Appl. Math. Mech. -Engl. Ed., 45(3), 461-478 (2024)

APPLIED MATHEMATICS AND MECHANICS (ENGLISH EDITION)

https://doi.org/10.1007/s10483-024-3098-5

Theoretical and experimental study of a bi-stable piezoelectric
energy harvester under hybrid galloping and
band-limited random excitations*

Haitao LI', Tianyu ZHENG!, Weiyang QIN?, Ruilan TIAN3,
Hu DING4f, J. C. JI°, Liqun CHEN*

1. Department of Engineering Mechanics, North University of China, Taiyuan 030051, China;
2. Department of Engineering Mechanics, Northwestern Polytechnical University,
Xi’an 710072, China;

3. Department of Engineering Mechanics, Shijiazhuang Tiedao University,
Shijiazhuang 050043, China;

4. Shanghai Key Laboratory of Mechanics in Energy Engineering, Shanghai Frontier
Science Center of Mechnoinformatics, Shanghai Institute of Applied Mathematics
and Mechanics, School of Mechanics and Engineering Science,

Shanghai University, Shanghai 200072, China;

5. School of Mechanical and Mechatronic Engineering, University of
Technology Sydney, New South Wales 2007, Australia
(Received Nov. 14, 2023 / Revised Jan. 26, 2024)

Abstract In the practical environment, it is very common for the simultaneous oc-
currence of base excitation and crosswind. Scavenging the combined energy of vibration
and wind with a single energy harvesting structure is fascinating. For this purpose, the
effects of the wind speed and random excitation level are investigated with the stochastic
averaging method (SAM) based on the energy envelope. The results of the analytical
prediction are verified with the Monte-Carlo method (MCM). The numerical simulation
shows that the introduction of wind can reduce the critical excitation level for triggering
an inter-well jump and make a bi-stable energy harvester (BEH) realize the performance
enhancement for a weak base excitation. However, as the strength of the wind increases to
a particular level, the influence of the random base excitation on the dynamic responses is
weakened, and the system exhibits a periodic galloping response. A comparison between
a BEH and a linear energy harvester (LEH) indicates that the BEH demonstrates inferior
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performance for high-speed wind. Relevant experiments are conducted to investigate the
validity of the theoretical prediction and numerical simulation. The experimental find-
ings also show that strong random excitation is favorable for the BEH in the range of low
wind speeds. However, as the speed of the incoming wind is up to a particular level, the
disadvantage of the BEH becomes clear and evident.
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1 Introduction

Currently, the most common solution for powering wireless sensors relies on electrochemical
batteries. Nevertheless, some derivative problems, such as the expensive costs of manual mainte-
nance and unavoidable environmental pollution of water and soil, will result from the extensive
use of batteries. Vibration, as a source of renewable energy, is abundant in nature. Vibration
energy harvesting, a conversion procedure from low-quality and high-entropy vibration energy
to the electricity, has attracted attention around the world* 3. A host of previous research
works focused on the scheme of linear resonance. However, there will be energy harvesting
performance suppression as the condition of resonance is not guaranteed* ¢/, As is generally
accepted, most environmental vibration is characterized by low-intensity and wide-bandwidth.
For this reason, it is very important to increase the adaptability of harvesters to the excitation
of the broadband environment.

With the aim of achieving a broad bandwidth, the frequency tuning methods (including ac-
tive and passive techniques) were proposed” 1 and multimodal structures were designed!*?.
Recently, the burgeoning development of nonlinearity has been a promising solution to achiev-
ing better energy harvesting performance. Enormous nonlinearities including hardening{'3 16,
softening!'”), and impact!'®! have been employed for optimizing the energy harvesting perfor-
mance. Because of the broadband energy harvesting property and excellent output performance
when inter-well vibration takes place, the bi-stable energy harvesters (BEHs) have attracted
extensive interest!'® 26/, Based on the magnetic repulsion and attraction, Stanton et al.l7]
and Erturk et al.*®) developed two kinds of bi-stable structures for capturing vibration energy,
and they systematically investigated the nonlinear dynamic behaviors such as bifurcation and
chaos. Utilizing two external rotational magnets, Cao et al.?”) conducted a comprehensive in-
vestigation on the BEH, and found that the proposed structure was preferable to the linear and
mono-stable counterparts when it was subject to a deterministic excitation.

