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Feedback Control of a Circular Cylinder Wake
with Rotational Oscillation

Seung-Jin BAEK and Hyung Jin SUNG

Key Words: Feedback Control (H]® Y #|9]), Cylinder Wake (Y% $F/), Lift Coefficient (¥
Al5), Lock-on (F3)

Abstract

This study presents a feedback control methodology for suppression of the vortex shedding from a
circular cylinder in a uniform flow. A rotational oscillation is applied as a controlled forcing and the
lift coefficient ( C;) is used as a feedback signal. A feedback control concept is made based on the
phase relation between the rotation velocity and C; at 'lock-on'. The phase between the forcing and

the vortex formation is changed 180° from the phase of enhancing the lock-on state. This concept is
examined by solving the Van del Pol equation. The results are satisfactory.

A EY Txo) Ao BE B AT Ay
T sy Ho) it gpprel old AT PHe 9E
g Aol Aol RHA vt olE A A 7
C, 48 A (lift coefficient) st HA WA £3A P ddx 48
Sy 7R Fag (forcing frequency) F4 A%, g3 A, shANY FA/EAL &
_ g 712 Z9o 7}z #vY] Zo] @wo] o
Re  FleVE25(pUuDp) PR #3449 212 AT 3Hopen loop)
@ HRY OIS (feedback gain) of ey P WsE BRF Aol GEHO
2 Qe ARE Jhd Faee GEY Fas
LM E o) A<l lock-on WAFolth EF FHA- A
A AN ddiA AD ABY FRF pao
4% FRE G4TY Ay 9@ A AF R FAeR WD 490l 48 A AR
(self-sustained oscillation)®] SA4& 7FX3 o} o et =Y Aol Ui 180° A= FZAG
olZ Qg A% FHoA WA FF 471 1 WHES @k Apde] BAA YT,
BiAag 9 WER AG 5o BA A2S 9 99} L open loop®] F71A sbdlel ot w
e QF Qo Addoz =Hug A
T @Eseled A3 (feedback contol®] AT AFE AA™. 9
T eRAEN £ AT Aol d¥ it F5%] ARa SHste] 7}

A #7158 ARSI AeE IA FAAER FE

-265-



g shude EdY A 3 Hel AAME
A7 A7 AN =275 uprs A$9
Uozs Az Ade A7 A 9RE
vh = Zojth. Roussopoulos (1993)72 H=¢]
Aote] F FAL FAsiel hER AF Hol
a2 grn F 0%7t ¥& Holws2sst
A 9EWE AAEG T} Park, Ladd & Hendricks
(1994 92 A% mRAMY BAL FIL
ol &3t #Holm=gf gollM LEH oAzt At

Fah #Holgzy golME EVFeT AME
B 9tl Huang (1996)"3} Fujisawa, Kawaji &
Tkemoto (2001)72 AlA 9] YXE A7 F
#Hel AZE Ades st HH 2
539 MdEFe] Zhsta FY
2545

7k 9
A AT ]

7l71-oﬂ

=

3l ol

_l_4

o
p

oft.
L o

dg

~0
=

IS
Of
2

e M gl By
!
2
>
ir

oit
o EL)

e rE o R
Ho e e ¥
E
o 02 ién

oft

o
oL
)

of AAA o2 0445101 ook, =}
94 primary lock-on®] €A} 7}
Fel Al AdAE oF 1807

Tt} dubE o2 ock-on9]
C o3 e vAY d5HS
$-oF wjmslA A, ey
£ lock-on T35 G99 FAo|
180° 7F ohE AAAE HH A
AF B Fsro ZH Jock-on A EIS}
o] ok;},g‘— AH‘;}]E L R=
oj# g /Mdel e A 9
Van der Pol2lell ®17 HgFomn
FHo H4d AFolMxE

oo
ox Uy W

2

do
ot o

(W

<

X ode 3o e L rRorf e ook
uic)

oot fo o rR oo

o)

