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Abstract
Due to the safety threats caused by icing, the de-icing system is essential in the aviation industry. As an effec-
tive method, the electromechanical de-icing system (EDS) is a new ice-protection system based on mechanical
vibration principles. For the majority of the current research on system de-icing capability estimation, the effect
of impedance-matching is not considered. Impedance matching plays a very important role in improving the per-
formance of the electromechanical system, so we must also consider the impact of impedance matching when
designing the EDS. In the present study, a de-icing capability prediction method considering the impact of an
impedance-matching device is established based on experimental and numerical methods. The results indicate that
the impedance-matching effect has no impact on the mechanical vibration of the structure for the same load power.
Meanwhile, impedance-matching devices can significantly improve the power factor and increase the interface shear
stress/strain for de-icing. Eight different vibrational modes were tested, and the experimental results showed that the
actual interface shear strain after impedance matching is inversely proportional to the de-icing time. The verification
experiments were conducted and the accuracy of the proposed prediction method was verified.

Nomenclature
a, b length and width of the plate, m
A integration coefficient
E, μ Young’s modulus and Poisson’s ratio of the structure
Fstru motivating force applied to the structure
halu, hn plate thickness and the position of the neutral line, m
m, n number of anti-nodes in the transversal and longitudinal axes
M, D, K mass matrix, damping matrix, and stiffness matrix
Psys, i power of the vibration mode i
qi displacement
Qm, i quality factor of the vibration mode
vvel,i velocity of the vibration mode i, m/s
w displacement in x-, y-, and z-directions, m
σ , ε main stress and strain, Pa
τ , γ shear stress and strain, Pa
θ angle between equivalent resistance and equivalent reactance
εdamp damping ratio
ρ density, kg/m3
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1.0 Introduction
The icing of aircraft and wind turbines causes component damage, results in operation disruption, and
inherent equipment loss, as well as their potential for causing serious accidents [1, 2]. Different types
of anti/de-icing methods, such as thermal [3], mechanical [4], chemical [5] and other methods with
new principles guide (for example, plasma [6]) have been introduced by researchers to deal with the
ice threat. With high reliability and efficiency, ice-protection systems are commonly used on aviation
equipment with thermology methods [3]. Superhydrophobic-coating and plasma-ice-protection methods
have become research hot topics in recent years because of the rapid development of emerging materials
and active control technology [7, 8]. In smart-materials applications and their related smart-actuator
applications [9], new electromechanical de-icing technologies, which are energy-saving, nonthermal
and low-weight, and meet green-energy transportation needs, have existed since 1998 [10], developing
rapidly after 2016 [11, 12].

Electromechanical ice-protection technology is a mechanical technology and the vibration sources of
this method come from piezoelectric actuators. The above-mentioned technology uses structural vibra-
tion or ultrasonic waves to induce shear stress at the interface of the ice/substrate and to destroy the
adhesion between the two components. Based on this ice-removal principle, electromechanical reso-
nant de-icing has been widely studied. Venna et al. studied the vibration characteristics of leading-edge
structures with piezoelectric actuators in the simulation method and conducted the de-icing experiment
in a cold environment to reveal the advantages of low-energy consumption [13]. Investigation of an
ultrasonic ice protection system with piezoelectric actuators on helicopter rotor blades was presented
by Palacios et al. and instantaneous ice delamination was obtained during the experiments [14, 15].
Electromechanical de-icing researches with different vibration modes, as well as the related relation-
ships between ice removal and vibration modes, were also been studied by Budinger et al. in the aspect
of resonant vibration [16] and Guo et al. in the point view of ultrasonic guide waves [17]. Moreover,
feasibility research of the electromechanical de-icing technology on glass fiber-reinforced composite
materials was also conducted by many scholars in the development of wind energy equipment [18–20].
In addition to the above research status about the electromechanical de-icing method, some special items
relating to this method also be investigated based on different application considerations. Daniliuk et al.
[21], Wang et al. [22] and Shi et al. [23] discussed the importance of ultrasonic transducers in the elec-
tromechanical de-icing method and introduced different de-icing application results of various types of
piezoelectric-based transducers. Overmeyer et al. and Miao et al. considered the impact of the adhesive
layer on the final de-icing results [24, 25]. Combining the application of the electromechanical de-icing
method with other de-icing technologies (such as the electrothermal method or ice-phobic coating) has
also been investigated by some researchers to improve the de-icing efficiency [26–28].

