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1 | INTRODUCTION

Piezoelectric energy harvesters (EHs) have attracted substantial attention in the last decades. EHs can generate sustainable power and hence are
promising as an alternative to batteries that have a limited life span while require costly maintenance.>? Piezoelectric EHs, therefore, can be an
excellent power source for self-powered devices such as microelectromechanical systems (MEMS) and wireless sensor networks (WSNs). Among
different vibration-based energy resources, wind flow has been suggested as one of the most reliable energy resources, since wind-induced vibra-
tions of bluff bodies could have considerable amplitudes even when subjected to low-speed wind.3>* Consequently, piezoelectric EHs based on
wind-induced vibrations of bluff bodies are able to produce considerable electric energy. Wind-induced vibrations commonly utilized in piezoelec-

11-13 and mixed aerodynamic phenomena.'*-%¢ Several comprehen-
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tric wind EHs include vortex-induced vibration (VIV),5'6 galloping,7'10 flutter,
sive reviews on harnessing energy from wind flow have been published recently.

The VIV is usually considered as an undesirable phenomenon in engineering practice, as it may cause tremendous damage to buildings, chim-
ney, offshore structures, and cables.2®~2° On the other hand, the vibration can also be used to generate electric energy using piezoelectric devices.
Bernitsas et al.2® proposed a device called Vortex-Induced Vibration Aquatic Clean Energy (VIVACE) that used the oscillations induced by the
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vortex shedding from a spring-mounted circular cylinder in a range of flow velocities to generate electricity. Akaydin et al.?”

examined a VIV pie-
zoelectric EH that consisted of a cylinder attached to the free end of a piezoelectric cantilevered beam. The effects of the resonant frequency
and structural damping on the performance of the harvester were evaluated. Meanwhile, the optimal wind speed and peak harvested power were
determined in their research. Abdelkefi et al.> and Dai et al.® developed a lumped-parameter model and a nonlinear distributed parameter model,
respectively. The effects of the electrical load resistance on the synchronization region and levels of the harvested power have been investigated
in the two studies.

The VIV-based wind EHs have been improved substantially in the past few years. Various strategies have been proposed to broaden
the range of working velocity and promote the efficiency of the harvester. These strategies include employing nonlinear forces, optimizing

the aerodynamic shape, and utilizing different concurrent vibration sources. For instance, Mehmood et al.?®

investigated the harvested
energy from the VIV by numerical simulations. Results showed that there was an optimum value of the electrical load resistance to acquire
the maximum harnessed power. Abdelkefi et al.?’ and Zhang et al.*° investigated the interference of dual tandem circular cylinders to
improve the output performance of the harvester. Their results showed that the harnessed power was greatly enhanced and the bandwidth

of the resonance region was also increased, compared to that of the original single EH. Zhang et al.3!

proposed a VIV-based wind EH by
introducing nonlinear magnet forces, which showed a wider resonance/synchronization region and a higher level of the harvested power
than those of the traditional configuration. From a theoretic point of view, Naseer et al.3? designed a monostable ultrawide bandwidth VIV-
based piezoelectric wind EH by employing nonlinear magnetic forces. Their harvester can enhance the performance of EH when the ambi-
ent wind condition is not ideal. Song et al.>® examined the effect of the splitter plate placed in the near wake of a circular cylinder on the
performance of a piezoelectric wind EH. The results showed that the harvester was able to keep large amplitude vibrations even beyond
the lock-in wind speed range and hence the range of effectively working wind speed was expanded. Hu et al.®*3> and Ding et al.*¢ investi-
gated the wind EH with two small-size rod-shaped attachments on the main circular cylinder. The harvester can harness the wind energy

|37

beyond the VIV onset wind speed too and still can work efficiently over the range of lock-in wind speed. Dai et al.®’ investigated a piezo-

electric EH that harnessed the energy from both base excitation and VIV. Compared to the two harvesters that make use of each single

excitation, their harvester showed a 50% increase in the harnessed power. Qin et al.®®

presented a wind EH with two square cylinders and
a circular cylinder, which was able to harness energy from both the VIV and the galloping. Thus, their harvester kept a stable output power
even when the wind speed varied in a wide range. Petrini and Gkoumas!* focused on the conceptual development, analytical modeling,
and wind tunnel testing of a high efficiency EH, which took advantages of VIV and galloping with circular and T-shape cross section. Shan
et al.'® presented a piezoelectric EH system for the concurrent flutter-induced vibration and VIV. The wind tunnel experiment results
showed better output performance over the existing harvesters.

