
Smart Materials and Structures

PAPER

On the optimum resonance of giant
magnetostrictive ultrasonic transducer with
capacitance-based impedance compensation
To cite this article: Huilin Zhou et al 2020 Smart Mater. Struct. 29 105002

 

View the article online for updates and enhancements.

You may also like
Fabrication of a two-dimensional
piezoelectric micromachined ultrasonic
transducer array using a top-crossover-to-
bottom structure and metal bridge
connections
Joontaek Jung, Sangwon Kim, Wonjun
Lee et al.

-

Singulation for imaging ring arrays of
capacitive micromachined ultrasonic
transducers
Chienliu Chang, Azadeh Moini, Amin
Nikoozadeh et al.

-

Capacitive micromachined ultrasonic
transducers for transmitting and receiving
ultrasound in air
Yihe Zhao, Libo Zhao, Zhikang Li et al.

-

This content was downloaded from IP address 183.254.26.46 on 10/01/2023 at 13:44

https://doi.org/10.1088/1361-665X/ab9f4d
/article/10.1088/0960-1317/23/12/125037
/article/10.1088/0960-1317/23/12/125037
/article/10.1088/0960-1317/23/12/125037
/article/10.1088/0960-1317/23/12/125037
/article/10.1088/0960-1317/23/12/125037
/article/10.1088/0960-1317/24/10/107002
/article/10.1088/0960-1317/24/10/107002
/article/10.1088/0960-1317/24/10/107002
/article/10.1088/1361-6439/ab4e00
/article/10.1088/1361-6439/ab4e00
/article/10.1088/1361-6439/ab4e00
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstemCU9nYgKDipWFZN38P8IwIKNBEHfCc1CzJOihW24h1iH9mTDRZT2UavORUWfMxTG91VzsVzcc3btbwtRqAvotd7aUa4Ko4cFQfoAaYdCbuniOkGwhc0_xJUUui7iopeqOYPyzFJOTWYxrf5vIVXWVK56aVg8gXg9UxfNApH3S9izlCVdWq8g93l2n6jm2HdMP71OG0cYkk5sTQkgULfe3EPd-_yalJ4DO_6s0CColeZ9XYejx-EZ_2RzMsXGeSxUL3M0o0YGVYlQiYpC9ek7EWt3Q6EGAwkpA7OFjxbuTA&sai=AMfl-YQg0m73t4x_N_l97Ls821RCelGToyZhnShDgxgoON8Fh9fG2EwBSDSu2H_IWRlCP1IpU6JRftpXH-Np_dFSgg&sig=Cg0ArKJSzErnUkEZj_i9&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/toyota-fellowship%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3D2023ECSTYIF


Smart Materials and Structures

Smart Mater. Struct. 29 (2020) 105002 (13pp) https://doi.org/10.1088/1361-665X/ab9f4d

On the optimum resonance of giant
magnetostrictive ultrasonic transducer
with capacitance-based impedance
compensation

Huilin Zhou1, Jianfu Zhang1,2,5, Pingfa Feng1,2,3, Dingwen Yu1 and Jianjian Wang4

1 Beijing Key Lab of Precision/Ultra-precision Manufacturing Equipments and Control,
Department of Mechanical Engineering, Tsinghua University, Beijing 100084 People’s Republic of China
2 State Key Laboratory of Tribology, Department of Mechanical Engineering, Tsinghua University,
Beijing 100084 People’s Republic of China
3 Division of Advanced Manufacturing, Tsinghua Shenzhen International Graduate School,
Tsinghua University, Shenzhen 518055 People’s Republic of China
4 Department of Mechanical Engineering, Northwestern University, Evanston, IL,
United States of America
5 Author to whom any correspondence should be addressed

E-mail: zhjf@tsinghua.edu.cn

Received 4 April 2020, revised 4 June 2020
Accepted for publication 23 June 2020
Published 24 August 2020

Abstract
Due to the large magnetostrictive coefficient, high power density and fast response speed of
giant magnetostrictive materials, the giant magnetostrictive ultrasonic transducer (GMUT)
becomes an increasingly popular research topic in making a high-power ultrasonic vibration.
However, due to the complex energy conversion mechanism of the GMUT, the optimum
resonance of the GMUT cannot be determined to utilize the ultrasonic energy to the maximum
extent. To solve this problem, an equivalent circuit model of the GMUT is improved with
capacitance-based impedance compensation, and the influence of the compensation capacitance
on the GMUT is studied by the parameter characterization of the extreme currents and
resistance points (X = 0 Ω) in the impedance circle derived from the improved model. Thus, an
impedance-compensation method for determining the maximum amplitude of the GMUT is
proposed to reach the optimum resonance. Experimental results show that the improved model
corresponds well with the impedance circle under different compensation capacitances, and the
maximum amplitude related to the optimum resonance is determined at the optimal point where
the mechanical resonance and electrical resonance occur nearly simultaneously.

Keywords: giant magnetostrictive ultrasonic transducer, vibration, optimum resonance,
ultrasonic energy, impedance compensation, maximum amplitude

(Some figures may appear in colour only in the online journal)

1. Introduction

To improve machining quality, ultrasonic vibration energy
has been utilized in many fields of advanced manufacturing
[1–3]. Giant magnetostrictive materials (GMMs) repres-
ented by Terfenol-D [4] have the advantages of large

magnetostrictive coefficient, high power density, and fast
response speed. The giant magnetostrictive ultrasonic trans-
ducer (GMUT) using GMMs has become an increasingly pop-
ular research topic, and it has been utilized widely in mak-
ing a high-power ultrasonic vibration, promising in terms of
advanced manufacturing [5, 6]. However, due to the complex
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energy conversionmechanism of the GMUT, the optimum res-
onance of the GMUT cannot be determined to maximize the
ultrasonic-energy-utilization efficiency.

