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Abstract : Piezoelectric transducer (PT) is the key component in power ultrasonics. Its vibration amplitude
directly reflects the performance of the transducer. The real time measurement of amplitude is seldomly reported
and difficult to be realized due to the high frequency and confined space to accommodate a sensor. Currently, there
are no viable solutions for monitoring the amplitude when the tool is engaged in the material. We present a real
time, low-cost amplitude monitoring strategy of the PT, incorporating voltage, current and resonant frequency. The
piezoelectric and wave transmission equation are combined with the displacement and force boundaries. The
displacement amplitude of the PT is predicted by the established numerical model based on the voltage, current and
resonant frequency. Validating experiments are conducted and experimental results demonstrate that the amplitude
measurements have a good agreement with the mathematic simulation, which has confirmed the validity of the
proposed technique.
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equation.

1. Introduction

A piezoelectric transducer (PT), which converts
electrical power into mechanical vibration in high
frequency (more than 15 kHz), is the key component in
power ultrasonic systems [1, 2]. Currently, PTs are
being widely used in various industrial processes, such
as rotary ultrasonic machining (RUM), ultrasonic
plastic soldering (UPS), and wire bonding (WB). RUM
is an efficient material removal process which has been
proved to improve the machining efficiency and the
surface roughness of the workpiece by using the 20~40
kHz ultrasonic energy [3-7]. UPS can achieve material
formation and fabrication in a higher efficiency
compared to the traditional process [8]. WB is an
advanced technology of fine-pitch package for the
microelectronics devices, where with a frequency
higher than 55 kHz can achieve the bonding
connections in a faster and greener manufacturing
[9-12]. These examples show that the vibration
amplitude of the PT is of great significance to promote
the efficiency, quality and uniformity of the machining
processes [13-15]. Moreover, the vibration amplitude
is affected due to the constantly changing force and
thermal effects during the fabrication process [16-17].
Therefore, it is necessary to monitor the vibration
amplitude of the PT when the force is present.

In order to measure the displacement amplitude of
the PT, Laser Doppler Vibrometer (LDV) apparatus is
widely used. Many researchers choose to use this optic
sensors and data acquisition systems (Polytech or
KEYENCE) to measure the vibration amplitude.
However, the optical method is unsuitable for
collecting vibration samples in real time in harsh
working environment, as well as in a confined space,
such as in water, fog, smog and tool tip when engaged

with the material [18]. Moreover, this expensive
testing method has a limited access in industrial
application. In academic, Zhou et al. proposed the
amplitude  prediction method of a giant
magnetostrictive ultrasonic transducer [19,20]. It is
noted that the model must be performed for any giant
magnetostrictive ultrasonic transducer and this method
is not adapted to the PT. Gaul et al. discovered that, in
the ultrasonic wedge/wedge bonding, the transversal
force is related to the amplitude of the tool [21]. The
predicted amplitude must be calibrated by additional
experiments. Cong and M. A. Moghaddas proposed an
amplitude measurement method by using the
microscope to observe the machined surface due to the
marks caused by the cutting tool [22, 23]. The
microscopic measurement is done off-line and is only
applied to plastic materials, which demonstrated a low
precision. Saber et al. proposed a model to predict the
vibration amplitude of high-power PT by using
temperature measured by a thermo-couple and
estimated the power transmission to the air [24, 25].
The downsides of this model are the high dependence
on the environment, and low accuracy of complicated
heat dissipation. Ning et al. established a mechanistic
amplitude model through cutting force of brittle
materials [26]. The major limitation of this model is
the high-cost of the dynamometer, and the errors
caused by the cutting force are not discussed in the
investigation. Therefore, developing an accurate PT
vibration amplitude prediction model that can work in
real time machining process under harsh working
environment is beneficial to better understand the
tool-workpiece interaction mechanism.