ol o

o
0,

o

pi ok o LR
32

-266-

AmAtstgieh, 74 2717 MR 2 He A
Aoju A By Ages o ot
Hol 2 & g7l Adl 7bs g 7t

oA $% SR 3% s

2. x| die
2.1 X|HfebE Al
ohefst B

Navier-Stokes

74415t open loope]
A9 A olgjeb Zo] FolXth
Q=0 . sin (2754 3
A7|H  t=F Un/D, S;=/DlUsZ FALS=HY
o A@eld 98 07AA 0.5 A

o

P e
—1—3—1_

A S-S, 0.57HE AT AANE I
A& 3 A €k
3. Mof gigdel ot

3.1 lock-on FofiAel tEl 2o Haf

A4 4Eg Fuy BRI Fogsz e
o 4Eg Foie sta FIUE dAHE
lock-on @Aro] dojutA Hd 7k A4 FH
A9l A7t 114 ®th(phase-locked). ©] 2] g

O el U Sk g e B P L B 0 e B
o] F=ul, lock-ono] WAsH= FIE G HolA
jakate] wsEro) i x377F 7HIYE o)
A ez ok B AFelar 4% Fd 7t
g T Aol Re=1200149 3 H3E &
245ttt Re=120014 A okFd FaF Sy
=0.1738 LAt Willamson (1989)""}
Fey, konig & Eckelmann (1996)“9)9] A9 Ao}

1

1_.

o]



@ os0

o 0 50140 1'C,
013 C/ﬁ .0 050
000} . o \\\ - . . Jooo
sl T 1 \\/ 050
00 (3 - 2nS FRED I 100

® 050

0251

n

0

- nS1 o
Fig. 1. Temporal evolution of C; with respect

to 2. (a Sy=0.140, (b) S=10.195

o

AL 0.005% 3o
o] th3gt lock-on 3}
Sr=0.140°1 A
S;=0.1957F4 lock-on©] Aol &=
o} Fig. 1914 §,=0.1409} S,=0.1959] 7-F-
QolA 74zl &m oo 4¥ Al ¢ 9 Alzbol
e 7] ¥EE Bolxn dE¥o] Hurt He 9
& ¢E BB RolE Hieh o] yp F3b
F g7 A ®Hslste AS B 5 ok
S;=0.1409 Afel= o Ccol A
&E 7HAL, §;=0.1959 AFoE A Q%
b3 ik ol e gk H*H ZFoli=

Fapgol web oo An ZHEHE ﬁzl

L JIN

7} sHthE AL ongde 7t AR Fa4 g,
of W& ¢ Fig. 29 RAT. Fig. 2904 Hole
utel Zol g= diFF —0.279F 0.8z Atoldl 9

23t B A lock-on FHNA EF r orderd) F7)
WgE Holsl Ut} Fig. 2004 ¢=7r~°4 A
g AAdE 713 FasE vk
< 5 fgds
lock-on©]
AsHe 7tdo] ¢l
A FET. mEA

lock-on T35

fo oo Boox huon@ rlf

-267-

3n

2n

i 1 i 1 1 e 1 1 1
™.130 0.140 0.150 0.160 0.17OS 0.180 0.190 0.200
f

Fig. 2. Distribution of maximum lift phase ( ¢)

against Sy

ge f4aE 999 AolE Bl 3A
BgozM lockon AHsh WoHE, 9%
of SkAAAY €, & BaAAE FHE W

7ks 4

180°

h=]
JGT

o g

o)

o]
poy

AR

e

=
2= O ==3F) /‘\
T = T =2

3.2 Van der Pol A0fM2l HE

oA dojrl e e #dstr] s
hE A BlAE WA Van der PolXol 2§
AlA BESth Van der Poldl& A& ZF9 54
< JHA T Q7] el % $HE ZEY she
H @o] o] &5 AHoR ofet g

at wu=e(u—1/3 &)+ ED) @

F1HQ Mg & B E() = ekeos Qo W
HA = A ol QA olelel Zol T
EA=

u=acos(Qt—7) ()

lock-ono] GojubE Aol g, 99 F2 ot 7

o] AARTY AN s=(2—w)/eE HAH
o,

%(1——w0a2)a— Z(Ii)o siny )

aa:-——éﬁ)—ocosy N

Fig. 32 e=0.1, wy=1.0, #=2 4 W, ool u}

=2

2 Lo Bxg 1y Folg 9o Ae-7)T Fig
3o Sl R=e, 0=0% B y=12%

Aoz g order BEE e
WA y=3727F H=F HY
S A A F v AT

= o



2.0m

L.5n}

1.0n

non-lock-on

7 order lock-on

05— -~ T e

0 -

-0.5n

15

60 -
Fig. 3. Distribution of 7 on the Van der Pol
equation.

