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Abstract

In this paper, an improved method for the measurement of acoustic power and electro-acoustic efficiency of high power
ultrasonic transducers is presented. The measuring principle is described, the experimental results are given. In comparison with
traditional methods, the method presented in this paper has the advantages of simplicity, economy and practicality. The most
important is that it can measure the output acoustic power and the electro-acoustic efficiency of the transducer under the condition
of high power and practical applications, such as ultrasonic cleaning and soldering. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

High power ultrasonics is a traditional applied sub-
ject. During the past decades, high power ultrasonics
has found many applications in industry, electronics
and many other fields [1-4]. Apart from some tradi-
tional applications, such as ultrasonic cleaning, ultra-
sonic plastics soldering and metal welding, and
ultrasonic machining, some new applications of high
power ultrasonics, such as sonochemistry and ultrasonic
therapy, have also received more and more attention
[5-8].

In the case of high power ultrasonic energy applica-
tions, the vibrational characteristics of a transducer used
are essential for the rational design and safe work of
the vibrational system. The measurement of the vibra-
tional characteristics of the transducer is important for
the evaluation of the transducer performance and the
practical process the transducer is involved in. The high
power characteristics of the transducer include the
output acoustic power, the electro-acoustic efficiency,
the temperature rise, the vibrational displacement distri-
bution and others. As these characteristics of the trans-
ducer under the condition of high power affect the
performance of the transducer and the process effect, a
lot of work has been done to analyze and improve the
design of the vibrational system [9-12]. In the case of
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a low input electrical signal, the characteristics of the
transducer can be obtained using a number of methods.
The admittance circle method is one of the most popular
methods. It can measure the equivalent electromechani-
cal parameters, the resonance frequency, the electro-
acoustic efficiency and other parameters. However, in
the case of high power excitation, the characteristics of
the transducer are different from those measured under
the condition of a low excitation signal. As for the
measurement of performance parameters of the ultra-
sonic transducers under high input power, no traditional
methods similar to the admittance method are available.

In the evaluation of the high power ultrasonic trans-
ducer, the output acoustic power and the electro-acoustic
efficiency are two important performance parameters. A
method called the high frequency wattmeter method
proposed by Japanese researchers has been used in the
measurement of the transducer under high input power
[13]. In this method, three measurement steps are
needed. They are the clamp test, the no-load test and
load test. In the measurement of the transducer using
this method, we found that, although the method can
be used to measure the high power characteristics, there
are three disadvantages that need to be overcame. First,
in this method, two identical transducers must be used
to obtain the dielectric loss power. Second, in order to
obtain the mechanical loss power, the relation between
the mechanical loss power and the vibration velocity
must be obtained in advance. Third, the relation between
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the dielectric loss power and the terminal voltage must
be measured to obtain the diclectric loss power.
Considering these factors, the method is time consuming
and cumbersome, and it has not been widely used in
practical applications.

In this paper, an improved method based on the high
frequency wattmeter method is presented. In this
method, the measurement of the dielectric and mechan-
ical losses is unnecessary. Therefore, it is simple, time
saving and suitable for practical applications.

2. The measuring principle of the high frequency
wattmeter method

The high frequency wattmeter method proposed by
Japanese researchers measures the input electrical power
of a transducer at no-load, load and clamp conditions.
Under high power conditions, the input electrical power
W, of the transducer to be measured can be expressed
as:

W, =Wy+ Wy + W,. (1)

In Eq. (1), Wy is the dielectric loss power, W, is the
mechanical loss power, and W, is the radiated acoustic
power into the medium. When these quantities are
measured, the electro-acoustic efficiency 7., and the
radiated resistance R, can be obtained according to the
following equations:

neaz a/Wes (2)
R, =W, /v*. (3)

Here v is the effective vibration velocity at the output
end of the transducer. It is obvious that, in order to
obtain the radiated acoustic power, the dielectric and
mechanical loss powers must be measured in advance.
In the wattmeter method, three experimental steps are
employed to accomplish this task.

