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Abstract
This article introduces as new approach for flight envelope clearance of aircraft. This can now be performed
as one continuous test, resulting in a major time saving. Both analysis of the current behaviour of the
structure, and prediction towards higher velocities are important for flight flutter testing, and are dealt with
in this article.
The time-varying weighted non-linear least-squares estimator is used to obtain thefrozen system poles of a
cantilever wing under test in a low speed wind tunnel. The obtained smooth variation of the transfer function
coefficients is used as basis for predicting the damping ratio towards higher velocities. Comparison with
time-invariant measurements have shown that only one tenth of the measurement time is needed to obtain
equal uncertainties on the estimates when performing a flight flutter test as one continuous test.

1 Introduction

Flutter of aeroelastic structures is known as one of the most difficult identification problems. Not only the
very high noise level, non-linear influences, but also the time-varying nature of the system is one of the major
obstacles to overcome. Till now the clearance of the flight envelope is mostly done in what one could call
a discontinuous manner. This means that a measurement of the structural behaviour is performed at a fixed
altitude and airspeed. After obtaining the frequency and damping ratio of the modal modes, the clearance is
given to increase the airspeed. Arrived at the next test point the measurement-identification cycle is repeated.
This procedure is continued until a certain margin to the flutter-onset is reached [1, 2].

Due to the possibly sudden onset of the flutter phenomenon, test-speeds are not allowed to be too widely
spaced. This results in a long test time as the system has to be identified at many different test speeds. The
damping ratios are then extrapolated towards higher speeds. Many different procedures exist where both a
model based, or data based approach is used. [3, 4, 5, 6, 7, 8, 9]

An example of such an in-flight flutter testing procedure based on [1] for an arbitrary airplane with a flutter
certification speed ofVDF = 245 m/s is given in Figure 1, where black crosses indicates the start and stop
of a set of measurements at a fixed airspeed. These sets consist each of 4 measurements of 60 seconds.

The line provided with bullets represents a flutter clearance test where airspeed is varied while measuring.
The bullets indicate possible points at which the complete measured signal from the start of the test to that
point is analysed. It is then possible for each section of data becoming available to include it in the analysis
and calculate the damping ratios and frequencies of the modes being investigated.
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Figure 1: Envelope clearance as one time dependent test (•) and time-invariant measurements at different
airspeeds (x).
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Figure 2: Schematic airfoil with pitch and plunge degrees of freedom.

In Section 2 a simplified analytical model is presented which is used to define the orders of the polynomials
which ensure smooth variation of the transfer function coefficients used by the estimator presented in Section
3. Next, in Section 4 the estimator is then applied to data obtained through wind tunnel tests on a cantilever
wing under non-optimal excitation conditions. Thefrozen poles of the system obtained with the TV-WNLS
estimator are then compared to the poles obtained through measurements at steady wind speeds.
In a last instance the smooth variation of the transfer function coefficients is extrapolated towards higher
speeds to predict the flutter onset speed. These results are then compared with damping ratio and Flutter
Margin [9] extrapolation based on the steady measurements.

2 Aeroelastic model

The aeroelastic model presented in this section is a theoretical model which represents the vibration of a
mechanical mass-spring-damper system with viscous damping. It is used to determine the model order of
the black box model structures identified in the sequel of this paper. It should also provide the reader not
comfortable with aeroelasticity some insight in the system under investigation.

Equations of motion

The equations of motion for the airfoil represented in Figure 2, with 2 degrees of freedom (DOF), being
a plunging translation (h) and a pitching rotation (θ) , subject to a lift forceL, a pitching momentMo =
M 1

4
+ b(1 + a)L and an external excitation forceF with associated momentγF , are given by the following

equation [10, 11, 12].

