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CHAPTER 103

ACTIVE CONTROL OF SUSPENSION BRIDGES"

P. Thoft-Christensen
Aalborg University, Aalborg, Denmark

ABSTRACT

In this paper some recent research on active control of very long suspension bridges is
presented. The presentation is based on research work at Aalborg University, Denmark.
The active control system is based on movable flaps attached to the bridge girder. Wind
loading on bridges with and without flaps attached to the girder is briefly presented. A
simple active control system is discussed. Results from wind tunnel experiments with a
bridge section show that flaps can be used effectively to control bridge girder
vibrations. Flutter conditions for suspension bridges with and without flaps are
presented. The theory is illustrated by an example.

1. INTRODUCTION

There is a growing need for extremely long suspension bridges. Such bridges have
already been designed for the future, but are not yet constructed. The longest
suspensmn bridge today is the Akashi Kaikyo Bridge in Japan (main span 1991 m) and
the second largest is the Great Belt East
Bridge in Denmark (main span 1624
m), see figure 1. It is believed that in
the future designs with improved girder
forms, lightweight cables, and control
devices may be up to 5000 m long. For
such extremely long bridges, girder
stability in the wind may be a serious
problem, especially when the girder
Figure 1: Great Belt East Bridge, Denmark  depth-to-width ratio is small compared

! Second European Conference on Structural Control, Camps sur Marne, France, July 3-6, 2000
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with existing long bridges.

The main problem is the aeroelastic phenomenon called flutter. Flutter occurs
when the bridge is exposed to a wind velocity above a critical value — the flutter wind
velocity Ug.. Flutter oscillations are perpendicular to the direction of the wind. The
flutter problem becomes more serious with increasing span length since U, decreases
with decreasing stiffness and damping.

Passive and active control devices seem to be a solution to the girder stability
problem. A large number of proposals for such devices have already been given, e.g.
viscoelastic damping elements, turned damping elements and eccentric masses.
However, in this paper only actively controlled long suspension bridges will be
discussed in detail.

In 1992 Ostenfeld and Larsen [1] proposed to ensure the aerodynamic stability of
slender girders by attaching actively controlled flaps along the girder. When these flaps
are exposed to wind they exert forces on the bridge girder. The intention is to control
the rotation of the flaps in such a way that these forces counteract the aerodynamic
forces and therefore damp the oscillations. The motion of the girder is measured by a
number of sensors attached to the girder. The signal is transmitted to a control unit,
which will rotate the flaps so that an optimal rotation of the flaps is obtained. The flap
control system can be used to fulfill the serviceability state and comfort demands or it
can be used to increase the flutter wind velocity.

At Aalborg University two topics within this area have been investigated in
recent years, see the Ph.D. thesis by Hansen [2] and Huynh [3]. The results of these
studies are published in several papers e.g. by Hansen & Thoft-Christensen [4], [5], [6],
Hansen, Thoft-Christensen, Mendes & Branco [7], and Huynh & Thoft-Christensen [8],

[9].

The first thesis deals with wind tunnel experiments with a sectional model of a
girder. Control flaps are installed as integrated parts of the leading and trailing edges of
the girder. The experiments with the sectional model confirm that the flap control
system is a very efficient way to limit the vibrations. An estimate of the flutter wind
velocity for a section with flaps can be obtained simply by replacing the aerodynamic
derivatives by expressions including the parameters describing the flap configuration.
The theoretical effect of the flaps is confirmed by the experiments. On the basis of the
experiments it can be concluded that the trailing flap is more efficient than the leading
flap. However, moving both flaps is more efficient than using only the trailing flap. It is
also shown that it is theoretically possible to eliminate the flutter problem for the
investigated bridge section model by using the active flap control system. The effect of
the trailing flap is probably overestimated since separation of the flow around the
bridge section is not taken into account.

In the second thesis analysis of a full span suspension bridge is performed.
Separate control flaps are installed in front of and under the leading and the trailing
edges of the girder. The full span-bridge computation shows that the girder vibrations
can be reduced depending on the following three factors concerning the control flaps:
the total sectional length of the flaps, the rotational directions and the rotational
magnitudes of the flaps. The girder used in the Great Belt Bridge is used for the
analysis. For a given configuration of the flaps it is shown that the flutter wind velocity
U,r can be increased by 50% compared with the case with no flaps. Not only the flutter
response can be limited by the flap rotations, but also the buffeting response can be
reduced in the mean square value. The flap rotations in turbulence conditions will
change the angle of attack of the wind to the flaps so that the total buffeting induced
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forces acting on the girder system are reduced. The stochastic buffeting responses can
be derived by a conventional stochastic response analysis in modal coordinates, and in
accordance with the wind load consisting of a stochastic buffeting term and an
aeroelastic term.

