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Abstract

This paper presents a model modification of a
high-aspect-ratio aeroelastic wing and its active
flutter suppression (AFS). One of errors in the
linear model of the wing in the transonic region
exists in the unsteady aerodynamic force, which
is represented by a rational function. To reduce
the error, the linear model of is modified in
terms of the unsteady aerodynamic force so that
the flutter dynamic pressure of the linear model
coincides with the one obtained by wind tunnel
experiment. Using the modified linear model,
AFS controllers are then designed by ∞H
control synthesis and controller reduction. The
control performance is evaluated by numerical
simulation and wind tunnel experiment.

1   Introduction

Supersonic transport (SST) projects have been a
great attention in European countries and USA
[1], [2]. Also in Japan, a research project for
establishing SST technologies with sub-scaled
supersonic experimental aircraft has been
promoted by national aerospace laboratory and
universities in Japan [3]. The stiffness of SST
wings is, in general, low due to reduction of the
weight. This low-stiffness deteriorates flutter
margins especially in transonic region.
Therefore, active flutter suppression (AFS) is
one of necessary technologies for the SSTs [4].
Saitoh et al. had reported control syntheses of
the AFS in the transonic region using a high-

aspect-ratio aeroelastic wing [5]-[7]. In those
studies, the wing was modeled by a linear time
invariant (LTI) system and controllers for the
AFS were designed. The effectiveness of
control performance was evaluated by both
numerical simulation and wind tunnel
experiments. However, there was a great
difference of the control performance; that is,
suppressing flutter, between the numerical
simulation and the wind tunnel experiment. The
reason was that the modeling error might be
increased with change of the dynamic pressure.
To improve flutter suppression in wind tunnel
experiment, it is necessary that the linear model
is modified to reduce the error and a robust
controller is then designed with the modified
model.

One of uncertainties in the linear model of
the high-aspect-ratio wing exists in the unsteady
aerodynamic force. This paper proposes a model
modification of the unsteady aerodynamic force
by using an experimental technique. That is, the
aerodynamic force in the model is adjusted so
that the flutter point of the linear model
coincides with the one obtained by wind tunnel
experiment. Since the design point for AFS is
selected beyond the open-loop flutter point to
get a flutter margin, this modification is also
done beyond the flutter point. Using the
modified model, controllers for the AFS are
designed by ∞H  control synthesis and controller
reduction. The control performance and the
model modification are evaluated by numerical
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Fig. 1   High-aspect-ratio wing

simulation and wind tunnel experiments.

2   Linear Model of High-Aspect-Ratio Wing

Figure 1 shows a sketch of a high-aspect-ratio
aeroelastic wing used in this study. This wing
was designed by downsizing a transport-type
wing: the span length was 1043 mm, the chord
length 369 mm at the root, 101 mm at the tip,
and the sweep-back at the quarter-chord 17 deg.
The response of the wing was measured using
four accelerometers and seven strain gauges as
shown in Fig. 1. The wing had leading- and
trailing-edge control surfaces 1δ  and 2δ which
were activated independently by two high
performance AC servo-motors. Since these
motors were contained in the wing, the wing in
the middle span was expanded. In this study,
only the trailing-edge control surface was used
for control and accelerometer 2a  was used as
the output in the AFS control design.

Consider N  structural modes of the
aeroelastic wing. Letting Nt ℜ∈)(ξ be the

generalized coordinate and 1
2 ℜ∈δ  be the

Table 1  Natural frequencies of high-aspect-ratio
aeroelastic wing

Mode Frequency [Hz]
1st 13.1
2nd 35.7
3rd 44.6
4th 85.0

deflection angle of the trailing-edge control
surface, the motion of equation of the
aeroelastic wing is given by

)(2 qFSKDM =+++ δξξξ !!!!!                   (1)

where NNKDM ×ℜ∈,, are respectively the
mass, damping and stiffness matrices associated
with the main-wing, and 1×ℜ∈ NS  is the mass
matrix associated with the control surface [5].

)(qF is the unsteady aerodynamic force and is a
function of the dynamic pressure q . In this
study, four structural modes were taken into
account for modeling; that is, 4=N . Table 1
shows the natural frequencies of these structural
modes.

To derive a linear model of the wing, )(qF
is modeled by a linear rational function
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to approximate the pressure distribution on the
aeroelastic wing obtained by the doublet point
method (DPM) [8]. δξ ii AA , )2,1,0( =i , ξ0B  and

δ0B are the aerodynamic matrices and
Ntr ℜ∈)(  is an auxiliary variable which

represents memory of the unsteady aerodynamic
force. NN×ℜ∈Λ is a diagonal matrix whose
elements are time constant of ir ),,1( Ni "= .

