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Real-time feedback control of three-dimensional Tollmien-Schlichting waves
using a dual-slot actuator geometry
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The growth of Tollmien-Schlichting (TS) waves is experimentally attenuated using a
single-input and single-output (SISO) feedback system, where the TS wave packet is
generated by a surface point source in a flat-plate boundary layer. The SISO system consists
of a single wall-mounted hot wire as the sensor and a miniature speaker as the actuator. The
actuation is achieved through a dual-slot geometry to minimize the cavity near-field effects
on the sensor. The experimental setup to generate TS waves or wave packets is very similar
to that used by Li and Gaster [J. Fluid Mech. 550, 185 (2006)]. The aim is to investigate the
performance of the SISO control system in attenuating single-frequency, two-dimensional
disturbances generated by these configurations. The necessary plant models are obtained
using system identification, and the controllers are then designed based on the models and
implemented in real-time to test their performance. Cancellation of the rms streamwise
velocity fluctuation of TS waves is evident over a significant domain.
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I. INTRODUCTION

Tollmien-Schlichting (TS) waves are naturally occurring instabilities that enter the boundary
layer because of the interaction of the wing leading edge with disturbances such as environmental
noise, surface imperfections, and free-stream vorticity via the receptivity mechanism [1]. In a low
free-stream turbulence environment, transition on aircraft wings, especially those with low sweep
angles, is initiated by amplification of TS waves. The transition process may be delayed by actively
interfering with the linear stage of their growth, which is of obvious importance for wing design.

The idea of controlling TS waves by wave cancellation has been investigated since the 1980s,
starting with Milling [2]. The linear nature of the Orr-Sommerfeld equation means that the unstable
modes grow independently. Therefore, it should be possible to attenuate the growth of a TS wave by
superposing another wave equal in amplitude and 180◦ out of phase. This principle applies to both
single-frequency TS waves as well as wave packets. These techniques work by eliminating the growth
of perturbations without modification of the mean flow, and therefore the energy input is considerably
lower than with other active control techniques, such as suction [3], which works on the principle of
modifying the mean flow for stabilization. Previous work [4–8] has tested the superposition concept
[2] using various approaches. In summary, the results demonstrate that using superposition it is
possible to attenuate wavelike, as well as random, disturbances in an energy-efficient way.

Sturzebecher and Nitsche [9] made the first attempt to attenuate naturally occurring TS wave
packets on an unswept wing by an active cancellation scheme in real time. A fast digital processor
performing an adaptive control algorithm was used to obtain optimal TS wave-packet attenuation.
In the first part of that work, a single actuator and two sensors, one upstream (reference sensor)
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and another downstream (error sensor) were employed. Without any reference to linear stability
theory, the transfer function of the controller between the reference sensor and the actuator was
continuously adapted to minimize the error signal at the downstream location. This approach was
the first published attempt of using the filtered-X least mean squares (FXLMS) algorithm to attenuate
TS waves in real time. This work resulted in nearly complete cancellation, with TS wave attenuations
of about 90% using only a two-dimensional control system. Since the waves could not be completely
eliminated, they would grow again and lead to transition. To address this problem, a streamwise
control system consisting of multiple spanwise-arranged panels of sensors and actuators was used,
repeated at several downstream locations. Successful cancellation of three-dimensional TS waves
was reported.

Zhang [10] tested closed-loop control of TS waves using a single-input–single-output (SISO)
feedback system with a unique dual-slot geometry to minimize the near field. A fourth-order controller
and a complex feedback filter were needed to achieve some reasonable attenuation, because the
sensor-actuator distance used was too large. However, despite the high order of the controller, all the
frequencies in the TS bandwidth could not be attenuated and an increased end-oscillatory response
was reported in the wave packets. Building on this work, the present study uses a similar setup with
a reduced sensor-actuator distance in feedback, as discussed in Sec. II.

Recently, model-based approaches for adaptive and robust control for attenuation of TS waves have
become more popular. Belson et al. [11] studied the problem of optimal sensor-actuator placement for
robust control of TS waves using DNS data. Bagheri et al. [12] showed that it is possible to construct
reduced-order models from linearized Navier-Stokes equations for robust feedback control of TS
waves using a snapshot-based truncation method. This method was later shown numerically to work in
attenuating TS wave packets [13]. Several active control algorithms such as linear-quadratic Gaussian
(LQG) and FXLMS have been compared [14]: it is concluded that use of LQG or FXLMS significantly
outperforms other wave-cancellation techniques. After a significant attenuation of naturally excited
TS waves [9], most of the recent experimental developments in active control of TS waves have
been centered on attenuating artificially excited TS waves via the FXLMS algorithm using a plasma
actuator [15,16]. All these works reported significant attenuation of artificially excited TS waves,
although they require the use of high-energy plasma actuation [17]. While all the model-based
approaches compared in Ref. [14] are shown to work well numerically, the presence of strong
experimental uncertainty suggests that experiments have usually been performed using the adaptive
FXLMS algorithm. In their experiments, Fabbiane et al. [16] demonstrated the reason for this choice
and conclude that FXLMS is simply the most robust algorithm for experiments compared to all the
other numerically tested ones: In performance, it is only slightly worse than an optimal LQG control
algorithm.

