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With an explosion of the internet of things (IoT), vibration energy harvesting provides an
environmentally friendly solution to replace consumable batteries in powering IoT wire-
less sensors. Yet, when implemented in practice, ambient vibration input energy is much
less periodic than assumptions adopted in previous studies. This becomes especially
important given that asymmetries are inevitable in nonlinear device platforms. This
research sheds light on these complex challenges of practical vibration energy harvesting
by developing and exploring an analytical model based on equivalent linearization. The
modeling approach provides an opportunity to understand influences of asymmetry,
nonlinearity, and combined excitation response on the DC power delivery of energy har-
vesters. In the analytical model, a weighted Gaussian joint distribution is utilized to
approximate the influences caused by the random excitation. Combined with numerical
and experimental validation, the analysis indicates that with the increase of stochastic
base acceleration, two outcomes are possible. A first outcome involves an enhancement of
DC power by way of triggering large amplitude nonlinear oscillations. A second outcome
corresponds to a loss of high power delivery since the noise interferes with the attainment
of the snap-through dynamic. Either reducing asymmetry or increasing harmonic excita-
tion component is found to be favorable to induce the power-enhancing dynamics and
inhibit the occurrence of the second case. Although with the simplified Gaussian distri-
bution, the analytical framework cannot reproduce exact details of the dynamic responses
in every case, the results show that the statistical trends of the analysis are overall borne
out in simulation and experiment. This indicates the new modeling of this research may
help guide attention to design and deployment techniques for nonlinear vibration energy
harvesters in practical combined excitation environments, where limitations on precise
manufacture or placement may introduce structural asymmetry.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The extensive network of interconnected wireless devices termed the Internet-of-Things (IoT) has been widely built up in
recent years for applications such as building operations [1], healthcare [2], and smart farming [3], to name a few. The IoT
results in smart, data-informed strategies by continuously collecting and processing trends of user consumption, system
health, and other important metrics. With a projected increase of IoT devices to a trillion by 2025 [4], the high demand on
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disposable batteries suggests a clear threat to the sustainability of our environment and infrastructure. With the decrease of
required power for IoT devices to microwatts [4], vibration energy harvesting can be an environmentally friendly energy
provider of on-demand electrical power due to the high power density and broad availability of kinetic energy [5].

In recent years, numerous research efforts have been devoted to improving the performance of vibration energy har-
vesting systems. Because of the narrowband characteristic of linear vibration energy harvesters, nonlinear energy harvesting
systems are proposed to meet the requirements of broadband frequency sensitivity and high output power resulting from the
input vibration energy [6—9]. Because of the multistability feature of energy harvesters with particular nonlinearities, a wide
variety of methods have been proposed to readily attain high energy orbit vibration [10—12]. For example, Zhou et al. [12]
proposed a flexible bistable energy harvester with a controllable potential energy function that helps one govern the potential
energy barrier for triggering snap-through vibration. Wang and Liao [11] utilized the load perturbation method to create
strategies that transform system states from intrawell vibration to snap-through oscillation.

In addition, optimization strategies are applied seeking energy harvesting system designs with maximized performance
[13—15]. Dietl and Garcia [16] employed a gradient search optimization tool to determine that a curved beam shape along the
beam length axis provides optimal and uniform strain distribution for power maximization. Cai and Harne [17,18] utilized the
genetic algorithm optimization method to uncover the entangled influences of nonlinearity, beam shape, and tip mass for
high performing and structurally resilient energy harvesting cantilever designs. Since rectification is necessary to convert the
alternating current (AC) voltage from the piezoelectric beam to direct current (DC) voltage, studies on harvesting circuits
explore methods for maximizing power delivery [19,20]. By utilizing switching strategies with standard rectification, the
synchronous electric charge extraction (SECE) circuit was found to yield a 400% increase in harvested power [21]. On the basis
of the SECE circuit, Lefeuvre et al. [22] presented a phase-shift SECE (PS-SECE) circuit to improve the delivered power up to a
theoretical limit for piezoelectric devices having high electromechanical coupling.

From this survey of state-of-the-art investigations, one common assumption adopted is the symmetry of potential energy
functions when leveraging nonlinearities for energy harvesting [7,8,17]. Yet, due to factors such as asymmetric magnetic
fields, structure imperfections, or static and gravitational loads, asymmetry is nearly unavoidable in implementing nonlinear
energy harvesting systems. This indicates it is necessary to investigate the influences of asymmetry in the development of
nonlinear energy harvesters. He and Daqaq [23] examined the AC output power of asymmetric nonlinear energy harvesting
systems subjected to pure white noise excitation vibration and indicated that the existence of asymmetry may increase the
output power for a monostable system, whereas the performance of a bistable system is deteriorated. Wang et al. [24]
introduced an installation bias angle to asymmetric bistable energy harvesting systems to reduce negative effects caused by
asymmetric potentials for the energy harvesters when subjected to pure harmonic or random excitation.

