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Abstract. Resonant-frequency drift caused by load variation and thermal effects is a major source of insta-
bility in ultrasonic-machining systems, leading to reduced electro-acoustic efficiency and fluctuating output
power. Conventional phase-locked-loop (PLL) tracking schemes often suffer from controller–parameter sen-
sitivity and frequency jitter under continuously drifting resonance, while impedance-scanning methods are ac-
curate but time-consuming. To address these issues, this study proposes an ultrasonic power supply design and
resonance-tracking method based on the admittance characteristics of the piezoelectric transducer under operat-
ing conditions. A voltage–current sampling circuit is developed to measure the magnitudes and phase differences
at the transducer terminals in real time; the corresponding admittance information is then reconstructed, and the
series resonant frequency is estimated through a two-step frequency transformation without full-range scanning.
Experiments were conducted using a 100 W, 40 kHz transducer: the resonant frequency obtained by the proposed
method was 41 320 Hz compared with 41 262 Hz as measured by an impedance analyzer, yielding a frequency
deviation of 58 Hz and a relative error of 0.14 %. The results demonstrate that the proposed method can rapidly
locate and lock the resonance frequency using only two frequency transformations, providing accurate in situ
resonance estimation and improved output power stability for ultrasonic-machining power supplies.

1 Introduction

Ultrasonic machining is an advanced manufacturing tech-
nique that has attracted increasing attention due to its abil-
ity to reduce cutting forces, improve tool life, and enhance
surface integrity. Therefore, it has been widely applied in
the processing of difficult-to-machine materials such as hard
and brittle materials, honeycomb composites, and titanium
alloys (Hourmand et al., 2021; Festas et al., 2021; Zhang
et al., 2023). A typical ultrasonic-machining system mainly
consists of an ultrasonic power supply, a piezoelectric trans-
ducer, an amplitude transformer (horn), and an ultrasonic
tool head. Among these components, the ultrasonic power
supply plays a pivotal role because its performance di-
rectly determines the stability and effectiveness of the entire
ultrasonic-machining system.

The ultrasonic power supply converts the standard mains
input (e.g., 220 V/50 Hz) into a high-frequency alternating
excitation via an AC–DC–AC (alternating current to direct

current to alternating current) conversion process, thereby
driving the transducer to generate ultrasonic vibration. The
vibration amplitude is further amplified through the horn to
enable material removal and machining operations (Graff,
2015). However, during machining, variations in tempera-
ture, loading conditions, and boundary constraints can cause
the resonant frequency of the transducer–tool system to drift.
Consequently, resonant-frequency searching and real-time
frequency tracking have become fundamental requirements
for ultrasonic power supplies (Hemsel et al., 2014; Fu et
al., 2019; Duan et al., 2023). In parallel, recent research has
also highlighted the importance of automatic calibration and
optimization in ultrasound systems to ensure stable signal
performance, further indicating the necessity of robust real-
time adjustment strategies in ultrasonic applications (Jung
and Choi, 2022).

From the viewpoint of circuit topology and design ob-
jectives, ultrasonic power supplies in the literature can
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be broadly classified into several mainstream approaches.
(i) Linear amplifier-based supplies generate high-frequency
sinusoidal excitation by operating power devices in the lin-
ear region. They provide low electromagnetic interference
(EMI) and high waveform purity but suffer from low ef-
ficiency and significant heat dissipation and are therefore
mainly used in low-to-medium-power laboratory platforms
or applications requiring high signal quality. (ii) Switching-
mode AC–DC–AC supplies, typically consisting of a recti-
fier stage, a regulated DC link, and a high-frequency inverter
(e.g., half-bridge/full-bridge), have become the dominant so-
lution for industrial ultrasonic machining and welding due
to their high efficiency, compact size, and scalability. How-
ever, their performance is strongly affected by transducer
impedance variation, which requires proper driver and/or
protection design and robust control to ensure stable out-
put under changing loads. (iii) Resonant inverter-based sup-
plies (e.g., series- or parallel-resonant and LLC (inductor–
inductor–capacitor)-type structures) introduce resonant tanks
to enable soft switching and improve power density, which is
advantageous for high-power ultrasonic actuation. Neverthe-
less, resonant designs are sensitive to parameter tuning and
load dynamics, and output stability may degrade when the
operating point deviates from resonance. Therefore, modern
ultrasonic power supplies increasingly integrate resonance-
related regulation, where real-time frequency searching or
tracking is combined with power control to maintain sta-
ble operation and high electro-acoustic efficiency in practical
machining scenarios.

