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Active control of separated flows has become an attractive approach enabling the designer to meet increased

performance demands for various systems. Whereas a significant part of the work published so far in the area of

closed-loop flow control is based on simulation studies, this paper presents an example of a successful application of a

multivariable controller in wind tunnel experiments. A robustH1 controller is used to control the spanwise variable

reattachment length downstream of a benchmark problem, the backward-facing step. To reduce the conservatism of

this approach, a nonlinear static precompensation is included, first. The synthesis of the controller is based on a

family of identified linear black-box models, which describe the compensated input/output behavior of the plant.

Tracking performance and disturbance rejection of the controller are tested in wind tunnel experiments and shown

in this paper.

Nomenclature

a�t� = actuation vector
a0�t� = normalized actuation amplitude
C�s� = MIMO controller
d�t� = disturbance vector
f = frequency
fa = actuation frequency
fs = sampling frequency
fshear = instability frequency of the shear

layer
G�s� = model of the plant
GN�s� = nominal model
H = step height
I = unit matrix
i = index
j = imaginary unit
KS = static gain
L�s� = open-loop transfer function
lM�!� = minimum distance to all identified

models
N = cost functional
p0
rms = root-mean-square value of pressure

fluctuations
qact�t� = maximum velocity vector at the

actuator slot
ReH = Reynolds number based on step

height, ReH �Hu1=�
Re�2 = Reynolds number based on boundary

layer momentum thickness, Re�2 �
�2u1=�

r�t� = reference variable vector
S�s� = sensitivity transfer function
StH = Strouhal number based on step

height, StH �Hfa=u1

StxRm = Strouhal number based on
reattachment length, StxRm �
xRmfa=u1

St�2 = Strouhal number based on boundary
layer momentum thickness, St�2 �
�2fa=u1

s = Laplace variable
T�s� = complementary sensitivity transfer

function
t = time
trms = averaging time of rms values
t0 = time delay vector
u�t� = manipulated variable or control input
u�x; y; z; t� = flow velocity in streamwise direction
u1 = freestream velocity
W = step width
WCS�s�, WS�s�,WT�s� = weights forH1 minimization
ws = width of actuator slots
x, y, z = streamwise, transverse, and spanwise

coordinates, respectively
xR�t� = reattachment length vector using rms

method
xRm = time-averaged reattachment length

vector
xRm0

= time-averaged reattachment length
vector for the unactuated flow

y�t� = control variables or output vector
�M�s� = multiplicative uncertainty
�2 = boundary layer momentum thickness
�99 = boundary layer thickness
� = viscosity
� = kinematic viscosity
�min, �max = minimal and maximal singular

values
�W = wall-shear stress
!B = bandwidth
!C = crossover frequency

I. Introduction

F LOW separations from swept wings with variable chord, in
turbomachines, or from bluff bodies, such as automobiles, show

complex space- and time-dependent behavior. Flow separation leads
to degraded performance such as reduced lift and increased drag of an
airfoil, noise production, and efficiency loss in turbines, or decreased
pressure behind trucks or ships and, hence, increased aerodynamic
drag [1,2]. In combustion chambers, however, a recirculation region
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as a result of flow separation is desired to keep the fuel mixture in the
reaction zone for an efficient combustion [3].

Thus, control of flow separation is one of the main topics in the
fluid dynamics community in the last decade. First, only passive
means of flow control were considered [4,5]. However, when
shaping of the geometry has reached an optimum, or when passive
means, such as vortex generators, have positive and negative effects,
active devices can further improve the performance by suction and
blowing, acoustic actuation, or magnetohydrodynamic forces [6].
Furthermore, by exploiting flow instabilities, active flow control is
able to adapt the actuation to a wide range of operating conditions in
an optimal sense, that is, with a minimal energy expenditure [7]. The
first real active open-loop flow control demonstration for an airplane
was done with a XV-15 tilt-rotor aircraft [8].