[
[Ms] s2 + [Cs] s + [Ks]

] {
h
θ

}
=

{
L + F

M 1
4

+ b(1 + a)L + γF

}
(1)
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whereγ is a constant depending on the location where the external excitation is mounted to the wing.
[Ms], [Cs] and[Ks] denote, respectively, the mass, damping and stiffness matrix of the structural part within
the aeroelastic system. These matrices have size DOF× DOF.

According to Theodorsen’s theory [13, 14], the lift and pitching moment for a sinusoidal oscillating airfoil
are given by

L(jω) = 2πρ∞V bC(k)
[
jωh + V θ + b

(1
2
− a

)
jωθ

]
+ πρ∞b2(−ω2h + V jωθ + baω2θ) (2a)

M 1
4
(jω) = −πρ∞b3

[
−ω2h

2
+ V jωθ − b

(1
8
− a

2

)
ω2θ

]
(2b)

whereC(k) is a complex-valued function of the reduced frequencyk = ωb
V , given by

C(k) =
H

(2)
1 (k)

H
(2)
1 (k) + jH

(2)
0 (k)

(3)

whereH
(2)
n are Hankel functions of the second kind.ω is the frequency in radians per second,a is the

relative location of the flexural-axis with respect to the half-chord lengthb, andρ represents the density of
the air, which is assumed constant for wind tunnel testing.V equals to the free stream airspeed at the entry
of the test section.

The expressions for the lift and moment working on an oscillating airfoil have been obtained by assuming
the airfoil is describing a perfectly sinusoidal oscillatory motion. For a real-life vibrating airfoil in a wind
tunnel the motion is rather arbitrary. A first modelling error is introduced here.

A second simplification is the assumption of a linear approximation ofC(k), such that it does not influences
the maximum power ofV for an element of the mass, damping or stiffness matrix.

The lift and moment being functions of the displacementsh, θ makes it possible to write the lift and moment
as aerodynamic contributions to the mass, damping and stiffness matrices of the model in (1) [4, 8].

The following mass, stiffness and damping matrices are obtained. Each elementeij contains a structural part,
denotedes and an aerodynamic part, which becomes only a function of airspeed. The constantsC1 · · · C7 are
only depending on density, which may be assumed constant during low speed wind tunnel testing, and
geometrical properties of the wing.

M(V ) =
[

ms11 − C1 ms12 −
(C1.C5

)
ms21 −

(C2
2 + C1.C7

)
ms22 −

(C2.C6 + C1.C5.C7

)] (4a)

C(V ) =
[

cs11 − C3.V cs12 − C3.C4.V
cs21 − C3.C7.V cs22 −

(C2.V + C3.C4.C7 + C1.C7V
)] (4b)

K(V ) =
[
ks11 ks12 − C3.V

2

ks21 ks22 − C3.C7.V
2

]
(4c)

The poles of the system in (1) are found as the roots of the following characteristic equation by using the
M,C,K matrices from (4).

det
(
s2[M(V ) + s[C(V )] + [K(V )]

)
= 0 (5)
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By elaborating this determinant an expression for the denominator of the transfer functionH(s, V ) = B(s,V )
A(s,V )

is found in the form of a polynomial ins, of which the varying coefficients are polynomials inV . The order
of the polynomial inV is specific for each power ofs.

A(s, V ) = α0,0s
4 +

1∑
p=0

α1,p.V
ps3 +

2∑
p=0

α2,p.V
ps2 +

3∑
p=0

α3,p.V
ps +

2∑
p=0

α4,p.V
p (6)

We now can describe the resonance frequencies (fn) and damping ratios (ζ) of the system in function of
airspeed, as they depend on the poles of the system, which are the roots of (6). The damping ratio and
natural frequency for a single polesr are defined as

ζ = −Re(sr)
|sr| , and, fn =

Im(sr)
2π

(7)

An advantage of writing the transfer function with a denominator given by a polynomial ins is that we also
obtain an expression giving the order needed for the polynomials inV , which serve as varying coefficients
of the transfer function. This avoids a very time consuming iterative model order selection procedure for
the time-varying weighted non-linear least-squares (TV-WNLS) estimator introduced in the next section. A
second advantage is that we have obtained the model order by using a physical model. This will allow to
extrapolate the damping ratios for values outside the measurement interval.