The equation of the control surface is given
as a second-order system

wcnnn +=++ δωδωδζωδ 2
2

2
22 2 !!!                (4)
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where nω  is the natural frequency of the

actuator, ζ  the damping coefficient, cδ  the

command and w  a white noise included in the
actuator. According to the frequency response
of the actuator, nω  and ζ  were obtained as

314=nω  rad/s and  7.0=ζ . Since a digital

computer was used for calculating control law
in wind tunnel experiments, an anti-aliasing
filter for noise reduction of accelerometer and
an analog-digital (A/D) converter were needed.
Then, their transfer functions are respectively
given as first-order systems

f
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The cut-off frequency of )(sG f  was given as

471=fω  rad/s (=75 Hz) to reduce the

resonance of the fourth structural mode of the
wing. While that of )(sGd  was given as

6283=dω  rad/s (=1000 Hz) because the

sampling time of the digital computer was 500
Hz.

Combining Eqs. (1) - (6), a linear model of
the high-aspect-ratio aeroelastic wing is given
by a linear parameter varying (LPV) system
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where 2)( ℜ∈tη  is a state vector for )(sG f  and

)(sGd , and )(tv  is a white noise included in the

accelerometer. The details of derivation is
referred to [5].

3   Model Modification

This section describes a model modification of
the LPV system Eq. (7). First, the modified

coefficients of the aerodynamic matrices are
introduced. A wind tunnel experiment to decide
the modified coefficients is next explained.

3.1   Modified coefficient

In the previous works by Saitoh [5]-[7], the
aerodynamic matrices in Eqs. (2) and (3) were
regarded as constant with respect to the dynamic
pressure q . However, Eq. (2) is a representation
to approximate the unsteady aerodynamic force
obtained by the DPM with a linear rational
function. Furthermore, since the DPM is
generally used for subsonic region, it is not
claimed that the unsteady aerodynamic force in
the transonic region is correctly obtained by the
DPM. This paper modifies the aerodynamic
matrices as follows:

)()(
~
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where )(qrf and )(qrs  are the modified

coefficients and depend on the dynamic
pressure q . The coefficients are then adjusted
so that the flutter point of the linear model
coincides with that of the experimental result.
The following cases are assumed on the
modified coefficients.
Case-a:  The aerodynamic matrices of the main-

wing are constant, while those of the
control surface depend on q .

)(),(0 qrrconstrr ssff ===              (10)

Case-b: All the aerodynamic matrices depend
on q .

1),( == sff rqrr                               (11)

Case-c: The aerodynamic matrices of the main-
wing depend on q , while those of the
control surface are constant.

)(
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r
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Fig. 2   High-aspect-ratio wing in transonic wind
tunnel

Fig. 3   Experiment system for AFS

3.2   Decision of modified coefficients

The procedure which )(qrf and )(qrs  are

decided by wind tunnel experiment is given as
follows:
Step 1:  Select a design point dqq =  which is

greater than the open-loop flutter dynamic

pressure 0fq  and design a stabilizing

controller )(sK .
Step 2:  Perform wind tunnel experiments using

the designed controller )(sK  and record the
flutter dynamic pressure, where the output
gain of )(sK  is changed as follows:

00.1,75.0,50.0,25.0=cK          (13)

Step 3:  Construct the closed-loop system which
combines the LPV plant Eq. (7) with the
controller )(sKKc . Then, )(qrf and )(qrs

are adjusted so that the flutter dynamic
pressure of the closed-loop system
coincides with that of the experimental
result.

After repeating the above procedure for
multiple controllers, the three cases for

)(qrf and )(qrs  are evaluated.

3.3   Wind tunnel experiment for modified
coefficients

Figure 2 shows a photo of the high-aspect-ratio
aeroelastic wing which was attached at the
ceiling in a transonic wind tunnel. Figure 3
shows a sketch of the experiment system. The
signal of the accelerometer 2a  was fed to a
digital computer through an anti-aliasing filter
and an A/D converter. The control law which
was derived by digitalizing )(sKKc  was

calculated in the computer and the actuator
command cu δ=  was put out to the actuator

unit control box through a digital-analog (D/A)
converter. The sampling period of the above
procedure was 500 Hz. The output signals were
recorded by a data recorder and were displayed
at a strip-chart recorder and a FFT analyzer.

