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This paper studies the control of two-dimensional vortex-induced vibrations (VIVs)
of a single circular cylinder at a Reynolds number of 100 using a novel windward-
suction-leeward-blowing (WSLB) concept. A lattice Boltzmann method based
numerical framework is adopted for this study. Both open-loop and closed-loop
controls are implemented. In the open-loop control, three types of actuation arrange-
ments, including the pure suction on the windward side of the cylinder, the pure blow-
ing on the leeward side, and the general WSLB on both sides, are implemented and
compared. It is found that the general WSLB is the most effective, whereas the pure
suction is the least effective. In the closed-loop control, the proportional (P), integral
(I), and proportional-integral (PI) control schemes are applied to adjust the WSLB
velocities according to the flow information obtained from a sensor. The effects of
four key control parameters including the proportional gain constant, the integral
gain constant, the length of data history used for the feedback, and the location of the
sensor are investigated. It is found that the use of only P control fails to completely
suppress the VIV, the use of only I control can achieve the complete suppression,
and the PI control performs the best in terms of both the control effectiveness and
efficiency. In the PI control, there exists an optimal length of data history for the
feedback, at which the VIV control is the most efficient. There also exist the minimum
required WSLB velocities for the VIV suppression, independent of the control
schemes. Moreover, it is found that the VIV control is independent of the sensor
location. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4947246]

I. INTRODUCTION

Flow past a bluff body can cause asymmetric vortex shedding when the Reynolds number ex-
ceeds a critical value, resulting in dynamic loading on the bluff body. If the bluff body is allowed
to move, vortex induced vibrations (VIVs) occur. Once the vortex shedding frequency matches the
body structure’s natural frequency, large-amplitude vibration happens, which may cause catastrophic
failures to the structure. Since various structures that are immersed in flows, such as airplanes, auto-
mobiles, and offshore structures, have been widely applied in engineering practice, it is desired to
explore effective and efficient VIV control methods to attenuate the asymmetric vortex shedding and
mitigate the resulting VIVs, so as to prevent the associated structures from being damaged.

Various VIV control methods are available, which can generally be classified into two ma-
jor categories: passive (no power input required) and active (power input required).1 Passive VIV
control is usually achieved through modifying the geometry of a bluff body. It does not require
energy input and hence is easy to implement. As such, it has been extensively used in various VIV
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controls.1–5 However, passive VIV control methods do not have the ability to provide on-demand
control, and usually they are only effective in a narrow operational range. By injecting a small
and tunable amount of energy into the ambient flow, active VIV control methods can perform
more adaptively and effectively. Numerous active methods have been applied to manipulate the
asymmetric wakes behind bluff bodies so as to attenuate the resulting VIVs, such as the mov-
ing surface boundary-layer control,6 plasma jets,7 flush-mounted piezoelectric actuators,8 synthetic
jets,9 pure suction,10 pure blowing,11 rotational oscillation,12 traveling wave wall,13 and electromag-
netic method.14 Recently, a novel flow control means, i.e., the windward-suction-leeward-blowing
(WSLB) concept, was proposed by Dong et al.15 for the VIV control. In this concept, the actuator
consists of a pair of suction slots at the windward side of the bluff body and a pair of blowing slots at
the leeward side. If the suction velocity matches the blowing velocity, the WSLB actuator works as
a zero net mass flux actuator, but produces non-zero momentum flux. In this case, it does not require
complex piping systems for mass delivery, making its implementation relatively easy.

Most of the past studies on active VIV control only focused on controlling the cross-flow VIVs,
i.e., one-dimensional VIVs. Two-dimensional (cross-flow and streamwise) VIVs, which are more
common in the real-world applications, was actively controlled in only a few studies.13,16 By using
the WSLB, Dong et al.15 controlled the one-dimensional VIV of a circular cylinder and found that
the wake instability was modified, which resulted in the attenuation of the lift fluctuations as well as
the cross-flow VIVs.

