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Abstract. Control of fluid-structure interactions has been extensively investigated in the past. Various
techniques have been developed, including passive control techniques such as changing structural geome-
tries, adding grooves, shrouds or near-wake stabilizers to structures and active control techniques such as
acoustic excitation, oscillating or rotating structures and surface bleeding. A novel surface perturbation
technique has emerged recently, which has been successfully applied to control flow, flow-induced vibra-
tion and noise. In this article, we summarize this technique, major applications, control performances,
and possible physical mechanisms responsible for flow modification, drag reduction, controlling fluctu-
ating forces/structural vibrations, and noise control.
Keywords. Perturbation-based control technique, active control, fluid-structure interaction, vortex shed-
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1 Introduction
A uniform cross flow over a bluff body forms the boundary layer around the body.
The boundary layer may separate alternately from either side of the body, form-
ing an alternate Kámán vortex street, when the Reynolds number Re (≡ U∞h/ν,
where U∞ is the free-stream velocity; h the characteristic height of a structure and
ν the kinematic viscosity of the fluid) exceeds a critical value [1]. Vortex shedding
alternately from the two sides of the body produces a fluctuating pressure on the
body, subsequently giving rise to excitation forces and causing the structure to vi-
brate. The structural motion in turn influences the flow field, resulting in a highly
nonlinear fluid-structure coupling [2, 3]. Vortex shedding is also responsible for
noise generation in case the kinetic energies of vortical motions are converted into
the acoustic wave involving the longitudinal oscillation of fluid particles [4]. Flow-
induced vibration may affect the fatigue life of engineering structures (e.g. off-shore
structures, high-rise buildings, cable-stayed bridges, and fluid machinery) and even
lead to structural damages and serious accidents, and have become one of major
concerns in many applications. Therefore, the control of flow and its induced struc-
tural vibration has attracted the interests of many researchers for many years.
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A variety of control techniques have been developed in the past, which can be
roughly classified as passive and active controls. The former, requiring no exter-
nal energy, often takes effect on flow by changing structural geometries, adding
grooves, shrouds or near-wake stabilizers to structures [5, 6]. The later involves
energy input via the use of actuators to bring about desirable changes to the fluid-
structure system using either an independent external disturbance, i.e. the open-loop
control, or a feedback system, i.e. the closed-loop control. Most of previous active
control techniques aim at controlling vortex shedding. Blevins [7] explored the in-
fluence of a transverse sound wave on vortex shedding from cylinders at Re from
20000 to 40000. The acoustic wave was emitted from two loudspeakers mounted on
the two sides of a wind tunnel test section. It was found that the sound introduced
could increase the coherence of vortices along the cylinder axis and cause vortex
shedding to be locked on with the excitation acoustic wave. Inspired by this idea,
Roussopoulos [8] and Ffowcs-Williams and Zhao [9] used a closed-loop method
with the feedback signal from a hot wire to drive loudspeakers. The acoustic ex-
citation from the loudspeakers suppressed vortex shedding from a cylinder at Re
= 120 and 400, respectively. Another approach is to control the rollup motion of
shear layers separated from a cylinder by oscillating or rotating the cylinder. Using
this technique, Warui and Fujisawa [10] and Tokumaru and Dimotakis [11] effec-
tively reduced the vortex strength using the electromagnetic actuators, controlled
by a feedback signal from a hot wire placed in the wake (Re ≈ 104), installed at
both ends of a circular cylinder to create a cylinder motion. William et al [12]
developed a surface bleeding technique. By means of blowing and sucking flow
through the holes or slots on the surface of cylinders, both symmetrical and anti-
symmetrical forcing was introduced into a water flow (Re = 470) at a frequency of
about twice the vortex shedding frequency ( fs) through two rows of holes located
at ±45◦, respectively, away from the forward stagnation line of the cylinder. They
managed to modify fs and the vortex structure. Baz and Kim [13] and Tani et al
[14] used piezo-ceramic actuators installed inside a cantilevered cylinder to exert a
force on the cylinder. The actuators were excited by a feedback signal measured
from the structural vibration, thus increasing the damping of the cylinder and effec-
tively reducing the structural vibration at the occurrence of resonance (Re = 17160
∼ 26555), when fs coincided with the natural frequency, f ′n , of the flow-structure
system.