Many flow control studies have concentrated on benchmark
problems to develop and elucidate the basic principles. Examples are
the flow around a cylinder or past a backward-facing step. The
backward-facing step flow field and the possible actuation
mechanisms are comprehensively described in numerical and
experimental studies; see, for example, [9–14].

All these investigations, however, are dedicated to open-loop
control, as most of the work published so far on active flow control.
Literature surveys on open-loop flow control, including actuation
mechanisms and sensor applications, are given in [15–19].

As a natural extension, this contribution focuses on the closed-
loop control of separated flows by active means to profit from well-
known advantages, such as disturbance rejection and set-point
tracking. It differs from the majority of the published work in this
field with respect to two important features such as the following:

1) The developed closed-loop controller is applied in a real
experiment.

2) It is shown that variable, nonconstant reattachment lines can be
controlled, as well, to address problems such as separation control
over swept wings with variable chord length in the future.

Different approaches to synthesize closed-loop controllers exist.
The most physically based approach starts from the solution of the
Navier–Stokes equations (NSE). A necessary linearization and the
immense computing power needed to solve the controller equations,
however, limits the applicability of this synthesis method. Examples
are given in [20–22].

A promising approach capable of alleviating the limitations
resulting from the infinite dimensional character of the Navier–
Stokes equations are low-dimensional models derived with the
intention to synthesize nonlinear controllers. These Galerkin and
vortex models for separation control are used, for example, in [23–
26].

In recent years, a number of experimental investigations of closed-
loop flow control emerged. These are based on the above mentioned
low-dimensional or on black-box models of the flow. In [27], a
simple low-dimensionalmodel is used to control theflow in thewake
of a cylinder. In [28], tuning rules are used for the control of a generic
model of an airfoil. The first mode of a proper orthogonal
decomposition of an airfoil flow is controlled by a proportional
controller in [29]. In [30] a synthesis of robust single-input single-
output (SISO) controllers based on identified black-box models for
the backward-facing step is shown. A comparison of these SISO
controllers with a flatness based, that is, nonlinear controller is given
in [31]. In [32], robust and adaptive controllers are compared and
used to control the spanwise uniform reattachment length
downstream of a backward-facing step, the lift of a generic high-
lift configuration, and the pressure recovery in a diffusor flow.
Moreoverfirst results concerning the control of the spanwise variable
reattachment length upstream of the backward-facing step are
provided. Black-box approaches are chosen in experimental burner
control studies as well. For example, pressure fluctuations in
combustion chambers are controlled in [33]. Tollmien–Schlichting
waves are rejected using a finite impulse response (FIR)-based
controller in [34] for an airfoil flow. A robust controller and an
extremum seeking controller in combination with a model-based
sensor, namely, the Kalman filter algorithm, is applied in [35] for
drag reduction of a bluff body. Noise suppression of the flow over a

cavity is controlled, for example, in [36], or [37]. In [38] a simple
linear controller is designed based on a black-box model to control a
turbulent jet.

Based on the experience concerning black-box control of various
flow geometries, this contribution details the spanwise variable
control of the backward-facing step flow.

The paper is organized as follows: The flow configuration is
described in Sec. II with an emphasis on the physical processes
exploited by the control and on the sensor concept used. Section III
summarizes the results of the open-loop control,which form the basis
for model identification and controller synthesis which is described
in Sec. IV. The results of wind tunnel experiments are discussed in
Sec. V, followed by a conclusion and an outlook.

A note on notation: As this contribution is set up at the interface
between fluid dynamics and control, a conflict occurs in the
nomenclature usually adapted by the two disciplines. To facilitate
readability, bold variables are used for control related variables, that
is, u is the control input, whereas u is the streamwise velocity.
Likewise, y represents the control output and y the transverse
coordinate.