Resonance frequency tracking is commonly implemented
in ultrasonic power supplies. Traditionally, analog ultrasonic
power supplies often employ phase-locked-loop (PLL) tech-
niques for closed-loop frequency tracking. With the devel-
opment of embedded controllers, many modern ultrasonic
power supplies adopt digital control methods, where dig-
ital PLL schemes are implemented to achieve frequency
tracking (Rehman et al., 2021; Li and Qin, 2021; Guo
et al., 2023). Nevertheless, PLL-based approaches are still
sensitive to the tuning performance of PID (proportional–
integral–derivative)-type controllers. When resonance drifts
continuously, frequent updates of the excitation frequency
may lead to output instability, which further deteriorates ma-
chining consistency and power regulation accuracy. To over-
come these limitations, recent studies have explored alter-
native resonance tracking mechanisms beyond conventional
PLL frameworks. For example, resonance control based on
the admittance circle model has been developed to achieve
fast resonance frequency control under varying operating
conditions (Ye et al., 2025). Furthermore, robust and in-
telligent control strategies have been introduced into ultra-
sonic power supply frequency tracking, such as optimization-
assisted sliding-mode control combined with matching net-
work design, which improves tracking performance and sup-
presses frequency drift (Ye and Cai, 2025). In addition,
admittance-extremum-based schemes (e.g., minimum admit-

Figure 1. Ultrasonic power supply topology.

tance point tracking in phase shift pulse width modulation
(PWM) inverter control) have also been reported for high-
intensity ultrasonic power control (An et al., 2025; Ye et
al., 2024). These developments motivate further research on
admittance-characteristic-based tracking methods for achiev-
ing stable ultrasonic power output.

Compared with conventional PLL-based tracking,
admittance-based resonance estimation is less sensitive
to controller tuning and can reduce frequency jitter under
continuous resonance drift. Moreover, unlike sweep-based
methods requiring full-range scanning, the admittance
characteristic enables fast online identification of reso-
nance behavior using real-time voltage and/or current
measurements, which is more suitable for stable ultrasonic-
machining operation. To address these issues, this paper
proposes an ultrasonic power supply design method based
on frequency tracking using the admittance characteristics
of the transducer. By sampling the voltages and currents
at both terminals of the transducer and calculating their
phase difference, the equivalent electrical parameters of the
transducer under operating conditions can be obtained. The
resonant frequency is then identified and tracked in real
time, thereby reducing unnecessary frequency oscillations
and improving output power stability. The proposed strategy
enables fast resonant-frequency tracking and contributes to
stable ultrasonic-machining performance.

2 Ultrasonic power supply main-circuit topology

The main function of the ultrasonic power supply is to out-
put an ultrasonic frequency AC signal to drive the ultrasonic
transducer operation and then to adjust the output signal ac-
cording to the operating conditions to maintain the stability
of the ultrasonic transducer operating conditions. Therefore,
it is necessary to design relevant circuits to achieve these
functions; Fig. 1 shows the design of the ultrasonic power
supply topology of the main circuit.
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The ultrasonic power supply consists of several criti-
cal components, including the rectifier, DC link capacitor,
buck converter, full-bridge inverter, and voltage- or current-
sensing circuits. First, the AC input voltage is rectified by
a diode bridge rectifier, which converts the AC into a regu-
lated DC voltage. The DC link capacitor helps smooth out the
low-frequency ripple, ensuring stable DC supply. The buck
converter adjusts the DC voltage level to a suitable value
to drive the transducer, optimizing power delivery. The full-
bridge inverter converts this regulated DC voltage into high-
frequency AC, driving the ultrasonic transducer. Real-time
voltage- and current-sensing circuits monitor the transducer’s
performance, ensuring that the frequency is adjusted to main-
tain resonance even under varying load conditions. These
components are integrated and controlled by a digital mi-
crocontroller, which implements the frequency-tracking al-
gorithm to ensure stable and efficient operation throughout
the ultrasonic-machining process.

Based on the topology shown in Fig. 1, a laboratory-
prototype ultrasonic power supply was fabricated. The pro-
totype consists of an AC–DC rectifier and DC link stage, a
buck regulator for output amplitude control, a full-bridge in-
verter for high-frequency excitation, and real-time voltage-
and/or current-sensing circuits for frequency tracking and
power regulation.

2.1 Rectifier power module design

The municipal alternating current is 220 V/50 Hz; if one
needs to convert it into ultrasonic signal output then they
would need to rectify it to the DC and then invert it to the
ultrasonic frequency AC output; thus, one needs to design
the rectifier module to rectify it to the DC first. The rectifier
module will first be connected to the utility AC power in the
rectifier bridge, and the sinusoidal wave of AC power will be
converted into DC power. After rectification, the DC voltage
is filtered by the filter capacitor to remove the high-frequency
component higher than 50 Hz, and only the DC voltage with
a small voltage ripple is retained.

As the designed power supply requires the ability to adapt
to different working conditions, the input signal needs to re-
alize that the power can be adjusted. The ultrasonic trans-
ducer is a passive device, and the output power is determined
by the input signal voltage amplitude and frequency and ul-
trasonic processing for ultrasonic frequency requirements,
usually by changing the input voltage size. Commonly used
voltage regulations are the BUCK (Buck Converter) voltage
regulation and the LDO (Low-Dropout Regulator) voltage
regulation of two kinds: in the ultrasonic power supply work-
ing under the large-voltage condition, LDO voltage regula-
tion energy conversion efficiency rather than the BUCK volt-
age regulation is lower and will produce a lot of heat. Thus,
in this design of the voltage regulator, we choose the BUCK
voltage regulation.

Figure 2. Rectifier power regulator circuit design.