Moreover, pure harmonic or pure stochastic excitation is usually employed in studies to characterize electrodynamic
responses [25,26]. In fact, environments wherein harvesters may be employed to sustain IoT devices may experience complex
vibration conditions such as combined harmonic and stochastic excitation [27,28]. For instance, with the influence of moving
vehicles, the vibrations of bridges show a combined influence of periodic oscillation and random vibration [28]. In order to
analytically predict the dynamical characteristics when subjected to combined harmonic and stochastic excitation, methods
such as Gaussian closure method [29,30], stochastic averaging method [31,32], and equivalent linearization method [33], have
been applied to symmetric Duffing oscillators to statistically characterize the structural dynamics. Yet, due to the complicated
mechanical-electrical coupling in energy harvesters, analytical approaches seldom address DC power delivery that results
following rectification stages. A few insights on this class of structural-electrical coupling have been obtained. For instance,
Kim et al. [34] used numerical approaches to identify the stochastic resonance phenomenon for rotating energy harvesting
systems under combined harmonic and stochastic excitation and validated the findings by experiments. Dai and Harne [35]
introduced an analytical approach to determine the relationship between the electrical and mechanical responses and thus
predict the electromechanical responses of cantilevered energy harvesters due to combined harmonic and stochastic exci-
tation. On the other hand, no works have synthesized a prediction tool for the intricate electromechanical responses of
asymmetric nonlinear vibration energy harvesters subjected to combined vibration excitation conditions. The insight from
such an analytical process would be strongly relevant to help transition energy harvesting devices to practice.

Motivated to fill the void in understanding, this research investigates the dynamic behaviors of an asymmetric nonlinear
energy harvester integrated with a standard rectification circuit. The aim is to characterize the mechanical and electrical
responses when subjected to combined harmonic and stochastic excitation. In the following sections, an analytical framework
is first established for the proposed system. After validating the system numerically and experimentally, the influences of
asymmetry are investigated considering the combined harmonic and stochastic excitation condition. Finally, a summary of
main findings in the study is provided to conclude this report.

2. Analytical model formulation

The vibration energy harvesting platform considered in this study is shown in Fig. 1. A piezoelectric cantilever has a tip
mass My constructed by the magnet 1 and its holder at the free end. The beam is excited by base motion representative of the
ambient kinetic energy. The electrodes of the beam are interfaced with a standard rectification circuit to convert the AC
voltage to a DC voltage. A pair of repulsive magnets is utilized to introduce nonlinearities into the system. The gap d, and bias
4 between the two magnets determine the magnetic force F, that governs the type of nonlinearity and the significance of
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Fig. 1. Schematic of nonlinear energy harvesting system.

asymmetry induced into the potential energy profile of the system. The polynomial expression in Eq. (1) is adopted in the
model to approximate the nonlinear magnetic force Fr, [36,37]. The parameters kq,k, and k3 are experimentally identified, as
described in Section 3.

Fn =k + kox® + k3x3 (1)

Therefore, the non-dimensional equivalent lumped parameter governing equations for the lowest order structural and
electrical responses are [23,35]:

"

X X + (1= )X+ Box* + 83X +kvp = — X, (2a)

vy +ip = O (2b)
The relationships between the non-dimensional parameters with the physical system parameters are
X =X/Xo; vp = v, /Vo; wo = \/k/m; T = wot; p = —kq/k; By = kaxo /k; B3 = ksxd /k; k = aVi/(kxo); 1 = d/(mwy); 0
fAd ) “p ) 3 ’ ) ) 0 ) ’ ’

= axo/(GpVo): ip = ipwo/ (CoVo); Xq = &am/(xok);

(3a-])

Here, x is the beam tip displacement relative to the motion of the base displacement x,; m, d, and kare the equivalent
lumped mass, viscous damping, and linear stiffness corresponding to the first mode of the beam vibration; p is the load
parameter indicating the influence of magnetic forces on reducing the linear stiffnessk; « is the electromechanical coupling
constant; Cp is the internal capacitance of the piezoelectric layers in the cantilever; v, is the voltage across the piezoelectric
beam electrodes; i, is the corresponding current through the harvesting circuit; xg and Vy are characteristic length and
voltage, which are 1 mm and 1 V respectively; The over dot and apostrophe operators indicate differentiation with respect to
time ¢ and non-dimensional time 7, respectively.

The non-dimensional combined harmonic and stochastic base acceleration is

—X, = acos wr + ow(r) (4)

Here, the non-dimensional standard deviation of the stochastic acceleration is ¢, while the amplitude of harmonic base
excitation is a; w is the non-dimensional angular frequency of the harmonic base excitation determined by w = w/ wg; w is
the absolute angular frequency; w(r) is a unit Gaussian white noise process.

For the nonlinear structural system expressed by Eq. (2), the mean value of the displacement response x is defined to be
my. Consequently, the displacement response x is represented by

X=X + My (5)

Here, xq is the zero mean dynamic response.
The equivalent linearization method [23,33,38] is applied to Eq. (2a) to linearize the quadratic and cubic nonlinearities by
introducing the equivalent linear natural frequency w. and displacement offset e.
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Xg + Xy + WXg + &+ kvp = —Z' (6a)

vy +ip = Ox) (6b)

In order to ensure the equivalence between Eq. (2) and Eq. (6), the mean-square error between (2) and (6) is minimized
using (7a) and (7b) [23] [33] [35] [38].

2

a;f)g N aZg { [(1 — D)X + B2X° + B3X° — wixo — 6] =0 (73)
2

%:%([(1 — D)X + Bx% + B3x° —ngo—€]2>zo (7b)

The bracket () indicates the mathematical expectation or time-averaged value. By calculating the mean value for both sides
of Eq. (6a), it is found that e = 0.

Based on the linearized system Eq. (6) with equivalent frequency we and offset ¢ determined through the Eq. (7), super-
position is applied. Here, the total structural and electrical responses are approximated to be the summation of responses
individually attributed to the harmonic or stochastic excitation components.

X0 =Xp + Xr (8a)
p = Ui -+ ipr (8b)
The x; and vy, represent the structural and electrical responses, respectively, of the equivalent linear system resulting from

the harmonic excitation component, as governed by Eq. (9). The x; and vy, are the stochastic components of the displacement
and voltage specifically governed by Eq. (10).