II. EXPERIMENTAL SET-UP

The experiments were carried out in the “3 × 3” wind tunnel at the Department of Aeronautics,
Imperial College, London. The tunnel is of closed-circuit type with a 0.91-m × 0.91-m test section
and working length of 4.88 m. The contraction ratio of 9:1 provides a low-disturbance free-stream
environment, with axial turbulence intensities of less than 0.05%. Figure 1 shows the experimental
setup for TS wave-packet generation using a 0.75-mm-diameter hole (“point source”) [18] and the
SISO control system on a flat-plate model. The vertically mounted, aluminium cast flat plate has
an asymmetric modified superelliptic leading edge, an optimal design based on case A3 [19]; this
minimizes any disturbance generated by a discontinuity in surface curvature at the termination of the
leading edge. A zero-pressure gradient along the plate is ensured by the use of a trailing-edge control
flap. A speaker (Visaton FRWS 5 SC model) screwed onto the underside of the plate generates puffs
of air, perpendicular to the plate into the boundary layer. The speaker is carefully sealed to avoid
any unwanted leakage of air from the nonmeasurement side. The SISO configuration is similar to
that used by Zhang [20], but with a much smaller sensor-actuator distance. A wall-mounted hot wire
(manufactured in-house based on Dantec 55P01 design) downstream of the actuator provides the
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FIG. 1. Schematic of experiment for generating TS waves from a surface point source.

difference of streamwise velocity on which the control is based. Positioning of the control sensor
in the near-field of the actuator has to be avoided because the initial disturbance that gives rise to
the TS wave packet is strongest along the centerline and decays with distance along the span: This
near field is not to be modeled. For this reason, a 3-mm region in between a single 12-mm-long,
0.75-mm-wide slot was blocked, resulting in an actuator geometry of two identical 4.5-mm-long
slots across the span. Figure 2 shows the schematic of the control system mounted on a 200-mm
removable disk flush mounted in the flat plate centered at X = 550 mm (where X is measured from
the leading edge of the plate).

The figure shows how the wall-mounted hot wire is positioned immediately downstream of
the intervening gap. The actuator operates approximately 300 mm downstream of the source. The
feedback loop between the wall-mounted hot wire (which is a further 15 mm downstream) and the
actuator provides the control. Figure 3 shows a photograph of the actuator, the surface hot wire, and
the traverse hot wire used for downstream measurements.

(a)

(b)

FIG. 2. Schematic of the control components mounted on a removable disk: (a) the dual actuator slots and
(b) the wall-mounted hot-wire sensor. All dimensions shown in the close-up view are in mm. The hot wire
protrudes above the plate surface by about 0.5 mm.
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Dual Actuator Slots Wall HW

Traverse HW

FIG. 3. Picture showing a close-up view of the dual actuator slot geometry and the wall hot wire used in
control experiments. The traverse hot wire is aligned with the wall hot wire before performing boundary-layer
measurements downstream of the control system.

The governing Orr-Sommerfeld equation is fourth order in space but could be several orders higher
in time. Hence, there is no direct way in which a numerical model may be obtained for control. The
block diagram for the present control approach is shown in Fig. 4. The closed-loop transfer function
is given by

G(s) = FGd

(1 + KGaF )
, (1)

where F is the filter, Gd is the transfer function between the point source and the wall sensor, and Ga is
that between the actuator and the wall sensor. The delay introduced by the filter alone is expected to be
negligible compared to the TS-wave convection delay. For experimental purposes, the filter transfer
function F is usually grouped with the transfer functions Gd and Ga . This approach is economical,
since it eliminates the necessity of estimating the filter transfer function separately, regardless of the
type of excitation used. The grouped product of transfer functions, i.e., (FGd ) and (FGa), is obtained
by classical frequency-sweep techniques with an emphasis around the TS bandwidth, which, in turn,
is calculated from the branch points of the neutral stability curve for the experimental conditions.
Here, we simply use Gd and Ga to denote the grouped transfer functions FGd and FGa , respectively.
A Nyquist stability plot is used to optimize the controller gain in a closed loop while still ensuring
stability. Control performance is evaluated downstream through boundary-layer traverses with a hot
wire (Dantec 55P05 model). The output signals from both the traverse and the wall-mounted hot
wires are passed through a 1–5 kHz analog band-pass filter (Krohn-Hite 3384 model) before being