In recent years, many scholars are dedicated for
the investigations on the dynamic characteristics of the



PTs to monitor the vibration amplitude. S. Voronina et
al. proposed an auto-resonant control strategy to
maintain the amplitude under loaded machining
applications [27]. Mohammad Reza Karafi et al.
presented the kinematic equations by solving wave
equations with displacement and force continuous
boundary conditions [28]. The vibration displacement
correlated with the ultrasonic amplitude and the
piezoelectric  stack are established, but the
displacement of PZT stack with current/voltage is not
involved. Zhao et al. studied the stability of
longitudinal-torsional rotary ultrasonic transducer
considering load effects [29, 30]. The transfer matrix
of wave equation based on the piezoelectric equation is
combined to derive the relationship between current,
impedance and amplitude. It is mentioned that
vibration displacement of the piezoelectric stack is
transmitted to the front solid horn. Actually, the
vibration displacement of the piezoelectric stack is
transferred to both side of the PT.

Ultrasonic amplitude of PT is the critical
parameter in determining fabrication performance of
an ultrasonic transducer. However, investigations on all
of the reported methods suggest that no viable solution
are suitable for real-time monitoring amplitude in a
confined space to accommodate a sensor, such as in
water, fog, smog and tool tip when engaged with the
material. In this study, we present a novel amplitude
prediction strategy that is suitable for PT amplitude
real-time monitoring in idle and load conditions. The
vibration amplitude can be monitored with
self-developed ultrasonic generator and predicted by
using the voltage, current and resonant frequency with
a theoretical model. Three PTs, namely RUM, UPS
and WB are used in experiments. Results show that the
predicted vibration amplitude using voltage, current
and resonant frequency are consistent with the
measurements.

2. Analytical model

Fig. 1 presents a typical bolted Langevin-style PT,
which consists of a back slab and a front solid horn,
sandwiching a stack of piezoceramic rings by a
pre-stress bolt. A tool is attached to the solid horn to
ensure the BLT is operated on the material processing,
and one of the longitudinal displacement nodal is
located at the flange where can be clamped with an
external fixture to minimize the energy loss. For any
constant rod of the transducer in Fig.1, lengths and
cross-sectional areas of the sections of the BLT

components are represented in /; and S;; and the right
end is set to x~0 and the left end is set to x=/; (i=1,
2,...,6).

2.1 Flow chart of displacement prediction

Fig. 2 shows the flow chart to predict the
amplitude of a PT, which is calculated based on a
model that is deduced by combining piezoelectric and
wave propagation equations. Based on the
piezoelectric equation, the relationship between the
displacement, voltage/current, and frequency is derived.
The displacement transmission equation of the PZT
stack, horn, and tool is deduced using the wave
propagation equation. Then, the vibration amplitude of
tool tip at the operating resonant frequency with

voltage/current is realized according to the
displacement and force continuous boundary
conditions.

2.2 Dynamic displacement of the PZT stack

The strain-charge form of the piezoelectric effect
of the piezoelectric elements of the PT is described as
follows:

(M

Where, T is the stress, D 1is the dielectric
displacement; cF is acoustic propagation speed; S, is
the strain; e, is the piezoelectric constant; E, is the
applied electric field strength; ¢, is the dielectric
constant. The piezoelectric ceramics used in this study
is PZT-4 [30], and the material parameters are listed in
Table 1. The physical parameters in equation (1) also
satisfy the relationships as follows [25]:

_ . u _ X0 _ q _
55’ E, 15, Sp 15, D S5’ I=2nfq (2)
Where, Fris the integrating load due to deformation
and externally applied force; Ss is the cross-sectional
area of PZT stack; u is the applied voltage; /s is the
length of PZT stack; xo is the displacement of PZT
stack;

_ E
{T =cfS, —e,E,
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Table 1
Parameters of PZT-4
Type Parameters  Value
Density Poa 7500kg/m?3
Elastic
modulus Epa 64.5Gpa
Piezoelectric , 15.1Cm2
constant
Diclectric 6, 1300x8.8541878x 10 12F/m
constant
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q is the charge; 7 is the corresponding current of charge
q as the ultrasonic transducer is operated at harmonic
resonance; f is the resonant frequency. Thus, the
piezoelectric equation is deduced as:

5 s 5

[ 2nfe 2xfe 3)
L % e,
Ss Is Is

The piezoelectric equation consists of mechanical
branch and electrical branch, among which correlates
with each other by the displacement xo and the
externally applied voltage u. In equation (3), the
current / that involves with the displacement xo and the
applied voltage u is just considered in the amplitude
prediction model. Thus, the displacement xo on the
PZT stack can be expressed as follows:

__ 5
N 27 fe,Ss ! e, ! )

The displacement expression suggests that the
amplitude of the PZT stack can be calculated if the
voltage, current and frequency are available as the
geometric dimension and material characteristics of the
PZT-4 stack are determined.

