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Fluidic oscillator with active phase control

Chris J. Nicholls* and Marko Bacic’
University of Oxford, Oxford, OX2 OES, United Kingdom

This paper demonstrates the closed-loop control of the frequency and phase of a fluidic

oscillator using acoustic excitation. It is shown experimentally that the use of acoustic excitation
modifies the passive feedback mechanism and slows down the jet switching process. Closed-loop
control is employed to vary the oscillation frequency at a fixed flow rate and track a sinusoidal
reference target without phase error, using measurements from a pitot probe in the device.
The controller is demonstrated to be effective at rejecting disturbances, which is illustrated
with both time and frequency domain data. The controller’s ability to track step changes to
the reference signal phase is tested and the closed-loop bandwidth is shown to be around 20%
of the oscillation frequency, in close agreement with the theoretical prediction.

I. Nomenclature

amplitude of time-varying component of modulating signal
amplitude of carrier component of AM signal
inlet nozzle width

device depth

oscillation signal magnitude

control port tube diameter

outlet tube diameter

integration limit parameter

gain for nonlinearity compensation

carrier frequency

low-pass filter cut-off frequency

modulating frequency

oscillation frequency

steady component of excited oscillation frequency
unexcited oscillation frequency

reference signal frequency

plant transfer function

estimated plant transfer function

carrier component of AM signal

AM signal applied to piezo amplifier
modulating component of AM signal
saturation limits function

low-pass filter transfer function

modulation depth

integral gain

proportional gain

open-loop transfer function

control port tube length

outlet tube length

integrated oscillation magnitude
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Pout(t) = outlet channel pitot probe signal
u(t) control input, amplitude of tone applied to piezo amplifier
u'(t) =PI controller output

T(s) = closed-loop transfer function

U(iw) = discrete Fourier transform of input
y(t) = plant output

Y(iw) = discrete Fourier transform of output
Ynix(s) = Laplace transform of mixer output
Z = frequency discriminator output

2 = component of z at fi,

Greek

1) = phase offset of demodulated pitot signal
(1) = controller phase error

(1) = reference signal phase

®,,(iw) = power spectral density of input

Py(1) = output signal phase

®,,(iw) = cross spectral density of output and input
Abbreviations

AM = amplitude modulation

ETFE = empirical transfer function estimate

M = frequency modulation

PI = proportional-integral

PLL = phase-locked loop

PSD = power spectral density

VCO = voltage-controlled oscillator

II. Introduction

This paper demonstrates for the first time the closed-loop frequency and phase control of an otherwise passive
fluidic oscillator that can be used in a variety of applications where time-accurate fluid injection is required (e.g. [} 2]).
Fluidic oscillators and other fluidic devices such as fluidic diverters (see Fig.[T) originate from work at the Harry
Diamond Laboratories in the 1960s for fluidic computing applications. The popularity of fluidic devices in a modern
research context is a result of their potential to provide a reliable means of actuating fluid flows since they contain
no moving parts [3]. Many articles have been written about their application to problems such as flow separation
control [4H8], cavity tone supression [9], tip leakage control [[10H12]], and thrust vectoring [[13]]. The present work
is motivated by the challenge of controlling fluid flows in aerospace applications, which typically require reliable
actuators with significant authority and relatively high bandwidth [14]. Fluidic actuators have the potential to overcome
these challenges, particularly when combined with piezoelectric actuators [I5H18]], but suffer from switching time
uncertainty. More recently, Nicholls and Bacic [[19] demonstrated that the use of feedback control can reduce switching
time uncertainty at the expense of closed-loop bandwidth for piezo-actuated fluidic diverters. The hypothesis proven in
this paper is that active sound injection can modify the passive feedback mechanism in a fluidic oscillator to create a

high bandwidth, frequency- and phase-controlled actuator.



Reciruclation
bubble

% Outlet
— channels
Inlet N

Fig. 1 Fluidic diverter

Control
ports

Feedback fluidic oscillators are fluidic diverters with some kind of passive feedback mechanism, allowing the
device to produce self-sustained oscillations when supplied with a pressurised fluid. These typically have a higher
continuous switching bandwidth than diverters that are controlled actively with either an external fluid supply or a
separate actuator, e.g. plasma or acoustic. However, the oscillation frequency depends on the flow rate [20]. There
are two common designs of feedback oscillators: relaxation fluidic oscillators, introduced by Warren [21]] (Fig.[2b),
which have two feedback paths and use a portion of the main jet total pressure to switch the flow, and ‘sonic’ oscillators,
introduced by Spyropoulos [22] (Fig.[2a). The latter have one feedback path and use the pressure difference that keeps
the jet curved and attached to the wall to drive the oscillation. The widely-used NASA relaxation fluidic oscillator
design has dominated flow control studies in the literature, e.g. [1} 23] 24], with the design style by Spyropoulos [22]
seeing relatively little research interest. However, the relaxation oscillator design is likely to suffer from inherently
higher pressure losses because of the nature of the oscillation mechanism—momentum is bled from the main jet into
the feedback paths. The sonic oscillator does not siphon off any of the main jet total pressure, which could make it

appealing in industrial applications.

