
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

A double-beam piezo-magneto-elastic wind energy harvester for
improving the galloping-based energy harvesting

Citation for published version:
Yang, K, Wang, J & Yurchenko, D 2019, 'A double-beam piezo-magneto-elastic wind energy harvester for
improving the galloping-based energy harvesting', Applied Physics Letters, vol. 115, no. 19, 5126476.
https://doi.org/10.1063/1.5126476

Digital Object Identifier (DOI):
10.1063/1.5126476

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Applied Physics Letters

Publisher Rights Statement:
This article may be downloaded for personal use only. Any other use requires prior permission of the author and
AIP Publishing. This article appeared in Appl. Phys. Lett. 115, 193901 (2019) and may be found at
https://doi.org/10.1063/1.5126476

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1063/1.5126476
https://doi.org/10.1063/1.5126476
https://researchportal.hw.ac.uk/en/publications/d574f41a-7c0b-461f-a367-06563c36abb7


Appl. Phys. Lett. 115, 193901 (2019); https://doi.org/10.1063/1.5126476 115, 193901

© 2019 Author(s).

A double-beam piezo-magneto-elastic
wind energy harvester for improving the
galloping-based energy harvesting
Cite as: Appl. Phys. Lett. 115, 193901 (2019); https://doi.org/10.1063/1.5126476
Submitted: 03 September 2019 . Accepted: 25 October 2019 . Published Online: 06 November 2019

Kai Yang , Junlei Wang , and Daniil Yurchenko 

ARTICLES YOU MAY BE INTERESTED IN

Phenomenological model of piezoelectric energy harvesting from galloping oscillations
Applied Physics Letters 115, 193701 (2019); https://doi.org/10.1063/1.5127072

Electro-thermal excitation of parametric resonances in double-clamped micro beams
Applied Physics Letters 115, 194102 (2019); https://doi.org/10.1063/1.5116524

A robust actively-tunable perfect sound absorber
Applied Physics Letters 115, 193506 (2019); https://doi.org/10.1063/1.5123423

https://images.scitation.org/redirect.spark?MID=176720&plid=1057077&setID=378288&channelID=0&CID=344372&banID=519804596&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=c7f6b477c5fb325c85a404bf5f8ec20a59aa21ac&location=
https://doi.org/10.1063/1.5126476
https://doi.org/10.1063/1.5126476
https://aip.scitation.org/author/Yang%2C+Kai
https://orcid.org/0000-0002-4060-834X
https://aip.scitation.org/author/Wang%2C+Junlei
https://orcid.org/0000-0003-4453-0946
https://aip.scitation.org/author/Yurchenko%2C+Daniil
https://orcid.org/0000-0002-4989-3634
https://doi.org/10.1063/1.5126476
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5126476
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5126476&domain=aip.scitation.org&date_stamp=2019-11-06
https://aip.scitation.org/doi/10.1063/1.5127072
https://doi.org/10.1063/1.5127072
https://aip.scitation.org/doi/10.1063/1.5116524
https://doi.org/10.1063/1.5116524
https://aip.scitation.org/doi/10.1063/1.5123423
https://doi.org/10.1063/1.5123423


A double-beam piezo-magneto-elastic
wind energy harvester for improving
the galloping-based energy harvesting

Cite as: Appl. Phys. Lett. 115, 193901 (2019); doi: 10.1063/1.5126476
Submitted: 3 September 2019 . Accepted: 25 October 2019 .
Published Online: 6 November 2019

Kai Yang,1 Junlei Wang,2,a) and Daniil Yurchenko3

AFFILIATIONS
1School of Aerospace Engineering, Huazhong University of Science and Technology, Wuhan 430074, China
2School of Mechanical and Power Engineering, Zhengzhou University, Zhengzhou 450000, China
3Institute of Mechanical, Process & Energy Engineering, Heriot-Watt University, Edinburgh EH14 4AS, United Kingdom