II. Flow Configuration

A. General Description

A sketch of the flowfield with spanwise segmented actuation is
given in Fig. 1, where the incoming flowwith the freestream velocity
u1 detaches at the edge of the step and reattaches downstream. Four
different regimes exist in the wake: a recirculation zone, also called
separation bubble, the shear layer above the recirculation zone, a
reattachment zone, and a newly developing boundary layer
downstream of the reattachment zone.

In [11,39,40] the convective instability of the initial shear layer is
investigated. Small perturbations are exponentially amplified and
convect downstream, so that no self-excitation occurs. This
phenomenon was investigated for free shear layers first [41] and is
known as Kelvin–Helmholtz instability phenomenon. Amplified
perturbations lead to vortex formation and pairing with a natural
instability frequency fshear. This instability phenomenon can be
found in a range of frequencies. Because of the propagation of the
shear layer and the decelerated flow in the downstream direction the
natural instability frequency is a function of the position in the
x direction; see [11] or [42]. The shear layer rolls up into two-
dimensional coherent vortical structures. These vortical structures
convect downstream with approximately half of the freestream
velocity. Further down, a pairing process can be observed before the
coherent structures disaggregate due to the interaction with the wall
[43].

The recirculation bubble is characterized by pressure driven
inflow and outflow caused by shear layer entrainment. Although
negative skin friction, that is, reverse flow, occurs in the recirculation
zone, the reattachment position is defined by zero wall-shear stress
that is given by

Fig. 1 Configuration of the backward-facing step with four spanwise

separated actuators and four sensor arrays for actuation and sensing,

respectively.
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for isotropic incompressible flows. The velocity in the x direction is
given by u� u�x; y; z; t� whereas y is perpendicular to the bottom
wall of the step, see Fig. 1. The variable � describes the viscosity of
the fluid. Downstream from the reattachment a new boundary layer
develops, causing positive skin friction, that is, forward flow.

Periodic blowing and suction at a specific frequency at the
backward-facing step edge is an attractive choice for a control input
because there is no net mass flow rate provided into the flowfield.
Numerous studies have been performed in this direction; see
[11,40,44,45], or [15]. In general, it has been found that the growth of
roll-up vortices and their interactions, such as pairing, are enhanced
at a certain range of actuation frequencies. As a result the
reattachment length is reduced. Chun and Sung [12] give a review on
the periodic forcing in various backward-facing step configurations.

The vortex generated entrainment mechanism in the shear layer is
enhanced by harmonic acoustic actuation of the detaching boundary
layer at the edge of the step, as shown in Fig. 1. As the Kelvin–
Helmholtz instability is triggered by this chosen input, only a small
amount of energy is needed, which leads to an unstable growth of the
imposed perturbations. Harmonic actuation is done by periodic
sucking and blowing at the edge of the step. The amplitude of the
harmonic actuation signal affects the initial size of the growing
vortices, the spreading rate of the separated shear layer and, thus, the
reattachment length. Hence, the amplitude is chosen as the control
input, also called manipulated variable.

Because the reattachment length characterizes the size of the
separation bubble, it is taken as the primary variable to be controlled,
or the control output. In this benchmark configuration, the goal is to
control the reattachment length as a function of the spanwise
coordinate z using spanwise segmented actuation. A spanwise
variable separation bubble might be of interest for flight control. By
implying different spanwise profiles for the lengths of the separated
regions above the airfoils on both sides of an airplane, roll moments
could be imposed. Because of the very fast dynamics of
loudspeakers, or, alternatively, valves or synthetic jets used to
modulate a blowing airstream, a much faster response can be
obtained compared to rather slow classical mechanical devices, such
as control surfaces.

B. Experimental Setup

The experiments are conducted in an “Eiffel”-type wind tunnel.
The closed test section is 1600 mm � 88 mm � 400 mm in the
streamwise (x), transverse (y), and spanwise (z) directions,
respectively. The step is located 27 step heights downstream of the
test section inlet, and the step height isH � 20 mm. Thewidth of the
step equals the entire test section width, that is,W � 20H.