As discussed above, most of the previous studies focused on increasing the efficiency and/or broadening the range of working wind speed of
wind EHs. Furthermore, the majority of the wind EHs have been tested for optimization design just in laboratories and hence are under ideal or
specific wind conditions. As a result, discrepancies from the ideal or specific wind conditions, such as turbulence and change in wind direction,
can influence the performance of the designed wind EHs potentially used in a natural wind environment. The turbulence affects the stability of
VIV and causes buffeting. The turbulence intensity tends to decrease VIV amplitude of a smooth circular cylinder in the lock-in region.3?*° One
distinct characteristic of natural wind in reality is that the wind flow can come from any direction, rather than maintaining one direction only.
Therefore, a few different strategies, for example, aerodynamic treatments of bluff body and optimization of structures, have been proposed to
harness wind energy from multiple wind directions. Li et al.** designed a polymer piezoelectric EH with three distinct operation modes in three
directions, which can generate energy for three wind directions. An EH with an arc-shaped elastic beam was designed to extract wind energy from

three wind directions as well. 2

Although these harvesters can work efficiently in three particular wind directions, they still cannot be directly
applied in practice because of the uncertainty of wind direction in reality.

In view of the above limitation, a rotational piezoelectric wind EH has been developed to work efficiently for all wind directions, by
rotating the harvester against wind. For instance, appending a self-aligning device to the harvester was proved to have the ability to
improve the performance of the harvester for different wind directions.’? A direction-adaptive harvester with a guide vane was designed
by Gong et al.** There results indicated that the harvester performed well when changing wind direction. However, the self-aligning device
and the guide vane are space consuming and complex, which contradicts the microminiaturization of EHs and hence inhibits their practical
application.

To overcome the limitation of the piezoelectric wind EHs on specific working wind directions and fulfill the practice need of all wind direc-
tions, this study develops a compact bibeam wind EH that can work effectively when wind flows from any directions, that is, an omnidirectional
wind EH, but remaining a small volume. The configuration of the proposed bibeam wind EH is explained in detail, with the governing equation of
motions of the system. A series of wind tunnel tests are carried out to examine the performance of the proposed bibeam wind EH. The perfor-
mance of the bibeam wind EH is compared with that of the traditional single-beam wind EH, to validate advantages of the proposed wind EH for
all wind directions. The vibration mechanism of the proposed bibeam wind EH is also explained by examining the wind-induced structural
responses of the harvester. The key findings are summarized in the conclusion, which accelerate the development of the omnidirectional
VIV-based piezoelectric wind EHs.
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2 | PROPOSED OMNIDIRECTIONAL BIBEAM WIND EH
21 | Configuration of bibeam wind EH

A compact design of the bibeam wind EH, as shown in Figure 1A, is proposed to overcome the limitation on specific working wind directions of
the majority of existing wind EHs. In other words, the harvester in the design is endowed with the capability of working efficiently in any wind
direction and hence performs as an omnidirectional EH. As shown in Figure 1A, the proposed wind EH consists of a circular cylinder mounted on
a bibeam with two piezoelectric sheets (PESs) in which the two subbeams are connected orthogonally, rather than on a single common beam. The
associated traditional single-beam EH consisting of a circular cylinder and a normal single beam with a single PES is also shown in Figure 1B as a
reference. As shown in Figure 1C, x and y directions are the along and across wind directions, respectively. The wind direction 6 is the angle
between x direction and v direction. Due to the structural and geometric symmetry, the proposed harvester can then regarded as a two degree-
of-freedom (dof) system with a bibeam: one dof is the transverse vibration of the upper subbeam along direction u, and the other dof is the trans-
verse vibration of the lower subbeam along direction v. In addition, the transverse vibration frequencies in these two directions are designed to
be identical according to the classical cantilever beam theory, by changing the length of the lower beam and identifying the vibration frequency in
each direction. In this way, the harvester is expected to be excited by wind flow from any direction. Two PESs are attached on each subbeam,

respectively, to convert the vibrations to electrical energy, as shown in Figure 1D,E.
2.2 | Governing equations of the system
For better understanding of the performance of omnidirectional piezoelectric wind EH, the governing equations of the system shown in