The maximal powers ofV found in (6) will be further referred to asS = [0, 1, 2, 3, 2], indicating that a trans-
fer function denominator of 4th order (2×DOF ) is used, and the coefficients are described as polynomials
in V of the respective orders. The first element ofS indicates the order for the coefficient belonging to the
highest power of the Laplace variables.

If we now assume a linear relation exists betweenV andt, we obtain the next equation by elaborating the
matrix equation in (1) to the following scalar equations.

(
m11(t)h + m12(t)θ

)
s2 +

(
c11(t)h + c12(t)θ

)
s +

(
k11(t)h + k12(t)θ

)
= F (s)

(8a)

(
m21(t)h + m22(t)θ

)
s2 +

(
c21(t)h + c22(t)θ

)
s +

(
k21(t)h + k22(t)θ

)
= γ.F (s)

(8b)

3 The parametric frequency-domain weighted non-linear least-squares
estimator for linear, time-varying aeroelastic systems

Using Equation (8) and substituting the two sub-equations one into the other, an ordinary differential equation
with time-varying coefficients is obtained.

F
{ Nα∑

n=0

αn(t)
dny(t)
dtn

}∣∣∣
ω=ωk

= F
{ Nβ∑

n=0

βn(t)
dnu(t)

dtn

}∣∣∣
ω=ωk

(9)

WhereF{. . .}ω=ωk
represents the Fourier transform evaluated for discrete angular frequency binω = ωk,

whereωk = 2πk/T , k ∈ K ⊂ [0, N/2] ∩ N, andN is the number of samples in the measurement record.
The time-varying coefficientsαn(t) replace themi,j(t), ci,j(t) andki,j(t) coefficients from (4) asV is a
linear function of time. The time-varying coefficientsαn(t), βn(t) contain a non time-varying partan,p, bn,p
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and a time dependent basis functionb(t) = tp, which ensure smooth variation of the damping ratios and
resonance frequencies. Notice the fact that instead of using a model of which the parameters vary inV we are
now using a model of which the parameters vary in time. However, during the wind tunnel measurements,
the windspeed was chosen to linearly increase with time, which makes transition towards velocity based
values straightforward.

αn(t) =
Np,α∑
p=0

αn,pt
p , βn(t) =

Np,β∑
p=0

βn,pt
p (10)

We have to emphasise that the use of a time-based estimator implies that the system is only modelled and
known within the measurement intervalt ∈ [0, T ]. However, since a physical model based on the Theodorsen
aerodynamics (2) is used, and by assuming that the system behaves linearly for the complete range of air-
speeds up till flutter onset, an extrapolation of the estimated damping values and frequencies for higher
speeds is possible.

The consistent frequency domain weighted non-linear least-squares estimator (WNLS), which is based on
the consistent and more efficient maximum-likelihood (MLE) estimator [15, 16, 17] and introduced in [18],
was chosen as identification algorithm . The errors-in-variables (EIV) framework was used, as both the
input and output signal are disturbed with noise. The WNLS is preferred over the MLE because the WNLS
procedure does not require the handling of full square error covariance matricesCe of sizeF × F as does
the MLE-method.F being the number of frequency lines in the frequency band of interest.
In the case of wind tunnel tests and in-flight flutter tests the time variation of the system is rather slow, as are
the system dynamics. This results in very long measurements and thus large data sets which justifies the use
of the WNLS estimator to significantly reduce the computational effort.

4 Wind tunnel measurements

4.1 Set-up

Figure 3: Styrofoam cantilever wing mounted in the wind tunnel with excitation shaker in place.