The BUCK converter is a type of switching regulator that
steps down the input voltage to a lower output voltage with
high efficiency by switching the power transistor on and off
(Zhang et al., 2023). A Low-Dropout Regulator (LDO), on
the other hand, provides a stable output voltage even when
the input voltage is close to the desired output level and is
commonly used for low-power and noise-sensitive applica-
tions in ultrasonic power supply designs (Guo et al., 2026).

The rectifier power module design used in this paper is
shown in Fig. 2. Through the rectifier bridge, there will be
220 V AC converted into DC, and then this will be filtered by
the filter capacitor C1, which will filter out the AC signal and
which filters capacitance according to Eq. (1).

C1 =
0.289I
fU ·Acv

(1)

In the formula, 0.289 is a constant determined by the ripple
coefficient Acv (Liu et al., 2020; Yang et al., 2020; Brezak
and Filipović-Grčić, 2017; Xu et al., 2016), f is the reference
operating frequency, U is the maximum operating voltage,
and I is the maximum operating current. According to the
operating frequency of 40 kHz, the maximum output voltage
of 220 V, and the maximum output current of 0.5 A, the ripple
coefficient Acv is taken to be 0.1, and the capacitance value
is calculated to be 780 µF, and a 1000 µF capacitor is selected
for filtering considering redundancy.

The subsequent regulator circuit uses Q1 as a switching
tube to control the voltage’s on and off times to change the
size of its output voltage and uses the capacitor C2 voltage
continuity characteristics of voltage stabilization, along with
the use of inductance L1 current continuity characteristics of
current continuity, to ensure that the voltage and current are
stable and do not jump. At the same time, the use of C2 and
L1 forms a low-pass filter to filter out high-frequency signals
to maintain a stable output voltage amplitude.

In implementation, the rectifier stage uses a diode-bridge
rectifier followed by a DC-link capacitor (C1) to reduce the
50 Hz ripple. The regulated DC bus is then generated by a
buck converter using Q1 as the switching device, together
with L1 and C2 to form a low-pass output filter. The duty
cycle of Q1 is controlled by the microcontroller to adjust the
DC bus voltage, which determines the excitation amplitude
of the inverter stage.
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Figure 3. Sampling circuit.

2.2 Running condition detection circuit design

The circuit needs to sample voltage and current for phase
comparison, which, in turn, outputs a phase error signal.
Voltage sampling is done using resistor voltage division,
and current sampling is done using a current transformer,
which has a small phase delay and the precise phase of the
sampled value. The power supply uses a microcontroller,
STM32F103CBT6; this model has three 10-channel 12 bit
analog-to-digital converters (ADCs) and can directly read
the signal fed into the microcontroller in order to calculate
the transducer operation voltage and current size, vibration
frequency, and other information to become the ultrasonic
power supply control of the data measurement basis. The
sampling circuit is shown in Fig. 3.

The model of the microcontroller used a voltage of 3.3 V.
ADCs cannot recognize a voltage higher than 3.3 V, while the
transducer operates at a voltage of more than 100 V to protect
the microcontroller from damage by the large voltage; hence,
we employ a voltage divider for the sampling of voltage and
current The ultrasonic transducer designed in this paper and
its vibration system require a maximum voltage amplitude of
200 V; the current is not greater than 1 A while taking into
account the impact of reducing the measurement of the vi-
bration system; the selected voltage measurement arm resis-
tances of 1 M� and 1 k�; and the current measurement arm
resistance of 1�.

To ensure safe and accurate acquisition, the high-voltage
transducer terminal voltage is scaled down by a high-
impedance divider before being fed into the ADC channels of
the STM32F103CBT6. The current is measured either by a
current transformer with small phase delay (for online track-
ing) or by the voltage drop across a 1� precision resistor
in the validation setup (as shown in Figs. 3 and 10). Both
voltage and current signals are conditioned by resistance–
capacitance (RC) filtering and shifted to match the ADC in-
put range (0–3.3 V), enabling real-time computation of am-
plitude and phase difference.

Figure 4. Ultrasound power control drive circuit (designed by Al-
tium Designer).

2.3 Control circuit design

This circuit takes digital control to generate ultrasound sig-
nals. With the choice of the AD9833 programmable wave-
form generator, the generator can produce high-precision
square-wave outputs. When the main frequency clock is set
to 25 MHz, we can achieve a 0.1 Hz resolution output signal;
the main frequency clock of 1 MHz can achieve a 0.004 Hz
resolution output signal, and the use of three serial interfaces
to write data is easy for the microcontroller chip to use in
relation to its control. This article uses Altium Designer to
draw the ultrasonic power drive control circuit (Fig. 4).

In an ultrasonic power supply, the inverter circuit has a
direct voltage connection to the grid, but the control circuit
should not be directly connected to the grid. In addition, the
operating voltage of the switching circuit varies greatly and
also does not allow the control circuit to be directly cou-
pled with it. IR2110 is a self-contained opto-coupler isola-
tion and electromagnetic isolation or drive module, with the
advantages of small size and fast speed. Therefore, we chose
IR2110 as the core design of the isolation coupling circuit,
which, on the one hand, can ensure the stability of the con-
trol signal and, on the other hand, can also ensure the safety
and reliability of the power supply.