Figure 1A are given in this section. Considering the first mode in each direction, that is, the first two modes of the system, the governing

equations of the proposed bibeam EH are written as
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FIGURE 1 (A) Configuration of the proposed bibeam wind EH, (B) configuration of the traditional single-beam wind EH, (C) top view of the
proposed bibeam wind EH, (D) lateral view of the proposed bibeam wind EH at 4 = 0°, and (E) lateral view of the proposed bibeam wind EH at
9 =90°
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where u and v are the displacement of cylinder in the direction corresponding to the first mode in each direction, as shown in Figure 1C; M; (i = 1
or 2), G, and K; are the generalized mass, damping, and stiffness, respectively, and the subscript i denotes the mode number; ©;, C,;, V;, and R; are
the electromechanical coupling term, the capacitance of the PES, the generated voltage, and the load resistance, respectively; and Fpyq, and
Ffuiav are the components of vortex-induced force in u and v directions, respectively.

3 | WIND TUNNEL TESTS

The wind tunnel tests in this study have been conducted in the open-circuit wind tunnel at Wuhan University, as shown in Figure 2. The wind tun-
nel has a 40 cm x 40 cm test cross section and a low-turbulence flow with a turbulence intensity less than 1.5%. The length, width, and thickness
of the upper aluminum cantilever beam are 7, 1.8, and 0.06 cm, respectively. The length, width, and thickness of the lower aluminum cantilever
beam are 4.5, 1.8, and 0.07 cm, respectively. The circular cylinder is made of light foam with a length of 10 cm and a diameter D of 5 cm. The
vibration frequencies f of the first and second modes, corresponding to the transverse vibrations of the upper beam (along u) and the lower beam
(along v), respectively, are set to be identical to 14.1 Hz. As mentioned before, the symmetry of the bibeam wind EH enables that the vibrations in
u and v directions are independent. The modes and frequencies are calculated by classical cantilever beam theory, and then, the two vibration fre-
quencies are set to be identical by adjusting the length of the lower beam. The structural damping ratios of the first mode and second mode are
0.62% and 0.88% of the critical damping, respectively. The upper and lower PESs (MFC-2814P2, Smart Material Corp., C, = 15.7 nF) are con-
nected to the two electrical load resistances Ry and R,. The voltages V; (upper PES) and V, (lower PES) across the load resistances are measured
by a DAQ module (NI-9229, National Instruments). The wind speed U of the incoming flow is measured by an anemometer (Testo 425, Testo
SE & Co.). The displacement responses at the top of the circular cylinder subjected to wind flow with different mean wind speed are measured
based on the image processing technique by using a high-speed camera (OSG030-815UC, YVsion Company) fixed above the harvester. The high-
speed camera provides frame rates up to 815 frames per second. The image processing technique by Hough transform***° is adopted in the

FIGURE 2 Configuration of the bibeam wind energy harvester in the wind tunnel
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measurement of displacement responses. This is because the cylinder's excessive vibrations are hard to be measured by the laser displacement
meter, whereas the responses can be measured by the image processing technique quickly and efficiently. The displacement responses of the
single-beam wind EH measured by the image processing technique are compared with those measured by the traditional laser displacement meter
(LK-G400, KEYENCE), as shown in Figure 3. As can be seen, the two curves are very close to each other, which verifies the high accuracy of the
image processing technique. More importantly, the signal identified by the image processing technique is smoother than that measured by the
laser displacement meter. Due to symmetry of the harvester, the tests are carried out only for a quadrant from wind direction 8 = 0° to 90° at
11.25° increments. The wind directions of # = 0° and 90° are parallel with directions v and u, respectively. For each wind direction 0, therefore,
the vibrations in directions u and v and output voltages V4 and V5 are recorded for the subsequent analysis.