Practical fluidic devices are governed by the Coanda effect, the tendency of a fluid jet to attach to a nearby sur-
face [25]]. When supplied with a pressurised fluid, a jet issues from a nozzle and entrains the surrounding ambient fluid
(Fig.[T). The jet surroundings are confined by the attachment walls, which causes the pressure on either side to reduce.
Geometrical imperfections or random perturbations result in an asymmetry in the pressure reduction, resulting in the jet
attaching to one of the side walls. Upon striking the wall, the angle of the jet and the low pressure between the jet and
the wall cause flow to be recirculated into the enclosed region. This stabilises the pressure there and a recirculation

bubble is formed.

Spyropoulos [22] proposed a fluidic oscillator design where feedback is provided by a tube connecting the sides of the
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Fig. 2 Sonic oscillator, and relaxation fluidic oscillator,

device to one another (Fig.[Za). When the jet attaches to wall A, the sharp pressure reduction between the jet and the
wall creates an expansion wave that travels along the control port tube (to B in Fig.[2a). The wave connects the sides of
the jet, but is typically insufficient to switch the device alone because it is attenuated as it travels around the tube. The
remaining pressure deficit is relieved by fluid supplied from the unattached side outlet (reversed flow through Flow path
B) via the control port tube to side A, causing the jet to switch to wall B, where the process repeats. The jet oscillates

between paths A and B.

Both types of feedback fluidic oscillator are ‘passively-controlled’ because their operation requires no switching
input, and they provide large-amplitude, high-frequency oscillations. The absence of control over the phase, however,
reduces their versatility in timing-critical applications. For example, it has been shown that synchronization of unsteady
injection from an aerofoil into the mainstream flow improves the effectiveness of the actuation in reattaching separated
flows [} 2]]. Efforts have been made to address this drawback by the addition of an active control element to the NASA
relaxation oscillator design. In a numerical study, Gokoglu et al. [24] demonstrated that plasma actuators placed in the
feedback paths should have sufficient authority to disrupt the feedback mechanism and bring the oscillation frequency
under control. More recently, Tomac and Sundstrom [26] brought the oscillation frequency of a relaxation oscillator
under control by the injection of secondary flows into the interaction region. With a sufficient control flow rate, it
was shown that the flow instabilities generated from the interaction between the control and main jets dominated the
traditional feedback mechanism and resulted in significantly higher oscillation frequencies. These studies have made
good progress towards bringing the oscillation signal under control. However, one drawback of using secondary flows in

[26], as mentioned by the authors, is the requirement to modulate the control flow rate in order to regulate the oscillation



frequency. A second downside is the lack of control over the oscillation phase. This latter point was solved in part by
Sundstrom and Tomac [23},127]], where it was shown that it is possible to synchronize the phase of a pair of oscillators by
designing them to share a feedback path. However, the ideal situation would be the ability to lock the oscillation phase

of an arbitrary number of spatially-distinct devices to a reference signal without the use of secondary control flows.

This paper aims to address these issues by using acoustic actuation to vary the oscillation frequency and con-
trol the phase with respect to a reference signal. We achieve this through use of an architecture based on a phase-locked
loop (PLL), a technique commonly used in communications. Gharib [28]] applied a PLL to the closed-loop control of a
cavity shear layer. Stalnov et al. [29] used a PLL to lock trailing edge actuation to a constant phase shift with respect to
the vortical structures shed from a bluff body measured by a hot film sensor in order to stabilise the wake. Previous
work demonstrated that piezoelectric excitation can influence the jet position in a fluidic device [19]. In the present
work, it is shown that when applied to a fluidic oscillator, piezoelectric actuation slows down the switching process and
hence reduces the oscillation frequency. This effect is used in conjunction with feedback control to vary the frequency

and phase of a Spyropoulos sonic oscillator.

II1. Experimental setup

The experimental setup is shown in Fig.[3al with a photograph of the rapid-prototyped device in Fig.[3b| The field
programmable gate array (FPGA) used is the National Instruments (NI) cRIO-9035, with the NI 9205 analog input
card and NI 9263 analog output card. The flow path for the oscillator used in the present work is shown in Fig.[d] The
feedback tube, called the control port (CP) tube in this paper, connects into the plane of Figures fa] and {Ab|to the slots
shown in the control ports, as shown in Fig.[dc| The device is a sonic oscillator with a rectangular nozzle of width
b = 2mm and depth d = 6 mm, with the addition of piezo buzzers (Kingstate 108 dB Panel Mount Continuous External
Piezo Buzzer). Throughout this paper, only one of the piezo buzzers is used. The excitation signals are amplified by a
piezo amplifier (PiezoDrive PDu150). Outlet tubes of length Lo = 20 cm and internal diameter Do = 4b are fitted via
an adapter to the main device outlets. The control port tube has length Lcp = 40 cm and Dcp = 4b. Pressure transducers
(First Sensor 10 mbar HCXPMO10D6V) connected to the pitot probes are sampled at 50 kHz. The transducers have a
response time of 100 us (i.e. 10 kHz bandwidth) and were sampled via a first order anti-aliasing filter with a cut-off
frequency of 25kHz. The transducers have a typical accuracy of 0.1% of the full scale output. Short lengths of
1.65 mm Scanivalve tubing are used to connect the pitot tappings on the device to the transducers, which lowers their
measurement bandwidth. However, the length was kept sufficiently small to insure the tube bandwidth exceeded the
device oscillating frequency and open-loop bandwidth. The bandwidth of the transducers with the tubes was assessed by
removing the control port tube and blocking the control ports such that the jet was stably attached to one of the device.

