
sensors

Article

Effect of the Matching Circuit on the
Electromechanical Characteristics of Sandwiched
Piezoelectric Transducers

Shuyu Lin * and Jie Xu

Shaanxi key Laboratory of Ultrasonics, Shaanxi Normal University, Xi’an 710119, China; jiexu2014@sina.com
* Correspondence: sylin@snnu.edu.cn; Tel.: +86-29-8153-0739

Academic Editor: Magnus Willander
Received: 30 November 2016; Accepted: 25 January 2017; Published: 9 February 2017

Abstract: The input electrical impedance behaves as a capacitive when a piezoelectric transducer
is excited near its resonance frequency. In order to increase the energy transmission efficiency,
a series or parallel inductor should be used to compensate the capacitive impedance of the
piezoelectric transducer. In this paper, the effect of the series matching inductor on the
electromechanical characteristics of the piezoelectric transducer is analyzed. The dependency
of the resonance/anti-resonance frequency, the effective electromechanical coupling coefficient,
the electrical quality factor and the electro-acoustical efficiency on the matching inductor is obtained.
It is shown that apart from compensating the capacitive impedance of the piezoelectric transducer,
the series matching inductor can also change the electromechanical characteristics of the piezoelectric
transducer. When series matching inductor is increased, the resonance frequency is decreased and the
anti-resonance unchanged; the effective electromechanical coupling coefficient is increased. For the
electrical quality factor and the electroacoustic efficiency, the dependency on the matching inductor
is different when the transducer is operated at the resonance and the anti-resonance frequency.
The electromechanical characteristics of the piezoelectric transducer with series matching inductor
are measured. It is shown that the theoretically predicted relationship between the electromechanical
characteristics and the series matching inductor is in good agreement with the experimental results.

Keywords: piezoelectric transducer; matching electrical inductor; resonance/anti-resonance frequency;
effective electromechanical coupling coefficient; electric quality factor; electro-acoustic efficiency

1. Introduction

Piezoelectric transducers are widely used as emitters, sensors, resonators, filters and actuators in
many fields to convert electrical and mechanical energy, such as piezoelectric motors, piezoelectric
transformers, ultrasonic cleaning and welding, etc. [1–9]. The piezoelectric transducer can be
regarded as a two-port network. At the input port of the transducer, an alternating electric signal is
applied. By means of the piezoelectric effect, mechanical vibration is produced at the output port of
the transducer.

In all kinds of applications of piezoelectric ceramics, piezoelectric sensors are the most widespread
and develop rapidly in recent years. Nowadays, piezoelectric sensors are widely used in nondestructive
testing and MEMS [Micro-electromechanical Systems] electromechanical coupling systems, such as
material and structural health monitoring, including the monitoring of metallic and nonmetallic
materials and structures. In piezoelectric sensing applications, electromechanical coupling is very
important in electromechanical impedance (EMI) methods and MEMS. In these applications, some new
methods and technologies have been developed and new advancements have been achieved [10–13].
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Piezoelectric transducers, including piezoelectric sensors, are almost resonant devices. When they
are operated at the resonance frequency, the output mechanical or acoustical power and the energy
conversion efficiency reach the maximum value. Near the resonance frequency, the piezoelectric
transducer can be represented by a lumped electromechanical equivalent circuit as shown in
Figure 1A [14]. The equivalent circuit can be divided into two parts: one is the electric branch,
and the other is the mechanical branch. In the figure, R0 and C0 are the dielectric loss resistance and the
clamped capacitance of the piezoelectric transducer; and R1, L1 and C1 are the equivalent mechanical
resistance, inductor and capacitance arising from the mechanical vibration. R1 is composed of two
parts, one is the internal mechanical loss of the transducer, the other is the load mechanical resistance.
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Figure 1. A lumped electromechanical equivalent circuit and admittance circle diagram of a
piezoelectric transducer at resonance.

