
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


공학박사학위논문 

 

 

원형 실린더 주위 유동과 난류 평판 디퓨

저 내부 유동의 비례-적분-미분 제어 
 

A Proportional-Integral-Differential Control of Flows 

over a Circular Cylinder and in a Turbulent Plane 

Diffuser 

 
 
 
 

 

2014 년 2 월 

 

 

 

 

 

서울대학교 대학원 

기계항공공학부 

손  동  건





A proportional-integral-differential control of

flows over a circular cylinder and in a

turbulent plane diffuser

Donggun Son

School of Mechanical and Aerospace Engineering

Seoul National University

Abstract

In this study, we control the vortex shedding behind a circular cylinder

and the flow separation inside a turbulent plane asymmetric diffuser by using

a proportional-integral-differential (PID) control. The PID control is a well-

known, very common and practical control method among the feedback control

methods developed so far, however, it is not popular in fluid mechanics and is

not rigorously studied and discussed. Therefore, we apply the PID control to

the flow control problems to achieve control effectiveness on those flow systems.

First of all, we apply the proportional (P), proportional-integral (PI) and

proportional-differential (PD) feedback controls to flow over a circular cylinder

at Re = u∞d/ν = 60 and 100 for suppression of vortex shedding in the wake

where u∞ is the free stream velocity, d is the diameter of the cylinder, and ν

is the kinematic viscosity. The transverse velocity at a centerline location in

the wake is measured and used for the feedback control. The actuation (blow-

ing/suction) is provided to the flow at the upper and lower slots on the cylinder

surface near the separation point based on the P, PI or PD control. The sens-
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ing location is varied from 1d to 4d from the center of the cylinder. Given each

sensing location, the optimal proportional gain in the sense of minimizing the

sensing velocity fluctuations is obtained for the P control. The additions of

I and D controls to the P control certainly increase the control performance

and broaden the effective sensing location. The P, PI and PD controls success-

fully reduce the velocity fluctuations at sensing locations and attenuate vortex

shedding in the wake, resulting in the reductions of the mean drag and lift fluc-

tuations. Finally, P controls with phase shift are constructed from successful

PI controls. These phase-shifted P controls also reduce the strength of vortex

shedding, but their results are not as good as those from the corresponding PI

controls.

Second, we perform a feedback gain optimization of the proportional-integral-

differential (PID) control for flow over a circular cylinder at Re = 60 and 100.

The PID control gains are optimized by an iterative feedback tuning method

which is a typical model-free gain optimization method. For the feedback tun-

ing, cost function J is constructed using the sensing velocity to obtain optimal

control gains minimizing the velocity fluctuations at the sensing location. To

minimize the cost function, the control gains are iteratively updated by gradi-

ent of cost function until the control system satisfies certain stopping criteria;

it means that the feedback gains are converged to a local optimum. The PID

control with optimal control gains successfully reduces the velocity fluctuations

at the sensing location and attenuates (or annihilates) vortex shedding in the

wake, resulting in the reduction of the mean drag and lift fluctuations. Also, we

investigate the physical meaning of the optimized PID control gains with phase

relations of the sensing velocities. As a result, present optimized PID controls

move the phase of the sensing velocity to that of effective sensing position of the

pure proportional control (xs/d = 3). In addition to this, the reason why the
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P control works only for the narrow range of the feedback sensor location and

so sensitive to it is explained. The answer is that in such a successful sensing

positions, the actuation induced acceleration is closely correlated to the instan-

taneous lift force acting on the cylinder, so sensing velocity of successful sensor

location has information of instantaneous lift force to counterbalance it with

the actuation induced acceleration. Finally, we discuss about the possibilities

of present optimization method to real experiment. Interestingly, it is possible

to use present method to real situations without any modeling and massive

information in the flow field of given fluid systems.

Finally, we perform a linear proportional control of turbulent flow in a planar

asymmetric diffuser for separation delay and pressure recovery. The Reynolds

number based on the half of inlet channel height (δ) and bulk mean velocity

(ub) is Reb = ubδ/ν = 9000, which is the same condition as done by previous

experimental and numerical studies. An actuation for the control is defined

at the diffuser throat (x/δ = 0 to 1) as a wall-normal blowing and suction. A

sensing variable (error) for the control is the instantaneous wall shear stresses at

the lower diffuser wall. The linear proportional control successfully suppresses

the separation bubble at the lower slant wall and reduces the skin friction at

the upper flat wall, resulting in the pressure recovery at the exit of diffuser. At

an optimal proportional gain, the present control produces 5% increase in the

exit pressure and 10% reduction of total pressure loss with delayed separation.

Keywords: control, circular cylinder, plane asymmetric diffuser,

proportional-integral-differential control, iterative feedback tuning,
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Chapter 1

Introduction

Since the day of the collapse of Tacoma Narrows Bridge (November 7, 1940),

a study about von Kármán vortex shedding is in progress. The Tacoma Narrows

Bridge was opened in July 1, 1940, which is a suspension bridge in the U.S.

state of Washington. At the time of its construction, the bridge was the third

longest suspension bridge in the world in terms of main span length, behind

the Golden Gate Bridge and the George Washington Bridge, so many people

were curious about the reason of destruction of the bridge. Among them, von

Kármán suggested that the reason was a resonance due to the von Kármán

vortex street. He found that the vortex shedding is a repeating pattern of

swirling vortices, caused by the unsteady separation of flow of a fluid around

blunt bodies.

Since then, many researchers have been studying to clarify a physics of vortex

shedding, to use it for various engineering applications, and to control it for the

drag, vibration and noise reductions. Analytical, experimental and numerical

studies have been performing about the vortex shedding and its applications

to the engineering problems. It is known that the vortex shedding is the first

unstable and most important mode of bluff body flow, however, as pointed by

Roshko (1993), ”the problem of bluff body flow remains almost entirely in the

empirical, descriptive realm of knowledge”. There are still unknown physics in

the vortex shedding and flow separation, so we investigate it in the point of
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view of flow control.

In the present dissertation, the author focuses on the flow control of vortex

shedding around a circular cylinder and flow separation in a plane asymmet-

ric diffuser as representative flow control problems. These two cases are typi-

cal external and internal flow problems easily observed around us. To control

these two cases, well-known feedback control method, a proportional-integral-

differential (PID) control is employed. The PID control is very famous and

practical control method used in the control society, as mentioned by Knospe

(2006), ”over 90% of control loops employ PID control, quite often with the

derivative gain set to zero (PI control)”. So far, the PID control has not been

rigorously studied in the fluid mechanics, so we investigate the control effective-

ness of it to the fluid mechanics systems. The author expects that controlling

these two typical fluid flow problems by the PID control has engineering impor-

tance and influence to the other researches.

This dissertation is constituted as follows. A feedback control of vortex shed-

ding around a circular cylinder by well-known proportional-integral-differential

control is introduced in chapter 2. Flow physics why and how the vortex shed-

ding is suppressed by the feedback control are investigated, and discussed by

the numerical simulations. In addition to this, optimization of proportional-

integral-differential control is presented in chapter 3, to automatically design

an efficient and effective feedback controller. A simple proportional controller

is applied to the turbulent internal flow in chapter 4, such as turbulent flow in a

plane asymmetric diffuser with flow separation. Finally, concluding remarks are

presented in chapter 5. Through this dissertation, we studied about the control

effectiveness of proportional-integral-differential control to the fluid flows, and

understood underlying flow physics and control mechanisms.

2



Chapter 2

A proportional-integral-differential control of

flow over a circular cylinder

2.1 Introduction to proportional-integral-differential control and its

application to flow over a bluff body

The flow control is one of the main issues in fluid mechanics, and there

have been many different approaches of flow control for the purpose of drag

reduction, lift enhancement, mixing enhancement, etc. (see, for the reviews,

Moin & Bewley 1994; Gad-el-Hak et al. 1998; Collis et al. 2004; Kim &

Bewley 2007; Choi et al. 2008). In general, control methods are classified as

the passive, active open-loop and active closed-loop (feedback and feed-forward)

controls. The merits and demerits (or limitations) of these control methods are

well summarized in these review papers. Among these control methods, in this

paper, we introduce an active feedback control method called linear proportional

(P)-integral (I)-differential (D) control and its application to flow over a bluff

body.

The PID control is a control law based on only the output being available

for feedback, and is a very common and practical control method used in the

control society. In the PID control (figure 2.1), the controller is composed of a

simple gain (P control), an integrator (I control), a differentiator (D control) or
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some weighted combination of these possibilities (Rowland 1986; Johnson et al.

2005):

ψ(t) = αe(t) + β

∫ t

0

e(τ)dτ + γ
de(t)

dt
, (2.1)

where ψ is the control input, e(t) is the error, and α, βand γ are the propor-

tional, integral and differential gains, respectively. The error e may be a sensing

velocity vs at a location in a flow field that we want to drive to zero through

the feedback control.

The proportional part in the PID control (first term in equation (2.1)) ad-

justs the output signal in direct proportion to the controller input that is the

error signal. When the proportional gain α increases, the system under consid-

eration yields a fast response, small steady-state errors and a highly oscillatory

response. The integral part (second term in equation (2.1)) corrects for any er-

ror that may occur between the desired value and the process output over time.

Thus, the steady-state error becomes zero owing to the integral part. However,

it is slow in response and may induce system instability. The differential part

(last term in equation (2.1)) uses the rate of change of the error signal and

introduces an element of prediction into the control action and can force the

error to zero without oscillations having excessive amplitudes. For the details

of the PID control, see Rowland (1986) and Johnson et al. (2005).

Although the PID control is well established in the control society, most

previous studies in fluid mechanics have focused on the P control with/without

phase shift. In the P control without phase shift, the control input (actuation)

ψ is linearly proportional to the sensing variable vs as

ψ(t) = α vs(t). (2.2)
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The P control with phase shift is another expression of the PID control when

the system under consideration is linear. For example, if the sensing velocity

is expressed as e(t) = vs(t) = a sin bt (b = 2π/T and T is the period), the

actuation velocity from the PID control (equation (2.1)) is expressed as

ψ(t) = Aa sin [b (t+ c)] , (2.3)

where A2 = α2 + (bγ − β/b)2 and c = (1/b) arcsin [(bγ − β/b) /A]. The phase

shift c is the function of the gains and frequency. For most of fluid-mechanics

problems, the system is nonlinear and thus the P control with phase shift is not

the same as the PID control in general.

Table 2.1 summarizes the previous studies on the application of the PID

control to flow over a bluff body, where the Reynolds number, sensing variable,

actuation type and feedback law (P control, P control with phase shift, PI and

PID) are described. The purpose of control in these studies was the attenuation

or annihilation of vortex shedding behind a bluff body. As shown in this table,

most studies conducted the P control with or without phase shift except that

of Zhang et al. (2004). Those studies indicated that the results of P control are

very sensitive to the sensing location and the amount of phase shift. With proper

choices of these variables, the P controls were quite effective in annihilating the

vortex shedding or reducing its strength. Also, it was shown that increasing

the proportional gain gives more reductions of the velocity fluctuations in the

wake and the strength of vortex shedding, but a large gain results in the system

instability (Ffowcs Williams & Zhao (1989), Roussopoulos (1993), Baz & Ro

(1991) and Hiejima et al. (2005)). Furthermore, it was noted that the control

based on a single-point sensing does not completely stabilize the wake at high

Reynolds numbers (Roussopoulos (1993) and Park et al. (1994)). Zhang et al.
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Table 2.1. Previous studies of the P, PI and PID controls for flow over a cylinder
(u, streamwise velocity; v, transverse velocity; Y , transverse cylinder displace-
ment; WK, wake; SL, shear layer; CL, centerline; CD, cylinder displacement;
LS, loudspeakers; BS, blowing/suction).

Re sensing actuation feedback law

Berger (1964, 1967) laminar uWK CD P

Ffowcs Williams 400 uSL LS P with phase shift

& Zhao (1989)

Baz & Ro (1991) 17160 ∼ 26555 d(CD)/dt CD P

Roussopoulos (1993) 50 ∼ 65, 120 uSL LS P with phase shift

Park et al. (1994) 60, 80 vCL BS P

Warui & Fujisawa (1996) 6700 uSL CD P with phase shift

Huang (1996) 4950, 6500, uSL BS P with phase shift

13000

Zhang et al. (2004) 3500 Y and uSL CD P, PI, PID

Hiejima et al. (2005) 200 uCL BS P with phase shift
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(2004) is the only study where the PI and PID controls were applied to the flow

over a bluff body. They measured both the transverse cylinder displacement

Y and the streamwise fluctuating velocity u at (x/d, y/d) = (1.6,−2.5). The

actuation was the transverse cylinder displacement. They showed that both the

streamwise velocity fluctuations at (x/d, y/d) = (2, 1.5) and the cylinder vibra-

tion amplitude are reduced by PID-Y , PID-u and PID-Y u controls. However,

the effect of sensing position was not considered in their study.

The proportional feedback control is simple and easy to apply. However,

its result is quite sensitive to the sensing location and feedback gain α. It is

known from the control theory that these disadvantages of the P control should

be overcome by adopting the I and D controls. However, as reviewed above,

there have been very limited amount of studies dealing with the PID control

in the literature for fluid-mechanics problems so far. On the other hand, there

have been quite a few studies dealing with the P control with phase shift, but

it has not been carefully studied how much the results from this control are

different from those of PI, PD and PID controls for fluid-mechanics problems.

Therefore, in the present study, we apply the P, PI and PD controls to the

flow over a circular cylinder at low Reynolds numbers for the reductions of the

mean drag and lift fluctuations, and investigate their effectiveness. Then, we

compare some of successful results from the PI controls with those from the

corresponding P control with phase shift, and discuss whether the PID control

can be represented as the P control with phase shift for the present fluid flow.

In this paper, the control method and numerical details are given in section 2.2.

The control results such as the sensitivities on the feedback gain and sensing

location and the drag and lift variations are shown and discussed in sections

2.3-2.5. The comparison to the results from the P control with phase shift is

given in section 2.6, followed by summaries in section 2.7.
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2.2 Control method and numerical details

Let us consider the unsteady two-dimensional flow over a circular cylinder

at low Reynolds number. The PID control is given as (figure 2.2)

ψ(t) = α
vs(xs, t)

|vs|max

+ β

∫ t

0

vs(xs, τ)

|vs|max

dτ + γ
1

|vs|max

dvs(xs, t)

dt
, (2.4)

where ψ is the radial actuation velocity (blowing/suction) from theupper and

lower slots on the cylinder surface, vs is the measured velocity at the sensing

position xs (centerline of the cylinder wake) and |vs|max(t)(= maxτ≤t |v(x =

xs, τ)|) is the maximum value of the sensing velocity for τ ≤ t. The P control

(the proportional part in equation (2.4)) is the same as that used by Park et al.

(1994). As shown in figure 2.2, the actuation phases from the upper and lower

slots are 180◦ out of phase and thus zero net mass flow rate is satisfied during

the control. In the present study, we set the slot locations as θ1 = 100◦ and

θ2 = 120◦ just before the separation points for Re = 60 and 100. Various sensing

locations are tested such as xs/d = 1 ∼ 4 by increments of 0.5. The target of the

PID control is to reduce the error, that is the sensing velocity at the centerline

location of the cylinder wake. Therefore, a successful control should reduce the

root mean square (rms) transverse velocity fluctuations at the sensing location,

which in turn possibly attenuates vortex shedding and reduces the mean drag

and lift fluctuations.

We solve the incompressible Navier-Stokes and continuity equations in the

Cartesian coordinate using an immersed boundary method proposed by Kim

et al. (2001):
∂ui
∂t

+
∂uiuj
∂xj

= − ∂p

∂xi
+

1

Re

∂2ui
∂xj∂xj

+ fi, (2.5)
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and
∂ui
∂xi

− q = 0, (2.6)

where t is the time, xi are the Cartesian coordinates, ui are the corresponding

velocity components, p is the pressure, fi and q are the momentum forcing

and mass source/sink, respectively, and Re = u∞d/ν is the Reynolds number.

Here, all the variables are non-dimensionalized by the free-stream velocity u∞

and the cylinder diameter d. In this simulation, we use a fractional step method

to decouple the velocity and pressure, and the second-order central difference

for all the spatial derivative terms on the staggered grid system. That is, ui

and fi are defined at the cell surfaces, and p and q are defined at the cell center.