According to the previous performance tests [7, 8],
Terfenol-D can effectively increase the ultrasonic amplitude
and improve the ultrasonic power used in the GMUT, thus,
when combined with the rotary ultrasonic machining tech-
nology, the GMUT can be applied to the processing of hard
and brittle materials such as optical glass, advanced ceramics,
and so on. But the temperature rising effect and load effect,
which are the remaining engineering barriers to be solved in
order to make GMUT a viable tool for industrial use, will lead
to poor amplitude stability and also affect the resonance fre-
quency of the system [9–11]. Thus, an efficient cooling sys-
tem suitable for the GMUT is needed to be built, especially
the efficient liquid cooling systemwhich requires the compon-
ents are sealed against liquid due to the coil structure in the
GMUT. And an effective ultrasonic power supply with reson-
ance frequency automatic tracking is also needed. To improve
the stability of magnetostrictive system and the effectiveness
of their application, many scholars have studied the temperat-
ure characteristics of GMMs and proposed temperature cool-
ing control and resonance frequency tracking methods. Zeng
et al [12] established a nonlinear dynamic model to explore
the nonlinearity behaviors of the GMUT, demonstrating the
dynamical characteristics of the system by numerical integ-
ration. Zhou et al [13] proposed a method of cooling GMMs
by spiral tube winding. Based on the mechanism of heat gen-
eration, heat transfer, and heat dissipation, a thermodynamic
model considering thermal resistance was established, and the
effectiveness of the cooling method was verified by experi-
ments. Cai et al [14] employed impedance analysis to identify
the relevant parameters by equivalent circuit model and exper-
iment, then explored the influence of temperature on the amp-
litude characteristics of the GMUT.

For frequency tracking, Zhang et al [15] tracked the res-
onance frequency of the piezoelectric system through the
fuzzy logic method and binary search algorithm. Yang et al
[16] employed the theory of fuzzy control and proportional–
integral–derivative (PID) control to track frequency, and
effectively compensated the static error of fuzzy control. Xu
[17] used the magnetostrictive inverse effect to sense the res-
onance frequency of the system by driving coil or detect-
ing coil and tracked the frequency, improving the efficiency
of the transducer and effectively reducing the volume of the
transducer. However, few reports explore a method of how to
achieve the optimum resonance of the GMUT and the corres-
ponding actual resonance frequency cannot be determined for
high ultrasonic-energy-utilization efficiency.

This study focuses on exploring the method to realize
the optimum resonance of the GMUT with capacitance-
based impedance compensation. In this study, to achieve
the optimum resonance of the GMUT, an equivalent cir-
cuit model of the GMUT was improved with capacitance-
based impedance compensation, and the relationship between
the compensation capacitance and the impedance circle
of the GMUT was explored by proposing an improved
impedance-compensation model with capacitance-based

Figure 1. Schematic diagram of the GMUT: (a) Structure of the
GMUT; (b) Key structural design parameters of the horn; (c) FEM
simulation.

impedance compensation, which is established and identified
by nonlinear fitting. To further study the resonance state of the
GMUT, the discrete data point in the impedance circle was
investigated, and the influence of the compensation capacit-
ance on the GMUTwas studied by the parameter characteriza-
tion of the extreme currents and resistance points (X = 0 Ω) in
the impedance circle derived from the improved model. Para-
meter identification and model verification were then carried
out to put forward an impedance-compensation method for
determining the maximum amplitude related to the optimum
resonance of the GMUT, and the actual resonance frequency
was obtained as the frequency tracking index.

2. Equivalent circuit model of the GMUT

2.1. Configuration of the GMUT

In this paper, a GMUT using Terfenol-D is designed and stud-
ied. A schematic diagram of the GMUT is shown in figure 1,
in figure 1(a), the ultrasonic power supply generates a high-
frequency electric signal and the excitation coil generates a
high-frequency alternating magnetic field. Through the action
of the magnetic circuit, the giant magnetostrictive material
(Terfenol-D) generates longitudinal ultrasonic vibration along
the axial direction in the GMUT. The vibration is then trans-
mitted and amplified through the horn so that the tool can
remove material of the workpiece.

Figure 1(b) provides the key structural design parameters of
the horn. To achieve the maximum amplitude at the output end
of the horn, according to the vibration transmission principle
of a longitudinal wave, one-dimensional longitudinal vibration
occurring in the horn is supposed. The input end of the horn,
i.e. the connection surface with the transducer, is designed as
the peak/trough position, and the step surface connected at the
large and small ends of the horn is considered as the nodal
surface to reduce the energy loss of reflected wave. Therefore,
considering the rationality of the length design, the total length
of the horn is selected as half wavelength and LD = LX = λ/4.
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Table 1. Key structural design parameters of the horn.