a)Author to whom correspondence should be addressed: jlwang@zzu.edu.cn

ABSTRACT

This study investigates the performance of a double-beam piezo-magneto-elastic wind energy harvester (DBPME-WEH) when exhibiting
a galloping-based energy harvesting regime under wind excitation. The DBPME-WEH comprises two piezoelectric beams, each of which
supports a prism bluff body embedded with a magnet at the tip. The magnets are oriented to repulse each other to introduce a bistable
nonlinearity. Wind tunnel tests were conducted to compare performances of the DBPME-WEH and a double-beam piezoelectric wind
energy harvester (DBP-WEH) that does not comprise the magnet-induced nonlinearity. The results reveal that compared to the DBP-
WEH, the critical wind speed to activate the galloping vibration of DBPME-WEH can be reduced up to 41.9%. Thus, the results corrobo-
rate the significant performance enhancement by the DBPME-WEH. It can also be found that the distance of the two magnets affects the
performance and the distance that achieves the weakly bistable nonlinearity is beneficial to energy harvesting in reducing the critical wind
speed and improving the output voltage.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126476

A wind energy harvester (WEH) can transduce the wind-
induced structural vibration into electric power. Since wind is ubiqui-
tous in the natural environment, the WEH can be widely applied,
which has drawn great attention in recent years.1–5 Various measures
can be employed to enhance the performance of a single WEH, e.g., an
application of concurrent vibration sources,3,6,7 aerodynamic shape
optimization,8–16 optimization of the shunted circuit,17–23 and utiliza-
tion of the fluid vortex.24–28 It can be found that most previous
research focused on the fluid-solid coupling mechanisms between the
wind and a linearly modeled structure. While these measures can
successfully improve the performance of WEH, there still exists poten-
tial to improve the energy harvesting performance if the linear struc-
ture is replaced. It was reported that the magnet-induced nonlinearity
can bring significant improvement for a variety of mechanical systems,
e.g., a mechanical vibration energy harvester29–33 and a low-frequency
broadband vibration isolator.34,35 Therefore, the benefit of the magnet-
induced nonlinearity encouraged a few researchers to introduce this
type of nonlinearity into WEH for performance enhancement.36–39

For example, Bibo et al.36 discussed the influence of the different types

of magnet-induced nonlinearity on a single galloping-based WEH.
The experimental results validated that the significant performance
enhancement can be realized if the appropriate type of magnet-
induced nonlinearity is used. Alhadidi and Daqaq37 demonstrated the
improvement of the lock-in region of a single wake-galloping WEH by
using a magnet-induced nonlinearity. Naseer et al.38 proposed a
monostable piezo-magneto-elastic energy harvester for vortex-induced
vibrations. Attractive magnetostatic force was employed to bring the
monostable nonlinearity, and the simulation results corroborated the
performance improvement in terms of the bandwidth and efficiency.
Zhou et al.39 proposed an Y-shaped bistable energy harvester to
scavenge the low speed wind energy, where the bistable nonlinearity is
implemented by a tip magnet and two fixed magnets. The experimen-
tal results proved that the snap-through and reached coherence reso-
nance are beneficial for energy harvesting enhancement.

Although the above studies revealed the advantage of the
magnet-induced nonlinearity in WEH, they only concentrated on a
single-beam wind energy harvesting structure and none of them con-
sidered the magnet-induced nonlinearity for the double-beam energy
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harvester. A double-beam energy harvester is a structure comprising
two piezoelectric beams, and thus, vibration energy of each beam can
be harvested, which can saliently generate more power than the single-
beam energy harvester. When adding the magnets into the double-
beam energy harvester, each magnet is supported by a beam.
Consequently, the interaction of both the vibrating magnets subjected
to an external excitation produces energy transmission between both
beams. The magnetic interaction of the two vibrating magnets
provides an additional disturbance apart from the wind excitation,
which may increase the likelihood of activating the galloping vibra-
tions subjected to a low-speed wind excitation. This may lead to far
more different dynamic behaviors under a wind excitation from the
single piezo-magneto-elastic energy harvester, studied in Refs. 36–39
(where only one of the magnets can vibrate and others are fixed). The
energy transmission between two elastically supported magnets was
once reported in performance improvement of mechanical vibration
energy harvesters under base excitations.40,41 However, the physical
mechanism of a mechanical vibration energy harvester (which is a
forced vibration system) is much different from that of a wind energy
harvester (which is a parametrically excitation system10). Thus, it is
worthy to uncover the performance improvement and the physical
connotation of a double-beam WEH using the magnet-induced non-
linearity through wind tunnel experiments.