In this study, we extend the application of the WSLB concept to the control of two-dimensional
VIVs of a circular cylinder. The diameter-based Reynolds number is fixed at 100, at which the flow
is intrinsically two-dimensional.17 To facilitate this study, a lattice Boltzmann method (LBM) based
numerical framework is adopted. Both the open-loop (i.e., control input is independent of the flow
state) and the closed-loop (i.e., control input varies with the flow state) control schemes are imple-
mented. Although various advanced closed-loop control schemes have been used for VIV control,
such as the adaptive fuzzy sliding mode scheme16 and the adaptive least-mean-square scheme,18

three basic schemes are used in the present study, including the proportional (P), integral (I), and
proportional-integral (PI) control schemes. The performances of the WSLB in two-dimensional
VIV control under these control schemes are examined and compared.

II. PROBLEM DESCRIPTION AND METHODOLOGY

A. Problem description

As shown in Figure 1, a circular cylinder immersed in a uniform flow at a diameter-based
Reynolds number Re = 100 is connected with two identical springs, one in the x (streamwise)
direction and the other in the y (cross-flow) direction, so that it can move in the two-dimensional
space. The dynamics of this cylinder is governed by

mẍ + K x = FD, (1)
m ÿ + K y = FL, (2)

where m is the mass of the cylinder, K the spring stiffness, FD and FL the drag and lift forces experi-
enced by the cylinder, respectively. Nondimensionalizing these two governing equations gives

d2x∗

dt∗2r
+ *
,

4π2

U2
R

+
-

x∗ =
CD

2m∗
, (3)

d2y∗

dt∗2r
+ *
,

4π2

U2
R

+
-
y∗ =

CL

2m∗
, (4)

where x∗ = x/D, y∗ = y/D, t∗r = U∞t/D, D is the cylinder diameter, and U∞ is the freestream
velocity. m∗ is the mass ratio defined as

m∗ =
m

ρ0D2 , (5)
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FIG. 1. Schematic of a two-dimensional vibrating circular cylinder equipped with the WSLB actuator in a uniform flow.U∞
is the freestream velocity, D the cylinder diameter, and K the stiffness of the two springs. The two short blue line sections
represent the two suction slots at the windward side of the cylinder, and the two short red line sections represent the two
blowing slots at the leeward side. Point P located at (2.67D,0) is a sensor for the feedback control.

where ρ0 is the fluid density. UR is the reduced velocity defined as

UR =
U∞
fND

, (6)

where fN is the natural frequency of the present mass-spring system in vacuum in either the
streamwise or the cross-flow direction

fN =
1

2π


K
m
. (7)

CD and CL are the drag and lift coefficients, respectively, defined as

CD =
2FD

ρ0U2
∞D

, (8)

CL =
2FL

ρ0U2
∞D

. (9)

Note that in the present study m∗ and UR are fixed at 2 and 5, respectively, to ensure relatively large
vibrations of the cylinder, which however are difficult to suppress.12

To control the cylinder’s two-dimensional VIVs, a WSLB actuator is implemented on the surface
of the cylinder as shown in Figure 1. The actuator consists of a pair of suction slots at the windward
side of the cylinder (slot width d = πD/72, position angle γs = 110◦) and a pair of blowing slots at
the leeward side (slot width d = πD/72, position angle γb = 70◦). The suction and blowing velocities
relative to the moving cylinder are us and ub, respectively, both in the streamwise direction.

In the present study, the capability of the WSLB operating with both open-loop and closed-
loop control schemes in suppressing the cylinder’s two-dimensional VIVs is investigated. In the
open-loop control, two special cases, i.e., pure suction (i.e., us , 0 and ub = 0) and pure blowing
(i.e., us = 0 and ub , 0), are also examined and compared with the general WSLB (i.e., us = ub , 0)
control. In the closed-loop control, however, only the general WSLB is investigated. To facilitate the
closed-loop control, the P, I, and PI control schemes are applied, and the standard deviation of the y
velocity, σv, at a randomly selected sensor location P(2.67D,0) (see Figure 1) over a certain period
TSD is chosen as the feedback signal. Since the target value for σv at the steady state is 0, σv itself
represents the error between the actual value and the target value. As such, the relation between the
velocities (us and ub) and the feedback signal (σv) can be expressed as

us = ub = Kpσv(t) + Ki

 τ

0
σv(t) dτ, (10)
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where Kp is the proportional gain constant and Ki is the integral gain constant. Note that, instead of
the standard deviation of the x velocity or of the total velocity, the standard deviation of the y ve-
locity σv is chosen as the feedback signal because it is the best choice for the present underactuated
system. As will be revealed in Sec. III C 1, in some cases the use of the other two quantities as the
feedback signal may result in the amplification, instead of suppression, of VIVs.

