TITLE
ACOUSTIC TRANSDUCER DRIVER AND CONTROLLER

BACKGROUND

Acoustophoresis is the use of acoustics to perform separation of materials. For
example, particles and secondary fluids can be separated from a primary or host fluid
using acoustic standing waves. Acoustic standing waves can exert forces on particles
in a fluid when there is a differential in density and/or compressibility, otherwise known
as the acoustic contrast factor. The pressure profile in a standing wave contains areas
of local minimum pressure amplitudes at standing wave nodes and local maxima at
standing wave anti-nodes. Depending on their density and compressibility, the particles
can be trapped at the nodes or anti-nodes of the standing wave. Generally, the higher
the frequency of the standing wave, the smaller the particles that can be trapped.

At a micro scale, for example with structure dimensions on the order of
micrometers, conventional acoustophoresis systems tend to use half or quarter
wavelength acoustic chambers, which at frequencies of a few megahertz are typically
less than a millimeter in thickness, and operate at very slow flow rates (e.g., pL/min).
Such systems are not scalable since they benefit from extremely low Reynolds number,
laminar flow operation, and minimal fluid dynamic optimization.

At the macro-scale, planar acoustic standing waves have been used in separation
processes. However, a single planar wave tends to trap the particles or secondary fluid
such that separation from the primary fluid is achieved by turning off or removing the
planar standing wave. The removal of the planar standing wave may hinder continuous
operation. Also, the amount of power that is used to generate the acoustic planar
standing wave tends to heat the primary fluid through waste energy, which may be

disadvantageous for the material being processed.

SUMMARY
A first aspect of the present disclosure provides a method of operating an

acoustophoretic system comprising controlling a frequency of a drive signal applied to



an acoustic transducer based on reactance minima or maxima determined from a
feedback signal from the acoustic transducer.

A second aspect of the present disclosure provides a method for determining an
operating setpoint of an acoustic system that includes an acoustic transducer and an
acoustic chamber, comprising determining a reactance value for at least some of a range
of frequencies, such that a minimum reactance value is determined for the range of
frequencies; and applying a drive signal to the acoustic transducer at a frequency
associated with the minimum reactance value.

A third aspect of the present disclosure provides acoustophoretic system,
comprising an acoustic chamber; an acoustic transducer coupled to the acoustic
chamber and configured to generate an acoustic standing wave in the acoustic chamber;
wherein the acoustic transducer is controlled according to the method of the first aspect.

An electrical source, which may include an oscillator and an amplifier, may be
utilized to perturb a piezoelectric material that may be utilized to generate acoustic
waves. When a reflector is utilized in conjunction with the piezoelectric material, the
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waves that are generated may be reflected back to the piezoelectric material to form an
acoustic standing wave. The acoustic standing wave is comprised of nodes and anti-nodes
that allow for pressure differentials in the media where the acoustic standing wave is
generated.

Fine-tuning of the perturbation of the piezoelectric material and reaction to the
reflected wave in the acoustic standing wave can improve the utilization of the nodes and
anti-nodes in the acoustic standing wave. The acoustic standing wave can be used for
processing materials and fluids within a primary fluid.

A control system is provided that can respond to the properties of the acoustic
standing wave. The control system can regulate the acoustic standing wave to achieve
trapping, separation, segregation, characterization, deflection and categorization, among
other processes, of particles and secondary fluids within a primary fluid. The results of
the application of acoustophoresis using the control system are applicable in cell and gene
therapy, as well as clarification techniques. The applications available are myriad, and
may be used in fields including energy (oil, gas, biofuels), biopharma (e.g. manufacture of
therapeutics), food industries, bioagriculture, to name a few.

In one example implementation, an electronic control is operated according to a
control scheme to drive the electronics that perturbs a piezoelectric material in a manner
to form an acoustic standing wave between the piezoelectric material and a reflector. The
acoustic standing wave may be formed through the use of a single piezoelectric material
that perturbs a secondary material such that it forms an acoustic standing wave within the
secondary material and any channels that are within the secondary material.

Acoustic standing waves may be utilized to trap, deflect, separate, and/or segregate
particles and or secondary fluids that are in a primary fluid. Typically, the acoustic
standing wave is set at a certain frequency that allows for trapping of specific particles or
secondary fluids. As the acoustic standing wave traps particles and/or secondary fluids,
the physical characteristics of the acoustic standing wave change and the control used to
drive the piezoelectric material is operated to compensate for the changes. The
compensation for changes within the acoustic standing wave at a frequency of, for
example, 2 MHz uses a fast and timely feedback of the physical properties of the acoustic

standing wave, as seen by the piezoelectric material, such that the control system responds

2.



10

15

20

25

30

WO 2019/118921 PCT/US2018/065839

to the changes in the acoustic standing wave. The speed of the feedback can be sufficient
to reduce or eliminate aliasing in the response to the physical changes that are happening
within the acoustic standing wave. This feedback and overall closed loop speed avoids
receiving incorrect feedback for compensation of the physical changes that are occurring
in the acoustic standing wave.

The separation of materials with the use of an acoustic standing wave is a process
called acoustophoresis. The tuning of the acoustic standing wave to improve or optimize
the separation of the particles or secondary fluid or tertiary fluid in a primary fluid
contributes to improving the efficiency of the acoustophoresis process and/or reducing or
minimizing the energy input into the acoustic standing wave system.

A process of tracking the reactance of the piezoelectric material can be used to
control the acoustic standing wave as it collects particles or secondary fluids or tertiary
fluids at the pressure nodes and/or anti-nodes of the acoustic standing wave. The collection
of the materials depends on the size and the acoustic contrast factor of the particles or
secondary fluids or tertiary fluids to the primary fluid. The reactance tracking permits the
acoustic standing wave to be controlled to improve or optimize efficiency of material
collection, as well as permitting rapid adjustments to the control in response to a number
of factors, including the amount of material that is held in the acoustic standing wave.

The acoustic standing wave may be a single, planar wave, a multidimensional
acoustic standing wave or a combination of both. The piezoelectric material may be driven
to obtain superimposed or superpositioned frequency modes on each other.

The finding of the minimum reactance point, known as Xmin, is accomplished
through a series of fast sweeps of frequency of the drive signal applied to the piezoelectric
material to detect and correct for changes in resistance and reactance during operation.
The minimum reactance Xmin, or frequencies related to Xmin, can be used as an operating
setpoint to seek to optimize performance.

Discussed herein are systems and methods for acoustophoresis for generating
improved or optimized acoustic radiation force fields to improve separation and/or
collection efficiency.

Control of the acoustic transducer can be implemented on the basis of power

setpoints. For example, a user can set a desired power level for power delivered to the
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transducer. Performance of acoustophoresis in an acoustic chamber using the acoustic
transducer can be modulated on the basis of modulated input power to the acoustic
transducer. In some instances, a power setpoint is desired for operation, while other
parameters, such as frequency, for example, are modified. The power setpoint determines
the power output of an RF power supply or power amplifier. A power control is provided
to maintain the power setpoint, while other parameters associated with operation of the
acoustophoresis device are varied. The power control senses signals provided to the
acoustic transducer, such as, for example, voltage and current. These feedback signals are
used to determine frequency and phase angle for the power delivered to the transducer. In
some examples, a buck converter is used as the power supply. The buck converter has a
response bandwidth, which may influence the responsiveness of the power control. For
example, if the buck converter bandwidth is relatively narrow, the system response for the
power control may be relatively slow for the desired operational performance environment
for the acoustophoresis device. The system may be controlled in a similar manner using:
apparent power, reactive power, root mean square of the voltage, root mean square of the
current. The system may also be driven with a constant buck voltage.

A number of different materials at a range of concentrations may be processed
through the acoustophoresis device, each of which may provide different load
characteristics on the acoustic transducer and acoustic chamber. The power supply thus
may be subjected to a wide range of loads, which may place demands on the power supply
that are challenging to meet. For example, heavy loading of the acoustic transducer and/or
acoustic chamber experienced with certain types of materials and/or concentrations being
processed may cause power supply components to be overloaded, and/or overheated, or
may cause trip point thresholds to be met or exceeded. The heavy loading or trip point
thresholds crossings may cause faults to be identified in the power control, causing the
power supply and/or the drive signal to be shut down. In addition, the power demands on
the power supply may change significantly with changes in other operational parameters,
such as temperature, frequency or loading characteristics, including reactance. Power
control based on a desired power levels the point may thus imply other operational
setpoints, such as frequency, to manage operation of the power supply and acoustophoresis

device to handle a range of loads.

4-



10

15

20

25

30

WO 2019/118921 PCT/US2018/065839

In some implementations, an RF linear amplifier is used to supply power to the
transducer. The linear amplifier may operate by receiving an input signal, which may be
AC or DC, and amplifying the input signal in accordance with the operational
characteristics of the linear amplifier. Linear amplifiers are typically designed to have a
linear response, such that any input signal is amplified by the same gain, within the
operating parameters or specifications of the linear amplifier. This linear operation can be
achieved through the use of techniques that contribute to linearizing the response of the
linear amplifier, potentially in areas where non-ideal conditions tend to impose
nonlinearities on the response. However, linear operation is attained at the cost of power
regulation, usually generating significant heat losses as well as incurring inefficient
operation. Accordingly, linear amplifiers tend to consume significant amounts of power,
even when the magnitude of the input signal is relatively small and/or when the gain is
relatively small. When demands are placed on the linear amplifier to supply power in
response to changing system conditions, such as frequency or loading, challenges are
presented in terms of responsiveness and avoiding overloads.

In addition, linear amplifiers are designed for nominal applications, for example,
where a 50 ohm load is specified. The load applied to the linear amplifier is thus intended
to be composed of mostly real impedance, or resistance, and tolerates a relatively small
amount of reactive impedance. In the case of providing power to an acoustic transducer
that is composed of a piezoelectric material, the power supply sees a highly reactive load,
which limits the usefulness of an RF linear amplifier as the power supply.

The PZT-chamber system presents to an electronic signal source (driver) a range of
electrical, driving-point impedances from purely real to purely reactive and anything in
between based on the operating conditions in that system. Controlling processes in the
acoustic chamber based on the driving-point impedance presented to the driver by the
system is also part of this embodiment. Different processes present different driving-point
impedances.