The roles of fi and q are to satisfy no slip on the immersed boundary (cylinder

surface) and mass conservation for the cell containing the immersed boundary,

respectively. For the details of determining fi and q, see Kim et al. (2001).

The accuracy of this method applied to flow over a circular cylinder has been

confirmed by our previous studies (Kim et al. 2001; Kim & Choi 2005).

The computational domain size is −50.5d ≤ x ≤ 19.5d and −49.5d ≤ y ≤
49.5d. Dirichlet boundary conditions (u = u∞, v = 0) are applied at the in-

flow and far-field boundaries and a convective boundary condition (∂ui/∂t +

c∂ui/∂x = 0) is used for the outflow boundary, where c is the line-averaged

streamwise velocity at the exit. We consider two different Reynolds numbers,

Re = 60 and 100, and the numbers of grid points used are 391(x) × 295(y).

The computational time step is ∆t = 0.01d/u∞. The numerical accuracy is

confirmed by increasing the number of grid points in each direction.
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2.3 P control

The parameters to consider for the P control are the proportional gain α and

sensing location xs, respectively. Given the sensing location (xs/d = 1 ∼ 4), we

vary the proportional gain α to find out the best proportional gain for maximum

reduction of the sensing velocity fluctuations vsrms.

Let us first consider the case of Re = 60. Figure 2.3 (a) shows the variations

of vsrms with the proportional gain for different sensing locations xs. The values

of vsrms at α = 0 correspond to those without control. The range of α at which

vsrms is decreased by the control varies depending on the sensing location. That

is, negative α reduces vsrms for xs ≤ 1.5d, positive α for 2d ≤ xs ≤ 3.5d

and negative α again for xs = 4d. Especially, vsrms completely disappears,

indicating complete attenuation of vortex shedding, at α ≤ −0.2 for xs = d,

at −0.2 ≤ α ≤ −0.1 for xs = 1.5d and at 0.1 ≤ α ≤ 0.3 for xs = 3d. Large

magnitudes of proportional gain (for example, α ≤ −0.25 for xs = 1.5d and

α ≥ 0.35 for xs = 3d) increase vsrms for most sensing locations. Also, it is clear

that the performance of the P control becomes less effective when the sensing

location is farther away from the cylinder center, as observed by the previous

studies (Roussopoulos 1993; Park et al. 1994). Figure 2.3 (b) shows the time

histories of the sensing velocity vs (directly representing the actuation velocity

in the case of P control) for three different P controls. As expected from figure

2.3 (a), the sensing velocity becomes zero after some transient period for the case

of (xs = 1.5d, α = −0.15). The sensing velocities are attenuated and amplified

for the cases of (xs = 2.5d, α = 0.1) and (xs = 4d, α = 0.1), respectively. The

great benefit from the feedback control over an open-loop control is that the

control input is negligible for successful control and then the control efficiency

becomes very large.
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Figure 2.4 (a) shows the variations of rms lift fluctuations with the propor-

tional gain α for several sensing locations. The variations of CLrms with α are

similar to those of vsrms but are not the same. For example, for xs = 2d and

0 < α ≤ 0.3, vsrms decreases but CLrms increases, and for xs = 3.5d and α = 0.1

and 0.2, vsrms increases but CLrms decreases. These different behaviors of vsrms

and CLrms for some control cases are attributed to the fact that the velocity

information at a single location does not perfectly represent the vortex-shedding

process. Nevertheless, as shown here, the present P control based on the single-

sensor measurement in the wake successfully reduces the rms lift fluctuations

for most cases. Figure 2.4 (b) shows the coefficients of the mean drag and rms

lift fluctuations for the best case of the P control (in terms of minimum vsrms)

given each sensing location (see figure 2.3 (a) for optimal α). The mean drag

is significantly reduced when the sensing locations are xs/d = 1, 1.5, 2.5 and

3. On the other hand, it is reduced only slightly when xs/d = 2, 3.5 and 4.

Similar reductions of rms lift fluctuations are also observed for xs/d = 1, 1.5

and 2.5 ∼ 3.5.

Figure 2.5 shows the contours of instantaneous spanwise vorticity for differ-

ent sensing locations and proportional gains. The P control with xs = 1.5d and

α = −0.15 results in no vortex shedding in the wake (figure 2.5 (b)). The P

controls of the cases of (xs = 2.5d, α = 0.1) and (xs = 4d, α = 0.1) produce an

attenuation and enhancement of vortex shedding, respectively (figures 2.5 (c)

and (d)).

As indicated by the study of Park et al. (1994), the P control that suc-

cessfully annihilates the vortex shedding at Re = 60 stabilizes the primary

vortex-shedding mode at Re = 80 but destabilizes a secondary mode. To study

this further, we consider a higher Reynolds number of 100. Figure 2.6 (a) shows

the variations of vsrms with the proportional gain for different sensing locations
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xs. The values of vsrms at α = 0 correspond to those without control. As for

the case of Re = 60, the range of α at which vsrms is decreased by the control

varies depending on the sensing location. That is, negative α reduces vsrms for

xs = d, positive α for 1.5d ≤ xs ≤ 2.5d and negative α again for xs = 3.5d

and 4d. The sensing location of 3d does not produce any reduction of vs. Also,

the performance of the P control becomes less effective when the sensing loca-

tion is farther away from the cylinder center, and the sensing velocity cannot

be reduced to be zero by any P control at this Reynolds number, indicating

that complete attenuation of vortex shedding is not possible with the present

P control. Figure 2.6 (b) shows the coefficients of the mean drag and rms lift

fluctuations for the best case of the P control given each sensing location (see

figure 2.6 (a) for optimal α). The mean drag is again significantly reduced by 7

∼ 12% for xs/d = 1, 2, 2.5 and 4. On the other hand, it is reduced only slightly

when xs/d = 1.5 and 3.5. Note that the overall shapes of C̄D and CLrms are

shifted upstream as compared with the case of Re = 60 because of the reduced

vortex-formation region with increasing Reynolds number.

2.4 PI control

In this section, we consider adding an I control to the P control, which is the

PI control. The parameters to consider for the PI control are the proportional

gain α, integral gain β and sensing location xs, respectively. In this study, we

do not look for the best configuration of α, β and xs. Instead, we look for the

possibility of having a better result by introducing an I control for the case

where the P control does not provide large suppression of vs. Therefore, we

consider the sensing locations of xs/d = 2, 2.5, 3.5 and 4 for Re = 60 (see figure

2.3).
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Figure 2.7 (a) shows the variations of vsrms with the integral gain β for

different sensing locations xs, where the proportional gains are the ones that

provide the maximum reductions of vsrms from the P control (figure 2.3 (a)).

The values of vsrms at β = 0 correspond to those of the best cases of the P

controls. As shown in figure 2.7 (a), the PI control enhances the performance

of reducing vsrms for the sensing locations of xs/d = 2, 3.5 and 4. Especially,

for xs/d = 2 and 3.5, vsrms’s become nearly zero. On the other hand, the PI

control is not effective for xs = 2.5d. The addition of the I control increases

vsrms for this sensing location (as we show later in this paper, an addition of

the D control further reduces vsrms at this sensing location). Figure 2.7 (b)

shows the coefficients of the mean drag and rms lift fluctuations for the best

case of the P or PI control given each sensing location (see figures 2.3 (a) and

2.7 (a) for optimal α and β). Except for xs/d = 2.5, the PI control significantly

attenuates the velocity fluctuations at the sensing location, thus reducing the

mean drag and lift fluctuations.

Figure 2.8 shows the temporal variations of the sensing and actuation veloci-

ties for the P and PI controls, where xs = 2d, α = 0.1 and β = 0.1. The sensing

velocity maintains a certain level of fluctuations for the P control, whereas

it becomes nearly zero but fluctuates around a very small positive value for

tu∞/d > 120 and eventually approaches zero for the PI control. In the PI

control, the I component produces negative actuation velocity for the present

initial flow field (surely this depends on the initial flow field for the control) and

ψ reaches nearly zero after a long time. Therefore, the flow field receives the

suction and blowing from upper and lower slots (but decreasing in magnitude

in time) for a long time and finally reaches to the state having nearly no vortex

shedding. Figure 2.9 shows this temporal variation of the flow field for the PI

control.
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Let us consider a higher Reynolds number of Re = 100. At this Reynolds

number, the P control was not so much effective as compared to that at Re = 60.

Hence, we consider the sensing locations of xs/d = 1.5 ∼ 4 with the PI control.

Figure 2.10 (a) shows the variations of vsrms with the integral gain β for different

sensing locations xs, where the proportional gains are the ones that provide the

maximum reductions of vsrms from the P control (see figure 2.6 (a); note that

α = 0 for xs = 3d). The values of vsrms at β = 0 correspond to those of the best

cases of the P controls. As shown in figure 2.10 (a), the PI control enhances

the performance of reducing vsrms for xs/d = 1.5, 2, 3 and 3.5. Especially, for

xs/d = 1.5 and 2, vsrms becomes very small. On the other hand, the PI control

is not effective for xs/d = 2.5 and 4. Figure 2.10 (b) shows the coefficients of

the mean drag and rms lift fluctuations for the best case of the P or PI control

given each sensing location (see figures 2.6 (a) and 2.10 (a) for optimal α and β).

The PI control significantly attenuates the velocity fluctuations at xs/d = 1.5

and 2, thus reducing the mean drag and lift fluctuations. However, for xs/d = 3

and 3.5, the rms lift fluctuations increase.

Now let us explain, using the concept of the P control with phase shift, why

the addition of the I control to the P control enhances the control performance

for the cases of xs/d = 2 and 3.5 (Re = 60), but not for the case of xs/d = 2.5.

For the case of xs = 2d, α = 0.1 and β = 0.1, A = 0.1545 and c = −1.02

from equation (3.16), where b = 2π/T and T = 7.4d/u∞ at Re = 60 (Park

et al. 1998). According to the temporal variation of the transverse velocity

(figure 2.11), the sensing velocity with the phase shift of c = −1.02 at xs = 2d

approximately corresponds to the velocity at xs = 2.5d, and thus this PI control

becomes similar to the P control with α = 0.1545 based on the sensing at xs =

2.5d and produces better control result. On the other hand, for xs = 2d, α = 0.1

and β = −0.1, A = 0.1545 and c = 1.02 from equation (3.16). Then, this PI
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control corresponds to the P control with α = 0.1545 based on the sensing

velocity at xs ≈ 1.5d. This control produces the increase of vsrms (figure 2.3

(a)) and thus the PI control with β = −0.1 does not perform well. Similarly, the

PI control with α = 0.05 and β = −0.05 for xs = 3.5d produces a much better

result than the P control, because the phase shift from the I control is c = 1.02

and then the corresponding control is the P control with α = A = 0.077 based

on the sensing at xs ≈ 3d (figure 2.3 (a)). On the other hand, for xs = 2.5d,

the PI control with α = 0.15 and β = −0.1 gives A = 0.191 and c = 0.784,

whose corresponding velocity is at xs ≈ 2d. The performance of the P control

with α = 0.191 at xs = 2d is not better than that at xs = 2.5d and thus the

PI control performs worse than the P control alone. However, all the results

shown in figure 2.7 (a) are not able to be explained in terms of the phase

shift, because some control cases involve relatively large control amplitudes and

introduce strong nonlinearity to the system.

2.5 PD control

As discussed above, the PI control was not so effective for the sensing loca-

tion of xs = 2.5d (Re = 60). Therefore, in this section, we add a D control to

the P control. Figure 2.12 (a) shows the variation of vsrms with the differential

gain γ for xs = 2.5d and α = 0.15. The value of vsrms at γ = 0 corresponds to

that of the P control. As shown, the PD control enhances the performance of

reducing vsrms for negative γ, where vsrms becomes nearly zero. Figure 2.12 (b)

shows the temporal variations of the sensing and actuation velocities for the P

and PD controls for xs = 2.5d, α = 0.15 and γ = −0.1. Unlike the case of the

PI control, the PD control shortens the transient period and makes the sensing

velocity quickly go to zero.
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The phase analysis for the present PD control with α = 0.15 and γ = −0.1

based on the sensing velocity at xs = 2.5d gives A = 0.172 and c = −0.607

from equation (3.16), with which this PD control corresponds to the P control

with α = 0.172 based on the sensing at xs/d = 2.5 ∼ 3 and thus produces a

better control result (see figure 2.3 (a)). On the other hand, with γ > 0, the

PD control becomes the P control based on the sensing at xs/d = 2 ∼ 2.5 and

produces poorer performance than the P control without phase shift.

2.6 PI versus P control with phase shift

As mentioned earlier, the PI or PD control is represented as a P control with

phase shift when the system under consideration is linear (see equations (2.1)

and (3.16)). In previous sections, we have briefly explained why the introduction

of an I or a D control to the P control provides better and worse results than

that of the P control alone in terms of the phase shift. In this section, we

compute a few cases of the P control with phase shift constructed from successful

PI controls and compare their results with those from the corresponding PI

controls.

First, we consider the case of xs = 2d, α = 0.1, β = 0.1 and Re = 60. In

this case, the P control alone provided some reduction of the sensing velocity

fluctuations (figure 2.3), whereas the PI control resulted in nearly zero sensing

velocity fluctuations (figure 2.7). For these feedback gains and the sensing

velocity signal from uncontrolled flow, the corresponding P control with phase

shift is ψ(t) = Avs(t+ c), where A = 0.1545 and c = −1.02. Figure 2.13 shows

the temporal variations of the sensing velocity and lift coefficient for the PI

control and the P control with phase shift. As shown, the result of the P control

with phase shift reduces the sensing velocity and lift fluctuations, but not as
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much as the PI control does. Another case we show here is xs = 1.5d, α = 0.2

and β = 0.4 for the higher Reynolds number of Re = 100. For the P control

with phase shift, A = 0.4351 and c = −1.06. This P control with phase shift

again reduces the sensing velocity fluctuations (though not as much as the PI

control does) but rather increases the lift fluctuations (figure 2.14).

We considered a few other cases for comparison and observed differences in

the control results between the PI control and the P control with phase shift.

However, the results from most of the P controls with phase shift were quite

successful, indicating that the flow under consideration is weakly nonlinear at

this low Reynolds number range. It is not straightforward to judge the effect of

the Reynolds number, because the optimal values of control parameters change

for different Reynolds numbers. Nevertheless, we expect that the P control with

phase shift should produce more and more different results at higher Reynolds

numbers as compared with the results from the corresponding PID control.

2.7 Summary of chapter 2

In the present study, we applied the P, PI and PD controls to flow over

a circular cylinder at the Reynolds numbers of 60 and 100. The transverse

velocity at a centerline location in the wake was measured for sensing, and the

actuation velocity was determined from the P, PI or PD control. The actuation

was given from the upper and lower slots on the cylinder surface and provided

zero-net mass flow rate to the flow. In this study, we showed that the P control

itself is quite effective for the present flow because this flow is subject to global

instability as discussed in Park et al. (1994). Although the control was sensitive

to the proportional gain, it completely suppressed the vortex shedding for some

sensing regions at Re = 60. For a higher Reynolds number of 100, the effective
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sensing region for successful control was shifted upstream and became narrower

than that for Re = 60. The addition of an I or a D control to the P control,

for the cases at which the P control did not completely suppress the vortex

shedding or was not so successful in reducing the sensing velocity fluctuations,

successfully reduced the velocity and lift fluctuations and the mean drag.

In the present study, we showed that the PI and PD controls can be formu-

lated in terms of the P control with phase shift when the system under consid-

eration is linear. The P controls with phase shift constructed from successful

PI controls were tested and compared with those PI controls. Owing to the

low Reynolds number range considered in the present study, the P control with

phase shift also produced successful attenuations of the vortex shedding and lift

fluctuations, although the results were not as good as those of the PI control.

However, most flows at high Reynolds number contain multiple dominant fre-

quencies and their nonlinear interactions. The simple analysis conducted here

may not be applicable to those flows and thus it should be interesting to apply

the present PID control to nonlinear flows such as turbulent channel flow.