2.1. Clamp test

The objective of this experiment is to measure the
dielectric loss power and the relation between the dielec-
tric loss power and the terminal voltages of the trans-
ducer to be measured. In the experiment, a pair of
transducers, which have almost the same vibrational
characteristics, are mechanically connected together at
their output ends by a central bolt. When they are
driven with the same signal at their original resonance
frequency, the vibrations of the transducers are cancelled
by each other, and there is no vibration in the transduc-
ers. In this case, the electrical input power gives the
dielectric loss power of the vibrational system. As these
two transducers have the same characteristics, the dielec-
tric loss power of one transducer equals to the half of

the electrical input power as expressed in the following
equation:

Wa=W,/2. (4)

When the input voltage is changed, the relation between
the dielectric loss power and the terminal voltage of the
transducer to be measured can be obtained. By means
of the measured relation, the dielectric loss power of the
transducer corresponding to different terminal voltages
can be obtained. Since the relation between the dielectric
loss power and the terminal voltage is different for
different transducers, it must be measured in advance
for every transducer to be measured.

2.2. No load test

When the transducer to be measured is without load,
the transducer radiates no acoustic power, we have
W,=0. For example, when the transducer radiates into
air, it can be regarded as the case of no load. In this
case, since there is no radiated acoustic power, the
electrical input power can be expressed as:

W.=W,+Wj. (5)

Using Eq. (5), since the dielectric loss power has been
measured in the above step, the mechanical loss power
can be obtained. In order to get the relation between
the mechanical loss power and the vibrational velocity,
the vibrational velocity of the transducer must be mea-
sured at the same time. Based on the measured relation,
the mechanical loss power of the transducer to be
measured at different vibrational velocities can be
obtained. When the mechanical loss power is measured,
the equivalent mechanical loss resistance can be calcu-
lated from the following equation:

R, = W, /1?. (6)

It can be seen from Eq. (6) that, in order to get the
equivalent mechanical loss resistance, the measured
vibrational velocity must be calibrated. This process
is complex and requires complicated experimental
equipment.

2.3. Load test

When the transducer is radiating into a certain
medium, such as water in ultrasonic cleaning, acoustic
power is produced in the medium. In this case, when
the electrical input power, the terminal voltage and the
vibrational velocity are measured, using Eq. (1) and the
measured relations between the dielectric (mechanical)
loss power and the terminal voltage (vibrational veloc-
ity), the radiated acoustic power and the equivalent
radiated resistance can be obtained according to the
above equations.

From the above analysis, it can be seen that in the
high frequency wattmeter method a pair of transducers
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with almost the same vibrational characteristics are
needed. Furthermore, the relations between the dielectric
(mechanical ) loss power and the terminal voltage (vibra-
tional velocity) must be obtained in advance. Therefore,
the measuring procedures are complex and time consum-
ing. On the other hand, the measurement of the dielectric
loss power is not accurate, because it is impossible for
the transducers clamped together to have the same
vibrational characteristics. In this case, some vibration
in the vibrational system can be produced, and a
mechanical power loss can be caused.

3. The on—off resonance method

In this paper, an improved method for the measure-
ment of the radiated acoustic power and other para-
meters based on the wattmeter method is developed.
Since the measurement is done when the transducer to
be measured is on the resonance and off resonance, the
method presented here is called the on—off resonance
method. The experimental set-up is shown in Fig. 1. In
the figure, the frequency and the output electrical power
of the ultrasonic generator are tunable. The high fre-
quency wattmeter measures the input electrical power
of the transducer to be measured, the voltage meter
measures the terminal voltage, and the velocity pick-up
measures the vibrational velocity of the transducer. The
measuring procedures are divided into two steps. First,
in the on-resonance condition, the electrical input
powers are measured when the transducers are under
conditions of load and no load. Second, in the off-
resonance condition, the electrical input powers are also
measured when the transducers are under conditions of
load and no load. In the following analysis, there are a
number of quantities to be used. To avoid confusion,
primes and subscripts are used. The prime represents
the off-resonance condition, and the subscripts 1 and n
represent the load and no-load conditions, respectively.
The detailed measuring procedures are described in the
following sections.