The ultrasonic excitation signal generated by AD9833 is
used as the reference for the inverter. The power stage adopts
a full-bridge inverter topology to convert the regulated DC
bus into a high-frequency AC voltage for driving the trans-
ducer. Gate signals are isolated and amplified by IR2110 gate
drivers to guarantee safe operation and fast switching. The
inverter-switching frequency is updated in real time by the
frequency-tracking algorithm, while the excitation amplitude
is adjusted through the DC bus regulation (buck stage), form-
ing a dual-loop control for stable output power.
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Figure 5. Block diagram of the power supply control program.

2.4 Control programming

The stabilized output of the ultrasonic power supply
is mainly realized by two closed-loop control systems.
(1) Power closed-loop control design uses the duty cycle
of the PWM (pulse width modulation) signal to adjust the
equivalent output voltage of the switching tube, and the out-
put voltage is stabilized and the noise is reduced to obtain
the controllable output power. The amplitude of the output
voltage is changed to ensure the stabilization of the current
flowing through the two ends of the transducer. (2) Frequency
closed-loop control design entails collecting the voltage and
current at the end of the transducer and its phase difference to
be able to calculate the resonant frequency of the ultrasonic
vibration system based on the system in order to realize the
frequency search and tracking. Therefore, according to the
above ideas, this paper adopts the ultrasonic power control
program block diagram shown in Fig. 5.

In this control system, the display and matrix keyboard
are used to realize human–computer interaction. When the
configuration of the ultrasonic power supply system is to be
changed, it is only necessary to modify the software param-
eters through the matrix keyboard without having to modify
the hardware or burn in the program from scratch. There-
fore, when the resonant frequency of the load transducer is
changed, only the internal parameters of the program need to

be reconfigured; the circuit does not need to be changed. The
control program was developed using Keil5.

3 Research on frequency-tracking method

The output state of the transducer only changes significantly
with frequency when it is near the resonant frequency, and so
it is necessary to search for the initial resonant frequency of
the transducer before frequency tracking can be performed.
At the series resonant frequency, the ultrasonic transducer is
at its lowest impedance, which can be utilized to compare
the magnitude of the current at each frequency in the spectral
range at the same voltage and to find the resonant frequency
of the ultrasonic transducer after mounting by selecting a
point where the current is the highest (Casper et al., 2012;
Wang et al., 2020; Xing et al., 2012).

The frequency-tracking method proposed in this work op-
erates by sampling the voltage and current signals at both
terminals of the ultrasonic transducer. The signals are used
to calculate the phase difference, which is then used to re-
construct the equivalent impedance of the transducer. This
real-time impedance information is used to estimate and
track the resonant frequency of the system. The system oper-
ates with a two-step frequency transformation, enabling fast
convergence to the resonance frequency without requiring
full-range scanning. The control algorithm employs a feed-
back loop that adjusts the frequency of the inverter, ensur-
ing that the transducer remains at its optimal resonance point
even under dynamic load conditions. The integration of this
method into the overall system allows the ultrasonic power
supply to maintain stable performance and efficient operation
during machining despite fluctuations in load or impedance.

3.1 Frequency-tracking principle based on transducer
conductance characteristics

The equivalent model of the ultrasonic transducer is shown in
Fig. 6. Among them, R0 and C0 are static parameters, which
will not change with the change in the ultrasonic transducer’s
operating condition, and Lc, Rc, and Cc are its dynamic pa-
rameters, which will change with the change in the operating
condition. The frequency drift of the ultrasonic transducer in
operation is reflected in the change in its dynamic parame-
ters, and, conversely, as long as the dynamic parameters are
known, the resonant frequency of the ultrasonic transducer in
operation can also be calculated inversely.

In the equivalent electrical parameters shown in Fig. 7, R0
is a very large resistor, which is usually treated as a broken
circuit when in use. C0 is a certain value, which does not
change with operating conditions and can be measured in ad-
vance. This can be known through the circuit principle. The
voltage U , current I , and frequency ω of the whole system
can be expressed as

U = Z · I (2)
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Figure 6. Equivalent model of ultrasonic transducer.

or

I = Y ·U. (3)

Z is the total impedance of the model, and Y is the total con-
ductance.

Z =
Z1Z2

Z1+Z2
(4)

Included among these,

Z1 =
1

jωC0
, (5)

Z2 = jωLc+
1

jωC0
+Rc. (6)

Expressing this in the form of a conductor, we would obtain

Y0+Y1 = Y =G+ jB =
1
R0
+ jωC0+

1

R1+ j
[
ωL1−

1
ω
C1

] . (7)

In this equivalent circuit, Y is the total conductance of the
piezoelectric device, and Y0 and Y1 are parallel and series
branch conductance. The horizontal coordinate is taken to
denote the conductanceG (real part of the conductance), and
the vertical coordinate is taken to denote the conductance B
(imaginary part of the conductance).