The piezoelectric material may be driven with a current source or a voltage source.
The current source may permit greater electro-mechanical freedom in supporting and
sustaining desirable vibratory modes in the piezoelectric material. A drive and control

scheme can be provided to generate a low harmonic signal into the piezoelectric material.
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The control of the acoustic transducer that generates the acoustic standing wave in the fluid
medium can utilize a feedback loop and a computational processor. An inductor -
capacitor - inductor (LCL) circuit configuration may be used to generate a low harmonic
function wave, such as a sine wave, into the piezoelectric material. The low harmonic sine
wave permits less parasitic vibrations of the piezoelectric material. Such a sine wave may
also permit the piezoelectric material to generate less heat when it vibrates.

An LCL configuration can act on the signal from the amplifier as a filter to reduce
the harmonic content of the amplifier output. The LCL may thus act, at least in part, as a
low pass filter for the amplifier output. In some examples, the LCL may cause the
amplifier output to be filtered to a pure sine wave form. As a result, the perturbation of
the piezoelectric material does not generate extra, parasitic vibrations of the material. The
output inductor of the LCL structure provides a current source drive to the piezoelectric
material. The LCL input, and thus the current source, is controlled to improve the
piezoelectric material’s performance in generating an acoustic wave.

The acoustic transducer can be driven to create a multi-dimensional acoustic
standing wave in a coupled medium, where the wave has at least non-zero acoustic forces
in a direction transverse to the propagation direction of the wave. The multi-dimensional
acoustic standing wave generation process takes advantage of the higher-order vibratory
modes of a loosely suspended piezoelectric plate.

Piezoelectric material changes shape based on an electrical signal applied to it, such
as a voltage or current signal, or based on a corresponding electric field permeating the
material. The electric field from external charges affects the fields of the bound charges
in the material and thereby affects the shape of the material. The electrical signal can be
from a voltage source. In that case the amount of material deformation is related to the
voltage applied. For example, the deformation may be 'voltage clamped' or 'voltage
damped'. The amount of charge induced is related to the applied voltage and the properties
of the material. This relationship can be expressed mathematically as Q = C*V, where Q
is charge, C is material capacitance, and V is the voltage of the applied signal. Electrodes
may be attached to the piezoelectric material to provide a conduit for the applied signal.
In that case the voltage, and the corresponding electric field, is a function of the externally

applied charges. Using the above equation, the voltage can be express as V = Q/C. The
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resultant voltage may be 'unconstrained' in relation to operation of the piezoelectric device.
The 'C' of the piezoelectric device is due to its physical geometry and material properties.
Since the material changes shape as a function of the electric field permeating it, the 'C' of
the device is a function of the electric field permeating it. For a given Q, and driving the
material with a current source that is a time varying source of charge, C changes as a
function of electric field, which changes the voltage across the device to 'accommodate’
the changed C. In a voltage driven system, the electric field can determine the amount of
charge, which can determine the degree of deformation and correspondingly the amount
of change in C. To encourage multimode behavior in piezoelectric material, the
piezoelectric material can be configured to be 'free floating', and in some examples, is
made to be as free floating as possible in both a mechanical and electrical sense.

Damping factors of the acoustic system include a fluid Q and a crystal Q. For
example, if a fluid is viscous, the Q is less. During operation, as particle clustering
increases, damping increases, since there is more material in the acoustic wave. Xmin V.
Q shows temperature drift, quick variations in damping as clustering, fallout occurs. Being
able to track the drift and rapid variations in Q in real time permits a significant
improvement in performance.

The LCL circuit can be implemented as an impedance matching network which can
amplify either current or voltage depending on the value of the impedance being matched.
One operation implementation technique is to amplify voltage. In this case, power may
be transmitted through the LCL with little power loss with the use of low loss inductors
(L) and capacitors (C).

The harmonic frequencies are reduced or eliminated due the arrangement of the
elements used in the circuit and independent of whether or not there is voltage
amplification. The circuit arrangement can be implemented as a low pass filter. Low pass
filters allow signals below a certain frequency, called the corner frequency, to pass through
the filter while blocking signals with frequencies above the corner frequency. A square
wave input into such a network produces a sine wave output when the harmonics of the
square wave are at frequencies above the filter's corner frequency.

In some example implementations, a multi-dimensional acoustic standing wave is

utilized to trap biologic cells and cell debris from a bioreactor process, the reactance of the
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resonator changes. Control feedback signals can be obtained by sensing the voltage and
current of the RF transmission line to the piezoelectric element. These feedback signals
can be used to tune the resonator to a desired point of operation, for example to seek to
optimize the acoustophoresis process. The reactance and power can be extracted from the
voltage and current signals on the piezoelectric element. For example, voltage and current
signals can be provided to a digital signal processor (DSP), which can be used to calculate
RF reactance and power. The measured and calculated parameters of operation for the
piezoelectric element can be used to provide feedback for the tuning process. This tuning
process may consist of adjusting the gain of the amplifier to achieve a desired power that
is provided to the piezoelectric element and/or adjusting the frequency of the drive signal
to achieve a desired reactance of the resonator, as examples.

The multi-dimensional acoustic standing wave is generated through a multimode
perturbation of the piezoelectric material by electronic signal generated by a function
generator or oscillator and modified by an amplifier. The generation of the multi-
dimensional acoustic standing wave and the multimode perturbation of the piezoelectric
material is described in US patent 9,228,183 which is incorporated herein by reference.

A control, which may be a digital or analog control, is provided that can receive
inputs fed back from the acoustic transducer or other system components and provide
control signals to various components of the acoustic system. The control can provide
control signals to vary the DC output of a driver, and/or modify and control the amplitude
of the power of the drive signal for the acoustic transducer. Control signals provided by
the control can vary the operation of the driver to modify and control the frequency of the
drive signal. The RF power driver with the control permits control and modulation of the
acoustic transducer as a highly reactive load, while maintaining desired transducer and
acoustic chamber performance.

The DC-DC converter may be a buck, buck-boost or boost converter, as examples,
although any type of DC-DC converter may be used. The DC-DC converter may be
coupled to and supply an inverter with a filter. The filter can be implemented as an LC or
LCL filter with a bandwidth that permits the filter output, such as output voltage, to

respond to dynamic changes of the transducer and/or the acoustic cavity.
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A control technique provides a system and method for locating desired operating
points for an acoustic transducer-cavity combination, with or without loading, which
loading may be highly reactive. Feedback from the acoustic transducer can be used to
locate the resonance and anti-resonance frequencies of transducer operation. According to
some implementations, an operating frequency less than the transducer anti-resonance is
inspected for minimum reactance as a point of operation. Some implementations locate a
frequency above the anti-resonance frequency, which frequency is inspected for maximum
reactance as a point of operation. According to these implementations, a desired level of
efficiency can be obtained for acoustophoresis at designated points of operation. The
points of operation that are determined according to a control technique discussed herein
can be frequency setpoints, which can be dynamically maintained. For example, a desired
point of operation may change as the operation or characteristics of the acoustic chamber
vary. Such characteristics may include a degree of material deflection and/or separation,
temperature, power delivered to the transducer, and other phenomena that may influence

or modify a desired operating point.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

The disclosure is described in greater detail below, with reference to the
accompanying drawings, in which:

Figure 1 is a diagram showing an acoustic chamber and connections thereto for cell
clarification;

Figure 2 is a diagram illustrating acoustophoresis with an acoustic transducer and
reflector;

Figure 3 is a cross-sectional side view of an acoustic transducer;

Figure 4 is a cross-sectional side view of an acoustic transducer with a free
piezoelectric element;

Figure 5 is a cross-sectional view of an acoustic transducer with a damped
piezoelectric element;

Figure 6 is a graph illustrating force applied to a particle in a fluid;

Figure 7 is a graph illustrating impedance of a piezoelectric element;
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Figure 8A is a diagram illustrating different vibrational modes for an acoustic
transducer;

Figure 8B is an isometric view of an acoustic chamber;

Figure 8C is a left side elevation view of the acoustic chamber in Figure 8B;

Figure 8D is a front elevation view of the acoustic chamber in Figure 8B;

Figure 9 is a graph illustrating transducer frequency responses and frequencies with
dominant modes;

Figure 10 is a flowchart illustrating a method for controlling an acoustic transducer;

Figure 11 is a flowchart illustrating a method for implementing an optimized low
pass filter;

Figure 12 is a graph illustrating a frequency response for an acoustic transducer;

Figure 13 is a graph illustrating a frequency response for an acoustic transducer;

Figure 14 is a block diagram illustrating a control technique for an acoustic
transducer;

Figure 15 is a block diagram illustrating a control technique for an acoustic
transducer;

Figure 16 is a block diagram illustrating demodulation of a voltage or current signal;

Figure 17 is a flowchart illustrating components of a control technique for use with
an acoustic transducer;

Figure 18 is a graph illustrating power, reactance, resistance and peak performance
for an acoustic transducer;

Figure 19 is a graph illustrating a resistance curve versus frequency;

Figure 20 is a graph illustrating reactance versus frequency, with a number of
different modes identified;

Figure 21 is a graph illustrating absolute impedance amplitude;

Figure 22 is a graph illustrating impedance phase;

Figure 23 is a graph illustrating displacement normalized by power;

Figure 24 is a graph illustrating average pressure normalized by power;

Figure 25 is a graph illustrating operation with a planar wave at zero phase;

Figure 26 is a graph illustrating multimode operation at minimum reactance;
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Figure 27 is a graph illustrating resistance, reactance and real power versus
frequency;

Figure 28 is a graph illustrating multimode operation at minimum reactance;

Figure 29 is a graphic representation of resistance tracking including Rmax and a
loss of tracking of the acoustic standing wave when processing a primary fluid and a
secondary fluid or particulates through the acoustic standing wave.

Figure 30 is a depiction of a frequency sweep about a reactance minimum defined
a new reactance minimum utilizing four points on a curve in the new minimum reactance
frequency.

Figure 31 is a depiction of the interrogation of the minimum reactance curve with
a two-step size interrogation of the points on the curve.

Figure 32 is a pictorial of finding two points on the reactance curve in order to find
Xmin or the minimum reactance.

Figure 33 is a depiction of two reactance curves and different tracking modes.

Figure 34 is a graph of a reactance curve.

Figure 35 is a diagram of the control system.