From the lumped electromechanical equivalent circuit of a piezoelectric transducer, the input
electric admittance of a piezoelectric transducer can be obtained. The admittance is
frequency-dependent and its circle diagram is illustrated as shown in Figure 1B [15,16]. From the
equivalent circuit and the admittance circle diagram, six characteristic frequencies fm, fn; fs, fp and fr, fa
can be obtained. Where, fm and fn are defined as the minimum and maximum impedance frequencies,
which can also be defined as the maximum and minimum admittance frequencies; fs and fp the
series and parallel resonance frequencies, and fr and fa the resonance and anti-resonance frequencies.
In general cases, these characteristic frequencies are different. However, when the loss resistances and
the load are ignored, these frequencies follow the relationship of fm = fs = fr and fn = fp = fa. In this
case, based on the equivalent circuit, the resonance and anti-resonance frequency of a piezoelectric
transducer can be obtained as the following expressions:

ωr = ωm = ωs =
1√

L1C1
(1)

ωa = ωn = ωp =

√
C1 + C0

L1C1C0
(2)

whereωm = 2πfm, andωm represents the angular frequency.
In practical applications, piezoelectric transducers should be excited to vibrate near the resonance

frequency corresponding to certain resonant mode. From the equivalent circuit of the piezoelectric
transducer, it can be seen that when the transducer is operated rear the resonance frequency, the input
electric impedance is capacitive because of the parallel capacitance C0.

It is well-known that the electric power into an electric impedance can be obtained by the equation
of P = UIcos(θ), where P, U, I, θ are the electric power, the voltage, the current and the phase angle
between the voltage and current. The phase angle is determined by the electric impedance. When the
impedance is resistive, the phase angle is zero, cos(θ) = 1, the electric power reach the maximum
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value; when the electric impedance is capacitive or inductive, cos(θ)<. In these cases, the electric
power is less than that for resistive electric impedance and this can result in a lot of reactive power.
For piezoelectric transducers, the electric impedance is capacitive at resonance. It is well known that
the reactive power is harmful to the piezoelectric transducer and the electric power source. In order to
compensate the capacitive impedance and to reach the maximum electric power, a series or parallel
inductor is always added to the piezoelectric transducer to make the electric impedance resistive.

For a series matching inductor, when the piezoelectric transducer is at resonance, the optimal
matching inductor Lopt can be obtained from Figure 1A:

Lopt =
C0R2

p

1 + (ω rC0Rp
)2 (3)

Rp =
R1R0

R1 + R0
(4)

It is well known that piezoelectric transducers are resonant devices; their resonance frequencies
are dependent on many factors, such as the load variation, the temperature rise and the additional
reactive components. When the resonance frequency of the piezoelectric transducer is changed,
the tracking of the operating frequency is necessary for the transducer to achieve the optimum working
state [17–23].

In this paper, a matching inductor in series with the piezoelectric transducer is added to
compensate for the reactive impedance, and its effect on the electromechanical characteristics of
the transducer is analyzed. In several applications of piezoelectric transducers, the input electric
power especially for the high power piezoelectric transducer is usually high. For this kind of high
power piezoelectric transducer, the input electric power can reach as high as several thousands of
watts. In this case, the reactive power can be very high if the capacitive impedance is not compensated.
Therefore, the compensation for the capacitive impedance of high power piezoelectric transducers
is necessary.

In the following analysis, based on the electromechanical equivalent circuit of a high power
sandwiched piezoelectric transducer, which is widely used in high power ultrasonic applications, such
as ultrasonic cleaning, ultrasonic welding and ultrasonic machining, the effect of the series matching
inductor is theoretically and experimentally studied. Some conclusions are obtained and can be used
in the optimization design and analysis of the electric matching of the piezoelectric transducer.

2. Theoretical Analysis of a Sandwiched Piezoelectric Transducer with Series Matching Inductor

A high power sandwiched piezoelectric transducer with matching circuit is shown in Figure 2.
The sandwiched piezoelectric transducer is composed of the longitudinally polarized piezoelectric
stack and the back and front metal masses, which are clamped together by a central pre-stressed
high-strength bolt. The matching circuit for the compensation of the capacitive impedance is an
inductor which is connected in series with the transducer. The piezoelectric ceramic stack consists of
two piezoelectric rings which are longitudinally polarized in opposite direction. In Figure 2, the arrow
P represents the polarization direction of the piezoelectric ceramic element. When an external electric
signal from a power generator is applied to the piezoelectric ceramic stacks, the transducer will
produce vibration in the longitudinal direction because of the inverse piezoelectric effect. When the
frequency of the exciting signal is equal to the resonance frequency, the transducer will resonate at a
definite vibrational mode, and the vibration of the transducer reaches maximum value.
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Figure 2. A high power sandwiched piezoelectric transducer with matching circuit.