&
X0 d

2.3 Vibration transmission equation of PT
As the cross-sectional area of the PT is smaller
than the 1/4 wavelength of the transducer, the wave

equation of the PT vibrating in harmonic
one-dimensional longitudinal state can be expressed as
[31-33]:
0%d,
o 5)
Where, x; is the location of constant rod; d; is
vibration displacement at location x;; ki=2xf/ci is wave
constant; ¢ =+E;/p; is the sound velocity in the
material; E; is the material elastic modulus; p; is the
horn material density. The displacement expressions of
different parts in Fig. 1 are solved as:
di(x;) = Ay cos(hkyx,) + Ay sin(k,x;),i =1,2,3,4,5,6(6)
Where, 4;1 and A4 are the constant displacement
coefficient of each rod. The displacement and force
continuous boundary condition of rod /; ~ /s at the
adjacent border is as follows:
d;(0)=d; (1)
od;(0) _

+kld; =0

od; ()

axi_l

7
EiSi— —=EuSi ™
Where, E; is the elastic modulus of each rod; §; is

the area of each rod. By applying the displacement and
force  continuous  boundary  conditions, the
displacement equation of the coefficients 4;; and 4, of

I ~ Iscan be deduced as:



Ay = Ay cos(kyly) + 4y sin(kyly)

EySyky Ay = EySiky[=Ay sin(kihy) + 4 cos(kyfy)]

431 = Ay cos(kyly) + Ay sin(kyly)

E3S3ky Azy = ErSyko[—Ayy sin(kyly) + Ay cos(kyly)]

Agy = A3y cos(ksly) + A3y sin(klz)

EySykyAgy = E3S3ks[— 43y sin(ksly) + 43 cos(ksls)]

Asy = Ay cos(kyly) + Agy sin(kyly)

EsSsksAsy = EySykyl—Agy sin(kyly) + Agy cos(kyly)]
Furthermore, the above displacement equations

can be turned into the matrix equation [4;1 4»2]” as:
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Where 7; is the matrix of the transmission

relationship from i-th rod to next adjacent j(j=i+1)-th
rod. The overall transmission matrix from tool end to
PZT stack can be obtained as:
As) _T[An] T = T.TuT-T, = T, T,
= =100 = (10)

As; 12 e Iy

2.4 Vibration amplitude prediction model
As the initial vibration of the PZT stack is derived,
the displacement of tool end can be reversely deduced
by the displacement and force continuous boundary
conditions. Particularly, we can get the displacement
function of constant tool /;:
dy(x)) = 4y, cos(kyx)) + A4, sin(k x;) (11)
By using similar principle of [28], let x; = 0 and
we can get:
di(0) = 4, (12)
It can be seen from (12) that A_predicted=|A11| is
the tool end displacement and also the tool constant
rod /1 maximum amplitude in harmonic state. On the
other hand, the displacement function of /i can be
presented as:

A
dy(x) = 4> + 4, cos(kyx — B). B = arctan(f) (13)
1
It should meet the requirement of
\/1‘1112+1‘1122 S\/1‘1112 (14)
From this equation, we can obtain that 412=0. On
the other word, the displacement coefficient 4;1 and 4,

of (8) and (10) can be calculated in terms of 411. Thus,
the coefficient of 45 and 45> are expressed as follows:

Asp | 1Ty Ty | Ay
|:A52:|_|:Tc Td}[ 0] (13)
The displacement function of PZT stack can be
presented by:
ds(xs) = 4s) cos(ksxs) + Asy sin(ksxs)  (16)

As dynamic displacement of xo is the integrating
both end displacement of PZT stack, it can be realized

from (15) and (16) as:
X =ds(x5) [ 0 ~ds(xs) | = = 4 M 17
M =IT, ~T, cos(ils) T, sin(ls)] a7

Thus, the amplitude expression at the tool tip of the
PT is established by (4) and (17) as:

A predicted = |A1 1| = |—A_voltage+A_current| (18)

A voltage = Sp u (19)
e,M
A currentzlisl (20)
- 27 fe, SsM
The above amplitude prediction A predicted
involves the characteristic parameters such as

geometric dimension (/;, S;), material properties (E;, pi,
ep), resonant frequency (f), voltage(u) and current (/).
The A voltage represents the effect of voltage on
amplitude prediction and the A current represents the
effect of current on amplitude prediction. The resonant
frequency of PTs can be determined using equivalent
circuit method and finite element method (FEM) with
specific materials property and geometric dimension
[10, 34, 35].