Since the vibration energy harvesting efficiency is easily influenced by ambient sources, a
number of scholars have devoted themselves to investigating the energy harvesting performance
or dynamic behaviors under non-periodic excitations®*36. In practice, randomness is the
intrinsic characteristic of ambient vibration, and it is usually considered as a broad-band random
process. Cottone et al.[?? studied the dynamic response of a pre-load piezoelectric beam under
a random excitation. The system generates relatively large electrical energy when the axial pre-
load of the elastic beam is greater than the critical one for realizing buckling. Zhao and Erturk!®3]
studied the relative superiority of mono-stable and bi-stable energy harvesting structures. The
latter could capture more energy if and only if the input excitation exceeds the critical energy
for triggering inter-well vibration. To transform the impulsive excitation into a plucking force,
Fang et al.l34 designed a kind of BEH with a rotating mechanism and plectrums to achieve high-
energy output. Xu et al.®) found the fluctuation of wind speeds and qualitatively evaluated the
galloping-based energy harvesting performance with the stochastic averaging method (SAM).
Jiang et al.l’%) employed the numerical path integration method to investigate the transient
response and obtain a probability density function (PDF) from the transition Fokker-Planck-
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Kormogorov (FPK) equation.

In the real world, a great deal of kinetic energy is produced by the movement of air and
water current. Converting the inexhaustible energy into electric energy would reduce carbon
emission. Among the fluid-structure interaction mechanism, the response amplitude of galloping
increases dramatically as the incoming wind speed exceeds the critical cut-in one, and thus it
has an advantage in the operational wind speed rangel3” 43l Dai et al.l[** 5] established a
theoretical model of a nonlinear energy harvester based on the Euler-Lagrange method, and
investigated the influence of electromagnetic coupling analytically. To enhance the performance
of wind-driven energy harvesters at low-speed wind, Zhou et al.[*6] optimized the geometry of
bluff body and proposed a Y-shaped ornament to adhere on the main structure of the BEH.

To increase the efficiency of energy conversion, scholars devoted themselves to harvesting
the base vibration energy and galloping simultaneously!*” 491, Most energy harvesters subject
to hybrid base vibration and galloping usually employ linear stiffness, and up to now, there
have been only a few studies on the interaction of galloping and base excitation/® 51, Zhao
and Yangl®? proposed an aeroelastic energy harvester with impact nonlinearity, and verified
an extended bandwidth for scavenging concurrent wind and vibration. Li et al.l’¥] investigated
the nonlinear dynamic behaviors such as coexisting solutions and harvesting properties of a
bi-stable structure under combined harmonic excitation and galloping. Yang et al.’¥ studied
the steady-state stochastic dynamic response of a linear energy harvester (LEH) under hybrid
Gaussian white noise and galloping with the SAM. In the natural environment, airflow has
a direct effect on the vibration energy performance, but the combined effect of galloping and
random excitation on the BEH is not clear. Therefore, investigating how galloping-random
excitation affects the BEH would reveal the synergistic mechanism and realize a performance
enhancement.

With the aim to explore the intrinsic correlation between the interaction of two excitations
and energy harvesting performance, this paper conducts a theoretical and experimental investi-
gation on the BEH subject to hybrid galloping-random excitations (BEH-GR). The other parts
of this work are organized as follows. In Section 2, an explicit expression of the steady-state
PDF is obtained by the SAM based on the energy envelope. In Section 3, the analytical results
are verified with the numerical simulation based on the Monte-Carlo method (MCM), and an
objective comparison between the LEH and the BEH under combined band-limited random
excitation and galloping is made. In Section 4, with the simultaneous action of the wind tunnel
and shaker, the experimental validation is conducted under combined excitations to verify the
numerical comparison between the LEH and the BEH. The conclusions are finally drawn in
Section 5.