Cheng et al [15] proposed a new technique by creating a local perturbation on
one surface of a bluff body immersed in a cross flow using piezo-ceramic actua-
tors. They demonstrated that this perturbation, referred to hereinafter as the surface-
perturbation-based control, could alter the fluid-structure interactions, suppressing
(or enhancing) vortex shedding or flow-induced structural vibration or both of the
two elements, and even reducing noise. Both open- and closed-loop control have
been investigated. In this review, we will focus on this technique and its devel-
opment, summarizing the technique itself, applications, performances and physical
mechanisms. To this end, the perturbation-based control technique was first intro-
duced. Then earlier works on the perturbed fluid-structure interaction on a cylinder,
with various stiffness and boundary conditions, were discussed. Based on the dis-
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cussion of the perturbation-flow-structure interaction, the control mechanism of the
perturbation-based control technique was analyzed.

2 Perturbation-based control technique

Steady flow incident on bluff bodies is usually unstable and develops into an un-
steady Kámán vortex street. Due to the wake instability, this Kámán vortex street is
unstable and depends on its infant form [16]. On the other hand, local perturbation
to the flow, when small enough to comply with the linear theory but large relatively
to the early wake instability, may grow exponentially [17]. Thus, small local per-
turbations to the flow may exert significant influence on the unsteady vortices. Al-
though the physics involved is not fully understood, there are strong evidences that
weak perturbations can influence vortex shedding in the highly non-linear unsteady
wake, and this influence can sometimes be dramatic. There have been reports on
vortex shedding control via small local perturbation [12, 18, 19]. Den Hartog [20]
and Parker [21] introduced small local perturbation to flow by oscillating cylinder
transversely and emitting acoustic waves inside the cylinder, respectively. By doing
so, they both discovered the enhancement of vortex shedding. The fact that vor-
tex shedding is sensitive to local perturbation may naturally have an impact upon
vortex-induced structural vibration since the former is the excitation source of the
later. This necessarily results in the alteration of fluid-structure interaction. From
another point of view, if an appropriate local perturbation on the structural surface
is created to modify the fluid-structure interaction, both vortex shedding and its
induced vibration may be controlled simultaneously. Based on this idea, a surface-
perturbation-based control technique was developed and local perturbation imposed
on the structural surface was exerted using a new type of advanced piezo-ceramic
actuators, called THUNDER (THin layer composite UNimorph piezoelectric Driver
and sEnsoR).

THUNDER was developed by NASA Langley Research Center in 1996. To our
knowledge, this actuator has so far been used for vibration isolation [22], aeroelas-
tic response control [23] and active noise control [24]. Due to a special fabrication
process [25], this type of actuators provides appealing features, such as a displace-
ment larger than conventional piezo-ceramic actuators with acceptable load-bearing
capacity. THUNDER is a multi-layer composite in which individual materials with
different thermal expansion coefficients are layered on top of each other to form a
”sandwich”, comprising a metal base layer, a piezoelectric layer at the middle and an
aluminum foil on the top; an ultrahigh performance hot-melt adhesive, LaRCTM-
SI, is applied between the layers [Fig. 1(a)]. After several precise pressure and
temperature cycles, these layers are bonded together, resulting in a finished product
with the characteristics of bend or curvature [Fig. 1(b)]. Under an applied voltage,
the actuator deforms out of plane [Fig. 1(c)]. Specifically, the THUNDER actua-
tors presently used can vibrate at a maximum displacement of about 2 mm within a
frequency range up to 2 kHz in the absence of loading.

The embodiment of the actuators is schematically shown in Fig. 2(a). A square



152 M.M. Zhang, L. Cheng and Y. Zhou

Figure 1. Description of THUNDER actuators: (a) THUNDER construction; (b)
photo of THUNDER; (c) typical deformation vs. applied voltage.
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Figure 2. Embodiment of the perturbation-based control technique: (a) schematic
of mechanical configuration; (b) schematic of control system.
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test cylinder is used. One thin plate, flush with one cylinder surface, is activated and
controlled by a plurality of actuators embedded underneath to oscillate orthogonally
to the flow, thus producing a local perturbation to fluid-structure interactions.