Parameter Unit Design value

Length of the large end LD mm 63.095
Length of the small end LX mm 63.095
Diameter of the small end D0 mm 10
Diameter of the large end D1 mm 20
Design resonance frequency (initial value) kHz 20

Figure 2. Coupling equivalent process of the electric circuit of the
GMUT: (a) Electromechanical equivalent circuit; (b) Coupling
equivalent circuit [18].

Because the longitudinal wave velocity satisfies c=
√
E/ρ,

and c = fλ, where E and ρ represent Young’s modulus and
density of the horn, f represents the frequency, and λ rep-
resents the wavelength. Therefore, according to the paramet-
ers given by 45# steel material and the design resonance fre-
quency of 20 kHz, the calculation results are c= 5047.6m s−1,
λ = 252.38 mm, and LD = LX = 63.095 mm.

Table 1 provides the key structural design parameters of
the horn in detail. According to the amplitude magnification
coefficient, the reasonable values of the-small-end diameter
D0 and the-large-end diameter D1 can be determined. Usu-
ally, the actual resonance frequency of the GMUT changes
due to the existence of structures such as tool, shape of horn,
and joint surface. A FEM simulation is needed to make the
longitudinal-mode frequency close to the design resonance
frequency, which may require changing the key structural
design parameters of the horn, as shown in figure 1(c). It is
therefore necessary to further explore the optimal output state
of the amplitude for the GMUT.

2.2. Equivalent circuit model of the GMUT

As noted in the literatures [18–20], the equivalent circuit
model has been used to study the vibration performance
of the GMUT. However, the influence of the impedance
compensation on the resonance of the GMUT cannot be
studied by the model, and the optimum resonance cannot
be determined. Thus, an improved impedance-compensation
model with capacitance-based impedance compensation is
proposed based on the equivalent circuit model. Figure 2
shows the coupling equivalent process of the electric circuit of
the GMUT, in which figure 2(a) illustrates the electromechan-
ical equivalent circuit and figure 2(b) is the coupling equival-
ent circuit.

In figure 2,
.
U and

·
I represent the voltage and current,

respectively,
·
F and

·
v represent the driving force and speed,

respectively, and the electric impedance of the equivalent cir-
cuit includes electric resistance Re, electric inductance Le, and
compensation capacitance Cc. The mechanical impedance of
the equivalent circuit includes the mechanical resistance Rm,
themechanical inductance Lm, and themechanical capacitance
Cm. The coupling parameters include the electromechanical
conversion coefficient Tme and the coupling dynamic imped-
ance Zmot.

The equivalent circuit model of the GMUT can be
expressed in the form of impedance circle, however, the
relationship between the compensation capacitance and the
impedance circle has not been not explored in the equival-
ent circuit model. To effectively explore the relationship, it
is necessary to further analyze and solve the equivalent cir-
cuit of the GMUT, and establish an improved impedance-
compensation model. According to the existing literature
[19, 20], the key parameters in the coupling equivalent circuit
process can be expressed as:

Zm = Rm+ jωLm+
1

jωCm

Zmot =−TemTme
Zm

Tem =−Tme

(1)

where ω is the circular frequency in the impedance circle and
the loss in the process of energy conversion is ignored. The
coupling dynamic impedance Zmot is given by:

Zmot = Rmot+ jXmot· (2)

Therefore, it can be obtained from equations (1) and (2)
that: 

Rmot =
T2meRm

R2
m+(ωLm− 1

ωCm
)
2

Xmot =−
T2me(ωLm− 1

ωCm
)

R2
m+(ωLm− 1

ωCm
)
2

· (3)

Equation (3) reduces to the common expression:

(Rmot−
T2me
2Rm

)2 +X2
mot = (

T2me
2Rm

)2 (4)

thus the total impedance of the GMUT can be expressed as:

Z= R+ jX (5)

where Z is the total impedance, R is the resistance, and X is
the reactance. 

R= Re+Rmot

jX= jXmot+ jωLe+
1

jωCc

, (6)

Further substituting equation (6) into equation (4), the equi-
valent circuit model of the GMUT can be derived as follows:

(R− T2me
2Rm

−Re)
2 +(X−ωLe+

1
ωCc

)2 = (
T2me
2Rm

)2· (7)

3
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To simplify the equivalent circuit model of the GMUT,
equation (8) is given as:

r=
T2me
2Rm

A=
T2me
2Rm

+Re

B= ωLe−
1

ωCc

· (8)

It can be seen that r and A are independent of the circular
frequency ω and the compensation capacitanceCc, however, ω
and Cc may have an uncertain effect on B. Substituting equa-
tion (8) into equation (7) obtains:

(R−A)2 +(X−B)2 = r2 (9)

where A and B represent the abscissa and ordinate of the
impedance circle center, respectively, and r is the radius of
the impedance circle.

2.3. Improved impedance-compensation model

To obtain the improved impedance-compensation model, the
key parameters of the model are mathematically studied using
equation (8). To calculate the effective ordinateB of the imped-
ance circle center, the model must be transformed further.
Thus, zero compensation capacitance is defined as C0 by solv-
ing equation (10):

ωnLe =
1

ωnC0
(10)

whereωn is themechanical resonance circular frequency of the
GMUT, B = 0 while Cc = C0, and the system will reach the
mechanical resonance (ω = ωn). Thus,Cc can be expressed as:

Cc = C0 +∆C (11)

where ∆C is the offset of the compensation capacitance. It
should be noted that the units of Cc, C0, and ∆C in this study
are nF. Substituting equation (11) into equation (8), and split-
ting B, provides:

B= ωLe−
1

ωCc
= ωLe−

1
ω(C0 +∆C)

= ωLe−
1

ωC0
+

∆C
ωC0(C0 +∆C)

· (12)

Considering the relationship between the circular fre-
quency ω and frequency f in equation (13), i.e.

