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Robust Aeroelastic Stability Analysis Considering
Frequency-Domain Aerodynamic Uncertainty

Dan Borglund*
Kungliga Tekniska Hogskolan, SE-100 44 Stockholm, Sweden

The problem of modeling frequency-domainaerodynamicuncertainty for a slender wing structure is investigated.
Based on an unsteady lifting-line theory used for the generalized aerodynamic forces, a quite versatile uncertainty
description with a clear physical interpretation is proposed. The uncertainty description is easily put in a form
suitable for application of the p framework in robust linear control. Because only frequency response matrices
are required for the ;. computations, the proposed uncertainty description can be used for robust stability and
performance analysis without rational function approximations of the aerodynamic transfer function matrices.
The usefulness of the uncertainty description and the methods available for robust aeroelastic stability analysis is
demonstrated by performing aeroelastic wind-tunnel experiments.

Introduction

LTHOUGH the research area of robust stability and perfor-

mance analysis of aeroservoelasticsystems has evolved quite
recently,! similar considerations for linear control systems have
longer traditions?> Much progress has been made in the area of
robust linear control, and methods such as p synthesis are consid-
ered state of the art for practice. However, the frequency-domain
methods practiced in linear control show many similarities with the
frequency-domain methods used for linear aeroservoelastic anal-
ysis. The important point made by Lind and Brenner! is that the
stability criterion which paved the way for linear robust control can
be directly applied to aeroservoelasticsystems as well.

From an aeroservoelastic design point of view, the capability of
computing for example robust stability margins is most desirable.
As discussed by Kuttenkeuler and Ringertz,® there are cases where
aeroelastic design optimization of wing structures might actually
lead to degraded performance if care is not taken. To avoid such
scenariosand take full advantage of the use of optimizationmethods
for design, system uncertainties and deficiencies of the numerical
model have to be accounted for in the optimization. The ¢ approach
has provided means to develop robust design schemes, and a very
recent example is the work by Moulin et al.,* where uncertainty in
the inertial properties of an external store load on a wing structure
is considered.

If a multidisciplinary analysis is to be used for optimal design, a
sufficient accuracy in the disciplinary analyses (such as structures,
aerodynamics, and controls) is a prerequisite. However, the useful-
ness of a robust analysis for design purposes also depends on the
availability of a realistic uncertainty description. It is well known
that a poor uncertainty description can result in an overly conser-
vative analysis,! which is likely to be useless for design purposes.
Robust analysis and design must therefore be preceded by the de-
velopment of realistic and accurate uncertainty descriptions.

Considering aeroservoelastic analysis, the most significant diffi-
culty is the computation of unsteady aerodynamic forces. Because
of the complex nature of unsteady aerodynamics, the aerodynamic
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loads caused by, for example, control surface deflections, are typ-
ically associated with some level of inaccuracy. For the purpose
of robust optimal design, a useful aeroservoelastic analysis must
therefore consider aerodynamic uncertainty. In this study an uncer-
tainty descriptionfor frequency-domainslender wing aerodynamics
is proposed and demonstrated. The frequency-domain uncertainty
descriptionis well suited for the u framework and is believed to be
useful in future studies on robust aeroservoelasticdesign.

Frequency-Domain Aeroelasticity

The experimental system on which the present study is based is
shown in Fig. 1. A flexible wing with a controllable trailing-edge
flap is vertically mounted in a low-speed wind tunnel at Kungliga
Tekniska Hogskolan. The elastic deformations, in terms of out-of-
plane deflections y; at four differentlocationson the wing, are mon-
itored by an optical measurement system. The optical system also
features a real-time mode, making it possible to use the outputs y; in
a closed-loop feedback system for studies on aeroelastic control >-6
In Borglund and Kuttenkeuler’ a very detailed description of the
flexible wing can be found, including planform, structural design,
material properties, inertial properties of all main components, and
the locations of the optical markers.