When the frequency changes in the range around the res-
onant frequency, the end trajectory of the phase vector of Y1
is represented by Eq. (8).(
G−

1
2R1

)2

+B2
=

(
1

2R1

)2

(8)

When the phase vector terminal of Y1 is rotated by 1 week,
the phase vector terminal of Y0 is generally small with the
frequency change, which is approximated as a constant, and
Y0 is a purely imaginary number. Therefore, the trajectory
circle of Y1 is translated upward along the longitudinal axis
in the complex plane. The trajectory of the phase vector ter-
minals of the total conductance with frequency change can

Figure 7. Ultrasonic transducer total conductance diagram.

be obtained as shown in Fig. 7, which is the so-called con-
ductance circle.

Using the conduction circle diagram, the equivalent cir-
cuit of the piezoelectric device and some other important
parameters can be derived from the diagram. One can see
three pairs of resonance frequencies: Fs mechanical (series)
resonance frequency and Fp parallel resonance frequency,
Fm maximum conduction frequency and Fn minimum con-
duction frequency, and Fr resonance frequency and Fa anti-
resonance frequency. For routine applications, only Fs and
Fp are needed, which, in general, can be approximated as
follows: Fs ≈ Fm ≈ Fr and Fp ≈ Fn ≈ Fa. For a circle, only
three points are needed to determine the center and radius of
the circle. Specifically, for an ultrasonic transducer, the series
resonant frequency can be searched for with at least two fre-
quency changes in addition to the operating conditions. Since
C0 does not change with operating conditions, the series res-
onant frequency ω values can be calculated after determining
the center and radius of the circle.

It should be noted that the feasibility of using only two fre-
quency transformations is rooted in the admittance behavior
of the transducer near resonance. In the resonant neighbor-
hood, the admittance locus of the motional branch can be
approximated by an admittance circle on the conductance–
susceptance plane, and the total conductance G(f ) presents
a single-peak characteristic around the series resonance fre-
quency. Therefore, the change trend of conductance between
two adjacent excitation frequencies provides sufficient di-
rectional information: if G(f2)>G(f1), the excitation fre-
quency is approaching resonance; otherwise, it is moving
away from resonance. Based on this monotonic trend in the
local neighborhood, the algorithm can rapidly move the exci-
tation frequency into the resonance region and then perform
fine adjustment for stable tracking.
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Figure 8. Frequency-tracking flow.

3.2 Frequency-tracking process

The ultrasonic power supply detection module will collect
the voltage and current for comparison of zero (values); when
the size of the two becomes zero and the time interval is very
small, it can be assumed that, at this time, the phases of the
two are the same in the state of resonance. When the two
over-zero time intervals cannot be ignored, this moment is
not in a resonance state, and so the need to adjust the out-
put frequency in relation to the transducer resonance state
arises. At this time, one can use the operating conditions col-
lected by this method to calculate the resonant frequency at
this moment and to change the output frequency of the ultra-
sonic power supply so that it remains in the resonant output
state. The flow of output frequency tracking of the ultrasonic
power supply is shown in Fig. 8.

Because the correction is derived from real-time voltage–
current measurements, the proposed method can adapt to res-
onance drift caused by load changes, temperature rise, and
abrasive-assisted machining conditions.

To ensure convergence of the two-step search, the initial
frequency step 1f0 should be selected such that the reso-
nance region is not skipped. In practice, this can be satisfied

by limiting 1f0 to be smaller than the effective resonance
bandwidth, which is related to the mechanical quality factor
Q. A commonly used approximation is

1(f )BW ≈
fr

Q
; (9)

thus, 1f0<1fBW is recommended for stable convergence.
If the initial step is too large, the conductance monotonic-
ity around resonance may no longer hold, and the algorithm
could overshoot the resonance peak. Therefore, the proposed
method adopts a coarse-to-fine strategy: a moderate initial
step is used to approach the resonance neighborhood, fol-
lowed by a smaller step for fine tracking.

Compared with sweep-based resonance searching, the pro-
posed method estimates the resonance direction from admit-
tance variation and converges to the series resonance fre-
quency using only two frequency transformations, thereby
reducing searching time and suppressing unnecessary fre-
quency oscillations.

4 Experimental verification

In this study, resonance frequency-tracking accuracy and out-
put stability (frequency deviation and power fluctuation) are
selected as key indicators to validate the effectiveness of the
proposed method because these factors directly affect vibra-
tion amplitude stability and machining consistency.

4.1 Experimental verification of ultrasonic power supply
frequency tracking

To evaluate the proposed ultrasonic power supply design
and frequency-tracking strategy, the following indicators are
adopted: (i) resonant-frequency estimation accuracy, quanti-
fied by the frequency deviation |1f | and relative error with
respect to the impedance analyzer measurement; (ii) online
tracking feasibility under power-driven excitation, verified
by waveform measurement and phase response; and (iii) out-
put stability reflected by reduced frequency oscillation dur-
ing resonance locking. The impedance analyzer result is used
as the reference (ground truth) for resonance frequency com-
parison.