Controlling the vibrations of civil engineering structures using active control
systems has been used primarily to fulfill serviceability and comfort requirements. For
such cases failure of the control system is not critical for the users of the structures or
the structure itself. The situation is completely different with regard to controlling the
safety of a long-span bridge using a control system. In such a case a passive control
system is preferred.

2. WIND LOADS ON SUSPENSION BRIDGES

The three most important vibrations of a suspension bridge girder are motion-induced
vibrations, buffeting-induced vibrations and vortex-induced vibrations. The motion-
induced wind loads (aeroelastic forces) depend directly on deformations and
deformation velocities of the girder, and are the subject of this paper. The buffeting-
induced wind loads are the fluctuating wind loads due to the turbulence of the wind.

For thin airfoils in incompressible flow assuming potential flow theory
Theodorsen [10] has shown that the motion-induced vertical load La(x,t) and the
motion-induced moment Mae(X,t) on the airfoil are linear in theoretical displacement
and the torsional angle and their first and second derivatives. Scanlan and Tomko [11]
introduced this formulation into the bridge area. Let X, y and z be coordinates in the
direction of the bridge, across the bridge and in the vertical direction, and let t be the
time. The aeroelastic forces L%* and M®* per unit span and for small rotations can
then be written, see Similu & Scanlan [12]

U 2B j Br
LDeck (1) = 2 {KH{‘(K)V—HKH;(K) rX++<2H§(K)rx+K2HZ;(K)V—Z} o)
2 U U B
Deck pUZBZ * v, * Bry 2 px 2 px Vv,
Mg (X,1) = > KA (K)U+KA2(K)T+K A (K)ry +K A4(K)§ (2)

where K=Bw /U is the non-dimensional reduced frequency, B is the girder width, U is
the mean wind velocity, w is the bridge oscillating frequency in rad at the wind velocity
U, and p is air density. H#(K) and Af(K) (i=1,2,3,4) are non-dimensional
aerodynamic derivatives determined in a wind tunnel. The quantities ry, v;/U and
Brx/U are non-dimensional, effective angles of attack.

3. BRIDGE GIRDERS WITH FLAPS

Two types of actively controlled flaps are shown in figure 2: Flaps arranged on pylons
below the streamlined bridge girder (the second thesis) and flaps integrated in the
bridge girder so each flap is the streamlined part of the edge of the girder (the first
thesis).
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When the flaps are exposed
to the wind they exert forces on
the bridge girder. The directions
and sizes of the forces can be
controlled by regulating the flaps.
. . . By providing forces, which

Figure 2: Sections with flaps on pylons and counteract the motion of the
integrated in the section. girder the oscillations are
damped. A number of sensors are

placed inside the bridge girder to measure the position or motion of the girder. The
measurements are transmitted to the control unit, e.g. a computer. The flaps are
regulated based on a control algorithm that uses the measurements. In this way the flaps
can be regulated continuously to counteract the motion of the girder. The active control
system is shown in figure 3. As for the airfoils, the loads due to movement of a trailing
flap on a thin airfoil in incompressible flow are linear at the angle of the trailing flap
and the first and second derivatives. By assuming that the angle of a leading flap has no

Bridge girder || ¢ Motion of effect on the circulation it can be
Y, " oridge girder | shown that the loads due to movement
£ W %mf]qm of a leading flap on a thin airfoil are

08 Densors © . N
Wind excitation) || },/idge girder || [measure motion| also linear at the angle of the leading
- T flap and the first and second
N Flaps o Gaeviation of | derivatives. The motion-induced wind

loads due to movement of the flaps

Figure 3: Active Control System. can therefore be described by
additional derivatives.