Choi et al. (1994) introduced the opposition control in turbulent channel

flow for skin friction reduction. The sensing variable vs was the wall-normal

velocity near the wall and the actuation ψ was the blowing and suction at the

wall: ψ = − v(y+ ≈ 10), where y+ = yuτ/ν, y is the wall-normal distance, uτ

is the wall shear velocity and ν is the kinematic viscosity. The skin friction on

the wall was significantly reduced by the amount of 25 per cent. This control

is a P control whose control results are sensitive to the sensing location. Even

for the most successful case in their study, the sensing velocity fluctuations did

not go to zero; in other words, there existed a steady-state error owing to the

characteristics of the P control. Therefore, an addition of I, D or ID control

to this P control may be useful in further reducing the skin friction on the
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wall. Recently, Kim & Choi (2010) applied a PI control to turbulent channel

flow and showed that the steady-state error is significantly reduced. Further

studies should be needed to examine the applicability and effectiveness of the

PID control to nonlinear fluid flows.

Although we obtained successful results from the P, PI and PD controls for

flow over a bluff body, it is still not very clear why and how the sensing velocity

fluctuations and vortex-shedding strength were reduced by these controls. For

example, at Re = 60 and xs = 1.5d, the P control with α = −0.2 provided a

complete attenuation of vortex shedding, but that with α = −0.3 increased the

sensing velocity fluctuations. Although this behavior with the feedback gain

agrees with the general trend of the P control, the detailed reason is yet to be

found. The answer may be searched for from the understanding of the flow

system, its modeling and its response to the controls (see, for example, Kim

& Bewley 2007; Huang & Kim 2008; Koch et al. 1990; Rapoport et al. 2003;

Poh & Baz 1996), which should also significantly reduce the efforts on finding

optimal values of feedback gains and sensing positions. This line of research is

currently underway.
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input), and y is the process output.
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Figure 2.3. Variations of the sensing velocity owing to the P control (Re = 60):
(a) vsrms vs. α; (b) temporal behavior of vs.
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Figure 2.4. Variations of the drag and lift coefficients owing to the P control
(Re = 60): (a) rms lift fluctuation coefficient (CLrms) vs. α; (b) mean drag
coefficient (C̄D) and CLrms vs. xs for best cases of the P controls. Here, C̄D0

and CLrms0 denote the values of uncontrolled flow.

23



(a) 

(b) 

(c) 

(d) 

Figure 2.5. Contours of the instantaneous spanwise vorticity (Re = 60): (a) no
control; (b) xs = 1.5d, α = −0.15; (c) xs = 2.5d, α = 0.1; (d) xs = 4d, α = 0.1.
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Figure 2.6. Variations of the sensing velocity and force coefficients owing to
the P control (Re = 100): (a) vsrms vs. α; (b) C̄D and CLrms vs. xs for the best
cases of the P controls. Here, C̄D0 and CLrms0 denote the values of uncontrolled
flow.
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Figure 2.7. Variations of the sensing velocity and force coefficients owing to the
P or PI control (Re = 60): (a) vsrms vs. β (PI control; α = 0.1, 0.15, 0.05,−0.01
for xs/d = 2.0, 2.5, 3.5, 4.0, respectively); (b) C̄D and CLrms vs. xs for the
best cases of the P or PI control. Here, C̄D0 and CLrms0 denote the values of
uncontrolled flow.
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Figure 2.8. Temporal behaviors of the sensing and actuation velocities for the
P and PI controls (Re = 60). Here xs = 2d. α = 0.1 for the P control, and
α = 0.1 and β = 0.1 for the PI control.
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Figure 2.9. Instantaneous flow fields for the PI control (xs = 2d, α = 0.1 and
β = 0.1): (a) tu∞/d = 0; (b) 4; (c) 6; (d) 10; (e) 20; (f) 600.
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Figure 2.10. Variations of the sensing velocity and force coefficients due
to the P or PI control (Re = 100): (a) vsrms vs. β (PI control; α =
0.2, 0.3, 0.3, 0,−0.1,−0.1 for xs/d = 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, respectively); (b)
C̄D and CLrms vs. xs for the best cases of the P or PI control. Here, C̄D0 and
CLrms0 denote the values of uncontrolled flow.
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for uncontrolled flow (Re = 60).
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Figure 2.13. Temporal variations of the sensing velocity and lift coefficient for
the PI control and P control with phase shift (Re = 60, xs = 2d): (a) vs; (b) CL.
Here, α = 0.1 and β = 0.1 for the PI control, and A = 0.1545 and c = −1.02
for the P control with phase shift.
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Figure 2.14. Temporal variations of the sensing velocity and lift coefficient for
the PI control and P control with phase shift (Re = 100, xs = 1.5d): (a) vs;
(b) CL. Here, α = 0.2 and β = 0.4 for the PI control, and A = 0.4351 and
c = −1.06 for the P control with phase shift.
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Chapter 3

Optimization of feedback control of flow over a

circular cylinder

3.1 Motivations and objectives of an optimization of the PID control

Control of flow over a bluff body is one of the classical fluid mechanics

problems, various control methods have been adjusted to this problem (Choi,

Jeon & Kim 2008). The circular cylinder is a representative bluff body, so

far many researchers have been tested their control methods to it (Choi, Jeon

& Kim 2008). In a number of the control methods have been developed so

far (passive, active open-loop and active closed-loop controls), active feedback

control vouches most successful results, and is based on solid mathematical

background (Choi, Jeon & Kim 2008; Collis et al. 2004; Gad-el-Hak, Pollard &

Bonnet 1998; Kim & Bewley 2007; Moin & Bewley 1994). According to Choi,

Jeon & Kim (2008), feedback control methods are an attractive choice over

passive and active open-loop controls in that the control input is continuously

modified according to the response of the flow system.

To suppress the vortex shedding behind a bluff body, numerous feedback con-

trol methods have been studied so far (for reviews, see Choi, Jeon & Kim 2008;

Collis et al. 2004; Gad-el-Hak, Pollard & Bonnet 1998; Kim & Bewley 2007;

Moin & Bewley 1994). According to Choi, Jeon & Kim (2008), feedback controls
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for fluid mechanics systems were classified into three groups: optimal control

theory and suboptimal control (theoretical and mathematical based control),

control based on reduced-order models (model based control), and single-sensor

linear feedback control (physics based control). Feedback control of fluid flow

problems based on optimal control theory was started by Abergel & Temam

(1990), this method successfully controlled the flow over a circular cylinder.

However, the optimal control was not practical control method because it needs

full information of temporal-spatial space of computational domain during the

control. To overcome the weakness of the optimal control, suboptimal control

method is suggested by Choi et al. (1993). The suboptimal control method

successfully applied to the flow over a circular cylinder (Min & Choi 1999), a

backward-facing step (Choi, Hinze & Kunisch 1999; Kang & Choi 2002), and

a sphere (Jeon & Choi 2010). Suboptimal control is very practical than the

optimal control, but it is still complex that it needs to solve adjoint equations

with whole information of spatial variables of Navier-Stokes equations at each

computational time step.

Model based control estimates a model of the process from plant data, and

uses this model in the control design assuming the certainty equivalence prin-

ciple (Huusom 2008). Using simple model to find optimal control strategy for

fluid flow problems may be an effective way, because the flow system governed

by the Navier-Stokes equations is typical complex nonlinear system. Previous

researchers constructed the reduced-order model of fluid system with various

methods (Gillies 1998; Graham, Peraire & Tang 1999; Li & Aubry 2003; Pro-

tas 2004; Siegel, Cohen & McLaughlin 2006). With the model based control,

they suppressed the vortex shedding behind the circular cylinder and reduced

the mean drag. However, as pointed out in Choi, Jeon & Kim (2008), the

reduced-order model is not mathematically equivalent to that based on the full
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Navier-Stokes equation, and it is very difficult to create a model that accurately

imitate the complex nonlinear effect of real situation. If the model is not accu-

rate, optimized controller with model based approach does not shows successful

control results in real situation.

The last one is single-sensor linear feedback control (physics based control).

This one is the most practical and simple control method than the other meth-

ods previously shown. Optimal and model based control need massive infor-

mation about the flow fields to control or to construct a model of the system,

respectively. On the other hand, the single-sensor linear feedback control needs

the flow information of a single point or a few points in the flow field. The most

famous and representative control method in this category is a proportional-

integral-differential (PID) control (Johnson, Moradi & Crowe 2005; Rowland

1986). The PID control is expressed as following equation.

ψ(t) = αe(t) + β

∫ t

0

e(τ)dτ + γ
de(t)

dt
. (3.1)

Here, ψ is the control input to the system, e(t) is the error we want to minimize,

and α, β, and γ are the proportional, integral, and differential feedback gains,

respectively. For instance, in the case of circular cylinder, the error e(t) may

be a sensing velocity vs(t) at a location in a flow field that we want to drive to

zero through the feedback control (figure 2.2).

In the case of flow over a circular cylinder, most of previous researchers

performed a proportional control using measured velocity at a single point of

wake region (for reviews, see Son, Jeon & Choi 2011). As a result, they sup-

pressed the vortex shedding and reduced the mean drag (Roussopoulos 1993;

Park, Ladd & Hendricks 1994; Zhang, Cheng & Zhou 2004; Son, Jeon & Choi

2011). In the present study, we are interested in investigating a proportional-
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integral-differential (PID) control of flow over a circular cylinder. The PID

control is a very common and practical control method used in control soci-

ety; however, it is not popular in the fluid mechanics, so far. Recently, Son,

Jeon & Choi (2011) performed a PID control of flow over a circular cylinder

and successfully suppressed the vortex shedding. Figure 2.2 shows schematic

of the PID control by Son, Jeon & Choi (2011). They measured the transverse

velocity (vs(t)) at a centerline location of circular cylinder as an error signal.

The actuation (ψ(t), blowing/suction) is provided to the flow at the upper and

lower slots on the cylinder surface near the separation point. They showed that

the strength of vortex shedding was attenuated and resulted in drag and lift

fluctuation reduction by those control methods.

In their research, they used bisectional optimization method (manual tuning

method) to determine the PID control parameters α, β and γ in the equation

4.1. Firstly, they found the proportional feedback gain α in the sense that

minimizing the sensing velocity fluctuation (vsrms). With these optimal αs,

they searched for the possibility of having a better result by introducing an

I control for the case where the P control does not provide large suppression

of vsrms. In the case of xs/d = 2.5, the PI control was not so effective to

reduce vsrms. Finally, they added a D control instead of the I control to the P

control and searched for the optimal γ in the sense that minimizing vsrms at

xs/d = 2.5. However, the bisectional optimization method has some limitations.

This method is quite simple and intuitive, but there is no mathematical base.

So, to adjust real plant or different feedback control problems, the bisectional

optimization method requires many trials and errors to obtain successful gains

for the plant. According to the results of Son, Jeon & Choi (2011), in the

case of xs/d = 2.5, they conducted about 20 times of calculations to find out

better control results. In addition to this, obtained gains from the bisectional
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optimization method were not guarantees optimality. It means that even if we

found successful gains of the PID control with manual tuning method, it is not

sure that the gains are the best or not.

Therefore, we search for optimization method of the PID control of flow over

a circular cylinder maintaining the strong points of single-sensor linear feedback

control (physics based control). The optimization methods which have been

proposed for enhancing the performance of the feedback control system are di-

vided in two groups (Huusom 2008). The first one is to optimize the controller

using a simplified process model obtained from plant data of the real system;

this type of model based optimization method is the same as described above.

Because the model based optimization method does not directly control the

actual system, this method is called the indirect method (Huusom 2008). An-

other optimization method is called a direct method, which optimize the control

loop by applying the real data directly, without calculating a model estimate

(Huusom 2008). A direct method has been applied to the single input/single

output control systems with simple controller such as the PID controllers. In

the present study, we optimize the PID control of flow over a circular cylinder

using an iterative feedback tuning (IFT) method, which is representative direct

feedback optimization method.

The iterative feedback tuning (IFT) method is a typical model-free gain

optimization method proposed by Hjalmarsson, Gunnarsson & Gevers (1994).

The IFT suggests local optimum of feedback gain which minimizes the cost

function of given control system, and is superior to the other parameter tuning

methods (Lequin et al. 2003). We will explain the detailed procedure of the

IFT method later in section 3.2.1, the most important feature of this method is

that there is no modeling of given unknown plant. The Navier-Stokes equations

and corresponding fluid phenomenon have typical complex nonlinear physics,
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therefore accurate model for this is difficult to obtain. In this reason, the IFT

method is a proper option for present control problem. Therefore, the objective

of present study is to optimize the PID control using an iterative feedback tuning

method. In addition to this, we want to suppress the vortex shedding behind the

cylinder by optimized PID control. The Reynolds number considered are Re =

60 and 100, where the nonlinearity is relatively small and large, respectively.

In this chapter, the numerical details, detailed control methods are the same as

that used in the chapter 2. Detailed optimization methods are given in section

3.2. The optimized control results such as the variation of sensing velocity, drag

and lift coefficients, flow fields, and the physical meaning of optimized PID gains

are shown and discussed in section 3.3. Lastly, summaries are in section 3.4.

3.2 Optimization method for the PID control

3.2.1 Iterative feedback tuning method for the PID control

In the present study, to reduce computational efforts (trials and errors) and

obtain local optimal gains for given plant, we introduce the iterative feedback

tuning (IFT) method which is one of the model-free gain optimization method.

Then we find out local optimum of the PID control gains in the sense that

minimizing vsrms, and compare results with those of manual tuning method

(Son, Jeon & Choi 2011).

As explained before, most important advantage of the IFT is that although

the transfer function of given plant is not known, the IFT can optimize the

controller gains for the given plant. Especially, given plant is complex or even

nonlinear, the IFT can optimize the controller gains and successfully enhances

the performance of the controller (Hjalmarsson 2002). The Navier-Stokes equa-

tions and corresponding fluid systems are typical nonlinear system and difficult
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to find out a transfer function or a system model to control. Therefore, we

introduce the IFT method here.

To perform the iterative feedback tuning method, we should be choose a

suitable cost function J that we want to minimize. Obviously, when we choose

improper cost function, then it is not possible to obtain better control perfor-

mance. In the present study, process error is sensing velocity itself. Therefore,

we define the cost function using the sensing velocity vs as

J(ρ(k)) =
1

2Tf

∫ Tf

0

vs(τ, ρ(k))
2 + λ2ψ(τ, ρ(k))2dτ, (3.2)

where ρ(k) is PID controller gain vector which is [α, β, γ]T and k is index of

iteration step. Tf is costing time interval which means integral time interval for

the calculation of cost function. Tf is sufficiently long time that the plant shows

statistically steady state at the given gain vector ρ. λ2 is weighting constant of

the cost function.

To minimize the cost function J (equation 3.2), we update the gain vector

ρ with

ρ(k + 1) = ρ(k)− κ(k)R(k)−1 ∂J(ρ(k))

∂ρ(k)
, (3.3)

here, R(k) is some appropriate positive definite matrix, typically a Gauss-

Newton approximation of the Hessian of J , while κ(k) is a real scalar that

determines the update step size (Hjalmarsson, Gunnarsson & Gevers 1994; Hjal-

marsson 2002). We determine the step size κ(k) by one-dimensional line search

method, and we will discuss it later in section 3.2.2. If we set R(k) as an

identity matrix, then it gives an algorithm from the steepest descent family

of optimization routines (Johnson, Moradi & Crowe 2005). However, previous

studies highly recommend to use a Gauss-Newton approximation of the Hessian
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of J instead of an identity matrix, so we use it (Hjalmarsson, Gunnarsson &

Gevers 1994). Therefore, positive definite matrix R(k) is defined as

R(k) =
1

N

N∑
1

∂vs(t, ρ(k))

∂ρ(k)

∂vs(t, ρ(k))

∂ρ(k)

T

+ λ2

(
∂ψ(t, ρ(k))

∂ρ(k)

∂ψ(t, ρ(k))

∂ρ(k)

T
)
,

(3.4)

where N is the number of time steps corresponding to the costing time interval

Tf .

To update the feedback gain vector ρ(k), we should calculate the gradient

of cost function (equation 3.3). It can be expressed as

∂J(ρ(k))

∂ρ(k)
=

1

Tf

∫ Tf

0

vs(τ, ρ(k))
∂vs(τ, ρ(k))

∂ρ(k)
+λ2

(
ψ(τ, ρ(k))

∂ψ(τ, ρ(k))

∂ρ(k)

)
dτ.