The time histories of the measured displacement responses at the cylinder's top and the two output voltages V4 and V, from the two PESs
are shown in Figure 4, for wind speed U = 3.51 m/s and wind direction 8 = 0°. As can be seen from Figure 4, both the displacement responses
and the output voltages are nearly perfect harmonic, due to the periodic VIVs of the cylinder. Furthermore, for U = 3.51 m/s and ¢ = 0°, the VIVs
of the cylinder are dominant, and hence, the cross-wind responses in direction u are far larger than the along-wind responses in direction v. As a
result, the output voltage V, caused by the vibrations of the upper beam along direction u is far more considerable than V, caused by the vibra-

tions of the lower beam along direction v, which partly validates the reliability of the measurement system.

Image processing technique
Laser displacement meter

1
0.6 . 1 1.2
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FIGURE 3 Comparison of the displacement responses measured by the image processing technique and the laser displacement meter
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FIGURE 4 Time histories for U = 3.51 m/s and 8 = O: (A) wind-induced displacement responses at the cylinder top and (B) output voltages of
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4 | PERFORMANCE OF THE PROPOSED OMNIDIRECTIONAL PIEZOELECTRIC WIND EH
4.1 | The optimal electrical load resistance

Since the performance of a piezoelectric wind EH varies with electrical load resistance, tuning electrical load resistance to realize the maximal
harnessed power at the synchronization region is carried out before investigating the performance. The average output power of the bibeam wind
EH is computed by the associated voltage as P; = V,msyiz/R,», where V,,.s is the root mean square of voltage, i = 1 or 2, denoting the upper or lower
PES. Figure 5 shows the variations of the average output power of the bibeam wind EH with electrical load resistance. As can be seen, P, and P,
reach the maximum when Ry = R, = 4 x 10° Q for wind direction 0° and 90°, respectively, at a wind speed U = 3.51 m/s. Therefore,

R =R, =4 x 10° Q is the optimal electrical load resistance and is then used for the bibeam wind EHs in the subsequent tests and discussion.

4.2 | Performance of the traditional single-beam EH

For comparison, this section briefly examines the performance of the associated single-beam EH shown in Figure 1B. The single-beam EH has the
same structural properties as those of the first mode of the proposed bibeam EH, to maintain consistency. The variation of the average output
power of the single-beam EH with wind speed U and direction @ is shown in Figure 6. For wind direction 6 = 0°, the output power increases signif-
icantly when the reduced wind velocity U, (=U/fD) exceeds 4 and decreases dramatically when U, > 8. It is obvious that the output power when
4 < U, < 8is considerable, because of the significant VIVs of the circular cylinder of the harvester. And this range of wind velocity with a large out-
put power is associated with the critical reduced wind speed U, of the circular cylinder (U, ~ 5, as Strouhal number for a circular cylinder*®*” is
around 0.2). This range is also the lock-in/synchronization region that enables the VIV-based wind EH to operate in a wide range of wind velocity.
When 0 becomes 22.5°, the maximum output power decreases to 1.8 mW. In addition, the lock-in region for = 22.5° is narrower than that for
0 = 0°. This because when @ = 22.5°, the direction of vibration deviates from the cross-wind direction, and hence, the component of the cross-
wind force Fpyiqy along the direction of vibration is decreased. As a result, the vibration amplitude for 6 = 22.5° is much smaller than that for
0 = 0°, as shown in Figure 7. Clearly, smaller vibrations mean smaller output power. This phenomenon is more severe when wind direction
0 = 45°. As can be seen from Figure 7, the cylinder almost ceases to vibrate, and hence, the generated output power shown in Figure 6 is marginal.
It can be concluded that further increasing wind direction after 45° results less structural vibrations and consequently hardly generate energy. Evi-
dently, this kind of single-beam EH works efficiently only in a very narrow range of wind direction, which seriously limits the practical application

of this type of harvester due to the uncertainty of wind direction in nature wind environment.