It is important that the thin plate should oscillate along with the THUNDER
actuators. This was confirmed by tests. Firstly, the plastic plate was removed and the
actuators were excited using a sine wave with different frequencies ( fe) and voltages
(Ve), generated from a signal generator and amplified by a dual-channel piezo driver
amplifier. The displacement of one actuator (Ya) was measured, simultaneously with
the excitation signal, using a laser vibrometer. Two cases were examined. In case I,
with fe fixed at 30 Hz, the root mean square (rms) value of Ve, i.e. Ve,rms, was set
to be 42 volts, 64 volts, 85 volts, 106 volts, 127 volts and 141 volts, respectively.
In case II, with Ve,rms fixed at 141 volts, fe was set to be 20 Hz, 40 Hz, 50 Hz and
60 Hz, respectively. Ve,rms = 141 volts was the maximum permissible excitation
voltage of the actuator. Since the present working frequency of the actuator was
less than 60 Hz, experiments were only conducted using a low excitation frequency.
Due to space limitation, figure 3(a) only shows the typical time histories of Ya and
excitation signal when fe and Ve,rms are set to be 30 Hz and 127 volts and 50 Hz and
141 volts. Evidently, irrespective of fe and Ve,rms, Ya and excitation signals have
similar waveform and are almost in-phased, implying that the phase relationship
between the displacements of the plate (Yp) and Ya can be approximately thought to
be that between Yp and the excitation signal.

Secondly, the plastic plate was placed on the top of the actuators. Three lo-
cations on the surface of the plate at an interval of 164 mm, which was 1/3 of
the plate length, were selected and the corresponding displacement of the plate Yp

was measured using the laser vibrometer, again simultaneously with the excitation
signal. The same two cases were examined. Figure 3(b) show the typical time his-
tories of Yp and the excitation signal, corresponding to the three locations, when
fe and Ve,rms was set to be 50 Hz and 141 volts, respectively. Evidently, irrespec-
tive of Ve,rms and fe, the waveforms of Yp at each location and the corresponding
excitation signal are very similar. Furthermore, the phase shift between Yp and the
corresponding excitation signal is almost the same at the three locations exists given
the same fe and Ve,rms, as confirmed by measuring the time difference between the
wave crest for each signal. The magnitude and waveform of Yp and Ya are also the
same (Fig. 3). Therefore, two conclusions can be drawn. (1) The movement of
the plate is approximately to be uniform along the spanwise direction, suggesting
the two-dimensionality of the perturbation. (2) There is a phase shift between the
movement of the plate and the actuators, though the control performances should
not be adversely affected. In an open-loop scheme, the control was not related to
phase. In a closed-loop case, the control was executed by tuning the amplitude ratio
and the phase shift between output and input of the controller, leading to the phase
shift to be corrected.

An external control system is needed to control the motion of the actuators. Both
open- and closed-loop control methods are deployed, as indicated schematically in
Fig. 2(b). For the open-loop method, the actuators are simultaneously activated
by a signal with controllable frequency and voltage, i.e. the perturbation frequency
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Figure 3. Typical time histories of actuator displacement signal Ya, perturbation dis-
placement signal Yp and the corresponding excitation signal under differ-
ent excitation frequency fe and root mean square value of excitation volt-
age Ve,rms: (a) the perturbation surface was removed; (b) the perturbation
surface was replaced.
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fp and perturbation voltage, generated by a signal generator. For the closed-loop
scheme, they are activated by feedback signals from a system. The feedback con-
trol system may take the instantaneous signals from the individual lateral structural
vibration Y or streamwise flow velocity u, or the combined Y and u for feedback sig-
nals, referred to as one-element and two-element control schemes, respectively. The
structural vibration and the flow velocity may be measured using a laser vibrometer
and a single hot wire, respectively. After being amplified, the feedback signals are
filtered and then sampled into a controller based on a dSPACE control platform for
real-time data processing. The output signals of the controller are filtered and am-
plified again before being used to drive the THUNDER actuators. For each control
scheme, the aim is to effectively control flow or structural vibration or both, which
was achieved by tuning the parameters of the controller. Each tuning process finally
led to an optimal configuration with corresponding optimal parameters.

3 Applications

3.1 Control of One-degree-of-freedom Flow-induced Vibration

The perturbation-based control technique was first applied to the open-loop control
of a resonant fluid-structure system, where the vortex shedding frequency was syn-
chronized with the natural frequency, f ′n , of an oscillating square cylinder [15]. The
choice of this case study was because, under resonance, flow-induced vibration will
be greatly enhanced, causing serious problems and even structural damages. The
cylinder, flexibly supported at both ends, was allowed to vibrate only in the lift di-
rection. Three actuators were embedded underneath one side, parallel to the flow, of
the cylinder. They were simultaneously activated by a sinusoidal wave, thus forcing
the cylinder surface to oscillate. As the normalized perturbation frequency f ∗p (as-
terisk denotes the normalization of fp by the cylinder height, h, and the free-stream
velocity, U∞) was outside the possible synchronization range (0.8 fs ∼ 2 fs) [26],
i.e. f ∗p = 0.11 ∼ 0.26, structural vibration (Y), vortex circulation (Γ) and mean drag
coefficient (CD) were reduced by up to 75%, 50% and 21%, especially at f ∗p = 0.1.
On the other hand, as f ∗p fell within the synchronization range, both Γ and CD were
increased; at f ∗p = 0.13, Γ was doubled and CD grew by 35%.