(3.5)

Both sides of equation 3.5 are the vector quantity which is a partial derivative of

equation 3.2. In the equation 3.5, we can easily obtain vs(t, ρ(k)) and ψ(t, ρ(k))

from the system response of the PID control (figure 3.1 (a)). However, the

signal of ∂vs(τ, ρ(k))/∂ρ(k) and ∂ψ(τ, ρ(k))/∂ρ(k) in the equation 3.5 are still

unknown and are not straightforward to obtain. Biggest contribution of the

iterative feedback tuning method is procedures to obtain two unknown gradient

signals without using mathematical modeling of given plant. If we assume the

given plant (Gp in figure 3.1) is linear system, then the signals of feedback loop
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can be expressed as

vs(t, ρ(k)) = Gp(ψ(t, ρ(k))),

ψ(t, ρ(k)) = r(t) + C(vs(t, ρ(k))),

vs(t, ρ(k)) = Gp(r(t) + C(vs(t, ρ(k))))

= Gp (r(t)) +Gp (C (vs(t, ρ(k))))

=
Gp

1−Gp · C
r(t). (3.6)

Here, Gp is unknown transfer function of given plant, C is transfer function of

the PID controller (C(x(t)) = αx(t)+β
∫ t

0
x(τ)dτ +γdx(t)/dt), r(t) is reference

input which is zero in the present study. To obtain ∂vs(τ, ρ(k))/∂ρ(k), we

should differentiate equation 3.6 with respect to the gain vector ρ(k). In the

equation 3.6, C is the only function of ρ(k) while Gp is not the function of ρ(k).

Therefore, the gradient of sensing velocity with respect to the gain vector is

expressed as

∂vs(τ, ρ(k))

∂ρ(k)
=

(
G2

p

(1−GpC)2
· ∂C

∂ρ(k)

)
r(t)

=
∂C

∂ρ(k)
· Gp

1−GpC
· Gp

1−GpC
r(t)

=
∂C

∂ρ(k)
· Gp

1−GpC
vs(t, ρ(k))

=
∂C

∂ρ(k)
vs,1(t, ρ(k)). (3.7)

In the equation 3.7, the signal vs,1(t, ρ(k)) can be obtained from additional

loop for gradient estimation (figure 3.1 (b)). That means, instead of reference

signal r(t), vs(t, ρ(k)) is inserted to the whole feedback process, then the cor-

responding output signal is vs,1(t, ρ(k)). Therefore, if we do not know about

42



the exact transfer function of given plant Gp, we can get the ∂vs(τ, ρ(k))/∂ρ(k)

by additional parallel loop for gradient estimation. Similarly, gradient signal of

the actuation ψ is also obtained from

∂ψ(τ, ρ(k))

∂ρ(k)
=

∂C

∂ρ(k)
ψ1(t, ρ(k)). (3.8)

In equations 3.7 and 3.8, ∂C/∂ρ(k) is obtained from given controller. In the

present study, C is PID controller. So, the vector ∂C/∂ρ(k) is expressed as

∂C

∂ρ(k)
x(t) = x(t)α̂+

∫ t

0

x(τ)dτ β̂ +
dx(t)

dt
γ̂, (3.9)

where α̂, β̂ and γ̂ are the direction of proportional, integral and differential

terms, respectively.

3.2.2 Golden section search with bracketing method

As explained previous section 3.2.1, we obtained the gradient of cost function

J by the iterative feedback tuning method. Also, positive definite matrix R(k)

in the gain update equation is obtained as Gauss-Newton approximation of

Hessian of J (equation 3.4). However, a numerical method for obtaining the

update step size κ(k) is not considered. In this section, we will discuss about

one-dimensional line search method to determine κ(k). Among various one-

dimensional line search methods, we use golden section search with bracketing

method. In other words, for the given search direction (R(k)−1∂J(ρ(k))/∂ρ(k)),

we find the optimal κ(k) in the sense that minimizing the cost function J .

The golden section search is a technique for finding the extremum (minimum

or maximum) of a unimodal function by successively narrowing the range of

values inside which the extremum is known to exist. Golden section search

43



was introduced by Kiefer (1953), and is very popular and efficient method for

finding local extremum of given function. Figure 3.2 shows the schematic of the

process of golden section search. Starting point (a) where the κ(k) = 0 has the

cost function of Ja (J(ρ(k))) that we already know. After then, we update the

gain vector with κ(k) = κini in the equation 3.3, where the point (b) exists and

calculate corresponding cost function Jb. To obtain Jb, we must calculate the

governing equations (equation 2.5 and 2.6) for specific time interval (Tf ) with

feedback loop of figure 3.1 (a). If Jb ≤ Ja, then there is no local minimum point

in between the (a) and (b). So we keep going on to find out boundary of the

κ(k) in the sense that the local minimum is known to exist. This procedure is

called bracketing method. In the figure 3.2, points (a), (b) and (c) shows the

existence of local minimum in between the points (a) and (c). When we update

the point (c), we use golden section ratio (G = 2/(
√
5− 1)), thus, this method

is called golden section search.

After finding the boundary of κ(k) (this means that bracketing procedure is

completed), we intersect the points (b) and (c), find new point (d) and evaluate

new cost function Jd. In the figure 3.2, comparing cost functions Jb and Jd,

we know that Jb 5 Jd. Then new boundary of κ(k) is between the points (a)

and (d). Next, we evaluate new cost function Je and compare it with Jb, and

then reduce the boundary of κ(k) from the point (e) to (d). We will do this job

iteratively, until certain stopping criterion is satisfied.

Stopping criteria for the golden section search is simple. For example, in

the figure 3.2, the boundary of κ(k) is between the points (a) and (d), if

Jb − Je
Je

5 ϵ1, or (and)

|κb − κe| 5 ϵ2, (3.10)
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then the local optimum is κb. In other words, difference between neighboring

cost function is smaller than ϵ1, or difference between neighboring points is

smaller than ϵ2, then the golden section search stops.

As explained above, to start the golden section search, we should decide the

first step size (κini). To determine a proper κini, we calculate expected cost of

next iteration step (Hjalmarsson, Gunnarsson & Gevers 1994). According to

the equation 3.2, cost function of next iteration step is expressed as

J(ρ(k + 1)) =
1

2Tf

∫ Tf

0

vs(τ, ρ(k + 1))2 + λ2ψ(τ, ρ(k + 1))2dτ, (3.11)

where k + 1 means next iteration step of iterative feedback tuning method.

J(ρ(k+1)) is unknown until we calculate future iteration step. In the equation

3.11, time sequence of vs(t, ρ(k + 1)) and ψ(t, ρ(k + 1)) are unknown before we

calculate original feedback loop of next iteration step (k + 1). However, using

the Taylor series expansion, we can express these two signals with

∆ρ(k) = ρ(k + 1)− ρ(k) = −κ(k)R(k)−1 ∂J(t, ρ(k))

∂ρ(k)
, (3.12)

vs(t, ρ(k + 1)) = vs(t, ρ(k)) +
∂vs(t, ρ(k))

T

∂ρ(k)
∆ρ(k) +O(∆ρ(k)2),

ψ(t, ρ(k + 1)) = ψ(t, ρ(k)) +
∂ψ(t, ρ(k))T

∂ρ(k)
∆ρ(k) +O(∆ρ(k)2). (3.13)
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Therefore, corresponding predicted cost function J(ρ(k + 1)) is

J(ρ(k + 1)) =
1

2Tf

∫ Tf

0

vs(τ, ρ(k))
2 + 2∆ρ(k)vs(τ, ρ(k))

∂vs(τ, ρ(k))
T

∂ρ(k)

+ λ2
(
ψ(τ, ρ(k))2 + 2∆ρ(k)ψ(τ, ρ(k))

∂ψ(τ, ρ(k))T

∂ρ(k)

)
+O(∆ρ(k)2)dτ,

= J(ρ(k)) +
∆ρ(k)

Tf

∫ Tf

0

vs(τ, ρ(k))
∂vs(τ, ρ(k))

T

∂ρ(k)

+ λ2ψ(τ, ρ(k))
∂ψ(τ, ρ(k))T

∂ρ(k)
+O(∆ρ(k)2)dτ,

= J(ρ(k)) +

(
∂J(t, ρ(k))

∂ρ(k)

)T

∆ρ(k) +O(∆ρ(k)2),

≈ J(ρ(k))− κ(k)

(
∂J(t, ρ(k))

∂ρ(k)

)T

R(k)−1

(
∂J(t, ρ(k))

∂ρ(k)

)
, (3.14)

with R(k) which defined by equation 3.4.

In the approximated equation 3.14, we can set the predicted cost function

as J(ρ(k + 1)) ≡ 0, because we want to reduce or eliminate J(ρ(k + 1)) in the

next iteration step. Therefore, we can obtain update step size κexp(k) as

κexp(k) =
J(ρ(k))((

∂J(t,ρ(k))
∂ρ(k)

)T
R(k)−1

(
∂J(t,ρ(k))

∂ρ(k)

)) . (3.15)

Here, κexp(k) is the expected update step size which makes the expected cost

function J(ρ(k + 1)) as zero. In this reason, we determine the first step size of

the golden section search as κini = κexp(k).

As explained above (in the section 3.2.1 and 3.2.2), figure 3.3 shows whole

process of the iterative feedback tuning with golden section search of the PID

control of flow over a circular cylinder. Firstly, we calculate original control loop

(figure 3.1 (a)) when r(t) is zero with the time interval of Tf . In this control loop,
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vs(t) is the transverse velocity at the cylinder wake, and ψ(t) is the actuation

velocity on the cylinder surface during tu∞/d = 0 to Tf . Secondly, we calculate

parallel control loop from tu∞/d = 0 to Tf (figure 3.1 (b)), with reference

input vs(t) obtained from the calculation of original control loop. As a result of

parallel control loop, we can obtain the sensing (vs,1(t)) and actuation velocities

(ψ1(t)) during the calculation of parallel control loop. After then, using four

signals (vs(t), ψ(t), vs,1(t), and ψ1(t)), we can calculate the gradient of cost

function (equation 3.5 with equations 3.7 and 3.8). Now we know the searching

direction of the IFT method (in the equation 3.3, R(k)−1 ∂J(ρ(k))
∂ρ(k)

), remaining

task is to find the optimal update step size κopt(k) with one-dimensional line

search method. During the golden section search process, if the stopping criteria

(equation 3.10) is satisfied, we stop the line search and pick up the optimal κ

as κopt(k) = κb (figure 3.2). In the present study, we use one stopping criteria

of ϵ1 = 5%, the second equation in equation 3.10 is not used in this study for

simplicity. Present stopping criteria means that we stop the line search when

the difference of the cost function between adjacent two points is within 5%

(in figure 3.2, κb and κe). Now we know all the unknowns in the gain update

equation (equation 3.3), so update the gain vector with this equation. The gain

vector of next iteration step is updated with κopt(k), and the cost function of

next iteration step is the same as that obtained during the line search procedure.

Therefore, J(ρ(k + 1)) = Jb in the figure 3.2. Finally, the difference between

present (J(ρ(k))) and future cost (J(ρ(k + 1))) is within 5%, the whole IFT

procedure converged to the local optimum.
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3.2.3 Selection of controller component and detailed setups for the

IFT method

In this section, we explain detailed setups of the IFT method. To calculate

the cost function defined as equation 3.2, the integration time interval Tf and the

cost function weighting λ2 should be determined. The cost function weighting

is often used to compensate actuation induced instability or failure during the

control. In the present study, we set λ2 = 0 for simplicity. Therefore, the

cost function is defined with sensing velocity vs(t) only. The integration time

interval Tf is important that if it is too large, the whole optimization procedure

needs much more computational effort during the gradient calculation and line

search algorithm. While, if the Tf is too small, the IFT procedure does not find

proper gains of controller because the plant does not have sufficient time for

control. In the present study, Tf = 100tu∞/d. As shown and discussed later in

the sections 3.3 and 3.3.3 (in the figures 3.8 and 3.15), time trace of the sensing

velocity shows that Tf = 100tu∞/d is sufficient to optimize the PID control of

flow over a circular cylinder (about 14 times of vortex shedding period during

100tu∞/d at Re = 60 without control).

There is another issue related to the transient effect of the control. Present

optimization method starts from the case of no control ((α, β, γ) = (0, 0, 0))

for simplicity, there remains finite vortex shedding at early stage of the feed-

back control. If we integrate the squared sensing velocity (equation 3.2) from

tu∞/d = 0, it increases the cost function and induces some side effect of the

optimization. Figure 3.4 shows the time trace of the sensing velocity during

the optimization procedure (Re = 60, xs/d = 3.5). The dashed line shows the

result of first iteration, and the solid line indicates the result of second iteration.

As shown in this figure, the first iteration shows better performance than that
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of the second iteration in the final stage of control (100tu∞/d). However, the

difference between these two iterations at the transient stage of control (from

tu∞/d = 0 to 50), overall cost function of the first iteration is larger than that of

the second iteration. If we integrate the cost function from tu∞/d = 50 to 100,

the second iteration shows better performance than that of the first iteration.

Previous studies suggest various filters on the error signal (Lequin 1997; Gevers

2002; Hjalmarsson et al. 1998) to figure out this problem. However, in the

present study, we simply cut off the transient stage (from tu∞/d = 0 to 0.5Tf )

to avoid the transient effect.

The last one to discuss is controller selection during the IFT procedure. As

similar to those of other feedback control methods, sometimes the PID control

may induce system instability, oscillations and failure of control. Specifically,

there are two well-known problems of the PID control: integral windup and

differential oscillations (Johnson, Moradi & Crowe 2005). Figure 3.5 shows typ-

ical integral windup appeared in the flow over a circular cylinder (Re = 60,

xs/d = 2.5). Figure 3.5 (a) is time trace of sensing velocity (solid line) with its

integrated value (dashed line) and actuation velocity (dash-dotted line). In this

figure, the sensing velocity decrease, but it does not approach to zero. Because

the sensing velocity does not go to zero, the time trace of integrated sensing

velocity is continuously decreased to negative value. This is typical windup phe-

nomenon that small error is collected during the control process, finally induces

system instability. In the figure 3.5 (a), the actuation velocity is decreased

to negative value, and its magnitude is continuously increased. Figure 3.5 (b)

and (c) show the flow field corresponding to the windup phenomenon. As the

integrated sensing velocity decreased, actuation velocity (ψ(t)) also decreased,

results in deflected wake behind the cylinder (figure 3.5 (b)). If the windup

phenomenon continues, the wake deflection gets worse as in the figure 3.5 (c),
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finally the numerical instability arises due to the large amplitude of feedback

actuation.

Figure 3.6 shows typical oscillation of the sensing velocity induced by the

differential control (Re = 60, xs/d = 1). In figure 3.6 (a), solid line indicates

the sensing velocity, and open square symbols are differentiation of the sensing

velocity with respect to the time. Both the solid line and the open square sym-

bols are picked up every 15th data points, to avoid overlapping of continuous

data points. During the early stage of control (from tu∞/d = 0 to 15), there is

no problem. After then, two-delta wave type oscillations occur on the sensing

velocity, result in rapid increment on differential of the sensing velocity. Oscil-

lations are the two-delta wave type, so plus and minus signs are alternatively

showed up. Figure 3.6 (b) shows the time trace of actuation velocity. The

actuation velocity grows up because of the differential control induced oscilla-

tions. The numerical instability arises due to the large amplitude of feedback

actuation.

There are a lot of studies deal with integral anti-windup and differential

oscillations of the PID control (Johnson, Moradi & Crowe 2005). In the present

study, we simply remove the integral and differential controls when the integral

windup and the differential oscillations are occurred, respectively. The integral

windup and the differential oscillations are checked when we start the line search

algorithm with initial guess of update step size, κini = κexp (equation 3.15).

Because of this, there are some cases of sensing positions with β = 0 or (and)

γ = 0 in the optimized PID control gains (table 3.1).