The fluctuations in the jet act as a band-limited noise input to the measurement transfer function. As such, the pitot
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signal was measured and the power spectral density was computed, giving a measurement bandwidth of 520 Hz. The
outlet ball valves are partially closed to supply a small back pressure, which serves to increase the oscillation magnitude,
which is otherwise intermittent. As explained in Nicholls et al. [30], the back pressure has the effect of reducing the
jet attachment strength in the quasi-steady portion of the oscillation period where the jet is stably attached to one of
the walls. This is because the adverse pressure gradient experienced by the diffusing flow increases the likelihood of
separation and has a destabilising effect on attachment. This makes it easier for the oscillation mechanism (the flow
through the control port tube) to switch the jet. In this paper, the device operates in the traditional, flow-rate dependent

mode characterised by Spyropoulos [22]], rather than the back-pressure driven mode described by Nicholls et al. [30].

IV. Device characterisation

The device was characterised with respect to flow rate with and without excitation from the piezo buzzer. The
excitation was a 0.71 Vrums, 2.5 kHz tone. At this frequency and voltage, the piezo produces a sound pressure level of
approximately 111 dB when measured at a distance of 13 mm (to match the distance between the piezo and the jet in the
device (Fig[db)). It should be noted that this distance is around 10% of the wavelength of the acoustic excitation signal.
As such, the jet is in the near field of the buzzer and the forcing is hydrodynamic. This excitation frequency was chosen
because it is the resonant frequency of the piezo buzzers. For each case, 200,000 samples were recorded over 4 seconds.
The samples were split up into 4 sections and their FFTs were taken after a Hamming window was applied. The absolute
value of the resulting data was taken before the 4 sections were ensemble averaged. The power spectral density (PSD) was
then computed by squaring these ensemble-averaged data, which produced 25001 samples over the 25 kHz bandwidth,
giving a frequency resolution of 1 Hz. Note that this process is identical to Bartlett’s method [31] (i.e. Welch’s method
with 0 overlap [32]) except that, in our case, the averaging step is performed before the discrete Fourier transform data
are squared. The difference in the resulting PSD estimate between this approach and Bartlett’s method is negligible.
The oscillation frequency, fusc, was determined at each flow rate from the spectrum of the pitot probe measurements.
These data and their difference, A fosc, are shown in Fig.E} The unexcited curve is typical of a sonic oscillator and
in agreement with previous studies [22, |30, |33]]. The effect of excitation is to lower the oscillation frequency for all
but the lowest flow rates. The device did not oscillate for flow rates below 20 slpm, and the piezo authority gradually
reduced from its maximum at around 60 slpm until 140 slpm where its effect was not noticeable. The acoustic exci-

tation has a significant impact on the oscillation frequency at some flow rates; at 55 slpm, the frequency is reduced by 15%.

The components of the oscillation period are the wave propagation time and the switching time [22]. The switching time
can be further divided into the time taken for the recirculation bubble (see Fig.[I) to be filled to reach the critical volume
where the jet detaches (herein called the filling time), and the time taken for the jet to travel across the device and reattach

to the opposite wall. This division is consistent with the models of fluidic devices actuated with control flows by Lush
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[34.135] and Epstein [36]. Understanding the mechanism by which the acoustic excitation influences the oscillation period
requires more sophisticated measurement techniques or numerical simulations. However, the proposed mechanism is
that the enhanced entrainment resulting from the excitation [37]] removes mass from the bubble at a greater rate, so that it

takes longer for the flow through the control port tube to fill the bubble and reach the critical volume required for switching.

The second effect of excitation is a reduction in the amplitude of the oscillation. The oscillation magnitude and frequency
were determined from the spectra of the measurements at a range of excitation voltages and are shown in Fig.[6] for
60-70 slpm. The magnitudes were determined by integrating the power spectral density (PSD) across the peak, as given
by
1 Jose+Af
M = 10log, (E G df), 1)

with the integration limits set using Af = 5Hz and a 1 Pa® reference for the logarithm. The power is not packed into a
single frequency bin because disturbances like small variations in the flow rate cause the frequency and phase to wander.
The value of 5 Hz was chosen for the limit range because it captured a sufficient proportion of the spectral peak that
increasing it had an insignificant effect on the resulting oscillation magnitude, M. One explanation for the reduction in
oscillation magnitude is that the device can be considered a resonant system with a magnitude peak at the unexcited
oscillation frequency. When the excitation modifies the feedback mechanism and reduces the frequency, the device
operates away from its resonance, which reduces the oscillation magnitude. The data show a linear response in both
the frequency and in the oscillation magnitude (in units of dB) to excitation—these are plotted against one another in
Fig.[oc] Figure[6a]demonstrates that the oscillation amplitude, in linear units rather than dB, varies nonlinearly with
respect to the excitation voltage. As such, a compensation strategy is required to invert this nonlinearity for a linear

