the model of Fig. 2 to the fully loaded reference case. The varia-
tions of modal damping values with normalized velocity are shown
in Fig. 12. Note that the severe high-speed flutter case of Fig. 10
is now at a significantly lower velocity (by about 8%). The very



KARPEL ET AL. 901

Table 2 Summary of normalized flutter speeds and flutter frequencies with store aerodynamic effects

Flutter identification Wthout Store Aero Tank Aero Tank + O/B Aero Tank + O/B + Stub Aero

Reference (no coupling)
S1 4.39 (6.05 Hz) —— —— ——
S2 10.94 (9.20 Hz) 10.68 (9.19 Hz) —— ——
S3 12.45 (8.65 Hz) 12.19 (8.61 Hz) 11.47 (8.88 Hz) 11.43 (8.88 Hz)

Structural coupling, full aerodynamics
S1 5.25 (6.05 Hz) —— —— ——
S2 11.09 (9.17 Hz) 10.73 (9.15 Hz) —— ——
S3 12.52 (8.58 Hz) 12.21 (8.55 Hz) 11.46 (8.83 Hz) 11.49 (8.79 Hz)

Structural and aerodynamics coupling
S1 N/A —— —— ——
S2 N/A 10.73 (9.15 Hz) —— ——
S3 N/A 12.21 (8.55 Hz) 11.39 (8.86 Hz) 11.36 (8.87 Hz)

Fig. 13 Damping variations, aircraft with stores, ASE coupling with full store aerodynamics.

mild low-speed flutter mechanism indicated in Fig. 10 by the zero
crossing of the damping branch at the normalized velocity of about
6 and the medium-speed hump flutter at the normalized velocity of
11 are stable when store aerodynamics are considered in Fig. 12.
The frequency variations are not shown because they are almost
identical to those of Fig. 10.

The store aerodynamic effects were also introduced in the ASE
coupling analysis, with the aerodynamic panel matrices generated
in the reference run of Fig. 12. The resulting damping variations are
shown in Fig. 13. They indicate an aeroelastic behavior practically
identical to that of Fig. 12. The coupling of separate store aerody-
namic effects was performed in two steps. First, the GAF matrices
associated with the aircraft and store modes were generated with
the aerodynamic shape of each store added to the wing model sep-
arately. The subtraction of the clean-aircraft GAF matrices yielded
the incremental GAF matrices for each store separately, as shown
in Fig. 14. The incremental matrices were then combined in the
coupling process.

The damping variations for the three-store case, analyzed by
modal coupling of the structural and aerodynamic generalized ma-
trices of each store separately are shown in Fig. 15. The comparison
with Fig. 13 indicates negligible effects of the aerodynamic inter-
face between the different stores. A summary of the aerodynamic
effects on flutter speeds is shown in Table 2. The effects of the dif-
ferent stores are added one by one, indicating that the missile has
the largest aerodynamic effects and the stub has the lowest effect in
our numerical example.

Because the number of store cases, with various boundary con-
ditions, Mach numbers, and flight-control-system (FCS) effects, is
typically of many thousands, we recommend the following approach
when performing repetitive linear flutter analysis.

Fig. 14 Defining incremental aerodynamic loads.

1) Construct a database of fictitious-mass clean-aircraft modes
and the associated GAF matrices.

2) Construct a database of separate store modes, clamped to the
ground.

3) Perform the massive store flutter analyses with the store aero-
dynamics neglected.

4) Identify the flutter-sensitive store cases.
5) Generate GAF matrices with separate incremental aerody-

namic effects of the stores involved in the sensitive cases.
6) Repeat the flutter analyses of the sensitive cases with coupled

aerodynamic effects.
7) Identify the most critical cases, typically those selected for

ground resonance testing and flutter flight tests, and repeat the
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Fig. 15 Damping variations, aircraft with stores, ASE with structural and aerodynamic coupling.

flutter analyses with full aerodynamic interference between stores
considered.

Conclusions
The aircraft–store fictitious-mass modal coupling technique was

expanded to allow overdetermined store attachments. The method
was reformulated to facilitate a convenient application using stan-
dard structural perturbation techniques in commercially available
codes. The aircraft modal database is determined in a single stan-
dard normal-modes analysis with the store attachment coordinates
loaded with relatively large fictitious masses. The method is robust
to the magnitudes of the fictitious masses, provided those are of the
order of the heaviest stores, but not large enough to cause numerical
ill conditioning. The method allows varying the actual mass proper-
ties of the stores and the stiffness of the attachment springs after the
modal database has been constructed. Store aerodynamic effects can
be included by either accounting for the full interstore interference,
or by coupling the individual effects of each store. The coupled dy-
namic matrices were used for flutter analysis of two extreme config-
urations of the EF-2000 aircraft, one without external stores and one
loaded with a combination of light and heavy stores at three wing sta-
tions, both performed with the same modal database. High-accuracy
frequency and flutter results have been demonstrated. The coupling
method is applicable with both frequency-domain and state-space
methods. The latter allows a convenient inclusion of control systems
in ASE and dynamic response analyses. The new technique forms
the basis of a numerical process that will perform open- and closed-
loop flutter analyses for numerous store-loading cases with a very
favorable combination of accuracy and efficiency. The method pre-
sented in this paper provides a way to finish efficiently the clearance

process of a wide set of different configurations in a timely man-
ner. Furthermore, the generated databases will allow very efficient
repetitions of the clearance process in case there is any significant
change (from the flutter standpoint) in stiffness and/or mass charac-
teristics in the aircraft standard data and when new external stores
are added.
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