The open-loop control suffered from two major drawbacks. First, the effective
frequency range to achieve the desired performance was relatively narrow. Sec-
ond, the energy required to drive the actuators was rather high. To resolve the
problems, the closed-loop control method was introduced [27]. Two one-element
control schemes and one two-element control scheme were deployed. The feedback
signal of the former was either structural vibration Y (Y control scheme) or fluctu-
ating flow velocity u (u control scheme) and that of the latter was a combination of
Y and u (u + Y control scheme). The Y control scheme or u control scheme did not
necessarily perform better than the open-loop control. However, the u + Y control
led to almost completely destroying the Kámán vortex street and a 82% reduction
in Y , 65% in Γ and 35% in CD, greatly outperforming the open-loop control. This
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Figure 4. Control effect on structural vibration Y (a) and flow (b) when the control
of fluid-structure interaction on a flexible supported rigid cylinder was
investigated.
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Figure 5. Effect of open- and closed-loop control on fluid-structure system damping
ratios, ζe. The dash line denotes the structural damping ratio ζs measured
without flow.

is illustrated by a comparison between the open-loop control ( f ∗p = 0.1) and the
u + Y control in terms of the control effect on structural vibration [Fig. 4(a)] and
flow [Fig. 4(b)]. The observation suggests that the proper choice of the feedback
signal is crucial. It should be mentioned that the decreased Y was attributed to the
modification of the fluid-structure system damping ratio ζe, defined as the sum of
structural damping (ζs) and fluid damping (ζ f ). Figure 5 presents ζe under differ-
ent control schemes, calculated using an auto-regressive moving average (ARMA)
technique from time series of Y [28]. The ARMA model with an order of 190 and
70000 data points were used for calculation. Without perturbation, vortex shedding
synchronizes with structural vibration, and ζe was less than ζs, albeit slightly, sug-
gesting a negative ζ f since ζe = ζ f + ζs. The negative ζ f simply means that vortex
shedding enhances the structural vibration. For the open-loop control, ζe increases
by 163.2%, compared with the unperturbed. Similarly, the closed-loop control us-
ing the Y control, u control and u + Y control leads to an increase in ζe by 37.9%,
97.7% and 271.4%, respectively, resulting in effective reduction in Y .

3.2 Control of Multiple-degree-of-freedom Flow-induced Vibra-
tion

The perturbation-based control technique was applied to control the fluid-structure
interaction on a multi-freedom flexible structure. Closed-loop control of vortex and
its induced vibration on a flexible square cylinder with fix supports at both ends
were performed under resonance [29] and non-resonance conditions [30], respec-
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tively. Five control schemes were investigated based on the feedback signals from
either individual or combined responses of structural vibration (Y or dynamic strain
εy in the lift direction) and u. Under resonance, fs coincided with the first-mode
natural frequency of the fluid-structure system. Experimental results showed that,
irrespective of the control schemes, not only the first mode but also the higher-order
mode oscillations were effectively attenuated. The best performance was achieved
using the u + Y control scheme, which almost completely destroyed vortex shed-
ding, resulting in an 85% reduction in Γ and a 65% reduction in the amplitude of Y .
Similar control effects were also observed for the non-resonant case.

3.3 Control of Blade-vortex Interaction

The perturbation-based control technique has been applied to modify the blade-
vortex interaction (BVI) and to suppress the BVI noises commonly occurring in
rotorcrafts, such as helicopters, turbo-machines and fans. This kind of noise is
believed to be induced by an unsteady flow pressure during the process of the inter-
action between incident vortices and the leading edge of a hard-surfaced body such
as an airfoil [31-33]. Considering the difficulty in directly measuring the BVI noise,
the origin of the noise, i.e. the fluctuating flow pressure p at the leading edge of the
body, was used as the control target [34]. A circular cylinder was used as the vortex
generator. A NACA0012 airfoil was placed downstream with an angle of attack of
0o. Piezo-ceramic actuators were installed near the leading edge of the airfoil. Two
closed-loop control schemes were examined, which deployed p and flow velocity
u near the airfoil leading edge as the feedback signal, respectively. Experimental
results indicated that the control scheme based on u led to 40% impairment in Γ of
the oncoming vortices and a simultaneous reduction in p by 39%, outperforming
the control scheme based on p.