ω = 2πf, (13)

an effective cut-off frequency interval near the mechanical res-
onance frequency f n in the impedance circle of the GMUT is
assumed where the influence of the frequency change on the

first two items of B within the interval can be ignored. This
means:

ωLe−
1

ωC0
≈ ωnLe−

1
ωnC0

= 0· (14)

The effective cut-off frequency interval is obtained and
verified below. Substituting equation (14) into equation (12)
yields:

B= ωLe−
1

ωC0
+

∆C
ωC0(C0 +∆C)

=
∆C

ωC0(C0 +∆C)
(15)

by substituting equation (11) into equation (15), B can then be
rewritten as:

B=
∆C

ωC0(C0 +∆C)
=
Cc−C0

ωC0Cc

=
1
ω
(
1
C0

− 1
Cc

)≈ 1
ω
(
1
C0

− 1
Cc

) (16)

where ω is considered as the average constant ω, representing
the fitting circular frequency. Substituting equation (16) into
equation (9), the improved impedance-compensation model
can be established as:

(R−A)2 + [X− 1
ω
(
1
C0

− 1
Cc

)]2 = r2 (17)

3. Parameter characterization

3.1. Frequency angle α of the impedance circle

For a real GMUT device, the discrete data points and frequen-
cies obtained cannot directly connect with the compensation
capacitances. To study the impedance-compensation charac-
teristics including the extreme currents (minimum current and
maximum current) and resistance points (X = 0 Ω) in the
impedance circle, parameter characterization of the frequency
angle α of the impedance circle is proposed to establish the
relationship between the frequency of each discrete data point
and the point’s position in the impedance circle.

The value distribution of the frequency angle α in the
impedance circle is shown in figure 3, α represents the angle
composed of the line from the center of the impedance circle to
the discrete point and the abscissa, with the unit of ◦. The α in
first and third quadrants represents α > 0◦, and the α in second
and fourth quadrants represents α < 0◦, using α = 0◦ for the
abscissa. Thus, two kinds of special frequency angles are fur-
ther defined to illustrate the impedance-compensation charac-
teristics according to the improved impedance-compensation
model.

3.2. Extreme frequency angle αext of the impedance circle

To explore the relationship between the compensation capa-
citance Cc and extreme currents in the impedance circle,
the extreme frequency angle αext of the impedance circle is
proposed, which consists of the frequency angles with the

4
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Figure 3. Value distribution of the frequency angle α in the
impedance circle.

maximum value and minimum value of the total impedance
mode in the impedance circle represented by αext1 and
αext2, respectively. The geometric relationship between the
improved impedance-compensation model and the extreme
frequency anglesαext1 andαext2 of the impedance circle is then
established, as shown in figure 4.

In figure 4, the circles O0, O1, and O2 represent the
impedance circles when Cc > C0, Cc = C0, and Cc < C0,
respectively. For each kind of impedance circle, there are a
maximum |Z(Cc)|max and minimum value |Z(Cc)|min of the
total impedance mode given by:

|Z(Cc)|min = OO5 =
√
A2 +B2 − r

=

√√√√(
T2me
2Rm

+Re)
2

+

[
1
−
ω
(
1
C0

− 1
Cc

)

]2

− T2me
2Rm

|Z(Cc)|min = OO6 =
√
A2 +B2 − r

=

√√√√(
T2me
2Rm

+Re)
2

+

[
1
−
ω
(
1
C0

− 1
Cc

)

]2

+
T2me
2Rm

(18)

In combination with figures 3 and 4, it can be seen that in
any case, this will provide:

αext1(Cc) = αext2(Cc)· (19)

Therefore, αext(Cc) can be expressed as:

αext(Cc) = arctan(
B
A
) = arctan[

1
ω

(
1
C0

− 1
Cc

)
T2me
2Rm

+Re
] (20)

It can be seen from equation (20) that when Cc = C0, there
are:

αext(Cc) = 0◦· (21)

Figure 4. Geometric relationship between the improved
impedance-compensation model and the extreme frequency angles
of the impedance circle.

Simultaneously, the maximum value |Z(Cc)|max and the
minimum value |Z(Cc)|min of the total impedance mode in the
impedance circle reach the minimum value |Z(C0)|max |min and
|Z(C0)|min |min, respectively.

3.3. Resistance frequency angles αres1 and αres2 of the
impedance circle

The effective resistance points (X = 0 Ω) in the imped-
ance circle are also studied to further explore the impedance-
compensation characteristics. The geometric relationship
between the improved impedance-compensation model and
the resistance frequency angles of the impedance circle is
shown in figure 5, the intersection points of the impedance
circle and abscissa are defined as the resistance point, includ-
ing the first and the second resistance points, and the second
resistance point is the one with higher frequency (points O2

and O4). As the frequency difference between two resist-
ance points is large when Cc < C0, and the frequency of
the second resistance point will be far away from the mech-
anical resonance frequency of the GMUT as Cc decreases,
the improved impedance-compensation model is discussed for
when Cc ≥ C0.