control design approach to be valid.
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V. System Identification
In order to vary the oscillation frequency dynamically, the amplitude of the excitation tone must be modulated. The

amplitude modulation (AM) input signal is given by

gex(t) = gc(t)gm() = sin (27 f:1) (A sin (271 ft) + B) , (2)

where A is the amplitude of the time-varying component of the modulation signal, B is the carrier offset amplitude, f. is
the carrier frequency (2.5 kHz in this paper), and f;, is the modulating frequency. The jet demodulates this signal, a
property first discovered by Wiltse and Glezer [38]. For an attached jet without a feedback tube, as in a fluidic diverter,
a constant excitation causes the jet to be pulled off the wall. Therefore, modulating the amplitude of the tone results in
the jet responding at the modulating frequency, f,,, which has been exploited in several studies, e.g. [19139]. With
the addition of the feedback tube, this demodulated signal is then modulated onto the oscillating frequency of the
device. This process is represented graphically in Fig.[7] Figure [7ashows the unexcited case, where the jet motion
(switching between the two sides) is portrayed as a single sinusoid. An AM excitation waveform is applied in Fig.[7b]
and the frequency of the jet oscillation is shown to fluctuate with the envelope of the excitation waveform. The resulting

frequency modulation (FM) signal in response to the AM excitation is given by

T=t
Pout = D(2) sin (27r fosc.exc t + kf / sin (271 fuT + @) d‘rl), 3)
T
where k¢ is the modulation depth, ¢ is a phase offset, and D(t) is the oscillation amplitude that depends on the excitation
voltage (Fig.[6a). The formula in (3) is a standard expression for an FM signal [40, p. 204], with the addition of a
time-varying amplitude, D(z). It is around fosc exc that the oscillation frequency varies sinusoidally at a rate of f;,. Note

that fosc, exc differs from the natural, unexcited value, fosc nat, because of the carrier component in @) with amplitude B,
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which reduces it. When a constant (not amplitude-modulated) excitation tone is switched on, the oscillation frequency
does not drop to fosc, exc instantly—the oscillation frequency is related to the cross-stream speed of the bulk jet, so that
an instantaneous change in frequency would constitute an infinite acceleration. The bulk jet dynamics, as controlled by
Nicholls and Bacic [[19], are important in the response of the oscillation frequency to the excitation signal. This system

has the transfer function

L {fosc(t) - fosc,exc}
L {gm(t) - B} .

The value of the modulation depth in , kg, is equal to |G (i27 fin) |. Similarly, the phase, ¢, is determined by

G(s) =

“4)

£G(i2n f,) and the system transport delay. For the purposes of system identification, the input and output are given by

u(t) = gm(t) - B, V() = fosc(t) = fosc,exc- (5)

The output, y(¢), is therefore the time-varying component of the signal that is frequency modulated onto the oscillation
signal measured by the pitot probe (i.e. the time-varying component of the frequency of the sinusoid in (3)). Experiments
were conducted to determine the transfer function, G(s), at several flow rates using the AM input signal, (2). For each
flow rate, A and B were set to ensure the static response curve of oscillation frequency against excitation amplitude (as
in Fig.[6b) remained in the linear region. A frequency discriminator was applied to the data to demodulate the measured
signal and retrieve the output, (3). Details of this scheme and an analysis of its effect on the signal spectrum are given in
the appendix. The oscillation amplitude, D, is present in the demodulated signal, and the analysis assumes that it is a
constant. As such, the curve of oscillation magnitude vs excitation voltage in Fig.[6a] was inverted for each flow rate
by appropriate scaling of the inputs, u(r). This inversion is discussed in more detail in section|[VI} The analysis in the
appendix also shows that the demodulated signal phase is independent of the oscillation signal phase (fosc, exc f), SO that
phase-coherent averaging could be used to improve the signal-to-noise ratio. The excitation was applied for 4 seconds
for each value of f,, and 10 repeats were conducted to create an ensemble. After demodulation, followed by ensemble
averaging, the empirical transfer function estimate (ETFE) was calculated from the data, given by

o = 182

(6)

where Y(iw) and U(iw) are the discrete Fourier transform of the output and input timeseries. The Bode plots of the
ETEFEs for 60, 65, and 70 slpm are shown in Fig.[8] where the errorbars correspond to one standard deviation from the
mean. The responses roll off above in the 700-800 Hz range, which is consistent with the dynamics of jets with similar

velocities identified in [19]. The flow rate considered is 65 slpm herein.

