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Abstract

This paper presents an experimental study on the closed-loop control of the vortex-induced vibration of a
flexible square cylinder, fixed at both ends, in a cross-flow. Curved piezoceramic actuators were embedded
underneath one cylinder surface to generate a controllable motion to perturb the interaction between flow
and structure. Five control schemes were investigated based on the feedback from either individual or
combined responses of structural vibration and fluctuating flow. Experiments were conducted in the first-
mode resonance of the cylinder, when the vortex-shedding frequency coincided with the first-mode natural
frequency of the fluid–structure system. The control effect on the structural vibration and the flow was
simultaneously monitored using laser vibrometer, optical fiber Bragg grating (FBG) sensor, hot wires,
particle image velocimetry, laser-induced fluorescence flow visualization and laser Doppler anemometer.
The performances of the different schemes were assessed and compared. The best performance was
achieved using the scheme whose feedback signal was a combination of flow and structural vibration.
Vortex shedding was almost completely destroyed, resulting in a reduction by 85% in the vortex strength,
by 71% in the structural vibration amplitude, and by 30% in the drag coefficient. It was found that the
control effect altered the nature of the fluid–structure interactions, changing the in-phased fluid–structure
synchronization into anti-phased interactions, thus significantly enhancing the damping of the
fluid–structure system and contributing to greatly attenuated vortex shedding and the structural vibration.
r 2005 Elsevier Ltd. All rights reserved.
see front matter r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

A cross-flow blowing over bluff bodies is usually unsteady. Beyond a critical Reynolds number
(Re ¼ U1h=n, where UN is the free-stream velocity, h is the characteristic height of the body and
n is the kinematic viscosity), the boundary layer will separate from each side of the body to form
the so-called Kármán vortex street. The alternately shed vortices from the body generate periodic
forces on the structure, causing a structural vibration. The structural motion in turn influences the
flow field, giving rise to nonlinear fluid–structure interaction [1]. The phenomenon is quite
common in engineering such as underwater pipelines, chimney stacks, bridges and high-rise
buildings, and may have a dramatic impact on the fatigue life of the structures in the long run,
even leading to disastrous consequences. Vortex shedding and vortex-induced vibration are also
responsible for noise generations [2]. Naturally, the control of vortex shedding and vortex-induced
structural vibration has attracted a great attention in the literature [3].
Both passive and active controls have been investigated in the past. Passive methods require no

external energy input, typically changing the cross-section of structures, adding fixed mechanical
vortex disturbers, longitudinal grooves or riblets to influence vortex shedding [4–6]. Active
schemes can be either open or closed-loop, both involving energy input to a flow–structure system
via actuators or other means to bring about desirable changes to the system. The former uses
independent external control signals, whereas the latter relies on a feedback signal from the
system. In the category of open-loop control, Hsiao and Shyu [7] used acoustic waves emitted
from a slot on the surface of a cylinder to disturb the fluid field and demonstrated that a local
disturbance near the shear layer instability frequency and around the flow separation point caused
an increase in lift but a reduction in drag and the vortex scale (Re ¼ 420–34 000). Williams et al.
[8] introduced symmetric and anti-symmetric forcing into a water flow ðRe ¼ 470Þ at a frequency
of about two times the vortex-shedding frequency (fs) through two rows of holes located at 7451,
respectively, away from the forward stagnation line of the cylinder. They observed a modified
behavior of fs and the flow structure.
Most of existing closed-loop methods rely on feedback signals provided by hot wires in the

turbulent wake for the vortex shedding control. Warui and Fujisawa [9] reduced the vortex
strength at Re ¼ 6700 using electromagnetic actuators installed at both ends of a circular cylinder
to create a lateral oscillation. Tokumaru and Dimotakis [10] and Filler et al. [11] created a rotary
oscillation of a cylinder to produce regulated injection of circulation into the wake, both leading
to an attenuation in the vortex strength and drag force. Ffowcs Williams and Zhao [12] controlled
a loudspeaker mounted on a wind tunnel wall to impair vortex shedding from a cylinder at
Re ¼ 400. Roussopoulos [13] revisited the problem using the same technique and reported an
increase in the onset Reynolds number for vortex shedding by 20%. Huang [14] used sound
generated inside a cylinder through a thin slit near the separation point on the cylinder surface
and observed that the vortex shedding on both sides of the cylinder could be suppressed in a Re
range between 4� 103 and 1.3� 104.
Another approach is to control directly the vortex-induced structural vibration. Baz and Kim