All presented experiments are carried out with a step height based
Reynolds number ReH �Hu1=�� 25; 000. The origin of the
coordinate system is centered at the lower edge of the step (Fig. 1).

Standard hot-wire measurements are used to measure the
incoming boundary layer flow at x��0:05H, using a TSI-IFA 100
constant temperature anemometer. The hot wire ismounted on a one-
axis traverse system. The velocities measured with the hot wire are
accurate to within 4% and the position of the hot wire is known to
within �0:01 mm. The inlet conditions of the boundary layer and
other parameters of the flow configurations are given as follows:
ReH: 25,000;Re�2 : 1580; �99=H: 0.68; �2=H: 0.06;AR: 20; ER: 1.27;
xRm0

=H: 7.2. Here, the aspect ratio (AR) is defined as the ratio of the
step widthW to the step heightH. The expansion ratio (ER) is given
by the ratio of the cross section area downstream to the cross section
area upstream of the backward-facing step. The measured time-
averaged reattachment length for the unactuated flow is in good
agreement with measured values in other investigations (cf. [12] or
[6]).

For actuation, slot-hose-loudspeaker systems are used. The
actuators are provided with a slot width ofws � 0:05H. The angle of
the slot to the streamwise direction is 45 deg, as indicated in Fig. 1.

The width of each actuator is 4:5H. For spanwise segmented
actuation, four actuators are positioned in the spanwise direction.
Each actuator is connected by hoses to an individually controllable
loudspeaker. Here, a harmonic actuation vector, a�t��
a0�t� sin�2�fat�, with actuation amplitude a0�t� and actuation
frequency fa is applied. The vector a0�t� is the normalized amplitude
vector with a0�t� � �a0;1; a0;2; a0;3; a0;4�T . The dimensionless
actuation amplitude a0�t� is defined as the ratio of the phase and
spanwise averaged maximum velocity at each actuator slot qact �
�qact;1; qact;2; qact;3; qact;4�T to the freesteam velocity u1, that is,
a0�t� � qact=u1. To determine qact, the actuator slot velocities are
measured using a standard hot-wire technique. The hot wire is
positioned approximately 1 mm inside the slot, while u1 � 0 ms�1.

The visualization of the time-averaged reattachment length is
accomplished by the application of standard oil-film interferometry.
The measured time-averaged reattachment lengths are accurate to
within �1 mm.

Data acquisition and implementation of the controller are carried
out on rapid prototyping hardware (dSPACE controller board
DS1005 PPC)with twoA/D boards (dSPACEDS2003, 32 channels,
16 bit resolution) and a D/A board (dSPACEDS2101, five channels,
12 bit resolution). A frequency of fs � 5000 Hz (fsH=u1 	 5:3) is
chosen for data sampling.

C. Sensor Concept

In contrast to many other process control applications, measuring
the output signal cannot be done in a straightforwardmanner inmany
flow control problems. Although a variety of methods exist in fluid
dynamics with which a time-averaged reattachment length can be
determined, see for example [46], most of them cannot be used in a
closed-loop control setting. Some reasons are insufficient time
resolution, missing online capabilities, missing two-dimensional or
even one-dimensional information, or simply costs.

As a practical alternative, microphones are used here for surface
pressure measurements downstream of the backward-facing step.
This method is based on an observation of Mabey [47] that the root-
mean-square (rms) value of the pressure fluctuations p0

rms

downstream of the backward-facing step possess a clear maximum
slightly upstream of the mean reattachment location. This
characteristic is confirmed in various investigations of separated
flows (see [48–51]).

For the experiments considered here, this maximum lies at
approximately 86% of the time-averaged reattachment length xRm,
determined by oil-film interferometry, that is, by an averaging
technique applying a long averaging time. This is in good agreement
with the measurements in [30].