In ultrasonic electromechanical de-icing technology, the sufficient output power to excite the over-
all structure vibration is the critical aspect to be considered for de-icing system design. As with the
widely used electrothermal de-icing method, the transfer of electric heat energy from the heating ele-
ments to the substrate is a crucial aspect to be considered during the de-icing process. Therefore, for the
mechanical vibration de-icing method, the transfer of energy from the excitation source to the structure
to increase the vibration amplitude for efficient de-icing must be given the highest priority. In the field of
ultrasonic transducers, researchers have developed various methods to enhance the energy transfer effi-
ciency of piezoelectric transducers and ensure minimal power loss during operation, based on specific
objectives [29–31]. The impedance-matching circuit is found to be the main component for conducting
the impedance-matching operation. This circuit has two functions: 1) transform the impedance of the
ultrasonic device into the impedance value required by the ultrasonic signal excitation source, and 2) use
inductive components to compensate for the capacitive impedance of the ultrasonic device, to improve
the output power of the whole system [30]. The addition of inductive components to the original driv-
ing system is a common method used in the practical application of many ultrasonic transducers. This
second function of the circuit is favoured due to its ease of adjustment [30, 31].
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The impedance considerations during EDS design were found in some works of literature. The com-
mon way to deal with the impedance issue during the EDS operating period is to find the specific
frequency with the lowest impedance values by using the impedance analyser [11]. The majority of the
studies on the design of EDS use this approach. Palacios et al. highlighted the method to find the driving
mode according to the impedance characteristics of the actuator when conducting the de-icing tests in the
ice wind tunnel [11]. Leandro et al. [32] also used the impedance magnitude curve to determine the final
exciting frequency of actuators. For the relationship between impedance and natural frequencies of struc-
tures, the inflection point of the impedance variation curve represents the natural frequency value of each
order. So the resonant vibration of EDS was introduced by many scholars to design the target de-icing
frequencies according to different natural vibration modes [11, 13–16]. Budinger et al. [33] analysed the
fracture propagation mechanisms of the ice layer under the excitation of an electromechanical resonant
de-icing system with different resonant vibration mode types (flexural modes and extensional modes).
Villeneuve et al. designed the piezoelectric de-icing system according to some typical natural vibration
modes and achieved ice delamination on flat plate and wing structures [34]. Apart from this research on
impedance considerations, only Leandro et al. introduced an adaptive impedance matching network into
EDS to improve the output power [35]. The network was included with several electrical components of
capacitors and inductances. And the adjustment of these components was according to the impedance
measurement data. The voltage under the matched network had a percentage increase of about 102%
than the voltage with an unmatched situation.

As described earlier, the influence of impedance is important for the designing of EDS. Meanwhile,
impedance is a typical power-influencing factor in the system with electromechanical transducers.
According to the current state of impedance considerations in EDS design, most researchers have only
used passive means to determine the excitation frequency and ensure the minimum impedance value.
This method cannot meet the requirement of precise modal control and transformation during the de-
icing process. After analysing the research on impedance matching circuits and drawing inspiration from
the findings of Leandro et al, the implementation of an active impedance control strategy in the design
process of EDS proves to be an effective approach to improving de-icing performance and efficiency.
The effects of impedance matching are tested by employing specific experiments. The means of pre-
diction by simulation calculations are relatively lacking. There is also a lack of studies that consider
the effect of impedance matching on the shear stress during de-icing excitation. For the design of EDS,
it is a priority to find an evaluation method that can easily examine the de-icing performance of EDS
integrated with impedance-matching devices under different vibration modes.

To achieve the above research objectives, this paper is governed as the following sections. Firstly,
the introduction is presented in section 2.0 for the basic theory for establishing the de-icing capability
prediction method of the de-icing system with the influence of an impedance-matching device. Detailed
descriptions of the simulation model using finite element analysis software and relative experiment
setups used in this paper are also given in section 2.0. The simulation model is validated by experiment
data in the aspect of mechanical and electrical characteristics. Section 3.0 discusses the influence of
impedance matching devices on the power and vibration characteristics of the de-icing system, as well
as the verification of the established prediction method. The detailed de-icing tests of EDS integrated
with impedance-matching devices under different vibration modes are also presented and discussed in
section 3.0.

2.0 Models and methods
2.1 Description of the de-icing capability prediction method
Structures in aviation equipment are always thin-walled structures, especially the aerofoil wings. So the
basic theories of vibration with piezoelectric actuators were established based on thin-walled structure.
For the model we used in this research is the electromechanical coupled structure, which includes the
aluminum plate and piezoelectric actuators. The vibrational characteristics and stress/strain features on
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Figure 1. Frame diagram of the research model.

the aluminum plate are the main factors to induce the delamination of ice. So in this research, we adopt
the model introduced by Budinger et.al, and provided the detail description of the de-icing capability
prediction method. For better presentation of the research model and problem, a schematic to describe
the research model was added in the manuscript, which was shown in Fig. 1.

If we assume the z-displacement as the following expression in Equation (1) for a thin plate and use
the model introduced by Budinger [16, 36, 37], the interface shear stress/strain is given by Equation (2).

w (x, y, t) = W0 · sin
mπx

a
sin

nπy

b
sinθ t (1)

τinter−shear =√τ 2
xz + τ 2

yz = A · W0

= E

1 − μ2
· W0 · sinθ t

[(mπ

a

)2 +
(nπ

b

)2
]

(halu − hn)
2 − h2

n

2
· ··

· · ·
√(mπ

a

)2

cos2
mπx

a
sin2

nπy

b
+
(nπ

b

)2

sin2
mπx

a
cos2

nπy

b

(2)

Where m and n are the numbers of anti-nodes in the transversal and longitudinal axes, respectively;
a and b are the length and width of the plate, respectively; halu and hn are the plate thickness and the
position of the neutral line, respectively; and A is an integration coefficient.