The governing equations for small-amplitude motion of a wing
structure in low-speed airflow is typically derived by combining
a linear finite element structural analysis with a linear unsteady
potential flow method for the aerodynamic forces. To obtain an
efficient aeroelastic stability or frequency response analysis in the
frequency range of interest, the standard procedure is to transform
the linear equations of motion to the Laplace domain and introduce
modal (or generalized) coordinates correspondingto the M first in-
vacuum vibration modeshapes.® The Laplace domain equations of
motion can then be written in the form

[Ip* +2:Qp +Q° — qA(pb/u)|n(p)

= [fp* +qa(pb/uw)15(p) 1

y(p) = Cn(p) @

where §(p) is the transform of the flap deflection, n(p) is the trans-
form of the vector of modal coordinates,and p is the Laplace vari-
able. Normalizingsothatthe generalizedmass of each of the selected
vibration modes is one, the generalized mass matrix is the M x M
identity matrix I, and the generalized stiffness matrix 7 is diago-
nal with the squares w? of the M in-vacuum vibration frequencies
on the diagonal. Further, structural damping is approximately ac-
counted for by introducing a uniform modal damping ¢. Based on
experimental damping estimates, the value ¢ =0.004 was found to
be representative for the frequency range of interest.
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Fig. 1 Schematic layout of the wind-tunnel experiment.

The transfer function matrix A (pb/u) represents the generalized
aerodynamic forces in the Laplace domain and depends on the re-
duced Laplace variable pb/u (Ref. 7). The aerodynamic reference
length b is typically chosen as the wing mean semichord, and u is
the freestreamairspeed. The forces produced by the flap motion are
determinedby the generalizedvector of inertial forcesf and the gen-
eralized vector of aerodynamic forces a(pb/u). The aerodynamic
load magnitude is represented by the freestream dynamic pressure
g = pu?/2, p being the air density. Finally, the vector of measured
wing deflections y(p) is related to the modal coordinates through
the generalized output matrix C.

The aeroelastic frequency response caused by simple harmonic
motion of the flap is obtained by evaluating Eqgs. (1) and (2) for
p =lw, where o is the circular frequency of motion. Note that the
aerodynamic frequency response matrices depend on the reduced
frequency k = wb/u, which for a given airspeed u# and frequency w
is aknown parameter. Using a more compactnotation, the frequency
response of the system can then be written as

OQ(iw, u)n(w) = q(io, u)é(w) 3)
y(@) = Cn(w) “

If there exists a combinationof the airspeed # and frequency w such
that the total frequency response matrix Q(iw, u) is singular, this
means that there exists anonzero7(w) such that Q(iw, u)n(w) =0.
This conditionrepresentsself-sustainedoscillationsof the wing. The
lowestairspeed at which this condition can be satisfied by some fre-
quency w is thus the flutter speed, and the corresponding frequency
w is the flutter frequency.

A well-known method for computation of the flutter boundary is
the so-called p-k method,? in which the inertial frequency response
matrix I(iw)* in Q(iw, u) is replaced by the transfer function matrix
Ip?. The resulting nonlinear eigenvalue problem Q(p, u)n(p) =0
is then solved for the approximate poles p (the p-k eigenvalues)
for increasing airspeed. The lowest airspeed at which some pole
becomespurelyimaginary, p =iw, is the flutterspeed. An advantage
with this method is that not only the flutter boundary is computed,
but also the approximate locations of the poles at subcritical speeds.
Another important conclusion is that only the frequency response
A(ik) of the unsteady aerodynamic forces is required to compute
the flutter boundary.

Previous Work
In the previous study of Borglund and Kuttenkeuler;’ the equa-
tions of motion, Egs. (1) and (2) for the wing structure in Fig. 1, are
obtained by combining linear beam theory with Theodorsen’s two-
dimensionalpotential flow theory for the spanwise load distribution’
and discretizingusing beam finite elements. The resultof a p-k flut-

- -- Theodorsen e
— Reissner e

3 10 15 20 25
u (m/s)

Fig. 2 Real part of the critical p-k eigenvalues vs airspeed u, using the
theories by Theodorsen and Reissner.

ter analysis based on this model is shown in Fig. 2, where the real
part of the two dominant p-k eigenvaluesare displayed vs airspeed
(dashed lines).