B. Methodology

To facilitate this study, the incompressible D2Q9 MRT LBE model,19 i.e., two-dimensional
incompressible multiple-relaxation-time lattice Boltzmann equation model with nine discrete veloc-
ities, is employed to simulate the two-dimensional flow around the circular cylinder. The MRT
multi-block scheme proposed by Yu20 is applied to enhance computational efficiency while main-
taining sound accuracy. Besides, the overlap mesh combined with the interpolated half-way bounce
back scheme21 is incorporated to deal with moving curved boundaries and the corrected momentum
exchange method22 is employed for accurate prediction of the aerodynamic forces on the cylinder.
To evaluate the capability of the WSLB in altering vortices in the cylinder wakes, the λci criterion
proposed by Zhou et al.23 is employed to identify vortices. In this study, the isolines of λci = 0.2 are
used to define the vortex boundaries.

As shown in Figure 2, the computational domain is set as 60D(L) × 20D(W) with a uniform
flow coming from the left with a speed U∞. The circular cylinder is initially placed at the centerline
of the channel and 20D downstream from the inlet. The entire computational domain is divided
into four sets of blocks with the mesh density being increased by a factor of 2 as the block number
increases. That is, the block around the cylinder (i.e., Block 4) has the finest mesh with the lattice
spacing △x = D/60. The velocity of the uniform incoming flow is set as U∞/c = 0.01, where c is
the lattice velocity. As such, the non-dimensional time step becomes U∞∆t/D = 1/6000.

The boundary conditions are also shown in Figure 2. At the inlet, the non-reflecting inlet
boundary condition proposed by Izquierdo and Fueyo24 is used, whereas at the outlet, the homog-
enous Neumann boundary condition is implemented. The Dirichlet boundary condition is applied
at both the top and bottom walls, with an x velocity U∞ and a y velocity 0. The WSLB actuator is
represented by a number of nodes on the cylinder, and its time-dependent velocities are realized by
enforcing us and ub on these nodes. Details of the current numerical method and its validation can
be found in our previous work.9

III. RESULTS AND DISCUSSIONS

A. Uncontrolled case

Figure 3 shows an instantaneous wake of the cylinder in the uncontrolled case, in which the
normalized vorticity contour is presented and the identified vortices are enclosed by solid (positive

FIG. 2. Computational domain with multi-block arrangement (not in scale).
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FIG. 3. Wake pattern and cylinder trajectory of the uncontrolled case. The contour is the normalized vorticity ω∗=ωD/U∞,
where ω is vorticity. The solid and dash lines represent vortices identified by λci= 0.2 isolines enclosing positive and negative
vorticities, respectively.

vortices) or dash (negative vortices) λci isolines. The periodical vortex shedding stems from the
interaction between the upper and lower alternatively growing vortices, and the wake converges to
the 2S mode.25 The lift and drag forces experienced by the cylinder vary periodically with time. As
a result, the cylinder vibrates in both the streamwise and cross-flow directions and the trajectory of
the cylinder center forms a figure “8.” The standard deviation of the x and y displacements of the
cylinder is σx∗o = 0.019 and σy∗o = 0.416, respectively. σy∗o is more than twenty times larger than
σx∗o, indicating the dominance of the cross-flow vibration in the uncontrolled case.

Note that the wake pattern shown in Figure 3 is taken at the instant when the cylinder ap-
proaches its equilibrium position from the lower half portion of the channel after the periodic steady
state of the flow is achieved. This instant almost coincides with the instant when the lift experienced
by the cylinder reaches zero from positive values. Hereafter in this study, the operation of the
actuator in all the controlled cases starts at this instant, and all the wake patterns are also presented
at this instant.