This study proposes a double-beam piezo-magneto-elastic wind
energy harvester (DBPME-WEH), which remained uninvestigated,
and intends to perform the wind tunnel tests to investigate the perfor-
mance of the DBPME-WEH when exhibiting galloping vibration.
Figure 1 presents the schematic of the DBPME-WEH, the photo of the
experimental setup, and the bistable static equilibrium positions of
each beam. The DBPME-WEH comprises two cantilever beams
(material: China GBT 65Mn structural steel and denoted by the 1st
and 2nd beams, respectively), each of which supports a prism-like
bluff body (material: foam) embedded with a magnet (material: neo-
dymium iron boron, 5� 5� 5 mm3) at the tip. The two magnets
repulse each other to produce a magnet-induced nonlinearity into the
WEH. The magnet-induced nonlinearity would become stronger
along with the reduction in the distance between the two magnets D.
Consequently, the magnetostatic force buckles both the beams to pro-
duce the bistable nonlinearity. That is, bistable static equilibrium posi-
tions of each beam on the either side of the centerline can be
discovered. The experiments are conducted in an open-circuit circu-
lar-section wind tunnel with a diameter of 400mm. Two identical pie-
zoelectric transducers (material: PZT-5, capacitance: Cp ¼ 26 nF, and
internal resistor: R � 1 MX) are attached at the roots of both the
beams to transduce the beam vibration into voltage, respectively. A
digital oscilloscope (Model: DS1104S, RIGOL., China) is used to
acquire the voltage output of the piezoelectric transducers. To elimi-
nate the influence of the static voltage bias in the oscilloscope, in the
following figures, the standard deviations of the voltage outputs of the
piezoelectric transducers are presented. Table I lists the geometrical
parameters of the beams and piezoelectric transducers. It is seen that
the 2nd beam is thicker than the 1st beam, while the lengths and
widths of them are identical. This indicates that the 2nd beam is stiffer
than the 1st beam when no magnets are installed. The total masses of
the 1st beam and the 2nd beam with the piezoelectric transducers are
3:75� 10�3 kg and 4:65� 10�3 kg, respectively. The mass of each
bluff body embedded with the magnet is 2:72� 10�3 kg.

To show the advantages of the magnet-induced nonlinearity for
performance enhancement, Figs. 2 and 3 present the voltage output
standard deviations of the 1st and 2nd beams of the DBPME-WEH
and the double-beam piezoelectric wind energy harvester (DBP-
WEH) (which replaces both the magnets with the identical-weight
nonmagnetic mass, respectively). Due to the property of the wind tun-
nel device, the wind excitations with the following discrete speeds are
provided (reserving a decimal fraction): [1.5, 1.7, 1.8, 2.0, 2.1, 2.2, 2.4,
2.5, 2.6, 2.8, 2.9, 3.1, 3.2, 3.3, 3.5, 3.6, 3.7, and 3.9] m/s. In this

FIG. 1. (a) The schematic of the DBPME-WEH, (b) the photo of the experimental
setup, and (c) the bistable static equilibrium positions of each beam.

TABLE I. The geometric parameters of the beams and piezoelectric transducers of
the DBPME-WEH.

Description Value (mm)

1st beam: Length (Lb1)
�Width (Wb1Þ � Thickness

45� 20� 0:15

2nd beam: Length (Lb2)
�Width (Wb2Þ � Thickness

45� 20� 0:2

1st bluff body: Length (L1Þ
�Width (W1Þ � Thickness

85� 24� 24

2nd bluff body: Length (L2Þ
�Width (W2Þ � Thickness

85� 24� 24

Piezoelectric transducer: Length (LpÞ
�Width (WpÞ � Thickness

30� 10� 0:4
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experiment, the distance of the magnets of the DBPME-WEH is D ¼
18 mm, where the weakly bistable nonlinearity is realized. The absolute
value of the average static equilibrium position of the 1st beam is
xeqj j ¼ 4:5 mm, and the absolute value of the average static equilib-
rium position of the 2nd beam is yeqj j ¼ 1:25 mm. The critical speed is
defined to be the smallest wind speed that can activate the galloping
vibration of the beam. That is, the smaller the critical speed, the better
the wind energy harvesting performance. Figure 2 shows that for the
1st beam, the critical speed of the DBPME-WEH is 1.8 m/s, reduced by
25% [i.e., ð2:4� 1:8Þ=2:4� 100%] compared to that of the DBP-
WEH (2.4 m/s). Increasing the wind speed leads to a larger voltage out-
put of the 1st beam of both the DBPME-WEH and the DBP-WEH.