For themeasurement of pressurefluctuations, 4 � 15microphones
(Sennheiser, KE 4-211-2) in parallel rows downstream of the step are
used. The measured pressure fluctuations are amplified
(amplification� 12 dB) and low-pass filtered with a cutoff
frequency of 1250 Hz. The microphone rows are located at
z=H ��6:9,�2:3, 2.3, and 6.9.Adistance of 0:625H is between the
measuring points in the streamwise direction; see Fig. 1. Numerical
investigations using large eddy simulations (LES) in comparison
with experimental data in [30] have shown that the spatial resolution
of the sensor grid is sufficient to resolve the dynamic behavior of the
flow. Furthermore, Becker et al. [52] propose a model-based sensor
for the tracking of coherent vortical structures based on measured
microphone signals.

Figure 2 displays the surface pressure rms values downstream of
the step in different spanwise positions for spanwise segmented
actuation. The streamwise coordinates are normalized by the time-
averaged reattachment length xRm � �xRm;1; xRm;2; xRm;3; xRm;4�T
which ismeasured at z=H ��6:9,�2:3, 2.3, and 6.9, corresponding
to the positions of the microphone rows. Although different
actuation amplitudes in the spanwise direction are used
(a0 � �0:06; 0:02; 0:01; 0:0�T), the maxima of p0

rms are sufficiently
similar with respect to xRm. From these measurements it can be
concluded that bymeans of an onlinefit of afifth-order polynomial to
the measured rms values the maxima and thereby the reattachment
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length components in xR�t� � �xR;1; xR;2; xR;3; xR;4�T can be
estimated. This method is called the rms method in the following.

It has to be pointed out, however, that the rms method does not
resolve all time scales of the dynamic behavior of the reattachment
length as it includes a short time averaging in the determination of the
rms values. For system identification and controller design, as
described below, an averaging time of trms � 1:5 s
(trmsu1=H 	 1400) is chosen. For a shorter averaging time, a
constant relation between the location of the maxima of the p0

rms and
xRm is not observable. This is crucial in as far as the processes which
decisively influence the length and the form of the recirculation zone
proceed at very high speeds. To obtain finer resolution, other
methods, for example, by exploiting model-based measuring
techniques [52], or other measurement devices, such as very
sensitive pressure taps [35], are needed. In [32] an array of low-
pressure sensors is applied in the centerline downstream of the
backward-facing step to obtain the reattachment length much faster.
However, not enough pressure sensors were available for this
investigation to equip four sensor lines.

The rms method, therefore, can only be used to measure rather
slow processes, such as those imposed by set-point changes in a
closed-loop control setting.

III. Open-Loop Characteristics

The main objective of the open-loop experiments is to explore the
effect of the actuation. First, spanwise uniform actuation is used to
determine the optimal actuation frequency and to analyze the effect
of the actuation amplitude. Afterwards, the effect of spanwise
segmented actuation is considered.

For spanwise uniform actuation, the actuation amplitude is given
by a scalara0, that is, all loudspeakers are driven by the same voltage.
The term xRm represents the spanwise- and time-averaged
reattachment length in the open-loop controlled and xRm0

the
spanwise- and time-averaged reattachment length for the unactuated
case. Figure 3 shows the normalized time-averaged reattachment
length xRm=xRm0

as a function of the step height based Strouhal

number StH for two different actuation amplitudes, a0 � 0:02 and
a0 � 0:08. A pronounced minimum exists for Strouhal number
StH � 0:3, which is independent of the actuation amplitude. This
frequency is used as the optimal actuation frequency in the following.
It is approximatively in agreement with [12]. Hence, an optimal
boundary layermomentum thickness based Strouhal number is given
by St�2 � 0:017. In [6] a reduced frequency based on the time-
averaged reattachment length in the form StxRm � xRmfa=u1 is
proposed. Here, the authors specify an optimal excitation frequency
range of 1:5 
 StxRm 
 2:0 which is in agreement with various
separation control experiments. In correspondence to this reference
the optimal reduced frequency is given with StxRm � 1:6 in this
contribution.