Figure 36 is a graph of resistance and reactance versus frequency for global
frequency sweep from about 2.22 MHz to about 2.30 MHz.

Figure 37 is a graph of reactance versus frequency for a global frequency sweep
from about 2.10 MHz to about 2.30 MHz.

Figure 38 is a graph of reactance versus frequency for a mini-sweep from about
2.18 MHz to about 2.20 MHz.

Figure 39 is a graph of reactance versus frequency for a control technique.

DETAILED DESCRIPTION
Figure 1 is a broad overview of an acoustic wave separator system. A mixture 10
of a host fluid and a secondary phase (e.g. particles, cells, or a second different fluid) is
sent via a pump 11 into an acoustic chamber 12. Here, the mixture is a cell-fluid mixture.
In the acoustic chamber, the secondary phase is concentrated out of the host fluid. The
concentrated cells 16 are sent by another pump 13 to be collected. The host fluid, which

is more clarified due to the removal of the concentrated cells, is separately collected
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(indicated by reference numeral 14). Generally speaking, the acoustic chamber has at least
one inlet and at least one outlet.

The acoustic chamber operates as shown in Figure 2. One or more multi-
dimensional acoustic standing waves are created between an ultrasonic transducer 17 and
areflector 18. The standing wave is illustrated as beginning and ending with local minima,
however, other implementations are possible. For example, the standing wave can be
offset at the transducer or the reflector so that local minima or maxima are spaced from
the transducer or from the reflector. The reflected wave (or wave generated by an opposing
transducer) can be in or out of phase with the transducer generated wave. The
characteristics of the standing wave can be modified and/or controlled by the drive signal
applied to the transducer, such as by modifying and/or controlling the phase, amplitude or
frequency of the drive signal. Acoustically transparent or responsive materials may also
be used with the transducer or reflector to modify and/or control the standing wave.

As the fluid mixture flows through acoustic chamber 12 with ultrasonic transducer
17 active, particles or secondary fluid 21 cluster, collect, agglomerate, aggregate, clump,
or coalesce at the nodes or anti-nodes of the multi-dimensional acoustic standing wave,
depending on the particles’ or secondary fluid’s acoustic contrast factor relative to the host
fluid. The particles form clusters that eventually exit the multi-dimensional acoustic
standing wave nodes or anti-nodes when the clusters have grown to a size large enough to
overcome the holding force of the multi-dimensional acoustic standing wave (e.g.
coalescence or agglomeration overcomes gravity or buoyancy forces). For fluids/particles
that are more dense than the host fluid (such as the cells of Figure 1), the clusters sink to
the bottom and can be collected separately from the clarified host fluid. For fluids/particles
that are less dense than the host fluid, the buoyant clusters float upwards and can be
collected.

The scattering of the acoustic field off the particles results in a three-dimensional
acoustic radiation force, which acts as a three-dimensional trapping field. The acoustic
radiation force is proportional to the particle volume (e.g. the cube of the radius) when the
particle is small relative to the wavelength. The force is proportional to frequency and the
acoustic contrast factor. The force scales with acoustic energy (e.g. the square of the

acoustic pressure amplitude). When the acoustic radiation force exerted on the particles is

-12-



10

15

20

25

30

WO 2019/118921 PCT/US2018/065839

stronger than the combined effect of fluid drag force and buoyancy and gravitational force,
the particles are trapped within the acoustic standing wave field. The particle trapping in
a multi-dimensional acoustic standing wave results in clustering, concentration,
agglomeration and/or coalescence of the trapped particles. Relatively large solids of one
material can thus be separated from smaller particles of a different material, the same
material, and/or the host fluid through enhanced gravitational/buoyancy separation.

The multi-dimensional standing wave generates acoustic radiation forces in both
the axial direction (e.g., in the direction of the standing wave, between the transducer and
the reflector, which may be at an angle across the flow direction, and in some instances
may be perpendicular to the flow direction) and the lateral direction (e.g., in the flow
direction or transverse to the direction between the transducer and the reflector). As the
mixture flows through the acoustic chamber, particles in suspension experience a strong
axial force component in the direction of the standing wave. Since this acoustic force is
across (e.g. perpendicular to) the flow direction and the drag force, it quickly moves the
particles to pressure nodal planes or anti-nodal planes, depending on the contrast factor of
the particle. The lateral acoustic radiation force acts to move the concentrated particles
towards the center of each planar node, resulting in clustering, agglomeration or clumping.
The lateral acoustic radiation force component can overcome fluid drag for such clumps
of particles, to continually grow the clusters, which can exit the mixture due to gravity or
buoyancy. The drop in drag per particle as the particle cluster increases in size, as well as
the drop in acoustic radiation force per particle as the particle cluster grows in size, may
separately or collectively influence operation of the acoustic separator device. In the
present disclosure, the lateral force component and the axial force component of the multi-
dimensional acoustic standing wave are of the same or different order of magnitude. In
this regard, it is noted that in a multi-dimensional acoustic standing wave generated by a
single transducer, the axial force is stronger than the lateral force, but the lateral force of
such a multi-dimensional acoustic standing wave is much higher than the lateral force of
a planar standing wave, usually by two orders of magnitude or more.

Particle drag and acoustic radiation force effects may influence optimal operation
of the systems and methods of the present disclosure. At low Reynolds numbers of less

than 10, laminar flow dominates, and viscous forces are much stronger than inertial forces.
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As the particles are trapped by the multi-dimensional ultrasonic acoustic standing
wave, they begin to aggregate and form a clump of particles. The drag on this clump of
particles is a function of the geometry of the clump and is not merely the sum of the drag
of the individual particles that make up the clump.

For laminar flow, the Navier Stokes equation is expressed as:

p@—‘; +(V- V)V)j =-VP+uvv
v

where 9! represents unsteady motion, v-vv)

represents inertial motion, —-VP

2
represents pressure motion, and V'V represents viscous motion.
For low Reynolds numbers, the unsteady motion and inertial motion terms can be

ignored (i.e. set equal to zero), and the equation can be simplified to:
VP = NVV

For a particle of diameter a, the following equations hold:

%
VP o f1— F =6muaV

where P is pressure, p is the dynamic viscosity, a is the particle diameter, V is the

flow velocity, and F is the Stoke’s drag.

Prior to discussing further optimization of the systems, it is helpful to provide an
explanation now of how multi-dimensional acoustic standing waves are generated. The
multi-dimensional acoustic standing wave used for particle collection is obtained by
driving an ultrasonic transducer composed of a piezoelectric material at a frequency that
generates the acoustic standing wave and excites a fundamental 3D vibration mode of the
transducer. The transducer may be composed of various materials that may be perturbed
to generate an ultrasonic wave. For example, the transducer may be composed of a
piezoelectric material, including a piezoelectric crystal or poly-crystal. Perturbation of the
piezoelectric material, which may be a piezoelectric crystal or poly-crystal, in the
ultrasonic transducer to achieve a multimode response allows for generation of a multi-

dimensional acoustic standing wave. A piezoelectric material can be specifically designed
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to deform in a multimode response at designed frequencies, allowing for generation of a
multi-dimensional acoustic standing wave. The multi-dimensional acoustic standing wave
may be generated with distinct modes of the piezoelectric material such as a 3x3 mode that
generates multi-dimensional acoustic standing waves. A multitude of multi-dimensional
acoustic standing waves may also be generated by allowing the piezoelectric material to
vibrate through many different mode shapes. Thus, the material can be selectively excited
to operate in multiple modes such as a 0x0 mode (i.e. a piston mode), 1x1, 2x2, 1x3, 3x1,
3x3, and other higher order modes. The material can be operated to cycle through various
modes, in a sequence or skipping past one or more modes, and not necessarily in a same
order with each cycle. This switching or dithering of the material between modes allows
for various multi-dimensional wave shapes, along with a single piston mode shape to be
generated over a designated time.

Some further explanation of the ultrasonic transducers used in the devices, systems,
and methods of the present disclosure may be helpful as well. In this regard, the
transducers may be composed of a piezoelectric material, such as a piezoelectric crystal or
poly-crystal, which may be made of PZT-8 (lead zirconate titanate). Such crystals may
have a major dimension on the order of 1 inch and larger. The resonance frequency of the
piezoelectric material may nominally be about 2 MHz, and may be operated at one or more
frequencies. Each ultrasonic transducer module can have only one crystal, or can have
multiple crystals that each act as a separate ultrasonic transducer and are either controlled
by one or multiple controllers, which controllers may include signal amplifiers. The
piezoelectric material can be square, rectangular, irregular polygon, or generally of any
arbitrary shape. The transducer(s) is/are used to create a pressure field that generates forces
of the same order of magnitude both orthogonal to the standing wave direction (lateral)
and in the standing wave direction (axial).

Figure 3 is a cross-sectional diagram of a conventional ultrasonic transducer. This
transducer has a wear plate 50 at a bottom end, epoxy layer 52, ceramic crystal 54 (made
of, e.g. PZT), an epoxy layer 56, and a backing layer 58. On either side of the ceramic
crystal, there is an electrode: a positive electrode 61 and a negative electrode 63. The epoxy
layer 56 attaches backing layer 58 to the crystal 54. The entire assembly is contained in a

housing 60 which may be made out of, for example, aluminum. An electrical adapter 62
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provides connection for wires to pass through the housing and connect to leads (not shown)
which attach to the crystal 54. Typically, backing layers are designed to add damping and
to create a broadband transducer with uniform displacement across a wide range of
frequency and are designed to suppress excitation at particular vibrational eigen-modes.
Wear plates are usually designed as impedance transformers to better match the
characteristic impedance of the medium into which the transducer radiates.

Figure 4 is a cross-sectional view of an ultrasonic transducer 81 according to an
example of the present disclosure. Transducer 81 is shaped as a disc or a plate, and has an
aluminum housing 82. The piezoelectric crystal is a mass of perovskite ceramic crystals,
each consisting of a small, tetravalent metal ion, usually titanium or zirconium, in a lattice
of larger, divalent metal ions, usually lead or barium, and O2- ions. As an example, a PZT
(lead zirconate titanate) crystal 86 defines the bottom end of the transducer, and is exposed
from the exterior of the housing. The crystal has an interior surface and an exterior surface.
The crystal is supported on its perimeter by a small elastic layer 98, e.g. silicone or similar
material, located between the crystal and the housing. Put another way, no wear layer is
present. In particular embodiments, the crystal is an irregular polygon, and in further
embodiments is an asymmetrical irregular polygon.