4.3 | Performance of the proposed omnidirectional EH

Although the two PESs in the proposed omnidirectional EH can generate electric energy simultaneously, it is worthwhile to first examine the out-
put energy of each PES individually. Figure 8 shows the output power of the upper and lower PESs (P4 and P,) under different wind speeds and
directions. As can be seen from Figure 8A, the output power of the upper PES for 8 = 0° is close to that of the single-beam EH shown in Figure 6,
which verifies the measurement accuracy of the proposed bibeam EH. Meanwhile, the output energy of the lower PES under this wind direction

41 —A—— Upper PES > ]
Lower PES
J »
3t - <— Upper PES 1
§ < "W < Lower PES
g ~
a2y 1

0 0.5 1 1.5 2
R(Q) x 10° resistance for the bibeam piezoelectric wind EH

FIGURE 5 Variations of average output power with electrical load
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FIGURE 6 Average output power of the single-beam EH for different wind directions and speeds
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FIGURE 7 Time histories of the circular cylinder displacement responses for 6 = 0°, 22.5°, and 45°

is marginal, because when 8 = 0° the along-wind vibration is negligible compared to the VIV in the cross-wind direction. When 6 gradually
increases from 11.25° to 22.5°, the output power of the upper PES of the bibeam EH still maintains a credible level when wind speed U is in the
range of 4 to 5 m/s, as shown Figure 8A. In addition, the output power of the lower PES shown in Figure 8B is already considerable when
6 = 45°. The output power is higher than that of the upper PES due to higher bending deformation. The output power of the lower PES further
increases after 6 = 45°, which can compensate the decrease in the power generated from the upper beam. This observation totally differs from
that for the associated single-beam EH shown in Figure 6, where the output energy is already negligible when 6 > 45°. Furthermore, the range of
working wind velocity of the bibeam EH shown in Figure 8A does not decrease significantly with increasing wind direction. For example, when
0 = 45°, the range of working wind velocity of the upper beam is still about 70% of that for 8 = 0°, indicating high efficiency and adaptability of
the proposed EH.

Figure 9 shows the variation of the total output power P (i.e., P = P; + P,) of the two PESs in the proposed bibeam wind EH, with wind direc-
tion and speed. A distinct finding from the figure is that the proposed bibeam wind EH exhibits high output energy and a wide range of effectively
working speed for all wind directions from 0° to 90°. Comparing Figure 9 with Figure 6 clearly indicates that the performance of the wind EH has
been improved significantly from a single wind direction EH to an omnidirectional wind EH.

The improvement of the proposed bibeam wind EH performance can be explained by the displacement responses at the top of the circular

cylinder under different wind directions. As shown in Figure 10A,C, when wind direction 8 = 22.5° or 33.75°, the displacement responses of the
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bibeam EH in direction u still keep a high level compared with those of single-beam EH (gray line in Figure 10). In addition, the displacement
responses of the bibeam EH in directions u and v are rather harmonic, and the periods of the displacement responses in directions u and v are
identical due to the same natural frequencies in these two directions. The resultant total displacement response (u + v), which is the summation of
displacement response vectors of u and v, is found to be perpendicular to the approaching wind, as shown in Figure 10B,D. In other words, no
matter what the wind direction is, the total vibrations of the circular cylinder of the bibeam EH are perpendicular to the approaching wind, which
is just the reason that enables the proposed bibeam EH work effectively for 8 = 22.5°. This can also be verified by the oscillation trajectories
shown in Figure 11, which shows the trajectories of the top of the circular cylinder under different wind directions (shown in different rows) and
different wind speed (shown in different columns). The maximum ratio of the displacement response in direction y to the diameter of the circular
cylinder, that is, y/D, is shown in each subfigure for each case. The associated value of x/D is not shown in the figure due to the space limit but
can be readily determined by using the two equal axes. As can be seen from Figure 11A, when wind direction = 0°, the vibration of the single-
beam EH is perpendicular to the direction of the incoming flow. However, when 8 changes from 0° to 45° (i.e., from the first row to the fifth row
of Figure 11A), the dominant vibration direction of the single-beam EH is no longer perpendicular to the approaching wind direction. On one
hand, the asymmetrical vibrations can interrupt the ideal periodic vortex shedding and hence decrease the lift force Fyyiq, and the lock-in range.
On the other hand, the projected component of the lift force along the vibration direction is smaller than that for & = 0°. Therefore, the vibration
of the single-beam EH for 8 = 45° is already minimal and the resultant output energy decreases significantly. In sharp contrast, the dominant vibra-
tion of the bibeam EH in direction y (i.e., the cross-wind direction) does not decrease significantly when # changes from 0° to 90° and U is around
4 m/s, as shown in the Figure 11B. The vibration trajectories are always perpendicular to the wind direction and parallel to the cross-wind vortex-
induced force. The proposed bibeam EH vibrates in u and v directions concurrently. The cross-wind forces acting on the cylinder have the
projected components along both the two vibration directions, u and v. The response components in these two directions then follow the same
proportion, and hence, the summation of these two response vectors is along just the cross-wind direction y and perpendicular to the incoming
flow. In other words, even for 8 = 45°, the vibrations of the bibeam EH do not greatly attenuate the typical periodic vortex shedding, and hence,
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FIGURE 9 Variations of average total output power of the bibeam wind harvester with wind direction and speed