Figure 4 shows the increase of flutter velocity for different combinations of the
flap rotations. « is the rotation of the girder, &4 and o are the rotations of the leading
and the trailing flaps, ¢jand ¢ are the phase angles between the leading flap, the
trailing flap and the girder, respectively. The results show that the flutter wind velocity
is increased when the phase angle for the leading flap ¢, is in the interval
[0.67/6; 6.67/6], otherwise the flutter wind velocity is reduced. The flutter wind velocity
for binary flutter is calculated for different values of amplification factor a; and ¢ for

the trailing flap. The leading flap is not moved. The results show that the interval where
Ug [m/s] o —g the flutter wind velocity
P is increased when the

- ¢ =37/6 trailing flap is moved is
n=87/6 g4 dependent of the flap a.
127 o, =87/6 The  flutter  wind

- o =0 velocity is generally
| ! reduced when the phase

angle of the trailing flap

9%’// @ is in the interval
= @ =37/6
] [z/6; 6z/6]. For phase

angles  outside this
jo - — ‘ — . - O  interval the flutter wind
. O 0.4 05 0.8 1o velocity is generally

Flgure 4: The theoretical effect of ﬂapS. increased. The trai"ng

flap is much more
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efficient than the leading flap.

4. WIND TUNNEL TESTS

- 1 Wind tunnel testing of a bridge
: : section model has been performed in a

wind tunnel at Instituto Superior
Téchnico in Lisbon, Portugal. The
model is shown in figure 5. The
regulation system for moving the flaps
consists of three parts: a servo system,
regulation software to position the
flaps, and control software to
calculate the desired positions of the
flaps. A servo system consists of a
servo amplifier, a servomotor and a
SO reduction gear. Two servo systems are

Figure 5; Wind tunnel model. used so that the flaps can be regulated

independently. The reduction gears and
n(1) |deql servomotors are fixed inside the bridge
section model. Each reduction gear is
connected to the flaps via cables. Each
servomotor is connected to a servo
amplifier, which is placed outside the
model.

Figures 6 and 7 show the
torsional movement of the model when
the flaps are not regulated
(configuration 0) and when they are
regulated (configuration 2). The wind
Figure 6: Torsional motion for flap speed is 6.1 m/s. Note that the units on
configuration 0 and wind speed 6.1 m/s. ~ the x-axis are different in the two
figures. The conclusion is that
configuration 2 is very efficient for
controlling the torsional motion of the
3 model. During the first second the
torsional motion is reduced from 2.7° to
1.1°,i.e. 62%.

Several configurations of the flaps
have been tested. As seen in figure 8,
the experimental damping ratio is
smaller for flap configurations 0 and 1
-z than the theoretical damping ratio, but

the shape of the curve is almost the
same. For flap configuration 2 the
experimental damping ratio exceeds
the theoretical one. For flap
configurations 1 and 2, the theoretical curves show that no binary flutter will occur.

a(r) |degl

0 T T m T ! ls]
0.25\ 0.50 0.75 1.00 1.%{\\.1\;50

~1

Figure 7: Torsional motion for flap
configuration 2 and wind speed 6.1 m/s.
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rﬂ
+
+
0.40+
0.35 O no movement of flaps Configuration a; q
4 flap configuration 1
0.30 + flap configuration 2 0 0 0
X flap configuration 3
0.25- O flap configuration 4 1 1.9 2.0
$ 2 3.4 3.6
0.20 3 2.0 2.0
0.15- + 5 4 3.4 3.6
0.104 i
4 2 ;
0.05- L)
c.co-m U [m/s]
o 1 2 55 & 7 g0

Figure 8: Theoretical (solid lines) and experimental damping ratio for torsional motion
with wind for flap configuration 0-4. The number at the end of a solid line denotes the
actual flap configuration.

5. SUSPENSION BRIDGE WITH CONTROLLED SEPARATE FLAPS

In this section the coupled-flutter vibration of basic vertical and torsional modes is
considered for a bridge girder with separate flaps. The total motion-induced wind loads
per unit span on the girder and the flaps are, see figure 9
L7 = L2 4L (v, ) + L7 (v2.16) (3
B

M )t(otal Y )l()eck +M )t(r ,, r;r) M )I(e (v,, r)!e) + (Ltzr (v, r;r) - lee (—v, I’)!e))z (4)

~ 0 for small ry

Vv, (x,1)

Figure 9: Motion-induced wind load on the girder and the flaps, Huynh [3].

where v,(x,t) and ry(x,t) are the vertical motion and the rotation of the girder at position
x along the bridge girder at the time t, and where
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e (x.t), 1 (xt) - Rotation of the leading and the trailing flap from
horizontal position.