A prototype ultrasonic power supply was fabricated to val-
idate the proposed design and tracking method, as shown in
Fig. 9. The hardware integrates the rectifier and buck regula-
tion stage, the full-bridge inverter, the STM32-based control
board, and the voltage and/or current sensing circuits on a
custom printed circuit board (PCB). During experiments, the
microcontroller unit (MCU) outputs frequency commands to
the waveform generator (AD9833), and the inverter drives
the transducer with a high-frequency excitation voltage. The
sensed voltage and/or current signals are sampled by the
ADC, and the resonance frequency is updated online accord-
ing to the proposed two-step frequency transformation strat-
egy.
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Figure 9. Fabricated power supply (left) and used ultrasonic transducer (right). The transducer is rated at 100 W/40 kHz and employs a hard
PZT ceramic stack.

Using 60 V to drive the transducer, the current flowing
through the transducer can be obtained by measuring the 1�
precision resistor connected in series to the transducer on the
measurement circuit (Fig. 3) with the same structure as this
power supply, and then the phase can be calculated by cal-
culating the time difference between the voltage and current
crossing the zero point. The voltage–current time difference
across the zero point is shown in Fig. 10, and the phase dif-
ference is calculated as shown in Eq. (8). In Fig. 10, CH1 is
the sampled transducer terminal voltage. CH2 is the current-
sensing signal obtained from the voltage drop across the 1�
precision resistor connected in series with the transducer.
Therefore, Fig. 10 presents the measured voltage and current
waveforms for phase calculation rather than the input–output
voltages after the transducer.

The phase difference between the voltage and current is
calculated as follows:

θ =
t(v)− t(i)

1
f

· 360= f [t(v)− t(1)] · 360. (10)

The selected transducer (which adopts a hard PZT (lead zir-
conate titanate) piezoelectric ceramic stack as the active ele-
ment for high-power ultrasonic excitation) is designed with a
power of 100 W and a frequency of 40 kHz, and the charac-
teristic parameters of the ultrasonic transducer are measured
using a PV520 impedance tester as shown in Table 1, and the
resonance frequency of this type of ultrasonic transducer is
measured to be 41 262 Hz under no load conditions.

This difference is mainly due to the small-signal measure-
ment condition of the impedance analyzer and the power-
driven operating condition used in the proposed method.
Considering the fact that the transducer design frequency is
40 kHz, three theoretical calculation frequencies around this
frequency – 39.5, 40, and 40.5 kHz – are selected to mea-
sure their voltage and current phase data. The measurement
results are shown in Table 2.

According to the admittance definition, the magnitude of
the admittance is given by

|Y | =
|I |

|U |
. (11)

Thus, the conductance and susceptance can be expressed as

G= |Y |cosθ, B = |Y |sinθ. (12)

Using the measured |Y | and phase angle θ , three representa-
tive points on the admittance circle can be obtained.

R1(2.46× 10−4,−8.23× 10−5)
R2(3.21× 10−4,−2.20× 10−4)
R3(1.53× 10−4,−3.33× 10−4)

(13)

Based on these three points, the corresponding derivative cir-
cle equation is solved as follows:

(G− 0.000187)2
+ (B + 0.00028)2

= 0.0001352. (14)

This gives the series resonant frequency.

fS =
0.0002

6.743× 10−9 = 41320Hz (15)

The resonance frequency of 41 320 Hz obtained by this
method is very close to the 41 262 Hz measured by the
impedance tester, with a frequency difference of 58 Hz,
which is in the frequency band that allows the ultrasonic
transducer to vibrate with high efficiency and can be used
to drive the ultrasonic transducer, proving that it is possible
to search for and track the resonance frequency of the ul-
trasonic transducer using this method. These results demon-
strate that the proposed method achieves accurate resonance
estimation (58 Hz deviation, 0.14 % relative error) with fast
convergence since only two frequency transformations are
required instead of full-range scanning.
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Figure 10. The phase difference calculation (CH1 is the transducer terminal voltage, and CH2 is the current-sensing voltage measured across
the 1� series resistor).

Table 1. Characteristic parameters of ultrasonic transducer.

Fs 41 262 Hz L1 81.10 mH Fm 41 262 Hz Gmax 163.01 ms
R1 6.13� C1 0.1834 nF Zmin 6.07� F0 41571 Hz
Fp 41 880 Hz C0 6.743 nF Zmax 43 114� Qm 3427.4
CT 6.927 nF Keff 0.1711 F1 41 257.3 Hz F2 41269.4 Hz

Table 2. Measurements of transducer operating conditions.

Frequency (kHz) Voltage (V) Current (A) Phase (°)

39.5 84.7 0.022 76.93
40 84.69 0.033 75.17
40.5 84.7 0.031 71.74

The practical impact of this 58 Hz deviation on electro-
acoustic conversion efficiency depends on the resonance
bandwidth (related to the mechanical quality factorQ). Since
the deviation is only about 0.14 % relative to 41 262 Hz, it
represents a small detuning in typical high-power ultrasonic
systems and is expected to cause only a limited reduction
in conversion efficiency and acoustic amplitude while main-
taining stable power output. Moreover, the impedance ana-
lyzer measures the transducer under small-signal conditions,
whereas the proposed method identifies the effective reso-
nance under actual power excitation, where temperature rise
and nonlinear behavior may shift the operating resonance fre-
quency slightly. Therefore, a small offset between these two
measurements is reasonable in high-power operation.