o AT Agol & FrF A AdgE A

AreEd oo o

21/ 2 ) 21/ '
fo E() udt=— ekano cos $2t sin (Q2t— y)dt

= wekasiny 8
oA doj 2 1*1 0<<xd o 49 & 7}
2AA At ojw AF7lo oA st dEsa A
g A7t F7 }%E} HF R 2 p22® W &Y
g 7HAA Hol oluAle] 35 Wako] wirt
Ha A% A7 ZaAE 5 Uk 29 oy
A zEol AUt HE® y=3z22 8}7] H3
Ae E=—eaw’t HEE HeY ¥ "ok

A7 o HHLY o5 (gain)gkolth oo
u= acos (2t—371/2) < u= —Qasin (Qt—37/2)
=—Qqcos QY BTh y=3x/2012 =022
A9 Aol p=aQa = aweE UYIA HE o
= Ao ¥ dde FAF A
=20V 1—e% @/ Bt 283 o1
=0°] "o} Fig. 45 oo WE HH
HE B2 7rA A

3%

ot
N

=
[S]

12540

™
e
T

I

J
,§T
il

FHAT

o
(e}

'}AJLF[F&

R

o &
RS B

JXH ZiA= g

A718 %%l

J;ngm,drzrﬂ»ie

-268-

(@) 25

u,E
1.5

0.5

0.3

S’E: f =0.80
' I
l'l i” l H l’ Hl'l'l,l'l 'l'l l'l'l'l I'I'HI'I' 'W lml' 'l'

200 300

Fig. 4. Control result of the Van der Pol

equation.

7}{ = oMl

oﬂZbé T G171 ol
ax Heydsirl fsiA e ¢
FFAEE dfof oy mepa Eo @
ol2g 3g dzusigch s v
7St E H71E dE 13 EelBnR ghel A7)
7v 3A wskA ek i vEoly
o Ft nFTSF FEL AojEy] ¢i 2
B2 A H&stnt upeld Aojrje] Ae
gs 2 ofy 9 Zth
Qo Cp'

Hl mlo

[e]
Feo

mHHU

©



40

Gl

0.5m

10°

Fig. 5. Bode diagram of transfer function

2
as w,
S+ 28w, st @,

As) _
CL( s)

(10)

@ JEM] gain
zoj2gelo] 7ha
F1g 5 AEET9 Bode
dOIE}. EHq2dEHY ¢, 102
HAAZE Re=120014 A 94y F
SHE=0.17322 22547 1.087TARE =
B ,9 A7E ol® it order’} Fhr}

1028 3t g0 StolAH
Aol 9% HA WEEo
o] m&o] "Wolxa, |

Al

P

w=1%
°f<}7} Z7}8}4
&o = 99 3=
ot “Hﬂlﬁ%ﬂﬂﬂlﬂﬂ A 2 #o]
A F gk weA A SEde A

order’} 8} AL & AR} @%E}E}
g1 2 2 g palgc] AAEE 4o

oMo 90" A Rzt 2 At %—7}5}74]

P
T
2~
T

}_?!_
e,

42 ®o &z

Fig. 62 (=0.4, 0,=10% ™ gainc] wW}& |
of Ang B Aotk oq7|M gain o 0.5,
1.5, 2.0,2.5°Ith &l Adgho] (.4% =l A
gain & FTUHNAFE C o] AA FAT AS
E 7 glo] Aozt AFHolgtes A & Y
o g FJe=w Folr]d HAAE M £

-269-

@ o050
CL

0.25

0.00

-0.25

.50

-0.40

©) o050
CL

0.25

0=2.0

0.00

025

-0.50.