2 Design and stochastic averaging analysis

Figure 1 shows a structural design diagram of the BEH and describes its operating condition.
The proposed energy harvesting structure comprises the following parts: a steel cantilever elastic
beam, a piezoelectric sheet, and a half cylinder. A piezoelectric sheet is stuck to the adjacent
region of the fixed end. The geometric dimensions of the beam and piezoelectric layer can be
demonstrated as Ly x wy, X hy, and L, X w, X hp, respectively. In the above representation,
L, w, and h with the subscripts b and p denote the length, width, and thickness of the beam
and piezoelectric layer, respectively. The direct piezoelectric effect can be characterized by
the parameters of the electro-mechanical coupling e3; and permittivity es3. Three permanent
NdFeB magnets are included in the design, where one magnet is attached on the lower edge
of the free end of the elastic beam, while the other two stationary magnets are attached on
the T-shaped holder. Especially, the energy harvester is simultaneously influenced by the base
excitation y(t) and the aerodynamic load. With the Euler-Lagrange method and single mode
assumption, the governing equations can be represented as follows!®?!:
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Fig. 1 The structural design of the BEH-GR, which is simultaneously influenced by galloping and
random excitation (color online)
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where M and K represent the distributed expressions of mass and stiffness, respectively. w; and
& means the first order resonant frequency and the damping ratio, respectively. K; (i = 1,2,3)
represent the coefficients of nonlinear magnetic force. © represents the equivalent electrome-
chanical coupling factor. N indicates the coefficient of external base excitation. p, represents
the air density at normal temperature, Ly and Dg denote the height and cross-flow width of
the bluff body, respectively. U is the velocity of the incoming flow, and a; (i = 1,2, 3) represent
the empirical coefficients of the aerodynamic load, which are determined by the least squares
method. C, indicates the electric capacity of the piezoelectric sheet. V' denotes the generated
voltage in pure resistance circuit.

To conduct the stochastic averaging analysis, the dimensions of Eq. (1) are removed by
introducing the following dimensionless parameters:

0L
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Using the above transformation, one can obtain the following dimensionless equations:

. — as - .
G4 (26 — pa )G+ 7+ g + awd® + %63 — kv = — [, o)

O+ +G=0,

where a7 and s are the dimensionless nonlinear stiffnesses. U refers to the dimensionless
speed of the incoming wind, and represents the electromechanical coupling constant. u is a
proportionality factor of the inertia of flow and mass, A is the dimensionless time factor, and f
is the coefficient of external base acceleration.
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In this paper, the base acceleration excitation §j(t) is described as a Gaussian white noise
process with a particular bandwidth. The correlation function can be represented as
B B
2D6(7), we— — <w < we + —,
Gy = 200 wem g St ®
0, else,
in which 6(-) means the Dirac function, and 2D represents the level of the band-limited Gaussian
random excitation. w. and B are the central frequency and bandwidth of the power density,

respectively.
Integrate the electrical equation in Eq. (3), and express the analytical function of voltage as

o0 =B [ LA — ), )

where Bj is a constant estimated by the voltage at the initial stage. Bie~** has no remarkable
influence along with the decay of the exponent. Hence, the voltage is rewritten as

o(t) = /O (e =" dr. (5)

According to the generalized harmonic transformation, the equivalent displacement and
velocity in the system (2) are written as

{ 7= A(H) cos(w(H)t) £ 7",
7= —A(H)w(H)sin(w(H)t),

where H represents the mechanical energy of the conservative system. A(H) and w(H) mean
the amplitude response and frequency, respectively, which are the functions of energy. g* is the
equilibrium, and the system realizes snap-through for g* = 0.

Based on Egs. (6) and (7), the voltage is explicitly expressed as

(6)

_WNH) oL
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u(t) = A +( ()H) )\2/\ +w?(H) 1)

g, inter-well.
e WQ(H) )\2 n wQ(H)q’ inter-we
27
T(H)
T(H) is the vibration period of the conservative system. On the basis of the motion charac-
teristics of the undamped oscillator, it is well known that the period can also be described as

For a given energy H, the dimensionless frequency is expressed as w(H) = , where

d
T(H) = —m, where II is the equivalent potential energy of the non-dimensional
v/2H — 2I1(x)
system.
Substituting Eq. (7) into the second equation of Eq. (2) gives the equivalent dynamic equation
as
+(2§ U Ak )*+*+ + a7 + B2
—pa U — ——— e el —
Hay N+ w2(H) qT4q 17’ 2q i
kw?(H) ;
- (G (=1)TG) = —fi, i=1,2,3, 8
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where ¢ = 1,2 mean the intra-well responses, while 7 = 3 corresponds to the inter-well response,
and §* = 0.
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With the first integral, the mechanical energy of the corresponding dynamic system (8) is
derived as