B. Open-loop control

Without using any feedback control scheme, nine cases are simulated to investigate the VIV
control effects of the pure suction (ub = 0, us = U∞,2U∞ or 3U∞), the pure blowing (ub = U∞,2U∞
or 3U∞, us = 0), as well as the WSLB (ub = us = U∞,2U∞ or 3U∞). The performance of these three
actuation arrangements is quantified by σx∗o and σy∗o, the standard deviation of the cylinder’s x and
y displacements. As shown in Figure 4, σx∗o and σy∗o in all the actuation arrangements are signifi-
cantly smaller than those in the uncontrolled case, indicating that these three actuation arrangements
are all able to effectively attenuate the VIVs. In addition, for each actuation arrangement, the control
effect improves with the increase of the actuation velocity, which is revealed by the monotonic
decrease of both σx∗o and σy∗o.

FIG. 4. Variation of σx∗o and σy∗o, the standard deviation of the cylinder’s x and y displacements, with us (or ub) under the
pure suction, pure blowing, and WSLB actuation with open-loop control.
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FIG. 5. Wake pattern and cylinder trajectory of (a) the uncontrolled case and the open-loop control cases with (b) us = 3U∞,
ub = 0; (c) us = 0, ub = 3U∞; (d) us = ub =U∞; (e) us = ub = 2U∞; (f) us = ub = 3U∞; (g) us = ub = 3.1U∞. Refer to
Figure 3 for the colorbar.

From Figure 4, it can also be seen that, with the same actuation velocity, the WSLB performs
the best among the three actuation arrangements and the pure suction performs the worst. This is
also confirmed by the cylinder’s wakes and trajectories shown in Figures 5(b), 5(c) and 5(f), where
the pure suction, pure blowing, and WSLB all operate with velocity 3U∞. When the pure suction
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is implemented (Figure 5(b)), although the cylinder’s mean streamwise position is significantly
pushed upstream due to the momentum introduced by the strong suction, its wake is not apparently
altered compared to that in the uncontrolled case (Figure 5(a)), and the VIV is only slightly miti-
gated and still obvious. When the pure blowing is applied with the same strength (Figure 5(c)),
however, the vortices in the wake become much smaller and weaker, and the VIV becomes much
milder. In this case, the streamwise vibration of the cylinder is almost negligible but the cross-flow
vibration is still observable. When the WSLB is applied (Figure 5(f)), the cylinder is further pushed
upstream due to the doubling of the added momentum, the wake becomes more symmetric and no
vortex is captured, and the VIV is almost fully suppressed.

The significant difference in the control effect between the pure suction and the pure blowing is
mainly due to their different actuation locations. Since the pure suction is applied at the windward
side of the cylinder, it does not directly interact with the wake. Instead, it affects the wake through
changing the cylinder’s motion. On the contrary, the pure blowing is applied at the leeward side of
the cylinder. Hence it directly interacts with the developing shear layers and affects the resulting
vortex shedding process, causing the significant change of the wake. Since the WSLB is the combi-
nation of the above two, it inherits the advantages of both control methods and hence performs the
best.

The effect of the WSLB velocities is also studied. As shown in Figures 5(d)–5(g), with the
velocity increasing from U∞ to 3U∞, the cylinder is pushed more and more upstream and the area
enclosed by the trajectory becomes smaller and smaller. In addition, the identified vortices in the
wake shrink and are closer to the channel centerline. When the WSLB velocities further increase
to 3.1U∞, the wake becomes perfectly symmetric and the VIV is completely suppressed, as shown
in Figure 5(g). In this case, the cylinder is stationed at point (0.085D, 0) after it achieves the
steady state. Furthermore, it is found that 3.1U∞ is the minimum WSLB velocities required to fully
suppress the VIV in the open-loop control.

C. Closed-loop control

When the realtime flow information, i.e., the standard deviation of the y velocity σv at the
sensor location P (2.67D, 0), is fed back to the WSLB actuator, it is expected that the VIV con-
trol can be more effective and efficient. In this section, therefore, three basic closed-loop control
schemes, i.e., the P, I, and PI control schemes, are applied, and their performance in suppressing
the VIV is studied. Table I lists the selected cases, where TSD is the length of data history used for
the feedback and Tn is the vortex shedding period in the uncontrolled case. In the following, the
performance of the three control schemes with TSD = Tn is discussed first, which is followed by the
studies on the influences of TSD and the sensor location.