50



Re = 60 Re = 100

xs/d k(n) α β γ k(n) α β γ

1 4 (29) -9.8556 0 0 4 (36) -10.0350 0 0

1.5 3 (24) -1.2346 0.3957 -0.1994 2 (18) 0.1275 0.6441 -0.2149

2 (15) 0.6437 1.1480 -0.0957

2 3 (20) -0.0365 0.3228 -0.4007 3 (28) 0.6813 0 -0.3846

3 (37) 0.2778 0.3503 -0.0133

2.5 3 (25) 0.5913 0 -0.4446 3 (27) 0.4061 0 -0.0225

3 3 (31) 0.3079 0 0.0636 3 (37) 0.2652 -0.2676 0.1073

3.5 2 (13) 0.1916 -0.0438 0.0160 4 (42) -0.0222 -0.1594 0.0074

4 4 (22) 0.0411 -0.0796 0.0296 3 (26) -0.3985 -0.0808 0.0992

Table 3.1. Optimized feedback gains with the number of iterations at different
sensing positions. Here, k is total number of iteration and n is number of
calculation of Navier-Stokes equations including line search procedure. In Re =
100, xs/d = 1.5 and 2 have two different optimized PID gains. Upper one
is the result starting from without control ((α, β, γ) = 0) as the other cases
of sensing positions, lower one is the result starting from the manual tuning
method of Son, Jeon & Choi (2011). In xs/d = 1.5 and 2, the starting points
are (α, β, γ) = (0.4612, 1.1531, 0) and (0.5286, 0.3524, 0), respectively.

3.3 Control results

3.3.1 Optimized PID control of flow over a circular cylinder at Re =

60 and 100

According to the results of Son, Jeon & Choi (2011), they showed that

P, PI and PD controls of flow over a circular cylinder at Re = 60 and 100

can suppress vortex shedding. In the present study, using iterative feedback

tuning method, we optimize the PID control gains ρ(k) = [α, β, γ]T at the
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given sensing positions (xs/d = 1 to 4). Table 3.1 shows optimized gains at

different sensing positions. All the optimized gains (except lower ones of Re =

100, xs/d = 1.5 and 2) are obtained from the starting point of gain vector,

(α, β, γ) = (0, 0, 0). In this table, there exist number of iteration for gradient

of cost function estimation and total number of function evaluations during the

line search procedure which is number of calculation of Navier-Stokes equations

during the optimization procedure. As shown in this table, present optimization

procedure can successfully find local optimum of the PID control gains at all

sensing positions. Within a few iterations, local optimum of α, β, and γ are

determined. In all the cases considered in this study, the number of function

evaluation is about 30, which is the same order of magnitude based on manual

tuning method with 3 cases of each direction ([α, β, γ]3). It means present

optimization method finds local optimum about 30 calculations of Navier-Stokes

equations, while manual tuning finds rough guess of gains with 27 calculations.

Figure 3.7 (a) shows variation of cost function (J) and feedback gains

(α, β, γ) through the iterations. Iteration number 0 means no control. The

cost function decreased from 10−2 to 10−7, only in three iterations. In addition

to this, each gains are converged to local optimum only in three iterations. In

this figure, proportional, integral and differential gains of Son, Jeon & Choi

(2011) is expressed as dashed lines. In Son, Jeon & Choi (2011), integral and

differential gains are zero. As compared in figure 3.7 (a), present optimized

gains are quite different from that of manual tuning method. Figure 3.7 (b)

shows variation of gradient of cost function and update step size κ(k) through

the iterations. In the figure 3.7 (b), gradient of cost function on each gain di-

rections are decreased from the magnitude of 10−2 to 10−6 or 10−7. It indicates

that only in a few iterations, the variations of the PID controller gains (∂ρ(k))

do not much change the cost function (∂J). In other words, if the ∂J
∂ρ(k)

suf-
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ficiently reduced, gain vector is close to the local optimum. We also see this

phenomenon in the decrease of update step size κ(k). κ(k) decreases from 3 to

0, it means the variation of gains is decreased. As seen in figure 3.7 (a), α, β,

and γ are changed rapidly from no control (iteration 0) to first iteration, how-

ever, the amount of change decreased after then. In the first iteration, gains are

determined using ∂J
∂ρ(1)

and κ(1), relatively large values of gradient and update

step size. In the next iterations, values of gradient and update step size are

much decreased, so the change of gain vector is negligible in figure 3.7 (a).

Figure 3.8 shows time trace of sensing velocity with xs/d = 1.5 at Re =

60. Dotted line denotes the case of no control, dash-dotted line is result of

manual tuning (proportional control with α = −0.9), dashed line is result of

first iteration, and solid line is result of third (final) iteration. As seen in

this figure, present feedback tuning method successfully reduces the sensing

velocity to zero. Compared with the case of manual tuning, present optimized

PID control efficiently reduces the error. The manual tuning also reduces the

error go to zero, however it takes too much time (about tu∞/d = 200). In

this figure, difference between dashed and solid lines is transient response of

control. The PID control gains of first iteration make the sensing velocity as

zero. However, the third iteration makes the error as zero faster than the first

iteration. Therefore, final steady state response of those two feedback gains are

the same, but the third iteration is much efficient than the first one.

Figure 3.9 shows the contours of instantaneous spanwise vorticity with dif-

ferent control methods. Obviously, there is Kármán vortex street in the case of

no control (figure 3.9 (a)). Figure 3.9 (b) and (c) show the vorticity contour of

the nondimensional time tu∞/d = 100 after the control. In figure 3.9 (b), the

manual tuning method suppresses the strength of vortex shedding, but does not

annihilate it after the control time tu∞/d = 100. On the other hand, present
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optimized PID control successfully annihilates the vortex shedding during the

same time interval (figure 3.9 (c)).

Control effectiveness on each sensing positions are expressed in the figure

3.10. This figure shows the sensing velocity fluctuation at different sensing po-

sitions. Figure 3.10 (a) is case of Re = 60, figure 3.10 (b) is case of Re = 100,

respectively. Diamond symbol is case of no control, which represents the sens-

ing velocity fluctuations measured at different downstream locations. Trian-

gle symbol is previous result of manual tuning method, and square symbol is

present optimized control results. In figure 3.10 (b), open square symbols are

the optimized results starting from (α, β, γ) = (0, 0, 0), filled square symbol is

the optimized result starting from the gain vector obtained by manual tuning

method. In the figure 3.10 (a), present optimized PID control successfully an-

nihilates the sensing velocity fluctuation at all the sensing positions considered

in this study, while the manual tuning did not completely suppress the vortex

shedding at xs/d = 3.5 and 4. In the case of Re = 100, the control performance

is not better than that of Re = 60, but it is still very good with the optimized

feedback gains. However, in the figure 3.10 (b), the optimized control perfor-

mance is not better than that of manual tuning at xs/d = 1.5 and 2 (figure 3.10

(b) open square symbols). In the present optimization method, we find local

optimum point of gain vector, so the obtained local optimal controller gains are

dependent to the initial searching point. When we start at the gain of manual

tuning method, then we get better control performance than that of manual

tuning method.

Figure 3.11 shows variation of the drag coefficient with different sensing

positions. Dashed line denotes the mean drag coefficient of without control,

triangular symbols are the results of manual tuning, and square symbols are

the results of optimized PID control, respectively. In Re = 60 (figure 3.11 (a)),
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the mean drag is significantly reduced by optimized PID control. Especially in

the case of xs/d = 3.5 and 4, optimized PID control is superior to reduce the

drag than the manual tuning method. In figure 3.11 (b), open and filled square

symbols at xs/d = 1.5 and 2, represent the optimized results starting from

(α, β, γ) = (0, 0, 0), and the gain vector obtained by manual tuning method.

In Re = 100 (figure 3.11 (b)), present optimized PID control shows better

performance than that of the manual tuning. In the figure 3.11, it is noteworthy

that the variation of the drag coefficient with varying sensing position resembles

that of sensing velocity fluctuation (figure 3.10).

Figure 3.12 shows variation of the lift fluctuations with different sensing

positions. Lines and symbols are the same as that of figure 3.11. In Re = 60

(figure 3.12 (a)), the lift fluctuations go to zero by optimized PID control, while

some cases of manual tuning method (xs/d = 2, 3.5, 4) do not eliminate it. In

Re = 100 (figure 3.12 (b)), the graph shows complex behavior. Most of the

cases (xs/d = 1, 1.5, 2, 2.5, 3.5) with optimized PID controls show that the lift

fluctuations are reduced from the case of no control. Also in these cases, present

optimized PID controls show better result than that of manual tuning method.

However, in some cases of sensing positions (xs/d = 3, 4), the lift fluctuations

of optimized PID control is larger than that of manual tuning method and even

no control. In these sensing positions (xs/d = 3, 4), while the error (sensing

velocity fluctuations) is decreased than that of manual tuning method and no

control (figure 3.10 (b)), the lift fluctuations are not. In the previous study of

Son, Jeon & Choi (2011), the same phenomenon occurs. This indicates that

the sensing velocity at the centerline location of circular cylinder is not directly

related to the lift force; on the other hand, the mean drag coefficient is closely

related to (figures 3.10 and 3.11). It is not shown in this paper, there is some

control cases that the lift fluctuations are decreased than that of no control, but
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the sensing velocity fluctuations are increased (Son, Jeon & Choi 2011).

3.3.2 Phase relations of the optimized PID gains

In this section, we investigate about the optimized PID gains have what

physical meaning on the flow over a circular cylinder. To consider the physical

meaning of the optimized PID gains, we bring here a concept of phase relations

of sensing velocities (Son, Jeon & Choi 2011). According to Son, Jeon & Choi

(2011), the PID control is represented as a P control with phase shift when

the system under consideration is linear. If the sensing velocity is expressed as

vs(t) = a sin bt (a is amplitude, b = 2π/T and T is the vortex shedding period.

At Re = 60 and 100, T = 7.4 and 6.07d/u∞, respectively), the actuation

velocity from the PID control (equation 4.1) is expressed as

ψ(t) = Aa sin [b (t+ c)] , (3.16)

where A2 = α2 + (bγ − β/b)2 and c = 1
b
arcsin

[(
bγ − β

b

)
/A
]
. The phase shift

c is the function of the gains and vortex shedding period. For most of fluid

mechanics problems, the system is nonlinear and thus the P control with phase

shift is not the same as the PID control in general. Son, Jeon & Choi (2011)

showed that the difference between the PID control and P control with phase

shift increased as the Reynolds number increased.

Figure 3.13 (a) shows time trace of sensing velocities at different sensing

positions without control at Re = 60. From solid line (xs/d = 2) to dash-

double dotted line (xs/d = 4), all the lines show different phase and different

amplitude each other. Therefore, previous studies deal with pure proportional

control (Park, Ladd & Hendricks 1994; Son, Jeon & Choi 2011) showed good

control performance at some sensing positions ((xs/d = 1, 1.5, 3), but not at the
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other sensing positions. Interestingly, as explained in Son, Jeon & Choi (2011),

addition of integral or differential control changed the phase of the error signal

(sensing velocity), resulting in better performance at the sensing positions where

the pure proportional control was not successful. In this context, figure 3.13

(b) shows time trace of sensing velocities at different sensing positions which

are phase shifted and amplified with optimized PID control gains (equation

3.16 with gains on table 3.1). For comparison, time trace of sensing velocity

at xs/d = 3 without phase shift is expressed as open square symbols. As

explained above, successful PID controls shift the phase of the error signal to

that of effective sensing position of the pure proportional control (xs/d = 3).

Although amplified signals have different amplitude each other, but the control

results are similarly good as each other (figure 3.10 (a)).

Now the remaining question is the reason why the control performance of

the P control is sensitive to the sensing location. We explain the reason by

the added (virtual) mass concept of the cylinder motion. To do that, firstly

we assume that the control action of present feedback control (figure 2.2) is

equivalent to the transverse motion of circular cylinder (figure 3.14 (a)). If

then, the actuation velocity ψ(t) affects the flow around the circular cylinder

as if the cylinder itself moves through a fluid with velocity ψ(t). If the circular

cylinder moves transversely with instantaneous acceleration dψ(t)/dt, then an

additional force F acting on the cylinder is expressed as

F (t) = −ρπd
2L

4

dψ(t)

dt
, (3.17)

where ρπd2L/4 is the added mass of circular cylinder (the added mass of cir-

cular cylinder equals its displaced mass of surrounding fluid, White 2003) and

dψ(t)/dt is the acceleration of the cylinder motion.

57



An acceleration of the cylinder motion induces the force F (equation 3.17)

acting on the cylinder, therefore we may guess that this force affects to the

instantaneous lift force on the circular cylinder. Figure 3.14 (b) shows the

correlation function between instantaneous lift coefficient and time derivative

of sensing velocities at different sensing positions at Re = 60. The correlation

function is defined as

C(x) =
CLvs′(x)√
CL

2

√
vs′(x)

2

, (3.18)

where CL is the instantaneous lift coefficient and vs
′(x) is the derivative of

instantaneous sensing velocity and overline means a time averaging. If the

equation 3.18 shows positive maximum value 1, then the CL and vs
′(x = 1.00)

shows same phase, while the equation 3.18 shows negative minimum value −1,

then the CL and vs
′(x = 2.86) shows 180◦ out-of phase (figure 3.14 (c)). It

means that if we measure the velocity at the xs/d = 1.00, the time derivative

of sensing velocity at this point shows the same phase of instantaneous lift

force. On the other hand, if we measure the velocity at the xs/d = 2.86, the

time derivative of sensing velocity at this point shows the 180◦ out-of phase

of instantaneous lift force. It means if we compel the acceleration of cylinder

(F ∝ −dψ/dt: actuate the cylinder with time varying blowing/suction), then

the surrounding fluids induce a reaction force on the cylinder body (−F ∝
dψ/dt). Therefore, the cylinder body experiences additional force −F by the

blowing/suction on the cylinder surface. This additional force (−F ∝ dψ/dt)

affects the instantaneous lift force during the feedback control. In the case of

sensing position is xs/d = 1.00, with negative proportional gain, the additional

force acts to counterbalance the lift force of the vortex shedding. On the other

hand, with positive proportional gain, the additional force acts to enhance the

lift force of the vortex shedding. In the case of the sensing position is near
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the negative correlation peak (xs/d = 2.86), then the system response to the

proportional control with positive proportional gain shows suppression of vortex

shedding. It is also interesting that the effective sign of proportional gain is

changed between xs/d = 1.5 and 2 (figure 2.3 (a)), while the sign of correlation

function is changed at xs/d = 1.87.

3.3.3 Effect of different initial flow field

In the present study, we obtained optimized PID controller gains using the

iterative feedback tuning method. In this method, we iteratively calculate the

feedback controls with the same initial flow field and compare the control results

using the cost function. In the numerical simulations, it is possible that we recall

the flow field of the past. However, if we deal with real experiment, this method

is useless if the control results are different from each other with different initial

flow fields. Therefore, in this subsection, we discuss about the effect of initial

flow field to the feedback control results.

Figure 3.15 shows the time trace of the sensing velocity with different initial

flow fields. In this figure, solid line is result of the initial flow field used in

the present study, dashed and dash-dotted lines are different initial flow fields

of no control. Figure 3.15 (a) shows the PID control results of xs/d = 1.5,

(α, β, γ) = (−1.2346, 0.3957,−0.1994) at Re = 60 with different initial flow

fields. In this figure, the difference between three lines is the transient response

of control. Finally, these three control results converge to the same state where

the sensing velocity is zero. Figure 3.15 (b) shows the PID control results

of xs/d = 1.5, (α, β, γ) = (0.1275, 0.6441,−0.2149) at Re = 100. At higher

Reynolds number Re = 100, present optimized PID control shows the same

control results with different initial flow fields. As known from the result of
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Son, Jeon & Choi (2011), flow over a circular cylinder at Re = 100 has some

nonlinearity. Therefore, present result indicates that optimized PID control

guarantees the same control results with same PID control gains, when the

initial flow fields are different or even the nonlinearity arises.