A transfer function was fitted to the frequency response data at 65 slpm using MATLAB’s System Identification

12
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Toolbox. While all the features could be captured with an 8-pole, 7-zero model, the closed-loop dynamics are shown in
section [VI]to be limited by factors other than open-loop bandwidth, so that only the first resonance in Fig.[|needs to be

captured by model. Consequently, a simpler 3-pole, 1-zero transfer function model was used for control design, given by

~13.2(s + 102)

G(s) = ¢ 1-2x107%s
(s) = e (s 1 139)(s2 + 7355 + 2.16 x 106)

)

The frequency response of (7) is shown along with the experimental data in Fig.[0] The system delay is a result of the
transport time of particles acted on by the piezo at the nozzle orifice to travel to the pitot probe in the outlet channel, a
distance of around 50 mm. This corresponds to a transport velocity of approximately 42 m/s, while the mean nozzle
velocity is around 100 m/s. The ratio of transport velocity to mean nozzle velocity is in the vicinity of that found in a

similar fluidic device in [|19].

VI. Controller design
The objective in this paper is to produce a variable frequency oscillation that can track a reference sinusoidal signal.
Consequently, we adopted a phased-locked loop (PLL) controller architecture, for which the standard form is shown in
Fig.[I0} The signal generated by the voltage-controlled oscillator (VCO) is compared with the measured or reference
signal to produce an error signal related to their phase difference. The error signal is filtered and used as a proportional
feedback signal to adjust the VCO frequency. The architecture for the PLL in the present work is shown in Fig.[IT}

Fig.[ITa]shows the nonlinear implementation of the system, while Fig.[ITb|shows the linearised representation that was

14
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Fig. 10 Standard phase-locked loop (PLL) architecture

used for analysis and control design. The standard linearisation assumption has been made for the (left-hand side) mixer
[41]], such that the output goes from the cosine oscillation signal to the phase signal, ¢,(¢). In the linearised system, the
only signal time scale (or frequency) is that of u(z), i.e. the signal that modulates the 2.5 kHz piezo tone amplitude. This
is because the nonlinear operators in Fig.[ITa]between u(¢) and the output of the mixer (on the left) can be replaced the
equivalent components of the linear system in Fig.[TTb] This can be explained by considering the operations performed,
whose effect on the spectrum of each signal is sketched in Fig.[12]

1) The input, u(t), is at baseband before being amplitude-modulated onto the carrier signal in the FPGA.

2) The resulting AM excitation signal is demodulated by the jet dynamics to baseband [42-44], and is then

modulated onto the frequency of the oscillation by the fluidic oscillator.

3) The mixer demodulates the resulting FM signal that is measured by the pitot probe, producing an error signal at

baseband, i.e. at the time scale of u(¢), and a sum frequency.

4) The lower-pass filter attenuates the sum frequency term.

In this system, the fluidic oscillator serves the purpose of the VCO, the free-running frequency is fosc, nat> the input
to the VCO is the amplitude of the 2.5 kHz excitation tone applied to the piezo amplifier, and the reference signal is the
desired output trajectory for the oscillator. In addition to the proportional feedback used in the standard architecture,
an integral term, Ki/s, is included. Without an integral term, the PLL achieves frequency lock but not phase lock,
since a non-zero error signal is required to drive the required steady input amplitude. The natural oscillation frequency,
Josc.nat(?), was assumed constant up to this point. However, a time-dependence is now included to indicate that its value

wanders, which constitutes an output disturbance.

The mixer output is

D(1) cos (27 fose(1)) sin (27 fref) = ? [sin (271 (fret — fosc(t))) + sin (27r (fret + fosc(t)))] , (8)

where ff is the reference frequency. The difference frequency can be written as

D(1) D() . D(r)

Tsin (27T (fref — fosc(l))) = —sin (¢r(1) — dy(1)) = - (¢r(1) — Py (1)), )
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Fig. 12 Sketches of spectra of signals between control input and low-pass filter output.
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where ¢, () and ¢,(¢) are the phases of the reference and oscillation signals, respectively. Note that the factor of D/2
in Fig.[ITb]reflects the same factor in (9), which is an outcome of the mixer. The dependence of D on time in (9) is

removed by the nonlinearity compensator, as discussed below.

Without removal, the sum frequency term in (8) would cause a perturbation in the oscillation phase at fer + fosc(f) =
2 fosc(t), which is between 260 and 300 Hz at 65 slpm. In addition, the sum frequency signal causes the control input to
saturate routinely, introducing unmodelled nonlinearity and significantly degrading the controller performance. The

low-pass filter is used to remove the sum frequency term in (g).

Saturation limits keep the input voltage in the range 0 < u < 0.93 Vrys to avoid damaging the piezo buzzer.
The combination of saturation limits and an integral term in the controller would typically require a scheme to avoid
integrator windup. An anti-windup strategy is not necessary in this case because the error signal is a phase and is
therefore limited to the range —m < ¢¢(f) < m. If the reference frequency is outside the envelope of the controller, the
error will cycle through this range at a rate equal to the difference between the output and reference frequencies, and the

integrator will not wind up.