The mechanical power of a mechanical vibration structure can be defined as a function of force and
velocity. We can thus evaluate the vibrational power of the structure as follows:

Psys = 1

2
· Fstru · vvel (3)

Where Fstru is the motivating force of the structure, which has the following expression in the case of
the relative electromechanical parameters of the whole system:

Fstru,i = NiVelec,i = jDsωiqi = j

√
KiMi

Qm,i

ωiqi = j
Miω

2
i

Qm,i

qi (4)

Where Ds is the damping coefficient and Qm,i = 1
/

2εdamp is the quality factor of the vibration mode.
Deriving the simultaneous equations, Equations (2)–(4) yield the following relationships between

power, peak displacement, and interface shear stress/strain. The following equation shows that interface
shear stress/strain is proportional to the displacement and proportional to the square root of the power.
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ISCC = τinter−shear,i√
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(6)

Equation (5) shows that the rate between interface shear stress/strain and power will yield a constant
for a specific excitation frequency, which is shown in Equation (6). The rate was presented firstly by
Palacios et al. [14, 15] in the de-icing technology study with ultrasonic guide waves and defined as
Interface Stress Concentration Coefficient (ISCC). This coefficient was established under the excitation
of ultrasonic guide waves and only focused on the structure with plate and actuators.

According to the basic principles of the mechanical vibration-ice-protection method, interface shear
stress/strain is the main cause of ice delamination [12]. In ultrasonic equipment, load power and output
power are always treated as the main parameters for output ability evaluation [21, 37]. Furthermore,
output power or its related parameters (such as driving voltage and current) are all direct parameters to
be controlled when carrying out ice-protection experiments. Many scholars tried to improve the output
power of actuators using different impedance-matching methods to enhance the de-icing efficiency. So,
predicting the de-icing capability considering the impedance matching effect is very necessary for the
actual ice protection application.

The ISCC was derived without considering the impedance-matching effect. The ISCC can only be
obtained by simulation or experiment method without regard to the impact of impedance-matching.
The influence of impedance matching cannot be considered in the simulation calculation. Regarding
the effect of impedance-matching, there is a gap between simulation calculation and practical applica-
tion. Therefore, establishing a prediction method to judge the de-icing capability of specific vibration
modes considering the impedance-matching effect through a special method is the important target to
be researched in this paper.

On the basis of the expression in Equation (5), the existence of a series matching inductor is an
electrical component, not a mechanical device. It was assumed that the ISCC value for a given vibra-
tional mode would not be affected by the presence of an impedance matching device. Observing the
relationship between shear stress/strain and power, when the improved power Pactual,i of the system can
be obtained by adding the series-matching inductor, the corresponding interface shear stress/strain can
be predicted by the following equation:

τactual,i = τinter−shear,i√
Psys,i

· √Pactual,i = ISCCτ · √Pactual,i

γactual,i = γinter−shear,i√
Psys,i

· √Pactual,i = ISCCγ · √Pactual,i

(7)

So the values of ISCC for a specific vibration frequency will be a constant, whether it is obtained by
simulation or experimental test. Due to the difficulty of considering the impedance-matching effect in
simulation calculation, from the perspective of practical de-icing applications, the proposed method for
predicting de-icing capability with impedance-matching can be summarised and given in the following
application procedure:

(1) ISCC value at one specific vibration frequency is calculated through the simulation method
without considering impedance matching devices (with Equation (6)).

(2) The de-icing system is connected with the impedance matching devices for actual pre-excitation
vibration testing to record the actual load power.
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Figure 2. Frame diagram of the de-icing capability prediction method.

(3) Actual interface shear stress/strain at one specific vibration frequency is predicted based on the
measured power and the expression of Equation (7).

(4) De-icing capability at one specific vibration frequency is predicted according to the magnitude
of the actual interface shear stress/strain.

The frame diagram of the de-icing capability prediction method can be summarised as the following
architecture shown in Fig. 2. If the ISCC value is determined by the simulation method, the interface
shear stress/strain in other situations under different input power will be predicted according to this
value. Meanwhile, this method is particularly suitable for the prediction of interfacial shear stress/strain
in cases where the structure has an ice layer attached.

For the de-icing capability prediction method established in this paper, although the two types of
typical parameters (interface shear stress/strain and power) were derived from theoretical derivations,
they could also be used in other related DES models through simulation and experimental method. So
the prediction method introduced in the paper can be used in the actual application.