The geometrical sketch of a sandwiched piezoelectric transducer with a series matching inductor
is shown in Figure 3. In the figure, L represents the matching inductor. The length of the metal
masses are L1 and L2. The length for the piezoelectric ceramic stack is pL0, and p is the number of the
piezoelectric rings in the piezoelectric stack and it is generally an even number. The radius of the metal
mass and the piezoelectric ceramic stack are R1, R2 and R0, respectively. For simplicity, it is assumed
that R1 = R2 = R0.
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Figure 3. Geometrical sketch of a sandwiched piezoelectric transducer with a series inductor.

Based on the electromechanical equivalent circuit of a longitudinally sandwiched piezoelectric
transducer [24,25], the equivalent circuit of a sandwiched piezoelectric transducer with a series inductor
is shown in Figure 4. In the figure, Re and Rm represent the dielectric losses and the contacting
mechanical loss between the contacting surfaces in the transducer. ZL1 and ZL2 are load mechanical
impedances on the mechanical ends. C0 and n are the clamped capacitance and electro-mechanical
conversion coefficient of the piezoelectric transducers. Their expressions are as follows:

C0 = peT
33(1−K 2

33)S0/L0 (5)

n = d33S0/(sE
33L0) (6)

Re = Rd/n (7)

where S0 is cross sectional areas of the piezoelectric ceramic stack. S0 = πR2
0, Rd is the dielectric

loss resistance for each piezoelectric ring in the piezoelectric stack. εT
33, K33, d33 and sE

33 are the
dielectric constant, the electromechanical coupling coefficient, the piezoelectric constant and the elastic
compliance constant of the piezoelectric material. In Figure 4, the expressions for the series and parallel
impedances in the equivalent circuit are as follows:

Z11 = Z12 = jZ1 tan(
k1L1

2
), Z13 =

Z1

jsin(k 1L1)
(8)
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Z21 = Z22 = jZ2 tan(
k2L2

2
), Z23 =

Z2

jsin(k 2L2)
(9)

ZP11 = ZP12 = jZ0tan(pk 0L0/2
)
, ZP13 =

Z0

jsin(pk 0L0
) (10)

where Z1 = ρ1c1S1, k1 = ω/c1, c1 = (E 1/ρ1)
1/2, S1 = πR2

1, Z2 = ρ2c2S2, k2 = ω/c2, c2 = (E 2/ρ2)
1/2,

S2 = πR2
2, ω = 2πf, Z0 = ρ0c0S0, k0 = ω/c0, c0 = [1/(s E

33ρ0)]
1/2, ρ1, E1 and ρ2, E2 are density and

Young’s modulus of the metal masses; c1, c2 and c0 are sound speed of longitudinal vibration.
From Figure 4, the input electrical impedance Zi of the piezoelectric transducer can be obtained:

Zi =
ZmZc

Zm + n2Zc
(11)

where Zm is the mechanical impedance of the transducer, Zc is the parallel impedance of the clamped
capacitance and the dielectric loss resistance. Their expressions are as follows:

Zm = Zp13 +
(Zp11 + Zm1)(Zp12 + Zm2)

Zp11 + Zp12 + Zm1 + Zm2
(12)

Zm1 = Rm + Z12 +
Z13(Z 11 + ZL1)

Z11 + Z13 + ZL1
(13)

Zm2 = Rm + Z21 +
Z23(Z 22 + ZL2)

Z22 + Z23 + ZL2
(14)

Zc =
Re

jωC0Re + 1
(15)

When a series matching inductor is added, the total input electrical impedance Zis is:

Zis = jωL + Zi (16)
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From Equation (16), the total input electric impedance of the matching inductor and the transducer
can be computed and analyzed. When the imaginary part of the input electric impedance is equal to
zero, the resonance frequency fr can be found; when the imaginary part of the input electric admittance
is equal to zero, the anti-resonance frequency fa can be found. It should be pointed out that, when the
mechanical and dielectric losses and the load mechanical impedance are considered, the imaginary
part of the input electric impedance or the admittance sometimes are not equal to zero. In these cases,
the resonance and the anti-resonance frequency can be approximately substituted by the frequencies at
which the input electric impedance reaches the minimum and the maximum values.
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Meanwhile, the effective electromechanical coupling coefficient Keffc can be calculated according
to the following expression:

Keffc = [1− (
fr

fa
)

2
]1/2 (17)

It can be seen that the effective electromechanical coupling coefficient Keffc is determined by
the resonance and anti-resonance frequencies of the piezoelectric transducer, which depend on the
material, the geometrical dimensions and structure, and the electrical and mechanical loads. It is
obvious that the effective electromechanical coupling coefficient is different from the electromechanical
coupling coefficient of piezoelectric material, which is only determined by the piezoelectric material,
and therefore it is defined as the piezoelectric material parameter, such as K31, K33 and Kt.

The electric quality factor Qe can be obtained as the following equation:

Qe = Abs[
Im[Z is]

Re[Z is]
] (18)

where Re[Z is] and Im[Z is] are the real and imaginary parts of the input electric impedance. It is well
known that the electro-acoustical efficiency of a piezoelectric transducer is an important parameter;
it describes the conversion capacity of the electric power to acoustical power. It is defined as the ratio
of the output acoustical power over the input electric power:

η1 =
P1

Pi
,η2 =

P2

Pi
,η =

P1 + P2

Pi
(19)

where η1 and η2 are the electro-acoustical efficiencies when the piezoelectric transducer radiates
ultrasonic wave from the back and front mechanical end, respectively, and η is the total
electro-acoustical efficiencies when the transducer radiates ultrasonic wave from both the two ends.
P1 and P2 are the radiated acoustical powers from the front and back mechanical ends, and Pi is the
input electric power.

From the equivalent circuit and the above analysis, the detailed expressions for the
electro-acoustical efficiencies can be obtained as:

η1 =
P1

Pi
=

ZL1

Zis
· 1

A2 (20)

η2 =
P2

Pi
=

ZL2

Zis
· 1

B2 (21)

η =
P1 + P2

Pi
=

1
Zis
· (ZL1

A2 +
ZL2

B2 ) (22)

where A and B are two introduced constants, their expressions are as follows,

A = n ·
Zc +

Zm
n2

Zc
·

Zp11 + Zp12 + Zm1 + Zm2

Zp12 + Zm2
· Z11 + Z13 + ZL1

Z13
(23)

B = n ·
Zc +

Zm
n2

Zc
·

Zp11 + Zp12 + Zm1 + Zm2

Zp11 + Zm1
· Z22 + Z23 + ZL2

Z23
(24)

In the above analysis, the analytical expressions for the input electric impedance, the effective
electromechanical coupling coefficient, the electric quality factor and the electro-acoustical efficiency are
obtained. It is obvious that these parameters are dependent on the transducer material, the geometrical
dimensions, the frequency and the series matching inductor.
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3. Effect of the Series Matching Inductor on the Electromechanical Characteristics of a
Piezoelectric Transducers

In this section, the effect of the series matching inductor is theoretically analyzed by using a
numerical method. The material and geometrical dimensions of the piezoelectric transducer are kept
unchanged. The material for the metal masses is aluminum alloy, its standard material parameters
are used and as follows: ρ1 = ρ2 = 2790 kg/m3, E1 = E2 = 7.15× 1010 N/m2. The piezoelectric
material is an equivalent of PZT-4, and the related material parameters are: ρ0 = 7500 kg/m3,
sE

33 = 15.5 · 10−12 m2/N, K33 = 0.7, d33 = 496 · 10−12 C/N, ε0 = 8.8542 · 10−12 F/m,
εT

33/ε0 = 1300. The geometrical dimensions of the transducer are R1 = R2 = 19.5 mm, R0 = 19.0 mm,
L1 = L2 = 56 mm, L0 = 5 mm, ZL1 = ZL2 = 200 ohm, Re = 12, 000 ohm, Rm = 100 ohm, p = 2.

