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Abstract 
In this paper, a linear array of 15 MMMS (Micro-Magneto-Mechanical Systems) microvalves is 

integrated to an open-cavity upstream edge to perform closed-loop flow control experiments. The 

microvalves can generate both quasi-steady and pulsed jets and have the advantage to be able to follow 

arbitrary command signals, which is a key for closed-loop flow control. For a freestream velocity of 20 

m/s, the open-cavity flow is characterized by a resonant frequency of 128.6 Hz, which sound pressure 

level is reduced in closed-loop by 9 dB for a total flow rate of 10 L/min. 

1. Introduction

The open-cavity is a commonly studied geometry in flow control applications. Its dynamics has been studied since 

Roshko [1], Pereira [2] or Plumblee et al [3] and makes it a convenient test-bed for new actuators or control approaches. 

The complex dynamics developing in an open-cavity flow has been described by Rossiter [4] and consists in a boundary 

layer developing upstream the cavity, separating at the upstream corner and forming the shear layer, as sketched in 

Figure 1. This shear layer undergoes hydrodynamic instabilities over the cavity and impacts the downstream corner of 

the cavity, where acoustic waves are generated. They propagate upstream the cavity and excite the shear layer 

instabilities. 

Figure 1: Illustration of the flow developing over an open-cavity [5] 
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The self-sustained oscillations in the open-cavity flow are therefore due to an aero-acoustic feedback mechanism. 

Rossiter [4] proposed an empirical expression for the prediction of the oscillation frequencies in the case of subsonic 

and transonic flows, such that: 

 

 f =
U∞

L
 
(m−γ)

(
1

κ
+M)

 (1) 

 

where U∞, L and M respectively denote the freestream velocity, the cavity length and the flow Mach number. The 

quantities m, 𝜅 and 𝛾 respectively stand for the mode number, the ratio between the convection speed of the vortices 

in the shear layer and the freestream velocity and model of a time delay betwee, the vortex impact and the emission of 

an acoustic wave. To tune the empirical model in Equation 1, values of 𝜅 and 𝛾 were set to 0.57 and 0.25. Considering 

incompressible cases of flow past open-cavities, Rockwell [6] and Rockwell and Naudascher [7,8] adapted the semi-

empirical Rossiter mode equation according to: 

 

 f =
U∞

L
 (m − γ)κ (2) 

 

For deep open-cavities, the feedback mechanism can be coupled with an acoustic resonance mechanism due to the 

cavity normal acoustic modes. This particular mechanism was investigated by East [9], who proposed the following 

equation to predict the fundamental resonance frequency f: 

 

 f =
𝑎

𝐷

0.25

1+𝐴(
𝐿

𝐷
)
𝐵 (3) 

 

with A, B empirical coefficients and a the speed of sound. In this formula, the freestream velocity does not play a role 

but only the cavity dimensions and the speed of sound indicating a purely acoustic mode. Both Rossiter and East modes 

can interact with each other, yielding a local maximum in the global modes growth rate of instabilities of the base flow. 

For low Mach numbers the latter mechanism can be seen as enhancing the former mechanism response, as shown by 

Yamouni et al [10]. Both mechanisms result in the generation of flow-induced noise radiation and structural vibrations, 

which could damage structures. 

 

Flow control can be defined, as proposed by MacMynowski and Williams [11], as modifying a flow behavior in order 

to obtain positive changes. In the case of an open-cavity flow, the aim is to damp the flow oscillations. This control 

relies on the suppression of the flow feedback mechanisms by interactions of actuators with the upstream boundary 

layer, as performed by Vakili and Gauthier [12], or by interactions of induced flow perturbations with the shear layer 

at the upstream edge of the open-cavity, as implemented by Ukeiley et al [13], Shaw [14], Stanek et al [15], Sarno and 

Franke [16] or Cattafesta et al [17]. Different closed-loop control approaches have been employed targeting the 

suppression of open-cavity flow oscillations. The first experiments consisted in tuning open-loop forcing parameters 

in a quasi-static fashion, based on the information fed back from a performance sensor, as carried out by Gharib [18], 

Shaw and Northcraft [19], Micheau et al [20] or Debiasi and Samimy [21]. With promising results, as described in the 

following, control of open-cavity flows then moved to closed-loop control from estimation sensors, requiring less 

power to control the flow than quasi-static approaches. Closed-loop methods can rely on black bock models of the 

input-output dynamics using adaptive filters approaches [22] or using the frequency response of the sensors to an 

excitation of the actuators [23] or be model-free as this is the case concerning machine-learning approaches [24]. 