The wing is predicted to suffer a f =3.1 Hz flutter instability
in the first mode when the pole p, crosses the stability boundary
Re p=0 at ©=20.4 m/s. However, in the experiment the wing
displays a f =6.4 Hz flutter instability in the second mode at
u = 16.0 m/s, meaning thatthe pole p, actuallymovesinto the unsta-
bleregionat this speed. Obviously,the model basedon Theodorsen’s
theory is not quite capable of predicting the flutter instability ob-
served in the experiment.

In the work reported in Borglund and Kuttenkeuler and
Borglund? the second mode flutter instability was suppressed by
active closed-loopcontrol of the flap such that the margin to the sta-
bility boundary was increased for the uncertain pole p,. A semiem-
pirical approach was adopted, where the stability margin was in-
creased step by step until the wing was stabilizedin the experiment.
By this, the feasibility of the control law design was verified, but
the results called for an inclusion of the model discrepanciesin the
design process. However, even if an appropriate representation of
the modeling uncertainties would be available, the p-k framework
does not allow for a computation of a robust stability margin.!

To apply the results from robust control, the aeroelastic model
must be completed by a description of the uncertainties. For the
present problem the previous studies have clearly indicated that
the fairly simple representation of the unsteady aerodynamic loads
(neglecting finite span effects) is the dominant model deficiency.
Besidesthe potentialdifficulty that the model based on Theodorsen’s
theory is too poor of a nominal model, which can easily make a
robust analysis overly conservative, it is not obvioushow to derive a
realistic uncertainty description. Therefore, an aerodynamic model
based on Reissner’s unsteady lifting-line theory for slender wings®
was developed, which at the same time provided a useful structure
for frequency-domainaerodynamic uncertainty.

Lifting-Line Aerodynamics

Based on slender-wing assumptions, Reissner derives a
frequency-domain integro-differential equation of the lifting-line
type.” The equationrelates the downwash of wing vibration mode m
and the resulting spanwise circulation distribution I',, (y, k), where
y € [0, L]denotesthe spanwisecoordinateand L the wing semispan.
Reissnerproceedsby replacingthe unknownT,, (y, k) by a truncated
Fourier expansion

N
Cu (k) = D Yun K () )

n=1

where the real-valued shape functions ¢, (y) satisfy ¢, (L) =0 and
the first shape function ¢, (y) corresponds to an elliptic load dis-
tribution. The condition of vanishing circulation at the wing tip
is thus identically fulfilled by the expansion. When inserted into
the integro-differential equation, a system of equations for the N
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Fig. 3 Bode representation of the measured and predicted frequency
response g (iw, u) at u = 15.0 m/s.

Fourier coefficients y,,, (k) is formed by evaluating the equation at
N different spanwise stations for a fixed reduced frequency k.

The procedure proposed by Reissner was applied to the present
problem with a somewhat refined numerical treatment. The first
N =17 Fourier coefficients for the M =5 first free vibration modes
and the flap mode were computed for a discrete set of reduced fre-
quencies, from which intermediate values are obtained by interpo-
lation. For the purpose of flutter analysis, the aerodynamic loading
can usually be modeled with sufficient accuracy using only a few
terms (as low as three or four) in the expansion Eq. (5) (Ref. 9).
However, the flap mode might require additional terms as a resultof
the more local variation of the circulation along the span. Finally,
the correspondingaerodynamic frequency response matrices A (ik)
anda(ik) were derived by computing consistentaerodynamic nodal
forcesin the wing finite beam element model and introducingmodal
coordinates.