1. P control

Figure 6 shows the variation of σx∗o and σy∗o, i.e., the standard deviation of the x and y displace-
ments of the vibrating cylinder, against the proportional gain constant Kp. It is seen that the vari-
ation trends for σx∗o and σy∗o are opposite. There exists a critical value 14 for Kp: when Kp ≤ 14,
σx∗o remains at small values, whereas it increases dramatically when Kp > 14, even greater than the
value in the uncontrolled case. This implies that the use of small Kp can suppress the cylinder’s
streamwise vibration, whereas the use of large Kp amplifies the vibration. As for σy∗o, it decreases

TABLE I. Selected P, I, and PI control cases.

Cases TSD(Tn) Kp Ki(×10−5)
P control cases 1 6, 8, 10, 12, 14, 16, 18, 20 0
I control cases 1 0 2, 4, 6, 8
PI control cases 0, 1, 2, 4, 6, 8, 10 12 2, 4, 6, 8
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FIG. 6. Variation of σx∗o and σy∗o, the standard deviation of the cylinder’s x and y displacements, with Kp for the P control
cases.

monotonically with Kp, indicating that the larger Kp, the better suppression of the cylinder’s
cross-flow vibration. As such, a suitable Kp range exists for the control of the two-dimensional VIV,
in which both streamwise and cross-flow vibrations are significantly attenuated. From Figure 6, it
is found that the best control occurs at Kp = 14. However, note that in the selected cases σx∗o and
σy∗o are all greater than zero, indicating that the use of only the P control scheme fails to completely
suppress the VIV. This can also be confirmed in theory. Assuming σv = 0 at an instant, according to
Equation (10) one can get us = ub = 0, meaning that at this instant the cylinder is stationary and the
WSLB is off. However, this status is not sustainable because the asymmetric vortex shedding will
start naturally and the cylinder will experience the VIV again.

The wake patterns and the trajectories of three selected cases, i.e., Kp = 6, 12, and 18, are
shown in Figure 7. At Kp = 6, the cylinder vibrates periodically with a much smaller and slimmer
figure “8” compared to in the uncontrolled case. As Kp increases to 12, the cylinder still vibrates
periodically but with even smaller amplitudes, and the size and strength of the vortices in the
wake are significantly reduced. At Kp = 18, however, things become quite different. As shown

FIG. 7. Wake pattern and cylinder trajectory of the P control cases with (a) Kp = 6; (b) Kp = 12; (c) Kp = 18. Refer to
Figure 3 for the colorbar.
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FIG. 8. Time histories of (a) the WSLB velocities (us and ub) and (b) the cylinder’s streamwise location (x∗o) in the three P
control cases.

in Figure 7(c), in this case the trajectory of the cylinder becomes disordered and the wake does
not converge to a periodical state any more. The cylinder mainly moves back and forth along the
streamwise direction.

Time histories of the WSLB velocities (us and ub) and the cylinder’s steamwise locations (x∗o)
in the above three cases are compared in Figure 8. As revealed in Figure 8(a), overshoots of us

and ub appear in all the three cases after actuating the WSLB at t∗ = 0, where t∗ = t/Tn. Since
the feedback signals σv in these three cases at t∗ = 0 are identical, it is not surprising to see that
the overshoot amplitude increases as Kp increases. As time advances, the overshoot and its subse-
quent large-amplitude oscillations in the Kp = 6 case disappear quickly, and then the velocities
and streamwise location reach their respective steady state, i.e., oscillations with small amplitudes.
In the Kp = 12 case, the subsequent large-amplitude oscillations after the overshoot continue for
several more periods and are then gradually replaced by the steady-state small-amplitude oscil-
lations. Unlike in the previous two cases, however, in the Kp = 18 case, the large-amplitude
oscillations after the overshoot never disappear. The oscillation amplitude decreases first and then
increases to reach its steady-state level. Interestingly, it is found that at the steady state, the ve-
locity oscillation and the streamwise location oscillation are out-of-phase, as indicated in the two
close-ups in Figure 8. This out-of-phase relation clearly indicates that the motion of the cylinder in
this case is excited and dominated by the WSLB.

