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Abstract 

The damping control of aeroelastic models for wind tunnel testing is a key feature influencing the 

quality of the obtained results. The paper presents two devices to actively control the damping 

parameter using piezoelectric actuators. The former allows to directly modify the structural damping 

of the aeroelastic model while the latter allows to modify the damping through an active tuned mass 

damper. The devices are specifically developed to perform an easy and fine modification of the 

damping parameter for vortex induced vibration investigations. The devices were initially 

characterised in lab and then used to perform wind tunnel tests on a bridge tower model. 

1 Introduction 

A rule of thumb for wind tunnel testing on aeroelastic models is to keep the model’s damping as low 

as possible. The damping of the full scale structure is not predictable at the design stage and is usually 

assumed equal to other similar constructions according to the designer experience. Even in case of 

wind tunnel testing on an existing structure, the real structural damping value is not known unless full 

scale monitoring is adopted. For sake of safety the design and the construction of an aeroelastic model 

is therefore carefully performed trying to obtain a very low structural damping level in order to better 

highlight possible aeroelastic phenomena. Especially, when the vortex induced vibrations of structures 

are studied, this represents an unavoidable specification since the dynamic response of the models is 

mainly influenced by damping in lock-in condition. The Scruton number is the parameter controlling 

the maximum vibration amplitude that a structure may reach under the vortex shedding excitation in 

lock-in condition, but since the aeroelastic model is expected to correctly represent the mass 

distribution of the real structure, the damping is the dominating parameter. A structural designer is 

therefore interested to define, through wind tunnel tests, the dependence of the maximum vibration 

amplitude in lock-in condition on the Scruton number in order to evaluate if the structure may 

withstand the wind loads during its expected life period. Wind tunnel result also drives the 

dimensioning of additional external dampers when the structural damping is not sufficient to keep the 

vibration amplitude under the safety threshold. The more practical way to vary the Scruton number of 

the aeroelastic model during wind tunnel tests is by modifying the structural damping using external 

dampers. This practise has some drawbacks due, on one hand, to the possible modification of the 

dynamic characteristics of the aeroelastic model due to the addition of external devices and, on the 

other hand, to the very low model dimensions and to the corresponding low forces asking for a very 

fine control of the action imposed by the devices that has to be miniaturised to be inserted inside the 

model. 

In the present study two devices have been designed, built and characterised before being applied to a 

reference aeroelastic model for wind tunnel testing. The two devices address different experimental 

issues: the former aims to modify the structural damping of the model through an active control logic 

applicable to a single or to multiple modes of the structure, the latter aims to reproduce a Tuned Mass 

Damper (TMD) positioned inside the structure. Both the devices exploit patch piezoelectric actuators 
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and real time control logics. The details of the devices will be illustrated in the paper together with 

their application to a wind tunnel test case using a reference aerodynamic model representing a bridge 

tower subjected to vortex shedding excitation. 

2 Damping device 1: active structural damping control 

As previously introduced, the proposed solutions aims at providing the possibility of a fine tuning of 

the structural damping of the aeroelastic models. Due to the relatively little displacements that occur 

during wind-tunnel tests, the structure behaviour can be assumed linear. As a consequence, its 

dynamic behaviour can be represented, using modal-space approach, as the sum of the contribution of 

each vibration mode q  as 

 T

c d   Mq Rq Kq Λ F F  (1) 

where M , R  and K  are the diagonal modal inertial, damping and stiffness matrices, cF  represents 

the known forces applied on the structure and  the kinematic relationship between the point of 

application of those forces and the system coordinates ; dF  represents the generic unknown 

disturbance forces acting on the structure. 

Consequently, in order to identify the effect of damping on vortex-induced vibrations, a tool able to 

modify the damping associated to one or more modes (without modifying the other ones) is of great 

interest for wind tunnel tests. In fact, in this way, it becomes possible to investigate those modes 

having a critical contribution on vortex induced vibrations. Moreover, for each mode, the minimum 

structural damping needed to keep vortex-induced vibrations under the desired value can be evaluated. 

The present work proposes the application of a modal-space controller (Inman, 2001), which is able, 

under some assumptions (Resta et al., 2010), to achieve the desired effect. In fact, Independent Modal 

Space Control (IMSC) (Cazzulani et al., 2012) provides control forces cF  proportional to the 

contribution of the considered modes q  

  
1

T

c R



F Λ G q  
(2) 

where RG  is the diagonal control gain matrix, while q  is the vector containing the modal velocities. 

This contribution, being not directly measurable, can be calculated starting from the dynamic model of 

the system and from the available measurements. Typically, for aeroelastic models, the vibration 

measurement is realized using accelerometers or strain gauges embedded inside the structure. For the 

bridge tower model used for implementing the proposed active control logic, the measurements are 

performed using accelerometers placed at different heights along the tower. The control forces are 

provided through piezoelectric patch actuators applied on the internal spine of the model. Depending 

on the number of modes involved in vortex induced vibrations, a different number of actuators can be 

bonded to the structure. In order to keep the damped modes uncoupled, the number of actuators must 

be at least equal to the number of controlled modes. 

Considering eq. (2), varying the gain matrix RG  it is possible to achieve different damping values, 

obtaining a precise regulation. Moreover, if negative gains are applied, it is possible to impose to the 

structure a damping that is lower than the structural one. This condition, which cannot be obtained 
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with passive devices, allows to emphasize vortex induced vibrations when the structural damping of 

the model is too high to highlight them. 

