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Abstract

This work proposes a closed-loop control of vortex-induced vibrations on a flexibly supported square cylinder. One side
of the cylinder was perturbed using actuators, which were controlled by a proportional-integral-derivative controller with its
feedback signal provided by a hot wire placed in the near wake. The particle image velocimetry, hot wire and laser viborometer
measurements indicate that the perturbation has completely modified the fluid—structure interaction, drastically impairing the
resonance between vortex shedding and vortex-induced structural vibration. Compared with an open-loop control, the closed-
loop control has two advantages. Firstly, the perturbation amplitude required to suppress vortex shedding/structural vibration is
reduced by about 70%. Secondly, the closed-loop control always suppresses vortex shedding/structural vibration, while an open
loop may, or may not, depending on the relationship between the vortex shedding and perturbation frequencies.
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1. Introduction

Because of its engineering significance, the control of vortex-induced vibration on bluff bodies in a cross flow has attracted
a great deal of attention in the literature. The control can be passive or active. The former frequently relies on adding surface
protrusions, shrouds or near-wake stabilizers to the structures to modify vortex shedding [1], while the latter involves the input
of energies via activating elements called “actuators” to achieve the desired changes of a system. With the advent of new
functional materials and fast developing digital processing and control technology, active control has nowadays become a hot
research topic. An excellent review of previous work on active flow control can be found in Gad-el-Hak [2].

The active control may be an open or closed loop, depending on whether a feedback signal is deployed. Cheng et al. [3]
recently proposed a novel technique to control the synchronization of vortex shedding with vortex-induced structural vibration.
Piezoelectric ceramic actuators, embedded underneath the surface of a square cylinder, were used to create a local perturbation
on the surface of the cylinder. This perturbation, without a feedback signal, was apparently an open-loop control and was found
to be very effective in suppressing vortex shedding and structural vibration when the actuating signal was properly tuned in
terms of frequency. However, the open-loop control suffers from a number of drawbacks. First, the perturbation amplitude of
the actuators had to be reasonably large, about 2.8% of the square cylinder height or 25% of the vibration amplitude of the
cylinder. Second, the perturbation frequency must be in a certain small range to achieve the best performance. A slight change
in the perturbation frequency could result in a deteriorated performance or even opposite to the desired effect.

It is of interest to investigate whether the above problems associated with an open-loop control can be resolved using a
closed-loop control system. The closed-loop control has been attempted in the past based on different actuation mechanisms.
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A compendium of recent papers on the control of flow-induced structural vibrations as well as flows can be found in Cheng
etal. [3]. Various techniques have been investigated, including oscillating cylinders [4—6], acoustic excitations [7—9] and surface
bleeding [10]. While most of previous investigations focused on the flow control, Baz et al. [11] attempted to use electromagnetic
actuators to control cylinder vibrations, where flow was considered to be a disturbance rather than a control target. In contrast,
Cheng et al. [3] was an attempt to modify the interactions between synchronizing vortex shedding and structural vibration.

This work proposes a closed-loop control system and aims to overcome the drawbacks of Cheng et al.'s open-loop control
system. To this end, a proportional-integral-derivative (PID) controller was used with the feedback signal provided by a hot
wire placed in the near wake. The control performance was assessed based on particle image velocimetry (PIV), hot wire and
laser vibrometer measurements.

2. Experimental conditions

Experiments were carried out in a closed circuit wind tunnel with a square test section o&0066m, which is 2.4 m long.
The free-stream turbulence intensity is less than 0.4%. Readers are referred to Zhou et al. [12] for more details of the tunnel. The
test cylinder was the same as used in [3]. A square cylinder of hkight5.2 mm, flexibly supported on springs at both ends,
was placed 0.2 m downstream of the exit plane of the contraction and allowed to vibrate laterally (Fig. 1). Measurements were
conducted at a free-stream velocltis, = 3.58 ms~L, when the resonance occurred, that is, the vortex shedding frequency,
fs, synchronized with the natural frequengy, (=30 Hz), of the cylinder system. The corresponding Reynolds nurfieer,
(=Uosoh /v, wherev is the kinematic viscosity), was 3500, and the maximum oscillating displacement of cylifages, was
about 1.2 mm, or 0.08

The upper side, parallel to the flow, of the cylinder was made of a thin plastic plate (138 #88 mm, 23 of the cylinder
length) of 3 mm thickness, which was installed symmetrically about the mid span of the cylinder and flush with the rest of the
cylinder surface. Three curved piezoelectric ceramic actuators were embedded in series in a slot underneath the plate. When
placed within an electric field, the piezoelectric effect results in a strain in material. Under an applied voltage, the actuator
deforms out of plane, and the thin plate moves up and down, giving the desired surface perturbation. More details about the
installation and characteristics of the actuators can be found in [3].