The current results also help justify the suitability of choosing the standard deviation of the y
velocity σv as the feedback signal. In the Kp = 18 case, if, instead of σv, the standard deviation of
the x velocity or of the total velocity is used as the feedback signal, very large signal values will be
produced by the cylinder’s violent streamwise oscillation as shown in Figure 7(c). According to the
P control algorithm, these large signal values will result in the increase of the WSLB velocities like
what appear in Figure 8(a), which will then induce even more violent streamwise oscillations for the
cylinder. Hence, instead of being suppressed, the cylinder’s VIV will be amplified.

2. I control

In the I control, four selected cases are investigated, where the integral gain constant Ki varies
from 2 × 10−5 to 8 × 10−5 with an interval 2 × 10−5. It is found that the VIV can be fully suppressed
in all these four cases, and the steady-state wakes and cylinder trajectories are similar to those in the
open-loop control case with us = ub = 3.1U∞, as shown in Figure 5(g). This is expected because,
according to Equation (10), the WSLB velocities us and ub will keep increasing until the feedback
signal σv (non-negative) reaches zero, no matter what Ki value (must be positive) is chosen.

Figure 9 compares the time histories of x∗o and y∗o, i.e., the cylinder’s streamwise and cross-flow
displacements. It can be seen that after the WSLB is actuated at t∗ = 0, the cylinder’s streamwise
and cross-flow displacements in all the four cases gradually reach constant values and their vibra-
tion amplitudes become zero, indicating the complete suppression of the VIV. Similar trends are
also found for the WSLB velocities in Figure 10, where us and ub in all the cases increase from zero
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FIG. 9. Time histories of x∗o and y∗o, the cylinder’s streamwise and cross-flow locations, in the four I control cases.

to their respective final values. As Ki increases, the time required for both the cylinder displace-
ments and the WSLB velocities to reach their respective constant values becomes less, indicating
that larger Ki is more efficient in suppressing the VIV. However, it is also found from Figure 10 that
the final WSLB velocities increase with the increase of Ki, meaning that larger Ki results in more
energy consumption in the steady-state control.

3. PI control

In the PI control, both the proportional gain constant Kp and the integral gain constant Ki

in Equation (10) are non-zero. Kp is fixed at 12 at which good VIV control can be achieved in
the P control as shown in Figure 6, whereas Ki are set as the same four values in the I control.
The simulation results reveal that the VIV can be completely suppressed in all these four cases,
and the final status of the cylinder and its wake are also similar to those in the I control cases.
However, compared to in the I control cases, the differences in x∗o and y∗o among the present four
cases are much smaller during both their transient and steady processes, as shown in Figure 11.
This is caused by the very similar actuation velocities of these cases as shown in Figure 12(a). In
addition, these actuation velocities in the transient process fluctuate with much larger magnitudes
than in the I control cases. As a result, amplified fluctuations in x∗o are observed right after actuating
the WSLB, which are then quickly damped within five vortex shedding periods, and fluctuations in
y∗o are damped much faster than in the I control cases.

Time histories of the WSLB velocities in three selected cases are compared in Figure 12(b):
one case uses the P control (Kp = 12, Ki = 0), one uses the I control (Kp = 0, Ki = 2 × 10−5), and
one uses the PI control (Kp = 12, Ki = 2 × 10−5). It can be seen that the velocity history in the PI
control case is a hybrid of those in the other two cases. The PI control taps the strength of both the
P control and the I control. On one hand, the involvement of P control makes the WSLB velocities
very responsive, so that the x∗o and y∗o fluctuations and hence the VIV can be suppressed faster

FIG. 10. Time histories of the WSLB velocities in the four I control cases.
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FIG. 11. Time histories of x∗o and y∗o, the cylinder’s streamwise and cross-flow locations, in the four PI control cases.

than in the pure I control. On the other hand, the involvement of I control makes the complete VIV
suppression possible and helps the WSLB velocities achieve their steady state faster than in the pure
P control.