Screws 88 attach an aluminum top plate 82a of the housing to the body 82b of the
housing via threads. The top plate includes a connector 84 for powering the transducer.
The top surface of the PZT crystal 86 is connected to a positive electrode 90 and a negative
electrode 92, which are separated by an insulating material 94. The electrodes can be made
from any conductive material, such as silver or nickel. Electrical power is provided to the
PZT crystal 86 through the electrodes on the crystal. Note that the crystal 86 has no backing
layer or epoxy layer. Put another way, there is an air gap 87 in the transducer between
aluminum top plate 82a and the crystal 86 (i.e. the housing is empty). A minimal backing
58 (on the interior surface) and/or wear plate 50 (on the exterior surface) may be provided
in some embodiments, as seen in Figure S.

Figure 6 is a log-log graph (logarithmic y-axis, logarithmic x-axis) that shows the
scaling of the acoustic radiation force, fluid drag force, and buoyancy force with particle
radius, and provides an explanation for the separation of particles using acoustic radiation

forces. The buoyancy force is a particle volume dependent force, and is therefore
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negligible for particle sizes on the order of micron, but grows, and becomes significant for
particle sizes on the order of hundreds of microns. The fluid drag force (Stokes drag force)
scales linearly with fluid velocity, and therefore typically exceeds the buoyancy force for
micron sized particles, but is negligible for larger sized particles on the order of hundreds
of microns. The acoustic radiation force scaling is different. When the particle size is
small, Gor’kov’s equation is accurate and the acoustic trapping force scales with the
volume of the particle. Eventually, when the particle size grows, the acoustic radiation
force no longer increases with the cube of the particle radius, and will rapidly vanish at a
certain critical particle size. For further increases of particle size, the radiation force
increases again in magnitude but with opposite phase (not shown in the graph). This pattern
repeats for increasing particle sizes.

Initially, when a suspension is flowing through the system with primarily small
micron sized particles, the acoustic radiation force balances the combined effect of fluid
drag force and buoyancy force to permit a particle to be trapped in the standing wave. In
Figure 6 this trapping happens at a particle size labeled as Rc1. The graph then indicates
that all larger particles will be trapped as well. Therefore, when small particles are trapped
in the standing wave, particle clustering / coalescence / clumping / aggregation /
agglomeration takes place, resulting in continuous growth of effective particle size. As
particles cluster, the total drag on the cluster is much lower than the sum of the drag forces
on the individual particles. In essence, as the particles cluster, they shield each other from
the fluid flow and reduce the overall drag of the cluster. As the particle cluster size grows,
the acoustic radiation force reflects off the cluster, such that the net acoustic radiation force
decreases per unit volume. The acoustic lateral forces on the particles may be larger than
the drag forces for the clusters to remain stationary and grow in size.

Particle size growth continues until the buoyancy force becomes dominant, which
is indicated by a second critical particle size, Re2. The buoyancy force per unit volume of
the cluster remains constant with cluster size, since it is a function of the particle density,
cluster concentration and gravity constant. Therefore, as the cluster size increases, the
buoyancy force on the cluster increases faster than the acoustic radiation force. At the size
Re2, the particles will rise or sink, depending on their relative density with respect to the

host fluid. At this size, acoustic forces are secondary, gravity / buoyancy forces become
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dominant, and the particles naturally drop out or rise out of the host fluid. Some particles
may remain in the acoustic wave as clusters of others drop out, and those remaining
particles and new particles entering the acoustic chamber with the flow of a fluid mixture
continue to move to the three-dimensional nodal locations, repeating the growth and drop-
out process. Thus, Figure 6 explains how small particles can be trapped continuously in
a standing wave, grow into larger particles or clumps, and then eventually will rise or settle
out because of increased buoyancy / gravity force.

In some examples, the size, shape, and thickness of the transducer can determine
the transducer displacement at different frequencies of excitation.  Transducer
displacement with different frequencies may affect particle separation efficiency. Higher
order modal displacements can generate three-dimensional acoustic standing waves with
strong gradients in the acoustic field in all directions, thereby creating strong acoustic
radiation forces in all directions, which forces may, for example be equal in magnitude,
leading to multiple trapping lines, where the number of trapping lines correlate with the
particular mode shape of the transducer.

Figure 7 shows the measured electrical impedance amplitude of the transducer as
a function of frequency in the vicinity of the 2.2 MHz transducer resonance. The minima
in the transducer electrical impedance correspond to acoustic resonances of a water column
and represent potential frequencies for operation. Numerical modeling has indicated that
the transducer displacement profile varies significantly at these acoustic resonance
frequencies, and thereby directly affects the acoustic standing wave and resulting trapping
force. Since the transducer operates near its thickness resonance, the displacements of the
electrode surfaces are essentially out of phase. The typical displacement of the transducer
electrodes may not be uniform and varies depending on frequency of excitation. Higher
order transducer displacement patterns result in higher trapping forces and multiple stable
trapping lines for the captured particles.

To investigate the effect of the transducer displacement profile on acoustic trapping
force and particle separation efficiencies, an experiment was repeated ten times, with all
conditions identical except for the excitation frequency. Ten consecutive acoustic
resonance frequencies, indicated by circled numbers 1-9 and letter A on Figure 7, were

used as excitation frequencies. The conditions were experiment duration of 30 min, a 1000
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ppm oil concentration of approximately 5-micron SAE-30 oil droplets, a flow rate of 500
ml/min, and an applied power of 20W.

As the emulsion passed by the transducer, the trapping lines of oil droplets were
observed and characterized. The characterization involved the observation and pattern of
the number of trapping lines across the fluid channel, as shown in Figure 8A, for seven of
the ten resonance frequencies identified in Figure 7.

Figure 8B shows an isometric view of the system in which the trapping line
locations are being determined. Figure 8C is a view of the system as it appears when
looking down the inlet, along arrow 114. Figure 8D is a view of the system as it appears
when looking directly at the transducer face, along arrow 116.

The piezoelectric crystals of the transducers described herein can be operated at
various modes of response by changing the drive parameters, including frequency, for
exciting the crystal. Each operation point has a theoretically infinite number of vibration
modes superimposed, where one or more modes are dominant. In practice, multiple
vibration modes are present at arbitrary operating points of the transducer, with some
modes dominating at a given operating point. Figure 9 presents COMSOL results for
crystal vibration and lateral radiation forces on a typical particle size. The ratio of lateral
to axial radiation force is plotted versus operating frequency. Points are labeled on the
curve where a specific mode of vibration is dominant. Mode I represents the planar
vibration mode of the crystal designed to generate a 2 MHz standing wave in a mixture.
Mode III represents the 3x3 mode operation of a 1x1 crystal. These analytical results show
that the 3x3 mode can be dominant with different levels of lateral radiation force. More
specifically, operating the example system at a frequency of 2.283 MHz generates the
lowest lateral force ratio of about 1.11 for a 3x3 mode. This operating point generates the
largest cluster size and the best collection operation for the example system. Operating
the devices and systems described herein at a frequency for a given configuration that
produces a desired 3D mode with the lowest lateral force ratio is desirable to achieve the
most efficient separation. In some embodiments, the operating point is any point on the
curve that is not planar or zero phase angle. For example, an operating point can be
selected on the curve in Figure 9 where the acoustic standing wave is non-planar, and/or

where the phase angle is non-zero.
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Referring to Figure 10, a flow chart is illustrated for a process for locating a
minimum and/or maximum reactance for the acoustic transducer and/or the
transducer/acoustic chamber combination, which may be under load. The load can be a
fluid in the acoustic chamber, and/or particulates or a secondary fluid that is separated
from the primary or host fluid. As the particulates or secondary fluid is separated from the
primary or host fluid, the characteristics of the fluid in the acoustic chamber change, which
can impact the operation of the transducer and/or transducer/acoustic chamber
combination. The process for locating an operating point for driving the transducer begins
by scanning through frequencies applied to the transducer, for example, by applying a
range of frequencies to the transducer and measuring feedback data from the transducer.
The range of frequencies to be scanned can be provided by user settings. Data for the
reactance, X, and resistance, R, of the transducer is collected. One technique for collecting
reactance and resistance data is to measure voltage, current and phase angle on the
transducer. Resistance is determined as the real part of the voltage divided by the current,
while reactance is determined as imaginary part of the voltage divided by the current.

As the data for the frequency scan is collected, a number of resonance and anti-
resonance frequencies can be determined. The data can be passed through a low pass filter
and peaks can be identified using a derivative function. A maximum peak for the anti-
resonance is also identified. The method can accept an input setting of the number of
reactances from anti-resonance to locate a minimum reactance. Based on the collected and
calculated data, the desired minimum reactance below anti-resonance or desired maximum
reactance above anti-resonance is determined, in this case as an index of the minimum or
maximum reactances. Once the frequency of the desired reactance is located, the frequency
of the RF power converter is set to the located frequency. The located frequency can be an
operating setpoint for operating the transducer.

After a period of time, such as a number of milliseconds up to a number of tens of
seconds, the process is repeated. By repeating the process, variations in the system can be
dynamically identified, such as changes to reactance caused by temperature shifts, and the
desired operating setpoints can be modified accordingly in keeping with the process.

Referring to Figure 11, a flow chart illustrates a process for implementing a low-

pass filter for use in the frequency determination process described above. The filter
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characteristics can be modified in accordance with the illustrated process to contribute to
optimizing detection of the desired frequency setpoints. The process begins by using an
existing cut off or corner frequency in conjunction with the data collected from the
frequency scan. A zero phase low-pass Butterworth filter is used to filter the collected data
with the cutoff frequency. The derivative of the data is taken to determine minimums
and/or maximums, and positive to negative zero crossings are identified and counted. The
positive to negative zero crossings are indicative of detected peaks in the frequency
response. If the process detects more peaks than expected, the cutoff frequency is increased
and the process is repeated. If the count is less than the expected number of peaks, the
filtered data is provided to the minimum/maximum reactance detection process.