The αres1(Cc) and αres2(Cc) respectively represent the res-
istance frequency angles of the impedance circle, which are

5
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Figure 5. Geometric relationship between the improved
impedance-compensation model and the resistance frequency angles
of the impedance circle.

the frequency angles of the impedance circle showing the pure
resistance characteristic. In combination with figures 3 and 5,
they can be defined as:

αres1(Cc) =−αres2(Cc), αres1(Cc)⩽ 0, Cc ⩾ C0 (22)

while αres1(Cc) can be given by:

αres1(Cc) =−arcsin(
O0O1

O1O5
) =−arcsin(

B
r
)

=−arcsin[

1
ω

(
1
C0

− 1
Cc

)
T2me
2Rm

] (23)

4. Experiments and discussion

To explore the method for determining the maximum amp-
litude of the GMUT, the current variation and the in-phase
point of the voltage and current in the impedance circle must
be obtained and investigated. Since the GMUT is an electro-
magnetic-mechanical coupling system, the electric energy
input to the GMUT makes Terfenol-D produce magnetostric-
tion through the electromagnetic field, and the acoustic wave
energy in the vibration system appears as mechanical energy
of vibration through the amplification of the horn. From a
physical point of view, the actual resonance frequency of the
GMUT is not only related to the resonance frequency of the
mechanical structure (i.e. the mechanical resonance frequency
f n) but also related to the energy input to the system.

From the perspective of energy conversion, the energy
conversion efficiency of the GMUT can be expressed as the
product of electrical energy conversion efficiency and mech-
anical energy conversion efficiency. For the electrical energy
conversion efficiency, when the voltage and current are in
phase (electrical resonance, X = 0 Ω), all the input energy is
converted into useful work acting on the Terfenol-D, and the
electrical energy conversion efficiency reaches the maximum.
For the mechanical energy conversion efficiency, when the
vibration frequency is at the mechanical resonance frequency,

the mechanical structure resonates, and the mechanical energy
conversion efficiency reaches the maximum. Thus, the energy
conversion efficiency of the GMUT reaches its maximum
only when the electrical resonance frequency is consistent
with the mechanical resonance frequency. However, the use-
ful work input to the GMUT cannot reach the maximum at
the maximum energy conversion efficiency, and the maximum
amplitude related to the optimum resonance cannot be real-
ized due to the impedance-compensation characteristics of the
GMUT.

Thus, it is, therefore, necessary to study impedance-
compensation characteristics in the impedance circle, includ-
ing the extreme currents and the resistance points. This allows
for further exploration of a method to determine the actual res-
onance frequency.

4.1. Experimental setup

As shown in figure 6, the impedance analyzer was used to
collect the frequency-sweeping information of the resistance
and reactance of each discrete data point in the impedance
circle of the GMUT, the frequency-sweeping range was set
to 19 500 Hz-21 000 Hz, with a step of 1 Hz. The compens-
ation capacitance was utilized for compensating the circuit
with the smallest adjustable amount of 1 nF. The ultrasonic
power supply excited the GMUTwith electrical signals at con-
stant voltages and the laser displacement sensor was used to
measure the amplitude at the end of the horn of the GMUT
using 392 kHz-sampling frequency. The oscilloscope was then
employed to display the real-time current signal induced by
the current sensor, the power meter collected and calculated
the current. In figure 6(a), the computer outputted the control
signal to control the impedance analyzer (S1) or the ultrasonic
power supply and laser displacement sensor (S2), and each
experiment is conducted in a short time to avoid the temperat-
ure rising error caused by the eddy current effect in the GMUT.
The experimental setup is shown in figure 6(b).

4.2. Parameter identification and model validation

4.2.1. Effective cut-off frequency interval. To determine the
effective cut-off frequency interval near the mechanical res-
onance frequency in the impedance circle of the GMUT,
appropriate discrete data points in the impedance circle need
to be selected. Under the same compensation capacitance,
each discrete data point in the impedance circle represents
the impedance-compensation characteristics under different
excitation frequencies, i.e. each point in the impedance circle
corresponds to different B, so when the distribution of the dis-
crete data points is too dense (resulting from large frequency
variation), the variation of the frequency will cause the shape
of the impedance circle deviate from the circle. Thus, using
discrete data points with too dense distribution as fitting data
points can cause fitting distortion of the improved impedance-
compensation model.

To reduce the influence of the frequency on B and identify
the effective model of the impedance circle, the frequency-
distance impedance mode dZ is defined, representing the size

6
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Figure 6. Illustration of the experimental setup: (a) Schematic diagram of experimental device; (b) Experimental setup.

Figure 7. Distribution of the frequency-distance impedance mode
dZ of the discrete data points under different compensation
capacitances.

of the impedance mode between two discrete data points in the
impedance circle with one unit frequency difference, that is:

dZ =
√
(Rf+1Hz−Rf)

2
+(Xf+1Hz−Xf)

2 (24)

whereRf andXf respectively represent the resistance and react-
ance at the frequency f, and Rf +1 Hz and Xf +1 Hz represent the
resistance and reactance at the frequency f + 1 Hz.

To determine the effective cut-off frequency interval, dZ
needs to be calculated. Thus, the impedance analyzer was used
to collect the resistance and reactance of the GMUT under dif-
ferent compensation capacitances by frequency sweeping, and
the results for dZ according to the statistics of the discrete data
points in the impedance circle is shown in figure 7.