The nonlinearity compensator is a gain that accounts for the effect of the oscillation amplitude, D(z), decreas-
ing with respect to the excitation voltage (Fig.[6a). While it is the phase of the output that is relevant to the controller, the
phase comparator is implemented with a mixer, so the amplitude of the oscillation is incorporated into the error signal
(D(r) in (8)). Without compensating for the amplitude of the oscillation, the error signal would be scaled down at larger
input voltages, and the overall system gain would be reduced when the reference frequency is lower. This would make
the controller less effective at either higher or lower reference frequencies, depending on the operating point for design.
This is avoided through use of a compensating curve that scales the input voltage. Figure [I3a] shows the oscillation
amplitude data on a linear scale (note that these are the same data as the 65 slpm curve in Fig.[6a)) against input voltage,
along with a fitted quadratic curve, and Fig.[I3b|shows the inverted curve that is implemented as a gain dependent on

the input voltage. Such an inversion curve was used for each flow rate in the system identification experiments in section[V]

The gain is denoted f(x), and the saturation function is H(x), such that the input that drives the piezo amplifier
is given by

u(e) = H(f (@) w'@), (10)

where u’ is the pre-scaled input produced by the controller. With this implemented, the lower oscillation amplitude, D(¢),

associated with larger values of u(¢) is cancelled out by the gain, f(x). As such, the oscillation amplitude effectively
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Fig. 13 Nonlinearity compensation

becomes a constant, D. The nonlinearity compensator and the linear approximation to the mixer make a linear analysis

possible.

The controller parameters, K1 and K}, along with the parameters of the low-pass filter, Hy pr(s), were determined by
consideration of the closed-loop frequency response and the stability margins. Simulations were conducted that included
either the true, nonlinear implementation of the mixer or its linear approximation in order to determine the degree of

uncertainty introduced by the linearisation approach. The open- and closed-loop transfer functions are given by

L(s) = %D HLPF(s)C(s)G(s)é 7(s) = =) (11)

1+ L(s)

where the factor of 1/2 in L(s) results from the operation of the mixer (see (8)). The closed-loop bandwidth was
limited by the low-pass filter roll-off frequency, which must have rolled-off to a sufficient extent to attenuate the sum
frequency at fier + fosc(f). A second-order filter was used because higher-order filters introduced greater phase lags
that degraded the stability margins. The low-pass filter cut-off frequency was set to fipr = 50 Hz as a compromise
between closed-loop bandwidth and attenuation of the sum term from the mixer. The period corresponding to this
cut-off frequency is large compared with the delay in the system transfer function (L)), so the delay could be ignored
for control design purposes. The controller gains were then set to shape the closed-loop frequency response, while
maintaining a phase margin of around 60° and a gain margin of at least 6 dB. The closed-loop Bode plot is shown in

Fig.[I4] This response was achieved with the gains set to

Ki=-15 K,=-5, (12)

18



[\
(o]

o

Y
S
T

Magnitude (dB)
A
o

o
3
T

%
1)

10 10
Frequency (Hz)

—_
S
=]
[N}

Y

=

S
T

I

Phase (deg)
A
]

o)
=
(=]
T
|

0 10! 10°

Frequency (Hz)

S

Fig. 14 Closed-loop bode plot

and the resulting gain and phase margins were 10.2 dB and 59.1°, respectively. The —3 dB frequency for the closed-loop
magnitude response in Fig.[14]is 28 Hz, which would indicate an approximate response time of 1/28 = 36 ms. Since the
closed-loop bandwidth is limited by the low-pass filter, the decision to model the dynamics with a relatively simple

transfer function is justified.

It is important to emphasize that the closed-loop bandwidth is that of closed-loop phase tracking function, rather
than the output signal frequency. In other words, changes in the reference signal phase will be tracked with response
time of 36 ms, but the reference signal frequency itself can be within the authority of actuation implied by the device

characterisation in Fig.@

VII. Controller performance

The controller was tested first by setting the reference frequency to several values within the range of authority
of the piezo. Figure[T5]shows the reference signal and the oscillation signal as measured by the pitot probe, scaled
and shifted to have the same RMS and mean as the reference signal. Figures[T3a] [T5b] and[T5¢]|show cases where the
reference frequency is comfortably within the lock range of the controller (fier = 145, 140, and 135 Hz). Figure|15d|is a
limiting case on the boundary of the lock range (fi.r = 130 Hz), and shows that the controller has diminished authority
to reject disturbances to the phase whilst simultaneously holding the oscillation frequency at the reference value. The
disturbances to the phase stem from random fluctuations in entrainment that affect the feedback mechanism as well

as variations in mass flow rate. These figures demonstrate the controller’s effectiveness at rejecting disturbances and
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Fig. 15 Closed-loop controller at several reference signal frequencies: scaled pitot measurement (blue) and reference signal (red) vs
time.

maintaining the phase lock. The lock-range of the controller is effectively the region between the unexcited and excited

curves of oscillation frequency vs flow rate in Fig.[3]