Figure 12 illustrates a frequency scan for a slightly damped 1x3 piezoelectric
transducer coupled to an acoustic cavity through which a fluid containing CHO (Chinese
hamster ovary) cells was flowed. As illustrated, peak anti-resonance is located, and a
minimum reactance two away from the anti-resonance is selected for a frequency setpoint.
In the figure, anti-resonance is approximately 2.278 MHz, and the selected frequency
setpoint is approximately 2.251 MHz.

Figure 13 illustrates a frequency scan for a highly damped 2 MHz 1x3 transducer
coupled to an acoustic chamber containing CHO. The peak anti-resonance is identified and
the minimum reactance two away from the anti-resonance frequency is selected for an
operating setpoint. Although a minimum reactance two away from the anti-resonance
frequency is chosen as an operating setpoint, any reactance or index away from anti-
resonance can be chosen for an operating setpoint.

Through experimental testing of the large scale acoustic filtration system, it has
been determined that the 1MHz and 2MHz 1x3 transducer may have an optimal efficiency
when operating at the minimum reactance points at frequencies below the transducer anti-
resonances, as well as operating at the maximum reactance points above the anti-resonance
of the transducer. The technique described herein provides an automated method to set the
frequency of the RF drive to the transducer, so it is operating at a minimum reactance point
below the anti-resonance or a maximum reactance above the anti-resonance. According to

a feature, the technique maintains the desired operating point. The technique can be used
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to set the frequency of the RF drive, such as the inverter, function generator or oscillator
discussed above.

The method begins by running a sweep of frequencies and collecting resistance and
reactance data for each frequency step. The resistance and reactance data is extrapolated
from the voltage and current measurements of the RF drive. The sweep range can be
specified by the user, but is targeted to be 50kHz above and/or 50kHz below the anti-
resonance of the transducer. In addition, or alternatively, the sweep range can be 150kHz
above and/or 150kHz below the anti-resonance of the transducer. The step size and step
interval are also variables that can be altered. When the sweep is complete it outputs the
frequency, resistance, and reactance at each step.

The data from the sweep is then filtered utilizing a zero-phase low pass Butterworth
filter. The reactance enters a loop where the low cutoff frequency of the filter is constantly
increased, until the number of peaks of the filtered data, equals the number of estimated
peaks. This number of estimated peaks is entered by the user. The resistance data is filtered
using a zero-phase low-pass Butterworth filter, however the low cutoff frequency is
increased until there is one peak. The peak value of the filtered resistance data is interpreted
as the anti-resonance of the transducer.

The derivative of the filtered reactance data is calculated and is used to find all the
maximum or minimum points of the reactance curve. If the number of reactance
minima/maxima from the anti-resonance data input is negative the method will look for
the minimum reactance points below the anti-resonance. The method does this by
identifying the negative to positive zero crossings, in other words, the upward slope zero
crossings of the derivative of the filtered reactance curve. If this number is positive the
method will look for the positive to negative zero crossings above the anti-resonance,
which are the maximum points of the reactance curve. The absolute value of the number
of reactance minima/maxima from the anti-resonance data input is the number of minimum
or maximum points from the anti-resonance. The index of this point is used to determine
the frequency to set the RF drive.

The RF drive is set and the method waits for a designated amount of time set by the
user. Once this time period has elapsed the method then scans and start the sequence over

again. Sample data of both slightly and highly damped data can be seen in Figure 12 and
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in Figure 13. In both these examples the method was selected to pick two minimum
reactance points below the anti-resonance, represented by heavy vertical lines. The set
frequency is indicated by the heavy line to the left. It can be seen that this line falls on the
negative to positive zero crossing of the derivative of the filtered reactance data curve, and
at the local minimum of the filtered reactance data curve.

Referring to Figure 14, a diagram of a control configuration for controlling an
acoustic transducer 112 coupled to an acoustic chamber 114 is illustrated. Acoustic
transducer 112 is driven by an RF power converter composed of DC source 110, DC-DC
converter 116 and RF DC-AC inverter 118. The output drive signal provided by inverter
118 is inspected or sensed to obtain voltage sense 122 and current sense 124, which are
fed back to a controller 120. Controller 120 provides control signals to converter 116 and
inverter 118 to modulate the drive signal provided to the acoustic transducer 112.

The signal provided by controller 120 to converter 116 is a pulse width measure,
which determines the duty cycle of the switching signals in converter 116. The duty cycle
determines the DC level of the output of converter 116, which is applied to inverter 118.
For example, the greater the duty cycle, the higher the DC output that is generated by
converter 116. Controller 120 also provides control signals to inverter 118 that determine
the frequency of operation of inverter 118. The control signals provided to inverter 118
may be switching signals, for switching switches in inverter 118. Alternately, or in
addition, controller 120 can provide a control signal to inverter 118 that is used to indicate
a desired switching frequency, and circuitry internal to inverter 118 interprets the control
signal and switches the internal switches in accordance with the interpreted control signal.

Voltage sense 122 and current sense 124 produce signals that are provided to
controller 120 as feedback signals to control the drive signal provided to acoustic
transducer 112. Controller 120 performs operations and calculations on the signals
provided by voltage sense 122 and current sense 124, for example, to obtain a power
measure, P = V*I, where P is power such as real power, imaginary power or apparent
power, and where V is voltage such as peak voltage or root mean squared (rms) voltage
and I is current. As an example, real power is represented by the equation

P=V*I*cos(phase angle).
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Controller 120 is provisioned with a control scheme that accepts process settings,
such as power output, range of frequency operation, or other user selectable parameters,
and provides control signals to converter 116 and inverter 118 based on the process settings
and the feedback values. For example, as described above, controller 120 can sequence
through a number of frequencies in a range of frequencies that are provided to inverter 118
to scan through the frequency range and determine the characteristics of transducer 112 or
transducer 112 in combination with acoustic chamber 114, which may be under load. The
results of the frequency scan in terms of voltage and current obtained from the voltage
sense 122 and current sense 124, respectively, are used to identify characteristics of the
impedance curves for the components or the system, such as is illustrated in Figure 12.
The frequency scan can be implemented to occur at set up, and/or at intervals during
operation of the illustrated system. During steady-state operation, the frequency scanned
can be conducted to identify desired setpoints for operation, such as power or frequency,
based on user settings and feedback values. The control scheme implemented by controller
120 is thus dynamic, and responds to changing conditions in the system, such as may be
encountered with frequency drift, temperature change, load changes and any other system
parameter changes. The dynamic nature of the control scheme permits the controller to
respond to or compensate for nonlinearities, such as may be encountered as components
age or lose tolerance. Accordingly, the control scheme is adaptive and can accommodate
system changes.

Some examples of system operation include driving acoustic transducer 112 to
produce a multidimensional acoustic standing wave in the acoustic chamber 114. A 3D
acoustic wave 1is stimulated by driving acoustic transducer 112, which may be
implemented as a piezoelectric crystal, sometimes referred to herein as a PZT, near its anti-
resonance frequency. Cavity resonances modulate the impedance profile of the PZT as
well as affect its resonance modes. Under the influence of the 3D acoustic field, suspended
particles in the liquid medium in the acoustic cavity 114 are forced into agglomerated
sheets and then into tightly packed clusters of agglomerated material. Once particle
concentrations reach a critical size, gravitational forces take over and the agglomerated
material drops out of the acoustic field and to the bottom of the chamber. The changing

concentrations of agglomerated material as well as the dropping out of that material affects
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the cavity’s resonances which in turn change the acoustic loading on the PZT and its
corresponding electrical impedance. The changing dynamics of the collected material
detunes the cavity and PZT reducing the effects of the 3D wave in clarifying the medium.
Additionally, changes in the medium and cavity temperature also detune the cavity so that
clarification is reduced. To track the resonance changes occurring in the cavity, a control
technique is used to follow changes in the PZT’s electrical characteristics.

A strong 3D acoustic field can be generated by driving the PZT at a frequency
where its input impedance is a complex (real and imaginary) quantity. However, cavity
dynamics can cause that impedance value to change significantly in an erratic manner. The
changes in impedance are due, at least in part, to changes in the load applied to the acoustic
transducer 112 and/or acoustic chamber 114. As particles or secondary fluid is separated
from a primary or host fluid, the loading on acoustic transducer 112 and/or acoustic
chamber 114 changes, which in turn can influence the impedance of the acoustic
transducer 112 and/or acoustic chamber 114.

To correct for detuning, controller 120 calculates the PZT impedance from the
voltage and current sensed at the PZT using voltage sense 122 and current sense 124 and
determines which way to change the operating frequency to compensate for the detuning.
Since frequency changes affect power delivered to the chamber, the controller also
determines how to adjust the output voltage of (dynamic) buck converter 116 to maintain
the desired amount of power output from RF DC-AC inverter 118 and into the acoustic
transducer 112 and/or acoustic chamber 114.

Buck converter 116 is an electronically adjustable DC-DC power supply and is the
power source for inverter 118. RF DC-AC inverter 118 converts the DC voltage out of
converter 116 back to a high-frequency, AC signal to drive the PZT. The dynamics in the
chamber occur at rates corresponding to frequencies in the low audio band. Consequently,
the converter 116, controller 120, and DC-AC inverter 118 are capable of working at rates
faster than the low audio band to permit controller 120 to track chamber dynamics and
keep the system in tune.

Controller 120 can simultaneously change the frequency of DC-AC inverter 118

and the DC voltage coming out of buck converter 116 to track cavity dynamics in real
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time. The control bandwidth of the system is a function of the RF bandwidth of inverter
118 and the cutoff frequency of the filtering system of buck converter 116.

Controller 120 can be implemented as a DSP (digital signal processor) control, or
as an FPGA (field programmable gate array) control, as examples. Controller 120 may be
implemented with two channels, to permit parallel processing, for example to analyze real
and/or reactive impedance, voltage, current and power.

The acoustic dynamics of the cavity affects the electrical characteristics of the PZT
which affects the voltage and current drawn the PZT. The sensed PZT voltage and current
is processed by the controller to compute the real-time power consumed by the PZT as
well as its instantaneous impedance (affected by acoustic dynamics). Based on user set
points the controller adjusts, in real-time, the DC power supplied to inverter 118 and the
frequency at which inverter 118 is operated to track cavity dynamics and maintain user set
points. An LCL network is used to match the output impedance of inverter t 118 to
increase power transfer efficiency.

