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Abstract. Power ultrasonic transducers are commonly used in industrial applications, such as ultrasonic welding and
ultrasonic cleaning. These transducers operate in continuous wave at the resonance frequency, generally around 20
kHz. The driving electronics must follow the resonance frequency in order to obtain maximum efficiency. The
resonance frequency changes with the mechanical load, temperature and also with the amplitude of the driving
voltage. The dependency of the driving voltage is due to the nonlinear behavior of the piezoceramics. Traditionally, the
nonlinear behavior is measured using continuous sinusoidal waves by sweeping the frequency near the resonance of
the transducer. Recent works shows improvements to characterize the transducer when using bursts of sinusoidal
waves, which minimizes the temperature rising which produces changes in the transducer dynamics. This paper
presents a novel technique based on short pulse excitation for the characterization of nonlinear effects of ultrasonic
power transducer. The short pulse excitation technique uses a flat spectrum signal near the main resonance frequency.
Each component of the input spectrum of the signal is equalized to have the same amplitude and zero phase. The
signals are calculated in a computer and sent to an arbitrary function generator, amplified with a power amplifier, and
used as an excitation of the transducer using different amplitude levels. It was also implemented a well known
sinusoidal burst technique for comparison reason. An experimental comparative analysis of both results shows the
differences between the two approaches. It is proposed a simple nonlinear model relating the applied voltage and the
displacement of the end surface. The model gives a very good result in the sinusoidal burst technique, and a fair result
used for short pulse. The temporal signal is obtained by measuring the displacement at the end surface of the
transducer using an optical fiber vibrometer and a digital oscilloscope. The frequency response is obtained by
performing the FFT of the signal corresponding to the mechanical displacement. The short pulse technique is very fast
when compared to the tone burst analysis and the results are very repetitive. The two techniques are applied in the
characterization of two samples of a 20 kHz, 1 KW ultrasonic power transducer.
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1. INTRODUCTION

Piezoelectric ceramics have a linear behavior wtherapplied electric field is bellow 10 kV/m. Namdiar effects
appear above this electric field (Blackburn and nC#006) which normally happens in high power sibric
applications. This work presents theoretical anoeeixnental analysis of a power ultrasonic transdused in polymer
welding applications, shown in Fig. 1. This kinfdt@nsducer is formed by a stack of piezoeleairigs sandwiched
by two metallic masses, operates as a half wavgtHeresonator, and is known as Langevin-type thacsr. The
metallic masses are used to give a pre-stressooft & MPa to the piezoceramics that support mompression than
traction, and to allow better heat exchange. Onadtfier hand, the effect of placing a piezoelectecamic stack
between end masses is to decrease the operatiprefrey of the transducer. At one end of the tracexdis attached a
half wave length mechanical amplifier to increase displacement amplitude. For this type of tranedunonlinear
effects were originally studied in the frequencyr@don. Effects such as frequency shift in resonanodes and the
“Jumping and Dropping” phenomena were reported byngda et al. 2000). Modified constitutive equaticofs
piezoelectric material can roughly predict nonlinbahavior (Gonnard et al. 1998) (Blackburn anchCa007) (Pérez
et al. 1996).

Recent works show the importance to characterizeepailtrasonic transducer using sinusoidal bursteiad of
using continuous wave, because the use of bursiigies the changes due to temperature increaselfCatsal. 2003)
(Blackburn and Cain, 2006). As the continuous wdlve tone burst characterization needs a frequewegp near the
resonance frequency, so this technique becomesciimg&uming. Another possibility, not reported ie fiterature, is
the use of a wideband pulse containing all tlegdencies components near the resonance. The belodpower
ultrasonic transducer operating under high eledigid excitation can modeled by nonlinear diffefahequations, but
there are no closed analytical solution for thishbem. Considering that it is a transient modeg, tlumerical solution
in very high time consuming due to time discreimat This work presents a comparison between the barst and the
short pulse experimental techniques. The experimhensults of these two techniques are used inranpetric non
linear model that allows the calculation of thediand frequency responses.
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Figure 1. Langevin-type transducer. 1)Tail maj®i2zoelectric disk stack; 3) Head mass; 4) machhamplifier
2. THEORETICAL MODEL