1.2 1,2 Q1 _y a2 _g 1 kw? _o
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The modified system can be rewritten as two first-order ordinary differential equations,
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H = —qf(q,9) +g&(t),
SN . o N 1, A1 _y a2 _g
where II(g) is the potential energy, and it is expressed as II(g) = —54 + =7 + -7 +
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Then, the averaged Itd equation can be expressed in terms of the total energy H and the
Wiener process By, (t) in the form of

dH = m(H)dt + o(H)dBy (t), (11)

where m(H) and o(H) represent the effects of drift and diffusion, which can be determined by
the following equations, respectively:

Az
f(@q)dg+ D, (12)

. . ]. = —
m(H) = _<qf(q,q)>t + D = —m%f(QvQ)dq-‘rD = —m ”

(H) = 2D(i"), = —2 f sdg— D[ st (13)
g = = —_— = — —
tT ) LT T Ly v
where (-), denotes the average over one quasi-period. A; and Aj indicate the maximum and
minimum amplitudes, respectively, and can be determined by H = II(4;) (¢ = 1,2). The energy-
variable frequency is obtained by solving the functional relation of w(H) = 27 /T (H) with the
iterative method.
To obtain the analytical form of stationary probability density, the following reduced FPK
equation is solved:
10*(o*(H)p(H)) _ O(m(H))

2 OH? “—em (14)

Then, the analytical PDF with respect to the mechanical energy H can be derived as

p(H) = Cyexp ( /0 ! Z((Z)) du) / o2(H), (15)

where Cj is a constant for normalization. The joint probability density function (JPDF) about
the equivalent mechanical state variable is expressed as

- p(H)

p(7,q) = W‘H:H(a,ﬁ)' (16)

The average of the squared electric voltage is expressed by Eq. (7),
R e w?(H) A2 -\ 2 . .
E(v?) = (7 7+ 7*) 7,9)dqdg. 17
(v%) [w[m /\2+w2<H)(q Q)+>\2+w2(H>q p(g,q)dgdg (17)
As a result, the expected value of output power E(P) is defined as follows:

E(P) = AeE(v?). (18)
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3 Numerical simulations and discussion

In the following section, numerical simulations are carried out to prove the theoretical anal-
ysis of the SAM, and to compare the stochastic dynamic behaviors of the LEH and BEH under
hybrid excitation with the MCM. Table 1 shows the dominant model parameters in simula-
tions and experiments. For the sake of generating a band-limited excitation, the Gaussian
white noise is first obtained and then passes through a Butterworth bandpass filter. Typically,
the band-limited random excitation is represented by bandwidth, central frequency, and power

spectral density (PSD). Integrating the PSD along the bandwidth and making a square root
will determine the excitation level.

Table 1 Parameters of the piezo-aeroelastic energy harvester in numerical simulation and experiment

Physic description/notation Value Physic description/notation Value
Elastic beam length Ly, 0.15 m Piezoelectric strain coefficient ez —11.6 C-m—2
Elastic beam width wy, 0.015 m Piezoelectric permittivity e33  3.18 x 1078 nF - m~1!

Elastic beam thickness hy, 4 x107% m Projection distances between 0.022 m, 0.021 m

magnets a and d
Elastic beam Young’s modulus Y3, 210 GPa Magnet size Vi 1.2 x10=6 m3

Elastic beam density py, 7800 kg - m~3 Magnetization intensity M; 0.8 x10% Am~!
Piezoelectric sheet length L 0.028 m Half cylinder diameter Dy 0.032 m
Piezoelectric sheet thickness hp 3 x10~* m Half cylinder height Ly 0.107 m
Piezoelectric sheet width wp 0.01 m Half cylinder mass Mg 0.004 kg
Piezoelectric sheet density pp, 4000 kg - m~3 Mechanical damping ratio & 0.005 1

Piezoelectric sheetEYoung’s 67 GPa Aerodynamic coefficients (1.56, 0, —6.9)

modulus C7} (a1,a2,a3)

Figure 2(a) shows the total energy with the Hamilton function (9) for the non-dimensional
parameters of a; = 0.05, ap = 0.75, x = 0.01, and A = 0.05. The red area is the zero total
energy surface. As demonstrated in Fig. 2(b), the frequency of the system (2) is not a constant
but a variable related to the total mechanical energy. The non-dimensional energy-dependent
frequency ranges from 0.5 to 3 for the given parameters, and it presents two local maximum
values at two symmetrical equilibria.