3.1. On resonance test

3.1.1. Load test

When the transducer to be measured is radiating into
a certain medium, using Fig. 1, the electrical input
power W, the terminal voltage ¥} and the vibrational
velocity v, of the transducer can be measured. The
electrical input power can be expressed as:

Wi=Wu+ Wa+W,. (7)

Here W, and Wy, are the mechanical and dielectric loss
powers of the transducer under the load condition.

3.1.2. No-load test

When the transducer is without load, there is no
radiated acoustic power, and we have W,=0. The
terminal voltage of the transducer is adjusted until the
vibrational velocity of the transducer is equal to that of
the transducer under the condition of load in the above
step, i.e. v;. In this case, the terminal voltage of the
transducer can be measured as V,. The input electrical
power can be expressed as:

I/I/in:I/an_l_I/Vdn' (8)

In Eq. (8), W,,, W, and Wy, are the electrical input
power, the mechanical and dielectric loss powers, respec-
tively, of the transducer at the condition of no load.
Since the vibrational velocity of the transducer is the
same as that in the above case, the mechanical loss
powers are the same for these two cases. Therefore, we
have W, = W,,. From Egs. (7) and (8), we have:

Wo=Wi— Wi _(Wdl - Wdh)- (9)

3.2. Off resonance test

3.2.1. Load test

When the transducer is radiating into a certain
medium, we adjust the exciting frequency of the ultra-
sonic generator and make it off the resonance frequency
of the transducer slightly. At the same time, we adjust
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Fig. 1. The experimental set-up for the measurement of the high power ultrasonic transducer. 1: Frequency meter, 2: ultrasonic generator, 3: electric
wattmeter, 4: electric matching circuit, 5: voltage meter, 6 velocity pick up, 7: ultrasonic load, 8: ultrasonic transducer.
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the output signal of the generator until the terminal
voltage of the transducer is equal to ¥}, which is the
terminal voltage of the transducer with load on reso-
nance. In this case, we have:

=Wt Wa+ W, (10)

In Eq. (10), W}, W, W} and W, are the electrical
input power, the mechanical loss power, the dielectric
loss power and the radiated acoustic power of the
transducer when its working frequency is of its resonance
frequency. Since the terminal voltage is equal to that of
the transducer in the load-on resonance condition, the
dielectric loss powers in these two cases are the same,
and we have Wjy=W,. In this step, the vibration
velocity of the transducer is measured as vj.

3.2.2. No load test

When the transducer to be measured is without load,
we adjust the frequency and the output electrical signal
of the ultrasonic generator until the terminal voltage
and the vibrational velocity of the transducer are equal
to ¥, and v|. In this case, the electrical input power can
be expressed as:

Win=Wan+ Wi (11)

Here Wi, W, and W}, are the electrical input power,
the mechanical loss power and the dielectric loss power,
respectively, of the transducer without load and off
resonance. Since the vibrational velocity of the trans-
ducer is equal to that of the transducer with load and
off resonance, the mechanical loss powers are the same,
and we have W, =W,

It should be noted that in this step the adjustment
for the terminal voltage and the vibrational velocity are
complex compared with the above steps, especially for
high Q transducers. The reason is that for high QO
transducers the bandwidth of the transducer is narrow,
and the power varies rapidly with frequency. To over-
come this problem, two procedures may be used. First,
when the transducer is off resonance, the frequency
variation may be positive or negative relative to the
resonance frequency of the transducer without load.
That is to say, the frequency of the transducer off
resonance may be lower or higher than the resonance
frequency of the transducer without load. Therefore, we
have two choices in adjusting the frequency of the
transducer off resonance. Second, in the experiment, the
adjustment of the frequency and the input electrical
voltage of the transducer must be made at the same
time in order to make the terminal voltage and the
vibrational velocity of the transducer without load and
off resonance equal to each other. For a low Q trans-
ducer, the adjustment is comparatively simple. The
reason is that in this case the input electrical power
varies slowly with the frequency.