[15] used an electromagnetic actuator installed inside a cantilevered flexible cylinder to exert a
force on the cylinder. Based on the feedback information on the cylinder vibration, piezoelectric
actuators generated a control action to attenuate the vortex-induced vibration at the first-mode
resonance. As a result, the amplitude of vibration was reduced by 40% over a Re range between
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5500 and 7500. Their work entirely focused on vibration control. No information on the flow was
provided since the flow was considered as a disturbance rather than a control target.
Previous research focused on a separate control of either fluid field or structural vibration.

Many engineering applications, however, require the simultaneous control of both. As a matter of
fact, the simultaneous control of both can be more effective. Cheng et al. [16] proposed a
perturbation technique using curved piezoceramic actuators embedded underneath the surface of
a square cylinder. Open-loop control tests showed that both fluid field and structural vibration
can be controlled given the appropriate tuning of the perturbation frequency. The technique was
further expanded to a closed-loop control system in Zhang et al. [17]. It was found that the best
performance was achieved in terms of both suppressing vortex shedding and its induced vibration
provided that feedback signal was properly chosen.
Apart from Baz and Kim [15], all aforementioned work examined rigid cylinders, either fixedly

or flexibly supported. In practice, however, engineering structures are frequently flexible.
Problems related to fatigue or noise radiation are mainly related to the flexural vibration of these
structures, especially at the occurrence of resonances, when the vortex-shedding frequency
coincided with one of the natural frequencies of the system. The study of the structural resonances
of lower modes (the 1st mode in particular) is of particular importance due to the large vibration
amplitude involved. The technique proposed in Refs. [16,17] owns its effectiveness to a spanwise
uniform perturbation created by actuators. Since flexible structures undergo non-uniform flexural
vibrations along the spanwise direction, the effectiveness of this technique needs re-assessing.
Meanwhile, the best control scheme has to be identified among the multitudinous combinations of
feedback signals.
This work aims to address the issues raised above. Closed-loop control of vortex shedding and

vortex-induced vibration of a fix-supported flexible square cylinder under the resonance condition
was experimentally investigated. Five control schemes were considered and compared, which
utilized feedback signals from streamwise fluctuating flow velocity u, lateral structural vibration
Y, dynamic strain ey caused by the vibration, or a combination of these responses. These signals
were measured using a hot wire, a laser vibrometer and an optical fiber Bragg grating (FBG)
sensor, respectively. The control performances on the structural oscillation were evaluated in both
time and frequency domain of Y, ey and u. In order to understand the underlying physics, the flow
behind the cylinder was documented using a number of techniques, including particle image
velocimetry (PIV), laser-induced fluorescence (LIF) flow visualization and a two-component laser
Doppler anemometer (LDA). The spectral phase and coherence between u and Y, along with the
varying damping of the fluid–structure system under the control, were discussed in detail.
2. Experimental details

2.1. Principle of the perturbation technique

Vortex shedding from a bluff body results from the initially linear wake instability [18]. The
mature vortex structure depends on its infant form and a small local perturbation near the
separation point will grow and exert significant influence on the unsteady Kármán vortex
structure. Although, the physics behind is not fully understood, there are strong evidences that
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weak perturbations do influence vortex shedding in the highly nonlinear unsteady wake, and this
influence can be dramatic. Since vortex shedding and its induced vibration are coupled, a properly
introduced perturbation may be expected to alter the nature of fluid–structure interaction,
achieving the simultaneous impairment of both vortex shedding and structural vibration. Based
on this idea, the perturbation technique used in this paper creates a local perturbation on the
structural surface by embedding piezoceramic actuators inside the structure so as to modify the
interaction between flow and structural vibration.
2.2. Experimental setup

Experiments were carried out in a closed-circuit wind tunnel with a square working section
0.6m� 0.6m and 2.4m long [19]. A flexible square cylinder, made of nylon, with a height h ¼