Xpy + X}y + WaXp + Kupy = 0 COS WT (9a)
Vo +pn = 0} (9b)
Xy -+ X + WXy + Kvpr = OW(T) (10a)
Vot ipr = X (10b)

For the structural response x;, due to the harmonic excitation, the fundamental frequency w of the base acceleration is
assumed to be the dominant frequency of displacement. Thus the x;, is given by

X = h sin w7 +g cos wT =n cos(wT — ¢) (11)

The corresponding piezoelectric voltage vy, is represented by a piecewise function shown in Eq. (12) [35,39].

fn(cos ot — 1) + Vy; O<wr <0
—Vip; O<wr<m
_ rh» =
Y= fn(coswr +1) — Vi m<wr <7+ O (12)
Vin; T+0O<wr <27

The V,;, is the non-dimensional magnitude of the rectified voltage resulting from the load resistance R, shown in Fig. 1.
The magnitude of the rectified voltage is obtained by integrating Eq. (6b) over a semi-period of the harmonic excitation
[35,40],

26n 1
(mjwp+2 "~ CRup

Vy — (13a, b)

Here, p is the non-dimensional resistance.
Consequently, the piezoelectric voltage vy, is related to the lowest order displacement x;, and velocity x; by the funda-
mental term of a Fourier series of Eq. (12).
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Vph :%x;1 +Bxy, (14)
where

A=Losin® @ ; B=l0(2® —sin2 ©), and cos @:M
m T+ 20woCR

o (15a,b,c)

The response xj, is achieved by substituting Eqs. (11) and (14) into Eq. (9a).

a(Bk — w? + w?) a(Ax 4 nw)

Y 5 h= Y 5 (16a,b)
(B — 0% + wg)” + (Ak + nw) (Bk — w2 + 02)" + (A + nw)

g:

The corresponding electrical responses are also determined by Eqs. (13) and (14) following computation of Eq. (16).
For the stochastic responses governed by Eq. (10), based on the generalized harmonic function [41], the corresponding
stochastic displacement x, and velocity x; are written as

Xr =Ny COS(wyT + ¢) = hy Sin w7 + g cos Wy T (17a)

X, = — Moy Sin(w;T — ¢) = hrwy €OS T — grwy Sin w7 (17b)

Here w; and n;are the angular frequency and amplitude for the periodic non-stationary process [25,41].
Consequently, the relationship shown in Eq. (14) is also applicable for stochastic components according to the frequency
Wr.

A
Vpr:J:x; +BrXr (18)
where

T+ 200Gk (192.b,0)

1,. 1 .
Ar=—0sin®@;, B ==—0(20, —sin 20,), and cos O, =
™ 2T
Substituting Eq. (19) into Eq. (10a), the equivalent mechanical governing equation under the stochastic excitation is
obtained.

" A
X+ (n+i'<)x’r+ (wg +KBr>Xr:0’W(T) (20)
Wnr

From Eq. (20), the non-stationary angular frequency is [42].

Wr = ((l)g +KBr) (21)

To determine the mean-square of the stochastic displacement component (x?) from Eq. (20), the probability density
distribution must first be evaluated. Therefore, assuming a standard Gaussian distribution for x;, the probability distribution
for the random process x, considering a mean displacement my is given by Eq. (22).

2
Xrm) = &(Xrm|Mx, Oxg ) = e 22a
f(xrm) g( rm|Mx, xg) oxgm (22a)

a
ng:
\/2 (n +%) (w2 + kBr)

Here, X, is the summation of x; and my, gxg is the non-dimensional standard deviation of x;,; associated with the standard
Gaussian distribution and determined by Eq. (22b).

Yet, for nonlinear systems with multiple static equilibria, a standard Gaussian distribution assumption for the random
variable x,does not provide good approximation of observable response statistics [43]. Therefore, in order to improve the
accuracy in the analytical predictions, a weight we is introduced to formulate a weighted Gaussian distribution in Eq. (23).

(22b)
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Fi(xmm) :g(erImx,wa) :g(xrm|mX>Weo'xg) (23)

The gy corresponds to the standard deviation of x;;; associated with the weighted Gaussian distribution. In other words,
Oxw = We0xg, Where the weight we is a product with the non-dimensional standard deviation oxg of Xym.

In order to determine the weight, a probability density distribution for nonlinear systems under pure stochastic excitation
with multiple stable equilibria is given in Eq. (24) [43] against which the weighted Gaussians Eq. (23) are compared ignoring
the influence of harmonic excitation.

1 1
Fo(Xrm) :jg<xrm‘x170'xg) +§g(xrm‘X27ng> (24)

Here in Eq. (24) the g(Xym|X1, 0xg) and g(Xym|x2, 0xg) are standard Gaussian distributions with mean values of x; and x,, such
that x; and x, are the statically stable equilibria of the nonlinear system. To simplify the following discussion, the radicand in
Eq. (22b) is considered to be a unit valued constant towards determining the suitable weight we.

Fig. 2 presents the probability density distributions given by Eqs. (23) and (24). For the probability distribution shown in
Eq. (24) f,, at noise standard deviation ¢ = 0.1 in Fig. 2(a), the two peak values are thoroughly separated, which indicates that
snap-through vibration rarely occurs as caused by the random excitation component. This is because snap-through vibration
is indicative of a zero mean value. With the increase of noise standard deviation to 0.8 as shown in Fig. 2(b), the two peaks
begin to coalesce, which indicates that stochastic excitation may trigger snap-through vibration more often. At much higher
noise standard deviation, Fig. 2(c) reveals that the two peaks merge so that there is high probability that the mean of the
displacement is zero, corresponding to snap-through vibration.