 

In this paper, we integrate a linear array of 15 MMMS (Micro-Magneto-Mechanical Systems) microvalves [25] to an 

open-cavity upstream edge to perform closed-loop flow control experiments. The microvalves can generate both quasi-

steady and pulsed jets and have the advantage to be able to follow arbitrary command signals, which is a key for closed-

loop flow control. This paper second part describes the MMMS microvalves technology, while the third part deals with 

the open-cavity flow characterization and closed-loop control implementation. 

2. Microvalves architecture and characterization 

2.1 Microvalves architecture 

The considered microvalve architecture is presented in Figure 2 and consists of two parts, based on the micromachining 

of silicon layers and of PDMS (Polydimethylsiloxane) seals, ensuring the microvalve airtightness. The assembling of 

the two parts define the air inlet, the microchannel with inner walls and the air outlet. The microchannel is surmounted 
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by a rigid silicon pad, with permanent magnets fixed over it. The microvalve packaging contains a coil surrounding 

the magnets. This actuator design enables to generate two different type of jets: quasi-steady jets and pulsed jets. To 

generate quasi-steady jets, a pressure difference Δ𝑃 = 𝑃𝑖𝑛 − 𝑃𝑎𝑡𝑚  is applied through the microvalve. The rigid silicon 

pad is then lifted up to an equilibrium position and air flows from the inlet to the outlet. 

 

 
Figure 2: General design of the microvalves architecture [26] 

 

To generate pulsed jet, a pressure difference is still applied through the microvalve. In addition, a current runs in the 

coil surrounding the magnets, inducing a magnetic field moving the rigid silicon pad up and down, as depicted in 

Figure 3. Consequently, the microchannel height is modulated resulting in the generation of a pulsed jet at the actuator 

outlet. 

 

 
Figure 3: Sketch of the microvalve with a current running in the coil to generate pulsed jets [26] 

 

In order to adapt the microvalve outlet to the open-cavity geometry, the outlet hole was transformed into a slot outlet. 

The adapter is fabricated by stereolithography in a Problack10 resin. It is composed of an upper and a lower part, which 

brought together induce a jet outlet angle of 45°, as pictured in Figure 4. 
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Figure 4: Assembled microvalve with is packaging and the jet adapter 

2.2 Quasi-steady and pulsed jets characterization 

In order to perform the closed-loop flow control experiments, a set of 15 microvalves is assembled and integrated as a 

linear array. Hot-wire measurements are performed to characterize both quasi-steady and pulsed jets. A Dantec 55P11 

hot wire probe associated to a mini CTA 54T42 is used to perform measurements with a sampling frequency of 20 kHz 

over 1 s at each considered point. Measurements are carried out in the (XZ) planes, sketched in Figure 4, where X, Y 

and Z axes are defined with respect to the actuators outlet. The flow crosses the (XZ) measurement plane with a 45° 

angle. The hot wire probe is placed parallel to the Y axis. Hence, the velocity measured by the hot wire is a combination 

of the X and Z velocity components. One microvalve is supplied with a pressure difference of Δ𝑃 =  150  mbar. These 

measurements are presented in Figure 5. Based on these measurements, the outlet jet angle induced by the adapter 

could be measured and revealed to be 45° as expected based on the adapter design. 

 

 
Figure 5: Quasi-steady jet mapping in the (XZ) plane for Δ𝑃 =  150  mbar 

 

Pulsed jets are also characterized with hot wire measurements, the sensor being placed at the microvalve maximum 

velocity location for X=0.5 mm. The entire array of actuators is fed with a pressure difference Δ𝑃 =  250  mbar. Figure 

6 illustrates such a measurement for a forcing frequency of 40 Hz. The pulsed jet consists indeed in a modulation of 

the outlet velocity around a mean value. Microvalves pulsed jets were characterized for actuation frequencies between 
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20 Hz and 380 Hz. All the tested actuators proved to behave linearly on the tested bandwidth. Furthermore, the 

microvalves proved to have the advantage to be able to follow arbitrary command signals, which is a key for closed-

loop flow control. 