2.2 Simulation model settings
An aluminum plate with five piezoelectric patches was selected as the substrate for the simulation.
The dimensions of the plate and the piezoelectric actuators were 160 mm × 60 mm × 2 mm and
20 mm × 20 mm × 1.5 mm, respectively. The actuator material was PZT-8. Detail simulation processes
were conducted by the commercial finite element simulation software ANSYS R©. According to our pre-
vious results about the verification of mesh independence, a mesh size of 0.001 m was set as the basic
grid length for the whole system modeling [25]. For the actual wing skin surface on the aircraft, the wing
skin was attached on the wing foundation structures (such as rib structure) with rivets. So the boundary
conditions of the wing skin surface were clamped conditions. That’s the reason why clamped conditions
were applied on the four edges of the plate. Five piezoelectric actuators were bonded onto one surface
of the plate. The plate was modeled with the 8-node quadrilateral element Solid 185 for solid materials.
The 8-node quadrilateral element Solid 5 (for coupling situations) was chosen to model the piezoelec-
tric actuators. The material information of the aluminum and PZT-8 is listed in Table 1. The voltage
single were applied onto the surface of piezoelectric according to the detail simulation requirement.
Vibrational mode shapes shown in the results were obtained by modal analysis, while detail vibrational
results in mechanical aspect and electrical aspects were obtained by harmonic response analysis.
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Table 1. Material parameters of PZT-8 and aluminum

Density Young’s Poisson’s Dielectric Elasticity Piezoelectric
Material (kg·m−3) modulus (GPa) ratio constant (×10−9) (F·m−1) coefficient (×1010) (N·m−2) coefficient (C·m−2)
Aluminum 2780 70.5 0.33 – – –

PZT-8 7600 – –

⎡
⎣7.9688 0 0

0 7.9688 0
0 0 5.3125

⎤
⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

14.9 8.11 8.11 0 0 0
0 14.9 8.11 0 0 0
0 0 13.2 0 0 0
0 0 0 3.13 0 0
0 0 0 0 3.13 0
0 0 0 0 0 3.4

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

0 0 −4.1
0 0 −4.1
0 0 14
0 10.3 0

10.3 0 0
0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎦
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Figure 3. Schematic diagram of the simulation model.

A schematic diagram of the simulation model is shown in Fig. 3. Because of the unpredictable icing
situation and random icing size in real applications, no ice layer was included in the model. Therefore,
coupled structures, containing aluminum plates and piezoelectric actuators, were treated as a new elec-
tromechanical actuator component for detailed study in this paper. Unpredictable ice components were
considered as the load for this new type of electromechanical actuator. The uncertain factors related
to icing can be eliminated in the careful design of the ice-protection structure. Therefore, the plate, in
this paper, constituted the main working surface of the overall de-icing actuators. De-icing mode selec-
tion was evaluated on the upper surface of the plate, while electromechanical features were evaluated
from the perspective of the overall electromechanical actuator component. The aim of this research work
introduced in this text was to establish a feasible method for predicting the de-icing capability taking into
account the impedance matching effect. This method can be applied to ultrasonic de-icing structures with
any piezoelectric actuator layout scheme. Therefore, we adopted the same piezoelectric actuator layout
without considering the influence of the location and quantity of the specific piezoelectric actuators.

2.3 Experimental setups
Figure 4 shows detailed information on the main substrate for ice protection. The dimensions of the
plate and the arrangement of piezoelectric actuators were consistent with the simulation model settings.
The piezo-actuators array used in this research was not carefully designed but merely ensured the sym-
metry of the distribution. The de-icing structure was fixed by jigs manufactured by aluminum profiles.
Meanwhile, scale markings were attached to the support structure near the four edges of the plate for the
aim of subsequent positioning of the points on the plate. The experiments are performed on a clamped
plate. As introduced in the above paragraph, the clamped boundary conditions of the plate were deter-
mined according to the actual attachment situation of wing skin on the aircraft. So the research objects
used in simulation and experimental studies were contextualised to the actual application.

The experimental setups in this paper were divided into three different systems with various testing
aims: (1) a system for structural-vibration characteristics measurement; (2) a system for electrical-
parameter measurement of the coupled electromechanical de-icing structure; and (3) a system for
ice-removal testing and observation. The corresponding schematic diagrams of these experimental
setups are shown in Fig. 5. The mechanical vibrational characteristics and the electromechanical features
were all tested to provide information for further study. Firstly, the setup for the vibrational model-shapes
measurement was carried out by a PSV-500-3D scanning laser vibrometer, which was shown in Fig. 4a.
Relative vibration response of the de-icing structure can also be obtained by this setup. The electrical
parameters of the whole de-icing system were calibrated using a Microtest-6632 precision-impedance
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Figure 4. Detailed information on the main substrate for ice protection.

Figure 5. Experiment setups for actual data measurement and de-icing testing.

analyser, the schematic of this setup was shown in Fig. 4b. Meanwhile, the vibration response of struc-
tures under the influence of impedance matching device could be measured by combing the setups in Fig.
5a and 5b together. The vibration displacement for specific positions was tested by the SOPTOP LV-S01
single-point laser vibrometer. Figure 5c shows the de-icing structure and system. The cold environment
was guaranteed by a refrigerator with a constant low-temperature retention function. A low-temperature
industrial camera and its corresponding light source were used to record the ice removal in the refrig-
erator. The actual videos during de-icing experiments can be directly transferred into the computer for
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Figure 6. Indicators: (a) schematic diagram of the ice model, (b) ice-cube samples and (c) de-icing
positions.

further investigation. In addition, a series matching inductor with the inductance range of 0.539 mH–
12.48 mH was connected in series in the circuit during the test to be treated as an impedance matching
device. The value of the series matching inductor was measured using a digital multimeter with an
inductance measurement function to confirm the detailed inductance.