The structural displacement;, was measured using a Polytec 3000 Dual Channel Laser vibrometer at a point on the
unperturbed part of the cylinder surface. TwquB Tungsten hot wires, operated on a constant temperature anemometer at
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Fig. 1. Experimental setup.
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an overheat ratio of 1.8, were used to monitor the streamwise velocity fluctuatioBse hot wire, placed at/# = 1.6 and
y/h = —2.5, acted as a sensor providing a feedback signal to the controller, and the other was pidéed atandy/h = 1.5
to monitor the velocity fluctuation. Here,andy are the downstream and lateral distance from the cylinder center (Fig. 1). The
location of the sensor hot wire certainly affects the control performance. In the present case, the sensor hot wire is located within
the turbulent near-wake region & 3i) behind the cylinder, where vortices are highly coherent. The feedback signal was low-
pass filtered at 200 Hz and digitized using a 16 bit AD converter, and then sent to a PID controller. The control signal generated
by the controller was amplified by a piezo driver amplifier (Trek PZD 700) to activate the actuators. Both laser vibrometer and
hot wire signals were conditioned and digitized using a 12-bit AD board at a sampling frequency of 3.5 kHz per channel. The
duration of each record was about 20 s.

The flow field was measured using a DANTEC particle image velocimetry (PI1V) system. The flow images were taken by
a CCD camera (HiSense type 13, gaind, double frames, 128Q 1024 pixels) and the illumination was given by two New
wave standard pulsed laser sources of a wavelength of 532 nm, each having a maximum energy output of 120 mJ. A Dantec
FlowMap Processor (PIV2100 type) was used to synchronize image taking and illumination. A wide-angle lens was used so
that each image covered an area of 155 mrd40 mm of the flow field, i.ex/h ~ 0.6-10.8 andy/ h ~ —4.8—4.4.

3. PID controller and parameter tuning

The PID control is a relatively matured technique, which has been applied in a wide range of areas such as process control,
motor drives and flight control, etc. The output of the controller is proportional to the input, its integral and its derivative. Each
combination of the three quantities results in one control strategy. Consequently, we may have P control, PI control and PID
control, etc. In the most generic case, a PID controller involves optimally setting three proportionalities, referred to as the gains
of the controller. Presently a PID controller was developed and implemented on an open source software platform dSPACE. The
dSPACE system is a commercial package including real-time systems for rapid control prototyping, production code generation,
and hardware-in-the-loop test functions. It can significantly simplify the development processes of the controller. A digital
signal processor (DSP) with the SIMULINK function of MATLAB and software (ControlDesk 2.0) was used for sampling and
processing the feedback signal. The PID controller was designed to minimize simultaneously the cylinder vibyatiaiu(
by manually adjusting proportional gai®), integral gain {,,) and differential gainD,,).

Parameter tuning started with,. Fig. 2(a) shows the dependence Bpof the root-mean-square vallgms of measured
Y andurms of u. For P, < 2, bothYyms andurms exhibit large oscillations, suggesting insufficient feedback control to break
the synchronizing vortex shedding and structural vibrationPAdncreases from 2 to 5.6, botfyms andurms decline steadily,
reaching the minimum ap, = 3.5. A further increase inP, beyond 5.6 leads to an increasiliighs and urms, reaching a
maximum atP, ~ 7 (not shown), which is twice the value B} = 3.5. The observation conforms to Ziegler—Nichols rules [13].

A combined P and | control, i.e., a Pl controller, may suppress the steady-state error but can cause a larger transient overshoot,
resulting in the possible deterioration of a dynamic response in any unsteady situations [14]. The addition of a derivative term
to the PI controller, i.e., a PID controller, provides an acceptable error reduction along with acceptable stabilitf, Wass,
introduced whileP,, was maintained at 3.5 (Fig. 2(b}ms andurms display a relatively small dependence Gn Evidently, an
optimal control performance was obtainedat= 0.2. Adding the D control showed a modest effect on the control performance
(Fig. 2(c)); an optimalD,, seems to occur at 0.0001 féy, = 3.5 andf, =0.2.