For the distribution shown in Eq. (23) f7, two weights are selected, we = 1 and w, = 2 for evaluation in Fig. 2. When the
noise intensity is too low to trigger snap-through vibrations, Fig. 2(a) shows that the mean value my is statistically identical to
the value of the equilibria. Yet, for increase in the noise standard deviation ¢, such as the values ¢ = 0.8 and ¢ = 1.5 in Fig. 2(b
and c), snap-through vibration happens more frequently and the mean value my takes the mean of the two equilibrium
positions, which is approximately zero.

As shown through the results of Fig. 2, the distribution of Eq. (23) f; may sufficiently reproduce the probability distribution
of the exact nonlinear system based on the use of weight w.. Compared with the distributions f, determined by Eq. (24), the
weight w, = 2 applied to distribution f; leads to a sufficient approximation of the peak value of the probability density
function f,.

To quantify the agreement of the distributions, Table 1 summarizes the mean-square values of the non-dimensional
displacement by numerically integrating the expressions Eqs. (23) and (24). At low noise intensity in Fig. 2(a), the integral
interval is chosen to be [-1.5, 1.5]. In comparison, for noise intensities in Fig. 2(b and c), the range [-3, 3] is selected. The relative
errors of the approximated distributions f; with respect to the accurate distribution f, are provided in Table 1. It is observed
that the distributions f; adequately approximate the distribution f, when the noise standard deviationis ¢ = 0.1 or¢ = 1.5.
Yet, for the intermediate standard deviation of stochastic excitation ¢ = 0.8, at which point Fig. 2 shows that the two peaks of
statistical response coalesce, the weighted Gaussian distribution f; with the weight w, = 2 better agrees with the accurate
distribution f;.

With the probability density distribution given in Eq. (24), the mean square value for the variable x;,; can be calculated by
the Gaussian closure method when subjected to pure stochastic excitation [43]. Yet, when considering the combined har-
monic and stochastic excitation, there is no direct way to establish an analytical expression for the mean square value of X,
without an assumption for the Gaussian distribution [44]. Therefore, in the study the weighted Gaussian distribution f; with

(a)4.0 (b) 0.50 (c)0.30
35 i we 0.45 i we=1

5§ = hwe=21 5 (40 - fiwes2 | 50251

530 -1, S a8 —, g

255 3 5 0.20}

=% > 0.30 <

gz.o % 0.25 el 20.15

S5 T 0.20 £ N S

F = A 20.10

£ £ 0.15 £0

g0 % 0.10 2

805 2 0os _ §005F

g § 3 a Y o - a e
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2 4
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Fig. 2. Probability density distributions for standard deviations of stochastic base acceleration of (a) ¢ = 0.1, (b) ¢ = 0.8, and (c) ¢ = 1.5.
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Table 1
Mean-square value of non-dimensional displacement at three non-dimensional noise standard deviations.
Noise standard fi:we =1 fi:we =2 f
deviation R R - X X
Mean-square displacement Relative Mean-square displacement Relative Mean-square displacement
value error value error value
g =01 1.0010 2.32% 1.0010 2.32% 1.0248
g =038 0.6382 59.45% 1.7440 10.82% 1.5737
g=15 1.6617 13.58% 1.7887 7.34% 1.9229

we = 2 in Eq. (23) is chosen to balance the accuracy and simplicity in predicting the statistical responses analytically. The
analytical expression for the mean values of random variable x; is then given in Eq. (25), where w, = 2.

2
()= (We?) (25)
2 (n + ’;‘)—f) (w2 +KkBy)
The corresponding mean-square rectified voltage is approximated from Eq. (13) to be
2,2 (32
<v?> = A0 0 ) (26)

w2p2 + 4wl + Ampwny

Assuming the relationships in Eq. (27), the expressions for w? and ¢ are determined by substitution and simplification of
the Egs. (5), (8) and (11) into Eq. (7). The squared equivalent frequency w? and offset ¢ are given in Eq. (28).

() =0; (2) = (2); (x3)=0; (xH=3(x2); (27)

: 202) + 12 — 22)p — n2p + 6(x2)° B3 + 6(xm2B5 + 6(x2)n2B5-+
(1)62, =T Ty (288)

2 4
(26t + %) 3m2n%B; + 3n4ﬁ3 + 4(x2)myf, + 2myn®p,
3 1
£ =My — Myp -+ M3 + SMn B3 + 3my(x?)B3 + My +5n°By + (x7)8; (28b)

Studying the expressions of w? and ¢ in Eq. (28), despite the perceived independence of the harmonic structural response
x;, and the stochastic structural response x;, mutual influences exist through the coupling between harmonic and stochastic
components evident in the equivalent linearized parameters in Eq. (28). Consequently, Egs. (16), (25) and (28) are solved
simultaneously. The corresponding electrical responses are then determined based on Eqs. (13) and (26). Due to the
contribution from the stochastic base acceleration, the total mean-square value of converted voltage shown in Eq. (29) is
taken to characterize the energy harvesting output in the following investigations.