A cantilever wing with a NACA 0014 profile, chord of 200 mm and length of 600 mm was cut out of high-
density extruded polystyrene foam. A wooden beam was fixed to the wing such that a weight could be
attached to this beam to lower the pitch frequency, reducing the flutter onset speed [10, 12]. A figure of the
wing mounted inside the wind tunnel is given in Figure 3.

The no-wind plunge frequency and damping ratio was found at 4.2 Hz and 3.25 %, whereas the pitch fre-
quency was 6.82 Hz and the associated damping ratio estimated at 3.75 %.

External excitation of the structure was necessary to ensure sufficient excitation of the relevant modes. The
excitation was provided by an electromagnetic shaker (Brüel & KjærR© type 4809) attached closely to the
root of the cantilever wing. A piezoelectric loadcell (PCB ICPR© 208C03) was mounted in-between the wing
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Figure 4: Measured acceleration spectrum for the GVT (V = 0 m/s, left) and at flutter (V = VF = 17.6 m/s,
right).

and shaker. Four accelerometers (PCB ICPR© 333B32) were mounted on the beam attached to the wing.
These were, respectively, located on the beam at the leading end of the beam, the leading edge of the wing,
the trailing edge of the wing and the trailing edge of the beam.

4.2 Time-invariant measurements

In this section the results are presented which have been obtained by using the maximum-likelihood estimator
[16] on time-invariant measurements at different wind velocities. The flutter onset speed is experimentally
found atVF = 17.6 m/s (std = 0.1 m/s). At each velocity 4 measurements of 32 seconds each were per-
formed, resulting in a total measurement time of more than 1 hour to obtain damping and frequency values
within 1 m/s or 6 % ofVF . This includes the time to increase airspeed and wait for a steady-state to start the
measurement.

Figure 5 gives information on the measured and estimated transfer functions and their standard deviation.
For each frequency line there are 4 measured FRF values plotted as dots and 1 black + showing the standard
deviation for each DFT line of the measured FRFs. The reason for the standard deviation of the measurements
being very high, compared with the signal for frequencies below 5 Hz is due to the dynamic characteristic of
the exciter, which is designed to have a constant attenuation of the input signal for frequencies above 10 Hz.
This results in an excitation level at low frequencies almost equal to the noise level. However, the authors
have opted to choose this over a much larger amplitude of the excitation as to prevent important non-linear
behaviour of the setup due to the large deformations of the wing. Proper excitation of the structure is a
common problem struggled with in flight flutter testing [2] thus this represents real testing conditions.
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Figure 5: Measured and MLE estimated FRFs with their variances for TI measurements at different wind
speeds increasing from (top,left) 0 m/s to almost the flutter speed (bottom,right). Measured FRF (•), MLE es-
timate (solid line), standard deviation on FRF measurements (+) and standard deviation of the MLE estimate
(dashed line).
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4.3 Time-varying approach

One of the main differences between the data obtained through simulations and real measurements is found in
the fact that the noise is very likely not only consisting out of stationary noise. A non-stationary contribution
will be added by for example the blower of the wind tunnel. The TV-WNLS method used throughout this
article and described in [18], assumes the noise to be stationary, resulting in an additional model error.

The time-varying signal discussed here was acquired during a 400 seconds long measurement, compared to
the more than one hour measurement time needed for the acquisition of the time-invariant measurements.

The used excitation signal was a multi-sine with random harmonic phases, equal amplitudes, exciting all the
frequencies in the band [1 Hz, 16 Hz]. The sample ratefs = 256Hz used for the generation of the excitation
signal, was also used for the acquisition set-up.

4.4 Comparison between TI, ST-MLE and TV-WNLS

The measured time-varying signal was also analysed using a short time usage of the MLE-estimator, further
on referred to as ST-MLE. The goal of this implementation of the MLE-estimator in a short sliding window
was used to justify the use of the mathematical more complex TV-WNLS estimator for the analysis of a
time-varying signal. It is shown that however the window was relatively short a large over estimation of the
damping ratio occurs. A window length of 6400 samples, or 25 seconds from the 400 seconds long acquired
data, was shifted 1600 samples at a time. This resulted in obtaining the poles for 60 different positions of the
time window.