It is evident thatP, plays a predominant role in the present PID control scheme. This is reasonable. Before perturbation,
vortex shedding and structural vibration are synchronized, implying a strong correlation betweearte” signals [3].

P control ensures that the control action is proportional to the feedback signal, tleus physically implying a change in

the system damping. The synchronizing vortex shedding and structural vibration system at resonance is surely very sensitive
to any damping change in the system. On the other hand, the control action is proportional to displacement in | control and
to acceleration in D control. The former affects stiffness, while the latter modifies mass. Both result in a slight change in the
natural frequency of the fluid-cylinder system. For a bluff body with fixed flow separation points, however, the synchronizing
vortex shedding and induced structural vibration are strongly coupled within a certain frequency range [15]; a slight change in
the system natural frequency is unlikely to bring about any considerable effect.

When the optimal parameters, i.€,, = 3.5, I, = 0.2, D,, = 0.0001, were used;yms andurms were attenuated by 53% and
32%, respectively, compared with the case without perturbation.

4. Performance of the closed-loop control and discussions

Fig. 3 compares the iso-contours of the normalized spanwise vortigit; w; 1/ Uso, from the PIV measurement for four
different cases: unperturbed flow, perturbed flow (open-loop control) at a perturbation freqf;}eacyfph/uoo =0.1 and
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Fig. 2. Dependence dfrms/h andurms/ Usc ON proportional gain &), integral gain {,,) and derivative gain,) of the PID controller.
(a) The P control/, = D, = 0; (b) the PI control,P, = 3.5, D,, = 0; (c) the PID control,P, = 3.5, I,, = 0.2. The feedback and monitoring
hot wires were located at/h = 1.6, y/h = —25 andx/h =2, y/h = 1.5, respectively.
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Fig. 3. The iso-contour of spanwise vorticity} = w;h/Ux from the PIV measurements: (a) unperturbed; (b) open-loop perturbation,
fp* =0.1; (c) open-loop perturbatiory{p* =0.13; (d) closed-loop control?, = 3.5, 1, = 0.2, D, = 0.0001.

at f;,* = fF = f/* =0.13, the closed-loop controlled flow, respectively. Unless otherwise stated, the optimal parameters, i.e.,
P, =35, 1, =02 and D, = 0.0001, were used in the closed-loop control. The PIV vorticity contours presented here are
instantaneous rather than phase averaged. The uncertainty of the vorticity measurement was estimated to be about 9%. The
solid square in each figure indicates the cylinder position.

Without perturbation, vortex shedding synchronizes with the structural oscillation and the vorticity contours display the
familiar Karman vortex street (Fig. 3(a)). Once perturbecjf;tz 0.1, the vortex street appears to break up and becomes
significantly impaired (Fig. 3(b)). The vortex circulatiofrY can be estimated by

r AA
@=Z(w?)i/‘?~ (1)
0]

In (1) (w7);; is spanwise vorticity over areAA = AxAy, whereAx and Ay are the integral step alongandy directions,
respectively. The cutoff leveb},.| was 0.3, about 7% of the maximum leveb} 44, of }, as used by Brian [16]. Th&
decrease was up to 49%, compared with the unperturbed flow. This is the best performance in suppressing the vortex street
and structural vibration ag;* varies from 0 to 0.11. Alf¥ = f;* = f,* = 0.13, however, the perturbed vortices (Fig. 3(c))
were greatly enhanced, with the maximush jumping by 38% and d" doubling that of the unperturbed flow. On the other
hand, the structural oscillating amplitude climbs by 117%. Evidently, the control effect depends on the perturbation frequency.
Furthermore, in the open-loop control, a relatively large perturbation amplitude is necessary for modifying the flow effectively;
this amplitude was presently about 2.8%r 25% of the cylinder oscillation amplitude.
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Fig. 4. Power spectra of structural vibratign(a) and fluctuating flow velocity (b) with and without closed-loop control. The feedback and
monitoring hot wires were located &f h = 1.6, y/h = —2.5 andx/h =2, y/h = 1.5, respectively.

In the case of the closed-loop control, the Karman vortex street (Fig. 3(d)) again appears to break up. The maximum vorticity
drops by 41%," reduces by 34%, and the structural oscillating amplitude declines by 53%, compared with the unperturbed
flow. The performance is similar to the case of the best performed open-loop conyfpl:ao.l (Fig. 3(b)). The required
perturbation amplitude was, however, only 0% 8% of the cylinder oscillation amplitude, that is, one third of the amplitude
(or control voltage on the actuators) required by the open-loop control.