3 Damping device 2: active TMD 

The damping device presented in the previous section allows to study the vortex-induced vibration 

phenomenon, defining the relationship between the system damping and the vibration amplitude. 

In many practical situation, when the initial structural damping of the real structure is not sufficient, it 

may be equipped with Tuned Mass Dampers (Tamura 1998; Cao et al., 1998; Casciati & Giuliano 

2007). These devices are designed in order to reach the required Scruton number for the coupled 

structure-damper system. This passive device modifies the wind-structure interaction since, depending 

on its the damping, two resonant peaks occur. For this reason, it becomes interesting to reproduce the 

behaviour of the structure with an applied mass damper in the wind tunnel, in order to experimentally 

relate the mass damper parameters to the vibration amplitude and, as a consequence, to correctly tune 

them. 

Recalling equation (1), considering only the equation of the i-th mode controlled by the TMD, and 

supposing to place the TMD at the top of the tower, the coupled equation becomes 

 2
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where am , ar  and ak  are the mass, damping and stiffness of the TMD, ,i top  represents the i-th mode 

eigenvector evaluated at the tower top and ay  is the relative displacement between the TMD mass and 

the tower top. The present work proposes a mass damper, whose characteristics can be actively 

modified in real-time. The mass damper is realized through a harmonic steel bar (which sets the TMD 

stiffness) equipped with a piezoelectric actuator. Figure 1 shows the working scheme of the active 

TMD, highlighting its main elements. 

 

Figure 1: An image of the active TMD mounted at the top of the tower 
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The mass has been chosen so that the mass ratio   of the TMD is equal to 3%, while the bar stiffness 

is chosen to optimize the frequency ratio. This device, providing an adequate control law, can actively 

modify its dynamic characteristics and, in particular, the damping introduced by the TMD on the 

structure. The actuators are driven by the following control law 

 
att a aF G y   (4) 

where aG  is the active TMD gain. Also in this case, the opportunity to modify the damping parameter, 

increasing or decreasing it by changing the control law, allows to easily perform a fine tuning of the 

TMD. 

4 Results 

Both the damping control devices were initially calibrated in order to define the relationship between 

the total damping reached by the controlled structure and the value of the gain parameters. To this 

purpose, a 1:100 wind tunnel aeroelastic model of a cable stayed bridge (Figure 2) has been taken as 

reference case. The model has been equipped with the two damping control devices and with 6 

accelerometers distributed along the structure to measure its vibrations. In addition, one accelerometer 

has been placed on the TMD mass to measure its movement with respect to the tower top. 

 

 

Figure 2: (a) The aeroelastic model of a bridge tower; (b) modal shape of the 1st bending mode along 

the y direction 

 

Due to its characteristics, the tower has decoupled bending modes along two main directions. 

Moreover, previous tests on the aeroelastic model (Belloli et al., 2011) showed that only the first mode 

in each direction is interested by vortex-induced vibrations. Consequently an IMSC control 

considering only the first two modes has been implemented on the structure. For the same reason, the 

active TMD has been tuned to work on the first mode along the y direction. Figure 3 shows the 

relationship between the control gain and the total structural damping on the first "y" mode for the two 

proposed control devices. 
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Figure 3: Gain damping relationship for the two active devices along the y direction: (a) active 

damping control; (b) active TMD 

 

At last, a wind tunnel experimental campaign has been performed to test the damping control devices 

under usual wind tunnel testing conditions. During the experimental campaign the tower behaviour 

under lock-in condition was investigated for different levels of Scruton number obtained by changing 

the active control parameters without switching off the wind. As an example, Figure 4 reports the 

maximum vibration amplitude measured at top tower in the lock-in range versus the normalized wind 

speed expressed by 

 
rid

U
U

f B



 

(5) 

where U  is the wind speed, f  is the structural oscillations frequency and B  is a characteristic length 

(in this case, the section width). The top vibrations are expressed as normalized displacement (ratio 

between the displacement and B ). The results referred to the device 1 (active damping control) show 

that vortex-induced vibrations are completely canceled out with a gain equal to 0.35 (Figure 4a - cyan 

line, corresponding to a first mode's damping ratio equal to 0.8%). The result is confirmed by the test 

with the device 2 (active TMD), where vibrations are stopped with a TMD gain equal to 0 (Figure 4b - 

blue line, corresponding to the same damping ratio value, 0.8%). 



6
th
 European and African Conference on Wind Engineering 6 

 

 

 

 

Figure 4: Wind tunnel test results with the active damping control (a) and with the active TMD (b) 

5 Conclusions 

In the present work, two devices for the damping regulation of aeroelastic models for wind-tunnel tests 

have been proposed. 

The first solution consists of an active control of the damping ratio associated to the vibration modes 

excited by the wind-structure interaction. The active control is performed through a number of 

piezoelectric patch actuators bonded to the model itself. It allows to independently regulate the 

damping ratios of the different modes, providing a precise damping regulation. 

The second solution is an active TMD embedded in the model. The TMD is designed to reproduce the 

dynamic behaviour of the full-scale TMDs and it is equipped with piezoelectric actuators. An active 

control law allows the regulation of the TMD damping effect. 

The proposed solutions have been experimentally tested on an aeroelastic model of a bridge tower. At 

first, the relationship between the control gains and the damping ratios achieved on the structure has 

been identified. Then, the two devices have been used for the wind-tunnel tests. 
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