Figure 3 shows that the critical speed of the DBP-WEH 2nd beam is
significantly greater than that of the 1st beam. Since the 2nd beam is
thicker than the 1st beam in the experiment (as shown in Table I), con-
sequently, the 2nd beam is stiffer than the 1st beam. According to Tang
et al.,42 it was discovered that for the cantilever beam that supports a
bluff body, it is easier for the softer beam to exhibit the galloping-based
vibration compared to the stiffer beam. Hence, the critical wind speed
of the 2nd beam (stiffer beam) of the DBP-WEH is greater than that of
the 1st beam (softer beam). However, the critical speed of the DBPME-
WEH 2nd beam is the same as that of the 1st beam, which is reduced
by 41.9% compared to the 2nd beam of the DBP-WEH. It is found that
the critical speeds of the two beams of the DBPME-WEH are the same
due to the interaction of the two magnets at the tips of both the bluff
bodies. Once the galloping vibration of the 1st beam (the softer beam)
is activated under the low-speed wind excitation, the vibrating magnet
of the 1st beam will produce an excitation force (i.e., variable magnetic
repulsion force of the two magnets) that leads to vibration of the tip of
the 2nd beam’s bluff body. As a result, the vibration of the 2nd beam is
also activated, which consequently generates voltage. Overall, the
results in Figs. 2 and 3 verify the significant performance enhancement
by using the magnet-induced nonlinearity for galloping-based energy
harvesting of the double-beam structure.

The magnet-induced bistable nonlinearity is strengthened when
the two magnets become closer. It is curious to show the influence of
the magnet-induced bistable nonlinearity on the performance of the
DBPME-WEH, so as to develop the insights into effective DBPME-
WEH design. Therefore, this study performs the experiments of the
DBPME-WEH with three different distances of the two magnets.
Figure 4 presents the schematics of the beam buckled by the magnetic
interaction for D ¼ ½6; 12; 18� mm, respectively. It is seen that when
D is smaller, the magnet-induced bistable nonlinearity is strengthened,
as expected, where the level of buckling both the beams is enhanced.
Hence, equilibrium positions become further away from the centerline
for the smaller distance D.

FIG. 2. The voltage output standard deviations of the 1st beam of the DBPME-WEH
and DBP-WEH with respect to different wind speeds.

FIG. 3. The voltage output standard deviations of the 2nd beam of the DBPME-WEH
and DBP-WEH with respect to different wind speeds.

FIG. 4. The schematics of the beam buckled by the magnetic interaction for (a)
D ¼ 18 mm; (b) D ¼ 12 mm; (c) D ¼ 6 mm.
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Figures 5 and 6 present the voltage output standard deviations of
the 1st and 2nd beams of the DBPME-WEH for D ¼ ½6; 12; 18� mm.
As shown in Fig. 5, the critical speed of the 1st beam approaches
2.2m/s for the smaller distance D ¼ 6mm and D ¼ 12mm, which is
greater than the critical speed for D ¼ 18mm (1.8 m/s). It is seen that
increasing the wind speed can lead to output voltage improvement of
the DBPME-WEH for the three distances D. It is also seen that the
largest voltage output at 3.9 m/s degrades significantly when the dis-
tance between the two magnets is smallest. As shown in Fig. 6,
although the 2nd beam is stiffer than the 1st beam, it can also be found
that the critical speed approaches 2.2 m/s for the considered distances
D ¼ 6mm and D ¼ 12mm, and the voltage at the largest wind speed

of 3.9 m/s in the experiment significantly declines corresponding to
the decreasing distance between two magnets. The critical speeds for
D ¼ 6mm and D ¼ 12mm may have a small deviation. However,
since the wind tunnel can only provide the wind excitation with dis-
crete speeds, the deviation of the critical speeds for D ¼ 6mm and
D ¼ 12mm is smaller than the increment of the wind speeds in the
experiment. Consequently, the deviation is unable to be shown in
Figs. 5 and 6. The results show that the variation trend of the 2nd
beam output voltage in terms of the distance is similar to that of the
1st beam. Therefore, for both the beams, it can be concluded that the
weakly magnet-induced bistable nonlinearity (i.e., the larger distance)
is beneficial to the performance of the DBPME-WEH.