The theoretical model proposed by (Blackburn antch,C2007) relates input voltage with generated entrrin the
present work this model was modified, relating inpaitagev; and generated mechanical displacemé)t To reduce
the complexity of the model one can suppose thasyistem is a resonator operating near its reserfa@guency. This
approximation allows the use of only one paramtienodel the nonlinear behavior. The system’s raspaear the
resonance is approximated by a mechanical resooatgposed by a mass, a spring and a damper, éxitad external
force given by the following equation:

i+yx+ wix=F,, (1)
where,y is the damping coefficient per unit of mass, whicbdels the loses of the systam, is the natural frequency
andF, is the external force per unit of mass. The retatietween the linear resonance frequeswagyand the non
linear natural frequencw, is given by the following equation;

w? = w3 + kX 2

where, k is a non linear factor and is the amplitude of the mechanical displacemeiie €xternal forcd=, is
proportional to the input voltagg, the proportionality constastis used as a parameter in the model.

Fext = Av; = AV,cos(w - t) 3)

The measured time dependent displacem@nivhen applying a sinusoidal excitation voltagea dtequencyw, is
given by:

x(t) =X-cos(w-t+ @) (4)
whereg is the phase angle between the input voltagelandisplacement.

Solving Eq. (1) for a monochromatic input one otai

X=—4 ()

(02-w?)*+y2w?

As w? depends ofX, then the Eq. (5) must be solved iteratively. Fég@, shows a flowchart of the iterative
algorithm to obtairk.
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Figure 2. Flowchart of the iterative calculusXof

ERROR is threshold level to ensure convergenceXof The parameter sef\[ 5, a?, k] is adjusted using the
fminsearch function of Matlab (Nelder-Mead simpleethod) where an error function calculates the ratad
difference between the experimental data and thgubof the model.

The maximum amplitude of the curve of amplitudesusrfrequency occurs when:

a((w3-0?)"+r*0?) _ 0 (6)
dw
The solution of Eq. (6) gives the frequency of maxim amplitude given by:

Considering thay is very small compared with2, this term can be neglected and the Eg. (7) besome
Whax = 0§ + k- Ximax (®)
Theoretically, Eq. (8) must be valid for any maximof all the displacement versus amplitude curves.
3. EXPERIMENTAL SETUP AND SIGNAL IMPLEMENTATION
3.1. Signal implementation to sinusoidal burst expéenent

The usual practice to characterize ultrasonic pdvesrsducers is using sinusoidal signals usingquigncy sweep
around the main resonance frequency. The experahprdcedure is repeated for different levels &f ittput voltage,
obtaining the modulus and the phase of the ele&chamnical transfer function of the transducer.

The steady state condition of vibration is necassarobtain the transfer function. Therefore, &l ttransitory
vibrations introduced in the beginning of the bumsist be discarded in the measurement. This proeddcreases the
burst duration. On the other hand, to avoid thepnature rising, the burst should be as short asilple. This means
that we have a compromise between a long duratoeliminate the transitory response and a shoratiur to
minimize the temperature rising. The optimal dunatis experimentally determinate by measuring thgulse response
of the transducer, shown in Fig. 3. It can be ghahthe resonance frequency is 19.86 kHz andlitination of the
transitory response is less than 50ms which cooregpto 1000 cycles of 20 kHz. It is supposed tiiaX(w) signal to
be analyzed should greater than 10 % of maximunliardp X.., which corresponds to a bandwidth of about 200 Hz,
in this case.
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Figure 3. A. Impulse response. B. Spectrum of tiygulse response near the main resonance.
Each sinusoidal burst signal is obtained by usibh@0lcycles of a sine wave which allows doing thexsoneement
on the last 100 cycles avoiding the transitory aagiThe period between two consecutive burststigos2 s which
means that the transducer is excited less thanf3he, reducing thermal effects.

3.2. Signal implementation to short pulse experimen

A short pulse having the same frequency contemiisalset o tone bursts, that is, having a flatueegy spectrum
inside the bandwidth of the transducer can obtained

v(t) =YN_cos(2-m-fn-t) 9)

where,fn is the frequency component) is the number of frequencies used to obtain tgaati The numbeN is
chosen according the number of steps used in tieeliorst experiment.
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Figure 4. Short pulse BW = 200 Hz. Spectrum amgétis scaled form the temporal signal.