3.1. Effect of the Series Matching Inductor on the Frequency Response

Electromechanical impedance technique is now widely used in analyzing the electromechanical
characteristics of piezoelectric devices and systems [26–29]. In the present study, this technique is
adopted to analyze the effect of the inductor on the piezoelectric transducer. When a series matching
inductor is changed, the frequency response of the input electric impedance, the electric quality factor
and the electro-acoustical efficiency of a piezoelectric transducer with series matching inductor are
obtained as shown in Figures 5–7. In the figures, the frequency range extends to the second longitudinal
mode of the piezoelectric transducer.

Figure 5 illustrates the relationship between the input electric impedance and the working
frequency. In the figure, the frequencies corresponding to the minimum and maximum impedance are
the resonance and anti-resonance frequencies. It can be seen that when an inductor is connected in
series with the piezoelectric transducer, the resonance frequency is decreased, while the anti-resonance
frequency is almost unchanged.

Figure 6 describes the relationship between the electric quality factor and frequency. At the
resonance and anti-resonance frequencies, the electric quality factor has maximum values. When there
is no series matching inductor, the electric quality factor at the resonance frequency is larger than at
the anti-resonance frequency. When a series matching inductor is added, the electric quality factor at
the resonance frequency is smaller than at the anti-resonance frequency.Sensors 2017, 17, 329 8 of 15 
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Figure 7 illustrates the relationship between the electro-acoustic efficiency and the frequency. It can
be seen that when a series matching inductor is added, the electro-acoustical efficiency at resonance
frequency is decreased and remains unchanged at anti-resonance frequency. On the other hand, when
there is no series matching inductor, the electro-acoustic efficiency at resonance frequency is larger than
at anti-resonance frequency. When a series matching inductor is added, the electro-acoustic efficiency
at resonance frequency is lower than at anti-resonance frequency.

3.2. Dependency of the Electromechanical Parameters on the Series Matching Inductor

The relationship between the electromechanical parameters and the series matching inductor are
obtained as shown in Figure 8.

In Figure 8, fr1 and fr2 are the first and the second resonance frequency, fa1 is the first anti-resonance
frequency. It can be seen that when the series matching inductor is increased, the resonance frequency
is decreased and the anti-resonance frequency is almost unchanged.
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From Figure 9, it can be seen that when the series matching inductor is increased, the effective
electromechanical coupling coefficient is increased. It should be noted that Figure 9 is a general
relationship between the series inductor and the effective electromechanical coupling coefficient.
For any practical transducers, the capacitive impedance at resonance is definite, in order to compensate
this capacitive impedance, there is an optimal value for the series matching inductor. In general cases,
this optimal series matching inductor is not very large and, therefore, the effective electromechanical
coupling coefficient is always less than one. The optimal series matching inductor depends on the
resonance frequency and the parallel capacitance of the piezoelectric transducer.Sensors 2017, 17, 329 10 of 15 
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matching inductor.

In Figure 10, Qer1 and Qer2 are the electric quality factors corresponding to the first and the second
resonance frequency, and Qea1 is the electric quality factor corresponding to the first anti-resonance
frequency. It is shown that when the series matching inductor is increased, the electric quality factor
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corresponding to resonance frequency is decreased, while the electric quality factor corresponding to
anti-resonance frequency is increased.
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In Figure 11, ηr1 and ηr2 are the electro-acoustical efficiency corresponding to the first
and the second resonance frequency, and ηa1 is the electro-acoustical efficiency corresponding
to the first anti-resonance frequency. It is shown that when the series matching inductor
is increased, the electro-acoustical efficiency corresponding to the first resonance frequency
is decreased; the electro-acoustical efficiency corresponding to anti-resonance frequency is
unchanged. The electro-acoustical efficiency corresponding to the second resonance frequency has a
minimum value.
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From the above analyses, it can be seen that the relationship between the effective
electromechanical coupling coefficient, the electro-acoustic efficiency, the electric quality factor and the
series matching inductor is different.