To further compare the VIV control performance under different control schemes, a settling
time, t∗s, is defined as the instant when the controlled VIV amplitude starts to fall within 10% of that
in the uncontrolled case. Figure 13(a) shows the variations of t∗s against the integral gain constant Ki

in the I and PI control cases. In addition to the trend that the settling time generally decreases with
the increase of Ki, it clearly reveals that, at given Ki, the settling time in the PI control is always
smaller than that in the I control. This confirms the higher efficiency of the PI control. Moreover,
Figure 13(b) reveals that the steady-state WSLB velocities, i.e., us

s and us
b
, in the PI control are

smaller than those in the I control, indicating that the energy consumption required for maintaining
the control effect is less in the PI control. Therefore, with the above findings and the fact that the
P control itself cannot fully suppress the VIV, one can conclude that the PI control outperforms
the other two control schemes in terms of both the effectiveness and efficiency.

4. Effect of TSD

In Secs. III C 1–III C 3, the length of data history used for the feedback, TSD, is fixed at Tn,
the vortex shedding period in the uncontrolled case, in all the closed-loop control cases. Since the
feedback signal σv is evaluated over TSD, the transient and steady-state processes of the control
depend on the selection of TSD. In this section, hence, the influence of TSD on the VIV control is
investigated, with the same PI control parameters as in Sec. III C 3. Seven TSD values are selected,
i.e., TSD = 0, Tn, 2Tn, 4Tn, 6Tn, 8Tn, and 10Tn. Unlike in the other cases where σv is evaluated
over a period of time, in the TSD = 0 case the absolute value of instantaneous y velocity |v | at Point
P (2.67D,0) is used as the feedback signal.

FIG. 12. Time histories of the WSLB velocities in (a) the four PI control cases; (b) three selected cases: one P control
(Kp = 12, Ki = 0), one I control (Kp = 0, Ki = 2×10−5), and one PI control Kp = 12, Ki = 2×10−5.
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FIG. 13. Variation of (a) the settling time t∗s; (b) the WSLB velocities against the integral gain constant Ki in the I and PI
control cases.

The simulation results confirm that the WSLB is able to fully suppress the VIV with the
feedback signal obtained over all the seven TSD values. Figure 14 shows the variations of the settling
time t∗s and the steady-state WSLB velocities against TSD. It can be seen from Figure 14(a) that, with
the increase of TSD, t∗s decreases first and then increases, suggesting the existence of a minimum or
optimum t∗s between TSD = 0 and 10. In the present study, the minimum t∗s appears at either TSD = Tn

or TSD = 2Tn, depending on the Ki value. As for the steady-state WSLB velocities, it is found from
Figure 14(b) that us

s and us
b

do not change too much when TSD is small. However, they increase
a lot when TSD increases, especially at large Ki, meaning that larger TSD results in more energy
consumption.

The settling time for the open-loop control with the WSLB velocities us = ub = 3.1U∞ is also
plotted in Figure 14(a) for comparison. It is found that the settling time for some of the cases with
TSD = 0, Tn, and 2Tn at large Ki is smaller than that in the open-loop control, with the maximum
reduction 41% occurring in the case with Kp = 12, Ki = 6 × 10−5, and TSD = 2Tn. This indicates
that not all the PI controls preform better than the open-loop controls, and selecting suitable control
parameters is very important for efficient control. Interestingly, it is also found from Figure 14(b)
that the minimum steady-state WSLB velocities required for fully suppressing the VIV in the
closed-loop control are near 3.1U∞ that is obtained in the open-loop control. This suggests that, to
prevent the cylinder from VIV, the minimum required WSLB velocities are about 3.1U∞, no matter
whether the control is open-loop or closed-loop.

5. Effect of sensor location

Since at Re = 100 the uncontrolled cylinder wake is intrinsically asymmetric and the standard
deviation of the y velocity, σv, recorded by the sensor is chosen as the feedback signal in the present

FIG. 14. Variation of (a) the settling time t∗s; (b) the WSLB velocities against TSD, the length of data history used for the
feedback, in the PI control cases.
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TABLE II. Selected PI control cases when the sensor is located at Point
(10D,D) and at the cylinder center.