In Fig. 4, the normalized time-averaged reattachment length
xRm=xRm0

is plotted as a function of the actuation amplitude, where
spanwise uniform actuation in which the optimal frequency StH �
0:3 is used. It can be observed that the time-averaged reattachment
length is highly sensitive in the amplitude range 0 
 a0 
 0:05. For
a0 > 0:05, no further effective reduction of the reattachment length
can be achieved. The maximum reduction in comparison to the
unactuated case is approximately 30%.

For spanwise segmented actuation, different combinations of the
vector-valued actuation amplitude a0 are applied. Figure 5 shows
two out of many different experimentally obtained situations for
actuation with a0 � �0:06; 0:0; 0:0; 0:06�T on the left, and a0 �
�0:06; 0:02; 0:01; 0:0�T on the right. The normalized time-averaged
reattachment lengthsxRm=xRm0

as a function of z=H are shown in the
upper plots. The actuation amplitudes in a0 are given by the shaded
bars in the lower plots. In the right plot, an inclined profile of the
reattachment line is given, whereas in the left plot a symmetric
reduction is obtained with a higher reduction on both ends.

Both examples show the possibility to structure the time-averaged
reattachment length downstream of the backward-facing step.
Furthermore, in the left example coupling effects can be observed.
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Although the two inner speakers do not actuate the flow, a reduction
of the recirculation length in the inner part behind the step is
observed, too. This is an indication of a multiple-input/multiple-
output (MIMO) characteristic of the process, which has to be
accounted for the controller synthesis, as will be shown in the next
section.

IV. Model Identification and Controller Synthesis

Many if not all real systems can only be described in an
approximate manner by mathematical models. In this study, the
process is described by black-box models, that is, only the input/
output behavior is examined. The control input or manipulated
variable u�t� � �u1; u2; u3; u4�T corresponds to the actuation
amplitude a0�t�, and the output or control variable y�t� is described
by the reattachment lengthxR�t� obtained by the rmsmethod over the
four sensor lines. Thus, a 4 � 4MIMO system with four inputs and
four outputs is considered. As the normalized actuation amplitude a0

or the slot velocity qact cannot be influenced directly by the
controller, the voltage signal driving the loudspeakers is used
instead. As a consequence, the models identified in the following
comprise both the flow system and the slot-hose-loudspeaker
actuators.

To identify linear black-boxmodels, classical step experiments are
performed. Thereby each element of the actuation amplitude a0�t� is
switched successively from zero to different levels or from different
levels back to zero to obtain different operating points of the system.
A family of 50 linear time-continuousmultivariablemodels of fourth
order with a time delay vector t0 � �t0;1; t0;2; t0;3; t0;4�T , in the form

_x�t� �Ax�t� � B

u1�t � t0;1�
..
.

u4�t � t0;4�

0
B@

1
CA; x 2 <4

y�t� �Cx�t� �D

u1�t � t0;1�
..
.

u4�t � t0;4�

0
B@

1
CA

(2)

is fitted to the measured data by the application of subspace methods
to determine the entries of the matrices A, B, C, and D; see [53] for
details. For the use of frequency-based methods, these models are
Laplace transformed, yielding

G i�s� � Ci�sI �Ai��1Bi � Di (3)

where Ai, Bi, Ci, and Di are the matrices identified in a single step
experiment. For ease of notation, the influence of the time delay t0 is
not given in Eq. (3). From all identified models Gi�s�, a nominal
model GN�s� is generated, which shows a minimum distance, here
lM�!�, to all identified models over a certain frequency range. The
plantG�s�, on which the robust controller synthesis is based, is then
described by a multiplicative uncertainty �M�j!� [54]:

G �s� �GN�s��I��M�s��; k�M�j!�k 
 lM�!� (4)

Here,�M�s� comprises all models, which, at each frequency !, are
less than or equal to lM�!� in magnitude. The uncertainty is the result

of the system described by a simple linear, fourth order models for
this nonlinear system.