The overall performances of the open- and closed-loop control schemes in var-
ious control cases are summarized and compared in Tables 1-3. Note that the input
energy E, approximately given by E = 2π fsCV2

p [35], to the actuators is a good
criterion for quantifying the control efficiency of various control schemes. Here C
and Vp stand for the total capacitance of the actuators and the perturbation volt-
age exerted on the actuators, respectively. Obviously, all the results unequivocally
demonstrate the effectiveness of the perturbation-based control on controlling the
fluid-structure interaction on a cylinder. Among one-element schemes, the one us-
ing the feedback signal reflecting the excitation origin of fluid-structure interaction
has better control performances. Furthermore, two-element control schemes, de-
spite smaller E, outperform one-element control schemes and also the optimal open-
loop control scheme, indicating the superiority of the two-element control scheme
over others in terms of both control performances and efficiency.
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Variables Open-loop
f ∗p = 0.1

u control Y control u+Y control

Yrms 75% ↓ 53% ↓ 40% ↓ 82% ↓
urms 68% ↓ 32% ↓ 17% ↓ 70% ↓
Γ 50% ↓ 34% ↓ 22% ↓ 65% ↓

CD 21% ↓ 35% ↓
E(J) 0.34 0.038 0.12 0.012

Table 1: Control performances of various control schemes when fluid-structure in-
teraction on a flexible supported rigid cylinder is investigated.

4 Physical Mechanisms

Insight may be gained into the underlying physical mechanisms of the perturbation-
based control by examining how the perturbation, flow and structure interact with
each other. To this end, the effect of the perturbation on the flow was investigated.
In order to separate the perturbation motion from that of cylinders, the closed-loop
control of a stationary cylinder wake was conducted [36]. Figure 6 shows the varia-
tion of a typical spectral phase φYpu2 between the perturbation displacement Yp and
the streamwise flow velocity u2, measured at a location where the main character-
istics of vortex shedding may be reflected. The spectral phase between signals α1
and α2 is defined as φα1α2 ≡ arctan Qα1α2/Coα1α2 and calculated using a Fast Fourier
Transform (FFT) method [37], where Qα1α2 and Coα1α2 stand for the cospectrum
and quadrature spectrum, respectively. Obviously, the control results in a φYpu2 of
either about zero over a very large frequency range or -π over a small range of fre-
quencies around f ∗s . As demonstrated in Zhang et al [36], φYpu2 is equivalent to
the phase shift between the velocity (Ẏp) of the perturbation surface and the lateral
velocity component (v) of flow around the structure. Therefore, φYpu2 = 0 means in-
phased Ẏp and v, which promotes the roll-up motion of vortices and subsequently
the vortex strength. On the other hand, φYpu2 = -π at f ∗s means anti-phased Ẏp and
v which is associated with vortex shedding, that is, the surface perturbation created
by actuators clashes with the flow in the lateral direction. The opposite or collided
movement between Ẏp and v is responsible for the greatly impaired vortex strength
behind the cylinder [Fig. 4(b)].

From a different perspective, φYpu2 also roughly represents the phase relation be-
tween the two components of the force F′y of structure acting on flow in the lateral
direction [36], i.e. the unperturbed component F′y,u, due to the structural surface
without perturbation, and the perturbation component F′y,p, due to the local surface
perturbation activated by the actuators. The three force vectors satisfy the relation
F′y = F′y,u + F′y,p. Thus, φYpu2 = 0 (the enhanced vortex strength case) corresponds
to in-phased F′y,u and F′y,p, leading to an increase in F′y. On the other hand, φYpu2 =

-π (the impaired vortex strength case) corresponds to anti-phased F′y,u and F′y,p, re-
sulting in a decrease in F′y. This provides a physical explanation about the alteration
in the vortex strength. In addition, results reported in [36] also showed that similar



Fluid-structure Interaction Control Based On Surface Perturbation 161

Variables u control εy control Y control u+εy control u+Y control

Yrms 24% ↓ 43% ↓ 47% ↓ 63% ↓ 71% ↓
εy,rms 25% ↓ 38% ↓ 40% ↓ 57% ↓ 65% ↓
urms 37% ↓ 29% ↓ 36% ↓ 54% ↓ 63% ↓
Γ 47% ↓ 48% ↓ 54% ↓ 74% ↓ 85% ↓

CD 30% ↓
E(J) 0.19 0.15 0.11 0.065 0.049

Table 2: Control performances of various control schemes when fluid-structure in-
teraction on a fix supported flexible cylinder is investigated under reso-
nance case.