3. Simulation analysis

Three types of PT prototypes as RUM, UPS and
WB transducers shown in Fig. 3, are employed in the
experiments to validate the amplitude prediction model.
The dimensions and material properties of PTs are
listed in Table 2. Based on the theoretical model (18),
(19) and (20), we conducted a mathematical simulation
for amplitude prediction, where the effects of electrical
voltage, current on vibration amplitude are defined as
A voltage, A_current. The resonant frequency of RUM,
UPS and WB in simulation are set to be 25.9kHz,
20kHz and 56.5kHz, respectively. The simulation
result is presented in Fig.4. It can be seen that the
vibration amplitude of A voltage and A _current
increases linearly with the elevating of voltage/current
in defined frequency. It is obvious that the current
makes more significant influences on the amplitude
than the one of voltage. Therefore, we can conclude
that the current effect of 4 _current can be regarded as
the predicted amplitude A predicted. The coefficient
between the amplitude and the current of RUM, UPS
and WB transducers are calculated as frum = 0.0351
(um/mA), fues = 0.0221 (um/mA), pws = 0.0109
(Lm/mA).

It is known that the resonant frequency of
transducer is changing by the voltage, temperature, or
force loading. The effect of current and frequency on
the amplitude is simulated and shown in Fig.5. It is
also found that the amplitude turns high with the
increasing of the current. For RUM and WB transducer,
the amplitude reduces gradually when the resonant
frequency turns up. For UPS transducer, the amplitude
elevates as the frequency enhances. The result of Fig. 5



means that the vibration amplitude can be predicted
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when the driving frequency and current is determined.
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Fig.3. Geometry dimensions of transducers: (a)RUM, (b)UPS, (c)WB.
Table 2
Parameters of RUM, UPS and WB transducers.
Type Geometric dimensions Material properties

L =20mm; [, =16mm; /; =16mm; [, =9.5mm;
RUM Is =16mm; D; =6mm; D, =15mm; Dy; =7.6mm;
Dy, =15mm; Dy =15mm;Ds; = 6mm;Ds, =15mm.

PL=P2=P3= Py = 7850kg/m3;

Ps5 = 7500kg/m3;

E = E, = Ey = E, = 215GPa;

Es =64.5GPa.

PL=pPr= 7850kg/m3; P = 2730kg/m3;
Py =7500kg/m’; E, = E, = 215GPa;
E; =71.7GPa; E, = 64.5GPa.

 =60mm; /, =70mm; /5 =48mm;/, =28mm;
UPS D =3Imm; D, =54mm; D; =50mm;

Dy =20mm; Dy, =50mm.

b =26mm; [, =22mmy; /3 =10.2mm;/, =9.2mm,
WB Dy =9.5mm; D, =11.1mm; D; =13.5mmy;

Dy =5mm; Dy, =12.7mm.

Py = p, = py =T850kg/m’; p, = 7500kg/m’;
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4. Experiments and discussion
4.1 Ultrasonic driving and automated monitoring
system

The ultrasonic driving and automated monitoring
system of voltage, current, frequency and amplitude is
developed and used to trigger the PTs. Fig. 6 (a) shows
the hardware schematic of the driving and control

system. In our design, a micro controller unit (MCU)
STM32F103 of Coretex-M3 with a 32-bit processing
speed is selected to control all signals. As the control
core unit of the driving system, this microcontroller
unit (MCU) can meet the high speed, precision control
such as signal generator, frequency tracking, and the
communication to peripherals. The resonant frequency



of ultrasonic transducer specified by MCU is
determined by using the automatic sweep function to
find the maximum admittance and corresponding
initial phase in idle condition. The determined initial
phase mode is used to tune the zero-phase impedance
matching circuit of LC filter that make the matched
phase is approaching zero [36-38]. Especially, the LC
filter of impedance matching circuit and voltage
sampling resistance is shown in Fig. 6 (b). Inductance
Ly and capacitors Ci, C2, C3 of appropriate quantity
and magnitude based on the equivalent -circuit