Gd Σ F

Ga K

d̃ ỹ

ũ

FIG. 4. Feedback control block diagram: Gd is transfer function between the point source and the wall
sensor; Ga is the transfer function between the actuator and the wall sensor; the controller is K and the filter F .
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FIG. 5. Experimental boundary layer profiles scaled and compared to the Blasius boundary layer at X = 445
to 635 mm. The black dashed line shows the Blasius profile.

digitized using DAQ units at a sample rate of 10 kHz. The raw signals from both the hot wires are
acquired on separate input channels on the main DAQ unit (NI USB-6229 BNC). All the experiments
are carried out at a free-stream velocity U∞ of 12 ms−1. Only single hot wires for measurement of
the axial velocity are used.

The controller design is based on experimentally determined frequency response data (FRD)
models Gd and Ga . The controller transfer functions are discretized using a zero-order hold (ZOH)
and implemented digitally in real time using the National Instruments PXIe-1078 chassis. The PXI
system has a real-time operating system (RTOS) and a DAQ card (NI DAQ BNC 2110 model). The
filtered fluctuating part of the wall hot-wire signal u′ is fed as the input to the PXI via the DAQ card.
Convolution of this input signal with the discretized transfer function for the controller provides the
actuator output signal. This operation is performed continuously in real time on the PXI chassis.
The output signal obtained from the DAQ card is sent directly to the power amplifier that drives the
speaker used for actuation. The entire closed loop, as a result, operates at a frequency of 10 kHz.

In addition to the above operations, input and output data from the PXI system is continuously
streamed back to the main terminal via a separate ethernet card. The signal for exciting the point
source is always performed on the main terminal via the main DAQ (NI USB 6229 BNC). A power
amplifier (Yamaha XM4080 model) is used to amplify the gain levels before sending signals to both
the source and the actuator since the DAQ unit alone cannot provide sufficient current to drive the
speakers directly.

III. BASE FLOW CHARACTERIZATION AND DISTURBANCE GENERATION

Initial experiments are carried out to ensure Blasius flow conditions. The incidence of the trailing
edge flap is adjusted using three support mounts holding the test plate. Figure 5 shows scaled boundary
layer profiles measured at 20 streamwise stations compared to Blasius theory. The shape factors
measured are less than 2% of the theoretical value 2.5914 at all the stations, with a mean value
2.5983 and standard deviation 0.017.

It is well known that the characteristics of a linear time-invariant (LTI) system can be completely
obtained by studying its impulse response. The output of such a system to any given input can be
obtained by convolving the input signal with the impulse response of the system. Impulse inputs to
the point source result in traveling TS wave packets in the boundary layer. In the experiment, the
pulse itself lasts for 10 ms and each sample is 0.5 s long, as shown in Fig. 6. Two hundred such
samples acquired by the hot wire are used to obtain an ensemble average of the wave packet at each
traverse point in the boundary layer.
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FIG. 6. Impulse input for generating TS wave packets in the boundary layer.

The resulting wave packet in the boundary layer for one test case is shown in Fig. 7.
An impulse input excites all the frequencies, only a certain narrow band of which result in growing

TS waves. At a given location in the boundary layer, the TS wave packet takes its form because of
the combination of these growing frequencies among all others excited.

IV. CONTROLLER DESIGN

The frequency response data (FRD) models of the system, Ga and Gd , were obtained by acquiring
data simultaneously for 36 s, with a sinusoidal input voltage of the point source, and the filtered output
voltage from the wall-mounted hot wire at each frequency in the sweep. A Blackman-Tukey approach
[21] was used to obtain the Bode plots from the input-output data. The Bode plot of the FRD model
Ga is shown in Fig. 8. The Bode plot of the FRD model, Gd , is shown in Fig. 9. Frequency sweeps
were performed from 100 to 250 Hz in steps of 2 Hz for the model Gd , with and without control. The
peak in magnitude of Gd without control (red) is obtained at 156 Hz. The controller attenuated each
frequency in the bandwidth 100 to 200 Hz. A maximum attenuation of 40% in u′

rms (4.53 dB) was
obtained at 140 Hz. The phase (wrapped to ±180◦) in the Bode plot looks like a set of nearly parallel
straight lines, a characteristic of a system with delay. In this case, the delay is expected because of
the finite convection time associated with the wave traveling from the point source to the wall hot
wire. The phase plot of Gd exhibits a steeper variation when wrapped to ±180◦ compared to Ga ,
because of longer convection delay.