From Egs. (10) and (11), we can obtain the following

equation:

Wo=Wi—Win—Wa—Wa). (12)
Since the terminal voltage of the transducer with load
and on resonance is the same as that of the transducer
with load and off resonance, and the terminal voltage
of the transducer without load and on resonance is also
the same as that of the transducer without load and off
resonance, we have Wy, =W}, and W} =Wy. Using
these relations, we obtain:

Wo=Wi—Win—Wag—Wan). (13)

Combining Egs. (9) and (13), we can obtain the
following equation:

Wa_Wz/i:VVil_VVin_(Wi’I_Wi/n)' (14)

For a certain medium, the radiated acoustic power of
the transducer on and off resonance can be expressed
as:

Wa=R,1t, (15)
Wi=R;, (v (16)
Substituting Eqgs. (15) and (16) into Eq. (14) yields:
Wi —Win —(Wi— W)
= Ri@)*/Ryof

2=

(17)

In these equations, R, and R/ are the radiated resistances
of the transducer at the conditions of on resonance and
off resonance. As for the radiated resistance, it is a very
complex subject. It is well known that the radiated
resistance of a high power transducer depends on a
number of factors. First, it depends not only on the
vibrational velocity but also on the working frequency
of the transducer. Second, it depends on the medium
and the surrounding environment, such as the temper-
ature, atmospheric pressure, etc. However, if the medium
and the surrounding environment are invariant, the
radiated resistance depends only on the transducer itself
and its working condition. Although the radiated resis-
tance of an ultrasonic transducer is complex, its ratio is
used in the calculation of the radiated ultrasonic power
in the above equation. This is beneficial to the method.

For a liquid medium, when the transducer is excited
by a low electrical signal, the radiated resistance can be
regarded as a constant. However, when the transducer
is excited by a high electrical signal, so-called cavitation
will be created. In this case, the radiated resistance
becomes complicated. In high power ultrasonics, this is
the common case. That is why the measurement for
high power ultrasonic transducers is difficult. However,
in the above analysis, it can be seen that the ratio of
the radiated resistance rather than the radiated resistance
itself is used. In contrast, when the exciting frequency
of the transducer is changed slightly from its resonance
frequency, the variation of the frequency is very small.
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Table 1

The measured results for the transducer on resonance under conditions of load and no load

Ji (kHz) Wi (W) Va (V) Ut (V) Ja (kHz) Win (W) Vin (V) Umn (V) Wa (W)
20.159 80 455 20.8 20.245 7 225 20.8 66.1
20.187 50 378 17.6 20.278 5 172 17.6 43.5
20.214 40 335 14.9 20.313 4 159 14.9 35.2
Table 2

The measured results for the transducer off resonance under conditions of load and no load

S1 (kHz) Wi (W) Vi (V) Ut (V) S (kHz) Win (W) Via (V) Umn (V) Nea (%0)
20.205 72 455 19.5 20.211 7 225 19.5 82.6
20.223 41 378 15.9 20.238 4 172 15.9 87.0
20.247 32 335 13.1 20.279 4 159 13.1 88.0

In this case, the radiated resistances of the transducer
at the conditions of on resonance and off resonance can
be regarded as invariant. Eq. (17) can be written as:
VVil - I/Vin _(Wlll_ WI/II)

IS .
In Eq. (18), W, and W, are the measured electrical
input powers of the transducer on resonance under the
conditions of load and no load. W} and W}, are the
measured electrical input powers of the transducer off
resonance under the conditions of load and no load. v,
and v are the measured vibrational velocities of the
transducer with load under the conditions of on reso-
nance and off resonance. It is obvious that these parame-
ters can be measured easily using the experimental set-up
in Fig. 1. On the other hand, it can be seen that in Eq.
(18) the velocity ratio and the difference in the measured
electrical input powers of the transducer are used. This
is beneficial to the precision increase of the experimental
results. The reason is that it is unnecessary to measure
the absolute value of the vibrational velocity, so the
absolute calibration of the velocity pick-up is not needed.
In contrast, since the difference in the measured electrical
input power of the transducer to be measured is used,
the measurement error of the input electrical power can
be eliminated.