(vz):uzh + (v?r) (29)

3. Experimental systems identification

The experimental platform is shown in Fig. 3. A piezoelectric beam with parallel-wired PZT layers (PPA-2014; Mide
Technology) is clamped to an aluminum base, which is affixed to the electrodynamic shaker table (APS Dynamics 400). At the
free end of the beam, magnet 1 is secured in an aluminum magnet holder connected to the beam tip. The nonlinearity and
asymmetry included in the system are adjusted by the position of magnet 2 in relation to magnet 1. Two displacement lasers
(Micro-Epsilon ILD-1420) are utilized to measure the absolute displacement of the shaker table and beam tip. The electro-
dynamic shaker table is driven by an amplifier (Crown XLS 2500) fed appropriate combinations of harmonic and stochastic
excitation voltage. An accelerometer (PCB Piezotronics 333B40) on the shaker table is used to confirm the frequency content
of the resulting base acceleration. A standard rectifier bridge (1N4148 diodes) is connected to the piezoelectric beam to
convert the alternate current to direct current signal. Following the bridge, a smoothing capacitor C- and resistive load R are
utilized to quantify the harvested electric energy.

For the experimental platform in Fig. 3, classical relations are first employed to determine the lumped mass m and linear
stiffness k of the lowest order displacement response [45]. The two static equilibrium positions x; and x,, and the corre-
sponding natural frequencies w,; and w,; are identified by impulsive ring-down evaluations. The viscous damping ratio is



8 W. Cai, RL. Harne / Journal of Sound and Vibration 482 (2020) 115460

PZT beam [magnet holder

electrodynamic
shaker table

laser displacement
measurement

Fig. 3. Photo of experimental platform.

then calculated by the logarithmic decrement method. With these values determined and measured, the nonlinear stiffness
parameters are calculated by Eq. (30).

_—m(wp —wp). Mg —wp) ke kss ok ks,
k2 7?’ k3 7W7 p - 1 +EX] +Ex1 71 +Ex2 + EX2 (30 a,b,C)

In order to comprehensively examine the influence of noise and asymmetry in the following report, three energy har-
vesting systems are selected. System 1 is a symmetrical system, and the other two systems have different extents of
asymmetry. The identified system parameters are presented in Table 2. In the experiments, the resistance is fixed at 100 kQ to
ensure the circuit working in the optimal condition. The detailed influence of resistance on the rectified power can be found in
the references [20,46].

4. Analytical model validation and discussion

The combined harmonic and stochastic excitation is applied to drive the energy harvesting system to validate the
analytical model and characterize the electromechanical responses of the three nonlinear system configurations shown in
Table 2. In the following investigations, the harmonic amplitude contribution to the base acceleration is 3.3 m/s® at fre-
quencies of 9 Hz for system 1 and 2 and 10 Hz for system 3. The standard deviation of the stochastic base acceleration
component is changed over the range of 0—1.6 m/s%. To numerically simulate the responses, the fourth-order stochastic
Runge-Kutta numerical method [47] is utilized, using 15 normally distributed and randomly selected initial conditions under
each specific combination of the harmonic and stochastic base acceleration. The simulation duration is 8000 harmonic pe-
riods. In experiments, the duration of measurements is also 8000 harmonic periods. In order to replicate varying initial
conditions experimentally, impulsive disturbances may be applied to the beam tip at the start of a given test. The impulses are
empirically found to be around 5 kg mmy/s.

With the parameters shown in Table 2, each nonlinear system exhibits two stable equilibria. This distinction leads to three
classes of vibration: (i) large amplitude snap-through vibration that jumps between two equilibria, (ii) small amplitude
intrawell vibration that vibrates around one equilibrium position, and (iii) aperiodic vibration that cannot coexist with the
other two types at a certain frequency. Since aperiodic vibration cannot be predicted through the analytical method, this
study focuses on the snap-through and intrawell vibration to examine dynamical characteristics resulting from combined
harmonic and stochastic excitation. Detailed information about the three vibration types can be found in the reference [48].

Dynamical characteristics of the symmetrical nonlinear energy harvesting system.

The symmetrical nonlinear system 1 is first considered with the parameter 4 = 0. The analytical and numerical results of
the mean value of displacement and the mean-square of rectified voltage are shown in Fig. 4(a,c) for noise standard deviations

Table 2
Identified system parameters for three nonlinear systems studied in this research.
m(g) p(dim) kq(N/m) ky(KN/m?) ks(MN/m?) d(Ne s/m) a(mN/V) Cp(nF) R(kQ)
System 1 18.17 1.18 556 0 24 0.15 1.1 88 100
System 2 18.17 1.18 556 4 23 0.15 1.1 88 100

System 3 18.17 1.16 556 27 26 0.15 1.1 88 100
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Fig. 4. Responses for system 1 with harmonic base acceleration amplitude 3.3 m/s? at frequency 9 Hz. Absolute mean value of displacement amplitude from (a)
analysis and simulation and (b) experiment. Mean-square of total rectified voltage from (c) analysis and simulation and (d) experiment.

from O to 1.6 m/s2. At low noise intensity, specifically less than 0.6 m/s?, because the standard deviation is larger than half of
the mean value, the numerical results are shown with the original simulation data. Otherwise, the mean value and standard
deviation are used to statistically show the numerical results, which holds for all simulation plots throughout this report. As
shown in Fig. 4(a,c), depending on the initial conditions, the system is seen to realize either snap-through or intrawell vi-
bration for small standard deviations of the stochastic base acceleration component. These distinct behaviors are validated
experimentally in Fig. 4(b,d). In experiments, the noise standard deviation does not distribute uniformly because of the filter
used in generating excitation signals in experiments. In addition, the beam uses a glass-reinforced epoxy layers in the
laminate sequence [17]. This leads to inevitable viscoelastic creep so that the mean displacement values increase with time in
experiments, especially for the intrawell vibration as shown in Fig. 5(a). Therefore, the mean displacement values measured
from experiments vary when the standard deviation of noise varies and is higher than the mean displacement value
calculated from the analysis and simulation. Besides, due to the electrical losses in the rectification circuit that are not
accounted for in the models, the measured mean-square rectified voltage is less than analytical and numerical results. Yet,
overall, both the qualitative and quantitative range of behaviors observed for the symmetrical nonlinear energy harvesting
system excited by the combined harmonic and stochastic base accelerations are in good agreement for lower standard de-
viations of the noise.