17:3mm was fix-supported at both ends and placed 0.2m downstream of the exit plane of the
tunnel contraction, as shown in Fig. 1. Curved THUNDER (THin layer composite UNimorph
piezoelectric Driver and sEnsoR) actuators, developed by NASA Langley research center [20],
were used as actuators. Under an applied voltage, the actuator deforms out of plane. Due to its
special fabrication process and the effect of curvature, THUNDER actuator is superior to
traditional pizeoceramic actuators in many aspects such as large displacement and reasonably
good load-bearing capacity. Without any loading, the actuator used in this work may generate a
maximum displacement of about 2mm and a frequency up to 2 kHz. Three THUNDER actuators
were installed in series between the slot on the top of the cylinder and a plastic plate (see the cut-
away view in Fig. 1). The plastic plate was flushed with the cylinder surface. Driven by the
actuators, the plastic plate moved up and down to provide the desired perturbation. The detailed
information on the installation of the actuators was described in Cheng et al. [16]. At the
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free-stream velocity (UN) of 5.85m/s, the cylinder underwent its first-mode resonance at the natural
frequency f n ¼ 47:9Hz of the structure, which was determined from the frequency response of the
cylinder vibration when excited with an electromechanical shaker under no flow condition. Due to
the light mass loading of the fluid, fn was actually very close to the resonance frequency of the
cylinder/fluid system, f 0n. The corresponding Re and the reduced velocity (Ur ¼ U1=f 0nh) were 6700
and 7.07. The maximum cylinder displacement, Ymax, was about 0.91mm or 0.05h.
A 5 mm tungsten hot wire (hot wire ) was placed at x=h ¼ 0, y=h ¼ 1:5 and z=h ¼ 5 to measure

the streamwise fluctuating velocity (u1) of the flow. The cylinder vibration (Y) was measured using
a laser vibrometer (Polytec OFV3100). Flexural deformation of the cylinder was monitored by a
FBG sensor, buried in a groove located at the mid-span of the lower cylinder surface, to measure
the dynamic strain ey of the cylinder associated with Y. The coordinates x, y and z correspond to
streamwise, transverse and spanwise directions, as indicated in Fig. 1. The FBG sensor was
holographically written on an optical silica fiber with a diameter of 125mm and flushed with the
surface using nail polish. Details of FBG sensing system and sensing principle were described in
Jin et al. [21]. Since the sensor grating has a finite length of about 10mm, the measurement
represents an average strain over this spanwise length.
The above measured signals can be used as feedback signals either individually or in

combination. After amplification, all feedback signals were low-pass filtered at a cut-off frequency
of 200Hz and then input into a Digital Signal Processor (DSP) fitted with 16-bit analog-to-digital
(AD) and digital-to-analog (DA) converters. The converted analog signals were low-pass filtered
again (cut-off frequency ¼ 200Hz) and amplified by two dual channel piezo-driver amplifiers
(Trek PZD 700) before activating the actuators. The use of the two low-pass filters in the feed-
forward and feedback passages was to remove high-frequency noises from turbulence and
electronic components.
To monitor and analyze the control performance, a second 5mm tungsten hot wire (hot wire )

was placed at x=h ¼ 2, y=h ¼ 1:5, z ¼ 0, where typical vortex-shedding signal was highly coherent.
The measured fluctuating velocity (u2) signal was amplified and recorded by a personal computer
simultaneously with other sensors through a 12-bit AD board at a sampling frequency of 3.5 kHz
per channel. The duration of each record was 20 s.
The LIF flow visualization and PIV measurements were conducted using a Dantec standard

PIV2100 system, including a CCD camera for digital particle images and two NewWave standard
pulsed laser sources for illumination. Each image covered an area of 176mm� 141mm or
x/hE0.5–10.8 and y/hE�4.1–4.1 of the flow field for both LIF flow visualization and PIV
measurements. In addition, the cross-flow distributions of flow velocities and Reynolds stresses at
x=h ¼ 3 were measured using a two-component LDA system (Dantec Model 58N40 with an
enhanced Flow Velocity Analyzer signal processor).
3. Controller design and parameter optimization