2.4 Icing and monitoring points settings
The shear stress is the main factor that induces the ice-removal phenomenon under the execution of
the electromechanical ice protection system. However, when considering lots of experiment results and
situations that were got by many researchers, the shear stress in some areas was not enough to meet de-
icing requirements [20, 23]. This meant that the large-scale ice layer on the plate could not be completely
removed due to some not debonded points. To fully verify the contribution that shear stress makes to
de-icing and obtain obvious ice detachment phenomenon, a special ice cube type was designed instead
of a sheet of ice layer to guarantee the small interface area with the substrate. For the actual inflight
de-icing situation to form mixed ice or rim ice under −10◦C, the supercooled droplets or ice crystals
will quickly freeze on the surface of the wing, forming a small contact area with the wing [1, 2]. So
the icing model set in this paper is in line with the actual inflight icing cases and also in line with the
research of Zeng et al. [27]. As shown in Fig. 6a, small ice cubes that approximate spheres were used
as research objects of ice to be removed.

The interface area between an ice cube and the plate has a small contact surface due to the spherical
shape of the ice cubes. The formation of this ‘ice-cube sphere’ is easy to control using a spherical
silicone mold with a regular, circular flat bottom to form a circular interface between the ice cube and the
substrate, with a diameter of 5 mm. All the ice cubes were made in the refrigerator below about −20◦C
using a silicone mold and pure water. The freezing time was fixed at 10 minutes to ensure the complete
freezing of the liquid water inside the silicone mold. Meanwhile, the temperature of the substrate and
the ice cubes were guaranteed the same value of −20◦C with the 10-minute freezing time. Some ice
cubes are shown in Fig. 6b. Based on the experimental measurement data of Zeng and Rønneberg [38],
the adhesive strength of ice samples on the aluminum substrate is around 0.34 MPa.
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Figure 7. Comparison results: (a) frequency results and (b) various typical vibration mode shape
results.

To avoid the mutual influence of different ice cubes when falling off the plate, three different small
de-icing points were chosen as ice-removal areas (Fig. 6c). When synthesising the ice cubes on the plate
surface, three silicone molds could be placed at a corresponding location without positional interference.
Therefore, these ice cubes at three different positions for one single experiment were made at the same
time in the same freezing environment.

3.0 Results and discussions
3.1 Simulation model verifications
According to the framework of the de-icing capability prediction method, simulation is the main method
to determine the ISCC value for different vibrational modes. The accuracy of the adopted simulation
model was verified with experimental results in this paper. Considering the features of the elec-
tromechanical structure, we divided the verifications into two perspectives: mechanical and electrical
perspectives.

From the mechanical perspective, the dynamic characteristics of the whole structure excited by
piezoelectric actuators were recorded. The typical vibration modes were selected according to the mea-
surement results by a PSV-500-3D scanning laser vibrometer (Fig. 5a) to choose the frequencies of the
mode shapes that can be judged. These typical vibration mode shapes and corresponding vibrational fre-
quencies were compared. Figure 7a shows a comparison between the vibration results of the simulation
and those from experimental measurement. The results show a better fit of these excitation frequencies.
A comparison between the results of the simulation and those of the experiment for various typical
mode shapes is shown in Fig. 7b. Moreover, the frequency range of these eight vibrational modes was
10 kHz–100 kHz, this range is also the traditional excitation frequency range used for de-icing research
with resonant mechanical vibration principle in many literatures [13–16, 21, 24]. So these vibrational
modes were used in this paper for different studies of the de-icing capability prediction method.

For verification from an electrical perspective, the main data for comparison were obtained by a
precision-impedance analyser and simulation software. Two typical parameters of impedance and phase
angle were selected to verify the simulation results using the experimental data. The results are shown in
Fig. 8. The maximum percentage tolerance of phase angle is 3.4%. When considering the power factor
cosθ , the tolerance of the power factor is 0.0482. The above tolerance showed good agreement between
simulation and experiment.

3.2 Influence of relative parameters for ISCC determination
As discussed in section 2.1, the ISCC value is constant for a given vibrational mode. We take the simu-
lation results at the central point of the plate (position #O) as an example to illustrate the relationships

https://doi.org/10.1017/aer.2024.15 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2024.15


12 Miao et al.

Figure 8. Comparison of electrical-parameter results: (a) phase angle results and (b) impedance
results.