The result of a p-k flutter analysis using the improved aerody-
namic model is compared to the preceding model in the graph of
Fig.2 (solidlines). The improvementof the flutter predictionis clear.
With the lifting-line aerodynamics the wing is predicted to suffer a
f =6.3 Hz flutter instability in the second mode at u =16.9 m/s,
which is very close to the experimental values f =6.4 Hz and
1 =16.0 m/s. Further, the critical speed for the first mode is in-
creased to u =24.0 m/s.

The influence of the flap is also predicted with good accuracy,
as can be deduced from the Bode diagram of the open-loop fre-
quency response g (iw, u) =y, (w)/§(w) atu = 15.0 m/s in Fig. 3.
The frequency response functions (FRFs) for the outputs are easily
computed by combining Egs. (3) and (4) and solvingfory(w)/é(w).
Considering the complexity of the system, the agreement between
the predicted and measured magnitude and phase, as well as the res-
onance frequency, is quite remarkable. The remaining outputs show
a similar level of agreement.

As reported in Borglund and Kuttenkeuler;’ the model based
on Theodorsen’s results consistently overpredicted the magnitude
of the frequency response in Fig. 3 by a factor of approximately
two, whereas a similar level of agreement was obtained for the
phase angle. Taking the improved flutter prediction into account,
the present model is therefore considered to be a more promising
nominal model, which is to be completed by an uncertainty descrip-
tion. The improvements also verify that the aerodynamic model
was the dominant model deficiency, and it is reasonable to assume
that the remaining discrepancies are still caused by aerodynamic
uncertainty.

Aerodynamic Uncertainty
Using Reissner’s approach for solving the lifting-line integro-
differential equation, the resulting aerodynamic frequency response
matrices can be written in the form

M N
AR =A0®0) + )Y Y A (k) ©)

m=1n=1

M
ak) = ayk) + Y v 1K), (k) @)

n=1

where y,,, (k) are the circulation (or loading) coefficients in the ex-
pansionEq. (5). For amore convenientnotationthe flap modeis con-
sidered as the aerodynamic mode m = M + 1. The corresponding
matrices A,,, (k) thus represent the generalized aerodynamic forces
caused by the component y,,, (k)@, (y) of the circulatory load dis-
tribution I',,, (y, k) for vibration mode m. Further, the matrix A, (k)
represents the noncirculatory aerodynamic loads. In fact, the non-
circulatory loading does not vanish at the wing tip in Reissner’s
approximation. However, the aerodynamicinductioneffects associ-
ated with the noncirculatory part (which does not produce a wake)
appear to be small.’

Facing the problem of modeling frequency-domainaerodynamic
uncertainty, a crucial observation is that the circulatory part of the
generalized aerodynamicloads is completely determined by the co-
efficients y,,, (k). For example, y;,(k) represents the magnitude and
phase shift of the purely elliptical component of the aerodynamic
load distribution for the first free vibration modeshape. Assuming
that the true loading can be represented by Eqs. (6) and (7) for
some coefficients y,,,(k) and that the nominal coefficients y,,, (k)
are close to ¥, (k), a straightforward structure for the aerodynamic
uncertainty is obtained by writing

Vo (K) = Youn () [1 4 ot (k) Wy (K) 8y ] ®)

where the norm-bounded relative uncertainties in the coefficients
Ymn (k) are scaled such that «(k) is the maximum upper bound,
0 < w,u, (k) <1 arethescaledupperbounds,and the complex-valued
uncertainparametersd,,, have |3,,,| < 1. This means that all weights
w,, (k) =1 if all coefficients y,,, (k) have the same upper bound on
the relative uncertainty. Not to get an excessively large uncertainty
description, it might be sufficient to model only the most significant
coefficientsas uncertain. This will be discussed furtherin the section
on model validation. The model including aerodynamic uncertainty
is obtained by simply using ¥, instead of y,,, for the uncertain
coefficients. The uncertain frequency response matrices can then be
written as

A(ik) = AGK) + ¢ (K) DD 800 (k)Y DA, () (9)

m n

a(ik) = a(ik) + a(k) Z Sm+1.aWu + 1.0 (K) Va1 1.0 (K)an (k) (10)

n

where A (ik) and a(ik) are the nominal matrices in Eqs. (6) and (7)
and the summations are taken over the uncertain coefficients.