The electro-acoustic efficiency at resonance frequency is decreased when the series matching
inductor is increased. The electro-acoustic efficiency at anti-resonance frequency is basically unchanged
when the series matching inductor is increased. When the series matching inductor is increased,
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the effective electromechanical coupling coefficient is increased. The electric quality factor at resonance
frequency is decreased with the increase of the series matching inductor. It is obvious that the variation
tendency of the electro-acoustic efficiency and the electric quality factor with the series matching
inductor is contradictory to that of the effective electro-mechanical coupling coefficient with the series
matching inductor. Therefore, in the practical design of the series matching inductor, a compromise
between the electro-acoustic efficiency, the electric quality factor and the effective electro-mechanical
coupling coefficient should be made.

4. Experiments

In this section, the effect of the series matching inductor on the sandwiched piezoelectric
transducer is experimentally studied. Two sandwiched piezoelectric transducers are made and their
resonance and anti-resonance frequency are obtained by measuring the frequency response of the input
electric impedance using 6500B Precision Impedance Analyzer. Figure 12 is the experimental set-up
and Figure 13 illustrates the measured frequency response of a sandwiched piezoelectric transducer.
It can be seen that when a series inductance is added, the resonance frequency is decreased while the
anti-resonance frequency is almost unchanged.
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The measured results are listed in Table 1. In the table, fr, fa, Keffc and fmr, fma, Kmeffc are
the theoretical and measured resonance/anti-resonance frequencies and effective electromechanical
coupling coefficient.

Table 1. Experimental resonance/anti-resonance frequencies and effective electromechanical coupling
coefficient of the piezoelectric transducers.

No. L (mH) fr (Hz) fa (Hz) fmr (Hz) fma (Hz) Keffc Kmeffc

1
0 33805 39570 31212 33333 0.52 0.35
5 17823 39554 26607 33333 0.89 0.60

10 12990 39539 20606 33333 0.94 0.79

2
0 20585 28706 18182 20000 0.70 0.42
5 14699 28677 17727 20000 0.86 0.46

10 11560 28650 16364 20000 0.91 0.57



Sensors 2017, 17, 329 12 of 14

Sensors 2017, 17, 329 12 of 15 

 

 

 

Figure 13. Measured frequency response of the input electric impedance of a sandwich piezoelectric 

transducer. (A) L = 0 (mH); (B) L = 5 (mH). 
Figure 13. Measured frequency response of the input electric impedance of a sandwich piezoelectric
transducer. (A) L = 0 (mH); (B) L = 5 (mH).
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From the above results, it can be seen that the theoretical dependency of the
resonance/anti-resonance frequencies and the effective electromechanical coupling coefficient on
the series matching inductor is in agreement with the experimental results.

5. Conclusions

The effect of a series matching inductor on the sandwiched piezoelectric power transducer
is studied. The dependency of the resonance/anti-resonance frequency, the electric quality factor,
the effective electromechanical coupling coefficient and the electro-acoustic efficiency on the series
matching inductor is analyzed. To sum up the above analysis, the following conclusions can be drawn:

1. When a matching inductor is connected in series with a sandwiched piezoelectric transducer,
the resonance frequency is decreased and the anti-resonance frequency is almost unchanged;
the effective electromechanical coupling coefficient is increased.

2. Without a series matching inductor, the electro-acoustical efficiency at resonance frequency
is larger than that at anti-resonance frequency. When a series matching inductor is added,
the electro-acoustical efficiency at resonance frequency is decreased and remains unchanged at
anti-resonance frequency, and the electro-acoustical efficiency at resonance frequency is lower
than at anti-resonance frequency.

3. When the series matching inductor is increased, the electric quality factor corresponding to
resonance frequency is decreased, while the electric quality factor corresponding to anti-resonance
frequency is increased.

Acknowledgments: The authors wish to acknowledge the National Natural Science Foundation of China
(11374200, 11474192 and 11674206).