When the radiated acoustic power is measured using
the above method, the electro-acoustic efficiency and
the radiated resistance of the transducer can be calcu-
lated indirectly from Eqgs. (2) and (3). In order to obtain
the radiated resistance, the vibrational velocity must be
calibrated.

a—

(18)

4. Experiment

Using the method presented in this paper, the radiated
ultrasonic power and electro-acoustic efficiency of some
sandwiched ultrasonic transducers under the condition

of high power are measured. The transducers to be
measured are traditional sandwiched ultrasonic trans-
ducers used for ultrasonic cleaning. Their mechanical
quality factors without load can be calculated according
to the following equation, approximately:

0 —L,/ “ (19)
mo_z(fn_fm) Zm‘

In Eq. (19), Q,, is the mechanical quality factor of the
transducer without load. For high power ultrasonic
transducers, it is important that the mechanical quality
factor of the transducer without load should be high.
fm and f, are the minimum and maximum impedance
frequencies of the transducer without load. Z,, and Z,
are the minimum and maximum impedances of the
transducer to be measured. For a high Q transducer,
Eq. (19) is accurate. It can be used in the calculation of
the mechanical quality factor for a transducer without
load. For the transducer used in the experiment, the
parameters measured by means of the transmission line
method under the condition of low exciting electrical
signal are as follows: f,,=20275Hz, f,=21064 Hz,
Z,=1324Q, Z =122 kQ. Using Eq. (19), the mechan-
ical quality factor of the transducer is calculated as
Omo=1390. The experimental set-up is shown in Fig. 1.
In the figure, the velocity pick-up is a piezoelectric
ceramic vibrator that converts mechanical vibration into
electrical quantity. The measured results are listed in
Tables 1 and 2. In the table f;, Wy, Vi, v,y and
o> Win» Vi, Umn are the resonance frequency, the input
electrical power, the terminal voltage and the vibrational
velocity of the transducer on resonance under the condi-
tions of load and no load, respectively. f1, Wi, Vi, v
and f7, Wi,, Vin, vma are the working frequency (which
is slightly away from the resonance frequency of the
transducer under the conditions of load and no load),
the input electrical power, the terminal voltage and the
vibrational velocity of the transducer off resonance
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under the conditions of load and no load, respectively.
W, and 5., are the measured radiated ultrasonic power
and the electro-acoustic efficiency of the transducer.
Since the velocity pick-up is not calibrated, the absolute
measurement of the vibrational velocity cannot be mea-
sured, and therefore the radiated resistance cannot be
obtained. It can be seen from Tables 1 and 2 that, when
the input electrical power is changed, the electro-acoustic
efficiency of the transducer is different. When the electri-
cal input power is increased, the electro-acoustic effi-
ciency of the transducer is decreased. The reason may
be that, when the input electrical power is increased, the
dielectric and mechanical loss powers are increased. As
for the error in the measurement, the following factors
should be taken into account. First, when the exciting
frequency of the transducer is changed, the vibrational
velocity is different, and the radiated resistance is also
different. Second, when the input electrical power is low,
the reading error of the high frequency wattmeter is
increased.

5. Discussions and conclusions

In the above analysis, an improved method for the
measurement of ultrasonic transducers under the condi-
tion of high power is studied. By means of this method,
the radiated ultrasonic power and the electro-acoustic
efficiency of the transducer can be measured. In the
method, the assumption that the radiated resistance of
the transducer to be measured is constant is used. This
assumption may lead to some measurement error.
Therefore, in order to decrease the measurement error,
the frequency variation should be kept as small as
possible when the transducer works under the condition
of off resonance. To sum up the above analysis, the
following conclusions can be drawn.

1. The measurement of the dielectric and mechanical
loss powers of the transducer is unnecessary in this
method, so two transducers with the same character-
istics are not needed, and the measurement precision
can be increased.

2. As the velocity ratio is used in the calculation of the

radiated ultrasonic power, the absolute measurement
of the vibrational velocity of the transducer is unneces-
sary. Therefore, the absolute calibration of the velocity
pick-up is not needed.

3. The difference in the measured electrical input powers
of the transducers is employed, so the error resulting
from the electrical power consumption in the electri-
cal matching elements can be eliminated.

4. This method can be used in the measurement of the
transducer under the condition of high power and in
practical cases, such as ultrasonic cleaning, ultrasonic
liquid processes and other applications.
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