The frequency-domain aerodynamic uncertainty represented by
Eqgs. (9) and (10) is quite versatile and has a clear physical interpre-
tation. Different values of the uncertain parameters §,,, correspond
to a variation of the magnitude and phase shift, as well as the shape
of the aerodynamicloading. With the proposed uncertainty descrip-
tion, the uncertain contribution to the loading will not affect the
condition of vanishing circulation at the wing tip.

If A(ik) and a(ik) are replaced by A(ik) and a(ik) in Eq. (3),
giving

U(iw)® +2:Qiw+ 2 — gA(iwb/u)n(w)
= [f(io)’ + qa(iob/u)]s(w) (1D

itis now assumed that the true frequency response can be generated
by the uncertain system Eq. (11) for some uncertainty represented
by the set defined in Eq. (8).
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Model Validation

With the aerodynamic uncertainty description at hand, the u
framework in robust linear control allows for both an estimation
of the amount of uncertainty present in the model and a subsequent
robust stability analysis.! To use these methods, the aeroelasticsys-
tem (or plant) defined by Eqgs. (11) and (4) is written in the form
of the linear fractional transformation illustrated in Fig. 4. For the
present problem this is accomplished by introducing the signals

wnm (w) = 6mnznm (w) (12)

where z,,,(w) denotes the input signals to the uncertain parameter
Smn and w,,, (w) denotes the uncertain output signals. Based on the
system frequency response Eqs. (11) and (4), it is then a straight-
forward matter to derive the frequency response matrices from each
of the plant input signals w,,,(w) and §(w) to each of the plant
output signals z,,,(w) and y(w). For this problem the normalized
uncertainty matrix A is diagonal with the blocks 8,1, x 3 on the
diagonal. In particular it can be noted that || Al <1 and that the
partition Py, (iw, 1) is the nominal frequency response matrix be-
tween §(w) and y(w) in the absence of uncertainty. With the scaling
used in Eq. (8), (k) is the upper bound on the 2-norm (the max-
imum singular value) of the nonscaled uncertainty matrix with the
blocks a(k)w,,,, (k)8 Iy « 3 On the diagonal.

As suggestedin Lind and Brenner,' the p validationtest proposed
in Kumar and Balas!'® is used to estimate the amount of uncertainty
presentin the model. At this pointit should be noted that the standard
u framework is based on the Small Gain Theorem for rational trans-
fer function matrices,! whereas the aerodynamic transfer function
matrices underlying Eq. (1) have a nonrational dependence on the
Laplace variable” Consequently, if rational function approxima-
tions are used for the aerodynamic transfer function matrices'*!!
the standard p framework is applicable. It is however proposed that
based on a more general Small Gain Theorem!? the very same nu-
merical procedures for computation of upper and lower bounds on
the structured singular value p can be applied to the true frequency
response matrices of linear aeroservoelastic systems.

Consider now the single-inputkingle-output (SISO) FRF
gj(iw, u) between §(w) and the output y;(w). Recall for exam-
ple the Bode diagram of g, (iw, u) in Fig. 3. For each value of the
frequency used in the experiment, there is an experimental FRF
g;‘ (iw, u) and a corresponding nominal prediction g;(iw, u). As
shown in greater detail in Kumar and Balas,'® the uncertain plant
with || Al <1 can match the experimental data identically for an
uncertainty norm « (k) if the structured singular value

pa(@,w) = w(Pyy —Pi(Pn—g7) Py) =1 (13)

Here, the plant partitions are those corresponding to the considered
single output, meaning for example that Py, (iw, 1) is the nominal
SISO FRF g; (iw, u). Further, if vy (w, ) > 1 the uncertain model
will still validate the data if the norm «/(k) is reduced by a factor
Mva (@, u). Hence, the minimum norm of the uncertainty requiredto
validate the experimental data can be computed, which is very de-
sirable in order not to make the subsequentrobust stability analysis
overly conservative.