Controller 120 samples sensor signals fast enough to detect changes in cavity
performance (via changes in PZT impedance) in real time. For example, controller 120
may sample the feedback values from the voltage sense 122 and current sense 124 at one
hundred million samples per second. Signal processing techniques are implemented to
permit a wide dynamic range for system operation to accommodate wide variations in
cavity dynamics and applications. Converter 116 can be configured to have a fast response
time to follow the signal commands coming from controller 120. Inverter 118 can drive a
wide range of loads that demand varying amounts of real and reactive power that change
over time. The electronics package used to implement the system illustrated in Figure 14
may be configured to meet or exceed UL and CE requirements for electromagnetic
interference (EMI).

Referring to Figure 15, controller 120 may be implemented with very-high-speed
parallel digital-signal-processing loops using RTL (Register Transfer Level) which is
realized in actual digital electronic circuits inside a field-programmable-gate-array
(FPGA). Two high speed digital proportional integral (PI) loops adjust the frequency and
amplitude control signals generated by controller 120 to track power and reactance. A

linear amplifier 132 is used to amplify the output signal from controller 130 (which can be
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implemented as controller 120) in preparation for driving the PZT. The voltage and current
sense is used to sense the voltage and current at the transducer. A calculation is performed
in series by controller 130 to generate control signals provided to linear amplifier 132. The
FPGA can be operated with a clocking signal of 100 MHz. The clocking speed contributes
to obtaining fast enough sampling to monitor and adapt to conditions of the PZT in real-
time. In addition, the structure of the FPGA permits each gate component to have a
propagation delay commensurate with the clocking speed. The propagation delay for each
gate component can be less than one cycle, or 10 ns with a clocking speed of 100 MHz.

Controller 130 may be configured to calculate the following parameters.

VRMS = sqrt(V1% + V22 +...+ Vn?)

IRMS = sqrt(11% + 12% +...+ In?)

Real Power (P = V-Inst. x I-Inst Integrated over N Cycles)
Apparent Power (S = VRMS x IRMS)

Controller 130 may be configured to calculate reactive power and bipolar phase
angle by decomposing sensed voltage and current into in-phase and quadrature-phase
components. Figure 16 illustrates the in-phase and quadrature-phase demodulation of the
voltage and current to obtain a four-quadrant phase, reactive power and reactance. The
calculations for reactive power and phase angle can be simplified using the in-phase and

quadrature-phase components.

VPhase Angle = Arctan(QV/1V)

[Phase Angle = Arctan(QI/IT)

Phase Angle = VPhase — Iphase

Reactive Power = (Q = Apparent Power x Sine(Phase Angle)

Controller 130 may implement a control scheme that begins with a frequency sweep
to determine system performance parameters at discrete frequencies within the frequency
sweep range. The control scheme may accept inputs of a start frequency, a frequency step

size and number of steps, which defines the frequency sweep range. Controller 130

27-



10

15

20

25

30

WO 2019/118921 PCT/US2018/065839

provides control signals to linear amplifier 132 to modulate the frequency applied to the
PZT, and the voltage and current of the PZT are measured using the voltage sense and the
current sense. The control scheme of controller 130 may repeat the frequency sweep a
number of times to determine the system characteristics, for example, reactance, with a
relatively high level of assurance.

A number of reactance minimums can be identified as a result of analysis of the
data obtained in the frequency sweep. The control technique can be provided with an input
that specifies a certain frequency range where a desired reactance minimum is located, as
well as being provided with a resistance slope (+/-) that can be used for tracking a desired
point of operation based on resistance tracking that corresponds to a desired minimum
reactance. The resistance slope may be constant near the minimum reactance, which may
provide a useful parameter for use with a tracking technique. By tracking resistance at a
desired frequency, a robust control can be attained for operating at a minimum reactance
point.

The control technique may take the derivative of the resistance/reactance values to
locate zero slope derivatives, which are indicative of maximums and minimums. A
proportional-integral-differential (PID) controller loop may be used to track the resistance
to obtain a frequency setpoint at which a desired minimum reactance occurs. In some
implementations, the control may be a proportional-integral (PI) loop. With the FPGA
operating at 100 MHz, adjustments or frequency corrections can be made every 10 ns to
compensate for changes in the tracked resistance. This type of control can be very accurate
and implemented in real-time to manage control of the PZT in the presence of a number
of changing variables, including reactance, load and temperature, for examples. The
control technique can be provided with an error limit for the frequency of the reactance
minimum or frequency setpoint, to permit the control to adjust the output to linear
amplifier 132 to maintain the frequency within the error limit.

A fluid mixture, such as a mixture of fluid and particulates, may be flowed through
the acoustic chamber to be separated. The fluid mixture flow may be provided via a fluid
pump, which may introduce perturbations to the fluid, as well as the PZT and chamber.
The perturbations can create a significant fluctuation in sensed voltage and current

amplitudes, indicating that the effective impedance of the chamber fluctuates with pump
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perturbations. However, owing to the speed of the control technique, the fluctuations can
be almost completely canceled out by the control method. For example, the perturbations
can be identified in the feedback data from the PZT and can be compensated for in the
control output from the controller. The feedback data, for example the sensed voltage and
current, may be used to track the overall acoustic chamber pressure. As the characteristics
of the transducer and/or acoustic chamber change over time and with various
environmental parameters, such as pressure or temperature, the changes can be sensed and
the control technique can compensate for the changes to continue to operate the transducer
and acoustic chamber at a desired setpoint. Thus, a desired setpoint for operation can be
maintained with very high accuracy and precision, which can lead to optimized efficiency
for operation of the system.

The FPGA may be implemented as a standalone module and maybe coupled with a
class-D driver. Each module may be provided with a hardcoded address so that it can be
identified when connected to a system. The module can be configured to be hot-swappable,
so that continuous operation of the system is permitted. The module may be calibrated to
a particular system and a transducer, or may be configured to perform a calibration at
particular points, such as upon initialization. The module may include long-term memory,
such as an EEPROM, to permit storage of time in operation, health, error logs and other
information associated with operation of the module. The module is configured to accept
updates, so that new control techniques can be implemented with the same equipment, for
example.

An example control technique performs a loop in which voltage and current are
measured at the acoustic transducer, real power and resistance are calculated and provided
to a proportional-integral (PI) controller. The output of the PI controller is used to adjust
the amplitude and frequency of the signal supplied to the transducer. The loop is repeated,
resulting in the amplitude of the power provided to the transducer being controlled and
tracked, and the frequency of the power provided to the transducer being controlled and
tracked. The loop permits the controller to dynamically adjust to changes in the system,
including changes related to loading of the transducer and/or the transducer/acoustic cavity

combination or changes related to temperature, as examples.
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Figure 17 illustrates an example method for processing information to implement a
transducer control. The method uses desired operating points for real power and a
minimum reactance, which may be obtained from user input. Data is received from the
transducer, including drive voltage and drive current. The data received from the
transducer is conditioned to improve the quality of the information and calculations
derived there from. For example, the data representing drive voltage and drive current is
deskewed (phase balance the relationship between the voltage and current signals),
provided with an offset and scaled for use with subsequent calculations. The condition data
is used to calculate real power, resistance and reactance of the transducer. These
parameters are compared to operating points received in the method, and a PI controller is
used to generate a signal that can adjust the real power and frequency of the drive signal
provided to the transducer. Note that the conditioned feedback parameters can be used to
generate an error signal in conjunction with the desired operating point information, with
the error signal being provided to an amplifier that adjusts the signal provided to the power
supply, whether linear amplifier or converter-inverter combination.

The acoustic radiation force exerted on the particles in the fluid can be calculated
and/or modeled. For example, a COMSOL model was created and used to predict linear
acoustic standing wave fields. The model implemented models for piezo-electricity,
elasticity and acoustics. The model was used to predict acoustic radiation forces on
particles that are small compared to wavelength, which includes using the Gorkov
equation, and larger particles, which includes using the Yurii - Zhenia equations. In some
instances, it may be helpful to normalized the results, for example, by normalizing with
respect to power. The effect on the particles of the acoustic radiation forces can be studied,
and in particular used for determining transducer configurations, and for controlling the
transducer and/or transducer/cavity combination.

Figure 18 is a graph illustrating impedance (resistance and reactance), power and
performance of an acoustophoretic system described herein. As can be seen in the graph,
peak performance occurs at reactance minimums. Optimal performance may occur where
a resistance maxima and a reactance minima nearly coincide.

Figure 19 is a graph illustrating a resistance curve versus frequency, with a number

of different modes identified. Higher order modes are obtained along the graph line
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locations where resistance is above a minimum. Figure 20 is a graph illustrating reactance
of an acoustic system over a range of 2.15 MHz to 2.3 MHz. The graph illustrates that the
selection of the Xmin point of operation may depend on the mode. For example, the graph
shows that the lowest Xmin is for a 4x4 mode, meaning that the best performance may be
obtained by running the system at a frequency that excites the transducer in a 4x4 mode of
operation and selecting the appropriate Xmin, e.g., X-1, x-2, whichever is strongest.

Figure 21 is a graph illustrating absolute impedance amplitude. The graph
illustrates that the best multimode performance points are near a sharp slope, making it
difficult to maintain high performance.

Figure 22 is a graph illustrating impedance phase. The most negative phase
represents the minimal reactances, or Xmin.

Figure 23 is a graph illustrating displacement normalized by power and Figure 24
is a graph illustrating average pressure normalized by power. Power considerations are
important in most implementations, for example, a 200 Watt driver driving complex loads
that vary widely in the range of voltage and current at RF frequencies places significant
demands on the driver. Power can thus be controlled for multimode operation. When the
operating parameters like displacement and average pressure are normalized with respect
to powers, it is useful to understand the best frequency for operation for a given power level.
For example, the control method may seek to operate at peak pressure in multimode at the
lowest useful power setting. Given the graph in Figure 24, such a control may be difficult
without relatively precise frequency control, since peak pressure in mode V is very close
in frequency to a pressure minima and operation in mode I.