It is of interest to understand how the closed-loop control modifies the fluid—structure interactions, which may provide
insight into the physics behind the greatly weakened cylinder oscillation and vortex street. Fig. 4 presents the power spectra,
Ey andE,, of Y andu, both normalized so thz;yﬁ)oo Eq(f)df =1, wherex represents eithe¥ or u. Without perturbation,
both Ey and E, display a pronounced peak @ = 0.13, coinciding with the frequency of vortex shedding from a square
cylinder [17-19]. The second and even the third harmonic peaks are also evigéntdt 26 and 0.39, respectively. Once the
closed-loop control is applied, the pronounced peak in Btrand E,, at f;* falls off sharply by 57% and 44%, respectively.
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Meanwhile, the peaks at higher-order harmonics are also attenuated, conforming to the observation from the PIV measurements
that the vortex street is by and large destroyed due to the perturbation (Fig. 3(d)).

The interrelationship between the fluid and structure interactions may be provided by examining the spectral phase shift
(¢yu) betweenY and u (Fig. 5), defined bypy, = tan_l(QYu/CoYu), where Cg, and Qy, are the cospectrum and
quadrature spectrum af andu, respectively. The spectra were computed from a fast Fourier transform scheme as used by
Zhang et al. [20]. For the unperturbed flogy,, is about zero over a small range of frequencies arofifid= f;* = 0.13.
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As discussed in detail in [3ppy, may in effect represent the phase relation between the lateral velocitf,the flow and

the structural oscillating velocity, that is,¢y, = 0 corresponds to the synchronizing movement between vortex shedding
and structural oscillation. Expectedly, the spectral coherencey,p@f(CO% + Q%u)/EYEu, which provides a measure of
correlation betweeir andu, displays a pronounced peak &t = f;*, amounting to 0.66 (Fig. 6(a)).

For the open-loop perturbation ﬁ; = 0.13, the synchronizing movement is enhanced, as indicated by the expanded zero-
phase frequency range. The corresponding,Gatiimbs to 0.90 aff* = 0.13 (Fig. 6(b)). For bluff bodies with fixed separation
points, Gowda [15] reported that the synchronization or lock-in between vortex shedding and its induced vibration began at
fs = 0.8f;, and ended af; ~ 2f;, corresponding to a present frequency rangg bt 0.11-0.26. The zero-phase frequency
at f[’,‘ = 0.13 ranges betweepi* = 0.12 and 0.24, almost coinciding with the possible lock-in range reported by Gowda.
Once the perturbation frequency of an open-loop perturbation does not fall in this lock-in range, the synchronizing movement
between vortex shedding and structural oscillation may be altered; for example, the open-loop perturhfgti@r@al resulted
in ¢y, ~ 7 in a narrow range centered At = 0.13 (see Fig. 17 in [3]).

In the closed-loop control casey, (Fig. 5) changes from 0 to about over a wide frequency range g¢f* = 0.10 to
0.21, implying that the structural and fluid motions are now in anti-phase. The interrelationship betaretyi changes from
reinforcing each other to acting against each other. As a result, the correlation between vortex shedding and structural motion
is drastically reduced, as evidenced by the declining maximumygéh0.24 atf* = f.* (Fig. 6(c)), and both the structural
vibration amplitude and vortex strength are greatly reduced (Figs. 2-4).

5. Conclusions

This paper presents an attempt to control vortex shedding and vortex-induced vibration on a square cylinder in cross flow
using the closed-loop PID controller. The investigation leads to the following conclusions.

1. Among three gains used in the PID controller, P control, which physically adds damping to the fluid—structure system,
is shown to be most effective, compared with | and D controls, which physically influence the stiffness and mass of the
system, respectively.

2. The closed-loop PID control has successfully altered the nature of coupling between the synchronizing vortex shedding and
vortex-induced structural oscillation, thus suppressing both vortex shedding and structural vibration. In contrast, the open-
loop control of the present surface perturbation technigue can only suppress vortex shedding or vortex-induced vibration
provided that the perturbation frequency does not fall within the synchronization range of vortex shedding and structural
oscillation.

3. The closed-loop control requires a minimum perturbation amplitude, about one third of that required by the open-loop
control given the same surface perturbation technique, making it possible to develop a more compact, self-contained and
low energy control system.
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