The nonlinearity of the investigated backward-facing step flow
causes a widespreading of themodel parameters inGi�s� and, hence,
large values of lM�!�. Therefore, a conservative controller design is
required for robust closed-loop stability. Analyzing the identified
linear model family, a correlation between the amplitudes used for
the step experiments and the values of the diagonal elements of the
static gainmatrixKS �GN�0� for different actuation amplitudes can
be found. This dependency can be approximated by a static map
fi�ui� �KS;ii�ui� for each single input i. Using the inverse functions
of these staticmapsf�1

i , the uncertainty of themodels can be partially
compensated. The inverse static maps f�1 � �f�1

1 ; f�1
2 ; f�1

3 ; f�1
4 �T

are implemented in the control loop as lookup tables with linear
interpolation; see Fig. 7. Figure 6 shows a comparison of singular
values of all models Gi�j!� computed with compensated and
noncompensated models. Maximal and minimal singular values
describe the frequency dependent maximal and minimal
amplification of a multivariable system, for which the amplification
depends on the direction of the vector-valued input signal [54].

The control loop is extended next by a second precompensator for
steady-state decoupling, which counteracts the interaction in the
plant, yielding four almost independent input–output pairings in the
static case; see Fig. 7. This precompensator corresponds to the
inverse of the static gainmatrix of the nominalmodelK�1

S �G�1
N �0�.

For such uncertain systems, many mature controller synthesis
methods do exist. Here, a H1-synthesis scheme is chosen. In
H1 control, stability and/or performance of the “worst” plant used to
describe the process can be guaranteed. To find a tradeoff between
the closed-loop sensitivity functionS�s�, giving the performance, the
restriction of the magnitude of the plant input signals, given by the
transfer function C�s�S�s�, and robustness, given by the
complementary sensitivity T�s� � I � S�s�, the mixed sensitivity
problem is solved. Here, the sensitivity transfer function is given by
S�s� � I�I�L�s���1, with the open-loop transfer function
L�s� � C�s�GN�s�. In doing so, closed-loop transfer functions are
weighted with WT�s�, WCS�s�, and WS�s� depending on the
frequency, and then combined to a cost functional

min
C

kN�C�s��k1; N �
WT�s�T�s�

WCS�s�C�s�S�s�
WS�s�S�s�

2
4

3
5 (5)

to be minimized, where C�s� is the optimal controller.
Gains of the identical elements of the weights in diagonal weight

matrices are displayed in Fig. 8. For robust stability the weight
WT�s� is designed, so that �max�WT�j!�� is an upper bound of lM�!�
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Fig. 7 Control loop with the precompensators K�1
S for steady-state

decoupling and the compensation of the nonlinear static map f�u���1 (r:
reference command; C: controller; u�: manipulated variable; u:
compensated manipulated variable; d: disturbances; y: output).
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for all frequencies, mathematically written as

�max�WT�j!�� � lM�!� 8 ! (6)

It is shown that the uncertainty is approximately �6 dB (b�50%) in
the lower frequency range and increases up to approximately�2 dB
(b�80%) for fH=u1 � 3 � 10�4 (! � 1:8 rad=s). Consequently,
the uncertainty represented by WT�s� is the strongest limitation for
the H1-controller approach and a sufficient closed-loop perform-
ance only can be achieved for fH=u1 
 3 � 10�4. To restrict the
magnitude of the plant input signal and to consider an actuator
limitation the unit matrix I is selected for the weight WCS�s�. The
sensitivity transfer function S�s� is a good indicator for closed-loop
performance. Typical requirements are small maximal singular
values �max�S�j!�� at lower frequencies for minimal tracking error
and a good disturbance rejection. According to this the diagonal
elements of the weight WS�s� are designed as illustrated in Fig. 8,
where 1=jWS;ii�j!�j is the upper bound on jSii�j!�j for i� 1 
 