Controllers up to second order have been tested, but increasing the order of the controller did not
improve the performance noticeably [22]. Therefore, only the results for proportional control are
shown in this paper. It will be shown elsewhere that proportional control alone provides attenuation
of TS waves [22]. The controller K was implemented in real-time based on the proportional output

FIG. 7. Time history of the normalized streamwise velocity fluctuations through the entire boundary layer,
at X = 500 mm for an impulse excitation of the point source.
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FIG. 8. Bode plot of the FRD model Ga .

feedback gain, where K = −60. Figure 10 shows the Nyquist plot of the loop gain (GaK), which
ensures stability of the closed loop since the plot does not encircle the −1 point in the frequency
range tested.

As the frequency is increased, the TS wave amplitude continues to decrease until there comes a
point when the amplitude is so small that the signal shown by the hot wire no longer has a clear sine
wave form. This frequency marks the end of the TS wave bandwidth. Excitations with frequencies

100 150 200 250
0

0.002

0.004

0.006

0.008

0.01

100 150 200 250
-200

-100

0

100

200

FIG. 9. Bode plot showing performance of the controller in experiment with point source. The break points
in phase are circled in black.

053903-7



VEMURI, BOSWORTH, MORRISON, AND KERRIGAN

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

FIG. 10. Nyquist plot of the loop gain in the feedback control of TS waves generated from a point source.
The first and the last frequencies are shown to indicate the sense of direction.

higher than this do not generate TS waves, so the hot wire shows only the natural fluctuations in the
boundary layer. This point can be identified in a frequency sweep analysis by checking for break
points defined by deviation of the wrapped phase structure of the Bode plot. At the break point, the
wrapped phase plot breaks from its characteristic “nearly parallel lines” structure. The break point in
phase is approximately the frequency that marks the end of TS bandwidth for the chosen experimental
conditions. These are shown circled in black in Fig. 9 in both the frequency sweeps (with and without
control). Without control, the break point in phase is obtained at 216 Hz, and with control it shifts
slightly to 240 Hz. This is because the controller is energizing the tiny bandwidth toward the end
of the sweep. A small amplification region in magnitude can also be noted from approximately
200 to 240 Hz, before the response becomes insignificant. However, this amplification is negligible
compared to the attenuation achieved over the entire bandwidth. In addition, these higher frequencies
decay naturally downstream because they have positive imaginary parts in their eigenvalues. This is
confirmed by boundary layer measurements downstream of the control system.

V. BOUNDARY LAYER RESPONSE

All the measurements shown so far were performed at the wall hot-wire location. To investigate
the controller performance more fully, boundary layer scans are performed on a 16 × 6 grid of
streamwise locations, X = 575(25) 950 mm, and spanwise locations, Z = 0(10) 50 mm, where X is
the distance from the leading edge and Z is the spanwise distance from the center line. For a clearer
picture of the influence of the dual-slot actuator, the data are assumed to be symmetrical about
the center line and, for presentational purposes, mirrored about it. The most attenuated frequency,
140 Hz, is chosen for excitation of TS waves in these measurements.

The boundary layer measurements in this grid were performed twice, first without control and
second with control. For accurate positioning of the traverse hot wire, it is first aligned with the
wall hot wire before starting the run (see Fig. 3). A full streamwise run was performed covering
all the X locations, before moving to another spanwise position to repeat the procedure. Movement
of the traverse was always performed in the same direction to ensure that any backlash was removed.
The frequency at which control produced the greatest attentuation, 140 Hz, was also used to excite
single frequency TS waves from the point source. Each of the 34 points in the boundary layer were
sampled for 11 s.

The integral TS wave amplitude (AT S,int) at each streamwise location is obtained by integrating
the area under the double hump (rms amplitude) profile:

AT S,int =
∫ ymax

0
u

′
rmsdy, (2)
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FIG. 11. Cancellation percentage map: AT S,int . Color bar shows cancellation due to control (%). Figure also
shows the location of the actuator dual slots and the wall hot wire. The flow direction is from left to right.

where ymax is the distance from the wall to the last measurement point, outside the edge of the
boundary layer, determined by the change in mean velocity being less than 0.5% of the free-stream
value. The integral is obtained via the trapezoidal method with spacing defined by the step sizes used
in the boundary layer measurement. Thus, the step sizes at each point in the integration domain are
the same for both controlled and uncontrolled flows.