Based on the feedback signals, i.e. u1, ey and Y, five different control schemes were investigated,
which are divided into two categories. One is called one-element control scheme using a single
signal from either flow field or cylinder vibration, referred to as u_Control, ey_Control and
Y_Control, respectively. The other category is called two-element control scheme, which uses a
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combination of two signals from both cylinder vibration and flow, namely, u+ey_Control and
u+Y_Control.
For each control scheme, a feedback controller similar to the one used in Zhang et al. [22] was used,

which applied a gain coefficient in amplitude ( ~Pq) and a time shift (~tq) to the feedback signal q,
representing u1, ey or Y, to activate the actuators. The perturbation signal therefore contained various
frequency components. Both ~Pq and ~tq were manually tuned during experiments to ensure a
maximum reduction in the root mean square (rms) value of Y, i.e. Yrms, as detailed in following. For
the one-element scheme, first vary ~Pq by keeping ~tq ¼ 0 s to find a ~Pq, i.e. ~Pq;opt, which leads to the
smallest Yrms. Then given ~Pq;opt vary ~tq within a range from 0 to 0.02 s to determine ~tq;opt, under which
Yrms reaches the minimum. The reason for choosing the duration of 0.02 s is the dominance of the
first-mode resonance at f 0n (¼ 47:9HzEthe vortex-shedding frequency fs) in the structural response.
Therefore, the optimum ~tq is determined, which covers one complete cycle of the first mode
oscillation, i.e. 1=f 0n (E0.02 s). Then, the whole process is repeated on the basis of this optimum ~tq to
arrive at the final optimal combination of ~Pq;opt and ~tq;opt. For the two-element scheme, the same
tuning process as the one-element scheme was first carried out for each feedback signal to obtain an
initial configuration. Then apply simultaneously the two signals selected using the initial configuration
as a starting point for fine tuning, in which both ~Pq and ~tq were adjusted again for each signal. Several
iterations were needed to reach the final configuration, giving the maximum reduction in Yrms.
The whole controller design process was carried out using a digital open source platform

dSPACE. This platform provided a real-time system for rapid control prototyping, production
code generation, and hardware-in-the-loop tests. A digital signal processor (DSP) with
SIMULINK function of MATLAB and software (ControlDesk 2.0) was used for sampling and
processing feedback signals.
Fig. 2 shows two typical examples of parameter tuning for u_Control (Fig. 2(a)) and

u+Y_Control (Fig. 2(b)). The rms value of u2 (u2, rms), normalized by UN, and ey (ey, rms) were
simultaneously measured during tuning. Before control, the Yrms/h, ey, rms and u2, rms/UN are 0.041,
297m and 0.24, respectively. For u_Control (Fig. 2(a)), all three quantities exhibit a dip at ~Pu1 ¼ 2
when ~tu1 ¼ 0 s (upper trace). Varying ~tu1 within a range from 0 to 0.02 s by keeping ~Pu1 ¼ 2 further
reduces their amplitude to a minimum at ~tu1 ¼ 0:006 s before they reach a local maximum at
~tu1 ¼ 0:016 s (lower trace). This time delay, i.e. 0:016� 0:006 s ¼ 0:01 s, corresponds roughly to one-
half of the period of the first-mode vibration f 0n, suggesting an anti-phased relation between the two
extreme cases. The u+Y_Control requires tuning two sets of parameters, ð ~Pu1 ; ~tu1Þ and ð

~PY ; ~tY Þ. Fig.
2(b) shows the variation of the three physical quantities with respect to one set of parameter, while
the other set is set to be optimal. It is clear that, when changing parameters in the controller, all
three quantities undergo similar changes, pointing to the possibility to achieve a simultaneous
control of both vortex shedding and the structural vibration using the same controller. The tuning
process led to an optimal configuration for each scheme with parameters tabulated in Table 1.
Unless otherwise stated, these parameters were used in experiments discussed hereinafter.
4. Control performance

Figs. 3–5 compare with the un-controlled case the control performances of the five control
schemes in terms of the power spectra, EY, E�y and Eu2 , of Y, ey and u2. The spectrum of
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Table 1