The proposed resonance frequency-tracking method has
direct relevance to ultrasonic-machining applications. In ul-

trasonic machining, the resonant frequency of the transducer
can drift due to changes in load, temperature, and material
properties. These variations can lead to fluctuations in the
ultrasonic power output, affecting machining efficiency and
precision. By continuously tracking the resonant frequency
in real time, the proposed method ensures stable operation
of the ultrasonic system, maintaining consistent power out-
put even under dynamic conditions. This stability is criti-
cal for improving the consistency and quality of ultrasonic-
machining operations, such as cutting, drilling, and polishing
of hard materials.

4.2 Robustness under load variation and abrasive
machining conditions

During ultrasonic machining, the operating load may vary
significantly due to changes in contact force, material re-
moval conditions, and the presence of abrasive particles in
the processing medium. Such variations modify the mechan-
ical damping and boundary constraints of the transducer–
horn–tool system, which results in changes in the trans-
ducer’s equivalent electrical parameters and resonance char-
acteristics. In practice, these effects are manifested as a drift
of the resonance frequency and a change in the admittance
and/or conductance response around resonance.
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The proposed two-step frequency-tracking strategy is in-
tended to be robust under these disturbances because it deter-
mines the frequency correction direction based on the mea-
sured voltage and current at the transducer terminals (i.e., ad-
mittance and/or conductance characteristics) rather than de-
pending solely on phase-locking behavior. Specifically, when
load variations cause a sudden resonance shift, the first step
performs a coarse frequency correction to rapidly move the
excitation frequency back into the resonance neighborhood.
The second step then carries out a fine adjustment to reduce
unnecessary frequency oscillations and to improve steady-
state stability of the output power. Therefore, under typical
machining disturbances (including abrasive-assisted condi-
tions), the method is expected to maintain stable resonance
tracking with limited detuning and improved power stability.

It should be noted that, under extremely rapid or highly
nonlinear load disturbances, the algorithm may require ad-
ditional iterations to re-enter the resonance neighborhood.
However, since the method continuously updates the fre-
quency based on real-time electrical response, it can still con-
verge to the effective operating resonance and maintain sta-
ble ultrasonic excitation.

4.3 Comparison with conventional resonance tracking
methods

Conventional resonance tracking methods for ultrasonic
power supplies mainly include PLL-based tracking,
impedance scanning and/or analysis, and maximum-current
searching. PLL-based approaches achieve resonance track-
ing by phase locking; however, their dynamic response
and stability strongly depend on PID parameter tuning.
Under continuously drifting resonance, PLL control may
lead to frequency jitter and power oscillation. Impedance-
scanning methods can provide high accuracy by sweeping
multiple frequency points, but the scanning process is time-
consuming and may introduce extra detuning loss, resulting
in increased energy consumption and reduced suitability
for rapidly changing loads. Maximum-current tracking has
low hardware complexity, but it may become less reliable
under varying load conditions because the current peak
can be distorted by changes in the matching network and
load-dependent impedance characteristics.

In contrast, the proposed two-step method determines the
frequency correction direction based on the real-time electri-
cal response (admittance and/or conductance features) of the
transducer under operating conditions. The resonance neigh-
borhood can be reached with only two frequency transfor-
mations, which improves tracking speed and reduces unnec-
essary frequency oscillations. Over extended operation pe-
riods, this contributes to reduced reactive power circulation
and detuning loss, improving output power stability and po-
tentially lowering energy consumption. The hardware imple-
mentation remains relatively simple, requiring only voltage
and/or current sampling and microcontroller-based compu-

Figure 11. Dynamic tracking response comparison under reso-
nance drift.

tation without additional dedicated phase detector modules
or impedance sweep functions. A summary comparison is
provided in Table 3.

4.4 Dynamic response comparison under load
variations

Under practical machining conditions, the resonance fre-
quency of the transducer–horn–tool system may drift due to
temperature rise and load variation. For PLL-based tracking,
the closed-loop response is highly dependent on PID tuning;
when resonance drifts rapidly, the PLL may show overshoot
or oscillate, resulting in frequency jitter and power instabil-
ity. In contrast, maximum-current searching detects the res-
onance based on the current peak, which is computationally
simple; however, under varying load and matching network
changes, the current peak may shift and become distorted,
leading to tracking bias and degraded accuracy.

The proposed two-step admittance-based method relies
on real-time voltage–current measurements and admittance-
related characteristics, which reflect the effective operating
resonance under actual driving conditions. When a sudden
load variation occurs, a coarse update rapidly drives the ex-
citation frequency back into the resonance neighborhood fol-
lowed by a fine adjustment to suppress oscillation. As a re-
sult, the proposed method is expected to provide improved
robustness against temperature drift and transducer charac-
teristic variation, with reduced steady-state frequency jitter
and enhanced power stability. A qualitative comparison of
dynamic response among the three methods is illustrated in
Fig. 11.