Figure 25 is a graph illustrating operation with a planar wave at zero phase. Figure
26 is a graph illustrating multimode operation at minimum reactance. Figure 27 is a graph
illustrating resistance, reactance and real power versus frequency. The performance
illustrated in Figure 25 is fairly poor, with a minimum turbidity of approximately 1000,
and typical turbidity performance being much higher. The performance illustrated in
Figure 25 is illustrated in Figure 27 and zero phase. The acoustic transducer in this case is
producing a planar mode acoustic standing wave, which can be envisioned as piston

operation.
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The turbidity performance in Figure 26 is a significant increase over that illustrated
in Figure 25, with minimum turbidity being often less than 500. The acoustic transducer
in this case is operated at a reactance minimum, illustrated in the graph of Figure 27 at
point X-1. Point X-1 represents multimode operation, which can produce axial and lateral
forces on particles in the fluid through which the acoustic standing wave passes. Thus,
providing a control technique for operating the acoustic transducer at a reactance minimum
can attain desired performance. The desired performance can be attained even at zero phase
when operating in multimode, as illustrated with point X-4 in Figure 27. Point X-4 is a
reactance minimum with zero phase, which can achieve desired performance due to
multimode operation, unlike the zero-phase planar wave operation. The use of X-4 as an
operating point with minimum reactance is illustrated in Figure 28. As can be seen from
the figure, the X-4 operating point provides even better results than the X-1 operating
point, even though the X-4 operating point is at about the same level of reactance as the
zero phase operating point. This result shows the significant advantages in terms of
performance for multimode operation at minimum reactances. These performance benefits
are not obtained with zero or planar wave mode of operation for the transducer.

Figure 29 shows two graphs illustrating a resistance tracking method. The graph
on the left shows resistance tracking after locating Xmin. If the tracking method is based
on resistance after finding Xmin, the system can drift during operation, placing the control
loop in a potential unstable condition, as illustrated with the graph on the right.

Dynamic tracking of the multidimensional acoustic wave may also be done through
other minimum and maximum parameters. These include maximum and minimum
resistance (Rmax or Rmin), maximum and minimum inductance (Lmax or Lmin) of the
acoustic system and maximum reactance (Xmax). The key point of the algorithm for
tracking being that the acoustic standing wave, such as a multidimensional acoustic
standing wave, is dynamically monitored and the feedback from the changes in the various
parameters of the acoustic standing wave are compensated for by the electronics to
maintain the desired process capabilities of the acoustic standing wave such as trapping,
clustering, segmenting or otherwise processing secondary and tertiary fluids and particles

within a primary fluid.
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An example method for automatically controlling the acoustophoresis process can
be implemented on the basis of tightly tracking the real-power level delivered to the
transducer while simultaneously tightly tracking a specific reactance location on the
reactance data plot over one chamber resonance span. The reactance and power levels are
extracted from the voltage and current signals on the piezoelectric element and provides
constant feedback for the controls tuning process. This tuning process consists of adjusting
the gain of the output driver amplifier in to deliver a constant real-power level to the
piezoelectric element and by adjusting the frequency of the drive signal in order to track a
desired reactance location on the reactance curve.

The method uses a control technique that continuously performs frequency mini-
sweeps (a small local frequency sweep) to track a multi-modal trapping pattern relative to
the minimum reactance. This minimum reactance lies within a single selected chamber
resonance and is calculated from the sensed voltage and current at the transducer. In one
example implementation, the method uses a reduced number of frequency steps to reduce
or minimize the frequency span over which the power will be spread. Another example
implementation may use as small a frequency band as possible to perform the desired
control. A frequency sweep rate that is much higher than the system dynamics may be
used. Such a high sweep rate permits the control to respond more rapidly than the physical
dynamics of the loaded resonance chamber, so that Xmin tracking can be more accurate
and consistent. For example, a control rate of from about 3 kHz to about 300 kHz may be
used.

At each frequency step in the mini-sweep a new reactance value is calculated based
on newly acquired voltage and current data. This new reactance value is then compared to
a currently stored previous minimum reactance value and replaces that value if a lower, or
more negative reactance value is found. Upon completion of the frequency sweep, this
method has the effect of locating the minimum reactance value across the entire mini-
sweep. The final step of the algorithm sets/parks the output frequency at this newly located
reactance minimum, plus a frequency offset if desired. This process is repeated at a rate
fast enough to track any physical changes in the conditions within the acoustophoresis

process taking place inside the resonance chamber.
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The control process implements a number of steps to closely track a desired Xmin
point. Referring to Figure 35, a control system for computing various parameters used to
track Xmin is illustrated. Referring to Figure 36, a global frequency sweep is performed
to locate an anti-resonance point in the resonance chamber response. The frequency of the
anti-resonance point is saved later reference. The anti-resonance frequency is where a
resistance maximum peak lines up with a point where the reactance crosses zero, which
may occur at a single point in the frequency response. The zero crossings of reactance are
the eigenvalues of the system. By monitoring the resistance and the reactance as frequency
is varied, the anti-resonance can be determined using these criteria. In some examples, the
frequency scan, which may be a global frequency scan, is from 2.22 MHz to 2.26 MHz,
which covers a number of semi-periodic peaks and valleys for both resistance and
reactance. In other examples, the scan range is from 0.5 MHz to 1.5 MHz or from 2 MHz
to 2.5 MHz, or portions of those ranges. The scan may have frequency steps in a size of
about 2 kHz, although any other suitable step size may be used. In some examples, the
system attains high efficiency when the current peaks. Current can be monitored while
frequency is varied to identify peak current.

The frequency scan can be done in steps or continuously. The rate, or step size for
the frequency increase can be specified by a user input and/or can be determined based on
several parameters. For example, if the acoustics path-length is known, it can be provided
to the system to permit calculations to be performed to determine resonance spacing for a
standing wave. The resonance spacing can be used to determine frequency setpoints to
operate at a resonance location, which can be inspected with a finer frequency gradation
to locate minima and/or maxima for resistance and reactance. For example, a frequency
resolution as small as 23 mHz (milli Hertz) may be obtained for the control discussed
herein. Figure 37 is a graph showing the results of a global frequency sweep to reactance
minima.

The identified minima for the system reactance are then further inspected in a
smaller frequency interval to obtain a local minimum reactance, which can be used as an
initial operating setpoint. The smaller frequency sweep, or mini-sweep, produces a local

minimum reactance value and associated frequency, which can be used to initialize Xmin
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tracking. The localized mini-sweep and resulting minimum reactance and Xmin frequency
are illustrated in Figures 38 and 39.

The process uses the initial setpoint as the starting point for conducting continuous
mini-sweeps about the minimum reactance location. Parameters for the mini-sweep are
established, such as a sweep step size, sweep radius and/or method type. The lower and
upper bounds of the sweep range are identified. The sweep begins at the lower bound and
measures voltage and current on the transducer to determine resistance and reactance at
that frequency. The frequency is changed in accordance with the step size, and the
measures are again taken. As the sweep continues, the value of the reactance at each
frequency is determined and may be stored or compared to a stored value. The least
reactance value is identified in this sweep, and becomes the new Xmin. The new Xmin
can be used to determine new boundaries for the next sweep. For example, the new Xmin
frequency can be set to be a center frequency for the next sweep. The boundaries of the
sweep are determined by the sweep radius with the new Xmin in the center of the radius.

The mini-sweep can be conducted continuously to dynamically track Xmin. The
selected Xmin operating point can be tracked according to a number of different methods.
As the minimum reactance shifts due to operational factors, discussed above, the Xmin
tracking method continues to locate the minimum using the mini-sweep technique. As the
minimum reactance is located, the method sets new mini-sweep parameters to, among
other things, center the frequency of the new minimum reactance within the mini-sweep
range. This tracking technique continuously locates a new reactance minimum frequency
within a relatively small window of frequencies, which increases speed and accuracy of
the method. The adjustment of the center frequency of the window permits the window
boundary frequencies to be determined for following iterations of the mini-sweep.

The mini-sweep process and frequency tracking and adjustment is continuously
repeated to continually locate the reactance minimum as the physical dynamics of the
acoustic system change. The rate of repetition of the mini-sweep at a speed that is greater
than physical system phenomena adds to the continued tracking accuracy, and contributes
to improved or optimized operation at a desired dynamic setpoint.

This control system automatically sets the step size or gain of the proportional

tracking algorithm. When a new reactance minimum location is found within a mini-
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sweep, that new frequency is used as the setpoint, e.g., the control jumps to that frequency
location, regardless of the size of the change in frequency. As long as the sweep is wide
enough to contain any changes in minimum reactance, the method will track the desired
setpoint of minimum reactance. This technique has a number of advantages over a
proportional controller, for instance because a proportional gain need not be tuned. The
algorithm dynamically tunes itself regardless of the conditions in the acoustic chamber.
The frequency step size and the number of frequency steps are chosen based on the system
characteristics such that any changes in the acoustophoresis process will be detected by
changes in the frequency and minimum reactance location within one frequency sweep.

Figure 30 illustrates a technique for locating Xmin using a mini-sweep method. An
initial Xmin is located as discussed above. Four points on the reactance curve are chosen
to represent lines on either side of the initial Xmin value. The equations for the lines can
be solved to identify their intersection. This intersection is used as the new Xmin value.
This technique is very fast as only four points are used, and may be sufficiently accurate
for a number of applications.

Figure 31 illustrates an Xmin mini-sweep process with two different step sizes to
manage Xmin tracking. A larger step size may be used outside a given range of the
identified minimum reactance (Xmin), which may assist in closing to the desired operating
point faster. The number of frequency steps may be reduced. A threshold may be used to
determine which step size to use. For example, the equation X — Xminprev > Threshold
can be evaluated, and a larger step size can be used if the expression is true, and a smaller
step size if the expression is false. A smaller step size may be used in a given range around
the minimum reactance so that finer changes in control frequency may be obtained.

Figure 32 illustrates another method for mini-sweep tracking of Xmin. This
approach automatically switches the gains in a PI loop to rapidly converge to Xmin.
Positive PI gains are additive — frequency goes up to increase resistance — and negative PI
gains are subtractive — frequency goes down to increase resistance. Two points about
Xmin are scanned and the slope of the line formed by the two points gives a magnitude,
while the sign of the slope sets the gain polarity, which can be used to automatically set
the PI gain polarities. The equation Slope = (X2 — X1)/(F1 — F2) may be used to determine

slope magnitude and polarity. This technique can be used to rapidly locate Xmin, using

-36-



10

15

20

25

30

WO 2019/118921 PCT/US2018/065839

just two points and a PI loop. The magnitude and polarity are generated automatically and
immediately usable, adding to the speed of this method.