The change in the critical speeds can be qualitatively interpreted
by the formulae of the magnet-induced bistable nonlinearity. For the
DBPME-WEH, the restoring forces of the two beams when consider-
ing the approximate model of the magnet-induced nonlinear
force31,35,40 can be expressed as follows:

F1 ¼ k1 þ kb1ð Þx1 � kb1x2 þ kb3 x1 � x2ð Þ3; (1)

F2 ¼ k2 þ kb1ð Þx2 � kb1x1 þ kb3 x2 � x1ð Þ3; (2)

where xi is the displacement of the tip of the bluff body supported by
the ith beam. ki > 0 is the equivalent stiffness at the tip of the bluff
body supported by the ith beam without the magnets, when only con-
sidering the beam’s fundamental mode. kb1 < 0 and kb3 > 0 are the
negative linear stiffness and positive cubic nonlinear stiffness of the
magnet-induced nonlinear force, respectively. jkb1j and jkb3j become
larger when the magnets are closer to each other.31,35,40 The equivalent
total linear stiffness terms of the 1st and 2nd beams are k1 þ kb1ð Þ and
k2 þ kb1ð Þ, respectively. Note that the negative linear stiffness kb1
counterbalances the positive linear stiffness kiði ¼ 1; 2Þ. For an appro-
priate distance of the two magnets, the equivalent total linear stiffness
terms ðk1 þ kb1Þ and k2 þ kb1ð Þ may be of small magnitude. Thus,
according to Tang et al.,42 the critical speed is significantly decreased
due to the reduction of the linear stiffness. When further reducing
the magnet distance (i.e., increasing the value of jkb1j and jkb3j), the
absolute values of the equivalent total linear stiffness jk1 þ kb1j and
jk2 þ kb1j rise and consequently the critical speeds of both the beams
are increased. For the situation where jkb1j is far greater than the beam
stiffness ki due to the small distance of the magnets (e.g., D ¼ 6 mm
and D ¼ 12 mm), the influence of the beam stiffness ki is slight, and
thus, the magnet interaction becomes dominant [i.e., F1 � kb1 x1 � x2ð Þ
þ kb3 x1 � x2ð Þ3 and F2 � kb1 x2 � x1ð Þ þ kb3 x2 � x1ð Þ3]. In this
manner, the DBPME-WEH behaves as a system that two bluff bodies
are only supported by the magnets. As a result, changing the distance of
the magnets may only affect the static stable positions of the bluff bod-
ies, instead of the critical speed.

In summary, this study proposes a double-beam piezo-magneto-
elastic wind energy harvester (DBPME-WEH) and investigates its
performance through a wind tunnel experiment. The DBPME-WEH
utilizes the magnet-induced bistable nonlinearity to enhance the
energy harvesting performance. The experimental results show that
the DBPME-WEH significantly outperforms the double-beam
piezoelectric wind energy harvester (DBP-WEH) that lacks the
magnet-induced nonlinearity. That is, the critical wind speed to acti-
vate the galloping vibrations of the 1st beam and 2nd beam (stiffer
beam) of the DBPME-WEH are reduced by 25% and 41.9%,

FIG. 5. The voltage output standard deviations of the 1st beam of the DBPME-WEH
for D ¼ ½6; 12; 18� mm with respect to different wind speeds.

FIG. 6. The voltage output standard deviations of the 2nd beam of the DBPME-WEH
for D ¼ ½6; 12; 18� mm with respect to different wind speeds.
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respectively. The experimental studies also reveal that the larger dis-
tance between the two magnets, which achieves the weakly bistable
nonlinearity, is favorable for the performance of the DBPME-WEH in
reducing the critical wind speed and enhancing the output voltage.

This work was supported by National Natural Science Foundation
of China (Grant Nos. 11802097, 51977196, and 51606171).
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