3.4 Summary of chapter 3

In the present study, we performed optimization of proportional-integral-

differential (PID) control of flow over a circular cylinder. We measured the

transverse velocity at the centerline location of the cylinder wake as an error

signal, actuated the flow with surface blowing and suction. We considered var-

ious sensing locations from xs/d = 1 to 4 by increments of 0.5, the Reynolds

number considered in this study was 60 and 100. The purpose of present PID

control was to reduce the error that is the sensing velocity at the centerline lo-

cation of the cylinder wake. The cost function want to minimize was set using

the sensing velocity (error signal). To optimize the PID controller for flow over

a circular cylinder, we introduced the iterative feedback tuning (IFT) method

which is a representative direct feedback tuning method. Detailed optimiza-

tion procedures and setups for flow over a circular cylinder were explained in

the present study. Consequently, without any modeling of the Navier-Stokes

equations and corresponding fluid system, we successfully optimized the PID

controller by meaning of reducing the cost function. The optimized PID control

significantly reduced the velocity fluctuations at sensing locations and attenu-

ated vortex shedding in the wake resulting in drag reduction. Compared to the

results of manual tuning method (bisectional optimization method), present

optimized PID control showed better control performance than that of manual

tuning method.
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Although we optimized the PID controller, the optimized gains are not global

optimum but local optimum which is significantly affected by the starting point

of gain vector. That means the present optimization method was significantly

influenced by the initial searching position, which is initial guess of the PID

control gains. For simplicity, we started the optimization procedure from with-

out control (α, β, and γ = 0), it was quite effective to most of cases considered

in the present study. This indicates if we do not have any idea about con-

troller gains, we can find optimal ones directly from normal plant operating

data with parallel control loop for gradient estimation. However, in the cases

of Re = 100 and xs/d = 1.5 and 2, present optimization method found the

optimized PID control gains but it did not show better control performance

than the gains obtained from bisectional optimization method (Son, Jeon &

Choi 2011). Therefore, we changed the starting point of the PID control gain

vector as obtained values in Son, Jeon & Choi (2011), the present optimization

method found the gains show better control performance than that of manual

tuning method.

Also we addressed the physical meaning of the optimized PID control gains

using phase relations of the different sensing positions at Re = 60 (Son, Jeon

& Choi 2011). The optimized PID controllers had different gains each other

at different sensing positions. However, they were pointed out the phase of

the xs/d = 3, where the pure proportional control is successfully suppress the

vortex shedding. This phenomenon was already mentioned in Son, Jeon &

Choi (2011), we checked it using optimized PID control gains. And we briefly

explained the reason why the pure proportional control of sensing positions

xs/d = 1, 1.5 and 3 were successful. The time derivative of sensing velocity at

these points were well correlated to the instantaneous lift force, therefore the

actuation successfully counterbalanced the instantaneous lift force. It is quite
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simple, but reasonable explanation of the question of Park, Ladd & Hendricks

(1994).

Present optimization method was based on a real plant data obtained from

the full Navier-Stoles equations. Therefore, it is possible to use the present op-

timization method to real experiment of fluid mechanics system. To guarantee

this, we calculated several cases to see the effect of different initial flow fields,

the results were equivalent regardless of the state of initial flow field. Iterative

feedback tuning method introduced in this study was already applied real ex-

periments and industrial processes, showed successful control results: DC-servo

with backlash (Hjalmarsson et al. 1998), ball-on-beam (Bruyne & Carrette

1997), inverted pendulum (Codrons et al. 1998), magnetic suspension system

(Karimi, Mǐsković & Bonvin 2003), two-mass spring with friction (Hamamoto,

Fukuda & Sugie 2003), temperature control of a water tube and a suspended

plate (Molenaar 1995), and active sound and vibration control (Meurers, Veres,

& Tan 2003), etc (for reviews, see Hjalmarsson 2002; Gevers 2002). Further

studies are needed to examine the applicability and effectiveness of the PID

control to nonlinear fluid flows, and its optimization of control loop using the

iterative feedback tuning method.
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Figure 3.1. Block diagram of the present PID control system: (a) feedback loop
for flow over a circular cylinder (original loop); (b) feedback loop for gradient
estimation (parallel loop) where reference input is vs(t). Here in (a), r(t) is the
reference input (= 0), ψ(t) is the controller output (or control input) and vs(t)
is the process output. Here in (b), vs(t) is the reference input and vs,1(t) is the
process output.
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√
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Figure 3.4. Time trace of sensing velocities with Re = 60 and xs/d = 3.5.
Here, dashed line denotes the result of first iteration and solid line denotes the
result of second iteration.

66



0 20 40 60 80 100
-0.3

-0.15

0

0.15

0.3

-0.8

-0.6

-0.4

-0.2

0

tu
∞
/d

 

v
s
(t) 

ψ(t) 

(a) 

(b) 

∫v
s
(t)dt

 

(c) 

ψ
(t)

 
∫v

s (t)d
t
 

v
s
(t) 

Figure 3.5. Integral windup phenomenon (Re = 60, xs/d = 2.5). (a) time trace
of sensing velocity (solid line), time-integrated sensing velocity (dashed line)
and actuation velocity (dash-dotted line); (b) and (c) instantaneous spanwise
vorticity contour corresponds to windup phenomenon.
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Figure 3.6. Differential oscillation phenomenon (Re = 60, xs/d = 1). (a) time
trace of sensing velocity (solid line), and differential of sensing velocity (open
square symbols); (b) time trace of actuation velocity (open square symbols).
Here, the raw data picked up every 15th data points, to clearly recognize the
figures.
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Figure 3.7. Variations of the control and iterative feedback tuning parameters
through the iterations (Re = 60, xs/d = 1.5): (a) cost function (•) and each of
gains (α, �; β, N; γ, �) with that of manual tuning (dashed lines); (b) gradient
of cost function on each directions (α, �; β, N; γ, �) and update step size κ
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Figure 3.8. Time trace of sensing velocities with Re = 60 and xs/d = 1.5.
Solid line, optimized PID controller (third iteration); dashed line, the result of
first iteration; dash-dotted line, result of manual tuning (proportional control
with α = −0.9); dotted line, without control.
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Figure 3.9. Instantaneous spanwise vorticiy contours of Re = 60 and xs/d =
1.5. (a) without control; (b) manual tuning (proportional control with α =
−0.9) after tu∞/d = 100 (c) optimized PID control after tu∞/d = 100.
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Figure 3.10. The sensing velocity fluctuations at different sensing positions:
(a) Re = 60; (b) Re = 100. Here, filled squares (�) denote optimized PID
controller, filled triangles (N) denote manual tuning results of Son, Jeon &
Choi (2011), and filled diamonds (�) denote without control. In (b), open
squares (�) at xs/d = 1.5 and 2 denote the optimized results starting from
(α, β, γ) = (0, 0, 0). On the other hand, filled squares at xs/d = 1.5 and 2
denote the optimized results starting from the gains obtained in Son, Jeon &
Choi (2011).

72



1 1.5 2 2.5 3 3.5 4
1.1

1.2

1.3

1.4

1 1.5 2 2.5 3 3.5 4
1.2

1.25

1.3

1.35

1.4

C
D 

x
s
/d

 

C
D 

x
s
/d

 

(a) 

(b) 

Figure 3.11. The mean drag coefficients at different sensing positions: (a) Re =
60; (b) Re = 100. Here, filled squares (�) denote optimized PID controller,
filled triangles (N) denote manual tuning results of Son, Jeon & Choi (2011),
and dashed lines denote without control. In (b), open squares (�) at xs/d = 1.5
and 2 denote the optimized results starting from (α, β, γ) = (0, 0, 0). On the
other hand, filled squares at xs/d = 1.5 and 2 denote the optimized results
starting from the gains obtained in Son, Jeon & Choi (2011).
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Figure 3.12. The lift fluctuations at different sensing positions: (a) Re = 60;
(b) Re = 100. Here, filled squares (�) denote optimized PID controller, filled
triangles (N) denote manual tuning results of Son, Jeon & Choi (2011), and
dashed lines denote without control. In (b), open squares (�) at xs/d = 1.5
and 2 denote the optimized results starting from (α, β, γ) = (0, 0, 0). On the
other hand, filled squares at xs/d = 1.5 and 2 denote the optimized results
starting from the gains obtained in Son, Jeon & Choi (2011).
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Figure 3.13. Temporal variations of the transverse velocity along the centreline
(Re = 60): (a) without control; (b) amplified and shifted sensing velocities with
phase and amplitude in equation 3.16, corresponds to the optimized PID control
gains. Solid line, xs/d = 2; dashed line, xs/d = 2.5; dash-dotted line, xs/d = 3;
dotted line, xs/d = 3.5; dash-double dotted line, xs/d = 4. For comparison,
open square symbols (�) in (b) (same as dash-dotted line in (a), xs/d = 3) is
presented with shifted sensing velocities.
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Figure 3.14. Correlation function between instantaneous lift coefficient and
time derivative of sensing velocities (Re = 60): (a) schematic of equivalence
assumption; (b) correlation function defined as equation 3.18. (c) time trace of
acceleration of sensing velocities and lift coefficient. Here, solid line denotes the
instantaneous lift coefficient, dashed line denotes the instantaneous acceleration
of xs/d = 1.00 where the correlation function shows maximum value and dash-
dotted lines denotes the instantaneous acceleration of xs/d = 2.86 where the
correlation function shows minimum value.
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Figure 3.15. Time trace of sensing velocities at xs/d = 1.5 with the same α,
β, and γ obtained by the optimization procedure. (a) Re = 60; (b) Re = 100.
Here, solid lines denote the results from initial flow field used in the present
study, dashed and dash-dotted lines denote the result of different initial flow
fields each other.
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Chapter 4

A proportional control of flow in a turbulent

plane diffuser

—————————————————————————————–

4.1 Motivations and objectives of feedback control of a turbulent

plane diffuser

A diffuser is a device that converts the kinetic energy of the flow into poten-

tial energy by broadening its height to decelerate the velocity and recover the

pressure (Lim & Choi 2004). The diffuser is widely used in various engineering

applications, such as automobile, wind tunnel, jet engine, turbine, centrifugal

compressor, thermodynamics system, etc. However, if the diffuser area (area

normal to the streamwise direction) expands too much, adverse pressure gra-

dient becomes severe; flow separation occurs inside the diffuser and results in

a serious pressure loss by narrowing the actual flow passage. Therefore, flow

separation is an important problem in the flow inside a diffuser, and various

efforts have been done to solve this problem. First of all, shape design methods

were mainly performed to prevent flow separation and to enhance the perfor-

mance of diffuser. Stratford (1959a) obtained the pressure distribution which

maintains zero skin friction throughout the region of pressure rise theoretically

and also produced this flow experimentally by adjusting diffuser walls (Strat-
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ford 1959b). Since the work of Stratford, the zero skin friction condition is

used as an optimality condition for diffuser shape design. Using this optimal-

ity condition, Cabuk & Modi (1992) designed the optimal shape of a laminar

plane diffuser with maximum pressure recovery using a mathematical theory.

Also, Lim & Choi (2004) systematically found an optimal shape of turbulent

two-dimensional diffuser with maximum pressure recovery at the exit.

On the other hand, flow control is one of the classical fluid mechanics prob-

lems, and it is still important issue in the sense that drag reduction, separation

delay, flow stabilization, heat transfer improvement and mixing enhancement,

etc (Choi, Jeon & Kim 2008). To achieve various purposes of flow control,

numerous flow control methods are developed so far, and the control methods

are classified into three groups: passive, active open-loop and active closed-loop

controls. Among the control methods have been developed, active closed-loop

feedback control guarantees most successful control results, and is based on solid

mathematical background (Choi, Jeon & Kim 2008; Collis et al. 2004; Gad-

el-Hak, Pollard & Bonnet 1998; Kim & Bewley 2007; Moin & Bewley 1994).

According to Choi, Jeon & Kim (2008), feedback control methods are an at-

tractive choice over passive and active open-loop controls in that the control

input is continuously modified according to the response of the flow system.

Also, the feedback control is robust than the passive and open-loop controls,

it is able to deal with external disturbances and high upstream turbulence, so

called off-design conditions.

Active feedback control has increasing attention among the three types of

control methods, and is categorized by three different groups: optimal control

theory and suboptimal control (theoretical and mathematical based control),

control based on reduced-order models (model based control), and single-sensor

linear feedback control (physics based control). Optimal and model based con-

79



trol need massive information about the flow fields to control or to construct a

model of the system, respectively. On the other hand, the single-sensor linear

feedback control needs the flow information of a single point or a few points in

the flow field. Therefore, single-sensor linear feedback control is a most practical

and simple control method among these three types of feedback control meth-

ods. The proportional-integral-differential (PID) control is a well-known and

representative control method in single-sensor linear feedback control methods

and it is applied to some fluid flow problems (Johnson, Moradi & Crowe 2005;

Rowland 1986). The PID control is expressed as following equation.

ψ(t) = αe(t) + β

∫ t

0

e(τ)dτ + γ
de(t)

dt
. (4.1)

Here, ψ is the control input to the system, e(t) is the error we want to minimize,

and α, β and γ are the proportional, integral and differential feedback gains,

respectively. The error e(t) may be constructed with a sensing velocity vs(t) at

a location in a flow field that we want to drive to zero through the feedback

control (figure 2.2).

For instance, the PID control was applied to the flow over a circular cylinder

(Rousopoulous 1993; Park et al. 1994; Son, Jeon & Choi 2011), square cylin-

der (Zhang et al. 2004), and the turbulent channel flow (Choi, Moin & Kim

1994), etc. The PID control was successfully stabilized the vortex shedding

and reduced the drag on the circular and square cylinder. The PID control

successfully manipulated not only the case of flow over a bluff body, but also

the case of wall bounded flows. In the case of turbulent channel flow, Choi,

Moin & Kim (1994) introduced ’opposition control’ which is a kind of linear

proportional control. They measured the instantaneous wall-normal velocity

near the wall at the x − z plane where y+ = 10. The sensing velocity itself
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was treated as an error signal in the equation 4.1, and the actuation ψ was the

blowing and suction at the wall: ψ = − v(y+ ≈ 10), where y+ = yuτ/ν, y is

the wall-normal distance, uτ is the wall shear velocity, and ν is the kinematic

viscosity, respectively. The skin friction on the wall was significantly reduced

by the amount of 25%. Recently, Kim & Choi (2010) applied a PI control to

turbulent channel flow and showed that the skin friction drag is significantly

reduced. As shown above, the PID control successfully manipulated canonical

flows such as flow over a bluff body, and turbulent channel flow. However, the

PID control was rarely applied to realistic engineering applications, such as the

flow inside a diffuser. In the present study, we focus on the feedback control of

flow inside the diffuser.

There are few studies about the feedback control of turbulent flow inside

the diffuser. Koch, Powell & Reynolds (1990) performed an experimental study

about the closed loop control of axisymmetric round jet/diffuser. Eight ra-

dial on/off jets were used as the actuators inside the diffuser, and four hotwire

proves were used as the sensors located at the downstream of the actuators.

Four hotwire sensors were axisymmetrically located at the same streamwise po-

sition (x), and the difference between pairs of hotwire sensors were treated as

independent error signals about two orthogonal directions (y and z). The error

signals imply asymmetry of jet/diffuser flow, therefore reducing the error indi-

cates stabilization of jet/diffuser flow that is the objective of this study. The

model based system identification (ARX: autoregresive model with external in-

put) was used for design of the feedback control. Using simplified linear second

order system and feedback control, they successfully suppress the flapping na-

ture of jet/diffuser flow. Phase diagram of error signal showed that the jet was

stabilized at the origin, however the stabilization of jet caused the flow to ev-

erywhere separate in the diffuser. Although it was not included in this study,
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the pressure loss inside the diffuser was severe.

Kwong & Dowling (1994) experimentally conducted the active controls of

conical and rectangular diffuser. Wall jet parallel to the diffuser slant wall was

used as an actuator, and using this, they showed pressure recovery with constant

blowing. The amount of pressure recovery increased as increasing amplitude of

constant blowing jet, however pressure fluctuation with unsteadiness occurred

when the forcing amplitude exceeded to threshold level (mean blowing jet mass

flux/mean diffuser mass flux > 14%). To suppress the unsteadiness by excessive

control actuation, they introduced the feedback control and performed unsteady

blowing with the rate of injection unsteadily while keeping the mean flow rate

ratio constant. The sensing variable for feedback control was the instantaneous

pressure difference between the diffuser inlet and outlet. They plotted the Bode

plot to construct simple linear model for feedback control of diffuser system.

Based on the linear model of the diffuser flow, simple linear proportional control

of blowing jet valve successfully suppressed transitory stall unsteadiness inside

the diffuser. However, the amount of pressure recovery was identical despite of

the feedback control.

Garwon et al. (2003) controlled the flow within a diffuser using an acoustic

resonator located upstream of the expansion. Acoustic oscillations within the

cavity of the resonator are excited by the oncoming flow itself. In their study,

amount of the pressure recovery of the diffuser is well correlated with the pres-

sure fluctuations in the cavity. In this context, they varied the slot width and

the volume height of the cavity by two extremum seeking feedbacks, to generate

a maximal sound pressure level within the cavity. Using this, they enhanced

the pressure recovery through the diffuser.

