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Abstract—Maintaining the resonance frequency of high-power
ultrasound transducers is essential for applications such as sono-
chemistry, acoustic levitation and acousto-optic manipulation.
This work presents a method to achieve resonance frequency
tracking using a digital signal processor (DSP) implemented
virtual vector voltmeter (VVV) for accurate phase detection. The
system integrates three subsystems: a DSP for signal generation
and phase detection, a microcontroller for control algorithms, and
a custom PCB for signal amplification and measurement. Phase
detection accuracy was evaluated over target phases from -5° to
+5° using two bolt-clamped Langevin transducers with resonant
frequencies of 28kHz and 40kHz, respectively. A 50-minute
long-term performance test with the 40 kHz transducer showed
phase tracking errors within +0.35°, with maximum phase mea-
surement uncertainties of +0.0229° at 28 kHz and +0.0213°
at 40kHz. These results demonstrate the DSP-implemented
VVV’s ability to maintain precise phase tracking and resonance
frequency adjustment, ensuring optimal performance in various
ultrasound applications.

Index Terms—Resonance frequency tracking, ultrasound,
phase-locked loop, digital signal processor, virtual vector volt-
meter, bolt-clamped Langevin transducer

I. INTRODUCTION

Maintaining the power of a high-power ultrasound trans-
ducer, and thus tracking its resonance frequency, is critical
in various applications such as sonochemistry [1], ultrasonic
welding [2], and ultrasonic wire bonding [3]. Especially in
applications based on standing waves, such as acoustic levita-
tion [4]-[6] and acousto-optic manipulation [7], maintaining
the resonance frequency is essential. In acoustic levitation,
precise frequency control ensures stable levitation forces,
crucial for accurate manipulation of particles or droplets [8]—
[10]. Similarly, maintaining deflection efficiency in acousto-
optic manipulation is critical for effective high-intensity laser
beam control in air [7].

These applications require continuously high sound pressure
amplitudes, necessitating the transducer to operate consistently
as near as possible to its resonance frequency. However, the
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Fig. 1. The system achieves a low phase error (a), showing a hysteresis
depending on whether the phase is increased or decreased. The measured
phase remains within £0.035° of the actual value. The low phase error
enables precise resonance frequency tracking and is achieved using a system
comprising three main components (b): an ESP (blue), a custom PCB (red),
and a DSP (green).
resonance frequency of high-power ultrasound transducers
can shift due to several factors. Kim et al. demonstrated
that mechanical changes, such as bolt clamping, affect the
resonance frequency [11]. Maruyama et al. noted that tem-
perature increases due to high applied voltages and changing
mechanical loads necessitate continuous tuning of the driving
signal frequency to maintain optimum surface velocity [12].
Other studies further illustrated the temperature dependency
of such high-power ultrasound transducers [13], [14].
Resonance frequency tracking (RFT) is commonly used
to ensure the transducer operates as near as possible to its
resonance frequency [15]. A widely used method to realize
RFT is the phase-locked loop (PLL) [16], [17], which detects
the phase difference between two signals and generates an
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output signal based on the measured phase, forming a feedback
loop.

With advancements in modern microelectronics, various
software-based implementations of PLLs have been proposed.
Bucher et al. used a software-based PLL but needed an
external device, a laser Doppler vibrometer (LDV) [18]. In
contrast, Weber et al. used a circuit-based PLL [19]. Other
studies have utilized microcontrollers [20], while Moon et
al. demonstrated high-speed tracking methods for resonant
frequency using PLL calculations on a CPU [21].

Accurate phase measurement is crucial for precisely meet-
ing the resonance frequency, as any deviation can significantly
affect the performance and efficiency of high-power ultrasound
applications. A digital signal processor (DSP) provides high
computational power and flexibility, enabling the implemen-
tation of sophisticated algorithms for precise phase detection.
Additionally to a typical microcontroller, a DSP offers audio
processing capabilities and on-board analog-to-digital convert-
ers (ADCs), making it particularly suited for handling complex
signal processing tasks with precision. This work aims to
achieve resonance frequency tracking using a software-based
PLL implemented on a DSP, with an evaluation of its precision

(Fig. 1).
II. VIRTUAL VECTOR VOLTMETER

Accurate phase detection is the primary challenge in im-
plementing software-based PLLs. The sine-wave fit method
involves fitting an ideal sinusoidal function over sampled data
using the least squares method, providing high accuracy but
at the cost of computational intensity [22]. The zero-crossing
method measures the time difference between zero-crossing
events in the input and reference signals, with phase calculated
as ¢ = 360° - f - At. Despite being computationally less
demanding, the zero-crossing’s accuracy is limited by the sam-
pling frequency and requires linear interpolation for improved
resolution [22]. The discrete Fourier transform (DFT) converts
time-domain samples to the frequency domain, allowing phase
determination from the resulting Fourier coefficients. While
the DFT provides robust phase detection capabilities, it can
suffer from quantization errors and non-coherent sampling
issues.