Author Contributions: Shuyu Lin performed the theoretical analysis, conceived and designed the experiments;
Shuyu Lin and Jie Xu performed the experiments and analyzed the data; Shuyu Lin wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Suzuki, T.; Ikeda, H.; Yoshida, H.; Shinohara, S. Megasonic Transducer Drive Utilizing MOSFET DC-to-RF
Inverter with Output Power of 600 W at 1 MHz. IEEE Trans. Ind. Electron. 1999, 46, 1159–1173. [CrossRef]

2. Ben-Yaakov, S.; Lineykin, S. Maximum power of piezoelectric transformer HV converters under load
variations. IEEE Trans. Power Electron. 2006, 21, 73–78. [CrossRef]

3. Roundy, S.; Wright, P.K. A piezoelectric vibration based generator for wireless electronics. Smart Mater. Struct.
2004, 13, 1131–1142. [CrossRef]

4. Wevers, M.; Lafaut, J.P.; Baert, L.; Chilibon, I. Low-frequency ultrasonic piezoceramic sandwich transducer.
Sens. Actuators A Phys. 2005, 122, 284–289. [CrossRef]

5. Abramov, O.V. High-Intensity Ultrasonics: Theory and Industrial Applications; Gorden and Breach Science
Publishers: Amsterdam, The Netherlands, 1998; pp. 416–445.

6. Wai, R.; Lee, J. Comparison of voltage-source resonant driving schemes for a linear piezoelectric ceramic
motor. IEEE Trans. Ind. Electron. 2008, 55, 871–879. [CrossRef]

7. Su, W.C.; Chen, C.L. ZVS for PT backlight inverter utilizing high order current harmonic. IEEE Trans.
Power Electron. 2008, 23, 4–10. [CrossRef]

8. Choi, S.J.; Lee, K.C.; Cho, B.H. Design of fluorescent lamp ballast with PFC using a power piezoelectric
transformer. IEEE Trans. Ind. Electron. 2005, 52, 1573–1581. [CrossRef]

9. Huang, W.; Chen, D.; Baker, E.M.; Zhou, J.; Hsieh, H.I.; Lee, F.C. Design of a power piezoelectric transformer
for a PFC electronic ballast. IEEE Trans. Ind. Electron. 2007, 54, 3197–3204. [CrossRef]

10. Yan, W.; Chen, W.Q. Structural Health Monitoring Using High-Frequency Electromechanical Impedance
Signatures. Adv. Civ. Eng. 2010, 2010, 429148. [CrossRef]

11. Annamdas, V.G.M.; Radhika, M.A. Electromechanical Impedance of Piezoelectric Transducers for Monitoring
Metallic and Non Metallic Structures: A review of Wired, Wireless and Energy Harvesting Methods.
J. Intell. Mater. Syst. Struct. 2013, 24, 1019–1040. [CrossRef]

http://dx.doi.org/10.1109/41.808006
http://dx.doi.org/10.1109/TPEL.2005.861125
http://dx.doi.org/10.1088/0964-1726/13/5/018
http://dx.doi.org/10.1016/j.sna.2005.05.009
http://dx.doi.org/10.1109/TIE.2007.909065
http://dx.doi.org/10.1109/TPEL.2007.911831
http://dx.doi.org/10.1109/TIE.2005.858726
http://dx.doi.org/10.1109/TIE.2007.905630
http://dx.doi.org/10.1155/2010/429148
http://dx.doi.org/10.1177/1045389X13481254


Sensors 2017, 17, 329 14 of 14

12. Tadigadapa, S.; Mateti, K. Piezoelectric MEMS sensors: State-of-the-art and perspectives. Meas. Sci. Technol.
2009, 20, 092001. [CrossRef]

13. Dorey, R.A. Challenges in Integration of Piezoelectric Ceramics in Micro Electromechanical Systems.
Mater. Sci. Forum 2009, 606, 43–50. [CrossRef]

14. Mason, W.P. Physical Acoustics: Principles and Methods; Academic Press: New York, NY, USA; London, UK,
1964; pp. 242–248.

15. Safari, A.; Akdogan, E.K. Piezoelectric and Acoustic Materials for Transducer Applications; Springer Science
+ Business Media, LLC: New York, NY, USA, 2008; pp. 191–239.

16. Sherman, C.H.; Butler, J.L. Transducers and Arrays for Underwater Sound; Springer Science + Business
Media, LLC: New York, NY, USA, 2007; pp. 76–100.