4.5 Resonant-frequency shift analysis

A small but consistent frequency offset is observed between
the resonance frequency identified by the proposed power
supply and the resonance obtained from the impedance an-
alyzer. This discrepancy can be explained by three main fac-
tors.
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Table 3. Comparison of resonance frequency-tracking methods for ultrasonic power supplies.

Method Principle Required Tracking Energy Hardware Remarks
measurement speed consumption complexity

over long
operation

Analog/digital Lock phase to Voltage and current Medium Medium; may Medium–high Sensitive to PID
PLL resonance phase (phase detector/ oscillate if PID tuning; possible

digital phase) not well tuned frequency jitter

Impedance Sweep frequency Voltage and current Slow Higher (frequency High Accurate but
scanning/ to find impedance over multiple scanning causes time-consuming;
analysis minimum frequency points detuning loss) not suitable for

fast dynamic load

Maximum-current Search maximum Current only Fast–medium Medium; Low Simple but error
tracking current point may misjudge may increase when

under load impedance curve
change distorts

Proposed two-step Use admittance/ Voltage and current Fast Lower (reduced Low–medium Requires accurate
admittance-based conductance (magnitude + phase detuning + less sensing; step-size

characteristics + via sampling) oscillation) guideline needed
two-step search

1. Small-signal vs. power-driven operating condition. The
impedance analyzer characterizes the transducer un-
der small-signal excitation, while the proposed method
identifies the effective resonance under actual driving
power. During high-power operation, temperature rise
and mild nonlinear electromechanical behavior may
shift the effective resonance frequency, leading to an
offset relative to the small-signal reference.

2. System latency. In the proposed implementation, the
sampling of voltage and/or current, the digital compu-
tation, and the PWM update introduce a finite delay,
which may cause a slight bias when the resonance drifts.
Nevertheless, since the observed offset is stable and
small, latency is considered to be a secondary contribu-
tor.

3. Algorithmic discretization. The frequency search uses
a finite step size and a stopping criterion. As a result,
the identified resonance may deviate by a small amount
within the step resolution. This residual deviation may
also contribute to the observed offset.

Overall, the impedance analyzer result can be treated as
a small-signal reference, whereas the proposed method pro-
vides an in situ estimation of the effective operating reso-
nance under real excitation conditions, which is more rele-
vant for stable power transfer during ultrasonic machining.

4.6 Limitations and further validation

It should be noted that the current experiments mainly
validate the feasibility and resonance estimation accuracy

of the proposed method using a fabricated prototype and
impedance analyzer benchmarking. Comprehensive dynamic
tests under varying machining loads, temperature rise, and
different boundary constraints were not included in the cur-
rent work.

In practical ultrasonic machining, rapid load variation,
thermal drift, and boundary condition changes may lead to
continuous resonance migration and transient disturbance.
Since the proposed strategy reconstructs admittance infor-
mation from real-time voltage and/or current sampling, it has
the potential to compensate for resonance drift online without
full-range scanning, which is promising for dynamic operat-
ing conditions.

5 Conclusion

This paper presented an ultrasonic power supply design and
a fast resonance frequency-tracking strategy based on the
transducer admittance characteristics under operating con-
ditions. The proposed approach reconstructs the admittance
information from real-time voltage and/or current sampling
and estimates the series resonance frequency using a two-
step frequency transformation, thereby reducing unneces-
sary frequency oscillations and improving output stability in
ultrasonic-machining applications.

The main conclusions and contributions of this work can
be summarized as follows:

1. An admittance-based resonance estimation and track-
ing method was developed for ultrasonic power sup-
plies. Unlike conventional PLL-based tracking meth-
ods, which may suffer from controller–parameter sen-
sitivity and frequency jitter, the proposed strategy es-
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timates resonance behavior through operating-point ad-
mittance reconstruction and avoids full-range frequency
scanning. This significantly improves the robustness
and stability of the ultrasonic power supply under dy-
namic operating conditions, such as load changes and
temperature variations.

2. A prototype ultrasonic power supply with integrated
voltage and/or current sensing and embedded control
was fabricated to validate the proposed method. Exper-
iments with a 100 W and 40 kHz piezoelectric trans-
ducer showed that the resonance frequency estimated
by the proposed method was 41 320 Hz compared with
the 41 262 Hz measured by an impedance analyzer. The
frequency deviation is 58 Hz, corresponding to a relative
error of 0.14 %, which demonstrates the accuracy of the
proposed resonance estimation strategy under power-
driven conditions.

3. The proposed method can locate and lock the reso-
nance frequency using only two frequency transforma-
tions, demonstrating fast convergence and low imple-
mentation complexity. This is particularly beneficial for
real-time ultrasonic-machining applications, where res-
onance drift frequently occurs due to varying loads and
temperature conditions. By ensuring continuous and
stable power output, the proposed method contributes
to enhanced machining consistency, efficiency, and pre-
cision in ultrasonic processing tasks.

Future work will include conducting systematic experiments
under varying mechanical loads, temperature rise conditions,
and boundary constraints. Further evaluation of dynamic
tracking performance will be conducted, focusing on con-
vergence time, steady-state frequency jitter, and the impact
of real-world machining conditions on the accuracy of the
resonance tracking method.
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