a=1.5

@ os0
C

0.25

0.00 g fodond

-025

050 %

Fig. 6. Control

against ¢

74]“1— =M tﬂﬂ% A
¥y gain®]

nE S
A

e,
o

e



o
B
N
S

o}
3R 4o

Foox

-

L

olft

9]
N

o)
g ETe

A Z7bE) LL}»W
T lock-on T3 F e} FAld
e AYAE HuEd A
Bigko @4 lock-on AHE)S}
AN AV ¢ & HAAT

o 2,

I
|

©
o
o

2

x ft o o

=21

wﬂ
351500

5 EAARATFE A
olel ZAFEHY T

E

iz
rar

I

(1) Griffin, O. M. & Hall, M. S., 1991,
-vortex Shedding lock-on and flow control in
bluff body Wakes”, Trans. ASME 1. J. Fluids
Engng, 113, pp. 526.

(2) Rockwell, D., 1998, “Vortex-body interactions”,
Ann. Rev. Fluid Mech., 30, pp. 199.

(3) Kwon, K. & Choi, H., 1996, “Control of
laminar vortex shedding behind a circular

“Review

cylinder using splitter plates”, Phys. Fluids, 8,
pp- 479.

(4) Ongoren, O. & Rockwell, D., 1988,
Structure from an oscillating cylinder Part 1.

“Flow

Mechanisms of phase shift and recovery in the
near wake”, J. Fluid Mech. 191, pp.197.

(5) Filler, J. R,, Marston, P. L. & Mih, W. C,,
1991,
from a circular cylinder to small-amplitude
rotational oscillations”, J. Fluid Mech. 231,
pp.481.

(6) Baek, S.-J. & Sung, H. J., 1998, “Numerical
simulation of the flow behind a rotary

“Response of the shear layers separating

oscillating circular cylinder”, Phys. Fluids, 10,
pp-869.

(7) Baek, S.-J. & Sung, H. J., 2000, “Quasi-
periodicity in the wake of rotationally

-270-

oscillating cylinder”, J. Fluid Mech., 408,
pp.275.

(8) Baek, S.-1, Lee, S. B. & Sung, H. J., 2001,
“Response of a circular cylinder wake to
superharmonic excitation”, J. Fluid Mech., in
press.

(9) Williams, D. R.,, Mansy, H. & Amato, C., 1992
“The response and symmetry properties of a
circular cylinder wake subjected to localized
surface excitation”, J. Fluid Mech. 234, pp. 71.

(10) Blevins, R. D., 1985,
vortex shedding from cylinders, J. Fluid Mech.
161, pp 217.

(11) Stansby, P. K., 1976, The locking-on of vortex
shedding due to the cross-stream vibration of

The effect of sound on

circular cylinders in uniform and shear flows,
J. Fluid Mech., 74, pp. 641.

(12) Roussopoulos, K., Feedback control of vortex
shedding at low Reynolds numbers, J. Fluid
Mech. 248 (1993), pp. 267.

(13) Park, D. S, Ladd, D. M. & Hendricks, E. W,
1994, Feedback control of von Karman vortex
shedding behind a circular cylinder at low
Reynolds numbers, Phys. Fluids, 6, pp. 2390.

(14) Huang, X. Y., 1996, feedback control of
vortex shedding from a circular cylinder, Exp.
Fluids, 20, pp. 218.

(15) Fujisawa, N., Kawaji, Yl & Ikeomoto, K.,
2001, Feedback control of vortex shedding
from a circular cylinder by rotational
oscillations, J. Fluid Struc., 15, pp. 23.

(16) Choi, H., Moin, P. & Kim, J., 1993, Direct
numerical simulation of turbulent flow over
riblets, J. Fluid Mech., 255, pp. 503.

(17) Williamson, C. H. K., 1989, Oblique and
parallel modes of vortex shedding in the wake
of a circular cylinder at low Reynolds
numbers, J. Fluid Mech., 206, pp. 579.

(18) Fey, U., Konig, M. & Eckelmann, H., 1998,
A new Strouhal-Reynolds-number relationship
for the circular cylinder in the range
47< Re<2x10°, Phys. Fluids, 10, pp. 1547.

(19) Nayfeh, A. H. & Mook, D. T., 1979,
Nonlinear Oscillations, John Wiley & Sons