The spectrum of the signal is approximately flashewn in Fig. 4. All the frequencies are exciteithwhe same
voltage in a single shot when this signal is agptie the transducer. The power of this short pidgssncentrated in a
time interval of about 10 ms.
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Figure 4 shows that the amplitude of the spectrefative to the maximum of the temporal signdl) is 1%10°
Table 1 summarizes the characteristics of threrdit signals used in the experiments.

Table 1. Bandwidth and spectral amplitude of experital signals.

BW Max spectrum
Bandwidth 1 150 210°
Bandwidth 2 200 1%10°
Bandwidth 3 300 1%10°

3.3. Experimental setup

Figure 5 shows a block diagram of the experimesgélip. A personal computer (PC) is used for cdirigyl data
acquisition and signal processing, using the Maslaftware. The signals are generated by a progrdmen@abitrary
function generator (Agilent 33250A) and amplified & power amplifier (Amplifier Research 800A3) usia fix gain
of 60 dB. The mechanical displacement is measuseé Iphotonic sensor (MTI 2100) and a digital ossitlope

(Agilent DSO 6052A). The oscilloscope and the fimtigenerator are connected to the PC via a GR&face (IEEE
488).

Photonic

Sensor Power
MTI 2100 Transducer

Osciloscope
DSO 6052A

PC
Controland
measure IEEE 488
Bus

Arbitrary Waveform Pow_'er
33250A Amplifier
ARB0O0A3

Figure 5. Experimental setup used in both experimen

It has been experimentally verified, using a résiselectrical load, that the maximum input voltagast be under
400 mV to avoid the nonlinear behavior of the powerplifier. Considering that the amplifier gain@8 dB, the
electric field applied to the piezoceramic is ob&al using the relationship: 1 mV input in the poweenplifier
corresponds to 200 V/m applied to the piezoceramic.

4. SINUSOIDAL BURST CHARACTERIZATION

The results presented in this section are measwed200 frequency points using the bursts desdribesection
3.1. The interval between two adjacent frequenigek Hz covering a bandwidth of 200 Hz. The measumts are
performed using the following input voltages: 1n&hV, 4mV, 8mV, 16mV, and 64mV.

Figure 6 shows the results of the sinusoidal behiaracterization. The results are fitted usingttie®retical model
introduced in section 2. It can be observed thaintlbdel reproduces the results closely.
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Figure 6. Results using sinusoidal bursts. Dofteal (experimental). Model fit (solid line).

The following nonlinear effects are observed intifaasducer response: (a) the resonance frequencgakes from
19.856 kHz to 19.836 kHz when the input voltagedéases from 1 mV to 64 mV; (b) the mechanical qudhctor
decreases and the curves loose symmetry when thigwude is increased.

To validate the theoretical model proposed in sec®, represented by Eq. (8), the experimentalegbf w2,,, is
plotted against the corresponding amplitude ofllasicin X Figure 7, shows the experimental results andheal
approximation. This result shows a good agreemetvtden experimental and the prediction of the pgedanodel.
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Figure 7. Relationship betweesi and the amplitudX for the maximum of each frequency response curve.
Experimental data, solid line “*". Least squardsdiashed line.
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5. SHORT PULSE CHARACTERIZATION

The first step for the short pulse characterizai®ithe signal construction following the procedaetailed in
section 3.2. The selected set for the maximum inpliagev(t) is [50mV, 100mV, 150mV, 200mV, 250mV, 300mV,
350mV]. An input level lower than 50 mV producesraall response that is affected by the noise; enother hand,
the maximum input voltage used is 350 mV not taeexicthe limit of the electronic linear behavior.

Figure 8 shows the result of applying four diffaramplitude levels. The temporal response remairgel for a
longer time than the input signal duration becaheseransitory response of the transducer is aboums.
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Figure 8. Short pulse signal temporal respons@nfart values [50 mV, ..., 350 mV] correspond to thaximum
input voltagev;(t) shown in Fig.4.