Variables p control u control
urms 18% ↓ 21% ↓
Γ 31% ↓ 40% ↓

prms 30% ↓ 39% ↓
E(J) 0.037 0.016

Table 3: Control performances of various control schemes when blade-vortex inter-
action (BVI) on an airfoil is investigated .

control effects were obtained as Re varied within a range, suggesting the control
technique possessed a certain degree of adaptiveness and robustness.

The modified vortex strength by the perturbation effect will undoubtedly influ-
ence interactions between flow and structure since a coupled relationship between
them exists. As an example, the impaired case can be inferred from the spectral
phase φYu2 between Y and u2 with and without control (Fig. 7). Let us further exam-
ine φYu2 when the resonant fluid-structure interaction with a rigid cylinder flexibly
supported was perturbed. Note that the relationship between Y and u2 at f ∗s equiv-
alently describes that between Ẏ and v around the structure [15]. In the absence of
perturbation, φYu2 is zero over a range of frequencies about f ∗s , implying that the
unperturbed flow strongly synchronized with the oscillation of the cylinder. How-
ever, in case of the open-loop control ( f ∗p = 0.1) or the closed-loop control such as
the u + Y control, φYu2 is altered from 0 to -π over a range of frequencies around f ∗s ,
suggesting that the synchronizing relationship between flow and structure is signif-
icantly modified; the synchronized flow and structure now collided or acted against
each other, implying effectively impaired fluid-structure interaction. The spectral
coherence Cohα1α2 = (Co2

α1α2
+ Q2

α1α2
)/Eα1 Eα2 provides a measure of the degree of

correlation between the Fourier components of α1 and α2[37]. Under no control
condition, the peak in CohYu2 (Fig. 8) at f ∗s reaches about 0.66, suggesting a strong
correlation between flow and structure, but recedes by 77% under the open-loop
control and by 83% under the u + Y control; the coupled relationship between flow
and structure is remarkably weakened.
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Figure 6. Typical spectral phase φYpu2 between the perturbation displacement (Yp)
and the streamwise flow velocity (u2) under control.

Figure 7. Typical spectral phases φYu2 between the structural vibration (Y) and the
streamwise flow velocity (u2) reflecting fluid-structure interaction with
and without control.
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Figure 8. Typical spectral coherences CohYu2 between the structural vibration (Y)
and the streamwise flow velocity (u2) reflecting fluid-structure interaction
with and without control.

Based on the above analyses, an interpretation for the control mechanism of the
perturbation-based control is now proposed. Vortex-induced vibration originates
from fluid-structure interactions. The open- or closed-loop controlled perturbation
on the structural surface may modify the nature of the interaction between flow
and structure, either reinforcing or weakening each other, and acting to promote
or downgrade the strength of vortical flow nearby. Physically, this corresponds to
the enhancement and impairment of the force acting on the flow exerted by the
structure, respectively. The modified vortex strength has a profound impact upon
fluid-structure interactions.

The differences in the control performances of open- and closed-loop control
schemes are attributed to different control signals, which are used to drive actuators.
In the open loop, the perturbation signal is independent of flow, interactions between
the flow and the structure are sensitive to the frequency of f ∗p . Depending on whether
f ∗p is within or outside the synchronization range, the coupled fluid-structure inter-
action may be either enhanced or weakened. For the closed-loop control, the feed-
back signal is the control signal. The one-element control schemes use the signal
of either structural vibration or flow velocity for the feedback signal. Among the
choices of the feedback signals, the one containing the excitation source of fluid-
structure interactions has best performances. The feedback signal in one-element
schemes contains only part of the information of fluid-structure interactions. Con-
sequently, the control performance of one-element schemes is limited. On the other
hand, flow-structure interactions are well reflected in the feedback signal of the two-
element schemes. For example, the u + Y control utilizes a combination of flow and
structural vibration as the feedback signal, which reflects the interaction/coupling
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between flow and structural vibration. As a result, the two-element schemes ex-
hibit superiority over the one-element schemes in terms of control performance and
efficiency.

5 Summary
This paper reviews the recent progress made on the control of fluid-structure interac-
tion based on a novel surface-perturbation technique, summarizing the major issues,
including the implementation of the technique, different control schemes, control
performances, various applications and the underlying mechanism. The issues are
important in using this technique and expanding its use into new applications in the
future.
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