PI control cases
where the sensor is at Kp Ki us

s and us
b

(U∞)

Point (10D,D) 40 1 × 10−4 3.1
Point (10D,D) 40 1.3 × 10−4 3.1
Point (10D,D) 40 1.5 × 10−4 3.6
Cylinder center 5 × 10−3 1 × 10−8 3.1
Cylinder center 5 × 10−3 2 × 10−8 3.1
Cylinder center 5 × 10−3 4 × 10−8 3.2

study, it is hypothesized that the VIV control is independent of the sensor location. To confirm this
hypothesis, several selected PI control cases listed in Table II are simulated, where the sensor is
either placed at a new place in the flow field, i.e., Point (10D,D), or even fixed at the cylinder center.
In the latter scenario, instead of σv, the standard deviation of the y displacement of the cylinder
center, σyo, is used as the feedback signal. With the change of sensor location, the corresponding
proportional gain constant Kp and integral gain constant Ki are adjusted accordingly to ensure the
generation of reasonably large WSLB velocities shortly after the control starts as well as the quick,
complete suppression of the VIV. The simulation results reveal that the VIV can be fully suppressed
in all these cases. The required steady-state WSLB velocities for the control are also evaluated and
listed in Table II. It is found that the required steady-state WSLB velocities are also at least about
3.1U∞, suggesting that the minimum required WSLB velocities do not change with the change of
the sensor location.

IV. CONCLUSION

This paper studies the two-dimensional VIV control of a circular cylinder at a Reynolds num-
ber of 100 using a novel active control method, i.e., the WSLB actuator that consists of a pair
of suction slots on the windward side of the cylinder and a pair of blowing slots on the leeward
side. To facilitate this study, an LBM based numerical framework is adopted. Both open-loop and
closed-loop controls are considered. In the open-loop VIV control, three types of actuation arrange-
ments, including the pure suction on the windward side, the pure blowing on the leeward side, and
the general WSLB on both sides, are implemented and compared. It is found that, among the three,
the general WSLB is the most effective in the VIV control, whereas the pure suction is the least
effective. In addition, for each type of actuation arrangements, the control effect increases with the
increase of actuation velocity.

In the closed-loop VIV control, the basic P, I, and PI control schemes are applied to adjust the
WSLB velocities based on the flow information, i.e., the standard deviation of the y velocity σv

obtained from a sensor. The effects of four key control parameters are investigated, including the
proportional gain constant Kp, the integral gain constant Ki, the length of data history used for the
feedback TSD, and the location of the sensor. Main findings from this study are as follows:

1. The use of only the P control fails to completely suppress the VIV. But there exists a suitable
Kp range in which both the streamwise and cross-flow vibrations are significantly attenuated.
In the present study, the best P control occurs at Kp = 14.

2. The VIV can be completely suppressed in the I control. Larger Ki is more efficient in the
control, but results in more energy consumption.

3. The PI control taps the strength of both the P and I controls: the involvement of P control
makes the WSLB velocities very responsive so that the VIV can be suppressed faster, and the
involvement of I control makes the complete VIV suppression possible. It is not surprising
to see that the PI control outperforms the other two schemes in terms of both the control
effectiveness and efficiency.
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4. There exists an optimal TSD for the PI control, at which the VIV control is the most efficient. In
the present study, this optimal value is close to TSD = Tn and 2Tn.

5. To fully suppress the cylinder’s VIV, there exist the minimum required WSLB velocities, no
matter whether the control is open-loop or closed-loop. In the present study, this minimum
velocity is about 3.1U∞.

6. The VIV control is independent of the sensor location in the present study.

In the near future, the velocities of the two suction-blowing pairs in the WSLB actuator will
be allowed to vary independently, so that the system will be under fully actuated control. In addi-
tion, more advanced control schemes, such as the adaptive control method and the fuzzy control
method, will be applied to further improve the effectiveness and efficiency of the WSLB enabled
two-dimensional VIV control.
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