[_1Total energy
[1Zero-surface

Fig. 2 (a) Total mechanical energy and (b) energy-variable frequency w(H) of the unperturbed sys-

tem (color online)

The stochastic dynamic responses of BEH-GR are comprehensively analyzed by using theo-
retical calculations with the SAM and numerical simulations with the MCM. Figures 3(a)-3(f)
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illustrate the three-dimensional (3-D) JPDF p (g, q) for three random excitation levels. The re-
sults show that the numerical result is consistent with the analytical result in terms of the 3-D
morphology and amplitudes. As the random excitation level is set to D = 0.2, it is noted that
the marginal probability density function (MPDF) of displacements at the location of § = 0
tends to zero, which indicates that the dominant response presents the intra-well vibration. As
the random excitation level sets to D = 0.4, the JPDF around the position of § =0 and § =0
increases gradually, while the one around the equilibrium decreases obviously. The extended
area for p(g,g) > 0 indicates a higher probability of jumping between potential wells. For all
random acceleration levels, a bimodal MPDF of p (g) is presented in Fig. 3(g). The solid curves
demonstrate the analytical results, and the dashed lines are the numerical results of the MCM.
The relative error between the prediction of the SAM and verification of the MCM is small, and
thus the SAM provides an efficient way for predicting the steady response under band-limited
random excitations. Figure 3(h) shows the time histories of displacement and voltage. It is
obvious that a large transient voltage will be achieved at the moment of jumping. As a result,
frequent jumping between potential wells helps to increase the mean square voltage output.

1.5F o Num. (D=0.2)
—Ana. (D=02) [¢

= o Num. (D=0.4)
S 1.0F A
=%
)
&
= 0.5

0. 0 does0eedes, 0

) 2 00 05 10 15 20 25 3.0
Time/s Time/s

() (b)

Fig. 3 Comparison of theoretical predictions and numerical simulations for D = 0.2, D = 0.4, and
D =0.6. (a), (b), and (c): 3-D analytical prediction of JPDF with the SAM; (d), (e), and (f):
3-D numerical simulation of JPDF with the Euler-Maruyama method; (g) and (h): MPDF
and time domain response for three random excitation levels (“Num.” means numerical and
“Ana.” means analytical) (color online)



Theoretical and experimental study of a bi-stable piezoelectric energy harvester 469

Figure 4 indicates the JPDF of BEH-GR for four wind speeds. As the speed of wind reaches
1m/s and 1.5 m/s, the PDF at two equilibria is significantly higher than at any other positions
in the phase plane, indicating that the intra-well response under band-limited random excitation
is dominant. As the velocity of incoming wind attains 2 m/s, the response demonstrates the
property of periodic galloping, and the 3-D contour diagram of p (g, G) > ( exhibits an annulus.
When the speed of wind increases to 2.5m/s, a large-amplitude response is observed, and the
width of the annulus becomes wider. In summary, an increase in the wind speed will reduce the
peak of the probability density at a given location around the equilibrium. In addition, a more

evenly distributed PDF indicates the frequent occurrence of the expected inter-well oscillation.
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Fig. 4 JPDFs of a BEH-GR for four wind speeds. (a) U = 1; (b) U = 1.5; (¢) U = 2; (d) U = 2.5
(color online)

Figure 5 illustrates the curve of the average power E(P) with respect to the electromechan-
ical coupling factor x and the time constant A\. The solid lines are the analytical predictions
with the SAM, and the dashed lines indicate the numerical results. As the electromechanical
coupling factor k increases, the average output power increases monotonously. But as the time
constant A increases, the average power first increases then decreases, and E(P) realizes the
maximum output power at A ~ 1.3. Thus, it is indicated that the BEH-GR can achieve an
optimum energy conversion performance at the matching impedance.