The described approach is applied to the present problem us-
ing the u toolbox'® in MATLAB®. The first problem encountered
is to decide which parameters should be modeled as uncertain.
There are R=(M + 1) x N =42 coefficients y,,,(k) in total for
the present problem, which, if all were assumed uncertain, would
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Fig. 5 Model validationat z =15 m/s based on the measured frequency
response data in Fig. 3. The horizontal line indicates the minimum value
fvar(w, u) = 1.5,

givean (R x M) x (R x M) =210 x 210 uncertainty matrix A. To
avoid unnecessary conservatismand reduce computational effort, it
is therefore desirable to include only the most significant coeffi-
cients representing the likely uncertainty mechanism. Numerical
experiments clearly reveal that this selection process can be moti-
vated on physical grounds. It appears that a good rule to obtain a
representative reduced size uncertainty model is to select the first
few coefficients corresponding to the mode shapes dominating the
motion pattern in the frequency range of interest.

The results from the frequency response and p-k flutter analyses
suggest that the aerodynamic loading for the three first vibration
mode shapes and the flap mode should be modeled as uncertain
for the present system. Selecting the three first coefficients of these
modes results in 12 uncertain parameters §,,,, and a 60 x 60 uncer-
tainty matrix A. The modelis first validated against the FRF datain
Fig. 3 using the weights w,,,, (k) = 1 and uncertaintynorm o (k) = 1.
Computing the lower bound on the corresponding (tva (@, u) gives
the result presented in the graph of Fig. 5. The model will still be
validated for all experimental data points if the uncertainty norm
is reduced by a factor 7.5. It is thus sufficient to use the norm
a(k)=1/7.5~0.13. Somewhat loosely, the result can be inter-
preted as if a 13% uncertainty in the unsteady aerodynamic loads
is required to validate the experimental data. The results for the re-
maining outputs closely resemble those presented in Figs. 3 and 5
for the first output, and the constant norm « (k) =0.13 is assumed
to be representativein the airspeed range of interest.

Note the correlation between the p validation in Fig. 5 and the
FRF comparisonin Fig. 3. A higher value of j., (@, #) means that
less uncertainty is required to make up for the discrepancy between
the experimental and nominally predicted FRFs. Consequently, a
higher value of u.,(w, u) in Fig. 5 is expected at those frequencies
where the FRFs are close in Fig. 3. This is exactly what is observed,
and the physical interpretation of the p validation is quite clear in
this case.

Using an uncertainty description with the same relative uncer-
tainty o (k)w,, (k)$,, in the coefficients y,,,(k),n =1, ..., N corre-
sponds to a model with an uncertain modal participation in the cir-
culatory loading. With this structure only one uncertain coefficient
8, per considered mode results, but the capability of varying the
shape of the aerodynamic load distributions is lost. For the present
problem a 20 x 20 uncertainty matrix results when using the more
restricted structure, but an approximately 15% increase of the un-
certainty norm is required to validate the model. This indicates that
including the shape of the modal loading in the uncertainty descrip-
tion makes a difference and that the more simple structure can be
useful. In this case it is possible that the more general uncertainty
description, to some extent, compensates for the effectof the vertical
plates located close to the wing tip (see Fig. 1).