parameter of ultrasonic transducer can be tuned to
meet the requirement of different operating frequency
that driving at approaching zero phase/impedance
frequency. The resonant frequency is then tracked by
the matched initial phase in long-time excitation.
When the transducer vibrates at a frequency lower than
the matched initial phase, an increased driving

frequency is required. Conversely, if the transducer is
excited in a higher frequency that the actual phase
beyond the matched initial phase,
frequency is
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Fig.6. Hardware of the power ultrasonic system

decreased. The voltage and current of an ultrasonic
transducer are sampled by a parallel resistance of 25k
ohm and a high frequency pulse current transformer,
respectively. Due to the large resistance, the
parallel resistance R _voltage do not have a significant
impact on the power input and output. Fig.6(c)~(e)
shows the hardware of the ultrasonic generator. The
switch power module converts the Alternating Current
(AC) to Direct Current (DC). The STM32F103
microcontroller generates a PWM signal with an
adjustable frequency from 10 kHz to 65 kHz by
specified software control. The full-bridge inverter
circuit and transformer module amplify the small
signal from microcontroller to a high level, and then a
sinusoidal signal is generated by a LC filter module to
transducer. The driving voltage and sweeping
frequency range can be tuned by the function keys so
the ultrasonic generator can trigger different types of
PT. The signals of voltage and current are transferred
to amplifier and voltage/current mean root square

(RMS) conversion chip in Fig.6(d). The transformed
signal of voltage/current are collected by 12 bits ADC
in STM32F103 in sampling rate IMHz. The theoretical
model of amplitude prediction is programmed and
implanted in ultrasonic generator. The voltage/current,
the frequency and the predicted amplitude are
transferred to the LCD for displaying, thus realize the
monitoring of voltage, current, resonant frequency and
amplitude.

4.2 Validating experiment platform

The experimental setup is presented in Fig. 7,
which includes Agilent 4294A impedance analyzer,
ultrasonic generator and PTs. Fig.7 (b) shows real-time
monitoring interface of LCD including: voltage/current,
resonant frequency and amplitude. The vibration
amplitude of the tips of the PTs is measured by a Laser
Doppler Vibrometer (LDV, Polytech HSV 700 Model),
and displayed in a Tektronix MDO3024 Oscilloscope.
An infrared thermometer of AS852B (-50°~750°) is



used for long time excitation test. The resonant
frequency of three PTs is swept by Agilent 4294A
impedance analyzer in Fig.7 (a) and the measured
results are shown in Fig.8 (a) ~ (c). Then, three PTs are
driven by ultrasonic generator in Fig.7 (b) and the
driving voltage, current, amplitude, and operating
frequency are displayed in Oscilloscope. Especially, to
transfer electrical energy to excite the RUM transducer,
a couple of wireless magnetic transformer is adopted.

Agilent 4294A impedance
analyzer

RUM transducer

UPS transducer

transducer

(a) Frequency/impedance measurement

Fig.7. Experiment platform for RUM, UPS, WB transducers
90 5

In Fig.8 (d) ~ (f), the Channel 1 represents the voltage
RMS value; the Channel 2 represents the current RMS
value; the Channel 4 represents the amplitude RMS
value; the Channel 2 Frequency represents the
operating frequency of ultrasonic generator. The data is
sampled in a stable state after running for 10 seconds.
By the data acquired from oscilloscope, driving
voltage and current
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Fig.8. Resonant frequency, current and voltage measurements.

are calibrated and displayed on the LCD in real time as
Fig.7 (b). It can be seen that the resonant frequency
tracked by ultrasonic generator is consistent with the
one swept by Agilent 4294A impedance analyzer in
Fig.8. The measured amplitude from LDV displayed
on the oscilloscope are calculated with the equation as

10324, o

2 f
Where, A measured (um) 1is the measured
amplitude, 4, (mV) is the data collected from

oscilloscope, f (kHz) is the vibration frequency.