In figure 7, the dZ under different compensation capacit-
ances displays a mutation in a certain frequency range, and
the average values of the effective cut-off frequencies of dZ
for the mutation under different compensation capacitances
are defined as f1, f2, respectively, which are expressed as
f1= 20 657 Hz, f2= 20 772 Hz. In the interval [f1, f2], distri-
bution of the dZ appears a sudden change (dZ spike) when the
frequency is near the mechanical resonance frequency f n, the

mechanical resonance frequency is determined according to
the existing literature [19], i.e. f n = 20 704 Hz in this study.
Therefore, the rationality of a design mechanical resonance
frequency f n of a GMUT in FEM simulation can be verified by
the frequency of the dZ spike in the effective cut-off frequency
interval. With an increase in f, dZ first increases and then
decreases, and the distance between the discrete data points in
the impedance circle first increases and then decreases. That
is to say, most of the discrete data points in the circle appear
in the interval [f1, f2].

The frequency difference ∆f of the interval [f1, f2] in the
impedance circle of the GMUT is:

∆f̄= f2 − f1 = 115 Hz (25)

where ∆f is far smaller than the mechanical resonance fre-
quency f n of the GMUT. It is, therefore, assumed that the inter-
val [f1, f2] is the effective cut-off frequency interval, which
means that the influence of the frequency change on B within
the effective cut-off frequency interval is ignored.

4.2.2. Abscissa A of the impedance circle center and radius
r of the impedance circle. According to the interval [f1, f2],
the average number of the effective discrete data points under
every compensation capacitance was selected, and the least
square method was used to fit the effective discrete data points
in each impedance circle by MATLAB.

The relation diagram of the abscissa A, ordinate B of the
fitted circle center and the radius r of the fitted circle versus
the compensation capacitance Cc of the GMUT is provided
below in figures 8 and 9.

According to equation (8) and figures 8 and 9, it can be
seen that r and A are independent of the frequency f and the
compensation capacitance Cc, and their values are basically
unchanged. This finding is consistent with previous predic-
tions, thus the average values can be taken for A and r.

4.2.3. Ordinate B of the impedance circle center. Equation
(16) should be solved numerically to determine ordinate B.
Because the smallest adjustable amount of the compensation
capacitance used in the experiment is 1 nF, it can be seen
from figure 8 that the zero compensation capacitance C0 is

7
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Figure 8. Relationship between the abscissa A and ordinate B of the
fitted circle center and the compensation capacitance Cc of the
GMUT.

Figure 9. Relationship between the radius r of the fitted circle and
the compensation capacitance Cc of the GMUT.

between 98 nF-104 nF. Nonlinear curve fitting was carried out
in OriginPro 8, and zero compensation capacitance between
98 nF and 104 nF was selected for respective fitting. Thus, the
identified parameters C0 and ω for the minimum nonlinear fit-
ting error for B can be derived in figure 10.

4.2.4. Improved model validation. To verify the effective-
ness of the improved impedance-compensation model, the
assumptions must be verified. For the effective cut-off fre-
quency interval [f1, f2], by substituting the identified parameter
C0 and the mechanical resonance circular frequency ωn into
equation (10), the Le can be then calculated as:

Le =
1

ω2
nC0

· (26)

Figure 10. Nonlinear fitting error of the ordinate B of the
impedance circle center under different compensation capacitances.

By substituting equations (13) and (26) into equation (8), B
can be rewritten as equation (27):

B= 2πfLe−
1

2πfCc
=

2πf
ω2
nC0

− 1
2πfCc

=
f

2πf2nC0
− 1

2πfCc
·

(27)
Therefore, when f is in the interval [f1, f2], the changed

value ∆B for Cc = C0 can be calculated according to
equation (27), i.e.∆B= 0.84 Ω, and the average experimental
changed value∆B for a variety of compensation capacitances
is just 0.83Ω. The findings show that the assumption of ignor-
ing the frequency changewithin the effective cut-off frequency
interval is reasonable, relative to the total impedance mode.

In this case, to validate the ordinate B, the mathematical
model of the coordinate B in equation (16) can be established
according to the identified parameters C0 and ω in figure 10.
The fitting results for the coordinate B are shown in figure 11,
and the data fitting effect is good, which means the assumption
of the mathematical model of B is reasonable.

Substituting the identified parameters A, B, and r into equa-
tion (9), the improved impedance-compensation model of the
GMUT is obtained:

(R− 27.25)2 + [X− 7409.11(
1

101
− 1
Cc

)]2 = 12.302· (28)

To verify the validity of the improved impedance-
compensation model of the GMUT, validation of the improved
impedance-compensation model is shown in figure 12. As
illustrated in the figure, the model has a good fitting res-
ult with the points used for fitting in figure 12(a). To better
distinguish the fitting effect for varied compensation capacit-
ances, a comparison of the fitting results and the impedance
circles under five kinds of compensation capacitances with
large differences is provided in figure 12(b), illustrating that
the improved impedance-compensation model of the GMUT
corresponds well with the experimental results.

8
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Figure 11. Comparison of the discrete data points and the fitting
curve of the ordinate B of the impedance circle center under
different compensation capacitances.