Figure 6 shows both the obtained damping ratios (ζ) and frequencies (fn) for the time invariant (TI) MLE-
estimations, the MLE-estimations in a sliding window (ST-MLE) and the TV-WNLS estimations. One can
see how the TI and ST-MLE results are scattered, around the TV-WNLS results for most of the airspeeds.
Only around 12 m/s a bias between the ST-MLE, TI-MLE and TV-WNLS estimates is noticeable for the
damping ratios. This could be declared by the polynomial basis functions used in the TV-WNLS model,
which force smooth variation of the parameters. If however a time depending, non-modelled influence
represents a huge part of the measured signal at that instance, it is filtered out by the smooth variation of the
parameters.
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Figure 6: Damping ratio (left) and resonance frequency (right) for TI measurements (•), ST-MLE (+) and
TV-WNLS (solid line).

Figure 7 shows the variance on the estimated damping ratios and frequencies from Figure 6. As two modes
(i.e. pitch and plunge) are identified, two sets of standard deviations exist for each method. It is very clear that
the standard deviations for the ST-MLE estimations (black +) are much higher than the standard deviations
for the damping ratios and frequencies obtained with the two other methods.

This increased uncertainty is due to the ST-MLE method using 14 parameters for each time window, which
multiplied with the number of windows, results in a total of 840 parameters to be estimated. The TV-WNLS
estimator only requires 30 parameters to be estimated, regardless the length of the analysed signal.
A decrease in uncertainty on the ST-MLE estimates can only be obtained by using a wider window. This,
however, would result in an increased bias on the estimates by the larger time-variation inside the window.
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Figure 7: Standard deviation on estimated damping ratios (left) and resonance frequencies (right). The same
notations as in Figure 6 are used.

4.5 Prediction

The TV-WNLS estimates obtained with polynomials describing the variation of the transfer function as a
function of time, were extrapolated, to predict where the damping ratio of the pitch mode becomes zero,
resulting in an unstable system. However, the main difference compared to the simulation results is that
the data fits not perfectly the model due to unmodelled influences. A lot of assumptions have been made to
obtain model (9), for which the order of the time varying coefficients were defined by (6) asS = [0, 1, 2, 3, 2].
Resulting in the following TF denominator:

A(s, t) = α0,0s
4 +

1∑
n=0

α1,p.t
ps3 +

2∑
n=0

α2,p.t
ps2 +

3∑
n=0

α3,p.t
ps +

2∑
n=0

α4,p.t
p (11)

In comparison to the damping ratio extrapolation method, which is still often used in flutter onset speed
prediction, we know which order to use for the fit of polynomials through the estimated transfer function
coefficients. The extrapolations are then based on the obtained polynomials.
The selection of the order of the polynomial used for extrapolation of the damping ratio is the most crucial
factor. It is said by [5] that an order of 6 or lower is in most cases sufficient, if not being too high.

The advantage of using a mixed data-, model-based method such as the used TV-WNLS estimator for the
2 DOF linear flutter problem is that, besides the order of time (and thus velocity) variation of the transfer
function coefficients, we do not relate any aerodynamical or structural quantity to the model. This allows
the method taking into account not modelled variations, as long as they fit within the assumed orders of time
variation.

Figure 8 shows the extrapolated damping ratios of the pitch mode for different lengths of data, such that the
reached velocity at the end of the measurement interval varied from 12.4 to 16.9 m/s. WithVF = 17.6 m/s.
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Figure 8: Predicted damping ratios as an extrapolation of thepolynomials in Equation (10) used by the TV-
WNLS estimator. The different curves represent the prediction started from the maximum velocity reached,
being respectively: 12.4 m/s (•), 14.2 m/s (⋄), 15.1 m/s (+), 16 m/s (x), 16.9 m/s (o). The true flutter onset
speed of 17.6 m/s is indicated with a cross on the x-axis..
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Table 1 summarizes the results from Figure 8. It can be seen that the flutter onset speed is accurately predicted
as from a speed of 70 % of the flutter onset speed.
It should also be noticed that once a plausible flutter onset speed is predicted, little variation on this initial
prediction is found when increasing the amount of data used (i.e. increased test speed).