(v, 1), ¥(v,,r") - Lift-induced forces from the leading and the trailing flap

M (v,,r), MY (v,,r") : Moment-induced forces from the leading and the
trailing flap

v(x,t) = %rx(x,t) ‘Vertical displacement of the flaps due to the girder
rotation ry.

Ly (v,r)2, L'® (v, r;e)% : Moment-induced forces from the lift of the leading and
the trailing flap due to the vertical displacement v(x,t).

The motion-induced forces per unit span of the flaps similarly to Eq. (1) and (2)
can be written in the form:

Ly (v, 1) | _ pU2B'K Hé(K')V.H He (KB 0 | oy )
LY (v,, ") 2 u ‘1 U rx

X

K'Hg(K") [1
TVH} ©)

{M'xe(vz,r'e)} pu B'2 '{Aé(K')V.H AG(K)B{ } KA(K){ 'T
MY (v, 1) u ‘1 U g

KAB(K> }

L (~v.ne) | puPBK H;‘(K')VH+ He(BAC | o) ™
Gy T2 Lo Lo e

X

K'Hg (K" [-1
*Tvu} ©)

K'=B'w/U is the reduced frequency of the flaps, B' is the flap width. Hy(K")
and A#(K') (i = 5,6,7,8) are the flutter derivatives of the flaps, determined by
Theodorsen circulation function, see [3], [12] and [14]. (Note that HZ, Hg, A¢ and
Az symbolize in some cases the flutter derivatives related to the lateral mode, which

are omitted here for the streamlined girder). Determination of Ug and ax, is based on
the modal analysis. The vertical modal wind load F, and the torsional modal wind load
F« of the girder and on the flaps are given by:

(7)

L L
FPEk(t) = [ L (v, n) (00 dx - FPK() = [MP* (v, r) yi () dx  (8)
0

1293



Chapter 103

FrO+FEO] | [ (W) + L, n0) 409

2

Fr@+FE® |= [|(MI, i)+ MEV, 69y i (9)
L
FEO-FE® | | (@) -Le ) By 0

where L,—L; is the length of the flaps attached along the girder. L is general length of
the deck referred to the side spans and the main span. #(x) and w;(x) are the vertical
and the torsional mode shape of the bridge in mode i and mode j, assumed to be
coupled at flutter. The total modal wind loads are:

Fo (1) = F2 () +F 0+ ()

R0 = RO )+ FEO+F () +Fg ) -Fe (1) (10)
The governing modal equations for the two-mode flutter conditions are

M, (2(t) + 20,¢, 2(t) + w22(t))= FL (1) (11)

M, () + 20,8, (t) + o2a(t))= F (1) 12)

where z(t) and o(t) are the vertical and the torsional modal coordinate. @, ¢; and w,
and ¢, are the natural frequencies and the damping ratios of the vertical and torsional
modes. M, and My are the vertical and the torsional modal mass. At the coupled motion,
the vertical and the torsional modal responses are both assumed to be proportional to
el®t when the critical wind velocity is acting on the bridge, i.e. z(t) = zoeiot and o(t)
= qpeiet, When this is introduced in the above equations the following matrix

equation can be derived
{7}

where the system matrix A depends of the natural mode shapes and frequencies, the
damping ratios, the derivatives and the wind velocity. This matrix equation has non-
trivial solutions when

Det(A) =ReDet(A)+ilmDet(A)=0 (14)

resulting in the following two flutter conditions for a bridge with separate flaps, Huynh

[3]:

M3 L4 1
g 2.t 2
JoY mo® mlo VYo

3
M2 o, L1
+ 20, ——+20 4 —
[ éVZJa)‘I’ S @, mw@}

4
Re(Det) =“’—4{1+ [—a)leM 2+ L4M 3—M4L3+a)2M1L2D
a)Z

N8w| e

2 2
w (0]
+ (—1——3—4—%@ -
@,

@,

58

2 2
M23 ~Za "‘21 +% g (15)
JoY w; mo ®
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3
Im(Det) = a)_{ M2 Ll
w

b=t [LIM3+L4M2-M1L3-M4L2]
SJo¥ mo® me dl¥Y

2
W L4 M3
Q-2 ~2 —2, 2
0)22[ élz é/a o, é/a CD z ] ZLPJ

ﬂ(_ M2 o? L

o

J+ 20,22 +2¢, % (16)
COZ w,

where m is the girder mass per unit span. ®, = and ¥ are the modal integrals of the

girder given by:

L L L
= j #Z(x)dx , == j (O (x)dx , and W = j wi (x)dx (17)
0 0 0

and where L1 to L4 and M1 to M4 contain the modal integrals of the flaps @;, = ¢ and
Y4, the sum of flutter derivatives referred to the girder and the flaps (see Huynh [3] for
full expressions). Finally, note that the flutter mode can be a coupling of more than two
modes. In that case, an additional mode gives an additional equation like (13) or (14).
The determinant condition (16) still remains in two parts (Real and Imaginary) but the
derivation of the solution is rather complicated analytically. Generally, the obtained
critical wind velocity U, and the critical frequency ax, will not be varied by more than
5%, if several similar mode shapes with close frequencies are taken into account in the
flutter computation (Huynh, [3]).

6. EXAMPLE

In this section the theory presented above is illustrated by an example taken from
Huynh [3]. The suspension bridge shown in figure 10 is considered. It has a
streamlined cross-section similar to the cross-section of the Great Belt Bridge. The
cable sag is 265 m, the pylon top is 360 m, the girder depth is 4 m, and the girder cross-
sectional area is 1.056 m> Applying both FEM and analytical calculation the 1st
symmetrical vertical and torsional modes (SV1 and ST1) are 0.404 rad/s and 1.276
rad/s, respectively.

1000 m 2500 m 1000 m

MWWWWWWWWWMMWMWWWWM

Figure 10: Suspension bridge used in the example.

Using the flutter conditions similar to (15) and (16), where Fjot = FPeck and
ot = F,Peck je. without flaps, the critical wind velocity is Ug = 58.21 m/s and the

corresponding critical frequency is @ = 0.853 rad/s. When using the flaps, the
increase of U, obtained from the conditions (15) and (16) depends on the three factors
of the flap: the lengths (i.e. modal integrals ®;, = and ), the rotational direction (i.e.
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the signs of ry® and r{", which are defined positive clockwise) and the rotational
magnitudes (in terms of amplification factor a multiplied by the girder rotation ry, e.g.
e (X ) = Al (X, 1) = aea D)y (X)).

The most effective configuration of the flaps against flutter is the configuration
Minus + Plus (CMP), where the leading flap rotates against the girder rje = —ary, and
the trailing flap rotates with the girder r{" = ayry, see figure 11.

¢ i
____________ y
AN ¥
"= —aery
— I =ayrx
= == z +
Ue [M/s] e [rad/s] = )
210 /’ zg ] Dl 32
190 8]
170 3 // 24 7 *
150 3 2 7
130 1 o 16 ¥t
110 ] 12 ] - 12
0 : . : 04 1 : . : , , 0,
-1 15 -2 -2 -3 Lead. a, - -1.5 2 25 - Lead. a,
1 15 2 2.5 3 Trail. ay 1 15 2 2.5 3 Trail. ay

Figure 11: Flutter in CMP of full flaps along thp girder (* ¢ exceeds the ST1
frequency)

Figure 11 shows the increase of Ug and a for increasing ae and ay. For

e =-1.5r, and r{ =1.5r¢, U, increases from 58.2 to 89.6m/s, i.e. 54%. The critical

frequency e increases to the ST1 frequency (the torsional divergent flutter). By

increasing aje and ay up to -3 and 3, U¢r and ax can still be found, but w., exceeds the

ST1 frequency indicating that the higher modes can be involved in the flutter.

Therefore, the length of the flaps can be reduced to 46% of the main span length in the
centre to obtain an increase of U, by 50%, and with @ = 1.250 rad/s.

7. CONTROL OF VIBRATIONS

So far, no control algorithms are used, but only the flutter conditions are discussed
taking into account the physical wind loads generated by the girder and flaps under
wind action. In order to identify the optimal control forces for a given wind velocity,
the Independent Model Space Control (IMSC) has been chosen (Meirovith [13]). The
system equation (13) can be transferred into the state equation:

G(t) = Aq(t) + BF " (t) (18)

where the state vector q(t) contains the modal displacements in the upper half, and the
modal velocities in the lower half. Thus, the dimension of vector q(t) is 2(n+m), namely
n vertical and m torsional modes. B is a matrix with zeroes in the upper half and inverse
mass matrix in the lower half. F "®(t) is the actual control force vector that could be
expected by using the flaps. By the state equation (18), one can get in mode i
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Wpgi(t)=-G;()wg; () =-R P (t)wg i (t)  i=1,2,..., (n+m) (19)

which expresses the IMSC relation between the modal control forces Wr;(t) and the
modal deformation wg;(t). Gi(t) is the control gain matrix, R; is the control weighting
matrix and Pj(t) is the Riccati matrix. Wg;(t) can be converted back to the actual control
force F"(t) by

F e (1) = Mg T We, ) (20)

where MI, Tk is the pseudo-inverse of Vg, which is the matrix of the left

eigenvectors of sytem matrix A, but contains only the real and imaginary parts. To
solve (19) and (20), Pi(t) must satisfy the Riccati equation in mode i. By choosing the
diagonal Riccati matrix P;(t), and by considering only two modes (i.e. Pii2 = Pi»1 = 0),
the problem is simplified considerably. As the result, the target mode of control (flutter
mode) has the unchanged critical frequency, whereas the other mode (vertical) has a
frequency 14% higher than the vertical natural frequency (Huynh [3]).

The numerical results of the time history of the control responses and the control
forces (i.e. the state vector q(t) after the control is in effect) are shown in figures 12 to
15 with two step choices of the control weighting factor R; in mode i. The reduced
control weighting factor R means that more control forces are required. The state
weighting matrix Q has been chosen as the identity matrix, i.e. the vertical and torsional
modes are weighted equally. The time history shows the results at the main span centre
after the control responses have been multiplied by the mode shape values at the mid-
span for the vertical and the torsional modes. The maximum vertical response is
approximately 0.8 m and the maximum torsional response is about 2 degrees at the
centre main span. These magnitudes are damped down to zero after approximately two
minutes (Huynh [3]).

vo(t) [m] v2(t) [m]

ne6 0.5

04

Dz-{\ﬂ[\[\ﬂf\f\x\n .

R; = R,= 20x10° R, =R,=1x10°

0.4

o2

o1

Figure 12: Control of vertical response in the main span centre.

FRP [N]

miﬂﬂﬂﬂﬂﬂﬁnﬂﬂ
mmw U UJU VY T e e

Figure 13: Actual control lift.
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r(t) [deg] r(t) [deg]

U(\Uﬂu UﬂUﬂv R AR

Rl - Rg - ]_)(10\j

=}

i

-2 J R]_ = Rz = 20)(106 -2

Figure 14: Control of torsional response in the main span centre.

F 0Pt [Nm] F 0P [Nm]

Eno A,
jU “W J\ﬁj \TUUWU QDDDDDJUUUUV%W] o

R;= R,= 20x10° R;= R,= 1x10°

- 100000

Figure 15: Actual control moment.

8. COMPARISON OF THE ACTUAL CONTROL FORCES AND THE MODAL
FORCES GENERATED BY THE FLAPS

There are several ways to achieve the above optimal forces by the flaps. The optimal
force control depends on the flap lengths, configurations and rotational magnitudes.
These factors are referred to as the control-weighting factor R used above. The
generalised forces of the flaps (aeroelastic) can be computed on the basis of the
obtained optimal responses, with the corresponding wind velocity, and can than be
compared to the optimal control forces (algebraic). Results show that only 9% of the

main span length in the centre part needs the flaps in the CMM(—1,-1) to obtain F ﬂap,

and only 3.5% length of the flaps is needed in the CMP(~1,1) to obtain F,  Thus,

the rest of the flaps (if 46% is installed) for each case needs to rotate with other
configurations to reduce the control spillovers. However, depending on the actual
oscillation of the bridge, one favorable configuration of the flaps is first chosen (among
many possibilities), so the control spillover problem is minimised from the beginning,
before the rest of the flaps give the extra contribution, see Huynh [3].

9. CONCLUSION

Sectional wind tunnel tests and full bridge computations have shown that the integrated
and separate flaps are effective to increase the critical wind velocity of the bridge. By
the use of 46% of the main span length with the separate flap in the centre, and by
using the configuration Minus-Plus, the flutter velocity can be increased unlimited if
the flaps rotate more than three times the girder rotation. However, problem with
control spillovers needs more investigation, e.g. the computation of different flap
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configurations acting simultaneously. Further, experiments with full-span bridge with
different lengths of the flaps should be performed.
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