Considering the cases for when the standard deviation of the stochastic base acceleration is around 1 m/s?, Fig. 4(a,c) show
that the numerical results indicate regular fluctuations between the snap-through and intrawell vibration levels in terms of
the mean displacement and the mean-square rectified voltage. Comparatively, the analysis results in mean-square voltages
that appear to follow the average behavior of the simulation trends. Yet, for noise intensity greater than around 1 m/s?, the
dependence of the electromechanical responses on the initial conditions is reduced. For much greater noise standard de-
viation around 1.6 m/s?, the mean values of displacement amplitude in Fig. 4(a) are close to the value of snap-through vi-
bration and the standard deviation approaches zero. Temporal snap-shots of the beam tip displacement are given in Fig. 5(b)
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Fig. 5. Transient displacements from (a) experiment under pure harmonic excitation, (b) simulation and (c) experiment at harmonic excitation amplitude 3.3 m/
s? and noise standard deviation 1.6 m/s2.

to reveal that the behavior is dominated by snap-through between equilibria, which decreases the mean displacement value
in the way shown through Fig. 4(a). In experiments Fig. 4(b,d), when the noise standard deviation is greater than around 1 m/
s, the system only responds with a combination of intrawell and snap-through vibration as seen through the transient
response in Fig. 5(c). The analysis agrees with these trends qualitatively and quantitatively, furthermore revealing good
statistical estimates of the mean-square rectified voltage also observed numerically and experimentally.

The trends observed through Fig. 4 are similar to the influence of noise standard deviation demonstrated in Fig. 2 that at
high noise standard deviation the snap-through vibration happens much more frequently and becomes the dominant vi-
bration type in the responses. In addition, such trends can also be explained through the perspective of potential energy
shapes. Since the equivalent linearized model natural frequency we is in part governed by the stochastic displacement
contribution, the stochastic base acceleration has influences on the equivalent potential energy function. Here, Eq. (6) is used
to determine the potential energy function associated with noise as shown in Fig. 6. Without noise, a double-well potential
energy profile is formed, corresponding to a bistable system configuration. With the noise standard deviation added to 1.6 m/
s, the depth of the potential well shallows to make snap-through vibration happens more frequently. Further increasing the
noise standard deviation to 4.8 m/s?, the potential energy function resembles a monostable system with one global minimum,
corresponding to a stable equilibrium configuration around which the energy harvester oscillates. This explains the occur-
rence of snap-through-like vibration with the greater noise components to the base acceleration.

Dynamical characteristics of asymmetrical nonlinear energy harvesting systems.

On the basis of system 1, the magnet 2 is repositioned to set the distance 4 of 0.02 mm, which is termed system 2. Further
moving the magnet 2 to increase the distance 4 to be around 0.05 mm, the system 3 is constructed. Based on the potential
energy plots shown in Fig. 7, the potential energy difference between the two potential wells for system 2 is around 20%.
Comparatively, for system 3, such difference is increased to 77%. Therefore, in the following discussion, systems 2 and 3 are
respectively termed as slight and large asymmetrical systems.
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Fig. 6. Potential energy from linearized governing equation accounting for changes in noise intensity.



W. Cai, RL. Harne / Journal of Sound and Vibration 482 (2020) 115460
200 T T T T T
150} system2 —— J
system 2 with k,=6[kN/m?] ——--
system 2 with k,=8[kN/m?] «-+---+ |
1001 system 2 with ky=10[kN/m?| —-—-- 7
=) system 3 i
Z 50F ;
[e2}
@
s of
8
3 -50
o
Q.
-100
-150f .
-200 L L L L
-3 - -1 0 2 3
displacement [mm]
Fig. 7. Potential energy profiles for the asymmetrical energy harvesting systems.
: S — i i tem2 O
system 2: analys!s s!mulat!on mean [>, std H> experiment system
system 3: analysis = == simulation mean A, std A system 3 ¢
(a)3.0 T T T T T T T (b) 3.0 T T ™ T T T T
- = te TSR I S I
I I
£ 25+ {1 E 25 i ibrati E
= A A DDA A D b —%.%_é < intrawell vibration : :
= — = i i
[ :::NNNBT §§~i\ g % o o oo o
< 20} > 5 : = 20F ! ! T
(o) " A () 1 1
1S ~E B 1S 1 i
8 8 I I
o} L ] = L 4
£ 15 b a 15 o
5 > 5 i i combination of snap-
S S ! ! through and intrawell
© 10 {4 @10t ! I ibrati J
g E } } € i i vibration
(] [ 1
2 2 * e
éos- }—-E--l? éo;t ¢ * : i .
S AT A _A_ -A_ -A— E- - € | snap-through vibration ! ! o (o]
S o 6o © 0 °
0.0k n n n T 00690 . 0,0 I . . .
0. 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
standard deviation of random excitation [m/s?] standard deviation of random excitation [m/s?]
(c)120 T T T T T T T (d) 120 T T ™ T T T T
I I
A A A A A A D : :
100 B~ p=p=p b B> T 1001 snap-through vibration : |
< T 6 o ¢ 6
= i
‘E‘ %‘ sof ©O [e] o o ¢ 4
8 g : o O o
= = 1 1
S S P o o ©
o 60 > E © 60 ! ! .
[ © 1 1
8— r g_ 1 1 . X
2 > } B } B 2 : : combination pf snap-
5 40 2 d 1 5 40 ‘ ‘ through and intrawell -
S g | E i i vibration
A 1 1
A 1
20 b . 20+ Lo .
‘§ Z3 intrawell vibration : :
> A -
0 e A R N K A
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 16

standard deviation of random excitation [m/s?]

standard deviation of réndom excitation [m/s?]