Figure 9. Relationship between interface shear strainγinterface and the square root of the whole system
power

√
Pstru,i.

between interface shear stress/strain/strain and power for different vibration modes without the influence
of the impedance matching effect. The relationship between interface shear strain and power was shown
in Fig. 9a. And we also finished the more rigorous simulation works under different applied voltage on
piezo-actuators at different vibrational frequencies. The value of applied voltage was set from 10 V to
100 V. Detail results of shear strain and mechanical power were obtained under these simulation cases.
We had calculated the above results at four different vibrational modes (vibrational mode #1/2/3/8).
The comparison between shear strain and mechanical power was conducted and detail result was shown
in Fig. 9b. As shown in Fig. 8, the interface shear strain γinterfaceis proportional to the square root of
the whole system power at one specific vibrational frequencyPstru,i. Meanwhile, the results also proved
the conclusion summarised in section 2.1 that the ISCC value remains constant when the vibrational
frequency does not change.

The numerator of ISCC (interface shear stress/strain) is a mechanical parameter, while the denomi-
nator of ISCC (power) will have different types in mechanical or electrical aspects. The interface shear
stress/strain is the unique parameter, while the power parameter has different forms. From the simulation
point of view, the power related to the interface shear stress/strain will have the following categories:
mechanical vibration power Pstru,i and simulation electrical powerPe. From an experimental point of view,
the system powerPexp will be the actual load power transferred from the excitation source to piezoelectric

https://doi.org/10.1017/aer.2024.15 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2024.15


The Aeronautical Journal 13

Figure 10. Different power parameters comparison results.

actuators for ice removal. Figure 10 shows a comparison of the results for these different power param-
eters without integrating any impedance-matching devices. These three power parameters have similar
distribution laws. This result shows the agreement between the simulation data and the experimental
data in terms of power parameters. Considering the types of different power parameters, the mechanical
power parameter (Pstru,i) is consistent with the electrical power parameters (PeandPexp). Based on the
operating principle of piezoelectric actuators, the input electrical excitation power can be converted into
the mechanical vibration power. Therefore, these power parameters are equivalent in the calculation of
the ISCC. According to the description in section 2.1, the calculation of ISCC by simulation method
can be carried out with different simulation power parameters. The premise of this calculation method
to determine ISCC is to ensure that the same power parameters are used for each vibrational mode.

3.3 Influence of impedance matching effect on mechanical vibration
The important role of energy and power in de-icing has been discussed previously [37, 39]. Sufficient
load power is the basis for ensuring the de-icing effect. For an EDS, the load power is controlled by the
system impedance and the power factors. Due to the existence of impedance, the sufficient load power
applied onto the piezo-actuator only occupies a part of the whole output power. Therefore, impedance-
matching attempts to improve the effective load power required to boost the piezoelectric actuators at a
determined applied voltage. Measurement impedance results of a de-icing system with a series-matching
inductor are shown in Fig. 11a. The presence of a series matching inductor reduces the inductance
and capacitance components in the equivalent circuit of the EDS. As a result, the electrical impedance
value of the overall system is significantly reduced, especially for a high frequency vibrational mode.
Meanwhile, the impedance matching effect of the series inductor improves power-factor levels (Fig.
11b) due to the adjustment of the phase angle of the current vector and voltage vector. This means that
the equivalent circuit is close to a pure resistance circuit if the appropriate impedance-matching device
is added. Without considering the resistance adjustment between the equivalent circuit and excitation
source, the impedance matching effect can increase the effective output power of the overall de-icing
system. So, according to Equations (4) and (5), the final excitation force Fstru will be improved due to
the increasing electromechanical coupling coefficient. This also results in the effective output power
enhancement in the de-icing system.
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Figure 11. Variation results of impedance and power factor before and after impedance matching.

Now move to the discussion about the mechanical vibration of the system under the impact of the
impedance matching effect. In section 2.1 we assumed that the existence of a series-matching inductor
doesn’t affect the mechanical characteristics of the system due to its electric features. Some experi-
ments were carried out to check whether the assumption was right. Two different vibrational modes
were selected in the experiment. The experiment setups described in Fig. 5a and 5b were used to test
the influence of impedance impedance-matching effect on the final structural mechanical vibration. The
series-matching inductor was adjusted with different values to change the final series inductance of the
system, and corresponding peak vibrational displacements at various load powers were measured. Detail
displacement results are shown in Fig. 12a. The relative mean value and square deviation are displayed
in Fig. 12b. This leads to the conclusion that the structural vibration displacement remains constant for
the same power, regardless of the actual system inductance. From another point of view, the change
in impedance matching effect does not affect the mechanical vibration of the structure under the same
load power conditions. So the results verify the correctness of the assumption presented in section 2.1.
Meanwhile, the de-icing capability prediction method proposed in this paper based on this assumption
is also verified. So the ISCC value will not change under the existence of a series-matching inductor.
The calculated ISCC with the simulation method without the impact of the impedance matching effect
can be used in Equation (7) to determine the actual interface shear stress/strain values.

Based on the expression in Equation (7) and the results in Fig. 11, the improved power by adding
an appropriate series-matching inductor will increase the interface shear stress/strain values for the
de-icing application. E.g., for vibration mode 8, when the series-matching inductor is added into the
system, the interface shear stress/strain is about 10.12 times higher than the original system without
impedance-matching component under constant voltage applied on piezoelectric actuators. This is also
the significance of the impedance matching effect for the improvement of de-icing capability.