4.3. Impedance-compensation method for determining the
maximum amplitude

4.3.1. Relationship between the frequency and frequency
angle of the impedance circle. The relation curve between
the frequency f and the frequency angle α of the impedance
circle in a certain experimental range of the compensation
capacitance is provided in figure 13. In the figure, (a), (b),
(c), and (d) respectively represent the first, second, third, and
fourth intervals in figure 3. It can be seen from figure 13 that
the curves under different compensation capacitances obey the
same rule and the frequency change of the discrete data points
in (a), (c), and (d) is far smaller than that in (b). It should
be noted that the discrete data points at the beginning of the
frequency-sweeping experiment in (b) and (c) were removed
as they were not in use.

4.3.2. Extreme frequency difference model. The resonance
frequency will be affected by the excitation signal [21]. There-
fore, in order to more effectively explore the method for
determining the maximum amplitude, the extreme frequency
difference model is proposed to illustrate the frequency vari-
ation between the minimum current and the maximum cur-
rent in the impedance circle. The curves in (a) and (d) and
the curves in (b) and (c) in figure 13 are established under
the same abscissa αext according to equation (19), as shown in
figure 14.

In figure 14, the f-αext curves under different compensa-
tion capacitances have the same change trend. The curves can
thus be fitted by the least square method and the correspond-
ing mathematical model can be established. To facilitate cal-
culation, one group of data (Cc = 100 nF) was selected as the
discrete data points for fitting, and the polynomial nonlinear
fitting according to the least square method was performed in
Stata/SE 14.0. The R-squared of the fitting functions f14(α)
and f23(α), which are respectively applicable to the curves in

Table 2. Polynomial fitting coefficient.

Item Subscript 14 Subscript 23

a −7.67205 × 10−10 −2.97931 × 10−11

b −5.55275 × 10−8 6.91323 × 10−9

c −3.10338 × 10−6 −5.67383 × 10−7

d −4.98215 × 10−4 2.09382 × 10−5

e −1.91811 × 10−1 −6.24385 × 10−4

f 2.07035 × 104 3.59366 × 10−2

g - −1.81493 × 10◦

h - 2.07717 × 104

(a) and (d) and the curves in (b) and (c), reaches saturation at
i = 5 and i = 7, respectively. Therefore, the fitting functions
of the model are established by selecting the corresponding
polynomial orders, as shown in equation (29):

f14(α) = a14α
5 + b14α

4 + c14α
3 + d14α

2 + e14α+ f14

f23(α) = a23α
7 + b23α

6 + c23α
5 + d23α

4 + e23α
3

+f23α
2

(29)
where the fitting results are expressed by scientific count-
ing method with six significant figures reserved, as shown in
table 2. The fitting curves are expressed in figure 14.

In figure 14,∆fp−p represents the extreme frequency differ-
ence between the extreme frequency for the minimum current
and the extreme frequency for the maximum current obtained
in the impedance circle. Therefore, according to the fitting
functions of the model f14(α) and f23(α), the extreme fre-
quency difference model of the impedance circle can be estab-
lished, as shown in equation (30):

∆fp−p(αext) = f23(αext)− f14(αext) (30)

where, ∆fp−p(αext) refers to the extreme frequency differ-
ence of the extreme frequency angle αext. For the GMUT
with different compensation capacitances, different excitation
voltages were used for the frequency-sweeping experiment,
with 10Hz as the frequency step. The comparison of the exper-
imental result of the extreme frequency difference ∆fp−p and
the predicted result under different compensation capacitances
is shown in figure 15.

In figure 15, as the increase of αext, ∆fp−p and the vari-
ation amplitude of∆fp−p both decrease gradually, the extreme
frequency difference meets the predicted result given by equa-
tion (30) under different excitation voltages and compensation
capacitances. This finding illustrates that the GMUT under
different compensation capacitances and excitation voltages
follows the same rule for the extreme frequency difference
between the minimum current and the maximum current,
which can be useful to determine the actual resonance fre-
quency of the GMUT.

4.3.3. Impedance-compensation characteristics. To
explorethe impedance-compensation characteristics, the fre-
quencies corresponding to the extreme frequency angles and
the resistance frequency angles must be studied. Considering

9
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Figure 12. Validation of the improved impedance-compensation model of the GMUT: (a) Fitting result with points used and not used for
fitting; (b) Model validation.

Figure 13. Relationship between the frequency f and the frequency
angle α of the impedance circle under different compensation
capacitances: (a), (b), (c) and (d) respectively represent the first,
second, third, and fourth intervals in .figure 3

the characteristics of the extreme frequency difference model
in figure 15, the frequency difference between the max-
imum current and minimum current increases rapidly when
Cc < C0 = 101 nF. Since the frequency of the minimum cur-
rent is near the mechanical resonance frequency fn, relatively
insensitive to the compensation capacitances as shown in fig-
ure 16, the frequency of the high current is more likely to
deviate from the mechanical resonance frequency fn than
Cc ≥ C0. Thus, Cc ≥ C0 was selected for the resonance
frequency.

Substituting the identified parameters into equation (23),
when αres1(Cc) = − 90◦, Cc ≈ 121 nF was obtained. There-
fore, 101 nF ≤ Cc ≤ 121 nF was selected to illustrate
the impedance-compensation characteristics including the
extreme currents and the resistance points. The Relationship
between the fitting results of the resistance frequencies

Figure 14. Relationship between the frequency f and the extreme
frequency angle αext of the impedance circle under different
compensation capacitances.

and extreme frequencies and the resistance frequency angle
αres1 is shown in figure 16, in which f res1 and f res2 rep-
resent the frequencies corresponding to the resistance fre-
quency angles αres1 and αres2 of the impedance circle,
with the same phases of the voltage and current. Addi-
tionally, f ext1 and f ext2 represent the frequencies corres-
ponding to the extreme frequency angles αext1 and αext2 of
the impedance circle, with the corresponding minimum and
maximum currents, respectively. All the above frequencies
were obtained according to equations (21), (24), (29), and
table 2.