1

Fig. 8. Responses for systems 2 and 3 with harmonic amplitude 3.3 m/s? at frequency 9 Hz and 10 Hz. Absolute mean value of displacement amplitude from (a)
analysis and simulation and (b) experiment. Mean-square of total rectified voltage from (c) analysis and simulation and (d) experiment.



12 W. Cai, RL. Harne / Journal of Sound and Vibration 482 (2020) 115460

Considering the range of combined harmonic and stochastic base acceleration, the mean value of displacement and mean-
square rectified voltage from analysis and simulation are shown in Fig. 8(a,c), while the corresponding experimental data is
shown in Fig. 8(b,d). As also observed for the symmetrical system 1, two types of response may either occur for two
asymmetrical systems at small noise standard deviation such as less than 0.7 m/s?, as seen in Fig. 8. Yet, when the noise
intensity is above 0.8 m/s?, the existence of noise has different influences on responses for two asymmetrical systems. For
slight asymmetrical system 2, similar to the trends demonstrated in Fig. 4, with the increase of noise intensity, the mean
displacement value in simulation is decreased 75% with a near zero standard deviation and the mean-square voltage is the
same as in symmetrical system 1 at the noise intensity 1.6 m/s?, which suggests a snap-through dominant vibration exists for
slight asymmetrical system 2 under the same excitation condition. In experiments, only the intrawell vibrations associated
with the deep potential well side are measured. The experimental results show in Fig. 8(b,d) validate the snap-through
dominant vibration at high noise intensity because of the high mean-rectified voltage and low mean displacement value.
In comparison with the simulation and experiments, the analytical results for system 2 demonstrate the same changing trend
as in simulations and experiments and predict a good estimation on the mean-square voltage.

Comparatively, for system 3 with large asymmetry, when under the same excitation condition, the rectified voltage drops
substantially in simulations and experiments when the noise intensity is higher than 0.8 m/s? as in Fig. 8(c and d), since snap-
through vibration amplitudes are not triggered. Here, the mean value of the displacement is large indicating intrawell vi-
bration. This trend is opposite to that of system 1 and 2. The Fourier transforms of the simulated displacement responses for
system 3 across the time duration are presented in Fig. 9. The results in Fig. 9(a and b) show the broad range of spectral
behaviors as the standard deviation of noise increases from 0 to 2.4 m/s%. Between 9(a) and (b), the initial conditions are
selected to either induce intrawell or snap-through vibration for the simulation start when only harmonic base acceleration
occurs. In the time durations near 450—600 s, both simulations show small amplitude vibration that suggests an incapability
to sustain snap-through vibration. Yet, still further increase of noise standard deviation such as around 1200 s in Fig. 9 reveals
a snap-through-like behavior again. In contrast to the specific phenomena identified for the large asymmetrical system in
simulations and experiments, the analysis still indicates a similar snap-through dominant vibration as in systems 1 and 2.

In order to explain the discrepancy between analysis and simulation for greater system asymmetry, three additional cases
of asymmetry are considered. System 2 leads to a value for stiffness parameter k, of 4 kKN/m?. In the additional asymmetrical
systems, the parameter k, is changed to 6 kN/m?, 8 kN/m?, or 10 kN/m?. Fig. 7 shows the potential energy shapes for the
asymmetrical energy harvesting systems. As shown in Fig. 7, the depth of the potential wells change as a result of the differing
asymmetry. With the increase of k,, the difference between two potential wells depth increases.

For the case that snap-through vibration is frequently induced, the probability distribution function accurately employs
the factor of 1/2 for the two distribution functions shown in Eq. (24) so long as the system is symmetric so that the depths of
the potential wells are identical. Yet, with the introduction of asymmetry, it is not equally likely that the mean-square
displacement will adopt a zero mean value. Consequently, an accommodation is required to characterize amount by which
the probability distribution function changes. The Eq. (31) modifies the original distribution in Eq. (24) according to the
coefficients p; and p, which are the potential energies respectively associated with the stable equilibrium position x; and x5.
In this way, the cumulative contributions from the two distributions g(Xym|X1, 0xg) and g(Xym|xy, oxg), which are Gaussian
distributions with mean values x; and x,, account for the asymmetry on an energy basis.
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Fig. 9. Short-time Fourier transform of simulated displacement response across the duration with the increase of noise standard deviation for system 3. Response
starts with (a) intrawell vibration and (b) snap-through vibration.
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pP1+D2

Using the expression in Eq. (31) considering that the radicand in Eq. (22b) is a unit valued constant, Fig. 10 presents the
probability density functions for the asymmetrical systems when subjected to non-dimensional noise standard deviation ¢ =
1.5. The corresponding mean displacement values are numerically integrated through Eq. (31) for the system 2 cases shown
in Fig. 10. The mean displacement values are found to be —0.4951 mm for k, = 4 kN/m?, -0.7351 mm for k, = 6 kN/m?,
-0.8852 mm for k, = 8 kN/m?, and -1.167 mm for k, = 10 kN/m?. The dynamical responses for the systems characterized in
Fig. 10 are shown in Fig. 11. At noise standard deviation 2 m/s?, the mean displacement value from simulations in Fig. 11 are
around the mean displacement value calculated from the probability functions and listed above. This validates the energy-
weighted coefficients used in the probability density function for asymmetric systems, Eq. (31).