The experiment condition was given as
follows: Mach number was fixed at 0.8 and the
dynamic pressure q  was changed from 23 to 29
kPa to provide an environment which flutter
occurred. At this experiment, the open-loop
flutter dynamic pressure was 40.250 =fq  kPa.

Figures 4-7 show the plots of the modified
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Fig. 4   Modified coefficient rs(q) Case-a
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Fig. 5   Modified coefficient rf(q) Case-b

coefficients  )(qrf and )(qrs  with respect to the

dynamic pressure q . Since four controllers were
applied, the lines shown in these figures were
obtained by changing the output gain cK  as Eq.

(13). Evaluating the three adjusting cases, Case-
c was the most invariant with respect to the
controllers applied. Therefore, Case-c was
adopted for modification of the linear model of
the wing in this paper. Applying the least square
method to Fig. 6, an approximate function of

)(qrf  was obtained as
234 10002.3101509.1)( −− ×+×= qqrf     (14)

25 25.5 26 26.5 27 27.5 28 28.5 29
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

q   [kPa]

r
f

Case-c

Fig. 6   Modified coefficient rf(q) Case-c
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Fig. 7   Modified coefficient rs(q) Case-c

)(qrs  was given by substituting Eq. (14) into

Eq. (12).

4   Active Flutter Suppression (AFS)

Controllers for the AFS were re-designed using
the modified LPV plant model Eq. (7) with

)(qrf and )(qrs . The model modification and

the control performance was evaluated by wind
tunnel experiment.
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Fig. 8   Frequency response of controllers Km and Ka
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Fig. 9   Complementary and quasi-complementary
sensitivity function

4.1   Controller design

Controllers for the AFS were designed in the
frame of the robust stabilization in ∞H  control

synthesis. Let )(sP  and )(
~

sP  be a designed

plant with dqq =  and a perturbed plant with

eqq =  ( de qq > ), respectively. )(
~

sP  is then

expressed as

)())(1()(
~

sPssP m∆+=                             (15)

        )()( ssP a∆+=                                  (16)

where )(sm∆  and )(sa∆  were respectively the

multiplicative and the additive uncertainties and
are bounded by rational functions )(sWm  and

)(sWa  as

ωωω ∀<∆ ,)()( jWj mm                    (17)

ωωω ∀<∆ ,)()( jWj aa                     (18)

Then, controllers are designed so as to stabilize
the closed-loop system and satisfy the following

∞H  norm constraints [9]:

γ<+
∞

−1)( PKIPKWm                         (19)

γ<+
∞

−1)( PKIKWa                            (20)

where γ  is a positive bound. Since Eq. (7) was

a 16th-order system and )(sWm  or )(sWa  was

added to the generalized plant in ∞H  control

synthesis [9], the order of ∞H  controllers was
too high to perform the digital computer with
the sampling period of 500 Hz. The order of the
controllers was then reduced to eight by the
extended coprime factorization (weighted)
(ECFW) controller reduction method [10].

4.2   Frequency response of controller

Figure 8 shows the frequency responses of the
designed controllers, where the design point was
selected at 015.1 fd qq = . The controller

satisfying Eq. (17) is denoted as mK , while the

one satisfying Eq. (18) is as aK . There was a

difference of the gain property between mK  and

aK  in the region of 60 - 300 Hz. To evaluate the
robust stability, Fig. 9 shows the
complementary sensitivity function

1)( −+≡ PKIPKT  and the quasi-
complementary sensitivity function

1)( −+≡ PKIKTa . The line denoted “ * ”
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Fig. 10   Time history in AFS experiment,
Controller: Km
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Fig. 11   Time history in AFS experiment,
Controller: Ka

indicates the upper bound of the robust stability;
that is, the right hand-side of the following
inequalities

ωωσωσ ∀∆< )]([/1)]([ jjT m           (21)

ωωσωσ ∀∆< )]([/1)]([ jjT aa          (22)

where 025.1 fe qq = . Comparing the frequency

responses, aK  is more robust than mK .

Table 2   rms* values in AFS control experiments,
controller: Km

Time period
(min)

1Bε
( sµ )

2a
(m/s2)

2δ
(deg)

Term-1 (1.5) 14.625 9.532 0
Term-2 (2.2) 22.977 10.194 1.4750
Term-3 (4.5) 16.614 10.162 0.9334
Term-4 (7.5) 21.550 12.493 1.0960
* rms values were calculated by using data during 10 sec
at the beginning of time written in the brackets.