 

 
Figure 6: Hot wire velocity measurement for an input signal frequency of 40 Hz 

3. Closed-loop control of the open-cavity flow 

3.1 Wind tunnel facility 

The wind tunnel test section has a rectangular shape of height 150 mm and span 300 mm, for a total length of 1910 

mm. The cavity geometry is characterized by a length of 134 mm and a depth of 900 mm. The linear array of 15 

microvalves was integrated to the open-cavity placed in the ONERA S19 wind tunnel. A picture of the wind tunnel 

and of the actuators integration is presented in Figure 7. Kulite XCQ-093-15A (15 PSI) pressure sensors are integrated 

to the open-cavity downstream wall in order to perform unsteady pressure measurements. These measurements help 

characterizing the unforced flow dynamics and are used to implement the closed-loop control. Data acquisition and 

signal generation are performed with a Dspace MicroLabBox real time controller composed of a 2 GHz dual core 

DS1202 processor with a 16 bits on ±10 V range analog-to-digital converter. 

 

 
Figure 7: Integration the array of MMMS microvalves to the open-cavity 

 

3.2 Open-cavity unforced flow characterization 

Characterization of the flow dynamics is investigated for several freestream velocities 𝑈∞ with the aim of finding a 

flow regime with low frequency oscillations inside the actuators bandwidth. The SPL (Sound Pressure Level), 
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expressed in dB, obtained from the PSD (Power Spectral Density) of each Kulite sensors are computed based on the 

following definition: 

 SPL = 20𝑙𝑜𝑔10 (
√𝑃𝑆𝐷

𝑃𝑟𝑒𝑓
), (4) 

 

where 𝑃𝑟𝑒𝑓 = 20 µPa is a reference pressure corresponding to the threshold of human hearing. In the following, unless 

otherwise specified, unsteady pressure signals are acquired over a duration of 45 s with a sampling frequency 

𝑓𝑠 =  10  kHz. The signal PSD is then computed with a Welch's algorithm based on 60 Hamming windows and an 

overlap of 50%, yielding a frequency resolution of 0.11 Hz. As the 4 Kulite sensors indicate the same resonance 

frequencies and similar values of SPL within a few dB, results presented in the following are based on one of the 4 

unsteady pressure sensors. The open-cavity spectrum derived for a freestream velocity 𝑈∞ = 20 m/s is presented in 

Figure 8. It is composed of a parasitic peak at 50 Hz due to electrical noise and one peak entirely characterizing the 

flow dynamics. The flow spectrum is therefore composed of a fundamental oscillation frequency at 128.6 Hz. This 

flow regime is the one considered to carry out the closed-loop control experiments. 

 

 
Figure 8: Evolution of the SPL (dB) against the frequency for a freestream velocity 𝑈∞ = 20 m/s 

3.3 Closed-loop control of the open-cavity flow 

The SISO (Single Input Single Output) closed-loop control of the open-cavity flow is based on the mixed sensitivity 

formulation of a 𝐻∞ loop-shaping approach. The closed-loop control strategy therefore boils down to three steps: first 

identifying a transfer function between the actuators command and the selected Kulite sensor output, second deriving 

an optimized controller based on the 𝐻∞ loop-shaping approach and third implementing the controller into the Dspace 

real-time unit. The following results of the closed-loop control implementation are described for a driving pressure of 

the actuators of 120 mbar. 

3.3.1 Identification of a transfer function 

The identification of a transfer function between the actuators and the sensor output is performed using linear frequency 

sweeps, described by the following equations: 

 

 𝑓𝑎𝑐𝑡 = 𝐴𝑠𝑖𝑛(2𝜋 (𝑓𝑠𝑡𝑎𝑟𝑡 +
𝑓𝑠𝑡𝑜𝑝−𝑓𝑠𝑡𝑎𝑟𝑡

∆𝑡
𝑡) 𝑡), (5) 

 

where 𝑓𝑎𝑐𝑡, 𝐴 = 2 V, 𝑓𝑠𝑡𝑎𝑟𝑡 = 120 Hz, 𝑓𝑠𝑡𝑜𝑝 = 260 Hz, Δ𝑡 and 𝑡 respectively denote the instantaneous actuation 

frequency, the signal amplitude, the linear sweep starting and stopping frequencies, the linear sweep duration and the 

instantaneous time. Using 3 realizations of such a sweep, an average response of the open-cavity to the forcings is 

computed. Figure 9 highlights the gathered frequential data gain and phase. 
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Figure 9: Gain (left) and phase (right) of the average frequency response of the open-cavity flow for 𝑈∞ = 20 m/s 

and Δ𝑃 =  120  mbar 

 

As expected in the gain plot, a resonance appears at the open-cavity resonant frequency of 128.6 Hz. Furthermore, 

considering the phase plot, a change in the phase is observed around the resonant frequency. The phase linear decrease 

is related to a delay 𝜏 associated to the advection of the flow perturbations along the cavity in the shear layer with a 

mean velocity 𝜅𝑈∞. Based on the measurements presented in Figure 9, 𝜅 = 0.57 indicating that the pertubations 

induced by the actuators are convected inside the flow with a mean velocity of 0.57𝑈∞. This value is in close agreement 

with values found in the literature [23,27]. 