17. Lin, C.H.; Lu, Y.; Chiu, H.J.; Ou, C.L. Eliminating the temperature effect of piezoelectric transformer in
backlight electronic ballast by applying the digital phase-locked-loop technique. IEEE Trans. Ind. Electron.
2007, 54, 1024–1031. [CrossRef]

18. Alonso, J.M.; Ordiz, C.; Dalla Costa, M.A. A novel control method for piezoelectric-transformer based power
supplies assuring zero voltage-switching operation. IEEE Trans. Ind. Electron. 2008, 55, 1085–1089. [CrossRef]

19. Liu, X.; Colli-Menchi, A.I.; Gilbert, J.; Friedrichs, D.A.; Malang, K.; Sánchez-Sinencio, E. An automatic
resonance tracking scheme with maximum power transfer for piezoelectric transducers. IEEE Trans.
Ind. Electron. 2015, 62, 7136–7145. [CrossRef]

20. Cheng, H.; Cheng, C.; Fang, C.; Yen, H. Single-Switch High-Power-Factor Inverter Driving Piezoelectric
Ceramic Transducer for Ultrasonic Cleaner. IEEE Trans. Ind. Electron. 2011, 58, 2898–2905. [CrossRef]

21. Cheng, L.; Kang, Y.; Chen, C.A. resonance-frequency-tracing method for a current-fed piezoelectric
transducer. IEEE Trans. Ind. Electron. 2014, 61, 6031–6040. [CrossRef]

22. Zhang, H.J.; Wang, F.J.; Zhang, D.W.; Wang, L.J.; Hou, Y.Y.; Xia, T. A new automatic resonance frequency
tracking method for piezoelectric ultrasonic transducers used in thermosonic wire bonding. Sens. Actuators
A Phys. 2015, 235, 140–150. [CrossRef]

23. Kuang, Y.; Jin, Y.; Cochran, S.; Huang, Z. Resonance tracking and vibration stablilization for high power
ultrasonic transducers. Ultrasonics 2014, 54, 187–194. [CrossRef] [PubMed]

24. Lin, S.Y. Load characteristics of high power sandwich piezoelectric ultrasonic transducers. Ultrasonics 2005,
43, 365–373.

25. Lin, S.Y. Analysis of multifrequency Langevin composite ultrasonic transducers. IEEE Trans. UFFC 2009, 56,
1990–1998.

26. Arun, N.; Subramaniam, K.V.L. Experimental evaluation of load-induced damage in concrete from
distributed microcracks to localized cracking on electro-mechanical impedance response of bonded PZT.
Constr. Build. Mater. 2016, 105, 536–544.

27. Ai, D.M.; Zhu, H.P.; Luo, H.; Yang, W. An effective electromechanical impedance technique for steel structural
health monitoring. Constr. Build. Mater. 2014, 73, 97–104. [CrossRef]

28. Song, H.; Lim, H.J.; Sohn, H. Electromechanical impedance measurement from large structures using a dual
piezoelectric transducer. J. Sound Vib. 2013, 332, 6580–6595. [CrossRef]

29. Yan, W.; Cai, J.B.; Chen, W.Q. An electro-mechanical impedance model of a cracked composite beam with
adhesively bonded piezoelectric patches. J. Sound Vib. 2011, 330, 287–307. [CrossRef]

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1088/0957-0233/20/9/092001
http://dx.doi.org/10.4028/www.scientific.net/MSF.606.43
http://dx.doi.org/10.1109/TIE.2007.892733
http://dx.doi.org/10.1109/TIE.2007.911928
http://dx.doi.org/10.1109/TIE.2015.2436874
http://dx.doi.org/10.1109/TIE.2010.2076416
http://dx.doi.org/10.1109/TIE.2014.2308156
http://dx.doi.org/10.1016/j.sna.2015.09.040
http://dx.doi.org/10.1016/j.ultras.2013.07.001
http://www.ncbi.nlm.nih.gov/pubmed/23928264
http://dx.doi.org/10.1016/j.conbuildmat.2014.09.029
http://dx.doi.org/10.1016/j.jsv.2013.07.023
http://dx.doi.org/10.1016/j.jsv.2010.08.013
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theoretical Analysis of a Sandwiched Piezoelectric Transducer with Series Matching Inductor 
	Effect of the Series Matching Inductor on the Electromechanical Characteristics of a Piezoelectric Transducers 
	Effect of the Series Matching Inductor on the Frequency Response 
	Dependency of the Electromechanical Parameters on the Series Matching Inductor 

	Experiments 
	Conclusions 