A virtual vector voltmeter (VVV) offers balance between
computational efficiency and accuracy [22]. The VVV first
subtracts the input signal U;(¢) from the reference signal
Uy (t), resulting in a signal U4(t) whose amplitude is pro-
portional to the sine of the phase difference, i.e.

Ua(t) = Ua(t) — Us(t)

= Usin(wt) — U sin(wt — ¢)
= 2U sin (g) cos (wt— g) . (D

The VVV then multiplies Uq(t) with a 90° shifted version of
Ui(t), denoted as U/ (t) = U cos(wt — ), which produces

Ur(t) = Ui (t) - Ua(t)
= U cos(wt — @) - 2U sin (g) cos (wt — g) )]

Using trigonometric identities, this simplifies to

. 3
U, (t) = U?sin (£> cos(2wt — —p) + cos (f) )
2 2 2
The resulting signal U,(t) has a DC offset U,g proportional
to sin(y). By passing U,(t) through a low-pass filter, the
DC offset can be isolated and used to calculate the phase

difference. IT1I. IMPLEMENTATION

In this work, we use three subsystems to achieve pre-
cise resonance frequency tracking (Fig. 2). The evaluation
board (EVAL-ADAU1467Z, Analog Devices, Wilmington,
MA, USA) featuring the DSP (ADAU1467, Analog Devices,
Wilmington, MA, USA) generates the excitation signal, which
is amplified by a linear amplifier (MP111, Apex Microtech-
nology, Tucson, USA) and applied to the transducer. For this
work, we use a 28 kHz and a 40kHz bolt-clamped Langevin
transducer (SMBLTD45F28H & SMBLTD45F40H, Steiner &
Martins, Davenport, USA). The voltage U, (¢) and the current
Ui(t) of the transducer are measured using a shunt and a volt-
age divider on a custom PCB. The current signal is obtained
by placing a 0.1€2 shunt in series with the transducer and
measuring the voltage across it. For a current peak-to-peak am-
plitude (App) of 2 A, the measured voltage peak-to-peak (V)
equals 0.2 V. A bidirectional current sense amplifier (LT1999-
20, Analog Devices, Wilmington, MA, USA) amplifies this
voltage by a factor of 20. The voltage signal is obtained using
a voltage divider connected in parallel to the transducer. We
selected resistors with values of 117k and 10 k{2 respectively
to ensure that only small currents flow through the voltage
divider. The voltage divider scales down the voltage by a
factor of ~ 0.0787. Both signals are initially sampled and
digitized by the ADCs integrated into the DSP. The digitized
signals are then normalized using a control algorithm running
on the microcontroller (ESP32, Espressif Systems, Shanghai,

Scale controller
1

ESP
Input scaling
DAC

DSP

Amp Preamp Shunt

DUT Amp Preamp
Voltage divider

Fig. 2. Flowchart of the RFT system with three subsystems: the ESP (blue),
the DSP (green), and the custom PCB (red). The excitation signal is generated
at the DAC of the DSP, amplified by the PCB (Amp), and applied to the
transducer (DUT). The driving voltage and current of the transducer are
measured. The current is converted over a shunt resistor into a voltage and
amplified in two stages (Preamp and Amp). Both signals are passed into the
DSP, and their amplitudes are normalized by the ESP. The relative phase
between the voltage signal and the current signal is then determined using a
virtual vector voltmeter (VVV), stabilized by a low-pass filter, and passed to
the ESP. The ESP calculates the actual phase using phase interpolation, which
is used as input into a PID controller that adjusts the frequency on the DSP.



China). These normalized signals are subsequently used by the
DSP to perform phase detection using the VVV method. The
calculated phase is sent back to the microcontroller, which runs
a proportional-integral-derivative (PID) controller to adjust
the excitation frequency using a voltage-controlled oscillator
(VCO) on the DSP.

The DSP is programmed using SigmaStudio (Version 4.1,
Analog Devices, Wilmington, USA). The normalized signals
Uu(t) and Ui(t) are each passed through a Hilbert trans-
formation (HT) to obtain a 0° phase-shifted version on the
upper output and a 90° shifted version on the bottom output.
Passing U, (t) through a HT, despite not needing its 90° shifted
version, ensures that no delay is introduced between U, () and
Ui(t). The signals are then subtracted and multiplied according
to the VVV’s working principle.

We use a signal generator (Trueform 33500B, Keysight,
Santa Rosa, USA) to produce two voltage signals with known
phase difference. The known phase difference is then com-
pared with the phase measured by our system. Since the phase
detection of RFT systems only needs to be accurate near the
resonance frequency, the phase range for the measurements is
selected to run between —5° and +5°. The frequencies we use
correspond to the resonance frequencies of both transducers
(28 kHz and 40kHz).