Optimal ~Pq and ~tq (q represents u1, ey or Y) under different control schemes

Optimal parameter Control scheme

u_Control ey_Control Y_Control u+ey_Control u+Y_Control

~Pu1
2 0.4 2

~tu1 0.0060 s 0.0067 s 0.0047 s
~P�y

6 6

~t�y 0.0040 s 0.0072 s

~PY 10 8

~tY 0.0080 s 0.0089 s

L. Cheng et al. / Journal of Sound and Vibration 292 (2006) 279–299286
fluctuation a, representing Y, ey or u2, has been normalized, such that
R1
0 Eaðf Þdf ¼ 1. The

frequency f was normalized with h and UN in this paper (f � ¼ fh=U1). The effects of different
control schemes on the cylinder vibration are illustrated by Figs. 3 and 4. Three pronounced peaks
appear in the spectra at different frequencies. The first peak corresponds to the first-mode natural
frequency, f 0�n , of the fluid–structure system, which coincides with the shedding frequency f �s
(f 0�n ¼ f �s ¼ 0:141). The second one at 2f �s is the second harmonic of f �s and the third one at
f 000�n ¼ 0:49 is the third-mode natural frequency of the system. Given the second-mode vibration
anti-symmetrical about the mid-span of the cylinder, no peak is expected at the second-mode
natural frequency of the system. When the one-element control is deployed (Figs. 3 and 4(b)–(d)),
there is a systematic reduction in both EY and E�y compared to their un-controlled counterparts.
Y_Control is best performed to suppress the resonant peaks at f 0�n and f 000�n , which drop from 0.21
and 0.13 to 0.096 and 0.066 at f 0�n in EY and E�y , respectively, and from 0.14 and 0.06 to 0.016 and
0.019 at f 000�n , respectively. Note that u_Control may perform better in suppressing the peak at 2f �s
in EY than Y_Control (Fig. 3(b)). This is reasonable since structural vibration at 2f �s is mainly due
to the second harmonic of the shedding frequency. The use of fluid sensor therefore brings more
relevant information on flow into the controller. The two-element control schemes in general
improve the control performance of the one-element scheme (Figs. 3 and 4(e)–(f)). The best result
is achieved using u+Y_Control, with the peak amplitude at f 0�n reduced by 79% and 68% or by
94% and 75% at f 000�n in EY and E�y

, respectively.
Fig. 5 shows the corresponding u2-spectrum. In the un-perturbed case, Eu2 displays three

harmonics of the shedding frequency. The peak at 3f �s is completely eliminated for all five control
schemes, while those at f �s and 2f �s are suppressed to different degrees. Among the three one-
element control schemes, u_Control is best performed due to the direct feedback from the flow.
Again, the two-element control schemes outperform the one-element control schemes in
suppressing these peaks.
Fig. 6 presents the reduction, compared with the unperturbed case, in energies in EY and E�y

associated with the vibration of different peaks, i.e. E
ðmÞ
Y ;Df and E

ðmÞ
�y;Df (m ¼ 1; 2; 3), or in energies in

Eu2 associated with the harmonics of f n

s , i.e. E
ðnÞ
u2;Df (n ¼ 1; 2; 3). These energies were calculated by

integrating the power spectral density functions over �3 dB bandwidth centered about each peak.
As it is evident in Fig. 6(a) and (b), the two-element schemes obviously perform better than the
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one-element schemes in terms of suppressing structural vibration, especially the first-mode

resonance. In the best case, u+Y_Control reduces E
ð1Þ
Y ;Df , E

ð2Þ
Y ;Df and E

ð3Þ
Y ;Df by 81.5%, 85.2% and

98.2%, and E
ð1Þ
�y;Df , E

ð2Þ
�y;Df and E

ð3Þ
�y;Df by 77.4%, 79.5% and 96.2%, respectively. On the other hand,

u_Control (Fig. 6(c)) greatly impairs vortex shedding, and the performance is further improved if
the feedback consists of a combination of u and Y (or ey). The best performance is given by

u+Y_Control, which reduces E
ð1Þ
u2;Df , E

ð2Þ
u2;Df and E

ð3Þ
u2;Df by 80.3%, 86.5% and 96.4%, respectively.