3.4 Actual de-icing cases for de-icing capability prediction method verification
According to the de-icing capability prediction procedure summarised in section 2.1, the detailed
de-icing performance of the de-icing structure under eight vibration modes was evaluated under the exis-
tence of an impedance impedance-matching device. Figure 13 shows the simulation results of the ISCC
values with different vibration modes on various positions. Relative locations of these three de-icing
positions are shown in Fig. 6c. It can be found from Fig. 13a that vibration modes at lower frequency
regions have higher ISCC values than the corresponding values of the vibration modes at higher fre-
quency areas. So if the same load power is applied to the piezoelectric actuators, the vibration modes
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Figure 12. Peak vibrational displacements at various load powers and system series inductance.

with higher ISCC values will exhibit a stronger de-icing capability due to the higher interface shear
stress/strain for inducing ice layer delamination.

As shown in Fig. 13b, in comparison with the three positions, position #A is in the place where the
displacement gradient changes drastically, so it has a greater shear stress than other positions under the
same load energy. The displacement gradient of the position of #O and #B is different in the case of
vibrational mode 1, this leads to the different interface shear stress of these two positions. Considering
the displacement gradient of position #B and #O in other vibrational modes, one can find that the gra-
dients are similar, so they have similar shear stress. It can be concluded from Fig. 13 that the position
where the displacement gradient changes drastically has a larger interface shear stress, so it has a larger
ISCC value.

The second result to be discussed was the actual load powers measurement by experiment equipment.
The actual pre-excitation vibration testing setup is shown in Fig. 5c. The testing sample was placed into
the refrigerator to guarantee the same cold environment as the following de-icing test. The actual power
of the de-icing system at different vibration frequencies was measured by a power amplifier under the
impact of impedance impedance-matching device and is shown in Fig. 14. The results show that the
actual power in the low-frequency range is less than the power in high-frequency range due to the large
equivalent series inductance. Although the presence of a series inductor can reduce the equivalent series
inductance of the entire circuit, the equivalent impedance achieved by the impedance matching method
is still large due to the large value of the original inductance. However, for the high-frequency case where
the original inductance is small, the impact of the impedance matching method is more obvious. This
is the reason why the final real power is higher in the high-frequency cases. This is also the reason why
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Figure 13. Calculation results of ISCC without impedance-matching device at different positions.

many studies on electromechanical de-icing tend to choose high-frequency excitation and rarely choose
low-frequency excitation [14, 15, 26–28].

The predicted interface shear stress/strain at different positions on the plate were calculated according
to the expression in Equation (7), the results are shown in Fig. 15. It can be found in the figure that
vibration modes in the high-frequency range (mode 4–8) will exhibit better de-icing capability due
to the high interface shear strain/stress under the impact of impedance matching device. Meanwhile,
vibration mode 1 and mode 3 will show poor de-icing performance due to the smaller interface shear
stress/strain. And from the power point of view, the actual powers in mode 4–8 have a higher level than
the powers in mode 1–3. Based on the previous studies by many scholars on the electromechanical de-
icing method with high excitation power [16, 33], the ice delamination phenomenon in mode 4–8 will be
easily obtained due to the large interface shear stress/strain and enough power supply from the excitation
source.
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Figure 14. Actual power of the de-icing system at different vibration frequencies.

Figure 15. Actual interface shear strain at different positions with impedance-matching components.

With the calculated interface shear stress/strain of each vibration mode under the actual load power of
the system, relative ice removal experiments were carried out to confirm the actual de-icing capability of
these vibrational modes. Detail tests for de-icing were implemented with the experiment setup described
in Fig. 5c. And all the de-icing tests were conducted in the refrigerator below about −20◦C, which was
the same temperature for ice cube manufacture. De-icing tests for each mode were carried out three
times to guarantee the repeatability of the experiments. According to the de-icing results for different
vibrational modes, the positions with the ice delamination phenomenon were consistent in the three
repeated experiments. Combining all the results of de-icing time, the maximum standard deviation of de-
icing time in repeated experiments was 0.67545. This result proves the repeatability of the experimental
results. The experiment results are listed in Table 2, and some typical ice-removal results are shown in
Fig. 16.
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Table 2. Summary of de-icing experiment results

De-icing Excitation Excitation De-icing results
Vibration frequency, voltage, current,
mode no. kHz Vp-p Ap-p Position #O Position #A Position #B
Mode 1 10.030 140 0.20 Failure Failure Success
Mode 2 11.085 140 0.16 Failure Success Success
Mode 3 14.550 140 0.04 Failure Failure Failure
Mode 4 17.810 140 0.50 Success Success Success
Mode 5 32.000 100 1.38 Success Success Success
Mode 6 43.800 100 1.00 Success Success Success
Mode 7 48.000 100 1.12 Success Success Success
Mode 8 51.100 60 1.90 Success Failure Success

Figure 16. Typical ice-removal experiment results: (a) mode 2, (b) mode 5 and (c) mode 8.