Figures 6(a) and 6(b) demonstrate 3-D diagrams of acceleration-wind speed-root mean
square (RMS) voltage and acceleration-wind speed-standard deviation (SD) displacement, re-
spectively. To ascertain the steady-state dynamic behaviors, the simulation duration is fixed to
200s. The values of RMS voltage and SD displacement are obtained by taking the statistical
analysis and averaging on the data of 20 full-time series of displacements. Based on the relation
between the wind speed and response, the diagrams can be divided into three categories. When
the simulated speed of wind sets to U = 1m/s, in contrast with the LEH under hybrid gal-
loping and random excitation (LEH-GR), the BEH under random excitation has a significant
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Fig. 5 Curves of the average output power: (a) the effect of electro-mechanical coupling coefficient
k; (b) the effect of time constant ratio A (color online)
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Fig. 6 (a) 3-D diagram of acceleration-wind speed-RMS voltage; (b) 3-D diagram of acceleration-

wind speed-SD displacement; (¢) Rsnr curve; (d) simulated time histories of displacements
for U=1m/s, U =13m/s, U =1.6m/s, and U = 1.9m/s (color online)
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advantage in improving the output response. As the speed of wind increases to the range of
[1.3m/s, 1.6 m/s], the LEH starts to outperform the BEH at lower excitation levels. If the speed
of wind exceeds U = 1.6m/s, the LEH presents overwhelmingly superior performance in the
responses of displacements and voltages. To show the energy conversion efficiency objectively,
an indicator of signal-to-noise ratio (Rsngr) is used to measure the ratio between input and
output. Rsnr is denoted by Rsnr=0,/03!'%), where o, and o3 mean the SDs of displacement
and band-limited random excitation levels, respectively. Figure 6(c) illustrates the parabolic
curves of Rgnr. The peak of Rgng is associated with the critical excitation level for inducing
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stochastic coherence resonance, and the system performs almost regular inter-well response.
When the wind speed is U = 1m/s, an obvious jump is demonstrated at §j = 0.35g. Next,
as the wind speed increases to U = 1.3m/s and U = 1.6m/s, there appear some prominent
peaks in the curve of Rgngr at § = 0.25g and § = 0.14g, respectively. This indicates that the
weak wind is conducive to reducing the random excitation level to realize snap-through. When
the speed of wind reaches U = 1.9 m/s, there presents a monotonic property in Rgng because
the system generates nearly periodic vibration regardless of the random excitation level. Thus,
the increase in the wind kinetic energy weakens the contribution of random base excitation,
and increases the generated voltage by triggering the frequent movement among two stable
equilibria. Figure 6(d) shows the time histories of BEH for a random excitation level of 0.15¢.
It can be seen that the system realizes inter-well response at U = 1.6 m/s, and the occurrence
of jumping between adjacent well is more frequent with the increase in wind speed.

The time histories of the displacement and the corresponding generated voltage of LEH-GR,
for four wind speeds are demonstrated in Fig.7. As the speed of wind sets to U = 1m/s
and U = 1.5m/s, the response increases monotonically with a random excitation level, and
the peak-to-peak voltage could attain 12.2V and 38.7V. Finally, as the speed of wind sets to
U =2m/s and U = 2.5m/s, the response amplitude is similar for all random excitation levels,
and the peak-to-peak voltage could attain 90.9V and 109.7V, respectively.
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—0.01 0.02g 0.059 0.2g 0.4g _8 002g 005g 0.2g 04] 0.02¢g 0.059 0.2g 0.4g 40 0.02¢g 0.059 0.2g 0.4g
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
t/s t/b t/s t/s

(a) (b) ()
0.1

Voltage/V
=
Voltage/V

|
=]
o
=

Displacement /m
o
S
Displacement /m

0.02,0.059, 029 , 049 | . [0.02, 005]] 0 2g 0029, 0.05¢, 0.2g  0.4g
2 4 6 8 0 2 002 4 6 8
t/s t/s t/s