(A) T T T T
u,single-beam EH u,bi-beam EH —-—-— v,bi-beam EH
0.4 b
S o02ff i
- A ° . A Lo T A\ I ‘ . rl :
g of .
S
\ v/ . . 4 \ v S o ’ 1 NV
-0.2F y
0.4 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2
1(s)
(C) T T T T
u,single-beam EH u,bi-beamEH —*-—-— v,bi-beam EH
0.4 B
S A A A N A -
=N
Q ,l i
= 0
-0.2F ' 1 ' \ v
0.4 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2
1 (s)
FIGURE 10

(B) 0.5

-0.5

(D) 0.5

u/D
=)

-0.5

v/D

v/D

(A) Time histories of displacement responses of bibeam wind EH and single-beam wind EH for 8 = 22.5°. (B) Vectors of

displacement response components for @ = 22.5°. (C) Time histories of displacement responses of bibeam wind EH and single-beam wind EH for
6 = 33.75°. (D) Vectors of displacement response components for § = 33.75°



1176 WI LEY SHI €T AL.

(A) U=2m/s U=3ms U=4m/s U=5m/s U=6ms U=T7m/s (B) U=2m/s U=3m/s U=4m/s U=5m/s U=6m/s U=7m/s
H 0.015 0.392 0.720 0.710 0.354 0.151 1 0.005 0.222 0.668 0.833 0.611 0.148
Wind -~ Wind
- 0 . I I ] I 0 | |
£
1 1
1 1
0.010 0.313 0.688 0.597 0.113 0.061 °~(_Q 0.005 0.343 0.700 0.709 0.369 0.092 og
- 0| [' / / ' ' - T 0 | ' ! f
il il
1 = -1 =
1 1
0.013 0.162 0.599 0.333 0.062 0.119 % 0.006 0.309 0.710 0.754 0.147 0.088 %
o o
e 0| . / ’ ’ o - 0 | [ a
/ Il Il
B B
4 -1
1 1
0.013 0.096 0.241 0.025 0.053 0.056 OK 0.008 0.266 0.674 0.717 0.003 0.090 o-p
[t 0 ’ / , . ; [ 0 n , , Q
Il Il
1 = 1 =
1 1
Q 0.014 0.013 0.019 0.015 0.021 0.030 s Q 0.007 0.318 0.561 0.408 0.126 0.108 %
m—- " 0) T —— 0 | | b
-~ -~ =
-1 -1
1 1
0.011 0.011 0.010 0.013 0.020 0.026 cg 0.010 0.300 0.603 0.357 0.128 0.206 ‘h
| 0| 8 o 0 n I | g
Il Il
1 > -1 =
1 1
0.020 0.011 0.014 0.012 0.015 0.024 %n 0.019 0.396 0.635 0.347 0.121 0.149 %
e~ 0 C e 0 | ‘ I [ | S
Il Il
BN B
1 1
1 1
0.020 0.019 0.029 0.025 0.022 0.017 o."\‘z 0.015 0.427 0.571 0.352 0.049 0.072 op
= o o - o I ! [
Il Il
1 = -1 =
1 1
0.009 0.006 0.006 0.047 0.022 0.021 > 0.013 0.398 0.490 0.352 0.142 0.140 >
—_— o T — 0 | ’ | ! ! T
ES B
1 R
1 0o 14 o0 11 0 1 0 1 0 1 - 0 1 T T T e e e O R A B
x/D x/D