Table 3   rms* values in AFS control experiments,
controller: Ka

Time period
(min)

1Bε
( sµ )

2a
(m/s2)

2δ
(deg)

Term-1 (1.0) 17.643 10.721 0
Term-2 (1.7) 30.138 12.658 1.4913
Term-3 (4.4) 19.044 10.753 0.9265
Term-4 (7.9) 23.599 13.402 1.1721
* rms values were calculated by using data during 10 sec

at the beginning of time written in the brackets.

4.3   AFS experiment

The designed controllers were evaluated by
wind tunnel experiments. The experiment
condition was the same as that in Section 3.3.
Figures 10 and 11 show the time histories of the
dynamic pressure q , the bending strain at the

wing-root 1Bε , the acceleration 2a  and the

deflection angle of the control surface 2δ . Since
the open-loop flutter dynamic pressure was

10.240 =fq  kPa in this wind tunnel experiment,

the flutter control was turned on below 24=q
kPa and q  was increased to flutter. In Fig. 11 in

which aK  was applied, the amplitude of 1Bε
and 2a  during t=1.5 - 3 min (control-on) was
increased rather than that t=0 - 2 min (control-
off). The amplitude during t=4 - 6 min was
however reduced where the dynamic pressure
was about 1.25=q  kPa. Since the design point
of AFS controllers was selected at

015.1 fd qq = ,
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Fig. 12   PSD, Controller: Km
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Fig. 13   PSD,  Controller: Ka

the model error during t=4 - 6 min ( 0fqq > )

was smaller than that during t=1.5 - 3 min
( 0fqq < ). At t=8.15 min, flutter suddenly

occurred and the flutter stopper stood to reduce
the dynamic pressure immediately. Figure 10
shows similar responses.

Figures 12 and 13 show the power spectra
density (PSD) corresponding to the time periods
shown in Tables 2 and 3. In Term-1 (control-
off), the first and the second structural modes
are close to each other. The two modes began to
couple and a peak was growing at 22.6 Hz

Table 4   Flutter dynamic pressure obtained in
numerical simulation and wind tunnel experiment

Model
Controller

Original Modified
Experiment

Km
34.80

(37%)*
30.48
(20%)

26.77
(9.6%)

Ka
37.85
(49%)

31
(22%)

27.10
(12.1%)

* The values in brackets indicate increased ratio of flutter
dynamic pressure.

which was the flutter frequency. In Term-2
which control had just been turned on, the two
structural modes were separated by activating
the trailing-edge control surface. Since the
peaks of the two modes were still large, the
amplitude of the time histories was not reduced.
In Term-3, the peaks was reduced rather than
those in Term-2. In Term-4, the first and the
second structural modes were again approached.

5    Evaluation of Model Modification and
Control Performance

Table 4 summarizes the flutter dynamic
pressure using controllers mK  and aK  in

numerical simulation and wind tunnel
experiments. Although the proposed model
modification was a little effective in estimating
the flutter dynamic pressure, there was still a
large difference between the numerical and the
experimental results. In this study, there were
problems in the wind tunnel experiments for the
AFS. It was hard to maintain the same
experimental condition every time. The
temperature inside the wind tunnel was
increased during the experiments by 2 - 4 K.
Repeating the flutter experiments, the open-loop
flutter dynamic pressure was decreased. This
may result from decreasing the stiffness of the
aeroelastic wing.

Another problem was that the amplitude of
the control surface should be taken into
consideration. The actuator used in the
experiments had a nonlinearity associated with
the amplitude. Increasing the amplitude of the
deflection angle, the bandwidth of the actuator
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was decreased. The model uncertainty in the
actuator became larger. Consequently, the
control performance was decreased. Therefore,
the AFS controllers should not require large
amplitude of the control surface.

6   Concluding Remarks

This paper has presented a model modification
of a high-aspect-ratio aeroelastic wing and
active flutter suppression (AFS). To reduce the
uncertainty, the linear model of the wing was
modified in terms of the unsteady aerodynamic
force so that the flutter pressure of the linear
model coincided with the one obtained by wind
tunnel experiment. Using the modified linear
model, AFS controllers were then designed by

∞H control synthesis and controller reduction.
The control performance was evaluated by
numerical simulation and wind tunnel
experiments.

There was still a large difference between
the numerical and the experimental results. To
reduce the difference and improve the flutter
suppression effect, controllers should be
designed by taking into consideration the input
bound.
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