A cancellation map is shown in Fig. 11 based on the integrated values of u′
rms at each point in the

grid. As can be seen, a finite distance (about 100 mm) is required for the cancellation to be effective.
This finding is in line with results in Ref. [20]. Cancellation increases with downsteam distance.
The small amplification seen in the Bode plot (Fig. 9) from 200 to 240 Hz after control appears to
have no influence: These modes have small amplitudes and decay naturally after a short distance
downstream.

The effect of the dual-slot actuator geometry can also be seen in the cancellation map. Each slot
behaves like a source and therefore has its own independent wedges. These wedges initially grow
independently, meet at some distance downstream, and grow into a stronger, wider wedge. In this
case, since these slots are used for actuation, a progressive attenuation is therefore realized along their
combined wedge. A maximum cancellation of about 39% in u′

rms is achieved along the centerline at
X = 950 mm. This corresponds to approximately a 63% reduction in rms energy. This cancellation
is a significant improvement from Ref. [20], who reported a maximum attenuation of 30% in u′

rms

(50% reduction in energy) using a fourth-order controller. This improvement can be attributed to the
smaller sensor-actuator distance used here.

The spanwise amplitude distribution with and without control at X = 950 is shown in Fig. 12. As
expected, the maximum growth in u′

rms is obtained along the center line and this diminishes toward
either side. The individual wedges from the actuator slots also merge well ahead of this streamwise
location, and this is the last X point in the measurement grid. Consequently, the maximum attenuation,
39% in u′

rms is achieved at this point. Figure 13 shows a combined plot using all streamwise locations
in the grid to form a surface plot.

From linear stability theory, the growth of TS wave amplitude AT S,int is expected to be exponential
when plotted on a linear axes as shown in Fig. 14(a). With the same data plotted on a semilog axis,
the variation is expected to be linear, Fig. 14(b). At the last measurement point (X = 950 mm), with
control on, TS wave amplitudes reached a value that occurred 50 mm upstream without control. The
corresponding change in N factor due to control is approximately 0.49.

053903-9



VEMURI, BOSWORTH, MORRISON, AND KERRIGAN

-50 -40 -30 -20 -10 0 10 20 30 40 50
0

0.5

1

1.5

2

FIG. 12. Spanwise distribution of the integrated u′
rms at 385 mm downstream of the wall hot wire (X =

950 mm), with and without control.

The semilog plots shown further serve as a test to check the assumption that the TS wave growth
is linear in the control domain and to characterize the control effect on the growth rate αi . As can
be seen from Fig. 14(b), the growth rates on the semilog plot in both cases vary in almost a linear
fashion with streamwise distance, which confirms exponential growth.

VI. DISCUSSION AND CONCLUSION

In the present study, real-time feedback control has been successfully implemented on 3D TS
waves generated from a surface point source. A SISO control system was used, consisting of a single
wall-mounted hot-wire sensor and two adjacent slots, which act as an actuating source.

Measurements using the wall-mounted hot wire of the feedback control system show that, in single-
frequency TS wave excitations, a significant cancellation is obtained for almost all the frequencies in
the TS wave bandwidth. The attenuation achieved by the control system is established by performing
full boundary-layer scans in a 16 × 6 grid of streamwise and spanwise locations downstream of the
control system for a 140-Hz TS wave from the point source. Measurements in this grid show that the
attenuation from the dual-slot actuation takes effect about 100 mm downstream. Further downstream,
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FIG. 13. A surface plot of the spanwise distribution of the integrated u′
rms at all the streamwise locations

in the measurement grid, with and without control.
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FIG. 14. Growth of the integrated u′
rms profiles plotted at various streamwise locations along the centerline,

inside the control wedge shown in the cancellation percentage map: (a) linear plot and (b) semilog plot. The
data are fitted with best-fit straight lines on the semilog plot.

the attenuation becomes more marked and spreads to a wider region across the span, as the individual
contributions in wedge-shaped regions from both the actuator slots merge. The cancellation of the
rms streamwise velocity fluctuation is evident over a significant domain. A maximum attenuation of
about 39% in u′

rms (63% in energy) is achieved along the centreline at X = 950 mm. With control
on, the TS waves reach an amplitude which occurred 50 mm further upstream in the control off case
at the last measurement location (X = 950 mm). This corresponds to a change in N factor of 0.49.
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