The effect of the controller is illustrated by the spectrum of the oscillation signal. Figure [I6] shows the power
spectral density of time series measurements of the oscillation signal without excitation, with a constant (open-loop)
excitation to give an oscillation frequency of f,sc = 140 Hz, and with the closed-loop controller operating with the
reference frequency set to fier = 140 Hz. These are effectively two-sided phase noise plots [43 p. 15]. The unexcited
data show a broad peak centred on ~149 Hz. The spread of power across a relatively wide range of frequencies indicates
a relatively large phase noise of the oscillation, caused by disturbances to the oscillation frequency and phase that cause
the phase to wander from a purely harmonic signal at a constant frequency. For example, the mass flow controller
produces small variations in flow rate, which translate to a varying oscillation frequency. The effect of the constant
excitation is to shift the centre of the broad peak to a lower frequency, as shown by the red curve in Fig.[[6] When the
controller is used, the power across the broad peak is concentrated into a small number of frequency bins, indicating
that the phase noise is significantly reduced—the wandering phase has been eliminated. This demonstrates that the

bandwidth of disturbances causing the variation in phase and frequency is within the closed-loop bandwidth of the
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controller.

The controller was also tested by introducing a step change in the reference signal phase. Forty step response
experiments were conducted with a phase step of 90° at r = 1 s, so that ensemble averaging could be used to extract the
mean response and the mean control signal. Figure[T7]shows the oscillation and reference signals as well as the control
input. The closed-loop response time was predicted to be around 36 ms in section [V, which is well matched by the
experimental closed-loop response in the figure. If the control signal is used to calculate the response time, then the time

the control signal is above the threshold of 10% of the difference between its steady state and peak values is 35.5 ms.

Figure [I8] shows the results of an experiment where the request to the mass flow controller was step-changed in
order to demonstrate the benefit of the closed-loop controller. First, open-loop control was used by setting the excitation
voltage to the value that gives approximately 138 Hz at 65 slpm according to Fig.[6b} At¢ = 10s, the mass flow rate
request was changed to 62 slpm. To illustrate the ineffectiveness of this approach, we have calculated the hypothetical
error signal that would be generated by the closed loop controller given the pitot signal during this open-loop experiment
and a reference oscillation at the target frequency. This error signal is given by e(r) = L™ { HLpr(5)Ymix(s)}, where
Ymix(s) is the Laplace transform of the mixer output. This signal is shown in Fig.[T8b] the mass flow rates requested
and achieved by the mass flow controller are shown in Fig.[T8a] and the control input voltage in Fig.[T8d} An arbitrary

150 ms section of the raw pitot data during the step is shown in Fig.[T8c|alongside the reference signal.

The error signal in Fig.[I8b] cycles through a phase range of 7 to —x, scaled by oscillation amplitude, at a rate

equal to the error in the oscillation frequency, given by fi.f — fosc. Before the change in mass flow rate, the frequency
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Fig. 17 Ensemble averaged step response (n = 40) to 90° reference phase step: oscillation (blue) and reference (red) signals (top)
and control input (bottom).

error is small because the open-loop excitation voltage was chosen to match (approximately) the reference frequency. As
such, the period of the error signal is small. However, as the mass flow rate drops and the oscillation frequency reduces,
the frequency error increases, which is reflected by the error signal cycling through the full (scaled) phase range more
quickly. This can be observed in the section of the pitot and reference signals in Fig.[I8c| which shows that the oscillator

initially leads the reference, then lags increasingly throughout the section until it is close to being in anti-phase by the end.

This experiment was repeated using closed-loop control. The error signal, the requested and achieved mass flow rates,
the control input signal, and the equivalent 150 ms section of the pitot and reference signals, are shown in Fig.[T9] The
response time of the mass flow controller is evidently larger than that of the closed-loop controller, which is able to
maintain phase-lock throughout. In the closed-loop case, the controller error is a phase noise signal rather than the

periodic signal observed in the open-loop case (Fig.[I8b), which signifies an error in frequency.

VIII. Summary and conclusions
Piezoelectric buzzers were added to a fluidic oscillator of the type first studied by Spyropoulos [22] (one feedback
tube) in order to modify the feedback mechanism and influence the oscillation frequency. The device was characterised

statically by measuring the oscillation frequency with respect to flow rate both with and without acoustic excitation from
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one of the piezos. The effect of excitation was shown to be a reduction in the oscillation frequency at the majority of
flow rates. At a fixed flow rate, the oscillation frequency and magnitude were shown to reduce linearly with respect to
excitation amplitude. It was explained that the device operates as an AM-FM converter, because a modulating signal
applied to the amplitude of the acoustic excitation is demodulated by the jet, then remodulated onto the oscillation
frequency. The system output was taken as the change in oscillation frequency resulting from the excitation, and the
system input was the modulation signal applied to the excitation amplitude. System identification experiments were
conducted at several flow rates where the modulation signal was set to be a sinusoid with a frequency that was stepped
through a series of test values. The pitot signal was recorded and a frequency discriminator was applied in order to
demodulate the data and produce the output signal. The magnitude and phase of the output were calculated, and a

transfer function model was fitted to the 65 slpm case.