Figure 33 illustrates an iterative method for tracking Xmin. Two points on the
reactance curve near Xmin are evaluated for reactance magnitude. The difference between
the points are provided to a PI loop to magnify the difference when it is larger, e.g., when
the slope of the curve is steeper. The output of the PI loop is used to adjust the frequency
step to increase the step to seek more rapid convergence when there is a large difference
between the points. The PI loop provides a smaller step as the frequency point approaches
Xmin, since the differences between the reactance magnitude at two points near the bottom
of the curve is smaller. This approach helps to obtain rapid convergence to Xmin, although
a number of iterations may sometimes be used.

Figure 34 shows an example tracking method based on tracking the change in slope
of a line tangent to the minimum point of a reactance curve. Since trying to track adjacent
points at the bottom of such a curve can be extremely inaccurate, a virtual tangent line is
created which is parallel to the tangent line at the base of the curve. This approach
increases resolution of slope changes under the assumption that the two lines remain
essentially parallel as the curve changes amplitude and frequency location.

The tracking algorithm has as its input the frequency, fx, at which a reactance
minimum, Xmin, has been found within a certain cavity resonance interval. An
incremental frequency, f1, is chosen based on the level of tracking resolution desired. The
value of the reactance, X1, is found at the starting frequency, fx-fl. A search is initiated
that incrementally advances the frequency from the start frequency searching for a value
of X2 which is equal to X1 to within some error bound. The frequency at which X2 is
found, fs, is converted to a frequency relative to fx, or f2=fs-fx. The two relative
frequencies, f1 and f2, are stored for future use in tracking.

The tracking process is iterative. Given the current value of fx, the algorithm finds
the value of the reactance at fx-f1, call that X1, and fx+f2, call that X2. If X2 is greater
than X1 then decrement the value of fx. If X2 is less than X1 then increment the value of
fx. If X1 and X2 are essentially the same, do nothing. The increment applied to fx is
determined from tracking speed considerations. The bigger the increment, the bigger the

frequency jumps in finding where the Xmin moved to. Note that this tracking algorithm
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does not rely on actual reactance values but only on relative ones since in the acoustic
system this has been designed for, the actual values are dynamic but the reactance shape
over a band of frequencies is relatively constant. Continuous tracking is achieved by
repeating the above steps of finding X1 and X2 about the current fx using the fixed f1 and
2 values and determining the ‘tilt” of X2 relative to X1.

In addition, different tracking techniques may be used with different parameters,
such as by tracking a resistance (Rmax) associated with the desired minimum reactance.
For example, resistance or a multimode frequency of interest may be tracked, or any other
parameters that provide suitable performance.

Referring to Figure 39, the speed of the process for the frequency sweeping or
scanning can be related to the system and/or the trapping or clustering of the material that
is retained or that exits the acoustic field or acoustic standing wave. The combination of
the hardware and the processes implemented on the hardware produce the control speed
that is used to obtain the tracking technique for tracking minimum reactance frequency.
The averaging that takes place, explicitly and/or implicitly, e.g., via the hardware and/or
software, separately or in combination, and/or system operation or system characteristics,
such as natural system resonances, can be used for operating the tracking process. For
example, the averaging that takes place may result in a control speed in the kilohertz range.

The tracking process adapts to the dynamics of the system, such as when material
is captured in or released from the acoustic field or acoustic wave, or when the temperature
of the system changes, or when other system parameters change during operation. The
reactance minimum can experience a frequency shift due to a number of different system
variables. The processes described herein can be used to adapt to those changes and
maintain a high efficiency and high level of performance, even with significant changes in
system dynamics.

Moreover, the processes and/or algorithms discussed herein can be provided with
ranges for various parameters, which allows a choice or selection of the parameter value
over a range. For example, clock speeds, data acquisition rates, control rates, mini-sweep
resolutions, and/or any other useful parameters may have a range of values that permit a
user to provide a setpoint, or that permit automatic adjustment based on feedback or other

set or measured parameters.
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The systems and methods discussed herein may be utilized on other forms of
acoustic waves. For example, the techniques discussed herein may be employed with an
angled acoustic standing wave, the edge effect achieved in an acoustic standing wave
where the edge of the acoustic standing wave repels particles in a host fluid while allowing
the host fluid and other moieties to flow through the acoustic standing wave and traveling
waves that are utilized by themselves or where at least two traveling waves are utilized to
form an acoustic standing wave.

The techniques discussed herein may be utilized in conjunction with a cell
concentrate and wash system, an affinity binding system and/or other acoustic
configurations for cellular and biomaterial processing.  Other applications or
implementations include the transduction and transfection of cells, such as T cells, with
viruses and nucleic acids respectively.

The methods, systems, and devices discussed above are examples. Various
configurations may omit, substitute, or add various procedures or components as
appropriate. For instance, in alternative configurations, the methods may be performed in
an order different from that described, and that various steps may be added, omitted, or
combined. Also, features described with respect to certain configurations may be
combined in various other configurations. Different aspects and elements of the
configurations may be combined in a similar manner. Also, technology evolves and, thus,
many of the elements are examples and do not limit the scope of the disclosure or claims.

Specific details are given in the description to provide a thorough understanding of
example configurations (including implementations). However, configurations may be
practiced without these specific details. For example, well-known processes, structures,
and techniques have been shown without unnecessary detail to avoid obscuring the
configurations. This description provides example configurations only, and does not limit
the scope, applicability, or configurations of the claims. Rather, the preceding description
of the configurations provides a description for implementing described techniques.
Various changes may be made in the function and arrangement of elements without
departing from the spirit or scope of the disclosure.

Also, configurations may be described as a process that is depicted as a flow

diagram or block diagram. Although each may describe the operations as a sequential
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process, many of the operations can be performed in parallel or concurrently. In addition,
the order of the operations may be rearranged. A process may have additional stages or
functions not included in the figure.

Having described several example configurations, various modifications,
alternative constructions, and equivalents may be used without departing from the spirit of
the disclosure. For example, the above elements may be components of a larger system,
wherein other structures or processes may take precedence over or otherwise modify the
application of the invention. Also, a number of operations may be undertaken before,
during, or after the above elements are considered. Accordingly, the above description
does not bound the scope of the claims.

A statement that a value exceeds (or is more than) a first threshold value is
equivalent to a statement that the value meets or exceeds a second threshold value that is
slightly greater than the first threshold value, e.g., the second threshold value being one
value higher than the first threshold value in the resolution of a relevant system. A
statement that a value is less than (or is within) a first threshold value is equivalent to a
statement that the value is less than or equal to a second threshold value that is slightly
lower than the first threshold value, e.g., the second threshold value being one value lower

than the first threshold value in the resolution of the relevant system.
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CLAIMS

1. A method of operating an acoustophoretic system comprising controlling a frequency of
a drive signal applied to an acoustic transducer based on reactance minima or maxima

determined from a feedback signal from the acoustic transducer.

2. A method for determining an operating setpoint of an acoustic system that includes an
acoustic transducer and an acoustic chamber, comprising:

determining a reactance value for at least some of a range of frequencies, such that a
minimum reactance value is determined for the range of frequencies; and

applying a drive signal to the acoustic transducer at a frequency associated with the

minimum reactance value.

3. The method according to claim 2, further comprising:

identifying a subset of frequencies in the range of frequencies, the frequency associated
with the minimum reactance value being located in the subset; and

determining a new frequency within the subset associated with the minimum reactance
value; and

applying the drive signal to the acoustic transducer at the new frequency.

4. The method according to claim 1, further comprising locating a anti-resonance
frequency.
5. The method according to claim 4, further comprising locating reactance minima or

maxima adjacent to the anti-resonance frequency.

6. The method according to claim 1, further comprising:

identifying a reactance minimum from the reactance minima or a reactance maximum
from the reactance maxima; and

providing the drive signal at a first frequency associated with the reactance minimum or

the reactance maximum.

7. The method according to claim 6, further comprising:
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evaluating reactance values near the first frequency for a new reactance minimum or new
reactance maximum; and
selecting a new frequency associated with the new reactance minimum or new reactance

maximum.

8. The method according to claim 7, further comprising evaluating the reactance by

conducting a narrow range frequency sweep near the first frequency.

0. The method according to claim 8, further comprising adjusting a range of the narrow

range frequency sweep based on the new reactance minimum or the new reactance maximum.

10.  The method according to claim 8, further comprising controlling one or more of a step

size or number of steps of frequencies within the range of the narrow range frequency sweep.

11.  The method according to claim 8, further comprising controlling the narrow range

frequency sweep with a control loop.

12.  The method according to claim 11, further comprising controlling parameters of the
control loop to increase convergence to the new reactance minimum or the new reactance

maximum.

13.  The method according to claim 11, further comprising increasing convergence to the new
reactance minimum or the new reactance maximum by increasing step size farther from the new
reactance minimum or new reactance maximum and decreasing step size closer to the new

reactance minimum or the new reactance maximum.

14.  The method according to claim 7, wherein evaluating reactance values further comprises
approximating a tangent to the reactance minimum or the reactance maximum and modifying

the first frequency to obtain the new frequency where the tangent approximation is maintained.

15.  The method according to claim 1, further comprising determining one or more of

voltage, current, resistance, reactance, power or phase angle from the feedback signal.

16.  The method according to claim 1, further comprising controlling the drive signal to
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maintain a power setpoint.

17. The method according to claim 1, further comprising:

flowing a mixture of a host fluid and particles or a mixture of the host fluid and
secondary fluid into the acoustophoretic system; and

adjusting the frequency of the drive signal based on reactance minima or reactance

maxima.

18. The method according to claim 17, further comprising:

generating an acoustic wave with the acoustic transducer;

retaining material in the acoustic wave such that a loading on the acoustic transducer
changes; and

controlling the drive signal applied to the acoustic transducer based on a new reactance

minima or maxima associated with the loading change on the acoustic transducer.

19. An acoustophoretic system, comprising:

an acoustic chamber;

an acoustic transducer coupled to the acoustic chamber and configured to generate an
acoustic standing wave in the acoustic chamber;

wherein the acoustic transducer is controlled according to the method of claim 1.
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