It is interesting to note that all control schemes are effective to suppress not only the vibration of
the first-mode but also, even to a larger extent, that of the third-mode.
Figs. 7–9 show the typical time histories of Y, ey and u2 under Y_Control and u+Y_Control,

respectively. Under u+Y_Control, the amplitudes of u2, ey, Y are reduced drastically in all cases.
A comparison of all five schemes in time domain (not shown) indicates that the effectiveness of the
schemes is improved following the ladder of u_, ey_, Y_, u+ey_ and u+Y_Control. Interestingly,
the control voltage and the perturbation amplitude required by each scheme are gradually
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decreased following the same order, as indicated by the rms value, Vp, rms, of the control voltage
and the ratio (Table 2), Yp, rms/Yrms, of the perturbation displacement to that of the cylinder in
the absence of perturbation. Here Yp, rms was obtained based on the measurement of two
laser vibrometers, pointing at the centre of the plastic plate and that of the cylinder, respectively
(Fig. 1). Since the resistance of the actuators remains constant irrespective of the control schemes,
a lower control voltage means a lower energy input. Evidently, u+Y_Control requires the lowest
actuating voltage and the smallest perturbation displacement (roughly 20% of the unperturbed
structural displacement) than other four schemes yet achieves the best performance of all (71%
reduction in Yrms, 65% in ey, rms and 63% in u2, rms).
5. Discussions

To understand the physics behind the impaired Y and ey, the modified flow structure under
the control schemes measured by LIF flow visualization, PIV and LDA measurements were
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first examined. Without control, the Kármán vortex street is evident in Figs. 10(a) and 11(a).
The solid square in the figures corresponds to the cylinder position. Once a control
scheme is deployed, vortex shedding from the cylinder and the normalized maximum spanwise
vorticity, jo�z maxj ¼ jozmaxjh=U1, are weakened to various degrees, depending on the
schemes used, as evident in Figs. 10(b)–(f) and 11(b)–(f); vortices appear breaking up, showing
considerably less coherence and weaker strength. The most significant alteration to the
flow is obtained when the two two-element control schemes are applied (Figs. 10(e)–(f)
and 11(e)–(f)). For u+Y_Control scheme, the vortex street is almost completely destroyed;
the corresponding jo�z maxj and circulation (G) decreases by 60% and 85%. G around a
vortex is estimated by numerical integration G� ¼ ðG=U1hÞ ¼

P
i;jðo

�
z ÞijðDA=h2Þ [23],

where on
z

� �
ij
is spanwise vorticity over area DA ¼ DxDy, Dx and Dy being the integral step

along x- and y-directions, respectively. Integration was conducted over an area enclosed
by the cut-off level jo�zcj ¼ 0:3, about 6% of jo�z maxj, which is the same as Cantwell and
Coles [23].
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Fig. 12 exhibits the modification of the cross-flow distributions of the mean velocity U
n
,

normalized by UN, and Reynolds stresses u2
n

, v2
n

and uvn, normalized by U2
1, measured by LDA

at x/h ¼ 3 under the u+Y_Control scheme. In the range of y=h ¼ 21:4 to 1.4, the maximum U
n
,
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Table 2

Control voltage and the perturbation/structural displacement ratio in the five control schemes

Control scheme

u_Control ey_Control Y_Control u+ey_Control u+Y_Control

Vp, rms (V) 106 94 80 62 54

Y p; rms=Y rms ð%Þ 42 32 28 22 20

L. Cheng et al. / Journal of Sound and Vibration 292 (2006) 279–299 291



ARTICLE IN PRESS

Fig. 10. Typical photographs from LIF flow visualization under different control schemes: (a) unperturbed;

(b) u_Control; (c) ey_Control; (d) Y_Control; (e) u+ey_Control and (f) u+Y_Control. Re ¼ 6700. Ur ¼ 7:07.
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u2
n

and v2
n

decline considerably, up to 14%, 19%, 19%, respectively, compared with those
unperturbed. On the other hand, uvn increases by about 21%. The increased mean velocity deficit
is related to the decreased entrainment of high speed fluid from the free-stream under the action of
the weakened vortices [9]. Evidently, the weakened vortices are responsible for the decrease in u2

n

and v2
n

, and accordingly the increased uvn since uvn is largely associated with the incoherent
motion, residing in the saddle region between two consecutive vortices [24]. Note that U

n
, u2

n

and
v2

n

remain reasonably symmetric and uvn is anti-symmetric about the centerline although the
perturbation was imposed only on the upper side of the cylinder, in line with the flow patterns
shown in Figs. 10 and 11.
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Fig. 11. PIV measured iso-contours of spanwise vorticity o�z ¼ ozh=U1 under different control schemes:

(a) unperturbed; (b) u_Control; (c) ey_Control; (d) Y_Control; (e) u+ey_Control and (f) u+Y_Control. Re ¼ 6700.