The relationship between ice-removal time and actual predicted interface shear stress/strain at dif-
ferent positions is shown in Fig. 17. The results show that the actual predicted interface shear/strain
after impedance matching is inversely proportional to the de-icing time at three different positions. On
the other hand, vibration modes and positions with a large, predicted interface shear/strain will lead
to greater de-icing capability. The de-icing capability prediction method introduced in this paper was
verified by experiment results and proved its feasibility in the actual de-icing process.

Moreover, the prediction method considering the impact of impedance matching devices also can be
used for the selection of potential de-icing modes. On the premise that the de-icing position is known,
the vibrational mode with larger interface shear stress/strain appears at this position, which has better
de-icing capability. Therefore, when evaluating whether the actual vibration mode is suitable for de-icing
applications, the interface shear stress/strain corresponding to the actual experimental load power can be
achieved by the prediction method presented in this paper. Based on Equation (7), the load power is the
fundament for the generation of interface shear stress/strain. So if the de-icing system can obtain large
load power for de-icing purposes under one specific vibration mode with an impedance matching device,
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Figure 17. Relationships between ice-removal time (experiment) and interface shear strain (simulation)
at different de-icing positions: (a) results at position #O, (b) results at position #A and (c) results at
position #B.

ice delamination will easily be achieved due to the large actual interface shear stress/strain. That’s also
the reason that many scholars choose ultrasonic frequencies to carry out their ice protection research
due to the higher load power gained from excitation sources in ultrasonic frequency ranges.

The actual applied voltage of each vibration mode is also shown in Table 2. The real output power
of the piezoelectric actuators is determined by the electrical characteristics of the corresponding elec-
tromechanical system for different vibration modes. For a vibration mode with a better electromechanical
conversion efficiency and a higher power factor, a higher output power is obtained from the piezoelectric
actuators at a constant applied voltage due to the lower impedance value. Meanwhile, a lower applied
voltage can also excite enough output power on the actuators for ice-removal due to the lower impedance
value (e.g., the actual experiment power of mode 5–8 under 100V&60V is higher than mode 1–4 due to
the better electromechanical conversion efficiency). This enough output power in turn leads to greater
de-icing interface shear forces. In other words, this means that low-voltage-driven de-icing targets can
be achieved with these vibration modes if the impedance matching method can guarantee a higher power
factor of the de-icing system. This can also be predicted by the de-icing capability prediction method
considering the impact of the impedance matching device by using simulation results and measurement
data. Finally, when considering the power consumption level in the de-icing experiment, the maximum
power consumption per unit area in all modal de-icing experiments is 0.167 W/cm2, which is smaller
than the de-icing energy consumption (0.95 W/cm2) of the electric heating system described in the
literature [4].

4.0 Conclusions
In this paper, the de-icing capability prediction method of the EDS with the impact of the impedance
matching effect was proposed. The main goal of the current study was to analyse the actual de-icing
performance according to the interface shear stress/strain with different vibration modes. An impedance-
matching device was added to the system to improve the output power for de-icing purposes. The main
conclusions are summarised as follows:

A de-icing capability prediction method considering the impedance matching effect was introduced
in this paper. The prediction method was proposed based on both simulation results and experiment
results. The application procedure of this proposed method was summarised and verified in this paper
for actual application.

The simulation model without considering the impedance matching effect was verified with exper-
iment results. The mechanical vibration frequencies and mode shapes had a good matching result in
the simulation and experiment aspects. Meanwhile, the simulated electrical parameters (impedance and
phase angle) also had good agreement with the experimental results.

The impedance-matching method with a series-matching inductor is found to improve the electrical
characteristics of the whole de-icing system, without affecting the structural mechanical vibration. It
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is indicated that the value of ISCC is not affected by the existence of a series-matching inductor. The
simulated ISCC without the impedance matching effect is adopted to determine the actual interface
shear stress/strain values in the cases with impedance matching devices.

The feasibility of the proposed de-icing capability prediction method considering the impedance
matching effect was verified its feasibility with actual de-icing cases. The actual interface shear
stress/strain of the structure for different vibration modes was inversely proportional to the actual de-
icing time. The vibration mode with high actual interface shear stress/strain at the target position will be
selected as the de-icing mode, due to its high de-icing capability. This operation can also be performed by
the de-icing capability prediction method established in this paper. In addition, low-voltage-controlled
de-icing targets have been achieved and predicted by this method when the impedance matching effect
can guarantee a higher power factor of the de-icing system.

The paper examines a de-icing capability prediction method utilised by a system integrated with an
impedance-matching device. The focus is on a pre-existing de-icing structure that has been bonded with
piezoelectric actuators. The initial design of EDS is to study the dynamic characteristics of substrate
structure (such as the aircraft wing skin structure) and trying to obtain the basic structure vibrational
mode for the arrangement design of piezoelectric actuators. So there is a need to expand the application
of this method to structures before bonding piezoelectric ceramics, and coupling this method into the
process of initial basic structure vibrational mode selection. Meanwhile, the future research also needs
to be focused on the application of this prediction method under different icing conditions, as well
as on the rapid prediction results processing technology development with the changing state in EDS
characteristics due to changing flight environments.
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