 
 4.
For more details of theH1-controller design the reader is referred to
standard textbooks, for example, [54].

The result of the H1-controller design is plotted in Fig. 9. The
frequency response of the synthesized controller shows an integral
behavior in the lower frequency range and can be approximated by a
simple proportional plus integral (PI) controller. The crossover
frequency !C of the nominal open loop L�s� �C�s�GN�s� is
defined as where �max�L�j!�� crosses the 0 dB line from above.
Here, the crossover frequency is given at fH=u1 	 1:3 � 10�4

(!C 	 0:8 rad=s). This relative slow performance is the result of
both, the plants uncertainty and the use of the rms method with the
long averaging time. The closed-loop bandwidth !B is defined as
where �max�T�j!�� crosses the�3 dB line form above and is given at
fH=u1 	 1:2 � 10�4 (!B 	 0:7 rad=s).

V. Experimental Results

The behavior of the closed-loop control of the 4 � 4 MIMO-
control system is tested in numerous wind tunnel experiments with
respect to tracking response and disturbance rejection.

The plots in Fig. 10 display, for example, the tracking responses of
the closed loop applying the synthesized H1 controller at
ReH � 25; 000. Shown are a time series of the normalized
recirculation length xR=xRm0

(solid lines) above the four sensor
arrays and respective independent reference commands (dashed
lines). A good tracking performance can be observed. However, the
controlled reattachment lengths follow the reference commandswith
a delay due to the limited temporal resolution of themeasurements of
xR�t�. Because of the averaging for the rms calculations, the temporal
resolution of the rms method limits the achievable performance.
Hence, rampwise changes of the reference command are advised, as
with the rms method stepwise changes do not make sense.

A main advantage of closed-loop control in comparison to open-
loop control is disturbance rejection. One of several tested
possibilities to massively disturb the backward-facing step flow is to
reduce the cross-sectional area of the wind tunnel test section at the
outflow. The plots of Fig. 11 display the behavior of the normalized
reattachment length xR=xRm0

after placing a cuboid-shaped body
(7:5H � 5H � 2:5H) in the wake of the backward-facing step, at
x=H � 20. This corresponds to a reduction of the cross-sectional
area of approximately 35%. The influence of the disturbance on the
flow can be observed in the time series of the Reynolds number,
shown in the upper plot. The reference command is set throughout
the experiment to be constant, but with spanwise different values,
r� xR=xRm0

� �0:93; 0:86; 0:79; 0:71�T . In the time interval
0 
 tu1=H 
 8000, the flow is not disturbed, with
ReH � 25; 000. The manual positioning of the body in the time
interval 8000 
 tu1=H 
 16; 000 leads to large fluctuations of the
Reynolds number. A larger control error can be observed during that
period. After the body is in place (tu1=H � 16; 000) the closed-loop
control is able to quickly compensate for the effects of this
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disturbance. This experiment shows the superiority of closed-loop
control in contrast to open-loop control. When the well-defined
conditions of awind tunnel are replaced by an application in a natural
environment, all flow control problems will have to tackle situations
in which disturbances act on the system. Hence, only by applying
closed-loop control concepts can the benefits of active flow control
be fully exploited.

VI. Conclusion and Outlook

The examples presented in this paper show that robust controller
synthesis methods can be used to construct and experimentally
validate flow controllers. The proposed methodology uses simple
black-box models with static precompensation of the nonlinear gain.
The synthesized robust controller works for the control of the
spanwise variable and time-averaged reattachment length, as
demonstrated experimentally.

The dynamic behavior of the closed-loop control is affected by the
used rms method for identifying the reattachment location. A faster
behavior can be expected by the application of sensor concepts with
higher temporal and spatial resolution, such as micro-electro-
mechanical systems (MEMS), miniature amplified low-pressure
sensors [32], or model-based estimation schemes [52].

In future investigations, the applied methods will be extended to
more complex, three-dimensional flow configurations, for example,
a swept high-lift configuration, or a bluff body, such as the “Ahmed
body.”
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