A phase-locked loop controller structure was adopted, where the voltage-controlled oscillator was replaced with
the piezo-fluidic oscillator, and a PI controller was used instead of the traditional proportional feedback. A nonlinearity
compensator was implemented to remove the effect of the oscillation magnitude decreasing with respect to excitation
voltage, which was otherwise incorporated into the phase error signal. The low-pass filter in the PLL was required
to eliminate the sum frequency present in the mixer output. This filter limited the closed-loop bandwidth, but was
necessary to prevent the sum frequency appearing in the control input and causing it to saturate. The proportional
and integrator gains were set by tuning the shape of the closed-loop frequency response while maintaining acceptable
stability margins. The controller was implemented experimentally, and tests were conducted to assess its performance
at driving the oscillation phase to that of a reference sinusoid. The disturbances that cause the frequency and phase
to wander were rejected when the controller was switched on, and the oscillation phase was locked to the reference
phase. Another experiment involved a step change in the reference signal phase, which was repeated to allow the
oscillation signal and control input to be ensemble averaged. This tested the dynamic response of the controller to the
reference signal, and indicated that the closed-loop response time matched closely the predicted value from the theory
and model. Experiments were conducted where the mass flow rate request was step-changed by approximately —5%
and the performance of the closed-loop controller was compared with the open-loop case. In the open-loop case, the
excitation voltage was set to the value that would result in approximately the target oscillation frequency at the initial
mass flow rate. However, even when the mass flow rate is known, phase-lock could not be achieved without feedback.
When the mass flow rate changed, the measured oscillation frequency deviated further from the target frequency. In the

closed-loop case, the controller was able to maintain phase-lock throughout.

The first conclusion of this paper is that it is possible to influence the oscillation frequency of a sonic oscillator

using acoustic excitation. Once the working mechanism is better understood, refinement of the device design is likely to
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yield an improvement in the acoustic authority over the oscillation frequency. The second conclusion is that feedback
information from a practical measurement can be used to achieve a closed-loop bandwidth (with respect to disturbances
to the oscillation phase) equal to 20% of the oscillation frequency, which was sufficient to reject all disturbances that
would otherwise cause the phase to wander. The robustness of the controller to variations in the supply mass flow rate
is aided by the competing effects of changing oscillation magnitude (increases with respect to flow rate) and piezo
authority (reduces with respect to flow rate) on the system DC gain. This robustness could be improved by decoupling
the oscillation magnitude from the error signal. This could be achieved by implementing another phase-locked loop to
track the oscillation signal, producing a unity-amplitude sinusoid whose phase could be subtracted directly from the
reference phase. This modification would result in an improved robustness to mass flow rate variations at the expense
of closed-loop bandwidth, since the additional phase-locked loop would introduce a time constant. We note that the
limiting factor for the closed-loop bandwidth was the cut-off frequency of the low-pass filter that is used to attenuate the
sum frequency from the mixer output. The required filter cut-off frequency scales with the oscillation frequency, hence
the closed-loop bandwidth should also scale with the oscillation frequency. This predicted scaling holds promise for

applications where higher oscillation frequencies are required.

Appendix
It is assumed here that the pitot signal, poy, is measured during experiments where the amplitude modulation signal
given by (2) is applied to the piezo amplifier. The frequency discrimination method applied to the pitot data consists of

a derivative with respect to time, follow by a modulus operation, given by

dpout
===, 13
z ' i (13)
Substituting the expression for poy from (3)) into (I3), and assuming a constant oscillation amplitude, D, gives
T=t
z=2nD (fosc,exC + ke sin (271 fin? + ¢)> cos | 27 | foscext + kf/ sin (27 fnT + ¢) d7 | ||. (14)
7=0

where the modulus operation can be applied to the cosine only because the term multiplying the cosine is always positive.

The rectified cosine can be replaced with its Fourier series, giving

2 =2xD ( Foscexe + ke sin (27 fint + ¢))

T=t
cos|2n [anosc,ext + 2nkf/ sin (271 fnT + @) d‘rl
=0

15)
The spectral content of the terms in (I5) was analysed numerically in MATLAB for several values of f, relative to

foscexe- The constant component of the Fourier series multiplies the term in sin (27 fin? + ¢), giving a response at fp,.

26



The remaining products give an FM spectrum around the even harmonics of fosc exc, With modulation frequency fn. The
signal power at f;;, was shown to be independent of the terms of the Fourier series apart from the constant term, with the
exception of when f,, was equal to fs or its even harmonics. This demonstrates that the signal with spectral content at

Jfm in the output of the frequency discriminator is given by

74, = 4Dkgsin (27 finl + ¢) . (16)

The magnitude and phase of the transfer function, G(i27r Jfm), can therefore be found by calculation of the magnitude
and phase of the demodulated pitot signal at the frequency bin corresponding to fi,. The expression (I6)) shows that
phase-coherent averaging is possible because the phase of the signal is determined by the input phase, fy?, and the

combination of the transport delay and the transfer function phase response, ¢.
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