To obtain a spectrum that can be compared witlabelt set obtained in the burst mode, the totaladidurationr
and the sampling frequendyme Must be selected. The number of samples to beradd¥y,mye is the product of
these last two values.
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Figure 9. Short pulse excitation results (greenjrput range [50mV, 100mV, 150mV, 200mV, 250mVQ&t/,
350mV]. Burst mode results (blue), using range\{12@mV, 4mV].
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The Fgmpe Was selected as 100 kHz, which allows reprodutiiiegsystem response up to 50 kHz, more than two
times greater than the main resonance frequencs. tdtal durationT was selected t@ = 1 s, reproducing the
frequency interval of 1 Hz used in sinusoidal besgteriments.

df =—semle 1o 1y, (10)

Nsample -1

To analyze the results, the signal spectrum isutatied using the FFT. In Fig.9, these spectrumsgplatged for a set
of input voltage amplitudes from 50 mV to 350 mVsieps of 50 mV (green curves). As a referencettttee blue
curves of sinusoidal analysis and two straightditeehighlight the evolution of the resonance plalkeach case were
included. There are two main characteristics: thisgsignal frequency shift is high when comparethé burst signal
and the curve shapes differ in both experiments.

To obtain a quantitative result for this pulsednsig Eq. (8) is used. The’ and theX values for the maximum of
each curve are adjusted by a straight line, asgr FThus, the natural frequenfyand the nonlinear coefficiektare
obtained. The calculus &fusing Eq. (8) is faster than the full model adjustit and gives similar results.

Figure 9, shows the result of the applied pulsgdals summarized in Tab. 1. The valuek ¢flope of the straight
line) are much repetitive thdn Numerical values for the parameters are givareit section.

Although the amplitudeX of the spectrum are small (less thanud3, the temporal displacemex(t) amplitudes
are in the order of 10n. This means that the nonlinear behavior can batgr than the expected in the sinusoidal
model such behavior comes fromxarcoefficient, instead of &(w) - x(t) coefficient, as used in the model.

Also, the shape change can be explained by thésteffhe frequency components under the resonaegeency,
have higher amplitudes than predicted by the sidasonodel. Thus, there is a need to obtain a beitedel to predict
the results in the pulse regimen, although in st fapproximation the nonlinear coefficidntakes into account the
factor introduced by the instantaneous valug(f

Responses to the different bandwidth signals amevshn Fig.9. A signal whit a narrow spectrum proes greater
output amplitude.

Amplitude [m]

Frequency [kHz]

Figure 10. Results for three different bandwidtmals. Red - 150Hz, Green - 200Hz, Blue - 300Hz.

6. CONCLUSIONS

An experimental characterization of Langevin trarcga nonlinear behavior was done by using sinusdidests
and short pulse signals. As a first step, a metloggdo construct the signals was developed. Téguency range used
was the same for both cases, in order to compareetults.

For quantitative comparisons, a simple input-outmidel for the transducer electromechanical tranfsfiection
was proposed. It is an adaptation of the electrivadiel proposed by Blackburn and Cain (2006). Taxdinear effects
were introduced by using only one parameter, theffictent k.

The model was validated for the experimental datag Eq. (8) and the results reproduced the systsponse to
a sinusoidal input for a range much larger thanutbed in the pulse experiment. For the case ofseidal inputs, the
model allows a good prediction of the system bedravi
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In the case of short pulse signals, the qualitaltighavior was the same. But the resonance frequeecieases
when the input voltage is increased in a faster thiay for the burst mode case. However, the cunapesis different
from those obtained in the burst mode experiments.

Table 2 summarizes the results for two transduderty constructed to work at 20 kHz, and four défe signals:
sinusoidal burst, 150-Hz-bandwidth short pulse,-B@ébandwidth short pulse, and 300-Hz-bandwidthrispolse.

The implemented model should be used cautiouslgaBse the coefficients introduced in Eq. (8), have shown to
vary 50 times faster in the case of pulsed signals.

The differences between the sinusoidal model amdstiort pulse experiment can be explained by thporese

dependence on the instantaneous oscillatynin a future work, the theoretical model should be &sthpo precisely
reproduce the results for the pulsed mode.

Table 2. Experimental Parameters

Sinusoidal Burst Pulse Pulse Pulse
[BW 150 Hz] [BW 200 Hz] [BW 300 Hz]
A y fo K fo k fo K fo K
unV | gnys | Hz | rad¥$um | Hz | radS'um| Hz | rad¥$um | Hz | rad’/sSum
Transducer | 2.8x1G 178 19856| -3.98 x10 19894 | -207 x1b | 19868] -153x16 | 19861 | -152 x1D
A
Transducer | 4.94x16 302 | 20275 -2.05x16 20282 | -115x10 | 20274 99 x1@ 20273 85 x1b
B
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