() (f) ()
Fig. 7 Simulated time-domain responses of LEH-GR at four wind speeds. (a) and (b): U = 1m/s;
(c) and (d): U = 1.5m/s; (e) and (f): U = 2m/s; (g) and (h): U = 2.5m/s. The lines of
blue, brown, yellow, and purple represent the time domain displacement responses under the
random excitation levels of 0.02g, 0.05¢g, 0.2g, and 0.4g, respectively (color online)
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Figure 8 illustrates the time histories of the displacements and the corresponding generated
voltages of the BEH-GR at four specific wind speeds. At two wind speeds of U = 1m/s and
U = 1.5m/s, inter-well vibration in a bi-stable system cannot occur until excitation increases
to 0.4g and 0.3g, and the peak-to-peak values of displacements and voltages could be up to
0.06 m and 51.0V and 0.62m and 55.4V, respectively. As the wind velocity sets to U = 2m/s,
there is a jump between two potential wells at an excitation level of 0.2¢g, and the peak-to-peak
values of displacements and voltages could be up to 0.07m and 56.0V, respectively. Finally,
as the speed of wind attains U = 2.5m/s, double-well vibration around two stable equilibrium
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positions are achieved at all four excitation levels. Moreover, although the system is subject
to the low-level random excitation, a denser periodic voltage is produced. By comparing the
responses at four wind speeds, one can evidently find that the consideration of galloping could
trigger inter-well vibration at low-level random excitations. Moreover, with the increase in the
simulated wind speed, the response is dominated by galloping gradually, and the stochasticity
of the response is gradually reduced.
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Fig. 8 Simulated time-domain responses of BEH-GR at four wind speeds. (a) and (b): U = 1m/s;
(c) and (d): U = 1.5m/s; (e) and (f): U = 2m/s; (g) and (h): U = 2.5m/s. The lines of
blue, brown, yellow, and purple represent the time domain displacement responses under the
random excitation levels of 0.02g, 0.05¢g, 0.2g, and 0.4g, respectively (color online)

As seen in Figs.7 and 8, at low wind speeds, increasing the random excitation levels is
helpful to achieving inter-well jumps in the bi-stable system and to producing a prominent
voltage output. On the contrary, at high wind speeds, the contribution of the random base
excitation is suppressed. Moreover, the amplitude of the BEH is limited by the restoring force,
and the response amplitude is lower than that of the linear counterpart.

4 Experimental findings

In this section, experiments are carried out to verify the dynamic response of the numerical
simulation. The testing platform is set up as shown in Fig.9. The fabricated BEH contains a
cantilever steel beam, a piezoelectric sheet, and a D-sectional prism (Dg x Ly = 6 cm X 10 cm).
To realize the bi-stable restoring force, one magnet is mounted to the free end of the beam,
and the other two fixed permanent magnets are attached on the fixture. In order to achieve
long-term stable force-electricity conversion results, a piezoelectric patch micro fiber composite
(MFC) M2807P2, Smart Material Corporation) with a better piezoelectric coupling coefficient
and flexibility is selected. The energy harvester is mounted on the working table of the elec-
tromagnetic shaker (LT-50, Econ Corporation), which provides the transverse random base
excitation. A wind tunnel made of an acrylic pipe is used to provide uniform wind. The ve-
locity of the incoming wind is adjusted by a variable frequency drive inverter, and the speed
measurement is achieved by a hot wire anemometer (GM8903, Bnetech). A closed-loop vibra-
tion level control system consists of a controller (VT-9008, Econ Corporation), accelerometers
(14100, Econ Corporation), and a power amplifier (LA-200, Econ Corporation). A laser sensor
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(OptoNCDT1620, Micro-Epsion) and a mixed-domain oscilloscope (MDO03024, Tektronix) are
combined to realize non-contact measurement, display and save the dynamic response. A high-
impedance probe of the oscilloscope (TPP0205, Tektronix, 107 ) is used to guarantee that the

voltage is measured in an open-circuit condition.

FT—

| Bluff body

Fig. 9 Experimental setup of BEH-GR: (a) general layout; (b) enlarged view of the BEH; (c) top
view of the BEH under hybrid excitation (color online)

To experimentally verify the numerical discussion on the effects of wind and acceleration,
Fig. 10 shows a 3-D diagram of the acceleration-wind speed-RMS voltage in an open-circuit
condition and the acceleration-wind speed-SD displacement. Four wind speeds (1 m/s, 1.5m/s,
2m/s, and 2.5 m/s) and four accelerations (0.02g, 0.05¢, 0.2g, and 0.4g) are selected for carrying
out an orthogonal experiment. It should be noticed that the increases in the wind speed
and random acceleration both result in performance enhancements of mechanical response and
electrical response. For low incoming wind speeds and high accelerations, the BEH provides
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Fig. 10 (a) 3-D diagram of acceleration-wind speed-RMS voltage; (b) 3-D diagram of acceleration-
wind speed-SD displacement (color online)
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superior performance compared with the LEH. However, as the wind speed is increased to
realize galloping, the dynamic response of the LEH is more pronounced than that of the bi-

stable counterpart.