At the other hand, one may also notice that the predicted flutter onset speed does not converge to the true
flutter onset speed. This convergence to a slightly biased value is also found for the extrapolation of the
damping ratios based on the time-invariant measurements, as well as for the Flutter Margin based predictions,
both discussed further on. This may indicate that the flutter onset occurs in an aggressive way, such that it
can not be followed by the smooth varying transfer-function coefficients. This aggressive behaviour could
be dedicated to non-linear behaviour of the system as the amplitude of vibration greatly increased.

A last thing that we would like to emphasise is that by using the proposed implementation of the TV-WNLS
estimator to identify the varying aeroelastic model, the goodness of fit can be evaluated on the measured
system, before an extrapolation is performed. The use of time-varying basis functions which are related to
the physics of the system make this a much more justified method than guessing the order of extrapolation
of the damping ratios.

The obtained TV-WNLS-based predictions are compared with damping ratio extrapolations based on the time
invariant measurements. Figure 9 shows the different predicted damping ratios, where each plot represents
the predicted values for a different airspeed obtained at the latest test point, from where the prediction started.
Different orders for the polynomial fits are represented by different curves within each plot.
These extrapolation results have been obtained by fitting a polynomial through the TI estimates in a least-
squares sense.
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Figure 9: Damping ratio extrapolations based on the TI measurements represented as lines with different
markers, for respectively the following orders, 3 (△), 4 (+) and 5 (�). The multiple plots represent the
maximum reached test speed, indicated on top of the plots. The true flutter onset speed is indicated by (X).
The measured values are indicated by (o).

time (s) Vtest (% VF ) Predicted flutter speed ∆VF

250 12.4 m/s (70 %) 17.57 m/s - 0.2 %
300 14.2 m/s (81 %) 17.75 m/s + 0.9 %
325 15.1 m/s (86 %) 17.54 m/s - 0.3 %
350 16.0 m/s (90 %) 17.69 m/s + 0.5 %
375 16.9 m/s (96 %) 18.05 m/s + 2.5 %

Table 1: Predicted flutter onset speeds in function of actual reached wind speed based on the TV-WNLS
estimator for the measured data.

By looking at Figure 9, one immediately notices a very large variation on the predicted flutter onset speed.
Not only the velocity of the last test point (Vtest) included in the fit, but also the order selected has a major
influence.

In last instance we compare the obtained results from the TV measurements, represented in Table 1 with
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Nspeeds Vtest (% VF ) ∆VF (3) % ∆VF (4) % ∆VF (5) %
12 13.6 m/s (77 %) + 16 - 2 - 7
13 14.5 m/s (83 %) + 0.6 - 10.5 - 12
14 15.6 m/s (89 %) - 0.5 - 6 - 2.8
15 16.6 m/s (95 %) + 3.4 + 1.7 –
16 17.0 m/s (97 %) + 5.2 + 5 –
21 17.5 m/s (99 %) + 4 + 3.4 –

Table 2: Relative error on predicted flutter onset speeds in function of speed at last test point (Vtest), and
polynomial order (indicated between brackets), for extrapolation of the damping ratios obtained by TI mea-
surements.

results obtained through the Zimmerman & Weisenburger Flutter Margin (FM) method introduced in [9],
applied to the steady measurements.
The Flutter MarginFM is defined as a parabolic function of airspeed.