 

Based on these frequential data, an interpolated transfer function is built using the Matlab “n4sid” routine in order to 

derive a discrete-time state-space model of order 10. In Figure 10, the state-space model gain follows the gain trend of 

the average frequency response, while the phase is matched with even greater precision. The transfer function fit is 

estimated at 80.9 %, according to the normalized RMS (root mean square) error. This interpolated transfer function is 

then used for the synthesis of the controller. 

 

 
Figure 10: Gain (left) and phase (right) of the average frequency response (black) and interpolated transfer function 

(red) of the open-cavity flow for 𝑈∞ = 20 m/s and Δ𝑃 =  120  mbar 

3.3.2 Controller synthesis 

Based on the interpolated transfer function, the aim is to design a controller, which closed-loop performance is defined 

by the user. The design process is based on the mixed-sensitivity formulation of a 𝐻∞ loop-shaping approach. Let 𝑆, 

𝐺 and 𝐾 respectively be the problem sensitivity transfer function, the system closed-loop transfer function and the 

controller transfer function. A set of weighting transfer functions 𝑊𝑆, 𝑊𝐺 and 𝑊𝐾 are therefore defined and constitute 

the basis of the control optimization process. The 𝐻∞ loop-shaping control design approach amounts to minimizing 

the cost function 𝛾 bounding the 𝐻∞ norm of the previous mentioned transfer functions based on the chosen weighting 

functions. Solved through the “hinfstruct” routine in Matlab, the controller K is sought such that Equation (6) is 

satisfied and such that the internal dynamics of the system is stabilized. 
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 {

‖𝑊𝑆𝑆‖∞ < 𝛾
‖𝑊𝐺𝐺‖∞ < 𝛾
‖𝑊𝐾𝐾‖∞ < 𝛾

. (6) 

 

Running the “hinfstruct” routine, on the previously presented study case, yields 𝛾 = 0.71. The optimized is then 

implemented into a Simulink code and transferred onto the Dspace MicroLabBox real time controller. The considered 

Kulite sensor for the SISO approach is used as the system input and the command signal issued by the controller is 

used to drive the array of microvalves. 

3.3.3 Closed-loop control application 

Figure 11 compares the cavity spectra for 𝑈∞ = 20 m/s and Δ𝑃 =  120  mbar in the closed-loop case. The cavity 

dynamics without forcing corresponds to the black curve, which exhibits the open-cavity resonance at 𝑓 = 128.6 Hz 

for a SPL of 117 dB. The blue curve corresponds to the open-loop forcing of the cavity with the quasi-steady jets for 

Δ𝑃 =  120  mbar. In this case, the cavity resonance is only damped by 1 dB. This low damping of the resonance in 

open-loop is chosen in order to highlight the effect of the closed-loop control. The red curve describes the closed-loop 

case for which the cavity resonance is damped by 9 dB compared to the open-loop case. The closed-loop control 

strongly dampens the cavity resonance. 

 

 
Figure 11: SPL (dB) flow spectrum of the open-cavity for 𝑈∞ = 20 m/s and Δ𝑃 =  120  mbar in the unforced case 

(black), open-loop case (blue) and closed-loop case (red) 

 

The electrical power consumption derived from the microvalves command and intensity records indicates a mean 

consumption of 1.5 W for the array of 15 microvalves, yielding an average consumption of 0.1 W per actuator. This 

study case shows the straightforward use of the MMMS microvalves in the closed-loop control of a periodic open-

cavity flow. 

4. Conclusion 

In this paper, MMMS microvalves employed in closed-loop flow control experiments on an open-cavity are presented. 

Their design enables to generate both quasi-steady and pulsed jets, consisting of a modulation of the outlet velocity 

around a mean value. Characterized with hot wire measurements, microvalves proved to behave linearly on a large 

bandwidth. Because of this linear behaviour, the MMMS microavles have the advantage to be able to follow arbitrary 

command signals, which is a key for the implementation of closed-loop flow control experiments. Integrated as a linear 

array to the open-cavity upstream edge and used during closed-loop control the experiments, the MMMS microvalves 
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damped the open-cavity resonance SPL by 9 dB. This study constitutes a first step towards the closed-loop control of 

more complex flows such as quasi-periodic open-cavity flows. 
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