Figures 11 and 12 show a comparison between the BEH-GR and the LEH-GR in terms of

the time domain response of displacements and voltages, respectively. If the energy harvester
is under the influence of two wind speeds of U = 1m/s and U = 1.5m/s, the transient displace-
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Fig. 11 Experimental time-domain displacement responses of LEH-GR and BEH-GR. (a) and (b):
U=1m/s; (c) and (d): U =1.5m/s; (e) and (f): U =2m/s; (g) and (h): U = 2.5m/s. The
lines of blue, brown, yellow, and purple represent the time domain displacement responses
under the random excitation levels of 0.02g, 0.05¢g, 0.2¢g, and 0.4g, respectively (color online)
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Fig. 12 Experimental time-domain voltage responses of LEH-GR and BEH-GR. (a) and (b): U =
1m/s; (¢) and (d): U = 1.5m/s; (e) and (f): U = 2m/s; (g) and (h): U = 2.5m/s. The
lines of blue, brown, yellow, and purple represent the time domain voltage responses under
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ment response of the LEH oscillates around the only static equilibrium position for four levels
of random accelerations, as shown in Figs. 11(a), 11(c), 12(a), and 12(c). However, the BEH
achieves inter-well vibration and an irregular large pulse voltage as the excitation level is 0.2g
(see Figs. 11(b), 11(d), 12(b), and 12(d)). On the contrary, when the speed of incoming wind
exceeds U = 2m/s, the LEH generates larger mechanical and electrical responses compared
with the BEH.

To quantify the comparative results of experiments and simulations, the RMS voltages
obtained from numerical simulations and experiments at four excitation levels are shown in
Table 2. Both numerical simulations and experiments demonstrate that the response of BEH-
GR is inferior to that of the LEH-GR as the speed of wind is set to U = 2m/s. In general,
the relative error of BEH is higher than that of LEH due to magnetic induced nonlinearities.
Especially for the BEH under a low random base acceleration of 0.02g, the maximal error
between numerical simulations and experiments attains 25%. As the random excitation level
increases, the relative error decreases gradually. The primary reason for this phenomenon is
that, for a low random excitation level, the response is restricted to oscillate around the single
equilibrium, showing large randomness. As the excitation goes up, the energy harnessed by the
system also increases. The system escapes from the restriction of a potential well, and weakens
the randomness while enhancing the periodicity.

Table 2 Demographic prediction performance comparison by three evaluation metrics

Numerical simulation Experiment verification E /9%
Excitation RMS voltage/V RMS voltage/V Tror/ 7o
level
e LEH-GR BEH-GR LEH-GR BEH-GR LEH-GR BEH-GR
0.02¢ 12.3 2.0 12.8 1.6 4 25
0.05g 15.6 2.5 16.6 1.9 6 24
0.2¢g 15.7 10.8 15.5 9.2 1.2 14.8
0.4g 17.2 11.5 17.6 10.8 2.2 2.2

5 Conclusions

To reveal the intrinsic correlation between band-limited random vibration and incoming
wind on energy harvesting performance, this paper provides a comprehensive investigation on
the BEH-GR. The SAM-based energy envelope is used to analyze the influence of wind speed
and random excitation levels on the dynamic response. The analytical results are verified with
the MCM. Experimental verification is conducted to characterize and compare the dynamic re-
sponse of BEH-GR and its linear counterpart. By analyzing the results of numerical simulations
and experiments, the following conclusions are drawn.

With the enhancement in the random excitation level and wind speed, the PDF increases in
the regions of non-equilibrium. In particular, as the speed of wind strengthens to a particular
level, the influence of the random excitation is weakened, and the JPDF presents an annulus in
the phase plane. The scope of the annulus gradually increases with the increasing wind speed.

For the BEH-GR, the threshold of random excitation level for triggering inter-well vibration
is significantly reduced. Thus, a combination excitation of galloping and random vibrations is
conducted to realize the improvement in the bi-stable energy harvesting performance.

However, both the numerical simulations and experiments find that bi-stable structures are
not always beneficial for harvesting hybrid excitation. Under the effects of low-speed wind,
strong random excitation is apparently suitable for the BEH in comparison with the LEH.
But once the speed of incoming wind is larger than the threshold for galloping, the benefits of
bi-stable systems in capturing hybrid excitation disappear regardless of the random excitation
level.
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