As summarized above, there are very limited studies about the feedback

control of flow inside the diffuser. Therefore, in the present study, we perform
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a linear feedback control of flow inside a two-dimensional asymmetric diffuser.

The diffuser geometry is chosen as well-known Obi diffuser (Obi, Aoki & Masuda

1993), the same as that at Kaltenbach et al. (1999) and Lim & Choi (2004).

To delay mean separation and to increase pressure recovery at the exit plane,

the linear proportional control is applied to the diffuser flow and we investigate

effectiveness of the linear proportional control. In addition to this, fuzzy logic is

applied to the successful proportional control to enhance a control performance.

In this paper, the numerical details and control method are given in section 4.2.

The results of proportional control including the sensitivities on the feedback

gain, the flow physics and pressure recovery are shown and discussed in section

4.3, followed by summaries in section 4.4.

4.2 Numerical details and control method

The filtered governing equations of unsteady incompressible viscous flow for

large eddy simulation in the generalized coordinate system are

∂ui
∂xi

= 0, (4.2)

∂ui
∂t

+
∂uiuj
∂xj

= − ∂ϕ

∂xi
+

1

Re

∂2ui
∂xj∂xj

− ∂qij
∂xj

, (4.3)

in the nondimensionalized form using the channel half width at the diffuser inlet

δ, bulk mean velocity ub and ρub
2. Time is nondimensionalized by δ/ub. Where,

qij = τij − 1
3
τkkδij, ϕ = p+ 1

2
τkk, τij = uiuj − uiuj. An overline over a symbol is

used to indicate a filtered quantity.

From the Smagorinsky eddy viscosity equation, qij = −2νtSij, νt = C∆
2 |

S |, Sij = 1
2
( ∂ui

∂xj
+

∂uj

∂xi
), | S | =

√
2SijSij. Using the equations above, the
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equation 4.3 can be expressed as

∂ui
∂t

+
∂uiuj
∂xj

= − ∂ϕ

∂xi
+

∂

∂xj
(ν
∂ui
∂xj

+ ν
∂uj
∂xi

). (4.4)

where ν = 1/Re + νt, νt is the eddy viscosity, Sij is the strain rate tensor and

∆ is the length scale proportional to the grid scale. The model constant C is

determined as a space-time function using the dynamic subgrid scale model of

Germano et al. (1991) and Lilly (1992). In calculating the model constant, the

test filter is applied in the streamwise and spanwise directions using the trape-

zoidal rule, and the test-to-grid filter ratio is ∆̂/∆ =
√
6 (Lund 1997). The

equation 4.4 can be rewritten in the generalized conservative form. Here, the

primitive variables are set to be volume flux passing the grid surface, which can

easily keep the mass conservation. The more details can be seen in Choi, Moin

& Kim (1992). For time integration, fully-implicit Crank-Nicholson method is

used for the viscous terms in the wall-normal direction and semi-implicit 3rd or-

der Runge-Kutta method for the other terms. In the spatial differentiation, sec-

ond order central difference scheme is used for the streamwise and wall-normal

direction and Fourier-collocation method for spanwise direction, which saves

the grid points considerably in the spanwise direction. All numerical schemes

are same as Kaltenbach et al. (1999) and Lim & Choi (2004). Computational

time step is constant such that ∆t = 0.04δ/ub.

Figure 4.1 shows the domain size and boundary conditions used in this

study. The geometry considered in this study is the Obi-diffuser (Obi, Aoki

& Masuda 1993). The geometry of the Obi-diffuser is such that the diffuser

exit height (h2) is 9.4δ where δ is half of the inlet channel height, and the

slant angle of lower diffuser wall is 10◦. The computational domain ranges

from x/δ = −5 to 76 in the streamwise direction, and the spanwise width is
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z/δ = 0 to 8. The grid system is 353 in streamwise, 65 in wall-normal and

129 in spanwise direction. The domain and grid size for the Obi-diffuser are

the same as that used in the previous studies (Kaltenbach et al. 1999; Lim &

Choi 2004). Convective and periodic boundary conditions are imposed at the

diffuser exit and in the spanwise direction, respectively. At the diffuser inlet,

fully developed turbulent channel flow is filled and the Reynolds number based

on the bulk mean velocity and channel half width is Re = ubδ/ν = 9000. The

fully developed channel flow is calculated using large eddy simulation and this

is imposed as the unsteady Dirichlet boundary condition at the diffuser inlet

plane. The computational domain size for the channel flow simulation are 8δ,

2δ and 8δ in the streamwise, wall-normal and spanwise direction respectively,

and the Reynolds number based on the wall shear velocity (uτ ) and the channel

half width is Reτ = uτδ/ν = 500. The grid size nondimensionalized by the wall

shear velocity (uτ ) are ∆x+ = ∆xuτ/ν = 30 and ∆z+ = ∆zuτ/ν = 30. The

grid size in the wall normal direction at wall is ∆y+ = ∆yuτ/ν = 1.

To control the flow inside an asymmetric diffuser, we set the actuation slot at

the diffuser throat (x/δ = 0 to 1). Figure 4.1 (b) shows zoomed picture of figure

4.1 (a) around the diffuser throat. At this actuation slot, wall-normal blowing

and suction is imposed to the flow as control input. Global mass conservation

inside the diffuser is always satisfied with convective boundary condition at

the diffuser outlet. The actuation velocity is defined with maximum amplitude

(ψm(t, z/δ)) and streamwise blending function for actuation profile. For x/δ = 0

to 1, the actuation velocity profile ψ(t, x/δ, z/δ) is

ψ(t, x/δ, z/δ) = ψm(t, z/δ)cos(π(x/δ − 0.5)). (4.5)

To prevent excessively large control input to the system, we used actuation
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clipping such as | ψm(t, z/δ) |≤ 0.2ub. It means the maximum amplitude of

actuation velocity is limited to the 20% of bulk mean velocity. Although we set

actuation clipping, it is not activated during the control even a case of large

feedback gain (see section 4.3).

The error signal for the feedback control (equation 4.1) is constructed with

instantaneous wall shear stress at lower slant wall (4.6).

e(t, z/δ) =
1

S

∫ x/δ=40

x/δ=20

∂us(t, s/δ, z/δ)

∂n lower
ds. (4.6)

Here, us is the tangential velocity at the lower wall, n is the wall normal direction

at the lower wall, s is the wall parallel direction at the lower wall, x is the

streamwise direction and S is the wall parallel distance from x/δ = 20 to 40

at the lower wall. The equation 4.6 means that the error is instantaneous wall

shear stress on the lower wall, which is integrated about wall parallel direction

from x/δ = 20 to 40. Therefore, the error signal is proportional to the integrated

skin friction on the lower slant wall. As shown later in the section 4.3, x/δ = 20

to 40 is the position where the mean separation bubble exists on the slant area.

If we eliminate the error (make it zero) defined at this two-dimensional (x− z

plane) area of diffuser wall, the mean separation bubble is suppressed with zero

skin friction which is the optimality condition of the diffuser flow.

Therefore, the maximum amplitude of actuation velocity (ψm(t)) is defined

by the simple linear proportional control

ψm(t, z/δ) = αe(t, z/δ), (4.7)

where α is the proportional gain which is a real scalar. So, with positive feedback

gain α, if the error signal is negative (flow separation occurred at the lower slant
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wall), then the controller sucks wall normal velocity at the actuation slot. If the

error signal is positive (flow attached at the lower slant wall with finite shear

stress), then the controller blows wall normal velocity at the actuation slot.

4.3 Proportional control results

The parameter to consider for the P control is the proportional gain α only.

With given control sensors and actuators, we vary the proportional gain α to

enhance the performance of the diffuser and find out the control physics of

turbulent diffuser flow.

Let us first consider the performances of the diffuser. As mentioned at the

section 4.1, an aim of usage of the diffuser is the pressure recovery. Therefore,

many studies compared a performance of the diffuser by pressure coefficient

and total pressure loss coefficient, etc. The pressure coefficient is well-known

performance parameter, expressed as

Cp(x) =
p(x)− pi
0.5ρub2

=

1
AΓx

∫
Γx
pdA− 1

AΓi

∫
Γi
pdA

0.5ρub2.
(4.8)

Here, p(x) is the pressure at streamwise location averaged in y and z directions,

pi is the pressure averaged in the inlet plane, Γx is the area in the yz plane at

specific streamwise position, and Γi the area at the inlet plane. Figure 4.2 (a)

shows the variation of pressure coefficient (equation 4.8). Dashed, dash-dotted,

solid and dash-double-dotted lines are the cases of without control, α = 0.02,

0.04 and 0.06, respectively. As shown here, the static pressure is recovered at

the diffuser exit about 4.7% with α = 0.04 than the case of without control.

Another performance parameter for diffuser is the total pressure loss coef-
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ficient (Kind, Serjak & Abbott 1998; Lim & Choi 2004; Ligrani 2012). Figure

4.2 (b) shows the total pressure loss coefficient along the streamwise direction.

The definition of the total pressure loss coefficient is expressed as

K(x) =
p̄0i − p̄0x
p̄0i − p̄i

=

1
AΓI

∫
ΓI
u(p+ 0.5ρu2)dA− 1

AΓx

∫
Γx
u(p+ 0.5ρu2)dA

1
AΓI

∫
ΓI
u(0.5ρu2)dA

. (4.9)

Here, p0 = p+0.5ρV 2 is the total pressure, (̄) indicates the mass-averaged value

across the diffuser, ()i and ()x are conducted at the inlet plane (x/δ = −5) and

specific x/δ, respectively. As shown in the figure 4.2 (b), present proportional

control successfully reduces the total pressure loss across the diffuser, and the

maximum amount is about 10% in the case of α = 0.04.

Figure 4.3 shows mean streamlines through the diffuser. Figure 4.3 (a), (b),

(c) and (d) are the case of no control, α = 0.02, 0.04 and 0.06, respectively.

As compared to the case of no control (figure 4.3 (a), separation occurred at

x/δ ≈ 18), the mean separation point on the lower diffuser wall is delayed to

the downstream with increasing proportional gain α. When the feedback gain

is small (α = 0.02), the separation point is slightly delayed while there remains

large separation bubble on the lower surface. As the α increases, feedback

control reduces the size of mean separation bubble. In the case of α = 0.04, the

separation bubble exists but much smaller than that of without control, with

delayed mean separation (x/δ ≈ 22). If the feedback gain is more increased

(α = 0.06), mean separation is much delayed.

Figure 4.4 (a) shows the variation of skin friction on the both upper and lower

walls. In the case of no control, there is flow separation on the lower wall and

large amount of skin friction on the upper flat wall. With optimal proportional
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gain α = 0.04, the flow separation on the lower slant wall is delayed as shown

in the figure 4.3 (c). In addition to this, the skin friction on the upper flat

wall is significantly decreased with proportional control. As a result, reduced

skin friction on the both upper and lower walls induces pressure recovery and

reduces the total pressure loss by both walls.

Figure 4.4 (b) shows integrated skin friction force acting on the both walls.

With proportional control, the force acting on the diffuser walls decreases with

respect to the without control. However, the amount of force reduction is max-

imized in the case of α = 0.04, which shows maximum pressure recovery. This

indicates that energy loss on the diffuser wall is minimized by the proportional

control with α = 0.04. The reason why the case of α = 0.06 has larger skin

friction force on the walls is that an excessive actuation on the actuation slot

increases the skin friction near the actuation slot. The excessive actuation also

increases the fluctuations of diffuser flow.

To explain the negative effects of excessive feedback gain (α = 0.06), we

explore the fluctuation properties of the diffuser flow. Figure 4.5 shows the

contours of pressure fluctuations in the diffuser flow. In this figure, solid line

indicates dividing line which connects u = 0 along the diffuser, and it means

the separated region is right below the dividing line. As seen in this figure

4.5 (a), there is large pressure fluctuations near the mean separation point.

Already known from previous studies (Kaltenbach et al. 1999; Lim & Choi

2004), flow unsteadiness near the separation induces the pressure fluctuations.

With α = 0.02 and 0.04, the pressure fluctuations are decreased than that of no

control by the P control. Especially near the mean separation point, present P

control successfully suppresses the pressure fluctuations and stabilizes the flow

physics. However, in the case of α = 0.06, the pressure fluctuations are increased

than that of without control. Excessive actuation by the proportional control
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of large feedback gain, induces additional unsteadiness near the actuation slot.

Figure 4.6 (a) shows maximum pressure fluctuations at the given streamwise

positions. As explained above, the pressure fluctuations are decreased by the

P control with α = 0.04 at all the streamwise positions. However, the pressure

fluctuations are increased with α = 0.06 near the diffuser throat (x/δ ≈ 0),

because of excessive actuation. The case of α = 0.06 shows smaller pressure

fluctuations than α = 0.04 after x/δ ≈ 22, where the mean flow separation

occurs at this point in the case of α = 0.04. As shown in the figure 4.3 (c)

and (d), delayed mean separation in the case of α = 0.06 reduces the pressure

fluctuations than that in the case of α = 0.04 around 22 ≤ x/δ ≤ 30. Figure 4.6

(b) is the maximum streamwise velocity fluctuations at the given streamwise

positions along the diffuser. Likewise the case of pressure fluctuations, the ve-

locity fluctuations are reduced than that of without control by the proportional

control.

Now we are investigated about instantaneous features of proportional con-

trol. The time mean characteristics of the P control shows control effectiveness

on the diffuser flow. In addition to this, there is instantaneous characteristics

of the P control. Figure 4.7 (a) is a time trace of sensing variable (equation

4.6), which is instantaneous wall shear stress of lower slant wall averaged in the

spanwise direction. In the case of without control, the shear stress shows mean

negative value which indicates mean flow separation. However in the case of

the P control, the shear stress increases to the zero and positive, and after then

it rapidly decreases to the uncontrolled level. This fluctuating cycle is repeated

during the feedback control. Figure 4.7 (b) presents the amplitude of actuation

velocity (equation 4.7) during the control. As seen in this figure, very weak

mean suction (0.0151ub) is acting on the diffuser throat, and maximum ampli-

tude of suction is about 0.038ub. With a very small actuation, the proportional
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control successfully recovers the pressure inside the diffuser.

The instantaneous shear stress shows temporal variation through the control

process. To clearly figure out the flow characteristics, instantaneous flow field

is presented in figure 4.8. These figures show instantaneous streamwise velocity

contour averaged in the spanwise direction with dividing lines. Black and white

mean positive and negative velocity, respectively. In the case of without control

(4.8 (a)), separation occurs at the x/δ ≈ 15, and large separation bubble exists

on the lower surface of diffuser. The separation point moves up and downstream

in time, and the size of separation bubble also varies in time. With proportional

control, in the time instance of tub/δ = 880 (when the e is local maximum), the

separation on the lower surface is significantly delayed to x/δ ≈ 35 (figure 4.8

(b)). Because of delayed separation and positive wall shear stress on the lower

slant wall, the error signal shows local maximum value at this moment. Figure

4.8 (c) is the flow field at tub/δ = 1040. At this moment, the error signal starts

to decrease to the unactuated level, so the separation occurs at x/δ ≈ 20, with

small separation bubble on the lower surface of diffuser. As clearly shown in this

figure, the size of separation bubble is significantly reduced by the P control,

although the flow separation is occurred at x/δ ≈ 20. Lastly at tub/δ = 1160

(when the e is local maximum), the separation occurs at x/δ ≈ 18. The size of

separation bubble is increased, but still small than that of without control. In

summary, the P control periodically delays the mean separation on the lower

slant wall, attracts high momentum of inlet turbulent channel flow. Therefore

the size of separation bubble is significantly reduced by the control, and resulting

in the pressure recovery in the diffuser.
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4.4 Summary of chapter 4

In the present study, we performed a proportional control of flow in a tur-

bulent asymmetric diffuser. We measured the instantaneous wall shear stress

at the lower slant wall of the diffuser as an error signal, actuated the flow with

surface blowing and suction at the diffuser throat (0 ≤ x/δ ≤ 1). The Reynolds

number considered in this study was 9000, with turbulent inlet channel flow.