Finally, we evaluate the long-term performance of the
RFT system with a 50-minute experiment using the 40kHz
transducer. During this experiment, the transducer’s surface
temperature is monitored using a thermal imaging camera
(P1640i, Optris GmbH, Berlin, Germany). The surface of the
transducer is coated with a chalk spray to get an emissivity
of 0.95%. Additionally, the measured phase and resulting
resonance frequency are tracked throughout the duration of the
experiment. For both experiments, we use a lab environment
at room temperature.

IV. RESULTS AND DISCUSSION

The phase detection accuracy for both 28 kHz and 40 kHz
transducers exhibits a hysteresis depending on whether the
phase is increased or decreased (Fig. 3). The phase measure-
ment error for both transducers is similar around the zero
real phase point but begins to diverge as the phase moves
towards the extremes of the —5° to +5° real phase range, with
the 28 kHz transducer showing slightly higher uncertainties.
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Fig. 3. Phase error for 28 kHz (red) and 40 kHz (violet) transducers, showing

a hysteresis depending on whether the phase is increased or decreased. The
measured phase always remains within +0.35° of the actual value.
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Fig. 4. The system effectively identifies the resonance frequency, starting
at 39984 Hz and adjusting to 39760 Hz as the transducer’s surface reaches
a temperature of 62°C. Throughout the entire 50 minute test duration, the
developed system successfully maintains the phase within £0.35°.

Across the entire phase range of —5° to +5°, the phase error
remains within +0.035° for both transducers.

A small measurement error for the real phase around 0° is
particularly important for precise resonance frequency tracking
because this is the range where the system operates most of the
time. For the 28 kHz transducer, the phase measurement error
is —0.0229° for a real phase of —0.35° and 0.0133° for a real
phase of 0.35°, resulting in a maximum phase measurement
error of £0.0229°. For the 40kHz transducer, the phase
measurement error is —0.0213° at a real phase of —0.35°
and at a real phase of 0.35°, the phase measurement error is
0.0206°, resulting in a maximum phase error of +0.0213°.
This demonstrates that our system is capable of measuring
phase with high precision within the critical operating range.

The long-term performance of the RFT system is evaluated
with a 50-minute experiment using the 40kHz transducer
(Fig. 4). The system effectively identifies the resonance fre-
quency, starting at 39984 Hz and adjusting to 39760 Hz as
the transducer’s surface temperature reaches 62°C. The total
frequency change during the experiment is -224 Hz. During
the first 10 minutes, the frequency decreases from 39984 to
39823 Hz, a change of -161 Hz. After the first 10 minutes, the
frequency decreases more slowly from 39823 Hz to 39760 Hz,
a change of -63 Hz. During the temperature rise of the trans-
ducer, irregularities occur due to the nonlinear heat transfer
between the clamped metal and piezoelectric disc components.
However, these irregularities fall outside the scope of this
work, which focuses solely on the transducer in its steady-
state. Notably, phase tracking remains stable throughout these
transient processes.

Throughout the entire 50-minute experiment, the system
successfully maintains the phase within 4+0.35°. The mean



phase value after the initial 10 minutes is —0.169° with a
standard deviation of +0.171°. This indicates that most phase
values fall within the range of —0.340° to 0.002°, demonstrat-
ing the system’s capability to maintain accurate phase tracking
and resonance frequency adjustment over extended periods.

Our developed system maintained phase detection accuracy
within £0.035° across a broad phase range (-5° to +5°), and
40.0229° in the critical operating range (£0.35°), surpassing
traditional microcontroller-based PLL systems which often
struggle with such precision due to limited processing capabil-
ities. Unlike previous studies such as Li et al., which focused
on frequency stabilization [20], or Moon et al., which focused
on reducing RFT time using transient characteristics [21],
our work specifically targets phase measurement accuracy,
achieving low measurement error and high precision RFT. This
approach aligns with Sedlacek e al., which emphasized the
importance of accurate signal processing for power estimation
[22].

V. CONCLUSION

This work demonstrates the effectiveness of a DSP-
implemented Virtual Vector Voltmeter (VVV) for precise
resonance frequency tracking in high-power ultrasound trans-
ducers. The results highlight the system’s ability to maintain
a phase error within +0.035° across a broad phase range (-5°
to +5°) and achieve a phase detection precision of £0.0229°
for the 28 kHz transducer and £0.0213° for the 40 kHz trans-
ducer within the critical operating range of +0.35°. These
capabilities ensure that the transducer operates consistently
near its resonance frequency, even under varying temperature
conditions.

The 50-minute performance evaluation further validates the
system’s robustness, with the resonance frequency adjusting
to changes in the transducer’s temperature, resulting in a
frequency decrease of -224 Hz over 50 minutes. This reliable
performance underscores the potential of DSP-based PLL
implementations for applications in high-power ultrasound,
offering both high accuracy and adaptability.

Future work will focus on optimizing the PID controller
to further reduce errors and exploring the application of
this approach to other types of transducers and frequency
ranges. Additionally, we aim to test our system to enhance
the deflection performance in acousto-optic modulation in
ambient air. These advancements will contribute to the field of
ultrasonic technology, offering high precision and adaptability
to meet diverse application needs.
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