A_measured =

4.3 Measurement in idle condition

In experiment, driving voltage, current and
frequency are registered to calculate the predicted
amplitude A4 predicted, which is compared to the

measured amplitude A _measured. Each experiment is
repeated three times and the average value is
calculated at the steady state after 10s to reduce the
thermal influence. It should be noted that as the
voltage/current [ recorded from experiments is in RMS,
0-peak, peak-peak type, the calculated amplitude is
correspondingly attributed to the RMS, O0-peak,
peak-peak type. Also, the

measurement of voltage/current /, measured amplitude
and predicted amplitude discussed in idle condition is
in RMS type. Table. 3 shows the measurement of
voltage/current, frequency of three transducers. The
comparisons of the measured amplitude 4 _measured,
the predicted amplitude A-predicted, the voltage effect
A _voltage and the current effect 4 current are shown
in Fig.9. Despite the predicted amplitude of RUM and



Current (mA)

WB transducers is higher than the measurement in
Fig.9 (a) and (c), the trend of both traces shows a good
agreement. This error is due mainly to the dimensional
inconsistency of the simulation model and real devices.
As a comparison, prediction and measurement of the
amplitude of the UPS transducer in Fig.9(b) are
matched, with an error less than 5%. The average
coefficients of amplitude and current for RUM, UPS
and WB transducer from experiments are as frum =

4.4 Measurement under thermal load

The resonant frequency and impedance of
ultrasonic transducer are changed due to self-heating
effects in a long-time excitation. The cooling method is
necessary to avoid frequency and impedance drifting in
engineering. However, in order to verify the validity of
the amplitude prediction theoretical model, a long-time
excitation of thermal load experiment without cooling
is conducted. RUM transducer is selected for long time
excitation test. An infrared thermometer of AS852B
(-50°~750°) is used for temperature measurement. The
measuring point is on the flange, which is close to the
piezoelectric ceramic. The voltage/current, resonant
frequency, temperature, the measured and predicted
amplitude are shown in Fig.10. The driving voltage is
keeping constantly with feedback control during the

0.0361 (pm/mA), fues = 0.0209 (unm/mA), pws =
0.0093 (um/mA), which are well agreed with the
simulation in section 3. Further, in Fig.9, the voltage
effect A voltage has no significant influence on the
amplitude prediction. Inversely, the current effect
A _current is consistent with the predicted amplitude
A_measured. The experimental testing proves that
current and resonant frequency are the key factors for
amplitude monitoring.

voltage are 15V, 36V and 91V, respectively. The
temperature of ultrasonic transducer is raised with the
power consuming increased with a higher driving
voltage/current. The temperature increases and then
maintains a steady state of self-heating and heat
dissipation. Fig.10 (d)~(f) shows the trend of the
predicted amplitude A predicted, and the measured
amplitude A _measured along with temperature
variations. The predicted amplitude is come from the
mathematic simulation of Fig.5(a). Although there is a
difference  between the predicted amplitude
A_predicted and the measured amplitude 4 _measured,
the trend of both traces shows a highly agreement and
its average errors is less than 10%. Experimental
results indicate that the ultrasonic amplitude can still
be monitored even if the resonant frequency varies in

experiments. In Fig.10(a)~(c), the RMS driving long-time excitation of self-heating effects.
Table 3
Voltage, current and resonant frequency recorded in experiments.
No. 1 2 3 4 5 6 7 8 9 10 11 12
uwv) 12 14 16 17 18 21 23 24 25 26 27 30
RUM I(mA) 78 81 85 89 97 102 106 111 118 120 122 125
fHz) 25963 25943 25931 25905 25899 25899 25893 25891 25875 25872 25863 25835
uwvy) 106 110 116 120 126 129 134 140 145 150 157 160
UPS ImA) 815 845 865 891 903 918 947 972 987 1015 1041 1048
f(Hz) 20073 20068 20062 20057 20051 20054 20046 20045 20046 20036 20033 20035
uwv) 10 11 12 13 14 15 16 17 18 19 20 21
WB I(mA) 331 340 362 376 415 424 424 456 454 468 468 511

fHz) 56347 56344 56343 56345 56341 56337 56342 56328 56326 56311 56315 56311
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Fig.9. The comparison between the measured and the predicted amplitude.
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Fig.10. Comparison between predicted and measured amplitude in excitation time with the temperature effect.