Ur ¼ 7:07.
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The mean drag coefficient, CD, was calculated based on U
n
, u2

n

and v2
n

[25]

CD ¼ 2

Z 1
�1

U

U1

U1 �U

U1

� �
d

y

h

� �
2

Z 1
�1

v2 þ u2

U2
1

 !
d

y

h

� �
. (1)

CD was 2.09 for the uncontrolled case, agreeable with the previously reported range, 1.7–2.2
[26–28]. Under u+Y_Control scheme, CD dropped by 30%. Apparently, the weakened vortex
shedding should correspond to an increased backpressure and subsequently reduced CD.
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Insight into the physics behind the modified flow and structural vibration may be better gained
by examining the spectral phase and coherence between the simultaneously measured Y and u2,
i.e. fYu2

� tan�1ðQYu2
=CoYu2Þ and CohYu2 ¼ ðCo

2
Yu2
þQ2

Yu2
Þ=EY Eu2 , where CoYu2 and QYu2

stand
for the cospectrum and quadrature spectrum of Y and u2, respectively. CohYu2 provides a measure
of the degree of correlation between the Fourier components of Y and u2. The cross-spectrum was
computed using the fast Fourier transform (FFT) method [29]. Cheng et al. [16] demonstrated
that fYu2

was approximately equivalent to the phase relationship between the lateral structural
oscillating velocity, _Y , and the lateral velocity, v, of the flow around the cylinder. Hence, fYu2

¼ 0
and �p indicate the synchronized and opposite movements between _Y and v, respectively.
Without perturbation, fYu2

was about zero near f �s ¼ f 0�n , 2f �s and f 000�n (Fig. 13(a)), that is, _Y and v
were synchronized at these frequencies. The plateaus around f �s (or f 0�n ), 2f �s and f 000�n indicated that
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the synchronization occurred over a range of frequencies. However, fYu2
at these frequencies was

changed from 0 to near �p under different control schemes (Figs. 13(b)–(f)), suggesting that _Y
and v collided or acted against each other, resulting in impaired vortex shedding and cylinder
vibration. This phase change was most extensive under the two-element schemes for f 0�n , 2f �s and
f 000�n , explaining its superior performance over the one-element schemes. Accordingly, CohYu2 at f n

2

(or f 0�n ), 2f �s and f 000�n , receded greatly (Fig. 14); for u+Y_Control (Fig. 14(f)), it reduced by 74.2%,
67.0% and 83.2%, respectively, around the three frequencies, compared with the unperturbed
case. The drastic reduction in CohYu2 implied a nearly decoupled correlation between vortex
shedding and structural vibration.
From a different perspective, the alteration in fYu2

and reduction in CohYu2 can be related to an
altered fluid–structure system damping. Damping simulates the energy dissipation of a dynamic
system during vibrations and plays an important role in any resonant system. The effective
damping used here is defined as the sum of structural damping and fluid damping. The former
may be generated by material, friction, impacting and rubbing of two surfaces in contact, while
the latter results from skin friction and viscous dissipation, i.e. viscous shearing of a fluid at the
surface of the structure and flow separation [1]. The free vibration of a flexible structure consists
of multiple modal oscillations and each of them corresponds to a different effective damping ratio.
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An auto-regressive moving average (ARMA) technique was used to calculate the effective

damping ratios, associated with f 0�n and f 000�n , i.e. zðkÞy;e (k ¼ 1, 3), from the measured time-domain Y

signals. Details about ARMA technique can be found in Zhou et al. [30]. The ARMAmodel of an
order of 190 and 70 000 data points was presently used for calculation. Fig. 15 shows the effective
first- and third-mode damping ratios for different schemes. The corresponding structural damping

ratios, zðkÞy;s , indicated by a dash line, were measured in air under no-flow condition with the

cylinder excited by an electromechanical shaker. Without control, vortex shedding synchronized

with the lateral structural vibration, and zðkÞy;e was less than zðkÞy;s , albeit slightly, suggesting a negative

fluid damping ratio zðkÞy;f since z
ðkÞ
y;e ¼ zðkÞy;s þ zðkÞy;f . The negative z

ðkÞ
y;f simply means that vortex shedding

enhances the structural vibration [30]. zðkÞy;e increased gradually following the ladder of u_, ey_, Y_,