In figure 16, as the compensation capacitance Cc increases,
αres1 decreases from 0◦ to− 90◦, the extreme frequency differ-
ence between the minimum current and the maximum current
in the impedance circle decreases, and the resistance frequency
difference between the two in-phase points of the current
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Figure 15. Comparison of the experimental result of the extreme
frequency difference∆fp−p and the predicted result under different
compensation capacitances.

Figure 16. Relationship between the fitting results of the resistance
frequencies and extreme frequencies and the resistance frequency
angle αres1.

and voltage in the impedance circle converges to the same
frequency.

4.3.4. Maximum amplitude and actual resonance frequency.
The above research illustrates that when the compensa-

tion capacitance is equal to zero compensation capacitance
(Cc = C0), the minimum current and maximum current in the
impedance circle are resistive. However, due to the character-
istics of the extreme frequency, the current increases as the fre-
quency is far away from the mechanical resonance frequency
f n of the GMUT. Because the mechanical resonance frequency
f n is relatively large, when the frequency is in the effective
range of f n ±∆f, where∆f is a frequency offset, it is still con-
sidered as the mechanical resonance state. As the excitation
frequency f < f n, the discrete data points are more densely
distributed than f > f n, which means the frequency is easier

Figure 17. Relationship between the frequency offset∆f and
resonance amplitude ratio ηA and the compensation capacitance Cc

of the GMUT.

to deviate from the mechanical resonance frequency f n. Thus,
the resonance frequency was studied in f > f n (i.e. f n +∆f). It
can be seen from figure 16 that the greater the frequency devi-
ating from the mechanical resonance frequency f n, the closer
the current is to the maximum current.

The vibration frequency of the system is consistent with the
excitation frequency of the input electrical signal, and differ-
ent excitation frequencies lead to different input energy due to
the impedance characteristics of the GMUT.When the voltage
and current are at the same phase (electrical resonance), the
input energy will all be converted into useful work. There-
fore, when the GMUT is excited in the effective range of the
mechanical resonance state, the actual resonance frequency
will occur at the frequency with maximum useful work (gener-
ally near electrical resonance). Thus, the maximum amplitude
related to the optimum resonance may occur at the optimal
point where themechanical resonance and electrical resonance
occur nearly simultaneously.

Because the extreme frequency difference model is inde-
pendent of the excitation voltage, it is, therefore, applicable to
determine the actual resonance frequency for the maximum
amplitude using the extreme frequency difference model,
regardless of the influence of the excitation signal on the res-
onance frequency. As compensation capacitance increases, the
frequencies of the two resistance points gradually approach,
the distribution for the frequencies with highly identical phase
of the voltage and current between the extreme frequencies of
the minimum current and maximum current is more uniform.
Therefore, there may be an optimal compensation capacitance
range in producing a maximum amplitude. It is thus supposed
that the actual resonance frequency of themaximum amplitude
can be obtained at the frequency of the minimum current plus
the frequency offset ∆f. To verify the above hypothesis, the
resonance amplitude ratio ηA is defined as:

ηA =
A

Amax
(31)
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where A represents the resonance amplitude of each compens-
ation capacitance at the same excitation voltage and Amax (i.e.
themaximum amplitude) is themaximumA in the experiments
at each excitation voltage, as shown in figure 17.

In figure 17, the resonance amplitude ratio ηA reaches
the maximum value in the optimal compensation capacitance
range and the frequency offset ∆f is almost 30 Hz for each
compensation capacitance and each excitation voltage. Taking
the ∆f into figure 16, it can be found that the electrical reson-
ance almost occurs in the optimal compensation capacitance
range, that is to say, although the energy conversion efficiency
does not reach themaximum (close to themaximum), themax-
imum amplitude is generated due to the maximum useful work
input to the GMUT. Thus the method for determining the max-
imum amplitude and the actual resonance frequency used as
the frequency tracking index at each excitation voltage can be
obtained.

5. Conclusions

Investigation on the optimum resonance of the giant mag-
netostrictive ultrasonic transducer (GMUT) with capacitance-
based impedance compensation was conducted in this work.
The results show that the improved impedance-compensation
model is in good agreement with the impedance circle
of the GMUT, and the following conclusions can be
drawn.

(1) Under different excitation voltages and compensation
capacitances, the extreme frequency difference between the
minimum current and maximum current meets the predicted
model, which is not affected by excitation voltage and the com-
pensation capacitance.

(2) As the compensation capacitance increases from zero
compensation capacitance, the resistance frequency difference
between the two in-phase points of the current and voltage in
the impedance circle of the GMUT converges to the same fre-
quency.

(3) The method for determining the maximum amplitude
related to the optimum resonance of the GMUT is illustrated
to be effective. The actual resonance frequency used as the fre-
quency tracking index under different excitation voltages and
compensation capacitances can be obtained at the frequency
of the minimum current plus a frequency offset.
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