4.4 Measurement under dynamic force load

The schematic and experimental platform of the
RUM transducer under force is in Fig. 11. In order to
measure the force between the tool tip and workpiece,
a force sensor (SBT761A-100kg) is placed between the
upper and lower sliders, where the lower slider is in
contact with the tool tip and the upper slider is loaded
which can be adjusted by tuning the lead screw. The
force is recorded by a digital calibrator. The driving
strategy is keeping the voltage constantly. In order to
reduce the influence of thermal load, a relatively lower
RMS driving voltage of 24V (34V in 0-peak type) is
selected to ensure that the force plays an essential role
in experimental test. The axial force is adjusted by
tuning the lead screw. Experimental results are shown

in Fig.12. The axial force variation of tool end is in Fig.

12(a). The driving voltage 34 V in 0-peak type remains
constantly with or without force, as shown in Fig.
12(b). In Fig. 12(c), the resonant frequency of
ultrasonic transducer changed with the increase of
force load. By comparing Fig. 12 (d), (e) and (f), the
trend of the measured amplitude and the predicted
amplitude is consistent with the current variations.
Since the measured amplitude and predicted
amplitude curves are a quantity of sampling points, the
contour and envelope lines of the measured and

predicted amplitude are compared in Fig.13 and Fig.14.

Laser Doppler
vibrometer

Digital calibrator n Force

-Slider

Force sensor

Tool
RUM
Transducer

Wireless energy
transformer

(a) Schematic

It can be seen that the trend of contour of the predicted
and measured amplitude in Fig.13 (a), (b) shows
highly agreement. Although the error between the
predicted and measured amplitude is fluctuating, the
average error of top contour is less than 15%, and the
one of bottom contour is less than 10%. In order to
evaluate the overall error level of the predicted and the
measured amplitude, fourth order polynomial fitting is
carried out on the top and bottom contour as follows:

YT prediciea ) =—8.176x100x* +2.4813x107" @)

—1.9304x1077x% +7.81182x 100 x +4.32848

YT measured®) =—2.10855x107" x* +5.60225x107x° 23)

—3.9537x107° x> +3.55367x107 x+4.57912

VB prediciea (¥) =3.54138x107x* ~2.12809x107x° 24
+1.87616x107 x% —5.40908 x107° x —4.34485

V8 measured (¥) = 4879341077 x* —8.74664x107 s5)

+4.87936x107 x* —4.44749x107° x~4.28313
Where, V7 predicted, VT measured are top envelop fitting
functions of predicted and measured amplitude;
VB predicteds VB_measured ar€ bottom envelop fitting function
of the predicted and measured amplitude;
x=65535/200¢ is the point position sampled; ¢ is the
time. The fitted line and error are shown in Fig.14(a),

(b). From the
Laser Doppler

> Force sensor Slider
vibrometer

L\ :
Di{,gital RUM
calibrator transducer

(b) Experimental platform

Tool

Fig.11. Amplitude measurement to the transducer in force load.
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simulation of fitting line, the average error between the
predicted and measured amplitude of top envelop
fitting lines is less than 10% in Fig.14(a); the average
error between the predicted and measured amplitude of
bottom envelop fitting lines is less than 6% in
Fig.14(b). Therefore, the experiment results show that
the proposed model is effective in predicting ultrasonic
amplitude of PT in force load.

5 Conclusions

In this study, a novel real-time and low-cost
strategy for monitoring the ultrasonic amplitude of
piezoelectric transducer is presented. It is proved that if
the current and operating resonant frequency are
collected in real time, the amplitude of PTs can be
predicted. Based on the piezoelectric equations of PZT
stack and the wave equation of a solid horn, the
dynamic displacement expression is deduced and
combined with displacement transmission matrix. The
amplitude prediction model of the PTs is established
based on the current and resonant frequency.

Amplitude prediction simulation is involved with
voltage/current and frequency. The proposed model is
programmed and implanted in ultrasonic generator and
an automated monitoring platform for amplitude
measurement is realized. Three types of RUM, UPS
and WB PTs are adopted in the verification
experiments. In addition, a long-time excitation of
thermal effects and force load applied experiments are
conducted on the RUM PT. Validating experiments
show that the predicted amplitude in simulation is
consistent with the measured amplitude, even under
the conditions of thermal effect and force load.
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