u+ey_ and u+Y_Control. The maximum damping ratio was obtained under u+Y_Control, in

which zð1Þy;e and zð3Þy;e rose by 60% and 87%, respectively, compared with uncontrolled case. The

variation in zð1Þy;e and zð3Þy;e was agreeable with the trend shown in Figs. 2–4 and 6–8, providing an

explanation for the effectively attenuated structural oscillations.
An interpretation of the closed-loop control mechanism is now proposed. Structural vibration

of a bluff body in a cross-flow originates from fluid-excitation forces due to the vortex shedding.
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The resultant structural vibrations in turn influence the flow field, giving rise to fluid–structure
coupling. Fluid excitations with a high-energy concentration at f n

s and 2f �s cause structure
resonance at f 0�n and strong oscillations at f 000�n . At these frequencies, the structural vibration is in-
phase with the vortex shedding. The control effect successfully alters the nature of the
fluid–structure interactions, changing the in-phased fluid–structure synchronization into anti-
phased interactions. This leads to an effective impairment of vortex shedding and a simultaneous
enhancement of fluid–structure damping. As a result, the structural vibration is attenuated.
The one-element control schemes use either flow or structural response as feedback. The flow

response u2 contains only information on the flow excitation and nothing on the structural
vibration. Thus, u_Control alters the flow excitation and therefore indirectly affects the structural
vibration. On the other hand, both ey_ and Y_Control schemes use the structural vibration
information, without the flow, for feedback, performing better in suppressing the vibration than
u_Control scheme. Note that ey is a measure of the structural deformation, which indirectly
reflects the vibration, while Y is a direct measure of the lateral structural movement, which is the
direct agent to communicate with flow. Consequently, Y_Control performs better than ey_Control
(Figs. 3–6 and 10 and 11). Since the one-element schemes use signals from either flow or structural
vibration, the information on the nonlinear flow–structure interaction is not made use of. This
information is, however, an important part of physics behind the vortex-induced vibrations.
Therefore, the schemes cannot achieve the best performance. On the other hand, the two-element
schemes utilize a combination of flow and structural vibration signals for feedback and reflect the
interaction/coupling between flow and structural vibration, addressing the essence that governs
both structural vibration and vortex shedding. As a result, the two-element schemes outperform
the one-element scheme, even though the input energies to the actuators are appreciably lower.
For the two two-element schemes, the better performance of u+Y_Control is due to the direct
relationship of Y with the structural vibration, on the one hand, and the direct interaction of Y
with flow, on the other hand.
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6. Conclusions

Experimental investigation has been conducted to control the vortex-induced resonant
vibration of a fix-supported flexible cylinder based on various feedback signals. The control
was made possible by perturbing one surface of the cylinder using piezoceramic actuators
embedded underneath the structure surface. Five control schemes are investigated depending on
the feedback signal used. The three one-element schemes, namely u_, ey_ and Y_Control, deploy
feedback signal either from flow or from cylinder vibration. The two-element control schemes,
namely u+ey_ and u+Y_Control, use a combination of both structural vibration and flow
signals. The investigation leads to the following conclusions.
1.
 The resonant flexural vibration of a flexible cylinder in a cross-flow can be successfully
controlled using the present perturbation technique. Under the control, the phase relationship
between vortex shedding and structural displacement at f �s ðf

0�
n Þ, 2f �s and f 000�n is changed from in-

phase to anti-phase. This alters the synchronized motion between fluid and structure to
collision between them, causing significantly increased modal damping ratios of the
fluid–structure system. Consequently, vortex shedding is impeded and the structural vibration
is effectively reduced.
2.
 A suitable choice of the feedback signal is crucial in determining the effectiveness of the control.
The control performances in terms of suppressing structural vibration are gradually improved
following the ladder of u_, ey _, Y_, u+ey_ and u+Y_Control. The two-element schemes
perform much better than the one-element scheme, in terms of suppressing both vortex
shedding and structural vibration. Furthermore, the input energy required by the two-element
schemes is minimum. The results are ascribed to its feedback signals, which reflect the
interactions between fluid and structure. Among all schemes, u+Y_Control performs best,
resulting in a reduction by 71% in Y, 65% in ey, 63% in u2, 85% in G and 30% in CD,
compared with their uncontrolled counterparts.
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