FIGURE 11 Oscillation trajectories of the top of circular cylinder under different wind directions and velocities for (A) the single-beam EH
and (B) the proposed bibeam EH

the responses just exhibit a minor reduction compared to those for 6 = 0°. Therefore, when 8 changes from 0° to 45°, the total output power P
(i.e., P = P1 + P,) of the two PESs in the proposed bibeam EH only slightly decreases, as shown in Figure 9, which shows enormous advantages of
the bibeam wind EH over that shown in Figure 6 for the traditional single-beam EH. When wind direction 6 > 45°, it can be observed from
Figure 11B that the response components of the bibeam EH are much larger than that of the single-beam EH, when U is around 4 m/s. For the
same reason discussed above, the resultant total displacement response (u + v) of the bibeam EH is still perpendicular to the approaching wind,
and hence, the cross-wind responses are significant, and more importantly, far larger than those of the single-beam wind EH, as shown in
Figure 11. Therefore, it can be concluded that for the rest of wind directions, the resultant total displacement responses of the bibeam EH are
always perpendicular to the approaching wind, leading to considerable cross-wind responses and therefore significant total output power for all
wind directions.

To emphasize the omnidirectional effectiveness of the bibeam wind EH, the maximum total output energy and the range of wind speed hav-
ing enough power (say P > 1 mW) against all wind directions is shown in Figure 12. The power of microcontroller units and some environment
sensors is in the order of milliwatts.*® The 1-mW EH is able to power the ViPSN which is an Internet of Things (loT) platform for the vibration-
powered sensing and transmitting system.*® In the figure, the results for 90° < @ < 360° are determined by symmetry. As can be seen, the single-
beam EH almost fails and cannot generate meaningful power except for wind directions around 6 = 0° and 180°. In contrast, the performance of
the bibeam EH remains considerable for all wind directions. All the maximum values of output energy for all the other wind directions are more
than 80% of that for = 0°, as shown in Figure 12A. Meanwhile, the wind speed that can generate power P > 1 mW covers a wide range for all
wind directions, much wider than that of the single-beam EH, as shown in Figure 12B. All these observations clearly indicate the reliability and
robustness of the proposed bibeam EH, which greatly enhances the efficiency and application range of VIV-based piezoelectric wind EHs in a nat-

ural wind environment.

5 | SUMMARY

This study has developed a VIV-based omnidirectional wind EH with an orthogonal bibeam system. Through wind tunnel experimental investiga-

tions, the following conclusions have been obtained.
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FIGURE 12 Variations of (A) maximal total output power and (B) effectively working wind velocity with wind direction

. For the traditional single-beam wind energy, vortex shedding causes large amplitude vibrations and generated large output power for 6 = 0°.

The harvester remains significant vibration and output for 0° < § < 22.5°. When 22.5° < 0 < 90°, the harvester ceases to vibrate, and hence,

the generated output power is marginal.

. The proposed bibeam wind EH exhibits high output energy and a wide range of effectively working speed for all wind directions, achieving the

objective of an omnidirectional wind EH.

. The underlying mechanism that makes the success of the proposed EH has been explained by the vibration trajectories of the harvester. With

two degrees of freedom, the bibeam harvester is able to vibrate in the two directions simultaneously. The resultant total displacement
responses of the bibeam EH are almost always perpendicular to the approaching wind, leading to considerable cross-wind responses and
therefore significant total output power for all wind directions.

. The performance of bibeam wind EH and single-beam wind EH has been compared. The proposed bibeam wind EH exhibits overwhelming

advantages when the beam is skew to the incoming flow. For all wind directions, both the maximum output power and the range of operating

wind speed of the bibeam wind EH are maintained at a high level, reinforcing the robustness of the proposed omnidirectional wind EH.
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