Robust Stability Analysis

Provided that the nominal system is stable at a particular air-
speed u (which is true for airspeeds below the nominal flutter speed
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Fig. 6 Structured singular value pgg(w, u) vs frequency at the air-
speed u = 13.5 m/s.

u=16.9 m/s), the wing is robustly stable subject to the aerodynamic
uncertainty if

urs(@, u) = pl[P(io, u)] <1 (14)

for all frequencies w > 0 (Ref. 1). The robust flutter speed is now
computed by considering a discrete set of frequencies w; in the
frequency range of interestand increasing the airspeed u until some
Mrs(wj, u) =1.InFig. 6 the upper bound on pgs(w, u) is shown vs
frequency at u = 13.5 m/s. At this speed ugs(w, u) just touches the
stability boundary prs(w, #) =1, and increasing the speed results
in ugs (w, u) > 1 for some frequencyrange. Consequently, the result
of the robuststability analysisis thata flutter instabilityin the 6.5-Hz
range can result from u = 13.5 m/s and higher.

At the experimental flutter speed u =16.0 m/s, the flutter fre-
quency f=6.4 Hz is part of the frequency range in which
Mrs(w, u) > 1, and the flutter instability observed in the experiment
is one of the possible outcomes predicted by the robust stability
analysis. In this case the robust stability analysis is expected to be
somewhat conservative. This is because the uncertainty associated
with the flap mode affects the FRF data used for the model vali-
dation (and might hence increase the uncertainty norm required to
validate the data), but not the open-loop stability of the wing. Using
the weights w,,, (k) =1 for the flap mode and the vibration modes
means that they are assumed to have the same relative uncertainty.
However, it is likely that the flap mode is more uncertain than the
vibrationmodes, which can be enforced by using values w,,, (k) < 1
for the vibration modes. This would however require additional ex-
perimentsin order to determine the proper weighting. Finally, it must
also be emphasized that no uncertainty in the experimental data has
been considered, which might be necessary in the general case.

Conclusions

The problem of modeling frequency-domain aerodynamic un-
certainty for slender-wing structures has been investigated. Using
Reissner’s unsteady lifting-line theory for the generalized unsteady
aerodynamic forces, a quite versatile uncertainty description with a
clear physical interpretation was proposed. With this approach the
aerodynamic uncertainty was represented by uncertain coefficients
in a Fourierexpansionof the spanwise aerodynamicloading foreach
vibration modeshape. To avoid making the uncertainty description
excessively large, the proposal to model only a subset of the coeffi-
cients as uncertain was made. It was suggested to select the first few
Fourier coefficients corresponding to the mode shapes dominating
the motion pattern in the frequency range of interest.

It is also shown that a somewhat simplified structure of the un-
certainty can be interpretedin terms of a model with uncertain aero-

dynamic modal participation. This simplified uncertainty descrip-
tion is not dependent on the method used for computing the aero-
dynamic frequency response matrices, is not restricted to slender-
wing aerodynamics, and requires a minimum number of uncertain
parameters.

Because only the aerodynamic frequency response matrices are
required for the u computations, the proposed frequency-domain
uncertainty description can be used for robust stability and per-
formance analysis without rational function approximations of the
aerodynamic transfer function matrices. An advantage with this ap-
proach is that potential modeling errors introduced when using ra-
tional function approximations are avoided.

The computational cost using the frequency-domainapproach is
comparableto thatof a rational functionapproachbecausethe rather
expensivecomputationsof the aerodynamicfrequencyresponsema-
trices are required in both cases. Regarding the robust flutter analy-
sis, the main differenceis that the aerodynamic forces at a specific
frequency are obtained by interpolationin the frequency-domainap-
proach (similar to a p-k flutter analysis), whereas a rational function
approach benefits from an explicit dependence on frequency.

The proposeduncertaintydescriptionis appliedto a slender-wing-
type wind-tunnel model in low-speed airflow. For this case it is pos-
sible to validatethe uncertainmodel againstexperimental frequency
response data, and a subsequent robust stability analysis succeeds
in predicting the experimental flutter instability. These results indi-
cate that the model of the unsteady aerodynamics is the dominant
model deficiency and that the proposed uncertainty description for
frequency-domainaerodynamic uncertainty is useful in practice.
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