The purpose of present P control was to reduce the error that is the wall shear

stress to delay the separation. In this study, we showed that the P control it-

self is quite effective for the separation delay and pressure recovery. The mean

separation on the lower slant wall was delayed with decreased skin friction on

the upper flat wall, resulted in the reduction of total pressure loss inside the

diffuser. Although the control was sensitive to the proportional gain, it signifi-

cantly enhanced the pressure recovery and reduced unsteady fluctuations inside

the diffuser. Finally the instantaneous flow physics was investigated; the control

attracted high momentum of inlet turbulent channel flow to the lower slant wall

by the mean suction, resulted in reduction of the size of separation bubble.
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Figure 4.1. Numerical domain with grid system: (a) whole diffuser domain
and grids; (b) zoomed view at the diffuser throat (highlighted with square box
in (a)).
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Figure 4.2. Parameters of diffuser performance owing to the proportional con-
trol: (a) static pressure coefficient (Cp); (b) total pressure loss coefficient (K).
Dashed line: without control, Dash-dotted line: α = 0.02, solid line: α = 0.04,
Dash-double-dotted line: α = 0.06. Here, Cp is averaged value about spanwise
(z/δ) and transverse (y/δ) directions at each of streamwise positions (x/δ). The
total pressure loss coefficient is defined as equation 4.9.
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Figure 4.3. Mean streamlines owing to the proportional control: (a) without
control; (b) α = 0.02; (c) α = 0.04; (d) α = 0.06.
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Figure 4.4. Skin friction coefficients: (a) skin friction coefficients with and
without control. Here, dashed and dash-double-dotted lines are without control
at lower and upper walls, solid and dash-dotted lines are proportional control
with α = 0.04 at lower and upper walls; (b) integrated friction force acting on
the diffuser walls. Dashed line: without control, Dash-dotted line: α = 0.02,
solid line: α = 0.04, Dash-double-dotted line: α = 0.06.
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Figure 4.5. Contours of pressure fluctuations with dividing lines (u/ub = 0):
(a) without control; (b) α = 0.02; (c) α = 0.04; (d) α = 0.06.
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Figure 4.6. Fluctuations in the diffuser: (a) maximum pressure fluctuations at
the given streamwise positions; (b) maximum streamwise velocity fluctuations
at the given streamwise positions. Here, dashed line is without control, dash-
dotted line is proportional control with α = 0.02, solid line is proportional
control with α = 0.04, and dash-double-dotted is proportional control with α
= 0.06.
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Figure 4.7. Variations of the error and actuation owing to the proportional
control: (a) temporal behavior of the error signal (equation 4.6) averaged in the
spanwise direction. Dashed line is without control, and solid line is proportional
control with α = 0.04; (b) temporal behavior of the maximum amplitude of
actuation velocity (equation 4.7) with α = 0.04.
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Figure 4.8. Instantaneous flow fields in x − y plane averaged in the spanwise
direction contoured by streamwise velocity (u/ub) and dividing lines (u/ub = 0):
(a) without control; (b) with α = 0.04, tub/δ = 880 (local maximum); (c)
α = 0.04, tub/δ = 1040 ; (d) α = 0.04, tub/δ = 1160 (local minimum).
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Chapter 5

Conclusions

In the present dissertation, applications of well-known feedback control method,

the proportional-integral-differential control, to the flow over a circular cylin-

der and turbulent flow in a plane asymmetric diffuser were presented. First

of all, well-known unsteady flow physics, von Kármán vortex shedding, was

considered for stabilization of flow over a circular cylinder (chapter 2). We

measured a transverse velocity at a centerline location of cylinder wake, and

actuated the flow with wall normal blowing and suction on the cylinder surface.

With this simple control schematic and proportional, proportional-integral and

proportional-differential controls, the vortex shedding behind the cylinder was

stabilized at Re = 60 and significantly attenuated at Re = 100. Simple linear

phase analysis was performed to figure out the effects of integral and differential

terms in the PID control, and carefully compared to the proportional control

with phase shift. The integral and differential terms acted like a phase shifter

in the linear system, but they were not exactly same as a phase shifter for the

nonlinear systems.

Optimization of the PID control was presented in the chapter 3. The control

system considered in the chapter 2 was optimized by the iterative feedback

tuning method, which is typical model-free gain optimization method. With a

cost function to minimize and iteratively updated gain vector, we successfully

found the local optimum of feedback gains with a few iterations and calculations
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of the control system. Linear phase analysis showed that the obtained optimal

feedback gains indicated phase of the successful proportional control, where

the correlation between time derivative of sensing velocity and instantaneous

lift force showed ±1. With this evidence, we explained the reason why the

proportional control of certain sensing position was successful but the others

were not.

Lastly, linear proportional control of turbulent flow in a plane asymmetric

diffuser was presented in the chapter 4. We measured wall shear stress on the

lower slant wall as an error signal, and actuated the flow with surface blow-

ing and suction on the lower surface of diffuser throat. With the proportional

control, the separation on the lower surface was delayed and the pressure at

the exit plane was significantly increased. Also, total pressure loss was signifi-

cantly reduced, and the friction force acting on the diffuser walls was decreased.

The fluctuating physics in the diffuser was stabilized by the proportional con-

trol. The present feedback control method successfully suppressed the size of

separation bubble on the lower slant wall, attracting high momentum of inlet

turbulent channel flow to the separated region by weak suction on the actuation

slot.

In the present study, the PID control was applied to the fluid flow problems

by the numerical simulations. It is an interesting subject that an application of

the present control method to the real experimental systems of fluid flows. In

real situations, manufacture of sensing and robust actuation system is a difficult

task. However, the feedback control showed quite promising future in the sense

that the control effectiveness and optimal adjustment of the PID control to

the nonlinear systems. Thus, it is expected that the present control method is

widely used to the control of complex fluidic systems and efficiently achieves an

objective of the flow systems.
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Karimi, A., Mǐsković, L. & Bonvin, D. 2003 Iterative correlation-based con-

troller tuning with application to a magnetic suspension system. Control

Eng. Practice 11, 1069–1078.

Kiefer, J. 1953 Sequential minimax search for a maximum. Proc. Amer. Math.

Soc. 4, 502–506.

Kim, J. & Bewley, T.R. 2007 A linear systems approach to flow control. Annu.

Rev. Fluid Mech. 39, 383–417.

Kim, E. & Choi, H. 2010 Linear proportional-integral control of turbulent chan-

nel flow for drag reduction. 63rd Annual Meeting of the APS Division of

Fluid Dynamics, Nov. 21-23, 2010, Long Beach, California, USA.

Kim, J. & Choi, H. 2005 Distributed forcing of flow over a circular cylinder.

Phys. Fluids 17, 033103.

Kim, J., Kim, D. & Choi, H. 2001 An immersed-boundary finite-volume method

for simulations of flow in complex geometries. J. Comput. Phys. 171, 1,

132–150.

Kim, J. & Moin, P. 1985 Application of a fractional-step method to incompress-

ible Navier-Stokes equations. J. Comput. Phys. 59, 308–323.

Kind, R. J., Serjak, P. J. & Abbott, M. W. P. 1998 Measurements and prediction

106



of the effects of surface roughness on profile losses and deviation in a turbine

cascade. J. turbomachinery 120, 1, 20–27.

Knospe, C. 2006 PID control. IEEE Control Systems Magazine 26 1, 30–31.

Koch, C. R., Powell, J. D. & Reynolds, W. C. 1990 An experimental investiga-

tion of closed loop control of a round jet/diffuser. AIAA-90-0241.

Kwong, A. H. & Dowling, A. P. 1994 Active boundary-layer control in diffusers.

AIAA J. 32, 2409–2414.

Lequin, O. 1997 Optimal closed loop PID tuning in the process industry with

the Iterative Feedback Tuning scheme. In CD-ROM of European Control

Conference, paper TH-A-H6, Brussels, Belgium.

Lequin, O., Gevers, M., Mossberg, M., Bosmans, E. & Triest, L. 2003 Iterative

feedback tuning of PID parameters: comparison with classical tuning rules.

Control Eng. Practice 11, 1023–1033.

Li, F. & Aubry, N. 2003 Feedback control of a flow past a cylinder via transverse

motion. Phys. Fluids 15, 2163–2176.

Ligrani, P. 2012 Aerodynamic losses in turbines with and without film cooling,

as influenced by mainstream turbulence, surface roughness, airfoil shape,

and mach number. Int. J. Rotating Machinery 2012, Article ID 957421,

28 pages.

Lilly, D. K. 1992 A proposed modification of the Germano subgrid-scale closure

method. Phys. Fluids A 4, 633–635.

Lim, S. & Choi, H. 2004 Optimal shape design of a two-dimensional asymmetric

diffuser in turbulent flow. AIAA J. 42, 1154–1169.

Lund, T. S. 1997 On the use of discrete filters for large eddy simulation. In

Annual Research Briefs, pp. 83–95. Center for Turbulence research, NASA

Ames-Stanford University.

107



Meurers, T., Veres, S. M. & Tan, A. C. H. 2003 Model-free frequency domain

iterative active sound and vibration control. Control Eng. Practice 11,

1049–1059.

Min, C. & Choi, H. 1999 Suboptimal feedback control of vortex shedding at low

Reynolds numbers. J. Fluid Mech. 401, 123–156.

Moin, P. & Bewley, T. 1994 Feedback control of turbulence. Appl. Mech. Rev.

47, 6, S3–S13.

Molenaar, D. 1995 Model-free data-driven optimal tuning of controller parame-

ters: A practical guide with application examples. Technical report, Report

LiTH-ISY-R-1722, Department of Electrical Engineering, Linköping Uni-
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원형 실린더 주위 유동과 난류 평판 

디퓨저 내부 유동의 비례-적분-미분 제어 

서울대학교 대학원 

기계항공공학부 

손동건 

 

요  약 

 

본 연구에서는 원형 실린더 후류의 보텍스 쉐딩과 난류 평판 디퓨저 

내부 유동의 유동 박리를 비례-적분-미분 제어 방법을 통해 제어했다. 

비례-적분-미분 제어는 지금까지 개발된 많은 되먹임 제어 방법들 

중에서 가장 잘 알려진, 보편적이고 실용적인 제어 방법이지만, 유체역학 

분야에서는 널리 쓰이지 않았고, 엄밀하게 연구되거나 논의되지 않았다. 

그러므로, 우리는 비례-적분-미분 제어를 유동 제어 문제에 적용하여 

이러한 제어 시스템들에서 제어 효과를 성취하려고 한다. 

우선, 우리는 비례, 비례-적분, 비례-미분 되먹임 제어를 원형 실린더 

주위 유동의 보텍스 쉐딩을 억제시키는데 적용하였다. 이 때 고려한 

레이놀즈 수는 60 과 100 이며 자유 유동 속도(u∞), 원형 실린더의 

지름(d), 유체의 동점성 계수(ν)로 무차원화 되었다. 원형 실린더의 

중심선상에 위치한 한 점에서 측정한 수직 방향 속도가 되먹임 제어를 

위한 측정값으로 사용되었다. 제어 가진은 원형 실린더의 윗면과 

아랫면에서 각각 벽에 수직한 방향의 분사/흡입 경계 조건으로 

주어졌으며, 제어기의 위치는 원형 실린더 유동의 유동 박리가 일어나는 

점을 포함하고 있다. 되먹임 제어를 위한 측정 위치는 원형 실린더 

후류의 중심선 상에서 1d 부터 4d 까지의 위치들이 고려되었다. 주어진 

각각의 측정 위치에서, 측정 속도의 섭동량을 최소화 할 수 있는 최적의 

비례 제어 상수가 결정되었다. 이에 더불어 적분 제어와 미분 제어를 

비례 제어에 추가함으로써 제어 효과를 높일 수 있었고 효과적으로 

제어가 잘 되는 측정 위치를 넓힐 수 있었다. 비례, 비례-적분, 비례-미분 

되먹임 제어는 성공적으로 측정 속도의 섭동량을 줄여 보텍스 쉐딩을 

억제시키고 결론적으로 항력과 양력 섭동량을 감소시켰다. 마지막으로, 

성공적인 비례-적분 제어 결과들과 비례 제어의 위상 차를 고려한 
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제어의 비교가 이루어졌다. 비례 제어의 위상 차를 고려한 제어는 

보텍스 쉐딩의 강도를 약화시킬 수 있었지만, 그에 상응하는 비례-적분 

제어만큼 좋은 제어 결과를 보이지는 못했다. 

다음으로, 우리는 되먹임 제어 최적화를 통해 비례-적분-미분 제어를 

최적화하여 레이놀즈 수 60 과 100 의 원형 실린더 주위 유동에 

적용하였다. 비례-적분-미분 제어의 제어 상수 값들은 가장 대표적인 

모델링이 필요 없는 직접 최적화 방법인 반복게인조절(iterative feedback 

tuning) 방법에 의해 최적화되었다. 되먹임 제어의 최적화를 위해서 목적 

함수 J 가 설정되었으며, 목적 함수는 측정 속도의 제곱으로서 최적화된 

제어기가 목적 함수를 최소화하면 측정 속도의 섭동량이 최소화 되도록 

하였다. 목적 함수를 최소화하기 위해서, 제어 상수들은 목적 함수의 

구배를 통해 제어 시스템이 특정한 최적화 완료 조건을 만족할 때까지 

반복적으로 갱신되었고, 이는 제어 상수가 국부적 최적점에 도달했음을 

의미한다. 최적화된 비례-적분-미분 되먹임 제어는 성공적으로 측정 

속도의 섭동량을 줄여 보텍스 쉐딩을 억제시키고 결론적으로 항력과 

양력 섭동량을 감소시켰다. 또한 우리는 최적화된 비례-적분-미분 되먹임 

제어기의 물리적 의미에 대해 측정 속도의 위상 관계를 통해 살펴보았다. 

그 결과, 최적화된 비례-적분-미분 되먹임 제어는 각각 다른 위치에서 

측정한 측정 속도의 위상을 성공적인 비례 제어가 갖는 측정 속도의 

위상으로 변화시킴을 확인했다. 그리고 우리는 비례 제어가 특정한 측정 

위치에서는 효과적으로 보텍스 쉐딩을 억제시키지만 다른 측정 

위치에서는 그렇지 못한 이유에 대해서도 살펴보았다. 이는 성공적인 

제어가 이루어지는 측정 위치에서는 제어 가진에 의해 유도되는 

가속도가 원형 실린더 유동에 작용하는 순간 양력과 밀접하게 연관되어 

있어서, 이 위치에서의 측정 속도에 의해 주어지는 제어 가속도가 순간 

양력을 상쇄시키는 방향으로 작용하기 때문으로 생각된다. 마지막으로, 

본 연구에서 수행한 최적화 방법을 실제 실험에 적용할 수 있는지 

여부에 대해서도 살펴보았다. 흥미롭게도 본 연구의 최적화 방법은 실제 

실험에 적용할 수 있을 것으로 기대되며, 다른 되먹임 제어 방법들과는 

달리 유동장 전체의 정보를 필요로 하거나 복잡한 모델링을 필요로 

하지도 않는 것으로 생각된다. 

최종적으로, 난류 평판 비대칭 디퓨저 내부 유동의 유동 박리 지연과 

압력 회복을 위해 선형 비례 제어가 수행되었다. 레이놀즈 수는 입구 

채널 유동의 반 높이()와 벌크 평균 속도(ub), 동점성 계수(ν)를 기준으로 

난류 유동인 9000 이고, 이는 기존의 실험과 수치 해석 연구들과 같은 

조건이다. 제어를 위한 가진은 디퓨저의 목 부분에서 벽에 수직한 
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방향의 분사/흡입으로 정의되었다. 되먹임 제어를 위한 측정값은 순간 

벽 전단 응력으로 유동 박리가 일어난 아래쪽 벽에서 정의되었다. 비례 

제어를 통해 박리 기포의 크기를 줄일 수 있었고, 디퓨저 위쪽 벽의 

표면 마찰 저항을 줄일 수 있었으며, 결과적으로 디퓨저 출구에서의 

압력 회복량을 향상시킬 수 있었다. 최적의 비례 제어 상수로 제어한 

경우, 유동 박리 지연과 더불어 최대 5%의 압력 회복과 10%의 전압력 

손실량 감소를 얻을 수 있었다. 
 

주요어: 제어, 원형 실린더, 비대칭 평판 디퓨저, 비례-적분-미분 제어, 

반복게인조절, 보텍스 쉐딩, 유동 박리 
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