Based on the probability density plots in Fig. 10, for system 3 with large asymmetry there is a much greater possibility to
realize intrawell vibration with mean displacements closer to the negative valued equilibrium seen in Fig. 7. Since the increase
in asymmetry may increase the contrast between the weighted Gaussian distribution Eq. (23) and the accurate distribution in
Eq. (31) as in Figs. 2 and 10, the discrepancies in dynamical responses shown in Figs. 8 and 11 may also increase.

According to these investigations, when under the same excitation condition, vibration energy harvesting systems
exploiting nonlinearities yet subjected to ambient vibrations with harmonic and stochastic contributions are susceptible to
reduced performance if the nonlinearity is large enough to cause high asymmetry in the potential energy. For robust per-
formance and consistent DC power delivery, it is recommended to reduce asymmetry that may result from nonlinearities in
the implementation of energy harvesters in practical vibration environments.

5. Discussion on the dynamic responses

In Section 4, the dynamic responses are investigated using one value for the harmonic base acceleration component. As the
potential energy profiles vary with asymmetry such as in Fig. 7, the kinetic energy needed to overcome potential energy
barriers and realize snap-through vibration is changed. This indicates that the combination of harmonic and stochastic base
accelerations together crucially determine vibration of the energy harvesting system. This section investigates cases in which
the distinct dynamic behaviors transition as a result changes in the balance between harmonic and stochastic acceleration
components.

Fig. 12 presents the responses for the systems 1, 2, and 3. In Fig. 12, systems 1 and 2 are driven with a harmonic base
acceleration of 2.7 m/s?, while two cases of system 3 are studied using 5 m/s® or 8 m/s2. Comparing the results in Figs. 4(a) and
12(a), with the increase of noise standard deviation ¢ the mean displacement value for system 1 decreases to be a value
around zero, analogous to the unstable equilibrium position around which snap-through occurs. Yet, unlike the trend in
Fig. 4(c), for a stochastic base acceleration near 0.7 m/s? in Fig. 12(b), the mean square voltage substantially drops. This is
similar to the trend shown in Fig. 8(c) for the asymmetric systems and indicates that an intrawell dominant vibration occurs.
Such vibration behavior is exemplified in Fig. 13(a) for noise standard deviation 1.6 m/s%. From Fig. 13(a), although the noise
may trigger jumps between the two equilibria, the regularity of generating snap-through vibration is low. A similar trend
occurs for system 2 in Fig. 12(a and b) for the smaller value of harmonic base acceleration 2.7 m/s2.

By contrast, for the harmonic base excitation of 5 m/s?, the dynamics of system 3 in Fig. 12 suggest a snap-through
dominant vibration, based on the larger mean square voltage values for most cases of additive noise base acceleration.
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Fig. 13(b) shows a time series of the system 3 when driven by 5.0 m/s®> harmonic base acceleration and 1.6 m/s? standard
deviation of stochastic base acceleration. Comparing the analytical and simulation results for the three systems in Figs. 4, 8
and 12, for increase of harmonic base excitation amplitude the discrepancy between simulation and analysis decreases. For
instance, for system 3 driven by harmonic base acceleration of 8 m/s?, the results of Fig. 12 suggest that snap-through
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vibration between the stable equilibria is frequently induced. In such case, the discrepancies between the simulation and
analysis are lessened.

One explanation for the changes in the discrepancy between analysis and simulation pertains to the influence of the
harmonic base acceleration on the effective probability density distribution functions determined by Eq. (24) [31]. With
increase in the harmonic excitation component, the possibility of triggering the snap-through vibration is increased. For
example, when the harmonic base acceleration for system 3 is 8 m/s?, snap-through vibration occurs even without presence
of stochastic base acceleration. In other words, once stochastic excitation is then introduced, the probability distribution
should be similar to that shown in Fig. 2(c) regardless of the standard deviation of the noise. In contrast, when the harmonic
base acceleration is too small to generate snap-through vibration, the probability density distribution should intuitively
appear like that represented in Fig. 2(a) or Fig. 10. In such latter case, only with increase of stochastic base acceleration should
the effective probability distribution function transition to a unimodal distribution. This suggests that for nonlinear energy
harvesting systems subjected to combined harmonic and stochastic base excitation, the weighted Gaussian distribution
implementation to lead to Eq. (25) results in better estimation of dynamical responses for greater amplitudes of harmonic
base acceleration because the response statistics are more comparable to those for a Gaussian distribution [49].

6. Conclusion

This research examines the dynamics of nonlinear energy harvesting systems under combined harmonic and stochastic
excitation to demonstrate the influences of asymmetry and relative balance of excitation components on the electrodynamic
responses and DC power delivery. An analytical approach based on the equivalent linearization method is established to
account for contributions to dynamics from harmonic and stochastic vibration inputs. A weighted Gaussian joint distribution
is adopted in the analytical model to improve the accuracy in predicting the statistical responses due to the stochastic
excitation. The discrepancies between simulations and analyses are scrutinized thorough study of the probability density
distributions. Combined with validation from simulations and experiments, the study reveals that with the increase of noise
intensity, the vibration becomes independent on initial conditions, and snap-through or intrawell dominant vibration may
occur. Through the investigations, the findings overall suggest that reducing asymmetry or increasing the harmonic excitation
component may trigger snap-through dominant vibration for moderate to high standard deviation of stochastic base ac-
celeration. The outcomes help identify robust energy harvesting system design approaches for consistent DC power delivery
when the platforms are subjected to realistic vibration environments.
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