FM(V ) = f1V
2 + f2V + f3 (12)

Wheref1, f2 andf3 are functions of the real and imaginary part of the poles describing the binary flutter
mechanism [9]. The main advantage of this method from an engineers point of view is its simplicity and
capability of giving a margin to the critical flutter speed rather than just a damping ratio.

The predicted flutter onset speeds for different maximum reached test speeds are summarized in table 3.
The obtained errors on the predicted flutter onset speed are for all maximum reached speeds one order
of magnitude higher as those obtained with the TV-WNLS procedure. Next to this improved prediction
accuracy it should also be noticed that the total measurement time necessary for successful application of the
FM method is 10 times higher than the measurement time required to perform the one single time-varying
measurement.

Figure 10 shows the variation of the predicted flutter onset speed based on the FM method (left), as well as
a parabola fitted through the obtained Flutter Margins for respectively 8 (middle) and 12 (right) considered
test speeds.

Nspeeds Total test time (min) Vtest (% VF ) ∆VF (%)
10 31 66 + 2.40
11 34 72 + 0.69
12 38 77 + 2.82
13 42 83 + 3.6
14 45 89 + 2.7
16 50 97 - 1.11

Table 3: Relative error on predicted flutter onset speeds in function of speed at last test point (Vtest) based
on Flutter Margin extrapolation for TI measurements.

4.6 Conclusion on the measurement results

We may conclude that the implementation of the TV-WNLS-estimator for the analysis of linear, time-varying
aeroelastic systems proved not only to give a correct value for the damping ratios and natural frequencies
of the system (Fig. 6). It even showed that it is capable of doing this such that with only 400 seconds of
measurement time, the uncertainty on the estimates is very comparable with the uncertainty obtained after
analysing 1 hour of time-invariant measurements (Fig. 7).
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Figure 10: FM estimated flutter onset speed in function of the reached test speed. The dashed line represents
the case where the predicted speed equals the reached speed. Solid line shows the true flutter onset speed of
17.6 m/s (left). The middle and right figures show the parabolic fit (solid lines) through, respectively, 8 and
12 test points (dots).

The use of the obtained, interpolated, time-varying transfer function coefficients as basis for the extrapola-
tions showed that the method is capable of predicting the flutter onset speed within an error of 1 %, after
only 70 % ofVF was reached (Fig. 8).

5 Conclusion

In this paper the estimation of a linear, time-varying system was used to analyse and predict the flutter onset
speed of a simple 2 DOF wing. The newly introduced method, which has several advantages over traditional
steady measurement campaigns, is validated by application to noisy wind tunnel measurement data.

The first section showed us that using a simplified aeroelastic model (1),a model order selection problem for
the time-varying weighted non-linear least-squares (TV-WNLS) estimator was avoided. This was done by
fixing the orders of the polynomial variations of the transfer function coefficients by using the linear relation
between velocity and time. This transferred the velocity-depending model into a time-varying model (9).

The measurement results have shown that the used TV-WNLS model is capable of estimating the damping
ratio and poles of a wing being tested, where the velocity of the airflow is linearly increased during the
measurement time. This, under non-optimal conditions, as the SNR was very low by the lack of persistent
excitation of one mode. Only 400 seconds were necessary to obtain the system poles for the complete flight
envelope, ranging from 3 m/s till the flutter onset speed of 17.6 m/s. This resulted in estimates with almost
the same uncertainty compared to time-invariant measurements, where one hour was needed to acquire them.
The obtained polynomial time-varying model was then used to predict the flutter onset speed. The airspeed
had only to be increased up to 70 % of the flutter onset speed for the method to make an accurate prediction.
It is however noticed that using data acquired at a higher velocity makes the prediction converge to a value
which is located 2,5 % higher than the true flutter onset speed. Different causes for this bias have been
discussed.
The implementation of the TV-WNLS estimator for a time-varying, linear aeroeleastic system has shown to
deliver much better flutter onset speed predictions than extrapolation of the damping ratios obtained through
time-invariant measurements. And this by reducing measurement time by one tenth.
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